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ARTICLE INFO ABSTRACT

Keywords: Superconducting flux pumps (FP) are capable of supplying superconducting circuits with high currents by addi-

Simulink tively supplying current over a number of cycles without introducing large amounts of heat into the cryogenic

Simscape ) environment. Superconducting FPs can be broadly classified into two types: dynamo and transformer rectifier.

;*lhermal Je(B) switch Modelling the behaviour of these systems is an emerging field. In this work a model of a half wave magnetically
ux pump

switched transformer rectifier FP created in MATLAB/Simulink/Simscape is presented. Unlike existing models,
the characteristics of all circuit elements are fully integrated allowing all superconducting elements to be accu-
rately incorporated. The presented method uses pre-calculated look-up tables, populated with experimentally
derived material qualities to simulate these superconducting elements. The thermal evolution of the switches,
calculated simultaneously to the magnetic field switching interaction has also been included. This model is
compared to the performance of a real world FP during the pumping of a load coil and is found to be accurate.
Furthermore, the presented model illustrates how small amounts of heating at a magnetic switch can pro-

High-temperature superconductivity

foundly affect a FPs performance over many cycles.

1. Introduction

High field magnets are used in many applications including fusion
energy, magnetic levitation, magnetic resonance imaging, nuclear mag-
netic resonance, high energy and nuclear physics [1-7]. High tempera-
ture superconductors (HTS) are increasingly being considered for these
applications due to their operating temperatures and critical fields [8].
To maximise the potential of HTS magnets large currents are required
[1]. Conventional high current power supplies, while widely available,
are large and expensive. The current leads from these power supplies,
usually made of copper, introduce significant amounts of heat into the
cryogenic environment which must be accounted for. This is a large
issue as HTS magnets must be kept at cryogenic temperatures to remain
superconducting [9]. The large heat load from ohmic leads increases the
cost and complexity of the required cooling systems [10].

Superconducting flux pumps (FPs) operate in the same cryogenic
environment as a HTS magnet introducing far less of a heat load [11].
HTS circuits and components require joints between the HTS tapes they
are constructed from. Although purely superconducting joints are possi-
ble [12], most HTS systems are usually made with soldered joints with a
small ohmic resistance causing a loss of current. To maintain a stable
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field value in a HTS magnet this loss must be countered with continuous
charging [4,13-15]. Superconducting flux pumps are an ideal solution
for solving the issue of resistive joint loss [16].

The concept of superconducting flux pumps has existed since the
1950s [17,18] and has seen a resurgence with the introduction of
HTS systems [19]. The higher operating temperature and large
enthalpy of HTS allows for a variety of operational pumping principles
[20]. These fall into two main classes: (i) Dynamo and travelling wave
flux pumps [19,21-24] and (ii) transformer rectifier flux pumps
(TRFPs) [25-27].

These two classes work in distinct ways. Dynamo and travelling
wave flux pumps induce a net non-zero voltage with a moving mag-
netic field [28], while TRFPs use a transformer to generate a large
DC current in a load via rectification of an alternating current. TRFPs
can be either full-wave where the full alternating current cycle is used
for rectification or half-wave where only half of the cycle is utilised.
Currently, five switching techniques have been published for TRFPs
being; the utilisation of non-superconducting MOSFET arrays [25],
thermal switching [29], self-switching [30,27], applied alternating
magnetic field switching (dynamic resistance) [31-33] and applied
static magnetic field switching (J.(B)) [34].
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Creating precisely controlled HTS TRFPs is difficult without an
accurate modelling tool to effectively define the experimental param-
eters required to meet the desired specifications. This work introduces
one such simulation constructed in MATLAB/Simulink [35], with
additional custom Simscape blocks. This model simulates a half-
wave J.(B) switched TRFP over many cycles. The effective capture
of the highly non-linear HTS behaviour is the main challenge for such
a model. Previous simulations have utilised SPICE [36,37] or analyti-
cal approximations of the HTS behaviour [38,39] to qualitatively
match experiment findings. The presented model attempts to increase
the accuracy of simulation by using experimentally derived supercon-
ducting properties to create look-up tables of resistivity for all super-
conducting components. Although look-up tables are well
established in finite element modelling, this is the first time that they
have been utilised in this context.

A similar simulation for a half wave TRFP has been discussed
recently [40], however it does not take into account J.(B) switches, ther-
mal effects at the switches or use a magnetic circuit to represent the
transformer. The simulation presented in the following pages includes
all of these aspects in an attempt to create a more realistic model.

2. Half-wave J.(B) rectification

A half-wave TRFP takes an alternating primary current (I,;) wave-
form and converts it into a direct load current (I.) via an alternating
secondary current (I.). This is achieved by separating the waveform
into two distinct phases (rectification and maintenance) and activating
two resistive switches placed in parallel (R,) and in series (R,) with the
load. During the rectification phase the load coil is charged via the
potential generated by the parallel switch forcing the transformer into
a magnetised state. During the maintenance phase the transformer is
forced back towards a demagnetised state via the voltage generated
by the series switch allowing repeated charging cycles to be utilised.
Complete demagnetisation is only possible if the core B(H) profile is
considered to be anhysteretic [41], as a hysteretic core will never
return to a zero state during operation without some very clever sys-
tem manipulation and control [42]. Over successive cycles a half-
wave TRFP will pump I} up in a step like manner [34].

The use of a transformer in a step down configuration (more pri-
mary turns (N,;) than secondary turns(N,.)) allows for a large I,
and sub-sequentially a large I} to be generated whilst using a small
L. An electrical circuit diagram of a half-wave TRFP is shown in
Fig. 1.

Fig. 1. (a) Shows the TRFP electrical circuit detailing various components. (b)
and (c) are half cycle representations of the same system where (b) illustrates
the current direction during the rectification phase and (c) the maintenance
phase.
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Throughout this work, we will be comparing the performance of
the simulation to experimental data derived from a J.(B) switched
TRFP. A more detailed overview of this experimental system is pro-
vided in Leuw et al. [34]. While the experimental set-up remains iden-
tical to this work we have generated new datasets. In the work by
Leuw et al. [34], the focus was on illustrating the ultimate perfor-
mance of the TRFP which involved driving the system to its limits. This
process generated significant amounts of heating making accurate sim-
ulation difficult. To eradicate this issue, we have taken new data util-
ising smaller primary currents which, as will be illustrated later, lead
to a more stable performance which can be simulated.

3. Model description

The half-wave J.(B) TRFP model is built within the MATLAB/Simu-
link platform and includes various custom Simscape ‘blocks’ in combi-
nation with the Simscape electrical, magnetic and thermal libraries.
The model is constructed around 5 fundamental elements: input wave-
form creation and implementation, the transformer magnetic circuit
block, the electrical secondary circuit, superconducting component
blocks and thermal circuit blocks which interact with the supercon-
ducting components. The visual Simulink code for all parts of the
model are displayed in the appendix (see Figs. A.13,A.14,A.15,A.16.

3.1. Input waveforms

The input waveform blocks are designed to allow the application of
any desired waveform combination. In this work, the experimental
waveforms of transformer primary current and the electromagnetic
switch fields as derived from direct measurement were used to drive
the simulation. This ensures complete consistency between the simula-
tion and experiment. The precise structure of the applied waveforms
are displayed in Fig. 2. In this case, for all input waveforms the positive
primary half-wave is aligned with the series electromagnet ‘on’ state,
and the negative half-wave with the parallel electromagnet ‘on’. This
formulation will produce a negative load current.

3.2. Transformer primary and magnetic circuit

The transformer model is broken up into three parts; the primary
winding, the transformer core and the secondary winding and is repre-
sented with a circuit diagram in Fig. 3.

The Simulink code allows any configuration of transformer wind-
ing configuration and core behaviour. In the experimental system,
the core is made of laminated electrical steel with a reluctance

Fig. 2. Experimentally generated input waveforms for the transformer
primary (blue) and the electromagnets (red) for two different time distribu-
tions of maximised (a) and smaller(b) switch ramp rates.
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Fig. 3. Circuit model for the transformer, linking both the electrical (blue)
and magnetic (pink) circuits with constant copper primary resistance and
dynamic secondary HTS resistance.

(Zcore) determined by the transformer core material, length and cross-
sectional area. In the model an experimentally measured anhysteretic
B(H) curve with a B field saturation of ~ 1.8 T and a H field saturation
turning point of ~ 200 A/m is used. This is input into the ‘Non-linear
Reluctance’ block from the Simscape magnetic element library.

In the experimental work discussed below, the primary winding is
driven in constant current mode where the power supply voltage
ramps automatically to achieve the selected current. In the model this
is implemented as a constant current source with a primary winding
ohmic resistance (R,;) of zero. This is zero due to the input primary
current waveform being taken from an experimental measurement of
the primary current directly using a known resistor as shown in
Fig. 2 in blue.

The experimental primary winding (N,;) is made of 720 turns of
enamelled copper while the secondary winding (N,.) consists of 12
turns of 12 mm SuNAM copper coated superconducting tape. The sec-
ondary winding has a variable resistance (R;) caused by the non-linear
superconducting resistance. The HTS R; is handled through the use of a
custom Simscape block the workings of which will be explained in the
following section. As in many transformer-rectifier flux pumps, the
experimental secondary current does not match the basic NN ratio
[34,43]. Furthermore, the model, as it stands, is also incapable of cap-
turing the observed behaviour. Instead, we arbitrarily set the modelled
secondary winding to 17 turns to match the experimental secondary
current. Further additions to the model are planned to capture this
variation. However, once this static mismatch is accounted for, the
model is highly effective at simulating the dynamic processes within
the transformer. For instance, the remnant magnetization within in
the transformer core which leads to the creation of a DC offset is accu-
rately captured.

The leakage flux (%) is included for both the primary and sec-
ondary windings calculated from the geometry of the system and the
medium that the stray fields pass through, in this case liquid nitrogen
(LN2). The assumption has been made that eddy current loss will have
a small impact due to the core material and construction type, being
laminated electrical steel, and has therefore been omitted.

3.3. HTS Elements

The performance of the model is dictated primarily by the HTS tape
used and how an applied magnetic field and applied current interacts
with it. When the applied magnetic field penetrates the superconduct-
ing layer of a HTS tape some of the current is pushed into the ohmic
layers. These ohmic layers are required for passivation and electrical
and mechanical stabilisation [44] as shown in Fig. 4. Surface passiva-
tion of HTS films prevents unwanted reactions with carbon dioxide
and water in the atmosphere which can damage the superconducting
material [45].

As most of these layers are electrically conductive this layered
structure provides additional electrical paths parallel to the supercon-
ducting layer. These parallel paths have their own resistance, collec-
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Stabilising layer :5 — 150 um
Passivation layer 1—-2pum
1-5 um
Buffer stack :0.1 —0.25 pum
Metal substrate 30 — 150 um

(Not to scale)

Fig. 4. Generic coated superconductor architecture comprised of a metal
substrate for mechanical support, a stack of intermediate buffer layers to
provide planarisation, passivation and texturing, the superconductor, a further
passivation layer and an electrical stabilisation layer. Inspired by MacManus-
Driscoll and Wimbush [44].

tively called the ohmic resistance path (R.). To physically model the
behaviour of the J.(B) rectifier R,, must be included by combining it
with the superconductor resistance (R,.) to calculate a total resistance
(Rr). Ry, and R, cannot be measured separately through experiment
when operating the TRFP, presenting a problem to J.(B) switched sim-
ulations. What can be measured experimentally is the voltage (Vi)
across a switch and the total applied current (I1), which is the sum
of the current in the superconducting layer I, and the ohmic paths
I, These variables are illustrated in Fig. 5(a) along with a simple cir-
cuit diagram for a section of HTS tape.

Normally when considering a HTS system I, and R, are not con-
sidered as all of the current is assumed to travel through the supercon-
ductor. While this is a fine assumption to make for HTS systems that
operate far from their critical current (I.), it is not applicable for a
J.(B) switched system or one that operates at temperatures close to
their critical temperature. In these systems the I, of the system can
change dramatically forcing current into the parallel ohmic paths.
From a modelling perspective this manifests as a circularity problem
where the parallel resistances cannot be determined without the paral-
lel currents, as illustrated in Fig. 5(b). This circularity originates as R,
is dependent on the fraction of I; entering the superconducting path

Ise);

EOZlapc Isc B
R =15 (i) =

where E, is the electric field criterion set to 1 xVecm™, n is the so-called

n-value which defines the superconductor behaviour in its non-linear
resistivity state, B is the magnetic field experienced by the HTS element
and /. is the length of the superconducting element considered.

In contrast, R, simply follows the standard ohmic law

considerations;
P h‘glapc

Ry, = Dontune 2)
WlapeToh

where p,, is the resistivity of the stabilizer material, wy,. is the width of
the ohmic layers and 7., is the thickness of the ohmic layers. The par-
allel stabiliser path leads to the total resistance having the form;

(@ It=1+1 (b)
T SC oh ISC(IT'Ioh)
RSC(]SC)

— ¥ ¥
v Lon(Rse) f'/

Fig. 5. (a) Parallel current paths through the ohmic and super conductor
layers. (b) Circularity problem that arises when attempting to find either R,
or R, from experimentally derived I and Vi values.
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Rsc (Isc )Roh
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Using equations Egs. (1)-(3), in conjunction with the fact that the
voltage across both paths (Vi) must be equivalent, Is. can be calcu-
lated numerically from;

ZlapeEO

nB) |7 _
Rom(g) % Hhe =T (4)

From a modelling perspective I, could be calculated for each super-
conducting element at each time step. However, this is computation-
ally intensive and would significantly increase simulation time.

Instead, a more practical approach is to generate a lookup table
during the initialisation of the model. This can be achieved as R is
uniquely defined for all I, for the configuration outlined in Fig. 5
(a). Using Eq. 1, R, can be calculated for a pre-determined range of
I values (0.01 to 1.2 times I, has been found to be sufficient). By util-
ising the voltage equivalency, each R,. value can be related to a speci-
fic I, value;

_ RscIsc

Iy = , 5
PR ®)

from which a corresponding It can be ascertained;
It = Iop + Le. (©)

Finally, Ry can be calculated from Egs. 6,. By iteratively applying
this process for each I, value, a lookup table for a input It value can
be uniquely correlated to a Ry value which defines the superconduct-
ing element performance. If Vg is required this can be simply calcu-
lated by;

Vi = ItRy. (7)

The lookup table is generated during the initialisation of the Simu-
link model. Constructing the lookup table before the simulation is run
drastically reduces the computational requirements of the model when
compared to a version that calculates the resistance at each time step.
The presented results in the following section were made with time
steps of 1 ms.

For the load coil (constructed with brass stabilised 4.4 mm AMSC
YBCO tape [46,47]) and transformer secondary winding (constructed
with copper stabilised 12 mm SuNAM YBCO tape) using a lookup table
of only one temperature is deemed sufficient. This is because in exper-
iment both elements operate far below I. and the variations in I.(T, B)
or n(T,B) are not as significant. However, within the switching ele-
ments this is not the case as the magnetic field and temperature depen-
dencies play fundamental roles in determining the flux pump
performance and must be accounted for.

A significant advantage of the lookup table approach is that it
allows the introduction of these variables in a simple and non-
computationally intensive manner. To introduce the influence of mag-
netic field it is simply a case of repeating the process outlined above
for a range of I.(B) and n(B) values in conjunction with the I itera-
tion. This will generate a 2D lookup table from which Ry can be found
for the input It and B at each time step. In the outlined simulation the
range of magnetic field intensities is O to 1.5 T to cover the range used
in experiment of O to 1 T. This lookup table can be further increased
into a 3D data set inclusive of temperature by stacking multiple 2D
magnetic field dependency arrays at different temperatures together
to make a 3D array containing both temperature and magnetic field
dependence.

To fill out such a table with realistic values the Robinson Research
Institute SuperCurrent database (https://www.wgtn.ac.nz/robinson/
hts-wire-database) [48] has been used. This data base contains exper-
imentally derived I.(T, B, 8) and n(T, B, §) data for many different HTS
tapes, the switch tape that is used in this work is 6 mm SuNAM
HCNO04200. As the experimental system has a geometrically static
magnetic field perpendicular to the planar tape surface only the
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I.(T,B,0) and n(T,B,0) data is used. A plot of this I.(T,B,0) data is
shown in Fig. 6.

As the system is modelled with a stable magnetic field angle the I,
values are iterated through as above for each set of I.(T, B) and n(T, B)
to produce the lookup table which can provide the Ry for any applied
magnetic field, temperature or input current. When considering the
parallel ohmic pathways in the switch only the silver passivation layer
and the copper electrical stabiliser layer on the HTS side of the tape are
used. This follows recent work looking at current path sharing in HTS
tapes [49]. The resistivities of both layers are taken from Ekin [50]. A
graphical representation of the 3D lookup table of calculated resis-
tances at 77.5 K for different magnetic fields is shown in Fig. 7.

The 3D resistivity look-up table is saved into the Matlab workspace
and accessed in Simulink by a custom J.(T, B) block. This block also
outputs power in the unit of watts which interfaces well with the Sim-
scape thermal library.

700
600 ¢
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K

~ 85
30 @
Y‘dtr'd (&1

Z /5, 15 ”) .
/]} Tﬁlﬂ?b

Fig. 6. I.(T,B,0)/cm data for the SUNAM HCN04200 HTS tape used for the
J(B) switches in experiment and simulation.
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Fig. 7. Resistance of a switch as a function of the applied transport current
and perpendicular field at 77 K.
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3.4. Thermal considerations

An assumption made for most of the HTS tape is that the tempera-
ture does not change significantly due to immersion in LN2. This
assumption, as will be shown below, is wildly inaccurate for most
TRFPs [43]. In reality, the switching process leads to non-trivial
amounts of power when the operational currents are applied, causing
significant local heating. In an attempt to include the thermal effects of
the experimental system a thermal model has been constructed.

The switch tape is modelled as a heat source whose thermal mass
includes all ohmic layers the length and width of the switch tape.
The input power used to determine the thermal changes is calculated
in the switch block using P = I’R. This heat is then dissipated via the
cooling paths available to the switch tape, into the switch magnet core
and down the axis of the HTS tape. This is a non-trivial thermal system
to model in Simulink as the entire system is submerged in LN2. The
thermal bath temperature is assumed to be that of the vapour pressure
temperature of LN2 at 1 atmosphere of pressure, 77.343 K [51].

The conduction cooling path via the switch electromagnet is mod-
elled using the combination of both conduction and LN2 convection.
To ensure electrical isolation from the switch electromagnet cores dur-
ing experiment, the cores and switch lengths are wrapped in one layer
of Kapton tape each. The simulated heat path from a switch into its
associated electromagnet core therefore must include these two layers
of Kapton, which are modelled using a Simscape thermal conduction
block and the known thermal conductivity and thickness of Kapton
tape [50]. The cooling of the switch core itself is via convection cool-
ing in the bath of LN2. The LN2 convection cooling is modelled using a
custom Simscape block with a variable heat transfer rate (Q) over an
area (A) as;

Q

— = cAT?®

3 [(w /) (25, ®)

where AT is the temperature difference between the solid mass (switch
core) and the convection medium (liquid nitrogen) and c is a constant
with values from 10 to 10° based on surface condition and orientation
[50]. When considering liquid nitrogen convection there are two main
regimes, nucleate boiling which ends at roughly AT =10 K and film
boiling where AT increases by more than an order of magnitude in
the calculation of Eq. 8. Film boiling is not included in this model as
the system does not exceed this threshold when the waveforms in
Fig. 2 are used.

To model the tape axis cooling path accurately the cooling capacity
of each individual layer in the superconducting tape must be consid-
ered in parallel. The individual layers of the tape are modelled as par-
allel paths over a length of 1 mm using their individual thicknesses and
material thermal qualities. These parallel paths are then connected to a
portion of tape in the LN2 bath with a thermal mass inclusive of all
tape layers. This thermal mass is in contact with the LN2 bath via a
layer of Kapton which is included between the tape thermal mass
and the liquid nitrogen. Finally, the cooling of the thermal mass of tape
is simulated using the nucleate boiling block explained earlier.

The thermal model of the switch outputs the calculated tempera-
ture of the switch tape in the units of Kelvin. This temperature is fed
back into the Jc(T, B) block allowing for the resistance of the switch
tape to be calculated as a function of not only magnetic field but also
temperature. All of the thermodynamic values used in the thermal
model are taken from Ekin [50] with the exception of silver [52].

4. Experiment and simulation results

Using the input waveforms in Fig. 2 at 1.5 A the experimental sys-
tem and a simulation were run for 100 s with an initial dead time of 5 s
to check for offsets arising from transient and unpredictable DC errors
in the experimental measurement system. As previously mentioned the
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turns ratio of the experiment (720:12) and simulation are different.
The simulation turns ratio of 720:17 was determined by matching
the secondary current peaks for the first cycle as shown in Fig. 8(b).
This drop in expected current has been touched on recently [53,43].
However, further testing using a dedicated experimental apparatus
with multiple variables is required to determine the exact mechanism
in a J.(B) flux pump so that the turns ratio can be modelled analyti-
cally. This is expected to be a dynamic effect and will be investigated
in detail in later work. Once the turns ratio change is applied, the
dynamics of the secondary current matches closely for the first few
cycles as shown in Fig. 8(b).

The simulated secondary maintenance phase then departs from the
experimental secondary as the transformer is pushed into saturation as
seen in Fig. 8(c). The disparity between the experimental and simu-
lated results are due to the imprecise modelling of the transformer
where a anhysteretic B(H) curve was used. Future improvements to
this model and others like it will require a full hysteretic transformer
model likely based on the Jiles-Atherton model [54,55], inclusive of
minor hysteretic curves [56] and eddy current losses [57,58]. The
authors plan to implement this feature in the future.

The voltages at the switches are shown Fig. 9 where the experimen-
tal voltage signals have large inductive spikes corresponding to cross-
talk emanating from the up and down current ramps of the switch
fields. These spikes visually dominate the complete dataset Fig. 9(a).
However, the accuracy of the match between simulation and experi-
ment is made evident when inspecting a limited number of cycles at
a time. For instance, the first and last cycles have been plotted in
Fig. 9(b) and (c) in the same way as the secondary currents in Fig. 8
(b) and (c).

When ignoring the large spikes, the shapes and amplitudes of the
switch voltages match well. In addition, to simply capturing the over-
all shape, we can now begin to consider the quantitative matching.
This is best illustrated by considering the voltage integral per cycle.
This integral determines the amount of current that is pumped into
the load during the pumping phase and, over a number of cycles,
determines the saturation state of the transformer. The series voltages
in Fig. 9(c) match in shape but not in integral and as such the trans-
former is being driven differently to the experiment. This is expected
as the transformer model is simplistic as mentioned earlier. The drop
off in magnitude of the series switches follows the simulated secondary
current in Fig. 8(c), showing that the simulated switches are acting as
intended.

a) _ISecExp _ISecSim
— 50}
<
+
g o
—
S
S
50+
0 20 40 60 80 100
= 50 (b) 50 (c)
-
g 0 0
—
5 50 50
@)
5 5.5 6 99 99.5 100
Time [s]

Fig. 8. Experimental and simulated secondary current. Enlarged first and last
cycles are shown in (b) and (c) respectively.
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Fig. 9. Experimental and simulated switch voltages. Enlarged first and last
cycles are shown in (b) and (c) respectively.

The simulated temperature of the switches shown in Fig. 10(a) can
be thought of as a proxy for the total power that the switches create.
When comparing the evolving shape of both switches with the voltages
in Fig. 9(a) they match in shape over the entire 100 s. The dip then
peak in the parallel temperature at about 17 s is an artefact of the sim-
plistic transformer being pushed into a saturated regime faster than
happens in the experimental system. This is evident by the lack of this
quick change in the experimental parallel voltage in Fig. 9(a). This
peak changes the way that the simulated system progresses. For a more
direct comparison Fig. 10(b) and (c) show the first and last pump

(a) —— Parallel Temp
—— Series Temp

i
= s0/(b) 71.5|(C
o,
g 73 774
= 7.3
5 5.5 6 99 99.5 100
0 | I I [ i
N (d) — ILoad Exp
= = I1,0ad Sim
- -10} ]
o
(]
g
= -20} 1
@)
-30 - s s s
0 20 40 60 30 100
Time [s]

Fig. 10. (a) shows the simulated temperature fluctuations in both switches.
(b) and (c) are zoomed in panels showing the first and last pump of the 100 s
thermal data. (d) shows the experimental and simulated load current.
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cycles of the simulated switch temperature data sets similar to
Fig. 8. The effect of the artificial transformer peak is evident in the
simulated load current when compared to the experimental case in
Fig. 10(d).

Before the dip-peak feature in Fig. 10(a) occurs the pumping
matches well. during the dip the load is pumped less hard per cycle
until it reaches the peak at which point it is pumped hard for a few
cycles. The load current curve then settles after a few cycles to match
the experimental curve albeit now offset by ~ 1 to 2 A. Excluding the
effects of the transformer the model predicts the way that the experi-
mental system evolves quite accurately.

To illustrate the importance of the thermal component in a J.(B)
switched TRFP the experimental and simulated lines in Fig. 10(d) have
been plotted along side a simulated load current where the tempera-
ture was fixed to the bath temperature in Fig. 11.

Usually when attempting to model a HTS flux pump, especially one
with J.(B) switches many will fail to get to generate the experimen-
tally observed high resistance. Usually stating that the tape has
degraded as a way of artificially decreasing their switch I.. This subse-
quently increases the switch resistance and thus load current. The
comparison in Fig. 11 shows that this method of matching load current
via artificial tape degradation is unnecessary and potentially covering
up an important aspect of J.(B) rectification: the interaction of the
thermal processes inside the HTS tape. The authors therefore urge
readers intending to model a HTS flux pump of any kind to always con-
sider the thermal effects of the system even if it is not the initial driv-
ing factor, as a change of only a few degrees can have a profound effect
on the evolution of a flux pumps performance.

To inspect the robustness of the simulation three different primary
currents of 1.5, 1.3 and 1.1 A were used. The comparison between the
simulated and experimental results of these different primary inputs
are shown in Fig. 12.

The 1.1 A experimental and simulated data match almost identi-
cally this is due to the transformer never being pushed far into the
highly non-linear portion of the anhysteretic B(H) curve used. The
1.3 A data has a large discrepancy centred around 30 s. This is the
transformer problem manifested strongly due to the system being in
a ‘sweet spot’ in relation to the B(H) curve of the transformer. This fur-
ther illustrates the need for a more realistic transformer model. The
mismatch in the 1.5 A data is much smaller around 17 s having been
pushed through this region relatively quickly when compared to the
1.3 A data sets.

Despite the discrepancy originating from the simulated anhys-
teretic transformer, the model has been shown to be capable of deliv-
ering qualitatively accurate predictions of the output current from a

— Exp
— Sim changing T
Sim with static T

Current [A]

-30 . . . .
0 20 40 60 80

Time [s]

Fig. 11. Experimental load current compared to simulations with a dynamic
thermal model and a static thermal model at the LN2 bath temperature.
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Fig. 12. Experimental and simulated load currents using three different
primary currents of 1.5, 1.3 and 1.1 A.

J.(B) switched half wave TRFP. With a robust and complete trans-
former model this simulation will become quantitatively predictive
allowing it to be used to plan future TRFP designs. The authors believe
this modelling technique provides a framework for the next generation
of TRFPs by allowing different configurations, superconducting ele-
ments, and waveforms to be rapidly benchmarked through the use of
our custom Simscape blocks.

A potential additional source of error in the presented model is the
exclusion of AC loss and frequency dependent I, effects within the HTS
circuit [59]. As an initial estimate these effects were not included due
to the frequency of operation being 1 Hz. However, the addition of AC
effects within the presented model is planned for future work by the
authors.

The total compute time for a 100 s simulation was less than a min-
ute as measured by the “tic toc” Matlab functions (20 to 40 s depend-
ing on if the session is a fresh Matlab/Simulink boot) with a data
resolution of 1 ms, using an i5-1135G7 cpu at 2.4 GHz and a single
thread. The total memory used for the 100 s simulation outputting
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all presented data and some others omitted was ~0.1 MB. The current
code has some switchable methods to reduce the compute time and
memory usage which were not used, and for the sake of brevity have
been omitted. These methods only become applicable when batching
(conducting variable sweeps or conducting a Monte Carlo like simula-
tion) or when simulating a flux pumps performance over a much
longer time scale (hours to days) than what is presented in this work.

5. Conclusion

Throughout this work a model capable of simulating a J.(B)
switched half-wave transformer rectifier flux pump has been intro-
duced. This work is set apart from previous works by the use of exper-
imentally derived lookup tables in conjunction with custom magnetic
and electric Simscape blocks combined with thermal considerations.
While the model could be further improved through the implementa-
tion of a more realistic transformer model it can act as a robust frame-
work for future simulations of HTS TRFPs of various types. The authors
foresee the simulation presented here as being extremely useful for
understanding the physical processes of HTS TRFPs, directing iterative
optimisation of existing systems and the successful planning of future
systems.
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Appendix A. Simulink visual code images

The following images are screen grabs of the Simulink code dis-
cussed in this work.
See Figs. A.13, A.14, A.15 and A.16.
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