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ABSTRACT Numerous problems have emerged with the development of HVDC transmission technology.
One of them is the fault current that occurs when there is an issue in the line. In particular, in the case of a
PTP (pole-to-pole) fault, a DCCB design suitable for the direction is required because the fault current flows
through the positive and negative poles. In the case of PTP fault, a fault current of the same value occurs in the
opposite direction, and in the case of DCCB, the breaking efficiency may be reduced or even impossible to
break due to amistake in the emission direction or a wrong design. In particular, when designing using several
unidirectional DCCBs, it is cheaper and consumes less area than typical DCCBs, so it is economical, but this
problem may be more prominent. To solve this problem, this paper proposes a 4- pole Hybrid HVDC circuit
breaker to solve this problem. This circuit optimizes the DCCB internal components through quantitative
analysis of the fault current to reduce the influence of the residual fault current as well as the previously
most important parameter, Zero-Cross Time (ZCT). We also verified the circuit’s energy dissipation process
to increase reliability. The circuit in this paper is simulated based on the VSC-based HVDC transmission
link. Physically analyze the derived results and described the circuit mechanism.

INDEX TERMS DC circuit breaker, PTP fault, zero-crossing DCCB, DC transmission line, energy
dissipation, hybrid DCCB, 230kV MMC-HVDC.

I. INTRODUCTION
To reduce greenhouse gas emissions during the power gen-
eration process, renewable energy sources such as solar and
wind power were required. Renewable power generation is
highly influenced by various environmental factors and very
inconsistent, and the need for a different transmission tech-
nology also emerged due to the growing demand for energy in
the modern society [1]. In the case of DC power transmission
technology, the power factor is always 1 without transmitting
reactive power compared to AC power transmission, so the
transmission efficiency is high and the magnetic field is
hardly generated, and it has attracted attention as a renewable
power transmission method. In addition, the VSC-HVDC
system is proposed as a multi-terminal technology because it
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receives power from multiple solar and wind generators and
can transmit power to different destinations using multiple
inverters [2]–[4].

However, there are still many problems in HVDC trans-
mission technology, which is the fault current generated
in the event of a fault [5]. The fault current is very high
compared to the steady-state, which adversely affects the
entire transmission line, and causes secondary damage such
as fire [6], [7]. To solve this problem, DCCB technology was
introduced [8].

In the DC distribution system, faults occur largely
due to pole-to-ground (PTG) fault and pole-to-pole (PTP)
fault [9]–[12]. In Fig. 1, various situations of fault contin-
gency are simply diagrammed [13]. In general, any fault that
occurs between the converter and the current limiting reactor
rather than in the line is called an external fault. Furthermore,
based on the transmission direction, the fault is expressed as
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forward external fault (for example, converter station2 in the
forward direction of the positive line) and backward external
fault (for example, converter station1 in the reverse direction
of the positive line) [13]. In the case of PTP fault, a short
circuit is formed between the positive and negative lines or
between the line and the case, creating a path for the fault
current to flow in both lines [11], [12]. Therefore, multiple
DCCBs suitable for the direction are inevitably required,
increasing performance requirements such as the need for
bidirectional DCCBs [14], [15].

There are many ways of breaking DC. Among them, the
inverse voltage generation method is compacted using a
fast disconnector, but it this approach is difficult to use for
ultra- high voltage transmission. The inverse current injecting
method has a large capacity and is easy to apply to the
existing circuit breaker, but it has several drawbacks such as
a long breaking time and a need for pre-charging in order to
operate. In addition, there is a current communication method
in which energy is stored and used in an inductive circuit.
This paper uses the divergent current oscillation method to
create an artificial current zero point using LC resonance
currents connected in parallel for breaking them. The circuits
of the same breaking method used in the past were simulated
under the same conditions, and the results were compared in
Chapter 3.

Fig. 1(b) is a device arrangement structure of conven-
tional hybrid HVDC circuit breaker [16]. Fig. 1(c) shows the
structure of Fig. 1(b) in more detail as a circuit [16]. The
conventional structure can break the PTP fault by arranging
the structure to be symmetrical up and down. Each part
can be divided into hybrid breaking units (HB), damping
branches (DB), and pulse generator (PG) depending on usage.
In hybrid DC circuit breakers, hybrid breaking units (HB)
generally have a high-speed mechanical switch which min-
imizes loss when steady-state [17], [18]. Damping branches
(DB) serve to limit overvoltage and emit LC resonant current
generated by Pulse Generator (PG). Zero- crossing creates
a current zero and, if detected safe, turn off the Breaking
Units (HB) to completely break it. In this process, it generally
takes a short time within 5ms to generate and break a fault
current [16], [19].

We need a faster and a more efficient DCCB that
does not significantly increase the number or specifications
of the components in the conventional DCCBs, and we
researched and developed a circuit of this paper. In the circuit,
we propose a 4-pole DCCB that connects the positive and
negative lines between the converter station and the trans-
mission line, respectively. This circuit breaker can break both
PTP and PTG faults, as described in Chapter 2B. In order
to increase the efficiency, the reverse charging method is
used, and the current limiting reactor and the grounding
component are optimized in consideration of the effect of the
residual fault current after the main line breaks [20]–[23].
In addition, the circuit is analyzed in the perspective of
energy dissipation to improve the reliability of the circuit
breaker [24].

FIGURE 1. Conventional HVDC circuit breaker technology; (a) Schematic
diagram by classifying fault contingency; (b) Device arrangement
structure of conventional hybrid HVDC circuit breaker; (c) Detailed circuit
diagram of a conventional hybrid HVDC circuit breaker.

II. OPERATING MECHANISM OF DCCB
The paragraph describes the operating mechanism of the
DCCB presented in the paper, along with the quantitative
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FIGURE 2. Overall schematic diagram of the DCCB and VSC-based HVDC
transmission link 200MVA used in the paper; (a) Component of converter
station 1 and DCCB placement; (b) Equivalent circuit configuration for
fault current calculation; (c) A graph comparing the simulation result with
the graph expected when the equation is applied to this simulation
condition.

analysis of fault current [25]–[27]. When verifying circuit
performance in detail in the quantitative analysis of fault
current in Chapter 3, it is used as data to supplement the
evidence.

A. QUANTITATIVE ANALYSIS OF FAULT CURRENT
The transmission link used in this paper is VSC-based
HVDC, and it is assumed that a fault occurs on the right side
of Converter Station 1 [28]. The DCCB is located between
Converter station 1 and the transmission line. Converter sta-
tion 1 consisted of a DC capacitor, a DC filter 3rd harmonic,
and a smoothing reactor [29].

TABLE 1. Units for magnetic properties.

The sum of the impedances of DC Capacitor and DC filter
3rd Harmonic is as follows:
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It is as follows:

Zeq ≈ 2
{

1
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‖
1

jωCCs2

}
=

1
jωCeq

(2)

Therefore, a simplified equivalent circuit can be con-
structed as shown in Fig. 2(b). Applying the Laplace trans-
form to the equivalent circuit is as follows:
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When D(s) = 0 is p1,2, it is as follows:
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It is the parameter of TABLE 1 and LClr = 20mH, and
it is α2 < ω0

2(under-damped) assuming that the fault has
occurred on the right side of the DCCB.

i(t)fault = {B1 cos (ωd t)+ B2 sin (ωd t)} e−αt(
∵ ωd =

√
ω2
0 − α

2

)
(5)

At this time, by the boundary condition, it is B1 = i(0) and
is as follows:

di(0)fault
dt

= −αB1 + ωdB2 (6)

On the other hand, Fig. 2(b) According to Kirchhoff’s
current law in the equivalent circuit, it is as follows:

di(0)fault
dt

=
−{2 (RSr + nRTl) · i(0)+ VC (0)}

2 (LSr + LClr + nLTl)
(7)

(6) and (7) are simultaneous.

B2 =
−{2 (RSr + nRTl) · i(0)+ VC (0)}

2 (LSr + LClr + nLTl) · ωd
+
ai(0)
ωd

(8)

Through (5) and (8), it is as follows:

i(t)fault=
[
i(0) cos (ωd t)+

[
−{2 (RSr+nRTI ) · i(0)+VC (0)}

2 (LSr+LCr+nLT ) · ωd

+
αi(0)
ωd

]
sin (ωd t)

]
· e−αt (9)

Fig. 2(c) is a graph comparing the actual simulation results
when calculated under simulation conditions using the equa-
tion in (9). These are the simulation results and predicted
values when the conditions of TABLE 1 and LPG = 1µH,
CPG = 1µF, RGND = 10�, LClr = 0.4mH. Comparing the
magnitude of the predicted value and the simulation value
at the first amplitude (here, around t = 3.001s) that has the
greatest effect on the fault current, the error rate is relatively
accurate at 8.9%, and the equation is also used to interpret the
physical mechanism of Chapter 3, which will be described
later.

B. DCCB OPERATION PROCESS
In this chapter, we propose a hybrid HVDC circuit with
excellent performance that can break PTP faults and explain
the operation process in detail.

Fig. 3 shows the overall circuit diagram and operation pro-
cess of DCCB proposed in this paper. As shown in Fig. 3(b),
the current flow in the steady state is shown in the cir-
cuit. In addition to the path through Bpos and Bneg, Cpg is
charged through Dpos and Dneg. For CPG, when charging
is complete, DC current no longer flows and no additional
power loss occurs [30]. In the case of PTP fault, as shown
in Fig. 3(c), fault current flows through the positive and
negative poles and detects this and turns on TPG, Tdis, and
IGBTdis. In general, this detection measures the current near
the port of Converter Station 1(pos) and Converter Station
2(neg), and sends a signal when there is an abnormality of a
predetermined value (1.3 times the stead-state current in this
paper) accurately measured. During this process, as the TPG

is turned on, a reverse charging process occurs, generating
a higher resonant current [30], [31]. Turn Bpos and Bneg to
completely break the main line when creating zero-crossing
point on the positive and negative lines respectively [32],
[33]. As a result, the fault current flow as shown in Fig. 3(d).
To reduce residual fault current, the IGBTdis is turn-off as
shown in Fig. 3(e) to allow the fault current to flow to ground,
minimizing the effect on the converter station [34], [35].
Fig. 3(f) and Fig. 3(g) show the current flow that is break
when PTG fault occurs on the right side of DCCB. In the
case of TPG, when a fault current is detected on either the
positive line or the negative line, Tdis is designed to turn on
only when a fault current is detected on the positive line, and
IGBTdis is when a fault current is detected in the negative
line. Therefore, the proposed circuit can break not only PTP
fault but also PTG fault. However, different values of fault
currents usually require a more comprehensive selection of
pulse generator components is required than when used in
one application.

Fig. 4 is a graph showing the change in operating time and
fault current of the switching components DCCB proposed
in this paper. Ifault is the current measured by Bpos when
the fault current is breaking in the main lines and I′fault is
the residual fault current after the main lines break. In the
graph of IGBTdis, the black solid line turns on when the fault
current is broken from the main lines as described above,
and turned off when the residual fault current is eliminated.
The red dotted line is the simulation result by excluding
the turn-off process to examine the effect. If the IGBTdis is
still on, the I′fault will remain for a long time, which will
have a huge adverse effect. If the current flow is changed
by turning IGBTdis off, I′fault is affected by RGND and the
value of α in (9) increases, so the magnitude of I′fault rapidly
decreases. Therefore, it is possible to significantly reduce
the components of the converter stations remaining in the
residual fault current, so that it can be managed more safely.

III. SIMULATION RESULTS
The simulation results in this paper are validated based on
VSC-based HVDCTransmission link 200MVA (±100 kV) in
MATLAB simulink [36], [37]. As shown in Fig. 2(a), in the
case of the right side of the transmission line, the DCCB
and converter station with only the pole location changed
symmetrically to the left. In the case of the conventional
circuit, which is a comparison circuit, the PTP fault circuit
was configured according to the arrangement of the circuit
in Fig. 1(c) according to the arrangement of Fig. 1(b) and
was designed to be symmetrically on the right side. Basically,
when a 60km line is assumed, it is assumed that a fault occurs
on the right side of the DCCB, and the parameters of the
components are as shown in TABLE 1.

A. RELATIONSHIP BETWEEN DUTY CYCLE OF IGBT AND
I′fault
In addition to briefly looking at the role of IGBTdis in Fig. 4,
we analyzed how the I′fault value and the root-mean-square
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FIGURE 3. Operating mechanism of the DCCB; (a) The overall circuit diagram of the DCCB proposed in this paper; (b) The process of
charging the CPG when steady current flows into the main lines; (c) When a fault current occurs, it detects it and emits an LC resonance
current to create a zero- crossing point; (d) Flow of residual fault current immediately after main line break; (e) The process of inducing
the residual fault current to the ground after main line break; (f) Current flow to break when PTG fault occurs in the direction of
converter station 2 (pos); (g) Current flow to break when PTG fault occurs in the direction of converter station 2(neg).
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FIGURE 4. Graph of I′fault according to duty cycle of IGBTdis (same time
Ifault, I′fault, TPG_gate (on/off), IGBTdis_gate (on/off) measurement).

FIGURE 5. Graph of IRMS (RMS of I′fault, t = 3∼3.2s) and I′fault according
to duty cycle of IGBTdis (graph in dotted line box: x-axis - duty cycle of
IGBTdis(%), y-axis - IRMS(A), t = 3∼3.2s).

(RMS) of the I′fault changes with decreasing duty cycle. Root-
mean-square (RMS) of the I′fault wasmeasured from 3 seconds
to 3.2 seconds immediately after breaking. In this process,
LClr = 4 · 10−4H, LPG = 10−6H, CPG = 10−6F, RGND =

10� were fixed, and only the duty cycle of IGBTdis was
changed.

Fig. 5 is a graph showing the change in I′fault according to a
duty cycle of IGBTdis. The higher the duty cycle, the longer
the residual fault current will remain in the circuit and its
effect tended to persist. On the other hand, a lower duty cycles
makes I′fault more dependent on the grounding component,
which greatly reduces its magnitude and reduces the effect of
residual fault currents. It can be seen that reaching about duty
cycle 1% with the intuitive IRMS duty cycle can be reduced

FIGURE 6. I′fault graph for time as the value of LGND changes
(conventional circuit: solid line, proposed circuit: dotted line).

by 56% compared to duty cycle 10%. It does not necessarily
have to reach duty cycle 0.1%, but a shorter duty cycle has
a direct impact on the I′fault reduction, and the shorter time
between on and off of the IGBTdis technology the better the
performance of the DCCB.

B. RELATIONSHIP BETWEEN LGND AND I’fault
In the case of the proposed circuit, the initial Ifault influence
is relatively high because the arrester VDR is not used in the
pulse generator path compared to the conventional circuit, but
this can be improved by adjusting the value of the component
connected to the ground. In order to exclude the influence
of other components, only the value of LGND is changed and
measure under the conditions as before, LClr = 4 · 10−4H,
LPG = 10−6H and CPG = 10−6F.
Fig. 6 is a graph showing a change in I′fault as the value of

LGND changes. For LGND, the location of the RGND compo-
nent is replaced by an inductor. In the case of the proposed
DCCB, since the residual fault current returns to the inside
of the DCCB, the impedance increases as the inductance
increases, so the value of I′fault decreases. At this time, the
higher the inductance, the lower the value of I′fault and ripple,
which improves the performance, but it is necessary to look
more closely in terms of energy dissipation.

C. DEFINITION OF ENERGY DISSIPATION TIME tdis
In the case of the proposed circuit, since the arrester VDR
is not necessarily arranged, the voltage between DCCB and
ground is measured to determine whether energy dissipation
has occurred after main lines break.

Fig. 7 shows the measurement of the voltage between
DCCB and ground according to the change of LGND to ana-
lyze the circuit in terms of energy dissipation. In this paper,
the energy dissipation time tdis is defined as follows: based on
the steady-state voltage (here, t= 3s), if the point 95% lower
after the fault is called t′dis, the highest value of t

′

dis is defined
as tdis. This definition is to determine the energy dissipation
time at a point where the internal voltage fluctuates and the
value of t′dis occurs multiple times during the break process.
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FIGURE 7. Graph of voltage between DCCB and ground when sum of
LClr = 40mH, LGND = 1H.

Here the energy is gradually and nomore energy is dissipated.
In the case of DCCB in this paper, since the value of tdis is
defined in arbitrary parameter, a separate component such as
a surge arrester is not required.

D. RELATIONSHIP BETWEEN I′fault AND ENERGY
DISSIPATION ACCORDING TO THE CHANGE OF THE
GROUNDING COMPONENT (LGND OR RGND)
As mentioned in Chapter 3 B, simulation measurements were
performed to prove that I′fault decreases as the LGND increases,
but becomes more disadvantageous in terms of energy dis-
sipation. In the simulation, the conditions are the same as
before, except that LGND is LClr = 4 ·10−4H, LPG = 10−6H,
CPG = 10−6F. The conventional circuit is schematically
shown in Fig. 1(c), but it is simulated under the conditions
of LClr = 4 · 10−4H, LPG = 10−6H and CPG = 10−5F (If
CPG = 10−6F, the main line cannot be broken) without a
grounding component.

In Fig. 8(a), various physical values were measured to
confirm the relationship between I′fault and energy dissi-
pation according to the change of LGND. As described in
Fig. 7 above, the voltage fluctuation is high when the fault
current occurs and then breaks. At this time, the upper and
lower limits of the voltage are shown in a graph, and the
lower the pulse range, the less the performance of energy and
the better the performance. In addition, the related factor tdis,
generally has a similar pattern to the voltage between DCCB
and ground, likewise the lower the voltage, the faster the
energy dissipation and the better the performance. Also, for
I′fault, lower the effect of the fault current on the entire circuit,
the better. However, as the value of LGND decreases, the
influence of inductor on the energy dissipation process can
also decrease tdis, but there is a trade-off relationship between
these factors as it increases the value of I′fault as mentioned
in Fig. 6. However, in the case of tdis, the change occurs
gradually, whereas in the case of I′fault, it changes significantly
based on a specific branch point. Therefore, we suggest that
an LGND design of 20mH is optimal. Compared to the con-
ventional circuit, the performance is better at both tdis and

FIGURE 8. Graphs of the relationship voltage between DCCB and ground
upper limit, lower limit, peak current of the I′fault and tdis as grounding
component change; (a) Characteristics of the circuit when the grounding
component is an inductor; (b) Characteristics of the circuit when the
grounding component is a resistor.

peak current of I′fault at the optimized value, but the value
becomes higher at the voltage between DCCB and ground,
so improvement is needed.

Fig. 8(b) measured various physical values to confirm the
relationship between I′fault and energy dissipation according
to the change in RGND. As with LGND, residual fault current
flows after the main line break, the impedance increases as
the value of RGND increases and the value of I′fault decreases.
However, there is also a trade-off between these factors as this
also delays the elimination of the residual fault currents and
increases tdis. In this process, it is suggested that it is optimal
to design 10� that does not have high tdis and is relatively
less affected by I′fault. Compared to the conventional circuit,
the voltage between DCCB and ground, which need improve-
ment in LGND, as well as the tdis and peak current of I′fault
performance are significantly improved. When comparing
the absolute values of the optimal points presented in Fig. 8(a)
and Fig. 8(b), 20 mH and 10� are I′fault_peak(20mH)≈ 10kA,
tdis(20mH)≈ 10ms and I′fault_peak(10�)≈ 9.2kA, tdis(10�)≈
2ms, designing with resistors has better characteristics than
designing with inductors.

E. RELATIONSHIP BETWEEN I′fault AND ZCT ACCORDING
TO LClr CHANGE
In case of LClr, it has a great influence on the process of
reaching the fault current before main line breaks. In this
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FIGURE 9. Graph of zero-crossing time (ZCT), I′fault as the values of
LClr_pos, LClr_neg change (conventional circuit: dotted line, proposed
circuit: solid line).

process, LPG = 10−6H, CPG = 10−6F, RGND = 10� were
fixed, and only the LClr was changed.
Fig. 9 is a graph showing the zero-crossing time (ZCT) and

the value of I′fault according to the change of LClr. At this
point, the circuit is symmetrical, so we change the value of
the current limiting reactor on the positive and negative lines.
In particular, in the case of current limiting reactors, inductors
are used to reduce energy consumption at steady-state current
and to reduce sudden changes in current. This characteristic
also results in a much longer time for the fault current to reach
its sensed value, which also increased the break time. On the
other hand, LClr is a parameter that affects the value of I′fault
like LGND, and as LClr increases, I′fault decreases. For ZCT and
I′fault, there is a trade-off between both factors, as lower values
result in better performance. Both ZCT and I′fault factors have
advantages because a sharply decreasing point occurs during
the reduction of I′fault when the change in ZCT is low, and is
optimally suggested when LClr = 10mH. In the case of the
conventional circuit, when the value of LClr_pos(or LClr_neg) is
2·10−2H, it cannot be broken by divergence. Even when the
breaking optimized values are compared, the proposed circuit
has excellent performance in the case of ZCT.

F. THE RELATIONSHIP OF ZCT ACCORDING TO THE
CHANGE OF CPG AND LPG
For CPG, LPG, the ZCT depended on the waveform and value
generated because it generated a resonant current and a zero-
crossing point. Likewise, in the case of conventional circuit,
it is not possible to break all values of LPG and CPG of pulse
generator, so the values of LPG and CPG that can be broken
are found and ZCT is measured accordingly.

Fig. 10 is a graph showing the ZCT according to the change
in values of the CPG and LPG, which are the main component
of the pulse generator. At this point, it is advantageous not
to consider other effects as the value of the component of
the pulse generator is lower. However, if the values of LPG
and CPG are too low, the stray inductance by the capaci-
tors and internal resistances caused have a relatively large
effect. Therefore, the actual simulation environment, both

FIGURE 10. Graph of zero-crossing time (ZCT) as the values of CPG, LPG
change (conventional circuit: blue, proposed circuit: green).

conventional circuit and proposed circuit selected LPG and
CPG near 10−6H and 10−6F. In the case of a proposed circuit,
there is an advantage in that the spectrum of LPG and CPG that
can be broken is wide compared to the conventional circuit.
In addition, even if a problem occurs in the components of
the pulse generator during the manufacturing process, the
performance is not significantly deteriorated, which means
the reliability of the proposed circuit.

G. THE RELATIONSHIP BETWEEN THE LOCATION OF THE
FAULT IN THE TRANSMISSION LINE AND THE I′fault
In this case, the PTP fault point n means the length assumed
in Fig. 2(a). Basically, the previous results were simulated
based on 60km, but in this simulation, the transmission line
was tested by extending not only 60km but also 300km to
observe the characteristics of the transmission line on DCCB.
In this process, LClr = 4 · 10−4H, LPG = 10−6H, CPG =

10−6F, RGND = 10� were fixed, and only PTP fault point n
was changed.

Fig. 11 is a graph showing the changes in I′fault value
according to the location. Since PTP fault occurs at points
n and 1-n, a fault occurs at each point where n is 0 ≤ n ≤ 1.

Fig. 11(a) is a graph showing the values of I′fault according
to the PTP fault point n of the transmission line. It simulates
the effect of I′fault ofDCCB according to the PTP fault point by
dividing the switch into normal, and it is not operated. Con-
sequently, I′fault decreased as n increased in both situations.
In the case of a 300km transmission line, it can be seen that
the value of I′fault decreases faster as n increases compared to
60km. However, as explained above, the peak current of I′fault
is only affected by the grounding component, so it should be
independent of the length of the transmission line.

This problem can be solved by analyzing in detail through
Fig. 11(b). Fig. 11(b) is the measurement of I′fault waveforms
for a very short time before and after ZCT. In this graph, n is
divided into three parts: 1, 0.5, and 0 to show the changing
pattern concisely. The solid line in the graph represents the
case where the IGBTdis duty cycle is set to 0.1% as follows:
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FIGURE 11. The graph of the change in I′fault value according to the
location; (a) The peak current of I′fault according to PTP fault point n in
the transmission line (length of the transmission line 60km: dotted line,
Length of the transmission line 300km: solid line); (b) Difference in I′fault
according to n for a short time before and after ZCT (IGBTdis duty cycle
1%: dotted line, IGBTdis duty cycle 0.1%: solid line).

Fig. 11(a), the dotted line is the case where 1% is set to
investigate the influence of the grounding component. You
can see the effect in more detail. In the time zone behind the
arrow, a sharp decrease can be seen under the influence of the
grounding components. It doesn’t show up on the graph, it is
very low in ‘µs’ in themain line break, so it is not a problem in
the situation where I′fault times are compared to ‘ns’. However,
since the turn-on and turn-off times of IGBTdis are the same
as the dotted and solid lines, as for the time delay until the
main line break, the lower than the value of n, the faster the
Ifault increased. Since peak current of I′fault is measured based
on the upper limit of residual fault current after the main line
break, the value of I′fault tended to decrease as n increased.
When the time interval between turn-on and turn-off of the
IGBTdis increases relatively significantly, the same upper
bound is reached in all three cases, eliminating the difference
from changes in n. On the other hand, Fig. 11(a) slightly
increased after n = 0.7 because the longer the transmission
line, the greater the influence of the initial generated Ifault,
the greater the ripple. As a result, the peak current of I′fault
is generated at the local maximum after the first. Therefore,
in the case of DCCB presented in this paper, the value of

I′fault is determined by grounding component regardless of the
length of the transmission line.

IV. CONCLUSION
In this paper, we propose a 4-pole hybrid HVDC circuit
breaker for PTP fault protection. Located between the con-
verter station and the transmission line, the purpose of this
study is to develop a DCCB to effectively break PTP faults.
The circuit does not require separate charging by charging
the capacitor when the capacitor is a steady-state current,
and it breaks the fault current by inducing it more efficiently
through the reverse charging method. IGBTs also allow resid-
ual fault currents to flow to ground after a main line break,
reducing the effect of fault currents on the converter station.

Grounding components, LClr, CPG, and LPG, which are
important components used in the circuit, are verified using
ZCT and I′fault, which determine their performance, and the
optimum points are presented to clarify the considerations
for design. Qualitatively analyze the mechanism of the circuit
and add quantitative analysis in case of I′fault, an important
parameter, to increase reliability. These analysis methods
and simulation results are thought to be helpful for DCCB
research.

APPENDIX
A. Zeq DERIVATION PROCESS
The conventional DC capacitor and DC filter 3rd Harmonic
components are arranged as shown on the left of Fig. 12.
In order to treat this as a simple equivalent RLC single
component, the equivalent circuit must be constructed and
calculated, so the Y-1 transformation is applied to CCs1,
CCs3, RCs, and LCs.

Za =
1

jωCCs1
+ 2 (R+ jωLCs) (10)

Zb =
1

jωCCs3
+2 (R+jωLCs)=Zb (∵ CCs1=CCs3) (11)

Zc =

(
1

jωCCs1

) (
1

jωCCs2

)
+

(
R+jωLCs
jωCCs1

)
+

(
R+jωLCs
jωCCs2

)
R+ jωLCs

=

(
1

jωCCs1

)2
+ 2

(
R+jωLCs
jωCCs1

)
R+ jωLCs

(12)

Zeq = {(Za‖CCs2)+ (Zb‖CCs4)} ‖Zc = 2 (Za‖CCs2)‖Zc

= 2
[{

1
jωCCs1

+ 2 (RCs + jωLCs)
}
‖

1
jωCCs2

]

×‖

(
1

jωCCs1

)2
+2

(
R+jωLCs
jωCCs1

)
RCs+jωLCs

(∵ CCs2=CCs4) (13)

B. THE PROCESS OF DERIVING THE LOCAL MAXIMUM
VALUE OF THE FAULT CURRENT

i(t)fault=
[
i(0) cos (ωd t)+

[
−{2 (RSr+nRTl) · i(0)+VC (0)}

2 (LSr+LClr+nLTl) · ωd

+
αi(0)
ωd

]
sin (ωd t)

]
· e−αt (14)
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FIGURE 12. Equivalent circuit for deriving Zeq.

Differentiate (14) with respect to t.

i(t)fault
dt

= −ωd i(0) sin (ωd t) e−αt − αi(0) cos (ωd t) e−αt

+ωdβ cos (ωd t) e−αt − αβ sin (ωd t) e−αt(
∵
−{2 (RSr + nRTl) · i(0)+ VC (0)}

2 (LSr + LClr + nLTl) · ωd
+
αi(0)
ωd
= β

)
(15)

When i(t)fault
dt = 0, since it is a local maximum value at t, it is

as follows:

{ωd i(0)+ αβ} sin (ωd t) = {−αi(0)+ ωdβ} cos (ωd t) (16)

(16) is arranged with respect to t.

t =
1
ωd

tan−1
{
−αi(0)+ ωdβ
ωd i(0)+ αβ

}
(17)

Substitute the value of (17) into (14) to derive the local
maximum value.

ACKNOWLEDGMENT
The EDA tool was supported by the IC Design Education
Center (IDEC), South Korea.

REFERENCES
[1] G. Asplund, ‘‘Sustainable energy systems with HVDC transmission,’’ in

Proc. IEEE Power Eng. Soc. Gen. Meeting, Jun. 2004, vol. 2, no. 2,
pp. 2299–2303.

[2] R. Rudervall, J. P. Charpentier, andR. Sharma, ‘‘High voltage direct current
(HVDC) transmission systems technology review paper,’’ Energy Week,
pp. 1–19, Mar. 2000.

[3] W. Long and S. Nilsson, ‘‘HVDC transmission: Yesterday and today,’’
IEEE Power Energy Mag., vol. 5, no. 2, pp. 22–31, Mar. 2007.

[4] N. Flourentzou, V. G. Agelidis, and G. D. Demetriades, ‘‘VSC-based
HVDC power transmission systems: An overview,’’ IEEE Trans. Power
Electron., vol. 24, no. 3, pp. 592–602, Mar. 2009.

[5] R. Adapa, ‘‘High-wire arc: HVDC technology: The state of the arc,’’ IEEE
Power Energy Mag., vol. 10, no. 6, pp. 18–29, Nov./Dec. 2012.

[6] G. Liu, F. Xu, Z. Xu, Z. Zhang, and G. Tang, ‘‘Assembly HVDC breaker
for HVDC grids with modular multilevel converters,’’ IEEE Trans. Power
Electron., vol. 32, no. 2, pp. 931–941, Feb. 2017.

[7] M. Kinsler and L. V. Hmurcik, ‘‘A damage mechanism: Lightning-initiated
fault-current arcs to communication cables buried beneath overhead elec-
tric power lines,’’ IEEE Trans. Ind. Appl., vol. 35, no. 1, pp. 163–168,
Jan./Feb. 1999.

[8] S. Beheshtaein, R. M. Cuzner, M. Forouzesh, M. Savaghebi, and
J. M. Guerrero, ‘‘DC microgrid protection: A comprehensive review,’’
IEEE J. Emerg. Sel. Topics Power Electron., early access, Mar. 12, 2019,
doi: 10.1109/JESTPE.2019.2904588.

[9] X. Yu and L. Xiao, ‘‘A DC fault protection scheme for MMC-HVDC grids
using new directional criterion,’’ IEEE Trans. Power Del., vol. 36, no. 1,
pp. 441–451, Feb. 2021.

[10] X. Li, Q. Song,W. Liu, H. Rao, S. Xu, and L. Li, ‘‘Protection of nonperma-
nent faults on DC overhead lines in MMC-based HVDC systems,’’ IEEE
Trans. Power Del., vol. 28, no. 1, pp. 483–490, Jan. 2013.

[11] S. Yang, W. Xiang, X. Lu, W. Zuo, and J. Wen, ‘‘An adaptive reclosing
strategy for MMC-HVDC systems with hybrid DC circuit breakers,’’ IEEE
Trans. Power Del., vol. 35, no. 3, pp. 1111–1123, Jun. 2020.

[12] W. Xiang, S. Yang, L. Xu, J. Zhang, W. Lin, and J. Wen, ‘‘A tran-
sient voltage-based DC fault line protection scheme for MMC-based DC
grid embedding DC breakers,’’ IEEE Trans. Power Del., vol. 34, no. 1,
pp. 334–345, Feb. 2019.

[13] V. Nougain, S. Mishra, G. S. Misyris, and S. Chatzivasileiadis, ‘‘Multiter-
minal DC fault identification for MMC-HVDC systems based on modal
analysis—A localized protection scheme,’’ IEEE J. Emerg. Sel. Topics
Power Electron., vol. 9, no. 6, pp. 6650–6661, Dec. 2021.

[14] A. Nami, J. Liang, F. Dijkhuizen, and G. D. Demetriades, ‘‘Modular mul-
tilevel converters for HVDC applications: Review on converter cells and
functionalities,’’ IEEE Trans. Power Electron., vol. 30, no. 1, pp. 18–36,
Jan. 2015.

[15] S. Cui and S.-K. Sul, ‘‘A comprehensive DC short-circuit fault ride
through strategy of hybrid modular multilevel converters (MMCs) for
overhead line transmission,’’ IEEE Trans. Power Electron., vol. 31, no. 11,
pp. 7780–7796, Nov. 2016.

[16] Y. Wang and R. Marquardt, ‘‘Future HVDC-grids employing modular
multilevel converters and hybrid DC-breakers,’’ in Proc. 15th Eur. Conf.
Power Electron. Appl. (EPE), Sep. 2013, pp. 1–8.

[17] C. M. Franck, ‘‘HVDC circuit breakers: A review identifying future
research needs,’’ IEEE Trans. Power Del., vol. 26, no. 2, pp. 998–1007,
Apr. 2011.

[18] J. Hafner, ‘‘Proactive hybrid HVDC breakers—A key innovation for reli-
able HVDC grids,’’ in Proc. CIGRE Bologna Symp., 2011, pp. 1–8.

[19] J. Liu, N. Tai, C. Fan, and S. Chen, ‘‘A hybrid current-limiting circuit
for DC line fault in multiterminal VSC-HVDC system,’’ IEEE Trans. Ind.
Electron., vol. 64, no. 7, pp. 5595–5607, Jul. 2017.

[20] W. Wen, Y. Huang, Y. Sun, J. Wu, M. Al-Dweikat, and W. Liu, ‘‘Research
on current commutation measures for hybrid DC circuit breakers,’’ IEEE
Trans. Power Del., vol. 31, no. 4, pp. 1456–1463, Aug. 2016.

[21] A. Shukla and G. D. Demetriades, ‘‘A survey on hybrid circuit-breaker
topologies,’’ IEEE Trans. Power Del., vol. 30, no. 2, pp. 627–641,
Apr. 2015.

[22] C. Peng, X. Song, A. Q. Huang, and I. Husain, ‘‘A medium-voltage hybrid
DC circuit breaker—Part II: Ultrafast mechanical switch,’’ IEEE J. Emerg.
Sel. Topics Power Electron., vol. 5, no. 1, pp. 289–296, Mar. 2017.

[23] M. M. Walter, ‘‘Switching arcs in passive resonance HVDC circuit break-
ers,’’ Ph.D. dissertation, ETH Zuürich, Zürich, Switzerland, 2013.

[24] M. H. Hedayati and D. Jovcic, ‘‘Reducing peak current and energy dissi-
pation in hybrid HVDC CBs using disconnector voltage control,’’ IEEE
Trans. Power Del., vol. 33, no. 4, pp. 2030–2038, Aug. 2018.

[25] M. Abedrabbo, W. Leterme, and D. Van Hertem, ‘‘Systematic approach
to HVDC circuit breaker sizing,’’ IEEE Trans. Power Del., vol. 35, no. 1,
pp. 288–300, Feb. 2020.

[26] C. Li, C. Zhao, J. Xu, Y. Ji, F. Zhang, and T. An, ‘‘A pole-to-pole short-
circuit fault current calculation method for DC grids,’’ IEEE Trans. Power
Syst., vol. 32, no. 6, pp. 4943–4953, Nov. 2017.

[27] S. Li, W. Chen, X. Yin, D. Chen, and Y. Teng, ‘‘A novel integrated
protection for VSC-HVDC transmission line based on current limiting
reactor power,’’ IEEE Trans. Power Del., vol. 35, no. 1, pp. 226–233,
Feb. 2020.

[28] J. Zhu, C. D. Booth, G. P. Adam, A. J. Roscoe, and C. G. Bright, ‘‘Inertia
emulation control strategy for VSC-HVDC transmission systems,’’ IEEE
Trans. Power Syst., vol. 28, no. 2, pp. 1277–1287, May 2013.

[29] A. Klimek, M. You, B.-H. Zhang, R.-F. Cao, J.-D. Xu, S. Zhang, and
Z.-Q. Bo, ‘‘Study of non-unit transient-based protection for HVDC trans-
mission lines,’’ in Proc. Asia–Pacific Power Energy Eng. Conf., Mar. 2009,
pp. 1–5.

[30] G. Kim, J. S. Lee, J. H. Park, H. D. Choi, and M. J. Lee, ‘‘A zero crossing
hybrid bidirectional DC circuit breaker for HVDC transmission systems,’’
Energies, vol. 14, no. 5, p. 1349, Mar. 2021.

[31] Y. Guo, G. Wang, D. Zeng, H. Li, and H. Chao, ‘‘A thyristor full-bridge-
based DC circuit breaker,’’ IEEE Trans. Power Electron., vol. 35, no. 1,
pp. 1111–1123, Jan. 2020.

[32] L. Mackey, M. R. K. Rachi, C. Peng, and I. Husain, ‘‘Optimization and
control of a Z-source, ultrafast mechanically switched, high-efficiency DC
circuit breaker,’’ IEEE Trans. Ind. Appl., vol. 56, no. 3, pp. 2871–2879,
May 2020.

[33] S. Teng, Z. Zhang, and L. Xiao, ‘‘Research on a novel DC circuit
breaker based on artificial current zero-crossing,’’ IEEE Access, vol. 8,
pp. 36070–36079, 2020.

[34] B. Li, J. He, Y. Li, and W. Wen, ‘‘A novel DCCB reclosing strategy for the
flexible HVDC grid,’’ IEEE Trans. Power Del., vol. 35, no. 1, pp. 244–257,
Feb. 2020.

39798 VOLUME 10, 2022

http://dx.doi.org/10.1109/JESTPE.2019.2904588


G. Kim et al.: 4-Pole Hybrid HVDC Circuit Breaker for Pole-to-Pole (PTP) Fault Protection

[35] T. Wang, G. Song, and K. S. T. Hussain, ‘‘Adaptive single-pole auto-
reclosing scheme for hybrid MMC-HVDC systems,’’ IEEE Trans. Power
Del., vol. 34, no. 6, pp. 2194–2203, Dec. 2019.

[36] J. Li, X. Zhao, Q. Song, H. Rao, S. Xu, and M. Chen, ‘‘Loss calculation
method and loss characteristic analysis of MMC based VSC-HVDC sys-
tem,’’ in Proc. IEEE Int. Symp. Ind. Electron., May 2013, pp. 1–6.

[37] M. Amin, M. Molinas, and J. Lyu, ‘‘Oscillatory phenomena between
wind farms and HVDC systems: The impact of control,’’ in Proc. IEEE
16th Workshop Control Modeling Power Electron. (COMPEL), Jul. 2015,
pp. 1–8.

GEON KIM received the B.S. degree from
Chonnam National University, Gwangju,
South Korea, in 2016, where he is currently pur-
suing the M.S. degree.

JIN HYO PARK received the B.S. degree
from Chonnam National University, Gwangju,
South Korea, in 2020, where he is currently pur-
suing the M.S. degree.

DONG YEONG KIM received the B.S. degree
from Chonnam National University, Gwangju,
South Korea, in 2021, where he is currently pur-
suing the M.S. degree.

SU YEON KIM received the B.S. degree
from Chonnam National University, Gwangju,
South Korea, in 2021, where she is currently pur-
suing the M.S. degree.

TAE-HOON KIM received the Ph.D. degree from
Sungkyunkwan University, in 2016. From 2017 to
2021, he worked at the Ames Laboratory, USA,
as a Postdoctoral Research Associate for a period
of four years. He joined Chonnam National Uni-
versity, Republic of Korea, in 2021. He is cur-
rently an Assistant Professor with the Department
of Materials Science and Engineering, Chonnam
National University. His research interests include
multiscale materials characterization with electron

microscopy, microstructure and relating physical properties in various mate-
rials, such as semiconductor, metals, magnet, and nanomaterials.

HAN SEUNG JANG (Member, IEEE) received
the B.S. degree in electronics and computer
engineering from Chonnam National University,
Gwangju, South Korea, in 2012, and the M.S.
and Ph.D. degrees in electrical engineering from
the Korea Advanced Institute for Science and
Technology (KAIST), Daejeon, South Korea, in
2014 and 2017, respectively.

He is currently an Assistant Professor with
the School of Electrical, Electronic Communica-

tion, and Computer Engineering, Chonnam National University, Yeosu,
South Korea. His research interests include the cellular Internet of
Things (IoT)/machine-to-machine (M2M) communications, machine learn-
ing, smart grid, and energy ICT.

YOUNG-WOO LEE (Member, IEEE) received
the Ph.D. degree in electrical and electronic
engineering from Yonsei University, Seoul,
South Korea, in 2020. He was a Staff Engineer
with Test and System Package, Samsung Electron-
ics, and an Application Engineer with SOC Test
Division, Teradyne. He is currently an Assistant
Professor with the Department of Computer Engi-
neering, Chonnam National University, Gwangju,
South Korea. His current research interests include

VLSI/SOC design and testing, test methodology, and design for security.

MYOUNG JIN LEE (Member, IEEE) received
the B.S. degree from Korea University, Seoul,
South Korea, in 2001, and the M.S. and Ph.D.
degrees from Seoul National University, Seoul,
in 2003 and 2007, respectively. He joined the
Advanced Circuit Design Team, Hynix Semi-
conductor Inc., Icheon, South Korea, in 2007.
Since 2014, he has been with Chonnam National
University, Gwangju, South Korea, where he is
currently an Assistant Professor. His research

interests include advanced device structures, and reliability modeling and
circuit design for low-power sensors and high-power systems.

VOLUME 10, 2022 39799


