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Despite their proven ability to output DC currents of >100 A, the physical mechanism which underpins
the operation of a high-Tc superconducting (HTS) dynamo is still widely debated. Here, we show that
the experimentally observed open-circuit DC output voltage, Vdc, is due to the action of overcritical eddy
currents within the stator wire. We demonstrate close agreement between experimental results and numerical
calculations, and show that large over-critical currents flow within the high-Tc stator during certain parts of
the dynamo cycle. These overcritical currents experience a non-linear local resistivity which alters the output
voltage waveform obtained in the superconducting state. As a result, the full-cycle integral of this altered
waveform outputs a non-zero time-averaged dc voltage. We further show that the only necessary requirement
for a non-zero Vdc output from any dynamo, is that the stator must possess a non-linear local resistivity. Here,
this is provided by the flux-flow regime of a HTS coated conductor wire, where conduction is described by the
E−J power law. We also show that increased values of Vdc can be obtained by employing stator wires which
exhibit a strong in-field dependence of the critical current Jc(B, θ). However, non-linear resistivity is the key
requirement to realize a DC output, as linear magneto-resistance is not sufficient. Our results clarify this
longstanding conundrum, and have direct implications for the optimization of future HTS dynamo devices.

PACS numbers: Valid PACS appear here

The high-Tc superconducting (HTS) dynamo1–3, is a
device which has drawn recent attention4–16, due to its
practical utility to inject large dc supercurrents into a
closed superconducting circuit. These devices open the
door to new types of HTS magnets which do not re-
quire bulky electronic current supplies connected through
thermally inefficient metal current leads10. The resulting
reduction in thermal load would enable smaller, lighter
and cheaper cryogenic systems to be employed, making
portable high current HTS electromagnets and machines
a truly viable proposition4,14. However, despite exten-
sive experimental study to date, the underlying physical
origin of the dc output obtained from an HTS dynamo is
not well understood.
The central point of confusion is that the HTS dy-

namo develops a DC open-circuit output from a rotat-
ing ac magnetic field, in apparent contravention of Fara-
day’s law9,17. Several different explanations have been
proposed to reconcile this issue7–9,12,15,18–20, but quan-
titative predictive calculations which match experimen-
tal data have proved elusive. Here we present numeri-
cal modelling calculations which closely reproduce mea-
sured transient and DC output voltages from an exper-
imental HTS dynamo. We show that the open-circuit
output voltage is well explained using classical electro-
magnetic theory, without invoking either exotic quan-
tum flux-coupling mechanisms15,19, nor consideration of
flux-trapping within an extended closed superconduct-
ing loop12,20. Rather, the DC output arises from a local
rectification effect within the HTS stator tape7–9. This
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FIG. 1. (a) Schematic of the experimental HTS dynamo
studied in this work. (b) Experimental open-circuit volt-
age waveforms measured in the superconducting (V77K) and
normal-conducting (V300K) states.(c) ∆V (t) waveform during
the high field part of the cycle. (d) Key positions of the rotor
magnet as it traverses the HTS stator tape.

is caused by overcritical eddy currents which flow within
the HTS film during the high field part of the rotor cycle,
and which incur a non-linear local resistivity.

The dynamo topology studied here is similar to that
described in previous work21, and is depicted in Fig. 1(a).
It consists of a rotor which houses a Nd-Fe-B magnet with
an edge length, L, of 12.7 mm, and width, wm, of 6 mm.
The magnet’s outer face is positioned 35 mm from the
axis of rotation, with its pole facing outwards. A section
of 12 mm wide ReBCO tape (Superpower SF12050CF)
is oriented parallel to the axis of rotation, with its planar
surface facing the rotor. The flux gap, g, between the
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superconducting tape and the rotor magnet was 3.7 mm.
A rotational frequency of 4.25 Hz was employed, with the
rotor magnet traversing the tape once during each cycle.
Illustrative locations of the magnet’s transit across the
tape are illustrated in Fig. 1 (d). Thin copper wires
were mechanically fixed in place and attached as volt-
age taps at either end of the ReBCO tape. The entire
arrangement was then placed in a liquid nitrogen cryo-
stat. The output voltage waveform and time-averaged dc
voltage were measured at both room temperature and 77
K.
The open-circuit output obtained from this device is

similar to those previously reported in9. Fig. 1(b) shows
the open-circuit voltage waveform measured in both the
normal-conducting state at 300 K (V300K), and in the
superconducting state at 77 K (V77K). The large pos-
itive peak at position C corresponds to the moment at
which the rotor magnet is centred directly above the sta-
tor tape. Subtle differences between the normal and su-
perconducting waveforms are apparent during this part
of the cycle. These are highlighted in Fig. 1(c) which
plots the difference:

∆V (t) = V77K(t)− V300K(t), (1)

where each voltage is a function time, t. ∆V elimi-
nates contributions from induced emfs in the measure-
ment leads, and hence describes only the contribution
from the superconducting tape. The time averaged DC
voltage output by the dynamo, Vdc, is given by:

Vdc = f

∫ 1
f

0

V77K(t)dt = f

∫ 1
f

0

∆V (t)dt. (2)

where f is the cycle frequency of the dynamo. The RHS
of eq 2 holds, because in the normal-conducting case at
300K, Vdc = 0. This is expected as the dynamo geom-
etry is that of a simple ac alternator9. However, it is
clear from Fig. 1(c) that in the superconducting state
at 77K, Vdc ̸= 0. As a result, if a superconducting coil
is connected in series with the dynamo, the non-zero dc
output voltage will drive a dc current to flow through
the coil1,5,22. An important point to note from plots Fig.
1(b) and (c) is that Vdc occurs in the opposite polarity to
the voltage peak observed as the magnet crosses the tape.
This means that Vdc actually opposes the emf caused by
the traversal of applied flux across the stator wire, and
hence cannot be understood in terms of a simple flux
transfer model.15,20. Nor can a DC output voltage arise
from magnetisation effects within the HTS tape. This is
because B, must always be periodic over 1 cycle at all
points in space, such that:∫ 1/f

0

(∇×E) dt = −
∫ 1/f

0

dB

dt
dt = 0 (3)

Instead, we must consider the time-evolution of the
electrostatic scalar potential, ψ. This has the gauge in-
variant form:

∇ψ = −∂tA−E = −∂tA− ρJ , (4)
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FIG. 2. (a) Schematic depiction of the circulating currents
flowing in HTS tape when the rotor magnet is at position
B. Bold arrows indicate over-critical current densities. (b)
Jz profiles along the line z = 0 flowing in either copper or
HTS stators. (c) Ez = ρJz profiles corresponding to currents
depicted in (b).

where A is the magnetic vector potential, ρ is the local
sheet resistivity, and J is the local sheet current density.

The experimentally measured waveform, Vab (Fig.
1(b)), is obtained from a voltmeter connected to a closed
loop formed by the measurement leads and the HTS
tape23. The leads connect to either end of the HTS tape
at points a and b, and we denote the paths through the
HTS tape and leads as Cs and Cl respectively. As no
current flows within the thin measurement leads, we can
express Vab as the sum of the path integrals through Cs

and Cl:

Vab(t) =

∫
Cs

∇ψ · dl+
∫
Cl

∇ψ · dl

= −
∫
Cs

ρJ · dl−
∮
Cs+Cl

∂tA · dl. (5)

It is important to note thatA is periodic over one cycle of
the dynamo rotor and hence the time-averaged (dc) value
of ∂tA must always be zero at every point in space. As
such we arrive at:

Vdc = −f
∫ 1

f

0

dt

∫
Cs

ρJ · dl, (6)

In the open-circuit condition there is no net transport
current through the superconducting tape, but circulat-
ing eddy currents may nonetheless occur such that J ̸= 0
at any local point. Such currents occur during dynamo
operation, as flux penetrates the HTS tape22 inducing
eddy currents to flow in the HTS film, as is depicted in
Fig. 2(a). From equation 6 we see that any open-circuit
dc output must solely be due to the action of these cir-
culating eddy currents.

Now, in the open-circuit state no net transport current
flows, such that: ∫ w/2

−w/2

Jzdx = 0, (7)

where the integral is taken across the full width of the
HTS tape,w, and Jz denotes the z-component of the sheet
current density.
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Points a and b can be placed sufficiently far from the
rotor magnet that lines of constant z are at equal poten-
tial (ie |J | < Jc at all z - see fig 2(a)). This enables eq 6
to be re-expressed as:

Vdc = f
f

w

∫ 1
f

0

dt

∫ b

a

dz

∫ w/2

−w/2

ρJzdx. (8)

If ρ is constant (as for a normal-conducting metal with
linear resistivity) then substitution of eq 7 into eq 8 de-
livers the expected result that Vdc must always be zero.
However if instead ρ is a function of J , then eq 8 allows
that time-varying eddy currents can cause Vdc ̸= 0. This
is precisely the case which holds for the HTS dynamo.
Figure 2(a), depicts the circulating eddy currents flow-

ing in the dynamo stator when the rotor magnet is at
position B. Figure 2(b) shows the corresponding Jz pro-
file along the line z = 0 across the tape, for both the
superconducting and normal-conducting cases. In the
superconductor two distinct regions are observed, where
eddy currents with |J | ≥ Jc, flow in either the forward
or reverse direction. Forward currents flow in the re-
gion directly under the magnet. Here, flux penetrates
and moves through the superconductor, such that charge
carriers experience a Lorentz force which drives |Jz| > Jc.
(It is clear from Fig 1(c) that circulating currents > Jc
must flow at this time, as ∆V reaches a peak value of
-500 µV at position B. If we assume this is solely due to
circulating currents beneath the 12 mm long magnet, this
implies an average value of ρJz >400 µV cm−1, which is
well within the flux-flow region of the HTS tape). Fig-
ure 2(c) shows the resulting local internal electric field
profile, Ez = ρJz across the tape. The forward-current
region where |Jz| > Jc incurs a non-zero Ez that opposes
the local ∂tA. However, in the reverse-current region
outside the magnet, |Jz| ≤ Jc (due to eqn 7), and hence
Ez ≈ 0. As a result, the average field across the full
width of the tape is non-zero at this point in the cycle.
This situation differs markedly from the normal (linear)
conductor, where Ez is always directly proportional to Jz
at all points, such that the average value of Ez across the
tape must always equal zero (from eqn 7). As a result,
∆V for a linearly resistive conductor is zero at all times.
By contrast ∆V is non-zero for the superconductor, with
its value determined by the relative distribution of for-
ward and reverse eddy currents within the tape. Fur-
thermore, if the magnet width is less than half the tape
width, the reverse current region will always be wider
than the forward current region. This means that Ez will
always be high in the forward-current region, and zero in
the reverse-current region. As a result, the full-cycle in-
tegral, Vdc will also be non-zero and have the opposite
polarity to the emf caused by the magnet traversing the
tape.
To probe this effect in more detail, we have numer-

ically simulated the currents flowing in the stator tape
of the dynamo shown in Fig. 1 (a). A 2D finite ele-
ment numerical model based on the H-formulation24–29

has been employed to calculate values of Jz flowing across
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FIG. 3. (a) Plot showing comparison of experimentally-
measured ∆V alongside numerically calculated waveforms.
Data shown for numerical calculations using either Jc =
const., or the experimentally determined Jc(B, θ) function.
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t
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shown above. As t → ∞ these converge to Vdc in each case.

the plane of symmetry at y = 0 (see Fig. 2 (a). The lo-
cal resistivity within the HTS tape is described by the
well-known E-J power law30,31:

ρ =
E0

Jc(B, θ)n
|J |n−1, (9)

where Jc(B, θ) is the critical current of the HTS film in
a magnetic field, B, at angle, θ to the tape, and E0 is
a constant conventionally set to 1 µV cm−1. The HTS
tape used in experiments exhibited n = 20.

Values for ∆V were calculated from the H-formulation
results for copper and superconducting stators, using
equations 1 and 5. This was achieved through the ap-
proximation that Jz is independent of z within the region
directly beneath the rotor magnet (ie between z = ±L/2
from the model plane), and negligible at all other points
(ie |J | ≫ Jc).Note that this approach assumes that the
the induced emf in the measurement leads is the same
at both 77 K and 300 K. Vdc is then obtained from eq
2. Further details of the numerical simulation framework
are provided in the supporting material.

Two versions of the numerical model were calculated,
using different functions to describe the HTS resistivity
(eq 9). In the first case, Jc was assumed to be constant
and equal to 23.6 A mm−1. (This is the self-field value
measured at the 1 µV criteria for the stator tape used in
experiments). In the second case, values for Jc(B, θ) and
n were interpolated from experimental in-field transport
measurements of the stator tape, taken between 0 - 1
T and 0o - 180o degrees32,33, with wire behaviour taken
to be symmetric along 0o.The data is then corrected for
self-field effects following the method of Zermeño et al.34.

Figure 3 shows a comparison between values calculated
from the numerical model and experiment. Figure 3(a)
shows good qualitative agreement in ∆V , for both resis-
tivity models. In each case the distinctive sequence of
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FIG. 4. (a) Schematic denoting key magnet positions A-E and the eddy currents flowing in the stator tape at each moment.
(b) Calculated profiles of Jz and Ez = ρJz across the tape at each magnet position for the Jc= constant model (b) Calculated
∆V waveform for the constant Jc model showing points corresponding to each profile depicted in (b) above.

quadruple peaks is observed in the ∆V waveform, which
coincide with rotor positions A to E. There is a noticeable
left-to-right asymmetry in all of the experimental and cal-
culated ∆V waveforms, with the leading negative peak
having a larger amplitude than the trailing peak in each
case. This occurs because the internal field in the tape in-
cludes a contribution from the circulating currents within
the superconductor. These currents switch direction as
the magnet passes across the centre of the wire, causing
the internal magnetic field within the tape to differ be-
tween points A and E. Similar left-to-right asymmetry
also occurs in normal-conducting stator sheets carrying
very large eddy currents35. However, it must be noted
that this is a magnetisation effect which cannot give rise
to a non-zero Vdc (due to eq. 3).

More detailed comparison is possible if we consider
the cumulative time-averaged voltage shown in Fig 3(b).
This value converges to Vdc as t → ∞ (experimentally
measured to be -24.3 µV). Fig 3(b) shows that both nu-
merical models output a non-zero dc voltage of the cor-
rect polarity. However, whilst the Jc = const. model
certainly produces a non-zero negative value for Vdc, this
is significantly smaller than the experimental value (-4.03
µV). By contrast the field-dependent Jc(B, θ) resistivity
yields a value (-47.8 µV), which is comparable to exper-
iment.

These observations indicate that the constant Jc model
possesses all of the essential dynamics necessary to deliver
a dc voltage.This is because the constant Jc model pos-
sesses a non-linear resistivity described by eq 9, which
is all that is required for eq 8 to deliver a non-zero dc
voltage. However it is also clear that consideration of
Jc suppression with applied field B increases the calcu-
lated value of Vdc, and is needed for good agreement with
experiment.

Further insight can be obtained by inspecting the cur-
rents flowing in the HTS tape. It is important to recog-
nise that circulating currents flow within the dynamo
stator wire at all times during the dynamo cycle. This

is because remanent magnetisation of the tape persists,
even when the rotor magnet is at the furthest point away
from the stator tape. These remnanent currents exhibit
|J | ≤ Jc, and hence do not contribute to ∆V . Fig. 3,
clearly shows that ∆V = 0 for all times when the ro-
tor magnet is away from the tape. However, as the rotor
magnet approaches and traverses the tape, more complex
dynamics occur. Fig. 5 shows the current distribution
and internal field profiles at key rotor positions, with the
rotor magnet moving from left to right over time. Data
is shown for the Jc = const. case.

At position A, inductively-driven eddy currents with
|Jz| ≥ Jc are present at the left edge of the tape (closest
to the magnet), whilst remanent currents from the previ-
ous rotor cycle remain at the right-hand edge of the tape
(with |J | ≤ Jc). As a result the over critical currents in-
cur a small local internal field at the left hand side of the
tape, which denotes the start of the first negative peak
in ∆V (see fig. 4(c)). At position B, eddy currents flow
counter-clockwise through the tape, and the situation is
similar to that discussed for Fig. 2. This corresponds to
the first negative peak in ∆V . At position C, the rotor
magnet is centred above the HTS tape and the forward-
and reverse-current regions are approximately equal in
width. As a result, |Jz| > Jc across the full width of the
tape. Forward and reverse components of the internal
field approximately cancel, such that ∆V ≈ 0. Position
C also denotes the point at which eddy currents within
the stator switch from counter clockwise to clockwise,
with points D and E representing the reverse situations
for B and A respectively, albeit with eddy currents now
flowing in counter-rotation. Figure 4 (c), illustrates that
the ∆V waveform, emerges from the evolving average in-
ternal electric field across the tape (Fig. 4(b)). Similar
current profiles are obtained for the Jc(B, θ) case, which
is given in the supplementary material. however, in this
case, Jc is depressed in the high-field region beneath the
magnet, meaning that overcritical currents incur larger
internal electric fields than in the Jc=constant case.
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Figure 5 shows further evidence that non-linear resis-
tivity is the only necessary condition to obtain a non-zero
Vdc from the dynamo. This plots calculated values of Vdc
as a function of n−value for both the Jc = const., and
Jc(B, θ) models. Higher values of n denote greater non-
linearity in resistivity and it is clear that this leads to
greater Vdc in both cases. Importantly we also see that
when n = 1 then Vdc=0 in both cases. This means that a
linear resistivity which is magnetic field dependent, is not
sufficient by itself to deliver a partial rectification effect.
This contradicts another previous dynamo model based
on magneto-resistance, which was proposed by Giaver18.
In conclusion, we have shown that the time-averaged

dc output voltage obtained from an HTS dynamo arises
naturally from a local rectification effect caused by over-
critical eddy currents flowing in the HTS stator sheet.
This is a classical effect, and eqn 6 implies that any
dynamo for which the stator comprises a material with
non-linear resistivity should output a non-zero-dc volt-
age - although the very small eddy currents expected
in a non-superconducting stator would make the effect
rather difficult to measure. We also observe that a sig-
nificant increase in Vdc can be achieved through the use
of an HTS stator wire which exhibits a strong decrease
in Jc under a perpendicular magnetic field. Fortuitously,
such behaviour is commonly observed in thin film Re-
BCO coated conductors32,36, although modern commer-
cial ReBCO wires increasingly include artificial pinning
centers to counteract this effect. These ‘advanced pin-
ning’ wires are unlikely to represent the optimal material
for HTS dynamo construction.

Further details of the H-formulation model used in this
work are provided in the supplementary material.
The authors wish to thank Stuart Wimbush

and Bas Pellen for their help collecting Ic(B, θ)
data. MA acknowledges financial support from
an EPSRC Early Career Fellowship. Additional
data related to this publication is available at
https://doi.org/10.17863/CAM.33892.
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Supplementary Materials: Origin of the DC output voltage from a high-Tc superconducting dynamo.
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A. Modelling Methodology

We have used a 2D finite element model to solve Fara-
day’s equation

∇×E = −µ0
∂H

∂t
, (SI. 1)

and Ampere’s equation,

∇×H = J , (SI. 2)

in the case of a HTS dynamo. We solve these equations
using a the H-formulation (implemented in COMSOL),
which solves for H directly. A constitutive relation is
also needed, in order to link E and J . This is given
by eq 9 for the HTS stator at 77 K, whilst at 300K the
conductivity is dominated by the copper stabilising layer
upon the tape (ρCu = 0.19µω ∗ cm). Values for ∆V were
then calculated from the H-formulation results for both
copper and superconducting stators, as

∆V (t) ≈ L

∫ w

0

dx [ρ77KJ77K − ρ300KJ300K

+∂t (A77K −A300K)] (SI. 3)

Figure 1 shows a 3D schematic of the device, including
the bisecting plane corresponding to the geometry of the
finite element model. The actual geometry employed in
the numerical model, which is two dimensional, is shown
in Fig. SI. 1. The model is split into 3 separate domains,
the rotor domain ΩR, the air domain ΩA, and the HTS
domain ΩT , with x, y in plane and z out of plane. In order

FIG. SI. 1. Snapshot of the numerical model at position A
including the magnitude of the magnetic field B. The field in
domain ΩR lies outside the defined boundary conditions and
hence is not shown.(a) The total modelling domain, showing
the rotor domain ΩR, the air domain ΩA, and the HTS do-
main ΩT . (b) A magnified view of the superconducting tape
domain, ΩT .

to reduce computation time, the HTS domain is modelled
as a 100 µm thick film (rather than the true 1.7 µm). This
approximation is standard practice25,29, and in this case
its accuracy was confirmed through comparison with a

limited number of simulations performed using a much
thinner tape domain of ∼ 10 µm. The sheet currents
Jz presented in the text are calculated as the integrals
of the current density (A/mm3) through the depth of
the domain ΩT . The rotor magnet field was represented
in the model using a shell current on the edge of the
rotor domain ΩR, which was rotated at the appropriate
speed corresponding to f = 4.25 Hz. This equivalently
reproduces the field of the magnet in domains ΩT and
ΩA. Each numerical simulation was run for 10 full cycles
to ensure periodicity, and all computed values were fully
periodic after the first cycle. Reported results are all
from the second cycle of the simulation.

B. Ic(B, θ) measurements for coated conductor stator
wire

Fig. SI. 2 shows the measured Ic(B, θ) for the REBCO
coated conductor wire (Superpower SF12050CF) used in
the experiment. This data was collected using the tech-
nique and instruments described in33 and32.

FIG. SI. 2. Experimental Ic(B, θ) data used in the H-
formulation model. Data was measured at 77.5 K in mag-
netic fields up to 0.7 T from a short sample of SuperPowers
SF12050CF wire. The Jc(B, θ) data is corrected for self-field
using the technique presented in34 and input into the model
using a two-variable, direct interpolation25

C. Jc(B, θ) current and field profiles

The Jc(B, θ) model produces a higher output voltage
as shown in Fig. 3 (a). Fig. SI. 3 shows how suppression
of Jc under the magnet allows more forward over-current
to be returned over a smaller region of higher Jc, this
effect acts in the same direction as the effect described in
the text, but is, by itself, not capable of giving the DC
output, as argued in Fig. 5.
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FIG. SI. 3. (a) Schematic denoting key magnet positions A-E and the eddy currents flowing in the stator tape at each moment.
(b) Calculated profiles of Jz and Ez = ρJz across the tape at each magnet position for the Jc= constant model (b) Calculated
∆V waveform for the Jc(B, θ model showing points corresponding to each profile depicted in (b) above.
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