@;EFE IEEESwitchgear Committee2018 Spring Meeting
GIPES
Sz S\\ITCHING IN DC SYSTE

René Smeets PhD FIEEE

Secretary of CIGRE JWG A3B4.Bdchnical Requirements
and Specifications of Statef-the-Art HYDC Switching
Equipment

Innovation team & service area leader

Jingxuan (Joanne) Hu
Secretary of CIGRE SC;B#/DC and Power Electronics

Vice President

RBJ Engineering
Corporation

OUTLINE

vy Ay
R4 T TR

I‘Hd_'A'/A-‘

Ai'/‘,”‘-‘

A
>

A Jf :‘f

4/29/2018
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-

1 HVDC system topologies & projects

2 Switching in existing stations

-

3 Faults in MT HVDC systems

4 Fault current interruption in HYDC

-

5 MT HVDC concepts incl. breakers

(6 Testing of HVDC Circuit breakers
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/ AND SPECIFICATIONS OF
ACIGRE JWG A2B4 0@'@9 STATE-OF-THE-ART HVDC

[ SWITCHING EQUIPMENT
A20142017, 44 members

/
V4

/ IWG A3 /B4 34
AConvenerProf. Christian Franck (CH _
ACIGRE TB 683 (April 2017) e
. New CIGRE working group now ® iy
Angh voltage open for registration:

I Q8 [Teklgpicabrequirements
APointto-point HVDC is all over OxEOAEET ¢ AR ey
- switchgear in HVDC switchyard

AMulti-terminal, meshed emerging — SEEREEESTIEEI SR
- HVDC circuit breakers Gorgre

15BN : {To ba complated by CIGRE

Interruption Commutation

Createcountervoltageto systemvoltage | Createvoltageto drive commutation

Dissipatesystemenergy(L,) Dissipatecommutation path energy(L,+L,)
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I
. 2% "2 | HVDCPole Line
SES' PLES |
- | T
e earthing switches
PPES I -
= i transfer switches
i bypass switches
i circuit-breakers
up B0 |
Ell ELD 3 :Electrode Lines et
] ‘ : ‘
L - SPPD | Electrode Site
HSES| I
_ - L : HVDC Pole Line
SES PLESj: |

Part I:HVDC system
topologies & projects
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Role of HVDC

wlLong distance transmission
wAsynchronous system int@onnections
wEnhanced power system operation
wlintegration of renewable generation

s |1WO Parallel Technology Paths

Copyright:
Siemens

wMature and Growing Thyristor based LCC HVDC \-&/ N

wDeveloping and Growing IGBT and IEGT based VSC
HVDC

Copyright:
Siemens/Infineon

Technology  Line CommutatedConverter (LCC Voltage Source@onverters (VSC)

Semiconductor Thyristor (Turron only) IGBT (Turon/off)

Ratings High DC Voltage afbwer Lower DC Voltage &Power

Power Control Active Power Active & Reactive Power

AC Filters Required Not Required (MMC)

Minimum SCR >2 0

BlackStart Capability No Yes

Overload Highinherent overload capabilities Normallynot unless specified

Footprint Large site (More space required for harmon Compacts0-60% of LCC
filters)

Configurations Monopole, Bipole, Symmetric Monopole, Asymmetfidonopole,
Symmetric monopole Bipole, Multiterminal

Application Pointto-Point,Backto-Back Pointto-Point,Backto-Back
Multi-terminal Multi-terminal, HYDGrid




Total Number of HYDC System
(Including Constructed/Planned)

100
80
60
40
20 3 6 5

0

83

In Operation
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Africa Australia Asia

& Oceania

Europe

North South
America America

Africa Australia & Asia
Oceania
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m No. of LCC m No. of VSC

51
26
17 15
5 5
Ll
. e B BB BN B

North Selllig)
America America

Europe

Refurbished/Upgraded
Refurbished/Upgraded
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50
40
30
20
10
0 0
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Australia & Asia

Oceania

Africa Europe

USA
Pacific DC Intertie
+400/4500/560kV
1440/1600/2000/3100/3800MW

DC POWER RATING (MW)

1975 1980

DC VOLTAGE RATING (KV)

1985

1985

South
America

North
America

I E\% - Tjaereborg
indfarm

Interconnection

Sweden
Hellsjon-Grangesberg
First VSC IGBT (7MW

® °®
$ e0® § fRe

1990 1995 2000

1990 1995

Africa Australia
& Oceania

B International

41

1 1 0

Europe

North South
America America

ASE

First OHL VSC HVDC
Caprivi (350kV/300MW|
MMC HVDC Xinjiang - Anhui
Trans Bay(200kV/400MW) 1100kV/10000MW,|

o

e
e°° v".;.:!

2005 2010 2015

Xiangjiaba-Shanghai
800kV/6400MW]

2020 YEAR

2020 YEAR

2010 2015
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NORTH AMERICA HVDC

2015/2016 Square Butte 1977 1991
East HVDC NELSON RIVER BIPOLE Iy (500 MW) Quebec -

Nelson River 1971 Coal Creek 1979 New

West HVDC

A 1989 McNeill (1620 MW)
(150 MW) Nelson River 11 1978-19
e Miles City (1800 MW) kﬂbﬁeb‘z{cjﬂiﬁ%stwgﬁt‘k%md
: 1985  Labradoria Sdiers Pond in
Nelson River Biple I (200 Mw) ) A G350 . 00 MW Bipole LCC
A HVDC link between Eel River 1972 A Route length: 1100/35km
Keewatinohk to A Present status: Under construction.
Riel, Manitoba, . ) v (320 MW) A Planned igservice by 2017/2018
L S ww 2003 Rapid City DC Maritime ink
Bipole LCC scheme, (200 MW) Newlountiand o Woodome "
A ?:‘5 o8 (CND) Madawaska 1985 A %’g(lés\fsgoao MW VSC scheme,
- able
A Route lengr: 1384 (350 MW) A Brosent oitus: Undor consinucton.
A Present status: . A Planned igservice by 2017
Under construction. Highgate 1985
A Planned igservice 00 MW)
by ly 2018 A .
Yo 1970 PDCI (3100 o A Ridgefield (660 MW) 2013
2010 Transhay vsCc—%%! | oY . Cross Sound 2002
- . Cable (300 MW
1986 IPP (2400 MW) Y ( )
Mackina§ Neptune 2007
2005 Lamar (210 MW) 200 MW) (600 MW)
RCC
1984 Blackwater (200 MW) Stegall
(200 MW) Sidne (110 MW)
1983 Artesia (200 MW) <7 W (COpHND ey "
Eagle Pass  gharyland
200 2007 1988
11
Monopolar Monopole with Ground electrodes Monopole with Dedicated Metallic Return Backto-back
Configurations
+ Lt - + - | -
A\PC DC/c|| [ a\DC DC/pc AQ\DC DC/pc
~ ~
~ b - @ w ~ Jﬁ; — w %
Ground current - Return current equal to
equal to pole current _ pole current
- < I >
A\DC D> 4 DC/c|| | ac\DC DC/Ac
~ N w ~ i w
J — —
Bipolar Bipole with Ground electrodes Bipole with Dedicated Metallic Return Bipole without Electrode/Dedicated Metallic Retur
Configurations
r Lt n Jrr T @ [ drm T [
A\DC DC/c|| [ a\PC oC/ac| [ a\PC DC/Ac
~ \ A~ L <~ N\ S
e I
e =] e | =
Small ground current Small ground current
i Either direction u N Either direction u * o
AC\PC <1-2% of nominal DC/nc AC\DPC <1-2% of nominal DC/pc AC\PC DC/pc
~ L S~ \ S~ N\ oS
- B S B A

12



HVDC SYSTEM CONFIGURATIONS-{&taitnal)
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Series

Parallel (Bipole/Parallel Ring)

Parallel (Bipole/Parallel/Radial)

A

ADC DC/pc
~ &
£

Parallel (Monopole/Parallel)

NNz 2

Parallel (Bipole/Parallel)

AC System
e

Ldc= DC smoothing reactor
TB = Transformer bushing

WB = Wall bushing

DCCT= DC current transformer
DCVT= DC voltage transformer

,,,,,,,,

,,,,,,,,

IEC TC115
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[ oA

= lana

% iﬁm PP Nos
l AL MRTB

= - | = >W —oo— 1

~

+ 200kV/200MW
OHL/Submarine Cable
Sea electrodes
Originally commissioned in 1967 with Mercury arc valve
Third terminaluccianeadded in 1988
Suveret@€odronglanoesplaced with-awol thyristor in 199

NY

/m m M M M rn~\

Lucein




LaGrande-2A (® La Grande-2
B i 735KV
Chissibi
735
rande- it
La Grande-1 LE
[ |
b 315KV Ol
Radisson "
2250 MWE‘T] £450kV
1022 km Nicolet 735KV
2138 MW _l-
33 I
=) S
105k Des Canton
690 MW pro
| i Aige
1 3 t
Sherbrooke
Québec
ey B s
383 km
Comerford Legend
690 MW O Generation
O Islanding breaker
Sandy Pond
2000 MW | DC converter

_rh, 345KV

‘+‘ Transformer
X pecommissioned
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+ 450kV/2000MW

Radisson 2250 VW\BHO0kV
NicoleR318 MW 475kV
Sandy Por2D00 MW 450kV
1500km DC line

DUNCAN
ELECTRODE

-~432 km

une

RADISSON

Figure 1 - One Line Diagram of Phase IT Network

LN

v &
O3 CANTONS
ELECTRODE

2

IS E T —Twes
DES CANTONS COMERFORD  SANDY POND

= e
0 aare saconneer
| comstaren seeantes
[S-popen

3000 MW

3000 MW +800 kV.

3000 MW

400 kv

Biswanath ~ ©PoL
Chariali

o wanath ]
Chariali |,

18

Location Biswanath CharialAlipurduar Agra
Power Rating 6000MW

DC voltage 800KV

AC voltage 400kV

Length 1728km

Ground electrodes
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- Ability to transfer power in both directions

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

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

‘- Improved performance during onshore disturbance
‘- Blackstart capability

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

T Ability to utilize XLPE cables

+ Expansion to future mulierminal grids

19

Offshore

4 4 kT
4 & i
i % # 2t g et
<
Q 8 2
Onshore ™y
Ei 8 Ei
DC Point-to-Point AC Point-to-Point DC/AC Parallel
Direct Connection DC Back-to-Back Connection Hybrid Connection

20
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OFFSHORE WIND CONNECTED BMWEBCT(NORTH SEA)

AC Voltage (kV) HVDC Cable (km) o ; 3 - i

Project RatingVoltage In Servic '

(MW) (kv) Offshore Onshore Submarine Ungrounded Year
BorWinl 400 p150 154 380 2x125 2X75 2009
Dolwinl 800 §320 155 380 2X75 2x90 2015
Borwin2 800 {300 155 400 2x125 2X75 2015
Helwinl 576 p250 155 400 2x85 2x45.5 2015
Sylwinl 864 {300 155 400 2x159 2x45.5 2015
Helwin2 690 /320 155 400 2x85 2x45.5 2015
Dolwin2 900 £/320 155 380 2x45 2x90 2015
DolwWin3 900 /320 155 400 2x85.4 2X76.5 2018
BorWin3 900 5320 155 400 2x130 2x30 2019

21

DNV-GL

KEMA Laboratories

Part Il:Switching in existing
HVDC stations

Presenter. Rene Smeets

11
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|
\ sPPD

disconnectors

earthing switches
! transfer switches
! bypass switches

ELD I : lectro ineI 20 H H
Ij | B }@ circuit-breakers
SPPD I IElectrode Site

”’_b 2 me ! yyDC Pole Line

Csubstation 1 Line discharging current switching

I
| : (100 kV, < 1ANCDS
I SR No-load line transfer switching
: | (100 kV, < TARCDS
I |
I I
| |
I I
| |
I I
| o | =
| - I
I I
I
: P“" I HVDC Pole Line.
I I
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Station current |11

1536 A

Arc duration

5,8ms

4/29/2018

(-0.5p.u.)

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 1760V 2546 V
Arc energy 133 kJ 327 kJ 676 kJ

HVDC DS, 515 kV fload cableftransfer

13
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B Looce mb HVDC Pole Line

‘ @
A
i
A
p
"

Earthing of pole line. Breaks

currents on earthed line

Earthneutr bus (NEBS), station
(SES), line neutral buPPES

l i Filterbankearthing. No breaking
capacity needed

______________ \wm \ Converter earthing

— HSES
10 other valve groups

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

550 kV-discharge switch
50 A breaking, d|scharg " Bl .
_time < 100 ms ‘ e | TR HSES, 90 ms,.20 kV,
; ' 350 kV system voltagd

HSES; 65:ms, 10°kV, 500 kV syS
voltage, 2500 AomMeurrent

14
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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)

L Rm
’_M\ _ - combinationERTS
| pole line- metallic return MRTSenables use of
ERTS pole line as metallic

return in case of

|/ Lee  Rer Le  Rei defective converter
G_M_D—“AA"_D
Ig MRTS

earth neutral return

29

| Substation :
: |
o e K  HUIRG ok Line
N A~ | 1 -
. | ——fH————— P e P ————— F=======
! | | Valve- : I | Ifl
: group i, || I |
| | ! RN | ERTS .
' | :sps | A '
N |
! | ] |l : nes | !Rz‘ls : Electiode Sheritc
1. i ="
i . 1
I l :
oy D i’m |
e

. T L

| | | st tine
| | L += - >y
oo — |
L = = = = - =

30
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Cp Lp
_l, ..... YY) —
: MOSA |p negative dynamic arc
; resistance
i Circuit Breaker U
— O O——— =
—_— =
I Va -_
Va i
I >
a) i) du
t R, =<0
di

AOnce the arc current is oscillating, these oscillations megstive dampingincreasing
amplitude until current zero has been reached

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

ASpeed is an issue here

31

Artificial grounding DC current interruption by MRTB

Return line

voltage
65kV 34KV U‘v’J

Interrupter current

—
return line current

2490A 2056A
e s &7 current

.. = — 18.3ms 5.6ms
Rated }/0|tagei _DC 250 kv MRTB interrupter disconnector
Rated interrupting current: DC 2800 / 3500 A opens current cleared currnt cleared

Disadvantage: cannot be fast, because arc must be created first

32

16
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Hokkaido -side OHL  Submarine Cable OHL Honshu -side
Converter station  27km 44km 104km Converter station
~
+/ -250kV HV line
(1200A)

Commutator
(300KV class AGCB)

Disconnector
(72kV class AGCB)

+25 k\/ 1200 A commutation
current; 200 k\MLIWV.

800 kV transfer switch

3

—

Metallic return line il MRTB

—

+/ -250kV HV line
(1200A)

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

By openingIRTYB) the earth fault current is
interrupted and the function of the metallic
return line as neutral path is restored

17
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cb sD HVDC Pole Line

t t
Transmission ?
line 200 kV

800 kV

ag
=
5N
22
<@
‘H._/H
o
m
o

200 kV 200 kV Station
= ol

Valve- %ﬁ/ =B 8
group

250 kV SF6 GIS

Based on AC circuit breaker
technology with design
modifications to create high arg
voltage for rapid commutation
on opening

Z

Y,
S

e,

800,k\.SFE6-technolegy

18
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systems

RBJ Engineering
Corporation

DC system configurations

S

meshed systN\
\/

38
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DC side fault current

A Converter IGBTSs are blocked to protect
against overcurrent at 23 pu

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

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

Half-bridge cells Full-bridge cells

E Fulkbridge converter cells avoid DC D¢
penetration of the AC contribution in the L
DC fault current ALl
current
¥ Drawback: -
- more semiconductors
- higher losses AC AC

39

Fundamentals of HVDC converters (for DC fault analysis)

A 2-Level VSC HVDC A MultiModularConverte{MMC) VSC HVDC

Half-bridge sub-module

AC side harmonic filter—"

e

[ i r
+ sl Jsw]l Jsm] |
4 il ! b
! | | P
Ve [} | 2‘ 2| 2 I
+ | | | | IPhase am
van ] | | ! |1 (uppen)
- - I I I I I
! st w1 s %
i !
am | am | ar
| | |
Va la, I [ S '
i oo
b T
i
;
i |

Phase arm
! } (lower)

ﬁ@ Have DC side capacitors

for voltage smoothing L
Have arm reactors mainly for
circulation current suppression

20
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DC fault current Aevel VSC HVDC (Hdalfidge)

AcConverter blocks to prevent IGBTs from damage

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

AThen AC infeed takes over through diode rectifier (red

curve)

Aln pointto-point connection AC circuit breakers on

both sides trip

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

41

Faults in MMC VSC MTDC

AThe first few millisecond dominated
by submodule capacitor discharge
(trts)

AAt t; converter blocks.

AThe DC voltage drops following
converter blocking

AFrom t, onwards AC infeed through
diode rectifier

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

— Breaker curvent
—— line discharge current
— AL source curvent

<

blocked converter acts as
an uncontrolled rectifier

Current

0 5 20 25 30 35 40 45 30
Time (ms)

—

= Breaker current
= line discharge current
| = AL soree curnt

Current

AC

cap discharge

Time (ms)

Converter blocks Depends on number of

: -\ Gunwerter DC current connection at DC bus
Submodule capacitor hvoc ca
discharge / | I

AC infeed
s

| /

nominal (converter) /

current

*

N
s caps. discharge 1

Depends on AC
grid strength

nominal (cable)
I i

T L
I1 t2 13 tt’\
time

converter DC bus voltage

damped oscillation between converter and
fault location

e

DC voltage dip due to converter blocking |
(all converter arms conduct at this moment)

DC bus voltage collapse t, t; ' i

(all the six arms conduct) time

21
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Converter Voltage during DC fault

ADC side fault has major impact on the converter voltage
AThis shall not drop below a certain leveg,(0.8pu) to maintain control

At2¢ GFr3S O2fftlLASa Fradszs a2 FLad GLINRGSO!

Avoltage collapse rate depends on the location of the fauth)

AAdd. series inductance . | | | : " | | , ,
slows down voltage _ o o terminal | s 240 kM
collapse fault & currentrise | __ bl _ —_| fault e M AWy

ARelaxes requirements ogf
(egfault clearing) - : i 3 3 : : : ;
towards protection nap £ 7 g Vot G e ILY B S S B

02 ' : - 207 4 L '
50 300 30 30 330 340 290 300 il 320 330 340
Time {ms) Time (ms)

Example of voltage collapse at converter terminal in a 4 terminal VSC netwo
43

Converter fault voltage ridehrough

A Temporary DC pol¢o-earth , SRR e Y Emefueniy Vatage e —
voltage profiles in a DC grid 1~ N
A Time and voltage limits
depend on technology and o ] i
topology of the DC grid & vt T
A Slower breaker may need i ° |
series reactor to slow down® | .
di/dt and voltage collapse |
" s i o

Time

CIGRE WG B4.56

44

22
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DNV-GL

KEMA Laboratories

Part V: Fault current
Interruption in HVDC systems

Presenter. Rene Smeets

OUTLINE

AsStart in your home electrical panel ewe ool O : 5
AThe power of counter voltage LE'MEGQ.’ —
ADC fault current in HVYDC grids - %‘iﬁ%‘i{ﬁ%@
ADC fault current interruption S

AHVDC breaker technology

ATesting
ACIGRE TB 683 (April 2017)

.......

nnmEs Dt s on 52
IN ANY EMERGENCY CALL DUQUESNE LIGHT CO. GRANT 8000

46
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Application of AC switchgear

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

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

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

AHow to handle DC??

a7

Basic equation

L,
U é\; T u]( circuit-breaker
: : arc
|
L
L, —+u _(t) =Fcos@t) Y —'_—[LEcosq/ut) u, (t)

dt

sign of di/dt changes
when CB voltage exceeds source voltage:

G

48

24
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Lowvoltage circuit breaker MCCB

i arc voltage |
arc chute I —

divergent
runner
arc starts l

!

o
°
o
o

0000

I

EM mechanism
increase arc voltage by:
- elongation
- partitioning
- cooling

49

Forcedg zero interruption in LV AC

T T T T T T T T T
tl t2 t3 ,/"_ t4 .-\‘\ prospective current 5
= ’t' —
create voltage |,
4’ 5 ‘\

| high enough i

system i N,

/ N

wltage /r \\

K arc wltage AN i
“,
\\
. ™~ | Y
\. A
act quCk limited N
enough current ,
2 ™
|- \\ -1
\
\
\
\,
\
S
1
r r r r r r r

50
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t1 -
V Speed
b arc voltage wem 1V High counter voltage
// woltage
7 .. .
V Energy dissipation
limited i
current

Test: vypa01CY.018, Type: Secheron UR36-81S

3000 T T T T T J ! .
Uarc [V]
larc [x10 A]
2500~ _
Uarc,max (2310 V), aI‘C Voltage
system current Uchute (2040 V)

2000

1500 —

ol System voltage

500

-500 ! | I | | | | | |
-10 -5 [ 5 10 5 20 25 30 35

1
Time [ms]

measurement 20 kAdc 1250 Vdc

52
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Current interruption: the technology

J
N
J

=
|
| Ed
=
-
—
=
N
N
N

low voltage distribution transmission

512

Breaker voltage and current (AC interruption)

current Recovery Voltage
i : (RV)

current zero

a

Transient Recovery

{ Voltage (TRV)
frequency
voltage contact separation TRV is dictated by the
network only

AC breaker is passive, and waits until zero

Current is dictated by the network only

54

27
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HVDC Circuit Breakers

Challenges of HVDC current interruption:

ABreaker needs to be faster than in AC:
- DC fault current rises very fast
- converters cannot operate when voltage
drops below approx. 80%

ANo current zero: breaker must generate it

ALarge inductive energy
in the system needs
to be dissipated by  mEwL A
the breaker: L e 5

i
(8 e N
P

c 80 kV- (HVDC vacuum) GE, 1970
GreenwoodBarkan

EE .

Principles of AC / DC interruption

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

4 gszl'um{ -

AC interruption:
Capture the swinging mass in its outer ~ DC interruption:

position (current zero) Oppose the motion of a linearly moving
Zero kinetic energy Max potential energy mass (counter voltage)

56 L

28
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Sitting duck or fighter?
AC interruption

Cumrent Zgrno
\..J’oltag\;@r__A |
\ : | / A Circuit breaker passive |
T . - A System imposes currer " @_
Cument—" \ A System imposes TRV
7 \ A Test synthetically

DC interruption

Local
current zero

|

Voltagﬁ_e/‘ i
I

Current |

— !

|

A Circuit breaker active
A CB determines current
A CB determines TRV

A Needs MW to test

/
/
Y,

-~y

TV
Initial TIV —» <+—

57

DC interruption principle

AKey equation in DC interruption

— |
AVoltage acrosPCCB> system voltage .
reverse sign of ddt T e T
I DCCB
AFault current decrease instead of increase
u
AOnly one thing to realize: counter voltage ®
Uep > U, this will bring current to zero -
ACounter voltagds the keyword i{ TG o
t*

58 L

29



HV DC interruption technology

AHow to generate counter voltage?
AStrategy in three steps:

1: Create a current zero in the main path: — commutation

interruption

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

4/29/2018

interruption {—

absorb energy +—

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

absorb energy

59

Breaker voltage and current (DC Interruption)

A DC breaker is interactive

>U breaker voltage @ )

A Current to deal with is
determined by the
breaker speed

A TRV voltages are %Q Poy &
determined by o
breaker technology

U: system voltage

* /

system current
systemcurrentinterr

A It has to deal with tens of

interrupter current

uption

MJsof energy still in the .
circuit fault

localcurrentinterruption

60 L

30
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Intermediate Peak fault currer
order (nception of system voltage recoy —_—
= (, s th 9 y Lleakelxge CL;IH'Q
aul . . ievel reache
I [Trip orde] ! —T —
: bl Peak Tl [Current Zer|

i
i B 1
| Peak fault currer

definitions related to
DC fault current
interruption

. System voltag

l'?esuiual currel
switch opet

Fault curren

|

|

1

[P

! 1 PreFault curren
i !

|

|

|

I

DC zero creation schemes

| interruption | F

Alncrease of arc voltagantil it exceeds supply voltage
- limited to LV and lower MV —_— commutation
APassive oscillationf a SF6 arc absorb energy F

- Applied at HV, but for load current interruption,
generally not faults
- Relatively slow because mechanical arcing device is essential

AHighfrequencyactive current injectionfrom pre-charged capacitor
- Commercial MV applications exist
- Mechanical interrupter

AHybrid technology interruption with semiconductor switches
- Potentially fast
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HVDC circuit breaker principle: Active current injection

energy absorption

commutation

+

DC current interruption process:

i

a. High rate -of-rise fault current

interruption

b. Local interruption by counter current in VCB
c¢. Current commutation

d. Counter -voltage generation

e. Energy absorption

f. DC voltage withstand

63 |

Active current injection type

current/voltage

MOSA

Charﬂ source
i
o 0o—

(e

Auxiliary
breaker

u 0
cb
I
p
Up==q=—7——
1 i
\ o
|
: a i1 Circuit current
i |
| i
i
L1 : b
0 !
1 Voltage across breaker
i
Res 1 =55
4t Ly ts
Vacuum Interrupter
[MoV]
Mechanical Switch

L Limit
I

Thy

Iz

Electro
- Magnetic
Actuator

yristorl

t

yristor2
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Challenge: Speed

AFault current in DC systems rises very fast
Astandard mechanical circuit breakers are too slow for DC interruption: Thomson dri
ASpecial drives are needed to obtain very high opening spe8hig)

AVacuum interrupters can interrupt
high injected didlt at small gaps Fine Corent

Ce

ADisconnector / breaker

Screw-Contact

N ek B ‘ N
Cail | i e
0O1s Electromagnetic | | I » :
Repulsion =] !
Mechanism | Controller | =N |
i {l \E
| L ]

Drive Rod

I ITIIS
s

Vs

Shock Absorber & Shack Absorber &
Holding Holding
Mechanism

UFD Tang, CIGRE 2016 Mechanism

Power Electronic Switches

2
AVery efficient switches [/

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

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

Voltage (kV) Voltage (kV)
60 60

~Silicon Thyristor Silicon GTO GaN FET

'.' N
.- ——
50 Silicon IGBT = SiC Thyristor/GTO = Silicon GCT ;o |so - p
—SIC IGBT -
40 GTO - Gate Turn-Off Thyristor L Lo - .
LTT = Light Triggered Thyristor '.'. S
GCT - Gate Commutated Thyristor L
VC E
g o

6.5 kV, 1500 A Thyristor

30 IGBT - Integrated Gate Bipolar Transistor %0
FET - Field Effect Transistor s i
/ o
SIC - Silicon Carbkde i o’
20 A GaN 2

GaN - Galllum Nitride

IGBT turn-off
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Mechanical vs. Electronic DC switching

9 Low conduction losses
1 Withstands very high currents in § Fast operation

closed position 1 No moving parts (lower maintenance)
Advantages i Verylow leakage currentand ¢ &57 | Ejf EOAAS T O ARO |

high voltage withstand in open

position

9 High conduction losses (few volts per

 Relatively slow operation semiconductor component)
Disadvantages § Mechanical wear { Limited high-current conduction
(maintenance required) capability

1 Relatively low voltage withstand (few
kilovolts per semiconductor
component)

[1 A general guide is that estate voltage drop of a power electronic component is approximately three orders of magnitudenéowtee peak ofktate withstand voltage.
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Hybrid HVDC circuit breakers

ACombination of mechanical
switchs) and
power electronics

AAnnounced 2011 (conc. 1)
ADisplayed 2014

AApplied:
200 kV (China) (conc. 2)

APlanned
500 kV (China) (conc. 3)

AProposed (conc. 4)

Tang, CIGRE Paris 2018 Yang,CIGREVinnipeg 2017

68

34



4/29/2018

Hybrid HVYDC CB concept 1

2 Hybrid HVDC Breaker \
: < MainBreaker i

| =

= i o 1 i

Current Limiting Lﬂu' - J L J

Reactor T ———
=TS | @

Residual
DC Current litrafast Disconnector  Load Commutation Syitch
Breaker K /
’ T T | ki <k

Rated voltage: 320 kV
Rated nominal current: 2000 A
Rated interrupting current: 916 kA

HassanpootPEC 2014

Hybrid HYDC CB concept 2 -

Mainbranch |
Uliaast swich B \
Transfer branch

Full bridgeswitching double
currentinterruption capability by
two Semlconductors |n para”el ultra-fast mechnical switch

transfer branch cell

Rated voltage: 200 kV
Rated current: 2000 A main branch SM
Rated interrupting current: 15 kA

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

Main Breaker Main Load M L___________ L__3___T___
Branch Branch S1 Q1

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

ASwitching with a single 2 = peeece
gas discharge tube @ 80 kV o J]Iﬁljbl\l X o
ANo large number of IGBTs in main — '
breaker Auxiliary branch
- |
AContainerized concept to 320 kV _
==

Surge Arrester

Incarring utgeing

N — ',—n.“m o~

switch open switch closed

Davidson GE CIGRE Winnipeg 2017
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Arc Voltage increase‘

Passive Oscillation ‘

Current Injection

Hybrighith IGBT devices

Thyristor switch
DC power supply | Triggering gap
Lp
MOSA
N ERMea
Cp "mMOSA p
Circuit Breaker Circuit Breaker Circuit Breaker
OO ——O - O——

7

Current

e

IIVaI

Va

LVDC CircuBreaker
DC Disconnecting Switch
DC Earthing Switch

480 \+ 15 kA with MCCB,

750/1500 V50 kAor railway,

less tha@ few ms

Arc voltage generated

across the contacts limits the

DC current.

MCCBMoldedCase Circuit
Breaker (No Fuse Breaker)

DC CircuiBreaker for LCC
two terminal connection
(MRTB

10 k- 5000 A for MRTB
550 k2200 A for LLC
20- 40 ms for interruption

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

Future requirements

T e

DC CircuiBreaker for VSC
HVDC grids

72 k\- 25 KA for VSC
250 kv 8000 A
Less thani®s

Precharged capacitor
imposes an reverse current
on DC current and instantly
creates the current zero.

IwmuT
Curr

ent
limiting
reactor

Residual DC
current Breaker Disconnector

Main Circuit Breaker
mposing of power
tronic devices

0
ele

-——»
Va .
Commutation
h switch

Fast

Lswitch

DC CircuBreaker for VSC
HVDC grids

80 k\+ 9 kA for VSC
320 kV concept
Less thanids

IGBT devices connected in
parallel and series block DC

fault current.

Mitsubishi Electric

ACBrequirementspecscannotbe harmonized projectdependent

- operationtime (fault neutralizationtime)

- maxcurrent breakingcapability

- transientinterruption voltage (1.5u?)

- max energydissipationcapacity(O-GO duty?)

- failure mode
- on-state losses

- peakwithstandcurrent

AProtection
-achievable< 1 ms

maxcurrent
breakingcap

7N

DC line
reactorsize

—

operation
time

- pre-activation (hybrid CB)immediate opening ofnormal current path

AMeshedgridsneedspecialconsiderationgor switches:

-otherthanA y

- function of halfconverterby-pass(switches)becomesguestionablein grids

- to be decided

74

f A ¥fad NdheRdrie usedfor by-passing power routes
- Neutralcurrent canbe higherin grid becauseof moreunbalanceacrosspolelines

B Hybrid DC Breaker

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

Sucheng
200MW

Underground Cable
. Submarine Cable
Overhead line

Overhead line in future

breakers

Qing'ao
50MW

Features

The first multiterminal VS@{VDC project

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

Coriimissioned in 2013

Major Parameters

+ 160 kV, 200/100/50/50MW

Overhead Line (20.6km in total),
Underground Cable (9.5 km),
Submarine Cable 10.7 km
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/E SGCC: Zhejiang Zhoushan\
- +200kV/1000MW
400/300/100/100/200MW
DC cable

Commissioned in Jul. 2014
200kV DC CBs installed at

K end of 2016 /

uNuSuSu

m

E Securing a reliable power
supply to five islands and
integration of offshore WF

E Significant increased wind
power integration and powe

supply capacity / = g ot
) = Island g

Sijiao

Qushan

.

7

Pdc max = 3000MW , Vde=500kV, using OHL, DCCBs

To be commissioned in 2019 for th& ghase & 2021 for
the 2d phase

Wind & Solar 500kV/
power base F .
engning
Mengxi 1500M W Yudaokou Eﬁ

Kangbao | i .
1soomw | || =
184.4km i
Zhangbei 78.3km 101km
3000MW
131.1km
. Beijing
Zhangbei 3000MW ?:H;nisr: —

-mmm- DCCB 500KV 500KV
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5
HVDC - 2015 4

CaithnessMoray

HVDC ~ 2030 MT proposal

Scottish and Southern PROMOTioN

Energy PROGRESS ON MESHED HVDI
Power Distribution OFFSHORE TRANSMISSION
NETWORKS

79

Norway Shore Line

Scotland
2 GW

5 GW)

ScotlandShore Line

HordLink

Power Island LinRenneT

@
£
5
2
]
=
]
=
]
5
H
g
a

rhled 2

Germany

124 GW)

b

England Shore Line
(24 GW) W

Brithlzd

J Homsea
.
E<
Netherlands
Belgium
46w

Dogger Bank
13 GW
46w E
Norfolk —il
76
e
(12 Gw)
l NetherlandsShore Line
I {10 Gw)
Belgium Shore Lin
(35 GW) Q

(7 GW Interface Capadty)

HVDC Transmission

AC Transmission A Xi o "7 ¢

An Flight' or cumrent.

ENTSGE vision 2030
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European decentralized wind power hubs concept

* PROMOTioN
PROGRESS ON MESHED HVD(]
OFFSHORE TRANSMISSION

~——

NETWORKS

Cost estimate HVDC CBs in North Seas HVDC Grid

%NOEDI AT O #1 OO ¢ 1 QY Expensive DCCBs Cheap DCCBs
European Business European

Businessas-usual
decentralized asusual decentrali

concept

wind power  concept  zed wind

hubs concept 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

29,122 34,000 29,122 25,813

TOTAL COST

1Q¥br 1 GW HVDCCB

Cheap:
Expensive: 30 Kfor 1 GW HVDCCB

Henneaux CIGRE Paris 2018
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DNV-GL

KEMA Laboratories

Breakers

Presenter. Rene Smeets

Candidate Test Circuits

Ideal DC circuit Energy stored in capacitor

HVDC CB

Energy stored in inductor

E HVDC CB

R L
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[ R ——

_Charged Capacitor _ _

L e s Bt el el o

20

80 kv
Y
QN0

Interruption at 9 kA
di/dt = 4 KA/ms

U
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Fault suppression time
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