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Abstract. One of the most interesting applications of superconductors in power 
systems is the so called “Superconductor Fault Current Limiter (SFCL)”. This 
is a device that makes the lines exhibit a variable short-circuit impedance: very 
low (almost null) under normal operation, and high when the current increases 
above the security limit of the line. There are two types of SFCL: resistive and 
inductive. The first one consists of a superconducting element in series with the 
line. The element is designed with a critical current equal the security limit of 
the line. When the current in the line is higher, the element transits and a high 
resistance arises, protecting the line. The second type is connected in series with 
the line too. It consists of an inductor with the magnetic core shielded by a 
superconducting screen. The screen is designed to transit by magnetic field 
when the current in the coil (line current) is higher than the security limit of the 
line. At this time, a high reactance arises protecting the line. The PhD thesis we 
are working on is a new concept of SFCL with two stages (resistive and 
inductive) in series designed to solve some problems of each type separately. In 
this case, the resistive stage is located in the gap of the inductive stage magnetic 
core. Firstly, the objective is to make the magnetic screen transit. When this 
happens, the magnetic field penetrates the core and surrounds the resistive stage 
provoking its transition. In this paper, we present the work philosophy of this 
novel device, which does not have equivalent in conventional (non-
superconducting) technology. 
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1   Introduction 

The superconducting fault current limiter (SFCL) is a device that detects the increase 
in the current above a certain value, (for which it is designed) and inserts in the 
network a high impedance that does not exist under normal conditions. 

This variation of impedance in the network allows it to work in normal conditions 
with a low short-circuit impedance, with the consequent performance in terms of 
quality of supply and stability. In fault conditions this impedance increases, reducing 
the current and therefor the switchgear size and cost.  
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SFCLs are reliable devices, with low environmental impact and easily adapt to 
power systems based on alternative energies, which makes them very attractive from 
a technological point of view and, under the right conditions, economically. 

One of the most important challenges in electrical switchgear, is the fault current 
limiter, which has a clear application in two increasingly common situations: the 
demand for larger capacity in distribution networks and the inclusion in these of the 
distributed generation systems (DGS). 

In the first case, increasing the capacity of the lines raises the value of the short-
circuit currents above the capacity of the protection devices. Currently, there is no 
suitable solution to this problem. 

The second case is the inclusion of distributed generation systems in the 
distribution networks, especially when it comes to renewable energy (wind turbines, 
photovoltaic panels, fuel cells, etc.) that needs connection systems to network based 
on power electronics. 

For some years, especially since the appearance of high temperature 
superconductors (HTS) in 1987, research on the application of these materials to fault 
current limiters have been carried out. 

A superconductor is a material that below a certain temperature (critical 
temperature, Tc) has zero electrical resistance and perfect diamagnetism, as long as 
the current it carries is not higher than a certain value (critical current, Ic) and is not 
held to a field magnetic higher than one given (critical field, Bc). That is, the 
superconducting material will retain its properties as long as the conditions of 
temperature, current density and magnetic field described are maintained below its 
critical values. 

When the current exceeds this value, the material loses those properties, behaving 
as a resistive medium with permeability practically equal to that of air. This situation 
means that the material has moved from superconducting state to normal state. 

For electrical application, the most interesting superconductors are the so called 
"high temperature superconductors". They work at temperatures higher than the 
liquefaction temperature of Nitrogen (77K; -196 °C), its nature (usually ceramic), 
makes its Resistivity is high, which is a good feature for the purposes of current 
limitation. 

Due to these characteristics and its design, a SFCL could lead to benefits not only 
in the protection, but in the quality of the output voltage in normal operation as no 
impedance is interposed at the protection point. 

In summary, this system that gives the line characteristics of impedance adaptable 
to the current, so that when the current limit is exceeded, it presents an impedance that 
it did not have in normal operation, it is not necessary to size the rest of the 
protections to the impedance of normal regime. 

2   Contribution to Life Improvement  

The main issue in this research is relevant due to the impact that this type of device 
can have on DGS, to which sustainability seems to lead in Electrical Engineering. The 
initial hypotheses are: 
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a) The SFCL increases the impedance of the short-circuit on the line that protects 
when its activation value is exceeded, this allows it to show very low impedance 
under normal operating conditions, improving the quality of the power supplied.  

b) SFCL allows to expand the capacity of the lines without changing the size of the 
protections. It is intended to quantify this possibility under different scenarios. 

c) SFCL operation is totally physical (a thermodynamic change of state) and 
therefore, environmentally free of impact. 

3   State of the Art  

The exhaustive study of the configurations of the SFCLs, their operating principles, 
characteristics, advantages and disadvantages have been carried out by several authors 
[1-2] who have delved into some interesting structures in terms of operating 
principles, commercial possibilities and their integration in DGS. 

Recent studies [3] offer a review and analysis of the different types of existing 
SFCLs. These studies are divided into three groups: Quench-type SFCLs, Non-
quench-type SFCLs and Composite-type SFCLs. The typologies associated with the 
prototype presented here classified as Quench-type SFCLs and is constructed by 
combining two of them. 

Regarding the present work, the main typologies of interest are the resistive and 
inductive type. Inductive SFCLs use the magnetic field of a low impedance coil, 
connected in series with the line to be protected. The core of the coil is shielded by a 
superconducting screen. The loss of superconducting properties on the screen results 
on a magnetization of the core and sudden increase of the impedance in the coil. The 
SFCL is designed to lose the screen superconducting properties when the magnetic 
field created by the line current exceeds the protection value [4-5]. 

 The resistive type uses the resistance of superconducting circuit connected in 
series with the line. When the circuit is in superconducting state no resistance is 
shown in the line. If the current in the line exceeds the protection value, the 
superconductor transits to normal state and inserts a high resistance in the line. The 
circuit is designed so that the maximum allowed current is the HTS critical current 
[6]. There are some applications of this SFCL typologies to real cases. [7-8]. 

Both types have advantages and disadvantages [9]. In the resistive typology, 
problems of non-uniform heating and hot spots may occur [2,10]. The problems are 
controlled as several research activities, using different HTS materials, are carried 
out. In fact, several successful prototypes have been installed in medium-voltage 
distribution systems [11-12]. The inductive typology has the disadvantage of weight 
gain due to the core and recovery times somewhat higher than the resistive type [3]. 
Both need cryogenic systems that are currently very reliable but increase the cost of 
these devices. 

Nevertheless, other studies propose solutions by using technologies which combine 
both typologies, as in the case of the present work [13]. 
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It is also interesting to mention the publications that analyze their optimal location 
in DGSs [14] and the benefits that imply their use in these networks [15]. 

Finally, in terms of basic design criteria, other documents, analyze topics such as 
the criteria for the selection of superconducting tapes [16], the analysis of their 
degradation [17-18], studies for the improvement of the combined performance of 
impedances [19], thermal stress analysis [20], and loss analysis in HTS coils [5]. 

4   Proposed Model 

4.1 Background of the Work Presented  

The inductive-resistive SFCL is an original proposal of the “Benito Mahedero” Group 
of EAS designed to prevent the destruction of a resistive SFCL non-uniform heating 
conditions (hot-spots) [13]. In this proposal, a resistive SFCL is forced to transit by 
applying an external magnetic field greater than the critical magnetic field, just before 
the current transition. The magnetic field is created by a magnetic-shield iron-core-
type inductive SFCL, sized to lose the magnetic shield just before the current reaches 
the critical current in the resistive SFCL. Connecting these elements in series, we take 
the advantage of an impedance reinforcement by including the inductance of the 
inductive SFCL after the transition. The prototype studied consisted of a 
ferromagnetic core with two air gaps, as shown in Fig. 1. 

 

 
 

Fig. 1. SFCL prototype image developed by the “Benito Mahedero” group. a) Prototype 
deployed. b) Assembled prototype. 

 
The inductive stage was made from HTS BSCO tape wound on a superconducting 

cylinder that shields a ferromagnetic core.  
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When the line current flowing through the coil exceeds the permitted limit, the 
magnetic field generated exceeds the cylinder critical magnetic field and the shielding 
disappears. Then the current in the coil establishes a high magnetic field in the core, 
affecting the HTS in the resistance stage.  

The resistive stage consists of two sections of superconducting material in series 
with the line and the inductive element (in fact, they are extensions of the BSCO tape 
coil ends, avoiding joins). They are located in two 1 mm air gaps in the magnetic core 
of the inductive stage, as shown in Fig. 1. The transition to normal state of this section 
occurs after the transition of the inductive stage, by magnetic field and not by current 
as usual in conventional resistive SFCLs, avoiding the problems arising from current 
transitions. This is possible due to the correct sizing of the device, known the critical 
values of the screen and the tape so as the characteristics of the core. 

4.2 Test and Results of the First Prototype 

 The prototype described above was tested in a simulated line consisting in a 
15 A(rms) source feeding the rated load ZL. Fig. 2 shows the set-up of the line with no 
protection. A switch S in parallel to the load permits to short-circuit the load. The 
current in the line was measured by a Hall probe connected to a DAQ where the 
waveform was recorded at a sample rate of 10 kS/s.  

 

 
Fig. 2. Test circuit with no protection in the line. 
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Fig. 3. Current in the unprotected line during the test. After connection, the line works at rated 
conditions during 0.5 s. Then a short-circuit of 2 s is held. 

 
The result of this test is shown in Fig. 3. The rms value of the short-circuit current 

was 318 A, corresponding to a short-circuit impedance of about 4.7 %. 
The measurements were repeated with the same source configuration and time 

sequence, but with the SFCL connected to the line as shown in Fig. 4. 
 

 
Fig. 4. Test circuit with the SFCL in the line. 

 

a)

 

    

b)

 
Fig. 5. Current in the line protected with the SFCL during the test. After connection, the line 
works at rated conditions during 0.5 s. Then a short-circuit of 2 s occurs. a) Full sampling. 
b) Waveform detail when the short-circuit occurs. 

 
Fig. 5 shows the results of this test. Before the short-circuit event, the rated current 

passes through the line just as in the previous test. That means that the SFCL is 
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transparent to the current and the short-circuit impedance remains at 4.7%. However, 
the short-circuit, after 0.5 s, is initially reduced to 88 A(rms). That means that the 
short-circuit impedance (line + SFCL) has increased to a value of almost 17%, which 
is better for protection. And, what is much better, this increase of the short-circuit 
impedance only occurs when the fault occurs, remaining at a lower value (better for 
stability) in normal operation. 

As the short-circuit is present, a slow reduction of the peak value can be observed. 
This effect is under study, but the high value of the time constant suggests that it is 
probably a thermal effect. 

The results of the described prototype were uneven in both stages: The inductive 
stage (tested independently) showed a 70% reduction in the short-circuit current. On 
the other hand, the reduction of the current in the resistive stage was practically null 
due to the short length of the resistive branches. 

4.3 New Prototype Description 

The structure proposed in this new design represents a drastic change with respect to 
the models previously studied. The modifications mainly affect the structure of the 
magnetic circuit, and the resistive stage of the combined SFCL. 

The aim is to increase the length of the tape in the SFCL’s resistive stage, whereby, 
the available air-gap must be increased. Thus, we propose a new magnetic support 
(Fig. 2) consisting of a cross-shaped central body with four polar expansions, 
surrounded by an external ferromagnetic shell, forming a structure similar to that of a 
synchronous machine (e.g., 4-pole machine, as in figure). 

 

 
 

Fig. 6. Scheme of the SFCL prototype under study. 
 

Surrounding the polar expansions (or poles), four superconducting cylinders will 
be inserted. Their mission is the same as in the previous prototype, i.e., to shield the 
pole from the magnetic field as soon as it is kept below the critical value. 
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The inductive stage coils are made by winding 2G HTS tape around the 
superconducting cylinders. The number of turns of the coils must be calculated again 
to ensure that the limit current (of the line to be protected), makes the 
superconducting cylinder to transit just before reaching the critical current in the belt. 

When this happens, the poles and the air-gaps are magnetized, and the resistive 
stage tape is immersed in the magnetic field, which causes its transition to the normal 
state. 

 The winding direction of the coils must originate magnetic poles of opposite 
direction in contiguous poles.  

These new modifications are expected to improve the operation of the inductive 
stage of the SFCL. 

After finishing the winding of the SFCL’s inductive stage, the arrangement 
continues to wind the resistive stage over a fiberglass support that surrounds the inner 
core and provides compactness to the application without modifying the magnetic 
properties or increasing its weight. As can be seen in Fig. 2, practically the entire 
cylindrical surface of the fiberglass support is under the influence of axial magnetic 
field, when it appears in the poles. This way, it is possible to increase the length of the 
tape in the resistive stage. 

The final scheme of the prototype in Fig. 2, shows the terminals of the application 
that must be connected in series with the line to be protected. 

Initially, while the intensity flowing through the line is kept below the limit value, 
the superconducting cylinders have a perfect diamagnetic behavior, and the 
ferromagnetic material does not detect the magnetic field. In this situation the 
impedance presented by the SFCL is negligible. 

When the current in the line exceeds the limit, the superconducting screens transits 
to normal state, allowing the establishment of the magnetic field on the magnetic 
circuit with the following consequences: 

1. A high inductive impedance in the coils, connected in series with the line. 
2. The transition of the resistive stage to normal state, and the resulting resistive 

impedance connected in series with the line.  
The effect that we expect as a result of these modifications is a great short-circuit 

current limitation capacity due to the increase in the total impedance presented by the 
SFCL, without the risks of damage to the HST tape. 

5   Discussion of Results  

The design and development proposed in the Research Project entail important 
technical and economic benefits. The inclusion of the prototypes under study in the 
current electric power system would reduce the rated value and the cost of the 
associated protection switchgear, since, for practical purposes, the short-circuit 
current of the lines that integrate them decreases considerably. 

It would imply improvements in the efficiency of the network, an increase in the 
reliability of the supply for the users and a lower cost of the protection of the system 
as well as the improvement in the quality of the output voltage in normal operation, 
for the distribution companies. 
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From the point of view of the environmental impact, the cryogenic system needed 
for superconducting conditions, either by immersion in liquid nitrogen or by 
conduction in a vacuum chamber, is practically harmless with the medium in which it 
is installed, having no harmful effects of it. 

In addition, other superconducting devices that take advantage of these cryogenic 
systems could be integrated, with possible consequences on the dimensions of the 
sections of lines, including the assigned voltages, which would affect the design of the 
transformation centers themselves. 

The study that is proposed is, in that sense, bidirectional, that is, the inclusion of 
the limiters would lead to the optimization of the parameters of the electrical systems 
with DGS and the consequent resizing of them, and again, the situation would lead to 
the retrofitting of the SFCLs. 

6   Conclusions and Further Work 

The design of a new SFCL device is presented. The main objective is to solve some 
problems shown by the typologies presented before. 

It is intended to define a reliable device with low environmental impact, easily 
adaptable within the distribution networks of distributed generation systems, 
especially when constituted from renewable energy. 

The SFCL device not only aims to meet the protection requirements for which it is 
designed, but also focuses on improving the quality of service in normal operation, 
since it will not imply any impedance at the point of protection. 

The current state of the investigation has already carried out an exhaustive review 
of the existing bibliography and a previous analysis of the losses in the different 
prototype elements. The possibility of replacing the Bulk-type cylindrical magnetic 
screens with others constructed with HTS tape is beginning to be studied. The first 
results obtained are promising. 

 
Acknowledgments. The authors would like to thank Junta de Extremadura for 
supporting through the funding GR18092, IB18076 and Fondo Europeo de Desarrollo 
Regional “Una Manera de Hacer Europa”. 

References 

1. Morandi, A.: State of the art of superconducting fault current limiters and their application 
to the electric power system. Phys. C, Supercond., 2013, 484, pp. 242–247. 
https://doi.org/10.1016/j.physc.2012.03.004. 

2. Noe, M., Steurer, M.: High-temperature superconductor fault current limiters: concepts, 
applications, and development status, Supercond. Sci. Technol., 2007, 20, (3), pp. 15–29. 
doi:10.1088/0953-2048/20/3/R01. 



302  B. Rivera et al. 
 

 

3. Barzegar-Bafrooei M.R., Akbari Foroud A., Dehghani Ashkezari J., Niasati M.: On the 
advance of SFCL: a comprehensive review. IET Gener. Transm. Distrib., 2019, Vol. 13 Iss. 
17, pp. 3745-3759. doi: 10.1049/iet-gtd.2018.6842. 

4. Paul, W., Baumann, T., Rhyner, J.: Test of 100 kW high-TC superconducting fault current 
limiter. IEEE Trans. Appl. Supercond., 1995, 5, pp. 1059– 1062. doi: 10.1109/77.402734. 

5. Shen, B., Li, C., Geng, J., et al.: Investigation on power dissipation in the saturated iron-core 
superconducting fault current limiter. IEEE Trans. Appl. Supercond., 2019, 29, (2), p. 
5600305. doi: 10.1109/TASC.2018.2881706. 

6. Sharmal, D., Sahay, K. B.: Basic Concepts of Superconducting Fault Current Limiter. IEEE 
(ICPEICES-2016). doi:10.1109/ICPEICES.2016.7853069. 

7. Bock J., Hobl A., Schramm J., Krämer S., and JänkeZIB C.: Resistive Superconducting 
Fault Current Limiters Are Becoming a Mature Technology. IEEE Trans. Appl. Supercond., 
2015, 25, p. 5600604. doi: 10.1109/TASC.2014.2364916. 

8. Liang F., Yuan W., Baldan C.A., Zhang M., Lamas J.S.: Modeling and Experiment of the 
Current Limiting Performance of a Resistive Superconducting Fault Current Limiter in the 
Experimental System. J Supercond Nov Magn (2015) 28:2669–2681. doi:10.1007/s10948-
015-3102-x. 

9. Didier, G., Bonnard, C.H., Lubin, T.: Comparison between inductive and resistive SFCL in 
terms of current limitation and power system transient stability. Electr. Power Syst. Res., 
2015, 125, pp. 150–158. doi:10.1016/j.epsr.2015.04.002. 

10. Henning, A., Kurrat, M.: Thermal–electric simulations of coated conductors with a variable 
conductivity of the buffer layer. IEEE Trans. Appl. Supercond., 2007, 17, (2), pp. 3443–
3446. doi: 10.1109/TASC.2007.898178 

11. Nexans’ supplies two superconducting fault current limiters for permanent use on 
Birmingham's distribution network’ Nexans Superconductor. Available at: 
https://www.nexans.co.uk/eservice/UK-en_GB/navigatepub_149242_-
33580/Nexans_supplies_two_superconducting_fault_current_.html. Accessed 5 Dec 2019 

12. Superconducting fault current limiters, SuperOx. Available at: 
http://www.superox.ru/upload/FCL-full-information.pdf. Accessed 5 Dec 2019 

13. University of Extremadura. Device of inductive-resistive modular superconductive short 
circuit current limiting with double transition by magnetic field. Patent No. P201031147. 

14. Dubey V.K., Jawale G., Mangalvedhkar H.A.: Impact of Adding New Generators in a Loop 
Network with Optimally Placed SFCL. 2016 IEEE PES 13th International Conference on 
Transmission & Distribution Construction, Operation & Live-Line Maintenance (ESMO). 
doi:10.1109/TDCLLM.2016.8013234. 

15. Jain A., Dubey V.K., Jawale G., Mangalvedhkar H.A, Kanakgiri K.: Feasibility Analysis for 
Optimal Placement of SFCL in a Loop Network: A Case Study. 1. IEEE (ICPEICES-2016).  

16. Majka M., Kozak J., Kozak S.; HTS Tapes Selection for Superconducting Current Limiters. 
IEEE Trans. Appl. Supercond., 2017, 27, N 4, p. 5601405. doi: 
10.1109/TASC.2017.2669191. 

17. Baldan C.A., Weijia Y., Shigue C. Y., and Ruppert E. F.: Performance of Modular SFCL 
Using REBCO Coated Conductor Tapes Under Repetitive Overcurrent Tests. IEEE Trans. 
Appl. Supercond., 2016, 26, N 3, p. 5401905. doi: 10.1109/TASC.2016.2528994. 

18.Suárez P., Álvarez A., Ceballos J.M., Pérez B.: Loss and Transition Studies of ShuntedFree-
Stabilized YBCO Tape for SFCL Applications. IEEE Trans. Appl. Supercond., 2011, 21, N 
3, 1267-1270. doi:10.1109/TASC.2010.2102991. 

19.Alaraifi S., El Moursi M.S.: Design considerations of superconducting fault current limiters 
for power system stability enhancement. IET Gener. Transm. Distrib., 2017, Vol. 11 Iss. 9, 
pp. 2155-2163. doi: 10.1049/iet-gtd.2016.0549. 

20.Hayakawa N., Matsuoka T., Kojima H., Isojima S., Kuwata M.: Breakdown Characteristics 
and Mechanisms of Liquid Nitrogen Under Transient Thermal Stress for Superconducting 



Design of a SFCL with an Inductive Stage in Series with a Resistive Stage    303 

 

 

Fault Current Limiters. IEEE Trans. Appl. Supercond., 2017, 27, N 4, p. 7700305. doi: 
10.1109/TASC.2017.2651115. 

 


