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SynchroPhasor Definitions

» PMU measurements that occur at the same time are “synchrophasors”

» Synchrophasors measure voltages and currents at diverse locations and

the outputs are GPS time-stamped phasor quantities

» Since these phasors are truly synchronized, synchronized comparison of

two quantities is possible, in real time at a rate of 30 samples/second

» A phasor is a complex number that represents both

the magnitude and phase angle of voltage and current sinusoidal waveforms
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SynchroPhasor Applications

* Fast Data Acquisition in milliseconds with time synchronization

* Typical SCADA spaced at 4 seconds - too slow to measure dynamic events
* SynchroPhasors have typical rates of 30 samples/second

* Need SynchroPhasors to measure and assess Dynamic Stability Events

* New SynchroPhasor standard in real time IEEE C37.118 — 2005

* SynchroPhasors essential for Wide Area Monitoring and Control Systems

& CalifornialSO

ey Slide 3



PMU History at California ISO

In 2002 the CAISO PDC was installed with 14 PMUs gathering data at 30 samples/second
In 2009 the CAISO PDC gets data from 59 PMUs

BPA & SCE & PG&E connect with CAISO via WECC WAN
» Schematics — courtesy of
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http://electricpowergroup.com/�

Current WECC PMU Installations

WECC PMU Installations
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PMU Inventory:
BPA - 24 (Networked)
WAPA — 5 (Networked)
SCE - 18 (Networked)
PG&E - 6 (Networked)

APS/SRP -9 . Summer Lake
BC Hydro - 11 S
A in Jacl i
Public Service New Mexico — 4 prn Jock gy @ tstin
San Diego Gas & Electric — 5
[ 7=
Bears Ears
Tesla
Big Creek
9; anos 5 Contral Navajo

WECC TOTALS: Noas L e e, Elderade il (O)sanJuan

— 82 PMUs (540 Phx’lSOl’S) 'w Antelope s BT Four Corners

..I(nnm-r Mohave Coronado OG 1
é Diable Canyon Vincent o Al B4
NETWORKED fo CA ISO: ncent tugo ey o s
— 53 PMUSs (350 Phasors) ;,.m& \ira Davers ) L Drinnacle Peak
Alamitos [ ™ %0 Kyrene
sia f& SefFal O alo Verde
an Unaire Qp & N. Gila
HNestworked PMUS YT mipiaial
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See WECC site at
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http://www.wecc.biz/documents/meetings/OC/CMOPS/WAMTF/2008/PMU and PhasorList WECC12-3-08.pdf�

List of Substations in Current CAISO PMU Network

Vincent Ault

Mead Bears Ears
Mohave G S Shiprock
Devers Yellow Tail
Big Creek 3 Grand Coulee
Alamitos G S John Day
San Onofre Switchyard Malign
Kramer Colstrip
Antelope Big Eddy
Valley 115 Maple Valley
Magunden Keeler
Eldorado Captain Jack
Lugo Summer Lake
Control Slatt
MiraLoma McNary
Serrano Ashe

Rector Bell

Vesta Chief Joseph
Springville Custer
Sylmar - LADWP Garrison
Moss Landing Midway

Pittsburg

Diablo Canyon

Los Banos

Tesla

@ Calitornia ISO

Your Link to Power

DATA STORAGE REQUIREMENTS

U Expected usage of 1.0 GB/day
for SQL at 06 samples/second

U Expected usage of 2.5 GB/day
for Pl at 30 samples/second

U Data storage requirement for 90 days
would be about 120 GB

19 PMU substations in SCE

01 PMU substation in LADWP
06 PMU substations in PGAE
16 PMU substations in BPA

04 PMU substations in WAPA

46 PMU substations in CAISO Network

Slide 6



500 KV Transmission - 10 PMUs in SCE and 5 PMUs in PGAE

01 Mead

02 Mohave

03 Devers

04 San Onofre

05 Vincent

06 Valley

07 Eldorado

08 Lugo

09 Mira Loma

10 Serrano

01 Diablo Canyon

02 Midway

03 Moss Landing

04 Los Banos

05 Tesla

9 California ISO
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from Celilo \‘

NEVADA

vaca _- ! UTAH
San Francisco

|
Metcal1¢
Mossi’ -

Landing

— o —
-—
=
-
-—

Valley 2
San Onofre iguel ?Elentro --- Verde
T T 20—~ O\ Gila
i Imperial ’
San Diego Vaney

Note: There are no PMUs from SDGE connected to the CAISO PMU Network
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CMRC: Frequency Tracking
Deselect All -

Select All Fregi(Hz) Freq2(Hz) Delta{Hz)
—— LOSB 60.002 50.994 -0.008

PTSB 60.002 50.994 -0.008
—— ML5D 60.002 50.993 -0.008

TSL5 — — —

‘ ) IhIWIII

—— DCPP — — —

—— MDW5 — — —_

VEST 60.002 . -0.009

—— SPVL 60.002 -0.009

RCT2 60.002 . -0.009

RCT1 60.002 -0.009

- — - -

60.003 . -0.04

60.003 -0.01

— LUGO 60.003 . -0.01

— &0 60.003 ’ 001
— MAGN — _
—— VALY 60.003 ’ 001
—— ANTP 60.001 ’ 0.007
— ovoz 60.003 ’ 001
— shot 60.002 ’ _0.008
— ALGS 60.002 ; _0.008
— BCO1 60.002 ’ _0.008
MOGS — _
—— w01 60.002 : _0.008
00:46:03 00:47:03 00:48:03 00:43:03 00:50:03
SYLM - - - HH:MM:S S

Time (HH:MK.53) 00:46:43.100 00:47:33.300 Delta(s) 50.2
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WI: Angle Difference Monitoring

-100 B0 0 a0 100
Percentage Angle Difference wrt Threshold
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Angle Sensitivity Monitoring w.r.t MW
Ref :COLS -BEL5-(Colstrip-Broadview)

4.213Deg 1 DOMW

MALH

Captian Jacl@

Angle Sensitivity degM00 MW

Malin

Olinda

E

Colstrip-Broadview-MW Flows

215 22 225 23 235
nterconnection Freq.  Freq. Stability Angle Difference  Voltage Magnitude MW Flows MVAR Flows Damping COLS-BEL5-Angle Diff Path (Degree)

{_‘ California ISO
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Voltage Sen: ity Monitoring w.r.t MVAR Bar trend -MAL N-{Path 66
Ref :MALN-(Path 66) arl r?n.[ T .(. = \]

Captian Jagc #& ) Malin N Bus Voltage

15/% 1%k\l.l'1 00KV

Olinda J Round Mountain

MDUY5.MIDWAY Bus Voltage

MALH-Voltage Mag (kW)

-450 445 -440 -435
Path 66 -Path MVAR

onnection Freq.  Freq. Stal Angle Difference  Voltage Magnitude MW Flows MVAR Flows

{_‘ California ISO
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PMU Road Map

IMPLEMENTATION
N IMPLEMENTATION RESEARCH
CONTROL CENTER N LD
CONTROL CENTER DEVELOPMENT

(1) Dispatcher Awareness
Tools with Pl displays

(2) Oscillation Detection

(3) RTDMS Dynamic Equivalents
for Angle Differences

(4) SynchroPhasor Nomograms

(5) Optimal PMU Placement

(6) Migration to ePDC
(7) Synchro-Phasors in
State Estimation
(8) PMU Small Signal Stability

Analysis in DSA
(9) PMU based Parameter
Estimation Methods

(1) NASPInet DOE project

(2) PNNL Pilot Project on
Characteristic Ellipsoid (CELL)

(3) ePDC Beta testing

(4) PMU University Projects

2009 to 2010 2009 to 2013 2011 to 2013

9 California ISO
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Projects for Control Room Implementation

» Dispatcher Awareness Tools with Pl displays

« Oscillation Detection

* Reduced Dynamic Equivalents for Angle Differences

« SynchroPhasor Nomograms

e Optimal PMU Placement

* Improved State Estimation & Small Signal & Dynamic Stability

« PMU Measurement Based Parameter Estimation

& CalifornialSO
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Dispatcher Awareness Tools with Pl displays

« Selection of important PMU locations to display with PI
* One option — use Optimal PMU Placement algorithms

* Plots for PMU Pairs

» Angle Difference versus Angle Difference
* Frequency versus Frequency using Lissajous Curves

* Replay capabillities in Pl of severe disturbances from the archived data

& CalifornialSO
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Angle Difference Plots of Vincent - Malin & John Day - Malin for 12 hours

03-Dec-2003 17:07:01 b0 D4-Duec-2003 09:05:40
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Plot is courtesy of
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http://certs.lbl.gov/pdf/phasor-feasibility-2008.pdf�

Angle Difference Plots of Malin - Vincent & Devers - Vincent for 12 hours
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http://certs.lbl.gov/pdf/phasor-feasibility-2008.pdf�

60 seconds of Angles in Pl of Big Eddy & Diablo & Colstrip & Chief Joseph & Malin

WECC MALN VA Malin N.Bus Voltage
=
Degree

-2E+02
5/21/2009 1:21:06 PM 60.00 seconds 5/21/2009 1:22:06 PM

9 California ISO
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SDG&E Area - Using State Estimator to calculate Angle Differences

* Not much change in Angles in 60 seconds

e State Estimator cycles every 60 seconds

e State Estimator can “fill in” for non PMU Angles

e Example — CAISO has no connection to any PMU from SDG&E

* Planned SWPL outage of May 16-17 2009

& CalifornialSO
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SDG&E Area - Using State Estimator to calculate Angle Differences
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Angles for the May 16-17 2009 SWPL outage from State Estimator

[Note: Angles Computed by State Estimator TLE0001 QUTAGE PHASE ANGLES Note : SDGE PMU at Miguel 500 & 230 Not connected to CAISO PMU Network
Station Name & Bus Fri May 15 09 1800 hrs Sat May 16 09 1700 hrs Sun May 17 09 1730 hrs Mon May 18 09 1020 hrs

500 KV | SDIVALYS North Bus Plus 3.1 degrees 0 degrees Split Bus 0 degrees Split Bus Plus 5.9 degrees

500 KV |SDIVALYS South Bus Plus 3.1 degrees Plus 29 degrees Split Bus Plus 32 degrees Split Bus Plus 5.9 degrees

230 KV | SDIVALYZ2 North Bus Plus 3.9 degrees Plus 28 degrees Plus 30 degrees Plus 4.8 degrees

230 KV |SDIVALYZ2 South Bus Plus 3.9 degrees Plus 28 degrees Plus 30 degrees Plus 4.8 degrees

500 KV |SDMIGULS BusBar 1 Minus 6.5 degrees 0 degrees 0 degrees Minus 3.5 degrees

500 KV |SDMIGULS BusBar 2 Minus 6.5 degrees 0 degrees 0 degrees Minus 3.5 degrees

500 KV |SDMIGULS BusBar 3 Minus 6.5 degrees 0 degrees 0 degrees Minus 3.5 degrees

230 KV |SDMIGUL2 North Bus Minus 9.1 degrees Plus 2 degrees Plus 11 degrees Minus 7 degrees

230 KV |SDMIGUL2 South Bus  |Minus 9.1 degrees Plus 2 degrees Plus 11 degrees Minus 7 degrees

e California ISO
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Lissajous Curve Methodology

http://en.wikipedia.org/wiki/File:Lissajous
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http://en.wikipedia.org/wiki/File:Lissajous_phase.png�

10 min of Frequency versus Frequency in Pl using Lissajous Curve Methodology

WECC BE50 FR Big Eddy 500 Freq
60.01
60.03 Hz
p 00959 3
ﬁ WECC_DCPP_FR Diablo Freq
60-03 60.01

09923 »
WECE &)

COLS.FR.Calstiip Fieg

2002 :‘-.\I
- L+l
Hz
p QL9879 P
- WECC.CHJ3.FR.Chief Joe 230 FreqB
5002
. 60.01
Hz
p 09927 3
l:[\_l\
l:[\_l\
50

3

Al

59.99 59.99 60 60 60.01 60.01 60.02 60.02 60.03 60.03
WECC MALN FR Malin Freq 60.01  Hz »
Frequency - Frequency - Srecuency  ocuenoy - Frequency

Big Eddy & Diablo & Colstrip & Chief Joseph on the Y axis and Malin on the X Axis

e California ISO
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10 min Frequency Plots in Pl of Big Eddy & Diablo & Colstrip & Chief Joseph & Malin

59.99
5/20/2009 5:38:19 PM 10.00 minutes 5/20/2009 5:48:18 PM

9 California ISO
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WECC map of modes — Source WECC

The Western

Power System:
A challenge in
. dynamic complexity

Index Generators & Paths for
Dynamic Interactions in the
Western Power System

Slide 25
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Mar 06 1987 MW Oscillation — Source DOE Report

Latest major oscillations with WECC transmission intact:
Produced by feedback controller on IPP HVDC line, March 6, 1987.

MALIN-R MOUNTAIN 1+2 DATE 3 6/87
2000 T IIME 231039

Frequency = (.68 Hz

1800 =

1600 =

M
W . ‘ ' ‘
1400 | i
1200 =
wo=rr—r1 17 1 1 1 1 1 17 17 17 & 17T 17717711
0 20 40 60 80 100 120 140 160 180
BPA
SECONDS SYS OPS

&> CaliforniaISO
V - Your Link to Power
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Aug 10 1996 MW oscillation — Source DOE Report

Malin-Round Mountain #1 MW (BPA export)

1400~

Dittmer Control Center|

Vancouver WA
1390 sample rate = 20 per sec
13807 n
1370+

=
0.276 Hz

1360~ u J u

0.264 Hz.
3.46% damping

| .

1340
(data lowpass filtered at 0.5 Hz)
Reference time = 15:35:30 PDT

1330 L] T L] L] L] L] T T L
350 360 370 380 390 400 410 420 430 440 450

Time in Seconds

9 California ISO
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Small Signal Stability Algorithms from Montana Tech — Source RTDMS

» Performs modal analysis on ambient data
----User defined mode observability clusters [ T e

----Choice of three algorithms 1.Yule Walker
2.Yule Walker Spectral

3. N4SID

= Provides three plots for each modal estimate:
1- Modaj Frelquency Tlrendls

¢ Shows the trend of modal frequency
°'3§ over a period of time.
2- Modal Damping Trends I M

Shows the trend of modal damping(%) o ;;
over a period of time. NS SESSU UUUUOU SO SO NSNS SO SO 1 :

3- Modal Energy Trends i
! ) ! 1 ! CETE TP
S = e L =t U E U= Y A= T NSRS U A
e ibs el Lt Shows the trend of modal energy
___________________ ' 1 : 3 over a period of time.
£

Your Link to Power
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Small Signal Stability Algorithms from Washington State — Source RTDMS

= Modal analysis on post-event data (~10-20 seconds

----- Choice of three algorithms 1.Prony Mgt Trge Prony
2.Matrix Pencil Prony
SHILS
. Modal Order HILS
= Provides three plots: _
1- Mode Estimate 2- Mode Shape Modal Frequencies
Wbde Estimates oda Shape
- ; - - 94 . 1
------------------------------------------------- o.ag ’,-4"*405 . 0.73 H
---------- et e e e ¢ s -"'w 3 - 05T hz
________________________________________________ B ks ; o
+ E i i i S = --4+ 033 Hz
................................................. 0.2 E §
0 2 P 6 8 1 05 Mﬂm 0§ 1
o Demwina (47 ' ' Different symbols are used
Shows plot of mode frequenc Shows phase angle information , ,
versus ﬁwde damping. duency l.e. which modes are out of phase ’;?Jg ggfser ent frequencies or

and which are in phase.

e Callfornla ISO
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The simplest model that has a 180 degree mode shape — Source EPG

Mode Shaee

3
1
7 =1 cod2-7-0.25-1-30 V,=05-¢" cog2.7-025.14150) 7 _fos N
Vi=le " cod2-m-0251-30 ,=05¢""cos2- 70251+ A "
' 1 i 50 b
f V2 :Js N \
I " L S S
“ T + T >
| | v % | e
\ S ’// ,1V1
\ <=
\\.\ //I
Generator 1 and Generator 2 are oscillating against each other at 0.25 Hz e
Vi Mode SRape Plot
15\ T T T T pl

Al

T
—_—— = ————

"\

v2 =]

T=0s
©

V‘/“ California ISO
- o IEIE':'II[
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2

Example of Mode Shapes in WECC — Source Powertech SSAT

| Il Mode Characteristics

Fil=  Map Data

Feal=-0.2011 1/s Imaginans = 1.5639 rad/s Frequency = 0.249 Hz Damping = 12.75 %%
' |Case12hs2ale_ssatssa Scenario:2012 WECC MODE SCAN Contingency:MNo fault
Dominant State: 54490 : GEMNES 3922.0 0: 13 :genrou D Angle

Mode Shape Mods Shape Scatter | Patticipation Factor | Mode Data |

North — South Inter-Area Oscillatéion
" Frequency: 0.249 Hz, Damping: 12.75%
Northwest
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, SDGE
New Mexico
CFE
Arizona Nevada

¥ Show Generator Speed Only = Show Mex/hin |2445 " Show Threshold IU_]UU

06

Alberta

[uk:]

-l Area 10 [NEW MEZI]
M Area 11 [ELPASO ]
I Area 14 [ARIZONA ]

Area 18 [NEVADA ]

Area 20 [MEXICO-C]

-l Area 21 [IMPERIAL]
M Area 22 [SANDIEGO]
W Area 24 [SOCALIF ]

-l frea 26 [LADWF ]

Area 30 [PG AND E]

-l Area 40 [NORTHWES]

Area 50 [B.C.HYDR]
Area 52 [FORTISEC]

.M Area 54 [ALEERTA ]

Area 60 [IDAHO ]

o Area 62 [MONTANA ]
W area 63 [WaAPA U.M]
I area 84 [SIERRA ]

Area €5 [PACE ]

-l Area 70 [PSCOLORA]

[ Area 73 [WAPA R.M]

California ISO

Your Link to Power
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Example of Mode Shapes in WECC — Source PNNL

Mode shapes for 0.5504 Hz Mode

1
0.5+
Rector Palo
E': Verde
| Caribou
OFGAMBOU s

™
Round
Mountain

Imaginary Component

Colstrip

5 05 0 0.5 1
Real Component Pacific Northwest

NATIONAL LABORATORY

V‘/‘ California ISO
- o IEIE':'II[

Slide 32




Example of Mode Shapes in WECC — Source PNNL

Mode shapes for 0.7294 Hz Mode
1 T T T

Rector
0.8

0.6

T

1y,
.
|

0.2

Round 7~ Colstrip

0.2 Mou ntai.n;;m

Caribou

0.4

0.6

0.8

'11 05 0 05 1

Real Component
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Controls for Oscillation Damping — Some Solutions

Inter-Area Modes in WECC

; [
Alberta 0.45 Hz

East-West
0.6-0.7 Hz

North — South
0.25-0.3 Hz

I
California — Desert

I “L{ Southwest 0.5 Hz

Small Signal Stability applications with mode meters for damping & eigenvalue calculation.

HVDC modulation control has significant potential to dampen oscillation.

Major imports of energy from renewable resources in Pacific NW and Wyoming by 2014.
100 MW injections from Thyristors at either end of the COI lines will dampen the oscillations.

Bottleneck is latency of communication between North & South end of COI.

V" y CaliforniaISO
Your Link to Power Slide 34
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Reduced Dynamic Equivalents for Angle Differences

» Make a list of all “reasonable pairs” of PMU locations.

» For each PMU pair archive the MW-Angle sensitivity for several weeks.

» For a two area system, zero MW-Angle sensitivity implies angular instability.

» So if MW-Angle sensitivity changes sign without collapse reject the two area equivalent

» Either need a reduced three area equivalent or a new two area equivalent.

» Repeat System Studies with different operating conditions and contingencies.

» Such studies will validate reduced dynamic equivalents of two or three area systems.

& CalifornialSO

T e Slded



SynchroPhasor Nomograms

Critical
Parameter

Potential “hole” in the nomogram & Potential “conservatism” in nomogram

Plot is courtesy of

& CalifornialSO
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http://certs.lbl.gov/pdf/phasor-feasibility-2008.pdf�

Optimal PMU Placement

Objective of the placement problem is that the entire network is a single observable island

Case studies carried out by PSERC at TVA using only PMU telemetry

With only one third of the system buses, the entire system can be made observable
Also zero injection buses will significantly reduce the required number of PMU devices
Optimization scheme may yield different sets of optimal solutions

Same minimum PMU number but at different locations — Need additional objectives

PMU telemetry will enhance bad data detection and identification
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Phasor Data & State Estimation Data

* Key state variable in state estimation is the voltage phase angle

e This was not available as a measurement before

* Direct measurement of voltage and current phase angles

* The improvement on state estimation depend on

&> CaliforniaISO
V - Your Link to Power

PMU locations

Number of PMU devices

Calibration of PMU devices

PMU measurement accuracy

Related SCADA data accuracy

Synchronization between PMU data & SCADA snapshots
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Voltage Angle Comparison between State Estimator and Phasor Measurements
(Ref: Grand Coulee Bus Voltage 500 kV)
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R&D - NASPInet and Phasor data repository

NASPInet Conceptual Overview

Monitoring center 2

NASPInet overview - courtesy of

An entity in WECC will store 5 years of regional frequency data

NERC has not yet set a data retention standard for phasor data

6 weeks is areasonable period unless there has been a significant event
 Then the retention period is 120 to 180 days
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R&D - ePDC Beta Parallel Acceptance Test

Data feeds to CAISO using UDP/IP protocol

Routing to PDC by IP address and port number
Communications are over T1 private leased line
Addressing and routing are setup and managed by IT
Schematic — courtesy of

PMU

PMU PMU PMU
Applicatidns. >

:
p=2

PMU
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