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Abstract

:

DC systems are modernly starting to come into the spotlight again due to the carbon-neutral policy, the development of semiconductor devices for power, and the increase in digital loads. We need to prepare in advance solutions to problems that may arise from fault currents due to transients for future DC power grid models. In the case of DC, there is no current zero-point because there is no frequency. Therefore, a large switching surge is generated when the circuit breaker cuts off the fault current. The possibility of insulation breakdown is greater than that of AC in severe cases. We consider power semiconductors or superconducting current limiters as an alternative. However, DC breaking cannot be safely achieved by itself. For reliable DC breaking, mechanical circuit breakers must be used with them. Among the mechanical shut-off methods, we adopted the divergence oscillation method. It has the biggest advantage compared to other methods in that it has a simple structure by composing passive elements and can artificially create zero current. In addition, it can be applied to a power semiconductor and a superconducting current limiter to perform a high-reliability cut-off operation. In this paper, we conducted simulation analysis by configuring the DC power grid and DC cut-off system through the PSCAD/EMTDC program. Results confirmed that the application of the LC divergence oscillation circuit can reduce the cut-off time and reduce the power burden of the mechanical DC circuit breaker (MCB).
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1. Introduction


In the mid-1880s, the AC system was used in power generation, transmission, and distribution systems worldwide as the ease of long-distance transmission was emphasized compared to the DC system. However, DC systems are modernly starting to come into the spotlight again due to the carbon-neutral policy, the development of semiconductor devices for power, and the increase in digital loads [1,2]. In fact, the DC system has many advantages of transmission and distribution compared to the AC system. Its advantages include reduction of insulation cost, the superiority of grid connection, improvement of power quality, the possibility of the interconnection of distributed power source, easy-installation of spare power source and no-effect of electromagnetic waves. Therefore, if the DC system is used, it is possible to increase the power efficiency of the entire process of power conversion from the stage of electric power generation of DC-based renewable energy sources to the stage of consumption of digital loads through transmission and distribution. The world is now gradually changing into an era in which electric energy is used for various cultures, transportation, and diet, as well as the expansion of new and renewable energy sources according to carbon-neutral policies [3]. In order to increase energy efficiency, it is thought that all DC power grids will be combined into one model and operated in the future.



The DC power grid is currently in the microgrid demonstration stage and research on various elements is still ongoing. We need to prepare in advance solutions to problems that may arise from fault currents due to transients for future DC power grid models. Therefore, we are conducting research on DC cut-off technology suitable for increasing reliability and stable power supply in DC system operation.



In the case of DC, there is no current zero-point because there is no frequency. Therefore, a large switching surge is generated when the circuit breaker cuts off the fault current. The possibility of insulation breakdown is greater than that of AC in severe cases. In order to solve this problem, DC cut-off technology should develop the suitable cut-off technology for stable operation of the DC system. Until now, studies on HVDC (High-voltage DC), MVDC (Medium-voltage DC), and LVDC (Low-voltage DC) have been centered on a number of institutions (ABB, Siemens, General Electric, etc.), but DC cut-off technology research has not yet been established. Therefore, we paid more attention to DC cut-off technology and deliberated on various research data needed [4,5,6,7,8,9,10,11,12].



There are mechanical type, solid-state type, current limiter type, and hybrid type for the LVDC DC cutoff technology [10]. Mechanical circuit breakers (MCCBs) that are currently commercially available can be basically divided into the thermal electronic type, electromagnetic type, and electronic types according to the detecting overcurrent method [13,14]. The thermal electronic type is used as a device to detect overcurrent by installing Bimetal on each pole. Therefore, it is a method that can cut-off the electrodes at the same time according to the common trip mechanism for any overcurrent of any pole. The electromagnetic type is a method of operating the trip mechanism by installing a trip coil and using the magnetomotive force generated when an overcurrent occurs. The electronic type is a method to install current transformers at each pole to detect overcurrent and operate an electromagnet to cut-off the fault current. In general, the thermal electronic type is advantageous to detect overcurrent due to leakage current and the electromagnetic type is suitable for detecting overcurrent due to a circuit accident. However, since the DC fault current without frequency can reach the maximum level of the breaker’s nominal voltage within about a few ms, its use is limited at high voltage levels. In addition, the breaking time of a mechanical circuit breaker is generally about 30–100 ms [15]. Therefore, it has been proposed a reverse current injection method [16,17,18], a current conversion method [19], a reverse voltage generation method [6,8,10,12,19], and a divergence oscillation method to compensate for the limitations of the mechanical circuit breaker. In the reverse current injection method, the reverse current [   I  r e v e r s e      >     I  f a u l t    ] is injected and cut off by discharging through a pre-charged capacitor and reactor. There are passive types and active types of this method and the existence of an auxiliary circuits are determined according to this type. The disadvantage of this method is that it requires a charging and control device for an auxiliary capacitor and there is a risk of the reverse current generation. The current conversion method stores arc energy in an uncharged capacitor and extinguish it. The disadvantage of this method is that it requires an uncharged capacitor and has a condition that it should be used only at high voltage. The reverse voltage method blocks the fault current by making the arc length longer [   V  a r c   >  V  D C    ]. The advantage of this method can be utilized without auxiliary circuits. The disadvantage is that it cannot be used in high-pressure and ultra-high voltage systems. The divergence oscillation method uses the vibration current generated in the LC circuit to create an artificial current zero-point [   I  L C   >  I  f a u l t    ]. The advantage of this method is that the structure (circuit configuration) is simple and passive elements (L and C) are used. The disadvantage is that the time to make the fault current artificial zero-point depends on the level of the fault current.



The solid-state type DC circuit breaker’s switching operation has a speed of less than about 2 ms. However, there is a condition that a large number of expensive power semiconductors must be configured in series and parallel. In addition, heat generated in the normal and transient state of the line is the biggest disadvantage. This requires cooling aids and switching (DC switchyards, air-forced cooling systems, etc.) [12]. If economic feasibility is considered, the use of solid-state type DC circuit breakers in LVDC may be burdensome. In addition, in the normal state of the system, the power semiconductor(IGBT) generates a minute heat and the steady current has a loss for heat generation. In the transient state of the system, power semiconductors may fail due to excessive heat generation. If this situation becomes serious, a number of power semiconductor switches fail seriately [20,21,22].



Superconducting DC current limiter utilizes expensive superconducting wire to limit fault current through quenching within about 2 ms. In the steady-state of the system, the superconductor has maintained the superconductivity by liquid nitrogen and there is no loss to the steady current because it has zero resistance. In the transient state, the superconductor has a fast recovery characteristic after the quenching. However, there is a disadvantage in that the circuit must be designed in consideration of the condition and mechanical strength of maintaining the superconducting wire in a superconducting state. Therefore, a hybrid method to reduce the burden by applying a mechanical DC circuit breaker to a semiconductor type DC circuit breaker and a superconducting current limiter to reduce the burden of these two types is being studied [11,23].



The combination of the semiconductor and the mechanical circuit breaker can cut-off the rise of the fault current through the fast-breaking operation of the power semiconductor and then perform a stable circuit opening operation of the mechanical circuit breaker. In addition, since the power burden for each element can be divided and shared, the number of expensive power semiconductors can be reduced, thereby obtaining economic benefits. However, it still has a disadvantage that an additional protection circuit against heat generation of the power semiconductor must be added. The combination of the superconductor and the mechanical circuit breaker reduces the rise of the fault current through rapid quenching of the superconductor and then the stable circuit opening operation of the mechanical circuit breaker is performed [7,24]. Also, this has the advantage of reducing the breaking capacity of each element by dividing the power burden for each element. In the future, hybrid type DC circuit breaker will be studied and mechanical type will be the most important basis. Therefore, it is important to select a cutoff method that can increase the cutoff reliability by combining a power semiconductor or superconductor with a mechanical DC circuit breaker.



We adopted the divergence oscillation method. It has the biggest advantage compared to other methods in that it has a simple structure by composing passive elements and can artificially create zero current. In addition, it can be applied to a power semiconductor and a superconducting current limiter to perform a high-reliability cut-off operation. In this paper, we conducted simulation analysis by configuring the DC power grid and DC cut-off system through the PSCAD/EMTDC (Power System Computer Aided Design/Electromagnetic Transients including DC) program. Through these previous studies, we wanted to confirm the advantages of the LC divergence oscillation circuit and make an experiment based on this data. In this paper, the operating characteristics of the DC circuit breaker to which the LC divergence oscillation method is applied are analyzed through experiments and the effect of each element of the LC divergence oscillation circuit is compared and analyzed.




2. Background and Simulation


2.1. Principle and Mechanism of the Mechanical DC Circuit Breaker


Figure 1 is a simulation circuit diagram of a mechanical DC circuit breaker applied with the LC divergence oscillation method. It consists of DC power, line impedance (   L 0   ), and mechanical DC circuit breaker. The mechanical DC circuit breaker is composed of the Mayr arc model, mechanical DC switch, LC divergence oscillation circuit, and a surge absorption circuit connected in parallel. The fault switch determines the normal line and the faulty line.



In the normal state, the normal current flows through the mechanical circuit breaker (MCB) to the load.



In a transient state, the contact is opened and the fault line is separated when a fault current occurs. The LC divergence oscillation circuit is a circuit in which a capacitor (C) and a reactor (L) are coupled in series. This generates an oscillating current in the event of an accident, induces a fault current to the zero-point, and assists in the opening operation of the MCB. Finally, a zinc oxide (ZnO) arrester is applied to the absorption circuit. It flows the current remaining across the LC divergence oscillation circuit to the ground. The MCB performs an opening operation when an accident occurs in a line. At this time, the internal impedance is increased by the arc reverse characteristics generated and the fault current is commutated to the LC divergence oscillation circuit. At the same time, the oscillation current has an effect on the fault current of the MCB by the reactor and capacitor applied to the oscillation circuit. This amplitude gradually increases and reaches the current to the zero-point. A fault current of the MCB is created at zero-point at the moment when the magnitude of the divergence oscillation current flowing in the LC circuit exceeds the magnitude of the fault current in the main MCB circuit. At this moment, the MCB is fully opened. As a result, the magnitude of the voltage and current generated across the circuit breaker is reduced and the residual voltage and current flow through the ground with ZnO applied to the surge absorption circuit, completing the cut-off operation [24,25,26]. It can be described as Equations (1) and (2) using Kirchhoff’s current and voltage law in the circuit diagram of Figure 1.    i 0    is the total current flowing in the mainline and    i f    is the fault current flowing in the MCB line.    i s    is the current flowing through the LC divergence oscillation circuit. L and C are reactors and capacitors composed of LC divergence oscillation circuits.    U  a r c     is the arc voltage appearing at the MCB. Therefore, the current    i 0    flowing in the mainline can be described as Equation (3). The condition for making the vibration current of the LC divergent oscillation circuit is that the angle of the arc voltage in Equation (4) with respect to the rising current in Equation (3) should be the minus value. Also, as the magnitude of the absolute value of Equation (4) increases, the MCB operates faster [26].


   i 0  =  i f  −  i s   



(1)




where,




	
   i 0   : Current of the main line



	
   i f   : Fault current in the MCB line



	
 i : Current in the LC divergence oscillation circuit










  L    d 2   i s    d  t 2    +   d  U  a r c     d  i 0      d  i 0    d t   +  1 C   i s  = 0  



(2)




where,




	
 L : Inductance of the LC divergence oscillation circuit



	
C: Capacitance of the LC divergence oscillation circuit



	
   U  a r c    : Arc voltage


   i 0  =  i f    1 +  e  −  1  2 L       d  U  a r c     d  i 0      t   sin    1    L C     t      



(3)






  d  U  a r c   / d  i 0   



(4)












Figure 1 shows the diagram of a PSCAD/EMTDC simulation circuit. MCB was a mechanical DC cut-off switch and LS’ Susol TD100N cut-off switch is a model. We applied some parameters, speed of the cut-off operation, and characteristics, through the experiment to the simulation model. The LC circuit was a divergence oscillation type circuit and the reactor are set at about 15    μ H    and the capacitor at about 250    μ F   . The absorbing circuit was an arrester and is set to 570 V. This is because the surge arrester operating voltage is set to be 15~25% higher than the used and rated voltage. With a DC simulation system, the rated voltage is 500 V, the rated current is 43 A and the fault current occurred up to about 464 A. In particular, the arc which is the switching surge caused by the fault current had to be implemented as a simulation model. We chose the Mayr model (5) for the arc model. The reason is that the Mayr arc equation represents the arc generated when a small current, near-zero current is cut off. In addition, it is because the Mayr arc equation is used at a plasma temperature of 8000 K or less.    g c    is the arc conductance and    τ  t c     is the arc time constant.    u  a r c     is the arc voltage and    i  a r c     is the arc current.    P 0    is the cooling power constant [26,27,28,29].




2.2. Simulation Design and Results




   1   g c      d  g c    d t   =  1   τ  t c          u  a r c    i  a r c      P 0    − 1    



(5)




where,




	
gc: The arc conductance



	
τtc: The arc time constant



	
uarc: The arc voltage



	
iarc: The arc current



	
P0: The cooling power constant








Figure 2 is a graph of the operating characteristics of a DC circuit breaker to which the divergence oscillation method is applied through the simulation program. Figure 2 (A-1) is the time the accident has started. Figure 2 (A-2) is the time when the MCB’s open operation occurs. Figure 2 (A-3) is the point at which the accident has completely ended. As a result of the simulation, an accident occurred in about 0.11 s. At this moment, the normal current was about 43 A before the cut-off switch started to open in the MCB. The opening operation of the MCB was started and an arc voltage of about 50 V was generated. In the LC divergence oscillation circuit, as shown in the graph, it caused oscillation and affected the fault current in the MCB. The fault current gradually increased in amplitude and reached the zero point and the cutting-off of the MCB was completed in about 0.116 s. From the moment the MCB was disconnected, all fault currents flowed through the divergence oscillation circuit. The opening operation of the MCB was completed and the voltage started to rise. When the voltage reached about 570 V, the operation of the surge arrester started. At this time, about 0.112 s, the fault current was extinguished through the surge arrester. At the moment the lightning arrester was operated, oscillation was generated in the diverging oscillation circuit. Finally, all fault currents were extinguished at about 0.137 s. The time taken to cut-off was about 0.037 s.





3. Experiment


Figure 3 is the circuit diagram of the simulation accident generator in the DC system. (1) is a DC power supply about 150 AH–12 V lead-acid batteries are connected in series. (2) is the main circuit breaker of the simulated accident generating device and protects the circuit from electrical accidents other than the corresponding experiment. (3) is a line changeover switch composed of a thyristor SCR (Silicon controlled rectifier), which is a power semiconductor. It can switch each normal line and transient line through the fast switching. (4) is the load of the normal line. (5) is the load of the transient line. (6) is the position of the model to be tested and the DC circuit breaker to which the divergence oscillation method is applied.



This simulated accident generator can set the accident time arbitrarily by the user and can generate a fault current of up to 800 A. In this paper, the rated voltage and current of about 500 V and 35 A were set. The normal load was set to about 15 Ω and the transient load to about 1 Ω.



The mechanical cut-off switch of the DC circuit breaker used Susol’s TD100N model and the set values according to each variable were applied to the Reactor and Capacitor. The surge arrestor model was SUP2H1 and about 470 V was used. This is an experiment on the variables of Reactor and Capacitor. The purpose of this experiment is to compare and analyze the cut-off operation characteristics that occur under various conditions.



3.1. Design of the Reactor Variable


Figure 4 shows the testbed (SCR switching panel, Battery bank, etc.) in the lab with the reactor and capacitor used in the experiment. Figure 4a shows the reactor applied to the experiment of operating characteristics according to the reactance variable. About 12 and about 43    μ H    reactors were made, 10 each. We conducted experiments using about 5, 15, and 25    μ H    reactors. The capacitor in Figure 4b was fixed at about 750    μ H   . The resonance frequencies were 2599, 1500, and 1162 Hz, respectively, according to the change in the reactor as follows [29].




3.2. Results of the Reactor Variable


Figure 5 is a graph of the cut-off operation characteristics applied to the DC circuit breaker with Reactor variables. In the graph, Voltage_MCB (V) refers to the voltage generated at the MCB. Current_Main circuit (A) refers to the initial current flowing into the DC circuit breaker. It is equal to the sum of Current_MCB (A), Current_LC circuit (A), and Current_Surge arrestor (A) according to Kirchhoff’s first law. However, this holds only under the condition that heat energy and light energy emitted and consumed are ignored in the process of cut-off operation of the MCB. Current_MCB (A) refers to the current flowing through the MCB. Current_LC circuit (A) refers to the current flowing through the LC divergence oscillation circuit. Current_surge arrestor (A) refers to the current flowing through the arrester.


Current_Main (A) = Current_MCB (A) + Current_LC circuit (A) + Current_Surge arrestor (A)



(6)







In the graph, there are indicators for each time point A, B, and C. A is the reference point, B is the fault current flowing through the MCB and C is the fault current flowing through the LC divergence oscillation circuit. In more detail, (A-1) is the time when the fault occurred, and (A-2) is the time when the mechanical cut-off switch started to open. (A-3) is the time when the cut-off is completed. (B-1) is the point at which the maximum value of the initial fault current occurred in the MCB. (B-2) is the point when the fault current flowing through the MCB reaches the zero-point. (C-1) is the fault current of the LC divergence oscillation circuit generated when the maximum value of the initial fault current flowing through the MCB occurs. (C-2) is the fault current of the LC divergence oscillation circuit generated when the fault current flowing through the MCB reaches to the zero-point. The time of occurrence of all experiments is about 413.4 ms.



As a result, the following results were confirmed. The experimental results are summarized in Table 1.



The standards were set as follows.



	-

	
Time of occurrence of an accident




	-

	
Maximum value of the initial fault current




	-

	
Time when the DC cut-off switch was opened




	-

	
Time when the MCB fault current reached the zero point




	-

	
Time when the accident cutoff was completed




	-

	
Power burden







When a reactor 5    μ H    and a capacitor 750    μ F    were applied, the accident occurred at about 413.4 ms. The normal current was about 39.2 A. The initial fault current was about 540.6 A at about 413.8 ms. The opening operation of the MCB occurred at about 422.5 ms and the fault current was about 480.4 A. LC divergence oscillation according to MCB opening operation did not occur. Therefore, a situation occurred where the fault current all flowed to the LC divergence oscillation circuit according to the MCB’s open operation. It took about 0.5 ms. The power burden due to the fault current of the MCB and LC circuits was 2608 W and 74,949 W, respectively and the LC circuit received a lot of power burden. The power burden was calculated from the time of MCB open operation to the time of accident completion. Finally, the fault current cut-off time was about 12.0 ms.



When reactor 15    μ H    and capacitor 750    μ F    were applied, the accident occurred at about 413.4 ms. The steady current was about 37.8 A. The initial fault current was about 536.0 A at about 413.8 ms. The opening operation of the MCB occurred at about 422.5 ms and the fault current was about 483.4 A. LC divergence oscillation occurred according to MCB opening operation. Therefore, the fault current of the MCB and the fault current flowing through the LC divergence oscillation circuit vibrated with the same amplitude. By this oscillation, the time to reach the zero point of the fault current of the MCB was increased by about 1.9 ms. The power burden due to the fault current of the MCB and LC circuits was 53,180 W and 75,928 W, respectively. The MCB and LC circuits shared each other’s power burden by a certain ratio. Finally, the fault current cut-off time was about 13.1 ms.



When Reactor 25    μ H    and Capacitor 750    μ F    were applied, the accident occurred at about 413.4 ms. The steady current was about 37.8 A. The initial fault current was about 535.2 A at about 413.8 ms. The opening operation of the MCB occurred at about 422.6 ms and the fault current was about 484.7 A. LC divergence oscillation according to MCB opening operation did not occur. Therefore, the power burden caused by the fault current of the MCB and LC circuits was 1870 W and 75,407 W, respectively and the LC circuit received considerable power burden. Finally, the fault current cut-off time was about 12.2 ms.




3.3. Design of the Capacitor Variable


Figure 4b shows the capacitor applied to the experiment of operating characteristics according to the capacitance variable. A model of each variable was made by connecting about 25    μ F    non-polar capacitors in series. We conducted experiments using about 250, 500, 750, 1000, and 1250    μ F    capacitors. The reactor in Figure 4a was fixed at about 15    μ H   . The resonance frequencies were 2598, 1837, 1500, 1299, and 1162 Hz, respectively, according to the change in capacitance as follows.




3.4. Results of the Capacitor Variable


Figure 6 is a graph of operating characteristics of the cut-off in which the capacitance parameter is applied to the DC circuit breaker. The results are summarized in Figure 6 and Table 2.



When the capacitor 250    μ F    and reactor 15    μ H    were applied, the fault occurred in about 413.4 ms. A normal current of about 35.5 A was generated. The initial fault current ranged from about 413.9 ms to about 515.2 A. The opening operation of the MCB occurred at about 422.6 ms and the fault current was about 485.4 A. LC divergence oscillation occurred in response to the MCB opening operation. Therefore, the fault current of the MCB and the fault current flowing through the LC divergence oscillation circuit vibrated with the same amplitude. It took about 2.0 ms for this oscillation to reach zero fault current in the MCB. The power burden due to the fault current of the MCB and LC circuits was 70,573 W and 25,477 W, respectively. The MCB and LC circuits shared the power burden of each other in a certain ratio (7.4:2.6). Ultimately, the fault current cutoff time was approximately 11.6 ms.



When the capacitor 500    μ F    and reactor 15    μ H    were applied, the fault occurred in about 413.4 ms. A normal current of about 34.7 A was generated. The initial fault current ranged from about 413.9 ms to about 532.9 A. The opening operation of the MCB occurred at about 422.4 ms and the fault current was about 485.6 A. LC divergence oscillation occurred in response to the MCB opening operation. This oscillation took about 1.5 ms to reach zero fault current in the MCB. The power burden due to the fault current of the MCB and LC circuits was 42,980 W and 50,913 W, respectively. The MCB and LC circuits shared the power burden of each other in a certain ratio (4.5: 5.4). Ultimately, the fault current cutoff time was approximately 11.5 ms.



When the capacitor 750    μ F    and reactor 15    μ H    were applied, the fault occurred in about 413.4 ms. A normal current of about 37.8 A was generated. The initial fault current ranged from about 413.8 ms to about 535.7 A. The opening operation of the MCB occurred in about 422.5 ms and the fault current was about 481.8 A. LC divergence oscillation occurred in response to the MCB opening operation. It took about 1.9 ms for this oscillation to reach zero fault current in the MCB. The power burden due to the fault current of the MCB and LC circuits was 45,659 W and 76,006 W, respectively. The MCB and LC circuits shared the power burden of each other in a certain ratio (3.8:6.2). Finally, the fault current cutoff time was about 13.0 ms.



When the capacitor 1000    μ F    and reactor 15    μ H    were applied, the fault occurred in about 413.4 ms. A normal current of about 34.7 A was generated. The initial fault current ranged from about 413.9 ms to about 539.7 A. The opening operation of the MCB occurred at about 422.4 ms and the fault current was about 486.3 A. LC divergence oscillation did not occur in response to the MCB opening operation. Therefore, from this time, the fault current flowed through the LC divergence oscillation circuits. The time took about 0.3 ms. The power burden due to the fault current of the MCB and LC circuit was 2684 W and 100,821 W, respectively, while the LC circuit received a large power burden. Finally, the fault current cutoff time was about 13.1 ms.



When the capacitor 1250    μ F    and reactor 15    μ H    were applied, the fault occurred in about 413.4 ms. A normal current of about 36.2 A was generated. The initial fault current ranged from about 413.9 ms to about 542.8 A. The opening operation of the MCB occurred in about 422.5 ms and the fault current was about 482.1 A. LC divergence oscillation did not occur in response to the MCB opening operation. Therefore, from this time, the fault current flowed through the LC divergence oscillation circuits. The time took about 0.2 ms. The power burden due to the fault current of the MCB and LC circuit was 1744 W and 125,501 W, respectively, while the LC circuit received a large power burden. Finally, the fault current cutoff time was about 13.8 ms.





4. Review


Figure 2 and Figure 6a are graphs showing the operating characteristics of the mechanical DC circuit breaker through each simulation and experiment. The operation characteristics of the mechanical DC switch were applied to the simulation in the values confirmed based on the experiment and were shown as a graph in Figure 2. However, there are three errors. The first is in the arc energy generated when the opening operation of the MCB is carried out. In the simulation, the arc occurs from about 0.11 s (A-2). Arc energy starts to decrease after    I 0    in Equation (1) occurs after the artificial zero-point of    I f   . It means that    I 0    is not consumed until    I f    becomes 0. This may be attributed to the non-application of the light energy and heat energy of the arc in the simulation. Second, it involves the operating voltage of the surge arrestor. This simulation is an ideal model to explain the operating theory and characteristics of the mechanical DC circuit breaker. Therefore, the operation voltage of the surge arrestor had to be set 15~25% higher than the applied voltage. The maximum operating voltage set in the simulation is about 625 V. However since the minimum operating voltage in an actual surge arrestor is 1000 V, there is such an error. Third, the operation characteristics of the mechanical DC switch used in this paper are a thermal type and have a driving method using bimetal. The time required for this is about 9 ms. This feature was not applied to the simulation. This operation characteristic is omitted because it is unnecessary to explain the operation characteristic of the mechanical DC circuit breaker.



Figure 7 is a graph in which the operating characteristics of the DC circuit breaker are analyzed based on several criteria. The Parameter model has 3 cases with reactor variables and 5 cases with capacitor variables. In the first experiment, the reactor variable experiment, the reactance variables were (1) 5    μ H   , (2) 15    μ H   , (3) 25    μ H    and the fixed capacitance was 750    μ F   . In the second experiment, the experiment of the variable of capacitance, the capacities were (1) 250    μ F   , (2) 500    μ F   , (3) 750    μ F   , (4) 1000    μ F   , (5) 1250    μ F   , and the fixed reactance was 15    μ H   .



Figure 7a illustrates the fault current that flows through the LC circuit when the fault current that flows through the MCB reaches an artificial zero-point (C-2). Results it was confirmed that when the fault current resonates and oscillation is generated, a low fault current of about 0 to 150 A flows in the LC circuit. In the absence of oscillation, it was confirmed that a high fault current of about 450 A flows in the LC circuit.



Figure 7b is a graph comparing the power burden of the MCB and LC circuits generated in the experimental results using the Reactor variables. We confirmed the result that the MCB and LC circuit evenly share the power burden when oscillation is generated due to the resonance of the fault current. The power burden was calculated through Equation (7).


  Power   burden   ( W )     ∫     A − 1       A − 3     V · I   d t  



(7)




where,




	
(A-1): The time of point at which the accident has started.



	
(A-3): The time of point at which the accident has completely ended.








Figure 7c is a graph comparing the power burden of the MCB and LC circuits generated in the experimental results using the Capacitor variables. For 1 to 3 times, the fault current oscillation was generated, but the 4th and 5th oscillations were not generated. The oscillation of the fault current makes the MCB and the LC circuit share the power burden.



Figure 7d illustrates the time it takes for the fault current flowing from the MCB to reach artificial zero (B-2). In this experimental result, the time difference was certain depending on the presence or absence of oscillation of the fault current. When the opening operation of the MCB was started and oscillation occurred in the LC circuit, an artificial zero occurred between about 10.5 and 11.5 ms. When the LC circuit did not vibrate, an artificial zero-point occurred between about 9 and 9.5 ms.



Figure 7e shows the time taken from the opening operation of the MCB (B-2) to the completion of the cut-off (A-3). From the result of the reactance influence, the cut-off time was increased by about 1 ms according to the oscillation of the fault current. From the result of Capacitance influence, it can be seen that the oscillation of the fault current is generated and the smaller the power load of the LC circuit is, the shorter the interruption time becomes. Therefore, we increase the cutoff time that causes the fault current to oscillate through the resonance of the LC circuit. However, it can be seen that the time is shortened as the capacitance becomes smaller.



Figure 7f shows the total cutoff time in a graph. As a result of the reactor influence, the total cut-off time was increased by about 1 ms as the oscillation of the fault current occurred. From the result of Capacitance influence, it can be seen that the oscillation of the fault current is generated and the smaller the power load of the LC circuit is, the shorter the interruption time becomes. It was found that the total cutoff time is determined by the time from the time when the MCB is opened to the time when the cutoff is completed. The total cutoff time was calculated through Equation (7).


Total cutoff time (msec) = (A-3) – (A-1)



(8)








5. Conclusions


The LC divergence oscillation circuit is a method that can resolve the damage and shortening of the life of the contact of the mechanical DC circuit breaker due to the occurrence of a strong Arc plasma in the MCB. In addition, it is possible to prevent a second accident from a strong Arc plasma. The biggest advantage of the LC divergence oscillation method is that the LC divergence oscillation circuit shares the power burden of the MCB through the artificial-current zero-point of the MCB and also helps maintain a stable cutoff operation. Therefore, we analyzed the cutoff operation characteristics of the mechanical DC circuit breaker applying the LC divergence oscillation method through simulations and experiments. In this paper, the values corresponding to the elements of the LC divergence oscillation circuit were designed with reference to previous studies and were applied to the simulation model. First, the characteristics of the LC divergence oscillation circuit generated in the simulation were checked, and based on that a mechanical DC circuit breaker experiment equipment with an LC divergence oscillation circuit was designed. Second, we prepared a system that simulated the DC system required for the experiment. We also prepared a DC circuit breaker model to which the LC divergence oscillation circuit was applied. The reactor variable was set in the first experiment and the capacitance variable was set in the second experiment. Here, a variable for displaying the operating characteristics according to the presence or absence of resonance was set together. The results can be summarized as follows.



	-

	
Since the LC divergence oscillation is generated after the opening operation of the MCB, the total block speed depends on the opening operation speed of the MCB.




	-

	
The cutoff time increases as the capacity of the reactor and capacitor increases.




	-

	
The ratio of the power burden generated in the MCB and LC circuit is determined according to the presence or absence of LC resonance.




	-

	
The slope of the arc voltage of Equation (4) for the rising fault current of Equation (3) must have a minus (−) value.







We compared and analyzed the operating characteristics of the mechanical DC circuit breaker caused by the parameters of the LC divergence oscillation circuit. We plan to continue research on the DC circuit breaker model proposed in this paper to facilitate high-reliability cutoff operation through conditions of the power system in various environments.
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Figure 1. Simulation circuit structure of mechanical DC circuit breaker applying LC divergence oscillation method. 
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Figure 2. Graphs of the operating characteristic of the DC circuit breaker to which divergence oscillation method is applied in the simulation. 
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Figure 3. Circuit diagram of simulated accident generator in DC system. 
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Figure 4. Test bed in the lab with the LC divergence oscillation circuit configured in Reactor and Capacitor. 
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Figure 5. Operational characteristics analysis graph of DC circuit breaker to which the Reactor variable is applied (a) 5    μ H   , (b) 15    μ H   , (c) 25    μ H   . 
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Figure 6. Operation characteristics analysis of the DC circuit breaker to which the capacitor variable is applied (a) 250    μ F   , (b) 500    μ F   , (c) 750    μ F   , (d) 1000    μ F   , (e) 1250    μ F   . 
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Figure 7. Comparison of operating characteristics for each standard. 
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Table 1. Experimental result table of operating characteristics of DC circuit breaker to which the Capacitor variable are applied.
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Reactor

	
Line

	
A

	
B

	
C

	
D

	
E

	
F

	
G






	
(1) 5    μ H   

	
MCB

	
413.4/39.2

	
413.8/540.6

	
422.5/480.4

	
422.7/0.0

	
425.4/0.0

	
2608/3.36

	
9.3/12.0




	
LC circuit

	
413.4/0.0

	
413.8/−49.4

	
422.5/0.0

	
422.7/431.3

	
425.4/0.0

	
74,969/96.64




	
Surge Arrestor

	
413.4/9.6

	
413.8/1.6

	
422.5/5.4

	
422.7/5.4

	
425.4/0.0

	
-




	
(2) 15    μ H   

	
MCB

	
413.4/37.8

	
413.8/536.0

	
422.5/483.4

	
424.4/0.0

	
426.5/0.0

	
53,180/41.19

	
11.0/13.1




	
LC circuit

	
413.4/0.0

	
413.8/−47.2

	
422.5/0.0

	
424.4/107.0

	
426.5/0.0

	
75,928/58.81




	
Surge Arrestor

	
413.4/2.3

	
413.8/0.9

	
422.5/0.0

	
424.4/3.9

	
426.5/0.0

	
-




	
(3) 25    μ H   

	
MCB

	
413.4/37.8

	
413.8/535.2

	
422.6/484.7

	
422.7/0.0

	
425.6/0.0

	
1870/2.42

	
9.3/12.2




	
LC circuit

	
413.4/0.0

	
413.8/−47.2

	
422.6/0.0

	
422.7/435.9

	
425.6/0.0

	
75,407/97.58




	
Surge Arrestor

	
413.4/2.3

	
413.8/0.0

	
422.6/0.0

	
422.7/1.6

	
425.6/0.0

	
-








MCB = (B), LC circuit = (C); ※ A: (A-1) msec/A, B: (B-1 & C-1) msec/A, C: (A-2) msec/A, D: (B-2 & C-2) msec/A, E: (A-3) msec/A, F: Power burden/Ratio W/%, G: ((B-2 & C-2)-(A-1))/((A-3)-(A-1)) msec.
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Table 2. E Experimental result table of the operating characteristics of the DC circuit breaker to which the Capacitor variables are applied.
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Capacitor

	
Line

	
A

	
B

	
C

	
D

	
E

	
F

	
G






	
(1) 250    μ F   

	
MCB

	
413.4/35.5

	
413.9/515.2

	
422.6/485.4

	
424.6/0.0

	
425.0/0.0

	
70,573/73.48

	
11.2/11.6




	
LC circuit

	
413.4/0.0

	
413.9/−36.2

	
422.6/0.6

	
424.6/53.4

	
425.0/0.0

	
25,477/26.52




	
Surge Arrestor

	
413.4/7.7

	
413.9/0.2

	
422.6/0.8

	
424.6/3.7

	
425.0/0.0

	
-




	
(2) 500    μ F   

	
MCB

	
413.4/34.7

	
413.8/532.9

	
422.4/485.6

	
423.9/0.0

	
424.9/0.0

	
42,980/45.78

	
10.5/11.5




	
LC circuit

	
413.0/0.0

	
413.8/−44.9

	
422.4/3.9

	
423.9/122.8

	
424.9/0.0

	
50,913/54.22




	
Surge Arrestor

	
413.4/14.5

	
413.8/0.1

	
422.4/0.4

	
423.9/0.0

	
424.9/0.0

	
-




	
(3) 750    μ F   

	
MCB

	
413.4/37.8

	
413.8/535.7

	
422.5/481.8

	
424.4/0.0

	
426.5/0.0

	
45,659/37.53

	
10.9/13.0




	
LC circuit

	
413.4/0.0

	
413.8/−43.4

	
422.5/0.0

	
424.4/98.2

	
426.5/0.0

	
76,006/62.47




	
Surge Arrestor

	
413.4/1.5

	
413.8/0.2

	
422.5/0.0

	
424.4/2.8

	
426.5/0.0

	
-




	
(4) 1000    μ F   

	
MCB

	
413.4/34.7

	
413.9/539.7

	
422.4/486.3

	
422.7/0.0

	
426.5/0.0

	
2684/2.59

	
9.3/13.1




	
LC circuit

	
413.4/0.0

	
413.9/−49.4

	
422.4/0.6

	
422.7/432.2

	
426.5/0.0

	
100,821/97.41




	
Surge Arrestor

	
413.4/−5.1

	
413.9/1.6

	
422.4/1.6

	
422.7/0.0

	
426.5/0.0

	
-




	
(5) 1250    μ F   

	
MCB

	
413.4/36.2

	
413.9/542.8

	
422.5/482.1

	
422.7/0.0

	
427.2/0.0

	
1744/1.37

	
9.3/13.8




	
LC circuit

	
413.4/0.0

	
413.9/−53.7

	
422.5/−2.2

	
422.7/447.9

	
427.2/0.0

	
125,501/98.63




	
Surge Arrestor

	
413.4/−2.1

	
413.9/0.9

	
422.5/0.9

	
422.7/6.1

	
427.2/0.0

	
-








MCB = (B), LC circuit = (C); ※ A: (A-1) msec/A, B: (B-1 & C-1) msec/A, C: (A-2) msec/A, D: (B-2 & C-2) msec/A, E: (A-3) msec/A, F: Power burden/Ratio W/%, G: ((B-2 & C-2)-(A-1))/((A-3)-(A-1)) msec.
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