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Abstract—We have been developing a model for numerical 

electromagnetic field analyses of REBCO Roebel cables wound 

into coil configurations, considering their three-dimensional 

structure. Electromagnetic field analyses were carried out for one-

turn circular closed-loop of a Roebel cable, one turn circular 

closed-loop of a Roebel cable at the end of a stack of Roebel-cable 

loops which simulated a solenoid coil of a finite length, and an 

infinite solenoid coil wound with a Roebel cable. From the 

temporal evolution of the current distribution in the Roebel cables, 

ac losses were calculated. We studied the ac loss characteristics of 

Roebel cables in different locations in coils. The influence of the 

gap between turns on ac losses was discussed. 
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Index Terms—Ac loss, Coated conductor, Coil, Electromagnetic 

field analyses, Roebel cable. 

I. INTRODUCTION 

s one of the large-current conductor consisting of REBCO 

coated conductors, Roebel cable has been attracting broad 

interest [1]. Ac loss characteristics of straight Roebel cables 

have been studied by various authors [2]-[9], but there are few 

reports on experiments and calculations of ac losses in coils 

wound with Roebel cables [10], [11].  

In this study, we developed a model for numerical 

electromagnetic field analyses of a coil wound with a Roebel 

cable (Roebel coil) and applied this model to Roebel cables in 

various coils. Then, we calculated the ac loss from the temporal 

development of field distribution in the superconductor of the 

Roebel coils. We focused on the ac loss characteristics of 

Roebel cables in different locations in a coil and gaps between 

turns (turn gap) in coils. 

II.  MATHEMATICAL MODELING OF COIL WOUND WITH 

ROEBEL CABLE 

From Faraday’s law and the thin-strip approximation, the 

governing equation of the electromagnetic field in a coated 

conductor with three-dimensional shape composing Roebel 

cables can be given as [12] 
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where T and T' are the magnitudes of the current vector 

potentials at the field point and the source point, respectively. 

The superconducting property is given by the equivalent 

conductivity  obtained from the power law E–J characteristic, 
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where Jc is the critical current density and E0 is defined electric 

field. Jc of each element depends on the magnetic field as 

follows [13]: 
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where B0 is a constant, Bn is the local magnetic flux density 

normal to each element, and Jc0 is the critical current density 

when Bn = 0, respectively. 

We built three models for Roebel coils as follows: Model I 

for the isolated one-turn circular closed-loop of a Roebel cable, 

Model E for the one-turn circular closed-loop of a Roebel cable 

at the end of a stack of Roebel cable loops, and Model M for 

the one-turn of a Roebel cable wound into an infinite solenoid 

coil. These models are shown in Fig. 1. 

A straight Roebel cable has a periodic structure: a geometry 

shown in Fig. 2 appears repeatedly. When we built the models 

for Roebel coils, we basically used similar periodic structure. 

We extended the model for a straight Roebel cable to the model 

for the Roebel coil consisting of a curved Roebel cable. 

The central angle of the coil shown in Fig. 3 is defined as 

follows: 

 
 

 

A  

 
Fig. 1.  The shape of the coils: (a) Model I; (b) Model E; (c) Model M. 
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where y´ is the y-coordinate of point P´ in the original straight 

Roebel cable shown in Fig. 3(a), R is the radius of the coil 

measured from the center of the coil to the center line of the 

Roebel cable, ws is 2w1 + wg and wtg is the turn gap, respectively. 

When apply this model to one-turn circular closed-loop 

(Models I and E), we assume that ws + wtg is zero in (4)-(6). 

Using , we can derive the coordinates (x, y, z) of point P in the 

Roebel coil shown in Fig. 3(b) from the coordinates (x´, y´, z´) 

of straight Roebel cable shown in Fig. 3(a) as follows: 
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The angle  is introduced to represent the periodic structure in 

the coil. 
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where, lt is the transposition length of strand in Fig. 2, and ns is 

the number of strands. In Model M, we can express the periodic 

structure of Roebel coil by the points Pm shifted point P in the 

Roebel coils. These points’ coordinates are derived by using 

as follows: 
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where m is an integer. In the Models E and I, we have to change 

the expression of zm to 
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On the one-turn closed-loop, 2R is the multiple of lt. m is a 

positive integer in Model E or zero in Model I. The center line 

of the Roebel cable in Model M is given using the real number 

 as follows: 
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III. RESULTS AND DISCUSSION 

A. Specifications of Superconductors and Coils 

A strand of Roebel cable has zigzag shape as shown in Fig. 2. 

We assumed the parameters that define the shape of strands of 

the Roebel cable as follows: lt = 300 mm, lf  = w1 = 5 mm, w2 = 

6 mm, wg = 2 mm,  degrees, and h = 0.65 mm. The 

Roebel cables consisted of six strands, its critical current 

density Jc0, was 4.01010 A·m-2. The constant of ts, E0 and B0 in 

(1)-(3) were 1 μm, 10-4 V·m-1 and 50.010-3 T, respectively. 

The diameters of the Roebel coils were about 0.3 m, and the 

height of the Roebel coil in Model E was 450 mm. We changed 

the turn gap of the coils in Models E and M to study its 

influence on ac loss characteristics. 

B. Ac Loss in Strand of the Roebel Coil 

We calculated the ac loss in one turn of the Roebel cable for 

the three models. Before the calculations of ac loss, we 

determined the critical current Ic in all cases by following 

method: in our models, we applied current and ramped up 

gradually as we could ignore the effect of electromagnetic 

induction for all, and we determined Ic as the transport current 

when the electric field E reached E0. The reference Ic was 185 A, 

this calculation condition was the isolated strand of straight 

Roebel cable. The frequency of the coil current was 50 Hz, and 

the current load ratio It / Ic was 0.3 and 0.7, respectively. When 

we calculated ac loss, the models were sectioned into triangular 

meshes. The number of meshes of analysis region was equal for 

all cases, 32,160. On the other hand, the computing time was 

different in all cases, but for same current load ratio, the 

computing time was nearly equal; the average computing time 

was 29 and 144 hours when It / Ic was 0.3 and 0.7, respectively 

(used CPU is Intel® Xeon® W5590, 3.33GHz). 

The ac losses in the three models are compared in Fig. 4. First, 

comparing Model E with Model M, the ac losses in Model M, 

which simulates the middle of coils, are less than those in 

Model E, which simulates the ends of coils. This is because that 

 
Fig. 3.  The coordinates in the strand; (a) Roebel cable, (b) Roebel coil. 

 

 
Fig. 2.  Geometry of a strand in a Roebel cable and parameters that define 

the shape of strand. 
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the magnetic field produced by the coil current bends outward 

at the coil ends, and the magnetic field component normal to the 

wide face of coated conductor (normal magnetic field 

component) appears at the coil ends. 

Second, we look at the influence of turn gaps. Except the 

Model E at It / Ic = 0.3, with decreasing turn gap, the ac loss 

decreases. When turn gap is small, the normal magnetic field 

component at the edge is well canceled by the adjoining turns: 

the local distortion of magnetic field at turn gaps is small (the 

canceling effect). With smaller turn gap, the magnetic field 

generated by other turns becomes large because the number of 

turns of coil becomes large, in consequence, the generation of 

ac loss can be large (the other turns effect). In the results of the 

analysis, in Model E at It / Ic = 0.3 the normal magnetic field 

component increases remarkably with turn gap decreasing. 

From this results, we assume that the other turns effect is 

enhanced with decreasing turn gap in Model E at It / Ic = 0.3, 

but it does not change with decreasing turn gap in other cases; 

on the other hand, the canceling effect is enhanced with 

decreasing turn gap in all cases. For these reasons, in model E 

at It / Ic = 0.3, the ac loss generation with decreasing turn gap 

does not change because of the competition of the other turns 

effect and the canceling effect; and in other case, the ac loss 

decrease with decreasing turn gap because of the domination of 

the canceling effect. However, in infinite solenoid coils (Model 

M) with null turn gap, we extrapolate that the ac loss does not 

disappear from the result of analyses. It is because there is 

another gap between the strands (strand gap) in the Roebel 

cables, and it distorts the magnetic field locally as well. At the 

ends of a coil generating high magnetic field where the 

magnetic field bends outward to generate the normal magnetic 

field component, the above-mentioned effect of the turn gap 

and the strand gap is not conspicuous: the primary factor 

generating ac loss is not local magnetic field distortion, but the 

outward bend of the magnetic field in a coil. 

C. Ac Loss Density Distribution in the Strand of Roebel 

Coils 

The schematic figure of strands in Roebel cables in coils are 

shown in Fig. 5. In a coil, a strand adjoins with next turns of the 

Roebel cable. Figs 5(a-1) and (b-1) show strands in Model E. 

Figs 5(a-2) and (b-2) show strands in Model M.  

The distribution along the strand length of the ac loss density 

for one-cycle of coil current is shown in Fig. 6; the ac loss 

energy which is averaged over the width of the strand is plotted 

along the strand axis for the half transposition length from the 

left end to the center in Fig. 2. The ac loss density distributions 

and the current lines on strands in the straight section and in the 

transposition section are shown in Figs. 7 and 8, respectively. 

Figs. 7(a) and 8(a) are for the Model E, and Figs. 7(b) and 8(b) 

are for the Model M, respectively, when the turn gap is 0.5 mm. 

In each figure, the top shows ac loss energy distribution, and 

the bottom shows current lines. 

At first, we look at the straight section of the strand marked 

A and B in Fig. 5(a). In Model M, the ac losses at A and B are 

almost same as shown in Figs. 6(a) and 6(b), because the strand 

adjoins the next turns both at A and B, and the normal magnetic 

field components generated by the strand current and the 

current in the next turn are canceled each other. Meanwhile, In 

Model E, the strand adjoins the next turn only at B; the ac losses 

in A is larger than those in B as shown in Figs. 6(a) and 6(b). At 

B, the ac losses in Models M and  E agree with each other, 

apart from the case that the turn gap is 0.5 mm and It / Ic = 0.3 

as shown in Fig. 6(a). Ac loss generation concentrates at the 

 

 
Fig. 4.  Ac loss of the entire coil: (a) It / Ic = 0.3, (b) It / Ic = 0.7. 
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Fig. 5.  The adjoining with next turn in the coil: (a) is the case turn gap is 
5.0 mm, (b) is the case turn gap is 0.5 mm: (a-1) and (b-1) Model E, (a-2) and 

(b-2) Model M. 
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outer edge in Model E in Fig. 7(a), whereas it concentrates at 

the inner edge in Model M in Fig. 7(b), because the turn gap 

(0.5 mm) is smaller than the strand gap (2 mm). However, the 

generation of ac loss is much smaller at inner edge than at outer 

edge. From these results, we can assume that the wider gap is 

dominant for ac loss generation in Roebel coil, but the influence 

of the magnitude of ac loss generation at outer edge is superior 

to inner edge. 

Secondary, we look at the transposition section of other 

strands marked C in Fig. 5(b). Larger ac loss is generated there 

than in the straight sections in Figs. 6(a) and 6(b), apart from 

the case that the turn gap is 0.5 mm in Model M and It / Ic = 0.7. 

Because the thickness of the cable is smaller (only two strands) 

at the outer edge in transposition section of other strands, large 

ac loss generation is observed there in Fig. 7(a). Meanwhile, 

when the turn gap is 0.5 mm in Model M and It / Ic = 0.7, the ac 

loss is smaller at the transposition section of other strands as 

shown in Fig. 6(b). In this case, the turn gaps are smaller than 

the strand gap, and the strand gap is the primary reason for the 

distortion of magnetic field. As shown in Fig. 7(b), more 

current flows near the inner edge of the strand, and ac loss 

generation concentrates near the inner edge rather than the outer 

edge at the straight section. Ac loss density at the inner edge is 

even smaller at the transposition section of other strands in 

Fig. 7(b). 

At last, we look at the transposition section of the strand itself 

(D in Fig. 5(a)). Ac loss is very small there in all cases as shown 

in Figs. 6(a) and 6(b). This is because the strands locate inside 

of the Roebel cable where the normal magnetic field component 

is small. In Fig. 8, we can find quite different ac loss 

generations in Model M and Model E when the turn gap is 

0.5 mm and current load ratio is 0.3: in Model M (Fig. 8(b)), 

ac loss generations are concentrated at the transposition section. 

When the turn gap is 0.5 mm in Model M, because the strand 

gap is larger than the turn gap, the current concentrates at the 

inner edge of a strand. This current must naturally flow across 

the strand width at the transposition section as shown in the 

bottom of Fig. 8(b). This might be the cause of the concentrated 

ac loss generation at the transposition section. 

IV. SUMMARY 

We have developed a novel model for electromagnetic field 

analyses of the Roebel cables wound into coil configurations. 

We used a thin-strip approximation in the model and considered 

the three-dimensional shapes of coated-conductor strands in 

coils wound with Roebel cables. We applied this model to three 

coils wound with Roebel cables to study their ac loss 

characteristics. We focused on the position in a coil (the coil 

end and the middle of the coil) and the gap between turns. Ac 

loss is more sensitive on the turn gap in the middle of coils. The 

turn gap as well as the gap between strands in a Roebel cable 

influences the distribution in ac loss generation in Roebel cables 

wound into coil configurations, and the wider of the turn gap 

and the strand gap dominates for ac loss generation. 

 

Fig. 7.  The enlargement of the transposition section of other strands and is 

shown average ac loss density distribution for one cycle and current line at the 
peak of current, when the turn gap = 0.5 mm and It / Ic = 0.7. We show the 

other strands on ac loss density. (a) Model E, (b) Model M. 

 

 

Fig. 8.  The enlargement of the transposition section of the strand itself and 

this is shown average ac loss density distribution for one cycle and current line 

at the peak of the sine-wave current, when the turn gap = 0.5 mm, It / Ic = 0.3: 

(a) Model E, (b) Model M. 

 

  

 
Fig. 6.  Ac loss density distribution in longitudinal direction: (a) It / Ic = 0.3. 
(b) It / Ic = 0.7. 
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