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Abstract

Conventional power supplies for superconducting magnets rely on dissipative
power electronic converters and current leads, which are a thermal path connecting
room temperature to cryogenic superconductors, as well as an additional source of
joule dissipation, thereby imposing a significant heat load on the cooling system.

Flux pump s offer a contactless, lowvoltage, and high-current alternative to
power electronics exciters and current leads solutions. However, as flux pumps
physical mechanism is complex and counterintuitive, their engineering process and
development of viable and executive designs have proved to present major challenges.

This Ph.D. project focused on numerical modeling, investigation, and
engineering analysis of flux pumps. The research aimed to address gaps in scientific
research surrounding the technology and its potential disruptive impact on enabling
contactless and efficient energization of superconducting magnets. First, a numerical
model was developed and validated against experimental results to unveil the
intricacies related to voltage rectification in traveling field flux pumps. The model
embeds artificial intelligence methods to address the relationship between critical
current and n-value of HTS tapes concerning temperature and magnetic field. A new
complete equivalent circuit was derived and exploited for fast system-oriented
analysis of flux pump s. The numerical model was further exploited to develop an
application -oriented optimal design procedure for traveling field flux pumps, which
was tested to design and characterize a HTS dynamo and a linear flux pump for real
applications. The study found that the performance of the flux pumps is highly
dependent on the rated current and its total resistance anddiscussed the influence of
these two load parameters on the viability of flux pumps.

Overall, this Ph.D. project aimed to overcome the empirical approach with which
flux pumps have been designed and analyzed for decades and applied a systematic

engineering method to facilitate its implementation in real applications.
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1.Chapter 1: Introduction to flux pumps and
state of the art

1.1 Context and motivation

Superconducting magnet technology is nowadays rapidly progressing with the
advent of modern commercial High Temperature Superconductor (HTS) materials. It
is a matter of fact that HTS magnets will play a key role in sustainable transportation,
energy, research, and industry in the future. Current injection and maintenance in HTS
magnets are obtainedwith metal current leads connected to room temperature power
supply, combined with rotary joints when the magnet is employed in rotating
machines for power generation or propulsion. These components severely limit the
potential of superconducting magnets by negatively impacting the efficiency, cost,and
reliability of the systems. When a high current is to be reached,like in the case of fusion
reactor magnets, the power supply itself is extremely complex and costly, and causes
significant harmonic disturbance on the power grid too. All these limitations that
prevent a complete penetration of high -performance HTS magnets systemsmake the
case forinnovative supply concepts.

Flux pumping is a promising technology, potentially able to produce
breakthrough innovation in the supply of HTS magnets, which offers a contactless,
low -voltage, and high-current alternative to power electronics exciters and current
leads solutions. A flux pump is essentially a superconducting contactless power
transfer device, connecting a DC superconducting load to its AC power supply. Figure
1 shows a schematic comparison of the conventional solution based on current leads
for energizing a superconducting (SC) magnet (a), against the alternative based on a
flux pump (b). First, it must be pointed out that block sOEET OO1 EwWEUw?/ Ob1 Uwl
EOOYI Udler tdifferent technologies and devices from Figure 1.a and Figure 1.b.

The typical power supplies of conventional solution are based on power electronic



converters which are designed to carry the same high current of the magnet, resulting
in large dissipation s (and great reactive power absorption too). The converters shown
in Figure 1.b are specifically designed to supply the exciter of the flux pump. They do
not carry the same current of the magnet and are not required to manage excessive
power, resulting in significantly lower dissipation compared to conventional
solutions. In Figure 1.a, the power supplies are not the only bulky components; the
current leads may also demand extensive space, often necessitating complex and
convoluted pathways. A heat load of approximately 40-50 W/KA is also associated to
each current lead penetrating the cryostat wall. The 'Flux pump' block, delineated by
the green dashed line in Figure 1.b, serves as a general schematic representation of the
device and does not specifically depict any particular topology. In cases involving
transformer rectifiers, for instance, the components of the flux pump within the
cryostat should be illustrated with a minimum of two switches. In reference to Figure
1.b, a crucial general characteristic illustrated is the thermal and electrical separation
between the exciter and the superconducting component responsible for generating
UT 1T wOUUxUUwWwYOOUET T wpEUWET OOUI E wHBEBiswépardtionl a OE OO
allows to save all the current leads heat load that has been described earlier for the

traditional solution.
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Figure 1 (a) Schematic of a traditional power supply chain of superconducting magnets vs

Schematic of a flusump-basegower supply chain of superconducting magnets



Recent studies have also quantitatively addressed the potential advantages of
flux pumps in comparison to conventional solutions for the supply of superconducting
magnets in practical applications. For the case of wind power generators exciters, Sung
et al. calculated a heat load of 10.2 W using a flux pump against 31.8 W employing
current leads when supplying a 12 MW wind generator [1] [2]. Rice et al. estimated a
potential reduction of 90 % and 98 % of cryogenic load for charging and maintaining
60 KA into the toroidal field coils of fusion magnets, proving massive space saving as
well [3]. Flux pumps could also bring benefits to the biomedical industry, in fact, Wang
et al. designed and constructed a compact 1.5 T HTS MRI system dedicated for human
joint diagnosis [4] [5], whilst Coombs et al. are currently constructing a portable MRI
for human head scanning employing a flux pump [6]. The potential of flux pump swas
recently acknowledged for HTS-enhanced Applied-Field Magnetoplasmadynamic
(AF-MPD) thrusters as well, where as much as 80%t 90 % of the total cooling power
requirement is related to the heat load of the current leads[7].

Despite flux pumps have received increased attention in recent years the
underneath concept is not new. To my knowledge, the first suggestionto use induction
for eliminat ing the heat conduction due to current leads datesback to 1933, when aso-
called flux concentrator was developed by Mendelssohn [8]. Severalmethods to store
magnetic energy that are equivalent to the combination of an AC transformer and a
rectifier were proposed the following years , like in 1938,when Felici first used the term
Paasuperconducting switches? [8]. In 194Q Felici also recalled the concept of the
dynamo on a theoretical level [10]. In the following decades, massive efforts were
spent to reproduce, validate, and upscale the flux pump technology , and excellent
reviews were produced to record them [11] [12] [13] [14]. Despite numerous studies
and experimental demonstrations, there hasn't been a significant breakthrough
establishing flux pumps as the leading technology for energizing superconducting
magnets during the 20th century. This lack of progress can be attributed partly to the
absence of necessity for flux pumps when dealing with low -temperature

superconducting (LTS) magnets handling moderate currents. In fact, the possibility to
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achieve zero resistance in LTS joints allows for a persistent current operation for this
class of magnets enabling solutions involving detachable current leads used during
charging and removed afterward, along with a parallel superconducting switch. This
switch remains open during magnet charging and closes just before removing the
current leads, allowing it to carry the magnet's current nearly indefinitely. However,
in the case of HTS magnets or those requiring frequent field adjustments, the scenario
changes. The persistent current mode cannot be sustained due to the HT Sntra-magnet
joints, which would cause the current to decay if a parallel superconducting switch
was used. Furthermore, the prospect of ultra -high current LTS magnets, reaching tens
of thousands of amperes, currently under consideration for emerging technologies like
fusion reactors, could significantly benefit from contactless power supplies by
eliminating the requirement for energy-intensive high current power electronic
converters. The advent of high current superconduting applications and the maturity
of the HTS technology have made a new case forflux pump s, reviving new interest

around them.



1.2.The flux pump general behavior

No one argues that when a loop experiences a periodically varying linked
magnetic flux, the electromagnetic force that is induced according to the well -know n
Faraday-Lenz law is also periodic and has no DC component, meaning its averageover
one period of the magnetic flux is zero. This law governs the mechanism of all electrical
machines, from motors to generators and transformers. The reason for staing such
obvious sentences isstressing thestate of confusion that a flux pump provokes the first
time it is encountered. Constructively speaking, a flux pump is equivalent to any
electrical machine, hence it comprises an exciter, which creates a periodic magnetic
flux of whichever waveform, and aninduced part. The only constructive feature that
characterizes flux pumps is the superconducting nature of one or more of its
components. If the output voltage is measured at the terminals of the flux pump
during its operation, it can be calculated that its average over one period of the
magnetic flux is not zero, thus apparently violating the Faraday-Lenz law. Of course,
no violation to any physics law is ever in place, but this counterintuitive phenomenon
has been largely debated over the last few decades generating theories and
speculations. Resuming the stagesof the debate is notthe purpose of the presentPh.D.
project, therefore, in this section, | offer a general description of the behavior, with
detailed explanations for each topology's physical mechanism to be presented later.

The fact that the average of the output voltage over a period of the excitation field
is not zero is a clear manifestation that, operationally speaking, a flux pump functions
as a rectifier-type converter. Indeed, the flux pump general behavior is widely
described using an electrical circuit which is very similar to the one of the rectifiers, as
itis also shown in Figure 2.afor the case of a half wave type. In the equivalent electrical
circuit of Figure 2.a, which refers to acurrent loop composed by the flux pump and a
superconducting magnet as the load, the components have the following meanings:

1 emfis the electromotive force occurring due to a varying magnetic flux 2

which is linked to the loop.



T Vou is the output voltage at the terminals of the flux pump, namely the

voltage that a load experiences whenit is connected to the flux pump.

1 Lauxpump is the coefficient of auto inductance associated to the sub loopinside

the box OEET OOI EwE UwTFigp@e2@awx UOx 2 wbOw

1 Siand S:are two ideal switches whose operation change the topology of the

circuit. Such components correspond to real switches for the transformer
rectifier flux pump type, whereasthey are not present for other topologies
where their effect is imitated in other physical ways that are described in the
next sections

1 Luwad represents the coefficient of auto inductance of the superconducting

magnet which is energized by the flux pump , and | is the current flowing
through it at one instant.

1 T representsthe period (in seconds) of the emf

The general behavior of the flux pump is illustrated starting from Figure 2.b: a
positive emfis present becauseof a time-varying flux (NE 2 ¥ i the loop while St is
closed and S is open. For analytical simplicity, a linear variation of the flux is
considered, resulting in a constant emf During this phase, that lasts half a period, |
increasesand the magnet gets energized.

The first change in topology of the circuit is shown in Figure 2.c, where & is
closed. S is still closed too at this point because, in the meantime, the flux 2 that had
beenadded in the loop in the previous phase starts to be removed, resulting in an emf
sign inversion. St and Se must stay both closed for some time because OfLux pump that
prevents the current I1 (in red in Figure 2.c) to change instantly. After 1. reaches zero
and Iz (in blue in Figure 2.c) equalizes I, S opens and phase (d) begins. Nothing
happens during the phase of Figure 2.d, and no decay of | occurs because all resistive
dissipations are neglected. One operation period is concluded when phase (d) ends,
and the cycle repeats until final energization. It is specified that when phase (b) starts

for a second time it is anticipated by another subphase, during which both S and S



are closed, dedicated to the complete redistribution of current from Iz to l.. This

subphase isnot shown in Figure 2 for the sake ofsimplicity.

Flux pump
Lflux pump l (a)
+ S,
emf Vout L
load
Sy closed
emf L - - 'l -------- :
A : I
Lf[ux pump ' (b)
+ S, open
. emf
t i ___________________ Lload t
i 5 closed
emf
Lflux pump p (C)

emf Sy closcd"

F

S1 open

onf N

Lerux pump * i (d)
—r, + emf S, closed . i
) —_ I

<+ | Lioaa t

Figure 2 (a) Electrical schemdor describingthe general behavior of flux pumipsterms ofvoltage
rectification Stages If)-(d) describe the periodical operation that results in the energizatien ¢

inductive load coil that is coupled with the flux pump.

Current | does not continue to increaseindefinitely but reaches saturation after
some time. To explain the reason for this, the operation of the circuit of Figure 2 is
described quantitively hereafter. During phases (b) O E U U ©=01i2iw(Where f is the
frequency equal to 1/T, in the assumption that phases (b) and (c) both take half period

T) | increasesof a quantity | | according to Eq. (1).
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cQ v (1)

Therefore, period after period, phases (c) will have to redistribute more current
from l1to l2. It will arrive at a point that this redistribution will take the entire duration
of phase(c), according to Eq.( 2).

i~ 2w P
Qd Q=
609 g (2)

D

Where Imaxis the final value of current | reached at the end of the previous phase
(b). It is evident from Eq. ( 2) that optimizing the current capacity of the rectifier flux
pump corresponds to minimizing the inner inductance of the source and maximizing
the applied electro motive force. The previous considerations apply when for S and
S:are soft switches that open at the current zero crossing.

Subsequentphase (d) will be also completely dedicated to the opposite current
redistribution , according to Eq. ( 2). It follows that Imax cOrresponds to the saturation
current, which is the maximum value attainable by the flux pump .In descending order
of importance, some considerations can bederived from here:

1 Assuming the load is purely inductive, Imaxdoes not depend on the load, but

only on its internal characteristics (Lnux pump), the external magnetic field
forming the linked flux, and the dynamic of the operation (f).

1 Eqg.(1)and(2)arevalid in the ideal assumption of no joule dissipation in
the circuit. Introducing resistances in circuit to account for real losses would
imply a current decay during phases (c), (d), and the one after (d) during
which redistribution of current from Iz to 1. must take place. Both a ripple
and a reduction of the maximum current would be observed; hence Imax can
be redefined as theideal maximum attainable current of the flux pump.

1 For non-simplified analysis with varying V, its integral over time should be

usedinEg.(1)and(2).



1 If Liwpumpwas zero, Imaxwould be infinite .
1 Eg.(2) applies for a flux pump in which on ly the first half cycle is exploited
to make current | increase(as it will be explained in section 1.3).

Given that components St and S of the flux pump and the energized magnet are
all superconducting, it is reasonable to neglect any resistance associated with the load
and the switches when they are closed Nevertheless, a critical aspect has been
overlooked in both this analysis and in the majority of prior studies on flux pumps.
The circuits depicted in Figure 2 assume that when the switches are open, no current
flows. This assumption entails associating an infinite resistance with the switches,
leading to the complete absence of any loss during the open state.However, in real
flux pumps switching is achieved through the interruption or suppression of
superconductivity , mainly thermally (by increasing the superconductor temperature
above the critical value) or magnetically (by applying an external magnetic field to
inhibit the critical current of the superconductor). This switching effect is not at all
ideal in the off phase, since infinite resistance is never reachedfor a quenched
superconductor component. The consequence of this on the dynamic performance and
the operation limits of the flux pump is explored in more detail in the next section.

SinceS: and S:are subject to a certain voltage during their open state while their

resistance is not infinite, non-negligible losses would arise according to Eq. (3)

y @ 3

5 (3)

Where V is the voltage at the terminals of the switch and 'Y its resistance
during off state. The largest’Y would be preferable, but its value is limited by

the normal state resistance of thesuperconductor. Moreover, V can be ashigh as the
emfduring phase (d), but since the emfis a key factor to increase Imax, it follows that a
tradeoff is inevitable between maximum current capacity and manageable dissipation

of the flux pump.



In the next sections, the different topologies of flux pumps are presented and

described based on theirphysical mechanism and distinctive construction details .
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1.3.The operating mechanism of the transformer rectifier flux pump

The most straightforward constructive solution to reproduce the flux pumping
rectification effect described in section 1.2is the transformer rectifier . In this apparatus,
a step-down transformer composed of two mutually coupled coils is employed. At
least one of these coils, typically the secondary, is superconducting. This transformer
is connected to a downstream rectifier that can be either half wave or full wave type.
Schematics of the half wave and full wave transformer rectifiers are shown in Figure 3
and Figure4, respectively. In these figures, current |1 and voltage Vi are the inputs of
the transformer (the power supply delivering them is not shown), M represents the
mutually coupled inductances forming the transformer with a very high turns ratio,
S, S, S, and S are ideal switches, and Load is the inductance of the superconducting
coil which is energized by the flux pump. No resistance is included in the circuit at this
stage, similarly to the general analysis related to Figure 2. The working mechanism of
the half wave type is also described similarly to the general behavior description of
section 1.2 In Figure 3.b the current injection in the coil takes place by setting Si closed
and S open while a positive voltage V:iis transformed into V2. When Viand Vzchange
sign, St and S switch state to let the current | in the load flow withou t decaying, as
shown in Figure 3.c. Different from the analysis of section 1.2 the sub phasesdedicated
to the current redistribution between the switches is not shown for simplicity .
However, the same considerations outlined in section 1.2 for these sub-phases still
apply as a consequence of the selinductance coefficient of the loop formed by M, &

and S.

11
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Figure 3 (a) Electrical scheme for describing theriodical operating mechanisrof a half wave
transformer rectifieflux pumps.Stagegb) and(c) describéhe state of components duritite current

injection and maintenance, respectively.

In Figure4, the mechanism of the full wave transformer rectifier is schematically
presented. In this apparatus, both the two half periods are exploited to inject current
into the magnet by means of four switches. Switches pair S-S shares the same state
all the time, as well as the pair &-Ss. In Figure4.b it is shown that while V2 is positive
St and Sq:are closedwhereas S and Ss are open. During this phase | increases as well
as does |2 in compliance to its reference in the scheme. Ignoring the current
redistribution between switches like it was done for the half wave type, Figure4.c
shows that during the negative half wave of V2 the current injection in the magnet

continues. During this phase, however, the current I changes sign.
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M\

transformer rectifier flux pumps. Stages (b) and (c) describe the state of componentsvaiw iradf
period of operation characterized by different circuit topold@igsent injection can occur during both

half periods.

A couple additional considerations should be made on the current
redistributions between switches occurring from one half phase to the other. In
contrast to the half-wave type, in the full-wave flux pump the current |2 does not
exhibit an excursion ranging from the current of the coil to zero, but rather its double,
sinceit has to experience a complete inversion This marks a substantial different from
the half wave which also implies modifications in the analysis. For instance, Eq. ( 2)
needs to adapt to the different excursion in current. Assuming LuxpumpiS the inductance
associated to the secondary of the transformer,Eq. ( 4 ) governs the current excursion
between two phases(b) and (c) where Is(end)is the value of the current | at the end of

the phase (b.
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5
The fact that |2 exhibits a larger excursion between half periods entails that the
maximum attainable value for the current | of the full wave (that will depend on the
inductance of the load, the period duration, and the V>waveform) will be smaller than
the half wave counterpart. On the contrast, the average current slope over a cycle is
larger for the full wave rather than the half wave because it exploits the full period for
the current injection. The full wave flux pump suffer s an additional drawback with
respect to its half wave counterpart: at any instant, for the presented configuration,
two switches are in the open stateinstead of only one and experiencethe samevoltage
of the coil at its terminals causing dissipation according to Eq. ( 3) (S-Ss dissipate
during phase (b), and S-S dissipate during phase (c)). Consequently, the need of
employing superconducting switches with maximized resistance during open state is
of critical importance for the full wave transformer rectifier flux pump. A
superconducting switch is a device that operates in the superconductive state when
the switch is intended to be closed, transitioning to a normal state (or, at least, a flux
flow regime to exhibit a macroscopic significant resistance) when the switch is meant
to be open. A superconductor enters its superconducting state when it meets specific
operating conditions: the current density, external magnetic field, and temperature all
need to remain below their corresponding critical values. Graphing these critical
values in three-dimensional plots results in what is known as a 'critical surface.' The
critical surfaces for the most commonly used superconductors (NbTi, Nb sSn, and

REBCO, where RE stands for RareEarth) are displayed in Figure 5 [15].
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Figure 5 Critical surfaces ofa) LTS superconductordNpTi, NbsSn) and (b) HTS superconductors
(REBCO.

As a result of the material properties of superconductors, three types of
transformer rectifiers emerge, distinguished by their switching characteristics:

1 Magnetically activated switches based [16] [17] [18][19] [20] [21] [22] [23] [24]

1 Thermally activated switches based [25] [26] [27] [28] [29] [30]

1 Overcurrent switches based (also called automatic flux pumps, or self-

switching flux pumps ) [31] [32] [33] [34] [35] [36] [37]

The underlying concept for each of the aforementioned topologies is to shift the
operating conditions beyond the critical surface. This is achieved by increasing either
the external magnetic field, temperature, or current density , ideally surpassing the
respective critical value.

In the following sections,a state of the art ofthe three outline type s of transformer

rectifier s is carried out.

1.3.1. Magnetically activated transformer rectifier flux pumps

One recent experiment on a half wave rectifier flux pump which employes
magnetic switches can be found in [23]. The image of the experimental apparatus is
shown in Figure 6.a, and its equivalent electrical circuit is reported in Figure 6.b. It can

be seen inFigure 6.b that, different from the analysis of the previous section, resistive
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components accounting for the jointsz lossesare present in the equivalent electrical
circuit. The primary and secondary winding s of the transformer are thermally
separated, as theformer operates at ambient temperature, whereas the latter (which is
superconducting) is cooled down to the same cryogenic temperature of the switches
and the load. This entails the complete absence of current leads Moreover, what the
authors of reference [23] control in their apparatus is the primary current i1 and the
magnetic field to the switches. What is worth reporting is that the flux pump manages
to load the coil up to its critical current of 115 A in a few hundreds of seconds with a
calculated efficiency (related to the rectifier component only ) for charging the 90% of
the load current equal to 34%.Although this value may appear low, it's actually quite
satisfactory when viewed in context. Comparatively, it's essential to assess it against
the performance of the corresponding current leads solution. In typical engineering
cases a heat load of 50 W/KA is assumed for each of the current leads[38]. For the
depicted scenario with a coil current of 115 A, this amounts to 11.5 W. According to
the authors of [23], the maximum heat load from the switches is reported as 140 mW,
hence significantly lower than that of the current leads -based counterpart. Given that
the analysis neglects transformer losses in the flux pump case and omits power supply
dissipation in the analysis involving current leads, the comparison made can be
considered fair. However, one crucial aspect which plays in favor of the flux pump
solution should be highl ighted: the reported 34% efficiency and 140 mW switch loss
are related to the charging phase up to 90% of the load current, but once the
energization is complete, it is now clear that the flux pump would be working in  quasi-
persistent current mode exhibiting no dissipation , expect for the joint resistance only,
while the coil remains charged with 115 A. On the contrary, in the current lead scenario
the estimated 11.5W heat load would be always present during the regime of current

maintenance in the load coil.
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Figure 6 (a) Picture of the experimental flux pump ¢23] with its componentsincluding the
electromagnet coils for the magnetaries and bridgswitchesand (b) Equivalent circuit diagram of

the flux pump of23]. © [2023 IEEE

One variant of the full wave rectifier that uses two switches (instead of four like
Figure4) is reported in reference [21]. The picture of the corresponding apparatus and
its electrical equivalent circuit are shown in Figure 7.a and Figure 7.b, respectively. In
this modified design, the number of superconducting switches required is limited to
two due to the center-tapped transformer secondary. By implementing a feedback
control on the flux pump, the current I is increased up to 275 A and subsequently
halted to maintain a safety margin from the critical current of the load coil, which is
315 A. In the discussion of this work, the authors stress the crucial aspect of the voltage
applied to the switches in the open state that is a cause of lossessimilarly to what was
discussed in the previous section of this thesis. For this flux pump the lossesissue is
particularly critical, as it is mentioned that the dissipation, if not properly limited

through the control, could destroy the switches.
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Figure 7 (a) Picture of the experimental flux pump 1] with its componentsand (b) Equivalent
circuit diagram of the flux pump ¢21]. Published inSuperconductivityjournal, International License

(CC-BY-NC-ND 4.0 DEED).

One solution for magnetically activate switches, that is particularly physically
intriguing , is exploiting the so-called dynami c resistancephenomenon which emerges
when a superconductor slab carries aDC transport current and is subject to an external
AC magnetic field. Oomen et al [39] calculated that, under the aforementioned
operating conditions, a superconductor exhibits the dynamic resistance Rayn as written
in Eq.(5) [39].

Tw'Q0,
—— 0 0§ (5)

Where ais the half of the width of the slab, L denotesits length, l«is the critical
current of the slab at zero field applied, Bais the amplitude (half of the peak -to-peak
excursion) of the AC external field applied perpendicular to both the length and the
width of the slab, fis the frequency of the AC external field, and Bauw is the so called
threshold field amplitude [40], also known as the Bathreshold field under which Rayn
is zero. Eq. ( 5) applies when a constant critical current density is considered for the

slab, but variations of the formula that account for the field -dependent critical current
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density and the non-linear contribution of the external magnetic field are reported in
references[39] and [41] respectively.

One clear example of the exploitation of the dynamic resistance to reproduce a
flux pumping is present in reference [17], and the schematic of its experimental

apparatus is shown in Figure 8.
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Figure8 Schematic of the half watransformer rectifier gfL7] based on théynamic resistance bridge.
Reprinted from GGeng, J.Coombs, T. Mechanism of a higih superconducting flux pump: Using
alternating magnetic field to trigger flux flow. Appl. Phys. Lett. 2015, 107, 14R6@ith the

permission of AIP Publishing.

The flux pump tested in [17] is a variant of the half wave rectifier, in which only
the transversal switch is present. When the alternating current i, reaches one polarity
the external field Ba is applied and that triggers the dynamic resistance in the
transversal portion of the tape, that the authors call ? E U D EThis produces an
analogue effect toopening the switch S in Figure 3, and that makes the current of the
coil iz increase. The describedoperation is depicted in Figure 9. The flux pump tested
in [17] eventually reaches575 A of current in the coil, but the authors do not provide

any information on the dissipation taking place during the experiment.
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Previous studies have focused on magnetically activated switches transformer
rectifiers that exploit the phenomenon of the dynamic resistance [42]. However, this is
not a good engineering solution to implement for developing transformer rectifiers
that aim at high performance and high efficiency to comply with real applications
requirements. In fact, it was explained in the previous sections that a transformer
rectifier flux pump, in order to be efficient, needs to employ switches that are in the
superconducting state when they are meant to be closed and carry current,and should
exhibit the largest possible resistance inthe open state in order not to carry any current
and experience the least possible losses.The dynamic resistance doesn't prevent the
flow of transport current in the superconductor, nor does it minimize losses in the
open state; instead, it operates in the opposite manner regarding both aspects. The
presence of a DC transport current is a prerequisite for the occurrence of dynamic
resistance. Additionally, dynamic resistance doesn't correlate with physical resistivity
but rather represents the actual losses occurring within the superconductor as an effect
of the external varying magnetic field and the transport current . This is well explained

in [39], where the power loss Q in the slab is calculated atfirst as an integral of electric
20



field multiplied by current density ove r a period of the external AC magnetic field .
Then, afictitious resistance, that is the dynamic resistance, is derived by saying thatQ
=Ruynl?, where 1 is the transport current flowing in the slab. The paradoxical conclusion
arising when aiming to create a superconducting switch exploiting the dynamic
resistanceis that achieving the highest resistance entails inducing significant losses in
the superconductor. This scenario poses detrimental effects on the system's overall
efficiency and escalates the risk of triggering quench of the switch, that is the
uncontrolled transition to the normal state . It should also be considered that previous
studies on the dynamic resistanceonly consider the electromagnetic effect and assume
constant temperature, while it is clear at this point that in such a context dissipative
phenomena are significant.

Effective and viable solutions for making superconducting switches should aim
at increasing the real local resistivity and limiting transport current as much as
possible. Applying a substantial DC magnetic field to a superconductor, as opposed
to an AC field, would impede its critical current and elevate its resistivity, hindering
its ability to function in an open state without incurring unnecessary and unwanted
losses The largest possible resistance of asuperconducting switch is its normal state
resistance.This is impossible to achieve magnetically for HTS superconductors since
their critical field is very large, up to hundreds of tesla (seeFigure 5.b). On the other
hand, magnetic switches have the advantage of being able toreach high switching
frequency, which is the reason why they have attracted great interest recently. One
excellent study that explains the superiority of DC field switches for flux pumps can
be found in reference [22]. In this paper, a half wave transformer rectifier employing
switches that are magnetically activated by means of electromagnets producing a field
up to 1.2 T in the 1 mm air gap where the HTS tape (SUNAM HCNO04200) is located. In
the study the flux pump charges a 2.4mH coilup to 55 A in about 25 seconds In the
second part of the paper, the authors carry out an analytical analysis that arrives at

two formulas that give the theoretical maximum efficiencies (valid for the current
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maintenance regime exclusively) for the half wave (Eg. ( 6)) and full wave (Eq. (7))

transformer rectifier types in the case DC field switches are used.

o 6
O ¢06 (6)

o 7

T (7)

Where I. is the final load current, and I«(Bapp) is the critical current of the switch
tape when the DC magnetic field Bappis applied [22]. These theoreticalformulas make
use ofthe following simplifying assumptions: ignoring the jointsand residual AC loss
resistances and assuming the Kim -Anderson model [43] [44] for the superconducting
behavior of the switches. The calculated maximum efficiencies for both the half wave
and full wave types, at 77 K, arecalculated in [22] for the SUNAM SAN series YBCO

and the InnoST Bi-2223 wire superconductors. The results are reported here in Figure

10.
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Figure10 Calculated maximum efficiencis half and full wave transformer rectifier flux pumps that
employ switches based ondf®uUNAM SAN series 2G YBCO wire aride InnoST 1G Bi2223 wire

at 77 K, under an appliedDC field of amplitude Bgp [22]. © IOP Publishing. Reproduced with

permission. All rights reserved.
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The authors of [22] also utilize identical calculations to assess the maximum
efficiency of AC field switches (which exploit the dynamic resistance). Their findings
indicate that a full -wave rectifier of this type would be restricted to a maximum
efficiency of 50% (if the SUNAM YBCO tape is used), in contrast to the 92% achieved
by its DC field switch counterpart. This study, which to my knowledge is the first to
investigate a transformer rectifier that makes use of DC field HTS switches,
demonstrates the advantages of maximum weakening of the critical current of the tape
when it must operate as an open switch. The next section introduces the thermal
switches-based transformer  rectifiers, demonstrating that interrupting
superconductivity, rather than solely weakening it, leads to the best flux pump
performance.

For reference other magnetic switches were studied and developed in [45] [46]

[47] [48] [49].

1.3.2. Thermally activated transformer rectifier flux pumps

Since low temperature superconductors (LTS) have been known for longer and
they facilitate the exploitation of the operating temperature for making
superconducting switches, thermally activated transformer rectifier flux pumps are
the most studied and tested of all topologies. Moreover, since overcoming the critical
temperature of superconductors (LTS and HTS)is much easier and more convenient
than applying a magnetic field greater than their critical value, thermal transformer
rectifiers are generally superior to magnetic ones. The first study that came to this
conclusion dates back to 198950].

As further evidence supporting these claims, the exceptional performance of this
type of transformer rectifiers is exemplified by the achievement of the world's largest
current, that being 25 kA, using a flux pump, as demonstrated by Mulder et alin 1991
[29]. The flux pump of [29] makes use of LTS superconductors NbTi) and consists of
a half wave transformer rectifier. The frequency of the input current Ip is 0.5 Hz to

cope with the thermal dynamic capabilities of the switches, whose recovery times are
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150-300 ms.The flux pump was initially designed to have a current capability of 100
kA, but the value of 25 kA is a consequence of the limitation posed by the
superconducting coil that is charged as load in the experiment. During individual tests
on the transformers and switches, unexpected quenches occurred at 50 to 70 kA of the
former, contingent on the ramp rate, for which the authors were unable to find an
explanation. However, up to 25 kA and 30 W of output power , it was assessedby
experiments that the rectifier system was safe against quenchesThe schematic of the

flux pump of reference [29] and its equivalent electrical circuit are shown in Figure 11.
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Figure 11 (a) Schematiof thethermally activatetectifier flux pump of[29] with its componentgand

(b) Equivalent circuit diagram of the flux pump[@B]. © [199] IEEE
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Authors do not provide calculations of the energetic and performance and
efficiency of the flux pump of [29]. However, this aspectwas investigated in another
study two years later [30], when a similar apparatus exceeded a remarkable 96%
efficiency during current injection in the coil load, and 98% in maintaining it. The
equivalent circuit of this half wave machine is shown in Figure 12.a, whereasFigure
12.b graphically describes the phases of its control mechanism by reporting the trends
of the following quantities: the primary current of the transformer, the resistance of
the switches 1 and 2, and the coil load current. The rectifier operated successfully at
frequencies up to 100 Hz, showing the great dynamic response of the switches. The
output voltage reached 0.6 V, and the maximum pumped current (which was limited
by a quench of the load magnet) and output power were 320 Aand 100 W respectively.
The fantastic efficiency of this transformer rectifier was achievedas a result ofthe very
large resistance of the switchesEUUD OT wOx1 OwWUUEUT wopyd Nt w, wEOE
second switch respectively). This experiment serves as proof that as early as 1993, it
was evident that completely interrupting superconductivity is a significantly superior
option compared to merely weakening it when aiming to create efficient flux pumps .
To conclude about this apparatus, the authors forecasted that improvements in the
components of the rectifier could bring the pumping efficiency to 98% and the output

voltage to 1 V.
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Figure 12 a) Equivalent circuit diagram of the flux pump 0] and b) trend over time of the

transformer primary currentresistancef switches, and load currei® [1993 IEEE

Flux pumps of references [29] and [30] included the entire transformer in the
cryostat, hence requiring current lead to bring the primary current from the ambient
temperature power supply to the cryogenic transformer. However, it is reminded that
the involved transformers are characterized by large turns ratio, which results in low
primary current and hence alow heat load due to the current leads. Thesepresented
flux pumps are also LTS, which meansthat they are forced to operate at around 4 K,
preventing their usage for some applications where high temperature is preferred.
Recent works are exploring the possibility of producing thermally activated HTS
superconducting switch eswith sufficient performance to produce efficient flux pumps
at around 77 K. A recent milestone is this direction was published in [51]. In this paper,
the authors report the results of the tests on two novel thermal switches made with a
4 mm single HTS SuperPower tape. To increase the normal state resistancethe copper
coating was completely removed, and the thickness of the silver layer reduced,
resulting in a remarkable resistance per unit length O w K &' tatult00® The critical
current of the switches is over 500 A, and their turn -off and turn -on response times are
1 s and 1.1 s respectively, showing potential for flux pumps applications. Pictures of
the HTS switches and their thermal dynamic performance are depicted in Figure 13.a

and Figure 13.b respectively.
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In the summary of reference[51], the authors established amid -term goal to
manufacture and test afull wave transformer rectifier employing HTS switches at
temperatures around 50 K. A sketch of the future HTS switches bridge is shown in
Figure 14, whereasfor making the secondarywinding of the transformer and the
load coil it is planned to use CORC cables[52]. The estimated operating current of
the prototype is 10 kA, achievable using 15 HTS tapes per switch each of which

being 12 mm wide.
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Figure 14 3D schematic of a switch bgdfor a transformer rectifier flux pumfp1]. © [2019 IEEE

1.3.3. Overcurrent switches-based transformer rectifier flux pumps

Constructively, the overcurrent switch (or self-switching) transformer rectifier
flux pump mirrors the machine presented in [17] and depicted in Figure 8, but with
one major distinction : it lacks any electromagnet associated with the bridge, ensuring
it remains unaffected by any externally applied magnetic field . In order to obtain
rectification, the transformer primary current is controlled to rise and fall quickly over
a short portion of the period and change slowly over the rest of the cycle. By changing
the current in the described way, the bridge is driven resistive in the portion of the
period when the current slope is very high, and this is the time frame during which
the current of the coil load increases.For clarity , hereafter the term ? E U D s udech tau
indicate the transversal switch of transformer rectifier, as this is common
nomenclature of most literature references. Throughout the remaining period, the
bridge operates in a fully superconducting state, resulting in the load current either
remaining constant or gradually diminishing if the joints' resistance is notable.
Consequently, this particular type of transformer rectifier inherently functions as a half
wave system. Because he bridge must sustain at leastits own self-field critical current
to generate substantial voltage across the coil terminals, the challenges related to
losses, previously highlighted and extensively discussed for the other flux pump

topologies, potentially become more pronounced in this configuration. Nonetheless,
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the overcurrent transformer rectifier offers unparalleled benefits in terms of
compactness and reduced weight when compared to its counterparts. This is a
consequence of the absence of any additional component, such as heater or
electromagnets, to drive the bridge resistive. Such feature is well highlighted in the
recent study presented in [36]. The overcurrent flux pump of [36]is displayed in Figure
15.a, while Figure 15.b presents an example of the current waveform induced at the
transformer's secondary (iz) per unit critical current of the bridge ( lcbridgd. This
waveform periodically triggers the transition of the bridge to a resistive state, thereby
augmenting the load current (i). It's crucial to note that both the primary and
secondary windings of the transformer , which has a turns ratio of 45, consist of copper.
Considering that feasible transformer rectifiers are anticipated to utilize a
superconducting secondary winding (if not the primary as well), the experimental
findings concerning the losses in this study pertain exclusively to the superconducting
bridge. In terms of the system's temperature, the cryogenic environment encompasses
the secondary winding of the transformer, the superconducting bridge, and the load

coil.
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As a load for the overcurrent flux pump, a 2.5uH coil was produced in the study
by dry -winding eight turns of HTS tape . The current profile of the coil during ramp
up and a few seconds of its maintenance are depicted in Figure 16.a, where the
experimental data is overlapped with the numerical results obtained with a circuit
model developed in Matlab by the authors of [36]. The frequency of the current
waveform of the primary of the transformer, which follows a qualitatively similar

trend of the one in Figure 15b, is 10 Hz. Figure 16.b also reports the experimental
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voltage measured and calculated by the circuit model at the terminals of the load coil.
The load voltage exhibits peaks of up to 65 mV in the initial cycle of the ramp -up, while
during the current maintenance it settlesto a waveform oscillating between triangular

profiles with 20 mV peaks and approximately zero Volts, .
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Figure 16 (a) Load coil charging trasient and free decay using the flux pumjidéi and(b) trend over
time of the output voltage of tfiex pump of[36]. Modelvs experimentublished inSuperconductor

Science and Technologpurnal, International LicenseJC BY 4.0 DEED.

The capability of the ultra-compact machine of [36] to inject 320 A into a
superconducting load coil is definitely remarkable. However, the pivotal concern
associated with this overcurrent transformer rectifier arguably isn't solely its current
capacity (an inherent advantage of flux pumps) but rather the dissipation it incurs to
achieve it. While numerous studies commend the substantial current capacities of
diverse flux pump designs, the technology's practical application demands the
validation and resolution of various factors, with losses emerging as a paramount
consideration. Subsequently, the flux pump discussed in [36] serves as a case study to
emphasize this concept Consider the dissipation occurring in the bridge during the
experiments, here shown in Figure 17 (along with the analogue quantity and other

dissipation contributions computed by means of the circuit model in [36]).
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Experimental results of Figure 17 confirm that, asfar as losses are concerned, flux
pumps show very distinguished behaviors based on whether the ramp up or the
current maintenance regime is considered. Therefore, these two operating conditions
are analyzed separately. First, the current maintenance regime is addressed By
making the assumption that the majority of the heat load occurs in the
superconducting bridge, it can be seen from Figure 17 that, during current
maintenance mode, the dissipation at cryogenic temperature settles to about0.5 J each
cycle, which corresponds to an average power loss of 5 W (it is reminded that the
frequency of operation is 10 Hz). For reference, the heat loadthat would be caused by
the usage of two current leads to feed 320 A into the coil load would be continuously
around 32 W (assuming a typical 50 W every 1000 A of current). If the scope is merely
the maintenance of the load current, the conveniency of the self-switching flux pump
over a supply system based on curent leads isevident. Regarding the ramp up regime,
as soon as the coil load charging transient begins,Figure 17 shows that the energy
dissipation of the bridge in the first cycle peaks at about 1.75 J, resulting in an average
power loss of 17.5 W. This is much higher than what is dissipated during current
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maintenance, but still significantly lower than the current leads heat load to maintain
320 A (32 W). However, becausethe dissipation in the bridge varies during the ramp
up, and sodoes the current leads heat load for the corresponding scenario D Uz UwUT T w0 O
energy dissipated during the transient that should be used as comparison metric for
this part of the operation. An exponential fit of the bridge power dissipation (deduced

from experimental data) of Figure 17yields Eq. ( 8).

0 O pBNTFT @ (8)

Integration of Eq. ( 8 ) from 0 to 2.5 seconds(the current charging duration
estimated from Figure 16.a) yields the energy dissipated by the bridge of t he flux pump
during the ramp up, equal to 16.6J.To make a fair comparison, for the current leads
scenario a linear ramp up lasting 2.5 secondsis considered. It is easy to calculate that
the energy dissipated in current leads heat load during t he transient in this scenario is
40 J Therefore, according to the data reported in [36], this flux pump is energetically
convenient in comparison to a corresponding current leads solution even during the
charging regime, when it is most dissipating. However, data leading to this conclusion
should be approached with caution for several reasons: first, the experimental
dissipation in Figure 17 is an estimation, since the current in the bridge was not
measured but relied on the approximation that the cur rent across the secondary is N
times that of the primary. Because the transformer is not ideal, this approximation is
imperfect. Second, several loss contributions are not accounted, like the joints in the
superconducting circuit and the transformer ( which, if superconducting, would give
rise to non-negligible ac losses). It cannot be ruled out that if the total amount of losses
of the transformer rectifier was considered, the outcome of the ramp dissipation
comparison between the two scenarios would change significantly. Another important
point must be underlined : the flux pump test described in [36] charges theload colil in
only a few seconds because of itslimited inductance, which was only 2.5 pH. As a

result, the energy dissipation during the ramp -up was insignificant. However, larger -
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scale superconducting magnets typically exhibit high inductances, sometimes
reaching several Henrys. The ramp-up transients for such magnets using flux pumps
can extend over several days, operating at maximum dissipation for extended periods.
This situation poses a challenge not only for the cooling system's capacity but also risks
compromising the integrity of the flux pump components. As this thesis progresses, it
will become evident that significant open circuit losses and low output voltages
(leading to extended magnet charging times) are typical characteristics of flux pumps.
Despite the many assumptions that are used in[36] to deal with the losses of the
flux pump, to the very best of my knowledge this is currently the reference that
investigate the dissipation of this type of apparatus more in detail. Future studies that
will comprehensively focus on the power loss of transformer rectifiers, hence
including all the contributions, from the transformer to the switches, will be of

paramount importance toward the engineering progress o n flux pumps.

1.3.4. Non-conventional transformer rectifier flux pumps

To my knowledge, the literature lacks a unique definition of what a flux pump
is. Generally speaking, for a device to be classified as a flux pump, it should possess
the following features:

1 Galvanic isolation from the supplied circuit (contactless functionality)

1 Rectification capability, producing a DC output voltage

1 Being fully or partially superconducting

1 Support for persistent current mode in the load to flow in a fully

superconducting loop

Despite the last point might seem unnecessary, that feature represens one of the
major benefits offered by flux pumps when compared to conventional supply systems,
concurring to making a case for their development and application . Nevertheless, a
few studies can be found in literature describing cryogenic power supplies of
superconducting magnets that integrate power electronics switches (typically

MOSFETS) in the rectifier, which are presented as flux pumps. Examples such
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apparatuses can be found in[26] [53]. These machines implement the sameoperating
principles, devices, and strategy controls of conventional power supplies, with the

distinction of integrating the transformer (both windings or only the se condary) and
the rectifier at cryogenic temperatures. This feature allows to avoid high current leads
on one hand, which provides an advantage, but entails that all the power electronic
lossesoccur at low temperature on the other, which is a drawback becauseextracting
heat at cryogenic temperature requires a much larger energy spent at ambient
temperature by the cooling systems. Flux pumps that respect the definition given at

the beginning of this section provide lossless persistent current mode during

maintenance regime, whereas power electronic based flux pumps do not. In fact.

current will always be forced to flow into a resistive switch and considering that the
typical voltage drop of power electronic switches is in the order of 1 V, this entails the
presenceof up to several tens of Kilowatts of lossesat cryogenic temperatures for flux
pump s of this kind serving high field fusion magnets. Loss reduction can be obtained

by employing several MOSFETS in parallel, as it was done in [53].

1.4.Dynamo flux pumps

Different from the transformer rectifier topology, the dynamo flux pump does
not comprise any physical transformer or switch to provide voltage rectification. While
the formerz tperating mechanism is relatively straightforward and equivalent to that
of any conventional electrical rectifier converter, the dynamo type belongs to the
category of flux pumps that need a travelling magnetic field investing a
superconducting tape. Their physical mechanism has been largely debated remaining
obscure for a long time. At its core, a dynamo transforms mechanical energy into
electrical power, generating a DC biased output voltage at its terminals even at open
circuit condition s. Alternatively, if a transport current within certain limits flows
through the tape of the dynamo, this DC voltage component is in the same direction
as the current, hence the dynamo works in generator mode . This process involves a

rotating shaft that holds a flux source, often permanent magnets, directing their field
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across stationary or differently rotating superconducting tapes. Before HTS
superconductors where discovered [54], several LTS dynamos were investigated [55]
[56] [57] [58] [59] [60] [61] [62] [63] [64] and represented the foundations for patents
[65][66] [67] [68] [69] [70] [71] [72] [73] [74]. These machinesrelied on the interruption

of superconductivity in a spot of the tape which is subject to the field of the permanent
magnet. A general scheme of the apparatus that can be found in [12], is shown here in

Figure 18.

Neormal region
— Thin sheet

Figure18Simple superconductingC dynamq12]. Reprinted fronfrully superconducting rectifiers
and fluxpumps Part 1: Realized methods for pumping,fidgl 21 /edition number4, Van de
Klundert, L. J. M., & ten Kate, H. H.Cryogenics Pages N0195206, Copyright (L981), with

permission from Elsevier

Early stage research was so promising thata 50 kA dynamo was suggested in
1978[75], even though it seemsits creation was never achieved. Recentstudies have
favored investigating HTS dynamos instead [76] [77] [78] [79] [80] [81] [82] [83] [84]
[85] [86] [87] [88] [89]. In HTS dynamos superconductivity is only weakened by the
external magnetic field, as it is practically impossible to interrupt it using a permanent
magnet. Regardless the type, the operating mechanism is at least counterintuitive.
Despite being equivalent to any electrical machine, the rise of a DC component of the
output voltage at the terminals of the superconducting tape is an apparent violation of
the Faraday-+ I O & z [90). @Ertainly, this is not the case, as it will get clear shortly,
but such a phenomenon hasgenerated much surprise and speculation in the scientific
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community, including suggestions oftheories the evoke vortices mechanisms[91] [92].
Today, it is acknowledged that the origin of this singular behavior is caused by the
non-linearity of the local resistivity of superconductors which causes the rectification

[93] [94]. For the sake of completeness, adetailed description of the voltage
rectification phenomenon is provided in the next section. This analysis also applies for

the linear travelling wave flux pump type, which is described later.

1.4.1. The travelling field flux pump s physical mechanism

As anticipated, the analysis carried out in this section applies for the HTS
dynamo and the linear flux pump types .

The occurrence of flux pumping, characterized by an average DC output voltage

at the terminals of a HTS tape, necessitates the following operating conditions:

1 Perpendicular Magnetic Field Waveform: The HTS tape must be exposed to
a periodic magnetic field waveform that is perpendicular to its surface (or
that at least the perpendicular component is dominant ). The magnetic field
can also include components in other directions, but they will not impact the
phenomenon.

1 Traveling Magnetic Field: The magnetic field waveform must move along
the width of the HTS tape with a defined velocity, denoted by vs.

1 The wavelength of the magnetic field waveform should be shorter than the
width of the HTS tape. This ensures that the tape experiences varying
magnetic field intensities across its width.

1 Uniformity along the Length: The magnetic field waveform should remain
relatively uniform (or at least not undergo significant variations) along the
length of the HTS tape.

1 Asymmetry with Respect to Time Axis: Plotting one period of the magnetic
field waveform , this curve must be asymmetrical with respect to the time

axis.
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The need for these conditions will become clearer as the analysis proceeds in
particular the last point that will be elucidated in section 2.1.3 with the help of
numerical results. For now, consider the simple scenario depicted in Figure 19: two
narrow HTS bands (harrow enough to assume uniform magnetic field over their
width ) subject to amagnetic field waveform compliant with the same requirements of
the list above. At the end of this paragraph, the analysis will be extended from the two
narrow bands to a continuous tape. With regard to the considered case, the magnetic
field lines have only the component in the y direction, and the waveform is travelling
in the x direction with velocity 0 . The two HTS bands are parallelto each other and
to the z axis, share the same coordinate y, and are distant enough over the direction x

to instantly experience different values of magnetic field.

Figure19 Schematic of the operating conditionstfeo parallelHTS bandsto exhibit flux pumping

Assuming that the terminals of the two HTS bands are short circuited at each
corresponding end, they are denoted aselectrical OO E T Uw? 2 MO ag® the 6
scope of the analysis isto arrive at a formula for V(t) to later find that its average over
one period of the magnetic waveform is not zero. 6 Pcan be expressed as the rotor of a
generic vector potential @with arbitrary divergence . Q'Q®  mis chosen imposing @
only exists in the z direction . Because of the employedassumptions and ignoring the
field contribution of the time varying currents induced in the bands, expressing

%E U E Hdwaagady point in spacegives Eq.(9).

38



5
O T— %0 (9)

0
Where the 8A. ¥ é&domuis due to the varying external magnetic field , and 2 is the
electric scalar potential. Integrating (9) along the centroid axis in the z direction of the

two HTS bandsyields Eq.(10) and (11).

Y o0 Qa '@ wo (10)

Y o0 Qa @ wo (11)

Where w and w are the x coordinates of the first and second HTS band
respectively, while "Oand "Oare the currents flowing through them . @ 0 , which arises
from  %ds not a function of the position because of thehypothesis that the two HTS
bands are short circuited at each corresponding end(equipotentiality ). Since the bands
are superconductive, the power law [95] [96], written in Eq.,is used to express’Y and

Y.

0 O lv‘ h

0O ¢ O Go

Yoo 0 (12)

Where Loanssis the length of The HTS bands, Eo is a conventional parameter used
as a criterion for the definition of the conventional critical current Ic (a value of 1
pVemb?! is assumed), and the dimensionlessn exponent, also known as n-value, is
chosen to makeEg. ( 12) fit the experimental E-Jline for a given superconductor. It is
noted that Icis a function of the position (x) and time (t) because of the fact thatd Pis
both varying in time and not uniform in space and lc is a function of the external
magnetic field (seeFigure 5). The samealso applies for the n exponent [97]. It is also
noted that a simple multiplication can be used to represent the result of the integral

along the bands length because of thehypothesis that 6 Pis invariant of the position
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along z (similarly, the emfand V(t) are related to €A,y éabd  %despectively). Eq. ( 10

) and ( 11) combined form the equivalent circuit of Figure 20.

Ry(xpt Ry(x5,1) :B
L b V)
OO
emf; (x,t) emfs (x2,1) o A

Figure 20 Simplified equivalent circuit of thisvo HTS bandsof Figure 19

Before proceeding with the analysis, it is worth commenting on the elements of
the equivalent circuit of Figure 20:

1 At a specific instant, emt and em# differ due to the distinct magnetic field
values encountered by the two HTS bands at timet. However, over the entire
period of the external magnetic field, they exhibit the same overall trend, just
shifted in time.

1 Given the operating conditions, the parallel of the two HTS bands is an open
circuit, which corresponds to writing 'O “Oat any time. Because of this it
can be deducted from Eq. ( 12) that 'Y and Y exhibit distinct values at a
specific instant becausethey depend on different critical current s and the n-
values, which are dependent on the external magnetic field. Similarly to the
emfs’Y and 'Y also exhibit the same time-shifted trend.

An expression for w 0 can be found using Millman's theorem [98] on the circuit
of Figure 20.
Q4G "D Qa
oo Y wh Y who (13)

p p
Y o Y o
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Simple manipulation of Eq.(13) yields Eq. (14):

d)(‘) T N . Ny ] DS ] oy (14)
Using T to denote the period of variation of the external magnetic field, the

average ofw 0, here calledw , can be computed over acycle asin Eq. (15).

p Y ol Qa @ . p Y o Qa @ |
= Q0 =, —————————5— Q0 (15)
Y Y ohb Y oh Y Y o Y oh

Since themagnetic field that generates the emfsis periodic, if the resistances were

constant in time w would be obviously equal to zero.

P Y Q& ' DMQC b Y
Y Y Y o ° N Y v

Q4" BwhHQo 1 (16)

Eq.(16)is nosurprise, as itdescribes what happens in every conventional system
of type of Figure 19 without superconductors involved . Differently, Eq. ( 15) could
yield anon-zero average output voltage as a congquence of the time dependent non
linear resistances inside the integral. It is highlighted that the presenceof both the two
HTS bandsis necessary for producing the voltage rectification. In fact, if only the HTS
band number one was present, the equivalent circuit of Figure 20would only include
its corresponding branch. Consequently, and since no transport current is considered,
@ would change according to Eq. (17).

.,EY Q4 " D™HQO T (17)

The general explanation of voltage rectification attributed to the
superconductor's resistance variation was previously presented in a similar manner

[93] [94]. However, this explanation only generically addresses the rectification to the
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non-linearity of the resistance. To enrich the analysis, apossible and realistic operating
mechanism of the circuit of Figure 20, that reproduces the general mechanism
described in section 1.2 is presented hereafter. After connecting a superconducting
load (represented by the inductance Liad) at the terminals A-B, let the external magnetic
field waveform applied on the HTS bands be such that the equivalent circuit of Figure

20 exhibits the distinct p hases depicted inFigure 21.

. R(x1,1) l AB It
emf,; emf, .
A !
V() (a)
_I_
[ ‘ Lload t
emfy (x,t) emfs (1) 1A
l Ry(x;,t) AB 1)
emf emf,
I V
4@, ~ (b)
+ \
— ‘ Lload t

emf; (x,t) emfs (x50 'A

Figure 21 Ideal flux pumping operation of two HTS bands experiences a travelling magnetic
waveform: (a) band number one experiences a positive emf and singipgdssiof superconductivity
while band number two experiences a negative emf and stuppgessiomf superconductivity (ideally
represented by being open circuited), current of the load eaid {bhcreases as a result of a positiv
voltage V(t), and (b) the two HTS bands have swapped operating conditions, V(t) remains po:

hence the energization of the load coil continues.

In the first phase (a), the magnetic field waveform produce s opposite emfsin the
HTS bands (positive emf and negative ems) and at the same time strongly inhibits the
critical current of the band number two while does not significantly impact the critical
current of band number one (which is the one exhibiting positive em). The impact of
the field on the critical current of the bands results in Y >>7Y, which can be
approximated in the equivalent circuit by making Y being represented with an open
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circuit. At the first instant of the energization, the current in the load coil is still zero,
therefore the same conditions from which Eq. ( 14 ) emerges apply and it can be
approximated to incorporate the specific resistances value.
_IOEdon Qa "o ht (18)

However, as soon asthe current in the load coil increases and starts to be non
zero, ® O diverges from Q& "@ M and can be found through simple circuit analysis
of Figure 21.a

N@i @ Qtd mh _ioEcl'bb Qa mh Y ol 0o (19)

Eq.(19) implies that during pha se (a) asthe current in the load coil “O0 increases
(following afirst order transient trend ), the output voltage delivered by the flux pump
decreases because of the voltage drop occurring onY . At some point during the cycle,
in the considered scerario the parameters of the equivalent circuit change as a result
of the travelling magnetic field wave. This corresponds to the beginning of phase (b),
depicted in Figure 21.b. During phase (b), the resistances and theemfsof the vertical
branches have swapped values: nowemt is positive and emf is negative, while 'Y >>
'Y . Similarly to phase (a), 'Y is considered large enough to be represent by an open
switch. Despite the significant changes in the topology and quantities of the internal
equivalent circuit of the flux pump, the output voltage « 0 is still positive and is
caused by thecircuit branch corresponding to the HTS band number two.

Q61 P dh 1 Eho Qa @ Y o "o
(0]

(20)

It can be seen inEq. ( 20 ) that as "O0 keeps increasing, @ 0 continues its
decreasing trend. The coil load energization will stop when the emfis equal to the
voltage drop on the resistance of the corresponding branch. Therefore, an expression

for the maximum current "0O0 could be derived from Eg.(20) or (19) by simply setting
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@ 0 T This appears contradictory compared to the earlier comments on Eq.(2). In
fact, according to Eq. ( 2) the flux pump maximum current depends not only on the
internal emf but also on an internal inductance parameter (Laux pump) that was included
in the circuit of Figure 2 to account for the magnetic energy linked to the current
flowin g in the branch containing switch Si. This resulted in transient sub-phaseswhere
the current redistributed between the branches of S1 and S. It is also reminded that in
the circuit of Figure 2, in which ideal switches were assume, any dissipation was
neglected, hence no resistance wadncluded in the scheme. On the other hand, no
inductance is presentin the circuit of Figure 20 because the field contribution due to
the currents in the bands was neglected,leaving the resistancesto be the only cause of
current saturation of the flux pump. The same approximation is reasonablealso if an
entire tape is considered instead of two bands (as it is for practical systens and is
generalized later in this section). It should be evident by now that the equivalent circuit
of Figure 2 can be used todescribe the voltage rectification typical of flux pumps but
is only suitable for predicting the operating mechanism of transformer rectifie rs. For
this topology of flux pumps, the influence of the Luuxpump parameter typically outweighs
the effect of resistive contributions on current saturation, while the latter play a more
significant role in determining the maximum current for HTS dynamos and linear flux
pumps. Both circuits and analysis presented in Figure 2 and Figure 20 employ
simplifications. In practical applications, the combined effect of inductive and resistive
voltage drops determines the actual maximum current of a flux pump. Accounting for
both factors is crucial for accurate calculations. However, this chapter focuses on a
gualitative understanding of flux pumps, and both circuits effectively convey the most
critical factors influencing current saturation across different flux pump topologies.

Moreover, there are other numerous idealizations employed in the analysis of
Figure 21that make Eq.(19) or (20) not useful on a practical level. These idealizations
can be summarized as follows:

1 The waveforms of emf and em# are shifted in time of half a period, meaning

only one is positive at a time.
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1 Resistances’Y and Y always assume their maximum value when the
corresponding emfin seriesis negative, whereas theyassume their minimum
value when the corresponding emfin series is positive.

1 Forlarge'Y or'Y, its corresponding equivalent circuit parameter is an open
switch.

In practical scenarios, the em& may exhibit different phase shifts relative to each
other, leading to instances where they both simultaneously possess positive or
negative values, and the functions of 'Y and 'Y may not be perfectly aligned to their
trends as in Figure 21. Moreover, assuming an open circuit switch to account for a
large resistance is astrong approximation which may significantly differ from practical
circumstances. In fact, all the challenges that are encountered when attempting to
increase the resistivity of a superconductor by magnetically inhibiting its critical
current are already discussed and stressed in sectionsl.3and 1.3.1 Accounting for all
the non-idealises described above would definitely impact the output of the flux
pump, yielding worsening effect such as the undesired redistribution of currents
between branches 1 and 2 of the circuit (causing incremental dissipation), the
temporary inversion of the slope of current "00 (current ripple), and the reduction of
the core effect of the flux pump, that is the cycle average of w 0. However, the
simplified analysis illustrated in Figure 21 effectively highlights the crucial factor that
determines whether flux pumping, and consequently voltage rectification, can occur:
the critical current of the superconductor must be substantially inhibit ed in the HTS
band that, according to a specific convention, exhibits a negative emf This condition
ensures that the term in Eq. ( 14 ) that is positive at a particular time t is generally
dominant in terms of absolute value, leading to a non-zero average of w 0 over a
period. Mathematically, it can be observed that achieving a dominant positive term in
Eqg. ( 14) is also achievablg in principle, by manipulating the emf however, for
practical systems, it is more straightforward and efficient to rely on the resistance
rather than the emf This is an indirect consequence of the superconductor's Power Law

material property, as demonstrated in the subsequent chapters of this thesis where
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simulations of real apparatuses are carried out and presented. Additionally,
understanding the crucial role of the synchronization between the emfsvariations and
resistance changes reveals how the dynamo and linear flux pumpsoperate as rectifiers,
in fact, this was already witnessed in the circuit of Figure 2, where the switches' states
are determined by the voltage generator's value.

The extension of the previous analysis from two HTS band s to one continuous
tape can be carried out now. Consider an analogue caseof Figure 19 where the two
HTS bands are replaced by oneHTS tape whose surface lies in thexz plane. This is

depicted in Figure 22.

Figure 22 Schematic of the operating conditions for a HTS tape to exhibit flux pumping

Partitioning the HTS tape into n narrow bands, each with its centroid aligned
parallel to the z-axis and each sufficiently narrow to consider the magnetic field as
uniform across its width, and applying the same numerical analysis previously
employed for the two HTS bands, leads to the equivalent circuit represented in Figure

23, which effectively captures the system's behavior.
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Figure23 Simplified equivalent circuit of the HTt&peof Figure 22.

Where branches for bands between 3 andnN hu wiotshown for simplicity . Using
, POOOE Oz Uwithé dirditaf Bgur® 28uo find @ o yields Eq. (21).

B Qa "
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Y wh

Similarly to Eqg. (15), the non-linear relationship between the resistances and the
applied magnetic field makesthem time -varying, thereby leading to a nonzero average
of @ 0 on one period of the field if the positive terms of the numerator summation
significantly outweigh the negative ones in terms of absolute value . The exploitation
of Eq. (21) to arrive at a general comprehensive formula that gives the accurate value
of the average output voltage of a flux pump is arguably not feasible analytically . In
fact, the appropriate discretization of the HTS tape relies on the instantaneous emf at
the considered points, which in turn may exhibit different trends and shapes
depending on the type of flux source generating it, whether it's permanent magnets of
specific dimensions for HTS dynamos or electromagnets for linear type flux pumps.
Moreover, the actual values of the resistances follow the highly nonlinear Power Law
relation of Eq. ( 12), boosting complexity and ruling out any possibility of algebraic
solution of Eq. ( 21). To my personal knowledge up to date, accurate and reliable
evaluation of the quantities of any system such as the one depicted inFigure 22is only
feasible by means of numerical modeling approaches. In the following chapter, a
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thorough numerical model is developed that replicates the mathematical approach
outlined in this section without resorting to simplifying approximations that could
impede its accuracy, such as neglecting the field contribution of the currents induced
in the superconductor. This model will show how the non -idealities, like the losses
from current redistributing between branches where resistance are not fully
increased, affect the flux pump. It will also underline that the voltage rectification in
the flux pump happens because of a combination of the magnetic field waveform's
effect on the variable emfand resistivity across the width of the HTS tape, where the
latter must be generally larger in the HTS tape regions exhibiting negative emf

This is how HTS dynamo s operate, as well as anytravelling wave flux pump.

1.4.2. HTS dynamos state of the art

The concept ofthe HTS dynamo to supply an HTS magnet was demonstrated by
Hoffmann et al in [76]. The experimental setup of the study involves a HTS dynamo
unit with a motor, where cylindrical magnets are mounted on discs that rotate over
strips of HTS tape, as shown later. The magnets' motion is perpendicular to the length
of the tape, and the entire setup is immersed in liquid nitrogen during operation. The
flux pump is connected to the leads of a superconducting coil by soldered joints,
forming a mostly superconducting closed circuit. The coil used in the experiments is a
double pancake coil, constructed using 40 m of HTS tape with specific dimensions , 55
A of critical current, and 2.7 mH inductance. A cryogenic hall sensor is mounted
centered with the coil -axis to detect the field and correlate it to the current circulating
through calibration using a power supply. The HTS conductor employed in the flux
pump is supplied by Superpower. The flux pump unit is driven by a 4 W DC motor
with a motor -controller unit, and the rotation speed is limited to 4 Hz. The
experimental setup and a schematic of the dynamo are depicted in Figure 24. Figure
24.a reports a picture of the real apparatus, while Figure 24.b shows a 2Dschematic of

the dynamo.
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Figure24 (a) The flux pump and the superconducting circuit are contained within a styrofoam box,
during operation, the entire assemblgidomerged in liquid nitrogen, ar{®), Diagram illustrating the
flux pumping method: The disk housing the permanent magnets rotates above the HTBlape
[2011IEEE

In one experiment of this study the shaft and disks rotate at a frequency of 4 Hz
for 800 s in one direction and then in the reverse direction. The magnetic field of the
coil and the generated current are measured during the experiment. The coil is
energized to a current of 48 A within 175 s and held there for 600s. When the rotation
direction is reversed, the current is pumped down to zero within 52 s and then started
to energize the coil in the opposite direction to 48 A. Both current and generated field
over time are shown in Figure 25. The results demonstrate that the flux pump operates
in a bipolar manner depending on the direction of disc -rotation. The current limit of
48 A is reached when the voltage generated by the flux pump equals the voltage drop
caused by the resistive joints (which in the study is found to equal to K Y w)@nd the

intrinsic resistance of the HTS tape of the dynamo.
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Figure 25 Current, displayed on the left scale, and magnetic field, shown on the right scale,
illustrated within the coil. The field reverses its orientation whenever the disc's rotation chan

direction.In both directions, the coil is energized to 4878]. © [2011IEEE

The authors of this study report to have experienced a high sensitivity of the
generated output voltage of the dynamo to the distance between magnet andthe HTS
tape, which hereatfter is referred to as airgap. It is worth highlighting this aspect here,
as later in this thesis the impact of this factor will be stressed, particularly when
numerical models are utilized to simulate similar apparatuses. In addition, it is evident
that the output and performance of a flux pump are affected by numerous factors that
alter the traveling magnetic field waveform in the HTS tape . A multitude of factors,
including the magnetization, dimensions, and number of permanent magnets, the
radius of the disk in which they are embedded and its distance from the HTS tape,
converge to determine the magnetic field experienced by the HTS tape, which itself
can exhibit varying properties . Therefore, recent studies have focused on the impact
of the design parameters on the performance, including: the frequency of rotation [99],
the ratio between the permanent magnet and HTS tape widths [100], the airgap [101],
the number of permanent magnets [102] and their geometry [103].

One often overlooked yet crucial aspect concerning flux pumps, especially in

HTS dynamo systems, is the issue of losses. The incompletesuppression of critical
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current when applying the magnetic field of permanent magnets to the tape leads to a
modest increase in resistivity. As depicted in Figure 22, the eddy currents in the tape
are voltage-driven. Consequently, as per Eq. ( 3), significant dissipation occurs within
the superconductor if the critical current is only moderately inhibit ed. Even the
pioneering study of [76] does not dig into this aspect quantitatively, although the
authors do indicate in the discussion that the dominant loss contributor in the
superconducting loop comprising the flux pump, the HTS coil, and the joints, is the
flux pump itself.

One of the first studies to cover quantitively the losses aspect is reported in [87],
where losses of the flux pump were calculated by measuring the input power to the
dynamo and subtracting the output power delivered to the HTS circuit. The losses due
to non-superconducting components, such as magnetic drag and iron losses, were also
measured and subtracted from the results. The power delivered to the HTS circuit
from the dynamo was calculated as the operating current multiplied by the output
voltage, as measured with voltage taps on each of the HTS flyleads The input power
was obtained multiplying the torque measured at the rotor driveshaft and its angular
frequency. The experimental set up of this study is the multi -stator squirrel cage
superconducting dynamo depicted in Figure 26, which comprises four Nd -Fe-B
permanent magnets and eight HTS stators all being within the cryogenic environment

at 77 K The authors refer to the HTS tapes of this dynamo as HTS stators.
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Figure 26 (a) Squirrel Cage Dynamstator componentand (b),schematic of the rot¢87]. © [2020]
IEEE

The electric characteristics of the experimental setup, measured for different
angular velocities of the rotor, are shown in Figure 27. These results certificate two
typical flux pumps characteristic s:large current capabilities (up to about 1700 A in this
case) but very modest DC output voltage (3.87 mV peak was obtained in[87] at open
circuit conditions and 600 rpm of the rotor). This data is also compliant with the
analysis of section1.4.1in which a maximum current that would set the output voltage
to zero was theoretically predicted. A thorough discussion of the quasi-linear trend of

the flux pump electrical characteristics can be found in section 2.1.3
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Figure 27 The electric characteristics of the HTS dynamo, measured for different angular veloc

of the rotor (in rpm)87]. © [2020]IEEE

Despite the large current capability, which itself is a remarkable result, the major
novelty in [87] is the energetic performances.Figure 28.a shows the output power of
the dynamo versus its total transport current at different rotor speed velocities, while
Figure 28.b the efficiency of the flux pump in the same scenarios It must be noted that
the efficiency is defined in [87] as the ratio between the electrical output and

mechanical input power of the dynamo.
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Figure 28 (a) Squirrel Cage Dynamautput power and (b, Squirrel Cage Dynamo efficien{§7]. ©
[202Q IEEE

The most important observations that can be derived from the experimental

results of Figure 28 are listed below:
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1 Given a specific rotor speed, the maximum values of the output power and
efficiency of the dynamo occur around half of the current capability (with the
output power maximum tending to higher current and the efficiency
maximum to lower current) .

1 Due to the enhanced output voltages observed at higher rotor speeds (as
depicted in Figure 27), larger rotor speeds lead to higher output powers.
However, it is the lower rotor speeds that deliver higher efficiencies,
suggesting that the speed of the magnetic field interacting with the HTS
stators is somewhat proportional to the dynamo's internal losses (and
undoubtedly has a more substantial impact than the increase in output
voltage).

1 Figure 28.b indicates that the dynamo efficiency is generally modest, as the
maximum measured value is around 16 %.

The last point of the list above is a common characteristic of all flux pumps, as it
will become evident later in this thesis. It is also consistent with previous theories
about how eddy currents in the dynamo's HTS tape cause losses. These losses occur in
areas of the superconductor where some resistivity is present, due to the partial
suppression of the critical current caused by the magnetic field.

In the next session, another type of flux pumps whose voltage mechanism is

triggered by a travelling magnetic field waveform is presented: the linear flux pump.
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1.5.Linear type flux pumps

In section 1.4.1, the properties atravelling magnetic field wave needs to have to
initiate flux pumping in a superconducting slab were listed, explained, and discussed.
The type of travelling wave flux pump is determined by the physical source of the
magnetic field wave: a HTS dynamo produces the field using rotating permanent
magnets, whereas if the field wave travels along a straight trajectory and is generated
through a set of coils in which certain currents flow, the flux pump falls within the

20D 01 EU-~» e Bcdmhti© af a lhear flux pump is depicted in Figure 29.

(@) (b)

Figure 29 Schematic of a linear flux pumf@) HTS tape and travelling magnetic field @) layout of
apossiblderromagnetic cor® embed the set of caised for producing the traveling magnetic field ol
the HTS tapeln principle the ferromagnetic core is not necessary, different from the set of excit

coils, but is commonly used to enhance the field applied on the HTS tape

Even if in principle the coils that generate the magnetic field could be also
superconducting, so far only copper coils have been used for this purpose [104] [105]
[106][107][108][109][110][111][112][113][114]. A copper coils configuration that has
been tested and demonstrated for a flux pump is well presented in [106]. The flux
pumping method of [106] utilizes a linear electromagnetic pump composed of eight

copper coils, iron cores, and an iron frame. The superconducting tapes that are
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employed for flux pumping and four 80 mmx12 mm superconducting tapes
(Superpower SF12100).Using the solder method, these superconducting tapes are
positioned to short the two ends of the superconducting coils that are exploited as
loads for the flux pump (three coils are used in total: one pancake coil, one rectangular

coil and another rectangular coil but with an iron core). The apparatus of this study is

depicted in Figure 30.

Linear Electromagnet Flux Pump

Superconducting Tapes

Hall Probe

Figure 30 3D structure of the flux pump 0f106] connected to a superconducting cdihe
superconducting tapes arsandwiched between the air gap of the magnetic poles, and

superconducting coil is secured to the supporting pl@elOP Publishing. Reproduced with

permission. All rights reserved.

Current-source driver circuits are used to control the current through the copper
coils of the electromagnets During the experiment, the currents applied to the copper
coils were either unipolar sinusoidal waves, trapezoidal waves, and triangular waves .

One example of triangular current profiles that were fed into the copper coils are

depicted in Figure 31
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Figure 31 Triangular wave profiles that were employed in the copper adil®©6], utilizing 5 Hz

frequency, 2.1 A amplitude, and a-88gree phase shift between adjacent f@I&P Publishing.
Reproduced with permission. All rights reserved.

During the experiment, a calibrated cryogenic Hall sensor was used to measure

the trapped field in the superconducting coil during the flux pumping process , from
which its current was derived . The impact of the copper coils current profiles and

frequency on the load coil energization are shown in Figure 32a and Figure 32.b
respectively.
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Figure 32 (a) Impacts of a unipolar sinusoidal wave, trapezoidal wave, and triangular wave wit
frequency of 5 Hzand a peak &.1 A ascoppe coil current on the magnetition of therectangular
coil [106], and (b),impact of the copper coils currents frequency on the pancakeaagpiktization

[106]. © IOP Publishing. Reproduced with permission. All rights reserved.

Figure 32.a clearly shows that the triangular wave is the most effective current
profile to be fed into the copper coils of the linear flux pump of [106]to maximize the
current injected in the load coil. In Figure 32.b, the impact of the copper coil's current
frequency appears less significant on the maximum load current compared to the wave
profile. However, the charging transient notably varies with this parameter,
potentially due to an increase in the DC output volt age of the flux pump. It's important
to consider that the critical current for rectangular coils is 94 Amps and for pancake
coils, 77 Amps. This suggests that the triangular wave profile can effectively energize
the coils close to their maximum current capabilities. However, wh en sinusoidal or
trapezoidal waves are applied to copper coils, current saturation occurs far below the
critical current of the superconducting load coils. This could be due to reduced emfs
and/or increased local resistances within the flux pump's tapes, which limit the

maximum pumped current, as indicated by the analysis of the circuit in  Figure 20,
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section 1.4.1 Unfortunately, the authors haven't provided details on the flux pump's
dissipation, nor on the induced voltages, so this theory remains unconfirmed.

Another approach to create a linear flux pump is to design the copper coils to
generate a traveling sinusoidal magnetic field accompanied by a DC component. This
is a relatively simple electrical engineering task, akin to building a linear electrical
machine (three-phase AC copper windings) with an additional coil for the DC field
component. A flux pump of this type recently achieved a pumped current of 1600
Amps in [115]. The kilo-amp linear type flux pump described in the study is designed
to generate a DC biased AC traveling magnetic wave in its air gaps. The travelling
wave is generated by AC windings located in slots and four DC windings , whose
current is controlled by an inverter . The rest of the magnetic circuit is an iron core that
includes the two air gaps, each able to enclosesix 12 mm-wide HTS tapes. The
travelling wave in the air gap s has five active poles. The flux pump also comprises a
total of 12 HTS tapes, each connected in a single loopand in parallel with each other,
immersed in a liquid nitrogen bath at 77 K during operation . The pumped current in
the 12HTS tapesis measured by two open-loop Hall current sensors, with each sensor

measuring six HTS tapes A picture of the flux pump of [115]is depicted in Figure 33.

—

Figure33 The kileamp linear type flux pumpf[115]. © [2022] IEEE
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The authors of [115] report that magnetic travelling waves reaching maximum
values of 0.2 T, 0.3 T, 0.4 T, and 0.5 Were attempted, even if they do not provide
measurements of the actual field profile s in the airgaps. The pumped currents that
arise in the HTS tapes as a result of the aforementioned applied magnetic field waves
are shown in Figure 34. The maximum measured pumped current of 1619 A, obtained
with a magnetic travelling wave with a peak of 0.5 T, is a remarkable result. It is
evident from Figure 34 that the current charging transient lasts for a few seconds
before reaching saturation. Since no HTS coil is used in this study, but rather 12 HTS
tapes serve as the load, it is reasonable toassume that the inductance of the
superconducting loop is extremely small. This, coupled with the transient's duration
of a few seconds, suggests a very limited output voltage. Unfortunately, and similarly
to the study of [106], no other output or performance of the flux pump w asmeasured
during the experiments, therefore the theory of low output voltage remains

unconfirmed.
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Figure 34 The total amount of current pumped by the 12 HTS tapes was measured under diffe
air gap magnetic field intensitie$he maximum pumped current of 1619 A was recorfeib]. ©

[2022]IEEE
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More generally on linear flux pumps, it is evident by now that its performances
are determined by the characteristics of the travelling magnetic field wave applied on
the HTS tapes.Limited studies have investigated the influence of the traveling wave
properties on flux pump outputs, but their results are not broadly applicable [112]
[113]. Later in this thesis, the influence of the magnetic travelling wave is accounted
by means of numerical models and optimization algorithms that find the optimal
profile based on the desired performance alinear flux pump. Moreover, t he lack of
experimental data regarding the losses of thelinear type of flux pump is, to my view,
one of the largest research gap around this technology. It was already stressed several
times in this thesis, and will be stressed again, thata certain amount of dissipation is
inherent in flux pump s, and this aspect is of paramount importance to investigate their
viability in real applications. Therefore, this topic was also numerically addressed
during this Ph.D. project, and some results are shown in one of the subsequent
chapters where a linear flux pump is designed .

To conclude this introductory chapter, references are provided as the most
relevant and recent flux pump reviews, enabling readers to deepen their
understanding of these devices and gain a comprehensive overview of the latest

advancements in flux pump technology. [12][13] [116][117][118][119][120][121].

61



2.Chapter 2: Development of avalidated
numerical model of flux pumps

Much of sections 2.1, 2.1.1, 2.1.2, 2.1.3, 2.1.4, 2.1.5, and 2.1.6ha$ chapter has

been published in:

Morandi, A., Russo, G., Fabbri, M., & Soldati, L. (202Energy balance, efficiency and operational
limits of the dynamo type flux pump . Superconductor Science and Technology, 35(6), 065011.
DOI 10.1088/13616668/ac662e

Much of sections2.2, 2.2.1, 2.2.2, 2.2.3, 2.2.4, 2.2.5, 2.2.6, and 202 .#is chapter

has been published in:

Russo, Giacomo, et dlArtificial intelligence -based models for reconstructing the critical current
and index-value surfaces of HTS tapes" Superconductor Science and Technology 35.12 (2022002.
DOI: 10.1088/13616668/ac95d6

And much of sections 2.3, 2.4, and 2.%f this chapter has been published in:

Russo, Giacomo, and Antonio MoranBivaluation of the Performance of Commercial High
Temperature Superconducting Tapes for Dynamo Flux Pump Applications. Energies 2023, 16, 7244.
DOI: 10.3390/en16217244

Exploring flux pumps behavior through accurate numerical models represents a
fast and efficient method to provide optimal design criteria and to explore their losses
and possible limits during practical operation. In recent years, flux pumps mechanism
and charging capacity have been investigated both through numerical simulation [122]
[123][124][125][126][127][128][129][130][131]. Since theil OUR wx UOx z UwWOE b O wx
is the energization of HTS magnets, the ability to predict the charging dynamic and
Uil wUOUI EEAwWUUEU]I wEODPOZUWEUUUI OUOWEUwWPI OOWEUU
the design of flux pump device of interest in practical a pplications. Of utmost
importance is also the identification and the quantitative assessment of loss
phenomena during operation and the identification of possible current and voltage
limits that the flux pump could not overcome. The operational limits in w hich the

device can operate as a generator, delivering electric power to the load and absorbing
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input power , are alsocrucial aspects that a useful and serviceable numerical model
must be able to calculate

This chapter reports the research work during this Ph.D. project dedicated to
developing a numerical model for travelling field flux pumps (HTS dynamo and linear
type) that is validated against experimental results and can capture all the

aforementioned features of these devices.
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2.1 A volume integral equation method for modelling travelling field

flux pumps

In the sub sectionsof 2.1, avolume integral equation (VIE) method for modelling
flux pumps is developed and described. Thefinite element method (FEM) is used to
calculate the energetic performance and the outputs for a HTS dynamo flux pump , as
well as to derive a new complete equivalent circuit that has the same outputs of the

real system and properly take s all dissipation mechanisms into account.

2.1.1. The simulated apparatus for the model development and its operating

conditions

The model is first developed for the dynamo flux pump reported in  [132] [133].
The device consists of a 12 mm width HTS wire exposed to the field produced by a
permanent magnet rotating anticlockwise past the wire with angular velocity w. An
external two -terminal component (or load) can be connected to the terminals of the
HTS wire, and the overall behavior of the system is affected by the type of component.
A 3D view of the flux pump connected to the external component is shown in Figure
35.a, where the current | and the voltage V denote the total delivered current and the
voltage appearing at the terminal of the flux pump respectively. The generator
convention, whereby the reference direction of the voltage is oriented toward the
outgoing ter minal of the current, is assumed for the flux pump. With this assumption
a positive VI product denotes a power supplied by the flux pump and absorbed by the
external component, and vice versa. Both the current | and the voltage V can, in
general, change with time. Two different operating conditions will be considered for
the flux pump in the following:
1. Current driven operation ¢ the flux pump is connected to an external ideal
current source that imposes the delivered current I. The open circuit
operation of the flux pump can be seen as a limit case of this operating

condition in which | = 0.
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2. RL load t the flux pump is connected to an HTS coil. Electrically, this is
equivalent to an external RL load where with resistance Rex and inductance
Lext accounting for the joints and the superconducting winding respectively.
This operating condition can be used to model the charging of a HTS coil up
to any current below the critical value. The short circuit operation of the flux
pump can be seen as the Iinit case in which Rex = 0 and Lex = 0, though this
operating condition has no practical interest. 1 n this work we consider a
superconducting coil with 0.24 mH inductance and 0.88 miWresistance due to
joints, as in [133]. Besides the joints, no further resistive effects are considered
for the HTS coill.

We report that different operating conditions, possibly including voltage sources,
could be modelled depending on the final application of the flux pump, but these are
out of the scope of this study and will not be considered. A 2D schematicsection view
of the flux pump is shown in Figure 35.b. All the relevant parameters of the considered
flux pump are summarized in Table 1. A critical current of 283 A is assumed for the

HTS wire. No dependence of the critical current on the magnetic field is assumed at

this stage.

Table 1 HTS dynamo parameters [133]
Width of the permanent magnet (PM), aP¥ 6 mm
Height of the PM, bPv 12 mm
Depth of the PM, [PM 12.7 mm
Remanence of the PM,B: 1.25T
Width of the HTS tape, a@re 12 mm
Thickness of the HTS layer, bHTs 1mm
Critical current (77K, self field), Ic 283 A
n value 20
External radius of the rotor, Rroter 35 mm
Airgap between the PM and the HTS tape, d 3.7 mm
Frequency of rotation of the PM, f 25 Hz (1500 rpm)
Angular velocity of the PM, w 157.08 rad/s
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Figure35(a) 3D view of the flux pump connected to the external compoftgrschematic 2D section

view of the flux pump.

2.1.2. The mathematical model and the energy balance of the flux pump

The numerical model used in this study is an extension of the VIE-based
equivalent circuit previously used and briefly explained in  [134]. The latter has been
adjusted in order to be suitable to simulate the operating conditions described in the
previous section. The mathematical formulation of the model is fully described in this
section. In the considered system the total electromotive force is given by the sum of a
transformer -like contribution due to the time -varying field produced by the current
induced in the superconductor and a second contribution due to the movement of the

[135]:

5
0 T—O 0 0 %o (22)
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where 0 is the vector potential of the currents of the superconductor, 6 s the
field of the permanent magnet (PM), v is the velocity of 6 at the considered point

and %.is the electric scalar potential. It is specified thatterm 0 6 in equation (22
) can be replaced by ——, where 0 is the vector potential of the field of the

permanent magnet. Assuming the power law as the constitutive equation relating the
electric field E to the current density J of the superconductor, hence Eq.( 22 ) is
rewritten as follows .

1o

00— v 8% .
° (23)

with” 0 — —

For now, X is taken constant.Based on Eq.( 23), a2D model can also be obtained
under simplifying assumptions and is discussed in detail in the following. The
constraints imposed by the external component coupled with the flux pump play the
role of boundary conditions and are naturally included in the circuit model developed.

The cartesian reference frame (X, y, z) shown inFigure 35.b, with the z-axis
parallel to the long dimension of the HTS wire, is introduced. For obtaining the 2D
model we use the infinite long approximation, that is, we assume that all along the
wire length the induced current only flows in the z -direction, that the field produced
by the PM only lies in the cross section of the wire (the xy plane) and that neither the
field nor the current depend on the z coordinate. This corresponds in practice to
neglecting the effects of the terminal sections (at the ends of the PM, or where the HTS
tape is connected to the external component in case of PM dnger than the tape) where
both the current and/or the field of the PM can follow a more complex path. It is worth
to note that since the induced current J only flows in the z-direction also the magnetic
vector potential 0 associated with it only has z component. The permanent magnet
along with the flux lines of the produced magnetic field can be considered as a unique
rigid body rotating with angular velocity —w around the center O of the flux pump.

Thus, the velocity v of the field at a generic point of the cross section is given by:
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0 1Q i (24)

Where "Q denotes the unit vector of the reference frame in the z direction. By

Eq.(24) we obtain.

" 00 Tio IR IT L (25)
It can be seen fromEQq.( 25) that only the radial component of the magnetic field
produced by the PM contributes to generating the motional electromotive force
exciting the system. The numerical solution of Eq.( 25) is obtained by using the
weighted residual approach. The superconductor cross section is subdivided into a
finite number of rectangles. An element-wise uniform distribution of current is
assumed, and it is required that Eq.( 25) be satisfied in the weak form over each
element of the discretization. In essence, by means of this procedure, the whole
conducting domain is subdivided in a number N of thin wires with rectangular
sections, and the following solving system is obtained.
b G 6 p - (26)
where “® is the set of currents of the thin wires, p is a column vector of as many
ones as the number of thin wires of the subdivision, 0 is the matrix of self/mutual
induction coefficients, ‘Y is the diagonal matrix of resistances, 6 is the vector of

motional electromotive forces acting on the thin wires with unit length and are defined

by
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By multiplying EQq. ( 26) for the active length of the flux pump, that is the depth

IPM of the permanent magnet, the following equation is finally obtained .
E 0D a6 a6 po (28)

Where V is the voltage across the flux pump (& ¢ ), and the total current |
circulating in the flux pump, and in the external component connected to it, is given
by the sum of currents of the wires (p “®). V ad | are depicted in Figure 35.a.

Eq. (28) correspondsto the finite element based equivalent circuit of Figure 36.a
and Figure 36.b, referring to the flux pump operating in current driven mode (i.e.,
connected to a current source) or supplying a RL load respectively. This equivalent
circuit of the flux pump contains, per each branch, a voltage source u representing the
electromotive force impressed by the moving magnet, a non-linear resistor r,
accounting for the resistive voltage drop inside the superconductor, and a coupled
inductor representing the electromotive force induced by the time -varying field
produced by the current of the superconductor. All the branches are connected to the
external component (current source or RL load, in the cases considered here) carrying
the total current | and subject to the voltage V of the flux pump. In order to sol ve the
problem, the constitutive equation of the external component needs to be specified. If
the flux pump is connected to an ideal current source, combining the total current is
an assigned quantity and Eg. ( 28) form an algebraic-differential system that can be
solved yielding, at any instant, the current distribution within the flux pump (vector
‘®) and the voltage V across it. Once the voltageV is calculated at any instant, the

average value in one period T =2 p/w of rotation can be defined as:
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® e & (29)

On the other hand, if the flux pump is connected to an RL load, then the voltage

V across it is subject to

Q
o) (30)

w 'Y OO0 —
v Qo

Hence, by substituting ( 30) in ( 28) and by using the condition of 'O p "®, the
following differential equation is obtained which allows to calculate the current
distribution (vector "®) at any instant.

da 0 0 ppﬁécﬁ a8 Y Y ppd & o (31)

The voltage V of the flux pump can be obtained afterward by using equation (30
), or one of the equationsof the system( 28). The average voltage across the flux pump
can finally be obtained by using (29). It is stressed that, when operating with a current,
either impressed by a current source or supplied to a coil, the flux pump is able to
transfer power to the external component only if a non -zero and positive average

voltage is generated across it.
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Figure 36 Finite element based equivalent circuit of the flux piajgonnected to a current sourd®

connected to an RL load

vector form:

1R 1 8% . (32)

After scalar multiplication by the vector current density UQand integration over
the volume occupied by the active length of the flux pump of Eq.(32), the final energy
balanceof Eq. ( 33) is obtained.

uY ) uo'?’ ’Q L (33)
1 wOv 0 8)| Ag

where 0is the total joule loss occurring in the superconductor (attributed to Yin

the discretized form), 7 4 ds the stored magnetic energy (attributed to 0 in the

discretized form) and 4 is the resistant mechanical torque produced onto the rotor,

via the Lorentz force, by the current of the superconductor and is given by
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Eq. ( 33) states that, at any instant, the mechanical power 4 6 supplied to
the rotor is transferred, up to the dissipation P j.ue and the change of magnetic energy
of the superconductor, to the external component connected to the flux pump whose
absorbed power is given by the product 6 )Since during cyclic operation no net change
of the magnetic energy occurs, the net mechanical energy% z i e 4 iSERRlied to the
rotor in one cycle, is in part transferred through the terminals to the external
component and in part dissipated into the superconductor due to Joule heating.
Accordingly, by denoting with E and % ; gthe transferred electrical energy and the
dissipated energy respectively, the efficiency of the flux pump can be defined as —in

Eq. (35).

o o o
Qraeal ERATQi 01 A 71 "Ya

(35)

2.1.3. Computation of the electrical characteristic of a flux pump

All results shown were obtained by including in the model the superconductor
layer only and neglecting the other constituents of the composite HTS tape, namely
the substrate and the shunt layer. The inclusion of these further layers in the model
implies a higher number of variables and a longer calculation time and does not
change significantly the conclusion arrived at in this section. Furthermore, the results
shown were obtained by meshing the HTS layer with 60 elements, obtained by using
60 subdivisionsE OO OT wUT 1 wUOExT whpPEUT wEOEwWhWUUEEDYDPUDO
use of only one subdivision along the thickness is equivalent to assuming the thin sheet
ExxUORPOEUDOOWI OUwWUT T wUUxT UEOOEUEUOUZUWEUUUI
modelingthe EPUUUPEUUDOOWOI wUT I wEUUUI OUWE t@&31T wOT 1 w
verified, however, that no substantial difference emerges in the numerical results by

using more subdivisions both along the width and the thickness of the tape.
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The average motional electromotive force produced by the PM onto the elements
(thin wires) of the discretization during one rotation cycle is shown in  Figure 37. This
is the voltage impressed by the voltage sources of the FEMbased equivalent circuit of
Figure 36, corresponding to terms un in Eqg. ( 27 ). They apply both for the current
driven operation ( Figure 36.a) and for the RL load (Figure 36.b). The curves shown in
Figure37UT I 1 UwUOwl O1 O OUUwOi wUT 1 wWOUUEEDPYDPUDOOwWOaAD
length. All electromotive forces have, individually, zero average value during one
period. Nevertheless, it is their presence that, combined with the non-linearity of the
superconductor, produce an average DC voltage at the terminal of the flux pump , as
previously explained in section 1.4.1 Again, the voltage rectification is due to the non-
linearity of the superconductor that manifests itself in the local resistance, and it cannot
be reached by theterms un alone. Moreover, because the velocity of the field at one
specific point is constant, if all electromotive forces have, individually, zero average
value during one period , so does the correspondingmagnetic field. This impeccably
refutes previous speculations that claimed that a DC biased magnetic field was
necessary for creating flux pumping [108]. In fact, as this might be a sufficient
condition for linear travelling wave s, it is not a necessary requirement for every flux
pump to work , as the synchronous electromotive force and local resistancevariations
in HTS tapesthat produce voltage rectification according to the mechanism discussed
in section 1.4.1can be produced with a magnetic field that has zero average value
during one period . This isactually the case of HTS dynamas, where the magnetic field
waveform produced by the PM is highly non -symmetrical with respect to the x axis (it
is proportional to the one of Figure 37) and because of thisit produces the conditions
for flux pumping by forcing different values of electromotive force and local resistance
along the width of the HTS tape.

The highest electromotive force is obtained at the middle of the tape, which
reaches up to 15.1 mV (absolute value), since this is the element closest to the PM
(reaching the lower distance corresponding to the airgap dof 3.7 mm -t seeFigure

35.b). Electromotive forces referring to symmetric positions during the rotation (e.g.,
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waveform but are displaced by the time needed by the PM to span the angle between

them. In the case of tape bent along the circumference so to form an air gap constant

in all positions the emf of all elements would have the same waveform, displaced in

time.
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Figure 37 Electromotive force induced by the PM during one rotation cycle at various position alc
UT 1 wUOE x| ZFigusa3®bi: The cupdd shbwn refer to the right end of the tape, ¥4 of the wid
from the right, % of the width, at % of the width from the right and to the left end of the tape. -
minimum and the maximum emf occurring in the tape at any instant are also shown bg wfea

dotted and dashed lines respectively.

The results of the aurrent driven operation model version are described hereafter.

The open circuit operation of the flux pump can be seen as the limit case in which

| = 0.Results shown refer to the case where first the transport current is applied and
after the rotation is started, and more in particular :

1 The impressed current is linearly increased from zero to its final DC value |

during a time interval corresponding to two revolutions. No rotation of the

PM occurs during the ramp -up of the current.
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1 A resting interval, lasting one revolution , is applied after reaching the final
value I. No rotation of the PM occurs during this interval.

1 The PM starts to rotate after the resting interval while the impressed current
is kept constant to the final value 1. Cyclic operation of the flux pump is
reached.

The terminal voltage V of the flux pump during one cycle is displayed in Figure

38 for various values of the current | impressed by the external source in the range
from N20 A to +50A. The open circuit voltage of the flux pump, corresponding to | =0,
is included in the figure. The maximum and minimum electromotive force acting all
over the tape width during the cycle, taken from Figure 37, are also replicated inFigure
38. It can be seen that, for all impressed currents in the considered range, the terminal
voltage is always comprised between the minimum and the maximum emf produced
by the PM motion onto the tape. Moreover, despite the fact that all electromotive forces
produced by the PM on the tape have zero average value (se€igure 37A OwUT 1 wU1 UOP O
voltages of Figure 38 have non-zero average value in one cycle. This average can be
positive or negative depending on the impressed DC current. To show this, the time
integral of the terminal voltage during one cycle is shown in Figure 39, for the different
impressed currents. The corresponding average voltage VaverageOf the flux pump in one
cycle, obtained by means of Eq. ( 29 ), is shown in Figure 40 as a function of the
impressed DC current I. It is clear from these figures that, besides the fluctuating time
behavior of Figure 380 wUT I wUl UOPOEOUZ wYOOUET T woOil wOT 1T wi ¢
non-zero DC average when it operates with an impressed DC current in the considered
range. This DC voltage component is the result of the distributed electromotive force
produced by the PM on the tape combined with the non-linear resistivity of the
superconductor (the inductive terms have, in fact, a negligible effect on the formation
of the terminal voltage). It is important to point out that screening currents reaching
overcritical values are continuously induced in the tape for producing the rectification
effect at the terminals. These currents circulate also in no load condition (open circuit

operation with | = 0) and have a major impact on the energy balance of the flux pump.
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It must be pointed out that, even though the instantaneous terminal voltage reaches
well beyond 10 mV (absolute value), the average (DC component) voltage only reaches
a few tens of uV, as discussed in detail later. It is important to note, from Figure 40,
that the average (DC) voltage of the flux pump decreases linearly with the impressed
DC current and reaches 0 V atl = lo= 34.2 A. Beyond this value, a negative DC voltage
appears at the terminal of the flux pump. Hence, as far as the DC impressed current is
in the range [0 -t o], due to the fact that positive current and average voltage are
observed at the terminals, and since the generator convention is assumed for the
reference direction of | and V (see Figure 35.a), a positive average power Paverage =
VaveragXl is delivered in one period by the flux pump, that operates in generator mode.
However, if the DC impressed current is increased beyond lo, the average voltage at
the terminals reverses and the average delivered power becomesnegative, meaning
that the power is absorbed by the flux pump. Hence, value |0 fixes the limit beyond
which the flux pump exits the generator mode and enters the dissipative mode.
Similarly, if the impressed DC current is negative, the average terminal voltage
remains positive and a negative average delivered power is obtained, meaning that
the flux pump is operating in the dissipative mode. It is pointed that, despite the fact
that a null average voltage occurs at the terminals corresponding to it, current I o and
should not be interpreted as the short circuit current of the flux pum p, but the limit of

its generation ability instead.

76



2571
0
=
E 25t ' )
o —=20A]|
5 —I1=10a| ||
@ S |——1-0A :
- 75
S —— =410 A "
: -75¢F — (=420 A
E =+30A| i)
é _10F [=+40 A M 10+
£ —— =450 A WV
= | | max emf Dl — '
_125 B —_ _miIl emf 192 194 19.6 19.8 20 202 204 206
“15F i \ \ . 1 1 I i

0 5 10 15 20 25 30 35 40
time, ms

Figure38Terminal voltage V of the flux pump versus time in one cycle for various values of impres
DC current I. The black curve, corresponding to 1=0, idrieantaneous open circuit voltage of the
flux pump. The insert of the figure shows the detail of the waveform in a more restricted time inte
The monotone decrease of the terminal voltage with increasing current, visible in the inser

observed alll instants of the cycle

77



12.5

10
w2
*
> 75
3
o 5
on
S 25
< .
>
g O —— = 20A
T osp | i-0a
& — /=0A
g -5f I=+10 A
() [=+20 A
£ 157 [=+30 A
T I=+40 A
I=+50 A
_125 I I 1 1 1 1 1

0 5 10 15 20 25 30 35 40
time, ms

Figure39Time integral of the terminal voltage V of the flux pump during one cycle for various valt

of impressed DC current I.

78



100

O".""b average voltage Vavemge uv
'*'G).“ sor @ calculated
'&‘ /_ VO =158.9 MV ....... fl'[t].ﬂg
6Ue,
Dissipative a, Generator
mode 40 b s, mode
"o,
20F G“'-

1mpressed B@ current I, A

20 10 / (QQ 60
_20 M ]0 = 34 2 A

Drss:patrve “©
40t mode

Figure40 Average voltag¥average of the flux pump in one cycle for various values of impressed
current |. The dotted line represents the lineak tvend intersecting the | and V axis at points (10,

0) and (0, VO) respectively.

The open circuit voltage, corresponding to the operation of the flux pump with
no impressed DC current (I = 0), is denoted with Vo in Figure 40 and is 58.9uV. The
flux pump can only operate in the generator mode if the operating point lies in the first
guadrant of the I-Vaerageplane, with both positive current and voltage. This only occurs
if the impressed current is in the range [0 - lo] and the corresponding average voltage
is in the range [Vo - 0]. Beyond these limits, either the voltage or the current becomes
negative. The operating point falls respectively in the second or the fourth quadrant of
the I-Vaerageplane, and a dissipative behavior occurs. To better emphasize how the
rotation of the PM affects the energy behavior of the flux pump, in Figure 41 the
average terminal voltage is compared with the voltage that would occur across the
tape in case of no rotation, over a wide range of DC impressed currents. It is clear from
the figure that the effects of the rotation are:

1 Shifting the VI curve into the first quadrant allowing power generation. This
is effect is clearly visible in Figure 40, which is a magnification of Figure 41
around the origin. In case of no rotation, the VI curve only lies in the second
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and fourth quadrant corresponding to the dissipative operation. However,
the current and voltage intervals in which generation is allowed are very
narrow. In particular, the maximum current | o (34.2 A) for which power
generation is possible is much lower than the critical current | ¢ of the tape
(283 At seeTable 1). Supplying power to a load requiring a current greater
than lois not possible by means of the flux pump. It is stressed that, for fixed
air gap and angular velocity, | ois an intrinsic parameter of the flux pump and
does not depend on the load connects to it.

Increasing the power to be supplied for impressing a DC current when the
flux pump does not operate in the generation mode. In fact, in case of no
rotation, appreciable voltage (developed according to the power -law
characteristic of the material) and, hence, power dissipation, only occurs for
impressed currents well beyond the critical value. On the opposite, loss free
current cannot be impressed in the tape if rotation is in progress since
substantial voltage is detected even at small current and power must be

supplied for keeping the current circulating.
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2.1.4. Computation of the energy balance of a flux pump

For stating the overall energy balance of the flux pump the energy terms that
must be considered are:
1 the total joule heating Piue produced, at any instant, within the tape .
1 the mechanical power Pmechanicai that must be supplied to the rotor for
maintaining the rotation .
1 the change rate Pmagneic Of the magnetic energy stored in the magnetic field
produced by the currents of the tape.
The calculated time behavior of the four power terms of the flux pump during
one rotation period is shown in Figure 42 for different values of the DC impressed
current. The corresponding energy during 10 cycles, obtained via the integration of the

power terms, is shown in Figure 43. A monotone increasing trend can be observed in
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Figure 43 for the mechanical energy supplied to the rotor, for the energy dissipated
into the tape due to Joule heating, and for the energy supplied by the external
component, meaning that net unidirectional energy transfer occurs. Mechanical
energy is always positive meaning that no energy can be extracted from the rotor
(motor behavior). The net electric energy transferred to the external components can
be both positive or negative, depending on if the flux pump operates in the generator
or the dissipative mode respectively. In the latter case, the energy is indeed delivered
by the external component to the flux pump and is converted, along with the energy
supplied to the rotor, into heat into the tape. As expected, a cyclic behavior is observed
for the magnetic energy that, hence, does not contribute to the overall energy balance.
In the case of open circuit operation (I = 0 A) no power is exchanged at the
terminals. Nevertheless, currents are induced in the tape during the rotation that
generate the power lossPiue and, at the same time, a norrzero average voltage at the
terminals Vaverage= Vo = 58.91V. This power is more intense when the magnet passes
below the tape and reaches a peak of about 2.18 W. The dissipated energy in ten cycles
is 54.38 mJ, corresponding to an average power of 135.9 mW. The induced currents
create a resistant torque on the rdor, which requi res mechanical energy to maintain
the rotation. A total mechanical energy of 54.38 mJ is supplied to the rotor in ten cycles
and is integrally converted into heatin the tape. When the flux pump operates with a
DC impressed current | = 17.1 A (the half of b ¢ see Figure 40) it operates in the
generator mode and transfers the maximum possible power to the load (the reason
why the power is maximum in this condition is related to the linearity of the V -l curve
in the first quadrant). The instantaneous power exchange with the external component
can be both positive and negative. Nevertheless, a positive average voltageVaverage=
30.1uV is developed across the terminals, caused by the nonlinear EJ relation, which
is responsible for the power transfer. The net energy transferred by the flux pump to
the external load in ten cycles is 0.21 mJ, corresponding to an average power of 0.53
mW (also obtainable asVaweragxl). The joule dissipation is 54.49 mJ. The mechanical

energy transferred to the rotor in this operating condition is 54.70 mJ and is nearly
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completely converted in joule dissipation with only a small part (0.21 mJ) transferred
to the load. When the DC impressed current is lower than zero or greater than the limit
lo of the generator region (34.1 A) then the average voltage and power at the terminal
of the flux pump reverse. Energy is transferred from the external component to the
flux pump and is converted, along with the mechanical power supplied to the rotor,

in di ssipation into the tape.
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Figure 42 Power terms of the flux pump during one rotation cycle for different values of the [

impressed current
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external load in case of operation with constant average power

It is stressed that the joule heating is an inherent phenomenon, due to the
overcritical currents induced by the rotation of the magnet in the tape and is little
affected by the operating DC current of the flux pump. To show this, the profile of
current density and the corresponding profile of power dissipation at the middle of
the rotation cycle (t = 20 ms+kT) is shown in Figure 44. It can be seen that, as far as it
does not overcome the critical value Ic, the impressed DC current | has a small effect
on the current and power distribution within the tape, which are dominated by the
rotation and occurs also in case of no transport current. A minimum joule dissipation

of 54.38 mJ is obtained in no load conditions, and the dissipation crresponding to
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different DC impressed currents, both in the generator mode and the dissipative mode,
is only slightly higher. In all cases, the mechanical power supplied to the rotor equals
the joule heating plus or minus the power exchanged with the external component,
depending on if the flux pump operates in the generator or the dissipative mode

respectively.
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Figure 44 Profiles of current density and power density (ExJ) along the tape at t=20 ms (half cy

magnet aligned with the tape) for different values of the DC impressed current.

Moreover, the power exchanged with the external component is much lower than
the joule dissipation. As a result, the efficiency of the flux pump, calculated according
to Eq. (35), is very low. In case of maximum power transfer to the external load (0.52
mW at | = 17.1 A) an efficiency of 0.39 % is obtained. To further assess the energy
x1 Ul OUOCEOET woOl wUOIlT T wi OURwWwxUOxOwUI T wEYI UETT w
mechanical power in one cycle are shown in Figure 45.a-c for different values of the
DC impressed current. The corresponding efficiency is shown in Figure 45.d. It is
confirmed that:
1 A positive average power is delivered to the external component by the flux
pump, which acts as a generator, as far as the operating current is in the range
[0 ¢+ lo]. Outside of this interval the power is delivered by the external

component and absorbed by the flux pump. In no case the mechanical power,
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supplied to the rotor, is negative (this is true over any current range, much
wider than the one shown in Figure 45.c). Hence, outside the generator mode,
the flux pump only acts in the purely dissipative mode and never in the
motor mode.

1 Only a small part of the mechanical power supplied to the rotor is transferred
to the external load in the generator region. This is due to the inherent
dissipation associated with the induced current, responsible for the DC
voltage, occurring also in no load conditions. As a result, the efficiency is low.
A maxim efficiency of 0.39% is reached at 17.1 A (§/2).

It must be reminded that a constant critical current density is being considered

at this stage. The quantitative assessment of thiscrucial impact is carried out later in

the thesisto dedicate a specificsection to its decisive contribution.
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Figure 45 Average power per cycle and efficiency of the flux pump for different values of the

impressed current.

2.1.5. Complete, empirical, and serviceable equivalent circuit of flux pumps

The electromagnetic behavior of the flux pump is fully reproduced by means of
the finite element based equivalent circuit of section 2.1.2 However, the macroscopic
behavior at the terminals can be reproduced by means of a simpler circuit obtained
from empirical observation. This novel empirical equivalent circuit allows to
investigate with good accuracy the interaction of the flux pump with an external
component. For deducing this circuit, it is first point ed out that both the instantaneous

voltage V and the average voltage Vaverageare, strictly speaking, affected by the total
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current | of the flux pump. To discuss the possible effects of this dependence, these
two quantities are denoted with V(t,I) and Vaweragfl), respectively, in the following. Itis
observed in Figure 38that, at any instant, the higher the impressed current, the higher
the deviation of the terminal voltage from the value obtained in no load conditions.

Hence, the terminal voltage at any instant can be expressed as
woho woht 'Y hoO (36)
where R is a parameter that depends, in general, both ont and I. By taking the

time average of both sides of Eq. ( 36) in one period the following expression of the

average voltage across the flux pump terminals is obtained.

WoAOALA® Yazxeh @@ A (37)

in which Vo is the average voltage in open circuit (no load) condition (Vo = 58.9
MV - Figure 40) and Rereciveis a parameter referred to as effective resistance of the flux

pump and defined as:

! L o Q& ouoQE o o O (38)
Ya £xh FQ E A ) )

From Figure 40 and Figure 41a linear dependence of Vaveragfl) is observed over a
wide range of impressed currents. This trend applies for an operating current
approximately within the interval from NLOO A to +100 A (sedFigure 41). Thus, within
this linear interval, the following expression can be introduced for the average

terminal voltage .
@ 0O & <=0 (39)
By substituting (39)in (38), Eg.(40) is obtained.
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An effective resistance Refecived fud A s 6btained from the values of Voand lo for
the considered flux pump. Consistently with the results of Figure 40and Figure 41, Eq.
(40) states that the effective resistance is not dependent on the DC operating current
of the flux pump, and is simply denoted with Rettectivein the following. It isnow assumed
that, provided that the current | is in the linear interval from NLOO A to +100 A, the
constant effective resistance Rerecive determines the difference between the
instantaneous terminal voltage and the no load voltage. In other words, we assume
that the time and current dependent resistance R(t,l) in Eq. ( 36) can be replaced with

the constant resistanceRefectivegiving :

WO W Yz e ®oe oA (41)

Based onEg. ( 41) the empirical equivalent circuit of Figure 46is obtained. It is
stressed that replacing R(t,I) with a constant RefectiveiS @ merely heuristic assumption,
that is validity is checked in the next section by comparing the results with those
obtained with the finite element based equivalent circuit. It will be shown that, despite
the equivalent circuit being deducted with reference to a DC operating current, it also
applies when the current change with time, provided that the linear limit is not
exceeded. The equivalent circuit of Figure 45.a, which is widely used in present
literature [80] [84] [93] [94] [101] [126] [136], is an effective approximation of the
dynamo in terms of output voltage and effect on the connected load. However, no
dissipation is prescribed by the empirical equivalent circuit of Figure 45.ain case of
open circuit operation, which has to be accounted for a comprehensive analysis of the
device. Instead, by now it is evident that dissipation also occurs during no load
conditions, and it is little affected by the operating current. In order to take this
intrinsic dissipation into account the complete emp irical equivalent circuit of Figure

46.b is introduced. As a novel addition, in this circuit a resistor Riwinsic IS added in
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parallel to the voltage source that is responsible for the intrinsic joule dissipation in no
load condition. By denoting Pjueo With the average joule dissipation in one cycle

occurring in no load conditions the value of Rinvinsic is defined by

w o Qe
6 YE1 6OET OEA (42)
o
which finally gives
. W 1€
Yei oosim__' T?‘ (43)
UET Oi An

where Vmso is the rms value of the open circuit voltage V(t,0), that for the
considered flux pump is 2.2 mVms. By considering the average dissipation of 135.9 mW
in no load condition an intrinsic resistance Rininsic =34.2%4 . WwBDUWOEUEDOI Ewi OU
pump. It must be noted that the Thevenin equivalent of the complete empirical
equivalent circuit coincides with the partial one. Thus, with respect to the behavior at
the terminals, the addiction of the resistor Rinrinsic does not produce any effect. The same
behavior is predicted for an external component connected to both circuits. During DC
operation with impressed current | the average power in one cycle at the terminals
follows the parabolic dependence given by Preminais=Voxl NRuemax|"2 for both the circuits
and is maximum at | =ld/2. The difference only exists in the average power delivered

by the voltage source, that for the two circuits is given by

0671 0 dRDOEMNO ©OYazerAPoelomt oi £1 Xa BeAR0E O A

Wi Wi

Ooi 6@AA o1 AGRO : © 'O YA A R0 ErA—
Yei 00Kl OEA El 00ET OEA (44)
Voaoi 1 Xa meARoedEA 61 An
I OAOAI1 EIOIA AEOOEDAGETT

In the complete equivalent circuit, the voltage source delivers, besides the power
at the terminal, the Joule power occurring in no load condition and an additional joule

term corresponding to the dissipation on the effective resistance. A quadratic
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dependence of the overall joule dissipation on the current is obtained which is
consistent with the parabolic trend shown in Figure 45.a, obtained with the FEM based
model. The overall power delivered by the voltage source coincides with the
mechanical power supplied to the rotor of the flux pump. The efficiency of the flux

pump can be calculated as

el A DoAoi £ AT 6 06401 E1 Al O (45)
ALTPT ARG 6aaipi AdAAGT ET Xa AEARoelsA 61 An
R. .
M Reffective M effective
V(t,0) (1.73uQ2) V(I,O) (1.73 Q)
+
C) VT 6 i C_) = v @ i
[ Ri.ntri.nsic _[
(34.21uQY)
(a) (b)

Figure 46 (a) partial empirical equivalent circuit of the flux pungp) complete empirical equivalent

circuit of the flux pump taking internal dissipation into account

T T wWEYT UETT wROUOT wxOPI UOwWwUT UODOEOUZzZwxObPI UL
obtained with the complete equivalent circuit are shown in Figure 47.a-c. for different
values of the DC impressed current and compared with FEM based data. The
corresponding efficiency is shown in Figure 47.d. The maximum difference between
FEM data and complete circuit data is below 1.2 %. A good agreement exists,
indicating that the partial equivalent circuit can replace the FEM based one with
acceptable accuracy. An increasing mismatch is observed with inaeasing operating
current, indicating that the circuit cannot be employed at high operating currents,
outside the identified linear interval from NLOO A to +100 A. No correspondence exists
instead between the power of the voltage source, or the loss due to the effective

resistance, of the partial equivalent circuit with the physical dissipation mechanisms
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occurring in the flux pump. No considerations on energy balance and efficiency can

be done by means of this circuit.
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Figure47 Average power per cycle and efficiency of the flux pump calculated by means of the con

equivalent circuit oFigure46.b. FEM based data aat¢so replicated here for comparison

2.1.6. Flux pump connected to an RL load and short circuit operation

The numerical results referring to the flux pump supplying an RL load are
discussed in this sub section. This operating condition can be used to model the

charging of a HTS coil up to any current below the critical value. The short circuit
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operation of the flux pump can be seen as the limit case in which both the resistance
and the inductance are set to zero.

As in [133], a coil with an inductance Lex = 0.24 mH and resistanceRex = 0.884 1
(due to joints) is considered in the following. The current of the RL load during 500 s
is shown in Figure 48.b. Both the results obtained by means of the finite element model
of section 2.1.2and by means of the complete equivalent circuit of section 2.1.5are
shown. The latter are obtained by connecting the RL load to the complete equivalent
circuit of the flux pump, as it is schematized in Figure 48.a. It is stressed again that the
current of the coil is not at all affected by the intrinsic resistor. In other terms, both
including or not including Rintinsic in the circuit of in Figure 48.a, the same current in
the coil is obtained. Including Rininsic is only needed when a consistent energy balance
of the flux pump needs to be assessed. This is obtained by using a DC voltage source
corresponding to the average value Vo of the voltage Vo (t,0) across the flux pump
terminals in open circuit conditions. A final current |1 = Vo/(Refective+ Rext) = 22.62" A" is
injected into the coil by the flux pump, following the exponential charging law of the
isusedtodEEx UUUT wOT 1T wi UOOwUDPOI wWEOOEPOWEIT T EYDPOUWU
ripple. This is achieved by using a time changing voltage source which implements
the full time evolution of the open circuit Vo (t,0) voltage at any instant of one cycle,

and replicating it in all simulating cycles.
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Figure48 (a) Complete equivalent circuit of the flux pump connected to a RL(Iky&urrent of the RL

load

Figure 49 shows the detail of the current during 5 cycles after instant t =0
(corresponding to current | =0), and after instant t =150 s (corresponding to current |
=18.18 A), is shown. No appreciable difference is observed between the FEM results
and the results obtained with the equivalent circuit. This confirms that replacing R(t,l)
with a constant Rerectivein Eq. (40) is indeed a viable approximation and the equivalent
circuit, deduced with reference to a DC operating current, can be applied for time
domain analysis, provided that the linear limit is not exceeded. It is noted that when
Vois used in the equivalent circuit, to assessa consistent energy balance of the flux

pump Rinrinsic Must be redefined as:

. w
YET 0O0ETTOER (46)
VET 61 An
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Figure49 Detail of the current during 5 cycles after instant t=0 (when the current is null (a)), and ai

instant t=150 s (when the current has reached reaches | = 18.18 A (b))

It was shown earlier that, beyond lo, an average negative voltage appears on the
flux pump that enters the dissipative mode. losets the limit of the generation ability of
the flux pump and, despite the null voltage, should not be interpreted as the short
circuit current of the flux pump, that is the current circulating in the flux pump when
a short circuit connection is created at the terminals. The current circulating in this
latter condition, calculated by means of the FEM based equivalent circuit by setting
Rext = 0 andLext = Q. It can be observed in Figure 50.athat it changes periodically from
N400 A to +400 A, resulting in a mean current of 225.9 A. In contrast, the current
obtained by putting Rex= 0 andLex= 0 in the equivalent circuit of Figure 48.a is shown
in Figure 50.b. A completely different time behavior, with an average value of 34.2 A,
is obtained in this case. This means that the short circuit of the flux pump creates
operating conditions that are beyond the limit of applicability of the equivalent circuit.

In particular, a peak current beyond 6 kA (absolute value) is reached in this case, which
is inconsistent with the critical current of the wire that is 283 A. Using the FEM model,
a peak current of 400 A is reached, which is about 41 % aboved The highly resistive

behavior of the tape developed according to the power law prevents the current to
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overcome this value. Hence, the equivalent circuit of the flux pump can only be used
if the predicted current does not exceed, at any instant, this limit. This condition is

usually satisfied when a current smoothing inductive load is considered.
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Figure 50 Total transport current flowing in the flux pump tape in case of short circuit oper&pn

calculated by means of the fem md@bletalculated by means the equivalent circuit

In the next sub sections, interpolators base on artificial intelligence (Al) are
developed for addressing the relation between the n-value and the critical current of
HTS tapes and the operating conditions (temperature and magnetic field) . Next, this
interpolar is embedded in the numerical FEM model described so far to reach accuracy

and validation against experimental results.

2.2Al models for reconstructing the critical current and n-value

surfaces of HTS tapes

The critical current I, as well as the index value known as n-value, of practical
high temperature superconducting (HTS) tapes, depends on the magnitude of the
OET Ol UPEwi PI1 OEw! wEEUDOT wOOWUEXxT Owi Il OEwOUDPI O
the operating temperature T. As this will become clear in the following, this
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relationship has a significant impact on the accuracy of FEM models in simulating flux

pumps, therefore it is crucial to know the lap! O¢ O3 AWE OE wO pTheomast3 Awi UO
common way to include the l«p! O gd€p@rence in numerical models is through

analytical formulas [137][138][139][140] [141]. However, analytical approaches rely

on fitting parameters to be preliminarily evaluated and consequently suffer lack of

enough accuracy in complicated problems. Look-up tables are an alternative, but they

are not implementable in all coding environments and rely on the availability of dense

experimental data. In the sub sections related to the present onean alternative method

to address the problem of the determination of the | «p! O¢ O3 A w E Gdiatiodsp! Og O3
using Artificial intelligence (Al) techniques. This relation will later be included in the

FEM model of the flux pump to reach accuracy able to validate its results against
experimental data. It should be mentioned that this study was carried out during a
collaboration in the framework and with the support of the COST Action CA19108,

?2' DBI Ox1 UEOUUIl w2Ux1 U" OOCEUEUDPYPUaw i OUw EEI +1
funded by EU commission [142].

Like any other Al task, an adequately large and representative dataset is required
UOwxUOxT UOAWUUEDOWEwWOOET O6w3i 1 UIll OUI Owl0T T wx U
31 OxI UEUUUIl w2UxI UEOOEUEUOUW EUDUDPEEOwW EUVUUUI O
Research Ingitute (Victoria University of Wellington, New Zealand) [143][144] played
a key role in the investigations of this work . In [143], plenty of data relating the critical
current and the n-value to temperature, external magnetic field amplitude and angle
is provided for different HTS tape specimens. The available data ranges over large
intervals of the input features involved. For this study, the SuperOx GdBCO 2G HTS
database was used because of the relatively large range of values it provides for both
the temperature and the magnetic field magnitude. However, it is worth pointing out
that any other tape specimen could have beenchosenfor applying the same approach
to the corresponding data. The complete dataset that we used in thiswork is composed
of 14747 combinations of critical current (lc), critical current per unit width  (lew), n-

value, operating temperature (ranging from 15 to 90 K), external magnetic field
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amplitude (ranging from 0 to 7 T) and external magnetic field angle (ranging from 0°
OOw! KYSOwPT T Ul wgewAwyYSWEOUUIT UxOBEUWOOwWOT T wi
surface). The dataset was randomly decomposed into two sets, one dedicated to
developing t he model (both training and validating the quality of the training process)
and the other for its testing. In this study, 70% of the complete dataset has been
dedicated to training/validation, whereas the remaining 30% was used for testing.
Since an Al method that reaches the best performance for any problem a priori does
not exist, different Al techniques were chosen and their performance was evaluated.

Three Al-based models were developed Artificial Neural Networks (ANN ),
eXtreme Gradient Boosting (XGBoost), and Kernel Ridge regressor (KKR).

As performance metrics to report the error and quality of estimation of the
models, the Root Mean Squared Error (RMSE), and the goodness of fit (R) were used

for practical reasons[145].

W
YO YO T (47)

B of & &

(48)
B o w B o

where, xi is the actual value, yi is the predicted value, dfis the mean of actual (real
experimental) values, wis the mean of predicted values, and nsis the number of data
samples.

In order to avoid overfitting and thus achieving fairly well estimations over the
whole range of features, a visual comparison of the critical surfaces of the models was
included among the evaluating criteria as well. Great effort has also been paid to
hyperparameters tuning and sensitivity analysis to optimiz e the Al models and
comprehensively investigate their performance dependence on their own controlling
parameters. In fact, the capability of any Al model to extract specific trends from a

dataset is srictly related to certain parameters, named hyperparameters. Established
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hyperparameter tuning techniques were applied in this study, such as the so-called
grid-search method [146], which generates a userdefined grid of possible
combinations of hyperparameters and trains the model for each of them and keeps the
best case based on the chosen evaluation criteria. Griegsearch was applied to the
training set with a K -fold cross-validat ion procedure: the training set is divided into K
splits in which, for each split, a different training of the model is carried out: the chosen
split is used as a validation set for evaluating the performance of the training process,
for which the remainin g K-1 splits are used. This procedure is performed for each
combination of the hyperparameters grid.

The main features and characteristics of the three models that were identified are
used briefly in the subsections 2.2.1:2.2.3 In subsections 2.2.4and 2.2.5the results
obtained with the three Al techniques are reported. The numerical and visual results
of the Al models in predicting the targets lcw and n-value (the ones for Ic would be
analogue and proportioned to the ones of Icw) are shown. It should be noted that, for
Il EET wOi wOT T wUT UI'T wOEUT 1 OWEEUI UOwUIT 1 wgUEOUDUE
the models, but every target requires dedicated training to reproduce the
corresponding trend. Among the visual results, the reconstruction of the critical
surfaces of the targets, obtained by interpolation between the experimental points of
the complete dataset (which are also included in the plots for comparison) are
reported. These critical surfaces are reconstructed at 20 and65 K, as they are
considered relevant and strategic operating temperatures in large-scale power
applications in applied superconductivity. In subsection 2.2.6the results of a series of
sensitivity analyses on controlling parameters of the three proposed Al models are

shown.

2.2.1. A Dbrief description of Atrtificial Neural Networks (ANN)

ANN [147] are computational systems that can model and predict sophisticated
characteristics with a high level of non -linearity. The ANN performance is inspired by

how the human brain works. To make the performance of the ANN models clearer,
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Figure 51 illustrates the structure of a brain neuron and how ANN resembles brain
behavior to model physics and engineering problems. In this system, dendrites serve
as inputs that receive the data from other cells and neurons. Dendrites inject the data
into the nucleus laid at the cell body and are considered a node of the system. The
nucleus activity is modeled as a function applied to inputs to compute the output.
Synapses are considered as the weights of the neural system that help the model
predict or estimate the characteristic of dendrites. Finally, the axon provides the output
of the process and connects the neuron to other neuronsTo create ANN models based
on a real neural systems, multiple layers are considered. The very first layer is the
input layer whic h receives the input data. After that, data are fed into series of hidden
layers, which calculate or estimate the characteristic of the input data. Each hidden
layer consists of some neurons, weights vector, bias factor, and activation function. It
is mentioned that an activation function is a mathematical function applied to the
output of each neuron (or node) in a neural network to determine whether a neuron
should be activated (i.e., produce an output) or not. At last, there is an output layer

that offers the result of the estimation process.

Figure51 A simplified structural schematic of a neuron

A simple structure of the model of a neuron in an ANN is shown in Figure 52

[148].
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Figure52 Structure of the model of a neuron used in an ANN

To estimate the output, a simple neuron uses Eq. (49) [149].
w QP d O (49)

where, wis the output, @is the input vector, fis the activation function, oPis the
weights vector, and bis the bias factor.

The objective of the training stage is to reduce the error of the predicted values
and the real ones, known as the loss function. When the loss function is minimized,
the ANN model uses the rest of the data for validation and test phases. It should be
mentioned that the loss function minimization during the training phase is usually
conducted by an optimization procedure of weights vector and bias factor based on a
method known as backpropagation (BP). In backpropagation, initially, the training is
conducted by considering weights as some small random numbers; after that, and for
the first stage, the socalled loss function is calculated. To minimize and update the
values of weights, the gradient descent method is used as an optimizer that can be
handled using the Levenberg-Marquardt method [150].

The proposed structure of the ANN model used in this work consists of 4 hidden
layers, in which hidden layers 1, 2, and 3 consist of 15 neurons each, while the last one,
i.e. hidden layer 4, consists of 5 neurons. The sigmoid activation function is used as an
activation function in this study. In the training st age, the LevenbergMarquardt
method is used to train the model based on 70% of the total input data. To minimize

the loss function, a maximum of 1000 epochs is considered to reduce the RMSE.
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Figure 53 shows the structure of the proposed ANN for the modeling purpose.
In this figure, the three inputs are temperature, magnetic field magnitude and
orientation angle. The H1 to H4 are hidden layers, and their neurons are shown with
orange circles. At last, there is the output layer which could be I ¢, or Ic per cm width

(lew), or n-value.
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Figure53 The structure of the proposed ANN model for critical surface predictions

2.2.2. A brief description of the eXtreme Gradient Boosting (XGBoost)

XGBoost is a decisiontree-based ensemble machine learning algorithm that uses
a gradient boosting framework [151]. Briefly, many decision trees are created in an
additive manner as the model is trained with the input data. Since it is not possible to
evaluate all possible tree structures, the algorithm starts from a single node and
iteratively adds branches in the form of split candidates. The formula used for
evaluating the instance split candidate nodes I. (left) and Ir (right) from the starting

node | is reported in Eq.(50) [151]:

[ (50)
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where Gis the sum of the residuals (namely the difference between the real value
and the effective prediction, which is set to a default value at the first iteration) that
refer to the corresponding node, H is the number of residuals that refer to the
EOQUUI UxOOEDPOT wOOEI OWEOEwWHWEOE siuthefomas i T UOE L
regularization parameter is intended to reduce the prediction sensitivity to individual
observations, thus avoiding overfitting. In contrast, the latter determines whether a
i OUOT T UwxEUUPUPOOWPUWUOWET woOE E hawpdel willlbé BT T 1 Uu
by pruning branches). It is worth mentioning that in this work, the appropriate
parameters were searched and optimized by operating hyperparameters tuning. The
slip candidate from node |, which returns the higher value of Lspit, iS chosen since it is
the best one at splitting the residuals into the cluster of similar values. Once a tree

structure is determined, its outputs for every leaf j are calculated with Eq. (51).

0 (51)

Once the complete decision tree is generated duringtraining, it can be exploited
for predicting the target based on a given set of features. Details about the algorithm
with which the decision trees are created can be found in [152]. In order to further
clarify the decisional mechanism of the trained model of this work , one of the trees is
shown in Figure 54. It should be mentioned here that this is only a small part of the
decision tree created during the training stage and actually, can be considered a small
branch of it. Finally, the green blocks in Figure 54 represent the leaves of the tree,

namely the possible values that the model can predict.
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Figure54 One decision tree of the XGBoost regressor trained model

2.2.3. A brief description of the Kernel Ridge regressor (KRR)

KRR [153] is a linear transform method that allows working with too complex
data to be directly addressed through a linear relationship. It uses the kernel trick [154]
to transform the dataset to the image space in which it performs a ridge regression
[155]. The particularity of the ridge regression that differentiates it from the simple
linear regression is the |2-norm regularization [156], namely the addition of a
regularization term which is the sum of the squares of the model parameters. The

objective function that the ridge regression minimizes is shown in Eq. (52).

000 i (52)

where ¢i is the i-th model parameter, mis the total number of parameters, and y;,

Xi, and ns are the same as explained inEq. (47)and (48).
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The regularization term penalizes the minimization of the sum of the squared
residuals of the first term but prevents the model parameter from becoming very large
and therefore, limits the model bias. Moreover, the appropriate kernel choice for the
problem is fundamental to make the KRR operate properly. In this work , the Rational
Quadratic kernel, krq [157], was used, which is shown as follows:

0 of  p —Q;’r:;’ (53)

where Y'is the scale mixture parameter and determines the relative weighting of
large-scale and smaltscale variations, | is the length scale of the kernel, andd(:,-) is the
Euclidean distance [158]. The best combination of Yand | parameters was exhaustively
looked for over a wide range of possible values using the grid -search technique. More
details about the KRR can be found in[159], whereas another representative case study

for such a method is reported in [160].

2.2.4. Results of the evaluation of the Ic per unit width using the Al models

Table 2 Performance metrics comparison for the Ic per cm width prediction of the

three Al models.

Model RMSE R2
ANN 0.0076 0.99998
XGBoost 14.01 0.99951
KRR 73.77 0.98643

By using ANN, the | v targets can be estimated with high accuracy at any
combination of features, as Table 2 reports that RMSE is only 0.0076, R is extremely
close to 1 (i.e. 0.99998), an#igure 55shows that most of the estimated data are located
on the Y = Target line (where Target stands for the experimental value of the target
and Y for its corresponding prediction). Figure 55is the linear regressions between the

experimental values of the target belonging exclusively to the testing subset and the
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KRR are less accurate, resulting in RMSE equal to 14.01 and 73.77, and?RRqual to
0.99951 and 0.98643, respectively.

ANN - Ic/width - R? = 0.99998 XGBoost - Ic/width - R? = 0.99951 KRR - Ic/width - R? = 0.98643
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Figure55 Regression plot for Ic per cm width comparison between experimental values (targets)

predictions made by Al models.

Figure 55 also shows that the KRR performance is negatively impacted by the
relatively large error for | «w values over 1000 A/cm, as many predictions do not lay on
the Y =T line. Nevertheless, this model can effectively reconstruct the critical surface,

as it is shown in Figure 56.
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Figure56 Critical currents per cm width predictions against the experimental data at 20 K and 65

(UwPbUwbPOUUT woOl OUPOOPOT wET EPOwWUT ECwUT T wUI Eu
for different feature combinations than the ones of the experimental dataset, which
means they are in positions that the model has never encountered during training.
ANN and XGBoost also produce critical surfaces in very good agreement with the
experimental data. However, the critical surf aces produced by the XGBoost are not
smoothly reconstructed but are composed of a series of bushes of predictions nearby
the available experimental data, each separated by a considerable discontinuity from
one another. For instance, at T = 20 K, with low feld magnitude and angle, the
prediction of the | . per cm width changes by about 500 A/cm over a short range of a
few tens of mT. Such a trend should be no surprise since it was explained that the
XGBoost decision tree and, in turn, its leaves are derived to reduce a set of residuals
between the prediction and the dataset target. It is noted that the nature of the dataset
itself might have therefore played a major role in producing such a bias of the model
over certain target values. In fact, the experimental dataset used in this study follows

a particular pattern according to which the B field is kept constant over a certain
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