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Oct. ‘09 — Oct. ‘19
Looking Back over the Last 10 Years

2009 — Kicked off synchrophasor 2015 — DOE FOA970 Kickoff

initiative; DOE SGIG kickoff; 2017 — DOE FOA970 Demonstration
2012 — Began standardized relay/PMU Linear State Estimator v2.0

sensor deployment 2017 — DFR PMU Conversion begins
2013 — DOE SGIG Demonstration Total transmission system coverage

Linear State Estimator v1.0 2019 — Scaling towards Sustainability

released as 055 High Performance Analytics Sandbox for
2014 — CERTS Synchrophasor Data Use Case Development

Conditioning and Validation
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2009-2013
SGIG Demonstration Project
Three Phase Linear State Estimator & It’s Applications

Overview

/,_\ U.S. DEPARTMENT OF

@ ENERGY
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* Installation of PMUs

« Development of WAMS
« Application Development & Testing J Dominion
* Linear State Estimation
o CTPT Calibration

* Islanding Detection

* Imbalance Monitoring
 Real-time Visualization Applications e

@ VirginiaTech
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http://www.energy.gov/

SGIG Demonstration Project
Three Phase Linear State Estimator & It’s Applications

Deployment of 80 PMUs to the

Dominion Energy 500kV Network

500kV Substations = 21
(70% of total)

500kV Transmission Lines = 35
(75% of total)

500kV Transformers = 28
(20% of total)

500kV Circuit Breakers = 110
(85% of total)

230kV Transmission Lines = 12
(5% of total)

Substation PDC

2009-2013
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2009-2013
SGIG Demonstration Project
Three Phase Linear State Estimator & It’s Applications

Substation 1 Phase A Voltage Magnitude

Created the first three phase linear
state estimator

[ 777777
|

« Demonstrated at Dominion Energy in e AT e
J W "\ |
2012 and 2013 *ﬂwwhwmmmm:ﬁ “w/tw‘: z
« 80 PMUs w/ over 600 phasor quantities "’\ Mf\,w‘ il \”J‘ ; TS ® @& = \
*  Network Model contains: _
. . 1 | |
e 107 CII’(?UI'[ Breakers i JWMW*\'\MH M VA A W ‘WW EEl :
* 216 Switches |
* 329 Nodes Substation 1 Phase A Voltage Angle =) ql
» 28 Substations = |
« 30 Transmission Lines |
. |
« Fully integrated topology processor — - j
e LSE vl released open source —— Sub 5
. . —— L
 LSE vl commercialized by vendors —
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2009-2013

SGIG Demonstration Project
Three Phase Linear State Estimator & It’s Applications

Real Time Visualization

Dominion
Energy-




2009-2013
SGIG Demonstration Project
Three Phase Linear State Estimator & It’s Applications

Network Applications
Sequence Component Monltorm%

Negative Sequence Voltage INegative Sequence Curre

Instrument Transformer Calibration

Bus 1 Bus 2

I Al\ Line 1-2

% I ‘ g Islanding Detection —

V2/V1 Ratio as %
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2013

Streaming Synchrophasor Data to PJM

Sharing data with PJM

120.00% -

100.00% -

Top performing data

quality in 2013 80.00% -

60.00% -

Developed custom i

automation for naming zo.00% -

translation & phase
angle rotation -
released open source

0.00%
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Daily Average PMU Error by TO, December 2013
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Oscillations
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2012
Some Early Wins
Instrument Transformer Failure

HA-phase

S3T7.8kW
B-phase

S3T.9kKWV
C-phase

S3T7.6kW

iy aT
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45 minutes Dominion
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2013
Some Early Wins
Looking at Faults
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2012
Standardization of PMU & PDC Deployment

« PMU & PDC deployment was . . Relay-PMU
standardized in substations where 2019 Totals EoTvog:Iw

new construction took place.

Frequency 1 600
Substation PDC
DFDT 1 600
S Stand-alone PMUs
e _m Status 1 600
PRSWSE SEL-3373 D

Dualuse PMUs PDC N e Voltage Magnitude 5 3,000
—m Voltage Angle 5 3,000
m O s Current Magnitude 6 3,600
Current Angle 6 3,600

e This created an automatic Digital 0 f—

mechanism for growing the number Analog 0 0
of PMU measurements Totals 2% 15,600
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2012-2014
CERTS Data Conditioning & Validation Project

Oscillation, Complex Voltage, 30% Dropouts

« Collaboration with i Connnd * Smoated
Dominion, Virginia Tech, B o
and LBNL CERTS Data Conditioning &

Validation Project =, )
e Improved LSE Technology g
@) VirginiaTech 9hnmininn % :.L:‘, . o
o ﬂ"q;g

« Created real-time active Raw Measurements o Sy

data Conditioning Optimal Smoothed Estimate i3 ‘-";(c% 5:9

 Released open source

14
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2014
Operator Training Simulator for PMU Visualization

e ————— [a]i]
08832 |1 ||

Operator-In-Loop

Electromechanical & Electromagnetic .
Runtime Controls

Dynamics 72N

Closed-Loop
Relay/PMU Interface

Virtual PMUs Streaming Data —
Visualization

Software ; E:g?;gn



2014-2019

Relay Technician Training Courses
How Does a PMU Work?

Time Synchronization

e Dominion has a world What are Synchrophasors and PMUs?
class Relay Tech SrrcinoReer
Program « Synchronized Phasor Measurement ‘ ] T e
i | : 2 4 450 . processor

 Relay Tech’s

commission all PMU |
Dominion PM US * Ehasor Measurement Unit A Phasor Measurement Unit (PMU)

is just a meter...
How Does a PMU Work?

i Step 6 course teaches: Time Synchronization Like a multimeter is to voltage,
Substation A Substation B current, resistance, etc...
PMU fundamentals I o Mdmemvare a PMU is to a phasor.
 Why PMUs matter to S enco
Dominion :

Sy auo zod sampling clock pulses
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2015-2017

DOE FOAQ:ZO -.a.'.*.':.t..x.'..*..'a.! NovthiWestern ﬁ OGE = -
Energy Dominion

openECA

17

ohp,,..., (@i
T&D Consulting Engineers @ VirginiaTech @M ponies,, =

DOE FOA 970
‘DE-OEQ000778
Develop an open gl
P _p phasor data |[S®¥A platform
source real'tlme Extensible Control & Analytics . ,
. Data Modelin, e Dat;l‘;‘hglljt
control and analytics T L
platform based on , “@ AT
. . | I.im::ar State : oSl 1 Server Client -l Rea!-t1we |
Grid Solutions == = - B- o
— ’ Common : @
Framework [ o= omereton W) o Analytics ol o |

. _ B Interface

Vendor Tool

Develop and test 10
applications with
project partners
Technology
improvements to LSE

IEEEC37.118/ &
IEC 61850-90-5

suolpun4

Configuration

oo ' : 2>, Dominion
Data ” Energy:



openECA

2015-2017

1 Network Applications from Dominion + Virginia Tech

» Topology Estimator
» Local Voltage Control

« Regional Voltage Control

« PMU Synchroscope

e |nstrument Transformer

Calibration
e Transmission Line

Impedance Calibration -

 Real-Time Impedance
Calculator
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2015-2017

openECA
LSE v2 & the openLSE

New Features

» Built-in topology estimator

* Built-in-performance metrics
» Performance improvements for large systems
* Modeling automation
 Packaged and installable
* Improved offline analysis

o520 -

 Integrated with openECA s £ it

« LSE Core v2 and openLSE available open KAt 657480
source B P B

Demonstrated at: - TESTES: 2

+ SPP

« TVA

 Dominion Energy

https://github.com/kdjones/openlse
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https://github.com/kdjones/lse
https://github.com/kdjones/openlse

DFRs Get PMU Functionality

2013 — DFR manufactures added PMU
functionality as a selling point.

2014 — Dominion purchases 3 portable DFRs for
synchrophasor deployment

2015 — Lab Testing with many vendors

2016 — Turning APP recorders on the feature in
the field
e 500kV and Power Stations

2017 — All APP Recorders turned on

2018 — Upgraded and turned on Emax DFRs
2019 — USI upgrades

2020 — Complete Emax and USI upgrades

20

2016-2019

Average Per
DFR PMU

1

Frequency
DFDT
Status
Voltage Magnitude
Voltage Angle
Current Magnitude
Current Angle
Digital
Analog

Totals

1
1
16
16
23
23
4
0
85

—
—
/—

DFR-PMU
EOY 2019
Total

280
280
280
4,480
4,480
6,440
6,440
1,120
0
23,800

Dominion
Energy*



PredictiveGrid Deployment

For storage,
visualization, and
engineering analysis of
bulk historical
synchrophasor data

Proof-of-concept in
2017-2018

Deployment in
AWSGovCloud in 2019
From contract to live

data and platform
ready in 3 months

Super users spread
across ET
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eam Visualizat 4  Name
1 etecti
@® General Tutorials - START HERE

- STA 2 days ago
B3 visualizations 2 days ago

N
A kevin-02.ipynb 2 days ago

2019

kevin-01.
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BTrDB Connection
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2019

PredictiveGrid & Synchrophasor Use Cases

Currently exploring a wide variety of use cases for parameterizing the
performance of the transmission grid.

Detecting Critical Operating Point

+  Approaching critical operating

condition (Hopf or saddle node {m
bifurcation), oscillation damping ;& M
decreases Dt

*  Autocorrelation coefficient
increases rapidly near critical
point, used as a metric

mn:M

ZIP Load Model Tuning

+ ZIP load model is widely used for load I'Jowfﬂe-ldy state studies
Q@ = ag + a;V + ayV?
+ Aim is to tune the model parameters online with PMU data
* Linear regression,
P(ty), ... P(ty) I
Qty), ..., QUtn)
* Challenge is that load is of the form,
(P, Q)scate (@ + @,V + azV'?)
Where we don’t have access to (P, Q)scqie data

90 ‘11-“2
ad.af.af

x

1,..,1
Vity), . Vita)
V() o, V()

Transient Stability Detection

+  The Lyapunov exponent (LE) is the
principal criteria of chaos and represents ) + &)
the growth or decline rate of small
perturbation along each main axis of the -
phase space system.
+  Positive value gives loss of synchronism
1 Iox(oll W
0 7B o)l SO0 iy
+  Done on voltage phase angle at
generator bus

Data-driven Voltage Stability Assessment via
Thevenin Equivalent

* Find load margin of each bus

* Equate external system by Thevenin E
circuit

* Voltage stability index based on
maximum power transfer on
equivalent system T

VZisaal = Zinen]

Ind =
& Zioaal

Skl = | (0N «

Estimation of Inertial Response

Mxf = Py = P
* Challenges P
- Poid with goemar reiponae) b a1 et
"asred

and ot dely event dat a madel It on - == " E—
i o s iebocas G e an ==
Fitbaeies

* Some anpmmn - l 1 ”
[ o e ——— | | e
mgreen

Mxf = i, &il ll‘_,-"/

T e e e et et | 1

= iy e sharges et e s i 40
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Angular Stability Monitoring

* To monitor steady state angular
stability (saddle node bifurcation)
using local line measurements

*  Voltage phase angle difference
across line has limited information |

*  Thevenin voltage phase angle
difference has been shown tobe a *
good observer

*  Monitoring it and comparing it to
normal limits found through
hls_wrncal data or heuristic limits e.g

F



Investing in
Collaboration



2009-2019

Value of Industry Collaboration

Pacific Northwest
NATIONAL LABORATORY

U.S. DEPARTMENT OF

o5 DI Lo e SR TS AT VR
SEL | encineering
LABORATORIES

. . GRID pr———
Pl n Th I n S PROTECTION THE UNIVERSITY OF
¥QAKRIDGE FINGININES  (@)ITE Py rENRESsEs
~ A AMIRICAN © SPP Southwest °
:}l '"| l POWER WA Power Pool OG/E

BERKELEY LAB BOUNDLESS ENERGY"
LLawrence Berkeley National Laboratory

Bonneville %> DUKE A Southern Com
POWER ADMINISTRATION pa ny
=rPRl ENERGY.

NERC

[
NORTH AMERICAN ELECTRIC

— .
RELIABILITY CORPORATION ﬁ Dominion

ELECTRIC POWER
RESEARCH INSTITUTE

24
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Investing in Student
Internships & Recruitment



2009-2019
Graduate Student Internship Program

e Dominion hires graduate student . i)
interns each summer to work on \'I{IIE%CI;-II NIA m

challenging and exciting projects.

THE UNIVERSITY OF

TENNESSEE

 Dozens have come in through the
program, many are now full time

engineers at Dominion all mttl KNOXVILLE
 The program has been active for 3 a
over 10 years QIFE'M;SSQN
WASHINGTON STATE

» Currently we take ~10 students
across all of T&D UNIVERSHY

Arizona State
* Applications for next summer are still - & University

up and available on the Dominion

. Careers website TEXAS A&

’ Dominion
UNIVERSI Y. ’Energy"f



WHERE DO WE GO
FROM HERE?



Next Steps for Synchrophasors in the SOC

* Experiment with
contemporary vendor tools
and technologies for

* Real-time visualization
e Situational awareness
* Resiliency

» Develop compliant data
systems to support operator
decisions

» Reliability Engineering
Operator training

28
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Next Steps for Synchrophasors in Big Data Analytics

29

Explore various ways to
parameterize the performance of
the grid

Develop robust engineering KPlIs

Scale engineering metrics
geographically and historically

Create feedback loops into the
business

-
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Next Steps for Synchrophasors in Closed-Loop Control

30

Wide-Area Closed
Loop Control?

Cyber security
Communication

Exploring IEC 61850

—
]
—

Dominion
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Next Steps for PMU & POW Sensor Deployment

More data to come...

« Distribution PMU et o Ny o
Deployment? . ] | RN

e 5G communication ] | :|
networks? | ‘. | A |

 Waveform Monitoring? T T
e Other sensor types? LT ' I T

» Bringing it all together _ - e "
with data fusion

31
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What Does the Future Hold for the Industry?

32
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Thank you!
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