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Context and Motivation — LCC HVDC

Anode Anode

~ ~

Line Commutated Converter (Classical) pivis

* Thyristor-based technology (Silicon- cate Gate Ga“’c;ide
controlled rectifier) - T

L] Req u i res exte rn a I AC VO Ita ge fo r Physical diagram Equivalent schematic Schematic symbol
commutation

* Consumes reactive power (current
always lag voltage)

* Require harmonics filtering, because
six or 12 pulse bridge converter
generate significant low-order
harmonics
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Voltage Source Converter-Based HVDC
* |GBT-based technology enables e - (. ™
full control of turning on and off. s h = &\
e Can operate in weak AC grids Nohamel | -

* Can support reactive power

e Less harmonics to filter—smaller
footprint

* Fast power flow reversal
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VSC HVDC Evolution (1)

Early VSC: 2/3 level converters oy SQGSQG
(1990s-2000s) Unc o
 Capacity in the order of 50 MW %‘| g_ﬁ}so_l

 Voltage level: +£80 kV .
Simple topology + PWM

- 'hE=On T = =wl

= - H ~ |

= ke e I e 4

S 0Ff N /] k

= i ! I

- -

= =1 LB ! ’ U o) - - — = ! ’ .4 e

0 0.005 0.01 0.015 0.02 0.025 0.03

World’s first VSC HVDC in Gotland, Sweden, Two-level converter output voltage waveform

connecting wind generation (lower-left) to load

substation (upper middle) 6
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VSC HVDC Evolution (2)

| | MMC Valve

SM1 SM1 | SM1
a2 él—:‘\\ AC
Current VSC Technology: Multi-level ESMD SMu |
Modular Converter (MMC) aC Vae
T
* Using a staircase waveform to “ %
approximate a sinusoidal wave a
SM1 g sM1 | 51\[1 |
» Advantages include lower switching [: swa | S‘“'
Sl\[n| FIS\In|
frequency for each module, and lower
harmonic distortion.
Growing capacity and voltage levels - ~Thit
'?"C ﬁﬁﬁﬁﬁ Multilevel waveform approximation
e >400 MW |
U. : The desired sine waveform
e +500 £V and more o \j ,
V2 5 7 ({2
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Evolution of VSC HVDC (3)

VSC HVDC are branded under different Mid 2000s

Names * Improved IGBT devices support higher
e Hitachi ABB HVDC Light ® switching frequency

e Siemens HVDC PLUS ® * Briefly went back to two-level

e VE Vernova MVDC topology (e.g., the 300 MW Caprivi

, L link; first overhead HVDC)
Mitsubishi VSC-HVDC L ate 2000 to date

Early 2000s * MMC-based topology with half-bridge
* Improvements to cable insulation -> converter cells

increased DC link voltage

* Three-level active neutral point
clamped CSV
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A Closer Look at the Gotland VSC HVDC

World’s first commercial HVDC project in 1954 (20 MW, 100 kV)

NORWEGIAN
SEA

NORWAY

NORTH

SEA
DENMARK

GERMANY

FIN

‘ \0
\\(\
SWEDEN &

>
$
3

EST(

’ LAT\
L)
N‘\L
® ITHUAN!

RUSSIA

0 10
POLAND AR

0 100

Vastervik
.\o Ygne

Backs/
Visby

Romakloster

Djupvik

Levide

Hablingbo

Nas

Application: connect
remote loads

World’s first commercial VSC HVDC project

(ABB HVDC Light®) in 1999

- 40 MW wind generation in the breezy
south; load center in the town of Visby

- 70 km underground cable
- 50 MW power rating
- Symmetric monopole at +£80 kV
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Nas-Visby HVDC Substations

Google

Néas Substation ~ 57°05'58"N 18°14'27"E Visby Substation  57°37'29”N 18°21'18"E
Wikipedia: HVDC Visby—Nas: https://en.wikipedia.org/wiki/HVDC Visby%E2%80%93N%C3%A4s
List of Hitachi ABB HVDC Light Project: 10

https://publisher.hitachienergy.com/preview?DocumentID=POW0027&LanguageCode=en&DocumentPartld=001&Action=launch
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VSC HVDC Configurations: P2P
—~ =/ " R s N —/ = —
i | i / X S= T = AV
I I
Monopolar system with ground or =4 =04 P =CD=

metallic return

E4=pd Y=C0= Bipolar system; + DC voltage
Symmetric monopolar system: Metallic return (three lines) or ground

return (two lines)
Increases the capacity and reduces
grounding requirements

- ig in DC voltage

— K TN Sl — —m_/g'\f,—
— — — —
AN S S A s NV ) s
W/

Back-to-back system
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VSC HVDC Configurations: Multi-Terminal

—1T1+— DC breaker

VSC

Feed

-

terminals

VSC

Solar

66km

227km

219km

126km

AC 500kV

VSC

e

S00kV 1000kV
Zhangbei

—1()—- UHVDC

World’s first multi-terminal VSC HVDC project in Zhangbei, China
+500 kV, sending 4,500 MW of renewables

Regulating terminal:
pumped-storage
hydro

[DC voltage control]

Receiving
terminal
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VSC Operating Principles: Four Quadrants

ohdl QaArHt Q tet Quiadisnt A VSC converter station can operate in
A one of the four modes
.. Ve
Capdcit . . .
5 i * 1 is the AC system coupling point
S Vs voltage
Ve
Injects P * I/ is the converter terminal voltage
— Injects Q | Injects Q o
ectirier nverter
- = Operation Operation sl

Absorbs P Injects P
bsorbs Q | Absorbs Q

Power injection from VSC to grid:

ViV . V.
- -Vs Ve P = SCSlnS,sz(VC—VSCOS&
\ Indugtive /K
V »\/s

malte * § is positive when V. leads V;;

3rd Quadrant Z) 4th Quadrant N egat ive ot h e rWise

15
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Back-to-Back VSC HVDC Control Principles

Converter -1

Converter -2

:

AC

DC

Reactance
: ‘ DC
AC system AC
—
AC voltage /

reactive power
control

Active power

control

In terms of active power control:
* One terminal controls the DC link voltage

Reactance

D6

- AC system

?

DC voltage
control

AC voltage /
reactive power
control

 The other terminal controls active power to the setpoint by varying DC current
Reversing the power flow only requires a change of active power reference
* Does not require the reversal of DC voltage polarity

NC STATE
UNIVERSITY

16
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HVDC Station for Long Distance Transmission

== - AP 1. AC Switchyard
~ e = e 2. AC Filters & Capacitor
U k Banks
Controls, Protection, Monitoring g%;:om 3. Converter Tra nsformers
temral 4. Converters
el 5 : hing Reactors and
——(——— 5. Smoot
Af% e [ Pole 1 DC Filters
$-omo . ! L 6. DC Switchyard
HHOEOH- AC - 1 L
m DC Pole 2 . . .
D& f'“rf 4 The structure is similar for

both LCC and VSC
1 2 3 4 5 6

18
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Single-line Diagram of a Converter Station

Smoothing reactoi

AC Breaker | E( A DC filters

AC filters __}I/Y Electrode line

Converter *t ? 1
transformers

(Or——3
A
L _ T

el

ey

19
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Aerial View of the Hida LCC HVDC Station

 Hida converter station
of the Hida-Shinano
HVDC Link

* 900 MW, Bipolar,
Wil e T e + 200 kV overhead
SYEP,'_,_,ﬁ R b '. o 3 " "r-_ " ]

<%-_C&Poom

e Commissioned in 2021

https://www.tdworld.com/digital-innovations/hvdc/article/21177078/hvdc-link-
increases-interconnection-capacity 20
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VSC HVDC Converter Station

Aerial view of the EirGrid East-West Interconnector Converter Station

SN

https://www.youtube.com/watch?app=desktop&v=C-JOAc8v2ho 22
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Key Components

DC Switchyard
Cable Sealing End

Converter

""“‘,b 1< ¥
TN A N\ ¥

o, < /1 p § /
Jiﬁij/ﬂ/
Converter AC Yard, @2~
Insertion Resistors™

Control & Protection
Auxiliaries, Spares

Tt Neutral Reactors
N \% 7 Converter Transformer
\ B‘«E:\‘u’ 1
\‘,”; ‘ | 3-Phase / ODAN
\| ‘v’l'“/ N °

NC STATE
UNIVERSITY

Key components:

* AC switchyard

 AC equipment yard

* Converter hall

 DC equipment yard (may be
integrated in converter hall)

* Control & auxiliary building

Critical supporting systems:

Cooling systems
Control and protection
Auxiliary power supply

Grounding systems -
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Live Demo: Siemens HVDC PLUS ®

* https://bluebird-alliance.kugelrundblick.de/siemens energy hvdc/

de4bedes
Se404404
444

T3
=
=
-
=
=
=
-
3
=
3

PO
TR 204
PO

s
44
e

24


https://bluebird-alliance.kugelrundblick.de/siemens_energy_hvdc/

FREEZW NC STATE
SYSTEMS CENTER UNIVERSITY

AC Switchyard Components (1)

* AC circuit breakers
* Disconnector

* Surge arresters

* AC filters

Disconnector

25
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AC Switchyard Components (2)

LCC stations require significant
harmonics filtering; also requires
reactive power supply

[ —
d ' i s " :\/‘V Y - i
{ | i > " N =t N
RS iy A J | i A\ ' .
=H i 4 H _ ‘ y
s e - = =

e

Basslink HVDC (Tasmania)

Northern Ireland —Scotland link 26
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Converter Transformer

* Three-winding transformers are
common

* Provide the AC voltage needed
for converter operation

* Increased insulation levels to
withstand transients

27
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Transformer — Fire Protection
| [O[0[0] || [CIo[0] || [O[0I0] | -
] o | ] o[ | ] o[ |
NI & NI £ NRS = si  Buchholz Relays
7 a g p V| VESDA Detectors
N | siF
== Ajr Sampling Tubes
Z 3 ﬁié 2 U 2| Ultra Violet Detectors

ﬂﬂ ﬂﬂ 9| Infra Red Sensors

Bl ﬂ@ﬂ

28

Source: https://ewh.ieee.org/r6/san_francisco/pes/pes_pdf/Transbay Cable.pdf
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Electrical Protection System

e Converter transformer
protection

* AC overcurrent protection

e AC filter overload and unbalance
protection

e Converter current differential
protection

* DC overcurrent protection

29
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Indoor DC Yard Components

t N

\ J \ 4 7
_ L 1 7 - &
X — n o~ . i T b = F
- N e P, N
. 3 A
n /—— n | =y

Disconnector
switch (closed)

DC smoothing
reactor

30
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Alternatively, An Outdoor DC Yard (1)

* DC bushing
* Smoothing reactor

31
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Alternatively, An Outdoor DC Yard (2)

2010

Zon
2

Storebeelt: Station Herslev — DC Yard
32
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Trans Bay Cable Project — VSC HVDC (0)

CAISO Conducted a Multi-Year Stakeholder
Study Process to Solve San Francisco’s

Electric Infrastructure Problems

- Phase I: Jefferson to Martin transmission
line allowed shutdown of Hunters Point

transmission line

- Phase Il: TBC selected as Long Term
Reliability Solution needed by 2012

- Need date updated to Summer,
2010 in February, 2007 to avoid rolling

blackout

Vallejo

Bay.Point

Hercules Martinez
Pinole

Rafael Concord

San Pablo 3 it
. easant Hi
Richmond Clayton

El.Cerrito

spur
alley Walnut Creek
Albany Lafayette

Tiburon Berkeley

Sausalito Alaho

Emeryville Moraga
Oakland

Danville

San Francis
Alameda San'Ramon

San.Leandro

-~ 1

&8 BABCOCK & BROWN

NC STATE
UNIVERSITY

Antioch
el Oakley

Brentwo
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Trans Bay Cable Project — VSC HVDC (1)

HVDC PLUS® was

selected
paE ez * D3 miles of cable
Potrero an ittsbur
Substation FraSncisco Pittsburg SF:JItots;tign under SF bay

|
| < 1 miel< 1 mitel ~53 miles |< 1 milel <1 miles l o + 2 O O kV

e P =400 MW (40% of
peak load in SF

- eQ=+4+170 to 300

AC/DC i — AC/DC
115 kV ! | Undersea DC 230 kV M Va I

Substation : 1 1 Cables Convc-.zrter Substation
atio ‘N ion

San Francisco — San
Pablo — Suisun Bays
1 1
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Trans Bay Cable Project — VSC HVDC

e Potrero Hill station

FISHERMAN'S [ 180

WHARF

TELEGRAPH HILL

COW HOLLOW
adway
POLK GULCH
LOWER NOB HILL SELY
JAPANTOWN RINCON/HILL
FILLMORE DISTRICT TTLE SAIGON :
/ISTA SOUTH OF MARKET
,‘f{,’ san ~ 7 SOUTH BEACH
TH OF . ~
AND1E Francisco ,
2 f
E \
DUBOCE TRIANGLE
18th Street ‘ \ER70
MISSION DISTRICT DOGPA
2
[

POTRERO TERRACE

/|
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Trans Bay Cable Project — VSC HVDC (3)

TBC was commissioned in 2010.

Total project cost was S400M in
2010 (only 33% over its 2004
estimate)

NextEra acquired it for S1bn in
2018

In 2018, Siemens updated

control software to allow

N Pittsburg substation to energize
| the DClink and feed up to 300

MW into San Francisco.
Trans bay cable project — AC switchyard TBC’s net availability is 99.88% (excluding scheduled

maintenance) as of March 2025.

10.74 hours of outage + 1 scheduled maintenance in 2024 -,
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Trans Bay Cable Project - Pittsburg Converter
Station

S WEST TENTH STREET I8
™ LS >

:‘ | A
14 4
. .
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Trans Bay Cable Project - Proposed Cable Laying Vessels

Ship: Giulio Verne (Deep Water Cable Installer)

N .

P bag s i L
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Trans Bay Cable Project — VSC HVDC (4)

* The project provides a long-
term energy and capacity
solution for the Bay Area
Grid

* The project also contributed
to the retirement of the last
fossil fuel power plant in
San Francisco

* Potrero power station was
shut down in January 2011.

Amencan
-Industrial

Center pg < E 2
No?them

¥ Southern e
Swrmyard o

X 2347
0’99 o \

“Port of SF

Warm Water
ek Cove Park

NC STATE
UNIVERSITY

San Francisco Bay

Potrero Power Station 6[\
Project Boundaries b

41
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Trans Bay Cable Project — VSC HVDC (5)

* 150 years later, power is
made available to the San
Francisco Bay Area in a
more clean, reliable and
compact way.

: o _:
e Ak i ™ Site of Potrero
# oW |

y“’ power plant
o A e

3 R T
M iy
MHumboldtSUSSSEEE o

T
ol e AR
L @) Olivier's/Butchery® ‘f‘ﬁf
o TR fd,

AT

\ @ Historic PG&E

ko _smokestack, preserved...
| P

Trans Bay Cable converter station

2 ahiSt

vvarmpvvater,
CovelRark

= S— O\

(Google Street View) 5
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Comparison of LCC and VSC Substations (1)

N=831.433 W= 028 935

- j / : = : A : ‘ =+ - .Jl I‘ .j-‘ uu;nl-l H.Nj': &
Footprint it v * ; ::aL::tﬁL il T
« 630 m x 830 m = 53 hectares e f / k/ v AN i E‘
« 2,066 ft x 2,723 ft = 130 Acres g lilg V A A . """" 3 J =
— /Ji . ' ? i —.F in H
:,:_/ I w S E;
E I i1 i
LCC Technology : 6,000MW Double a = 5
Bipole 2 x 3,000MW/+800kV =l , M- Ik
__‘-'/ s ?’1 = ﬁil i)
.:2' , // |
- -
- - oA J i) It
— // Uy \
GE VERNOVA - e — Fois oommma
| [ = e

© 2023 GE VERNOVA and/or its affiliates. All rights reserved. 3



FREEZW NC STATE
SYSTEMS CENTER UNIVERSITY

Comparison of LCC and VSC Substations (2)

V"\

(BT LualaTala[aale [

Footprint
e 250 m x 220 m = 6 hectares
e 820 ft x 720 ft = 14 Acres
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Comparison of LCC and VSC Substations (3)

LCC : 6,000 MW / 800 kV B e e =i ma i~
VS. i{ , - = Lia 40 55 WS

T i v —" g\ |(Mr— v— e — s || " —-- g \
VSC : 3x 2,000 MW /525 kV - it ] L{ji T E Q,Fi T H t Aq:rifi "'T EH
Sl S| S b Pl S i ol gy b P
MOERLLELIRALELLLS MEERILITIRAIEILLS MEERILIIIRRLIILLE-IEN
ﬁ‘ %1‘ ’..'."X JI SN ‘ n‘ %i' ' .'"'\;".'J:I SN, ‘ ‘ﬁ’ %;U" '.'..'"'L' G ;
= - Cleon sl NS UG sD C U (NSO e CCUE) }3
R " i [ h b T (|, ey S W IN -
| BV B o e B s Eer B X
1 0 | - o - g a e | T
Compare 6000MW LCC vs VSC : [ﬂ“': D{t 7[ DW j[ DL i % D‘L ;
- S e, . el W o y '_ Tl et S |
« LCC:1x3,000 MW =130 acres % o = -
.+ VSC:3x2,000MW =42 acres == i

=> 66% reduction in footprint

w8180
=397.004

45
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VSC HVDC Applications

* Urban power infeed —small footprint like the Trans Bay Cable project
* Offshore wind integration

- 1 . HVDC OFFSHORE TRANSMISSION SYSTEM
* Weak grid interconnection
nwnes  omsoe e BOAO
* Asynchronous grid connection | S o

| |
TURBINES EXPORT CABLES (DC)
FOUNDATION
ARRAY CABLES EXPORT CABLES (AC)
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Key Takeaways

* Modern VSC HVDC uses MMC topology to significantly reduce
harmonics

* As a result, the converter station footprint is reduced by downsizing
AC-side filters

* A typical converter station is composed of an AC switch yard, AC
equipment (converter transformer), converter hall, DC switch yard,
cooling and auxiliary system, control and protection systems, etc.

* VSC HVDC can operate in any of the four quadrants by changing
setpoints without interruptions
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