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A B S T R A C T

DC High temperature superconducting (HTS) cables have been considered from the point of view of very low 
losses and high current capacity. In order to properly utilize these cables in power systems, it is necessary to 
evaluate their electrothermal and magnetic performance in steady and transient conditions as well as in different 
power network structures. In this paper, a 1 kV 3 kA self-shielding DC HTS cable with a multilayer structure is 
modeled using the electrical equivalent circuit method (ECM) in MATLAB/SIMULINK. The current flowing 
through the tapes and layers, temperature and losses, as well as the magnetic field and critical current in different 
layers, according to the specific conditions of the self-shielding DC HTS cable, were investigated as important 
parameters in evaluating the steady and transient operation. In order to study the transient state in the power 
system, pole-to-pole and pole-to-ground faults were simulated for different fault resistances. In addition, the 
effect of AC ripple on the DC current entering the cable is considered as a factor affecting losses. The results show 
that under stable operation of power system, the current flowing through the forward and backward layers is 
equal. However, in transient conditions, the balance of current between the layers will be lost. Also, with the 
decrease in fault resistance, in addition to the increase in the current flowing through the layers and the 
imbalance between them, the temperature and losses show a significant increase. In some situations, the fault 
caused a change in the operating mode of the superconducting cable, which can be dangerous for the operation 
of the cable.

1. Introduction

Superconducting materials, which exhibit zero electrical resistance 
at low temperatures, have significant advantages in the electrical in
dustry. One important application of superconductors is in the trans
mission of electrical energy through superconducting cables [1–3]. 
Superconducting cables are divided into two general categories: AC and 
DC. Although AC cables are widely used, DC superconducting cables 
have advantages over AC superconducting cables due to their frequency 
independence. These advantages include higher electrical energy 
transfer, flexible power regulation, and near-zero losses [4]. DC HTS 
cables are operated as part of the power system under steady-state and 
fault conditions [5]. In this regard, studies conducted on DC HTS cables 
can be examined in three categories. The first category is studies that 
investigate the experimental characteristics of superconducting cables 
under steady-state and transient conditions in a laboratory setting. 

Although laboratory methods are reliable, they can be very costly and 
sometimes destructive if fault tests are repeated. The second category of 
studies uses numerical formulas that are solved by numerical methods 
such as finite element method (FEM). Modeling performed in this 
method is usually very slow due to their level of accuracy and requires 
powerful computing processors. In addition, modeling based on the FEM 
cannot be implemented for real-time applications and is often used in 
the design phase of a superconducting device. The third category con
ducted to describe the performance of DC HTS cables is the use of 
equivalent circuit models [6,7]. ECMs are faster than FEM and can 
provide high accuracy results. This method can model the thermal, 
electrical and magnetic properties of HTS cables very quickly. This 
condition allows these models to be used for online investigation of 
cables under different operation conditions. In this regard, in [8] the 
various parameters required in the design and modeling of DC HTS ca
bles were described. Several case studies were conducted at different 

* Corresponding author.
E-mail address: seyyedbarzegar@shahroodut.ac.ir (S. Seyyedbarzegar). 

Contents lists available at ScienceDirect

Results in Engineering

journal homepage: www.sciencedirect.com/journal/results-in-engineering

https://doi.org/10.1016/j.rineng.2025.107315
Received 29 June 2025; Received in revised form 9 September 2025; Accepted 15 September 2025  

Results in Engineering 28 (2025) 107315 

Available online 15 September 2025 
2590-1230/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license ( http://creativecommons.org/licenses/by- 
nc/4.0/ ). 

https://orcid.org/0000-0002-4061-2752
https://orcid.org/0000-0002-4061-2752
mailto:seyyedbarzegar@shahroodut.ac.ir
www.sciencedirect.com/science/journal/25901230
https://www.sciencedirect.com/journal/results-in-engineering
https://doi.org/10.1016/j.rineng.2025.107315
https://doi.org/10.1016/j.rineng.2025.107315
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


voltage levels and compared with conventional copper cables in terms of 
reduction of losses, economic efficiency, etc. Also, modeling of DC HTS 
cable and the effect of its different structures on critical current was 
studied in [9] to provide a basis for designing a practical DC HTS cable. 
Modeling of DC superconducting cable using a 3D electromagnetic 
model along with presenting different models of cable cooling system 
based on finite element method was another research conducted in this 
field and was discussed in [10]. The design process of DC HTS cables 
using commercial REBCO tapes was presented in [11], where the 
dependence of critical current density of superconducting tapes, thermal 
properties of materials and different cooling modes of the cable were 
investigated. The performance of DC HTS cable in different topologies of 
HVDC network as well as parallel connection with an AC network was 
analyzed in [12]. In this reference, a distributed parameter model based 
on the π model of the transmission line was used to model the cable. 
Selected model did not allow for the suitable investigation of the cable 
parameters from a superconducting perspective.

Investigating the performance of DC superconducting cables under 
steady-state conditions provides very useful information on the design 
conditions and electrothermal performance of the cable. However, 
modeling and studying the behavior of DC superconducting cables with 
the aim of considering the effect of fault parameters is necessary [13,
14]. The fault may be in the form of a short circuit between lines or line 
to ground in the AC side or a pole to pole or pole to ground fault in the 
DC side [15–16]. When a fault occurs, the current flowing in the HTS 
conductors exceeds the permissible value, which may lead to the cable 
change operation mod from superconducting to resistive state [17,18]. 
Generally, fault conditions significantly affect temperature rise [19], 
increase cable resistance, and alter the critical current during the fault. 
In this regard, the modeling parameters of DC superconducting cable 
were described in reference [20] and the transient study of DC HTS cable 
in a high-voltage power system with a voltage level of 100 kV was 

carried out under different scenarios. Providing a suitable solution to 
investigate the tolerance level and recovery time of DC superconducting 
cable in a fault condition was investigated in [11]. In order to compare 
the studies conducted in design and modeling of DC high-temperature 
superconducting cables, the results and their strengths and weaknesses 
are presented in Table 1.

Another parameter affecting the performance of DC HTS cable is the 
physical structure. DC HTS cables are divided into single-core and 
double-core types. Meanwhile, single-core HTS DC cables can be divided 
into single-pole and coaxial double-pole types according to the con
ductors. In order to achieve higher current capacity in DC HTS cables, 
the conductors of these cables are designed as multilayers, in which a 
number of HTS tapes are twisted in parallel in each layer [21,22]. The 
results of the studies have shown that the current distribution of the 
cable layers is unbalanced due to the different self- and mutual induc
tance of the layers, which will lead to current imbalance in different 
layers [23,24].

In order to achieve uniform current distribution, a self-shielding DC 
HTS cable was used, which can eliminate the effect of the magnetic field 
of the layers and minimize the critical current of the tapes [30]. In this 
cable, the self and mutual inductances of the layers can be adjusted to 
achieve uniform current distribution by changing the angle and pitch of 
the winding [31]. In the self-shielding DC superconducting cable, the AC 
losses are greatly reduced compared to the conventional multilayer 
cable. By weakening the effects of the interlayer magnetic fields and the 
zero magnetic field in the external space, the critical current attenuation 
of the layers will be small and the current carrying capacity will be 
effectively increased [32]. In this regard, in [23] the self-shielding DC 
superconducting cable was modeled in two cases using the finite 
element model considering the effect of the current direction in the 
layers. Also, quench resistance according to electrothermal behavior of 
four-layer self-shielding DC HTS cable has been investigated in this 

Table 1 
Review of some research conducted in the field of modeling DC high-temperature superconducting cables.

Ref Characteristics Research Objective Modeling Method Results weaknesses

[25] Single-pole high- 
temperature 
superconducting cable, 
100 kV, 10 kA

Fault study of an HVDC system 
using HTS DC cable and modular 
multilevel converters (MMC)

Cable modeling based on 
compact π model and 
HVDC system in PSCAD/ 
EMTDC

* Transient study on HTS DC cable 
transmission line and a fault on the 
AC side 
* No quenching of HTS DC cable 
after pole-to-ground fault due to 
fault current being less than the 
critical cable current 
* Demonstration of the protective 
feature of HTS DC cable during 
pole-to-pole fault

*No magnetic analysis of the cable 
under steady and fault conditions. 
* No effect of parameters such as 
mutual inductance, twist angle and 
pitch, HTS strip circuit model in the 
design. 
* No investigation of the effect of 
current ripple and losses under fault 
conditions.

[26] Multilayer DC HTS cable, 
80 kV, 250 MW, 500 m

Investigation of current 
distribution and critical current 
of the cable under fault 
conditions

FEM and the circuit 
model of current 
distribution

* The need for a cross-sectional 
area larger than 240 mm to 
withstand the fault 
* Low impact of current imbalance 
in layers on cable thermal 
performance

*The superconducting strip resistance 
is constant throughout the fault and is 
unaffected by temperature and 
current density changes. 
* Not investigating the effect of 
current ripple and losses under fault 
conditions

[27] Bipolar high temperature 
superconducting cable 3.6 
kV 3 kA, 30 m

Comparing the characteristics of 
HTS DC cable with a 
conventional cable in fault 
conditions

Modeling a bipolar DC 
power system and the π 
model of the cable in 
MATLAB software

* Displaying the cable voltage 
waveform in fault conditions with 
different fault resistances

*Using the π model for HTS cable 
modeling and not considering mutual 
inductance, twist angle and twist 
pitch, strip circuit model 
* Not considering the effect of 
temperature and current density 
changes during the fault period 
* Not considering the ripple effect 
and not analyzing the magnetic and 
thermal behavior of the cable

[28] High temperature 
superconducting HVDC 
coaxial cable, 100 kV, 1 
GW

analysis of temperature, 
resistance, current distribution 
and losses parameters under 
normal and transient conditions

Distributed and compact 
volume element circuit 
model developed in 
MATLAB

*Fault current 22 kA 
* Temperature of HTS strips under 
fault conditions, 230◦K 
* Recovery time 227 s

* Limitation on the faults considered 
for transient simulation 
* No magnetic analysis of the cable 
under fault conditions

[29] High-temperature 
superconducting cable 
with cold dielectric

Investigating the effect of twist 
angle changes on magnetic flux 
density

3D finite element (3D 
FEM) in COMSOL

* Electrothermal and 
electromagnetic analysis

* No transient analysis 
* Cable quenching with increasing 
temperature
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paper. In [33], the self-shielding property of DC superconducting cable 
was analyzed and the transient characteristic of a voltage source con
verter during a pole-to-pole short-circuit fault was investigated [34].

Studies have shown that the research conducted in estimate the 
electromagnetic and thermal behavior of self-shielding cables under 
steady and transient conditions based on ECM has been very limited. 
Most of these researches focus on numerical models and finite element 
methods. Accordingly, the aim of this paper is to provide a circuit model 
of an eight-layer self-shielding DC high-temperature superconducting 
cable by considering full details of the parameters affecting its perfor
mance. In this regard, the electrothermal parameters such as current, 
temperature and losses of the modeled cable under steady conditions 
and single-pole and pole-pole faults have been evaluated. In addition, 
the evaluation of the magnetic field in the cable and its effect on the 
critical current as one of the important factors has been carried out. 
Fault resistance, as a parameter that causes current change, is another 
factor that has been investigated. Also, the effect of DC current ripple, 
which increases the AC losses of the cable, has also been evaluated.

2. The studied self-shielding superconducting cable

In multilayer HTS cables, the magnetic field produced by each layer 
becomes stronger with increasing current amplitude, which will reduce 

the critical current in each tape. It is obvious that when the cable 
transmits a large current, the reduction of the critical current will affect 
the capacity of the cable. Therefore, if the effect of the magnetic field is 
largely eliminated or reduced, it is possible that the capacity of the DC 
HTS cable can be significantly increased. Accordingly, the self-shielding 
HTS DC cable with a high current capacity was selected, which, due to 
the insulation limitations, is applicable to low voltage levels with an 
operating voltage of <1 kV [35]. The structure of this cable is shown in 
Fig. 1. Also, the specifications and design parameters of the cable are 
presented in Tables 2 and 3 [36]. The cable under study consists of 8 
layers, where layers 1, 3, 5, and 7 are forward and layers 2, 4, 6, and 8 
are backward conductors. The direction of current in the forward layers 
is indicated by 1 and in the backward layers by − 1. Also, the direction of 
the twist of the tapes in each layer is indicated by the positive and 
negative signs.

3. Modeling

In this section, at first, the power system configuration and ECM 
model have been shown. Next, the modeling method and its consider
ations are described.

3.1. Circuit modeling of self-shielding DC HTS cable

In this paper, the circuit model is implemented in MATLAB/SIMU
LINK software and the required values of the input parameters under 
steady and transient conditions are calculated and applied to the model. 
Accordingly, the values of output parameters such as current in different 
layers, magnetic field, AC losses and temperature can be extracted at any 
moment of the simulation time. In order to investigate the performance 
of the cable in the power system and implement different operating 
conditions, the cable model was placed in a system including a 
controllable DC power generation source, electrical load and fault 
simulator. The network configuration is shown in Fig. (2-a) and equiv
alent circuit model of a self-shielding DC HTS cable is shown in Fig. (2- 
b).

3.2. Circuit model parameters

Due to the AC ripple effect in the rectifier output, the HTS tape in this 

Fig. 1. Self-shielding DC HTS Cable structure.

Table 2 
Designed Cable Specifications.

Parameter Quantity

Operating voltage 1 kV
Current capacity 3 kA
Frequency in AC side 60 Hz
Type of superconducting tape YBCO
Thickness of tape 0.18 mm
Width of tape 2.5 mm
Critical temperature of tape 92 ◦K
Operating temperature of tape 77 ◦K
Critical current of tape 76 A
Type of electrical insulation PPLP
Insulation thickness 0.1 × 2 mm
Former radius 9 mm
Cable structure Multilayer coaxial bipolar (4 × 2 layers)
Cable length 1 m

Table 3 
Design Parameters of 8-Layer Self-shielding DC HTS Cable.

Layer number Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7 Layer 8

Strip twist angle 16.5 22.6 13.4 20.2 11.1 18.5 11.7 18.3
Strip twist direction + + – – + + – –
Number of strips per layer 9 9 11 11 13 13 15 15
Flow direction per layer 1 − 1 1 − 1 1 − 1 1 − 1
Diameter of each layer in millimeters 9.6 10.8 12 13.4 14.8 15.6 16.8 18
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cable carries both DC and AC currents and is simultaneously affected by 
the magnetic fields caused by them. Therefore, due to the AC ripple 
effect in the cable conductor, it is necessary to model DC HTS cables with 
the AC HTS cable design principles.

In DC superconducting cables, each tape is exposed to magnetic 
fields caused by currents passing through other tape of the cable. The 
magnetic field has an axial and azimuthal component. These two com
ponents of the magnetic field act as parallel and axial fields with the 
tape, which are created by the currents flowing in the outer layers, inner 
layers and within the layer itself. Eq. (1) represents the two axial and 
azimuthal components of the magnetic field [37]. 

Biθ = μ0

(
1

2π rip

∑i− 1

k=1
αkIk +

(
rip

2 − rii
2

rio2 − rii2

)
Ii

2π rip
αi

)

Biz = μ0

(
∑2N

k=i+1
αkβk

Ik

Lpk
+

(
rio − rip

rio − rii

)
Ii

Lpi
αiβi

)

Bi =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

B1
iθ + B2

iz

√

(1) 

where, Biθ is the azimuthal component, Biz is the axial component, μ0 is 
the vacuum permeability, αi and βi are the current direction and the 
direction of the tape twist in the layer, respectively, which are repre
sented by the values of − 1 and +1. rii and rio represent the inner and 

Fig. 2. Equivalent circuit model of simulated system, a) Power system circuit model b) HTS cable equivalent circuit model.
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outer radius of each layer, rip is the distance from the axis to the center of 
the tape, and Lpi is the length of the twist pitch of each layer. Considering 
the tape structure, the axial and directional components can be divided 
into parallel components Bi|| and longitudinal components Bi⊥ according 
to Eq. (2). 

Bi‖ = BizSin(αi) − BiθCos(αi)

Bi⊥ = BizSin(αi) − BiθCos(αi)
(2) 

By properly determining the current directions and the direction of 
the tape twist, the axial effect of the field (Biz) can be effectively elim
inated. On the other hand, if the twist pitch is very small, the axial 
component will be zero and only the azimuthal component will exist. 
Considering the creation of the Biθ by the inner layers during the high 
current transferring, this component reduces the critical current in each 
tape and layer. Also, for large magnetic field, the radius of the cable 
cannot be considered smaller than a certain value. In fact, reducing the 
radius of the former layer increases the directional magnetic field in the 
outer layers, which will seriously reduce the critical current. Therefore, 
it is necessary to consider a suitable structure to reduce the effect of the 
magnetic field in the cable [35]. Accordingly, by increasing the ampli
tude and changing the direction of the magnetic field, a reduction in the 
critical current in the HTS tape will be provided. Generally, in the low 
magnetic field, Eq. (3) is used to express the dependence of the critical 
current density on the magnetic field [32,38]: 

Jc(B) =
Jc0

(

1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(kB‖)

2+B⊥
2

√

Bc

)− α (3) 

Where, Jc0 is the critical current density at the reference temperature, α 
= 0.65, k = 0.45, and Bc = 20 mT. In order to consider the effect of 
temperature on the critical current density, JcT(T) will be substituted for 
Jc0, as shown in Eq. (4). 

JcT(T) =

⎧
⎪⎨

⎪⎩

(Tc − T)α

(Tc − T0)
αJc0, T ≤ Tc

0,T > Tc

(4) 

where, T0 is the reference temperature and Tc is the critical temperature 
[39–41]. Critical temperature and critical current are two important 
variables that directly affect the resistance of the superconducting tape 
[2]. The resistance of the HTS tape is very small under normal operating 
conditions and when it is within the superconducting region. However, 
in the transient state when the current density exceeds the critical limit, 
the resistive behavior of the HTS tape will change. According to Eq. (5), 
three regions can be presented with respect to the changes in current 
density. 

ρPL1 =

⎧
⎪⎨

⎪⎩

0 if |J| < Jc

E0

|J|

(
|J|
Jc

− 1
)n1

if |J| ≥ Jc 

ρPL2=

⎧
⎪⎨

⎪⎩

0 if |J| < γJc

E0

|J|

(
|J|
Jc

− γ
)n2

if |J| ≥ γJc 

ρsc=
(ρ0 + ρPl1 + ρPl2) × ρsat

ρ0 + ρPl1 + ρPl2 + ρsat
(5) 

Where, ρ0 is the resistivity of the tape in the superconducting state, ρsc is 
the total superconducting resistivity, γ = 2, E0 is equal to 0.1 V.cm− 1, 
n1=2.8 and n2=30 indicated the index value, and ρsat is the constant 
resistivity of tape in the non-superconducting state. In order to evaluate 
the cable under fault conditions and after its removal, it is necessary to 
analyze its thermal behavior in addition to examining the resistive 
behavior of the superconductor, which can be presented by Eq. (6). 

DCp(T)
dT

dt
= G(T, I) − Q(T, t)

[
W
m3

]

G(T, I) =
ρsc(T)Isc(Isc − Ic(T))

Ssc

[
W
m3

]

ρsc(T) = ρ
(
Tref
)(

1+ β
(
T − Tref

))
(6) 

where, Cp(T) is the specific heat coefficient, Ssc is the cross-sectional area 
of the tape, D is the density of the tape, Q is the heat dissipated, and G is 
the heat generated in the tape. For YBCO tape, ρ(Tref) is the normal state 
resistance and β = 0.007 K-1 [40,42].

Another important component in the modeling are the self and 
mutual inductances. The self and mutual inductances of each layer are 
calculated based on the magnetic field energy due to the current passing 
through the different layers according to Eq. (7) [43,44]. 

Li = μ0

⎛

⎜
⎜
⎝

πri
2

Lpi
+

ln
(

D
ri

)

2π

⎞

⎟
⎟
⎠

Mij = μ0

⎛

⎜
⎜
⎝

παiαjri
2

LpiLpj
+

ln
(

D
ri

)

2π

⎞

⎟
⎟
⎠

(
ri < rj

)

(7) 

In this relation, μ0 is the vacuum permeability constant, ri is the layer 
radius, Lp represents the layer twist pitch, D is the distance between each 
superconducting layer and the center of the former, and αi and αj are the 
twist directions of each layer. In addition, in order to consider the 
capacitance between the layers with respect to the insulation thickness, 
Eq. (8) can be used. 

Cij =
2πεrε0

ln
(

rj
ri

) j > i (8) 

where, ε0 is the dielectric constant of vacuum, εr is the relative dielectric 
constant of the insulating material, ri is the radius of the ith conductive 
layer, and rj is the radius of the jth conductive layer [45,46]. For better 

Table 4 
Values of self and mutual inductances (mH) between layers in the circuit model.

Layer Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7 Layer 8

Layer 1 0.03999 0.02972 0.07104 0.071 0.10020 0.10033 0.12801 0.128
Layer 2 0.02972 0.01133 0.04779 0.04772 0.08687 0.07708 0.10478 0.10475
Layer 3 0.07104 0.04779 0.02707 0.20455 0.05644 0.05629 0.08391 0.08393
Layer 4 0.071 0.04772 0.20455 0.20455 0.03455 0.03151 0.06215 0.06215
Layer 5 0.10020 0.08687 0.05644 0.03455 0.92526 0.01489 0.04254 0.04254
Layer 6 0.10033 0.07708 0.05629 0.03151 01,489 0.00583 0.03202 0.03210
Layer 7 0.12801 0.10478 0.08391 0.06215 0.04254 0.03202 0.05033 0.01753
Layer 8 0.128 0.10475 0.08393 0.06215 0.04254 0.03210 0.01753 0.00766
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understanding, the inductance and capacitance values of model have 
been shown according to Tables 4 and 5.

3.3. Losses in self-shielding HTS DC cable

The losses in a HTS cable include five components, namely Magne
tization Losses, AC losses, dielectric losses, heat leakage losses and 
coolant viscosity losses. Among them, magnetization and AC losses play 
a very important role in the total cable losses.

3.3.1. Magnetization loss
The Magnetization Losses produced by the parallel magnetic field in 

the superconducting tape can be calculated as follows. 

Qmi =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

2fBi
2

μ0
×

βiSi

3
, βi < 1

2fBi
2

μ0
×

(
1
βi
−

2
3Bi

3

)

Si, βi > 1
(9) 

Bi =
Bi

μ0 Jc b
(10) 

where Si is the area of the ith layer, Jc is the critical current density of a 
tape, b is half the thickness of the tape, and f is the frequency of the AC 
magnetic field. Therefore, the Magnetization Losses of the cable will be 
equal to the sum of the Magnetization Losses in the different layers [24]: 

Qm =
∑i

1
Qmi (11) 

3.3.2. Transport current loss
The Transport Current Loss can be calculated by considering the 

Norris equation. The transport current loss of layer i can be expressed 
using the current of that layer according to Eq. (12). 

Qti =
μ0fIci2

2π [(2 − Fi)+2(1 − Fi)ln(1 − Fi)] (12) 

In the above equation, Fi =
Ipi
Ici

, and the cable current loss is obtained 
from the sum of the losses in each layer. Ici is the critical current of layer 
i, and Ipi is the peak value of the AC current flowing in the ith layer [24].

3.3.3. Other losses and calculation of total losses
Dielectric losses are generated in the insulation layer and can be 

obtained by the Eq. (13) [38,47]. 

Qins = 2πfCV2tanδ [W /m] (13) 

where C is the capacitance of the insulating material and tanδ=6 × 10–4 

is the insulation loss coefficient. Also, the heat leakage losses along the 
cable and the viscosity losses of the LN2 cooling fluid can be calculated 
by Eqs. (14) and (15) [47]: 

Qleakage =
2kΔT

ln
(

Dout
Din

) [W /m] (14) 

Qϑ =
GΔP
ρLN2

[W] (15) 

In the above equations, k = 1.5 × 10-4 [W/m] is the equivalent 
thermal conductivity of the thermal insulation layer, ΔT is the temper
ature difference between the inner and outer surfaces of the insulation, 
Dout and Din are the outer and inner diameters of the cryostat, respec
tively, G is the fluid flow rate of 1.1 kg/s, and ΔP is the pressure change. 
The outlet temperature of the LN2 can be approximately calculated by 
Eq. (16). 

ΔT(i) = Tout(i) − Tin(i) =
QT

GCp(T)
[W /m] (16) 

Cp(T) is the specific heat of YBCO tape and QT is the total cable losses 
including AC losses, dielectric losses, heat leakage losses and the vis
cosity of the cooling fluid, which is calculated from Eq. (17). 

QT = Qleakage + Qϑ + Qins + Qm + Qt (17) 

3.4. Modeling the ripple effect in the cable current

In order to simulate the ripple effect produced in the DC current, the 

Table 5 
Capacitance values between layers in the electric circuit 
model.

Location of capacitor Value (nF)

Between Layers 1 and 2 1.1816
Between Layers 2 and 3 1.3209
Between Layers 3 and 4 1.2612
Between Layers 4 and 5 1.4005
Between Layers 5 and 6 2.6436
Between Layers 6 and 7 1.8779
Between Layers 7 and 8 1.0172

Fig. 3. Ripple current amplitude at the output of a 12-pulse rectifier.
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12 pulses rectifier output current is simulated, which has been shown in 
Fig. 3. In general, the p-pulse rectifier output current can be expressed as 
Eq. (18). 

Ip(t) =
π
p

sin
(

π
p

)[

1 −
∑∞

n=1

2
(pn − 1)(pn + 1)

cos(pnωt)

]

(18) 

where n is an integer, t is the time in seconds, p is the number of pulses, 

and ω is the AC angular frequency. From the above equation, the 
rectified current can be obtained, including the DC current component 
along with the ripple current. The ratio of the ripple current to the DC 
current can be calculated by Eq. (19) [48,49]. 

kp =
π
2p

tan
(

π
2p

)

(19) 

Fig. 4. Flowchart for modeling procedure of Self-shielding DC HTS Cable.

Fig. 5. Current flowing through the cable layers in steady state and without considering the AC ripple effect.
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Based on the presented formulation, Fig. 4 shows the flowchart of 
modeling the self-shielding DC superconducting cable under steady- 
state and transient operation.

4. Results and discussion

In order to analyze and evaluate the performance of the proposed 
model, the results are presented in two general scenarios. In the first 
scenario, the performance of the cable in the steady state of the power 
system is examined. The effect of ripple on the performance of the cable 
and losses is evaluated. The second scenario is based on the study of the 
transient state on the Self-shielding DC HTS cable. Under these condi
tions, the effect of the type and resistance of the fault on the cable pa
rameters is investigated.

4.1. Stable state performance of the cable

The modeled cable is investigated in the steady state under a 500 A 
current and in two cases including without ripple effect and with it. 
Fig. 5 shows the current distribution between the cable layers in the 
state without ripple. As can be seen, the current distribution in the 
forward and backward layers is equal to each other. These conditions 
indicate the existence of the current balance relationship (I1 = -I2, I3 =
-I4, I5 = -I6, I7 = -I8) in the modeling [43]. According to the results 
presented in [43], for a current of 500 A passing through the cable, the 
current in paths 1 to 4 is equal to 94, 108, 132, and 148 A, respectively, 
which are consistent with the results presented in Fig. 5 of the proposed 
model. Since in multilayer cables, the greatest amount of current passes 
through the outermost layer, as can be seen in the figure, in the pre
sented model, the greatest current passes through layers 7 and 8.

Table 6 
Values obtained from the simulation of the through and critical current in each layer of the cable.

Layer number Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7 Layer 8

Current 93 93 114 114 135 135 156 156
layer Critical current 540 546 620 549 572 832 928 956
Nominal critical current 684 684 830 830 988 988 1140 1140

Fig. 6. Ripple effect and amplitude of current flowing through each layer of the cable in steady state.

Fig. 7. Current amplitude through the YBCO layer of the superconducting tape in each cable layer in steady state with ripple effect.
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Considering the critical current of each superconducting tape which 
is equal to 76 A, the rated critical current capacity of the cable layers will 
be achievable according to the number of tape in each layer. Table 6
shows the rated critical current of each layer. Due to the same current in 
the forward and backward layers, the rated critical current of the cable 
will be equal to the sum of the critical currents of the layers, which is 
equal to 3648 A.

In order to evaluate the effect of ripple on the performance of the 
self-shielding DC superconducting cable, the ripple output of the 12- 
pulse converter is applied to the input current. Fig. 6 shows the cur
rent flowing through the different layers in this case. For greater clarity, 
the effect of AC ripple on the DC current amplitude in the current dis
tribution of layers 1 and 2 is magnified.

Fig. 7 shows the current flowing through the YBCO layer in the 
superconducting tape in different layers. As the radius of the outer 
layers’ increases, the number of tape increases. This condition coincides 
with the increase in current flowing through the outer layers and 
consequently leads to the same current flowing through the tape in 
different layers.

Under steady state operation conditions, AC losses in the absence of 
ripple will be zero. However, considering the ripple effect of the current 
in each layer, it is necessary to examine the AC losses. Table 7 shows the 
AC losses in each layer of the cable. In addition, under steady state 
operation, the specific heat coefficient of the superconducting tapes in 
the layers remains almost constant at 0.18 (J/gK) and the temperature of 
the layers is calculated in the range of 77 to 78 K.

4.2. Investigating the cable performance in transient mode

In order to analyze the transient mode, the modeled cable has been 
evaluated under influential factors such as the type of fault and the value 

of the fault resistance. Accordingly, the results were presented to 
investigate the effect of two types of pole-to-ground (p-g) and pole-to- 
pole (p-p) faults with fault resistances (Rg) of 5, 1, 0.5 and 0.1 ohms.

In the steady state, a current with an amplitude of about 10.4 A 
passes uniformly through the YBCO layer of all the tapes in all the layers. 
However, when a fault occurs, due to the change in the resistance of the 
superconducting tape, the current passing through the YBCO layer of the 
tape is not the same and, depending on the structure of each layer, the 
amount of layers’ current will be different. Fig. 8 shows the changes in 
the amplitude of the YBCO layer current of the HTS tape for each of the 
cable layers during the time interval of the pole-to-pole fault with a fault 
resistance of 0.5 Ω. As can be seen, in layers 1 and 3, the YBCO layer 
current exceeds the critical current of 76 A for each tape, and the current 
passing through the other tape is lower than the critical current. Under 
these conditions, and with the resulting poles current of 2502 A, the 
cable remains in the superconducting state. Table 8 shows the com
parison of the current passing through the YBCO tape in different layers 
for steady states with ripple effect and fault condition with a fault 
resistance of 0.5 Ω.

4.2.1. Effect of fault resistance on cable transient performance
In order to investigate the effect of fault resistance on the perfor

mance of self-shielding DC HTS cable, a pole-to-pole fault with a period 
of 0.2 s is applied to the network at the instant of 0.2 s. Fig. 9 shows the 
trend of current variations in different layers under fault conditions. 
Under these conditions, the layer current increases and the current 
distribution between the layers during the fault is out of symmetry be
tween the forward and backward layers. Although the occurrence of a 
fault disrupts the current distribution between the layers, the total 
current flowing through the layers will remain the same.

The results of the fault resistance effect on the current of layers have 

Table 7 
AC losses due to ripple effect in each cable layer (w/m).

Layer number Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7 Layer 8

AC loss 0.367 0.370 0.516 0.453 0.565 0.814 1.053 1.079

Fig. 8. YBCO layer Current in each of the cable layers during p-p fault and Rg=0.5 Ω.

Table 8 
Comparison of the current amplitude through the YBCO layer of the HTS tape.

Layer number YBCO 1 YBCO 2 YBCO 3 YBCO 4 YBCO 5 YBCO 6 YBCO 7 YBCO 8

In steady state with ripple 10.4139 − 10.4016 10.4132 − 10.396 10.3948 − 10.4087 10.4011 − 10.408
In p-p fault with Rg=0.5 Ω 89.84 − 41.47 86.89 − 19.04 12.34 − 69.98 38.13 − 66.96
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been shown in Table 9. The results show that the tapes current at Rg=
1Ω and 5Ω is less than the critical current of the tape and their perfor
mance will be in the superconducting region. While for a fault resistance 
of 0.5Ω, the tapes current in layers 1 and 3 are 89 and 86 A respectively, 
which exceeds the critical current value. Due to the interaction of the 
layers on each other, the resultant current of forward and backward 
layers reaches 2.5 kA, which is less than the rated critical current and as 
a result, the cable’s performance will remain in the superconducting 
region. If the fault resistance is reduced to 0.1Ω, the amplitude of the 

current will exceed the rated critical current and the cable will enter the 
resistive mode, so-called quench. In general, under these conditions, 
only the current of layers 4 and 5 will be less than the critical value, and 
a current in the range of 100 to 400 A will pass through the tapes of the 
other layers, which will be damaged if proper protection is not taken 
into account.

As the fault occurs and the fault current increases, the temperature in 
the cable layers will also change and will exceed its steady state value. At 
fault resistances of 5Ω and 1Ω, the temperature in the layers is very close 

Fig. 9. Current distribution between cable layers during p-p fault and Rg= 0.5Ω.

Table 9 
Amplitude of current passing through different layers for a change in pole-to-pole fault resistance.

Fault resistance Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7 Layer 8

5 165.56 121.85 199.09 124.14 137.97 213.17 198.21 241.42
1 452.1 234.01 536.3 162.27 148.19 523.41 365.65 518.28
0.5 810.27 374.2 957.81 209.95 160.97 911.21 574.96 1006.96
0.1 3675.64 1495.72 4329.84 591.31 263.2 4013.63 2249.42 4404.64

Fig. 10. Temperature variations in cable layers with p-p fault and Rg=1Ω.
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to the steady state of the cable due to the fault current being lower than 
the critical current. However, by reducing the Rg to 0.5Ω, the temper
ature in the central layers 3, 4, and 5 increases to 79, 80, and 82 K, 
respectively. At a fault with a resistance of 0.1Ω, the temperature of 
these layers will be 166, 107, and 94 K, respectively. It is also observed 
that layers 3 and 4 will need more time to recover their thermal prop
erties and return to the reference temperature. In this regard, the tem
perature variations in cable layers with p-p fault and Rg=1Ω and 
Rg=0.1Ω have been shown in Figs. 10 and 11, respectively.

One of the most important consequences of increasing temperature is 
the reduction of critical current. As the temperature exceeds the critical 
value, the critical current of the layer will become zero. Fig. 12 shows 
the changes in the critical current of the cable layers during a pole-to- 
pole fault with a fault resistance of 0.1Ω. As can be seen, in layers 3, 4 

and 5 where the temperature has exceeded its critical value, the critical 
current in these layers have become zero. In general, temperature var
iations in some layers cause changes in their critical current, which can 
alteration the operating mode of the Self-shielding DC HTS cable.

Each tape of HTS cable will be exposed to magnetic fields generated 
by currents flowing through the other tapes and layers of the cable. 
Under fault and non-uniform current conditions, the magnetic field in
creases, which has a direct effect on the increase in losses. The variation 
of AC and Magnetization Losses under fault conditions are shown in 
Fig. 13.

As can be seen in these figures, the cable losses also increase with the 
decrease in the fault resistance, which will increase the current of layers. 
This condition is very severe for a fault with a resistance of 0.1Ω, and it 
has increased 14 times compared to Rg= 5Ω. This condition is very 

Fig. 11. Temperature variations in cable layers with p-p fault and Rg=0.1Ω.

Fig. 12. Variation of cable layers’ critical current during p-p fault with Rg=0.1Ω.
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effective in terms of temperature and will change the operating mode of 
the cable. In addition, with increasing fault current, Magnetization 
Losses also increase due to the rise in the magnetic field in each layer. 
The growth of Magnetization Losses per change in fault resistance in 
Fig. (11-b) illustrates this fact.

4.2.2. Investigating the cable performance during a pole-to-ground fault
In order to investigate the effect of fault type, a pole-to-ground fault 

was applied to the system with the same timing as the previous case on 
the positive pole. The layers current and temperature were extracted in 
this case. As shown in Fig. 14 and 15 with different Rg, in p-g fault, the 
fault current passes only through layers 1, 3, 5 and 7 as the forward 
layers and therefore the current amplitude in these layers’ increases.

The total current in the forward layers is equal to the maximum fault 
current and on the other hand, the total current in the backward layers is 
equal to the rated cable current, which remains within the load current 
limit. The results show that the current in p-g fault with Rg equal to 5, 1 
and 0.5Ω is less than the rated critical current and the cable will remain 
in its superconducting operating conditions. While, the fault resistance 
of 0.1Ω increases the current of layers to values exceeding the critical 
current. For more investigation, the temperature of the layers in this 
case is shown in Fig. 16. As can be seen, the highest temperatures create 

in layers 3, 5 and 7, which are 167, 98.2 and 97.2 K, respectively. These 
conditions have increased the recovery time in these layers.

In order to compare pole-to-pole and pole-to-ground fault conditions 
at different fault resistances, Fig. 17 and Table 10 show the maximum 
values of fault current of the layers. In order to better visualize the re
sults, the critical current of each layer at the midpoint of the fault time is 
also presented in parentheses in Table 10. As can be seen, the highest 
fault current, which is equal to 4404.64 A, appears in layer 8 during 
pole-to-pole fault with 0.1Ω fault resistance and the lowest fault current 
(121.85 A) appears in layer 2 during pole-to- pole fault and 5Ω fault 
resistance. The results have shown that in layers 4 and 5, the fault 
current is lower than other layers. In fact, due to the larger inductance of 
these two layers compared to other layers, their magnetic field is 
reduced and a smaller fault current passes through them.

5. Conclusion

The self-shielding DC HTS cable has been considered in this article 
due to its advantages such as reduced magnetic field effect in cable 
layers, high current capacity at low voltage levels, no need for high 
voltage insulation system and no need for former layer. Based on the 
analysis and evaluation of steady and transient state of the self-shielding 

Fig. 13. Variation of studied cable losses during p-p faults with different fault resistances. (a): AC losses, (b): Magnetization Losses.

Fig. 14. Current flowing through the cable layers for p-g fault and Rg=1Ω.
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Fig. 15. Current flowing through the cable layers for p-g fault and Rg=0.1Ω.

Fig. 16. Temperature changes in cable layers with p-g fault and Rg= 0.1Ω.

Fig. 17. Compression of fault current at different layers and fault resistances for pole-to-pole and pole-to-ground faults.
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DC HTS cable, the following results can be presented: 

➢ The interaction of the layers on each other weakens the magnetic 
field and balances the current passing through the forward and 
backward layers. However, in the event of a fault, the balance of 
current between these layers will be lost.

➢ In layers where a magnetic field is created with a high amplitude 
during a fault, the critical current is significantly reduced, which 
causes the material to exit the superconducting state.

➢ Considering the ripple effect equivalent to the performance of a 12- 
pulse converter in the system has increased the losses to >1 (w/m) in 
the outer layers of the cable, which has increased significantly 
compared to the steady state.

➢ With the decrease in fault resistance, the current of the cable and 
superconducting tapes has increased and exceeded the critical cur
rent limit. Under these conditions, losses have grown sharply and 
increased by 14 times. Accordingly, the temperature has also 
exceeded the critical margin, which leads to the possibility of 
changing the operating mode of the cable.

➢ Among the Rg value studied, the temperature growth of cable layers 
in p-g fault is higher than in p-p fault for Rg=0.1Ω. This condition is 
more severe in the outer layers. In addition, the recovery period in 
this case is also longer, which makes the conditions for returning to 
the superconducting state difficult.
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