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Power Industry Challenges
=« Economically Meeting Market Needs
= Reliability
= Timely Permitting
= Education

Role of HVDC & FACTS

Technology Overview
« FACTS - SVC, STATCOM, TCSC
= HVDC - Conventional, Capacitor Commutated, VSC Based

= Monitoring
Application Example
Development

Industry View of Educational Requirements




CHALLENGES

2003 - The Year of Blackouts
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European View after 8/2003 US Blackout
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Before the Italian blackout, in August 2003

The head of GRTN, ltalian Independent System Operator,
assured ltalians that their nation would not suffer the kind of

massive blackout North America did.

“The risk in Italy is tiny, Italy's network is more modern than the
U.S. one, and European nations have tighter protocols on
assistance and interconnections with other countries’ power

supplies.”




W Europe, 03:28 September 28 2003

Total blackout in Italy

Affected 60 Million people -
Took 18 hours to restore power
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Revised European View

The head of GRTN, Italian Independent System Operator

"Our system is more secure than the American
one, but it's also more vulnerable™
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dasi o What Is the Cost of a Transmission Line?

Transmission
aDi

Minnesota, Wisconsin Grid Project Approved
by Wisconsin Public Service Commission

Public Service Commission of Wisconsin; Minnesota Power, Inc.

Online Exclusive, Dec 16 2003

The Public Service Commission of Wisconsin ye sterday determined that the increased costs for the
construction of the already-approved Arrowhead-Weston transmission line are reasonable and the
project should continue.

On Oct. 30, 2001, the commission authorized Wisconsin Public Service Corporation,
Minnesota Power and the American Transmission Company to construct a 210-mile,
345 KV transmission line linking the Arrowhead substation near Duluth, Minnesota

with the Weston substation near Wausau.

The commission re-opened the case in Decembe
estimates of the proposed project that went fro
increased costs are due in part to estimated costs™s
substation improvements, increased costs for building ma cher prices for

land acquisition.

© ABB - Page 7




CHALLENGES
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Why Underground? - Power Line Protest, CT

; ‘fs\f
4 : b news n:dv:;'glcaautean newhavenadvocate.com | news, arts & entertainn
hoime news miusic Film arts lifestyle dining calendars columns quides
Tower of Power Reiter: | do not want to see a
People Power Fighting Power mainlining mother mourning the death of a
by Paul Bass - February 5, 2004 child because we did not act.

Ta stand below the B0-foot tower of steel known as the "lattice” is to feel power. Mot  ——

your own power, you're a mere ant in the shadow of a skeletal giant, A robotic wber- T —

suburban Mew Haven County toward the D%D- | central air-, Jacuzzi-,
humming hormesteads of Faifield County's Gold Coast.

An army of such towers dots the brushy landscape off Rimmon Road in
Woodbridge, by the grounds next to Congregation B'nai Jacob synagogue.

Like counterparts in dozens of white-collar suburbs throughout southern N L %
Connecticut, these parents have joined others in their town to fight a plan to replac . Aty _ {”i
those towers with new metal poles: The poles would bear high-voltage lines carryin : i f / i
three times as much electricity through the air--and past the children. The parents i D Sl 14

fear that electro-magnetic fields, or EMFs, radiated by the new overhead lines would [woodbridges Reiter: | do not want to-see &
put their children at risk of cancer. They're fighting to get the state to force the power|mother mourning the desth of & child
companies to reroute the lines underground instead. hecause we did not act.
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ROLE OF
FACTS

Increased Transfer with Voltage Support

u] 100 200 300 400 500 BO0 700

n-1 Contingency — 1500 MVA Short Circuit Level

)

i] 100 200 300 400 500 500 700

n-1 Contingency — 1500 MVA Short Circuit Level
Static Var Compensation

‘ 140 kv

Maximum power flow
depends on network and
voltage support

Steady state voltage via slow
devices, e.g., switched
capacitors, tap changers

Dynamic reactive power
reserve required for
contingencies

Improved post-contingency
voltage profile due to SVC or
STATCOM dynamic reactive
support

AL ED
MmD
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ROLE OF
FACTS

ALASKA ENERGY AUTH.

SOLDOTNA
-40/+70 Mvar
115kv

BONNEVILLE POWER
MAPLE VALLEY
-300/+300 Mvar

230kV

BONNEVILLE POWER
KEELER

-300/+300 Mvar

230kV

PG&E
Potrero

-100/+240
230 kV

PG&E
Newark
-100/+240 Mvar
230kV

SDG&E

Talega STATCOM

LADWP
Adelanto

LADWP
Marketplace

Role of FACTS — SVC & STATCOM

ALASKA ENERGY AUTH.

DAVES CREEK
-10/+25 Mvar
115kv

LANL
LOS ALAMOS
-50/+100 Mvar
115kV

KANSAS GAS & EL.
GORDON EVANS
0/+300 Mvar

138kV

KANSAS G
MURRAY G
25/+200 Mvar
138kV

Tri-State G&T
Clapham Retrofit

WAPA
FARGO
-45/+22 Mvar
14kV

NSP

FORBES

-110/+150 Mvar (Cont.)
-615/+460 MVAr (10 Sec.)
500kV

AEP West

Eagle Pass STATCOM
Back-to-Back

2 x +/-36 MVA

AM. EL. POWER
BEAVER CREEK
-125/+125 Mvar
138kV

NYSEG

Fraser

-300/+325 (Upgrade)
345kV

MAINE EL. POWER
CHESTER
-140/+425 Mvar
345kV

NIAGARA MOHAWK
LEEDS

-300/+270 Mvar
345kV

JERSEY CENTRAL
ATLANTIC CITY
-130/+260 Mvar
230kV

CONECTIV
CARDIFF
-100/+150 Mvar
230kV

CONECTIV
INDIAN RIVER
-100/+200 Mvar
230kV

CONECTIV
NELSON
-100/+150 Mvar
138kV

VIRGINIA POWER
COLINGTON
-30/+78 Mvar
115kV




ROLE OF
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Role of FACTS in Mexico

FACTS
CFE
Moctezuma
200 Mvar
| 230 kV
CFE !
SS Camargo ko
250 Mvar S5
230 kV i L
{1I i
}
CFE
Culiacan
® 78 Mvar
SVC 230 kV
[ ]
SC CAVM
Planta Bombeo 3
+20/+60 Mvar
115 kV
CAVM
CFE . Planta Bombeo 3
Tecalill +20/+60 Mvar
66 Mvar 115 KV
400 kV
CAVM
_(r:FE Il Planta Bombeo 3
ecall +20/+60 Mvar
66 Mvar 115 KV
400 kV
CFE CFE
SS Topilejo SS Texcoco
390 Mvar 390 Mvar
400 kV 400 kV

?';J?‘; CFE [ cFE i
Nt 1 SS Durango | SS Giiemez &;f £3
. ; .H'i 200 Mvar | 390 Mvar TAMSA
£ ingd 230 kv | 400 kV Veracruz
O T e
:.I-'1 3 Frii Ay " l ]"”m_l Sl 0/+100 Mvar
ey W f CFE 33 kv
d-.:"'_g‘:ir:'r* -~ | Durango e
T~ | T8Mvar - i
IR b .23° v CFE CFE
LT R . 47/ Pueblal &I Pie de la Cuesta
it i’ :? 2 x 244 Mvar 150 Mvar
LR /A “f ! 400 kv 230 kV
R f
: : :.E._-'F Fﬁr} _".L CFE
; Deacero Celaya W Xul-ha
[ | Deacero Celaya igcﬁﬂ 121(211? Mvar
! 140 Mvar o '
4 35 kV
Y ] 2 I"..- . CFE
o ; 9 . Ty i SS Nizuc
i a1 e, : 130 Mvar
; e . 115 kV
i "II t:-_.-';' A CFE
St a it . Escarcega
A 1. o A -50/+150 Mvar
CFE L ENU | 230KV
Temascal | & I - )
CFE
20’32:\? Mvar Minatitlan 1 & Il
2 x 37 Mvar
400 kV
CFE CFE CFE '
Acatlan SS Temascal Cerro de Oro
-200/0 Mvar -300/+300 Mvar -300/+300 Mvar “ .. ..
400 kV 400 kV 400 kV

Mpmw




TECHNOLOGY
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JEET Dynamic Voltage Support — SVC/ STATCOM

A

= Maximum power flow depends on
network and voltage support

» Steady state voltage via slow
devices, e.g., switched
capacitors, tap changers

» Dynamic reactive power reserve
required for contingencies

= Dynamic voltage support requires
fast action, e.g., generators, SVC"
or STATCOM? - all VARS are not

the same

) Static Var Compensator
2) Static Compensator (ABB SVC Light)

STATCOM - Synthesize AC from DC




TECHNOLOGY

QBN Thyristor Controlled Series Compensation

m Series compensation can be boosted, oscillation damped and
SSR mitigated by thryristor control, e.g. TCSC

L
Continuous . % .
) 30 'min gverload J .
/ f

T C L g ¢
(£ 10 5 overload II ||
Xrosc | Vi Vi
Xg Capacitive
- | e |
A (7] Wk
A ok
C—p 10
Mominal cumant
B Two typical series compensation schemes with a fixed series capacitor
ol 1 1 [ e i | and TCSC
i 15U 2700 A 3600
T —— GBS & & Senes capacitor .y Vahe current
=03 f—=— L FParallel inductor f, Line current
Il Capacitor current V- Capacitor voltage

Impedance-current characteristic of the
TCSC installed in the Imperatriz substation of
Brazil's North-South Interconnection.

! Ling currant

Krree TOSC reactance

b MNominal boost igvel

X Unity boaost fevel

Myypass Boostlevel at TOSC bypass
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View of the Imperatriz TCSC



ROLE OF . - - .
HVDC DC Transmission Characteristics
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500 kV DC

345kVAC
400 MW

3000 MW -,_, e
1"‘:.. "

(NS
Ty

HVAC
500 kV
6000 MW

Controllable - power injected where
needed

Bypass congested circuits — no
inadvertent flow

Higher power, fewer lines, no
intermediate S/S needed

Two circuits on less expensive line
No stability distance limitation

Reactive power demand limited to
terminals

Narrower ROW

Lower losses

No limit to underground cable length
Asynchronous




ROLE OF

4 Why Did the Blackout Not Reach Quebec?

The province of Québec, although considered a part of the
Eastern Interconnection, is connected to the rest of the
Eastern Interconnection only by DC ties. In this instance,
the DC ties acted as buffers between portions of the
Eastern Interconnection; transient disturbances propagate
through them less readily. Therefore, the electricity system
in Québec was not affected by the outage, except for a
small portion of the province’s load that is directly
connected to Ontario by AC transmission lines.

Source: U.S Canada Power Systems Outage Task Force, April 2004
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ROLE OF

HVDC HVDC Projects in North America
NERC Sub-Regions
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TECHNOLOGY
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S HVDC Transmission Technologies

HVDC Classic

Power control

Terminals demand reactive power
Reactive power balance by shunt bank
switching

Minimum system short circuit capacity of
twice rated power

HVDC Classic with series capacitor (CCC)

Power control

Weak systems, long cables

Reactive power from series capacitor
Minimum system short circuit capacity of
rated power

VSC Based Transmission - HVDC Light®

Real and Reactive Power control
Dynamic Voltage Regulation
Modular and Expandable
Black Start Capability

No Short Circuit Restriction




TECHNOLOGY

DAY The Conventional HVDC Converter Station

'I_'ransmission
line or cable

Converter station

Shunt =

capacitors A( filters
or other

reactive
equipment

Smoothing
reactor

Converter

.....

Power Ratings:
100 - 3300 MW

AL EID D
Fipmw
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TECHNOLOGY

SEVEIES The CCC* Converter Station

*Capacitively-commutated converter station

Transmission
Line, Cable or Back-Back

Smoothing

Converter reactor

AC bus

Weaker Systems
Back-to-Back
100 - 600 MW L

1

1

1

— 1
Contune AC filters 1
- 1

1

1

Commutation !

capacitors

s s o s > ~~>

AL EID D
Fipmw
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TECHNOLOGY

“5iiii The HVDC Light Station

Strong or Weak Systems
Dynamic Voltage Control
Underground Transmission
Up to £150kV, 530MW

Converter station

Voltage Source(d)
Converter - VSC

Phase
Reactor

AC bus
e GB—— -

Dry DC Capacitor
AC filters

EEERERTTTENT .

IGBT Valves

AL ED D
Fipmw
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TECHNOLOGY

GEE HVDC Light, P-Q Diagram

PQ - diagram

1,2 Red line: Uac=1,1pu
10 “_.--'_‘_'_'_ . “_‘ Black line: Uac = 1,0 pu
NP S0 Ll I ALLTI SR § Blue line: Uac = 0,9 pu
0,8 ,’. ’Q"’o * - '0.‘-
o’. .”‘ 0“’ “- ."-’0
0,6 KIS % Tt
0,4 e Ty Rectifier
0,2 - : S
£) K : : :
£ 0 : .
a -12 -10 -08 -06 -04 -02 0 02 04 06 08 10 1,2 Q(pu)
0,2 T : S
e . 0 Inverter
0,4 S %% ~ . 3
0,6 oG g et
% “0’.’0 .: »’:’
-0,8 "‘:"0:."., . .“"‘-r: . .
Conclusion: HVDC Light™
-1,0 RACFS i converter acts like virtual
S generator or motor.
Y -1,2
g Q consumption (inductive) Q generation (Capacitive)
o
m
<
©




TECHNOLOGY

SRS First Wide Area Monitoring in UCTE

Phase Angle Monitoring
Line Thermal Monitoring
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TECHNOLOGY
Example: Voltage Stability Indication

| idl, - Page 12

! ' VTR = L T =1 o ok
ane ataoly Wonmtonng ¥arming Ubsered cormdon 15 hes

" fems nage Lngle Mondarning Yaming rig angle difs : 3 szl
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B SUELE HVDC Links in China

i & W, FHE : h m enping
I Al IPROVRLS ) BegliE W
; et . s r:;aﬁ o®
’7% T )| BB e
=l Vi W
Gezhoubal =
o T

AT

AL EID D
Fipmw
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g8 Future HVDC Projects in China

(The year means project in operation) /. SO

Trans Asia Transmission
Northwest-North Interconnection 2000 MW. 2018 / /
(YinNan - TianJing) ’

Y - BiB Northeast-North

Russia

3000 MW, 2010 &
4 E\K

y
Northwest-Sichuag'interconnection
( Baoji — Deyang IR

3000 MW, 2011

3000 MW, 2009 N
J o od
a BtB North - Central

Xiaﬁ@?féb\ajjJiangsu

Xinjiang

1200 MW, 2009

nner Mongolia{

TS
~TTL

35%320 MW, 2012
BtB Shandong-East

Xiangjiaba - Jiangxi T ‘
2700\M,(W, 2013 . ‘ J e 1000 MW, 2012
. 0 C i < Shandong
Xiluodu - Shanghai : \ /& S Three Gorges-Beijing(North)
3500 MW, 2014 2
W, : S/ = 3000 MW, 2009
Xiluodd = Hubei \

ECPG XIProy
2700 MW, 2015 A
Xiluodu - Zhejiang \ . =
3500 MW, 2016 0 s i

ang

Goupitan - Guangdong
3000 MW, 2011

Xiluodu - Hunan
2700 MW, 2016

(Tajwan
&a

P¥hgdong A Guizhou-Guangdong I
3000 MW, 2007

Jingping — East China
3500 MW, 2015

Xiaowan/Yunnan-Guangdong
3000 MW, 2009

uochadu - Guangdong
3000 MW, 2016

prev]
Jinghong-Thailand.,
3000MW, 2013

Bangkok &




DEVELOPMENT

Development of HVDC Valves

Performance
Second HVDC Light
generation IGBT Valve
Thyristor Valve iﬁ 4
First e

First generation

generation Thyristor Valve

Mercury

Arc Valve

1970 1980 2000
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S Maturation of HVDC & SVC Light®

2) 50MW,£80 kv 3) TMW,£10kV 4) 3x B0MW 80KV 5) 330MW,£150kV 6) 200MW, £150kV 7) 2x40MW,£60kV

1994 1996 1998 2000 2002 2004 2006 .

®' Start Light
= Development A Common VSC

1) Hellsjon Development
DemoProj NN @ _ |_ _ _|_. .. _|_ ..l ._. N IS IS IS _
2) Gotland Light isssss—
3) Tjereborg ———— 1st Generation
4) Directlink |————
s HVDC Light® 5) Cross Sound mmmmss———
6) Murraylink msss——

2nd Generation

ABB IGBT 7) Troll A 1
8) Estlink

f) Holly | mmmmmm

| 2nd Generation
e) Avesta Polarit 0

svVC Light® d) Evron ==
= c) Moselstahlwerk == 1st Generation
FUJI IGBT l b) Eagle Pass
TR a) Hagfors

a) 0-44 MVAR b) 2x36 MVAR e) 0-164 MVAR

© ABB - Page 27




HVDC Light Development

= HVDC Light

> 350 MW, cost reduction of >20%

< up to 1000 MW for
Interconnections, Back-to-Back,
Offshore and SVC

DC Voltage 500 A 1000 A 1500 A
+/- 80 kV 95 MVA 190 MVA 285 MVA

+150 KV | 178 MVA | (356 MVADJ> 535 MVA | 2004

+-300kV | 356 MVA | +713MVA | 1070 MVA
12/2005
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DEVELOPMENT

Industry Need for Power System Education

Electric Power Power System High Voltage Tele-
Machinery Electronics Analysis Equipment communication

- i : Technical
Economics Control & : Insulation (\el\cl:riti:a
Reg_l"lato'_'y Protection I Coordination 'g
Public Policy | Speaking
o]
N
[0
(@)}
©
a
0
< Suddenly, knowing a lot about the U.S, power grid became
D) sexy at cockiall parties.
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Microsoft PowerPoint - Bahrman_Role of HVDC & FACTS.ppt
Workshop. Michael Bahrman, P.E.. ABB Grid Systems. Increasing Role of. HVDC & FACTS .... HVDC Classic.

VSC Based Transmission - HVDC Light. ®. Power control ...
www.ece.umn.edu/groups/power/workshop feb05/Bahrman_Role of HVDC & FACTS.pd...
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