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Abstract
Superconductors are entering into an exciting period since their discovery in the early 1900s. Electrification is becoming more economically feasible in all modes of applications where harmful gas emitting technologies
are used. While it is true that superconductors at their current technology level are unlikely to rival copper based technologies for low and high
power applications, in environments where specific weights and power
density are a priority they have already been proven to be more efficient
and cost effective. Furthermore, since the late 1900s when superconducting
machine projects were launched, much progress has been made towards
making the technology technically and economically feasible.
The work contained in this thesis focusses on pushing superconductors
towards scalable commercialisation by focussing on a crucial limiting factor, namely A.C. losses. In an A.C. operating environment, superconductors produce heat which must be dissipated to maintain superconductivity.
On the other hand, virtually zero loss is measured in the D.C. operation.
In rotating electrical machines the A.C. environment is unavoidable and
we must understand and mitigate this characteristic to lower the cryogenic
system cost, improve efficiency and realise the ambition of many in the research field to see widespread adoption of superconductors in transportation.
To this end, the following items of original, new work in this thesis
include:
1. Design, build and test of a novel A.C. loss measurement platform integrating a motor environment.
2. Measurement of the A.C. losses produced within a live operating machine.
3. Characterisation of cutting edge A.C. loss reduction techniques using
the newly developed measurement rig.
4. Development of a baseline target performance required from superconducting technology for electrical aircraft propulsion feasibility.
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Chapter 1

Introduction
Cars, trains, ships, trucks and aeroplanes are by a large margin powered
using derivatives of crude oil. People have begun to realise, and care about,
the harmful effects these modes of transport pose for our health. Large
scale international action has begun on the transformation of these "dirty"
means of travelling to clean electrical systems; the author sees this as a huge
opportunity for superconductivity to capitalise.
Copper, an abundant and cheap element, has become prevalent in electrical engineering applications as a medium to conduct electricity and has
been largely unchallenged since the time of its discovery. The monopoly
of copper continues to be disrupted ever since Dr. Onnes made a small
point in his laboratory the coldest place on earth in 1911 and discovered
the abrupt vanishing of resistance in mercury at 4K. The discovery triggered huge global research into the counter-intuitive phenomenon in terms
of characterisation, quantum understanding and applications of these fascinating materials.
Thus, in this chapter a brief introduction to superconductivity is given
from an engineer’s perspective, avoiding quantum physics related mathematical and theoretical complexities; instead the opening chapter focusses
on macroscopic characteristics that are important in commercialisation of
the technology and presents a brief qualitative explanation of the important
underlying physics including the following:
1. Evolution of superconductors from LTS to HTS and types
2. A.C. loss significance and measurement techniques
3. Progress of superconducting machine technology and a review of historical demonstrators
1

4. A look towards the future and vision the superconductivity community have for machine applications
Finally, context of the thesis research is given and its importance in furthering the field is explained.

1.1

Background

Since 1911 the discoveries of materials exhibiting superconductivity have
been numerous with a promising upwards trend in the critical temperature,
from mercury at 4K in 1911 to hydrogen sulphide at 203K in 2015. Generally, LTS refer to materials that demonstrate superconductivity below 20 or
30K although "high temperature" in this research field is now generally considered to be 77K or above i.e. the boiling point of liquid nitrogen. Initially
thought to be only a "perfect" conductor, it was later found that "perfect"
diamagnetism is a key feature of superconductivity that cannot be fully explained with existing theories. Superconductors are only superconducting
when operated within the bounds of their temperature, magnetic field and
current limits.
Of the two types of superconductors, creatively named type-I, and typeII, the latter are most relevant to the research in this thesis due to their
higher critical magnetic field, which is essential within machine applications. Type-I superconductors have a critical field of less than 0.1T and do
not find any power engineering applications. Historically type-II, hard LTS
have found the most commercial application within MRI scanners and electromagnets because of their cheap, malleable and easy to form manufacturing process along with their unique ability to create fields above 30T where
copper cannot be used. In arenas where copper based power systems can
compete, the uptake in superconductivity has been slow i.e. power grid devices, electrical rotating machines and energy storage. Whilst safety, costs
and low TRL feed into the reason for low adoption, a key issue is the cooling power required to maintain superconductivity.
As opposed to a virtually zero resistance in D.C. operation, superconductors exhibit inefficiencies with the A.C. regime. Whilst the economics of
what will make superconductors feasible are complicated, essentially lifecyle costs of using them should be less than copper alternatives and/or
the added revenue should overcome the increase in costs. Two sources
of significant contribution towards the intial capital cost of any HTS system are the material itself and the associated refrigeration costs. A PPR of
2

$50/kA·m is needed to rival copper and since 2000 considerable progress
has been made towards this [89]. Whilst it is true the A.C. losses produced
by superconductors are much lower than copper losses in a like for like
comparison, the heat from a superconductor must be removed from a low
temperature environment and generally requires several times the cooling
power as input to remove the heat energy [75]. Indeed the ideal Carnot
cycle still only allows a maximum 35.6% COP when removing heat from
a 77K environment to room temperature. The challenge is further exacerbated as current 2G HTS technology are designed for commercial application at temperatures of less than 77K where the COP is worse and the
cost of cryogens are higher i.e. liquid nitrogen can be purchased for pence
per litre whilst liquid helium costs pounds per litre. The lower operating
temperature boosts the critical current by an amount known as the "lift factor". Therefore, being able to understand, measure and reduce the A.C. loss
characteristic is one important strand in the research field tapestry and is
the focus of this thesis.

1.2

Type-II Superconductivity

Understanding type-II superconductivity serves as a good platform to understand the cause of A.C. losses and their significance in power engineering applications. Superconductors are only "super" within a small operating region bound by constraints on their external field, operating temperature and current. Type-I superconductors may exhibit some A.C. loss but
due to their low critical field and near perfect diamagnetic property it has
not been focussed on within past research [116]. Type-II superconductors
on the other hand have a mixed state, exhibiting diamagnetism below a
lower critical field but allowing flux to penetrate in packets above this field
and below a second upper critical field, which can be as high as 100T for
rare-earth based superconductors [61]. Whilst the penetration of flux into
the superconductor is what enables it to sustain a high critical current, the
external magnetic field is a double edged sword since it is also gives rise to
A.C. loss.
Figure 1.1 shows the different response between type I and II superconductors to a magnetic field. Without considering the demagnetisation factor due to geometry variations between samples the type-I superconductor
allows flux to penetrate widely through the material where as in a type-II
superconductor the flux is quantised into discrete packets and penetrate
through the material within a confined coherence length usually denoted
3

Figure 1.1: Flux penetration differences between Type-I and II superconductors. Left picture shows Type-I flux meandering through the superconductor in laminar planes whilst patterned, quantised flux penetrate Type-II
on the right. [31]. Reproduced under Section 29(1) of the Copyright, Designs and Patents Act 1988.
h
ξ and of quantity equal to 2e
, where h is Planck’s constant [25]. The ratio between λ, the London penetration depth, and ξ determine the type of
the superconductor, a low ratio indicates better diamagnetism and more
suceptibility to flux flow i.e. a type-I superconductor while the opposite
is true for a type-II. The fluxoids are naturally hexagonally packed across
the superconductor at equilibrium due to repulsion forces between them.
Outside the characteristic length the material remains superconducting and
will allow a transport current to pass [79]. Flux pinning caused by defects in
the lattice like material force the flux to remain stationary, which ultimately
permits a higher transport current within a magnetic field. As the transport current passes between the fluxoids the Lorentz force, Fl = J × B acts
to unpin them, eventually; when Fl becomes more than the pinning force
the movement of fluxoids generates an opposing electric field, E = v × B,
and associated heating which determines the critical transport current. The
"hardness" of a superconductor therefore refers to the amount of pinning
force available and thus its ability to sustain a high transport current. The
mode of A.C. loss described here is only one aspect, known as the transport
A.C. loss. Further modes exists and are explained in the next section.
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1.3

A.C. Loss

In the D.C. operation the superconductor will carry up to its critical current
until either the critical magnetic field or temperature are breached with virtually zero loss. The same is not true when the applied field or transport
current is alternating. A.C. operation causes significant loss issues for superconductors, principally through hysteresis (1), which is a direct result
of superconductivity but also other common losses such as eddy currents
(2), joule heating (2,3) and magnetisation losses (4) in the metal stabilisers
layered with the YBCO which help improve its mechanical and electrical
stability as shown in figure 1.2. The hysteresis loss within the superconducting material itself can be calculated the same as any other ferromagnetic material i.e. by integrating along its B − H curve. The magnetisation
is a result of vortices and flux pinning which are set-up during a positive
cycle but must be overcome by work via the applied magnetic field and
presents itself as heat generation within the material.

Figure 1.2: Mechanisms of A.C. losses arise from superconductivity related
physics and normal ohmic losses. Reproduced under Section 29(1) of the
Copyright, Designs and Patents Act 1988 [88]
Comparing like for like, the losses produced by copper assuming a
2 A/mm2 current density would be approximately 15 mW/Am, when taking the
cooling penalties into account a superconducting equivalent would need a
loss of 1mW/Am. Current applications produce a few multiples over this
benchmark [75].

5

1.3.1

Bean Model

In 1962 Bean proprosed a model which went on to become famous in the
field of superconductivity and proved fairly accurate for simple cases of
a superconductor in an externally applied field [12]. The model proposed
several variables that the A.C. losses are dependant on which furthered
ideas on how to lower them but also provided useful relationships to be
wary of in their applications. The bean model assumes either a zero current level or full Jc depending on whether a sector of the superconductor
has experienced the external field or not. Figure 1.3 displays how the bean
model creates a magnetisation curve using these assumptions. For a given
magnitude of external field the flux penetrates a characteristic distance into
the superconductor, for this depth full Jc is assumed whilst the remaining
areas remain in a virgin state. A penetration depth is estimated using Ampere’s law for one dimension and is used to find the full penetration field
as H ≥ π Jc D/5 = H ∗ .

Figure 1.3: Bean model current distribution for given applied magnetic
field assumption. A magnetisation loop is derived which can be used to
estimate the magnetisation loss. Reproduced under Section 29(1) of the
Copyright, Designs and Patents Act 1988 [12]
A magnetisation loop is calculated according to the calculation of B
from H as shown in equation 1.1 and 1.2.
´
Hdv
B= ´
dv
4πM = B − H

(1.1)
(1.2)

where, for fields lower than the penetration field according to the geometry
6

shown in figure 1.3, the relationship would be as shown in equation 1.3.
B=

H2
H∗

(1.3)

Several models have evolved over time from the Bean critical state model
to the Norris model [12] [74] & to several variations of these; more modern
advances towards refined FEA modelling of superconductors also exist but
are focussed on fast 2D geometries [82]. The following is a brief list of some
of the most important revelations to have come from these models:
1. Perpendicular magnetic fields increase A.C. losses more than any other
field orientation.
2. The loss varies according to a square law to the superconducting filament width.
3. The loss varies according to a power law to the transport current.
4. The loss is generally independent of frequency as it is hysteretic in
nature.
5. Flux flow losses dominate in transport current losses as opposed to
the self field.
6. Aside from other economical factors such as the unique ability to provide power dense performance, the A.C. loss is too great to be competitive with copper within appreciable frequency ranges and operating temperatures.

1.3.2

H-Formulation

Along with analytical models several computer simulation models have
been formulated to model more complicated geometries and simulate several modes of loss. The most established and commonly used technique is
the H-Formulation shown below, it seeks to primarily solve for the magnetic field subject to the boundary conditions and derive the current and
voltage characteristics [122]. The E − J power law, shown by equation 1.4,
defines observed experimental results and along with Faraday and Ampere’s law, shown in equations 1.5 and 1.4, combine to find equation 1.6.
Equation 1.6 can be solved using FEM software such as Comsol. Many
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codes are freely available online for this purpose. The H-Formulation simulation method is used to prove the results and conclusions of this thesis
and thus verify and validate the work presented.
 n
J
Ez = E0
(1.4)
Jc
∂Hy
∂Hx
−
∂x
∂y
"
#
#

Jz =
"

∂Ez
∂y
∂Ez
∂x

= − µ0 µr

∂Hx
∂t
∂Hy
∂t

(1.5)
(1.6)

where H is the magnetic field, µ is the permeability of the medium and ρ is
the material resistivity.
A predominant issue for H-formulation is the extermely non-linear behaviour of the equations due to the E − J power law which often causes
large computation times for anything more than simple 2D axi-symmetric
coil simulations.

1.3.3

Measurement Techniques

Many techniques have been developed and continue to be developed to
measure the A.C. losses of superconductors. The importance of measuring
A.C. loss relies on being able to test the outputs of theoretical models to
lower the cooling costs. Some techniques to lower the loss resulting from
simulation include the use of flux diverters, striation, transposed geometries and wire twisting [4]. As the topic of this thesis is the development
of an A.C. loss measurement platform integrated inside a machine, a brief
introduction to each major measurement technique is given to better understand the design process presented later.
Electrical Method
The electric method is a common, fast and sensitive A.C. loss measurement
platform. It is simple to measure the transport current loss using the circuit
schematic shown in figure 1.4. The transport current loss is dominated by
the flux flow loss mentioned in section 1.2 and is measured by cancelling
the inductive component of voltage until the purely resistive part, the A.C.
loss, is measured. The electric method is simple in cases where the electromagnetic environment is known and stable but requires further steps
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to measure the loss in the case of synchronised applied external fields and
even more calibration steps for out of phase magnetic fields [7]. Pick-up
coils are used to measure the magnetisation loss separately and are normally calibrated with a known electromagnetic sample such as a copper
strip to identify the magnetisation of the superconducting sample. The
measurement becomes more difficult for larger coils due to the increased
risk of noise. The set up shown below was used to estimate the A.C. transport losses and aid in the design process described in chapter 2.

Figure 1.4: Schematic of the electrical method to measure A.C. losses [127].
Reproduced under Section 29(1) of the Copyright, Designs and Patents Act
1988.
The transport current loss is measured using an NI DAQ setup for the
in-phase voltages while the power is modulated with an amplifier before
being pass to a step down transformer. The inductive voltage is cancelled
by the use of a compensation coil which is wound with many turns of fine
copper wire. A shunt is used to measure the line current.
Calorimetric Method
The heat dissipation that occurs during the A.C. loss process gives rise to a
temperature gradient along the superconducting sample and subsequently
the cryogen used to carry the heat away. Measuring either the disturbance
in the cryogen or the temperature of the superconductor, the total supplied
power being turned into heat can be estimated. Whilst these methods are
free from sensitivity issues due to the electromagnetic environment and
can be used to measure the total losses in complicated, time varying and

9

phase shifted magnetic fields, they do suffer from a lower sensitivity. Usually these set ups are well suited for larger samples as the increased loss
makes the measurement more accurate. Common errors associated with
the measurement technique include zero offset, drift, minimum resolution
and noise.

Figure 1.5: Schematic of the calorimetric method to measure A.C. losses.
Reproduced under Section 29(1) of the Copyright, Designs and Patents Act
1988 [113]
Figure 1.5 details the essential elements of every calorimetric system. A
superconducting sample is placed inside an adiabatic container with any
heat source such as field generators placed outside such that the cryogen
boil off is due to the background flow and superconductor only. The chamber must be of non-metallic construction to avoid eddy currents affecting
the measurements. The evaporated gas is piped away towards a mass flow
meter calibrated for the specific cryogen. Normally the mass flow meters
are calibrated for gas at room temperature. Therefore, the piping passes
through a heat exchanger before entering the flow meter. The latent heat
of vaporisation of liquid nitrogen is approximately 199 kJ/kg [27], which
translates to an evaporation of 0.000378 litres of liquid nitrogen per minute
10

for every Watt of power. The gas equivalent becomes 0.257 litres per minute
per Watt of power. Thus the A.C. loss can be calculated according to equation 1.7.
Q ac =

F × Ck
f

(1.7)

where F is the flowrate, Ck is the calibration constant and f is the electrical
frequency.

1.4

Superconducting Machines

Mostly, the focus of research has been on partially superconducting machines as the A.C. loss within fully superconducting machines, particularly
the stator, are considered too problematic at the moment [28]. The benefit of
a field winding is an enhanced magnetic loading, compact size and lower
losses due to an A.C. magnetisation ripple field. Although these are gained
at the expense of a more complicated cooling mechanism as the rotor is
dynamic whilst the cooling components remain static. The first machines
appeared in the late 1900s with development prompted by military applications and demonstrated several issues with the technology including reliability, manufacturing issues, cost and lack of adequate superconductor
supply. This section will demonstrate the most important machine demonstrations to have been produced over the past 30 years and identifies the
niche that remains to be explored and is thus the focus of study in this thesis.

1.4.1

Historical Machine Demonstrations

Before beginning the design of an A.C. loss measurement platform integrated into a machine it was important to thoroughly grasp the previous
work in this particular field. A comprehensive list of high impact and
breakthrough machines were compiled and the author approximates up
to 300 superconducting machines have been built and tested. Some of the
most important demonstrations from these are listed below in table 1.1, it
can be seen that with time, the focus has changes towards ceramic HTS for
their simpler and more cost effective cooling compared to LTS based machines, which presented more significant sealing issues. Some NbTi machines took more than 60 hours to cool down and warm up as opposed to
a few hours with HTS machines [117]. Additionally, the air gap for LTS
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machines were made larger to accommodate for the need of a vacuum to
minimise internal heat transfer, thereby reducing the performance.
Table 1.1: List of notable past superconducting machine demonstrations
Machine
Description
Fully S.C.
[106]
Fully S.C.
[110]
HTS Rotor,
D.C. [112]
Synchronous
LTS Rotor [95],
LTS Rotor, 4T
Field Winding
[117]
Synchronous
PM Rotor, LTS
Stator. [107],
Reluctance
Machine, Bulk
YBCO [58],
HTS Racetrack
Rotor, Air
cooled stator
[72],
Air-core,
Synchronous
HTS Field
winding [119],
Induction
Motor, HTS at
End Ring and
Bars [93],

Test
Year

HTS
Material

Operating
Temp

Power
Rating

1991

<25K

NbTi

18kVA

1993

<10K

NbTi

30kVA

1995

<28K

BSCCO

125kW

1995

<10K

NbTi

10MVA

1997

<10K

NbTi

70MW

1999

<10K

NbTi

150kW

2000

<65K

YBCO

18.5kW

2002

30K

Bi-2223

380kW

2002

<30K

BSCCO

1000HP

2003

77K

BSCCO

1.2kW

Continued on next page
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Table 1.1 – continued from previous page
Machine
Test
Conducting Operating
Power
Description
Year
Material
Temp
Rating
Superconducting
field Coil
2004
<77K
Bi 2223
100HP
Synchronous
Motor [96],
Bulk Rotor,
Reluctance
2004
<77K
YBCO
200kW
Motor [77],
Bulk Rotor,
Axial Flux
2002
<30K
GdBaCuO
60kW
Motor [69],
Ship
propulsion
2007
<30K
BSCCO
36.5MW
motor [35],
Novel bulk
NbTi &
2007
<10K
1000HP
rotor [71],
YBCO
Axial Flux,
PM Stator
2007
77K
YBCO
400kW
Motor [98],
LH
Circulation
2011
<20K
MgB2
7.5kW
Induction
Pump [70],
Series-wound
DC Field SC,
2012
77K
Type H
30kW
Automobile
Drive [69],
DC
Homopolar,
2013
77K
MgB2
5kW
HTS Rotor
[62],
DC
Homopolar
with liquid
2016
<30K
BSCCO
200kW
metal joints
[33],
Continued on next page
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Table 1.1 – continued from previous page
Machine
Test
Conducting Operating
Description
Year
Material
Temp
HTS Rotor
with flux
2016
77K
YBCO
pump [22],

Power
Rating
10kW

It is evident from literature that the main focus has been on partially superconducting machines especially as the field windings due to their preferred operating environment in terms of A.C. losses. Machines making
use of superconducting bulks have been demonstrated but currently suffer
from demagnetisation issues as well as the requirement for magnetisation
coils. A few axial flux machines have been demonstrated but have not been
focussed on despite their high torque density, particularly suitable for low
speed or wheel hub propulsion. Some niche aspects covered in the literature include the investigation of contact-less current terminals to remove
heat load and advanced contact less bearings.
A niche gap that exists within the research field is the development of an
axial flux motor integrating an A.C. loss measurement platform that can be
used to quickly performance test emerging superconducting technologies.
Normally, the windings have been manufactured as a one off use and fixed
operation. No such machine exists from the extensive literature review
and would provide a new research output concerning A.C. losses inside
machines, which are a limiting factor [97] [68].

1.5

Roadmap of Superconductivity

It is fitting to mention the future roadmap of superconducting technologies
to conclude the literature review and provide context to demonstrate the
importance of the work presented in this thesis to the research field.
NASA and EADS have launched several prototype designs of future
aircraft including Voltair, X-3 and the subsequent SUGAR proposal by Boeing to hybridise aircraft. While all-electric aircraft have been gaining traction particularly for short-haul flights, energy storage technologies have
not reached the level needed to allow commercial long haul flights. It is expected that battery technology alone will not be able to solve this challenge
as maximum theoretical limits of specific energies while close to kerosene
are unlikely to be practical in the long term. Thus a hybrid solution for long
haul aviation looks the most likely in the current landscape.
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Within hybridised aircraft it has been widely accepted by NASA, Boeing and many other industry stakeholders that superconducting motors are
a key enabler for propulsion as shown in figure 1.6. The power densities
of 40+ kW/KG required are not anticipated to be provided by incremental
improvements in topology or materials for copper based drives and cryogenics may be essential. Carbon nano-tubes are seen as a high risk, high
investment alternative but still have current densities a fraction of that offered by superconductivity. Recently Siemens built a prototype halbach
array PM motor that achieved 5kW/KG by optimising and pushing every
component to its limit and is considered state of the art for conventional
power density [16].

Figure 1.6: Superconducting motors have been identified as a enabler of
commercial aviation in several NASA studies [67] [26]. Reproduced under
Section 29(1) of the Copyright, Designs and Patents Act 1988.
Within superconductivity, several challenges need to be negotiated before it becomes viable as a reliable, cheap and effective solution. A topical
review in 2017 summarised the key inhibitors below [44]:
1. Lack of reliability and field operation data.
2. Reduction of AC loss, particularly through conductor design.
3. Magnetisation and demagmetisation of bulk superconductors.
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4. Cost of superconductors.
5. Focussed specification for cryogenic system development.
The remainder of this thesis will present the design, manufacture and
testing of a superconducting motor that has been aimed at helping to further the cause of item number 1 & 2 by providing a novel A.C. loss testing
platform for superconductors integrated into a motor environment. It is
important the loss measurement platform is adjustable and can be used to
quickly test a variety of superconducting windings. New data is provided
to the scientific community as a result of this thesis.
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Chapter 2

A.C. Loss Measurement
Platform Design &
Manufacture
Finding A.C. losses until now has been confined to numerical simulation
of relatively simple cases and experimental measurement of magnetisation
loss and/or transport current loss [42] [41] [120]. Several people have attempted to understand the A.C. losses of 2G HTS coils within a machine
environment by simulating a rotor field external to the measurement system or placing windings within an iron core [124] [34] [5] [102]. Whilst
these can provide qualitative results and signal important parameters of
HTS coil design within machines, it is necessary to assess the performance
of these coils within an actual rotating electrical machine for three reasons.
First, the complex stator and rotor fields are not simulated verbatim and
thus do not actually mimic a machine environment. Second, A.C. losses
can be measured in terms of machine parameters such as torque angle, generated voltage or flux density and finally, by building such a platform there
is a springboard for further accelerated research into machine development
such as quench investigation and fully HTS machines. Thus the content of
this chapter includes:
1. Evaluations of several design concepts to allow the simultaneous measurement of A.C. loss within a live machine environment whilst being
adaptable for further adjacent research.
2. Detailed design of the selected concept from the preliminary stage.
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3. Verification of the chosen design and optimisation of key design variables.
4. Information about manufacturing steps which are particularly pertinent to HTS machine manufacture.

2.1

Design Objectives

Design, build and test of a superconducting machine is a costly affair. From
the beginning of the project, which began in late 2015, the primary constraint was cost. The laboratory facilities were another constraint, cooling
could only be achieved with liquid nitrogen limiting the design to wet cooling as opposed to a conduction design. Finally, the machine design should
be future-proofed to allow easy modification to lower the operating temperature, switch between fully and partially superconducting coils, replace
rotor assemblies and test a variety of coils quickly to maximise research
output. Thus the primary design objectives were:
1. A Manufacturing cost of less than £100,000.
2. Liquid nitrogen used as the cryogen.
3. Thermally decoupled rotating shaft to prevent external freezing.
4. Integrate a calorimetric loss measurement system inside a rotating
electric machine.
5. Adiabatic environment for loss measurement.
6. Easily adaptable rotor and stator.
7. Minimum loss measurement time of 10 hours.
Generally, during the process of machine design, one could start with
an analytical design to flesh out the approximate values of important parameters such as current & magnetic loading, volume or power rating before refining the design with FEA programs such as Comsol or JMAG. The
additional part of the design process for this machine was the integration of
the cryostat, which changes many important aspects of the design process
such as bearings, seals and materials. In the course of the design and build
new components were used that have not been trialled in a superconducting motor and are discussed further in this chapter.
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2.2

Analytical Machine Design

The design process in this section is an analytical one to help scope the important machine parameters to reach the desired objectives listed in section
2.1. The key aspect of building the machine is to measure the A.C. loss and
therefore the machine should be capable of driving the HTS to its full Ic
which can be approximated as 25% of the straight sample Ic . Due to the
complicated electromagnetic environment within a machine the calorimetric measurement method mentioned in section 1.3.3 is more suitable. An
axial flux machine would lend well to modification to integrate a loss measurement platform as a single stator coil can be isolated relatively easily
and allow nitrogen bubbles to flow unimpeded. A double sided axial flux
machine was chosen for this reason.
The first aspect to determine was the physical size of the machine. The
cost of manufacture, particularly the expensive permanent magnets, scale
exponentially with an increase in the outer diameter of the disc. To keep the
design as cheap and simple as possible a non-overlap concentrated winding provides the best configuration, especially for the mechanically sensitive ceramic HTS which does not lend well to bending. Qualitatively, a 4
pole, 12 slot layout provides a good combination of winding MMF quality and simplicity of construction. Of the several topologies available for
the axial flux machine a double sided, coreless stator is the most ideal as
it virtually removes core losses, which would need to be calibrated out of
the measurement of the A.C. loss and minimises the amount of liquid nitrogen required to keep the machine cold during testing. The double rotor
prevents axial loading of the shaft bearings, which maximises their lifetime
use. The coreless design; however, means a higher volume of magnet material would be required. Furthermore, an extra mechanical air-gap would
be introduced vs. conventional machines to allow the isolation of one superconducting coil to form the adiabatic chamber shown by figure 1.5.
Gieras proposed an elemental approach to analytically calculate the
power of a disc machine using the Lorentz force and a "current smearing"
model shown below [36]. For each annulus of the disc a current is assumed
to be radially flowing according to equation 2.1, the model is depicted in
figure 2.1.
A (r ) =
where
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Ain rin
r

(2.1)

Ain =

mNph I
mNph I
=
pτ (r )
πrin

(2.2)

Smearing the current in this manner, the elemental torque production
is calculated according to equation 2.3.
dTd = rdFx = r ( Ar Bavg )dS

(2.3)

where dS = 2πrdr (elemental annulus area) so the torque production is:
dTd = r2πrA(r ) Bavg dr

(2.4)

dTd = 2πrin Ain Bavg rdr

(2.5)

Performing the integration between rin and rout the developed torque of the
machine assuming a constant axial magnetic field density and conductors
is
3
Tem = 2πBavg Ain rout
k D (1 − k2D )k p k d

(2.6)

where k D is the ratio between the inner radii and outer radii. Two constants,
k p and k d are introduced to the equation as pitch and distribution factors
to account for winding configurations which impact the optimum torque
production.

Figure 2.1: Analytical model of an axial flux disc motor [78]. Reproduced
under Section 29(1) of the Copyright, Designs and Patents Act 1988.
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From equation 2.6 it is apparent there is an optimum ratio between
the inner and outer radii which provides the greatest torque. Figure 2.2
shows a plot of the ratio against the electromagnetic torque normalised by
the peak value. The optimum is around 0.6 but industrial experience has
shown this to vary when the assumptions of the model are not valid due to
non ideal flux distribution and end windings. The power can be calculated,
for a synchronous machine by multiplying the electromagnetic torque with
the corresponding speed i.e. Tem × Ω where Ω is the shaft speed determined by the supply frequency and pole number as shown in equation 2.7.
Ω=

2π f
rad/s
p

(2.7)

Figure 2.2: For a fixed current/magnetic loading and outer radii there is an
optimum ratio between the inner radii and outer radii for disc machines of
approximately 0.6.
Bavg in equation 2.6 can be estimated using an assumption for the air
gap magnetic rotor field. A square, triangular or sinusoidal waveform can
be assumed based on a qualitative analysis of the initial rotor layout. For
a sinusoidal rotor air gap field, constant across the radii, the average magnetic flux can be found by integration as shown below.
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Bavg

ˆ π/p
1
Bmg sin( pα)dα
=π
/p 0
h1
iπ/p
p
= − Bmg cos( pα)
π
p
0
2
= Bmg
π

(2.8)
(2.9)
(2.10)

As the average flux density can be calculated from equation 2.8, the
flux under each pole, Φ f , can be found using the elemental surface area
adjusted to represent one pole pitch i.e.
ˆ
Φf =

rout

Bavg
rin

= Bavg

2π
rdr
2p

(2.11)

π 2
2
[r − rin
]
2p out

(2.12)

To estimate the average magnetic flux before a more detailed design is
completed, a circuital model is used to represent the initial configuration
as shown in figure 2.3a. The magnetic parameters of reluctance and MMF
translate to resistance and a voltage source shown in equation 2.13 and
2.14. The total air gap is the distance between the bottom of both magnets
connecting the crossing flux. The magnetic material, NdFeB, has a different
permeability to air (1.05 vs. 1). The "voltage" produced by the magnet is
variable according to the grade and type of magnet although for a nominal
off the shelf magnet a magnetisation, H, of 875,500 A/m was assumed.
Φ=

F
<

I=

V
R

(2.13)

<=

l
µA

R=

ρl
A

(2.14)

Figure 2.3a illustrates the baseline configuration of the proposed machine.
The steel backing discs are considered to be shorting the magnets due to
their relatively high permeance, meanwhile, the airgap and magnets have
different reluctances which can be taken into account using Kirchhoff’s
voltage law to find equation 2.15.
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Bg
Bg
Br
hM =
hM +
g
µ0 µrrec
µ0 µrrec
µ0

(2.15)

While the recoil line gradient is generally different to the demagnetisation curve it may be approximated using the remnant magnetic field density and coercivity shown in equation 2.16.
µrrec =

1 ∆B
1
1.4 − 0
=
≈ 1.27
µ0 ∆H
0.4π × 10− 6 875500

(2.16)

Thus, the magnetic volt drop equation can be re-arranged to find the peak
air gap flux density as a function of the magnet height, remnant flux density
and mechanical air gap as shown in equation 2.17
Bg ≈

Br
µ g
1 + hrrec
M

(2.17)

The resulting operating magnetic field density options available are depicted in figure 2.4 for varying magnet heights and airgaps.
The main limitation to achieving the smallest air gap is the need for
an isolation vessel to create an adiabatic environment and seal off one superconducting coil. A double pancake coil would be used to avoid eddy
current losses near the rotor field resulting in a minimum coil thickness of
9mm using 4mm width tapes with a 1mm gap. Additionally, a coil support
would be required and some extra space to allow easy flow for the nitrogen
bubbles. A 60mm airgap spacing was therefore considered a minimum air
gap operating point and a 30mm magnet height was chosen to provide a
peak field of 0.4T which translated to an average field of 0.255T using equation 2.8. Finding the air gap field density assumed a steel backing plate of
infinite size was used to sufficiently short the magnets. The thickness required of the electrical steel needs to be estimated to avoid saturation and
also minimise the total rotor weight. An analytical means to achieve this
is to consider the amount of flux that must be accommodated under each
pole piece by the steel. Equating the total flux with the steel circumferential
cross sectional area, the thickness was estimated using equation 2.19.
1 πd
Bg
l
2 2p
1
πd
y=
Bg
Bc 2p

Bc ly =
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(2.18)
(2.19)

(a)

(b)

Figure 2.3: (a) Path the flux travels across the air gap from the magnets and
through the steel backing discs. (b) The magnetic circuit is transformed into
an equivalent electrical circuit to estimate the magnetic field distribution
within the air gap.
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Figure 2.4: Airgap flux density derived analytically to estimate the magnet
height and air gap variation effect on the motor operation.
where y is the steel thickness in mm, Bc is the peak core flux (1.4T from experience) and d is the average diameter. The resulting estimated thickness
required is 38.57mm.
Estimating the current density achievable within the slots is more difficult than for traditional copper windings as the maximum current is a function of the superconductor stress, strain and its external operating magnetic
field environment. To get a best estimate and build experience a double
pancake coil was manufactured in a similar technique as described in chapter 4, its corresponding 72A critical current curve after winding is shown in
figure 2.5. The critical current depreciated by 50A compared with a straight
sample, there would be a further degradation when placed within the active magnetic field of the machine. It has been shown that the current density Jc varies approximately with the external field as Jc ∝ B−α and for
Superpower tapes has been shown to depreciate the current by approximately one half [90]. Therefore, from figure 2.5 the maximum current that
can be supplied to the coil is 35A.
Before the calculation can be completed the inner and outer radii of
the disc needs to be determined. The cost of manufacture was the biggest
influencer in this decision, it can be seen from figure 2.6 that the permanent magnet cost increases exponentially with increasing radii and an up25

Figure 2.5: A 20m, 60 turn 2G HTS coil was manufactured with heat shrink
insulation and then resin wound to estimate the expected linear current
density within the machine but also to gain experience in working with
superconductors. The accepted criterion of 1µV/cm was used to determine
a critical current of 72A.
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per limit of £5,000 for the rotor manufacture was set resulting in an outer
radii of 187.5mm. Therefore, the current loading on the inner circumference
becomes 16,806 A/m derived using equation 2.20.
√

Ain =

mNph I
3 × 80 × 65/ 2
=
= 16806A/m
πrin
π × 112.5/1000

(2.20)

Figure 2.6: The cost of the rotor disc increases exponentially. Budgetary
requirements set the maximum rotor diameter to 375mm at a cost of ≈
£5,000.
The pitch winding factor accounts for fractional slot windings which
do not allow for an arithmetic summation of the induced EMF and instead
require a vector addition. The vector summation of regularly spaced slots
will result in a pitch factor shown in equation 2.21. The distribution factor
accounts for windings which overlap and are not concentrated, as all of the
windings of a single coil fall in the same slot for a concentrated winding,
k d is approximately equal to 1. With an outer diameter of 375mm and an
isolation vessel needing to be incorporated within the active region (see
figure 2.9) a maximum coil diameter of 100mm leads to a pitch factor of
0.93.
k p = cos
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α
2

(2.21)

where α is the electrical angle of the slot and pole arrangement.
Finally, the initial estimate based on the machine parameters discussed
above result in a torque of 11.02 Nm and a power of 6.08 kW at rated speed
as shown below, using a formulation based on diameters rather than radii.
3
35
87.5 2
1500
(0.255)( √ )80(0.93)(0.3752 )(1 − (
) )×
= 6.08kW
4
187.5
9.5488
2
6.08 kW power rating assumes the conductors are all lying radially from
the center point of the shaft, which would normally be the case for a machine of this type. However, as superconductors are difficult materials to
work with due to their ceramic nature normally racetrack or pancake coils
are used, additionally these types of coils lend better to simulation modelling as they can be represented by a 2-D problem formulation; thus the
actual power is expected to be lower.
The torque constant is an important design values which can be found
using the methodology above to relate the developed torque to the applied
current. Additionally, the EMF constant relates the voltage required to the
operating speed, it may be found by differentiating the rotor field and multiplying by N1 , the number of turns, and the appropriate winding factor.
The torque and speed constants are shown respectively in equations 2.22
and 2.23.
m1
Td = √ pN1 k p φ f Ia = k T Ia = 2.05Ia
2
√
E f = π 2pN1 k p φ f = k E Ω = 0.0716Ω

(2.22)
(2.23)

The torque and speed constants are physically that same quantity since
they both translate the ability of the motor to convert energy i.e. current to
torque or speed to voltage. The co-coefficients shown above are different
due to the use of Ω in radians per second and the consideration of only
the voltage developed in one phase i.e. 0.0716×3×9.54 = 2.05. Thus, these
constants are the same.

2.3

Initial & Final Designs

After the motor design the integration of it into a cryostat was the next stage
of the design. Firstly, the configuration of the cryostat was to be decided.
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Several ideas were brainstormed to achieve the aims stated in section 2.1.
The initial design output three options shown in figures 2.7, 2.8 and 2.9.
Figure 2.7 was the first design pass explored with manufacturers. The
benefits of this design was the interception of heat leak via the copper terminals with the use of an extra liquid nitrogen tank at the top. 6 copper
feed-throughs can be seen which would feed the 5 coils in the outer chamber and the remaining two terminals for the HTS coil are fed from the top
into the adiabatic loss measurement chamber. Additionally, the tubular design would save on machining costs and simplify the shaft feed-through
via the flange mounts. A major drawback of the design was the multi-axis
assembly that would be needed to operate the machine. Additionally, the
rotor would need to be removed horizontally in conjunction with the stator
disc which would complicate the experiments. As the stator disc is sandwiched between the two rotor discs it would also be particularly difficult
to wire it without making the cryostat larger. This would also require more
liquid nitrogen and therefore was not an option due to limited capacity.
Due to the stacked nature of the measurement chamber and liquid nitrogen intercept tank, the height may have resulted in operational difficulties
too.
The second design shown in figure 2.8 built on the first design by removing the horizontal assembly. The bottom part is rectangular to maintain the ease of manufacturing for feeding the shaft through the wall. A
vacuum insulation was also introduced for the measurement chamber alone
to reduce the cost and at the expense of removing the copper terminal heat
leak with an additional liquid nitrogen tank. The vacuum insulation added
more rugged requirements for the feed-throughs which were modified to
KF flanges. The drawback of this design was the size, with a vacuum insulation and separate chamber for the measurement the total height was
1.15m which would not be accessible with a floor stand hydraulic crane.
Finally, the removable flanges for access to the HTS coil introduce a significant risk when drawing a vacuum. Removable vacuum seals do exist but
are costly and if not installed correctly can cause a lot of down time which
was the primary reason behind the design’s infeasibility. Additionally, to
produce a rectangular bottom section there could be an incredible waste of
material as it could not be rolled from sheet metal and welded but rather
would either need machining or introducing 8 weld points, it was decided
the number of welds should be minimal to avoid past issues of vacuum
and leak failures.
The final, and selected, design is shown in figure 2.9. It is the most compact of all three options. This was achieved by burying the measurement
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chamber within the outer liquid nitrogen tank which would remove the
need for a vacuum around it. Instead, keeping the cost the same, the vacuum was moved to cover the outer chamber and prevent surface freezing.
The move to cover the outside meant the vacuum could be drawn once and
isolated with a valve, this avoids the sealing issues. The benefit of the heat
intercept liquid nitrogen tank was brought into this design by allowing the
feed-through exit compartment to be simultaneously filled with liquid nitrogen resulting in a loss measurement chamber that is covered with liquid
nitrogen along all of its boundaries and thus achieving a closely adiabatic
environment. The benefit of a single axis of assembly from the second design was incorporated and allowed the vertical movement of the rotor assembly and stator. The rotor was rigidly coupled within the main chamber
to the outer shaft to facilitate this. A potential issue identified early on was
that the entire motor would be resting on the top flange for support. Due
to the thin wall thickness and length of the nitrogen can there were potential for issues with vibration and shaft misalignment which was solved
by installing three G10 support blocks inside the vacuum space. A charcoal bag was placed in the vacuum space to absorb moisture and avoid
degassing issues over time. As the vacuum jacket had now been moved
to cover the outer chamber in its entirety a reliable method of allowing the
shaft to exit the cryostat into ambient through the vacuum was needed.
Whilst non-contact couplings do exists, they’re applications are meant for
instances where a small separation gap is possible. In this design the thickness of the cans and the vacuum meant a contact method was needed. A
flanged bellows tube is introduced with welds onto the sides of the inner
can and the outer wall which allow flex to relieve the welds of stress. The
relative movement of the inner can vs. the outer can due to cool down is
also taken care of using the bellows construction. The outer bellows tube
accommodates the components required to seal the liquid nitrogen including a thermal decouple to prevent the shaft freezing externally, G10 is a
commonly used material for this purpose. A fitting port is included to be
able to pressurise the compartment and discourage the leak of liquid nitrogen. The compartment may be pressurised by recycling the evaporated
nitrogen gas from the main chamber or using an external pressurised gas
cylinder. Several design concepts were explored to include a feature to adjust the airgap length including a threading on the shaft and inner radii
of the rotors with leverage points on the outer surface to be able to easily
move them apart. However, even with the use of a locking screw it was
determined due to the large size of the shaft and rotors they could not be
machined with sufficient tolerance that would prevent vibration and excess
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movement resulting in fatigue damage of the shaft. Thus, in order to vary
the magnetic flux density it was decided to manufacture two rotor shaft
assemblies if it became necessary to adjust the field. A more descriptive
diagram and parts list is provided in figure 2.10 and table 2.1.
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Figure 2.7: Design option 1. Multi-axis assembly and operational difficulties made it infeasible.
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Figure 2.8: Design option 2. Improved operational design with 1 axis of
assembly. Vacuum insulation introduced to minimise heat leak. The need
for removable vacuum seals made this option infeasible.
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Figure 2.9: CAD model of the final design A.C. loss measurement platform
with a cutaway view to expose the isolation chamber, rotor discs and magnets, isolation vessel and sealing methodology.
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Figure 2.10: GA drawing of the final cryostat design. L1, L2, L3 and L4
refer to the locations of the LN2 level sensors. L3 and L4 are located inside
the loss measurement chamber.
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Table 2.1: Major parts & description list of final design.
Part Number

Description

1

Vacuum valve

2

Inner can

3

Outer can

6

Main rotor shaft

7

Bearing Stand

8

O-ring

9

Flange

10

Vacuum Weld

11

Foam Insulation

12

Swagelok Valve

13

Flexiseal Clamp

14

Parker Seal

19

Bellows Ring 1

22

Bellows Ring 2

24,25

Male,Female Shaft
End
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Function
Pump down and hold
a vacuum
Store liquid nitrogen
and house the rotor &
5 stator coils
Provide vacuum
integrity
Separate rotor discs
Support bearings &
rotors
Leaktight storage of
LN2
House power and
nitrogen
feedthroughs
Leaktight endstop for
inner and outer can
Prevent nitrogen
ingress to prevent
external freezing
Pressurise sealing
compartment
Secure seal in place
PTFE impregnated
with graphite to seal
liquid nitrogen
Allow flex of shaft
without stress
concentration
Allow vacuum
sealing with shaft
feedthrough
Rigid Coupling to
allow removal of
rotor assembly
Continued on next page

Table 2.1 – continued from previous page
Part Number
Description
Function
Isolate liquid and
gaseous nitrogen
between the outer
26
Tufnol Vessel
chamber and loss
measurement
chamber
Prevent vacuum
36
Charcoal Bag
collapse
Support and prevent
37
G10 Peg Blocks
vibration of inner can
House the 5 copper
38
Stator Disc
stator coils
House the magnets
39
Rotor Disc Assembly
and prevent corrosion

2.4

Rotor Design

The two pole pair design was selected from the analytical machine design
presented in section 2.2. The magnet geometry is important in determining
the harmonic quality of the generated voltage but also the cost. In the U.K.
it is cost prohibitive or not possible to purchase non-stock, custom shaped
magnets and even magnets above 50mm diameter without a bore [2] [1].
The best torque production of the motor is produced for windings with
a strictly radial placement within the active motor area. For computational
modelling purposes and ease of winding it was decided to use a double
pancake winding [46]. The inner and outer diameter set from the initial
sizing laid out in the previous section requires a 100mm diameter magnet.
The isolation chamber thickness needed to separate one superconducting
coil creates a large air gap of 60mm, to overcome the increased reluctance
and achieve a 11.02Nm torque the 30mm thick magnet was selected from
figure 2.4. Before purchasing the materials and manufacturing, a 3D model
was used to verify the analytical results shown in figure 2.4. The 3D rotor
field simulation, displayed by figure 2.11, shows a variation in the peak
flux density due to the circular magnet profile along the outer radii, the
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average flux density was found by finding the flux underneath the pole
with a surface integration and dividing by the magnet area:
Φf
0.0028141
= 0.36T
= 50
A
π ( /1000)2
which is within 10% of the analytical design.

Figure 2.11: Flux distribution along different radii along the mid point airgap between the two rotor discs.
An issue the analytical design does not account for is the 3D rotor field
variation. Figure 2.11 reveals a waveform with harmonic content. Several
shapes of magnets were studied to determine the best THD determined by
equation 2.24.
q
∑n∞=2 Bn2 rms
THD =
(2.24)
B f undrms
where n relates to the harmonic mode and B f undrms is the amplitude of the
fundamental component.
The rotor configurations simulated are shown in figures 2.12a to 2.12d
and were developed by considering easy to purchase stock magnet shapes.
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The benefit of reducing the harmonic content is to reduce off-design performance in the form of HTS loss, torque reduction and efficiency. Normally
a periodic function, f (t), is represented as an amalgamation of sines and
cosines to determine the harmonic content as shown below
∞

f ( t ) = a0 +

∑ an sin(2πnt) + bn cos(2πnt)

n =1

but the data obtained from Comsol is not periodic, a discrete fourier analysis is used and the integrals are found using the trapezoidal rule in Matlab.
The best solution in terms of THD was C1, however; due to disagreements
with the best way to manufacture the rotor in a safe way it was decided C3
would provide the best balance. The results of the analysis are presented in
the form of a power spectrum in figure 2.13 and the individual waveforms
are shown by figure 2.12.
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(a) Design C1

(b) Design C2

(c) Design C3

(d) Design C4

Figure 2.12: Various rotor configurations derived from stock permanent magnet
shapes to reduce harmonics and increase flux density.
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Figure 2.13: Field distributions of various rotor configurations revealing the better design options. (Top graph reflects the inner radii, middle graph is for the
mid radii and the bottom graph is for the outer radii).
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Figure 2.14: Spectrum analysis of rotor fields across the rotor radii. Amplitude
figures are normalised by the fundamental frequency amplitude. (Top graph
reflects the inner radii, middle graph is for the mid radii and the bottom graph is
for the outer radii).
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The steel backing disc needs to be correctly sized to avoid saturation
and maximise the airgap flux density. In section 2.2 the steel thickness required was estimated to be approximately 38mm. A Comsol simulation of
the magnets on the steel disc results in a flux distribution shown by figure 2.15 indicating the minimum sizing is actually 25mm. After speaking
with manufacturers, due to a small order LOSIL-400-50A was only available at a 35mm strip width, which adds more weight to the rotor but was
unavoidable.

Figure 2.15: Flux density along the underside of the steel backing disc for
various thickness’s. The horizontal line represents the saturation level of
non-grain orientated electrical steel.
In addition to adding weight, the bigger the width, the larger the potential to increase eddy losses; although minimising the backing steel loss
was not a design priority an estimate of the loss was sought to ensure LN2
would not evaporate in the outer chamber prematurely. The Steinmetz
equation (2.25) developed empirically has been shown to be accurate for
purely sinusoidal waveforms and can be expanded to take into account
higher frequency harmonics [85]. It was used to confirm the losses would
not be troublesome in terms of liquid nitrogen consumption. α, k h and k
are coefficients dependant on the material and normally provided by the
manufacturer derived B-H curve.
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k
Ph = k h f α Bm

(2.25)

Following the design of the rotor electromagnetically, it was important
to estimate the attractive force that would be generated between the two
rotor discs to plan for a safe manufacturing process. N52 grade magnets
are among the strongest available and due to the large air gap in the design, particularly thick magnets have been chosen. Figure 2.17 compares
the force generation expected using a standard formulae (F = B2 A/2µ0 ) and
the solution found by integrating the Maxwell stress tensor resulting from
the 3D field distribution calculated in Comsol. At minute air gaps the pull
force for one magnet can reach up to 230kgf as defined by figure 2.16. Due
to the large forces it was decided to use a G10 body to bury the magnets
inside of to create a high strength, cryogenic friendly rotor case. As the
magnets have a postive feedback loop between force and G10 displacement i.e. a deflection in the G10 will result in higher magnetic force and
thus more deflection, a mechanical simulation was carried out to determine the steady state total displacement of the casing. Figure 2.18 shows a
maximum movement of 0.06mm in the rotor casing which provided guidance in determining the minimum clearance required between the isolation
vessel and rotors. The manufacturing process was designed on the basis of
these calculations and is explained further in section 2.7.
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Figure 2.16: Pull force simulation was setup according to the manner defined by industry standards. A piece of sufficiently thick steel was placed
below the magnet until no flux leakage occurred on the underside. The
maxwell stress tensor integration was used to find the force on the permanent magnet.

Figure 2.17: Simulation of the pull force of the 100mm diameter NdFeB
magnets compared with standard formulae.
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Figure 2.18: Total displacement of rotor disc cover made from G10-FR4
composite.

2.5

Stator Design

The stator design has two aspects to it, the electromagnetic and thermal
design. It was decided, to reduce the risk of damaging the costly HTS material, to use one superconducting coil within the measurement chamber
and 5 copper coils in the outer chamber. The difficulty in achieving this
electromagnetically was the requirement to balance the superconducting
line with copper lines so that the motor may be driven with a 3-phase inverter, which generally require an imbalance of no more than 5%. The stator field also needed to be designed to replicate an all HTS stator as closely
as possible. Additionally, due to the proximity of the two copper coils either side of the measurement chamber (see figure 2.19), any heat generated
could impinge on the isolation chamber and affect the measurements. To
create the maximum gap between the coils and isolation chamber the outer
diameter of the HTS coil needed to be minimised. The optimum sizing of
the coil is determined by the rotor field which is shown in figure 2.11 for
a complete revolution. As the magnet has a 100mm diameter the winding
inner turn should ideally start at a 100mm diameter. The HTS tape purchased from Superpower was 25m in length and on a double pancake coil
this equated to 60 turns on each layer. The thickness of the coil is therefore
4mm leading to a maximum diameter of 104mm to fit within the isolation
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vessel. The HTS coil has an amp turn of 1800 in a space of 4mm by 8mm.
32mm2 can be filled with 21 AWG round wire assuming a 100% packing
factor. The limitation for fitting the copper wire in the space is the heat
generated. As the copper is enamelled and generally has a melting point
of 200 degrees, the maximum temperature should be kept below 150 degrees, this also helps reduce the boil off in the outer chamber. Several AWG
coils were simulated in Comsol to find the temperature influence on the
isolation chamber as shown in figure 2.20. An 18 AWG wire creates 10K
of excess heat on the isolation chamber and there is a non proportional increase in temperature with increasing AWG. Thus the same packing factor
achievable with a HTS coil was not possible and a smaller AWG number
was needed. To mediate the two requirements of the thermal and electrical
designs, the magnetic field created by the stator coils was simulated in the
vicinity of the HTS coil to determine which wire gauge and coil size would
match closest (see figure 2.21 for setup of stator model) to a full HTS stator.
Figure 2.22 displays the field variation for a variety of copper coil aspect ratios (higher ratios would promote the thermal design). A total of 60 turns
were required, aspect ratios of 2:30, 3:20, 4:15, 5:12 and 6:10 in terms of axial:radial layout were tested. The 5:12 aspect ratio was chosen as the final
copper coil geometry as it provides the best solution balancing the thermal
and electromagnetic requirements.
Finally, the use of a HTS coil amongst five copper coils can potentially
imbalance the stator and cause the inverter drive to not function. It was
important to quantify the amount of imbalance to determine a method of
achieving balance. A multi-physics simulation was set-up in Comsol to
simulate the coils using FEM whilst the mutual inductances are transferred
to an electric circuit model. First, the generated e.m.f. needed to be estimated to enter a realistic value as the voltage sources. Using the rotor
fields simulated from figure 2.11 a surface integration across the area of the
stator coil was carried out to find a flux of
‹
Φ=
B · dS = 0.0024038Wb
(2.26)
while the e.m.f. is calculated according to Lenz’s law. In a 90° mechanical
rotation of the rotor the change in flux is multiplied by two so the total
flux linking a single coil is 0.00481Wb. At a nominal 300RPM shaft speed a
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Figure 2.19: Section view of stator coils on a G10 support. The two coils
either side of of the isolation vessel have a clearance of less than 4mm. The
isolation vessel is transparent to reveal the isolated superconducting coil in
the measurement chamber.

Figure 2.20: Temperature data from the simulations showing the data at
the center of the copper coil and at the boundary of the isolation vessel. A
value as close to 77K would be ideal thermally.
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Figure 2.21: A Comsol - Solidworks interface was created to create a sweep
of various aspect ratios of the copper coils to determine the option closest
to replicating a full HTS stator.

Figure 2.22: Stator field variation in the vicinity of the HTS coil. Despite
choosing the optimum aspect ratio for the copper coil the field could not
satisfy the simulation of a full HTS stator.
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quarter rotation is achieved in 0.05s leading to a voltage generation of
dΦ cos θ
(2.27)
dt
0.0048076
= 5.77V
(2.28)
e = 60 ×
0.05
per coil line. Thus each line will generate approximately 11.54V pk-pk. At
300 RPM the generator frequency is 10Hz.
The resistance of the copper coil at a 77K operating temperature needs
to be calculated to estimate the impedance of the coil. The resistivity of
copper at room temperature is 1.72×10−8 Ω · m with a temperature coefficient of 0.004041 per degree at room temperature. In liquid nitrogen the
resistivity of copper reduces to about an eighth of that at room temperature
(2.15×10−9 Ω · m). Using the average diameter, the total length of wire used
per coil is
(98.95)(60)(π ) = 18651.64mm
(2.29)
ε = −N

or 18.651 meters for which a 16AWG wire has a resistance of 0.246 ohms at
room temperature and 0.03075 ohms at liquid nitrogen temperature. The
resistive impedance of the coil due to the AC operation is estimated to be
a quarter of the inductive impedance. The total line impedance expected is
0.12 ohms. To be able to draw 30A RMS from the line at the rated voltage an
external impedance 0.15 ohm needs to be employed. As this figure is based
on several assumptions some adjustability in the load bank impedance is
required to be able to tune the load to the generator. A load bank which is
capable of being electronically controlled through LabVIEW and has a load
between 0.1 ohms to 0.2 ohms is ideal which accounts for a 66% difference
in generated voltage.
Protecting against the risk of damaging expensive HTS wire was a design priority and therefore it was decided to minimise the total length of
superconductor used in the initial experiments to just one superconducting coil in the measurement chamber. As mentioned before the remaining
coils were made using copper wire and thus have a different electrical and
physical characteristic, the impact of the latter was described above. The
electrical characteristic is equally important. Driving the 3-phase motor using an ABB ACS310 power inverter requires a balanced load within 3%.
To investigate the impact of the use of different coil specifications a multiphysics 3D FEM model was setup in Comsol to simulate the circuit of figure
2.23.
The resulting phasor diagrams are shown in figure 2.24a and 2.24b. The
difference caused by the HTS line results in an increased imaginary com50

Figure 2.23: Model of the HTS machine simulated with Comsol. The coils
were simulated as a 3D coil with different parameters whilst the remaining
components are based on electrical circuit analysis.
ponent and reduced real component due to the virtually zero voltage drop.
Due to the lack of an iron core and limited turns the current lags the voltage
by around 20◦ . V1 is the HTS voltage source whilst I1 corresponds to the
HTS line current. The remaining phasors are for the two copper lines. In
order to avoid the issue of the inverter the machine may be ran as a generator or in motor operation the load on the HTS line should be increased.
Figure 2.25 shows the effect of the imbalance is an issue.

(a) Phasors of the source voltages and
line currents

(b) Difference in the impedances of the
HTS and copper lines

Figure 2.24: Phasor diagrams showing both the V-I phasors and the loads.
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Figure 2.25: Angular plot of all three phases with a clear imbalance caused
by the HTS line. The imbalance is around 3% and would be on the edge of
the inverter specification.

2.6
2.6.1

Cryostat Design
Vacuum Vessel Design

There are three methods of heat dissipation within the cryostat through
radiation, convection and conduction. Thermal radiation due to photons,
normally in the infra-red range, create a continuous source of heat. Calculating the thermal radiation for a black body, which assumes the worst
possible radiative heat consumption, and assuming an infinitely long surface the heat load can be estimated using equation 2.30.
q = ea σTa4 − eb σTb4

(2.30)

where σ is the Stefan–Boltzmann constant. The conduction loss through
the stainless steel can is likely to be the biggest heat load into the chamber.
Also, from the point of view of operation the external freezing that would
be caused without a vacuum would create a flood in the laboratory which
is hazardous and would require a holding tank. The decision to incorporate a vacuum jacket similar to a thermos bottle was a trade-off between
cost, necessity and easy of operation. In figure 2.26, which shows the ther52

mal conductivity of air, there are three regimes of interest, above 102 torr
is the hydrodynamic regime whereby the thermal conductivity is relatively
independant of pressure. Below this level and above 10−2 is the transitional regime where the thermal conductivity is propartional to the pressure while below 10−2 there is a negligible relationship between pressure
and conductivity. During the design of the vacuum vessel it was important
to determine the correct distance between the inner and outer wall. At ambient pressures the gas heat conduction can be estimated using equation
2.31
∆T
(2.31)
d
where A is the surface area, d is the seperation distance, ∆T is the temperature difference and λ̄ is the mean average of the heat conduction coefficient if the medium is temperature senstitve. Normally a factor of cooling
is used for instances of forced cooling. At the low pressures that vacuums
are drawn to the fluid dynamics becomes more complicated, to avoid time
costly simulation there are tools engineers can use to estimate factors at
these extremes. The Knudsen flow number is used to relate the mean free
path of gas molecules to the characteristic length i.e. for a cylinder the diameter may be used. In the hydrodynamic region λ is proportional to lN
while l, the separation distance, is proportional to 1p and N, the number of
molecules, to p. Thus as mentioned before the conductivity is not related
strongly to pressure. Below the transition regime i.e. the ultra high vacuum
zone the fluid dynamics is a quantum phenomenon and degassing with
further vacuum drawing happens by chance. In 1950, Knudsen showed
the seperation distance is irrelevant to the gas conduction with equation
2.32 [56]
q = λ̄A

q̇ = Ka0 PAi ∆T

(2.32)

where K is a constant depending on the gas, A represents the surface
area, and a0 is the accommodation coefficient. This is a difficult number
to estimate and is usually approximated in lookup tables. It represents the
collision mechanics of molecules at low pressures with the walls such as
energy transfer and surface quality. Equation 2.32 means the question of
separation distance is one of pump out speed, total volume and manufacturing practicality.
Foam insulation versus a vacuum insulation costed approximately £5,000
less but was not considered practical as the thickness of the foam required
53

Figure 2.26: Variation of thermal conductivity with pressure of air [94]. Reproduced under Section 29(1) of the Copyright, Designs and Patents Act
1988.
to prevent external freezing was more than 60cm according to the simulation shown in figure 2.27. Within the simulation, the heat transfer coefficient which describes the effectiveness of heat transfer between two mediums is approximately 80. The introduction of the vacuum jacket led to a
further design issue. The movement of the inner can with respect to the
outer can, due to the vast temperature, result in high stress development
between components linking between the cryostat and ambient environment i.e. the shaft, bearings and couplings. Using a thermal contact simulation the estimated height change was approximately 1.5mm as shown
in figure 2.28. The subsequent stress developed by this movement was relieved with an Oldham coupling within the sealing compartment and the
use of a bellows ring which was welded into the inner and outer can to
allow relative movement while drawing a vacuum.
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Figure 2.27: Simulation of thermal leak with a foam insulation. Approximately 40cm thickness would be required to prevent freezing temperatures
externally.

Figure 2.28: Simulation of the relative movements of the cans due to cool
down shows a misalignment of 1.6mm
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2.6.2

Cryogen Sealing

The liquid nitrogen needs to be effectively contained within the outer can
chamber despite the shaft exiting through the inner and outer wall. The
difficulty of sealing liquid nitrogen is the extremely cold temperatures rendering traditional means of O-rings or pressurised fluid from working due
to their brittling. Some means of achieving the sealing include:
1. Ferro-fluid seals [52] [101]
2. Non-contact couplings [59]
3. Labyrinth seals [80]
4. PTFE Seals [104]
Ferrofluid seals use a magnetic fluid in conjunction with magnets placed
on the shaft and static outer casing to suspend a fluid which creates a hermetic seal. This method of sealing is used for vacuums and has been successfully tests with fluids such as water but not liquid nitrogen, many suppliers are not able to guarantee operation under these temperatures so this
option was discounted. Non-contact couplings were not feasible as the vacuum jacket increased the air gap above 10mm resulting in large expensive
magnets needing to be used. Labyrinth seals have been used to seal liquid
and work on the principle of centrifugal forces, it is another contact-less
means of sealing which depend on tiny meanders creating a thin gap for
the coolant to flow. The rotation of the shaft causes the coolant to become
static and prevent outwards flow i.e. the seal would only work whilst the
motor is running and therefore would not be effective when experiments
have stopped. Finally, PTFE seals are commonly used where metal seals
have been avoided due to weight and wear issues. Whilst the material
is widely used in cryogenics and the seals have an operating temperature
to below -150◦ C their wear and tear at temperatures significantly below
room temperature have not been investigated [99]. As it was the cheapest option, this sealing method was tested in a mock setup of the nitrogen
chamber as shown in figure 2.30a and 2.30b to test its suitability. The seal
was also tested at room temperature but the fittings were designed for cryogenic temperatures, the larger shaft therefore created increased friction and
burnt the seal shown in figure 2.29. Initial motor commissioning was to be
achieved at room temperature with copper coils to reduce the risk of damaging the superconductor but for the preservation of the seals, that cannot
be done.
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Figure 2.29: Overheating of the seal by running at room temperature causes
early failure.

(b) No leakage after fill of LN2 .

(a) Test rig for PTFE Seal.

Figure 2.30: Left: A test rig was setup to trial the PTFE seal and determine
performance, which was not available in the literature. A Drive motor is
connected to a shaft which enters a LN2 bath through contact with the seal.
Right: After running the motor at 750RPM for 2 hours there was no leakage
via the shaft feedthrough.
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2.6.3

Bearing Selection

Oil-based or traditional plain sleeve bearings cannot operate at cryogenic
temperatures and will seize as the thermal contraction exceeds the design
limits or the lubricant freezes. Many research papers focus on contactless
bearing solutions for the cryogenic environment using superconductors
but these are not commercially available and also would be cost prohibitive
[115]. The primary issue for the bearing selection in this design is the thermal contraction mismatch between the stainless steel 304L shaft and the
bearing material. Normally, at cryogenic temperatures, ceramic bearings
provide good performance due to their hardness and low friction such as
zirconium dioxide or silicon carbide. Normally ceramic bearings are coupled with a ceramic or other low thermal expansion shaft material to avoid
stress issues but the cost of machining would have been too great. The
aim was to have the bearings fit transitionally at cold temperatures without cracking during warm-up with the steel. The thermal expansion of
silicon nitride is 3.3 × 10−6 compared with 16 × 10−6 of stainless steel. The
bearing shown in figure 2.31a has a 30mm bore and a load rating of 9740
N. For bearings using less than 30% of its rated load the required minimum
interference according to the manufacturer is
r
d
× Fr
∆dF = 0.08 bore
= 3.179µm
(2.33)
B
where dbore is the bore diameter, Fr is the vertical loading and B is the inner
ring width. The maximum recommended interference is 1/1000 the outer
diameter i.e. 30µm. For a nominal shaft diameter of 30mm, an immersion
in liquid nitrogen would cause a reduction to 29.896mm, using the biggest
clearance for the cold Si3N bearing the inner diameter should be 29.89603
leading to a warm inner diameter of 29.92mm. The result is a large 80µm
interference upon warm up. The bearing was trialled before installation to
prove the selection but failed due to the thermal and mechanical shock as
shown in 2.31b.
To overcome the issue of mismatched thermal gradients, it was decided
to use plain bearings, as opposed to hydrostatic plain bearings, a graphite
impregnated metal element was used to provide lubrication to the shaft
whilst rotating. Due to the metal matrix the thermal contraction is matched
with the steel shaft whilst the graphite makes it malleable enough to form
fit the shaft and relax the dimensional tolerance requirements. Additionally
the bearing is self lubricating due to the graphite impregnation which is
shown in figure 2.32.
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(a) CCSI 6306 silicon nitride
bearing from SMB Bearings.

(b) Thermally cycling the bearing cause catastrophic failure.

Figure 2.31: Silicon nitride bearings were unsuccessfully trialled with a
stainless steel shaft. A sufficiently transitional fit at low temperatures without cracking the bearing at room temperature could not be achieved.

Figure 2.32: Graphite impregnated metal sleeve bearing. The lubrication of
the shaft via the graphite is shown as the surface wears away.
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2.6.4

Shaft Design

Completing the rotor design leads to information on the loads that are expected to be applied on the shaft. The shaft is used to transmit torque from
the rotor discs to the outside of the machine. The torque creates torsion on
the shaft, which can cause shearing and angular twisting. Additionally, the
rotor discs cause deflection of the beam which are supported by bearings.
The importance of designing the shaft to minimise deflection is down to
the longevity of the shaft components. Bearing lifetime operation can be
reduced to a third of design life if the mating point is a few degrees out
of alignment. Shaft design is generally started by understanding the loads
and supports on the shaft and an analytical design to attain an approximate
ballpark of the diameter required to keep the stresses below a given level.
Following this, simulations are carried out to verify the design using FEA.
Figure 2.33 shows the configuration of the shaft and its associated components. Firstly, the weight of the rotor discs must be found in order to
determine the force loading on the shaft. The weight of a single rotor disc
may be estimated from the design in section 2.4. NdFeB has a mass density of 7,500 kg/m3 whilst the LOSIL steel backing disc has a density of 7,650
kg/m3 . The thickness of the steel disc has been set to 35mm while the shaft
hole in the disc is 80mm. The total weight of the main components to be
installed on the shaft is approximately 100kg i.e. 50kg per rotor disc.

Figure 2.33: Sketch of shaft configuration showing the main weights and
support mechanism
The three modes of stress to consider for the shaft to determine the sizing are torsion, bending moment and the deflection. Each of thse modes
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will constrain the minimum shaft sizing required. Assuming elastic beam
theory whereby the shaft weight is negligible and small angle approximations are valid the torsional constraint can be found using equation 2.34
[13].
r
3 2T
rmin =
(2.34)
τπ
The analytical motor sizing found a torque of circa 11Nm, upon which
a safety factor of 4 is applied to obtain an approximate theoretical torque
of 40Nm, resulting in a torsionally constrained radii of 5.899mm. The shear
force diagram in figure 2.34 indicates a maximum shear force of approximately 500N. The shear strength of
√ stainless steel can be related to its shear
√
strength by a divisible factor of 2 3 i.e. a shear strength of 215×106/ 2 3 =
124MPa. Thus the minimum sizing dictated by the shear mode is:
r
80
rmin = 3
= 5.899mm
(2.35)
124 × 106 π
where T is the torque and τ is the shear strength. The shear force and
bending moment figures are calculated using the force variation along the
shaft which is related to equation 2.37.
Finally, the deflection mode of failure remains to determine the minimum sizing of the shaft. The vertical deflection of each point along the
shaft can be found by integrating the bending moment function shown in
equation 2.36 and 2.37 where x is the position along the shaft and F1 , R1
and R2 refer to the forces on the shaft, v is the vertical deflection and Im the
moment of inertia. M is the bending moment.
d2 v
M
=−
2
dx
EIm
M = F1 ( x ) − R1 ( x − 51.55) − R2 ( x − 212.55)

(2.36)
(2.37)

The double integral of the moment function is shown in equation 2.38.
The constants of integration, C & D, are found by setting the two points at
the bearings to zero and solving for the unknowns. E for stainless steel 304
is 190GPa while the second moment of area varies according to the radii as
I = π4 r4 .
¨
1
1
1
M = F1 ( x )3 − F2 ( x − 51.55)3 − R2 ( x − 212.55)3 + Cx + D (2.38)
6
6
6
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Figure 2.34: Top: Shear force distribution along the shaft. Bottom: Bending
moment along the shaft.
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The resulting shaft deflections are shown in figure 2.35, from these curves
it can be seen that the minimum shaft sizing is determined by deflection
rather than the torsional or shear force acting on the shaft.

Figure 2.35: Deflection of shaft along the varying positions. The black curve
is a radii of 0.91mm (linked to left Y axis). The red and blue curve are linked
to the right Y axis.
Using the result of figure 2.35 and differentiating the double integral the
shaft angle in relation to the bearing can be found. For the sake of bearing
longevity it is ideal to keep the angle to less than 0.1 degrees. Figure 2.36
displays the various angles that would be attained for various shaft radii.
To achieve an angle of less than 0.1 degrees a minimum shaft radii of 15mm
is required.
A final aspect to consider in the design of the shaft is the high axial force
placed upon it by the attracting rotor discs found in figure 2.4. Grooved
shoulders will be used to separate the rotors and allow a bigger isolated
measurement chamber. The shoulders need to be appropriately sized to
ensure contraction of the shaft due to thermal & magnet forces are less than
the bearing play. The radial play available in the ceramic bearings was between 5 and 20 microns. The thermal expansion coefficient of stainless steel
304 is 16×10−6 resulting in a contraction of 0.8mm while the contraction
due to the axial force is an additional 0.0025mm as shown in figure 2.37a.
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Figure 2.36: Variation of the shaft angle at the bearing points vs. the radii
of the shaft. For longevity of the bearings the angle is kept to less than 0.1
degrees.
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(a) Axial force results in 0.0025mm
shrinkage.

(b) Manufactured shaft according to
design.

Figure 2.37: The simulated shaft design on the left with the final manufactured version on the right. The contraction was an important factor
in determining the correct bearings. Additionally the final manufactured
shoulder width was determined to be a minimum of 5mm to prevent failure.

65

2.6.5

Thermal Heat Leak

In the most ideal scenario the loss measurement chamber would be adiabatic ensuring a stable zero background gas flow. In practice this is not possible to achieve but the thermal heat leak to the chamber can be minimised
to make measurements as effective as possible. The two main aspects of
heat load into the measurement chamber are from the copper power terminals and the metal skin which creates a contact path to the ambient environment, both serve as great conductors of heat. The copper terminals are
an optimisation problem in terms of minimising the heat leak. A smaller
cross sectional area may result in a lower thermal heat load due to a smaller
contact area with ambient conditions, however, the electrical resistance will
simultaneously increase resulting in a higher nitrogen boil off when current
is applied. Fourier’s law of heat flux is combined with the heat equation to
find the heat transfer relationship between ambient and the cryogenic area
as shown in equations 2.39 and 2.40.
q = −k

−

dT
dx

dq x
dT
+ g = ρC p
dx
dt

(2.39)
(2.40)

which is equal to
dT
dt
where g is the heat generated, ρ is the mass density, T is the temperature
and k is the thermal conductivity of the medium, which is 385W/mK for
copper. The equation is solved for optimisation in Comsol by setting g to
equal I 2 R, the Joule loss, and the time derivative is omitted as the steady
state is of interest only, thus equation 2.42 is solved for T.
k ∇2 T + g = ρC p

k ∇2 T = − g
2

2

k∇ T = − I R

(2.41)
(2.42)

The copper terminal is modelled as a 2D geometry as shown below in
figure 2.38. B, C and D boundaries are given Neumann conditions to represent the heat flux due to liquid nitrogen immersion. The heat transfer
W
coefficient of static liquid nitrogen is between 80 and 130 mK
but can vary
greatly depending on the temperature difference between the surface and
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Figure 2.38: Simulation set-up of copper terminal optimisation problem.
The copper bar is split into two regions, one exposed to LN2 and the other
to room temperature.

Figure 2.39: Temperature change along a copper bar simulation set up according to the conditions of figure 2.38.
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coolant, the static air room temperature coefficient is 20 W/mK [10] [53]. Figure 2.39 displays the temperature variation along the middle of the copper
terminal, there is clearly some freezing expected externally.
With the surface temperature distribution found the heat flux is calculated according to equation 2.43 where x is the path along the surface of
the terminal, L1 and L2 are the surface limits, Text is the surface temperature and Tint is 77K. Liquid nitrogen has a latent heat of vaporisation,hlatent ,
equalling approximately 199kJ/KG. The volume density of liquid nitrogen
is 0.806 L/KG, therefore the total volume may be calculated once the heat
load is known according to equation 2.44. The minimum total heat load
occurs at a radii of approximately 3mm and a heat load of 0.2W according
to the optimisation results shown by figure 2.40. At this rate of heat load
the liquid nitrogen boil-off would be approximately 0.0514 SLPM, which is
less than 2% of the Omega FMA 2710 flowmeter range.
Q=

1
h LN2

ˆ

L2

( Text − Tint )dx

(2.43)

L1

Q
(2.44)
698
where m is the litre flow and 698 represents the mass to gas volumetric
conversion for nitrogen. The large variation in h LN2 , the heat transfer coefficient, can be judged by equation 2.45 and affects the optimisation problem
[53]. A piecewise function is used in Comsol to model the variation.
m=

52 ≤ ∆T ≤ 214
h LN2
19.6 ≤ ∆T ≤ 52
0 ≤ ∆T ≤ 4
(2.45)
Another key source of heat leak into the measurement chamber is from
the stainless steel flange, which compared to copper has a much lower thermal conductivity of 16.8W/mK but has a large surface area and exposure to
the ambient environment [100]. The final design configuration from figures
2.9 and 2.10 provide the outline dimensions of the components that affect
the heat leak, primarily from items 9, 10, 27 and 29. The isolation chamber,
item 26, is also a heat load but its thermal conductivity is comparatively
much lower. Additionally the surrounding of the chamber is liquid nitrogen and therefore it is well insulated and not considered a large source
of heat load. Figure 2.41 shows the temperature variation as the flange is


125 + 0.069∆T
= 13087.8 − 723.04∆T + 13.48∆T 2 − 0.084∆T 3


21.945∆T

68

externally filled with liquid nitrogen to intercept this heat load at various
fill levels. A 100% fill clearly shows there will be external freezing which
needs to be taken into account when running experiments but is needed
since figure 2.42 shows that a 0% fill would result in a 100W+ heat load
on the measurement chamber, far in excess of the Omega FMA 2710 flow
meter range but is severely reduced for even a 50% fill level.
Combining the heat loads from figure 2.40 and 2.41 an estimate of the
maximum and minimum background flow resulting from the heat load
can be derived and therefore an estimated operating time for experiments,
which needs to be at least 10 hours to allow for data gathering and flow settling. Due to cost considerations a 10mm diameter copper power terminal
was used, assuming a 50% full flange the total heat load is approximately
4.06W. Thus, using the latent heat of vaporisation and volumetric density,
the operating time is

(10)(0.81)

199000
÷ 3600 = 109hours
4.04

which is more than sufficient. The nitrogen consumption resulting from the
heat load will be transferred to outside the measurement chamber and the
flange LN2 tank will need to be continuously topped up. Without the provision of the liquid nitrogen tank the heat load would result in an operating
time of 2.75 hours and a background flow of 42 SLPM.
Minimising external freezing is a priority in the design for two reasons.
First, there are safety issues involved with water shorting power leads or
creating puddles on the laboratory floor. Second, external freezing essentially increases the head load to the coolant. Whilst the C&I feedthroughs,
power leads and measurement chamber have been optimised the outer liquid nitrogen tank, which is vacuum insulated and houses the rotor, has an
additional heat leak via the shaft. There are several techniques used to minimise the heat load due to a shaft connecting the cryogenic environment
with ambient components. A ceramic or epoxy glass fibre material may be
used to reduce the thermal conductivity although this is expensive from
a machining point of view. Secondly, a magnetic coupling may be used
which would remove the need for a hole through the vacuum walls and reduce the shaft head load to zero [76]. However, due to the curved design of
the cryostat outer wall and the vacuum gap, the air gap would be too large
for cost effective permanent magnet couplings. Instead, many demonstration machines listed in table 1.1 have used a G10 thermal break along the
shaft to introduce a heat conduction break [81]. Essentially a ring of low
thermal conductivity material is rigidly connected to the shafts as shown
69

Figure 2.40: Variation of heat leak with different copper terminal radii. The
optimum radii is approximately 3mm.
in figure 2.43. The outer nitrogen tank is not as important in terms of liquid
nitrogen conservation as it can be continuously topped up with a permanent connection to the LN2 fill point. What is important is to avoid freezing
on the outside. Using G10 with a thermal conductivity of 0.3W/mK, a hollow
tube was used instead of a block or pegs to increase the strength while reducing the contact area. Figure 2.44 shows the correct sizing required of the
G10 break with a 50mm outer diameter and 30mm inner diameter tube of
30mm length. Whilst the thermal constraint is satisfied the tube needs to be
able to mechanically deal with the torque as there is a trade-off between the
shell thickness, i.e. the strength, and its resistance to thermal conduction.
Keeping below 30% of the yield strength of G10, which is approximately
60MPa, requires a shell thickness of above 3mm as shown in figure 2.45.
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Figure 2.41: Top: 0% LN2 fill, Middle: 50% LN2 fill and Bottom 100% fill.
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Figure 2.42: The total heat load due to liquid nitrogen filling in the flange.
Without the flange recess and liquid nitrogen there would be excessive heat
load that would require an expensive flow meter with a big range and
lower accuracy.

Figure 2.43: G10 thermal break concept. G10 pegs are used to minimise
thermal contact between the two metal shafts [81]. Reproduced under Section 29(1) of the Copyright, Designs and Patents Act 1988.
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Figure 2.44: The hollow G10 tube acts as a thermal break between the ambient and cryogenic environment shafts. The outer shaft temperature is
292K.

Figure 2.45: A shell thickness of minimum 3mm was chosen to limit the
stresses on the critical thermal break component.
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2.6.6

Isolated Measurement Chamber

As previously mentioned in section 1.3.3 it is important to maintain as close
to an adiabatic environment as possible to maximise accuracy and resolution of the A.C. loss measurement. Three design points have the potential
to affect the background flow, namely; these are the heat leak from the room
temperature environment into the chamber through conduction, radiation
and convection, potential eddy current losses in the isolation barrier and
leakage between the measurement chamber and outer chamber. The eddy
current aspect can be mitigated by using a material for the barrier that is
non-conductive. Whilst this seemed like a trivial decision, in actuality, the
unique shape of the isolation vessel and operating temperature made it
more challenging. The cryogenic temperature limits the use of materials to
those such as metals, reinforced plastics, resins or specially treated glass.
Ideally the vessel would be made from one piece to prevent the leakage
issue but due to the depth of the hole required it would be difficult to mill,
also glass-blowing was not an option as the rectangular shape and precision required were too stringent. In order to test the effectiveness of the
sealing between the measurement chamber and the isolation vessel a small
scale mock-up of the technique was manufactured as shown in figure 2.46
and the test set up is shown in figure 2.47.
A heater was placed underneath the glass vessel to produce more bubbles and replicate the operating environment. Two sets of experiments
were conducted to determine the effectiveness of the sealing technique.
Once with the glass vessel in place and once without. Figure 2.48 shows
the results of both of these tests. It shows that when the glass plate was absent the nitrogen was free to flow through the meter, the negative flow rate
was due to opposite connection of the terminals. At 0 seconds when the liquid nitrogen was first poured in a large flow rate occurs, the slow decrease
in the flow marked by ’A’ is due to the lower thermal gradient between
the metal chamber and the liquid nitrogen reducing the overall boil-off. ’C’
shows the point where the flow-meter was briefly manually blocked off.
’B’ shows the various points where the heater was turned on with varying
powers and duration. It is clear that nitrogen gas flows through the meter
as expected. On the other hand the black curve shows the equivalent flow
rate but with the sealing technique in place. The same procedure was followed and the heater was used to generate more bubbles but no leak can
be detected by the flow-meter.
The success of the sealing technique meant it would not be necessary to
use a physically bonded method which would make modifying the cryostat
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Figure 2.46: Small scale version of sealing technique used for the loss measurement platform. A compression is applied to the glass face which sits on
a metal lip greased with apiezon N. An indium seal is used on the external
flange to prevent liquid nitrogen or gas ingress.

Figure 2.47: The test of the sealing integrity of the selected method. A
heater was placed underneath the glass to produce more nitrogen bubbles.
The liquid nitrogen level was taken above the flange to ensure the leaktightness of the indium seal. Before entering the flow-meter the piping was
taken through a heat exchanger to bring the gas to room temperature.
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difficult. The repeatability of the sealing was key to achieve the objectives
of the measurement platform. The material selection of the isolation vessel
was the next aspect to consider. According to Weisend and based on several case studies, generally the following materials are suitable at cryogenic
temperatures [114]:
• Austenitic stainless steels
• Aluminium Alloys
• Copper
• Brass
• Fibre reinforces plastics (G-10, G-11)
• Invar
• Indium
• Kapton/Mylar
• Quarts
Of the materials above Quartz and fibre reinforced plastics are the only
options that do not lend to eddy current losses. The primary objective of
making the item from one piece was not possible with quartz as it would
need to be blown into the shape shown in figure 2.49b, instead; a trial was
undertaken to bond the glass with adhesive which cracked due to the thermal gradient. Machining the piece from G10 was also not possible as it is
an extremely abrasive material and the dust produced during machining
is hazardous, this was a particular problem as the milling depth required
was above 150mm. Also, sourcing the appropriate block of G10 is not easy
as it is usually woven into fixed standard dimensions of rods or tubes. Instead, it was decided to trial an assembly of tufnol, a cotton reinforced fibre
plastic, with similar properties to G-10 but higher moisture absorption and
thermal expansion. The vessel would need to undergo fitness for purpose
testing in the final machine. Previously, two G10 blocks bonded together
with resin had shown to cause liquid nitrogen leaking through the crack of
the resin. The new vessel was designed to minimise the number of joints
to two as shown in figure 2.49a and had dovetail joints to maximise resin
surface area. Two coatings were applied across the joints.
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Figure 2.48: Comparison of flow rates between the glass sealing method
and no seal proving the effectiveness of the new method to create a hermetic glass to metal seal for calorimetric measurements.

(a) Exploded view of the isolation
vessel

(b) The assembly was completed
with resin and two joints

Figure 2.49: CAD model of the isolation chamber made using tufnol. The
part is item number 26 in table 2.1.
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2.7

Manufacturing Process

The final design described in section 2.3 had several manufacturing challenges. The most challenging was the manufacture of the rotor assembly.
The simulation of the rotor field from section 2.4, figure 2.17, shows each
magnet has a pull force of up to 230kg. A significant challenge was safely
bringing the four 100mm NdFeB magnets towards the steel backing disc.
Several approaches used in industry and literature are the use of casings
or bores to be able to get a grip on the magnet, however; the shape of our
magnets would not allow these techniques and would also reduce or disturb the rotor field waveform [32] [23]. Instead, a method was investigated
using resin to bury the magnets into a suitably roughened hole. A smaller
50mm magnet was first tested with a pull force of 70 kg using a wooden
housing shown in figure 2.50a and 2.50b.

(a) 50 mm NdFeB magnet buried
with resin in a 30mm deep wooden
bore

(b) N-S 50mm magnet were placed
together in a controlled manner

Figure 2.50: Test procedure to verify the manufacturing technique to assemble iron backing plate onto the rotor disc
Boring out a piece wood naturally creates a rough surface and is a good
bonding surface, however; wood cannot be used in liquid nitrogen due to
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thermal contraction issues but also its weakness and warping due to moisture absorption. G10-FR4 on the other hand has a tensile strength comparable to metals and virtually zero moisture absorption. The equivalent
G10-FR4 machined bores are smooth and required roughing up to create
an ideal bonding surface shown in figure 2.51a and figure 2.51b.

(a) Four 101mm bores in the G10
housing for the magnets.

(b) Thin walls were machined to
maintain a tight airgap.

Figure 2.51: The magnets were buried into G10-FR4 using the same resin
technique shown in figure 2.50a.
After each magnet was resined into the bore a wooden cover was bolted
on to prevent the magnet from lifting out. The counter-bore in figure 2.51b
is to allow the minimisation of the airgap by letting the surface of the rotor
disc sit flush with the shoulders on the shaft.
Once the magnets were bedded into the G10 and the resin had set it
was possible to assemble the steel backing disc to sit flush with the surface of the magnet and concentrate the flux. The difficulty in this task was
the necessity for central alignment and preventing the magnets from flying out in case the resin failed. An overhead crane was used to help lower
the steel disc onto the rotor whilst it was held down on a 500kg table with
clamps. The iron backing disc was supported with a cross made by sandwiching aluminium between two sheets of copper as shown in figure 2.52a
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and 2.52b. Copper has a low coefficient of friction and so would be more
inclined to be pulled out once the steel disc was in place. The cross was
greased with WD-40 and oil. Aluminium was used to provide the structural integrity of the cross and prevent deformation during lowering. Four
locating pieces were clamped around the perimeter of the rotor disc to aid
with the accurate locating of the steel disc and a further layer of resin was
used to hold the disc in place, this also helped ensure a non-corrosive environment for the magnets. In the interest of minimising the air gap the bore
on the G10 housing needed to be as thin as possible. Figure 2.53b shows
the installation of the completed rotor discs onto the shaft. To keep costs
down the G10 was used only for the structurally important part whilst nylon (white part) was used to finish the housing. Figure 2.53a shows several
washers located around the periphery of the nylon housing which were
used to balance the rotor to a G-3 specification.
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(a)

(b)

Figure 2.52: (a) The iron backing disc supported with aluminium bars sandwiched with copper sheets was slowly lowered onto the magnets with the
use of an overhead crane. (b) The iron disc placed on the surface of the
magnets to concentrate the flux. A small layer of resin was used to ensure
the iron disc would not move during rotation. The peripheral space available on the G10 was used to locate the iron.
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(a) The first rotor was placed and
bolted onto one of the shaft shoulders. A large steel plate was used
to hold the shaft down before moving the second rotor disc into position with the overhead crane.

(b) Assembly of the second rotor disc
in a controlled manner. The washers
on the periphery were used to balance to G-3 spec.

Figure 2.53: Two stages of completing the high risk rotor assemblies onto
the shaft.
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2.8 Motor Test Rig Setup
Figure 2.54 shows the laboratory set-up of the superconducting machine along with the system components.
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Figure 2.54: Installation of superconducting motor onto the test bed. A Universal joint is used to connect a D.C. drive to the motor. LabVIEW
software is used with DAQ hardware to measure data. A resistive load bank is used to dissipate the power produced by the superconducting
windings.

Chapter 3

Calorimetric Calibration &
Motor Commissioning
The final machine was manufactured in early 2018 and delivered in March
2018. The machine had passed the test plan incorporating the sealing and
bearing tests along with thermal tests to ensure the shaft would not freeze.
Helium leak testing was completed to ensure the loss measurement chamber environment was leak-tight. The vacuum was drawn to 10−3 and was
secured with a vacuum valve. Before being able to use the measurement
platform it was necessary to test the calorimetric system and ensure it can
be successfully calibrated and provide repeatable results. Additionally,
characteristics of the machine such as OCV needed to be identified in order
to safely test the HTS and the external circuitry connecting the high voltage
system to the low voltage signal connections. Chapter 3 therefore serves as
the stepping stone between the design and final results by providing important system information and verification of the design. The following
items are discussed in more detail:
1. Generator setup on test rig
2. Thermal cool down and warming
3. Flowmeter calibration & background flow effects
4. Speed measurement
5. Rotor field measurement
6. Open circuit characteristic of isolated coil
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3.1

Generator Setup

The manufactured cryostat was coupled with a D.C. drive and for commissioning the HTS machine was used to generate electricity and avoid
programming an inverter and dealing with imbalance issues. The first step
was to confirm the cool-down times and volume of liquid nitrogen required
to operate the machine along with the amount of operating time this would
provide. Four PT100’s were used as level sensors in a 4-wire configuration
for level sensing.

3.2

Cool Down & Warm up Procedure

The cool down and warm up procedure for the machine is important to
maintain its reliability and longevity. The machine is designed for operation at cryogenic temperatures at which point the bearings are in optimum
environmental conditions and the shaft aligns with the seals concentrically.
Additionally, the method of filling the cryostat is also important. The ambient air in the cryostat has the potential to freeze within the cryostat, if
this occurs within a crevice at a weld point the expansion of the moisture
can cause cracking over time. Therefore, to avoid this issue a gland was
inserted through the fill point at the beginning of filling to allow the nitrogen gas to push the air out. After the gland is removed and the LN2
hosing is connected to the cryostat. The prevention of ice build up at the
bottom of the cryostat allows experiments to be repeated faster as warming
up does not take as long. Due to the heat sensitivity of the magnets no significant external heat was applied during the warm up process other than
occasional warm air to encourage the melting of icing within the vacuum
vessel.
Figure 3.1 displays the readings from the PT100 level sensors and demonstrates that the total time to cool down the cryostat is approximately two
hours. The inner low and high level sensor are situated within the loss
measurement chamber while the two outer low and high sensors are in the
external chamber. The locations are shown in figure 2.10. The lower level
sensors are the most important as they indicate the level at which the measurement chamber becomes exposed to temperatures higher than 77K.
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Figure 3.1: Cool-down time to operate the machine. The dashed line shows
the temperature of liquid nitrogen.
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3.3

Flowmeter Calibration

An Omega FMA 2710 liquid nitrogen flow meter had been designed to be
used to measure the flow rate of the gas boil off within the loss measurement chamber. Liquid nitrogen expands to approximately 680 times its
liquid state volume when transitioning to a gas and therefore the measurement system is extremely sensitive to local pressure variations, temperature gradients and even vibration or movement of the piping. Initially a
nylon push fit with a PVC hose end was designed for use as this would
have allowed flexible piping into the flow meter and a warm water bath to
bring the temperature up to 20 degrees Celsius i.e. the value for which the
flow meter is calibrated. However, on the first cool down it was found the
the thermal conduction from the metal gland froze the plastic part rendering it impossible to get a tight fit. A rigid copper piping with compression
fittings was then decided to be used with a 1/2" diameter piping reduced
to 1/4" just before the flow-meter to prevent pressure build up. Instead
of using a heat exchanger the copper pipe was made longer to ensure the
gas would warm up as copper is an excellent thermal conductor. The icing on the pipe seemed to indicate the gas flow at the flow meter was at
a suitable temperature as there was no icing that was seen when the gas
flow was high. Compared with previous calorimetric setups this design
is more complex due to the rotor and stator placement directly beside the
loss measurement chamber [43] [123] [113]. The stator coils may produce
heat which will cause bubbles to impinge on the tufnol vessel resulting in
heat transfer as discussed in the design stage, section 2.5. Additionally, the
spinning of the shaft will cause the rotor discs to create a continual flow
of liquid nitrogen around the vessel; this was not considered at the design
phase and realised as an issue during the manufacture. In order to isolate
these individual contributions towards a possible unstable flow rate and
assess the stability of each disturbance the calibration was initially completed separately for the rotor, stator and heater, which replicated the HTS
heating.

3.3.1

Heater Power Calibration

In theory for the measurement to work the vessel must be adiabatic and
have zero background flow. However, due to several unavoidable heat
leaks i.e. copper terminals, radiation and conduction there is always some
amount of residual thermal penetration that will result in a non-zero back87

ground flowrate at the meter as expected. During the first few experiments
it was noticed the flange was a big heat leak into the measurement chamber and once both the outer chambers and the external tank were filled up
a background flow of 3.5 SLPM was observed. Over several hours this continually dropped at a slow rate and was still dropping below 1.3 SLPM by
the time the 355L liquid nitrogen capacity had been depleted as shown in
figure 3.6. The heat load calculations from section 2.6.5, figure 2.42, estimated a heat load 4.06W implying a minimum back ground flow of 1.05
SLPM indicating the measurement chamber was close to its steady state.
Figure 3.2 shows the effect the flange has on the measurement chamber.
The unfrozen half of the flange proves there is a heat leak that is too great
to be intercepted by the liquid nitrogen within a few hours. The first calibration was completed whilst the background flow was still dropping as
liquid nitrogen stores were not sufficient. The gradient of background flow
with time is taken into account during the calibration. The background
flow immediately after turning the heater off is used in comparison with
the flow rate immediately before turning the heater power off.

Figure 3.2: The thick flange made of stainless steel required a long time to
cool down to thermal equilibrium.
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The first part of the calibration to be completed was the heater power
vs. flow rate. As the gas flows through the copper piping it may be subject
to friction which would lower the reading at the meter, additionally; flow
meter uncertainties and temperature calibrations may lead to offset errors.
Applying a known value of power in the form of heat inside the chamber
will allow the loss measurement flow rate to be calibrated to the flow meter
and remove the potential errors described. An A1 kanthal resistance wire
of 5.4 ohms was used as a heater and connected to a DC power supply.
Kanthal was chosen as it has a relatively flat resistance coefficient of temperature as opposed to the more widely available tungsten filaments. The
stability of Kanthal is shown in figure 3.3. The kanthal sample was cycled
up to 35 Watts at room temperature to verify the stability of the heater. Due
to the drop in voltage that occurs in the leads of the heater supply a pair
of voltage taps were applied directly across the heater to accurately measure the heat load being deposited in the loss measurement chamber. To
ensure a gas tight connection and therefore no leaks in the measurement
chamber, it was necessary to compare the flow meter reading vs. various
powers to the latent heat vaporisation of liquid nitrogen, which is 0.257
W/SPLM. Figure 3.4 shows the flow being recorded over a period of 2.5
hours. Several stages of heat power was applied via the gas-tight Detronics
feedthrough and the difference in flow was recorded and plotted against
the corresponding power as shown by figure 3.5. The graph proves there
was no leak in the system and the loss can be accurately measured as the
difference between the theoretical and measured latent heat flow is within
7%. The difference is likely caused by the length of the piping and flowmeter offsets.
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Figure 3.3: Stability of kanthal resistance. It was important to ensure flow
meter measurements occurs at steady state heater powers rather than having to settle according to a time constant.

Figure 3.4: Flowrate of liquid nitrogen boil-off during the heater calibration
process.
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Figure 3.5: Plot of the flow rate induced by various heating powers applied
to the Kanthal wire. The gradient of 0.2401 SLPM/W is within 7% of the
latent heat flow of liquid nitrogen.
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3.3.2

Rotor Speed Calibration

An aspect not covered in the design phase was the affect the rotor would
have on the heat load of the measurement chamber. The faces of the rotor
discs are less than 3.5mm away from the isolation vessel and the resulting
fluid flow caused a significant heat load. Figure 3.6 shows running the
motor at 300RPM can induce a flow of 3.2 SLPM. The effect of this could be
mitigated with the use of a double wall isolation vessel which has openings
for LN2 to flow in from the top, although machining this is not a trivial
task. Due to the abrasiveness and dangerous particulates of machining G10 or tufnol it could not be produced in the University workshop. It has
been shown that the effect of the rotor speed on the resulting flow is not a
predictable event and thus it cannot be calibrated out as it depends on the
nitrogen level in the outer tank which is continually changing. Ideally the
rotor would be run with the measurement chamber empty to determine
the induced flow allowing both magnetisation and self-field losses to be
measured separately and together. Due to the need to calibrate the induced
flow to the speed before all measurements, the magnetisation loss would be
calibrated out and thus without a new isolation vessel it was only possible
to measure the transport A.C. losses.

Figure 3.6: Flowrate of liquid nitrogen boil-off during the rotor calibration
process. There was an uncertainty of approximately ± 0.13 SLPM.
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It can also be noted from figure 3.6 that after the initial cool-down it
takes more than a further 1.5 hours to get the background flow to reach
its designed background flow level. The estimated heat load induced was
approximated in the design phase as 4.06W which corresponds to a flow
rate of 1.04 SLPM.

3.3.3

Stator Calibration

Figure 2.19 showed the tight constraints on the space available to be able to
isolate the HTS coil. The closeness of the copper coils to the measurement
chamber mean it is possible when rated current flows through the stator
windings; heat could impact the flow rate. In section 2.5 it was shown the
design of the stator had taken this aspect into consideration and care was
taken to minimise its impact. Nonetheless, the stator calibration step is necessary to ascertain any effects it may have on the accuracy of the results.
Before carrying out the tests in the cryostat a PT100 was attached outside
to the surface of the copper coil as shown in figure 3.7a and a current was
applied to determine any obvious issues. Figure 3.8 shows there was no
noticeable increase in the temperature on the surface, a more detailed look
into the curve displayed a small temperature increase of 0.5K. When current is applied there is a small duration of time before it settles, this is due
to the resistance of the coil changing due to the heat generation and for the
thermal equilibrium to be reached.
Figure 3.9a shows several stator current levels were applied to determine the flow caused. For the rated current of 20A, figure 3.9b shows there
there is a flow of 0.06 SLPM caused inside the measurement chamber which
equated to a +0.2W standard error which will take into account all other
levels of current. At maximum flow the percentage error is +0.5%. This
error can be removed once the copper coils are substituted with HTS coils
as there will be an increased clearance.
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(a) PT100 attached to surface of
copper coil.

(b) Bubbles of N2 gas when current is applied.

Figure 3.7: A copper coil was tested outside of the machine before detailed
testing to identify any obvious potential issue.

Figure 3.8: Coil surface temperature data.
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(a)

(b)

Figure 3.9: (a) Stator calibration results. Various currents were applied to
the two coils adjacent to the measurement chamber (b) Close up of (a) between 1800s and 2400s.
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3.3.4

Copper Terminal Calibration

The rated current of the stator windings was designed at 20A RMS and thus
in a balanced operation the HTS would be expected to carry the current.
Another source of heat load into the measurement chamber are the two
copper current terminals. The impact of the heat source was determined by
shorting the two current terminals inside the measurement chamber with a
short piece of HTS and applying a D.C. current following cool down. Figure 3.10 shows the effect the terminals have on the flow rate. It may be
seen that a large current of 100A creates a large flow of liquid nitrogen, the
right figure displays the corresponding power. For the different current
levels applied the contact resistance was calculated to ensure the measurements were logical. The figure on the right can be used to find a consistent
contact resistance of approximately 0.00033 Ohms. The contact resistance
varied depending on the type of coil used as the soldering technique was
different. For the DPC, contact resistance was found to be negligible. In the
measurements the flow rate is calibrated to take the terminal power load
into account.

Figure 3.10: Current terminal induced background flow calibration. A consistent boil-off corresponding to a contact resistance of 0.00033 Ohms was
found.
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3.4

Speed Measurement

The HTS machine is coupled to the D.C. drive with a double cardan or
universal joint. There was more misalignment than usually permitted for
rigid coupling or semi-flexible coupling and this could not be adjusted adequately enough before testing. The double cardan joint was a component
freely available and the design of the machine was therefore based on this
coupling. It permits the cancellation of sinusoidal speed variations that is
the case with normal Hooke joints [3].
In order to measure the speed, a small rectangular N52 NdFeB magnet was placed on the input shaft whilst a TSH 481 hall effect sensor was
placed on the stand in close proximity to the magnet. The peaks in the output voltage from the hall sensor were acquired with the NI cDAQ system.
A program was written to sample data at 300Hz, well above Shannon’s
minimum sampling rate theorem. A threshold detector set at 4.195V was
used to count the number of peaks and this was translated into an RPM
value. The program was verified with the manual processing of the signal
shown in fig 3.11 and with the use of a non contact laser tachometer.

Figure 3.11: Tachometer voltage output.
The no-load speed of the D.C. machine was chosen to test the tachometer. It was uncoupled to prevent untimely wear and tear of the machine as
it was not cooled down. The speed of the D.C. machine is directly propor97

tional to the armature voltage. At several stages of the test the armature
voltage was varied between 5V and 20V, each voltage change is indicated
by the change in amplitude and frequency of the measured signal and are
marked on figure 3.11. The maximum measurable speed is limited by the
hall effect sensor’s maximum switching frequency and rise time. As the
speed is increased the voltage peaks drop away.
Table 3.1: Speed table generated from the speed measurement method and
tested accurate with a laser gun.
Armature Voltage (V)
5
7.5
10
12.5
15
17.5
20

Peak Voltage Change
1.53
0.82
0.62
0.42
0.32
0.27
0.245

Measured RPM
30.45
55.2
80.6
100.5
126.5
150
177

Table 3.1 shows the detectable voltage change which sets the NI program threshold value and the associated RPM. The no load speed characteristic of the D.C. drive is shown in figure 3.12, the speed gradient is 9.6
RPM/V. The intercept shows there is clearly an error in this method of measuring the speed of ± 20 RPM which is a 4% error at rated speed. The laser
tachometer was also used to verify these results.
To maximise the operating speed of the rotor it was balanced to a G3
specification with the use of additional washer weights on the periphery
which may be seen in figure 2.53b. Despite this the rotor could not be sped
to above 500 RPM as the flooding of the outer chamber with liquid nitrogen
resulted in a high drag and rotor induced flow in the loss measurement
chamber. Thus, the speed commissioning of the motor resulted in a rated
speed of 500 RPM, 1000 less than the design speed.
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Figure 3.12: Tachometer Voltage Output

3.5

Rotor Field Measurement

During the manufacturing of the rotor, described in section 2.7, there was
some heating around the magnets to remove some epoxy resin, which may
have partially demagnetised them. Additionally, during the first installation tests, external heaters were directed into the cryostat to speed the process and it was later found the surface temperature of the rotor discs had
reached 50°C which is a sixth of their Curie temperatures. For these reasons and to compare the manufactured rotor field to the simulated equivalent, the fields were measured as a function of the rotor radii. An Arepoc
HHP-NP hall sensor capable of being used at cryogenic temperatures with
a sensitivity of 83.1mV/T and error of less than 1.2% was employed for this
purpose. The hall sensor was placed along different radii along the rotor
field. The inner, mid and outer radii measurements are shown in figure
3.13.
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Figure 3.13: Measured rotor field using a hall sensor agrees generally well
with the designed rotor. An improved peak strength is noted in the built rotor which is attributed to the slightly higher magnetisation of the magnets
compared with the simulation according to the manufacturer B-H curve.
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3.6

Open Circuit Characteristic

Since the HTS is ceramic it is very easily damaged mechanically. Preparing
the samples takes several days and it was important to avoid over powering the samples. A step in achieving this was to determine the open circuit characteristic of the HTS coil within the machine. The first time this
experiment was run a copper coil substitute was placed in the loss measurement chamber. Both the HTS coil and the copper coil were wound to
as similar parameters as possible such as inductance and total overall size
although it was unavoidable to have a larger equivalent copper coil as seen
in figure 3.14. The thicker copper coil was exposed to a greater magnetic
field than the HTS coils would be and so its generated voltage would be
greater. However, this serves as an overestimate for the voltage that will
be generated in the HTS coil and therefore allows a safer operation of the
superconducting machine. The D.C. field winding was energised with full
excitation at 340V and 0.6A. The armature voltage was varied between 5
and 92.5V which correspond to a speed between 0 and 300RPM.
Only one coil was connected to the DAQ system so the generated voltage will be approximately double of the measured value. Both coils were
not connected as the DAQ system could only measure between -10V and
+10V. Figure 3.15 shows the voltage waveform induced within the copper
coil for three different speeds. Clearly there are harmonics in the waveform
affecting the peak quality, this is due to the rotor field having a momentary
decrease in its B-field resulting in less flux linkage.
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Figure 3.14: Copper coil substitute to determine open circuit characteristic
of generator. Nylon bolts weres used to prevent magnetic shorting.
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Figure 3.15: Generated voltage waveform at different speeds. Double peak
is due to harmonics existing within the rotor field. The maximum measurable voltage with the DAQ system was ±10V, for higher generated volage
the OCC curve shown in figure 3.16 was used.

Figure 3.16: OCC curve showing a speed constant of 0.02957. It is expected
to be slightly lower in the case of a HTS coil.
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Chapter 4

Measuring A.C. Losses of 2G
HTS Coils
Following the successful calibration of the measurement chamber and commissioning of the test platform, it was possible to consider measuring the
A.C. loss of superconducting coils within a motor environment. The purpose of building the loss measurement platform was to enable the testing
of various superconducting technologies and to characterise their performance in a machine environment. Whilst there are several techniques that
can be explored there are two that have been shown in self-field and external fields to reduce A.C. losses by between 10% and 30%, namely striated CCs (Coated Conductors) and Roebel cables. In this chapter the loss
of both is explored and compared with a standard way of manufacturing a
HTS coil. An electrical method is used to measure the losses for the striated
coil as the machine had not been manufactured whilst the Roebel cable coil
is tested inside the motor loss measurement platform. The results of the
loss measurement are capped by the maximum LN2 capacity of 355L. 265L
were used to cool down the cryostat to become operational and thus only
90L remained to run the experiments. Due to the rotor running in liquid nitrogen the outer tank required frequent filling along with the outer flange
which was directly exposed to the ambient temperature. However, this
chapter serves to show the novel results that can be gained from the loss
measurement platform developed and that it is operationally sound along
with new results for the superconducting community to consider.
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4.1

Preparation of 2G HTS Coil

20m of 2G HTS Superpower tape with a minimum Ic of 118A was prepared
for testing. The critical current was first measured using an 8V, 180A TDK
Lambda DC current supply with data acquisition completed using the National Instrument platform. The tape was supplied naked i.e. no insulation
and therefore needed some electrical isolation to prevent turn to turn current sharing. Additionally, the insulation protects the HTS from oxidation
caused by oils and dirt in the environment. Normally manufacturers can
supply coils with kapton tape wrap insulation but this is not ideal as, were
the coils to be epoxy resined, it has been shown the gaps caused by the
method of insulation allows resin to bind to the HTS and exert mechanical stress, thereby causing a critical current degradation [123]. Instead, a
special heat shrink tube with an extremely thin wall thickness of 0.0127mm
was used to provide overlapping insulation. Each meter of the tape was
individually insulated with a temperature below 200 degrees Celsius and
took one week to complete.
First a 15cm sample of the tape was tested but it failed and burnt out
due to incorrect setup with the DAQ cards, thus a lower voltage was being
displayed than occuring. A second 15cm was loaded onto the test plate
with voltage taps placed apart by 9cm as shown in figure 4.1. The accepted
critical criterion within the research community of 1µV/cm was used to
determine the critical current. Three tests were run to ensure repeatability
but also to prevent a burnout each test was run to a progressively higher
voltage. The resulting Ic was measured at 128A as shown in figure 4.2.
Once wound as a coil the Ic will deteriorate due to the self-field but also the
bending radii which increases the stress.

Figure 4.1: Sample holder for Ic test. Voltage taps are spaced 9.5cm apart.

105

It is well known that HTS, being a ceramic material, is very fragile and
prone to damage with either too much heat or mechanical stress. Therefore, whilst soldering the temperature should be kept below 200 °C and
care must be taken not to bend the tape beyond a radii of 20mm. A double pancake coil requires a HTS sample to be split onto two spools and the
winding to commence from the middle of the length. The double pancake
can be made either by traversing the inner most turn to span across two
layers or halving the tape and making an electrical connection with the use
of a 12mm strip of HTS on the inner radii. The latter introduces a solder resistance which may affect the tape and the loss measurements and thus was
not selected [54]. The complicated winding compounded with the fragility
of the tape required the design and manufacture of a winding apparatus
that would be able to support both spools and accommodate winding without risking any stresses. The design and subsequently manufactured apparatus is shown in figure 4.3a and 4.3b, which allows two spools to be suspended with one moving relative to the other in a controlled manner. The
purpose of this work was to gain experience in handling the HTS material and winding a coil. The first coil manufactured did have considerable
damage but the process was improved, such as soldering technique, and
the subsequent coils performed well.

Figure 4.2: Ic curve of Superpower sample shown in figure 4.1 showing a
critical current of 128A.
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(a)

(b)

Figure 4.3: (a) CAD Model of the winding apparatus (b) The apparatus
was manufactured using plywood laser cut into several sections and then
glued together with araldite. A slotted pin was used to provide constrained
rotation of one spool.
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4.2

Striated Superconductor Loss Measurement

It has been shown in section 1.2 that the A.C. loss is proportional to the
width of the superconducting tape. A method of lowering the A.C. loss is
to reduce the width of the tape 4.2.
The electric method described in section 1.3.3 was used to measure the
total A.C. loss of a novel striated 2.65m sample of Superpower tape which
was compared with a standard manufacture Superpower tape for various
frequencies. The details and pictures of the coil are shown below in figure
4.5 whilst the two Ic curves for the coils are displyed in figure 4.4.

Figure 4.4: Ic curve comparison of striated coil sample and standard Superpower tape. A reduction of 8.5% is apparent due to the scribing of
superconducting material.
The reduction of Ic is the trade-off in this manner of reducing the A.C.
losses due to less superconducting material remaining after the etching
process, therefore; the application is important in justifying the lower A.C.
loss. Generally, due to the thermodynamic penalty of cooling, the reductions in Ic of most A.C. loss reduction techniques is acceptable. The two
coils had their total self-field A.C. losses measured at frequencies of 70,
120, 170, 220 & 300Hz to identify accuracy in the measurement set-up. Figure 4.6a displays that for currents above 25A peak, the results agree within
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Figure 4.5: Two coils manufactured with striated coil on the left and standard reference coil on the right.
7%, generally it was noted that the errors were larger (above 10%) for lower
currents and these were not used in the analysis. It is expected the source
of error is due the larger percentage noise would make up of the signal. In
terms of total A.C. losses the multi-filament wire actually had a higher loss;
which was not expected. Superpower used a new chemical etching process
to achieve striation which may have increased the amount of coupling and
’superconducting bridges’ that would nullify the major benefits of isolating the superconducting material. However, when taking into account the
normalised current, due to the difference in Ic , figure 4.6b reflects there is
an overall reduction in A.C. loss for the multi-filament tape. The average
percentage difference as shown by the error bar is around 20%. It must
however be remembered this difference must be offset against the need to
incorporate a larger turn number for the windings to account for the 8.5%
drop in Ic which would result in an increase in the length of wire needed
reducing the net benefit of A.C. loss reduction in terms of equivalent ampturns to around 11%.
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(a) Log plot of loss vs. peak current

(b) Log plot of loss vs. normalised current

Figure 4.6: Error bars of 7% on plot (a) show the accuracy of the measured
data across a wide frequency range. Higher frequencies could not be measured due to the high inductive component and limitations of the power
supply. The graph on the right has plus error bars of 20% to illustrate the
difference.

4.3
4.3.1

Calorimetric Measurements
DPC Measurement

The first loss measurement attempt with the newly developed test rig was
undertaken with a standard DPC with a transposed inner turn to avoid a
resistive contact. The details of the coil are listen in table 4.1 with figure 4.8
showing the setup of the coil in the isolation chamber. A kanthal resistive
wire was place in the centre of the coil to mimic the boil-off from the coil as
close as possible. Two voltage taps were placed 1cm away from the copper
terminals to measure the critical current. Figure 4.7 shows the Ic curves
of the coil in both self-field condition outside the rotor environment and
inside the machine. The self-field Ic of 76A and subsequent degradation
to 55A show that the actual maximum current achievable will be similar
to that used in the analytical design. Attempts were made to measure the
critical current at several rotor positions but this could not be completed
due to a drawback on the machine setup. The lack of a mechanism to brake
the shaft results in a Lorentz force causing a movement of the shaft, thus
the rotor misaligns itself and the voltage measured spikes above the 1µV/cm
criterion (seen by the purple curve). The shaft was manually held steady
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with the use of a crowbar against a support which improved the result but
the most minute movement terminated the measurements. Thus, the safest
current to run the coil was found to be 30A peak but this would likely not
be the maximum the coil can handle.
Table 4.1: Description of manufactured DPC coil
Coil Parameter
Straight Sample Ic
Self-field AT
Coil ID & OD
Coil Length
Turns
HTS Type
Insulation

Value
140A
1900
95mm & 99.77mm
25m
38
Superpower SCS4050-AP
Heat Shrink

Figure 4.7: Various Ic of the 25m DPC. Self-Field Ic is 76A whilst the 0deg
in-field Ic is degraded by 27% to 55.5A. It was not possible to measure the
weakest in-field Ic .
It can be seen from figure 4.9 a calibration process was undertaken before measuring the loss results. This was the case for every loss measurement undertaken with the platform. There is clearly a drift in the back111

Figure 4.8: Setup of coil inside the measurement chamber before closing
the cryostat. The heater location and voltage taps along with current leads
can be seen.
ground flow, over a period of 4500s the background flow increased from 2.1
to 2.8 signaling a drift of 0.0093SLPM/minute which was taken into account.
After the calibration the rotor was driven to the speed relating to the required electrical frequency, in this case 300 RPM resulting in a 10Hz signal.
As mentioned previously, due to the unpredictable flow rate induced by
the movement of the rotor around the isolation vessel it was not possible
to isolate both the transport and magnetisation losses. The impact of the
fluid dynamics around the isolation vessel due to the mixed state of nitrogen caused by rotation was not taken into account during the design stage.
Thus, the magnetisation loss was calibrated out by running the motor up
to speed and recording the flow rate to which points A and B in figure 4.9
refer. Subsequently the terminals are connected across the load bank and
current is drawn, the subsequent difference in flow rate is recorded as corresponding to the transport loss (the difference between points A and B).
The background flow caused due to the rotor was undertaken three times
(point A,B and C) both before and after the measurement to ensure repeatability and accuracy within the limits defined in section 3.3.2.
The current was drawn at levels of 10, 15 & 30 Amps as shown in figure
4.10. The loss measurement follows the expected trend of a linear loss (on
a log-log plot). A loss of 0.01 J/cycle/m was found for the 30A current draw
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Figure 4.9: First loss measurement of a HTS coil within the machine.
which indicated a total power loss of 2.4W for a 1140AT coil. An equivalent
copper coil of the same amp-turns would produce a loss of 34.2W with a
packing factor worse by a 5 fold magnitude. A Comsol modelling of the
double pancake was completed using a 2D axi-symmetric model and the
H-formulation described in section 1.3. The higher current levels match
very well with the simulated results, however; for lower currents there is a
significant discrepancy on the orders of magnitude. An investigation into
the possible causes revealed two potential causes, firstly; the current terminal background flow was re-measured to take into account the soldering of
the HTS. The impact of this was not great and did not improve the results
as the low currents and resistance resulted in extremely low Joule losses.
However, the rotor flow uncertainty discussed in section 3.3.2 explains the
discrepancy. The uncertainty of this type is not dependant on the loss measured as a percentage but rather a fixed value. During experiments, whilst
it was taken care to minimise the differences in rotor speed induced flow,
a variation of 0.5W, equivalent to a flow rate of 0.1285 SLPM, occurs and
is unavoidable without a complete redesign and manufacture of the isolation chamber. In terms of the impact on the results, error bars in figure 4.10
reflect a minus error bar for a fixed 0.5W uncertainty and minus 0.58W accounting for the manufacturer specifications of the flow-meter. These show
that the results are significantly affected at low current measurements be-
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low 25A and negligible at higher levels. Thus, the platform is verified and
validated for A.C. loss measurements at high currents where the uncertainties do not make a significant percentage error. It has been shown by
minimising the error, low current loss measurements can be made. For the
machine application it is required the HTS carries a high current (near its
critical value) so the experimental rig is still useful and has been used to
measure the loss of a new type of coil at high currents in the next section.

Figure 4.10: Translation of Figure 4.9 into A.C. loss data with error bars
reflecting the uncertainty of rotor induced background flow.

4.3.2

Roebel Cable Coil Measurement

During the early 1900s when power applications of generators were scaling
up in size the A.C. losses of conductors became a major cause of concern.
Besides using Litz wire, Ludwig Roebel discovered a cabling technique on
the same principles to transpose multiple conductors to form a cable which
inhibits the formation of skin and proximity effects [40]. Amongst the cabling techniques proposed in the literature including CORC, Rutherford
and stacks; Roebel cables are more weight efficient due to the lack of a copper core and lower losses compared with stacks owing to the better sharing of current. Additionally, the rectangular cross section of the wire and
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mechanical performance of the cable results in more versatile coils and increase the packing factor in machines. Using various cable geometries and
ratios, past work has shown that the AC losses can be reduced by up to
30% depending on the reference comparison i.e. compared with stacks or
the Norris model [51].
Jiang measured the total A.C. loss using the electrical method and found
at transport to critical current ratios of greater than 0.4 the A.C. losses were
up to 1.5 times lower than those of equivalent stacks [49]. Subsequently it
was shown that in terms of magnetisation loss, with reference to equivalent
stacks, the magnetisation loss was found to be up to 2 times lower in cases
where the external field is higher than the penetration field [125]. The total
A.C. loss in a Roebel cable has been touched upon in the literature showing a dominance of the transport loss for any amplitude of parallel external
field whilst a small perpendicular field results in the same dominance. For
useful engineering transport current ratios the transport and magnetisation
loss contributions are equally comparable and impact the total A.C. loss
[50]. The reduced losses in a standard Roebel cable have been shown to be
even further reduced when each strand is striated similar to section 4.2 by a
factor equal to the number of filaments under certain field conditions [118].
Despite the promising background literature that led to the rise of Roebel
cable HTS application, until now there has been no work done on attempting to measure the A.C. losses of a Roebel coil operating inside a machine;
the environment for which they were originally designed. In order to demonstrate the novelty of the machine and provide important preliminary results, a Roebel cable coil was manufactured and tested inside the loss measurement platform and compared with a standard DPC coil in this section.
The coil description is given below in table 4.2.
Table 4.2: Description of manufactured Roebel cable coil
Coil Parameter
Strand Configuration
Coil ID & OD
Coil Length
Turns
HTS Type

Value
5/2
95mm & 99.325mm
1.8m
4.5
Superpower SCS12050-AP

The punching method was used to stamp a 12mm width tape into three
2mm transposed strands shown in figures 4.11a and 4.11b. A 12 tonne press
was used with high precision and sharpened blades to achieve a cut that
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would not place stress on the superconductor, the punching machine was
designed by the Robinson Research Institute [9]. Despite these provisions,
figure 4.11c shows how some de-lamination can occur on the strands, most
are not as visible and thus every single strand was placed onto a measurement platform and the Ic was investigated. Voltage taps were used to isolate local points of degradation and these were cut out. The final step to
produce the cable was to wind each strand around one another to produce
a 5mm wide fully transposed Roebel cable shown in figure 4.11d. The complexity of manufacturing these cables is a reason they have not been widely
researched or developed, hand winding cable of lengths greater than a few
meters is labour intensive and can take weeks. The 2 metre cable produced
for this experiment took two days. The measured strand Ic0 s are shown in
figure 4.12.
The benefits of a Roebel cable coil are only realised when uniform current distribution is achieved within each strand. A common problem in the
construction of a Roebel cable is to avoid the unequal contact resistances
when transitioning from copper to superconductor. Figure 4.13 shows the
finished coil with nomex turn to turn insulation with the red arrows on the
copper terminal displaying the possible paths the current may take to reach
the various strands of the cable. Several techniques have been used in the
literature to over come this problem including an overflow of solder inside
copper terminal blocks, soldering equal length copper strips and the use of
silver foil to reduce the resistance to tolerable levels [51]. A new method
was proposed for the Roebel coil tested inside the machine. As space was
a limiting factor it was not possible to use the aforementioned techniques,
instead; to bring the current to the same potential across the transposition
length a 1G HTS foil was presoldered to a copper foil and the strands of the
cable were then soldered to the 1G HTS as shown in figure 4.14.
Measuring the Ic value of the Roebel cable coil resulted in the same issues as for the double pancake coil of section 4.3.1 in that the shaft would
move once a certain current was reached and therefore the 1µV/cm criterion
could not be measured as the changing magnetic field resulted in the disorientation of the rotor field. Instead, for the case of the Roebel coil the curve
had reached the exponential portion and could be extrapolated to estimate
an Ic of 164A as shown by figure 4.15. The effectiveness of the 1G termination method is better seen when observing the log-log plot of the coil,
which proved no significant uneven distribution. Whilst the degradation
of the Ic was expected due to the rotor field increasing the flux penetration
into the superconductor, the 10.1% drop in storage was not expected as the
coil was kept moisture free using some dessicant; the coil was stored for 8
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months. Upon further inspection it was found that during the manufacture
of the coil some of the superconductor became exposed to the atmosphere
and during drying after the post-manufacture testing the oxidation may
have impacted the Ic .
Figure 4.16 displays the loss measurement compared with DPC. It may
be seen, depending on the metric of comparison that an approximate 20%
reduction in the loss is achievable per volume. The amp-turn metric is not
as good but this was due to the inability to drive the coil to its full Ic which
is where the cable would perform better. Nevertheless, it has been shown
that Roebel cable coils could provide a useful loss mitigation technique if
long lengths can be manufactured reliably and with uniform properties and
it has also been demonstrated there is significant potential for these coils to
be used as machine windings to reduce A.C. losses.
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(a) 12mm tape punching machine (b) The punched tapes were then
with 20 tonne of force.
separated onto three reels.

(c) Each strand was tested for its Ic (d) 5/2 roebel cable was hand
along its entire length. Obvious de- wound with a 90mm transposition.
fects were noted due to an imperfect Total cable length was 2m wound
manufacturing process.
into 4.5 turns.

Figure 4.11: Various stages of manufacturing the roebel cable.
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Figure 4.12: Individual strand Ic values. The large variation of two of the
strands was an unexpected result. It could be attributed to the Ic dependence on the width position for a 12mm superconductor and a degradation
of the other strands [65].
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Figure 4.13: Double pancake coil consisting of 5/2 strand 2G HTS with 4.5
turns. The red arrows show the various paths the current has to travel to
the Roebel cable.

Figure 4.14: End termination method used to provide an equal contact resistance.
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Figure 4.15: Ic measurements of the Roebel cable coil. Immediately after
manufacture the Ic was 267A but during the storage period of 10 months
there was a degradation of 10.1%. The measured in-field Ic was estimated
to degrade by 31.67% to 164A. The full Ic could not be measured as the
slightest movement in the shaft due to current injection spiked the voltage
monitor and stopped any measurement, thus results were extrapolated.
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Figure 4.16: A.C. loss comparison between the standard DPC winding and
the Roebel coil winding showing improvements at low current loading levels.
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Chapter 5

Aircraft Baseline Target for
A.C. losses in Superconducting
Motors
During 2017 several important stakeholders within the aviation industry
expressed genuine interest and intent on developing electrical aircraft, including NASA, Boeing, GE, Wright Electric and EasyJet. The announcement by EasyJet to develop a fully electric battery powered aircraft in partnership with Wright Electric for flights that cover most of their operations
under two hours poses an opportunity for superconductors.
The real issues and interests of industry leads to the question of a baseline target that would enable superconducting technologies to be considered technically feasible compared with other design options. Whilst several studies have looked into possible future configurations, power densities and loss estimates; there is less information on the nearer term aims of
the aviation industry (shown in section 5.1) and whether or not HTS can
fulfil these, particularly in terms of maximum allowable A.C. losses [18]
[20] [21] [19]. Whilst there are several fuelling techniques that are available
for electrical aircraft including nuclear, bio-fuel and hydrogen; safety and
operational constraints make hybrid or battery aircraft a more nearer term
reality [39]. Whilst NASA have studied future next generation aircraft harnessing technologies such as TiAl materials, CMC HPT vanes and others;
their phase 1 SUGAR study explicitly states a need to study hybrid electric propulsion for other aircraft configurations where the aerodynamic efficiency is not as ambitious to determine whether the technology can bring
reasonable benefits sooner [18] [14].
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Whilst the previous chapters of the thesis considered YBCO in the loss
measurements, their losses within external fields compared to other options precludes them from use in stators where the majority of the loss occurs. In this chapter an A.C. loss model for BSCCO is used as it has been
shown to have a lower loss than YBCO due to its wire form and is more
suitable in terms of engineering practicalities (mechanical characteristics,
manufacturability etc.) in stator windings [57].
Thus, Chapter 6 aims to develop a core baseline target that superconductors need to achieve before becoming technically feasible for aircraft applications using statistical procedures to attain a preliminary design with a
traditional tube and wing configuration incorporating modern technology
of today. The following items are developed in more detail:
1. Real-life scenario mission specification according to the collaboration
between Wright Electric & EasyJet [87]
2. Preliminary aircraft sizing for nearer term aviation needs within certification scope
3. Estimation of the minimum power required according to FAR certification constraints
4. The performance required of superconductors from a loss point of
view to become a superior option compared to the alternatives

5.1

Mission Specification

Short haul flights under two hours are generally undertaken by aircraft
such as the A319 or A320 series. The following mission specifications have
been formulated to guide the design process using real operational data of
airports and ambitions of the aviation industry:
1. Range of 335 miles
2. Loiter capacity of 30 minutes
3. 120 seat capacity
4. Flight time under 120 minutes
5. Capable of operation from a 2200m runway
6. FAR 25 Certification
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5.2

Initial Sizing

One of the important differences in the design process of the fully electric
aircraft is the constant "fuel" weight which does not drop during various
flight stages. Normally the gross take off weight, W0 , is defined as
W0 = Wcrew + Wpayload + W f uel + Wempty
We
where W
= AW0c is a statistical regression line for aircraft and We is the
0
empty weight [47]. The Breguet range equation is used to determine the
fuel usage at different flight stages and to account for the lower lift requirements during flight which is not the case for a fully electric aircraft.
Nonetheless, previous aircraft designs can be used to guide the preliminary
design and estimate the fuel weight which is effectively then the maximum
battery weight [108]. A database of historic aircraft, such as Jane’s, reveal
statistical trends that are used to provide benchmarks for design parameters [47]. Table 5.1 lists similar mission specification turboprop aircraft,
most are transport aircraft used for the military as most passenger aircraft
are jet based.

Table 5.1: List of comparable propeller based historical aircraft revealing a
trend between MTOW and several design parameters. Weights are in kg.
Turboprop
DB Atlantic 2
Transall C-160
Aeritalia G222
Fokker F27
Maritime ,
Lockheed
C130E
Lockheed P3C
Grumman
C2A
Shorts Belfast
Antonov
AN26

Takeoff
Weight,
WTO
43,990
51,107
28,059

Empty
Weight,
WE
25,352
28,059
15,432

20,455

12,545

18,636

7273

70,455

34,241

59,091

28,820

61,264

27,950

47,218

27,390

24,923

14,160

21,533

5430

104,545

59,091

97,727

37,455

23,048

15,051

23,048

5511
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Maximum
Landing
Weight
36,075
47,098
26,554

Max. Fuel
Weight,
WF
18538.63
17,491
9421

Figure 5.1: Log-Log plot of take-off weights vs. empty weight reveals a
linear regression fit across several brands and models of turboprop aircraft.
From the mission specification a payload weight for a fully electric aircraft for short haul trips can be estimated for average body weights and
baggage allowances as [111]
80kg × 120pax = 9, 600kg
15kg × 120pax = 1, 800kg
resulting in total maximum payload of 11,400kg. The baggage estimate is
based on Easyjet’s 15kg free baggage policy and assuming all passengers
carry the maximum hand luggage and no checked in luggage. Similar to
the relationship shown by figure 5.1, the MTOW is related to the payload
weight with a regression line based on previously flown similar aircraft.
A payload weight of 11,400kg corresponds to an approximate MTOW of
38,800kg.
For a transport aircraft there are several flight stages which determine
the amount of fuel needed including startup and warm up(1), taxiing(2),
take-off(3), climb and accelerate(4), cruise(5), loiter(6), descent(7) and shutdown (8). For all flight stages apart from cruise and loiter, standard ratios
for the aircraft class are used for the initial design and are shown in table
5.2.
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Table 5.2: Fuel fraction data for historical planes [86]
Flight Stage
1
2
3
4
7
8

Fuel Fraction
0.99
0.99
0.996
0.985
0.99
0.99

The cruise and loiter aspect are more mission dependant and are calculated independently by re-arranging the Breguet range and endurance
equations shown below [15].
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Raymer has shown for several class of aircraft there are statistical regression lines which can predict the L/D of aircraft provided the approximate wetted area of the aircraft is known [84]. In terms of size, a Dash 8
has a similar passenger capacity and other similar aircraft are used to determine a range of L/D between 12 and 17. A parameterised study is computed
with Matlab to determine the various fuel fractions as a result of changing
aircraft parameters. The result is used to either revise the estimated MTOW
or select the range/aircraft parameters to match the MTOW and attain a
feasible preliminary design by matching the empty weight with the regression found using equation 5.3. The endurance fuel fraction is calculated by
using a loiter speed of 92m/s and is found by a regression method described
further below.
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(5.3)
(5.4)

Figure 5.2: Various fuel fraction ratios resulting from a parametric sweep
of design parameters used to select realistic and appropriate values for the
corresponding MTOW.
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The loiter speed is an important parameter which can heavily influence the final fuel requirements. It is determined by comparing similar
turboprop aircraft’s wing loadings, which are generally between 350kg/m2
to 500kg/m2 . As the parasitic drag and the induced drag of an aircraft are
hyperbolic there is an optimum loiter speed which needs to be estimated,
this required an estimation of the drag polar of the aircraft shown by equation 5.6 [6]. The drag is proportional to the wetted area of the aircraft and
is related to the MTOW. Using a regression method the total wetted surface
area is estimated at 503m2 [86]. Along with the regression model a major
fuselage breakdown revealed consistent figures. Using Easyjet’s standard
29" seat pitch and 18" width and a 1 aisle 6 seat configuration the diameter was estimated at 3.52m taking into account the fuselage thickness. The
cockpit is modelled as a half hemisphere while the wing surface area is
estimated using the wing loadings of modern turboprop aircraft. The calculation shown below reveals a similar value to the regression indicating a
reliable value.
38, 800
+ π (3.527)(14.73) + 2π (1.762 ) = 527m2
450
The drag polar’s parasitic component, CD0 , is found to a good approximation by considering the relationship between the frontal aircraft area
and the wing area. Thereby using an equivalent parasitic area, CD0 is
Swet = 4 ×

CD0 =

f
23.605 f t2
=
= 0.0254
S
928 f t2

reflecting a moderately aerodynamic design [86]. f is an equivalent frontal
area to normalise and compare the aerodynamics of various aircraft to the
wing area, S. The induced drag caused by lift generation is more complicated and depends on the lift distribution across the wing surface along
with aspect ratio and sweep effects. Wings do not achieve the ideal induced
drag due to mechanical considerations preventing an ideal lift distribution.
An efficiency factor, eo , is applied to take into account the non ideal lift distribution whilst many empirical and theoretical equations exists to estimate
the factor and is displayed by equation 5.5 [73] [92].
eoΛ
eo =
(5.5)
π ( AR)k + 1/us
where eoΛ is a function taking into account the variable effects of a sweep
and u and s take into effect the non-ideal surroundings of the wing i.e. fuselage and k = f (CD0 ). The resultant distribution in the factor is displayed
129

by figure 5.3. Based on this distribution and the estimation of the parasitic
drag an eo value of 0.75 is selected based on modern wings with their composite structures being able to achieve an aspect ratio of 11+. Thus the drag
polar is:

Figure 5.3: The variation of the span efficiency with various design parameters. Several sources agree with a value between 0.75 and 0.9 showing the
calculated values match [86]
.
CL2
πAReo
= 0.0254 + 0.0386Cl2

CD = CD0 +

ρSv2

(5.6)
(5.7)

which is normalised by 2 where ρ is the air density at the flight altitude.
Now that the drag polar is estimated the optimum loiter speed can be
found. Range and endurance of an aircraft require different optimisations.
The maximum range occurs when dW f/dS is minimised while the maximum
endurance occurs when dW f/dt minimised where dS is the change in distance and dt the change in time. Power in steady level flight is:
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Figure 5.4: Polar drag graph plotted using equation 5.7 revealing a maximum L/D within the expected range from figure 5.2 of 15.97.

P=W
while v is equal to

q

W
0.5ρSCL ,

CD
v
CL

thus the power becomes
s
P=

W 3 CD
0.5ρS CL1.5

(5.8)

which implies to achieve the maximum endurance time CL1.5/CD should be
maximum as opposed to the range which equation 5.1 seeks to maximise
CL/CD for the best operation. Figure 5.5 shows an optimum speed of loiter
at 92m/s vs. an optimum cruise speed of 121 m/s. The fuel fraction needed
during the loiter period is therefore
(0.5)(203.6)(0.7)
W7
= (e (375)(0.85)(16) )−1 = 0.986
W6

using imperial units. Substituting the fractions from table 5.2 and the result
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Figure 5.5: Power and thrust requirements vs. flight speed for an 18,000 ft
altitude. The optimum speeds for cruise and loiter are found to guide the
estimation of the fuel fractions needed to complete the mission specification.
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of the loiter fuel fraction into equation 5.3 finds
0.929

W6
= 0.856
W5

where 0.856 essentially sets the fuel fraction required to achieve a minimum
allowable operating empty weight of the aircraft according to regression
W6
data [86]. W
is equal to 0.921 which when substituted into equation 5.1
5
yields a range of approximately 923km.
Thus the preliminary design of a propeller based, kerosene powered aircraft capable of carrying out the mission specification has been developed
and reveals a fuel weight of 5573kg to fly a range of approximately 1000km
with a payload of 11400kg. The performance of this aircraft matches with
turboprop aircraft of the past. Considering solely an energy basis, at 42.8MJ/kg
of specific energy for kerosene, the total energy needed to complete the mission is 238.5GJ. Batteries since the 1900s have improved linearly with each
specific chemistry and exponentially in newly discovered chemistries [103].
Whilst theoretically a battery can achieve mass specific energy densities
nearing kerosene, limits in the physiochemical design such as the current
collectors or membranes restrict these to more sober values [91]. Interest in
battery technology has led to recent improvements in the energy densities
of up to 400Wh/kg whilst NASA use a 750Wh/kg value in their next generation studies. Assuming the best case scenario whereby the aircraft was
taxied to the runway with no fuel penalty the amount of energy used for
take off and climb is 31.4GJ, i.e. the aircraft would not be able to take off
without a battery energy density of at least 1565Wh/kg after which the capacity will have been exhausted. The designed aircraft does have a longer
range than required for commercial interest by 384km which would reduce
the take-off weight and amount of fuel required to 3,332kg and a MTOW of
36,559kg. Even so, with the reduced weight and range a take off energy of
29.6GJ would still be required. Clearly it is not feasible in the near term for
battery powered aircraft to fly even with huge increases in their capacities
as has been suggested by some firms and airlines, even for reduced ranges.

5.3

Hybrid Propulsion

It has been shown that a battery powered aircraft would need momentous
increases in specific power and energy to allow an aircraft to just take-off
and no amount of A.C. loss reduction could overcome the battery penalty,
however; there is scope to use a hybrid solution whereby a gas turbine is
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used to power the aircraft during high energy flight conditions and a partial or complete switch is made to batteries during less demanding stages
[29]. During the first four stages of flight and until the aircraft has reached
its cruising altitude more than 26.7% of the fuel has been burned according
to table 5.2 and the calculations using the range and endurance equations
from section 5.2. Several studies have shown there is great potential for a
hybrid propulsion system to dramatically reduce emissions by using a GT
for heavy duty flight stages and switching to an electrical propulsion for
others [30] [17]. A "hfan" propulsion system as proposed by Bradley et. al.
is assumed to be used in this analysis in much the same installation as GTs
on a tube and wing aircraft [19]. The process to ascertain whether a hybrid
propulsion system can meet the mission specification is to first identify the
changes in the aircraft empty operating weight due to a jet based design
vs. the propeller based design of the previous section as well as changes
due to a new drive system including batteries, power inverters, cryocoolers
and GT modifications. First the GT alone is sized to complete the mission
specification without considering a hybrid propulsion system and is the
reference baseline design, the impacts of hybridisation are subsequently
analysed on the aircraft’s performance. For the hybrid propulsion system
a new design iteration is needed which takes into account a jet-based aircraft which modifies the breguet range equations to take into account the
TSFC and different drag polar. The key output of the new design iteration
are outlined below in table 5.3 and followed a similar design procedure as
demonstrated earlier:
Table 5.3: Jet aircraft design parameters
Design Parameter
WTO
Drag Polar
Max L/D
Pcruise
m PL
TSFC

5.3.1

Value
40,499kg
0.0174+0.0376Cl2
21
2.49 MW
11,400kg
0.7 lbs/lb f/s

Sizing Constraint Diagram

Firstly, to determine the thrust rating required of the GT and the subsequent weight changes expected for the aircraft due to hybridisation, it is
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required to determine realistic figures for the thrust to weight (T/W ) ratio
taking into account the realities of flight performance according to regulations. The key flight stages considered are take off, climb, cruising, manoeuvring and landing in relation to the following regulations:
1. FAR 25.113 - Clearance of 35ft from ground roll to end of take-off
length
2. FAR 25.111 - OEI Climb gradient of 1.2% in initial climb segment
3. FAR 25.121 - OEI climb gradient of 2.4% in second segment climb,
2.1% for balked landing
4. FAR 25.337 - Appropriate sizing for a maximum 2.5g manoeuvre
Whilst the aircraft is being powered by the GT the design criteria is
based on the thrust to weight ratio while the electric motor is sized according to the most taxing cruise conditions and the formulae are modified to
reflect a power to weight ratio. By minimising the motor power required
through the minimisation of the flight power to weight ratio required, the
mission specification is more likely to be completed.
The specific excess power equation is used to calculate the sizing of
the engines. Equation 5.9 shows the power needed on the left hand side
equalled with the potential energy change plus the kinetic energy of the
aircraft. Replacing the drag with its dimensionless form, equation 5.9 is rewritten to isolate the thrust to weight ratio and produces figure 5.6 which
shows a minimum thrust to weight ratio of 0.43.
T
D
1 dh 1 dV
− )V =
+
W W
V dt
g dt


q CD0
nβ 2 W
β 1 dh 1 dV
=
+
k
(
)
(
/
S) +
+
1
α W/S
q
α V dt
g dt

(

TSL
WTO

(5.9)
(5.10)

where TSL is thrust at sea level, g is the gravitational constant, α is the lapse
rate, β is the flight stage weight fraction, k1 is the induced drag co-efficient,
h is the altitude and V the airspeed.
The take-off requirement is based on historical performance data of several aircraft which derives a performance parameter proportional to the
wing loading shown by equation 5.11 [86]. The lift coefficient is a design
variable and is parameterised between a range of realistic values depending on the wing extensions used.
135

37.5W/STO
= 37.5TOP25
(5.11)
σCL MAXTO
where TOP25 is a performance parameter, CL MAXTO refers to the lift coefficient of the wings with flap settings according to the take-off procedure.
sto f l =

Figure 5.6: Constraint diagram for the sizing of a GT showing a minimum
thrust to weight ratio of 0.44 equating to a 83.7kN rating.
Following the collation of several GT from different manufacturers including GE, CFM, Rolls-Royce and Pratt & Whitney a linear relationship
between the thrust required and the engine mass was found according
to T = 59.05MGT − 26056 resulting in an approximate engine weight of
1858kg.
Engine modification would be required to embed a motor to the LP
spool. The first stage LP fan would be driven as a propeller and the bypass
air would create the thrust. An assumption is made here that the fan is
optimally designed for both turbo operation and propeller use although
in reality it would need multi objective optimisation. The motor is rated
in terms of power as the thrust produced is a derivative of the propeller
setup. Figure 5.7 displays the minimum constraints set by the cruise and
turn capabilities of 8 W/N resulting in a 1.52MW requirement for a 40,499kg
plane.
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Figure 5.7: Constraint diagram for sizing of the required motor power
showing a minimum weight ratio of 8 at the selected wing loading equating
to a motor rating of circa 1.52MW per engine.
Using the method above to calculate the thrust and power to weight
ratios allows a minimum sizing for each drive system to be completed. To
increase the accuracy of the baseline A.C. loss target the weight modifications, which can be significant, need to be taken into account.
Whilst a power density of 5kW/kg was achieved by Siemens in 2015 for a
conventional AFPM machine, NASA estimate power densities could reach
above 15kW/kg excluding the cooling systems, see figure 1.6. Descriptions
and results of theory and practical work have demonstrated partially superconducting motors are more power dense than jet engines and can reach
17 kW/kg [66]. Whilst manufactured partially superconducting machines
show power densities of up to 10 kW/kg; their theoretical counterparts with
advanced shielding and air core designs could reach up to 25kW/kg and their
fully superconducting counterparts even more so [45] [44]. Partially superconducting motors are considered here as they have been the most developed with HTS field windings and are viable.
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5.3.2

Weight Modifications

Estimating the additional weight of a hybrid gas turbine is difficult as the
design knowledge base is much more limited. NASA’s Sugar study approximates an additional mass for the hybrid propulsion GT integration of
3,379 lbm to integrate a 5,500 HP motor along with the gearbox to drive
the LP spool [19]. The mass does not include the cooling system which
would not be situated inside the engine. Whilst the study does not mention a power density used it may be estimated by subtracting the mass of
the gearbox. Lolis & Teeuwen provide an analytical means to calculate the
mass of modern geared turbofan gearboxes using a correction factor to reflect modern advances shown in equation 5.12 [64] [105]. Using the graphs
in these works the gearbox mass with accessories is estimated at 270kg resulting in a power density of 3.5kW/kg at the motor, which is better than
current conventional motors.
m gb = 0.0801Q0.84

(5.12)

where Q is the engine torque.
The introduction of the hybrid system results in a minimum power density the additional weight must provide to prevent a recursive increase in
total mass i.e. an increase in the mass of the propulsion system results in an
increase in the power requirements, which in turn increases the propulsion
system mass. Using the most stringent constraint condition from figure 5.6
of FAR 21.121 a minimum thrust to weight ratio of 0.3912 and power to
weight ratio of 8.15 are required. The weight modification rules are summarised in table 5.4. NASA’s Sugar study is used to approximate an additional mass for the hybrid system including gearbox and of the battery integration mass to include structures and cables with a linear model used to
reflect the smaller passenger aircraft of this study [19]. The final mass value
is modified to incorporate Berg’s assessment of superconducting machine
density based on theory and past machine demonstrations [14]. The cryocooler mass is estimated using the models of several cryocooler surveys
of both air-forces, spacecraft and ground systems [55] [14]. The inverter
mass is estimated according to Felder’s approximation of power densities
for next generation power electronics [21].
The cryocooler mass is also modified with a correction factor, 0.6, to
reflect a cryocooler survey of air force and space equipment which have
been designed for aerospace applications [55]. The cryocooler power input
is determined by mechanical and thermal efficiencies according to equation
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Table 5.4: Weight modification rules
Major Component
Battery Integration
GT Modifications & Gearbox
Cryocoolers
Power Inverter

Mass
6000
5500 Pmotor
3379
5500 Pmotor K
0.905
(0.6)(0.0711) Pin
P
1
in
15 (745.7)(2.2)

5.13 where a typical value of ηc is 0.3 [14]. Qc represents the heat load from
the machine.
Pin =

Qc Th − Tc 
ηc
Th

(5.13)

Thus, assuming a -25°C ambient temperature at 20,000 feet and an operating temperature of 50K, the carnot efficiency is equal to 0.259, it is assumed that 10% of the ideal carnot efficiency can be achieved on the basis
of previous models [55]. For a range of heat loads the anticipated mass of
the cryocooler components and others are shown in figure 5.8. The initial
take-off mass for the baseline plane is 40,499 kg, the first iteration results in
a large increase of approximately 2000kg for a fixed battery mass, further
iterations result in smaller power to weight ratio increases due to slightly
varying drag polars and thus there are more modest increases in the additional mass as cryocooler heat load is increased. The iterations were carried
out until the masses reached within 1% of each other. The "F" column indicated the weight changes where battery mass is kept constant while "V"
represents a floating battery mass that is able to complete the mission specification and thus have more significant mass changes.
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Figure 5.8: Extra take-off mass required to fly with varying levels of cryocooler heat load powers. With increasing cryocooler load the power to
weight ratio sensitivity meant there are small increases to the other masses.
The "F" column corresponds to weight changes where the battery mass is
kept constant to replace simply the fuel weight from the baseline design.
When the batter mass is allowed to float to meet the required range more
drastic increases in total weight change are evident.
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5.4

Motor Driven Aircraft

The established breguet range/endurance equations cannot be applied in
battery powered aircraft calculations as they take into account a mass change
during flight and thus the dependence of flight speed on the lift required.
Instead the endurance and range equations are calculated according to equation 5.14 which instead takes into account the optimum drag polar considering a constant weight [109] [8].
v
s

n u
u 2W
VC
k
Rmax = 3.6Rt1−n 1 √ 0.25 √ 3/2 t
(5.14)
/ ρSCDo (2W k)
ρS CDO
where k is the induced drag coefficient, Rt is the battery hour rating, and
VC the battery capacity.
In this study, due to the assessment of electrical propulsion for traditional tube and wing design it is assumed that the drag polar cannot be optimised for electrically propelled aircraft without big changes to the aircraft
configuration and thus a non-optimum aerodynamic efficiency is used. In
the case of electrical aircraft the parasitic drag needs to be minimised and
the induced drag coefficient maximised. The ranges calculated are shown
by figure 5.9. For a zero cryocooler heat load (i.e. a conventional electrical
aircraft) the range for the aircraft of table 5.3 can fly 1759km, an introduction of the hybrid propulsion system drastically reduces the range. The
requirement cannot be met for battery capacities less than 1250 Wh/kg. For
a 1250 Wh/kg battery the maximum allowable total load on the cryocooler
is 3kW. Whilst the mission specification range is 594km, the design empty
weight of an aircraft has been shown to change during the manufacturing
stage and a 5% growth factor was applied resulting in a range requirement
of 636km indicated by the red dotted line [108].
Equally important to the viability of hybrid electrical aircraft is the emission impact of the electrical system. While the in-flight fuel use is reduced
to zero, the increase in MTOW due to the battery mass and associated structural mass results in an increased fuel requirement to get the aircraft to
cruising altitude. Thus, introducing electrical flight is not inherently a design choice that can lead to lower emissions. The effect of this is shown by
figure 5.10, for lower battery capacities the emissions are actually higher
than current aircraft by circa 10% with an almost doubled battery capacity
compared to what is commercially available today. Significant emissions
savings are achieved with battery capacities approaching 1500Wh/kg where,
depending on the cryocooler power, a 25% reduction in emissions may be
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Figure 5.9: The range variation of the aircraft with varying amounts of input cooling power to the cryocooler. 0kW signifies a traditional aircraft
with jet-fuel for the entire mission whilst the rest are of a hybrid configuration. An increase of 6kW heat load removal reduces the aircraft range by
56km for a battery capacity of 1250 kW/kg.
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achievable. It is also important to realise the impact factor of releasing the
emissions at altitude means in most measurements the emissions saving
would be equivalent to a 50% reduction. Finally, it is important to note
the analysis presented does not assume any improvement in the aerodynamic efficiency beyond modern age current jet aircraft. Proposals to more
than double the L/D ratio would drastically change these figures such as
the NASA SUGAR HIGH concept.

Figure 5.10: Even with great improvements of battery technology to
750Wh/kg it is unlikely any benefits from an emissions viewpoint can be
gained. This is due to the extra mass involved to hybridise an aircraft. Reduction of up to 25% can be met with battery densities of 1500Wh/kg. The
legend shows the cryocooler heat loading.

5.5

Superconductor A.C. Loss Performance Target

Low temperature cryostat design has evolved to attain excellent performances in terms of heat leak into the refrigerated space. Using vacuum,
MLI and active shielding along with suitable material choices a carefully
designed cryostat will have negligible heat leak losses due to the cryostat
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itself [27] [114]. In practice a trade-off between cost, manufacturing and
heat load will likely result in an elevated heat load.
A 1 MVA transformer built for a commercial grid application in New
Zealand showed cryostat heat loads of approximately 50:50 ratio compared
to the A.C. loss itself [38] [37]. Besides the cryostat heat load and A.C. losses
the current leads are a significant thermal load. Shaft feed-throughs are another direct link with the ambient but the literature has shown that with
careful design using appropriate materials, the loss can be reduced to a
negligible amount in the 10’s of watts [126]. Whilst for a partially superconducting motor with HTS field windings a significant heat load would
be generated by the rotor; it has been shown in literature the loss is dwarfed
by the potential losses in the stator of a fully HTS machine and is therefore
considered the sole source of superconducting heat load in the analysis of
this work [63]. A suitable machine design found in the literature consists
of a PM rotor with superconducting racetrack coils with a rated speed of
1500RPM and power rating of 1MW, which is suitable to consider given
the sizing output of the previous sections; the motor parameters are reproduced in table 5.5 [124] [121].
Table 5.5: Machine design parameters for a 1MW aircraft propulsion motor
derived by Zhang et. al. [121]. Reproduced under Section 29(1) of the
Copyright, Designs and Patents Act 1988.
Parameter
Machine Power
Length
Magnetic Loading
Electrical Loading
Air Gap Radius
Total Turns
No. of Coils
Tape Length per coil

Quantity
1MW
0.63m
0.67T
72kA/m
0.215m
78
6
254m

Whilst Zhang’s investigation shows it is better to increase the current
loading especially for HTS stators, and keep the rotor magnetic field to a
minimum, the maximum investigated rotor field of 1.5T does not reflect
the realistic flux densities of 3-4T that would be needed to meet beneficial
power densities [60]. Incorporating this aspect requires an A.C. loss model,
NASA’s previous work is utilised for this purpose which has been further developed to incorporate coupling and eddy current losses for multi144

filamentary conductors [20]. In this approach the engineering current density is modelled by an exponential function shown in equation 5.15.
Jeng ( T, B) = Jeng (20, B) × (1.4235 − 0.022467T + 0.000058307T 2 )

(5.15)

for T < 50K and B < 3.5T while,
Jeng (20, B) = Jeng (77, 0) × (5.22−
1.5166B + 0.353B2 − 0.037625B3 + 0.0014773B4 )

(5.16)

for B < 10T. The stator A.C. losses can then be calculated accordingly
8
Jc Bds f Vf ilaments
3π
π2
( Bdw f )2 Vmatrix
Pe =
4ρn
1
Pc =
( BLt f )2 Vmatrix
4ρn

Ph =

(5.17)
(5.18)
(5.19)

so the total A.C. loss, Pac , is equal to Ph + Pe + Pc ; the sum of the hysteresis,
eddy current and coupling losses respectively. Equations 5.17 to 5.19 take
into account the magnetisation losses of the superconductor only. It has
been shown in past work that the transport loss at high ratios of current
vs. the critical current remains constant whilst in high external fields, as
studied here, the magnetisation loss increases by orders of magnitude [83].
Therefore, the loss model takes into account the dominant losses. V is the
volume of the specified components in the associated subscripts. dw is the
wire diameter while ds is the strand diameter.
Current leads for HTS applications have been re-designed to incorporate HTS transitioning to reduce the heat load by recovering cold gas in
the case of wet cooling or using a second stage cryocooler to remove losses
into the cryostat [11]. An analytical model was designed for the heat load
caused by HTS current leads by Chang et. al. considering a thermal energy
formulation [24]. It was found that at a critical current of 10,000 A/cm2 the
total heat load on the cryocooler for a 20cm lead is 0.0907W/A operating
at a temperature of 80K. Adapting condition 3 from Zhang’s work, for the
electrical loading at 108kA/m to take into account the increase in the field
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density to 3.5T, the estimated current required is
π × 0.43m = 1.351m
108kA
1.351 ×
= 27.95kA
5.22
resulting in a heat load of
27, 950A
× 12 × 0.0907 = 65W
(6)(78)
to be dissipated by the cooling mechanism.
Recent advances have been made in the manufacture of BSCCO wires
with a higher packing factor of filaments within the same volume of matrix
along with enhanced decoupling between them by heat treating the wires
with pressure; the cross-section of such a wire is shown in detail by figure 5.11. Instead of using a reference Jeng of 150 A/mm2 as Felder did, the
improvements since means it can be increased to 200 A/mm2 [57].

Figure 5.11: SEM image of a 121 × 18 BSCCO wire made using the PIT
process [48]. Reproduced under Section 29(1) of the Copyright, Designs
and Patents Act 1988.
Vf ilaments is calculated by using a filament diameter of 9.1µm and assuming a circular cross section. Thus for 1m of wire the total volume of
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filaments is
9.1 2
) ×1
2 × 106
= 1.4 × 10−8 m3

Vf ilaments = 216π (

and the diameter of the wire as a whole is selected as 1mm. The in-field current density of the BSCCO is estimated at 190.3 A/mm2 based on the information shown in figure 5.12 and derived from equation 5.15. Due to the lower
lift factor used between this work and Zhang’s work owing to the different
working field magnitude, a modification must be made to the total length
of conductor to achieve the same power rating. The original machine ampturn rating is 23,400AT according to table 5.5 which was achieved with a
turn number of 78 and Ic of 300A. The new length of wire required is calculated from the updated Ic which is

(190.3)(0.785) = 149.44A
where 0.785 is the conversion from current density to current and is used
to find the number of turns as 30:
23, 400
÷ (190.3)(0.785) ≈ 30turns
5.22
Thus using an average turn length the total volume of filament for the entire machine is estimated to be

(1.4 × 10−8 )(30)(6)(

254
) = 0.0000082m3
78

and the matrix volume per meter, Vmatrix , is
9.1 2 3
0.5 2
) − (216)(π (
) )m
1000
2 × 106
= 77 × 10−8 m3

π(

A summary table identifying the key variables is thus identified in table
5.6:
Finally, the total A.C. loss can be found as the sum of the copper terminal heat load and the total A.C. losses as
65W + 13, 648W = 13, 713W
from which it can be deduced that superconducting technology still has
significant improvements of around 89.5% to be made in terms of A.C loss
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Table 5.6: Full list of values assigned to the parameters to determine the
A.C. loss.
Parameter
Jeng
B
ds
f
Vf ilaments
Vmatrix
dw
ρn
Lt

Quantity
200 A/mm2
3.5T
9.1µm
60Hz
82 × 10−7 m3
4.52 × 10−4 m3
0.001m
1.59×10−8 Ωm
0.005m

Figure 5.12: The lift factors of the BSCCO wire for varying temperatures of
20K and 50K at various flux densities. 3.5T is chosen as the design point for
this work based on evidence of it providing suitable power densities.
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when compared with figure 5.9 in order to meet the range requirements
that would be commercially of interest. Chapter 4 found using the most
advanced techniques of lowering the A.C. loss, at low to medium currents, only a fraction of the loss reduction required can be achieved. Importantly, further machine losses such as iron or shielding losses have not
been considered although these do not strictly need to be linked to the cooling power and would therefore not significantly impact the final results.
Figure 5.10 demonstrates it is more important in terms of emissions to improve battery capacity as the cooling power required is dwarfed by the consumption of the motors. The cooling power, and thus A.C. loss, makes the
emissions variation more sensitive with lower battery capacities as it drives
up the total aircraft weight. A key assumption made in the analysis is of
several technologies meeting their specified target of power density and efficiency i.e. cryocoolers, power inverters, superconducting motors and the
hybridisation of aircraft. The roadmap set out for these indicate they are
achievable but, for aircraft at least; the key to cleaner aviation still lies with
battery technology, not superconducting technology. However, by actively
researching loss reduction techniques the time frame of feasibility will be
brought forward and ease the target increase of battery capacities. Figure
5.13 shows the progress that has been made since 2011 in terms of manufacturing more suitable superconductors that have lowered A.C. losses by
improving the fill factor of BSCCO wires. The 2011 manufacture is a baseline loss value which is assigned a 100% value for the matrix volume. The
percentage decrease in the matrix volume lowers the A.C. losses. A 50%
lower matrix volume results in a 60% decrease in the loss compared with
the 2011 benchmark but is still considerable higher than the target required.
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Figure 5.13: The development of manufacturing BSCCO to improve the fill
factor of wires between 2011 and 2017. Long lengths are still not available
for filaments lower than 10µm. For comparison to the requirements of electrical aircraft, the 2011 technology is used.
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Chapter 6

Conclusions
6.1

Thesis Summary

This thesis presented the design, build and test of a novel A.C. loss measurement platform inspired by the need to characterise superconducting
technology in a complicated motor environment to further commercial interest as demonstrated in chapter 1. A.C. losses together with cost are two
key issues of the technology and impact on numerous applications including energy storage, grid and machines so it is important to reduce both
before large scale applications are feasible. Key outputs of this thesis are
summarised below:
• Chapter 2 presented the design objectives and thorough mechanical,
electrical and thermal design of the loss measurement platform to ensure a successful outcome. The manufacturing processes were discussed which included the use of novel materials such as graphalloy
and PTFE-graphite seals.
• Chapter 3 presented a comprehensive commissioning of the newly
built loss measurement platform to verify and validate the design.
Aspects of the commissioning covered the nitrogen flow rate calibration dependant on the stator, copper terminals, rotor and the dissipation of the HTS coil along with the open circuit characterisation.
Furthermore, the design stage was verified in terms of the expected
heat load and rotor field performance.
• The measurement platform was used to measure the losses of two
types of coils in Chapter 4. A standard DPC coil using heat shrink insulated tape of 25m length was characterised. The loss measurement
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taken at 10Hz was used as a benchmark to ascertain the performance
of a Roebel cable coil - the first testing conducted of the cabling technique inside a machine. It was found the total loss reduction achievable is up to 19%. It was found the loss measurements are accurate for
current levels above 25A according to the simulations but suffer low
accuracy due to rotor induced background flow at low currents. Additionally, the electrical method was used to determine the reduction
in A.C. losses that can be achieved by using a striated superconductor.
It was found that the total losses would be higher but for normalised
comparisons the striated tape would have a lower loss by 20%, which
is reduced to around half when taking into account equivalent performance requirements i.e. ampere-turns or ampere-meters. The combination of multi-filamentary wire and cabling techniques can enhance
the benefits of each and lower the losses even more combined.
• The importance of knowing the goal is equally as important as achieving it. In chapter 5 an initial sizing and design of an aircraft was
conducted based on the construction of past aircraft to determine the
performance that HTS need to achieve. It was found that electrical
flight is more sensitive to battery capacity than the cooling power required although limiting the heat load to 3 kW would make electrical
aircraft using superconductors a serious option to consider. Advantageous levels of magnetic flux density to reach the required power
densities result in an A.C. loss of 13.6kW - 453% the amount required
to enable viable hybrid electric aircraft with a specification of interest
to industry. It was also found that the battery capacity is far more important in terms of achieving hybrid electric aircraft capable of flying
330 miles with 120 passengers; the sensitivity of the A.C. loss impact
on range and emissions is less when operating with higher power
density batteries. It has been shown some techniques to reduce the
A.C. loss can achieve up to a 30% reduction but further improvements
are needed, in particular to manufacturing processes, to achieve bigger loss reductions.

6.2

Further Work

The loss measurement platform built in the course of producing this thesis
is a long term piece of equipment with many uses into the future. Therefore, several recommendations are made to further improve on the operational capacity of the motor and to enable a wider range of output results
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to be measured. The following list provides a review of the most important
further work to be carried out in order to improve the project:
1. Replace the isolation vessel with a double walled chamber with ports
to allow the liquid nitrogen in the outer chamber to fill the gap. This
will significantly lower the effect of rotor induced flow registered
at the flow-meter allowing separate measurements of magnetisation
and transport losses.
2. Re-design the Roebel cable to attain more turns and draw current
near its rated value. This will improve the ampere turn performance
metric against the benchmark.
3. Replace the copper coils with HTS coils which will allow the turn
number to increase and boost the power rating of the machine and
improve the accuracy.
4. A second rotor could be manufactured to increase the flux density
and quality of the waveform. It is expected an operating flux density
in a superconducting machine would be at least 3.5T compared with
0.5T achieved during this project.
5. The D.C. dyno can be replaced with a propeller to investigate the A.C.
losses as a function of a simulated flight stage providing information
on the maximum cryocooler capacity and also proving the reliability of superconducting machines by operating it for a long period of
time.
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