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Overview and Motivation
A PMU-based system that provides a common view of interconnection-
wide operating conditions—focusing on conditions not currently visible 
with existing systems
• All entities have excellent visibility of conditions taking place on-

system (and well-established tools/procedures to guide responses to 
them)

• But, currently, we have limited means of gaining visibility of many 
conditions taking place off-system (with the partial exception of 
frequency response events, e.g., via FNet)

– Frequency can tell us whether an off-system generator has tripped; other 
systems can help us identify the generator

• What additional off-system information might PMUs provide?
– Source and magnitude of forced oscillations 
– Trends and changes in wide-area phase angle pairs



Oscillations seen in New England: 
Summer 2016

• 2:12 to 2:17: 40 MW Oscillations seen in a 345 kV NE to NY tie-line 



Middle South Generator PMU MW Flow
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• 2:12:30 AM CDT: Oscillations started; Amplitude varied between 
90 MW and 190 MW

• 2:56:00 AM CDT: Oscillations stopped
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DOE Eastern Interconnection Situational Awareness 
Monitoring System (ESAMS) Prototype Demonstration

Overall Project Objective: 
To introduce a common, high-level interconnection-wide view 
based on synchrophasor information in order to foster discussion 
within and among Eastern Interconnection operating entities*

Key Elements of the initial high-level view will include:
1. Detect and identify forced and natural oscillations
2. Monitor phase angle pairs and identify when values are outside of normal 

operating ranges
3. Detect atypical behavior from an ensemble of measurements and identify 

which ones are contributing to the atypicality

Information Delivery Methods (by subscription):
1. Near real-time text message
2. Emailed reports (daily, weekly, monthly)

*The prototype will not duplicate functionalities currently provided by FNet



System Architecture for the Prototype System

Eastern Interconnection 
Situational Awareness 

Monitoring System (ESAMS) 
System Architecture



20-25 Phase Angle Pairs will be Included, Initially

• 22 previously determined 
phase angle pairs were studied

• 16 pairs (in green) provide good 
coverage from the phase angles 
previously included

• 6 of those (in red) were found 
to be providing redundant 
information (using clustering 
and mathematical transitive 
property)

• We will work with our ISO/RTO 
partners to discuss inclusion of 
additional angle pairs involving 
monitoring locations in 
Arkansas, Louisiana, New York, 
and Virginia



Key Element #1: 
Oscillatory Event Detection
Event: Forced oscillations

– Oscillations at measurement locations
– Coarse source location possible in many circumstances



Key Element #1: 
Oscillatory Event Detection
Event: Changes in low-level natural oscillations

– Oscillations between the 
areas defined by angle pairs

– Increase familiarity with 
EI modal characteristics



Key Element #2:
Monitor Phase Angle Pairs 

• Identify when phase 
angle pair differences 
are outside of 
historically observed 
normal operating 
ranges

• Apply control chart 
methodology to detect 
significant changes in 
angle pairs



Key Element #3:
Detect Atypical Behavior
• Use multivariate statistical 

algorithms and past data to define a 
baseline of normal, observed 
behavior

• Compare current data to the 
baseline to determine when and 
where atypical behavior is observed

Jackson – Alburtis Angle Pair

Monroe – Hanna Angle Pair
Atypical Score



• Oscillation examples 
– A 20 MW forced oscillation began at 14:42 EDT today and has persisted for 20 

minutes. It is localized to the PJM territory. 
– A 30 MW sustained oscillation began at 14:42 EDT today and has persisted for 1 

minute. It is widespread and possibly natural, indicating a significant threat.

• Phase angle monitoring examples
– Monroe-Hanna angle pair was outside the upper normal operation limit from 

08:23 to 08:35 EDT today. Niagara-Monroe angle pair was also outside the 
lower normal operation limit from 08:22 to 08:38 EDT today.

– 7 angle pairs detected a wide area disturbance at 10:58 today. The most 
sensitive angle pair is Alburtis–Ramapo pair.

• Atypicality example
– An atypical event was detected at 09:23 EDT today. The atypical behavior 

continued for 37 minutes. Monroe-Hanna angle pair values were significantly 
higher (23.1o) than normal (15.4o). Jacksons Ferry-Alburtis angle pair rate of 
change was significantly higher (2.3o) than normal (0.02o).

Delivery Method #1:
Text Message–Immediate Notification



Delivery Method #2:
Emailed Summary–Daily, Weekly, or Monthly
Report (.doc, .pdf, or .xml format) with embedded links that can be selected 
for additional information and drill down plots. Example first page:
Detected Oscillations
A 20 MW forced oscillation began at 14:42 EDT today and has persisted for 20 
minutes. It is localized to the PJM territory. 
Phase Angle Abnormalities
Monroe-Hanna angle pair was outside the upper normal operation limit from 14:45 
to 14:52 EDT today. 
Atypicalities
An atypical event was detected at 14:23 EDT today. The atypical behavior continued 
for 47 minutes.  Monroe-Hanna angle pair values were significantly higher (23.1°) 
than normal (15.4°).  Jacksons Ferry-Alburtis angle pair rate of change was 
significantly higher (2.3°) than normal (0.02°).

Issue Duration Additional Information
Forced Oscillation 14:42-15:02 EDT

12/08/2016 20 MW forced oscillation localized to the PJM territory

Exceed Normal Operating Limits 14:45-14:52 EDT
12/08/2016 Monroe-Hanna angle pair

Atypical Behavior Detected 14:23-15:10 EDT
12/08/2016

Monroe-Hanna angle pair values
Jacksons Ferry-Alburtis angle pair rate of change

Click on each link for 
additional information



Project Milestones and Schedule
Feedback and direction on initial prototype 
notifications/summaries  w/ISONE, MISO, NYISO, PJM

Completed

Preparation of requirements document Completed

Establish partnership with ISO/RTO host - scope and place 
project in queue for 2018 funding for IT support 

Completed
PJM has offered to 

host demonstration

Update briefings with partners (ISONE, MISO, NYISO), and 
outreach (CERTS ILC, EIDSN)

Completed

Finalize initial “look” and factory test prototype with 
historical data – transfer/test at PJM Synchrophasor Lab

2nd - 4th Q 2017
In progress

Initiate field installation at PJM 1st Q 2018

Complete field acceptance tests with PJM 2nd Q 2018

Roll-out to include other 3 original ISO/RTO partners 3rd Q 2018 
(after summer 

operating season)



Looking Ahead

• Enlarge participation to include additional Eastern 
Reliability Coordinators (also TOs and TOPs)

• Establish and obtain regular feedback from a 
working user group
– Increase number of monitored points
– Add/test analysis functionalities

• Transition to self-sustaining, industry-supported 
activity



Preliminary draft for an ESAMS daily report










	DOE Eastern Interconnection �Situational Awareness �Monitoring System (ESAMS)�Prototype Demonstration Project
	Overview and Motivation
	Oscillations seen in New England: �Summer 2016
	Middle South Generator PMU MW Flow
	DOE Eastern Interconnection Situational Awareness Monitoring System (ESAMS) Prototype Demonstration
	System Architecture for the Prototype System
	20-25 Phase Angle Pairs will be Included, Initially
	Key Element #1: �Oscillatory Event Detection
	Key Element #1: �Oscillatory Event Detection
	Key Element #2:�Monitor Phase Angle Pairs 
	Key Element #3:�Detect Atypical Behavior
	Delivery Method #1:�Text Message–Immediate Notification
	Delivery Method #2:�Emailed Summary–Daily, Weekly, or Monthly
	Project Milestones and Schedule
	Looking Ahead
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



