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Abstract

Currently, hybrid-electric aircraft are under investigation as one possible solution to reduce the

emissions of the aviation industry according to Flightpath 2050 of the European Union. To meet

the drive trainʼs requirements on low mass while aiming for highest efficiency, superconducting

technologies are regarded as a key enabling technology for drive train powers of several tens of

megawatts. Within the German nationally funded project TELOS an exemplary mission profile

and the physical measures of a 220-passenger aircraft are used to derive the requirements for a

cryogenic-cooled serial hybrid-electric propulsion system. To optimize the total system

performance, we subsequently evaluated the superconducting and cryogenic-cooled components

by using computationally fast, analytical models. This approach allows quantifying the system

performance by using component technologies being available today. In particular, the system

performance of geared drive to direct drive propulsion units are compared and the influence of

the DC bus voltage and the electric frequencies of the AC circuits on the mass and the efficiency

of the drive trains are analysed.

Keywords: superconducting machines, hybrid electric drive trains, hydrogen, electric aircraft,

cryogenic power electronics, systems

(Some figures may appear in colour only in the online journal)

1. Introduction

The number of passengers travelling by aircraft is constantly

rising with an annual rate of about four percent. Due to this

development, the effect of the improving fuel efficiency of

aircraft and their engines is overwhelmed which leads to

increasing absolute emissions of the overall civil aviation

sector [1]. This issue is in stark contrast to the goal of

reducing the absolute CO2 emissions of the aviation sector by

50% until 2050 [2]. Therefore, disruptive technological

approaches as hybrid-electric propulsion systems for aircraft

are required to achieve this ambitious goal [1, 3, 4].

The largest share of aircraft is operating within the short

and mid-range distance, covering distances about 1000–3000

nautical miles (nm) and up to 240 passengers (PAX) [5].

However, to create an advantage by applying hybrid-electric

propulsion systems to such aircraft requires low masses and

high efficiencies of the electric components [6] that are very

challenging compared to the state of the art [7]. The use of

superconducting and cryogenic-cooled components could

potentially overcome these limitations. Firstly, due to the
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enormous current carrying capabilities of superconductors,

using them in electric machines or cables can reduce the

masses and required voltage levels of such components.

Secondly, when cooling these components with liquid

hydrogen, the evaporated hydrogen can be used further as a

fuel for power generation [3, 6] instead of requiring energy

densities for batteries that are orders of magnitude higher [8]

than the state of the art [7]. Power- and thrust generation of

aircraft by combustion of (liquid-) hydrogen instead of ker-

osene have been part of numerous investigations during the

past [9]. Investigations showed that using hydrogen reduces

the CO2 -emissions while increasing the efficiency of the

engine [10]. However, due to its low volumetric density, the

volume to store the required amount of liquid hydrogen in the

aircraft removes this advantage on an aircraft-level [11]. It

should be noted, that the Soviet aircraft TU-155 successfully

passed experimental flights between Moscow and Kiev with

hydrogen powered engines in 1988.

Here, an approach to determine the mass and the effi-

ciency of a cryogenic electric propulsion systems (CEPS) in

dependency of internal component parameters as the electric

frequency or the DC link voltage is presented. Using analytical

models of the electric components that cover the domains of

electromagnetics, thermics and mechanics and their interac-

tions, not only their masses and efficiencies but also their

cooling requirements are extracted. To account for the mass of

the cooling system, an analytical model to compute the mass of

a tank system to store liquid hydrogen is used.

The approach is showcased for a hypothetically hybrid-

electric 220 PAX aircraft with a mission range of 2500 nm. We

assume the power generation to be fueled with a mixture of

kerosene and hydrogen gas that evaporated during the cooling

of the CEPS with liquid hydrogen. The dependency of mass

and efficiency of the CEPS and its constituting components are

investigated for varying voltage levels on the DC bus, the

mechanic rotation speed of the superconducting machines and

the electric frequencies in the AC parts of the system.

2. Showcase and modelling approach

2.1. Re-equipped reference aircraft

The propulsion system of the hybrid-electric aircraft is a fully

turboelectric approach. A general scheme that illustrates the

relative dimensions of the reference aircraft and the posi-

tioning of the electric components is shown in figure 1(a). The

original aircraft has an overall length of 44.5 m and a max-

imum take-off weight of 101 tons. The two electric propulsion

units that drive the fans which provide thrust to the aircraft

remain at the same position as the propulsion units in the

original aircraft. They are connected with two HTS DC power

lines each to the power distribution center. The generation

units that are placed at the back end of the aircraft fuselage

provide the largest share of the aircraft’s electric power. The

generation units are also connected with HTS DC power lines

to the power distribution center. Optionally, a battery unit can

be placed in the front of the aircraft fuselage, not being

considered in this study. The liquid hydrogen tanks are placed

at the position of the center tanks in the fuselage of original

aircraft. The kerosene tanks in the wings of the original air-

craft remain untouched. All positions, distances, and mea-

sures are referenced to the operation manual of the

commercially operated A321neo XLR [12].

2.2. Architecture

The basic architecture of the hybrid-electric drive train is

shown in figure 2. The required thrust is delivered by two

Figure 1. Schematic illustration of the hybrid-electric re-equipped
aircraft. (a) The electric propulsion units (green) are placed at the
position of the turbofan engines underneath the wing of the aircraft.
The required power is generated by the AC generation units (red) at
the back of the fuselage. The EPU and the generation are connected
via HTS cables at the power distribution center (blue). The kerosene
tanks in the wings remain unchanged, whereas the cylindrically-
shaped tanks (Center tank and auxiliary center tanks (ACT)) in the
fuselage contain liquid hydrogen. (b) Typical power demand during
different phases of a mission with a cruise phase of 2500 nm. The
largest power of about 41 MW is addressed only during the phase of
take-off. During the cruise phase, less than half of the installed
power is required to propulse the aircraft.
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electric propulsion units (EPU L and EPU R). Each EPU

contains a fan that is driven by two axially stacked super-

conducting machines that share the same shaft. The machines

are driven by individual inverter units that are operated in the

cryogenic temperature range. These units convert the DC

power that is provided by superconducting DC transmission

lines into AC current feeding the machines. Optionally,

gearboxes that transmit the mechanical rotation speed of the

machines to the fans can be included. The use of a gearbox

allows optimizing the fan and the superconducting machine

independently, i.e. reaching high circumferential speeds by

increasing the mechanical rotation speed of the machine while

keeping the allowed installation space. In this study, only the

characteristics of the machines are varied whereas the fan

remains constant, assumed to meet the specifications of the

fan of reference aircraft with a diameter of dfan=2.06 m and

a maximal rotation speed of = -n 3500 minfan
1 [13].

Both EPUs are connected to the electric power distribu-

tion center that is placed at the position where the wings are

connected to the fuselage. Here, the four power transmission

lines of the EPUs are fed with the electric power of the two

power generation units GEN 1 and GEN 2. To facilitate

balancing of the thrust in case of a power generation unit

failure, one generation unit powers one machine of the EPU R

and another of the EPU L respectively. Both power genera-

tion units are placed at the back of the fuselage containing

two superconducting generators that are driven by turboshaft

engines. These engines are assumed to be fueled by kerosene

and the hydrogen that has been used as a cooling medium of

the electric components before. It has been shown that the

efficiency of the combustion process of kerosene can be

optimised by adding 10%–20% of hydrogen without any

significant degradation when increasing the ratio even further

[14]. The storage tanks for liquid hydrogen LH2 are placed in

the positions of the fuselage tanks of the reference aircraft

[12]. The amount of hydrogen that boils off the tank during

the operation of the aircraft can be added to the combustion

cycle.

2.3. Requirements

An excerpt of varied global parameters and fixed system

requirements are shown in table 1. The maximum flight level

(FL), the operational ambient temperature range Ta and the

maximum ambient pressure pa,max are acquired from the Eur-

opean certification specifications document for large aircraft

(CS 25) [15]. The same applies to the safety factor K=9 on

hydrostatic design conditions of fuel tanks that are placed

within the fuselage (CS 25.963). The factor is considered

during the design of the liquid hydrogen storage tanks. The

power requirements of the electric propulsion and the genera-

tion units are deduced from the power requirements during

take-off 1(b) and the architecture of the propulsion chain 2.

Using the latter, the lengths of the superconducting power

distribution cables lcable EPU Gen, are derived. Furthermore, it is

Figure 2. Cryogenic electric propulsion system (CEPS): All electric
components are cooled with liquid hydrogen which is provided by
tanks in the fuselage of the aircraft. Two power generation units
drive two electric propulsion units. Each propulsion unit contains
two machines, whereas one is powered by one power generation unit
and the other machine by the second, which enhances the reliability
of the system. The generation units are mainly fueled with kerosene
but are also able to burn hydrogen after it has been used to cool the
components of the electric drive train.

Table 1. Requirements and global variables to the subsystem design
of the EPU, the generation unit and the liquid hydrogen tank.
Besides the voltage level, the ambient conditions at a flightlevel (FL)

of up to 40 000 ft is considered. The maximum diameter dEM,max are

linked to the actual design of the fan, which tend to require a large
ratio of fan diameter to machine diameter. The volume limits to
place the hydrogen tanks are derived from the respective kerosene
tanks in the original aircraft. The maximum accessible height hmax

and width wmax are deduced from the cross section of the
fuselage [12].

Type Symbol Unit Range/Value

VDC V 1000–4000

Global Ta K 218–318

pa,max mbar 1013

FL ft 40 000

fel EPU, Hz 175–1000

PEM MW 10.5

EPU nEM
-min 1 3500–15000

dEM,max m 0.6

lEM,max m 0.9

lCable EPU, m 8.0

fel gen, Hz 333–1000

PGen MW 21.0

Gen nGen
-min 1 10 000

dGen,max m 0.5

lGen,max m 2.0

lCable gen, m 18.0

lmax m 2.55

Tank hmax m 1.24

Center wmax m 2.7

K — 9.0

lmax m 1.85

Tank hmax m 1.24

ACT wmax m 2.7

K — 9.0
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assumed that the diameter d EMmax, and length l EMmax, of a

superconducting machine in the electric propulsion unit does

not exceed the measures of the core engine in the turbofan [13]

that powers the reference aircraft [12]. The range of investi-

gated mechanical rotation speeds is caused by different rea-

sons. First, for even higher mechanical rotation speeds at the

same radii, the rotor retention with a sleeve can not be

achieved, forcing the diameter of the rotor radius to shrink.

However, the size of a pole in such a small rotor requires

superconducting coils that feature bending radii of the HTS

tape and the MgB2 wire which are mechanically not feasible
[16]. The same reasoning applies for the investigated range of

the number of pole pairs. Furthermore, the AC losses which are

caused by high electric frequencies can only be removed up to

a certain value set by the cooling process, limiting the range of

pole pairs even further. All measures of the generation unit are

deduced from the size of the aircraft fuselage [12] and the

characteristics of state of the art turboshaft engines [17].

3. Modelling

Firstly, this study aims to identify the influence of a gearbox

in between a fully superconducting machine and the fan on

the overall key performance indicators (KPIs) of the drive

train. Since the mechanical rotation speed directly influences

the electric frequency in the system, component models

which include frequency-dependent loss models are used, see

sections 3.1 and 3.3. By using an analytical model that

determines the mass of a tank that stores the required amount

of liquid hydrogen (section 3.5) to cool these components

during the mission of the aircraft, a penalty mass that prices

finite efficiencies is computed. Secondly, the dependency of

the overall system KPIs on the DC voltage level VDC of

the HTS transmission line is evaluated. Since changing the

voltage level directly affects the transmitted current, the

voltage dependence of current leads and the transmission line

(section 4.4) is obvious. However, many studies on the sys-

tem level neglect the consequences a particular voltage level

can bring up for the electric machine and the power electro-

nics. In case of a direct liquid cooled superconducting stator

winding, an increased required electric insulation thickness

due to higher voltage levels increases the thermal resistance

thus impeding heat dissipation of the occurring AC losses.

Here, the layout of the machine insulation systems is done at

4000 V and overshoot factors one expects by using pulse-

width modulated power electronics. In the case of the power

electronics, the voltage level will change the active and pas-

sive modules that can be used which directly affects the mass

and the efficiency of a possible inverter.

The parameters which are exchanged between the

component models to compose an EPU subsystem are shown

in figure 3. For each unique set of requirements and global

variables x the KPIs of the subsystem are computed. The

requirements of power and rotation speed of an initial

machine design need to fulfill the conditions during the take-

off of the aircraft. For each of these designed unique sub-

systems, the performance in all phases of the aircraft’s

mission (see figure 1(b)) is calculated to determine the

required amount of liquid hydrogen during a full mission.

As the propulsion system that is depicted in figure 2 is

extensive and complex, showing the dependencies of the

whole system on global variation parameters as the voltage

level would be overwhelming and disguise their origin on the

component level. Therefore, the models of the electric com-

ponents and the hydrogen tank are presented in the following

section. The basic modeling approach and assumptions are

explained.

3.1. Fully SC machines

The electric machines for propulsion and generation are

assumed to be fully superconducting radial synchronous

machines. A radial cut through the machine architecture is

shown in figure 4. The coils in the rotor are DC racetrack coils

wound with state of the art 2G HTS tapes, operated at engi-
neering current densities up to -300 Amm 2, a value which has

been achieved experimentally [16]. In contrast, the AC stator

coils are assumed to consist of 114 multifilament MgB2 wire
by HyperTec [18]. Both, the windings of the stator and the

rotor, are cooled with liquid hydrogen to operational tem-

peratures between 20 and 25 K. The yoke is placed outside

the cryogenic area to avoid the occurring losses in the iron

being dumped in the cryogenic cooling liquid.

An analytical model was developed that determines the

main KPIs of the machines for the given global requirements.

The approach considers electromagnetic, thermal, mechan-

ical, and insulation aspects of the pre-designed machines.

Moreover, the interdependencies between these disciplines

are taken into account. Starting with initial assumptions,

machine geometry and architecture are proposed for which

the magnetic field distribution is computed. Using this dis-

tribution and the frequency fel of the field, a coupled electric

Figure 3. Modeling of EPU subsystem: For a unique set of
requirements and global variables x the subsystem is sized at the
power requirements during take-off of the aircraft. In this study,
variables are the voltage level VDC and the electric frequency fel
which is discretized to fel EM, by the mechanical rotation speed of the

electric machine nEM and its possible numbers of pole pairs.
Requirements include all restrictions due to limited installation space
and information about the ambient conditions at the different flight
levels. For all components, the main KPIs as mass, efficiency and
required cooling are computed. For each unique set of designed
components, the efficiencies and cooling requirements are computed
at every point of the aircraft mission. The resulting required amount
of hydrogen for a mission of the aircraft is used as an input
parameter to the tank model.
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and thermal modeling is used iteratively to deduce the engi-

neering current density Je at the working point of the stator

coil. The value of Je is set such that the highest local loss

density pv can still be cooled. The total losses in the stator Pv

and its cooling requirements Mco are computed integration of

the local loss density along the field and current density

distribution of the machine. The length of the machine leff is

scaled to meet the targeted torque T. After adapting the

machine length, the required thickness of the retention sleeve

and the cryowalls are computed again to verify the size of the

magnetic airgap. If this criterion is not met, the machine

model is iterated. A detailed description of the machine model

and the involved materials is given in [19].

This allows to work out the sensitivities of the machine

KPIs with respect to the varied external parameters of the

propulsion system. For example, the variation of the

mechanical rotation speed of the machine nshaft has direct

consequences on mechanics, electromagnetics and thermics.

The thickness of the rotor sleeve is scaled such that it retains

the rotor against the mechanical loads by the rotating masses.

Therefore, its required thickness increases for larger rotation

speeds of the machine which leads to bigger magnetic air-

gaps. Consequently, the amplitude of the magnetic field at the

stator coils is lowered which changes the AC loss density in

the stator coils. Since the electromagnetic loss and the liquid

cooling mechanism are treated in a coupled model [19], the

cooling requirements of the machine are directly affected.

The computed machine mass includes the masses of

active and passive parts of the machine, such as the coil

carrier in the rotor and the stator, the rotor retention sleeve, a

machine housing, axial machine covers, and a rotor shaft. The

losses of the machine include the AC losses of the stator coil

and the iron losses of the yoke.

3.2. Gearbox

To compare the mass and the efficiency of the direct drive to

the geared drive solutions of the EPUs, the gearbox that is

installed in between the superconducting machines and the

fan. The mass and efficiency of these gearboxes were com-

puted with an analytical tool that controls the commercially

available software KissSoft [20] via an interface. The sizing

and computation of the gear is done according to the ISO

norm ISO 6336:2006 B. For a given lubrication oil at an inlet

temperature of 70 °C the gear is designed such that the

maximum temperature of the oil at 110 °C is not exceeded

due to the different load- and no-load dependent loss channels

[21]. Depending on the required power, the rotation speed of

the fan and the machine, gears, shafts, bearings and housing

are designed for two different gear topologies, spur and pla-

netary gearboxes. In this study, planetary gears were selected

due to their lower mass and higher efficiencies for the

requirements of table 1. With dry masses of about mgear=
200 kg and maximum efficiencies up to ηgear=0.996 the

gearbox characteristics are in the same range as state of the art

gearbox in a geared turbofan [13]. The required amount of

lubrication oil is computed via empirical polynomial corre-

lation functions that relate the loss with the required amount

of oil for forced lubrication cooling. The required mass flow

of oil can be used as an input parameter to scale the size of a

heat exchanger that is capable to transfer the heat input of the

gearbox to the accessible airflow in the propulsion unit.

3.3. Cryogenic power electronics

The choice to operate the power electronics at cryogenic

temperatures is based on two reasons. Firstly, if the power

electronics would be used at usual temperatures of about

370 K, huge leads that feed the current from the warm to the

cryogenic parts are required. To avoid these additional mas-

ses, ideally, the power electronics should operate at the same

temperature as the superconducting machines and the HTS

power cables. Secondly, it has been shown that lowering the

operating temperature affects also the performance of the

devices themselves [22].

Multiple studies have measured and modeled the cryo-

genic performance of active devices such as IGBTs and

MOSFETs [23]. Si-IGBTs show reduced switching and

transconductance losses at 77 K by about 60% and 24%

respectively when comparing to room temperature [22].

However, for even smaller temperatures the carriers freeze out

which leads to a rapid increase of the on-state resistance

below temperatures of about 50 K. For silicon, the carrier

concentration is a few ten orders of magnitude smaller at 25 K

compared to 100 K [24]. Therefore, we limit the lowest the

operating chip temperature to 100 K.

DC/AC inverters can be realized in different topologies,

differing in the height of the single-step output voltage and

the total harmonic distortion (THD). Our model considers

two-level (2L-), three-level neutral point clamped (3LNCP-)

and five-level stacked multicell (5LSMC-) DC/AC voltage

source inverters. Most parts of our design process are based

on the extensive work in [25]. First, the voltage configuration

of switches and diodes for the given operation point is

determined. To do this, a database with semiconductor

modules and their properties at cryogenic temperatures is set

up. In this study, we focus on the cryogenically tested Si-

IGBT 1700 V module by Infineon [26]. A scalable semi-

conductor characteristic is established from the data which is

then used to perform a coupled calculation of electric and

Figure 4. Architecture of fully SC machine: Basic machine
architecture assumed in the analytical modelling process. The color
scale on the right side indicates the cryogenic and the non cryogenic
area of the machine. α3 represents the opening angle between two
adjacent coils of the rotor, one of the internal optimisation
parameters of the machine model [19].
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thermal performance. The maximum bias voltage is limited to

50% of the rated blocking voltage to retain low failure rates in

presence of cosmic radiation effects at the flight level of

40 000 ft [27]. Based on the operation point the losses of the

semiconductor modules are calculated. The semiconductor

modules, as well as the heat sink, i.e. an aluminium cooling

plate, is sized such that the chip temperature increase due to

the losses at the calculated operating point is below a certain

limit and that the waste heat can be removed via the cooling

plate. The cooling plate carries the flow of liquid hydrogen.

Furthermore, the DC link capacity is calculated based on the

expected current ripple calculated analytically based on using

a method provided in [25]. Again, a database of commercially

available pps metallic film capacitors that were tested at

cryogenic temperatures is used [28]. The sizing process also

includes a mass estimation of the gate driver units and a

simple aluminium housing.

For each topology we computed inverters in the range of

VDC and fel EM, according to table 1. The switching frequency

is kept constant ten times the electric output frequency fel EM, .

The operation temperature of the chip is assumed to be 100 K

while keeping the temperature of the cooling liquid in the

cooling plate is 22 K.

3.4. HTS DC transmission

The model of the cable and its cryostat is based on the work

of Schlachter et al [29] which had an HTS DC transmission

system for 10MVA at 3 kV as target values. A scheme of the

basic architecture is shown in figure 5. Taken this archi-

tecture, a model was developed which scales the dimensions

of the components for the respective global requirements.

The measures of the inner shell of the cryostat are

determined by criteria set by the current and the DC voltage

level of the cable. Firstly, the required number of tapes per

stack to conduct the current is determined, taking into account

the reduced current capability due to the magnetic field of

neighboring tapes. As the conductor, a commercially avail-

able HTS tape by Theva was assumed [30]. Secondly, the

distances between the two poles and from one pole to the

cryowall are determined. The Lorentz forces which act

between the two poles need to be smaller than the maximum

force the support structure of each pole can withstand. Using

this, a minimum required distance between the poles dpp F, is

calculated. Furthermore, for the respective voltage level and

an estimated overshooting voltage due to the PWM inverter,

the minimum required distances between the two poles dpp V,
and between the cryowall and the poles dwp V, to avoid arcing

are computed. The inner diameter din of the core cryostat is

set a combination of these distances and adding the thickness

dstack of the poles:

· ( ) ( ) ( )= + +d d d d d2 max , . 1in stack wp V pp F pp V, , ,

For each resulting cross-section including the two HTS

stacks, the pressure drop of liquid hydrogen is computed with

an analytical model of a mixed-phase flow [31]. The required

mass flow of liquid hydrogen is adapted according to the

losses in the transmission line. The overall loss contains the

AC loss in the HTS stacks caused by AC current ripples [32],

thermal loss of the cryostat, losses at the coupling between the

current lead and the HTS stacks, and the losses of the current

lead itself. Overall, we found the loss of the copper current

leads from 100 to 20 K being dominant, lying in the range of

about 20–350W depending on the transmitted power and the

voltage level. The thickness of the cryowalls is scaled to

avoid buckling due to differential pressure at the different

sides of the respective walls. The mechanical and thermal

material parameters of the high-strength and hydrogen resis-

tant aluminium alloy that is used for the cryowalls has been

determined experimentally [16].

The total mass of the HTS transmission line is computed

as the sum of all its constituents. The masses of the super-

conductors mHTS, its required support and insulation structure

msupp, the (cryo-)walls mwall, the current leads mlead, and the

coupling between the leads and the HTS stacks mcouple are

taken into account:

( )= + + + +m m m m m m 2trans HTS supp wall lead couple

3.5. LH2 tank

To determine the influence of finite efficiencies during the

operation of the cryogenic components, a model that deter-

mines the mass of a tank to store the required amount of

liquid hydrogen was developed. The model is similar to

approaches that can be found in the literature [33, 34]. The

geometric, mechanical and thermal architecture of the tank is

designed while respecting ambient atmospheric conditions

and restrictions of the installation space linked to the aircraft.

The iterative modeling approach and a description of

Figure 5. Schematic view on the HTS cable: The two poles of
stacked HTS conductors are placed in the inner shell (red and dark
blue rectangles) of the cryostat. The stacks are circumvented by
flowing LH2. The next outer shell is evacuated and contains four

pipes that allow evaporated hydrogen flowing backward. The outer
shell of the cryostat is again evacuated and surrounded by the
outermost cryostat wall and a polyurethane layer for mechanical
protection. All cryostat shells are assumed to be made of an
aluminum alloy that is resistant to hydrogen.
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the thermal model are illustrated in figures 6(a) and (b),

respectively.

The masses of instrumentation, valves and filling sensors

are considered by an estimation function that was obtained by

interpolation of these supplementary masses of different sized

liquid hydrogen tank designs for aviation applications

[9, 35, 36]. We assume the inner and outer tank walls to be

fabricated by a high strength hydrogen resistant aluminium

alloy that divided by a polyurethane isolation layer [9]. The

geometrical shape of the tank is limited to cylinders with half-

dome end caps. Given the geometrical constraints of table 1

two hydrogen tanks per accessible volume are assumed. The

separated storage tanks and their respective transfer lines to

the EPDS increase the reliability of the cooling and therefore

also the propulsion system.

4. Results

4.1. Superconducting machines

Fully superconducting machines that fulfill the global

requirements of the electric propulsion- and generation- units

which are shown in table 1, were modeled. In this subsection,

the discussion will be focused on the machines of the electric

propulsion unit. For each unique set of requirements regard-

ing the mechanical rotation speed nSC EM, , the DC link voltage

VDC, and the electric frequency fel EM, , superconducting

machines are modeled. As described in [19], a huge set of

internal machine parameters are varied to optimize the per-

formance of the machines. The influence of the mechanical

rotation speed and the restrictions in diameter and length on

the achievable masses and efficiencies are of particular

interest. All machines are designed to resist 20% extra of their

targeted mechanical rotation speed nEM. In figure 7 the total

mass and the efficiency of fully superconducting machines

with a power of P=10.5 MW directly driving the propulsion

fan with a rotation speed of = -n 3500 minEM
1 are shown.

The influence of the constrained installation space on the

minimum achievable machine mass can be observed. The

maximum power to weight ratio (ptw) reaches about
-38.1 kW kg 1 whereas -40.4 kW kg 1 could be achieved

hypothetically without taking into account restrictions of the

installation space listed in table 1. The red-faced and white

circled data points show the pareto-optimal machines,

Figure 6. LH2-tank modelling approach (a): The geometry of the

inner tank is scaled according to the required volume VLH2
. Its

structure is mechanically designed such that it can withstand the
required storage pressure which is linked to the pressure drops in the
cryogenically cooled electric components and gyrometric loads.
Since the maximum required pressure including the summarised
pressure drop in the components is about 1.6 bar, the operational
pressure is set this value. Therefore, the resulting storage temperature
of hydrogen is slightly above 21 K at the saturation point. Moreover
the thermal design shown in (b) needs to be fulfilled to achieve the
target boil-off-rate BOR. The thermal model takes into account heat
transfer by conduction in the structure of the tank and convection
between the two phase hydrogen mixture and the inner aluminium
wall of the tank.

Figure 7. Fully superconducting machine: Mass and efficiency of
10.5 MW direct drive = -n 3500 min 1 . The black circles show all
possible machine configurations without taking into account the
constraints which are set by the installation space. In contrast, the red
data points take into account the limits in machine diameter and
machine length. The red dots with white-colored edge represent the
pareto-optimal curve that shows the limit of achievable efficiency for
the respective machine mass.
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meaning that for a particular mass the machine can not

achieve any superior efficiency and vice versa.

In figure 8 the influence of the number of pole pairs that

directly translates into the electric frequency fel on the mass and
the efficiency of the machines with = -n 3500 min 1 is pre-

sented. Whereas the loss increases almost linearly with the

number of pole pairs, mirroring the frequency-dependent AC

loss of the MgB2 coils in the stator and the iron yoke, the
machines with higher pole pairs are the lightest. The latter

behavior is linked to the required thickness of the yoke which

scales inverse with the number of pole pairs∝1/p. Furthermore,

these results already indicate that machines of higher mechanical

rotation speeds, featuring larger electric frequencies for the same

number of pole pairs p, an enhanced cooling effort is expected.

In figure 9 the pareto-optimal machines for all mechan-

ical rotation speeds are depicted. The curves show that the

higher the rotation speed of the machine the lower the pos-

sible achievable mass is, but reducing the achievable effi-
ciencies that are the highest for = -n 3500 minEM EPU,

1 . The

lightest machine at = -n 15000 minEM EPU,
1 weights only

167 kg but produces Qstator=7800W stator coil losses and

=Q 8250 Wyoke iron, losses in the iron yoke of the stator when

operated in the design point. The choice of a particular

machine and rotation speed will depend on the other com-

ponents and the mass of the required cooling systems that will

be elaborated in the next sections.

4.2. Gearbox

In figure 10 the combined mass and efficiency of the two

superconducting machines that share the same shaft and the

respective gearbox to transmit the rotation speed of the

machine and the fan are shown. Due to the mass of the

gearboxes, the advantages machines with high rotation speed

showed (compare to figure 9) are removed almost completely.
Systems with ( )= -n 5000, 7500 minEM

1 are even heavier

than the direct-drive solution, not shown here for clarity of

the figure. Firstly, this is caused by the higher mass of

these superconducting machines when compared to =nEM
( ) -10 000, 15 000 min 1 and secondly by the higher mass of

gearboxes with small transmission ratios. It should be noted

that the mass of the lubrication oil and the heat exchanger to

cool the oil of the gearbox are not included in the results of

figure 10. For gearboxes with efficiencies of about 99.5%

cooled with lubrication oil, we estimate that the oil has almost

the same mass as the gearbox itself. Moreover, using opti-

mistic mass-to-power densities for oil-air heat exchangers of

about 0.7 kg kW−1
[37] , another 70 kg would add to the

geared drive solutions.

4.3. Cryogenic power electronics

In figure 11 the results of a 10.5 MW inverter for different

topologies are shown. To allow better comparison machines

with a power factor of f =cos 0.90 were assumed to be

connected to these inverters. The lowest mass can be achieved

for the 2L-topology, whereas the highest efficiencies are

Figure 8. Stator Losses versus electric frequency: For each number
of pole pairs the three machines with about the same working flux
density in the stator Bs wp, are pre-selected. The losses increase almost

linear with frequency as it is expected at fields amplitudes which
fully penetrate the superconducting wire.

Figure 9. All rotation speeds: Mass and efficiency of direct and
geared drive superconducting machines with different rotation
speeds nEM. The faded data symbols represent about five percent of
all machines which have been computed. The bold colored symbols
show machines that are pareto-optimal with respect to mass and
efficiency. The pareto curve is extracted from all computed
machines. The direct-drive = -n 3500 minEM

1 (blue dots) achieves

the highest efficiency, however also the highest minimum mass. In
contrast, the machines with = -n 15000 minEM

1 achieve the lowest

minimum mass of 167 kg only, but are also the least efficient
machines.
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reached with the 3LNPC topology, however, linked with

nearly twice the mass per inverter.

To illustrate the influence of the DC voltage level, the

mass of the 3LNPC topology is shown for different voltages

in figure 12. Even though there is a band of inverters for each

DC voltage level (they belong to different electrical fre-

quencies), it is very prominent that the mass of the inverters

is the smallest for VDC=1500 V sharply increasing for

VDC=1750 V. For even higher voltages the mass of the

inverter decreases before significantly increasing again at

VDC=3500 V. Both effects are linked to the utilization of the
blocking voltage of the modules. In the 3LNPC- inverter

topology half-bridges are used. Therefore, for multiples

of twice the operating blocking voltage Vop, here =Vop
· ·=a V 0.5 1700 Vcosmic block , the utilization of the modules

is optimal, whereas slightly larger voltages require a second

module connected in series. This effect underlines the

importance of representing the components in detailed models

instead of using simple scaling equations.

The inverter has to deliver the electric frequencies which

fit the superconducting machines. Different combinations of

the machines’ mechanical rotation speed and the pole pair

number lead to a non-equidistant distribution of realizable

electric frequencies. The electric frequency has a direct

influence on the switching losses and the choice of EMI fil-

ters. For the 3LNPC topology, the losses of the inverters for

different electric frequencies and voltages are shown in

figure 13. For each voltage level, the losses increase almost

linearly with increasing electric frequency without showing

an optimum.

4.4. HTS DC transmission

Two examples of the voltage dependence of the specific mass

per meter are shown in figure 14. The fast decrease of the

Figure 10. Influence of gearbox: Mass and efficiency of two two
superconducting machines in row and the gearbox with the
respective transmission ratio between the fan nfan and the super-
conducting machines nEM.

Figure 11. Influence of the inverter topology: The 2L topologies (blue
circles) enable the lightest designs by achieving efficiencies of up to
99.5%. The 3LNPC topology (orange cubes) is more than a factor of
two heavier, but the losses are about a factor of three smaller, enabling
efficiencies of up to 99.75%. The 5L SMC architectures (green
diamonds) are mostly lighter than the 3LNPC and heavier than the 2L,
but show the worst efficiencies among the three architectures.

Figure 12. 3LNPC inverter, influence of the DC voltage level: the
inverters at 1500 V are the lightest, whereas inverters at 1750 V are
significantly more heavy. This non-continuous behavior is linked to
3-level topology using half bridges and the maximum module
operating voltage of 850 V.
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mass in between 1000 and 2500 V can be explained by the

smaller mass of the current leads and the smaller distance

between the poles due to smaller currents. In contrast, for

even higher voltage levels, the criteria linked to insulation

become dominant, thus scaling the distance between the two

poles and themself and the poles and the cryowall. Therefore,

the mass of the transmission system slightly increases.

4.5. Electric propulsion unit

The dependency of the system KPIs as mass and efficiency on

the DC voltage level and the electric frequencies of the pro-

pulsion- and generation-unit are investigated. Due to the high

complexity of the total drive train system, the influence of the

global variation parameters and the choice of a direct drive or

geared drive system is first presented for the electric propul-

sion unit without taking into account the cooling system

(section 4.5). In a second step, the complete drive train is

presented. By including the required masses of the liquid

hydrogen tank to cool the losses during the mission (see

figure 1(b)), a fair assessment of mass and efficiency of the

drive train is achieved. Therefore, the performance of the

electric components during the different phases of the mission

have been computed.

To compute the mass and the efficiency of the electric

propulsion unit, the components which share the same elec-

trical ( )V f,DC el EPU, and mechanical parameters (rotation speed

of the superconducting machines nEM) are combined. The

mass of a EPU contains the mass of the two machines, the

DC/AC inverters, the power distribution and the potentially

required gearbox between the machine and the fan. The

efficiency of the EPU is calculated as the product of the in-

series components. The mass and efficiency of a single EPU

without the mass for cooling categorized by the inverter

topology is shown in figure 15. The results are clustered in

two distinct areas which are linked to the different inverter

topologies (2L and 3LNPC). As on the component level

(figure 11) subsystems using a 2L inverter are lightest

whereas subsystems with 3LNPC inverters are the most

efficient, but heavier. However, when adding the required

amount of liquid hydrogen and its storage tank for the mission

of the aircraft, lower efficiencies experience a higher penalty

mass, clearly favouring the 3LNPC technology on the sub-

system level, displayed in figure 16.

When grouping the same set of data by the mechanical

rotation speed of the superconducting machine (figure 17, the

direct drive, and the geared drive solution can be compared

(see figure 17)). Whereas for the machines alone higher

mechanical rotation speeds tend to have the lightest mass

(figure 9), adding the optional gearbox, inverters, cables and

cooling remove this advantage almost completely. Mostly,

this is caused by the additional mass and loss the use of a

gearbox to fit the rotation speeds of the machines and the fan.

Prominently, the efficiency of the direct drives is higher

compared to the high-rpm geared drives. This effect is linked

to the higher losses of the machines (Figure 9) and the

inverters (figure 13) when increasing the electric frequency.

Moreover, the gearbox adds another element of finite effi-

ciency. Therefore, one can state that the 3LNPC inverter

Figure 13. Efficiency 3LNPC inverter: Dependency of the inverter
efficiency on the level of the DC voltage for different electric
frequencies. Similar to the behavior of the mass, also the efficiencies
tend to improve for higher voltage levels, whereas voltages just
above twice the operating blocking voltage of the module break this
trend.

Figure 14.Voltage dependence: Specific mass per meter for different
voltage levels for two different transmission lines with 20 MVA
(generation to power distribution center) and 10 MVA (power
distribution center to EPUs). Both power distributions show a
minimal specific mass (10.5 MVA: ( ∣ )1500V 7000A , 21.0 MVA:

( ∣ )2500V 8400A ). For small voltages the mass of the current leads

contribute significantly and the large forces between the poles
require a pole to pole distances that lead to larger diameters of the
cryostats. For higher voltage levels, the specific masses slightly
increases. This is related to the increasing pole to pole and pole to
wall distances due to insulation requirements.
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technology and the direct drive solutions are the favoured

configurations for the EPU.

4.6. Total CEPS

To construct the whole drive train which is depicted in

figure 2 the EPU and the generation subsystems which share

the same DC bus voltage have to be combined. The genera-

tion units were computed in the same way as the EPUs. Even

though they are not shown here in detail, it should be noted

that an electric frequency of 500 Hz and the 3LNPC inverter

topology resulted in the most efficient and lightest generation

units. Thus, only direct drive solutions with 3LNPC inverter

topologies are considered on the system level. The only

remaining variable global parameter is the DC bus voltage

and the electric frequency of the EPU. Figure 18 shows the

total mass and efficiency of drive trains for different system

voltages between 1000 and 4000 V and two different electric

frequencies of the electric propulsion unit. For each voltage

level, the results accumulate in two clouds, fel=350.0 Hz
featuring lighter masses while fel=175.0 Hz are more effi-

cient. Independent of the electric frequency systems with

VDC=1000 V are the heaviest and least efficient. At first

glance, the systems become lighter and more efficient the

higher the voltage level gets. However, similar as for the

inverters (figures 12 and 13) voltage levels of 1500 V and

3000 V break this trend. A system with a voltage level of

VDC=1500 V and an electric frequency fel=350 Hz is the

lightest propulsion system with a mass of MSys=8355 kg.
To understand the origin of this behavior on the system

level, the lightest systems for each set of voltage and electric

frequency are selected and decomposed into the masses of the

components. This mass breakdown is shown in figure 19. The

cabling of the HTS power distribution that already includes

the required current leads has the smallest contribution to the

mass of the system and does not show a strong dependence on

the choice of the voltage level. Even if the size of the current

lead is known to be very sensitive to the current, in this study,

its absolute mass is rather small since the temperature hub is

Figure 15. Mass and efficiency of a single EPU for different
topologies of the inverter: EPUs with 2L topologies reach lower
mass than 3LNPC technologies, whereas the efficiencies behave
vice versa.

Figure 16. Mass and efficiency of a single EPU including penalty
mass for cooling: When adding liquid hydrogen and its storage tanks
that are required during the mission of the aircraft, the EPUs which
use the 3LNPC inverter topology are favoured in mass and
efficiency.

Figure 17. Direct drive versus geared drive solution: Mass and
efficiency of the EPUs when pre-selecting the 3-level architecture
and grouping the results by the rotation speed of the superconducting
machines. The direct drive solutions are more efficient and lighter in
mass compared to the geared solutions.
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rather small. The electric machines and generators do not

show a large dependency on the DC link voltage as well and

have a combined mass share of about 30% of the total system

mass. For all voltage levels and frequencies, the power

electronics has the largest share among the system mass. Even

in the case of lightest power electronics, VDC=
1500 V,fel=350 Hz, they contribute 44% to the mass of the

system. This value becomes even more decisive when

accounting for the mass of the cooling system to remove the

loss of the inverters that are the highest of the electric com-

ponents. The mass of the inverters is the smallest for

VDC=1500 V and VDC=3000 V, again linked to the

voltage utilization of the modules. The only reason why

systems operated at 4000 V are in a similar range of system

mass, is their higher efficiencies which result in a smaller

mass of the required LH2 and its storage tanks.

Table 2 lists the three systems that were found to be the

lightest. When comparing these results to the requirements

that have been listed in table 1, the maximum allowed size of

the machines can be achieved and even surpassed. Further-

more, the superconducting machines in the EPU are operated

with higher flux densities in the working point of the stator

BS EM, than the superconducting generators. This is linked with

the higher electric frequency fel in the generation unit that

increases AC losses and therefore lowers the achievable

Figure 18. Total drive train: Mass and efficiency of the whole drive
train in dependency of the voltage level VDC link, of the DC bus and

the electric frequency fel of the direct drive electric propulsion unit.
Face colored data are pareto optimal for the respective set of voltage
and electric frequency. For reasons of clarity only five percent of all
other data (white faced) are illusrated.

Figure 19. Total drive train: Total mass and efficiency of the whole
drive train in dependency of the voltage level of the DC link VDC and
the electric frequency fel of the EPU.

Table 2. Filtered results for three different system voltages, focused
on the characteristics of the electrical machines. The machines
belong to the systems with the highest system efficiency and a
system mass below 8500.0 kg. Even though the systems are lightest
for 1500 V, the required volume of LH2 is significantly higher.

Type Symbol Unit Value Value Value

VDC V 1500 3000 4000

MSys kg 8355 8432 8417

Global ηSys % 98.27 98.71 98.75

mequi kg 3900 2744 2618

Meff kg 4455 5688 5799

fel Hz 350 350 350

nEM
-min 1 3500 3500 3500

PEM MW 10.5 10.5 10.5

dEM m 0.52 0.55 0.54

lEM m 0.54 0.63 0.62

EPU mEM kg 287 304 303

ηEM % 99.90 99.92 99.92

BS EM, T 1.17 0.91 0.90

QS EM, W 4378 2393 2396

QFe EM, W 5077 5653 5680

mInv kg 479 545 554

ηInv % 99.65 99.76 99.77

fel Hz 500 500 500

PEM MW 21.0 21.0 21.0

nEM
-min 1 10 000 10 000 10000

dEM m 0.37 0.36 0.37

lEM m 1.02 1.21 1.02

Gen mEM kg 376 398 375

ηEM % 99.87 99.92 99.90

BS EM, T 0.82 0.73 0.81

QS EM, W 2645 2062 2640

QFe EM, W 6740 6461 6730

mInv kg 886 1096 1114

ηInv % 99.63 99.74 99.76

mLH2
kg 1187 831 793

VLH2
l 16 765 11 737 11200

nTanks 2×2 2×2 2×2
Cool mTank C, kg n.a. n.a. 237.0

lTank C, m n.a. n.a. 2.37

dTank C, m n.a. n.a. 1.19

tTank C Al, , mm n.a. n.a. 1.65
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current density in the stator. This effect has been investigated

extensively already in [19].

The lower overall system efficiency at 1500 V leads to

the significantly higher amount of required hydrogen to cool

the components during the mission compared to higher

voltage levels. When assuming that the hydrogen mLH2
can be

used further for combustion, an energy-equivalent amount of

kerosene mequi can be subtracted from the system mass MSys,

resulting in an effective mass of the system Meff. At first

glance, the case of 1500 V seems to be preferable. However,

the required volume VLH2
to store the hydrogen exceeds the

requirement in 1 of the maximum accessible space by far.

Moreover, due to the strongly reduced installation space that

was assumed to be constrained by the volumes of the original

kerosene fuselage tanks, even the case of 3000 V does not fit

to the given requirements. No storage tank could be designed

that fulfills the geometrical and thermal requirements, even

though the total required amount of liquid hydrogen is only

about 40 kg higher than in the selected case of 4000 V. This

underlines that the design of such propulsion system would

require strong iterative exchange with the design of the air-

craft itself.

5. Summary and conclusion

By using analytical models for each component of a turbo-

electric drive train that features superconductivity and is

cryogenic-cooled with liquid hydrogen, a study of a re-

equipped mid-range passenger aircraft was performed. The

models use the characteristics of superconductors, power

electronics equipment and materials that are either currently

under development or commercially available.

Direct and geared electric propulsion systems that drive a

fan with the characteristics of an actual turbofan engine with

= -n 3500 minfan
1 are compared. Even though super-

conducting machines with higher rotation speeds are advan-

tageous in mass, additional gearboxes and the hydrogen

cooling system cause the more efficient direct drive electric
propulsion units with = -n 3500 minEM EPU,

1 to be the pre-

ferable solution on a system level. However, it should be

noted that in a coupled optimisation of a fan- which trends to

be more efficient for lower rotation speed and larger diameter

[13]- and the electric propulsion unit might change this result.

Moreover, the dependency of the total system mass of the

direct drive solutions on the choice of the DC voltage link

was evaluated. It was found that low voltages of 1000 V are

not a sufficient choice. Due to large required currents, the

mass of the power distribution increased and the efficiency of

the power electronics decreased compared to higher voltage

levels. However, even if the best efficiencies and lowest

masses tend to occur at the higher voltages of the investigated

range, no general statement can be extracted. Prominently, the

voltage level of VDC=1500 V and electric frequencies of

=f 350.0 Hzel EPU, results in the lowest possible system mass

of =M 8355 kgSys . This effect is strongly linked to the

3LNPC inverters that reach their lowest mass at =VDC
1500 V since the voltage utilization of the Si IGBT switching

module is close to their optimum. This effect underlines the

importance to use detailed models to describe the components

instead of simple scaling equations.

In general, the largest share of the system mass is linked

to the inverters in the system. Firstly, due to the mass of

inverters themselves and secondly due to their losses that

drive the mass of the liquid hydrogen cooling system.

Therefore, further research on low loss and radiation-hard

power electronics that can be operated in the cryogenic range

will have a large influence on the overall system performance

[38]. Moreover, a comprehensive examination of the thermal

management of the whole system, i.e. optimisation of the

component’s operational temperature, remains a future task.

Especially a more detailed assessment of the gearbox cooling

process as well as temporal evolution of the hydrogen tanks

during operation remain a challenge. The total effective mass

of the systems Meff showcases the challenge hybrid-electric

propulsion of mid-range passenger aircraft will face. To make

such systems advantageous, the overall system efficiency

including the turboshaft machines and the fans would need to

compensate for the additional payload. But, breaking up the

generation of power and thrust opens the design space for

novel aircraft configurations [3, 39].
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