
The information contained in this poster is subject to a government license.
The Virtual 47th IEEE Photovoltaic Specialist Conference (PVSC)

June 15th, 2020
NREL/PO-5D00-76904

This work was authored by the National Renewable Energy Laboratory, operated by Alliance for Sustainable Energy, LLC, for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08GO28308. Funding provided by U.S. Department of 
Energy Office of Energy Efficiency and Renewable Energy Solar Energy Technologies Office. The views expressed in the article do not necessarily represent the views of the DOE or the U.S. Government. The U.S. Government retains and the publisher, 
by accepting the article for publication, acknowledges that the U.S. Government retains a nonexclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published form of this work, or allow others to do so, for U.S. Government 
purposes.

INTRODUCTION
This paper investigates induced oscillation (specifically 
subsynchronous torsional interactions, SSTI) in power systems 
arising from photovoltaic (PV) power modulation. Time domain 
simulations of a modified IEEE benchmark power system are 
analyzed to determine whether PV inverters, especially those in 
volt-var control mode, could impact SSTI. In the IEEE 
benchmark system, a PV generator was added at the same bus 
where the synchronous generator is connected. The impact of 
different parameters of the PV inverters’ volt-var curve on SSTI 
is examined. The most severe impact found arises from the 
time response of the inverter’s reactive power change. A 
second-order time response with natural frequency matching 
the rotor speed deviation oscillation frequency and low-
damping ratio quickly drives the system to an unstable region.  
Although it is highly unlikely that conditions necessary for 
distributed energy resource-induced oscillations would occur in 
the field, with knowledge of this vulnerability in mind, inverters' 
control parameters can be designed to avoid it.

NREL is a national laboratory of the U. S. Department of Energy, Office of Energy Efficiency
and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.
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MODEL BACKGROUND

Fig. 1. Modified IEEE first-benchmark model
for testing SSTI induced by aggregated PV

CONCLUSIONS
The following observations were made:
• Different parameters of volt-var curves have different 

levels of impact on SSTI
• The most severe impact found so far arises from the time 

response of reactive power change; a second-order time 
response with natural frequency matching the rotor 
speed deviation oscillation frequency and low damping 
ratio drives the system quickly to an unstable region. 
Such low damping ratios are unlikely in practical 
inverters.

• Although this research identified a potential impact of 
aggregated PV on the stability of the electric grid, 
especially on the ability of aggregated PV to induce 
oscillations in the power system, the work was limited in 
scope, and findings should be considered preliminary.

• The IEEE benchmark 
system was modified by 
adding a PV generator at 
the same bus where the 
synchronous generator is 
connected.

• SSTI triggered by a 
disturbance, such as a 
fault in the transmission 
line, especially in a series-
compensated line

DAMPING SSTI WITH AGGREGATED PV
R. K. Verma et al [1] showed that a PV plant can be used as a 
PV static synchronous compensator to mitigate SSR.

Fig. 2. SSTI mitigation using aggregated PV: (a) power, voltage, and current measurements
of aggregated PV output; and (b) synchronous generator response; the top curve shows the
rotor speed deviations of different masses of the synchronous generator, and the lower plot
shows the torques, in p.u., transmitted from the generator to the low-pressure side of the
turbine, and from the low-pressure side turbine to the high-pressure side of the turbine.

IMPACT OF VOLT-VAR CONTROL ON SSTI
• We investigate the effects of other PV reactive power 

modulation techniques on the SSTI. 
• A widely adopted method for PV reactive power regulation 

is volt-var control
• The impact of horizontal shifts of the volt-var curve 

deadband along the voltage axis and vertical shifts of the 
volt-var deadband along the VAR axis are examined.

IMPACT OF VOLT-VAR CONTROL ON SSTI

Fig. 3. Different volt-var curves: (a) regular volt-var curve, (b) horizontal shift of deadband
from nominal voltage along the voltage axis, and (c) vertical shift of deadband along the var
axis
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Fig. 4. Baseline case when the aggregated PV is not generating or absorbing any power: (a)
power, voltage and current measurements of aggregated PV output and (b) synchronous
generator response

BASELINE VOLT-VAR MODULATION

WORST-CASE ANALYSIS

Fig. 5. Worst case analysis a) Impact of shifting volt-var curve horizontally and changing
volt-var controller delay time on rotor speed deviation b) Impact of shifting volt-var vertically
on rotor speed deviation

Examination of Fig. 5 and Fig. 6 shows that although
different values of the parameters defining the volt-var curve
have different impacts on the rotor speed deviation, the
maximum rotor speed deviation does not greatly change for
any of these settings.

WORST-CASE ANALYSIS

IMPACT OF VOLT-VAR TIME RESPONSE

Fig. 6. Impact of change of volt-var deadband and slope on rotor speed deviation

• It was previously observed by the authors that the volt-var 
time-domain dynamics of some commercially available 
inverters can be modeled with reasonable accuracy using 
second order of time responses:

𝑯𝑯 𝒔𝒔 =
𝝎𝝎𝒏𝒏
𝟐𝟐

𝒔𝒔𝟐𝟐 + 𝟐𝟐𝝃𝝃𝝎𝝎𝒏𝒏 + 𝝎𝝎𝒏𝒏
𝟐𝟐

where 𝝎𝝎𝒏𝒏, and 𝝃𝝃 are the natural frequency and damping
coefficient of the response, respectively.

• The simulations find that if the natural frequency of the 
second-order time response matches the frequency of the 
rotor speed deviation, the resulting SSTI could cause the 
synchronous machine to become unstable.

(a) (b)

Fig. 7. Impact of damping coefficient in the second-order time response on rotor angle
stability. (Shorter simulation durations indicate increased unstable oscillations.)

(a)
(b)

Fig. 8. Simulation result when the natural frequency of aggregated volt-var response matches
rotor speed deviation frequency (25.12 Hz) with a volt-var damping coefficient of 0.005

References 
[1] R. K. Varma and R. Salehi, “SSR Mitigation With a New Control of PV Solar Farm as STATCOM (PV- STATCOM),” IEEE 
Transactions on Sustainable Energy, vol. 8, pp. 1473–1483, oct 2017.


	Slide Number 1


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /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 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /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 0.76
    /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 false
  /GrayImageMinResolution 150
  /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 0.76
    /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 false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /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 (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /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 Adobe PDF documents suitable for reliable viewing and printing of business documents.  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
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


