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Coordinative performance of HVDC circuit
breakers in MTDC grids

Siyuan Liu, Ajay Shetgaonkar and Marjan Popov, Senior IEEE Member

Abstract—The objective of this paper is to investigate the
coordinative performance of different types of high voltage DC
(HVDC) circuit breakers (CBs) in multi-terminal DC (MTDC)
grids. Several different HVDC CB technologies are emerging
as a solution for the protection of offshore MTDC grids. There
is a need for coordinative operation between different types of
DC CBs in the same network. In this paper, two typical types
of DC CBs are modelled in detail and implemented in a 4-
terminal MTDC grid in PSCAD environment, by considering
operation time, interruption capability and interruption
characteristics. Since the requirement of the DC CBs depends
on the magnitude of the interrupted current where they are
implemented, the fault scenarios in all terminals are studied
and the worst scenarios are selected to demonstrate the
coordinative performance of different DC CBs. Four cases are
defined and demonstrated by two different types of CBs at
each terminal of the cable. DC CBs perform differently with
the change of the operating time and the locations where they
are implemented. The performances and energy absorption are
compared and analyzed. The obtained results can be used as
DC CB’s selection optimization methodology for future MTDC
grids.

Index Terms—HVDC circuit breaker, DC grid protection,
offshore windfarm, circuit breaker performance

I. INTRODUCTION

The demands to utilize renewable energy significantly
promote the integration of energy transmission systems [1].
MTDC grids provide a feasible solution to utilize the
offshore wind farm resources because of the benefits like
more operating flexibility and increase in reliability [2].
However, the development of meshed offshore MTDC grids
is hindered by a few technical barriers. One of the main
barriers is the lack of reliable, fast, low loss and cost-
effective HVDC CBs, which can isolate the fault segments of
the HVDC grid and keep the other components operating
continuously [3].

Extensive studies have been done on the development of
HVDC CBs, and several DC CB topologies have been
proposed and realized to deal with the protection matters in
MTDC grids [4]-[7]. Based on different operating principles,
these HVDC CBs can be divide in two categories: hybrid
circuit breakers and mechanical circuit breakers. In the
hybrid circuit breaker, the main branch comprises a string of
series-connected semiconductor devices having turn-off
capability (e.g. IGBTs), which eliminates the line current
within 3-5 ms [8]. Meanwhile, the series-connected
semiconductor devices need to withstand the transient
interruption voltage (TIV), which results in relatively high
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costs. Mechanical circuit breakers, on the other hand, utilize
mechanical interrupters to clear the fault current at current
zero-crossing. However, the long operation delay of
traditional spring-based driving mechanisms cannot meet the
fast protection requirements of MTDC grids. The
development of ultra-fast actuators based on Tomson’s coils
makes it possible for mechanical CBs to interrupt the current
within 5-8 ms [9]. The different characteristics of hybrid CBs
and mechanical CBs are challenging to study the
coordinative performance when they are implemented in the
same MTDC grid and operate at the same time.

Currently, three MTDC grids are commissioned in China,
namely, 160 kV 4 terminal MTDC grid at Nan’ao with active
injection mechanical DC CBs [10], 200 kV 5 terminal
MTDC grid at Zhoushan with hybrid DC CBs [11] and 500
kV 4 terminal MTDC grid at Zhangbei with different types
of DC CBs [12]. The technical performance of one type of
HVDC CBs in MTDC grids have been well studied.
However, currently no coordinative performance of two
different types of HVDC CBs implemented in the same
MTDC have been reported in the literature.

This paper investigates the coordinative performance by
implementing two types of DC CBs in a four-terminal
MTDC grid. The two DC interruption technologies are
active injection mechanical DC CB [13], and VSC assisted
resonant current (VARC) DC CB [14], respectively. It needs
to point out that these two types of DC CBs implemented in
the MTDC are only used to represent the mechanical DC
CB and hybrid DC CB, and the comparison of interruption
characteristics of these two CB topologies is not the
objective of this paper. The maximum fault current in each
terminal of the MTDC depends on the fault type, fault
impedance, fault duration and the amount of supplied power.
Therefore, the requirement of DC CB interruption capability
at each terminal is also different. Some terminals can endure
the fault for a longer period without blocking the Multilevel
Modular Converters (MMC), whilst at some other terminals
the fault should be promptly cleared in order to keep the
MMC working continuously. This paper proposes a solution
to optimize the selection of DC CBs in MTDC so that the
coordinative operations of different types of DC CB works
without blocking MMC.

II. TEST4-TERMINAL MTDC GRID DESCRIPTION

Fig. 1 shows the four-terminal DC network consisting of
two onshore converter stations (MMC 1 and MMC 2) and
two offshore converter stations (MMC 3 and MMC 4). In
this network, MMC 1, 2 and 4 form a smallest mesh and
MMC 3 forms a radial connection.

Onshore AC grid operates at the voltage level of 400kV,
and the offshore wind operates at 155 kV. The DC link
operating voltage is +/- 320kV. The system configuration is
symmetrical monopole with the cable connections. VSC
technology is adopted for the converter with a half-bridge
VSC type. Distance between MMC 1 and 2 is 175 km.
Moreover, the distance between MMC 1 and 4 is about 300
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km. Two onshore converters i.e. MMC 1 and 3 are separated
with a distance of 350 km. The distance between MMC 2
and 4 is smallest i.e. 100 km. DC CBs are placed at each end
of the line. The nomenclature of the line is given based on
the starting and termination end, for example, Cable 12
indicates a cable that begins from the bus at MMC 1 and
ends up at the bus at MMC 2.

The data of the four-terminal MTDC system is shown in
Table 1, and it is modelled in PSCAD environment. The fault
types, the fault location, the fault impedance, and the fault
duration are all adjustable. The MMC converters will be
blocked when the voltage is less than 0.8 p.u and arm current
exceeds 1.6 p.u.

Shore 1 Offshore

AC Grid MMC 1 ;EB-ia-i Cable 12-175 km? Wind 1
B AL B 2a
— [} .
i
Bl pccB
Shore 2 Offshore
AC Grid MMC3 i ' [ MMC4  wind 2
1
Y

-
N N\
1Y

Fig. 1 Test 4 - terminal MTDC system

Table 1 Data of MMCs in 4 - terminal MTDC system

Parameter Converters
MMCs 1 MMC2 MMC 3 MMC 4
Active power 500 MW 500 MW 500 MW 500 MW
Control mode PVdc PQ PVdc PQ
Reactive power 100 MVAR 100 MVAR 100 MVAR 100 MVAR
DC link Voltage +320 kV
Rated power 1256 MW
Number of Submodules per arm 400
Arm capacitance Cyrm 22 uF
Arm indcutance L, 42 mH
Arm resistance Ryrm 0.544 Q
AC converter voltage 400kV
Transformer leakage reactance 0.18 p.u
AC grids and windfarms
AC grids voltage 400 kV

III. CONSIDERED TYPES OF DC CB

A. Topologies of typical DC CBs

Fig. 2 illustrates the structure of the mechanical DC CB
with current injection. The model of this DC CB is described
in detail in [1], and the DC CB prototype has been tested in
[15].

Fig. 3 shows the structure of the VARC DC, which is
proposed in [15]. The detailed model has been verified by the
experimental results performed at KEMA laboratories [15].

B. Operating principle and timing sequence

Fig. 4 shows the current and the voltage waveforms of
the VARC DC CB and the mechanical DC CB during the
interruption where Iy, is the current through the DC CB, I;
is the current through the vacuum interrupter (VI), I, is the
current through the energy absorption branch, and V,;is the
voltage across the VI. Lpc is chosen to limit the rising rate of
the fault current with the value of 100 mH based on [14], the

same Lpc value is applied in both types of DC CBs. The
detailed operation sequence for both circuit breaker
topologies is explained as follows:
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Fig. 3 Configuration of VARC Circuit breaker

to - t;: Before the operation of the DC CB, the VSC
energy storage capacitor (Cpc) is pre-charged by the
charging circuit in VARC. For the mechanical DC CB,
capacitor (Cp) in the oscillating circuit is charged to the
system voltage level by the charging circuit.

t; — t,: A fault occurs at instant t;. As a result, the line
current begins to rise, and the rate-of-rise of the line current
is limited by the fault current limiting reactor (Lpc). At
instant t,, a trip signal is sent to both DC CBs at the ends of
the faulty cable.

t,— ty,: The VARC DC CB receives the trip signal at t,,
and the ultra-fast actuator starts to drive the separation of
contacts. The contacts in the VI reach a sufficient gap
distance to withstand the TIV at t;.

tya — t3: Shortly before the VI reaches sufficient contact
separation at t,,, the VSC is activated. The oscillating current
is generated, and its amplitude gradually increases every half
cycle until a zero-crossing is created in the arc current in
VARC DC CB. The special characteristic of VI make it
possible to clear the fault current at zero-crossing.

t; — t4- The VI stops conducting at t; in both DC CBs. As
the VI is connected in parallel to the oscillation branch, the
initial transient interruption voltage (ITIV) across VI equals
the remaining voltage of the current injection branch
capacitor. At the same time, the line current is commutated
to the current injection branch. During t; — t4, the system
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keeps charging the current injection branch capacitor, until
its voltage reaches the clamping voltage of SA at t,.

ty — ts: The SA begins to conduct at ts, and the line current
is commutated into the energy absorption branch. The SA
current then decreases until it drops to zero at tg.

ts — tg: After the fault current interruption, some leakage
current may exist in the system, as well as a low-frequency
interaction between the capacitor in the circuit breaker and
the inductance connected in series with the breaker. The
residual circuit breaker is opened at t; to clear the leakage
current and separate the breaker main circuit from the grid.
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Fig. 4 Voltage and current waveforms of the (a) Mechanical DC CB (b)
VARC DC CB.

IV. FAULT CASE

In order to analysis the coordinative performance of the
DC CB, the DC fault is analysed. The analysis of the DC
fault cases is based on the type of fault, location of the fault
and fault neutralization time. Fault neutralization time
referred to as the operation delay in further text. The fault
location is considered in terms of percentage of the cable
length. Fig. 5 illustrates the fault case scenarios performed in
the test topology. The type of the fault is denoted as PP and
PG representing pole to pole fault and pole to ground fault
respectively. Due to similar results produced, pole to pole to
ground fault is not considered. The terminology used in the
plot is, for example, PP12 3ms indicating pole to pole fault

on cable12 where 1 is the starting and 2 is the ending node of
cable with 3 ms operation delay.

When analysing the fault case scenarios, it can be seen
that the faulty cable 12 has a larger fault current amplitude
especially a fault location near bus 1; this is due to the power
which is fed from MMC 3 and MMC 4 at bus 1. Similarly,
the fault current amplitude is considerably high in cable 13
and 14. As it is shown in Table 2, the worst-case scenarios
are always cable 12 and 13. Hence, a fault in cable 12 and 13
is analysed for the selection of breaker.

20 | + PPI123ms 20 +  PP13 3ms
. x PPI25ms | _ | * PP13Sms |
i * PPI210ms | < . * PPI3 10ms |
=15 B + PGI23ms |£15] + PGI33ms |
= z * x PGI25ms | E x  PGI3Sms |
= x - - = -
x * PGI210ms Zqp | *  PG13 10ms|
gwof = & | 210 |
= ™ x .
H + i ! 5 % * i
O 5 5| : 4
) (2) - (b)
0" 0"

20 +  PPI14 Ims 20 I |+ PP33ms
;: - * PPM5Sms |2 | | % PP345ms
Z 151 * PPl410ms| <157 | ® PP310ms|
g + PGl43ms | | * . +  PG34 3ms
B 0] e m e = PGISms | Syl * X * x PpGidsms
£ s x * s PGMIOms| E *  PG34 10ms|
= |+ *® ® ' = | & & ol
“ St T : 4 3 o 5 +

_ . (c) (d)
0 0
0 50 100 0 50 100

Fault Location (%) Fault Location (%)

Fig. 5 Results of the possible pole to pole and pole to ground faults with
different operation time in test topology; (a) fault in cable 12 (b) fault in
cable 13 (c) fault in cable 14 and (d) fault in cable 34

Table 2 Maximum fault current in a cable (worst scenarios in red)

Case 1 Case 2

16.72 kKA
15.07 kKA
14.8 kKA

12.1 kA

Case 3
13.11 kKA
11.38 kKA
11.18 kKA
10.7 kKA

Case 4
8.69 KA
7.3 kKA
7 kKA
7.5 kKA

Location
Cable 12

(6F1)) (P K]

Cable 14
Cable 34

11.18 kKA
10.7 kKA

V. RESULTS AND ANALYSIS

Based on the fault case scenarios in Section IV, 4 cases
are carried out on the worst fault cable 12 and cable 13, with
two typical DC CBs at each end of the faulty cable. The
following case studies are conducted on the Multi-terminal
terminal network. In the cases below, i and j represent the
start and endpoint of cable.

® (Case 1: Mechanical DC CB with 5 ms operational delay
is introduced at the bus of MMC i and VARC DC CB
within 3 ms operational delay is introduced at the bus of
MMC .

® (ase 2: Mechanical DC CB with 8 ms operational delay
is introduced at the bus of MMC i1 and VARC DC CB
with 3 ms operation delay is introduced at the bus of
MMC .

® (ase 3: Mechanical DC CB with 5 ms operational delay
is introduced at the bus of MMC i and Mechanical DC
CB with 5 ms operational delay is introduced at the bus
of MMC .

® (Case 4: VARC DC CB with 3 ms operational delay is
introduced at the bus of MMC i and VARC DC CB with
3 ms operation delay is introduced at the bus of MMC j.
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A. Interruption performance

Fig. 6 shows the current and the voltage waveforms in
CB la for the pole to pole fault on cable 12 near MMC 1.
The I}, in case 2 has the most considerable magnitude of
the current due to slower breaking near MMC 1. The effect
of the travelling wave is not as significant as the fault
located near CB 1la. Hence, the rise of the fault current is
linear. During the interruption, in case 2, as the capacitor
charged with opposite polarity causes a rise of the current up
to 34 kA in VI. However, in the case of VARC CB this rise
reaches up to 18kA with a high frequency growing
oscillation in VI. During the fault current suppression, the
time is determined based on the interrupted current. Hence,
VARC has the least fault current suppression time as
compared to a mechanical circuit breaker with an
operational delay of 8ms. The voltage across the VI after,
during the fault current suppression time remains the same
for all the cases. Moreover, the amplitude of ITIV depends
on the magnitude of the current in VI. For the mechanical
CB, the higher current is interrupted, the lower is the ITIV
[1]. There is a significant oscillation in the V,; for all cases
except for case 2 after the fault current zero.

20 e Hine Al Er—re z
1.0083 5 CASE1 : 1 =Wy,
e 15 LIS 8 Mine,., .| =30} I
Z oy G casez| < | [T Mease:
= = = Nine., .| = ;
T jg |LLoosis 3 CASER| 2o | vareneen | | (= = Dig g,
o BERAa 7f, 5 1 [ e . Ivi
E o LLoo33s If 1 E i CASE 4
=z s =10 /]
= ~ ﬂ ] (b)
H )

15+ (c)

Current (KA)

0.99 1 1.01 1.02 1.03  0.99 1 ].l]I 1.02 1.03
Time (s) Time (s)
Fig. 6 Current and voltage waveforms in CB la in various cases. (a)
Current (in kA) though DC CB. (b) Current (in kA) though the vacuum
interrupter (VI). (c) Current (in kA) though the surge arrester (SA). (d)
Voltage (in kV) across the VL

The fault located near MMC 1 has an effect on the
current and the voltage waveforms in CB 2a as depicted in
Fig. 7, For I, the effect of travelling waves is visible and it
changes the fault current rise rate non-linearity. For case 3,
as the presence of the mechanical circuit breaker with an
operational delay of 5Sms has peak amplitude of 6.9 kA at
1.0064 s. It is observed that during the fault current
suppression time for case 1,2 and 4, the drop of current is
non-linear, and this is due to the travelling wave
phenomena. However, the effect is not seen in case 3.
Significantly large ITIV is observed for case 3 with an
amplitude of -260 kV.

For a fault that occurs in cable 13 near the MMC 1,
identical waveforms are observed primarily in CB 1b.
However, due to the same charging of the DC capacitor for
the mechanical DC breaker, there is no overshoot as it can
be seen in CB 1a for current I;.

Furthermore, significant changes can be seen in CB 3a
as depicted in Fig. 8. For case 2, the fault current rises to 8.4
kA due to the presence of a mechanical circuit breaker with
an operational delay of 5 ms. Similarly, the fault current is

quickly damped after the current zero. A non-linearity is
observed in the SA current due to travelling waves as the
distance is considerable, i.e. 350 km, however, case 3 is
severely affected by it. The oscillation in Vy; after the
current zero reaches lower amphtude as compared to Flg 6.
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Fig. 7 Current and voltage waveforms in CB 2a in various cases. (a)
Current (in kA) though DC CB. (b) Current (in kA) though the vacuum
interrupter (VI). (c) Current (in kA) though the Surge arrester (SA). (d)
Voltage (in kV) across the VI
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Fig. 8 Current and voltage waveforms in CB 3a in various cases. (a)
Current (in kA) though DC CB. (b) Current (in kA) though the vacuum
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(c) Current (in kA) though the SA. (d) Voltage (in kV)

B. MMC'’s Blocking Status

Table 3 illustrates the blocking status of the MMC. It is
observed that among all the cases, for various fault locations
case 1 and case 4 do not block the converter. However, it is
interesting to see that a fault that occurs on line 34 is
mitigated for all cases except for case 2. This is due to the
fact that the power flow between MMC 3 and MMC 4 is zero
during the steady state. Hence, there is sufficient time for the
current to reach the fault location.

Table 3 Blocking status of MMC for various case scenarios

Location Case 1 Case 3

Case 2

Cable 12 -0 -

Cable 12 - 50 -

Cable 12 - 100 -

Cable 13 -0

Cable 13 - 50 -

Cable 13 - 100 -

Cable 14 -0 -

Cable 14 - 50 -

Cable 14 - 100 -

Cable 34 -0 -

Cable 34 - 50 -
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|_vvic 4 I

C. Energy absorption

The total energy absorption by the SA consists of two
sources, magnetic energy stored in the DC current limiter
and the energy stored in the system. The energy stored in the

DC current limiter is %LDCIfZ; the electrical energy supplied

from the system during the fault current suppression. In
some cases, the energy resulting from the grid side is even
larger than the energy stored in the DC current limiter
because of the system voltage recovery during the energy
period. Fig. 9 shows the energy absorption by the DC CB’s
at a different location for various case scenarios during pole
to pole fault. The amount of energy absorbed depends on the
operational speed of the DC CB, as case 4 shows the fastest
topology, it absorbs less energy than other cases. The energy
absorption with different fault location is nearly constant.
Similarly, in Case 3 the converter is not blocked, and the
maximum energy absorbed by the SA is below 16 MJ.

For the selection of the DC CB technology based on the
energy absorbed, a line can be drawn. A faster case i.e. case
4 can be used for cable 12 as the energy absorption
difference between the opposite breakers (CB la and CB 2a)
is larger. However, for cable 13 and cable 14, the difference
in the absorbed energy is smaller, hence case 1 is found as
suitable and similarly, for cable 34, case 2 can be used.

25 pe 25 -
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Fig. 9 Energy absorbed in the grid by DC CB’s during various case
scenarios in (a) Cable 12. (b) Cable 13. (c) Cable 14. (d) Cable 34.

D. Selection of DC CBs

The selection of DC CBs for the specific MTDC should
consider the maximum fault current, MMC blocking feature,
operational delay of the breaker and the energy absorption.
Since the requirement of the DC CBs depends on the
magnitude of the interrupted current where they are
implemented, for some terminals with a high rate of rise of
the fault current, the application of fast VARC DC CBs are
essential. On the other hand, for other terminals, when the
mechanical DC CBs interrupt the fault without the blocking
of the MMC converters, the combination of VARC DC CBs
and mechanical DC CBs may reduce the cost of the MTDC
protection system.

VI. CONCLUSION

The paper presents a coordinative performance of an
active injection mechanical DC CB and a VARC DC CB for
a 320 kV 4-terminal MTDC grid. The worst-case scenario of
a fault occurs for cable 12 and 13, when the fault is near the
converter station. The coordinative performance of two
types of DC CBs are demonstrated accordingly. For case 1,
the combination of a mechanical DC CB and a VARC DC
CB with an operational delay of S5ms and 3 ms respectively
can successfully clear the fault without blocking the MMC
converters. For case 4, VARC DC CBs installed at remote
terminals can interrupt the fault.

The amount of energy absorption depends on the
operational times and the type of DC CB, and the energy
absorber should be designed accordingly. The coordinative
operation of the DC CBs is very important as a possible
failure at any DC CB may lead to the blocking of the
converters. The methodology proposed in this paper can be
applicable to other MTDC configurations in the future.
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