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The rellable Grld

From towards a “Smart Gird”

Das sichere Netz -
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Power Transmission and Distribution

Power System Development: The Key-Issue -
How to avoid Bottlenecks

Deregulation - Privatization: Opening of the
Markets, Independent Transmission Companies
ITCs, Regional Transmission Organisations RTOs

Globalisation/
Liberalisation

Problem of uncontrolled Loop Flows
Overloading & Excess of SCC* Levels
System Instabilities & Outages

Bottlenecks in

Transmission

System Enhancement & Interconnections:

Investments in ¢ Higher Voltage Levels **
Power Systems +* New Transmission Technologies

¢+ Renewable Energies

** Example UCTE: 400 kV is actually too low

SIEMENS * SCC = Short-Circuit Current STD H 1MT/ Re 09-2006 2



Power Transmission and Distribution

Development of Power Systems

Extensions of Interconnected Systems

Increased Power Exchange among
Interconnected Systems

Transmission of large Power Blocks over long
Distances (Hydro Resources)

Decentralized Power Generation

SIEMENS

PTDH 1MT/Re 09-2006 3



Power Transmission and Distribution

L Problems in large Power Systems

- Increasing loading at low investment into the system

« Complex configuration

 Change of transmission directions due to new
generation locations (wind generation) and system
Interconnections

« Weak interconnections among the systems

o Stability and oscillation problems because of long
transmission distances

e Distributed and not coordinated system controls

SIEMENS

PTD H 1MT /Re 09-2006 4



Power Transmission and Distribution

The Gap — between Consumption & Investments

Example 1: United States

180

-milms- Power Consumption
sl |nvestments

160 T

140

120

100 7

80

60

40

20

0 n L] L] L] n n L] n n n n n n n L] n n L] L] n | |
1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002

Time
_—
(4 Source: VDN/ETG Fachtagung 10-11 Feb. 2004 Jena, Germany | <
SIEMENS V/DN\/ ETG Z g ZVIEERT YE NWGI'TNHEIENR IVNDGE PTD H 1MT/Re 09-2006 5



Power Transmission and Distribution

The Gap — between Consumption & Investments

Example 2. Germany — similar Tendency, just “later” and “smoother”

asiisms Power Consumption

140 sl |\ estments

120

100

80

60

40 =t

20 |

0 =t 1 1 1 1 1 t 1 ! ! ! !
1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003
Time
—
/\@// Source: VDN/ETG Fachtagung 10-11 Feb. 2004 Jena, Germany <
: POWER ENGINEERING |—

SIEMENS VDN ETG SOCIETY WITHIN VDE PTD H 1MT/Re 09-2006 6



NORTH

Power Transmission and Distribution

The UCTE Structures — in Detalls

SOUTH

CEHNTREL

RO (c)
TEANEELE TREC &

[=])- centralised L-F cortrol

D cortrol block

contral area

Mot UCTE rmember

%\

SIEMENS

SLO (1)
BE

[Rp]- pluralistic L-F contraol {h]- Herarchica L-F control

—— Block coordinaor

e Coordinaion made in RWE Brauwseiler

m  Coordinaion made in EKC Beograd

2" zone: pres ently separated
from the rest of UCTE

* L:industia nat with B, public nat with D

Coordination made in ETRANS Laufenburg 4 p: Cortinertal part (ELTRA - associated member ) only

<% BiH partly with HR, partly with EKC

PTD H 1MT / Re 09-2006

| <
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Power Transmission and Distribution

European Grids — in Detalls

Nizozemska

1402

A
539

4059

Ukrajina

Madzarska 00l

289]

886
7250
-168.4)

Bolgarija

Srbija

akedonij3

FE- LPEE ELES

Pretokimociv Evropi

Datum: 24.1X.2003 o

Rev: 1 brez regulacije moci

Projekt:  sioFACTS-02 Stran 1/ 1

SIEMENS
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Power Transmission and Distribution

Congestion also in West-Europe (UCTE):
B - - 400 kV AC Voltage is too low !

Bottlenecks

In the UCTE

A NTC val
\ S X for East
West Po

— Transfer

Source: UCTE - 5 / 2003 NTC = Net Transfer Capacity

SIEMENS

PTDH 1MT/Re 09-2006 9
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Interconnection Spain-France: a weak Link

Uderstanding
UCTE ...

F >

Masqué iy Bloira . Sorefogng

IO G S

Waiting for a new 400 kV Line ?

2 Zamudio
& Amorebieta

Sl s
=1 Tafalla

L Lfcastejon

anguesa

i
T.Fo d,ada ol . 5
o by e Pobls de

| 4 .
'?Gr.'adu ¢ Graus Isnna . Sequr

| Cincs : u
Pertalha, " Monzon
ra T Can%s )
| 3
&

~Villanueva
Y — Los Leanes
: e Cﬂ;;a
& Bajo Cm%/
Mangraherse angraners
efpe
# o0 '

=1 Fuencarral = : ; — :
2 Majadahonda » .
—. 4 Morales i | | | | - i

PTDH 1MT/Re 09-2006 10
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The Risk: Inter-Area Oscillation in UCTE

A f [mHz] P [MW]
15 Frequency & Power 0
5 -+ Frequency Spain il
| - -100
-5 i
An Example: el 1.
Trip of 300 MW Power Station 5 | i
N Spain s | : -300

Germany
al . (border to France) L -400
Active Power France-Germany

- (one 400-kV \ T
| system) T -500

' a ; i -600
3 6 9 12 15
t[s]

Signals: simulated & measured by WAMS

Mode 1: f =0.21 Hz, Damping £ = -3.7 %

| _ - _ | <
SIEMENS Source: E.ON - RWE Net - Siemens 11-2002 ST H AMT / Re 09.2006 11



Power Transmission and Distribution

Large Synchronous Systems - Risk of Spread of
Disturbances

Fi fure 3. Modelir o _".u';'-.". lire ."."-" r Western H]'.‘." et frealks i oof i Y 10, 1996, (MW on Cali _|I.|':' riefa-Ch e

T .
infercennecion)

Increasing Power Oscillations:

System is going to collapse

4600 = Ohserved OO0 Power (Dhttmer Control Center)
4400 |- n n
mran Reality during Blackout 1996
400000
Gl !"!- |i h.'l..| ] :'] ]‘k" el i -; | l"r!\‘-.'{.'{.' |."'. S¢ CaAsS . . . .
Hono i wer pmiEtiRSUL hasmense) Limitation of Disturbances:
_ Stable Behaviour
4200
4000 =
| | | | | | | | 1 | 1
0 10 20 A0 40 50 (il 0 a0 an
Time in Seconds
SIEMENS Source: National Transmission Grid Study; U.S. DOE 05-2002 Ii
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Classification of Stability Problems in Power
Systems

=
High Voltage

Overview about basic Problems in Terms of Physics,
which are related to a high Loading of Transmission
Systems by Transport of electrical Energy.

The main Types of Instability Concerns are:

» Cascading Line Tripping by Overload or wrong Protection Settings
> Loss of Synchronism due to Angle Instability
> Oscillatory Instability causing self exciting Inter-Area Oscillations

> Exceeding of the allowed Frequency Range (Over- and Under-
Frequency), causing Generator Trips

> Voltage Collapse

Source: UCTE Interim Report 10-27-2003
SIEMENS p PTD H 1MT / Re 09-2006 13
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Reasons for high Probability of large Blackouts

Hlah Voltage
Systems too complex to
be tested properly

(Protection, Controls)

Insufficient Investments
into the System (heavily
loaded Network
Elements)

Lack in Maintenance
Insufficient Training
Human Errors

Probability
(=]
&

ACTUAL VS. EXPECTED OUTAGES |
IN NORTH AMERICA ) Actual

0.01

0.005
| Source:

I 10 100 1000 10000
P ik el 22 |EEE Spectrum | August 2004 | NA

SIEMENS BIG BLACKO UTS / RE INEVITABLE PTD H 1IMT/Re 09-2006 14



Power Transmission and Distribution

The Blackout Area - a “Daylight” View

= York

WESTERN
INTERCONNECTION

TEXAS
INTERCONNECTION

S UE CONMTROL CEMTRES
B KEY CITIES HIT BY BLACKOUT

&
SIEMENS  Source: hydfﬁ(j Cigré Paris Session 2004

one PTD H 1MT /Re 09-2006 15



Power Transmission and Distribution

The US-Canada Blackout - from 12 to 4 PM

@3 PM QCascading sequence essentially complete JRigIREREEIV &

4 hrs. —avery long Time

\

12:05:44 — 1:31:34 PM> Generator trips

[, 12:05:44 — Conesville Unit 5 (rating 375 MW)

Area affected by blackout

(Service maintained in isolated “islands”)

2. 1:14:04 — Greenwood Unit | (rating 785 MW)

3. 1:31:34 — Eastlake Unit 5 [rating: 597 MW)

How It “started”

P

| Transmission Lines Events | N S : "1 '
o o Now some Details - the Sequence
D e of Events ...

Source: Blackout Summary, U.S./Canada
SIEMENS Power Outage Task Force 9-12-2003

PTDH 1MT/Re 09-2006 16
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Event 18 in the ITC-Analysis: (30 s to

I;i:i:?;h Voltage
About 1 Minute Later... 4:10:40 - 4:10:46 PM

a1 The ITC system is now in full voltage
collapse (rapid decline)
causing 30 Transmission X Trans. Line Down
lines in Michigan to go out of t?::“t]}; |f'lt::;[ Flow
service in less than 8 —
seconds

1 Connections between Giant Loop
METC and ITC go out of service, \
isolating ITC from the rest of Flow 2.8 GW
Michigan

1 FirstEnergy is still pulling power
through Michigan, but suddenly the
only route for the power to flow is
through Ontario and Michigan

1 Flows over the ITC - IMO
international connection spike to

nearly 2800 MW affecting New York,
other states and Ontario

() Generator Down

1T

_ e s
Time to Blackout ; NTERNATIONA
t=-0:00:30 | | I | 1 AN SMISS ION

Time data extracted from numerous COH'IELI[EI’ systems and therefore may not EKBCIL: match other sources.

Source: Blackout Summary, U.S./Canada
SIEMENS Power Outage Task Force 9-12-2003 PTD H 1MT/Re 09-2006 17
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The Blackout — Breaking News ...
' _POWER OUTAGES

BHEAHIHG HEWS

V., GEORG E F'-J- AK |
r";!.EI1'|' I' YRK
FRELIT | {

. the Leaders are concerned

SIEMENS Source: Web/Google

PTDH 1MT/Re 09-2006 18
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The Blackout - some more “Daylight” Views

e Transportation, however, gogson ... Sk N7

-

- | — =

- ... just by different Means > - ... Traffic Jam

= g W= "

_ S — |

o OB

“Activities’

In New York City

g\ o J /@! >

g ﬁ,ﬂ gt - COOITITuIrnCau oOrt = ridrniyv manportarll

SIEMENS Source: Web/Google
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The Blackout - some more “Daylight” Views
ﬁzghVoltage

_ _ many Helpers
In spite of this ...

and a hlgh Degree of Dlsc-lpllne :
everywhere ! '

Subway and Traln Systems broke down, but Streets keep on movmg _"_j

o n1n F N e -i g
f -n-..., ikl i
"‘5“ b SN L )

SIEMENS Source: Web/Google
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The Blackout Area - a “Nightlight” View
H-.i;jh Voltage - DE3/45 /771844

“modified” Satellite Photo

™5

e f

LE] vihes v, :.‘l* ; :i_l_ .-;*-1 £ 8%, -. '
."'L;”.' :.:;.;_' ,: e TR oy
.._: .Ii,si:'.':..- l-_':: :I_ fcan i o LR
‘.f Sl
- f' N

Y e, TR
' 'ti_ y
Ty = " :

1
v
[

Some of the Reasons were:

R b
r v
L . %
- bl -

9 Overloads and Loop Flows

» Leading to Voltage Collapse 8\ ic\ on the 8-14-2003 Event

gy T R s T TRl | R
e < P " -.__-_:‘_:‘:- ol '.i:r":-.
i o :

= g
T 15 -

SIEMENS
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Power Transmission and Distribution

The Area of the Blackout - the “real” Photos

F
High Voltage

Blackout: a large Area Is out of Supply ' { *-";;:-'

Québec’s HVDCs assist
for Power Supply and
7 System Restoration

e @. 1

— '_!'

However, some Islands still have local Supply

Before the Blackout Source: EPRI 2003

SIEMENS
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Power Transmission and Distribution

The Blackout: some more “Nightlight” Views

(7
High Voltage

When Night falls - Skylines

INn Toronto and New York

SIEMENS Source: Web/Google

PTD H 1MT/Re 09-2006 23



Power Transmission and Distribution

6 Weeks after the US Blackout - a large Blackout

- ... Similar Events
* and Root Causes

From
“Black Night”

SIEMENS Source: VDN/ETG Fachtagung 10.-11.-2-2004 Jena, Germany PTD H 1MT /Re 09-2006 24



Power Transmission and Distribution

UCTE: Sequence of Events on the

Interconnections

e WEN Y N T TTaSTe W= To fan,
Sunday 28.09.2003: Sequence of events (line trippings)

20 min. after the 18t Line Trip:
Loss of a2"d Line ... and then a
very fast cascading Sequence

1. 380 kV Lavorgo-Mettlen (CH)
2. 380 kV Sils-Soazza (CH)
3. 220 kV Airolo-Mettlen (CH)
4, 220 kV Lienz-Soverzene (A-l)
5. 380 kV 2xAlbertville-Rondissone (F-I)
6. 220 kV Riddes-Avise/Valpelline (CH-l)
7. 380 kV Divacia-Redipuglia (SLO-I)
8. 380 kV Praz-La Coche (F)
9. 220 kV Robiei-Bavona (CH)
10. 220 kV Innertkirchen-Robiei (CH)
11. 380 kV Villarodin-Venaus (F-I)
12. 380 kV Soazza-Bulciago (CH-l)

SI E M E N S PTD H 1MT/Re 09-2006 25

Blackout in Italy

e fl30 ) P
Timeline: Initial UCTE Press Release 09-29-2003




Power Transmission and Distribution

A view on the 380 kV Lukmanier Line ...

| ns L earned: Power Systems have not been -designed for “wide-Area”
essons Energy Trading with daily varying Load Patterns

Source: Cigré Paris Session 2004

A Key-Issue in many Power Systems today:

SIEMENS The Grids are “close to their Limits”

PTDH 1MT/Re 09-2006 26



Power Transmission and Distribution

Effect of System Loading on Stability Margin

L3
High Voltage

The transmission distance of considerable power transfer of
6.7 GW from the generation located in Central Europe to
the consumers in Italy led to a relatively high phase angle
difference in the stationary parallel operation between the
UCTE main grid:

»>the immediate reconnection of the line tripping first was not

possible because of a steady state phase angle difference higher
than expected

>the cascading line tripping evolved into a much more severe angle
stability problem.

SIEMENS Source: UCTE Interim Report 10-27-2003 5TD H AMT / Re 09.2006 27
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The “Blackout-Story” goes on ...

exceed “Design Criteria”

600,000 People without Electricity initially,
250,000 for 3 Days und 90,000 up to 4 Days

SIEMENS System fully restored after 6 Days &
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0 Area 1 under frequency
[0 Area 2 over frequency

B Area 3 over frequency

SIEMENS
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Power Transmission and Distribution

Sequence of events:

At 21:38h, both circuits of a 380-kV-line were switched
off in order to secure the passing of the Ems river by a
ship.

A routine simulation of the switching-off of the a.m. line
was computed in advance and did not bring up concerns
about this switching maneuver.

Following the switching-off of the said line, the energy
flow was transferred to other lines in the South.

This situation was still stable.

SI E M E N S PTD H 1MT /Re 09-2006 30
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The outage as seen from RTE, the French TSO

Power demand graph of day : [04/11/2006 +|

t amirnurm and minimum power demand

B2797 b
BO0T7E b
0000 4:00 200 12:00 16:00 20:00 24:00
Drate of data - 0411,/ 2008 Tirne 2345
Minimum power demand : S007E bW B Power demand ; REEZS MW
M adimum power demand : B2797 bW B F.D forecast Y100 M

SIEMENS
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Power Transmission and Distribution

What can actually be done ? Are other large
Systems in the World Safe ?

High Voltage

m Improvement of System Protection and Enhancement of
Communication and Monitoring with IT (EMS & DSM)

m Review of Generator and Load Trip Strategy (Under-Voltage
and Under-Frequency Trip Levels and Times)

m Use of FACTS & HVDC for Reactive-Power Compensation,
Power-Flow Control and Prevention of Voltage Collapse

m Active Damping of Power Oscillations with FACTS & HVDC

m Possibly more HVDC in the interconnected US-Canada Areas:
HVDC is a Firewall against cascading events (Voltage Collapse
and Frequency decline): Québec was not affected !

m Increase of Reserve Capacity (HVDC, new Generations)

Task Forces were “looking into” their

own sttems all over the World

PTD H 1MT/Re 09-2006 32
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Getting more Power out of the Grid

fe P r

R -

High Voltage 8 : Bt WL L B
PP ey P ox - K

=% Our Solutions:
-
T LR Veie — High

e R - ~ /oltage DC
v Transmission

i \..rl_ ]

s
bk

N6

FACTS — F
L ACT
ik S

SIEMENS .
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Power Transmission and Distribution

Interconnected system configuration

i d
High Voltage

SIEMENS
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Power Transmission and Distribution

Transmission of additional 2000 MW through
the system

e ;
High Voltage

SIEMENS
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Power Transmission and Distribution

e Transmission of additional 2000 MW by HVDC
&
%/
. | / | e
¢ i
\
gbi' \4_
.
SIEMENS
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High Voltage Cost Comparison

1800
1600
1400
1200
1000
800
600
400
200

AC Alternative DC Alternative

SIEMENS
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Power Transmission and Distribution

Integration of HVDC into the system (example)

i
High Voltage
Share in installed wind energy of 12,223 MW
E.ON Netz
E. ON Netz: 48 %
Vattenfall Europe Transmission: 37 %
RWE Net: 14 %
EnBW Transportnetze: 1%
SIEMENS
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China: Benefits of active Damping with

HVDC & FACTS in a Hybrid AC-DC System
H|gh Voltage Power Flow in one Line 10
Huishui-Hechi (MW) 1200 fﬁ
B HVDC Converter 900 [ m ﬁ m f\ =
Station W \ /W{ \
600 —= Ty I —r,
" tcsc HF Fsc Mﬁ% iy H
300 »
\ v/
Power System 0o {J/ Y / U I \/
b
Nay”g pnshun O Guizhou i =300 ¥ 1
Conv. Sta _ e 1 600 C a
/. Huishui // GuangX| I
\'/' el . ! 90 .
Anshun =/ Anshun Z HVDC GuiGuang 0 5 10 15 Time /s
PieS |
~~o 7 Fsc = I Guangdon :
A Hec : S Dynamic Results
7
\\\"/I'SQI — Liudong™() ezhou I Guangzhou ] _
o vantan Ay, oo R a— without Power Modulation
TS Liuzhou ’ : Beijiao
Lubuge N1 Convsta TCSC &|FSC \ 0 b — with Power Modulation
! 5 ngguo Laibin Wuzhou| I Zhengcheng
|| Baise () Pingguo Q = e AN () Luodong Of HVDC ContrOI
1 1 aoqin .
Yunnan 1 HVDC TSQ ) MO o c — further Improvements with
! - ulin h [ .
| Guang \ "7 o Pingguo TCSC/FSC
Nanning /
SIEMENS

N Hydro Power Station B Thermal Power Station
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S e\ HVDC Links)

Topics and
Highlights of the
Interconnection
Studies

Power Transmission and Distribution

NORDEL - UCTE Interconnections (Studies for

NORDEL
Fenno Skan
Skagerrak

UCPTE

~NL

8/11 HVDC links

SIEMENS

Kontl Skan

\Gotland
M / "
/L_% \

£ Baltic
DE Cable

KONTEK

CENTREL

¢ 400 generators

e 1900 nodes

e 3200 transmission lines
¢ 940 transformers

HVDCILink{inloperation

AC cable connection

FI
EE
RU
LV
LT
IPS// UPS

I! KA (RU) N

| <
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i Grid Extension in India - Hybrid AC plus DC
rﬁghVonage

DEVELOPMENT OF NATIONAL GRID

Prospects
In i
and ; "

BALLABGARH
(DELHIRING)

PHASE - IlI
(By 2012)

Similar Perspectives

CHICK\EN NECK

... as In China

“Smart”

. BHUTAN

and

Strong
Grids

ATARAPUR AKOLA _—

~/PADGHE AMRAVATI

DHABOL . . .
Source: Power Grid Corporation of India, 2003
KOLHAPUR EXISTING/ X PLAN X1 PLAN
IX PLAN
765 KV LINES
400 KV LINES
HVDC B/B <Ba— <= <=
HvDC BIPOLE BRI dEii=l <=—=E
BANGALORE —~5H SOUTH CHENNAI
° SINGARPET ﬁ
KOZHIKODE CUDDALORE )
g D o z 0
7&\ o COCHIN z % =3
S " KAYAMKULAM ) KARAIKUD! 8 2 o
% KAYATHAR o >
%\ TRIVANDRUM 25 z o
> a
< °© z
SIEMENS i o

OOQ
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India: East-South HVDC Interconnector

S
=

DC Station Kolar — close to Bangalore

SIEMENS
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Basslink HVDC: remote Infeed of [ElEElaR=alElge)Y

Hydro Plants for:
» Base Load and
» Energy Storage

“flexible”

Plus Wind = -
Beneflts of HVDC
» Clean Energy

R & >C02 Reduction
2005 » Cost Reductlon

SRR Covering Base and Demands ¥
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Initial Conditions in the US Blackout Area:
Congestion, Overloads and Loop Flows

Figure 3: Loop Flow of Power Transfer from Wisconsin to TVA 0
4800 MW

by W
L

bax 25 FTDF %

.25[“] S

—o.00 %
—200 %

0 Generator Down

X Trans. Line Down

Dir. Of Power Flow
'-i-’g:? Current Time
1 ‘. 7

NTERMATIOMA]
TRANSMISSION

System Enhancement necessary | QRS E- SR NG

TR

B, iy
Jipssr ——

T i
o o2 & 4

G Y Problems only in
5 & M A the synchronous

Interconnected
Source: National Transmission Grid Study; U.S. DOE
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Power Transmission and Distribution

Elimination of Bottlenecks in Transmission -
Prevention of Overloads and Outages

D00 X
Short-Circuit Current Limitation for Connection of new Power Plants

SVC & HVDC for Prevention of Voltage Collapse

200 =

Load Management by HVDC

Load Displacement by Series Compensation
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Power Transmission and Distribution

500 kV TCSC Serra da Mesa, Furnas/Brazil —
Essential for Transmission

B Current Control

B I[mpedance Control

B Power Oscillation
Damping (POD)

B Mitigation of SSR
(Option)

< Up to 500 POD
Operations per Day
for saving the
System Stability

2 88 > A System Outage of
‘ 24 hrs would cost
840,000 US$ *

1999 (&
Benefits:
0 Increase of Transmission Capacity

o Improvement of System Stability

SIEMENS
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Power Transmission and Distribution

Europe: UK goes ahead with FACTS - 27 SVCs

Example Harker Substation - 2 parallel SVCs

275 kV, 50 Hz
SN= 150 MVA

14 kV

W = -~ 2 @
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T TCR TSC Filter

115 MVAr 110 MVAr 40 MVAr

Single line diagram of one SVC

Control range: 75 MVAr ind.
150 MVAr cap.

SISV Deregulation caused Transmission Problems
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Power Transmission and Distribution

Power System Expansion
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SISV From Congestion, towards a “Smart Gird”



