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Outline

= |ntroduction

« Downtime caused by turbine subsystems

« Annual failure frequency of turbine subsystems
» Cost benefits of condition monitoring (CM)

= Drivetrain CM

« Approach and rationale
* Implementation

= Tests
= Results and Observations
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Introduction: Downtime

Data Source: Wind Stats Newsletter, Vol. 16 Issue 1 to Vol. 22 Issue 4,
covering 2003 to 2009!"]

Based on the data reported to Wind Stats for the first quarter of 2010, the
data represents: about 27,000 turbines, ranging from 500 kW to 5 MW.

Wind Stats: 2003-2009 Aggregated Downtime per Turbine Subsystem
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Introduction: Annual Failure Frequency

» Data Source: Wind Stats 2009 data
= Top Three: electric systems, gearbox and generator

= 27% equivalent to 0.6 failures/turbine subsystem/year based on data
re po rted by Rel |aW| nd* Wind Stats: Annual Failure Frequency per Turhine Subsystem 2009

30 120

= Take crane cost into
consideration:

+ Reliability improvement first [ &
needed on gearbox,
generator, main bearing and
rotor

* Health monitoring helps in
providing individual turbine
health information and
extending turbine uptime

« Condition Monitoring (CM) for
first three

« Structural health monitoring
for rotor
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Introduction: Cost Benefits

= Experience at Schenck [2]

# of Turbines | Costs CMS Detected Damages Costs unplanned Replacement Total
Operator / Duration of plus Service Costs planned Repair Savings
Owner Service in € in € in €
enviaM 15 WTG's 150,000 3 x Gearbox 405,000 303,750

5 years 101,250 In 5 years
e.disnatur 130 WTG's 1,300,000 12 x Gearbox 4,620,000 3,465,000

5 years 40 x Generator 1,155,000 In 5 years

bearing

juwi 59 WTG's 472,000 20 x Gearbox 2,811,000 2,108,250
Management | 3 years 1 x Generator bearing 702,750 In 3 years

1 x Main bearing

Based on 1.5 MW wind turbine with replacement costs of about €150,000

for gearbox, €38,000 for a generator and €25,000 for a main bearing

(DEWI)

turbine (service)

Costs for planned repair < 30% for unplanned replacement (DEWI)
Cost per CM system approximately €5,000 plus €1,000 per year per wind

Above cost savings do not include loss of production

Return on Investment for all three cases less than 3 years
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Drivetrain CM: Approach and Rationale

= One area of research under Gearbox Reliability
Collaborative (GRC)

* Integrated Approach
« Acoustic emission (specifically, stress wave)
« Vibration analysis
 Qil debris and condition monitoring techniques
« Electric signature-based technique

= Rationale
« Each technique has its own strengths and limitations

 Combine active machine wear detection capability of lubrication
oil monitoring techniques with crack location pinpointing capability
of AE and vibration analysis

 Investigate potential technique for direct-drive turbines
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Drivetrain CM: Implementation

( Dynamometer Test Turbine
e Dymamometer , Turbine Power
(Variabie Frequency Drive)

| ;
Inline Particle
[Stress Wave] [ Coiints ]

As a research project, this set up is beyond the typical
drivetrain CM configuration seen in the industry.

Offline Oil Condition and Offline Vibration Electric
ISO Cleanliness Level Particle Counts Signature
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= Stress wave
analysis

= Vibration analysis

" [nline (main filter
loop) particle
counting

= Offline filter loop
particle counting,
oil condition
monitoring (i.e.,
moisture, total
ferrous debris,
and oil quality)

= Electric signature
monitoring

= Periodic oil
sample analysis




Tests: Test Articles

= Two gearboxes rated at 750 kW

* One planet stage and two parallel stages
* Redesign

O Floating sun, cylindrical roller planet bearings, tapered roller bearings in

parallel stages, pressurized lubrication, offline filtration and desiccant
breather

« Up to 150 channels of measurements for loads,
displacements, and temperature
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Tests: Conducted Tests

= Dynamometer test of GRC gearbox #1: run-in
* Field test of GRC gearbox #1

= Dynamometer test of GRC gearbox #2: run-in and non-
torque loading

» Retest of GRC gearbox #1 in the dynamometer
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Tests: Damaged Gearbox

Completed dynamometer run-in test

Sent for field test: experienced two oil losses

Stopped field test

Retested in the dynamometer under controlled conditions
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Tests: Lubrication System Diagram
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Results: Stress Wave Amplitude Histogram

Date Recorded: 11/1/09 19:35:55
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o] e |t dynamometer test

-g 0 Skewness....1 7432
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Results: Vibration Analysis

gearbox #1 (right) indicated

f..l.'n'ﬂ ET
019
i
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abnormal gearbox behavior

 More sideband frequencies
e Elevated gear meshing
frequency amplitudes

" |[ntermediate speed shaft
sensor

= GRC gearbox #2
dynamometer test (left)
indicated healthy gearbox

behavior
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Results: Oil Debris Monitoring
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= Particle generation rates:
 Damaged GRC gearbox #1: 70 particles/hour on 9/16
* Healthy GRC gearbox #2: 11 particles over a period of 4 hours

14
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Results: Oil Condition Monitoring
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Results: Oil Sample Analysis

= Results: GRC gearbox #2

* Particle counts: important to identify particle typesl3!

Total Particles Over Time per 100m/

SOOQOO0

ISO 4406 Code

21/17/12

S0O000 22/18, 12

T 30 Minute Sample 27 Silicon 23’122‘,"20
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Reference Limits
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Observations

= Stress wave amplitude histogram appears effective for
detecting gearbox abnormal health conditions.

= Spectrum analysis of vibration signal (or stress waves)
can, to a certain extent, pinpoint the location of damaged
gearbox components.

= Qil debris monitoring, specifically particle counts, is
effective for monitoring gearbox component damage, but
IS not effective for damage location.

= Damaged gearbox releases particles at increased rates.
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Observations (Cont.)

= Qil condition monitoring, specifically moisture, total
ferrous debris and oil quality:
More data is required to understand oil moisture and quality.
Oil total ferrous debris appears indicative for gearbox
component damage.
= When obtaining particle counts through oil sample
analysis, attention should be given to identifying particle
types.
= Periodic oil sample analysis may help pinpoint failed
component and root cause analysis.

= Electric signature-based technique did not reveal any
gearbox damage in this study.
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Thanks for Your Attention!

Special thanks go to GRC CM partners:
CC Jensen, Castrol, Eaton, GasTOPS,
Kittiwake, Herguth Laboratories,
Lubrizol, Macom, SKF, SKF Baker
Instruments, and SwanTech:!

NREL's contributions to this presentation were funded by the Wind and
Water Power Program, Office of Energy Efficiency and Renewable Energy of
the U.S. Department of Energy under contract No. DE-AC02-05CH11231.
The authors are solely responsible for any omissions or errors contained

herein.

NATIONAL RENEWABLE ENERGY LABORATORY



	Investigation of Various Wind Turbine Drivetrain Condition Monitoring Techniques
	Outline
	Introduction: Downtime 
	Introduction: Annual Failure Frequency 
	Introduction: Cost Benefits 
	Drivetrain CM: Approach and Rationale
	Drivetrain CM: Implementation
	Tests: Test Articles
	Tests: Conducted Tests
	Tests: Damaged Gearbox
	Tests: Lubrication System Diagram 
	Results: Stress Wave Amplitude Histogram
	Results: Vibration Analysis
	Results: Oil Debris Monitoring
	Results: Oil Condition Monitoring
	Results: Oil Sample Analysis 
	Observations
	Observations (Cont.)
	References
	Thanks for Your Attention!


<<

  /ASCII85EncodePages false

  /AllowPSXObjects true

  /AllowTransparency false

  /AlwaysEmbed [

    true

  ]

  /AntiAliasColorImages false

  /AntiAliasGrayImages false

  /AntiAliasMonoImages false

  /AutoFilterColorImages true

  /AutoFilterGrayImages true

  /AutoPositionEPSFiles true

  /AutoRotatePages /PageByPage

  /Binding /Left

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

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CheckCompliance [

    /None

  ]

  /ColorACSImageDict <<

    /HSamples [

      2

      1

      1

      2

    ]

    /QFactor 0.76000

    /VSamples [

      2

      1

      1

      2

    ]

  >>

  /ColorConversionStrategy /LeaveColorUnchanged

  /ColorImageAutoFilterStrategy /JPEG

  /ColorImageDepth -1

  /ColorImageDict <<

    /HSamples [

      2

      1

      1

      2

    ]

    /QFactor 0.76000

    /VSamples [

      2

      1

      1

      2

    ]

  >>

  /ColorImageDownsampleThreshold 1.50000

  /ColorImageDownsampleType /Bicubic

  /ColorImageFilter /DCTEncode

  /ColorImageMinDownsampleDepth 1

  /ColorImageMinResolution 150

  /ColorImageMinResolutionPolicy /OK

  /ColorImageResolution 120

  /ColorSettingsFile ()

  /CompatibilityLevel 1.7

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /CreateJDFFile false

  /CreateJobTicket false

  /CropColorImages false

  /CropGrayImages false

  /CropMonoImages false

  /DSCReportingLevel 0

  /DefaultRenderingIntent /Default

  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /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.)

    /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 <>

  >>

  /DetectBlends true

  /DetectCurves 0.10000

  /DoThumbnails false

  /DownsampleColorImages true

  /DownsampleGrayImages true

  /DownsampleMonoImages true

  /EmbedAllFonts true

  /EmbedJobOptions true

  /EmbedOpenType false

  /EmitDSCWarnings false

  /EncodeColorImages true

  /EncodeGrayImages true

  /EncodeMonoImages true

  /EndPage -1

  /GrayACSImageDict <<

    /HSamples [

      2

      1

      1

      2

    ]

    /QFactor 0.76000

    /VSamples [

      2

      1

      1

      2

    ]

  >>

  /GrayImageAutoFilterStrategy /JPEG

  /GrayImageDepth -1

  /GrayImageDict <<

    /HSamples [

      2

      1

      1

      2

    ]

    /QFactor 0.76000

    /VSamples [

      2

      1

      1

      2

    ]

  >>

  /GrayImageDownsampleThreshold 1.50000

  /GrayImageDownsampleType /Bicubic

  /GrayImageFilter /DCTEncode

  /GrayImageMinDownsampleDepth 2

  /GrayImageMinResolution 150

  /GrayImageMinResolutionPolicy /OK

  /GrayImageResolution 120

  /ImageMemory 1048576

  /JPEG2000ColorACSImageDict <<

    /Quality 15

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000ColorImageDict <<

    /Quality 15

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000GrayACSImageDict <<

    /Quality 15

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000GrayImageDict <<

    /Quality 15

    /TileHeight 256

    /TileWidth 256

  >>

  /LockDistillerParams false

  /MaxSubsetPct 100

  /MonoImageDepth -1

  /MonoImageDict <<

    /K -1

  >>

  /MonoImageDownsampleThreshold 1.50000

  /MonoImageDownsampleType /Bicubic

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /MonoImageResolution 600

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /NeverEmbed [

    true

  ]

  /OPM 1

  /Optimize true

  /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 \050SWOP\051 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 0.25000

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /UseName

      /PageMarksFile /RomanDefault

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /LeaveUntagged

      /UseDocumentBleed false

    >>

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXBleedBoxToTrimBoxOffset [

    0

    0

    0

    0

  ]

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXOutputCondition ()

  /PDFXOutputConditionIdentifier (CGATS TR 001)

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

  /PDFXRegistryName (http://www.color.org)

  /PDFXSetBleedBoxToMediaBox true

  /PDFXTrapped /False

  /PDFXTrimBoxToMediaBoxOffset [

    0

    0

    0

    0

  ]

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /ParseICCProfilesInComments true

  /PassThroughJPEGImages 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

  /sRGBProfile (sRGB IEC61966-2.1)

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [612.000 792.000]

>> setpagedevice





