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A superconducting strand, fabricated by weaving 3, 5, 7, or more transposed rare-earth barium copper oxide (REBCO)
high-temperature superconducting (HTS) tapes, is proposed to enhance the critical current and achieve uniform distributions
of operating current in each REBCO tape. This design allows all the HTS tapes to quench simultaneously, thereby increasing
the critical current compared to a strand simply stacked with HTS tapes and improving HTS tape utilization. Additionally,
the transposition strategy can be used to manufacture strands woven with more REBCO tapes for high-current applications
such as power transmission. Experimental results demonstrate that strands woven with HTS tapes can enhance the critical
current in comparison with strands simply stacked and Roebel cables. Furthermore, a finite element model (FEM) based
on the H-formulation has been established to show the operating current distribution.

Keywords: multiple transposed HTS tapes, H-formulation, critical current, HTS tape utilization (βi), normal-
ized operating current
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1. Introduction
Previous studies have extensively investigated the rela-

tionships between economic growth, environmental degrada-
tion, and energy consumption. It is well established that sig-
nificant energy is required to sustain these developments.[1,2]

Nuclear fusion is a promising approach for developing sus-
tainable energy sources. However, the fundamental challenge
is to generate a high magnetic field capable of shaping and sus-
taining high-temperature plasma inside the tokamak vessel.[3]

Traditional electric power transmission and other applications
can result in significant energy losses.[4]

Therefore, the adoption of superconducting technology is
essential to satisfy the demands of generating high magnetic
fields while minimizing energy losses. Second-generation
(2G) high-temperature superconducting (HTS) materials, such
as rare-earth barium copper oxide (REBCO) tapes, exhibit im-
proved mechanical properties and higher current-carrying ca-
pacities than those of conventional conductors.[5–11]

Several approaches have been developed to fabricate
HTS strands, including twisted stacked strands,[12] conduc-
tors on round core (CORC) strands,[12–14] round twisted
stacked conductors,[15–17] HTS strand-in-conduit conductors
(CICC),[18,19] X-cables,[20,21] and Roebel strands.[22] In par-
ticular, the Roebel strand design enables the full transposition
of HTS tapes, thereby facilitating current distribution across
the tapes, which in turn enhances the overall performance.

This includes an evenly distributed operating current, a re-
duction in the magnetic flux density, and an improvement
in the efficiency of the tapes. Previous research has consid-
ered the number of HTS tapes, transposition length, twist pat-
tern, tape width, bending radius, and thickness of the Roebel
strand.[23–29] In a typical Roebel design, HTS tapes are cut
into trapezoidal shapes and assembled into strands. This pro-
cess results in notable wastage of HTS material. In addition,
a similar structure to the Roebel cable, the X-cable, requires
in-plane bending to achieve transposition. The punching pro-
cess of Roebel cables or local in-plane bending in X-cables
may induce microstructural modifications in the HTS tapes,
potentially leading to local critical current degradation.[21,30]

This paper presents a method for making HTS strands
that employs a weaving technique. Unlike conventional ap-
proaches, this method eliminates cutting HTS tapes and mini-
mizes in-plane and out-of-plane bending deformation. Mean-
while, the HTS tapes undergo complete transposition, exhibit-
ing spatial transposition symmetry that ensures a uniform cur-
rent distribution across each tape. Consequently, it is expected
that all the tapes will reach the critical state simultaneously.
An optimized tape arrangement reduces magnetic flux den-
sity and increases critical current compared to simply stacked
strands. Experimental results demonstrate that woven HTS
strands exhibit superior current-carrying capacity relative to
both simply stacked strands and Roebel cables. Furthermore,
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this technique can be extended to manufacture strands woven
with more REBCO tapes for high-current applications, partic-
ularly in power transmission systems.

2. Structure and parameters
Figures 1–3 illustrate the process of manufacturing the

HTS strands woven using 3, 5, and 7 REBCO tapes. The trans-
position strategy can be used to manufacture strands woven

with N (N ≥ 3) REBCO tapes.

As shown in Fig. 1, the transposition strategy employed
in the HTS strand is as follows: the sequence (1,2,3) →
(1,3,2) → (3,1,2) → (3,2,1) → (2,3,1) → (2,1,3) →
(1,2,3)→ ·· · is defined as the transposition cycle in a strand
woven with 3 REBCO tapes. The distance along the strand
between step 1 and step 9 can be defined as the transposition
length.

Fig. 1. Manufacturing process of the HTS strand woven with 3 REBCO tapes.

Fig. 2. Manufacturing process of the HTS strand woven with 5 REBCO tapes.
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Fig. 3. Manufacturing process of the HTS strand woven with 7 REBCO tapes.

As shown in Fig. 2, the transposition strategy em-
ployed in the HTS strand is as follows: the se-
quence of transformations is (1,2,3,4,5) → (1,2,5,3,4) →
(2,5,1,3,4)→ (2,5,4,1,3)→ (5,4,2,1,3)→ (5,4,3,2,1)→
(4,3,5,2,1)→ (4,3,1,5,2)→ (3,1,4,5,2)→ (3,1,2,4,5)→
(1,2,3,4,5) · · · . This sequence defines the transposition cycle
for a strand woven with 5 REBCO tapes. The distance along
the strand between step 1 and step 11 can be defined as the
transposition length. By adjusting the transposition length,
both in-plane and out-of-plane bending of the tapes can be
minimized or prevented.

As shown in Fig. 3, the transposition strategy employed
in the HTS strand is as follows: the sequence of numbers
is (1,2,3,4,5,6,7)→ (2,3,4,1,5,6,7)→ (2,3,4,7,1,5,6)→
(3,4,7,2,1,5,6) → (3,4,7,6,2,1,5) → (4,7,6,3,2,1,5) →
(4,7,6,5,3,2,1) → (7,6,5,4,3,2,1) → (7,6,5,1,4,3,2) →
(6,5,1,7,4,3,2) → (6,5,1,2,7,4,3) → (5,1,2,6,7,4,3) →
(5,1,2,3,6,7,4) → (1,2,3,5,6,7,4) → (1,2,3,4,5,6,7) →
·· · . This sequence defines the transposition cycle for a strand
woven with 7 REBCO tapes. The distance along the strand
between step 1 and step 15 can be defined as the transposi-
tion length of the strand woven with seven REBCO tapes. It is
evident that adjustment of the transposition length enables the
minimization or elimination of both in-plane and out-of-plane
tape bending.

Table 1. Main parameters of the REBCO tape.

Geometrical parameters Items Values

Width REBCO tape 2 mm
Thickness Silver layer 3 µm
Thickness Copper layer 18 µm
Thickness Substrate layer 50 µm
Thickness REBCO tape 90 µm
Thickness REBCO layer 1 µm

Mass density REBCO 6.38 g/cm3@300 K
Young’s modulus (E) REBCO 97 MPa@77 K

Poisson’s ratio (ν) REBCO 0.3
Critical current Single REBCO tape 80 A@77 K

Table 1 lists the geometrical parameters of the REBCO
tape provided by Shanghai Superconductor Technology Co.,
Ltd. The measured critical current of a single tape is 80 A,
and the n index is 20.

3. FEM model and experimental schematic
3.1. FEM model

In this study, the H-formulation is used to develop a finite
element model (FEM) for the simulation.

The governing equation (5) is as follows:[31]

∇× (ρ(Jnorm)∇×𝐻) =−µ0µr∂𝐻

∂ t
. (1)

In the simulation, the relative permeability (µr) is set to 1.
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The vacuum permeability (µ0) is a fundamental constant of
4π×10−7 (N/A2).

The electrical characteristics of a superconducting mate-
rial can be described by the E–J curve, and the equivalent
electrical resistivity can be expressed as follows, given that
E0 = 1 µV/cm and n = 20

ρ(Jnorm) =
E0

Jc(𝐵)
·
(

Jnorm

Jc(𝐵)

)n−1

, (2)

Jc(𝐵) = Jc0

(
1+

1
B0

√
k2B2

‖+B2
⊥

)−α

, (3)

where k = 0.25, α = 0.6, and B0 = 0.02 T.[32]

The boundary condition in the cross section of the HTS
tape in the FEM model is calculated using the following for-
mula:

I =
∫∫

𝐽 · d𝑆, (4)

where αi is the normalized operating current, and i takes a
value from 1 to n, where n denotes the number of HTS tapes
in the strand. For each tape, Ii represents the current in use,
whereas Itot is the operating current in the strand.

αi =
Ii

Itot
, (5)

where βi is used to evaluate the utilization of the HTS tapes.
Ic0 is the critical current for individual HTS tapes in the ab-
sence of an external magnetic field.

βi =
Itot

nIc0
. (6)

3.2. Experimental schematic

The E–J characteristics of the HTS strands were mea-
sured using a conventional four-probe testing method, with a
criterion of 1 µV/cm.

Figure 4 shows a schematic diagram of the experimental
setup.

Fig. 4. Schematic diagram of the experimental measurement setup.

4. Result and discussion
4.1. Results of the strand stacked with 3, 5, and 7 HTS

tapes

As shown in Fig. 5, the experimental E–I curves for
strands stacked with 3, 5, and 7 HTS tapes exhibit critical cur-
rents of 156 A, 271 A, and 364 A, respectively. These values
align closely with the simulated results (152 A, 275 A, and
371 A).

Figure 6 shows the magnetic flux density distribution in
a strand stacked with 5 HTS tapes. The black arrows indicate
the direction of the magnetic flux. Within the strand, the an-
tiparallel B-field components cancel each other out, reducing
the net magnetic flux density and current. The magnetic flux
is primarily concentrated at the edges of the strand, indicating
that the operating current flows mainly along the periphery.
This indicates that the HTS tapes in the central region are un-
derutilized, as illustrated in Fig. 7.

The operating current is primarily distributed in Tapes 1
and 5, with a comparatively lower current distribution in Tapes
2, 3, and 4, as shown in Fig. 7. Notably, Tape 3 exhibits the
lowest utilization rate. As the operating current in Tapes 1 and
5 approaches their critical currents, the entire strand composed
of 5 stacked HTS tapes will quench. However, Tapes 2, 3, and
4 remain below their critical currents. This uneven current dis-
tribution explains why the critical current of the strand woven
with 5 HTS tapes is higher than that of the strand composed of
5 stacked HTS tapes.
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Fig. 5. The electric field intensity as a function of current in the HTS
strands stacked with 3, 5, and 7 HTS tapes measured by experiments.

Fig. 6. Magnetic flux density distribution in the strand stacked with 5
HTS tapes at an operating current of 275 A.
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Fig. 7. Normalized operating current in the strand stacked with 5 HTS tapes.
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Fig. 8. Distribution of the normalized operating current in the strand
stacked with 7 HTS tapes.

As shown in Fig. 8, the operating current is primarily dis-
tributed in Tapes 1 and 7, with a comparatively lower current
distribution in Tapes 2 and 6. Notably, Tapes 3, 4, and 5 exhib-
ited the lowest utilization rate. Furthermore, as the operating
current in Tapes 1 and 7 approaches the critical current, the
entire strand composed of 7 stacked HTS tapes will quench.
However, Tapes 2, 3, 4, 5, and 6 remain below their criti-
cal currents. As a result of this uneven current distribution,
a strand woven with 7 HTS tapes exhibits a higher critical cur-
rent than a strand composed of 7 stacked HTS tapes.

4.2. Results of the strand woven with 3, 5, and 7 trans-
posed HTS tapes

Figure 9 shows the measured E–I curves of HTS strands
woven with 3, 5, and 7 transposed HTS tapes, and the criti-
cal currents are 190 A, 324 A, and 441 A, respectively. The
simulated values are 181 A, 323 A, and 431 A, respectively.

Figure 10 illustrates the magnetic flux density distribution
in the strand woven with 5 transposed HTS tapes obtained by
simulation. Owing to the full and periodic transposition of the
HTS tapes, each tape in the strand plays an equal role in car-
rying the operating current. As a result, the operating current
is uniformly distributed across all tapes, allowing for the most
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Fig. 9. The E–I curves of the HTS strands woven with 3, 5, and 7 trans-
posed HTS tapes measured experimentally.
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Fig. 10. Magnetic flux density in the strand woven with 5 transposed HTS
tapes at an operating current of 323 A.
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Fig. 11. Distribution of the normalized operating current in the strand
woven with 5 transposed HTS tapes.
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Fig. 12. Normalized operating current in the seven tapes of the strand
woven with 7 transposed HTS tapes.
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Figures 11 and 12 show the distribution of the normalized
operating current in strands woven with 5 and 7 transposed
HTS tapes, respectively. The operating current is distributed
uniformly across all tapes owing to the fully periodic geomet-
ric structure of the strands. This uniform distribution means
that all tapes in both the 5- and 7-tape strands will reach the
critical state simultaneously, thus improving HTS tape utiliza-
tion.

4.3. Comparison between strands woven and stacked with
3, 5, and 7 HTS tapes

Table 2 shows the experimental and simulated critical
currents, magnetic flux density, and utilization factor (βi) of
the HTS tapes for the studied strands. The HTS strands wo-
ven with transposed HTS tapes improve HTS tape utilization,
thereby increasing the critical current compared to strands
simply stacked with HTS tapes.

Table 2. Comparison between the strands stacked and weaved by HTS tapes.

XXXXXXXXItems
Strands Stacked with Stacked with Stacked with Weaved by Weaved by Weaved by Roebel

3 HTS tapes 5 HTS tapes 7 HTS tapes 3 HTS tapes 5 HTS tapes 7 HTS tapes cable

The measured Ic 156 271 364 190 324 441 –
The simulated Ic 152 275 371 181 323 431

Magnetic flux density (T ) 0.086 0.097 0.123 0.084 0.134 0.140
The measured βi 65.0% 67.8% 65.0% 79.2% 81.0% 78.8% 53.0%–69.0%[24,30]

The simulated βi 63.3% 68.8% 66.3% 75.4% 80.8% 77.0% –

5. Conclusion
Based on the results and discussion, it can be concluded

that due to the full transposition of HTS tapes, the operating
current is uniformly distributed in each HTS tape, leading to
a balanced magnetic flux density and improved tape utiliza-
tion factor (βi) and critical current. These results demonstrate
that the woven strands exhibit superior performance in high-
current applications such as power transmission.
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