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Self-regulating high-temperature superconducting (HTS) flux pumps enable direct current injection into a
closed-loop superconducting coil without any electrical contact. In this work, the process of charging a coil
by a self-regulating HTS flux pump is examined in detail by numerical modeling. The proposed model combines
an H-formulation finite element method (FEM) model with an electrical circuit, enabling a comprehensive

f{hg 15[111 E;Sion evaluation of the overall performance of self-regulating HTS flux pumps while accurately capturing local
HTS coils effects. The results indicate that the proposed model can capture all the critical features of a self-regulating

HTS flux pump, including superconducting properties and the impact of the secondary resistance. When the
numerical results are compared to the experimental data, the presented model is found to be acceptable both
qualitatively and quantitatively. Based on this model, we have demonstrated how the addition of a milliohm
range, normal-conducting secondary resistance in series with the charging loop can improve the charging pro-
cess. In addition, its impact on the charging performance is revealed, including the maximum achievable cur-
rent, charging speed, and the generated losses. The modeling approach employed in this study can be
generalized to the optimization and design of various types of flux pumps, potentially expediting their practical

HTS modeling

application.

1. Introduction

High-temperature superconducting (HTS) coils constructed by HTS
wires are ideal for generating strong magnetic fields due to their
current-carrying capability and superior in-field performance. Due to
the rapid advancement of commercially available High-Temperature
Superconducting (HTS) wires, HTS coils are now showing great pro-
mise for practical implementation in various applications. Their appli-
cation iinclude high-field magnets [30,34,41,35], magnetic levitation
[22,21,20], wind turbines [25,43,23], and motors/generators [36].
In conventional setups, a power supply is constantly connected to keep
the current flowing within the HTS coils, and the current is transmitted
through a pair of thick current leads that connect the cryogenic and
ambient environments. This results in heat losses that can severely
limit the performance and efficiency of HTS applications.

Flux pumps have been vigorously investigated to address this issue.
Flux pumps are devices that can inject direct current into a closed-loop
superconducting coil without any electrical contact [24]. Flux pumps
are preferred over conventional power supply methods for energizing
high-temperature superconducting (HTS) coils [5,42,40]. The princi-

ple behind the HTS flux pump involves exploiting the non-linear elec-
tromagnetic characteristics of HTS materials to produce a rectifying
effect. [15,3,31,32]. Typically, the rectifying effect in HTS tape is
achieved by exposing its surface to a powerful magnetic field
[17,19,8,11]. However, achieving such a field strength can be chal-
lenging if the field magnet is placed outside the cryostat. Thus, the
field magnet must be placed inside the cryostat, leading to an addi-
tional heat load on the cooling system. To address this issue, research-
ers have made significant efforts, such as adding an iron yoke and a
ferromagnetic slice beneath the HTS stator [4,38,39,29]. A self-
regulating HTS flux pump is superior to other types of flux pumps,
because it requires fewer heat-dissipating elements in the cryogenic
environment [12,48,46]. The input alternating current can be con-
verted to direct current for the coil connected to the HTS bridge by
partially driving it above the critical current via a current adjustment
in the HTS bridge. The output current of self-regulating HTS flux
pumps has been increased to several thousand amperes [10], confirm-
ing the enormous potential of this technology. To characterize and
optimize the performance of self-regulating flux pumps, for increased

* Corresponding author at: State Key Laboratory of Traction Power, Southwest Jiaotong University, Chengdu 613100, China.
E-mail addresses: pengbo.zhou@kit.edu (P. Zhou), 2491068471 @qq.com (Y. Zhou), mark.ainslie@kcl.ac.uk (M. Ainslie), asef.ghabeli@kit.edu (A. Ghabeli), francesco.grilli@kit.

edu (F. Grilli), gtma@swjtu.edu.cn (G. Ma).

https://doi.org/10.1016/j.supcon.2023.100061

Available online 9 September 20232772-8307/© 2023 Published by Elsevier B.V. on behalf of Shanghai Jiaotong University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.supcon.2023.100061&domain=pdf
https://doi.org/10.1016/j.supcon.2023.100061
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:pengbo.zhou@kit.edu
mailto:2491068471@qq.com
mailto:mark.ainslie@kcl.ac.uk
mailto:asef.ghabeli@kit.edu
mailto:francesco.grilli@kit.edu
mailto:francesco.grilli@kit.edu
mailto:gtma@swjtu.edu.cn
https://doi.org/10.1016/j.supcon.2023.100061
http://www.sciencedirect.com/science/journal/27728307
http://www.elsevier.com/locate/supcon

P. Zhou et al.

practical applications, a fast and accurate numerical simulation of their
electromagnetic behavior is required.

Various numerical models have been developed in recent years,
which can be divided into two main categories. The first category is
based on the finite-element method (FEM). The model proposed by
[13] is the first FEM model for evaluating the performance of
transformer-rectifier-type HTS flux pumps. Later, [48] employed a
similar approach for modeling a self-regulating HTS flux pump. How-
ever, the basic operating principle is only qualitatively reproduced in
such models with a number of simplifications and is unable to capture
all the crucial features, especially the impact of secondary resistance.
The secondary resistance, which is commonly used in flux pumps, is
achieved by using a copper sheet with resistance in the milliohm
(mQ) range. Therefore, the secondary resistance, in this case, is several
orders of magnitude greater than the resistance of the soldered joints,
which typically exhibit resistances in the tens of nanohms (nQ) range.
It has been experimentally proved that the secondary resistance has a
tremendous impact on the charging performance of transformer-
rectifier-type HTS flux pumps [27,6]. The second category of models
is based on lumped-parameter circuit models [28,45,26]. Although
this approach can simulate the overall charging process, the limited
understanding of the specific local physical characteristics of the
HTS material poses a challenge for utilizing these models in a compre-
hensive system design and optimization. In this study, we present a
modeling approach that combines an H-formulation FEM model with
an electrical circuit. Although the formulations used may differ, the
fundamental concept of this modeling strategy is consistent with exist-
ing literature on this subject [47,7,9,33]. This integrated approach
enables accurate simulation of the dynamic charging process of a coil
utilizing a self-regulating flux pump. The proposed model incorporates
the superconducting effect and provides a comprehensive understand-
ing of the entire system. Moreover, it enables the investigation of the
effect of secondary resistance on key parameters such as maximum
load saturation current and charging rate. This research provides valu-
able insights are gained into the potential mechanisms by which sec-
ondary resistance can enhance excitation performance, and the
losses that occur in different components of the system are quantified.

The article is structured as follows: Section 2 provides a brief over-
view of the configuration and operating principle of a self-regulating
HTS flux pump from a circuit perspective. Section 3 describes the pro-
posed modeling approach. In Section 4, we present the experimental
setup used to validate the model. Section 5 presents a detailed analysis
of the charging process of a coil and the characteristics of the overall
system. Finally, Section 6 provides concluding remarks.

2. Problem configuration

The self-regulating HTS flux pump circuit is similar to a conven-
tional rectifier. The difference is that the whole circuit, including the
load and the rectifier, is a superconductor. Consequently, during their
“on-state,” they exhibit complete superconductivity and can operate in
a quasi-persistent current mode. Fig. 1 demonstrates the equivalent
circuit diagram of a self-regulating HTS flux pump. It consists of two
primary components: a charging loop and a load loop, which are
formed by three elements connecting the loops together: i) a supercon-
ducting magnetic coupler, ii) a rectifying HTS bridge, and iii) a load
HTS coil. The bifilar structure shown in Fig. 1 is preferred for con-
structing the HTS bridge due to its ability to eliminate the inductive
voltage component [18], which is responsible for undesirable current
ripples during the charging process [16]. Additionally, as emphasized
by [27,6], the secondary resistance R; connected to the charging loop
is crucial for achieving the maximum current through the coil by
resisting the increase of the charging loop direct component, and thus
strengthening the load current. Interested readers are referred to [12]
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for a better understanding of the fundamental physics underlying the
self-regulating HTS flux pump.

From a circuit perspective, the operational process is as follows
[48]. By applying an alternating magnetic flux ® to the circuit through
the primary winding of the magnetic coupler, a large alternating cur-
rent i, is induced in the charging loop. At the beginning of the process,
the HTS bridge shorts the load HTS coil, preventing any current from
flowing through the coil. By controlling the waveform of the bridge
current i, so that its positive peak value exceeds the HTS bridge critical
current while the rest of the portion is below the critical value, the
resistance of the HTS bridge R, varies periodically due to the non-
linear electromagnetic properties of the superconductor. During each
positive period, a net voltage V; is generated across the HTS bridge
due to the switching effect of the HTS bridge, and the load HTS coil
L, which is connected to the HTS bridge, gradually charges. As the load
current i; increases, the bridge current i,, which is a combination of
the secondary and load current, biases to the negative direction, caus-
ing the net voltage V, to decrease. The charging process is complete
when the net value of V; drops to zero. After that, by removing the
source of magnetic flux, the load current i; can circulate and be main-
tained for an extended period in the superconducting load loop formed
by the coil and the bridge. Additionally, the magnetic flux can be reap-
plied to compensate for any decay in the load current caused by joint
resistance or an external magnetic field.

3. Model description

To characterize this flux pump, a 2D FEM model coupled with a cir-
cuit model is established. Specifically, the charging loop, including the
superconducting magnetic coupler and the HTS bridge is modeled by a
2D FEM model. On the other hand, the load loop is simulated with the
circuit model, in which the load HTS coil is assumed to be an ideal coil
consisting of an inductance and a resistance without considering its
critical current or any dynamic effects arising from screening current.

The structure of the 2D FEM model is shown in Fig. 2. An asymmet-
rical alternating current is supplied to the primary winding to generate
the magnetic field, Which has an asymmetric triangular waveform
with a higher positive peak value than its negative peak value, and
the ratio between them is N:1 (N > 1). To avoid the direct current
component, the positive period of the asymmetric triangular waveform
is N times longer than the negative period, and the ratio of positive to
negative peak values is inversely proportional to the ratio of their
respective peak durations. The charging loop of the flux pump is
formed by the parallel superconducting (SC) tapes #1 and #2, with
SC tape #1 serving as the secondary winding and SC tape #2 serving
as the HTS bridge. A closed iron core passes through the primary wind-
ing and the charging loop, enhancing the magnetic coupling between
them. Normally, the current-carrying capacity of the secondary wind-
ing exceeds the magnitude of the induced current circulating within it,
resulting in the entire current flowing through the superconducting
layer. Therefore, in order to model SC tape #1, only the superconduct-
ing layer is considered, while other metal layers such as substrate, cop-
per stabilizer, and silver layer are ignored. Since the transport current
passing through the HTS bridge (SC tape #2) exceeds its critical cur-
rent during each period, the generated resistance could be comparable
to that of other metal layers. Therefore, the current sharing effect
between the SC tape layers cannot be ignored. Generally, most of
the current would migrate into the copper stabilizers due to their large
cross-section and low resistivity [50]. Therefore, as shown in Fig. 3,
the geometry employed for simulating the HTS bridge is a supercon-
ducting layer sandwiched between two copper stabilizers.

The model is implemented using the H-formulation [37,1], which
is derived from Maxwell’s equations:

OB

oH
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Fig. 1. Diagram of the self-regulating HTS flux pump circuit model and the load HTS coil being charged. All paths of the equivalent circuit are made of HTS wire,

except for R; which is made of copper.

Primary winding

SC tape #2

Fig. 2. Diagram of the 2D FEM model for the self-regulating HTS flux pump.
The waveform of the current injected into the primary winding is also shown
on the left.

Copper stabilizer 20 um
Superconductor I pm
Copper stabilizer 20 pm

SC tape #2

Fig. 3. Schematic of the modeled HTS bridge (SC tape #2) cross-section (not
to scale).

VxH=], (2)

where u, denotes the permeability of free space, y, denotes the relative
magnetic permeability of the material, and p denotes the resistivity of
the material. Since the 2D model has translational symmetry, the cur-
rent density vector J can be represented as [0,0,J,], implying that the
current only flows in the z-direction. The magnetic field vector and
electric field vector can be represented as [H,,H,,0] and [0,0,E,],
respectively. Typically, the model can be effectively simulated by solv-

ing the above equations. However, this model is not sufficient for incor-
porating the secondary resistance into the charging loop, which is
crucial for improving the charging performance of the flux pump.
The main issue is that the model representing the cross-section of super-
conducting tapes, which assumes infinitely long conductors, ignores
end effects such as series-connected resistances. Therefore, an extra
electric field component has been added in the governing equation
for SC tape #1 for simulating the effect of the secondary resistance
R;, which differs from the conventional H-formulation [44]. Along
the secondary winding, namely, SC tape #1, the contributions super-
conducting tapes and from the secondary resistances can be separately
accounted for in the computation of the electric field:

E =E, + E;, (3)

where E;, is the contribution to the electric field solely by the supercon-
ductor and E; is electric field generated by the secondary resistances.
For the low-frequency regime (below kHz) investigated in this study,
the distribution of the electric field in normal conductors is nearly uni-
form in the low-frequency regime (below kHz) investigated here,
therefore:

E; = Rii. )
_ R
R; = TJ (5)

Here, R; is the secondary resistance per unit length, and i is the current
flowing through it, and [ is the length of the charging circuit in the
model. Substituting Eq. (4) into Eq. (1), the governing equation for
SC tape #1 becomes:

oH _
ﬂoM,E+V x (pV x H+ Rji) = 0. (6)

The resistivity of the superconductor is modeled using an E-J power
law, which describes the dependence of resistivity on the electric field
in the material, combined with a Kim-like model that takes into
account the magnetic field dependence of the critical current:

Ec J n-1
Psc = m|m| ) (7)

J.(B) = I (8)

(1+/k’B? + B? /By)
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where E, is the characteristic electric field for the critical current (1 uV/
cm), n = 28 is the power-law exponent, B| and B, represent the mag-
netic flux density components that are parallel and perpendicular, to
the broad surface of the tape, respectively, and Bj,k, and a are
material-related parameters with values of 0.0425, 0.29515 and 0.7,
respectively [49]. J is the critical current density derived from the
self-field critical current. The self-field critical current of the SC tape
#1 is assumed to be 255 A at 77 K to ensure that its current-carrying
capability is higher than the induced current passing through it, while
the self-field critical current of SC tape #2 is assumed to be 108 A at
77 K. The resistivity of the copper stabilizers is assumed to be 1.97
nQm and resistivity for the rest of the domains is assumed to be 1
Qm. The relative permeability is assumed to be . = 1000 for the iron
core and 1 for all the other materials. The HTS coil is simulated by a
lumped parameter element with an inductance L = 210 xH and a joint
resistance R; = 100 nQ. These values are derived from the experimen-
tal values presented by [6,48]. The relevant simulation parameters are
listed in Table 1. The voltage induced in the load HTS coil can be cal-
culated by integrating the electric field over the cross-section of SC tape
#2:

LB ds

Vi(t) S

b, (9)
where S is the cross-sectional area of the HTS bridge, and [, is the length
of the HTS bridge, which is assumed to be of unit length in this study.
The voltage is connected to COMSOL’s Electrical Circuit interface,
which is comprised of the voltage source connected in series with both
the inductance and resistance [16]. With a global constraint, the result-
ing current iy, is unidirectionally coupled back to the FEM model,

iy iy = [, Tds+ [, Jds+1i
where s; and s, denote the cross-sections of SC tapes #1 and #2, respec-
tively. An ammeter is used for measuring the current flowing through
the coil i;. This global constraint ensures that the sum of currents flow-
ing through the secondary winding, bridge, and load connected to the
circuit is equal to zero.

4. Experiment set-up

To further validate the effectiveness of the proposed model, we
compare the measured bridge voltage previously reported in experi-
ments by [6] with the corresponding values calculated by our model.
The experimental set-up is shown in Fig. 4 consists of four mains com-
ponents: 1) a power source (PBZ20-20) capable of generating asym-
metrical voltage/current; 2) a superconducting transformer having a
20-turn copper primary winding and a single-turn superconducting
secondary winding. A 6 mm wide secondary superconducting tape
obtained from SuperPower is used to construct the superconducting
winding, with a superconducting layer thickness of 1 ym. This tape
has a critical current I. of 255 A; 3) A 4 mm wide SuperPower tape
with a superconducting layer thickness of 1 m and an Ic of 100 A

Table 1
Values of the parameters used in the simulation.
Air Resistivity 1Qm
Magnetic permeability 47 x 1077 H/m
Secondary coil Width 6 mm
Critical current 255 A
Magnetic permeability 47 x 1077 H/m
Bridge Width 4 mm
Critical current 108 A
Length 1m
Load circuit Resistance 1x1077 Q
Inductance 210 ym
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NIUSB 6210
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PBZ20-20 E
— R LABVIEW Data
Acquisition System

Secondary Resistor W(t) signal
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Environment
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Pair

Transformer Bridge

Fig. 4. Experimental set-up of a self-regulating HTS flux pump.

was used for the superconducting bridge; 4) a 20-turn circular HTS coil
with a self-inductance of 210 xH serves as the load. A summary of the
relevant parameters is provided in Table 2. A piece of copper wire is
used to introduce secondary resistance into the charging loop. Using
this a method, the value of the secondary resistance can be adjusted
by using different lengths of copper wires. To measure the resistive
component of the bridge voltage, a twisted pair of voltage taps is
employed, which is attached close along the center line of the HTS
bridge, to eliminate the inductive voltage [14,2]. The measured signal
is acquired with a sampling resolution of 96 pV using an NI USB 6210
DAQ card.

5. Results and discussion
5.1. Characterization of charging performance

First, we investigate the charging performance under an applied
frequency of 50 Hz. The secondary resistance is assumed to be
1.2 mQ [6]. The waveform of the current i, that is injected into the pri-
mary winding is shown in Fig. 5. The ratio between the positive and
negative peak values is set to 4:1 with a peak positive value of 200
A and a peak negative value of 50 A, and the ratio between the positive
and negative periods is set to 1:4 (see Section 3).

The detailed waveform of both the load current i; and the bridge
current i, are presented in Fig. 6. The waveform of the bridge current
is identical to the primary current, whereas the load current exhibits a
distinct ladder shape. The load current begins to ramp up when the
bridge current surpasses the dynamic critical current of the bridge.
This critical current is obtained by integrating the critical current den-
sity J.(B) over the superconducting region of the bridge. The load cur-
rent remains constant for the remaining part of the period. This result

Table 2
Parameters of the experimental set-up
Primary coil Number of turns 20
Secondary coil Number of turns 1
Width 6 mm
Critical current 255 A
Bridge Width 4 mm
Critical current 100 A
Length 10 cm
Load coil Number of turns 20
Voltage criterion Eo 10* V/m
Self-field critical current 97.5 A
Self-inductance 210 uH
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Fig. 5. Waveform of the simulated primary current i, for an applied frequency
of 50 Hz.
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Fig. 6. Detailed simulated waveforms of load current and bridge current for
an applied frequency of 50 Hz and secondary resistance of 1.2 mQ.

is qualitatively consistent with the measurement reported by [12], val-
idating our modeling strategy.

Fig. 7 shows the load current accumulated over 200 cycles, which
presents a trend similar to that of a first-order circuit. Since the joint
resistance (100 nQ2) connected in series is almost negligible, the cause
of this phenomenon is the reduction of the voltage applied to the coil.
As the load current i; increases, the bridge current i, (the detailed
waveform of it is shown in Fig. 6) gradually shifts in the opposite
direction, as illustrated in Fig. 8. As depicted in Fig. 9 (a), the induced
voltage V, is decreased, resulting in a reduction of the current incre-
ment during each period of the charging process because the integra-
tion of load voltage is reduced. As a consequence, the charging speed is
reduced. For better characterization, the net values of the bridge cur-
rent and the voltage, which is also the load voltage, are also shown in

70

—Load current
60

50

40

30

Current (A)

20

10

0 05 1 15 2 25 3 35 4
Time (s)

Fig. 7. Waveform of the simulated load current for an applied frequency of
50 Hz and secondary resistance of 1.2 mQ.
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Fig. 8. Simulated bridge current and its net value for an applied frequency of
50 Hz and secondary resistance of 1.2 mQ.
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Fig. 9. Simulated bridge voltage (also the load voltage) and its net value for
an applied frequency of 50 Hz and secondary resistance of 1.2 mQ.

Figs. 8 and 8, respectively. It is clear that the charging process ends
when the net value of the bridge voltage reaches zero. Concurrently,
the load current approaches a saturation level, which is equivalent
to the current drop within the bridge. The net values are obtained by

1 T
I:T/ ip dt, (11)
t

1 t+T
VZT/ v, dt, (12)
t

where T is the period. The above analysis numerically demonstrates,
the entire charging process described in Section 3.

As presented in Fig. 8, the magnitude of the current through the
HTS bridge is much higher than its critical current (108 A), especially
during the initial stages of the charging process, where the peak value
can reach twice as high as the critical value. In reality, under such a
high transport current, the superconductor will be driven from its
superconducting state to a flux flow state or a normal state. The result-
ing voltage drastically varies within one period. To further verify the
effectiveness of this model, we compared the simulated bridge voltage
with the experimental data. We implemented the experimental setup
used by [6] in Section 4. The main difference between the simulation
and the experiment is that the length of the HTS bridge used in the
experiment is one-tenth of the length used in the simulation. There-
fore, for a more accurate comparison, the measured voltage has been
multiplied by 10.

Figs. 10 (b)-(g) show the simulated and measured HTS bridge volt-
ages at three different stages: at the beginning, as the load current
increases, and when the current saturates. The simulation has success-
fully replicated the experimental results. Aside from the basic feature
that the positive voltage decreases and the negative voltage becomes
noticeable during the charging process, the simulation also reproduces
the negative peak that occurs when the positive value drops to zero. To
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Fig. 10. Bridge voltage at different charging stages: (b)-(d) simulation results, (e)-(g) experimental results.

be more specific, there are two negative peaks existing in the bridge
voltage waveform. The first peak is attributed to the hysteretic behav-
ior of the superconductor, and the second peak is due to the fact that
the negative current surpasses the critical current of the bridge. Addi-
tionally, the amplitude of the simulated bridge voltage without consid-
ering any thermal factors is not lower, but rather higher than the
measured results. A possible reason for this phenomenon is that the
HTS bridge is deployed far away from other magnetic field sources
in the experiment, whereas in the simulation, the HTS bridge is located
close to the iron core. The magnetization of the iron core amplifies the
local magnetic field in the HTS bridge, resulting in a lower critical cur-
rent and, consequently, a higher induced voltage. This effect can be
reproduced in the model by adding another circuit to connect the sec-
ondary winding and the HTS bridge and implementing the HTS bridge
in a separate FEM model. Nevertheless, based on the validation of the
experiment, we can conclude that the proposed model produces
acceptable results both qualitatively and quantitatively.

To clarify the behavior of the bridge voltage, Fig. 11 demonstrate
the separation of the bridge current, which is only possible through
simulation. The current flowing through the HTS bridge can be catego-
rized into two parts: the superconducting (SC) current and the copper
(Cu) current. Despite the continuous drop in the bridge current in the
negative direction, the SC current remains relatively constant in each
positive period, while the Cu current decreases over time. Further-
more, the current that the superconducting layer can carry is about
1.3 times higher than its critical current. In this region, the supercon-
ductor is in its flux flow state. This confirms that the bridge voltage is
generated by the flux flow resistance. In addition, the dynamic critical
current of the HTS bridge slightly increases during the charging pro-
cess (as shown in the insets of Fig. 11). According to Eq. (7), a small
increase in the critical current can result in a noticeable difference
in the induced voltage within the superconductor.

The losses in the HTS bridge and the separated loss contributions
are shown in Fig. 12. The bridge losses decrease as a function of time
owing to the reduction of the bridge voltage. Moreover, the loss con-
tribution from the superconductor gradually becomes dominant. When
the load current reaches its maximum (around 3 s), the total losses
caused by the HTS bridge are estimated to be 3.54 J/m.

5.2. Characterization of secondary resistance

The secondary resistance connected in the charging loop has been
proven to be crucial for achieving the optimum performance of the
flux pump. Analytically, the reason has been clarified in terms of the
magnetic flux coupling with the load loop and charging loop [27].
In this section, we will reveal its underlying mechanism from a circuit
point of view. The secondary current and the corresponding secondary
voltage as well as their net values are plotted in Fig. 13. The secondary
voltage is defined as the voltage drop across the secondary resistance
and can be calculated as, (see Fig. 14)

v = L0 & (13)

The net current and the voltage first rise and then gradually reduce
to zero. Referring to the circuit depicted in Fig. 1, the increase in sec-
ondary current and voltage can be attributed to the fact that the volt-
age generated by the bridge is applied to both ends of the load coil,
and the secondary circuit is composed of the secondary winding and
resistance. As a result, both the load current and secondary current
increase in response to this voltage. This indicates that the secondary
circuit is also being charged during the charging process. As the entire
system is superconducting, the current generated in the charging loop
would not be able to decay and would continuously circulate in the
loop if the secondary resistance is not present. As a consequence, as
demonstrated in a previous simulation by [48], this current will
weaken the load current. This current can be eliminated in the pres-
ence of the secondary resistance, thereby increasing the load current.
The process can be viewed as either the discharging of the charging
loop or the charging of the load loop. Overall, the secondary circuit
is first charged and then discharged during the charging process.

Given that the net value of the bridge voltage continuously
decreases during the charging process, while the secondary voltage
increases during the charging of the secondary circuit, we argue that
once the secondary voltage equals the bridge voltage, the secondary
circuit can no longer be charged and tends to be discharged. Further-
more, as previously discussed, the charging of the load coil is complete
when the net value of the bridge voltage drops to zero, suggesting that
the net value of the bridge voltage will eventually vanish. If the sec-
ondary voltage and the bridge voltage are not in agreement, the dis-
charge of the secondary circuit will not stop. This means that all the
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Fig. 11. Simulated current components within the HTS bridge as a function of
time, at various charging stages including (a) the beginning, (b) when the load
current rises, and (c¢) when the current reaches saturation. The insets illustrate
the dynamic critical current of the bridge as the carrying current approaches
the maximum value.
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Fig. 12. Simulated bridge losses and the different loss components. The insets
show the detail of the losses at the beginning and when the charging process is
completed.
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current injected into the charging loop will completely decay. In
Fig. 15, we show the net values of the secondary voltage and bridge
voltage as a function of time to support our argument. The secondary
voltage rises until it equals the bridge voltage, then starts to decline
until it reaches zero.

According to the above analysis, the charging process is clear and
can be summarized as follows: the voltage generated on the HTS
bridge, the load coil and the secondary circuit are charged simultane-
ously; the secondary current continues to increase until the net voltage
on the resistance reaches the net voltage on HTS bridge; then, the sec-
ondary current starts to decrease towards zero; at the same time, the
net values of the secondary and bridge voltages decrease to zero and
the load current reaches its maximum, which is equal to the reduction
in bridge current.

Fig. 16 shows the secondary circuit losses, which include the hys-
teresis of the secondary winding and the secondary resistance losses,
which are given by
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o
o
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Fig. 15. Simulated net values of the bridge voltage and secondary voltage.
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QS:/(Ez-i-Ej)nIz ds. (14)
s
where Q; is secondary circuit losses, E, is electric field generated by the
secondary winding, and E; is electric field generated by the secondary
resistances.

The losses vary with the variation of the secondary current and the
total losses, as an integration of the losses over time, are estimated to
be 11.54 J until the load current reaches its maximum.

5.3. Load current for different frequencies and secondary resistances

This section investigates the effect of applied frequency and sec-
ondary resistance on the charging performance. As shown in Fig. 17,
regardless of the applied frequency, the general features revealed by
the simulations are: i) for a secondary resistance of 0 Q, or an extre-
mely small value, the load current quickly reaches saturation at a sig-
nificantly lower value than when a non-zero secondary resistance is
present; ii) with the secondary resistance, the charging performance
is improved, and the saturation load current can be maximized. Addi-
tionally, increasing the secondary resistance results in faster charging
speeds; iii) beyond a certain point, further resistance increase results in
a reduction in saturation load current. The transition value of the sec-
ondary resistance depends on the frequency and increases with the
applied frequency. For feature i), it is because the secondary current
generated by the charging loop cannot be removed. Fig. 18 presents
the waveform and the net value of the secondary current for a sec-
ondary resistance of 0 Q. As previously stated, the current first ramps
up, and then keeps circulating in the charging loop without any decay
(or a negligible decay). In this scenario, the saturation value of the
load current is determined by the current flowing into the charging
loop, which is dependent on the impedance ratio between the charging
loop and the load loop. For feature ii), as concluded in Section 5.2, all
current generated in the charging loop will fully decay due to the sec-
ondary resistance by the end of the charging process. In addition,
higher resistance results in a smaller time constant (Eq. 15), resulting
in faster charging and discharging in the secondary circuit, and there-
fore shortening the overall charging time.The time constant is given as,

7 =Ly/R; (15)
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where L, is the secondary inductance, and R; is the secondary
resistance.

To prove this, the bridge voltages and the secondary voltages for
secondary resistances of 0.1 mQ and 1.2 mQ at an applied frequency
of 50 Hz are plotted in Fig. 19. It is clear that with for a higher sec-
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Fig. 19. The curve of the load coil current charged with the flux pump using
two different secondary resistances: 1.2 mQ and 0.1 mQ.

ondary resistance, the bridge voltage drops to zero in a shorter period.
The last feature is due to the secondary current being incapable of
tracking the primary current (see Fig. 20), which is caused by the large
load impedance [12]. In order to maintain tracking between the pri-
mary and secondary currents, the threshold for the secondary resis-
tance increases as the applied frequency increases. The above-
mentioned observations are different in many ways from the experi-
mental results reported by [27,6]. When a smaller secondary resis-
tance is used in these experiments, the charging speed is slower than
predicted, but the load current decreases. A possible reason is that
the measurement time is not long enough, so the load current did
not reach its maximum value. For example, [27], discovered that with
a secondary resistance of 0.5 mQ, the load current was still increasing
at the end of the experiment. As shown in our study, the difference in
the charging time can be one order of magnitude.

In addition, in Fig. 21, we found that the load current waveforms
for the same secondary resistance at different frequencies almost coin-
cide. Except for the case of a secondary resistance of 1.2 mQ, the
charging speed and the saturation current are lower at 10 Hz due to
the relatively larger impedance. According to Eq. (12), and as we dis-
cussed in Section 5.1, the bridge voltage V; is mainly determined by
the flux flow resistance of the superconductor, which is frequency
independent. Additionally, the net voltage applied on the load coil is
independent of the applied frequency. The charging performance is
thus frequency independent. This behavior is undoubtedly due to the
the fact that maintaining tracking between the primary and secondary
currents, namely, the load impedance, is restricted to a certain level.

The preceding observation suggests that, given the evidence that
load resistance would not affect the magnitude of the secondary cur-
rent, the optimum charging performance is achieved by using a
high-enough secondary resistance. In terms of losses, high resistance

200
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0 0.01 0.02 0.03 0.04 0.05 0.06
Time (s)

Fig. 20. The bridge current for different secondary resistances (3 mQ and
8 mQ) for an applied frequency of 50 Hz.
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normally results in large losses in the unit period and may result in
higher total losses, even though it can shorten the operation time.
Therefore, the selection of the most appropriate secondary resistance
must be thoroughly investigated. For instance at an applied frequency
of 50 Hz: i) for the secondary resistance of 0.1 mQ, which takes about
12 s to complete the charging process, the total losses the bridge and
due to the secondary circuit are estimated to be 11.96 J/m and 4.65 J,
respectively; ii) for the secondary resistance of 1.2 mQ, which takes
about 3 s to complete the charging process, the total losses are esti-
mated to be 3.54 J/m and 11.25 J, respectively; iii) and for the sec-
ondary resistance of 3 mQ, which takes about 3 s to complete the
charging process, the total losses are estimated to be 3.14 J/m and
26.9 J, respectively. After thoroughly evaluating the charging perfor-
mance and total losses, it was determined that the most appropriate
value of load resistance for the current study is 1.2 mQ.

6. Conclusion

An electrical contact-free injection of direct current into a closed
superconducting circuit is achieved by the self-regulating HTS flux
pump. The use of numerical prediction tools is essential to ensure com-
prehensive system design, optimization, and successful implementa-
tion. A 2D H-formulation FEM model was created and coupled with
an electrical circuit to thoroughly investigate the charging process of
a coil utilizing the self-regulating HTS flux pump. To explore the
impact of secondary resistance on the charging performance of the flux
pumps, an additional electrical component was incorporated into the
governing equation within the 2D H-formulation FEM model. At the
same time, the losses caused by superconducting elements are also
assessed. The simulation results revealed that by applying an asymmet-
ric current with a positive magnitude greater than the critical current
of the HTS bridge, the parallel-connected coil can be charged gradually
through the net voltage produced by the bridge. The accuracy of the
method is demonstrated by comparing the calculated bridge voltage
to its experimentally-measured value. The good agreement suggests
that the induced flux flow resistance is the primary cause of the net
voltage generated by the HTS bridge.

The working principle and underlying mechanism of the secondary
resistance operation are illustrated using this model. Specifically, a
non-removable induced direct current circulates in the charging loop
due to the negligible secondary resistance. This current reduces the
maximum value that the load current can achieve, and the added sec-
ondary resistance can consume this induced current, improving the
charging performance. More importantly, we found that this resistance
can eliminate the undesirable direct current. This means that when the
current applied to the bridge is of the same magnitude, the load cur-
rent eventually reaches the same maximum saturation value under dif-
ferent secondary resistances. Additionally, given this premise, using a
higher secondary resistance can accelerate the charging process due to
a lower time constant, but it will also generate more losses. Therefore,
it is crucial to thoroughly investigate the secondary resistance, taking
into account variables like the saturation load current, charging speed,
and generated losses, to achieve optimal charging performance.
Finally, the numerical method presented here shows promising perfor-
mance in describing the charging process of a coil using the self-
regulating HTS flux pump, It effectively captures all the essential char-
acteristics and proves to be reliable for designing and optimizing this
type of flux pump, thereby accelerating its practical application.
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