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Abstract  

Conventional power supplies for superconducting magnets rely on dissipative 

power electronic converters and current leads, which are a thermal path connecting 

room temperature to cryogenic superconductors, as well as an additional source of 

joule dissipation, thereby imposing a significant heat load on the cooling system.  

Flux pump s offer a contactless, 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 pump s. The numerical model was further  exploited to develop an 

application -oriented optimal design procedure for traveling field flux pumps, which 

was tested to design and characterize a HTS dynamo and a linear flux pump for real 

applications. The study found that the performance of the flux pumps is highly 

dependent on the rated current and its total resistance and discussed the influence of 

these two load parameters on the viability of flux pumps.  

Overall, th is 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.  



 

II  

 

Acknowledgement s 

I want to  begin by expressing my deepest gratitude to my Ph.D. supervisor, 

Professor Antonio Morandi. Fresh out of University, I soon came to realize that 

applying the engineering knowledge and skills acquired through exams as a bachelor's 

or master's student presents a different challenge than facing real-world situations and 

new complexities. As I cannot think about a better example of critical yet constructive 

supervisor, knowledgeable engineer, and practical observer to learn from, I extend my 

sincere thanks to Professor Morandi for mentoring me into being a better engineer and 

researcher. 

I would also like to convey my appreciation to Professor Pier Luigi Ribani, for I 

have learned so much from his critical insights, profound knowledge, and legendary 

effectiveness example. As you approach retirement, I am genuinely happy for you , I 

cannot put on wor ds I lucky I feel to have had the opportunity to learn from you, both 

professionally and personally.  

Among the esteemed mentors I had the privilege of learning from during this 

journey, I want to express my gratitude to  Dr. Mohammad Yazdani -Asrami  for the 

valuable guide and help he has always offered me like I was one of his students. I 

ÞÖÜÓËɯÉÌɯÈɯÞÖÙÚÛɯÌÕÎÐÕÌÌÙɯÐÍɯ(ɯËÐËÕɀÛɯmeet you. I will never forget the way you and 

your  colleague, Dr . Wenjuan Song, welcomed me into your  growing research group  at 

the University of Glasgow  while treating me as a friend. 

ɁOnce an Alumni, always an Alumni ɂ. 

As I approach the completion of this journey, where three years feel like a week, 

I think about all the people I had the joy to share this with  and want to  thank the entire 

LIMSA group, with special mentions for Lorenzo (I will never forget  your help in 

starting this journey ) and Luca (classmates before, lab mates later, forever friends ).  

To all the ones who supported me and believed in me before and during this 

journey, I love you.  

Cheers to each one of you. 



 

III  

 

 



 

IV  

 

Contents   

Abstract  ..............................................................................................................................................................................I  

1. Chapter 1: Introduction to flux pumps and state of the art  ........................................................................... 1 

1.1. Context and motivation ................................................................................................................................... 1 

1.2. The flux pump general behavior ...................................................................................................................... 5 

1.3. The operating mechanism of the transformer rectifier flux pump ................................................................ 11 

1.3.1. Magnetically activated transformer rectifier flux pumps .............................................................................. 15 

1.3.2. Thermally activated transformer rectifier flux pumps ................................................................................... 23 

1.3.3. Overcurrent switches-based transformer rectifier flux pumps ...................................................................... 28 

1.3.4. Non-conventional transformer rectifier flux pumps ...................................................................................... 34 

1.4. Dynamo flux pumps ....................................................................................................................................... 35 

1.4.1. The travelling field flux pumps physical mechanism ...................................................................................... 37 

1.4.2. HTS dynamos state of the art ........................................................................................................................ 48 

1.5. Linear type flux pumps ................................................................................................................................... 55 

2. Chapter 2: Development of a validated numerical model of flux pumps  ................................................ 62 

2.1. A volume integral equation method for modelling travelling field flux pumps ............................................. 64 

2.1.1. The simulated apparatus for the model development and its operating conditions ..................................... 64 

2.1.2. The mathematical model and the energy balance of the flux pump ............................................................. 66 

2.1.3. Computation of the electrical characteristic of a flux pump .......................................................................... 72 

2.1.4. Computation of the energy balance of a flux pump ...................................................................................... 81 

2.1.5. Complete, empirical, and serviceable equivalent circuit of flux pumps ......................................................... 87 

2.1.6. Flux pump connected to an RL load and short circuit operation ................................................................... 92 

2.2. AI models for reconstructing the critical current and n-value surfaces of HTS tapes .................................... 96 

2.2.1. A brief description of Artificial Neural Networks (ANN) ................................................................................ 99 

2.2.2. A brief description of the eXtreme Gradient Boosting (XGBoost) ................................................................ 102 

2.2.3. A brief description of the Kernel Ridge regressor (KRR) ............................................................................... 104 

2.2.4. Results of the evaluation of the Ic per unit width using the AI models ........................................................ 105 

2.2.5. Results of the evaluation of the n-value using the AI models ...................................................................... 109 

2.2.6. Sensitivity analyses on the hyperparameters of the AI models ................................................................... 110 

2.3. Numerical validation of the final FEM model of travelling field flux pumps ................................................ 115 

2.4. Performance of different commercial HTS tapes for flux pump applications .............................................. 119 

2.5. Impact of operating temperature on the performance of travelling field flux pumps ................................. 123 

3. Chapter 3: Application -oriented optimal design of travelling field flux pumps  .................................. 127 

3.1. The application-oriented optimal design procedure of travelling field flux pumps ..................................... 128 

3.2. A case study for the design of a HTS dynamo: The EcoSwing wind turbine ................................................. 135 

3.2.1. Design and characteristics of the HTS dynamo for the EcoSwing field windings ......................................... 140 

3.2.2. Electrical characteristics and performances of the HTS dynamo ................................................................. 144 



 

V 

 

3.3. A case study for the design of a linear flux pump: The Divertor Tokamak Test ........................................... 150 

3.3.1. The design of a linear flux pump for the DTT Frascati Coil Cold Test Facility ............................................... 153 

3.3.2. Linear flux pump modularity exploitation for the energization of the DTT TF coil ...................................... 159 

3.3.3. On the role of the load resistance and rated current on the flux pump impact .......................................... 172 

4. Conclusions  ........................................................................................................................................................ 181 

References .................................................................................................................................................................... 184 

 

 



 

 

 

  



 

 

 

òNothing is too wonderful to be true, 

if it be consistent with the laws of natureó 

 

Michael Faraday  

 



 

 

 

 



 

1 

 

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  impact ing 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. A ll 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 block s ÓÈÉÌÓÓÌËɯÈÚɯɁ/ÖÞÌÙɯÚÜ××ÓàɯÈÕËɯ

ÊÖÕÝÌÙÛÌÙÚɂ 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 dissipation s (and great reactive power absorption too). The converters shown 

in Figure 1.b are specifically designed to supply  the exciter of the flux pump. They do 

not carry the same current of the magnet and are not required to manage excessive 

power, resulting in significantly lower dissipation compared to conventional 

solutions. In Figure 1.a, the power supplies are not the only bulky components; the 

current leads may also demand extensive space, often necessitating complex and 

convoluted pathways.  A heat load of approximately 40-50 W/kA is also associated to 

each current lead penetrating the cryostat wall. The 'Flux pump' block, delineated by 

the green dashed line in Figure 1.b, serves as a general schematic representation of the 

device and does not specifically depict any particular topology. In cases involving 

transformer rectifiers, for instance, the components of the flux pump within the 

cryostat should be illustrated with  a minimum of two switches. In reference to Figure 

1.b, a crucial general characteristic illustrated is the thermal and electrical separation 

between the exciter and the superconducting component responsible for generating 

ÛÏÌɯÖÜÛ×ÜÛɯÝÖÓÛÈÎÌɯȹÈÚɯËÌÕÖÛÌËɯÉàɯÛÏÌɯÚàÔÉÖÓÚɯǶɯÈÕËɯǸɯÐÕɯÛÏÌɯËÐÈÎÙÈÔȺȭ 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 pump s was 

recently acknowledged for HTS-enhanced Applied -Field Magnetoplasmadynamic  

(AF-MPD) thrusters as well, where as much as 80 %ɬ90 % 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 eliminat ing 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 

Ɂaasuperconducting swi tchesɂɯ[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 

eliminat ing 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 pump s, reviv ing 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 -know n 

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  ϩ 

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 ÓÈÉÌÓÓÌËɯÈÚɯɁ%ÓÜßɯ×ÜÔ×ɂɯÐÕɯFigure 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 (ǸËϩɤËÛ) 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 ϩ that had 

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

sign inver sion. 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 
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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) ÓÈÚÛÐÕÎɯȈt = 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  ȈI according to Eq. ( 1 ). 
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ὒ ὒ  
 ЎὍ ( 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 ).  

ὩάὪ
ρ
ςὪ

ὒ  
 Ὅ  ( 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 on ly 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).  

ὖ   
ὠ

Ὑ  

 ( 3 ) 

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

during off state. The largest Ὑ   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 withou t 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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 ς ὍὩὲὨ ( 4 ) 

The fact that I2 exhibit s 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 suffer s an additional drawback with 

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

two switches are in the open 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, Nb 3Sn, and 

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

 



 

15 

 

 
 

(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 type s of transformer 

rectifier s is carried out. 

1.3.1. Magnetically activated  transformer  rectifier flux pumps  

One recent experiment on a half wave rectifier flux pump which employes 

magnetic switches can be found in [23]. The image of the experimental apparatus is 

shown in Figure 6.a, and its equivalent electrical circuit is reported in Figure 6.b. It can 

be seen in Figure 6.b that, different from the analysis  of the previous section, resistive 
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components accounting for the jointsɀ losses are present in the equivalent electrical 

circuit. The primary and secondary winding s 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 highl ighted: the reported 34% efficiency and 140 mW switch loss 

are related to the charging phase up to 90% of the load current, but once the 

energization is complete, it is now clear that the flux pump would be working in quasi-

persistent current mode exhibiting no dissipation , expect for the joint resistance only, 

while the coil remains charged with 115 A . On the contrary, in the current lead scenario 

the estimated 11.5 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 thi s 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 activat e switches, that is particularly  physically  

intriguing , is exploit ing the so-called dynami c 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]. 

Ὑ  
τὥὪὒ

Ὅ
ὄ ὄȟ  ( 5 ) 

Where a is the half of t he 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 
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density and the non-linear contribution of the external magnetic field are reported in  

references [39] and [41] respectively. 

One clear example of the exploitation of the dynamic resistance to reproduce a 

flux pumping is present in reference [17], and the schematic of its experimental 

apparatus is shown in Figure 8. 

 

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 ɁÉÙÐËÎÌɂ. 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 ove r 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 tha t 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 t he 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 efficienc ies (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. 

–  
Ὅ

Ὅ ςὍὄ
  ( 6 ) 

–  
Ὅ

Ὅ Ὅὄ
  ( 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 joint s 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 ËÜÙÐÕÎɯÖ×ÌÕɯÚÛÈÛÌɯȹƔȭƝƚɯ͙ɯÈÕËɯƕȭƘɯ͙ɯÍÖÙɯÛÏÌɯÍÐÙÚÛɯÈÕËɯ

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 switch es 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  ÖÍɯƘȭƖɯ͙ÔǸƕ 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. 



 

28 

 

 

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 ɁÉÙÐËÎÌɂɯis 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  (i l). 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, ÐÛɀÚɯÛÏÌɯÛÖÛÈÓɯ

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 ). 

ὖ ὸ  ρωȢωὩ Ȣ τȢσ  ( 8 ) 

Integration of Eq. ( 8 ) from 0 to 2.5 seconds (the current charging duration 

estimated from Figure 16.a) yields the energy dissipated by the bridge of t he flux pump 

during the ramp up, equal to 16.6 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 t he transient in this scenario is 

40 J. Therefore, according to the data reported in [36], this flux pump is energetically 

convenient in comparison to a corresponding current leads solution even during the 

charging regime, when it is most dissipating. However, data leading to this conclusion 

should be approached with caution for several reasons: first, the experimental 

dissipation in Figure 17 is an estimation, since the current in the bridge was not 

measured but relied on the approximation that the cur rent across the secondary is N 

times that of the primary. Because the transformer is not ideal, thi s 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 know ledge this is currently the reference that 

investigate the dissipation of this type of apparatus more in detail. Future studies that 

will comprehensively focus on the power loss of transformer rectifiers, hence 

including all the contributions, from the transformer to the switches, will  be of 

paramount importance toward the engineering progress o n flux pumps.  

1.3.4. Non -conventional  transformer rectifier flux pumps  

To my knowledge, the literature lacks a  unique definition of what a flux pump 

is. Generally speaking, for a device to be classified as a flux pump, it should possess 

the following features:  

¶ 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 se condary) and 

the rectifier at cryogenic temperatures. This feature allows to avoid high current leads 

on one hand, which provides an advantage, but entails that all the power electronic 

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 

pump s of this kind  serving high field  fusion magnets. Loss reduction can be obtained 

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

1.4. Dynamo flux pumps  

Different from the transformer rectifier topology, the dynamo flux pump  does 

not comprise any physical transformer or switch to provide voltage rectification. While 

the formerɀÚ 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 condition s. Alternatively, if a transport current  within certain limits  flows 

through the tape of the dynamo, this DC voltage component is in the same direction 

as the current, hence the dynamo works in generator mode . This process involves a 

rotating  shaft that holds a flux source, often permanent magnets, directing their field  
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across stationary or differently rotating superconducting tapes.  Before HTS 

superconductors where discovered [54], several LTS dynamos were investigated [55] 

[56] [57] [58] [59] [60] [61] [62] [63] [64] and represented the foundations for patents 

[65] [66] [67] [68] [69] [70] [71] [72] [73] [74]. These 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-+ÌÕáɀÚɯÓÈÞ [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 pump s physical mechanism  

As anticipated, the analysis carried out in this section applies for the HTS 

dynamo and the linear flux pump types .  

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

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

¶ 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 magnet ic 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 ὺ . 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 ÕÖËÌÚɯɁ ɂɯÈÕËɯɁ!ɂȭ 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.  ὄᴆ can be expressed as the rotor of a 

generic vector potential ὃᴆ with arbitrary divergence . ὨὭὺὃᴆ π is chosen imposing ὃᴆ 

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 

%ÈÙÈËÈàɀÚ law at any point in space gives Eq. ( 9 ). 
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Ὁ
‬ὃ

‬ὸ
​‰ ( 9 ) 

Where the ȇAzɤȇÛɯterm is due to the varying external magnetic field , and ϩ 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 ). 

Ὑ ὼȟὸὍ  ὩάὪὼȟὸ  ὠὸ ( 10 ) 

Ὑ ὼȟὸὍ  ὩάὪὼȟὸ  ὠὸ ( 11 ) 

Where ὼ and ὼ are the x coordinates of the first and second HTS band 

respectively, while Ὅ and Ὅ are the currents flowing through them . ὠὸ, which arises 

from ​‰, 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 Ὑ and 

Ὑ. 

Ὑὼȟὸ  ὒ
Ὁ

Ὅὼȟὸ

Ὅὼȟὸ

Ὅὼȟὸ

ȟ

 ( 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 

µVcmƄ1 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 ὄᴆ 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 ὄᴆ is invariant of the position 
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along z (similarly, the emf and V(t) are related to ȇAzɤȇÛ and ​‰, 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 Ὅ Ὅ at any time. Because of this, it 

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

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

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

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

An expression for ὠὸ can be found using Millman's theorem  [98] on the circuit 

of Figure 20. 

ὠὸ  

ὩάὪὼȟὸ
Ὑ ὼȟὸ

ὩάὪὼȟὸ
Ὑ ὼȟὸ

ρ
Ὑ ὼȟὸ

ρ
Ὑ ὼȟὸ

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

ὠὸ  
Ὑ ὼȟὸ ὩάὪὼȟὸ

Ὑ ὼȟὸ Ὑ ὼȟὸ
 
Ὑ ὼȟὸ ὩάὪὼȟὸ

Ὑ ὼȟὸ Ὑ ὼȟὸ
  ( 14 ) 

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

average of ὠὸ, here called ὠ , can be computed over a cycle as in Eq. ( 15 ). 

ὠ
ρ

Ὕ

Ὑ ὼȟὸ ὩάὪὼȟὸ

Ὑ ὼȟὸ Ὑ ὼȟὸ
Ὠὸ  

ρ

Ὕ

Ὑ ὼȟὸ ὩάὪὼȟὸ

Ὑ ὼȟὸ Ὑ ὼȟὸ
Ὠὸ  ( 15 ) 

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

constant in time ὠ would be  obviously  equal to zero.  

ὠ
ρ

Ὕ

Ὑ

Ὑ Ὑ
ὩάὪὼȟὸὨὸ  

ρ

Ὕ

Ὑ

Ὑ Ὑ
ὩάὪὼȟὸὨὸπ ( 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, 

ὠ  would change according to Eq. ( 17 ). 

ὠ
  ρ

Ὕ
ὩάὪὼȟὸὨὸπ  ( 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 p hases 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 produce s 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 Ὑ >> Ὑ, which can be 

approximated  in the equivalent circuit by making  Ὑ 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. 

ÌÉÍ
ᴼ

ὠπ  ὩάὪὼȟπ  
( 18 ) 

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

zero, ὠὸ diverges from ὩάὪὼȟὸ and can be found through simple circuit analysis 

of Figure 21.a 

ὴὬὥίὩ ὥ Ὢέὶ ὸ πȟ ÌÉÍ
ᴼ

ὠὸ ὩάὪὼȟὸ Ὑ ὼȟὸ Ὅὸ 
( 19 ) 

Eq. ( 19 ) implies  that during pha se (a), as the current in the load coil Ὅὸ increases 

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

decreases because of the voltage drop occurring on Ὑ. 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 Ὑ >> 

Ὑ. Similarly to phase (a), Ὑ 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  ὠὸ is still positive  and is 

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

ὨόὶὭὲὫ ὴὬὥίὩ ὦȟ    ÌÉÍ
ᴼ

ὠὸ ὩάὪὼȟὸ Ὑ ὼȟὸ Ὅὸ  
( 20 ) 

It can be seen in Eq. ( 20 ) that as Ὅὸ keeps increasing, ὠὸ 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 Ὅὸ could be derived from Eq. ( 20 ) or ( 19 ) by simply  setting 
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ὠὸ π. 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  

flowin g 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 rectifie rs. 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. 



 

45 

 

¶ Resistances Ὑ and Ὑ 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 Ὑ or Ὑ, 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 Ὑ and Ὑ 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 Ὅὸ (current ripple), and the reduction of 

the core effect of the flux pump, that is the cycle average of ὠὸ. However, the 

simplified analysis illustrated in Figure 21 effectively highlights  the crucial factor that 

determines whether flux pumping, and consequently voltage rectification, can occur: 

the critical current of the superconductor must be substantially inhibit ed in the HTS 

band that, according to a specific convention, exhibits a negative emf. This condition 

ensures that the term in Eq. ( 14 ) that is positive at a particular time t is generally 

dominant in terms of absolute value, leading to a non -zero average of ὠὸ 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 band s 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 nǸƕɯÈÙÌɯnot shown for simplicity . Using 

,ÐÓÓÔÈÕɀÚɯÛÏÌÖÙÌÔɯÖÕɯthe circuit of Figure 23 to find ὠὸ yields Eq. ( 21 ). 

ὠὸ  

В
ὩάὪὼȟὸ
Ὑ ὼȟὸ

В
ρ

Ὑ ὼȟὸ

 ( 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 ὠὸ 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 th e 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 p ump 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 ƘƔɯÕȋ) and the 

intrinsic resistance of the HTS tape of the dynamo. 
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Figure 25 Current, displayed on the left scale, and magnetic field, shown on the right scale, 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 inhibit ed. Even the 

pioneering study of [76] does not dig into this aspect quantitatively, although the 

authors do indicate in the discussion that the dominant loss contributor in the 

superconducting loop comprising the flux pump, the HTS coil, and the joints, is the 

flux pump itself.  

One of the first studies to cover quantitively the losses aspect is reported in [87], 

where losses of the flux pump were calculated by measuring the input power to the 

dynamo and subtracting the output power delivered to the HTS circuit.  The losses due 

to non-superconducting components, such as magnetic drag and iron losses, were also 

measured and subtracted from the results. The power delivered to the HTS circuit 

from the dynamo was calculated as the operating current multiplied by the output 

voltage, as measured with voltage taps on each of the HTS flyleads. The input power 

was obtained multiplying  the torque measured at the rotor driveshaft and its angular 

frequency. The experimental set up of this study is the multi -stator squirrel  cage 

superconducting dynamo  depicted in Figure 26, which comprises four Nd -Fe-B 

permanent magnets and eight HTS stators, all being within the cryogenic environment  

at 77 K. The authors refer to the HTS tapes of this dynamo as HTS stators. 
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(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 characteristic s: large current capabilities (up to about 1700 A in this 

case) but very modest DC output voltage (3.87 mV peak was obtained in [87] at open 

circuit conditions and 600 rpm of the rotor). This data is also compliant with the 

analysis of 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 

ɁÓÐÕÌÈÙɂɯÊÈÛÌÎÖÙàȭɯThe 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 volt age of the flux pump. It's important 

to consider that the critical current for rectangular coils is 94 Amps and for pancake 

coils, 77 Amps. This suggests that the triangular wave profile can effectively energize 

the coils close to their maximum current capabilities. However, wh en sinusoidal or 

trapezoidal waves are applied to copper coils, current saturation occurs far below the 

critical current  of the superconducting load coils . This could be due to reduced emfs 

and/or increased local resistances within the flux pump's tapes, which limit the 

maximum pumped current, as indicated by the analysis of the circuit in Figure 20, 
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section 1.4.1. Unfortunately, the authors haven't provided details on the flux pump's 

dissipation,  nor on the induced voltages, so this theory remains unconfirmed.  

Another approach to create a linear flux pump is to design the copper coils to 

generate a traveling sinusoidal magnetic field accompanied by a DC component. This 

is a relatively simple electrical engineering task, akin to building a linear electrical 

machine (three-phase AC copper windings) with an additional coil for the DC field 

component. A flux pump of this type recently achieved a pumped current of 1600 

Amps in  [115]. The kilo -amp linear type flux pump described in the study is  designed 

to generate a DC biased AC traveling magnetic wave in its air gaps. The travelling 

wave is generated by AC windings located in slots and four DC windings , whose 

current is controlled by an inverter . The rest of the magnetic circuit  is an iron core that 

includes the two air gaps, each able to enclose six 12 mm-wide HTS tapes. The 

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

total of 12 HTS tapes, each connected in a single 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 profile s in the airgaps. The pumped current s 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 w as measured 

during the experiments , therefore the theory of low out put 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, t he 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 pump s, and this aspect is of paramount importance to investigate their 

viability in real applications. Therefore, this topic was also numerical ly  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 ÍÓÜßɯ×ÜÔ×ɀÚɯÔÈÐÕɯ×ÜÙ×ÖÚÌɯ

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

ÛÏÌɯÚÛÌÈËàɯÚÛÈÛÌɯÊÖÐÓɀÚɯÊÜÙÙÌÕÛȮɯÈÚɯÞÌÓÓɯÈÚɯÛÏÌɯÊÜÙÙÌÕÛɯÙÐ××ÓÌȮɯÐÚɯÛÏÌɯÔÈÕËÈÛÖÙàɯÚÛÌ×ɯÍÖÙɯ

the design of flux pump device of interest in practical a pplications. Of utmost 

importance is also the identification and the quantitative assessment of loss 

phenomena during operation and the identification of possible current and voltage 

limits that the flux pump could not overcome.  The operational limits in w hich the 

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

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 take s all dissipation mechanisms into account. 

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

conditions  

The model is first developed for  the dynamo flux pump reported in  [132] [133]. 

The device consists of a 12 mm width HTS wire exposed to the field produced by a 

permanent magnet rotating anticlockwise past the wire with angular velocity w. An 

external two -terminal component (or load) can be connected to the terminals of the 

HTS wire, and the overall behavior of the system is affected by the type of component. 

A 3D view of the flux pump connected to the external component is shown in Figure 

35.a, where the current 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 ter minal of the current, is assumed for the flux pump. With this assumption 

a positive VI product denotes a power supplied by the flux pump and absorbed by the 

external component, and vice versa. Both the current 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 ɬ 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 ɬ 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. I n this work we consider a 

superconducting coil with 0.24 mH inductance and 0.88 mW 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 mm 

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, d 3.7 mm 

Frequency of rotation of the PM, f  

Angular velocity of the PM, w 

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 ÊÖÕÚÌØÜÌÕÊÌȮɯÛÏÌɯ%ÈÙÈËÈàɀÚɯÓÈÞɯÈÛɯÈÕàɯ×ÖÐÕÛɯÐÕɯÛÏÌɯsuperconductor gives 

[135]: 

Ὁ
‬ὃ

‬ὸ
ὺ ὄ ​‰  ( 22 ) 
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where ὃ is the vector potential of the currents of the superconductor, ὄ  is the 

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

and ‰ is the electric scalar potential. It is specified that term ὺ ὄ  in equation ( 22 

) can be replaced by , where ὃ  is the vector potential of the f ield 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 . 

”ὐὐ
‬ὃ

‬ὸ
ὺ ὄ0- ​•  

with  ”ὐ  

( 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 ὃ associated with it only has z component. The permanent magnet 

along with the flux lines of the produced magnetic field can be considered as a unique 

rigid body rotating with angular velocity w around the center O of the flux pump.  

Thus, the velocity v of the field at a generic point of the cross section is given by: 
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ὺ ‫Ὥ ὶ  ( 24 ) 

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

Ìß×ÙÌÚÚÐÕÎɯÛÏÌɯ%ÈÙÈËÈàɀÚɯÓÈÞɯÍÖÙɯÛÏÌɯÐÕÍÐÕÐÛÌɯÓÖÕÎɯÊÈÚÌɯËÌ×ÐÊÛÌËɯearlier and by using 

Eq.( 24 ) we obtain. 

”ὐὐ
‬ὃ

‬ὸ
-‫ὶẗὄ0 ​• ( 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 . 

ὓ
ὨὍӶ

Ὠὸ
 ὙὍӶ ό ρ​• ( 26 ) 

where ὍӶ is the set of currents of the thin wires, ρ is a column vector of as many 

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

induction coefficients, Ὑ is the diagonal matrix of resistances, ό is the vector of 

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

by 
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( 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 . 

ὰ ὓ
ὨὍӶ

Ὠὸ
 ὰ ὙὍӶ ὰ ό ρὠ ( 28 ) 

Where V is the voltage across the flux pump (ὰ ​•), 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 (ρὍӶ). 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 sol ve the 

problem, the constitutive equation of the external component needs to be specified. If 

the flux pump is connected to an ideal current source, combining  the total current is 

an assigned quantity and Eq. ( 28 ) form an algebraic-differential system that can be 

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

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

average value in one period T =2 p/w of rotation can be defined as: 
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ὠ
ρ

Ὕ
ὠὸᴂὨὸᴂ ( 29 ) 

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

V across it is subject to 

ὠ Ὑ Ὅ ὒ
Ὠ

Ὠὸ
Ὅ ( 30 ) 

Hence, by substituting ( 30 ) in ( 28 ) and by using the condition of Ὅ  ρὍӶ, the 

following differential equation is obtained which allows to calculate the current 

distribution (vector ὍӶ) at any instant. 

ὰ ὓ ὒ ρρ
Ὠ

Ὠὸ
ὍӶ ὰ Ὑ Ὑ ρρὍӶ ὰ ό ( 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 %ÈÙÈËÈàɀÚɯÓÈÞ is rewritten in the following 

vector form : 

”ὐὭ
‬ὃὭ

‬ὸ
‫Ὥ ὶ ὄ0- ​•Ὥ ( 32 ) 

After scalar multiplication  by the vector current density ὐὭ 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. 

Ὕ ‫ ὠὍὖ
Ὠ

Ὠὸ
ὡÍÁÇ ( 33 ) 

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

the discretized form ), 7ÍÁÇ is the stored magnetic energy (attributed to ὓ in the 

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

via the Lorentz force, by the current of the superconductor and is given by  
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4 Ì ὐὭ ὄ0- ὶὨὛ ( 34 ) 

Eq. ( 33 ) states that, at any instant, the mechanical power 4 Ϭ supplied to 

the rotor is transferred, up to the dissipation P joule and the change of magnetic energy 

of the superconductor, to the external component connected to the flux pump whose 

absorbed power is given by the product  6). Since during cyclic operation no net change 

of the magnetic energy occurs, the net mechanical energy %ÍÅÃÈÁÎÉÃÁÌ 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 %ÊÏÕÌÅ the transferred electrical energy and the 

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

Eq. ( 35 ). 

–
Ὁ

ὉÍÅÃÈÁÎÉÃÁÌ

Ὁ

Ὁ ὉÊÏÕÌÅ

᷿ ὠὍὨὸᴂ

᷿ ‫ὝὨὸᴂ
 ( 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 ÈÓÖÕÎɯÛÏÌɯÛÈ×ÌɯÞÐËÛÏɯÈÕËɯƕɯÚÜÉËÐÝÐÚÐÖÕɯÈÓÖÕÎɯÛÏÌɯÓÈàÌÙɀÚɯÛÏÐÊÒÕÌÚÚȭɯ3ÏÌɯ

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

È××ÙÖßÐÔÈÛÐÖÕɯÍÖÙɯÛÏÌɯÚÜ×ÌÙÊÖÕËÜÊÛÖÙɀÚɯÊÜÙÙÌÕÛȭɯ,ÖÙÌɯÚÜÉËÐÝÐÚÐÖÕÚɯÊÈÕɯÉÌɯÜÚÌËɯÍÖÙɯ

modeling the ËÐÚÛÙÐÉÜÛÐÖÕɯÖÍɯÛÏÌɯÊÜÙÙÌÕÛɯÈÓÖÕÎɯÛÏÌɯÓÈàÌÙɀÚɯÛÏÐÊÒÕÌÚÚɯÐÕÛÖɯÈÊÊÖÜÕÛȭɯIt 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 ÙÌÍÌÙɯÛÖɯÌÓÌÔÌÕÛÚɯÖÍɯÛÏÌɯÚÜÉËÐÝÐÚÐÖÕɯÓàÐÕÎɯÈÛɯÝÈÙÐÖÜÚɯ×ÖÚÐÛÐÖÕÚɯÈÓÖÕÎɯÛÏÌɯÛÈ×ÌɀÚɯ

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 wave s, 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 d of 3.7 mm -ɬ see Figure 

35.b). Electromotive forces referring to symmetric positions during the rotation (e.g., 
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ÉÌÎÐÕɯÈÕËɯÌÕËɯÖÍɯÛÏÌɯÛÈ×ÌȮɯÖÙɯǚɯÈÕËɯǛɯÖÍɯÛÏÌɯÛÈ×ÌɀÚɯÞÐËÛÏȺɯÏÈÝÌɯÛÏÌɯÚÈÔÌɯȹÔÐÙÙÖÙÌËȺɯ

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 

ÛÏÌɯÛÈ×ÌɀÚɯÞÐËÛÏɯȹÚÌÌɯFigure 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 Ǹ20 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 37ȺȮɯÛÏÌɯÛÌÙÔÐÕÈÓÚɀɯ

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 38ȮɯÛÏÌɯÛÌÙÔÐÕÈÓÚɀɯÝÖÓÛÈÎÌɯÖÍɯÛÏÌɯÍÓÜßɯ×ÜÔ×ɯÐÚɯÊÏÈÙÈÊÛÌÙÐáÌËɯÉàɯÈɯ

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 -ɬ 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 I 0, 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 I 0 fixes the limit beyond 

which the flux pump exits the generator mode and enters the dissipative mode. 

Similarly, if the impressed DC current is negative, the average terminal voltage 

remains positive and a negative average delivered power is obtained, meaning that 

the flux pump is operating in the dissipative mode. It is pointed that, despite the fact 

that a null average voltage occurs at the terminals corresponding to it, current I 0 and 

should not be interpreted as the short circuit current of the flux pum p, 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 I 0 (34.2 A) for which power 

generation is possible is much lower than the critical current I c of the tape 

(283 A ɬ 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, I 0 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 

ÞÐÛÏɯÛÏÌɯÝÖÓÛÈÎÌɯËÌÝÌÓÖ×ÐÕÎɯÈÛɯÛÏÌɯÛÈ×ÌɀÚɯÛÌÙÔÐÕÈÓɯÐÕɯÊÈÚÌɯÖÍɯÕÖɯÙÖÛÈÛÐÖÕɯÖÝÌÙɯÈɯÞÐËÌɯÙÈÕÎÌɯÖÍɯÐÔ×ÙÌÚÚÌËɯ

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 requi res mechanical energy to maintain 

the rotation. A total mechanical energy of 54.38 mJ is supplied to the rotor in ten cycles 

and is integrally converted into heat in the tape. When the flux pump operates with a 

DC impressed current I = 17.1 A (the half of I0 ɬ 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 di ssipation 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 

×ÌÙÍÖÙÔÈÕÊÌɯÖÍɯÛÏÌɯÍÓÜßɯ×ÜÔ×ȮɯÛÏÌɯÈÝÌÙÈÎÌɯÑÖÜÓÌɯ×ÖÞÌÙȮɯÛÌÙÔÐÕÈÓÚɀɯ ×ÖÞÌÙɯÈÕËɯ

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 ɬ 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 l oad 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 point ed 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: 

ὠὸȟὍ ὠὸȟπ ὙὸȟὍὍ ( 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.  

ὠÁÖÅÒÁÇÅὍ ὠ ὙÅÆÆÅÃÔÉÖÅὍὍ ( 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: 

ὙÅÆÆÅÃÔÉÖÅὍ
᷿ ὠὸᴂȟπὨὸᴂ ᷿ ὠὸᴂȟὍὨὸᴂ

Ὅ

ὠ ὠ Ὅ

Ὅ
 ( 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 Ǹ100 A to +100 A (see Figure 41). Thus, within 

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

terminal voltage . 

ὠ Ὅ ὠ
ὠ

Ὅ
Ὅ ( 39 ) 

By substituting ( 39 ) in ( 38 ), Eq. ( 40 ) is obtained. 
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ὙÅÆÆÅÃÔÉÖÅ
ὠ

Ὅ
ȟ   ÉÎÄÅÐÅÎÄÅÎÔ ÏÆ Ὅ ( 40 ) 

An effective resistance Reffective ǻƕȭƛƗϟ͙ 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 Ǹ100 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 : 

ὠὸȟὍ ὠὸȟπ ὙÅÆÆÅÃÔÉÖÅὍ ( 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 emp irical 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 

ὖ
᷿

ὠ ὸȟπ
ὙÉÎÔÒÉÎÓÉÃ

Ὠὸᴂ

Ὕ
 

( 42 ) 

which finally gives  

ὙÉÎÔÒÉÎÓÉÃ
ὠÒÍÓπ
ὖÊÏÕÌÅπ

 ( 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 ϟ͙ɯÐÚɯÖÉÛÈÐÕÌËɯÍÖÙɯÛÏÌɯÍÓÜßɯ

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 ǸɯRexternal×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  

ὖÓÏÕÒÃÅÐÁÒÔÉÁÌὠὍ ὠὍὙÅÆÆÅÃÔÉÖÅὍ ὖÔÅÒÍÉÎÁÌÓὙÅÆÆÅÃÔÉÖÅὍ 

ὖÓÏÕÒÃÅÃÏÍÐÌÅÔÅὠὍ
ὠÒÍÓπ
ὙÉÎÔÒÉÎÓÉÃ

ὠὍὙÅÆÆÅÃÔÉÖÅὍ
ὠÒÍÓπ
ὙÉÎÔÒÉÎÓÉÃ

ὖÔÅÒÍÉÎÁÌÓὙÅÆÆÅÃÔÉÖÅὍ ὖÊÏÕÌÅπ
ÏÖÅÒÁÌÌ ÊÏÕÌÅ ÄÉÓÓÉÐÁÔÉÏÎ

 

( 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 

–ÃÏÍÐÌÅÔÅ
ὖÔÅÒÍÉÎÁÌÓ

ὖÓÏÕÒÃÅÃÏÍÐÌÅÔÅ

ὖÔÅÒÍÉÎÁÌÓ
ὖÔÅÒÍÉÎÁÌÓὙÅÆÆÅÃÔÉÖÅὍ ὖÊÏÕÌÅπ

 ( 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. 

TÏÌɯÈÝÌÙÈÎÌɯÑÖÜÓÌɯ×ÖÞÌÙȮɯÛÌÙÔÐÕÈÓÚɀɯ×ÖÞÌÙɯÈÕËɯÔÌÊÏÈÕÐÊÈÓɯ×ÖÞÌÙɯÐÕɯÖÕÌɯÊàÊÓÌɯ

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 Ǹ100 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 ϟȋ 

(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 I f = V0/(Reffective + Rext) = 22.62" A" is 

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

1+ɯÊÐÙÊÜÐÛɯÞÐÛÏɯÈɯÛÐÔÌɯÊÖÕÚÛÈÕÛɯϧ = Lext/(Reffective + Rext) = 92.16 s. Here the equivalent circuit 

is used to cÈ×ÛÜÙÌɯÛÏÌɯÍÜÓÓɯÛÐÔÌɯËÖÔÈÐÕɯÉÌÏÈÝÐÖÙɯÛÖɯÛÏÌɯÊÖÐÓɀÚɯÊÜÙÙÌÕÛȮɯÐÕÊÓÜËÐÕÎɯÛÏÌɯ

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: 

ὙÉÎÔÒÉÎÓÉÃ
ὠ

ὖÊÏÕÌÅπ
 ( 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 

Ǹ400 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 I c, as well as the index value known as n-value, of practical 

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

ÔÈÎÕÌÛÐÊɯÍÐÌÓËɯ!ɯÈÊÛÐÕÎɯÖÕɯÛÈ×ÌȮɯÍÐÌÓËɯÖÙÐÌÕÛÈÛÐÖÕɯϛɯÞÐÛÏɯÙÌÚ×ÌÊÛɯÛÖɯÛÏÌɯÛÈ×ÌɯÚÜÙÍÈÊÌȮɯÈÕËɯ

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 Icȹ!ȮϛȮ3ȺɯÈÕËɯÕȹ!ȮϛȮ3ȺɯÍÜÕÊÛÐÖÕÚ. The most 

common way to include the Icȹ!ȮϛȮ3Ⱥ 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 I cȹ!ȮϛȮ3ȺɯÈÕËɯÕȹ!ȮϛȮ3Ⱥɯrelations 

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, 

Ɂ'ÐÎÏ-3ÌÔ×ÌÙÈÛÜÙÌɯ 2Ü×ÌÙ"ÖÕËÜÊÛÐÝÐÛàɯ ÍÖÙɯ  ÊÊÌ+ÌÙÈÛÐÕÎɯ ÛÏÌɯ $ÕÌÙÎàɯ 3ÙÈÕÚÐÛÐÖÕɂɯ

funded by EU commission [142].  

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

ÛÖɯ×ÙÖ×ÌÙÓàɯÛÙÈÐÕɯÈɯÔÖËÌÓȭɯ3ÏÌÙÌÍÖÙÌȮɯÛÏÌɯ×ÜÉÓÐÊÓàɯÖ×ÌÕȮɯÈÊÊÌÚÚÐÉÓÌɯËÈÛÈÉÈÚÌɯÖÍɯɁ'ÐÎÏ-

3ÌÔ×ÌÙÈÛÜÙÌɯ 2Ü×ÌÙÊÖÕËÜÊÛÖÙɯ ÊÙÐÛÐÊÈÓɯ ÊÜÙÙÌÕÛɯ ËÈÛÈɂɯ ×ÙÖÝÐËÌËɯ Éàɯ ÛÏÌɯ 1ÖÉÐÕÚÖÕɯ

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° 

ÛÖɯƖƘƔȘȮɯÞÏÌÙÌɯϛɯǻɯƔȘɯÊÖÙÙÌÚ×ÖÕËÚɯÛÖɯÛÏÌɯÍÐÌÓËɯÈ××ÓÐÌËɯ×ÌÙ×ÌÕËÐÊÜÓÈÙɯÛÖɯÛÏÌɯÛÈ×Ìɯ

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

developing t he model (both training and validating the quality of the training process) 

and the other for its testing. In this study, 70% of the complete dataset has been 

dedicated to training/validation, whereas the remaining 30% was  used for testing. 

Since an 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].  

ὙὓὛὉ
В ώ ὼ

ὲ
 ( 47 ) 

Ὑ
В ὼӶὼ ώ ώ

В ὼӶὼ В ώ ώ

 
( 48 ) 

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

experimental) values, ώ 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 optimiz e 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 



 

99 

 

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-validat ion procedure: the training set is divided into K 

splits in which, for each split, a different training of the model is carried out: the chosen 

split is used as a validation set for evaluating the performance of the training process, 

for which the remainin g K-1 splits are used. This procedure is performed for each 

combination of the hyperparameters grid.  

The main features and characteristics of the three models that were identified are 

used briefly in the subsections 2.2.1-2.2.3. In subsections 2.2.4 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 I cw) are shown. It should be noted that, for 

ÌÈÊÏɯÖÍɯÛÏÌɯÛÏÙÌÌɯÛÈÙÎÌÛɯÊÈÚÌÚȮɯÛÏÌɯØÜÈÕÛÐÛÐÌÚɯ!ȮɯϛȮɯÈÕËɯ3ɯÈÓÞÈàÚɯÙÌÔÈÐÕɯÛÏÌɯÍÌÈÛÜÙÌÚɯÖÍɯ

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 whic h receives the input data. After that, data are fed into series of hidden 

layers, which calculate or estimate the characteristic of the input data. Each hidden 

layer consists of some neurons, weights vector, bias factor, and activation function. It 

is mentioned that an activation function is a mathematical function applied to the 

output of each neuron (or node) in a neural network  to determine whether a neuron 

should be activated (i.e., produce an output) or not . At last, there is an output layer 

that offers the result of the estimation process. 

 

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]. 

ώ Ὢὡᴆὼᴆ ὦ ( 49 ) 

where, ώ is the output, ὼᴆ is the input vector, f is the activation function, ὡᴆ 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 st age, 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 I c, 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 I R (right) from the starting 

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

ὒ
ρ

ς

Ὃ

Ὄ ‗

Ὃ

Ὄ  ‗

Ὃ

Ὄ ‗
‎ ( 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 

ÊÖÙÙÌÚ×ÖÕËÐÕÎɯÕÖËÌȮɯÈÕËɯϞɯÈÕËɯϖɯÈÙÌɯÙÌÎÜÓÈÙÐáÈÛÐÖÕɯ×ÈÙÈÔÌÛÌÙÚɯ[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 

ÍÜÙÛÏÌÙɯ×ÈÙÛÐÛÐÖÕɯÐÚɯÛÖɯÉÌɯÔÈËÌɯȹÛÏÌɯÏÐÎÏÌÙɯϖɯÛÏÌɯÔÖÙÌɯÊÖÕÚÌÙÝÈÛÐÝÌɯÛhe 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 ). 

‫  
Ὃ

Ὄ  ‗
 ( 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 ). 

ὕὦὮ  
В ώ ὼ

ὲ
  ‍  ( 52 ) 

where ϕi 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, k RQ [157], was used, which is shown as follows: 

Ὧ ὼȟὼ   ρ  
Ὠὼȟὼ

ς‌ὰ
 ( 53 ) 

where ϔ 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 ϔ 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 I c 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 I cw 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 



 

106 

 

×ÙÌËÐÊÛÐÖÕÚɯÖÍɯÛÏÌɯ (ɯÔÖËÌÓÚɯÍÖÙɯÛÏÌɯÚÈÔÌɯÊÖÔÉÐÕÈÛÐÖÕÚɯÖÍɯ!ȮɯϛȮɯÈÕËɯ3ȭ 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 I cw 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. 

(ÛɯÐÚɯÞÖÙÛÏɯÔÌÕÛÐÖÕÐÕÎɯÈÎÈÐÕɯÛÏÈÛɯÛÏÌɯÙÌËɯ×ÖÐÕÛÚɯÓÈÉÌÓÓÌËɯÈÚɯɁ,ÖËÌÓɂɯÈÙÌɯ×ÙÌËÐÊÛÌËɯ

for different feature combinations than the ones of the experimental dataset, which 

means they are in positions that the model has never encountered during training. 

ANN and XGBoost also produce critical surfaces in very good agreement with the 

experimental data. However, the critical surf aces produced by the XGBoost are not 

smoothly reconstructed but are composed of a series of bushes of predictions nearby 

the available experimental data, each separated by a considerable discontinuity from 

one another. For instance, at T = 20 K, with low field magnitude and angle, the 

prediction of the I c 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 






























































































































































