
HAL Id: hal-03777489
https://ut3-toulouseinp.hal.science/hal-03777489

Submitted on 14 Sep 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Integrated Optimal Design for Hybrid Electric
Powertrain of Future Aircrafts

Matthieu Pettes-Duler, Xavier Roboam, Bruno Sareni

To cite this version:
Matthieu Pettes-Duler, Xavier Roboam, Bruno Sareni. Integrated Optimal Design for Hybrid Electric
Powertrain of Future Aircrafts. Energies, 2022, 15 (6719), �10.3390/en15186719�. �hal-03777489�

https://ut3-toulouseinp.hal.science/hal-03777489
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


 

 
 

 

 
Energies 2022, 15, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/energies 

Article 

Integrated Optimal Design for Hybrid Electric Powertrain of 

Future Aircrafts 

Matthieu Pettes-Duler 1, Xavier Roboam 2,* and Bruno Sareni 2 

1 Airbus ExO Alpha SAS, 31700 Blagnac, France; matthieu.pettes-duler@airbus.com 
2 Laplace, UMR CNRS-INPT-UPS, Université de Toulouse, ENSEEIHT 2 Rue Camichel,  

CEDEX 07, 31071 Toulouse, France; sareni@laplace.univ-tlse.fr 

* Correspondence: roboam@laplace.univ-tlse.fr 

Abstract: This paper presents the integrated optimal design of the powertrain of a hybrid regional 

aircraft using multidisciplinary design optimization (MDO). The sizing of the main components of 

the propulsion chain is performed over the flight mission under various scenarios regarding energy 

management strategies and technological assessments. For that purpose, a complete set of multidis-

ciplinary surrogate models are integrated into the MDO process, taking account not only of the main 

electrical, thermal and mechanical aspects but also of environmental constraints such as partial dis-

charges in electric motors regarding flight conditions. Several MDO formulations are investigated 

comparing local (i.e., motor mass minimization) and global optimizations (i.e., powertrain mass 

then fuel burn minimization at aircraft level). Results emphasize main systemic couplings showing 

that despite future technological progress, the series hybrid architecture is heavier than a conven-

tional thermal aircraft. Nevertheless, thanks to the whole aircraft optimization, potential gains re-

lated to kerosene consumption can be reached, reducing the environmental footprint. The “energy 

gains” focused on in this paper may be added with aerodynamic gains potentially involved in more 

electric powertrain. This work has been carried out in the frame of the HASTECS project under the 

Clean Sky II program which aims at reducing CO2 emissions and environmental impacts of the avi-

ation sector. 

Keywords: more electric aircraft; integrated optimal design; multidisciplinary design optimization; 

hybrid propulsion; hybridization; energy management; powertrain; fuel cells 

 

1. Introduction 

The transportation sector strongly contributes to environmental degradation. Find-

ing sustainable and less polluting solutions is a key element in solving this problem, par-

ticularly for the aviation sector, which accounts for around 2% of global CO2 emissions 

[1]. COVID-19 has transiently slowed down air traffic and has strengthened the need to 

respect the environment as focused in the “Clean Sky” framework. The ACARE (Advisory 

Councilor Aviation Research and Innovation in Europe) sets environmental objectives for 

2050 technologies with a 75% reduction in CO2 emissions per passenger kilometer and a 

90% reduction in NOx emissions. The perceived noise emission of flying aircrafts should 

be reduced by 65%. These figures are relative to the capabilities of a typical new aircraft 

in 2000. More generally, the aviation industry actually faces the “revolution towards more 

electric aircrafts” [2–8]. In this context, more than 200 projects of electrically propelled 

aircrafts have emerged in recent years [3,8]. Some of them are supported by well-known 

industrial companies (Airbus, Boeing, Rolls Royce), others from start-ups or new compa-

nies born in the aeronautical industry. In the USA, NASA is also active with the “X-57 

LEAPTECH” project investigating an aircraft with distributed propulsion [9]. In France, 

ONERA [10,11] also studies other aerodynamic concepts such as “Dragon” or “Ampere”. 
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1.1. Literature Review 

Hybrid electric propulsion requires to integrate new technologies and new manage-

ment capabilities to improve aircraft efficiency and performance, for example, by means 

of distributed propulsion. It limits burning of non-renewable fossil resources and reduces 

the environmental footprint of future aircrafts [8–25]. However, compared to a conven-

tional aircraft, electrification leads to a significant increase of the aircraft mass with today’s 

technologies, which makes power integration a critical issue [8]. Consequently, new tech-

nologies for improving efficiencies and the specific power of aircraft components are 

needed. Moreover, this requires the optimization of the aircraft both at the component 

level and the system level. To overcome those challenges, multidisciplinary design opti-

mization (MDO) approaches investigating the optimization of aircraft architectures with 

new technologies of components are of great interest. Such approaches have been specif-

ically developed for optimizing complex systems taking account of multiple disciplinary 

fields and multiple design levels from the elementary components to the whole system 

[24–34]. However, most of these MDO studies are based on rough modelling assessing 

specific powers (kW/kg) or energies (kWh/kg) to couple the design of powertrain with 

aerodynamic structure and aircraft architecture in a whole MDO process. MDO ap-

proaches based on technological assessments are uncommon. Some studies focus on a 

specific part of the electrified powertrain, for example, on filtering devices [12] or electric 

machines [13]. Other papers analyze couplings between sizing and flight mission [17] or 

the influence of the EMS (energy management strategy) and operation strategies on hy-

brid electric aircraft performance [25]. In this paper, an MDO of the whole hybrid electric 

powertrain is proposed by means of technological models coupled with the EMS and re-

garding typical flight missions. Several optimization formulations are compared to mini-

mize local (at electric motor level) or global (at powertrain level) embedded weight or to 

minimize the fuel burn during the flight. 

1.2. Main Contributions 

This paper explores the optimal design of the propulsion chain of a hybrid regional 

aircraft powered by both gas turbines and fuel cells. Technological models are “embed-

ded” in an MDO process considering two target technologies for electrical and thermal 

components which forecast progressively the technological progress. 

To summarize, the main contributions of this paper are: 

- The proposed MDO based on technological models which emphasize the innovation 

and sensitivity of technological progress in future hybrid electric aircrafts. Local op-

timizations (i.e., motor weight minimization) are compared with global optimiza-

tions (i.e., minimization of the whole powertrain, then fuel burn reduction at aircraft 

level). As previously mentioned, technological aspects are often quite simplified in 

the state of the art of the MDO process. The MDO process is introduced in Section 2; 

- Here, main physical fields (electrical, mechanical, thermal) and main environmental 

constraints (partial discharges, thermal limits, etc.) are integrated in technological 

models of the powertrain devices which assess weights and losses (efficiencies) in 

power electronics, electric motors and cooling devices, with high power ranges in-

volving high voltage insulation with partial discharges consideration. These techno-

logical models are gathered inside the MDO process with the other powertrain de-

vices (gas turbines, fuel cells, distribution bus, cables, gearbox), which are modelled; 

- The MDO process is all the more complex in that technological models are integrated 

in system optimization: thus, device models must be “just enough accurate but not 

too complex” to assess both weights and efficiencies with respect to the design vari-

ables set (the decision variables for optimization) at the model input, with acceptable 

computation time. A set of design surrogate models based on analytical derivation 

or response surfaces is synthesized in Section 3, but readers may find a more detailed 

description on technological models in several papers referenced in this section; 
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- “Snowball effects” are strongly influent in aircraft applications and correspond to 

complex couplings between weight variations at device level and structural, aerody-

namic and propulsion requirements at aircraft level: the higher the embedded 

weight, the larger the structure (wing surface) and consequently the higher the fuel 

burn, with more fuel weight also meaning more embedded weight. In most of the 

MDO process, these snowball effects are integrated by means of really simplified de-

sign models [4,8,26–29]. In that paper, in order to face the complexity issue to opti-

mize the whole powertrain from technological models, a simplified integration pro-

cess is proposed by breaking the coupling with the aircraft structure. The proposed 

process decouples optimization of the powertrain from the aircraft structure by line-

arizing thrust needs with respect to the device mass variations during the conver-

gence of the optimization loop. This issue is presented in Section 4; 

- Several papers also propose MDO approaches coupled with the flight mission of the 

aircraft but are usually based on rough models related to specific powers/energies 

and efficiency figures [15]. Here the integrated optimal process based on technologi-

cal models is also coupled with a flight mission operating two different EMS during 

typical regional flight. 

- The proposed MDO formulation highlights typical (a priori unexpected) systemic 

couplings: for example, the optimization results would lead to oversized propeller 

diameter in order to maximize its efficiency and to optimize the system performance 

in terms of fuel burn. 

The work has been performed in the frame of the Clean Sky II EU project called 

“HASTECS” for “Hybrid Aircraft: Academic Research on Thermal and Electric Compo-

nents and Systems.” In HASTECS, several innovative technologies have been assessed 

[35–48] for power electronics with high performance cooling by involving high voltage 

and partial discharges constraints. These innovative concepts are applied to a regional 

hybrid aircraft integrating a series hybrid architecture beyond the “MW” and beyond the 

“kV” for the bus voltage range. 

2. The HASTECS Project: A Series Hybrid Electric Powertrain for Regional Aircraft 

The HASTECS project [48], supported by the EU under the Clean Sky II program, 

addresses the technological design of the power conversion chain devices. A series hybrid 

electric powertrain with a power output beyond 5 MW (for the whole aircraft propulsion 

here shared by four propelling channels) has been considered, which requires significant 

technological breakthroughs and a high level of integration. In the framework of this pro-

ject, this paper aims at the integrated design by optimization of the complete powertrain. 

The MDO integrates the models resulting from the technological developments of the ma-

jor components (see Figures 1 and 2), especially the power electronics and distribution 

architecture, cables, electric motors, gearbox and propellers, while considering an energy 

management strategy (EMS) setting the power hybridization ration between both main 

(thermal) and auxiliary (electrical) sources. 
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Figure 1. The HASTECS project. 
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Figure 2. Multidisciplinary design optimization of the hybrid electric powertrain: (a) the set of de-

sign models coupled in the MDO process; (b) the MDO process integrating environment. 

One key objective of the HASTECS (Hybrid Aircraft reSearch on Thermal and Elec-

trical Components and Systems) project was to integrate thermal and electrical issues 

within the hybrid electric aircraft powertrain by integrating the environmental con-

straints, in particular the partial discharges due to high voltages. 

Several technological targets were focused on in the HASTECS project: a first level of 

assessments was dealing with the “target 2025” with specific powers higher than 5 kW/kg 

for electric motors and beyond 15 kW/kg for power electronics. A second level of assess-

ments called “target 2035” was dealing with more ambitious assessments with electric 

motors with specific power higher than 10 kW/kg and power electronics beyond 25 kW/kg 

(both including the cooling devices). In the following, these two levels of targets will be 

considered with different levels of assessments for each device. 

3. MDO-Oriented Modeling of the Hybrid Electric Powertrain 

An in-depth technological study of the main components of the hybrid electric 

powertrain was carried out from the hybrid power sources (associating gas turbines as 

the main power source and batteries or fuel cells as auxiliary power sources) to electrically 

driven propellers. 

3.1. Introduction to the MDO Process 

The high part of Figure 2a illustrates the set of models integrated inside the MDO 

process coupling the different fields in a single global optimization problem. Each design-

oriented technological model derives both device weight and losses (outputs) from design 

variables at the model input. Among the design variables, “decision variables” are the 

degrees of freedom exploited by the optimization algorithm: here, a mono objective meta 

heuristic based on genetic algorithm (i.e., the “Clearing” [49]) has been used to solve the 

MDO problem. 

This MDO process couples: 

- requirements (flight mission: aircraft speed, altitude, thrust); 
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- an environment model setting pressure and temperature variations over the flight mis-

sion; 

- a set of technological models constituting the integrated powertrain, each model iden-

tifying mass and efficiency of each component. As illustrated in Figure 2a, the power-

train design is addressed sequentially, starting from propulsion (thrust, speed) require-

ments specified over the flight mission, then crossing the powertrain models from 

downstream elements (propeller and gearbox) to upstream elements, i.e., the power 

sources (gas turbine and fuel cell) for which power is shared by the EMS. In the middle 

of the propulsion chain, the actuator part consisted of a voltage source inverter-fed per-

manent magnet synchronous motors (PMSM), which is really sensitive in terms of 

weight and efficiency; 

- as introduced in Section 1, the snowball effect is typical for aircraft conceptual design 

[4,25,28]. This issue is taken into account and presented in Section 4 (see Figure 14). 

The MDO process is illustrated in Figure 2b: 

- As illustrated in the chart above, the hybrid electric powertrain design process pro-

gresses step by step, starting from downstream devices (propeller and gearbox), then 

assessing the actuation sub system (voltage inverter-fed electric motor) and completing 

the design with upstream (hybrid power sources) powertrain devices. Indeed, based 

on mission requirements specified by propulsion needs (i.e., aircraft thrust and speed), 

efficiencies of downstream elements progressively increase the power needs of up-

stream devices. In this manner, power sources (gas turbines and fuel cells) and storage 

(hydrogen tank and fuel mass) are finally designed in that process by operating an en-

ergy management strategy (EMS) that shares power flows between both sources over 

the flight mission; 

- A single objective function is derived by means of all technological model outputs. Sev-

eral optimization formulations are compared in Section 4: a local one, only minimizing 

the electric motor (“Emotor”) mass, and two global optimization loops, minimizing the 

whole powertrain mass then the fuel burn. For each algorithm iteration, the clearing 

proposes a set of “decision variables” (X) which are set at the input of each design 

model; 

- These design models derive the set of constraints and participate to build the objective 

function. This latter (Y) is sometimes penalized if one of all constraints (C) is not ful-

filled. As illustrated on the synoptic, a large set of design constraints related to all de-

vices are progressively analyzed during the process. Some of them are a priori tested to 

assess the feasibility of the design to simulate the flight mission: for example, the stator 

winding feasibility of Emotors is a priori verified by taking account of partial discharge 

phenomena in the system environment (temperature, pressure) and regarding the volt-

age ratings. A second set of constraints is analyzed during the whole mission for each 

flight sequence. It is, for example, the case for thermal constraints in both power elec-

tronics and electric motors. 

- An EMS sharing the power between both sources is also operated during the virtual 

flight: thermal power source based on gas turbines (pink colored in the synoptic) vs. 

electric power source based on fuel cells (green colored in the synoptic). 

3.2. Review of MDO-Oriented Technological Models 

Each component has to be designed and integrated at the system level thanks to sur-

rogate models to allow the MDO convergence with an acceptable computation cost. This 

part of the optimization problem is essential, and several complementary approaches are 

useful for that purpose: 

- Analytical models are to be used when possible, being often accurate with good con-

vergence capabilities for optimization: in this study, power electronics as well as elec-

tromechanical and thermal cooling parts of electric motors are analytically derived. A 

particular modelling effort has been paid on that device which is the most sensitive 
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component inside the powertrain regarding both weight and efficiency indicators. 

More details on sensitivity aspects can be found in [37]. 

- Design models based on similarity laws [30] constitutes another efficient way to de-

rive surrogate models: in our case study, the propeller design model exploits that ap-

proach by coupling analytical equations to derive the propeller efficiency with simi-

larity laws to estimate its weight. 

- Finally, surface response-based models are often the solution when analytical deriva-

tion or similarity laws are impossible or too complex: in this study, it has been the 

case for several studies such as gas turbines and gearbox. 

- All model details cannot be provided in this paper and only some major aspects are 

summarized and referenced in the next sub section, starting from downstream (pro-

peller) and going to upstream (hybrid power sources) powertrain devices. 

3.2.1. Modelling of Propulsion Devices 

First, a “performance model” is derived to estimate the propeller efficiency (ηprop) dur-

ing the flight (see Figure 3):  given the aircraft thrust (TA/C) and speed (VA/C) specified by 

requirements over the flight mission, the disk actuator theory allows us to analytically 

derive the mechanical power (Pshaft) of the propeller shaft and its efficiency. The “sizing 

model” allows us  to assess, in particular, the propeller mass (Mprop). This estimation is 

based on a similarity law (scaling model) referenced from the design of the existing pro-

peller related to the ATR72 aircraft from which the propeller mass versus diameter ratio 

is known. Input/output variables are displayed in Table 1, and more details on that sur-

rogate model are proposed in [8,35] 

 

Figure 3. Analytical (performance) and scaling (sizing) model for propeller design. 

Table 1. Input/output variables for propeller model (in bold, the decision variables for optimiza-

tion). 

INPUT VARIABLES 

THE DECISION VARIABLE FROM OPTIMIZATION (IN BOLD) 

𝜌𝑎𝑖𝑟    [KG.M−3]   AIR DENSITY 

𝑉𝐴/𝐶    [M. S−1]  A/C VELOCITY 

𝑇𝐴/𝐶      [N]  A/C THRUST 

𝑫𝒑𝒓𝒐𝒑  [𝑚]  PROPELLER DIAMETER 

OUTPUT VARIABLES 

𝑃𝑠ℎ𝑎𝑓𝑡      [W]   PROPELLER SHAFT POWER 

  𝑟   
  /    / 
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  𝑟      [%]  PROPELLER EFFICIENCY 

𝑀 𝑟   [KG]  PROPELLER MASS 

𝑁 𝑟  𝑚𝑎𝑥
 [RPM]  MAXIMUM PROPELLER ROTATION SPEED 

𝐷 𝑟  𝑐ℎ𝑒𝑐𝑘
 [M]  PROPELLER DIAMETER CHECKING LAW 

Then, a parametric linear regression (surface response model) used in [17] sizes the 

gearbox weight. The shaft power (Pshaft), the propeller rotation speed (RPMout) and the 

gearbox ratio (RPMin/RPMout) are the input data for this model (see Figure 4). 

 

 

Figure 4. Regression model for gearbox weight assessment (see [17]). 

3.2.2. Modelling of the Electric Motor (Emotor) 

Upstream of the gearbox, the electromechanical actuator design model detailed in 

[35,36] has been achieved through an analytical model. The Emotor is a surface-mounted 

permanent magnet synchronous motor (SM-PMSM) combining high efficiency and spe-

cific power. In order to optimize the Emotor integration, several technological choices 

have been made, among them a PM Halbach segmented array with high-temperature tol-

erant (SmCo) magnets. Ultra-thin magnetic sheets are used to lower the iron losses to-

gether with twisted Litz wires to reduce AC Joule losses that can be huge for high-speed 

motors. The complete design with detailed choices that have been made during HASTECS 

are referenced in [40,41]. 

From a set of geometrical decision variables (see the Table 2), electric circuit param-

eters are determined in order to compute the different losses of the electric machine over 

the flight mission (see Figure 5). Furthermore, a set of constraints are considered in the 

optimization problem formulation. For example, mechanical constraint equations related 

to the maximum centrifugal pressure and the maximum peripheral speed are set in order 

to design the right carbon sleeve thickness. Partial discharge (stator winding feasibility) 

and thermal constraints are described below. The mechanical feasibility must also be ver-

ified: a control strategy with field weakening is operated for each mechanical point 

  𝒓    𝒓        

MGearbox (lbs)

  𝒓    𝒓          
      

   𝒐  

 .  

 
     

   𝒐  
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(torque speed plan) of the flight mission. More details on the motor design and on con-

straint derivation can be found in [40,41]. 

Once the losses are computed and the electric motor geometry is set, an analytical 

thermal model permits to evaluate the temperature nodes inside the electric motor along 

the flight mission. Numerous design constraints drive the actuation system optimization 

but the most sensitive is certainly the motor temperature limits.  

Table 2. Input/output variables for Emotor model. 

INPUT VARIABLES: 10 Decision Variables for Optimization (In Bold) 

      𝒈   [𝑚]  Bore radius of the electric motor 

 𝑫𝒓𝒐   
  [%]  Rotor diameter/rotor length ratio 

 𝒈𝒓  
  [%]  Air gap thickness/bore radius ratio 

   𝒓  
  [%]  Slot height/ bore radius ratio 

 𝒑 𝒓  
  [%]  Magnet thickness/bore radius ratio 

𝜏𝑚𝑎𝑔𝑛𝑒𝑡   [%]   Pole pitch (=100%) 

𝜏𝑠𝑙 𝑡     [%]  Slot pitch (=100% full pitch winding) 

𝑘𝑐𝑎𝑟𝑏 𝑛  [−]  
Carbon fiber constant for sleeve 

equation 

𝒑  [−]  Number of pole pairs 

𝑞  [−]  Number of phases 

  𝒑𝒑  [−]  Number of slots per pole and per phase 

𝑵    [−]  Number of conductors per slot 

𝑘𝑓𝑖𝑙𝑙   [−]  Fill factor in the slot 

𝐽𝑎  [T]  Permanent magnet flux density 

𝑩𝒚𝒐𝒌   [𝑇]  Stator yoke flux density 

𝑩       [T]  Stator teeth flux density 

𝐵𝑦 𝑘𝑒𝑟𝑜 𝑜𝑟
  [T]  Rotor yoke flux density 

  𝑯 𝑫𝑪  [V]  Ultra high voltage direct current 

OUTPUT VARIABLES 

𝑀𝑚 𝑡 𝑟   [kg]  Electric motor mass 

𝑃𝐹     [−]  Power factor mission 

𝑚𝑎     [−]  Modulation depth mission 

𝑃𝐽𝐷𝐶     [W]  DC Joule losses  

𝑃𝐼𝑟 𝑛     [W]  Iron losses  

𝑃𝑅     [W]  Friction losses 

𝑃𝐴𝑒𝑟      [W]  Aerodynamic losses  

ℎ𝑋𝑋,  𝑋𝑋, 𝐿𝑋𝑋, 𝑅𝑋𝑋, 𝑤𝑋𝑋   [m]  Sizes of the e-motor 
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Figure 5. Analytical multifaceted model (a) with geometry, (b) design and performance of Emotor 

(PMSM). 

The cooling system (see Figure 6) is composed of a glycol water jacket for the external 

cooling of the stator and a rotor shaft cooling: it constitutes the first level of assessments 

dealing with the “target 2025”. In order to increase the integration performance, a second 

level of assessment, so called “target 2035”, also involves an internal cooling system di-

rectly inside stator slots in addition to the previous cooling channels. The description of 

the cooling system is detailed in [38,39]. 

Due to the high level of voltages (HVDC bus voltage beyond 1 kV), the issue of partial 

discharges (PD) was also addressed and integrated into the MDO process. Indeed, high 

voltage bus can be a solution to decrease weights (typically that of the cables) but this 

voltage increase generally involves the appearance of partial discharges that may reduce 

the lifespan of motor windings especially at low pressure conditions as detailed in [42,50–

52]. Based on that complete study, a meta-model has been built to simply verify the feasi-

bility constraint related to windings. This surrogate model for partial discharge con-

straints is integrated in the motor design model and permits a system-oriented optimiza-

tion of the actuation device [36] (see Figure 7). Two different issues have been considered: 

- first, the turn-to-turn voltage is assessed depending on the power electronics struc-

ture. The PDIV (partial discharge inception voltage) is then derived, taking account 
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of temperature and pressure (altitude) conditions. Then, the insulation thickness is 

calculated together with insulation material choices [43]; 

 

Figure 6. 3D plot of the electric motor and its integrated cooling system. 

- Second, the liner (bottom of the slots) thickness is estimated from the maximum volt-

age between turns and yoke. 

In both cases, polynomial approximations are used to complete the surrogate model. 

Finally, an adapted winding involving PD tolerance is derived fulfilling a filling fac-

tor constraint. Readers may find details on that model in [35,36]. 

3.2.3. Modelling of Power Electronics with Its Thermal Cooling 

In addition to the actuation system modelling involving main couplings with thermal 

and partial discharges aspects, a high-power density inverter has also been performed as 

detailed in [44,45]. To combine very high-power densities and high efficiencies, two mul-

tilevel conversion structures have been chosen with optimized (minimal switching losses) 

control strategies: three-level NPC (neutral point clamped) and five-level ANPC (active 

NPC) structures have been selected depending on the bus voltage level (see Figure 8). An 

analytical model evaluates the performance (estimated losses and weights) of the inverter, 

given the semiconductor choices, the architecture and the control strategy (see the in-

put/output variables in Table 3). Selecting IGBTs permits performance increase with effi-

ciencies in the order of 99%. Indeed, regarding the particular requirements of this series 

architecture for hybrid electric aircraft, the 7th generation of IGBTs (1200 V or 1700 V rated) 

have been preferred to wide band gap (SiC or GaN) power devices: this is firstly due to 
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the low influence of switching losses with specific modulation strategy which remains 

limited with respect to the conduction losses. Secondly, wide band gap devices involve 

high frequency switchings which may induce overvoltages in cables and stator windings. 

These phenomena consequently provoke the worsening of partial discharges inside these 

system elements. These electric insulation issues have been assessed in the design tool of 

[42,43]. 

 

Figure 7. Process for PD-tolerant stator winding adaptation. 
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Figure 8. Analytical model of power inverter structures. 

Table 3. Input/output variables for power electronic (inverter) model. 

INPUT VARIABLES: The Decision Variables for Optimization (In Bold) 

𝑚 𝑚𝑖𝑠𝑠𝑖 𝑛      [−]  Modulation depth over mission 

𝐹𝑃𝑚𝑖𝑠𝑠𝑖 𝑛      [−]  Power factor over mission 

 𝑒𝑙𝑒𝑐 𝑚𝑜 
      [Hz]  Electric frequency 

   ℎ𝑎𝑠𝑒   [−]  Number of phases 

 𝑂𝑀   [−]  Control of the power electronics (PE) 

𝑇𝑂𝑃𝑂   [−]  Topology of the PE 

𝐼𝑟𝑎𝑡𝑖𝑛𝑔   [A]  Current rating of IGBTs 

  𝑯 𝑫𝑪   [V]  Ultra-high direct current voltage 

𝑃𝑒𝑙𝑒𝑐𝑚    𝑜 
      [W]  Electric power over mission 

OUTPUT VARIABLES 

  𝒐𝒐   𝒈  [kg]  Cooling mass 

   𝒗 𝒓  𝒓  [kg]   Inverter mass 

𝜼  𝒗 𝒓  𝒓     [%]  Inverter efficiency over mission 

 𝑫𝑪  𝒃       𝒐 
     [W]  Electric power required at the PE input 

However, the huge integration of such a power module also brings severe thermal 

constraints. The study conducted in [46,47] highlights a very high-performance two-phase 

cooling subsystem (see Figure 9): the capillary-pumped cooling system optimization al-

ANPC-5L

NPC-3L

E=VuHVDC
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lows the power module to evacuate 4.5 kW/kg in thermal losses! A parametric linear re-

gression is used as a surrogate model. It allows the “system designer” to simply size the 

total mass of the cooling system from the maximum value of the inverter losses to be evac-

uated (see Figure 10), given the level of technological performance (here, assessments are 

related to the “target 2035” detailed in [46]). 

 

Figure 9. Power module and its two-phase cooling system. 

 

Figure 10. Cooling system mass evaluation versus maximum thermal losses. 

3.2.4. Modelling of Hybrid Power Sources 

The modeling of the hybrid electric powertrain continues with the design of both 

power sources. The power sharing between thermal (gas turbines) and electric sources 

(fuel cells or batteries) is directly the consequence of the energy management strategy 

(EMS). A “simple hybridization scenario” is illustrated in Section 4.1: in that case, very 

simple management rules are set, by preferring full electric power during low-power op-

eration (taxi and descent phase) for which the efficiency of gas turbines are quite low. 

Oppositely, thermal sources are preferred during high-power operation, in particular dur-

ing climb and cruise. 
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A state of the art has been carried out about candidate electrochemical sources in the 

HASTECS context (requirements) and by considering that “simple hybridization sce-

nario” of EMS [48]: lithium-ion batteries vs. low-temperature proton-exchange membrane 

fuel cell (PEMFC). This prospective study has identified the most suitable technologies for 

hybridizing the aircraft propulsion. For the “simple hybridization scenario”, a priori set-

ting taxi and descent phases in full electric mode, the power-energy requirements are 

simply synthesized as illustrated in Figure 11 with a maximum electric power demand of 

280 kW and 157 kWh of electric energy required to complete the mission. 

 

Figure 11. Simple hybridization scenario, a priori setting the hybrid ratio. 

In Figure 12, based on the particular power energy requirements illustrated above, 

the auxiliary electric system mass of batteries especially oriented for power (LTO) and 

energy (NMC and LiS) constraints are compared with the total mass given by PEMFC 

(stack and balance of plant) with high-pressure (700 bar) H2 or liquid cryogenic (20°K) H2 

storage. Given the mission, the mass tradeoff is quite obvious: the PEMFC with its H2 

liquid storage is the best candidate to hybridize the propulsion of “this” series hybrid 

regional aircraft. In the following work, fuel cells with cryogenic storage system at 20°K 

will be considered. 

 

Figure 12. Mass evaluation given the mission. 
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A hybridization ratio distributes the power between both the turboshaft and fuel cell, 

estimating energy consumption of each. Thus, to complete the powertrain model, a car-

tography (see Figure 13) is defined for the gas turbine [8] in order to easily integrate it into 

the MDO process. This model derives the specific fuel consumption (SFC) versus the max-

imum (takeoff) power with reference to a database extracted from civil and military tur-

boshafts: 

 

 

Figure 13. Parametric regression of the turboshaft design model; SFC is the ratio between weight 

and the energy fed by the gas turbine. 

4. Multidisciplinary Design Optimization of the HASTECS Hybrid Electric Power-

train 

Once all the powertrain devices are modelled, an implicit loop typical of a “snowball 

effect” has to estimate the required thrust for the aircraft to take off according to the em-

bedded weight variations. The snowball effect is due to the fact that: the higher the em-

bedded weight, the larger the structure (wing surface) and, consequently, the higher the 

fuel burn, with more fuel weight also meaning more embedded weight. In most aircraft 

conceptual design studies [4,25,28], variable embedded weights are coupled with aerody-

namic structure (wing surface with subsequent drag penalties) and engine needs in a 

global MDO processed at aircraft level. However, by means of the technological models 

previously described, computation means are actually not sufficient to be coupled with 

aerodynamic and propulsion aspects, and this coupling must be simplified. In that con-

text, as illustrated in Figure 14, weight variations during MDO convergence in sized de-

vices induce variations of the aircraft maximum takeoff weight (MTOW), which is derived 

from unit weights. These MTOW variations involve variable thrust needs. In our case, the 

problem has been simplified by linearizing the relationship between variations of global 

mass (MTOW) and the required thrusts: 

𝑇ℎ 𝑢  𝑛𝑒  𝑇ℎ 𝑢  𝑟𝑒𝑓  
𝑀𝑇𝑂𝑊𝑛𝑒 

𝑀𝑇𝑂𝑊𝑟𝑒𝑓

  

2000 20000

𝒚   .   . − .  
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Figure 14. Integrated design of the aircraft powertrain involving snowball effect. 

This simplified approach is partly justified by a constant lift-to-drag ratio hypothesis 

at cruise and has been validated in [35] (for a limited mass range) by comparison between 

this linear model and complete aerodynamic models detailed in [8]. 

Finally, during the convergence of the powertrain optimization, propulsive demand 

(thrust) varies, and every device is sized consequently from downstream element (propel-

ler, gearbox) to upstream power sources (fuel cells, storage, gas turbine, fuel tank). For 

each upstream element, losses in the downstream device induce additional power de-

mand with consequences on its weight. 

4.1. Integrated Design of A Hybrid Electric Aircraft with a “Simple Hybridization Scenario” 

In order to complete the MDO process, a hybridization scenario for the energy man-

agement system (EMS) has to be implemented to set the hybridization ratio which shares 

both powers for thermal and auxiliary electric sources.  
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Figure 15. Example of power sharing (simple EMS) between thermal engines and PEMFC. 

A “simple hybridization scenario” is firstly assessed, setting a priori the hybridization 

ratio between both sources as illustrated on the Figure 15. This simple EMS allows us to 

simply focus on the powertrain design: in that scenario, the taxi and descent phases are a 

priori electrically supplied fully by the PEMFC while gas turbines completely provide the 

other flight phases (takeoff, climb, cruise). 

Regarding the powertrain MDO, three mathematical formulations have been consid-

ered according to the process described in Figure 2b [35]: 

(1) A “local optimization” only minimizing the electric motor mass; 

(2) A “powertrain optimization” minimizing its whole mass;  

(3) A “fuel burn optimization”. 

The “local optimization” only minimizes the mass of the electric machine including 

the cooling system: results of this local optimization are detailed in [36]. All the other 

powertrain components are sized according to the evolution of the system efficiency, and 

this optimization takes the snowball effect into account. At the end of the local optimiza-

tion, an optimal electric motor mass is found checking the optimization constraints. The 

second formulation is quite the same but focuses on the total powertrain mass minimiza-

tion. The ecological point of view is chosen on the third formulation, minimizing the air-

craft fuel burn. Fourteen decision variables (1 for the snowball effect, 1 for the propeller, 

1 for the gearbox, 10 for the electric motor, 1 for power electronics) are required to size the 

powertrain given the simple EMS (see Table 4). Note that particular attention has been 

paid to the electric motor design as it has been seen as the most sensitive device on system 

objectives [37]. 

Furthermore, 15 feasibility constraints were integrated: these latter are detailed in 

[35]. These constraints are mainly related to the electric motor and its cooling, including 

the partial discharges (feasibility of stator windings) and the motor-power electronics as-

sociation (frequency compatibility). A supplementary constraint has been added at the 

aircraft level to integrate the snowball effect. This MDO process is illustrated in Figure 16. 
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Figure 16. Different formulations for the MDO of the powertrain. 

Table 4. Decision variables for MDO with variation ranges. 

Decision 

Variables 
Name of Variables 

Lower 

Bound 

Upper 

Bound 

𝑅𝑇ℎ 𝑢   [−] Thrust ratio due to snowball effect 1 1.26 

𝐷 𝑟    𝑧
 [m] Propeller diameter 2 5 

𝑅𝑔𝑏 𝑥  [−] Gearbox ratio 1 20 

𝑉 𝐻 𝐷𝐶[𝑉] Ultra-high direct current voltage 540 5000 

𝑅𝑎𝑙𝑒𝑠𝑎𝑔𝑒  [m] Inner radius of the stator 0.05 0.25 

𝑅 𝑟 𝑡𝐿𝑚
 [%] 

Ratio between the rotor diameter and the active 

length 
50 125 

𝑅ℎ𝑠𝑟 𝑙
 [%] Ratio between the stator slot and the inner radius 10 150 

𝑅𝑔𝑟 𝑙
 [%] 

Ratio between the air gap thickness and the inner 

radius of the stator  
1 10 

𝑅 𝑚𝑟 𝑙
 [%] 

Ratio between the magnet thickness and the 

inner radius of the stator 
5 50 

𝐵𝑡𝑒𝑒𝑡ℎ𝑚𝑎𝑥
[𝑇] Maximum teeth flux density 1 1.53 

𝐵𝑦 𝑘𝑒𝑚𝑎𝑥
[𝑇] Maximum yoke flux density 1 1.53 

𝑁𝑐𝑒[−] Number of conductors per slot 1 4 

 𝑒   [−] Number of slot per pole per phase 1 3 

𝑝 [−] Number of pole pairs 1 7 

The clearing procedure [49] was used for optimizing the propulsion system of the 

hybrid aircraft. The “clearing” is a genetic algorithm based on “niching elitist” which usu-

ally outperforms standard genetic algorithms on difficult problems with multiple non-

linear constraints and multimodal features [53]. All constraints were normalized and in-

tegrated into the objective function by adding penalty coefficients. The population size 

and the number of generations were respectively set to 100 and 200. Classical values for 
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crossover and mutation rates were used (i.e., pc = 1 and pm = 1%). Due to the stochastic 

nature of the clearing algorithm, multiple runs were repeated for each optimization case. 

It contributes to increase the reproducibility of results. The CPU time required for solving 

each optimization case on a standard computer was about seven days. 

First, the optimal aircraft solution in terms of kerosene consumption has been logi-

cally found with the “fuel burn optimization” for which consumption is 3% lower than 

the one offered by the “local optimization” (see Figure 17a). However, it should be noted 

that the formulation for “fuel burn optimization” involves a powertrain mass slightly in-

creased (see Figure 17b). In fact, as illustrated on the Figure 17e, the propeller diameter is 

oversized in order to maximize the propeller (consequently the powertrain) efficiency (see 

Figure 17d): indeed, the powertrain efficiency is increased by 1.5% to 6% depending on 

the flight sequence regarding the “fuel burn optimization” with respect to the “local opti-

mization”. The efficiency improvement of the propeller (downstream in the powertrain) 

reduces the maximum values of the design powers for the other upstream components, 

consequently reducing the kerosene consumption. This systemic effect is clearly a typical 

result, which highlights the interest of such an MDO process involving main system cou-

plings. 
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(e) (f) 

Figure 17. Comparison of optimization results for three MDO formulations. (a) Fuel mass; (b) 

powertrain mass; (c) Emotor specific power; (d) powertrain efficiency; (e) propeller diameter; (f) 

UHVDC voltage. 

On the opposite side, it is not surprising to notice that the formulation with a “local 

optimization” induces the highest specific power for the electric motor (see Figure 17c). 

Let us note that all results presented in that section have been obtained with the as-

sessments corresponding with the “target 2025”, especially without the direct stator cool-

ing inside slots. As detailed in [36], adding internal cooling allows an increase in motor 

specific powers from 6 kW/kg to 11 kW/kg. 

Finally, this MDO process couples a set of domains (power electronics, electric ma-

chine and cooling, partial discharges, mechanical transmission and propelling) leading to 

an optimal bus voltage range of around 2 kV, which constitutes the best trade-off in this 

case study (see Figure 17f). 

4.2. Integrated Design of a Hybrid Electric Aircraft with an Optimal Hybridization Scenario 

Going further with the overall integrated design of the aircraft powertrain, the EMS 

has been integrated into the optimization process. The previous results obtained with the 

“simple hybridization scenario” constitute a reference “a priori” setting the hybridization 

ratio (HR): 𝐻𝑅𝑟𝑎𝑡𝑖  
  𝑙 𝑐

  𝑜𝑢𝑟𝑐 
. An HR equals to 1 means that the power is fully supplied by 

the electric source when a null HR is equivalent to provide full thermal power. These HRs 

are now integrated during the flight mission as supplementary decision variables in the 

overall MDO process. This results in adding 12 supplementary variables into the optimi-

zation formulation, increasing its complexity (i.e., a total of 26 decision variables instead 

of 14 in the three previous optimization cases) and requiring 14 days of computation on a 

standard computer. Figure 18 illustrates the comparison between both EMS operations. 

Comparing both EMS, the “optimized HR” hybridization scenario leads to a huge increase 

of the fuel cell nominal power (the PEMFC system mass is multiplied by ~4 with respect 

to the previous simple EMS) in order to use the fuel cell during the whole mission, even 

during climb and cruise. However, this power management reduces the fuel burn by 15%. 

Regarding the “ecological” point of view (burn of kerosene), the “optimized EMS” is the 

best solution, but it is clearly paid regarding the MTOW. Thus, Figure 19 compares differ-

ent solutions and assessments (“Targets”) in the fuel burn vs. MTOW plan: it displays the 

relative variations with reference to a full thermal aircraft optimized with the same mod-

els but without electric hybridization. Two different levels of assessments (2025 vs. 2035 

targets) are compared: the differences between those two targets are detailed in [35], but 

the main one is related to the performance of cooling devices for power electronics and 

electric motor; for the latter, a direct cooling inside stator slot is added. 
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Figure 18. Energy management system (EMS) optimization. (a) Hybrid ratio with the simple EMS; 

(b) Hybrid ratio with the optimized EMS; (c) Power sharing with the simple EMS; (d) Power shar-

ing with the optimized EMS 

 

Figure 19. Hybrid electric aircraft with a conventional aircraft as a reference point. 

This display clearly shows a major issue: “despite the technological progress, electric 

hybrid solutions are heavier than thermal solutions”. Regarding the EMS influence, the 

increase of the fuel cell nominal power decreases the fuel burn but is not without conse-

quences on the MTOW, which has been increased by 4–7% according to the assessment 

target.  

Finally, with reference to a full thermal optimized aircraft, an “optimized EMS” al-

lows the operation of a hybrid aircraft that may consume the same amount of kerosene 
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for the 2025 target. By improving the technology (i.e., increasing specific powers), the 

“HASTECS 2035 hybrid electric aircraft” would consume 6% less fuel than its full-thermal 

equivalent. 

Let us finally note that only the consequences of energy efficiency and powertrain 

weight have been assessed in this study as a unique influence on the fuel burn. Going 

towards aerodynamic optimization, especially by means of distributed electric propulsion 

architectures, may offer additional gains in terms of aerodynamics with several innova-

tive concepts such as blown wing, boundary layer ingestion or wing tip propellers [8–11]. 

5. Conclusions and Prospects 

In this paper, an MDO process applied for the series hybrid regional aircraft has been 

proposed focusing on the main devices of the hybrid powertrain. A complete set of 

adapted surrogate models have been integrated to face the complexity of that integration 

process also involving typical snowball effects in aircrafts. These technological design 

models allow the integration of main disciplinary aspects (electrical, mechanical, thermal, 

EMS) and environmental constraints (partial discharges, flight mission), which are cou-

pled in the MDO. Several mathematical formulations have been proposed comparing lo-

cal with systemic optimizations. Typical coupling effects have emerged by integrating all 

devices in this MDO process, showing that a heavier but more efficient powertrain may 

lead to fuel burn reduction. 

Coupled with the powertrain optimization, integrating non-propulsive electric loads 

such as the air conditioning will be another advantage of more electric aircrafts and should 

be a prospect for future studies. 

However, as shown in this paper, fuel burn gains remain limited as hybrid electric 

aircrafts are generally heavier than thermal ones. In that context, it seems that the “actual 

breakthrough” may be the zero-emission aircraft as recently announced by Airbus. The 

hydrogen solution (if it is burnt in thermal engines or converted in fuel cells with all-elec-

tric chains) seems to be a clear research direction in the air sector, from short-range (re-

gional) flights to medium- to long-distance flights. 

NASA [54] and Airbus [55] claim innovative prospects in that direction, for example, 

by coupling cryogenic liquid hydrogen with superconducting components. 

A very simplified prospect analysis has been performed in HASTECS with the mod-

els described in that paper in order to evaluate the performance of a hydrogen–electric-

powered aircraft. The same MDO process has been used and two assessment levels have 

been launched for 2025 and 2035 targets. In addition to the assumptions made for the mo-

tors and inverters, aggressive assessments have been set for the fuel cell system and its 

hydrogen storage (see Table 5). These targets are firstly related to a power density of the 

fuel cell system integrating its balance of plant with all auxiliaries except the primary heat 

exchanger. Secondly, assumptions on the hydrogen mass ratio in the storage tank are re-

spectively assessed to 20 and 25%. The aircraft architecture is based on a four-engine pro-

pulsion, each nacelle being a stand-alone (POD) propeller propulsion system powered by 

hydrogen fuel cells. These prospective results highlight the main issue of hybrid electric 

or full electric aircrafts: the powertrain mass is significantly increased with reference to a 

full-thermal optimized aircraft. The “target 2025” MTOW rises by 150% and “target 2035” 

by 125% (see Figure 20). Without surprise, the heaviest element in the propulsion chain is 

the fuel cell system with its hydrogen storage. 

The future the zero-emission aircraft has then to be more deeply studied, even if huge 

technological and safety (certification) challenges are in front of engineers, being a major 

track towards greener aircrafts! 

Table 5. Technological targets of H2 systems (see [48]). 

Fuel Cell—Liquid H2 2025 Target 2035 Target 
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Specific Power  

(Fuel Cell + BoP 1) 
1 kW/kg 1.3 kW/kg 

LH2 Compactness 20% 25% 
1 BoP: Balance of plant including air compressor, H2 recirculation pump, cooling w/o external heat 

exchanger. 

 

Figure 20. Exploratory study of a four-engine hydrogen–electric powered aircraft. 
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