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The Mechanical Dither Design of Navigation Guide Structure
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Abstract The gyroscopes have been used as a suitable inertial instrument for the navigation guidance and
attitude controls. The accuracy as very sensitive sensor is limited by the lock-in region(dead band) due to the
frequency coupling between two counter-propagating waves at low rotation rates. This frequency coupling gives
no phase difference, and an angular increment is not detected. This problem can be overcome by mechanically
dithering the gyroscope.

This paper presents the design method of mechanical dither by the theoretical considerations and the verification
of the theoretical equations through FEM(Finite Element Method) applications. As a result, the maximum
prediction error of resonant frequency and peak dither rate was under 5 percent. The theoretical equations for
the mechanical performances of dither can be said to be feasible.
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Key Words : Ring Laser Gyroscope, Lock-in Region, Dead Band, Mechanical Dither, Resonant Frequency, Torsional
Stiffness, Peak Angular Amplitude, Peak Dither Rate, FEM(Finite Element Method)

Nomenclature Omx  Peak dither rate

P Shear force
M Bending moment .

£ 1. Introduction
E Modulus of elasticity
! Moment of inertia of area When there is an applied rotation about the axis normal to
d Polar moment of inertia of mass the plane of rotation, the operation of gyroscope depends on
4 Circumferential deflection of spoke the phase difference for beams traveling in opposite direction
S Resonant frequency within a closed path. This difference gives rise to a phase
o Bending stress of spoke difference. But the accuracy of gyroscopes have been limited
£ Longitudinal strain of spoke by the lock-in region due to the fact that at low rotation rates
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of gyroscope the frequency coupling mechanism arises from
back scattering of the mirrors. This effect gives no phase
difference and hence no detect of angular increment. In other
words, this reduces the angular sensitivities to the electrical
and mechanical disturbances such as low frequency noise
components, in the optical measurement. It is important to
minimize the transition periods of lock-in region. The
dithering motion is to operate the gyroscope under the lock-in
region in order to be sensitive against input rotation rates
which are below that certain region [Fig. 1]. The dithering
method uses the electrical signal processing for the low back
scatter in conjunction with a stable gas discharge, a suitable
dither drive and a stabilized resonator cavity length. But the
simplest dithering method is to use the mechanical dither.

The purpose of the mechanical dithering is to suppress the
dead band, oscillate the block about the rotation axis and add
an external rotation rate. The design considerations of
mechanical dither include the followings : structural resonant
frequency, peak angular amplitude and dither rate, driving
technique, and inertia of dithered components.

The formulation of mechanical dither was explained by
Shackleton B. R. in 1987". His paper presented the
geometrical approach of spoke, but had no considerations of
the loading condition and angular characteristics due to the
piezo element deformation.

In this paper, the mechanical performances of dither are
theoretically presented on the basis of any loading condition
and angular characteristics (peak dither amplitude and rate)

due to the piezo element deformation. And using the
transverse vibration behavior of elastic spoke, the resonant
frequency of mechanical dither is calculated. Through the
finite element analysis, the structural performances of

mechanical dither are compared.
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[Fig. 1] Laser gyroscope alternating bias technique

[Fig. 2] Dither spoke geometry

2. Theoretical Consideration

To design the dither is to calculate the torsional stiffness of
dither, bending profile, point of inflection and stress caused
by the bending behavior of spokes. In Fig. 2, a dither spoke

may be considered as a cantilever of length L with the inertia

effect at the end &1 and rotated with regard to the center Ra.

The angular rotation may be due to the combined effects of
an end load P and a moment M , which must meet the
condition that the spoke isn't free at the other end. An end load
P gives curve 1 as the bending profile and a moment M give
curve 2. From the above parameters, the structural deflection
and slope of spoke due to P and M are given as follows ;
deflection due to P and M ,

5o Pa’ ML

“em Pt g M

and bending slope of spoke due to P and M .

0 _Pa’ ML
2FEI EI 2

From Fig. 2, the resulting torque is given by P and M ,
T=Pa-M (3)

For the small elastic circumferential deflection of spoke,
using Egs. (1), (2) and 6 = (R —=R,)0 it can be shown as the

ratio of moment, which is due to the geometric parameters.

Pa _3(R -R,)’ -G
M a’ - )]
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where L =R — R, And the torsional stiffness of a spoke
may be defined using Egs. (2), (3), and (4).

T

T g 671
0

Ga-2L

&)

and Eq. (5) can be rewritten in terms of the geometric

parameters of a spoke,

2B 3R -R)’-d’
a 3(R;—Ry)* —2a(R; —Ry)

4

(6)

where Ri and R are the fixed ends of spoke span( L)
which depends on the deflection behavior of the spoke span.
The point of inflection concerned with the behavior of an
elastic spoke is given by the differential equation of flexural
beam. The differential equation of flexural beam states that
the local curvature equals the local bending moment (¥ )

divided by the local flexural stiffness of beam,

d*y
M, =El—=
P 0
The point of inflection of spoke is a point given by,
dzy —0
Since g2  Mp=0 (8-a)

and the bending moment in a spoke may be written for
O<x<a,
My, =Pla-x)-M (8-b)

Using Egs. (2), (8-a) and (8-b), the point of inflection, X,

can be written as follows,

(8-0)

The bending stress induced by the local bending moment

in the cantilever spoke, is given by,

Mbt_P(afx)fMt

o, =
by I

)

where / is an area moment of inertia.
Setting R2 =@ Ry and L =R, =R, the point of inflection
along the spoke length is given by Egs. (4) and (8),

1951

G-1 3R*(-a)’-d?
G 3R (1-a)? (10)
From Eq. (10), as Rz approaches zero and the applied load
position approaches the end of spoke, @ approaches zero.
Hence (G—1)/G approaches 2/3. The point of inflection
cannot occur beyond 2/3 of the spoke length. This limits the
area of spoke that may be used by piezo element for driving
the spokes since they cannot induce two opposite forms of
curvature in the spoke, that is, the piezo element cannot be

extended beyond the point of inflection.

3. Mechanical Performance of Dither

The aforesaid mono block system is assumed to be
mounted on the outer diameter &1 of spoke. But if a spoke has

the end mass 7 at a point Ri, the resonant frequency for the
mounting location of mono block system at an arbitrary point

L' on the spoke may be given by,
=
mL?

where 7 is the number of elastic spokes, Ko is the torsional

1

T

1

2z

nkgy

fn N2
J s (LIL")

(1n

stiffness of the dither from Eq. (6), Jysis the polar mass

moment of inertia of the dithering system, L is the swing arm

of spoke assumed as &1 =R . The relationship between m

and Josis given by

JSVS
m= -

nL'? (12)
for a spoke.

Since both ends of spoke are respectively built at the
central post and mono block, the bending stresses at the ends

must to be verified within the allowable stress. Using Eq. (9)

and setting x =0, the bending stress at Rz is given by,

(12-a)

and can be rewritten, using Eq. (4), and t=d/2
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_M(@G-Dd

Tk I 2 (12-b)

Also, using Egs. (2), (3), (4) and (5), the torque can be

written in terms of the geometric parameters and mechanical

properties,
Ga-a G-1
T=——M=2EIO
a Ga-2L (13-a)
M 2E0
I (Ga-2L) (13-b)

Hence the bending stress may be expressed in terms of the

geometry of the spoke and the angular deflection.

4. Loading Condition

The mechanical dither is mounted via the beam-shaped
spokes to the gyroscope mono block and to the inertial rigid
reference frame. The deformation of spoke is under the
alternate deformation of piezo element on both faces. Each
opposite voltage signal on two faces is loaded and results in
the compression and expansion deformations of spoke. The
bending behavior of spoke due to the stretching and

contracting deformations of piezo element is shown in Fig. 3.
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[Fig. 3] Spoke deformation due to bending moment

The longitudinal strain €xof spoke and the bending

moment are given by,

M
g L[ Moy EI
E I ), y (14)

~AL
Setting the maximum strain Ex /Lo at the piezo

element bonding face (¥=49/2), the bending moment of

spoke may be given by,

2E1
i, = 2EI(AL
d \ L,

(15

on the neutral axis, where ZLois the length of piezo
element, d is the thickness of spoke, AL is the maximum
deformation of piezo element along the longitudinal
direction.

Since the maximum deflection due to a moment M, or a

vertical load P must be equal at the end, the equivalent force

is given as,
2
M
6. =L g ay=Moy (1—a)
6E1 EI 16)
_ 6M, (L7a|)L(,
a® (3L-a) a7

The bending angle @ at the loading point ais

approximated as the peak angular amplitude.

_ Pa’  3M,(L-a))L,
2EI, EI_(3L-a)
6 L-q
" d3L-a

a

(18-a)

And from the condition that the maximum external work is
equal to the maximum kinetic energy, the peak dither rate

may be given by,

Upax =T,

max max

T ) -
Lps, =l 2oy
2 2 n

5 _(L-a)AL [48nEl
M (BL-a)d | aJy,

where 9. is the vertical deflection at the loading point a .

(18-b)

5. Simulation

The primary goal of the finite element analysis is to guide

the structural design of dither. A typical simulation of the
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dynamic behavior based on the structural stiffness of the
dither system takes into account two aspects: the first is the
mode at the detection space of gyroscope and the second is
the frequency history of the angle in the desired direction
referred to as the dither amplitude.

The radial dither in Fig. 4-(a) is mounting via four
wedge-shaped spokes to the gyroscope solid block and to the
inertial reference frame which is rigid. The bending moment
of a spoke under the driving deformation of piezo element (
AL =%2p1my may be calculated from Eq. (15). From Fig. 2

and 3, the shape parameters of a spoke in Fig. 4 are as

follows: n=4, R =1925mm R, =5.00mm ['=10.50mm

w=30.00mm , a=625mm  a =400mm From Eq. (19), the
equivalent polar mass moment of inertia of system is 1.66

ton-mm’ except the grounded constituent components, based

on the test resonant frequency (f sis = 382 Hz) and the inertial
effect of system is taken into account as the scalar dummy
inertia. This equivalent mass moment of inertia of system
may be used for representing the inertial effect of the

dithering structure. If the resonant frequency is basically

given, the equivalent polar mass moment of inertia (J 5)

may be approximated as follows,

f 2

~ dither

szs ~ Jdither
f sys

19)
where Jfaier is the natural frequency of mechanical dither

structure without the consideration of mono block system,
which is 4897.12 Hz as shown in Fig. 4-(b) and Jainer is the
mass moment of inertia of mechanical dither., which is
0.01095 ton-mm’ .

The structural damping factor is given as @~ factor (
Q=1/2¢") which is 150. The material properties are given as

INVAR 36 ALLOY(E=1449GPa, v=029,

p=8.11x10" kg / mm’ ). The four spokes are constrained for
the connection with the rigid inertial reference frame. For
8-node hexahedron solid element model of mechanical
dither, the peak dither rate and resonant frequency are
simulated through the direct frequency response analysis,
using MSC/NASTRAN V70.5. Table 2 shows the 1st resonant

frequency for the rotational mode and peak dither rate.

(a) Finite element model of ring laser gyroscope

MODE: 1
DISPLACEMENT
FRAME OF REF: PART

FREQ: 381.238

2 i
e

(b) Resonant frequency of typical mechanical dither
[Fig. 4] Schematic model of ring laser gyroscope

Table 1. Resonant frequencies of mechanical dithers to
thickness variations

Test FEA Theoretical Eq.
N Thickness| Freq. (Hz) | Freq. (Hz) Freq. (Hz),
o
d (mm) | Peak dither | Peak dither Peak dither
rate(deg/sec) | rate(deg/sec) | rate(deg/sec)
363.00, 359.54, 359.77,
1 2.94
134.15 137.25 137.19
382.00 381.23, 380.07,
2 3.08
145.10 141.61 144.24
400.00 400.44, 402.50,
3 322
150.00 143.52 147.03

In Table 1, the results of the finite element analyses and

numerical solutions show that the maximum relative errors to

1953



ksl | et A A1 Al6E, 2010

test results are within 3 percent in the resonant frequency and
5 percent in the peak dither rate, and two

methods are relatively available for designing the
mechanical dither. From the aforesaid equations, it can be
known that the relative error between finite element analyses

and theoretical solutions depend on the working elastic

length, which is given as L=Ry =Ry This working
elastic length is the effective bending length under the

bending deformation of a spoke.

6. Conclusion

From the geometric parameters and material properties of
the dither, the mechanical characteristics can be given as
follows: torsional stiffness, bending profile, points of
inflection, stress caused by bending of the spokes, resonant
frequency and peak dither rate. And since the stress within the
spoke and piezo element may further limit the angular
amplitude and rate, the peak dither rate is usually limited to
the angular amplitude which did not cause stresses in the
spoke material to exceed the effective material stress. The
effective bending length as the working elastic length is the
important factor which has an influence on the angular
deflection as the bending deformation of spoke.  But the
geometrical parameters of spoke can approximately be used.
And the finite element analysis can be used for designing the
concrete and complicated spoke within the given design

range.

References

[1] Ansel C. Ugural, Saul K. Fenster, Advanced strength
and applied elasticity, Prentice-Hall, 3rd edition, 1995.

[2] Robert J. Kline-Schoder, Michael J. Wright, Design
of a dither mirror control system, Mechanics, Vol. 2,
No. 2, pp. 115-127, 1992.

[3] Roy R. Craig, Structural dynamics An introduction to
computer methods, John Wiley & Sons, 1981.

[4] Schleich W. , Dobiasch P., Noise analysis of ring
laser  gyroscope  with dither,
communications, Vol. 52, No. 1, pp. 63-68, 1984.

Shackleton B. R., Mechanical design considerations

arbitrary Optics

—
W
[t

for a ring laser gyro dither mechanism", Proceeding

Instrument Mechanical
1987.

[6] Stephen H. Crandall, Norman C. Dahl and Thomas J.
Lardner, An introduction to the mechanics of solids,
2nd, McGraw-Hill, New York, 1978.

[7] Stepen P. Timoshenko, James M. Gere, Theory of
elastic stability, McGraw-Hill, New York, 2nd edition,
1963.

[8] Thomas J. Hutchings, "Scale factor non-linearity of a

Engineering, pp. 105-112,

body dither laser gyro", Proc. IEEE Nat'l Aerospace
and Electronic conf., pp. 549-555, 1978.

Lee, Jeong-Ick

[Regular Member]

® Feb. 1991 : Dept. of Mechanical
Eng. College of Engineering,

Hanyang Univ. (Bachelor of
Eng.)

® Feb. 1993 :

Mechanical Eng.

Dept. of Precision
College of
Engineering, Hanyang  Univ.
(Master of Eng.)

e Aug. 1999 : Dept. of Precision Mechanical Eng.

College of Engineering, Hanyang Univ. (Ph.D.)
e Jan. 1993 ~ Dec. 1999
Company, Research Center (Senior Researcher)
® Mar. 2000 ~ Feb. 2007 :
Dept. of Automotive Mechanical Design (Professor)
® Mar. 2007 ~ current : Dept. of Mechanical Design,
Inha Techinical College (Professor)

Daewoo Electronics

Yong-In Songdam College,

<Research Interests>

CAD/CAM/CAE, Factory Automation, Manufacturing
Automation, Mold Injection, Ubiquitous Eng., MEMS,
Biomechanics

1954




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /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 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /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 (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 [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


