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Abstract
The estimation and measurement of AC losses in coils based on high-temperature
superconductors (HTS) are relevant aspects of HTS applications. They influence the cooling
power requirement, operating temperature and efficiency, which can be decisive in the
construction and implementation of superconducting equipment, such as superconducting
electrical machines. The measurement of losses due to AC transport current (without external
magnetic field) is not an easy task. Several efforts have been made to measure these AC
transport losses in superconducting coils with a calorimetric approach by trying to minimize the
influence of the environment, improve the accuracy and ensure the reproducibility of the results.
This work presents the design and construction of a setup to measure transport AC losses in
high-temperature superconducting coils based on a calorimetric approach (boil-off method).
The evaporated cryogen (nitrogen) related to the dissipation of energy is collected by using a 3D
printed bubble collector that guides the gas into a flow sensor. A box-inside-a-box approach is
used to surround the measurement chamber with a cryogenic environment. This approach allows
re-directing the heat transfer from the surroundings into an intermediate zone (space between
external and internal box). Since this intermediate zone operates under cryogenic temperatures,
the noise and the heat transfer in the internal part of the setup are reduced. A statistical analysis
of the results based on a standard load cycle, average value, and standard deviation calculations
allows assessing the variability in the measurements and expressing the results as average value
and uncertainty range. The calibration and reproducibility of the measurements are verified with
a set of resistors under different conditions and during different weeks. Finally, the AC transport
losses in a racetrack coil for an electrical machine application are measured and compared with
3D simulation results based on the homogenization of the T-A formulation.
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1. Introduction

The high current capacity and zero DC resistivity of
high-temperature superconductors (HTS) has encouraged
applications in several fields [1]. In fact, HTS electrical prop-
erties have inspired numerous research and development activ-
ities on electrical machines [2], energy storage [3], and fault
current limiters [4]. In particular, the potential weight and
size reduction related to HTS applications has motivated the
development of new superconducting generators for wind tur-
bine applications [5–9], where more compact and efficient
machines are aimed within the current development of renew-
able energies. Most of these applications rely on the proper
design, characterisation, and performance of superconducting
coils.

Despite their zero DC resistance, HTS experience energy
dissipation under time changing current or magnetic field [10].
These losses influence the cooling power requirement, oper-
ating temperature and efficiency, which can be decisive in
the construction and wide implementation of superconducting
devices. This work presents the design and test of a setup to
measure AC transport losses in HTS coils.

There are two main methodologies commonly used to
measure AC transport losses in HTS coils, the electric method
and the calorimetric method [11, 12]. The electric method is
based on the measurement of the current and the voltage in
the coil. The voltage can be separated in two parts, a pure
inductive component (90◦ shifted with respect to the current)
and a ‘resistive’ (loss) component (in phase with the current)
[13, 14]. The inductive component is usually larger than the
loss component. Therefore, the efficiency of the method relies
on cancelling the inductive component of the voltage to meas-
ure accurately the loss component. For this purpose, a com-
pensation circuit (pick-up coil or variable transformer) and a
lock-in amplifier are generally used. However, the inductive
component of the voltage in HTS coils can be several orders of
magnitude larger than the AC loss component [15, 16]. There-
fore, it can be difficult to completely cancel the inductive com-
ponent. Moreover, the measurement approach can be strongly
influenced by the electromagnetic conditions of the environ-
ment (metallic and ferromagnetic parts, energized magnets,
experiments, or cranes close to the setup) [11, 17]. For these
reasons, the calorimetric method is adopted in this case. This
approach does not require a compensation circuit, it is not
strongly influenced by the electromagnetic conditions of the
environment and is faster to implement [17–19].

In the implemented calorimetric approach, the evaporated
cryogen (nitrogen) due to the AC losses in the coil is collected
and its flow is measured. The flow of evaporated nitrogen is
translated into dissipated power by using a previously meas-
ured calibration curve. This approach is known as the boil-
off method and has been applied to measure the AC losses in

superconducting samples [20]; cables [21–23] and HTS coils
under different operating conditions [19, 24–28]. In this work,
a box-inside-a-box approach is used to surround the measure-
ment chamber with a cryogenic environment. The approach
allows re-directing the heat transfer from the surroundings
into an intermediate zone. This space between the external
and the internal box operates under cryogenic temperatures.
Therefore, the heat transfer and the noise in the internal part
of the setup are minimized. The measurement of the flow is
post-processed through a statistical analysis based on a stand-
ard load cycle, average value, and standard deviation. This
approach allows assessing the variability in the measurements
and expressing the results as average value and uncertainty.
Moreover, the reliability of the setup is studied by verifying
the reproducibility of the results under different conditions in
the calibration stage.

In this work, the losses due to AC transport current (without
an external magnetic field) are measured in a HTS coil. The
description of this coil is introduced first in section 2, which
includes the main characteristics of the HTS tape, critical cur-
rent and inductancemeasurement results. This section presents
also an estimation of the transport losses in the coil based on
the homogenization of the T-A formulation in 3D and a com-
parison with 2D simulation results. Then, the design of the AC
transport losses measurement setup is introduced in section 3.
Finally, section 4 presents the calibration of the setup and AC
transport losses measurements results. All the findings of the
work are summarized in the conclusions (section 5).

2. Coil description

This section presents the basic design and construction of the
coil. The HTS tape is described first, and measurements of the
critical current of the tape are presented. Then, the geometry
and main parameters of the coil are discussed.

2.1. Tape description and characterisation

The tape used in the coil was manufactured by SuperOx, and
the superconducting material is yttrium barium copper oxide
(YBCO) [29]. The dimensions of the tape are 2mm in width
and 0.12mm in thickness, with a copper stabilizer layer on
both sides. The main characteristics are summarized in table 1,
which also shows basic critical current measurements of the
production batch and a brief description of the structure of the
tape.

One of the most important parameters of the tape is the crit-
ical current (Ic) since it provides the maximum current capa-
city of the individual tape. Moreover, a proper characterisa-
tion of the Ic of the tape for different applied magnetic field
amplitudes and directions is necessary to estimate the critical
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Table 1. Main characteristics of the HTS tape.

Dimensions
Width
Thickness

2mm
0.12mm

Structure Copper stabilizer 20µm per side
Silver layer HTS side 2µm
Silver layer substrate side 1µm
Superconducting layer
(YBCO)

2.5µm

Substrate (Hastelloy C-276) 40µm
Electrical
properties

Nominal Ic (77K self-field) 60 A
Ic measured Ic-min = 80A
by manufacturer Ic-avg = 83A
(77.3K self-field) Ic-max = 88A

Mechanical
properties

Minimum bending radius 10mm

Figure 1. Measurements of the critical current of the HTS tape at
77K as a function of magnetic field amplitude and direction. An
angle of 0◦ represents a field perpendicular to the wide face of the
tape; an angle of 90◦ represents a parallel one.

current of the coil, and to build models that allow studying
the electromagnetic behaviour and estimate losses. For these
reasons, measurements of the critical current of a sample of the
tape were done with different magnetic field magnitudes and
directions. Figure 1 shows the Ic measurement results at 77K.

2.2. Coil geometry and characterisation

The coil is a scale-down version (1:3) of the stator coil of an
electrical machine, it has a racetrack shape and represents one
of the three types of coils necessary to build the star configura-
tion introduced in [30]. The dimensions of the coil are presen-
ted in figure 2.

Figure 3 shows a picture of the constructed coil, which uses
a total of 59.7m of HTS tape. The former of the coil is made of
glass fibre reinforced plastic to avoid possible induced currents
that can increase the overall AC losses in the coil. Copper con-
nectors are soldered to the tape to allow a standard connection
with cables to energize the coil. The turn-to-turn insulation is
PEN-foil 0.016mm thick and 6mm wide. The insulation is

Figure 2. Geometry and dimensions of the racetrack coil. The coil
is made with 48 turns of HTS tape and has the following
dimensions: r1 = 36 mm, r2 = 42mm, and 2 · y0 = 500mm.

Figure 3. Picture of the constructed coil that is used to measure AC
transport losses.

co-wound with the HTS tape in the middle, and the coil is not
impregnated.

The inductance of the coil is first estimated with a sta-
tionary 3D finite element model developed in Comsol Mul-
tiphysics. The inductance estimated with this simulation is
2.13mH. These estimations are verified with measurements
done with a LCR meter (Agilent U1733C—measurement fre-
quency 1 kHz) in cold (covered by liquid nitrogen) and warm
(ambient temperature) conditions. Themeasured inductance is
Lcold = 1.97mH (Lwarm = 2.01mH), which represents a devi-
ation of 8.12% in cold conditions (5.97% in warm conditions),
by considering the measurement results as the reference. The
superconducting turns are fixed with an external Kapton tape
(which can be seen in figure 3). Since there are no mechan-
ical parts putting pressure to keep the superconducting turns
in place and the compactness of the turns is not homogen-
eous along the coil, the thickness of the superconducting turns
changes slightly along the length of the coil, which is one of
the causes of discrepancies between inductance simulation and
measurements. This effect is more meaningful when the coil is
cooled down, since the glass-fiber reinforced plastic (GFRP)
former shrinks with the decrease in temperature and gives
more space for the HTS turns to relax and lose compactness.

The geometry of the coil has two straight and two cir-
cular parts. Therefore, it can not be directly reduced into
a 2D arrangement for simulations without careful review.
Moreover, the magnetic field tends to be higher in the inner
part of the circular section [31], which can cause a higher cur-
rent penetration in this zone. For these reasons, a 3D model
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Figure 4. Normalized current density (J/Jc) in coil A for transport current (f = 18Hz and Ipeak = 40A− Ipeak/Ic = 85.3%) when the
current is equal to zero, after the first half period of the sinusoidal cycle. The results of the 3D simulation approach are shown on the left
side, with a zoom in the middle of the straight and circular sections. The results of the 2D simulation approach are shown on the right.

is initially developed to analyze the coil. These simulations
are based on the homogenization of the T-A formulation in
3D, described in detail in [32]. As it was done in [31], only
one-eighth of the coil is modelled by taking advantage of the
symmetries.

The left side of figure 4 shows the behaviour of the normal-
ized current penetration (J/Jc) obtained with the 3D simula-
tion. The behaviour of the current penetration is very similar
along the length of the coil. Based on these results, it can be
assumed that a 2D simulation can also provide a good approx-
imation, even if the geometry is not suitable for a 2D repres-
entation. For this reason, a 2D model based on the homogen-
ization of the T-A formulation in 2D is built [33]. This model
considers only the middle of the straight section of the coil as
an infinite long arrangement. The normalized current penetra-
tion behaviour obtained with this 2D simulation is presented
on the right side of figure 4. It is in good agreement with the
3D simulation, which confirms the previous hypothesis. A 2D
simulation can provide a good approximation in this case.

The AC transport losses estimated for the coil with the 2D
and the 3D simulations are summarized in figure 5. The res-
ults of the 3D model are presented in blue (triangle symbol)
and the 2D model in red (square symbol). The relative error
calculated by considering the 3D simulation as the reference
is depicted in green (circle symbol). In the 2D simulation case,
the results are extended by considering an average turn length
to estimate the total losses in the coil. The estimation of the
losses done with the 2D and 3Dmodels are in good agreement,
with a maximum relative error lower than 7%. The 3D model
has 266.663 degrees of freedom (DOF), and the 2D model has
19.656 DOF. This massive reduction in DOF allows a reduc-
tion in the computation time from days (in the 3D model case
study) to minutes (in the 2D model case study) within reason-
able accuracy.

As it was done with the inductance, the critical current (Ic)
of the coil is estimated first with simulations based on the
methodology presented in [34]. This approach was already

Figure 5. Results of the estimation of AC transport losses in coil A
made with 3D and 2D models based on the homogenization of the
T-A formulation. The green circles represent the relative error
calculated by using the 3D simulation as the reference. The
horizontal axis is normalized by considering a critical transport
current Ic = 46.89A.

used to estimate the critical current of HTS coils [35–37]. The
methodology establishes two criteria to estimate the critical
current in the coil, the so-called maximum and the average
criteria. The maximum criterion defines Ic as the current that
produces a voltage drop per unit length equal to the critical
electric field (Ec = 1µVcm−1) in at least one turn of the coil.
The average criterion defines Ic as the current that produces an
average voltage drop in the coil (all turns) equal to Ec [34].
A 2D model is used to calculate Ic by following a similar
approach to [35, 38]. This model considers only the middle of
the straight section of the coil. The estimated critical current
of the coil is 45.94A with the maximum criterion and 46.89A
with the average criterion. The measured critical current of
the coil with a 1µVcm−1 criterion is 44.27A. This result is
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in good agreement with the simulations. It has a deviation of
3.77% and 5.92% with respect to the maximum and average
criterion respectively, by considering the measurement result
as the reference.

3. Design and construction of the measurement
setup

The design of the calorimetric setup to measure AC trans-
port losses is divided into five main parts: cryostat and bubble
collector, power supply, current measurement, flow meas-
urement, and data and acquisition system. Figure 6 shows a
schematic of the setup with all its components. The coil is loc-
ated inside a rectangular box that represents the cryostat and
bubble collector, and it is energized through an AC voltage
source and a current transformer. The current through the coil
is measured with a Rogowski coil and the evaporation of the
cryogen is directed into a flow sensor. The main variables
are collected and recorded with the data acquisition system
(indicated with dashed lines) and plotted in real-time on the
computer. In this subsection, we will focus on the description,
design, and selection of each of these components.

Figure 6 shows also a DC voltage source and a resistance
that is used for calibration. This part of the setup will be
explained in section 4, which describes the calibration of the
setup and the reproducibility of the results.

3.1. Cryostat and bubble collector

One of the main sources of noise that can affect the flow of
evaporated nitrogen is the interaction with the environment.
Since the coil is at cryogenic temperature, there is a continu-
ous heat transfer from the surroundings into the internal part of
the cryostat. This phenomenon causes additional evaporation
of the cryogen that can influence themeasurements.Moreover,
the heat transfer depends on ambient conditions. It changes
through the day and between different days and weeks (it can
not be fully predicted or controlled). Therefore, the design
of the cryostat and bubble collector plays a key role in the
accuracy of the measurement setup. For this reason, a box-
inside-a-box approach is implemented to minimize the heat
transfer and avoid a thick cryostat. During the experiments,
the internal box is completely filled and the external box is
partially filled with liquid nitrogen. This approach allows re-
directing the heat transfer from the surroundings into an inter-
mediate zone (space between external and internal box). Since
this intermediate zone operates at cryogenic temperatures, the
heat transfer to the internal part of the setup is reduced des-
pite the thickness or material of the cryostat. Therefore, two
commercial expanded polypropylene boxes are used for this
application.

Figure 7 shows a 3D rendering of the assembly of the setup.
The bubble collector has a semi-cylindrical shape that allows
gathering the evaporated cryogen. It is raised 5 cm to avoid
any additional heat transfer from the bottom of the setup.
The bubbles are collected on half of the coil to avoid the

evaporation coming from the connectors and to measure the
losses only in the superconducting turns. These parts of the
setup were 3D printed by using glass-filled fine polyamide,
which withstands thermal stress and provides good sealing.

There are four small slots between the top and bottom parts
of the bubble collector that allow the refilling of the cryo-
gen. A basic estimation of the hydrostatic pressure was done
and compared with the drop of pressure in the flow meter to
ensure a proper flow of the gas. As a result, a minimum level
of 25 cm of liquid nitrogen is kept in the inner box during all
the measurements.

All the measurements and calibrations presented in this
manuscript are done with the cryostat and bubble collector
described in figure 7, which includes the box-inside-a-box
approach.

3.2. Power supply

The power supply consists of a lock-in amplifier (model
7265 manufactured by AMETEK®) that generates a reference
sinusoidal signal (with variable amplitude and frequency) and
measures the voltage in a Rogowski coil used to measure the
transport current in the superconductive coil. The reference
output from the lock-in amplifier is connected with a power
amplifier (HERO®—power, model PA2033A)which provides
the power to energize the coil. Finally, the output of the power
amplifier is connected with the superconducting coil through
a current transformer that provides insulation and adjusts the
voltage and current capacity of the power supply to the require-
ments of the coil.

3.3. Current measurement

The current that flows through the HTS coil is measured by
using two approaches. The first one is based on a Rogowski
coil that works as a current transducer. This coil captures the
magnetic field around the cable that feeds the current into the
coil. Therefore, the voltage at the terminals of the Rogowski
coil is directly related to the current flowing through the cable.
This voltage is measured with the lock-in amplifier and it is
translated into current in ampere with a previously measured
calibration curve. The current is alsomeasuredwith a commer-
cially available clampmeter (model U1212Amanufactured by
Agilent), which provides a local visual measurement of the
current.

3.4. Flow measurement

The evaporated nitrogen is measured with a flowmeter manu-
factured by Teledyne Hastings Instruments, which consists of
a power supply with a local indication of flow (model ENALL-
5KPG) and a transducer (model HS-5KS) calibrated for nitro-
gen with a measurement range of 5 standard litres per minute
(SLPMs) [39]. The power supply also has an analog output
of 0 to 5V DC linearly related to the measured flow (0 to 5
SLPM). This analog output is used by the data and acquisition
system to plot and record the measurements.
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Figure 6. Diagram of the setup to measure AC transport losses in HTS coils through a calorimetric approach.

Figure 7. Assembly of the cryostat and bubble collector of the setup to measure AC transport losses in HTS coils through a calorimetric
approach. All the dimensions are in millimeters.
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Figure 8. Data acquisition system of the setup to measure AC
transport losses.

3.5. Data acquisition system

Themain variables are collected in a small circuit board manu-
factured internally, which consists of a set of voltage dividers
used to adapt the range of the voltage to be measured to the
maximum analog voltage input of an Arduino Uno. This small
board also incorporates one green LED that indicates the sys-
tem is ON, one yellow LED that indicates the system is record-
ing, and three red LEDs that provide warnings in over-voltage
conditions. The board is connected to an Arduino Uno, which
communicates with a computer to plot and to record the sig-
nals (figure 8).

A graphical user interface (GUI) was created inMATLAB®

to plot and record the collected data, as shown on the right side
of figure 8. In this GUI, the user can give a name to the out-
put file and select a possible delay between measurements. It
also shows the current values of the flow in SLPM, current in
ampere, and DC voltage (used for calibrations) together with a
visual representation of the LEDs included in the small circuit
board. A plot of the recorded values is shown while the pro-
gram is recording, and when it stops a file (in Microsoft Excel
format) is created with all the recorded data.

4. Calibration of the setup and measurements of
AC transport losses in the HTS coil

Once the setup is designed and built, the following steps are
the calibration and measurements of the AC transport losses.
Figure 9 shows the setup layout with a HTS coil inside. The
black boxes are the internal and external cryostats, and the
white part is the 3D-printed bubble collector. Before measur-
ing the AC transport losses in the coil, it is necessary to build

Figure 9. Setup to measure AC transport losses with a HTS
racetrack coil inside. From left to right, we have the flow transducer,
internal and external cryostat (black boxes), and bubble collector
(white 3D printed parts).

the calibration curve that allows translating the evaporated
nitrogen (in SLPM) into dissipation (in watt). Moreover, it is
important to check the reproducibility of the measurements by
repeating and comparing different measurements under differ-
ent conditions. This verifies the influence of the environment
on the measurements and the reliability of the measurement
setup. In this subsection, the construction of the calibration
curve and the verification of the reproducibility are presented.
Since these are the first measurements with the setup, the post-
processing procedure and load cycles of the measurements are
described.

4.1. Calibration resistor

The calibration curve of the setup is built by producing a con-
trolled dissipation of energy inside the bubble collector. For
this reason, an arrangement of three 25W 39Ω resistors con-
nected in parallel is used. The resistance of the arrangement is
measured previously in cold (covered by liquid nitrogen) and
warm (ambient temperature) conditions multiple times with
variations lower than 0.3Ω. This configuration of resistors is
energized with a DC power supply (model QL355P manufac-
tured by Aim and Thurlby Thandar Instruments). Since the
value of the equivalent resistance is known, the dissipation of
energy can be controlled by changing the DC voltage in the
power supply.

4.2. Load cycle and post-processing technique

The measurements are structured in load cycles, by follow-
ing a similar approach to the one introduced in [22]. Each
load cycle represents one value of dissipated energy and lasts
60min. During the first 30min, the DC voltage (or AC current
in the coil) remains constant at a specific value and the evap-
oration of the cryogen related to the dissipated energy in the
resistor (coil) is measured. Then the DC voltage (AC current in
the coil) is reduced to zero. During the next 30min, the back-
ground flow is measured. This approach creates a clear dis-
tinction between load cycles, allows re-filling of liquid nitro-
gen between measurements and studying the background flow
during the whole measurement time.

Figure 10 presents the behaviour of the flow of evaporated
cryogen in one set of measurements done with the calibration
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Figure 10. Measurement of the evaporation of nitrogen due to the dissipation of energy in the calibration resistance.

Figure 11. Post-processing of one load cycle of the evaporation of nitrogen due to the dissipation in the calibration resistance.

resistors. The active power (purple line and right axis) in the
resistors was changed from 1W up to 7W. The flow of evap-
orated nitrogen (light green and left axis) shows a continu-
ous fluctuation during the whole measurement range. Sim-
ilar variations were reported in other application that followed
the same measurement principle [22, 23]. This behaviour can
be related to how the bubbles are created and collected in
the measurement chamber. The dark green plot in figure 10
shows the behaviour of the average per minute flow of evapor-
ated cryogen. There is still a significant fluctuation even if we
take the average per minute. Therefore, a more complex post-
processing technique must be implemented to properly assess
the uncertainty of the measurements.

For the post-processing of the data, each 30min section of
the load cycle is subdivided into ten time slots of 3min each.
The average value of the evaporated nitrogen is calculated in
each time slot, as shown on the left side of figure 11, where the
instantaneous flow is in light green and the average values are
in dark green bars. In this plot, we can see a transient behaviour
that starts once the arrangement of resistors is energized. The
percentage variation of the average flow between time slots is
calculated to establish the beginning and end of the transient

behaviour. For this purpose, a 5% criterion is used. If the per-
centage variation is lower than 5%, we can say that a steady
state was reached. If the percentage variation is higher than
5%, we can say that we still have a transient behaviour.

The standard deviation (σ) is also calculated in each time
slot to assess the uncertainty in the measurements. As shown
in the bottom right corner of figure 11, the standard deviation
also exhibits a transient behavior that ends once the percent-
age variation of the average flow is below 5%. After this point,
it only has very small fluctuations. Finally, the measurements
can be written as an average value plus and minus two times
the standard deviation, which represents an uncertainty range
that includes 95.4% of the data in the last time slots if we
assume a normal distribution [40].

4.3. Reproducibility

The measurements of evaporated nitrogen related to 1W and
2W of dissipation in the calibration resistors were repeated to
verify the reproducibility of the results under different ambi-
ent conditions and resistors arrangements. Figure 12 shows the
arrangements of resistors used to verify the reproducibility.

8
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Figure 12. Configuration of resistors used to verify the
reproducibility of the measurements.

Table 2. Evaporation of cryogen due to the dissipation of energy in
the configurations of resistors used to verify the reproducibility.

Configuration Power (W)
Average flow

(SLPM)
Uncertainty - 2 ·σ

(SLPM)

A 1 0.31 0.02
2 0.51 0.02

B 1 0.32 0.02
2 0.52 0.02

C 1 0.31 0.02
2 0.52 0.04

The resistance of each arrangement is measured in cold
(covered by liquid nitrogen) and warm (ambient temperature)
conditions. For simplicity, the configuration of resistors used
in the set of measurements presented in figure 10, is named
configuration A. This arrangement is modified by adding two
small blocks of styrodur in configuration B. The main object-
ive of this change is to raise the three resistors 1.5 cm to allow
liquid nitrogen at the bottom of the arrangement and test a dif-
ferent position of the resistors in the measurement chamber.
Finally, configuration C is made with only one single resistor.
This allows verifying whether changes in the number of resist-
ors have an impact on the measurements. Each configuration
is measured on different weeks. After each measurement, the
whole setup is disassembled, dried, cleaned, and re-assembled.

Table 2 presents the results of the measurements of evap-
oration of cryogen due to the dissipation of energy in the con-
figurations of resistors used to verify the reproducibility. All
the measurements are in good agreement with each other. The
differences between measurements are small and within the
uncertainty range. This confirms the reliability of the meas-
urement setup by reproducing the same results under different
ambient conditions, different weeks and different configura-
tions of calibration resistors.

4.4. Calibration curve

After the reproducibility of the measurements is verified,
we can proceed and build the calibration curve. For this
purpose, the post-processing procedure described previously

Figure 13. Calibration curve of the setup to measure AC transport
losses.

is followed to analyze the data shown in figure 10. The back-
ground flow was stable around an average value of 0.12 with
an uncertainty of 0.02 SLPM.

Figure 13 presents a plot of the calibration curve once
the background flow is subtracted from the measurements.
The black dots represent the average values, and the dashed
red lines and light red zone represent the uncertainty in the
measurements. The dashed black line presents a linear fit to
the experimental data with a coefficient of determination of
0.9985. This linear fit provides a practical relation between the
dissipated energy in the measurement chamber and the aver-
age flow of evaporated nitrogen, which means that 1W of dis-
sipation inside the measurement chamber produces a flow of
0.2235 SLPM of evaporated nitrogen.

The calibration curve shown in figure 13 is only valid for the
range of heat dissipation indicated in this plot and measured in
this work. Extrapolation of this data may lead to inaccuracies.

The AC transport loss measurements in the coil are sum-
marized in figure 14, which presents the AC losses as a func-
tion of the normalized current (I/Ic). The measurement data is
normalized by considering the measured critical current with
a 1µVcm−1 criterion (44.27A) and the simulation results are
normalized by considering the critical current calculated with
the 2D model and average criterion (46.89A). In this graph,
the losses estimated with 3D simulations are presented in blue
and the measurements in red. Each average flow measurement
(F) is translated into watt by using the following equation:

P(W) =
2

0.2235 SLPM
W

·F(SLPM). (1)

The propagation of the uncertainty (δP) is calculated as
described in [40]:

δP=
d(P)
dF

· δF (2)
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Figure 14. AC transport losses measurements in the coil A, and
comparison with simulation results calculated with the
homogenization of the T-A formulation in 3D.

δP=
4

0.2235 SLPM
W

·σ(SLPM). (3)

In these equations, δF represents the uncertainty in the flow
measurements calculated as two times the standard deviation
(2 ·σ).

Figure 14 also shows the relative error in the measure-
ments by considering the 3D simulation results as the refer-
ence. The measurements are in good agreement with the sim-
ulations with a maximum error lower than 19%.

The differences between measurements and simulations
can be related to the considerations and assumptions made
in the development of the simulation model and the meas-
urement technique. The modelling approach is based on the
homogenization of the T-A formulation, since a detailed rep-
resentation of the tape can lead to a problem with too many
DOF to be solved with the currently commercially available
computation power. Therefore, the detailed structure of the
tape is not considered [32]. Moreover, the inhomogeneities
of the critical current of the tape along the length are neg-
lected. These inhomogeneities are not easy to predict, since
they change between different production batches and man-
ufacturers. Furthermore, there is an uncertainty in the meas-
urements related to the variability of the evaporated cryogen.
These are some of the main assumptions and considerations.
Therefore, minor discrepancies are expected between AC loss
measurements and simulation results. These discrepancies are
typical in this type of measurement, as shown in [41–44],
where similar variations between the estimated and measured
AC losses are reported for different approaches. The measure-
ment results agree with the accuracy reported in [11, 19] for
similar measurement techniques.

The reproducibility of the results presented in figure 14 is
verified by repeating three of the measurements on a different
week, after the whole setup is disassembled, dried, cleaned,
and re-assembled. The results of this verification are summar-
ized in table 3. The differences between measurements are
small and within the uncertainty range. These results confirm

Table 3. Evaporation of the cryogen related to the dissipation of
energy in the racetrack coil due to an AC transport current with a
frequency of 18Hz and variable amplitude.

Week I/Ic
Flow

F(SLPM)
Uncertainty
δP(SLPM)

AC losses
P(W)

Uncertainty
δP(W)

A 0.66 0.35 0.02 2.06 0.36
0.73 0.48 0.02 3.22 0.36
0.80 0.58 0.02 4.12 0.36

B 0.67 0.37 0.02 2.24 0.36
0.73 0.48 0.02 3.22 0.36
0.80 0.60 0.02 4.30 0.36

the reliability of the measurement setup to measure AC trans-
port losses in HTS racetrack coils.

5. Conclusion

In this work, the design, construction, and test of a setup for
the calorimetric measurement of AC transport losses were
presented. The measurement approach is based on the boil-off
method. A bubble collector was designed and 3D printed to
guide the evaporation of the cryogen into a flow meter. A box-
inside-a-box solution was implemented to minimize the influ-
ence of the environment, and a statistical analysis of the results
was done. This statistical treatment of the fluctuations in the
evaporated cryogen is new for this type of measurement, and
it allows expressing the variability in the flow as uncertainty
in the measurements.

The reproducibility of the measurements was verified with
different arrangements of resistors during the calibration stage.
The measurements were in good agreement with a maximum
deviation of 0.01 SLPM.Moreover, AC transport losses meas-
urements in the HTS coil were also repeated. The maximum
variation was 0.18W in this case. Each set of measurements
was done in a different week after the whole setup was dis-
sembled, dried, cleaned, and re-assembled. The reported devi-
ations are within the uncertainty range of the measurements.
The excellent reproducibility of the results under different
conditions represents an exceptional outcome in the field of
AC loss measurements based on a calorimetric approach (boil-
off method) since the strong influence of the environment can
cause fluctuations that are not easy to reproduce. These res-
ults can be related to the implemented creative solutions, such
as the box-inside-a-box approach and the statistical analysis.
The first reduces the influence of the environment and the
second allows assessing the maximum level of deviation that
can be accepted in the measurements to agree that the res-
ults are the same. Moreover, the 3D-printed bubble collector
solution introduces flexibility in the measurement approach.
Therefore, it can be easily extended to more complex geomet-
ries and applications.

The construction and characterisation of a HTS racetrack
coil were introduced as the first measurement case. The induct-
ance and critical current of the coil were first estimated
with finite-element models and compared with measurements.
A good agreement between simulations and measurements
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was found in both cases, with a maximum deviation of 8.12%
in the inductance and 5.92% in the critical current. The coil
wasmodeled by using the homogenization of the T-A formula-
tion in 2D and 3D to estimate AC transport losses. The normal-
ized current penetration and loss estimations were shown and
compared between both models, where a maximum relative
error lower than 7% was found for the 2D AC loss approxima-
tion. Finally, the AC transport losses were measured in the coil
and a good agreement with the simulations was found (max-
imum error lower than 19%). These results confirm the reliab-
ility and accuracy of the measurement setup.
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