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Abstract
ReBCO racetrack coils may be used in high-dynamic superconducting linear motor systems,
typically replacing either permanent- or electromagnets in the DC stator. Even so, in order to
achieve a significant increase in force density, the superconductor needs to carry a high transport
current while simultaneously experiencing the time-varying magnetic field from the copper
mover coils. To aid with the design of such devices, a 2D numerical model has been developed
that predicts the AC loss under motor-relevant conditions, i.e. under the combined influence of a
stationary transport current and an alternating external magnetic field. The main aim of the
experiments described in this paper is to validate this model with dedicated AC loss
measurements. To this end, we constructed a set-up that simultaneously measures
magnetization-, transport current- and overall AC loss. Two identical insulated sub-scale
ReBCO racetrack coils were tested at 4.2K while carrying a stationary transport current of up to
700A in a sinusoidal, alternating magnetic field up to 1.5 T, applied perpendicular to the broad
face of the windings. Just like with metallic superconductors, the transport current significantly
increases the AC loss level and lowers the penetration field. The inductive, electric and
calorimetric data were found to be consistent with each other, validating the experimental
calibration methods involved. Furthermore, the numerical model accurately predicted all AC
loss components in the coils without any fitting to the data and can thus reliably be used in the
design of superconducting machines.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Second-generation high-temperature superconductorsin par-
ticular, ReBCO tapes, potentially allow to increase the force

∗
Author to whom any correspondence should be addressed.

Original Content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

density of conventional linear motor drives by replacing their
permanent magnets with DC-powered electromagnets. In such
an application the superconducting coils are exposed to an
AC magnetic field generated by mover coils. In combination
with a close-to-critical stationary transport current, this time-
varying magnetic field may cause significant hysteresis loss in
the superconducting layers.We constructed a numerical model
to predict such losses, as well as a versatile experimental set-
up to measure the various AC loss contributions under relevant
conditions.
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The combined effect of stationary current and time-varying
magnetic field is well-known in classical metallic
superconductors [1] and can be understood in terms of a shif-
ted critical state profile and an additional dynamic resistance
[2]. Also, in single ReBCO conductors enhanced AC losses
under the combined effect of stationary current and time-
varying applied magnetic field have been reported [3, 4].
However, while AC transport current loss in ReBCO coils has
been well studied for either pancake [5–7] or racetrack coils
[8, 9], the combined effect of a stationary current and time-
varying applied magnetic field on ReBCO racetrack coils has
so far received less attention. Numerical models have been
proposed [10, 11], but experimental studies on coils [12] or
tape stacks [13] remain relatively few and limited to 77K.
However, also these confirm that all loss components increase
with stationary transport current.

In this work, we seek to expand upon existing literat-
ure by measuring AC loss at 4.2K in single tape-based
ReBCO racetrack coils as a function of applied AC field amp-
litude of up to 1.5 T and for stationary transport currents
up to 700A. The transport current loss, magnetization loss,
as well as the total loss are monitored simultaneously with
three separate measurement techniques—electric, magnetic
and calorimetric—as detailed in section 3. Eddy current loss is
analytically estimated to stay well below 1% of the total loss
within the experimental window, while coupling loss is pre-
vented by turn-to-turn insulation. Both loss components are
consequently ignored in the analysis.

In section 2, the racetrack coils used as samples in this
work are presented. In section 3, the different loss compon-
ents and how they are measured with the newly constructed
experimental set-up are explained. Finally, the experimental
results are presented and discussed in section 4.

2. Coil sample preparation

Two small racetrack coils were wound with insulated ReBCO
tape supplied by SuperOx. Tape dimensions are shown in
figure 1. The average critical current Ic of the tape is 131A
at 77K, in self-field. A conductor with a relatively low lift
factor of 5.8 at 4.2K and 1 T (B∥c) was chosen deliberately,
so that the predicted coil Ic value at 4.2K falls within the
range of the set-up. The short sample Ic value was measured
as a function of transverse magnetic field B⊥ up to a field of
14 T (figure 2). The load line is determined numerically by
evaluating the average |B⊥| value in the turn that experiences
the highest perpendicular field. This estimate yields a coil Ic
of 852A. The racetrack coils’ dimensions and properties are
reported in table 1. The number of turns is 18.5 because of the
positioning of the outer current terminal.

The coils are dry-wound with a winding tension of 10N on
a glass fiber reinforced polymer (GFRP) holder. After wind-
ing, GFRP side supports clamp the loose turns to the straight
edge of the former, as shown in figure 3. This support structure
is used throughout the experiment to confine the coil on all four
sides. This is of particular importance when the combination

Figure 1. Dimensions of the SuperOx conductor used in this
experiment. Polyimide surround coating was applied by the
manufacturer.

Figure 2. Short sample critical current at 100µVm−1 criterion of
SuperOx ReBCO tape as function of perpendicular applied
magnetic field at 4.2K. Dashed lines indicate coil Ic and
corresponding self-field. This Ic(B) relation is used as input for
numerical AC loss computations.

Table 1. ReBCO racetrack coil properties.

Straight leg length 185mm
Inner diameter 15mm
Number of turns 18.5
Conductor length 7.9m
Self-inductance (calculated) 72µH
Ic,4 K (estimated) 852A at 0.79 T s.f.
Load line 0.93mTA−1

of transport current and background field creates a torque on
the coils. Current is supplied via copper terminals to which the
inner and outer turns are soldered.

3. Experimental set-up

3.1. Sample holder

Figure 4 shows the GFRP sample holder with the racetrack
coils mounted inside. This sample holder also acts as a calor-
imetric chamber for the AC loss measurement. NbTi cur-
rent leads enter the calorimetric chamber from below and are
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Figure 3. Bare, not yet instrumented, insulated racetrack coil in its GFRP holder. The bottom component is placed on top of the coil and is
fastened with threaded rods to clamp it from all sides while leaving space for the current terminals.

Figure 4. Sample holder comprising two insulated racetrack coils and instrumentation. Cap of calorimeter removed.

soldered to the copper terminals. The racetrack coils are con-
nected in anti-series in order to minimize the net torque work-
ing on the sample holder. Pick-up coils, used in the mag-
netization measurement, are placed in close proximity to the
racetrack coils. A heater wire is included in the chamber for
calibration of the calorimeter.

AC loss measurements are performed in homogeneous
sinusoidal magnetic field: By = Ba sin(ωt), which is generated
by a NbTi dipole magnet and is oriented perpendicular to the
wide face of the ReBCO tape. The maximum amplitude Ba

of the dipole field is limited by the voltage compliance of the
dipole’s power supply, but reaches up to 1.5 T at a frequency of
10mHz. AnAC frequency of 20mHzwas used for sufficiently
small amplitudes. All measurements are performed at 4.2K
and the penetration field Bp of the tape is reached. The three
independent loss signals discussed below are recorded simul-
taneously and continuously. A schematic representation of the
sample holder and measurement systems inside the cryostat is
shown in figure 5.

3.2. Magnetization loss measurement

The high current density in type-II superconductors is enabled
by magnetic flux penetration in the form of quantized flux
lines. These are pinned to local imperfections in the super-
conducting material. In stationary condition, pinning hampers

flux motion and thus allows a transport current to flow
without dissipation. However, the internal flux profile adapts
to changes in the external magnetic field, causing dissipation
[14].

Magnetization lossQmag (J cycle−1) in the superconducting
racetrack coils can be calculated by integrating the product of
applied magnetic field B with the magnetization m over a full
cycle:

Qmag =−
˛
B · dm=

ˆ 2π/ω

0
B · ṁdt. (1)

B is deduced from the measured current in the dipole mag-
net, while ṁ is derived from the induced voltage Vpu over the
pick-up coil circuit. A compensation coil is installed around
the samples in order to extract the relevant in-phase component
of ṁ from the relatively large out-of-phase AC voltage induced
by the background field. It was not possible to physically sep-
arate the compensation coil further away from the racetracks
because the insert nearly spans the full length of the magnet.
Therefore, the relation between Vpu and ṁ that is needed for
the calibration of the magnetization loss was estimated expli-
citly, taking into account both the pick-up and the compensa-
tion coils.

In this estimate, each straight leg of the racetrack coil is
taken to be a long magnetized sample of length ℓ, spanning
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Figure 5. Schematic representation of the racetrack coils inside the
sample holder, submerged in liquid helium. The dipole magnet
(blue) generates a (nearly) homogeneous AC magnetic field. A DC
power supply passes a constant current through the racetrack coils.
The AC loss is captured by pick-up coils next to the racetrack coils,
voltage taps on the current leads and a flow meter outside the
cryostat.

the x-axis (figure 6). Approaching it as a line dipole placed at
y= z= 0 yields the following vector potential:

Ax =
µ0my

2πℓ
z

y2 + z2
, (2)

withmy the total dipolemoment of a given coil leg. The voltage
over a single pick-up wire of the same length ℓ is then given
by:

Vpu = ℓEx =−ℓ
∂Ax
∂t

=−
µ0ṁy

2π
z

y2 + z2
. (3)

Summing equation (3) over all the wires of the pick-up and
compensation coils allows to define a geometrical factor K:

K=
∑
i

zi
y2i + z2i

, (4)

such that

Vpu =−µ0

2π
Kṁy. (5)

The relative positions yi and zi in equation (4) refer to all
pick-up and compensation coils in the circuit with respect to
both legs of the racetrack coil. Equation (5) allows to design
and calibrate the set-up a priori, i.e. no fitting of the data is
required.

Figure 6. Schematic cross-section of the magnetization loss set-up
showing the positions of the racetrack coil (orange rectangles), as
well as the pick-up (blue dots) and compensation (yellow dots)
coils. The field lines drawn represent the magnetized coil legs,
which are approximated as magnetic line dipoles. The field lines
due to the horizontal main AC dipole field and the vertical DC field
generated by the sample coil are not included in this sketch.

The locations of the pick-up and compensation coils are
shown in figure 6. Pick-up coils are placed close to the legs of
the racetrack coil to maximize their sensitivity to magnetiza-
tion currents, while the compensation coil is located somewhat
further away, mounted on the outer wall of the calorimetric
chamber. All coils are connected in series, so that the out-of-
phase inductive component caused by the background field, is
minimized. Vpu is measured in two ways: (a) with a relatively
fast nV-meter (Keithley 2182A) and (b) with a lock-in ampli-
fier (SRS SR830). The advantage of the lock-in method is that
it records the in- and out-of-phase signals (corresponding to
the AC loss and the background field, respectively) separately,
but it requires a significant number of periods to stabilize. The
AC loss is calculated manually when using the nV-meter by
recording both Vpu and By and integrating as in equation (1).
Both methods were compared and found to yield the same
AC loss value. The presented Qmag data are measured with the
nV-meter.

The uncertainty in the position of the pick-up coils
(+/− 0.5mm) and hence in the geometrical calibration factor
K translates into a systematic error inQmag of 10%. This dom-
inates by far other instrumental uncertainties.

3.3. Transport loss measurement

A stationary transport current in a superconducting tape will
occupy the edges of the tape first while shielding the inner
area [15]. When, in addition, an alternating magnetic field is
applied to this current-carrying tape, screening currents are
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Figure 7. Transport current loss set-up. The stationary transport
current is monitored by a zero-flux transducer (Caenels CT-1000V).
Vcoils is measured over both coils and includes the series joint
resistance Rj. An IGBT parallel to a 0.5Ω dump resistor is used to
extract current from the racetrack coils in the case of a quench.

induced at the edges of the tape thereby pushing the transport
current inwards. The transport current can flow uninhibited
if the center area is shielded from alternating magnetic flux.
However, if the applied magnetic field is sufficiently large,
the current-carrying area experiences a change in magnetic
field, effectively leading to a dynamic resistance and a voltage
can be observed. Analytical solutions for this phenomena are
presented in [16, 17]. The solutions are valid for single con-
ductors, but not for stacks of tapes, as has been demonstrated
both numerically [18] and experimentally [19]. The transport
current loss set-up is shown in figure 7.

Voltage taps are connected to the current terminals of the
racetrack coils. Therefore, a significant joint resistance Rj is
always present as an offset in the experimental data. The
transport current loss Qtrans is determined by integrating the
voltage over both ReBCO racetrack coils Vcoils, measured with
a Keithley 2000 multimeter, over an integer number of periods
and multiplying by the transport current Idc:

Qtrans = Idc

ˆ 2π/ω

0
Vcoils(t)dt. (6)

A full period is required to cancel out the inductive voltage
over the racetrack coils. An offset stemming from the joint res-
istance is removed by subtracting the voltage measured at zero
field. Some measured data values are smaller than this offset,
resulting in a relatively large uncertainty.

3.4. Calorimetric measurement

The combined loss of both magnetization- and transport cur-
rent loss can be determined from the helium boil-off rate of
the cryostat. Total AC loss Qtot is expressed as:

Qtot = Qmag +Qtrans. (7)

The AC loss is observed separately from background dis-
sipation, such as heat in-leak through the current leads, by pla-
cing the coils inside a calorimetric chamber, shown in figure 5.
Evaporated gas flows upward through the exhaust tube to an
electronic flow meter (Bronkhorst LOW-∆P-FLOW) where
the flow rate is recorded. Then, it returns to the cryostat and
is evacuated through the general exhaust. Liquid helium is
refilled via an inlet tube at the bottom of the calorimetric cham-
ber. Its shape prevents gas bubbles entering the chamber from

underneath. The flow meter is calibrated with a heater located
next to the racetrack coils.

Stationary transport currents create a background offset dis-
sipation of I2dcRj, which has to be removed with the same
method used for the transport current loss. The large uncer-
tainty is further amplified at the smallest observed AC loss by
the limited accuracy (1% full-scale error) of the flow meter.

4. Results and discussion

4.1. VI measurements

The critical current of both coils was measured at both 77K
and 4.2K. The Ic of both coils is 76A at 77K. At 4.2K how-
ever, one of the coils shows an Ic of 726A. This is substan-
tially lower than the expected value of 852A and also lower
than the other coil, whose Ic could therefore not be determ-
ined, since the coils are connected in anti-series for the loss
measurements.

4.2. Analytical estimate of the AC loss

The experimental data will first be compared to analytical
expressions found in literature for AC loss in flat supercon-
ducting strips. The expression for hysteresis loss in a single
isolated strip (i.e. a ReBCO layer) of width 2w and thickness
d in perpendicular magnetic field was first derived in [20],
presented here in an adapted form in equation (8) [21]. It is
assumed that 2w≫ d and Ic is field-independent. No transport
current is present

Qsingle =
µ0I2c
π

(2lncoshh− h tanhh) . (8)

Here, Qsingle is the hysteresis loss per cycle and per unit
length in a single strip; h= Hm/Hp the normalized magnetic
field amplitude;Hp = Jcd/π the penetration field; Jc = Ic/2wd
the critical current density; and Hm the applied magnetic field
amplitude.

An expression for hysteresis loss in an infinite stack of
superconducting strips is derived in [22] and shown here as
equation (9). In principle, this configuration might be expec-
ted to mimic the racetrack winding pack better than the single-
strip one. The strips are separated by a distance D. Again, it is
assumed that 2w≫ d,D≫ d and Ic is field-independent. Also
here, no transport current is assumed to be present

Qstack =
4 µ0D2

π

ˆ Hm

0
(Hm − 2H) ln

[
1+

sinh2(πw/D)

cosh2(H/Hp)

]
dH.

(9)

Note that Qstack is the hysteresis loss per cycle and per unit
length of a single strip when it is ‘buried’ in the infinite stack.

Equations (8) and (9) are compared to the experimental data
using the extrapolated single-tape self-field value Ic = 1350A
from figure 2 and multiplying by the number of turns of 18.5
and by the total projected length of the winding pack of the
two coils of 0.8m. Qsingle and Qstack are plotted as dashed and
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dotted lines in figure 10. In an infinite stack the conductor
experiences much lower loss than in the isolated case, because
the magnetic field is shielded by the turns above and below.
Some shielding is expected to occur in the winding pack of
the racetrack coils as well, since they can be seen as a stack of
finite thickness. Therefore, the measured AC loss is expected
to be within the range set by equations (8) and (9). However,
since this range can easily span more than two decades, a more
accurate but computationally efficient method to estimate the
coil losses is desired. Below, a numerical method is proposed
that fits the measured data quite well.

4.3. Numerical model

A numerical model was developed to calculate the current
distribution in a 2D cross-section of a racetrack coil. It is
discussed briefly here, but is described in detail by Otten
et al [23]. There, it is also used to calculate coupling loss
in no-insulation ReBCO racetrack coils in a parallel applied
magnetic field. Distinct turns are homogenized as a material
with anisotropic resistivity, representing the commonly-used
power law behavior (ρ∥ ∝ (J/Jc)n−1) along the superconduct-
ing path and a turn-to-turn resistivity ρc transverse to the turns.
This relates the electric field and the current density in the con-
ductor frame as: [

E∥
E⊥

]
=

[
ρ∥ 0
0 ρ⊥

][
J∥
J⊥

]
. (10)

The conductor is at an angle with the xy-plane due to the
thickness of the turns, given by:

tan(α) = d/ℓturn , (11)

where d and ℓturn are the thickness and length of one turn,
respectively. E and J are related to Cartesian coordinates by
applying a rotation of α:[

J∥
J⊥

]
=

[
cos(α) −sin(α)
sin(α) cos(α)

][
Jx
Jy

]
(12)

and [
Ex
Ey

]
=

[
cos(α) sin(α)
−sin(α) cos(α)

][
E∥
E⊥

]
. (13)

Substituting equations (12) and (13) into equation (10)
yields an E(J)-relation in the xy-plane:[

Ex
Ey

]
=

[
cos(α) sin(α)
−sin(α) cos(α)

][
ρ∥ 0
0 ρ⊥

]
×
[
cos(α) −sin(α)
sin(α) cos(α)

][
Jx
Jy

]
. (14)

Rewriting equation (14) gives:[
Ex
Ey

]
=

[
ρ∥ cos2(α)+ ρ⊥ sin2(α) (ρ⊥ − ρ∥)sin(α)cos(α)
(ρ⊥ − ρ∥)sin(α)cos(α) ρ⊥ cos2(α)+ ρ∥ sin

2(α)

]
×
[
Jx
Jy

]
. (15)

Figure 8. Snapshot of the current distribution in a homogenized
ReBCO winding pack in a 1 T applied magnetic field along the
y-axis, Idc = 0A.

A similar homogenization method is used by Mataira et al
[24] for no-insulation pancake coils and by Otten et al for
Roebel cables [25]. ρc can be tuned to model no- or metal-
insulation coils or insulated coils. For this present work, a ρc
value of 100Ωm is used, which effectively insulates the turns
from each other.

The current distribution is calculated numerically by solv-
ing an integral form of Maxwell’s equations [26, 27]. We
divide the winding pack into discrete rectangular elements
of uniform current density. An example solution for a single
winding pack is shown in figure 8. This formulation has
the advantage that it only needs to be solved in the con-
ductor volume and not in the surrounding space. A more
detailed description of the method is given by Otten and
Grilli in [28].

The numerical AC loss values compared to the measured
data below assume two homogenized 2.5 by 4mm winding
packs in a sinusoidally time-varying spatially homogeneous
magnetic field. The superconductor is described by the Jc(B)-
relation of figure 2 and by an n-value of 30.

The total AC loss in J cycle−1 m−1 is calculated from the
E(J) relation as Qtot =

˜
Jx ·Ex dAdt. A typical loss profile is

shown in figure 9 in Wm−1. Also numerically, the magnetiza-
tion loss is calculated from the product of applied field and the
modeled magnetization of the conductor: Qmag =

´
By · ṁy dt.

The transport current loss is taken to be the difference between
the two: Qtrans = Qtot −Qmag. These losses are multiplied by
the projected length of the two racetracks, 0.4m, to get the
loss for two racetrack coils in series.

4.4. Experimental results

Measured AC loss data, acquired with the methods discussed
in section 3, and numerical a-priori predictions from themodel
of section 4.3 are plotted together in figures 10–12 for each loss
component. Measurements are performed at distinct levels of
transport current, in order of increasing Ba, going from 0 to
1.5 T in steps of 0.1 T or greater. The field frequency is 20mHz
for fields up to 1 T and 10mHz for those above. The hysteresis
loss dominates the AC loss in this configuration, so no scaling
with frequency is observed. After a field sweep is completed,
Idc is increased and the same cycle is repeated. Data at higher
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Figure 9. Dissipation as a function of time, integrated over the
cross-section of the homogenized ReBCO racetrack coil in a 1 T
applied magnetic field along the y-axis, Idc = 0A. The loss during
the first field cycle differs, because the virgin flux profile does not
penetrate as deeply as the subsequent ones.

Figure 10. Magnetization loss in J cycle−1 as a function of applied
field amplitude for several transport currents, indicated by the arrow
from lowest to highest. Markers are measured data points and solid
lines are numerical model predictions. Dashed and dotted lines are
the analytical predictions of equations (8) and (9).

Idc values stops below Ba = 1.5 T, because the coil quenched
at a lower field amplitude.

4.4.1. Magnetization loss. Figure 10 shows the measured
data and numerical prediction of Qmag as markers and lines,
respectively. The arrow indicates how different lines corres-
pond to different levels of transport current. The boundaries
set by the analytical results of equations (8) and (9) are also
included.
Qmag(0A) scales with B3

a up to a field amplitude of 1.5 T,
which is typical of hysteresis loss below the full penetra-
tion field Bp. As Idc increases, more of the superconductor
volume is occupied by transport current and it becomes fully
penetrated at a reduced magnetic field amplitude. Strictly Bp

is defined for a conductor in uniform magnetic field only, but

Figure 11. Transport current loss in J cycle−1 as a function of
applied field amplitude for several transport currents, indicated by
the arrow from lowest to highest. Markers are measured data points
and solid lines are numerical model predictions.

Figure 12. Total AC loss in J cycle−1 as a function of applied field
amplitude for several transport currents, indicated by the arrow from
lowest to highest. Markers are measured data points and solid lines
are numerical model predictions.

the saturation effect of an effective penetration fieldB ′
p can also

be observed on specific coils, like the relatively thin racetrack
coil presented here. Also, Qmag is increased as Ba approaches
B ′
p. This gradual loss increase, rather than the abrupt transition

predicted by the critical state model [2], can presumably be
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explained by the finite n-value. We will come back to these
observations in section 4.5.

The observed trends are also clearly predicted by the
numerical model, which reproduces the experimental data
with remarkable accuracy. It should be stated explicitly that
the numerical data of figure 10 were acquired without any
fitting parameter, using only the coil geometry and Ic char-
acteristics as input. The model matches Qmag within 20% at
field amplitudes above 0.5 T. Larger differences are observed
at lower field amplitudes. This could be caused by limitations
in the model, such as the neglected end effects in the rounded
edges of the coils, neglected loss contributions from surround-
ing metal components, or uncertainties in the alignment of the
racetrack and pick-up coils.

The analytical calculations convincingly show that neither
the isolated tape, nor the infinite stack approximation represent
the observed magnetization loss in a small ReBCO racetrack
coil well. Assuming the coil is built up of isolated strips is
far too pessimistic. The observed loss is more than an order
of magnitude smaller than equation (8) predicts. However, the
assumption of an infinite stack is too optimistic. Equation (9)
underestimates the magnetization loss by more than an order
of magnitude. The coil is neither unshielded, like the isolated
tape, nor fully shielded, like the infinite stack. Its inner turns
are partially shielded by the outer turns, but the alternating
magnetic field still manages to reach most of the turns, res-
ulting in a level of AC loss that is somewhere in between these
two limiting cases. This result shows that for coils with an
intermediate winding pack thickness, such as the one used in
this research, these analytical models do not predict AC mag-
netization losses accurately.

4.4.2. Transport current loss. Figure 11 shows the transport
current loss as measured experimentally and predicted by the
numerical model. Very low loss is predicted and observed as
long as the tape in the coil is far from full penetration, so that
the transport current can flow undisturbed through the con-
ductor.WhenB ′

p is reached, either by increasing Idc,Ba or both,
a significant increase in Qtrans is observed. This is because the
power supply must do additional work to maintain Idc, which
is being displaced by magnetization currents induced by the
applied magnetic field.

The numerical model is in good agreement with the exper-
iment at field amplitudes larger than 0.5 T, but larger differ-
ences are observed at smaller field amplitudes. Qtrans settles
at a plateau level, most clearly shown in Qtrans(100A), which
is not predicted by the model. The cause of this discrepancy
cannot be determined from the current dataset. The model
neglects some complications present in the model, such as coil
ends, joints and local inhomogeneities. These could contribute
to additional transport current loss.

As seen in figure 11, low-loss data suffer from large exper-
imental uncertainties. Qtrans is determined by subtracting the
dissipation over Rj from the measured loss. This resistive off-
set can become larger than the AC loss data itself, resulting in
a relatively large uncertainty.

Data measured at Idc ⩾ 600A, which were acquired later
than the other data, exceed model predictions significantly.

This is in contrast with data acquired at Idc ⩽ 500A, for which
model and experiment are in good agreement. The suspected
cause is that one of the coils has sustained some loss in crit-
ical current during the experimental campaign, as discussed in
section 4.1.

4.4.3. Total AC loss. The total AC loss, measured calori-
metrically, is shown in figure 12. In principle, it should equal
the sum of dissipation caused by both Qmag and Qtrans. This
point will be illustrated more clearly in section 4.6. Gener-
ally speaking, magnetization losses dominate when B< B ′

p,
whereas transport losses become the major component when
B⩾ B ′

p. For low levels of Idc, this is only at the highest fields
measured, but Qtrans plays a major role when the transport
current is close to Ic. It is of concern in superconducting
machine applications where force density is a concern. The
benefit of a stronger magnetic field by operating closer to Ic
should be balanced with the additional heat load and cooling
cost.

The numerical model matches the measured data well at
field amplitudes above 0.5 T. At smaller field amplitudes how-
ever, limited flowmeter accuracy at small flow rates combined
with a large background offset introduce significant uncertain-
ties in the data. A higher than calculated loss is observed in the
Qtot(650A) data, similar to what was observed for Qtrans.

4.5. Penetration field of a ReBCO racetrack coil

The data of figure 10 is shown again, now normalized by B2
a ,

in figure 13. The penetration field is defined by the critical
state model [29] as the magnetic field at which current is run-
ning throughout the superconductor volume, because the mag-
netic field has penetrated the full thickness of the conductor.
In the Qmag data, it is determined by the point at which the
field scaling changes from B3

a to Ba, i.e. the peaks in figure 13.
It is clear that the stationary transport current reduces B ′

p
significantly, coming from beyond the experimental limit of
1.5 T at 0A to only 0.3 T at 700A. Magnetization currents
induced by the magnetic field can only occupy part of the
superconductor volume when the rest is taken by a transport
current. As a result, the superconductor will carry a current
density close to Jc throughout its volume and dissipate much
more in the form of AC loss than when there is no transport
current.

The penetration field of the ReBCO racetrack coil B ′
p is

plotted as a function of Idc in figure 14. The data are determ-
ined by the peak values of Qmag as measured and calculated.
The coil B ′

p is suppressed by both the transport current and the
applied magnetic field, which reduces Ic further.

4.6. AC loss measurement system comparison

The magnetization set-up was calibrated analytically with
equation (5) before the start of the AC loss measurements. The
calorimeter was calibrated by using a heater and the electric
method measures Vcoils and Idc directly, so they can be used

8
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Figure 13. Magnetization loss normalized to the square of the
applied field amplitude for several transport currents. Markers are
measured data points and solid lines are numerical model
predictions. Peaks of curves indicate B ′

p and show how it is
decreased by the transport current. Error bars are removed in favor
of readability.

Figure 14. Decreasing coil penetration field B ′
p under the influence

of increasing transport current at 4.2K.

to validate the accuracy of the magnetization loss set-up with
equation (7).

Such a comparison is made in figure 15. Indeed, quite a sat-
isfactory consistency is observed between the different meas-
urement methods, particularly in regions of relatively high AC
loss where the uncertainties in Qtrans and Qtot are small. This
confirms the accuracy of the magnetization loss measurement,
for which the relation between pick-up voltage and magnet-
ization loss is calculated without the need for any calibration
during the measurements.

Data below 1 J cycle−1 is not included in figure 15 due to
limited precision, caused by a large background offset. Some
high-loss data of Qtot are also not included, because the pres-
sure built in the calorimetric chamber caused gas to bypass

Figure 15. Total AC loss in J cycle−1 as measured with the
calorimetric set-up (red circles) and the sum of the magnetization
and transport current loss set-ups (black markers). The arrow
indicates increasing levels of transport current from 0 to 700A in
increments equal to those of figure 14. Lines connecting the markers
are added as a guide to the eye.

the flow meter. The resistance of the terminal joints is the
major cause of the high background flow rate, so improving the
soldered contacts could enlarge the calorimetric experimental
window.

5. Conclusion

A pair of ReBCO racetrack coils was fabricated for AC loss
measurements under combination of a uniform time-varying
applied magnetic field and a stationary transport current. A
new experimental set-up was constructed that allows to meas-
ure AC loss at 4.2K in alternating magnetic fields up to 1.5 T
and with a stationary transport current up to 700A. Both
magnetization- and transport current loss are monitored sim-
ultaneously and can be compared to the calorimetrically meas-
ured total loss. This comparison validates all the experimental
methods by their internal consistency.

Two straightforward analytical AC loss models, one for
isolated single strips and one for an infinite stack of strips, were
compared to the data but both deviate more than an order of
magnitude from the losses observed in these ReBCO racetrack
coils with intermediate winding pack thickness. However, the
measured data do show accurate quantitative agreement with
an efficient 2D numerical model that is based on a homogen-
ized non-linear anisotropic resistivity and is designed to pre-
dict AC loss in ReBCO racetrack coils under motor-relevant
conditions.

Just like in the classical metallic superconductors, a station-
ary transport current in combination with an applied AC mag-
netic field increases the AC loss in the ReBCO racetrack coils.
A stationary transport current Idc reduces the effective penet-
ration field B ′

p, which affects all measured loss components.
The magnetization loss Qmag is increased, particularly when

9
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Idc nears the critical current Ic and the coil is already fully
penetrated by a relatively low magnetic field. Furthermore,
maintaining the transport current requires additional work
from the DC power supply, which shows up as a transport cur-
rent loss Qtrans. Also, this Qtrans component increases fast with
increasing Idc, as the penetrating magnetic field displaces the
transport current.

The spatial and temporal magnetic field evolution in a real
motor system is more complex than in this experimental set-
up. Nevertheless, the remarkable agreement between the 2D
numerical model predictions and the experimental data yields
confidence such a model can be used as a computationally
efficient design tool for machines that contain DC-powered
ReBCO racetrack coils experiencing an AC magnetic field.
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