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Vibration limits the performance of the ultra-precision machine in numerous applications, thus the need to dissipate the effect of
vibration has become crucial. This paper proposes a new design for a voice coil motor (VCM) actuator that can be used in the
vibration isolators to dissipate the fluctuation in the broadband frequency. The VCM was designed to produce a proper force for the
isolation of fluctuation. The magnetic flux modeling and force calculation were conducted. Obtained simulation results using finite
element method were verified by comparison with experimental results. Comparing these two results, we demonstrated that proposed

VCM actuator was constructed properly.
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NOMENCLATURE

N = coil turn numbers

B = magpnetic flux density (T)

i = effective current (A)

[ = effective length of coil in magnetic field (m)
R = resistance

L = inductance of coil

F, = force in actuator

d, = damping coefficient of actuator

k, = stiffness of actuator

k, = electric damping coefficient

1. Introduction

During the last decade, there has been an increasing interest in the
development of precision measuring equipments such as scanning
electron microscopy (SEM), scaning probe microscope (SPM), atomic
force microscope (AFM), etc.,. Precision measuring equipments are
negatively influenced by acoustic noise and direct mechanical fluctuation
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that can cause poor performance.'® Thus, the dissipation of such
fluctuation is a essential task for accurate and precision measurement.
To solve fluctuation isolation problem, an isolator using the spring and
damper have been proposed. Such isolator works as a low pass filter to
dissipate vibration transmitting to the precision measuring equipments.
A passive isolator was widely used to isolate these fluctuations from
base of precision machine. However, the conventional passive isolator
is good for vibration isolation at high frequencies. Recently, a hybrid
active passive isolator which use an active isolator in combination with
a passive isolator have been proposed. This isolator can actively control
the fundamental mounted resonance without deterioration in the good
high frequency attenuation performance.’*%

To control active vibrations at nanometer or micron scale resolution,
various actuators such as electromagnetic motor, electrical linear motor,
piezoelectric actuators, pneumatic springs, mechanical mechanism are
applied on the isolator systems. Among these, with the high stiffness
and accuracy, piezoelectric actuators are often used to obtain the good
attenuation control and good positioning accuracy. On the other hand,
because the stiffness of piezoelectric actuator is significantly higher
than that of spring, the isolation efficiency is decreased when springs
and actuators are located in parallel. In this paper, a new design for a
voice coil motor (VCM) on active vibration isolator that undertakes to
manage the fluctuation in the broadband frequency is proposed. The
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Fig. 1 Proposed VCM actuator

actuation force of the VCM was calculated for the vibration isolator.
The magnetic flux modeling and magnetic force calculation were
conducted. Obtained results were verified by comparison with
electromagnetic finite element method simulation results.

2. Theoretical Analysis of the Voice Coil Motor

The voice coil motor consists of a permanent magnet, a coil
assembly, a yoke which gives the magnetic flux path and a moving
plate. The generated actuation force is governed by the Lorentz force.
Also, the direction of the actuation force is determined by the
Fleming’s left hand rule. Moreover, its simple structure makes it easy
to maintain. It can provide superior acceleration and deceleration via
the magnetic force. The schematic diagram of VCM actuator is
represented in Fig. 1.

The electromechanical conversion mechanism of the VCM is
governed by Lorentz Force Principle. When a conductor of length /
carrying current 7 is placed in magnetic field of uniform flux density B,
the conductor experiences a force given by.'

F=NBil )

Where N is the turn number of the coil, B is the magnetic field

density (7), i is the effective coil current (4), and / is the effective coil
legnth (m).

The coil current flowing in the VCM actuator is governed by
equation as below.

edi
V=Ri+L=+kx 2
AL 2
Where R is a coil resistance, L (L=N*/R) is a coil inductance, and
kX is an electro-motive force generating by the moving part.
The equation of motion for moving part is given as the follows.

mi+dx+kx=F, 3)

Where F, is the force in actuator, d, is the damping coefficient of
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Fig. 2 Model of voice coil motor

actuator, £, is the stiffness of actuator.
F, is the same as force described by Lorentz Force. From Eq. (1) the

motion equation for moving part can be written as.
m,¥+d,x+kx=F,=NBil =k, 4
Where the electric damping coefficient is given by
k,=NBl=k,

By using the Laplace transformations for Eqgs. (2) and (4), it can be
written as

maSzX(s) +d, sX(s)+k,X(s) = NBII(s) 5)
LsI(s)+RI(s) = V(s)—kysX(s) (6)

Taking values of I(s) from Eq. (5) and then inserting it to Eq. (6)
and rearrange the left side. The final transfer function of the whole
system is derived as follows:

X(s) _ NBI
V(s)  m,Ls’+(d,L+m,)s +(k,d,+d R+k,NBI)s+k,R

™

Eq. (7) shows that it changes the numerator and denominator of the
close-loop tranfer function to use Eq. (2) as the feedback signal, so it
can control the resonance frequency and the transmissibility under the
resonance frequency using this signal. In addition, the dynamic
characteristic coefficient of the eletric-magnetic actuator (7=L/R)
affects the attenuation performance, and then it will induce the change
of magnitude and phase of the control force under the excitation
frequency.

The photograph of the fabricated VCM is presented in Fig. 2. As the
current is applied in the coil under magnetic field, the electro-magnetic
actuation is created in the upward/downward directions. This force is
proportional to the product of the coil current, the magnetic flux
intensity, and the effective coil length. Fig. 3 shows flux direction of
proposed VCM. The magnetic flux direction is always directed at the
center of VCM.

The iron yoke of actuator is attached to a permanent magnet. The
characteristics of the VCM actuator depend significantly upon the
structure of yoke, thus selecting proper yoke structure is very important.
The most important parameter of the yoke is the material which used
in its construction. The used material must have a high saturated
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Fig. 3 Magnetic flux direction

Table 1 Summary of the parameters used in simulation

Variables Input value
Magnetic flux of permanent magnet (B) 0.14 (T)
Coercive force of permanent magnet 400,000 (A/m)
Turns of coil 40
Applied current 0.5 (A)
Effective area of current (conducting area) 300
Table 2 Simulation results
Simulation Results
Generated electronic force 6.4 (N)
Magnetic flux density in the air gap 0.14 (T)

magnetic flux density to generate the high eletrical force and improve
the performance of VCM. The material and specification of proposed
VCM is listed in Table 1. The relationship between the magnetic
permeability and magnetic flux density is given by

B=uH ()]

In addition, the piezo-ceramic with high capacitance was used to
make a good performance. The capacitance represents the ability of the
piezo sensor to store electricity. The acceleration sensor can generate a
high voltage at the same pressure when the piezo sensor has a larger
capacitance.

3. Simulation and Experiment Results

The model of the proposed VCM is simulated via the finite element
method (FEM). Fig. 4 shows the FEM analysis result. The magnetic
force is produced in the upward as shown in Fig. 4a. The magnetic flux
density is 0.14 T as shown in Fig. 4b. Fig. 4c shows the current flow
in coil of the VCM. The simulation results are shown in Table 2.

The proposed VCM was analyzed using a frequency response
function (FRF) based on the obtained results in Table 2. The natural
frequency of VCM actuator is 47 Hz. The phase transition was
occurred in this natural frequency. Fig. 5 presents the frequency
reponse function of VCM actuator. Then we calculated the transfer
function about VCM. The parameters for transfer function are descibed
following Table 3. The experimental results and theorerical results are
in good agreement. Fig. 6 shows the simulation result using MATLAB.

To show the tracking performance of the VCM actuator, we used

Fig. 4 FEM analysis result
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Fig. 5 Frequency response function
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Fig. 6 Simulation results using MATLAB software

Table 3 Parameters for Bode plot

Parameters Values
m, 0.04697(kg)
L 3.0843x107 (H)
d, 0.5 (kg/s)
R 6.8 (U)
ka 4100 (N/m)
ks 0.3142 (N/m)

the sine tracking test. The results are shown in Fig. 7. It can be seen
that there is in good agreement between input and output response of
actuator. Such response indicates the satisfaction of proposed VCM
actuator.
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Fig. 7 Sine tracking response of actuator

500 1
. e 05V
4301 ———- 10V
~ . - -— — * 1.5V
—
g —————— 20V
Ty 2 J
o~ 350 TTe - - * :.5 \.
- - 30V
E ————em. 35V
= 300 Mgt e ;
= —— 40V
[
B B0 i b i i e 6 b o b
3 ————— e v
= 200 4
FEE S T Sk s B St S S e Sk S i S Sl S e Sk
150 4

"l l

50

10 20 30 40 50 60 70 80 90 100

Frequency (Hz)

Fi

—_

g. 8 Output voltages versus frequency

The piezo-ceramic acceleration sensor was investigated. Fig. 8 shows
the output voltages versus the frequency. Although the frequency
changed, the performance did not change. The output voltages increased
because the input voltages increased.

4. Conclusions

In this research, a new electro-magnetic actuator for active isolator
system was proposed. The theoretical modeling is obtained by using
the Lorentz force equation, the ohm’s law and the Newton’s 2" law of
motion. The final transfer function between the voltage input and the
mechanical velocity is derived. The finite element analysis was
performed to ensure the accuracy of the derived theory. The calculated
force is in good agreement with the simulated result (6.4N).

We evaluated the VCM actuator's performance with a capacitive
sensor. The sine tracking experiments reveals the good tracking
performances of the VCM actuator. The measured first resonant

frequency (47 Hz) is in good agreement with the simulation result.

ACKNOWLEDGEMENT

This research was supported in part by Basic Science Research
Program through the National Research Foundation of Korea (NRF)

funded by the Ministry of Science, ICT and Future Planning (2014
015109). This research was also supported in part by Basic Science
Research Program through the National Research Foundation of Korea
(NRF) funded by the Ministry of Education (2014023925).This work
was also supported by the National Research Foundation of Korea
(NRF) grant funded by the Korea government (MEST) (No. 2011-
0028562).

REFERENCES

1. Kim, M. H., Kim, H., and Gweon, D. G,, “Design and Optimization
of Voice Coil Actuator for Six Degree of Freedom Active Vibration
Isolation System using Halbach Magnet Array,” Review of
Scientific Instruments, Vol. 83, No. 10, Paper No. 105117, 2012.

2. Banik, R. and Gweon, D. G, “Design and Optimization of Voice
Coil Motor for Application in Active Vibration Isolation,” Sensors
and Actuators A: Physical, Vol. 137, No. 2, pp. 236-243, 2007.

3. Chen, Y. D., Fuh, C. C,, and Tung, P. C., “Application of Voice Coil
Motors in Active Dynamic Vibration Absorbers,” IEEE Transactions
on Magnetics, Vol. 41, No. 3, pp. 1149-1154, 2005.

4. Flint, E. M., Flannery, P, Evert, M. E., and Anderson, E. H.,
“Cryocooler Disturbance Reduction with Single and Multiple Axis
Active/Passive Vibration Control Systems,” Proc. of SPIE's 7th
Annual International Symposium on Smart Structures and Materials,
Vol. 3989, pp. 487-498, 2000.

5. Hauge, G. and Campbell, M., “Sensors and Control of a Space-based
Six-Axis Vibration Isolation System,” Journal of Sound and
Vibration, Vol. 269, No. 3, pp. 913-931, 2004.

6. Mizuno, T., Toumiya, T., and Takasaki, M., “Vibration Isolation
System using Negative Stiffness,” JSME International Journal Series
C, Vol. 46, No. 3, pp. 807-812, 2003.

7. Huang, X., Elliott, S. J., and Brennan, M. J., “Active Isolation of a
Flexible Structure from Base Vibration,” Journal of Sound and
Vibration, Vol. 263, No. 2, pp. 357-376, 2003.

8. Kerber, F., Hurlebaus, S., Beadle, B. M., and St6bener, U., “Control
Concepts for an Active Vibration Isolation System,” Mechanical
Systems and Signal Processing, Vol. 21, No. 8, pp. 3042-3059,
2007.

9. Kim, Y., Kim, S., and Park, K., “Magnetic Force Driven Six Degree-
of-Freedom Active Vibration Isolation System using a Phase
Compensated Velocity Sensor,” Review of Scientific Instruments,
Vol. 80, No. 4, Paper No. 045108, 20009.

10. Chai, H. D., “Electromechanical Motion Devices,” Prentice Hall,
Chap. 5, 1998.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /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 false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /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 [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


