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AC Losses in HTS Coils for High-Frequency and
Non-Sinusoidal Currents

B.J.H. de Bruyn, J.W. Jansen, and E.A. Lomonova
Eindhoven University of Technology, Electromechanics and Power Electronics Group, Department of Electrical Engineering,

PO Box 513, 5600 MB, Eindhoven, The Netherlands

Abstract—AC losses in racetrack coils that are wound of YBCO
tapes are measured for sinusoidal and non-sinusoidal transport
currents with fundamental frequencies up to 1 kHz. An electrical
method to measure losses for non-sinusoidal currents is developed
for this purpose. The measured losses are compared to the
losses calculated by 2D finite element models with power-law
material models. The frequency and waveform-dependency of the
measured losses are shown, and compared to the results of the
models over a wide range of frequencies and waveforms. Finally,
it is shown that the finite element models can accurately predict
AC losses resulting from non-sinusoidal transport currents as are
present in highly dynamic motors with AC armature coils.

Index Terms—Superconducting coils, type II Superconductors,
AC losses, loss measurement, finite element analysis

I. INTRODUCTION

CURRENTLY, the main applications for high-temperature
superconducting (HTS) tapes are DC-field generation

and large power conversion systems. These either operate
with DC current or sinusoidal currents at low (<100 Hz)
frequencies. For this reason, most investigations on AC losses
in superconducting coils have focussed on sinusoidal currents
with a frequency around 50 Hz [1]–[3]. Measurements of
AC losses have been reported for sinusoidal currents with
frequencies up to 800 Hz in coils [4]–[6] and up to 3800 Hz
for tapes [7]. In these measurements the losses per cycle
increase slightly with frequency, due to thermally activated
flux creep and eddy current losses in the copper sheats.
Some measurements have been performed for low-frequency
non-sinusoidal currents [8], and it was shown that losses
related to the addition of a third harmonic can be accurately
predicted. To open the way for new superconducting power
applications, measurement methods and validated loss models
for arbitrary non-sinusoidal and high-frequency currents are
required. Examples of these applications are higher harmonics
in power applications and non-sinusoidal currents in highly
dynamic superconducting motors [9].

The three main principles of AC loss measurement for
superconducting coils are calorimetric, magnetic, and electri-
cal measurement methods. Calorimetric measurement methods
measure the local losses by the local temperature increase
[10], or the global losses by the boil-off of the liquid coolant.
These methods allow for any waveform of the current [11],
[12], but only work at the boiling temperature of the liquid
coolant. Magnetic measurement methods measure hysteresis
in the magnetic field, and require a pickup coil enclosing the
coil under test [13], [14]. These methods require calibration
of the ratio between the hysteresis loop area and losses in the

TABLE I
PARAMETERS OF WOUND COILS.

Coil # Tape ID Tape critical current # turns

1 M3-1036-2 MS 111 28
2 M4-153-2 FS 124 28

60

5

25

Fig. 1. Dimensions of the manufactured coils in mm.

coil. Finally, electrical measurement methods exist using lock-
in amplifiers to measure the phase difference between the first
harmonic of the coil current and voltage. These methods are
only able to measure the losses related to the first harmonic of
the applied currents, and are therefore only valid for sinusoidal
currents.

In this paper, an electrical measurement method is de-
veloped which is able to measure losses for high-frequency
and non-sinusoidal currents. The method is based on direct
measurement of the coil voltage and current, and is calibration-
free, temperature independent and fast. An analysis of the
main error components in the proposed measurement method
is given. The AC losses are measured for sinusoidal currents
up to 1 kHz, and for non-sinusoidal currents with various
waveforms including a waveform typical for high-dynamic
motor applications. The measurements are compared to finite
elements models and analytical models. Finally, conclusions
are given on the modeling of high-frequency behavior of HTS
superconducting coils.

II. METHODS

A. Manufacturing of superconducting coils

Two racetrack coils of 4 mm wide YBCO tape produced by
Superpower were wound on electrically non-conductive G11
coil formers. The coils were wound with the superconducting
layer on the inside of the coil, with respect to the non-
magnetic substrate. A 5 mm wide polyimide adhesive tape was
applied to the tapes before winding, for electrical insulation.
The parameters of the coils and tapes, are shown in Table I.
The dimensions of the coils in mm are shown in Fig. 1. The
inductance of the coils was measured to be around 160 µH.
The exponential I−V characteristics of a section of tape were
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Fig. 2. Measured parameters of I−V curves of coil 1 as function of applied
magnetic field (a) critical current (b) values of the exponent n.

measured for a range of applied magnetic flux densities and
angles with respect to the tape. The critical current IC and
n-value were determined by a least-squares fit of the function

V = EC

(
I

IC

)n

(1)

to the data, with a critical current criterion of EC = 1 µV/cm.
These parameters are shown in Fig. 2. The critical current for
magnetic field applied at an angle of 45 degrees to the tape is
the lowest. Also, the data show that the critical current density
for magnetic field applied perpendicular to the tape is higher
than the critical current density for magnetic field applied
parallel to the tape. This is remarkable, since most publications
show that the decrease in critical current is strongest for
magnetic field applied perpendicular to the tape. However,
measurement data of various superconducting tapes, given in
[15] shows that at temperatures of 77 K, and for applied
magnetic fields lower than 1 T, this is not necessarily true. The
results for coil 2 were similar, and the field-free critical current
of this coil was equal to 125 A. The measured dependency of
the critical current on the applied magnetic field is included
in the models.

B. Principle of measurement

Electrical measurement methods generally only measure
losses for purely sinusoidal applied currents. The losses are
determined from the phase difference between the current and
voltage of a coil, measured by a lock-in amplifier. Periodical
currents i and voltages v can generally be written as

i = i0 +

∞∑
n=1

an sin(nωt+ αn), (2)

v = v0 +

∞∑
n=1

bn cos(nωt+ βn), (3)

where an, bn, αn, and βn are constants. For purely sinusoidal
currents, the average power losses are then given by

P = i0v0 +
1

2
a1b1 sin(α1 − β1). (4)

Current source

ACD: 12-bit, 500kHz

Control system

dSpace

Matsusada

LeCroy 6800

LEM200-s
Current sensor Superconducting

LPF

LPF

Isolation amplifier

100 A, 20 V
Coil

Fig. 3. Schematic representation of the measurement instrument.

Therefore, in this case, losses can be determined from the
phase difference between the first harmonics of voltage and
current, even if higher harmonics in the voltage exist due to
the nonlinearity of the superconducting materials.

However, if the applied current is non-sinusoidal, the higher
harmonics of the current also contribute to the losses. Because
the superconducting material is highly nonlinear, the AC
losses are not necessarily equal to a linear contribution of the
losses resulting from the separate harmonics of the current.
Therefore, a direct electrical AC loss method, which also
works for non-sinusoidal current waveforms was implemented.
The method is based on direct measurement of voltage and
current over the superconducting coil or tape. The average
power P delivered to the coil is calculated as

P =
1

tm

∫ t=t0+tm

t=t0

iv dt = Pstored + Ploss. (5)

The power consists of the time-averaged stored power Pstored

and the average losses Ploss. For a signal with period T , the
measurement time tm is chosen as an integer multiple of T .
In this way, the stored power is equal to zero, and the average
power is equal to the average losses.

C. Measurement instrument

Figure 3 shows an overview of the measurement instrument.
Current waveforms are generated by a dSpace control system,
coupled to a current source by an isolation amplifier. The
current source is a Matsusada 4-quadrant amplifier, with a
current bandwidth of 20 kHz, peak output current of ±100 A,
and peak output voltage of ±20 A. The transport current is
measured by a LEM200-s ultrastab current transducer, with a
500 kHz bandwidth. The coil voltage and the current signal are
recorded on a LeCroy HDO4024 12-bit digital oscilloscope.
Two analog 20 kHz first-order analog low-pass filters are
used on the input of the oscilloscope, which reduce aliasing
errors in the measured signals. Both voltage and current
signals are filtered, and the component values of the filters are
matched, such that both signals have an equal phase shift. By
simulations of the measurement signals, a sampling frequency
of 500 kHz is chosen such that the measurement error resulting
from aliasing is sufficiently small.

The two main error sources in the losses measured by
the instrument are voltage noise and time delay between the
measured voltage and current signals. For samples having a
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Fig. 4. Current waveforms of triangular, trapezoidal, and high-dynamic
currents used in loss measurements.

standard deviation of σ, the standard deviation of the mean of
N samples, σ̄, is given by

σ̄ =
σ√
N
. (6)

Therefore, the standard deviation in the measured losses σl,
for a given standard deviation in the voltage noise σv , is
approximately given by

σl =
Irmsσv√

N
, (7)

where Irms is the rms value of the applied current. During the
measurements, the voltage and current are sampled for 2 sec-
onds at 500 kHz, and the voltage noise level is approximately
30 mV.

A time delay ∆t between the measured voltage and current
signals, for sinusoidal current with frequency f , gives an offset
in the measured losses Poffset of

Poffset = LcoilI
2
pkπf sin(2πf∆t), (8)

where Lcoil is the self-inductance of the coil. This error
increases with frequency, and the error relative to the actual
AC losses are highest for high-frequency currents at low am-
plitude. A time delay of 0.45 µs was determined by calibration
and is corrected in the post-processing.

D. Measurement procedure

Measurements are performed at liquid nitrogen temperature
(77 K). The AC losses are measured for transport currents at
different frequencies, with various peak values, and with var-
ious waveforms. These waveforms are sinusoidal, triangular,
trapezoidal, and a waveform as present in a highly dynamic
motor applications where the superconducting coils carry AC
currents. The waveforms are shown for a frequency of 20 Hz in
Fig. 4. The length of the flat tops of the trapezoidal current are
equal to 3/10 of the period of the signal. For the motor current,
which has a repetition time of 160 ms, only the amplitude of
the applied current is varied. The amplitude of the applied
currents is limited by the maximum inductive voltage over the
coils, which depends on the waveform and frequency.

III. MODELING OF AC LOSSES

The AC losses in the racetrack coils are modeled by a 2D
finite element model, which models an infinitely long stack
of 28 superconducting tapes. The transient model, based on
the H-formulation [16], is implemented in Comsol [17]. The

AC losses in the model are calculated for two full periods of
the applied current, and the mean losses in the second full
period are compared to the measured losses. In the model,
only the superconducting layers are modeled. The resistivity
of the superconducting tape, ρ, is modeled according to the
power-law model as

ρ =
Ec

Jc

(
J

Jc

)n−1
, (9)

where J is the current density in the superconducting material,
and Jc is the critical current density. The critical current
density is determined from the measured critical current as

Jc =
Ic
A
, (10)

where A is the cross-section of the superconducting layer.
Hereby it is assumed that the superconducting material is
homogeneous. The self-consistency of the modeling and mea-
surement of the I −V curves is checked by modeling the DC
critical current measurement of a single strip. It was found that
the simulated I − V curve agrees with the modeled material
parameters within 0.5%.

In the finite element implementation, the current density
is homogeneous in each mesh element. If the mesh is too
coarse, the critical current density is not reached even if the
total current of one tape flows through one mesh element.
In that case, the losses will be underestimated by the model.
Therefore, the number of mesh elements in the height of the
tape, m, is chosen to be at least

m =
Ic

4Ipk
, (11)

where Ic is the critical current of a single tape, and Ipk is the
peak value of the current applied to the tape.

The AC losses are additionally estimated by an analytic
equation, which assumes the critical state model. This model
does not take into account the field-dependency of the critical
current, and is equivalent to the power-law model for n =∞.
For a stack of an infinite number of superconducting tapes
where a transport current is applied varying monotonously
from −I0 to +I0 and back, the AC losses in Joule per meter
of tape per cycle of the applied current, are given by [18] as

Q = Qci
2
0

∫ s=1

s=0

(1− 2s) ln

[
cosh2(πa/Ly)

cosh2(πi0sa/Ly)

]
ds, (12)

where Qc = µ0I
2
c /π, I0 = Ipk/Ic, a is the half-width of the

tape, and Ly is the spacing between the tapes. For this model
the losses per cycle are independent of frequency and are equal
for sinusoidal, triangular and trapezoidal waveforms.

IV. RESULTS AND ANALYSIS

A. Results models

The losses per cycle of the current calculated by the finite
element models depend on the n-value, the frequency and the
waveform of the currents. The calculated losses in coil 1 as
function of the n-value, for currents with a peak value of 40 A
and a frequency of 50 Hz and 1 kHz are shown in Fig. 5. The
modeled losses are lower than those given by (12), because an
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Fig. 5. Modeled AC losses per cycle as function of the n-value, for 50 Hz
(black lines) and 1 kHz (gray lines) currents with various waveforms with a
peak value of 40 A in coil 1.

infinite stack of tapes is assumed there. For all waveforms, the
calculated losses per cycle at 1 kHz are lower than those at
50 Hz. Both the frequency-dependency and the dependency of
the losses on the waveforms decrease towards higher n-values.
This indicates that the model contains mixed hysteretic and
resistive behavior. For an n-value equal to 1, the material is
modeled as a linear resistivity. In this case, the losses are
a combination of resistive losses related to the rms current
and losses related to induced currents which depend on the
frequency. For an n-value close to infinity, the behavior of the
losses is purely hysteretic. In this case, the losses per cycle are
independent of frequency. For the n-values typical for HTS
tapes, between 10 and 30, the modeled behavior is weakly
frequency dependent [19], [20]. Finally, the model predicts
that, for equal peak values of the currents, the AC losses
for trapezoidal currents are higher than those for sinusoidal
currents, and for triangular currents the losses are lower than
those for sinusoidal currents. This is related to the resistive
contribution to the losses, the rms value of the trapezoidal
currents are 21% higher than that of sinusoidal currents and
the rms value of the triangular currents are 18% lower than that
of sinusoidal currents. In all models, the n-value was equal to
20, corresponding to the measured value of the tapes for low
applied magnetic fields.

B. Results measurements and models

The AC losses measured for coil 1 and coil 2, for sinusoidal
currents at different frequencies and amplitudes, are shown
in Fig. 6. The mean difference between the measured values
of the coils is 1%, while the mean of the absolute value of
the difference is equal to 15%. These results show that the
loss measurements are repeatable, even for coils wound from
tapes with different parameters. Since the measurements are
not sensitive to small changes in tape parameters, it is expected
that the losses can be modeled with similar correspondence. In
the remainder of the paper, only measurement and modeling
results of coil 1 are shown.

The simulated and measured losses per cycle of sinusoidal
current are shown for different peak currents in Fig. 7. The
losses per cycle as function of frequency in the measurements
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Fig. 7. Measured (symbols) and modeled (lines) AC losses per cycle of
sinusoidal current for different peak values of the current.

follow the decreasing trend in the simulations for low fre-
quencies. The frequency at which the minimal losses per cycle
are measured depends on the peak value of the current. For
peak currents of 50 A the losses per cycle are minimal at
100 Hz, while for peak currents of 10 A the losses per cycle are
minimal at 350 Hz. At higher frequencies, the measured losses
increase with frequency, while the simulated losses decrease
with frequency over the full range. The increase in measured
losses at higher frequencies and peak amplitudes is related to
eddy current losses in the non-superconducting layers [21] and
to the slow thermal diffusion and increase of the temperature
of the superconducting coil at high loss values [22].

The dependency of the measured AC losses on the different
waveforms is shown in Fig. 8. The figure shows that the
AC losses for trapezoidal waveforms are higher than those
for sinusoidal waveforms, and the AC losses for triangular
waveforms are lower than those for sinusoidal waveforms, as
is predicted by the finite element models.

The measured and modeled losses for sinusoidal, triangular,
and trapezoidal current waveforms at 20 Hz and 200 Hz are
shown in Fig. 9. The figure shows that the models predict both
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the absolute value of the AC losses, as well as the relative
differences in the AC losses between the different waveforms.

The measured losses in case of sinusoidal, triangular and
trapezoidal currents are compared to the modeled losses over
their full range in Fig. 10. The models match well with the
measurements for all waveforms for frequencies up to 200 Hz.
However the models underestimate the measured losses at
higher frequencies. While in the measurements the losses per
cycle increase slightly with frequency, the losses per cycle in
the models decreases at higher frequencies.

Table II shows the mean difference and the mean of the
absolute value of the difference between the measured and
simulated losses over the full range of amplitudes and fre-
quencies for all waveforms. Additionally it shows the mean
difference between the measured and modeled losses of the
different waveforms compared to the sinusoidal waveform. On
average, the models predict the measured losses with about
20% accuracy. The difference in the losses relative to those
for sinusoidal currents are predicted by the models within 6
percentage points.
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TABLE II
MEAN AND ABSOLUTE DIFFERENCES BETWEEN MEASURED AND

MODELED LOSSES.

Sinusoidal Triangular Trapezoidal
mean(Meas.-Model) +20% +9% +20%
mean(|Meas.-Model|) 21% 18% 22%
mean(Meas.-Meas. Sine) 0% -13% +16%
mean(Model-Model Sine) 0% -7% +17%

Lastly, losses with the current waveform equal to a dynamic
motor application have been measured. The current waveform
as shown in Fig. 4 was scaled to achieve waveforms with peak
currents ranging from 5 A to 50 A. The AC losses obtained
from measurements and simulation are shown in Fig. 11. For
each value of peak current, measurement was repeated for 7
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times. The maximum differences in measured and modeled
losses are 0.3 mW for peak currents of 5 A, and 35 mW for
peak currents of 50 A. For low values of the peak current,
the measurements and models have discrepancy between 77%
and 45%. However, for peak currents higher than 12.5 A (11%
of the critical current of the tape), the difference between the
measurement and model is lower than 7%. This makes the
model suitable for the design of motor applications.

V. DISCUSSION AND CONCLUSIONS

The proposed electrical measurement method is able to
measure AC losses for non-sinusoidal current waveforms. The
method is straightforward, and requires no calibration for
the losses. However, the measurement instrument should be
carefully designed not to introduce a phase shift between the
measured voltage and current.

The finite element models including the power-law ma-
terial description predict that the losses per cycle in the
superconducting layer decrease towards higher frequencies.
Additionally, as has been shown in this paper, they predicts
different AC losses for different periodic signals with equal
peak currents, unlike as is predicted by the critical state model.
This mixed resistive and hysteretic behavior results from the
exponential E − J relation.

At frequencies below 100 Hz the losses as function of
frequency in the measurements follow the trends predicted by
the models. At higher frequencies, additional loss mechanisms
become significant in the measurements. These are eddy
current losses in the non-superconducting layers of the tapes
and losses resulting from the slow thermal diffusion in the
coil, which results in increased operating temperature of the
superconducting tape.

The finite element models were able to predict the AC losses
over a frequency range of 20 Hz to 1 kHz, for various current
waveforms with an average difference to the measured values
of 20%. Additionally, they are able to predict the dependency
of the losses on the waveforms of the currents. A further
investigation of additional loss mechanisms at high frequencies
and losses is required.

Finally, it has been shown that losses can be measured
and modeled for non-sinusoidal currents for dynamic motor
applications using the modeling and measurement methods in
this paper. For the demonstrated current waveform, losses can
be estimated with an error lower than 7% for peak currents
higher than 11% of the critical current. The validation of both
the measurement and modeling methods opens the way for
new superconducting power applications with superconducting
tapes carrying non-sinusoidal and high-frequency currents.
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