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Abstract

Pole rebalancing in symmetrical monopolar HVDC grids is
necessary to remove pole imbalances resulting from pole-to-
ground faults. For selective protection employing DC circuit
breakers, pole rebalancing considering backup protection oper-
ation in case of breaker failure has until now not been studied.
This paper proposes fault clearing and post-fault restoration se-
quences including pole rebalancing to deal with DC-side faults,
considering both primary and backup protection operations.
The performance of the proposed sequences and the impact of
the key breaker parameters on pole rebalancing are investigated
in a four-terminal test system using PSCAD/EMTDC.

1 Introduction

Voltage source converter (VSC) based high voltage direct cur-
rent (HVDC) grids provide an efficient means to interconnect
large amounts of renewable energy and facilitate an integrated
European market [1]. Currently, the majority of VSC HVDC
systems are built as point-to-point connection with a sym-
metrical monopolar configuration. Interconnecting such links
could be a cost effective solution to build meshed HVDC grids.
HVDC grid protection is one of the technical challenges that
needs to be addressed to realize meshed HVDC grids. One
promising protection methodology uses selective protection al-
gorithms and DC circuit breakers (DCCB).

Pole-to-ground faults in symmetrical monopolar HVDC grids
impose different requirements on the HVDC grid protection
system compared with DC faults in asymmetrical monopolar or
bipolar HVDC grids [2]. Without countermeasures after fault
clearing, pole-to-ground faults in symmetrical monopolar sys-
tems result in persistent overvoltage on the healthy pole, and
consequently, pole rebalancing is a necessary step to restore
the system. Furthermore, in cable-based HVDC grids pole-to-
pole faults are considered very rare, whereas the majority of
the faults are pole-to-ground faults [3]. This gives rise to op-
portunities for alternative HVDC grid protection design; differ-
ent from present AC protection. Therefore, DCCBs might not
be required to interrupt pole-to-pole faults, thus the required
current interruption and energy absorption capabilities can be
reduced for DCCB only designed for handling pole-to-ground
faults [3]. In such protection systems, alternative equipment

is required to handle pole-to-pole faults, for instance, AC cir-
cuit breakers for interruption and bypass switches to protect the
DCCB in case they are not designed to withstand the fault cur-
rents. Therefore, the dimension of the DCCB are considered
only for pole-to-ground faults in this paper.

In the literature, pole rebalancing methods are mainly studied
in HVDC grids without DCCBs. These methods use a dy-
namic braking system (DBS) or an AC side grounding permit-
ting pole imbalance removal through DC ground or AC zero
sequence currents [4, 5]. In the case of HVDC grid protection
with DCCBs, [6] has shown the possibility of using DBSes for
pole rebalancing, and [7] has given detailed analysis on using
both DBSes and AC side groundings for pole rebalancing to
coordinate with DCCB operation. However, to the best of our
knowledge, pole rebalancing considering backup protection op-
eration in case of DCCB failure has not been studied. DCCB
failure will trigger backup protection operation, which leads to
multiple DCCBs opening and reclosing. It is thus crucial to
design protection sequences including pole rebalancing to be
coordinated with both primary and backup protection opera-
tions.

The aim of this paper is to investigate behaviour of the con-
verter station in case of primary and backup protection, and
propose complete protection sequences including pole rebal-
ancing to deal with both primary and backup protection oper-
ations. The proposed protection sequences are validated in a
four-terminal test network using a detailed equivalent converter
model. Furthermore, the impact of the DCCB opening time, re-
closing waiting time and the line inductor on the requirements
of DCCBs and pole rebalancing equipment are analysed. Re-
commendations on choosing DCCB main parameters in com-
bination with pole rebalancing equipment are given as conclu-
sions.

2 Pole Rebalancing Principle and Equipment

This section briefly reviews pole rebalancing principles and
equipment described in detail in [7].

In a symmetrical monopolar configuration, a discharge path for
the healthy pole is necessary in order to rebalance the pole
voltages after a pole-to-ground fault. Using the zero sequence
equivalent model given in [7], the discharge path for the healthy
pole using a DBS or AC side grounding is illustrated in Fig. 1
(b), only one of these devices will be used at a given time. FCU
stands for fault clearing unit, including a high-speed switch
(HSS), a DCCB and a DC line inductor. During fault clear-
ing, the switches S1 and S of the pole rebalancing equipment



are in open position to prevent current flowing through the DBS
or the AC side grounding. After fault clearing, Sy or S is closed
in order that the healthy pole can discharge through the DBS or
the AC side grounding.
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Fig. 1: Modular multilevel converter (MMC) station with sym-
metrical monopolar configuration: (a) Circuit diagram
(b) Zero sequence equivalent circuit with a DBS or AC
side grounding (Ley = Lpc + Liine)-

In the remainder of this paper, a surge arrester based DBS and
a zig-zag transformer (Fig. 2) are used as examples to invest-
igate the complete protection sequence, since alternative DBS
and AC side grounding circuits are expected to have similar per-
formance [7].

Fig. 2: Examples of pole rebalancing equipment: (a) Surge ar-
rester based DBS (b) Zig-zag transformer.

3 Protection Sequences Including Backup
Protection Operation

3.1 Converter response during backup operation

In a fully selective protection strategy, all lines and the con-
verter terminal are equipped with DCCBs as shown in Fig. 3.
In case a DCCB fails to interrupt the faulted line, all adjacent
DCCBs connected to the same DC bus are ordered to open. As
a result, the converter remains isolated until the DCCBs in the
adjacent lines are reclosed. To achieve fast post-fault restora-
tion, the isolated converter is required to remain connected to
the AC-side and maintain a constant DC voltage close to 1 pu,
so that the converter can be timely reconnected with the HVDC
grid. One possible way is to use DC voltage control until recon-
necting to the DC grid. For instance, if the converter is under
active power or droop control mode (P/P-Vdc control), it can
momentarily switch to DC voltage control and switch back to
the pre-fault control mode after reconnection.

DCCB failure

Converter DC-side
surge arrester

= DC bus
surge arrester

Fig. 3: MMC station adopting a fully selective strategy using
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Fig. 4: Breaker opening and reclosing sequence.

3.2 Protection Sequence

The simplest way to avoid fault current contribution from the
pole rebalancing equipment prior to backup protection opera-
tion is to estimate the longest delay caused by the backup oper-
ation and only operate the pole rebalancing equipment after this
estimated delay. Given the breaker operation sequence shown
in Fig. 4, the fixed delay (7}, ,5,) should be at least

Tprp = Tp r1 + Ty + Ty, + Ty, + margin, (1)

where T, 1, Ty, T, and T}, are the time delays for breaker fail-
ure detection, breaker opening, breaker reclosing waiting and
breaker closing, respectively.

An alternative way is to use signals communicated by the intel-
ligent electronic devices (IEDs) to operate the pole rebalancing
equipment, so that the instant for beginning pole rebalancing
can be tuned for every fault scenario (Fig. 5). Output signals
from the local DC line IEDs, fault detection (FD), fault identi-
fication (FI) and breaker failure detection (BF) are used to de-
termine the instant to operate the pole rebalancing equipment.
Depending on these three signals, the pole rebalancing equip-
ment can take three different actions:

eRemote: the converter station is considered as a remote sta-
tion if all IEDs only detect but not identify a DC fault. In such
situation, the converter is electrically far away from the DC fault
location, thus not significantly impacted by the fault. The pole
rebalancing equipment is operated after the presumed breaker
opening delay (7}).).

e Primary operation: one of the DC line protection IEDs iden-
tified the fault is on the line and breaker failures are not detected
after the presumed breaker failure detection delay (7} r7). The
pole rebalancing equipment is operated after the breaker failure
detection delay.

e Backup operation: Breaker failure is detected and the adja-
cent DCCBs are reclosed. The pole rebalancing equipment is
operated after reclosing the adjacent DCCBs.

o After the backup DCCBs interrupt the fault current, the
HSS of the failed DCCB is ordered to open once the current is
lower than the residual current (Igss < Lys).
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Fig. 5: Detailed protection sequence for operating DBSes or AC side groundings using local IED communication.

©The breaker failure signal is communicated to the con-
verter control and protection, so that necessary control actions
are taken to maintain the MMC terminal DC voltage close to
1 pu.
Once the pole voltages are rebalanced within the set limits
(Aupys < Upin), the operation of the pole rebalancing equipment
is stopped.

4 Test System

A four-terminal system, shown in Fig. 6, is used to validate the
proposed protection sequences. The converters are modelled
with a Type 4 detailed equivalent circuit model as specified
in [8], where individual submodule switching states and capa-
citor voltages are represented. The main parameters of the con-
verter station are listed in Table 1. The DBSes and AC ground-
ings are implemented at the two onshore stations: MMC1 and
MMC3. For each study, only one of the options, DBS or
AC grounding, is activated. Considering a hybrid DCCB, the
breaker opening time (7;.) and the series inductor (Ly;,.) are
assumed to be 2 ms and 50 mH, the breaker reclosing waiting
time (7,") is assumed to be 40 ms unless stated otherwise [9].
A solid pole-to-ground fault (f7) is applied at the terminal of the
positive pole of link L;3.
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Fig. 6: Four-terminal symmetrical monopolar HVDC grid test
system.

Table 1: Converter and grid parameters

Parameters (Symbol) Value Unit
Rated power 1265 [MVA]
Rated active power 1200 [MW]
Rated DC voltages +320 [kV]
Rated AC voltages 400/333 [kV]
Transformer leakage impedance (1)  0.18 pu
Arm inductance (L) 42 [mH]
DC smoothing reactor (Lpc) 10 [mH]
Line inductor (Ly;,e) 10-100  [mH]
Submodule capacitance 8.8 [mF]
Submodule number/arm 400

4.1 Pole rebalancing equipment

The parameters of the pole rebalancing equipment and their
controls are chosen based on [7]. The most important ones are
briefly recapitulated below. The reference voltage of the surge
arrester, SApgs of the DBS is chosen to have a switching im-
pulse protection level of 1.2 pu. The voltage imbalance hyster-
esis band is 1.05 to 1.1 pu to control the DBS operation. The
zig-zag transformer is dimensioned same as [7], with a ground-
ing resistor of 300 Q.

4.2 DC line protection

In each IED located at each end of a line, primary protection and
breaker failure backup are implemented. This study considers
local measurements based protection algorithms, which have a
detection time of few hundreds of microseconds and few ms for
primary and backup protection, respectively [10-12]. The fault
detection of the primary protection is emulated using a fixed
time delay of 0.5 ms after the fault initiated travelling wave ar-
rives at the IED position. The breaker failure detection is emu-
lated using a time delay of breaker opening time with an addi-
tional 1 ms margin. Once breaker failure is detected, the HSS
of the failed breaker is ordered to open when the current in the
HSS is less than the specified residual current (e.g. 10 A).



4.3 Overvoltage protection surge arresters

Both AC- and DC-side surge arresters (Fig. 3) are implemented
to provide overvoltage protection. The AC-side surge arrester
considered in this study is the AC bus surge arrester located at
the converter side, since the converter side of the transformer
is expected to experience overvoltages due to the superimposed
DC voltage imbalance during a pole-to-ground fault. Addition-
ally, DC line, DC bus and converter DC-side surge arresters are
implemented with a protection level of 1.8 pu. All surge arrest-
ers take the U-I-characteristic given in [13].

S Case Studies
5.1 Primary protection with and without communication

Without communication from the local IEDs, the fixed delay
T}, 11, s set to be 50 ms, considering 7y, =2 ms and 7, = 40 ms.

The pole rebalancing time and required DC surge arrester en-
ergy absorption capabilities are lower for the protection se-
quence with local communication compared to the one without
communication (Fig. 7). In this analysis, the pole rebalancing
time is defined as the interval from fault inception to the instant
when the pole voltage returns within the normal range ([0.95
— 1.05] pu). The pole rebalancing time and the required DC
side surge arrester energy is 120 ms and 0.2 MJ with commu-
nication, which are significantly less than 206 ms and 1.5 MJ
without using communication.
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Fig. 7: Primary protection: pole rebalancing performance using
DBSes, T, =2 ms, T, = 40 ms and T}, ,, = 50 ms

5.2 Backup protection

The protection sequence with communication shown in Fig. 5
is implemented in the four-terminal test system, assuming Br3;
failure. The simulation waveforms are shown in Fig. 8 and
Fig. 9 for using DBSes and zig-zag transformers, respectively.
In both cases, the pole rebalancing equipment at MMCI1 is
ordered to operate once Bry3 is opened. At MMC3, upon
breaker failure detection, Br¢s and Brss are ordered to open.
Subsequently, the HSS of Brs; is opened, once Iyss31 <10 A.
Brcs and Brig are then ordered to reclose after the assumed

breaker reclosing waiting time of 40 ms. The DBS or zig-zag
transformer at MMC3 only operates once the backup DCCBs
are reclosed.

Both DBS and zig-zag transformer can achieve pole rebalancing
in the case of backup protection operation, with each offering
different advantages and disadvantages. The main advantages
of the DBSes are the short rebalancing time and low arm over-
voltages. The rebalancing time is 133 ms using DBSes, which
is approximately 75 ms faster than using zig-zag transformers.
As shown in Fig. 1, due to the discharge of the healthy pole
through the zig-zag transformer, the DC offset of the lower arm
voltages are higher, which results in overvoltages on the lower
arms (Fig. 9 (e)). On the contrary, the benefit of using the zig-
zag transformer is a lower required energy absorption capabil-
ity. The total energy absorbed is 1.7 MJ and 13 MJ in zig-zag
transformers and DBSes, respectively.
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Fig. 8: Backup protection: pole rebalancing performance using
DBSes, Tj;. =2 ms, T, = 40 ms.

5.3 Impact of breaker parameters on pole rebalancing
during backup protection

This section investigates the impact of T};,, T, and Ly;,. on the
breaking current requirement, pole rebalancing speed and re-
quired energy absorption capabilities of DCCBs, DC bus/line
surge arresters and the pole rebalancing equipment in the
HVDC grid. The following analysis examines protection se-
quences using communication from local IEDs. The same fault
and breaker failure conditions are assumed in this section.

5.3.1 Breaker opening time

The breaker opening time is varied from 2 ms to 20 ms with a 1
ms interval and the line inductor is fixed at 50 mH.
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Fig. 9: Backup protection: pole rebalancing performance using
zig-zag transformers, T, = 2 ms, 1Y = 40 ms.

The breaker current and energy do not linearly change with the
breaker opening time (Fig. 10 (a)-(d)). A short breaker opening
time results in a high required breaking current and energy ab-
sorption capability on the primary breaker. The influence of the
breaker opening time on the required energy absorption capab-
ilities of the backup DCCBs is insignificant.

A long breaker opening time results in high energy dissipation
in the DBSes (Fig. 10 (e)), as the DBS at the primary protec-
tion station (MMC1) absorbs energy through the fault before
the backup DCCBs at MMC3 open. As a result, the required
energy absorption capability of the line backup breaker B34 is
slightly higher than using zig-zag transformers.

There is a trade-off between the primary breaker requirement
and the required total energy absorption capability of the HVDC
grid. Using a fast DCCB results in a high requirement on the
DCCB; however, using a slow DCCB requires the pole rebal-
ancing equipment and DC side surge arresters to be capable of
dissipating a large amount of energy.

The pole rebalancing time increases sightly with longer breaker
opening times. Pole rebalancing with DBSes is much faster
than with zig-zag transformers using the studied dimensions.

5.3.2 Breaker reclosing waiting time

The breaker reclosing waiting time is varied from 20 ms to
100 ms, considering practical cooling time of the semiconduct-
ors in a hybrid DCCB [9] and constraints on pole rebalancing
time.

The breaker reclosing waiting time only slightly prolongs the
pole rebalancing time, and the influence on the requirement on
pole rebalancing equipment and DC side surge arresters is neg-
ligible (Fig. 11).

The maximum of the sum submodule capacitor voltage per arm
increases with longer breaker opening time and reclosing wait-
ing time (Fig. 12). This implies that the choice of DCCBs is
limited when using AC side groundings for pole rebalancing
if the converter submodules are designed to withstand certain
overvoltage levels. For instance, if the converter submodules
are dimensioned to withstand 1.3 pu overvoltage [14], it is ne-
cessary to use fast DCCBs with a short reclosing waiting time
(Fig. 12.)
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and breaker reclosing waiting time on the maximum
of the sum submodule capacitor voltage per arm
at MMC1 when using zig-zag transformers, Ly, =
50 mH.

5.3.3 Line inductor

The line inductors are varied from 10 mH to 200 mH with a 10
mH interval. Breaker opening time of 2 ms and 20 ms, and a
breaker reclosing waiting time of 40 ms are considered.

Both primary and backup breaker requirements are influenced
by the line inductor size (Fig. 13 (a) - (d)). For the primary
breaker, it is more beneficial to use relatively large inductor
with fast DCCBs to reduce the breaking current and energy re-
quirements; however, smaller inductor size is preferable if slow



DCCBs are used. For the backup DCCBs, using smaller line
inductor size is preferable. The line inductor size has insigni-
ficant impact on the pole rebalancing equipment and DC side
surge arrester dimensions (Fig. 13 (f)).
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Fig. 13: Backup protection: impact of line inductor on pole re-
balancing, Tb"r =2, 20 ms, Tb’rw = 40 ms, DBS: using
DBSes, ZZ: using zig-zag transformers.

6 Conclusion

The proposed protection sequences are able to coordinate fault
clearing and pole rebalancing under both primary and backup
protection operations. The communication-based protection se-
quence provides faster voltage restoration compared to the one
without communication, thereby favouring the pole rebalancing
performance.

Both DBSes and AC side groundings are capable of rebalan-
cing the pole voltages under backup protection operation. The
main advantages of DBSes are fast rebalancing speed and re-
duced overvoltage on the converter submodules. Although the
required energy absorption capability of the AC side groundings
is much less compared to the DBSes, the pole rebalancing speed
is slower in case of backup protection operation. When using
AC side groundings for post-fault voltage rebalancing, the con-
verter submodule overvoltage capability and the DCCB speed
have to be carefully considered to respect the converter sub-
module overvoltage constraints. Among the three investigated
key DCCB parameters, the breaker opening time was found to
be most influential on the required current interruption and ab-
sorption capability of the DCCB, and the required energy ab-
sorption capabilities of the pole rebalancing equipment and DC
side surge arresters.
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