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Abstract. In the last years, smart materials are often used in industry equipment. Examples of
smart materials are piezoelectric plates, widely used for elimination of vibrations in mechanical
systems. They have large forces and small displacements and they also have the ability to change
shape upon the application of power to the surface of the piezoelectric. Articles about piezoelectric
systems are often presented [1-4, 6], but still there is not mathematical model containing both the
elastic properties, piezoelectric and dielectric properties of piezoelectric working in sensor levels.
Such analysis is very important for correctly design of geometrical and materials parameters of
this sensors. Development of methods for the analysis of simple systems with different conditions
of piezoelectric fix is important for determination of piezoelectric plate characteristics. The main
industry object of this article is piezoelectric level sensors which detect the level of liquids, fluids
or solids including powders. This kind on sensor is just on-off sensor it is means that it can detect
when the forks of the sensor are covered or free. The work is only part of the mathematical analysis
of piezoelectric level sensors. It was made together with a representative of the industry in order
to facilitate the selection of electric parameters of signal generator for level sensor. Until now, the
company where sensors were produced has to manual tune the frequency of the generator so that
the vibration fork of sensor were correct. Currently, using the derived mathematical formula by
authors, a direct assessment of the resonant frequency of a fork, taking into account the number
of platelets in the stack as well as the material of which are made are possible. This paper indicates
solution engineering problem which is the choice of parameters of piezoelectric plates by using
scientific methods of mathematical description.
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1. Principle and the structure of the piezoelectric level sensor

Piezoelectric level sensor detects the presence of powder when the vibrated sensor element,
so-called fork, comes into contact with powder or liquid and the vibrational forks are covered.
Described sensor has both oscillations plates and plate work as sensors, for this reason it use both
simple and inverse piezoelectric effect. Output signal is a binary signal, transmitted to the
automation systems via a relay.

a) b)
Fig. 1. a) Computer model of level sensor and b) photo of piezoelectric bimorph with PZT plate
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Analyzed sensor manufactured by the “Nivomer” company from Gliwice were shown on
Fig. 1. The sensors consist of receiving plates and supplying plates, connected in a bimorphic
system. Voltage, which is connected to the supply plates cause change in their thickness
proportionally to the value of applied voltage. Changes of the plate thickness causing mechanical
vibrations of the element. When the “forks” are not covered, full deformation of supplying plates
are transferred to the receiving ones. The value of this voltage is transformed by an electronic
system. In case of covered “forks”, the receiving plates are no longer stretched. At the same time
the potential is not generated on the facing of the plates. In design of level sensors, the selection
of parameters such as: well-chosen size plate and their number is very important.

2. Object under examination — mathematical model

In order to determine the matrix of piezoelectric flexibility, the piezoelectric is modelled as an
element described with nine external parameters. Considering the mechanical system continuous
in sections, where important parameters are: thickness, area and density of plates. Basis for the
analysis of piezoelectric systems are constitutive equations presented in Eq. (1):
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where: E — the modulus of longitudinal elasticity, Ep — the intensity value of electric field, € —
deformation, &5 — the electric permeability, D — the electric induction.

Assuming the expansion of the plate, mainly in the plane perpendicular to the axis, the
following boundary conditions are written:

(u=u1, gdy X = Xy,

U =1u,, gdy X =x,,
{ o= —0y, gdy X = Xq, @
ta = —0,, gdy X =x,.

Mechanical stress by force was replaced, using the formula: F = Ag, where A is a
piezoelectric plate surface, and o is the stress of piezoelectric plate. In analyzing the phenomena
existing in the piezoelectric plate it is necessary consider electrical parameters such as voltages on
the piezoelectric plates and current value. The voltage is therefore expressed as a function of
electric field strength:

u2

U= f E,du, 3)

ul

where: U — value of the voltage generated on the plates of piezoelectric, E,, — value of the electric
field.

After conducting transformations presented in previous work of the authors [5, 8-11] it was
obtained the relations between the mechanical parameters as force and displacement taking into
account the voltage generated on the plates:
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h 1
U=Z(uz—u1)+w—col, (6)

which are also written in a matrix form:

Z h Z
tankd sinkd
Y I R
ul=| — —_— - il @)
F, W wCy W U,
Z h Z

lsinkd w tande

The matrix Eq. (7) was written as respond of system for operating extortion. The individual
elements of matrix, presented as a flexibility, admittance and characteristics were recorded as
follows:

* Mechanical dependences; force-displacement;

* Other dependences between mechanical and electrical parameters;

* Electrical parameters, so dependences voltage and the current flowing in the electrical circuit.

The mechanical dependencies were called flexibility, electrical dependencies were called
conductivity, while the electrical and mechanical dependencies was called just characteristics.

3. Influence of piezoelectric plates number and material parameters on characteristics of
sensor

In this paragraph, graphical form of characteristics of piezoelectric plates in frequency domain
were shown on Fig. 2, 3. The base for generating charts was equation of input and output
dependences Eq. (7). In order to generate characteristic physical parameters of standard PZT
material was adopted from Table 1. With presented mathematical model Eq. (7) of a single plate
piezoelectric plate and already known methods for the analysis of complex systems [7, 11, 12].
On figures graphical charts of characteristics of fixed piezoelectric plates were shown with
influence of different parameters, such as: the thickness (Fig. 2), the elastic modulus (Fig. 3) or
surface area (Fig. 4).

Table 1. Parameters of analyzed plate

Symbol | Value Unit
p 7.5 | [g/(cm’]
E =c35 | 150 [GPa]
A 3.1 [cm?]
C 940 [pF]
d 1,2 [mm]
14 &3 [m/s]
p

It was noted that the characteristics of a single plate with thickness d = 1 mm are the same as
two connected piezoelectric plates with thickness d = 0,5 mm each. This statement is correct only
by assuming ideal connection of plates without for example taking the glue thickness layer into
examination (Fig. 2).
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Fig. 2. Characteristics of one side fixed plates in the frequency domain
with thickness d1 =1 [mm], d2 =2 [mm], d3 = 4 [mm]
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Fig. 3. Characteristics of fixed plates in the frequency domain with different elasticity modulus
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Fig. 4. Graph of piezoelectric plate in the frequency domain, depending on the surface area

4. Application of mathematical model in industry sector

This article presents how to determine the flexibility of piezoelectric plates in vibration sensor
level. In vibration level sensors bimorph systems are often used to increase the relative elongation,
and thus obtain larger displacements. By properly mounting of piezoelectric element, there is the
possibility of changes in the characteristics of a frequency function. While designing both the
sensor systems and actuators, it is important to correctly interpret the signals transmitted by the
piezoelectric. Until now, the sensors producers have to manual tune the frequency of the generator
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so that the vibration fork of sensor were correct. Currently, using the derived mathematical
formula, faster and easier method for assessing the resonant frequency of physical and material
the parameters was allowed. This paper indicates solution of engineering problem which is the
choice of parameters of piezoelectric plates by using scientific methods of mathematical
description.

5. Conclusions

The proposed analysis of the piezoelectric system at the design level can determine the
parameters of piezoelectric plates. Well-chosen dimensions of the plates, and their number is
crucial when performing other mechanical parts.

Following that, a preliminary analysis of the construction of the sensor with the Gliwice
company “Nivomer” found that by introducing a variable number of platelets in the system may
select a frequency generator and the maximum deflection of the fork-carrying vibrations.

Proposed in the methods and algorithms relating to complex systems can be applied to the
piezoelectric stacks of tiles the design presented in the sensing level.

Acknowledgement

The work was carried out under the Project Number PBS2/A6/17/2013 agreement
implemented under the Applied Research Program, funded by the National Centre for Research
and Development.

References

[1] Bellert S. Chosen Works. PWN, Warsaw, 1981.

[2] Bialko M. Active Filters RC. WNT, Warsaw, 1979.

[3] Bishop R. E. D., Gladwell G. M. L., Michaelson S. Matrix Analysis of Vibration. WNT, Warszawa,
1972.

[4] Bolkowski S. Theoretical Electrical Engineering. WNT, Warszawa, 1986.

[S] Buchacz A., Wrébel A. The analysis of simple and complex piezoelectric systems. 17th Symposium
on The Modelling in the Mechanics, Wista, 2008.

[6] Mason W. P. Electromechanical Transducers and Wale Filters. Van Nostrand, 1948.

[71 Buchacz A. Dynamical flexibility of discretecontinuous vibrating mechatronic system. Journal of
Achievements in Materials and Manufacturing Engineering, Vol. 28, Issue 2, 2008, p. 159-166.

[8] Buchacz A., Wrobel A., Placzek M. Control of characteristics of mechatronic systems using
piezoelectric materials. 6th International Conference Mechatronic Systems and Materials, 2010.

[9] Buchacz A., Placzek M. Damping of mechanical vibrations using piezoelements, including influence
of connection layer’s properties on the dynamic characteristic. Solid State Phenomena Vols. 147-149,
2009, p. 869-875.

[10] Wrébel A. Model of piezoelectric including material damping. Proceedings of 16th International
Conference ModTech, 2012, p. 1061-1064.

[11] Buchacz A., Wrébel A. Computer-aided analysis of piezoelectric plates. Solid State Phenomena,
Vol. 164, 2010, p. 239-242.

[12] HaS. K. Analysis of a piezoelectric multimorph in extensional and flexular motions. Journal of Sound
and Vibration, Vol. 253, Issue 3, 2002, p. 1001-1014.

© JVE INTERNATIONAL LTD. VIBROENGINEERING PROCEDIA. DEC 2016, VOL. 10. ISSN 2345-0533 281




<<
  /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


