
A

High Vo

 
Abstract—Hig
transmission h
of power ele
connection of 
hydro power 
benefits such
required for t
stability probl

Multi-term
operable conv
DC fault occ
operability, D
and their fault
times vary dep
meshed netwo
converter (VS
connected rea
DCCBs are re
compared with

In this p
analytically ev
network mode
current and 
mechanical D
scheme. 

Keywords-H
mechanical DC
scheme; fault c

A HVDC 
lines continuo
end occurs du
for DCCB ev
on: 1) DC tra
Source Conve
4) DC reactor

oltage DC

K. Tahata

gh Voltage 
has been expa
ectronics tech
offshore or re
generators. H

h as lower tr
the same powe
lems.  
minal HVDC 
verter stations 
curs at a rem

DC circuit brea
t clearing time
pending on the
ork), design p
SC), transmiss
actor and impe
equired to clea
h AC circuit b
paper, the r
valuated using
el. The results 

fault clearin
DCCB with the

HVDC Grid
C circuit break
clearing time; s

grid will be 
ously, even if 
ue to a fault. R
ven though the
ansmission sys
erter (VSC) d
r connected in

C Breaker

a, S. Ka, K. K

Direct C
anding due to 
hnology and 
emote wind fa
HVDC transm
ransmission l
er transmissio

systems req
connected to h

mote terminal
akers (DCCB)
es are crucial. 
e system confi
arameters of 

sion capacity, 
edance of line

ar the fault wit
reakers. 

requirements 
g a four-term
show that DC

ng time are 
e forced curre

d; DC curr
ker; Forced cur
series-connecte

required to o
a voltage coll
Rapid fault cl
e requirement
stem configur

design, 3) tran
n series with th

r Require

Kamei, K. K
Mitsu

Current (HV
rapid develop
by the need

arms and / or 
mission has se

osses, fewer 
on, and less sy

quire mainta
healthy lines, w
l. To ensure 
) are indispen
 The fault clea

iguration (radi
the voltage so
presence of s

e / cable. How
th a shorter tim

for DCCB 
minal radial H
C fault interrup

achievable b
ent zero form

rent interrup
rrent zero form
ed reactor.  

Figure 1. Fo

perate the hea
lapse at the rem
learing is esse
t varies depen
rations, 2) Vo
smission capa
he line / cable

 

ements for
 

Kikuchi, M. M
ubishi Electric 

VDC) 
ment 

d for 
large 
veral 
lines 

ystem 

ining 
when 
such 
sable 
aring 
ial or 
ource 
series 

wever, 
me as 

were 
VDC 
ption 
by a 
ation 

ption; 
mation 

rced current zero

althy 
mote 
ential 
nding 
ltage 

acity, 
, and 

r Radial H

Miyashita, D.
Co., Japan 

HVDC tr
development 
need for conn
/ or large 
International 
established v
HVDC inv
summarized a
investigating 
will provide 
SCs on HVD
A3/B4.34 on
future HVDC
WG will inve
of a mecha
technologies.

DC fault c
forced to ze
representative
This scheme 
scheme can 
High-voltage
capacitor is 
active reson
external capa
reverse curre
current and c
can typically
within 8-10 m

o formation schem

5) impedanc
formation sch
from point o
Expenditure (

In this p
analytically e
network mod

HVDC Ne

. Yoshida, Y

I. I
ansmission ha
of power ele

nection of offs
hydro pow
Council o

various Worki
estigations. 
a feasibility st
control and p
a platform fo
DC grid issu
n DC switch
C grids have 
estigate focusi
anical DC c
 [1],[2],[3],[4
current can be
ero crossing. 
e schemes fo
is called forc
be potential

 DC fault c
required to i

nant circuit 
acitor imposes
ent on the i
creates a curr
y interrupt D
milliseconds.

me 

e of the line
heme is suitab

of view of the
(CAPEX), and
paper, the r
evaluated usin
del. 

etwork A

Y. Kono, H. It

INTRODUCTION

as been expan
ectronics techn
fshore or remo
wer generato
on Large E
ng Groups (W
For examp

tudy of HVDC
protection of H
or greater eng
ues. Furtherm
hgear potentia

been recently
ing especially

circuit breake
],[5] 
e interrupted w

Figure 1 sh
or the curren
ced current ze
lly applicable
current where
interrupt the 
composing o

s a high freque
nterrupting f

rent zero insta
DC fault and

 

e / cable. Fo
able for HVDC
e fault clearin
d losses. 
equirements 

ng a four-term

pplication

to 

N 
nding due to 
nology and by

ote wind farms
ors. CIGRE,
Electric Syst
WG) and lead
ple, WG B
C and B4/B5.
HVDC grids. 
gagement of 

more, a joint 
ally applicabl
y established.
y on the possib
er with diff

when the curre
hows one of

nt zero forma
ro formation. 

e to interrupt
e a large-cap

DC current. 
of a pre-cha
ency (several 
fault and nom
antly. The sch

d nominal cu

orced current 
C grid applic
ng time, a ca

for DCCB 
minal radial HV

ns 

rapid 
y the 
s and 

the 
tems, 

ds the 
B4.52 
.59 is 
They 
other 
WG 

le to 
. The 
bility 
ferent 

ent is 
f the 
ation. 
This 

t the 
pacity 

The 
arged 
kHz) 

minal 
heme 
urrent 

zero 
cation 
apital 

were 
VDC 

2015 AASRI International Conference on Industrial Electronics and Applications (IEA 2015) 

© 2015. The authors - Published by Atlantis Press 115



A

B

II. DC

A. System mo
The requi

level and DC
multi-termina
Figure 2. Thi
network with 

A VSC co
DC system v
nominal volta
modulation in
clear a fau
transmission 
drops to 0.8 
occurred on a
to drop to 0.8
by inserting a
lines. 

B. Analytical 
Figure 3 

voltage VDC 
at each C/S fo
pole fault occ
terminal HVD

The volta
instance of a 
by the line im
C/S, D-C/S a
from the fa
occurrence, b

CCB REQUIRE
HVD

del 
rements for D

C fault clearin
al radial HVD
is model cons
four VSC sta

onverter cann
voltage typica
age depending
ndex). Theref
lt rapidly in
on a healthy 
PU due to t

a remote line. 
8 PU due to a
a series conne

results in cab
shows some
(the pole to p

or various DC
curs near B-C

DC network co
age at B-C/S 
fault in a rate 

mpedance and 
and A-C/S loc
ault location 
but the rate of

EMENTS FOR M
DC GRID 

DCCB such as
ng time are in
DC network 
sists of a fou

ations connect

not continue o
ally drops be
g on the desig
fore, the DCC
n order to 
line, before th
the impact of
The time for t

a remote fault 
ected reactor 

ble system 
e analytical r
pole voltage s

CL reactor valu
C/S. The DC 
onsist of cable
near immedia
of decay of v
DCL reactor.
cated 240 km

gradually d
f decay is not

MULTI-TERMINA

s DC fault cu
nvestigated w

model show
ur-terminal HV
ted via DC lin

Figure 2. Multi-

peration when
elow 80 % of
gn parameter 
CB is require

continue po
he system vo
f a fault that
the system vo
can be protra
(DCL) to the

esults of the
hown in Figu
ues when a po
lines in the f

es in this case
ately drops a

voltage determ
 The voltage a

m to 600 km a
drops after 
t as severe du

 

AL 

urrent 
with a 
wn in 
VDC 

nes as 

-terminal radial H

n the 
f the 
(e.g. 

ed to 
ower 
ltage 
t has 
ltage 
acted 
e DC 

 DC 
ure 2) 
ole to 
four-
. 

at the 
mined 
at C-
away 
fault 

ue to 

shown in Fig
to 120 km, 24
AC network 
requirements
when DC line
each VSC co
1200 MW, an
2.1 GW. In 
considered ne

HVDC network m

impedance in
reactor and 
wave phenom
the fault locat

Simulatio
the line and
location the 
mitigated the
time threshol
results of the
DCCB, whic
drop below 
occurrence, w
each C/S. 
correlation b
distance from
system param
capacity), bu
longer distanc
DC fault c
milliseconds 
300 mH or m

gure 2. The le
40 km and 36
that was used
.[6] Simulatio
es consist of c
nverter station
nd the transm

the analysis
ear B-C/S. 

model 

ncrease with 
transmission 

menon from lo
tion. 

ons show that 
d having lon
voltage drop 

erefore allowi
ld for the DC
 simulations s
h is set that t
0.8 PU of th

while varying 
Although it 

between the s
m the fault d
meter differen
ut DC voltag
ce from the fa

clearing time
when a large

more is connec

engths of each
0 km, similar 
d to evaluate 
ons were perfo
cable or OHL
ns (C/S) range

mission capacit
s, a DC pole

 

the larger r
lengths as w

onger propaga

by increasing
nger distance

at a remote 
ing a longer 
CCB. Table 
showing fault 
the converter 
he system vol
the value of t

doesn’t in
speed of the 
due to transie
nces of each C
ge tends to 
ault. The resul
e could be 
er DCL reacto
ted to a main 

h DC line wer
to the radial U
the circuit bre
ormed in each
. The capaciti
e from 900 M
ty of the syste
e to pole fau

reactance of 
well as trave
ation distance 

g the reactanc
es from the 

converter ca
DC fault cle
1 summarize
clearing time
DC voltage n
ltage after a 
the DCL react

ndicate a pe
voltage drop

ent oscillation
C/S (e.g. conv
drop slowly 
lt indicates tha

longer than
or in the rang
circuit in seri

re set 
UHV 
eaker 

h case 
ies of 

MW to 
em is 
ult is 

DCL 
elling 
from 

ce of 
fault 

an be 
aring 
s the 
es for 
not to 

fault 
tor at 
erfect 
p and 
n and 
verter 

with 
at the 
n 10 
ge of 
es. 

116



Another im
current. In Fig
connected to 
fault currents
flow into the 
current behav
the four-termi

When a fa
discharge at t

mportant requ
gure 2 the fau
B-C/S is the 

s from three c
fault location

viour of If for
inal HVDC ne

fault occurs th
the fault and 

(a) B-

(c) D-C/S

Fi

TABLE

uirement for D
ult current (If)

most severe 
converters of 
n. Figure 4 sh
r various DCL
etwork. 

he connected p
thus the faul

F

-C/S (near the fau

S (360 km from t

igure 3. DC Volta

E I. DC FAULT CL

DCCBs is DC 
) through the c

case, because
f A, C and D
hows the DC 
L reactor valu

poles immedi
lt current is in

Figure 4. DC faul

 

ult)              (b) C

the fault)          (d

age behaviour at 

EARING TIMES AT

 
 

fault 
cable 
e the 

D-C/S 
fault 

ues in 

ately 
n the 

 

lt current behavio

-C/S (240 km fro

) A-C/S (600 km

each C/S in cable

T EACH C/S IN CA

range of 12
oscillates wit
cable impeda
up to 30 kA
remote conv
simulation sh
300 mH DCL
after 10 milli

our of If in cable 

om the fault) 

m from the fault)

e system 

ABLE SYSTEM 

2 to 15 kA. 
th a resonant
ance. The fau

A due to the f
verters locate
hows that the 
L reactor and 
seconds from 

system 

 

 

Then the d
t frequency d

ult current con
fault currents 
ed at A, C 

DC fault cur
21 kA for 100
the occurrenc

 

 

discharged cu
determined by
ntinues to inc

flowing from
and D-C/S. 

rrent is 15 kA
0 mH DCL re
ce of the fault

urrent 
y the 
rease 

m the 
The 

A for 
eactor 
. 

117



D

C. Analytical 
Figure 5 

voltage VDC 
network cons
and other syst
Furthermore, 

Figure 6 
point (If in F
network. The
milliseconds 

D. DCCB req
These an

interruption r
+/-320 kV ra

results in OH
shows some
when DC lin

ist of OHL (O
tem condition
Table 2 show

shows DC fa
Figure 2) in t
e fault curren
from the occ

quirements for
alytical resul
requirement f
dial HVDC n

HL system 
e analytical r
nes in the fou
Over Head Lin
ns are the sam
ws the time f

(a) B

(c) D-C/

Fi

TABLE

ault current a
the OHL fou
nt is less tha
currence of t

F

r radial HVDC
lts indicate th
for DCCB in 
network mode

esults of the
ur-terminal HV
ne). DC line le

me as cable sys
for DC voltag

B-C/S (near the fa

/S (360 km from 

igure 5. DC Volta

E II. DC FAULT C

at the most se
ur-terminal HV
an 8 kA afte
the fault in e

Figure 6. DC faul

C network 
hat the DC 
the four-term

el with approp

 

 DC 
VDC 
ength 
stem. 
ge at 

 

ault)           (b) C-C

the fault)        (d)

age behaviour at 

LEARING TIMES A

 

evere 
VDC 
er 10 
every 

lt current behavio

fault 
minal 
priate 

converter to 
inductance of
of the voltag
DCL reactor
becomes long

C/S (240 km from

) A-C/S (600 km 

each C/S in OHL

AT EACH C/S IN O

case due to 
results show 
system are re

our of If in OHL s

value of DC
indicate that 
power transm
away from fa
this model. T

drop to 0.8
f OHL is larg
ge drop is slo
r, the time fo
ger than 10 mi

m the fault) 

from the fault)

L system 

OHL SYSTEM 

the suppressi
that DCCB 

laxed than tha

system 

CL is less th
the fault clea

mission at the
ault location is
The requireme

 PU in thi
ger than that o
ower, and by
or DC voltage
illiseconds. 

 

 

ion by OHL 
requirements

at of cable HV

 

han 15 kA. F
aring time in 
e remote C/S
s longer than 
ents make it f

s case. Since
of cable, the s
y inserting 50
e to drop 0.8

 

inductance. T
s in OHL HV

VDC system. 

Furthermore,
order to con

S located 240
10 millisecon
feasible to app

e the 
speed 
0 mH 
8 PU 

These 
VDC 

they 
ntinue 
0 km 
nds in 
ply a 

118



 

mechanical DCCB with the forced current zero formation 
scheme to HVDC grid line protection.  

III. CONCLUSIONS 
The requirements for the DCCB’s operation were 

evaluated using a four-terminal +/-320 kV radial HVDC 
network model. By inserting appropriate value of DCL 
reactors into the network model and upon simulating pole 
to pole fault, 1) the short circuit current levels where 
limited to values less than 15 kA and 2) the DC fault 
clearing times where longer than 10 milliseconds, while 
maintaining power transmission at a remote C/S located 
240 km away from fault location. These two requirements 
make it feasible to apply a mechanical DCCB with the 
forced current zero formation scheme for HVDC grid line 
protection. 
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