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Abstract: We proposed a superconducting DC circuit breaker that can reliably cut off the fault
currents in preparation for the DC system. It consists of a superconducting element and a mechanical
DC circuit breaker. The mechanical DC circuit breaker is connected in parallel with a mechanical
high-speed switch, an LC divergence oscillation circuit, and a surge arrester. This provides stable
cutoff operation due to the fault-current-limiting operation of the superconducting element and the
artificial current zero point of the mechanical DC circuit breaker. In this paper, the operating principle
of the LC divergence oscillation circuit that creates an artificial current zero point was reviewed
based on the theory. We used experimental data to model the time constant of the initial fault current,
the arc model generated by the mechanical high-speed switch, and the experimental equipment.
As a result, the LC divergence oscillation circuit was confirmed in the simulation, and simulation
modeling was reviewed based on the theoretical principle of generation.

Keywords: DC circuit breaker; LC divergence oscillation circuit; superconducting element; PSCAD/
EMTDC program

1. Introduction

In many countries, HVDC, MVDC, and LVDC level systems are being operated, with
different purposes of use, depending on each system level. HVDC has the purpose of
power transmission of large-capacity renewable energy generation and power connection
between countries [1,2]. MVDC consists of ships, subways, and a small power source
and consumers of DC electricity in small islands; it is aimed for independent operation
with the existing AC system [3]. LVDC is mostly operated by small-scale solar power
plants and wind farms [4]. In the DC system of the future, when DC systems of various
levels are integrated into one system, the grid stability will be as high as the existing AC
system. Accordingly, the breaking capacity of the system also increases; therefore, a circuit
breaker suitable for DC characteristics must be developed [5]. Unlike AC, DC fault current
does not have a cutting-off zero point; therefore, there is difficulty in breaking it at a high
current level. Currently, in the HVDC system, the hybrid DC cutoff technology has been
commercialized and is in operation [6-9]. This is typically a structure in which a power
semiconductor or superconducting current-limiting element is combined with a mechanical
DC circuit breaker (MCB). In the solid-state type DC circuit breaker where the power
semiconductor and MCB are combined [10-12], current flows through the mechanical
DC circuit breaker in the normal state, and the power loss is occurred due to the heat of
the power semiconductor element (IGBT, MOSFET). Therefore, the solid-state type DC
circuit breaker has conduction losses and switching (turn-on and turn-off) losses [13-15].
Additionally, power semiconductors are not easy to maintain because they are expensive
and generate heat even in the transient system. In addition, the overall configuration
is complicated, because a cooling auxiliary circuit is applied to solve this problem. The
superconductor can maintain its superconducting state through the technology of cryogenic
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refrigeration. It has no resistance in its superconducting state and, therefore, does not
impede the flow of normal current. Additionally, the fault current is limited within about
2 ms through quenching when the critical point of the superconductor is exceeded by the
fault current, thereby limiting the growth of the fault current [16-29]. To respond quickly
and safely to DC transients, we researched superconductor and mechanical DC cutoff
technology and proposed a hybrid superconducting DC circuit breaker [19-23]. An LC
circuit has to be configured for a mechanical DC circuit breaker since DC does not have
a frequency. The LC circuit creates an artificial current zero point in the breaking current,
helping to cut off stable the fault current. After that, the fault current remaining in the circuit
is stably extinguished through a surge arrester, and the interruption of the fault current
is completed. Here, the method of using the LC divergence oscillation circuit to cut off
the DC fault current is an important core technology. The LC divergence oscillation circuit
generates a divergence oscillation current depending on the fault current generated in the
grid transient state. However, it is possible to use it in various system environments only
by understanding the operating characteristics of the passive elements L and C designed
for mechanical DC circuit breakers. Up to now, the contents of the operating mechanism of
the LC divergence oscillation circuit have been proposed through previous studies, and
now it is necessary to study the contents for the purpose of commercialization [24-26]. In
this paper, the operating characteristics according to the LC divergence oscillation circuit of
the mechanical DC circuit breaker in the hybrid DC cutoff technology are reviewed. L and
C of the LC divergence oscillation circuit are passive elements, and the set value must be
controlled according to the unstable fault current [30-32]. Therefore, we apply the basic
model of a mechanical DC circuit breaker designed using the PSCAD/EMTDC program to
a single DC system. Next, we confirm the operating characteristics of the mechanical DC
circuit breaker and review the model based on its basic principle.

2. Superconducting DC Circuit Breaker
2.1. Principle and Mechanism of a Superconducting DC Circuit Breaker

Figure 1 is the equivalent circuit of the superconducting DC circuit breaker. The
superconducting DC circuit breaker consists of a superconducting part and a mechanical DC
circuit breaker part. For superconducting parts, rare-earth barium copper oxide (REBCO)
is used as a second-generation, high-temperature superconducting material [27-29]. It is
utilized through various forms, and the fault current is reduced through fast quenching
within about 2 ms. It reduces the fault current through fast quenching within about 2 ms.
Mechanical DC circuit breaker has a structure in which mechanical circuit breaker (MCB),
LC divergence oscillation circuit (LC circuit), and surge arrester (SA) are connected in
parallel. The open operation of the MCB makes the divergence oscillation current of the
LC circuit and helps the current in the main circuit reach the artificial current zero point.
This artificial current zero point helps in stable arc extinguishing according to the opening
operation of the MCB. A transient interruption voltage (TIV) is generated in the circuit
when the opening operation of the MCB is completed [33,34]. The SA operates according to
the occurrence of TIV, and the fault current remaining in the circuit is extinguished through
the ground.
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Figure 1. Equivalent circuit of superconducting DC circuit breaker.

2.2. LC Divergence Oscillation Circuit

The cutting-off technology of the above mechanical DC circuit breaker depends on
the values of the inductor and capacitor of the LC divergence oscillation circuit composed
of passive elements. Therefore, it has a condition to be able to control the inductor and
capacitor of the passive element according to the conditions of the system. The principle of
generation of LC divergence oscillation current is as follows: The fault current is reduced
by the superconducting element flows through the MCB. The opening operation of the
MCB starts, and a DC arc current is generated between the mechanical breaking contacts.
This DC arc current (i) is generated by adding up the normal DC arc current (I) and the
dynamic characteristics according to various factors, as shown in Equation (1).

i =1+ I,sinwt 1

These dynamic characteristics are generated with an unspecified frequency, and the
voltage—current characteristics change according to the level of the frequency. In addition,
the fault current starts to flow into the LC divergence oscillation circuit as the DC arc
resistance of the MCB circuit is generated. An oscillation is generated in the fault current.
The principle of generating LC divergence oscillation current is as follows: The current
flowing into the LC divergence oscillation circuit should consider the components occurring
in each element according to Equation (2), based on Kirchhoff’s voltage law [35,36].

L%+Ri+%/idt+eazo @)
where ¢, is the instantaneous value of the arc voltage.

If this is differentiated with respect to time and induced and replaced with the voltage
equation for arc, Equation (3) is obtained.

d2i deg\ di i
Ldt2+<R+di>dt+C_0 3)

As shown in Equation (4), it is possible to obtain a condition to become 0 through the
sum of dc, /di and R, which are average slopes of voltage—current characteristics according
to the DC arc current (i) changes.

de,
R+ i 0 4)
Therefore, Equation (3) becomes Equation (5) by Equation (4).
2 . .
[, ®)
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The L and C components remain in the LC divergence oscillation circuit, and the sum
of the energies of the two components becomes 0. This is explained by the magnetic energy
and electrostatic energy of Equations (6) and (7).

wy = L/ILC di ©)

wC:C/vcdv (7)

where I ¢ is current flowing in LC divergence oscillation circuit, and v is the voltage of
the capacitor.

The equation according to the impedance of each component can be expressed as
Equation (8). It can be confirmed by Equation (8) that the phases of each component
are opposite.

1
ol = - ®)

The natural frequency in the LC divergence oscillation circuit is determined, as shown

in Equation (9).
fo 1
21y LC

The opening operation of the MCB starts, and an unspecified frequency is generated
as a DC arc current flows between the mechanical breaking contacts. A resonance phe-
nomenon occurs in the circuit—when this frequency becomes the same as the natural
frequency of the LC divergence oscillation circuit, it has the resistance of Equation (4); that
is, it is called the resonance frequency when the circuit frequency generated by the fault
current and the natural frequency of the LC divergence oscillation circuit are the same. The
oscillation width of the current gradually increases in this LC divergence oscillation circuit
since L and C are connected in series. According to Kirchhoff’s current law, the current
flowing in the main circuit is equal to the sum of the MCB circuit, LC divergence oscillation
circuit, and SA circuit. The fault current flowing in the MCB circuit is affected by the
LC divergence oscillation circuit. Therefore, the oscillation amplitude of the fault current
flowing through the MCB changes in response to the change in the current amplitude of
the LC divergence oscillation circuit. After that, when the fault current flowing through the
MCB reaches the current zero point, and the cutoff is completed in the MCB circuit, the
normal DC arc current (I) excluding the dynamic property from the DC arc current-voltage
characteristic flows to the LC divergence oscillation circuit. In addition, the impedance
changes infinitely as the circuit of the MCB is opened, and transient interruption voltage
(TIV), which is about twice the rated voltage, occurs in the circuit. The SA operates due
to the occurrence of TIV with a high voltage rise slope. The SA completes all blocking
operations by extinguishing the fault current remaining in the circuit through the ground.

)

3. Design of the Simulation
3.1. PSCAD/EMTDC Modeling

We designed a DC single system through the PSCAD/EMTDC program and simulated
a short circuit by applying a superconducting DC circuit breaker. Figure 2 is the circuit
diagram of the DC system and superconducting DC circuit breaker simulated short circuit.
It is composed of an ideal DC power supply, line impedance, normal load, transient load,
and superconducting DC circuit breaker. Mechanical DC circuit breaker is modeled as
MCB, inductor, capacitor, and SA. L is the line impedance, and 1,,,,;, is the current flowing
through the mainline. Iyscp is the current flowing in the mechanical circuit breaker, I} ¢
is the current flowing in the LC circuit, and Ig4 is the current flowing in the absorption
circuit. The rated voltage of the DC power supply is 500 V, the normal load is 10 (3, and
the transient load is 1 (). The fault time is about 100 ms, and the opening operation of the
MCB is about 110 ms. The superconducting element is designed to be quenched at a critical
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current of about 100 A, and the maximum resistance during quenching is about 0.5 Q0. In
addition, 15 uH and 66 uF were applied to the inductor and capacitor of the LC circuit,
respectively. This is a value to generate an ideal divergence oscillation current to explain
the principle of the LC circuit. We applied the parameters of three parts based on the data
of previous studies to the modeling process, shown in Figure 3 [24-26]. They are DC initial
fault current, arc model, and components of mechanical DC circuit breakers. First, the time
constant of the DC initial fault current was applied to the simulation for the DC initial fault
current based on the experimental equipment provided in the laboratory. Second, the arc
model was modeled using data from previous studies on the arc resistance that occurs
in the opening operation of the MCB. Third, the mechanical DC circuit breaker uses an
MCB, an inductor, a capacitor, and a surge protection device (SPD), as shown in Figure 3.
Figure 3a is a DC power supply, Figure 3b is a fault-generating system, Figure 3c is MCB
and SPD, Figure 3d is an inductor and a capacitor.

Mayr Arc model DC circuit breaker

Fault switch
Lo Inain  Iycy —> % aultswite
e
A M o— W = ——p
. Mechanical circuit breaker 1
Superconducting
element e 1 ===
+ —
<>DCp0wer & YY) : : ®
LC divergence oscillation circuit l l
I .
ﬁ; Normal Transients
state line state line
Absorption circuit

Figure 2. Configuration and circuit diagram of superconducting DC circuit breaker.

Figure 3. Laboratory equipment (a) DC power supply (150 AH-12 V lead-acid battery); (b) fault-
generating system; (¢) MCB and SPD; (d) an inductor (up) and a capacitor (lower).

3.2. The Modeling of DC Initial Fault Current

—t/T

The time constant 7 of the fault current I = V/R [1 —e of the transient charac-

teristic is important in order to model the DC initial fault current generated in the HVDC
system by simulation. We conducted an experiment to set the time constant using the
experimental equipment shown in Figure 3 and designed a simulation system based on the
experimental result data. Figure 4 shows the graph of the fault current caused by the DC
power supply of voltage of about 500 V, the normal load, and the transient load. Figure 4a
is a characteristic graph of the initial fault current confirmed through the preceding experi-
ment of Figure 3. Figure 4b is the graph of the initial fault current of the model designed
based on the previous experimental data. A superconducting DC circuit breaker is not
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applied to the DC system. The line fault in Figure 4a occurred at about 58.17 ms, and
the maximum initial fault current was about 508.3 A at about 58.6 ms. The time constant
(0.63 I;;) was about 0.07. The line fault in Figure 4b occurred at about 100.0 ms, and the
maximum initial fault current was about 500.0 A at about 100.5 ms. The time constant T

was about 0.05.

Initial fault current

500 - . Max) [A] N 500
7
/|
400 / 400
< / =
€ 300 - .g 300
: | :
= | =3
O 200 © 200

B 100
100 | The point of occurrence
ratl . 7% of the fault current [ms]

0 e i o e o 0
T ¥ T

5 T o T ¥ T * T * T ¥ T T T
575 58.0 58.5 59.0 |58.0 58.2 58.4  58.6 100.0 100.2 100.4
Time[ms]

(a) (b)

Figure 4. Graph of operating characteristics of initial fault current: (a) experimental data; (b) simula-

tion data.

3.3. The Superconducting Element and Simulation Model

Figure 5 shows the data on the superconducting wire used in the experiment, and
detailed parameters are summarized in Table 1 [37]. Figure 5a is a description of the material
of 2G high-temperature superconductors (HTS) wire made by SUNAM Co., Ltd. Figure 5b
shows the actual product of the superconducting wire (GdABCO) used in the experiment.
The width of the superconducting wire was 4.1 mm, the height was 0.11 mm, and the critical
current I was about 200 A. Figure 5c is a view of a superconducting element designed
with a superconducting wire in a solenoid type. The length of the superconducting wire
used in the experiment was about 5 m. The size of the model was about 80 mm in width
and length, and 400 mm in height. Figure 5d is an equivalent circuit diagram for testing
the operating characteristics of a superconductor. Through this experiment, the maximum
resistance value of the superconductor required for simulation was obtained.

Table 1. Parameters of simulation model.

Parameters Value
Operating temperature 77K
Critical current I 200 A
Superconducting layer thickness 0.11 mm
Superconducting layer width 4.1 mm
Substrate Stainless steel
Stabilizer Copper
Coil pitch 20 mm
Size 80 x 80 x 400 mm
Total tape length 5m

Number of coil turns 15 (Solenoid)
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Figure 5. Experimental data of superconducting element: (a) information of 2G HTS wire; (b) super-
conducting wire (GABCO); (c) proto-type of superconducting element; (d) equivalent circuit for the

experiment.

Figure 6 shows the operating characteristics of the superconducting element as a graph
through simulation modeling based on the experimental data. The operating characteristics
of superconductors were designed based on Equation (10) [38].

0 (t < tquenching)
¢ 1/2
Rmy/1— eXP(—m) (tquenching <t)

Rgc is the quenching resistance of the superconducting element. R, is the maximum
quenching resistance of the superconducting element. Tsc is the time constant for the
operating characteristics of the fault current. Figure 6a shows the fault current about the
presence or absence of the superconducting element. In addition, the maximum resistance
value of the superconducting wire, and the time of occurrence are shown in a graph. The
time when the fault occurred was about 100 ms, and the steady-current of about 50 A
started to increase rapidly from about 100 ms. When no superconducting element was
applied, the maximum fault current was about 488 A. When the superconducting element
was applied, the maximum fault current was about 323 A. The maximum resistance of the
superconductor was about 0.5 (). Figure 6b is an enlarged graph of Figure 6a to confirm the
time of the quenching of the superconducting element occurred. The maximum resistance
value of the superconductor was obtained through the experiment in Figure 1, and this was
applied to the simulation modeling. In Figure 6b, the resistance of the superconducting
element started to occur at about 101.6 ms. In addition, the characteristic of the critical
current (200 A) was applied to the simulation. When the fault current reaches about 200 A,
the superconducting element is designed to be quenched, and it can be confirmed through
Figure 6b.

Rsc(t) = (10)
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Figure 6. Simulation modeling: (a) graph of current and resistance about the presence or absence of
the superconducting element; (b) graph to confirm to point the maximum resistance of superconduct-
ing wire occurs.

3.4. Arc Model

We selected the Mayr arc equation among the three arc models of Mayr, Cassie, and
Schhavemaker [39]. The reason is that we used the data analyzed through the experiment
of the line fault of the superconducting DC circuit breaker when the power supply volt-
age is about 500 V. Therefore, we designed a Mayr arc model suitable for small current
environments of about 8000 K or less. Figure 7 shows the modeling algorithm of arc mo-
tion characteristics in the PSCAD/EMTDC program, and the Mayr arc Equation (11) was
applied [40,41]. Py the signal of arc operation is an element that gives a signal when the
mainline changes from normal load to transient load by the fault switch. The arc model
(Mayr) receiving the signal outputs the arc resistance value according to Equation (11). This
model has variables of Py and 7, and these variables are determined from experimental
data [27,41,42]. In Equation (11), G is the conductance to the arc, and 7 is the time constant
of the arc. In Figure 7, the arc voltage is U, and arc current is ;. Py is the cooling power,
and to express this in detail, it is a constant discharge power per unit volume. Since we
need general arc characteristics for the operating characteristics of superconducting DC
circuit breaker, we set it as follows: a cooling power of 5 kW was applied, and an arc time

constant of 0.3 was applied.
G G (Uarclarc
— — | ZAreare  q 11

dt T < Py > (11)

The signal of Arc operation I

Arc-Voltage =% Arc-model N Output of
Arc-Current [~ (Mayr) Arc-Resistance

Figure 7. Arc modeling using the PSCAD/EMTDC program.

Figure 8 shows the operating characteristics generated when the model designed
based on the arc equation was applied to the DC system. Figure 8a is an equivalent circuit
and consists of a DC power, an arc model, a DC circuit breaker, a fault switch, and a
load. This equivalent circuit generates a simulated short-circuit fault through the turn-on
operation of the fault switch. The fault load was designed as 1 (). Figure 8b is a simulation
graph for Figure 8a, and the data of voltage, current, resistance, and operating signal of the
arc model. Arc voltage is the voltage applied to the arc model and is U,y in Equation (11).
Arc current is the current flowing through the arc model and is I, in Equation (11). Arc
resistance is the output of arc resistance. The simulated short-circuit fault starts at 100 ms,
and the fault current is generated at 100 ms and increases to about 488 A. The opening
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operation of the DC circuit breaker occurs at 110 ms. Therefore, the trip order of the arc
model was set to have a value of 1 at 110 ms. The resistance of the arc model is generated
by the trip order. In this simulation, only one DC circuit breaker was applied, and it was
set to fail to cut off the fault current of about 488 A.

Lare

— 1+

Arc model DC circuit breaker

A
<> DC power
Fault switch

[ S—

=80
o

Voltag
8

o

= Arc voltage [V]

-y
3
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* Arc current [A]
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E14 - i - Arc resist
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Figure 8. Operating characteristics of MCB circuit according to arc model equation: (a) equivalent
circuit; (b) simulation graph.

Next, the operation of blocking the fault current through the application of a super-
conducting DC circuit breaker was analyzed through simulation.

4. Results of the Simulation

Figure 9 is a graph of the operating characteristics of a superconducting DC circuit
breaker. V_Mainline[V] is the voltage of the mainline, and I_Mainline[A] is the current of
the mainline. The mainline consists of a superconducting element and a mechanical DC
circuit breaker. V_MCB[V] and I_MCBJ[A] are the voltage and current of the MCB circuit.
I_LC[A] is the current of the LC circuit, and V_Inductor[V] and V_Capacitor[V] are the
voltages of the inductor and capacitor. I_SA[A] is the current in the SA circuit.

(a) is the time point at which the simulated short-circuit fault occurred, which was
approximately 100 ms.

(b) is the time point at which the MCB starts the opening operation, and it was about
102.0 ms.

(c) is the time point at which the artificial current zero point of the fault current, which
was approximately 103.2 ms.

(d) is the time point when the fault current was completely cut off, and it was about
103.7 ms.

In the normal state of the line before the short circuit fault occurred, a steady current
of about 50 A flowed through the mainline. Additionally, it can be checked through the
I_Mainline[A] and I_MCBJ[A]. A short circuit occurred at the time point (a), and the initial
fault voltage and current were checked at the V_Mainline[V] and I_Mainline[A]. If it
compared with the condition without superconducting DC circuit breaker in Figure 4b, this
initial fault current was limited to about 108 A from about 500 A to 392 A. Additionally,
the fault current was limited by the superconducting element up to about 333 A at time
(b). From point (b), the Mayr arc model operated according to the opening operation of
the MCB. The arc voltage according to the arc resistance was confirmed in the V_MCB[V]
graph. From point (b), the fault current started to flow in the LC circuit. The amplitude of
the current flowing in the LC divergence oscillation circuit increases by the inductor and
capacitor connected in series, as shown in the I_LC[A] graph. I_LC[A] affects | MCB[A];
therefore, I MCB[A] vibrates in the same way as the amplitude of I_LC[A]. At point (c),
when the fault current of I MCB[A] reaches the artificial current zero point, the fault current
of the circuit flows to the LC divergence oscillation circuit. The resonance of the I MCB[A]
and I_LC[A] circuits disappeared from point (c), and the voltage level of V_Inductor[V]
converged to zero. V_Capacitor[V] has a momentarily occurred voltage peak. A maximum
voltage of about 533.6 V was generated at that level, and it was quickly lowered to a voltage
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level of about 500 V, the rated voltage. TIV was generated in V_MCB[V] by the capacitor.
The level was up to about 528 V and quickly lowered to a voltage level of about 500 V.
I_SA[A] operated according to the TIV occurrence time to extinguish the residual current
of the circuit.

600 ~
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Figure 9. A graph of the operating characteristics of a superconducting DC circuit breaker.

5. Review

Figure 10 shows the graphs of the current and voltage characteristics of Figure 9 in one
graph. Figure 10a shows the operating characteristics of the superconducting DC circuit
breaker as a graph. Figure 10b is an enlarged graph of the operating characteristics from
immediately after the opening of the MCB of the superconducting DC circuit breaker to
the time when the breaking is completed. The graph was analyzed from (b), which is
the opening operating point of the MCB, to (c) when the artificial current zero point was
created. In the process between (b) and (c), a resonance phenomenon occurred in the circuit,
and energy exchange between the inductor and the capacitor occurred. This is explained in
the state of Equation (8) by Equation (5).

We divided and analyzed sections for each T}, time from T to T; when the resonance
phenomenon occurred based on I_MCB[A]. Table 2 summarizes the current and voltage
characteristics of each element from T, to T;. Since there is no current flow of I_SA[A] in
the section from Tj to Ty, it was omitted from the analysis process.
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Table 2. Simulation results of current and voltage from Ty ~ Tj.

Section [ms] Ty 0.25 T 0.50 T 0.75 Ty T
[102.00] [102.05] [102.10] [102.15] [102.20]
I_Mainline [A] 333 325 324 324 324
I_MCB[A] 333 290 324 364 324
I_LCI[A] 0 35 0 —40 0
I_SA [A] 0 0 0 0 0
V_Inductor [V] 0 —16 -33 —4 9
V_Capacitor [V] 0 16 33 13 -5
©—1_main line [A] —=—1_MCB [A] 1_LC[A] * | _SA[A] 6007 = = = = 1
—o—V_main line [V] —+ V_MCB[V] —vV_Inductor [V] V_Capacitor [V] 1
600 - To Ty T, Ty T, Ts Te 2=l
- 500 h 1
500 e = ; :
Z 0] | . 400 ! g
£ ————, U YA NAR S so0d A —— = ~ :
£ 300 v /| 5 I
%2“' Y 1 % T S A IALLA S A R Ll A 1 .
> 100 ' . o 100 : wiqu !
g = Iy 1 Ng !
E ‘T i i % 0 - VLR ARl -\l"a'f \g Mot ) with ":
100 4 = : it Iy !
100 - i 1
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(a) (b)

Figure 10. Current and voltage characteristic graph of superconducting DC circuit breaker (a) the
operating characteristics of the superconducting DC circuit breaker; (b) an enlarged graph of the
operating characteristics from immediately after the opening of the MCB of the superconducting DC
circuit breaker to the time when the breaking is completed.

The fault current was flowing in the MCB circuit because it was the time when the
opening operation of the MCB started at Tj.

At 0.25 T7, I_Mainline[A] decreased by about 8 A from about 333 A to about 325 A.
It can be seen that the reduction of about 8 A is caused by Mayr’s arc model in Equation
(11). This was confirmed in the current flow of I_ MCB[A] and I_LC[A]. Since _ MCB[A]
is about 290 A and I_LC[A] is about 35 A, the sum of the two current components is
about 325 A, according to Kirchhoff’s current law. I_LC[A] can check the flow through
V_Inductor[V] and V_Capacitor[V]. V_Inductor[V] was decreased, and the value was about
-16 V. V_Capacitor[V] was charged, and it was about 16 V.

At 0.5 Ty, the I_Mainline[A] decreased by about 1 A from about 325 A to about 324 A.
In this section, I_LC[A] is the point at which 0 A is generated, and I_Mainline[A] and
I_MCB[A] are about 324 A. V_Inductor[V] was about -33 V, and V_Capacitor[V] was about
33 V. At this point, the capacitor was fully charged, and there was no current flow due to
charging and discharging of the capacitor.

At 0.75 T7, I_Mainline[A] was generated at about 324 A. In this section, I_LC[A] with
the current —40 A occurred, and about 364 A of _MCB[A] occurred. V_Inductor[V] was
about —4 V, and V_Capacitor[V] was about 13 V. At this point, the capacitor was discharged,
and the discharged current of the capacitor and I MCB[A] were generated together.

At Ty, I Mainline[A] was generated at about 324 A. In this section, about 0 A of
I_LC[A] occurred, and about 324 A of I_MCB[A] occurred. V_Inductor[V] was about 9 V,
and V_Capacitor[V] was about -5 V. At this point, the capacitor was completed to discharge,
and there was no flow of I_LC[A].

Table 3 shows the simulation results of current and voltage in the period Tj to T¢. In
I_Mainline[A], a fault current of about 333 A occurred at Ty, and the result was decreased
by about 2.7% at Ty, and after that, about 324 A was maintained. I MCB[A] showed the
same result as the I_Mainline[A]. The reason is that the value of I_LC[A] was 0 at the time
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T, and the capacitor at this time is the time when the discharge is completed. The value of
V_Inductor[V] and V_Capacitor[V] showed increasing results. This is because the inductor
and the capacitor are connected in series; therefore, energy amplification by the resonant
frequency occurred.

Table 3. Simulation results of current and voltage from Ty ~ Tg.

. T() T1 T2 T3 T4 TS T6
Section [ms] [102.00] [102.19] [102.39] [102.59] [102.79] [102.99] [103.18]

I_Mainline [A] 333 324 324 323 324 324 324
I_MCB [A] 333 324 324 323 324 324 324

1 LC[A] 0 0 0 0 0 0 0

1 SA [A] 0 0 0 0 0 0 0
V_Inductor [V] 0 9 44 27 38 73 83
V_Capacitor [V] 0 _5 —11 —20 _3 _51 —80

6. Conclusions

We researched a cutoff technology to quickly and safely cut off the fault current that
occurs in the transient state, and we proposed a superconducting DC circuit breaker that
combines a superconducting element and a mechanical DC circuit breaker. This cutoff
method reduces the initial fault current through quenching of the superconducting current-
limiting element and creates an artificial current zero points through a mechanical DC
circuit breaker so that it can be cut off safely. Creating an artificial current zero point by the
LC divergence oscillation circuit is a very important core technology. We sought to examine
this technique based on theory through PSCAD/EMTDC simulation. We applied the initial
fault current characteristics modeled based on the experimental data to the simulation,
and proceeded with the modeling of Mayr’s arc model and superconducting DC circuit
breaker. In addition, the simulation results were analyzed based on the principle of the
LC divergence oscillation circuit. As a result, we were able to verify the degree of current
limiting of the initial fault current by the superconducting element and the operating
characteristics of each circuit of the mechanical DC circuit breaker through theoretical
principles. In addition, we could theoretically confirm the result of generating an artificial
current zero point by influencing the fault current as a resonance phenomenon occurring in
the circuit through the LC divergence oscillation circuit. This process was reviewed based
on the theory, and the data from these results serve as points of reference in the study of
commercialization of the LC divergence oscillation circuit.
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