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Abstract—This paper presents the results and testing of a
Phasor Measurement Unit (PMU) data-based mode estimation
application deployed within a decentralized architecture using a
real-time test platform. This work is a continuation of that in
[1], which described a decentralized mode estimation architecture
that enables the application to better detect local modes whose
observability is affected by other more observable modes. The
tests in this paper were carried out using an active distribution
network (ADN) comprised of a high voltage network connected to
a distribution grid including renewable energy resources (RES).
The developed application was run in a decentralized architecture
where each PMU was associated with its own processing unit
which was running the application to estimate modes from the
time-series data. The results of the decentralized mode estimation
architecture are analyzed and compared with its centralized
counterpart.

Index Terms—Power System Monitoring, Phasor Measurement
Unit (PMU), Mode-meter, Decentralized Mode Estimation, Os-
cillations.

I. INTRODUCTION

Wide-Area Monitoring System (WAMS) applications have

been developed to acquire critical information about a net-

work’s dynamics. Modal frequencies and damping ratios are

useful indicators of power system stress, which usually de-

teriorates with increased burden on the system. Real-time

estimation of these and related metrices from time-series

measurements have become the base for real-time power

system monitoring and early warning applications. In the past,

applications utilizing PMU data have been developed and

implemented in WAMS for real-time monitoring [2], [3] and

[4].

In practice, today’s applications utilize a centralized ar-

chitecture where a central processor acquires data from all

the connected PMUs. Acquired data is processed and fed to

applications such as mode estimators that provide estimates

of modal parameters. Although [3] indicates that other ar-

chitectures can aid in the performance of the mode-meter

applications, no experimental testing (real-time, PMU-in-the-

loop) or field implementations had been implemented. In [1],

the authors have shown the benefits of using a decentralized
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architecture by analyzing synthetic PMU data. This paper

tests the same architecture and application by performing

experimental laboratory tests including commercial PMUs

interfaced with a real-time simulator running model of an

ADN.

The remainder of the paper is arranged in the following way:

A brief introduction of the application is given in Section II.

Section III describes the test system and Section IV presents

the results. Conclusions are drawn in Section V.

II. REAL-TIME MODE ESTIMATOR APPLICATION

The application employs measurement-based system identi-

fication methods to estimate a power system’s modal proper-

ties. In quasi steady state, the application acquires ‘ambient’

data, and runs an Auto-Regressive Moving Average (ARMA)-

based Modified Yule Walker method to estimate modal pa-

rameters. The application acquires PMU data using the S3DK

toolkit which was developed on LabVIEW platform [5] and

its source-code can be found on github [6]. The tool acts as

a parser receiving signals using the IEEE C37.118.2 standard

and converts the signals into LabVIEW data-types.

This paper tests a decentralized architecture for mode

estimation where system modes are estimated by individual

processors using single PMU data streams instead of central-

ized estimator where all the different PMU data streams are

processed by a single processing unit. The locally estimated

modes can be collected and sent to higher level aggregators.

This architecture aims to increase identification capability

of oscillations at a more local level that may be neglected

by centralized architecture. For testing, the mode estimator

application was run using both architectures.

III. TEST SYSTEM

The mode-meter application was tested to identify the

modes present in an ADN model that includes a trans-

mission grid along with a highly active distribution grid

with distributed generation in form of wind farms and solar

parks. More information about the grid can be found in [7].

Measurement locations at the HV, MV and LV levels were

equipped with PMUs to acquire data, as shown in Fig. 1. The

reference grid was simulated in real-time using a real-time
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Fig. 1. ADN model with marked PMU locations

simulator. Measured PMU data from nodes 101 (HV), 814

(MV), 840(MV) and 888(LV) were stored.

To assess the results from the mode-meter application using

PMU data, Fast Fourier Transform (FFT) was used to identify

the inter-area and/or local modes present in the different

measurements and to compute the modal frequencies in the

spectra. When the reference grid was simulated and voltage

magnitude and voltage angle data were obtained directly from

the model. To induce some oscillations, the inertia of the

synchronous generator at bus 100 was decreased gradually

until the main inter-area mode was visible.

The FFT analysis allowed to identify the frequency of the

oscillations to be 0.42 Hz. This inter-area oscillation was

present throughout the grid. Next, the ADN model was run in

real-time and data was acquired using four PMUs. The FFT

analysis of the stored PMU data confirmed the presence of an

inter-area mode of frequency 0.42 Hz as identified earlier in

the previous step.

To illustrate the advantages of decentralized mode-

estimation in identifying local oscillations, a localized forced

oscillation was created by introducing sinusoidal load variation

at node 799 in the LV section with a frequency of 1.7 Hz. Table

I presents both the modes to be identified by the mode-meter.

For comparison purposes, the real-time experiments are run for

both the centralized and decentralized architecture. Section IV

presents the results.

IV. RESULTS

This section presents the results obtained by the mode-meter

application running in real-time. Results obtained from both

the architectures are presented for comparison and analysis.

PMU estimates of Voltage magnitudes are used as input

signals to the application. Estimates were calculated on a

moving window ten minutes of time-series data which is a

parcel of 6000 samples. Each test was run for about one

hour. The estimated results were stored for further analysis.

Probability Distribution Function (PDF) plots were plotted for

both frequency and damping ratio estimates, as shown in Figs.

2 and 3.
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Fig. 2. Estimates from centralized estimation with voltage magnitude
signals; TOP: PDF of Mode 1 frequency (left), PDF of Mode 1 damping
ratio (right); BOTTOM: PDF of Mode 2 frequency (left), PDF of Mode
2 damping ratio (right).
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Fig. 3. Estimates from decentralized estimation with voltage magnitude
signals; TOP: PDF of Mode 1 frequency (left), PDF of Mode 1 damping
ratio (right); BOTTOM: PDF of Mode 2 frequency (left), PDF of Mode
2 damping ratio (right).

TABLE I
INTER-AREA AND FORCED LOCAL MODES IN THE GIRD

Mode Frequency
Mode 1 (inter-area) 0.42 Hz

Mode 2 (forced local) 1.7 Hz

A. Voltage Magnitude Signals

Positive sequence voltage phasor magnitudes acquired form

the four PMUs were used as input signals for the mode-

meter application. PDF plots of the estimates were obtained.

Results from centralized estimation architecture show high

density of estimates around mode 1 with mean frequency and

standard deviation [0.4093, 0.0076] Hz. For mode 2, the mean

frequency and standard deviation of estimates are [1.7256,

0.0425] Hz. The mean and standard deviation of the frequency

and damping of the two modes identified are presented in

Table II. The summary of results in terms of PDF plots for

centralized architecture is presented in Fig. 2.

The next case aims to demonstrate the decentralized mode

estimator which attempts to improve the identification of the

local forced oscillation (mode 2). All the PMU data streams

were processed individually. Based on data from PMU 4 at

node 799, mean frequency and standard deviation calculated

are [0.0425, 0.045] Hz for mode 1 and [1.702, 0.013] Hz for

mode 2. Fig. 3 presents the PDF plots based on the estimates

obtained using PMU 4 data in decentralized architecture.

The plots also suggest high density of estimates with mean

frequency of 0.41 Hz and also around the frequency of 1.7

Hz. The damping ratio of the forced oscillation is estimated

to be 0.68% with a standard deviation of 2.75%. This means

the damping ratio is nearly 0% as expected. The mean and

standard deviation of the frequency and damping of the two

modes identified by decentralized estimates from all the PMUs

are presented in Table III.

TABLE II
STATISTICAL ANALYSIS OF CENTRALIZED MODE ESTIMATES

Mode 1 Mode 2

Freq. (Hz) Damp. (%) Freq. (Hz) Damp. (%)

μ a σ b μ σ μ σ μ σ

.4093 .0076 2.84 1.7 1.726 .0425 2.78 2.79

aμ: mean
bσ: Standard deviation

On comparison of mean and standard deviation of frequency

and damping ratio estimates, it is evident that the local

oscillation is better identified when using the decentralized

architecture in case of voltage magnitude signals.

V. CONCLUSION

A mode-meter application was tested and validated in a real-

time experimental environment using PMU data streams. The

application was run in two different architectures: centralized

and decentralized. Voltage magnitude estimates from PMUs

were tested as input signals to both architectures. It was shown

that the application was able to detect the major inter-area

oscillations using both architectures. It was found out that in

TABLE III
STATISTICAL ANALYSIS OF DECENTRALIZED MODE ESTIMATES

Mode 1 Mode 2

PMU ID
Freq. (Hz) Damp. (%) Freq. (Hz) Damp. (%)

μ σ μ σ μ σ μ σ

PMU 1 .41 .054 3.11 1.16 1.71 .071 4.68 5.55

PMU 2 .41 .049 3.15 1.12 1.71 .047 3.11 5.04

PMU 3 .41 .053 3.14 1.17 1.705 .022 1.09 4.49

PMU 4 .41 .045 3.13 1.09 1.702 .013 0.68 4.41



case of voltage magnitude signals, the decentralized architec-

ture provides better estimates for the localized oscillations.

One more scenario, testing the mode-meter application using

measured voltage angle differences as input signals would be

presented in the full paper.

REFERENCES

[1] R. S. Singh, H. Hooshyar and Luigi Vanfretti, “‘In Silico’ Testing of
a Decentralized PMU Data-Based Power Systems Mode Estimator,” in
Proc. 2016 IEEE Power and Energy Society General Meeting Conf., pp.
315-320. [Online]. Available KTH Diva Portal: http://kth.diva-portal.org/
smash/get/diva2:917903/FULLTEXT01.pdf

[2] J.F. Hauer, D.J. Trudnowski, J.G. and DeSteese, “A Perspective on
WAMS Analysis Tools for Tracking of Oscillatory Dynamics,” in Proc.
IEEE Power Engineering Society General Meeting 2007, June 2007, pp.
1-10.

[3] J. Ning, S.A.N. Samadi, V. Venkatasubramanian, “Two-Level Ambient
Oscillation Modal Estimation From Synchrophasor Measurements”, in
IEEE Trans. Power Systems, vol. 30, No. 6, pp. 2913-2922, Aug. 2015.

[4] Identification of Electromechanical Modes in Power Systems, IEEE Task
Force Report, Jun. 2012.

[5] L. Vanfretti, V. H. Aarstrand, M. S. Almas, V. S. Peri and J. O.
Gjerde, “A software development toolkit for real-time synchrophasor
applications” in Proc. PowerTech (POWERTECH), 2013 IEEE Grenoble,
Grenoble, 2013, pp. 1-6.

[6] Source code available at https://github.com/SmarTS-Lab-Parapluie/
S3DK

[7] H. Hooshyar, F. Mahmood, L. Vanfretti, M. Baudette, “Specification,
implementation, and hardware-in-the-loop real-time simulation of an
active distribution grid, in Elsevier Sustainable Energy, Grids and
Networks (SEGAN), Volume 3, September 2015, Pages 36-51.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


		2018-01-29T12:59:56-0500
	Certified PDF 2 Signature




