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Abstract

Vibrating beam gyroscopes are fast becoming the most widely used gyroscopes in many commercial applications. This
paper deals with a vibrating beam gyroscope consisting of a cantilever beam with rigid mass attached to its end and
undergoing coupled flexural-torsional vibrations. The gyroscope can be used to measure the angular velocity of the
rotating base of the beam. The primary (flexural) vibrations are produced in the beam using a piezoelectric patch (bender
type) actuator. Due to the base rotation, a gyroscopic effect is generated which induces secondary (torsional) vibrations in
the beam. First, a detailed mathematical modeling of the system is developed using extended Hamilton’s Principle. The
system governing equations are solved and simulated using assumed mode model expansion to analyze the gyroscopic
coupling produced due to the base rotations. Finally, the effects of secondary base rotation (cross-axis effects) on the
performance of the gyroscope are presented. Also, it is shown that the gyroscopic effect increases with increase in base
rotation rate, primary excitation amplitude and length of the beam. It is further proven that the secondary base rotations
(cross-axis effects) have an adverse effect on the gyroscope performance. Such detailed analysis on the effects of secondary
rotation can be utilized to devise elimination strategies in order to improve gyroscopic performance.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Gyroscope is the most commonly used device for measuring angle of rotation or rate of angular rotation in
many applications ranging from automobile stability control to inertial navigation. Based on the operating
principle, gyroscopes can be divided into three different categories: (i) spinning mass gyroscopes; (ii) optical
gyroscopes; and (iii) vibrating mass gyroscopes. Vibrating mass gyroscopes are the most commonly used
existing gyroscopes. They consist of a vibrating mass, which is driven in a primary direction, and attached to a
rotating base. In presence of the angular motion of the base, a secondary vibration is induced in the
vibrating mass due to the Coriolis effect. By measuring this secondary vibration, the rate of rotation can be
determined [1].

Various vibrating elements such as tuning forks, shells, rings and beams are used in vibrating mass
gyroscopes [2]. A vibrating beam gyroscope consists of a cantilever beam attached to a moving base as shown
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Nomenclature

ay,ay,ay base vectors in X-, Y- and Z-axes,

respectively

a,,a,a. base vectors in x-, y-and z-axes, respec-
tively

b,by width of the beam and end mass,
respectively

Cp,Cr viscous damping coefficient in bending
and torsion, respectively

ds; piezoelectric constant of the piezoelec-
tric actuator

E Young’s modulus of elasticity

El,, EI, flexural rigidity of the beam and piezo-
electric actuator, respectively, about

Y-axis
I band width
G shear modulus of elasticity

GJy, GJ, torsional rigidity of the beam and
piezoelectric actuator, respectively

M ,(x,t) piezoelectric actuator moment
pi(1),q;(1) generalized coordinates

R transformation matrix

r position vector

t time

tp, tp thickness of the beam and actuator,
respectively

T kinetic energy

u(x,t)  axial deflection of the beam

v(x,t)  lateral deflection of the beam

V potential energy

V(1) voltage applied to piezoelectric actuator
bending deflection of the beam

W e non-conservative work

$;(x) jth mode shape in bending

0(x,t)  torsional deflection of the beam
i) jth flexural damping ratio of the beam
Oy Jjth torsional damping ratio of the beam

Pbs Pp volumetric densities of the beam and
actuator, respectively

hay Height of the end mass 0] angular velocity vector of a beam
H(x) heaviside function element about x,y and z axes,
L., 1y, 1, mass moments of inertia of the beam o = {wy, wy,(uz}T
cross-section about X-, Y-and Z-axes, y; jth flexural natural frequency of the
respectively beam
I, mass moments of inertia of the piezo- wy; Jjth torsional natural frequency of the
electric layer about X-axis beam
Iea Iyp, I mass moments of inertia of the end Q base rotational frequency vector,
mass about X-, Y- and Z-axes, respec- Q={Q,2, =007
tively Q) secondary rotation
I, [ distance of start and end of piezoelectric [oX primary rotation
layer to clamped end of the beam Quin resolution frequency
L1y length of the beam and the end mass, Y(x,t)  bending slope of the beam
respectively (= ow(x, t)/0x)
M end mass magnitude ¥;(x)  jth mode shape in torsion

in Fig. 1. A flexural vibration is induced in the beam using piezoelectric actuators placed on the beam (drive
mode). In presence of the base rotation about the longitudinal axis, the Coriolis force causes secondary flexural
vibrations (sense mode) in the beam normal to the drive mode vibrations. By measuring these secondary
vibrations using the sensors placed on the beam, the rate of rotation can be consequently determined [3].

In this paper, a second type of vibratory beam gyroscope is considered in which a cantilever beam with a
rigid mass attached to its end is subjected to a combination of flexural-torsional vibrations. The operating
principle of this gyroscope is very similar to the flexural-flexural vibrating beam gyroscope. A flexural
vibration (drive mode) is induced in the beam using piezoelectric actuators placed on the surface of the beam,
as shown in Fig. 2. In the presence of the angular rotation of the base about Z-axis, secondary torsional
vibrations (sense mode) are induced in the beam due to the Coriolis force. The secondary vibrations are
proportional to the rate of rotation of the beam. The rate of rotation can be determined by measuring these
secondary vibrations. The effect of the end mass (not shown in Fig. 2) is to improve the performance of the
gyroscope by increasing the gyroscopic effect.
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Fig. 1. Schematic of a flexural-flexural vibrating beam gyroscope.
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Fig. 2. Schematic of flexural-torsional beam gyroscope.

If the base rotates around the Z-axis only, the measurement of the angular rate will be accurate. In practice,
however, the base of the gyroscope is subjected to some secondary rotations as well (e.g. rotation about the
longitudinal axis), which can produce significant errors, called as ‘cross-axis’ effects, in the measurement of the
primary angular velocity. These secondary vibrations are one of the major sources of error in the vibrating
beam gyroscopes [3].

Due to its practical importance in various applications, many researchers have worked on the problem of
coupled bending-torsion vibrations of cantilever beams. Timoshenko and Young [4] developed the theory of
coupled flexural-torsional vibrations of thin walled beams and obtained the exact modal solutions. Dokumaci
[5] obtained the coupled free vibration frequencies of a cantilever beam. Bercin and Tanaka [6] also studied the
coupled flexural-torsional vibrations of beams including warping, shear deformation and rotary inertia
effects. Banerjee [7] developed a dynamic stiffness matrix analysis method to obtain the natural frequencies
and mode shapes of the coupled Euler—Bernoulli beam. Almost all of these works did not consider the effect of
tip mass. Goel [8] and Laura et al. [9] modeled the tip load as point mass using the Euler—Bernoulli beam
theory. Bhat and Wagner [10] performed a detailed analysis to develop the frequency equations of a cantilever
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beam with tip mass. A more recent attempt to examine the free vibration of a flexible beam with rigid
payloads at the tip was made by Kirk and Wiedemann [11]. They used the Euler—Bernoulli theory,
but the effect of torsion was not considered. Oguamanam [12] investigated a cantilever beam with a rigid
tip mass, whose center of gravity was not coincident with the attachment point. Gokdag and
Kopmaz [13] extended the work of Oguamanam by analyzing the coupled flexural-torsional free and forced
vibrations of a beam with tip and in span attachments. Most of these works involve the analysis of the
cantilever beam when the base is stationary. Recently, Esmaeili, Durali and Jalili in a series of publications
[14-16] have studied the flexural-flexural vibrating beam gyroscope with tip mass and subjected to general
support motion.

In this paper, detailed equations of motion and boundary conditions governing the coupled flexural—
torsional vibrations of a cantilever beam with rigid mass attached to its free end and subjected to general base
rotations are derived. The gyroscopic effect produced in the beam due to the base rotation is investigated.
These gyroscopic terms in fact produce the coupling between flexural and torsional modes. Previous papers
have analyzed the flexural-torsional coupling in a cantilever beam produced due to the asymmetric nature of
the end mass or offset between centroid and shear center of the beam cross-section. Moreover, the beam
excitation is done using a piezoelectric patch which makes the equations more complex. This configuration has
not been dealt with before. Furthermore, the effects of undesirable secondary rotations on the system response
are analyzed. By studying the effects of secondary rotations, proper elimination strategies can be devised to
improve gyroscope performance.

2. Mathematical modeling

In this section, two linear partial differential equations governing the flexural-torsional motion of the beam
are developed. The extended Hamilton’s Principle is used to derive the equations of motion. The beam is
assumed to follow the Euler—Bernoulli theory and accordingly the effects of warping and shear deformation
are neglected. The beam is considered to be a slender type (with small thickness to length ratio).

A schematic of the beam with rigid mass attached is shown in Fig. 3. The beam is considered to be a uniform
and straight metallic cantilever beam with length L and mass per unit length p(x). A rigid tip mass M of finite
dimensions (I, by, hyy) 1s attached at the right end of the beam. Inertial coordinate system is denoted by
(A4, 4>, A3). The moving (rotating) coordinate system is denoted by (X, Y, Z) with orthogonal unit vectors
(ay ay ay). Primary bending vibrations w(x, f) are produced in the beam by a piezoelectric actuator attached
on the beam surface. The base is subjected to two angular rotations: (i) the primary rotation ;—which is to
be measured by the gyroscope and (ii) the secondary rotation Q;—which causes errors in the measurement of
primary rotation. Due to the primary rotation Q23 (about the Z-axis), secondary torsional vibrations 0(x, ¢) are
induced in the beam.

Z
A // p* :
Q3€ /// '
// 7 I
_ - // u |
X -~ ]
> h
/,; r P ! M M
e —
Q \ Ly
Az L |
Al

Ay

Fig. 3. Cantilever beam kinematics.
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2.1. Beam kinematics (translational motion)

As a result of base motion, each point on the neutral axis undergoes an elastic deformation and a rotation.
To describe the translational motion of the beam a Cartesian vector u = {u v w}' (with three variables defined
as: u; = u is axial u, = v is lateral and u3; = w is bending deformation) measured in moving coordinate system
(X, Y,Z) are used. Point P on the neutral axis of beam is moved to point P*. The position and velocity of
point P* in reference frame {4;} can be expressed as [14]

Tpe = Tp + Upy, (1)

d(r,. d(u,,

(d[; ) = (d[; )—i— Q x (r, +uy), I,=say, W, =uay+vay+wagz. ()
In Eq. (2), Q@ = {Q;, Q2> = 0,23}7 is the rotation vector of the base relative to the reference frame (4;, 4>, A3)
and s is the position of point P in the moving coordinate system. In this case, the beam has no axial and lateral
vibrations, hence u = 0 and v = 0. By simplifying the vector products used in Eq. (2), the velocities of point P*

can be reduced to

d(r s
(dl; ) =fax +gay + haz, (3)
where
ow

S =0, g=—w +sQs, hza- “4)

Consequently, the translational kinetic energy of the beam is given as

1 L
Ti=3 [ o+ +i)dx (5)
0

As the mass is attached at the end of the beam, similar procedure is followed to calculate the translational
kinetic energy of the mass. Position and velocity of the center of gravity of the mass are given as

Iy =1y + Uy + I, (6)
d(ry) _ d(ug) | d(ry)
TRET, + T + Q x (ry + Uy + 1), (7)

where ¢ is the point of attachment of the end mass to the beam with r, = Lay, ¢* is the deformed position of
point ¢, and r,, is the position vector of center of gravity of the end mass from point ¢* in the deformed
position given as (see Fig. 4)

£y = Y cos iy + Y sin . ®)

where y; = 0w/0x|,_;.
By further simplifying, the velocity of end mass can be written as

d(ry)
de

= fyax + gyay + hyaz, ©)

where

Fa=—sing, UL,

/ .
gy = 3L — Qywp + Q3 TMcos VY — Q—siny,,
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Fig. 5. Euler angle rotations of the beam cross-section.

aWL IM 0 L
hM—F"‘?COSwLEs (10)
and wr = w(x, t)|,—r.
Assuming small deflections and ignoring nonlinear terms yields

fM =0,
Iy Iy
gy =L —Qwr + 937 - 7¢L,
6wL lM alﬁL
W MY 11
=+ 3 (b
Hence, the translational kinetic energy of the end mass is given as
Ty = 3M(fy + g3 + 13- (12)

2.2. Beam kinematics (rotational motion)

The deformation of the system from its original configuration is described here using Euler angles (similar to
Ref. [17]). As shown in Fig. 5, (X, Y, Z) denote the rotating coordinate system with orthogonal unit vectors
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(ay,ay,az). The local curvilinear coordinate system at arclength s in the deformed position is denoted by
(x,y,z), with orthogonal unit vectors (ay,a,,a).

In general, each cross-section of the beam experiences an elastic displacement of its neutral axis and a
rotation. The displacement components are already discussed in the previous section. The rotation of the
neutral axis, from the undeformed to the deformed position, is described using successive counterclockwise
Euler-angle rotations with the angle of rotations denoted, in the order of rotation, by ¥(x,¢) and 0(x, ?) as
shown in Fig. 5, where y(x, ) = Ow(x, t)/0x.

The first rotation, Yy about Y-axis, takes (X, Y, Z) coordinate system to (x’,)’ = Y, z). The second rotation,
0 about x'-axis, takes (x',)/,z’) to the final orientation (x = x/, y, z). The three unit vector triads are related to
each other in the following manner:

Ay Ay 75'¢
ay 3 =[Rgl{ @y » =[Rg][RyI{ ar p, (13)
——
a- ay R az
where
1 0 0 cosyy 0 —siny
[Rg]= |0 cos@ sinf|, [Ry=| 0 I 0 |, (14)
0 —sinf cosf siny 0 cosy
cosy 0 —siny
[R]= | sinfsinyy cos® sinfOcosy |. (15)

cosfcosyy —sinl cosOcosy

The transformation matrices [Ry], [Ry] and [R] are orthogonal or unitary matrices, and hence possess the
property [R]™! = [R]". On the other hand, the angular velocity of the beam is given as
o0

oy
a)—Qlax+Q3az+§ay+53x. (16)

The absolute angular velocity @ of the principle axis system (x, y,z) can be obtained using Eqgs. (14)—(16) as
follows:

o= (%—}—Ql cosy — Q3sinzp)ax+ (%00304—91 sinfsiny + Q3 sin@cosw)ay

+ (—%sin0+91 cos Osiny + Q3 cos@comﬁ)az. (17)

Assuming small angles of bending and torsion, the components of the absolute angular velocity of the beam
can be given as

00
Wy = (E"‘Ql —QSlP),

0
Wy = (a—l/;+919lﬂ+939),

o; = (1) + Q23). (18)

The rotational kinetic energy of the beam and end mass is therefore given as follows:

1 L
T), = 3 / (bewi + Iy;,wi + Izbwg) dx, (19)
0

Ton = MU an? + Ly + Lyod), (20)
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where I, Iy, 15 and Iy, Iypr, 123 are the mass moments of inertia of the beam and end mass, about the X-,
Y- and Z-axes, respectively.

2.3. Governing equations of motion
In this section, the extended Hamilton Principle is used to derive the two partial differential equations of

motion governing the flexural-torsional vibrations. The extended Hamilton Principle for a dynamic system is
stated as

15}
141
where T is the total kinetic energy of the system, V is the total potential energy and W, is the total non-

conservative work done on the system. Ignoring the rotary inertia terms, the total kinetic energy of the system
is given as

1 [r 1
7= 5 [ W@ + ¢+ 1)+ L dr 5 MO, + i + 1)
0
+ Moy 0% + Ly @ + Ly o?). (22)

The total potential energy of the system can also be written as

2\ 2 2
El,(x) (%) + GJ(x) (%) ] dx, (23)

where

p(x) = (pp + S(x)p,),  1:(x) = (L + S(x) xp),
EL(x) = (EI, + S(MEIp), GJ(x) = (GJy + S(x)GJ p),

Sxy=H(x—-1)— H(x - 1), (24)

and EI, and EI, are the flexural rigidities of the beam and piezoelectric actuator, respectively, GJ, and GJ,
are the torsional rigidities of the beam and piezoelectric actuator, respectively, and H(x) is the Heaviside
function.

In the Hamiltonian approach, the piezoelectric actuator control moment M, and the damping effects are
collected in the following virtual work expression [18]

1 [t asz Low Lo0
OW e =3 ), o owdx + CB/O géwdx—l— CT/O Eé@dx, (25)
where
Mp = —%bEpd?,](Zb + lp) Vp(Z)S(X) = Mp() Vp(Z)S(x) (26)

Substituting Egs. (22)—(26) into Eq. (21), the equations of motion and boundary conditions can be derived as
follows (detailed derivation of equations of motion and boundary conditions are given in Appendix A):

*w 5 ow 0%0 o*w
p(x) <W — wey + X9193> + CBa_t — 1(x)23 (@ + Q3 6_x2)
0? ®w *M
— | EI, - — 71” 2
+ ox2 < y() <6x2>) 0x2 27)

%0 *w 0 9 00



V. Bhadbhade et al. | Journal of Sound and Vibration 311 (2008) 1305-1324 1313

Weo =0, ZH =0 Ol=0, 29)
I (X)< 9+Ql Q3%) X:LQ3 +M<—Q3 <L+17M> +Ql< l;?})) . 1
(G ool o)
M (% + O 26 +Q 2?) +1, (g;” + 9102 + 939) e

2
Q — EI(x) (a W)

ow
— 1.y (Ql a-ﬁ- Q3>

=0, 31)

x=L x=L
0%0 *w *w ow ow
Lyl ——-0Q3— I, Q) Q Q
*M<az2 3azax> T (66 +o0T+ 30) wr 0x|y
*w ow 00
—1, Q Q Q; - = = 2
(aza 0+ 39) —r GJ(X)<6x> o 2

and 07 = 0(x, )| ,—1.

In Egs. (27)-(32), Q3 is the primary base rotation velocity that is to be measured using the vibrating beam
gyroscope. The secondary base rotation (£2;) is considered here to analyze the cross-axis effects produced due
to the presence of such secondary rotations. Hence, for simplification, Q, is ignored for further analysis. It will
be included in the later sections of the paper. By ignoring Q; in Egs. (27)—(32), the equations of motion and
boundary conditions can be simplified to

ow o%0 *w o *w M
Cp— —1(x)Q Q EI =—2 33
P22 4 o 1) 3<ala ra, oy 2>+a 2( y(x)( )) M (33)
L. 626 62w L 900 9 c/ 00 —o (34)
Naz T Banx TS ox ox :
o
Wheo =0, 22 =0, 0. =0, (35)
ax x=0
(L0, om 6Z—WJrlﬂ—a}W | HELO( g a*w =0 (36)
WNor TP ax )|, 0T e T 2 oo * P
Ly (O®w 1y &w 00 ow *w o0
M- (W e O W I (S0 oy —1 (22 40,8
< 2 (aﬁ T | ) T\ e T e )| T v e e ) |,
2
—EI (x)(a W) —0, 37)
x=L
%0 *w *w 00
B oL Q —0.
IXM<at2 3616)() x=L (a 6 + 39) x=L GJ(x) (ax) x=L 0 (38)

As seen from Egs. (33) and (34), the system governing equations are coupled through the base rotation
velocity Q3. The base rotation gives rise to the gyroscopic terms such as Ing(GZH/ 01dx) and 1,Q5(0%w /0t0x),
causing dynamic coupling between the two vibration modes proportional to the rate of rotation. In the
absence of the base rotation, the governing equations become decoupled.
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3. Frequency equation derivations

In this section, frequency equations are derived similar to Ref. [12]. Assuming harmonic motion with
frequency w, the solutions of the equations of motions can be represented in the following form:

w(x, 1) = LP(x)e'’, 0(x,1) = Q(x)e'”, (39)

where P(x) and Q(x) are the amplitudes of the sinusoidally varying vertical displacement and torsional
rotation, respectively. Furthermore, a set of non-dimensional parameters can be introduced for simplifying the
mathematical analysis. These parameters are defined as follows:

I /2 L*a? EI
k=X g 22 e _plo” L
L L EI GJ,
J I;
2 ij ..
=——, M,=— and t1,=—25 I,j=X,),2. 40
u b1, L2 t oL ij prg J Y (40)

Notice that the effect of flexural and torsional rigidities variation along the beam length is assumed to be
negligible (only for the purpose of deriving the frequency equation), that is, EI,(x) = EI, and GJ(x) = GJ,.

Substituting Egs. (39) and (40) into Egs. (33)-(38) yields the following set of non-dimensional equations of
motion and boundary conditions:

I L*Q2 [ 1
i XD 3 . 14 . 2 / —
P+ ( I )P (AP + (IXbQﬂLi pr1> 0 =0, 41

/r bei“yz 12 1 /
o'+ ( pr4 )Q - <be.Q3l)v Y GJp,,L“)P =0, (42)
P0)=0, P0)=0, Q@0)=0, (43)
. 1 T L*Q2 , ; "
(szszs}?,/m> o) + ( = 3+A4M,10)P<1>+ (A*M,)P(1) + P"(1) = 0, (44)

(A3 Taxtx + /Ty )) O(1) + (A M L2 + 22, )P (1) + (A4 M 1, + 2 Q3)P(1) — P'(1) = 0, (45)

24))2 Tox
L

+ ﬁiaé) o) - (zzfyszs( T %@))P’(l) -om=o. (46)

LIy LI,m ITovt [T

and i = +/—1. In the above equations, ()’ represents the derivative with respect to spatial variable x. Based on the
boundary conditions identified by Eq. (43), the solution to the governing equations (Egs. (41)—(42)) can be written as

P(k) = Ai(sin(Ax) — sinh(4x)) + Ay(cos(Ax) — cosh(lk)), (48)

where

O(x) = By sin(2*yx). (49)

These equations are now substituted into the remaining boundary conditions (Egs. (44)—(46)) to obtain a set of
equations which can be written in the matrix notation as

A3:3X3x1 =0, (50)

where X = [B; A4, A4,]" is the column vector of the coefficients of the general solutions (Eqs. (48) and (49)).
The frequency equation can now be obtained by equating the determinant of matrix A to zero. Along with the
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various geometric parameters such as beam dimensions, tip mass dimensions and magnitude of the tip mass,
the determinant of the matrix A is also a function of base rotation velocity Q3 and the non-dimensional
natural frequency A. The frequency equation may be written as

det(A) = f (Geometry, 23, 1) = 0. (51)

The frequency equation given by Eq. (51) is too lengthy to be given here. It can be shown that it reduces to
that of a clamped-free beam undergoing planar bending vibrations by putting Q3 =0, M, =0 and
Txx = T,y = 0, or that of a clamped-tip mass beam by letting Q3 = 0 and 14 = 15, = 0.

To analyze the effect of base rotation on the non-dimensional natural frequencies of the systems, various
values of base rotation rate within the interval of 0—70rad/s are considered. Fig. 6 shows the variation of the
first two natural frequencies as the rate of angular rotation is varied. The physical properties of the beam and
the tip mass used for these simulations are given in Table 1. It can be seen that the natural frequencies of the
system increase, although slightly, as the base rotation rate increases. This was expected as the base rotation
induces geometrical stiffening in beams and results in increasing all the frequencies. However, for the base
rotation rates considered in this paper (0-70rad/s) and the physical parameters taken here (Table 1), the first
two natural frequencies did not change significantly. For all practical purposes and for the subsequent
simulations and analysis, the fundamental frequencies of a cantilever beam undergoing bending and torsion

45 | i

35 1 4

25 b

15 F A .

Non-dimensional natural frequency

05 b

O 1 1 1 1 1 1
0 10 20 30 40 50 60 70

Base rotationrate, Q5 (rad/sec)

Fig. 6. Variation of beam non-dimensional natural frequency (1) with base rotation rate (3).

Table 1
Physical parameters of the system

Properties Symbol Value Unit
Beam length L 0.15 m
Beam thickness 78 08 x 1073 m
Beam width b 1.5% 1072 m
Beam density P 3960 kg/m?
Beam elastic modulus E 70 GPa
Beam shear modulus G 30 GPa
End mass width b 0.02 m
End mass height ha 0.02 m
End mass length Iu 0.02 m
First flexural damping ratio (i 1 %
Second flexural damping ratio (in 0.16 %
First torsional damping ratio (o1 1 Y%

Second torsional damping ratio (» 0.33 %
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with a rigid mass attached to its end, but without the base rotation, can be safely used for the case in which the
base of the beam is rotating.

4. Numerical simulations and results

For numerical simulations, the assumed mode model (AMM) expansion is used to truncate the original
partial differential governing equations of motion to that of ordinary differential equations [3,18,19]. Using
the AMM method, the lateral displacement w and torsional displacement 6 are assumed as linear functions of
assumed modes and generalized coordinates as

wix, 1) = ¢;(x)p;(0).
j=1

0(x,1) =Y i (x)q;(0), (52)
j=1

where ¢,(x) and y;(x) are the mode shapes of a cantilever beam (with no base rotation and rigid mass) under
bending and torsion, respectively; and p;(7) and ¢;(¢) are the generalized coordinates for bending and torsion,
respectively. The mode shapes used for this case are given as

¢(x) = (sin f,x — sinh ,x) — a,(cos ff,x — cosh f3,x), (53)
. [@n+ Drx
M@-m% - } (54)
where
_ sin ﬁnL — sinh ﬁnL 4 pbw%n
o= (cos B,L + cosh ﬁ,1L> and - f, = EI, -’ (55)

Although the cantilever beam is subjected to a base rotation and it has a rigid mass attached to its end, the mode
shapes for a regular cantilever beam (with no base rotation and rigid mass) are used. The mode shapes given by
Egs. (53) and (54) satisfy only the geometric boundary conditions for the beam (Eq. (29)) but they do not satisfy
the natural boundary conditions (Egs. (30)~(32)). Hence, these mode shapes are rather admissible functions.

Using these admissible functions does not significantly affect the results due to the following reasons: (i) the
base rotation rates considered in this paper (0—70 rad/s) do not considerably change the natural frequencies of
the beam. Hence, the mode shapes for the beam without any base rotations can be safely used and (ii) the
mode shapes for the cantilever beam with a rigid mass attached to its end are very complicated. Since the main
aim is to analyze the gyroscopic effect in the beam, for simplifying the analysis, the end mass can be neglected.
This is a valid simplifications since ¢(x) and y(x) are admissible functions. Using these admissible functions
does not significantly alter the results as the generalized coordinates p;(7) and ¢;(z) in Eq. (52) change
accordingly to give correct response for w(x, ¢) and 0(x, ¢).

The governing equations of motion can now be obtained by substituting Eq. (52) into Egs. (33)-(34) as follows:

M, j(?) + Cpp(t) + C14()Q5 + (Ki + D1 23)p(1) = Fy,
M,q(?) + Crq(1) + Cop(1)€2; + Krq(1) = 0, (56)

where
L L
My; = /0 p(X)P(x)p(x)dx, Cyy; = /0 L(x);((x) dx,

L L
Kw=AEmwmwmlem=Almmm#mm,
Fui = MoV, (0[() — 1)
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L

L
My = /0 LOW () dx,  Cay = /0 LG, (0] dx,

L
Kay= [ QI i =12m
0

Cpj = 2{j;w1; fori=jand Cp; =0 for i#j,
Crij = 2{y;wy; fori=jand Cr; =0 for i#j,

p= {p13p2: T :pn}T5q = {qlv q2s--- :qn}T'

Equations of motion, given by Eq. (56), are solved for first two modes using MATLAB and system parameters
given in Table 1. The number of modes in AMM expansion was selected based on the beam natural
frequencies, range of piezoelectric excitation frequency and base rotational rates.

4.1. System response to base rotations

As explained earlier, the gyroscopic coupling in the system is obtained when the beam is subjected to base
rotation. Fig. 7 shows the torsional output (gyroscopic coupling) from the system when it is subjected to base
rotation of constant angular velocity. It should be noticed that in order to provide response with higher
amplitude, the excitation frequency is chosen close to first flexural natural frequency. Therefore, beating
phenomenon is observed in all the results. As seen from Fig. 7(b), the output in the sense direction is zero when
the base of the beam is stationary (€23 = 0). This shows that in the absence of base rotation, there is no
gyroscopic coupling present in the system. As seen from Figs. 7(d) and (f), the amplitude of the sense direction
doubles (0.015—0.3 purad) as the base rotation velocity increases from 20 to 40 rad/s; but without any increase
in the drive direction amplitude. This demonstrates that, as the magnitude of the base rotation increases, due
to the corresponding increase in the gyroscopic coupling, secondary (torsional) vibrations also increase
proportionally. Hence, it can be concluded that the amplitude of the secondary torsional vibrations is directly
proportional to the magnitude of the base rotation and in the absence of base rotation, the gyroscope does not
produce any secondary output. This is an important conclusion as it proves the effectiveness of this type of
gyroscope as a device for measuring base angular velocity [22].

4.2. System response to input excitations

Fig. 8 shows the variation of system output (gyroscopic effect) with change in the excitation amplitude. The
beam is excited with different piezoelectric voltages at constant base rotation velocity (23 = 20rad/s). It is clearly
seen that the gyroscopic effect is a function of the amplitude of primary excitation. When the primary excitation is
zero, gyroscopic effect is not produced and there are no secondary vibrations (as shown in Fig. 8(a—b)). As the
excitation amplitude increases, the torsional output of the system increases proportionally.

4.3. System response to varying beam length

The gyroscopic effect produced by this type of gyroscope is also a function of the length of the cantilever
beam. If the length of the beam increases, the amplitude of the primary (flexural) vibrations increases. This
increase in the primary amplitude produces a corresponding increase in the secondary output (gyroscopic
coupling). Fig. 9 shows the variation in the system output (gyroscopic effect) with change in the length of the
beam. Length of the beam is varied from 0.15 to 0.25m while keeping all other parameters (i.e., angular
velocity of the base rotation, piezoelectric excitation voltage) constant. As seen from the figure, the drive
direction as well as the sense direction amplitudes increase as the length of the beam increases.

4.4. Resolution study

In this section, sensitivity of the presented gyroscope is investigated. Refs. [20,21] are utilized in order to
study the sensitivity of the system. Since w represents the primary motion which is produced due to
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Fig. 7. System response (bending deflection w(L,?) and torsional deflection O(L,?)) to different base primary rotational rates:
(a), (b) Q3 =0rad/s, (c), (d), 23 = 20rad/s, and (e), (f) 23 = 40rad/s.

piezoelectric actuation, the secondary motion (6) is driven due to coupling of flexural and torsional vibrations.
Sensitivity is defined as the ratio of variations of secondary (induced gyroscopic) motion with respect to
variations of primary rotation. Hence, the expression for sensitivity can be expressed as
00(L, 1)

0Q;

where 0(L, 1) is the torsional deflection at the free end of the beam. Using Eq. (52), Eq. (58) can be written as

Sensitivity = (58)
n dg™

Sensitivity = Z W/(L)ai, (59)
=S

where ¢ is the steady-state amplitude of the jth generalized coordinate ¢;(7) (for torsion). Since analytical
solution to expression (59) is almost impossible, numerical methods can be utilized to calculate the sensitivity
values given by Eq. (59). Consequently, one could approximate (59) with

Sensitivity = S W (L) —-. (60)
j; I AG;
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Fig. 8. System response (bending deflection w(L, t) and torsional deflection 0(L, t)) to different piezoelectric excitation amplitude: (a), (b)
V,=0V, (c), (d) V, =100V, and (e), (f) V, =300V.

Considering the base rotation range assumed here (0-70rad/s), the sensitivity expression (60) is numerically
calculated at several distinct base rotation rates within this range and when taking the first two modes of
vibration in both bending and torsion. The summary of the results is given here; for Q3 = 20rad/s,
Sensitivity = 6.21 ns and for Q3 = 40 rad/s, Sensitivity = 11.35ns. As seen, the sensitivity almost doubles for
Q3 = 40rad/s when compared to 23 = 20 rad/s. It is interesting to note that these results also match the sensor
outputs for these two frequencies given in Fig. 7(d) for Q3 = 20rad/s and Fig. 7(f) for Q3 = 40rad/s. That is,
the higher the sense direction amplitude, the more sensitive gyroscope becomes.

5. Cross-axis effects

The vibrating beam gyroscope is used to measure the rotational rate around one of the axes. In practice,
however, there are always some secondary rotations present in the system. These secondary base rotations can
produce significant errors in measurement of the gyroscope output. These errors are referred to as ‘cross-axis’
effects. In this section, the effects of these secondary vibrations on the output of the gyroscope are discussed.

The base rotation along the longitudinal axes (£2;) is considered as the secondary rotations. Equations of
motion and boundary conditions for this case have been derived earlier (see Eqgs. (27)—(32)).
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Fig. 9. System response (bending deflection w(L, f) and torsional deflection 0(L, ¢)) to beam length variation: (a), (b) L = 0.15m, (c), (d)
L =0.20m, and (e), (f) L =0.25m.

5.1. Simulations using AMM method

Similar to the procedure outlined in Section 4, the AMM method can be used to truncate the original partial
differential governing equations of motion to that of ordinary differential equations. The lateral displacement
w and torsional displacement 0 are assumed as linear functions of assumed modes and generalized coordinates
as shown in Eq. (52). The system governing equations can now be obtained by substituting Eq. (52) into
Eqgs. (27) and (28) as follows:

where

M, (1) + Cpp(t) + C14(1)Qs + (K; + D1 Q3 — M QD)p(1) + G121Q; = Fy,
M,q(?) + Crq(1) + Cap(1)Q23 + Kaq(1) = 0,

L
Gii = / p(xd () dy, i=1,2,...
0

,n

(61)

(62)

and the rest of the coefficients have been defined in Eq. (57). Equations of motion given by Eq. (61) are solved
for the first two modes using MATLAB.
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System response with secondary base rotations: Fig. 10 depicts the output of the gyroscope when subjected to
primary (23) as well as secondary (£2;) base rotations of constant values. To analyze the ““cross-axis” effects, the
magnitude of the secondary base rotation (€2;) is varied from 0-0.2 rad/s while keeping a constant piezoelectric
excitation voltage (V, =300V) and primary base rotation (£; = 20rad/s). As seen from Fig. 10(a), the
gyroscopic output is not affected when the secondary base rotation is zero. The torsional output produced by the
system, depicted in Fig. 10(a), is similar to the one shown in Fig. 7(d). Fig. 10(b—d) shows the gyroscopic output
of the system when the base has secondary rotations of very small magnitude (0.05-0.2 rad/s). It can be seen that
the gyroscopic output increases significantly even for such a small secondary rotation. This increased output
could be interpreted as a gyroscope output due to the primary base rotation and can hence produce errors in the
measurement. This is an important factor to take into account in the design of the vibrating beam gyroscope and
effective control strategies have to be developed to eliminate the “cross-axis’ effects.

6. Conclusions

A detailed mathematical modeling of a vibrating beam gyroscope undergoing flexural-torsional vibrations
was presented in this paper. Furthermore, by simulating the system, the presence of the gyroscopic coupling
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Fig. 10. Cross-axis effect; system response (torsional deflection 0(L, ¢)) to different secondary base rotational rates (with Q3 = 20rad/s):
(a) @, =0rad/s, (b) Q, = 0.05rad/s, (c) Q; =0.1rad/s, and (d) Q; = 0.2rad/s.
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present in the system was validated. It was concluded that the magnitude of the gyroscopic coupling increases
with increase in the angular velocity as well as primary excitation amplitude. Finally, the effects of secondary
base rotations (cross-axis effects) on the gyroscopic output signals were presented. It was inferred that the

presence of cross-axis effects can produce significant errors in the gyroscopic output and efficient control
strategies have to be developed to reduce these effects.

Appendix A. Derivation of equations of motion

The extended Hamilton’s Principle is given as
5]
/ {0T — OV + oWp}dt = 0. (A.1)
141

Using the expressions for kinetic energy, potential energy and virtual work, and ignoring damping, different
components of Eq. (A.1) can be expressed as:
Kinetic energy:

15) 15} L
/ oT,dt = / / [px)(fOf + gog + hoh) + I p(xX)w dwy
151 0

1

+ Lp(x)w, 00y + 1p(x)w-dw.]dx dt. (A2)

Substituting values of f, g, h, w,,®, and w. from Eqgs. (3) and (22), Eq. (A.2) can be simplified as follows:

1] 1] L
/ oT,dt = / / p(x)| 0+ g(—Q10w)+ h 5% + I (x)wy 5% — 935%
t n Jo ot ot Ox

0w )
+ zy(x)wy( - é + 9195 + Q ﬁae + 9359)

*w azw ow
+I;(x)a)z< 056 ax atf)x(se + Q (36 )}dxdt. (A.3)

Integrating by parts, we get

/t " oTydi = / ’ / L(—P(x)ngéw)dxdt— / ’ / L<p(x)%5w> deds
/ / ( )dth_/ L(x)orx Q35W|odl+/ / Y(X)Q3—5M}> dxdr
_/ (1 (x)—bw> dt+/ / (1 (x)aa 5w> dxdt+/ (1}(x)91w}05w)| dt
/ / (I (0)Q) — (wy9)5w> dxdt+/ / (I (x)wy91—50> dxds
+ [ _ /0 (I,(x),2350) dx d1 + /t (L().Q16w)lk dr — /t /0 ([Z(X)Qlaaa:(sw> deds

Simplifying and combining similar terms we get

g n oL oh 80
/ 6T, dr = / / (—p(x)gszl—pba—+1x(x)93
15t 141 0

—1,(x)2, % (w,0) — ) owdxdt — / (I (x)y Q35w)|0 dt

(A4)

aza
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oL dwy d
+ / / (—Ix(x) ai[ + 1,(0)0,Q a—w n Iy(x)(qu3) 50dxds
141 0 X
%) aw i L %) %)
_ / ([y(x)a—t}éw> di + / (1,(x)210,00w)[L dr + / (L(x)0. 2, 0w)|E dr. (A.5)
n 0 n 4]

Total kinetic energy of the end mass is given as
TM_2(M(fM+gM+h )—"_(I‘CMCO +1yMOJ +17M032)) (A.6)

Taking the variation of the above expression yields
5] t
0Ty dt = / (M(fMéfM + é]Méij + hMéhM) + Iy, omy, + IyMCOyéCOy + IzMCOzé(UZ) dr. (A7)
3l

Substituting values of f;, gar, hu, oy, ®, and . from Egs. (11) and (21), we can simplify the above
expression as follows:
)

t 15} ah IM lMa/’lM ow
0Ty dt = / <M(<—g Q )5w (Q >5—
/,l M 8 M T )M T\ Y Y ) %

ow O(wy) a(w},) ow
— L 236— -1, o0 — —
™ S T TR ot ox|._,
ow ow
+ I},MwaIHa . + IyMCOygl aé@[‘ + IyMwa350L
—i—]zMa)ZQléa—W )dt. (A.8)
ax x=L

Potential energy:

0? 0? 00\ _ (/06
/ 5de—/ / [El (x)( ‘”>5<a—f)+GJ()< ) (ax)}dxdt
2 L t 3, L
_ / EIy(x)<a W) (%:) dr — / Ely(x)<a >5w
4] 0 141
o* & a0
/ / (Ely(x)<a;4)5w)dxdt+ /, GJ(x)(a)(wo
IACEEOR
- GI()| 53 ) 00 | dxdt. (A.9)
h 0

Simplifying and combining similar terms we get

[fova= [ [ (eneo(Z ))5wdxd,_ [ (GJ(X)( ))M

dt

L
dt

Q

’; 15 L
+/ EI (x)( ) (ﬁ) dr — / El,(x) (6 )5w dt +/ GJ(x) <%> 00| dt.  (A.10)
f Oox f 1 Ox 0
Virtual work is represented as
1 [Lo?Mp
(5Wm=5 | o - 5wdx+CB/ B 5wdx+ CT/ o —00dx, (A.11)
where [18]
M, = —%bEpdgl(lb + 1)V p(D)S(x) = My Vp(1)S(x), (A.12)

S(x)=H(x—11)— H(x— ).



1324 V. Bhadbhade et al. | Journal of Sound and Vibration 311 (2008) 1305-1324

Using Egs. (A.1)—(A.12) and taking into account the fact that éw, 60, dw, and (0/0x)ow, could have any
arbitrary values, the coefficients of these terms in Hamilton’s equation must vanish. Hence, after substituting
values of g,h,w., w,, w. and ignoring rotary inertia for the beam, the equations of motion and boundary
conditions can be obtained as given in Egs. (27)—(32).
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