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Abstract — This paper presents the loss analysis on the 

saturated iron-core superconducting fault current limiter 

(SISFCL) for a VSC-HVDC transmission system. The numerical 

model of SISFCL as well as its loss calculation on 

superconducting parts were carried out by the finite-element 

method (FEM) using the H-formulation merged into the 

commercial package COMSOL. The SISFCL model was 

established for a practical ±10 kV VSC-HVDC system, and the 

fault current situation was simulated using the PSCAD with a 

SISFCL. The capability of fault current limiting was verified 

using the analysis of electromagnetic characteristics, and the 

corresponding patterns of magnetic field in the iron-core were 

studied. During the process of fault current limiting, the 

instantaneous power losses in the superconducting components 

were studied with the increasing DC bias current. Even in a DC 

grid system, results proved there were considerable amounts of 

losses occurred in the superconducting parts, when the SISFCL 

encountered the fault currents. 

 

Index Terms — Voltage Source Converter based High Voltage 

Direct Current (VSC-HVDC), Saturated iron-core 

superconducting fault current limiter (SISFCL), High-
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temperature superconducting (HTS) coil, Finite element method 

(FEM), AC loss. 

I. INTRODUCTION 

he VSC-HVDC transmission technology has been playing 
a key role in the future smart grid and energy system 

including the renewable energy and energy storage [1, 2]. The 
VSC-HVDC is capable to deliver bulk power to long-distance 
networks with minimal power loss, featuring decoupled control 
of active power and reactive power transmission which 
overcomes the disadvantages of the traditional Line Commuted 
Converters based HVDC system (LCC-HVDC). The VSC-
HVDC is additionally a suitable solution to the connection of 
renewable power networks owing to its advantages of 
coordinating various frequencies and compensating a 
reasonable amount of reactive power to weak AC systems.  

However, if a fault current suddenly occurs in the DC side, 
the transiting current abruptly increases tenfold within 
millisecond level, which can easily damage the power 
electronics devices, and spontaneously, the voltage in DC side 
sharply decays and thus cause extra faults in the AC side [3]. 
This could be one of the major factors that resist the VSC-
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Fig. 1. (a) Configuration of SISFCL for the VSC-HVDC transmission 

system, (b) Schematic of SISFCL. 
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HVDC transmission system being intensively used in the 
modern power system. Therefore, there are several actions 
have been taken to limit the harm of fault current: positive 
temperature coefficient resistor, solid state fault current limiter, 
and superconducting fault current limiter (SFCL). All of them 
are designed to mitigate the problem that the fault current surge 
up to an unrecoverable level, and also slow down the voltage 
drop of DC capacitors. Therefore these devices can protect 
power electronic devices, and reduce the fault impact on the 
overall VSC-HVDC system.  

The superconducting fault current limiters own the 
advantages of their fast response facing over-current (usually 
called quench) and almost zero loss in the normal operation. 
There have been two typical types of SFCL: the resistive-type 
SFCL [4], and inductive-type SFCL [5, 6]. The saturated iron-
core superconducting fault current limiter (SISFCL) has its 
unique advantages that the superconducting coil is only to 
conduct strong DC transport current to saturate the iron-core 
but on no occasion in quench condition, which overcomes the 
potential disadvantage of resistive-type SFCL: probable 
damage of the superconducting coil. Moreover, the SISFCL is 
accordant to an high voltage transmission systems such as the 
VSC-HVDC system [7]. 

In the previous studies, as the resistivity of 
superconductivity is generally assumed to be zero when 
carrying a DC current, the power loss in the DC 
superconducting coil was ignored. However, in these studies of 
the SISFCL implemented into AC system, authors mentioned 
that there are losses in the DC superconducting coil, although it 
only transports DC current, because some of the AC magnetic 
fields could leak from the iron-cores and penetrate into the DC 
superconducting coil [8, 9].  

However, there is no systematic study to investigate the 
power losses in the SISFCL designed for the VSC-HVDC 
system. It is forgettable that the alternating magnetic field will 
be created when the DC fault current surges to a reasonably 
high level, namely, in the fault current limiting operation of the 
SISFCL in the VSC-HVDC system there could be power loss 
in the DC superconducting coil. That power loss should be 
analyzed as it could produce the heat on superconducting coil 
and cause possible early quench, and thus lead to the instability 
or even the damage of other components in the VSC-HVDC 
system.  

In this paper, a ±10 kV VSC-HVDC system was used as 

the test environment for the SISFCL model. As shown in 
Fig. 1, the SISFCL for VSC-HVDC system occupies 3 main 
parts: the DC grid wilding, the DC bias superconducting coil, 
and the iron-core. During the normal running, the DC 
superconducting coil is charged to a reasonably high current 
level, in order ensure the iron-core is saturated (either left or 
right green domain in Fig. 1, where the B-H curve is in the 
well saturation region and the derivative dB/dH is relatively 
small). If the fault occurs and the operation point enters the 
unsaturated region (pink domain in Fig. 1, where the derivative 
dB/dH is relatively high), there will be a huge inductive 
impedance generated in the DC grid, which is able to limit the 
fault current to further increase. By using the FEM method, this 
article presents the verification of fault current limiting 
behavior according to the analysis of electromagnetic 
characteristics, as well as the correlating patterns of magnetic 
field. The instantaneous power dissipation in the HTS DC coil 
was studied with the increasing DC current.  

TABLE I. SISFCL MODEL FOR THE VSC-HVDC SYSTEM 

Parameters  Value  

Inner iron-core width 1000 mm 

Outer iron-core width  1200 mm 

Inner iron-core height  1100  mm  

Outer iron-core height  1300 mm 

AC copper winding diameter 122 mm  

Copper cable diameter 20 mm 

Turns of  copper cable 10  

Diameter of DC HTS coil  102 mm 

HTS tapes turns 300 (60 × 5) 

Thickness of superconducting layer  1 m 

Separation of superconducting layer  0.2 mm (between HTS layers) 

HTS tape width 12 mm 

Jc0  4.75×1010 A/m2  

E0  10-4 V/m  

n (power factor of E-J) 25 

0 4π×10-7 H/m 

 

    

 
Fig. 2. (a) Mesh of SISFCL designed for the VSC-HVDC system, (b) Zoomed-in domain (red dash area) of (a) to present the details of the DC grid winding, (c) 

Zoomed-in domain (green dash area) of (a) to present the details of HTS tapes in the DC superconducting coil. 
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II. MODELING 

A. Modeling of SFCL for the VSC-HVDC system 

The real device of the SFCL for VSC-HVDC system is in 

the presence of 3 dimensions (3D), but the loss calculation in 

HTS components tends to be a more microscopic analysis. 

Due to the capability of FEM formulation for HTS, the 3D 

model has the problems in boundary condition settings, which 

could cause more errors in the loss calculation. The 

calculation speed of 3D model should be considered because 

of the massive numbers of turns in the DC HTS winding and 

DC grid wind, and the overall large structure.  

Therefore, in this study, the 3D model of the SFCL for 
VSC-HVDC system was simplified into a 2D model of cross-
section. It should be noticed the power loss in the actual 
superconducting coil is different in the cross-sectional model.  
However, the 2D cross-sectional model shows the worst case 
and is able to provide an upper limit of the loss in the SISFCL 
for VSC-HVDC. 

The SISFCL model was adapted to a ±10 kV VSC-HVDC 

system, and the fault condition was modeled by PSCAD. In 
this article, we used a typical SISFCL size and configuration 
using 10 turns AC windings. We used the actual dimension of 
the commercial HTS tapes with the superconducting layer 1 

m thick, and that is good for calculating the loss in the DC 
superconducting coil with high accuracy. The mesh of the 
SISFCL is illustrated in Fig. 2. Fig. 2 (b) shows the zoomed-in 
domain (red dash area) of (a) to present the details of the DC 
grid winding, Fig. 2 (c) shows the zoomed-in domain (green 
dash area) of (a) to present the details of HTS tapes in the DC 
bias superconducting coil. By using the method [10], the 
electromagnetic characteristic of the material of iron-core was 
imported to the SISFCL model. TABLE I lists the specific 
parameters to design the SISFCL model.   

B. Loss Calculation 

The H-formulation on the basis of the Maxwell’s equations 
has been selected as the modeling method: Equation (1) below 
can be solved by the FEM software COMSOL [11, 12]: 
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where the magnetic field intensity is H, the resistivity is, the 

permeability of free space is0, and the relative permeability 

isr. More details on loss calculation of 2D cross-sectional 
model for HTS applications can be found in [9].  

III. ANALYSIS AND DISCUSSION 

Fig. 3 presents the operating principle of the fault current 
limiting behavior of the SISFCL model designed for the VSC-
HVDC network. There were 3 stages of the whole procedure. 
Stage 1 charging the DC bias: A DC bias current charged the 
DC superconducting coil to maintain a level which generated a 
strong magnetic field and was able to ensure the iron-core 
going into the deep saturated region; Stage 2 normal operation: 
the normal operating current was in the DC grid and the 
iron-core was saturated, and there was no impedance in the 
grid; Stage 3 fault current limiting: there was a steep fault 
current surge in the DC grid, and a tremendous opposite 

 
Fig. 3. Operating principle of the fault current limiting behavior of the 

SISFCL model designed for the VSC-HVDC network. Stage 1 charging the 

DC bias: A DC bias current charged the DC superconducting coil to maintain 

a level which can ensure the iron-core entering the deep saturated region, 

Stage 2 normal operation: the normal running current was in the DC grid and 

the iron-core was saturated, and there was no impedance in the grid side; 

Stage 3 fault current limiting: there was a steep fault current surge in the DC 

grid, a huge opposite magnetic field was produced to repel against the DC 

bias superconducting coil, and the iron-core returned back to the unsaturated 

state, and therefore a reasonable inductive impedance was induced in the grid 

to limit the fault current from further rising. 

 
(a) 

 
(b) 

4  

(c) 

Fig. 4. Magnetic field (corresponding to Fig. 3) in the iron-core in the three 

stages: (a) Stage 1 charging the DC bias, (b) Stage 2 normal operation (iron-

core saturated), and (c) Stage 3 fault current limiting process (iron-core 

unsaturated). 
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magnetic field was generated to repel against the DC bias 
superconducting coil, and thus the iron-core returned back to 
the unsaturated state, and therefore a reasonable inductive 
impedance was induced in the grid to limit the fault current 
from further rising. 

Fig. 4 shows the corresponding (Fig. 3) magnetic field in 
the iron-core in these three stages. Fig. 4 (a) demonstrates the 
charging process of the DC bias, and the magnetic field inside 
the iron-core was mostly uniform but relatively stronger in the 
right brunch with DC bias superconducting coil. As shown in 
Fig. 4 (b), in the normal running, the iron-core was saturated, 
and the magnetic field was almost uniform in the whole core 
domain. Fig. 4 (c) reveals the magnetic field in fault current 
limiting stage where it can be seen that the iron-core was no 
longer unsaturated. In the left brunch with DC grid winding, 
the total interacting magnetic field decreased to low level 
(below 0.5 T), and in this occasion tremendous inductive 
impedance was generated if there was a sharp increasing rate of 
the fault current.  

Fig. 5 presents the corresponding (Fig. 3) instantaneous loss 
(Watts/meter) per cross-section in the DC superconducting coil. 
The loss only occurred in Stage 3, during the fault current 
limiting. Therefore, we focused on the fault period, and 
assumed the fault current did not change with different DC bias 
currents. Fig. 6 shows the instantaneous losses (Watts/meter) 
per cross-section in the DC bias superconducting coil, with DC 
current rising from 100 A to 275 A. The increment rate of loss 
with DC bias current 275 A was much higher than those with 
DC bias currents 100 A and 200 A. The reasons of the loss 
increasing rapidly with bigger DC bias current could be that the 
dynamic resistance loss was larger with greater DC current, 
and the higher DC current created higher magnetic field that 
added more field dependency and thus induced more loss. 
Similar phenomenon and discussion can be found in [11]. 

To conclude, even the SISFCL model is designed for a DC 
system, but if the VSC-HVDC system encounters a current 
fault in the DC grid, the huge fault current can generate higher 
magnetic field in the iron-core, and thus apparently more 
alternating fields could leak into the HTS components and 
cause more loss. For instance the case with DC bias current 
275 A, if the fault current reaches the peak, the instantaneous 
loss per cross-section in the DC superconducting coil was 
12703 W/m, and if multiplying by the perimeter of DC 
superconducting coil 0.32 m the overall loss of this SISFCL 
unit was approximately 4069 W. Although in Section II we 
mentioned this 2D cross-sectional model provides the worst 

case, for the real operation kilo Watts level loss will generate 
heat, and have a non-negligible impact on the stability of 
cryogenic system, and affect the reliability of SISFCL and 
VSC-HVDC as well. Therefore, for this SISFCL design a DC 
bias current around 200 A is recommended. 

IV. CONCLUSION 

The modeling of the SISFCL designed for the VSC-HVDC 
was accomplished using H-formulation implanted into the 
FEM software COMSOL Multiphysics. The SISFCL model 

was designed for a practical ±10 kV VSC-HVDC system, and 

the fault was modeled using PSCAD. The working principle of 
fault current limiting behavior was verified using the analysis 
of electromagnetic characteristics by the H-formulation model, 
and the corresponding variation of magnetic field in iron-core 
were investigated. Through the process of fault current 
limiting, the instantaneous power losses in the DC 
superconducting coil were compared with the different DC 
currents. Results reveal, even in a DC power system, there 
were a considerable amount of loss up to kilo Watts level 
generated from the DC superconducting coil, during the 
SISFCL suffered a fault current surge. For real operation, the 
cryogenic system should design to be competent for the 
maximum loss to secure the safety and reliability of SISFCL 
and VSC-HVDC system. 
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