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Design of a Bifilar HTS Switching Element Using
Iron-Core Field Coils
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Dominic A. Moseley, Steven Wray and Heng Zhang.

Abstract—The application of dc magnetic field to a 2G high
temperature superconducting (HTS) tape can reduce the critical
current Ic of the tape, without driving the material normal.
This property can be used in the development of HTS switching
elements through so-called Jc(B) switching. The design of a
dc magnetic field switch is reported, in both single and bifilar
configurations. Dc magnetic field is applied by an iron-core field
coil with copper windings, providing an applied field of up to
1.4 T. This allows for effective suppression of Ic. Here, it is also
reported that the self-field Ic of the single tape is suppressed
from 357 A to 195 A. This is due to the presence of the iron
core amplifying and distorting the self-field of the tape and is
confirmed by experiment and finite-element modelling. This effect
can be eliminated using a bifilar configuration, which recovered
close to the no-core self-field Ic of 357 A. Active dc switching by
applied field was still achieved in the bifilar configuration. Such
distortion and suppression may prove useful for the development
of novel HTS circuit components.

Index Terms—Flux pump, High-temperature superconductor,
switch, transformer-rectifier

I. INTRODUCTION

ACOMMON application of High-Temperature Supercon-
ducting (HTS) materials is their use as a conductor in

high-field magnets [1]. Low-inductance (<1 H) HTS magnets
are seeing increased attention in areas where low-power,
high-field magnets are advantageous, such as the toroidal
field coils of magnetically-confined fusion energy [2]–[4] and
space applications [5], [6]. Energizing such magnets to high
magnetic fields requires large, dc currents; often in excess of
10 kA. Conventional current supplies capable of such outputs
are bulky and expensive [7], making implementation of low-
power, low-inductance magnets costly and difficult.

Alternatively, HTS flux pumps are superconducting dc
power supplies [8], which operate as low voltage, high
current power supplies [9]. They are capable of energizing
superconducting magnets to currents >1 kA [10]–[12], and
can maintain the output at large constant currents [13] with
minimal loss [14]. Such output current is generated wirelessly

This work was supported in part by the New Zealand Ministry of Business,
Innovation and Employment (MBIE RTVU1916), and has been part-funded
by STEP, a UKAEA programme to design and build a prototype fusion energy
plant and a path to commercial fusion.

J.H.P. Rice, J. Geng, D.A. Moseley and R.A. Badcock are with the Robinson
Research Institute, Victoria University of Wellington, Lower Hutt 5010, New
Zealand. (e-mail: james.rice@vuw.ac.nz).

J. Geng is also with the Huazhong University of Science and Technology,
Wuhan, Hubei, China.

S. Wray and H. Zhang are with the UK Atomic Energy Authority, Culham
Science Centre, Abingdon OX14 3DB United Kingdom.

Manuscript received November 17th, 2021.

v1
v2 L

i2 iL

ib 𝐵𝑎

HTS wire

Iron core

a) b)
Fig. 1. a) Half-bridge topology of transformer-rectifier flux pump. Series and
parallel HTS switching elements, v1 and v2, are shown as variable resistors,
the load inductor L, and the transformer is taken to have a resistive primary
and superconducting secondary connected to the load and parallel bridge
components. b) Diagram of the electromagnet and applied field of the HTS
switch. Current in the copper winding generates perpendicular applied field
Ba for active control of the critical current of the HTS wire.

within the cryostat [15], with such intra-cryogenic operation
reducing cryogenic heat load by eliminating the need for cur-
rent leads [16]. Overall, these characteristics make flux pumps
an attractive choice for powering low-inductance magnets.

Flux pump topologies can based either on the linear trav-
elling wave [10], [17]–[21] or transformer-rectifier [11], [12],
[22]–[27] concepts. Transformer-rectifiers are of special in-
terest due to their separation of the current generation and
rectification components of the device. The circuit of a half-
wave transformer-rectifier flux pump is illustrated in Fig. 1a).
Ac current is generated in a superconducting circuit via
transformer action, and is rectified into a dc voltage output
by switching components [22]. The resistance of switching
components can be generated by either dynamic resistance [9]
or non-linear “flux creep” resistivity [23] and can be either
passively [23] or actively [22] controlled. The load current
is maintained between cycles by the bridge acting as a short
for the load when voltage is not being generated. Switching
components can be arranged in a half-bridge, full-bridge,
or full-bridge center-tapped topology similar to conventional
electronic rectifiers.

Recently, a transformer-rectifier flux pump with HTS switch
elements utilizing only dc applied magnet field, so-called
“Jc(B) switching”, has been reported [28]. In this device, the
V-I relationship of the switching element is given by the non-
linear resistivity of the superconducting switch element and
the E-J power law [29]

V (It) = E0l

(
It

Ic(Ba, Top)

)n

(1)
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Fig. 2. a) calibrated, iron-core electromagnet (N = 405 turns of �0.6 mm
enameled copper wire); b) the unifilar HTS switch test bed, where transport
current is passed through the air-gap of the electromagnet in a); c) the bifilar
HTS switch test bed, where transport current returns through the air-gap of
the electromagnet in an anti-parallel fashion. Current paths for the unifilar
and bifilar test beds are depicted in yellow.

where E0 = 1.0 µV/cm is the conventional critical current
criterion, l is the length of HTS wire in the switching element,
It is the transport current, Ic(Ba, Top) is the critical current
at a given applied field Ba and operational temperature Top,
and n is the n-value of the exponential transition between the
superconducting and normal states. By varying the applied
field Ba, current in the bridge is driven above critical current
in one part of the input ac current waveform only. This is
similar to so-called self-rectifying flux pumps [11], [12], [23],
[26], [27], [30], except switching is actively controlled. This
leads to a time-averaged dc voltage across the load and dc
current generation [20].

In this study, specific attention is given to the HTS switching
element as a circuit component. A diagram of the switch
geometry is shown in Fig. 1b), with experimental implementa-
tions depicted later in Fig. 2. Applied field is generated using
an electromagnet with a core of high permeability material,
with a switching element of HTS wire placed in the air-gap.
This geometry applies magnetic field perpendicularly to the
tape face. This type of topology has been used previously in
dynamic-resistance switched transformer-rectifiers [22], [24],
[25], as well as the recently reported Jc(B)-rectifier [28].
Following (1), the voltage can be increased by increasing
the length of the switching element.As such, the HTS switch
element may also be of a circular geometry for increased
length [31]. There are still a number of unknowns relating
to the behaviour of the HTS switching element as a circuit
component, namely its critical current, circuit inductance,
screening of applied field, and the use of HTS cables as switch-
ing elements. Here, we focus attention on the critical current
behaviour of the HTS switch element, as it may directly limit

the output current of the transformer-rectifier [12].
The paper is arranged as follows. The experimental method

of critical current testing of a HTS switch element is described
in Sec. II. This will include a descriptions of the critical cur-
rent measurement system and the switching elements tested.
Sec. III will present results of critical current measurements
and compare results from switch elements to a reference of
HTS wire performance. In Sec. IV, a finite-element vector-
field model of the switch will be presented, and conclusions
drawn on the critical current behaviour. Finally, the results will
be summarized in Sec. V.

II. EXPERIMENTAL METHOD

An ‘ex situ’ test bed was produced to test the critical
current behaviour of the HTS switching element outside of
the flux pump. This test bed features a calibrated, iron-
core electromagnet for applying a homogeneous, perpendicular
magnetic field to the HTS wire sample. The test bed was
secured to a G10 board and submerged in liquid nitrogen
(LN2). The critical current of the sample was then tested
using a 4-wire measurement system. For reasons that will
become clear later, two test beds were fabricated; both using
the same calibrated electromagnet, which is seen in Fig. 2a)
and detailed in Sec. II-B. One test bed employed the single-
tape switching element seen in Fig. 2b), hereafter referred to as
the unifilar configuration. The other test bed includes an anti-
parallel return path for the switching element to minimize self-
inductance, hereafter referred to as the bifilar configuration
shown, in Fig. 2c).

A. Critical Current Measurements
Transport current was supplied by an Agilent 6681a dc

current supply, capable of supplying up to 580 A of current
through the switching element sample. Voltage taps were
soldered to the sample 35 mm apart, and the voltage across the
sample was measured with using an Agilent 34420a nanovolt
meter (NVM). The resulting voltage was divided by the sample
length under applied field, or distance between voltage taps in
the case of zero field, to obtain the electric field in µV/cm.
Transport current in the sample was increased in a step-wise
fashion, with measurements of voltage at each voltage step to
build a V-I response of the tape. Steps of 5 A were used up to
90% of Ic, then steps of 0.1 A until a suitable voltage threshold
of 0.8-1.0 µV/cm was reached. The current was then decreased
in the reverse fashion, offset by 0.1 A to ensured measurements
did not suffer from hysteresis. V-I responses were analyzed
against the 1.0 µV/cm critical current criterion. Data points
below the level of detectable noise (typically 0.05 µV/cm for
30 mm samples) were excluded from the analysis. Analysis
was performed using linear fitting of the log-log dependence
of the voltage on transport current [32]. Taking the logarithm
of (1),

ln

(
V (It)

l

)
= n [ln (It) − ln (Ic(Ba))] , (2)

the critical current and n-value can be obtained from linear
fitting of (2) as

Ic (Ba) = − c

n
(3)
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Fig. 3. Critical current response of SCN06300-210310-01 samples in the
unifilar (blue) and bifilar (red) test beds under applied field up to 1.2 T.
These are compared to critical current data provided by SuperCurrent [33],
[34].

where c is the y-intercept of the linear fit, and n is the slope.

B. Calibrated Iron-core Electromagnet

The electromagnet was made from �0.6 mm copper wire
wound around a C-shaped iron core made of laminated
0.23 mm steel. The iron core had a rated saturation flux density
of 1.9 T at room temperature, which was reduced to 1.35 T in
LN2. The core had outer dimensions of (80×60×30) mm, an
outer bend radius of 15 mm, and an inner bore of (50×30) mm.
N = 405 turns of copper was used, and was measured using
an LRC meter to have a room temperature series resistance of
3.06 Ω and an inductance of 93.6 mH. Field was applied to
the sample in the 1 mm air-gap of the core, giving a switch
element length of about 30 mm. Current was supplied to the
coil by a Tenma 72-13330 bench-top dc power supply, capable
of producing 5 A of coil current. The magnetic field in the
air-gap of the coil was calibrated at 77 K in LN2 using a P15A
hall sensor from Advanced Hall Sensors Ltd in the 1 mm air-
gap. The field in the air gap was found to be linear to within
1% of 0.438 T/A up to about 1.1 T of applied field at 77 K.

III. EXPERIMENTAL RESULTS

An HTS wire sample supplid by SuNAM Ltd. Co.
(SCN06300-210310-01) was analyzed in both unifilar and
bifilar configurations. The HTS wire was a 6 mm wide, 1.3 µm
thick film of GdBCO (Tc = 91 K, Ic = 357±5.5 A @ 77 K)
grown on a hastelloy substrate, anodized with a 2 µ layer
of silver, and plated with 13 µm of copper. Results of critical
current measurements of this wire as both a unifilar and bifilar
HTS switch element as described in Sec. II are shown in Fig. 3.

The results shown in Fig. 3 are directly compared to
commercial characterization of the same sample of HTS
wire performed at the SuperCurrent facility at the Robinson
Research Institute [33], [34]. This facility uses a 30 mm bore
HTS magnet to apply field, and is treated as a control mea-
surement of the Jc(B) response of the sample. Notably, the
unifilar switch element exhibits a 45% reduction in self-field

critical current under no applied field. Critical current later
converges with the database characterization beyond 0.3 T of
applied field. This is somewhat larger than the penetration field
Bp,⊥ = 4.9284µ0Ic/πw =116 mT [35]. Upon repeating the
experiment without the iron-core present, the database self-
field Ic of 355 A was recovered. This indicates that the cause
of the suppression of self-field Ic in this case is the presence
of the iron-core of the electromagnet.

The bifilar switch element shows no such suppression of
self-field Ic, instead showing a similar Jc(B)-response to
the database characterization. At applied fields beyond about
0.1 T, the bifilar switch element shows less reduction in critical
current due to applied field than the database characterization.
This is roughly the penetration field of the wire, 116 mT,
indicating this effect is caused by screening of applied field
by the bifilar element, which acts as a stacked cable of
two wires. Overall, the experimental results show the bifilar
switching element has better Jc(B)-switching performance
than the unifilar configuration based on its active modulation
of critical current [14], [28].

IV. VECTOR-FIELD SIMULATION

To investigate the cause of the critical current behaviour
seen in Fig. 3, the switch coil geometry was replicated in
COMSOL [36]. As the switch element is uniform along
its length, the 2d geometry shown in Fig. 4 was studied.
Dc magnetic field was applied by imposing a coil current
of Icoil ≤ 2.3 A produced a uniform 1.1 T in the air-
gap of the iron-core. This matched the linear field response
region of the calibrated electromagnet. The HTS wire was
modelled as a 6 mm×100 µm rectangle in the center of the
1 mm air-gap carrying uniform Jz whose total was equal to
the transport current It. A bifilar model was also produced
by adding a second HTS wire element, carrying an equal
but negative transport current density in an identical cross
section, vertically separated from the first element by 100 µm.
The superconducting properties of the switch elements were
not included, instead focusing on the magnetic field profile
surrounding the HTS wire element. Modelled magnetic flux
densities of both unifilar and bifilar configurations under self-
field (Ba=0.0 T) and applied field (Ba=1.1 T) are shown in
Fig. 5.

In the unifilar self-field case (Fig. 5a)), the applied field
was 0.0 T and the switch carried 195 A of transport current to
match the measured Ic of the switch. It is clear that the self-
field of the switching element has been severely distorted by
the iron-core, spreading the self-field linearly across the HTS
wire. This is because one half of the self-field has taken the
low-reluctance return path of the iron core. Moreover, the self-
field without the iron-core was found to have a peak magnitude
of about 70 mT at 355 A of transport current (not shown),
but with the iron-core has been increased to about 300 mT
at only 195 A of transport current. This is in agreement with
the applied field at which the unifilar results converge with the
database measurements. This distortion increases the magnetic
field environment of the tape, causing the reduction in unifilar
self-field seen in Fig. 3. In the unifilar applied field case
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Fig. 4. Iron-core electromagnet geometry replicated in COMSOL Multi-
physics. Central C-shaped core is modelled as a high permeability domain
(µr = 4000), and applied field is generated in the 1 mm air-gap on the left
hand side by a pair of coil winding domains on the right hand side, shown
in red and green. Coil current is applied by uniform current densities Jz of
equal and opposite total current in the coil domains. The surrounding area is
simulated as a region of vacuum permeability (µr = 1). The superconductor
domain is placed in the center of the air-gap, and transport current applied as
uniform current density Jz with total current It.

(Fig. 5b)), the applied field was increased to 1.1 T, and the
transport current was set to 0 A. The field profile in the air-
gap is dominated by the applied field of 1.1 T, causing the
convergence of unifilar critical current with database results at
increased applied field seen in Fig. 3.

The bifilar self-field case (Fig. 5c)) was simulated using an
applied field of 0.0 T and 355 A of transport current. The
bifilar configuration concentrated the self-field of the HTS
switch element to be predominantly parallel to the tape faces
between the two HTS wire elements. Additionally, the peak
magnitude of the field was reduced to about 70 mT, similar to
the case of a single HTS wire without the iron-core. These
results show that interaction between the bifilar switching
element and the iron-core is minimized in the bifilar case,
preventing the suppression of self-field critical current seen in
the unifilar case.

The bifilar applied field case (Fig. 5d)) had an applied
field of 1.1 T and shows a homogeneous field profile in the
air-gap, showing no screening of applied field in this case.
This is because the model did not include the superconduct-
ing properties of the HTS wire. A more quantitative study
could accurately include these properties by using T- or H-
formulation [37]–[39] to numerically model the HTS tape
domain. It is expected that including these properties would
enable the model to replicate the behaviour of the bifilar
element under applied field.

V. CONCLUSIONS

The critical current behaviour of a HTS switching element
in the air-gap of a high permeability electromagnets was
tested ex situ from the flux pump circuit. A test bed was
produced which replicated the geometry of typically reported
HTS switching elements in transformer-rectifier flux pumps.

Fig. 5. Vector-field solutions for the model geometry shown in Fig. 4.
Solutions presented are for a,c) the self-field (Ba=0.0 T) and b,d) applied
field (Ba=1.1 T) cases, in both a-b) unifilar and c-d) bifilar configurations,
displaying the region of interest in the air-gap. Solutions were performed
using the built-in mf package with a stationary solver, and the magnitude
of the magnetic induction (mf.normH*mu0_const) shown in blue, with
contour lines of constant magnetic vector potential in black (mf.Az).

This employed a calibrated electromagnet with a C-shaped
high-permeability iron core. Measurements of critical current
of the HTS switching element in the air-gap of the iron core
were performed, and results compared to database values of
critical current obtained commercially. In the unifilar case, it
was found that self-field critical current was suppressed by
45%, from 355 A to 195 A. This converged with database
results for critical current under large applied fields >0.3 T.
The suppression of critical current was prevented by the use of
a so-called bifilar configuration, whereby the self-inductance
of the HTS switching element was minimized by including a
return path for the transport current through the air-gap. In the
bifilar HTS switching element, the database self-field of 355 A
was recovered. This provided better critical current modulation
in the bifilar switching element than the unifilar case.

The cause of this suppression was investigated numerically
using finite-element analysis. A 2d vector field model of the
HTS switching element and the high-permeability electromag-
net were produced. This revealed that in the unifilar case, the
self-field of the HTS wire was increased and spread across
the width of the tape, increasing the magnetic environment of
the switch element and reducing its critical current. Interaction
between the self-inductance of the HTS switch and the high-
permeability core was minimized in the bifilar configuration,
preventing suppression of critical current. This gave the bifi-
lar HTS switch element better critical current behaviour for
switching than the unifilar configuration.
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