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1. INTRODUCTION 
 

 
It is important to reduce ac loss for application of coated 

conductors (CCs) to electric devices [1, 2] because the loss 
results in temperature increase of the devices, which leads 
to increase of risk and cost in operation. In general, power 
loss is determined by the inner product of electric field 
(E(r,t)) and current density (J(r,t)) at a position, r, and time, 
t. For a thin strip superconducting (SC) layer, the current 
flows along the surface due to the large aspect ratio of 
width to thickness, hence, the electric field vector 
positioned in the current-flow plane predominantly 
attributes to the ac loss. According to the Faraday Law, 

E
t
B

×−∇=
∂
∂  , the time derivative of the surface normal 

component of B(r,t) is related to the in-plane electric field. 
Therefore, for mitigation of the loss for a CC, it is essential 
to control penetration of the surface normal component of 
B into the SC layer. For that reason, many efforts have been 
made to decrease that field. The striation is one of the 
effective methods for suppressing normal component B  

penetrating into the SC layer for a CC to carry high current 
[3]. The ac loss was inversely proportional to the number of  
the filaments in the striated CCs [4, 5]. Another way to 
suppress the normal component penetration is to twist 
several CC tapes. For example, in the Roebel cable, a 
serpentine shaped conductor, that magnetic field generated 
from each SC wire or externally applied can be 
compensated due to the chain shaped current path [6]. The 
ac loss was markedly reduced by using the narrow strand.  
Recently, H. S. Ha and his colleagues in Korea 
Electrotechnology Research Institute (KERI) suggested a 
kind of round shaped wire by stacking four CCs vertically, 
eventually to twist them for mitigation of the loss [7]. They 
fabricated a small square shaped SC wire, however, it was 
not sure that the stack itself could have an influence on ac 
loss properties before taking advantage of the expected 
merit via twisting them. In this paper, we are aim to verify 
whether the loss is possibly reduced or not calculating 
numerically the ac loss of the stack. We used the 
H-formulation combined with the E-J power law and the 
Kim model fit for the measured Jc(B). The model including 
time dependent partial differential equations with respect to 
magnetic field vector components was implemented in the 
finite element method (FEM) program by a commercial 
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Abstract  
 
AC Losses for face to face stacks of four identical coated conductors (CCs) were numerically calculated using the H-formulation 
combined with the E-J power law and the Kim model. The motive sample was the face to face stack of four 2 mm-wide CC tapes 
with 2 µm thick superconducting layer of which the critical current density, Jc, was 2.16×106 A/cm2 on IBAD-MgO template, which 
was suggested for the mitigation of ac loss as a round shaped wire by Korea Electrotechnology Research Institute. For the 
calculation the cross section of the stack was simply modeled as vertically aligned 4 rectangles of superconducting (SC) layers with 
E = Eo(J(x,y,t)/Jc(B))n in x-y plane where Eo was 10-6 V/cm, Jc(B) was the field dependence of current density and n was 21. The 
field dependence of the critical current of the sample measured in four-probe method was employed for Jc(B) in the equation. The 
model was implemented in the finite element method program by commercial software. The ac loss properties for the stacks were 
compared with those of single 4 cm-wide SC layers with the same critical current density or the same critical current. The constraint 
for the simulation was imposed in two different ways that the total current of the stack obtained by integrating J(x,y,t) over the cross 
sections was the same as that of the applied transport current: one is that one fourth of the external current was enforced to flow 
through each SC. In this case, the ac loss values for the stacks were lower than those of single wide SC layer. This mitigation of the 
loss is attributed to the reduction of the normal component of the magnetic field near the SC layers due to the strong expulsion of 
the magnetic field by the enforced transport current. On the contrary, for the other case of no such enforcement, the ac loss values 
were greater than those of single 4cm-wide SC layer and . In this case, the phase difference of the current flowing through the inner 
and the outer SC layers of the stack was observed as the transport current was increased, which was a cause of the abrupt increase of 
ac loss for higher transport current. 
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software, COMSOL Multi- physics, which makes the 
modeling of the super- conductivity simple, flexible and 
extendable [8, 9]. The ac loss properties for the stacks were 
compared with those of single 4 cm-wide SC layers with the 
same critical current density or the same critical current. 
 
 

2. NUMERICAL SIMULATION 
 

2.1. Sample Modeling 
The motive sample was the vertical stack of four 2 

mm-wide CC tapes with 2 µm thick SmBa2Cu3O7-δ  layer 
of which the critical current density at self-field, Jc0, was 
2.16×106 A/cm2 on IBAD-MgO template, which was 
suggested for the mitigation of ac loss as a round shaped 
wire by KERI [7]. The schematic view of the 2-dimensional 
model for the numerical simulation was showed in Fig. 1. 

The large circle with the radius of 1.5 cm was the outer 
boundary. The rectangles in the x-y plane (the plane of the 
paper) were considered as the cross sections of four 
infinitely-long SC layers along the z-axis normal to the x-y 
plane, which is the subdomain 2, 3, 4, and 5 from the 
bottom. The region between the outer boundary and the SC 
subdomains was the domain 1 which was air in this paper. 
We scaled up the cross section of the SC layer by 
multiplying 20 to the thickness of the real sample, so the 
vertical length of the rectangle in the model was 40 µm, 
which is because 40 µm is the minimum value in a 10-6 sec 
time step without convergence problem for an appropriate 
mesh structure shown in Fig. 1. The gap between the SC 
layers was fixed as 1.2 mm since the substrate thickness of 
the sample was 60 µm. The width of the model, if 
multiplied by 20, should have been 4 cm, which consumed 
too much time. Instead, for saving the calculation time, the 
width was set up for 2 cm, and corresponding critical 
current for each SC layer was 17300 A. So the Ic of the 
stack was 69200 A. It took about 5 days to obtain the 
simulation results under the condition of high external 
current, Ia = 0.9 Ic0 sin(ωt), in the PC with RTM 
i7-2670QM CPU @ 2.2 GHz, 6 GB RAM and 64 bit 
operation system. For exploring ratio effect of the width to 
gap, ac loss for a vertical stack of four 1cm-wide SC layers 
was calculated, too, of which the critical current was half of 
the 2cm-wide stack. The commercial finite element method 
(FEM) software was used in this paper. 

 
 

 
 
 
 
 
 
 
 
 
 
Fig. 1. The schematic view of model for SC vertical stack in 
2-dimensional model. 

 
 

(a) 
 

 
 

(b) 
 
Fig. 2. (a) The field dependence of critical current Ic of the 
motive sample (symbols) and Kim model fit (solid lines). 
Open squares: for the condition of the external field parallel 
to the ab-plane of the SmBCO CC sample and solid 
squares: for the external field parallel to the c-axis (b) The 
angle dependence of critical current Ic of the sample and the 
fitting curves by equation (2) in the text (solid lines). 
 
2.2. Superconducting Modeling 

The electric field is a function of the current, and the 
Faraday’s law determines the complete system as in 

Hμ -  )J(E t0


∂=×∇   where )J(E


 is the current dependent 
electric field, and the permeability of vacuum, µ0 is 4π×10-1 
Oe cm/A. For the geometry shown in Fig. 1 Hx and Hy 
represent the components of the magnetic field in the x- and 
y-directions. The current density, Jz, and the electric field, 
Ez, are the z-direction. Combining the Ampere's law and the 
Faraday's law, we finally obtained the time dependent 
partial differential equation describing our system. 

 

 
0
0 

0)(JE-
)(JE0

H
H

μ0
0μ

zz

zz

yt

xt

0

0








=








⋅∇+













∂
∂








         (1) 

 

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

superconducting domain as 
n

c

z
0zz (B)J
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=  , 

where E0  was 10-6 V/cm, Jc(B) was the field dependence of 
current density and n was 21. For the domain1 (air), the 
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Ohmic law, zairz Jρ  E = , was applied, where ρair = 1×108 

Ωcm [9]. The measured values of Ic(Ha) under external 
field, Ha, were fitted with parameters Hxfit = 4971 Oe, Hyfit 
= 1364 Oe, and Ifit = Ic = 173 A at self-field by the Kim 

model 
fita

fit
ac /HH1

I )(HI
+

= , as shown Fig. 2(a). Fig.2 (b) 

showed the angle dependence of Ic(Ha) measured and there 
observed no marked peak of Ic for the condition of Ha 
parallel to the c-axis of the sample. So the field and angle 
dependence properties of Ic was embedded in the software 
in the form of equation (2) 
             

2
yfity0

2
xfitx0

fit
z

)/HHHH( 1

J (H)J
µµ ()/ ++

=              (2)  

 
The solid lines in Fig. 2 (b) represent the fitting curves by 
the equation (2).  
The transport current, Ia, was set as  t)sin(ωI I 0a = , where 
ω = 2π×50 Hz and I0 was varied between 0.07 and 0.9 Ic 
values of the SC model. 
 
2.3. Boundary Conditions and Constraints 

For the inner boundaries, the magnetic continuity 
)HH(n k1


−× was automatically satisfied in the H- 

formulation [9], where n


  is the surface normal vector, and 
k is the index representing the subdomains 2, 3, 4, and 5. 
The constraint was imposed at one point of the circle that 
the total current, Itotal, resulted from the simulation was the 
same as Ia in two different ways. 

 

akktotal III =Σ=  where kkzk dA t)y,(x,JI ∫=            (3) 
 

One is that each SC layer carries the one fourth of Ia, Ik = 
(1/4)Ia, and the other is that the sum of the current carried 
by each SC is the same as Ia as the equation (3) is.  
The ac loss, Q, per cycle was defined as the equation (4), 
where  t)y,(x,Et)y,(x,J kzkz ⋅  was integrated over the SC 
subdomains and the second period. The loss of the virgin 
state was lower than those calculated over the second or 
later period [9]. It was confirmed that Qs were identical 
after the first period of Ia(t). 
 

dt dA  t)y,(x,Et)y,(x,JQ kzkzk ∫ ∫ ⋅Σ=                          (4) 
 
where k = 2, 3, 4, 5. The Qs of the single wide SC layers 
were predicted theoretically, too, using Norris equations 
[11, 12] as follows: 
 
thin elliptical conductor:  

/2]x-xx)-x)ln(1-(1)  / πI(μQ 22
c0 +⋅= [                      (5) 

thin strip conductor:     

 
 

(a) 
 

 
 

(b) 
 

Fig. 3. The current dependence of the normalized ac losses, 
f, per cycle for (a) the 2-cm-wide stack and (b) the 
1-cm-wide stack. (c1: constraint 1, c2: constraint 2). 
 

x)]x)ln(1(1x)-x)ln(1-(1)  / πI(μQ 2
c0 +++⋅= [           (6) 

where x is I0/Ic. 
 

The Q values for the stack were compared with those 
calculated in the same way for single 4-cm-wide SC layers, 
for verifying mitigation of ac loss for the face-to-face stacks. 
AC loss depends on critical current of superconductor, as 
seen in equation (5) and (6): loss is generated 
proportionally to the second power of the critical current. 
Therefore, the two cases of the single SC layers were 
considered: one is that the critical current density of the 
4-cm-wide single SC layer was twice than Jc = 2.16×106 
A/cm2 of the motive sample, where the critical current was 
the same as that of the 2-cm wide stack (Ic = 69200 A). As a 
matter of fact, ac loss of a 8-cm-wide single SC layer model 
should have been compared, however, it would take too 
much time to calculate for the width of 8 cm case. Thus we 
decided to calculate ac loss for the 4-cm-wide SC layer with 
2 Jc values. The other case, the same Jc value put on the 
4-cm-wide single SC layer, the critical current was the same 
as that of the 1-cm wide stack. 
 
 

3. RESULTS AND DISCUSSION 
 

The cross section of the SC layer in the model was 
magnified by 20 times for the thickness and 10 times for the 
width of the motive sample. Hence the modeled stack 
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carried 200 times higher current than the real current 
capacity of the sample. The Q values were not realistic as 
they were calculated themselves. Instead, the behavior and 
relative values of Q depending on external current for the 
different geometry are relevant, therefore, we introduced 
one parameter called the normalized ac loss, f, per cycle 
which is defined as )  / πI(μQ/ 2

c0  [12]. It is useful to 
compare loss properties for SC wires having the different 
critical current values. 

Figure 3 (a) and (b) shows the current dependence of 
the normalized ac loss, f, per cycle, for the 2-cm-wide and 
the 1-cm-wide stacks, respectively where the horizontal 
axis indicates I0/Ic. (For convenience, f, will be called just 
the loss below). The two solid lines represent the analytical 
solution predicted by the Norris equations (5) and (6). The 
loss was proportional to the 3rd-power and 4th-power of the 
current for the thin elliptical conductor and the thin strip, 
respectively. The ac loss values measured for a single  
GdBa2Cu3O7-d (GdBCO) CC with the critical current 235 A 
from KERI were included in the Fig. 3 (a). The loss was in 
good agreement with those predicted by the Norris’ thin 
strip model. The numerical calculation results for the single 
SC layers were deviated from those theoretically predicted. 
The f values of those samples were between the 3rd-power 
and 4th-power predicted for the model with Jc value of the. 
This feature was often observed for the samples with 
relatively lower Jc [13]. For the 2Jc case of the single 
4-cm-wide SC layer the f values agreed with the loss of the 

 

 
 

(a) 
 

 
 

(b) 
 

Fig. 4. The magnetic flux density distributions at the middle 
of (a) the subdomain 2 (or 5) and (b) the subdomain 3 (or 4) 
under the constraint 1 for  t)sin(ω0.7I I ca =   at t = 25 ~ 35 
ms in a 1 ms –step increment (the arrow indicates the time 
increment, and the legend is the same in both figure 4 and 5). 

thin strip except the abnormal increase near I0/Ic = 1. Such 
abnormal behavior of the loss was observed previously for 
the YBa2Cu3O7-δ CC on the IBAD-YSZ template [8]. All 
the losses of the stacks seemed to increase in proportion to 
3rd power or 4th -power of transport current. The losses of 
the 1- and 2-cm wide stacks were reduced under the 
constraint 1 (c1), which is lower than Norris’ prediction for 
the thin strip (blue solid line). On the contrary, the loss 
under constraint 2 (c2) became greater than those of the 
other cases, and increased abnormally for the higher 
external current (I0 > 0.6Ic). There was no characteristic 
property due to the ratio of the width to gap: as seen in Fig. 
3 (a) and (b), the current dependence of the loss of 1-cm 
wide stack was very similar to that of the 2-cm wide stack. 

In order to understand the ac loss properties in Fig. 3 (a) 
and (b), the magnetic flux density distributions in the SC 
layers were investigated. The figure 4 and 5 show the 
magnetic flux density distributions at the middle of the 
subdomains of the stack model for  t)sin(ω0.7I I ca =  
under the constraint 1 and 2, respectively. For the case of 
the constraint 1, as seen in Fig. 4, the magnetic flux rarely 
penetrated the SC layer while it penetrated deeply inside 
SC layers under the constraint 2. Therefore the mitigation 
of the loss under the constraint 1 is attributed to the reduct 
ion of the normal component of the magnetic field near the 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 5. The magnetic flux density distributions at the middle 
of (a) the subdomain 2 (or 5) and (b) the subdomain 3 (or 4) 
under the constraint 2 for  t)sin(ω0.7I I ca =    at t = 25 ~ 35 
ms in a 1 ms –step increment. 
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SC layers due to the strong expulsion of the magnetic field 
by the enforced transport current which equally flowed 
through each SC layer 

Figure 6 shows the Ik’s integrated using Eq. (3) over the 
cross section of the SC layers in the 2cm -width stack under 
the constraint 2 when the transport current   t)sin(ωI I 0a =   
for I0 = 0.2, 0.5, 0.6, 0.7 Ic was applied. As seen in figure 
6(a) and (b), for lower I0, the most of current flowed 
through the outer SC layers. As I0 increased up to 0.7 Ic , the 
inner and outer current are increased, and the peak values 
of Ik’s became almost same for both layers. The interesting 
feature is the phase change of the transport current in the 
SC layer which clearly appeared from I0 = 0.5Ic. Although 
the total current satisfied the constraint 2, Itoal = Iapp, the 
absolute value of the current flow through the stack was 
larger than that of the applied current because the current 
flowed through the inner SC layers in the opposite direction 
to the current of the outer SC layers in certain range of time 
period. This resulted in the abrupt increase of the loss when 
I0 was larger than 0.6Ic. 

 
 

4. CONCLUSION 
 
The ac loss properties for the face to face stack of the 

four identical coated conductors (CCs) were numerically 
calculated and compared for the two different constraints 
during the simulation process: the first is that one fourth of 
the applied transport current was enforced to flow through 
each SC while the second is that the total current, that is, the 
sum of the current of each SC layer was the same as the 
applied transport current.  
 

 
 
Fig. 6. The Ik’s integrated using Eq. (3) over the cross 
section of the SC layers in the 2cm -width stack under the 
constraint 2 when the transport current   t)sin(ωI I 0a =  for 
I0 = 0.2, 0.5, 0.6, 0.7 Ic was applied. 
 
 
 
 
 
 

In the case of the first constraint, the ac loss values for 
the stacks were much lower than those of single 4-cm-wide 
SC layer or those predicted using Norris’ equations. This 
mitigation of the loss is attributed to the reduction of the 
normal component of the magnetic field near the SC layers 
due to the strong expulsion of the magnetic field by the 
enforced transport current. On the contrary, for the case of 
no such enforcement, the ac loss values were greater than 
any other cases due to the deep magnetic flux penetration 
and the change of the current phase which cause the 
increase of the absolute amount of the current flow. 
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