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Abstract. Control of a precise measurement platform is investigated in this paper. Piecewise
constant control procedure on the basis of finite element in time and the method of least squares
is proposed. It is demonstrated that the proposed technique can be used to follow not only a
predetermined law of displacement variations, but also velocity variations. Computational
experiments with a system comprising one degree of freedom are used to illustrate the efficiency
of the proposed technique.
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1. Introduction

Control of a precise measurement platform is investigated. Model having one degree of
freedom is used. Control procedure on the basis of finite element in time and the method of least
squares is proposed. Piecewise constant control force is obtained. The proposed method of control
is based on the material presented in [1-5]. Related problems are investigated in [6-11]. On the
basis of performed investigations for various values of parameters the necessity to follow not only
the desirable displacement, but also the desirable velocity is shown.

2. Control of a precise measurement platform

Motion of a precise measurement platform is approximated by the standard one-dimensional
differential equation:

mii+cu+ku=f, (1)

where m is the mass of the platform, u is the displacement, ¢ is the coefficient of viscous
damping, k is the coefficient of stiffness, f is the external force, upper dot denotes differentiation
with respect to time.

Linear interpolation of displacements on the basis of the method of finite elements yields:
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where T is the time step, the subscript 0 corresponds to the value at the beginning of the time step,
the subscript T corresponds to the value at the end of the time step. Calculations of displacements
by using this finite element are based on the following equation:

B
uT = Zl (3)
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where:
T m c T
= f (=4 k= ' 4
B f2 ( TT 2+k3>u0+mu0, @)
m c
=— 4 — 5
A T+2+k6 (5)

Calculations of velocity by using this finite element are based on the following equation:
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The following equation for displacement is obtained:

ur =Gf +H, @)
where:
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The following equation for velocity is obtained:

ip=Gf +H, (10)
where

_ 1 /T m c T
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The following error function is introduced:

A

e =2 (up — 0y +%(uT—ﬂ)2, (13)

where A, and A, are the weighing parameters, i is the desirable displacement, 1t is the desirable
velocity.
This function can be rewritten as:

A Ay = — -
s=71(Gf+H—ﬁ)2+?2(Gf+H—u)2. (14)
By minimizing the error, it is obtained:

MLG(Gf +H—u)+ 2,6(Gf + H—1) =0. (15)

Thus, the excitation is calculated as:
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3. Computational experiments for the control of a precise measurement platform

The following parameters of the investigated precise measurement platform are assumed:
m=1,c=0.1,k=1.
Desirable motion is assumed as:

U = 4sinwt, (17)
1 = 4wcoswt, (18)
where w is the angular frequency of harmonic motion, t is the time variable.

Initial conditions are assumed as:

u(0) =0, (19)
1(0) = 4w. (20)

Time step is assumed as:
7= €2y

Displacement control is performed by assuming A; =1 and A4, = 0. Displacement and
velocity control is performed by assuming 4; = 1 and 1, = 1

Control of the precise measurement platform is investigated for various values of frequency of
desirable motion. Typical results of control of the precise measurement platform when w = 0.5
are presented in detail further.

3.1. Displacement control

Displacement control is performed by assuming 4; = 1 and 4, = 0.
Variation of the control force is presented in Fig. 1.
Variations of displacement and velocity are presented in Fig. 2.
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-3.0487
0.0000 50.2655

Fig. 1. Control force as function of time

Phase trajectory of velocity as a function of displacement is presented in Fig. 3.
From the presented graphical representation, it is seen that the control force has undesirable
high frequency oscillations. Thus, their investigation for one period of steady state motion is
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performed in more detail. Variation of the control force over one period of steady state motion is
presented in Fig. 4.

By using the method of collocation — least squares the first harmonic of the control force over
one period of steady state motion is determined. Midpoints of time steps are used as collocation
points. The first harmonic of the control force over one period of steady state motion is presented
in Fig. 5.
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a) Displacement as function of time b) Velocity as function of time
Fig. 2. Displacement and velocity as functions of time
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Fig. 3. Phase trajectory of velocity Fig. 4. Control force as function of time over
as a function of displacement one period of steady state motion
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Fig. 5. The first harmonic of the control force Fig. 6. The error of the control force
as function of time over one period as function of time over one period
of steady state motion of steady state motion
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The error (that is deviation from the first harmonic) of the control force over one period of
steady state motion is presented in Fig. 6.

From the presented results, it is seen that the variation of the control force is not acceptable
and thus it cannot be recommended to perform only displacement control.

3.2. Displacement and velocity control

Computational experiments for the displacement and velocity control are performed by
assuming A; = 1 and A1, = 1. Variation of the control force is presented in Fig. 7.
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Fig. 7. Control force as function of time
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a) Displacement as function of time b) Velocity as function of time
Fig. 8. Displacement and velocity as functions of time
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Fig. 9. Phase trajectory of velocity as a function of displacement
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Variations of displacement and velocity are presented in Fig. 8.

Phase trajectory of velocity as a function of displacement is presented in Fig. 9.

From the presented results, it is seen that the variation of the control force is acceptable (high
frequency oscillations are not observed in the obtained results) and thus displacement and velocity
control is recommended for engineering applications where the stabilization of harmonic
oscillations is required.

4. Conclusions

Control of a precise measurement platform is investigated. Model having one degree of
freedom is used. Control procedure on the basis of finite element in time and the method of least
squares is proposed. Piecewise constant control is investigated.

From the presented results, it is seen that the resulting variations of displacement and velocity
as functions of time are acceptable for both problems: problem of displacement control and
problem of control of both displacement and velocity. But piecewise constant variation of the
control force has high frequency vibrations when only displacement control is performed.
Computational simulations demonstrate the necessity to follow not only the desirable
displacement, but also the desirable velocity of the controlled system. Experimental
implementation of the proposed technique is a definite objective of future research.

References

[1] Johnson Claes Numerical Solution of Partial Differential Equations by the Finite Element Method.
Cambridge University Press, New York, 1987.

[2] Larson Mats G., Bengzon Fredrik The Finite Element Method: Theory, Implementation, and
Applications. Texts in Computational Science and Engineering, Vol. 10, 2013.

[31 Rao S. The Finite Element Method in Engineering, 5th Edition. Elsevier, Butterworth-Heinemann,
2010, p. 728.

[4] Inman D. J. Vibration with Control, Measurement, and Stability. Prentice-Hall, New Jersey, 1989.

[S] Zimmerman William B. J. Series on Stability, Vibration and Control of Systems, Series A:
Volume 18. Multiphysics Modeling with Finite Element Methods. World Scientific, 2006, p. 432.

[6] Levy S., Wilkinson J. P. D. The Component Element Method in Dynamics with Application to
Earthquake and Vehicle Engineering. McGraw-Hill, New York, 1976.

[71 Bathe K. J. Finite Element Procedures in Engineering Analysis. Prentice-Hall, New Jersey, 1982.

[8] Bathe K. J., Wilson E. L. Numerical Methods in Finite Element Analysis. Stroiizdat, Moscow, 1982,
(in Russian).

[9] Boletin V. V. Vibrations in Engineering. Handbook, Vol. 1, Mashinostroienie, Moscow, 1978, (in
Russian).

[10] Lalanne M., Berthier P., Der Hagopian J. Mechanical Vibrations for Engineers. John Wiley and
Sons, New York, 1984.

[11] Thomson W. T. Theory of Vibration with Applications. Prentice-Hall, New Jersey, 1981.

© JVE INTERNATIONAL LTD. ISSN PRINT 2335-2124, ISSN ONLINE 2424-4635, KAUNAS, LITHUANIA 237




<<
  /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 /UseDeviceIndependentColor
  /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


