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Abstract: The half bridge (HB) modular multilevel converter (MMC) technology is considered a
breakthrough to mitigate the shortcomings of the conventional voltage source converter (VSC) in
high-voltage direct-current (HVDC) grid application. However, interruption of the DC fault is still a
challenge due to fast di/dt and extremely high levels of DC fault current. The fault interruption using
a DC circuit breaker (DCCB) causes enormous energy dissipation and voltage stress across the DCCB.
Therefore, the use of a fault current limiter is essential, and the superconducting fault current limiter
(SFCL) is the most promising choice. Past literature has focused on the operating characteristics of
DCCB or limiting characteristics of the SFCL. However, there is little understanding about the fault
interruption and system recovery characteristics considering both DCCB and SFCL. In this paper,
we have presented a comparative study on fault interruption and system recovery characteristics
considering three types of fault limiting devices in combination with circuit breaker. The transient
analyses of AC and DC system have been performed, to suggest the most preferable protection
scheme. It has been concluded that, amongst the three fault limiting devices, the Hybrid SFCL in
combination with circuit breaker, delivers the most desirable performance in terms of interruption
time, recovery time, energy dissipation and voltage transients.

Keywords: half bridge (HB); resistive SFCL (R-SFCL); saturated iron core SFCL (SI-SFCL); hybrid
SFCL (Hybrid-SFCL); DC circuit breaker (DCCB)

1. Introduction

1.1. Motivation for Research

With the development of the voltage source converter (VSC), the realization of a high-voltage
direct-current (HVDC) grid has become possible [1]. Nowadays, a modular multilevel converter
(MMC) is considered the most promising VSC topology, due to its ability to achieve high equivalent
frequency with lower switching frequency and specific modulation methods. The use of a modular
structure has made it possible to achieve high levels of voltage, which are desirable for bulk power
transmission [2,3].

Half bridge (HB) submodule and full bridge (FB) submodules are the most common submodule
topologies used in MMCs [4-8]. The FB-MMC, is capable of interrupting DC fault currents. HB-MMC
on the other hand cannot clear the DC fault because its freewheeling diodes act as uncontrolled rectifier
bridges even when all the switching devices are blocked. Despite the limitations of HB-MMC, it is the
most common and mature technology used for commercial realization of DC grids due to its relative
advantage in terms of size, cost and power losses. Therefore, DC fault interruption by use of external
protection device has become imperative for the application of HB-MMC based HVDC grid [9,10].
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For the reliable and safe operation of a HVDC grid, the use of a HVDC circuit breaker (DCCB),
which can quickly interrupt a DC fault current, is necessary [11,12]. However, the requirement of
breaking a steeply increasing fault current, with high magnitudes and the absence of current zero,
makes it a challenge to interrupt DC faults [13]. A few prototypes of the DCCB have been proposed,
but a commercial solution has not been developed yet owing to the constantly increasing levels of fault
currents, limited performance of breaker components like the ultrafast disconnector switch (UFS) and
arc suppression chamber, high overvoltage and large fault energy dissipation [14-16]. Moreover, there
is a lack of understanding regarding protection coordination when considering circuit breakers and
converters in a HVDC system. To overcome the limitations of the DCCB, it has been recently proposed
to connect a fault current limiter (FCL) in series to reduce the level of fault currents. A superconducting
fault current limiter (SFCL) shows zero electrical resistance and high current density under normal
operation, whereas a high resistance and low current density under fault conditions can aid the
operation of a circuit breaker [17,18].

1.2. Literature Review

SFCLs have been widely investigated for the AC grid and their operating performance has been
fully examined [19-21]. However, their application in the DC grid has not been investigated thoroughly.
A few published papers have focused on limiting characteristics of SFCLs in HVDC grid application [22],
economic evaluation [23] and optimization [24], and are limited to deriving appropriate impedance
values without consideration of the recovery characteristics of SFCL [25]. In addition, interruption
characteristics of DCCB in DC grid are dealt with in few papers, but the supportive role of SFCL
for circuit breaker operation has not been considered with a thorough comparison of limiting and
recovery characteristics [26-28]. From the overall view point of the HVDC grid, it is critical to verify
the fault interruption and system restoration characteristics considering the DCCB, SFCL and converter.
Therefore, in this work, we have presented for the first time a comparative study on fault interruption
and system recovery characteristics considering three types of fault limiting devices in combination
with a circuit breaker. The research results will be valuable for academics and engineers who are
studying protection coordination considering protection devices like DCCB and SFCL.

1.3. Proposed Approach

Three types of SFCLs, namely resistive SFCL (R-SFCL), saturated iron core SFCL (SI-SFCL) and
Hybrid SFCL (Hybrid-SFCL) are designed in Matlab/Simulink. As a DCCB, the hybrid DC circuit
breaker (HCB) which can cope with the expected rapid rise of the fault current within 3 ms, is
designed and applied in an HVDC grid [29-31]. The combination of a circuit breaker and SFCL
was used in conjunction with a 50 level HVDC system. The fault interruption characteristics of
HB-MMC in combination with a circuit breaker and SFCL are examined to identify the optimal
protection scheme. The fault current and voltage transient on AC and DC side are analyzed for all the
above-mentioned schemes.

The transient analysis of the AC and DC systems was performed according to the value of the
current limiting reactor of the DC side without applying the SFCL. SFCL was later applied to verify
energy dissipation during the fault interruption performance and transient voltage characteristics.
Based on the above simulation, an optimal current limiting reactor was obtained for each SFCL. It
was then applied to study the fault interruption performance of each protection scheme. Since the
power system must withstand the fault current and the voltage stress resulting from the fault, the
current and voltage transients on the AC and DC sides of the power system for the three schemes
were thoroughly analyzed. Current interruption time, maximum fault current magnitude, rate of rise
of fault current (di/dt), energy dissipated across the protection devices, voltage stress across DCCB,
maximum overvoltage magnitude and voltage dip have been compared.
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From the result, the strength and weaknesses of three cases are summarized, and then the suitable
protection scheme from the point of view of fault handling and reclosing performance has been
proposed. Finally, the design requirements of the optimal protection scheme have been identified.

This paper is organized as follows. The methodology is presented in Section 2. The simulation
model and overall operation characteristics of each protection scheme are explained in Section 3. The
effect in AC, DC system according to the variable current limiting reactor is presented in Section 4. In
Section 5, the fault interruption performance with combination of circuit breaker, SFCL and HVDC
system are simulated, and the results are presented in detail. In Section 6, the design requirement of
preferable protection scheme is suggested through additional simulation analysis. The conclusion
based on the summary of simulation results is presented in Section 7.

2. Methodology

The current and voltage transients on the AC and DC sides of the power system for the three
protection schemes have been analyzed using the following method:

1. Develop the test-bed model composed of the half bridge modular multilevel converter (HB-MMC)

based HVDC system.

2. Develop the hybrid DC circuit breaker (HCB) and install the circuit breaker in series with the
DC line.

3. Identify the minimum value of current limiting reactor that can provide sufficient time for
HCB operation.

4.  Perform the transient analysis of the AC and DC systems according to the value of the current
limiting reactor without applying the SFCL.

5. Evaluate key parameters to assess the fault handling performance i.e., fault current limiting ratio,
rate of rise of fault current (di/dt), total interruption time, maximum overvoltage and energy
dissipation across the HCB.

6.  Develop the three types of superconducting fault current limiter (SFCL) namely resistive SFCL
(R-SFCL), saturated iron core SFCL (SI-SFCL) and Hybrid SFCL (Hybrid-SFCL) and install the
SFCLs in series with the HCB.

Examine the need for an additional current limiting reactor according to the protection scheme

8.  The following parameters were analyzed considering all the fault protection schemes.

e The maximum AC overcurrent in fault period and AC overvoltage in reclosing period
were measured.

e The maximum DC fault current, maximum rate of rise of fault current (di/dt) and total
interruption time (ms) were measured.

e The voltage across the DCCB, DC voltage dip, energy dissipation across the DCCB and the
SFCL during fault period were measured.

e  The maximum DC overvoltage and energy dissipation across the SFCL during reclosing
period were measured.

9.  Examine the suitability of each protection scheme considering protection coordination requirement
in HB-MMC HVDC grid.

10. The overall performance of three protection schemes was then compared in detail.

11. The preferable protection scheme (Case 3: HB-MMC + Hybrid-SFCL + HCB) for application in
HB-MMC HVDC grid was suggested.

12.  Suggest the method to optimize the design of protection scheme (Case 3).
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3. Simulation Model

3.1. Test Bed Model

As shown in Figure 1, to examine the appropriate protection scheme for a half bridge
modular multilevel converter (HB-MMC) based HVDC grid, a test bed model was developed in
Matlab/Simulink [32]. A point-to-point HVDC system using 50-level HB-MMC was modelled. DC link
voltage and current, is set at +80 kV and 400 A, respectively.

Pole to Pole Fault

R © | 80KV, *
<] C

Jfﬂ

HVAC Source Transformer . R el gy S ol HVAC Source
154Vrms, 60Hz  4S0MVA SUEELE 80KV LOAD Lo oz
154KV / 100KV HVDC Line Cable (100 km)
Half-Bridge MMC HalfBridge MMC
Converter station Converter station

Figure 1. Schematic diagram of HB-MMC HVDC System in Matlab/Simulink.

To simulate the worst DC fault, a pole-to-pole fault is introduced close to the rectifier.
The superconducting fault current limiter (SFCL) and DC circuit breaker (DCCB) are installed
in series with the DC line to limit and break the fault currents. The DC fault occurs at 0.2 s, and the
reclosing is set to start at 0.4 s for complete analysis of fault transients. A delay of 0.2 s allows the fault
path to deionize. The de-blocking of the converter and reclosing of the circuit breaker is initiated after
the delay.

In steady state, the system is operated with constant active and reactive power control. In the
transient state, HB-MMC is tripped by the main controller within 0.5 ms to protect the converter.
Table 1 shows a summary of parameters of the HB-MMC system.

Table 1. Parameters of HB-MMC HVDC system.

Parameters Specifications
VSC HVDC Type HB-MMC topology
Number of Submodule per arm 50
DC voltage +80 kV
Equivalent Capacitance 10 uF
Length of transmission line 100 km
DC cable resistance 0.0143 O/km
DC cable inductance 0.9261 mH/km
DC cable capacitance 0.0128 uF/km
AC Source Voltage (Rectifier Side) 154 kV
Current limiting reactor -
Transformer power rating 450 MVA
Transformer voltage ratio 154 kV/100 kV

3.2. Protection Schemes in HB-MMC HVDC System

During a DC fault with half bridge modular multilevel converter (HB-MMC), the current will
flow from the AC grid to the DC fault, in a similar way as with two-level VSC converters [33]. In other
words, this topology does not have the capability to block DC fault as shown in Figure 2. The passage
of large fault currents has the potential to damage IGBTs.
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Part 2 : Protection coordination i) Converter ii) DCCB iii) SFCL
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Case1: Case2: Case3:
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‘ ‘ Primary winding reactance ()fSI’('I,‘
l Necessary ‘ | Not necessary | Not necessary ’

Figure 2. Comparison of overall operating characteristics and the need for an additional current
limiting reactor.

The capacitors of HB submodule will not discharge into the fault, which is an advantage compared
with a two-level topology. This will result in less fault current stress (inrush current) and faster response
during the system recovery in transient DC faults [33,34]. Nevertheless, a large fault current and high
fault current rising rate (di/dt) necessitate the use of the fault current interruption device. Therefore, we
proposed three types of protection schemes based on circuit breaker and superconducting fault current
limiters (SFCLs) and analyzed their feasibility for application in HVDC grid.

Figure 2 shows whether an additional limiting reactor is required for each protection scheme.
In the protection schemes consisting of a saturated iron core superconducting fault current limiter
(SI-SFCL) or hybrid superconducting fault current limiter (Hybrid-SFCL), it is possible not only to have
a reactor in the primary winding of the primary side, but also to increase the reactance value within a
short time in the case of a DC fault. Therefore, no additional limiting reactor is required. However, in
the protection scheme with R-SFCL, an additional limiting reactor on the DC side is necessary to lower
the rate of rise of fault current so that more time can be allowed for circuit breaker to operate.

3.2.1. Case 1: Protection Scheme (HB-MMC + R-SFCL + HCB)

As mentioned above, a limiting reactor is essential in front of the DC circuit breaker (DCCB)
to allow time required for the correct operation of the DCCB. A protection scheme composed of
R-SFCL and HCB in the HVDC system is shown in Figure 3. To provide ample operation time to HCB,
current limiting reactor reduces the rate of rise of fault current (di/dt). In this case, it must be carefully
considered in the design because it has a constant value in both the steady state and transient state. In
Section 4, we considered the effect of the size of current limiting reactor on AC and DC systems.
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Figure 3. Case 1: Protection scheme composed of HB-MMC, R-SFCL and HCB.

The electrical circuit of a R-SFCL is shown in Figure 3. A high temperature superconducting fault
current limiter based on resistive YBCO was selected [35,36]. The mathematical model of R-SFCL
considering current limiting and recovery characteristics can be expressed as previous literature [18,37]:

IA

0 (t<ty)

Nl T~

Rsc(l—e_t}ﬂ) (toSf<t1)

Rsecr(t) =1 ay(t=t) + b, (H<t<b) @
m(t—t)+by (ta<t<ts)

0 (t=t)

where R, denotes maximum quenching resistance in the quenching state, T, is time constant of the
SFCL during transition from the superconducting state to the normal state. The maximum recovery
time of R-SFCL is considered to be 2 s based on the literature [38,39]. During the normal operation, DC
current is flowing through the superconducting element Rsrc; which dissipates low energy. If the
current rises above the critical current value, the resistance Rgrcy, increases rapidly. The resistance in
parallel Zgp to the superconductor is needed to protect the superconductor from destructive hot spots
during the quench. In addition, this parallel resistance adjusts the limited current and avoids over
voltages that could occur if Rgpcy rises too rapidly [40,41].

3.2.2. Case 2: Protection Scheme (HB-MMC + SI-SFCL + HCB)

In this protection scheme, current limiting reactor is not necessary as shown in Figure 2. When
DC fault occurs, the reactance of SI-SFCL increases rapidly, replacing the role of limiting reactor. As a
result, it allows more time for the hybrid DC circuit breaker (HCB) to operate. However, unlike the
protection scheme in Case 1, the SI-SFCL of Case 2 requires a considerable amount of iron because it
has to limit the fault current without additional limiting reactors.

As shown in Figure 4, it is composed of two magnetic iron cores, two AC windings and one
superconducting DC bias coil [42]. Unlike the R-SFCL of Case 1, which relies on the quenching of
the superconductor to achieve increased impedance, it utilizes the dynamic behavior of the magnetic
properties of iron to change the inductive reactance on the DC line [24]. A detailed description of
SI-SECL is given in our previous work [18].
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Figure 4. Case 2: Protection scheme composed of HB-MMC, SI-SFCL and HCB.

Under normal operation, two cores are operating in saturation mode and their inductances are
low. When DC fault occurs, the iron core is no longer saturated, and the coil inductance increases
rapidly [43]. Although the SI-SFCL has the disadvantage of excessive bulk and weight due to the need
of the iron core, it shows attractive features such as fast recovery without quenching, low steady state
loss, and immediate current limiting. Therefore, it will be useful for high voltage design with high
power quality and reliability.

3.2.3. Case 3: Protection Scheme (HB-MMC + Hybrid-SFCL + HCB)

This protection scheme is composed of a Hybrid-SFCL and hybrid DC circuit breaker (HCB) as
shown in Figure 5.

Hybrid-SFCL
- Q Cryostat Resist Hybrid
MMC Converter (Half Bridge) Pz esistance ybri
’—@—’ DC Circuit Breaker (HCB)
——————— ] o > >V YV e Ve Yo
J_ LZ i i L Disconnector Commutation + Pole
_______ Vsm E‘ v, Switch Switch

5 I
Pole-to-Pole Fault
_______ 0

Figure 5. Case 3: Protection scheme composed of HB-MMC, Hybrid-SFCL and HCB.

- Pole

The conventional Hybrid SFCL, is not suitable in terms of reclosing and protection coordination
considering the requirements of DC grid because of the extended time required for SFCL recovery
following its quenching [44]. Therefore, a novel Hybrid-SFCL for DC grid application is designed
through combination of resistance and reactance component which at the same time overcomes the
limitations of the heavy iron core of SI-SFCL in Case 2.

The structure of a Hybrid-SFCL was designed through a combination with resistance and reactance
to complement the bulky and heavy iron core of SI-SFCL in Case 2. While the secondary side reactance
component of SI-SFCL is reduced considerably, the fault current is limited by the impedance that
combines resistance and reactance by connecting the resistors in parallel.

To simplify the operating characteristics of Hybrid-SFCL, the equivalent circuits are given in
Figure 6. In normal operation, the disconnector switch is closed and the DC line current iy is flowing
through the low impedance primary inductor as shown in Figure 6a. The primary inductance L,,;, can
also act as a smoothing reactor to reduce the harmonic voltage and current of DC system. Low energy
loss is beneficial to the long term operation of equipment installed in series in DC systems.
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Figure 6. Operation status of the Hybrid-SFCL: (a) in normal operation; (b) in limiting state I (t = ¢;);
(c) in limiting state IT (t = ¢, = t; + At).

When the fault occurs, the current is. increases quickly. The iron core is no longer saturated and
the coil inductance increases rapidly. Figure 6b depicts the limiting state L. It can be seen that the IGBT
switch is turned off within 0.2 ms after the fault occurs, which results in the commutation of the fault
current. The current is finally limited through the resistance component to exhibit the same limiting
characteristics. Compared with the SI-SFCL in Case 2, the reactance size is relatively small. The coil
inductance is designed within a range that allows the operation of circuit breaker. Figure 6¢ depicts
the limiting state II. Despite the commutation of the fault current, current flows through the main
path. Therefore, the current through main path is completely interrupted within 1 ms via the ultra-fast
dis-connector switch.

The Hybrid-SFCL is designed to overcome the drawbacks of the bulky and heavy iron core while
maintaining the advantages of SI-SFCL. The simulations related to design requirement were performed
in detail and have been presented in Section 6. Based on this, we proposed the most suitable protection
scheme for HB-MMC HVDC grid.

3.3. Protection Coordination in HB-MMC HVDC System

The coordination among superconducting fault current limiter (SFCL) and hybrid DC circuit
breaker (HCB) is important for safe and reliable operation of HVDC grid. Figure 7 shows the protection
coordination process in the half bridge modular multilevel converter (HB-MMC) grid. When a DC fault
occurs at 0.2 s, the HB-MMUC is tripped by the main controller within 0.5 ms to protect the converter as
shown in T1.
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Figure 7. Protection coordination with SFCLs, HCB and HB-MMC.

In T2, the response time of the DC circuit breaker (DCCB) and SFCL is regarded as an important
technical indicator. If the response time of the SFCL is faster than the operation time of the main breaker
in the DCCB, the fault interruption requirement on the circuit breaker may be reduced. In other words,
before the main interrupter of the circuit breaker operates, the SFCL must operate quickly to reduce
the fault interruption level required by the circuit breaker [45]. R-SFCL, SI-SFCL and Hybrid-SFCL can
all satisfy the aforementioned requirement.

T3 is closely related to T2. In R-SFCL, since additional limiting reactor is present in the DC line,
the allowable time for circuit breaker operation can be increased. In addition, the reactor component of
SI-SFCL and the Hybrid-SFCL is sufficient to limit the fault current to suitable value for convenient
operation of the main circuit breaker. The operation process of the HCB is described in detail in our
previous research [32].

In T4, HB-MMC, SFCL and DCCB must recover so that reclosing operation can be performed to
attempt system recovery. Considering that the HVDC system restoration should be performed within
300 ms, fast recovery time of protection devices is of utmost importance to achieve this goal [46—48].
R-SFCL, takes several seconds to several minutes for recovery, and therefore cannot satisfy the reclosing
condition despite the fast operation capability of the circuit breaker and HB-MMC converter as shown
in T4. On the other hand, SI-SFCL and Hybrid-SFCL have no quenching characteristics and thus have
a fast recovery time of about 0.002 s. Therefore, it can be confirmed that the circuit breaker, SFCL, and
converter recover in the T4, and system can be easily restored.

4. Transient Performance of the System in DC Faults According to the Variable Limiting Reactor

In this section, we have simulated how the value of current limiting reactor affects AC and
DC systems. The comparison between fault interruption performance and energy dissipation were
performed through application of a circuit breaker in HVDC grid.

4.1. Analysis of the Current and Voltage Transient of the AC and DC Sides

The simulation was performed by classifying the current limiting reactor values into five cases.
All other conditions were identical.

4.1.1. Transient Current and Voltage of the AC System

Figure 8 shows the transient current waveform of AC side considering the variable limiting reactor.
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Figure 8. The transient current waveforms of the AC system considering the variable current limiting
reactor: (a) Case 1: L =1 (mH); (b) Case 2: L =5 (mH); (¢) Case 3: L =10 (mH); (d) Case 4: L = 20 (mH);
(e) Case 5: L = 40 (mH); (f) comparison of maximum overcurrent in transient state.

When DC fault occurs at 0.2 s, it is confirmed that overcurrent occurs for one half period in one
phase. As the value of the current limiting reactor increases, the overcurrent value of the AC side
gradually decreases. In other words, in transient fault period, the larger the reactance component in the
DC side, the lower the system stress will be in the AC side. In Figure 8f, the results of this simulation
are summarized.



Figure 9 shows the transient voltage waveform of AC side considering the variable limiting reactor.
In the 0.2 s where DC fault occurs, it is confirmed that overvoltage occurs for one half period in one
phase. Figure 9f shows that the larger the current limiting reactor value of the DC side, the smaller the
overvoltage value of the AC side. That is, in the DC fault period, the presence of a sufficient reactance
component of the DC line plays an important role in reducing the system stress of the AC side. Based
on this simulation, we designed each protection scheme considering the large reactance value, i.e., the
large impedance component, in the transient section
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4.1.2. Transient Current and Voltage of the DC System

Figure 10 shows the DC side transient current and voltage because of pole-to-pole fault. As shown
in Figure 10a, the rate of rise of fault current and fault current limiting ratio decreases as the value of
limiting reactor is increased.
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Figure 10. The DC current and voltage waveform in transient state without SFCL: (a) current waveform;
(b) voltage waveform measured at converter terminals.

A reduction in the rate of rise of fault current (di/dt) allows more time for the circuit breaker to
operate. Therefore, adequate design of limiting reactor is important.

4.1.3. Fault Interruption Performance

In the above simulation results, we concluded that designing a large limiting reactance is
advantageous for reducing the overall stress on the system during fault. However, when considering
the DC circuit breaker (DCCB) application, which is essential in the half bridge modular multilevel
converter (HB-MMC) HVDC grid, it is important to verify whether the interruption performance fully
meets the above design conditions.

In this section, we compared the interruption performance of circuit breaker considering the
limiting reactance on the DC line as a variable. The results are shown in Figure 11.
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Figure 11. The DC current and voltage waveform in transient state: (a) current waveform; (b) voltage
waveform measured at converter terminals.
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The fault current limiting ratio, rate of rise of fault current (di/dt), total interruption time and
energy dissipation across circuit breaker are considered key parameters for evaluating the fault
handling performance.

As shown in Figure 11a, the larger the value of the limiting reactor, the greater the limiting ratio.
However, despite the main breaker opening at 0.201 s, the presence of large reactor allows the fault
current to increase for a while before it starts to decrease. The interruption time and the energy
dissipation also increased as a result.

Case 5 shows that even after 0.201 s, the fault current continues to increase, and the interruption
time is delayed by 1 ms compared to Case 1. Large reactors also have a disadvantage in terms of size,
weight, and cost. To overcome this disadvantage, a protection scheme (Case 3) that limits the fault
current through a combination of resistance and reactance component, was suggested in Section 5, and
an evaluation of this was also discussed in detail. Figure 11b shows the DC voltage waveform on the
converter terminal in transient state. The smaller the limiting reactor value, the larger the voltage dip.

Figure 12 shows comparison of the energy dissipation across circuit breaker considering the
limiting reactor as a variable. As the value of limiting reactor increases, the fault current limiting ratio
decreases, and the energy dissipation decreases as well.
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Section 1 (During fault : 0.2 s ~ 0.4s)
Figure 12. The comparison of energy dissipation across DCCB during fault period.
5. Transient Performance of the System with SFCLs and DCCB in DC Faults

In this section, we compared the transient performance of the three protection schemes mentioned
in Section 3. For comparison of this performance, a pole-to-pole fault was introduced near the rectifier
at 0.2 s. The system recovery time was set to 0.4 s.

Based on the simulation results in Figure 11a, a current limiting reactance design of protection
scheme (Case 1) was performed. After applying a current limiting reactor value of 1 mH, which is the
minimum value for providing sufficient time for circuit breaker operation, the fault current limiting
ratio can be reduced by about 50% (from 8.5 kA to 4.3 kA) through the quenching resistance (12 ohm)
of R-SFCL.

To compare three types of protection schemes in similar operating conditions, the current limiting
impedances of saturated iron core superconducting fault current limiter (SI-SFCL) and Hybrid-SFCL
were designed to be identical, and Hybrid-SFCL was also designed through a combination of resistance
and reactance values. The specific design requirements of the Hybrid-SFCL for application of HB-MMC
HVDC grid are discussed in Section 6.
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5.1. Analysis of the Transient Characteristics of the AC and DC Grid According to Protection Schemes

5.1.1. Transient Current and Voltage of the DC System and Energy Dissipation across
Protection Devices

Figure 13a shows a current waveform comparing fault interruption performance of different
protection schemes. By applying similar limiting impedance in all schemes, the fault current limiting
ratio is measured to be 4.3 kA in all cases.
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Figure 13. The DC current and voltage waveform in transient state according to protection scheme: (a)
current waveform in fault period; (b) current waveform in recovery period; (c) voltage waveform in
transient state; (d) voltage waveform across DCCB.

In Case 2 (SI-SFCL + DCCB) and Case 3 (Hybrid-SFCL + DCCB), the presence of a reactance
component in the superconducting fault current limiter (SFCL) allowed the DC circuit breaker (DCCB)
sufficient operation time, and the fault current decreased after 0.201 s.

Here, in Case 2, since there is a large reactance component even after the main breaker operation,
the fault current decreases rather slowly. This has a detrimental effect on interruption time and
energy dissipation.

On the other hand, in Case 3, since the fault current is limited by the resistance and the reactance
component after the main breaker operation, the fault current decreases relatively rapidly. As a result,
it was confirmed that the total interruption time was relatively lower than Case 2, and the energy
dissipation across circuit breaker was smallest as shown in Figure 14.
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Figure 14. The comparison of energy dissipation across DCCB during fault period.

In Case 1 (R-SFCL + DCCB), the rate of rise of fault current (di/dt) was relatively high compared
to Case 2 and Case 3 due to the absence of the large reactor component. Reduction of the peak fault
current by SFCL before operation of main breaker of DCCB, decreasing the peak value by R-SFCL can
be advantageous in terms of limiting characteristics, but a high di/dt can have its own detriments. The
first one is to cause converter blocking when the DC fault current exceeds the critical blocking current,
and the other is the possibility of circuit breaker tripping failure.

Figure 13b shows the current waveform during the system recovery period. In Case 1, since the
R-SFCL takes a long time to achieve its pre-fault resistance, the resistive component will remain during
restoration of the DC grid. In Case 2 and Case 3, the SFCL is fully recovered before the converter
de-blocking. Despite the difference in recovery time of each SFCL, we found that the settling time for
all three cases was almost the same due to the response time of DC current controller.

Figure 13c shows the DC voltage in the transient state. Although the fault will be quickly removed
by a circuit breaker, there will be a voltage dip until the protective device begins operation. The
lower the voltage dip, the stronger the system will be because the voltage dip affects the power
quality of a system and other sensitive electronics equipment in various ways based on the dip
characteristic. In Figure 13c, it can be seen that the voltage dip is the largest in Case 2 (43.7% of the
normal voltage), whereas Case 1 (37.5% of the normal voltage) and Case 3 (34.3% of the normal voltage)
were respectively lower.

However, in the recovery period, there was a big difference in terms of overvoltage magnitude
and its duration. In Case 2 and Case 3, there was a brief period of overvoltage before recovery to the
steady-state voltage. Fast voltage recovery is beneficial in terms of insulation design because it applies
relatively low voltage stress to various power system components during the transient period. But,
Case 1 showed the peak overvoltage of 178 kV which is much higher than the other two cases. In
addition, the overvoltage reduced rather slowly, and significant values of overvoltage stress sustained
for more than 1 s. This may increase the insulation requirements of many components of DC grid.

Figure 13d shows the voltage stress across the circuit breaker during the DC fault. As shown in
Figure 13a, in Case 1, since the peak current value is decreased by the SFCL before the main breaker
operation, the stress applied to the circuit breaker is relatively low. On the other hand, in Case 2 and
Case 3, since the peak current value of the main path is almost the same, the voltage stress applied to
the circuit breaker is almost the same as well.

Figure 15a shows the voltage waveform across SFCL in transient state. When a DC fault occurs,
the voltage stress of Case 1 is measured to be 50 kV, which is the highest value in all Cases. In the
recovery period, the voltage across R-SFCL was maintained at a relatively high value for a long time
and recovered slowly. As a result, it had to endure higher losses due to the presence of recovery voltage.
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Figure 15. The comparison of voltage and energy dissipation across SFCL: (a) voltage waveform across
SFCL; (b) energy dissipation across SFCL.

As shown in Figure 15b, the energy dissipation across the R-SFCL and Hybrid-SFCL is measured
to be 0.2 MJ and 0.18 MJ during fault period. In the case of Hybrid-SFCL, the energy dissipation
of solid-state switches is considered in addition to that of reactive and resistive components in
hybrid-SFCL. Energy dissipation by solid state switches during interruption operation is insignificant
because of its high-speed nature. In SI-SFCL of Case 2, the loss is 0.1 M].

In Section 4, even in the reclosing period, the R-SFCL did not recover, indicating that the energy
dissipation was considerably larger when compared with Case 2 and Case 3. In Case 3, the energy
dissipation of solid-state switches is not negligible. However, in both states, switch energy dissipation
does not exceed a few hundred Joules and hence it cannot be noticed in the graph, when compared to
the energy dissipation of a few Mega Joules across the resistance.

5.1.2. Transient Current and Voltage of the AC System

Figure 16 shows AC current waveform in transient state. The maximum overcurrent magnitude
shows a little difference according to the component of limiting impedance in DC side. It results
from the difference in total interruption time achieved by different protection schemes as shown in
Figure 13a.

The overcurrent magnitude in Case 1 has been confirmed to be the lowest among the three
cases. In the resistive superconducting fault current limiter (R-SFCL), which limits the current by its
quenching resistance, the rate of rise of current (di/dt) is high due to the presence of a small reactive
component. As a result, the overcurrent on the AC side is relatively lower. On the other hand, the
current magnitude in Case 2 was measured to be 2.2 kA which is the highest value.
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Figure 16. The transient current waveforms of the AC system according to the protection scheme:
(a) Case 1: Protection scheme (R-SFCL and HCB); (b) Case 2: Protection scheme (SI-SFCL and HCB);
(c) Case 3: Protection scheme (Hybrid-SFCL and HCB).

Even with the same limiting impedance, saturated iron core superconducting fault current limiter
(SI-SFCL) with large reactance seems to have a relatively small impact on the AC side overcurrent
reduction, since it makes the rate of rise of current (di/dt) relatively low. In Case 3, the overcurrent is lower
than Case 2 because the impedance component is the result of resistance and reactance component.

Figure 17 shows voltage waveform in the transient state. In the DC fault period, the maximum
overvoltage magnitude was measured to be 90 kV in Case 2 due to large reactance of SI-SFCL, as
shown in Figure 17b. In Case 1, sustained overvoltage can be seen during system restoration, due
to a relatively long recovery time of R-SFCL. The DC power reaches its prefault level after complete
recovery of R-SFCL. Due to the diminished level of DC power during this intermediate period, the
transient overvoltage can be seen in the AC side as shown in Figure 17a. In this case, the voltage will
be restored to normal voltage only after the recovery of SFCL is completed.
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Figure 17. The transient voltage waveforms of the AC system according to the protection scheme: (a)
Case 1: Protection scheme (R-SFCL and HCB); (b) Case 2: Protection scheme (SI-SFCL and HCB); (c)
Case 3: Protection scheme (Hybrid-SFCL and HCB).

Therefore, considering the protection coordination and restoration requirement in a HVDC grid,
Case 1 is not suitable.

5.2. The Preferable Protection Scheme for the HB-MMC HVDC Grid

In this section, the simulation results of three protection schemes were compared and preferable
scheme was proposed for HVDC grid. Finally, the merits of using Case 3 (Hybrid SFCL + DCCB)
instead of Case 2 (SI-SFCL + DCCB) were highlighted.

5.2.1. Comparison of Three Types of Protection Scheme

To suggest a preferable protection scheme in the half bridge modular multilevel converter
(HB-MMC) HVDC grid, it is important to discuss the reclosing requirement considering the current
limitations and recovery characteristics of the protection devices. Under the same simulation conditions,
we proposed a preferred protection scheme for the HVDC grid by conducting a comparative study on
the strengths and weaknesses of each protection scheme. The comparison of three protection schemes
is summarized in Table 2.
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Table 2. Comparison of the three protection schemes for HB-MMC HVDC grid application.
Case 1 Case 2 Case 3
Protection Scheme Protection Scheme Protection Scheme
(HB-MMC + R-SFCL + (HB-MMC + SI-SFCL + (HB-MMC +

DCCB) DCCB) Hybrid-SFCL + DCCB)
Additional current-limiting Necessary Not necessary Not necessary
reactor
Maximum DC fault current in
fault period (kA) 43 431 431
Maximum rate of rise of fault
current (MA/s) 71 4.3 43
Total interruption time (ms) 2.38 2.53 2.40
Voltage across DCCB in fault
period (kV) 0.082 0.088 0.086
DC Voltage dip in fault period 55 70 60
kV)
Energy dissipation across DCCB 0118 0.205 0. 108
MJ)
Maximum DC overvoltage in
reclosing period (kV) 178 165 165
Energy dissipation across SFCL
during fault (M]) 021 011 0.01
Energy dissipation across SFCL
during reclosing period (M]) L6 0.03 0.01
Stress on insulation Relatively high Relatively low Relatively low
Maximum AC overcurrent in
fault period (kA) 17 22 175
Maximum AC overvoltage in . I
reclosing period(kV) 90 Negligible Negligible
Time to recover to rated voltage 2 0.02 0.02
()
Relatively compact Relatively compact and
Size and Weight structure and light Bulky and heavy light structure compare
weight with Case 2
. t>2 0.002 £ <0.002
Recovery time of SFCL (5) Long recovery time Immediately Immediately
Protection coordination in Not Suitable Suitable Suitable

HB-MMC HVDC grid

In Case 1 (R-SFCL + DCCB), the resistive superconducting fault current limiter (R-SFCL) is
relatively compact, light-weight, and has a satisfactory fault current limiting performance. However,
when the rate of rise of fault current is high, AC and DC overvoltage are maximum, stress on insulation
and energy dissipation is quite high as well. An additional, current limiting reactor is also required
in series to assist the operation of circuit breaker. HVDC grid restoration requirement poses another
limitation on the choice of protection scheme. Although there is no commercial standard related to the
reclosing time of the HVDC grid, it should be relatively shorter than the HVAC grid, considering.

The arc deionization time of HVDC fault is lower than that of AC fault. Furthermore, considering
the fault breaking time in the DC grid is only about 2 ms, the reclosing time of HVDC grid should be
less than that of HVAC grid i.e., 300 ms [49-51]. Therefore, Case 1 is unable to satisfy the fast reclosing
requirement, i.e., 200 ms, for quick restoration of the DC grid.

Unlike Case 1, Case 2 does not require an additional current limiting reactor because of the
inherent reactance of the SFCL. In addition, there is an advantage that the rate of rise (di/dt) of fault
current is low hence allowing greater time for circuit breaker operation. However, when the large
reactance component is present in the circuit until the fault interruption by circuit breaker is completed,
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the rate of reduction of fault current decreases and the total interruption time is increased as a result.
The energy dissipation across the circuit breaker increases as well. As shown in Table 2, the energy
dissipation of the circuit breaker is the largest in Case 2. Also, in this protection scheme, since the iron
core is heavy and bulky, a more economical solution in terms of size and weight are desirable. The
SI-SFCL recovery is immediate and, therefore, it can satisfy the fast restoration requirement of the
HVDC grid.

In Case 3, like Case 2, an additional current limiting reactor is not required due to the inherent
reactance of the SFCL. The fact that the rate of rise of fault current (di/dt) is small, can also be
advantageous for circuit breaker operation. Furthermore, because the fault current is limited through
resistance and reactance before the interruption of the circuit breaker is completed, the fault current
reduction rate is relatively faster than Case 2, and the energy dissipation across the circuit breaker is
lower. As shown in Table 2, the energy dissipation is the smallest in Case 3. In addition, the presence
of resistance component reduces the size of iron core, hence overcoming the disadvantage of Case
2. Hybrid-SFCL recovers immediately, hence satisfying the quick restoration requirements of the
HVDC grid.

As a result, Case 3 has many advantages in terms of fault interruption, SFCL recovery, energy
dissipation, insulation stress, and DC grid restoration despite a disadvantage related to conduction
loss in normal state.

Therefore, protection scheme using Hybrid-SFCL and DCCB is the most suitable for HB-MMC
HVDC grid application.

The optimization of the fault interruption device of Case 3 is discussed in Section 6.

5.2.2. Advantage of Protection Scheme (Case 3) Compared with Protection Scheme (Case 2)

Case 3 overcomes the disadvantages of Case 2. The summary is presented below:

e  Total interruption time lowered by 0.13 ms.

e Energy dissipation across the DC circuit breaker is reduced by 50 % compared to Case 2.
e Voltage dip resulting from the fault is reduced by 10 kV.

e AC overcurrent and overvoltage resulting from the fault is lower.

e Size and weight are reduced.

e  Stress on insulation also reduced due to lower overvoltage.

6. Transient Performance of the Preferable Protection Scheme (Case 3)

In this section, the design requirements of the protection scheme (Case 3) for HB-MMC HVDC
grid are discussed. Interruption performance, transient voltage characteristics, and energy dissipation
across the circuit breaker are studied.

The Design Optimization of Protection Scheme (Hybrid-SFCL and HCB) for HB-MMC HVDC Grid

Figure 18a, shows a comparison of current waveforms according to the current limiting resistance
while keeping the total impedance of the current limiting element as a constant. Firstly, a minimum
value of reactance is required to secure sufficient operating time for a DCCB operation. The higher the
ratio of resistance among the impedance components, the faster the rate of reduction of fault current
and the interruption time will be.
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Figure 18. The DC current and voltage waveform in transient state in protection scheme (Case 3):
(a) current waveform in fault period; (b) voltage waveform in transient state; (c) voltage waveform
across DCCB; (d) energy dissipation across DCCB.

Figure 18b shows the voltage waveform during the fault transient. In the recovery period, the
overvoltage value is almost the same, but in the fault period, there is a slight difference in the voltage
dip. The larger the resistance component, the smaller the voltage dip will be. Therefore, Case 1 with
large resistance can be considered optimal, because the voltage dip affects the power quality of a
system and other sensitive electronics equipment in various ways based on the dip characteristic.

As shown in Figure 18¢, the voltage stress across the circuit breaker was also found to be lower
as the resistance component was increased. Figure 18d shows that the energy dissipation across the
circuit breaker varies with the resistance component. Case 1, which has the greatest resistance, showed
an energy dissipation of 0.12 (MJ), while it showed a 41% increase of 0.17 (M]) for Case 6 with the
least resistance.

As a result, when applying the protection scheme for HVDC grid, design with the minimum
reactance that can allow the circuit breaker operation time and maximum resistance component will
satisfy the requirement of optimum design.

7. Conclusions

Three types of representative protection schemes composed of SFCL and DCCB have been
investigated for the feasibility of application in an HB-MMC HVDC grid. The maximum fault
interruption time, rate of rise of fault current, energy dissipation across protection devices, and voltage
characteristics of the system during the transient period have been compared.
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A protection scheme with R-SFCL and DCCB has a relatively compact structure and offers
satisfactory fault interruption characteristics. However, it showed severe limitation in terms of energy
dissipation, maximum AC and DC overvoltage during reclosing. Furthermore, the long recovery time
of the SFCL can become an impediment in satisfying the fast reclosing requirements of the HB-MMC
HVDC grid.

On the other hand, a protection scheme with SI-SFCL and DCCB exhibited the satisfactory fault
current interruption characteristics and the low AC and DC overvoltage in the reclosing period. In
addition, it has ultra-fast recovery characteristics. Therefore, when this protection scheme is applied in
the HB-MMC HVDC grid, it can satisfy the requirements of fast reclosing and protection coordination.
Nevertheless, since there is a large reactance component even after the main breaker operation,
the fault current decreased rather slowly. This has a detrimental effect on interruption time and
energy dissipation.

The novel Hybrid-SFCL is designed to overcome the abovementioned drawbacks while
maintaining the advantages of SI-SFCL. Protection scheme based on Hybrid-SFCL and DCCB performs
limiting operation by its resistance and reactance component after the operation of main breaker. The
fault current decreases quite rapidly. It was confirmed that the protection scheme has many advantages
in terms of fault interruption, the SFCL recovery, energy dissipation, insulation stress, and DC grid
restoration despite a disadvantage related to conduction loss in the normal state.

As a result, it is expected that the protection scheme with the Hybrid-SFCL would be the likely
candidate for application in future HVDC grids due to its low interruption time, low overvoltage
magnitude, energy dissipation across DCCB and small recovery time to satisfy the restoration
requirement. Furthermore, it is beneficial in terms of insulation design because relatively low
overvoltage stress is applied to various power system components during transient period. Finally, for
application in HVDC grid, the protection system will be considered optimal if it can allow sufficient
operation time to the circuit breaker with minimum reactance and maximum resistance component.

For a future work, we are planning to compare experiment results based on the scaled model of
the three types of protection schemes. The development of the scaled model of the system is underway
in this regard.
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