Aadil Latif, Richard Bryce and Adarsh Nagarajan
National Renewable Energy Laboratory, Golden, Colorado
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Introduction

Project partners

« National Renewable Energy Laboratory
« Sumitomo Electric (SEI)

Project background
« San Diego Gas and

Electric (SDG&E) and

Sumitomo Electric (SEI) initiated a 2MW / 8MWh
vanadium red-ox flow battery (VRFB) storage
pilot project in California.

Objectives

« Optimally dispatching a utility-scale vanadium
redox flow battery (VRFB) energy storage

system
Contribution

« Anovel technique for generating a convex
system model from an experimentally derived
dataset which features variance among repeated

measurements.

The convex hull approach for
modeling system losses

The convex system
model developed as a
test case characterizes
the dynamic system
losses of avanadium
redox flow battery as a
function of
* The active power
output and,
* The battery state of
charge.

Sources of systematic
underestimation

* The hull forms on the
extremities of
experimental dataset.

Noise within the dataset
can significantly
increase under
estimation of system
losses

There may exist
concave regions within
predominantly convex
datasets.

Total losses [%]

Figure 1: Surface plot for total system losses
measured for battery operated at various
levels of active power and state-of-charge.
Projection on the Z axis shows regions
sampled during experimental run.
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Figure 2: The illustration shows why outlier

and natural variance in measured data
systematic under estimation if not cleaned.

Clustering for outlier detection and

error mitigation

* The storage system
was charged and
discharged at various
levels of state of
charge and active
power over a period of
three days, such that
most of the state space
was sampled.

+ DBSCAN was used to
identify clusters and
outliers within the
dataset. Centroids were
then calculated for
each cluster.

+ Average silhouette
score, number of
scores less than zero
and variance within the
score, among others,
were used to identify
values of parameters
for DBSCAN clustering
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Figure 3: Systematic under estimation from
the convex hull model
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Figure 4: Clusters form using DB-scan.
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Figure 5: The plot shows the impact of
varying tunable parameters for the DBSCAN
algorithm in the silhouette scores

Algorithm development

« Tune clustering
parameters, identify
clusters and calculate
cluster centroids

Form a convex hull
around the calculated
centroids.

Identify the lower
envelope of the hull and
use the use set of hyper
plane equations to
model total system
losses

Identify boundary
hyperplanes to allow
extrapolation to losses
for states not sampled in
the experimental run

‘Algorithm 1: Preudo code for calculation of system
losses from the convex hull model

3 Dmin = inf;
4 // 1dentify the planes that contain

Pr S
s for each hyperplane hae = a.P +b.5 +cL+d=0
forming; convex hull C do

6 | deniify riplet (pa, ps, pc) that bound the

hype: bes
7| Caleulate K: projection of hyperplane e onto
L =0 plane bounded by triplet (py, Py, Po) 3
& | A0 (P, Sp) lies within the region K
s Calculate losses | using the hyperplane e
" Append 1 10 Losses
1t i length of list'Losses’ > 0 then
1 | Le=min(Losses) // Return the loss

value corresponding to the lower

envelope of the hull

"
1| // If Pp,Sp lie outside the hull C
15| for each hyperplane hase forming hull C do

“ Identify triplet (p,, y. p.) that bound the
hyperplane ase :
" I pymen i triplet that bounds has. then
" /7 Tdentify point closest to
measured values Py, and Sy
" for each point p. in riplet do
Calculate distance D between [Py, Sm]

and the project of point p, on L =0

if D < Dmin then

u

2 Dmin =D;

» Pmin

u | /7 Extrapolate to estimate losses

x| for hase forming hull C do

% if pomin in triplet that bounds hape then

n ‘Calculate losses I using the hyperplane
ke

» Append ! to Losses

» | remove outliers from Losses:

2 | L= avg(Losses)

Validation of developed methods

TABLE I: The first four moments of the distribution of the
residuals

TABLE II: Addition metrics use to to compare the developed.
models 50

Pre-cleaning via
clustering procedure
significantly reduces
this mean bias error
and the variance of the
residuals.
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Figure 6: Loss model performance with and
without the intermediate clustering step

The global accuracy
metrics show that the
clustering procedure
results in a model which
better predicts the total
system losses of the
flow battery

.
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Figure 7: Box and whisker plots of residuald
By redu cing the clusters of each model relative to the measured dataj
to representative
centroids, the complexity
of the developed
piecewise linear model
can be reduced. In this
case its more than 27%.° «
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Figure 8: Cumulative probability density plot
W of residuals of the convex hull models based

on the noisy data and the reduced data set.
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Conclusions and future work

In this paper, a novel method for developing piece-
wise linear model using a convex hull is presented

The method makes use clustering techniques to
remove outliers and mitigate measurement noise
and significantly improves model accuracy

Lower envelope of the convex hull formed using
centroids of identified clusters has been used to
define the piece-wise linear model

The algorithm is also capable of extrapolating
outside defined region and estimating values for
states that lie out the region enclosed by the hull

The proposed formulation allows us to embed piece-
wise linear models into ReOpt, a MILP, and solve the
optimal dispatch problem very quickly considering
loss dynamics of the battery, which will be part of
future work.

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-AC36-08G028308. Funding provided by
New Energy and Industrial Technology Development Organization (NEDO), Japan. 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

that the U.S. retains a

others to do so, for U.S. Government purposes.

paid-up,

worldwide license to publish or reproduce the published form of this work, or allow

IEEE Power Engineering Society General Meeting 2019 (PESGM)
Atlanta, GA, USA

August 4 - 8%, 2019

NREL/PO-5D00-74510



	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



