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Abstract—High temperature superconducting flux pump is a
promising way of energizing superconducting magnets without
direct electrical contacts. It can remove the resistive heating and
heat leakage from the current leads at room temperature. It is
well known that applying the current over the critical current of
the superconductor, will force the superconducting layer to enter
into the flux flow regime. This flux flow resistivity generates a
dc voltage across the length of the HTS tape. This phenomenon
is well understood , however, it is difficult to generate a high
dc charging voltage without a high current. In this work, we
demonstrate a novel flux pumping technique by using a non-
inductive bifilar bridge wound in parallel to the HTS coil. This
configuration can generate large dc voltages using relatively small
currents. It results in effectively pumping dc currents equal to
the critical current for large HTS magnets.

Index Terms—Flux pump, high current, HTS magnet, non-
inductive bridge, persistent current operation, self-rectifier.

I. INTRODUCTION

IGH temperature superconducting (HTS) coated conduc-

tors (CC) exhibit high current carrying capability, good
in-field performance as well as superior mechanical properties
[1]. HTS magnet working in a persistent current mode (PCM)
is an ideal candidate for using in high-field magnet systems
[2], [3], e.g. magnetic resonance imaging (MRI) [4], nuclear
magnetic resonance (NMR) [5] and superconducting motors
[6], [7]. This predominantly stemmed from the fact that
magnets constructed from HTS-CC are difficult to operate in
the persistent current model due to relatively low n-values
[8] and the lossless joint is hard to achieve [9], [10]. One
way to overcome this problem is to operate a magnet using
an external power supply, which will induce considerable
heat losses due to copper leads transporting dc current from
room temperature to cryogenic temperature [ | 1]. These losses
decrease system efficiency and increase cooling penalties. An
alternative solution is to incorporate a flux pump. A flux pump
device can inject a large dc current into a superconducting
circuit without electrical contact [12]-[24]. HTS flux pumps
are capable of charging the magnet and compensating for
any current decay, enabling the quasi-persistent current op-
eration of HTS-CC magnets. Various developments in HTS
flux pumps have been documented recently, these flux pumps
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include travelling-magnetic field induced flux pumps (dynamo,
linear) [14], [16], [25], and HTS rectifier flux pumps (thermal
switching, dynamic resistance switching, JcB switching, self-
switching, etc.) [18]-[20]. Researchers have concluded that in
an HTS-CC when there is a flux motion a resistivity appears
known as flux flow resistivity. This phenomenon of flux flow
occurs when a superconductor is subjected to an ac field,
transporting an ac current or transporting a dc current above
its critical current. In [25] author proposed a self switched
HTS flux pump, which works on the principle of driving
the HTS-CC into the flux flow region in the E-J curve by
injecting current above its critical current value. Numerous
studies have been documented demonstrating flux pumping
using this principle. These studies uses straight HTS tapes
known as “’the bridge” either single or parallel connected HTS
tapes for passing high currents to achieve higher load currents.
Following the principle presented by Geng et al. [25], in this
paper, we demonstrated flux pumping using a non-inductive
bifilar coil as a bridge. This configuration gives higher and
stable dc voltages whilst the superconductor is subjected to a
flux flow regime resulting in a higher load current. Moreover,
a bifilar bridge leads to a compact size magnet with a bridge
neatly wound across the magnet enabling it a substantial
candidate for a complex applications like rotating machines.

A. Origin of DC Voltage in High Temperature Superconductor

When the transport current in a HTS superconductor ex-
ceeds the critical current value, the bridge is forced to enter
into the flux flow regime. Which will generate a dc voltage
across the bridge and can be given as;

. n—1
vae = 1V, <}”> , (1)

Where [ is length of the bridge, I. is critical current of
the bridge i, is current flowing through the bridge and V. is
voltage criterion and 7 is the exponent of power law.

B. Non-Inductive Winding Structure

A coil constructed by two closely spaced, parallel wires
is referred as non-inductive or a bifilar windings. Depending
on the winding configuration it can be classified into three
categories as illustrated in Figure |. Series solenoid is a
winding configuration in which the strands of wire are wound
in parallel and the current flows in opposite direction in each
wire. In the case of superconductors, it can be made by
cutting an HTS tape as illustrated in Figure 1(a). However,
this structure has its limitations; bulky size, relatively large
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Fig. 1. Tllustration of non-inductive coil structures; (a) series solenoid, (b)
parallel solenoid, and (c) bifilar pancake.

impedance and ac losses. This configuration is used in making
a fault current limiter (FCL) in Curl 10 project using BSCCO-
2223 bulk [26]. Whereas, parallel solenoids have two adjacent
coils in which the turns are arranged so that the potential
difference is magnified. In a parallel solenoid, current flows
in the same direction as illustrated in Figure 1(b). It can be
realized to resolve the weak points of the series solenoid as
well as bifilar pancake [27], [28]. A bifilar pancake is a simple
winding configuration with compact size, small impedance,
and low ac losses as in Figure 1(c). However, in this structure
IN and OUT are insulated with only tape or paper which
raises a high risk of electrical breakdown for high voltage
applications. Applications like flux pumping require relatively
low voltage so it rules out electrical breakdown potential risk.
For example, to charge the load coil of 60kA in 24 hour, a
dc voltage of 55mV is required and only 6mV is needed to
maintain a long-term steady current of 60kA [29].
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Fig. 2. Photograph of proposed flux pump, magnet is prepared by 4mm
HTS tape in double pancake coil shape of diameter 75mm and the bifilar
bridge is wound around the magnet with bridge geometry diameter 120mm.
A transformer induces asymmetric current into the excitation circuit which is
shorted with the bridge through copper terminals (magnet terminals). On the
right-hand side applied current signal and schematic diagram of magnet are
illustrated.

II. METHODOLOGY

An experiment test bench was built as shown in Figure 2,
comprising a transformer as a source of flux, a bifilar coil as
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Fig. 3. Measured V-I curve for double pancake coil used as a load (magnet)
in this experiment and its equivalent magnetic field measured at the center of
the coil.

a bridge (source of a dc volage) and a HTS coil as the load. A
300:1 transformer was used with copper as the primary side,
and the secondary side or the excitation coil, was built using
HTS tapes with a critical of 600A. The ends of the excitation
coil were connected to the HTS coil using a flux pump. The
coil was built by winding a 6.8m long HTS tape into a double
pancake coil. The magnet coil has an inductance of 0.6uH
and the critical current at 77K with criterion E,=10*Vm™!
was 152A, as shown in Figure 3 along with the magnetic
field measured at its centre. The magnet coil is short-circuited
by a 45cm long bridge made into a non-inductive bifilar coil
configuration as illustrated in Figure |(c). The magnet coil and
the bifilar bridge together have a total diameter of 12 cm and
height of 4 cm giving a compact geometry. This test bench
is then compared with the flux pump configuration reported
by Geng et al. [25]. The same excitation coil and the magnet
coil mentioned earlier is used in this configuration. The only
difference is with the bridge formation instead of a bifilar
bridge a 30cm straighted HTS tape is used.

A KEPCO BOP 2010 power amplifier operated in current
control mode was used to power the primary side of a
transformer. An analogue voltage output module NI-9263 is
used to control the power amplifier via LabVIEW. The primary
current was measured using a 7.5 mf{) shunt resistor and
the current in the excitation coil is measured using a pre-
calibrated hall effect sensor. Another calibrated hall sensor
is placed at the centre of the magnet coil to measure the
coil’s magnetic field. All signals are acquired using a NI-
9238 card with a sampling rate of 1kHz. An equivalent circuit
diagram of a conventional bridge based flux pump is shown
in Figure 4(a) while the equivalent circuit of the proposed
bifilar bridge based flux pump is presented in Figure 4(b).
An equivalent primary current i, is applied to the primary
of the transformer in both cases. A proportional charging
current i, is induced in the excitation coil. A joint between the
excitation coil and the magnet coil is represented by resistance
R,. Here the joint resistance has its significance, as it acts as
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Fig. 4. Equivalent circuit model, (a) circuit diagram of flux pump with
conventional bridge with flux flow resistivity Ry and bridge inductance L,
(b) circuit diagram of a flux pump with proposed bifilar bridge configuration
where bridge inductance is cancelled out L, = 0.

an essential component in flux pumping. It dumps down the dc
component on the charging side, otherwise transformer core
will be saturated. The origin of the Ry (flux flow resistivity)
is due to flux flow [30], whereas the inductance of the magnet
coil is given by L,,.

III. EXPERIMENT AND RESULTS
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Fig. 5. An asymmetric applied current current waveform

A. Applied Current and Corresponding Induced Current

An asymmetric signal is applied as a primary (input) current
signal in this experiment, presented in Figure 5. During the
positive cycle, the current ramps to the positive peak /, at a
constant rate, and then damps down to zero at the same rate.
Similarly, during the negative cycle, the current damps down
to a negative peak I, then ramps up at the same rate to zero.
The positive peak is kept higher to drive the superconductor
into the flux flow region, enabling flux flow from the secondary
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Fig. 6. The bridge current plot #;ib, (a) the current flowing through the of
conventional bridge, (b) the current flowing through the bifilar bridge.

side to the load side (magnet). However, the negative peak is
kept at much lower values to retain the flux within the load.
To make dc component zero, the length of the positive period
over the negative period is kept inversely proportional to the
peak values as;

T, I,
Py 2
T, x I, 2
T

/ip(t)dtzo, 3)

0

Where, T, is duration of positive peak, T, is duration of
negative peak, I, is amplitude of positive peak, I, is amplitude
of negative peak, i, is the primary current, and 7T, is time
period. In both case primary current of amplitude 4A is applied
to the primary of transformer as illustrated in Figure 5, which
induces a charging current in the secondary side. The current
induced in the excitation circuit can be mathematically derived
using following equation.

_ 4o

dis . .
+ LSL +isRs + 152,

0=
dt dt

“4)
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Where, ¢ is flux generated by primary copper of the
transformer coupling with HTS excitation (secondary) coil,
L, is self inductance of excitation coil. i, is excitation current,
R, is joint resistance and Z; is bridge impedance.

B. Voltage Across the Bridge

For an ideal transformer action, the (secondary) charging
current i, is always proportional to its primary current i,.
However, for a real transformer, if the load impedance Z,
is high, the output voltage may reach its limit so that the
secondary current cannot follow the primary current. A voltage
limit for a transformer with HTS as a secondary can be stated
as the voltage appears in a state when current above its critical
current value flows through the HTS tape before quenching. In
this section we will discuss the influence of the magnitude of
applied current on the load current, since the bridge resistance
originally depends on the primary current. If the peak value of
the input current is kept relatively low to make bridge voltage
reach the limit then the secondary current is proportional to the
primary current with the transformer ratio. The bridge current
ip plot is illustrated in Figure 6. During the first cycle, the
charging current will equal the bridge current because the load
current (Ai) is zero. With the accumulation of load current,
the bridge current will gradually be biased in the opposite
direction. In this case, the dc voltage drops with the increase
in the load current and it can be seen in Figure 7. Therefore
the load current presents a curve similar to the charging curve
of the first order circuit. When the applied current is too low
to drive the bridge to the flux flow region, the load tends to
saturates at a lower value. Keeping in mind the circuit diagram
presented in Figure 4, a mathematical representation can be
written as following;

is = ip + Ad, &)
) diyp, dAi
Vdc—leff+LbE *Lmﬁa (6)

Where V., is the dc voltages across the bridge, in (6) for a
bifilar bridge the L; is zero so the dc voltages V. across the
bridge is purely due to flux flow resistivity Ry
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Fig. 7. The voltages measured across the conventional bridge in a flux pump.
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Fig. 8. The voltages measured across bifilar bridge in a flux pump.

In contrast, if the primary current level is too high, the
bridge voltage will reach its limit. This means, that in each
cycle bridge voltage will remain constant during the whole
charging process and the load current increases by the same
amount. The rate of change of the load current will be nearly
constant in start and decrease as it will reach its critical
current value. A bifilar bridge can induce a higher excitation
current at a lower applied current due to negligible impedance
offered by the bridge. It can achieve a voltage limit at a lower
applied current. The dc voltages across the bifilar bridge is
only due to the flux flow resitivity. By applying the input
current of the same magnitude the dc voltage stays constant
through the charging process. Hence, enabling flux pump to
sufficiently charge the magnet coil to its critical current value.
The measured bifilar bridge voltage plot is illustrated in Figure
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Fig. 9. The load’s magnetic field measured at the center of the coil magnet
for both cases, with conventional bridge saturating at 26mT and bifilar bridge
at 35mT.
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C. Flux Injection in Load Coil

The magnetic field plot of the coil magnet is illustrated
in Figure 9, for both bridge configurations. A bifilar bridge
can give a higher dc voltage to charge the magnet to its
maximum capacity with minimal geometry. Whereas with the
conventional bridge arrangement higher primary current is
required to reach the voltage limit at the bridge to charge
the coil to its critical current value. In section II it is already
demonstrated that the critical current of the coil is 152A and at
this value, it produces a magnetic field of 35mT at its centre.
The mathematical relation between the bridge voltage V. and
the load current can be given as;

1
cdt,
LTYL / Vd

It is clear that using a bifilar bridge gives higher dc voltages.
A comparison plot is illustrated in Figure 10, where the dc
voltages and resultant magnetic field are plotted for both bifilar
bridge and conventional bridge flux pump for the same applied
current and magnet coil (load). The difference in the voltages
can be seen as well as the change in the coil’s field. In previous
section, it is stated that if the peak value of the applied current
is relatively low to make the bridge voltage reach limit. Then
during charging with the gradual accumulation of dc current in
the load, the bridge current is biased in the opposite direction
and dc voltages on the bridge biased with the increase in the
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load current. Therefore, it contains both positive and negative
components during a cycle as a result the rate of change of
current decreases every cycle and the magnet will saturate
before reaching its critical current. It is clearly illustrated in the
magnetic field plot in Figure 10, that this negative component
in the dc voltage is causing a rapid delay in the load current
causing it to saturate at a lower value.

IV. DISCUSSION

All previously reported self-switched HTS flux pump only
needs a single transformer to achieve inductive flux transfer
to a magnetic circuit. These flux pumps are suitable for quick
pumping up currents in large magnets. The capacity of the
transformer is the main limitation on the pumping speed of the
flux pump. In terms of the field stability, however, these flux
pumps may not be ideal. Because of the sharp V-I curve of the
bridge superconductor, it is difficult to achieve effective control
of the bridge voltage. A small noise in the bridge current may
induce a large error in the bridge voltage. Previously this prob-
lem is solved by dynamic resistance control flux pumps [16],
[17], which require an additional field source perpendicular to
the bridge increasing the heat load on the cryogenic system and
enlarging footprint. In contrast, the proposed flux pump with
a bifilar bridge can induce higher voltages due to increased
bridge length without adding inductance to the circuit. It not
only gives higher but stable voltages at lower primary current
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Fig. 10. Measured primary current, measured charging current for conventional and bifilar bridge, measured induced voltages across conventional and bifilar
bridge and measured magnetic field in a magnet coil for conventional and bifilar bridge.
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making it a constant voltage supply. It enables flux pumping
at a stable dc voltages achieving persistent current operation
in HTS magnets. A dc voltage of 100mV is required to charge
the magnet of inductance 0.6pH to 152A, the total series
resistance due to both HTS joint and the copper terminals
of the magnet is 6.6E~().

The conventional bridge in a self switched HTS flux pump
forms a loop whilst shorting the terminals of the magnets
adding the inductance to the circuit. The length can be
increased but with the increased length inductance also in-
creases offering high impedance on the secondary side of
the transformer. This impedance limits the flow of current
on the primary side therefore it is difficult to achieve high
charging current on the secondary side. By using the bifilar
bridge the inductance in the bridge is eliminated and only
flux flow resistivity exists, therefore high induced current in
the excitation circuit and a stable voltage across the bridge can
be achieved. A bifilar bridge also gives the freedom to adjust
the length of the bridge depending on the voltage requirement
of the load magnet. For example, in a cycle, with period 7T as
shown in Figure 5, T, is a flux pumping duration and 7, is flux
decay duration. In a conventional bridge, the total impedance
is higher compared to the bifilar bridge due to the inductive
component therefore a rapid decay can be seen in the load’s
magnetic field as compared to the bifilar bridge configuration
in Figure

V. CONCLUSION

We have developed a compact HTS flux pump consisting
of a transformer as a source of flux with a superconducting
secondary winding, and a double pancake coil magnet which
is shot-circuited by the non-inductive bifilar coil referred as “a
bridge”. The results show that the bifilar bridge gives higher
and stable dc voltages (103mV) throughout charging time,
when comparing to conventional HTS bridges. And it achieves
the magnetic field of 35mT against the conventional bridge
which saturates at 25mT with the same applied current. In a
bifilar bridge configuration, the inductive component of the
bridge is removed, so only flux flow resistivity generates a dc
voltage across the bridge, allowing the HTS load to be charged
effectively to its /. value.
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