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Abstract—This article proposes a reconfiguration method for the
bipolar high voltage dc transmission (HVDC) system connecting
offshore wind power plants (WPPs). Conventional bipolar HVDC
systems can continue to transmit half the rated power even if a
dc fault occurs at one of the two poles. However, the shutdown of
half of the entire WPPs is inevitable because WPPs cannot continue
operations on their own. Once the WPPs are shut down, they take a
long time to restart. The power transmission decreases during the
time and it imposes a negative effect on the onshore ac system.
The proposed reconfiguration method immediately removes the
dc fault and relocates the converters and WPPs from the faulted
pole to the healthy pole by disconnecting switches. Furthermore,
the reconfiguration is designed based on the fault ride-through
(FRT) capability of the WPPs specified by the existing grid code.
As a result, the reconfiguration realizes the continuous operation
of the entire WPPs even if a dc line fault occurs. Therefore, the
proposed method can improve the supply reliability. The validity
of the proposed method is verified by electromagnetic transient
(EMT) simulations.

Index Terms—Bipolar, dc line fault, high voltage dc (HVDC)
transmission system, modular multilevel converters (MMC),
reconfiguration.

I. INTRODUCTION

of the renewable energies [1]. When a wind power
plant (WPP) is located offshore, it requires the transmission
system for connecting them to an onshore grid. An option is
a high-voltage dc transmission (HVDC) system with modular
multilevel converters (MMC) [2]. There are three basic configu-
rations in HVDC systems: asymmetric monopolar, symmetrical
monopolar, and bipolar configuration [3]. Among them, the
bipolar configuration is suitable for improving supply reliability
because it can continue to operate one of the two poles even if a
dc fault occurs [4]. Some articles focus on the dc fault clearance
in bipolar configuration. The fault clearing method using ac

WIND power generation is attracting attention as one
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Fig. 1.  Connection of WPPs in a bipolar HVDC system. (a) Connecting a sin-
gle WPP to each pole independently. (b) Connecting WPPs on a common ac bus.

circuit breakers (ACCB) has been put into practical use [5].
Other articles propose the method using enhanced MMCs with
fault blocking capability, such as full bridge cells [6], [7], clump
double cells [8], and hybrid cells [9], [10]. The use of dc circuit
breakers is also an option [11], and dc circuit breakers rated
up to 500 kV [12] has been developed. These methods achieve
a good performance against dc faults, in particular, the power
transmission can be resumed immediately after the deionization
time when they are nonpermanent faults. However, these articles
focus on the HVDC system as an interconnector between ac
grids. Additional investigations are required for applying the
bipolar HVDC system for connecting offshore WPPs.

There are two possible configurations of the ac collecting
system in the bipolar HVDC system for connecting WPPs as
shown in Fig. 1. One, shown in (a), connects a single WPP to
each pole independently. The other, shown in (b), connects the
WPPs on acommon ac bus. In the type (a), the WPP connected to
the faulted pole should be shut down when the dc fault is cleared
by the method using ACCBs. The offshore ac collecting system
is composed of the WPP and the offshore MMC, but it has no
synchronous generators [13]. Thus, the offshore MMC forms
the grid voltage, and the grid-tied inverters of the WPP control
the current in-phase with the grid voltage [14]. Therefore, after
the ACCB opens and disconnects the offshore MMC from the
offshore ac collecting system, its grid voltage is not determined
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Fig. 2. Configuration of the proposed reconfigurable bipolar HVDC system. (a

and the grid-tied inverters cannot continue their operations. This
leads to the shutdown of the WPP connected to the faulted pole.

On the other hand, in the type (b), even if the faulted pole is
stopped, the MMC on the healthy pole may continue to form the
offshore ac grid voltage. Therefore, power transmission can be
continued via the healthy pole. However, power flow is limited
by the rated power of the MMCs on the healthy pole [15], which
is typically half the rated power of the entire bipolar HVDC
system. If the WPPs operate around their rated power, a part of
the entire WPPs has to be shut down for avoiding the overload
of the MMC. This imposes a negative effect on the onshore
ac system, and becomes a challenge when operating GW-scale
WPP in particular.

To overcome this challenge, this article proposes a reconfigu-
ration method for the MMC-based bipolar HVDC system. The
proposed method enables to relocate the converters and WPPs
from the faulted pole to the healthy pole while interrupting the
fault current on the dc side. Then, it realizes the continuous
operation of entire WPPs after dc faults. The idea of relocation
has been originally applied to the HVDC system with offshore
dc collection system and dc—dc converters [16]. However, the
method was not applicable to the HVDC system composed of the
ac collection system and half-bridge MMCs, which have already
been introduced worldwide [2]. The relocation of the offshore
half-bridge MMCs is achieved in a symmetrical monopolar
HVDC system [17]. However, the method was not applicable
to the bipolar HVDC system. The dc voltage drop of the bipolar
system under pole-to-ground faults is more severe than that of
the symmetrical monopolar system, which makes it difficult to
interrupt the fault current with a half-bridge MMC. In addition,
these previous methods did not clarify the relocation of the
onshore MMC, which is also indispensable to fully reconfigure
the bipolar system. This article expands the applicability of
the reconfiguration method to the MMC-based bipolar HVDC
system. There are two major progresses from the previous arti-
cles [16], [17]. First, this article achieves interruption of the fault
current by the half-bridge MMC using an additional grounding
resistor or neutral bus switch (NBS). Second, this article clarifies
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) Entire system. (b) Half-bridge based MMC (HBMMC).

the relocation of not only the offshore MMC, but also the onshore
MMC.

As a result, the proposed method relocates both offshore and
onshore converters, enabling to maintain fully rated power trans-
mission. In addition to this, the proposed reconfiguration method
is conducted based on the FRT capability of WPPs determined by
the existing grid code [18]. Therefore, as long as WPPs comply
the existing grid code, the continuous operation of entire WPPs
is realized by the proposed method in this article. The validity of
the proposed method is confirmed by electromagnetic transient
(EMT) simulation.

II. CONFIGURATION OF THE PROPOSED BIPOLAR SYSTEM

Fig. 2(a) shows the proposed reconfigurable bipolar HVDC
system. There are two offshore WPPs (WPP1, WPP2) that
apply full-converter based configurations. They are composed
of multiple generators for wind turbines and the grid-tied con-
verters. The WPP and offshore MMC (RecP, RecN) compose
the offshore ac collecting system. In the system, the offshore
MMC controls the grid voltage to be constant in amplitude
and frequency. The grid-tied converters of WPP control the ac
current in-phase with the grid voltage and supply the generated
power. The power of the ac collecting system is converted from
ac to dc at the offshore MMC, and injected into a dc transmission
line. The MMCs are the conventional half-bridge based MMCs
as shown in Fig. 2(b). The dc transmission line is bipolar con-
figuration composed of a cable section at the offshore side and
an overhead line section at the onshore side. The onshore MMC
(InvP, InvN) controls its dc terminal voltage, whereas the off-
shore MMC (RecP, RecN) controls its dc terminal current. The
dc power transmitted to the onshore side is converted from dc to
ac by the onshore MMC. The onshore MMC supplies the power
to the onshore ac grid by controlling the ac current in-phase with
the grid voltage. Due to the operation described above, the power
generated on the offshore side is transmitted to the onshore
side.
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Fig. 3. Possible modes of the proposed system. (a) Point-to-point HVDC

mode. (b) Four-terminal HVDC mode.

To realize the reconfiguration, the proposed system is
equipped with two types of fast disconnecting switches which
operate from 20 to 40 ms. One is the main switch inserted
between the dc terminal of the MMC and the transmission line
for each of the positive and negative poles. For example, Sp;
and Spy in Fig. 2(a) are main switches on the positive pole.
Similarly, main switches are also inserted on the negative pole.
These main switches are closed in the normal operation and
connect the MMC and the transmission line at the positive
and negative poles, respectively. The other is the interconnec-
tion switch Spy inserted between the positive and the negative
poles at the dc terminals of the MMCs. The interconnection
switches are opened in the normal operation. These two types
of fast disconnecting switches operate for the reconfiguration.
Furthermore, the system is equipped with some components to
support interrupting dc current, such as a grounding resistor I,
with nonlinear characteristic and/or NBS. The NBS, omitted in
Fig. 2(a), is described in Section IV-B.

III. RECONFIGURATION WHEN THE FAULT

Fast disconnecting switches enable the proposed system to
switch to the following two modes as shown in Fig. 3.

1) The point-to-point HVDC mode: Fig. 3(a)

In the normal operation, the proposed system operates
as the point-to-point HVDC system. This is achieved by
closing the main switch inserted between the MMC and
the transmission line, while opening the interconnection
switch inserted between positive and negative poles.

2) The four-terminal HVDC mode: Fig. 3(b)

When a fault occurs, the proposed system changes to the
four-terminal HVDC mode. This is achieved by opening
the main switch inserted between the MMC and the faulted
line, while closing the interconnection switch inserted
between positive and negative poles.

“Reconfiguration” in this article refers to the change of the
operating mode between the point-to-point HVDC mode and the
four-terminal HVDC mode. By the reconfiguration, the power
flow interrupted by the fault can be resumed via the healthy
pole. For example, when a fault occurs at the positive pole, the
power flow on the positive pole is transferred to the negative pole
as shown in Fig. 3(b). Since the reconfiguration is performed
on the dc side and both of offshore and onshore MMCs are
relocated, transmittable power is not limited by the capacity of
one MMC. Therefore, there is no need to shutdown the WPP. The
proposed reconfiguration is realized through the following three
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steps, which are summarized in Fig. 4. Step 1 begins when the
fault is detected. Step 2 begins after disconnecting the offshore
MMC by turning OFF Spi. Step 3 begins after disconnecting
the onshore MMC by turning OFF Spo. Arrows in the diagram
indicate the conditions for moving to the next steps. Note that
the interconnection switches Syy on the offshore and onshore
sides do not have to operate exactly at the same time. Although
this article focuses on the fault at the positive pole, the same
method can be applied to the fault at the negative pole.

A. Step 1: Suspension of MMCs and Disconnection of the
Offshore MMC From the Faulted Pole

When the pole-to-ground fault occurs at the positive pole, the
fault current flows through the fault point and the grounding
point. When the fault is detected, controller suspends both
the offshore MMC (RecP) and the onshore MMC (InvP) with
different modes to prevent the discharge of their cell capacitors.
The equivalent circuit is shown in Fig. 5, where the negative
pole is omitted.

The onshore MMC (InvP) blocks all the switching devices
(blocking) as shown in Fig. 6(a). Then, it acts as an uncontrol-
lable diode rectifier and continues to inject the current ip /.
from the onshore ac system to the dc side as shown in Fig. 5.
This current flows through only antiparallel diodes and does not
harm insulated gate bipolar transistor (IGBTs). This suspension
mode has already been introduced into existing half-bridge
MMCs [19].

On the other hand, the offshore MMC (RecP) conducts lower
arm short protection [20]. The equivalent circuit during the
lower arm short protection is shown in Fig. 6(b). In the cells of
the lower arms, high-side IGBT is turned OFF whereas low-side
IGBT is turned ON, making a short circuit in the ac side of
MMC. The current iwpp flowing from WPP circulates only in
the short-circuited lower arms and does not flow out to the dc
side as shown in Fig. 5. As mentioned in Section II, WPPs apply
full-converter based configurations, where the generators are
connected to the offshore MMC via the grid-tied converters.
Therefore, twpp can be controlled by the grid tied converter so
that over current does not flow to the short-circuited lower arms
of the RecP.

As the dc side is decoupled by the lower arm short protection
at the RecP (offshore side), the dc side current ip,/ge. decays
with time. The decay time can be shorten by inserting current
interrupting devices. For example, a nonlinear grounding resistor
is inserted as shown in Fig. 5 to interrupt the fault currents g /1,y
and ZF /Rec-

The circuit equation of ip/gc. becomes as follows:

L%iF/RCC = —Ug (D
where L is the total inductance of the transmission line and
MMC, and v, is the voltage across the grounding resistor. The
capacitance and resistance of the transmission line are ignored
because the grounding resistance is dominant in the current loop.
vg is always positive during this mode because i /1y, continues
to flow. The (1) means that the energy stored in L is dissipated
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by the grounding resistor, resulting in the decrease of the fault
current ip /Rec- When ip/rec reaches zero, the diodes in upper
arms of the RecP are reverse-biased by vy and hold ip/Rec
at zero. After interrupting the fault current ip/Rec, the main
switches Sp; on the offshore side are opened. Then, RecP is
disconnected from the faulted pole as shown in Fig. 7. The main
switch Sp; does not need the fault current interrupting capability
because it opens after the current interruption.

B. Step 2: Disconnection of the Onshore MMC From the
Faulted Pole

While the operation mentioned above, InvP continues to inject
the fault current ip 1, from the ac side to the dc side. ip /1y
is cleared by opening the ACCB as shown in Fig. 7. When the
ACCB is opened, the dc side is decoupled from the ac side.

pole and interruption of the fault current of onshore MMC.

Lower arm
short )
protection Blocking
vy O}Je" VY

= = Spy =

Open AAA

Fig. 8. Step 2: Disconnection of the onshore MMC from the faulted pole.

However, the energy stored in the inductor maintains i /1,y to
flow. The current decays by the grounding resistor, and i /1,y
finally reaches zero. The equation for ip 1, is expressed in the
same way as (1). The decay time can be shortened by inserting
the grounding resistor. After the fault current reaches zero, the
main switch Sp, at the onshore side disconnects InvP from the
faulted pole. As a result, both offshore and onshore MMCs are
disconnected from the faulted pole as shown in Fig. 8.

During this operation, RecP continues lower arm short pro-
tection, resulting in the continuous drop of the ac voltage V.
on the offshore side as shown in Fig. 8.

C. Step 3: Closing of the Interconnection Switch and the
Resumption of the Power Transmission

The interconnection switches Sy and ACCB are closed as
shown in Fig. 9, and the disconnected RecP and InvP are
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connected in parallel with RecN and InvN, respectively. That
is, the system has been reconfigured to the four-terminal HVDC
mode. No inrush current flows at this time because RecP and
InvP have still been suspended.

Then, both RecP and InvP are deblocked. At this time, InvP
and InvN regulating dc side voltage have a V-I drooping charac-
teristic to avoid current imbalance between them. RecP resumes
the switching operation and increases the ac voltage V.| from
zero to the rated value as shown in Fig. 9. The voltage recovery
restores the power supply from the WPP1 via the ac collecting
system and the healthy negative pole as shown in Fig. 9.

IV. DESIGN BASED ON THE FRT REQUIREMENT
A. Requirements for Continuous Operation of the WPPs

The reconfiguration allows to resume the power flow through
the healthy pole. On the other hand, it causes a voltage sag at
the offshore ac collecting system for WPP1 as shown by V. in
Fig. 9. This is because RecP makes its ac terminal to be short-
circuited for interrupting the fault current. If this voltage sag
persists, WPP1 will eventually stop.

The proposed method utilizes the FRT capability of the WPPs.
The grid code defines the fault condition under which the WPPs
should continue to operate. Therefore, we propose to design the
voltage sag during reconfiguration so that the WPP can continue
its operation. Fig. 10 shows the specific voltage sag defined in a
grid code [18]. There are two periods in the voltage sag. In the
zero voltage period, the voltage is allowed to be zero for 150 ms.
In the recovery period, the voltage recovers to 90% of the rated
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value in 1.5 s. The reconfiguration is designed according to these
periods as follows.

The first condition is to satisfy the zero voltage period. ¢ is
the time from the occurrence of the fault to the completion of
interrupting the fault current ip /1,y topen iS the opening time of
the main switch. t.)og 1S the closing time of the interconnection
switch and the ACCB. When a fault occurs, RecP starts the lower
arm short protection. Then, RecP and InvP are disconnected
from the faulted pole for the duration of i, 4 topen (see Figs. 7
and 8). Next, RecP and InvP are connected to the healthy pole
for the duration of Zj0se (see Fig. 9). Then, RecP quits the lower
arm short protection and resumes the switching operation. The ac
voltage V,.; drops to almost zero while RecP conducts the lower
arm short protection. Because the zero voltage period should be
within 150 ms, the following formula holds to satisfy the FRT
requirement.

ting + topen + telose = tzero < 150 ms. (2)

The second condition is to satisfy the recovery period. RecP
recovers the ac voltage V,.; from zero to the rated value in a
ramp shape for the duration of ,ccover as shown in Fig. 9. Thus,
the following formula should also be satisfied:

tzero + trecover < 1'5 S. (3)

In conclusion, the conditions given by (2) and (3) are the
requirements for continuous operation of the WPPs with their
FRT capability.

Lopen and tclose are determined by the characteristics of the
switches. tqcover 18 determined by the voltage control of RecP.
Note that as the converters are at blocking states during the
reconfiguration, the control delays of the converters have almost
no influence on the satisfaction of (2). Also, regarding (3), the
time scale discussed here is much longer compared to the control
delay of the converter (approximately less than 100 ps), and the
control delay of the converter has almost no influence on the
satisfaction of (3) too. On the other hand, the interruption time
tint depends on several factors such as the impedance of the dc
system (fault location), the impedance of the ac system, and a
fault clearing method.

For example, when the fault location is far from the MMC, the
equivalent inductance becomes large, resulting in the increase
of the energy stored in the transmission line. This means that
the decay time of the fault current becomes longer. In addition,
the magnitude of the dc current i 1,,, While the InvP operates
as a diode rectifier depends not only on the impedance of the dc
side and the MMC, but also on the impedance of the onshore ac
system [21]. This means that the energy stored in the inductance
changes according to the impedance of the ac system and affects
tint~

However, these characteristics are physically determined by
the system configuration, such as transmission length and its
impedance. Therefore, once the system is characterized, it is
possible to adjust t;,+ by designing the fault clearing method
properly. For example, if the decay time is relatively long be-
cause of the long transmission line, the time can be shortened
by increasing the voltage across the grounding resistor v in the
(1) with increasing its resistance. Equation (2) implies that the
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time required for current interruption (¢i,¢) can be extended if
the operating time of the disconnecting switches or ac circuit
breaker (topen, telose) can be shortened. In order to give more
degrees of freedom in design, optional fault clearing methods
are described in the following section. Furthermore, the basic
design method based on a quantitative analysis is shown in the
appendix.

B. Optional Fault Clearing Methods to Accelerate Current
Interruption

As mentioned before, the interruption time ¢;,,; has to be de-
signed to meet the requirement. This section describes optional
current interrupting methods to give more degrees of freedom
in design.

1) Grounding Resistor: The method using a grounding re-
sistor has already been shown in the previous section. The
grounding resistor is inserted between the grounding point and
the neutral line as shown in Fig. 11. When the pole-to-ground
fault occurs, the grounding resistor is inserted in the path through
which the fault currents ix /1, and ip /R flow and it contributes
to decay the fault current. As the grounding resistor is passive
element, it is simple and low cost. And the time for interrupting
the fault current can be shortened by inserting a large grounding
resistance. However, it increases the transient voltage of the
neutral line, requiring a higher insulation level. Therefore, there
is a limitation in increasing the grounding resistance. If the
transmission line is short and its inductance is small, the required
voltage across the grounding resistor v and the insulation level
are relatively low. Thus, this method will be the most reasonable.

2) NBS: To accelerate current interruption, the neutral line
may be equipped with a NBS [4], [5], [22]. The NBS is inserted
between the neutral line and the dc terminal of MMCs as shown
in Fig. 11. The NBS operates after the dc side of the MMC
is decoupled from the ac side by opening the ACCB [4], [5].
The role of the NBS is to dissipate the energy of the dc side
inductance and interrupt residual current immediately. The basic
configuration of the NBS is the same as that of a mechanical or
semiconductor type dc circuit breakers. However, the NBS does
not require operation at the rated transmission voltage because
it operates after decoupling the dc side from the ac system. The
mechanical type has been put in practical use as the metallic
return transfer breaker in the existing bipolar HVDC systems.
Moreover, the NBS does not cause the voltage increase of the
neutral line because it is not inserted between the grounding
point and the neutral line.
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If the NBSs are inserted at both the onshore and the offshore
sides, the grounding resistor can be removed. The NBS at the
onshore side operates after opening the ACCB. This operation
is same with [4], [5]. On the other hand, the NBS at the off-
shore side operates after starting the lower arm short protection
of the offshore MMC. The detailed operation is explained at
Section VI.

Although the hybrid utilization of a grounding resistor and
NBSs may also be an option, the hybrid utilization needs both
a grounding resistor and NBSs, which increases components of
the system. Therefore, the details are not explained in this article.

V. RECONFIGURATION AFTER FAULT RECOVERY

When the reconfiguration is completed after the fault, all
the power from WPP1 and WPP2 flows via the healthy pole.
However, continuous operation with this mode can overload
the transmission line. Line faults are likely to occur in the
overhead line and to be nonpermanent. In such case, the system
is reconfigured again from the four-terminal HVDC mode to
the point-to-point HVDC mode after the fault arc deionization
time of 300 to 500 ms. As a result, the power flow returns to
the original state about 1 s after the fault. Thus, transmission
lines operate in overload about 1 s. Because the power flow of
dc transmission lines is limited only by thermal constraint, dc
lines can handle overload for short periods of time. Although
it is necessary to design the dc lines taking into account the
short-time overload, it is not necessary to double the steady-state
current rating.

VI. VERIFICATION BY SIMULATION

The proposed method is verified by EMT simulations using
a program XTAP. Fig. 12 shows the simulated system based on
Fig. 2. The main differences from Fig. 2 are as follows. The full
converter-based WPP is modeled as a set of a dc power supply
and a grid-tied inverter. This is because detailed modeling of
wind turbine is not necessary as long as verifying the continuous
operation capability. The continuous operation of the WPP is
confirmed based on the voltage applied to the WPP and FRT
requirement. The WPP complying with the FRT requirement is
designed to continue its operation under voltage sags that are
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TABLE I

CIRCUIT PARAMETERS
Rated power/pole 1000 MVA
Rated dc voltage +500 kV
Rated ac voltage Vs 275 kV
System frequency 50 Hz
Opening time of Sp1,Spa topen 20 ms
Opening time of ACCB 40 ms
Closing time of Syn and ACCB telose 40 ms
Recover time trecover 100 ms
Clamping voltage of g (Case 1) Wim 100 kV (20%)
Threshold current of Rg (Case 1) Iin 1A

Clamping voltage of NBS (Case 2)  VnBs 100 kV (20%)

Arm reactance of MMC Larm 5% (based on 1 pole)
Leakage reactance (onshore) Lirans 15% (based on 1 pole)
AC reactance (onshore) Lac 20% (based on 2 poles)
DC inductance (offshore) Lgc 60 mH

shorter than the FRT requirement. Therefore, it is possible to
assess the continuous operation based on the duration of the
voltage sag. Half-bridge MMCs RecP, RecN, InvP, InvN are
modeled based on the average value model which can simulate
both operating and blocked states. The transmission lines consist
of a 40-km cable and four 50-km overhead lines, which are dis-
tributed element line models considering frequency-dependent
power loss. The distributed element model can simulate the
dynamics of an actual cable or overhead line in more detail than
the lumped constant model. Pole-to-ground faults are caused in
the overhead line by a switch Sg,y while both WPP1 and WPP2
generate 1 pu (1 GW). This article focuses on a pole-to-ground
fault on an overhead line. This is because the fault occurs more
frequently on the overhead line than on the cable. The same
method can also be applied even if the fault occurs on the cable.
However, in the case of the fault on the cable, the reconfiguration
after fault recovery explained in Section V may not be applicable
as the fault on the cables may become a permanent fault. The
assumed fault points are at 0, 50, 100, 150, and 200 km from
InvP.

The parameters are summarized in Table I. They are deter-
mined to meet the requirements for continuous operation of
WPPs at all the fault points, according to the design procedure
in Section I'V. Note that the communication delay is supposed
to be 5 ps/km [23], assuming the use of optical fiber. Since the
total length of the transmission line in the simulation is 240 km,
the communication delay between the offshore substation and
onshore substation can be calculated as 1.2 ms, and the closing
time of the disconnecting switch and ACCB %o is determined
including this communication delay. The following waveforms
were obtained under the pole-to-ground fault at 200 km from
InvP, which took the longest time for the reconfiguration. There
are two cases with different fault clearing methods. Case 1 was
obtained with a grounding resistor (Only grounding resistor),
and case 2 was obtained with four NBSs (Only NBS).

A. Case 1: Fault Clearing With a Grounding Resistor

Fig. 13 shows the simulated result of case 1. The nonlinear
characteristics of the grounding resistor are simplified as shown
in Fig. 12. The clamping voltage Vj;,,, is 100 kV, which is 20% of
the rated value, and the threshold current I, is 1 A. In addition,
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Fig. 13.  Simulation waveforms of case 1: A grounding resistor is used for the
fault clearing.

a 10-k€2 resistor is inserted in parallel to lower the voltage v,
at steady state. Simulated results are described in the following
three procedures.

1) Step 1: Suspension of MMCs and Disconnection of the
Offshore MMC From the Faulted Pole (0 ms <t < 24.0 ms):
When the pole-to-ground fault occurred at the positive pole,
the voltage of the transmission line vrecp dropped. When this
voltage drop was detected, RecP conducted the lower arm short
protection. And InvP was blocked due to the increase of the
current on dc side. At this time, a trip signal was sent to the
ACCB on the onshore side. Due to the lower arm short protection
of RecP, voltages of the offshore ac collecting system vyy, Uyw,
Vywu dropped. WPP1 continued to operate while controlling its ac
currents i,,, iy, ¢ and generated the residual voltage as shown in
Vuvs Uyws Uwu. These currents flowed in RecP but did not flow to
the dc side. As a result, igrecp decreased by the voltage across
grounding resistor v,, which was clamped to 0.2 pu by the
grounding resistor. When ig.cp reached zero at ¢ = 4.0 ms, the
diodes of the upper arms were reverse biased by v, and kept irecp
to be zero. Then, a trip signal was sent to the main switches Spy,
and they were opened after the operation delay of 20 ms at t =
24.0 ms. As a result, RecP was disconnected from the faulted
pole.

2) Step 2: Disconnection of the Onshore MMC From the
Faulted Pole (24.0 ms <t < 99.5 ms): The blocked InvP acts
as an uncontrollable diode rectifier. Thus, the dc current ip,p
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Fig. 14.  Comparison with the FRT requirement and the simulation waveform

of case 1.

reached five times the rated value. The ACCB beside InvP
operated after the operation delay of 40 ms and the dc side was
decoupled from the onshore ac side. As a result, ip,p started to
decay by the grounding resistor. After p,p reached almost zero
(<0.0025 pu) at t = 79.5 ms, the trip signal was sent to the main
switches Sp, on the onshore side and they were opened at ¢ =
99.5 ms after the operating delay of 20 ms. As a result, InvP
was disconnected from the faulted pole. During this time, vyy,
Uyws Uwu had dropped because RecP had continued the lower arm
short protection.

3) Step 3: Closing of the Interconnection Switch and the
Resumption of the Power Transmission (99.5 ms < t): After
RecP and InvP were disconnected from the faulted pole, the
closing signal was sent to the interconnection switches Syy and
the ACCB beside InvP. At ¢ = 139.5 ms, the interconnection
switches Syy were closed and RecP and InvP were connected to
the healthy pole. Then, RecP and InvP resumed the switching op-
eration. RecP gradually restored the ac voltage as shown in vy,
Uyws Uwu. AS a result, power transmission from WPP1 through
RecP was resumed, which was confirmed by the increase of
irecp.- INO imbalance was observed between ip,,p and ip,yN be-
cause paralleled InvP and InvN controlled their dc voltage with
the drooping characteristic. The negative line current 7,, has
increased to 2 pu, while the positive line current 7, has decreased
to 0 pu. This indicates that the power flow was transferred from
the faulted positive pole to the healthy negative pole after the
reconfiguration. Note that the waveform of ¢}, during the period
0s <t<0.09 s is same as that of ij,p because the InvP is
connected to the positive pole at that period.

4) Validation of Continuous Operation of WPPs: A voltage
sag occurred in the ac collecting system during the reconfigu-
ration. This was confirmed from vy, vyy, Uwy in Fig. 13. The
voltage sag has to be small enough to maintain the operation of
the WPPs. Fig. 14 shows the comparison with the simulated
result V.1 and the FRT requirement Vigr. Vycp is the amplitude
of a vector derived by an abc-« 3 transformation of vyy, Vyw, Vwy-
Vi1 is above the level of the FRT requirement Vggr, where the
WPP continues to operate. Therefore, this voltage sag does not
affect the continuous operation of the WPP, as long as the WPP
complies with the FRT requirement of the grid code.

Furthermore, Figs. 15 and 16 compare the results with differ-
ent distances from the fault point. The farther the fault point is
from InvP, the longer it takes to interrupt the fault current iy,yp.
This is because the inductive energy stored in the transmission
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Fig. 16. V. obtained under different distances between InvP and the fault

point in case 1 and the comparison with the FRT requirement.

line increases as the distance to the fault point. This affects the
time required for the reconfiguration as shown in Fig. 16. How-
ever, the WPP can continue to operate in all cases because the
reconfiguration was designed under the most severe condition,
which is the case at the 200-km point. In conclusion, these results
verified the successful operation and the design of the proposed
reconfiguration.

B. Case 2: Fault Clearing With NBSs

In case 2, four NBSs were applied to clear the fault as shown
in Fig. 12. The grounding resistor was removed and the neutral
line was directly grounded. The NBS was modeled by an IGBT
and a surge arrester whose clamping voltage is 100 kV.

Fig. 17 shows the simulated results of case 2. When the fault
occurred, RecP conducted the lower arm short protection and
InvP was blocked. Then, NBS of the offshore side operated and
interrupted the current igecp at t = 2.5 ms. On the other hand,
NBS of the onshore side operated at t = 46.9 ms after the ACCB
of InvP tripped at ¢ = 45.9 ms. As a result, the current ip,,p Was
interrupted at ¢ = 83.5 ms. The major differences confirmed
from the results are summarized in the following two points.

1) The maximum value of ipp in case 2 is 20% larger
compared to case 1. This is because the grounding resistor
suppresses the fault current in case 1.

2) The neutral line voltage v, increased to 0.2 pu in case 1,
whereas kept at zero in case 2. This is because the system
applied the solid grounding in case 2.

Despite these differences, continuous operation of the entire
WPP is achieved in both cases. Fig. 18 shows the comparison
between the simulated result V.| and the FRT requirement Vigr.
It is confirmed that the voltage sag in case 2 is within the
operating range of the FRT requirement. Therefore, the NBSs
enabled continuous operation of the entire WPP.
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of case 2.

Furthermore, Figs. 19 and 20 compare the results with dif-
ferent distances from the fault point. Fig. 19 shows that the
farther the fault point is from InvP, the longer it takes to interrupt
the fault current ép,yp. This trend is the same as in Fig. 15
when using a grounding resistor. Therefore, same as using the
grounding resistor, the WPP can continue to operate in all cases
by designing NBSs under the most severe condition (the case
where fault occurs at the 200-km point). And it can be confirmed
from Fig. 20.

VII. CONCLUSION

This article proposed a reconfiguration method for the bipolar
HVDC system. The proposed method realizes continuous oper-
ation of the entire WPP even if a pole-to-ground fault occurs.
The proposed method utilizes existing MMCs, an ACCB, and
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a grounding resistor to interrupt the fault current. Additional
disconnecting switches enable the HVDC system to reconfigure.
The reconfiguration is carried out to meet the FRT requirement
of the grid code. The coordination of these components achieved
the continuous operation of the WPP complying with the FRT
requirement. The proposed method was verified by EMT sim-
ulations. The result demonstrated continuous operation of the
entire WPP when a pole-to-ground fault occurred.

APPENDIX A
QUANTITATIVE ANALYSIS OF THE CLAMPING VOLTAGE FOR
THE GROUNDING RESISTOR AND NBS

This section shows the design procedure of the clamping
voltage for the grounding resistor Vj;,, and the NBS Vyps shown
in Fig. 12 and Table I. As discussed in Section IV, the reconfig-
uration must be designed to meet the FRT requirement, and the
condition is expressed by (2). For example, the opening time of
the main switch is assumed to be topen = 20 ms, and the closing
time of Syy and ACCB is assumed to be ¢¢jose = 40 ms. Under
these conditions, t;,, must satisfy the following formula.

tjnt < 150 ms — (topon + tClOSC)

* tine < 90 ms.

At the receiving end, ti, is the sum of the opening time of
the ACCB %,cc1, and the decay time fgecay- tdecay 15 defined as
the duration from when the ACCB opens until the fault current
at the receiving end i /1,,, decays to zero. If taccp 18 40 ms, then
tdecay should satisfy the following formula:

tdecay < int — Laceb
" tdecay < 90 ms. 4)

In conclusion, the clamping voltage for a grounding resistor
and NBSs should be designed to satisfy the above equation.
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TABLE IT
I4c EXPRESSED AS A FUNCTION OF Ry [21]

_ 9V3(1—K)Us
Mode A e = 5 o+ (50 _Rran)?
_ 3vVBQA—k)V3+k2Us
Mode B lac = 55 5 Ry (1-67)
_ 3(1—k)k\/7T—4k+k2U,
Mode € Tyc = R(6—5k+ k%) Xact mRg (1—K2)
Mode D[4, = 3EA-R)Us

k(2—k)Xact+(1—k)mRg.

TABLE III
BOUNDARY VALUE EXPRESSED BY R [21]

C k
Mode A/B Rp/p = X;C %
Mode BIC g — Xae (F=30)(:=2) /OFBRE+3y/T- 1k k%)

(k2=1)(/9+3k2 —k\/7T—4k+k2)
_ Xae (2k—k?)(\/T—4k+k2—34k)
Mode D Ro/p = =3 (h—1)(\/T—ahi k2 —1—k)

Then, based on (1), Z4ecay can be calculated from the following
equation, where the capacitance and resistance of the transmis-
sion line are ignored.

L

tdecay — ‘/:)perate Idc (5)
where L is the total inductance of the transmission line and
MMC, and Vperate is the clamping voltage of the grounding
resistor or the NBS. /. is the fault current at the moment of the
ACCB operation. Iy is the dc component of the fault current in
steady state. In the case of the NBS, the operating time of the
NBS tngg should also be included as follows:

tdecay =~ Vildc + tNBs- (6)

operate

Assuming that a fault occurs at the farthest point from the
onshore inverter, L becomes maximum and is mainly influenced
by the inductance of the transmission line. Therefore, ignoring
the inductance of the onshore MMC, L can be approximated
by the inductance of the transmission line. In the simulation
condition, the inductance and total length of the overhead line
are 0.00219 mH/m (@ 1 Hz) and 200 km. Therefore, the total
inductance L becomes 438 mH.

Next, I4. can be calculated according to [21]. There are modes
A to D as the main steady-state operations of the blocked MMCs
when the dc fault. The number of conducting diodes increases
from mode A to mode D. In mode A, three diodes conduct
continuously. In modes B, C, and D, three and four, four and
five, and five and six diodes sequentially conduct, respectively.
Note that the intermediate mode is not considered here. The fault
current at the dc side in each mode is quoted in Table II. And
Table I1I shows the boundary values expressed by Rgc. Rqc is the
total resistance of the dc side, and Us is the amplitude of phase
voltage of the ac grid. X, is the reactance of the transformer
and the AC grid. The resistance of the ac side is not considered.
k is defined as k = ﬁ, where X, is the reactance of
the arm reactor.

Tables IV and V are derived by substituting the relation
of Vie = Rgclge into Tables II and III. These formulas are
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TABLE IV
I4. EXPRESSED AS A FUNCTION OF V.

V3(1—k)\/(9Us)2 — (27 Ve )2
18X,c

3V3V3+k2Us—nVac (1+k
Mode B Idc (1 - k) \/7\/?)(5;0(37k>d —

B 3k\/T—4k+k2Us—(1+k) 7 Vg,
Iyc = (1 - k) k(6—5k+k2) Xac

BKU: 7 Vae
Ige = (1— k)k(gT)ﬁx;c

Mode A I =

Mode C
Mode D

TABLE V
BOUNDARY VALUE EXPRESSED BY V.

Mode A/B Vi /p = USL@%
17 3VBE(V3(T—4k+k2)—(2—k)\/3+k2)
Mode B/C VB/C =Us Tr(1+k)(k2*2k+3)

Mode CID Ve = 3kUs =R VT ik41S)

expressed by the voltage of the dc side V., and are useful for
designing the grounding resistor.

I4c can be calculated using these formulas as follows. Note
that the influence of the healthy pole is not considered.

A. Grounding Resistor

In the case of the grounding resistor, it is inserted into the
fault current loop before the ACCB operates, which affects /g.
Therefore, this effect should be taken into consideration. By
using a grounding resistor, the dc side voltage Vj. is almost
equal to the clamping voltage of the grounding resistor Vi ,erates
and the formula in Tables IV and V can be utilized.

First, the specific boundary values for V. can be obtained
by using formulas in Table V and the parameters in Table I as
follows:

Vs = 186.8 kV, Vi, = 23.2kV, Vop = 6.7 kV.

For example, the clamping voltage of the grounding resistor
used in the simulation is 100 kV. Since it is smaller than the
boundary value between A and B (186.8 kV) and larger than
the boundary value between B and C (23.2 kV), it can be seen
that the operation is in Mode B. Next, according to the equation
for Mode B in Table IV and the parameters in Table I, /4. can
be calculated as 8.63 kA, which corresponds to 4.32 pu. This
analytical result agrees well with the simulation result of the
200 km line shown in Fig. 15.

The aforementioned process gives us the total inductance
L and the fault current I4c. Vperate 1S the operating voltage
of the grounding resistor. Substituting them into (5), tqecay 18
calculated to be 37.8 ms, which satisfies (4). A similar decay
time was observed in the simulation results for the 200 km line in
Fig. 15. This suggests that the clamping voltage of the grounding
resistor can be determined theoretically.

B. NBS

In the case of NBSs, the grounding resistor is not inserted on
the dc side. Thus, the calculation procedure of I, is different
from that for the grounding resistor. However, in this case, /4.
can be calculated using the same method as [21].
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The boundary value for Rg4. can be obtained using the formu-
las in Table III and the parameters in Table I as follows:

Rap =268 Q, Rp/c =2.30Q, Rop = 0.51 Q.

Since the grounding resistor is not inserted at the dc side,
the resistance of the transmission line is considered as Rge.
Ignoring the resistance of the onshore MMC, the total resistance
can be obtained by calculating the resistance of the transmission
line. The resistance and total length of the overhead line are
0.0101 m¥m (@ 1 Hz) and 200 km. Therefore, the total resis-
tance R4, becomes 2.02 (2. Since it is smaller than the boundary
value between B and C (2.30 €2) and larger than the boundary
value between C and D (0.51 €2), it can be seen that the operation
is in Mode C. Then, according to the equation for Mode C in
Table II and the parameters in Table I, /4. can be calculated as
10.5 kA, which corresponds to 5.25 pu. This analytical result
agrees well with the simulation result of the 200 km line shown
in Fig. 19.

The aforementioned process gives us the total inductance L
and the fault current /., and txgs is 1 ms in the simulation.
Substituting these values and (4) into (6), the lower limit of the
clamping voltage V,erate can be found as follows:

Voperate > 93.9 kV. %

The clamping voltage of the NBS is designed to be 100 kV in
this article, which satisfies this lower limit. Because the clamping
voltage is designed slightly larger than the lower limit, Z4ecay 15
calculated as 47.0 ms. A similar decay time was observed in the
simulation results for the 200 km line in Fig. 19. This suggests
that the clamping voltage of the NBS can be designed by the
calculation. In practice, resistances of the transmission line and
MMC, which are neglected in the equation, also contribute to
decay.

In conclusion, it is possible to theoretically obtain the clamp-
ing voltage of the grounding resistor and the NBS. Since the
aforementioned calculations incorporate approximations, the
authors still think that the final design should be validated
and tuned through EMT simulation. However, the calculation
aforementioned roughly provides us with a suitable design point
in advance. Therefore, we can save time by reducing trial and
error in the simulation. In addition, parameters related to the
design of the grounding resistor and the NBS can be organized.
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