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Novel contributions
Currently, the research of superconducting electrical machines is mainly focused on:
• Radial flux machines
• Applying superconductors in field excitation coils, carrying DC currents.
• 2D models (time-consuming due to the non-linear superconducting law)
• Submersion based and/or rotating cryocooling methods
From this research, it is expected that simulating and calibrating a superconductor axial
flux machine will contribute with:
1. Development on the design of axial flux machines with superconductors, and

respective opportunities – Partially or fully coreless machines, with possibly higher
torque density.

2. Investigation on the applicability of different superconductor types in AC armature
windings, studies on quench prevention in machine environment and AC loss
mitigation methods.

3. Test of different models to simulate 3D superconducting electrical machines in Finite
Element Software

Addressed research questions/problems
Increasing electrical machines’ torque, requires the enlargement of the machine
dimensions (since 𝑇 ∝ 𝐷!𝐿).
• Axial flux machines can be realized trough multi-stage structures (i.e., multiple stators

and rotors)
Additionally, a consequence of higher current and flux density in the motor is the increase
of iron losses. These losses could be partially eliminated if an axial flux machine were
to be built with an ironless stator. Given the complex lamination fabrication process this
would also be an advantage from the fabrication viewpoint.
Hence the design and modelling of a SC axial flux machine is addressed by stages:

a. Design and simulation of a conventional
PM axial flux machine

b. Replacement of copper conductors by
superconducting coils (Partially
superconducting machine with standard
PM on the rotor side)

c. Calibration of machine materials
according with measurements in
cryogenic conditions (in LN2 at 77K)

d. Machine topology and geometry
adjustment according to field distribution
results and loss estimation

Research context and motivation
To fulfil the ambitious targets for reducing emissions and achieve sustainability in transport,
industry, as well as energy generation, electric machines’ torque density enhancement is
paramount.
Electric machines (EMs) equipped with high temperature superconductors (HTS), have the
potential to improve electrical machines’ performance, since they feature intrinsic near-zero
dc resistivity, achieving high current density values at high magnetic field levels.
Superconducting EMs have the potential to achieve:
• High specific torque
• High efficiency
However, high-temperature superconductors (SCs) also exhibit non-negligible losses
under the AC regime, increasing the quench risk in SCs (sudden loss of the
superconducting state). Moreover, cryogenic conditions are a requirement in SC
windings, thus cooling rotating machines becomes an overly complex problem.
The cooling system can be made static if restricted to the stator windings, hence this
research is based on analysing the feasibility and address the design of a superconducting
electrical machine with superconducting AC armature windings.

Adopted methodologies
Superconductors can be described by the electromagnetic model:

where

Due to the non-linear superconducting behaviour extensive analysis of finite element
method simulations is required in order to address the feasibility of superconducting
machines as well as to predict their losses.
Modelling of Superconductors and loss analysis with applied AC current:
a. Modelling superconducting tapes and coils supplied with AC currents in both 2D and

3D with different formulations (e.g., H-A, T-A)
b. Modeling superconducting magnetic circuits supplied in AC, under cryogenic

conditions.
c. Benchmark: Calibration of 2D/3D simulations to experimental test on magnetic circuit

with REBCO coil

• Iron B-H curve in cryogenic conditions will be measured and used for modeling
• The superconductors’ law parameters will be obtained from measurements at different

frequencies

Future work
q Calibration of simulated models with experimental values on wound toroidal ferromagnetic

circuit and conventional electric machines stator core
q Loss separation (iron losses in core and tape losses in SC) in the superconducting

magnetic circuit and comparison with simulated results

q Loss and quench mitigation investigation in SCs
q Simulation of superconductor tapes
in Axial flux machine

q Study for different SC topologies
in similar conditions
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Tape circuit for critical current measurement at different frequencies
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