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Abstract—High-Tc superconducting (HTS) dynamos are simple
devices for injecting and sustaining dc currents in superconduct-
ing coils/magnets. The simple geometry of these devices consists
of a superconducting stator(s) and one or more rotor magnets
arranged in identical fashion to a classical alternator. However,
unlike the classical alternator, the HTS dynamo gives a self-
rectified dc output. This somewhat anomalous result is caused
by the non-linear resistivity of HTS materials and the large
over-critical eddy currents that flow in the stator. As these over-
critical currents must recirculate in the HTS stator, the stator’s
width becomes a key parameter in the physics of the device. In
this work we explore the effect of increasing the stator width
through using recent advances in modeling these systems. We
find that given enough space in the stator, the total sum of
circulating and transport currents do not drive the full width
of the stator into the flux-flow regime. Operation of the device in
this regime results in a non-linear I-V curve, a marked decrease
in the internal resistance at open circuit Roc, a saturation of
the open circuit voltage Voc, and a short-circuit current Isc that
approaches the in-field critical current of the stator itself Ic,min.
These behaviors lead to the conclusion that optimal HTS dynamo
design should ensure that the stator width be sufficient to avoid
current saturation of the superconductor at the target operating
current .

Index Terms—Flux pump, HTS dynamo, coated conductor,
current leads, YBCO, superconducting generator.

I. INTRODUCTION

H IGH-Tc superconducting (HTS) dynamos [1]–[11], are

a subclass of HTS flux pump [12]–[19], which have

attracted significant recent interest [20]–[25]. The HTS dy-

namo is topologically identical to a standard ac alternator, but

the use of an HTS coated conductor (CC) for the stator wire

has the dramatic effect of making these devices partially self

rectifying; that is, they generate a net dc output Vdc. Using

this dc voltage, this inherently superconducting device can

inject dc current into a superconducting coil, without the use

of copper current leads and their associated losses [26]. The

origin of the rectification effect in the HTS dynamo is not

trivial to explain, as unlike a bridge rectifier device [4], [13],

[17], [18], HTS dynamos do not include a separate switching

element. Instead, a simple dynamo only has a single circuit

element, namely the stator wire itself. However, the 2D planar
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Fig. 1. (a) Schematic of the HTS dynamo modeled in this work, with a stator
width of 46 mm. (b) Equivalent circuit defining the dc characterization of the
device in (a), where Rc is the joint resistance to the HTS coil L.

geometry of an HTS Coated conductor stator allows for non-

trivial internal currents to flow within the stator. Depending on

their absolute magnitude, these currents experience a varying

local resistivity due to the highly nonlinear behavior of the

HTS film. It is this effect which gives rise to an auto-rectified

output [5], [27], [28].

Fig. 1 (a) shows a schematic of an HTS dynamo device

similar to that modeled in [27]. Here, the model has been

modified to accommodate a larger stator width, w. It has been

experimentally shown that the dc characteristics of this HTS

dynamo can be described by the simple circuit model [3], [7],

[29] shown in Fig. 1 (b). This model describes the dynamo as

a simple voltage source with an internal resistance Rint, and

open-circuit voltage Voc. In experiments, the magnetic field

of the load coil can be measured to discern the net current,

I flowing through the device [6]. Alternatively, an electronic

power supply can be used as an artificial load to set the current

[7], [30]. This along with measurements of the voltage, can

be presented as the output I-V characteristic of the device,

which allows Voc, Rint= Vdc/I , and the short-circuit current

Isc= I(Vdc = 0) to each be defined.

To understand the dc characteristics of the HTS dynamo,

it is important to revisit the classical ac alternator where Vab

(the emf induced along the stator wire between points a and

b) can be expressed as:

Vab =

∫ b

a

−∂t ~A · d~l, (1)
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Fig. 2. (a) Illustration of the eddy currents driven by a magnet moving with
velocity, v, across a conductive stator, current flow is shown in blue in the
x− z plane. (b) Illustration of the eddy current flows in open circuit through
the cross section of the conductor. Only over-currents, Jz > Jc, experience
a resistivity, leading to a bias in the electric field.

where ~A is the vector potential along the component. Taking

the time average of this emf over one period, P, of the rotor

cycle leads to the natural result that a classical ac alternator

does not deliver a dc component:

Vdc =
1

P

∫ t+P

t

Vabdt

= −
1

P

∫ b

a

( ~A(t+ P )− ~A(t)).d~l = 0, (2)

as ~A imposed by the rotor magnet is periodic.

In order to understand why this result does not hold for the

HTS dynamo, it is necessary to also consider the eddy currents

which flow in the plane of the stator wire as the magnet moves

across it. This is depicted in Fig. 2 (a) for a rotor magnet

moving across the wide face of a coated conductor wire.

Wherever the applied magnetic field penetrates the conductor,

emf-driven eddy currents are induced. The magnitude of the

induced eddy currents is determined by the local magnitude

of the applied field, such that the largest eddy currents flow

directly beneath the magnet [31].

To account for the eddy current effect we must rewrite (1)

to include the internal electric field which arises from the

resistivity of the stator, as ~E = ρ ~J). Integrating over the full

volume of the stator wire then yields:

Vab =
1

wd

∫ w/2

−w/2

dx

∫ d/2

−d/2

dy

∫ b

a

(

−∂t ~A− ~E
)

· d~z. (3)

where w and d denote the spatial extent of the stator wire in

the x- and y-directions respectively.

For the HTS dynamo, this has an important consequence

as the time-averaged net dc value now includes a contribution

from the average electric field across the cross section of the

stator wire, Eave. If the stator wire exhibits ohmic resistivity

(e.g. a classical metal) then this contribution is zero in the

open-circuit case [27]. However for a stator material exhibit-

ing non-zero resistivity (such as an HTS ReBCO film) the

contribution from Eave will not be zero and hence cannot be

neglected (see Fig. 2 (b)). Therefore, we obtain the dc voltage

across the stator wire as :

Vdc =
1

P

∫ t+P

t

∫ b

a

Eavedzdt, (4)

where

Eave =
1

wd

∫ w/2

−w/2

dx

∫ d/2

−d/2

Ezdy. (5)

A more detailed discussion of this effect is provided in [27].

This also provides a detailed discussion of the finite element

model also used in this work to simulate the 2D currents

flowing in the coated conductor stator of an HTS dynamo,

and hence calculate Eave and Vdc.

It has been shown that this FE model can reproduce experi-

mentally observed dc output from the HTS dynamo using only

the geometry of the dynamo and the non-linear resitivity of

the HTS stator [27]. The model shows that large over-critical

currents, J >> Jc are present during the transit of the magnet

across the stator wire, which are associated with the large

locally-induced electric fields. However, previous work has

only considered stator wires of a similar width to the rotor

magnet. In this case the stator is saturated with over-critical

currents (in both the forward and backward directions) for

most of the magnets transit time over the stator tape. This leads

to the natural question: ‘Can the HTS stator be made large

enough to support both the induced current from the magnet’s

transit, and the transport currents previously accumulated?’.

There is clear experimental evidence that increasing the stator

width has a marked effect on dynamo output [6]. In this work

we have applied an FE model of a simple HTS dynamo to

explore the effect of this parameter on the dc output of the

device, and on the internal eddy current distributions flowing

within the wire.

II. METHODS

The model used here is adapted from the model presented

in [27] where a detailed description can be found. In brief,

the numerical model employs the H-formulation [32]–[37]

finite element method (FEM) for solving Maxwell’s equations.

The H-formulation approach has been shown to be successful

in handling the highly non-linear behavior of HTS materials.

H-formulation assigns edge element degrees of freedom to

the auxiliary field ~H [34, Sec. 3], and associates the current

density ~J to the sum of ~H around a given finite element, thus

satisfying Ampere’s law explicitly:

∇× ~H = ~J. (6)

The model then solves for ~H that satisfies Faraday’s law:

∇× ~E = ∂t ~B, (7)
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Fig. 3. Schematic illustration of the basic geometry of the 2D H-formulation
model used in this work, showing the modeled cross-section of the device
with a 60 mm wide stator tape. The field in the rotor domain ΩR is not
shown as it lies outside the boundary conditions of the model. (a) View of
the model domains, showing magnet, rotor and tape domains (ΩM ,ΩR, ΩA

and ΩT respectively). (b) Magnified view of the cross section of part of
the HTS stator tape ΩT as the rotor magnet traverses the stator. Brightness
corresponds with field intensity.

subject to the constitutive relationships ~E = ρ ~J and µ ~H = ~B,

where ~B is the magnetic field; we take µ = µ0.

The FE model is magnetically isolated at its outer boundary

(the outer boundary of the air domain ∂ΩA). The geometry is

simplified to 2D and captures the cross-section of the HTS

tape and rotating magnet, see Fig. 3. This 2D approximation

reduces the model to consider only the in-plane components of
~H , namely Hx and Hy . Likewise it restricts analysis of ~E and
~J to their out of plane components Ez and Jz , respectively.

To solve the issue of a moving magnetic field in the H-

formulation, we use a current shell method that represents the

magnet ΩM as a current density on the boundary of the rotor

domain ∂ΩR. This is done by calculating the shielding currents

Js on ∂ΩR that would completely contain the field from the

magnet. The opposite shielding currents are then applied using

a weak condition to the boundary ∂ΩR in the full problem:

∇× ~H = −Js on ∂ΩR (8)

where they reproduce the magnetic field in the domains outside

of the rotor domain ΩR. Critically this reproduces the field of

the magnet in the air and stator domains, while also allowing

the induced fields to pass into the rotor domain unimpeded

by a Dirichlet boundary. Consequently the field in ΩR is not

physical, and is omitted from Fig. 3.

The behavior of the superconductor is captured in the E-J
power law, which can be expressed as a non-linear resistivity

[38], [39]:

ρ =
E0

Jc

(

Jz
Jc

)n−1

, (9)

where E0 is the characteristic electric field, typically 1 µV/cm,

Jc is the critical current density, and n is the flux creep

exponent. Jc in HTS materials is typically a highly anisotropic

function of magnetic field intensity B and direction θB . The

index n captures the non-linear onset of dissipation in HTS

materials due to flux motion and typically takes on values

of 15-40 for commercially available conductor; here we take

n = 20.

Fig. 4. I-V curves for varying widths at 38.25 Hz. (a) full I-V curves. (b)
zoomed inset for 6 to 18 mm curves.

The model in this paper differs in four key respects from that

reported previously. Firstly, we use a measured in-field critical

current Ic(B, θB) function acquired from AMSC 46 mm

superconducting wire, to match the wire used in Pantoja [6].

Ic(B, θB) data was collected from a small sample of material

using the Super-Current facility at Robinson Research Institute

[40], [41]. The Jc(B, θB) is then taken by normalizing Ic by

the cross section of the modeled tape. Secondly, we sweep

several values of the width w, 6, 12, 15, 18, 24, 30, 36, 46, and

60 mm. Third, for all the tape widths studied, we take a smaller

flux gap g = 2 mm, which is selected to match Bpeak in the

model here to the device in [6] with the same width magnet,

wm = 6 mm, but without a magnetic yoke. And fourth, we

conform the tape cross section to be concentric with the rotor,

with a radius of curvature τ = g + rrotor = 38 mm, which

keeps the flux gap constant across the full width of the stator

tape. As a result, we define θB as the direction of the magnetic

field with respect to the normal n̂ of the curved conductor.

The models are run at a relatively low rotational frequency

f = 38.25 Hz, to enable comparison with the experimentally

analogous device [6].

III. RESULTS

Fig. 4 shows the modeled dc output from the dynamo

in the form of output I-V curves for dynamos utilizing a

range of different stator widths. This data was obtained by

calculating the dc output obtained for each net transport

current through the stator wire. In this way, the simulations

produce the full I-V curve, from Voc to Isc. This differs

from the experimental data presented in Pantoja [6], where

the maximum measured current was constrained by the Ic of

a series-connected load coil. The second observation in Fig.

4 is that at higher current levels, the I-V curves of the wider

tapes become highly non-linear. This non-linearity has not

previously been experimentally observed as it only becomes

noticeable at currents above 200A - which is well above the
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Fig. 5. Circuit parameters for varying stator width. (a) Voc. (b) Isc. (c)
Capacity factor α = Isc/Ic,min.(d) differential resistance at open, Roc, and
short Rsc circuit.

limiting current of the coil used by [6], Ic,coil. It is perhaps

not surprising that as the total transport current approaches the

critical current of the stator wire, the intrinsically non-linear

conductivity of the HTS stator causes an internal resistance

within the stator wire which is no longer constant across

its full operating range. Notwithstanding the above, it should

also be noted (Figure 4(b)) that for narrower stator widths

≤18mm the I−V curves remain approximately linear, which

is consistent with experimental on devices using 12 mm wide

coated conductor wire [3], [24], [29].

Further insight into the evolution of these I-V curves with

stator width can be obtained by considering the circuit param-

eters defined in Fig. 1 (b), namely, Voc, Isc and the internal

resistance of the dynamo stator, Rint. Fig. 5 (a) shows the

evolution of the open circuit voltage Voc with increasing width,

which clearly approaches a limiting value Vlim. This mirrors

the behavior in [6] for stator widths up to 46 mm; whilst

the addition of modeled data at 60 mm makes the limiting

behavior more apparent. One way to interpret this observation

is to consider that dynamos employing narrower stators have a

restricted ability to efficiently rectify the available emf. This is

an important finding and implies that an important design rule

for dynamo devices is that the width of a stator wire [6], or

stator network [11], [42], [43], should be sufficiently wide to

achieve the maximal emf, Vlim (in this case w > 4wm). The

definition of sufficiently wide will depend on — and influence

— magnet yoke and flux gap design, which must be considered

together, an investigation we leave to future work.

Fig. 5 (b) shows how the short-circuit current Isc of the

device increases approximately linearly with stator width.

As the stator width increases, the increase in Isc begins to

correlate with the increase in stator Ic. To further explore this

we can consider the capacity factor of the tape, α, which we

define as:

α =
Isc

Ic,min
, (10)

where Ic,min is the minimum critical current of the tape during

the operation of the device. Ultimately, if the device is able

to drive short-circuit currents equal to the stator’s own critical

current, then this implies that all other resistive mechanisms

in the stator must have become negligible compared to the

unavoidable flux flow resistivity at Ic. Fig. 5 (c) shows that

α approaches 1 for the widest tape simulated. This suggest

that further increases in stator width should be expected to

increase Isc by an amount equal to the additional Ic of the

wider stator. (Although, because Ic is a somewhat arbitrary

criteria, it is possible that α could slightly exceed 1 for very

wide stators in which E0 > 1µV/cm .

As the curves in Fig. 4 are non-linear, we must consider the

differential internal resistance:

R′(I) = −
∂V (I)

∂I
, (11)

where the minus sign ensures that the resistance is positive

under the polarity convention used here. Different values of the

differential resistance are obtained at open circuit, R′(0A) =
Roc, and short-circuit, R′(Isc) = Rsc, and these are shown in

Fig 5 (d). The behavior of Roc shows the most dramatic effect

with stator width, where it drops from 13.3 µΩ for a 6 mm

wide stator, to 0.53 µΩ at 60 mm width. This transition occurs

sharply between w = 12 mm and w = 24 mm such that the

majority of the resistance has vanished for greater values of

w. This massive reduction in Roc, coupled with the relative

stability of Rsc, suggests that some resistive mechanism in the

HTS stator can be eliminated for low currents, but reemerges

for high currents.

The internal resistance of the stator wire is due to the

spatial restriction of the transport current, by the eddy currents

which flow around the magnet region [44]. When this transport

current does not have enough space to flow, it is forced above

the critical current Jz > Jc, generating a local resistive electric

field in the stator. Furthermore, the backward eddy current (in

the direction of the transport current) competes for available

conductor width with the forward eddy current induced under

the magnet. The resistance experienced in the forward eddy

current region is responsible for generating the dc voltage, so

a reduction in the size of this region also reduces the dc emf

generation.

Fig. 6 (a) shows a snapshot of the modeled currents flowing

in the 12 mm wide stator tape at open-circuit when θR = 187o;

when the rotor magnet is positioned at the right hand edge of
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Fig. 6. (a) The sheet current density Kz and sheet critical current ±Kc for
ωR = 187o. (b) Fill factor η for the 12 mm stator across the I-V curve. (c)
Fill factor η for the 60 mm stator across the I-V curve. Dark blue region
denotes the location of the stator tape in (b) and (c)

the stator tape. The plot displays the sheet currents Kz and

critical sheet current ±Kc, at each position across the tape.

These sheet currents are defined according to

Kz(θ) =

∫ τ+b

τ−b

Jz(r, θ)dr, (12)

and

Kc(θ) =

∫ τ+b

τ−b

Jc(B, θB , r, θ)dr, (13)

where b is the half thickness of the modeled tape.

We can define a function u to express whether overcritical

current is flowing at a given position across the stator tape:

u(Kz,Kc) =

{

1 if |Kz| ≥ Kc

0 otherwise.
(14)

From this, we can then define a fill factor, η, to denote the

fraction of the conductor width that contains a sheet current

Kz greater than the sheet critical current Kc,:

η =
1

ws

∫ ws/2τ

−ws/2τ

u(θ)dθ. (15)

Fig. 6(b) shows the fill factor η of the stator wire as a

function of rotor angle θR for the 12 mm stator. Modeled data

is shown for a full rotation of the magnet for three different

transport currents which span the full I-V curve, namely I =0

(open-circuit), I = Isc (short-circuit) and I = Isc/2. We see

that every transport current, the fill factor of the 12 mm tape is

essentially η = 1 (neglecting the small current reversal zone)

during the transit of the magnet across the stator wire (blue

shaded region). Fig. 6(c) shows a similar situation pertains for

the 60 mm stator at Isc. However, the same is not true for the

60mm stator at I = 0A and I = 1/2Isc. In both these cases

η never rises above 75%, indicating that there is still ample

room in the conductor width for additional transport current

to flow around the eddy current region.

IV. CONCLUSIONS

The optimized design of HTS dynamo devices requires

a deeper understating of their operating mechanism. In this

work, we have explored the effect of increasing stator width on

the key dc output parameters of the HTS dynamo. The first and

most striking observation is the appearance of a non-linear I-V
characteristic with increasing stator width, with the non-linear

aspect most apparent at high output currents. We also observe

that both Voc and Isc increase significantly with increasing

stator width. This is attributed to a very significant (order of

magnitude) reduction in the open-circuit internal resistance

of the device, Roc, which occurs between w =12mm and

w =24mm. Once the stator width exceeds approximately four

times the magnet width, we observe that Voc of the device

approaches a limiting maximum value Vlim whilst the short-

circuit current Isc of the dynamo starts to approach the critical

current of the stator Ic,min.

The sharp reduction in Roc above w =24mm, marks a

distinct change in the operating mechanism of the device.

Previous studies of narrow stator dynamos [27], have de-

scribed the HTS dynamo in the context of large over-currents,

J >> Jc, fully occupying the superconducting stator at all

times during the magnet transit. However, the FE models used

here show that, given enough space, the induced eddy currents

around the moving rotor magnet can co-exist with the transport

current without driving the entire stator into the flux flow

regime. However, at large transport currents approaching Isc,

the transport and eddy currents do still compete for available

space within the conductor during at least some parts of of the

cycle (Fig. 6). As a result the differential resistance increases

rapidly as I → Isc.

These findings suggest that high current HTS dynamos are

quite possible, and could in fact produce larger voltages at

their operating current than implied from previous linear I-V
models. Furthermore it suggests that optimal dynamo designs

will involve stators, or stator networks, of sufficient width to

efficiently rectify the emf of the applied field Voc → Vlim.
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