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Abstract The DC fault characteristics of voltage source

converter based high voltage direct current (VSC-HVDC)

systems are analyzed in this paper. The phenomenon

whereby the capacitor on DC side discharges quickly

during a DC fault contributes to a large short-circuit fault

current. Neither traditional DC breakers nor DC switches

can cut off the fault current under this condition. A fast

solid state DC breaker design method is proposed in this

paper. This method is based on the fault current charac-

teristics of the inverter in multi-terminal HVDC systems

(MTDC), where a fault current appears at the natural zero-

crossing point near the inverter. At this point, by coordi-

nating the AC breakers near the rectifier, the DC breaker

could reliably cut off the DC fault current and protect the

system. A detailed model for this fast solid state DC

breaker and its operation sequence are studied, based on

this design method. Simulations modeling a five-terminal

meshed DC grid and a fast DC breaker were carried out

with PSCAD/EMTDC using this design method. The

results from the simulations confirmed the validity of the

design method.

Keywords VSC-HVDC, Multi-terminal HVDC, DC

short circuit fault, DC breaker

1 Introduction

Compared with conventional thyristor-based high voltage

direct current transmission technologies [1, 2], the flexible

HVDC technology (VSC-HVDC), based on voltage source

converters (VSC) has many advantages. One advantage is

that it highlights the independent control of the active and

reactive power and has little demand for filtering and reac-

tive power compensation devices, and the unchangeable

voltage polarity when the power flow is reversed [3]. In

recent years, VSC-HVDC has been quickly developed

around the world. Currently, in commercial operation, VSC-

HVDC projects are mainly used for wind farm integrations

[4], AC grid interconnections and in power supplies for

isolated islands or weak power grids [5]. The large inductor

in DC filters allows traditional thyristor-based HVDC sys-

tems to effectively limit the fault current when short faults

occur in DC circuits [6]. However, this situation is more

difficult to handle for VSC-HVDCs. Initially the voltages of

the capacitors on the DC side of a VSC quickly decrease to

zero. Then all the diodes which are inversely parallel with

the controlled devices (such as insulated-gate bipolar tran-

sistor (IGBT) and gate turn-off (GTO) devices), begin to

conduct. Owing to the lack of a reverse voltage provided by

the capacitors, the AC grid will continue to feed the fault

current through the uncontrolled rectifiers, which damages

the voltage source converters.

Existing VSC-HVDC projects usually adopt reliable DC

cables to reduce the fault rate. VSC-HVDC protection can

be realized by opening the AC breakers, shutting off the

entire system when a DC fault occurs (usually a permanent

fault). With the development of HVDC technologies,

Europe, the United States and China have successively put

forward a plan for using multi-terminal HVDC systems

(multi-terminal HVDC, MTDC) and DC grids [7, 8] for the

integration of renewable energy. However, there is more
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than one transmission line between the converters in the

multi-terminal HVDC systems and the DC grids. This

may cause a large power loss and a disturbance to the

power system by shutting off the entire MTDC system.

Thus, it is necessary to allocate DC breakers to each

transmission line to ensure the stable operation of the

power system. Through the action of the DC breakers,

fault cables can be cut off and isolated without shutting

down the whole system. Therefore, DC breakers are

essential in VSC-MTDC systems. The economical and

reliable operation of VSC-MTDC systems depends on

the development of the DC circuit breakers, to a great

extent [9].

The absence of a natural current zero-crossing point in

the DC systems causes significant differences between the

requirements of the AC and DC breakers. DC breakers

have to break short-circuit currents very quickly and need

to dissipate a large amount of energy, which is then stored

in the inductors in the system [10].

At present, most of the DC breakers developed in China

are used in traditional HVDC projects at low and medium

voltage levels. These types of DC breakers generally adopt

either an active or a passive oscillating structure [11, 12].

This structure consists of an oscillating circuit, which

generates an oscillating current and produces a zero point

for the current. The DC breakers are tripped as soon as the

current zero point is detected. However, operation of the

oscillating circuit requires a period of time that cannot

satisfy the progress of the VSC-HVDC systems that dis-

charge quickly. Moreover, without current limiting induc-

tors, the capacities of the capacitors and inductors become

enormous.

With the development of power electronic technologies,

solid state circuit breakers based on fully controlled devi-

ces [13] have been well researched [14], as well as hybrid

DC circuit breakers that combine solid state circuit

breakers and traditional mechanical switches. However,

both solid state circuit breakers and hybrid DC circuit

breakers require devices that are fully controlled. Not only

it is expensive, but also the operating complexity is cur-

rently far from that required for industrial applications

[15].

The fault characteristic of a short circuit fault at DC side

in a VSC-HVDC system is analyzed in this paper. The

development of the DC circuit breakers is briefly described.

Then, a fast solid state DC circuit breaker design method

based on the natural current zero-crossing point at an

inverter station is proposed. This is a compromising design

compared with the hybrid DC breaker. The clearance of a

DC fault needs to be coordinated in both the fast DC

breakers stationed at the inverter state and the AC breakers

stationed at the rectifier state. Finally, a multi-terminal

VSC-HVDC model is established using PSCAD/EMTDC.

The simulation results verify the validity of the proposed

design method.

2 DC fault characteristic analysis in VSC-HVDC

systems

A typical two-terminal VSC-HVDC system is shown in

Fig. 1. When a DC short metallic circuit fault occurred, the

VSC capacitors on both ends discharged to the fault point

until the DC voltage fell to zero, which caused a fault

overcurrent. After the DC voltage dropped to zero, the

converter was unable to continue working and transmission

of the power between the rectifiers and inverters stopped. At

this moment, the current in the AC system was clamped

under a three-phase fault situation. After the IGBTs were

blocked, the diodes turned the VSC to a non-controlled

rectifier and the AC system continued to supply power to the

fault point. The AC system or the fault cable should be cut

off during the fault period to protect the whole system.

The fault period is generally divided into three stages

[16, 17]: the capacitor discharge stage, the diode freewheel

stage and the grid side current feeding stage.

2.1 Capacitor discharge stage

The capacitor discharge stage starts when a fault occurs

and ends when the DC voltage drops to zero. This period is

the natural response period of a RLC series circuit, as

shown in Fig. 2.

For R\2
ffiffiffiffiffiffiffiffiffi

L=C
p

; the solution of the second-order natural

response of the circuit is an oscillation. When a fault occurs

Fig. 1 Structure of a two-terminal VSC-HVDC system
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Fig. 2 Stage 1-capacitor discharge
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at t0, under initial conditions of uc(t0) = U0 and

icable(t0) = I0, the natural response is:

uc ¼
U0x0

xd

e�at sin xdt þ bð Þ � I0

xdC
e�at sin xdtð Þ; ð1Þ

icable ¼ � I0x0

xd

e�at sin xdt � bð Þ þ U0

xdL
e�at sin xdtð Þ; ð2Þ

Pfault ¼ uc � icable; ð3Þ

where

a ¼ R
2L
;x0 ¼

ffiffiffiffiffi

1
LC

q

; xd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2
0 � a2

p

; b ¼ arctan xd

a :

The time when the capacitor voltage drops to zero is:

t ¼ p � h
xd

; h ¼ arctan
U0xd

aU0 � I0

: ð4Þ

2.2 Diode freewheel stage

The diode freewheel stage starts at the moment when the

capacitor voltage drops to zero and ends when the capacitor

starts recharging. This period is the decay process of the

cable current. The circuit for this stage is shown in Fig. 3.

Assuming that the initial current of this stage is I0, the

cable current can be described as icable ¼ I00e�ðR=LÞt: This is

the most challenging period for diodes because of the high

initial current.

2.3 Grid side current feeding stage

The grid side current feeding stage starts when the cable

current drops to zero. In this stage, the VSC acts as a non-

controlled rectifier as it blocks the IGBTs. The equivalent

circuit is shown in Fig. 4.

3 The principal analysis of the DC breakers

Currently, the research on DC circuit breakers consists

of traditional DC circuit breakers, solid-state DC circuit

breakers and hybrid DC circuit breakers. These three types

of DC circuit breakers each have their own applications.

3.1 Traditional DC breakers

Generally, an oscillation method is applied to traditional

DC breakers. Thus, oscillator circuits are used in DC cir-

cuit breakers. LC circuits are used when DC breakers need

to be tripped. The current zero-crossing point is generated

by an oscillating current. According to different genera-

tions of LC oscillation circuits, breakers can be classified

into two types; active and passive DC circuit breakers [18],

as shown in Fig. 5.

Both passive and active DC breakers are suitable for

medium voltage and power level applications. For VSC-

HVDC systems without current limiting inductors, capac-

itors and inductors with a huge capacity are needed.

Moreover, the action speed is much slower than the dis-

charging speed of the capacitors on DC side.

Fig. 3 The diode freewheel circuit

Fig. 4 Grid current feeding

(a) Passive

iC

iR

iB idid

R

L C

S1

iR

iB idid

C
Rb Udc

(b) Active

R

L

Fig. 5 Structures of a a passive and b an active oscillatory DC circuit

breaker
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3.2 Solid state DC breakers

Solid state DC breakers are composed of power electronic

devices that act quickly without arcing, as shown in Fig. 6.

The thermal limit of the fully controlled devices is small. To

dissipate the large amount of energy, the devices should

either be in series or in parallel. However, some problems still

need to be solved to achieve static and dynamic stability.

These include: 1) Synchronization of the problems associated

with the control of each firing signal. The asynchronism of

the firing signals causes asynchronous operation of the

devices, which leads to an imbalance among the electronic

devices, causing some of the devices to burn out. 2) Problems

with balancing the voltage and current in each electronic

device, caused by the dispersible switching characteristics of

the devices, and a delay in the transmission time of each drive

circuit may cause the imbalance in the voltage and current,

which will damage the DC breaker. 3) Switching loss prob-

lems: A large number of electronic devices can cause con-

siderable switching losses. Therefore, because of the high

cost, high conduction loss, problems balancing the voltage

and current, and synchronization firing control problem, DC

breakers are difficult to realize.

3.3 Hybrid DC breakers

Hybrid circuit breakers based on a zero voltage

switching principle [19] were composed of power elec-

tronic devices in parallel, which acted as a non-contact

switch and a mechanical switch. The switching losses are

less than that in completely solid state breakers, but the

mechanical circuit breakers limit the action time. The

structure is shown in Fig. 7. Meanwhile, a topology [20]

that can be realized by cutting off the DC fault cables at

high voltages and power levels has been proposed by ABB,

as Fig. 8 shows. The DC Breaker was separated into sev-

eral sections with individual arrester banks that were

dimensioned for the full capability of breaking the voltage

and current, whereas, auxiliary DC breakers match their

lower voltage and current capabilities. After a fault is

cleared, the disconnecting residual DC current breaker

isolates the faulty cable from the DC grid to protect the

arrester banks of the hybrid DC breaker from thermal

overload. During normal operation, the current only flows

through the bypass and the current in the main breaker is

zero. When a DC fault occurs, the auxiliary DC breaker

immediately commutates the current to the main DC

breaker and the fast disconnector is opened. The main DC

breaker cuts off the current when the mechanical switch is

opened [21].

The large amount of IGBTs and arresters in DC breakers

make them expensive and they are not often used for

industrial and commercial applications at present.

The characteristics of the three types of DC circuit

breakers are shown in Table 1.

4 Natural current zero-crossing point analysis

When line-to-line or line-to-ground DC faults occur in

the VSC-HVDC systems, from (1), the fault current and

voltage in the circuit breaker provided by the capacitors on

the DC side of the circuit at the fault point are as follows:

icable ¼ � I0x0

xd

e�at sin xdt � bð Þ þ U0

xdL
e�at sin xdtð Þ; ð5Þ

uDCB ¼ LDCB

dicable

dt
: ð6Þ

In the inverters in the VSC-HVDC systems, the DC

current flows from rectifier to the inverter. The initial

current value (I0) in (1) is negative and there must be a

zero-crossing point during the discharge of the capacitor.

When a resistive grounding short circuit occurs, the

equivalent resistance R in Fig. 2 increases and the zero-

crossing point still appears. Through rapid detection of the

zero-crossing point, the DC circuit breaker acts under the

condition with a zero current, which reduces the breaking

capacity of the circuit breaker.

Based on this method, a fast DC circuit breaker was

designed, as shown in Fig. 9.

R

T1

T2

C

Fig. 6 Structure of a solid state DC breaker

Arrester

T1 T2

CB

Fig. 7 Structure of a hybrid DC breaker
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Solid state DC circuit breakers cut off the fault current at

the current zero-crossing point, and then they disconnect

the two auxiliary switches. Using this method, DC faults

can be quickly removed. In addition, fast circuit breakers

operate at the zero-crossing point, thus the short circuit

capacity is small. As such, few IGBT devices are needed

and additional energy consuming devices are not neces-

sary. This has great application prospects.

The zero-crossing time is relevant to the physical

parameters of fault cables, DC side capacitors and current-

limiting inductors. Moreover, the zero-crossing time is also

involved with the initial line to line voltage and current

before a fault occurs. However, the system voltage is

controlled, thus the line current can be obtained by the trans-

mission power. Namely, the only variables are the operation

current and the fault distance, under normal circumstances.

Although the zero-crossing point can be calculated with an on-

line calculation because of the uncertainty in the fault points,

operation states, and the quick action requirements of the

circuit breaker, an off-line simulation setting method to obtain

the current zero-crossing point time is proposed. The given

VSC-HVDC model was simulated off-line and the relation-

ship between the recorded data suddenly changed the voltage

and current zero-crossing time.

When a DC fault occurs, from (6), the voltage in the

current-limiting inductor suddenly changes. The peak

value of the voltage is related to the length of the fault

cable and the zero-crossing time. Thus, it can be realized

through detecting sudden changes in the voltage to

determine the fault time and the current zero-crossing

time. The sequences of actions of the DC circuit breaker

based on this method are as follows: 1) Initially, an off-

line relationship database between the sudden change in

the voltage and the current zero-crossing time is estab-

lished. 2) Secondly, the sudden change in the voltage in

the current-limiting inductor is detected; determining

whether a fault has occurred in the external cables. 3) The

corresponding zero-crossing time is then obtained,

according to the relationship database. 4) Then the

breaking delay time through the zero-crossing time is

obtained by subtracting the times consumed by the

detection devices and switches. 5) The given time is then

delayed, causing the circuit breaker to operate. 6) Finally,

the solid state circuit breakers interrupt the current and the

auxiliary switch cuts off the fault cable.

5 Simulation validations

5.1 Validation of the fault characteristics

in a VSC-HVDC

To verify the three analysis stages outlined in section 2,

a VSC model was established using PSCAD/EMTDC. The

Main DC Breaker

Auxiliary DC Breaker
Hybrid DC Breaker

Residual DC
Breaker

Fast Disconnector

Current
limiting
Reactor

Fig. 8 Structure of a hybrid IGBT DC breaker

Auxiliary switch

Current - limiting
inductance

Solid state DC circuit breaker

Current - limiting
inductance

Auxiliary switch

Fig. 9 Structure of a fast DC breaker

Table 1 Survey of the different types of DC breakers

Criteria Traditional

oscillation CB

with arrester

Hybrid CB Solid State Circuit

Breaker without

auxiliary circuit

arc/power

electron

arc chamber power

electronics

power electronics

foreseen

smallest

break time

40 ms, (20 ms)

for oscillation

? 20 ms arcing

time.

*2 ms *0.2 ms

foreseen on-

state losses

negligible \5 mX *100 mX
(estimated)

foreseen max

break current

*4 kA,

(possibly 5

kA)

5 kA

(possibly

10 kA)

To be further

investigated

(*6 kA)

scalability yes yes yes

complexity medium medium high
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cable resistance was 0.07 X/km, the inductance was

0.5 mH/km [22] and the cable length was 200 km. The

VSC model was set up using the detailed IGBT models in

the standard model library. The DC voltage was 800 kV

and the rated DC current was 2.3 kA. The DC cable to

cable fault occurred after 1 s. A high voltage and a high

power level are a trend of future DC transmission systems

with the development of power electronic technologies.

Under a high voltage, it is difficult for a DC circuit breaker

to cut off a DC fault current. Thus, this model adopts a DC

voltage rating of 800 kV. The fault analysis method and the

fast DC circuit breaker design method based on the natural

current zero-crossing point can apply to different

voltages.

The equivalent circuit when fault occurs is shown in

Fig. 10. The capacitor discharges quickly, and as such, at

this stage the main component of the cable current is the

capacitor discharge current. The discharging time lasts

about 6 ms, causing the fault current to increase from 2.3

kA to 40 kA. The second stage begins when the capacitor

voltage drops to zero. At this stage, the voltage and current

of the capacitor remain zero. The attenuation time of the

current attenuation in the cable is about 17 ms. The third

stage begins when the capacitor begins recharging, and

then the VSC operates as an uncontrolled rectifier. The

simulation waveforms for these three stages are shown in

Fig. 11.

5.2 Validation of the natural current zero-crossing

point method

To verify the correctness of the method using the natural

zero-crossing point at the inverter station, a fast DC

breaker model and a 5-terminal meshed DC grid model

were established in PSCAD/EMTDC. The IGBTs and

VSCs were all set up using this detailed model. The

topology of the 5-terminal meshed DC grid is shown in

Fig. 12. The parameters of each station are shown in

Table 2. Under normal operation, station 2 operated as an

inverter and station 3 operated as a rectifier. Thus, the fast

DC breaker (BRK2) proposed in this paper was allocated at

station 2. Meanwhile, the hybrid DC breaker was allocated

at station 3 (BRK3).

In this meshed DC grid, station 1 controls the DC

voltage, while the other stations control the active and

reactive power. To ground the fault a DC cable was applied

on the middle of cable 23 at 1 s. The system operated

normally after 0.4 s. The sequence of this system is as

follows: 1) From 0.4 s to 1 s, the meshed DC grid operated

under normal state. 2) At 1 s, a cable to ground DC short

+
udcR
-

C

Icable

Idc1Icap Idio

R L

Fig. 10 Equivalent circuit of the VSC when the IGBTs are blocked
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-2.0
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(c) Three-phase diode current idio1,3,5/kA

-5.0

40.0

icap
idc1
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Time (s)

icable

Stage 1 Stage 2 Stage 3 (Steady stage)

D
C

vo
lta

ge
(k

V
)

L
in

e
cu

rr
en

t(
kA

)
D

io
de

cu
rr

en
t(

kA
)

G
ri

d
cu

rr
en

t(
kA

)

Fig. 11 Results of a simulated DC fault in the VSC

l 12=200km

l 13=160km

l 23=120km

l 14=160km

l 24=125km

l 4 5=250km

BRK3 BRK2

Fig. 12 Five-terminal meshed DC grid
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circuit fault occurred in the middle of cable 23. 3) At

1.0018 s, the fast DC breaker and hybrid DC breaker were

tripped and the fault was cut off by breakers in cable 23. 4)

After 1.2 s, the DC grid system was back to its normal state

of operation again.

The simulation results are shown in Figs. 13 and 14.

In Fig. 13, the natural current crossing point of the

inverter fault current appeared at 1.0018 s. The progress of

the DC circuit breaker included detection, looking up the

solid state circuit breaker database, and the auxiliary

switching action. Therefore, the waiting time for the DC

breaker to act is the setting time minus the delay times

caused by detection and looking up the database. The

simulation, detection, looking-up the database and the

action of the solid state circuit breaker were treated as

instantaneous, namely, they were completed within one

simulation step that ranged from 10 ls to 50 ls. In this

model, the setting time was 0.0018 s. Thus, a delay of

0.0018 s tripped the fast DC breaker. At the same time, the

hybrid DC breaker was also tripped. After 1.2 s, the system

reached a stable state again.

The waveforms of the DC voltage and active power at

each station are shown in Fig. 13 and Fig. 14, respectively.

The voltage control strategy at station 1 and the power

control strategy at the other stations were still effective

Current on rectifier side

Current on inverter side
Natural zero crossing point

0.9990 1.0000 1.0010 1.0020 1.0030 1.0040 1.0050
-1.00

-0.50

0.00

0.50

1.00

1.50

2.00

2.50

C
ab

le
 c

ur
re

nt
(k

A
)

Time (s)

Fig. 13 Waveforms of the fault currents in cable 23

Table 2 Parameters for each station

AC grid voltage/kV Transformer primary side/

secondary side voltage kV

Transformer Impedance

(X) (primary side)

Cable impedance/

(X/km)

DC grid

voltage/kV

230 230/465 4.197 0.01 800

1# Station rated

power/MW

2# Station rated

power/MW

3# Station rated

power/MW

4# Station rated

power/MW

5# Station rated

power/MW

2,500 1,800 2,000 2,000 2,500

0.50 0.75 1.00 1.25 1.50 1.75 2.00

500

Station1

-1.5k
-1.0k
-0.5k

0.0
0.5k
1.0k
1.5k
2.0k
2.5k

800
700
600

900

(a) Waveforms of DC voltage of five stations

Station2

Station3

Station4

Station5

(b) Waveforms of active power of five stations
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Fig. 14 Simulation results for the five stations
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Fig. 16 Waveform of the fast DC breaker voltage
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Fig. 15 Waveforms of the active power on all cables
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after the DC fault had cleared. Fig. 15 presents the active

power that was transmitted through cable 23, which

became zero after cable 23 was cut off by the fast DC

breaker and the hybrid DC breaker.

The criterion for fault detection with this design method

is the circuit breaker voltage. In Fig. 16, the voltage of the

DC breaker quickly increased from 0 to 4500 kV after a

DC short circuit fault had occurred. However, it had a great

rise rate, which was much larger than the normal and

power reverse conditions.

6 Conclusion

This paper introduced the working principles and cur-

rent technology trends of DC breakers. The three stage

characteristics of the VSC-HVDC system during a DC fault

were analyzed. Further studies on the VSC-HVDC indi-

cated that the natural current zero-crossing point appeared

near the inverter when a DC short circuit occurred. A fast

DC breaker design method was proposed based on this

phenomenon. Detailed simulation models of the fast DC

breakers and a five terminal VSC-MTDC were constructed

in PSCAD/EMTDC. The simulation results proved the

rationality and applicability of this fast DC breaker and its

operation principle.
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