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Energy balance, efficiency and operational limits 

of the dynamo type flux pump 
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University of Bologna, Department of Electrical, Electronic and Information Engineering, 40136 Bologna, Italy 

 

 

Abstract: In rotating flux pumps a rectified voltage, with non-zero DC component, is obtained at the 

terminals due to the combined effect of the distributed AC electromotive force, produced by one or 

more permanent magnets in circular motion, and the non-linear resistivity of the superconductor. 

Overcritical currents are continuously induced in the tape during operation, giving rise to the DC 

voltage and producing, at the same time, dissipation. In this paper the energy behavior of the flux 

pump is numerically investigated. It is shown that induced currents interact with the rotating 

magnet(s), producing a resistant torque that is little affected by the output current of the flux pump. 

Due to this interaction mechanism, a significant part of the mechanical power supplied to the rotor is 

converted into Joule heating within the tape. The paper also explores the operational limits of the flux 

pump, showing that the generator operation, involving an electric power delivered to the load 

combined with a mechanical power supplied to the rotor, can only be achieved in a restricted range 

of current and voltage at the terminals and that the maximum power transfer and efficiency are 

reached at the middle of the generator range. In no conditions the mechanical torque produced on the 

rotor can be reversed, reaching the motor mode involving an electric power absorbed at the terminals 

combined with a mechanical power produced on the rotor. A revised equivalent circuit comprising, 

besides the effective resistance reported in the literature, a further intrinsic resistance is proposed in 

the paper for taking all the dissipation mechanisms into account. It is shown that this equivalent circuit 

can predict the energization of an RL load both concerning the final steady values and the full time-

domain behavior of the current (including ripples).  
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I. INTRODUCTION 



Compared to LTS, HTS magnets suffer greater magnetic field decay when operating in persistent 

current mode due to the low n-value and the higher joint resistance. In order to maintain a persistent 

current in HTS coils, connection to an external power supply at ambient temperature is required 

which, until now, has been achieved through the use of currents leads. The currents leads, however, 

can be bulky and long, thus expensive. Moreover, they greatly increase the overall thermal load of 

the system thus reducing the efficiency. Furthermore, when used for rotating machines, they require 

the use of brushes and slip rings, which can be extremely challenging to build and ultimately reduce 

the reliability and efficiency of the whole system.  

A low-cost and compact alternative to the use of current leads is represented by flux pumping. Since 

the extensive survey provided by van der Klundert and ten Kate was published [1]-[2], different flux 

pumps concepts have been proposed [3]-[11]. An updated perspective of flux pumps topologies and 

operation can be found in [13]-[14]. Although the physical mechanism of flux pumps has been under 

debate, several experimental tests have shown their ability to inject large currents into HTS coils 

without the need for direct electrical connection [8]-[9]. Flux pumps could therefore lead to a tipping 

point in superconducting magnet implementation, provided that the assessment of loss performance 

is fully worked out and viability of full-scale systems for practical application is proved.  

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. Several numerical models have now demonstrated the possibility to accurately 

reproduce the behavior of a dynamo type flux pump in no load condition [15]-[20], predicting the 

onset of the DC output voltage across the terminals in agreement with experimental measurements. 

More recently, numerical models able to simulate the dynamo type flux pump connected to a load (a 

DC current source or a coil) have been introduced [21], and successfully validated against 

experimental results [22]. Since the flux pump’s main purpose is the energization of HTS magnets, 

the ability to predict the charging dynamic and the steady state coil’s current, as well as the current 

ripple, is the mandatory step for the design of flux pump device of interest in practical applications. 

Of utmost importance is also the identification and the quantitative assessment of loss phenomena 

during operation and the identification of possible current and voltage limits that the flux pump could 

not overcome. In this paper, the energy behavior and efficiency of the flux pump are numerically 

investigated. The operational limits, experimentally confirmed in [23], beyond which the device 

cannot operate as a generator, delivering electric power to the load and absorbing mechanical power 

on the rotor, are also investigated. A revised empirical equivalent circuit, able to properly take all 

dissipation mechanisms into account, is also proposed and used for reproducing the energization of 

an RL load both concerning the final steady values and the full time-domain behavior of the current 



(including ripples). This new equivalent circuit integrates the existing one, widely used for 

successfully reproducing the load behaviour [4]-[8], [14]-[15], [18], [21], [24] by adding an intrinsic 

resistance that accounts for the dissipation (occurring also in no load condition) associated to induced 

currents responsible of the rectification effect.  

This paper is divided as follows: in section II, the considered apparatus and operating conditions are 

described. In section III, the numerical model, based on the volume integrate equation method (VIE) 

[26]-[29], and the energy balance calculation are explained. In section IV all the results are reported 

and discussed. A serviceable equivalent circuit is also derived in section IV, showing that the same 

performances of the flux pumps in terms of losses and magnets energization can be obtained via this 

faster and more convenient approach. The conclusions of the study are summarized in section V. It 

must be pointed out that the purpose of this paper is developing pragmatic methodology and indicators 

for investigating the most practical aspects and performance of flux pump, such as the efficiency, the 

power output and the operational limits in terms of voltage and current. Hence, as a first step, a 

constant critical current density Jc, independent of the magnetic field B, is considered throughout this 

work as in [16], [21]. It is pointed out, however, that the dependence of Jc on B may significantly 

improve the performance of the flux pump [15], [17], [20], [22], [30] though leaving the general 

trends and findings of the paper unchanged. The quantitative assessment of the impact of this 

dependence on the performance of the flux pump will be the subject of future work.  

 

II. THE SIMULATED APPARATUS AND OPERATING CONDITIONS 

The dynamo flux pump reported in [15], [16], [21] is considered in this work. The device consists 

of a 12 mm width HTS wire exposed to the field produced by a permanent magnet rotating 

anticlockwise past the wire with angular velocity . An external two-terminal component (or load) 

can be connected to the terminals of the HTS wire, and the overall behavior of the system is affected 

by the type of component. A 3D view of the flux pump connected to the external component is shown 

in Figure 1.a, where the current I and the voltage V denote the total delivered current and the voltage 

appearing at the terminal of the flux pump respectively. The generator convention, whereby the 

reference direction of the voltage is oriented toward the outgoing terminal of the current, is assumed 

for the flux pump. With this assumption a positive VI product denotes a power supplied by the flux 

pump and absorbed by the external component, and vice versa. Both the current I and the voltage V 

can, in general, change with time. Two different operating conditions will be considered for the flux 

pump in the following: 



1. Current driven operation – the flux pump is connected to an external ideal current 

source that imposes the delivered current I. The open circuit operation of the flux pump 

can be seen as a limit case of this operating condition in which I = 0.  

2. RL load – the flux pump is connected to an HTS coil. Electrically, this is equivalent to 

an external RL load where with resistance Rext and inductance Lext accounting for the 

joints and the superconducting winding respectively. This operating condition can be 

used to model the charging of a HTS coil up to any current below the critical value. 

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

= 0 and Lext = 0, though this operating condition has no practical interest. In this work 

we consider a superconducting coil with 0.24 mH inductance and 0.88  resistance 

due to joints, as in [21]. 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 paper and 

will not be considered. A schematic 2D section view of the flux pump is shown in Figure 1.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. As discussed, no dependence of the critical current on the magnetic 

field is assumed. If needed this dependence can be integrated into the numerical model of section III 

with no substantial impact on the general conclusion arrived at in the rest of the paper.   

 

Table 1 HTS dynamo parameters [15], [16], [21] 

Width of the PM, aPM 6 mm 

Height of the PM, bPM  12 mm 

Depth of the PM, lPM 12.7 mm 

Remanence of the PM, Br 1.25 T 

Width of the HTS tape, atape 12 mm 

Thickness of the HTS layer, bHTS 1 m 

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

n value 20 

External radius of the rotor, Rrotor 35 mm 

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

Frequency of rotation of the PM, f  

Angular velocity of the PM,  

25 Hz (1500 rpm) 

157.08 rad/s  



 

 

 

Figure 1 a) 3D view of the flux pump connected to the external component. B) schematic 2D 

section view of the flux pump (adapted from [16])  

 

III. THE MODEL AND THE ENERGY BALANCE OF THE FLUX PUMP CONNECTED TO THE EXTERNAL 

COMPONENT 

The numerical model used in this study is an extension of the VIE-based equivalent circuit 

previously used and briefly explained in [16]. In particular, the model has been expanded in order to 

simulate the operating conditions described in section II (whereas only no load operation could be 

dealt with in [16]). The details of the model are described in this section. 

In the considered system the total electromotive force is given by the sum of a transformer-like 

contribution due to the time-varying field produced by the current induced in the superconductor and 

a second contribution due to the movement of the PM. As a consequence, the Faraday’s law at any 

point in the superconductor gives [25] 

(1) 
J

PM

t



= − −  −



A
E v B  

where AJ is the vector potential of the currents of the superconductor, BPM is the field of the 

permanent magnet, v is the velocity of BPM at the considered point and  is the electric scalar potential. 

It is reported that term PM− v B  in equation (1) can be replaced by PM / t− A , where APM is the 

vector potential of the field of the permanent magnet, as in [17], [20], [21] . We assume the power 



law as the constitutive equation relating the electric field E to the current density J of the 

superconductor, hence equation (1) is rewritten as follows   
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The dependence of the critical current Jc on the magnetic field could be taken into account. However, 

as it has been motivated in section I, in the following a constant critical current Jc is assumed since 

the general conclusions that are obtained in this paper are not affected by this dependence.  

Based on equation (2) the numerical model of the flux pump can be obtained, after subdividing the 

conducting domain in a finite number of elements, by applying the volume integral equation method 

[26] In particular, a 3D model can be obtained by using the approach discussed in [27] for levitation 

problems. A 2D model can also be obtained under simplifying assumptions and is discussed in detail 

in the following. Both the 2D and 3D models take the form of an equivalent circuit that arises from 

strict FEM theory with no ad hoc assumptions. 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. 

III.a The 2D FEM model of the flux pump  

The cartesian reference frame (x, y, z) shown in Figure 1.b, with the z-axis parallel to the long 

dimension of the HTS wire, is introduced. We denote with xi , yi  and zi the unit vectors of the 

reference frame. For obtaining the 2D model we use the infinite long approximation, that is, we 

assume that all along the wire length the induced current only flows in the z-direction, that the field 

produced by the PM only lies in the cross section of the wire (the xy plane) and that neither the field 

nor the current depend on the z coordinate. This corresponds in practice to neglecting the effects of 

the terminal sections (at the ends of the PM, or where the HTS tape is connected to the external 

component in case of PM longer than the tape) where both the current and/or the field of the PM can 

follow a more complex path. It is worth to note that since the induced current J only flows in the z-

direction also the magnetic vector potential AJ associated with it only has z component. The 

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

unique rigid body rotating with angular velocity  around the center O of the flux pump. Thus, the 

velocity v of the field at the generic point x yx y= +r i i  of the cross section is given by 

(3) z= v i r  



By expressing the Faraday’s law (2) for the infinite long case depicted above and by using equation 

(3) we obtain1  

(4) ( )
J

PMA
J J

t
  


= − −  −


r B  

It can be seen from equation (4) 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 equation (4) is obtained by using the weighted residual approach, explained in detail in 

[28]. 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 equation (4) be satisfied in the 

weak form over each element of the discretization [28]-[29]. 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  

(5) 
w w

d

dt
= − − − M I R I U 1  

where Iw is the set of currents of the thin wires, 1 is a column vector of as many ones as the number 

of thin wires of the subdivision, M is the matrix of self/mutual induction coefficients, R is the 

diagonal matrix of resistances, U is the vector of motional electromotive forces acting on the thin 

wires with unit length and are defined by2 

(6) 

0

2

PM

1
ln '

4 '

1
, 0   if   

1

h k

h

hk

S S

h
hh hh

h h

h

h S

m dS dS

I
r r h k

S S

u dS
S









=
−

 
= =  

 

= − 

 



r r

r B

 

By multiplying equation (5) for the active length of the flux pump, that is the depth lPM of the 

permanent magnet, the following equation is finally obtained 

 
1 For obtaining the expression of the motional electromotive force term in equation (4) we have used 

( ) ( ) ( ) ( )PM PM PM PM PM

z z z z    =   = −  +  = v B i r B i B r r B i r B i
 

2 We report that the value at the center can be considered instead of the average on the h-th element for defining 

coefficients mhk, rhh and uh in equation (6). Such an approach, consisting of assuming as weighting function the Dirac 

delta function (rh) at the center of the elements instead of the element wise unform weighting function 1/Sh, do not 

produce significant difference in the results.  



(7) 
w w

PM PM PMd
l l l V

dt
= − + −M I R I U 1  

Where V is the voltage across the flux pump (see Figure 1.a) given by 

(8) 
PMV l =   

The total current I circulating in the flux pump (see Figure 1.a), and in the external component 

connected to it, is given by the sum of currents of the wires and can be formally expressed as  

(9) 
t

wI = 1 I  

Equations (7) and (9) correspond to the finite element based equivalent circuit of Figure 2.a and 

Figure 2.b, referring to the flux pump operating in current driven mode (i.e., connected to a current 

source) or supplying a RL load respectively. This equivalent circuit of the flux pump contains, per 

each branch, a voltage source u representing the electromotive force impressed by the moving 

magnet, a non-linear resistor r, accounting for the resistive voltage drop inside the superconductor, 

and a coupled inductor representing the electromotive force induced by the time-varying field 

produced by the current of the superconductor. All the branches are connected to the external 

component (current source or RL load, in the cases considered here) carrying the total current I and 

subject to the voltage V of the flux pump. In order to solve the problem, the constitutive equation of 

the external component needs to be specified. If the flux pump is connected to an ideal current source, 

then the total current is an assigned quantity and equations (7) and (9) form an algebraic-differential 

system that can be solved yielding, at any instant, the current distribution within the flux pump (vector 

Iw) and the voltage V across it. Once the voltage V is calculated at any instant, the average value in 

one period T=2/ of rotation can be defined as 

(10) 
1

( ') '
t T

average
t

V V t dt
T

+

=   

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

to 

(11) 
ext ext

d
V R I L I

dt
= +  

Hence, by substituting (11) in (7) and by using (9), the following differential equation is obtained 

which allows to calculate the current distribution (vector Iw) at any instant. 

(12) ( ) ( )t tPM PM PM

ext ext

d
l L l R l

dt
+ = − + +M 1 1 I R 1 1 I U  



The voltage V of the flux pump can be obtained afterward by using equation (11), or one of the 

equations (7). The average voltage across the flux pump can finally be obtained by using (10).  

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.  

 

 

Figure 2. Finite element based equivalent circuit of the flux pump a) connected to a current source 

b) connected to an RL load  

III.b. Energy balance and efficiency 

For stating the energy balance, we start from the Faraday’s law (4), that for the present purpose we 

rewrite in the following vector form 

(13) ( )
J

PMz
z z z

A
J

t
  


= − −   −



i
i i r B i  

By taking the scalar multiplication of equation (4) by the vector current density zJ=J i  we obtain3  

 
3 For obtaining equation (12) we use ( ) ( )PM PM PM

z z z z z zJ J J  −    =    = −   i r B i i B i r i B r i . Furthermore, as for 
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By taking the integral of equation (14) over the volume occupied by the active length of the flux 

pump we obtain4  

(15) ( )PM 2 J

z
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2

PM PM PM

S S S

l J dS V I l J dS l J A dS
t

 
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Which we finally rewrite as  

(16) 
J mag

d
T V I P W

dt
− = + +  

where PJ is the total joule loss occurring in the superconductor, Wmag is the stored magnetic energy 

and T is the resistant mechanical torque produced onto the rotor, via the Lorentz force, by the current 

of the superconductor and is given by 

(17) ( )PM

z

PM

S

T l J dS=   i B r  

Equation (16) states that, at any instant, the mechanical power
mechanicalP T= −  supplied to the rotor 

is transferred, up to the dissipation Pjoule and the change mag /dW dt  of magnetic energy of the 

superconductor, to the external component connected to the flux pump whose absorbed power is 

given by  

(18) P V I=  

Since during cyclic operation no net change of the magnetic energy occurs, the net mechanical 

energy Em supplied to the rotor in one cycle, is in part transferred through the terminals to the external 

component and in part dissipated into the superconductor due to Joule heating. Accordingly, by 

denoting with E and Ejoule the transferred electrical energy and the dissipated energy respectively, the 

efficiency of the flux pump can be defined as  

 
4 The discrete equivalent of equation (15), based on the equivalent circuit model introduced in section III.a, is given by 
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where the four terms appearing represent the calculated mechanical power of the rotor, the power transferred to the load, 

the total joule loss and the change of magnetic energy of the superconductor, respectively, and the sums involve all the 

elements of the discretization. 
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IV. NUMERICAL RESULTS, DISCUSSION AND EMPIRICAL EQUIVALENT CIRCUITS OF THE FLUX 

PUMP 

The results obtained by means of the model of section III are shown and discussed in this section 

and the operational limits of the flux pump are investigated. All results shown were obtained by 

including in the model the superconductor layer only [16]-[21] and neglecting the other constituents 

of the composite HTS tape, namely the substrate and the shunt layer. The inclusion of these further 

layers in the model implies a higher number of variables and a longer calculation time and does not 

change significantly the conclusion arrived at in this section. Furthermore, the results shown were 

obtained by meshing the HTS layer with 60 elements, obtained by using 60 subdivisions along the 

tape width and 1 subdivision along the layer’s thickness. The use of only one subdivision along the 

thickness is equivalent to assuming the thin sheet approximation for the superconductor’s current 

[31]. More subdivisions can be used for modeling the distribution of the current along the layer’s 

thickness into account. We have 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.  

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 3. This is the voltage impressed by the 

voltage sources of the FEM-based equivalent circuit of Figure 2, corresponding to terms uh in 

equations (6). They apply both for the current driven operation (Figure 2.a) and for the RL load 

(Figure 2.b). The curves shown in Figure 3 refer to elements of the subdivision lying at various 

positions along the tape’s length. All electromotive forces have, individually, zero average value 

during one period. Nevertheless, it is their presence that, combined with the non-linearity of the 

superconductor, produce an average DC voltage at the terminal of the flux pump [20]. The highest 

electromotive force is obtained at the middle of the tape, which reaches up to 15.1 mV (absolute 

value), since this is the element closest to the PM (reaching the lower distance corresponding to the 

airgap  of 3.7 mm – see Figure 1.b). Electromotive forces referring to symmetric positions during 

the rotation (e.g., begin and end of the tape, or ¼ and ¾ of the tape’s width) have the same (mirrored) 

waveform but are displaced by the time needed by the PM to span the angle between them. In the 

case of tape bent along the circumference so to form an air gap constant in all positions the emf of all 

elements would have the same waveform, displaced in time. The minimum and the maximum emf 

occurring in the tape at any instant during the PM motion are also highlighted in Figure 3.  



 

    

Figure 3. Electromotive force induced by the PM during one rotation cycle at various position 

along the tape’s width atape (see Figure 1.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. 

 

IV.1 Current driven operation – terminals voltage, energy balance and simplified equivalent circuit 

IV.1.a Terminal voltage  

The behavior of the flux pump when it is connected to an ideal source impressing a DC current I is 

discussed in this section. The open circuit operation of the flux pump can be seen as the particular 

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 rotation periods. No rotation of the PM occurs during the 

ramp-up of the current.  

• A resting interval, lasting one period of rotation, 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 4 for various values 

of the current I impressed by the external source in the range from −20 A to +50A. The open circuit 

voltage of the flux pump, corresponding to I=0, is included in the figure. The maximum and minimum 

electromotive force acting all over the tape width during the cycle, taken from Figure 3, are also 

replicated in Figure 4. 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 3), the terminals’ voltages of Figure 4 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 

5, for the different impressed currents. The corresponding average voltage Vaverage of the flux pump 

in one cycle, obtained by means of equation (10), is shown in Figure 6 as a function of the impressed 

DC current I. It is clear from these figures that, besides the fluctuating time behavior of Figure 4, the 

terminals’ voltage of the flux pump is characterized by a non-zero DC average when it operates with 

an impressed DC current in the considered range. This DC voltage component is the result of the 

distributed electromotive force produced by the PM on the tape combined with the non-linear 

resistivity of the superconductor (the inductive terms have, in fact, a negligible effect on the formation 

of the terminal voltage, a result already found in [21]). It is important to point out that, according to 

[20], and consistently with the predictions of the FEM-based equivalent circuit model of Figure 2, 

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. 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 V, as discussed in detail 

later. It is important to note, from Figure 6, that the average (DC) voltage of the flux pump decreases 

linearly with the impressed DC current and reaches 0 V at I = I0 = 34.2 A. Beyond this value, a 

negative DC voltage appears at the terminal of the flux pump. Hence, as far as the DC impressed 

current is in the range [0 – I0], due to the fact that positive current and average voltage are observed 

at the terminals, and since the generator convention is assumed for the reference direction of I and V 

(see Figure 1.a), a positive average power average averageP V I=  is delivered in one period by the flux 



pump, that operates in generator mode. However, if the DC impressed current is increased beyond I0, 

the average voltage at the terminals reverses, as it is experimentally confirmed in [23], and the average 

delivered power becomes negative, meaning that the power is absorbed by the flux pump. Hence, 

value I0 fixes the limit beyond which the flux pump exits the generator mode and enters the dissipative 

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

positive and a negative average delivered power is obtained, meaning that the flux pump is operating 

in the dissipative mode. It is important to point out that the described phenomenology concerning the 

shift between the generator and the dissipative mode beyond a certain current limit is experimentally 

proved [23], and the numerical model used in this paper provides results in agreement with that 

evidence. It is stressed that, despite the fact that a null average voltage occurs at the terminals 

corresponding to it, current I0 should not be interpreted as the short circuit current of the flux pump. 

In fact, as it is discussed in section IV.b, if a short circuit connection is created at the terminals, a 

current with a much higher average value than I0 is obtained. Hence, I0 can only be assumed as the 

limit of the generation ability of the flux pump.  

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 6 and is 58.9 V. 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 behaviour occurs. To better emphasize how the rotation of the 

PM affects the energy behaviour of the flux pump, in Figure 7 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 6, which is a magnification of Figure 7 around the origin. In case of 

no rotation, the VI curve only lies in the second and fourth quadrant corresponding to the 

dissipative operation. However, the current and voltage intervals in which generation is 

allowed are very narrow. In particular, the maximum current I0 (34.2 A) for which power 

generation is possible is much lower than the critical current Ic of the tape (283 A – see Table 

I). Supplying power to a load requiring a current greater than I0 is not possible by means of 

the flux pump. It is stressed that, for fixed air gap and angular velocity, I0 is an intrinsic 

parameter of the flux pump and does not depend on the load connects to it. It is also reported 

that if the direction of rotation is reversed, both V0 and I0 are reversed, as confirmed in [23]. 



Hence, the whole VI curve is translated downward in the second, third and fourth quadrants. 

In this case the generator mode occurs in the third quadrant and can only be obtained if the 

impressed current is reversed too.  

• 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, which is converted in AC loss into the tape.  

 

Figure 4. 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.  

 



 

Figure 5. Time integral of the terminal voltage V of the flux pump during one cycle for various 

values of impressed DC current I.  

 

 

Figure 6. 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 axes at points 

(I0, 0) and (0, V0) respectively.  



 

 

Figure 7. Average voltage Vaverage of the flux pump rotating at 157.08 rad/sec (25 Hz) compared 

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

impressed DC currents. The dotted line represents the linear V-I trend intersecting the axes at points 

(I0, 0) and (0, V0) as in Figure 6. 

IV.1.b Energy Balance  

The discussion of the energy behaviour made in the previous paragraph IV.1.b only involved the 

power P exchanged with the external two-terminal component. For stating the overall energy balance 

of the flux pump further energy terms must be considered that 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 behaviour of the four power terms of the flux pump during one rotation period 

is shown in Figure 8 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 9. A monotone 

increasing trend can be observed in Figure 9 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 behaviour). 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 behaviour 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 V. This power is more intense 

when the magnet passes below the tape and reaches a peak of about 2.18 W. The dissipated energy 

in ten cycles is 54.38 mJ, corresponding to an average power of 135.9 mW. The induced currents 

create a resistant torque on the rotor, which requires mechanical energy to maintain the rotation. A 

total mechanical energy of 54.38 mJ is supplied to the rotor in ten cycles and is integrally converted 

in heat into the tape. When the flux pump operates with a DC impressed current I = 17.1 A (the half 

of I0 – see Figure 6) 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 and is discussed in detail in paragraph IV.1.c). The instantaneous power 

exchange with the external component can be both positive and negative. Nevertheless, a positive 

average voltage Vaverage = 30.1 V 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 completely converted in joule dissipation 

with only a small part (0.21 mJ) transferred to the load. When the DC impressed current is lower than 

zero or greater than the limit I0 of the generator region (34.1 A) then the average voltage and power 

at the terminal of the flux pump reverse. Energy is transferred from the external component to the 

flux pump and is converted, along with the mechanical power supplied to the rotor, in dissipation into 

the tape. 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 [16],[20], 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 10. 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 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. 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 equation (19), 

is low. In case of maximum power transfer to the external load (0.52 mW at I = 17.1 A) an efficiency 

of 0.39 % is obtained. To further assess the energy performance of the flux pump, the average joule 

power, terminals’ power and mechanical power in one cycle are shown in Figure 11a-c for different 

values of the DC impressed current. The corresponding efficiency is shown in Figure 11d. It is 

confirmed that: 

• A positive average power is delivered to the external component by the flux pump, which 

acts as a generator, as far as the operating current is in the range [0 – I0]. Outside of this 

interval the power is delivered by the external component and absorbed by the flux pump. 

In no case the mechanical power, supplied to the rotor, is negative (this is true over any 

current range, much wider than the one sown in Figure 11c). Hence, outside the generator 

mode, the flux pump only acts in the purely dissipative mode and never in the motor mode. 

• Only a small part of the mechanical power supplied to the rotor is transferred to the external 

load in the generator region. This is due to the inherent dissipation associated with the 

induced current, responsible for the DC voltage, occurring also in no load conditions. As a 

result, the efficiency is low. A maxim efficiency of 0.39% is reached at 17.1 A (I0 /2). 

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

for its dependence on the B field produces substantial improvement of the performance [15], [17], 

[20], [22], [30], reducing the Joule heating and increasing the efficiency. The quantitative assessment 

of this impact is beyond the scope of this paper and will be the objective of further studies.  



 

Figure 8. Power terms of the flux pump during one rotation cycle for different values of the DC 

impressed current.  

 



 

Figure 9. 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 

 

 

Figure 10. 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. 

 



 

Figure 11. Average power per cycle and efficiency of the flux pump for different values of the DC 

impressed current.  

 

IV.1.c Simplified equivalent circuit of the flux pump  

The electromagnetic behavior of the flux pump is fully reproduced by means of the finite element 

based equivalent circuit of section III.a. 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, we first point out that both the instantaneous voltage 

V and the average voltage Vaverage are, strictly speaking, affected by the total current I of the flux 

pump. To discuss the possible effects of this dependence, these two quantities are denoted with 

( , )V t I  and average ( )V I , respectively, in the following. It is observed in Figure 4 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 

(20) ( , ) ( ,0) ( , )V t I V t R t I I= −  

where R is a parameter that depends, in general, both on t and I. By taking the time average of both 

sides of (20) in one period the following expression of the average voltage across the flux pump 

terminals is obtained 

(21) average 0 effective( ) ( )V I V R I I= −  

in which V0 is the average voltage in open circuit (no load) condition (V0 = 58.9 V - Figure 6) and 

Reffective is a parameter referred to as effective resistance of the flux pump and defined as 

(22) 
0
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( )

( )

t T t T
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+ +

−
−
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From Figure 6 and Figure 7 a linear dependence of average ( )V I  is observed over a wide range of 

impressed currents. This trend is widely confirmed in experiments [4]-[8], and in the considered case 

applies for an operating current approximately within the interval from −100 A to +100 A (see Figure 

7). Thus, within this linear interval, the following expression can be introduced for the average 

terminal voltage 

(23) 
0

0

0

( )average

V
V I V I

I
= −  

By substituting (23) in (22) we obtain 

(24) 
0

effective

0

,   independent on 
V

R I
I

=  

An effective resistance 
effective 1.73R =  is obtained from the values of V0 and I0 for the considered 

flux pump, in agreement with [21]. Consistently with the results of Figure 6 and Figure 7 equation 

(24) 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. We now assume that, provided that the current I 

is in the linear interval from −100 A to +100 A, the constant effective resistance Reffective determines 

the difference between the instantaneous terminal voltage and the no load voltage. In other words, we 

assume that the time and current dependent resistance R(t,I) in equation (20) can be replaced with the 

constant resistance Reffective giving  



(25) 
effective( , ) ( ,0)V t I V t R I= −  

Based on equation (25) the empirical equivalent circuit of Figure 12.a, introduced in [4] and used 

in [6]-[8], [18],[21] for calculating the charging process of an RL load (not taking the ripple into 

account), is obtained. It is stressed that replacing R(t,I) with a constant Reffective is a merely heuristic 

assumption, whose 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 12.a is widely used in the literature [4]-[8] [14]-[15] [18] [21] and 

allows to closely reproduce the dynamo’s behavior in terms of terminals voltage and charging 

transient of the load. However, the existing equivalent circuitis not able to reproduce the dissipation 

that occurs in case of open circuit operation. This is an intrinsic dissipation, associated with the 

screening currents responsible of the rectification effect, that occurs independently on the load 

conditions and it is little affected by the operating current. In order to take this intrinsic dissipation 

into account the complete empirical equivalent circuit of Figure 12.a is introduced. In this novel 

circuit a resistor Rintrinsic is added in parallel to the voltage source that is responsible for the intrinsic 

joule dissipation in no load condition. By denoting 0jouleP with the average joule dissipation in one 

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

(26) 
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which finally gives 

(27) 
2

rms0

intrinsic

joule0

V
R

P
=  

where 
rms0V  is the rms value of the open circuit voltage ( ,0)V t , 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 
intrinsic 34.2R =   is obtained for the flux pump. It must be noted that the Thevenin 

equivalent of the complete empirical equivalent circuit coincides with the partial one. Thus, with 

respect to the behavior at the terminals, the addiction of the resistor Rintrinsic does not produce any 

effect. The same behavior is predicted for an external component connected to both circuits. During 

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

parabolic dependence given by 2

terminals 0 externalP V I R I= −  for both the circuits and is maximum at 



0 / 2I I= . The difference only exists in the average power delivered by the voltage source, that for 

the two circuits is given by  

(28) 

2 2
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2 2
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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 dependence of the overall joule dissipation on the 

current is obtained which is consistent with the parabolic trend shown in Figure 11.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 

(29) 
terminals terminals

(complete) 2

source(complete) terminals effective joule0

P P

P P R I P
 = =

+ +
 

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

complete equivalent circuit are shown in Figure 13a-c for different values of the DC impressed current 

and compared with FEM based data. The corresponding efficiency is shown in Figure 13d. The 

maximum difference between FEM data and complete circuit data is below 1.2 %. A good agreement 

exists, indicating that the partial equivalent circuit can replace the FEM based one with acceptable 

accuracy. An increasing mismatch is observed with increasing operating current, indicating that the 

circuit cannot be employed at high operating currents, outside the identified linear interval from −100 

A to +100 A. No correspondence exists instead between the power of the voltage source, or the loss 

due to the effective resistance, of the partial equivalent circuit with the physical dissipation 

mechanisms occurring in the flux pump. No considerations on energy balance and efficiency can be 

done by means of this circuit.  

 



Figure 12. a) partial empirical equivalent circuit of the flux pump. b) complete empirical equivalent 

circuit of the flux pump taking internal dissipation into account. 

 

 

Figure 13. Average power per cycle and efficiency of the flux pump calculated by means of the 

complete equivalent circuit of Figure 12.b. FEM based data of Figure 11 are also replicated here for 

comparison.  

 

IV.2 flux pump connected to an RL load  

The numerical results referring to the flux pump supplying an RL load are discussed in this 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 operation of the flux pump can be seen as the limit case in which both 

the resistance and the inductance are set to zero.  

IV.2.a Coil energization  



As in [21], a coil with an inductance Lext = 0.24 mH and resistance Rext = 0.88  (due to joints) is 

considered in the following. The current of the RL load during 500 s is shown in Figure 14.b. Both 

the results obtained by means of the finite element model of section III and the by means of the 

complete equivalent circuit of section IV.1.c 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 14.a. We do 

stress 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 14.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. The calculation of the steady state value and of the time domain evolution of the 

average value in one cycle of the current I of the coil by means of the equivalent circuit (with no 

intrinsic resistance considered) is a common practice in the literature [4], [6]-[8], [18], [21]. This is 

obtained by using a DC voltage source corresponding to the average value 
0V  of the voltage 

0 ( ,0)V t  

across the flux pump terminals in open circuit conditions. A final current 

f 0 effective ext/ ( ) 22.62 AI V R R= + = is injected into the coil by the flux pump, following the exponential 

charging law of the RL circuit with a time constant 
ext effective ext/ ( ) 92.16 sL R R = + = . In this paper 

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

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

evolution of the open circuit 
0 ( ,0)V t  voltage at any instant of one cycle, and replicating it in all 

simulating cycles. Figure 15 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 equation (20) 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.  

 



  

Figure 14. a) Complete equivalent circuit of the flux pump connected to a RL load b) Current of 

the RL load  

 

  

Figure 15. Detail of the current during 5 cycles after instant t=0 (when the current is null), and 

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

 

IV.2.b short circuit operation of the flux pump 

In section IV.1.a it was shown that a null average voltage occurs at the terminals of the flux pump 

corresponding to DC impressed current I0 = 34.2 A. Beyond this value, 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 in equation (12), is shown in Figure 16.a. 



It can be observed that it changes periodically from −400 A to +400 A, resulting in a mean current of 

225.9 A. In contrast, the current obtained by putting Rext = 0 and Lext = 0 in the equivalent circuit of 

Figure 14.a is shown in Figure 16.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 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.  

 

  

Figure 16. 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.  

 

V. CONCLUSION 

In this paper the energy behavior of the dynamo type flux pump was numerically investigated. It 

was shown that a resistant effect was produced, by the induced currents responsible for the DC 

voltage, against the rotor motion. Due to this interaction mechanism, a significant part of the 

mechanical power supplied to the rotor was found to be converted into Joule heating within the tape. 

The operational limits of the flux pump were also explored, showing that the generator mode, 

involving an electric power delivered to the load combined with a mechanical power supplied to the 

rotor, can only be achieved in a restricted range of current and voltage at the terminals and that the 

maximum power transfer and efficiency are reached at the middle of the generator range. In no 



conditions the mechanical torque produced on the rotor can be reversed, reaching the motor mode 

involving an electric power absorbed at the terminals combined with a mechanical power produced 

on the rotor. A revised equivalent circuit, comprising besides the effective resistance commonly 

reported in the literature, a further intrinsic resistance was proposed, on an empirical base, for taking 

all the dissipation mechanisms into account. It was shown that this equivalent circuit is able to predict, 

with excellent agreement with finite element models, the energization of an RL load both concerning 

the charging transient and final steady value and the full time domain behavior of the current, 

including the ripples. All reported results were obtained by assuming a critical current of the tape 

independent of the magnetic field. Further investigation will be needed in the future for assessing the 

significant improvement of the power output, efficiency and operational limits of the flux pump that 

can be expected by taking the dependence of Ic on B into account.  
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