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Abstract—High ~ Voltage  Direct Current (HVDC) 1. INTRODUCTION
transmission has been expanding due to rapid development L ) .
of power electronics technology and by the need for HVDC transmission has been expanding due to rapid
connection of offshore or remote wind farms and / or large development of power electronics technology and by the
hydro power generators. HVDC transmission has several need for connection of offshore or remote wind farms and
benefits such as lower transmission losses, fewer lines /- or large hydro power generators. CIGRE, the
required for the same power transmission, and less system International Council on Large Electric Systems,
stability problems. established various Working Groups (WG) and leads the
Multi-terminal HVDC systems require maintaining HVDC investigations. For example, WG B4.52
operable converter stations connected to healthy lines, when summarized a feasibility study of HVDC and B4/B5.59 is
DC fault occurs at a remote terminal. To ensure such investigating control and protection of HVDC grids. They
operability, DC circuit breakers (DCCB) are indispensable will provide a platform for greater engagement of other
and their fault clearing times are crucial. The fault clearing SCs on HVDC grid issues. Furthermore, a joint WG
times vary depending on the system configuration (radial or A3/B4.34 on DC switchgear potentially applicable to

meshed network), design parameters of the voltage source
converter (VSC), transmission capacity, presence of series
connected reactor and impedance of line / cable. However,
DCCBs are required to clear the fault with a shorter time as
compared with AC circuit breakers.

In this paper, the requirements for DCCB were

future HVDC grids have been recently established. The
WG will investigate focusing especially on the possibility
of a mechanical DC circuit breaker with different
technologies. [1],[2],[3],[41.[5]

DC fault current can be interrupted when the current is

analytically evaluated using a four-terminal radial HVDC forced to zero crossing. Figure 1 shows one of the
network model. The results show that DC fault interruption representative schemes for the current zero formation.
current and fault clearing time are achievable by a This scheme is called forced current zero formation. This
mechanical DCCB with the forced current zero formation scheme can be potentially applicable to interrupt the
scheme. High-voltage DC fault current where a large-capacity
capacitor is required to interrupt the DC current. The

Keywords-HVDC  Grid; DC current interruption; active resonant circuit composing of a pre-charged
mechanical DC circuit breaker; Forced current zero formation external capacitor imposes a high frequency (several kHz)
scheme; fault clearing time; series-connected reactor. reverse current on the interrupting fault and nominal

current and creates a current zero instantly. The scheme
can typically interrupt DC fault and nominal current
within 8-10 milliseconds.
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Figure 1. Forced current zero formation scheme
A HVDC grid will be required to operate the healthy 5) impedance of the line / cable. Forced current zero
lines continuously, even if a voltage collapse at the remote formation scheme is suitable for HVDC grid application
end occurs due to a fault. Rapid fault clearing is essential from point of view of the fault clearing time, a capital
for DCCB even though the requirement varies depending Expenditure (CAPEX), and losses.
on: 1) DC transmission system configurations, 2) Voltage In this paper, the requirements for DCCB were
Source Converter (VSC) design, 3) transmission capacity, analytically evaluated using a four-terminal radial HVDC
4) DC reactor connected in series with the line / cable, and network model.
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1. DCCB REQUIREMENTS FOR MULTI-TERMINAL
HVDC GRID

A. System model

The requirements for DCCB such as DC fault current
level and DC fault clearing time are investigated with a
multi-terminal radial HVDC network model shown in
Figure 2. This model consists of a four-terminal HVYDC
network with four VSC stations connected via DC lines as
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shown in Figure 2. The lengths of each DC line were set
to 120 km, 240 km and 360 km, similar to the radial UHV
AC network that was used to evaluate the circuit breaker
requirements.[6] Simulations were performed in each case
when DC lines consist of cable or OHL. The capacities of
each VSC converter stations (C/S) range from 900 MW to
1200 MW, and the transmission capacity of the system is
2.1 GW. In the analysis, a DC pole to pole fault is
considered near B-C/S.
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Figure 2. Multi-terminal radial HVDC network model

A VSC converter cannot continue operation when the
DC system voltage typically drops below 80 % of the
nominal voltage depending on the design parameter (e.g.
modulation index). Therefore, the DCCB is required to
clear a fault rapidly in order to continue power
transmission on a healthy line, before the system voltage
drops to 0.8 PU due to the impact of a fault that has
occurred on a remote line. The time for the system voltage
to drop to 0.8 PU due to a remote fault can be protracted
by inserting a series connected reactor (DCL) to the DC
lines.

B. Analytical results in cable system

Figure 3 shows some analytical results of the DC
voltage VDC (the pole to pole voltage shown in Figure 2)
at each C/S for various DCL reactor values when a pole to
pole fault occurs near B-C/S. The DC lines in the four-
terminal HVDC network consist of cables in this case.

The voltage at B-C/S near immediately drops at the
instance of a fault in a rate of decay of voltage determined
by the line impedance and DCL reactor. The voltage at C-
C/S, D-C/S and A-C/S located 240 km to 600 km away
from the fault location gradually drops after fault
occurrence, but the rate of decay is not as severe due to
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impedance increase with the larger reactance of DCL
reactor and transmission lengths as well as travelling
wave phenomenon from longer propagation distance from
the fault location.

Simulations show that by increasing the reactance of
the line and having longer distances from the fault
location the voltage drop at a remote converter can be
mitigated therefore allowing a longer DC fault clearing
time threshold for the DCCB. Table 1 summarizes the
results of the simulations showing fault clearing times for
DCCB, which is set that the converter DC voltage not to
drop below 0.8 PU of the system voltage after a fault
occurrence, while varying the value of the DCL reactor at
each CJ/S. Although it doesn’t indicate a perfect
correlation between the speed of the voltage drop and
distance from the fault due to transient oscillation and
system parameter differences of each C/S (e.g. converter
capacity), but DC voltage tends to drop slowly with
longer distance from the fault. The result indicates that the
DC fault clearing time could be longer than 10
milliseconds when a larger DCL reactor in the range of
300 mH or more is connected to a main circuit in series.
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(c) D-C/S (360 km from the fault) (d) A-C/S (600 km from the fault)
Figure 3. DC Voltage behaviour at each C/S in cable system

TABLE |. DC FAULT CLEARING TIMES AT EACH C/S IN CABLE SYSTEM

OGL Reactor Time for DC voltage at converter todropto 0.8 PU, £ (ms)
(mH) B-CiS C-Cis D-Cis A-CIS
(mear) (240 kmaway) | (360kmaway) | (600 kmaway)
&0 0.002 b2 1.36 1018
100 1.52 7.38 B.03 852
300 5.0 11.72 10.80 10.58

Another important requirement for DCCBs is DC fault
current. In Figure 2 the fault current (If) through the cable
connected to B-C/S is the most severe case, because the
fault currents from three converters of A, C and D-C/S
flow into the fault location. Figure 4 shows the DC fault
current behaviour of If for various DCL reactor values in
the four-terminal HVDC network.

When a fault occurs the connected poles immediately
discharge at the fault and thus the fault current is in the

range of 12 to 15 kA. Then the discharged current
oscillates with a resonant frequency determined by the
cable impedance. The fault current continues to increase
up to 30 kA due to the fault currents flowing from the
remote converters located at A, C and D-C/S. The
simulation shows that the DC fault current is 15 kA for
300 mH DCL reactor and 21 kA for 100 mH DCL reactor
after 10 milliseconds from the occurrence of the fault.
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Figure 4. DC fault current behaviour of If in cable system

117



C. Analytical results in OHL system

Figure 5 shows some analytical results of the DC
voltage VDC when DC lines in the four-terminal HVDC
network consist of OHL (Over Head Line). DC line length
and other system conditions are the same as cable system.
Furthermore, Table 2 shows the time for DC voltage at

converter to drop to 0.8 PU in this case. Since the
inductance of OHL is larger than that of cable, the speed
of the voltage drop is slower, and by inserting 50 mH
DCL reactor, the time for DC voltage to drop 0.8 PU
becomes longer than 10 milliseconds.
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Figure 5. DC Voltage behaviour at each C/S in OHL system
TABLE II. DC FAULT CLEARING TIMES AT EACH C/S IN OHL SYSTEM
DCL Reactor Time for DC voltage at converter todropto 0.8 PU, t (ms)

mH B-CiS C-Cis D-Cis A-CIS
) (near) (240kmaway) | (360kmaway) | (500kmaway)

50 0002 1376 28.26 44.50

100 1.78 19.04 26.80 44.14

100 454 30.84 2680 4028

Figure 6 shows DC fault current at the most severe
point (If in Figure 2) in the OHL four-terminal HVDC
network. The fault current is less than 8 kA after 10
milliseconds from the occurrence of the fault in every

case due to the suppression by OHL inductance. These
results show that DCCB requirements in OHL HVDC
system are relaxed than that of cable HVDC system.
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Figure 6. DC fault current behaviour of If in OHL system

D. DCCB requirements for radial HVDC network

These analytical results indicate that the DC fault
interruption requirement for DCCB in the four-terminal
+/-320 kV radial HVDC network model with appropriate
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value of DCL is less than 15 KA. Furthermore, they
indicate that the fault clearing time in order to continue
power transmission at the remote C/S located 240 km
away from fault location is longer than 10 milliseconds in
this model. The requirements make it feasible to apply a
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mechanical DCCB with the forced current zero formation
scheme to HVDC grid line protection.

IIl.  CONCLUSIONS

The requirements for the DCCB’s operation were
evaluated using a four-terminal +/-320 kV radial HVDC
network model. By inserting appropriate value of DCL
reactors into the network model and upon simulating pole
to pole fault, 1) the short circuit current levels where
limited to values less than 15 kA and 2) the DC fault
clearing times where longer than 10 milliseconds, while
maintaining power transmission at a remote C/S located
240 km away from fault location. These two requirements
make it feasible to apply a mechanical DCCB with the
forced current zero formation scheme for HVDC grid line
protection.
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