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Abstract. The article presents the examples of practical application of the procedure for 
non-stationary signals processing. The developed method – procedure of linear decimation (PLD), 
short-time PLD and other enhancements to the standard PLD were applied for signal analysis of 
vibrations of turbine engines in unstable operating conditions. The rotational speed of driving shaft 
was adapted as a reference signal. The results were enclosed for turbine running-up and coasting 
state. 
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1. Introduction 

Diagnosing rotary-machine states in variable real-time conditions is vital for their operation 
safety. Early detection of conditions of incorrect operational processes, as well as of arising 
damage development can often prevent from failures or serious accidents [2]. The procedure of 
linear decimation (PLD) [4, 10] has been successfully tested in diagnostic systems for 
non-stationary cyclical machines. Appling the PLD offers the possibility to increase the energy 
contributions of time- and frequency- symptomatic components of the signal. 

Early detection of failure is determined not solely by a proper detection procedure but also by 
electronic implementation of diagnostic device [9]. Hardware (FPGA) implementation of the PLD 
compared to microprocessors or digital signal processors (DSP) can significantly reduce the 
calculations time. Furthermore, FPGA implementation of the PLD allows increasing signal 
sampling frequency, which results in more accurate spectra selectivity [8, 11]. 

2. Procedure of linear decimation (PLD) 

Procedure of linear decimation involves the dynamic signal resampling in accordance with 
rotation speed variations [1]. It assumes linear approximation of cycle variations curbed by values 
representing its beginning cycle time Θ௣ and its end cycle time Θ௞. In other words, it involves the 
deletion of sample-cluster variations proportional to the cycle and maintaining the constant 
sample-per-cycle number.  

The key element is to define decimation coefficient ܿܦ௄. This coefficient characterizes the 
increment of signal resampling [1]. It changes in accordance with the increase or decrease of the 
rotation speed, i.e. with the cycle variations. By adapting the final decimation coefficient, we can 
determine its variations in accordance with linear signal trend.  Selecting final decimation 
coefficient enables to reduce the signal to the stationary form in the observation window for the 
last cycle, which is very convenient in real-time analysis. 

3. Research object 

After successful laboratory tests on rotary machines in full frequency-band range, it was decided 
to test the method on a device of much greater rotation speed. For those tests a LM 2500 turbine was 
selected. This turbine normally works as engines of Navy Academy ships [7]. Cross section of the 
tested engine is enclosed in Fig. 1 along with the descriptions of its individual elements. Rotation 
speed of the shaft was a reference speed of the executed decimation procedure algorithm. 
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Fig. 1. Cross section engine LM 2500 [7] 

4. PLD capabilities 

Experiment was conducted in stabilized turbine operating conditions, during its run-up. It also 
included variable work loading of tested LM 2500 engine. 

 
a) 

 
b) 

Fig. 2. Amplitude spectrum of LM 250 engine in rotational frequency band in ron-up conditions:  
a) amplitude spectrum, b) amplitude spectrum after PLD 
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Fig. 2 presents amplitude spectrum of vibration acceleration for non-stable working conditions. 
Fig. 3 presents amplitude spectrum of vibration acceleration for non-stable working conditions in 
rotation frequency band. 

 
a) 

 
b) 

Fig. 3. Amplitude spectrum of LM 250 engine in rotational frequency band in ron-up conditions  
in rotation frequency band: a) amplitude spectrum, b) amplitude spectrum after PLD 

Fig. 2 and Fig 3. contains amplitude spectrum of vibration acceleration during run-up: a) 
spectral analysis, b) spectral analysis after applying procedure of linear decimation. Enhancement 
of spectral selectivity occurs at shaft frequencies corresponding with reference speed. After 
applying decimation procedure, components not synchronized formerly with reference speed 
become fuzzy and the components representing vibrations of propelling shafts, earlier fuzzy, now 
become distinct. Therefore, the PLD is efficient for linear change of rotational speed. For non-
linear change of rotational speed, a short time procedure of linear decimation (STPLD) was 
developed. The STPLD was employed e.g. in the vibration analysis of GTD-350 engine which is 
incorporated in MI-2 helicopter [4]. Hardware implementation of the STPLD and its employment 
for vibration analysis of tooth gear was presented in [11]. 

5. Conclusions 

Experiments conducted on LM 2500 engine brought positive assessment of the effects of 
applying innovative method of processing non-stationary signals – procedure of linear decimation. 
The PLD hardware implementation based on FPGA programmable systems gives the possibility 
of diagnosing cyclical machines at variable operating conditions in real time. The benefit of 
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implementing this method in FPGAs is parallel signal processing [5]. This results are much shorter 
analysis time in comparison to the processor implementations, especially when high sampling 
frequency is considered.  

Designed and constructed device (PUD) contains analog-to-digital converters with sampling 
frequency of 10 MS/s, which enabled to test the developed procedures in high-frequency band at 
great variations of rotational frequencies. Besides, a novel short-time PLD method was developed, 
enabling to adapt the approximation to the cycle changes. That put an end to the problem of non-
linear trend change and minimized the error resulted from the original PLD assumption of linear 
cycle trend in the observation window. 

This solution has brought the method nearer to the order analysis without the necessity of 
applying interpolation filters. 

References 

[1] Adamczyk J., Cioch W., Krzyworzeka P. Effect of interpolation on linear decimation procedure. 
Diagnostyka, Vol. 27, 2002. 

[2] Burdzik R. Monitoring system of vibration propagation in vehicles and method of analysing vibration 
modes. Communications in Computer and Information Science, Vol. 329, 2012, p. 406-413. 

[3] Cioch W., Knapik O., Leśkow J. Finding a frequency signature for a cyclostationary signal with 
applications to wheel bearing. Mechanical Systems and Signal Processing, Vol. 38, Issue 1, 2013, 
p. 55-64. 

[4] Cioch W., Krzyworzeka P. Analysis of running-up vibrations of turbine engine GTD-350. 
Diagnostyka, Vol. 4, 2007. 

[5] Dąbrowki D., Cioch W. Analysis of signals pre-processing algorithm in case of hardware and 
software implementation on diagnostic programmable device PUD-2. Acta Physica Polonica A, 
Vol. 123, Issue 6, 2013, p. 1020-1023. 

[6] Dybała J. Use of task-oriented dynamic resampling in reduction of signal non-stationarity. 
Diagnostyka, Vol. 48, 2008. 

[7] Grządziela A. Analysis of vibration parameters of marine gas turbine engines. Diagnostyka, Vol. 35, 
2007. 

[8] Jamro E., Cioch W. Digital signal acquisition and processing in FPGAs. Przegląd Elektrotechniczny, 
Vol. 85, Issue 2, 2009. 

[9] Jamro E., Wielgosz M., Bieniasz S., Cioch W. FPGA – ARM heterogeneous system for high speed 
signal analysis. Solid State Phenomena, Vol. 180, 2012, p. 207-213. 

[10] Krzyworzeka P., Adamczyk J., Cioch W., Jamro E. Monitoring of Nonstationary States in Rotating 
Machinery. Instytut Technologii i Eksploatacji, Radom, 2006. 

[11] Krzyworzeka P., Cioch W., Jamro E. Hardware abilities of linear decimation procedure in practical 
applications. Journal of Polish Cimac, Gdańsk, Vol. 2, Issue 2, 2007. 

[12] Lyons R. G. Understanding Digital Signal Processing. Addison Wesley Longman Inc., 1997. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /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 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /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 false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /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 true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /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 <<

    /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 [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


