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Abstract: As the utilization of DC systems increases worldwide, the importance of DC cutoff technol-
ogy is increasing. We proposed a hybrid DC cutoff technology combining an SFCL (superconducting
fault-current-limiter) and a mechanical DC circuit breaker. This model can perform a fault-current-
limiting operation through the quenching of the SFCL and a breaking operation through an artificial
cutoff zero point of a mechanical DC circuit breaker. In particular, the SFCL is responsible for the
growth of the initial fault current according to the DC characteristics. As the DC system’s supply
and demand increase, the DC system’s capacity also increases. Therefore, the fault-current-limiting
capability of the SFCL should be increased according to the increasing DC system breaking capacity.
The fault-current-limiting capability can be increased by increasing the superconducting wires used
in the SFCL. Current commercially available SFCLs use bifilar-helical-type and bifilar-spiral-type
winding methods. These have the disadvantage of increased volume with increased capacity. To
compensate for these disadvantages, we proposed a bifilar-meander-type winding method. In this
paper, a new bifilar-meander-type winding method was introduced. In addition, the structural and
electromagnetic parts of the existing winding method and the bifilar-meander-type winding method
were compared and analyzed for differences. The program used for this analysis is the electromag-
netic analysis Maxwell program. As a result, it was confirmed that the bifilar-meander-type winding
method is superior to the conventional bifilar-helical and bifilar-spiral types.

Keywords: superconducting fault-current-limiter; bifilar method; meander type; hybrid type; DC
circuit breaker; Maxwell program

1. Introduction
1.1. Background

The scope of the application of DC systems is expanding with the spread of renewable
energy and the increasing demand for digital loads [1]. Accordingly, the breaking capacity
of the line in the DC system increases, and the fault current generated in the transient state
also increases. We need a technology that can effectively cut off the rising fault current.
Currently, power semiconductors are used as a cutoff technology for DC systems [2–4].
The disadvantages of power semiconductors are that they are very vulnerable to the
heat generated in normal times and mechanical and electrical shocks. In addition, they
have difficulty in commercialization due to their high price. We are researching a cutoff
technology that can replace power semiconductors with the above disadvantages [5]. We
are working on a hybrid-type DC circuit breaker combining an SFCL (superconducting fault-
current-limiter) and a mechanical DC circuit breaker [6–10]. The SFCL can reduce the DC
initial fault current by quenching within 2 ms. In addition, since it exhibits superconducting
properties in the steady state of the line, no heat is generated. The downside is that the
superconductor has to bear all the power burden until the DC fault current disappears. The
mechanical DC circuit breaker has the advantage of being able to perform a stable cutoff
operation because it can create an artificial cutting-off zero point of the LC divergence
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oscillation circuit [11]. Disadvantages are that the cutoff operation is slow compared to
solid-state switches, and the opening operation is performed at high fault current levels,
which is very dangerous. Combining the SFCL and the mechanical DC circuit breaker
compensates for each other’s shortcomings [5,8–10].

1.2. Research Scope

This model can flexibly respond to the increasing capacity of the DC system with only
the SFCL. Therefore, a new idea was needed to improve the capacity of the SFCL. The SFCL
must have a cooling device, so the smaller and simpler the structure of the winding type,
the better the efficiency. However, the impedance should be low due to the effect of the
electric field generated between the wires of the SFCL. We propose a new winding method
of the meander method by applying the bifilar method. The bifilar method is a technique
of designing superconducting wires close to each other so that the current directions are
opposite by winding them in opposite directions [12–15]. It has a magnetic property in
which the magnetic field generated in each superconducting wire is oppositely generated and
canceled. The purpose of the new bifilar-meander method proposed by us is to use as many
superconducting wires as possible in a given space and to prevent a high increase in impedance
between superconducting wires. This new bifilar-meander method is an easy way to design
SFCL modules and can maximize space efficiency. To review this, the helical and spiral types
to which the existing bifilar method was applied were compared and analyzed [15–18].

Structural and electromagnetic analysis were sequentially performed in this paper
using Maxwell, an electromagnetic field analysis program. Structural analysis was modeled
based on the same volume, and the amount of superconducting wire used was compared
and analyzed according to the winding method of the superconducting wire. The electro-
magnetic analysis compared and analyzed the magnetic field between superconducting
wires generated by each winding method.

2. The Winding Types for the Modules of the Superconducting Fault-Current-Limiter

Various winding methods such as helical, spiral, and meander types have been pro-
posed for superconducting wires, and research on improved superconducting properties
and quench properties is still ongoing [16–19]. In this regard, a bifilar method (a winding
method in which two windings are designed in parallel and the current flow is reversed
to reduce the inductance generated between the wires) is applied so that a pure resistive
superconducting module can be designed. Compared to inductive superconducting mod-
ules, resistive superconducting modules can respond to the rapid growth of the DC fault
current through the quench phenomenon and can improve the current limiting rate by
increasing the amount of superconducting wire used. However, suppose the number of
superconducting wires increases, and a certain distance between the wires is not secured. In
that case, the superconducting wires are overheated due to heat dissipation energy during
quenching. Accordingly, a major failure may occur due to disconnection or a short circuit
of the superconducting wire. Therefore, the winding method and design of the supercon-
ducting wire in the cooling system are very important. In this paper, the differences in
the winding methods of each superconducting wire were compared through the Maxwell
program to manufacture a resistive superconducting module. The efficiency and generation
impedance of each winding method superconducting wire were compared and analyzed
through the standard box.

The helical method, called the solenoid coil, is designed by winding superconducting
wire around a cylindrical tube. This method has a disadvantage in that the volume of
the cooling system is larger than that of other winding methods because the wire rod is
wound around the cylinder’s axis. Figure 1a shows the design of one superconducting
wire. Figure 1b is a form in which two superconducting wires are designed applying the
bifilar method, and the direction of the current flowing through each wire is opposite.
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Figure 1. Cross sections of the helical-type winding method. (a) Original model; (b) Bifilar method.

Figure 2 is a spiral type, also called a pancake coil. Figure 2a is designed with one
superconducting wire from the outside. In Figure 2b, the bifilar method is applied to the
superconducting wire, and two wires with different current flows are designed side by side.
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Figure 2. Cross sections of the spiral-type winding method. (a) Original model; (b) Bifilar method.

Figure 3 shows a superconducting wire’s winding cross-section using the meander
method. In Figure 3a, superconducting wires are designed according to our proposed
meander type, and although they are designed as a single structure, two wires with
different current flows are designed side by side. Figure 3b is an improved meander-type
model in Figure 3a by adding one more wire, and it has the advantage of minimizing the
impedance generated in the superconducting wire.
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3. Winding Sequence of Bifilar-Meander Type

Figure 4 is an SFCL module design model applying the new winding method of
the bifilar-meander type. Figure 4a–d proposes a new winding method design sequence.
Figure 5 is a picture explaining the winding sequence of Figure 4a,b in detail. Figure 6
shows the winding sequence of Figure 4c,d. The winding sequence of the superconducting
wire starts from the ‘Start’ position, and as seen in Figure 5, the superconducting wire is
wound from 1©. First, it is wound to the outermost point on the left column and then to
the innermost point on the right column and goes up. Afterward, through Figure 6, it is
possible to confirm the turning point where the 1© winding is changed to the 2© winding.
The radius of the column, which is the turning point of the left and right sides, was designed
to be about 10 mm, which means that the bending characteristics of the superconducting
wire can be maintained as much as possible [20–23]. The winding of No. 2© proceeds in
the opposite direction to the winding of No. 1©; it is wound to the outermost point on the
right column and the innermost point on the left column and goes down. Figure 5 shows
the position where 2© winding is switched to 3© winding. The winding of No. 3© proceeds
according to the flow charts in Figures 5 and 6. Through Figure 6, it is possible to check
the position of switching between winding 3© and winding 4©. It can be confirmed that
winding No. 4© reaches the ‘End’ position through Figure 5. Figures 5 and 6 confirm the
winding sequence of the superconducting wire. Through Figures 5 and 6, it is possible
to check the direction of each superconducting wire. It can be confirmed that the bifilar
method is applied because the flow of the currents proceed in the opposite direction to
each other.

Figure 7 confirms that about 18 layers can be designed based on the standard box
(300 × 300 × 300) of the superconducting cold current module simulation model proposed
in this paper. The total length of the superconducting wires used in 1 layer was about 25 m,
and the total length of the superconducting wires used in 18 layers was about 450 m.
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4. Maxwell Structural Comparative Analysis of Bifilar-Meander Type
4.1. Winding Method of Superconducting Wire Rod

The superconducting cryogenic vessels are designed as double-walled structures using
a vacuum layer that prevents heat ingress by conduction or convection. The cryogenic
vessels containing the superconducting module are bulky for the above reasons. Therefore,
if the volume of the cryogenic vessel is reduced with a spatially optimized design method,
the amount of superconducting wire may be increased. In this paper, we intend to verify
the spatial efficiency of the superconducting winding method through Maxwell’s modeling.
The winding methods modeled through the Maxwell program are helical, spiral, and
meander. This paper designed the bifilar method by applying the three-windings method.

The helical type, also called a solenoid coil, is a design method by winding a super-
conducting wire around a cylindrical tube. In this method, the volume of the bobbin is
inevitably increased because the wire rod is wound around the cylinder’s axis. Figure 8
is a winding configuration diagram of a superconducting wire to which a helical type
is applied.
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Figure 8a shows the state in which one superconducting wire is designed. Figure 8b
shows a form in which two superconducting wires are designed using the bifilar method,
and the direction of the current flowing through each wire is opposite.
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Figure 9 shows the spiral type, also called the pancake coil. Figure 9a is designed with
one superconducting wire from the outside. In Figure 9b, the bifilar method is applied to
the superconducting wire, and two wires with different current flows are designed side
by side.
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Figure 9. Superconducting module modeling with the bifilar-spiral type: (a) overall, (b) top view,
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Figure 10 is a winding configuration diagram of a superconducting wire to which the
meander method is applied. In Figure 10a, a superconducting wire is designed according
to the winding method of the meander type proposed by us, and although it is designed
as a single structure, two wires with different current flows are designed side by side.
Figure 10b is a model of the improved meander method in which one more wire rod is
added in Figure 10a, and it has the advantage of minimizing the impedance generated in
the wire rod more.
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4.2. Design of the Simulation Model

To compare the helical, spiral, and meander types, the standard box to which the
reference volume was applied was designed to be 300-300-300 (x-y-z). The superconducting
wire used for this simulation modeling had a width of about 4.1 mm and a thickness of
about 0.086 mm. The bobbin supporting the superconducting wire was designed based
on about 10 mm, and the material was designed with Bakelite. The bending degree of
the superconducting wire rod in the spiral and meander methods was designed to have a
minimum diameter of about 10 mm [20,21]. We designed a model for each winding method
through the Maxwell program and compared the amount of superconducting wire used
according to the same volume (standard box). In addition, since the bifilar method was
applied to the model of each winding type, the value of the impedance generated from the
wire was also confirmed.

Figure 8 is a helical-type superconducting module according to the bifilar method
applied. Figure 8a shows a helical-type superconducting module in the standard box.
Figure 8b is a view from the top. The pitch value between superconducting wires is about
8 mm, and the total turns are 37. Figure 8c is a view from the side: the outer diameter
of the bobbin is about 144 mm, and the inner diameter is about 134 mm. Figure 8d is an
enlarged view of the wire rod of the superconducting module to which the bifilar method is
applied. The distance between the superconducting wires (applied with the bifilar method)
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is designed to be about 0.1 mm, which is a distance considering the thickness of the Kapton
tape (about 0.05 mm) surrounding each superconducting wire.

Figure 9 shows a spiral-type superconducting module to which the bifilar method
is applied. Figure 9a shows a spiral-type superconducting module in the standard box.
A bobbin is visible at the bottom of the superconducting wire, and the bobbin size is
300-300-10 (x-y-z). Figure 9b is a view from the top, designed in the shape of a pancake
on the bobbin, and the distance between the superconducting wires was about 13 mm.
Since the height of the bobbin in the helical type was about 10 mm, the height of the
bobbin was designed to be about 10 mm in the spiral type. Therefore, the thickness of the
superconducting wire and Kapton tape is included in the 3 mm free space, and the rest
is the free space. The superconducting wire was wound a total of 10 times. Figure 9c is
a side view, and the spiral-type model is located at the bottom of the standard box. The
total height applied to the bobbin height and the superconducting wire’s height is about
14.1 mm. Figure 9d is an enlarged view of the wire rod of the superconducting module to
which the bifilar method is applied. The distance between the superconducting wire and
the superconducting wire is the same as the value of the helical bifilar method.

Figure 10 shows a meander-type superconducting module to which the bifilar method
is applied. Figure 10a shows a meander-type superconducting module in the standard box.
A bobbin is visible at the bottom of the superconducting wire. The bobbin is the same as
the spiral model, and the size is 300-300-10 (x-y-z). Figure 10b is a view from the top, and
it is designed with the winding method we proposed. When the superconducting wire is
wound in the x-y axis direction, it is supported by the bobbin and wound. Therefore, it was
necessary to set the support height to about 1 to 2 mm in the same way as the spiral model.
The turning point where the superconducting wire is wound is located at 11 on each side,
and it is designed with a minimum diameter of 10 mm. In addition, the passage through
which the superconducting wire passes is about 0.5 mm, which is a free space considering
the superconducting wire (0.086 mm) and Kapton tape. The superconducting wire is gone
from the lower part to the upper part by winding both turning points alternately, and it
is designed to be able to reciprocate twice. Figure 10c is a view from the side, and the
meander-type model is located at the bottom of the standard box. The total height was
applied with the bobbin height, and the superconducting wire’s height is about 14.1 mm,
the same as the spiral model. Figure 10d is an enlarged picture of the wire rod of the
superconducting module to which the bifilar method is applied. In this module, one
superconducting wire goes through the entire section.

4.3. Results of the Simulation Model

The volume of each winding was compared through the Maxwell program. First, the
total length of the superconducting wire used in one helical superconducting module was
about 25.17 m. It was a module to which the diameter and circumference of the super-
conducting module and the bifilar method were applied. Second, the total length of the
superconducting wire used in one bifilar-spiral superconducting module was about 0.89 m.
In the bifilar-spiral type, the circle’s radius decreases as it goes inside the circle, so the
amount of superconducting wire used is significantly reduced compared to the helical type.
Third, the total length of the superconducting wire used in our proposed bifilar-meander su-
perconducting module was about 25.17 m. This method used superconducting wire about
28 times more than the bifilar-spiral type and 2.6 times less than the bifilar-helical type.

Figure 11 is a picture implemented as a simulation model when all superconducting
modules of each type are designed in the standard box. Figure 11a is a bifilar-helical super-
conducting module, and a total of seven extra superconducting modules were additionally
designed inside the free space. However, it was not possible to apply modules of the
same size, and it was designed by gradually reducing the diameter of the module. As
a result of designing all superconducting modules, the total length of superconducting
wires was about 153.55 m. Figure 11b is a bifilar-spiral superconducting module, and
17 modules were additionally designed from the existing modules. Unlike the bifilar-helical
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model, a model with the same conditions as the superconducting module for the existing
bifilar-spiral type was added. The superconducting wire length used in the module was
about 16.12 m. Figure 11c is a bifilar-meander superconducting module, and 17 modules
were added to the existing modules. The superconducting wire length used in the module
was about 453.04 m. The bifilar-helical type was the best for the amount of superconducting
wire used in the one-layer module, but it was confirmed that the usable space was limited
when it was designed as a multi-layer module. The advantage of the bifilar-meander-type
winding method proposed in this paper is that it can significantly increase the amount of
superconducting wire used when it is manufactured as a multi-layer module rather than a
one-layer module.
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5. Maxwell Electromagnetic Comparative Analysis of Bifilar-Meander Type

Figure 12 shows the magnetic field distribution of the SFCL module using the bifilar-
helical method. Figure 12a shows the magnetic field distribution of the bifilar-helical-
type SFCL module, and a red line indicates the magnetic field measurement part of the
superconducting wire. Figure 12b shows the graph of the strength of the magnetic field
appearing on the red line in Figure 12a. Figure 12c shows the data confirmed through the
distribution map of the magnetic field generated from some superconducting wires. As a
result, the total length of the superconducting wire wound around the bifilar-helical-type
SFCL module was 25.17 m. In addition, it was confirmed that the intensity of the magnetic
field generated from each superconducting wire material occurred up to about 136.1 A/m,
and the average was about 80.6 A/m. As the strength of the magnetic field increases,
impedance is generated in the surrounding superconducting wire, adversely affecting it.

Figure 13 shows the magnetic field distribution of the SFCL module using the bifilar-
spiral method. Figure 13a is the magnetic field distribution map of the bifilar-spiral-type
SFCL module, and the magnetic field measurement part is also marked with a red line.
Figure 13b shows the graph of the strength of the magnetic field appearing on the red line
in Figure 13a. Figure 13c shows the distribution of magnetic fields generated from some
superconducting wires. As a result, the total length of the superconducting wire wound
around the bifilar-spiral-type SFCL module was about 0.89 m. In addition, it was confirmed
that the intensity of the magnetic field generated from each superconducting wire material
occurred up to about 125.6 A/m, and the average was about 64.4 A/m.
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Figure 14 shows the magnetic field distribution of the SFCL module using the bifilar-
meander method. Figure 14a is the magnetic field distribution map of the bifilar-meander-
type SFCL module, and the magnetic field measurement part is also marked with a red line.
Figure 14b shows a graph of the strength of the magnetic field appearing on the red line
in Figure 14a. Figure 14c shows the distribution of magnetic fields generated from some
superconducting wires. As a result, the total length of the superconducting wire wound
around the bifilar-meander-type SFCL module was about 25.17 m. In addition, the intensity
of the magnetic field generated in each superconducting wire was up to about 81.7 A/m,
and the average was about 68.3 A/m.
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Table 1 summarizes the usage per volume and the strength of the magnetic field for
each superconducting wire winding.
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Table 1. Superconducting wire usage and force of the magnetic field strength according to each
winding method.

Winding Type Bifilar-Helical Type Bifilar-Spiral Type Bifilar-Meander Type

Single
Module 1 layer 1 layer 1 layer

Available
windings about 25.17 m about 0.89 m about 25.17 m

The magnetic field strength
of a superconducting wire

(Max.) about 136.1 A/m
(Av.) about 80.6 A/m

(Max.) about 125.6 A/m
(Av.) about 64.4 A/m

(Max.) about 81.7 A/m
(Av.) about 68.3 A/m

Multi

Available
modules 8 layers 18 layers 18 layers

Available
windings about 153.55 m about 16.02 m about 453.06 m

6. Review

The simulation results are summarized as follows.
In this paper, the standard box was set as a standard to compare the design structures

of three bifilar winding methods (helical, spiral, and meander methods). Moreover, through
Figures 8–10, one module was designed based on the standard box, and the result is shown
in Figure 11. The maximum number of modules that can be manufactured based on the
standard box was 8, 18, and 18 layers, respectively, in the order of helical, spiral, and
meander. Since the helical type has a cylindrical structure, its extensibility was lower than
the spiral type and meander type in terms of volume. Therefore, it was confirmed that the
spiral and meander types are suitable for many layer structures.

Figures 12–14 compare the total length of the superconducting wire used in one
module and the magnetic field generated from the superconducting wire.

First, the figures show comparative data on the amount of superconducting wire used.
The total lengths of the superconducting wires wound in the simulation module produced
in Figures 8 and 10 were approximately 25.17, 0.89, and 25.17 m, respectively, in the order
of helical, spiral, and meander. Since the spiral type is manufactured by winding in the
form of a pancake, the amount of superconducting wire used is reduced by about 28 times
compared to the helical and meander types. Therefore, it was confirmed that the helical
and meander types are structures that can use many superconducting wires.

Second, the figures show magnetic field comparison data generated from supercon-
ducting wires.

The maximum magnetic field strength values for each type identified in Figures 12–14
were about 136.1, 125.6, and 81.7 A/m in the order of helical, spiral, and meander. Further-
more, each type’s average magnetic field strength value was about 80.6, 64.4, and 68.3 A/m.
In the helical type, both the maximum and average values of the magnetic field strength
were higher than the other types. In the spiral type, the magnetic field intensity was about
43.9 A/m higher than the meander type at the maximum value. In the meander type, the
magnetic field intensity was the lowest at the maximum value, about 81.7 A/m, compared
to other types.

7. Conclusions

Superconducting DC cutoff technology, which combines the SFCL and a mechanical
DC circuit breaker, is a method to solve fault currents based on DC characteristics. The
fault current that occurs in the transient state of the DC system is very dangerous because
of its fast growth rate and that it has no cutoff zero point. Nonetheless, supply and demand
for DC have soared, increasing the breaking capacity of DC systems. We studied a winding
method of the SFCL that quickly current-limits the initial fault current according to the
increasing DC breaking capacity. In the existing winding method, a helical type and a
spiral type were widely used. However, in order to current-limit the DC fault current
that increases with this winding method, the number of superconducting wires used
must be increased. As a result, the volume of equipment of the SFCL increases, making
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commercialization difficult. In this paper, we proposed a bifilar-meander-type winding
method for superconducting winding. By applying the bifilar method, inductance can be
reduced and the effect of increasing or decreasing the volume can be reduced under the
condition of increasing the number of superconducting wires used. Therefore, using the
Maxwell program, the bifilar-meander-type winding method was divided into structural
and electromagnetic parts for comparative analysis. First, the existing bifilar-helical type,
bifilar-spiral type, and bifilar-meander type were modeled and compared based on the
standard box. Second, the inductance generated between superconducting wires under the
same conditions was compared and analyzed for each model of each winding method.

The results can be summarized as follows:

1. The winding methods suitable for the modular structure of the SFCL are the spiral
type and meander type.

2. Helical and meander types are optimal for increasing the superconducting wire used
in the SFCL.

3. Based on the simulation results, the magnetic field intensity generated from the
superconducting wires of the SFCL was the lowest in the meander type. It occurred
evenly from all superconducting wires.

The bifilar-meander winding method proposed in this paper is a new idea that can
increase the number of superconducting wires and generate a lower magnetic field strength
than the existing winding method. Based on this idea, we plan to conduct experimental
research that can prove the simulation result data by producing a prototype.
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