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Alternating current (AC) loss is generated due to the movement of magnetic vortices within the superconductor
when experiencing time-varying currents or magnetic fields (or both). AC loss can be categorized into transport
current loss and magnetization loss based on the AC source. Particularly, when a superconductor carries a direct
current (DC) and is simultaneously exposed to an AC field, dynamic resistance occurs and leads to dynamic loss.
Quantification and minimization of AC loss are crucial because the produced heat can not only present severe
challenges to the cryogenic systems but also impair the reliability of superconducting devices, leaving a safety
hazard. To quantify the AC loss of superconductors, analytical formulae, numerical models, and experimental
measurements have been widely adopted. Concerning AC loss minimization techniques, the modification of
superconductor structures (filamentation and twisting), flux diverters, as well as winding techniques have been
widely exploited. This entry serves to clarify the characteristics and quantification methods of AC loss as well as its
minimization techniques in superconductors. It is believed to help deepen the understanding of AC loss and deliver

a helpful guideline for future research efforts.

Alternating current loss superconductor analytical formula modelling method

measurement approach loss minimization technique

| 1. Introduction

Superconductors are characterized by zero electrical direct current (DC) resistance, i.e., they exhibit no power
dissipation when carrying a DC. However, the adopted superconductors have to experience time-varying currents
or magnetic fields in many applications, e.g., superconducting electrical machines, superconducting flux pumps,
etc. In this case, power dissipation is generated, which is defined by the term Alternating Current (AC) loss. In fact,
the external field penetrates Type-Il superconductors in the form of magnetic vortices pinned to the superconductor
material. Variation of the transport current or external magnetic field (as in an AC cycle) can lead to the movement
of vortices inside the superconductor, which induces currents in the normal conducting regions associated with the

core of each vortex where AC power dissipation is thus produced [,

It is a common practice (related to experiments) to categorize AC loss based on the AC source. Therefore, AC loss
can be classified into transport current loss and magnetization loss. Magnetization loss describes the dissipation
due to purely external magnetic fields without transport current, and transport current loss is caused by the carried
current inside the superconductor in the absence of external magnetic fields 2. Magnetization loss consists of eddy

current loss, hysteresis loss, and coupling loss. Hysteresis loss is generated by flux pinning and the loss per cycle
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is proportional to the area of the hysteresis loop. Coupling loss occurs due to the flowing of eddy current induced
by external magnetic fields between filaments in multifilamentary conductors. Therefore, coupling loss can also be
a problem for striated superconducting tapes. Eddy current loss is the ohmic power dissipation generated by the
eddy current in the metal matrix. Transport current loss includes hysteresis loss and flux flow loss. Hysteresis loss
occurs because the carried time-varying current provides the self-field. Flux flow loss happens due to more and
more vortices moving in the superconductor with the increase of the transport current (or the load proportion
between the transport current and the self-field critical current). Particularly, when a superconductor carries a DC
and experiences simultaneously a time-varying magnetic field, the interaction between the DC transport current
and the moving vortices leads to a time-averaged potential drop along the superconductor . Dynamic resistance
and dynamic loss are thus proposed to characterize the resistance and power dissipation generated in this specific

case.

| 2. Fundamental characteristics of AC loss

Let us consider a thin high temperature superconducting (HTS) film of a coated conductor (CC) with the width of
2w and the thickness of h, having Iy as the self-field critical current. When the HTS film is exposed to an AC
magnetic field perpendicular to its wide surface, with the amplitude of By, the Brandt equation can be utilized to

quantify the average magnetization power loss per unit length (W/m), Ppag, as [45]
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where Hg = Beyt /o, He denotes the characteristic field given by I.o/(2wr), Uy is the free space permeability, and f
refers to the frequency of the AC field. Equation (1) shows that the magnetization power loss is in a positive

correlation with the amplitude of the external field and the square of the film width.

When the HTS thin film carries an AC current with the amplitude of /;, according to the Norris equation, the average
transport power loss per unit length (W/m), Pyans, can be written as [

2
Perans = oy [(1—i)ln(1—4) + (1+1)In(1 + ) — i*]@

m

where i represents the load ratio, determined by i = I, / Ig, and f is the frequency of the AC current. It can be found
that the transport power loss increases positively with the load ratio. Actually, it can increase even more rapidly due
to flux-flow dissipation. At sufficiently high load ratios, some of the current will flow in the normal conducting parts of

the HTS CC leading to a resistive contribution &,

When the HTS film carrying a DC, I;, is exposed to an AC field with the amplitude of By, the full-range dynamic

power loss (W/m) can be calculated by [
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where n refers to the power exponent in the E-J power law ], £, represents the characteristic electric field with £

=104 V/m, B, denotes the characteristic field in the J.(B) dependence 19 and By, is the threshold field defined
by (24
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It should be noted that in Equation (3) n is even. When n is odd, the upper bound of summation has to be changed
correspondingly [. According to Equation (3), it can be seen that the dynamic power loss is in positive correlation
with the width of the film, the load ratio, as well as the external field. When the HTS film with a low load ratio
experiences a low external field, its dynamic loss is mainly determined by the first term in (3) and varies almost
linearly with the external field. However, at both high load ratios and high external fields, the dynamic loss is
dominated by the second term in (3) and varies rapidly in a non-linear way with the external field, putting the CC in
danger of a quench. More analytical formulae for calculating the AC loss of distinct HTS geometries can be found

in the review article 121,

| 3. Numerical modelling and measurement of AC loss

According to Equations (1)-(3), it is intuitively understood that the magnetization power loss, transport power loss,
and dynamic power loss all increase linearly with frequency. However, at sufficiently high frequencies, the transport
current and magnetic flux will be driven towards the normal conducting regions of the CC under the skin effect (13
[141 |n this case, (1)-(3) become inapplicable to accurately predict the AC loss in HTS CCs. Besides, analytical loss
calculations are imperfect in that the formulae have been derived based on some fundamental assumptions, e.g.,
constant critical current, homogenous external field, thin film approximation for HTS CCs, etc. Additionally, the
analytical equations are normally limited to simple structures, e.g., single tapes or wires. Therefore, numerical
models and experimental measurements appear to be indispensable tools to quantify the AC loss of complex

geometries in a complicated electromagnetic environment.

3.1. Numerical modelling methods

The first step for numerically calculating AC loss is to build a geometric model (1D, 2D, or 3D) for the studied object
based on its physical properties, e.g., symmetry, and then it should be discretized in a mesh of elements.
Afterwards, one has to choose a numerical method and a formulation. The primary modelling of HTS CCs is based

on Maxwell's equations and finite element methods (FEM), which is typically achieved by the T-¢ formulation, A-V
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formulation, E-formulation, H-formulation, and the variants or combinations of these formulations, as reviewed in
(12, The FEM-based numerical models can be incorporated into commercial software, e.g., COMSOL Multiphysics,
and ANSYS. Once the electromagnetic state variables in the chosen formulation are obtained, the AC loss can be

calculated according to the methods presented in Section II-C in [12],

Figure 1 shows the variation of the transport power loss of a 10-mm wide HTS CC with a 75-uym thick Ni-W
substrate carrying sinusoidal currents. It can be seen that the modelled total AC loss of the whole CC based on the
H-formulation is in good agreement with the measured data. Through numerical modelling, we can access
guantities not available from measurements, e.g., the loss generated in various layers of the CC, and the saturation
of magnetic loss, etc. It should be noted that the AC loss in the HTS layer of a CC with a magnetic substrate is
different from that of a CC with a non-magnetic substrate. In this case, the analytical formulae, e.g., the Norris
equation, are not accurate to calculate the AC loss and thus numerical modelling is the best and only way to
guantify the AC loss in the HTS layer.

1. _1,=330Ae@75K

f=50Hz

AC loss (W/m)

e Norris Equation

10 100
Transport current (A)

Figure 1. Variation of the AC loss of a 10 mm wide HTS CC with a magnetic substrate with sinusoidal transport
currents. The self-field critical current, /¢, of the HTS CC is 330 A at 75 K, and the frequency, f, of the AC magnetic

field is 50 Hz. Experimental data are taken from 18, Exp.-Experiment, Sim.-Simulation.

To overcome the limitations of the full models and decrease the modelling complexity, e.g., in the case of
simulation of numerous HTS stacks or turns, some simplification approaches have been put forward, e.g., the
homogenization method 14, the multi-scaling approach 18, and the densification method 19. There exist other
modelling methods for the calculation of AC loss, such as the integral equation method 2%, and the Minimum
Magnetic Energy Variation (MMEV) method [ as well as Minimum Electro-Magnetic Entropy Production (MEMEP)
method 22, The integral equation method is based on the use of Green’s function to transform the partial
differential equations into integral equations, which can avoid the meshing of non-conducting regions. As for the
MMEV and MEMEP methods, they are computationally time-efficient and potentially promising for demanding 3D

problems.

3.2. AC loss measurement approaches
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There exist three main approaches for measuring AC loss of superconductors, namely electric, magnetic, and
calorimetric methods.

The electric method is extensively used on account of its fast measurement speed and high sensitivity. It can be
exploited to measure both AC transport current loss and magnetization loss, which consists of three types of
techniques: the pick-up coil method, lock-in amplifier method, and the combination of the two techniques. Two

typical electrical circuits of the pick-up coil method and the lock-in amplifier technique are presented in Figure 2.
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Figure 2. Typical electric circuits for the AC loss measurement. (a) Pick-up coil method, adapted from 23], (b) Lock-

in amplifier technique, adapted from (2.

The magnetic method is regularly used to measure the hysteresis loss of superconductors. By measuring the
voltages over pick-up coils around the superconducting specimen, which are then multiplied by the field strength
and integrated over one cycle, the variation in the magnetic moment of the specimen can be identified 24, The
magnetic moment of the superconductor can be obtained with different methods, such as pick-up coils, Hall
probes, superconducting quantum interference devices (SQUID), and vibrating-sample magnetometers (VSM). The
measurement system is usually composed of the AC magnet, cryostat, pick-up coil, high-current amplifier,
compensation coil, as well as data acquisition system. Hysteresis loss can also be acquired through the
measurement of the imaginary part of complex AC susceptibility. The equivalent circuit for a typical AC

susceptibility measurement system is shown in Figure 3.

The disturbance of AC fields or currents is intrinsic in the electric and magnetic measurement approaches, which is
not a concern for the calorimetric method. Besides, the reliability of the calorimetric method is not affected by the
phase shift between the external field and the transport current. Therefore, the calorimetric method can be applied
to a complicated electromagnetic environment. With the calorimetric method, the total AC loss can be obtained by

the measurement of either the temperature rises of superconductors or the evaporated cryogen.
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Figure 3. Diagrams of the measurement systems for AC susceptibility of superconductors, adapted from [22: (a)

Geometrical arrangement of different coils; (b) Equivalent circuit for the measurement system using the magnetic

method.

To measure the temperature variation, cryogenic thermometers, cryostat, thermal isolation material, and voltage
taps are usually needed. The calibration of the thermometers is the first step. Then, the variation of the thermal
conductivity of the superconducting sample with temperature needs to be measured. Another temperature variation

detection method is optical fiber Bragg grating (FBG) 28, which takes advantage of the wavelength variance

dependence of temperature.

The minimum measurable loss by the temperature rise measurement method is approximately 10% W/m. The

measurement system using FBG is presented in Figure 4.

Outer current lead
Voltage taps FBG I

ical
Inner current lead Optical fibre

Copper  Copper Cryostat with
box cone HTS CC LN, thermal insulation

Figure 4. Diagram of the calorimetric measurement system based on the optical fiber Bragg grating for AC loss of

HTS tapes, adapted from 28],

The temperature rise due to dissipated energy will lead to the evaporation of the cryogen; thus, the measurement
of AC loss can be achieved by measuring the gas flow volume of the evaporating cryogen, namely the boil-off
method 24, The corresponding measurement system is mainly composed of the AC power supply, non-metal

cryostat, cryogen, heat exchanger, thermostat, and gas flow meter. It should be noted that the measurement of
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cryogen evaporation is time-consuming and does not possess a high accuracy, with the minimum measurable loss

of 104~102 W/m.

| 4. AC loss reduction techniques

The large cross-sectional aspect ratio of HTS CCs leads to a high magnetization loss; thus the striation of the HTS
layer to a filamentary structure has been proposed to minimize the AC loss [2829 Figure 5 demonstrates the
measured magnetization loss of a 12-mm-wide YBCO CC with different filaments, in which the Brandt equation
agrees well with the experimental data for the original HTS CC. It can be seen that the filamentation of HTS CCs
can effectively decrease the AC loss, and the loss reduction effect gets enhanced with the increasing number of
filaments. According to Equation (1), the magnetization loss is proportional to the square of the width of the HTS
CC, thus a reduction by a factor N is expected if the HTS layer is striated to N filaments. However, this is true only
at sufficiently high fields because at lower fields the superconductor volume penetrated by the field is larger in
uncoupled filaments than in a nonstriated CC B9 and hence the loss of a filamentized CC can be greater than that
of the original one, as shown in Figure 5. Different from conventional filamentary HTS CCs, a soldered-stacked-

square wire has been proposed in B, which can help to decrease AC loss by 80% compared with originally uncut

tapes.
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Figure 5. Variation of the AC loss of a 12-mm-wide YBCO coated conductor (CC) and its filamentized tapes with
externally applied AC magnetic fields. The self-field critical current, /g, of the YBCO CC is 340 A at 77 K, and the

frequency, f, of the AC magnetic field is 40 Hz. Experimental data are from 9.

Another method to reduce the AC loss of HTS CCs is to change their physical arrangements, e.g., the Roebel
concept, Rutherford cable, and Conductor on Round Core (CORC®) wire. Because of their periodically repeating
and transposed physical properties, the twist structure can effectively reduce the transport current loss and
magnetization loss compared with conventional HTS stacks, especially at medium-high currents and low magnetic
fields B, The AC loss and inter-tape contact resistance of multiple cabling methods, including REBCO CORC®,

Roebel, and stacked tape cables have been compared in B2, It is found that the CORC® cable has lower
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hysteresis loss in an alternating magnetic field perpendicular to the wide side of the REBCO layer, compared with

Roebel cables and non-twisted conductors.

In addition to the modifications to the physical structure of HTS CCs, the application of magnetic materials as flux
diverters in electrical machines can also serve to decrease the AC loss of superconductors. According to the J.(B)
dependence, the field component perpendicular to the wide surface of an HTS CC has a greater impact on the
critical current compared to the parallel component, and thus causes higher AC loss in the CC. An ideal flux
diverter material exhibits high permeability; thus it can be applied to divert magnetic flux orientation to reduce the

perpendicular field component and achieve the reduction of AC loss 341351,

Apart from the structure modification of superconductors and the application of ferromagnetic flux diverters,
winding techniques are another effective way to decrease the AC losses of coils. A winding method for multilayer-
type conductors composed of stacked Rutherford-type cables by controlling the twist angle around the conductor
axis has been proposed in B8, which can help decrease the total AC loss by 74% compared to the conventional
winding method. Two auxiliary windings have been exploited in 7 to reduce the leakage flux in HTS transformers
so that the AC loss of HTS coils can be decreased by about 13.6%. The optimization of the turn-to-turn resistivity
can contribute to the reduction of AC loss, as reported in 2823 A shaped profile winding for minimal AC loss in
conventional electrical machines has been reported in 29 which maximizes slot area utilization to realize an
improved low-speed and DC performance while achieving low AC loss. The proposed shaped profile winding
techniqgue possesses the potential to be adapted to superconducting windings. By orienting the CC or coil

appropriately with respect to the external field, a substantial AC loss reduction can also be achieved 41,

| 5. Conclusions

This entry has presented multiple AC loss-related topics: AC loss mechanism and analytical formulae, modelling
methods, measurement approaches, as well as loss minimization techniques. It has provided a useful reference for
loss quantification and loss controlling in Type-Il superconductors and delivered a helpful guideline for future

research efforts.
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