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Abstract. The paper presents modelling and the process of dynamic model identification of
crankshaft system. At the beginning some information about design, operation and test of
crankshaft systems is shown. The next section describes the process of crank-piston mechanism
with a vibration damper modelling and the method of obtaining the motion equation. The last but
one section demonstrates some aspects of the process of dynamic model identification. Moreover,
tests and numerical simulation are presented. At the end, there is a summary of the whole paper.
Conclusions about modelling and identification of dynamic model of crankshaft systems are
shown.
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1. Introduction

The engineers face a difficult task because of current trends in design of modern internal
combustion engines and increasingly stricter rules on emissions. It is necessary to design a drive
system with a number of detailed assumptions which are often contradictory. The mass reduction
of particular elements of the engine is usually the effect of all these actions. In most practical cases,
it is associated with a change in the geometry or the use of modern materials in the design process.

It is clear that all changes of elements of drive system can change the behaviour of dynamics
and statics of a given object. Moreover, it is likely that there may appear a significant change in
the spectrum of the whole device. Thus, there arises a question about the changes of the spectrum
of device vibrations when the constructional changes are introduced. Positive answer gives new
possibilities of forming spectral structure of a given machine.

Modification of the vibrational structure, in many cases technical ones, is implemented by the
use of a damper of torsional vibrations. It is widely known that such a device is a dynamic
vibration eliminator. The changes of basic frequencies of vibrations of the whole engine result
directly from the principle of working of a damper. However, without a detailed analysis it is
impossible to predict how the spectrum of vibrations will look like after applying a damper of
vibrations. Furthermore, in practice, the use of torsional vibration eliminator influences the
remaining degrees of freedom because of lateral-torsional coupling. This problem is especially
important in the case of car engine crank systems with high power, where torsional vibration
dampers are often used.

Selection of parameters of such a damper is relatively difficult. As previously noted, it is
necessary to make a detailed analysis of a discussed engine, including a chosen technique of
vibration elimination. For this purpose, it is important to use a dynamic model (the simplest in this
case) of drive system. Unfortunately, due to the multitude of construction details of this type of
device, it is not possible to determine all parameters of such a model directly. Of course, it is
possible to attempt to make a very detailed modelling of the system. However, in practice it usually
does not improve the quality of obtained results. In such cases, it is much more convenient to
identify a model [1] with a high degree of abstraction rather than analyse a very detailed system
of dynamics equations [2, 3].
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2. Dynamic model of crank system

Despite its apparent simplicity, the crank system is a mechanism with very complicated
dynamics. It involves the deformability of all elements of its component, a nonlinear geometry of
movement and of a very complex nature of the load of the crankshaft. Theoretically, the whole
should be treated as a set of mutually interacting continuous systems described with distributions
of density and stiffness tensor.

It turns out, however, that for the reasons mentioned earlier this solution is not feasible in
practice. It is much simpler to present this mechanism as a series of stiff elements (material points
or rigid bodies) connected by massless continuous system. The errors resulting from the assumed
simplifications will be eliminated in the identification of a dynamic model which is discussed. The
analysed crank system may be presented in the following way:

Fig. 1. The model of the crankshaft of one piston:
1 — flywheel, 2 — crankshaft, 3 — torsional vibration damper

The following system of generalized coordinates is introduced to the proposed model (Figs. 1
and 2): ¢ — rotation angle of flywheel of the engine, ¢ — rotation angle of the disk of torsional
vibration damper, h —horizontal deformation of the crank, v — vertical deformation of the crank.
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Fig. 2. Crank of shaft global displacement

Due to high stiffness of crankshafts used in automotive, it is possible to simplify the use of
small deformations of the object, and as a result, of the linear elastic model. In such a system the
relation between vector of generalized forces and the displacement vector is linear. Moreover,
Clappeyron systems theory shows that these relations may be presented as follows:

Fn = knnun+knrur+kn{€' (1)
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E = kntun+krrur+kr{<' 2
M, = knzun-l-krgur‘l‘kggf, (3)

or more generally:
F = Ku. 4)

Theoretical considerations show that dependencies in the considered segment of crank system
Eqgs. (1)-(4) will simplify. Some elements of stiffness matrix will be zero for the assumed system
of forces and moments:

kn‘L' = kn{ =0. (5)

The interaction of gas forces and piston inertia in the assumed model of crank system is shown
as a system of forces affecting the crank.

3. The general form of the equations of motion of the crankset with a torsional vibration
damper

The previous considerations show that a seemingly simple mechanism, which is the crank
system, is characterized by a very complicated mechanical structure. The main cause for this, is
strongly nonlinear geometry of motion of individual elements of a discussed object. Obviously,
obtaining equations of motion of this system is not simple, especially with the use of balance
methods (vector methods). It is much more convenient to use formalisms of analytical mechanics,
such as Lagrange or Hamilton formalism. The experiments show that in the case of mechanical
systems with holonomic constraints (in the analysed problem all constraints are geometric) the
Lagrange equations of second kind are very effective.

The formalism of Lagrange equations is based on the analysis of the system and total kinetic
and potential energy. This is especially convenient because of the simplicity in determining
mechanical quantities. Having calculated the individual parts of Lagrange formalism, the
following equations of motion of the analysed crankset are obtained:

(Iyeq+my R?) @ — m,, ARsing + m,,,, Rcosg
+kp,,, (hcosg + vsing)(vcosp — hsing)
+ (kn(hsinqb — vcosd))+k,z(q) — qb)) (hcos¢ + vsing) (6)
— (ke(xsing — yeosg)+keg (9 — §)) = My (L),

Myrh — my, Rsingp — m,,, Rcospd? + k,,, (hcosg + vsing)cosp

+ (kn(hsind) - vcos¢)+krz((p - ¢>)) sing = P, (t), )
My D+m,, Rcospd — my,, Rsingp? + k., (hcosg + vsing)sing

- (kn(hsinqb - vcosd))+k,z(q) - qb)) cos¢ = P,(t), ®)
Iy@+kec(hsing — veos@)+k (¢ — P)+/5%(P) = 0, )
[d = fres(d), (10)

where: @ — vector of generalized coordinates of torsional vibration damper, I — inertia matrix of
torsional vibration damper, f7¢() — operator of the right side of equation of dynamics of torsional
vibration damper.
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4. The problem of identifying a dynamic model

The model of dynamics of the crankset may describe the dynamics of a real crank system [4].
It happens under the condition of precise determining its particular parameters. There does not
exist the possibility of direct measurement of unknown quantities because of the simplifications
used in the model. Therefore, such a model would be worthless in structural or diagnostic
applications. The only effective method to enforce the compliance of theoretical and experimental
results is the identification of a dynamic model. The parametric identification (one in which the
structure of the model is precisely determined) can be defined as follows:

W(t, Zi) - St{wd(t)} < 6! (1 1)

where: w(t, z;) — a model solution, w,;(t) — the result of the experiment, S.{} — the selection
operator in time domain, § — permissible total error of identification process.

The use of selection operator in time domain S.{ } is necessary because of the existence of
additional information present in the measurement, which is not connected with the identified
model. The transformation of Eq. (11) to the frequency domain is also possible:

W(f! Zi) - Sf{Wdoéw(t)} <A+ v, (12)

where: F{ } — the result of the experiment, S¢{ } — selection and averaging operator in frequency
domain.

Dependencies Egs. (11) and (12) make no sense without defining the relevant metrics. It is
convenient to define the distance in time and frequency domain in the following way:

p(x(0),y(®) = < f (x(0) — y(t))sin(Znﬁ-t)dt)
0 2 (13)

T

+ (J- (x(t) — y(t))cos(Znﬁ-t)dt)
0

Making a comparison of theoretical solution (Fig. 3) with the results of experiments (Fig. 4),

the unknown parameters of discussed system in the process of parametric identification are
designated.
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Fig. 3. The spectrum of transverse vibration Fig. 4. The registered spectrum of transverse
accelerations of the model of crank system vibration accelerations of the body of a car engine

5. Conclusions
Modelling of crank system dynamics is very difficult. The main problem is the “accuracy” of
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the model. It is possible to propose a very complex model, the analysis of which will be very
difficult, or a model simple in construction and analysis. On the other hand, it is easier to identify
individual elements of the system for more advanced modelling. However, for models with a high
level of abstraction such a process may not be directly feasible because of generality of this
research. For this reason, it is worth to make an identification process of a dynamic model.

The paper presents the numerical solution of the analysed model of crank system and the
results for the real object. Furthermore, there were described the details of the process of “tuning”
of the considered system of equations.

Bending-torsional coupling of vibrations present in the model is the reason for a complicated
frequency structure of the analysed object. Moreover, it is possible to use this phenomenon in
practical applications.

The model proposed in the paper, identified on the basis of experiments, may serve as an
important tool in the design process of systems eliminating vibrations and the measurements of
engine vibrations. It can also serve as a valuable source of diagnostic information about the
technical condition of piston engines, in particular torsional vibration dampers [5].

References

[1] Batko W., Dabrowski Z., Kicinski J. Nonlinear effects in technical diagnostics. Radom ITE-PIB
2008.

[2] Chilinski B. Analysis of bending and torsional vibrations of rotors with using perturbation methods.
The PCM-CMM-2015, (in Press), 2015.

[3] Chilinski B. Analysis of disturbance torque influence on critical state in rotational systems.
Transportation Problems, Vol. 8, Issue 4, 2013, p. 137-146.

[4] Dabrowski Z., Zawisza M. Investigations of the vibroacoustic signals mechanical defects sensitivity
is not recognized by the OBD system in diesel engines. Solid State Phenomena, Vol. 180, 2012,
p- 194-199.

[S] Deuszkiewicz P., Pankiewicz J., Dziurdz J., Zawisza M. Modeling of powertrain system dynamic
behavior with torsional vibration damper. Advanced Materials Research, Vol. 1036, 2014, p. 586-591.

54 © JVE INTERNATIONAL LTD. VIBROENGINEERING PROCEDIA. OCT 2015, VOLUME 6. ISSN 2345-0533




<<
  /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


