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Modular Reciprocating HVDC Circuit Breaker with
Current-limiting and Bi-directional Series-parallel
Branch Switching Capability

Jianzhong Xu, Moke Feng, and Chengyong Zhao

Abstract—The high-voltage direct current (HVDC) circuit
breaker is becoming popular with the rapid development of the
flexible HVDC grid for efficient DC fault ride-through purpos-
es. This paper proposes a novel module for reciprocating
HVDC circuit breaker topology, whose branch connections are
able to switch between series and parallel modes to limit the ris-
ing rate and interrupt the DC fault currents. Diode-bridge sub-
modules (DBSMs) are used to compose the main branch for
current interruption. Besides fault clearance, the proposed to-
pology has the advantageous function of DC fault current limit-
ing by employing DBSMs with bi-directional conduction capa-
bility. The topology can easily switch among branch connection
modes through the assembled trans-valves, and their resistance
and reactance are very small in the normal state when branch-
es are in parallel and the values become promptly large in the
transient state when the branches are series connected. With
the modular design, it is easy to change the number of branch-
es or sub-modules and the types of sub-modules to adapt to
more specific needs. A 6-terminal modular multi-level converter
(MMC) based HVDC grid is established in PSCAD/EMTDC,
and various simulation scenarios are carried out to validate the
proposed topology.

Index Terms—Reciprocating current limiting, direct current
circuit breaker (DCCB), diode-bridge sub-module (DBSM), se-
ries and parallel branches, DC fault clearance.

[. INTRODUCTION

ITH the large-scale application of fully-controlled
Wpower electronic devices represented by the insulated
gate bipolar transistor (IGBT), high-voltage direct current
(HVDC) technology with good controllability and scalability
has developed rapidly [1]-[5]. In recent years, research focus
has gradually changed from the past point-to-point HVDC
transmission to the flexible DC grid. Combined with future
potential energy storage facilities, the flexible DC grid can
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maximize the integration of various renewable energy sourc-
es and loads [6]-[8]. However, the DC grid has characteris-
tics of low inertia and low impedance. Thus, after a DC-side
short-circuit fault occurs, the fault current will rise sharply
in a very short time and will affect the safety and stability
of the DC grid [9]-[12].

One of the most reliable fault isolation methods in DC
grid is to employ direct current circuit breaker (DCCB). The
protection scheme based on DCCB can realize fast fault
clearance and system recovery [13]-[16]. Therefore, DCCB is
of great significance for stable operation. There are various
types of DCCBs according to the main switching type of de-
vice, which can be divided into mechanical DCCBs, solid-
state DCCBs and hybrid DCCBs [17]. Among them, the hy-
brid DCCB combines the economy of mechanical DCCB
and the response speed of solid-state DCCB, hence has
broader application prospects in the DC grid [18].

Figure 1 shows the classical hybrid DCCB proposed by
ABB [19], [20], where UFD stands for ultra-fast disconnec-
tor and MCB stands for main circuit breaker. Its detailed
structure and operation principle are documented very well.
Hence a description of those aspects will not be repeated
here. This type of hybrid DCCB relies mainly on fully con-
trolled power electronic devices to break a fault current. At
present, the use of fully controlled devices such as IGBT is
limited by the rated voltage and current of a single device.
In the case of a large-scale DC grid, a large number of IG-
BTs is required to connect in series or parallel to withstand
the high voltages and large currents. However, the series-par-
allel technologies of IGBTs are still facing great challenges
[21], [22]. The consistency of the switching action is diffi-
cult to guarantee. Moreover, the cost of IGBTs is high, and
the wide use of IGBTs will increase the capital costs.
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Fig. 1. Hybrid DCCB from ABB.
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In order to reduce the fault current interrupting capability
and the energy dissipations of DCCBs, current-limiting reac-
tors are usually installed. The current-limiting reactors can
help suppress the peak value of the DC fault current. Howev-
er, for a DC grid at high voltage level, if the steady-state re-
sistance of current-limiting reactors and the on-state resis-
tance of power electronic devices are large, the steady-state
performance of the DC grid will be affected. To address this
issue, a switchable current-limiting DCCB (CL-DCCB)
based on series-parallel connection mode is proposed in
[23]. CL-DCCB employs reactors to limit the fault currents
for the interruption, as shown in Fig. 2, where MOA stands
for metal oxide arrester.
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Fig. 2. Topology of CL-DCCB.

The MCB includes a low loss branch, a power electronic
branch and an absorption branch. The branch circuit break-
ers (BCBs) 1 and 2 have similar structures to MCB, and the
branch 2 of BCB is substituted by a capacitor. The BCBs
are used for switching the connection mode. When BCBs
are connected, current-limiting reactors L,, L, and L, are in
series, and CL-DCCB has low steady-state resistance. When
BCBs are disconnected, L,, L, and L, are in parallel, and CL-
DCCB has high transient impedance to limit the fault cur-
rent.

Nevertheless, there are some shortcomings of CL-DCCB.
Firstly, when the connection mode switches from parallel to
series, the current direction of the L, branch will reverse

779

sharply, and therefore L, will induce a large spike voltage.
Secondly, BCBs cut off the branch by first turning off T,
and T,. Then, the fault current is transferred from branch 1
to branch 2, and the capacitors in Fig. 2 are charged. When
the current flowing through branch 1 is approaching 0, the
UFD opens and the capacitors are further charged. When the
capacitors are fully charged, the BCB will be completely dis-
connected. The capacitors in CL-DCCB are designed as fault
current transfer and circuit breaking components. As the
fault current grows fast, BCBs need to break the circuit in a
short time. As a result, it is hard to determine a suitable ca-
pacitance to balance the fault current transfer and the cooper-
ation with UFD. The demands of fast disconnection is hard
to be satisfied too.

To solve the above problems, this paper proposes a modu-
lar reciprocating DCCB (MR-DCCB) with diode-bridge sub-
module (DBSM) as the main working unit. Firstly, the MR-
DCCB employs a bridge structure for the reactor L, in even
number branches. This bridge maintains the current direction
of reactor L, to avoid abnormal peak voltage. Secondly, the
MR-DCCB employs a diode-T-bridge (DTB) in trans-valves
(TVs) in replacement of BCB in CL-DCCB. Although DTBs
use relatively more IGBTs and diodes, IGBTs in DTB are
faster and more stable to break the circuit and change the
connection mode than capacitors.

With DBSM, the proposed circuit breaker can be quickly
switched between the normal working mode and the current-
limiting mode to realize reciprocating current limiting. The
topology has a modular nature, and therefore the number of
DBSMs and the types of sub-modules can be adjusted if
needed.

The remainder of this paper is organized as follows. The
topology and working mechanism of MR-DCCB are intro-
duced in Section II, and the analytical expression of the fault
current is also derived. Section III validates the correctness
of the proposed MR-DCCB and compares it to CL-DCCB
proposed in [23]. The overall performance of MR-DCCB in
a DC grid is further validated in Section IV. Section V con-
cludes this paper.

II. MR-DCCB

A. Topology

The topological structure of MR-DCCB is shown in Fig.
3(a). The number of branches can be any odd number. It is
determined by the voltage level and capacity. The main de-
sign principle is to ensure that both the maximum current
and its rate of increase do not exceed the allowed value of
the DC grid. Figure 3(a) is illustrated by taking three branch-
es as an example. Under this circumstance, the reactance val-
ue in the current-limiting mode is 9 times the value in the
normal operation mode. This is sufficient to limit fault cur-
rent if the reactance value is properly designed. In Fig. 3(a),
diodes D,, D,, D;, and D, make up a bridge circuit to main-
tain the direction of current flowing through the reactor L ,;

p2>

R, is a discharging resistance for L,; and T, is a combination

of several IGBTs in series to bypass R,. The anti-parallel di-
odes of T, are not shown in Fig. 3.
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Fig. 3. Topology of MR-DCCB. (a) Structure of MR-DCCB. (b) Structure

of BV. (¢) Structure of TV.

The breaking valve (BV) consists of three branches, as
shown in Fig. 3(b). Branch 1 includes a UFD and N, DB-
SMs; branch 2 consists of N, DBSMs; branch 3 is an energy
absorption branch with arresters. DBSMs in both branches 1
and 2 share the same structure. The diodes D,, D,, D;, and
D, are used to maintain the current direction of the capacitor
branch. The diode D, is used to avoid capacitor charging
through the IGBT T. T is used to bypass the capacitor. The
diode D; is used to protect the IGBT, and the DBSM capaci-
tor C is used to implement the fault current clearing.

TVs shown in Fig. 3(c) are used for switching the connec-
tion mode of MR-DCCB between parallel and series modes.
The structure of TV is similar to BV: branch 1 is a low loss
branch, branch 2 employs a DTB circuit to realize breaking
of the TV and branch 3 protects IGBTs in branch 2 from be-
ing broken down by abnormal over-voltage.

DC breakers work under normal conditions for most of
the time. Although the proposed scheme MR-DCCB con-
tains more switches and diodes, most of which are not in-
volved in the steady-state current path. Therefore, MR-DC-
CB has low steady-state power loss.
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B. Working Mechanism

DBSM is the main working unit of the proposed MR-DC-
CB, and two of its working states are used, i.c., the blocking
state and the bypass state. In the blocking state, T is turned
off. D,, D, (with positive current), D,, D, (with negative cur-
rent), and D, will conduct and the current flows through ca-
pacitor C. In the bypass state, T is turned on. D,, D, (with
positive current), D,, D, (with negative current), and T will
conduct so that the current will not flow through C. A simi-
lar mechanism also exists in the DTBs of TV, but the cur-
rent will be cut off if T in DTB is turned off. The entire cur-
rent paths are shown in Fig. 4.
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Fig. 4. Current paths. (a) Positive path of DBSM. (b) Negative path of
DBSM. (c) Positive path of DTB. (d) Negative path of DTB.

In order to show the working mechanism of the MR-DC-
CB is better, a two-terminal HVDC system is simplified to
two voltage sources with the same voltage level but slightly
different voltage values, as shown in Fig. 5. L, and L, are
the smoothing reactors of the converters at both ends; R
and R, are the equivalent resistances of the transmission line
(including steady-state resistance of smoothing reactors); U,
and U, are the DC voltages of the converters at both ends;
i,, is the total current flowing through the system.

Fig. 5.

Equivalent circuit of simplified test system.

The limiting and breaking process of fault current of MR-
DCCB in abnormal operation will be analyzed below. In
MR-DCCB, all DBSMs or DTBs in the same branch are
controlled in the same way. For simplicity, we use “a branch
is blocked/bypassed” to refer to the unified control state of
all DBSMs or DTBs in the branch.

When a DC fault occurs, the working processes of MR-
DCCB are divided into four successive phases: () phase 1,
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steady-state operation phase; (2) phase 2, fault detection and
TV delay phase; 3 phase 3, connection mode switching
(CMS) and current-limiting phase; (4) phase 4, fault clearing
phase. The MR-DCCB is initially involved in the fault ride-
through process in phase 3, and the fault current is ultimate-
ly cleared in phase 4, as shown in Fig. 6.

)
Phase 1{ | Normal operation mode |
Phase 2
| TV delay
c 1 | Reclosing operation |
Connection mode switching
and current transferring
'
Phase 34 | Current limiting |
Phase 4{ | Breaking operation |

End
Fig. 6. Diagram of working process of MR-DCCB.

The specific analysis of the four phases is as follows.
1) Phase 1 (t,t))

In this phase, three BV branches of MR-DCCB are con-
nected in parallel. In BVs and TVs, branch 2 is blocked, and
branch 1 is bypassed.

The equivalent circuit of phase 1 is shown in Fig. 7,
where R, is the equivalent resistance of the power electron-
ic devices in branch 1; L is the current-limiting reactor; and
R, is the steady-state resistance of L.

Fig. 7.

Equivalent circuit of phase 1.

The steady-state current can be calculated by:

U -U
i ()= T

t<t,

()

2
R,+R,+ g(R +Rp)

onl

The steady-state current is mainly affected by the voltage
difference and transmission line resistance of the converter
stations at both ends.

2) Phase 2 (t,-t,)

One of the challenges of DCCB is fault detection. Be-
cause of the high voltage and low impedance of DC grids,
the DC fault current increases with an increasing rate of sev-

eral kilo amperes per millisecond. Most fault detection strate-
gies can only be used as backup protection because of con-
siderable time delay. A feasible scheme is the measured rate
of change of voltage (ROCOV) [24], which can be used to
confirm the occurrence of a DC fault in a very short time
and will be used in this paper. When a DC fault near the
MR-DCCB1 occurs, ROCOV detector detects the fault in a
short time [23], and after detection, the MR-DCCB begins to
operate. Then, the TV branches receive a break signal. The
action processes of TVs are as follows:

1) After receiving the fault signal, branch 2 in TVs is by-
passed and branch 1 is blocked. The fault current is trans-
ferred from branch 1 to branch 2.

2) When the instantaneous fault current in branch 1 is low-
er than the allowed breaking value of UFD, UFD begins to
break, which usually takes several milliseconds.

Before UFD is disconnected, no current-limiting opera-
tions are implemented. Hence, the fault current will develop
freely through branch 1 in BVs and branch 2 in TVs. The
equivalent circuit in phase 2 is shown in Fig. 8.

L52

U,

Fig. 8.

Equivalent circuit of phase 2.

The analytical expression of fault current in phase 2 is:

U1 ’t;tl
]1—R7p e '

©q

+R,)/3; t,=L,,/R

0 U1+
i (= —-
m R.,
where R, =R +(R
and 7, =i, ().

Fault current increases exponentially in this phase, and its
time constant is determined by the equivalent reactance and
resistance from fault point to DC-side outlet of the convert-
er. The values of fault current can increase largely within a
few milliseconds.

3) Phase 3 (t,-t,)

During time ¢,-t;, after UFD is fully disconnected, branch
2 in TVs is blocked to break the TV branches, and the con-
nection mode changes from parallel to series.

At the same time, branch 1 in BVs is blocked. Capacitors
in branch 1 are inserted into the circuit to be charged, which
is also the preparation for current transfer.

The equivalent circuit is shown in Fig. 9. MR-DCCB?2,
R, Ly, and U,, which have no influence on MR-DCCBI1 dur-
ing the fault, are intentionally omitted.

In phase 3, the equivalent circuit of the MR-DCCBI
changes suddenly at #,. Therefore, the Laplace transforma-
tion is used to solve the circuit in the frequency domain.

The number of series capacitors in branch 1 of BV is
much smaller than that in branch 2, thus the majority of the
short-circuit current still flows through branch 1 when both
branches 1 and 2 are blocked.

t,<t<t,

2

onl eqp? chp:le +Lp/3>
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Fig. 9. Equivalent circuit of CMS process.

The operation circuit of Fig. 9 is shown in Fig. 10, where
s is the Laplacian; 7, is the fault current value at time ¢, ;
R, is the equivalent resistance; and u( (¢, ) is the capacitor

voltage at time ¢,_.

3Nuc(t,))
s

Fig. 10. Operation circuit of Fig. 9.

The analytical expression of the fault current in the CMS
process is calculated as:

i—t,

A . :
in()= 7 °© *(cosw, (t—t,)+k;sinw, (t—1t,)) t,<t<t, (3)

egs

where A=L I, +L,1,; I,=i,(t, ); Ly=L,+3L,; Ry=R,+

3Ry +R,); w3=/3N, /(L C)—1/7}; 1,=2L /R, and k,=
U, 1, —A/(Ar,005).

The DBSM capacitors will be charged to the rated voltage
in a very short time. After capacitors are fully charged at
time t;, branch 2 is bypassed to transfer the current from
branch 1 to branch 2. MR-DCCB works in current-limiting
mode during time #-#,. The fault current transfer process is
illustrated in Fig. 11.

Bypassed

Blocked Blocked

O
:Branch 1 ”

Bypassed |,

Fig. 11.

Fault current transfer process.

Before time ¢,, if the fault has been cleared, the fault cur-
rent will not continue to increase. The DBSMs and TVs can
be re-triggered to bypass branch 1 and block branch 2 to re-
turn to normal operation. Otherwise, a breaking operation is
required.

After the protection device determines that a breaking op-
eration is required, the current of branch 1 is detected. When
it is less than the allowed breaking value of UFD , the open-
ing signal is given. In general, the breaking of UFD needs
approximately a delay of 2 ms. During the delay phase, the
fault current is still free to develop because the transfer
branch is still in the bypass state.
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The equivalent circuit of the current-limiting process is
shown in Fig. 12. R, is the equivalent resistance of the
power electronic devices that are inserted into branch 2. The
analytical expression of fault current in phase 3 is:

U U\
in()= EJF I, - R e ¥ t,<t<t, 4)
Where ]3 :im (t3)’ To :Leqs/Reqs'

B =
,,,,,,,,,,,,, _Fault point (near
MR-DCCBI)

Fig. 12. Equivalent circuit of current-limiting process.

Due to the break-off delay of UFD, the fault current that
has been reduced rises again. However, due to the series
structure of MR-DCCB1 and the function of reactors, the in-
creasing rate of fault current in this phase will be lower than
that of phase 1.

4) Phase 4 (t,-ts)

As shown in Fig.13, after the UFD is completely discon-
nected, branch 2 is blocked, and the capacitors in branch 2
are charged by fault current. Then, the DBSM-reactor series
structure is used to construct a high DC impedance branch
to further block the fault current and finally clear the fault
through the arrester dissipations. Since the arrester is a non-
linear component, only the linear portion of phase 4 can be
analytically calculated.

| =
[P MR-DCCBL gyt point (near

MR-DCCBI)

CCBI
Fig. 13.

Equivalent circuit of phase 4.

The fault current in phase 4 is calculated as:

i,(0)= Ce {(1+K2a)5)cos ws(t—t,)+
T

5

K, :
——K,os|sinws(t—t,) | t,<t<t %)
T

5

where 73 =[2(L,, +3L)I/[3(R,,, + R,)}; ws=[12N,C(L,, +3L,)~
IR +Rp)2cz]%/[2c(l‘sl +3Lp)]; I,=i,(t,); K, =-U,/3N,)
and K, =[(1,/C)—(K,/t5))ws.

After fault clearance, T, is turned off to input discharging
resistance of L, into the circuit to dissipate the energy in L,.

The above analytical expressions will be validated in the
following subsections by comparing the results with those
obtained from the detailed electromagnetic transient (EMT)
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simulations on PSCAD/EMTDC.

III. VALIDATION OF MR-DCCB

A. Topology Validation in Test System

A test system is set up as shown in Fig. 5. The system pa-
rameters are given in Table 1. DC short-circuit fault occurs

at t,=4 s.

TABLE I
PARAMETERS OF TEST SYSTEM

Item Value
Rated voltage of station U, 500 kV
Rated voltage of station U, 499 kV
Smoothing reactance L 100 mH
Current-limiting reactance L, 90 mH
Steady-state resistance of current-limiting reactor R, 0.1 Q
Line equivalent resistance R, 025 Q
Sub-module capacitance C 200 pF

The total current flowing through the MR-DCCB (/pccp)
and the current of the branches in BV ([, for branch 1,
Loy for branch 2, and I, for branch 3) are shown in
Fig. 14.
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Fig. 14. Fault current waveforms of MR-DCCB during short-circuit fault.

Following Section II-B, the waveforms are also divided in-
to the following phases.

1) Time ¢,-t,: phase 1. The fault occurs at time ¢,.

2) Time ¢,-t,: phase 2. In this phase, the fault current rapid-
ly develops from a steady-state value of 1.87 kA to 9.25 kA.

3) Time t,-¢,: phase 3. Before £, TV branches are blocked
to change the connection mode from parallel to series. In
this process, the reactance of the topology increases by 9
times the steady-state value. Shortly the fault current is trans-
ferred from branch 1 to branch 2. After ¢, fault current de-
velops at a lower rate to wait for the disconnection of the

UFD in branch 1.

4) Time ¢,-t;: phase 4. After the UFD is fully disconnect-
ed, branch 2 in BV is blocked, the fault current charges the
DBSMs, and then discharges through the arrester. The TV is
responsible for changing the structure of the circuit. Figure
15 shows the voltage across TV during the operation of MR-
DCCB.

600
_ 575.73 kV
Z 400}
o
g
S 2001
>

0 n n n
3.998 4.000 4.002 4.004 4.006 4.008
Time (s)

Fig. 15. Voltage stress of TV.

When the circuit structure changes suddenly, the voltage
across it will be interrupted, and thus a certain number of
DBTs are required to be connected in series to prevent de-
vice damage.

B. Performance Comparison

In this section, MR-DCCB is compared with CL-DCCB
proposed by [23]. The test system is the same as that in Sec-
tion III-A. A short-circuit fault occurs at t=4 s. The total
current flowing through the two topologies is shown in
Fig. 16.

107 —e— MR-DCCB
8 —=— CL-DCCB
S
E 4
g L

2

0 - o o O

4.000 4.005 4.010 4.015 4.020 4.025

Time (s)

Fig. 16. Total current comparison between CL-DCCB and MR-DCCB.

As shown in Fig. 16, MR-DCCB is almost three times
faster than CL-DCCB in completely cutting off the fault cur-
rent. Also, the total period of large fault current is much
shorter. Due to the existence of a capacitor in Fig. 2, the
equivalent circuit of CL-DCCB is an RLC oscillating circuit,
and the fault current will oscillate while decreasing. This
would prolong the process of current decrease. The DBSM
structure in MR-DCCB prevents the oscillation and makes
the whole cut-off process of current controllable. Thus, MR-
DCCB has an advantage of stability and rapidity over CL-
DCCB.

C. Validation of Analytical Results

The accuracy of the analytical calculation results is
checked by comparing with the simulation results from
PSCAD/EMTDC. The test system built in Section III-A is
used and the fault current waveforms of all phases are plot-
ted in Fig. 17.
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Fig. 17. Comparison between analytical and simulation results.

It can be seen that the two curves fit very well from
phase 1 to phase 5 before the arrester operates. It is also ob-
served that in the nonlinear region of the arrester, the analyti-
cal results of MR-DCCB do not agree with the detailed sim-
ulations. This is because the transient characteristics of MR-
DCCB can only be described by the analytical equations in
Section II-B before the arrester operates. When the arrester
operates, it is very difficult to perform accurate analytical
analysis.

D. Economic Analysis

In this section, we give detailed comparisons between the
proposed MR-DCCB, DCCB from ABB, DCCB from the
Global Energy Interconnection Research Institute (GEIRI) of
the State Grid Cooperation of China and CL-DCCB.

IGBT 5SNA 2000K450300 is adopted to analyze econom-
ic performance. The rated parameter of the IGBT is 4.5 kV/
2 kA [25], the nominal voltage is 3 kV considering the secu-
rity margin, and the peak interrupting current is 9 kA when
applied to DCCB [19]. The diode model 5SDD 36K5000 is
selected and its nominal parameter is 5 kV/3.6 kA.

Considering a 500 kV two-terminal HVDC system, the
peak breaking value for DCCB is 1.5 times the rated voltage
[13]. Considering the allowed safety value and the character-
istic of arresters, the DCCB should tolerate a voltage of 800
kV. Under this condition, both the ABB and GEIRI schemes
need 1072 IGBT modules for bi-directional fault current
breaking, and the CL-DCCB needs 540 IGBT modules,
1068 standalone diodes and 356 capacitors.

As for the MR-DCCB in this paper, in each DBSM, T
bears the voltage of the sub-module capacitor. The rated volt-
age of one DBSM is set to be 4.5 kV, and the peak interrupt-
ing current is 9 kA. Therefore, to break the fault current
with a maximum value of 9.25 kA (3.08 kA for each BV in
parallel) and voltage of 800 kV, 267 DBSMs in total are
needed in branch 2 for BV. Since the TV needs to break 2/3
of the current and voltage, 356 DTBs in total are needed in
branch 2 of the TV. In addition, there are 15 DBSMs in
branch 1 in BV and 2 IGBTs in branch 1 in TV. The total
number of required IGBTs is 642, the total number of re-
quired standalone diodes is 2834, and the total number of re-
quired capacitors is 282.

Table II gives the device comparison of four schemes. For
the application of high voltage and large current, the price of
IGBT is about 10 to 20 times that of diodes and capacitors.
To compare the total cost of DCCBs, the cost of diodes and
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capacitor are set to unit 1, and the cost of IGBT are set to
the average value of 15. As the number of UFD is very
small and the cost is low, the price of UFDs is ignored. IG-
BT module is defined as an IGBT/diode pair.

TABLE II
COMPARISON OF FOUR SCHEMES

Scheme rln((})ggle Stag?s(li(;ne Capacitor ~ UFD  Total cost
ABB 1072 0 0 1 17152
GEIRI 1128 0 282 1 18330
CL-DCCB 540 1068 356 3 10064
MR-DCCB 642 2834 282 5 13388

The total cost of the MR-DCCB is 21.94% less than the
ABB scheme and 26.96% less than the GEIRI scheme. It
will save more than 1/5 of the DCCB cost. Although MR-
DCCB costs 24.83% more than CL-DCCB, it has more ad-
vantageous features such as stability and rapidity over CL-
DCCB, as shown in Fig. 16, which is also its main innova-
tion. The significantly improved current limiting and break-
ing performance of MR-DCCB can well compensate for the
larger cost, and is potential for the application in a future
DC grid.

IV. ToPOLOGY VALIDATION IN DC GRID

The performance of MR-DCCB in an actual DC grid is
verified in this section. The diagram of the 6-terminal

HVDC system and the system parameters are shown in Fig.
18 and Table III.

145 kv, &2 300 km 3

ilZ 600 km igD 200 km

200 km

B DCCB; x Smoothing reactor; (O AC power source; === Overhead line

MMC converter; DC/DC converter; é Fault point

—— 400 kV DC line; — £200 kV DC line

Fig. 18. Diagram of 6-terminal HVDC grid.
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TABLE III
SYSTEM PARAMETERS OF 6-TERMINAL HVDC GRID

Sub-module Sub-module Bridge
Converter - capacitance  reactance Control strategy
count

(uF) (mH)
Cl 200 15000 19 U, =800kV,0=0
C2 200 5000 58 P =300 MW, 0=0
C3 200 10000 29 P =500 MW, 0 =0
C4 200 10000 29 P =500 MW, 0 =0
C5 200 10000 29 P =500 MW, 0=0
C6 200 15000 19 U, =400kV,0=0

The start-up process of the DC grid is not simulated in
this paper, and we assume that the DC grid has already
reached steady state before the fault. At 1,=1.5 s, a pole-to-
pole short-circuit fault occurs at the fault point shown in
Fig. 18. The total current flowing through the circuit breaker
during the fault and the current flowing through branch 1
and branch 2 in BV are shown in Fig. 19.

Connection mode

switching and current
transferring

Mechanical

Fe}ult current switch  Faultis
increases opens cleared
—_ r T T >
2510 I 9.02kA_} ! ! |
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—- 0 ] | |
5 %2 . ! . ! ! ! £51(1.5061 s)
= iB hli Bvi i i i
= ranch 1 in BV, i g
2~ 10 iis blocked, and | i Breaking iljﬂie‘igg :F it
I § Fault 1 then branch2 | 1instruction "oranch 2 is ‘cfaelértel;
g appears| inBVis 1 | isgiven , ranch < 1s \
= 5 ! blocked
S > I bypassed [ | ocked
e LN : |
g g 0 1 | | |
S | B | |
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o | o | |
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3 1.498 1.500 1.502 1.504 1.506 1.508
Time (s)
Fig. 19. Transient current of MR-DCCB in 6-terminal HVDC grid. (a) To-

tal current of MR-DCCB. (b) Current of branch 1 in BV. (c¢) Current of
branch 2 in BV.

In Fig. 19, it can be seen that the proposed MR-DCCB
has shown its capability in fault current limiting and clear-
ing. However, the DC fault in the power grid leads to a rap-
id drop of the DC voltage of the converter, which will cause
the grid voltage to be unbalanced. Therefore, it is necessary
to reconstruct the system voltage during the fast power re-
covery stage. After using the MR-DCCB for current limiting
and braking, the capacitor discharging process of the modu-
lar multi-level converters (MMCs) can be slowed and the
DC voltage of MMC can be maintained, as shown in Fig.
20. In Fig. 20, when the MR-DCCB is not activated, the DC
voltage of the converter continues to decrease after the fault;

785

and if the MR-DCCB is activated, the DC voltage of the
converter can be maintained.

450 - —— MR-DCCB is activated
-~ --MR-DCCB is not activated
400
2 350 \/“\W
§ 300+ S o
8 AN
§ 250+ NN R
200 Y
150 : : : : o
1.499 1.501 1.503 1.505 1.507 1.509 1.601
Time (s)

Fig. 20. Influence of MR-DCCB on DC voltage.

Based on the above analysis, before 1=1.504 s (period ,-
t,), the fault current flows over the MR-DCCB and the MR-
DCCB is not fully disconnected. The DC voltage of the con-
verter continues to decrease. The rate of decrease is the
same as the situation where there is no MR-DCCB. After ¢ =
1.504 s, the MR-DCCB is fully disconnected, and the fault
will no longer affect the DC voltage. Therefore, the DC volt-
age is kept near a certain value (310 kV in Fig. 20) and
would not decrease further. About 62% of the rated DC volt-
age remains.

A larger residual DC voltage is conducive to power recov-
ery after a severe DC short-circuit fault of the DC grid.
Therefore, the MR-DCCB is beneficial in maintaining the
DC voltage after a fault.

V. CONCLUSION

An MR-DCCB with current-limiting and bi-directional se-
ries-parallel branch switching capability is proposed in this
paper. The current-limiting and breaking processes of the
MR-DCCB are analyzed, and each working phase is mathe-
matically calculated. The calculation results are verified by
simulation and the conclusions are as follows.

1) Multiple branches are connected in parallel in steady
state so that the system is almost not influenced by the MR-
DCCB. The loss of the MR-DCCB is relatively low, and it
can effectively dissipate the energies in the current-limiting
inductors. During the transient state, branches are connected
in series, so the impedance is high, and the fault current can
be quickly cleared.

2) The DBSM are employed in MR-DCCB as the main
device. Each branch can interrupt bi-directional DC fault cur-
rent. The modular nature of the new topology can easily
change the number of paralleled branches, the number of se-
ries DBSMs and the sub-module types.

3) The MR-DCCB is validated by detailed simulations on
PSCAD/EMTDC. 1t is capable of limiting the fault current
and clearing the fault within 7 ms, thus it has a good appli-
cation prospect in future DC grid.
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