. crystals

Review

High Temperature Superconducting Flux Pumps
for Contactless Energization

Zezhao Wen 100, Hongye Zhang %*

check for
updates

Citation: Wen, Z.; Zhang, H.; Mueller,
M. High Temperature
Superconducting Flux Pumps for
Contactless Energization. Crystals
2022,12,766. https://doi.org/
10.3390/ cryst12060766

Academic Editor: Artem Pronin

Received: 4 May 2022
Accepted: 24 May 2022
Published: 26 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Markus Mueller !

1 School of Engineering, University of Edinburgh, Edinburgh EH9 3]L, UK; zezhao.wen@ed.ac.uk (Z.W.);
markus.mueller@ed.ac.uk (M.M.)

Department of Electrical and Electronic Engineering, University of Manchester, Manchester M1 3BB, UK
Correspondence: hongye.zhang@manchester.ac.uk

Abstract: The development of superconducting technology has seen continuously increasing interest,
especially in the area of clean power systems and electrification of transport with low CO, emis-
sion. Electric machines, as the major producer and consumer of the global electrical energy, have
played a critical role in achieving zero carbon emission. The superior current carrying capacity of
superconductors with zero DC loss opens the way to the next-generation electric machines char-
acterized by much higher efficiency and power density compared to conventional machines. The
persistent current mode is the optimal working condition for a superconducting magnet, and thus
the energization of superconducting field windings has become a crucial challenge to be tackled, to
which high temperature superconducting (HTS) flux pumps have been proposed as a promising
solution. An HTS flux pump enables current injection into a closed superconducting coil wirelessly
and provides continuous compensation to offset current decay, avoiding excessive cryogenic losses
and sophisticated power electronics facilities. Despite many publications regarding the design and
analyses of various types of HTS flux pumps, the practical application of HTS flux pumps in a
high-performance superconducting machine has been rarely reported. Therefore, it is of significance
to specify the main challenges for building and implementing a reliable HTS flux pump. In addition,
the physical mechanisms of distinct HTS flux pumps have caused some confusion, which should be
clarified. Above all, a systematic review of the recent development and progress of HTS flux pumps
remains lacking. Given the above-mentioned issues, this paper summarized the most up-to-date
advances of this emerging technology, clarified the working mechanisms and commonly adopted
modeling approaches, presented objective analyses of the applicability of various HTS flux pumps,
specified the primary challenges for implementing HTS flux pumps, and proposed useful suggestions
to improve this wireless excitation technology. The overall aim of this work is to bring a deep insight
into the understanding of HTS flux pumps and provide comprehensive guidance for their future
research and applications.

Keywords: high temperature superconductor; flux pump; superconducting magnet; zero CO,
emission; wireless energization

1. Introduction

The maturation of superconducting technology has led to a wide range of industrial
applications and commercial products. Magnetic resonance imagining (MRI) and nuclear
magnetic resonance (NMR) machines are vital equipment in modern medical diagnosis,
which usually employ superconducting magnets to provide the required magnetic fields for
physical examination of states of matter [1,2]. In the domain of motors/generators [3-10],
superconductors have been attracting more and more attention since they are believed to be
the optimal choice for electrification of large-size transport, such as electric aircraft, which
requires the power density to be as high as possible. In the conceptual design of a hybrid-
electric short-range aircraft A320 proposed by Rolls Royce and Siemens [11], a 10 MW,
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7000 rpm superconducting generator employs high temperature superconducting (HTS)
coils as the field winding and Litz wires for a two-layer distributed armature winding,
which is capable of achieving a power density greater than 20 kW /kg. Another exemplary
superconducting hybrid-aircraft project, funded by the German government, adapts the
radial-flux-type fully superconducting electric motors and generators [12]. In this project,
the rotor winding is composed of DC racetrack HTS coils and the stator winding consists of
MgB, wires, both of which are cooled to 20-25 K by liquid hydrogen. It was estimated that
these fully superconducting machines designs can achieve a power density no less than
38.1 kW/kg.

All the significant applications mentioned above rely on the superconductors to
provide strong magnetic fields in an efficient way. It has been widely demonstrated
that ultra-high magnetic fields can be obtained utilizing superconductors via various
approaches [13-18]. Superconductor bulks have been fabricated to achieve a magnetic
field of 17.24 T at 29 K using Y-Ba-Cu-O (YBCO) [19] and 17.6 T at 26 K [20], and [21]
reported a trapped field of 17.7 T in a stack of superconductor tapes, all of which are
an order of intensity stronger than a permanent magnet. However, the cost required
for the corresponding cooling and charging system is extremely expensive and in some
cases even unaffordable [22]. Advances made in the manufacture of coated conductors
(CCs) [23-25], has enabled the production of long length superconducting CCs with robust
bending tolerance suitable for winding superconductor coils. Compared to bulks and tape
stacks, CC coils have much better mechanical properties [26] and flexibility in terms of
demagnetization and ease of maintenance [27]. These benefits make superconducting CC
coils a competitive candidate for high magnetic field usage, and thus lead to a critical
question: how should superconducting coils be energized?

Technically, there are only two options for energizing a coil, namely direct injection and
indirect induction. By the means of direct injection, coils are connected to a power supply
and energized through current leads [28]. This straightforward approach can be excruci-
ating when the current is especially high because the current leads for transmitting very
high current are extraordinarily bulky, such as that in W7-X, where 17.6 kA is required [29].
Moreover, the multistage cooling used in a Large Hardon Collier (LHC) machine dictates
the current while making the current leads more tortuous [30]. More importantly, the cur-
rent leads physically bridge the cryostat with ambident environment at room temperatures,
imposing heavy thermal loads for the cooling system [31-33] and resulting in substantial
additional capital and operating costs [34]. This becomes a particularly severe problem for
HTS coils, for which it is challenging to self-maintain a persistent current mode due to flux
creep [35], so that the current leads need to be permanently placed during the operation. In
order to tackle this problem, HTS flux pumps, which can constantly drive magnetic flux
into a closed superconducting loop without physical connections, have been proposed,
serving as an ideal alternative to direct injection.

The flux pump device, or flux pumping effect, was originally developed for low
temperature superconductors (LTSCs) decades ago [36—46]. The fundamental principle
can be summarized as: consider two superconducting loops connected, one of which
acts as a flux driver to push flux into the other, once the flux arrives the receiving loop it
can be constrained within the loop given that superconductors forbid flux either entering
or escaping from them. The critical step is the creation of a locally normal region in a
superconductor to form the switch, providing temporary passage for the flux. It was
later discovered by Coombs et al. [47-49] that the elimination of superconductivity is not
necessary for high temperature superconductors (HTSCs), leading to the new era of HTS
flux pumps.

Since then, HTS flux pumps have been widely investigated over last decade. How-
ever, a systematic review that thoroughly summarizes the latest achievements is still not
available [50-52]. Although HTS flux pumps were proposed for efficient energization, they
also suffer from inherent losses by different means, depending on their specific configu-
ration, which deserves more attention. The underlying physics of some HTS flux pumps
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has been chronically debatable, which needs further clarification. This work reviews the
roadmap and reports the latest state-of-art research progress, which is believed to provide
a comprehensive overview for HTS flux pump technologies.

The rest of this article is structured as follows: Section 2 briefly introduces the early
flux pumps for LTSCs and explains the factors that motivate the evolution to HTS flux
pumps. Section 3 focuses on the travelling wave type flux pump, which is currently one of
the most popular HTS flux pumps and provides detailed information for its underlying
physics and modeling techniques. Section 4 describes the switched transformer-rectifier
flux pump, as another important category of HTS flux pumps that has attracted increasing
research interest. Section 5 also lists a set of other variants of HTS flux pumps, such as
the thermally actuated, electronic-switch-based and pulse-type HTS flux pumps, whose
working principles can be readily understood in the scope of those introduced in previous
sections. All the existing HTS flux pump technologies are briefly summarized in Section 6.
Section 7 elaborates the exploitation of HTS flux pumps in practical applications. On the ba-
sis of Sections 2-7, recommendations are proposed in Section 8 for the future development
of HTS flux pump technologies.

2. Low Temperature Superconducting Flux Pump

Flux pump devices were firstly proposed based on LTSCs, by using a straightforward
circuit theory. As described by Van de Klundert [53,54], the pumping procedure is illus-
trated in Figure 1. Travelling magnetic flux enters the L1 loop with switch S1 open and
approaches closed switch S2; afterwards the switch S1 is closed while S2 is opened to let the
flux transfer into the L2 loop. The flux is then contained within the L2 loop, and hence the
load coil is magnetized. The whole process can be periodically repeated to accumulate flux
and ramp magnetization for the load coil. Owing to this cumulative effect, a small magnetic
field can result in a very high charging current in the load coil. Mulder et al. reported a
thermally switched flux pump in 1991, capable of generating a current of 100 kA [55]. On
the foundation of this principle, various flux pumps have been proposed, and details can
be found in a dedicated review for early-stage flux pumps [53].

magnetic flux

b é load coil
1 S2
o —

L1 L2

(a)

magnetic flux

/ load coil

) Q®
S1 %2@_

L1 L2
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Figure 1. Illustration of flux pumping for LTSCs. Stage for (a) bringing flux into loop L1,
(b) transferring flux into loop L2.
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Initially, all flux pumps that take advantage of this flux pumping effect rely on a low
temperature superconducting (LTS) switch to modulate the magnetic flux. To form an LTS
switch in this type of flux pump, one can either choose the magnetic or thermal approach.
For the magnetic approach, as shown in Figure 2, a magnetic field with its magnitude
higher than the critical field H, is applied to the LTS film to create a normal state region,
which moves with the field synchronously. Alternatively, the magnetic field can be replaced
by a heating source, which heats the area beneath beyond its critical temperature T, to
create a normal state region. It is clear that either approach relies on the local elimination of
superconductivity in the superconductors. However, the situation becomes quite different
when it comes to HTSCs. Firstly, most HTSCs are type Il superconductors, which have
two critical fields Hyy and Hep (He2 > Hep), where the upper critical field Hep can be much
higher than H. of LTSCs. Therefore, it is hard to break the superconductivity of HTSCs by
applying excessive magnetic fields. Similarly, driving HTSCs, which possess higher T, into
normal state via overheating is also more difficult than that in LTSCs. It should be noted
that thermal elimination of superconductivity for HTSCs is practically feasible, given that
their transition temperatures are still much lower than the room temperature. Nevertheless,
operating flux pumps with thermal activation, for each operation cycle, requires the HTS
switch to be warmed up when the magnetic flux approaches and cooled down when the
magnetic flux travels away, which severely restricts the operating frequency. In [56], Oomen
et al. built a flux pump with HTS film, and heat was utilized to form the HTS switch, but
the operating frequency was as low as 0.1 Hz. With such a low frequency, this kind of flux
pump is not ideal for the majority of practical applications. Moreover, low frequencies
can result in high ripples, as illustrated in [56] the flux ripple decreases by two orders of
magnitude from 2400 to 60 ppm, when the operating frequency was increased to 50 Hz by
replacing the HTS switches with MOSFETs.

Hj LTS thin film

applied field /
111

&
<
>
N

Figure 2. Illustration of magnetic switching for an LTS flux pump.

These above-mentioned issues have been considered critical obstacles for designing
flux pumps with HTSCs. In 2007, Coombs et al. [47] built a test rig that successfully trapped
a magnetic field of 0.2 T in a YBCO bulk. In their experiments, they used a thermal pulse to
trigger a magnetic flux pulse travelling over the surface of an HTS sample, while the field
was controlled by the change in magnetization or permeability. The significance of this
experiment is that no normal regions have ever been created during the entire operation,
implying that flux pumping can be achieved without breaking superconductivity for HTSCs.
Following this novel discovery, tremendous efforts have been made by worldwide research
groups to deeply investigate this phenomenon, leading to remarkable advancements for
HTS flux pumps.
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3. Travelling Wave HTS Flux Pumps

Inspired by the experimental tests in [47], it has been widely demonstrated that HTS
flux pumps can be achieved by employing travelling magnetic waves. The generalized
schematic diagram for a travelling wave HTS flux pump is illustrated in Figure 3a, which
can be modeled by the equivalent circuit in Figure 3b. When an alternating magnetic field
travels across the surface of HTSCs (typically HTS tapes), eddy currents will be induced
and circulated within the superconductor. The current then results in an electric field,
whose time-averaged integration over one cycle is derived to be a non-zero value. If the
HTS tapes are connected to a load (usually HTS coils) to from a closed loop, then the flux
pump can be considered as a DC voltage source V,, with internal resistance of Ry, charging
an inductive load that has an inductance of L and resistance of Ry, through resistive joints
Rj. The whole system can be described by a Kirchhoff voltage equation:

dI
Voe = I(Ry +2R; + Ry) +L M

Under zero-state response, the pumped current I can be calculated as:
I= 15(1 - e—<%)f) )

where I; is the steady state current, i.e., the maximum pumped current, T is the time
constant that is determined using the following equation:

L
T 3
RV + ZR] + RL ( )
travelling magnetic wave
- o
| i L
B
|
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‘ Ry,
load coil } I v i
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. |
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Figure 3. (a) Schematic diagram, (b) equivalent circuit for travelling wave HTS flux pump.

The most important step in operating a travelling wave HTS flux pump is to provide
proper alternating magnetic fields, for which effective DC voltage can be induced. Accord-
ing to the ways in which the magnetic fields are provided, travelling wave flux pumps can
be classified to rotary HTS flux pumps and linear HTS flux pumps.

3.1. Rotary HTS Flux Pumps

HTS rotary flux pumps, or so-called HTS dynamos, firstly proposed by Hoffman
et al. [57], employ one or multiple permanent magnets (PMs) mounted on a rotating disc as
shown in Figure 4. The rotation of disc causes spatially varying magnetic fields and forms
the travelling wave required by the flux pumps.
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HTS tape HTS coil

Figure 4. Cross section view of a rotary HTS flux pump equipped with two PMs.

This type of HTS flux pump has been extensively investigated, because of its simple
structure and ease of operation. The basic design considerations for an HTS dynamo are
the generated voltage and pumped current [58]. From Equation (1), the pumped current
is directly determined by the effective DC voltage induced in the HTS tapes. Abundant
work has been conducted to characterize the open circuit voltage for HTS dynamos, mainly
credited to the research groups of the Robinson Research Institute, Victoria University
of Wellington [59-62]. Inspired by the basic configuration of HTS dynamo, experiments
were performed to investigate the impact of the flux gap [63], frequency (disc rotating
speed) [64], tape width [65], and geometry of magnets [66] upon the open circuit voltage
Voc. Generally, it has been demonstrated that V,. increases with the frequency and tape
width but decreases with the flux gap. In terms of the magnet geometry, it was concluded
in [66] that the generated voltage is insensitive to the orientation of the magnet but can
be influenced by the magnet cross-section area. More precisely, the generated voltage
shows a linear rise versus the frequency until a turning point usually appears around
hundreds of Hz. After this turning frequency, nonlinear variation in the output voltage
occurs, i.e., the slope of the voltage—frequency curve begins to decrease with frequency.
This experimental observation was rather overlooked and not well explained until Zhang
etal. [67,68] proposed and demonstrated the use of a multilayer model to investigate the
electromagnetic losses in HTS-coated conductors over a wide range of frequencies. It was
found in [67,68] that at frequencies higher than 100 Hz in the case of magnetization, the
skin effect plays a dominant role in the determination of current distribution in an HTS CC,
which results in the current drifting from the HTS layer to other non-superconducting layers,
e.g., the copper stabilizers. Hence, the electric field established by the superconducting
current is weakened, and thus the generated voltage experiences a progressive decrease
with increasing frequencies. It is worthwhile mentioning that this is also the reason for
which numerical models that only consider the HTS layer cannot manifest the nonlinear
frequency response but predict a constant linear rate of increase in voltage. The generated
voltage is consistently inversely proportional to the flux gap because the magnetic field
experienced by the HTS tape is inversely proportional to the flux gap.

In contrast to the monotonic relationships described above, the generated voltage
varies parabolically with HTS tape width in [69], namely the voltage initially increases up
to a certain point and then starts to decrease as the tape width increases, which means there
exists an optimal value for the tape width in order to achieve the highest voltage. However,
it was found in [70] that the voltage will saturate at a certain point, after which further
increase in the tape width has little impact on the voltage. The different relationships are
attributed to whether or not a constant flux gap is maintained when the magnet passes
over the HTS tape. The HTS dynamo modeled in [69] adopts the radial flux geometry,
where the HTS tape and PM surface are flat so that the distance (along the magnetization
direction) between the magnet and the tape varies as the magnet rotates, as shown in
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) > rotatlng plane
constant airgap

varlable airgap

(@)

HTS tape

Figure 5a. As a comparison, the model in [70] still adopts the radial flux geometry but the
surface of magnet and HTS tape are curved, which will result in a constant air gap (along
the magnetization direction) between the magnet and HTS tape, as shown in Figure 5b. The
underlying physics causing this peculiar bilateral tape width effect have not been reported
yet, which requires further investigation. Regarding the configuration of HTS dynamos, it
should be noted that a constant flux gap can also be achieved by adopting the axial flux
geometry, in which the magnet is rotating in a plane parallel to the HTS tape surface, as
shown in Figure 5c.

A\

HTS tape

I constant airgap

(b) HTS tape

Figure 5. Cross section diagram for different HTS dynamo configurations: (a) axial flux geometry
with non-uniform airgap, (b) axial flux geometry with uniform geometry, (c) radial flux geometry
with uniform airgap (the rotating plane is perpendicular to the paper).

3.2. Linear HTS Flux Pumps

A travelling wave HTS flux pump utilizes static electromagnets rather than rotating
PMs to provide the alternating magnetic fields required for generating effective DC voltage
in HTS tapes. The whole device resembles the structure of a linear motor and is named as a
linear HTS flux pump.

This type of HTS flux pumps has been mostly explored by the HTS group at the
University of Cambridge [71-74]. Figure 6 shows a typical structure of an HTS linear flux
pump. This flux pump consists of eight copper coils in four columns, in each column an
HTS tape is sandwiched by an upper and lower copper coil connected in series. Each
copper coil is wound around laminated iron cores and supported by an iron framework to
focus the magnetic flux. The four HTS tapes are connected in parallel across the HTS coil.

Laminated iron
cores

Figure 6. Schematic diagram for a linear HTS flux pump.



Crystals 2022, 12, 766

8 of 30

The linear HTS flux pump is operated by successively exciting each set of copper
coils, forming a modulated field fluctuation in space that is analogue to a travelling wave.
Experiments have demonstrated [72] that the pumping performance can be influenced by
the frequency, amplitude, and waveform shape of the excitation current. Basically, the flux
pumping is an accumulation process, where the current in the load coils is subsequently
pumped up in each operation cycle. The limits are principally determined by the critical
current I, of the HTS tape rather than the magnetic field. Linear HTS flux pumps were
observed to pump more or less the same current when operated at different frequencies
and amplitudes, although a higher frequency and/or amplitude resulted in faster charging.
For the waveform profiles, a triangular wave was demonstrated to be more effective than
trapezoidal and sinusoidal waves. The authors of [71] found that a standing waveform,
e.g., by exciting only one of the copper coils, can also energize the HTS load coils, which
was thought to be an anomalous exception, as no travelling waves are present. In fact, this
phenomenon can be explained if one considers the origin of the voltage generation in the
HTS tapes, which will be clarified in detail in the following subsections.

3.3. Underlying Physics

The travelling wave flux pump is a phenomenological subject, for which the underly-
ing physics have been mysterious for years. Consider the flux pumping part in Figure 3a,
it is topologically identical to an AC alternator, where only AC voltage is supposed to be
induced under AC fields without DC components. In 2014 [75], seven years later after the
discovery of HTS flux pumping effects under travelling wave, Coombs et al. firstly gave a
clue that the crucial difference between HTS travelling wave flux pumps and conventional
AC alternators is likely to relate to the non-linear E-J characteristics, though no exhaustive
explanation was given then. The first dedicated work that attempts to clarify the origin of
the voltage observed in an HTS travelling wave flux pump was published by Geng et al.
in 2016 [76]. They developed theoretical analysis based on a simple circuit, as shown in
Figure 7, that is intuitively identical to the arrangement of a linear HTS flux pump shown
in Figure 6, where superconducting loops can be formed by two adjacent HTS tapes.

Figure 7. Electric circuit for analyzing the voltage generation.
The open circuit voltage across the HTS loop is:

Vi(t) + Va(t)

V(t) = iRo(t) — Va(t) = Ry(t) + Ro(t)

Ry(t) = Va(t) (4)

Taking the time average derives the effective DC voltage as:

1T 1T —do/dt
Vi = T/o V(t)dt = T/o O A0k 5)
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where Vj (t) and V;(t) represent the electromotive force induced in each HTS tape, while
Ry (t) and R;(t) represent their resistance accordingly. T is the cycle period of the applied
field and @ is the total flux applied to the HTS loop. To fulfill the Faraday’s law, fOT Vo(t)dtis

zero. If the resistance in each HTS tape is constant throughout the operation, i.e., #ﬁ)z(t)
equals a fixed value, the effective voltage must be zero. However, if the resistances are
time varying functions, it is possible that Equation (5) can lead to a finite non-zero result,
which shapes the effective DC voltage. Geng et al. then discussed the field strength, the
influence of rate of field change on the resistance, and hence attributed the DC voltage to
the variation in the resistivity of type II superconductors.

Almost at the same time, in 2016, Bumby et al. [77] published an enlightening work
to explain the DC voltage origin for an HTS dynamo. In their work, the Giaver model
was applied, which considers that the superconducting eddy currents “short-circuit” the
high field region, e.g., the region beneath the PM during the passage of PM across the HTS
tape as shown in Figure 8a,b. Under this assumption, the circulating current is expected to
spread over the tape, such that:

3(0) Jser = —(w —6(8))Jsh (6)

where J;, is the induced average local current density in a region of the HTS tape that
is directly beneath the magnet, 6(6) is the path width at rotor angle 6, and J, is the
concomitant returning current. The flux—flow resistance in type II superconductors can be

described by E-J power law:
n—1
E—Ecl(m) (7)

Te\Te

(b)

]
e O

w

Figure 8. Schematic diagram illustrating the circulating current as the magnet rotates over the HTS
tape (a) vertical view, (b) front view, (c) circuit sketch.

Hence, the resistances in each of the circulating paths can be expressed as:

IEo|J|" !

R=Tw=sj"

®)
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Consider the analysis of the circuit in Figure 8c, the instantaneous representation of
that effective DC voltage can be derived as:

—Vin(6)

50) \"
(555w
where |, is the critical current density at a threshold field E., n is a constant coefficient
related to the materials. V), is approximated as V;;, = [vB, with [ and v representing
the length and linear velocity of the magnet and B is the flux density, for the magnet
passing over the tapes. Otherwise, it is always zero. This equation was able to show
qualitative agreement with the experimental measurements, implying that the circulation
of superconducting current seems to be the cause of the DC output voltage from an
HTS dynamo. Following this work, Mataira et al. further demonstrated in [78] that the
circulating superconducting current under the strong field region substantially exceeds
the local critical current density and triggers a highly non-linear resistivity, leading to
bizarre distortions on the induced AC waveform. As a result, the net integration of the
AC waveform is no longer zero and forms an effective DC component. The same group
then clearly stated that it is the non-linear resistivity and unsymmetric eddy current effect
that gives rise to the DC output voltage from an HTS dynamo [79]. Thanks to that, the
longstanding conundrum should have now been clarified clearly.

As an alternative to the microscopic approach presented above, Wang et al. proposed
a macroscopic theory [80] to explain the DC voltage generation in an HTS travelling wave
flux pump. According to their explanation, the local-field inhomogeneity, i.e., a DC biased
AC waveform, causes a coupling effect between clusters of coupled vortices and the applied
magnetic poles, and the coupling force drags the vortex cluster into the HTS film and hence
traps flux within it, as illustrated in Figure 9. The physics conceived in [80] tends to oppugn
the non-linear resistivity established in [78,79], as they stated in [81]. The focus of the
debate is that a pure AC waveform cannot prompt a DC output from a travelling wave flux
pump, which was not clearly studied in [78,79]. However, the zero DC output voltage in a
travelling wave HTS flux pump under pure AC fields should not be taken as evidence that
challenges the theory based on the non-linear resistivity.

V(t) = 9

Applied positive pole : .
PI I ! — Coupled negative

vortex cluster

HTS film Coupled negative
\ vortex cluster
Applied negative pole

Figure 9. Coupling features including the ramping up of vortex density and misalignment between
applied pole and coupled cluster. Adapted from [80].
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Based on Equation (7), one can describe the net averaged DC voltage as:

E.11 -
Vie = ]Tngfl/ dtﬁll]\ ds (10)

For an open circuit, there must be no transport current such that:

#]ds =0 (11)

Thus, V;, must be zero if n = 1, similar to that in a normal conductor. For n > 1, such
as that in a superconductor with non-linear resistivity, J is spatially dependent and it can
lead to a finite non-zero solution for Equation (10). Alternatively, one can also express the
net averaged DC voltage directly from the Faraday’s law:

/dt#dey’ ds _# B(x,y,t = T) — B(x,y,t = 0)ds  (12)

If the applied magnetic field B(x, y, t) is a pure AC waveform, then at any position it
must hold that B(x,y,t = T) = B(x,y,t = 0), so V. can only be zero. Equations (10) and
(12) can both hold simultaneously and agree well mathematically with each other. The
physical interpretation is simply that if the applied field is pure AC and hence completely
identical in the positive and negative cycles, the waveform distortion (of course still origi-
nates from the non-linear resistivity) is cancelled out during the whole periodic operation.
Thus, applying a pure AC field should be considered as a special scenario instead of a
counterexample of the theory built on non-linear resistivity.

3.4. Modeling Techniques

Various formulations have been successfully implemented into commercial software,
e.g., COMSOL Multiphysics, for HTS flux pump modeling. Generally, the electromagnetic
behaviors involved in operating a travelling wave HTS flux pump can be well described by
Maxwell equations. Depending on the state variables selected for solving Maxwell equations,
different formulations can be utilized, such as the H formulation [82-86], coupled H-A for-
mulation [87,88], and coupled T-A formulation [89-93]. In addition, extra techniques have
been developed to simplify the solution of Maxwell equations in specific aspects, including
the H-formulation with shell current [70,78,79], segregated H-formulation [94,95], minimum
electromagnetic entropy production (MEMEP) [96,97], integral equation (IE) [98-100], volume
integral equation-based equivalent circuit (VIE) [101-103], and Chebyshev polynomials
based methods [104-106]. Exhaustive details for each formulation can be found in the
benchmark paper [107] published by Ainslie et al., which is strongly recommended to
readers for acquiring information about HTS dynamo modeling. In addition, two remarks
should be supplemented. The first one is, all models in [107] follow a classical assump-
tion that the critical current of the HTS tape is constant. However, the critical current is
sensitive to the magnetic field experienced by the HTS tapes, which has been shown to
have significant impacts on the generated voltage [78]. Fortunately, in terms of numerical
modeling, one can easily include this feature by importing the experimentally measured
critical current under different fields to the model. Alternatively, one can describe the field
dependence of critical current by an empirical function:

Je(B) = Jeo _ (13)

\/szpamz + Bperp2
1+

By

where Bpgr, and Bp,rp represent the parallel and perpendicular components of the magnetic
flux density with respect to the wide face of superconducting tape. |, By, k, and « are
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constant coefficients related to materials. It also should be pointed out that the models
in [107] only consider the superconducting layer of an HTS tape. This approximation is
valid only under low frequencies, because for relative higher frequencies (hundreds of Hz
or above) the currents induced by external magnetic fields tend to be drawn away from the
HTS layer to its edges due to the skin effect, which cannot be reflected by a single layer
model [108]. Therefore, it is necessary to consider all layers in a coated HTS conductor,
e.g., the copper stabilizers, silver overlayer as well as substrate. With the two remarks
added, one should obtain a numerical model that possess the full capability to simulate the
behavior of a travelling wave HTS flux pump. Up to now, most of the modeling techniques
are mainly implemented for a rotary HTS flux pump, due to its structural simplicity. As
discussed in Section 3.3, the rotary HTS flux pump and linear HTS flux pump share exactly
the same physical mechanism. The modeling techniques for HTS dynamos modeling can
be confidently transferred to model HTS flux pumps, while the only difference lies in
modeling the applied field either by a remanent flux density (for PMs) or an excitation
current (for electromagnets). The general framework for modeling an HTS dynamo can be
illustrated as that in Figure 10.

rotating disc

silver layer
HTS layer

Figure 10. Illustration of the modeling framework for an HTS dynamo (cross section view), and the
golden arrows identify the polarization of PM, the blue twisted arrow means the rotating direction of
the disc.

In addition to the widely used 2D models, Asef et al. [109] proposed the first 3D model
for an HTS dynamo, based on the MEMEP approach that they initially proposed for 2D
HTS dynamo modeling. This model has shown good agreement with experiments as well
as the 2D models. The highlight of this model is that it visualizes the screening current and
electric field distribution across the HTS tape surface, which is significant as it provides
evidence for the mechanism explanation based on the eddy current circulation. So far, the
models discussed above usually only cover the flux pumping part shown in Figure 3a,
aiming to investigate the open circuit voltage output. In order to replicate a travelling wave
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HTS flux pump in full, one should also include the superconducting coils under charge.
The authors of [110] modeled the full charging process for an HTS dynamo, where the load
coils are simplified as a series combination of an inductor and resistor with predetermined
values. To link the flux pumping part with the load coils being charged, the constraint
imposed to maintain the current in HTS tapes, as previously described by Equation (11),
should be amended accordingly:

# Jds = I (14)

where I; denotes the currents stimulated (by the induced voltage across the HTS tapes) in
the coils and hence also flowing through the HTS tapes as a complete circuit loop.

4. Transformer-Rectifier HTS Flux Pumps

HTS flux pumps can be achieved in the magnetic field driven mode, as detailed in
Section 3, while they can also be realized in the current driven mode, which are classified as
transformer-rectifier HTS flux pumps. A general schematic drawing is shown in Figure 11.
An alternating current i; is induced in the secondary winding of the transformer, which is
connected to the HTS bridge and coil and forms two loops in parallel. Initially, the HTS
bridge short-circuits the HTS coil, and i, flows through loop1 only (i.e., iy = i). Under
certain conditions, the HTS bridge can exhibit temporary resistivity; thus, breaks the short
circuit and forms a rectifier. Consequently, the HTS coil can be charged by a current iy,
flowing in loop2. When the HTS bridge eliminates its resistivity, the HTS coil is again short-
circuited and hence flux is trapped. The flux pumping process involved here is, in essence,
similar to LTS flux pumps. The difference is that the resistive region in HTSCs (analogue to
the normal region in LTSCs) requires no elimination of superconductivity. Depending on
how to trigger the resistivity in the HTS bridge, there are AC field switched [111-114] and
self-regulating transformer-rectifier HTS flux pumps [115-117].

iy ] [ +
1:n L2 L
Rayn load
— coil
 —

loop1 loop2

Figure 11. Circuit diagram for a transformer-rectifier HTS flux pump (red arrows denote the applied
magnetic field).

4.1. AC Field Switched Transformer-Rectifier HTS Flux Pumps
4.1.1. Topology

This type of flux pump, as shown in Figure 12, was firstly demonstrated by Geng and
Coombs [112]. When the HTS bridge carries a current i induced in the secondary winding,
an alternating magnetic field is applied perpendicularly to the surface of the HTS bridge.
As long as i; flows in one direction in the HTS bridge with the existence of the alternating
field, resistivity can be triggered.
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Figure 12. Structure diagram of an AC field switched transformer-rectifier HTS flux pump.

Several influential factors on the flux pumping performance were examined in the
comprehensive research presented in [111], including excitation current magnitude, applied
field magnitude, frequency and duration, and phase differences between current and field.
Briefly, the pumping current decreases from its maximum at no phase misalignment (the
transporting current is in phase with the field) to zero at 90 degrees phase difference; an
increase in either the strength or frequency of the applied field leads to a continuously
increasing pumped current; the duration of the applied field (i.e., how long the resistivity in
the HTS bridge is maintained) has negligible impact on the pumping current. The influence
of the excitation current is relatively more complicated: the pumping current increases with
the excitation current magnitude up to a turning point, after which it starts to drop if the
excitation current increases further, implying that there exists an optimal excitation current
to maximize the pumping current. In addition, it was found in [118] that adding an actual
resistance to the secondary winding can enhance the pumping current, especially when the
desired current is high.

4.1.2. Mechanism

The working principle of an AC field switched transformer-rectifier HTS flux pump
is crystal clear, since it is completely based on the well described dynamic resistance
effect [119-121]. It is known that the external magnetic field B, penetrates certain distance
into the superconductor from its edges. The penetration depth increases with the magnetic
field. Hence, if the magnetic field is strong enough, it can penetrate the central area and
create a resistive region as shown in Figure 13.

Under such conditions, the current flows in the central area tends to interact with the
magnetic flux and cannot flow without resistivity. The widely accepted formula to calculate
dynamic resistance Ry, was proposed in [121], which can be expressed as:

2wl
Rdyn = i f(Bext - Bth) (15)
c
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Figure 13. Magnetic profile inside an HTS conductor when it carries a DC current under an AC
magnetic field. (a) The applied field Bey; is smaller than the threshold By, (b) the applied field B,y
exceeds the threshold By, and creates the dynamic region. Adapted from [121].
However, this linear formula cannot reflect the non-linearity of dynamic resistance.
Equation (15) was then complemented by Zhang et al., in [120], where a second term was
added to account for the non-linear contribution:
R = 27 (Bt = B + 254 fg (B) (16)
c
za
2 ! Bew \ 21 20tlp ! Bewt \ P2 (2p +2)!
By =1+ (—) + <7) (2p+2) 17
Juog(B) =1+ 1, { G-+ 0T\ B ) il 1) @2l @i\ 2m) [P A7)

where w is the width of the superconductor, / is the length of superconductor subjected
to the field, I is the critical current, B,y and f are the amplitude and frequency of the
applied field, respectively. By, represents the threshold that the applied field must exceed
to create the dynamic region. i is the load ratio that reflects proportions of transport current
I} to the critical current, i.e., I; = il.. n in Equation (17) is even and in the case of an odd #,
the formula has to be adapted accordingly as illustrated in [120]. It should be noted that
Equation (15) was initially developed for a superconductor carrying DC current, but the
HTS bridge transports an alternating current. It is still applicable here because the field is
only applied when the current flows in one direction.

4.2. Self-Regulating Transformer-Rectifier HTS Flux Pumps
4.2.1. Topology

Following the design in Figure 12, Geng et al. [122] further developed the self-
regulating transformer-rectifier HTS flux pump, which are hand-in-hand with the AC
field switched ones. The two prototypes share almost the same topology, whilst the only
difference is whether the field generating component is included. In a self-regulating
transformer-rectifier HTS flux pump, the AC magnetic field is no longer required to trigger
resistivity in the HTS bridge. Alternatively, a highly asymmetric (the absolute value of
positive peak is much higher than its negative peak) current is injected into the primary
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winding. Then, resistivity can be trigged for the HTS bridge when it conducts the positive
peak current. With this approach, it eliminates the troublesome field modulation, making
the whole operation solely driven by current. As a result, the operational considerations
are less than that for an AC field switched HTS flux pump, principally only the magnitude
and frequency of the primary current. As experimentally demonstrated in [122], unlike the
AC field switched ones, where the primary current magnitude has a bilateral effect, the
pumping current for a self-regulating flux pump continuously increases with the primary
current. More or less the same pumping current was obtained for various primary current
frequencies, but faster charging speed was observed under higher frequencies.

4.2.2. Mechanism

Intuitively, due to the topological similarity, the mechanism of self-regulating flux
pumps is close to the AC field switched ones, but slightly different. For type II superconduc-
tors, the current and electric field relations normally can be described by the exponential
E-J] power law as Equation (7). Visualizing this equation, as shown in Figure 14, one can
find that if the current density exceeds a threshold value, the superconductor will enter
the flux flow regime and exhibit obvious resistivity. Thus, if some parts of the secondary
current waveform (e.g., the positive peak region) are greater while all the rest are smaller
than the threshold, the HTS bridge can possess temporary resistivity in one cycle and hence
provides the rectification effect. This is the reason why the primary current must be highly
asymmetric, and the flux pump can only operate in half-wave mode.

A

E

””””””””””””””””””” (flux flow regime

Je. "

Figure 14. Visualization of the E-J relation, the red arrow means that the flux flow regime appears
after transport current exceeds the critical current density.

4.3. Modeling Techniques

Theoretically, the methods detailed in Section 3.4 for travelling wave HTS flux pumps
modeling are applicable to the above two types of HTS flux pumps. Most previous work
about transformer-rectifier HTS flux pumps are experimental, a good example of the
modeling can be found in [123]. Based on the circuit diagram in Figure 11, the transformer
can be equivalently substituted by a magnetic field applied perpendicularly to loopl,
which can induce a circulating screen current, accordingly. The whole system then can be
simplified to three parallel HTS tapes (51, Sy and S;) connected at the terminals, which is
reflected by a global constraint equation:

i51+i52+i5L :ﬂlslds—FﬂIszdS—"#IsLdS:O (18)

Later, a novel modeling approach was proposed in [124]. Different from those
formulation-based models aiming to solve Maxwell equations, this model completely
relies on the circuit analysis for Figure 11. By combining Equations (7) and (15), one can
express the net output voltage across the HTS bridge as:

. 2wl i1
Vour = IZJ(Bext - Bth) + Eclzi

I, I

(19)
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which can then be utilized to calculate the current in an inductive coil with fixed inductance,
similar to Equation (1). This method evades sophisticated electromagnetic interactions that
occur in the real operation by applying a set of approximated equations, so it is much more
efficient than finite element methods (FEM), in terms of solution time.

5. Other HTS Flux Pumps

The main categories of HTS flux pumps were substantially detailed in Sections 3 and 4;
this section aims to provide readers with a wider overview of HTS flux pumps, by present-
ing several variants.

As mentioned earlier, Coombs et al. constructed a rig to magnetize YBCO samples [47-49].
In their experiments, they conjoined soft magnetic materials with hard ones in the flux
path, as shown in Figure 15. The soft magnetic materials (e.g., Prussian Blue puck) undergo
a change in permeability and the hard ones (e.g., permanent magnet NdFeB) undergo
changes in magnetization when their temperature changes. As a combinational effect, mag-
netic pulses can be generated to travel over the surface of the superconductors. Technically,
the operation principles are similar to the later conceived travelling wave HTS flux pumps.
This type of thermal actuated HTS flux pumps have not been further developed, due to the
challenges faced in operation. However, it is of great significance since it firstly realized
flux pumping for HTSCs without any break of superconductivity.

Cryostat

\ Iron core //

Soft

magnetic
materials
«<— Heat wave —>

NdFeB

Figure 15. Illustration of the experimental set up for a thermal actuated HTS flux pump. Adapted
from [48].

In [125-129], Bai et al. proposed a pulse-type magnetic flux pump to magnetize Bi-2223
tapes, as shown in Figure 16a. In their design, an HTS film is placed in the middle of a set
of aligned solenoids and connected to an HTS loop. By controlling the input current, the
solenoids can generate specific magnetic pulses over the HTS film, after which flux can
be driven into the superconducting loop. This is again very similar to the travelling wave
HTS flux pumps, especially the linear ones. Nevertheless, according to their explanation,
the pulses are utilized to create a local normal region in the HTS film, which makes it
totally different from all HTS flux pumps discussed above but resembles an LTS flux pump.
Considering their experimental configurations, the solenoids with 300 turns are energized
with a current below 2.5 A with 300 turns. Such an excitation is unlikely to produce a
magnetic field strong enough to break the superconductivity for HTSCs, this is essentially
a variant of the travelling wave HTS flux pump.
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Figure 16. (a) Structure diagram of a pulse-type HTS flux pump. Adapted from [125]. (b) Experimen-
tal configuration of the linear HTS flux pump. Adapted from [130].

winding

Refs. [130-133] claimed that they have designed a novel flux pump device to charge
an HTS double pancake coil, as shown in Figure 16b. The only acting component is
the static electromagnet, and thus it is referred to as a linear HTS flux pump in [133].
However, it should be noted according to the topology, that the magnetic core directly
passes through the closed superconducting loop, which intuitively forms a transformer
with the superconducting loop serving as the secondary winding. From this point of
view, the situation becomes tricky since the charging current can likely result from direct
electromagnetic induction, rather than flux pumping. The flux pumping effect reported
in [130] can be well accounted for by Faraday’s law: the injected DC current in the static
electromagnet has led to the occurrence of the DC magnetic flux inside the HTS loop despite
a short step-variation period. It should be noted that the initial magnetic flux inside the
HTS loop is zero. Given the flux conservation characteristics and nearly zero resistance of
a superconducting loop, a permanent circulating DC current will be induced to force the
total magnetic flux inside the HTS coil to be zero [134]. As a result, a DC current can be
generated in the HTS loop.

The transformer-rectifier HTS flux pumps discussed in Section 4 all rely on the HTS
bridge to demonstrate temporary resistivity during each cycle of operation. Gawith et al. [135]
proposed a double AC field switched flux pump, where an extra field is applied to part of
the loop1 path in Figure 11. They pointed out that for a single AC field switched transformer-
rectifier HTS flux pump, the resistance in loopl is not zero even if the HTS bridge is
superconducting, because there are fixed resistances due to circuit joints and the AC loss
mechanism. Adding an extra AC field switch can help modulate the resistance in loop1
and potentially improve the performance compared to the single switch case. Alternatively,
except for exploiting peculiar properties of superconductors, one can replace HTS switches
with electronics devices, such as MOSFETs, which demonstrates high impedance during
on-state and very low impedance during off-state [56]. In addition, the critical current
density of HTS materials is associated with external magnetic field. Therefore, for a self-
regulating transformer HTS flux pump, one can exploit the field dependence of critical
current density to reduce the threshold of flux flow regime, which has proved helpful for
improving efficiency [136].

6. Discussion

Based on the above analysis, it can be concluded that the creation of a resistive region
without breaking the superconductivity in the whole HTS tape is the key to achieving
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the DC output voltage. In other words, the non-linear dynamic resistance caused by the
hysteretic and flux flow effect is the root for all types of HTS flux pumps. The functionality
of all types of HTS flux pumps presented in this work is essentially achieved by the same
working principle: an effective homopolar voltage is induced across a section of HTS tape,
which can energize the charging loop by constantly ramping up current in it. For travelling
wave HTS flux pumps, either rotating PMs or stationary electromagnets can be employed
to provide the magnetic field required by the HTS tape to output a DC voltage. The core
is to create highly unbalanced resistivity along the width of the HTS tape (due to the
highly non-linear resistivity property), so whether the wave is “traveling” is not decisive.
Applying a simple standing waveform can also lead to a measurable DC output, as long
as the magnetic field is asymmetric in the time domain and spatially inhomogeneous. For
transformer-rectifier HTS flux pumps, two options are available for triggering the resistivity
in the HTS bridge, either by external AC magnetic fields or over-critical currents.

In terms of the fundamental physics, the two main categories (travelling wave and
transformer-rectifier type) of HTS flux pumps are closely related and share common char-
acteristics. In all cases of operating HTS flux pumps, the HTS bridge should be able to
transport current greater than that carried in the load coil. This is automatically fulfilled,
considering the load coil usually experiences a much higher field than the bridge. Other-
wise, one would have to manually adjust the current capacity for the HTS bridge and load
coil. One possible way to achieve that is to operate the HTS bridge at lower temperature
than the load coil. Each of these devices requires only a small amount of supply to produce
any desired level of current, while the limit is imposed by the maximum current that can
be carried by the HTS load (i.e., the critical current). To scale up the pumped current level,
one needs to increase the load current capacity.

Meanwhile, due to the distinctive topologies, there are critical differences between the
two types of HTS flux pumps. As shown in Figure 3, the entire charging process occurs
in one single loop, which means that the magnetic induction and switching are tightly
coupled in a traveling wave HTS flux pump. This makes it difficult to mitigate the loss,
because the transport current will always need to flow through the resistive HTS path. Yet,
for a transformer-rectifier HTS flux pump, as shown in Figure 11, the charging current
and transport current are separated. Hence, it is possible to suppress the loss, at least,
by independently minimizing the off-state loss (e.g., when the applied field is removed).
There is a sort of trade-off between the two types of HTS flux pumps, while the travelling
wave HTS flux pump has the simplest structure and requires the least superconducting
materials, the transformer-rectifier HTS flux pump possesses more flexibility and can
possibly maintain lower loss.

Both of the two categories of HTS flux pumps support reversable operations. To invert
the load, one can simply flip the wave propagation direction for a travelling wave HTS flux
pump. By controlling whether the resistivity is triggered in the positive or negative half
cycle of the secondary current, similar inversion effect can be achieved for a transformer-
rectifier HTS flux pump. A comparison between different types of HTS flux pumps is
presented in Table 1.

It should be pointed out that the definition of an HTS flux pump in the scope of
this work is a device that can achieve flux pumping without breaking superconductivity
in HTSCs at any given time during operation. In order to provide the most intuitive
explanations for specific types of HTS flux pumps, the working mechanisms for typical
variants of the HTS flux pump were separately introduced in Sections 3 and 4. However, we
must emphasize again that the underlying physics is united, all of which point to the same
principle, namely that a non-linear resistivity needs to be stimulated. More precisely, the
AC-switched transformer-rectifier HTS flux pumps directly utilize the dynamic resistance
that occurs when HTSCs carrying DC currents are exposed to external AC fields. The
non-linear resistivity theory for travelling wave HTS flux pumps is essentially based on the
E-J] power law, the same as for the self-regulating transformer HTS flux pump which can
be interpreted as an alternative manifestation of dynamic resistance.
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Table 1. Comparison between major HTS flux pump categories.

Type Pros Cons Notes
. . . Mechanical drive is required to
Rotary HTS flux pum Simplest structure, easiest operation, create relative motion between oy
otary pump least material consumption. ' , Losses are presented and difficult
static and moving parts. to mitigate due to the single loop
Linear HTS flux pum Concise configuration. The external Magnetic framework is required topology.
pump field can be tuned easily. to divert flux path.
AC field switched The flux pumping process consists of ~ The system is sophisticated and

transformer-rectifier

several independent steps, thus highly
flexible.

imposes many operational
considerations.

Self-regulating
transformer-rectifier

It can operate at completely
current-driven mode without any
external field involved.

Potentially unstable due to the
sharp E-]J relation.

Losses are presented but can be
modulated since the transport
current and charging current are
separated.

Power electronics switched

Power electronics devices such as

Commonly in power electronics

The operating frequency and

MOSFETs, IGBTs are cheap and devices, the on-state resistance is OUtpL.lt rlpple. are hlghly. .
. . . . associated with electronics device
widely available. inevitable. standards

Note: None of these HTS flux pumps need to break superconductivity during operation.

7. Applications

As previously mentioned in the paper, HTS flux pumps provide a promising solution
for efficient load energization. One the one hand, it obviates the need for physical current
leads, which not only simplifies the structural layout but also dramatically relieves the
thermal load imposed on the cryogenic system. On the other hand, very high current can be
obtained by repeatedly applying a small field without involving expensive and bulky power
supplies, saving considerable capital cost. These unique merits are exceedingly attractive
in a wide range of applications, including but not limited to electrical machines, ultra-high
field magnets, MRI/NMR, generally wherever high current and /or high magnetic field
are demanded.

In the electrical machine domain, the rotary HTS flux pumps are considered as con-
genitally beneficial, because they can take advantage of the inherent motion between the
rotor and stator in an electric machine to achieve flux pumping. By applying rotary HTS
flux pumps to energize field windings, neither slip rings or brushes are required, which
are major sources of failure in an electric machine. In [32], Sung et al. outlined the design
and heat analysis of a 12 MW HTS wind power generator module employing an HTS
dynamo. The results have shown that total heat loss can be maintained at 39 W when
the coil supporter adopts zigzag or pole shapes. The GM cryocooler has 50 W thermal
capacity for the HTS coils to be operated at a temperature under 20 K, so the application of
a rotary HTS flux pump in this wind power generator demonstrates clear feasibility [137].
In [31,138], the design was experimentally verified by fabricating Double Pancake Coils
(DPCs) for the rotor poles of a 10 kW, 200 rpm wind power generator prototype. It was
reported that the field windings can be energized to 1.5 T field through the injection of 85 A
per pole. Research groups in Korea have proposed a structural design for a 12 MW HTS
generator employing rotary HTS flux pumps in [139], where all the HTS field windings are
structurally separated as shown in Figure 17a. Each HTS module coil consists of several
components, including HTS field coils, coil bobbins, bobbin supports, a heat exchanger, a
flux pump, a cryostat, and a cryo-cooler. The flux pump exciters located in each module
are defined as rotating and stationary parts as shown in Figure 17b (similar to the flux
pumping part and charging part in Figure 3a). The rotating parts are rotated by interlocking
gear teeth of the generator and flux pump exciter, while the stationary parts are included
in the cryostat of the coil module to directly connect the HTS field coil with HTS stator
wire. A more recent work published by Kalsi et al. [140] described a 2 MW, 25,000 rpm
concept design for homopolar superconducting AC machines, with rotary HTS flux pump
driven field coils, for aerospace applications. The design was inspired by the General
Electric’s Homopolar Inductor Alternator (HIA) prototype [4], achieving a power density
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of ~9 kW /kg for a SMWA, 35,000 rpm machine. Machines of this type are an ideal choice
for future aerospace applications, because both the AC armature and DC excitations are
included within the stationary part of the machine, as shown in Figure 18a. A solid steel
rotor is magnetized by the stationary excitation winding, so that the operating speed is
limited only by the mechanical stress limit of the rotor steel. The rotary HTS flux pump to
be integrated with the circular coil is shown in Figure 18b, which is capable of managing
field current in the range of 188-364 A. Following the preliminary charging test of HTS coils
for the rotor field winding of a 1-kW-class HTS rotating machine [141,142], the world’s first
implementation of an HTS machine that employs an HTS rotary flux pump as the exciter
has been reported in [143]. A maximum output power of 1779 W has been successfully
obtained, with the rotating speed of 600 rpm, field current of 1.72 A, and average three
phase load of 203 ohms. The excitation loss (for field current below the saturated value at
100 A) was estimated to be 1.11 W, which is approximately 91.5% less than those of the two
pairs of copper current leads.

(@)

Cryostat

Stator part of the FP Shield

exciter

| i HTS coil
1 Supports
o <_|_ 2 stage
Rotorpart of the FP ‘ﬂli - crvo-cooler

exciter

Cryostat

g

2" stage cryo-
cooler

HTS coil

Bobbin

Rotor part of the
FP exciter

2 Jayer *7]_1*stage cryo-
Stator part of the Support cooler
FP exciter

1% layer
Support

Figure 17. Configuration of the rotary HTS flux pump-based module coil. (a) overview (b) cross
section view, of a separated unit of HTS field coils. Reprinted from [139].
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Figure 18. (a) Sectioned view of the AC homopolar motor/generator, (b) rotary HTS flux pump
concept to be integrated with the field coil. Reprinted from [140].
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Superconducting technology has boosted MRI/NMR advancement over past decades,
by the means of providing high magnetic fields that are not available from conventional
magnets. MRI/NMR equipment requires the continuous production of a large homogenous
field, typically 1-7 T. The state-of-the-art technology employs LTSCs, which need to cool
down to liquid helium temperature 4.2 K. It is rather evident that LTSCs for current
MRI/NMR technology are reaching their bottlenecks and new developments such as
obtaining higher fields and reducing operational costs are in favor of HTSCs [144-147].
HTSCs not only can operate at relatively elevated temperatures (typically 100 K or above),
but also are able to withstand intensive magnetic field strength, which can theoretically go
up to the orders of hundreds of Teslas in magnitude. The HTS flux pump technologies, with
the advantage of reliving thermal load, offer additional benefits by enabling much more
compact structure. The electromagnetic design of a 1.5 T REBCO magnet for dedicated MRI
has been presented in [148]. By applying no-insulation linear HTS flux pump technology,
the magnet was contained within a compact volume; the outer diameter and axial length
are both less than 300 mm, diameter of the room-temperature bore is 200 mm. Moreover,
the superconductor consumption can be greatly saved by 29.7% via employing multiple
HTS flux pumps as the excitation sources. The idea of constructing a compact and mobile
HTS MRI head scanner has been reported in [149], in which a half-bridge transformer-
rectifier type HTS flux pump is employed to induce current in the form of triangular
waves at a near DC frequency (5-10 Hz). The industrial design guidelines for conduction
cooled MRI magnets using NbTi are presented in Table 2, from where HTS flux pumps see
clear potential to be utilized for MRI magnets within existing guidelines, allowing higher
operating temperature and lower cost.

Table 2. MRI magnet design guidelines [150].

Strength 15T 30T 70T

Operating temperature (K) 42 4.2 4.2
Amount of LHe (L) 1700 <3000 4000

Length including 10 cm for cryogenics (m) 1.25-1.70 1.60-1.80 3.0
Stored energy (M]) 24 10-15 50-90

Peak magnetic field * (T) <9 <9 <9
Coil operating current density * (A/ mm?) <250 <250 <250

Ampere-length (kA-km) 15-25 35-60 120-180

* The NbTi wire has a critical density of 250 A/mm? at peak magnetic field strength of 9 T measured at 1.2 K [151].

For ultra-high field magnets required for diverse scientific and industrial uses, it has
been validated that high-field copper oxide superconductor magnets can break through
the top limit set by LTSCs [152]. In such cases, HTS flux pumps are also ideal candidates
for providing either the background field of the direct-current hybrid magnets [153] or the
desired field directly. As already discussed above, HTS flux pumps can be driven by a
small magnetic field to energize the load coils, and the charging cycle can be continuously
repeatedly. In other words, any desired currents, thus equivalent magnetic fields, are
achievable, whilst the limitations are only imposed by the HTSCs current transport capacity
and inherent losses. A quasi-persistent current of over 1.1 kA has been achieved using an
AC field switched transformer-rectifier HTS flux pump, maintaining high flux injection
accuracy with an overall flux ripple of less than 0.2 milli-Weber [113]. The record was
broken soon afterwards when a maximum pumped current greater than 2 kA was reported
in [116], utilizing a self-regulating HTS flux pump. In such a device, over 1 kA current
was still achievable even with a 6.8 mm airgap incorporated into the steel transformer core.
Judging from existing developments, it is promising that the HTS flux pump can play a key
role in ultra-high field magnets.
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8. Conclusions

Essentially, HTS flux pumps are enabled by the dynamic resistance caused by the

hysteretic and flux flow effects. Despite remarkable progress being achieved in HTS flux
pumps in different perspectives, there are some areas that are relatively overlooked and
can be further improved. Based on our understanding, we highlight three of them here:

Most work on HTS flux pumps presented in the current literature focuses on opera-
tional research and theoretical analysis, namely, how to increase the pumped current
and figure out the underlying mechanism. Limited attention has been put on the losses
associated with HTS flux pumps [154], which directly determines the efficiency of
the flux pump system. The scenario, where conducting superconductors are exposed
to external AC fields, appears in almost all HTS flux pumps, which means certain
AC losses must exist [155-157]. Especially for the AC field switched transfer-rectifier
HTS flux pump, in which their working principles are essentially based on AC losses.
Moreover, in order to scale up the pumped current, one will need to solder multiple
HTS loads together with multiple HTS bridges (switches). As a result, it is inevitable
that extra heat losses due to non-zero joint resistances will be produced [113]. A recent
work [158] has described the energy balance for HTS dynamos, in which it was demon-
strated that due to the interactions of induced currents with rotating PMs, a significant
part of the mechanical power supplied to the rotor is converted into Joule dissipation
with HTSCs. If these losses are not well modulated, the HTS components may be
placed at the risk of quenching, which will result in failure of the whole system.

The most obvious criterion to evaluate the performance of an HTS flux pump is the
output voltage (in open circuit condition) or pumping current (in closed loop condi-
tion). Ideally, we want the output to be as high as possible. However, it should be
highlighted that the peak of the output is not the only concern. In many cases, the
ripple plays a critical role. For instance, in a synchronous machine, if the excitation
current in field winding is not maintained constant, the electromagnetic force gen-
erated by the external rotating field changes accordingly, which will cause output
fluctuation or even fatal damage to the machine. Due to external vibrations, such as
noise from the input system, ripples can be expected in any type of HTS flux pump.
In particular, the self-regulating transfer-rectifier flux pump is operated in the flux
flow regime (sharp E-J relation), where a small turbulence in the current can result in
very large ripples. Hence, it is necessary to integrate a reliable control system to HTS
flux pumps to stabilize the output. The authors of [159,160] proposed a proportion—
integral-differential (PID) loop for a rotary HTS flux pump and [161] demonstrated a
feedback circuit for a transformer-rectifier flux pump, both showing great effective-
ness for smoothing the output ripple. A sensitive control system is desired for more
sophisticated applications.

One of the key obstacles that hinders the advancement of the HTS flux pump is
the operating cost. The HTS components, which are not cheap themselves, plus the
expensive compulsory cryogenic system make the construction and operation of such
devices costly. Alternatively, accurate simulation can be utilized to investigate HTS
flux pumps without undertaking real experiments, saving substantial costs. The
modeling of HTS flux pumps has mainly relied on FEM models, which are extremely
helpful for acquiring details about the electromagnetic behavior involved in HTS
flux pumps. However, FEM models are often time consuming, because they need
to mathematically simulate the whole process to replicate the real case. Moreover,
FEM models require users to have abundant knowledge about the problem they
are modeling. These features are absolutely not preferred from the perspective of
industrial design and optimization, where the interests will be capturing certain
specifications that can evaluate the device performance rather than delving into the
underlying physics. Recent work in [69] proposed an innovative statistical model
based on machine learning techniques, for capturing the output characteristics of
a rotary HTS flux pump. In that model, the output voltage can be immediately
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predicted according to several design parameters with very high accuracy. Such
machine learning enabled models can be further developed, which are expected
to become powerful design tools for HTS flux pumps and other superconducting
applications.

In summary, the HTS flux pump is a promising technology for contactless energization,
with higher efficiency, lower cost, and more compact size. In practical scenarios, HTS flux
pumps provide general advantages for designing more flexible MRI/NMR with reduced
cost. The travelling wave HTS flux pumps, especially the rotary type, show clear attractions
for the next generation of electric machines, where high power density is demanded. The
transformer-rectifier type of HTS flux pumps possess considerable scale up possibility,
which are very promising for the development of ultra-high magnets. It is reasonable to
expect that HTS flux pumps will become an enabling technology in various industrial
sectors. In brief, all existing HTS flux pumps have been presented in detail, illustrating
their design, physical mechanism, operational characteristics, as well as modeling methods.
Proposals have been put forward to address potential concerns for future development. In
this paper, the authors provided an in-depth insight into the HTS flux pump technology in
order to inspire further advances in the technology.
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