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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 pumps offer a contactless, low-voltage, 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 pumps. 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 and discussed 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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“Nothing is too wonderful to be true, 

if it be consistent with the laws of nature” 
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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 obtained with 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 systems make the 

case for innovative 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 blocks labelled as “Power supply and 

converters” refer to different technologies and devices from Figure 1.a and Figure 1.b. 

The typical power supplies of conventional solution are based on power electronic 
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converters which are designed to carry the same high current of the magnet, resulting 

in large dissipations (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 

the output voltage (as denoted by the symbols + and − in the diagram). This separation 

allows to save all the current leads heat load that has been described earlier for the 

traditional solution. 

Conventional supply Flux pump-based supply 

  

(a) (b) 

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

Schematic of a flux pump-based power supply chain of superconducting magnets 
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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 pumps was 

recently acknowledged for HTS-enhanced Applied-Field Magnetoplasmadynamic 

(AF-MPD) thrusters as well, where as much as 80 %–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 suggestion to use induction 

for eliminating the heat conduction due to current leads dates back to 1933, when a so-

called flux concentrator was developed by Mendelssohn [8]. Several methods 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 

“aasuperconducting switches” [9]. In 1940, 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 HTS intra-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 for flux pumps, reviving new interest 

around them.  
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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-known 

Faraday-Lenz law is also periodic and has no DC component, meaning its average over 

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 stating such 

obvious sentences is stressing the state 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 an induced 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 stages of the debate is not the purpose of the present Ph.D. 

project, therefore, in this section, I 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 

it is also shown in Figure 2.a for the case of a half wave type. In the equivalent electrical 

circuit of Figure 2.a, which refers to a current loop composed by the flux pump and a 

superconducting magnet as the load, the components have the following meanings: 

• emf is the electromotive force occurring due to a varying magnetic flux ϕ 

which is linked to the loop. 
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• Vout is the output voltage at the terminals of the flux pump, namely the 

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

• Lflux pump is the coefficient of auto inductance associated to the sub loop inside 

the box labelled as “Flux pump” in Figure 2.a. 

• S1 and S2 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, whereas they are not present for other topologies 

where their effect is imitated in other physical ways that are described in the 

next sections. 

• Lload represents the coefficient of auto inductance of the superconducting 

magnet which is energized by the flux pump, and I is the current flowing 

through it at one instant. 

• T represents the period (in seconds) of the emf. 

The general behavior of the flux pump is illustrated starting from Figure 2.b: a 

positive emf is present because of a time-varying flux (−dϕ/dt) in the loop while S1 is 

closed and S2 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, I 

increases and the magnet gets energized.  

The first change in topology of the circuit is shown in Figure 2.c, where S2 is 

closed. S1 is still closed too at this point because, in the meantime, the flux ϕ that had 

been added in the loop in the previous phase starts to be removed, resulting in an emf 

sign inversion. S1 and S2 must stay both closed for some time because of Lflux pump that 

prevents the current I1 (in red in Figure 2.c) to change instantly. After I1 reaches zero 

and I2 (in blue in Figure 2.c) equalizes I, S1 opens and phase (d) begins. Nothing 

happens during the phase of Figure 2.d, and no decay of I 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 S1 and S2 



 

7 

 

are closed, dedicated to the complete redistribution of current from I2 to I1. This 

subphase is not shown in Figure 2 for the sake of simplicity. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 2 (a) Electrical scheme for describing the general behavior of flux pumps in terms of voltage 

rectification. Stages (b)-(d) describe the periodical operation that results in the energization of a 

inductive load coil that is coupled with the flux pump. 

Current I does not continue to increase indefinitely 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) lasting ∆t = 1/2f (where f is the 

frequency equal to 1/T, in the assumption that phases (b) and (c) both take half period 

T) I increases of a quantity ∆I according to Eq. ( 1 ). 
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𝑒𝑚𝑓 ×
1
2𝑓

𝐿𝑐𝑜𝑖𝑙 + 𝐿𝑓𝑙𝑢𝑥 𝑝𝑢𝑚𝑝
= ∆𝐼 ( 1 ) 

Therefore, period after period, phases (c) will have to redistribute more current 

from I1 to I2. It will arrive at a point that this redistribution will take the entire duration 

of phase (c), according to Eq. ( 2 ).  

𝑒𝑚𝑓 ×
1
2𝑓

𝐿𝑓𝑙𝑢𝑥 𝑝𝑢𝑚𝑝
= 𝐼𝑚𝑎𝑥 ( 2 ) 

Where Imax is the final value of current I 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 S1 and 

S2 are soft switches that open at the current zero crossing. 

Subsequent phase (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 be derived from here: 

• Assuming the load is purely inductive, Imax does not depend on the load, but 

only on its internal characteristics (Lflux pump), the external magnetic field 

forming the linked flux, and the dynamic of the operation (f). 

• Eq. ( 1 ) and ( 2 ) are valid 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 I2 to I1 must take place. Both a ripple 

and a reduction of the maximum current would be observed; hence Imax can 

be redefined as the ideal maximum attainable current of the flux pump.  

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

used in Eq. ( 1 ) and ( 2 ). 
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• If Lflux pump was zero, Imax would be infinite. 

• Eq. ( 2 ) applies for a flux pump in which only the first half cycle is exploited 

to make current I increase (as it will be explained in section 1.3). 

Given that components S1 and S2 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 reached for 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. 

Since S1 and S2 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).  

𝑃𝑜𝑝𝑒𝑛 𝑠𝑡𝑎𝑡𝑒
𝑠𝑤𝑖𝑡𝑐ℎ = 

𝑉2

𝑅𝑜𝑝𝑒𝑛 𝑠𝑡𝑎𝑡𝑒
𝑠𝑤𝑖𝑡𝑐ℎ

 ( 3 ) 

Where V is the voltage at the terminals of the switch and 𝑅𝑜𝑝𝑒𝑛 𝑠𝑡𝑎𝑡𝑒
𝑠𝑤𝑖𝑡𝑐ℎ  its resistance 

during off state. The largest 𝑅𝑜𝑝𝑒𝑛 𝑠𝑡𝑎𝑡𝑒
𝑠𝑤𝑖𝑡𝑐ℎ  would be preferable, but its value is limited by 

the normal state resistance of the superconductor. Moreover, V can be as high as the 

emf during phase (d), but since the emf is a key factor to increase Imax, it follows that a 

tradeoff is inevitable between maximum current capacity and manageable dissipation 

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

described based on their physical 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 1.2 is 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 Figure 4, respectively. In these figures, current I1 and voltage V1 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, 

S1, S2, S3, and S4 are ideal switches, and Lload 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 S1 closed 

and S2 open while a positive voltage V1 is transformed into V2. When V1 and V2 change 

sign, S1 and S2 switch state to let the current I in the load flow without decaying, as 

shown in Figure 3.c. Different from the analysis of section 1.2, the sub phases dedicated 

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 self-inductance coefficient of the loop formed by M, S1 

and S2.  
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(a) 

 

(b) 

 

(c) 

Figure 3 (a) Electrical scheme for describing the periodical operating mechanism of a half wave 

transformer rectifier flux pumps. Stages (b) and (c) describe the state of components during the current 

injection and maintenance, respectively. 

In Figure 4, 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 S1-S4 shares the same state 

all the time, as well as the pair S2-S3. In Figure 4.b it is shown that while V2 is positive 

S1 and S4 are closed whereas S2 and S3 are open. During this phase I increases, as well 

as does I2 in compliance to its reference in the scheme. Ignoring the current 

redistribution between switches like it was done for the half wave type, Figure 4.c 

shows that during the negative half wave of V2 the current injection in the magnet 

continues. During this phase, however, the current I2 changes sign.  
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(a) 

 

(b) 

 

(c) 

Figure 4 (a) Electrical scheme for describing the periodical operating mechanism of a full wave 

transformer rectifier flux pumps. Stages (b) and (c) describe the state of components during two half 

period of operation characterized by different circuit topologies. Current 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 I2 does not 

exhibit an excursion ranging from the current of the coil to zero, but rather its double, 

since it 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 Lflux pump is the inductance 

associated to the secondary of the transformer, Eq. ( 4 ) governs the current excursion 

between two phases (b) and (c) where Ib(end) is the value of the current I at the end of 

the phase (b).  
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∫ 𝑉2(𝑡)𝑑𝑡
𝑇
𝑇
2

𝐿𝑓𝑙𝑢𝑥 𝑝𝑢𝑚𝑝
=  2 × 𝐼𝑏(𝑒𝑛𝑑) 

( 4 ) 

The fact that I2 exhibits a larger excursion between half periods entails that the 

maximum attainable value for the current I of the full wave (that will depend on the 

inductance of the load, the period duration, and the V2 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 suffers an additional drawback with 

respect to its half wave counterpart: at any instant, for the presented configuration, 

two switches are in the open state instead of only one and experience the same voltage 

of the coil at its terminals causing dissipation according to Eq. ( 3 ) (S2-S3 dissipate 

during phase (b), and S1-S4 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, Nb3Sn, and 

REBCO, where RE stands for Rare-Earth) are displayed in Figure 5 [15]. 
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(a) (b) 

Figure 5 Critical surfaces of (a) LTS superconductors (NbTi, Nb3Sn) 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: 

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

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

• 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 of the three outline types of transformer 

rectifiers 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 in Figure 6.b that, different from the analysis of the previous section, resistive 
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components accounting for the joints’ losses are present in the equivalent electrical 

circuit. The primary and secondary windings of the transformer are thermally 

separated, as the former 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 highlighted: 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 11.5 W heat load would be always present during the regime of current 

maintenance in the load coil. 
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(a) (b) 

Figure 6 (a) Picture of the experimental flux pump of [23] with its components, including the 

electromagnet coils for the magnetic series and bridge switches, and (b) Equivalent circuit diagram of 

the flux pump of [23]. © [2023] IEEE 

One variant of the full wave rectifier that uses two switches (instead of four like 

Figure 4) 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 IL 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 losses, similarly to what was 

discussed in the previous section of this thesis. For this flux pump the losses issue 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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(a) (b) 

Figure 7 (a) Picture of the experimental flux pump of [21] with its components and (b) Equivalent 

circuit diagram of the flux pump of [21]. Published in Superconductivity journal, 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 dynamic resistance phenomenon which emerges 

when a superconductor slab carries a DC 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 Rdyn as written 

in Eq. ( 5 ) [39]. 

𝑅𝑑𝑦𝑛 = 
4𝑎𝑓𝐿

𝐼𝑐0
(𝐵𝑎 − 𝐵𝑎,𝑡ℎ) ( 5 ) 

Where a is the half of the width of the slab, L denotes its length, Ic0 is the critical 

current of the slab at zero field applied, Ba is 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, f is the frequency of the AC external field, and Ba,th is the so called 

threshold field amplitude [40], also known as the Ba threshold field under which Rdyn 

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 



 

19 

 

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. 

 

Figure 8 Schematic of the half wave transformer rectifier of [17] based on the dynamic resistance bridge. 

Reprinted from [Geng, J.; Coombs, T. Mechanism of a high-Tc superconducting flux pump: Using 

alternating magnetic field to trigger flux flow. Appl. Phys. Lett. 2015, 107, 142601], with 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 ip 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 “bridge”. This produces an 

analogue effect to opening the switch S2 in Figure 3, and that makes the current of the 

coil i2 increase. The described operation is depicted in Figure 9. The flux pump tested 

in [17] eventually reaches 57.5 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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Figure 9 Plot of the trends of (a) the transformer primary current, (b) the magnetic field applied to the 

bridge, and (c) the load current of the flux pump of [17] during operation. Reprinted from [Geng, J.; 

Coombs, T. Mechanism of a high-Tc superconducting flux pump: Using alternating magnetic field to 

trigger flux flow. Appl. Phys. Lett. 2015, 107, 142601], with the permission of AIP Publishing. 

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 in the 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 at first as an integral of electric 
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field multiplied by current density over a period of the external AC magnetic field. 

Then, a fictitious resistance, that is the dynamic resistance, is derived by saying that Q 

= RdynI2, where I is the transport current flowing in the slab. The paradoxical conclusion 

arising when aiming to create a superconducting switch exploiting the dynamic 

resistance is 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 resistance only 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 a superconducting 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 (see Figure 5.b). On the other 

hand, magnetic switches have the advantage of being able to reach 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 HCN04200) is located. In 

the study the flux pump charges a 2.4mH coil up 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 (Eq. ( 6 )) and full wave (Eq. ( 7 )) 

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

𝜂ℎ𝑎𝑙𝑓 = 
𝐼𝐿

𝐼𝐿  + 2𝐼𝐶(𝐵𝑎𝑝𝑝)
  ( 6 ) 

𝜂𝑓𝑢𝑙𝑙 = 
𝐼𝐿

𝐼𝐿  + 𝐼𝐶(𝐵𝑎𝑝𝑝)
  ( 7 ) 

Where IL is the final load current, and Ic(Bapp) is the critical current of the switch 

tape when the DC magnetic field Bapp is applied [22]. These theoretical formulas make 

use of the following simplifying assumptions: ignoring the joints and 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, are calculated in [22] for the SuNAM SAN series YBCO 

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

10. 

 

Figure 10 Calculated maximum efficiencies for half and full wave transformer rectifier flux pumps that 

employ switches based on thee SuNAM SAN series 2G YBCO wire and the InnoST 1G Bi-2223 wire, 

at 77 K, under an applied DC field of amplitude BApp [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 1989 [50]. 

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 al in 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 assessed by 

experiments that the rectifier system was safe against quenches. The schematic of the 

flux pump of reference [29] and its equivalent electrical circuit are shown in Figure 11. 

 

 

(a) (b) 

Figure 11 (a) Schematic of the thermally activatedrectifier flux pump of [29] with its components and 

(b) Equivalent circuit diagram of the flux pump of [29]. © [1991] 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 aspect was 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, whereas Figure 

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 A and 100 W respectively. 

The fantastic efficiency of this transformer rectifier was achieved as a result of the very 

large resistance of the switches during open state (0.96 Ω and 1.4 Ω for the first and 

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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(a) (b) 

Figure 12  a) Equivalent circuit diagram of the flux pump of [30] and b) trend over time of the 

transformer primary current, resistance of switches, and load current. © [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 a low heat load due to the current leads. These presented 

flux pumps are also LTS, which means that 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 switches with 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 resistance, the copper 

coating was completely removed, and the thickness of the silver layer reduced, 

resulting in a remarkable resistance per unit length of 4.2 Ωm−1 at 100 K. 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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(a) 

 

(b) 

Figure 13 (a) Picture and lateral schematic view and the HTS thermal switch of [51] and (b) Thermal 

dynamic responce of the HTS thermal switch of [51]. © [2019] IEEE 

In the summary of reference [51], the authors established a mid-term goal to 

manufacture and test a full wave transformer rectifier employing HTS switches at 

temperatures around 50 K. A sketch of the future HTS switches bridge is shown in 

Figure 14, whereas for making the secondary winding 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 bridge for a transformer rectifier flux pump [51]. © [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 “bridge” is used to 

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 the bridge must sustain at least its 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 heaters 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 (i2) per unit critical current of the bridge (Ic,bridge). This 

waveform periodically triggers the transition of the bridge to a resistive state, thereby 

augmenting the load current (il). 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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(a) (b) 

Figure 15 (a) Schematic of the rectifier flux pump of [36] with its components and (b) Equivalent circuit 

diagram of the flux pump of [36] during charging and current maintenance mode reporting the trends 

over time of the transformer secondary current and the load current. Published in Superconductor 

Science and Technology journal, International License (CC BY 4.0 DEED). 

As a load for the overcurrent flux pump, a 2.5 µH 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 15.b, 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 settles to a waveform oscillating between triangular 

profiles with 20 mV peaks and approximately zero Volts,. 

  

(a) (b) 

Figure 16 (a) Load coil charging transient and free decay using the flux pump of [36] and (b) trend over 

time of the output voltage of the flux pump of [36]. Model vs experiments. Published in Superconductor 

Science and Technology journal, International License (CC 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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Figure 17 Model and experiments losses contribution of the load supplied by the flux pump of [36]. 

Only the bridge losses are obtained experimentally. Published in Superconductor Science and 

Technology journal, International License (CC BY 4.0 DEED). 

Experimental results of Figure 17 confirm that, as far 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 about 0.5 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 load that 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 current leads is evident. 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, because the dissipation in the bridge varies during the ramp 

up, and so does the current leads heat load for the corresponding scenario, it’s the total 

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 17 yields Eq. ( 8 ). 

𝑃𝑏𝑟𝑖𝑑𝑔𝑒(𝑡) =  19.9𝑒
−
𝑡
0.29 + 4.3  ( 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 the flux pump 

during the ramp up, equal to 16.6 J. To make a fair comparison, for the current leads 

scenario a linear ramp up lasting 2.5 seconds is considered. It is easy to calculate that 

the energy dissipated in current leads heat load during the 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 current 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 the load coil in 

only a few seconds because of its limited inductance, which was only 2.5 µH. 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 on 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: 

• Galvanic isolation from the supplied circuit (contactless functionality) 

• Rectification capability, producing a DC output voltage 

• Being fully or partially superconducting 

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

superconducting loop 

Despite the last point might seem unnecessary, that feature represents 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 same operating 

principles, devices, and strategy controls of conventional power supplies, with the 

distinction of integrating the transformer (both windings or only the secondary) 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 

losses occur at low temperature on the other, which is a drawback because extracting 

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 

presence of up to several tens of Kilowatts of losses at cryogenic temperatures for flux 

pumps 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 former’s operating 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 conditions. 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 machines relied 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. 

 

Figure 18 Simple superconducting DC dynamo [12]. Reprinted from Fully superconducting rectifiers 

and fluxpumps Part 1: Realized methods for pumping flux, Vol 21 /edition number 4, Van de 

Klundert, L. J. M., & ten Kate, H. H., Cryogenics, Pages No. 195-206, Copyright (1981), with 

permission from Elsevier 

Early stage research was so promising that a 50 kA dynamo was suggested in 

1978 [75], even though it seems its creation was never achieved. Recent studies 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-Lenz’s law [90]. Certainly, this is not the case, as it will get clear shortly, 

but such a phenomenon has generated much surprise and speculation in the scientific 
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community, including suggestions of theories 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, a detailed 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 pumps 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: 

• 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. 

• Traveling Magnetic Field: The magnetic field waveform must move along 

the width of the HTS tape with a defined velocity, denoted by vB. 

• 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. 

• 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. 

• 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 (narrow enough to assume uniform magnetic field over their 

width) subject to a magnetic 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 𝑣𝑥
𝐵. The two HTS bands are parallel to 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. 

 

Figure 19 Schematic of the operating conditions for two parallel HTS bands to exhibit flux pumping 

Assuming that the terminals of the two HTS bands are short circuited at each 

corresponding end, they are denoted as electrical nodes “A” and “B”. At this stage, the 

scope of the analysis is to arrive at a formula for V(t) to later find that its average over 

one period of the magnetic waveform is not zero. 𝐵𝑦⃗⃗ ⃗⃗  can be expressed as the rotor of a 

generic vector potential 𝐴  with arbitrary divergence. 𝑑𝑖𝑣(𝐴 ) = 0 is chosen imposing 𝐴  

only exists in the z direction. Because of the employed assumptions and ignoring the 

field contribution of the time varying currents induced in the bands, expressing 

Faraday’s law at any point in space gives Eq. ( 9 ). 
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𝐸 = −
𝜕𝐴𝑧
𝜕𝑡

− 𝛻𝜙 ( 9 ) 

Where the ∂Az/∂t term is due to the varying external magnetic field, and ϕ is the 

electric scalar potential. Integrating ( 9 ) along the centroid axis in the z direction of the 

two HTS bands yields Eq. ( 10 ) and ( 11 ). 

𝑅1(𝑥1, 𝑡)𝐼1 = 𝑒𝑚𝑓1(𝑥1, 𝑡) +  𝑉(𝑡) ( 10 ) 

𝑅2(𝑥2, 𝑡)𝐼2 = 𝑒𝑚𝑓2(𝑥2, 𝑡) +  𝑉(𝑡) ( 11 ) 

Where 𝑥1 and 𝑥2 are the x coordinates of the first and second HTS band 

respectively, while 𝐼1 and 𝐼2 are the currents flowing through them. 𝑉(𝑡), which arises 

from 𝛻𝜙, is not a function of the position because of the hypothesis 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 𝑅1 and 

𝑅2. 

𝑅(𝑥, 𝑡) =  𝐿𝑏𝑎𝑛𝑑𝑠
𝐸0

𝐼𝐶(𝑥, 𝑡)
|
𝐼(𝑥, 𝑡)

𝐼𝐶(𝑥, 𝑡)
|

𝑛(𝑥,𝑡)−1

 ( 12 ) 

Where Lbands is the length of The HTS bands, E0 is a conventional parameter used 

as a criterion for the definition of the conventional critical current Ic (a value of 1 

µVcm─1 is assumed), and the dimensionless n exponent, also known as n-value, is 

chosen to make Eq. ( 12 ) fit the experimental E-J line for a given superconductor. It is 

noted that Ic is a function of the position (x) and time (t) because of the fact that 𝐵𝑦⃗⃗ ⃗⃗  is 

both varying in time and not uniform in space and Ic is a function of the external 

magnetic field (see Figure 5). The same also 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 the hypothesis that 𝐵𝑦⃗⃗ ⃗⃗  is invariant of the position 
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along z (similarly, the emf and V(t) are related to ∂Az/∂t and 𝛻𝜙, respectively). Eq. ( 10 

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

 

Figure 20 Simplified equivalent circuit of the two HTS bands of Figure 19 

Before proceeding with the analysis, it is worth commenting on the elements of 

the equivalent circuit of Figure 20: 

• At a specific instant, emf1 and emf2 differ due to the distinct magnetic field 

values encountered by the two HTS bands at time t. However, over the entire 

period of the external magnetic field, they exhibit the same overall trend, just 

shifted in time. 

• Given the operating conditions, the parallel of the two HTS bands is an open 

circuit, which corresponds to writing 𝐼1 = −𝐼2 at any time. Because of this, it 

can be deducted from Eq. ( 12 ) that 𝑅1 and 𝑅2 exhibit distinct values at a 

specific instant because they depend on different critical currents and the n-

values, which are dependent on the external magnetic field. Similarly to the 

emfs, 𝑅1 and 𝑅2 also exhibit the same time-shifted trend. 

An expression for 𝑉(𝑡) can be found using Millman's theorem [98] on the circuit 

of Figure 20. 

𝑉(𝑡) =  

𝑒𝑚𝑓1(𝑥1, 𝑡)
𝑅1(𝑥1, 𝑡)

+
𝑒𝑚𝑓2(𝑥2, 𝑡)
𝑅2(𝑥2, 𝑡)

1
𝑅1(𝑥1, 𝑡)

+
1

𝑅2(𝑥2, 𝑡)

 ( 13 ) 
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Simple manipulation of Eq. ( 13 ) yields Eq. ( 14 ): 

𝑉(𝑡) =  
𝑅2(𝑥2, 𝑡) × 𝑒𝑚𝑓1(𝑥1, 𝑡)

𝑅1(𝑥1, 𝑡) + 𝑅2(𝑥2, 𝑡)
+ 
𝑅1(𝑥1, 𝑡) × 𝑒𝑚𝑓2(𝑥2, 𝑡)

𝑅1(𝑥1, 𝑡) + 𝑅2(𝑥2, 𝑡)
  ( 14 ) 

Using T to denote the period of variation of the external magnetic field, the 

average of 𝑉(𝑡), here called 𝑉𝑎𝑣𝑒, can be computed over a cycle as in Eq. ( 15 ). 

𝑉𝑎𝑣𝑒 =
1

𝑇
∫
𝑅2(𝑥2, 𝑡) × 𝑒𝑚𝑓1(𝑥1, 𝑡)

𝑅1(𝑥1, 𝑡) + 𝑅2(𝑥2, 𝑡)
𝑑𝑡

𝑇

0

 +  
1

𝑇
∫
𝑅1(𝑥1, 𝑡) × 𝑒𝑚𝑓2(𝑥2, 𝑡)

𝑅1(𝑥1, 𝑡) + 𝑅2(𝑥2, 𝑡)
𝑑𝑡

𝑇

0

  ( 15 ) 

Since the magnetic field that generates the emfs is periodic, if the resistances were 

constant in time 𝑉𝑎𝑣𝑒would be obviously equal to zero.  

𝑉𝑎𝑣𝑒 =
1

𝑇
×

𝑅2
𝑅1 + 𝑅2

×∫𝑒𝑚𝑓1(𝑥1, 𝑡)𝑑𝑡

𝑇

0

 +  
1

𝑇
×

𝑅1
𝑅1 + 𝑅2

×∫𝑒𝑚𝑓2(𝑥2, 𝑡)𝑑𝑡

𝑇

0

= 0 ( 16 ) 

Eq. ( 16 ) is no surprise, as it describes what happens in every conventional system 

of type of Figure 19 without superconductors involved. Differently, Eq. ( 15 ) could 

yield a non-zero average output voltage as a consequence of the time dependent non-

linear resistances inside the integral. It is highlighted that the presence of both the two 

HTS bands is necessary for producing the voltage rectification. In fact, if only the HTS 

band number one was present, the equivalent circuit of Figure 20 would only include 

its corresponding branch. Consequently, and since no transport current is considered, 

𝑉𝑎𝑣𝑒 would change according to Eq. ( 17 ). 

𝑉𝑎𝑣𝑒
𝑠𝑖𝑛𝑔𝑙𝑒 𝐻𝑇𝑆 𝑏𝑎𝑛𝑑

=
1

𝑇
∫𝑒𝑚𝑓1(𝑥1, 𝑡)𝑑𝑡

𝑇

0

= 0  ( 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, a possible 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 Lload) 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 phases depicted in Figure 21.  

 

(a) 

 

(b) 

Figure 21 Ideal flux pumping operation of two HTS bands experiences a travelling magnetic field 

waveform: (a) band number one experiences a positive emf and limited suppression of superconductivity 

while band number two experiences a negative emf and strong suppression of superconductivity (ideally 

represented by being open circuited), current of the load coil (Lload) increases as a result of a positive 

voltage V(t), and (b) the two HTS bands have swapped operating conditions, V(t) remains positive, 

hence the energization of the load coil continues. 

In the first phase (a), the magnetic field waveform produces opposite emfs in the 

HTS bands (positive emf1 and negative emf2) 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 emf). The impact of 

the field on the critical current of the bands results in 𝑅2 >> 𝑅1, which can be 

approximated in the equivalent circuit by making 𝑅2 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. 

lim
𝑅2
𝑅1
→∞

𝑉(0) =  𝑒𝑚𝑓1(𝑥1, 0)  ( 18 ) 

However, as soon as the current in the load coil increases and starts to be non-

zero, 𝑉(𝑡) diverges from 𝑒𝑚𝑓1(𝑥1, 𝑡) and can be found through simple circuit analysis 

of Figure 21.a 

𝑝ℎ𝑎𝑠𝑒 (𝑎) 𝑓𝑜𝑟 𝑡 > 0, lim
𝑅2
𝑅1
→∞

𝑉(𝑡) = 𝑒𝑚𝑓1(𝑥1, 𝑡)  − 𝑅1(𝑥1, 𝑡) × 𝐼(𝑡) ( 19 ) 

Eq. ( 19 ) implies that during phase (a), as the current in the load coil 𝐼(𝑡) increases 

(following a first order transient trend), the output voltage delivered by the flux pump 

decreases because of the voltage drop occurring on 𝑅1. At some point during the cycle, 

in the considered scenario 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 the emfs of the vertical 

branches have swapped values: now emf2 is positive and emf1 is negative, while 𝑅1 >> 

𝑅2. Similarly to phase (a), 𝑅1 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 𝑉(𝑡) is still positive and is 

caused by the circuit branch corresponding to the HTS band number two. 

𝑑𝑢𝑟𝑖𝑛𝑔 𝑝ℎ𝑎𝑠𝑒 (𝑏),    lim
𝑅1
𝑅2
→∞

𝑉(𝑡) = 𝑒𝑚𝑓2(𝑥2, 𝑡)  − 𝑅2(𝑥2, 𝑡) × 𝐼(𝑡)  ( 20 ) 

It can be seen in Eq. ( 20 ) that as 𝐼(𝑡) keeps increasing, 𝑉(𝑡) continues its 

decreasing trend. The coil load energization will stop when the emf is equal to the 

voltage drop on the resistance of the corresponding branch. Therefore, an expression 

for the maximum current 𝐼(𝑡) could be derived from Eq. ( 20 ) or ( 19 ) by simply setting 
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𝑉(𝑡) = 0. 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 (Lflux pump) that was included 

in the circuit of Figure 2 to account for the magnetic energy linked to the current 

flowing in the branch containing switch S1. This resulted in transient sub-phases where 

the current redistributed between the branches of S1 and S2. It is also reminded that in 

the circuit of Figure 2, in which ideal switches were assume, any dissipation was 

neglected, hence no resistance was included in the scheme. On the other hand, no 

inductance is present in the circuit of Figure 20 because the field contribution due to 

the currents in the bands was neglected, leaving the resistances to be the only cause of 

current saturation of the flux pump. The same approximation is reasonable also if an 

entire tape is considered instead of two bands (as it is for practical systems and is 

generalized later in this section). It should be evident by now that the equivalent circuit 

of Figure 2 can be used to describe the voltage rectification typical of flux pumps but 

is only suitable for predicting the operating mechanism of transformer rectifiers. For 

this topology of flux pumps, the influence of the Lflux pump 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 

qualitative 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 21 that make Eq. ( 19 ) or ( 20 ) not useful on a practical level. These idealizations 

can be summarized as follows: 

• The waveforms of emf1 and emf2 are shifted in time of half a period, meaning 

only one is positive at a time. 
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• Resistances 𝑅1 and 𝑅2 always assume their maximum value when the 

corresponding emf in series is negative, whereas they assume their minimum 

value when the corresponding emf in series is positive. 

• For large 𝑅1 or 𝑅2, its corresponding equivalent circuit parameter is an open 

switch. 

In practical scenarios, the emfs 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 𝑅1 and 𝑅2 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 a strong 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 sections 1.3 and 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 𝐼(𝑡) (current ripple), and the reduction of 

the core effect of the flux pump, that is the cycle average of 𝑉(𝑡). 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 inhibited 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 𝑉(𝑡) over a 

period. Mathematically, it can be observed that achieving a dominant positive term in 

Eq. ( 14 ) is also achievable, 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 emfs variations and 

resistance changes reveals how the dynamo and linear flux pumps operate 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 bands to one continuous 

tape can be carried out now. Consider an analogue case of Figure 19 where the two 

HTS bands are replaced by one HTS tape whose surface lies in the xz 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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Figure 23 Simplified equivalent circuit of the HTS tape of Figure 22. 

Where branches for bands between 3 and n−1 are not shown for simplicity. Using 

Millman’s theorem on the circuit of Figure 23 to find 𝑉(𝑡) yields Eq. ( 21 ). 

𝑉(𝑡) =  

∑
𝑒𝑚𝑓𝑖(𝑥𝑖, 𝑡)
𝑅𝑖(𝑥𝑖, 𝑡)

𝑛
𝑖=1

∑
1

𝑅𝑖(𝑥𝑖, 𝑡)
𝑛
𝑖=1

 ( 21 ) 

Similarly to Eq. ( 15 ), the non-linear relationship between the resistances and the 

applied magnetic field makes them time-varying, thereby leading to a nonzero average 

of 𝑉(𝑡) 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 in Figure 22 is 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 resistances 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 emf and 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 dynamos operate, as well as any travelling wave flux pump. 

1.4.2. HTS dynamos state of the art 

The concept of the 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 2D schematic of 

the dynamo. 
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(a) (b) 

Figure 24 (a) The flux pump and the superconducting circuit are contained within a styrofoam box, and 

during operation, the entire assembly is submerged in liquid nitrogen, and (b), Diagram illustrating the 

flux pumping method: The disk housing the permanent magnets rotates above the HTS tape [76]. © 

[2011 IEEE 

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 600 s. 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 40 nΩ) and the 

intrinsic resistance of the HTS tape of the dynamo. 



 

50 

 

 

Figure 25 Current, displayed on the left scale, and magnetic field, shown on the right scale, are 

illustrated within the coil. The field reverses its orientation whenever the disc's rotation changes 

direction. In both directions, the coil is energized to 48 A [76]. © [2011 IEEE 

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 and the HTS 

tape, which hereafter 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 incomplete suppression 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 inhibited. 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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(a) (b) 

Figure 26 (a) Squirrel Cage Dynamo stator components, and (b), schematic of the rotor [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 characteristics: 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 section 1.4.1 in 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 velocities 

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. 

  

(a) (b) 

Figure 28 (a) Squirrel Cage Dynamo output power, and (b), Squirrel Cage Dynamo efficiency [87]. © 

[2020] IEEE 

The most important observations that can be derived from the experimental 

results of Figure 28 are listed below: 
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• 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). 

• 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). 

• 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 a travelling 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 

“linear” category. The schematic of a linear flux pump is depicted in Figure 29. 

 
 

(a) (b) 

Figure 29 Schematic of a linear flux pump. (a) HTS tape and travelling magnetic field B. (b) layout of 

a possible ferromagnetic core to embed the set of coils used for producing the traveling magnetic field on 

the HTS tape. In principle the ferromagnetic core is not necessary, different from the set of excitation 

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 mm×12 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. 

 

Figure 30 3D structure of the flux pump of [106] connected to a superconducting coil. The 

superconducting tapes are sandwiched between the air gap of the magnetic poles, and a 

superconducting coil is secured to the supporting plate. © IOP 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 coils of [106], utilizing 5 Hz 

frequency, 2.1 A amplitude, and a 60-degree phase shift between adjacent poles. © IOP 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 32.a and Figure 32.b 

respectively. 
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(a) (b) 

Figure 32 (a) Impacts of a unipolar sinusoidal wave, trapezoidal wave, and triangular wave with a 

frequency of 5 Hz, and a peak of 2.1 A as copper coil current on the magnetization of the rectangular 

coil [106], and (b), impact of the copper coils currents frequency on the pancake coil magnetization 

[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 voltage 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, when 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 enclose six 12 mm-wide HTS tapes. The 

travelling wave in the air gaps has five active poles. The flux pump also comprises a 

total of 12 HTS tapes, each connected in a single loop and in parallel with each other, 

immersed in a liquid nitrogen bath at 77 K during operation. The pumped current in 

the 12 HTS tapes is 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. 

 

Figure 33 The kilo-amp linear type flux pump of [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 T were attempted, even if they do not provide 

measurements of the actual field profiles 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 to assume 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 was measured 

during the experiments, therefore the theory of low output voltage remains 

unconfirmed. 

 

Figure 34 The total amount of current pumped by the 12 HTS tapes was measured under different 

air gap magnetic field intensities. The maximum pumped current of 1619 A was recorded. [115]. © 

[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 a linear flux pump. Moreover, the lack of 

experimental data regarding the losses of the linear 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, that a certain amount of dissipation is 

inherent in flux pumps, 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]. 
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2.Chapter 2: Development of a validated 

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 2.1.6 of this chapter has 

been published in: 

Morandi, A., Russo, G., Fabbri, M., & Soldati, L. (2022). Energy balance, efficiency and operational 

limits of the dynamo type flux pump. Superconductor Science and Technology, 35(6), 065011.  

DOI 10.1088/1361-6668/ac662e 

Much of sections 2.2, 2.2.1, 2.2.2, 2.2.3, 2.2.4, 2.2.5, 2.2.6, and 2.2.6 of this chapter 

has been published in: 

Russo, Giacomo, et al. "Artificial intelligence-based models for reconstructing the critical current 

and index-value surfaces of HTS tapes." Superconductor Science and Technology 35.12 (2022): 124002.  

DOI: 10.1088/1361-6668/ac95d6 

And much of sections 2.3, 2.4, and 2.5 of this chapter has been published in: 

Russo, Giacomo, and Antonio Morandi. Evaluation 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 the flux pump’s main purpose 

is the energization of HTS magnets, the ability to predict the charging dynamic and 

the steady state coil’s current, as well as the current ripple, is the mandatory step for 

the design of flux pump device of interest in practical applications. 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 which the 

device can operate as a generator, delivering electric power to the load and absorbing 

https://iopscience.iop.org/article/10.1088/1361-6668/ac662e/meta
https://iopscience.iop.org/article/10.1088/1361-6668/ac95d6/meta
https://www.mdpi.com/1996-1073/16/21/7244
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input power, are also crucial 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 sections of 2.1, a volume integral equation (VIE) method for modelling 

flux pumps is developed and described. The finite 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 takes 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 . 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 I 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 terminal 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 I 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 I = 0.  
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2. RL load – the flux pump is connected to an HTS coil. Electrically, this is 

equivalent to an external RL load where with resistance Rext 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 limit case in which Rext = 0 and Lext = 0, though this 

operating condition has no practical interest. In this work we consider a 

superconducting coil with 0.24 mH inductance and 0.88  resistance due to 

joints, as in [133]. Besides the joints, no further resistive effects are considered 

for the HTS coil. 

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 schematic section 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), aPM 6 mm 

Height of the PM, bPM  12 mm 

Depth of the PM, lPM 12.7 mm 

Remanence of the PM, Br 1.25 T 

Width of the HTS tape, atape 12 mm 

Thickness of the HTS layer, bHTS 1 m 

Critical current (77K, self field), Ic  283 A 

n value 20 

External radius of the rotor, Rrotor 35 mm 

Airgap between the PM and the HTS tape,  3.7 mm 

Frequency of rotation of the PM, f  

Angular velocity of the PM,  

25 Hz (1500 rpm) 

157.08 rad/s  
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(a) (b) 

Figure 35 (a) 3D view of the flux pump connected to the external component. (b) schematic 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 

PM. As a consequence, the Faraday’s law at any point in the superconductor gives 

[135]: 

𝐸 = −
𝜕𝐴𝐽

𝜕𝑡
− 𝑣 × 𝐵𝑃𝑀 − 𝛻𝜙  ( 22 ) 
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where 𝐴𝐽 is the vector potential of the currents of the superconductor, 𝐵𝑃𝑀 is the 

field of the permanent magnet (PM), v is the velocity of 𝐵𝑃𝑀 at the considered point 

and 𝜙 is the electric scalar potential. It is specified that term −𝑣 × 𝐵𝑃𝑀 in equation ( 22 

) can be replaced by −
𝜕𝐴𝑃𝑀

𝜕𝑡
, where 𝐴𝑃𝑀 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. 

𝜌(𝐽)𝐽 = −
𝜕𝐴𝐽

𝜕𝑡
− 𝑣 × 𝐵PM − 𝛻𝜑  

with 𝜌(𝐽) =
𝐸0

𝐽𝑐
(
𝐽

𝐽𝑐
)
𝑛−1

 

( 23 ) 

For now, Jc is taken constant. Based on Eq. ( 23 ), a 2D 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 in Figure 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 longer 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 𝐴𝐽 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  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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𝑣 = 𝜔𝑖𝑧 × 𝑟  ( 24 ) 

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

expressing the Faraday’s law for the infinite long case depicted earlier and by using 

Eq.( 24 ) we obtain. 

𝜌(𝐽)𝐽 = −
𝜕𝐴𝐽

𝜕𝑡
− 𝜔𝑟 ⋅ 𝐵PM − 𝛻𝜑 ( 25 ) 

It can be seen from Eq.( 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. 

𝑀̿
𝑑𝐼𝑤̅
𝑑𝑡

= − 𝑅̿𝐼𝑤̅ + 𝑢̅ − 1̅𝛻𝜑 ( 26 ) 

where 𝐼𝑤̅ is the set of currents of the thin wires, 1̅ is a column vector of as many 

ones as the number of thin wires of the subdivision, 𝑀̿ is the matrix of self/mutual 

induction coefficients, 𝑅̿ is the diagonal matrix of resistances, 𝑢̅ is the vector of 

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

by 
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𝑚ℎ𝑘 =
𝜇0
4𝜋
∫ ∫ ln

1

|𝑟 − 𝑟′|2
 𝑑𝑆′

𝑆𝑘

 𝑑𝑆
𝑆ℎ

 

𝑟ℎℎ = 𝜌 (
𝐼ℎ
𝑆ℎ
)
1

𝑆ℎ
, 𝑟ℎℎ = 0   if   ℎ ≠ 𝑘 

𝑢ℎ = −𝜔
1

𝑆ℎ
∫ 𝑟 ⋅ 𝐵PM 𝑑𝑆
𝑆ℎ

 

( 27 ) 

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

lPM of the permanent magnet, the following equation is finally obtained. 

𝑙𝑃𝑀𝑀̿
𝑑𝐼𝑤̅
𝑑𝑡

= − 𝑙𝑃𝑀𝑅̿𝐼𝑤̅ + 𝑙
𝑃𝑀𝑢̅ − 1̅𝑉 ( 28 ) 

Where V is the voltage across the flux pump (𝑙𝑃𝑀𝛻𝜑), and the total current I 

circulating in the flux pump, and in the external component connected to it, is given 

by the sum of currents of the wires (1̅t𝐼𝑤̅). V ad I are depicted in Figure 35.a.  

Eq. ( 28 ) corresponds to 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 I and subject to the voltage V of the flux pump. In order to solve 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 Eq. ( 28 ) form an algebraic-differential system that can be 

solved yielding, at any instant, the current distribution within the flux pump (vector 

𝐼𝑤̅) and the voltage V across it. Once the voltage V is calculated at any instant, the 

average value in one period T =2 / of rotation can be defined as: 
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𝑉𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =
1

𝑇
∫ 𝑉(𝑡′)𝑑𝑡′
𝑡+𝑇

𝑡

 ( 29 ) 

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

V across it is subject to 

𝑉 = 𝑅𝑒𝑥𝑡𝐼 + 𝐿𝑒𝑥𝑡
𝑑

𝑑𝑡
𝐼 ( 30 ) 

Hence, by substituting ( 30 ) in ( 28 ) and by using the condition of 𝐼 =  1̅t𝐼𝑤̅, the 

following differential equation is obtained which allows to calculate the current 

distribution (vector 𝐼𝑤̅) at any instant. 

(𝑙𝑃𝑀𝑀̿ + 𝐿𝑒𝑥𝑡1̅
t1̅)

𝑑

𝑑𝑡
𝐼𝑤̅ = −(𝑙

𝑃𝑀𝑅̿ + 𝑅𝑒𝑥𝑡1̅
t1̅)𝐼𝑤̅ + 𝑙

𝑃𝑀𝑢̅ ( 31 ) 

The voltage V of the flux pump can be obtained afterward by using equation ( 30 

), or one of the equations of 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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(a) (b) 

Figure 36 Finite element based equivalent circuit of the flux pump (a) connected to a current source (b) 

connected to an RL load. 

For stating the energy balance, the Faraday’s law is rewritten in the following 

vector form: 

𝜌𝐽𝑖𝑧 = −
𝜕𝐴𝐽𝑖𝑧
𝜕𝑡

− (𝜔𝑖𝑧 × 𝑟) × 𝐵
PM − 𝛻𝜑𝑖𝑧 ( 32 ) 

After scalar multiplication by the vector current density 𝐽𝑖𝑧 and integration over 

the volume occupied by the active length of the flux pump of Eq. ( 32 ), the final energy 

balance of Eq. ( 33 ) is obtained. 

−𝑇𝑚𝑒𝑐𝑐𝜔 = 𝑉𝐼 + 𝑃𝐽 +
𝑑

𝑑𝑡
𝑊mag ( 33 ) 

where PJis the total joule loss occurring in the superconductor (attributed to 𝑅̿ in 

the discretized form), Wmag is the stored magnetic energy (attributed to 𝑀̿ in the 

discretized form) and T𝑚𝑒𝑐𝑐 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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T𝑚𝑒𝑐𝑐 = l
PM∫(𝐽𝑖𝑧 × 𝐵

PM) × 𝑟𝑑𝑆
𝑆

 ( 34 ) 

Eq. ( 33 ) states that, at any instant, the mechanical power −T𝑚𝑒𝑐𝑐ω supplied to 

the rotor is transferred, up to the dissipation Pjoule 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 VI. Since during cyclic operation no net change 

of the magnetic energy occurs, the net mechanical energy Emechanical supplied 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 Ejoule the transferred electrical energy and the 

dissipated energy respectively, the efficiency of the flux pump can be defined as 𝜂 in 

Eq. ( 35 ). 

𝜂 =
𝐸

𝐸mechanical
=

𝐸

𝐸 + 𝐸joule
=

∫ 𝑉𝐼𝑑𝑡′
𝑡+𝑇

𝑡

−∫ 𝜔𝑇𝑑𝑡′
𝑡+𝑇

𝑡

 ( 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 subdivisions along the tape width and 1 subdivision along the layer’s thickness. The 

use of only one subdivision along the thickness is equivalent to assuming the thin sheet 

approximation for the superconductor’s current. More subdivisions can be used for 

modeling the distribution of the current along the layer’s thickness into account. It was 

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 FEM-based equivalent circuit of 

Figure 36, corresponding to terms uh in Eq. ( 27 ). They apply both for the current 

driven operation (Figure 36.a) and for the RL load (Figure 36.b). The curves shown in 

Figure 37 refer to elements of the subdivision lying at various positions along the tape’s 

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 the terms uh 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 corresponding magnetic 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 waves, it is not a necessary requirement for every flux 

pump to work, as the synchronous electromotive force and local resistance variations 

in HTS tapes that produce voltage rectification according to the mechanism discussed 

in section 1.4.1 can be produced with a magnetic field that has zero average value 

during one period. This is actually the case of HTS dynamos, 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 this it 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  of 3.7 mm -– see Figure 

35.b). Electromotive forces referring to symmetric positions during the rotation (e.g., 
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begin and end of the tape, or ¼ and ¾ of the tape’s width) have the same (mirrored) 

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.  

 

Figure 37 Electromotive force induced by the PM during one rotation cycle at various position along 

the tape’s width (see Figure 35.b). The curves shown refer to the right end of the tape, ¼ of the width 

from the right, ½ of the width, at ¾ of the width from the right and to the left end of the tape. The 

minimum and the maximum emf occurring in the tape at any instant are also shown by means of 

dotted and dashed lines respectively. 

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

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

I = 0. Results shown refer to the case where first the transport current is applied and 

after the rotation is started, and more in particular: 

• The impressed current is linearly increased from zero to its final DC value I 

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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• A resting interval, lasting one revolution, is applied after reaching the final 

value I. No rotation of the PM occurs during this interval.  

• The PM starts to rotate after the resting interval while the impressed current 

is kept constant to the final value I. 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 I impressed by the external source in the range 

from −20 A to +50A. The open circuit voltage of the flux pump, corresponding to I = 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 in Figure 

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 (see Figure 37), the terminals’ 

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 Vaverage of 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 38, the terminals’ voltage of the flux pump is characterized by a 

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 I = 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 µV, 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 at I = I0 = 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 -– I0], 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 I and V (see Figure 35.a), a positive average power Paverage = 

Vaverage×I is delivered in one period by the flux pump, that operates in generator mode. 

However, if the DC impressed current is increased beyond I0, the average voltage at 

the terminals reverses and the average delivered power becomes negative, meaning 

that the power is absorbed by the flux pump. Hence, value I0 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 I0 and 

should not be interpreted as the short circuit current of the flux pump, but the limit of 

its generation ability instead. 
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Figure 38 Terminal voltage V of the flux pump versus time in one cycle for various values of impressed 

DC current I. The black curve, corresponding to I=0, is the instantaneous open circuit voltage of the 

flux pump. The insert of the figure shows the detail of the waveform in a more restricted time interval. 

The monotone decrease of the terminal voltage with increasing current, visible in the insert, is 

observed at all instants of the cycle. 
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Figure 39 Time integral of the terminal voltage V of the flux pump during one cycle for various values 

of impressed DC current I. 
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Figure 40 Average voltage Vaverage of the flux pump in one cycle for various values of impressed DC 

current I. The dotted line represents the linear V-I trend intersecting the I and V axis at points (I0, 

0) and (0, V0) respectively. 

The open circuit voltage, corresponding to the operation of the flux pump with 

no impressed DC current (I = 0), is denoted with V0 in Figure 40 and is 58.9 µV. The 

flux pump can only operate in the generator mode if the operating point lies in the first 

quadrant of the I-Vaverage plane, with both positive current and voltage. This only occurs 

if the impressed current is in the range [0 - I0] and the corresponding average voltage 

is in the range [V0 - 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-Vaverage plane, 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: 

• 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 I0 (34.2 A) for which power 

generation is possible is much lower than the critical current Ic of the tape 

(283 A – see Table 1). Supplying power to a load requiring a current greater 

than I0 is not possible by means of the flux pump. It is stressed that, for fixed 

air gap and angular velocity, I0 is 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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Figure 41 Average voltage Vaverage of the flux pump rotating at 157.08 rad/sec (25 Hz) compared 

with the voltage developing at the tape’s terminal in case of no rotation over a wide range of impressed 

DC currents. The dotted line represents the linear V-I trend intersecting the axes at points (I0, 0) and 

(0, V0) as in Figure 40. 

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: 

• the total joule heating Pjoule produced, at any instant, within the tape.  

• the mechanical power Pmechanical that must be supplied to the rotor for 

maintaining the rotation. 

• the change rate Pmagnetic 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 loss Pjoule and, at the same time, a non-zero average voltage at the 

terminals Vaverage = V0 = 58.9 µV. 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 rotor, which requires 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 heat in the tape. When the flux pump operates with a 

DC impressed current I = 17.1 A (the half of I0 – 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-I curve 

in the first quadrant). The instantaneous power exchange with the external component 

can be both positive and negative. Nevertheless, a positive average voltage Vaverage = 

30.1 µV is developed across the terminals, caused by the nonlinear E-J 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 as Vaverage×I). 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 

I0 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 dissipation into the tape. 

 

Figure 42 Power terms of the flux pump during one rotation cycle for different values of the DC 

impressed current. 
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Figure 43 Energy terms of the flux pump during ten rotation cycles for different values of the DC 

impressed current. The dotted line corresponds to the energy exchanged by the flux pump with 

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 I 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 corresponding 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. 

 

Figure 44 Profiles of current density and power density (E×J) along the tape at t=20 ms (half cycle, 

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 I = 17.1 A) an efficiency of 0.39 % is obtained. To further assess the energy 

performance of the flux pump, the average joule power, terminals’ power and 

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: 

• 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 – I0]. 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. 

• 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 (I0 /2). 

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

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

the thesis to dedicate a specific section 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 DC 

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 pointed out that both the instantaneous 

voltage V and the average voltage Vaverage are, strictly speaking, affected by the total 
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current I of the flux pump. To discuss the possible effects of this dependence, these 

two quantities are denoted with V(t,I) and Vaverage(I), respectively, in the following. It is 

observed in Figure 38 that, 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: 

𝑉(𝑡, 𝐼) = 𝑉(𝑡, 0) − 𝑅(𝑡, 𝐼)𝐼 ( 36 ) 

where R is a parameter that depends, in general, both on t 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.  

𝑉average(𝐼) = 𝑉0 − 𝑅effective(𝐼)𝐼 ( 37 ) 

in which V0 is the average voltage in open circuit (no load) condition (V0 = 58.9 

µV - Figure 40) and Reffective is a parameter referred to as effective resistance of the flux 

pump and defined as: 

𝑅effective(𝐼) =
∫ 𝑉(𝑡′, 0)𝑑𝑡′
𝑡+𝑇

𝑡
− ∫ 𝑉(𝑡′, 𝐼)𝑑𝑡′

𝑡+𝑇

𝑡

𝐼
=
𝑉0 − 𝑉𝑎𝑣𝑒𝑟𝑎𝑔𝑒(𝐼)

𝐼
 ( 38 ) 

From Figure 40 and Figure 41 a linear dependence of Vaverage(I) is observed over a 

wide range of impressed currents. This trend applies for an operating current 

approximately within the interval from −100 A to +100 A (see Figure 41). Thus, within 

this linear interval, the following expression can be introduced for the average 

terminal voltage. 

𝑉𝑎𝑣𝑒𝑟𝑎𝑔𝑒(𝐼) = 𝑉0 −
𝑉0
𝐼0
𝐼 ( 39 ) 

By substituting ( 39 ) in ( 38 ), Eq. ( 40 ) is obtained. 
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𝑅effective =
𝑉0
𝐼0
,   independent of 𝐼 ( 40 ) 

An effective resistance Reffective =1.73μΩ is obtained from the values of V0 and I0 for 

the considered flux pump. Consistently with the results of Figure 40 and 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 Reffective in the following. It is now assumed 

that, provided that the current I is in the linear interval from −100 A to +100 A, the 

constant effective resistance Reffective 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,I) in Eq. ( 36 ) can be replaced with 

the constant resistance Reffective giving: 

𝑉(𝑡, 𝐼) = 𝑉(𝑡, 0) − 𝑅effective𝐼 ( 41 ) 

Based on Eq. ( 41 ) the empirical equivalent circuit of Figure 46 is obtained. It is 

stressed that replacing R(t,I) with a constant Reffective is a 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.a in 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 empirical equivalent circuit of Figure 

46.b is introduced. As a novel addition, in this circuit a resistor Rintrinsic 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 Pjoule0 with the average joule dissipation in one cycle 

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

𝑃𝑗𝑜𝑢𝑙𝑒0 =
∫

𝑉2(𝑡, 0)
𝑅intrinsic

𝑑𝑡′
𝑡+𝑇

𝑡

𝑇
 

( 42 ) 

which finally gives 

𝑅intrinsic =
𝑉rms0
2

𝑃joule0
 ( 43 ) 

where Vrms0 is the rms value of the open circuit voltage V(t,0), that for the 

considered flux pump is 2.2 mVrms. By considering the average dissipation of 135.9 mW 

in no load condition an intrinsic resistance Rintrinsic = 34.2 μΩ is obtained for the flux 

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 Rintrinsic does not produce any effect. The same 

behavior is predicted for an external component connected to both circuits. During DC 

operation with impressed current I the average power in one cycle at the terminals 

follows the parabolic dependence given by Pterminals =V0×I − Rexternal×I^2 for both the circuits 

and is maximum at I = I0/2. The difference only exists in the average power delivered 

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

𝑃source(partial) = 𝑉0𝐼 = 𝑉𝐼 + 𝑅effective𝐼
2 = 𝑃terminals + 𝑅effective𝐼

2 

𝑃source(complete) = 𝑉0𝐼 +
𝑉rms0
2

𝑅intrinsic
= 𝑉𝐼 + 𝑅effective𝐼

2 +
𝑉rms0
2

𝑅intrinsic
=

= 𝑃terminals + 𝑅effective𝐼
2 + 𝑃joule0⏟            

overall joule dissipation

 

( 44 ) 

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 

𝜂(complete) =
𝑃terminals

𝑃source(complete)
=

𝑃terminals
𝑃terminals + 𝑅effective𝐼2 + 𝑃joule0

 ( 45 ) 

  

(a) (b) 

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

circuit of the flux pump taking internal dissipation into account. 

The average joule power, terminals’ power and mechanical power in one cycle 

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 increasing operating 

current, indicating that the circuit cannot be employed at high operating currents, 

outside the identified linear interval from −100 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. 

 

 

Figure 47 Average power per cycle and efficiency of the flux pump calculated by means of the complete 

equivalent circuit of Figure 46.b. FEM based data are also 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 Lext = 0.24 mH and resistance Rext = 0.88 μΩ 

(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 2.1.2 and by means of the complete equivalent circuit of section 2.1.5 are 

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 Rintrinsic in the circuit of in Figure 48.a, the same current in 

the coil is obtained. Including Rintrinsic 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 V0 of the voltage V0 (t,0) across the flux pump 

terminals in open circuit conditions. A final current If = V0/(Reffective + Rext) = 22.62" A" is 

injected into the coil by the flux pump, following the exponential charging law of the 

RL circuit with a time constant τ = Lext/(Reffective + Rext) = 92.16 s. Here the equivalent circuit 

is used to capture the full time domain behavior to the coil’s current, including the 

ripple. This is achieved by using a time changing voltage source which implements 

the full time evolution of the open circuit V0 (t,0) voltage at any instant of one cycle, 

and replicating it in all simulating cycles.  
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(a) (b) 

Figure 48 (a) Complete equivalent circuit of the flux pump connected to a RL load (b) Current of the RL 

load. 

Figure 49 shows the detail of the current during 5 cycles after instant t = 0 

(corresponding to current I = 0), and after instant t = 150 s (corresponding to current I 

= 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,I) 

with a constant Reffective in 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 

V0 is used in the equivalent circuit, to assess a consistent energy balance of the flux 

pump Rintrinsic must be redefined as: 

𝑅intrinsic =
𝑉0
2

𝑃joule0
 ( 46 ) 
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(a) (b) 

Figure 49 Detail of the current during 5 cycles after instant t=0 (when the current is null (a)), and after 

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

It was shown earlier that, beyond I0, an average negative voltage appears on the 

flux pump that enters the dissipative mode. I0 sets 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 and Lext = 0. It can be observed in Figure 50.a that it changes periodically from 

−400 A to +400 A, resulting in a mean current of 225.9 A. In contrast, the current 

obtained by putting Rext = 0 and Lext = 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 % above Ic. 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. 

  

(a) (b) 

Figure 50 Total transport current flowing in the flux pump tape in case of short circuit operation (a)  

calculated by means of the fem model (b) calculated by means the equivalent circuit. 

In the next sub sections, interpolators base on artificial intelligence (AI) 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. 

2.2. AI models for reconstructing the critical current and n-value 

surfaces of HTS tapes 

The critical current Ic, as well as the index value known as n-value, of practical 

high temperature superconducting (HTS) tapes, depends on the magnitude of the 

magnetic field B acting on tape, field orientation θ with respect to the tape surface, and 

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 Ic(B,θ,T) and n(B,θ,T) functions. The most 

common way to include the Ic(B,θ,T) dependence 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 one, an alternative method 

to address the problem of the determination of the Ic(B,θ,T) and n(B,θ,T) relations 

using Artificial intelligence (AI) 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, 

“High-Temperature SuperConductivity for AcceLerating the Energy Transition” 

funded by EU commission [142].  

Like any other AI task, an adequately large and representative dataset is required 

to properly train a model. Therefore, the publicly open, accessible database of “High-

Temperature Superconductor critical current data” provided by the Robinson 

Research Institute (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 been chosen for applying the same approach 

to the corresponding data. The complete dataset that we used in this work is composed 

of 14747 combinations of critical current (Ic), critical current per unit width (Icw), 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° 

to 240°, where θ = 0° corresponds to the field applied perpendicular to the tape 

surface). The dataset was randomly decomposed into two sets, one dedicated to 

developing the 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 AI method that reaches the best performance for any problem a priori does 

not exist, different AI techniques were chosen and their performance was evaluated. 

Three AI-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 (R2) were used 

for practical reasons [145].  

𝑅𝑀𝑆𝐸 = √
∑ (𝑦𝑖 − 𝑥𝑖)2
𝑛𝑠
𝑖=1

𝑛𝑠
 ( 47 ) 

𝑅2 =
∑ (𝑥̅ − 𝑥𝑖)(𝑦̅ − 𝑦𝑖)
𝑛𝑠
𝑖=1

√∑ (𝑥̅ − 𝑥𝑖)2∑ (𝑦̅ − 𝑦𝑖)2
𝑛𝑠
𝑖=1

𝑛𝑠
𝑖=1

 
( 48 ) 

where, xi is the actual value, yi is the predicted value, 𝑥̅ is the mean of actual (real 

experimental) values, 𝑦̅ is the mean of predicted values, and ns is 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 optimize the AI models and 

comprehensively investigate their performance dependence on their own controlling 

parameters. In fact, the capability of any AI model to extract specific trends from a 

dataset is strictly 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 user-defined 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. Grid-search was applied to the 

training set with a K-fold cross-validation 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 remaining 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 2.2.4 and 2.2.5 the results 

obtained with the three AI techniques are reported. The numerical and visual results 

of the AI models in predicting the targets Icw 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 

each of the three target cases, the quantities B, θ, and T always remain the features of 

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 and 65 K, as they are 

considered relevant and strategic operating temperatures in large-scale power 

applications in applied superconductivity. In subsection 2.2.6 the results of a series of 

sensitivity analyses on controlling parameters of the three proposed AI models are 

shown. 

2.2.1. A brief description of Artificial 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 neurons. To create ANN models based 

on a real neural systems, multiple layers are considered. The very first layer is the 

input layer which 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. 

 

Figure 51 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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Figure 52 Structure of the model of a neuron used in an ANN. 

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

𝑦̂ = 𝑓(𝑊⃗⃗⃗ 𝑇𝑥 + 𝑏) ( 49 ) 

where, 𝑦̂ is the output, 𝑥  is the input vector, f is the activation function, 𝑊⃗⃗⃗  is the 

weights vector, and b is 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 so-called 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 stage, the Levenberg-Marquardt 

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 Ic, or Ic per cm width 

(Icw), or n-value. 

 

Figure 53 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 decision-tree-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 IL (left) and IR (right) from the starting 

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

𝐿𝑠𝑝𝑙𝑖𝑡 =
1

2
(

𝐺𝐼𝐿
2

𝐻𝐼𝐿 + 𝜆
+

𝐺𝐼𝑅
2

𝐻𝐼𝑅 +  𝜆
−

𝐺𝐼
2

𝐻𝐼 + 𝜆
) − 𝛾 ( 50 ) 
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where G is 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 

corresponding node, and λ and γ are regularization parameters [152]. The former 

regularization parameter is intended to reduce the prediction sensitivity to individual 

observations, thus avoiding overfitting. In contrast, the latter determines whether a 

further partition is to be made (the higher γ the more conservative the model will be 

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 I, which returns the higher value of Lsplit, 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 ). 

𝜔𝑗 = −
𝐺𝑗

𝐻𝑗  +  𝜆
 ( 51 ) 

Once the complete decision tree is generated during training, 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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Figure 54 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 l2-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 ). 

𝑂𝑏𝑗𝐾𝑅𝑅  =  
∑ (𝑦𝑖 − 𝑥𝑖)

2𝑛𝑠
𝑖=1

𝑛𝑠
 + ∑𝛽𝑖

2

𝑚

𝑖=1

 ( 52 ) 

where βi is the i-th model parameter, m is the total number of parameters, and yi, 

xi, and ns are the same as explained in Eq. ( 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: 

𝑘𝑅𝑄(𝑥𝑖, 𝑥𝑗)  =  (1 + 
𝑑(𝑥𝑖 , 𝑥𝑗)

2

2𝛼𝑙2
)

−𝛼

 ( 53 ) 

where α is the scale mixture parameter and determines the relative weighting of 

large-scale and small-scale variations, l is the length scale of the kernel, and d(·,·) is the 

Euclidean distance [158]. The best combination of α and l 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 AI models 

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

three AI models. 

Model RMSE R2 

ANN 0.0076 0.99998 

XGBoost 14.01 0.99951 

KRR 73.77 0.98643 

By using ANN, the Icw targets can be estimated with high accuracy at any 

combination of features, as Table 2 reports that RMSE is only 0.0076, R2 is extremely 

close to 1 (i.e. 0.99998), and Figure 55 shows 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 55 is the linear regressions between the 

experimental values of the target belonging exclusively to the testing subset and the 
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predictions of the AI models for the same combinations of B, θ, and T. XGBoost and 

KRR are less accurate, resulting in RMSE equal to 14.01 and 73.77, and R2 equal to 

0.99951 and 0.98643, respectively. 

 

Figure 55 Regression plot for Ic per cm width comparison between experimental values (targets) and 

predictions made by AI models. 

Figure 55 also shows that the KRR performance is negatively impacted by the 

relatively large error for Icw 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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Figure 56 Critical currents per cm width predictions against the experimental data at 20 K and 65 K. 

It is worth mentioning again that the red points labelled as “Model” are predicted 

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 surfaces 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 field magnitude and angle, the 

prediction of the Ic 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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number of tests during which the field angle is iteratively changed from 0° and 240°. 

After a set of experiments at a constant B field is complete, the B field is changed and 

kept constant again until all the whole 0°-240° range of field angle values are explored. 

The fact that the XGBoost is only trained for certain values of B might have biased the 

model towards the production of the bushes. Figure 57 shows the relative error of the 

AI models over the whole B-θ grid at 20 K and 65 K are shown to quantify and detect 

the weak regions for the operation of such models. Figure 57 underlines the limits of 

this model in predicting the Ic per cm width in the regions of very large relative errors 

of over 50% at 20 K and over 150% at 65 K. It must be noted that, in the experimental 

dataset, Ic and Ic per unit width dramatically drop at high magnetic fields. For instance, 

at 65 K the maximum value of Icw is 743.52 A/cm at B = 0.02 T and θ = 90°, whereas its 

minimum value is 34.34 A/cm at B = 7 T and θ = 20°. Therefore, the lack of accuracy of 

the model at high fields and temperatures can be explained by such a substantial drop 

in the value of the target; in fact, an absolute error of 30 A/cm would result in a relative 

error of 4% for its maximum value at 65 K and a relative error of 87% for its minimum 

value at the same temperature. 
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Figure 57 Absolute value of the relative error between Icw experimental and predicted data (only 

testing data is considered). 

2.2.5. Results of the evaluation of the n-value using the AI models 

Table 3 Performance metrics comparison for the n-value prediction of the three AI 

models. 

Model RMSE R2 

ANN 0.1510 0.98754 

XGBoost 0.8707 0.98263 

KRR 1.974 0.91100 

Table 3 show that, in terms of R2, the performance of all three AI models in 

estimating the n-value is worse than the one achieved for the Icw, showing that the 

trend of this target is more challenging to be intelligently reproduced. In fact, R2 is 

calculated equal to 0.98754, 0.98263, and 0.91100 for ANN, XGBoost, and KRR, 

respectively. Figure 58 shows that ANN predicts large values at 20 K and very low 
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fields. To explain this, it must be underlined that the experimental data at 20 K 

temperature is only available above 0.2 T, which means the surface at this temperature 

is reconstructed even slightly outside of the range of the data that the model was 

trained with. 

 

Figure 58 n-value predictions against the experimental data at 20 K and 65 K. 

2.2.6. Sensitivity analyses on the hyperparameters of the AI models 

A sensitivity analysis is also conducted to evaluate the impact of changes in 

controlling parameters of ANN, including the number of neurons and number of 

hidden layers on the final estimation results, for Ic at 20 K temperature. In general, the 

higher the number of neurons and hidden layers get, the longer the estimation 

computation time for testing the neural network would be. Accuracy would be 

increased as well, and RMSE value reduced. Also, it can be conceived that the increase 

in the number of hidden layers makes the simulations more accurate but slower in 

comparison to the situation that numbers of hidden layers remain constant and only 

the number of neurons increases. Table 4 shows the sensitivity analysis results, which 
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are consistent with all previous statements. The selection of the number of neurons 

and hidden layers is more related to the requirements of the application. For instance, 

if the ANN model is applied to characterize a superconducting device in design stage, 

the highest possible accuracy is needed, and so the most complex ANN model with 

multiple hidden layers and 15 to 20 neurons in each layer could be selected without 

any concerns about estimation computation time. On the other hand, if the ANN 

model is going to be used for real-time condition monitoring purposes or real-time 

modeling of the HTS device, the ANN with lower numbers of hidden layer(s) and 10-

20 neurons in this layer could be selected (depends on the nature of the problem) 

which would not only give us a high accuracy but also characterize the superconductor 

behavior in a much faster manner from a computation time point of view. It should 

also be mentioned that the results for computation time are reported based on running 

the ANN model on a personal computer equipped with Cor™ i7-3612QM 2.1 GHz 

CPU and 8.0 GB RAM, DDR 3. Thus, any improvements in computation resources 

could reduce the simulation time to even less than milliseconds without negatively 

impacting the accuracy of estimation. 
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Table 4 Impact of changes in controlling parameters of the ANN model on the results 

of Ic estimation. 

Hidden layers number Neurons R2 RMSE 
Training computation 

Time (s) 

1 

5 0.98856 0.1434 4.873 

10 0.99287 0.1267 5.436 

15 0.99415 0.1123 7.012 

20 0.99554 0.0965 7.555 

2 

5 0.99738 0.0752 6.559 

10 0.99973 0.0235 8.504 

15 0.99989 0.0152 17.069 

20 0.99988 0.0156 30.778 

3 

5 0.99897 0.0464 7.124 

10 0.99989 0.0157 12.837 

15 0.99993 0.0138 31.786 

20 0.99995 0.0115 85.814 

4 

5 0.9985 0.0532 9.522 

10 0.99982 0.0208 20.122 

15 0.99995 0.0104 64.747 

20 0.99995 0.0113 158.594 

5 

5 0.99935 0.0358 9.476 

10 0.99991 0.0141 27.186 

15 0.99994 0.0114 89.734 

20 0.99997 0.0092 287.384 

Moreover, the stability of estimated results is tested to show that the estimations 

are reproducible and repeatable. In fact, because of its stochastic nature, 

reproducibility of results by ANN cannot be simply taken for granted and it is 

therefore investigated. To do this, the results of Ic estimation at 20 K were studied after 

100 runs. Figure 59 shows the distribution of RMSE and R2 values after 100 repetitions. 

As seen in these figures, the value of R2 is stable during 100 times of simulation and 

changes at a maximum of around 0.005%. On the other hand, for RMSE, it can be 
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observed that the values of RMSE remain lower than 0.02, which is quite acceptable 

for such an estimation purpose. In Figure 59 (a) and (b), mean and standard deviation 

values are also reported. After analyzing Figure 59, stability, reproducibility, and 

repeatability of the estimations by the ANN model can be well guaranteed. This is 

solid proof of the fact that the reported estimated values of Ic, Ic per width, and n-value 

could be achieved by anyone who applies the presented structure of ANN to a 

reasonable amount of data. 

  

(a) (b) 

Figure 59 The stability, repeatability, and reproducibility of ANN results after 100 times of repetition 

of Ic estimation at 20 K temperature for (a) R2 and (b) RMSE. 

Table 5 and Table 6 report the sensitivity analyses results for the XGBoost and 

the KRR, respectively. In both tables, the results corresponding to the tuned 

hyperparameters are highlighted in bold, i.e. λ = 0.2 and γ = 0.6 for the XGBoost model 

and α = 0.15 and l = 1.2 for the KRR. Therefore Table 5 shows the impact of the 

hyperparameters λ and γ on the Ic per cm width prediction over all available data, 

whereas Table 6 is referred to the impact of the hyperparameters α and l on the Ic per 

cm width. As it can see in the tables, differently from the ANN, for both of the two 
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models changing hyperparameter values doesn't affect the computational time of the 

two algorithms. This is related to the fact that these hyperparameters are not 

responsible for the structure of the algorithm, but only for the final results of the 

performance. As for the ANN model, for both XGboost and KRR the R2 metrics is 

almost stable with respect to all possible combinations of the hyperparameters, while 

the best and the worst RMSE are slightly different between the worst and the best 

combination of hyperparameters for both of the two models. 

Table 5 Impact of λ and γ on the Ic per cm width prediction of the XGBoost model. 

𝛾 𝜆 R2 RMSE Computation Time (s) 

0.5 

0.1 0.999431 15.0568 0.849808 

0.2 0.999497 14.1565 0.820797 

0.3 0.999419 15.2112 0.824097 

0.6 

0.1 0.999435 14.9958 0.796851 

0.2 0.999507 14.01 0.792583 

0.3 0.999417 15.2351 0.799748 

0.7 

0.1 0.999434 15.0142 0.8126 

0.2 0.999497 14.1492 0.828052 

0.3 0.999434 15.0067 0.812855 

Both these two sensitivity analyses are carried out with a computer equipped 

with Intel(R) Xeon(R) CPU E5-2620 v3 @ 2.40GHz 2.40 GHz (2 CPUs) and 256 GB RAM. 
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Table 6 Impact of α and l on the Ic per cm width prediction of the KRR model. 

𝛼 𝑙 R2 RMSE Computation Time (s) 

0.05 

0.7 0.981097 86.7479 27.2499 

1.2 0.983074 82.0868 27.2099 

1.7 0.982716 82.9488 27.8582 

0.15 

0.7 0.984281 79.1056 24.7503 

1.2 0.986329 73.7715 26.3436 

1.7 0.985203 76.7509 25.7341 

0.6 

0.7 0.978944 91.556 26.0707 

1.2 0.982994 82.2801 26.6068 

1.7 0.981495 85.8296 26.9218 

2.3. Numerical validation of the final FEM model of travelling field flux 

pumps 

Effective design of flux pumps must rely on accurate modelling. The suppression 

of the critical current Ic of HTS tapes due to the temperature T as well as the magnetic 

field amplitude B and orientation θ has been identified as a major factor that impact 

the overall performance of the flux pump [93] [94], both in terms of output DC voltage 

and efficiency. From here on, θ refers to the relative angle between magnetic field 

vector and the direction perpendicular to the HTS tape, as in [144]. The Jc(B,θ,T) and 

n(B,θ,T) relations are therefore included in Eq. ( 23 ) of the FEM model described in 

section 2.1.2 using the AI models presented in sections 2.2 (and its corresponding 

subsections) after training on the data of [143]. The AI model actually addresses the 

Ic(B,θ,T) relation, from which Jc(B,θ,T) is derived by dividing it by the area cross section 

of the corresponding tape. Since B represents the external magnetic field, the 

aforementioned method neglects the effect of the self-field of the tape, that is implicitly 

involved in the Ic(B,θ,T) dataset from which the AI model is trained. Despite this 

approximation is not expected to affect the conclusions of this section, more accurate 

versions of the model will be developed in the future by directly extracting the proper 

Jc(B,θ,T) relation [140]. 
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The validation of the numerical model is carried out by simulating the flux pump 

apparatus of [79] and by comparing the numerical results with the experimental data 

that is reported in that paper. Considering for the apparatus the same schematic and 

nomenclature of Figure 35, its specifications are listed in Table 7. The flux pump of the 

experimental campaign employs a 12 mm wide HTS tape produced by Superpower, 

whose main characteristics are listed in Table 8. An external electronic current supply 

is connected to the HTS tape of the flux pump to enforce the transport current I during 

the experiments, while voltage taps are used for measuring the voltage V of Figure 

35.a. This occurs when flux pumping is taking place, that is when the HTS tape is 

cooled down to reach the superconducting state and the permanent magnet is rotating 

with angular velocity ω. Different rotation velocities, in the range 178.2 – 1489.8 rpm 

(corresponding to 2.97 – 24.83 Hz) are considered for the rotor in the experimental 

campaign. More details of the experimental set-up and its functioning can be found in 

[79]. The flux pump operation is simulated in current-driven conditions, which means 

that a constant transport current I is assigned in the FEM model (for example, the case 

of open circuit corresponds to I = 0 A).  

Table 7 Main specifications of the reference HTS dynamo flux pump of [79] 

Specification Value 

Width of the permanent magnet (PM), aPM 3.2 mm 

Height of the PM, bPM 12.7 mm 

Depth of the PM, lPM 12.7 mm 

Remanence of the PM 1.3 T 

Width of the HTS tape, atape 12 mm 

Operating temperature 77 K 

External radius of the rotor, Rrotor 35 mm 

Airgap between the PM and the HTS tape,  3.7 mm 
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Table 8 Main characteristics of the Superpower HTS tape used in the reference HTS 

dynamo flux pump of [79] 

Specification Value 

Width of the HTS tape, atape 12 mm 

Thickness of the HTS layer 1 µm 

Thickness of the substrate (Hastelloy) 50 µm 

Thickness of the Silver stabilizer layer  2 µm 

Thickness of the Cu stabilizer layers (at the top and the bottom of the tape) 25 µm 

The calculated DC voltage V of the flux pump (that is, the average voltage at the 

terminals in one period) is shown in Figure 60.a for different values of the operating 

current and the frequency of the rotor. The corresponding experimental data are 

shown in Figure 60.b. All curves show a linear decrease of the DC terminal voltage 

with the operating current. The current Ilim at which the voltage becomes zero fix the 

limit of operability of the flux pump as a power supply. Beyond that value the terminal 

voltage is reversed and so the power flow at the device terminal. Hence, electric power 

is absorbed rather than delivered at the flux pump terminals, and is converted, along 

with the mechanical power supplied to the rotor, in heat dissipation into the device. It 

can be noted that the model predicts lower values of both the DC voltage and the limit 

current for every frequency of rotation. More in particular, the difference between the 

experimental DC open circuit voltage (at I = 0 A) and the numerical value is 32 % on 

average, whereas the difference between the experimental and the numerical values 

of the limit current (at which V = 0 V) is 22 % on average.  
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(a) (b) 

Figure 60 Numerical and experimental curves of the reference dynamo flux pump. The curves show the 

dependence of the DC terminal voltage on the transport current at different rotating frequencies (a) 

numerical results obtained with the model using data from Table 7, comprising an air gap of 3.7 mm 

(b) experimental results from [79]. 

The mismatch between the numerical and the experimental results Figure 60.a 

and Figure 60.b respectively is mainly due to the uncertainty on the actual value of the 

airgap between the magnet and the tape during flux pump operation [161] [162]. In 

fact, at least 0.5 mm reduction of the airgap with respect to the measured value at room 

temperature is estimated to occur at 77 K in a similar flux pump apparatus due to 

thermal contractions [161]. Hence, in order to obtain a proper match between the 

model and the experimental V-I curves, a comparable reduction of the airgap needs to 

be considered. In Figure 60.b the calculated V-I curves of the flux pump with a reduced 

airgap of 3 mm are shown. It can be observed that these curves fit the experimental 

data much better, with an error dropped to 3 % and 6 % for the DC open circuit 

voltages and the limit current of the flux pump respectively. The applied reduction of 

0.7 mm of the airgap with respect to the room temperature value needed for obtaining 

a proper fitting of the experimental data is in the range suggested in [161] due to 

thermal contraction.  
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2.4. Performance of different commercial HTS tapes for flux pump applications 

The integration of the Jc(B,θ,T) and n-value(B,θ,T) relations in the numerical FEM 

model makes it suitable for simulating a flux pump employing any tape for which the 

aforementioned functions are known. Leveraging the data from [143] on various 

commercial HTS tapes, AI models were trained to enable numerical evaluation and 

comparison of the performance of flux pumps employing different commercially 

available HTS tapes. The aim is to point out the main trends of the impact of the critical 

current density suppression on the flux pump outputs, as well as provide a useful 

insight toward the future development of optimum-designed flux pumps. All the 

quantitative performance indicators shown in this section refer for simplicity to the 

basic flux pump design dealt with in section 2.3, employing one HTS tape and one 

rotating permanent magnet (PM) with assigned layout ad dimensions, and do not 

apply if optimized flux pump systems, with different layouts and/or dimensions, are 

considered. In comparative terms, however, the results of the present section apply to 

any flux pump device since this will consist of a number of HTS tapes periodically 

swept by a PM, similar to the case considered here. In particular, the selected tape 

allowing to reach the best performance in terms of efficiency and DC output voltage 

for the considered basic flux pump design, will allow to reach the best performance in 

all flux pump designs of practical interest.  

The following commercially available tapes have been simulated and compared.  

• THEVA Pro-Line 2G HTS; 

• Shanghai Superconductor Low Field High Temperature 2G HTS; 

• SuperOx GdBCO 2G HTS; 

• SuperOx YBCO 2G HTS; 

• SuperPower Advanced Pinning 2G HTS; 

• Fujikura FYSC 2G HTS; 

• SuNAM HAN04200 2G HTS. 
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Table 7 are considered for all simulations, with the only exception of the airgap 

length, which, as discussed in section 2.3, is set to 3 mm in order to reproduce the 

experimental data of the validation case with good accuracy. A width of 12 mm is 

assumed for all HTS tapes. The frequency of rotation of the permanent magnet is 24.83 

Hz. An operating temperature of 77 K is considered for all simulated cases.  

The results for all tapes under the aforementioned operating conditions are 

reported in Figure 61. In particular, in Figure 61.a the dependence of the DC terminal 

voltage V on the operating current is shown. A wide spread of the open circuit voltage, 

ranging from 48 μV for the Fujikura tape to 93 μV for the SuperOx YBCO tape, can be 

observed from the figure. The limit current at which the flux punt can operate in the 

generator mode also depends on the tape. A limit current of 90 A is obtained for the 

THEVA tape, whereas a nearly double valued of 176 A is observed for the SuperOx 

YBCO one. Despite having the lowest open circuit voltage, the Fujikura tape has the 

second largest limit current of the generator mode, which stresses the fact that the tape 

choice also affects the slope of the V-I curve and, hence, the deliverable power and the 

efficiency. Figure 61.b displays the AC losses of the dynamos at different transport 

currents. It is stressed that losses at zero transport current, i.e. open circuit condition, 

is non-zero and the trend of the AC losses against the transport current is quadratic, 

as previously observed in section 2.1.3. The power that delivered by the dynamos and 

the corresponding efficiency are shown in Figure 61.c and Figure 61.d respectively. 

Because of the quasi-linear trend of the V-I curves, the maximum deliverable power 

and efficiency are closely located at the half of current limit of the generator mode. The 

maximum overall output power of 4.5 mW is reached by the SuperOx YBCO tape. This 

is no surprise since it was already observed that this tape has both the largest open 

circuit voltage and the largest generator mode current limit. Since the losses are in the 

order of hundreds of mW whereas the output powers are in the order of the mW, low 

efficiencies in the range of 1 % to 3.5 % are reached. While low efficiencies are common 

in flux pumps, it's important to note that these results are notably low due to the small-

scale laboratory apparatus employed in this study. Therefore, the efficiency range of 
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1-3.5% observed here holds no immediate practical significance. In the literature, 

efficiencies of up to 16% have been reported for dynamos [87], indicating a substantial 

room for improvement.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 61 Performance and operating limits of the dynamo flux pumps employing different commercial 

HTS tapes at 77 K: (a) V-I curve, (b) Loss of the dynamos at different transport currents, (c) Output 

power of the dynamos versus transport currents, (d) Efficiency of the dynamos versus transport currents 
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For context, it is useful to show the Ic(B) per unit width at θ = 90° (field parallel 

to the tape) and the Ic(θ) per unit width curve at 0.3 T of all tapes, in Figure 62.a and 

Figure 62.b respectively. The fact that the Fujikura tape exhibits a large flux pumping 

current capability but the lowest open circuit output voltage (see Figure 61.a) can be 

attributed to the fact that it also generally has the largest Ic per unit width and, 

consequently, may exhibits limited local resistance. This aspect is both counterintuitive 

and crucial in the context of traveling field flux pumps: if tapes with remarkable 

current capacities are used for flux pumping, they are not expected to perform well in 

terms of voltage rectification. This opposes to the current research trend which aims at 

producing HTS tapes with largest possible Ic per unit width and lowest possible 

magnetic field sensitivity (field isotropy). In fact, maximum local critical current 

suppression is favorable for producing local resistivity in the HTS tape and in turn 

optimal voltage rectification, as explained in the important section 1.4.1. On the other 

hand, a very poor Ic might translate into a low generation current limit for a flux pump, 

as this is the case for the SuperOx GdBCO tape. Evidently, a tradeoff is desirable, and 

for the considered study this is obtained for the SuperOx YBCO which outperforms all 

other HTS tapes in terms of flux pumping performance. It can also be seen in Figure 

62.b that the SuperOx YBCO exhibits one of the largest relative Ic per unit width 

excursions for different magnetic field orientations. This confirms another important 

point that anisotropy is also favorable for travelling field flux pumping, because this 

implies that, at a given time, the flux pump HTS tape will exhibit different resistivities 

along its width, and this was already explained to be desirable with regard to Figure 

20 and Figure 23 in section 1.4.1. 
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(a) (b) 

Figure 62 (a) Ic per unit width vs B curve of the commercial HTS tapes at T= 77 K and θ = 90° (field 

parallel to the tape) (b) Ic per unit width vs θ curve of the commercial HTS tapes at T= 77 K and B = 

0.3 T. 

2.5. Impact of operating temperature on the performance of travelling field flux 

pumps 

Based on the results of section 2.4, the SuperOx YBCO 2G HTS is chosen for 

carrying out the investigation of the impact of temperature on the performance of the 

dynamo flux pump. The following temperatures have been investigated: 55 K, 65 K, 

70 K, 77 K, 80 K, and 85 K. Temperatures lower than 55 K have not been investigated 

due to the fact that the resulting performance of the flux pump in terms of open circuit 

voltage are too low to be of interest. At each operating temperature, the following 

performance and operating limits have been numerically evaluated:  

• Open circuit voltage; 

• Limit current of the generator mode; 

• Maximum output power; 

• AC loss in open circuit condition; 

• Maximum efficiency. 

The numerical results are reported in Figure 63. In particular, Figure 63.a and 

Figure 63.b report the dependence of the open circuit voltage and the limit current of 
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the generator mode on the temperature. In these plots it can be seen that the largest 

value of open circuit voltage is obtained between 80 K and 85 K (according to the 

polynomial interpolation), whereas the maximum value of the limit current is located 

at approximately 65 K, therefore it is not possible to find a temperature that maximizes 

both these performances and a trade-off is needed in the final design. It is worth noting 

that the open circuit voltage drastically drops for temperatures below about 75 K. This 

is explained by the improvement of the critical current of the tape and its reduced 

dependence on the external magnetic field which occurs at lower temperatures. At low 

temperatures the impact of the field produced by the permanent magnet is so minor 

that flux pumping barely happens, resulting in the V- I characteristic to escaping the 

first quadrant and lying almost exclusively in the fourth one (low open circuit voltage 

and generation current limit). On the other hand, the decrease of the open circuit 

voltage at high temperatures (above 80 K) is explained by the reduction of the non-

linearity due to lower n values, whereas the decrease of the limit current is due to 

suppression of the superconducting properties which appears when the critical 

temperature is approached.  

Figure 63.c and Figure 63.d show how the energetic performance of the dynamo 

is affected by temperature. In Figure 63.c it can be seen that the maximum output 

power that the dynamo can deliver to the load, which is reminded to occur 

approximately at half of the limit current of the generator mode, is maximized when 

the dynamo operates at roughly 80 K, in Figure 63.d it is observed that the largest value 

of open circuit AC loss lies between 70 K and 77 K. As a result, the maximum efficiency 

(over 4 %) is clearly located around 80 K, as Figure 63.e displays. Similar to Figure 61.d, 

the low efficiency itself is not significant, as it pertains to a non-optimized laboratory-

scale apparatus. However, what is crucial is its observed trend versus the transport 

current. It is plausible to assume that this same trend would scale towards higher 

efficiencies in the case of large-scale, optimized dynamos [87]. Based on the results of 

Figure 63, it could be discussed that choosing the operating temperature of a flux 

pump is no trivial task. Indeed, the generally poor efficiency should be a driver to 
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make the flux pump to operate at higher temperatures, where both the efficiency and 

output power are maximized. However, it should not be forgotten that the very large 

current capability must be reached when the flux pump is needed for the supply of 

high current systems like for example fusion magnets, and the best operating 

temperature in this regard is at about 65 K. Nevertheless, decreasing the operating 

temperature below 70 K is not viable due to the dramatic drop of the open circuit 

voltage that it involves. Therefore, the best of the operating temperature of the flux 

pump, allowing maximum operating voltage, output power and efficiency, is 

somewhat in the range 70-85 K. This choice is also technically convenient and cost-

effective, as temperature below 77 K can be obtained with liquid nitrogen cooling at 

ambient pressure and do not require additional apparatus. Increased current capacity, 

when need, must be reached by using more tapes in parallel, and this would allow 

preferring higher temperatures. 
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(a) (b) 

  

(c) (d) 

 

(e) 

Figure 63 Impact of temperature on dynamo performance, the case of the SuperOx YBCO 2G HTS tape 

(points are the results of the model, lines are their polynomial interpolation). 
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3.Chapter 3: Application-oriented optimal 

design of travelling field flux pumps 

Much of sections 3.2, 3.2.1, and 3.2.2 of this chapter has been published in: 

Russo, Giacomo, and Antonio Morandi. "A Numerical Study on the Energization of the Field Coils 

of a Full-Size Wind Turbine with Different Types of Flux Pumps." Energies 15.15 (2022): 124002.  

DOI: 10.3390/en15155392 

And much of sections 3.3, 3.3.1, and 3.3.2 of this chapter has been published in: 

M. D. Pietrantonio, G. Russo, E. Guerra, S. Minucci, A. Lampasi, A. Trotta, M. Parisi, A. Morandi, 

"Design and Performance of a Linear Flux Pump for the Frascati Coil Cold Test Facility," in IEEE 

Transactions on Applied Superconductivity 

DOI: 10.1109/TASC.2024.3357052 

In the previous chapters of this thesis, the lack of proper designing actions for 

flux pumps was pointed out. Despite previous studies have empirically investigated 

the impact of individual design parameters on the outputs of travelling field flux 

pumps, they are not generalizable nor suitable for proper designing activities. 

Furthermore, to date, no analytical formulas have been derived to address the design 

of flux pumps.  

This chapter presents the development of an application-oriented engineering 

procedure that starts from the requirements and constraints imposed by a given HTS 

magnet to be supplied in terms of nominal current, total resistance and inductance, 

proceeds with the identification of the degrees of freedom of the flux pump (i.e. its 

designing parameters that are to be found concerning the applied field, the HTS tapes 

and the geometrical and operational characteristics of the flux pump), and establishes 

objective functions that need to be minimized for obtaining flux pump design that is 

optimal for supplying the selected load. 

This chapter also includes the designs of a few travelling field flux pumps that 

were produced using the aforementioned procedure targeting specific applications: 

HTS generators (wind turbine) and Toroidal Field (TF) coils of fusion reactors. 

https://www.mdpi.com/1996-1073/15/15/5392
https://ieeexplore.ieee.org/document/10412102/authors#authors
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Comprehensive analysis on the operation and performance of each design flux pump 

is carried out and discusses as well. 

3.1. The application-oriented optimal design procedure of travelling 

field flux pumps 

The application-oriented optimal design procedure of travelling field flux pumps 

that was developed during this Ph.D. project is schematically described in the 

flowchart of Figure 64 where the mentioned physical quantities have the following 

meanings: 

• Irated is the rated current of the HTS magnet load that the flux pump is 

designed to energize. 

• Lcoil is the self inductance coefficient of the HTS magnet load that the flux 

pump is designed to energize. 

• Rjoints is the total resistance of the superconducting loop of the HTS magnet, 

accounting for all its joints. 

• Voc is the open circuit output voltage that the flux pump needs to have to 

meet the load requirements. 

• Ilim is the generator mode limit current (defined in section 2.1.3) that the flux 

pump needs to have to meet the load requirements. 

• And finally, P and η denote, for a given transport current I, the output power 

and efficiency of the flux pump, respectively. 

The procedure starts from receiving the requirements (step A) and constraints 

(step A.1) imposed by a given HTS magnet to be supplied in terms of nominal current, 

total resistance and inductance, based on which the target electrical characteristics (V-

I curve and energetic performance) that the flux pump will need to have are 

determined (step B). The procedure then proceeds with the identification of the 

degrees of freedom (DoF) of the flux pump (step C), i.e. its designing parameters that 
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are to be found concerning the applied field, like the HTS tapes and the geometrical 

and operational characteristics of the flux pump and establishes objective functions 

that need to be minimized for obtaining flux pump design that is optimal for supplying 

the selected load.  

For the sake of clearness, an example of DoF for the case of HTS dynamos is the 

specifications list of Table 7 (to which other parameters could be added like the 

number of permanent magnets, the frequency of rotation, and the HTS tape type and 

dimensions) or one of its possible subsets. 

Step D is carried out employing the FEM model described in chapter 2 to provide 

a relation between the DoF of the flux pump and the objective function of the 

optimization problem which uses AI-based optimization algorithms such as the 

genetic algorithm (GA) [163] and the particle swarm optimization (PSO) [164]. Step D 

involves implementing the FEM model as a MATLAB function that takes the DoF as 

inputs and provides multiple outputs, including Voc, Ilim, the maximum output power, 

the maximum efficiency, or any combination of these parameters depending on what 

is needed to be known. After completing step D, the design compliance with all 

requirements and load constraints is checked and, if necessary, corrections of specific 

parameters (step E) or DoF (step F) are applied. An example of carrying out step E is 

changing the number of HTS tapes in parallel or of identical modules of flux pumps 

like the one obtained from step D (this situation could be encountered for HTS magnets 

requiring a very large rated current which is challenging to reach with only one flux 

pump, like in the case of fusion reactor magnets). Instead, step F might be used if no 

acceptable design can be found based on the DoF combination established at the 

previous attempt, hence the flux pump needs to go through drastic changes to meet 

the load requirements. 
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Figure 64 Flowchart of application-oriented optimal design procedure of travelling field flux pumps. 

Based on the results of the analysis of sections 2.1.3 and 2.1.4, and on other 

experimental evidence (see Figure 27 and Figure 28), the target electrical characteristic 

(V-I curve) of the flux pump that is looked for is approximated to be a linear curve 

lying in the first quadrant, whereas the maximum output power and efficiency 

operating conditions are assumed to occur at about I = Ilim/2, yielding the standard 

condition: Irated = Ilim/2. In most cases, only one quantity serves as a requirement, while 

the others act as constraints. For example, the Ilim parameter might be a strict 

requirement for a HTS magnet with a specific rated current, whereas its acceptable 

charging duration, which depends on the output voltage of the flux pump, could be 

anything lower that a certain time. In this case, defining Voc_MIN as the open circuit 

output voltage of the flux pump that would charge the HTS magnet in the maximum 

acceptable time interval, any Voc compliant with the constraint Voc ≥ Voc_MIN would be 

acceptable. Since the flux pump output voltage (V) is a function of the transport current 

(I), Voc_MIN is not straightforward and requires a more detailed mathematical analysis. 
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This mathematical analysis was carried out during a master project for which the 

undersigned has been supervisor [165].  

The final block of the flowchart of Figure 64, named “Produce concept design 

and run load final performance analyses”, indicates the final step which, if necessary 

and/or possible, includes adding constructive details to the design and simulating the 

energization of the coil of the end user with the designed flux pump. The final result 

of the optimization is a combination of the DoF, which only determines the active 

components of the flux pump. The addition of concept details is a mandatory step 

toward the realization of an operating design, CAD scheme, and eventually executive 

designs. However, the development of executive designs suitable for manufacturing 

and experimental validation belongs to the future steps of this Ph.D. project and was 

not accomplished yet. On the other hand, the numerical simulations of the flux pumps 

integration with the intended loads have been carried out for the conceptual designs 

produce during this work, and for this purpose the equivalent circuit of Figure 48.a 

was used. This approach allowed to calculate important quantities and flux pump 

performance of the coil energization such as the total dissipation (both during current 

ramp up and maintenance), and the charging time. In the next sections, a novel flux 

pump exploitation strategy based on a hysteresis control, that minimizes the operating 

losses, and is also presented and discussed. 

Another important point of the optimization is represented by the number of 

HTS tapes operating in parallel. Because the FEM model that is used as a function in 

the procedure is a volume integral model with a dense mutual inductances’ matrix, 

simulating many tapes in parallel implies having a large number of equations that 

need to be solved for Eq. ( 28 ) which in turns might entail a not manageable 

computational time. To address this issue, only one HTS tape can be simulated during 

the first optimization, and, if necessary, more tapes are added in parallel later if the 

generation current capacity requirement remains to be met. In fact, previous studies 

demonstrated that the current capability of HTS flux pumps increases linearly with 

the number of tapes in parallel [77]. The simulation of multiple tapes operating in 
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parallel, subjected to the same flux pumping conditions, can be achieved by employing 

the comprehensive equivalent circuit illustrated in Figure 46.b. This eliminates the 

necessity of utilizing the FEM model to simulate the system with the final quantity of 

HTS tapes. The following analysis is carried out in support of the previous claim. If 

the equivalent circuit of Figure 46.b is already known for one tape, adding N total 

identical tapes in parallel can be represented in the circuit of Figure 65, where only the 

component of the equivalent circuits of tape number 1 and N are shown for simplicity. 

Now the goal is deriving a simplified equivalent circuit of the one of Figure 65, but in 

the form of the one of Figure 66. Since the equivalent circuits of the parallel tapes are 

identical by definition, the total open circuit loss can be evaluated as follows: 

𝑃0
𝑡𝑜𝑡 =∑

𝑉𝑜𝑐
2

𝑅0
𝑖
= 𝑁

𝑉𝑜𝑐
2

𝑅0

𝑁

𝑖=1

= 
𝑉𝑜𝑐
2

𝑅0
𝑒𝑞 ( 54 ) 

Consequently, the 𝑅0
𝑒𝑞 parameter of Figure 66 can be expressed as: 

𝑅0
𝑒𝑞 =

𝑅0
𝑁

 ( 55 ) 

The longitudinal resistance equivalent parameter can be easily found as the 

Thevenin equivalent resistance of the circuit of Figure 65: 

𝑅𝑒𝑓𝑓
𝑒𝑞 = (∑

1

𝑅𝑒𝑓𝑓
𝑖

𝑁

𝑖=1

)

−1

 ( 56 ) 

Which under the current hypothesis gives: 

𝑅𝑒𝑓𝑓
𝑒𝑞 =

𝑅𝑒𝑓𝑓

𝑁
 ( 57 ) 

And the Thevenin equivalent voltage of the circuit of Figure 65 is obviously VOC 

itself.  
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𝑉𝑂𝐶
𝑒𝑞
= 𝑉𝑂𝐶 ( 58 ) 

 

Figure 65 Equivalent circuit of N identical tapes operating in parallel according to the same operating 

conditions of flux pumping (only the component of the equivalent circuit of tape number 1 and N are 

shown for simplicity). 

 

Figure 66 Simplified equivalent circuit Figure 65. 

To validate Eq. ( 55 ) and ( 57 ), one HTS dynamo is simulated for N varying from 

1 to 5 calculating the values of Reff and R0 each time according to the definitions given 

in section 2.1.5. Reff and R0 are then also obtained with the analytical formulas of Eq. ( 

55 ) and ( 57 ) using the corresponding values for N = 1. 

After normalizing Reff and R0 to 100 %, where 100 % corresponds to N = 1, the 

outcomes obtained through the FEM model and the analytical formulas are juxtaposed 

for comparison in Figure 67. It can be observed that Reff and R0 exhibit similar values, 

whether determined through simulating the flux pump with the actual number of HTS 

tapes or calculated using the parameters of the equivalent circuit with a single tape 

and employing Eq. ( 55 ) and ( 57 ). 
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(a) (b) 

Figure 67 Validation of the analytical formulas of Eq. ( 55 ) and ( 57 ) by comparison with the FEM 

model results for equivalent parameters (a) Reff and (b) R0, with N ranging from 1 to 5 (values 

normalized to 100). 

For completeness, the relative error between the Reff and R0 values obtained 

through the FEM model and analytical formulas are calculated and reported in Figure 

68. It can be seen that the FEM model and Eq. ( 55 ) little diverge from each other when 

predicting R0, yielding a relative mismatch ranging from a minimum of −0.76 % (for N 

= 3) to a maximum of 3.49 % (for N = 2). However, Eq. ( 57 ) is less effective in accurately 

reproducing the values of the FEM model for Reff, as it gives relative errors up to −9.32 

% (for N = 3). Nonetheless, since all relative errors are lower than 10 %, Eq. ( 55 ) and ( 

57 ) are considered acceptable zero-order approximations for deriving the complete 

equivalent circuit of a flux pump with multiple HTS tapes. This enables simulating 

only one tape during the optimization process in step D of Figure 64, deferring the 

computationally intensive final simulation, which includes the total number of HTS 

tapes, to the last validation step. 
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(a) (b) 

Figure 68 Relative error between the analytical formulas of Eq. ( 55 ) and ( 57 ) and the FEM model 

computing the equivalent parameters (a) Reff and (b) R0, with N ranging from 1 to 5. 

In the next sections, the design of travelling field flux pump using the 

aforementioned procedure is carried out and their performance are analyzed and 

discussed. 

3.2. A case study for the design of a HTS dynamo: The EcoSwing wind 

turbine 

The first real application for which the designing procedure was applied to 

design a HTS dynamo was a superconducting machine and, more in particular, the 

field winding of the world first superconducting generator: the EcoSwing wind 

turbine.  

The EcoSwing wind turbine is the milestone result of an EU H2020 project carried 

out by a consortium of nine partners from industry and academia and concluded in 

2019 [166]. A full-scale 3.6 MW direct drive (DD) HTS generator was designed, 

developed, installed, and operated in an existing wind turbine [167]. The generator 
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consists of a 20 poles pairs rotor made of HTS field winding and a conventional stator. 

The detailed specifics can be found in [168]. A 24 % overall weight reduction and 26 % 

size reduction with respect to the conventional counterpart used for the same wind 

turbine were achieved. 

The system performed stable operation at 2 MW and was boosted to 3 MW as 

well. Overall, the generator delivered 600 MWh to the grid over a continuous 

operation period of more than 650 hours, proving on field the technological feasibility 

of HTS wind turbines and improving its TRL from 4-5 to 6-7 [168].  

The HTS field winding consists of 40 racetrack-shaped HTS coils [169] located 

inside a self-sustaining vacuum insulation that are cooled at an operating temperature 

lower than 30 K [170] by nine rotating compressor-driven cold heads (Sumitomo F70). 

The iron poles of the rotor are integrated into the cryostat and operates at cryogenic 

temperature as the windings. The cold heads are mounted onto the rotor, and are fed 

for their operation with high pressure helium gas by means of nine stationary 

compressors using a rotating joint THEVA provided the high performance 2G HTS 

conductor (ReBCO TPL 2100) used in the field magnets. Detailed specifications about 

the tape and the coils can be found in [171]. The schematic of the rotor’s electrical 

circuit is shown in Figure 69. The power supply system of the HTS field winding 

involves a voltage source, a dump resistor, a freewheeling diode, and an insulated gate 

bipolar transistor (IGBT) [172]. More details on the rotary joint assembly, comprising 

the coupling joint of the stationary and rotating helium gas pipes system and the slip 

rings and brushes providing electrical connection between the power supply and field 

winding are given in [169]. 
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Figure 69 Schematic of the supply system of the rotor HTS field winding of the EcoSwing turbine. 

The main characteristics of the HTS field winding system are reported in Table 

9. 

Table 9 HTS field winding specifications of the EcoSwing generator 

In – Rated current 330 A 

Number of poles 40 

ωm – Rated speed 15 rpm 

Rload – Estimated total resistance of joints 4.128 μΩ 

Lload(In) – Inductance at rated current 10 H 

Total cooling power requested 35 kW 

𝑃𝑐𝑙
𝑎𝑚𝑏  – Cooling power requested due to current leads heat load 726 W 

Overall, the HTS field winding of the EcoSwing requires about 35 kW cooling 

power to maintain the operating temperature of the coils at 30 K. Different 

contributions are responsible for this amount of power: HTS magnets AC loss, thermal 

radiation, thermal income from the current leads, and additional loss. Among those, 

the coils AC loss and the thermal radiation do not change according to which power 

supply is employed, therefore they are not taken into account in this comparison. A 

pair of hybrid Cu/HTS current leads are used to connect the HTS field winding to the 

power supply. The leads consist of a copper feedthrough bar with one end connected 

to the power supply and the other end anchored at an operating temperature of 60 K 
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inside the cryostat by means of a dedicated cryocooler (which is also used for 

anchoring the temperature of the radiation shield) [167]. An assembly of HTS tapes in 

parallel (HTS stage of the lead) is used, inside the cryostat, for connecting the 60 K end 

of the Cu bar to the input terminal of the HTS field winding, that is maintained at 30 

K by means of eight dedicated cryocoolers. Based on common engineering experience, 

a heat load of 50 W/kA at 60 K can be assumed per each of the current leads [173] [174] 

[175]. By considering the rated current of the EcoSwing rotor (In = 0.330 kA), the total 

(for both the leads) heat invasion 𝑃𝑐𝑙
𝑐𝑟𝑦𝑜

 cryogenic temperature due to current leads is 

found to be 33 W for the considered supply system. A coefficient of performance (the 

ratio between the power to be supplied at ambient temperature to the cooling system 

and the thermal power extracted for the cryogenic environment and transferred to the 

ambient) COP = 22 W/W is assumed based on the typical performance of conventional 

cryocooler performances operating between 300 K [176] and the operating 

temperature of 60 K of the current leads. Hence, the input power 𝑃𝑐𝑙
𝑎𝑚𝑏 of the cooling 

system at ambient temperature is calculated as: 

𝑃𝑐𝑙
𝑎𝑚𝑏 = 𝑃𝑐𝑙

𝑐𝑟𝑦𝑜
×  COP ( 59 ) 

According to Eq. ( 59 ), an input power of 726 W is obtained for the cooling system 

for retaining the current leads at the required temperature. The circuit model of the 

winding is the fundamental input needed for carrying out the design of the flux pumps 

and therefore it is discussed here. Overall, the field winding corresponds to the non-

linear two terminal RL component shown in Figure 70. The constant resistance Rload 

accounts for the losses in all the electrical connections (joints) between the different 

modules of the field winding as well as the electrical joint between different sections 

on one module, while the non-linear inductance Lload represents the overall terminal 

inductance of the winding. The inductance is non-linear due to the iron poles that 

reaches saturation at the nominal current of the winding. Neglecting the dependance 
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of the inductance on the current would not be acceptable for the proper design of the 

flux pumps supply. 

 

Figure 70 Equivalent circuit scheme of the HTS field winding. 

An inductance Lload = 10 H at rated rotor current In is considered [177]. This 

corresponds to a total flux φ = 3330 Wb linked by the winding. For obtaining the L-I 

curve, the whole φ -curve was deduced as a first approximation from the B0-i curve 

reported in [167], where B0 is the measured field at the center of one coil. The L-I curve 

of the rotor winding, in the current range from 0 to 330 A, was finally obtained by 

taking the numerical derivative of the φ -I curve and it is show in Figure 71. As for the 

resistance Rload, we report that each of the HTS coil of the rotor winding has up to 10 

lap joints, with an interface resistance of 36 ± 9 nΩcm-2, and a 5 cm overlap. 

Furthermore, all adjacent coils are connected in anti-series with a hybrid copper-HTS 

design connection with an average resistance of 32 nΩ at 77 K. By considering all the 

intra and the inter coil joints, a total resistance Rload of 4.13 μΩ is found for the field 

winding. No further resistance exists in the model of the winding since the coil current 

is below the critical current of the superconductor at the chosen operating temperature 

and magnetic field. Possible additional resistance may arise during normal operation 

of the generator due to AC field ripple on the field windings [39] [178], but this is not 

considered in the present study. In the next sections, the L vs I curve and the total joints 

resistance Rload are used in the equivalent circuits of the systems for simulating the 
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energization of the field coils for all the cases of dynamo and rectifier flux pumps as 

power supplies. 

 

Figure 71 Coefficient of self-inductance over transport current curve for the EcoSwing rotor, derived 

based on the information in [167]. 

3.2.1. Design and characteristics of the HTS dynamo for the EcoSwing field 

windings 

Since this study was carried out before the application of AI-based optimization 

algorithms (GA and PSO), step D indicated in the flowchart of Figure 64 was achieved 

empirically with the aim of maximizing the power output and the efficiency at the 

rated current. More in particular, the sensitivity analysis of the DoF of the dynamo 

were produced to find a HTS dynamo whose generator limit current was 660 A with 

the highest possible efficiency. The rationale behind selecting a generator current limit 

of 660 A stems from the findings elucidated in Chapter 2, where it was revealed that 

the optimal operating efficiency occurs at approximately half of the generator's current 

limit. In principle, the DoF of the design could be as many as the number of 

specifications in Table 1, or even more. It is evident that these many variables would 

arguably not be manageable, therefore some specifications were fixed a priori. The 

operating temperature of 77 K was chosen based on the results described in section 

2.5. Moreover, since the performance of dynamo flux pumps increases with the 
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magnetic field acting on the HTS tape and a short distance from the permanent 

magnets is desirable [101]. An air gap of 5 mm between the permanent magnets (PMs) 

and the HTS tapes is chosen to incorporate the cryostat wall. This airgap is feasible by 

means of an optimized design of the section of the cryostat hosting the flux pump (and 

in particular of the vacuum system) which can be independent from, though it can be 

conveniently integrated with, the main cryostat of the HTS rotor winding. It is also 

reported that novel dynamo configurations have been recently investigated that allow 

to reach a substantial increase of the magnetic field on the tape even in the presence of 

larger air gaps by including back iron in the magnetic circuit [78] [85] [179]. Hence, the 

dynamo used in this work can be considered as a conservative design that can be 

further improved in the future by means of innovative solutions. It is also noted that 

the operating temperature of the dynamo’s tapes differs from the EcoSwing field 

winding. Such an operating condition can be obtained by means of a specific cold head 

dedicated to the cooling of the flux pump. Since it is reminded that one cryocooler has 

been specifically dedicated to currents leads in the EcoSwing machine, no additional 

cooling devices are required. On the other hand, a cheaper cryocooler with lower 

cooling capacity can be used instead. Other fixed parameters were the remanence 

geometrical dimensions of each permanent magnet (taken from commercial catalogs) 

and the active length of the dynamo, which has the only impact of increasing the 

output voltage, and so was taken as long as it could reasonably be to fit inside the wind 

generator (350 mm). The width of the HTS tape was assumed to be 12 mm, as it is a 

typical commercial size. Given the aforementioned fixed parameters, the DoF of the 

HTS dynamo during the design process were: the number of PMs, the number of HTS 

tapes, the angular velocity of rotation of the PMs with respect to the HTS tapes, and 

the radius of the dynamo.  

The main characteristics of the final design are reported in Table 10, and a 3D 

schematic of the designed dynamo flux pump is shown in Figure 72. 
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Table 10 Specifications of the HTS dynamo for the EcoSwing field windings 

Number of permanent magnets (PMs) 20 

Number of HTS tapes 3 

Width of each PM 6 mm 

Height of each PM 12 mm 

Depth of each PM 350 mm 

Remanence of each PM 1.25 T 

Width of each HTS tape 12 mm 

Thickness of each HTS layer 1 µm 

Operating temperature of the HTS tapes 77 K 

External radius of the rotor (radial position of tapes) 300 mm 

Airgap between the PMs and the HTS tape 5 mm 

𝜔𝑟 - Relative angular velocity of PMs and tapes 1500 rpm (0.25 Hz) 

𝜔𝑃𝑀 - Angular velocity of the PMs in the stationary frame of the 

rotor 

1485 rpm (24.75 Hz) 

The dynamo consists of 3 THEVA Pro-Line 2G HTS with 12 mm width exposed 

to the field produced by 20 permanent magnets. The HTS tapes are fixed with respect 

to the HTS field winding and move with the generator’s rotor. The magnets are 

mounted on a separate, and free to rotate, assembly, and their rotational velocity 𝜔𝑃𝑀 

in the stationary frame can be controlled independently from the rotational velocity 

𝜔𝑚 of the generator’s rotor. The permanent magnets (PMs) rotate with respect to the 

tapes with a relative angular velocity 𝜔𝑟 given by: 

𝜔𝑟 = 𝜔𝑃𝑀 − 𝜔𝑚 ( 60 ) 

𝜔𝑟 = 1500 rpm between PMs and tapes is needed for producing the required 

voltage (see Table 10). By considering the rated speed 𝜔𝑚 = 15 rpm of the generator’s 

rotor [168] (See Table 9), an angular velocity 𝜔𝑃𝑀 = 1485 rpm needs to be applied to the 

permanent magnets. 

The 3 HTS tapes are connected in parallel and each carries one third of the overall 

current supplied to the load winding. Two collector rings (highlighted with – and + 
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signs in Figure 72) connected to the opposite ends of the tapes form the terminals of 

the flux pump to which the load is connected.  

 

Figure 72 3D scheme of the dynamo flux pump. ωm is the rated rotating speed of the turbine and 

thus refers to both the rotor shaft and the 3 HTS tapes. + and ─ indicate the superconducting 

terminals to which the field winding is connected. The HTS tapes are fixed with respect to the HTS 

field winding and move with the generator’s rotor. 

The schematic of the overall contactless power supply system of the HTS field 

winding is shown in Figure 73.  
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Figure 73 Contactless supply system of the rotor HTS field winding of the EcoSwing turbine based 

on the dynamo flux pump. 

3.2.2. Electrical characteristics and performances of the HTS dynamo 

The modelling approach described in sections 2.1.3-2.1.6 has been used for 

characterizing the dynamo in terms of electric output and performance, as well as for 

simulating its integration with the EcoSwing field windings. The V-I characteristic of 

the dynamo, as well as its performance in terms of losses and efficiency over a wide 

range of transport current are shown in Figure 74. The value 𝐼0 = 658 A fixes the limit 

beyond which the flux pump is not able to operate as a generator and proves that the 

design objective has been fulfilled. The output power at the terminal also changes 

approximately quadratically with the output current. It is zero in no load conditions 

and at the boundary 𝐼0 of the generator region, and reaches a maximum of the 19.8 W 

when the transport current approaches 𝐼𝑙𝑜𝑎𝑑 = 400 A. The dynamo dissipates about 300 

W in no load condition at zero transport current (that is, when the PMs are rotating 

while no load is connected to its terminals). The losses follow a quadratically like trend 

with the transport current as well. As a result, the efficiency of the device, defined as 

the ratio between the output power at the terminals and the mechanical power 
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supplied by the rotor, is maximum at 𝐼𝑙𝑜𝑎𝑑 = 350 A where it reaches the value of 5.78%, 

and is equal to 5.74% at 𝐼𝑙𝑜𝑎𝑑 = 330 A, namely the rated current of the field winding.  

  

 

Figure 74 V vs I relation, Power dissipated vs Iload, efficiency vs Iload, and Power delivered to the 

field winding vs Iload of the dynamo flux pump. 

It must be specified that setting the relative angular speed of the PMs and the 

tapes equal to zero cancels the voltage at the terminals. As a result, no power is 

supplied nor absorbed (as mechanical power at the rotor) by the flux pump in this 

condition and the HTS tape form a short circuit connection at the terminals of the HTS 

field winding. This operating conditions are hereinafter referred to as “off-state”, 

whereas the operating conditions based on Table 10 which give the results of Figure 

74 are referred to as “on-state”. 

The equivalent circuit of the dynamo flux pump coupled with the one of the 

EcoSwing field winding’s is shown in Figure 75, and the values of the its parameters 
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are listed in Table 11. In this study, the equivalent circuit includes the cycle average of 

the open circuit output voltage, therefore 𝑅𝑖𝑛𝑠𝑡𝑟𝑖𝑛𝑠𝑖𝑐 is calculated according to Eq. ( 46 

). 

 

Figure 75 Equivalent circuit of the dynamo flux pump supplying the field winding of the HTS 

generator. 

Table 11 Dynamo flux pump – equivalent circuit parameters 

𝑉0 99.4 mV 

𝑅𝑖𝑛𝑠𝑡𝑟𝑖𝑛𝑠𝑖𝑐  33.0 μΩ 

𝑅𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 150.9 μΩ 

The solution of the circuit of Figure 75 at regime conditions would yield 𝐼𝑙𝑜𝑎𝑑 = 

658 A (corresponding to 𝑉0/(𝑅𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒+𝑅𝑙𝑜𝑎𝑑)). Thus, in order to achieve steady DC 

operation at the rated current of 𝐼𝑛 = 330 A, a closed loop hysteresis control has been 

implemented by switching the flux pump from the on and the off-state with rated duty 

cycle, as it was previously suggested in [85]. In particular, during the first charge 

(ramp-up) of the field wilding the flux pump is continuously in the on-state, meaning 

that the PMs of the rotor rotate with the rated relative velocity of 1500 rpm with respect 

to the tapes and the current injection takes place according to the circuit of Figure 75. 

At the very first instant of the energization (𝐼𝑙𝑜𝑎𝑑 = 0 A) a voltage 𝑉0 = 99.4 mV is 

produced by the flux pump causing the increase of the current of the coil following the 

profile shown in Figure 76. As 𝐼𝑙𝑜𝑎𝑑 increases, the output voltage of the flux pump 
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decreases according to the load curve of Figure 74. When the transport current exceeds 

𝐼𝑛 by a threshold of + 0.2 %, the hysteresis control intervenes so that flux pumping is 

stopped by changing the angular velocity of the PMs so that they move synchronously 

to the tapes, the off-state is entered. In this condition no voltage is produced at the 

terminals and the tapes of the dynamo flux pump, which naturally offers a negligible 

resistance path for the circulation of the DC HTS field winding current, hence no 

dissipation occur in the flux pump in the off-state. It is specified that the + 0.2 % 

threshold of the hysteresis control is a completely arbitrary choice which can be 

adjusted according to different circumstances and end user requirements (for example, 

the magnet field acceptable ripple). During the off-state, due to 𝑅𝑙𝑜𝑎𝑑, 𝐼𝑙𝑜𝑎𝑑 undergoes 

a slow decay with a time constant of 𝐿𝑐𝑜𝑖𝑙(𝐼𝑙𝑜𝑎𝑑)/𝑅𝑙𝑜𝑎𝑑. As soon as, due to this decay, a 

current 0.2% lower than 𝐼𝑛 is reached, the on-state is restored, meaning that it is 

simulated that the PMs start rotating at angular velocity 𝜔𝑃𝑀 back again. As a result, 

after the ramp-up, the current reaches a cyclic steady state in which it oscillates around 

the nominal value 𝐼𝑛 = 330 A with a ± 0.2 % ripple. This is abundantly lower than 1 %, 

therefore it is assumed that the AC loss in the coils due to current ripple is neglectable 

compared to the other loss contributors, hence it is not taken into account in the total 

loss evaluation. 
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Figure 76 Ramp-up transient and maintenance of current of the EcoSwing field winding supplied by 

the dynamo flux pump. 

The rated current 𝐼𝑛 is reached by the dynamo during the ramp-up phase after 

about 12 h (43805 seconds). After this phase the current is kept between 330.66 and 

329.34 A by the controller that switches the dynamo between the on and the off- state, 

as it is displayed in Figure 76. It is noted that such a long charging time may represent 

a drawback for the practical commissioning of the turbine. However, if needed this 

drawback can be overcome by de-signing a dynamo with a higher output voltage. As 

an example, a dynamo with an output voltage of 500 mV voltage (against 99.4 mV of 

the one considered in this study) would allow a charging time reduction down to 2 

hours and could meet the requirement of a shorter energization time if required.  

During current maintenance, on-states and off-states alternate over a cycle lasting 

95 minutes (5695 seconds). The on-state only last 157 seconds, corresponding to a duty 

cycle of 2.76 %. The power dissipated by the flux pump during the process is shown 

in Figure 77. It can be noted that loss occurs in the flux pump as soon as the rotation 

and the charging of the HTS field coil begins. During the charging the loss slightly 

increases with the load current. A heat load 𝑃𝑑𝑦𝑛𝑎𝑚𝑜 (𝑜𝑛)
𝑐𝑟𝑦𝑜

 = 315.5 W is produced when 

the flux pump is in the on-state and the nominal current is reached. However, once the 
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ramp-up is complete the current of the load remains practically constant and the flux 

pump alternate between the on and the off-state, with loss only occurring in the on-

state occupying 2.76 % of the cycle. 

  

(a) (b) 

Figure 77 (a) Dynamo losses vs time, (b) Dynamo losses vs time enlargement, blue line is the instant 

dissipated power, red line is average dissipated power. 

The average dissipation at cryogenic temperature of the dynamo flux pump 

during the cyclic operation at nominal current can be computed as follows: 

𝑃𝑑𝑦𝑛𝑎𝑚𝑜 (𝑎𝑣𝑒𝑟𝑎𝑔𝑒)
𝑐𝑟𝑦𝑜

 =  𝑃𝑜𝑛
𝑐𝑟𝑦𝑜

× 𝛿 ( 61 ) 

where δ is the duty cycle, resulting in 8.7 W. This value must be compared with 

a heat load of 33 W reached with the current leads. It is stressed that, despite the much 

lower average value, a substantial dissipation (315.5 W) is produced during the ramp-

up. Thus, appropriate sizing of the dedicated cooling apparatus must be considered 

for preventing excessive temperature of the HTS field winding during the charging 

process. Finally, the input power needed at ambient temperature for cooling the flux 

pump is obtained by taking the COP into account as in Eq. ( 59 ) and gives 

𝑃𝑑𝑦𝑛𝑎𝑚𝑜 (𝑎𝑣𝑒𝑟𝑎𝑔𝑒)
𝑎𝑚𝑏  = 191 W. Since a cooling power 𝑃𝑐𝑙

𝑎𝑚𝑏 = 726 W was obtained in section 

3.2 for the conventional, current leads based supply system, a drastic reduction (74%) 

of cooling cost for energizing the HTS field winding of a 3.6 MW wind turbine is 
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achieved with the flux pump. Moreover, it should be reminded that flux pumps are 

contactless power transfer devices requiring no slip rings, which means that reliability 

is improved, and complexity reduced by avoiding electrical rotary coupling and 

simplifying thermal coupling. Such an overall improvement results in decreasing both 

the investment and the operating and maintenance costs of the system, resulting in a 

reduced levelized cost of energy. 

The purpose of this study was to compare different energization systems of the 

field winding of a full-scale wind turbine in terms of total equivalent heat load. 

However, compatibility of the considered solutions with fast de-energization of the 

coil in case of failure of the system must be considered. As for the dynamo flux pump, 

a resistor with a normally closed switch in parallel can be included in the 

superconducting loop of Figure 73. Both the switch ad the resistor operate at cryogenic 

temperature. When the discharge is needed the switch is open and the current flows 

in the resistor discharging the coil. Research is in progress for developing quench 

protection systems fully integrated inside the cryogenic environment, delivering 

promising results [180]. Both mechanical and solid-state solutions can be considered 

for the switch. Whereas using a mechanical switch would not impact very much the 

behavior of the system, additional losses would be added by the static solid state 

switch requiring a higher output voltage of the flux pump. However, several 

experimental studies have reported substantial improvement of performance of 

electronic switches at cryogenic temperature, including reduction of forward voltage 

drop and switching performance [181] [182] [183], thus making their adoption viable. 

3.3. A case study for the design of a linear flux pump: The Divertor 

Tokamak Test 

The development of contactless superconducting power supplies is driven by the 

urgent need for efficient means to energize the high-current DC magnets employed in 

future nuclear reactors. With transport currents reaching tens of kiloamperes, 
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traditional systems, comprising power electronic converters, lengthy and convoluted 

busbars, and current leads, pose significant challenges in terms of efficiency, footprint, 

and reliability. These obstacles pose a threat to the viability and reliability of fusion 

reactors.  

The aforementioned circumstances are now described for the specific case of the 

Divertor Tokamak Test (DTT).The DTT facility is an european initiative to establish a 

specialized facility for testing and evaluating a range of potential solutions for the 

DEMOnstration Fusion Power Plant (DEMO) [184], including cutting-edge magnetic 

configurations and molten metal divertors. The DTT is designed to address the power 

handling discrepancies between existing devices and ITER (International 

Thermonuclear Experimental Reactor) [185] and DEMO experiments. The project is 

managed by a DTT legal entity comprising ENEA, ENI S.p.A., and CREATE, with the 

involvement of prominent italian research institutions and universities. The DTT is 

expected to start operating by the end of 2026 and continue for at least 25 years, up to 

the early stages of DEMO's realization [186]. 

As typical for tokamaks [187], the DDT magnet system comprises a set of 

Toroidal Field (TF) coils dedicated to the generation of the magnetic field for the 

plasma confinement. TF coils operate in direct current, so in principle they are suitable 

for being supplied by a flux pump. The final design of the DDT TF power supply 

circuit is described in detail in [188]. The DTT TF magnet system incorporates 18 

identical superconducting coils made from Nb3Sn and cooled with supercritical 

helium at a frigid 4.5 Kelvin. These 18 TF coils are linked in series and powered by a 

solitary power supply, which is connected to the 20-kV level distribution power grid 

through four converter transformers with resin insulation and extended-delta/delta 

connections. Each TF coil is rated for a current of 42.5 kiloamperes, and the power 

supply is a 24-pulse thyristor-based converter capable of delivering up to 44 

kiloamperes of direct current. In the event of a quench, a rapid discharge is crucial to 

extract the magnetic energy stored within the superconducting coils. This is 

accomplished by three Fast Discharge Units (FDUs) linked in series with three sectors 
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comprising six TF coils. The power supply is connected to the 18 superconducting coils 

through DC copper busbars [188]. The electrical scheme of the system just described is 

shown in Figure 78, where TFC stands for TF coils and the four transformers are not 

shown. 

 

Figure 78 Electrical scheme of the DTT TF magnets, its power supply system, busbars, and the FDUs. 

The power supplies occupy space for hundreds of cubic meters (almost filling a 

room of dimensions 26 m × 13 m × 8 m). The copper busbars bulkiness is also worth 

mentioning, as they follow intricated pathways to reach the magnets' current leads 

starting from the room of the power supplies, weighting and occupying about 150 

Tons and 16.5 m3 respectively. In terms of dissipation, the permanent losses that will 

take place during normal operation when a 42.5 kA current flows through the TFC for 

the thyristor-based power supply, the busbars, and the RT to LN2 (liquid nitrogen) 

current leads are about 245 kW, 320 kW, and 230 kW respectively [188] [189] [190]. 

Therefore, it is evident that from an economic standpoint these traditional systems 

significantly impact both capital and operating expenses. Moreover, the substantial 

heat generation associated with these losses raises additional concerns about 

reliability. The buildup of heat in confined spaces can lead to premature failures of 

electronic components, jeopardizing the overall integrity of the power supply systems. 

Unreliable power supply systems can hinder the economic feasibility of nuclear 
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reactors, discouraging investment in the entire sector. It is noted that no considerations 

have been made on the FDUs. In fact, the purpose of this section is setting the bases 

for a comparison between the traditional power supply solutions and flux pumps for 

the energization of DC fusion magnets. It must be considered that effective protection 

devices for the magnets will be implemented even in the case a flux pump power 

supply is employed. The assessment of both the comparison and the integration 

considerations of flux pumps with quench protection systems will be elaborated later 

in the thesis.  

To conclude on this introductive section of the DTT TF magnets, the 

specifications their specifications are listed in Table 12 [191]. The operating current is 

updated according to [188]. 

Table 12 Specifications of the DTT TF coils [188] [191] 

Number of coils  18  

Number of turns per coil  80  

Total Inductance of the 18 coils  ≈ 2 H  

Total stored energy  ≈ 2 GJ  

Operating current  42.5 kA  

Design margin for current  10 %  

Current including margin  ≈ 48.5 kA  

Time constant for TFC emergency discharge  5 s  

Number of FDUs  3  

Available area for the TFC PS and FDUs  13 m x 26 m  

Dimensions of the busbar tunnel  2.84 m x 2.96 m  

3.3.1. The design of a linear flux pump for the DTT Frascati Coil Cold Test 

Facility 

The Frascati Coil Cold Test Facility (FCCTF), whose operations are scheduled to 

start in mid-2024, will be dedicated to the testing the 18 DTT TF coils at full current 

and operating temperature 42.5 kA and 4 K, respectively. This work presents the 

design study of a linear flux pump to be integrated into the Frascati Coil Cold Test 
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Facility. The choice of addressing a linear-type flux pump instead of other topologies 

is motivated by its controllability, scalability, and experimentally proven high current 

capability [115]. The proposed flux pump is designed for a target current of 2 kA for 

safety reasons with regard to the TF coils.  

In linear flux pumps, the outputs and performance are determined by the 

features of the travelling magnetic field wave seen by the tape, that are: the wavelength 

(λ), the frequency (f), the amplitude of the AC field component (BACmax), and the value 

of the DC field component (BDC) [112] [113] [115]. The strategy assumed in this study 

for designing the flux pump consisted of the two following steps: 

• The search for the optimum travelling magnetic field wave to reach the 

required current capacity. For this purpose, step D of flowchart in Figure 64 

was used. 

• The synthesis of the optimal travelling magnetic field wave by designing the 

magnetic circuit (exciter composed by the core and field coils). 

During the first design step the effect of the ferromagnetic core was not 

considered. It must also be mentioned that the considered tape width was 96 mm, 

which is equivalent to using 8×12mm tapes in parallel and the operating temperature 

is chosen to be 70 K, since this allows a good trade-off between performance and 

temperature margin (see Figure 63). 

Continuing the description of the firs step, after discretization of the HTS tape in 

222 elements similar to what had been done in section 2.1, calculation of coefficients 𝑀̿ 

and 𝑢̅ appearing in Eq. ( 28 ), as well as its solution and calculation of the V-I curve at 

the terminals was performed directly following the approach developed in chapter 2. 

The objective of the optimization was the current capability of the linear flux pump, 

hereafter referred to as Imax, to be equal to 2 kA. The DoF of the optimization were 

parameters λ, f, BACmax and BDC of the magnetic field waveform, as already mentioned. 

A genetic algorithm (GA) was used to find the combination of field features that gives 

a current capability that satisfies the objective, which is mathematically expressed 

through the least squares function to be minimized, according to Eq. ( 62 ). 
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Objective funcion =  (2000 − 𝐼𝑀𝐴𝑋(λ, f, 𝐵𝐴𝐶𝑚𝑎𝑥, 𝐵𝐷𝐶))
2 ( 62 ) 

Where 𝐼𝑀𝐴𝑋(λ, f, 𝐵𝐴𝐶𝑚𝑎𝑥, 𝐵𝐷𝐶) is found for each combination of DoF as explained 

in section 2.1.3. It is also reported that the SuperOx YBCO 2G HTS was considered 

since this tape gives the best flux-pump performance, as previous shown in section 2.4. 

The results of the GA optimization, which represent the target field waveform, are 

listed in Table 13 

Table 13 Features of the target excitation field waveform 

BACmax 0.68 T 

BDC 0.68 T 

Frequency (f) 12 Hz 

Wavelength (λ) 42 mm 

Next, as the second design step, the target field waveform was synthesized by 

designing the magnetic circuit able to produce the identified travelling field wave. This 

magnetic circuit is hereinafter referred to as the exciter. The exciter comprises a system 

of three-phase AC copper windings and one DC copper winding enclosed into a 

ferromagnetic core. The AC windings are fed with sinusoidal AC currents shifted in 

time by one third of the period, and the DC winding is fed with a steady DC current. 

This design layout of the flux pump exciter is equivalent to the stator winding system 

of a conventional linear induction motor, with the difference of the presence of the DC 

winding needed to create the BACmax field component. A 3D layout of the designed 

magnetic circuit is shown in Figure 79. A 1 mm air-gap is placed between the upper 

(comb-shaped) part of the magnetic circuit and the lower yoke for allowing the 

insertion of the HTS tape. The details of the air-gap and the HTS tape are shown in 

Figure 80. The main specifications of the linear flux pump are listed in Table 14.  
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Figure 79 3D layout of the linear flux pump. The drawing is not to scale. 

It is assumed that all the three AC windings and the DC winding are realized by 

means of a round wire with 1 mm2 cross section and consist of 300 turns each. 

 

Figure 80 Particular of the yz cut plane of Figure 79, taken at the mid-section along the x direction 

of the flux pump. The plot shows HTS tape located in the air-gap and the details of the copper winding 

above it. 

the evaluation of quantities 𝑀̿, 𝐵⃗ 𝑒𝑥𝑡, and 𝐴 ext were obtained by 3D simulations of 

the magnetostatics of the linear flux pump in COMSOL Multiphysics®, under the 

assumption of linear behavior for the ferromagnetic core (µR = 4000). Separate 

simulations were carried out to find the coefficients of matrix 𝑀̿, and of vectors 𝐵⃗ 𝑒𝑥𝑡 

and 𝐴 ext respectively. In particular, the entries of the matrix 𝑀̿ were obtained by 

supplying individual filaments (i.e. the 222 elements of the discretization of the HTS 



 

157 

 

tape) with a unit current and by taking the line integral of the calculated magnetic 

potential 𝐴 J along the filaments’ length. Similarly, entries of vectors 𝐵⃗ 𝑒𝑥𝑡 and 𝐴 ext were 

obtained by individually exciting the AC and the DC coils with unit currents. Clearly, 

𝐵⃗ 𝑒𝑥𝑡 and 𝐴 ext are vectors of length 222, and 𝑀̿ is a 222 × 222 dense matrix. 

Table 14 Linear flux pump specifications 

Total active length 1000 mm 

Total height 161 mm 

Total width 166 mm 

Air-gap 1 mm 

AC pole pairs 3 

Slots per pole per AC phase 2 

AC windings current density peak 7 A/mm2 

DC windings current density  7.5 A/mm2 

Operating temperature 70 K 

Estimated total copper weight 91.4 Kg 

Estimated total iron weight 144.8 Kg 

The waveform of the resulting magnetic field produced by the designed exciter, 

at a specific instant, at the mid-line of the HTS tape is shown in Figure 81.b. The target 

field that was from the GA optimizer during the first design step is also shown in the 

figure. Although it can be observed that the field inevitably comprises unwanted 

harmonics due to the presence of winding slots, the good match with Bideal validates 

the exciter design. 𝐵⃗ 𝑒𝑥𝑡 at any time step is used to derive 𝐽𝑐(𝐵⃗ 
𝑒𝑥𝑡, 𝑇) that goes into Eq. 

( 23 ), while ∂𝐴 ext /∂t determines the values of vector 𝑢̅ for Eq. ( 28 ). 
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(a) (b) 

Figure 81 (a) current of the AC and DC windings and (b) the excitation field generated by the exciter 

(Breal) compared with the target magnetic field. The orange line represents the length of 96 mm the 

HTS tape on which the field translates. 

After the solving system of equations (Eq. ( 28 ) combined with the condition 𝐼= 

∑𝐼𝑤̅) is obtained, the performance of the designed flux pump can be evaluated. Figure 

82.a shows the average DC voltage V produced at the terminals as a function of the 

DC current I delivered to a load. The typical quasi-linear V-I characteristic, with an 

open circuit voltage VOC of 154 mV and a maximum current capability Imax of 2296 

A, compliant with designing requirements, can be observed. Figure 82.b and Figure 

82.d show output power delivered at the load and efficiency. The latter is defined and 

calculated as the ratio between the output power and the sum of the output and the 

power loss occurring in the tape, that is the total power transferred into the tape by the 

traveling magnetic field. The peak of output power and efficiency occur around 1200 

A. In this condition, the power delivered to the load is about 100 W with a maximum 

efficiency of about 7.35%. A significant open circuit loss (P0) of 1200 W can be seen in 

Figure 82.c. 
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(a) (b) 

  

(c) (d) 

Figure 82 Linear flux pump electrical characterization: a) V-I curve, b) Output power vs transport 

current, c) Losses vs transport current, d) Efficiency vs transport current. 

3.3.2. Linear flux pump modularity exploitation for the energization of the 

DTT TF coil 

The performance of the designed flux pump in the previous section fits the 

current requirements of 2000 A that was addressed. However, since the best efficiency 

is observed around 1200 A, for supplying the target current of 2000 A it is chosen to 

employ two flux pump modules in parallel, each of them delivering 1000 A and 

operating close to optimal efficiency conditions. The equivalent circuit of two flux 

pumps modules in parallel supplying the DTT TF coil, is shown in Figure 83. The 
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lumped parameters RTF module = 100 nΩ and LTF module = 48 mH of the DTT TF coil module 

are estimated based on [192] and taken from [188] respectively, whereas Reff (67.1 μΩ) 

and R0 (19.8 μΩ) are evaluated as explained in section 2.1.5. It is emphasized that the 

RTF module incorporates the resistance of the joints linking the flux pump to the coil. This 

joint resistance is the sole obstacle to overcome when maintaining current, aligning 

with a similar assumption made in a prior case study [3]. Additional support for this 

estimation comes from a recent investigation involving a linear flux pump, consisting 

of only 4×12mm tapes in parallel, where the joints between the flux pump and the load 

displayed a resistance on the order of tens of nano Ohms [106]. As will become clearer 

later, the RTF module holds paramount importance and significantly influences the 

performance of the flux pump, especially during steady state. While its value has been 

estimated based on literature references for this study, it is underscored that a precise 

evaluation will be essential for future studies aiming at experimental implementations. 

The equivalent circuit of Figure 83 is valid during the on-state of the flux pump, whilst 

the equivalent circuit simply consists of a short circuit during the off-state. On-state 

and off-state are defined as in section 3.2.2. The circuit of Figure 83 is controlled by 

implementing a hysteresis control (like for the HTS dynamo of section 3.2.2) on the 

linear flux pump, switching it on and off to maintain the current I oscillate around the 

target value of 2000 A with a ±0.1% ripple. The use of the on-state and off-state 

equivalent circuits to dynamically control the flux pump is justified by its negligible 

inductive effect, which was previously discussed in chapter 2.  
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Figure 83 Equivalent circuit of the DTT TF coil supplied by two linear flux pumps modules in 

parallel. 

The current of the TF coil module during energization and during sustainment 

at the target value of 2000 A ±0.1% is shown in Figure 84. It is obtained that, after a 

charging transient of 819.4 s during which the flux pump constantly operates in the 

on-state, the hysteresis control switches the flux pumps into the off-state, as the current 

I of the coil has reached 2000 A + 0.1%. During the off-state the flux pump behaves like 

a short circuit. Hence a slow decay of the coil current is due to the internal resistance 

of the coil, with a time constant τoff-state = LTF module /RTF module = 4.8×105 s. Due to this decay 

the current reached the lower threshold of 2000 A − 0.1% after 960 s. Then, the flux 

pump is reactivated until the current is raised back to the upper threshold of after 2000 

A + 0.1%, taking 2.2 s. This alternative on-off operation of the flux pump, with a 

resulting cycle time of 962.2 s (16 minutes) and a resulting duty cycle of 0.23 %, is 

permanently continued in order to maintain the coil’s current within the target range 

of 2000 A ±0.1%. 
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Figure 84 Simulation of the current transient and maintenance of a DTT TF coil using two designed 

linear flux pumps in parallel. 

In order to be more general, this analysis is carried out for number N of flux 

pump modules in parallel ranging from 1 to 4, though it is already anticipated that for 

the considered case N = 2 (that is, two models in parallel as shown in Figure 83) gives 

the better energy performance during current sustainment. When N modules in 

parallel are considered the equivalent circuit of the flux pump system is the one of 

Figure 85, where VOC, Reff, and R0 refer to the equivalent circuit of one single flux pump 

module. 

 

Figure 85 . Equivalent circuit of N identical flux pump modules in parallel. 

The current I(t) of the coil supplied by N flux pumps in parallel during the 

charging transient is given in Eq ( 63 ): 

𝐼(𝑡, 𝑁) =
𝑉𝑂𝐶

𝑅𝑇𝐹 𝑚𝑜𝑑𝑢𝑙𝑒  +  
𝑅𝑒𝑓𝑓
𝑁

(1 − 𝑒
−

𝑡
𝜏(𝑁)) ( 63 ) 

with the time constant given in Eq. ( 64 ). 
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𝜏(𝑁) =
𝐿𝑇𝐹 𝑚𝑜𝑑𝑢𝑙𝑒

𝑅𝑇𝐹 𝑚𝑜𝑑𝑢𝑙𝑒  +  
𝑅𝑒𝑓𝑓
𝑁

 ( 64 ) 

It can be observed from the previous two equations that the higher the number 

of modules in parallel, the shorter the time constant of the circuit, due to the fact that 

the equivalent series effective resistance Reff scales with 1/N. Thus, for a given final 

current, a higher N leads to a faster charging transient. In Figure 86, the charging 

transients of the DTT TF coil for N values of 1, 2, 3, and 4 are shown. The corresponding 

energization times are 1471, 819, 737, and 704 seconds, respectively. The overall energy 

loss during the energization of the coil increases with higher N. This is due to the fact 

that the largest part of the loss of the flux pump is due to its intrinsic behavior and 

occurs also in open circuit condition. Hence adding modules in parallel means adding 

resistance. Regarding equivalent circuits, this concept can be grasped by recognizing 

that, for N modules in parallel, the resistance to be connected in parallel to the voltage 

source scales with 1/N (see Figure 85). This results in intrinsic power loss that linearly 

increases with N. The shorter charging time is not good enough to compensate the 

higher loss rate that is produced, resulting in increased energy loss at the end of the 

ramp up. The energy dissipated by every contributor (Reff/N, R0/N, and RTF module) during 

the transient, for the cases of N equal to 1, 2, 3, and 4, is shown in Figure 86 as well. It 

is confirmed that the loss contribution due to R0/N is largely dominant, as it is one 

order of magnitude larger than the one due to Reff/N, and even four orders of 

magnitude higher than the one due to RTF module. Because of the R0/N dissipation 

dominancy, using more flux pumps in parallel is counterproductive in terms of 

charging dissipation, even if it is beneficial in terms of charging duration. 

Beside the charging of the SC coil up to the nominal current, with a typical time 

in the order of tens of minutes or hours at the most, flux pumps must sustain the high 

current of the coil during their entire service life, which is in the order of tens of years. 

During the sustainment phase, the power delivered to the coil is needed to compensate 

the losses occurring in the internal resistance (due to joints) only and is much lower 
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than the one needed during the energy generation phase where the magnetic energy 

store must be set up. Therefore, careful analysis of the energy performance of the flux 

pump during the sustainment phase must be carried out in order to choose the optimal 

number N of modules in parallel. 

 

Figure 86 Impact of the number of flux pump modules in parallel (N) on the charging transient and 

on all loss contributions. 

The flux pump is constantly operating in the on state during the ramp-up, 

however, during sustainment it alternatively operates in on and off state at practically 

constant current I with a given duty cycle δ. This duty cycle can be calculated by 

imposing that the increase of current during the on-state (green segments of Figure 84) 

of the cycle is equal to the decrease of current during the following off-state (grey 

segments of Figure 84). 
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𝑉𝑂𝐶− (
𝑅𝑒𝑓𝑓
𝑁 + 𝑅𝑇𝐹 𝑚𝑜𝑑𝑢𝑙𝑒)  𝐼

𝐿𝑇𝐹 𝑚𝑜𝑑𝑢𝑙𝑒
𝑇𝑂𝑁 =

𝑅𝑇𝐹 𝑚𝑜𝑑𝑢𝑙𝑒 𝐼

𝐿𝑇𝐹 𝑚𝑜𝑑𝑢𝑙𝑒
(𝑇𝑐𝑦𝑐𝑙𝑒 − 𝑇𝑂𝑁) 

( 65 ) 

from which the following duty cycle δ is obtained. 

𝛿 =
∆𝑡𝑜𝑛−𝑠𝑡𝑎𝑡𝑒
∆𝑡𝑜𝑓𝑓−𝑠𝑡𝑎𝑡𝑒

=
𝑅𝑇𝐹 𝑚𝑜𝑑𝑢𝑙𝑒 𝐼

𝑉𝑂𝐶−
𝑅𝑒𝑓𝑓
𝑁  𝐼

 ( 66 ) 

The duty cycle depends on the N number of modules. On one hand the higher N 

the shorter the on-state, which is the only dissipative phase of the cycle. On the other 

hand, however, as the value of N increases, so does the dissipation during the on phase 

(due to the lower value of the equivalent parallel resistance). The average power 

dissipated in the flux pump in one cycle is given by Eq. ( 67 ) and is shown in Figure 

87 as a function of N. It can be seen that the minimum average loss is reached for N = 

2. This is consistent with the result of Figure 82.c, since when N = 2 is chosen each of 

the flux pump modules operate with a current of 1000 A that is close to one allowing 

the maximum efficiency. As a general rule, the number of modules in parallel must be 

chosen so that the individual flux pump modules operate as close as possible to the 

maximum efficiency current. 

𝑃𝑙𝑜𝑠𝑠
𝑡𝑜𝑡 (𝑁) = 𝛿(𝑁) [(

𝑅𝑒𝑓𝑓

𝑁
) 𝐼2  +  

𝑉𝑂𝐶
2

(
𝑅0
𝑁 )
] ( 67 ) 

The energy performances of the flux pump are summarized in Table 15. It is 

evident from the table that, when projected into the whole lifespan of the system, the 

contribution to energy loss of the energization phase is negligible and energy 

optimization of the flux pump should be made with reference to the sustainment 

phase. 
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Figure 87 Impact of the number of flux pump modules in parallel (N) on the flux pump average total 

loss at steady state. 

Table 15 Loss of the 2 flux pumps modules for the DTT TF coil ramp-up and flat top 

 Energization to 2 kA Sustainment at 2 kA 

Duration, s 819.4 Life service 

Energy loss, kJ 0.54 kWh --- 

Average power, W --- 5.8 W 

Energy loss for 30 

years life service 

--- 1.52 

The addition of flux pump modules in parallel entails an increase in volume and 

mass of the power supply system. As far as this study is concerned, this does not imply 

any critical issue. In fact, it is repeated that one flux pump module is estimated to 

weigh less than 250 kg, with a volume of approximately 0.03 m3. For reference, it is 

remined that the conventional power supplies of the DTT TF coils occupy a 182 m2 

room and the copper busbars connecting them to the magnets weigh 150 tons, with a 

volume of 16.5 m3. To put this in perspective, it would take 600 modules to match the 

weight of the copper busbars alone. However, for future studies regarding different 

applications where weight and volume are critical factors, it is acknowledged that 

these specifications should be considered as design constraints. 

From an energetic standpoint, it is also interesting to estimate the total 

dissipation if the rated current of the DTT TF coil was obtained with a supply system 

composed by flux pump modules like the one that has been design in this study. To 
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match the current capability of the conventional power supply, 44 linear flux pumps 

modules would be needed (considering that each one would transport 1 kA). Using 

Eq. ( 66 ) and ( 67 ) to calculate the average dissipation of 44 linear flux pump modules 

to maintain 42.5 kA in the DTT TF coil at current maintenance, and assuming a COP 

of 22 W/W (300K-70K) for the cryocooler [176], gives an estimation of 2.8 kilowatts of 

room temperature average electric power consumption. This would represent a 

massive energy saving for the Frascati Coil Cold Test facility (FCCTF) with respect to 

conventional systems, as it was explained in section 3.3 that they would entail 

hundreds of kilowatts of permanent losses. In fact, considering that the conventional 

power supply will dissipates around 245 kilowatts [188], and the two RT to LN2 current 

leads will contribute for 75 kilowatts at room temperature (the copper busbars 

mentioned in section 3.3 are not present in the FCCTF), all operated continuously, this 

would translate into a consumption of 86 kWh of energy within 16 minutes. In that 

same timeframe and for the same purpose, 44 linear flux pump modules would only 

consume about 0.75 kWh of electric energy, which is less than 0.9 %. 

However, if the same comparison analysis is carried out for the case related to 

the energization of the entire DTT TF system (18 coils), the result is rather surprising 

and disappointing. The energy consumption of the conventional system is first 

calculated during a linear ramp-up lasting 2000 seconds, following the methodology 

described in [188]. 

𝐼(𝑡) =  𝛼 × 𝑡 

𝛼 =  
𝐼𝑟𝑎𝑡𝑒𝑑
𝑡𝑟𝑎𝑚𝑝−𝑢𝑝

=
42500 𝐴

2000 𝑠
= 21.25 𝐴/𝑠 

( 68 ) 

Considering a heat load of 45 W/kA per current lead, a COP of 20 (300K-70K), 

and 6 current leads in total (see Figure 78), the current leads energy consumption at 

room temperature during the whole ramp-up is calculated using Eq. ( 69 ). 
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𝐸𝐶𝐿
𝑟𝑎𝑚𝑝−𝑢𝑝 = ∫ 6 × 0.045 × 20 × 𝐼(𝑡)𝑑𝑡

2000

0

=
6 × 20 × 0.045 × 425002

2 × 𝛼
 ( 69 ) 

Which gives 63.75 kWh. After having estimated the average resistance of the 6 

copper busbars equal to 29.6 μΩ, based on the information of the following report 

[190], the corresponding energy consumption during the ramp-up is calculated as 

follows: 

𝐸𝑏𝑢𝑠𝑏𝑎𝑟𝑠
𝑟𝑎𝑚𝑝−𝑢𝑝 = ∫ 6 × 𝑅𝑏𝑢𝑠𝑏𝑎𝑟𝑠 × 𝐼(𝑡)

2𝑑𝑡 

2000

0

=
6 × 𝑅𝑏𝑢𝑠𝑏𝑎𝑟𝑠 × 42500

3

3 × 𝛼
 ( 70 ) 

Which gives 53.34 kWh. To calculate the energy consumption during the ramp-

up of the power supply, the energy balance is used considering 𝐸𝐶𝐿
𝑟𝑎𝑚𝑝−𝑢𝑝, 𝐸𝑏𝑢𝑠𝑏𝑎𝑟𝑠

𝑟𝑎𝑚𝑝−𝑢𝑝, 

and the total stored energy in the TF coils 𝐸𝑐𝑜𝑖𝑙𝑠
𝑠𝑡𝑜𝑟𝑒𝑑, at rated current (see Table 12). An 

efficiency (𝜂𝑃𝑆) of 95 % is considered based on thyristor AC/DC converters references 

[193]. 

𝐸𝑃𝑆
𝑟𝑎𝑚𝑝−𝑢𝑝 = 

(1 − 𝜂𝑃𝑆)

𝜂𝑃𝑆
× (𝐸𝐶𝐿

𝑟𝑎𝑚𝑝−𝑢𝑝 + 𝐸𝑏𝑢𝑠𝑏𝑎𝑟𝑠
𝑟𝑎𝑚𝑝−𝑢𝑝 + 𝐸𝑐𝑜𝑖𝑙𝑠

𝑠𝑡𝑜𝑟𝑒𝑑) ( 71 ) 

Which gives 35.72 kWh. Finally, it is found that 158.8 kWh of energy is consumed 

to perform the ramp-up in 2000 seconds for the case of the conventional power supply 

systems. Subsequently, based on the data already reported in section 3.3, a total of 795 

kW is continuously consumed to maintain the rated current in the TF coils. 

Now, the same quantities (energy consumption for ramp-up and power 

consumption at current maintenance) are calculated if 44 linear flux pumps modules 

are used in parallel. The energy spent to compensate the losses of the 44 flux pumps 

during ramp-up (𝐸𝐹𝑃
𝑟𝑎𝑚𝑝−𝑢𝑝) is calculated as described hereafter. First, Eq. ( 63 ) and ( 

64 ) are used to find 𝜏 and the duration of the ramp-up (𝑡𝑒𝑛𝑑) by imposing N = 44 and 

replacing LTF module with LTF (2 H, as reported in Table 12) and RTF module with RTF (1.8 μΩ, 
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as assumed in previous studies [3] for analogue tokamaks). Next, the following 

integral is calculated: 

𝐸𝐹𝑃
𝑟𝑎𝑚𝑝−𝑢𝑝 = 𝐶𝑂𝑃(70𝐾) × ∫

𝑉𝑂𝐶
2

𝑅0
𝑁

+
𝑅𝑒𝑓𝑓

𝑁
𝐼2(𝑡, 𝑁) 𝑑𝑡 

𝑡𝑒𝑛𝑑

0

 ( 72 ) 

Which gives 491.5 kWh. Where in this case the COP is 22 and 𝐼(𝑡, 𝑁) is found 

with Eq. ( 63 ). It is evident that a power supply based on 44 linear flux pumps is way 

more energy intensive than the traditional supply system for energizing the TF coils 

during charging. This is actually not a surprise, as it is acknowledged that open circuit 

losses of flux pumps are significant. To calculate the average dissipation during 

current maintenance with the flux pumps (operating them with an analogue hysteresis 

control as earlier), Eq. ( 66 ) is first used to find δ (0.857), and then Eq. ( 67 ) is multiplied 

by the COP at 70 K. Surprisingly, the calculations give that the average energy 

consumption of the flux pumps in this phase is over 1 MW, hence more than what is 

consumed with the traditional systems. A visual representation to depict the results of 

this analysis is provided in Figure 88, which shows the energy consumption (in MWh 

per day) of the two considered supply solutions. 
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Figure 88 Energy consumption comparison for the supply of the DTT TF coils. 

Not only the energy spent to reach 42.5 kA in the DTT TF coils is significant if 44 

linear flux pumps are used in parallel, but the average consumption at current 

maintenance overcomes the one of the traditional solutions too (of about 30 %), which 

is apparently in contrast with the previous promising results referred to the supply of 

one single DTT TF coil in the FCCTF, for which the flux pumps solutions was the clear 

winner. However, a careful analysis of the previous results reveals a drastic increase 

in the duty cycle in the case of the energization of the entire DTT magnetic system 

(0.857 versus 0.0023 in the case of a single TF coil). This increase reflects the fact that 

the flux pumps must operate in the on-state for much longer, hence the high losses. 

The reason for the unfavorable results of the flux pumps, therefore, must be identified 

in the increase in the duty cycle. Based on Eq. ( 66 ), it can be deduced that the latter 

has increased due to the increase in the total resistance of the magnet and its operating 

current. Indeed, these two quantities have a crucial impact on the performance of a 

flux pump dedicated to the energization of a superconducting magnetic load, which 

can arrive at hindering this technology potential.  
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Despite the long-standing promise of flux pumps in revolutionizing the supply 

system of high current DC magnets, this critical issue has gone undetected because of 

the lack of the technology validation in relevant environments and the laboratory scale 

of the superconducting magnets on which they have been tested. This crucial aspect is 

investigated in a comprehensive analysis described in the next section of this thesis to 

unravel, once for all, the true potential of flux pumps. 
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3.3.3. On the role of the load resistance and rated current on the flux pump 

impact 

The power flow scheme of a system comprising a superconducting coil (𝐿𝑐𝑜𝑖𝑙) 

energized by a flux pump coupled to its dedicated cryocooler is depicted in Figure 89. 

The general scheme in this figure assumes that the flux pump and the coil operate 

inside the same cryogenic environment and at the same temperature. If that was not 

the case, the temperature gradient should be addressed with current leads connecting 

the flux pump to the load, but this would not affect the scope of the following analysis. 

Moreover, the power contributions that are indicated in Figure 89 should be intended 

as the average powers relative to one cycle of the system operation after the rated 

current is reached (if the flux pump is managed through an hysteresis control like in 

section 3.2.2 and 3.3.2, the period over which the average powers are calculated is the 

one of the control). 

 

Figure 89 Power flow of a flux pump energizing a superconducting coil. 

Over one period of operation, the sole energy contribution that the flux pump 

must deliver is related to the losses of the total resistance of the load (Rj) which can be 
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attributed to its joints (since the current in the coil is oscillating around the rated value, 

no net magnetic energy is passed to the coil by the flux pump or vice versa). This 

energy can only be a portion of the total input power to the flux pump because of its 

efficiency (η). The difference between the input power to the flux pump and the power 

delivered to the load coil is dissipated in losses that the dedicated cryocooler must 

work hard to remove. The electric power that the cryocooler needs for this purpose 

(𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔
𝑖𝑛𝑝𝑢𝑡 ) is in turn dependent on the COP. Given the prerequisite that the flux pump 

can energize the load coil up to its rated current (𝐼𝑟𝑎𝑡𝑒𝑑), the remaining concern is that 

𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔
𝑖𝑛𝑝𝑢𝑡  is minimized. 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝑖𝑛𝑝𝑢𝑡  determines the slope of the green line of Figure 88 and is 

the quantity that is compared to the total losses of the conventional power supply 

solutions when the energetic conveniency of the flux pump is explored. 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔
𝑖𝑛𝑝𝑢𝑡  can be 

expresses as a function of the power that is delivered to the load as in Eq. ( 73 ). 

𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔
𝑖𝑛𝑝𝑢𝑡 (𝑅𝑗 , 𝐼𝑟𝑎𝑡𝑒𝑑) =  𝐶𝑂𝑃

(1 − 𝜂)

𝜂
𝑅𝑗(𝐼𝑟𝑎𝑡𝑒𝑑)

2 ( 73 ) 

The electric power required to remove the corresponding losses for a specific flux 

pump with a given efficiency and operating temperature (COP) is linearly dependent 

on the total resistance of the load coil and scales with the square of its rated current. 

Since the resistance and the rated current are, respectively, a specification and a 

requirement of the load, they should be addressed during the designing process of a 

flux pump so that its efficiency and operating temperature (hence the COP of the 

corresponding cryocooler) result in a value of 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔
𝑖𝑛𝑝𝑢𝑡  lower that the total losses of the 

conventional power supply that would be used instead. The latter condition should be 

integrated as a constrained in the designing procedure previously described in the 

flowchart of section 3.1, step D.  

Naming 𝑃𝑏𝑒𝑛𝑐ℎ𝑚𝑎𝑟𝑘 the total losses of the conventional power supply, the 

efficiency of the flux pump should be compliant with Eq. ( 74 ) to be energetically 

convenient. 
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𝜂 >  
1

𝑃𝑏𝑒𝑛𝑐ℎ𝑚𝑎𝑟𝑘
𝐶𝑂𝑃 𝑅𝑗(𝐼𝑟𝑎𝑡𝑒𝑑)2

+ 1
 

( 74 ) 

Eq. ( 74 ) explains why the 44 linear flux pumps in parallel designed in section 

3.3.2 underperformed the conventional supply system of the DTT TF coils. In fact, it 

can be calculated that those flux pumps should have worked with an efficiency of at 

least 8.25 %, whereas they could achieve 7.35 % at most (see Figure 82). For real 

applications, Eq. ( 74 ) should incorporate a safety margin coefficient that accounts for 

several factors, such as the fact that the efficiency of a flux pump depends on its 

operating current, therefore it would be challenging to operate it at the very maximum 

efficiency point. Plotting 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔
𝑖𝑛𝑝𝑢𝑡  from Eq. ( 73 ) as a function of the efficiency (imposing 

𝐿𝑐𝑜𝑖𝑙 = 2 H and Rj = 1.8 μΩ as for the case of the DTT TF coils) and superimposing it 

with the line corresponding to the total dissipation of the DTT TF coils conventional 

power supply system (approximately 795 kW, as previously mentioned in section 

3.3.2) gives the plot of Figure 90.  

 

Figure 90 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔
𝑖𝑛𝑝𝑢𝑡

 vs 𝜂 for a flux pump energizing the 18 DTT TF coils. The red breakeven point 

marks the value of minimum efficiency of the flux pump to be energetically superior with respect of 

the conventional power supplies. COP = 22. 
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Obviously, the 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔
𝑖𝑛𝑝𝑢𝑡

(𝜂) is a vertically translated equilateral hyperbola whose 

slope increases as 𝜂 decreases. Engineeringly speaking, this is advantageous because 

it entails that at low efficiencies, typical of travelling field flux pumps, minor 

improvements in efficiency result in significant reductions of loss during operation 

and increase of overall energy performance.  

The impact of 𝐼𝑟𝑎𝑡𝑒𝑑 and Rj one the 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔
𝑖𝑛𝑝𝑢𝑡 (𝜂) is shown in Figure 91.a and Figure 

91.b, respectively. 

  

(a) (b) 

Figure 91 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔
𝑖𝑛𝑝𝑢𝑡

(𝜂) curves for varying (a) 𝐼𝑟𝑎𝑡𝑒𝑑 and (b) Rj. COP = 22. 

The impact of both the operating current of a superconducting magnet and its 

total resistance on the 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔
𝑖𝑛𝑝𝑢𝑡 (𝜂) is so significant that these quantities cannot be 

ignored when studying the feasibility of employing a flux pump as the power supply. 

While reducing the rated current of a magnet would seem counterproductive, as it 

would correspond to limiting the inherent advantages of HTS coils, it is reasonable to 

concentrate efforts in manufacturing low resistance joints for reducing Rj. It is noted 

that a reduction of Rj does not imply any advantage in terms of losses for the 

conventional power supply solutions, as their dissipation scales only with the current. 

Current progress in this sense seems to be favoring flux pumps [194]. 
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If the negative outcome observed for the designed linear flux pump in 

comparison to the conventional system in section 3.3.2 may appear to question the 

feasibility of the technology, I personally believe that the findings presented in this 

section prove the contrary. If the design process of the linear flux pump of section 3.3.1 

had incorporated the considerations that have been described above in the form of the 

constraint of Eq. ( 74 ), the result of the comparison could have been different. Besides, 

it is reminded that the minimum efficiency for the flux pump to be energetically 

convenient should have been 8.25 %, which can be reasonably considered achievable. 

Despite the fact that the efficiency is largely overlooked for linear type flux pumps, 

and it might turn out that this is an intrinsic weakness of the topology, it is 

demonstrated that HTS dynamos could overcome 15 % instead [87]. Parametrical 

studies have also investigated ways to increase the efficiency of travelling field flux 

pump. For example, Figure 28 from [87] shows that the slow velocities of the travelling 

field (frequency of rotation of the rotor for the case of [87]) boost the efficiency, even 

though this decreases the output voltage and, therefore, the output power. However, 

there are other factors that have positive impact on both the efficiency and the output 

voltage. That is the case of the airgap for HTS dynamos, as described in [165] and 

whose results are reported here in Figure 92. 
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(a) (b) 

Figure 92 Impact of the airgap of a HTS dynamo on (a) the open circuit output voltage and (b) the 

efficiency. [165]  

Actually, the impact of the airgap on the performance of a HTS dynamo should 

be no surprise because reducing the distance between the permanent magnets and the 

HTS tape has the sole effect of increasing the magnetic field acting on it, and the way 

this impacts the functioning of travelling field flux pumps was already widely 

described in section 1.4.1. This is a perfect opportunity to reiterate a fundamental 

aspect that was repeated frequently right in section 1.4.1: under the condition of a 

travelling field of such waveform that triggers a synchronous variations of local 

electromotive forces and resistivity as in Figure 21, the higher the applied field, the 

larger the critical current density suppression, the higher the local resistivity and the 

better flux pumping performance. 

To my view, if there is one plot that demonstrates the potential of flux pumps for 

the energization of superconducting magnets, that plot is exactly the one of Figure 90, 

which shows that HTS flux pumps of efficiency above just 10-15 % would have a 

disruptive impact in the supply systems for fusion magnets. In this sense, it is worth 

remembering that it was just 1993 that a flux pump of the transformer rectifier type 

reached 98 % efficiency during current maintenance [30]. As described in section 1.3.2, 

the flux pump of [30] is made of LTS superconductors, which facilitates the switching 
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operation. Nonetheless, [30] is an irrefutable proof that the viability of 1 Ω open-state 

class, with a fast dynamic (< 1 s) to change state, superconducting switches is the 

ultimate enabler of high efficiency flux pumps. Paradoxically, being LTS is also a great 

disadvantage for the transformer rectifier of [30], because working at 4.2 K entails that 

the corresponding cryocooler will work with a COP as high as 7000 W/Wcold [176]. 

Under these circumstances, the 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔
𝑖𝑛𝑝𝑢𝑡 (𝜂) curve of Figure 90 is readapted in Figure 93, 

where the Y-axis is set to a logarithmic scale due to the extremely high values that 

emerged from the calculations. In this case, the breakeven efficiency has raised up to 

96.62 %.  

The bottom line is that if HTS switches of the same class and performance of the 

ones of [30] were viable, a transformer rectifier based on them could overcome the 

breakeven efficiency by a great margin, as well as exhibit output voltage in the range 

of 1 V [30]. Based on the latest progress in the field [51], this seems to be happening as 

I am writing these words. 

 

Figure 93 𝑃𝑐𝑜𝑜𝑙𝑖𝑛𝑔
𝑖𝑛𝑝𝑢𝑡

 vs 𝜂 for the case of a flux pump energizing the 18 DTT TF coils while working at 

4.2 K (COP = 7000). The red breakeven point marks the value of minimum efficiency of the flux pump 

to be energetically superior with respect of the conventional power supplies. 
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The majority of the novel work conducted during this Ph.D. project has focused 

on traveling field flux pumps, namely the HTS dynamo and linear type, due to the 

significant scientific research gap that was present surrounding these devices. Their 

physical mechanism was a subject of ongoing debate until a few years ago, and 

previous studies, both experimental and numerical, to explore their operation were 

primarily empirical and lacked generalizability. On the other hand, the operating 

mechanism of the transformer rectifier is relatively straightforward, and it was widely 

acknowledged that its development was heavily dependent on the progress on 

superconducting switches. To my view, the findings of this project reveal that, in terms 

of efficiency, the transformer rectifiers that utilize high-resistance open-state 

superconducting switches hold an inherent advantage with respect to traveling field 

flux pumps. However, it is worth pointing out that HTS dynamos and linear flux 

pumps comprise a limited number of components with respect to transformer 

rectifiers (in particular, they lack the need of the transformer), therefore they could be 

preferable for applications that prioritize mass and volume over efficiency. Evidently, 

the definitive choice of which flux pump topology is most suitable for a given 

application is an engineering challenge that needs to be resolved case by case, because 

it is intrinsically tied to the unique demands and specifications of the considered 

application in terms of rated current, inductance, required ramp rate, total resistance, 

and possibly other specifications. 

Progress in flux pump development is ongoing, and the prospect of efficient and 

high-current HTS transformer rectifier becoming a reality is promising. However, the 

feasibility of implementing these advancements in practical applications will 

ultimately depend on a critical engineering aspect that remains to be addressed, that 

is its integration with the fast discharge units of the quench protection system for the 

superconducting magnet. Excluding a few exceptional cases, a superconducting 

magnet is usually connected in series with a switch that is in turn connected in parallel 

to the dump resistor. This system is called fast discharge unit. During normal 

operation, the switch is closed and carries the same current of the magnet, but when 
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the protection system detects a quench, the switch opens and the magnet’s current is 

redirected to the dump resistor on which its energy is dissipated following a discharge 

transient. Inevitably, the switch of the fast discharge unit has a non-negligible 

resistance that is in series with the one of the joints and therefore will contribute to 

increase Rj in Figure 89. If the quench protection system incorporates multiple fast 

discharge units and/or if their switches exhibit significant resistance, the analysis 

outlined in this section indicates that a power supply relying on a flux pump may not 

be feasible, as achieving the required efficiency would be impractical.  

Future studies following this Ph.D. project will be focused on the investigation 

of the integration of flux pumps with the fast discharge units of superconducting 

magnets, as well as on the improvement of their efficiency and the identification of the 

most suitable topology based on the addressed application. 

Other technological advancements regarding the quench protection that could 

avoid resistive fast discharge unit switches, hence facilitating the penetration of flux 

pumps as power supplies for superconducting magnets, will be explored. It should be 

mentioned, in fact, that innovative protection solutions are being developed in this 

sense, such as discharge units that employ superconducting switches with negligible 

resistance during normal operation [195] [196] [197] and varistor insulation for non 

insulated or partially insulated coils that act as a distributed quench heater [198]. 
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4.Conclusions 

This Ph.D. project has been dedicated to the numerical modelling, investigation, 

and engineering analysis of flux pumps. This research has been driven by the 

potentially disruptive impact that flux pumps can have in enabling contactless and 

efficient energization of superconducting magnets, as well as by the scientific research 

gaps that have been surrounding the technology for a long time. After the technology 

was reviewed and the main characteristics of each topology were summarized in 

chapter 1, a FEM model based on the volume integral equation (VIE) method has been 

developed and validated against experimental results to unravel the intricacies related 

to the voltage rectification that characterizes travelling field flux pumps. The results of 

this modeling action, presented in chapter 2, describe the behavior of the traveling 

field flux pumps. The findings illustrate that, under specific conditions, these devices 

operate in the generation mode, displaying both current and output voltage located in 

the first quadrant when staying within two operational limits: the open circuit output 

voltage and the generator current limit. Of utmost importance is the energetic balance 

calculation that yields the complete equivalent circuit of Figure 46.b. Previous studies 

relied of the equivalent circuit of Figure 46.a which does not account for the largest 

dissipation contribution, the open circuit losses. This complete equivalent circuit is a 

useful tool for fast system oriented analysis of the flux pump, as shown in chapter 3. 

Chapter 2 also presents a novel approach to address the relationship between the 

critical current and the n-value of HTS tapes concerning temperature and magnetic 

field, utilizing artificial intelligence methods. This methodology enabled an 

exploration of the influence of operating temperature and allowed an assessment of 

the performance of various commercial HTS tapes in the context of traveling field flux 

pumping. 

Then, the numerical model is exploited to develop an application oriented 

optimal design procedure of travelling field flux pumps, presented in chapter 3. This 
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designing procedure is tested to design, and later characterize, a HTS dynamo for 

energizing the field windings of the EcoSwing wind turbine, and a linear flux pump 

for serving the toroidal field magnets of the Divertor Tokamak Test. The integration of 

the designed flux pumps with the load for which they are produced is analyzed as 

well, finding that, in terms of total losses, the performance of the flux pumps is highly 

dependent on the rated current and its total resistance. The influence of these two load 

parameters on the viability of flux pumps is discussed in section 3.3.3, where it is 

described that the expected difference in efficiency between the three topologies plays 

a crucial role for real applications. 

By combining the development of new tools, such as the complete equivalent 

circuit and the application-oriented designing procedure, with novel findings, like the 

crucial impact of the load characteristics on the flux pump integration, this Ph.D. 

project has made an attempt at overcoming the empirical approach with which flux 

pumps have been addressed for decades and applied a structured engineering method 

to facilitate its implementation in real applications. Future works will be dedicated to 

the investigation of the integration of flux pumps with the fast discharge units of 

superconducting magnets. 

Hopefully, this work can pave the way toward the validation of flux pumps in 

relevant environments. 

Per aspera sic itur ad astra. 
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