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Abstract— With the growing interest in reducing carbon
emissions, the integration of Renewable Energy Source(RES) is
becoming more active. Recent studies have shown that
constructing an AC/DC hybrid power system, rather than
connecting individual power conversion devices to the traditional
AC power system, is more effective in reducing power conversion
losses. This AC/DC hybrid power system is based on the Modular
Multilevel Converter(MMC), which can be categorized into Half-
Bridge MMC(HB-MMC) and Full-Bridge MMC(FB-MMC)
depending on the type of submodules. In this paper, we verified
the effectiveness of applying a bypassing method using thyristors
to a FB-MMC equipped with a blocking function when Pole-to-
Pole(PTP) fault occurs by comparing the di/dt using
Matlab/Simulink software.
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|I. INTRODUCTION

To achieve carbon emission reduction targets and carbon
neutrality, countries around the world have proposed
various policies aimed at increasing the integration of
renewable energy and developing Direct Current (DC)
distribution systems. In particular, ‘10th Basic Plan for
Electricity Supply and Demand’ of the Republic of Korea
predicts an increase in DC power demand due to the
expansion of electric vehicles and the growing number of data
centers[1]. Additionally, ‘the 4th Energy Technology
Development Plan’ sets the development of DC transmission
and distribution systems as a goal to accommodate the
increasing amount of RES integration[2]. There has been a
growing interest in AC/DC hybrid distribution networks,
which utilize both AC and DC distribution systems. AC/DC
hybrid distribution networks offer the advantage of reducing
power conversion losses compared to installing individual
power conversion devices when integrating DC-based RES or
loads into the existing AC distribution grid, and related
research is actively being conducted.

The AC/DC hybrid distribution network is based on MMC
and can be classified into HB-MMC and FB-MMC depending
on the type of submodules used. Fig. 1 illustrates the basic
topology of each MMC and the voltage levels that can be
output when utilizing strings composed of the respective
submodules, where (a) corresponds to HB-MMC and (b)
corresponds to FB-MMC. In MMC-based AC/DC hybrid
distribution system, unlike conventional AC distribution
networks, research is needed on protection strategies within
the MMC to limit fault currents in preparation for DC-side
faults. One such strategy involves modifying the topology of

the MMC. [4] proposed a method that combines HB-MMC
modules with thyristor-based MMC modules, while [5]
suggested a method that combines FB-MMC modules with
HB-MMC modules. Another approach is the fault current
bypassing method. In [6], single thyristor modules and double
thyristor modules were used, and fault currents was calculated
when applying the bypassing method. Additionally, it was
verified that the performance of the double thyristor module
was superior. However, most research focus on HVDC
systems based on MMC or employ HB-MMC, thereby
overlooking the blocking sequence of FB-MMLC. In this paper,
we applied double thyristor modules to FB-MMC, including
the blocking sequence of the Insulated Gate Bipolar Transistor
(IGBT), and compare the di/dt stress on the MMC to verify
the effectiveness of the bypassing method during PTP fault.
The rest of this paper has been structured as follows. Section
Il contains explanations about characteristics of DC fault and
principle of current bypassing method using thyristor modules.
Section |1l presents simulation conditions and results of
current bypassing method in FB-MMC based MVDC test
system. Finally, section IV and V contains discussions and
conclusions of this paper.
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(b) FB-MMC
Fig. 1. Topology of each MMC and the possible output voltage levels. (a)
HB-MMC, (b) FB-MMC [3]



I1. FAULT CURRENT BYPASSING METHOD

In this section, fault current bypassing method using double
thyristor module is introduced which artificially create three
phase AC short circuit so that fault current contributed from
AC side can be offset.

A. Stage of PTP fault current[7]

PTP faults can be divided into three stages. In stage 1, each
submodule is not blocked, and the fault current increases
rapidly due to the discharging of the capacitors, while the fault
current contributed by the AC side also flows to the DC side.
In stage 2, the reactors in each arm discharge continuously,
and since the three-phase fault current contributed by the AC
side flows to the DC side, overcurrent occurs. In stage 3, the
operation is similar to that of a rectifier, and due to the low
impedance, a larger fault current persists compared to AC
faults. However, in FB-MMC based MVDC system, due to
blocking sequence of FB-MMC, fault current will be blocked
in the early stage of PTP fault. The example of fault current

blocking sequence based on MMC arm current is shown in Fig.
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Fig. 2. Example of fault current with FB-MMC blocking sequence

B. Principle of current bypassing method[6]

Fig. 3 shows the fault current path to explain the principle
of applying the fault current bypassing method to an FB-MMC.
During a PTP fault, a three-phase short circuit is formed as
shown in fig. 3 by switching on the thyristors connected to
each submodule. This offsets the fault current component
contributed by the AC side, preventing it from flowing to the
DC side. In the case of the thyristor module, the thyristor
remains in an off-state during normal operation, but when a
PTP fault occurs, it switches to the on-state, allowing the fault
current to flow through the thyristor, leading the DC fault
current to decay to zero.
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Fig. 3. Fault current path during PTP fault

The fault current calculation formula can be derived using
the circuits seen from each pole to the AC side and the PTP
fault side. By applying Kirchhoff's Voltage Law (KVL) to the
three phases of the upper arm and lower arm and utilizing the
fact that the current of the DC link has the opposite sign to the
sum of the three-phase currents, the voltage equation of the
DC link can be derived. Additionally, by comparing the DC
link voltage equation obtained from the KVL of the circuit
seen from each pole to the PTP fault side and expressing it in
the form of a first-order differential equation, the solution can
be obtained to calculate the DC fault current as shown in
Equation (1)[6].

iqe(t) = Ipe™(t=to/D 1)
where

to: time when all thyristors are switched on

I,: current value when all thyristors are switched on

2

T: time constant(= [lee + (g) me] /[Riine + (5) Rarm])
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I1l. SIMAULATION CONDITIONS AND RESULTS

A. Simulation conditions

In this paper, the fault current bypassing method was
applied in an AC/DC hybrid distribution system based on a
FB-MMC configured in a symmetric bi-polar structure,
assuming a Point-to-Point configuration. The parameters for
the lines/cables were modeled based on the ACSR-160 line
data, with a resistance of 0.0182 [ohm/km]. The total line
length between the MMCs is 5 km, and a double thyristor
switch module is installed in each MMC. The number of
submodule for each arm is 16 and double-thyristor module is
connected parallel to each sub module. The test system
diagram is shown in Fig. 4. The blocking sequence and
bypassing method are modeled to operate based on
overcurrent measured in each arm. Prior to a fault, each
submodule operates normally. However, when a PTP fault
occurs, if the overcurrent in the upper and lower arms exceeds
the threshold value of 1.8 [p.u.] (rms), a blocking signal is sent
to each IGBT, or a thyristor module is activated to provide a
bypassing path. Table I presents the detailed parameters of the
simulation system and the MMC.

TABLE Il CONDITION OF EACH CASE
Case number Fault Blocking Bypassing
1 X X X
2 0 X X
3 (0] (6] X
4 (0] X (6]
5 0 0 )

B. Simulation results

Since DC-side faults must be cleared rapidly within 5 to 20
[ms], waveforms for all cases were observed up to
approximately 30 [ms] after the fault occurrence. The current
and voltage waveforms for case 1 and case 2, which are used
as a base case for comparison, are shown in Fig. 5. In case 1,
since no fault occurred, the current and voltage values remain
constant as 220[A] and 20 [kV]. In case 2, due to the PTP fault,
the voltage decreases and the current rises rapidly. At this time,
the first peak current reaches 8.1 [KA] at 1.508 [s].

DC_Current for case 1 and case 2

—Case 1
—Case 2

TABLE I. TEST SYSTEM PARAMETER
Category Value
Rated voltage (DC) +20 [kV]
Length of cable 5 [km]
Network
Location of fault 1 [km]
Fault time 1.5(s]
Arm inductance 0.1438 [p.u.]
Arm resistance 0.0014 [p.u.]
SM capacitance 4 [mF]
MMC Number of submodules per arm 16
Threshold current for 18 [p.u]
block(arm current, rms) S 1p.u.
On-state resistance (thyristor) 0.00875 [ohm]
On-state inductance (thyristor) 0.003 [ohm]

Furthermore, five cases were classified to verify the
effectiveness of the double thyristor module. Case 1 represents
the base case where PTP fault does not occur. Cases 2 ~ 5
involve scenarios where a PTP fault occurs at the 1 [km] point
after 1.5 [s]. Case 2 is also base case and assumed that the
IGBT blocking sequence does not operate, and the bypassing
method is also not applied. This condition is set for
comparison with case 3 ~ 5. Case 3 is assumed that the
bypassing method is not applied, but the IGBT blocking
sequence is operational, based on the arm current threshold
value of 1.8 [p.u.]. In case 4, in contrast to case 3, the
bypassing method is applied, but the blocking sequence does
not operate, and the switch of the bypassing module is
assumed to turn on after 3 [ms]. Finally, case 5 is assumed
where the bypassing method is applied, and the blocking
sequence is successfully executed. This is summarized in table
II.
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Fig. 5. DC current and voltage for case 1 and case 2

Fig. 6 shows the current and voltage waveforms for case 3
to 5. In case 3, due to the operation of the blocking sequence,
approximately 14.5 [ms] after the fault occurred, the current
was blocked, and at this point, the voltage exhibited a
significant negative peak. In cases where the fault current
bypassing method was applied, such as in case 4 and case 5,
the thyristor switched on 3 [ms] after the fault occurred,
reducing the fault current peak to approximately 4.8 [KA].
Additionally, in case 5, the blocking sequence activated 18.7



[ms] after the PTP fault, resulting in the current being
interrupted, as shown in the current waveform. The voltage
waveform exhibited similar differences between the cases,
with changes observed at 3 [ms] and 18.7 [ms].

DC current for case 3to 5
9000
~—Casel

—Case 4
Case 5

8000 -

7000 ¢ /4 "\ Blocking Sequence
6000 \ Operated(Case 3)
= 5000, l,-‘" ‘ Blocking Sequence
5 4000 Operated(Case 5)
= ! ~
3 3000 |
[&] |

|

Bypassing Module |

Switch on(Case 4 & 5)
} ; 1,5.15 152

1.495 15 1.505 1.51

48 1485 149 1525  1.53
Time [s]
(a) DC current
10t DC voltage for case 3to 5

Blocking Sequence
Operated(Case 3)

o

~—Case 3
~—Case 4
Case 5

Voltage [V]
o, 8 e
L oo i o«
|
|
|

o

Blocking Sequence
Bypassing Module Operated(Case 5)

Switch on(Case 4 & 5)

[

R
in

3
1.48 1.485 1.49 1.495 15 1.505 1.51

Time [s]
(b) DC voltage
Fig. 6. DC current and voltage for case 3 ~5

1515 1.52 1.525 1.53

The di/dt stress for the base cases, case 1 and case 2, are
shown in Fig. 7 (a). In case 1, where no PTP fault occurs, the
di/dt stress value remains close to zero. In contrast, in case 2,
it can be observed that di/dt increases significantly right after
the fault occurs, with a peak value of 1,495,000 [A/s].
Furthermore, approximately 21 [ms] after the fault occurs, a
large value of around 1,300,000 [A/s] is observed. Fig. 7 (b)
presents the di/dt stress for case 3 to 5. In case 3, the di/dt
value shows a high peak of 1,495,000 [A/s] right after the fault
occurs and 1,682,000 [A/s] immediately after the blocking
operation. This confirms that not only does the fault
immediately after its occurrence cause significant di/dt stress
on the MMC, but the operation of the blocking sequence also
contributes to substantial di/dt stress. In case 4 and 5, di/dt
values are identical up to approximately 18.7 [ms] after the
fault occurs, but differences emerge after the blocking
sequence is triggered. Due to the bypassing of the thyristor
module, a smaller di/dt value is observed starting from 3 [ms]
after the fault occurrence compared to case 3, and the
subsequent peak value is also reduced compared to Case 3.
Additionally, case 5 shows a lower di/dt value than case 4. In
case 4, the di/dt value reached 599,600 [A/s] at 21.8 [ms] after
the fault occurrence, while in case 5, it reached 277,500 [A/s]
at 22.5 [ms] after the fault occurrence. Fig. 7 (c) presents
blocking signal of IGBT in case 3 and case 5. This indicates
that the blocking operation is slightly delayed due to the
bypassing method. Also, Table III shows summarization of
simulation results except base cases. Also, summarization of
result that fault location is varied to 0, 1, 2 [km] in Table IV.

TABLE I11.

SUMMARIZATION OF CASE 3TO 5

Reduction
Peak value of | Peak value of h
Case number - rate of di/dt
current [KA] di/dt [A/s]
value [%0]
3 8.1 1,682,000 -
4 4.8 599,600 64.4
5 4.8 277,500 83.5
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TABLE IV. SUMMARIZATION OF RESULT FOR VARIABLE FAULT
LOCATION
Case number Peak value of Pea}k value of
current [KA] di/dt [A/s]
0 [km] 8.1 1,469,000
3 1 [km] 8.1 1,682,000
2 [km] 8.2 1,744,000
0 [km] 5.9 1,465,000
4 1 [km] 4.8 599,600
2 [km] 17 1,347,000
0 [km] 4.7 1,700,820
5 1 [km] 4.8 277,500
2 [km] 4.7 1,787,000




IV. DISCUSSIONS

Through the comparison of case 1 and case 2, a significantly
large fault current is observed during a PTP fault occurrence,
and case 3 confirms the interruption of the fault current via the
IGBT's blocking sequence within the FB-MMC. However, it
is evident that when only the blocking sequence is active, the
di/dt stress applied to the MMC immediately afterward is very
high and critical. This indicates that relying solely on the
IGBT blocking in the FB-MMC has limitations for the stable
operation of the AC/DC hybrid distribution system. To
mitigate this issue, this paper applied a double thyristor
module, and the effectiveness of this approach is validated
through the results of case 4 and case 5. By comparing the
results of case 3 with case 4 and 5, it is confirmed that the
application of the bypassing method can reduce the di/dt stress
on the MMC. Notably, the results from case 5 demonstrate
that when the IGBT blocking and bypassing methods are
implemented in parallel, the blocking operation based on a
threshold determined by the rms value of the arm current can
still be activated, resulting in a reduction in the di/dt stress
applied after the blocking operation. Analyzing the results
based on the fault locations in Table 4, it was observed that
when the bypassing method was applied, the peak value of the
fault current and the di/dt value were smaller compared to
when only the blocking sequence was used. In this paper,
since different operational times for IGBT blocking and
thyristor switch-on are assumed, it is considered necessary to
conduct a comparison with cases where the operational times
of both methods are aligned. Additionally, it is seemed
essential to determine the optimal operational timing for these
methods. Also, in case of double-thyristor module and FB-
MMC, they have lot more components than conventional HB-
MMC based AC/DC hybrid system. It could be
disadvantageous from a cost perspective.

V. CONCLUSION

In this paper, a double thyristor module was applied to a test
system for an AC/DC hybrid distribution system based on an
FB-MMC configured in a symmetric bi-polar structure,
assuming a Point-to-Point configuration. The effectiveness of
the fault current bypassing method was demonstrated by
comparing the di/dt stress on the MMC. Through five cases,
the impact of applying IGBT blocking and the bypassing
method was examined, and the results of case 3 to 5 showed a

reduction of approximately 64.4[%] and 83.5[%] in di/dt stress.

Future research will focus on developing MMC fault current
limiting techniques by optimizing the operation times between
the two methods.
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