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Abstract— High Tc superconducting (HTS) coated conductors 

are a promising option for the next generation power devices. 
However, their thin film geometry incurs dynamic loss when 
exposed to a perpendicular external AC magnetic field, which is 
difficult to predicate and estimate. In this paper we propose and 
verify a numerical simulation model to predict the dynamic loss in 
HTS thin coated conductors by taking account of their Jc-B 
dependence and I-V characteristics. The model has been tested on 
a SuperPower YBCO coated conductor, and we observed a linear 
increase of dynamic loss along the increasing field amplitude after 
the threshold field. Our simulation results agree closely with 
experimental measurements as well as an analytical model. 
Further, the model can predict the nonlinear increase of dynamic 
loss at high current, while the analytical model deviates from the 
measurement results and still shows a linear correlation between 
the dynamic loss and the external magnetic field. In addition, we 
have used this model to simulate the distributions of magnetic 
field and current density when dynamic loss occurs. Results 
clearly show the flux traversing the coated conductor, which 
causes dynamic loss. The distributions have also been used to 
analyse the dynamic loss when the transport current and the 
magnetic field increases individually while the other factor 
remains constant. The simulation analysis on dynamic loss is for 
the first done in this paper, and our results clearly demonstrate 
how dynamic loss changes and its dependence on transport 
current and magnetic field. 
 

Index Terms—current distribution, coated conductor, dynamic 
loss, magnetic field distribution, perpendicular magnetic field 
 

I. INTRODUCTION 
YNAMIC loss occurs when a superconductor carrying 

DC transport current is exposed to an external alternating 
magnetic field [1-3]. This is particularly important to HTS 
coated conductors, which have emerged as a promising option 
for the next generation power devices such as rotating machines 
[5-7] as well as associated flux pumps [8-11], fault current 
limiters [12-14] and power cables [15-18]. However, dynamic 

loss is difficult to predicate and estimate, since it only occurs 
under certain conditions that depend heavily on transport 
current and external magnetic field. This makes accurate 
prediction of dynamic loss a critical issue which has a high 
impact on the thermal stability of HTS devices. 

 The mechanism of dynamic loss has been explained by [1-4]. 
Analytical models have been proposed to calculate dynamic 
loss [3, 19] and experimental work has been done on dynamic 
loss measurements [20-23]. However, there is still a 
requirement for accurate modelling of the flux and current 
distributions within the coated conductor wire when dynamic 
loss occurs. This is important to explain the physical origins of 
dynamic loss, and to accurately predict its magnitude. 

This paper introduces a numerical model developed for this 
purpose. By applying this model, we have simulated the 
dynamic loss of a SuperPower YBCO coated conductor. The 
modelling results are compared with the calculated values from 
an analytical approximation, as well as experimental 
measurements of the same coated conductor. Detailed analyses 
are presented based on results obtained across a wide range of 
transport currents and AC magnetic field amplitudes. 
Furthermore, we have simulated the distributions of magnetic 
fields and current density within the coated conductor wire, 
which clearly demonstrates the change of dynamic loss. 
Through this study, we achieved a numerical model to analyse 
dynamic loss, the results of which can be used to enable the 
design of effective and efficient cryogenic cooling systems of 
HTS applications. 

II. NUMERICAL MODELLING 
The numerical model was developed using the T 

formulation, which is based upon the current vector potential, T 
[24-26]. Unlike the modelling of bulk superconductors [27-29] 
The thin-strip approximation of the superconducting layer has 
been applied, since the HTS coated conductor comprises a thin 
film (typically ~1µm) of superconducting material, which 
results in a very high aspect ratio (w/ts) in an order of 103 and 
the thickness can be neglected [30-34]. The governing equation 
of the electromagnetic field in a coated conductor is derived 
from Faraday’s law as: 
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where y is the coordinate in the lateral direction of the coated 
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conductor, σ is the conductivity, ts is the thickness of the 
superconductor layer, and  is the perpendicular component 
of the external magnetic field, as shown in Figure 1. The current 
vector potential T is defined by the current density J as 

. There are two terms on the right side of the 
equation, of which the first one is the time derivative of the 
self-magnetic field generated by the transport current given by 
Biot-Savart’s law, and the second one is determined by the 
external magnetic field. 

The superconducting property is determined by the power 
law E-J characteristic. The equivalent conductivity of the 
coated conductor is derived by: 

 

( ) n

c

n
cn

c

n
c T

E
JJ

E
J

E
J −− ×∇=== 11

scσ  (2) 

 
where Ec = 1×10-4 Vm-1. Ohm’s law with this equivalent 
conductivity is used as the constitutive equation as . 
When a coated conductor carries a DC transport current under 
an AC magnetic field, the DC current It occupies the 
superconducting layer with width 2iw in the centre of the 
coated conductor, leaving the rest with width (1-i)2w free on 
both sides [3]. Therefore, the dynamic loss Q can be calculated 
by: 
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where i is the ratio between transport current It and critical 
current Ic. 
 

Figure 1 
 

The current density J is a sheet current as indicated in Figure 
1 and its distribution (J profile) along the cross section of the 
HTS coated conductor can be described as J(y, t) at moment t. 
The perpendicular magnetic self-field distribution at the same 
moment, Bs(y, t), can be obtained by Ampere’s law: 
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and the total magnetic field distribution (B profile) is 

 

( ) ( ) ( )ftB
uy
dutuJtyB peak

w

s π
π
µ 2sin,
2

,
2

0

0 +
−

= ∫  (5) 

 
where Bpeak is the amplitude of the external perpendicular 
magnetic field and f is the frequency. 

III. EXPERIMENTAL MEASUREMENT 
The experimental system we used to measure the dynamic 

loss is shown in Figure 2. The system consists of a custom-built 
AC magnet which generates a uniform dipole AC magnetic 

field up to 100 mT peak within the sample region, and a DC 
current supply that provides 0-300 A to simulate transport 
current at various load rates. Voltage taps were attached along 
the wire with a length of 50 mm in between, and the wires were 
arranged in spiral geometry to cancel introduced induction [35]. 
A picture of the experimental system is shown in Figure 2(b) 
including (from left) the AC magnet, a cryogenic container to 
maintain the operational temperature at 77 K, and the power 
supply. Time-averaged DC voltages were measured using a 
Keithley 2182 nano-voltage meter at different transport 
currents. The voltages along with the corresponding transport 
currents were used to calculate the dynamic losses. The same 
set of data was also used to calculate the dynamic resistance of 
the sample, and the results can be found in [20]. 
 

Figure 2 
 
TABLE I SPECIFICATION OF THE SUPERPOWER YBCO COATED 

CONDUCTOR 

Self-field critical current Ic (A) 105.3 

Critical current density Jc (×1010 A/m2) 2.63 

n-value 22.5 

Coated conductor width (mm) 4.0 

HTS layer thickness (µm) 1.0 

Substrate thickness (µm) 50.0 

IV. RESULTS AND ANALYSES 
The numerical model was tested on an HTS coated 

conductor manufactured by SuperPower Inc, which is 4 mm 
wide comprising a 1 µm thin film of YBCO material. Its 
self-field critical current Ic is 105.3 A at 77 K on the 1 µV/cm 
criterion, and n-value is 22.5. The full specification of the HTS 
coated conductor was listed in Table 1. A wide range of 
transport current It from 10% to 90% Ic was simulated, and an 
external magnetic field of 26.62 Hz was applied perpendicular 
to the plain of the HTS coated conductor with a magnitude 
varying between 0 and 100 mT. 

A. Validation of the numerical model 
The simulation results, along with the measurement results, 

are presented in Figure 3, in which the dynamic losses are 
normalised by the length of the HTS coated conductor, so that 
all the data obtained from simulation and measurement are 
comparable. Figure 3 also plots the calculated values in solid 
black lines based on an analytical method derived from [19, 20] 
as the equation below: 
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where f is frequency of the external magnetic field, L is length 
of the coated conductor (unit length in this paper),  is the 
perpendicular external magnetic field, and Bth is the threshold 
field, which is given by: 
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where Bp is the effective penetration field of the coated 
conductor [36, 37], and It / Ic is the load rate of the coated 
conductor. Bp is determined by the B value at the maxima of the 

 curve defined by , where QBI is Brandt 
expression for the theoretical magnetization loss in a 
superconducting thin film exposed to an AC magnetic field 
[38]. The maxima of this curve can be obtained as: 
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where Jc is current density determined by Ic/(wts) and ts is the 
thickness of the superconducting layer. 
 

Figure 3 
 

At transport currents between 10% and 50% Ic as presented in 
Figure 3(a), (b) and (c), it can be clearly observed that the 
simulation results, the measurements and the analytical 
expression show close agreement throughout the range of the 
tested magnetic field. The dynamic loss follows a linear 
correlation with the amplitude of the external magnetic field 
after the threshold field Bth, which is in accordance with the 
results presented by [21, 23, 39]. Both the analytical expression 
and the numerical model can predict the onset of dynamic loss 
correctly, and depict the loss increase accurately. 

At higher transport currents of 70% and 90% Ic in Figure 3(d) 
and (e), the dynamic loss maintains its linear increase after the 
threshold field, but deviates from this linear correlation and 
increases rapidly at high field amplitudes. This can be clearly 
observed at the transport current of 70% Ic when the magnetic 
field amplitude rises above 80 mT, and at 90% Ic above 40 mT. 
The rapid increase arises due to the field dependence of the 
critical current density Jc (B). In this case, the conductor Ic is 
temporarily reduced below the DC transport current for a short 
period of each cycle and flux flow loss arises leading to a rapid 
increase of the dissipated power [20, 40]. The analytical 
expression (equation 6) doesn’t describe this nonlinear increase, 
since it doesn’t include the influence of the field dependent Jc 
(B). Consequently its result is always linear to the field 
amplitude, as demonstrated by the black solid lines in Figure 3. 
By considering the field dependent Jc (B), our numerical model 
can effectively simulate the rapid increase of the dynamic loss. 
At 90% Ic, through simulation we found that the dynamic loss 
nearly doubles when B increases by 10 mT from 40 mT, then 
doubles again within the next 10 mT increase. Measurement 
results are a little smaller than simulation since the n-value of 
the sample may drop in strong magnetic fields, but the patterns 
of nonlinear increase are in accordance. Experimental data 
beyond this point are not available, since this rapid increase of 
loss risks ‘burning out’ the samples, which did happen during 
our measurements. Therefore, the numerical model is of special 

importance under this extreme condition, when experimental 
measurement is difficult, or even impossible, to carry out. 

B. B and J Profiles 
Distributions of magnetic field (B profiles) and current 

density (J profiles) of the HTS coated conductor can be 
obtained from the numerical model using Equation 5. One 
example is presented in Figure 4, when the coated conductor is 
carrying a transport current of 50% Ic in an AC magnetic field 
of B = Bpeak sin(2πft) with Bpeak = 20 mT. B and J profiles are 
plotted for the two specific moments when the external 
magnetic field reaches its positive and negative peak values (B 
= +Bpeak in dash-dot lines, and B = -Bpeak in solid lines). The 
enclosed area between these curves represents the hysteretic 
flux change within one cycle of the periodic B curve. In 
addition, the B and J profiles in the absence of an AC external 
magnetic field are plotted in dash lines as a reference. The B 
profiles obtained from our numerical model agree closely with 
the theoretical expression in [41]. During each cycle, the 
magnetic flux within the shadowed area between the two B 
profiles travels from region (1) to (2) when the magnetic field 
increases from -Bpeak to +Bpeak, then further travels from region 
(2) to (3) when B drop backs to -Bpeak. Eventually, the flux 
traverses the HTS coated conductor and causes dynamic loss. 
The width of the shadowed area is proportional to the transport 
current, and it is 50% of the total width 2w in the case of 50% Ic. 
 

Figure 4 
 

  The J profile shows that the DC current is flowing within 
the shadowed area, which maps the effective region of the HTS 
coated conductor to carry the transport current It. The rest of the 
HTS coated conductor is occupied by shielding currents 
induced by the external AC magnetic field. The DC current 
profile includes variations arising due to field dependent Jc (B) 
and the increased magnetic field causes a reduction in Jc, which 
can be observed at either edge of the coated conductor. The B 
and J profiles obtained from simulation enable clear 
observation and explanation of dynamic loss. 

C. Dependence of Dynamic Loss: Current Effect and Field 
Effect 

Both magnetic field and transport current can heavily 
influence dynamic loss [1, 2], which we describe here as ‘field 
effect’ and ‘current effect’ for discussion. We simulated the 
HTS coated conductor at various conditions and found that both 
effects can be clearly observed and explained by using B and J 
profiles. 
 

Figure 5 
Figure 6 

 
  Figure 5 shows the B and J profiles of the HTS coated 

conductor carrying a constant transport current of 10% Ic, 
whilst exposed to a magnetic field of different amplitudes, 
Bpeak. It is easy to notice that when Bpeak increases, the B profiles 
(dash-dot line and solid line) are driven further apart, resulting 
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in an increase of the area enclosing the amount of traversing 
flux. The J profiles are almost identical at increasing field 
amplitudes, with the current density gradually decreased due to 
the field dependent Jc (B). Together, B and J profiles explain the 
field effect: dynamic loss increases, because more flux 
traverses the coated conductor when the external magnetic field 
increases, even though the coated conductor carries the same 
current. It is worth mentioning that although the B profiles are 
displaced further apart at higher field amplitudes, their 
individual shapes remain nearly identical, because they are 
essentially determined by the J profiles (self-magnetic field) 
which don’t change much. 

  Figure 6 shows the B and J profiles of the same coated 
conductor carrying different transport currents, whilst exposed 
to the same magnetic field. In this case, the B profiles are not 
driven apart but shifted away from each other due to the 
increasing current. The enclosed area increases and contains 
more traversing flux. Meanwhile, J profiles change due to the 
increasing transport current. Consequently, the current effect 
involves both increases of flux and current, which result in a 
faster increase of dynamic loss compared to the field effect as 
illustrated by Figure 3. 

V. CONCLUSION  
Dynamic loss in an HTS coated conductor is difficult to 

predict, since it only exists under certain conditions which 
heavily depend on both DC transport current and AC magnetic 
field. For the first time, we have developed a numerical model 
employing T formulation which enables the accurate simulation 
of dynamic loss in a perpendicular magnetic field, and shows 
close agreement with experimental results. At high transport 
current of 90% Ic and high external magnetic field above 40 
mT, the model can accurately depict the nonlinear rapid 
increase of the dynamic loss, which arises due to flux-flow loss 
as Ic (Bpeak) falls below It. 

  The model can also calculate the distributions of magnetic 
field and current density within the coated conductor wire. We 
obtained these distributions for an HTS coated conductor at 
50% Ic at 20 mT, which can clearly show the magnetic flux 
traversing the coated conductor that causes dynamic loss. In 
addition, we used the model to simulate an HTS coated 
conductor (i) carrying constant current in different magnetic 
fields and (ii) carrying different current in the same field. 
Results show that the amount of flux traversing the coated 
conductor increases in both cases, but due to the increasing 
field and current respectively. These results clearly 
demonstrate the change of dynamic loss and its dependence on 
transport current and magnetic field. 
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Fig. 1. (a) Transport current J, magnetic field B, and definition of coordinates of 
a HTS coated conductor, and (b) modelling of the HTS coated conductor under 
magnetic field B along its cross section (width: 2w, thickness: ts). 

 

 

 
Fig. 2. (a) Schematic of the experimental system for the measurement of 
dynamic loss in an HTS coated conductor, and (b) picture of the system with an 
AC magnet and an sample holder (left), and a cryogenic container (right). 
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Fig. 3. Comparison of the dynamic losses between experimental measurements, 
numerical simulation, and analytical expression of Equation (6). The load rate 
(It/Ic) is set at (from top to bottom) 10%, 30%, 50%, 70%, and 90%. An AC 
magnetic field was applied at 26.62 Hz from 0 to 100 mT. 
 

 

 
 
Fig. 4. (a) Distribution of magnetic field (B profile) and (b) distribution of 
current density (J profile) of an HTS coated conductor, at the transport current of 
50% Ic under a magnetic field of B = Bpeak sin(wt) with Bpeak = 20 mT. The solid 
lines (blue) are obtained when the external magnetic field reaches its negative 
peak (B = -Bpeak), and the dash-dot lines (red) are at the positive peak (B = +Bpeak), 
with the dash lines (black) at Bpeak = 0 (no external magnetic field) as reference. 
The shadowed part in (a) indicates the area that contains the magnetic flux 
traversing from region (1) through (2) to (3), which maps the shadowed belt in 
(b) where DC current flows and dynamic loss occurs. 

 
 
Fig. 5. B and J profiles of an HTS coated conductor carrying a constant transport 
current of 10% Ic, whilst exposed to a magnetic field of different amplitudes, 
Bpeak = 30~60 mT. Definitions of lines and shadowed areas are the same as 
Figure 4. 
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Fig. 6. B and J profiles of an HTS coated conductor carrying different transport 
currents It = 50%~90% Ic, whilst exposed to the same magnetic field, Bpeak = 20 
mT. Definitions of lines and shadowed areas are the same as Figure 4. 
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