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About ISGAN Discussion Papers

ISGAN discussion papers aidevelopeds input documents giimulatethe global discussion

about smart grids. Each is a statement by the author(s) regarding a topic of international interest.
They reflect works in progress in the development of smart grids in the different regions of the
world. Their aim is not to communitaa final outcome or to advise decisimakersput rather

to lay the groundork for further research and analysis.
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This publication was prepared for ISGAN, the IEA Implementing Agreement for International
Smart Grid Action Network (ISGAN), adoperative Program on Smart Grids. ISGAN functions
within a framework created by the International Energy Agency (IEA). The views, findings and
opinions expressed herein do not necessarily
participants, any of thesponsoring governments or organizations, the IEA Secretariat, or any of
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assumed for the accuracy, completeness, or usefulness of any information, appacuas, qr
process disclosed, and no representation made that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not neclyssanistitute or imply its endorsement,
recommendation, or favoring.
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Executive Summary

This discussion paper describes synchrophasor applications for wide area monitoring and control
in North America and Norwayilt is the result of a collaboration of representatives from the
United Statesand Norwa, enabl ed through | SGANA&s Annex 6.

A synchrophasor is a tirmgynchronized measurement of a quantity described by a phasor. Like

a vector, a phasor is a complex number that represents both the magnitude and phase angle of
voltage and current sinusoidal vedorms at a specific point in time. Devices called phasor
measurement units (PMU) measure voltage and cuaedtwith these measuremerdalculate
parameters such as frequency, real power (MW), reactive power (MVAR) and phase angle. Data
reporting rate for these parameters are typically 30 to 60 recpedt second, and may be higher.

In contrast, current supervisory control and data acquisition (SCADA) systeicelly report

data every four to six seconti®ver a hundred times slower than PMUs.

Measurements taken by PMUs in different locations on the network are accurately synchronized
with each other and can be tiraligned, allowing the relative phase angles between different

points in the system to be determined as directly measured quaiymehrophasor
measurements can thus be combined to provide
interconnection, allowing unprecedented visibility into system conditions.

The number of PMUs installed worldwide, as well as the number and type of grid operations

informed by PMU data and applications, have seen notable increases in recent years. The past six
years have seen a significant increase in the number of PMUs iistalec r o s s Nor t h A mq
transmission grid, from fewer than 500 installed in 2009 to nearly 2,000 today. This rapid

increase in deployment of PMUs was spurred by the 2009 American Recovery and Reinvestment

Act (ARRA), which funded federal Smart Grid Invesint Grants (SGIG) and Smart Grid

Demonstration Projects (SGDP), with matching private fulmdslorway, responsibility for the

depl oyment of PMUs has recently been assumed
division, meaning that PMUs are becomimgimtegral part of the grid information infrastructure

for system operations.

Applications

Advanced analytical applications are being developatdféatively analyze andtilize the vast
amounts of data being generated by PMUs. These applicationsregeibed to improve grid

reliability and efficiency and lower operating costs. Phasor data applications can be grouped into
two categorie$ reakttime and offline. This document reviews principal applications groups in

each of these categories.

Realtime applications support reatime grid operations by providing wiekrea visualization
and increased state awareness and resgimassel control applications that use +t&ale wide
area information teffectautomated control actions on the power system.-iReal applications



can furtheibedivided into the categories of monitoring and analysis (which provide visibility
into power system dynamics) and control (which support operator decision tools or automated
PMU-triggered control operations).

There is curntly a confidence gap in the industry between using synchrophasor tools for off
line applications and willingness to use synchrophasor tools for missiatical applications.
Acceptance of synchrophasor tools for mission cripcadtrol room uses willequire the

industry to resolve two challenges that are much larger than the etedttoci how to maintain
cybersecurity of data, communigans networks, and applicatioremd how to assure that
multiple points along the timstamping chain have raddant sources of universal time.

Realtime monitoring and analysis applications covered in this document includeaveide
visualization, frequency stability monitoring and trending, voltage monitoring and trending,
oscillation detection, monitoring andehding, phase angle monitoring and trending, resource
integration, adaptive islanding and black start/restoration, and generator model validation.
Control applications covered in this document include adaptive relaying and power system
stabilizer/power agllation damper applications.

Off-line applicationsimprove system planning and analysis using archived data. Analyses can
be conducted offine days or even months after the data has been collected. Phasor
measurements should improve the understandipgwer system performance and improve
system model validation for models used in power system studies. Ultimately, this enhanced
understanding should produce better decisions on capital investment and more effective
utilization of the transmission system.

Off-line applications covered in this document include post event analysis, system model
validation, and state estimation.

Ongoing Challenges

Electronic communication is an important component of synchrophasor implementation and
brings associated conceralsout cybesecuriy i including new communicatiolinks opening

the way for cybesattacks Given thaimost of the power system is controlled electronically, a
successful cybeattack could cause great physical and financial damage. Therefore, it is
essatial that cybesecurity risks be carefully analyzed and mitigated.

Data management methods which work well for small amounts of data often fail or become too
burdensome for large amounts of data. Data management is one of the mashtomaing and
difficult challenges for many synchrophasor functions, although some recent technology
methodologies are helping to alleviate this problem.



Lessons Learned

The industry has learned important less@gardingsynchrophasor technologyplementation
as a resulof the SGIG and SGDP programs in the areas of synchrophasor deployment,
application development, and data quality and sharing:

Synchrophasor Deployment

T

Many ARRA deployments have high and consistent levels of device capabiit

use the same applicatgyrand the North American Synchrophasor Initiative (NASPI)
collaboration will make it much easier for late adopters to catch up with industry
leaders in the future.

PMU prices and installation costs have dropped markedly since 2010. Since PMUs
and their asociated components evolve at much faster rates than traditional
transmission equipment, project initiatstsould consider the pace of development

and cost in the planning stages to ensure that vendors are prepared to meet the latest
security and data voine requirements.

Applications Development

T

There is a considerable learning curve from the installation of synchrophasor systems
to user acceptance and liseme is required to develop personnel who are engaged,
trained, and committed to utilizing new rgame applications and data outsiolethe
acceptegost event analysis framework.

Moving technology from development to production has been more difficult than
expected, particularly in the area of réate operations. PMU analytics need to be
scalableand adaptable as the technology becomes more commonplace.

Data Quality and Sharing

T

T

Sorting through and archiving data to derive the information required presents
challenges. Project tearhavefound that it is increasingly important to test
equipment for dta accuracy and quality when moving from installation to active use.

Many data quality problems can only be resolved through improved business
practices (such as metrics reporting, accountability, maintenance, contract terms, and
handoffs between organaions).

There is a need for common vocabulary, definitions, and standardized test/use cases.
Data sharing between entities who have installed synchrophasor technologies should
alsobe increased.
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1 Introduction

This discussion paper highlights the deployment of phasor measurement units and advanced
applications that have been developed in the United States and Nordic countries. These advanced
applications have contributed tangible benefits to power system piganéhoperations. These

benefits can be categorized in three areas:

1 Increased system reliabilitysynchrophasor technology has already prevented outages,
detected and diagnosed failing or misoperating equipment, enabled faster reenergizing of
out of servie transmission lines, and informed system operators of developing problems
on the grid.

1 Increased asset utilization and power system efficidhi@gram participants have
reduced curtailment of renewable energy sources, been able to increase transmission
flows in congested service areas, and validated/updated generator models without having
to take the unit offine.

1 Increased organizational efficiency using PMU data and synchrophabaised tools,
program participants have effected a large reductiom(eh as 75%) in the time, effort
and costs needed to analyze system disturbances, validate system models, and assess the
status of the grid.

Synchrophasor Background

A synchrophasor is a tirgynchronized measurement of a quantity described by a pHaker.

a vector, a phasor is a complex number that represents both the magnitude and phase angle of
voltage and current sinusoidal waveforms at a specific point in tim&igee1). Devices

called phasor measurement units (PMU) measure voltage and current and with these
measurements calculate parameters such as frequency, active power (MW), reactive power
(MVAR) and phase angle. Data reporting ratestgpically 30 to 60 records per second, and

may be higher; in contrast, current supervisory control and data acquisition (SCADA) systems
often report data every four to six seconds/er a hundred times slower than PMUs.

—={ |~ 0, (Phase)

(Magnitude) V1

time=0  J

Figure 1. Sinusoidal Waveform and Phasor Representation

! PhasofTechnology Overview, CERTSCpnsortium for Electric Reliability Technology Solutions
1



PMU measurements are tirseamped to an accuracy of a microsecond, synchronized using the
timing signal available from global positioning system (GPS) satellites or other equivakent t
sources. Measurements taken by PMUs in different locations are therefore accurately
synchronized with each other and can be {aligned, allowing the relative phase angles

between different points in the system to be determined as dineetigured cantities.
Synchrophasor measurements can thus be combined to provide a precise and comprehensive
Avi ewo of an entire interconnection.

The accurate time resolution of synchrophasor measurements allows unprecedented visibility
into system conditions, includly rapid identification of details such as oscillations and voltage
instability that cannot be seen from SCADA measurements. Complex data networks and
sophisticated data analytics and applications convert PMU field data intedlighoperational

and plaming informatior?:

Current Synchrophasor System Deployment
North America

In 2009, there were fewer than 500 reseyjadha d e PMUs i nstall ed across
transmission grid. Today, there are almost 2,000 commey@de PMUs installed. The rapid

advances in PMU capability, availability and connectivity were all spurred in 2009 by the

American Reinvestment and Recovery Act (ARRA). ARRA funded federal Smart Grid

Investment Grants (SGIG) and Smart Grid Demonstration Projects (SGDP) with matching
privatefunds? The projects have collectively installed an extensive set of secure

communications networks to deliver PMU data from many electric substations (blue dots in

Figure2) up to transmission owner data concentrators and regional data concentrators (yellow

and red stars iRrigure2) across much of the continent.

2 Synchrophasor Technology Fact Sheet, NA&Rbs://www.naspi.org/File.aspx?filelD=1326
% Phil Overholt, Bavid Ortiz, Alison Silverstein, Synchrophasor Technology and the DOE, IEEE Power & Energy
Magazine, Volumel3, Number 5, September/October 2015.
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. Phasor Measurement Units and Synchrophasor
~\ . DataFlows in the North American Power Grid

o

@ PMU Locations
Y Transmission Owner Data Concentrator
* Regional Data Concentrator

/ data up to reliability coordinator

/ data between reliability coordinators

\ N /" peer to peer data exchange

NASPI

With information avatable as of March 9, 2015

Figure 2. Map of PMUs with synchrophasor data flows in North America

An example of a synchrophasor system is showfigare3. PMUs in the substations collect
reattime data, usually from existing potential and current transformers. The PMUs are connected
to a highspeed communiti@mns system to deliver the data to a phasor data concentrator (PDC).
Typically, the local/corporate/regional PDCs performs a number of functions that reject bad data,
and package the incoming data into sets based on thattimmg. The data at the PDC #ren

relayed on a higispeed widearea communications network to a higlkapability PDC (i.e.

local to corporate or corporate to regional). PDCs typically feed the aggregated data received
into a data archive, and to analytical applications such asav@evisualization tools, state
estimators, and alarm processors. The details of these installations can vary greatly, depending
on the complexity and scale of the synchrophasor system, and application requirements dictate
the rgor of system redundancyylwersecurity, and other implementation details. A

Synchrophasor Start Kit is being developed by NASPI (North American SynchroPhasor
Initiative) to mainstream synchrophasor technology, making it easier for entities to adopt or
improve projects.

* Alison Silverstein, Synchrophasor Technology and ERCOT,
http://www.texasre.org/Lists/Calendar/Attachments/799/BOD%20Materials%2025AUG2Q15.pdf

3
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K Data Storage

Regional Entity

Transmission Owner

Figure 3. Typical Phasor Measurement System °

Today PMUs are deployed primarily in the transmission system, but the industry is beginning to
explore the use of PMUs at the distribution level for power quality, demand response, microgrid
operation, distributed generation integration, and enhanced distribution system viSibility.

Norway

Figure4 indicates the current and immediately pladmieployment of PMUs in the Norwegian
transmission grid by Statnett (the Norwegian TSO), now ranging from the Russian border in the
north to the southern point with the HVDC interconnections to Denmark.

5 Martin, K.E.; Brunello, G.; Adamiak, M.G.; Antonova, G.; Begovic, M.; Benmouyal, G.; Bui, P.D.; Falk, H.; Gharpure,
V.; Goldstein, A.; Hu, Y.; Huntley, C.; Kase, T.; Kezunovic, M.; Kulshrestha, A.; Lu, Y.; Midence, R.; Murphy, J.; Patel,
M.; Rahmatian, F.; Skendzic, V.; Vandiver, B.; Zahid, A., "An Overview of the IEEE Standard C33.118.2
Synchrophasor Data Transfer for PoBgstems,” in Smart Grid, IEEE Transactions on , vol.5, no.4, pp-1980, July

2014

6 Synchrophasor Technology Fact Sheet, NA&Rps://www.naspi.org/File.aspx?filelD=1326
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Reykjavik
Regnes o

Figure 4. Installed (green) and immediately planned (red) PMUs in the
Norwegian transmission grid.

Until recently, the deployment and use of PMUs were mainly done and organized through R&D
activities. Now, the responsibility for deployment has been taken over by the I'Dujvisi

meaning that PMUs are becoming part of the grid information infrastructure for system
operations. The use of synchrophasor information has gradually increased over the last few
years.

The first real use of synchrophasor measurements was by the dyisisateam for model
validation purposes, and it is increasingly used for disturbance and fault analysis.

Operators in the control centers have until now been reluctant to accept and apply new
application based on synchrophasor information. However, ggpofect is planned in order to
introduce sample applications in the control room environment, such as power oscillation and
voltage instability monitoring.

R&D activities are carried out in parallel with deployment of PMUs and the related development
of communication infrastructure. One example is thelifatesting of a static VAR
compensator unit equipped with a power oscillation damper control using synchrophasor



measurements (voltage angle difference) as in@utgoing research is focusing on

dewelopment of new applications in monitoring and control. Successful deployment of
synchrophasor applications requires a close dialog between researchers/developers and users.
Therefore, a main objective in the Nordic R&D project STRONgrid has been togstabl

research platform comprised by a power systems emulator (software and hardwdreNébs),
PDCs and software interfaces allowing easy application development and testing.

Maturity Model for Synchrophasor Deployment

Since synchrophasor technologystsl early in its deployment, it is useful to articulate some

ideas about what a mature technology deployment would look like as it evolves to support the
goals of system operators. A synchrophasor maturity model has been drafted, and is available for
review and commerit. The purpose of developing and using this maturity model is to help the
electric power industry explain synchrophasor technology and articulate a roadmap detailing the
steps required to achieve letgym technology maturity.

Application s

When the American Recovery and Reinvestment Act (ARRA) synchrophasor projects began in
2010, most of the synchrophasor analytics and applications available were rgsadechnd

used principally in test mode. Most of the ARRA project funding recipegtsed to work with
developers to install and test a few applications appropriate to the needs of each project. There
was little expectation that the applications would grow into commercially available, production
grade capability over the grant periocbwkver, between the combination of continued U.S.
Department of Energy Research and Development funding, testing by many project partners, and
market pull from the growing community of synchrophasor users, several key reliability
applications are now openag in trusted roles for engineering support and-tiea¢ operations.
Phasor data applications can be grouped into two categorieinreapplications and offline
applications. This document reviews principal applications groups in each of these two
categoriesTablel shows how the various synchrophasor technology applications map to
different types of benefits.

K. Uhl en, L. Vanfretti, M. M. de Ol i vei r a-Area®XoweB . Leirbukt,
Oscill ation Damper | mplementation and Testing in the Norw
ASynchrophasor iMeaasiuvwrnesmeimt PPopawelr I ndustry to Enhance Power

Meeting 2012.
8 http://www.nordicenergy.org/wpontent/uploads/2015/11/STRONgrid.pdf

° Ryan Quint, Kyle Thomas, Alison Silverstein, Dmitry Koster@ynchrophasor Maturity ModeNASPI March 2015.
6
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Table 1. Benefits of synchrophasor technology, by application 10

Increased Increased Asset Increased
system Utilization and Organizational
reliability Power System Efficiency
Efficiency
Real Time
Wide area visualization \Y, Vv
Frequency stability monitoring and v
trending
Voltage monitoring and trending \%
Oscillation detection Y
Phase angle monitoring and trending \Y, vV
Resource integration \Y
Adaptive islanding and black - start v
capability
Event detection \% \%
Adaptive relaying Vv
Power system stabilizer/oscillation v
damper
Automated protection \%
Off -Line
Post-event analysis \ \
Model validation Vv \% \%
State estimation \

19 Adapted from the Advancement of Synchrophasor Technology in Projects Funded by the American Recovery and
Reinvestment Act of 2009, U.S. Departmhef Energy, Electricity Delivery and Energy Reliability.

7



2 Real -time Applications

Realttime applications are used to support grid operations by providingamd®isualization
and increased state awareness and resyiasssl control applications that use wide area
information to take automated control actions on the power systemtiReapplications
require reakime data collection and processing with immedéatelysis and visualization or
used as control signals for re&he controls applications.

Monitoring and Analysis

Most power system operators today have very little visibility into power system dynamics such
as power oscillations, voltage stability indiions, and system angular stress. Lacpde

integration of renewable resources will present an additional challenge to the system operators,
as large and fast power ramps by intermittent generators can dramatically shift generation
patterns and operaty conditions. Visibility of power system dynamics is becoming even more
critical as the power system grows with inclusion of more variable resources with less offsetting
machine inertia to stabilize the system.

Wide -Area Visualization

Although SCADA systms have traditionally enabled grid operators to observe conditions within
their system limits, a network of PMUs grants visibility to operators, across an entire
interconnection. This allows operators to understand grid conditions in real time, andeliagnos
and react to emerging problems. Analysts believe that synchrogvasoled visibility could

have prevented the 2003 Northeast and the 1996 Western blackouts. As synchrophasor data
guality improves, those data are being integrated into some existitigleoom visualization

tools based on EMS and SCADA data, gaining acceptance for synchrephbaoced wide

area monitoring?

WideZrea monitoring and visualization systems are deployed to enable a more expansive view
of the bulk transmission system, \éhrevealing dynamic operating details. Observing the nature
of grid disturbances earlier, and more precisely, helps grid operators quickly respond to
disturbances and improve service reliability. Enhanced monitoring and diagnostic capabilities
provide grater precision in daily operational decision making and improve overall system
utilization and efficiency?

RTDMS software, developed initially with funding from the U.S. Department of Energy, is a
phasor datdased software platform used by grid operat@igability coordinators, and
planning and operations engineers for-teéak widearea visualization, monitoring and analysis

' RealTime Application of Synchrophasors for Improving Reliability, NERC,
http://www.nerc.com/docs/oc/rapirtf/RAPIR % 20&1%20101710.pdf

12 Synchrophasor Technology Fact Sheet, NA&Rhs://www.naspi.org/File.aspx?filelD=1326

¥ PMU Deployment in the Carolinas with Communications System Modernization, Duke Edengjinas, LLC,
https://www.smartgrid.gov/files/DukEnergyCarolinasProjectDescription.pdf

8
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of the power system. RTDMS offers a rtiate dashboard with indicators of key grid metrics for
situational awareness. The sadire can be used to identify, monitor and alarm for:
1 Grid stres§ phase angular separation
Grid robustness damping status and trend
Dangerous oscillatiorislow damping and high mode energy

Frequency instability frequency variation across interconnection

=A =4 =4 =

Voltage instabilityi low voltage zones and voltage sensitivities
1 Reliability margini i How f ar are we from the edge?o0

RTDMS also archives event data for event and-gs$tirbance anasys. RTDMS is widely used

in North American control rooms, but is not yet viewed as a commercially sustainable,
productiongrade reliability tool. At present, RTDMS only operates on phasor data and does not
include other SCADA information, and it has nukiage to other power system study tddls.

Al st om -fegabisiosl" i=designed to help operators monitor, predict, anticipate and
prevent potential problems that can lead to major power outagesakision™ significantly
improves transmission system operations and control by helping to eliminate reactionary
decisions being made in control centers today.

PowerWorld Retriever is a redme visualization and analysis tool used in several control rooms
aroundthe USA and a few overseas. PowerWorld Retriever has the ability to simultaneously
visualize related quantities such as voltage magnitude, phase angle, and angle differences (along
with line flow, breaker status, or any other power system measuremembination of
measurements). Retriever also offers alarm management, animation and contour Mapping.

S E L $yschroWave Centrig another realime visualization tool commercially availabie.

ABB has introduced PSGuard, a commercially available wideraogétoring system. PSGuard
collects, stores, transmits and analyzes critical data from key points across the power networks
and over large geographical areas. Its stétde-art portfolio of Wide Area Monitoring

applications is designed to detect abndrsyatem conditions and evaluate large area
disturbances in order to preserve system integrity and maintain acceptable power system
performancé?®

4 For more information, see RTDMS Tutorial, NASPI Training Packaggd|able at
https://www.naspi.org/File.aspx?filelD=623

' For more information, see AREVA Activities related to SynchroPhasor Measurements, available at
https://www.naspi.org/Badger/content/File/FileService.aspx?fileID=777

% For more information, visitttp://www.powerworld.com/pmucts/retriever/synchrophaseisualization

Y For more information, visinttps://www.selinc.com/SE50782/

18psGuard 2.1. Release Notétp://new.abb.com/substati@utomation/systems/wiggreamonitoringsystem/releases

updates/psquard-1-releasenote accesed 11/24/2015
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Frequency Stability Monitoring and Trending

System frequency is the key indicator of the loasburce balamc The size of the frequency
deviation is well correlated with the size of generation dsSigure5 shows an example of
frequency response to a gestéwn outage. System frequency is also a good indicator of integrity
of an interconnection during system events involving separation or isladdihg bus

frequency in one part of the system stays at 60.5 Hz while frequency in another part of the
systemholds at 59.5 Hz for several minutes, it is a sure indication of the system separation.
Looking at the bus frequencies across the entire interconnection lets the operator identify the
islands and system separation points.
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Figure 5. Western system frequency during a large generation outage on
July 17, 2002

PMU frequency plots provide a good indication of the lost generétias an example, a
frequency drop of 0.1 Hz is typical in the WECC for 800 MW generation loss. Also, the
propagation of the frequency drop can be used to identify where the generation drop occurred.

The Frequency Monitoring Network (FNET) is a wadeea frequency monitoring system

currently maintained and operated by the Power IT Laboratory at the UniverSegyméssee.

The system makes use of measurements taken by frequency disturbance recorders (FDRS)
deployed across all three North American interconnections. Each FDR itself is actually-a single
phase PMU in the sense that it measures the voltage phaseaamgfieude, and frequency from

a singlephase voltage source. Frequency can provide information about generation
electromechanical transients, generation demand dynamics, and system operations, such as load
shedding, break reclosing, and capacitor bartchwmg. This allows frequency monitoring using
FNET to be as informative at the distribution level as it is at the transmissionHenek 6

illustrates the key components of the FNET system. Phasor measurements from the North
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American power grids are collected by widely installed sensors, known as FDRs, and are
transmitted via the Internet to a local client or remote data center. In mbstaddes, FDR data

are transmitted to the FNET data center for processing anddamgstorage. FDRs differ from
PMUs in that they are connected to the distribution network, typically on low voltage residential
and commercial feeders.

-
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Q& ~ € AN Realtime data sharing

Satellite FDR 2

Firewall | pata Cobncentrator
&Router
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Storage Applications
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Figure 6. FNET System Structure 19

Wide-area frequency trending is also one of the most straightforward applications, and has been
implemented by many platforms, including BPA Stream Reader, SCE SMART®, and RTDMS.
The Tennessee Valley Authority (TVANd Electric Power Research Institute (EPRI) have been
developing a tool called the Synchronous Frequency Measurement System (SFMS) to use
synchrophasor data for widegea visualization and disturbance locafidn.

State Estimation

Synchrophasor data areibg used to improve state estimator algorithms for better understanding
of reattime grid conditions. Where PMUs provide full coverage of the grid, direct measurement
of the voltage magnitudes and phase angles provide what is termed a linear staterestimat

Snapshots of data from PMUs can be integrated into an orthogonal state estimator by feeding
PMU measurements (e.g., voltage and current) directly into the state estimator measurement
vector and the Jacobian matrix it uses to solve the network. Aitarlyaa state estimator can

use derived PMU measurements of voltage angle differences and branch factor angle

9y, Zhang, P.N. Markham, T. Xia, et al., Wideea Frequency Monitoring Network (FNET) Architecture and
Applications, IEEE Transactions on Smart Grid, vol.1, no.2, pplB9 Sept. 2010.

@G, Zhang , WideArea Frequency Visualization UgjrBmart Client Technology, No. 1016207, Technical Update, Dec.
2007.
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measurements, thus eliminating the requirement for synchronizing state estimator and PMU
angle references. This approach enables the stateastiim calculate the network solution
based on both PMU and conventional measurements simultaneously, with the advantage that the
phasor data offer redundant system condition measurements and enable better solution accuracy.
Synchrophasor technologies bleadvances in state estimation both algorithmic and
architectural. A comparison of different state estimation solutions is sholabla?2.

Table 2. State Estimation Technology Summary

21

SE Uses Accuracy Solution Speed Technology
PMU Readiness
Data Level
Traditional Single phase, positive . , Commercial
O - sequence models, time o Iterative Solution D croducts i
“" skewness
Linear Phase angle .
. i i Ongoing
_ measurements, time- | () Direct Solution | {
Ww | o/ tagged demos
Hybrid Limited, if any, o Iterative Solution Commercial
N’ improvements ‘@ products
Three- Captures syztem Increases
imbalances i Few demos
roblem size
Phase e asymmetries F o
o Facilitates use of Reduces Eew demos
Distributed | .~ | "W/ detailed models “w’ problem size o
Captures system Computationally Few demos
Dynamic | (_) N dynamics — . challenging — 0 still in R&D
«"  Numerically sensitive increases level
to model accuracy problem size

Conventional state estimator inputs include MW, MVAR, kV and Amps; phasor data fed into a

state estimator include voltage angles at buses and current angles at branches. Albjdnéestr

into the state estimator are obtained for a single point in time (e.g., one dataset is extracted from

t he

PDCOs
rate than PMUs sample). Multiple snapshots ol PfiAta taken at different times, representing

phasor dat a

fl ow ever

y five

mi

different system loading and topology conditions, may be needed to fully test arfedgtated

state estimatd?

L Evangelos Farantatos, State Estimation Advancements Enabled by Synchrophasor Technology, NASPI.
2 RealTime Application of Synchrophasors for Improving Reliability, NERC,
http://www.nerc.com/docs/oc/rapirtf/RAPIR%20final%20101710. pdf
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Voltage Monitoring and Trending

Phasor systems can be used to monitor, predict and manage wvoltidogebulk power system.
One of the most promising ne@rm synchrophasor applications is for trending system voltages
at key load center and bulk transmission busses.

Voltage trending and voltage instability prediction are highly desirable usesfdrrsphasor

systems and a high priority for phasor data applications. Many transmission systems are voltage
stability-limited, and voltage collapse can happen very quickly if stability limits are reached.
Voltage instability occurs when either: (a) theteys has inadequate reactive reserves, or (b) the
transmission system cannot deliver reactive power from the source to where it is needed.
Monitoring bus voltages across the system using phasor measurements of voltage profile, voltage
sensitivities, and MVAR margins allows operators to watch voltage levels inthes, while a

trending application would provide an early indication of voltage instability vulnerability.

Vol tage trending visualization shoulithinr emai n
appropriate limits, but alert or alarm when voltage moves outside the limits. Whiteelong

voltage trend duration (already provided by SCADA) is one hour, phasor measurements could be
used to create sherm voltage trending (about one minuteation). A voltage display should

have an intelligent prprocessor to recognize data chayts and prevent zenmltage reports (as

from a missing PMU) from causing false alarms.

Reactive reserve monitoring is a closely related tool. Low voltages acatord of low reactive
support. Synchronous generators (operating in voltage control mode), shunt capacitors and static
Var compensators provide primary reactive power reserves in the system. Studies can determine
the amount of reactive reserves neededhiious parts of the system, and be used to set
appropriate alarms when the reactive reserves are low. Corrective actions are needed to address
reactive needs, such as deploying condensers, adding shunt capacitors, requesting additional
reactive supportrdbm the generation fleet and reducing flows on transfer paths.

Reactive reserves measurement and operation are becoming more important with the growing
penetration of intermittent generation. Additional synchrophasor measurements at wind farms
are necessg to ensure that system operators know how much of reactive reserve is primary and
how much is secondary, as well as deliverability of the reserves during a disturbance. The above
methods should also be reviewed and applied in major load cé&hters.

Oscillation Detection

Synchronous power generators produce electric power at a fixed frequency. The frequency can
be raised or lowered by a small amount depending on the variations in the connected load. If a
sudden increase in load occurs, the turbindrobber may not be able to respond fast enough and
increase the turbine power. In this case, some energy is taken from the kinetic energy of the

% RealTime Application of Synchrophasors for Improving Reliability, NERC,
http://www.nerc.com/docs/oc/rapirtf/RAPIR%20final%20101710.pdf
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generatoiturbine system and is converted into power. This will reduce the rotational speed and
consequently th electric frequenc$’ When groups of generators are operated together
(synchronously) in a large power system, the response of each of them to load changes will not
be the same. Some may slow down more than others. This causes groups of generators to
oscilate against one another or for some generators to oscillate against the rest of the system.
These small oscillations, if undamped or uademped, can cause a loss of synchronization of
several machines that can lead to a blackout of the power system.

Detection of power system oscillations and ambient grid damping are among the premier
applications that require the higpeed data that PMUs provide and conventional SCADA does
not. Lowfrequency oscillations occur when an individual or group of genersiong against
other generators operating synchronously in the same system, caused by power transfers and
high-speed, automatic turbine controls attempting to maintain an exact frequency. Low
frequency oscillations are common in most power systems duihéo power swings or faults;
undamped oscillations can swing out of control and cause a blackout (such as the Western
Interconnection event on August 10, 1996). Sragjhal oscillations appear to have been
increasing in the Eastern and Western intercaimes; causing an urgent need to better
understand the problem, detect when oscillations are occurring, and find ways to improve
oscillation damping and implement system protections against collapse.

Synchrophasor data (bus frequency, angles, line loastidgoltage) are critical to detect

potential and actual oscillations within the bulk power system.-area oscillations can be seen

by examining bus voltages and frequencies, so most methods of oscillation detection are applied
to the path or flowgateDscillation detection methods calculate the damping of a ringdown

during a system disturbance. The energy of power oscillations indicates whether an oscillation is
growing or dissipating. A buildip in energy signals growing oscillatory activity, and akant an
operator to check other indicators.

There are two distinct tools for identifying power oscillations:

1 Oscillation detectio® tools that calculate damping after a disturbance occurred.
This is done in several seconds when oscillations areilargagnitude.

1 Mode meter® tools that estimate damping from ambient noise data. These methods
extract intelligence from smadiignal oscillations from minutes of ambient noise.
Mode meters are particularly useful for operations since they can provige ear
detection of damping issues in the system.

Montana Tech, University of Wyoming, and Pacific Northwest National Laboratory have

worked closely with BPA and DOE to dameael op A M
PMU measurements. Mode meter is a pdwenethod for monitoring the small signal stability

properties of a power system in rdahe, giving operators essential information regarding the

* Rogers, G. Introduction, in, Power System Oscillations, Springer Science + Business Media LLC, New York, 2006 pp.
2-4.
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health of the power system and allowing them to take preventive actions when needed. The
developed algoritms have been evaluated with simulation data and validated with field
measurement data. It has been demonstrated that the mode meter can identify the oscillation
modes that caused the breakup in the Western Interconnection in the United States in 1996 (see
Figure7 below) and could have issued an early warning on the lightly damped mode. Current
efforts have been focused on model and data validatiopenfmrmance evaluation to reduce

false alarms and missing alarms. It is worth noting that the best performing signals for oscillation
damping estimation are relative frequencies on both sides of an oscillatory mode, which requires
synchronized wid@rea masurement$

Figure 7. A prototype screen of a mode meter: top left d time plot of a
critical signal; bottom left 0 spectral energy; bottom right 0 oscillation
frequencies and damping, alarm lines included

Phase Angle Monitoring and Trending

Studies of disturbances have shown that relative phase angles in the West strongly correlate with
overall system stress and the system susceptibility teanéar oscillations. Analyses in both east

and west indicate that the rate of chanfyhe phase angle difference is an important indicator

of growing system stress; fast phase angle rate of change was a precursor for the United States
2003 Northeast blackout and the 2008 Florida blackout, so this can be used as the basis for

% RealTime Application of Synchrophasors for pmoving Reliability, NERC,
http://www.nerc.com/docs/oc/rapirtf/RAPIR%20final%20101710. pdf
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