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Abstract: In the context of hybrid electric and full electric powertrains for future less-pollutant air-11 

crafts, this paper focuses on the multidisciplinary design optimization (MDO) of the actuation sys-12 

tem, including a surface-mounted PMSM in order to maximize the power density of the device: this 13 

study is a preliminary approach before integrating the whole powertrain. After an introduction of 14 

the MDO context, the analytical model of the electric motor is detailed. It integrates multi-physical 15 

aspects (electric, magnetic, mechanical, thermal, partial discharges and insulation, control and flight 16 

mission) and takes several heterogeneous design constraints into account. The optimization method 17 

involves a genetic algorithm allowing the reduction of the actuation weight with regard to a wide 18 

set of constraints. The results show the crucial sensitivity of the electro-thermal coupling, especially 19 

the importance of transient modes during flight sequences due to thermal capacitance effects. An-20 

other major point is related to the performance of the thermal cooling, which requires the introduc-21 

tion of an “internal cooling” in the stator slots in addition to the “base cooling” for stator and rotor. 22 

Gathering these analyses, the MDO leads to high power density actuators beyond 15 kW/kg with 23 

high-voltage–high-speed solutions, satisfying all design constraints (insulation, thermal, magnet 24 

demagnetization) over the flight mission. 25 

Keywords: aircraft; hybrid electric; optimization; MDO; synchronous motors; thermal coupling 26 

 27 

1. Introduction 28 

Power integration lowering both masses and volumes of powertrain devices embed-29 

ded in transport applications is actually a great challenge for researchers, especially for 30 

actuation systems [1]. In ground transportation, numerous studies are focused on optimi-31 

zation strategies for power integration, such as in the review proposed in [2] for hybrid 32 

electric vehicles. If these challenges are huge for ground vehicles, reducing embedded 33 

weights in more electric aircrafts is a key driver for aeronautic evolution, as reviewed for 34 

example in [3]. It is especially true that typical “snowball effects” occur in aircrafts: the 35 

more embedded weight, the higher the wing surface and the more fuel burn. For example, 36 

[4] has shown that one additional ton would increase the fuel burn by 6% in the case of a 37 

regional aircraft. The ACARE (Advisory Councilor Aviation Research and Innovation in 38 

Europe) sets environmental objectives for 2050 technologies with a 75% reduction in CO2 39 

emissions per passenger kilometer and a 90% reduction in NOx emissions. The perceived 40 

noise emission of flying aircrafts should be reduced by 65%. These are relative to the ca-41 

pabilities of a typical new aircraft in 2000. More generally, the aviation industry actually 42 

faces the “revolution towards more electric aircrafts” [5–8]. 43 

Superconducting technologies in machines and power electronics may bring signifi-44 

cant efficiency and weight reduction benefits over conventional components [9], but most 45 
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of these promising technologies are currently, and for the near future, at a relatively low 46 

technology readiness level. Thus, conventional technologies are often preferred for 47 

transport applications. Several machine topologies can be selected and compared [10], es-48 

pecially in the automotive field for hybrid (and/or electric) applications [11,12]; in the au-49 

tomotive field, high specific power machines are embedded, until 4.3 kW/kg for the Tesla 50 

S60 rotating at 15,000 rpm [13,14]. Indeed, the trend towards high-speed actuation systems 51 

clearly exists in transport applications [15], which tends to reduce weight and volume. In 52 

aeronautic applications, the PMSM (permanent magnet synchronous machines) and the 53 

IM (induction machines) are the most adequate technologies. In addition to the higher 54 

efficiency of the PMSM over the IM, the PMSM also features higher specific torque, and 55 

this solution is seen today as the most suitable for weight optimization: this latter device 56 

has been selected in our study. 57 

Optimizing the hybrid electric powertrain requires coupling a large set of domains, 58 

each involving heterogeneous phenomena and constraints in various physical fields. In 59 

that context, MDO (multidisciplinary design optimization) has become a methodological 60 

challenge itself, with several approaches and design strategies [4,16]. 61 

A typical MDO approach is proposed for optimizing the whole powertrain of future 62 

hybrid electric aircrafts in [17]. This study, partly presented in the proposed paper, is one 63 

part of a European Project in the framework of the Cleansky II EU project called “HAS-64 

TECS” for “Hybrid Aircraft: Academic Research on Thermal and Electric Components 65 

and Systems.” In HASTECS, several studies [14,18–21] analyze innovative technologies 66 

(power electronics and advanced cooling, electric motors and its cooling, high voltage and 67 

partial discharges) and concepts for regional hybrid aircraft optimization in the case of a 68 

series hybrid architecture beyond 1 MW for power and beyond 1 kV for the bus voltage 69 

standard. 70 

In his PHD Thesis, Duler, M.P  [17] proposes the sizing optimization of the power-71 

train, integrating both the energy management strategy and the flight mission. This paper 72 

focuses on the actuation system including a PMSM, with the actuation weight being tar-73 

geted as the optimization objective. As proposed in the HASTECS project, electric motors 74 

with high specific powers beyond 10 kW/kg are targeted in our optimization, with very 75 

high efficiencies (typically 97% at maximum power point). Aggressive targets have been 76 

chosen, but certain targets are already achieved in other studies [22]. In particular, Sie-77 

mens [23], with the electric motor SP260D, has announced 5.2 kW/kg for a motor in flight 78 

tests. The University of Illinois [24] has designed a PMSM which would exceed a specific 79 

power of 13 kW/kg with an efficiency of 96%, showing that these targets may be reached. 80 

General Electric [25] has announced to reach a specific power beyond 10 kW/kg for a 81 

power inverter for Aircraft Hybrid-Electric Propulsion. Several tools can be used to design 82 

and optimize electric motors [26]. 83 

In Section 2, the context of the MDO process is introduced, synthesizing the optimi-84 

zation problem formulation. 85 

The modeling task is one of the key issues for electric machine design: for example, 86 

[29] has recently presented an open-access electric machine design tool using MATLAB® 87 

in order to enable an automated machine design. In our paper, a large set of heterogene-88 

ous sizing models are integrated, being strongly simplified in order to allow for solving 89 

this huge complex MDO process with acceptable computational times: these models are 90 

analytical for the electric motor [14] and its cooling [19], or based on parametric regression, 91 

as for partial discharge constraints [21]. 92 

One major contribution of this paper is related to the MDO process, especially cou-93 

pling a large set of multidisciplinary constraints: 94 

 Thermal constraints are involved in comparing steady-state and transient thermal 95 

behavior. Electro-thermal coupling is integrated into the optimization problem [27] 96 

emphasizing the “first-order influence” on the actuator performance. Several cooling 97 

systems can be assessed, as reviewed in [28]. 98 



Electronics 2021, 10, x FOR PEER REVIEW 3 of 26 
 

 

 The actuation system being supplied by a high DC voltage bus, the Electrical Insula-99 

tion System (EIS) in the PMSM [21], is also integrated through a simple surrogate 100 

model that involves insulation constraints due to partial discharge occurrence in sta-101 

tor slots. 102 

 Regarding the bus voltage level and the equivalent impedance of the PMSM, the op-103 

portunity of a field-weakening strategy can also be assessed to optimize the perfor-104 

mance according to the flight mission sequences. A supplementary constraint related 105 

to permanent magnet demagnetization is added for that purpose. This “flight mis-106 

sion-electric circuit-magnetic” coupling also affects the motor design and its specific 107 

power. 108 

Several analysis and optimization results are presented in the last two sections: in 109 

Section 4, the huge influence of the transient behavior of the electro-thermal coupling is 110 

analyzed. The design choices are discussed, comparing steady-state and transient thermal 111 

models over the flight mission. Finally, in Section 5, the sensitivity of technological pro-112 

gress on actuation performance is analyzed, especially in terms of specific power and ef-113 

ficiency. This last part of the paper shows that the proposed MDO process allows reaching 114 

very high integration performance. 115 

2. Context of the MDO Process 116 

A complete design at the aircraft level is particularly complex because of the high 117 

number of decision variables with strong interactions between disciplines. A systemic 118 

study takes account of all (whenever possible) device couplings, far beyond summing lo-119 

cal optimizations at the component level. It is within this framework that MDO is cur-120 

rently working because it allows gathering different fields around a single mathematical 121 

problem. Most often, this integrated design method is used to look at the sensitivity of the 122 

aircraft design, as well as its aerodynamic performance. For example, [29] linked the aer-123 

odynamic performance with non-linear physical phenomena occurring on the aircraft 124 

through an MDO. A robust and operational tool is presented in [30] in order to couple 125 

complex studies and highlight new aircraft concepts. Another optimal industrial trade-off 126 

for pylon design results from this: a demonstrator optimization test case has been imple-127 

mented by the IRT Saint Exupery [31]. 128 

The study presented here is the preliminary step of a more complete MDO process is 129 

managed at the powertrain level in the thesis of Pettes-Duler [17]. This approach is applied 130 

to the design of a hybrid electric aircraft for regional flight. The final MDO process in-131 

volves a large set of multi-physical aspects, as illustrated in Figure 1. 132 
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 133 

Figure 1. Multidisciplinary design optimization (MDO) process for a hybrid electric aircraft 134 

powertrain. 135 

Before developing the system optimization at the powertrain level, a complete sensi-136 

tivity analysis has been performed in [32], showing the major importance of the actuation 137 

system, especially the PMSM with regard to the powertrain weight and efficiency. 138 

That is why a major preliminary step is to focus on the actuation part optimization, 139 

as presented in the next sections. Before presenting the models of the actuation system, 140 

Figure 2 illustrates the optimization formulation aiming at minimizing the electric motor 141 

mass. 142 

 143 

Figure 2. Weight optimization process for electric motor. 144 

3. Actuation System Modeling for MDO Process 145 

In this section, we focus on the modeling of the inverter-fed surface-mounted perma-146 

nent magnet synchronous machine (SM-PMSM) for high-speed applications. The theoret-147 

ical backgrounds of the SM-PMSM model are based on the modeling of the open-circuit 148 

field and the armature reaction by current surface density [33]. From these theoretical 149 

backgrounds, an analytical sizing model based on loadability concepts has been derived 150 
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[14,34] and has been revisited to be integrated in an MDO process. Such model seems to 151 

be the most suitable compared to finite element or permeance network models that lead 152 

to high computational times. Moreover, this model is dedicated to being further inte-153 

grated in the whole powertrain optimal design, for which complexity and computation 154 

times constitute high challenges to be faced. In that context, the simplicity of analytical 155 

models and their short computational times are advantages that facilitate the optimizer’s 156 

tasks. In addition, less information is required for the system definition, unlike other mod-157 

els that sometimes require a large amount of input data. However, these models are less 158 

accurate compared with finite elements and they require simplification assumptions that 159 

are generally valid for a specific operating domain. Therefore, in order to optimize the 160 

complexity–validity trade-off, a validation of the analytical model has to be performed. In 161 

[33], the computation of the airgap magnetic flux density, the no-load back-emf and the 162 

torque obtained with this model have been validated by a finite element analysis. 163 

The design model describes all the physical phenomena involved in the operation of 164 

the machine. Based on a power profile corresponding to a typical regional flight, and after 165 

defining the geometry of the machine, a magnetic model allows calculating most of its 166 

dimensions. Then, an electrical model specifies the different electrical circuit parameters 167 

of the machine which are required for coupling the motor with its power supply. At this 168 

stage, the structure of the machine is fully defined, and its mass and volume are deter-169 

mined. The losses in the different parts of the machine are computed for each operating 170 

point of the flight mission, enabling the electro-thermal coupling. Finally, the machine 171 

design must satisfy specific requirements in terms of thermal resistance of its various parts 172 

and the magnetic state of the magnets. Thus, a thermal model has been integrated taking 173 

into account the cooling systems as studied in [19]. This electrometrical MDO process is 174 

illustrated in Figure 3. 175 

 176 

Figure 3. MDO process for electromechanical actuator optimization. 177 

3.1. Geometrical Design Model 178 

The electric machine geometry presented in Figure 4 corresponds to a SM-PMSM. It 179 

is the most promising topology in the aeronautic field, having the highest specific power 180 

among all machine types. Moreover, this topology can ensure flux density in air gap very 181 

close to sine wave, with very low saliency. Thus, with a sine wave-distributed winding, 182 
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the analytical modeling is not too complex but is accurate enough for system integration 183 

[34]. From the set of sizing variables presented in Table 1, each dimension of the electric 184 

actuator can be calculated (see Figure 4): more information is available in [14] and [17]. 185 

 186 

Figure 4. Electric motor cross-section. 187 

This analytical model has been checked by a finite element software [33]. 188 

Table 1. Set of sizing variables. 189 

Input Variables (in blue is the set of decision variables which constitute the degrees 

of freedom for the motor optimization) 

𝑇𝑒𝑚𝑜𝑡     E-motor torque mission 

𝛺𝑒𝑚𝑜𝑡    E-motor rotational speed mission 
𝑹𝒂𝒍𝒆𝒔𝒂𝒈𝒆 Bore radius of the electric motor 
𝑹𝑫𝒓𝒐𝒕𝒍𝒎

 Rotor diameter/rotor length ratio 
𝑹𝒈𝒓𝒂𝒍

 Air gap thickness/bore radius ratio 
𝑹𝒉𝒔𝒓𝒂𝒍

 Slot height/bore radius ratio 
𝑹𝒑𝒎𝒓𝒂𝒍

 Magnet thickness/bore radius ratio 

𝜏𝑚𝑎𝑔𝑛𝑒𝑡 Pole pitch (= 100%) 

𝜏𝑠𝑙𝑜𝑡 Slot pitch (= 100% full-pitch winding) 

𝑘𝑐𝑎𝑟𝑏𝑜𝑛 Carbon fiber constant for sleeve equation 

𝒑 Number of pole pairs 

𝒒 Number of phases 

𝒏𝒆𝒑𝒑 Number of slots per pole and per phase 

𝑵𝒄𝒆 Number of conductors per slot 

𝑘𝑓𝑖𝑙𝑙 Fill factor in the slot 

𝐽𝑎 Permanent magnet flux density 
𝑩𝒚𝒐𝒌𝒆 Stator yoke flux density 

𝑩𝒕𝒆𝒆𝒕𝒉 Stator teeth flux density 

𝐵𝑦𝑜𝑘𝑒𝑟𝑜𝑡𝑜𝑟
 Rotor yoke flux density 

𝑽𝒖𝑯𝑽𝑫𝑪 Ultra-high direct current bus voltage  

The computation of the first harmonic of the air gap flux density, 𝐵𝑔𝑎𝑝𝑟𝑚𝑠
, comes 190 

from geometrical decision variables. The electric angle, 𝛾𝑒𝑙𝑒𝑐, is half of the pole pitch an-191 

gle, 𝜏𝑚𝑎𝑔𝑛𝑒𝑡. The root mean square value of the first harmonic flux density in the air gap 192 

is provided in Table 2. 193 

Table 2. First harmonic flux density computation process. 194 

First Harmonic Flux Density Computation Process (in blue is the set of decision varia-

bles which constitute the degrees of freedom for the motor optimization) 
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𝛾𝑒𝑙𝑒𝑐  𝜋  
𝜏𝑚𝑎𝑔𝑛𝑒𝑡

2
 Electric pitch angle 

𝐵    𝑔𝑎𝑝𝑟𝑚𝑠
  

𝑅𝑝𝑚𝑟𝑎𝑙
 𝐽 

  𝑔(−  − 𝑅𝑝𝑚𝑟𝑎𝑙
− 𝑅𝑔𝑟𝑎𝑙

 )
 Air gap step value of the flux density 

𝐵𝑔𝑎𝑝𝑟𝑚𝑠
  𝐵    𝑔𝑎𝑝𝑟𝑚𝑠

 2√2  
    𝛾𝑒𝑙𝑒𝑐 

𝜋
 

Fundamental value of the air gap flux 

density 

All the other dimensions are determined by the decision variables (see Table 3). 195 

Table 3. Computation process of electric machine dimensions. 196 

Dimensions of the SM-PMSM 

(in blue is the set of decision variables which constitute the degrees of freedom for 

the motor optimization) 

𝐿𝑚𝑜𝑡𝑜𝑟  
2   𝑅𝑎𝑙𝑒𝑠𝑎𝑔𝑒

𝑅𝐷𝑟𝑜𝑡𝐿𝑚

 Active length of the electric machine 

 𝑔𝑚𝑎𝑔  𝑅𝑎𝑙𝑒𝑠𝑎𝑔𝑒  𝑅𝑔𝑟𝑎𝑙
 Magnetic air gap thickness 

 𝑚𝑎𝑔𝑛𝑒𝑡  𝑅𝑎𝑙𝑒𝑠𝑎𝑔𝑒  𝑅𝑃𝑀𝑟𝑎𝑙
 Magnet thickness 

ℎ𝑠𝑙𝑜𝑡  𝑅ℎ𝑠𝑟𝑎𝑙
 𝑅𝑎𝑙𝑒𝑠𝑎𝑔𝑒 Slot height 

𝑁𝑒𝑛𝑐  2  𝑞       Number of slots 

ℎ𝑦𝑜𝑘𝑒  
𝐵𝑔𝑎𝑝𝑟𝑚𝑠

√2

𝐵𝑦𝑜𝑘𝑒
 

𝑅𝑎𝑙𝑒𝑠𝑎𝑔𝑒

 
 Stator yoke height 

ℎ𝑦𝑜𝑘𝑒𝑟𝑜𝑡𝑜𝑟
 

𝐵𝑦𝑜𝑘𝑒

𝐵𝑦𝑜𝑘𝑒𝑟𝑜𝑡𝑜𝑟

 ℎ𝑦𝑜𝑘𝑒 Rotor yoke height 

𝑅    𝑡𝑒𝑒𝑡ℎ  
2

𝜋
 

𝐵𝑔𝑎𝑝𝑟𝑚𝑠
√2

𝐵𝑦𝑜𝑘𝑒
 Tooth ratio (value at inner stator radius) 

 𝑠𝑙𝑒𝑒𝑣𝑒  
(𝑅𝑎𝑙𝑒𝑠𝑎𝑔𝑒 −  𝑔𝑚𝑎𝑔)

(
 

𝑘𝑐𝑎𝑟𝑏𝑜𝑛     (Ω𝑒𝑚𝑜𝑡   )
 ) −  

 
Sleeve thickness 

 𝑔𝑎𝑝   𝑔𝑚𝑎𝑔 −  𝑠𝑙𝑒𝑒𝑣𝑒 Mechanical air gap thickness 

𝜏𝑡𝑒𝑒𝑡ℎ+𝑠𝑙𝑜𝑡  
2𝜋  𝑅𝑎𝑙𝑒𝑠𝑎𝑔𝑒

𝑁𝑒𝑛𝑐
 Slot + tooth arc 

𝑤𝑠𝑙𝑜𝑡    − 𝑅    𝑡𝑒𝑒𝑡ℎ  𝜏𝑡𝑒𝑒𝑡ℎ+𝑠𝑙𝑜𝑡 Slot arc 

In our model, slots are rectangular, and the slot length can be found according to 197 

Table 4. 198 

Table 4. Calculation of the slot length. 199 

Slot Dimensions (in blue is the set of decision variables which constitute the degrees 

of freedom for the motor optimization) 

𝜃𝑠𝑙𝑜𝑡  
𝑤𝑠𝑙𝑜𝑡

𝑅𝑎𝑙𝑒𝑠𝑎𝑔𝑒
 Slot angle 

𝐿𝑠𝑙𝑜𝑡  2  𝑅𝑎𝑙𝑒𝑠𝑎𝑔𝑒  sin (
𝜃𝑠𝑙𝑜𝑡

2
) Slot length 

𝑆𝑠𝑙𝑜𝑡  𝐿𝑠𝑙𝑜𝑡  ℎ𝑠𝑙𝑜𝑡 Slot area 
𝑆𝐶𝑈𝑡𝑜𝑡𝑎𝑙

 𝑆𝑠𝑙𝑜𝑡  𝑘𝑓𝑖𝑙𝑙 Useful copper area 

The centrifugal pressure and the peripheral speed will be used as mechanical con-200 

straints. Thanks to the actuator dimensions, the centrifugal pressure exerted on the carbon 201 

sleeve from the maximum mechanical rotational speed value of the electric actuator, 202 

Ω𝑚𝑒𝑐ℎ𝑚𝑎𝑥
, can be estimated (see Table 5). 203 

Table 5. Sleeve mechanical constraints. 204 
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Mechanical Constraint Computations 

𝑅𝑦𝑜𝑘𝑒𝑟𝑜𝑡𝑜𝑟𝑂𝑈𝑇
 𝑅𝑠ℎ𝑎𝑓𝑡  ℎ𝑦𝑜𝑘𝑒𝑟𝑜𝑡𝑜𝑟

 Rotor yoke external ra-

dius 

𝑅𝑚𝑎𝑔𝑂𝑈𝑇
 𝑅𝑦𝑜𝑘𝑒𝑟𝑜𝑡𝑜𝑟𝑂𝑈𝑇

  𝑚𝑎𝑔𝑛𝑒𝑡  Magnet external radius 

𝑅𝑠𝑙𝑒𝑒𝑣𝑒𝑂𝑈𝑇
 𝑅𝑚𝑎𝑔𝑂𝑈𝑇

  𝑠𝑙𝑒𝑒𝑣𝑒  Sleeve external radius 

𝑃𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑎𝑙𝑚𝑎𝑥
 

 

3

Ω𝑚𝑒𝑐ℎ𝑚𝑎𝑥

 

 𝑠𝑙𝑒𝑒𝑣𝑒
(𝜌𝑐𝑎𝑟𝑏𝑜𝑛. (𝑅𝑠𝑙𝑒𝑒𝑣𝑒𝑂𝑈𝑇

3 − 𝑅𝑚𝑎𝑔𝑂𝑈𝑇
3 )

 𝜌𝑃𝑀. (𝑅
𝑚𝑎𝑔𝑂𝑈𝑇

3 − 𝑅𝑦𝑜𝑘𝑒𝑟𝑜𝑡𝑜𝑟𝑂𝑈𝑇

3 ))  

Maximum centrifugal 

pressure 

𝑉𝑝𝑒𝑟𝑖𝑝ℎ𝑒𝑟𝑎𝑙𝑚𝑎𝑥
 𝑅𝑠𝑙𝑒𝑒𝑣𝑒𝑂𝑈𝑇

 Ω𝑚𝑒𝑐ℎ𝑚𝑎𝑥
  Maximum peripheral 

speed 

The maximum centrifugal pressure, 𝑃𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑎𝑙𝑚𝑎𝑥
, and maximum peripheral 205 

speed, 𝑉𝑝𝑒𝑟𝑖𝑝ℎ𝑒𝑟𝑎𝑙𝑚𝑎𝑥
, constraints are set in order to design the right carbon sleeve thick-206 

ness. 207 

3.2. Partial Discharges Model 208 

Partial discharges in electrical machines represent an important issue for systems’ 209 

reliability, especially in the context of a more electric aircraft where the combination of 210 

fast switching devices and long cables between power electronics converters can cause 211 

non-negligible overvoltage and lead to premature failures [35,36]. A complete study re-212 

lated to the electric insulation issue and especially the partial discharges that may appear 213 

with high-voltage-fed machines was achieved in Philippe Collin’s thesis [21]. In order to 214 

take this issue into account in an integrated MDO framework, the process is as follows: 215 

From the geometrical dimensions of the actuator, typically the number of conductors used 216 

in the windings, the partial discharges model sizes the insulation thickness required to 217 

avoid the corona phenomena appearance. A calibration abacus is used to take environ-218 

mental conditions into account (temperature and pressure). In order to be conservative, 219 

the limit values have been used (limit temperature of the actuator and cruise altitude for 220 

the pressure). Then, a first set of parametric regression is used for the turn-to-turn insula-221 

tion, increasing the thickness of the copper insulation, while the second parametric regres-222 

sion is used for the yoke-turn insulation, adding an insulation layer between the yoke and 223 

the conductors. The final part of this model checks if the windings have conveniently been 224 

integrated with all constraints. The final process is detailed in Figure 5. 225 
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  226 

Figure 5. Partial discharges model for the system integration process. 227 

Thanks to this model, the penalty in partial discharges due to the rise of temperature 228 

in the windings and pressure conditions is taken into account in this study. The electric 229 

design is then related to electromagnetic, mechanical and thermal aspects, but also to par-230 

tial discharge constraints. 231 

3.3. Performance Model based on Behn–Eschenburg Diagram 232 

The Behn–Eschenburg linear model has been used in this study to characterize the 233 

actuator in phasor reference frame (see Figure 6). The winding configuration derives from 234 

the geometrical dimensions and allows the computation of the electric parameters (see 235 

Table 6). 236 
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Electronics 2021, 10, x FOR PEER REVIEW 10 of 26 
 

 

Table 6. Winding configuration computation process. 237 

Electric Motor Winding Configuration (in is blue the set of decision variables which 

constitute the degrees of freedom for the motor optimization) 

𝑘𝑡𝑏  
(𝐿𝑚𝑜𝑡𝑜𝑟  𝜏𝑠𝑙𝑜𝑡  

𝜋
 
 𝑅𝑎𝑙𝑒𝑠𝑎𝑔𝑒  𝜋  𝜏𝑡𝑒𝑒𝑡ℎ+𝑠𝑙𝑜𝑡)

𝐿𝑚𝑜𝑡𝑜𝑟
 Head winding coefficient 

𝑘   

sin (
 
2
        

𝜏𝑡𝑒𝑒𝑡ℎ+𝑠𝑙𝑜𝑡

𝑅𝑎𝑙𝑒𝑠𝑎𝑔𝑒
)

     sin (
 
2
   

𝜏𝑡𝑒𝑒𝑡ℎ+𝑠𝑙𝑜𝑡

𝑅𝑎𝑙𝑒𝑠𝑎𝑔𝑒
)
 Twist factor 

𝑘   sin (𝜏𝑠𝑙𝑜𝑡  
𝜋

2
) Shortening factor 

𝑘     Distribution factor 
𝑘 𝑖𝑛 𝑖𝑛𝑔𝑠  𝑘   𝑘   𝑘   Global winding factor 

𝑘𝑙𝑐     AC coefficient losses 

Three parameters are used to control the electromechanical actuator, the DC resistor, 238 

𝑅𝑠𝐷𝐶
, the cyclic inductance, 𝐿𝑐𝑆, and the electromotive force, 𝐸𝑟𝑚𝑠. 239 

 240 

Figure 6. Electric circuit model of the permanent magnet synchronous machine. 241 

Once again, the dimensions of the actuator are required to calculate the electric circuit 242 

parameters, as detailed in Table 7. 243 

Table 7. Electric circuit parameter computation. 244 

Electric Circuit Parameters (in blue is the set of decision variables which constitute the 

degrees of freedom for the motor optimization) 

𝜑𝑟𝑚𝑠𝑛𝑜𝑙𝑜𝑎 
 

𝑁𝑐𝑒  𝑁𝑒𝑛𝑐

2. 𝑞.  
 2. 𝑘 𝑖𝑛 𝑖𝑛𝑔𝑠  𝐿𝑚𝑜𝑡𝑜𝑟  𝑅𝑎𝑙𝑒𝑠𝑎𝑔𝑒  √2. 𝐵𝑔𝑎𝑝𝑟𝑚𝑠

 
RMS value of no-

load flux 

𝐿𝑝  
4

𝜋
 𝜇0  𝑘 𝑖𝑛 𝑖𝑛𝑔𝑠

 (
𝑁𝑐𝑒  𝑁𝑒𝑛𝑐

2. 𝑞.  
)
 

 
𝐿𝑚𝑜𝑡𝑜𝑟  𝑅𝑎𝑙𝑒𝑠𝑎𝑔𝑒

 𝑚𝑎𝑔𝑛𝑒𝑡   𝑔𝑚𝑎𝑔
 Self-inductance 

𝑀  −
 

2
𝐿𝑝 Mutual inductance 

𝐿𝑐𝑠  𝐿𝑝 − 𝑀 Cyclic inductance 

𝑅 𝐷𝐶  
𝜌𝐶𝑈  2  

𝑁𝑐𝑒  𝑁𝑒𝑛𝑐

2. 𝑞
 𝑘𝑡𝑏  𝐿𝑚𝑜𝑡𝑜𝑟  𝑘𝑙𝑐

𝑆𝐶𝑈𝑡𝑜𝑡𝑎𝑙

 DC resistance 

The control strategy can be implemented from these parameters. A maximum torque 245 

per ampere strategy (“𝐼  = 0”) has been performed with the capability of field-weakening 246 

over the mission. In particular, increasing speed leads to enhancing the motor voltage, 247 

which is limited by the bus voltage and the PWM source inverter: the amplitude of the 248 

motor voltage in the Park’s reference frame is limited (𝑉 𝑞 ≤ 𝑉 𝑞𝑚𝑎𝑥, defined in Table 8). 249 

Maintaining a certain level of torque at higher speeds than the base speed induces a neg-250 

ative current “𝐼 <  ”: this “counter-field current” reduces the air gap flux “Φ𝑔”. This 251 

field-weakening operation operates at maximum voltage for high speeds. 252 
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Table 8. Initialization of the actuator control strategy. 253 

Control Strategy 

𝐼𝑞𝑚𝑖𝑠𝑠𝑖𝑜𝑛  
𝑇𝑒𝑚𝑜𝑡

  𝜑𝑟𝑚𝑠 𝑜𝑙𝑜𝑎 
 √3

 Required torque => Iq current 

𝐼 𝑐𝑒𝑛𝑡𝑟𝑒   
−𝜑𝑟𝑚𝑠 𝑜𝑙𝑜𝑎 

 √3

𝐿𝑐𝑠
 Center of the actuator circle 

𝑉 𝑞𝑚𝑎𝑥   
𝑉𝑢𝐻𝑉𝐷𝐶

2
  𝑎   √

3

2
  Stop-voltage (max inverter voltage) 

𝑅𝑚𝑖𝑠𝑠𝑖𝑜𝑛  
𝑉 𝑞𝑚𝑎𝑥

𝐿𝑐𝑠  Ω𝑒𝑙𝑒𝑐𝑚 𝑠𝑠 𝑜 

 Radius of the actuator circle 

From a geometrical point of view, the radius of the actuator circle is defined by the 254 

maximum available voltage, 𝑉 𝑞𝑚𝑎𝑥 , and the actuator rotational speed over the flight 255 

mission, Ω𝑒𝑙𝑒𝑐𝑚 𝑠𝑠 𝑜 
 (see Table 8). The intersection between the actuator circle and the 256 

current vector defines the operation point (OP1,2). 257 

When the voltage is not limited (without field-weakening), the circle must contain 258 

the operating point (blue circle in Figure 7b) and the equivalent condition is the following:  259 

𝑅𝑚𝑖𝑠𝑠𝑖𝑜𝑛
 ≥ 𝐼𝑞𝑚𝑖𝑠𝑠𝑖𝑜𝑛

  𝐼 𝑐𝑒𝑛𝑡𝑟𝑒
  (1) 

The inequation becomes an equation when the voltage of the electric actuator reaches 260 

the maximum available voltage, 𝑉 𝑞𝑚𝑎𝑥. In this case, the field-weakening strategy occurs. 261 

The operating is then defined by the green circle. During that overspeed operation, the 262 

actuator usually operates at constant power, as illustrated in Figure 7a. 263 

 264 

Figure 7. Field-weakening operation. (a) Power/torque versus rotational speed plane. (b) Analysis 265 

in the d-q plane. Two representations of actuator circles (blue circle: maximum torque per ampere 266 

strategy, with 𝐼  = 0, green circle: field-weakening strategy, with increased speed and constant lim-267 

ited voltage). 268 

The blue circle shrinks to the green circle (increasing speed) and the current is shifted 269 

in phase to reach the operating point (see Figure 7b). Both operating points (𝑂𝑃1  nd 𝑂𝑃   270 

are represented in the torque-speed plan (see Figure 7a). The circle characteristic is defined 271 

by: 272 

𝑅𝑚𝑖𝑠𝑠𝑖𝑜𝑛
  𝐼𝑞𝑚𝑖𝑠𝑠𝑖𝑜𝑛

  (𝐼 𝑚 𝑠𝑠 𝑜 
− 𝐼 𝑐𝑒𝑛𝑡𝑟𝑒)

 
 (2) 
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This second order is derived in Figure 8 to set the current 𝐼 𝑚 𝑠𝑠 𝑜 
 in the case of the 273 

field-weakening operation: 274 

𝐼 𝑚 𝑠𝑠 𝑜 

 −  2  
−𝜑𝑟𝑚𝑠 𝑜𝑙𝑜𝑎 

 √3

𝐿𝑐𝑠
 𝐼 𝑚 𝑠𝑠 𝑜 

  𝐼𝑞𝑚𝑖𝑠𝑠𝑖𝑜𝑛
  (

−𝜑𝑟𝑚𝑠 𝑜𝑙𝑜𝑎 
 √3

𝐿𝑐𝑠
)

 

− (
𝑉 𝑞𝑚𝑎𝑥

𝐿𝑐𝑠  Ω𝑒𝑙𝑒𝑐𝑚 𝑠𝑠 𝑜 

)

 

     (3) 

 275 

Figure 8. Actuator control process. 276 

Figure 8 shows the resolution process of the control strategy. The discriminant is 277 

computed to check if there are solutions. Finally, if solutions exist, the least restrictive Id 278 

value is kept. 279 

After this calculation process, the electromechanical actuator characteristics can be 280 

computed. The currents and voltages are derived from the d, q axis values (see Table 9). 281 

Table 9. Electric actuator characteristics 282 

𝐸𝑟𝑚𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛
  𝜑𝑟𝑚𝑠𝑛𝑜𝑙𝑜𝑎 √3 Ω𝑒𝑙𝑒𝑐𝑚 𝑠𝑠 𝑜 

 
RMS value of no-load volt-

age 

𝑉 𝑚𝑖𝑠𝑠𝑖𝑜𝑛  𝑅 𝐷𝐶  𝐼 𝑚𝑖𝑠𝑠𝑖𝑜𝑛 − 𝐿𝑐𝑠  Ω𝑒𝑙𝑒𝑐𝑚 𝑠𝑠 𝑜 
 𝐼𝑞𝑚𝑖𝑠𝑠𝑖𝑜𝑛 

d axis mission value of the 

voltage 
𝑉𝑞𝑚𝑖𝑠𝑠𝑖𝑜𝑛  𝑅 𝐷𝐶  𝐼𝑞𝑚𝑖𝑠𝑠𝑖𝑜𝑛  𝐿𝑐𝑠  Ω𝑒𝑙𝑒𝑐𝑚 𝑠𝑠 𝑜 

 𝐼 𝑚𝑖𝑠𝑠𝑖𝑜𝑛   

𝐸𝑟𝑚𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛
 

q axis mission value of the 

voltage 

𝐼 𝑟𝑚𝑠𝑚 𝑠𝑠 𝑜 
 

 

√3
√𝐼 𝑚𝑖𝑠𝑠𝑖𝑜𝑛

  𝐼𝑞𝑚𝑖𝑠𝑠𝑖𝑜𝑛
  

RMS one-phase current 

value 

𝑉 𝑟𝑚𝑠𝑚 𝑠𝑠 𝑜 
 

 

√3
√𝑉 𝑚𝑖𝑠𝑠𝑖𝑜𝑛

  𝑉𝑞𝑚𝑖𝑠𝑠𝑖𝑜𝑛
  

RMS one-phase voltage 

value 

Φ𝑔 𝑜𝑙𝑜𝑎 
 𝜑𝑟𝑚𝑠 𝑜𝑙𝑜𝑎 

 √3 No-load air gap flux 
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Φ𝑔𝑙𝑜𝑎 
  √ Φ𝑅  

   𝐼𝑞𝑚𝑖𝑠𝑠𝑖𝑜𝑛  𝐿𝑐𝑠 
  

Φ𝑅  Φ𝑔 𝑜𝑙𝑜𝑎 
 𝐼 𝑚𝑖𝑠𝑠𝑖𝑜𝑛  𝐿𝑐𝑠 

Load air gap flux 

𝐵𝑦𝑜𝑘𝑒𝑚 𝑠𝑠 𝑜 
 𝐵𝑦𝑜𝑘𝑒 𝑜𝑙𝑜𝑎 

 
Φ𝑔𝑓  𝑙 −𝑤 𝑎𝑘    𝑔

Φ𝑔 𝑜𝑙𝑜𝑎 

 
Yoke flux density during 

the mission 

𝐵𝑡𝑒𝑒𝑡ℎ𝑚 𝑠𝑠 𝑜 
 𝐵𝑡𝑒𝑒𝑡ℎ 𝑜𝑙𝑜𝑎 

 
Φ𝑔𝑓  𝑙 −𝑤 𝑎𝑘    𝑔

Φ𝑔 𝑜𝑙𝑜𝑎 

 
Tooth flux density during 

the mission 

Once currents and electric actuator characteristics are determined, losses can be com-283 

puted from the mission profile according to Table 10. 284 

Table 10. Electric actuator losses computation process. 285 

Electric Actuator Losses  

𝑃𝐽𝐷𝐶  3  𝑅 𝐷𝐶  𝐼 𝑟𝑚𝑠
  

DC Joule losses in 

stator windings 

𝑃𝐼𝑟𝑜𝑛  2  (∑ 𝛼𝐵𝑦𝑜𝑘𝑒
𝛽

𝑀𝑠𝑡𝑎𝑡𝑜𝑟𝑦𝑜𝑘𝑒
 ∑ 𝛼𝐵𝑡𝑒𝑒𝑡ℎ

𝛽
𝑀𝑠𝑡𝑎𝑡𝑜𝑟𝑡𝑒𝑒𝑡ℎ

) 
Iron losses in the 

stator yoke/teeth 

𝑃𝑅  2.  𝑓𝑟𝑜𝑢𝑙   Ω 𝑒𝑙𝑒𝑐  
Friction losses in 

the bearings 

𝑃𝐴𝑔𝑎𝑝  𝑘1   𝑓𝑎 𝑟
. 𝜋. 𝜌𝑎𝑖𝑟  Ω3 𝑒𝑙𝑒𝑐  𝑅𝑎𝑙𝑒𝑠𝑎𝑔𝑒

4  𝑘𝑡𝑏  𝐿𝑚𝑜𝑡𝑜𝑟 
Windage losses in 

the air gap 

𝑃𝐴𝑟𝑜𝑡𝑜𝑟   𝑓𝑟 . 𝜋. 𝜌𝑎𝑖𝑟  Ω3 𝑒𝑙𝑒𝑐  𝑅𝑎𝑙𝑒𝑠𝑎𝑔𝑒
5  

Windage losses in 

the two rotor sur-

faces 

The losses are the inputs of the thermal model used for determining the temperature 286 

constraints in each part of the e-machine. Note that the electro-thermal coupling in mono-287 

directional as temperature variations do not influence motor parameters in our model. 288 

3.4. Thermal Model Using a Nodal Network 289 

In the thermal modeling, two levels of a direct cooling device deeply studied in [19] 290 

have been implemented in the optimization process: 291 

 “Base cooling” (first level), outside of the stator through a water jacket and inside of 292 

the rotor through a shaft cooling system. 293 

 “Internal cooling” integrated in stator slots (“winding channel”) of the electric motor: 294 

this second level involves a more efficient cooling. 295 

Both systems are water cooling circuits and are linked to a heat exchanger allowing 296 

to dissipate the heat flux in the plane environment (see Figures 9 and 10). 297 

 298 
Shaft cooling channel

Winding channel

Frame cooling channel 
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Figure 9. Cross-section of the electric actuator with two different cooling devices (base cooling 299 

(grey color) and slot internal cooling (blue color)). 300 

 301 

Figure 10. Cooling system nodal network represented at different locations in the machine. 302 

The thermal model of the electric actuator and its cooling system is based on a 303 

lumped parameter thermal model: a nodal network is implemented in order to compute 304 

specific temperatures inside the actuator with a conductance matrix linking the different 305 

nodes. The capacitive transient effects have been integrated to filter the temperature tran-306 

sients inside the electric motor and to provide the temperature evolution during the flight 307 

mission. To do so, a thermal capacity matrix, G, of the motor system has been considered, 308 

with each capacity corresponding to the thermal capacitances of a given part of the sys-309 

tem. Variations in input data such as the external temperature and the heat flow profile 310 

(motor losses profiles) are also considered. Thanks to this transient effect, the thermal lim-311 

its can be released to achieve more compact and optimal sizing. 312 

The thermal balance equation is as follows:  .
 𝑇

 𝑡
  𝑇  Ψ, where   and   are re-313 

spectively the matrices representing capacity and conductance effects, and 𝑇 and 𝛹 are 314 

the vectors representing temperatures and heat generation in the thermal system (see Ta-315 

ble 11). 316 

The model is based on several simplifying assumptions: the thermal model is homo-317 

geneous in the axisymmetric rotor section, the radiation heat transfer is neglected and 318 

thermo-physical properties do not depend on the temperatures. 319 

An implicit Euler method is used to solve these equations. 320 

Table 11. Flux and conductance expressions for each transfer mode. 321 

Flux and Conductance Expressions 

Heat transfer mode Conductance Heat flow expression 
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Conduction (axial and 

ortho-radial) 
 𝑎𝑥𝑖𝑎𝑙

𝑐𝑜𝑛    𝑗    .
𝑆𝑖𝑗

𝐿𝑖𝑗
  𝑎𝑥𝑖𝑎𝑙

𝑐𝑜𝑛    𝑗 (𝑇𝑗 − 𝑇𝑖) 

Conduction (radial)  𝑟𝑎 𝑖𝑎𝑙
𝑐𝑜𝑛    𝑗  

2𝜋 ℎ

ln (
 𝑗
 𝑖
)
  𝑟𝑎 𝑖𝑎𝑙

𝑐𝑜𝑛    𝑗 (𝑇𝑗 − 𝑇𝑖) 

Convection  𝑆
𝑐𝑜𝑛𝑣    𝐻𝑆𝑖  𝑆

𝑐𝑜𝑛𝑣   (𝑇𝑓 − 𝑇𝑖) 

Fluidic flow  
𝑓𝑙𝑢𝑖    𝑗   ̇ 𝑝  

𝑓𝑙𝑢𝑖    𝑗 (𝑇𝑗 − 𝑇𝑖) 

where: 322 

 𝑆𝑖𝑗  is the surface of heat transfer between volumes represented by nodes   and 𝑗, 323 

 𝑆𝑖 is the surface exposed to convection heat transfer, 324 

 𝑇𝑓 is the average temperature of the fluid surrounding surface 𝑆𝑖, 325 

  𝑖   𝑗 are the radius of nodes   and 𝑗 (with  𝑗 ≥  𝑖 , 326 

 𝐿𝑖𝑗  is the distance between nodes   and 𝑗, 327 

 ℎ is the height of the cylindrical object, 328 

 𝐻 is the heat transfer coefficient, 329 

  ̇ is the mass flow rate, 330 

   is the thermal conductivity, 331 

  𝑝 is the thermal capacitance. 332 

Each temperature results from the thermal balance equation. Three of them have 333 

been chosen as constraints: the end-winding, the stator yoke and the magnet tempera-334 

tures. Thanks to these constraints, the electric motor optimization can be performed with 335 

the mass of all components (active part + cooling system) as the objective function. 336 

4. The Cooling System: A Leading Challenge 337 

In aeronautics, “mass is the enemy number one”. Cooling plays a key role in the siz-338 

ing of electromechanical components and constitutes a leading optimization constraint. 339 

In Section 4.1, the difference between two thermal models has been firstly analyzed: 340 

a steady-state thermal model (R nodal network) and a transient model involving thermal 341 

capacitance effects (R,C nodal network). This comparative study highlights the im-342 

portance of the coupling between the flight mission and the thermal modes which are 343 

simulated with the transient model (R,C) but not in the steady-state one. In Section 4.1, a 344 

“base cooling” system is considered involving two subsystems: a water jacket for stator 345 

external cooling and a liquid-cooled shaft system for the rotor. 346 

In Section 4.2, the performance of the actuator optimization with this “base cooling” 347 

will be compared with a second level of thermal subsystem adding a stator slot “internal 348 

cooling” with the previous “base cooling”. The “internal cooling” device is directly inte-349 

grated inside stator slots to be close to the heat dissipated by copper losses in windings. 350 

4.1. Optimization Process 351 

The clearing procedure [37] was used for optimizing the PMSM mass with regard to 352 

the design constraints. Clearing is a niching elitist genetic algorithm which usually out-353 

performs standard genetic algorithms on difficult problems with multiple non-linear con-354 

straints and multimodal features [38]. All constraints were scaled and integrated into the 355 

objective function with penalty coefficients. The population size and the number of gen-356 

erations were respectively set to 100 and 200. Classical values for crossover and mutation 357 

rates were used (i.e., pc = 1 and pm = 1%). For each optimization case, multiple runs were 358 

carried out in order to take the stochastic nature of the algorithm into account and to en-359 

sure the reproducibility of results. 360 

The global set of decision variables is provided in Table 12. 361 

Table 12. Set of decision variables. 362 

Decision Variables Name of the Variable 
Lower 

Bound 

Upper 

Bound 
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𝑉𝑢𝐻𝑉𝐷   V  Ultra-high direct current voltage  540 2040 

𝑅     𝑔      Inner radius of the stator 0.05 0.25 

𝑅      
  %  

Ratio between rotor diameter and active 

length 
50 125 

𝑅h    
  %  Ratio between stator slot and inner radius 10 150 

𝑅𝑔   
  %  Ratio between the air gap thickness and the 

inner radius of the stator 
1 10 

𝑅     
  %  Ratio between the magnet thickness and the 

inner radius of the stator 
5 50 

𝐵𝑦 𝑘   𝑥
  T  Maximum yoke flux density 1 1.53 

𝐵    h  𝑥
  T  Maximum teeth flux density 1 1.53 

𝑁    ‐   Number of conductors per slot 1 4 

       ‐   Number of slots per poles and per phases 1 3 

   ‐   Number of pole pairs 1 7 

Most of the decision variables are geometrical parameters. From this set, the geomet-363 

rical dimensions of the electric motor are defined. The electric circuit parameters are de-364 

rived to compute the actuator losses. The profile losses are used in the cooling model to 365 

estimate the temperatures inside the actuator. Finally, the partial discharges model checks 366 

the integration of the windings into the slot to avoid the phenomena. 367 

The constraints of the optimization problem are listed in Table 13. The first six con-368 

straints are checked after the electric motor model and the next three, which are related to 369 

the cooling model, are verified by simulating the flight mission. Finally, the last three con-370 

straints are calculated from the partial discharges model. When one constraint is not ful-371 

filled, a penalized value (function of the number of constraints checked or not) is returned 372 

to the optimizer to facilitate the optimization convergence in a continuous way. Once all 373 

constraints are satisfied, the mass of the electric machine including its cooling is returned 374 

(being the objective function) to the optimizer. An optimal solution is found after the 375 

launch of 200 independent runs. This optimization process highlights the interaction be-376 

tween the sizing of an electromechanical component and its cooling. 377 

Table 13. List of constraints used in the optimization process. 378 

List of Constraints 

𝑅𝑠ℎ𝑎𝑓𝑡 ≥ 𝑅𝑠ℎ𝑎𝑓𝑡𝑚𝑖𝑛
 

 𝑔 ≥  𝑔𝑚  
 

𝑉𝑝𝑒𝑟𝑖𝑝ℎ𝑒𝑟𝑎𝑙 ≤ 𝑉𝑝𝑒𝑟𝑖𝑝ℎ𝑒𝑟𝑎𝑙𝑚𝑎𝑥
 

𝑃𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑎𝑙 ≤ 𝑃𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑎𝑙𝑚𝑎𝑥
 

𝑀                   𝐹  𝑔  
    𝑔    𝑧  𝑔  𝑢      𝐹  𝑔  

𝑇𝑠𝑡𝑎𝑡𝑜𝑟 𝑜𝑘 
≤ 𝑇𝑠𝑡𝑎𝑡𝑜𝑟 𝑜𝑘 𝑚𝑎𝑥

  

𝑇𝑐𝑜𝑝𝑝𝑒𝑟 ≤ 𝑇𝑐𝑜𝑝𝑝𝑒𝑟𝑚𝑎𝑥
 

𝑇𝑚𝑎𝑔𝑛𝑒𝑡 ≤ 𝑇𝑚𝑎𝑔𝑛𝑒𝑡𝑚𝑎𝑥
 

𝑘𝑓𝑖𝑙𝑙  𝑘   𝐹  𝑔  

𝐷𝑐𝑜𝑝𝑝𝑒𝑟 ≥ 𝐷𝑐𝑜𝑝𝑝𝑒𝑟𝑚𝑖𝑛
  

𝑊     𝑔      𝑔        𝐹  𝑔  

4.2. Thermal Modeling: The Importance of Transient Modes Coupled with the Flight Mission 379 

The reference flight mission profile integrated into the optimization is depicted in 380 

Figure 11. In this figure, shaft power and corresponding rotational speed are represented 381 

in per unit versus time during all flight phases (Taxi, Take off, Climb, Cruise, Approach 382 

and Landing, Taxi). The electric motor sizing and optimization are then performed by 383 
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integrating the flight cycle in the loop according the MDO process described in Figure 2. 384 

All losses over the flight mission were computed according to the control strategy pre-385 

sented in Section 3.3. 386 

Three different optimizations are carried out in the following sections: two are related 387 

to the e-motor with the base cooling (2025 target) presented in Section 3.4, using a steady-388 

state or transient thermal model. The third optimization is applied on the e-motor with 389 

internal cooling (2035 target) using a transient thermal model. 390 

 391 

 

(a) (b) 

Figure 11. Mission profile during flight phases: (a) shaft power, and (b) shaft rotational speed. 392 

A first level of thermal modeling has been used to optimize the electric motor mass: 393 

“the steady-state model” (in blue, left, Figure 12). A second level of “transient thermal 394 

model” involving transient modes is compared (in red, right, Figure 12). The improve-395 

ments between both models are spectacular: the specific power has been multiplied by 396 

three (2.6 vs. 7.5 kW/kg), meaning that transient phases are highly sensitive regarding the 397 

motor sizing. In fact, the yokes based on magnetic sheets involve significant thermal ca-398 

pacitances which filter the temperature variations. As a result, the trade-off between spe-399 

cific power and energy efficiency is influenced by the thermal behavior: increasing the 400 

specific power of the electric actuator by considering thermal transient modes tends to 401 

decrease its efficiency. In that case, with the e-motor being less sensitive to losses, the latter 402 

are increased by lowering the mass. 403 
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Figure 12. Cross-section of the electric motor optimization: left—steady-state thermal model, 406 

right—transient thermal model. 407 

A limit temperature of 220 °C has been used for the end-windings and the stator yoke 408 

in the optimization based on the “steady-state thermal model”; with this model, thermal 409 

limits have been released knowing that thermal capacitance effects would filter the ther-410 

mal transients. For the “transient thermal model”-based optimization, a lower value (180 411 

°C) has been taken to be conservative and safer. In the same way, two limit values have 412 

been used for the magnets: 200 °C for the “steady-state model”-based optimization and 413 

150 °C for the transient. 414 

Regarding the steady-state thermal model-based optimization, the maximum of the 415 

temperature values is reached during the take-off because of the high-power demand (see 416 

Figure 13). This steady-state temperature profile is really penalizing: electric and magnetic 417 

loads have to be reduced to satisfy thermal constraints during take-off, reducing losses 418 

(better efficiency) but increasing the actuator mass. 419 

 420 

 

(a) (b) 

Figure 13. Temperature cycles for “steady-state thermal model”-based optimization: (a) stator side, and (b) rotor side. 421 

On the contrary, simulating transient modes involves filtering effects during the 422 

flight mission: the maximum values of temperatures are now switched at the top of the 423 

climb, because of the transient phase, which allows delaying the temperature rise (see 424 

Figure 14). 425 

 426 
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Figure 14. Temperature cycles for “transient-state thermal model”-based optimization: (a) stator side, and (b) rotor side. 427 

Furthermore, the transient behavior during a flight mission is also influenced by the 428 

control strategy. In order to be able to make a performance comparison, the torque-speed 429 

characteristics of both actuators are displayed in Figure 15 (in blue for the e-motor ob-430 

tained with a steady-state (SS) thermal model, in red for that associated with the transient 431 

state (TS) thermal model and in grey for the situation of the “mission points” for each 432 

flight sequence). The actuator characteristic is limited by a maximum current (maximum 433 

torque), while its speed limit is set by a limit voltage (Vdqmax) related to the power elec-434 

tronic supply (related to the bus voltage, VuHVDC, see Table 8). When this limit voltage is 435 

reached, the control strategy is as follows: 436 

 Reduce the Iq current of the actuator, allowing it to go into a higher-speed phase 437 

without shifting the current (Id = 0). 438 

 Add negative current in the d-axis of the actuator (Id < 0) to reduce the flux density 439 

(field-weakening) in the air gap, thus operating at constant power by increasing 440 

speed. 441 

 442 

Figure 15. Torque–speed characteristics (blue: steady-state (SS) optimization, red: transient state 443 

(TS) optimization). 444 

Both optimized machines (with both thermal models) use field-weakening capabili-445 

ties. The field-weakening strategy optimizes the loss balance, reducing iron losses when 446 

the Joule losses are at their maximum (see Figure 16). Field weakening is exploited in both 447 

optimizations (SS and TS) at exactly the same time during take-off and almost during the 448 

whole duration of the climb. 449 
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(a) (b) 

Figure 16. Motor loss profiles (blue: steady-state (SS) optimization, red: transient state (TS)). (a) Joule losses, and (b) iron 450 

Losses. 451 

The loss profile highlights the difference between both e-motor optimal designs. Fig-452 

ure 17 completes the analysis: the voltage reaches a maximum value (field-weakening) 453 

during the take-off/climb phase, while the current is increased. Regarding the absolute 454 

values, the current and the voltage have similar values for both optimizations, but the 455 

main difference resides in the current density, which is multiplied by three for the TS op-456 

timization. 457 

 
 

(a) (b) 

Figure 17. Electrical variables in the two electric motors (blue: the steady-state thermal model optimization, red: the tran-458 

sient state one). (a) Current and current density, and (b) voltage. 459 

With lower thermal constraints (as in the case of the transient thermal model), the 460 

number of pole pairs (see Figure 18) can be increased (also increasing iron losses) to reduce 461 

the actuator size. The field-weakening strategy allows counterbalancing the iron loss in-462 

crease by lowering them during takeoff and climb sequences when the power demand is 463 

maximum (see Figure 16). Finally, thanks to this “thermal-control-mission” coupling, the 464 

specific power has been multiplied by three between both optimizations. 465 
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Figure 18. Decision variables giving the best objective function for both optimizations. 468 

4.3. Sensitivity of the Cooling Performance 469 

In order to once again increase the specific power of the electromechanical actuator, 470 

a second cooling solution has been implemented, adding an “internal cooling” (directly 471 

into the stator slots) to the “base cooling” (see Figure 9). As mentioned previously, the 472 

objective function is the electric motor mass, including the cooling system. The same set 473 

of decision variables has been used with the same list of constraints: only the cooling sys-474 

tem has been changed. Let us recall that the “base cooling” is composed of a stator water 475 

jacket and a rotor shaft cooling. 476 
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the cooling channel. It also involves differences in terms of thermal dynamics: losses of 478 

the electric actuator are important with this high-performance cooling regarding the vol-479 

ume of the machine, and the transient phase is faster than before (see Figure 19). Once 480 

again, the stator yoke and the end-windings are the limiting temperatures and the magnet 481 

temperatures have been reduced because of the efficiency of the new cooling system. En-482 

hancing the performance of the cooling device allows to significantly increase the specific 483 

power of the electric motor by a ratio higher than two (see Figure 20). 484 
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(a) (b) 

Figure 19. e-Motor temperature with the external and internal cooling system over the mission. (a) Stator side, and (b) rotor side. 485 

 486 

 487 

Figure 20. Geometrical comparison of the optimal actuators (left: base cooling system, right: exter-488 

nal and internal cooling system). 489 
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be used for the flux densities in the teeth: the cooling channels are in touch with the wind-503 

ings and the stator teeth, so the flux density in the teeth can be maximized. The yoke flux 504 

density has been decreased to minimize the iron losses in the yoke. 505 

 506 

 507 

Figure 21. Decision variables of two electric motor optimizations, including cooling system. 508 

5. Conclusion 509 

In this paper, a MDO was applied to a PMSM actuation system dedicated to a re-510 

gional aircraft powertrain. This process involves a large set of multi-field couplings be-511 

tween electrical, geometrical, mechanical and thermal aspects, integrating the control 512 

strategy over the flight mission and also taking numerous optimization constraints into 513 

account. Among the environment constraints, partial discharges induce insulation issues 514 

for high-voltage electric actuators. The proposed study constitutes a preliminary step be-515 

fore the optimization of the whole powertrain embedded inside future hybrid electric air-516 

crafts. With “mass being the enemy number one” in aeronautics, and while the electric 517 

motor is one of the most sensitive elements among all powertrain devices, we have fo-518 

cused this study on the mass reduction of the electric motor and its cooling. An analytical 519 

modeling of the electromechanical and thermal parts allows optimizing the actuator sys-520 

tem. This model is a good trade-off between accuracy (at the system design level) and 521 

efficiency in terms of computational time to consider a future optimal integrated design 522 

at the whole powertrain level. 523 

The main results of this MDO approach are related to the influence of thermal as-524 

pects, which constitute the leading constraint to enhance specific powers for electro-me-525 

chanical actuation. First, the influence of thermal transients during the flight mission has 526 

been highlighted, showing that main (copper and iron) losses can be balanced over the 527 

flight mission thanks to an optimal control involving field-weakening capabilities: this is 528 
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a typical example of triple systemic coupling between the thermal model, the control strat-529 

egy and the flight mission cycle. Second, it has been demonstrated that enhancing the 530 

performance of the thermal system by adding an internal cooling device directly inside 531 

stator slots strongly increases the power density of the electric motor. With the most per-532 

formant cooling and with exploiting transient control of thermal modes over the flight 533 

mission, the specific power of the actuator system with its cooling may be beyond 15 534 

kW/kg, which is a promising result for the field of hybrid electric propulsion in aero-535 

nautics. 536 
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