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Before we knew anything...

e \We heard there was a blackout in Southern California
e ..and that the San Onofre plant was tripped...

e ..and then we heard that a switching error was the
cause of the whole thing...

e Of course, we didn’t believe it was that simple!
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R .. 1-Min. CAISO Freq. 1500-0530 MST
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.. |Nitlal FNet FDR Angular Plot
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Joint FERC/NERC Inquiry

e Announced September 9, 2012

e Teams formed comprising over 30 senior technical staff of
FERC and NERC, plus several NERC contractors and industry
subject matter experts

e Multiple meetings and exchanges with affected entities to
gather facts

e Team products combined into final report

e Qutreach sessions to gain feedback on draft findings and
recommendations

10 RELIABILITY | ACCOUNTABILITY




Inquiry Teams

e Data Requests/Management

e Sequence of Events

e Modeling/Simulation

e (Cause Analysis/Human Performance

e Operations Tools/ SCADA/EMS

e Frequency Analysis

e System Planning/Design

e Equipment Performance/System Protection
e Restoration

11 RELIABILITY | ACCOUNTABILITY




NERC

NORTH AMERICAN ELECTRIC
RELIABILITY CORPORATION

t Analysis

12 .. RELIABILITY | ACCOUNTABILITY




NERC

— . FNET FDR Locations
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NERC 25 Minutes of Frequency
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!ﬂ, Event A
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% Event A Detall
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What we learned with FNET

e The frequency shows four main events

A. The initial separation around 22:27:39 (UTC), with a ‘slow’
frequency dip of about -30 mHz over about 25 seconds

B. A frequency ramp beginning around 22:32:10 increasing
frequency +30 mHz over about 15 seconds

C. Afrequency drop around 22:37:55 of over -40 mHz (B-A)
over about 12 seconds

D. Afrequency jump around 22:38:21 of over +150 mHz
(C-A) in less than 5 seconds, settling at around +80 mHz
(B-A) in about 20 seconds
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What we later learned...

e Over 30 ‘major’ element operations over the course of
11 minutes
= Line and transformer trips
= Generator trips and runback

" Load shedding

= QOver 50 additional ‘minor’ operations such as capacitor and
reactor switching

e Over 6 GB of data of different qualities and resolution
= Operator logs, Pl historian, SCADA, PMU, DFR, relay
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SOE Process

e Reported event times e Event were categorized
were entered in a = Unqualified
database = Non-essential
= Facilitated slicing & = |[nformation
dicing by event and = Event

element type = Minor Event

= Tracked reported time
vs. verified time and
status

"= Human Action
= System Condition
= Restoration
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RISELE, SOE Database
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ID Source| SourceFileName
85 11D Disturbance Data Form Sep08-2011-11D. Event Time [15:28:17.265

Event
Coachella Valley 230/92kV Bank #1 No Longer Carrying Load

Phase-Initiating Event? Infolevel | 3+ Eventlype Transform «

DetailedEvent
Coachella Valley 230kV KSNO breaker open. This breaker is a High side breaker on the 230kV Ring Bus

arrangement. The other high side H10 breaker was opened at 15:28:17.264, resulting in the disconnection of
Bank #1. The overcurrent tripping relay (51) recorded 843 A on the 230 kV winding at the time of trip.

Start Stop Time Zone
Raw 15:28:17 PDT v HowDateWasReconciled
Confirmed within 0.1 seconds by Devers 230kV PMU
Agreed 15:28:17 PDT o voltage and frequency.
Agreed ms
265 TimeQuality NIST v

Reconciled?
Notes Comments

From Bus # 21007 ToBus# 21008 Station |CoachellaValle Circuit##t |1
COACHELV COACHELV MVAR
230 92
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SOE Process

e The database was reviewed collectively by the SOE
team

= What caused the event?
= Does the sequence make sense?

= Does the data support the cause?
= Can the timing be verified?

e These questions may be difficult to answer when
multiple events occur near-simultaneously

e Using PMU data, we were able to verify the SOE in 6
total meeting days
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MERC Simplified System Diagram
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— Phase 1 — Pre-Disturbance
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Hot, shoulder season day; some
generation and transmission
outages

High loading on some key
facilities: H-NG at 78% of normal
rating; CV transformers at 83%

44 minutes before loss of H-NG,
lID’s RTCA results showed loss
of CV-1 transformer would load
CV-2 transformer above its relay
trip point

15:27:39: APS technician
skipped a critical step in isolating
the series capacitor bank at

North Gila substation; H-NG trips

] = it 8 .
X e Organ Ripe Cachus
Mational Monument
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NERC  _ Phase 2 — Trip of H-NG 500 kV

. * H-NG 500 KV trips at
15:27:39

15:27:39 — 15:28:16 . * APS tells WECC RC line
expected to be restored
quickly

=  H-NG flow redistributes: 77%
X 2N\ \re ' to SCE-SDGE (Path 44);
2 S ~~" remainder to IID, and WALC

Oceansidely 3 e CV transformers immediately
EONS N o RamaMase s overloaded above relay
e i settings

San Diedo @ La Mesa

S (e G o7 . path 44 at 5,900 amps; 8,000
e et ORLERT g limit on SONGS

Ohagado

e E AW separation scheme

-
Rasarito Cvisdalae

Tijusyers
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NERC Initiating Event — Voltage Divergence

NORTH AMERICAN ELECTRIC

Hassayampa — North Gila 500 kV Trip
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DERE  Hass. — N. Gila 500 kV Line Trip
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o — Phase 3 — Trip of CV Transformers

RELIABILITY CORPORATION

.+ 15:28:16 — CV-2 and CV-1
230/92kV transformers trip on
overload relays

15:28:16 — 15:32:10 _
* Severe low voltage in WALC

161 kV system

* Loading on Path 44

m _ increases to 6,700 amps
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.. COachella Valley Transf. Trip
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South of SONGS Current
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NERC

—_— Phase 4 — Ramon Xfmr Trip

RELIABILITY CORPORATION

e 15:32:10 Ramon 230/92kV
transformer trips on overload
relay

15:32:10 — 15:35:40 _
e 15:32:13 Blythe-Niland
161KV line trips
e 15:32:15 Niland — CV 161kV
line trips

~ « |ID undervoltage load
shedding; loss of generation
and 92 kV transmission lines

« Severe low voltage in WALC
161 kV system

ginies e | oading on Path 44
increases to 7,800 amps;
settles at 7,200 amps
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NERC

— Ramon Transformer Trip
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South of SONGS Current
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NERC Voltage in Northern I1D 92 kV System
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NERC Blythe 161 kV Voltage

NORTH AMERICAN ELECTRIC
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ine | N N e o
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NERC

—_—_ Phase 5 — Yuma Separates

RELIABILITY CORPORATION

* Yuma AZ Separates from 11D
and WALC when Gila and
Yucca transformers trip
15:35:40 — 15:37:55
* Yuma load pocket isolated on
single tie to SDG&E

* Loading on Path 44
increases to 7,400 amps after
Gila transformer trip; to 7,800
amps after Yucca
transformers and generator
trip
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NERC

e Yuma Separation

RELIABILITY CORPORATION

South of SONGS Current
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-— Phase 6 — High-Speed Cascade

RELIABILITY CORPORATION

 El Centro — Pilot Knob 161kV
line trips; all 11D 92 kV system
radial from SDG&E via S-Line

15:37:55
« WALC 161 kV system voltage

returns to normal

e Path 44 exceeds 8,000 amp
setting and timer starts
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-— Phase 6 — High-Speed Cascade

RELIABILITY CORPORATION

e S-Line RAS trips IV
generation and S-Line,
isolating IID from SDG&E

15:37:58 — 15:38:02.4 o

« Path 44 loading increases to
as high as 9,500 amps and
reduces to 8,700 amps after
isolating IID
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-— Phase 6 — High-Speed Cascade

RELIABILITY CORPORATION

10500 T ) ! ; . !
102500 coveev g .................... ; .................... é .................... % .................... é .................... g ..................... S _

100005 e é .................. é .................... ? ........ Imperial Valley — EI | ;
9750k L RN N 4 S Centro230kV  |........ AR L 1
95001 CLR. N ; .................. é ....... ”S"Hnetﬁp | :
generatlng :

9250_ unltst.rlp A S .................... SONGS ............ ............. i
9000 ; :
87500 e ? ................. ; ................... I ; .................... é .................... ? .................... ; ............. |
8500 f ?””m“m”mé .................. 3”m”m“m”€ .................... ém_m”m“mé .................... ; ............ |
8250k e ] é .................. é .................. é .................... é .................... ; .................... é .................... é ............ |
8000 : ' : : '

7750

South of SONGS Current

....... Separation

Phase Current (Amps)

El Centro — Pilot
Knob 161 kV line
trip

i : : i i i i
156:37:52 15:37:56 15:38:00 15:38:04 15:38:08 15:38:12 15:38:16 15:38:20
Local Time (PDT)

11000
8000
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-— Phase 6 — High-Speed Cascade

RELIABILITY CORPORATION

« SONGS separation scheme
operates; forms SDG&E,
g, CFE, Yuma combined island
" 15:38:21.2 - _ _
| « Combined island frequency
begins to collapse
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SONGS Sep. Frequency Impacts

60.75

60.65

60.55

60.45

60.35

60.25

60.15

60.05

59.95

59.85

43

60.730 Hz Local

Transient

~60.210 Hz System

Zenith (Point C)

/

A

~60.050 Hz System
Response (Value B) |

A‘?".

|

!

50. 977 Hz Pre Event (Value A)

15:38:13.920 15:38:18.240

e AUlt (Denver)

=== Grand Coulee

15:38:26.880 15:38:31.200 15:38:35.520 15:38:39.840 15:38:44.160 15:38:48.480

15:38:22.560
== Mead (Las Vegas) === Tesla (Sacramento) == Palo Verde
== SONGS Recalculated Frequency DeversRecalculated Frequency
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South of SONGS - Calculated MVA

150_ ......................

SONGS : : |
5 separation | SONGS Unit 2 GSU g
1254 A o o trip and transfer of | SONGS auxload

aux load on startup
' ' transformers

N T Nion

g ?5_ ...................... .................. ................... ....................... ......................

50 A ...................... .
f |  SonGs

generators

é | ring down ;
25_ ...................... ...................... g m— ......................

SONGS Unit 3 GSU
: trip and transfer of
1™~ aux load

0] ; T i T .‘ ;
15:38:19 15:38:21 15:38:23 15:38:25 15:38:27 15:38:29 15:38:31
Local Time (PDT)
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e Phase 7 — S CA Separates

RELIABILITY CORPORATION

Victorville

© Apple Valley

° 15:38:23.12

2N = i a X
= Rancho Sang. £, 823
ovina LUcamonga Bemardino
2 o i OI P VUG e
- ontana ;.
Ontario - i e - S
Brea Divaraide Banning = L3 e
o Corona QRiverside : I at Farl

o
Q Anaheim
oSanta'Ana

45

Yuma island separates from
SDG&E when IV-NG 500 kV
trips on underfrequency
APS UFLS operates, but
insufficient to stabilize load
pocket

Yuma load pocket collapses

Mationa
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. UFLS Operations in the Island

RELIABILITY CORPORATION

5050 Separation | | | | |
5 Blocks of APS-Yuma Load shed (209
60.00 - r\ MW) complete. Frequency is at ~57.4 Hz
CFE Generator | | | ' '
59.50 -||SDG&E|| 4 —>
UELS (150 MW) Trips 6 Blocks of CFE Load.shed (512 MW)
59.00 1|Blocks' @ S colmplete. I|=requen|cy is at 757.4 HzI ]
pick-up E \ Two CFE Generators Smaller
98.50 points E
5 3 (309 MW) Trip CFE
58.00 - \ Generators
57.50 - @ \>< / (139 MW)
— Trip
5700 - SDGA&E's Block 9 Load shed (3080 MW) /’
complete. Frequency is at ~57.25 Hz
56.50 i i i i i i

21.0 21.2 214 216 21.8 22.0 22.2 22.4 22.6 22.8 23.0 23.2

Time 15:38 (s)
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—_T Phase 7 — CFE Separates

» SDG&E and CFE UFLS
continues

WICIO
9

1:5;?;8:23.13 .. *» CFE separates from SDG&E
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60 T TS SIS RPN — 300
Voltage
597 peaks as tie | —275
58.54 : linesopen |
58 : e L 550
57 .5 ............................................................................
57_ ................................................................... _225
56_ ........................................................................... ._200
I : é =
= 554 ] 2ONG> Lo} N N L 175 =
o ; &
g_ 54_ .............................................................................. PR _150 %
o é 5 >
L : :
53_ ......................... ............................................................................. ......................... ._125
| | -100
75
50 ... SDGE UFLS begins ..... SDGE t,es to CFE and Yuma .................. ......................... — 50
' : open on underfrequenc
49 shedldlng load i p : freq Y .‘ o5
0 1 2 3 4 5 ]

48

Time after 15:38:20 PD1
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—_—_ Phase 7 — Complete Blackout

RELIABILITY CORPORATION

Barstow

e |ID, Yuma, SDG&E, and CFE
blacked out

Adelanta

Victarville Defert Hills Prescott
o
© Apple Valley B
Q| Cake
By 15. 38. 38 Havasu, Bily
. .
: Epring
3 i - Farkegising alle
s o Big e ap R YL
Bernarding Parigf Congres:
() o o (=] Tllf.éllrpg? W — I-::.‘ (1=} B iver
R Fontana-_“o Falms mbston
Ontana Hiv Wickenburg
Brea - [ = Bouse x e
re EeThne Riverside &
o et
; Wende
Q Anaheim FPerns o

[+ Hemet
o

Salome

Luarzsite

oSanta'Ana
o

Lake

=3 Surprise
o

iy Blythe

™D Missior et .

o Viejo Glen
o ’

C
Avandale

Buckeye b I
it

E hrefberg

Oceanside 8
End

- Gila Bend
Solana
Beach

San Diegd
Chula Vis

Tijuz

Flayas de
Rasarito
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Hard-Chamb

Star-S.Cant
345 kV

Sammis-Star
345 kV

345 kV
CantC-Tidd

345 kV
Hanna-Jun
345 kV

1I0NS

Dale-W.Can
138 kV

lat

W.Ak 138 kV
Bkr|Failure

10019

Cham-W.Ak
138 kV

>
=
—
2
=
=
)
O
&)
&)
<<
>
=
—
(a0}
<
-
L
o

E.Lima-N.Fin
138 kV

CantC Xfmr

W.AK-PV Q21
138 kV

Babb-W.Ak
138 kV

Outages

E.Lima-N.Lib
138 kV

)
o
>
O
X
O
Ie
m
M
o
o
N

Clov-Torrey
138 kV

Star-S.Cant
345 kV

Hanna-Jun
345 kV

Hard-Chamb
345 kV

o (@] (@] o o o
m (e} © < N

(sdwy) sbuney [ewlop Jo 9

NORTH AMERICAN ELECTRIC
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52

Phase Current (Amps)

11000
10000

9000

8000
7000

6000
5000

4000
3000

2000
1000

South of SONGS - Calculated Phase Current

PMU Data from SONGS
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— 7/ Phases of Event

RELIABILITY CORPORATION

South of SONGS - Calculated Phase Current
11000 e e

10000

Trip of Hassayampa

— North Gila 500 kV Tripof Gila [
Line 161/69kV :

Transformers

9000

8000
7000 : : ; : : : : ; : ;
* ‘\— Trip of Coachella Trip of El Centro — J

5000 ......... IIIIII Va”ev 239!92 kv v ”.? IIIIIIIIII | ..... PllClt KﬂUblE’l k"u" -Llﬂe
: Transformers 5 : ' :

4000
3000
2000
1000

Phase Current (Amps)

Trip of Ramon —/ SONGS

......... 230){92 l\/ Separatioﬂ
: Transformer : ] : : :

o
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Critical PMU Locations

o = victorville Desert Hills
Castaic ]
& ganla o Apple Vallay ™
larita © Hesperia °© e
Luceme ‘
I8 @ &an Valley Havasu City
valley OFernan-:la )
2 o Parker-Strip
Burbank Altadena Big Bear . o
Agoura Hills o o Rancho =an gC-'.'.' @ (82) Parker
Sant Covina Cucamonga Bemardino Y Yucea valley o 52) Parl
EMa | | os Angeles o @F o Pl vicaina e Twentynine Big River
MDHICEQ o o :‘J Fontana-. o P rt Het Palms Boston
Downey L Ll 5 hua T P .
Inglewood'e Brea O Rj i e [Banning Josniua Iree / Bouse
g L o Corong © Riverside L10,8¢ Mational Park ; ©
Redondo o] & X
o Long Beach.g ; Palm S
S=adl o, SO fnaheln PE:TE Hemet Springs Ul Desert
o g OSanta Ana 4] T Center |
Rancho Lake B MLLCRETHE 4 Ingiu @ 0] Quarzsite e 0
o i i Blythe o
Falos Verdes Huntington QMEE,QH Elsinore La Cuinta S s
Beach " Viejo © Murneta ° Ehregbarg
La Palo Verde
Ni@ Temecula il
[=] i
s Fallbrook Salton City F)
[+] .
E Vista Anza-Bomego Salten 588 o Niland ;
Oceanside @ ©  sap Marcos Desert State ;
Wilderness Calipatria d
. o Escondido e /
Encinitas s Westmorland
o Ramona @ San Diege o P
Sola nan o Country Estates Brawlay o :
Beach F"E’WEY Lakesida imperial
ElCajon. %o o o '
Alping ELCEMIOG 4ot il oo s __/ i . )
Sﬂl’l Diﬁgﬂ o 254 e Calexico P il Cludﬂﬂ-".ﬂc’ﬁlﬂlﬁ Q:-\rruma Fl}’.‘l’l‘:l"i o agﬁ-— ‘
Chula Vistao ﬂ.f RUMorosa—sgnrs |;EEE|_O_QU- Mexicali gt T | o Walltan
S = @ - o B ecg.:n'r& © Somerton
Tijuana@ ™ "a o Tanchon Mis B eRuebla r -
o S lance T CCuertes Bjide e San Luis Rio
LaJoyal '3'5 ! Ejido Michoacan 5 HuevaLenn Colarado
o ar L de Ocampo & Deith
Rosarito Ao v, e S
i Oviede|Mdta = -—Hadalupe e
v |Reacomoda) e -
' ! Reserva de la
i, 1 Bioslera Gran
.\L. i Desierin de Altar
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60.05 1

60.04 1

60.03 1

60.02 1

D

©

o

—
|

60 1

Frequency (Hz)

59.99 1

Frequency and South of SONGS Flow

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

59.98 1

59.97 1

CV-Niland

-------------------------------------------------------------------------

_______________________________________________________________________

---------------------------------------------------------------------------------------

________

C

-----------------------------------------------------------------------------------------------

olmac GT

_____________________________________________________________________________________

Blythe-Niland

Phase 4 Example

-7600

-7500

-7400

-7300

I
~
N
()
S

S Calculated Current

6700

59.96
15:3

56

2:10

15:32:.12  15:32:14  15:32:16  15:32:18  15:32:20 15:32:22
Local Time (PDT)
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— e Phase 5 Example

RELIABILITY CORPORATION

Frequency and South of SONGS Flow

BI0.012 ===+ -7750
B0.015 f-rrrrrrrrrrereesefreseeeeeers oo e e A o o
j ' ' ' ' L7650 O
' o
JI - N0 SR - g
N ' \ ©
= | 3
) 5 | T
S 60.005 -----rroeeemeeeioeoe L ‘ H -7550 O
[ . ; )
= vyl A
o t =
Y SRS fod 3
. ‘} 7450 2
59.995 ------reeeemeerd o\ i S
- generators «

trip
59.99 ’ 7350

15:36:37 15:36:39 15:36:41 15:36:43 15:36:45 15:36:47 15:36:49
Local Time (PDT)
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Phase 6 Example

Frequency and South of SONGS Flow

B0, 04 reeesseeeessee e ~10500
Blythe RAS ‘S'lineRAS | |- Miguel
L O N generators |~ —— Devers 10200 _
60.02 i\ = et s e L9900 £
_ :“' i I :li U
60.011 @ ------- T -9600 T
N ! , i a S
= s S e e i L S -9300 3
) ; o a A i
2 59.99- O S sy o 11 E S -9000 O
= : . - .
8 59.98 1 m 1o qres Ty T T S o S s PR 8700 2
™ \ 'r‘ k\ ;,-'r %
T O A R b ot el L 8400 o
/ vy s ;o =
R T T A s U D -8100 2
: [ ' t o/ ' o
PSS BT '|1I qu ‘1 ’I : (0p
59.95 Heeseee STINERAS | & i SR S— 7800
generators ¢
59.94 . .’ . .' . .' 7500
15:37:53 15:37:55 15:37:57 153759 15:38:01 15:38:03 15:38:05 15:38:07
Local Time (PDT)
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Devers Bus Q

Devers SVC Output

o o L

1 1 ||

(0// [ B L . L.
N 1 I

A 1 I

O =t [ 1 e S (e I
A 1 B

SO TN Y S A RO S I

' 1 I

i |

I

-200 4+

---------------------------------------------------------------------------

2300 4+ ..
B
I:
O L LT S e
s s | |
5004 SR U S S N S — O | J I ——
I~y | |
sool B B; : I B
15:26:00 15:28:00 15:30:00 15:32:00 15:34:00 15:36:00 15:38:00 15:40:00

Local Time (PDT)
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e — Capacitor Switching

RELIABILITY CORPORATION

SCE SONGS/Devers Voltage
231 91

230 [t

M

(.

w
]

Voltage (kV)

M

M

o
]

227 1

location confirmed by comparing voltage

226-l|

15:27:40 15:27:46  15:27:52 15:27:58  15:28:04 15:28:10  15:28:16
Local Time (PDT)
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— Simulation vs. Actual Flows

RELIABILITY CORPORATION

South of SONGS Flows

4000
3500 r‘

3000 ﬂ .——fa:-i |
2500 l I J

2000

T

Mw

1500

1000

500

0 : : : : : : : r
15:27:30.240 15:28:56.640 15:30:23.040 15:31:49.440 15:33:15.840 15:34:42.240 15:36:08.640 15:37:35.040
Local Time (PDT)

s Simulated === Actual (PMU)
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—_— Simulated Phase Angles

RELIABILITY CORPORATION

Rest of WECC
Hass.- System
N.G. Trip X " P VY
_mee—a—————— o — o - — —a——a—"

/ SONGS
— ,& Pilot Knob
N\

20 \ ——— .—.;_-

w0 Miguel
El Centro
Coachella
Valley Trip

80 / Yucca

Using Tesla as the reference angle, zeroed

'100 T T T T T T T T T
15:25:55 15:27:22 15:28:48 15:30:14 15:31:41 15:33:07 15:34:34 15:36:00 15:37:26 15:38:53
il ALt —fl— CaptainJack = 1= PaloVerde == SONGS Devers
= Miguel == CoachellaValley = &= El Centro Pilot Knoh ==Y Uucca
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RELIABILITY CORPORATION

Hass.-_ Rest of WECC |
N.G. Trip X Svsterm
"’*“““w
5 ‘uca"““"-“-"'"'taq,

e S A

-15 h\baw - ol
I T

SONGS
Coachella | 1~ LA/ /vy o s s N Separation
Valley Trip
/ Miguel
. Ramon // ]
Trip
Using Tesla as the reference angle, zeroed

15:25:55.200 15:27:21.600 15:28:48.000 15:30:14.400 15:31:40.800 15:33:07.200 15:34:33.600 15:36:00.000 15:37:26.400 15:38:52.800

Ault

CaptainJack = = PaloVerde

SONGS Devers Miguel
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