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Abstract: Bypassing transient current through copper (Cu) stabilizer layers reduces heat generation
and temperature rise of high-temperature superconducting (HTS) conductors, which could protect
HTS cables from burning out during transient conditions. The Cu layer connected in parallel with
HTS tape layers impacts current distribution among layers and variations of phase resistance in
either steady-state or transient conditions. Modeling the multilayer HTS power cable is important
for transient studies. However, existing models of HTS power cables have only proposed HTS
cables without the use of a Cu-former layer. To overcome this problem, the authors proposed a
multilayer HTS power cable model that used a Cu-former layer in each phase for transient study.
It was observed that resistance of the HTS conductor increased significantly in the transient state due
to a quenching phenomenon, which made the transient current mainly flow into the Cu-former layers.
Since resistance of the Cu-former layer has a significant impact on the transient current, detailed
modeling of the Cu-former layer is described in this study. The feasibility of the developed HTS cable
model is evaluated in the PSCAD/EMTDC program.

Keywords: high-temperature superconducting (HTS) cable; coaxial multilayer HTS cable; HTS cable
with Cu-former layer; simplified HTS cable model

1. Introduction

High-temperature superconducting (HTS) power cables are suitable for high-load areas such
as dense urban districts of large cities, where construction of additional substations could be
cost-prohibitive [1-4]. HTS power cables could transfer a considerable amount of power compared to
traditional low-capacity cables. In addition, in dense urban areas, substations could reach capacity
limits and require redundant transformer capacities to improve system reliability. HTS cables could tie
these existing stations to improve grid power transmission and avoid upgrading costly transformers
and construction costs [5].

Various configuration of HTS power cables have been reported, such as single-core cable, triaxial
cable, and coaxial cable [4]. Among these configurations, coaxial HTS cables have been studied widely
recently, since this configuration can reduce AC loss by designing proper parameters such as radius,
direction, and twisting pitch [6,7]. Multiple layers of HTS tapes are used to enhance cable capacity.
Unlike traditional power cables, resistance and temperature of HTS power cables are significantly
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varied by fault current, which leads to an increase in a large amount of thermal energy [8]. In severe
conditions, HTS cables could be damaged or degraded [9]. Thus, HTS tape layers are connected
in parallel with the Cu-former layer to reduce heat generation and temperature rise during fault
conditions. A part of the large fault current flows into the Cu-former layers, which could protect the
HTS conductor from burning out [10-13].

Modeling the HTS power cable plays an important role in improving cable design and performance.
Numerical models, which are able to simulate electromagnetic and thermal behaviors [14], have become
indispensable in predicting cable performance and improving their design. Either finite element analysis
(FEA) or finite-difference time-domain (FDTD) analysis of numerical models provides a valuable
resource, as they remove multiple instances of creation and testing of hard prototypes for various
high-fidelity situations. Various tools based on FEA and FDTD could be used for numerical models
of HTS cables, such as MATLAB [15,16], ANSYS [17,18], COMSOL [19,20], etc. For time-dependent
simulations such as fault analyses in the power system with HTS cables, the main limitation of
numerical models based on FEM or FDTD is the computational burden. A simplified model of HTS
cables should be developed for such analysis in power system studies.

Various simplified, time-dependent models of HTS cables have been proposed recently. Since
analysis of AC loss in the steady-state condition is essential, an HTS cable model for steady-state
analysis was proposed in [21], in which the resistance of this HTS cable in the steady-state condition
was calculated based on an additional experimental measurement. Variation of HTS cable resistance
during the transient condition could have negative impacts on the design of the protection system [22].
Thus, modelling the HTS power cable plays an important role in evaluating the HTS cable’s impact on
the protection system. Various models of HTSs cable have been proposed recently. In [23], modelling
of an HTS power cable in power system computer-aided design/electromagnetic transients including
direct current (PSCAD/EMTDC) was presented. This HTS cable model was developed based on cable
models from the master library. The quench phenomenon was simulated by a variable resistor that
was connected in series with the library cable model. The advantage of using the library model is its
ability to model current distribution and surge effect of cable layers. The maximum layer number in
the library model was eight, which was one of the limitations of this model. Real HTS cables should
be simplified as an equivalent cable with eight layers if the number of real HTS layers exceeds eight.
Simplified HTS cable models, which only simulate the conducting and shield layers, were proposed
in [24-28]. The quench phenomenon was modeled by variable resistors while current distribution of
the HTS cable was simulated by self and mutual inductance based on the transformer section in the
PSCAD/EMTDC program. Internal temperature change of each layer was also modeled to evaluate
the impact of temperature on the resistance of the HTS cable. However, in the case of the multilayer
HTS cable, these models are complicated because the temperature of each layer needs to be modeled
individually. In addition, impact of the Cu-former on current distribution of each layer was not
considered in these models.

Although various HTS cable models have been presented recently, modeling of HTS cables with
Cu-former layers has not been studied. In multilayer HTS power cables, each phase could consist of
multiple layers, including the Cu-former layer. The equivalent impedance of each phase is dependent
on current distribution among layers. Thus, modeling HTS power cables considering the effect of
the Cu-former layer is important for the transient study. Existing approaches to model multilayer
HTS power cables are complicated. Thus, this study proposes a straightforward approach to model a
multilayer HTS power cable with Cu-former layers in each phase. The temperature rise of the HTS
cable causes increases in the resistance of the HTS tape and Cu-former layers. Since resistance of the
HTS tape layer increases significantly during the transient state because of the quench phenomenon,
the fault current mainly flows into the Cu-former layer. The dramatic change in resistance of the HTS
tape layer results in the change in equivalent resistance of each phase, which has a significant impact
on fault current. Based on this observation, a simplified model of a multilayer HTS power cable is
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developed for the transient study. The feasibility of the developed cable model is evaluated in the
PSCAD/EMTDC program.

The rest of this study is organized as follows. Section 2 describes the modeling of the coaxial,
multilayer HTS power cable with the Cu-former layer in the PSCAD/EMTDC program. The tested
system and simulation results are provided in Section 3. Finally, the main conclusions of this paper are
summarized in Section 4.

2. Cable Modeling in PSCAD/EMTDC

Figure 1 shows the configuration of coaxial, multilayer HTS power cables that are used in domestic,
distribution-grade superconducting cables to connect substations in Korea, in which the conventional
154 kV transmission system would be replaced by the 22.9 kV HTS cable system with the same
transmission capacity [4]. Selection of the number of HTS tapes and layers was based on its designed
critical current. The number of HTS tapes that can be arranged on the circumference of former A
was limited. Thus, there were two HTS layers in phase A to sustain the required critical current.
The Cu-former layer was placed with the HTS layer to protect the cable from burning out by bypassing
the fault current. In addition, the former layer located at the innermost side of the HTS cable was for
maintaining the shape of the HTS layer wound on the former. A shield stabilizer layer wound with
copper tape was placed on the outside. Generally, polypropylene laminated paper (PPLP) is used
between the conductive layer of each phase and the shield layer to form an insulating layer that has a
thickness suitable for voltage specification. However, the effect of insulator layers on temperature is
neglected, as its thermal response is much slower because there is a much higher thermal resistivity
compared to copper.
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Figure 1. Configuration of the coaxial, multilayer high-temperature superconducting (HTS) power
cable; phase A consists of two HTS layers and one Cu-former layer; phase B consists of two Cu-former
layers and one HTS layer; and phase C consists of one HTS layer and one Cu-former layer. The shield
layer is based on copper.

Since the HTS cable in this study consisted of HTS layers and Cu-former layers in each phase,
characteristics of the HTS cable were different regarding operation conditions. In normal conditions,
the main current flowed through the HTS layers because the impedance of the HTS layer was much
smaller than that of the Cu-former layer. However, in transient conditions, the fault current increased
significantly, which resulted in the rapid increase of impedance of the HTS layer. Increased impedance
of the superconducting cable due to the quenching phenomenon was much larger than the impedance
of the Cu-former layer. Thus, the transient current mainly flowed through the Cu-former layers.
Figure 2 shows the operation characteristics of the HTS cable in normal and transient conditions.
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Figure 2. Operation characteristics of the HTS cable: (a) current flow into each phase in the normal

state; and (b) current flow into each phase in the transient state.

It was important to achieve uniform current distributions of each layer for the AC loss reduction
of the HTS cable. Thus, the cable twist pitches should be optimally designed for each layer. Figure 3
shows the equivalent circuit of the multilayer HTS power cable. The mathematical model of the
equivalent circuit is given by (1), in which the ground return impedance could be neglected in coaxial
cable models [29].
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Figure 3. The equivalent circuit of the HTS power cable.
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where V. and V; are the voltage drop of the phase conductor and the shield layers, respectively; I and
I; are the currents of the conducting and shield layers, respectively; L; and R, are the self-inductance
and resistance of the conducting layers, respectively; and M;; is the mutual inductance of the HTS cable.

The self and the mutual inductance of the HTS cable were dependent on the pitch length and
radius of each layer, given by Equations (6) and (7).
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where 7; and r; are the radius of the each layer; i is the permeability coefficient of the vacuum; ,; and
l,j are the winding pitches of each layer; a; and a; are the winding direction of each layer (1 for clockwise
and —1 for the counter-clockwise); and D is the current return path. Equations (1)—(7) are used to
calculate the resistance, inductance, and mutual inductance of each layer in the HTS cable. Then, these
values would be used in the time-domain simulation based on the PSCAD/EMTDC program.

The resistance of each phase in the coaxial multilayer HTS cable was dependent on the HTS tape
and Cu-former layers. In normal conditions, resistance of the HTS tape layer was nearly zero, while
resistance of the Cu-former was relatively high compared to the HTS tape. However, in transient
conditions, resistance of the HTS tape layer increased significantly due to a quench phenomenon.
The rise in temperature caused an increase in cable resistance. The flowchart of the cable resistance
calculations is shown in Figure 4a. The RMS current of each phase was measured firstly. If the RMS
current was smaller than the critical current, the resistance of the HTS layer (Ryts) and the Cu-former
(Rcy) layer were equal to the resistance in the normal state. Otherwise, the resistance of the HTS layer
was set to the maximal value that was obtained from experimental measurements, while the resistance
of the Cu-former layer was calculated by the subprocess in Figure 4b. The process in Figure 4 was
executed in every time-step. The rapid rise in the former current caused a change in energy dissipation
(AJ;), resulting in an increased temperature (AT). The resistively of the former (pc, ;) was changed
according to the increase of the temperature, which led to an increase in former resistance (rac ;).

(s )

| T, = To; |

|Measure RMS current I,ml-l i

| Calculate rpc; |

I Calculate r4¢; I
Yes v i Calculate C,
i Rirss = Rirs nom | Calculate AJ; |
| RHTS,i = RHTSfmax | Rcu;i = RCujlarm Z

v !
| | caleutate Re,s = ruc | | | Calculate AT, Je——r
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\ 4 Update Ty; = T; + AT;
| Save RHTS,i and Rcu',' | Output rac
End End
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Figure 4. Calculation of the resistance and temperature of the Cu-former layer i in each simulation
step: (a) calculation process of the proposed model; and (b) subprocess calculates R¢,,.
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Resistance of the Cu-former layer was dependent on its geometric structure and temperature.
Resistivity of the Cu-former i (pc,, ;) was calculated by a linear form in (8), in which the temperature
T; varied from 40 to 300 K. DC resistance of the Cu-former layer (rpc ;) was calculated based on the
resistivity pcy i, as given by (9).

pcui = (—2.46499 + 0.06351T;)1077, ®)
L Pcu
e = AFE,i g 9)

where T; is the temperature of layer i in Kelvin; Arg ; is the former effective area; [ is the cable length in
meters; and pc,; is in Om.

Since the former of phase A was different from the formers of phases B and C, the former effective
area in phase A (Afg,4f) was calculated by (10), whereas those of phases B and C were given by (11).

APE,Af = km’%f, (10)

Appi =m(r? = (ri—t)), (11)

where 74y is the radius of the Cu-former layer in phase A; k is the fill factor that describes the relationship
between the electrical conducting cross-section to its total cross-sectional area; 7; is the radius of the
former phases B and C; and ¢; is the thickness of the former layer.

Skin depth (6;) was proportional to the square root of the resistivity, as given by (12). It was
assumed that the diameter of the former layer (D) was much thicker than 0;, and the AC resistance of
the former layer (r4c ;) could be solved by (13) [30].

o PCu,i
%= \ ) (o)’ (12

7'(1’1.2
rac; = pCj———————
AC,i DC,i T((D — (Si)éil

where i, is the relative permeability of copper; ug is the permeability of free space; and f is the
system frequency.

(13)

The energy dissipation (A];) from the former layer was calculated based on AC resistance and the
conducted current, as given by (14).
AJi = Bracidt, (14)

where I; is the measured current of the former layer and At is the sampling time.
The volumetric heat capacity of the Cu-former layer (C,;) was based on the eighth-order
interpolating polynomial in [31] and the copper density D¢, as given by (16).

8
D¢y Z ( T; )"
C ;= an| — , 15
i Hcu | "\ 100 (15)

where D¢, is the density of copper in kg/m?; uic,, is the atomic mass of copper; volumetric heat capacity
is in J/(Km?3); and the coefficients a, are given by Table 1.
Temperature of the Cu-former layer varied slightly between 70 to less than 150 K. Thus,

Equation (15) could be fitted as a quadratic form, as given by (16). Figure 5 shows the compared results
of the volumetric heat capacity between the uses of the Equations (15) and (16). The quadratic form
in (16) could be used to calculate the volumetric heat capacity of the former layer for the range of
temperature between 40 and 140 K.

Cpi= —159.9T1-2 =+ 51380T; — 1297000. (16)
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Table 1. Coefficients of the copper heat capacity.

Coefficient Value Coefficient Value
ag 4.89287 as —132.5425
1 -57.51701 ag 38.17399
ap 238.2039 ay —6.07962
as —345.4283 ag 0.4118687
N 275.8975
% 10°

W
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Figure 5. Compared results between the uses of the eighth-order interpolating polynomial and
quadratic form.

Finally, the temperature increment AT was calculated based on the specific heat capacity, energy
dissipation AJ, and the former volume Vr,, as given by (17).

AJ

AT = —L

(17)
where Vr; = Arg; X L.

AC resistance of the former layer was saved in each iteration and used for modeling the HTS
cable in the transient state. The model of the coaxial multilayer HTS power cable in PSCAD/EMTDC is
shown in Figure 6. Resistances of the HTS cable were modeled by the variable RLC component. With
the use of a custom model design, the flowchart to calculate the cable resistance shown in Figure 4 was
implemented in FORTRAN language. The self and mutual inductances of the HTS cable were also
implemented by a custom model in PSCAD/EMTDC with the use of a transformer section.
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resistors inductances
Ry Ly
L o—m—o
N _\%/O\_/_ -
» A1l “ A
° R i a La 1 °
412 6: At
W N—" e q
o
RBf;/\_/ -k Lo /3
1
B R ] K Ly /8
Bf3, w82 B
O !SJ 6 C 1 |I|“\ i ©
Rg, Lo /4

1
%ﬁ%
T

Ci

it

Ritieta Litieta

Figure 6. Cable modeling in PSCAD/EMTDC.
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3. Simulation Results

3.1. Validation of the High-Temperature Superconducting (HTS) Cable Model

Temperature variations of the Cu-former layer are discussed in this section. A comparison of the
experiment and simulation of the Cu-former temperature was shown to validate the principle of the
simplified HTS power cable model. The experimental results of the HTS cable with the Cu-former
temperature were given in [32]. A model of a single-phase HTS cable with the Cu-former layer, which
is shown in Figure 7, was simulated to show temperature variation. The radius of the Cu-former layer
was 9.6 mm while that of the HTS tape layer was 10 mm. Gifford-McMahon cryocoolers were used to
cool down the HTS cable by regulating the flow rate of the subcooled nitrogen. Power supply with a
maximum current of 15 kA and voltage measurement through the National Instruments SCXI-1125
were used for the experiment. More details on the experiment could be found in [32].

_ Shield layer

Figure 7. Single-phase HTS power cable.

The compared results of temperature variation between the simulation model and the experimental
measurements are shown in Figure 8. The cable was tested by different values of the RMS current,
such as 14.9 and 9.9 kA. It was shown that the temperature of the Cu-former layer increased with the
conducting current and the conducting time. Initially, the cable temperature was 77 K. The temperature
of the Cu-former layer increased to 86 K when a current of 14.9 kA flowed into the cable for 1 s. Similar
results of the temperature variation between simulation and experiment are observed in Figure 8. Thus,
the principle of the simplified model could be extended to a multilayer HTS power cable.

100 T T T T T T T T T T
Experiment Simulation é
| Lus=149kA A —
%) Ims=99kA O -
o 9 .
=]
=
3 )
g ® -l
=
80 n
75 ! ! ! ! ! ! ! ! ! L
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (s)
Figure 8. Comparison of Cu-former temperatures between experiment and simulation results.
3.2. Performance of the Coaxial Multilayer HTS Cable Model

The tested system shown in Figure 9 was used to evaluate the performance of the coaxial HTS
power cable model in this study. An equivalent source with a nominal voltage of 22.9 kV was connected
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in series with the HTS cable to supply power for the 50 MVA load. The system frequency was 60 Hz,
and the cable length was 3 km. Table 2 shows the parameters of the HTS cable in this study. Feasibility
of the proposed HTS cable model was tested by applying three-phase to ground fault at the load side.

22.9kV; 60 H Load
O KV; 60 Hz 9-layer HTS cable 50 MVA

3km

Three-phase to
ground fault

Figure 9. Tested system.

Table 2. HTS cable parameters.

Parameter Symbol Value

Cable length l 3km

Critical current Ic 3 kA

Resistance of HTS layer at normal state RHTS norm 0.00000063 Q)/m
Resistance of HTS layer at transient state RHUTS max 2.5 mO/m
Winding pitches Ly 280 mm

Layer thickness t 1 mm

Former effective coefficient k 0.76
Density of copper D¢y 8900 kg/m?

Relative permeability of copper r 1
Atomic mass of copper tcu 0.0635 kg/mol

Figure 10a shows the current distribution in phase A that had two HTS layers (A;; and Ap) and
one Cu-former layer (Ay). The three-phase to ground fault was applied to the tested system at 0.2 s,
and it was cleared at 0.28 s. At the normal state (from start time to 0.2 s) the main current flowed
through the two HTS layers. However, in the transient state, the fault current flowed through the
Cu-former layer while two HTS layers conducted small fault currents. Current sharing between the
HTS and Cu-former layers could improve the performance of the HTS cable. The fault was cleared at
0.28 s, which resulted in the reduction of current through the Cu-former layer. Figure 10b,c shows the
current distribution in phase B and C of the cable model in this study. A similar trend of the current
distribution in the HTS layer and the Cu-former layer was also found in these figures. Figure 10d
shows the shield current during the fault.

The temperature of each former layer is shown in Figure 11a. Initially, the temperature of each
former layer was assumed to be 70 K. The fault occurred at 0.2 s, which caused the rapid increase of
current in each phase, resulting in an increase of the former temperature. It was observed that the
temperature of the former phase A (Af) was the smallest whereas that of the former phase C (Cf) was
highest. The resistances of former layers are shown in Figure 11b—d. Initially, the former resistance of
each layer was different because there were differences in the cross-sections. When the fault occurred,
the former resistances slightly increased until the fault was cleared. Reduction of the temperature led
to a decrease in former resistance. It was shown that the resistance of the former Af was smallest,
whereas that of the former Bf; was highest. The resistance and temperature rise of the former in phase
A were the smallest because the cross-section of former phase A was relatively large compared to
other former layers. The resistances of formers in phase B and C were similar because they had similar
geometries. However, the fault current in phase C was much larger than phase B, which resulted in a
higher temperature of former phase C compared to former phase B.

The AC resistance of the HTS tape layers are shown in Figure 12a. According to [13], the resistance
of the HTS tape for the current value over its critical current was measured at about 2.5 m()/m and
was used in this study. In the normal state, resistance of the HTS tape layer was almost equal to zero.
However, that increased significantly when the fault occurred, up to 7.5 Q) for the 3 km length of the
HTS cable in this study. The equivalent resistance of a parallel connection of former and HTS tape
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layers in each phase is shown in Figure 12b. In the normal state, the resistances of the HTS tape layers
were much smaller than those of the former layers; however, in the transient state, the HTS tape-layer
resistances were much larger than former resistances, which caused the sudden change of equivalent
resistance at transient state.

Current (kA)

Current (kA)

—O0— Cf
10 —4—Ct

<
=
= 0
(0]
£
=
O

-10 |-
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—0— Shield layer

[\S)
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(==}
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'
NS}
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0.15 0.2 0.25 0.3 0.35 0.4
Time (s)
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IS
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Figure 10. Current distribution in each phase of the HTS cable: (a) current in phase A that consists of
one former layer (Af) and two HTS tape layers (At; and At,); (b) current in phase B that consists of
two former layers (Bf1 and Bf;) and one HTS tape layer (Bt); (c) current in phase C that consists of one
former layer (Cf) and one HTS tape layer (Ct); and (d) current in the shield layer.
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Figure 11. The temperature of the Cu-former layers and the equivalent AC resistances of each phase in
the HTS cable: (a) temperature of the Cu-former layers; (b) resistance of the former Af; (c) resistances

of the former Bf; and Bf;; and (d) resistance of the former Cf.
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Figure 12. AC resistances of the HTS tape layers and the equivalent resistance of each phase: (a)
resistance of the HTS tape layers; and (b) equivalent resistance of each phase.

4. Conclusions

To protect the HTS tape layers from burning out during the fault, the Cu-former layer was
connected in parallel to bypass the transient current, which led to the reduction of heat generation and
temperature rise. The use of a Cu-former layer in each phase increased the complexity of HTS cable
modeling, especially in the case of modelling the multilayer HTS power cable. This paper proposed a
simplified model of the coaxial multilayer HTS power cable with the Cu-former layer in each phase.
The idea behind the simplified HTS cable model was to model the change of former layer resistance
while the resistances of the HTS tape layers were fixed to maximal values. It was reasonable for these
assumptions because the resistances of the HTS tape layers increased significantly during transient
conditions due to the quenching phenomenon, which resulted in the flow of transient current into the
Cu-former layer. A comparison between experiment simulations of the temperature variations of the
former layer validated the proposed HTS cable model. A simplified model of the HTS power cable can
be used in transient studies, such as the studies on designing protection of the power system with the
integration of the HTS cable. In addition, various optimization methods, such as genetic algorithms,
particle swarm optimization, robust optimization, etc., could use the proposed HTS cable model for
designing HTS cables in order to find optimal cable parameters to achieve uniform current distribution
among multilayer HTS conductors.
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