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Interlink Hybrid DC Circuit Breaker
Chuanyue Li , Student Member, IEEE, Jun Liang , Senior Member, IEEE,

and Sheng Wang, Member, IEEE

Abstract—To protect HVdc grids from dc faults, the con-
cept of a hybrid dc circuit breaker is widely accepted due
to its low conduction losses and fast interruption speed.
For a well-built dc grid, a massive number of hybrid dc cir-
cuit breakers have to be installed. This will lead to high
capital costs. An interlink dc circuit breaker based on an
idea of sharing a main breaker branch between two circuit
breakers is proposed to reduce the overall costs of circuit
breakers in a dc grid. Compared to existing hybrid dc circuit
breakers, the interlink hybrid dc circuit breaker can achieve
the same dc fault interruption capability with fewer compo-
nents. Novel structures of main breaker branches are de-
signed and their parameters are determined to make the
interlink hybrid dc circuit breakers be capable for both uni-
directional and bidirectional interruption on demand. For a
unidirectional interlink hybrid dc circuit breaker, the size of
metal-oxide varistors (MOVs) is reduced by 50%. For a bidi-
rectional interlink hybrid HVdc circuit breaker, the number of
IGBTs and MOVs are reduced by 25%. The interlink hybrid dc
breakers are verified and compared to the hybrid dc circuit
breaker via a three-terminal HVdc grid in PSCAD/EMTDC.

Index Terms—HVdc grid, hybrid HVdc breaker.

I. INTRODUCTION

T
HE dc grid based on voltage-source-converter (VSC) tech-

nology is a preferable choice for transmitting power from

remote energy sources to multiple load centers. A major chal-

lenge is the dc grid protection. Compared to an ac transmission

system, the impedance within a dc grid is much lower. There-

fore, the propagation of a fault in a dc grid will be much faster

than that in ac systems, which further leads to the fast dc fault

current rising and dc voltage drop. The dc fault current has no

zero crossing. Traditional mechanical circuit breakers are not

suitable for protecting a dc grid from a dc fault. Technical ad-

vance in dc circuit breakers which can interrupt a dc fault current

in 5 ms is then demanded.

Semiconductor switches, such as IGBT and IGCT, can in-

terrupt fault current within 1 ms. A string of semiconductor
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switches in series, as a dc circuit breaker, can easily fulfill the

speed demand of the protection. However, its ON-state loss is

high. The loss typically is 30% of the loss of a VSC converter

with same voltage rating [1]. A highly efficient cooling system

is also required for this breaker to maintain its functionality.

To reduce the ON-state loss of the pure-semiconductor dc

circuit breaker, a hybrid dc circuit breaker (HCB) was therefore

proposed to fulfill the speed and loss requirements. Its basic

operation principle is that the normal load current flows through

the low-loss branch in normal conditions. When a dc fault is

detected, the fault current is commutated to the main breaker

branch to interrupt. The prototypes of HCBs were proposed

by several manufacturers. ABB has tested its HCB [2], which

interrupts a dc fault current up to 16 kA in 2.25 ms. An HCB

prototype developed by Alstom Grid [3] interrupts a prospective

fault current of 7 kA in 2.5 ms. The State Grid Smart Grid

Research Institute has also developed a full-bridge-based HCB

[4] which interrupts the fault current up to 15 kA within 3 ms.

These HCBs have shown good performance for interrupting

dc fault current. However, the costs of a future commercial HCB

can be very high because a large number of semiconductor de-

vices is used [5]. Therefore, many studies on reducing the cost of

an HCB have been carried out. The low-loss branch is replaced

by an SF6 switch in [6]. Its arc voltage is large enough to com-

mutate the fault current to the main breaker branch. A unidirec-

tional HCB [7] using half number of IGBT modules is proposed

with the ability to interrupt the unidirectional fault current. The

dc grid protection via unidirectional HCBs is proposed in [8]

to reduce the overall cost of hybrid dc circuit breakers. An H-

bridge hybrid dc circuit breaker [9] can change the bidirectional

fault current into the unidirectional fault current, therefore, only

the unidirectional main breaker branch is applied. The number

of low-loss branches is increased in order to construct the H-

bridge circuit. The size of the MOV in parallel connection with

the main breaker can be reduced via a thyristor-based limiting

circuit [10].

For a dc grid, there are terminals connected to multiple trans-

mission lines. The conventional approach uses one HCB in-

stalled at each line end. Each HCB consists of a main breaker

branch to interrupt the fault current. If the main breaker branch

is shared among the HCBs, the utilization of the device is in-

creased and the cost is reduced. Many studies based on the

shared main breaker branch have been carried out. An assembly

HVdc breaker [11] uses only one grounded active short-circuit

breaker for each terminal to interrupt the fault occurred on any

connected transmission line. Additional auxiliary switches in-

stalled on each line are required. A multiline hybrid dc circuit

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/
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Fig. 1. Fault interruption operation of an HCB. (a) t1 − t3 . (b) t3 − t4 .
(c) t4 − t5 . (d) after t5 .

breaker [12], [13] that allows all connected lines to use only one

main breaker branch is proposed at the cost of requiring double

low loss branches. A dc switch yard [14] and a multiport hybrid

dc circuit breaker [15] are designed to share a part of the main

breaker branches among connected lines. Additional low-loss

branches are still required.

There is the concern over the shared main breaker branch for

dealing with multiple faults occurring at the same time. The sum

fault current to be interrupted could be over its rating, such as the

breakers proposed in [12], [13], and [15]. However, sharing main

breaker branch is still a cost-effective solution as the presence

of multiple faults occurring on different transmission lines at

the same time is extremely rare.

In this paper, an interlink hybrid dc circuit breaker (IHCB)

based on the concept of sharing the main breaker branch is

proposed to reduce the size of the main breaker branches without

increasing the number of low loss branches. Considering the

potential demand of a unidirectional breaker that will use fewer

components than a bidirectional breaker, both unidirectional and

bidirectional IHCB are designed. The application of a IHCB is

for the situation that three or more dc lines are connected to a

dc bus bar, but only two lines are connected to the IHCB, which

consists of one main breaker branch and two low loss branches.

The operation between a main breaker branch and two low-loss

branches are designed to ensure correct protection against faults

on two transmission lines and the dc bus. The parameter of

unidirectional and bidirectional IHCBs will be investigated and

compared to the HCBs.

The IHCB studied in this paper is based on the HCB [2].

A detailed description of the HCB is introduced in Section II.

The topology of the unidirectional and bidirectional IHCBs and

their parameter analysis are proposed in Sections III and VI in-

dividually. A test circuit is proposed to compare the interruption

ability of the fault current and the fault current distribution of

IHCB and the HCB in Section V. The conclusion is drawn in

Section IV.

II. HYBRID HVDC CIRCUIT BREAKER

An HCB is comprised of two branches: the low-loss branch

and main breaker branch. The low-loss branch contains an ultra-

fast disconnector (UFD) and a load commutation switch (LCS),

see Fig. 1. The ultrafast disconnector [16] is a mechanical switch

which can open within 2 ms to isolate the load commutation

switch from the main circuit. The load commutation switch,

Fig. 2. IGBT arrangement for the unidirectional or bidirectional
interruption.

that consists of a few IGBT modules [17], is designed to pro-

vide a low-loss current path for the load current. When a fault is

detected, the load commutation switch is switched OFF and the

fault current will be commutated into the main breakers. The

commutation time is normally 0.25 ms [17].

The main breaker branch is sectionalized into several main

break cells [18]. Each cell contains one MOV and one main

breaker (MB), see Fig. 1. Each main breaker consists of a large

number of IGBT modules. In IGBT modules, diodes are anti-

parallel connected with IGBTs. The main breakers stay ON-state

during the normal condition. The load current only flows through

the low-loss branch due to the high ON-state resistance of main

breakers. The MOV is used to protect the main breaker from

overvoltage and dissipate the fault energy.

The HCB can break either unidirectional or bidirectional fault

current depending on the connection of IGBT modules applied

in the load commutation switch and the main breaker. The con-

nection of the IGBT modules for unidirectional interruption or

bidirectional interruption is shown in Fig. 2. The number of

IGBT modules in a bidirectional HCB is twice of a unidirec-

tional HCB.

A current limiting reactor (CLR) is used to limit the increasing

speed of the fault current no more than 3.5 kA/ms [1]. The

residual current breaker (RCB) is used to disconnect the HCB

physically, typically within 1 s when the residual current is small

enough.

The operation of the HCB is shown in Fig. 1. When a dc

fault happens at t1 , the load current flowing through the low-

loss branch will rise rapidly. The HCB will take some time to

detect the fault (t1 − t2). Then the load commutation switch

is switched OFF immediately at t2 and hence the fault current

starts to be commutated to main breakers. When the fault current

is fully commutated into main breakers at t3 and the ultrafast

disconnector starts to open, see Fig. 1(b). Once the ultrafast

disconnector opens at t4 , main breakers are switched OFF to

interrupt the fault current. The fault energy is dissipated by

the MOVs and the fault current is therefore reduced to zero

gradually, see Fig. 1(c). When the dc current drops to zero at t5 ,

the fault is interrupted by the HCB. If restore is not required,

the residual current breaker (RCB) will open to disconnect the

HCB physically, see Fig. 1(d).

A typical fault interruption process is given in Fig. 3. For

the load commutation switch and the main breaker, their peak

fault currents appear at t3 and t4 , respectively. For the MOV,

the fault energy is dissipated lasting from t4 − t5 , and the fault

current via the MOV is therefore reduced gradually. During the

fault energy dissipation, the voltage of the main breaker cell is



LI et al.: INTERLINK HYBRID DC CIRCUIT BREAKER 8679

Fig. 3. Typical fault interruption process in the hybrid dc circuit breaker.

limited at the protective level of the MOV most of the time, see

Fig. 3.

After the fault is interrupted, the main breaker branch with-

stands the open-circuit dc grid voltage. The normal dc voltage

of each cell is determined by the dc grid voltage dividing the

number of cells. To achieve the short duration for fault current

reduction, the protective level of the MOV is typically 1.5 times

the normal dc voltage [18]. Therefore, the voltage rating of the

main breaker in each cell is 1.5 times the normal dc voltage.

An equivalent one-line diagram of a three-terminal MMC-

HVdc system, as shown in Fig. 4, is used to explain the design of

breaker parameters. The design will consider the peak currents

of the main breaker and load commutation switches, and the

maximum dissipated fault energy of the MOV under the most

severe fault current. Thus a dc bus fault Fb and a transmission

line fault Fl are used in the parameter design.

The MMC converter is considered as a constant voltage

source with an inductor L1 in series, see MMC1 in Fig. 4.

L1 is the equivalent inductor of the arm inductors. Its value

is 1/3 of the inductance of one arm inductor, because arm in-

ductors on three phase units are in parallel. The transmission

line is represented as a T-section RLC circuit. After a trans-

mission line fault Fl occurs, the fault current flowing through

the HCB is mainly contributed by MMC1, the fault current is

expressed as

if 12(t) = I12 +
V1

L1 + LCLR12
× (t − t1) (1)

where V1 is the dc voltage of MMC1, I12 is the prefaulted

current of the transmission Line 12, LC LR12 is the inductance

of current limiting reactor on Line 12, L1 is the equivalent arm

inductor of MMC1.

For the HCB, the peak currents of the load commutation

switch and the main breaker appear at t3 and t4 respectively, see

Fig. 3, are calculated as

ILCS12 = I12 +
V1

L1 + LCLR12
× (t3 − t1) (2)

IMB12 = I12 +
V1

L1 + LCLR12
× (t4 − t1). (3)

For the dissipated energy calculation of the MOV, its voltage

is assumed to be constant at the protection level during t4 − t5 ,

as shown in Fig. 3. The maximum dissipated energy of the MOV

in each cell is calculated as

EMOV12 =

[

I12 +
V1

L1 + LCLR12
× (t4 − t1)

]

× Vcell ×
t5 − t4

2
(4)

where Vcell is the voltage rating of the main breaker in each cell,

also is the protection level of the MOV.

III. UNIDIRECTIONAL INTERLINK HYBRID HVDC CIRCUIT

BREAKER

DC line faults can be interrupted by using only the unidi-

rectional HCBs [7], [8]. The design that each HCB has one

main breaker branch [see Fig. 5(a)] can be improved by shar-

ing a main breaker branch between two HCBs. Two unidirec-

tional main breaker branches can be replaced by one interlink

main breaker branch, which 50% MOVs is reduced, as shown

in Fig. 5(b). The fault current of Line 12 or Line 13 can be

commutated to this main breaker branch to interrupt, therefore,

bidirectional main breaker cells are required.

The possibility of simultaneous faults occurring on different

lines is extremely low, therefore, this situation has not been

taken into account for the breaker design. And the unidirec-

tional IHCB is unable to interrupt such faults. The descriptions

for the operation principle, the parameter design and the MOV

reduction are given below.

Taking the fault Fl occurred on Line 12 as an example, the

operation principle of the unidirectional IHCB is given in Fig. 6.

Before the fault, the load currents flow through the low-loss

branches. A fault Fl occurs on Line 12 at t1 and is detected

at t2 , the fault current is then commutated from LCS12 to the

main breakers, see Fig. 6(a). At t3 , the current of low-loss branch

becomes zero, and UFD12 starts to open and completes action

at t4 . Then MB1 will open to interrupt the fault current. From

t4 − t5 , the fault energy is dissipated by the MOV1 and the fault

current is reduced to 0 gradually, see Fig. 6(c). From t3 − t5 ,

the LCS13 provides the path for the fault current flowing into

the main breaker branch. After the fault is interrupted at t5 , if

restore is not required, the RCB12 is open to disconnect the

Line 12 physically and protect the MOV from the overload. The

UFD12 and LCS12 will then reclose to be a part of the interlink

main breaker branch to protect Line 13 from the line fault, see

Fig. 6(d).

During the fault interruption t3 − t5 , see Fig. 6(b) and (c),

LCS13 is the path for the fault current, which is commutated

from the LCS12 to the main breakers, and the current i13 of

Line 13. Its peak current ILC S13 appears at t4 , when the fault

current is interrupted by the main breakers. The peak current of

the load commutation switch is

ILCS13 =

[

I12 +
V1

L1 + LCLR12
× (t4 − t1)

]

+ i13(t4) (5)

where i13(t4) is assumed to be equal to the load current I13 of

Line 13. Because the influence of the fault on Line 13’s current

i1i is ignored due to the quick fault current interrupting and the

current limiting reactors on Line 13.
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Fig. 4. Equivalent one-line diagram of a three-terminal MMC-HVdc for the breaker’s parameter analysis.

Fig. 5. Comparison between two unidirectional HCBs and the unidi-
rectional IHCB. (a) Two unidirectional HCBs. (b) Unidirectional IHCB.

Fig. 6. Operation of the unidirectional IHCB for the transmission line
fault. (a) t1 − t3 . (b) t3 − t4 . (c) t4 − t5 . (d) After t5
.

The fault current keeps rising in the MB1 until it is interrupted

at t4 , the peak fault current of MB1 is

IMB1 = I12 +
V1

L1 + LCLR12
× (t4 − t1). (6)

The MOVs in main breaker cells dissipated the fault energy

evenly, and for one MOV in each cell, its maximum dissipated

energy is expressed as

EMOV =

[

I12 +
V1

L1 + LCLR12
× (t4 − t1)

]

×Vcell ×
t5 − t4

2
.

(7)

After the fault is interrupted, the main breaker branch of the

IHCB withstands the open-circuit dc voltage (V1) of MMC1.

The voltage rating of the main breaker branch denoted as VMB,

is 1.5 V1 . This interlink main breaker branch is composed of

antiseries connected IGBT to achieve bidirectional interruption,

the required numbers of IGBT modules and MOVs are
{

nIGBT = VM B

V IG B T
× 2

nMOV = VM B

Vc e l l

(8)

where VIGBT are the voltage ratings of one IGBT module.

If two unidirectional HCBs are used, the voltage rating of the

main breaker branch is same as that of the unidirectional IHCB,

which is also 1.5 V1 . The numbers of IGBT modules and MOVs

applied in two HCBs’ main breaker branches are
{

nIGBT = VM B

V IG B T
× 2

nMOV = VM B

Vc e l l
× 2

. (9)

Compared (8) and (9), the number of IGBT modules are the

same in the unidirectional IHCB and two unidirectional HCBs.

However, only 50% MOVs are needed in the unidirectional

IHCB.

IV. BIDIRECTIONAL INTERLINK HYBRID HVDC

CIRCUIT BREAKER

The bidirectional HCB can be used to protect the system from

not only line faults but also dc bus faults. When a dc bus fault

occurs, the fault current of each line will be commuted from

LCS to the main breaker branch before it is interrupted.

If a bidirectional IHCB would use the same main breaker

branch as that of a unidirectional IHCB, see Fig. 7(a), when a

dc bus fault occurs, after both LSCs on Line 12 and Line 13

open, the LSCs would have to withstand the high dc voltage and

the fault current cannot flow through the main breaker branch to

the faulted bus. Therefore, one more branch is required to avoid

overvoltage across LCSs and provide a path for the fault cur-

rent commutation. A novel Y-connected interlink main breaker

branch is thus proposed for the bidirectional IHCB to provide

a path for the fault current after both LCSs open in order to
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Fig. 7. Bidirectional IHCB. (a) Interlink main breaker branch.
(b) Y-connected interlink main breaker branch.

Fig. 8. Operation of the bidirectional IHCB for the transmission line
fault. (a) t1 − t3 . (b) t3 − t4 . (c) t4 − t5 . (d) after t5 .

interrupt the fault current. Its structure is shown in Fig. 7(b),

an additional main breaker branch, (MB0 and MOV0) is added

between the dc bus and the midpoint of the main breaker branch.

The Y-connected main breaker branch also limits the number of

IGBTs to be added.

Compared to using bidirectional HCBs, the number of IGBTs

and MOVs are reduced by 25% by using the Y-connected branch.

For either a line fault or a bus fault, the fault current will be

commutated to the Y-connected interlink main breaker branch

to interrupt.

It is a cost-effective solution that the design of the bidirec-

tional interlink hybrid dc circuit does not consider multiple faults

occurring on the different lines at the same time. Because the

presence of this fault situation especially under an HVdc grid

using cables for the offshore application is extremely rare. The

descriptions of the operation principle, the parameter design and

reduction of the numbers of IGBT modules and MOVs are given

below.

To interrupt the fault at a transmission line, the operation of an

IHCB is shown in Fig. 8. Before the fault, the load currents flow

through the low-loss branches. A fault occurs on Line 12 at t1 ,

see Fig. 8(a). When it is detected at t2 , LCS12 is switched OFF

Fig. 9. Operation of the bidirectional IHCB for the dc bus fault.
(a) t1 − t3 . (b) t3 − t4 . (c) t4 − t5 . (d) After t5 .

and the fault current starts to be commutated into Y-connected

main breakers. When the commutation process is finished at

t3 , UFD12 starts to open, see Fig. 8(b). At t4 , UFD12 is fully

opened, the fault current will be interrupted by the Y-connected

main breakers and the fault energy is dissipated over the MOVs

0, 1, and 2, see Fig. 8(c). After the fault is interrupted at t5 ,

the RCB12 is open to disconnect the Line 12 and protect the

MOVs from overload. The main breaker branches 0&2 are still

available to protect Line 13, see Fig. 8(d).

To interrupt the fault occurred on the dc bus Fb , the operation

of the bidirectional IHCB is shown in Fig. 9. To test the breaker

with the most severe fault, the load current is set to have the same

direction as the fault current. Before the fault, the load current

flows through the low-loss branch to the dc bus. The dc bus fault

occurs at t1 , see Fig. 9(a). When it is detected at t2 , both LCS12

and LCS13 are switched OFF and the fault currents of both Line

12 and Line 13 start to be commutated to the Y-connected main

breakers. From t3 , when the commutation process is finished,

UFD12 and UFD13 start to open and complete the action at t4 ,

see Fig. 9(b). From t4 , the fault current is interrupted by MBs

0, 1, and 2, and the fault energy will be dissipated by MOVs

0, 1, and 2, see Fig. 9(c). After the fault is interrupted at t5 ,

both RCB12 and RCB13 open to disconnect the faulty dc bus

physically, see Fig. 9(d).

Line faults are used to determine the specifications for the

bidirectional IHCB. Thus, a line fault e.g., Fl in Fig. 4 is selected.

During the fault interruption t3 − t5 , see Fig. 8(b) and (c),

LCS13 is an alternative path for the fault current. The half fault

current and the current i13 of Line 13 will pass through LCS13.

Its peak current ILC S13 appears at t4 , when the fault current is

interrupted by the main breakers. The peak current of the load

commutation switch is shown below:

ILCS13 = i13(t4) + 0.5 ×

[

I12 +
V1

L1 + LCLR12
× (t4 − t1)

]

(10)
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where the influence of the fault on Line 12’s current is ignored

due to the quick fault current interrupting and the current lim-

iting reactors on Line 13. i13(t4) is equal to the load current of

Line 13.

The main breaker 1 withstands the whole fault current, see

Fig. 8(b). Its peak current appears at t4 , when the fault current

is interrupted. The peak current of the main breaker 1 or 2 is

shown as

IMB1 = I12 +
V1

L1 + LCLR12
× (t4 − t1). (11)

The maximum dissipated energy of the MOV1 or MOV2

located on main are calculated as

EMOV1 =

[

I12 +
V1

L1 + LCLR12
× (t4 − t1)

]

× Vcell ×
t5 − t4

2
. (12)

As main breaker branch 0 needs to withstand the high fault

current from both Lines 12 and 13 caused by the dc bus fault.

The dc bus fault is used to determine the parameter of the main

breaker branch 0.

When a dc bus fault e.g., Fb in Fig. 4 occurs, the following

equations of Line 12 or Line 13 are obtained using the KVL and

KCL laws

R1j ij1(t) + (LCLRj1 + Ltj1 + Lj )
dij1(t)

dt
+ vC j (t) = Vj

(13)

(LCLR1j + Lt1j )
di1j (t)

dt
+ R1j i1j (t) = vC j (t) (14)

Cj
dvcj (t)

dt
= −iC j (t) (15)

i1j (t) = ij1(t) + iC j (t) (16)

where j = 2 or 3, Vj is the dc voltage of MMCj.

To simplify the fault current analysis, the total inductances

on both sides of the capacitor C1j are supposed to be equal. The

values of Lt1j and Ltj1 of the transmission lines should satisfy

the relationship

LCLR1j + Lt1j = LCLRj1 + Ltj1 = L1j (17)

where L1j denotes the equivalent inductance between the faulted

dc bus and the capacitor C1j and between the capacitor C1j and

MMCj.

The expression of vc is obtained by substituting (14)–(17)

into (13)

2vC j (t) + R1jCj
dvC j (t)

dt
+ L1jCj

d2vC j (t)

dt2
= Vj . (18)

Applying Laplace transformation to (18) yields

2vC j (s) + R1jCj [svc(s) − vc(0)]

+ L1jCj

[

s2vc(s) − svc(0)
]

=
Vj

s
(19)

where vc(0) = Vj is assumed due to the small value of R1j .

The expression of vc(s) is obtained by arranging (19)

vC j (s) = 0.5 Vj

[

1

s
+

Cj (L1js + R1j )

CjL1js2 + CjR1js + 2

]

. (20)

Applying Laplace transformation to (14) and considering (20)

yield

L1j [si1j (s) − i1j (0)] + R1j i1j (s)

= 0.5 Vj

[

1

s
+

Cj (L1js + R1j )

CjL1js2 + CjR1js + 2

]

. (21)

The expression of i1j (s) is thus obtained from (21)

i1j (s)= 0.5 Vj

[

1

R1j

(

1

s
−

1

s + a

)

+
1

L1j b
×

b2

(s + a
2 )2 + b2

]

+ i1j (0) ×
1

s + a
(22)

where a =
R1 j

L1 j
, b =

√

2
L 1 j C j

−(
R 1 j
2 L 1 j

)
2

and i1j (0) = I1j which is

the rated current in normal condition.

The time-domain expression of i1j is obtained through inverse

Laplace transform of (22)

i1j (t) = 0.5Vj

[

1

R1j

(

1 − e−at
)

+
1

L1j b
e−

a
2 t sin(bt)

]

+ I1je
−at.

(23)

As shown in (23), the fault current is determined by the rated

current of both lines, the impedance of the transmission lines,

the inductance of the CLRs and the arm inductor of converters.

The fault current in the Y-connected main breakers keeps rising

until the fault current is interrupted. The peak current in the

main breaker 0 appears at t4

IMB0 =

3
∑

i=2

i1j (t4). (24)

The maximum dissipated energy of the MOV0 of each cell in

this subbranch is

EMOV0 = IMB0 × Vcell ×
t5 − t4

2
. (25)

When a line fault is interrupted by the breaker, the open-circuit

voltage is the dc voltage (V1) of MMC1. When a bus fault is

cleared by the breaker, the open-circuit voltage of is Vj − ∆V1j ,

Vj is the dc voltage of MMCj, and ∆V1j is the voltage drop of

Line 1j. Only the rated dc voltage V1 is considered to determine

the voltage rating of the breaker as V1 > Vj − ∆V1j .

For the bidirectional IHCB, two branches of the Y-connected

main breaker branch share the open-circuit voltage V1 . The volt-

age rating of each main breaker branch is VY −MB = VMB/2 =
1.5 V1/2 = 0.75 V1 . The numbers of IGBT modules and MOVs

required for an interlink main breaker branch are
{

nIGBT = 0.5 VM B

V IG B T
× 3 × 2

nMOV = 0.5 VM B

Vc e l l
× 3

. (26)

If two bidirectional HCBs are used, the open-circuit voltage

for each main breaker branch is V1 . The voltage rating VMB
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TABLE I
MAIN DATA OF TEST SYSTEM

Items Value

One π-section (20 km) of overhead line 0.228 Ω, 18.7 mH, 0.246 µF
Length of Line 12 and Line 13 100 km
Voltage control in MMC1 320 kV
Power control in MMC 2-3 900 MW
Arm inductor 50 mH
SM capacitor 8 mF
Number of SMs 100
IGBT RC E 0 = 0.49 mΩ VC E 0 = 1.22 V
Diode Ron = 0.39 mΩ F V D = 1.09 V
CLR 100 mL
Main breaker cells 120 kV
Fault impedance 100 mΩ

TABLE II
SUMMARY OF SIMULATION RESULTS OF THE UNIDIRECTIONAL BREAKER

of each branch is 1.5 V1 . The numbers of IGBT modules and

MOVs used in two main breaker branches are

{

nIGBT = VM B

V IG B T
× 4

nMOV = VM B

Vc e l l
× 2

. (27)

Comparing (26) to (27), numbers of IGBT modules and

MOVs are reduced by 25% by using the bidirectional IHCB.

V. SIMULATION VERIFICATION

The fault interruption capability of the IHCB and the HCB

proposed in [2] are compared in a three-terminal MMC-HVdc

system. The positions of the line fault and the dc bus fault is

shown in Fig. 4. The dc transmission lines are represented as

pi-sections in series. For the purpose of only testing the circuit

breaker devices, the breakers (IHCB, HCB12 , and HCB13 , see

Fig. 3) are set to start to open at a fixed current [17], i.e., 2 kA

in this study. The commutation time from the load commutation

switch to the main breakers is 0.25 ms [17]. The UFD is sim-

ulated as a resistor switch with 2 ms [16] opening delay. The

main data of test system is summarized in Table I.

The load commutation switch consists of 3× 3 IGBT modules

[17]. Its current and voltage ratings are fulfilled by 2 × 2 IGBT

modules. The rest of the IGBT modules are used as redundancy.

The structure of the LCS is shown in Table II. The voltage

rating of each main breaker cell is 120 kV. The numbers of

IGBT modules used in the main breakers of the IHCB and HCB

are summarized in Table III. The data of 4.5-kV StakPak IGBT

module [19] are used in the simulation.

A. Unidirectional Interlink Hybrid HVdc Breaker

During normal operation, MMC2 and MMC3 receive

900 MW respectively from MMC1. The currents in transmission

Line 12 and Line 13 are both 1.42 kA.

A line fault Fl , that occurs at 0.5 s on Line 12, is applied to test

the fault interruption performance of the unidirectional IHCB,

shown in Fig. 6. During the fault interruption, the performance

of the unidirectional IHCB is shown in Fig. 10(a). The peak

currents of the load commutation switch (see LCS13) and the

main breaker are 9.16 kA and 8.19 kA, both appearing at 5.025 s.

After the fault current is interrupted by the main breakers at

5.025 s, the fault energy is dissipated by the MOV and the fault

current drops to 0 kA at 0.5083 s. During this period, the voltage

of each cell is limited at 120 kV and then drops to the normal dc

voltage 80 kV. The total dissipated energy of the MOV in one

cell is 2.82 MJ.

For comparison, the performance of the unidirectional

HCB12 for the same fault interruption is shown in Fig. 10(b).

The fault current of Line 12 will not flow through LCS13 located

on Line 13, therefore the peak current of the load commutation

switch is 2.72 kA appearing at 5.025 s. The performance of

other components in unidirectional HCB is exactly the same as

that in the IHCB.

From the simulation results of both the unidirectional HCB

and IHCB, the peak current of the load commutation switch and

the main breaker, and the maximum dissipated energy of the

MOV in one cell are summarized in Table II. These values show

good agreement with those calculated from (2)–(4) and (5)–(7)

as summarized in Table II.

The current rating of the normal load commutation switch

is 8 kA which cannot be used in the unidirectional IHCB for

9.16 kA peak current. 4 × 4 IGBT modules are used for double

current ratings of the load commutation switch in the unidirec-

tional IHCB. 4 × 2 IGBT modules ensure the 16 kA maximum

load current and sufficient voltage stress. The rest of the IGBT

modules are used as the redundancy. Its structure is drawn in

Table II.

B. Bidirectional Interlink Hybrid HVdc Breaker

Both the line fault Fl and the dc bus fault Fb that occur at 0.5 s

respectively are used to test the fault interruption performance

of the bidirectional IHCB. According to the analysis in the

parameter design of the bidirectional IHCB, the line fault Fl is

selected to test the parameters of the load commutation switch

and the main breaker branch, LCS1 and MB1 in this case. The

dc bus fault Fb is for testing the main breaker branch 0.

During normal operation, MMC2 and MMC3 receive

900 MW each from MMC1. The currents in transmission Line

12 and Line 13 are both 1.42 kA.

A line fault Fl , that occurs at 0.5 s on Line 12, is applied

to test the fault interruption performance of the bidirectional

IHCB, shown in Fig. 8. During the line fault interruption, the

performance of the bidirectional IHCB is shown in Fig. 11(a).

The peak currents of the load commutation switch, LCS13 and

the main breaker, MB1, are 5.10 kA and 8.19 kA, both appearing



8684 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 65, NO. 11, NOVEMBER 2018

TABLE III
MAIN DATA OF TEST SYSTEM

Items Two unidirectional HCBs Unidirectional IHCB Two Bidirectional HCBs Bidirectional IHCB

Main breaker branch 2 (480 kV each) 1 (480 kV each) 2 (480 kV each) 3 (240 kV each)
Main breaker cell 8 4 8 6
MOV 8 4 8 6
IGBT modules 216 216 432 324
LCS 9 15 9 9

Fig. 10. Breaker performance under a line fault. (a) Unidirectional
IHCB. (b) Unidirectional HCB.

Fig. 11. Breaker performance under a line fault. (a) Bidirectional IHCB.
(b) Bidirectional HCB.

at 5.025 s. The total dissipated energy of the MOV1 in one cell

is 2.82 MJ.

The performance of the bidirectional HCB for the same line

fault interruption is shown in Fig. 11(b). The peak current of the

load commutation switch is 2.72 kA appearing at 5.025 s. The

performance of the main breaker branch in bidirectional HCB

is exactly the same as the main breaker branch 1 of the IHCB.

A bus fault Fb , that occurs at 0.5 s, is applied to test the

fault interruption performance of the bidirectional IHCB, shown

in Fig. 9. During normal operation, MMC2 and MMC3 send

900 MW each to MMC1. The power transportation is reversed

Fig. 12. Breaker performance under a dc bus fault. (a) Bidirectional
IHCB. (b) Bidirectional HCB.

to keep the same direction between the load current and the fault

current. The currents of Line12 and Line13 are both 1.42 kA.

During the fault interruption, the performance of the bidirec-

tional IHCB is shown in Fig. 12(a). The peak current of the main

breaker 0 is 8.57 kA occurs at the 0.5025, when the Y-connected

main breakers interrupt the fault current. The maximum dissi-

pated energy of the MOV0 in one cell is 3.22 MJ. During the

dc bus fault interruption and the postfault condition, the oscilla-

tions of the fault current and the cell voltage occurred because

of the large equivalent capacitance of the transmission line.

The performance of the bidirectional HCB located on Line

12 for the same dc bus fault is shown in Fig. 12(b).

As shown in Figs. 11 and 12, the fault currents through

each line caused by the dc bus fault is smaller than that from

line faults due to the current limiting reactors located on both

line ends and the equivalent inductance of the transmission

line. The peak current and maximum dissipated energy of the

load commutation switches and the main breaker branches 1 and

2 in the bidirectional IHCB are lower than that in the case of

the line fault. Thus, ratings of those components are determined

by line fault interruption requirement. And the ratings of main

breaker branch in the bidirectional IHCB is determined by the

dc bus fault interruption requirement because the fault currents

of both lines will flow through this branch.

From the simulation results of both the bidirectional HCB and

IHCB, the peak currents of the load commutation switch and the

main breaker, and the maximum dissipated energy of the MOV

of each cell under both the line and bus faults are summarized in

Table IV. These values show good agreement with those calcu-

lated from (2)–(4), (10)–(12), and (24)–(25) as summarized in
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TABLE IV
SUMMARY OF SIMULATION RESULTS OF THE BIDIRECTIONAL BREAKER

Items on Line 12 Bidirectional HCB
simulation/calculation

Items Bidirectional IHCB
simulation/calculation

LCS (kA) 2.72/2.74 LCS13 5.10/5.54
MB (kA) 8.19/8.24 MB1 8.19/8.24

MB0 8.7/9.14
MOV (MJ) 2.82/2.90 MOV1 2.82/2.90

MOV0 3.22/3.77

Table IV. The peak current of the LCS of the bidirectional IHCB

is higher than that of the bidirectional HCB. The normal load

commutation switch with 8 kA current rating can still be used

for the IHCB, because the peak current of its LCS is 5.10 kA. In

terms of the peak current and maximum dissipated energy, the

main breaker branches 1&2 of the bidirectional IHCB have the

same parameter as those in the bidirectional HCB. The param-

eters of the main breaker branch 0 are slightly higher than that

in the bidirectional HCB.

VI. CONCLUSION

Novel interlink IHCB for unidirectional and bidirectional in-

terruption was proposed with the goal of reducing sizes and

costs of dc circuit breakers.

For a unidirectional IHCB, an interlink main breaker branch

is shared by two low-loss branches to achieve the same func-

tion as that of two unidirectional HCBs. For a bidirectional

IHCB, a novel Y-connected main breaker branch is proposed

for the both line and dc bus fault current interruption. The cur-

rent ratings, energy dissipation capability, and required numbers

of IGBTs and MOVs of the IHCBs have been determined by

considering the peak fault currents and the maximum energies

dissipation. Mathematic analyses have been achieved to sup-

port the design. Comparing to HCBs, the number of MOVs of

the main breaker branch of the unidirectional IHCB is reduced

by 50% and the numbers of IGBT modules and MOVs of the

main breaker branch of the bidirectional IHCB are reduced by

25%. The current ratings of LCSs used in both unidirectional

and bidirectional interlink hybrid dc circuit breakers must be

increased to withstand the fault current.

The fault current interruption performance of the main

breaker branches of both bidirectional and bidirectional IHCBs

are compared to the HCBs through simulations. The proposed

IHCBs can interrupt the fault currents at the same speed. The

IHCB design is able to meet all the requirements for peak fault

currents and maximum dissipated energies.

The multiple faults are not considered in the design of the

IHCB because the presence of multiple faults occurring on dif-

ferent transmission lines at the same time is extremely rare. In

the case of such faults, backup protection would be used.
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