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Anomalous open-circuit voltage from a high-Tc superconducting dynamo
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We report on the behavior of a high-Tc superconducting (HTS) homopolar dynamo which outputs a

DC open-circuit voltage when the stator is in the superconducting state, but behaves as a conventional

AC alternator when the stator is in the normal state. We observe that this time-averaged DC voltage

arises from a change in the shape of the AC voltage waveform that is obtained from a normal conduct-

ing stator. The measured DC voltage is proportional to frequency, and decreases with increasing flux

gap between the rotor magnet and the HTS stator wire. We observe that the DC output voltage

decreases to zero at large flux gaps, although small differences between the normal-conducting and

superconducting waveforms are still observed, which we attribute to screening currents in the HTS sta-

tor wire. Importantly, the normalised pulse shape is found to be a function of the rotor position angle

only. Based on these observations, we suggest that the origin of this unexpected DC effect can be

explained by a model first proposed by Giaever, which considers the impact of time-varying circulat-

ing eddy currents within the HTS stator wire. Such circulating currents form a superconducting shunt

path which “short-circuits” the high field region directly beneath the rotor magnet, at those points in

the cycle when the rotor magnet partially overlaps the superconducting stator wire. This reduces the

output voltage from the device during these periods of the rotor cycle, leading to partial rectification of

the output voltage waveform and hence the emergence of a time-averaged DC voltage. VC 2016
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4943663]

Superconducting flux pumps1–3 are a class of devices

which induce a DC transport current to flow in a closed

superconducting circuit. In recent times, a variety of flux

pumps employing high-Tc superconductors (HTS) have

attracted interest,4–10 as these devices offer a promising route

to reducing the cryogenic losses associated with metal cur-

rent leads in an HTS magnet system. One such device is the

HTS dynamo1—a type of rotating flux pump6,11–13 in which

one or more permanent magnets are mounted upon a rotor

and traverse a high-Tc coated conductor wire in a periodic

manner (see Fig. 1(a)). This action generates, a DC output

voltage which drives a DC through a series-connected HTS

coil.13 This observation is rather surprising, as the topology

of the HTS dynamo is identical to an AC homopolar genera-

tor, and should not deliver a DC emf. This expectation arises

from Maxwell’s third law (Faraday’s law)

V tð Þ ¼ �
ðð

dB r; tð Þ
dt

� dS; (1)

where V(t) is the measured voltage around a filamentary con-

ducting circuit loop at time t, B(r,t) is the local magnetic

field vector at point r in space, and the integral
ÐÐ

dS is the

integral over the area enclosed by the circuit loop. When a

periodic B-field, of frequency f, is applied, then the time-

averaged output voltage, �V , is obtained from Equation (1) as

�V ¼ f

ð1
f

0

V tð Þdt ¼ �f

ðð
B r; t ¼ 1

f

� �
� B r; t ¼ 0ð Þ

� �
� dS:

(2)

For any cyclical device, it must follow that Bðr; t ¼ 1=f Þ
¼ Bðr; t ¼ 0Þ at all points in space; hence, Equation (2)

implies that �V must always equal zero. Nonetheless, DC out-

put voltages have been experimentally reported from a num-

ber of HTS dynamo devices.6,11–15

To explore this issue, we have built a simple experimen-

tal HTS dynamo and examined the open-circuit behaviour of

FIG. 1. (a) Schematic of HTS dynamo device studied in this work. (b) Plan

view of the sequence of positions of the rotor magnet as it traverses the HTS

stator wire.
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this device whilst immersed in a liquid nitrogen bath. The

HTS stator wire was a 12 mm wide coated-conductor wire16

manufactured by Superpower, Inc. (SF12050), comprising a

�1 lm film of YBa2Cu3O7-x (YBCO) deposited upon a

50 lm Hastelloy substrate and capped with a �2 lm layer of

silver. The rotor (35 mm diameter) carried a single Nd-Fe-B

(N42) cylindrical permanent magnet of 10 mm diameter. The

magnet was located on the circumference of the rotor, with

its axis of magnetisation aligned radially. The frequency, f,
at which the magnet crossed the HTS stator wire was con-

trolled by a servo-motor drive which was connected to the

rotor by a fibreglass shaft. The flux gap, d, between the rotor

magnet and HTS stator wire could be reproducibly altered

using interchangeable spacer plates. Accurate phase-

matching between data obtained at different temperatures

was achieved using an additional datum sensor which pro-

vided a signal at a fixed rotor angle.

The inset of Fig. 2(a) shows an example of the open-

circuit voltage waveform delivered by this device, V(t). This

comprises a series of sharp peaks which occur as the magnet

crosses the stator, which are separated by a shallow return

oscillation as the rotor magnet completes its rotation away

from the stator wire. Figure 2(a) shows an enlarged section

of the same open-circuit waveform, V(t), plotted against the

rotor position angle, h. Two traces are shown for waveforms

obtained at temperatures of 77 K and 293 K, respectively. At

77 K, the HTS stator is superconducting, whilst at 293 K nor-

mal conduction occurs through the metal substrate and coat-

ing layer of the wire. We have experimentally confirmed that

the voltage waveform obtained from a non-superconducting

12 mm wide copper stator wire at 77 K closely matches

the values obtained at 293 K. This reflects the fact that the

Nd-Fe-B rotor magnet used here has the same magnetisation

value17 at 293 K and 77 K. As a result, comparison between

these two temperatures shows the effect of changing from a

normal-conducting to a superconducting stator whilst retain-

ing an identical device geometry.

For the region j180� hj< 18�, there is a clear difference

between the voltage traces obtained in the superconducting

and normal states. This corresponds to the section of the

cycle in which the rotor magnet is passing directly over the

HTS stator tape (i.e., positions A to E in Fig. 1(b)). At 77 K,

the positive voltage peak centred at 180� is narrower and

slightly higher in amplitude than the peak obtained at 293 K.

The effect of this change in pulse-shape is to alter the value

of the full-cycle voltage integral in Equation (2). We find

that the time-averaged output voltage at 293 K, V293K ¼ 0,

but that this is no longer the case at 77 K. Instead, we obtain

a non-zero value, in this case V77K ¼�76 lV. This is indi-

cated by the dotted horizontal line in Fig. 2(a). This effect is

further illustrated in Fig. 2(b) which shows the cumulative

integral,
Ð

VðtÞdt, over several cycles of the rotor. Each full

rotation leads to an incremental increase in the magnitude of

this integral at 77 K. In contrast, the cumulative integrated

voltage at 293 K is a periodic function centred around zero.

Figure 3 shows the voltage waveforms obtained from our

HTS dynamo when operated at a range of frequencies and

flux gaps. V77K is proportional to f (Fig. 3(a)), and the shape

of the frequency-normalised waveform is the same at all fre-

quencies when plotted as a function of rotor angle (Fig. 3(b)).

These observations imply that the underlying cause of the net

DC voltage is not due to the processes within the stator mate-

rial which exhibit a fixed time constant. Fig. 3(d) shows that

V77K decreases as the flux gap, d, is increased. This reflects

the corresponding decrease in the applied perpendicular mag-

netic field, B?, at the stator. For flux gaps of d � 7 mm, we

find that V77K � 0, which occurs once the applied flux is

excluded from the stator wire by screening currents.13

Measurements using additional voltage taps arranged

along the stator have confirmed that the time-averaged DC

voltage is only developed in the region of the stator closest

to the magnet (�15 mm either side of the rotor magnet

centre). The induced emf from the remainder of the loop

formed by the wires connecting the voltmeter can be elimi-

nated by considering the value DV(t)¼V77K(t)�V293K(t).
DV(t) then describes the difference in the voltage waveform

obtained from the superconducting stator compared to an

identical normal conducting stator. Figure 3(c) shows plots

of DV/f for three different frequencies, whilst Fig. 3(f) shows

the plots of DV(t) for a range of different flux gaps. In both

these plots, we observe four distinct regions.

For j180 � hj> 18�, DV� 0. This corresponds to the pe-

riod during which the rotor magnet is away from the stator

such that the B-field at the stator is uniform and approxi-

mately zero. For 162�< h< 172� (rotor positions A!B

in Fig. 1(b)), and for 188�< h< 198� (D!E), DV is non-

FIG. 2. (a) Inset: Example waveform of output voltage from HTS dynamo. Main figure: Expanded plot showing output voltage pulse versus rotor position.

Data obtained at f¼ 12.3 Hz and d¼ 3.3 mm. (b) Integrated output voltage as function of time.
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zero and negative. These two regions correspond to periods

during which the rotor magnet partially covers the stator

wire, but overlaps less than half the total wire width. For

172�< h< 188� (B!D), DV is small and positive. This cor-

responds to the period in which the rotor magnet is approxi-

mately centred above the coated-conductor wire.

Superconducting dynamos employing low-temperature

superconductors (LTS) have been reported by various previ-

ous authors.2,18–22 These devices utilise materials with a low

Bc2 such that a “normal-conducting spot” is considered to

form in the high field region beneath the rotor magnet.1

However, a normal spot is not formed in our HTS dynamo,

as Bc2 (at 77 K) of the YBCO coated conductor used in this

work is much greater23 than the applied rotor field of �0.2 T.

Instead, flux vortices will penetrate in the high field region

beneath the rotor magnet and move through the HTS tape.

Giaever has proposed a possible operating mechanism24,25

for a unipolar superconducting DC generator which does not

require a normal spot, and relies only on an increased local

resistivity in the high magnetic field region. Flux flow causes

dissipative loss26,27 and therefore will give rise to an effec-

tive local resistivity in this region. In Giaever’s model,

superconducting eddy currents “short-circuit” the high field

region during the passage of the rotor magnet across the sta-

tor. This means that the emf across this region is dropped

across the effective internal resistance arising from the dissi-

pative flux-flow. This leads to partial commutation of the

output voltage, thus giving rise to a time-averaged DC volt-

age. We discuss the application of this model to our HTS

dynamo below, and show that it can explain several key fea-

tures of our experimental results.

Fig. 4(a) shows the circulating eddy currents which flow

in the HTS stator tape for the idealised simple case of a

square rotor magnet passing across the tape. Here we have

assumed that the perpendicular magnetic field beneath the

magnet B is constant, and the field elsewhere is zero (i.e.,

FIG. 3. (a) Measured open-circuit DC voltage, V77K , as a function of operating frequency (negative frequency indicates reverse motion of rotor). (b)

Frequency-normalised output voltage, V77K=f , versus rotor angle, h, obtained at three different operating frequencies at a flux gap, d¼ 3.3 mm. (c) Frequency-

normalised voltage difference, DV/f, versus rotor angle, h, for three different operating frequencies at a flux gap d¼ 3.3 mm. (d) Frequency-normalized DC

voltage, V77K =f , obtained at different values of flux gap d at three different frequencies (in both forwards and reverse direction). (e) Frequency-normalised out-

put voltage, V77K=f , for different flux gaps at f¼ 12.3 Hz. (f) Frequency-normalised voltage difference, DV/f versus rotor angle, h, at five different flux gaps at

f¼ 12.3 Hz.

FIG. 4. (a) Schematic diagram illustrating circulating eddy currents in the

HTS coated conductor wire as the rotor magnet passes over the stator. (b)

Equivalent circuit which describes the effect of shunt leakage current path

due to the circulating current. (c) Plot of Equation (7) for an idealized

10 mm� 10 mm square magnet operating at a flux gap of 1.5 mm, with

B?¼ 0.2 T and n¼ 23.
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returning flux is screened from the interior of the HTS tape

by shielding currents).

We expect that circulating eddy currents will flow along

the wire as shown in Fig. 4(a). Under open-circuit condi-

tions, the net sheet current flowing across a line transecting

the wire must be zero, so we can state

dðhÞJser ¼ �ðw� dðhÞÞ Jsh; (3)

where d(h) is the width of the overlap of the magnet

above the HTS tape at rotor angle h, within which an

average local current density Jser is induced in the

“forward” direction (see Fig. 4(a)). Similarly, w-d(h) is

the width available for the returning “shunt” current, Jsh.

It is important to note that Equation (3) does not hold

for a normal-conducting stator wire as spreading resist-

ance will restrict the spatial extent of normal eddy cur-

rents such that Jsh does not extend across the full width

of the available return path.

Flux-flow resistance in type-II HTS can be described by

a power law relation of the form28,29

E ¼ E0

jJj
Jc

� �n

Ĵ; (4)

where Jc is the critical current of the HTS wire at a threshold

field of E0, and n is a constant obtained by experiment. We

can therefore define a local sheet resistivity,

q ¼ E0jJjn�1

Jc
n

: (5)

The equivalent circuit shown in Fig. 4(b) describes the effect

of a time-varying shunt leakage path on the measured open-

circuit voltage. Here, Vm(t) represents the induced emf

developed across the region directly beneath the rotor mag-

net and Vloop(t) denotes the emf induced in the wires which

comprise the remainder of the measurement circuit, such that

VloopðtÞ ¼ V293KðtÞ � VmðtÞ.
From Equations (4) and (5), we can then express the

effective resistance of the shunt leakage path as

Rsh ¼
lqsh

w� d
¼ lE0jJshjn�1

w� dð Þ Jc
n
; (6)

where l is the length of the shunt leakage path (see Fig. 4(a)).

A similar expression can be obtained for the effective series

resistance, Rser.

Combining Equations (3) and (4) with a simple circuit

analysis of Fig. 4(b), we can then state

DV tð Þ ¼ V77K tð Þ � V293K tð Þ � V77K tð Þ � Vloop tð Þ þ Vm tð Þ
� �

¼ �Vm tð Þ

1þ Rsh tð Þ
Rser tð Þ

� �Vm hð Þ

1þ d hð Þ
w� d hð Þ

 !n : (7)

If l is the length of the square magnet and v is the speed at

which the magnet is crossing the HTS stator wire, then we

can approximate that Vm ¼ lvB for 162�< h< 198� and is

zero at all other times. From Equation (7), we then expect

that DVðtÞ should equal zero when the rotor magnet is

located away from the stator, and that the peak amplitude

will be proportional to the speed (or frequency) at which the

rotor magnet crosses the HTS stator wire. This is consistent

with our experimental results.

Figure 4(c) shows a plot of Equation (7) for a square

magnet with l¼ 10 mm and n¼ 23 (as measured for the stator

in our experiment16), and B ¼ 0.2 T. We see that this plot

shows qualitatively similar features to our experimental data

(Figures 3(c) and 3(e)), with DV taking a negative value

between points A!B and D!E, and being zero at all other

times. This occurs because the ratio d/(w-d) changes as the

rotor magnet moves across the stator wire. Between positions

A!B and D!E of the rotor magnet, we find that d<w-d
and hence Rsh � Rser. This means that the emf developed

across the high field spot, Vm(t), is short-circuited during these

periods of the cycle. As a result, DV ¼ �Vm and V77KðtÞ
¼ V293KðtÞ � Vm ¼ VloopðtÞ. As the “short-circuit effect,”

only occurs during these two discrete sections of the cycle,

this leads to partial rectification of the output voltage. It is

clear from Figure 4(c) that DV=f ¼
Ð 360�

0
ðDVðhÞ=f Þ dh 6¼ 0,

and hence that this model will give rise to a net DC output

voltage (as DV ¼ V77K ).

Equation (7) predicts that DV � 0 between positions

B!D (as d>w-d and hence Rsh 	 Rser). Experimentally,

we actually observe a small positive value of DV throughout

this section. A likely explanation is that during B ! D, the

magnet passes over the centre of the HTS tape and hence the

circulating eddy currents within the stator wire must reverse

direction (as the shunt return path moves from being in front

of the high field spot to being behind it). This results in addi-

tional flux entering the tape thus causing an additional

induced ac voltage to be measured. However, it is important

to note that any such self-field effects within the stator wire

are inherently periodic, and hence cannot give rise to a time

averaged net DC field (from Equation (2)).

In conclusion, we have shown that the net DC output

voltage from an HTS dynamo arises from a change in output

ac waveform once the HTS stator enters the superconducting

phase, and that this change in shape is qualitatively consist-

ent with Giaever’s model for a unipolar superconducting

generator.23 This mechanism is consistent with our experi-

mental observations in which it leads to a pulse shape for

V(t) which is a function of h only, and it predicts a value of

V77K which is both proportional to f and increases with the

amplitude of the applied rotor field, B.
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