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INTRODUCTION

ÅCIGRE JWG A3B4-34

Å2014-2017, 44 members

ÅConvener: Prof.Christian Franck (CH)

ÅCIGRE TB 683 (April 2017)

ÅHigh voltage

ÅPoint-to-point HVDC is all over
- switchgear in HVDC switchyards

ÅMulti-terminal, meshed emerging
- HVDC circuit breakers 

New CIGRE working group now 
open for registration:

!ΩȢΪΦȡ ȰTechnical requirements 
and field experiences with MV DC 

Ó×ÉÔÃÈÉÎÇ ÅÑÕÉÐÍÅÎÔȱ
Dr. Christian Heinrich (DE)
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Interruption versus commutation

4

Interruption Commutation

Create countervoltageto systemvoltage Create voltageto drivecommutation

Dissipatesystemenergy(L0) Dissipatecommutationpath energy(L1+L2)



4/29/2018

3

5

CB

NBS

ERTS

MRTS

HSES

CD

BPD

BPD

CD

CD

CD

PLDSD

NBD

FD

FD

SPPD

LND

ELD

NBED

LND

SPPD

Electrode Line

HVDC Pole Line 

to other valve groups{

PLES

FES (HV)

FES (NB)

NBES

PPES

ELD

ELD

ELD

Electrode Site

Valve-
group

Substation

Valve-
group

BPS

CES

CES

BPS

CES

CES

NBD

SD

LD

CB PLD HVDC Pole Line

PLES

LD

ELD

ELD

SES

SES

Switchgear in DC stations: 24 types

5

disconnectors
earthing switches
transfer switches
bypass switches
circuit-breakers

Part I: HVDC system 
topologies & projects

Presenter: Joanne Hu

RBJ Engineering     

Corporation
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HVDC OVERVIEW

ωLong distance transmission

ωAsynchronous system inter-connections

ωEnhanced power system operation

ωIntegration of renewable generation

Role of HVDC

ωMature and Growing Thyristor based LCC HVDC

ωDeveloping and Growing IGBT and IEGT based VSC 
HVDC

Two Parallel Technology Paths
Copyright: 
Siemens

Copyright: 
Siemens/Infineon
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HVDC TECHNOLOGIES

Technology Line CommutatedConverter (LCC)Voltage SourcedConverters (VSC)

Semiconductor Thyristor (Turnon only) IGBT (Turnon/off)

Ratings High DC Voltage andPower Lower DC Voltage &Power 

Power Control Active Power Active & Reactive Power

AC Filters Required NotRequired (MMC)

Minimum SCR >2 0

BlackStart CapabilityNo Yes

Overload Highinherent overload capabilities Normallynot unless specified

Footprint Larger site (More space required for harmonic 
filters)

Compact,50-60%  of LCC

Configurations Monopole, Bipole,
Symmetric monopole

Symmetric Monopole, AsymmetricMonopole, 
Bipole, Multi-terminal

Application Point-to-Point,Back-to-Back
Multi-terminal

Point-to-Point,Back-to-Back
Multi-terminal, HVDCGrid
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NORTH AMERICA HVDC
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1970

1971

1978-1985

1977

1979

1986

1991

2002

2007

2010

2015/2016

1972

1984

1985

1984

1985

1989

2000

2005

1984

1983 1998

2003

2007

1985

1988

1977

Ridgefield (660 MW) 2013

Mackinac 

(200 MW)

2014

NELSON RIVER BIPOLE III

Nelson River Bipole III
Á HVDC link between 

Keewatinohk to 
Riel, Manitoba, 
Canada

Á ± 500 kV, 2300 MW 
Bipole LCC scheme, 
OHL

Á ~ $4.6B (CND)
Á Route length: 1384 

km
Á Present status: 

Under construction.
Á Planned inɀservice 

by July 2018

Labrador-Island Link (LIL)
Á HVDC link from Muskrat in 

Labrador to Soldiers Pond in 
Newfoundland

Á ҕ350 kV, 900 MW Bipole LCC 
scheme, OHL/Cable

Á Route length: 1100/35km
Á Present status: Under construction.
Á Planned inɀservice by 2017/2018

Maritime link
Á HVDC link from Bottom Brook in 

Newfoundland to Woodbine in 
Nova Scotia

Á ҕ200 kV, 500 MW VSC scheme, 
OHL/Cable

Á Route length: 470/170km
Á Present status: Under construction.
Á Planned inɀservice by 2017

Transbay VSC

HVDC SYSTEM CONFIGURATIONS (2-Terminal)

12

Monopolar
Configurations

Monopole with Ground electrodes Monopole with Dedicated Metallic Return Back-to-back

Bipolar
Configurations

Bipole with Ground electrodes Bipole with Dedicated Metallic Return Bipole without Electrode/Dedicated Metallic Return

Ground current 

equal to pole current

DCAC DC AC

DCAC DC AC

DCAC DC AC

DCAC DC AC

Return current equal to 

pole current

DCAC DC AC

Small ground current 

Either direction

<1-2% of nominal

DCAC DC AC

DCAC DC AC

Small ground current 

Either direction

<1-2% of nominal

DCAC DC AC

DCAC DC AC

DCAC DC AC

DCAC DC AC
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HVDC SYSTEM CONFIGURATIONS (Multi-terminal)

13

Series Parallel (Bipole/Parallel Ring) Parallel (Bipole/Parallel/Radial)

Parallel (Monopole/Parallel)

Parallel (Bipole/Parallel) Mixed (Series/Parallel) Multi-terminal DC System w/o DC Breakers Multi-terminal DC system (with DC Breakers)

DCAC

D
C

A
C

D
C

A
C

DC AC

DCAC DCAC DC ACDC AC

DCAC DCAC DC ACDC AC

DCAC DCAC DC ACDC AC

DCAC DCAC DC ACDC AC

DCAC DCAC DC ACDC AC

DCAC

D
C

A
C

DC ACDC AC

DCAC DC ACDC AC

D
C

A
C

DCAC

DCAC

DC AC

DC AC

DCAC

DCAC DC AC

DC AC

DCAC

DCAC

DC AC

DC AC

DCAC

DCAC DC AC

DC AC

DCAC
DC AC

DCAC DC AC

DC AC

DC AC

DC AC

DC AC

DC AC

DC AC

SLD OF DC YARD FOR A TYPICAL LCCBIPOLE HVDC TRANSMISSION SCHEME

14

IEC TC115

Ldc= DC smoothing reactor
TB = Transformer bushing
WB = Wall bushing
DCCT= DC current transformer
DCVT= DC voltage transformer
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SLD OF DC YARD FOR A TYPICAL VSC BIPOLEHVDC TRANSMISSION SCHEME
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AC Switchyard
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Valve Hall DC Switchyard

SM SM

SM SM

SM SM

SM SM

SACOI LINK

É ± 200kV/200MW

É OHL/Submarine Cable

É Sea electrodes

É Originally commissioned in 1967 with Mercury arc valves

É Third terminal (Lucciana) added in 1988

É Suvereto/Codronglanoesreplaced with air-cool thyristor in 1992
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QUEBEC-NEW ENGLAND

17

É ± 450kV/2000MW

É Radisson 2250 MW/± 500kV

É Nicolet 2318 MW/ ± 475kV

É Sandy Pond 2000 MW/ ± 450kV

É 1500km DC line

NORTH-EAST AGRA FOUR-TERMINAL LCC HVDC

Pole 1

Pole 2

Bipole 1

Pole 3

Pole 4

Bipole 2Agra

Pole 1

Pole 2

Bipole 1

Pole 3

Pole 4

Bipole 2
AlipurduarBiswanath

Chariali

3000 MW3000 MW 3000 MW 3000 MW

400 kV400 kV400 kV

+800 kV

~432 km ~1296 km

-800 kV

Location Biswanath Chariali,Alipurduar, Agra

Power Rating 6000MW

DC voltage ҕ800kV

AC voltage 400kV

Length 1728km

Ground electrodes

18
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VSC-HVDC FOR OFFSHORE WINDFARM CONNECTION

Ability to transfer power in both directions

Easy Integration with Wind Turbine Generators in islanded grids with 
very low short circuit strength

Normally, no need for harmonic filters and additional reactive power 
resources

Improved performance during onshore disturbance

Black-start capability

Allow building compact, partially or fully tested and assembled, 
converter station on shore

Ability to utilize XLPE cables

Expansion to future multi-terminal grids

19

Onshore

Offshore

Onshore 

Grid

Onshore 

Grid

Onshore 

Grid

D
C

A
C

D
C

D
C

A
C

DC Point-to-Point 
Direct Connection

AC Point-to-Point 
DC Back-to-Back Connection

DC/AC Parallel 
Hybrid Connection

CONNECTION SCHEMES

20
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OFFSHORE WIND CONNECTED BY VSC-HVDC (NORTH SEA)

Project
Rating 
(MW)

DC 
Voltage 

(kV)

AC Voltage (kV) HVDC Cable (km)
In Service

YearOffshore OnshoreSubmarine Ungrounded

BorWin1 400 ҕ150 154 380 2x125 2x75 2009

DolWin1 800 ҕ320 155 380 2x75 2x90 2015

Borwin2 800 ҕ300 155 400 2x125 2x75 2015

HelWin1 576 ҕ250 155 400 2x85 2x45.5 2015

SylWin1 864 ҕ300 155 400 2x159 2x45.5 2015

HelWin2 690 ҕ320 155 400 2x85 2x45.5 2015

DolWin2 900 ҕ320 155 380 2x45 2x90 2015

DolWin3 900 ҕ320 155 400 2x85.4 2x76.5 2018

BorWin3 900 ҕ320 155 400 2x130 2x30 2019
HelWin1

576megawatts output

Power for 700,000 households

Started: 1st half of 2015 

BorWin 2

800 megawatts output 

Power for 1 million households

Started: 1st half of 2015 

SylWin1

864 megawatts output 

Power for1.1 million households

Start: 1st half of 2015 

HelWin 2

690 megawatts output 

Power for 900,000 households

Start: 1st half of 2015 

21

Part II: Switching in existing 
HVDC stations

Presenter: Rene Smeets
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SWITCHGEAR IN DC STATIONS: 24 TYPES

23
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disconnectors
earthing switches
transfer switches
bypass switches
circuit-breakers

24

CD

BPD

BPD

CD

CD

CD

SD

NBD

FD

FD

SPPD

SPPD

HVDC Pole Line

to other valve groups{

ELD
Electrode Site

Valve-
group

Substation

Valve-
group

NBD

SD HVDC Pole Line

LND

PLD

PLD

Disconnecting Switches

24

Line discharging current switching 
(100 kV, < 1A), ACDS

No-load line transfer switching 
(100 kV, < 1A), ACDS

Loop current switching 
(1 V, nominal current), ACDS

Converter charging current 
switching (100 kV, 1A)
closing resistor added
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Disconnecting switches in future MT application

25

Station current I1 1536 A

Arc duration 5,8 ms

Line length (Transfer loop length)

70 km (210km) 130 km (390 km) 210 km (630km)

Line current Ip13 776 A 776 A 776 A

Arc duration 463 ms 730 ms 1000 ms

DS recovery volt 927 V 1760 V 2546 V

Arc energy 133 kJ 327 kJ 676 kJ

26

HVDC Disconnecting Switches

26

Bypass DS, 800 kVGIS DC switches 500 kV

HVDC DS, 824 kV, 5000 AHVDC DS, 515 kV no-load cable transfer
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Earthing Switches

27

CB
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CES
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(Optional 

discharge solution 

with resistor)

Earthing of pole line. Breaks 
currents on earthed line

Filterbankearthing. No breaking 
capacity needed

Converter earthing

High-speed earthing switch. 
For fast earthing to local earth in 
case of neutral malfunction

Earth neutr bus (NEBS), station 
(SES), line neutral bus (PPES)

28

HVDC Earthing Switches

28

550 kV discharge switch, 
50 A breaking, discharge 
time < 100 ms 

GIS-ES320 kV

Neutral Bus ES10 kV

HSES, 90 ms, 20 kV, 
350 kV system voltage

HSES, 65 ms, 10 kV, 500 kV system 
voltage, 2500 A commcurrent

Pole earthing 
switch 550 kV
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MRTS

ERTS

Lm Rm

Ler Rer Lei Rei

Transfer switches: Metallic Return Transfer Switch

29

earth neutral return

pole line - metallic return
combination ERTS-
MRTSenables use of 
pole line as metallic 
return in case of 
defective converter

Some types need to interrupt the current in order to enable transfer into higher 
impedances, arc voltage is not enough anymore
- from earth neutral return (low impedance) to metallic pole line or metallic earth return 
(higher impedance) 

30

Earth neutral to metal transfer

30
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MRTS zero creation by passive oscillation 

ÅOnce the arc current is oscillating, these oscillations have negative damping: increasing 
amplitude until current zero has been reached 

ÅOnly applicable to arc in gas, vacuum arcs do not have negative dynamic resistance

ÅSpeed is an issue here

31

0<=
di

du
R

arc

negative dynamic arc 

resistance

32

Rated voltage: DC 250 kV
Rated interrupting current: DC 2800 / 3500 A

Passive oscillation transfer switch (application)

32

Disadvantage: cannot be fast, because arc must be created first
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Use of MTRS(MRTB) as fault-current interrupter

33

Disconnector

(72kV class AC-CB)

Commutator

(300kV class AC-CB)

Passive resonance 

Circuit (L, C, MOSA,CT)

+/ -250kV HV line

(1200A)

Metallic return line

+/ -250kV HV line

(1200A)

Hokkaido -side

Converter station

Honshu -side

Converter station

OHL

27km

Submarine Cable

44km

OHL

104km

MRTB

In case of earth fault on the metallic neutral 
line, the neutral current will follow the earth 
return.

By opening MRTS(B) the earth fault current is 
interrupted and the function of the metallic 
return line as neutral path is restored ±25 kV 1200 A commutation 

current; 200 kV LIWV

34

Transfer switches 

34

800 kV transfer switch 

816 kV DC transfer switch320 kV transfer switch  in GIS

MRTS

MRTS 250 kV 
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Bypass Switches

35

NBS

CD

BPD

BPD

CD

CD

CD

SD

NBD

HVDC Pole Line

NBES

Valve-
group

Valve-
group

BPS

CES

CES

BPS

CES

CES

Neutral Bus

BPS closes: current commutates out of converter: 
voltage drops to half

BPD closes to reduce current stress on BPS

BPS opens to commutate current fully into BPD

CDs open and valve group is isolated for 
maintenance/repair

36

Bypass Switches

36

500 kV air-blast technology

167 kV LV part SF6 
technology

800 kV SF6 technology
533 kV air-blast technology

250 kV SF6 GIS 
technology

Based on AC circuit breaker 
technology with design 
modifications to create high arc 
voltage for rapid commutation 
on opening
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Part III: Faults in MT HVDC 
systems

Presenter: Joanne Hu

RBJ Engineering     

Corporation

38

DC  system configurations

38

point-to-point systemradial system

meshed system

X X
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DC side fault current

39

Å Converter IGBTs are blocked to protect 
against overcurrent at 2 - 3 pu

Å Freewheeling diodes continue to conduct the
current from AC side and act as an
uncontrolled rectifier

Å The main contribution to DC side fault current
comes from the AC side

ɆFull-bridge converter cells avoid
penetration of the AC contribution in the 
DC fault current

ɆDrawback:
- more semi-conductors
- higher losses 

40

Fundamentals of HVDC converters (for DC fault analysis)

2C

2C

IDC

Å2-Level VSC HVDC ÅMultiModularConverter(MMC) VSC HVDC

SMN

SM2

SM1

SMN

SM2

SM1

SMN

SM2

SM1

SM1

SMN

SM2

SM1

SMN

SM2

SM1

SMN

SM2

Larm Larm Larm

Larm Larm
Larm

Va

Vb

Vc

Ia

Ib

Ic

Idc

Vdc

Phase 

leg

Phase arm 

(upper)

Phase arm 

(lower)

AC side harmonic filter

Have DC side capacitors 
for voltage smoothing

Have arm reactors mainly for 
circulation current suppression 

Half-bridge sub-module

VSM

VC C
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DC fault current 2-level VSC HVDC (Half-bridge)

41

ÅConverter blocks to prevent IGBTs from damage

ÅThe first few milliseconds are dominated by discharge 
from DC side capacitor (magenta curve)

ÅThen AC infeed takes over through diode rectifier (red 
curve)

ÅIn point-to-point connection AC circuit breakers on 
both sides trip

ÅIn Multi Terminal DC this is not desirable (only the 
faulty section must be selectively disconnected)

AC

cap discharge

CB

blocked converter acts as 
an uncontrolled rectifier

42

Faults in MMC VSC MTDC

ÅThe first few millisecond dominated 
by sub-module capacitor discharge 
(t2-t3)

ÅAt t3 converter blocks. 

ÅThe DC voltage drops following 
converter blocking 

ÅFrom t4 onwards AC infeed through 
diode rectifier

ÅDC current limiting reactors are used 
to limit the magnitude of fault current 
to circuit breakers interruption 
capability

Depends on AC 
grid strength 

DC bus voltage collapse 
(all the six arms conduct)

Converter blocks Depends on number of 
connection at DC bus 

Sub-module capacitor 
discharge
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Converter Voltage during DC fault 

43

ÅDC side fault has major impact on the converter voltage

ÅThis shall not drop below a certain level (eg. 0.8 pu) to maintain control

Å±ƻƭǘŀƎŜ ŎƻƭƭŀǇǎŜǎ ŦŀǎǘΣ ǎƻ Ŧŀǎǘ άǇǊƻǘŜŎǘƛǾŜ ŀŎǘƛƻƴέ ƛǎ ǊŜǉǳƛǊŜŘ

ÅVoltage collapse rate depends on the location of the fault (a.o.)

ÅAdd. series inductance
slows down voltage
collapse fault & current rise

ÅRelaxes requirements
(egfault clearing)
towards protection
reaction

DCL=300mHDCL=100mHDCL=50mH

50 mH

240 km 
away

terminal 
fault

300 mH

100 mH

Example of voltage collapse at converter terminal in a 4 terminal VSC network 

44

Converter fault voltage ride-through

44

Å Temporary DC pole-to-earth 
voltage profiles in a DC grid

Å Time and voltage limits 
depend on technology and 
topology of the DC grid

Å Slower breaker may need 
series reactor to slow down 
di/dt and voltage collapse

CIGRE WG B4.56



4/29/2018

23

Part V: Fault current 
Interruption in HVDC systems

Presenter: Rene Smeets

OUTLINE

46

ÅStart in your home electrical panel

ÅThe power of counter voltage

ÅDC fault current in HVDC grids

ÅDC fault current interruption

ÅHVDC breaker technology

ÅTesting

ÅCIGRE TB 683 (April 2017) 
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Application of AC switchgear

47

ÅLow voltage (< 1000 V, industry, utility)
- break in atmospheric air, forced extinction

ÅMedium voltage (1 - 52 kV, distribution)
- vacuum (vast majority)
- SF6
- air (dc, magnet blast)
- oil

ÅHigh voltage (>72 kV, transmission)
- SF6
- oil, compressed air ('airblast')

ÅHow to handle DC??

Basic equation

48

[ ])()cos(Ĕ1
)cos(Ĕ)( tutU

Ldt

di
tUtu

dt

di
L

a

s

as
-=Ý=+ ww

sign of di/dt changes

when CB voltage exceeds source voltage:
▀░

▀◄ ╛
╤ ◊╬╫
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arc starts 

divergent 

runner 

arc chute

EM mechanism 

increase arc voltage by: 

- elongation
- partitioning
- cooling

Low-voltage circuit breaker MCCB

49

arc voltage

Forced ςzero interruption in LV AC 

50

0 1 2 3 4 5 6 7 8 9 10

0

100

200

300

400

500

600

prospective current

arc voltage

t1 t2 t3 t4

limited

current

system

voltage

create voltage 
high enough

act quick 
enough

▀░

▀◄ ╛
╤ ◊╬╫

1

2

3
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Essence of DC interruption: counter voltage

51

0 1 2 3 4 5 6 7 8 9 10

0

100

200

300

400

500

600

prospective current

arc voltage

t1 t2 t3 t4

limited

current

system

voltage

0 1 2 3 4 5 6 7 8 9 10

0

100

200

300

400

500

600

arc voltage

t1 t2 t3

limited

current

t4

system

voltage

prospective currentcreate voltage 
high enough

act quick 
enough

▀░

▀◄ ╛
╤ ◊╬╫

dissipate 
energy

300 V Ÿ 320 kV

10 kJ Ÿ 10 MJ

several ms

VSpeed

VHigh counter voltage

VEnergy dissipation

Counter voltage by arcing

52

measurement  20 kAdc 1250 Vdc

system voltage

system current
arc voltage
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Current interruption: the technology

53

low voltage HVDCtransmissiondistribution

Breaker voltage and current (AC interruption)

54

current

power

frequency

voltage contact separation

arcing time

Transient Recovery

Voltage (TRV)

Recovery Voltage 

(RV)

current zero

AC breaker is passive, and waits until zero

Current is dictated by the network only

TRV is dictated by the 
network only
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HVDC Circuit Breakers

55

Challenges of HVDC current interruption:

ÅBreaker needs to be faster than in AC:
- DC fault current rises very fast
- converters cannot operate when voltage

drops below approx. 80%

ÅNo current zero: breaker must generate it

ÅLarge inductive energy
in the system needs
to be dissipated by
the breaker: 

Ὁ
ρ

ς
ὒὍ

500 kV, 2.5 kA, Celilo, Pacific Intertie 1984

Westinghouse

BBC

80 kV (HVDC vacuum) GE, 1970

Greenwood, Barkan

BBC

Principles of AC / DC interruption

56

AC interruption:
Capture the swinging mass in its outer 

position (current zero)
Zero kinetic energy ɀMax potential energy

DC interruption:
Oppose the motion of a linearly moving 

mass (counter voltage)

15 kA in 100 km line = 11 MJ
= 30 ton train at 100 km/h
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DC interruption

ÅCircuit breaker passive
ÅSystem imposes current
ÅSystem imposes TRV
ÅTest synthetically

ÅCircuit breaker active
ÅCB determines current
ÅCB determines TRV
ÅNeeds MW to test 

AC interruption

Sitting duck or fighter?

57

DC interruption principle

58

ÅKey equation in DC interruption

ÅVoltage across DCCB> system voltage 
reverse sign of di/dt

ÅFault current decrease instead of increase

ÅOnly one thing to realize: counter voltage 
ucb > U, this will bring current to zero

ÅCounter voltage is the keyword
▀░

▀◄ ╛
╤ ◊╬╫

ucb

DCCB

L

i

U
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HV DC interruption technology

59

ÅHow to generate counter voltage?

ÅStrategy in three steps:

1: Create a current zero in the main path: 
interruption

2: Commutate the current in path that 
causes counter voltage: 
commutation

3: limit and sustain the counter voltage with surge arresters: 
absorb energy

interruption

commutation

absorb energy

Breaker voltage and current (DC Interruption)

60

ÅDC breaker is interactive

ÅCurrent to deal with is 

determined by the 

breaker speed

ÅTRV voltages are 

determined by 

breaker technology

ÅIt has to deal with tens of 

MJsof energy still in the 

circuit

U: system voltage

system current

ό > U

localcurrent interruption

interrupter current

fault

ὨὭ

Ὠὸ

ρ

ὒ
Ὗ ό

breaker voltage (ό )

system current interruption
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 1 

Voltage across HVDC CB 

Fault current 

Peak fault current 

Pre - Fault current 

System voltage 

Detection 
time 

Selection 
time 

Relay 
time 

Voltage rise 
time 

Fault neutralization time Fault current supression time 
( energy dissipation time ) 

Fault  
inception Trip order 

Intermediate  
order 

Peak TIV 

Internal current  
commutation time 

Break time 

Interruption time 

Breaker related  
definitions 

Protection related  
definitions 

System related  
definitions 

Residual current  
switch open 

Current Zero  

Peak fault current  
( inception of system voltage recovery ) 

Leakage current  
level reached 

Breaker operation  
time 

definitions related to 
DC fault current 

interruption

61

DC zero creation schemes

62

ÅIncrease of arc voltage until it exceeds supply voltage
- limited to LV and lower MV

ÅPassive oscillation of a SF6 arc
- Applied at HV, but for load current interruption, 
generally not faults

- Relatively slow because mechanical arcing device is essential

ÅHigh-frequency active current injectionfrom pre-charged capacitor
- Commercial MV applications exist
- Mechanical interrupter 

ÅHybrid technology: interruption with semi-conductor switches 
- Potentially fast

interruption

commutation

absorb energy
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HVDC circuit breaker principle: Active current injection

63

DC current interruption process:

a. High rate -of- rise fault current

b. Local interruption by counter current in VCB

c. Current commutation

d. Counter -voltage generation

e. Energy absorption

f.  DC voltage withstand

a

b

c

d

e

f

energy absorption

commutation

interruption

MOSA

Trigger gapCPLP

Charging source 

Path3

Path1 

Path2

Auxiliary 

breaker

Mechanical 

interrupter unit

Active current injection type 

64

MOSA

Cp GapLp

VCB interrupter unit

V I

http://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwijstX8s-7OAhVCXhQKHahlAecQjRwIBw&url=http://www.vacuuminterruptersinc.com/681A308H24-vacuum-interrupter-replacement.htm&psig=AFQjCNFYsZu9IvQhGyt33XoOKMW0K2eo8w&ust=1472827445201225
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Challenge: Speed

65

ÅFault current in DC systems rises very fast

ÅStandard mechanical circuit breakers are too slow for DC interruption: Thomson drives

ÅSpecial drives are needed to obtain very high opening speed (2-3 ms)

ÅVacuum interrupters can interrupt 
high injected di/dt at small gaps

ÅDisconnector / breaker

UFD Tang, CIGRE 2016

Power Electronic Switches

66

ÅVery efficient switches

ÅThyristor can interrupt at zero crossing
- LCC converters, highest power

ÅIGBT can interrupt any point on wave
- VSC converters, moderate power

6.5 kV, 1500 A Thyristor

http://www.openelectrical.org/wiki/images/b/b1/SCR_Thyristor_module,_6500V,_1,500A_for_50us_pulse.jpg
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Mechanical vs. Electronic DC switching

67

Mechanical switch Electronic switch

Advantages

¶ Low conduction losses

¶ Withstands very high currents in 

closed position

¶ Very low leakage current and 

high voltage withstand in open 

position

¶ Fast operation

¶ No moving parts (lower maintenance)

¶ Ȱ5ÎÌÉÍÉÔÅÄȱ ÎÕÍÂÅÒ ÏÆ ÏÐÅÒÁÔÉÏÎÓ

Disadvantages
¶ Relatively slow operation

¶ Mechanical wear

(maintenance required)

¶ High conduction losses (few volts per 

semiconductor component)

¶ Limited high-current conduction 

capability

¶ Relatively low voltage withstand (few 

kilovolts per semiconductor 

component)

[1] A general guide is that on-state voltage drop of a power electronic component is approximately three orders of magnitude lower than the peak off-state withstand voltage.

Hybrid HVDC circuit breakers

68

ÅCombination of mechanical
switch(es) and
power electronics

ÅAnnounced 2011 (conc. 1)

ÅDisplayed 2014

ÅApplied:
200 kV (China) (conc. 2)

ÅPlanned
500 kV (China) (conc. 3)

ÅProposed (conc. 4)

Haffner, CIGRE 2011

Tang, CIGRE Paris 2018 Yang,CIGREWinnipeg 2017

Grieshaber, CIGRE 2014
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Hybrid HVDC CB concept 1  

69

Rated voltage: 320 kV
Rated nominal current: 2000 A
Rated interrupting current: 9 - 16 kA

HassanpoorIPEC 2014

Hybrid HVDC CB concept 2

Rated voltage: 200 kV
Rated current: 2000 A
Rated interrupting current: 15 kA

70

Full bridge switching: double 
current interruption capabilityby
two semiconductors in parallel

Zhou SGRI EPE 2015Tang GEIRI CIGRE Paris 2018
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Hybrid HVDC CB concept 3

71

Rated voltage: 500 kV
Rated current: 3000 A
Rated interrupting current: 25 kA
Opening time: < 3 ms

Yang NR CIGRE Winnipeg 2017

Hybrid HVDC CB concept 4  

72

ÅSwitching with a single  
gas discharge tube @ 80 kV

ÅNo large number of IGBTs in main 
breaker

ÅContainerized concept to 320 kV

Davidson GE CIGRE Winnipeg 2017
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Arc voltage generated 
across the contacts limits the 
DC current.

Arc Voltage  increase 

LV-DC Circuit-Breaker
DC Disconnecting Switch
DC Earthing Switch

480 V - 15 kA with MCCB, 
750/1500 V - 50 kA for railway, 

less than a few ms

Passive Oscillation

Parallel capacitor and 
reactor generate the current 
oscillation, which eventually 
leads to the current zero.

DC Circuit -Breaker for LCC 
two terminal connection 
(MRTB)

10 kV - 5000 A for MRTB 
550 kV - 2200 A for LLC
20 - 40 ms for interruption

Hybrid with IGBT devices

IGBT devices connected in 
parallel and series block DC 
fault current.

DC Circuit-Breaker for VSC 
HVDC grids

80 kV - 9 kA for VSC
320 kV concept
Less than 5 ms

MCCB: MoldedCase Circuit 
Breaker (No Fuse Breaker)

Pre-charged capacitor 
imposes an reverse current  
on DC current and instantly 
creates the current zero.

Current Injection

DC Circuit -Breaker for VSC 
HVDC grids

72 kV - 25 kA for VSC
250 kV - 8000 A
Less than 8 ms

Mitsubishi Electric

Future requirements

74

ÅCB requirementspecscannotbeharmonized, project dependent
- operationtime (fault neutralizationtime)
- max currentbreakingcapability
- transientinterruption voltage (1.5 pu?)
- max energy dissipationcapacity(O-C-O duty?)
- failure mode
- on-state losses
- peak withstandcurrent

ÅProtection
- achievable< 1 ms
- pre-activation(hybridCB): immediateopening of normalcurrentpath

ÅMeshedgridsneedspecial considerationsfor switches:
- other thanƛƴ ƭƛƴƪǎ άƻǳǘ-of-ǎŜǊǾƛŎŜέ linescanbeusedfor by-passing power routes
- Neutral current canbehigherin grid becauseof more unbalanceacrosspole lines
- functionof half-converter by-pass(switches) becomesquestionablein grids
- to bedecided

DC line
reactor size

operation
time

max current
breakingcap

CIGRE TB 713 B4.60 
atlanticwindconnection.com
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Part V: MT HVDC (concept) 
systems incl. breakers

Presenter: Joanne Hu

RBJ Engineering     

Corporation

The  first multi-terminal  VSC-HVDC project 

Wind Energy of Nan'ao island is transported to mainland 
power grid by AC and DC lines in parallel

Commissioned in 2013

Features Major Parameters

Underground Cable

Submarine Cable

Overhead line

Overhead line in future

Sucheng

200MW

Jinniu

100MW

Qing'ao

50MW

Tayu

50 MW

± 160 kV,  200/100/50/50MW

Overhead Line (20.6km in total), 
Underground Cable (9.5 km),
Submarine Cable 10.7 km

b!bΩ!h ± 160 kV VSC-MTDC PROJECT

76
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ZHOUSHAN 5-T ISLAND LINK

77

Zhoushan
Island

Daishan

Qushan

Yangshan
Sijiao

É Securing a reliable power 

supply to five islands and 

integration of offshore WF

É Significant increased wind 

power integration and power 

supply capacity

É SGCC: Zhejiang Zhoushan

É ± 200kV/1000MW

É 400/300/100/100/100MW

É DC cable

É Commissioned in Jul. 2014

É 200kV DC CBs installed at 

end of 2016

HVDC GRID FOR RENEWABLE ENERGY USING VSC

KB VSC

VSC

YDK

VSC

VSC VSC

Kangbao
1500M W

Zhangbei
3000M W

Fengning
1500M W

Beijing
3000M W

Beijing or 
Tangshan

Yudaokou

VSC

DC CB

MX

VSCM engxi

Wind &  Solar 
power base

Zhangbei

 

500kV 1000kV

500kV

500kV 500kV

184.4km

131.1km

78.3km 101km

Pdc max = 3000MW , Vdc = ± 500kV, using OHL, DCCBs

To be commissioned in 2019 for the 1st phase & 2021 for 
the 2nd phase

Beijing
3000MW

Kangbao
1500MW

Fengning
1500MW

Tangshan

Yudaokou

Zhangbei
3000MW

78
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Future MT link of Scotland?

CaithnessMoray
MT proposal

79

European North Seas Meshed HVDC Grid 2030 

80

ENTSO-E vision 2030

Д ΧΪΦ '7 Ά ΨΦΩΦ

Power Island Link TenneT
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European decentralized wind power hubs concept

81

Cost estimate HVDC CBs in North Seas HVDC Grid

82

%ÑÕÉÐÍÅÎÔ #ÏÓÔ ɍ-ΏɎ Expensive DCCBs Cheap DCCBs

Business-as-usual 
concept

European 
decentralized 
wind power 

hubs concept

Business-
as-usual 
concept

European 
decentrali
zed wind 
power 
hubs 

concept

Offshore VSC Converters 12,000 12,000 12,000 12,000

Onshore VSC Converters 6,160 4,870 6,160 4,870

Submarine HVDC Cables 10,962 8,194 10,962 8,194

Offshore platform extensions 0 570 0 570

200-300 DCCBs 0 8,366 0 179

TOTAL COST 29,122 34,000 29,122 25,813

Henneaux, CIGRE Paris 2018

Cheap:           1 MΏfor 1 GW HVDCCB

Expensive: 30 MΏfor 1 GW HVDCCB
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Part VI: Testing of HVDC Circuit 
Breakers

Presenter: Rene Smeets

Candidate Test Circuits 

Ideal DC circuit

R L

HVDC CB

Energy stored in inductor

Energy stored in capacitor

Energy stored in LF ac generator
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Prospective fault current can be produced with all circuits 

85

Interruption at 9 kA
di/dt = 4 kA/ms
U= 80 kV

ὒ
Ὗ

ὨϳὭὨὸ

Ὅ
ὨϳὭὨὸ

ς“Ὢ

Energy absorption is very different 

86

Fault suppression time 


