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Abstract

:

In this paper, a DC fault short circuit was conducted to analyze the DC fault current limiting characteristics of a flux-coupling type superconducting fault current limiter (SFCL) that has two coils connected in series via one iron core. Similar to the AC power system, the flux-coupling type SFCL in a DC system, which has the two coils connected with each other in series and the secondary coil connected with the superconducting element in parallel, remains in the superconducting state before a short-circuit accident occurs. This results in magnetic flux getting generated by the two windings connected in series offsetting each other and the induced voltage at the two windings remaining at zero. However, in the event of a short-circuit accident on the DC line, a resistance is generated on the superconducting element, so that the magnetic flux generated at the two windings no longer offsets each other. Therefore, a voltage is induced on the two windings, and the fault current is limited accordingly. As a result of configuring a DC short-circuit device and experimenting with this SFCL, we could confirm the DC fault current limiting effect of a flux-coupling type SFCL with two windings connected in series. In addition, we could establish performance conditions of the flux-coupling type SFCL in a DC system by inferring the fault current, operating current, and limited impedance equations according to the connection direction of the flux-coupling type SFCL with two windings connected in series and by analyzing fault current limiting degree, power burden, magnetic flux, and energy consumption for each element composing the SFCL.
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1. Introduction


The increase in power demand and power supply facilities in DC systems, as well as AC systems, has increased the fault current of the system, and in an increasing number of places, the short-circuit capacity of existing circuit breakers is exceeded. As a result, the development of a superconducting fault current limiter (SFCL) can reduce the cost of replacing existing breakers as well as limit the fault current faster [1,2,3,4]. The features of superconductivity are that the resistance disappears under the three specific conditions of temperature, electric field, and magnetic flux, and they have completely diamagnetic characteristics. A superconductor having such superconductivity has no loss even when passing current, and it can send a large amount of current, unlike ordinary conductors. Superconducting power devices include cables, transformers, and current limiters developed using superconductors whose electrical resistance becomes zero under a certain temperature. SFCL is a device that limits the fault current generated in the power system by using a superconductor. In the event of an accident such as a wire break or a lightning strike, it detects several tens of times the fault current within 1 ms and converts it into a normal current within a few seconds, preventing large-scale accidents such as power outages. High-temperature SFCL is attracting attention because it can detect a self-accident current while operating at a high speed. When the SFCL operates with an existing breaker whose capacity is expected to be exceeded, the cost of device replacement can be avoided, the device can be miniaturized, and the system can be stabilized while being environment-friendly. There are many cases of real-life applications and the benefits reported across the world [5,6,7,8].



Recently, a number of high-capacity distributed power sources have been introduced as a result of making the system a smart grid for efficient operation of the distribution system. This may result in further increasing the fault current of the system. In the event of a short-circuit accident, unlike in AC current, there is no natural current zero; therefore, instead of a common mechanical type breaker, a high-speed DC breaker that can handle a very large and fast rise in DC fault current is essential [9,10,11,12,13]. However, when the rating of the system increases, the performance and capacity of mechanical high-speed switches and power semiconductor switches need to be increased accordingly to reliably shut off the increased fault current. This will increase the overall cost and size of DC breakers. Therefore, construction consisting only of DC breakers has limitations, and to address this, the need to apply current limiting technology that limits the DC fault current is increasing [14,15].



SFCL, a typical current-limiting technology, is highly advantageous owing to its superconducting properties and can reduce fault current quickly and efficiently in the right place in the event of a line-to-ground fault or a failure [16,17,18]. Most SFCL prototypes have been designed for AC systems [19,20,21,22,23,24,25,26,27]; however, R&D and basic research on the application of SFCL in DC systems is still in the early stages [28,29,30,31,32]. The topics of some published papers have been limited to evaluating optimization and economic feasibility and focus on deriving impedance values without considering the recovery characteristics of SFCL [33,34,35,36,37,38,39]. They also analyze DC current-limiting factors focusing on simulations rather than experiments to present applications [40,41,42,43,44].



In order to apply SFCL to an AC or DC power system, the first task to be solved is to increase the capacity of a superconductor. A common way to increase the capacity is to use a series-parallel connection between superconductors. However, this method faces a technical limitation of having a non-uniform threshold current value even if it is precisely manufactured by the same process. In order to overcome this problem, a flux-coupling type SFCL structure can be an optimal alternative among several superconducting current limiters. Therefore, in this paper, we intended to analyze the fault current-limiting effect of a flux-coupling type SFCL that has two coils connected in series via one iron core for inducting simultaneous quenching to reach a uniform power burden on the superconducting elements that make up flux-coupling type SFCL in a DC system when its capacity is increased. DC-simulated short-circuit experiments were conducted using an experimental circuit comprising high-temperature superconducting elements and coils. We inferred the fault current and operation current and the limited impedance-inducing equation for each connection direction of the flux-coupling type SFCL connected in series between two coils. We intended to measure the quench of superconducting elements from a simulated DC short-circuit experiment and to compare and analyze the current and voltage relationships of flux-coupling type SFCL and the changes in various characteristics of each winding before and after the fault. This paper is structured as follows. First, the description of the concept of flux-coupling type SFCL is briefly resumed in Section 2.1. Section 2.2 describes the experimental setup, including test circuits and data collection systems. In Section 3, the experimental evaluation factors according to the wiring direction between the two windings are analyzed respectively. Finally, the experimental results are described in Section 4.




2. Experimental Methods


2.1. Operational Principle and Equivalent Circuit Analysis


Figure 1 shows the structure of a flux-coupling type SFCL that is connected in series between the primary and secondary coil. The primary and secondary coils used square wires, which are general conductors, not superconductors. It was designed to have a sufficient cross-sectional area (A = 12 mm2) in consideration of the current capacity. These two coils are connected in series to one iron core, and the superconducting element (SE) is connected in parallel with one of the two coils. An important parameter of SFCL is the direction of the coil winding of the iron core. The direction of the coil may be divided into additive winding and subtractive winding depending on the direction of connection of the primary winding (N1) and the secondary winding (N2). If the two magnetically coupled windings show the same polarity, it indicates the same direction, and if they show the opposite polarity, it indicates the reverse direction. To indicate polarity direction, the primary and secondary windings are marked with [●] and [○], as shown in Figure 1. In the case of additive winding, the same direction indicates the voltage of the primary winding (V1 [●]) and the voltage of the secondary winding (V2 [●]). In the case of subtractive winding, the reverse direction means the voltage of the primary winding (V1 [●]) and the voltage of the secondary winding (V2 [○]).



The SE, after patterning Y1Ba2Cu3O7-x (YBCO) thin film, was used as a component of the flux-coupling type SFCL (see Figure 1). The critical properties of SE were critical temperature 87 K and critical current 27A, and short-circuit experiments of flux-coupling type SFCL were conducted by immersing in 77 K liquid nitrogen. The YBCO thin film used in making the SE in this experiment was a sample purchased from German company THEVA. The 0.3 μm YBCO thin film was deposited on a 2-inch diameter sapphire substrate, and a 0.2 μm thick layer of gold is covered over it for by-pass for hotspots. The SE was made using photolithography consisting of 14 stripes, each of which is different in length, by etching the YBCO thin film into a 2 mm wide and 420 mm long diagonal line [45,46,47].



The operating principles can be explained to a great extent by separating them before and after the accident. Before the accident, the SE has zero resistance (Rsc) because the SE is at the superconducting state, and the magnetic fluxes (ϕ1, ϕ2) that are induced at each winding are offset against each other, and the voltage induced at each winding remains zero. After the accident, if a line-to-ground fault occurs on the DC line after the accident, the current flowing to the SE goes beyond the critical value to be transferred to normal conduction, which results in resistance at the SE, and then this generates a voltage at both ends of the SE. The voltage induced at the two windings causes a current limit impedance (Zfcl), which limits the fault current (Ifcl). In case of a failure on the load side, the current Idc flowing through the DC side becomes the same as the fault current Ifcl.



Figure 2 shows the electrical equivalent circuit of the flux-coupling type SFCL when the primary and secondary coils are connected in series. L1 and L2 represent the inductance of the primary and secondary coils, respectively. Idc, I1 and Ifcl refer to the current flowing in the DC-side line and the primary winding, and fault current in the event of a failure, with the values equal to each other. I2 and Isc represent current through the secondary winding and the SE. Vfcl represents the total DC voltage between two coils connected in series. Rsc and Vsc represent the resistance and voltage of the SE, respectively. It is assumed that there is no self-leakage flux on the primary and secondary sides of the two coils, but only mutual flux exists. When the mutual inductance was   = k    L 1   L 2     , we assumed that the coefficient of coupling   k = 1   and   M =    L 1   L 2     . From the electrical equivalent circuit, the Kirchhoff’s voltage–current equation is established as follows.


   V 1  = j ω  L 1   I 1  ±  j ω M   I 2   



(1)






   V 2  = ±    j ω M   I 1  + j ω  L 2   I 2  = ±  R  s c    I  s c    



(2)






   V  f c l   =  V 1  ±  V 2  =  V 1  ±  V  s c    



(3)






   I  d c   =  I  f c l   =  I 1  =  I 2  +  I  s c    



(4)







Here, the polarity of mutual inductance, secondary winding voltage, and SE were represented with (+) for additive winding and (−) for subtractive winding.



From Equations (1)–(4), we can infer the fault current of SFCL in the case of failure (Ifcl), SFCL operating current (Iop), and limited impedance (Zfcl) are as follows.


   I  d c   =  I  f c l   =  I l  =   ±  R  s c   + j ω  L 2    j ω  (   L 2  ± M  )     I  s c    



(5)






   I  o p   =  (   1  1 ±      L 1     L 2         )   I c  =  (   1  1 ±  L     )   I c   



(6)






   Z  f c l   =    V  f c l      I  f c l     =   ± j ω  R  s c    (   L 1  +  L 2   )  + 2 j ω M  R  s c     ±  R  s c   + j ω  L 2     



(7)







In Equations (5) through (7), the plus sign above represents additive winding between the two winding lines, and the minus sign below represents subtractive winding, respectively. Equation (6) was also induced, immediately after the failure, by defining the initially limited current as operational current (Iop) when the current generated at the SE reaches the critical current (Ic) value, substituting RSC = 0, Isc = Ic, Ifcl = Iop, we found that by adjusting the inductance ratio (L) of two coils in Equations (6) and (7), it is possible to establish the operating current and the limited impedance of the SFCL. In the induced formula, L represents the inductance ratio (L1/L2) of two coils.




2.2. Experimental Design and Methods


Figure 3 shows the composition of an experimental device to measure the DC fault current-limiting characteristics of SFCL connected in series between two windings using two magnetically coupled coils. It was designed with AC input voltages of Eab = Ebc = Eca = 80 Vrms, at 60 Hz, and DC power would be supplied via a three-phase diode and filter capacitor. Line resistance (Rline) and line inductance (Lline) were 0.42 Ω and 0.18 mH, respectively, and the fault resistance (Rf) was 1.5 Ω and load resistance (RL) was 10 Ω. The current (Idc) flowing through the DC side in a failure condition on the load side becomes equal to the fault current (Ifcl). Fault current (Ifcl) flowing through a flux-coupling type SFCL connected in series between two coils is approximately equal to the short-circuit current (If) caused by the short-circuit accident on the load side.



The SFCL circuit was constructed by connecting two windings in series on one iron core with the SE in parallel between the primary and secondary windings. This flux-coupling type SFCL was installed between the power side and the load. The inductance of the primary and secondary windings used in the short-circuit experiments was 1.3 mH and 60.9 mH, respectively. An SE composed of a YBCO thin film patterned was immersed in a 77 K liquid nitrogen container, and simulated short-circuit testing was carried out. The thin film had been manufactured by the German company THEVA. In the short-circuit accident simulation, DC power was initially supplied through a three-phase rectification circuit by switching SW1 on and charging DC voltage into capacitor C, as shown in Figure 3. SW2 was turned on at 100 ms, and SW3 was turned on only at 300–400 ms to generate a mock failure. The current and voltage flowing through each winding, including the voltage at two endpoints of the SE, were measured using a current transformer and a potential transformer. Table 1 shows the design specifications of the AC side power, each component of the DC-side power system, and each winding that makes up the SFCL and SE for performing the DC simulated short-circuit experiment.





3. Experimental Results


Figure 4 shows the DC fault current-limiting characteristics of a flux-coupling type SFCL connected in series between two coils corresponding to the direction of winding between the primary and secondary windings. We can see that before the failure, the magnetic flux inside the iron core is offset against each other, the voltage of each winding is maintained at zero, and the voltage at both ends of the SE is built due to the quench generated in the SE at the same time as the failure of the DC line side. We can observe that the voltages (V1, V2) of the two windings are induced. In addition, the DC fault current immediately after the failure is shown to be more limited in the presence of a flux-coupling type SFCL than its absence.



Figure 4a shows the additive winding case where the two windings are wound in the same direction and Figure 4b shows the subtractive winding case where the two windings are wound in the opposite direction. We can see that in the case of both additive winding and subtractive winding, the voltage at SE and the primary winding direction of the two windings increases rapidly due to the quench of the SE right after the DC failure. In particular, immediately after the DC failure, the overall voltage of the SFCL (Vfcl) is greater in the case of subtractive winding than that in the case of additive winding. The overall voltage of SFCL (Vfcl) with additive and subtractive winding can be represented as the sum of the primary winding voltage (V1) and the secondary winding voltage (V2) and the difference between V1 and V2 respectively, which is consistent with Equation (3).



Immediately after the DC failure, the degree of limiting DC fault current was approximately the same regardless of the direction of the two windings, and the fault current-limiting operation occurred only while the SE was quenched. Transient voltage generation and transient current flow once again occurred at the primary and secondary windings at time points between 400 and 424.5 ms, when the failure was terminated. From this phenomenon, we assume that the moment switch SW3 is opened, as shown in Figure 3, instantaneous overvoltage and overcurrent occur due to the residual magnetism in the iron core, and the coil gradually returns to normal as the residual magnetism dissipates after 424.5 ms. We set this section to be the transient section or the recovery section. In order to completely shut off the fault current at the DC breaker after the fault current is limited in the event of a DC failure, the DC breaker needs to be able to operate immediately in the section where the fault current is reduced by the SFCL. In order to secure the shut-off time so that the DC breaker can have enough time to shut off the fault current, it is necessary to extend the time of the flux-coupling type SFCL limiting DC fault current. Furthermore, research on preventing or quickly dissipating the residual magnetism via a flux-coupling type SFCL is required because it continues to generate even though the failure is terminated.



Figure 5 shows the relationship curve between the current flowing at the primary and secondary winding and the SE and the SE voltage by the direction of the winding of the two coils (additive polarity winding and subtractive polarity winding).



Figure 5a shows the current and SE voltage characteristics flowing on both windings and SE in the case of additive polarity winding with two coils wound in the same direction. For the period between 300 and 310.2 ms immediately after the failure, the occurrence of the quench caused the SE voltage to be induced as the SE exceeded the critical current. At this point, the fault current Ifcl is the sum of the current flowing through the secondary winding and the current flowing through the SE, where the current flowing through the secondary winding was slightly greater than that through the SE. Before the failure, it was observed that the DC current did not flow through the secondary winding but mostly through the primary winding and the SE. This is because the SE did not exceed the critical current and did not generate a quench and the resistance remained zero. From 310.2 to 400 ms, at the end time point of the quench generation in the SE, there is little current flowing through the secondary winding, and most current flows through the SE.



Figure 5b shows the case of subtractive polarity winding where the two coils’ winding is wound in the opposite direction. The relationship curves between the currents flowing through the primary and secondary coils and the SE and the voltage of superconducting element are similar regardless of the direction of the two coils’ windings. At 400–424.5 ms at the end time point of the simulated DC short-circuit accident, it is observed that residual magnetism remaining in the iron core and the coils causes instantaneous overvoltage and overcurrent. After the 424.5 ms time point, they return to normal due to the gradual dissipation of the residual magnetism.



Figure 6 shows the relationship of the consumption of the instantaneous power (pfcl, psc) of a flux-coupling type SFCL relative to the SE voltage (Vsc) according to the winding direction of two windings during the failure. Immediately after the failure, the total power consumption (pfcl) of the SFCL with the subtractive winding was higher than that with the additive winding. However, the instantaneous power consumed by the SE was similar. The total power consumption (pfcl) of the SFCL with the subtractive winding was higher than that with the additive winding when the failure was terminated at the time point of 400 to 424.5 ms. Furthermore, residual magnetism in both coils was found to affect the instantaneous power consumed in the SE.



Figure 7 shows the characteristics of magnetic flux (ϕ1, ϕ2) and the power burden of instantaneous power (p1, p2) of the two windings when connected by additive winding and subtractive winding during the failure period. The magnetic fluxes (ϕ1, ϕ2) of the primary and secondary windings were similar in size regardless of the two coils’ winding directions, and the magnetic flux (ϕ1) of the primary winding is greater than the magnetic flux (ϕ2) of the secondary winding. We can observe that immediately after the failure, the maximum instantaneous power consumed in the secondary winding with the additive winding is slightly greater than that with the subtractive winding. In addition, the instantaneous power consumed in the primary winding during the period of failure was almost equal between the additive and the subtractive winding.



Figure 8 shows the power consumption and energy consumption characteristics of each component of the flux-coupling type SFCL relative to the current during the fault section and recovery section (300–424.5 ms) of the flux-coupling type SFCL connected in series between two coils in the case of the connection between the primary winding and the secondary winding with additive polarity or subtractive polarity.



The maximum power consumed and energy consumed by the SE during the fault section and the recovery section was almost the same whether connected with additive polarity or subtractive polarity. The maximum power consumed in a flux-coupling type SFCL consisting of two windings and SE is shown to be larger by 0.61 kW in the case of subtractive polarity winding than additive polarity winding. The maximum power consumed in the primary winding and the secondary winding respectively was shown to be 0.02 and 0.01 kW higher in the case of additive polarity winding than subtractive polarity winding, respectively. The maximum energy consumed in the flux-coupling type SFCL is found to be 5.89 J higher in the case of subtractive polarity winding than additive polarity winding. The maximum energy consumed in the primary winding was 0.07 J lower in the case of additive polarity winding than subtractive polarity winding, but the maximum energy consumed in the secondary winding was not much different between additive polarity winding and subtractive polarity winding.



To summarize the research contents, a DC short-circuit accident experiment was performed on a magnetic flux-coupled SFCL connected in series between two coils and one coil and a superconducting element in parallel. It was confirmed that the DC fault current limiting operation was performed well for 300 to 310 ms of DC fault occurrence regardless of the winding direction of the two coils However, at the end of the failure of 400–424.5 ms, it was not able to immediately recover to the normal state, and a transient state occurred. This is due to residual magnetism remaining in one iron core and coils, and it is necessary to study a plan to reduce the transient state in the future. In addition, the power consumption and energy consumption of each component device of the flux-coupling type SFCL before and after the occurrence of a failure were examined along the wining direction. Through waveform analysis, the total power consumption and total maximum energy consumed in SFCL were slightly higher in the case of subtractive polarity winding than in the case of additive polarity winding. The power consumption and energy consumption of the superconducting element were similar to each other regardless of the wining direction, and the trajectory also maintained the same pattern.




4. Conclusions


In this paper, we built a flux-coupling type SFCL prototype connected in series between two coils to limit the DC fault current in a DC system and constructed a DC simulated short-circuit accident device for an experiment. We compared the characteristics of the fault current limiting and the power burden before and after DC failure according to the winding direction of the two coils. Regardless of the winding direction of the two coils, the degree of limiting DC fault currents was similar, and DC fault current limiting occurred only while the SE was quenched. In addition, during the DC fault section and the recovery section of 300–424.5 ms, the total power consumption of the SFCL was higher in the case of subtractive polarity winding compared to additive polarity winding, but the instantaneous power consumed in the SE was similar in both cases. The characteristic power consumption in the primary winding and the secondary winding was slightly higher in the case of additive polarity winding than that in the case of subtractive polarity winding. The total maximum energy consumed in the SFCL was shown to be higher in the case of the subtractive polarity winding than in the additive polarity winding. The total maximum energy consumed in the SFCL was shown to be higher in the case of the additive polarity winding than in the subtractive polarity winding. The maximum energy consumed in the primary winding was slightly higher in the subtractive polarity winding, but the maximum energy consumed in the secondary winding was similar regardless of the winding direction of the two coils. Furthermore, we could confirm that in windings of both polarities, the power consumption and energy consumption trajectories of each element had the same pattern.



We could confirm that a flux-coupling type SFCL connected in series between two coils can limit the fault current in a DC system. However, when a DC breaker is installed at the back of the SFCL, we believe that further research is needed for extending the time spent reducing the DC fault current so that the SFCL can completely block the limited current. In addition, because residual magnetism occurs even after the failure is terminated, further studies need to be conducted to find ways to reduce or quickly remove residual magnetism in the future.
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Figure 1. Configuration of the SFCL connected in series between two coils. 
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Figure 2. Electrical equivalent circuit of SFCL connected in series between two coils. 
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Figure 3. A schematic diagram of an experimental device used to simulate a short-circuit test in the SFCL connected in series between two windings. 
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Figure 4. Voltage and current relationship curves of the DC distribution system models, including the flux-coupled SFCL connected in series between two windings, according to the winding direction: (a) additive polarity winding; (b) subtractive polarity winding. 
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Figure 5. Current and SE voltage relationship curves of the flux-coupling type SFCL connected in series between two windings according to the winding direction: (a) additive polarity winding; (b) subtractive polarity winding. 
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Figure 6. Power burden and SE voltage relationship curves of the flux-coupling type SFCL connected in series between two windings according to the winding direction: (a) additive polarity winding; (b) subtractive polarity winding. 
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Figure 7. Instantaneous power burden and magnetic flux in each winding of the flux-coupling type SFCL connected in series between two windings according to the winding directions: (a) additive polarity winding; (b) subtractive polarity winding. 
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Figure 8. Current vs. power loss and energy consumption trajectories in each device of the flux-coupling type SFCL connected in series between two windings during the fault and recovery section (300–424.5 ms): (a) additive polarity winding; (b) subtractive polarity winding. 
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Table 1. Experimental specifications of the DC system models, including the flux-coupling type SFCL.
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Specification

	
Value

	
Unit






	
Power supply

	
AC voltage (Eab)

	
80

	
Vrms




	
DC voltage (Udc)

	
117

	
Vdc




	
Filter capacitor

	
Capacitor (C)

	
10,200

	
μF




	
Line impedance

	
Line resistor (Rline)

Line inductance (Lline)

	
0.42

0.18

	
Ω

mH




	
Load

	
Load resistor (RL)

	
10

	
Ω




	
Fault fire

	
Fault resistor (Rf)

	
1.5

	
Ω




	
Inductance of two coils

	
Inductance 1 (L1)

Inductance 2 (L2)

	
60.9

1.3

	
mH

mH




	
Superconducting element (SE)

	
Material

Critical temperature (Tc)

Critical Current (Ic)

	
YBCO

87

27

	
Thin film

K

A




	
Recovery Time

	
Additive winding

	
24.5

	
ms




	
Subtractive winding

	
24.5

	
ms
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