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for HTS stacks and conductors for fusion applications 
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 Abstract— Numerous conductor designs for pulsed magnets 

based on High Temperature Superconductors (HTS), featuring 

stacks of tapes are currently being proposed. A major 

contribution to the AC losses is expected to be given by hysteresis 

losses. Several numerical models have been developed for the 

computation of hysteresis losses, however the lack of 

experimental data in conditions relevant for the coil operation 

did not allow extensive validation of those models. Here, we 

present the AC loss tests performed on HTS conductor with 

transport current in conditions of partial or full field penetration. 

After the validation of a numerical model on those data, we 

analyze the losses expected during the operation of the EU 

DEMO CS coil, assessing possible analytical formulations for the 

calculation of hysteresis losses in DEMO-relevant conditions. 

 
Index Terms—AC losses, numerical modelling, electro-magnetics, 

experiment 

I. INTRODUCTION 

IGH Temperature Superconductors (HTS) are 

currently being considered in several designs of 

nuclear fusion magnets [1]. Some of them are being 

proposed for pulsed magnets and they typically consist of 

stacks of HTS tapes, e.g., those proposed and manufactured by 

SPC (Switzerland) [2], CFS (US) [3] and ENEA (Italy) [4]. In 

pulsed operating conditions, heat is deposited in the 

conductors due to AC losses. One of the contributions to the 

total AC losses are the hysteretic ones, which, in HTS could 

play a major role with respect to other loss mechanisms, e.g. 

coupling losses, as shown in [5]. 

Large effort has been put recently in developing numerical 

models able to compute hysteresis losses in tapes or stacks [6]. 

However, only limited number of experimental tests have been 

performed to quantify hysteresis losses in conditions relevant 

for fusion magnets. Recently, AC loss tests were performed on 

sub-sized HTS conductors [7], also measuring the losses in 

case of DC current and AC magnetic field [8]. 

The aim of the present work is first to validate a numerical 
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model for the calculation of hysteresis losses in a stack of 

tapes and then to apply it to quantify the losses expected 

during the operation of the EU DEMO hybrid Central 

Solenoid (CS) [9], proposing also a possible analytical 

formulation which would ease the calculation during both the 

conductor design as well as for detailed studies, e.g., thermal-

hydraulic analyses [10], [11], [12] which receives as input the 

power deposition due to AC losses. 

The paper is structured in the following way: first, the 

numerical model and the experimental tests are described, then 

the comparison between the numerical and experimental 

results is discussed. The last section is devoted to the 

CS-relevant computation of the losses throughout its current 

scenario and to the comparison with possible analytical 

formulations. 

II. EXPERIMENTAL TESTS 

AC loss tests were performed in SULTAN [8] in the 

framework of the Quench Experiment campaign launched by 

EUROfusion in 2020, see [7] and [13]. The tests were carried 

out applying a sinusoidal AC external field of ± 0.2 T with a 

frequency of 0.3 Hz up to 1.5 Hz, on top of a DC background 

field. In case of 0 T and 2 T background field, no transport 

current was applied; in case of 6 T and 9 T background field, 

15 kA DC current was supplied to the sample. In Fig. 1, the 

AC losses measured for the BSCCO conductor are reported. 

The BSCCO conductor is composed by a triplet of stacks 

enclosed in a copper profile and twisted together, see [7] for 

more details. They were quantified through calorimetric 

assessment using the sensors which measured the supercritical 

He flow temperature before and after the AC field region, 

together with a mass flow meter at the inlet of the conductor. 

The BSCCO conductor was chosen because it presented larger 

hysteresis losses, thus more easy to quantify, than the REBCO 

conductor. 

III. NUMERICAL MODEL 

Here the description of the 2D model, implemented in 

COMSOL [14], is reported. The geometrical parameters 

considered in the simulations are reported in Table I. The 

cross-section of the stack is simulated together with a circular 

air domain with radius ten times larger than the height of the 

stack. 

The governing equation of the model is reported in (1). It 

directly comes from the combination of the Ampere’s and 

Faraday’s law [15]: 

 𝜇0
𝜕𝑯

𝜕𝑡
+ 𝛻 × (𝜌𝛻 × 𝑯) = 0 (1) 

H 
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Fig. 1 Measured AC losses per unit volume of stack per cycle 

compared with hysteresis losses computed with the numerical 

model and analytical formulae (indicated by the arrows). 

TABLE I 
GEOMETRICAL DIMENSIONS OF TAPES AND STACK 

Parameter Value 

Number of tapes 19 

Width of the tape and stack [mm] 4.30 
Height of the tape [mm] 0.23 
Height of the stack [mm] 4.37 

 

where 𝜇0 is the vacuum permeability, H is the magnetic 

field intensity (with components Hx and Hy, the model being 

2-dimensional) and 𝜌 is the electric resistivity. The latter is 

computed according to the power law in the stack domain and 

it is set to a large value (1 Ω ∙ m) in the air domain. The 

electric resistivity in the stack region is given by: 

 𝜌 =
𝐸𝐶

𝐽𝐶(𝐵,𝑇)
∙ (

𝐽

𝐽𝐶(𝐵,𝑇)
)

𝑛−1

 (2) 

where EC is the critical field ( = 10-4 V/m), JC(B,T) is the 

scaling law for the BSCCO reported in (3) with the 

corresponding parameters reported in Table II (the 

temperature is assumed constant and equal to 6 K), J is the 

current density, computed as 𝐽 =  
𝜕𝐻𝑦

𝜕𝑥
−

𝜕𝐻𝑥

𝜕𝑦
 and n is the n-

value of the power law. 

 𝐵𝑖𝑟𝑟 = 𝐵0  ∙  𝑒−𝑇/𝑇0   

 𝐽𝐶(𝐵, 𝑇) = 𝐴 ∙  (1 −
𝑇

𝑇𝑐
)

𝛼

 ∙  𝑒−𝐵/𝐵𝑖𝑟𝑟   (3) 

The critical current is homogenized according to the 

fraction of superconducting area present in the stack, i.e., 

𝐽𝐶,ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑖𝑧𝑒𝑑 = 𝐽𝐶(𝐵) ∙
𝑛𝑡𝑎𝑝𝑒𝑠∙𝑡𝑡𝑎𝑝𝑒

𝑡𝑠𝑡𝑎𝑐𝑘
 [16], where ntapes is the 

number of tapes, ttape is the thickness of the tape equal to 

0.23 mm (the thickness of the superconducting layer is 

assumed equal to 0.1 mm), tstack is the thickness of the stack. 

This allows meshing the entire stack with much less elements 

as the homogenization allows tackling the high aspect ratio of 

the HTS tapes. 

 

 

TABLE II 
PARAMETERS OF THE SCALING LAW OF THE SUPERCONDUCTOR 

Parameter Value 

n 34 

A [A/m2] 9.2738 ∙ 1010
 

Tc [K] 110 

T0 [K] 14 
B0 [T] 54.94 
𝛼 0.8933 

 

The time-dependent boundary condition of the model are 

the components of the magnetic field intensity Hx and Hy, 

which are imposed on the outer edge of the air domain, whose 

value is that used in the analyzed test (0, 2, 6, 9 T). All the 

simulations are carried out considering the background field 

perpendicular to the tapes of the stack. The initial condition is 

zero-field imposed in the entire computational domain. The 

background magnetic field and the transport current (if 

present) are ramped to the rated value before the beginning of 

the cycle. After that, a cycle of ± 0.2 T is started, in which the 

power deposition per unit length due to hysteresis losses is 

computed according to (4) 

 𝑄 = ∫ ∫ 𝐽 ∙ 𝐸 𝑑𝑆 𝑑𝑡
𝑆

1/𝑓

1/(2𝑓)
[𝑊

𝑚⁄ ] (4) 

where f is the frequency of the cycle, S is the cross-section 

of the stack, E is the electric field, computed in the model as 

𝐸 = 𝜌 ∙ 𝐽. 

The transport current It is imposed through integral 

constraint on the stack according to (5) 

 𝐼𝑡 = ∫ 𝐽 𝑑𝑆 
𝑆

 (5) 

The speed of computation of the model is strongly affected 

by the presence of transport current. If both the background 

field and transport current are ramped to reach the pre-cycle 

conditions, then the convergence of each time step is slower 

with respect to the case when one of the two variables is time-

varying and the other is kept constant. Therefore, in the 

simulations, the magnetic field is first ramped to the rated 

value and a plateau is simulated in order to reach equilibrium 

before starting the cycle. If current is present, then it is ramped 

after the magnetic field. Even with this strategy, the numerical 

converge becomes very slow (up to twenty-times slower than 

the case without transport current) when the transport current 

reaches 95 % of the critical current. 

As the electromagnetic interaction of the stacks is low, we 

opted to simulate only one stack. Furthermore, to account for 

the presence of the twisting in the experiment with a 2D 

numerical model, the obtained power deposition is multiplied 

by a factor 2/𝜋, as derived in [17], before comparing the 

results with the experimental data. 

IV. VALIDATION ON CONDUCTOR EXPERIMENTAL DATA 

The energy per cycle computed with the numerical model is 

compared with the measured one in Fig. 1. 

The results agree well both in case of absence or presence 

of transport current. The computed results are only mildly 

dependent on the frequency, as expected from the purely 
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hysteretic nature of the losses simulated in the model. 

At 0 T and 2 T, the penetration field of the stack, which can 

be approximated as [2] 

 𝐵𝑝 =
𝜇0𝐽𝑐,𝑒𝑤

2
 (6) 

where 𝐽𝐶,𝑒 = 𝐼𝐶,𝑠𝑡𝑎𝑐𝑘/𝑆 and w is the width of the stack, is 

Bp = 0.98 T (at Bext = 2 T), therefore an applied (varying) field 

of 0.2 T is not able to fully penetrate the stack. This means 

that the losses measured (or computed) in this condition are 

not representative of the actual operation condition of the full-

scale conductor in a coil for fusion applications, where the 

background field reaches values much larger than typical Bp. 

The small penetration of the field is confirmed by the map of 

volumetric heat power reported in Fig. 2(a), together with the 

corresponding losses per tape reported in the bar plot. It is 

clear that only the top and bottom tapes are penetrated, leading 

to appreciable hysteresis losses mainly there. On the other 

hand, the rest of the stack is shielded, thus only marginally 

contribute to the power deposition. 

In case of DC transport current, the relevant threshold for 

magnetic field full penetration becomes 𝐵𝑝 ∙ (1 − 𝑖) [18] 

(p. 430), where 𝑖 =
𝐼𝑡

𝐼𝐶
⁄ . In the case 6 T, 15 kA, 

𝐵𝑝 ∙  (1 −  𝑖) =  0.16 T, while in the case 9 T, 15 kA, 

𝐵𝑝 ∙  (1 −  𝑖) =  0.09 T, therefore, in the latter case, the stack 

is expected to be fully penetrated, while the former is in a 

transition regime between the two extreme cases. 

Fig. 2(b) and (c) show that the stack can be effectively fully 

penetrated even with a background field oscillating with an 

amplitude of 0.2 T. In the case 6 T, 15 kA, the central part of 

the stack is still shielded, however the stack is clearly more 

penetrated than the 2 T, 0 kA case. A negligible effect of 

shielding is visible at 9 T, 15 kA, where all the tapes are rather 

uniformly contributing to the total losses. Note that the 

asymmetry in the map of the volumetric heat deposition is due 

to the presence of the transport current, which alters the 

symmetry even if the external magnetic field is symmetric, as 

demonstrated in [18] p. 430. 

Analytical formulae developed for magnetization losses in 

rectangular bars [19] and for hysteresis losses in a 

superconducting slab with transport current [20] are also 

compared with the experimental results. The formulae 

proposed in [20], although in principle developed only for the 

coil charge, are useful also because they take into account the 

time derivative of the external magnetic field and that of the 

current, which means that they can be used also in case the 

power deposition is of interest rather than just energy per 

cycle. This is the case when the power deposition is of 

interest, such as during the current scenario foreseen for the 

EU DEMO CS coils, as it is the driver of the conductor 

temperature evolution, which in turn determines the 

temperature margin.  

V. LOSSES DURING EU DEMO CS CURRENT SCENARIO 

Hysteresis losses during the current scenario foreseen in the 

hybrid option of the EU DEMO CS were computed with both 

the validated numerical model as well as with the available 

formulae and they are discussed in this section. The model is 

that described in Section III and the losses discussed here are 

for a single stack in the innermost layer (largest magnetic 

field) of the central module of the CS. To reach the critical 

current which satisfies the design requirement for the 

minimum current sharing temperature (= 8.2 K), there would 

be 11 stacks made as those simulated in the numerical model. 

 
Fig. 2 Computed volumetric heat generation (normalized) 

with the numerical model (right) and losses in selected tapes 

(left) for cases (a) 2 T, 0 kA; (b) 6 T, 15 kA; (c) 9 T, 15 kA. 

The current scenario foreseen in the EU DEMO CS is 

composed by different phases: a charge phase to bring the coil 

at nominal current and magnetic field, a breakdown (BD) 

phase where there is a strong magnetic field variation in a 

short time (0.75 T in 0.8 s), a plasma current ramp up phase 

(PCRU) where there is a decrease in the magnetic field of the 

CS from 15 T down to – 2.5 T, a plasma burn phase where 

there is a slow linear decrease of the magnetic field down to –

 15 T and a discharge phase when the coil is brought to zero 

current before starting a new cycle. Note that the perturbations 

to the magnetic field coming from feed-back systems, plasma 

motion and so on are not considered in this analysis. 

In Fig. 3, we report the hysteresis losses computed in the 

different phases of the scenario, comparing the computed 

results with different analytical formulae: 

• during the charge phase, see Fig. 3(a), after the applied 

external magnetic field (Ba) has overcome the penetration 

field (Bp = 0.8 T), the stack can be approximated as a 

slab, which is confirmed by the very good agreement 

between the results computed numerically and those 

obtained with the analytical formulae. When Ba < Bp, the 

finite shape of the stack has a non-negligible impact on 

the losses, as confirmed by the agreement between the 
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analytical formulae for a square stack [19] and the 

computed results. In this interval, the losses would be 

underestimated by the analytical formulae for a non-

saturated slab [20] up to a factor 3. 

• during the second part of the charge phase, see Fig. 3(b), 

the analytical formulation for a current-carrying slab [20] 

agrees with the numerical results. On the other hand, the 

analytical formulation for a square stack does not account 

for the presence of the transport current and this leads to 

an underestimation of the losses in this interval, if 

computed with this formulation. 

• during the breakdown phase, see Fig. 3(c), the analytical 

formulae are not able to correctly account for the 

screening of the stack which reacts with a delay of the 

order of 0.1 s, as shown by the numerically computed 

results. This leads the formulae to overestimate the losses 

for that time interval, while they agree well once the 

losses become steady as consequence of a steady variation 

in time of magnetic field and current. This phase is 

particularly critical in terms of temperature margin as the 

conductor is close to its maximum current and field and a 

strong heat deposition is present due to the fast variation 

of field and current. Therefore, in this phase would be 

preferable to use the computed results for a more accurate 

estimate of the temperature margin, while the analytical 

formulae could anyway be used keeping in mind that they 

would provide a conservative result. 

• during the PCRU, see Fig. 3(d), the magnetic field as well 

as the current cross zero, which implies zero losses if 

computed with the analytical formulae. However, it 

would be an underestimation, as part of the magnetic field 

is still trapped into the stack, thus this leads to losses even 

if the external magnetic field is zero in that instant. A 

possible, simple, modification to the analytical formulae 

for the slab with transport current would be to consider 

the slab fully penetrated also in this phase (see the cyan 

curve in Fig. 3(d)), which leads to a better agreement with 

the validated numerical model. An independent 

confirmation of the non-zero losses in case of zero-

crossing comes from the formula in [21], which agree 

well with the computed results (not shown). Integrating 

over the HTS layers, a value of 2.8 kW is found, which 

would sum up to the 5.3 kW given by all the LTS layers. 

• During plasma burn, heat deposition is low ( < 0.02 W/m) 

and the numerical model and analytical formulae for a 

current-carrying slab agree very well. During the 

discharge-(re)charge phase, see Fig. 3(e), the set of results 

are compared together. During the discharge, i.e., ramp of 

the magnetic field from – 15 T to 0 T, the losses are 

underestimated if the transport current is not taken into 

account. In the zero-crossing region, it is confirmed that 

the assumption of full penetrated slab reproduces better 

the losses than other formulae. 

Therefore, the validated numerical model allows to propose 

a simplified formula (7) for the computation of the hysteresis 

losses during the current scenario of the EU DEMO CS coil. 

Neglecting the first ramp of a series of cycles, which is of 

limited interest since the nominal operation is foreseen to be 

periodic, the analytical formulae for a slab with transport 

current in the full penetrated regime [20] is accurate (or 

conservative in case of fast variation, such as during the BD 

phase), and it is here reported for convenience: 

 𝑄ℎ𝑦𝑠𝑡
′ =

𝐵𝑝
2

2𝜇0
(

|𝐵̇|

𝐵𝑝
+

𝐼𝑡
2

𝐼𝐶
2

|𝐵̇|

𝐵𝑝
+ 2

|𝐼𝑡|

𝐼𝐶

|𝐼𝑡̇|

𝐼𝐶
) ∙ 𝑆 (7) 

where 𝐵̇ and 𝐼𝑡̇ are the time derivative of the external 

magnetic field and of the transport current in the stack. 

 
Fig. 3 Evolution of the hysteresis losses computed with the 

numerical model and different analytical formulae during (a) 

the first and (b) second part of the initial charge, (c) the 

breakdown, (d) the plasma current ramp up and (e) the zero-

crossing during the discharge and the new charge.  

VI. CONCLUSIONS 

AC loss tests performed on a BSCCO conductor in 

conditions relevant for fusion coils were used to successfully 

validate a numerical model for the computation of hysteresis 

losses.  

The model was used to compute the hysteresis losses during 

the current scenario foreseen in the EU DEMO CS coil, 

proposing an analytical formulation for their computation. 
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