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and optimization methods 
of saturated iron core fault 
current limiter
ABSTRACT
The energy transition is a necessity to 
satisfy the consumption and impact of 
humanity on the environment. Therefore, 
to fulfill this demand, renewable energies 
and microgrids have been developed. 
Consequently, fault current levels have 
overcome the circuit breaker capacity in 
many substations over the years. Then, the 
development of the fault current limiters 
has become a potential solution to solve 
this problem. The literature has presented 
several topologies over the past decades. 

The saturated iron-core fault current lim-
iter (SIC-SFCL) has exhibited promising 
results since this topology is tested in 
the distribution and transmission sys-
tem substation. Thus, enforcements to 
increase the maturity of this equipment 
have been developed in different areas, 
for example, design, applied supercon-
ductor materials, and optimization mod-
els of the SIC-SFCL. This article has pre-
sented the fundamental concept of this 
equipment. Beyond that, the principal 
topologies have been discussed. The 
article has delivered further information 

about the main parts that comprise this 
equipment. Also, the authors have intro-
duced different characteristics which af-
fect the recovery times of this device. The 
authors have discussed the optimization 
methods applied to this equipment and 
after the conclusion is presented.
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1. Introduction

Due to the increase of the power de-
mand together with the distributed 
power generation, the level and fre-
quency of short circuit faults have in-
creased. The traditional solution, which 
mitigates this problem, has become ob-
solete. Due to the fact, the fault current 
limiters (FCL) have been presented as a 
potential solution to solve this problem 
properly. Over the years, many topolo-
gies have been presented, for example, 
resistive superconducting FCL (R-SF-
CL), power electronics FCL, shield-
ing superconducting FCL, and satu-
rated iron core superconducting FCL 
(SIC-SFCL) [1]–[6].

The literature has studied SIC-SFCL 
prototypes deeply among these afore-
mentioned groups where this topology 
was tested in the live grids. For example, 
in [7]–[10], the authors have presented 
the 35 kV/90 MVA SIC-SFCL installed 
in the Puji substation. In [11]–[13], the 
220 kV/300 MVA was developed and 
tested in the live grid. Due to this, this 
topology has proved the potential to be 
a commercial and suitable solution to 
short circuit problems. More recently, in 

[14]–[18], the authors have exhibited a 
design, simulation, and manufacturing 
of an SCI-SFCL of 500 kV. Furthermore, 
other topologies presented in the liter-
ature have had auspicious results. For 
example, several groups have analyzed 
the open core fault current limiter [19]–
[23]. Antonio Pellecchia et al. presented 
in [20] the 33 kV/800 A open-core sat-
urated fault current limiter, which was 
tested in the real short-circuit situation.

Also, several research groups have in-
vestigated the analytical and numerical 
method to represent characteristics of 
this equipment in the power electrical 
grid. In [24] N. Vilhena et al. have pre-
sented a methodology to model the dy-
namic behavior of the SIC-SFCL with 
a lumped electrical circuit. In [25] the 
authors have considered the influence 
of the SIC-SFCL inserted in the power 
transmission line.

As presented in the aforementioned ar-
ticles, the SIC-SFCL has demonstrated 
a promising ability to act in several ar-
eas of the power electrical system, such 
as distribution and transmission lines. 
Therefore, understanding better the be-
havior of this equipment is fundamental 
to placing the SIC-SFCL on the market.

This article introduces the fundamental 
principle of this SIC-SFCL, where dif-
ferent topologies are presented and dis-
cussed, the main parts comprising the 
SIC-SFCL are discussed. Furthermore, 
the recovery time of this equipment is 
introduced and analyzed to different 
iron core materials. Finally, optimiza-
tion solutions for the iron core and the 

superconducting coil have been pre-
sented.

1.1 Fundamental principals and 
topologies

This section explains the fundamental 
principles of the SIC-SFCL. It is focusing 
on the general concepts of this equip-
ment, describing the SIC-SFCL behavior 
in steady-state and short-circuit regimes.

Fundamentally, the SIC-SFCL is com-
posed of iron cores, the AC coils are 
generally made of copper, and the super-
conducting material is used for the DC 
coils. Regardless of topology, the SIC-SF-
CL works on two different conditions: 
the steady-state or short-circuit regimes. 
The equipment idea centers on saturation 
and desaturation of the iron core. In the 
steady-state regime, a DC magnetomo-
tive force (MMFDC) is greater than the AC 
one. Consequently, it leads the SIC-SFCL 
to the saturating region of the ferromag-
netic material. On the other hand, in the 
short-circuit period, the AC magnetomo-
tive force (MMFAC) overcomes the DC 
one. As a result, the operation point of the 
SIC-SFCL goes out to the ferromagnetic 
material linear region.

Fig. 1 illustrates the explained concepts 
above. In the steady-state regime, the DC 
current drives a MMFDC greater than the 
MMFAC. It implies that the dominant 
magnetic flux density comes from the DC 
part. Dot green in Fig. 1 represents the 
steady-state operating point. When short-
circuit happens, the AC current increases 
as well as the MMFAC . This fact leads the 
operating point to the linear region of 

Due to the increase of the power demand to-
gether with the distributed power generation, 
the level and frequency of the short circuit 
faults have increased

The SIC-SFCL is composed of iron cores, 
the AC coils are generally made of copper, 
and the superconducting material is used 
for the DC coils
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the ferromagnetic material. The red dot 
represents the short-circuit operating 
point.

In the SIC-SFCL, the AC coils (in black 
color in Fig. 1) are wound in the opposite 
direction making the AC magnetic flux 
circulate the reverse-path inside in the 
different iron cores. On the other hand, 
the DC superconducting coil (in gold 
color in Fig. 1) generates a third magnet-
ic flux, which goes in the same direction 
in both iron cores. In the steady-state re-
gime, the superconducting DC coil has 
a small induced voltage due to the same 

magnitude and the reverse direction of 
the AC magnetic fluxes. In contrast, when 
the short-circuit occurs, one iron-core 
desaturates, and the other one saturates 
even more. Equation (1) shows the induc-
tance to the SIC-SFCL for both situations. 
Where the Lac is the inductance of the 
AC coils, the Aac is the cross-section area 
of the legs where the AC coils are placed, 
the Nac is the number of turns of the AC 
coil, the lmean  is the mean length of the 
AC magnetic flux path, and the B, H is the 
magnetic flux density and the strength of 
the magnetic field, respectively. Also, it 
is possible to see in equation (1) that the 

derivation dB/dH represents the magnet-
ic permeability (μ), which is given by the 
slope of the curve at the operating point.

	                                                 

This scenario provokes a fast change of 
the magnetic flux through the DC coil. 
Then, as predicted by the Maxwell equa-
tions a high induced voltage appears 
between the DC coil terminals. This 
high voltage can revert the DC current 
direction and damage the power supply. 
As an example, Fig. 2 presents an induc-
tion voltage and current for a 220 V/30 
A 3D simulated SIC-SFCL at the three-
phase short-circuit and the distortion 
of the magnetic flux density at 18 ms of 
the simulation. It is observed before the 
short-circuit, the current applied on the 
DC superconducting coil is equal to 250 
A. Moreover, the voltage drop across the 
DC coil terminals is nearby zero. How-
ever, at the short-circuit regime, the first 
peak of this induced voltage is close to 
the RMS voltage line. As a protective way, 
a fast switch is placed between the power 
supply and the DC coil. When the short 
circuit happens, the fast switch opens the 
circuit. Another protection is a shunt 
resistor that is used to limit the induced 
current and to dissipate the energy of the 
DC coil.                                                      

1.2 Iron-cores topologies of SIC-SFCL

The literature presents different iron-
cores topologies for the SIC-SFCL. This 
section will present and discusses them, 
where their advantages and disadvan-
tages will be highlighted. For all figures, 
the same legend for separating the phase 
coils is used. The yellow, red, and green 
colors represent phases A, B, and C, re-
spectively, for the AC coil, and the blue 
color represents the DC ones. 

Fig. 3 presents a topology of the SIC-SF-
CL widely studied in the literature. It has 
six iron cores, each having a copper coil 
wound in the outermost limbs of the iron 
core. Two iron cores and copper coils 
form one phase of the power electrical 
system, while the same phase coils are 
located on diametrically opposite sides. 
In contrast, the DC coil is wound around 
all the inner iron-cores limbs, providing 
for the six iron cores DC magnetic field, 
which deeply saturates cores. This topol-
ogy can limit all short-circuit types. The 
Innopower group has extensively studied 

When the short-circuit occurs, one iron core 
desaturates, and the inductance of the AC 
coils increases, thus providing the reduc-
tion of the short circuit current

Figure 1. The SIC-SFCL behavior in the steady-state and short-circuit regimes

(1)
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this topology. The first one has voltage 
and power ratings of 35 kV and 90 MVA 
[10]. The second prototype has 220 kV 
and 300 MVA [13]. Both were tested in 
the real power electrical grid. Moreover, 
the Electric Power Research Institute, 
Guangdong Power Grid has developed 
a 500 kV SIC-SFCL six legs prototype to 
be installed in the China transmission 
grid [14]. Moreover, this topology has 
reached a high-voltage level, showing the 
capability to work in the power trans-
mission and distribution systems. Fur-
thermore, this topology does not pose a 
security risk. It means that even without 
the DC current, the equipment keeps 
working. Its disadvantage is the large size 
and weight. In the next sections, meth-
ods that could reduce the iron-core ma-
terial will be presented.

Fig. 4 shows the three-leg topology of 
the SIC-SFCL. Using this configuration, 
it is possible to reduce the mass and the 
volume of the iron-core. However, this 
topology uses two DC coils, which are 
wound in opposite directions. Each DC 
coil is placed in one of the outermost 
limbs (left and right side). This configu-
ration performs a path for the DC mag-
netic flux, which is responsible for the 
deep saturation of the iron-core. In this 
case, the AC coils are wound in the same 
direction and are connected in series, 
where it provides an open path for the 
AC flux through the outermost limbs. In 

The six-leg topology of SIC-SFCL can limit 
all short circuit types, it has been success-
fully implemented in China, but it uses more 
materials compared to the other topologies

Figure 3. SIC-SFCL six-legs

Figure 2. (a) SIC-SFCL six-leg in transient period (b) current and voltage of the DC coil in the transient period
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this configuration of the coils, when the 
short-circuit happens, each limb is alter-
nately desaturated.

It is important to include an air gap in the 
middle of the central limb because of the 
arrangement of the DC coils, thus allow-
ing the DC magnetic flux to flow domi-
nantly in the outermost limbs. Moreover, 

the air gap provides a way to the AC mag-
netic flux without affecting the DC one. 
Then, in this configuration, the central 
limbs make a parallel way that decouples 
the AC and DC magnetic flux. In addi-
tion, the central limbs need to be twice as 
large compared to the outermost limbs. 
It provides a proper and effective limita-
tion in the short-circuit condition [26]. 

For this topology, equation (2) expresses 
the AC inductance, where the lgap and μr 
mean the gap of the central limbs and the 
relative magnetic permeability.

				  

This topology has a strong AC magnet-
ic coupling due to the location of the AC 
coils, which means that regardless of the 
short-circuit type, all phases will be affect-
ed by a fault.

Fig. 5 shows the five-leg SIC-SFCL topol-
ogy. An advantage of this topology is the 
magnetic decoupling of the AC coil. Dif-
ferent from the topology in Fig: 3, this one 
separates each phase of the AC coils in 
specific limbs. The DC coil is placed in the 
outermost limbs on the left and right sides. 
This topology is able to limit all short-cir-
cuit types. However, the unsymmetrical 
faults generate a zero sequence of magnet-
ic flux. Then this one returns by the exter-
nal path, where the DC coils are placed. 
The demagnetization of the outermost 
generates a high zero sequence reactance. 
Then the zero-current sequence is smaller. 
On the other hand, when the symmetry 
short-circuit happens, the no-zero se-
quence is generated. To reduce the hyster-
esis losses, it is possible to use the air gaps 
in the five-leg SIC-SFCL. However, it is 
important to notice that these air gaps in-
crease the coupling between the coils.

Fig. 6 presents the open-core SIC-SFCL. 
This topology utilizes six open iron cores, 
where each one has an AC coil. Two AC 
coils of the same phase can be oppositely 
wound and connected in series. Differ-
ent from the other shown FCLs, this one 
has a triangular cross-section. Moreover, 
this topology has two DC coils, which are 
wound in the same direction providing 

Figure 4. SIC-SFCL three-leg

Figure 5. SIC-SFCL five-leg

The three-leg topology has a strong AC 
magnetic coupling due to the location of 
the AC coils, which means that regardless 
of the short-circuit type, all phases will be 
affected by a fault

Open core topology 
utilizes six open iron 
cores, each having 
an AC coil, where two 
AC coils of the same 
phase can be oppo-
sitely wound and con-
nected in series

(1)
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the deep saturation of the iron cores. For 
practical application, the six iron cores 
need to be immersed in an oil tank. It 
furnishes suitable insulation and cooling. 
The radiator provides natural convection, 
which implements the cooling process 
without the need for the forced ventila-
tion.

In [20], A. Pellecchia et al. developed an 
open-core SIC-SFCL with a 45 MVA/33 
kV-800 A rating. The superconducting 
DC coil was built by a multi-filament 
of magnesium diboride (MgB2). To en-
capsulate the DC coils, epoxy resin was 
used. The development of these DC coils 
occurred in Genoa, Italy. The operating 
temperature of these coils is set up to 16 K.  
Strong advantage of this topology is a re-
duction in the induced voltage inside of 
the DC coils during the transient periods.

2. The main components of 
the SIC-SFCL
In the practical application, the SIC-SFCL 
is composed of major parts. This section 
will present and discuss these different 
parts.

2.1 The superconductor DC coil

One of the main parts of the SIC-SF-
CL equipment is a superconducting 
coil. It provides a deep saturation of 
the iron cores in a steady-state regime. 
As was briefly presented in section 2, 
the high-temperature superconductor 
(HTS) coils have distinct topology and 
materials. In this section, the HTS wires 
and tapes used traditionally to develop 
the high voltage and power SFCL will be 
discussed.

In [27], the authors present a 35 kV/90 
MVA SIC-SFCL, and its DC HTS coils 
are constructed with Bi2223/Ag tapes. 
The HTS coils were built with 44 double 
pancake rings and 470 turns. This config-
uration gives a 141 kA-turn, where the DC 
voltage and current applied were equal to 
50 V and 350 A in the steady-state regime.

In [12] a 220kV/300 MVA SIC-SFCL has 
been developed, and its superconducting 
DC coil was composed of Bi2223 with 
2520 turns, where 9 rings of 56 turns were 
connected in series, creating a group, and 
five groups were connected in parallel. The 
critical current density range of the tape 
was equal to 140-180 A, in self-field 77 

K. The DC current applied in each group 
was equal to 60 A, then the total current 
requested to the source is equal to 300 A.

In [16], the authors show a design of a 
500 kV HTS DC coil of a single-phase 
SIC-SFCL. In this project, the HTS coil 
was constructed with two HTS materials, 
Bi-2223 and YBCO. The YBCO and Bi-
2223 pancake coils are equal to 8 and 80. 
Moreover, the coil turns series-connected 
are 208 and 416, respectively. The YBCO 
is placed in the upper and lower position 
of the HTS coil, and the Bi-2223 is located 
in the middle of the coil. Moreover, there 
are two sources to supply the HTS coils. 
The YBCO and Bi-22230 are supplied 
with 160 A and 560 A, respectively.

An important aspect that should be men-
tioned is the influence of the perpendicu-
lar magnetic field over the HTS coil. Fig. 
7 illustrates this phenomenon. When 
the iron cores are deeply saturated, some 
part of the magnetic flux disperses out of 
the core. This dispersion of the magnetic 
flux reaches the superconducting coil and 
affects the critical current density of the 
material, reducing the current capacity 
of the HTS coil. This fact influences the 
superconducting coil design, where an 
optimal place is required to maximize the 
HTS coil critical current density [6].

In [28], the authors have studied the influ-
ence of the DC current in HTS coil losses 
at the steady-state regime. It was observed 

Figure 6. Open-core SIC-SFCL

One of the main parts of the SIC-SFCL 
equipment is a superconducting coil which 
provides a deep saturation of the iron cores 
in a steady-state operation
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generates its losses [29]. Fig. 8 presents the 
power losses at the steady-state regime 
calculated for different applied DC cur-
rent and configurations of the HTS coil. 
Regarding the configuration of the coil, 
the number of the turns was kept constant 
equal to 60, and the number of layers was 
varied between 60, 30, and 10. As possible 
to see by Fig. 8, the power losses rise as the 
applied current, and the number of the 
layers increase.

2.2 Cryogenic system for HTS coil

The cryogenic system is required to lead 
the HTS coil to the superconducting state. 
This system is composed of current lead, 
insulators, refrigerator substance inlet and 
outlet, temperature and pressure sensors, a 
Dewar, a refrigeration substance tank, and 
a control unit. The current lead makes the 
connection between the DC power supply 
and the superconducting coil. The insula-
tors guarantee the cryogenic temperature 
in the Dewar that hosts the HTS coil and 
the refrigeration substance. The material 
to build the Dewar needs to minimize the 
eddy currents, which is the reason why the 
nonmagnetic 304 stainless steel is a com-
monly used material. The control unit is 
used to control the pressures, the refriger-
ation substance capacity, as well as for the 
control of the valves and pumps between 
the tank and the Dewar. Commonly, liq-
uid nitrogen (LN_2) is used to keep the 
HTS coil to the superconducting state. 
Fig. 9 summarizes the cryogenic system.

2.3 AC coils and the Oil tank

The AC coils are commonly made of 
copper material. The winding direction 
of one phase can be in the same or in the 
opposite direction, and it depends on the 
topology. In the high voltage system, an 

Figure 7. Dispersed magnetic flux over the HTS coil

Figure 8. HTS coil losses due to the different 

The cryogenic system is required to lead 
the HTS coils to the superconducting state, 
and it commonly uses liquid nitrogen

The magnetization sys-
tem is responsible for 
driving the SIC-SFCL to 
the saturated point in 
the steady-state opera-
tion, and it needs to cut 
off the magnetization 
in the fault occurrence 
as quickly as possible
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important aspect to consider is the ca-
pacitance between the turns of winding 
[11]. In these cases, the oil tank hosts the 
AC coils and is responsible for the AC 
coil’s insulation.

Furthermore, in the case of high voltage, 
three separate oil tanks are preferred 
than integrated ones, avoiding possible 
additional difficulties in the assembly of 
the equipment. For example, the single 
oil tank structure implies that iron cores 
must install inside the oil tank. More-
over, the Dewar hosting the HTS coil 
also being inside the oil tank. It creates a 
highly problematic or impossible assem-
bly structure. Due to the separation of 
the iron cores, an important aspect in the 
construction of the tank is non-metallic 
material. It will prevent eddy currents 
that would heat and generate losses in the 
walls of the oil tank.

2.4 Magnetization system

The magnetization system is responsible 
for driving the SIC-SFCL to the saturated 
point in the steady-state regime. Further-
more, this system needs to be capable of 
cutting off the magnetization in the fault 
occurrence as quickly as possible. More-
over, a quick recovery is required of the 
system, where a high impedance state 
turns to a low impedance when the fault 
is extinguished. The magnetization system 
consists of three parts:

•	 DC superconducting coil
•	 protection system
•	 rectifier system

The protection system has a structure for 
avoiding the HTS coil damages, com-
posed of the energy release circuit and a 
power electronic switch. The energy re-
lease acting in the first instant of the fault 
guarantees that the induced voltage in the 
HTS coil does not damage it. Generally, a 
ZnO piezo resistor is used in this system. 
The power electronic switch is responsible 
for turning off the current from the source 
and avoid a reversible current from the 
HTS coil to the DC power source. Fig. 10 
shows a schematic of the SIC-SFCL with 
the DC power supply and the protection 
system. The switch S1 represents the pow-
er electronic fast power switch. The diode 
D1 and the resistance R shunt represent a 
protection system, and the current source 
represents the power supply with a con-
trolled current.

3. SIC-SFCL recovery time

After the fault clearance, the iron core 
needs to be re-saturated for the fault 
current limiter to turn to the low im-
pedance. This re-magnetization should 
occur after the circuit breaker opens 
the power line in the fault. Then the 
SIC-SFCL has the re-closing time as a 
maximum time to be re-saturated. Two 
aspects that could highly impact the re-

covery time are the lamination of the 
iron cores sheet and the material used 
to build the cores. Fig. 11 presents in 
(a) the magnetic flux density of the iron 
cores in the transient period and in (b) 
the same quantity in the steady-state 
regime. Moreover, in Fig. 11(c), the DC 
current transient behavior of four dif-
ferent iron core materials is compared. 
This result shows the iron core impact 
on the re-saturation process.

Figure 9. Cryogenic system

Figure 10. The schematic of the SIC-SFCL with the DC power and protection system

After the fault clearance, the iron core needs 
to be re-saturated to get back to the low im-
pedance state – the time required for that 
operation is called SIC-SFCL recovery time
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Furthermore, the current shape applied to 
the HTS coil can be efficiently designed 
to magnetize the superconducting coil. A 
fast magnetization is important to restore 
the saturated state before the re-closing 
of the circuit breaker. Fig. 12 shows dif-
ferent DC current applied into DC coil 
and compares the transient DC current 
behavior. For the presented Fig. 12, a DC 
voltage source applied the proper voltage 
to generate the 250 A in the steady-state 
regime. The shape of the voltage source 
was the ramp function, where the slope of 
this ramp could be changed.

4. SIC-SFCL optimization models

Another important subject of this fault 
current limiter is the amount of iron core 
material used in its construction. Further, 
the HTS and the cooling system contrib-
ute to the high prohibitive price of this 
equipment. Due to it, optimization proce-
dures are required to develop competitive 

Figure 12. The transient behavior of the DC current due to different slope in the voltage 
power source

Figure 11. (a) Transient period of the re-saturation of the iron-cores of the SIC-SFCL; (b) 
Steady-state regime after the saturation process of the iron-cores of the SIC-SFCL; (c) DC 
current transient behavior to different iron-cores materials

(a)

(c)

(b)

In order to save iron 
core material as well 
as costly supercon-
ductive materials, op-
timization models are 
used for the optimiza-
tion of the SIC-SFCL 
design
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and efficient SIC-SFCL. Consequently, 
the literature presents several ways to op-
timize this equipment.

In [30], the authors have proposed optimi-
zation of the open core SIC-SFCL, where 
the evolutionary algorithm was used to 
optimize the cost and the voltage drop 
produced by this equipment. In [31], the 
authors use the genetic algorithm to op-
timize the six iron core SIC-SFCL, where 
the electrical parameters are considered in 
the model.

In [24] Nuno et al. present a genetic al-
gorithm, which found an optimal design 
of SIC-SFCL for a particular power grid 
with specific parameters. Moreover, in 
this method, decision variables are imple-
mented, and they are:

•	 the cross-section area of the DC limb,
•	 mean magnetic length of the limbs,
•	 number of turns of AC coils,
•	 mean magnetic length of the yokes.

The DC current is considered as a con-
stant, and the number of turns of the DC 
coil is considered to track the optimal bias 
magnetomotive force, which saturates all 
iron cores. Furthermore, this methodol-
ogy considers the magnetic circuit with 
the leaked inductance. The objective is to 
minimize the iron core volume.

In [6], dos Santos et al. have developed a 
method to optimize the superconducting 
bias coil and the applied DC supercon-
ducting coil. The optimization procedure 
utilizes the Nelder-Mead algorithm to 
solve the multi-objective optimization. 
As a result of the optimization, the opti-
mal parameters are obtained, such as the 
number of turns and layers as well as the 
distance between them, the optimal cur-
rent of the superconducting coil, etc. The 
methods use restrictions to control the 
optimization, and they are:

•	 critical current density,
•	 voltage drop in between the copper coil 

windings,
•	 normalization of current density,
•	 price of the HTS coil.

According to the last optimization results, 
it is possible to notice the influence of the 
magnetic leakage flux over the supercon-
ducting coil. Regarding this influence, the 
designer can choose the better position 
for the HTS coil.

For example, Fig. 13 illustrates the expla-
nation above, wherein the normalized 
current density and the magnetic flux 
lines are considered for two different cas-
es. In both, the applied direct current is 
equal to 250 A. Therefore, the changing of 
the normalized current density observed 
in Fig. 13 can be attributed to the differ-
ent numbers of layers (60 and 10 layers). 
Moreover, in the 60 layers case, the mag-
netic flux is more perpendicular with re-
gard to the tape. This situation needs to be 
avoided due to the high dependence of the 
critical current density regarding the per-
pendicular magnetic field.

Fig. 14 allows us to clarify the huge im-
pact that the choice of the geometry can 
cause on the critical current density of 
the superconducting material. In these 
cases, the selection of 60 layers reduces 
the average of the critical current densi-
ty to 76 % of the total normalized criti-
cal density of the material. On the other 
hand, as the number of layers decreases 
as normalized critical current density in-
creases. This result shows that the reduc-
tion of the magnetic field over the HTS 
tapes is better if there are more stacks and 
fewer layers in the SIC-SFCL HTS coil 
configuration.

Figure 13. Current density (color map) and the magnetic flux line (gray lines)

Figure 14. Normalized current density with different layers
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In this optimization method, article 
[6] shows the minimum possible fill 
factor might not be the best choice to 
wound the DC bias coil, furthermore 
utilizing this methodology is possible 
to find the optimal DC current applied 
in the HTS coil. Moreover, in [5], [6], 
the authors have studied transient be-
havior of this kind of SIC-SFCL at the 
short-circuit regime presented in Fig. 
15, where the problem was solved by 
the COMSOL package. In this case, it is 
possible to see the first peak reduction 
of around 20 %. The low limitation of 
this fault current limiter is justified by 
the time iron cores take to desaturate 
and change the impedance that the sys-
tem observes.

In order to classify and compare the 
kinds of FCL, some operational as-
pects are limitation capability, rela-
tive cost, recovery time, safe fail, and 
steady-state losses. Table 1 summarizes 
the qualitative comparison among the 
FCLs. This table is classifying them 
into High, Moderate, and Low. Where 
“High” is the best aspect related to the 
other FCLs and “Low” is the worst one 
for that aspect.

Figure 15. Short-circuit current with DC current equals 250 A

Table 1. Comparison between the aspect of different kinds of FCL

FLC Type
Aspect

Limitation  
Capability Relative cost Recovery 

Time Safe Failure Study State 
Losses

Air-core reactor Low High High High Low

Pyrotechnic FCL High Low Low Low Moderate

Resistive superconducting Moderate Low Low High High

Saturated iron core Low Low High High Low

Shielded core reactor Moderate Low Low High Moderate

Series switched reactor High Moderate High High Moderate

Resonant circuit Moderate Moderate High Low Moderate

Solid state bridge Moderate High High Low Moderate

Hybrid FCL High Low Moderate High High

SIC-SFCL design optimization case study 
shows that the reduction of the magnetic 
field over the HTS tapes is better if there 
are more stacks and fewer layers in the 
SIC-SFCL HTS coil configuration

104    TRANSFORMERS  MAGAZINE  |  Special Edition: Superconductivity  |  2021

IRON CORE 



Conclusion

This article has presented and discussed 
different topologies of the SIC-SFCL 
and their advantages and disadvantages. 
Moreover, this article presents the princi-
pal parts that comprise a SIC-SFCL, where 
each component’s physical and practical 
aspects were emphasized. After the re-
covery time of the SIC-SFCL is discussed, 
the influences of different iron core mate-
rials over the re-saturation processes are 
presented. In addition, the impact of the 
DC current shape in the transient period 
of the re-saturation is discussed. Several 
optimization procedures were presented 
and discussed in section 4. Moreover, in 
this section, the influence of the geometry 
of the DC HTS coil in the critical current 
density was discussed.

Among the superconducting fault current 
limiters presented in the literature, the 
SIC-SFCL has high maturity having sev-
eral applications on the real substations of 
35 kV/90 MVA, 220 kV/300 MVA, or 500 
kV. Therefore, this equipment can become 
industrial. Efforts to study the design, 
manufacturing, and optimization proce-
dures are required for this technology to 
become available and competitive on the 
market.
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