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Abstract: There are complex physical phenomena for the interpretation of a molded case circuit
breaker (MCCB) in a distribution system. Most of the studies of MCCB interruption phenomena
were conducted with numerical analysis and experiments. This traditional approach may help
improve the performance of the MCCB itself, but it is difficult to find connectivity with other systems.
In this paper, the circuit model is proposed and the interruption phenomenon of MCCB is analyzed.
The interruption of the MCCB is divided into three sections to deal with physical phenomena occurring
in each area. A simplified model is proposed considering the characteristics of each section. Based on
this model, the circuit model is proposed. To implement the features of each section, the calculation
of physical phenomena is carried out, and this is expressed in the circuit model with resistance and
zener diode. Comparing the results of the simulation with the experimental results is as follows.
For 7-plates (basic state), the error rate is −5.6% in section II and 16.8% in section III. For 1-plate,
the error rate is 36.5% in section II and −17.0% in section III. This case shows much difference from
the simplified model in this paper, resulting in the largest error rate. The 7-plates and 5-plates cases,
which are available in the general MCCB owing to the shortest distance from the arc, represent a
relatively small error rate. Using the proposed circuit model, it is expected that the entire system,
including the interruption phenomenon, can be interpreted as a single circuit model.
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1. Introduction

There are various types of circuit breakers installed to protect loads in the event of over-current
inflow, depending on capacity and operation. Recently, research on circuit breakers, which are used in
a DC power system, has been actively conducted [1–4]. Among them, the circuit breaker frequently
used in the distribution system is the mold case circuit breaker (MCCB). The study in this field is
mainly focused on the study of the characteristics of voltage current in the circuit breaker and its
experimental study [5–9]. In addition to interruption performance, research is being conducted on the
characteristics after interruption [10–14].

The trip movements of circuit breakers are classified as mechanical, thermoelectric, and so on
depending on the breaking time according to the current flowing into the circuit breaker. The actual
blocking performance of the circuit breaker is the extinguishment capability of the arc current between
electrodes after tripping. The arc-extinguishment section of the circuit breaker is equipped with an arc
runner, splitter plate, and so on to cancel the arc between the contacts. Among them, the splitter plate
extends, cools, and divides the arc current.
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The circuit breaker’s interruption consists of complex phenomena. When over-current inflows,
bimetal operates the driving part so that the moving electrode is operated by mechanical force.
At this time, it takes one to two seconds empirically to detect and actually operate the fault current,
varying slightly from circuit breaker to circuit breaker. Then, the arc of high temperature between the
contacts damages the moving and fixed electrodes and generates high-pressure hot gas. Then, the arc
current moves towards the splitter plate by the pressure of the hot gas and by the complex electrical force.
When the moved arc touches the splitter plate, as previously mentioned, the arc is extended, cooled,
and divided. These phenomena are nonlinear, so it is somewhat difficult to analyze them individually.

In a typical circuit breaker, when the arc from the contacts reaches the splitter plate, it has a
current limit effect that limits the increase in the amount of current introduced by arc voltage. As this
effect is an important characteristic that affects the interruption performance of the circuit breaker,
many studies are being conducted on the voltage-current characteristics in this area. In a structure
with an arc-extinguishment chamber surrounded by molds, such as a wiring circuit breaker, the arc
power density increases significantly; in particular, the average current density on the surface of
the splitter plate can reach hundreds of A/mm2 [15,16]. Various studies have been conducted on
these arc currents [17]. In particular, it was found that, the smaller the electrode size of the contacts,
the higher the arc voltage [18,19]. Arc movement during contact separation is also an important factor
in analyzing interruption. The reaction force at the contact electrode is proportional to the magnitude
of the current, and it is confirmed that it reacts at about ten times the rated current. Therefore, the more
the fault current flows into the wiring circuit breaker, the faster the current-time response.

In this paper, the interruption phenomenon of a circuit breaker is analyzed step-by-step. By circuit
modeling each step, the complex phenomenon has been simplified. Thus, it is expected to reduce
the time spent on interpretation and to derive factors to improve blocking performance. Moreover,
the proposed MCCB model can be used for fault phenomenon applications, which have the advantage
of integrating the entire system into a single circuit analysis. Research on modeling and analyzing
interruption phenomena based on experiments has been carried out previously. Xingwen Li et al.
conducted a study of the entire interruption process of the MCCB in accordance with the conditions
of the mobile electrode [8]. Fei Wang et al. compared arc behavior during the blocking process
with experiments and simulations [20]. Compared with other studies, this study is characterized by
modeling the entire interruption process by zone and analyzing the factors that have a dominant
influence on each zone. In addition, circuit modeling is used to simplify the system, reducing calculation
time and enabling connection between systems. This is the difference from other studies. This study
can be applied on the limited contacts (structure with splitter plates between contacts) among low
voltage circuit breakers. This requires further research. This study can be used to conduct a structural
improvement study.

The composition of this paper is as follows: (2) Interruption Phenomenon and Background Theory,
(3) Circuit Modeling, (4) Circuit Model Simulation and Experiment Results, and (5) Conclusions.
Chapter 2 briefly introduces the interruption phenomenon, and introduces the background theory
needed for the area. In Chapter 3, circuit modeling is conducted on the basis of Chapter 2. Finally,
Chapter 4 verifies the validity of this circuit model by comparing the experimental results with the
derived circuit model.

2. Interruption Phenomenon and Background Theory

Figure 1 shows the waveform that occurs when the typical MCCB interrupts and the model
that simplifies it. The interruption is largely divided into three parts: (1) section I: before contact
opening; (2) section II: arc current growth; and (3) section III: arc extinguishment through splitter plate.
In Figure 1b, t2 and t3 are the starting times for section II and section III, respectively.



Electronics 2020, 9, 2047 3 of 14

Electronics 2020, 9, x FOR PEER REVIEW 3 of 15 

 

𝐹𝑜𝑝𝑒𝑛 = 𝐹𝑀𝑒𝑐ℎ + 𝐹𝐸𝑑 = 𝐹𝑀𝑒𝑐ℎ + 𝐹𝐻𝑜𝑙𝑚 + 𝐹𝐿𝑜𝑟𝑒𝑛𝑡𝑧 (1) 

 

 

(a) Representative experimental waveform 

 

(b) Simplified model 

Figure 1. Molded case circuit breaker (MCCB) interruption voltage. 

As a result of overcurrent, approximately 1 to 2 ms is required for the circuit breaker to detect 

and open contact. Assuming that the mechanical force of the MCCB drive unit is constant among the 

total forces applied to the contacts, it is the electrodynamic repulsion force that can affect the time of 

additional contact opening. Figure 2 shows the electrodynamic repulsion force generated by the 

MCCB. 

 

(a) Holm force 

 

(b) Lorentz force 

Figure 2. Electrodynamic repulsion force generated in the MCCB. 

Holm force is as follows. Before the contacts are opened, the current is concentrated in a very 

small area between the contacts. This causes the concentration of current, and the generated magnetic 

flux density between contacts produces electromagnetic rebound forces. 

𝐹𝐻𝑜𝑙𝑚 =
𝜇0×𝐼

2

8×𝜋
× ln⁡(

8×𝜋×𝐻×𝐴

𝜇0×𝐼
2 )  (2) 

Here, I is the current, in units (A); H is the hardness of the material; and A is the area of the 

contact, in units (m2). This force exerts its force when the contact is attached, and when the contact 

begins to fall, it is exponentially less powerful. The maximum value of this force may be affected by 

the opening of the contact point, but in most cases, the circuit breaker application is omitted owing 

to its weak force. 

Figure 1. Molded case circuit breaker (MCCB) interruption voltage.

First, section I is the time until the trip is activated and the contact is opened in over-currunt
occurrence. The forces acting upon opening are the mechanical forces of the basic MCCB drive and the
electrodynamic reaction force [21]. This electrodynamic repulsion force consists of Holm force and
Lorentz force. The overall open force is as follows:

Fopen = FMech + FEd = FMech + FHolm + FLorentz (1)

As a result of overcurrent, approximately 1 to 2 ms is required for the circuit breaker to detect
and open contact. Assuming that the mechanical force of the MCCB drive unit is constant among
the total forces applied to the contacts, it is the electrodynamic repulsion force that can affect the
time of additional contact opening. Figure 2 shows the electrodynamic repulsion force generated by
the MCCB.
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Holm force is as follows. Before the contacts are opened, the current is concentrated in a very
small area between the contacts. This causes the concentration of current, and the generated magnetic
flux density between contacts produces electromagnetic rebound forces.

FHolm =
µ0 × I2

8×π
× ln

(
8×π×H ×A
µ0 × I2

)
(2)
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Here, I is the current, in units (A); H is the hardness of the material; and A is the area of the contact,
in units (m2). This force exerts its force when the contact is attached, and when the contact begins to
fall, it is exponentially less powerful. The maximum value of this force may be affected by the opening
of the contact point, but in most cases, the circuit breaker application is omitted owing to its weak force.

In the structure of the MCCB, the direction of current at fixed electrode and the direction of
current at moving electrode are set in opposite directions. This generates a push force between
the two electrodes, which is called the Lorentz force. Generally, the direction of rotation of the
magnetic field is determined by the direction of the current. If the current direction of the two
adjacent straight conductors is reversed, the direction of the magnetic fields produced is set in reverse.
This strengthens the magnetic field between the two conductors, which forces the two conductors to
move away. This occurs between the fixed and moving electrodes in this application. The following is
the Lorenz force.

FLorentz = 2× 10−7
×

I2
× le
de

(3)

Here, le is the length of the electrode arm, in units (m); and de is the distance between the electrodes,
in units (m). The application requires additional application of the angle changing in Equation (3).
If the current flowing is large enough, the Lorentz force not only operates before the contact opens,
but also can have an effect after the contact is opened.

Section II is the section where the contacts are opened, and arcs are generated and enlarged.
This section is divided into the arc generating between the electrodes and the arc extending to the
splitter plate. First, the former is as follows. The time of contact opening with the mechanical force of
the MCCB drive is similar, although there is a small difference for each product. If the mechanical force
provided by the product exists and the current is large enough, it can reduce the time when the contact
is fully open. However, it is difficult to see the effect if the current is not large.

When an arc occurs, the arc temperature can be obtained from the energy balance equation as
follows [22,23]:

η× I ×Vcolu = ε× σsb ×As × T4 (4)

T =

(
η× I ×Vcolu

ε× σsb ×As

)1/4

(5)

Here, ε is emissivity, σsb is the Strfan=Boltzman constant (5.67× 10−8 W/m2K4), As is the surface
area of the arc, η is the percentage of electrical power that is converted into radiation, I is the arc current,
and Vcolu is the arc voltage. η is assumed to be 70%.

When the arc between the electrodes is generated, the voltage of the arc column is obtained as
follows [23]:

Vcolu =
2.24× ε0.2

× σ0.2
sb × larc

η0.2 ×
j0.7
root

a0.7 × I0.1
(6)

Here, larc is length of arc; jroot is the average current density of arc root, in units (a/mm2); and a is
the arc column expansion coefficient. This value is set to 1.

Next, we will infer the process of arc extending to the splitter plate as a rough progression of
external forces acting on the arc. The main external force is the force caused by hot gas emissions from
arc discharge [20]. It can be interpreted through the following ideal gas law.

P×V = n×R× T (7)

Here, P is the pressure, V is the volume, n is the mole constant, R is the gas constant, and T is
the temperature. Basically, the moving electrode moves by drawing an arc comparing to the fixed
electrode. This shows that the force is applied in the outer direction of the circle. Assuming that the
number of moles does not change for approximate force size and direction, the temperature difference
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in space can be expressed as a pressure difference. This can indicate the direction and magnitude of
the force.

∆P =
n×R

V
× ∆T (8)

f = A× (P1 − P0) (9)

Here, P1 is the pressure changed by the arc current, P0 is the ambient pressure, and A is the cross
section of the space affected by the force. Based on the arc current, there is less space inside, and the
outside is trapped by the splitter plate. Among these, the upper part of the splitter plate direction
has a relatively large amount of space, and exhaust also exists in that direction. Because of this,
the generated arc current extends upward towards the plate. The Lorentz force, which we have looked
at earlier, can help the arc current extend further upward. Some circuit breakers are designed to
induce movement of arc current by utilizing ferrite cores and other surrounding conductors such as
splitter plates.

Section III is the process in which the extended arc current meets the splitter plate and consumes
energy. The energy consumption, like section II, is classified as the energy consumed in arc current
air and the energy consumed by the arc current touching the splitter plate. These two forms of
energy consumption are expressed as voltages between electrodes in the circuit model proposed in
this paper. The arc column voltage, the first energy consumption form, can be constructed by applying
the extended arc current length to expression (6). The second energy consumption form can calculate
the energy that the splitter plate has, for instance, the energy taken from the arc current, depending on
the temperature of the splitter plate. Expression (10) shows the energy delivered by the arc current to
the splitter plate for a certain period of time.

W = c×M× Tarc × ∆t (10)

Here, c is the specific heat, in units (J/gK); M is the weight of matter, in units (g); and Tarc is the arc
temperature, in units (K). The voltage drop of the plate is obtained as follows:

P = Vp × I = W/∆t = c×M× Tarc (11)

Vp = c×M× Tarc/I (12)

3. Circuit Modeling

In this paper, the circuit modeling study was conducted with the model name UCB 100S as
the subject (Figure 3). The characteristics of this subject are that the shape of the splitter plate is
constant and that the structure, such as the covering membrane, is simple so that the complexity of this
application can be reduced.
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In order to examine the main characteristics of the MCCB, cases were divided and modeled as
in Figure 4. Figure 4a is a basic platter plate, consisting of seven plates. In Figure 4b–d, plates are
removed at a specific location to change the number of plates and the plates where the arc first touches,
in order to verify arc movement, energy consumption at the splitter plate, and so on.
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3.1. Modeling of Section I

Theoretically, until the trip is made and the contacts are opened, it is in a conduct state. The circuit
modeling in this area sets the time at which the contact is opened according to the mechanical force of
the basic driving section and the incoming current. The trip time was set at 1.2 ms considering the
value of the incoming current at the usual trip time.

3.2. Modeling of Section II

Figure 5 shows the electrodes and the splitter plate structure to be modeled. The electrodes are
composed of fixed electrodes and moving electrodes, which are opened like in Figure 5. The maximum
distance between electrodes is 18 mm and the maximum angle is 26◦. The maximum opening time is
set to 3 ms.Electronics 2020, 9, x FOR PEER REVIEW 7 of 15 
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After the trip time of 1.2 ms, the moving electrode starts to move. From this point on, the voltages
between the electrodes are discarded. The voltage of the arc column is obtained using Equation (6)
at this time. Equation (6) indicates the voltage drop by arc column. This is mainly affected by the
length of the arc and average current density of the arc lot. Here, the length of the arc between the
electrodes shown in Figure 5 is calculated, and it is used to obtain the voltage drop between the
electrodes. The values of the variables at this time are as follows: ε is 0.2, η is 0.7, and the diameter
of the arc cylinder is 2 mm. Figure 6 indicates the voltage between the electrodes when the splitter
plate does not exist, applying a trip time of 1.2 ms and a maximum opening time of contacts of 3 ms.
The length of the arc current in section II corresponds to the distance between electrodes, assuming
that the contacts are linearly separated.
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Based on the voltage between the electrodes, the resistance (Rarc) value of section II is obtained.
(Figure 7). Section II of this modelling is measured from 1.2 ms to 7.3 ms. The resistance values are
fitted as a primary function, and the error rate is 2.13%. This linearized resistance value is used as the
resistance (Rarc) in section II in the circuit model.
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Figure 7. Resistance (Rarc) between the contacts in section II.

The arc generated by the separation of the contacts grows and expands towards the splitter plate.
The forces at this point are hot gas emissions and Lorentz power, as mentioned earlier. The Holm force
is a very small value, so it is omitted here. Hot gas produced by arc discharge causes temperature
differences, i.e., pressure differences, within the circuit breaker space. The magnitude of the force is
obtained through Equations (8) and (9). Modeling is carried out in the interior space of the MCCB to
examine the direction of the force generated by arc discharge. Heat from the arc is directed into the
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upper space where exhausts exist, surrounded by plates. As shown in Figure 8, the hot gas movable
virtual space (dotted line) is set, and the generated heat is assumed to move in the center direction of
this space. At this time, it is assumed that the moving electrode would move and cause a temperature
difference with the ambient, resulting in a force from the moving electrode.
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MCCB. In Figure 10, the case of 26° is when the electrode is fully open. If you look at the arc 
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[20], arc movement when the electrode is opened is studied through experiment and simulation. As 
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Figure 8. MCCB interior space and virtual space for hot gas movement (side view).

Figure 9 shows the magnitude and angle of the synthetic force of hot gas and Lorentz. At this time,
the arm length of the electrode at Lorentz force is 14 mm, and the length r between the electrodes and
the angle change between the electrodes are calculated to increase the electrode linearly. At the force of
hot gas, the spatial cross section area is 640 mm2 and the ambient temperature is 300 K.
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Figure 10 shows the representative values of the previously obtained synthetic forces in the MCCB.
In Figure 10, the case of 26◦ is when the electrode is fully open. If you look at the arc movement, you can
see that it is heading towards the top two or three plates rather than the middle of the splitter plates.
This simulation is conducted to determine which plate the arc reached first. In [20], arc movement
when the electrode is opened is studied through experiment and simulation. As with this simulation,
it can be seen that the heat by the arc is shifted in the upward direction.

3.3. Modeling of Section III

The arc current is shifted to the upper right by external forces. Moreover, the longer the arc current
generated, the more it is affected by external force. The shortest distance between the arc current and
the splitter plate is shown as Figure 11. t3 for starting section III is determined based on the results of
the experiment, and t3 values per case are as follows: 7-plates is 6 ms, 5-plates is 6.2 ms, 3-plates is
7.2 ms, and 1-plate is 7.3 ms.
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The objective here is to obtain the voltage (Vsp) between electrodes during section III. This voltage
(Vsp) consists of voltage drop by plate (Vplate) and voltage drop by arc length (Varc), as shown in
Equation (13).

Vsp = Vplate + Varc (13)

First, the voltage drop by plate (Vplate) is as follows. The energy of one plate over a specified
time is calculated using Equation (10), and the voltage of one plate is calculated using Equation (12).
Table 1 shows the temperature and voltage drop when the arc first touches the splitter plate in each case.
Here, the specific heat of one plate is 0.447 J/(g·K), the weight is set to 4 g, and the top one plate weighs 2 g.

Table 1. Voltage drop of splitter plate change cases.

Case Temperature (K) Voltage Drop of One Plate (V) Total Voltage Drop (V)

7-plates 21,138 8.18 53.17
5-plates 20,576 8.52 42.59
3-plates 16,493 11.87 35.61
1-plate 15,927 12.51 12.51

Next is the voltage drop by arc length (Varc). This value is obtained using Equation (6), as shown in
the modeling of section II. At this time, the arc length is required, which consists of the shortest distance
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and a number of distances (2 mm) between plates. For example, in the case of 7-plates (basic state), this is
the sum of the shortest distance and seven distances between plates (2 mm) (Figure 11). The shortest
distance of cases is as follows: 7-plates is 12 mm, 5-plates is 12 mm, 3-plates is 14 mm, and 1-plate
is 19 mm. The constant voltage (Vsp) generated in this section is modeled on the circuit using the
zener diode.

The circuit model (Figure 12) is intended to obtain a simplified model (Figure 1b). This circuit
model assumes that the arc increases linearly and, in section II, the splitter plate consumes constant
average energy in section III. Here, the change time of section t2 and t3 is determined experimentally.
In section II, the variable resistance (Rarc) is obtained as shown in Figure 7, and in section III, the voltage
(Vsp) is obtained through Equation (13).
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4. Comparison of Simulation Model and Experimental Results

Figure 13 shows the simulation result using the proposed circuit model. It is simulated using PSIM.
The details of the resulting values are covered in the comparison section of the experimental results.
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To verify the proposed circuit model, we conduct an experiment on the aforementioned cases.
Figure 14 shows the experimental setup. The experimental power supplies an overcurrent for the
MCCB to operate the interruption. This overcurrent is determined by the capacitor’s charging voltage,
capacitance, inductance, and so on. In this paper, the charging voltage is set to 640 V, capacitance is set
to 26,700 µF, and inductance is set to 0.258 mH. These values are to allow the incoming over-current
frequency to have a value of 60 Hz, with half-wave (8.3 ms) of its entire cycle as the current is zero.
The experimental waveforms for cases are presented in Figure 15.
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Table 2 below compares the simulated voltage waveform with the experimental voltage waveform.
In section II, the mean value of the voltage is calculated, and in section III, the peak value of the
voltage is calculated because it is assumed to be a constant voltage. Looking at the results, in section II,
1-plate cases show the largest error rate (36.5%) and, in section III, 3-plates cases show the largest
error rate (−25.0%). Overall, the largest error rate is in the case of 1-plate, with the largest number
of plates removed compared with the basic state. In the experimental waveform of the 1-plate case
(Figure 15d), the beginning of section III shows a constant voltage and then the voltage rises unlike
other experimental waves. This is not consistent with the simplified model (Figure 1b) proposed by
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this paper. In addition, 7-plates to 3-plates can be interpreted as arc movement in the upward moving
electrode, but 1-plates do not show that much time difference. It is predicted that this is not moving
from top electrode, but from bottom electrode through the arc runner. It is important where the arc
first touches the splitter plate moved by the force, that is, the top or bottom electrode.

Table 2. Comparison of simulation and experiment voltage waveform.

Section II Section III

Model Simulation
Value (V)

Experiment
Value (V) Error Rate (%) Simulation

Value (V)
Experiment
Value (V) Error Rate (%)

7-plates 70.8 75 −5.6 167 143 16.8
5-plates 68.7 62.5 14.7 135 132 2.3
3-plates 69.6 73.5 −1.1 96 128 −25.0
1-plate 69.3 53.1 36.5 73 88 −17.0

Figure 16 shows the damaged state of plates and supports after several interruption experiments
on the splitter plate. The damaged area is marked with white dotted lines. The pictures of the plates
show that the second and third plates are the most damaged. This shows that almost all areas of the
second plate are charred, and the third plate is slightly dug (white dotted circle). This feature can
also be seen in the support fixture in Figure 16b. Most of the damage occurred in the space around
the second and third plate above. In addition, this shows that there is a lot of discharge between the
seventh (bottom) plate and the arc runner (white dotted circle).Electronics 2020, 9, x FOR PEER REVIEW 13 of 15 
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5. Conclusions

In this paper, the mold case circuit breaker interruption phenomenon is analyzed, and on this
basis, the circuit model is proposed. Usually, the interruption of the MCCB is divided into three
sections to deal with physical phenomena occurring in each area. The energy consumption and
timing in the section are implemented using circuit elements. The simulation results show the largest
error rate in the case of 1-plate (36.5%) in section II and in the case of 3-plates (−25.0%) in section III.
In fact, in normal MCCB cases, 1-plate and 3-plates cases are not suitable because arcs must reach
the plate quickly. In addition, considering the experimental waveform (Figure 15d) of the 1-plate
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case and the discharge of the seventh plate (Figure 16b), the 1-plate case is induced at the bottom
(fixed) electrode. The assumption in this paper is that the arc approaches the splitter plate by the
synthetic force (Figure 10) from the top (moving) electrode. This is the reason for the large error rate
in the case of 1-plate. This is also much different from the simplified model (Figure 1b) of this paper.
In the case of 7-plates (basic state) and 5-plates, the shortest distance (12 mm) from the arc is the same,
and only the number of plates is different. This is an element that can be changed depending on the
capacity of the MCCB. The errors in these two cases are −5.6% and 14.7% in section II, and 16.8%
and 2.3% in section III, respectively, all not exceeding 20%. The results of this paper can be applied
to the improvement of interruption performance of the MCCB, and it is expected that the whole
system including the interruption phenomenon can be interpreted as a single circuit model using the
proposed circuit model. Future works are behavioral analysis of the arc and detailed modelling of
energy consumption in the splitter plate.

Author Contributions: K.-AL. carried out the main research tasks and wrote the full manuscript. Y.-M.C. performed
the experiments and revised the details. H.-J.L. planned the work and examined the contents of the paper. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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