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Abstract

:

Power systems are becoming more and more complex in nature due to the integration of several power electronic devices. Protection of such systems and augmentation of reliability as well as stability highly depend on limiting the fault currents. Several fault current limiters (FCLs) have been applied in power systems as they provide rapid and efficient fault current limitation. This paper presents a comprehensive literature review of the application of different types of FCLs in power systems. Applications of superconducting and non-superconducting FCLs are categorized as: (1) application in generation, transmission and distribution networks; (2) application in alternating current (AC)/direct current (DC) systems; (3) application in renewable energy resources integration; (4) application in distributed generation (DG); and (5) application for reliability, stability and fault ride through capability enhancement. Modeling, impact and control strategies of several FCLs in power systems are presented with practical implementation cases in different countries. Recommendations are provided to improve the performance of the FCLs in power systems with modification of its structures, optimal placement and proper control design. This review paper will be a good foundation for researchers working in power system stability issues and for industry to implement the ongoing research advancement in real systems.
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1. Introduction


Nowadays, the transmission lines of power systems are being stressed to transfer larger amounts of power, much closer to their thermal limit, than were considered when built. Power resources are limited and are increasingly more uncertain and variable. The integration of several renewable energy resources, including large-scale wind farms, into the existing grid is a great challenge for power system researchers. It increases the complexity of the electric networks with an inherently high short circuit rate. Generally, the electric networks are vulnerable to AC/DC faults and sophisticated protection apparatus and procedures need to be developed to avoid costly or even irremediable damage. Current limiting reactors are used in power systems for limiting short circuit currents and avoiding damage to the power system due to excessive fault currents. However, current limiting reactors have impedance during normal operation of the system [1].



The stability and security of electric power systems has become increasingly significant due to their complex nature. The application of a fault current limiter is one of the promising solutions to the stability and security issues of power systems. Different kinds of fault current limiters, such as resistive, inductive, superconducting, non-superconducting, flux-lock, DC reactor and resonance FCL, have been offered for limiting fault currents and improving the dynamic stability of power systems [2,3,4,5,6]. Resistive-type and inductive-type FCLs provide nearly zero impedance under normal operating conditions, whereas they provide high-impedance resistors or inductors in faulty conditions. Recently, a number of practical superconducting fault current limiter (SFCL) devices have been effectively developed and verified by in-grid tests. The present focus on applied superconductivity technology to build SFCL devices has been moving from the 10-kV distribution level [7,8] to the 100-kV transmission level [8,9].



This paper provides a broad view of the applications of several superconducting and non-superconducting FCLs in different branches of power networks. Structure and control techniques for several FCLs are discussed. Several optimal parameter selection and optimal placement techniques for FCLs are provided. Practical implementation cases in different countries with field tests are discussed. Lastly, current challenges for FCL application are addressed and future works are recommended.



The paper is organized as follows: Section 2 provides a general overview of the application of FCLs in several branches of power systems; the structure and working principles of superconducting and non-superconducting FCLs are discussed in Section 3 and Section 4 respectively; optimal placement techniques for FCLs are provided in Section 5; the practical implementation issues for FCLs in different countries and field-testing results are discussed in Section 6; stability augmentation in different branches of power systems with FCLs are presented in Section 7; current challenges for FCLs application and some future works are recommended in Section 8; and finally, Section 9 highlights the major conclusions of this survey.




2. Superconducting and Non-Superconducting FCLs


Fault current limiters (FCLs) are considered serious candidates to be inserted into electrical grids in order to prevent short-circuit damage and the inevitable upgrading of the system equipment. Mainly, two types of FCLs are extensively applied in power systems: non-superconducting [10,11,12,13] and superconducting [14,15,16,17,18,19]. Superconducting FCLs have been applied in different parts of the power network such as renewable power generation, distribution generation, transmission system, distribution network [18,20,21,22,23,24,25,26,27,28,29,30]. Also, non-superconducting types FCLs have been employed in several branches of power system such as generation, transmission, distribution network for improving dynamic performance by limiting fault current [10,12,31,32,33,34,35]. The tree diagram shown in Figure 1 summarizes the different applications of superconducting and non-superconducting FCLs in power systems.



Both superconducting FCL and non-superconducting FCL have been extensively applied in transmission and distribution networks and renewable energy systems for different purposes such as stability enhancement, protection improvement, fault current reduction and fault ride through capability enhancement. Main advantages and disadvantages of superconducting and non-superconducting FCLs are summarized in Table 1.




3. Superconducting FCLs


Depending on the structure and operating principle, superconducting fault current limiters (SFCLs) can be categorized as different types: Non-inductive reactor, inductive, transformer, resistive, hybrid, flux-lock and magnetic-shield.



3.1. Non-Inductive Type SFCL


A schematic diagram of non-inductive type SFCL is shown in Figure 2, which is made of two superconducting coils [60].



A current limiting coil and a trigger coil are connected in anti-parallel and are magnetically coupled well. Different types of configurations like a coaxial coil arrangement and a bifilar winding arrangement were compared. The bifilar winding arrangement was found to be superior to have a high impedance ratio [60].




3.2. Inductive Type SFCL


Inductive type SFCL has two coaxial windings and an optional magnetic core [61]. Primary winding is made up of copper (Cu), whereas secondary winding is made up of a high temperature superconductor (HTS). The SFCL is cooled in a liquid nitrogen bath. The electrical connection diagram of inductive SFCL is shown in Figure 3.



During the steady state mode of the power system, nearly zero impedance is shown by inductive SFCL as the zero impedance of the secondary superconducting winding is reflected to the primary. However, during system contingencies, resistance in the secondary is reflected in the primary circuits to limit the fault currents.




3.3. Transformer Type SFCL


Enhancement of supply reliability and power system stability have been observed with the transformer type SFCL [52,62,63,64,65,66,67,68]. The primary side of the transformer type SFCL is connected in series with the load whereas the secondary side is connected in series with superconductors. The transformer type fault current limiter with vacuum interrupter is shown in the Figure 4. In Figure 4, L1 and L2 are the inductance in primary and secondary respectively. M is the mutual inductance between the primary and secondary coils of the transformer.



Upon the occurrence of faults, superconductors in the secondary side of the transformer are quenched, consequently, fault current in the secondary is limited to a lower value. Due to the current limiting in the secondary, fault current in the primary side is limited as well.




3.4. Resistive Type SFCL


Resistive type SFCL can improve the transient stability of the power system by suppressing the level of fault currents in a quick and efficient manner [5,69,70,71,72,73,74,75,76,77,78,79]. A very simple structure of resistive SFCL is shown in Figure 5 consisting of nth units of stabilizing and superconducting resistances in parallel [5]. Coil inductance with nth units is connected in series with the parallel resistive branch.



In the normal steady state condition, the values of stabilizing (Rns) and superconducting (Rnc) resistances are zero. However, during fault conditions, these resistances become nonzero time-varying parameters to maintain superconducting states according to their unique characteristics. The value of the coil inductance is kept as small as possible in order to have minimal AC loss during normal operation. Therefore, the effect of the inductor during steady state operation is ignored.



A long length of the superconductor is needed to make a high voltage and high current system in case of resistive and inductive type SFCLs. However, this required length is significantly reduced in hybrid SFCL, which makes it commercially applicable [80].




3.5. Hybrid SFCL


Due to the slight critical current differences between the several units, resistive SFCL faces difficulty in quenching simultaneously between the units; however, this problem can be solved with hybrid SFCL [81]. Hybrid SFCL is proposed for limiting fault current and improving dynamic performance of power system [80,81,82,83]. A hybrid type SFCL has a primary winding and several secondary windings as shown in Figure 6 [81]. Each of the secondary windings is connected in series with a superconducting resistive unit. In Figure 6, LP is inductance in the primary winding of the transformer and LSA, LSB, LSC and ISA, ISB, ISB are the inductances and currents of secondary windings A, B and C respectively.



During normal operation, resistance of the superconducting units connected in series with the secondary windings is zero. Therefore, current (IP) flows through the power system without any loss. When fault appears on the system, superconducting unit is quenched and fault current is limited. In this way, hybrid SFCL has almost no effect on the system performance during normal operation and limits fault current during contingencies.




3.6. Flux-Lock Type SFCL


Among several of the SFCLs, the flux-lock type SFCL has less power burden of the high temperature superconducting (HTSC) element [53]. Short circuit current in power system can be limited with the flux-lock type fault current limiter during different contingencies [36,41,53,84,85,86,87,88]. The configuration of the flux-lock type SFCL with over current relay is shown in the Figure 7 where N1, N2, N3 and i1, i2, i3 represent coil-1, coil-2 and coil-3 and their currents, respectively. ORC stands for over current relay.



As shown in Figure 7, the flux-lock type SFCL has two main parts— the current limiting part and the current interrupting part. The current limiting part consists of two parallel-connected coils and a high temperature superconductor (HTSC) connected in series with one of the coils. The current interrupting part consists of an over current relay driven by one of the parallel coils and a circuit breaker. During normal operation, zero voltage is induced across the coil as the magnetic fluxes generated in two coils are cancelled out. In faulty conditions, fault current is limited by the voltage generations across the coils.




3.7. Magnetic Shield Type SFCL


Magnetic shield type SFCLs have been reported in References [50,51,89,90,91,92,93,94]. They consist of a primary copper coil and secondary high temperature superconductor (HTS) tube wound around a magnetic iron core [93] as shown in Figure 8. In the magnetic shield SFCL, screen currents thwart flux penetration into the iron core during standard operation as the HTS tube is fixed in between the primary copper winding and the magnetic core.



During fault conditions, superconducting to a normal transition value is increased as the current exceeds critical value of HTS elements. Therefore, the resistance of the HTS tube is replicated in the primary circuit and magnetic flux infiltrates into the iron core augmenting impedance of the limiter.



Table 2 summarizes superconducting FCLs in terms of cost, advantages, limitation and applications and so forth.





4. Non-Superconducting FCLs


Generally, superconducting fault current limiters have been extensively used in power systems. However, non-superconducting fault current limiters could play an important role in reducing fault current and improving the dynamic stability of power systems with minimal cost compared to superconducting fault current limiters [10,34,97]. There are several types of non-superconducting fault current limiters as follows.



4.1. Series Dynamic Braking Resistor (SDBR)


SDBR is a non-superconducting FCL that has been extensively used in power systems, especially for the fault ride through capability enhancement of wind farms [54,55,56,57,58,59]. SDBR consists of a resistor in parallel with a switch. The switch is turned on and off based on the occurrence of a fault in the system. Due to fast response, IGBT is used as a switch as shown in Figure 9.



During normal operation, IGBT is turned on and the braking resistor is bypassed. Therefore, the SDBR has no effect on the system during normal condition of the grid. At the inception of grid fault, voltage at the point of common coupling (Vpcc) decreases and becomes lower than the predefined reference voltage (Vref). IGBT is turned off at this condition and braking resistor comes in series with the line to limit the sharp increase in line current. Braking resistor continues to be in series with the line until Vpcc becomes greater than Vref. When Vpcc surpasses Vref, IGBT is turned on and system returns to its normal operation.




4.2. Bridge Type Fault Current Limiter (BFCL)


BFCL has two main parts—the bridge part and the shunt branch [102,103], as shown in Figure 10.



The main function of BFCL is to insert resistance and induction at the inception of a fault. It does not require superconductive characteristics for its operation, thus it has less application costs compared to other fault current limiting devices. The bridge part is composed of a diode rectifier, a very small dc limiting reactor (LDC), a small DC resistance (RDC), a commercially available semiconductor (IGBT) switch (CM200HG-130H) and a freewheeling diode. The main shunt branch is connected in parallel with the bridge part. It consists of a series of connected resistance and reactance (Rsh + jωLsh).



During normal operation, the IGBT switch is turned on and current flows through the path D1-LDC-RDC-D4 for positive half cycle of the signal. Then, current conducts through the path D2-LDC-RDC-D3 for negative half cycle of the signal. As the current through the LDC has unified direction during this normal operating condition LDC is charged to the peak of the line current and essentially behaves like short circuit and it has negligible voltage drop. Consequently, BFCL has no impact on the system in normal operating conditions. During contingencies, the IGBT switch is turned off and essentially the bridge behaves like an open circuit. So, the shunt path of the BFCL comes into operation and limits the fault current. At the same time, the freewheeling diode provides a discharge path for reactor (LDC). It is worth mentioning that during fault initiation LDC the line current tends to increase drastically; however, LDC limits this current. Therefore, the IGBT switch is saved from high di/dt.




4.3. Modified Bridge Type Fault Current Limiter (MBFCL)


The structure of the bridge of the fault current limiter is rearranged to enhance low voltage ride through the capability of fixed speed and variable speed wind farms [49,104]. This new topology is named a modified bridge type fault current limiter (MBFCL). In BFCL shunt path consists of a series connected resistor and inductor. However, an inductor is omitted in MBFCL because it discharges when the shunt path is disconnected. During normal operation, MBFCL bridge is short-circuited as the IGBT gate signal is high, thus shunt branch resistance is bypassed. When a fault appears on the system, the IGBT gate signal becomes low by proper control action, the bridge part of the MBFCL is eventually open and shunt resistance is inserted in the line to limit the fault current.




4.4. DC Link Fault Current Limiter (DLFCL)


The DC link fault current limiter is proposed for fault ride through capability enhancement of an inverter based distributed generation system [32]. The non-superconducting DTFCL module is composed of a diode bridge and an inductive coil that has an inductor Ld and very small resistance Rd as shown in Figure 11.



During normal operation, the DC reactor has a negligible impact. However, the reactor can effectively suppress severe di/dt and it can limit fault current successfully over the fault duration.




4.5. Transformer Coupled BFCL


A transformer coupled bridge type fault current limiter is presented [105] for low voltage ride through (LVRT) capability enhancement of a doubly fed induction generator (DFIG). The schematic diagram of the fault current limiter is shown in Figure 12. A bypass resistor (Rb) is used to absorb the majority of the current harmonics during normal operation and to reduce voltage spikes.



In a steady state system, all the thyristors are kept turned on and limiting reactors are bypassed. During system disturbances, gate signals of the thyristors are removed and a limiting reactor is inserted to limit fault current.



Table 3 summarizes different types of non-superconducting fault current limiters.





5. Optimal Parameters and Placement of Fault Current Limiters


The optimal location for FCLs in a power network has several potential benefits. These include enhancing the system reliability and security, reducing fault current and voltage sag, improving fault ride through capability and increasing the interconnection of renewable energy. Several optimal placement techniques have been reported in the literature [14,18,23,106,107,108,109,110,111,112,113]. Number of FCLs units, optimal parameters and optimal positions are considered for the placement of the FCLs in power system with several objectives like fault current reduction, reliability and stability improvement, FCL cost reduction and optimization of operating time of the over current relays. Some of the works focused on optimal placement mainly with single objective function as either fault current reduction [114,115] or stability enhancement [113]. Since there is the tradeoff among several objectives, enhancing one of them might lead to the deterioration of the others. Multiobjective optimization techniques [18,23,107,116] have been reported to solve the above mentioned problem. However, most of the optimal placement techniques do not take into account uncertainties in power systems, especially the unpredictable variations in the status of a DG, wind and PV systems when determining the best location for SFCL [14]. New placement algorithms can be developed considering several networks uncertainties for better performance. Table 4 summarizes optimal placement parameter selection techniques for different superconducting FCLs.



Some of the non-superconducting FCLs parameters design techniques have been presented in the literatures [104,117]. However, to the best of authors’ knowledge, no optimization technique has been applied for either optimal parameter selection or optimal placement of non-superconducting FCLs.




6. Field Tests of FCLs


Although short circuit tests can be conducted to demonstrate current limiting capability of any developed SFCL, a field test is necessary to validate the performance and reliability. SFCL practical installing issues and field tests have been reported [17,46,47,48,118,119,120,121,122,123]. In many countries FCLs have been practically installed and field tests have been done with results and recommendations for further study. Table 5 below shows field test results from different countries.



Long term operational tests have been performed in majority of the field tests to guarantee the reliability and performance of the SFCL devices. For example, the device temperature test to check whether it is within or above the tolerance value [47]. Determination of operational cost by measuring power consumption is one of the main requirements during long term operation tests of SFCL. However, only operational cost of hybrid SFCL [1,47] has been determined and compared with circuit breaker replacement cost and other damages to the power system equipment due to high fault currents. More discussion and feasibility analysis of other types of SFCLs are required with rigorous filed tests. Furthermore, non-superconducting solid state FCLs grid operation and field tests with feasibility analysis should be done in future work before real time grid integration.




7. FCLs in Stability and Fault Ride Through Capability Enhancement


Due to the increased electrical power demand the fault levels in power systems increase causing severe damage to power system equipment. One of the main ways of enhancing power system stability and reliability is to interconnect the power systems for exchanging power among each other [124,125,126,127]. However, when fault occurs in the system, fault current is contributed to the fault point from all the interconnected parts which restrict interconnection to a certain extent so that the fault current could be kept within the breaking capability of the circuit breakers. Another feasible way is to employ fault current limiters in order to enhance reliability and stability of the interconnected power systems [19,33,34,54,104,128,129,130,131,132,133,134,135,136,137,138,139,140,141,142,143,144]. Implementation of SFCLs has been reported [145,146] for limiting fault current as well as improving stability of active distribution network by reducing impact on circuit breaker. In [145], different types of SFCLs have been applied in a medium voltage active distribution network in order to investigate their impact on transient recovery voltage of circuit breaker. This investigation shows the capability of SFCLs in reducing both the magnitude and rate of rise of transient recovery voltage on circuit breaker which in turn improves system stability. Stability enhancement of microgrids, smart grids, multimachine systems, PV systems, high voltage direct current (HVDC) and wind systems has been observed with different fault current limiters such as SFCL, BFCL, DC link FCL, super capacitor switch FCL and standard iron core FCL as shown in Figure 13. As clearly visualized in the Figure 13, the superconducting FCLs have been examined with many branches of power system. However, non-superconducting FCL have been applied in few branches of power system.



Different types of non-superconducting FCLs like bridge type fault current limiter (BFCL), parallel resonance bridge type fault current limiter (PRBFCL) have been examined in DFIG based wind integration, multimachine system and fixed speed wind system. Application of these non-superconducting FCL could be investigated in HVDC, smart grid, microgrid and multi-terminal HVDC (MTDC). Till date, some of the SFCLs have been practically implemented in some power systems in the world. However, non-superconducting fault current are yet to be implemented in real power system. Diodes and IGBT switches are mainly required for non-superconducting FCLs which can be implemented easily [104]. Moreover, required inductor and resistor for current limiting part are non-superconducting in nature which will reduce implementation cost excessively compared to superconducting fault current limiter for future in power system.




8. Industry Practices/Practical Implementation


Several experiments at industry levels or laboratory are performed prior to practical implementation of superconducting fault current limiters (SFCLs) in real system, especially for high voltage application of SFCL. To establish the winding technique of the largest high temperature superconductor (HTS) coil and build up the superconducting magnet system for high voltage application, for instance, 500 kV SFCL, short sample test of HTS wire and tension test of double pancake coil are performed in [147].



In [148], no-insulation (NI) coil is firstly applied in an inductive SFCL prototype as the secondary winding, which is magnetically coupled with the primary winding. A two-winding structure air-core prototype was developed with copper wire in primary winding and NI coils in secondary winding and this developed structure was brought under different experiments like short circuit test and impedance variation test which are needed before large-scale industrial production.



In South Korea, most of the power plants are located in the southern regions, while 40% of the loads are in northern regions. And, due to social and environmental constraints, installing additional power plant in southern region is difficult; as a result, more generators are added in the existing sites which cause more fault currents and instability in the systems. To resolve this issue, in [118], a novel hybrid type SFCL is presented. Although, in Korea, 22.9 kV hybrid SFCL was installed before, voltage level is still not as expected and recovery time is larger. This newly developed hybrid SFCL solves these problems.



In the framework of development of HTS based SFCL, Italian power system planners have done significant tests. After successful demonstration of techno-economic feasibility, 9 kV/3.4 MVA SFCL were installed. Second phase of Italian project for installation of 9 kV/15.6 MVA has been started [120] in the distribution grid of Milano region. This phase mainly focuses thermo-fluid dynamic behavior of cryogenic coolant flowing in forced convection through the superconducting cables.




9. Current Challenges and Future Works


Nowadays, high penetration of distributed generation in the form of PV, wind and energy storage interfaced with power electronic converters causes several technical issues especially high level of fault current. Moreover, power systems are becoming more complex with advances towards a smart grid consisting of control, computers, automation and new technology and equipment working together. It is a great challenge for power system researcher to secure stability of such system from high level of fault current. In order to reduce the stress on circuit breaker and other protective devices, fault current limiters are to be installed to keep fault current within permissible limit. However, their application, control, placement, field test, optimal parameter design are important and need further research. Although FCLs have been extensively studied and applied in AC system; their applications are quite limited in systems with HVDC. Multiterminal HVDC (MTDC) is evolving, where several converters are connected together to form a high voltage DC grid. Such system is more vulnerable to AC/DC faults. Coordination of superconducting and non-superconducting FCLs can be a better solution for MTDC. Still, a lot of challenges are there in developing and testing of non-superconducting FCLs in power system. From this comprehensive review, it is recommended that further research should be conducted to fill up the following gaps for FCLs application in power systems.




	✓

	
Economic analysis of FCLs.




	✓

	
Optimal placement and design of FCLs considering network uncertainties.




	✓

	
Analysis, application and feasibility studies of non-superconducting FCLs in HVDC and MTDC systems in order to reduce vulnerability of system with AC/DC faults.




	✓

	
Examining application FCLs for DFIG and or PMSG based large scale wind integrated VSC-HVDC system.




	✓

	
Comparative studies of superconducting and non-superconducting FCLs in terms of economic aspects and performance analysis.




	✓

	
Development of non-superconducting FCLs and conducting their field tests for real grid integration.




	✓

	
Coordinated control strategy can be developed between flexible AC transmission system (FACTS) devices and FCLs.




	✓

	
Linearized model can be developed for the system comprising FCLs to conduct small signal stability analysis and design FCLs parameters.










10. Conclusions


The aim of this research is to offer a detailed and in-depth review of fault current limiters in power system. Application of FCLs in different branches of power systems like generation, transmission and distribution networks, AC/DC systems, renewable energy resources integration, distributed generation is reviewed and documented. The key discussion is divided into several parts, such as application of FCLs in several branches of power systems, categorizing and discussing the structure of several FCLs, pros and cons of different FCLs, real grid operation and testing of FCLs, optimal placement and parameter design and stability and fault ride through capability augmentation employing different FCLs. It is realized from the literature review that the FCLs placement is important in limiting fault current and augmenting stability of power system. However, a lot of challenges still are there in applying FCLs in power system such as minimizing interference with neighboring communication line, minimizing loss in normal operation, designing optimal parameters, coordinated control design between FCL and other protective devices, feasibility analysis, field test and real grid operation. Several gaps are presented in this review as challenges to FCL application and control in power systems, which are interesting topics for power system researchers.
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Figure 1. Superconducting and non-superconducting fault current limiters (FCLs) in different branches of power system. 
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Figure 2. Basic circuit diagram of non-inductive superconducting fault current limiter (SFCL) with single phase circuit. 
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Figure 3. 3.15 kV class inductive SFCL. 
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Figure 4. Transformer type SFCL with load in single phase circuit. 
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Figure 5. A simple structure of resistive SFCL. 
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Figure 6. Structure of hybrid SFCL. 






Figure 6. Structure of hybrid SFCL.



[image: Energies 11 01025 g006]







[image: Energies 11 01025 g007 550] 





Figure 7. Configuration of the flux-lock type SFCL. 
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Figure 8. Magnetic Shield SFCL (a) Full structural view (b) Cross sectional view. 
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Figure 9. Series dynamic breaking resistor (SDBR) Configuration. 
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Figure 10. Bridge type fault current limiter. 
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Figure 11. Direct current (DC) link fault current limiter. 
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Figure 12. Transformer coupled bridge fault current limiter (BFCL). 
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Figure 13. Stability enhancement with fault current limiters. 
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Table 1. Comparisons of superconducting and non-superconducting FCLs.
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	Items
	Superconducting FCL
	Non-Superconducting FCL
	References





	Size and weight
	Big size and heavy weight.
	Small in size and less weight.
	[36,37]



	Cost
	As the required inductor and resistor are superconducting nature, it has high implantation cost.
	Less cost due to non-superconducting nature of required inductor and resistor.
	[38,39,40,41]



	Loss
	Most of them have no loss during normal operation; however, inductive type SFCL has loss in normal operating condition.
	It has loss in normal operation of the system.
	[42,43,44,45]



	Implementation status
	Some of them like saturated iron core, hybrid and resistive SFCL have been practically implemented in power systems in some countries.
	Recently proposed bridge fault current limiter (BFCL), modified BFCL, transformer coupled BFCL have not been implemented in real systems. Detailed feasibility analysis is needed to be done for practical implementation.
	[30,46,47,48,49]



	Interference with neighboring communication line
	It has interference with communication line.
	No interference with communication line has been reported in any research article.
	[30,50,51]



	Fault detection and control systems
	Most of them does not require additional fault detection and control system.
	Most of the non-superconducting FCL needs additional fault detection and control circuit.
	[25,26,27,30]



	Topology complexity
	Most of them has highly complex circuit topology.
	Structure is very simple for most of them.
	[32,52,53,54,55,56,57,58,59]
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Table 2. Comparisons of different SFCLs in terms application, cost, pros and cons.
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	SFCL Types
	Advantages
	Disadvantages
	References





	Non-inductive
	
	❖

	
Low cost




	❖

	
Less recovery time




	❖

	
Less AC losses




	❖

	
It can withstand high voltage






	
	❖

	
Volume of cryogenic is higher




	❖

	
Higher leakage inductance and circulating current






	[60,95,96]



	Inductive
	
	❖

	
Weight and device size can be significantly reduced due to coreless construction






	
	❖

	
Loss in stand-by mode due to leakage reactance




	❖

	
Conventional circuit breaker is needed in order to switch off short circuit to avoid maximum HTS winding temperature.






	[42,43,44,45]



	Transformer
	
	❖

	
It can regulate fault current limiting range according to impedance ratio of transformer and hence applicable in the cases of wide range of current limiting




	❖

	
Shortest recovery time could be achieved with neutral lines






	
	❖

	
Current limiting time is higher




	❖

	
Power burden of SFCL is higher






	[65]



	Resistive
	
	❖

	
Automatic recovering and faster excessive current limiting capability




	❖

	
Smaller in size, less costly and very simple structure






	
	❖

	
Long length of superconductor is required for high voltage application




	❖

	
Large dissipated power and long recovery time




	❖

	
Shortest recovery time could not be achieved even with neutral lines




	❖

	
Simultaneous quenching is not possible due to critical current difference between several units






	[5,69,70,71,72,73,74,75,76,77,78,79,80,97]



	Hybrid
	
	❖

	
Simultaneous quenching is possible which is not possible in resistive SFCL




	❖

	
Less superconductor is required for high voltage and current applications






	
	❖

	
Replenishment of liquid nitrogen is needed if outage period is relatively long.






	[80,81,82,83,98]



	Flux-lock
	
	❖

	
Operational current could be varied




	❖

	
Less power burden on superconducting modules






	
	❖

	
Big size, heavy weight and high cost.






	[36,41,86,99]



	Magnetic Shield
	
	❖

	
Magnetic shielding body is automatically heated when fault occurs and hence does not require additional fault detection circuit




	❖

	
It has greater design flexibility due to turn ratio




	❖

	
It provides isolation between SFCL and power network






	
	❖

	
It experiences undesirable voltage drop during normal operation




	❖

	
It has magnetic field interference which affects the operation of nearby sensitive devices






	[91,93,100,101]
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Table 3. Non-superconducting fault current limiter summary.
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	FCL Type
	FCL Position
	Required Number of Units
	Transformer
	Semiconductor Devices
	Controller Circuit





	SDBR
	AC side
	3 units
	Not needed
	IGBT
	Needed



	BFCL
	AC side
	3 units
	Not needed
	IGBT plus diodes
	Needed



	MBFCL
	AC side
	3 units
	Not needed
	IGBT plus diodes
	Needed



	DLFCL
	DC side
	1 unit
	Not needed
	Only diodes
	Not Needed



	Transformer coupled BFCL
	AC side
	3 units
	Needed
	Thyristors and diode
	Needed
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Table 4. Optimization techniques for the placement of superconducting FCLs.
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	Objective Function
	Used Method/Algorithm
	FCL Types
	Considered Network
	Features
	References





	Minimization of main-backup overcurrent relay (OCR)-pairs coordination maintenance index and the total cost of required FCLs.
	Multi objective Particle Swarm Optimization (MOPSO)
	Impedance SFCL
	IEEE 30-bus meshed system and

IEEE 33-bus radial system
	
	❖

	
Location and size can be obtained without any pre-assumptions.




	❖

	
Applicable for both radial and meshed network






	[23]



	Minimization of number of SFCLs, fault current and optimal relay operating time
	Scenario optimization
	Hybrid resistive SFCL
	17-bus power system with DGs
	
	❖

	
Optimal placement of SFCLs keeps the fault current within breaking capacity of the protective devices




	❖

	
No change in the coordination of relays are need while installing new DGs in the system






	[18]



	Maximizing reliability, Minimizing fault current and FCLs cost
	Pareto algorithms
	Impedance SFCL
	IEEE 39-bus and 57 bus systems
	
	❖

	
Penalty factor is introduced in the optimization problem to keep fault current within maximum allowable range






	[116]



	Minimization of total installed cost, including a fixed cost of installation and incremental cost of impedance
	Iterative mixed integer nonlinear programming
	Impedance SFCL
	The IEEE 9-bus, IEEE 30-bus and a real North American 395-bus transmission system
	
	❖

	
FCLs installing cost is minimized while reducing the fault current




	❖

	
Location sensitivity indexed in not required for the proposed method




	❖

	
Method is restricted by pre-determined locations and random searching techniques




	❖

	
Method is straightforward and can be applied for any mesh network






	[107]



	Minimization of angular deviations between the rotors of the synchronous machines
	Transient stability index method
	Resistive SFCL
	IEEE benchmarked four-machine two-area test system
	
	❖

	
The optimal location of SFCL determined by the method is capable of limiting fault current for the three-phase fault at any location in the network






	[113]



	Minimization of power loss
	Sensitivity index method
	Resistive SFCL
	IEEE benchmarked four-machine two-area test system
	
	❖

	
Improve system damping more effectively




	❖

	
Short circuit current is significantly reduced even if fault occurs at a point far from the optimal location of SFCL




	❖

	
Drawback of the method is it does not consider protection co-ordination problem






	[111]



	Minimization of FCLs unit and parameters
	Genetic algorithm
	Impedance SFCL
	Six-bus test system and IEEE 30-bus system
	
	❖

	
Fault current is kept within CB interrupting ratings with minimum FCLs units and parameters




	❖

	
Sensitivity factor is introduced in the proposed method to reduce search space






	[110]
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Table 5. Optimization techniques for the placement of superconducting FCLs.
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	Country
	FCL Type
	FCL Rating
	Test Names
	Test Results
	References





	China
	Saturated iron-core superconducting fault current limiter (SI-SFCL)
	220 kV/300 MVA
	
	✓

	
Lightning impulse and AC voltage withstanding tests




	✓

	
Lightning partial discharge tests




	✓

	
Partial temperature rise tests




	✓

	
DC resistances and insulation resistances of the coils




	✓

	
The AC coil impedance test






	AC coil deformation, oil tank pressure, insulation resistance of AC/DC coil, AC voltage withstanding capability were as expected in the test results.
	[46]



	Korea
	Hybrid superconducting fault current limiter (SFCL)
	25.8 kV/630 A and 22.9 kV/630 A
	
	✓

	
Long term operational test




	✓

	
Fault tests (short circuit)




	✓

	
Minimum limiting current test




	✓

	
Temperature test




	✓

	
Dielectric test






	Cryostat suspension has been experienced during test for several times due to blackouts and false alarms. Most of the problem were solved during tests.

Temperatures, liquid nitrogen level and internal pressure remained within ±0.1 K, ±0.5 cm and ±0.3 bar range respectively under all load conditions, proving stability in cooling superconducting elements. Finally, it has been stated that SFCL is capable of functioning reliably under repeated faults.
	[47,48]



	Italy
	Resistive-type SFCL
	9 kV/3.4 MVA
	
	✓

	
Critical current test




	✓

	
Partial discharge test, short-duration over-frequency withstand voltage test




	✓

	
Basic impulse insulation level test




	✓

	
Short circuit current test






	SFCL behavior for 24 h test duration in grid shows promising results
	[121,123]
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