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Abstract—This article focuses on a multicircuit HVDC system
which can localize the dc line fault without dc circuit breakers. The
conventional fault clearing method causes the shutdown and the
restart of the wind power plants, which results in the suspension
of the power supply. The suspension may affect the balance of
supply and demand, and may cause frequency drop in the onshore
ac power system. To solve the problem, this article proposes a
system switching method to enable the continuous operation of the
wind power plants under the dc line fault. The proposed method
utilizes the half-bridge modular multilevel converter to clear the
fault while keeping the wind power plants operating. As a result, the
proposed method realizes the continuous operation of wind power
plants and shorten the transmission outage to 0.2 s. Thus, it greatly
increases the supply reliability. Experimental results demonstrate
the validity of the proposed method.

Index Terms—DC line fault, HVDC transmission system,
modular multilevel converters (MMC), system switching.

I. INTRODUCTION

ARGE-SCALE offshore wind power plants (WPPs) re-
quire a transmission system under the sea with long-
distance and large-capacity undersea cables. A high voltage dc
(HVDC) transmission system is an option because it can reduce
the cost [1]. In the North Sea, multiple point-to-point HVDC
systems have been independently constructed in parallel for
adjacent offshore WPPs in the same area [2]. Each point-to-point
HVDC system has no redundancy for the dc line fault. Thus, the
power transmission stops for a long time until the cable under
the dc line fault is repaired.
To continue the power transmission under the dc line fault,
a loop configuration is adopted to add redundancy to the dc
transmission lines (HVDC grid). DC circuit breakers are often
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applied to the HVDC grid to clear the fault [3], [4]. Such system
can continue the power transmission by way of the nonfaulted
section after clearing the faulted section, which is selective fault
clearing. There are some types of dc circuit breakers such as
mechanical type [5], [6], solid-state type [7], [8], and hybrid
type [9], [10], [11]. The hybrid type especially attracts attention
because it combines the characteristics of the low loss of the
mechanical type and the high-speed interruption of the solid-
state type. A hybrid dc circuit breaker has been developed for
Zhangbei £500-kV multiterminal HVDC system in China [12].
However, the system often requires a large number of dc circuit
breakers as the system expands. DC circuit breakers are more
complex and expensive than ac circuit breakers because they
require a bulky current limiting inductor, surge arresters, and
auxiliary devices to generate the zero point of dc current [13].
Therefore, the use of dc circuit breakers will increase the system
cost. Furthermore, further studies are suggested for reliability,
size reduction, and technical standards of dc circuit breakers for
HVDC systems [14], [15].

There are some alternative methods to clear the dc line fault
without dc circuit breakers [4]. Opening ac circuit breakers en-
ables to stop the dc fault current from converters [16]. In addition
to this, several fault-blocking converters have been proposed
to interrupt the fault current. For example, a hybrid modular
multilevel converter (MMC) which combines full-bridge cells
and half-bridge cells can interrupt fault current at the dc side
while compensating reactive power at the ac side [17], [18].
Besides this, MMCs consisting of various cells, such as a clamp
double submodule [19], a switched-capacitor submodule [20],
and other types [21], [22] have been proposed to block the dc
fault. Thus, applying these methods to all the converter terminals
enables a fault current to be cleared, which is nonselective fault
clearing [3]. After that, dc disconnecting switches eliminate the
faulted section, and the power transmission can be resumed by
way of the nonfaulted sections. However, these methods cause
the entire HVDC system to be suspended due to a fault [3].
Thus, they are not suitable for applying to a large-scale system.
Features of the existing methods are summarized in Table 1.

On the other hand, there is a multicircuit HVDC system which
can avoid suspension of the entire system under dc fault without
using dc circuit breakers [23]. This configuration separates the
multiple dc circuits by the disconnecting switches and diodes.
This enables to localize the dc line fault only in the single
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TABLE I
FEATURES OF THE FAULT CLEARING METHODS

Fault clearing scheme HVDC grid with dc cir-
cuit breakers (selective fault

clearing)

HVDC grid with fault-
blocking converters (non-
selective fault clearing)

Multicircuit HVDC system
with the proposed system
switching

Suspension of power sup-  No WPPs

ply under a dc fault
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Fig. 1. Configuration of the double-circuit HVDC system.

circuit, and the other nonfaulted circuits can continue the power
transmission. Therefore, the multicircuit HVDC system realizes
the similar supply reliability as well as the HVDC grid with
dc circuit breakers. However, the conventional fault clearing
method still requires the shutdown of the WPPs in the faulted
circuit. Even if the WPP is reconnected to the nonfaulted circuit
by a system switching, the power transmission suspends until
restarting the WPPs. The suspension of power transmission
may affect the balance of supply and demand, and may cause
frequency drop in onshore ac power system. In this article, we
propose a system switching method that enables the continuous
operation of WPPs under the dc line fault for the multicircuit
HVDC system. The proposed method applies a new protection
method to the half-bridge MMC (HB-MMC) for clearing the
dc fault current. As a result, WPPs do not have to stop for
fault clearing. All WPPs maintain their operation during the
fault clearance and system switching from the faulted line to
the nonfaulted line. Therefore, the proposed method greatly
improves the supply reliability. The basic concept has been
presented with the preliminary simulation results [24]. This
article demonstrates the proposed method by experiments using
adownscale system consisting of two 5.5-kW WPPs and HVDC
transmission lines. Experimental results verify that the proposed
method realizes the continuous operation of WPPs and reduces
the time for resuming the power transmission to 0.2 s under the
dc line fault.

II. CONFIGURATION OF THE MULTICIRCUIT HVDC SYSTEM

This section explains the configuration and control methods
for the multicircuit HVDC system. Fig. 1 shows a configu-
ration of the double-circuit HVDC system consisting of two
dc transmission lines, which is for two offshore WPPs. The
configuration can be extended to more than two by increasing
the dc transmission lines, which is shown in Section II-D. The
multicircuit HVDC system can be divided into three sections: 1)
the offshore ac collection system; 2) the dc transmission lines; 3)
the onshore ac grid. The ac power generated at the offshore WPPs
(WPP1, WPP2) is collected by the ac collection system and
converted to dc power by the offshore rectifiers (Recl, Rec2).
Then, the dc power is injected to the dc transmission line and
received at the dc bus on the onshore side. The dc power is
converted to ac power by onshore inverter (Inv) and injected into
the onshore ac grid. Recl, Rec2, and Inv apply the HB-MMC.
Details of each section are described below.

A. Offshore ac Collection System

The offshore ac collection system applies the existing config-
uration and control method for WPPs [25]. The WPP consists of
multiple generators for wind turbines and grid-tied converters.
A fully rated back-to-back converter is applied to the grid-tied
converter, and it connects the generator to the ac collection
system. The offshore rectifier (Rec1, Rec2) controls the voltage
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of the ac collection system to be constant amplitude and constant
frequency. On the other hand, the grid-tied converters control
their ac current to send the generated power to the ac collection
system.

B. DC Transmission Lines

Each dc transmission line consists of two cables with the sym-
metrical monopole configuration, being composed of a positive
pole of +Vj./2 and a negative pole of —V./2. In Fig. 1, two
dc transmission lines, Linel and Line2, are laid in parallel. At
the sending end, the offshore rectifier Recl is equipped with
two pairs of disconnecting switches (Sip, S1n) and (Sap, San).
A pair of switches for the same line operates together. Two
pairs (Sip, S1n) and (Sap, So,) Operate complementary, and the
disconnecting switches connect the offshore rectifier to only one
of the two transmission lines. For example, Recl is connected
to Linel (S;;, and Sy, are closed), but disconnected from Line2
(S2p and Sy, are opened) in Fig. 1. Rec2 is also equipped with
two pairs of disconnecting switches (S3p, S3,) and (Sap, San)
as well as Recl. But they are omitted in the following figures
for their simplicity. The disconnecting switches operate after
clearing the dc line fault, which is explained in the Section IV.

At the receiving end, two transmission lines are connected
to the dc bus by way of diodes for blocking the fault current.
Such blocking diodes have been applied to voltage-source in-
verters [26], [27], [28], whereas they are applied to the dc bus in
this system. The diodes have to withstand the rated dc voltage
to block the fault current. Thus, they generate some amount of
conduction loss, whereas they are normally kept on-state and do
not cause switching loss. Therefore, the calculated power loss is
0.02% [26] or 0.05% [27] of the transmission capacity, which is
negligible comparing to the loss in the rectifiers and inverters.
The dc bus is equipped with the braking chopper [29] to avoid
overvoltage and also to balance the voltage between the positive
pole and the negative pole of the symmetrical monopole config-
uration. The onshore Inv at the receiving end keeps the voltage of
the dc transmission line constant. The offshore rectifiers (Recl,
Rec2) adjust the power flow by their dc current.

C. Onshore ac System

The onshore ac system is simplified as a voltage source in
Fig. 1. The onshore Inv converts the dc power to ac. It con-
trols its ac current to synchronize with the grid voltage. With
the aforementioned controls, the entire system realizes power
transmission from the WPPs to the onshore ac grid.

D. Extension of the Multicircuit HVDC System

The multicircuit HVDC system can be extended by increasing
the WPPs and transmission lines. Fig. 2 shows the single-line
diagram of the multicircuit HVDC system that connects six
WPPs to an onshore ac system via three transmission lines.
Each offshore rectifier is connected to either one of the two
transmission lines by two pairs of disconnecting switches. All
transmission lines are connected to the dc bus through diodes at
the receiving end. Although the following sections explain the
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Fig. 3. Fault ride through requirement of wind power generations [33].

proposed method based on the double-circuit HVDC system,
the same method is applicable to the extended configuration.

III. STRATEGY FOR THE CONTINUOUS OPERATION OF WPPS

The double-circuit HVDC system can resume the power trans-
mission by applying system switching after fault clearance [23].
However, the previous method requires the shutdown of the WPP
for clearing the fault. This happens because the fault is cleared by
opening the ac circuit breaker, and no converter maintains the
voltage of the ac collection system. The halted wind turbines
stop rotation of their blades. To restart them, they gradually
increase the rotation speed to the rated speed while adjusting
the pitch angle of the blades. Because the restart coordinates
with mechanical part, they cannot restart in a short time. More-
over, the capacity of a WPP reaches the scale of hundreds of
megawatts [30]. Therefore, the suspension of the WPPs may
cause frequency drop in the onshore ac system. Existing grid-tied
converters for onshore WPPs are designed to comply with the
grid code. The grid code includes the fault ride through (FRT)
requirement for ac voltage sag. The FRT requirement contributes
to prevent cascading dropout of the grid-tied converters by the
voltage sag. Fig. 3 shows the Japanese FRT requirement for
WPPs [33], which defines the fault conditions under which the
WPPs continue their operation. WPPs that comply with the FRT
requirement continue to operate against the voltage sag which
continues 150 ms with the amplitude of 0% and recovers the
amplitude to 90% over 1.5 s.

The proposed system switching method utilizes the FRT
capability of the WPPs. The ability of FRT depends on the
control of the WPPs. However, the WPP complying with the
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Fig. 4. Operating timelines of the system switching after the dc line fault.

FRT requirement should have the ability for the voltage sag
specified in the grid code. The proposed method intentionally
generates a voltage sag in the ac collection system during dc
fault clearance and system switching. However, the voltage sag
is designed to be minor to the FRT requirement. This can assure
the WPPs to continue their operation.

At present, the FRT requirement is a regulation for onshore
WPPs, and application to the offshore WPPs connected by an
HVDC system is not mandatory. The proposed method imposes
the same FRT requirement on the offshore WPPs. This means
that the offshore WPPs can use the same control method as WPPs
already in operation on land.

IV. PROPOSED SYSTEM SWITCHING METHOD ENABLING THE
CONTINUOUS OPERATION OF WPPS

This section explains the system switching method which
enables the continuous operation of WPPs after the dc line
fault (procedures X 1-X3). In addition, this method is applicable
during the normal operation. So this section also explains system
switching in the normal operation (procedures Y 1-Y3).

A. System Switching After the dc Line Fault (X1-X3)

The proposed system switching after the dc line fault consists
of the following three procedures:

1) X1 Clearance of the fault current;

2) X2 Operation of the disconnecting switches;

3) X3 Resumption of the power transmission.

Fig. 4 shows the operating timelines of the proposed system
switching. The vertical direction is the flow of time associated
with the three procedures. Three timelines are associated with
the operation of the ac collection system, the rectifier, and the DC
transmission line, respectively. The following sections explain
the method assuming that the line fault occurs on Line1 in Fig. 1.
The same procedure is also applicable to Line2 because the
system configuration is symmetrical.

Two types of fault are possible in the symmetrical monopole
HVDC system: 1) pole-to-ground fault where either the positive
or negative pole is grounded; 2) pole-to-pole fault where both
poles are grounded. The undersea cables for the positive and
negative poles are usually laid separately. Thus, pole-to-pole

Recl
e Diode
Lower arm short blockin
protection Fault » e
Bl

Fig. 5. Clearance of the fault current (X1).

fault in undersea cables is rare compared to pole-to-pole fault
in overhead lines. Therefore, this article focuses on the pole-to-
ground fault for the target of the proposed method.

1) Clearance of the Fault Current (X1): Fig.5 shows the state
during the clearance of the fault current. It assumes a positive
pole-to-ground fault, but the same method can be applied to a
negative pole-to-ground fault. When the pole-to-ground fault
occurs at Linel, the fault current 7y, tries to flow into the
fault point from the onshore inverter and the nonfaulted Line2
at the receiving end. The fault current iy, is blocked by the
blocking diodes installed between the transmission line and the
dc bus. Therefore, the diodes suppress the spread of the fault at
the receiving end. It enables the system to continue the power
transmission from Rec2 using the nonfaulted Line2 as shown in
Fig. 5.

At the sending end, the current 7¢,,;; flows into the fault point
from Recl. gy is blocked by the Recl which conducts the
fault cleaning method called “lower arm short protection [31]”
which was originally introduced to avoid the overvoltage in the
symmetrical monopole configuration.

Fig. 6 shows the equivalent circuit of the lower arm short pro-
tection. Recl turns off all the switches of cells in the upper arms.
On the other hand, the lower arms are bypassed by turning on
the low-side switches of cells in the lower arms. Consequently,
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the lower arms form a short circuit among the three-phase ac
terminals, and the voltage amplitude of the ac collection system
Va1 drops to almost zero as depicted in Fig. 6. At this time, the
grid-tied converters of the WPP continue the current control and
avoid their overcurrent. Therefore, WPP is represented by the
current source of twpp. The current iwpp circulates only in the
shorted lower arms of Rec1, and it does not flow out to the dc side.
On the other hand, the fault current i, flowing between Recl
and the fault point starts the resonance among the dc inductors
and the line-to-ground capacitance C,pe of the nonfaulted pole.
C'able holds the voltage of Vg, /2. The voltage decreases the fault
current ¢y, and it is interrupted at the zero point by the diodes of
the upper arm. Then, the diodes are reverse-biased by the residual
voltage of Cyple. Therefore, the fault current is interrupted by
the lower arm short protection at the sending end, while the WPP
continues the operation and flows the current through the lower
arm of the rectifier. As a result, the current amplitude during the
lower arm short protection becomes 1.35—1.62 times larger than
that of the normal operation (cf. Appendix A). The lower arms
of the rectifier should be designed to withstand the current.

2) Operation of the Disconnecting Switches (X2): Fig. 7
shows the operation of the disconnecting switches. After the
clearance of the fault current, Recl is disconnected from the
faulted Linel and connected to the nonfaulted Line2. First,
the disconnecting switches Sip, Si, on the faulted Linel are
opened. At this time, the disconnecting switch does not need
the current interrupting capability because the fault current
has already been interrupted by the Recl with lower arm short
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Fig. 8. Resumption of the power transmission (X3).

protection. Next, the disconnecting switches Sop, Soy to the
nonfaulted Line2 are closed. At this time, the voltage of the
nonfaulted line Vg, is applied to Recl. However, no inrush
current flows because Recl continues the lower arm short
protection and the diodes of the upper arm are reverse-biased.

The Recl continues the lower arm short protection during the
operation of the disconnecting switches. Although WPP1 keeps
the current flowing, this current only circulates in the Rec1 which
is shorted in three phases. Therefore, Recl does not receive any
active power and maintains the voltages of the cell capacitors
constant. On the other hand, the voltage amplitude of the ac
collection system V.1 remains almost zero, as depicted in Fig. 7.

3) Resumption of the Power Transmission (X3): Fig. 8 shows
the state after resuming the power transmission. The Recl
quits the lower arm short protection and restarts the switching
operation. The Recl gradually increases the voltage of the ac
collection system from zero to the rated value as depicted in
Fig. 8. Thus, WPP1 resumes power supply to the Rec1 through
the ac collection system. Then, the power transmission from the
Recl to the Inv is resumed by way of the nonfaulted Line2.

By the above-mentioned operation, the power transmission
can be resumed after clearing the line fault. On the other hand,
the voltage sag occurs in the ac collection system during the
operation. This voltage sag has to be designed to be minor to the
FRT requirement so that the WPPs continue their operation.

B. Design of the System Switching Based on the FRT
Requirement

During the system switching, the voltage sag occurs in the
ac collection system as shown in Fig. 8. If this voltage sag is
prolonged, the WPP connected to the ac collection system finally
stops. To prevent that, the system switching is designed so that
the voltage sag becomes minor compared to the FRT requirement
and enables the continuous operation of the WPP.

1) Zero-Voltage Period: FRT requirement allows the zero-
voltage period of 0.15 s as shown in Fig. 3. The offshore rectifier
Recl outputs zero voltage during the lower arm short protection.
It continues until the Rec1 is connected to the nonfaulted line.
Therefore, the zero-voltage period tze., iS approximately ex-
pressed as follows:

tzero = tint + tOpen + Lclose
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where t1,, is the time to interrupt the fault current by the lower
arm short protection in the X1. topen and Lciose are opening time
and closing time of disconnecting switches, respectively, in the
X2.

tmt can be estimated by the following procedure. During
interrupting the fault current, the fault current ¢, flows in
the equivalent circuit shown in Fig. 6. In this equivalent circuit,
the transmission line is treated as a lumped constant and the
discharge from capacitors excepting nonfaulted pole are ignored
for simple consideration. As a result, the transition of 7.yt
depends on the resonance between the total inductance L of the
transmission line and the inductor of the Rec1, the line-to-ground
capacitance C.,p10, and the fault resistance Ry,,14. Therefore, the
transition of 7¢,,¢ can be described as follows:

d . ) 1 .
0= Lﬁlfault + Rfaultifauls + m /Zfaultdt-

This equation yields gy when Reur < 24/L/Ceable as

follows:

Reault
2L

iraute (t) = € tAsin(B — wt)

o 1 <Rfault ) ?
w = _
OcableL 2L

Reauclo .~ Vo \°
A= y/1I2 4 —
\/ ot ( 2wl * wlL
2wLI0

2Vo + Reaue o

Iy is the dc current when Recl starts the lower arm short
protection, which is almost equal to the rated current /.. V) is
the residual voltage of Ccap1e, Which is almost equal to half the
rated voltage Vg./2. ifau1t is finally interrupted by the diodes
when it reaches zero. Therefore, the interrupting time fy,¢ 1S
obtained as follows:

where

tan B =

. _ Rpay)
Lfault (tInt) =€ 2L *

bt Asin (B — wtpng) = 0

. B - 2wl

U lIpg = — = — tan ~r . - T
It w w 2‘/0 + RfaultIO

1

— ~tan ! (M>
Vie + Reauielac )

For example, assuming a +400kV symmetrical monopole
HVDC system, the tp,; can be calculated as 0.5ms re-
ferring to the following parameters of an XLPE under-
sea cable [32]: Vg./2 =400kV, I3 =T60A, AL=2x
1.4mH/km, ACeaple = 0.13 pF/km, Ry = 0§2, and the
length of the cable [ is 100 km (substitute L = AL X I, Ccaple =
AC:caple X ). Inaddition, Fig. 9 shows the variation of ¢1,,y when
changing the following: 1) cable length [ (with Rgau1e = 082);
2) fault resistance R,y (With [ = 100 km). Although the value
tmt varies depending on [ (fault location) or Ry,y1t, tint 1S on the
order of several milliseconds. Thus, ¢y, is much shorter than the
operating times of disconnecting switches topen, tclose Which
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are dozens of milliseconds. Therefore, there is little impact of
the fault location or fault resistance, and the zero-voltage period
1Zero 18 determined mainly by topen and taiose-

In this article, topen and ciose are set to 40 ms and 50 ms, re-
spectively, based on the operating time of the existing ultra-high
voltage (UHV) ac circuit breakers. Disconnecting switches can
open only with zero current. Thus, after detecting zero current,
the controller sends an open command to them. Therefore, the
disconnecting switches start to open when the current reaches
zero, and becomes completely isolated after about 40 ms. As
a result, tzer, becomes 90 ms (=~ topen + tClose), Which has
60 ms margin for the zero-voltage period specified in the FRT
requirements (150 ms).

2) Voltage Recovery Time: As shown in Fig. 3, the FRT
requirement allows the voltage sag that returns to 90% in 1.5 s.
The proposed method makes Recl recover the voltage of the ac
collection system in the procedure X3. In this article, the voltage
is raised over 0.1 s by the Recl.

With these settings, the voltage sag while system switching
recovers in 0.2 s, which is the sum of the zero-voltage period
of 90 ms and the voltage recovery time of 0.1 s. Because this
voltage sag is minor to the FRT requirement, the wind power
plants can continue their operation over the voltage sag. As a
result, power transmission can resume in 0.2 s.

C. System Switching in the Normal Operation (Y1-Y3)

The proposed system switching method is applicable not only
after the dc line fault but also during the normal operation.
Generally, a cable fault does not self-recover, and it is necessary
to replace the faulted cable to resume power transmission. After
repairing the cable, the system switching is carried out to change
the connection of WPP1 and Rec1. The system switching moves
them from Line2 to the recovered Linel and returns to the
state before the fault. The system switching is performed in the
following three procedures:

1) Y1 Suspension of the power transmission;

2) Y2 Operation of the disconnecting switches;

3) Y3 Resumption of the power transmission.

A voltage sag occurs in the ac collection system during
the system switching. Therefore, it is also designed based on
the FRT requirement. As a result, the wind power plants can
continue their operation during the system switching.

1) Suspension of the Power Transmission (Y1): First, Recl
reduces the voltage of the ac collection system in a ramp shape
from the rated value to zero to suspend the power transmission.
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System switching after the fault of Linel in the triple-circuit HVDC

TABLE II
CIRCUIT PARAMETERS OF THE EXPERIMENTAL SETUP

Rated power of the rectifier 5.5 kW
Rated power of the inverter 13 kW
Rated value of the dc voltage +170 V
Rated value of the ac voltage Vs 200 V
The reference of the cell capacitor voltage 50 V
Inductance of the transmission line Lcable 0.5 mH
Earth capacitance of the transmission line Ccable 1 mF
Fault resistance Rpauir 3.3Q
DC inductor of Recl Lpc 5.7 mH

The operation decreases the active power flow from WPP1 to
Recl. It also gradually decreases the dc current in the Recl,
resulting in mitigating the transient disturbance in the transmis-
sion system. The reference to dc current control is given by
the feedforward of the active power flowing into Recl and the
feedback control of cell capacitor voltages of Recl.

Next, Recl starts the lower arm short protection to keep the dc
current completely zero. The upper arms of Rec1 are blocked and
the diodes of upper arms are reverse-biased by the line voltage.
During the lower arm short protection, WPP1 flows its ac current
through the lower arms of Rec1 and continues its operation. The
ac current does not flow out to the ac terminal.

2) Operation of the Disconnecting Switches (Y2): The con-
nection of Recl is changed from Line2 to Linel. The discon-
necting switches (Sap, S2n) on the nonfaulted Line2 are opened,
and the disconnecting switches on the recovered Linel (Sqp,
S1n) are closed.

3) Resumption of the Power Transmission (Y3): Recl quits
the lower arm short protection and restarts the switching oper-
ation. At this time, an inrush current may hinder the operation
of Recl especially if the dc line is not precharged. To prevent
the inrush current, Recl initially holds its ac voltage to be zero.
As aresult, the Recl can output an arbitrary dc voltage between
zero and the rated value at its dc terminal. Therefore, the dc
current control works effectively and avoids overcurrent due to
the inrush current even if the recovered Linel has no initial
charge. Thus, the Recl can restart the operation regardless of
the initial voltage of the recovered Linel.

After that, the dc line is charged to the rated voltage by the dc
current of Recl. Then, Recl raises its ac voltage from zero to
the rated value in a ramp shape. The increase of the ac collection
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voltage resumes the power transmission from WPP1, resulting
in the increase of the dc current. Then, the power transmission
is resumed by way of the recovered Linel.

D. Cable Capacity for System Switching

The cable capacity depends on the number of transmission
lines and the required transmission capacity after the fault. This
section describes some cases as examples.

1) Double-Circuit System Requiring Rated Transmission
Capacity After the System Switching: In the double-circuit
system, all the WPPs are connected to the single circuit when one
of the two circuits are disabled by a fault. To continue the fully
rated power generation by WPPs, the cables in operation have
to be designed to handle twice the capacity of normal operation.
This case can realize high supply reliability, whereas it has to
accept the high system cost.

2) Double-Circuit System Reducing Transmission Capacity
After the System Switching: If the increase of cable capacity is
not acceptable at all, it is necessary to operate with a reduced
transmission capacity. There is also a benefit in the transmission
systems for WPPs because the capacity factor of WPPs is rela-
tively low. Thus, most of the time the cable transmits the power
below its capacity. After system switching, the transmission
capacity is limited within the capacity of the single circuit. Thus,
the total output of WPPs must be curtailed within the capacity of
the single circuit. This case can reduce the system cost, whereas
sacrificing the supply reliability.

3) Triple-Circuit System Requiring Rated Transmission
Capacity After the System Switching: In the triple-circuit con-
figuration shown in Fig. 2, the required cable capacity for system
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Fig. 12.  Circuit diagram of the experimental setup.

switching can be reduced than the double-circuit configuration.
When a fault occurs on Linel, Rec2, and Rec3 execute the
system switching. WPP2 and Rec2 switch from the Linel to
the Line3, and WPP3 and Rec3 switch from the Linel to
the Line2 as shown in Fig. 10. As a result, both Line2 and
Line3 increase their transmitted power 1.5 times larger ca-
pacity of normal operation, whereas the double-circuit system
increases to twice the capacity of normal operation. Thus, the
required cable capacity can be further reduced as the system
is extended. This is because the power flow of the disabled
circuit can be transferred to multiple circuits by the system
switching.

V. EXPERIMENTAL VERIFICATION

Experiments were carried out to verify the system switching
after the dc line fault (X1-X3) and in the normal operation
(Y1-Y3). Fig. 11 shows the experimental setup and Fig. 12
shows the circuit diagram. Table II summarizes the circuit
parameters. The setup is a downscaled double circuit system
consisting of two 5.5-kW WPPs and two HVDC transmission
lines. A pole-to-ground fault is simulated by an insulated gate
bipolar transistor (IGBT) switch inserted between the neutral
point and the positive pole of the Line 1. WPP1 is simply modeled
by a dc power supply (constant voltage mode) and a two-level
grid-tied inverter. The grid-tied inverter is connected to Recl by
way of a transformer, and injects the rated power of 5.5 kW.
Recl is a HB-MMC with eight half-bridge cells in each arm.
The Recl converts the ac power to the dc and injects the dc
power into the transmission line. Two contactors are used for
simulating the disconnecting switches beside the Recl.

WPP2 and Rec2 are simplified by the dc power supply
in constant current mode because they are connected to the
nonfaulted Line2. The dc transmission lines are modeled by a
T-shaped equivalent circuit. According to the physical layout of
a 1.5-GW £500-kV single-core XLPE cable, line impedances
for the lumped constant circuit model were extracted by a line

constants calculation program. The line impedances were scaled
down for an 11-kW and +170-V experimental system.

DC power from the two transmission lines is converted to the
ac power by the two-level onshore inverter and injected into the
ac system. The onshore inverter controls the dc voltage of the
transmission line at the rated value of 340 V.

Because of the diodes on dc bus, power cannot flow from the
onshore inverter to the offshore rectifier. However, additional
switches temporarily enable the reverse power flow as shown
in [28]. For precharging the transmission line and starting up
the rectifier, IGBT switches and charging resistors Rcharge are
inserted between the dc bus and the transmission line. The IGBT
switches are ON-state only during precharge. Then, they are
turned OFF during the experiment to operate them as diodes for
blocking the fault current. If the start-up method from onshore
side is not applicable, the rectifier and the WPP can also start up
by using auxiliary power supply for their black start.

A. System Switching After the dc Line Fault (X1-X3)

Fig. 13 shows the experimental result of the proposed system
switching method under the pole-to-ground fault, where each
value is shown by the per-unit value using the rated value for
its base. Initially, Recl was connected to Linel and each of
the two transmission lines supplied 5.5-kW power. Then, the
IGBT switch at Linel caused the pole-to-ground fault at O s.
The operation of system switching is confirmed in the sequence
of the procedures X1-X3.

1) Clearance of the Fault Current (X1): When the pole-to-
ground fault occurs at time ¢ = 0 s, the voltage of Linel vpiye1
dropped to 0.5 pu. DC line current ¢1,ine1 indicates that the fault
current from the dc bus was immediately blocked. This was the
effect of the diodes installed between the dc bus and the Linel.

At the sending end, Recl conducted the lower arm short
protection after detecting the drop in dc voltage vgec1. The de
current of Recl ig..; immediately decreased to zero because the
residual voltage of 0.5 pu in vgrec1 Was applied to Recl. igect
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Fig. 13.  Experimental result of the system switching from the faulted Linel
to the nonfaulted Line2 under the pole-to-ground fault (X1-X3).

was kept at zero by the reverse-biased diodes of the upper arms
in Recl. The voltages of the ac collection system vyy, Vyw, Uwu
dropped to almost zero because the short-circuit was created in
the three-phase ac terminals by the lower arm short protection.
At this time, the grid-tied inverter controlled the ac currents 7,
iy, Iy to the rated value without causing overcurrent against the
voltage sag. The currents flowed only through the lower arms
of Recl as seen from 7,y, iny, tnw, and they did not flow out
to the ac side as seen from iRec1. As a result, both igec.; and
iLine1 Were kept at zero. This means that the fault current was
interrupted with the operation.

2) Operation of the Disconnecting Switches (X2): The con-
nection of Recl was changed from the faulted Linel to the
nonfaulted Line2 by the disconnecting switches. When the dc
current irec1 reached zero, the controller opened the discon-
necting switch on the faulted Linel. The switch opened after the
delay of 40 ms to mimic the actual high-speed disconnecting
switch. After opening the disconnecting switch, the controller
closed the disconnecting switch on the nonfaulted Line2. The
switch was closed after a delay of 50 ms. While this operation
was carried out, Recl continued the lower arm short protection
and the voltages of the ac collection system vy, Vyyw, and vy
were kept almost zero. Therefore, Rec1 did not receive any active
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the case of the system switching after the dc line fault (X1-X3).

power, while the currents of WPPs i, i, and ¢, continued to
flow through Recl as seen in ¢,,y, 5, and ¢y,,. The cell capacitor
voltages of Recl vug, Uy, Uws, Vules Uvig, Uwie, Were Kept
constant.

3) Resumption of the Power Transmission (X3): When Recl
was connected to the nonfaulted Line2 at ¢ = 90 ms, the voltage
of the Line2 was imposed to the Recl, and the dc voltage vgec1
rose to the rated value. After detecting the voltage rise, Recl
quit the lower arm short protection and restarted the switching
operation. The ac voltage was raised in a ramp shape over 100 ms
as shown in vy, Uyw, Uwy. This operation resumed the power
flow from WPP1 to Rec1, which also increased the dc current of
Recl iRect to the rated value at ¢ = 0.2 s. The cell capacitor
voltages of Recl vug8, Uy8, Uws, Vuig, Uvig, Uwie Were well
balanced against the disturbance.

The currents of Linel 4y ,01 and Line2 7y 3,02 were 1 pu each
before the fault (¢ < 0 s). Then, ir,;ne1 decreased to O pu when
the fault occurred in Linel at ¢ = 0. After the system switching
(t > 0.2 8), T1ine2 increased to 2 pu. This result demonstrates
that the power transmission of Linel was transferred to Line2
by the system switching in 0.2 s.

4) Comparison With the FRT Requirement (X1-X3): Fig. 14
shows the voltage amplitude of the ac collection system V.1,
and the FRT requirement Vrrr. Vac1 is the amplitude of the
space vector of v,y, Uvw, Uwu, Which was obtained by the
af conversion and a low-pass filter to remove the switching
ripple. V,c1 dropped when Recl conducted the lower arm short
protection, but it recovered to the rated value in 0.2 s as designed
in the Section I'V-B. This voltage sag is within the range for
continuous operation in the FRT requirement. Therefore, the
WPPs will be able to continue their operation against the voltage
sag caused by the proposed system switching.

Therefore, the experimental results verify that the proposed
method reduces the time for resuming the power transmission
to 0.2 s under the dc line fault with the continuous operation of
WPPs.

B. System Switching in the Normal Operation (Y1-Y3)

Fig. 15 shows the experimental result of the system switching
in the normal operation. At first, Recl was connected to the
nonfaulted Line2 by the system switching after the faultin Linel.
The initial voltage of the recovered Linel vy .1 Was zero.

1) Suspension of the Power Transmission (Y1): First, Recl
decreased its ac voltages vy, Uyws Uwy Over 20 ms, resulting
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Fig. 15. Experimental result of the system switching from Line2 to uncharged
Linel in the normal operation (Y 1-Y3).

in the decrease of the active power flow from the WPPs to the
Recl. Then, the dc current ige.; decreased by the current control.
After the ac voltages vyy, Vvw, Uwu reached zero, Rec1 conducted
lower arm short protection at ¢ = 0.02 s. As a result, igec1 Was
interrupted because the diodes of upper arms were reverse biased
by the voltage of the nonfaulted line v ineo-

2) Operation of the Disconnecting Switches (Y2): Then, the
disconnecting switch on the nonfaulted Line2 was opened with
the operation delay of 40 ms, and the disconnecting switch on
the recovered Linel was closed with the delay of 50 ms, which
can be confirmed by the dc voltage vgec1-

3) Resumption of the Power Transmission (Y3): At
t =0.115 s, Recl stopped the lower arm short protection
and restarted the switching operation. The dc current iRect
started to flow and the voltage of the recovered Linel vrine1
increased from zero to the rated value. Inrush current in iRec1
was suppressed by the current control of Recl.

Then, Rec1 raised its ac voltages vy, Uyw, Uwy N aramp shape
over 100 ms, causing the active power flow from WPPs to Recl.
It resulted in the increase of irec1 according to the dc current
control with reference to the active power. The recovered Linel
was charged during this time. The charging current corresponds
to the difference of the currents between the sending end and the
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the case of the system switching in the normal operation (Y1-Y3).

receiving end, which are igec1 and i ine1, respectively. When the
voltage of Linel vy reached 1 pu at ¢ = 0.15 s, the system
started the power transmission through the recovered Linel. The
cell capacitor voltages of Recl vys, Uvs, Uw8» Vul6s Uv16> Vwl6
were balanced well during this operation.

Before the system switching (f < 0 s), the current of Linel
iLine1 Was 0 pu, and the current of Line2 iy ;00 was 2 pu. This is
because both WPP1 and WPP2 were connected to Line2. After
the system switching (¢t > 220 ms), irine1 increased to 1 pu
whereas i ,;,02 decreased to 1 pu. This result demonstrates that
the power transmission of 1 pu on line2 was transferred to Linel
by the system switching in 0.22 s. The state after this system
switching is the same as the initial state of the experiment in the
Section V-A.

4) Comparison With the FRT Requirement (Y1-Y3): Fig. 16
shows the comparison of Vgrr and V,.;. The voltage sag satis-
fies the range for continuous operation in the FRT requirements.
Therefore, the WPPs will be able to continue their operation
against the voltage sag and power transmission can be recovered
in 0.22 s.

VI. CONCLUSION

The multicircuit HVDC system can perform fault clearing
without dc circuit breakers. However, the existing method re-
quires the shutdown of the WPPs connected to the faulted
line. Thus, the power transmission suspends until restarting the
WPPs. This article has proposed the system switching method
that enables the continuous operation of the WPPs under the
dc line fault. It intentionally generates a voltage sag in the
power plants during fault clearance and system switching to
decouple the ac and dc current. The voltage sag is designed to
meet the FRT requirement for the WPPs. Therefore, the WPPs
can achieve continuous operation during the system switching.
This article has also proposed the switching method in normal
operation after recovering the faulted line. It enables to return to
the initial state before the fault while continuing the operation
of WPPs. The validity of the proposed method was verified by
the experimental HVDC system rated at 11 kW. The experiment
confirmed the continuous operation of the WPPs under both a dc
pole-to-ground fault and in the normal operation. The resuming
time was 0.2 s under a dc pole-to-ground fault and 0.22 s in the
normal operation. Therefore, the proposed method contributes
to improve the supply reliability of the multicircuit HVDC
system.
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APPENDIX A
ARM CURRENT WHILE LOWER ARM SHORT PROTECTION

This section derives the arm current while the lower arm short
protection. While the lower arm short protection, the current
from the WPP only flows through the lower arm of the rectifier,
resulting in an increase of the current amplitude from normal
operation. The arm current can be calculated as following steps.
While the normal operation of the rectifier, its ac input power
is almost equal to its dc output power. Therefore, the following
formula holds at rated power operation:

\/gvac Iac = VdCIdC

Vac and I,. are rated ac line-to-line voltage and ac current,
respectively, and V. and I are rated dc voltage and dc current,
respectively. While the normal operation, half of the ac current
and one-third of the dc current flow in the upper and lower arms
as shown in the Fig. 17(a). Therefore, the peak value of the arm
current /,,,,, while normal operation can be derived as follows:

I _\/ﬁfac &—I @ @Vﬁc
arm — 9 3 — lac 9 3 Vdc
2
(Y2 e

2 22

where o = (21/2/v/3)(Vac/Vae) is modulation index. While the
lower arm short protection, all the ac current flows in the lower
arm in the steady state as shown in the Fig. 17(b). Therefore,
the amplitude of the arm current /,,,, 1,5 while lower arm short
protection can be derived as follows:

Iarm_LS = 5\/§Iac .

[ represents the ratio of the current supplied by the grid-tied
converter during the lower arm short protection to the rated
value. Finally, the ratio of the arm current amplitude while the
lower arm short protection to the rated value can be derived as
follows:

N = Ia,rrrLLS _ ﬁ\/ilac _ 45 (1)
T V2 o 24 a
(% +35) e

The experimental setup was designed to be a = 0.96 and
B = 1.2. Substituting them to (1) yields v = 1.62. The lower
arms should be designed to withstand the current.
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However, the « can be decreased without additional compo-
nents. 5 can be reduced to be 1 or less in reality by modifying the
current control of the grid-tied converter. If 3 is changed from
1.2 to 1, then ~y becomes 1.35. Furthermore, S becomes almost
zero if the grid-tied converter is controlled to supply no current
when the short circuit occurs. In this condition, v becomes zero,
which means the arm current no longer flows during the lower
arm short protection in the steady state. Furthermore, injecting
third order zero sequence component to the arm voltage at the
rectifier improves the modulation index o up to 1.15, and it also
decreases 7. In conclusion, v becomes 1.35-1.62 in the existing
method, however it can be much decreased by the controls
without additional components.
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