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Abstract
The reduction of emission is a key goals for the aviation industry. One enabling technology to
achieve this goal, could be the transition from conventional gas turbines to hybrid-electric drive
trains. However, the requirements concerning weight and efficiency that come from applications
like short range aircraft are significantly higher than what state-of-the-art technology can offer. A
key technology that potentially allows to achieve the necessary power and volume densities for
rotating electric machines is superconductivity. In this paper we present the concept of a high
power density generator that matches the speed of typical airborne turbines in its power class.
The design is based on studies that cover topology selection and further electromagnetic, HTS,
thermal, structural and cryogenics aspects. All domains were analyzed by means of analytical
sizing and 2D /3D FEA modeling. With the help of our digital twin that is a synthesis of these

models, we can demonstrate for the first time that under realistic assumptions on material
properties gravimetric power densities beyond 20 kW kg ' can be achieved.

Keywords: hybrid-electric aircraft propulsion, application of superconductivity, electric

machines, high power density, liquid hydrogen, high voltage

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

1. Introduction

The contribution of the aviation industry to total global
emissions is about 2% [1]. Although this number does not
appear to be huge, the effects of this emissions on the climate
cannot be underestimated as they are released in high altitude
and therefore have a much stronger effect on the shielding top
layers of the atmosphere compared to emissions released
Original content from this work may b_e used um.ier the terms
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close the surface. With an annual growth rate of 5% per year,
the aviation industry will double its emissions until 2050 if no
actions are taken. Thus, the commission of the European
Union, together with the major players of the industry, for-
mulated a roadmap titled Flightpath 2050 [2] according to
which CO2 emission have to be reduced by 75%, NO,
emissions by 90% and noise emissions by 80%.

As discussed previously by many authors [3, 4] these
ambitious goals can only partially be achieved by gradually
improving conventional turbine technology. Besides bio-
fuels, electric propulsion systems for small aircraft and
hybrid electric propulsion systems (HEPS) for regional and
short range aircraft are regarded as major drivers for the

© 2020 The Author(s). Published by IOP Publishing Ltd Printed in the UK
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reduction of noise pollution and green-house gas emissions.
Purely electric propulsion systems clearly suffers from
energy density of available electric storage technologies
wherefore in the near future only applications with limited
flight range seem to be realistic. For short range aircraft
(A320 class), which has a market share of roughly 70% in
the commercial aviation market [5] and therefore the largest
emission contribution, battery energy densities of over
1 kWhkg ™! are required for practical use [6, 7] which does
not appear achievable according to current roadmaps on
battery development [8].

A prequisite for short range aircraft with HEPS, are
electric components (electric machines, power electronics etc)
than can meet the ambitious weight and efficiency require-
ments for this application. For instance, for the N3X concept
aircraft power densities of at least 13.7 kW kg~ are required
[9]. Current state-of-the-art electric components in the multi-
MW power class could potentially meet the efficiency
requirements but are roughly a factor of 50-100 too heavy in
order to be used for a HEPS in aircraft. As initial studies [10]
show a weight reduction by a factor of about 10 could be
achieved by means of enhanced cooling techniques and
lightweight design that was not applied for industrial elec-
trical machines so far. However, to bridge another gap of
about 5-10, more radical approaches are necessary. A
potential technology to make that leap for rotating electric
machines is high temperature superconductivity (HTS). While
the best permanent magnets can have a magnetization of up to
1.3 T, superconducting coils made from HTS-tapes or mag-
nets made from bulk HTS material can produce magnetic field
densities up to 14T [11] at their surface. Further, current
densities over 200 Amm 2 can easily be achieved in HTS
tapes or MgB, wires [12]. As the gravimetric power density
of electric machines scales linearly with the magnetic field
density in the airgap and the stator current loading, a factor of
5-10 seems to be feasible looking at the numbers given
before.

Following this promise, numerous machines have been
built and tested to demonstrate the general feasibility of
electric machines based on HTS [13, 14]. In particular, pro-
totypes for marine and wind-generation application have been
realized successfully [15-18]. A comprehensive overview can
be found in [19, 20]. However, only few concepts have been
realized or studied in detail to meet the weight and efficiency
targets of passenger aircraft [21-23]. Thus, it is valuable to
analyze what is achievable with HTS technology after a
thorough machine design is done for requirements that are
typical for short range aircraft. In this paper we present our
results on performing this analysis.

The paper is structured as follows: first, we present the
consideration behind the specifications for our generator
design that could be used in a future HEPS (section 2). Based
on these specification we performed a topology trade-off
analysis (section 3) and detailed studies on electromagnetic
behavior, structural integrity, thermal management (section 4)
accompanied by dedicated experiments (section 5). Finally,
we can conclude that the digital twin which we built up for
our design indicates that the realization of a generator with

Table 1. Baseline specification for generator design study.

Mechanical power at shaft P =10MW
Rotation speed at shaft N0 = 7 000 rpm
Efficiency at nominal operation n > 98%
DC-link voltage Upc = 3kV

Stray field in 1 m distance Byiray < 0.5mT

power densities over 20 kW kg ™' is doable but challenging in

terms of materials and manufacturing.

2. Generator specifications

As outlined in the introduction, we take the short range air-
craft class as a basis for the considerations in this paper. We
derived meaningful specifications for our generator study
according to following reasoning: the A320 has two engines
that can provide a maximum total power of 40 MW during
take-off and roughly 20 MW in cruise altitude. Typically in a
HEPS architecture during take-off, half of the electric power
to the propulsion units would be provided by the GenSets
(generator plus turbine) and the other half by the batteries.
Due to redundancy a split into at least two GenSet units of
10 MW is reasonable. Thus, we used 10 MW as a baseline for
the power rating of the generator.

In order to dermine a meaningful rotation speed at the
shaft, we generated a survey of available airborne gas tur-
bines with a power of roughly 10 MW and found that the
rotation speed ranges roughly from 5 500 rpm to 11 000 rpm
for gas turbines in that power class. As both for the gen-
erator and the gas turbine the power density in general
increases with higher rotation speeds, it is reasonable to
elimate the gearbox and couple the generator directly to the
turbine. We chose a speed of 7 000 rpm as baseline as it is
harder to achieve high power densities with lower rotation
speed and the majority of turbines had its coupling shaft
rotation speed around this value.

Further, for the voltage level we took as an orientation
what was proposed by other authors [24, 25] and decided to
set the DC voltage to 3kV. We would like to mention that
this value is more an educated guess that serves as a starting
point for further considerations rather than a quantitatively
elaborated value due to profound system studies. Never-
theless, looking into cable weight models one can find out
that the weight-per-meter of DC cable does not decrease
much anymore by increasing the voltage over 3 kV. Hence,
3kV could be a reasonable trade-off between weight and
safety concerning the cable.

For the efficiency we decided to set a goal of n > 98% as
proposed by NASA [9]. This goal marks an intermediate step
towards going to higher efficiencies above 99%. As a last
specification we took into account that the stray field in a
distance larger than Im away from the machine should be
smaller than 0.5 mT as required by [26]. All specifications are
summarized in table 1.
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3. Preconsideration on materials and topology
studies

As a starting point for our pre-sizing and following detailed
study, we fixed the following pre-requisites on technology,
materials and state-of-the-art in manufacturing:

(1) We consider liquid hydrogen as the cooling liquid at a
temperature of about 20K for the rotor. We do not
restrict the amount of hydrogen that is required for
cooling but design with the mindset of minimizing the
losses in the cold. This consideration resides from a
scenario where a cryo-cooler is used or the liquid
hydrogen is stored only for the purpose of cooling, so
that the losses will translate directly into additional
system mass.

(i) As a practically usable high-temperature superconduct-
ing material we consider HTS-tapes that can be wound
to coils. Such coils could be put in the rotor or stator in
principle. For the rotor coils, we assume an operating
current density of about 300 A mm 2 in the coils. This
performance can be realized with currently available
HTS-material [27, 28].

(iii) In the stator the HTS-tapes are subject to high
frequency AC-currents that lead to significant AC-
losses. A rough estimation of these losses reveals that
the efficiency target would not be met. MgB, wires
could pose a possible option to this problem but as we
there is no documented experience with high current,
high voltage, high frequency MgB, based stator coils
we did not look further into this option as a part of this
study. Nevertheless, this could be an attractive option in
a further development.

(iv) As the stator is not cold but warm, assumptions on the
current density in the copper conductor have to be made
for pre-sizing. As we know from previous projects,
liquid direct cooling is a realistic option that can
provide high densities. According to literature [29], a
current density up to 25 A mm 2 is realistic.

(v) For liquid cooling we assume an inlet temperature of
90 °C as a reasonable trade-off (based on engineering
judgment) between generator cooling (which is easier
with a cooler liquid) and the mass of the heat exchanger
that is required for re-cooling of the liquid.

(vi) Due to practical experience with HTS-bulks [30] we
consider them as a potential alternative to HTS-tape coils
in order to create a magnetic field in the rotor. As the
highest trapped field 20 K with field cooling is reported to
be around 15 T [11], we assumed that roughly 5 T trapped
field could be achievable for practical applications. Further
research to achieve such magnetic field densities is
required as currently only up to 4.8 T could be achieved
in experiments with single bulks [31].

(vii) For the stator and rotor yoke we consider FeCo. Albeit
its high price it offers the highest saturation magnetiza-
tion at reasonable losses if used as laminated steel such
as offered by Vakuumschmelze [32].

(viii)) We limit the electric frequency of the fundamental

current waveform to roughly 1 kHz as already 100 Hz is
a challenge for inverters in this power class and
frequencies above 1 kHz appeared to be unrealistic in
this power class according to our engineering judgment.

Before going into a quantitative pre-sizing, we excluded

particular topologies from a further quantitative pre-sizing
due to the following qualitative considerations:

DC machines: Although DC-machines have some inher-
ently attractive properties in particular in connection with
superconductors, we excluded DC-machines from our
considerations. According to our knowledge state-of-the-
art DC-brushes for high currents are maintenance intensive,
have a low-life time and have usually high contact losses
leading to low efficiency. Thus, we expect this component
solely to outweight the rest of the machine and therefore to
be a severe show-stopper for this concept.

Induction machines: Induction machines are in general
known to be heavier than synchronous machines as the
magnetic field of the rotor of an induction machine is
lower than of the field of a wound machine or a machine
with permanent magnets. Nevertheless, one could think
about an induction machine with HTS-tapes as due to the
high current densities that are possible in HTS-tapes the
copper weight would reduce drastically. Although some
positive results have been achieved with low-power
prototype based on MgB,, two problems arise: As the
superconductor has no DC-losses, the asynchronous
machine becomes a synchronous machine at some point.
However, the excitation field from the stator is not strong
enough to create such a strong excitation in the rotor that
it can compete with an HT'S-bulk or a wounded pole. The
second problem is that induction machine usually require
a very small magnetic airgap to maximize its perfor-
mance. That does not go well with a superconducting
rotor that requires extra space in the mechanical airgap for
vacuum insulation.

* Axial flux machines: The torque of axial flux machines scales

either with the diameter of the rotor discs or multiple rotor
discs have to be stacked. Axial flux machines are well-
known for applications in the 40-300 kW range [33, 34].
When scaling such machines to high speed and high power,
the size of discs is inherently limited by centrifugal forces.
Further, thin plates with large diameters have severe issues
with rotordynamics. Providing sufficient stiffness results in
high rotor masses. Thus, multiple stacked rotor discs have to
be used which increase the machine’s complexity and also
results in larger masses. Therefore, we rejected this machine
topology due to the high power requirement of 10 MW.

Transversal flux machines: Although the transversal flux
topology could be a good candidate to achieve high
power densities, this topology has usually a sophisticated
magnetic circuit with much non-saturated soft-magnetic
material for flux guidance. This material is the major
contributor its active parts mass. High magnetic field
densities excited by HTS coils or bulks will either saturate
the soft-magnetic material or require overproportionally
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Table 2. An overview over the best machine designs concerning power density for the pre selected topologies.

IR-SPM OR-SPM OR-SPM IR OR IR
Topology IR-SPM air-core air-core no-yoke HTS-bulk HTS-bulk HTS-wound
Outer radius stator (mm) 286 292 262 263 252 195 290
Inner radius stator (mm) 269 259 229 231 204 169 253
Outer radius rotor (mm) 250 250 2901 29772 195 228 183
Inner radius rotor (mm) 230 230 271 272 180 203 140
Axial length (mm) 680 700 620 600 250 266 157
Magnet height (mm) 10 10 20 25 15 25 42
Airgap (mm) 9 9 9 9 9 9 30
Torque (kNm) 14.0 14.0 14.0 14.0 13.9 13.8 14.1
Current (kA rms) 49 49 49 49 3.2 3.2 2.5
Voltage per phase (V rms) 1196 1360 840 856 1024 1066 1750
cos ¢ 0.57 0.46 0.46 0.46 0.95 0.99 0.72
Efficiency (%) 97.7 97.8 97.8 97.8 99.1 99.5 98.4
Active part mass (kg) 351 427 347 316 129 96 158
Active part power density (kW kg™") 28.5 23.4 28.8 31.6 77.5 104.6 64.8

large soft-magnetic material parts making the magnetic

circuit even heavier. Thus, the transversal flux topology

does not appear to be the best fit for HTS.

Flux switching machines: A similar argument applies to

flux switching machines as to transversal flux machines:

as the topology is dependent on the soft-magnetic

material for flux guidance, HTS does not to appear a

proper match for this topology.

* Reluctance machines: We did not look further into
reluctance machines as such machines do not have any
excitation field in the rotor and we excluded cryo-stators
from this study for the reasons explained above.

We used the analytic sizing tool SPEED 13.04.011 to
compare quantitatively the remaining options, namely: synchro-
nous permanent magnet (SPM) radial flux machine with inner
and/or outer rotor, synchronous machine with wound field HTS-
tape poles, SPM radial flux machine with inner and/or outer
rotor with HTS-bulks as magnets. For the SPM machines (with
HTS-bulks and NeFeB magnets) we used the PC-BDC module
of SPEED and for the wound field variant we used PC-WFC.

HTS-bulks were modeled as permanent magnets with an
extraordinary magnetization of 5T. Although, this is
obviously far from reality, it gives a good starting point for
pre-sizing comparison. As shown in [35], the deviation of the
resulting torque due to the different shape of the magnetic
field of a HTS-bulk compared to a NeFeB permanent magnet
is in the range of 10%. HTS-coils in the rotor were modeled
as copper coils with a current density of roughly 300 A mm 2
and the thermal losses were neglected. The permanent mag-
nets for SPM were NeFeB magnets with material parameters
according to [36] (i.e. 1.3 T magnetization).

For all designs including HTS-material we choice an air-
gap of 30 mm as this is a good estimate to provide enough
space for vacuum housing and further cryogenic components.
We used air-core coils (i.e. coils without FeCo in the teeth) as
the magnetic flux density is so high that the FeCo would
saturate and not help anymore with flux guidance. Further,

L]

soft-magnetic teeth as usually known from electric machines,
increase higher order harmonics in the stator field that give rise
to increased losses in the cold rotor that we intent to avoid. For
SPM designs with NeFeB all machines have typical teeth of
FeCo. For comparison we calculated a SPM design with NeFeB
and air-core coils. The magnetic air-gap for machines with teeth
was 9mm as a proper estimate for space to fit in the rotor
bandage and have a mechanical air-gap of 3 mm.

The results of the pre-sizing are shown in table 2. For each
machine type the depicted configuration represents the result of
a manual optimization towards best power density under the
assuptioms given above and the constraints set by the specifi-
cations. The degrees of freedom that were used for optimization
were the number of polepairs, number of slots, the machine’s
geometry (machine length, rotor diameter, magnet thickness,
pole coverage angle, rotor yoke thickness, stator yoke thickness,
teeth width, teeth height, teeth form) and the ~-angle. The
maximum rotor diameter and magnet thickness were limited by
a simple, analytical estimation of centrifugal forces.

The best variant for the inner rotor SPM has a active part
power density of roughly 28 kW kg™~ The outer rotor variant
has roughly the same power density but at lower frequency.
An interesting variant is number 4 where we decided to
completely leave away the soft-material in the stator as the
variant is an outer rotor design and therefore the field is
shielded by the rotor from the outside (in order to fulfill the
stray flux requirement By, < 0.5 mT): even though the
airgap field is significantly reduced due to the higher magnetic
resistance of air, still this design provides the best active part
power density of 31 kWkg™' of all SPM machines. The
machine designs with HTS-bulks with inner and outer rotor
could offer an active part power density of 77 kW kg~' and
104kW kg ', respectively. However, we used a Halbach
configuration for the HTS-bulks where it is not clear if it is
technically feasible or not. For wound field rotors an active
part power density of 64 kW kg~ ' could be achieved. As this
value is only slightly worse than the value for the HT'S-bulk
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inner rotor but the technology is far more familiar to us, we
decided to go into the detailed design studies with this con-
cept. An important note to make here is that the PM machines
have a significantly lower power factor than the super-
conducting variants; hence requiring a bigger rectifier which
would lead to a higher system mass in the end.

4, Detailed design

A CAD model of the detailed design that evolved in several
iterations from the rough pre-sizing is shown in figure 1. The
CAD model was created with the Siemens PLM Software
Siemens NX 10.0.

The heart of the rotor are 16 HTS-coils that form 8 poles
(i.e. 2 coils per pole) wound from HTS-tape such as referenced
in [27, 28]. To hold them in place, they are glued into a coil
carrier that can be made out of a metallic material such as alu-
minum or titanium. As the centrifugal forces are quite severe at
7000 rpm, the coil carrier is surrounded by an additional bandage
that helps the coil carrier to withstand the centrifugal forces. As
the coil-carrier (incl. bandage) is in direct contact with the HTS-
coils it has also a temperature of 21 K. The first components that
is at room temperature is the vacuum jacket of the rotor. Between
the coil-carrier and the vacuum jacket is a thin vacuum gap of
several mm than serves as thermal insulation. On the drive-end
the vacuum jacket and the coil-carrier are connected by a torque-
transmission element that transmits the torque from the HTS-
coils through the coil carrier to the vacuum jacket. As it has to
have high mechanical strength but also low thermal conductivity,
materials such as CFK could be reasonable choice. Further the
vacuum jacket is connected to the shaft on its outer side. To the
shaft end the gas turbine would be connected. On the non-drive
end the vacuum jacket has an inlet port (feed-through) through
which liquid hydrogen can be inserted into the rotor. The liquid
hydrogen feedthrough is a uniquely designed element that was
elaborted by Siemens in prior projects and re-used for this
design. For the bearings on the drive-end and non-drive end, we
foresee standard industrial bearings such as can be found in [37].

Due to the air-coil winding also the stator has a non-con-
ventional design configuration: the armature winding is realized
as a two-layer distributed winding (for details section 4.1).
Details of the electrical connections were not yet implemented
at this design stage. As the FeCo yoke has no teeth the torque
has to be transferred differently from the armature winding to
the yoke (and further to the housing). For that purpose a GFK
support structure is foreseen in which the armature winding is
inserted. Towards the airgap the armature winding (with the
support structure) is separated from the airgap by a slot pipe to
realize the direct liquid cooling. The slot pipe is sealed by
O-rings at both bearing shields so that the space between the
slot pipe, the bearing shields and the housing is hermetically
sealed. The torque is transferred form the support structure to
the yoke by a form fit and from the yoke to the housing by a
press-fit. The yoke material is FeCo and for the housing (and
the bearing shields) a light-weight material such as aluminum
can be used since the housing provides sufficient surface area so

Figure 1. CAD model of the presented generator design. (1) Coil
Carrier; (2) HTS-coil; (3) vacuum Jacket; 4 + (6) torque transfer
elements; (5) bandage; (7) shaft; (8) NDE bearing; (9) DE bearing;
(10) Stator yoke; (11) Housing; (12) DE Bearing shield; (13) NDE
bearing shield; (14) slot pipe; (15) Armature winding; (16) stator
support structure.

Table 3. Overview on important geometrical dimensions of the
presented generator design.

HTS-pole height 27 mm
HTS-pole width 36 mm
HTS-pole length 306 mm
HTS minimal bending radius 21 mm
HTS maximum bending radius 37 mm
Rotor length 435 mm
Rotor inner radius 146 mm
Rotor outer radius 203 mm
Bearing distance 550 mm
Mechanical airgap 4 mm

Magnetic airgap 75 mm
Slot pipe thickness 4 mm

Amature winding inner radius 211 mm
Amature winding outer radius 255 mm
Stator yoke inner radius 255 mm
Stator yoke outer radius 280 mm
Stator yoke length 350 mm
Housing inner radius 280 mm
Housing outer radius 295 mm
Housing length 645 mm

that the torque could be transferred from the housing to a
possible outer support structure without problems.

Important machine dimensions are summarized in table 3
and a mass decomposition of the important parts is given in
table 4. The rotor has a total mass of roughly 148 kg and the
stator a total mass of 274 kg. Largest contributors are the FeCo
yoke and the armature winding. Although not all components
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Table 4. Mass decomposition of important parts of the presented
generator design.

HTS-coils 38 kg
Coil carrier 23 kg
Bandage 11kg
Rotor cooling elements 4 kg

Vacuum jacket 11kg
Torque transfer elements 15 kg
Shaft 14 kg
Drive-end bearing S5kg

Non-drive-end bearing 25kg
Total rotor mass 148 kg
Slot pipe 6kg

Stator support structure 22 kg
Armature winding 57kg
Stator yoke 112 kg
Housing 41 kg
Bearing shield NDE 8kg

Bearing shield DE 13 kg
Total stator mass 274 kg
Total generator mass 422 kg

(such as bolts, connectors, vacuum ports, sensors, electrical
feeds, etc) are included in the current design status and the
included components have to be elaborated further into more
detail, the total mass is clearly below 500 kg. Thus, we can state
that a power density better than 20 kW kg ' is feasible with this
machine design since all design elements are backed by rigid
calculations and experiments as described below.

4.1. Details of electromagnetic design

To evaluate important electromagnetic characteristics, we used
2D-FEM and 3D-FEM models. A cross-section of the 2D
geometry can be seen in figure 2(a), a view of the simulated 3D
geometry in figure 2(b). A summary of important electro-
magnetic machine characteristics resulting from these calcula-
tions is given in table 5. We would like to highlight that the
machine has a high power factor of 0.89 which can be attributed
to the fact that the machine has no teeth and also no soft-
magnetic material in the rotor; resulting in a very low induc-
tivity of 38 p/H for an electric machine of this size.

As the power density is usually very sensitive to the number
of pole pairs, we performed again an optimization concerning the
pole pair number. The result is shown in figure 3. For each pole
pair number there are several points which reflect the variation of
important geometrical parameters such as machine length or
yoke size. We see that the analytical pre-sizing is confirmed by
FEM. While designs with 3 pole pairs have a worse power
density, design with 5 pole pairs have a slightly better power
density. However, higher pole pair number also increases the
electric frequency which leads to higher AC losses and lower
power factor. Thus, we decided to keep the 4 pole pair config-
uration for further calculations.

The magnetic field distribution within the machine for the
optimized four-pole pair configuration is shown in figure 4. The
magnetic field density is roughly 2.6 T in the center of each pole.

(b)

Figure 2. Electromagnetic FEM-calculation model in 2D and 3D.

Table 5. Summary of electromagnetic characteristics of the presented
generator design.

Effective power 10 MW
Apparent power 11.3MVA
Power factor —0.89
Torque 13.9 kNm
Rated effective coil current linkage 8451 A
Rotor current linkage 1.8 MA
Line-line peak voltage 3kV
Power density (active parts) 48 kW kg !
Torque density (active parts) 67 Nmkg ™'
Tangential force density 17 N mm™>

Esson utilization factor 31.5kVAminm~>

In contrast to conventional machines with soft-magnetic teeth and
rotor material, the magnetic airgap of our design is very large; it
starts at the bottom of the yoke (opposite to one rotor pole) goes
through two adjacent rotor poles and ends the bottom of the yoke



Supercond. Sci. Technol. 33 (2020) 054002

M Filipenko et al

350 1

>

325

Active mass [kg]
|

N N N N w
o N u ~ o
o v o ul o

L L L L L

175 A

3 4
Number of pole pairs

RN
>
U1 - DB INID DD DD PP PP

Figure 3. Mass dependence on pole pair number.

B [teslal
3. N2690 000
3. 1902 +000
2, 9700E 000
2, 7910 +000
2.5136E+.000
2. 2854E+000
. 2.05T2E-000
1. 9290E+000
1. 6009 +002
1.3727€+000
1. 1445E+000
9. 1630E-001
6. 0011£-001
4. 59950 -001
2, 3174 E-001
3. 5576C-003

Time =00005s
Speed 57000.000000rpm L
Posilion =2 5671 o 50

100 (mm)

Figure 4. Magnetic flux density distribution computed with the 2D
FEM model. The maximum field in the coil is around 3.5 T. In the
coil center the magnetic flux density is around 2.6 T.

(opposite to the adjacent rotor pole). Thus, one cannot talk about
the magnetic airgap field density but it declines gradually from
roughly 1.5T at the inner diameter of the armature winding to
roughly 1T at the inner diameter of the stator yoke. About
205 000 Ampereturns are required to produce this field.

These Ampereturns are realized by two HTS-coils on top of
each other that have 205 turns each; feed with a current of 500 A
(i.e. a current density of 250 A mm2). Comparing the magnetic
field density and the current density to the B—J, characteristics of
a HTS-tape with good performance [27] shows that the HTS-
tape should be able work well with this current density. In order
to be on the safe side regarding the angular dependency of the
B—J,. characteristics, we evaluated the component of the magn-
etic field density that is perpendicular to the HTS-tape (i.e.
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Figure 5. Induced voltage and transient torque computed with 3D
FEM model. The torque ripple is below 1%.

parallel to the c-axis of the superconductor). The critical current
degradation due to high magnetic fields is taken into account by
having a safety margin of 50% to the critical current (i.e. Lo
(Bmax) < 0.51.(Bpax)swhere B, is the highest occurring
magnetic flux density perpendicular to the HTS-tape surface).
The HTS-tape we for see is 12mm wide and has roughly
120 pm of metallic layers in between the superconducting lay-
ers. A thin insulating material such as Kapton is considered to be
inserted between the turns. Geometrical dimensions of the coils
are given in table 3. A detailed overview on the coil design was
presented in [38].

The induced voltage for each phase and the torque are
shown in figures 5(a) and (b). A harmonic analysis yields a
relatively low torque ripple below 1% under full-load
operation when fed with sinusoidal currents. Further, we used
simulations to calculate the forces in the tangential and radial
direction acting on the armature winding which is an
important input for the structural analysis. The maximum
force in radial directions is roughly 1.5 kN and in tangential
direction 3.3kN. For a machine of 10 MW these forces
appear to be relatively low but one has to keep in mind, that
the machine is a high speed machine wherefore a significant
part of the power can be attributed to the rotation speed.
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Figure 6. Electromagnetic losses in the rotor for a concentrated winding
and a distributed winding as function of the relative electric conductivity
of alumnum; 1 corresponds to o ~ 3 x 10° Sm™". The losses are
several orders of magnitudes higher with a concentrated winding.

The armature winding is a two-layer distributed winding
in helix configuration [39]°. We decided to go for this exotic
winding configuration as we expect the winding heads to be
more compact (and easier coolable) than with a classic dis-
tributed winding configuration. As the electric frequencies are
high and the wire is fully exposed to the magnetic field, litz
wire is necessary to get the AC losses under control. We
chose litz-wire with a strand diameter of 0.4 mm so that AC-
losses by skin-effekt are neglectable. AC-losses by the
proximity effect on strand and bundle level were calculated
according to [40] and contribute additional 20% losses on top
of the resistive losses. Losses in the yoke were extracted
directly from the FEM simulation and contribute additional
4% on top. The winding consists of two three-phase systems.
As a comparison between one three-phase system, a five-
phase system and two three-phase systems showed that with
two three-phase systems the torque can be increased by
roughly 10%. Higher number of phases (7, 9 etc) did not
show any significant gains in torque or harmonic reduction.

Despite the higher complexity in manufacturing we
chose a distributed winding system over a concentrated
winding. This decision can be attributed to substantially
higher losses that are produced by the non-synchronous har-
monics of the stator field induced into the rotor: in figure 6 the
losses of the warm and cold parts of the rotor are shown as
function of the relative electric conductivity of alumnum (1
corresponds to o &~ 3 x 10° Sm™") for a distributed winding
and concentrated winding, respectively. With a distributed
winding the losses at hydrogen temperature are roughly 70 W.
The losses with a concentrated winding are about a factor of
1000 higher. With the intention to reduce the cold losses as
much as possible as this will affect the mass of the cooling
system later, the concentrated winding was rejected. The

3 Do not be confused that the stator winding configuration in the 2D FEM is
not a helical but a 5/6. As the helical winding cannot be represented properly
in a 2D FEM simulation, we decided to use a 5/6 winding instead. We chose
a 5/6 configuration as it has a similar harmonics spectrum.

losses in the HTS-tape were estimated analytically [41] and
verified with 2D FEA simulations [42].

4.2. Details of thermal design

Although the target efficiency of 98% is very high, 2% of
10 MW are still 200 kW of heat which is dissipated inside of the
stator. As the goal is to built a very light-weight and compact
machine, the volume of heat decipation is small, resulting in a
high heat power dissipation density (13 MW m ). We set the
limits on the highest allowable temperatures to be

(1) in the center of the litz-wire to be below 220 °C. This is
about 10 °C below the point at which most litz-wire
insulation material available on the market starts to
degregate significantly.

(ii) within the support structure below 200 °C as above
200 °C the mechanical properties degregate sensibly
with increasing temperature.

A 1D CHT thermal network analysis reveals that both air
jacket cooling and water air jacket cooling are not feasible
concepts to keep the temperature within the required limits even
if the mass-flow is very high. The reason for this is that the
thermal resistance from heat source to the location where the
heat is finally extracted from the machine is too high, in other
words the thermal path is too long (given the thermal con-
ductivity of the materials in use). A variation of the thermal
conductivities in a range which appears challenging but maybe
technologically feasible still does not provide a proper solution.
Thus, a concept is required where the coolant is closer to the
actual heat source. This can be realized if the winding is directly
in touch with the coolant, i.e. with forced air or the stator has an
inlet and an outlet for a liquid coolant that is pumped through
the stator. The heat is directly transferred from the copper
(where most losses are generated) to the coolant when it flows
by the copper. We decided to go for a liquid coolant instead of
forced air as liquids usually provide higher heat transfer coef-
ficients. As the coolant liquid is in direct connect with the
copper it has to be dielectric. After evaluation of several options
we decided to go further with Novec7500 because it provides
excellent thermal properties while still being reasonably safe. Its
specification can be found in [43].

We evaluated this concept with 2D and 3D CHT simu-
lations as well as with 3D CFD simulations. We used Siemens
SimCenter NX Flow and Siemens SimCenter StarCCM+ for
our calculations. The result of our 2D CHT simulation can be
seen in figure 7: here the 2D cross-section of one copper
bundle of one layer can be seen. In (a)—(c) the bundle is
cooled from two sides, in (d)—(f) the bundle is cooled form all
sides. Although the latter would in principle work thermally,
the concept was disregarded due to mechanical design issues.
Thus, when cooled from two sides, the litz-wire bundle has to
have one additional spacing between the turns so that the
bundle is separated in the center and the thermal path is
halved. This can pose a difficult but not unsolvable challange
for manifacturing.

We used a thermal conductivity of A = 1.4 W m~! K~! for
the litz wire [44], a value which is not too conservative but also
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Figure 7. Temperature distribution within the litz bundles depending on the cooling geometry calculated with 2D CHT simulation: (a)—(c)
cooling from four sides; (d)—(f) cooling from two sides. One separation of the litz bundle is required to achieve hot spot temperatures below

the limit.

not too optimistic. According to [45] a fill factor of roughly
70% 1is required to achieve such values for the thermal con-
ductivity, wherefore the litz wire that has normally a fill factor
of 55%—-60% has to be compressed further. For the heat transfer
coefficient, we used a value of o = 3500 W m 2 that we esti-
mated with known analytical formulas from [46]. As the heat
transfer coefficient is an important parameter for the heat
extraction, we also determined it with CFD simulations for a
geometry where the litzwire bundle is devided into two layers.
The CFD simulation confirmed these values within range of
10%. The result of the CFD-simulation for one stator slot is
shown in figure 8, where it can be seen that the temperature is
fairly below the limits. The flowrates that are required to
achieve these heat transfer coefficients are roughly 1000 1 min
(for the complete machine).Although this value seems to be
rather high, it is comparable to flow rates required for liquid
cooled machines of similar size. The pressure drop with this
flowrate for the total stator is lower than 1200 mbar.

The rotor cooling is concepted as a liquid hydrogen two-
phase bath cooling. Hydrogen is inserted in liquid form
through an insert pipe into the rotor. It is distributed over the
rotor inner surface (i.e. over the coil carrier and the HTS-
coils) due to the rotor’s rotation. As the thermal conductivity
of the coil carrier is rather high, the coils are not only cooled
on the inner surface but also from the other sides due to
conductive cooling through the coil carrier. Due to our
experience from prior projects, the latent heat of hydrogen
should provide sufficient cooling power if the cooling losses
are below 500 W which is significantly below the calculated
losses in the electromagnetic calculation. Additional losses
can be expected due to radiation through the vacuum and the
torque transfer element but also here, experience from pre-
vious projects suggests that these loss contributions are below
the electromagnetic losses. As this kind of cooling concept
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Figure 8. Temperature distribution within one slot calculated with
3D CFD. The highest temperature within the litz bundle is 195 °C;
hence below the temperature limit.

Table 6. Summary of thermal aspects of the presented generator
design regarding cooling.

Stator coolant Novec7500
Volume flow rate 1000 1 min ™"
Pressure drop 1200 mbar
Flow speed in channels 34ms™!
Number of cooling channels 192
Maximum stator coil temperature 195°C
Maximum support structure temperature 120°C

was successfully realized previously [16], we are confident
that it would work well for the machine design that is pre-
sented in this work, too.

The results of the thermal design are summarized in
table 6: Overall, we have a feasible cooling concept for the
stator that is backed by simulations (and experiments) and a
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Figure 9. Stress state of the rotor parts (HTS-coil, coil carrier, bandage, shaft, torque transfer element and vacuum jacket) under 7000 rpm

and 20 K.

feasible rotor cooling concept that is strongly supported by
experience from prior projects. The resulting values from the
simulations indicate that challenges in the domain of thermal
management are difficult but doable.

4.3. Details of structure analysis

Due to the high rotation speed of the machine, the structural
mechanical analysis of the machine is an important issue.
Again rotor and stator have to be considered. We will start
with the rotor considerations.

10

The loads on the rotor structure have the following
contributions®:

e Centrifugal loads: Due to the rotation, centrifugal forces
act onto the HTS-coils, the coil carrier, the sleeve and the
vacuum jacket. Given a mass of ca. 2.4 kg per coil and a
radius of 182 mm, the coil has a velocity of roughly
480 kmh ™" at 7000 rpm. A rough analytical estimation of

4 Both for rotor and stator we neglect loads due to gravity as they are clearly
neglectable.
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the force, gives a value of 215 kN per coil, i.e. of 430 kN

per pole and thus of 3440 kN for a total of eight poles.
» Thermal loads: As the rotor is assembled of many
different materials at room temperature and then cooled
down to about 20K for operation, thermal loads arise.
The thermal loads were taken into account by performing
a thermal simulation ahead of the structural analysis.
Pressure loads: Due to the centrifugal forces acting on the
hydrogen due to the rotation, it exhibits a homogeneous,
inner pressure of roughly 6 bar onto the coil carrier. This
leads to a total surface force of roughly 275 kN.
Electromagnetic loads: With a torque of roughly
13.9kN m, and radius of 170 mm for the center of a
pole, the force for eight poles in tangential direction is
roughly 75 kN. Additionally there is a force of roughly
80 kN in radial direction derived from the electromagnetic
simulations.

Clearly centrifugal loads and thermal loads are the major
contributions to the mechanical stresses in the structure while
electromagnetic forces and pressure forces can be neglected at
first as their contributions is less than 10%. We evaluated the
impact of these loads on the structure by means of 2D and
3D-FEM simulations. The simulations were performed with
Siemens NX NASTRAN 10.0 and 11.0. After several itera-
tions on the shape and the details of the geometry of the
passive components (i.e. components that do not participate in
the electromagnetic torque creation), we arrived at the pre-
sented geometry.

The result of the simulations for this design can be seen
in figure 9: Looking into the different rotor parts from the
outside to the inside shows, that the maximum stress in the
bandage is below 700 MPa, thus close to the yield limit of
material (830 MPa) but still below. Also, the maximum stress
in the coil carrier which is 380 MPa is slightly below the yield
limit of the material (410 MPa). The HTS-material is known
to have anisotropic material properties [47, 48] as it has a
composed laminate structure. It is much weaker in the
direction of delamination. Thus, the maximum stress for the
HTS-coil in delamination direction have to be checked.
Indeed, it is at 8 MPa and hence slightly below the delami-
nation level (10 MPa). Additionally, the strain level in the
HTS-tapes has to be checked since it can affect the amperage
of HTS-tape [49]. The maximum strain is at a level of
0.048%0, thus also below the level of critical current
degradation.

In addition to the static load analysis, we also performed
a rotor dynamics analysis in order to check if the rated speed
is close to eigenmodes of the rotor. If that would be the case,
it could lead to high vibrations and non-reversable damage to
the machine. We used a simplified 3D-FEM model for our
rotor dynamics analysis, where the coil carrier and the coils
are regarded as one solid body and the roller bearings are
applied as linear elastic elements at the corresponding
locations.

In figure 10(a) the Campbell diagram and the corresp-
onding modes of the critical speeds are visualized. There are
two critical modes that are between 0 and 7000 rpm. We see
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Figure 10. Result of rotor dynamics simulation. Critical speeds can
be seen in the campbell diagram (a) at 771 rpm and 7402 rpm. As
can be seen in (b) the second critical speed can be detuned by
reasonable changes in the geometrical parameters.

2.5

that one eigenmode is clearly below the operation speed (at
771 rpm) and one is really close (7402 rpm). We see that one
mode arise due to the fact that the coil carrier is fixed only on
one side to the shaft (on the drive-end) and another is related
to the cryostat wall thickness. As we want the critical mode to
be at least 20% away from the rated speed, we checked to
which geometrical parameters the eigenmode frequencies are
most sensitive in order to detune them. As stated above, the
2nd mode is most sensitive to the cryostat wall thickness. In
figure 10(b) the frequency of the 2nd critical mode is shown
as a function of cryostat wall thickness. We see that by
increasing the wall thickness from about 2.5-4 mm (which is
a feasible design change) we can increase the frequency to be
20% above the rated speed. The mode at 771 rpm can hardly
be detuned to be above the operation range. Therefore, one
has to go quickly through this speed and operate the machine
overcritically.

The loads on the stator structure have the following two
contributions:

e Electromagnetic loads: Due to the electromagnetic forces,
radial and tangetial forces act directly onto the armature
winding. In contrast to classical machines with soft-
magnetic teeth, the volume of attack for the forces is not
the soft-magnetic material but the copper itself, wherefore
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the forces are transferred form the copper to the laminate
structure and then through the yoke to the housing.

Thermal loads: The stator consists of several materials all of
which have different thermal expension coefficients. Further,
the generator is assembled at room temperature and during
operation the litz-wire temperature is roughly 150 °C, while
the ambient temperature of the housing is at 55 °C. Due the
complexity of the geometry it was hardly possible to make a
analytical estimation of the thermal loads and they were
directly calculated in as a part of the FEM simulation.

Again, we performed 3D FEM simulations to analyze the
resulting stress and strain in the stator parts under the loads
described above. The stress results are shown in figure 11(a):
The stresses in the yoke are at a level of 110 MPa, therefore
clearly under the yield stress of the material (460 MPa). The
stress within the armature winding is 75 MPa which is close to
the yield strength of copper (80 MPa). However, the winding,
made out of compressed litz wire, is a complex 3D-structure of
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Figure 11. Stress (a) and strain (b) in the stator components (slot pipe, support structure, armature winding, yoke).

copper and isolation material in-between. Hence, the mechan-
ical properties of this structure have to be measured in future to
gain higher confidence in its structural integrity within the
stator. Nevertheless, as the armature winding is embedded into
the laminate structure and impreganted later, we are confident
that it will operate well under the given mechanical loads. The
strain within the laminate structure is shown in figure 11(b): the
strain within the laminate structure are at a level of 2.53%
which is below the stain load limit of typical laminate materials
(3%) that could be used.

5. Tests and further challenges

Although the digital twin that we created for our design gives
us a high level of confidence in its technical feasibility, we
decided to check the most critical issues for each design
descipline by dedicated experiments.

12
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Figure 12. Example of manufactured test coil (a) and the
corresponding measured B—I curve (b).
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5.1. High performance HTS excitation coils

Our design requires high performance HTS-coils that are
compact (i.e. have a small bending radius and small turn
height) and produce high magnetic field flux densities at the
same time. As a small bending radius can decrease the HTS-
tape performance, we manufactured and tested several HTS-
coils in order to make sure that the designed HTS-coils can
achieve the required performance indeed. Our prototype coils
had dimensions according to the design outlined in section 4.
The photography of a coil prototype after manufacturing is
shown in figure 12(a). We used several HTS-tapes to test the
coil manufacturing which all worked well concerning the
manufacturing process.

We characterized the coils at 77and 21 K. For the
characterization we measured the magnetic field density in the
center of the coil as a function of the current. The result is
shown in figure 12(b): the measured B—I dependency is within
roughly 2% accuracy in correspondence with our simulations.
Thus, we regard the manufacturing experiments as successful
and the HTS-coil design as feasible.

5.2. Structural integrity of rotor design

The structural material utilization of the parts in the rotor is
close to the material limits, wherefore we decided to assure
the design by rotation test in a spin bunker. For that test we
built a 1:2-scale prototype. We used the same material for
the passive components as intented for the full scale design,
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Figure 13. Results of the speed bunker test. The disintegration of the
rotor can be seen clearly in the data at 25 500 rpm.

i.e. the coil-carrier was made out of alumnum and the bandage
of titanium. As the purpose of the experiment is pure struc-
tural mechanics, we did not use expensive HTS-material but a
material of similar density for the coils. The experimental
specimen did not have a vacuum jacket as its material utili-
zation is not critical.

The specimen was rotated in a spin bunker until it bur-
sted. Results from strain gauges placed on the specimen’s
surface are shown in figure 13: they indicate that plastical
deformation started at 16 800 rpm until the specimen bursted
at 25 500 rpm. These results with the 1:2-scale rotor demon-
strate that the proposed rotor design is feasible concerning
structural design.

5.3. Validation of CFD results and assumptions

Concerning thermal management most uncertanty comes
from the heat transfer coefficient o that was extracted from
CFD calculations and the assumptions on the thermal heat
conductivity A. Concerning the heat transfer coefficient, we
performed an experiment where cooling channels such as
foreseen between the litz-wire bundles were emulated.
Novec7500 was pumped with different inlet temperature and
flow rates through a structure that reassembles the geometry
of the stator design. The walls are heated with similar values
as would be expected from the machine losses. The temper-
ature of the coolant at the beginning and the end of the
geometry is measured, as well as the pressure drop. From
the temperature measurement and the knowledge of the
geometry, the heat transfer coefficient is extracted. Results of
the experiments are shown in figure 14. We see that in reality
the thermal performance is in general in good agreement
with the simulation concerning the heat transfer. Also, the
pressure drop is lower than predicted wherefore higher flowrates
than anticipated could be realized. Overall, it gives us confidence
that the thermal management of the machine is doable.
Further, we measured the thermal conductivity of litz-
wire specimen with two methods: Laser flash and guarded
hot-plate. For a litz-wire configuration as we foresee it in our
design we measured a value 3.1Wm 'K~' with both
methods in good correspondence. This value is better than the
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Figure 14. A comparison between analytical calculation, CFD
simulation and experiment. The heat transfer coefficient is in good
agreement between simulation and experiment. The pressure drop
turns out to be lower in reality than initially calculated.
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assumption of the simulation, therefore giving us further
confidence in the feasibility of the concept.

Towards an actual flyable generator, we see further
challenges in particular in the following areas:

* Several parts in the rotor are permanently exposed to
hydrogen. These are in particular the HTS-coils and the
coil-carrier. It is well known that the mechanical proper-
ties of materials are affected by hydrogen embrittlement
[50]. Further, it can be assumed that also the super-
conducting properties might be affected by a similar
mechanism [51]. While for a ground prototype or for
single permit-to-flight demonstration this might not pose
a significant contraint, it might largely affect the mid- and
longterm operation. Hence, the effect of hydrogen
embrittlement on the HTS-tapes and the corresponding
coil-carrier material has to be studied in detail.

Compared to industrial high power electric generators, the
materials in the stator are exposed to frequencies that are
10 times higher at a much higher material utilization.
Thus, the material properties of compressed litz-wire and

14

of the corresponding laminate materials have be investi-
gated in detail concerning high cycle fatigue.

Although high voltage insulations of 3kV are not
untypical for high power electric machines on the
multi-MW power level, the goal of light-weight designs
means that conventional insulation systems can hardly be
reused. As for high power densities, the thermal
utilization has to be driven to its limits and a good
electrical insulation is typically also a good thermal
insulation, the insuluation poses a high thermal resistance.
As discussed in section 4.2, the thermal resistance has to
be reduced and therefore also the electrical insulation. A
very thin electric insulation will work but will not be
partical discharge free below a particular thickness, thus
limiting the life-time of the stator. Therefore, for proper
mid- and longterm operation, qualification of high
performance electrical insulation systems is required.
Not at last, a detailed investigation of safety aspects is
necessary. In this paper we covered the technical
feasibility of achieving very high power densities but
did not provide an in-depth discussions of safety aspects.
Such must include the behavior under different short-
circuit scenarios, HTS-failure, rotor cooling system
failure, stator cooling system failure, operation with a
single winding system and several other failure scenarios.
Although the generator does not have to be fail-safe under
all possible failure aspects, it is important to know how
these could be handled in case of emergency.

6. Conclusions

In this paper we presented the design studies for a 10 MW HTS-
generator for direct coupling to an airborne gas-turbine. With the
digital twin of the full machine that covers all the relevant phy-
sical disciplines, we come to a conclusion that a dry-weight
below 500kg, ie. a power density beyond 20kWkg™' is
achievable. This is possible if HTS-tapes are used in the rotor as
excitation coils as they enhance the magnetic field density
beyond what is achievable with the best permanent magnets. A
high level comparison shows that this is roughly 2-3 times better
to what can be achieved with SPM machines under similar
requirements and contraints. Also, the power factor for super-
conducting machines is expected to be significantly better,
therefore lowering the total system weight. Although, further
aspects such as details of manufacturing, safety aspects and
material qualification have to be addressed in future, in order to
realize actual flyable products, our result clearly demonstrate the
outstanding potential of HTS for very lightweight multi-MW
electric machines.
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