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Abstract

Integrating superconducting elements in an electric motor can greatly in-
crease its power density. By doing so, lighter and more powerful machines
can be produced for applications such as aviation, wind turbines and marine
propulsion. Superconducting tapes can be stacked and magnetised to pro-
duce powerful trapped-flux magnets. The experimental setup was designed
to allow measurements in a low temperature environment, providing tight-
ness for the rotating part.

We report on the design and construction of the setup and results from its
first operation. The temperatures achieved during the experimental mea-
surements reached 15 K, close to the actual operational temperatures of a
liquid hydrogen cooled motor. The application of hydrogen onboard an air-
craft is highly advantageous due to the possibility of its application as both
coolant and fuel. Examination of the operation of the trapped-flux magnets
at such temperatures is crucial for the understanding of the behavior of fully
superconducting motors for future applications.
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machines

1. Introduction

Power density is a crucial parameter of an electric aircraft [1]. The ratio
of power and mass of conventional electric motors is insufficient to econom-
ically justify their widespread application in aviation. This property is also
important for the applications in wind turbines 2] and marine propulsion [3].
One of the possible methods to address the problem of low power density is
the application of stacked superconducting tapes acting as trapped flux mag-
nets [4]. Tt was observed that such stacks can trap very high magnetic flux,
with magnetic induction values up to 17.7 T [5|. They can perform better
than permanent magnets [6], allowing the total weight of the motor using
them to be reduced, while increasing the mass power density |7, 8]. Power
density can be additionally improved by applying superconducting coils in a
stator, forming a fully superconducting motor [9, 10]. The proposed system
could be used in both fully-electric and hybrid planes [11].

The stacks of superconducting tapes have many other advantages. They are
relatively cheap, mechanically durable, thermally stable and can be formed
into complex shapes [12]. They can carry large currents [13] making their
application in fusion reactors and particle accelerators feasible as well [14, 15,
16]. Moreover, such stacks can be produced from otherwise unused materials,
such as offcuts from Roebel cables [17, 18|. In terms of pulsed magnetisation
they were found to perform better than superconducting bulks [19]. While
the strength of the trapped flux depends on the strength and direction of the
magnetising flux, they were found to maintain remarkably repeatable flux in
some range of magnetising conditions [20].

The stacks can be tailored to meet specific requirements of a specific applica-
tion [21, 22]. The tapes in thin stacks can be tilted to increase homogeneity
and strength of the trapped flux [23]. Moreover, interlayering different types
of tapes can drastically change the properties of the stack. Thermally con-
ducting layers can be added to combat the negative effect of the addition of
tapes to the stack on heat removal |24|. Ferromagnetic layers can improve
the quality of the trapped flux and decrease demagnetisation [25, 26]. In ad-
dition, ferromagnetic inserts were found to improve the magnetic properties
of small stacks [27].

The application of trapped-flux magnets in a motor gives rise to several chal-
lenges. The behavior of stacks in such environment is complex due to elec-



tromagnetic and thermal phenomena. Significant differences were observed
in operating a stack or a single tape in terms of their characteristics [28]. An
experimental measurement system devoted to analyzing the performance of a
rotor with integrated trapped-flux magnets is developed and described in this
work. By employing the presented system, measurements can be performed
at temperatures as low as 15 K, which reflects the expected conditions of an
actual motor cooled by hydrogen.

Previous research on a superconducting motor with stacks of tapes working
as trapped-flux magnets were performed with setups cooled in liquid nitrogen
[29, 30]. An analysis of possibility of application of cryocooler and gaseous
heat transfer medium was to cool an HTS motor down to 40 K was also per-
formed [31]. The experimental system presented in this paper is cooled with
gaseous helium to reach temperatures achievable in an actual motor cooled
by liquid hydrogen.

The work describes the design and the initial results on the operation of the
motor with the rotor using trapped-field magnets, operating at approximately
15 K. The design of a challenging cryogenic system with moving elements is
presented, as well as considerations on the design of the shaft, rotor and sta-
tor. Previous applications of gaseous helium for cooling of high temperature
superconductors focused on stationary applications, with constant heat leaks
and generation, such as DC cables [32]. In this case the dynamic losses are
present and the efficient removal of heat is crucial for the stable operation
of the motor [33]. Thermal conductivity in the stacks is strongly anisotropic
and the majority of heat is removed at the ends connected with the shaft
and exposed to helium gas |34, 35].

The major goal of the research planned to be performed using the described
system is the analysis of demagnetisation processes in stacks. Demagnetisa-
tion occurs as stacks experience time-varying magnetic cross-fields [13, 26]
and can lead to changes in the patterns of currents in the stack, decrease
of the trapped flux and debut of heat generation [36]. This implies a sig-
nificant decrease in the performance of the motor itself [37], further exacer-
bated by the loss of critical currents due to cyclic loads [38]. Experimental
measurements and numerical calculations were performed to investigate the
demagnetisation process in a motor operating at 77 K [39, 40]. The proper-
ties of superconducting stacks strongly depend on temperature and quality
of the tapes [41, 42|. Additional clarifications were sought while testing the
present system. Two methods for stopping demagnetisation are currently
researched: re-magnetisation of the stacks employing a pulse of magnetic



field from the stator [40] and shielding cross-fields with short pieces of su-
perconducting tape placed perpendicularly to the direction of the undesired
component, [43, 44, 45]. These solutions can be used in complex geometry
of the motor [46]. Both can be investigated with the setup described in this
paper, in conditions close to actual operation. Beneficial effects can further
be achieved by employing mu-metal-based shields [47] which slow down the
decay of current in HTS coils [48].

2. Cryogenic and mechanical design

2.1. Cryostat

The cryostat used in the setup was jointly designed and produced by Ap-
plied Superconductivity and Cryoscience Group at University of Cambridge
and ICEoxford Ltd. Tts simplified diagram is shown in figure 1. The system
consists of two separate cold zones. The bottom one is a nitrogen bucket
containing a normal-conducting stator. Its second role is maintaining the
temperature of the external layer of the tail of the rotor chamber. During
operation it is filled with liquid nitrogen under normal pressure and is not
actively cooled. The second zone is the rotor chamber, housing the rotor with
superconducting stacks and the shaft. It is filled with cold gaseous helium.
Both elements are connected to a base plate, placed on a support structure
(both visible in figure 2).

A general view of the system is shown in figure 2. On the photography the
nitrogen bucket is removed to reveal the tail of the G10 cryostat, part of
the vacuum insulation of the rotor chamber. The system is equipped with
multiple ports for handling cryogenic liquids and wiring. The rotor chamber
is connected to the environment by helium inlet and outlet ports, and wiring
port (not shown in the figure). The nitrogen bucket is supplied with nitrogen
by a nitrogen inlet port. Two wiring ports are used to power the stator and
for measurement read-out. In both cases the outlet ports are equipped with
safety valves. The nitrogen bucket is surrounded at the sides and bottom by
vacuum insulation. Its top is protected by a thick styrofoam insulation.

The rotor containing the superconducting stacks is placed at the end of the
shaft and is located at the bottom of the rotor chamber, as shown in figure 2.
The rotor is cooled by cold gaseous helium filling the chamber. The temper-
ature of helium is maintained at the desired level by a Sumitomo CH-110LT
cryocooler, placed in the common vacuum vessel with the rotor chamber and
connected to a heat exchanger by a long thermal link. The shape of the
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Figure 1: Simple diagram of the present system. Most important components are labeled.

thermal link preserves a stable temperature inside the rotor chamber. The
bottom part of the rotor chamber, below the heat exchanger, made of a thin
wall of G10, allows to obtain a very small distance between the stator and
the rotor. The vacuum insulation of the rotor chamber is connected with
the top one. The stator and G10 tail are cooled by liquid nitrogen in the
nitrogen bucket. The stator is hanged from the base plate.

2.2. Rotating assembly

Figure 4 shows the assembly supporting the rotating parts of the sys-
tem. The base for the system is flange placed on top of the rotor chamber.
Vacuum-tightness of the system is provided by a rotary ferrofluidic seal. Fer-
romagnetic fluid in the seal is held in place by permanent magnets. Several
stages of the fluid stop the propagation of gas. The seal houses also a pair
of radial bearings.

Above the seal, a double-sided thrust ball bearing is placed to carry the
weight of the shaft and the rotor. The bearing and the shaft are connected
by a nut and a locking washer. A coupling is placed at the end of the shaft
and connects it to a step motor. Both the bearing and the motor are placed
on their own supports on the flange, to minimize the weight carried by the
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Figure 2: External view of the system with labeled connectors.

elements of the system.

Below the flange, radiation screens made of polished steel are connected by
studdings. The screens are separated by spacers made of extruded polypropy-
lene. The spacers are supposed to minimize the flow of gas to the top of the
system, thus decreasing heat transfer due to convection. The bottom part
of the shaft supports the rotor. It has apertures for the screw and a groove
keeping the elements in proper position.

A small bearing is fastened at the bottom of the G10 cryostat carrying ra-
dial roads induced during the operation of the rotor. The grease originally
lubricating the bearing is replaced with graphite to allow for the operation
in cryogenic temperatures. Its small size allows to accommodate the rotor
as low in the cryostat as possible. This allows a larger stator to be placed
inside the nitrogen bucket.

3. Electromagnetic design and measurement system

The view of the system with a stator installed is shown in figure 5a. The
stator is 2-pole with 3-phase distributed winding. It is expected that the
application of distributed winding will reduce demagnetisation due to lower
gradients present in the generated magnetic induction. The rotor consists of
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Figure 3: Cross-section of the system. Most important components are labeled.

four laminated petals. The petals are separated by 5-mm wide rectangular
slits into which the superconducting stacks are placed. Then the rotor is
wrapped with tape to prevent the stacks from falling out during the opera-
tion. The stacks can be replaced to analyze the behaviour of trapped flux
with different architecture and geometry.

The overview of the power and measurement circuitry is presented in figure
6. The stator is powered by a large capacitor bank used to both magnetise
and demagnetise the rotor. The capacitor bank allows to obtain short pulses
of electric current of approximately 700 A used for magnetisation. During
demagnetisation the rotor is rotated by the stepper motor and the stator coils
can be powered to generate cross-fields. The capacitor bank is controlled by
a computer with custom-written software.

During measurements the rotor with stacks is run by a RS 1417 stepper mo-
tor driven by the Geckodrive G201X drive. It is steered by employing an
Agilent 33220A waveform generator. The motor allows to achieve rotational
speed of approximately 600 rpm. In further development of the setup, an
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Figure 4: Insert with rotating elements of the system. The photography to the right
presents the insert during assembly, the rotor and the step motor are not yet installed.
The diagram to the left shows the fully assembled insert.

increase to more than 3000 rpm is expected when using stronger motors and
power sources.

A photo of the full setup in its present configuration, assembled in the labora-
tory, is shown in figure 7. Initial pulses from the capacitor are measured with
a Fluke 11000s current probe. After a pulse, the rotor is rotated and voltage
is induced in the stator coils. Both the induced voltage and pulse strength
are read by a Yokogawa DL850E data recorder. Two resistance temperature
sensors are placed in a system, one on the cold head of the cryocooler and the
other next to the heat exchanger inside G10 cryostat. The values of temper-
ature from both sensors are read by a Lakeshore 366 temperature controller.
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Figure 5: View of the stator (a) and the rotor (b) used in the system. The most important
elements are labeled.

4. Operation of the system

Before starting the operation of the system, the magnetic axis of the sta-
tor, dependent on its geometry is determined. A series of relatively weak
pulses moves the rotor into stable position. A dipole field is produced by the
pulses while the coils of the stator are connected, hence during the magneti-
sation of the stator, the position of stacks with respect to magnetic field is
known.

During the initial phase of operation, the top vacuum chamber and the rotor
chamber are evacuated. The top vacuum chamber, serving as an insulation,
is actively evacuated during the whole operation of the system. The Pfeiffer
Vacuum HiPace 80 turbopump allows to obtain and maintain vacuum condi-
tions in the pressures as low as 1-10~7 bar for the present system. The rotor
chamber is flushed and then filled with helium until a pressure of 1.5 bar at
normal temperature is reached. During flushing, a DVP LC4 vacuum pump
was used.

When the rotor chamber is filled with helium and vacuum insulation is in
steady-state, cool-down is initiated. The setup was cooled over the span
of several hours. The final temperature in a rotor chamber heat exchanger
typically reaches 16 K but may slightly vary depending on vacuum and heat
leaks. The cooling power of the used cryocooler is approximately 16 W at
this temperature, allowing to estimate heat leaks at this level. This tem-
perature is close to the actual temperature of a hydrogen-cooled motor in a
hydrogen-fueled aircraft.
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Figure 6: General diagram of the electrical connections in the system.
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Figure 7: Full system in the laboratory.

After the rotor is cooled, it is magnetised by a pulse of magnetic flux gener-
ated by the stator connected in the same configuration as during the search
for the magnetic axis. An example of the current passed through the stator is
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shown in figure 8a. The maximum pulse current used during measurements
was 600 A. No damage was observed while pulsing, nor while cooling the
stator with liquid nitrogen .

The magnetised rotor is then rotated by stepper motor and the voltage in-
duced in the stator coils is read. The angular velocity of the rotor is de-
termined based on the output from stepper motor and further confirmed by
the analysis of an obtained waveform. Due to the shape of the magnetising
field, only two out of the total four different stacks are fully magnetised.
The stacks include a standard stack made of impregnated superconducting
tapes, an interlayered stack with ferromagnetic layers, a shielded stack and a
sectioned stack [49]. In order to perform analysis of all of them, at least two
measuring cycles have to be performed. Results obtained during the first run
of the motor are shown in figure 8b.
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Figure 8: Example of (a) a magnetising pulse, (b) values of induced voltage obtained
during the first run of the system.

Heat generation inside of stack is very small with such test conditions. There
is no external magnetic field applied and most of energy dissipation is con-
nected with induction of voltage at the coils of the stator. The operational
temperature of the stacks in the rotor is thus assumed to be the same as the
measured temperature of the rotor chamber. Demagnetisation tests with the
application of cross-fields are planned, where heat generation will be signifi-
cantly higher and can affect the superconducting properties of the stacks.
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5. Conclusions

Future fully electric planes will require a reliable and light source of me-
chanical power. A fully superconducting motor may offer a very high power
density. However, such machines still suffer from issues such as demagneti-
sation and degradation of the trapped flux magnets. Before being widely
applied, a solution for stopping this process needs to emerge.

The system presented in this paper provides a platform for experimental
characterisation of the operation of stacks of different architecture and ma-
terials in the context of operation of a motor. It should be noted that when
designing such a setup, one has to foresee multiple challenges, such as pro-
viding the tightness for a rotating assembly and obtaining low heat leaks
allowing for the operation at low temperatures.

Future aircrafts will greatly benefit from the synergies provided by the pres-
ence of liquid hydrogen on-board. It can be used as a light and clean fuel,
that can be directly converted to electric power. Additionally, its usage as
coolant for the motor promotes the usage of light superconducting machines.
As such, it is a real alternative to conventional solutions based on batteries
and normal electric motors. Other applications can also greatly benefit from
this approach. An example can be a wind turbine connected to a hydrogen-
based energy storage system or a fully electric ship.

Further experiments using the setup are expected to bring valuable data,
which will allow to design and build a practical superconducting motor. They
are aimed at better understanding of the behaviour of the stacks in the condi-
tions reflecting the operation of an actual motor, in terms of temperature and
rotational velocity. This initial test validates the system as an appropriate
tool to perform experiments leading to the improvement of the technology
of trapped-flux magnets. Tt can be operated for prolonged periods of time,
allowing one to study the demagnetisation of stacks over large number of
cycles. Moreover, since the stator is capable of generating cross-fields, a so-
lution to the demagnetisation problem can be ultimately found. Finally, with
a proper current source, the normal operation of the fully-superconducting
motor can be studied.
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