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Abstract

This paper presents some results of the investigations carries out in the frame of the IMOTHEP project
(Investigation and Maturation of Technologies for Hybrid Electric Propulsion). This European project
aims to study the potential of hybrid and electric propulsion on different aircraft concepts, from Regional
to Short Medium Range aircrafts, to reduce the fuel consumption and CO2 emissions. For each concept,
two approaches are defined: a conservative (close to conventional aircraft) and a radical (to consider
disruptive options). The focus is done on the disruptive aircraft configuration.

1. Introduction

In this paper, a basic review of switches performance has been done to estimate the most suitable device. IGBT's were
found most suitable due to their good performance at cryogenic temperature and their availability at the required rating
for the inverter. Then a quick comparison has been done between different inverter topologies, where it was shown
that the NPC has the best performance as it is the most efficient and most suitable for the motor application. Then, a
comparison between NPC and ANPC has shown that by replacing the diodes with IGBT’s, better performance can be
obtained. Then, in the end, a technique for calculation of the converter losses and initial weight estimation has been
done. It is possible with a fully superconducting machine to achieve a very high-power density. The role of the input
is not decisive, and it can therefore be easily adapted to the technical choices that will be made. Torque oscillations are
low, less than 10% for all configurations. The main remaining problem is that of optimization, considering the losses
in the superconductors and the non-active elements of the machine.

1. Context: the decarbonization of civil aviation

1.1 Climate impact of the aeronautical sector

The year 2019 marks a record for global greenhouse gas emissions with an annual total of 52.4 Gt CO2eq [1]. Although
the COVID-19 health crisis led to a drop-in emission in 2020, 2021 emissions have almost caught up to their pre-crisis
level [2]. Within the total CO2 emissions due to energy consumption, the transport sector is particularly emitting with
a share of about 25% [3]. Aviation is the second mode of transport in terms of global emissions, far behind road
transport but equivalent to maritime transport, representing 11% of total transport, or 920 Mt CO2 in 2019 [4]. At first
glance, the climate impact of aviation seems relatively limited compared to other polluting sectors. Despite the limited
global impact of aviation, the impact of air transport on an individual's carbon footprint is very significant, since a
round trip from Paris to New York emits 1 t of CO2, whereas the average annual carbon footprint of a French person
is 8 t CO2eq. The main technological lever for reducing CO2 emissions is to continue the effort to improve the energy
efficiency of aircraft.

An important movement is the replacement of pneumatic and hydraulic actuators by electric actuators in order to
increase the reliability and reduce the size of a number of components performing non-propulsive functions of the
aircraft [5]-[7]. The following examples can be cited in particular:
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Engine starting is traditionally provided by pneumatic actuation, but this function has recently been electrified on the
Boeing 787.

e  The electrification of flight controls by replacing hydraulic actuators with electro-hydrostatic actuators for the
most critical functions and electro-mechanical actuators for the less critical ones.

e  The air conditioning is traditionally ensured by taking air from the engines inducing a loss of performance of
the latter. To compensate for this, the latest Boeing 787 replaces this air sampling with four 100 kW electric
COMPIessors.

e In a similar way, the de-icing and anti-icing is also generally ensured by taking hot compressed air on the
engines. This function can also be electrified by installing heating mats on the parts of the wing to be protected.
This alternative is more energy efficient but requires 150 kW of electrical power on the Beoing 787 for
example.

e Thus, the electrification of all these functions results in an increase in the electrical power installed on board
the aircraft. The 787 being the most electric commercial aircraft, it has 4 250 kVA generators connected to
the engines and 2 225 kVA generators on the APU (Auxiliary Power Unit) [7].

1.2 Electric and hybrid propulsion

Like the automotiv the electrification of aircraft propulsion functions is also an important potential lever for reducing
the climate impact of aviation. However, the storage of electrical energy on board an aircraft is more complex than on
board a car. There is a large number of possible architectures integrating total or partial electric propulsion [8], [9].
The main disadvantage of batteries is their mass energy density, which is considerably lower than that of kerosene or
LH2. For lithium-ion batteries, this is of the order of 0.2 kWh/kg. Thus, fully electrified architectures with batteries
seem to be limited only to light aircraft not exceeding a few tons of take-off weight [10]. However, for the regional
aircraft segment, a parallel hybridization with batteries may be of interest. For example, theoretical studies have
estimated that a 30% hybridization rate could lead to an 8% reduction in fuel consumption for a 2400 km mission or
even a 28% reduction for a 1500 km mission [11]. However, these studies were performed assuming batteries with a
specific energy density of 1 to 1.5 kWh/kg implying a significant improvement compared to the current state of the art
[12].

The partially turboelectric architecture consists in transforming part of the mechanical energy of the aircraft's turbofan
engines into electrical energy in order to power one or more electric motors driving propellers placed at specific
locations of the aircraft in order to obtain an aerodynamic gain. However, the viability of these architectures is strongly
dependent on the performance of the components of the electrical chain. Indeed, the electrical chain placed between
the turbomachines and the propellers increases the weight of the aircraft and generates losses that have an impact on
fuel consumption. Thus, for an architecture to be interesting, it is necessary that the reduction in consumption brought
by the aerodynamic gains exceeds the additional consumption due to the mass of the electrical chain and its losses. A
NASA study [13] tried to estimate the profitability threshold of a completely turboelectric architecture according to
the efficiency of the electrical chain. This study concludes that an overall specific power of the electrical chain of 15
kW/kg is required for an efficiency of 94% while 10 kW/kg is sufficient for an efficiency of 98%.

All the electrical architectures we have just reviewed have in common that they require electrical components (motors,
cables and static converters) with high power-to-weight ratio and high efficiency in order to reduce the energy
requirement of the aircraft to a minimum. In this section, we will discuss the performance of these components and
especially of the electrical machines

1.2.1 Conventional electrical power train

The current state of the art of the components of an electric chain make it difficult to reach the objectives of efficiency
and power density that we have previously cited for a completely turboelectric configuration [13]. Indeed, according
to a state of the art 0of 2019, the machines whose speed is lower or equal to 4000 rpm, reach a power density of 5 kW/kg
for an efficiency of 95% [14], [15]. Machines with speeds closer to 20,000 rpm, can achieve 8 kW/kg and 97%
efficiency [14]. Thus, these values alone fall short of the goal of the NASA study. However, several levers are available
to seek to reduce the mass of electric motors:

e Reduce the mass of non-active mechanical parts by optimizing the mechanical structures [14].

e Cooling the armature of electric machines to increase current densities [16]-[18].

e Increase the frequency and polarity of the machines to reduce the size of the magnetic yokes.
By incorporating some of these solutions, a4 MW, 17,000 rpm generator was realized in 2021 reaching 17 kW/kg and
97% efficiency [18].
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1.2.2  Cryogenic electrical power train

The current state of the art of the classical components of an electrical chain makes it difficult to reach the objectives
of efficiency and power density for a completely turboelectric configuration [13]. A technological breakthrough could
be the use of a cryogenic and superconducting electrical chain in order to have much more efficient components. This
solution includes superconducting electrical machines and cables requiring operation at temperatures below 77 K as
well as static converters, non-superconducting, but whose operation is improved at very low temperatures. This
solution has been considered by NASA to allow turboelectric propulsion, [19]. Indeed, superconductors allow to reach
very high current and magnetic flux densities which can allow a drastic reduction of the size of electrical machines. In
addition, the losses in superconductors are zero in direct current and potentially much lower than resistive materials in
alternating current, allowing a very significant improvement in efficiency. In addition to a potential gain in mass and
efficiency, the use of superconducting cables could allow the distribution of electrical energy at low voltage.

A distinction is generally made between machines with a superconducting inductor and those with a superconducting
armature. The superconducting inductor has been particularly studied in the context of superconducting machines for
wind and naval applications [23]-[26] and can be adapted to acronautical applications. Thus, a theoretical design of a
10 MW, 7000 rpm superconducting rotor generator could achieve 23 kW/kg and 98% efficiency [24]. Machines with
a superconducting armature, on the other hand, have a much higher potential performance, whether or not they are
associated with a superconducting inductor. The reduced losses in the superconducting armatures make it possible to
envisage efficiencies of the order of 99.9% for power densities greater than 30 kW/kg [20]-[22]. It should be noted,
however, that 0.1% of losses on a high-power machine is still a very large amount of losses for a cryogenic system.
The extraction of these losses could be done, as envisaged in the NASA studies, by the use of cryocoolers, [19].
However, at 20 K, commercial cryocoolers correspond to a thermal management coefficient of 3300 kg/kW of losses
[28], [29], ambitious projects of cryocoolers adapted to on-board applications have been initiated by NASA in order
to reduce their weight to 550 kg/kW at 20 K [29]-[31] but these values remain high. The recent development of studies
and projects for the use of LH2 as fuel could represent a very interesting alternative to cryocoolers. Indeed, the need
to warm up LH2 before its use presents a synergy with the cooling of the components of a cryogenic power train. Thus,
the use of superconducting armature machines seems quite feasible in an LH2 aircraft but difficult in a configuration
with cryocoolers.

Concerning superconducting cables, this is a very mature technology for ground applications in the electrical network
[32], and its adaptation to an onboard use seems to be simpler. However, the few existing public works explore several
cable architectures and the associated soldering problems [33]. Studies on cryogenic power electronics are much less
advanced and are usually limited to component tests [34]-[38] but the structural changes to be implemented are less
important insofar as the materials are identical, only used in a different environment. We can however mention the
realization of a 1 MW inverter at the University of Tennessee with the support of NASA and Boeing [39]-[41].

2. Superconductors properties

Superconducting wires and by extension coils made with them can only operate under certain temperature and
induction conditions. Therefore, it is important to understand and model correctly the behavior of the wires inside and
at the limit of their operating range

The critical current Ic of each superconducting wire depends on the magnetic field, its application angle, and the
temperature according to a different I ¢ (B,0,T) characteristic for each wire. Therefore, each wire must be properly
characterized before it can be used. For HTS Bi-2223 (1G) and REBaCuO (2G) tapes, the University of Wellington
maintains a database by characterizing tapes from different manufacturers [123], [124]. From this database, Figure 1
shows the critical current of tapes from several manufacturers at 77 K and 20 K as a function of the magnetic field
when applied at the most critical angle. It can be seen that the performance and the shape of the characteristics are very
different from one tape to another. At 20 K, for example, the SuperOx tape has a higher critical current at low field
than the Fujikura tape but the latter resists better at high magnetic field, the curves crossing around 1 T. Moreover,
some wires have excellent performances at 77 K but much less at 20 K like the THEV A tape for example.
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Figure 1 Critical current of several 4 mm wide HTS ribbons at 77 K (left) and 20 K (right) as a function of the
magnetic field when applied at its most critical angle [42], [43]
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Figure 2 Dependence of the critical current on the angle of the applied magnetic field of different HTS tapes for a
temperature of 30 K and a field of 3 T. An angle of 0° corresponds to a magnetic field perpendicular to the tape

Moreover, the magnetic field dependence also strongly depends on the angle of application of the magnetic field 0 as
shown in Figure 2. Indeed, we see that for a Bi-2223 wire at 30 K and a field strength of 3 T for example, the critical
current is almost 3 times higher when the field is parallel to the wire (6=90°) than when the field is perpendicular (6=0°
). As a general rule, the most favorable case is found to be when the magnetic field is parallel and the most defavorable
case when the magnetic field is perpendicular, as for Bi-2223. However, we note that some wires deviate particularly
from this tendency, such as THEVA tape for example, whose deposition method involves a different crystalline
orientation giving a maximum at 114°. Similarly, the Fujikura ribbon at 30 K is at its minimum critical current between
0° and 70° depending on the amplitude of the field while its maximum is always around 90°
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2. Superconducting motor design

The power density in a motor is proportional to the fields created by the armature and the inductor, as can be seen in
the following relationships:

P="2m i K, K; K; B, A; LD? (1)

m: number of phases,

p: number of poles,

Kp, Ki, Ks: coefficients depending on the shape of the current and the winding,
Br is the magnetic field created by the inductor

As is the magnetic field create by armature

f
PtM = g m o Ky Ki K B A Q)

we have the coefficients we can play with. There are therefore only two possibilities to increase the power density:
Increase the field created by the inductor,
Increase the field created by the armature.

The main limitations are as follows: the induction is limited by the saturation of the ferromagnetic elements. In addition,
the use of permanent magnets limits the induction in the air gap of the machine due to their limited remanent field. So,
the majority of industrial applications are radial flux synchronous motors. The most natural choice is therefore to have
stator and rotor windings.
In the stator, the windings will be placed in the air, without ferromagnetic teeth with a simple flux return yoke. These
stator windings are subject to alternating magnetic fields which generate additional losses: eddy current losses and
circulating current losses. The latter can be reduced by an appropriate choice of conductor size (Litz wire) and twisting.
One solution is also to consider superconducting windings. The increase in current density allows the volume of the
conductors to be reduced and consequently the electric load to be increased. On the other hand, the cold losses in
superconducting materials can become prohibitive. This determines the type of material used. We have a choice of
first generation BSCCO wires, second generation Re-BCO wires, and MgB2 wires for high temperature materials. The
current density as a function of the magnetic field is highest for ReBCO-based wires, but MgB2 wires are easier to
twist and it is easier to make them multi-filament, thus reducing losses. In addition, they are significantly cheaper.
Different rotor designs use or do not use iron to create a magnetic circuit in the cold end. Rotors without a ferromagnetic
core are called ironless rotors. In this case, a non-magnetic structuring material is used instead of iron, usually based
on a glass fiber composite, which is used as a support for the superconducting coils. There are two possible ways of
designing rotors with a ferromagnetic core: either the core is placed at cryogenic temperature (cold iron-cored rotor)
or at room temperature (warm iron-cored rotor). This point has a direct impact on the volume of the machine
In the case of a fully superconducting machine, we also have several possible choices, either the cryogenic enclosure
encompasses the stator and rotor windings, or there are two separate cryostats. The influence is great since it conditions
the value of the air gap.
The specification of the prototype we are designing is summarized:

e Speed 3380 rpm

e Power 2,3 MW

2.1 Working assumptions

The operating temperature is one of the key points of the project. We arbitrarily choose to work at the temperature of
liquid hydrogen, 20K. At this temperature, the properties of the ReBCO tapes are excellent and those of the MgB2
correct.

We make two assumptions:

. the first is that of two separate cryostats, one for the stator and the other for the rotor, which imposes an air
gap of at least 20 mm;
. the second working assumption is that of a common cryostat which allows the air gap to be reduced to 5 mm.

For this project, we have chosen a radial synchronous machine with a wound rotor. It is a very classical synchronous
motor but, with a full superconducting coil, we expect good performances.

This project has received funding from the European Union’s Horizon 2020 research and innovation program under grant 4§
agreement No 875006 IMOTHEP - Copyright© 2022 by IMOTHEP. Published by the EUCASS association with permission.



DOI: 10.13009/EUCASS2022-7234

Jean Lévéque, Remi Dorget, Min Zhan, Abdelrahman Elwakee Christophe Viguier, Sabrina Ayat

o

[=)

2.2 Design

We made two studies, the first one with a small airgap and the second one with a low airgap. By air gap, we mean the
distance between the coils of the inductor and the armature. These studies need to be completed as a first step to
determine the total losses of the machine that will influence the final dimensions.

As this is only a first design, we have not evaluated the overall losses of the machine including the thermal losses. The
consumption of cryogenic fluid will be the subject to further study when the geometrical dimensions of the machine
will be finalized

In this study, we have reduced the air gap considerably. This has just reduced the size of the machine without affecting
the power density. The solutions with one or two cryostats are therefore equivalent.

Table 1: Synthesis of the main data for the first design for small airgap

Parameter Value Unit
Length 200 mm
Radius of the machine 140 mm
Thickness of backiron 20 mm
Stator slot depth 10 mm
Number of stator slot 6
Airgap 5 mm
Rotor slot depth 10 mm
Number of rotor slot 8
Thickness of rotor backiron 10 mm
Current density in stator 100 A/mm?
Bmax on stator coil 1.8 T
Current density in rotor 500 A/mm?
Bmax on Rotor coil 1.08 T
Power 2.6 MW
Power to Mass ratio 51 kW/kg
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Figure 3: variation of the torque with angle
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Figure 1: Ripple torque for a high airgap
2.3 Cooling design

One of the key points of a superconducting motor or generator is to keep the system cold. This has to be linked with a
very strong constraint, in the case of aeronautical applications, which is the weight of the total system. The main
problem with cold generation systems is their mass and their high footprint, which can be greater than that of the motor.
It is also possible to dispense with any onboard refrigeration system and operate with an enthalpy reserve for the
duration of the flight mission. The superconducting motor will be cooled down when the aircraft is stopped at the
airport.

The main loss items in a superconducting motor are as follows:

e Losses in the superconductors, these losses are small and perfectly negligible in direct current, we will not
take them into account. On the other hand, these losses are very important and can become prohibitive for the
armature's AC powered windings.

e The losses of the cryostat are multiple. There are radiation losses that are easily reduced by the use of anti-
radiation heat shields such as super-insulation. The connection losses between the cold coils and the hot wall
of the cryostat can be important and we will study them. The losses by gaseous convection are perfectly
negligible when a high vacuum is applied.

e The last loss item is the current supply to the superconducting coils, which will be calculated.

2.3.1 Radiation losses

These are losses without material support by pure electromagnetic radiation. These losses between two walls at
different temperatures can be calculated using Stephan's law:

Wradiation =0 FIZ 51 (T24 - T14) (3)

This is true with the assumption of a grey body, i.e. the emissivity of materials is assumed to be independent of
wavelength. Sigma is Stephan's constant of 5.67 108 W/m?K*,

Fi2 is a form factor depending on the emissivities, we recall it in some classical cases.

Between two flat surfaces facing each other, with identical surface area:

€1€2

Fp=—7""— 4)

e2+(1-g2)&;

Between two coaxial cylinders, of large length compared to the radius, one designates the inner tube and two the outer
tube:

This project has received funding from the European Union’s Horizon 2020 research and innovation program under grant 7
agreement No 875006 IMOTHEP - Copyright© 2022 by IMOTHEP. Published by the EUCASS association with permission.



DOI: 10.13009/EUCASS2022-7234

Jean Lévéque, Remi Dorget, Min Zhan, Abdelrahman Elwakee Christophe Viguier, Sabrina Ayat

o

=)

€162

Fia = 82+§,—;(1—£2)€1 (5)
In general, cryogenics experts use the following relationship for close surfaces with low emissivity:
Wrayonnement =050 ¢S5 (T24 - T14) (6)

It is important to have surfaces with the lowest possible emissivity to reduce these losses. As an example, we present
results valid between 300 K and 30 K, for two flat plates facing each other with the same emissivity. For an emissivity
of 0.1, we obtain 25W/m? of losses, and for an emissivity of 0.01, we obtain 2.3 W of losses. This indicates the
importance of reducing emissivity.

The losses are usually reduced considerably by inserting a screen at 80 K cooled by nitrogen which absorbs the essential
part of the losses. In our case, we want to be free of any onboard refrigeration machine, so there is no question of
having a screen cooled by a cryocooler at 77 K. We will therefore choose another solution, which is that of passive
screens. These passive screens are aluminum sheets insulated with mylar to avoid thermal conduction. These sheets
are wrapped around the surfaces to be protected with several layers adjusted both by the space available and the level
of losses as shown in the following figure. As electromagnetic radiation is involved, the surface to be protected must
be optically invisible. With super-insulation, the reduction of radiation losses is given by the following simple relation:

1
nombre de couche+1

Wsuper isolant ~ rayonnement (7)
We can take examples with a temperature variation between 300K and 30K
The losses between 300 K and 30 K with an emissivity of 0.1 are 24.15 W/m?
The losses between 300 K and 30 K with an emissivity of 0.01 are 2.3 W/m?
The losses between 300 K and 30 K with an emissivity of 0.1 and 10 layers of super insulation are 2.2 W/m?

2.3.2 Solid conduction losses

These are the losses in the elements that hold the solenoids in the cryostat. To evaluate the losses, we use a numerical
simulation and an analytical calculation. To simulate numerically we bring all the radiation losses back to the fiberglass
parts that support the coils and also make the link between the hot and cold parts. Then, we consider the heat exchanger
designed to cool the superconducting coils. This heat exchanger is assumed to be at a constant temperature.

This does not consider the cooling mode, we simply have the contacts with the cryostat wall imposed at 300 K, the
contacts with the exchanger imposed at 20 K, and the elements for which a heat flux corresponding to the radiation
losses is imposed. The materials used are G11 and superconductor

The losses are estimated at 30 W.

2.3.3 Losses in the current leads

The losses in the current conductors are the contribution of the joule losses and the thermal losses by conduction. We
can express the joule and thermal losses as a function of the ratio of length to the cross-section of the current leads.
Typically, these losses are at least SOW/kA/m, in our case, it is 50 W

2.3.4 Losses in the Armature

These losses are very important and particularly complex to calculate. This is still the subject of much research. These
losses depend mainly on the materials used, the magnetic field to which they are subjected, and the frequency of the
supply currents.

The table 2 given is an initial assessment of these losses and will have to be the subject of a much more complete future
development. The first estimate is 7 kW.

This project has received funding from the European Union’s Horizon 2020 research and innovation program under grant
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Figure 2: Losses

Losses Value
Conduction losses ~30W
Radiative losses ~3W
Current lead =~50W

DC current losses Neglectable
AC Losses (from review) =7 kW

2.3.5 Cryogenic fluid consumption

Hydrogen is the most favorable gas in terms of mass and volume. Hydrogen, even as a liquid, has a very high specific
heat and it is not necessary to solidify it, so it can be used between 10 and 20 K, even recovering the very high latent
heat of change of state. A quick estimate of the amount of cryogenic fluid results in a consumption of 55kg/h of liquid
hydrogen.

3 Cryogenic power electronic

Power electronics will play an indispensable role in all-electric and hybrid-electric aircraft [44], [45]. As a cryostat is
needed to cool down the superconducting machine, it is better from an engineering point of view to have the entire
system, including the networks to be laid out at that temperature. Thus, figure 5 shows the architecture of all-electric
aircraft based on the literature [45], [46]. In the figure, the entire system, generators, power electronics, cables, and
motors are located at the same temperature.
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Figure 5: Architecture of all-electric aircraft

3.1 Design specifications
For this paper, the design specifications were set as seen in Table 3. Based on those requirements, the paper investigates
the most suitable semiconductor devices and inverter topology. The comparison is done based on losses, reliability and

complexity.

Table 3 Summary of the previously tested semiconductor devices at cryogenic temperature.

Parameter Value
Power Rating, MW 23

Input voltage (DC bus), V 3000
Output voltage (AC), V 1200
Output current, A 1200
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3.1.1 Selection of semiconductor switch

The performance of power electronics at cryogenic temperature has been reviewed in [47]. to identify the behaviour
of different semiconductor switches at temperatures below ambient. Table 4 shows a review of semiconductor devices
tested at a lower temperature. From the table, it can be seen that the Si MOSFETs, IGBTs and GaN HEMTs/HFETs
are the best options for devices at cryogenic temperature as their performance improves with the decrease of
temperature. GaN HEMTs/HFETSs are known to exhibit a kink effect at a cryogenic temperature [48],[49]. Off-the-
shelf Si MOSFETs are only available at a rating below 600 V and 200 A, thus to supply power at the MW level, they
require configuration to connect them in parallel and series. Based on this, the best semiconductor option for a converter
at the power level of MW would be IGBTs.

Table 4 Summary of the previously tested semiconductor devices at cryogenic temperature.

Devices
Diode SiC MOSFET Si MOSFET | IGBT GaN HEMT | JFET
Forward Increases by 20- - - Decreases -
Voltage 260% for all by 5-30%
devices but
GaAS which
decreases by 20%
Gate- - Increases by 50% Increases by | Increases Range Not
source 50% by 20% from: mentioned
threshold -35% to in the
voltage +15% reviewed
literature
On-state Decrease for (20- | Increases by 300% | Decreases by | Decreases Decreases Decreases
resistance | 70%): 80-95% by 30-70% | by 80-90% | (the exact
Silicon diode amounts
MBRS Schottky not
] ES2A Superfast mentioned
% Increased for (20- in the
f‘..; 80%) reviewed
s Silicon Ultrafast literature)
= Silicon Schottky
o Cree SiC
Breakdown | Increased by 5% | Decreases by 20% | Decreases by | Decreases 0% Sparse data
Voltage SiC Schottky 15-35% by 20-70%
Cree SiC
ES2A Superfast
Decreased by
20%
MBRS Schottky
Ultrafast Diode
Silicon Schottky
Switching | Reverse recovery | Sparse data Rise and fall | Decrease Lower Sparse data
Time time decreases by time by 60-80% | switching

30%

decrease by
60%

losses (Not
specified in
literature)

3.1.2 Selection of inverter topology

The technological advancement of the semiconductor devices and the diverse application of inverters for machine
drives the requirements to achieve high efficiency and low total harmonic distortion (THD) has driven the necessity
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for new and innovative inverter topologies. In this section, a quick review of inverter topologies and the best topology
that would be suited for cryogenic temperature are presented.

In [50] different types of indirect inverters were investigated, which can be classified into two main categories:
1) current source inverters, that operate at constant current as input, and 2) voltage source inverters, that operate at
constant voltage as input. For large power applications, current source inverters and load-commutated inverters (LCI)
are used as they’re reliable, have lower cost, and are simple to use and implement. However, they suffer from issues
such as the low-input power factor and distorted current waveforms. However, the dominant converters in the market
currently are the voltage source inverters, simply because when an IGBT switch is employed, the conduction losses of
the current source inverter are almost double that of the voltage source inverter, as they require a series diode to provide
reverse-voltage-blocking capability [51]. As for the voltage source inverters, were developed to reach the higher
operating voltage. The extra switches and sources are usually used to produce different output-voltage levels, thus
producing a stepped waveform that would offer lower harmonic distortion than usual topologies, and reduce dv/dt’s
and common-mode voltages, as well as through operation under fault conditions and converter modularity. For the
multilevel inverter the three most common topologies are as follows a) neutral point clamped (NPC/ANPC), b) flying
capacitor and c) capacitor H-Bridge (CHB).

As seen in

Table [52], a comparison was done between 2 level voltage source inverter (2L-VSI) and neutral point clamped, where
it had been concluded that this should not be applied in applications where a high converter efficiency and a low THD
(below 5% ) for the output voltage are required. Furthermore, the 2L-VSI is not attractive for high switching frequency
medium voltage applications since the high switching losses caused by the maximum commutation voltage strongly
limit the switch utilization and the maximum switching frequency. Also in [54], a comparison was presented among
3-level neutral (3L-NPC) point clamped, 3-level and 4-level flying capacitor inverters (3L-FLC, 4L-FLC). The 4L-
FLC was shown as a non-attractive option, mainly as it has a larger number of components in series making it less
reliable. The 3L-FLC was very attractive if a limited output filter is required, as they can operate at a higher switching
frequency and they also have the advantage of utilising fewer power components than the 3L-NPC. However, 3L-NPC
has the highest efficiency and they don’t require high switching frequency operation. In [53] a comparison among 3L-
NPC, 3L-FLC and 9L-CHB was done, where the 3L-NPC inverter has shown the highest efficiency. Nevertheless, the
9L-CHB is attractive for medium voltage applications due to its fault ride-through capability.

Table 5 comparison between different multilevel converters

Type of converter Advantages Disadvantages
2L-VSI -Simple control -Switches need to have a large breakdown voltage
-Small number of switches -Large THD
-Efficiency lower than other converters
3L-NPC -Highest efficiency -Complicated control
-Low THD -Unequal loss distribution
3L-ANPC -Highest efficiency -Complicated control
-Low THD
4L-NPC -High efficiency -A large number of series components, lower
efficiency
3L-FLC -Small filter is required at the -Complicated control
output
-High efficiency
9L-CHB -Good fault ride-through capability | -Complicated control
-Modular
-High efficiency

Both the 3L-NPC and 3L-ANPC are the best candidates for cryogenic temperature inverters mainly due to their high
efficiency and good reliability. NPC has some structural drawbacks, [54] such as the unequal loss distribution resulting
in unsymmetrical temperature distribution. If active switches are used instead of the diodes, then the unequal loss issue
can be significantly improved. Figure 6 shows the ANPC inverter schematic proposed for driving the HTS motor.
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3.1.3 Inverter efficiency and weight estimation

In [55], it has built a simulation for NPT IGBT DIM200MHS17-A000 was used in a 2L-VSI, where the simulation has
shown that there was an improved efficiency of the inverter from 86.6% at room temperature to 95.3% at S0K. Thus,
an increase in of efficiency about 2-10% for inverters was observed when working at cryogenic temperature rather
than room temperature.

The weight of the inverter comes mainly from the IGBTs, capacitors, and wire or busbar connections. Two different
IGBT packages were selected to build the inverter 1) FF1800R17IPSBPSALI, in standard module packaging with a
voltage rating of 1700 V and current rating of 1800 A and 2) 5SNA 1600N170100 with press pack packaging with a
voltage rating of 4500 V and rating of current 2000 A. The weight of the switches is the easiest to determine as they
are available in the manufacturer’s datasheet and can be seen in Table 5. However, the values of capacitors require
more simulation to estimate the filter requirement. The connection weight can be obtained through calculations. From
Table 5, it can be seen that the standard packaging would weigh less at cryogenic temperature, however, thermal
cycling tests need to be performed on both devices to understand which is more robust and can withstand such extreme
conditions.

Table 1 weight of different converter components

Type Device Manufacturer Weight (grams) Total weight
of the inverter
(grams)
IGBT(9 modules) | FF1800R17IPSBPSA1 Infineon 1400/unit 12,600
5SNA 2000K450300 ABB 4300/unit 38,700
(Press pack)
Capacitors Polypropylene - 300-400/unit 300-400
Connections Copper bar - 650/module+ 5,000 (initial
interconnections estimate)
Total (option 1) Standard packaging (initial estimate) 18,000
Total (option 2) Press pack (initial estimate) 44,100

4. Conclusion

The use of power electronics at cryogenic temperature was investigated. Where, based on the literature, it was found
that the most suitable devices to build inverter circuits would be IGBTSs as the high voltage and current rating thus
eliminating the need of using complicated circuitry. A quick review was also made on the most suitable inverter
topology, where it was deduced that a 3L-ANPC would be able to have low harmonics output and the highest
efficiency. In the end, a calculation was done to determine the weight of the inverter, where according to the initial
calculations a standard pack would be lighter and more practical, however, further experimental studies are needed to
confirm that these are the most suitable devices for that application.
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It is possible with a fully superconducting machine to achieve a very high-power density. Torque oscillations are low,
less than 10% for all configurations. The main remaining problem is that of optimization, considering the losses in the
superconductors and the non-active elements of the machine.

The power obtained for the superconducting motor is higher than that required, and the adjustments needed to place
the non-active elements will most certainly decrease this power (not only the specific power). Furthermore, as the
operating times of the motor are not defined This implies that the power ratings of the motors are oversized. The given
power ratings, therefore, correspond to steady state operation. In an optimized design, a distinction is made between
transient operation, even for a few minutes, and steady state operation.
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