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1. INTRODUCTION 
 

 
In order to flow high current in superconducting electric 

power devices many superconducting (SC) tapes have to be 
wound or stacked vertically or in parallel. For a case of 
superconducting fault current limiter (SFCL), there are 
representative two types of modules, a pancake type and a 
linear bar type [1, 2], which are non inductive. The currents 
in each SC wires of the modules flow parallel or 
anti-parallel to the neighbors, which influences each other 
electromagnetically and leads to ac loss change. Therefore 
when designing the electric power devices such as a fault 
current limiter, we have to consider the gap between SC 
wires and the direction of current flow in the SC modules. 

The previous studies reveal that the ac loss was reduced 
for the antiparallel current flow in face to face stacks [3-5]. 
However, the ac loss increased for the SC-stack array when 
current flow of each SC tape in a column of the array was 
parallel to that of a SC tape at the next neighbor column and 
the same row, although the directions of the currents of the 
SC tapes in the column are antiparallel to each other. It was 
also dependent of the misalignment between SC tapes in 
the stack array. For parallel current path in a face-to-face 
stack, the ac loss increased. It was attributed to the phase 
change of the current flow in the inner and the outer wires 
in the stack, which resulted in the large amount of magnetic 
field penetration into the SC tapes [6]. In this study we 

investigated ac transport current losses for anti-parallel 
current flow and compared the electromagnetic properties 
with those of the single SC tape as well as those of the same 
stack for the parallel current path. The gap between the SC 
tapes in the stack varied in order to verify the 
electromagnetic influence of the neighbors when current 
flows in opposite direction. The model was implemented in 
the finite element method program by the commercial 
software [7, 8]. We aim to understand the reason of the ac 
loss reduction in detail by analyzing the current distribution 
and the magnetic field distribution calculated numerically.  

 

 
 

Fig. 1. The cross sectional view of the face-to-face stack of 
SC tapes in 2-dimensional plane. 
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Abstract   
 

In this study we investigated ac transport current losses in the face to face stack for the anti-parallel current flow, and 
compared the electromagnetic properties with those of the single SC tape as well as those of the same stack for the 
parallel current path. The gap between the SC tapes in the stack varied in order to verify the electromagnetic influence 
of the neighbors when current flows in opposite direction, and the model was implemented in the finite element method 
program by the commercial software, COMSOL Multiphysics 4.2a. Conclusively speaking, the loss was remarkably 
decreased for the anti-parallel current case, which is attributed the magnetic flux compensation between the SC layers 
due to the opposite direction of the current flows. As the gap between SC tapes was increased, the loss mitigation 
became less effective.  Besides, the current density distribution is very flat cross the sample width for the narrower gap 
case, which is believed to be benefit for the power electric system. These results are all in good agreement with those 
predicted theoretically for an infinite bifilar stack.  
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Table 1 
SAMPLE PROPERTIES [9]. 

Width 4 mm 
SC layer thickness 2 µm 

Substrate IBAD-MgO template 
Jc0 at self field 2.16 MA/cm2 

 
 

 
 

Fig. 2. The current Ik obtained by integrating the current 
density Jz(x,y) over each SC domain k = 2, 3, 4, and 5. 

 
 

2. NUMERICAL SIMULATION 
 

The sample properties and SC modeling can be found in 
details elsewhere [6]. The sample of SC tape has 
SmBa2Cu3O7-δ layer of  2 µm thickness on IBAD-MgO 
template, which is fabricated in Korea Electrotechnology 
Research Institute (KERI) [9].  

The critical current density of the sample at self-field, Jc0, 
was 2.16×106 A/cm2, which converted to critical current 
(Ic) of 173 A. For antiparallel current flow, the point 
constraint was imposed that the amount of current (Ik) 
obtained by integrating the Jz(x,y) over each domain k = 2, 
3, 4, and 5 (see Fig.1) . That is, 
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of which the amount is the same, but the sign of that is 
opposite to the neighbor as shown in figure 2. The current 
was applied as ft)sin(2I I 0a π=  where I0 = 0.1 ~ 0.9 Ic and 
f= 50 Hz (period T = 0.02 sec) 

The independent variables are the x- and y- components 
of the magnetic field Hx, Hy in xy plane of Fig. 1. They were 
solved in the time-dependent partial differential equation 
(PDE) obtained by combining the Faraday’s law and the 
Ampere’s law. The final form of the PDE is   
 

  
)(J-E

)(JE
H
H

μ
μ

zz

zz

yt

xt








=








⋅∇+








∂
∂









0
0

0
0

0
0

0

0        (2) 

 
The electric field is modeled by the E-J power law [5] for 

superconducting domain as 
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where E0  was 10-6 V/cm, and xyyxz HHJ ∂−∂= . Jc(B) 

was the field dependence of current density and n was 21. 
The permeability of vacuum, µ0 is 4π×10-1 Oe cm/A. For 
the domain1 (air), the Ohmic law, zairz J ρ E = , was 
applied, where ρair = 1×108 Ωcm. Q is the total ac loss per 
cycle, that is, the sum of Qk’s which  is the ac loss over SC 
domain k,  

          dtdatyxEtyxJQ
k
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The gap, ∆y, between SC tapes in figure 1 was 1.2 mm 
(∆y1) and 4.8 mm (∆y2). In this model, the half width, w, is 
10 mm.  

 
 

3. RESULTS AND DISCUSSION 
 

Fig. 3 shows the normalized ac loss per cycle, f, as a 
function of the normalized applied current, I0/Ic, where f is 

)//( 2
0 πµ cIQf = . It is useful to compare loss properties for 

SC layers having the different critical current values [10]. 
The loss values for the antiparallel current case are lower 
than others. The ac loss data of the single tape and the stack 
for the parallel current were obtained numerically from our 
previous study. The narrower the gap is, less the ac loss is 
generated for the antiparallel current flow case. This result 
agreed with the analytical solution in [4]. Especially, for the 
gap = ∆y1 (narrower gap case), the ac loss is almost one 
order of magnitude lower than those of the thin rectangle 
cross section case predicted in the theory [11]. From now 
on, we call the ∆y1 and ∆y2 for the case of the gap = ∆y1 and 
∆y2 of antiparallel current path, respectively.  

Fig. 4 shows the magnetic field lines around the SC stack 
for ft)sin(2I9.0 I ca π=  at the two moments: t1 = 0.02 sec 
and t2 = 0.025 sec. The field lines are all parallel between 
SC tapes for the antiparallel current as seen in figure 4(a) 
and (b), which is almost the same as predicted in [4]. The 
length of the arrows represents the log-scaled magnitude of 
the magnetic field. The normal component of the field 
appears only near the edges [5]. To the contrary, the 
magnetic field lines penetrate vertically all the region of the 
SC layers for the parallel current case seen in Fig. 4(c) and 
(d). It can be easily understood that the magnetic field 
normal to the SC tapes is canceled out in the gap between 
domain 2 and domain 3 due to the direction of the transport 
current opposite to each other. Therefore only the magnetic 
field parallel to SC tapes dominantly appeared. 

 

 
 

Fig. 3. The normalized ac loss per cycle, f, as a function of 
the normalized applied current, I0/Ic. 
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Fig. 4. The magnetic field lines around the SC stack for 
ft)sin(2I9.0 I ca π=  at the two moments: t1 = 0.02 sec (left) 

and t2 = 0.025 sec (right): (a) and (b) for ∆y1, (c) and (d) for 
the parallel current case. 

 
The magnetic flux density distributions, Bz, and the 

corresponding current density distributions, Kz, of the SC 
layers in figure 5 and 6, respectively, under the conditions 
of t=0.025sec and  I0=0.5Ic for the ∆y1 and ∆y2. The Kz(x,t) 
is defined by integrating Jz over thickness, as 

∫= dytyxJtxK zz ),,(),(  [10]. It is clearly seen that the 
magnetic flux rarely penetrated into the SC layers. The flux 
penetrated less for the inner layers than those for outers, 
and less for the ∆y1 than for ∆y2. Compared with the single 
tape and the parallel current case, the amount of the 
magnetic flux penetrating is almost nothing (see [6, 10, 12]). 
This is attributed to the compensation of the normal 
component of the field as mentioned above. Only close to 
the edges of SC domains the normal field appeared for both 
for the ∆y1 and ∆y2 cases. From the Bz distribution and the 
critical state models, such as the Bean and the Kim models, 
the Kz distributions can be understood somehow; the 
critical current flows through the critical region where 
magnetic flux penetrates, and the shield current which is 
lower the critical current flows through the other region, 
that is the Meissener region. At the boundary between two 
regions, the Jz has peak due to the field dependence of Jc 
[12].  However, the penetration depth change as seen in Fig.  
5 and 6, in other words, the Meissener region length ( Ml ) 
(0 < x) with respect to I0 is very distinguishable from that of 
the single SC layer predicted in [11]. It seemed too short, 
compared with that of the single SC case [10]. It needed to 
verify whether the results are reasonable or not.  

J. R. Clem et al. [4] calculated analytically the magnetic 
flux density distributions and current density distributions 
for the antiparallel current of the infinite vertical stack. 
According to the analytical calculation of J. R. Clem, the 
ratio of Ml  to w  is determined by 

  
 

Fig. 5. The magnetic flux density distributions, Bz, under 
the conditions of t=0.025sec and I0=0.5Ic for the cases (a) 
∆y1 and (b) ∆y2. 

 

 
 

Fig. 6. The current density distributions, Kz, which are 
corresponding to Bz in figure 5. 
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where K(k) is the complete elliptic integral of the first kind 
of modulus )/(tanh( ywk ∆= π , and w  is the half width of 
the sample. The behavior of wlM /  is illustrated in Fig. 7 
for our cases, wy /1∆  = 0.12, and wy /2∆ = 0.48. The 
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wlM /  values were 0.987 and 0.959 for the inner layers of 
the 1y∆  and 2y∆  cases, respectively, in Fig. 6. These 
values agree with wlM / = 0.988 and 0.953 obtained from 
equation (2), correspondingly. It proves that our numerical 
calculation is reliable. 

The Kz’s of the inner SC layers (domain 3 & 4) for the 
∆y1 appears flat except the critical region which is 
extremely narrow, and those for the ∆y2 seem to be little 
curved as seen in figure 6. And the Kz’s look more curved 
for the bottom and top SC layers (domain 2 & 5). 
Compared with those for single SC layer [10], of course, 
these shield current distributions are considered as flat. The 
Kz’s are very coincident with the results obtained 
theoretically [4] in figure 8, which given by 
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In our case, the stack was composed of only 4 SC layers, 
while the calculation was conducted for the infinite number 
of bifilar stack of SC layers in the theory. Hence our 
numerical calculation of Kz for ∆y2 in figure 6 looks more 
similar to that of gap ∆y = 10 mm than  that of the same ∆y2 
in the figure 8. The antiparallel current effect seems to 
smear out rather rapidly. 

 

 
 

Fig. 7. The ratio the Meissener region to the half width as a 
function of I0/Ic.   

 

 
 

Fig. 8. The Kz’s obtained theoretically using equations (2) 
and (3) for the various gaps between the SC layers. 

The Kz’s tell us the reduction of the ac losses for the 
antiparallel current case. It can be considered that the Jz is 
dominant near the surfaces for the thin strip geometry, and 
then, )2//(dKJ zz ≈ . When Jz is greater than Jc(B) Ez 
increases according to the  nth power law of the E-J relation. 
The Kz/Kc values are uniform and very lower than the unity 
over the most of the region.  
 
 

4. SUMMARY 
 
In this study we investigated ac transport current losses 

for the antiparallel current, and compared the electro- 
magnetic properties with those of the single SC tape as well 
as those of the same stack for the parallel current path. For 
the comparison with the case of the parallel current flow we 
used the same SC modeling for the motive sample in [7], 
and the model was implemented in the finite element 
method program by the commercial software. The ac loss 
was remarkably decreased for the anti-parallel current case, 
which is attributed the magnetic flux compensation due to 
the opposite direction of current flows of the neighbors. 
This was easily understood by magnetic field lines near 
each SC wire; almost the magnetic field lines are parallel to 
the SC wire surfaces.  Hence, as the gap between SC tapes 
was increased, the loss mitigation became less effective. 
Besides, the Kz/Kc(B) and the penetration depth behavior 
were also figured out by compared with the theoretical 
results [4]. The magnetic flux rarely penetrated into the SC 
tape, which is very distinguishable from the parallel current 
case. 
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