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Outline

* Offline Engineering Applications at PG&E
* Post Event Analysis (May 30t Event)

* Dynamic Performance Baselining

* Dynamic DTS and Historical Playback

° Linear State Estimator (LSE)
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Phasor Project High Level Architecture

(Redundancy not shown)
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Offline Engineering Analysis Use Cases

Leveraging WAMS in Operations Planning

Post Event * Quicker post-mortem analysis.
Analysis

» Sequence of events & root cause
analysis.

Dynamlc * Dynamic model verification.
MOde| » Generator model calibration.

Validation « Load characterization.

S » Steady-state angular Measurements
Base“n | ng » System and asset performance analysis
» System disturbance impact measures

Compllance * Primary frequency (governing) response.

Monitoring - Power System Stabilizer (PSS) tuning

» Assess dynamic performance of the grid.

Pacific Gas and
Electric Company®

Synchrophasor benefits for
Post-Event Analysis

Phasor data are also valuable for
investigation of grid disturbances,
improving both the speed and
quality of analysis.

In the case of the 2007 Florida
blackout, NERC investigators used
phasor data to create the sequence

of events and determine the cause of
the blackout in only two days; in
contrast, lacking high-speed, time-
synchronized disturbance data it
took many engineer years of labor to
compile a correct sequence of
events for the 2003 blackout in the
Northeast U.S. and Ontario.

NERC RAPIR Report, 2010.
P4



Post Event Analysis
May 30, 2013 Event
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Overview of May 30, 2013 Event
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Time of Event (22:55 — 22:59 UTC)
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Time of Event (23:00 — 23:12 UTC)
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Ringdown Analysis — PDCI block/restart W oy

Oscillation mostly at 0.38Hz mode

TS_511_B1_2M_AC.51014
S_511_B2_IM_AC.51023
S_511_B2_2M_AC.51024
S_511_B3_1M_AC.51033

= PhasorTS_511_B1_1M_ACS51013-vIPSIM-Pm
Phasor-TS_S11_B1_2M_AC.51014-VIPSIM-Pm
Phasor-TS_511_B2_1M_AC.51023-VIPSIM-Pm
Phasor-TS_511_B2_2M_AC.51024-VIPSIM-Pm

Phasor-TS_511_B83_1M_AC.51033-V1PSIM-Pm
== Phasor-TS_511_B1_1M_AC.51013-V1PSIM-Pm - Reconstructed (7.78%)
= = Phasor-TS_S11_B1_2M_AC.51014-V1PSIM-Pm - Reconstructed (1.90%)

== Phdsnr-157511:8271M7A(‘_51023~V1PS]M -Pm - Reconstructed (1.80%)

- - Phasor-TS_S11_B2_2M_AC.51024-V1PSIM-Pm - Reconstructed (1.86%)
- - Phasor-TS_511_B3_1M_AC.51033-V1PSIM-Pm - Reconstructed (1.84%)

(€T R < T

Message Log

10/21/2013 11:36:24 AM: Calculation completed.
10/21/2013 11:36:24 AM: Data Length = 72
10/21/2013 11:36:24 AM: Calaulation starts.
10/21/2013 11:36:21 AM: Parametess Applied!

10:55:50 PM 10:55:55 PM 10:56:05 PM

Time

0.3771z . 0.238Hz 0.797Hz 0.572Hz 0.358Hz 1.668Hz 2.037Hz
e e @ @ e e e @
9.03% 17.98% 5.96% 9.36% 5.12% 2.14% -0.88% -142%
(Ri=7850) | (RI=1036) (RI=221) “e1=122) (=082 (R=067) (=007 (RI=0.2)

SignalNam- Mag Angle Mag Angle Mag Angle Mag Ange “~da Mag Angle Mag Angle Mag Angle
—w-13.511 BI_IM_ACSI013-VIPSIM-Pm  0.36 -1143 070 -1729 043 -1787 0.80 -61.6 080 -zou. €43 015 989 033 1697

_-cmenon Selaction: I Dhacne TC €11 R1 7M AC CIA14UADCTIM Om NGO 047 o 100 Mz

Select Time Range

nea ©27 AT 1915 nu. 1.00 1369

0.561Hz 0.238Hz 053 15

@ @ 098 1328

17.98% 5.96% el
(RI=10.36) (RI=2.21)

SignalName Mag Angle Mag Angle Mag Angle
Phazor-T5_511_El 1M_ACSI0O1Z-VIPSIM-Pm 0.36 -1143 070 1729 043 -178.7

Phasor-T5_511 Bl ?M ACS1014VAPSIM-Fm 099 -94.7 1.00 1523 D098 1377 Using HTLS algorithm.

Phasor-TS 511 B2 1M ACS1023-VIPSIM-Pm 1.00 -944  0.98 1.00 138.6 Processed @ 5 samples/second.
Sorted by proprietary index (RI).

PI'mr—E_Ell_BE_EH_AC.SlﬂZ‘I—VlPSIM—Pm 0.99 -94.2 0.57 0.9% 138.4 First V0|tage swing not considered.

Phasor-T5_511 B3 1M ACS1033-VIPSIM-Fm 0,98 -94.3 1.00 0.%9 138.1




Ringdown Analysis — PNW Generation Drop

Damping of 0.38 Hz improves

~ R | 7 Phasor Ringdown Analysis
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13
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e
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(RI = 71.33)

Mag  Angle
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SignalName
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Simulation Ringdown Analysis |
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Time
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ok

Legends
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Phasor-TS_511_B2_1P_AC.51021-V1PSIM-Pm
~ Phasor-TS_511_B2_2P_AC.51022-V1PSIM-Pm
st Phiasor-TS_511_B3_1P_AC.51031:\1PSIM-Pm
oot PhasosIS_S511_B1_1P_ACS1031-VAPSIM:Pm - Rec (536%)

== Phasor-T54511 .81 .2P_AC.51012-V1PSIM-Prir “REConarocted (2.45%) |

== Phasor-TS_S144824(P_AC.51021-V1PSIM-Pm - Reconstructed {2.24%)

- = Phasor-TS_511_B2_2P_AC.51022-V1PSIM-Pm - Reconstructed (2.26%)
== Phasor-TS_S11_B3_1P_AC.51031-VIPSIM-Pm - Reconstructed (1.54%)

E LRkt »

Message Log

10/21/2013 11:38:
10/21/2013 11:38:33 AM: Data Length = 47
10/2172013 11:38:33 AM: Calculation starts.

Select Time Range

0.769Hz
e
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e

11.20% 3.82%
(RI=1675) (RI=0.96)

Mag  Angle
078 161

099 167

Mag Angle
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0.181Hz
e
7.25%
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030
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e
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Mag Angle Mag Angle Mag Angle

Tee 927 077 -1095 033 160.7

100 -141.3 093

-1429 ' v

1.150Hz
@

0.62%
(R1 = 0.03)

1.912Hz 2.500Hz
e e
1.66%

(RI = 0.01)

Mag Angle
0.70 180.0

3.01%
[CE)
150

100 1709 034 0.0

0.9 0.0

0.387/Hz
@
10.05%

(RI = 71.33)

SignalName
Phasor-TS_511_B1_1P_AC.51011-V1PSIM-Pm

Phasor-TS_511_BL 2P _AC.51012-¥1PSIM-Pm
Phasor-T5_511_B2_1P_AC.51021-V1PSIM-Pm
Phasor-TS_511 B2 2P AC.51022-V1PSIM-Pm

Phasor-T5_511_B3 1P_AC.51031-V1PSIM-Pm

0.769Hz
1
11.20%

0. HHZ
L1
3.82%

(RI=1675) (RI=0.96)

Mag
0.43

1.00
1.00

0.99

Angle
958

9.7
9.7
445

94.6

Mag Angle

Mag Angle

0.82
1.00

0.78

0.99

1.00

1.00

0.99

16.1

16.7

16.8

17.0

17.3

0.76

1.00

0.99

097

-145.3
160.4

Using HTLS algorithm.

Processed @ 5 samples/second.

Sorted by proprietary index (RI).

First couple voltage swings not considered.
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160.0
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M and P Class Data Ertrts Company’

-terraPhasorAnalytics

Ringdown Analysis Dynamic Performace

M Class Data

P Class Data

.

g 'Phasor,TS,S11,BI>IM>AC.51013','Frequency‘F,Hz‘Frequency'. <
[ ] 'PhasorﬁTSjllinlPiAC.Sloll‘i'Frequency,F,HziFrequency'

%

Frequency (Hz)

59.94

10:55:44 AM 10:55:44 AM 10:55:44 AM 10:55:44 AM 10:55:44 AM 10:55:44 AM 10:55:44 AM 10:55:44 AM 10:55:44 AM 10:55:44 AM 10:55:44 AM 10:55:44 AM 10:55:44 AM 10:55:44 AM 10:55:44 AM 10:55:44 AM 10:55:44 AM 10:55:44 AM
11/3/2012

Time




Spectral Estimation — M-Class WL e many

Phasor reported once every cycle — 60 phasors/sec.
More accurate phasors.

Local and inter-area modes Unknown dynamics No information here!
(=5 Spectral Density Coherent | Advanced Parameters

B [ Phasor
B [ TS_511_B1_IM_AC510L3
@ viPsM
T5_511_B1_2M_AC51014
T5_511_B2 1M_AC51023 v U
T5_511_B2_2M_AC.51024

]

B

=
=
-]
=

=

T5_511_B3_1M_AC 51033 PSD Unit

| dejtz @ Adual unit

Message Log

10421/2013 11:50:37 AM: OverLap: 900.
10421/2013 11:50:37 AM: Nearest Power 2: 1024.
10421/2013 11:50:37 AM: Wirklow Length: 1024,
10421/2013 11:50:37 AM: Data Length: 124995.
10421/2013 11:49:43 AM: OverLap: 900.
10/21/2013 11:49:43 AM: Nearest Power 2: 1024.
1042172013 11:49:43 AM: Wincow Length: 1024,
10421/2013 11:45:43 AM: Data Length: 124995.
10421/2013 11:49:32 AM: Parameters Applied!
1042112013 11:49:2% AM: Parameters Applied!
1042172013 11:49:17 AM: OverLap: 64.
10421/2013 11:49:17 AM: Nearest Power 2: 512.
1 1 1 10/21/2013 11:45:17 AM: Window Length: 512.
+ Legends 10421/2013 11:49:17 AM: Data Length: 124995.
[Z] — Phasor-TS_511 |B1_1M_AC.510 10421/2013 11:48:41 AM: Parameters Reseted!
B Phasor-Ts_S11_B1_2M_ACSID
&l — Phasor-TS_511_B2_1M_ACS10;
|Z] —— Phasor-TS_511_B2_2M_ACS10;
|& — Phasor TS_511_B3_1M_AC.51035"

E

B Start Analysis!

Frequency axis shown up to 24Hz.



Spectral Estimation — P-Class WL e many

Phasor reported once half cycle — 120 phasors/sec.
Double freq. resolution as M-class.

Captures faster dynamics — more high frequency content.

Local and inter-area mode Unknown MORE unknown NG inf o herel
inter S dynamics dynamics o information here!

Data Sources 7 Pavier " [Cross Spectral Density | Coherent | - [ndvanced Parameters

IParameter

ks

noverlap

T

[+ +}
EEEE =l

 511_B1_IP_ACS51011
viPSIM

_511_B1_2P_AC51012

. 511_B2_1P_AC.51021 v O

_511_R?_2P_AC51022

511 B3 1P_AC51031 PSD Unkt

@ deftz @ Adual Unit
Message Log
10/21/2013 11:57:52 AM: Overlap: 900.
10/21/2013 11:57:52 AM: Nearest Power 2: 1024.
10/21/2013 11:57:52 AM: Window Length: 1024.
10/21/2013 11:57:52 AM: Data Length: 249990,
10/21/2013 11:57:30 AM: Parameters Applied!
10/21/2013 11:56:56 AM: Overlap: 400.
10/21/2013 11:56:56 AM: Nearest Power 2: 512.
10/21/2013 11:56:56 AM: Window Length: 512.
10/21/2013 11:56:56 AM: Data Length: 219990,
10/21/2013 11:56:39 AM: Parameters Applied!
10/21/2013 11:55:22 AM: Overlap: 900,
10/21/2013 11:55:22 AM: Nearest Power 2: 1024.
10/21/2013 11:55:22 AM: Window Length: 1024.
10/21/2013 11:55:32 AM: Data Length: 219900,
10/21/2013 11:55:00 AM: Parameters Applied!
10/21£2013 11:54:33 AM: Parameiers Applied!
10/21£2013 11:53:24 AM: Parameters Reseted!

[+
AAAADF

[+]

Not available in \WWWN\;M
E : M-class data Ahoness

120 140 160 180 200 220 240 260 250 300 320 340 350 380 400 420 440 460 480 500

2 A Start Analysis) e

Frequency axis shown up to 48Hz.
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Dynamic Performance Baselining WL Comeny

Questions we are looking to answer are:
" What oscillatory modes are we seeing in our system (governor, inter-area,

local, forced, etc)?

" Where (i.e. location) are we seeing these oscillatory modes and their ‘typical’
damping and amplitude (MW, mHz, etc).

" When are we seeing ‘dangerous’ oscillations (i.e. outliers)?

" How are these correlated with control actions (i.e. MW flows)?



Pacific Gas and

Dynamic Performance Baselining Example Flectric Company'

Histogram of observed modes (48 hour dataset)

START > | DATA MANAGEMENT POST EVENT ANALYSIS SPECTRAL ANALYSIS MODEL VALIDATION
TIME DOMAIN FREQUENCY DOMAIN RINGDOWN

Selected Signals /" Hi r Plot | Data Trend

PG&E Selected Subbands
BELOTTA 230
DIABLO 500
LOS BANOS 500
MIDWAY 500
PITTSBURG 115
TESLA 500

LLimit ULimit

[pued 19314 pa

Confirm

- Legends
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¥l — PG_E TESLA 500,51013_TS 511 B1 IM AC__ S TM V f

—— Aggregated
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) AW ‘
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0

Frequency (Hz)




Dynamic Performance Baselining Example WL e many

START > | DATA MANAGEMENT POST EVENT ANALYSIS SPECTRAL ANALYSIS MODEL VALIDATION
TIME DOMAIN FREQUENCY DOMAIN RINGDOWN

Histogram s a Trend

Selected Subbands

LLimit ULimit
019 0.3

sjeubis payales
|aueq 1a3{14 pasueApy

Confirm

Focus on Sub-band
(0.25-0.30 Hz)

¥ Legends
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A
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Frequency (Hz)




Dynamic Performance Baselining Example WL e many

Locus of particular oscillatory mode (to identify outliers)

START > | DATA MANAGEMENT POST EVENT ANALYSIS SPECTRAL ANALYSIS MODEL VALIDATION m}
DYNA IANCE

TIME DOMAIN FREQUENCY DOMAIN RINGDOWN

r{_' Histogram | ! yram /" Locus Plot | Data Trend
o =

Amplitude (Power) Amplitude (Frequency) Amplitude (Angle)

[0.25-0.3]Hz
~ Filters

4.75

Outlier Excursions
(55 (i.e. problematic events)

4.00

3.75 Time D A (MW) F (mHz)

3.50
o 1/9/2013 11:38:39 PM  15.640638  4.013152  0.285645

3.00
~ Legends
275
2.50

225 @ WECC: Station|3 - 1003 (PMU3) - V3 - f

AMPLITUDE (MHZ)

2.00

1575

150

125

100

0.75

0.50

paveine RATIO (%)




Dynamic Performance Baselining Example WL e many

START > | DATA MANAGEMENT POST EVENT ANALYSIS SPECTRAL ANALYSIS MODEL VALIDATION m
TIME DOMAIN FREQUENCY DOMAIN RINGDOWN DYNA IANCE

ot 'V-Data Trend ] -

Damping Ratio (%) Amplitude (Power) Amplitude (Frequency) Amplitude (Angle)

[0.25-0.3]Hz

) S T E—

Large Amplitude

Oscillations - =

4« legends

¥l —— WECC: Station 1 - 1001 (PMU1) - V1 - f
Fl —— WECC: Station 2 - 1002 (PMU2) -V2 -1
=—— WECC: Sfation 3 - 1003 (PMU3) - V3 - f

Amplitude (mHz)

Legend by
Locations

22:55:00 23:00:00 05:00 20:00

00.00:57:53.605 23:49:15.856
J]an/9/2013




Dynamic Performance Baselining Example WL e many

Spectrogram of mode trends

START > | DATA MANAGEMENT POST EVENT ANALYSIS SPECTRAL ANALYSIS MODEL VALIDATION m
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Training Environment
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LSE Application

Network
model from
EMS

PMU data
OpenPDC
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Breaker
status(EMS)

Static database
(Read once when LSE starts)

Real time database

Control Center Topology Processor

Control Center LSE

LSE output to EMS
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ALSTOM LSE Test —In EMS Environment W G,

LSE Input Measurement Magnitude Chart
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Framework — Parallel State Estimator
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