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http://web.ecs.baylor.edu/faculty/grady/

Texas Synchrophasor Network.html

The Texas Synchrophasor Network

Supported by Schweitzer Engineering L.abs, EPRI, Southwest Power Pool, Brazos Electric Power Cooperative
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Recent Presentation

Compendium of Reports from 2009 and 2010 (135 pages)
Compendium of Reports from 2011 and 2012 (38 pages)

Reports for 2013

20130418 Texas Synchrophasor Network West Explosion.pdf

20130428 Texas Synchrophasor Network Week of April 28 2013.pdf
20130502 Texas Synchrophasor Network Special May 02 2013.pdf
20130505 Texas Svnchrophasor Network Week of Mav 05 2013.pdf
20130512 Texas Synchrophasor Network Week of May 12 2013.pdf
20130513 Texas Svnchrophasor Network Fun Final Exam Mav 13 2013.pdf
20130519 Texas Syvnchrophasor Network Week of May 19 2013.pdf




“The MRI of Power Systems”

NERC press release on Florida outage Feb. 26, 2008

Synchrophasors are “Like the MRI of bulk power
systems,” said Rick Sergel, President of NERC.




120V Wall Outlets Work for Synchrophasors (of course, we would prefer to
have three-phase grid PMUS)

— Voltage Ringdown at McDonald Observatory Observed at the Following Two Locations in Austin: —
a 120V Wall Outlet on Campus, and the Harris 69kV Substation that Feeds the Campus

-10
20-second window

/\ —w.r.t U.T. Austin
-12 A

—w.r.t Harris 69kV
N M v )

-14 T T T T T
1600 1700 1800 1900 2000 2100 2200

Degrees

Sample (30 samples per second)

» The fixed net multiple of 30 degree phase shift between U.T. Austin 120V and Harris 69kV has been
removed. The variable but steady power flow phase shift through the substation transformer has
also been removed.
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Line Trip and Generation Drop

Modal Analysis
Shows System Response

|
Amplitude = 3271

Damping Ratio = 8.9%
Frequency =0.394 Hz

AV

t
O Damping Ratio < 10%
| |

|

Amplitude =16.74
Damping Ratio = -0.76%

1565 Frequency = 0.387 Hz

= 1545

1525

System Separation—m

Amplitude = 42.02
Damping Ratio = -3.22%
Frequency = 0.348 Hz

t
O Negative Damping Ratio
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. Damping Ratio < -3%
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Grid response to A e
unit trip gives a 4 YT
measure of stability 3-
[)]
via the normalized g o e Phase Angle — McD
: . —— PanA
damping ratio, zeta 3 s
0
-1+
Exponential Steady State Transition Curve Damped Sinusoidal Telém i
Start Sec | Stop Sec A B T1 Taul C T2 Tau?2 Tdamp . Fdamp Zeta i
53 60 2.36 0.81 54.14 0.32 -1.29 54.55 1.96 144 | 0.696 0.116 |

U.T. Pan Am Voltage Phase Angle wrt Baylor, Sept. 10, 2013, 04:36 GMT
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Surprises. Very Unusual Events Occur and Need Investigation

Superimposed Frequency Measurements Taken at
UT Austin (in black) and McDonald Observatory (in red)

60.1
i i
M \ | il
60.0 ¥~ — — 1 “l [
I | J
ni
|}
e 20-minute window .
with strange 0.067 Hz oscillation
599 I I I I [ [ [ [ [
0 2 4 6 8 10 12 14 16 18 20

Cause - Throttle valving problem on generator under test. Slow frequency
variation had gone unnoticed.




This is probably the world’s first electricity market-induced grid oscillation!
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ERCOT's graph of
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High Wind Generation Levels Present Challenges for Grids,

ERCOT Wind Gen (Percent of Load)
Week Starting 00.00 GMT, Sunday, April 21, 2013

but ERCOT is Handling Them Well

ERCOT Wind MV|
Week Starting 00.00 GMT, Sund4
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Surprises. A 2 Hz Mode in Ambient Oscillation Sometimes Forms with High
Wind Generation

Big Wind (20%) with 2 Hz Cluster Small Wind (2%) without 2 Hz Cluster
= UT Austin - Schweitzer Phasor Measurement Network. Modal A... E]@Hgl w UT Austin - Schweitzer Phasor Measurement Network. Modal A... E||E|@
Synchrophasor Modal Analysis of ERCOT Synchrophasor Modal Analysis of ERCOT
Plot 1. Scatter Plot of Modal Frequencies and Damping Ratios Plot 1. Scatter Plot of Modal Frequencies and Damping Ratios

|Dﬁﬂ31Bﬂ?DEl]]DDDJ.[TAmtinB}?EI.csv |DSU3’IE,D?MGDDMJJTMJSIin,H?&cw
'° | March 18,02:00-03:00 [ | | i, '° | March 12,02:00-03:00 [ B«
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: T A s S
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- A A P Y : :
Ll LEEe L
S - _'_'._ ";"";“'""5"" ret m B, PR PR
. ' e :
o T S S S SN N S N ] i S S N N R N S
Mo Damping Ratio (Zeta) 00 Mo Damping Ratio (Zeta) 00
Max Mag = [ 1227 | MainMode: Freq = 0,69 Hz, Mag = 0.29, Damp Ratio = 0.26 Max Mag = [ 1920 | Main Mode; Freq = 0,64 Hz, Mag = 0,35, Damp. Fatio = 0,30
Top 5% Mag >= [ 351 To copy to your clipboard, click anywhere on the form Top 5% Mag »= [ 374 To copy to your clipboard, click anywhere on the form
1/ Hoa s and then use Cul+Alt+PrintScreen and then use Cul+Alt+PrintScreen
Topl1/4Mag>=| 078 Funds provided by te Texas Emergng Technalogy Furd thiough Top1/4Maa>= | 078 Funds provided b the Texas Emering Techndogy Fund, thiough
- enter for the rescial f = alogies = I te for H mercialization of Electric Technologies
Top1/2Mag>= | 023 oerr)™F qlipment and techrical support provided by Schweitzer Top1/2Mag>= | 0.3 e} B cuipment and bechrical suppott provided by Schwatosr

Top3/4Mag>= [p1g EnginesingLabs. Inc. [~ Mack Grady. March 24, 2009, Top 3/4Mag>= ["g1g  Engineeringlabs. Inc. [~ Mack Grady, March 24, 2009.




42 Major Unit Trips, 0.1 Hz or Greater. Conclusion - No Correlation

Between Wind Generation and System Inertia

6 months Estimated System H versus % Wind Generation
(42 Unit Trip Events, June through November 2010)
12
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Does Wind Generation Impact Grid Inertia?

EPRI Study. Purpose —to compute ERCOT System Inertia Constant H From
Frequency Response During 42 Unit Trips Having 0.1 Hz or Greater Freq.

Drop.

1. 2
HZEJCOS _l(Ja)S)oa)S_l{ — AP, } s
Prated 2 Prated dwg /dt | Prated
’ _l{—AP } o ~ APy, 24, — APy, o
2| Prated (da)s / dt) 2Prated 27 (df / dt) 2Prated (dfs / dt)

H has the units of seconds. The correct interpretation is that the kinetic
energy in the equivalent system machine corresponds to H seconds of rated
power. Thus, the machine could provide rated power for H seconds, at which
time it would have spun down to zero RPM.




Select A Disturbance

(2]

W Y L1 y 2 L L1 PR T T O e A s it T T S ,_._._.,,'-"‘"a_rz_“J"'Stat”S
Standard Chart ﬁﬁ 'iE Asset Name |Status |Last Change

O
60.087 Boeme_TX Good 2:34 PM
Houston_TX Good 2:34 PM

Frequency

* Events

59.576 * Alarms
2/1/2011 4 PM 2/1/2011 8 PM 2/1/2011 11 PM 2/2/2011 2 AM 2/2/2011 6 AM 2/2/2011 9 AM 2/2/2011 12 PM « Search




776 MW Generator Tripped*

(2]

1 Minute v | 2 6:15 AM i B 6:30 AM | Jb €& T Status
e I 1 A i f
Standard Chart ﬁ ‘E’? Asset Name | Status | Last Change
60.038 Boerne_TX Good 2:34 PM
Houston_TX Good 2:34 PM

Frequency

¥ Events

59.841 * Alarms
6:24:00 AM  6:24:05AM  6:24:10AM  6:24:15AM  6:24:20 AM 6:24:25 AM  6:24:30 AM 6:24:35AM  6:24:40 AM  6:24:45 AM 6:24:50 AM  6:24:55 AM B carch




Real-Time P, — P, Calculation

2/272011] . ©
1 Minute » | .3 . 5:15 AM [ {6:30 AM > Status

e [ el
Standard Chart B Asset Name | Status | Last Change
60.038 Boerne_TX Good 2:34 PM
Houston_TX Good 2:34 PM

Frequency

¥ Events

59.841 * Alarms
6:24:00 AM  6:24:05AM  6:24:10AM  6:24:15AM  6:24:20 AM 6:24:25 AM  6:24:30 AM 6:24:35AM  6:24:40 AM  6:24:45 AM 6:24:50 AM  6:24:55 AM B carch




Measure Frequency Change

1 Minute » | 3 e 5:15 AM [] {6:30 AM > Status

e [ el
Standard Chart B Asset Name | Status | Last Change
60.038 Boerne_TX Good 2:34 PM
Houston_TX Good 2:34 PM

Frequency

¥ Events

59.841 * Alarms
6:24:00 AM  6:24:05AM  6:24:10AM  6:24:15AM  6:24:20 AM 6:24:25 AM  6:24:30 AM 6:24:35AM  6:24:40 AM  6:24:45 AM 6:24:50 AM  6:24:55 AM B Search




Measure Time Change

1 Minute » | 3 e 5:15 AM [] {6:30 AM > Status

e [ el
Standard Chart B Asset Name | Status | Last Change
60.038 Boerne_TX Good 2:34 PM
Houston_TX Good 2:34 PM

Frequency

¥ Events

59.841 * Alarms
6:24:00 AM  6:24:05AM  6:24:10AM  6:24:15AM  6:24:20 AM 6:24:25 AM  6:24:30 AM 6:24:35AM  6:24:40 AM  6:24:45 AM 6:24:50 AM  6:24:55 AM B Search




df/dt Calculation

27272011 . ©
1 Minute v | :3i: o I 6:15 AM [ {6:30 AM . I |> ¢ T Status

Standard Chart ﬁ‘ﬁ E‘ﬁ Asset Name | Status | Last Change
60.038 Boerne_TX Good 2:34 PM
Houston_TX Good 2:34 PM

Frequency

¥ Events

59.841 * Alarms
6:24:00 AM  6:24:05AM  6:24:10AM  6:24:15AM  6:24:20 AM 6:24:25 AM  6:24:30 AM 6:24:35AM  6:24:40 AM  6:24:45 AM 6:24:50 AM  6:24:55 AM B carch




Estimated Generation Lost

- df/dt = -40 milliHz/second
- H =9 seconds

* VA ... = 60 GW

* fom =060 Hz

- 2-(9sec)-(—0.04Hz/sec) - 60GW

Fim — Fe = 60Hz

.+ P_—P, =720 MW




Already Installed PMU-Capable SEL
Devices in Each Grid

P

Eastern o
Interconn ctio‘(

Western

Interconnection

_ >125,000 units
>40,000 units

>18,000 uhnits
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SEL Synchrophasor Building Blocks
nasor Measurement Units

] SEL-421 SELT51A SEL-787 SEL-700G
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SEL Synchrophasor Building Blocks

DENF:] Visualization and Analysis
Concentration

SYNCHR
Secure Communications
s SEL-3373 NI“IINI“ & SEL3031) || [em: SEL-3620]-c
,:] SEL3025 i mn i

Control
Solutions
SEL-BBLB Satellite Clocks

SEL

)

SEL-2404

% SEL-3530

]SEI:2407




https://www.selinc.com/synchrophasors/

@

Learn more about SEL's industry-

Tl
«.*}I leading customer service and warranty.
&‘k\x_ﬂ“

Technologies
Safety

Economical

Products

Applications

The Synchrophasor Report

FAQs

Ask the Synchrophasor Team
DNA (Distribution Networlk Automation)
SEL Govemment Services
Smart Grid Solutions From SEL
Application Motes

HOW CAN SYNCHROPHASORS
HELP SOLVE YOUR POWER
SYSTEM CHALLENGE?

ASK THE
SYNCHROPHASOR
TEAM TODAY b

SEL Disturbance
Recording System

Meets NERC PRC-002-2 draft

Synchrophasors Overview

Synchronized phasors (synchrophasors) provide a real-time measurement of electrical guantities from across the
power system. Applications include wide-area control, system model validation, determining stability margins,
maximizing stable system loading, islanding detection, system-wide disturbance recerding, and visualization of
dynamic system response. The basic system building blocks are GPS zatellite-synchronized clocks, phasor
measurement units (PMUSs), a phaser data concentrator (PDC), communication equipment, and visualization
software.

Typical Synchrophasor System Architecture

Independent System
Operator (1S0)

st AV: " POC
SEL-5073 Software

s WANe Central
Wisualization and
Analysis Software

Substation SEL3620 Securlty Galeway Utility Control Center
sncemoWAVE" POC

SEL:3373 Station PDC E SEL-5073 Seftware
SEL-3620 Security Gateway
I - -
- PMl Bl
GFS Clock

Other Substations

syuasoWAVE Central
Visvalzation and Analysis Software

A complete system includes GPS clocks, PMUs, PDCs, secure communications, and visualization
software.

Why choose SEL?
* SEL has a comprehensive portiolio of
products fo create a complete solution that
meets your needs.

* SEL relays include PMU capability free of charge.
This makes SEL systems economical and easy to
implement.

» SEL has experience implementing systems
worldwide and guarantees all products with a
ten-year warranty.

= The SEL Engineering Services Division can
design, install, and commission your system to
meet your schedule and budget.

[ New to SEL synchrophasors? Check out the FAQ.

SEL University Training
SYS 310—Modern Synchrophasor Visualization, Control. and Analysis
In this two-day, hands-on systems course, you will learn, step-by-step, how to configure a modern
synchrophasor protection and control system and how to identify specific system instability conditions.




PMU Snapshots

Relay 1 Date: B2/26-.2013 Time: 14:54:14_.804
Station A Serial Humber: 28084342280
Time Quality Maximum time synchronization error: B.800 (mz=> TSO0K =1
Synchrophasors
Phaze Uoltages Poz. Sequence Uoltage
1]3] UB uC Ui
MAG <kU> A.741 a.78%9 A.855 A.835
ANG <DEG> ?1.727 2.7 23.827 —-44 573
I Phase Currents I Pos. Sequence Current
IA IB IC 11y
MAG <A> 278 .365 62 .77 L2.277 74480
ANG <DEG> 65.338 22177 21.954 68.756
I3 Phase Currents I Pos. Segquence Current
IA IB IC I1%
MAG <A> 42 862 37.681 J6.293 2.178
ANG <DEG> 22177 78.608 21.135 118.375
IS Phase Currents IS Pos. Sequence Current
IA IB IC I15
MAG <A> 317.281 188 ._449 88 .568 Yh.918
ANG <DEG> 68 .835 71 _588 21 .6179 62 .089

FREQ <Hz> 66.884
Rate—of —change of FREQ <Hz./=z> B.498



Easily Identify Errors

Aaynchrophasors

MAG [EV)
ING [DEG)

I Phase L
In IE IC
Mis (&) 1975.296( 2008.109 1991
LNG (DEG) -b3.508 176,186 S56.690

Connected 0:04:54 Auto detect R7R00 §-

ayvhchrophasors

LG (KV)
G [DEG)

IE IC
MLG [A) ) 1997.885 1993 .773
ING (DEG) : -121.951 -1.792
= |

Connected 0:02:22 Auto detect B7R00 8-M-1 SCROLL




Check CT Polarities, Phasing, and Ratio

Transformer
Relay




Find Problems
With PTs, CVTs '
and CTs 090 {5

0.98 |

* Discover loose | i

connections in 14 o
06:10 AM 06:20 AM 06:30 AM 06:40 AM

potential circuits (35 minutes)
Voltage Magnitude

* Detect CVT drift -
and future failure

* Prevent future | LW
outages and T e e e s
04:37.33.5 AM 04:37.35.5 AM

Voltage Magnitude

m|SOperat|OnS (4 seconds)




Samples Time Stamped +/- 5 microsec

IAW IBW ICW
o
T T T

™

250 4+ " %

200

100 -

IS R R R R R A N O I

VAY VBY VCY
=
|

-100

+,

I | i | e 4 I | | L e Jlf"/| L e I.--ffl*'| |

15.455 15.460 15.465 15.470 15475 15.480 15.485 15.490
Event Time (Sec) 11:46:15.470584

..|‘"|~-|. -+'1—...I i |




NERC PRC-002-2
Disturbance Recording

SOE FR DDR
Data| Data| Data

=
-
4« »
-

Satellite-Synchronized Clock




Advanced Event Analysis

2500

EEEE /\ | /\ ] /\ _ /\ /\ ] f\ WE'E R Events

e a g SEL31LL

500 26/2013 3:25:50 PM
o 1:1A 229,

-500

_1000 | 1:1B Location: Relays

-1500 : FID=5EL-311L-R102-V0-Z001001-D20010820
-2000 1 .

Frequency: 60 Hz Samples Rate: 961 Samples/Second

-2500
50.558374 50.608371 50.658380 50.708377 50.758374

150 Relay Settings Adjust Time

= OAAOREA A A A — A AV
EATATATAVAVAVAVATATAVAI N0 076 06 i 076 i 076 A & ATATAVAVAVAVATATAVAVAVAV BV
WA AP

-150
50.558374 50.608371 50.658380 50.708377 50.758374

90 ®WHEE®
# 005X 1 2L OAD  ——————————

. Displayed Quantities ),-’"H-LH"‘* 1:TRIP87
. 1:TDTY
Colo Name 'Mag |Am_|le / \\ 1:5V1

1:HDTX
| 1:18.F| 200.46 | -163 I ‘(‘ - L:R87LG ! »
B | 1:18.F | 1869.2 | 21.32 | D ! User Defined Calculations
B | 1:1C.F | 1840.5 | -159 : 1:0UT104 :
[1:va |134.19|-163.5 T | I0=1IA+1B +1IC
B | 1:vB |84.05 |87.05 1:FTBC

1:FIDEN
B | 1:vC |83.981|-44.28 1:F32Q

-100

. Chart Options

L RN ]

A Displayed Quantities

Colo Name Mag |Angle
[1:11.P] 613.5 |-159
| 1:12.F| 613.5 |-159
| 1:10.p| 613.5 |-i59

B | 1:v1 | 27.994|-44.28

B | 1:v2 |27.994|-a4.28
|1:v0 | 27.994 | -44.28

1:32QE
. Chart Options -~ - 1:202L0G !
AL _na_ . WE 50.558374 50.608371 50.658380 50.708377 50.758374

-

Data Export  Printscreen
—




Improve Understanding of Events
Example — 10:23 p.m. July 14, 2012

Improper relaying on Grizzly-Ponderosa 500 kV

e

3 Minutes = J10:00 pm 10:15 o [ W [10:30 PM 10:45 PM i:o0em [ @5 * Status
Standard Chart Go'E% - Events
x [llBOISE_ID 4+ oltsge 1 Angle > "BOTHELL WA =" Name Time
17.9%8 Improper Relay Operation 7/14/2012 10:22:55 PM

= Alarms
> Search

Search ' Saved Searches
Asset Reference Parameters

Voltage 1 Angle

8.301 Voltage 1 Magnitude

Freguency
M e
5.876 Voltage A Angle

10:21:30 PM 10:22:00 PM 10:22:30 PM 10:23:30 PM 10:24:00 PM q

Voltage A Magnitude

Standard Chart oo'E'x

x [l Pullman_wA | + Frequency ~
60.013

Voltage B Angle
Voltage B Magnitude
Voltage C Angle

Ay
W’m W o M Voltage C Magnitude

59.889 5 5 h s H
10:21:30 PM 10:22:00 PM 10:22:30 PM 10:23:00 PM 10:23:30 PM 10:24:00 PM T o

New View " Data Export  Printscreen

cal intranet | Prote




Eastern Interconnection Transient
3:06:48 a.m. July 21, 2012

10 seconds ~ | iz <pu [9:22 AM
tandard Chart

+
60.017

60.004

I 59.998

andard Chart

127.03

+ | x [Atanta GA x [ Chicago_IL x [ |Stiouis MO x [l Charlotte NC

x [l Atanta_GA  x [l Charlotte_NC 3 [ ]St ouis_MO

‘9:2.3 AM ‘9: 24 AM

Ig: 25 AM
x [ Chicago_IL

[9:26 AM

o

//“\}/ \\
[ |V \
I/'f.l / \N\\N\\wv\J

[

e

9:27:52 AM 9:27:53 AM 9:27:54 AM 5:;27:55 AM 9:27:56 AM 9:27:57 AM

it "2 3¢ |Phasor Scope

9:27:58 AM

9:27:59 AM

9:28:00 AM

> €
ikl

Frequency =

NI A A
M i AN

5:28:01 AM

124.91

I 123.85

9:27:52 AM

‘Voltage 1 Magnitude =

Va

9:27:54 AM 9:27:56 AM 5:27:58 AM

9:28:00 AM
EAST

ﬁ\kﬂg =
4/23/2013 9:28:00 AM
+  Add Asset
Quantity Selection
Voltage 1 Angle
Reference Asset Selection
StLouis_MO -
x [l Atanta_GA -54.42
x [l Charlotte NC  31.51
x [] Stiouis MO  0.00

x [ Chicago_IL 22.85

Data Export




Generator Trip
9:21:00 a.m. May 14, 2012

1Minute = L& ©: ) [9:23 AM | [9:24 AM | 25 AM ©: 3 27 AM [9:28 AM : . o : p1am | pazan | 4> v

tandard Chart oo ‘Ig %

+ | x [lAtanta_GA  x [l Charlotte NC  x [ ]SHouis_ MO  x [l Chicago IL
59.995

Frequency ~

i il w,jl”',,l. e lf‘lr‘\“ﬂ Il*ﬂ‘“'"

e -_‘

iy
| " K_' L- III.I.'J' ” h\hl.‘ l’“t "‘YL \ l}[n;.::l"l-l.!h
Jl Il .ﬂh 1. r”ﬁr'.'\t H! pol

|

59.936
9:32:04 AM 9:32:08 AM 9:32:12 AM 9:32:16 AM 9:32:20 AM 9:32:24 AM 9:32:28 AM 9:32:32 AM

9:31:36 AM 9:31:40 AM 9:31:44 AM 9:31:48 AM 9:31:52 AM 9:31:56 AM 9:32:00 AM

New View EAST " Data Export | Printscreen




500 kV DC Line Trip
April 20, 2012

(2]

|3:39PM |3:40PM ! 3:ﬁ> L%

=

=il

|B:34PM |3:35PM |3:36 PM

tandard Chart
Frequency ~
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Data Export Printscreen
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/50 MW Generation Trip
July 8, 2012
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Wide-Area Visualization

5 21.!3'5{1@3_2
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Modal Analysis
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118.74

e

> Status
Asset Name
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BOISE_ID
BOTHELL_WA
Boermne_TX
CHICAGO_IL
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DETROIT_MI
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I IRVINE_CA Good
KINGOFPRUSSIAGood
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~ Events
Name

‘Status ‘Last Change l_.
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Good
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Error

Time
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* Alarms

b N Vo High
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~ Search
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Frequency
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Save Search




Instant Feedback After
System Changes
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[an} E‘ Pictandard Chart
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Distribution Planning and Improvement
Example

Detection of loose fuse caps,
oose connections at safety switch or termina
cabinets, and animal damage to wiring

2:00 PM } J s:nnp1>i
e

11/28/2012
(9300 AM |10:00 AM [12:00 PM
Voltage' T Magnitude >

10 Minutes ~ < }4
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x [[7]Houston_TX
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Data Export | Printscreen

New View



Study the Impact of Renewables
Example — 7:13 a.m. January 7, 2012

Sudden high frequency oscillation — cause
under investigation (an inverter?)
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See Information That SCADA Misses
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System Reconnection and Restoration
Example

Frequencies of three islanded systems

1:28 PM 1:30 PM :1:31 PM 11:32 PM




Analyze

the

Communica-
tions Network
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Model Verification
Example

Observe inertia (H) from generation rejection event

1 Minute ¥ 45 <| 10:15 AM [10:30 AM Joasam I |11:00 AM A1:15 AM 11:30 AM |> €'+ status

x [l Stationl  x [ |Station3  x [l Station5 | + Frequency * =
59.98 s

Asset Name | Status | Last Change
500kV_Linel Good 6:59 AM
500kV_Line2 Good 6:59 AM
Gale_Crater_Station Good 6:59 AM
Opportunity_Station Good 6:59 AM
Spirit_Station 6:59 AM

B stationt 6:59 AM
Station2 6:59 AM
Station3 6:59 AM

A e
’ M I Stationd 6:59 AM

StationS 6:59 AM

59.89

10:52:55 AM  10:53:00 AM  10:53:05 AM  10:53:10 AM  10:53:15 AM  10:53:20 AM  10:53:25 AM  10:53:30 AM  10:53:35 AM  10:53:40 AM  10:53:45 AM  10:53:50 AM Events

x [l Station1 | + Voltage Angle 1 ~ ' 'Station2 ~ =

TR Name Time

Generator Trip... 11/2/2011 10:53:24 AM
230kV line trip 10/31/2011 11:08:49 PM
500kV line trip 8/12/2011 4:08:27 PM
Thermal Plant 2/2/2011 6:25:00 AM

10:52:55 AM  10:53:00 AM  10:53:05 AM  10:53:10 AM  10:53:15 AM  10:53:20 AM  10:53:25 AM  10:53:30 AM  10:53:35 AM  10:53:40 AM  10:53:45 AM  10:53:50 AM

New View Modal Analysis System Voltage Stability Critical Buses




System Settings
Example — January 18, 2012

Modal analysis shows marginal damping
prior to unusual system events, led to power system
stabilizer settings changes

|La
2:
2:
2:
Z;
2.
2:

PR EEEE]
zoﬁzoococozoo!&
T3 R
bR S i S S i i S S 4

jgogogonooie
aaaaajaaaaaaaaaag




Anti-Islanding Example

Implemented with Florida Power & Light
Required for IEEE 1547
Must disconnect DG within 2 seconds

Options include

+ Transfer trip
+ Vector shift

+ Injected signal




Architecture With Synchrophasors

Bulk Power Distribution Inverter-
System Power System Based DG

[. Igg} SEL-451
- | |
| |G

Relay Data T

s£1-3378 |
= ] Control Signal




Wide-Area IDS Uses Slip and
Acceleration for Islanding Detection

AcceAIeration

Islanding
Region

Slip Frequency

Normal
N Operating
Islanding Region
Region




Wide-Area IDS Detects Islanding During
Minimal Power Exchange Conditions

Adiff Slip Acceleration

VA
(DG)

Diff Slip_Calc Acc_Calc IDS WA

- Ang1
Ang2
AV = Slip_in
(RMT-SRC)

Delta - Delta_in Slipi-¢- Slip_in Acc - Acc _in IDST—
OR HDGT

>
AV

* Synchrophasor data are sent from the DG
and remote source

* SVP time-aligns and makes coherent data
avallable to logic




Responsive to All Conditions

Utility Network

OOt

Generation




Responsive to All Conditions

\ Heavy waer Import

>

Seconds

P.L/Pg

Generator Protection (voltage or frequency trip)
— Islanding Detection (local-area measurements)
Islanding Detection (wide-area measurements)




Big Creek Controls Rector
___Static VAR Compensator

-

MAMMOTH POOL BIG CREEK 8

_ u BIG CREEK 2 & 2A

- - BIG CREEK 1

¥ EASTWOOD




Closed-Loop Control at Big Creek

Stabilizes Voltage
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Transient Stability
Control

ANG

CFE Mexico




CFE AGSS System

400 kV

National
System A3130

Chicoasen \L Sabino Angostura | Tapachula

(MMT) rT\ (SSB) rT\ rT\ (ANG) City
1

4 1

T 400 kV
115 kV Network

Southern
Region Load




Simple Synchrophasor
Generator-Shedding Logic

Remote Phasor

Angle, Chicoasen
Local Phasor Angle ;é)i + Pu Trip
— Selected
> 0

10 Degrees Generators




Wide-Area Protection at Relay Speeds
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230 kV Backbone Connects Countries
From Guatemala to Panama

Mexico

.Tepachula Honduras
.Los Brillantes

Moyuta
Ahuachapan Nicaragua

¢ Agua Caliente
El Salvador e Sandino

Aguacapa ¢ e

Guatemala ¢

e Ticuantepe

Costa Rica S




Guatemala Wheels Power From
Mexico to Central America

Belize

\G;atemala
MeXxico

Tapachula

THP  {(Los Brillantes

LBR  Moyuta
o—e._ MOY
Q

Honduras

Ahuachapan
AHUA

Aguacapa
AGU El Salvador




Supplementary Control Scheme (SCS)
Trips Interconnection to El Salvador

Aguacapa

d

El Salvador




Oscillation Stability Assessment With
Resulting Control Action Displayed

60.2
60.15
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Traditional Control to Isolate Line

Master Control

Bus 1 Bus 2

;%; | 220 kV 206 kV |
Tap Down Close Capacitor/P




Traditional Method Causes Disturbances

230 Transmission Bus Voltage (Bus 2)

kV 215 (

200
14.50 [

Distribution Bus Voltage (Bus 3)

kV 13.25 .L,__'_,__'__,_,_,r\_‘_\_\_‘“

12.00 . : :
30T Transformer Tap Changer Position

25 |

20
'] «— Line 1 Breakers Open

AMEEE A Capacitor Bank
Phase B Switched On

Phase C

0 10




Time-Synchronized Control in Action

B1 B2




Synchronous Control to Isolate Line

Master Control
Local Local

Control Control

Execute Recipe
Simultaneously

Bus 1 Bus 2

;g; | 224 kV 224 kV |
Tap Down Close Capacitor/P




Recipe Method Minimizes Impact

230 Transmission Bus Voltage (Bus 2)

kV. 215

200
14.50

[.)istribution Bus .\/oltage (Bus 35

kV 13.25

12.00 . . "
301 Transformer Tap Changer Position

25 No Tap Action

20

<«+— Line 1 Breakers Open

Capacitor Bank
Switched On




Directly Measure the State

Synchronized
BDEF!

Detect bad data

Average
EEREI R ERIS

Determine topology

Calculate V at
adjacent stations:
V=V +/Z




v 30 11:2I5:45 ﬂ:ﬁi:ﬂﬂ 11:26:115 11:26:30 11:28:45 11:2;:":90 14:2615 11:‘2.?;311 11:2:.-':45 112800 112815 112830 11:28:45
| — TSHYDRO GF1 — TSWECC GF2 |

SRP Operator Closes Tie Based
“[Fe&ms” | on Synchrophasors, 2004

VALPM
L VBLPM
ONCLPM
1 TS WECLC GF2
] VILPM
S [7] VALPM
] VBLPM
] VCLPM

VALPM

VALPM

Reference Station
Station TS WECC GF2




What if | Have Multiple Tie Points?

Utility
Ties

.~ Remote
Tie

Local :
Generation i Refinery




|
! |
Lo L !
_ L 1
_ RS S |z i
1 1 T " | @ |
| _ et T
1 1 . " I"IIE _
1 1 1 . _ .a.l. _ | |
' 1 1 1 N 0 _ _ _
1 1 1 1 1 o4 | R _ |
e B
_ - | _ _ ! ! | ' -r---4 ! 1 i
1 1 -l - 1 1 . ] 1 ' 1 ! _IIII._.III ] _ .
_ _ | O | : _ " ' 1 1 H R o
1 . I : _
‘ ‘ : i ol = " _ | | | | " |-
_ _ _ | _ .. | _ _ ' 1 ' 1 N
] ' 1 ' N L1 ! I H ; | | _ -
I ! 1 I B L . _ | | 1
o g o
_ - | | | ! 1----F-- ' =
e . Ly | B | _
_ " » | 1 | _ " : i R e =
_ _ _ | s | _ _ ' ' ! 1 (i o
" " " 1 1 — ! " . " | " _ | )
1 . i) |
= | I \ H i il L. ! . . | | " 1
] ! 1 1 ' ' o4 - ] _||||_|| ' . _ | | 1
L. Fr=-=-=-=--- 1 1 1 I B a w 1 . III_IIIIh _ _ _ |
. | L _ : N o = [¥u] 1 ! 1 i B 1 ! 1 L 5 L
3t _ i _ = = . ' . i Al 3
i ! 1 1 PSP ' i = ] 1 ! 1 . _ | o 13
] ! 1 ' 1 e o o _ _ _ _ _ _ _ _
1 ' 1 ' ' — = & 1 ! 1 . _ | | _ .
[ 1 1 1 1 ' ] — - | _ _ _ | | | I —
[1k] 1 ' ' 1 1 i) 1 ! f . _ | | _ .
= | ' ] ] ] ] |._.||||_| ' . _ | | 1
: N | | | 3 ] ' r SREEEEEL ' ! ' ! o
| i _ .. ] _
= _ e " oo i | ! ! _ e | & L o
fa} 1 1 1 =" 1 .. — ] ' 1 1 i ._.IIII-II|I_ : £ :
a _ _ | | HE - _ ! ! ' ' ' . R =t h o
z | " " _ 1= S0 N )
1 ’ ; | .
=1 ' 1 1 1 | B ) . . " _ " _ | | B
@ ki ' ' ' I’ o Frmmmr . : _ _ _ |
: - _|| _ _ | O ' "|||||_||| 1 ' ' . 1
1 T i _
1 | P | 13 = ' ' ' A ! N
_ _ | 1 | i 5 _ ' ' 1 ' Te====F- 1 -
1 ' ' ' o S = ' ! ' . : | o :
_ _ _ _ |2 2| " _ , ! i i T =
1 1 1 1 M a— 1 1 i _ | 1%
1 F _ _
Li__ " " " " .2 M- |d_.||||_ " " " | " " -
- ] | _ | = E 1 F-=-=-a--- 1 1 ' N ' i
| - 3 _ e ﬁ — ' ! ' —r----f- ] ' f ' [
| _ o 3 | o g = ] ' 1 1 III_IIII_ 1 [ B (]
_ _ | 1 |3 ; 5 _ ' ' ' ' o] — b
1 ' ' 1 e [~ ] ' ! ' ' i _ _ RE :
_ _ _ | | : | " _ . ! " 1 ' - =
_ _ . T~
_ _ " " s R NN |3
Lo L . | _
» : | | " H S S ' H 1 . o = o
| o ! _ 1. ' ' _|||+|||| ' ' 1 O 3
_ _ - | | A _ ' ' 1 e ma- - ' ' F L = L
_ _ _ 1% {5 | _ _ _ ) I o [ |
| ' ' 1 - = ' ' ' . ; | ¥
_ _ _ _ Is A R
T . 1 1 N 1 ! I H ; | | _ ¢
=] ¥ h | ] \ ! . . ; | | |5
= = g . 1 L . i _ | | s
= 5 8 & & S IR
L _ i _
2 . & &8 8 AR R S S R _—
[} il ] = 1 1 : : i _ :
ol ] = L =2 : ' : : _ I
— =) o L L , ! . . _ | _ ]
— =+ o c| =2 T | . . : | _ |¥
— LR (=1 L] ; - _ _ _ i
= =1 2 - 3 . —
[T = . 2 . . _
; : . + ; . .
& 583 " 3@ s 5
m oW o m 5@
Yy}
@ =i
e} |
.m L
A o
=
(]
) m o
Tl ) Mall- ¢
e ¢ I
] o L &0
1] R U
| & = N
T — a E E
w OO
= N ._._|
| g O y
[
= A— v | |
| rill ¥ @ I
| i ] 1
-I [TW)
| o
Cl ([
l“ o
— 3
= | <
= d
| o
| =
| =L
u L
< n m .
| [TW)
| [u
| Ll
| [T
| =
£ b O )
w u [ ]
:  —
& GD_
el
=
n.- L
ﬂ 3
. =
5 ™ &
w 4
= W
LL L0 g
g d
o




Utilities Are Operating Closer to the Edge

Operating
Point




Long Island: Monitor Angles Between
Transmission Distribution Buses to
Detect & Prevent Voltage Collapse

_Bldg! amplon, NY
} -l

_(1-sin()) V,?
~ 2cos(8)’X
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