
1 

Through-wall excitation of a magnet coil by an 

external-rotor HTS flux pump 
 Chris W. Bumby, Andres E. Pantoja, Hae-Jin Sung, Zhenan Jiang, Ravi Kulkarni and Rodney A. Badcock 

Abstract—High Temperature Superconducting (HTS) magnet 

systems conventionally require normal-conducting current leads, 

which connect between the HTS circuit and an external power 

supply located at room temperature. These current leads form a 

thermal bridge across the cryostat wall, and they represent the 

dominant heat load for many magnet applications. 

Superconducting flux pump devices are an alternative approach 

to the excitation of a magnet coil which can eradicate this parasitic 

heat load, as such devices do not require direct physical connection 

to the HTS circuit. However, previously proposed flux pump 

designs have required power-dissipating active components to be 

located within the cryogenic envelope, thus imposing their own 

parasitic heat load. 

Here we report the successful demonstration of a mechanically-

rotating HTS flux pump which operates entirely outside of the 

cryogenic envelope. This prototype device projects flux across a 

cryostat wall, leading to the injection of DC current into a 

thermally-isolated closed HTS circuit.  This is achieved through 

the implementation of a flux-concentrating magnetic circuit 

employing ferromagnetic yoke pieces, which enables flux 

penetration of the HTS circuit at large flux gaps. We have 

demonstrated the injection of DC currents of > 30 A into a closed 

HTS circuit whilst operating this device across a cryostat wall.  

 

Index Terms— Flux pump, HTS dynamo, coated conductor, 

current leads, YBCO, superconducting generator. 

I. INTRODUCTION 

ORMAL-CONDUCTING current leads are a ubiquitous

component of high-Tc superconducting (HTS) magnet 

systems [1]. These leads form metal conducting paths which 

bridge across the cryostat wall in order to transfer large DC 

currents from a power supply located at room temperature. 

However, heat conduction and ohmic dissipation within these 

current leads impose a substantial heat load on the cryostat. In 

some cases, this heat load can form more than half the total 

cooling power required by the system [2]. 

An alternative method to excite a DC transport current in an 

HTS circuit is to employ a superconducting flux pump [3]-[8]. 

One such device is the rotating HTS flux pump [9]-[15], which 

comprises a set of rotating permanent magnets that traverse a 

coated conductor HTS wire, such that a time-averaged DC 

output voltage is developed [12], [13]. This DC output voltage 

can drive large currents through a series-connected HTS coil. 

However, previously reported flux pumps have required that the 
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flux gap between the rotor magnets and the stator is ≲ 7 mm, 

which has necessitated that the rotor be placed inside the 

cryogenic environment. This leads to additional parasitic heat 

loads due turbulence and friction, as well as requiring unreliable 

and hard-to-source cryogenic bearings. It would be much more 

preferable to locate the rotor of the flux pump outside of the 

cryostat, and hence eliminate any form of penetration through 

the cryostat wall. 

Here we report a rotating HTS flux pump which achieves this 

goal through the use of ferromagnetic rotor and stator yokes, 

which form a magnetic circuit that focuses flux upon the HTS 

stator wire. We show that this device can operate at flux gaps 
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N 
Fig. 1.  (a) 3-D view of the external-rotor flux pump, the composite cryostat 

bath and the HTS coil. (b) Cross-section view of the cryostat wall and flux 

pump rotor and stator showing magnetic circuit formed between rotor and 

stator. 
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of up to 14.5 mm, which is sufficient to accommodate a 

thermally insulating cryostat wall. For the first time, we have 

demonstrated the excitation of an HTS coil by a flux pump in 

which all active parts are located outside the cryogenic 

environment. 

II. EXPERIMENTAL APPARATUS

A. Design of the external-rotor HTS Flux Pump 

Fig. 1(a) shows the external-rotor HTS flux pump built and 

tested in this work, and its arrangement within a composite 

cryostat liquid nitrogen bath. The custom-built G10 composite 

cryostat was fabricated by Fabrum Solutions Ltd (NZ).  

An iron stator yoke was placed directly upon the base of the 

cryostat above a thin (3 mm) section of the cryostat wall. A 

12 mm wide coated-conductor stator wire was wrapped around 

the stator yoke and threaded through a hole to enable a closed 

electrical circuit to be formed through soldered connection to 

an HTS double pancake coil (DPC). The DPC was measured to 

have a critical current of Ic,coil = 95 A at the 1 µV cm-1 criterion, 

and had a measured inductance L= 1.97 mH. The stator wire 

was manufactured by Superpower Inc. [16], and had a measured 

Ic at the 1 µV cm-1 criterion of 292 A. An iron rotor disc (yoke) 

was placed opposite the stator yoke, but outside (beneath) the 

cryostat, such that the composite cryostat wall was 

accommodated in the flux gap between the rotor and stator 

yoke. The rotor yoke housed 9 Nd-Fe-B (N42) permanent 

magnets which were arranged in a homopolar orientation with 

the axis of magnetization directed across the flux gap. The N42 

magnets had dimension 1”  ½”  ¼” and the magnetization 

axis was oriented perpendicular to one of the 1”  ¼” faces. The 

iron rotor yoke was mounted on a steel shaft which was directly 

driven by a speed-controlled servo-motor. This controlled the 

frequency, f, at which the rotor magnets crossed the coated-

conductor stator wire.  The flux gap between the rotor and stator 

yokes could be adjusted through the use of a set of 

interchangeable spacer plates which inserted beneath the rotor 

mounting collar. As the flux gap is increased the peak amplitude 

of the applied perpendicular magnetic field at the stator wire 

decreases [13], [14]. In this work the flux gap, d, was varied 

between 7.5 mm and 14.5 mm, and in each case the operating 

behaviour of the flux pump was characterized at 77 K.  

B. Electrical measurement of superconducting circuit 

The output voltage of the flux pump was measured using 

voltage taps placed on either side of the coated conductor stator 

wire. Voltage measurements were made using a sample 

integration time of between 8 s and 16 s. The current in the HTS 

circuit was inferred from the magnetic field measured at the 

centre of the coil using a fixed cryogenic Hall sensor (Arepoc 

type HHP-NA). A programmable current source (Agilent 

6680A) was used to calibrate the Hall sensor signal with the 

current flowing through the coil.  

III. ELECTRICAL CIRCUIT MODEL

We have previously shown that the behaviour of a rotating 

HTS flux pump connected in series with a superconducting 

coil can be described by the equivalent circuit shown in Fig. 2 

[12], [13]. Here Rc   denotes the resistance of normal-

conducting soldered joints between the coated conductor wires 

in the circuit, L is the inductance of the HTS coil, and Voc is 

the open-circuit voltage of the flux pump. The internal 

resistance of the flux pump, Rd, is understood to be due to the 

effect of dynamic resistance within the superconducting stator. 

Dynamic resistance is a hysteretic loss caused by the 

interaction of the oscillating magnetic field applied by the 

rotor magnet with a DC transport current [17]-[19] in the 

stator wire. The measured output voltage from the flux pump 

is denoted, VFP = Voc - IRd, where I is the current flowing in the 

circuit. Similarly, Vcoil = VFP - IRc is the measured voltage 

across the HTS coil during ramping. From Fig. 2, we can then 

describe the evolution of the current in the coil in the 

following manner: 

𝐼 = 𝐼0[1 − exp(−(𝑅d + 𝑅𝑐)𝑡/𝐿)] (1) 

Here t is the time since the flux pump started operating, and I0 

= Voc/(Rd + Rc). Equation 1 assumes that  I < Ic,coil,. The 

voltage across the coil can be similarly expressed as: 

𝑉coil  =  𝑉oc exp(−(𝑅d + 𝑅c)𝑡/𝐿) (2) 

From equation (1) we see that the maximum current that can 

be injected into the coil is limited by the total resistance of the 

circuit during flux pump operation, Rc + Rd. The joint 

resistance, Rc can be obtained from the decay time constant, 

(L/Rc) of the current in the circuit once the flux pump has been 

turned off (as both Rd and Voc are zero when there is no 

oscillating applied field). The circuit studied in this work was 

found to have a joint resistance, Rc = 3.2 µΩ which was stable 

over multiple cooling-warming cycles. 

IV. RESULTS

Figure 3 shows the time evolution of current in the coil over 

time during operation of the flux` pump. At d =7.5 mm, the flux 

pump is capable of injecting > 30 A into the HTS coil at 

Fig. 2.  Equivalent electrical circuit for flux pump connected in series with 

HTS coil.  
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f = 224 Hz. At each flux gap value, we observe a distinct 

‘family’ of curves which saturate at a different maximum 

current. At larger flux gaps the required ramp-up time became 

very long and data was only acquired at the higher operating 

frequencies. 

Figure 4 shows the voltage across the coil, Vcoil, as a function 

of time during the ramping of current by the flux pump. This 

data is shown on a log-linear plot and the straight-line 

relationship observed between Vcoil and t indicates an 

exponential decay consistent with equation (2).  The gradient of 

each line is determined by the time constant L/(Rd+Rc) for each 

case. We see that this gradient changes with distance (and 

frequency) which indicates that Rd is a function of both d and f 

(as L and Rc are constant at all times). 

The effect of the flux gap and operating frequency on 

ramping behavior can be more clearly understood by 

considering the output voltage of the flux pump as a function of 

current. This is shown in Fig. 5. For any pair of fixed operating 

parameters, the I - V relationship is described by a straight line, 

again as expected from Fig. 2. Voc is obtained from the intercept 

on the x-axis, and the gradient of each line describes the internal 

resistance, Rd = dVFP/dI at the corresponding operating 

parameters. It is clear that Rd varies with frequency which 

reflects that dynamic loss is a hysteretic loss [17]-[19] whereby 

𝑅d is expected to be proportional to f. In fact in this case we

observe a slightly non-linear relationship between 𝑅d and f,

which we attribute to the effect of eddy currents within the iron 

stator yoke. 

The intercept of each line on the y-axis of Fig. 5 gives the 

short-circuit current, Isc, where 

𝐼sc =  𝑉oc/𝑅d. (3) 

Isc represents the maximum current that the flux pump is 

capable of delivering to a fully superconducting circuit for 

which Rc = 0 Ω. We see that that for each fixed flux gap, Isc is 

approximately independent of operating frequency. This is a 

general characteristic of HTS rotating flux pumps [12]-[15], 

which reflects that both Voc and Rd are approximately 

proportional to the operating frequency, such that this 

dependency cancels in equation (3). 

V. DISCUSSION 

From Fig. 5 we can extract values of Voc, Isc and Rd for each 

operating frequency and flux gap. These values are shown in 

Fig. 6, where the frequency-normalised values of Voc and Rd 

are plotted. In this figure, “Forwards” and “Reverse” refer to 

the direction of rotation of the flux pump rotor. Also plotted in 

Fig. 6(a) is the peak applied magnetic field B, experienced at 

the HTS stator wire as a function of flux gap, d, which has 

been calculated using finite-element software [21]. 

Figure 6(b) shows the frequency-normalised value, Rd/f, 

which enables comparison of data taken at different 

frequencies. We find that Rd drops with increasing flux gap, 

which reflects the corresponding drop in B. The direction of 

rotation does not appear to systematically affect the Rd values 

obtained at each flux gap. This is consistent with the effect of 

dynamic resistance, which is expected to be a function of B

and f only [17]-[19].  

Figure 6(c) shows the frequency-normalised open-circuit 

voltage, Voc/f , which also decreases with increasing flux gap. 

In this case, the direction of rotation does appear to have a 

small effect on the open-circuit voltage, with Voc in the 

Fig. 5. Plots showing DC output voltage of flux pump versus current for 

various operating frequencies and flux gaps. 

Fig. 4. Voltage across HTS coil, Vcoil, versus time, t, during first 500 s of flux 

pump operation (ramp-up). Solid lines show linear fits to data points shown. 

Fig. 3. Evolution of current in HTS coil as a function of time since flux pump 

started operating. 
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‘Reverse’ direction being approximately 15% more than that 

obtained in the ‘Forwards’ direction. This observation is 

slightly surprising given that the total rate at which flux cuts 

the stator wire is the same irrespective of rotational direction. 

However, the physical origin of the DC output voltage from a 

rotating HTS flux pump is still a matter of some conjecture 

[11], [13], [14]. The device has an identical device topology to 

a homopolar AC generator, and hence it is not expected to 

output a DC voltage. Indeed, the DC output voltage measured 

in the normal-conducting state (i.e. at 293 K) is zero. We have 

recently proposed that Voc, in the superconducting state could 

arise from a partial-rectification effect within the coated-

conductor stator, due to the presence of non-linear time-

varying circulating eddy currents [20]. Misalignment of the 

rectangular magnets upon the flux pump rotor could give rise 

to symmetry differences in the geometry of such circulating 

currents during the rotor cycle. We suggest that such 

mechanical misalignment is the most likely cause of the 

observed differences between ‘Forward’ and ‘Reverse’ 

behaviour of Voc for our device. 

Fig. 6(d) emphasises that Isc is independent of frequency at 

each flux gap for a given rotor direction. However, the 

asymmetry in Voc with rotor direction is passed through to the 

Isc values, such that we obtain distinct and separate curves for 

Isc in the forwards and reverse directions respectively. This 

follows directly from the values shown Fig. 6(c) and equation 

(3). At larger flux gaps, the difference between the two rotor 

directions becomes highly significant, such that at d = 13.4 

mm, Isc in the ‘Reverse’ direction is almost twice that obtained 

in the ‘Forwards’ direction. If misalignment is the primary 

cause of the asymmetry then it appears that the device is 

highly sensitive to the rotor magnet geometry.  

 In both rotor directions it can be seen that Isc decreases with 

increasing flux gap. This indicates that Voc drops more quickly 

than Rd (from equation (3)) with decreasing applied magnetic 

field amplitude, B. This is expected as there is a maximum 

flux gap, dmax, beyond which B is excluded from the centre of 

the HTS stator by screening currents, and beyond this point Voc 

= 0 [13]. However Rd > 0 for all values of B > 0 [17].  

Therefore we also expect that Isc→0 as d→dmax (from equation 

(3)). 

Despite this inherent reduction in output current at 

increased flux gaps, our device is still capable of injecting 

current into our experimental circuit at d = 14.5 mm. This 

result is significant because the mechanical strength and 

thermal performance of a composite cryostat wall is closely 

related to its physical dimensions. Wall thicknesses of more 

than 7.5 mm allow space for both vacuum insulation and MLI 

in a G10 composite cryostat wall.  

VI. CONCLUSIONS

For the first time, we have demonstrated that an HTS magnet 

circuit can be excited by an HTS flux pump in which all active 

parts are located outside of the cryostat. We have achieved this 

through the use of a ferromagnetic circuit to focus flux across 

the cryostat wall and hence increase the applied field-intensity 

experienced at the coated-conductor stator wire. This approach 

is highly attractive for applications where quasi-persistent 

current operation is required, as duty-cycle operation of the 

flux pump leads to a substantially lower heat load than that 

imposed by a pair of metal current leads [12], [14]. One 

application of particular interest is the excitation of HTS rotor 

coils within a superconducting generator. In this application, 

the external-rotor HTS flux pump can act as a “brushless 

exciter’ which also eliminates the need for rotating slip-rings 

to transfer DC excitation current onto the rotor [14]. We are 

currently investigating the application of our external rotor 

flux pump as a brushless exciter within a superconducting 

generator designed for large-scale wind turbine applications 

[22], [23]. 
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