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Abstract: Electrostatic force nonlinearity is widely present in MEMS systems, which could impact
the system sensitivity performance. The Frequency modulation (FM) method is proposed as an
ideal solution to solve the problem of environmental fluctuation stability. The effect of electrostatic
force nonlinearity on the sensitivity performance of a class of FM micro-gyroscope is investigated.
The micro-gyroscope consists of a tapered cantilever beam with a tip mass attached to the end.
Considering the case of unequal width and thickness, the motion equations of the system are derived
by applying Hamilton's principle. The differential quadrature method (DQM) was used to analyze
the micro-gyroscope’s static deflection, pull-in voltage, and natural frequency characteristics. We
observed that from the onset of rotation, the natural frequencies of the drive and sense modes
gradually split into a pair of natural frequencies that were far from each other. The FM method
directly measures the angular velocity by tracking the frequency of the drive and sense modes. Then,
based on the linear system, the reduced-order model was used to analyze the influence of the shape
factor and DC voltage on the sensitivity performance. Most importantly, the nonlinear frequency
of system was obtained using the invariant manifold method (IMM). The influence of electrostatic
force nonlinearity on the performance of the FM micro-gyroscope was investigated. The results
show that the different shape factors of width and thickness, as well as the different DC voltages
along the drive and sense directions, break the symmetry of the micro-gyroscope and reduce the
sensitivity of the system. The sensitivity has a non-linear trend with the rotation speed. The DC
voltage is proportional to the electrostatic force nonlinearity coefficient. As the DC voltage gradually
increases, the nonlinearity is enhanced, resulting in a significant decrease in the sensitivity of the
micro-gyroscope. It is found that the negative shape factor (width and thickness gradually increase
along the beam) can effectively restrain the influence of electrostatic force nonlinearity, and a larger
dynamic detection range can be obtained.

Keywords: frequency modulation; tapered beam micro-gyroscope; electrostatic force nonlinearity;
invariant manifold method; sensitivity

1. Introduction

Micro-electro-mechanical systems (MEMS) are miniature devices that combine in-
tegrated circuits and micro-mechanical components using micro/nanofabrication tech-
niques [1-4]. A micro-gyroscope based on MEMS technology is a kind of inertial sensor for
measuring angular velocity or angular displacement, which has the advantages of low cost,
small size, high durability, and mass production. It is widely used in aerospace, intelligent
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robotics, active safety, and consumer electronics [5-8]. Therefore, it is of great significance
to study the problem of MEMS gyroscopes.

The detection method of vibrating micro-gyroscope is divided into amplitude modu-
lation (AM) and frequency modulation. The AM micro-gyroscope [9,10] is a kind of sensor
for measuring angular velocity indirectly through the Coriolis effect [11]. When the angular
velocity is present, the sense mode generates a secondary vibration due to the Coriolis
force. This vibration causes a change in the capacitance of the sense capacitor, and the
angular velocity can be obtained by measuring the amount of capacitance change. The FM
method [12] is used to perform frequency-based input angular velocity measurements by
tracking the frequency split between the drive and sense modes. The angular velocity can
be obtained directly from the vibration frequency [13]. The control system can be easily
digitized without consuming A /D conversion resources. Moreover, FM is an innovative
operating principle for micro-gyroscopes and an ideal solution to address the stability of
environmental fluctuations [14].

Most micro-gyroscopes are based on the AM mode for angular velocity measurements,
where the quality factor and mode-matching are the key factors affecting the sensitivity
of the AM micro-gyroscope [15]. In order to improve the sensitivity performance, the
conventional micro-gyroscopes often use vacuum packaging to increase the quality factor
and mode-matching control by electrostatic tuning. However, the bandwidth performance
is usually poor. Although micro-gyroscopes can use a complex structural design and
compensation technology to achieve the navigation level requirements [16], the production
costs will inevitably increase. Rather, the FM micro-gyroscope can avoid the drawbacks of
the tradeoff between bandwidth and sensitivity of the AM micro-gyroscope. The FM has a
good inhibitory effect on the drift mechanism of the resonant frequency and quality factor.
A good detection performance can be maintained in harsh environments (vibration, shock
and electromagnetic interference). Moreover, the FM micro-gyroscope has the advantages
of higher scale factor stability, symmetry, sensitivity, linearity, etc. It has attracted increasing
attention and will become a better choice for high-performance commercial gyroscopes in
the future [17-19].

The FM micro-gyroscope has been in development for over a decade. As early as
2006, Moussa et al. [20] investigated a class of cantilever beam micro-gyroscopes with
two vibration modes of in-plane and out-of-plane and proposed the concept of the FM
gyroscope, widely used today for the first time. Zotov et al. [21-25] proposed a mechan-
ical FM micro-gyroscope based on angular velocity variation, which solves the tradeoff
between the gain-bandwidth and dynamic range of the traditional AM gyroscope. Their
micro-gyroscope is characterized by vacuum packaging and a fully symmetrical four-
proof mass structure, which improves the signal-to-noise ratio and has unlimited band-
width. However, their research focused on the control system and manufacturing process
without considering the effect of frequency mismatch on the FM detection performance.
Kline et al. [26] studied a micro-gyroscope based on an orthogonal FM mode of operation
and considered that the system’s sensitivity depends mainly on the angular gain factor;
that is, a parameter related to the geometry of the micro-gyroscope. For the common
micro-gyroscope structures, the value of the angular gain factor is between 0 and 1 [27,28].
However, the above-mentioned study did not analyze the pattern of the effect of the shape
of the micro-gyroscope structure on the angular gain factor. In this study, the effect of
the shape factor of the micro-gyroscope on the angular gain factor is analyzed. Effa [29]
investigated a new type of FM cantilever micro-gyroscope and compared it with a crab leg
gyroscope. The results showed that the cantilever micro-gyroscope has a simple control
system, good bias stability, and bias repeatability. Based on a class of cantilever micro-
gyroscopes with a proof mass attached at the end, Nayfeh et al. [30] proposed a method to
measure the angular velocity of the base by measuring the difference between the natural
frequency of the sense and the drive directions. Their results showed that the frequency-
domain method is not limited to the square section beam, but is suitable for any prismatic
cantilever structure with two symmetrical axes. Subsequently, Ghommem et al. [31] stud-
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ied the performance of a nanocrystalline silicon cantilever micro-gyroscope based on the
frequency mode. By analyzing the effects of the nanocrystalline silicon particle size and DC
voltage on the calibration curve, the design scheme of the micro-gyroscope was given. It
was shown that the size of the nanocrystal silicon and the fringing field had fewer effects on
the calibration curve. The differential DC voltage in the drive and sense directions would
destroy the symmetry of the micro-gyroscope and thus reduce the sensitivity of the system.
However, the FM performance of the cantilever beam micro-gyroscope with a rectangular
cross-section is not described in detail, and the effect of electrostatic force nonlinearity is
not considered. Leoncini et al. [32] reported a complete FM gyroscope system with a digital
output for future low-power, high-stability applications. The gyroscope exhibited good
scale range and stability without applied calibration and compensation.

The cantilever structure greatly reduces the interference signals caused by vibration
shocks and encapsulated stresses [29]. The tapered beams with a variable-section have good
weight and strength distribution properties and are widely used in aerospace, mechanical,
and construction fields. Moreover, the design and machining technology of the variable
cross-section beam is becoming increasingly mature, which provides the possibility for its
application in the field of micromachinery [33,34].

It is worth noting that there are some unavoidable nonlinear factors in the micro-
gyroscope, such as electrostatic force nonlinearity, geometric nonlinearity, and the fringing
field. These nonlinearities may produce measurement errors or even lose efficacy for the
cantilever beam micro-gyroscope based on a linear dynamics design. Therefore, it is impor-
tant to consider the influences of nonlinearity on the performance of the micro-gyroscope.
Ghommem et al. [35] considered the electrostatic force nonlinearity in the mathematical
model of a micro-gyroscope. Mojahedi et al. [36] developed the governing equations of a
micro/nano-gyroscope by taking into account geometric nonlinearity, electrostatic force
nonlinearity, and intermolecular forces. The influence of nonlinearity on the static deflec-
tion, pull-in instability, natural frequency, and dynamic deflection of the micro-gyroscope
system was investigated. Ghayesh et al. [37] considered the size-dependent effects and
applied a modified coupled stress theory to establish the governing equations of motion for
a cantilever beam micro-gyroscope. Li et al. [38,39] analyzed the free vibration response of
a piezoelectric cantilever beam based on the IMM [40-42]. The influence of the gyroscopic
effect caused by the rotational angular velocity on the frequency of the system was studied.
The nonlinear frequency and nonlinear mode of the system are calculated by the method of
multi-scale, and the nonlinear mode motion of the piezoelectric cantilever beam at different
rotational speeds is studied. However, their study did not apply the electrostatic force
nonlinearity to the FM micro-gyroscope.

The establishment of a more accurate mathematical model is the basis for analyzing
and improving the performance of the micro-gyroscope. Most of the above research focused
on the influences of nonlinear factors on the dynamic response of an AM micro-gyroscope,
while the influence analysis of nonlinearity on the FM micro-gyroscope is still lacking. It is
well known that the nonlinear softening (or hardening) characteristics cause the natural
frequency to change, which induces the measurement errors of the FM micro-gyroscope
based on linear frequency difference detection. Therefore, the electrostatic force nonlinearity
is considered in this work. We find that the electrostatic force nonlinearity shifts the natural
frequency of the drive and sense directions. The stronger the nonlinearity, the greater
the degree of the natural frequency shift, and the nonlinearity will significantly reduce
the sensitivity of the FM micro-gyroscope. In addition, the FM micro-gyroscope not only
has a greater dynamical range, but is also least affected by nonlinearity when the shape
factor of the tapered beam is negative. The main contribution of this paper is to investigate
the influences of electrostatic force nonlinearity on the dynamic range and sensitivity
of the FM micro-gyroscope and provide theoretical guidance for the design of the FM
micro-gyroscope.
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Symbol Table.

oy, 05 a4 is the shape factor of the thickness, a5 is the shape factor of the width

L Length of beam

a(x) Thickness of beam at length x

b(x) Width of beam at length x

u(x, t) Bending displacement in the y-direction at any section relative to the base frame

w(x, t) Bending displacement in the z-direction at any section relative to the base frame

M Mass of the tip mass block

m(x) Cross-sectional mass at beam length x

Jee Moment of inertia around the ¢-axis

Ty Moment of inertia around the #-axis

Jz¢ Moment of inertia around the {-axis

0 Material density of beam

E Young’s modulus of beam

Ly (%) At length x, the cross-section second moment of area about the 7-axis

Irr () At length x, the cross-section second moment of area about the {-axis

by Width of tip mass block

hm Thickness of tip mass block

dw Initial gap of capacitor in the drive direction

dy Initial gap of capacitor in the sense direction

£ Dielectric constant

Aw Capacitor area in the drive direction

Ay Capacitor area in the sense direction

Br Fringing field parameters [43]

wo External excitation frequency

Vuw Voltage in the drive direction

Vs Voltage in the sense direction

Vac The amplitude of the AC voltage applied in the drive direction

o) Input angular velocity along x-axis. The physical quantity is measured according
to the frequency of the split.
Bias DC voltage amplitude along the drive and sense directions, provided by the

Vpe1, Vpez capacitor below the tip mass. It affects the static pull-in voltage, natural
frequency, and nonlinear coefficient of the system.

r Motion amplitude of the system

wy(x, t) Dynamic displacement in the z-direction at any section relative to the base frame

v4(x, t) Dynamic displacement in the y-direction at any section relative to the base frame

Ws Static displacement in the z-direction relative to the base frame

Us Static displacement in the y-direction relative to the base frame

B Angular gain factor, a physical quantity related to the geometry of the

micro-gyroscope

The rest of the work in this paper is organized as follows. First, the governing
equations of the system are established using Hamilton’s principle. In Section 3, the static
deflection and pull-in voltage of the micro-gyroscope is analyzed based on the DQM. Then,
in Section 4, the system’s natural frequency and modal shape are investigated and the
effect of the angular velocity on the natural frequencies of the drive and sense modes is
simulated using the DQM. In Section 5, the effects of the bias DC voltage and shape factors
on the performance of the FM micro-gyroscope are discussed for a linear system. Finally, in
Section 6, considering the electrostatic force nonlinearity, the IMM is used to decouple the
reduced-order mode. The influence of electrostatic nonlinearity on the sensitivity of FM
micro-gyroscope is analyzed.
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2. Dynamical Model of a Tapered Beam Micro-Gyroscope

The micro-gyroscope consists of an electrostatically driven tapered cantilever beam
with a tip mass attached to its free end, as shown in Figure 1. The width and thickness of
the beam vary linearly along the axial direction of the beam. The thickness and width of the
tapered beam at the fixed end are 4y and by, and at the free end are a; and by, respectively.
a4 and a5 are the shape factors of thickness and width, which describe the taper and
direction of the beam, as defined in Figure 1. When a4 (a5) <0, the thickness (width) of the
beam increases linearly along the axial direction of the beam; when a4 = a5 = 0, the beam is
prismatic; when 0 < a4 (w5) < 1, the thickness (width) of the beam decreases linearly along
the axial direction of the beam.

In this paper, the length of the beam is 400 um and the width ag and thickness b are
2.8 um, with a large span. The shear and torsional deformations are not considered, only
the bending of the beam is considered. Therefore, it conforms to the assumption of the
Euler-Bernoulli beam.

As shown in Figure 1, the y direction is the sense mode and the z direction is the drive
mode of the micro-gyroscope. The static deflection of the beam can be caused by applying
a DC voltage to the capacitors in the drive and sense directions. Meanwhile, an AC voltage
excitation is applied in the z direction, which causes the beam to vibrate along the drive
direction. As the angular velocity Q) increases, the gyroscopic effect causes a gradual
splitting of the natural frequencies of the drive and sense modes. Thus, the angular velocity
()¢ can be obtained by measuring the difference between the splitting frequencies.

Z Tip Mass ISET:chrode
/ Sense
’ direction

N
Qx

. Drive

pc1 | = direction
Anchor Drive
(base Vb2 I Electrode
frame) I

b
Shape factor: ou = 1— Logs=1-2
ag by

Diagram of beam end section

Figure 1. Schematic diagram of the tapered beam micro-gyroscope.

The translational kinetic energy Kj, the rotational kinetic energy K, of the tapered
beam, and the translational kinetic energy K3 of the tip mass can be expressed as [44,45]:

Ky 4+ Ko+ K3 = [ (m(x) (6 — Oxw)” + m(x) (@0 + Q0)”)dx
+3 fy Ueg () (O + w,i’/)z + Iy (x) (Qu (=) — )

12
+gg () (Qx(—w') + ') + [z ()02 )dx
+%MQx2(UL2 + sz) 4 MQX(ULwL _ wLi]L) + %M(Z')LZ + ZbLz)

2

)

The coordinate system (¢, #, {) is obtained by rotating the coordinate system (x, y, z)
three times, as shown in Figure 2. For a more specific coordinate transformation process,
please refer to the literature [7]. The expressions for the parameters in Equation (1) are
as follows:

m(x) = pa(x)b(x), a(x) = ap(1 — as7), b(x) =bo(1 —as{), mo = pagho

m(x m(x m(x 2
Jee (1) = ™9 (a(x)? + b)), Jyy (1) = "Db(x)?, Jpr(x) = "Da(x)? @
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l

Figure 2. Schematic diagram of Eulerian angle transformation.

The elastic bending potential energy U of the tapered beam can be expressed as:
L L
Uy = 3 fy Elyy(x)(w")dx + 3 [y Elgg(x) (") dx,

3p
Lyy(x) = ﬂo 0 (1—asg)(1- "‘5%)3fléé(x) =P (1- "‘4%)3(1 —a57)

Considering the fringing field effect, the electrostatic potential energy U, can be
expressed as:

®)

1 Vp? ( ) 1 Vi ( wL>
U, = 50 Ay 77— + -epAp———— |1 4
where Vy, = (V4 cos(wpt) + VD(j1)2, Vo= VDCZZ.
The virtual work generated by the damping can be expressed as:
L
SWp = —c / (wow + 060)dx ®)
0

where c is the damping coefficient.
The total kinetic energy, total potential energy, and virtual work are substituted into
the Hamilton principle [46], that is:

t
5 tz((K1 + Ky +K3) — (U + Up) + Wp)dt =0 ©)
1

Then, the governing equations of the micro-gyroscope can be expressed as:
) /
—(EI;z (x)0")" + m(x) Q20 + 2m(x) Qv — m(x)5 + (]gg( x)o ) — (Jyy (1) Q20"

)0
~(Fe)0u) = (Ty(0)0) + (Jez(x) Q) — co =0

@)
— (ELyy (x)w")" + m(x) Qw0 — 2m(x) Qyd — m(x)t + (],7,7 ) (Jee(x )szw/)/
+(Te) Q) + (y(00:) = () 2d') —civ =0
where the boundary condition at x = 0 are:
v(0) =0, w(0) =0 ®)
0'(0) =0, @' (0) =0 ©9)
and at x = L are:
Elyy(x)w” =0, Elzz(x)v" =0 (10)
(Eléé(x)v”)l - ]éé(x)%)/ + Jyy ()20 + ]Wn(x)wal + Jzr () Qw
ez (1) Q0 + MO0 + MQyto + MQyto — Mi = 0 a
-/

(ELyy (x)w") — Ty (2)i0" + Joz (x) QP — Jyy (x) Q0" — 77 () Qs
e (1) Q0 + MO2w — MO0 — MO — Mio = 0
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where Equations (8) and (9) represent the deflection and the rotation angle of the tapered
beam at the fixed end, respectively. Equations (10) and (11) represent the flexural torque
and shear force of the beam at the free end, respectively.

In Equations (7)—-(11), the prime and dot denote the derivatives with respect to x and ¢,
respectively.

The following dimensionless parameters are introduced:

K X ok U ok W gk x _ Oy x _ £AL® x _ e0AyL3 x _ hy * _ bm
=0t = gt = g 0 =1 O = et = g st = appaas it =g b =
_ M _ Ely _dy *\ _ m(x) wy _ Iy (%) wy _ Iz (x) o Ty (x)
My = moL’ T = V m0L4’d7 d:},m(x )= my ’1’7’7(x )= Inn ’Igg(x )= I ,],7,7(9( )= Jo (12)
Jez(x) b 3p 2
Jer(x*) = QT,C* = gz don = 5, Iop = 2%, It = o, Ao = aobo, Jo = pAoL

Ignoring the asterisk for simplicity, the dimensionless governing equations can be
written as:

Lyy (x)w®) + 2L, (x)w” + Lyy" (x)w” + cw — m(x)Pw + 2m(x) Q0 + m(x)w
—Jyy ()" — ],7,7’(x)ii/ + Jeg () Q" + Jo7' ()P’ =0

I@(x)v(‘” + 20 (x) 0" + I (x)0" + c0 — m(x) Q%0 — 2m(x) Qaw + m(x)0 19
~Jer ()8 = o' ()8 + Jyy () Q20" + Jyy (1) Q%0 = 0
where the boundary condition at x = 0 are:
v(0) =0, w(0) =0, ¥'(0) =0, w'(0) =0 (14)
and at x = 1 are:
Ly ()" + Ty ()W — Jy ()0 + Jgz (x) Q20 + M, Qw0 — 2M, Q00 — My = —ﬁ (1+B5:2)
T ()0 + I ()0 — Jo(x)5 + Jyy (2)O20 + M, O20 + 2M, Qo — Mo = — (ﬁv_‘zf; (1 + ‘Bplh;My) (15)

v (1) =0,w"(1) =0

The detailed expressions of the coefficients in Equations (13)—(15) can be found in
Appendix A. The displacements w(x, f) and v(x, t) in Equations (13)—(15) can be expressed as:

w(x, t) = ws(x) +wy(x,t), v(x,t) =0vs(x)+0v4(x,t) (16)

Substituting Equation (16) into Equations (13)—(15), the electrostatic force term is
retained to order 3 by Taylor expansion. The expanded electrostatic force expressions can
be found in Appendix B.

The main parameters of the micro-gyroscope were selected as follows [44]:

L=4x10"*m;d, =dp =2%x10°m; E =16 x 10" N/m? hy; = 12 x 10 m;
by =25 x 107 m; B = 0.65; p = 2300 kg/m>;eg = 8.854 x 10712 F/m; (17)
M =72128 x 10712 kg; by = a9 = 2.8 x 1070 m; A, = A, = 3.92 x 10712 m2.

3. Static Deflection and Pull-In Instability Analysis

If the bias DC voltage applied in the micro-gyroscope system reaches the critical value,
pull-in instability will occur in the system [47]; therefore, it is necessary to carry out the
static analysis of the micro-gyroscope system.

Substituting Equation (16) into Equations (13)—(15) and removing the time-dependent
term, the static equations for the drive and sense directions are obtained, respectively. As
the two equations in the drive and sense directions are symmetrical to each other, the
following static analysis is carried out in the sense direction as an example:
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4 m " "
Iz (x)vs ) 4 207 (0)0) + Iz ()0 — m(x) Q%05 + Jyy () Q205 + [y (x)Q%0, =0 (18)
where the boundary condition at x = 0 are:

v5(0) = 0,04(0) =0
and at x =1 are:

(19)
Igg(x)v;" + Igg’(x)vls/ + ],7,7(x)02v; + M, 0%,

— _ & sz

(1—05)? (1 +Br 1%1_1\;1}5)

(20)
v (1) =0

In this work, DQM [48] is used to solve Equation (18). The one-dimensional function
vs (x) is continuously derivable in the interval [0, 1] and n different nodes are taken in

the interval, as shown in Figure 3. The r-order derivative of v; (x) at the discrete point
xi(i=1,2,...,n) in the x direction of the grid is given by:

T n
o, (x)| = d%(rx) = ZAS;)vs(xj), i,j=12,...,n (21)
Xi X X ]:1 K
where Ai(? represents the coefficient of the r-order derivative. The grid point x; can be
expressed as:

(22)
% X % By e xX,, X
- - e e 0 *—o---
Figure 3. Schematic diagram of nodes distribution on the interval [0, 1].

The coefficients are given by the following recursive equations:

A(l) n

_ v= (xi—x0) L. i .

i,j - (xi_xj)lllzr;l:](xj_xv)l l,] = 1,2,'“1’1,1 #U,] #v

r _ Afr_l) o
AZ(,]) =7 (Ai,i(r 1)Ai,j(1) _ (xi,]—xj) ) , l,] — 1, 2’ ] (23)
A =— 5 A

o, ij=12--n
=LA

DQM is applied to Equation (18) and the boundary conditions of the micro-gyroscope
Here, we use the following form of the residual equation:
n n n n
ri=1Igz(xi) & AE,‘?vs,; +2I (xi) & Ag)vs,j + Iy (xi) & Aﬁ)%]’ —m(x)Q? Y AE,(])‘)Usj
j=1 j=1 j=1 j=1
"o " (24)
gy (WO £ AZ 0+ Jyy/ ()0 L Ao =0 i=3,.n =2
i= j=
where the boundary conditions at x = 0 are:

v 0, v AW, P
rl—EAL].vslj—O, rZ—ZAL].vs,]- 0, i=1,j=1,...
j=1 =

(25)
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Ai,j = Igg(XOAgj) + Zlégl(xi>A§3) + Igg” (XOAS? - m(xl-)QzAE/(;) + ];7;7(361‘)021453) + ]Wnl(xi)QZA(l)

and at x =1 are:

r *iA(z)v‘*O i=nj=1 n
nfl_j:1 n/]‘ ] Y - /]_ VAR
n 3 n 2 n 1 n 0
= Ieg(n) 1 Ao+ I (o) & Ao+ ],7,7(x,1)02j§1 Al + M,QZE1 AD)og; (26)

2 10 = 40
= e (et ) © Ay
=1

(1—vs)* T

©

L]
5

the i-th row and j-th column of the unit matrix. Define the residual vector as R =

where A(%) represents the unit matrix of n x 1, and A;. represents the elements of

[r 1 oo 1 rn]T,where ri(i=1,---,n)isin the form shown in Equations (24)—(26).
Taking the derivative of the above residual equation for vs, Equations (24)—(26) can be
written in the form of matrices as:

) (0) (0) (0) T
N S R
A1,1 A1,2 e Al,nfl Al,n
Az Azp o Az Agp
An(fz),l An(—Z),Z te An(72>,n71 An(—Z),n

2 2 2
An,l An,z e An,n—l Anrn
L An,l An,Z T An,n—l An,n _

where the 1st and 2nd rows of the matrix (27) correspond to the boundary conditions (25),
the 3rd to (n — 2)-th rows correspond to the Equation (24), and the (n — 1)-th and n-th rows
correspond to the boundary conditions (26).

The expression of the element A; ; in the 3rd to (n — 2)-th rows of the matrix (27) is
given by:

e
i=3,...,.n—2
and the element A, ; of the n-th row is represented as follows:
_ (3) (2) (1) (0) o Vy? 1=05 ) 4(0)
Anj = Tg (o) ALY + I (0n) A + Ty (x) AL+ MAOP AL 4 el (1+Bri) Al o)

i=nj=1,...,n

The matrix (27) and the residual vector ﬁ are constructed into a set of equations, which
are solved by Newton iterative method. The static deflection and pull-in voltage of the
micro-gyroscope can be obtained.

The static deflection curves along the drive and sense directions are shown in Figure 4.
The DC voltages Vpcq and Vpe; are selected as 3 V, the shape factor of width a5 = 0, and
the shape factor of thickness a4 = —0.2, —0.1, 0, 0.1, ..., 0.5. It can be found in Figure 4a
that, as the shape factor a4 of the thickness increases, i.e., thickness a(x) decreases gradually
along the beam length, the shape factor a5 of the width remains constant and, thus, the
static deflection in the drive direction changes less. This is because the thickness variation
primarily affects the stiffness of the tapered beam in the sense direction. Figure 4b shows
the static deflection of the micro-gyroscope in the sense direction. It can be found that the
static deflection in the sense direction increases significantly. The larger the shape factor,
the smaller the bending stiffness of the beam, and the larger the static deflection of the
tapered beam at the same voltage.
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Figure 4. Effect of shape factors a4 and a5 on the static deflection of the micro-gyroscope: (a) drive
direction; (b) sense direction.

When the DC voltage exceeds the critical value (pull-in voltage), the stable equilibrium
position of the microbeam no longer exists and the pull-in is triggered. To ensure the safe
operating range of the micro-gyroscope, the pull-in voltage is critical to the stability of
the system. The shape factors of the width and thickness are not equal, which results in
different pull-in voltages in the drive and sense directions. As shown in Figure 5, the shape
factors are selected as ay = —0.2, —0.1,0, 0.1, ..., 0.5, and a5 = 0. The micro-gyroscope
undergoes pull-in instability at 33% of the maximum displacement. It can be found in
Figure 5a that when the shape factor a4 of the thickness gradually increases, the variation of
the pull-in voltage in the drive direction is small. The pull-in voltages in the drive direction
are 4.59V,4.74V,4.95V, and 5.06 V, from left to right. However, as the shape factor a4 of
the thickness increases, the pull-in voltage in the sense direction decreases significantly, as
shown in Figure 5b. The pull-in voltages in the sense direction are 3.86 V, 4.11V, 4.34 V,
454V,4.75V,495V,512V, and 5.3 V, from left to right. This is mainly due to the fact that
ny affects the stiffness of the beam in the sense direction. Therefore, changing the shape
factor of the width (thickness) mainly affects the pull-in voltage and static deflection in
the drive (sense) direction. When a4 = a5 = 0, the static pull-in voltages in the drive and
sense directions are equal, both being 4.95 V, which is consistent with the results in the
literature [31]. The accuracy of the DQM and the established motion governing equations
in this paper is further verified.

Sense direction

direction

oo ,=0,0,=0

o 0,=0.3,0,=0
oo 0,=0.5,0,=0
00 Ghommem et

ean 0, =—0.2,0,=0
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; 1 0.301 | ... o=k a=0 (b)
118 0.25} | === ¢,=0,a,=0
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(a)

0.20
al. [31]

015
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pull-in voltage pull-in voltage:

0.00

3 4 5 0 1 2 3 4 5
Ve (V) V,e(V)

Figure 5. Variation curve of maximum displacement at the end of micro-gyroscope with DC voltage:
(a) Drive direction, (b) Sense direction.
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Therefore, in the subsequent studies (linear system analysis and effects of electrostatic
force nonlinearity), none of the DC voltages we applied exceeded the pull-in voltage.

4. Study of Natural Frequency and Mode Shape of Micro-Gyroscope
As a result of the FM micro-gyroscope detecting the angular velocity mainly by the
difference of the natural frequency, the natural frequency analysis is required. Expressing
the dynamic component of the micro-gyroscope as a product of a spatial function and a
temporal function, the displacements v and w can be expressed as follows:
v = s + (¢o(x)e ! 4 cc), w = ws + (@ (%) 4 cc) (30)

where ¢, (x) and ¢y (x) are the mode shape in the sense and drive directions, respectively.
cc denotes the complex conjugate.

Substituting Equation (30) into Equations (13)—(15), the first term of the electrostatic
force in equation (15) is retained. The static term in the obtained equation is omitted.
Using DQM to analyze the natural frequency of the system, the governing equations of the
micro-gyroscope can be expressed as:

n n n n
17717 (x:) ,Zl A,(j‘) Puwj + 2[;7;7l(xi) ‘):1 A§3>g0w]- + Imy” (x) .):1 AE,?)‘ij - m(xi)Qz ‘Zl A,(,(;) Pwj

n n
+2iwm(x )Q Z A(O Poj — W m(x )421 AE,(]J‘)Q’wj + aJZ],M(x,) Z ,/ (Pw] +(*72]1117 (xi) Z E,})ij (31)
j j=1 j=1

n 2 n
+]§§(X1)02]§1 Az(,])(l)w; 4 ]éél(xi)Qzlgl (Pw] =0
i=3,4,...,.n—2

n n n
Igg<x,»),zlA§j>%,-+21gg'<xi>,zlA§3)sov,»+Igg'/(xf),zlA§j>fpyj— m(x )022 A g
L = P

n n
~Zieom(x)Q, >: A guj — wrm(x) ¥ A goj + Pz () T AD poj + w2l (xi) T ALY o
=" =T = (32)

n
i (5)07 1 AL o+ Iy ()00 z A gy =0
i=3,4,...,n-2

where the boundary condition at x = 0 are:
ZA poj =0, ZA ) i = 0, ZA ! poj =0, ZAl]gowJ 0,i=1j=1,...,n (33)

and at x =1 are:
2 o 4(1) 25~ A(1)
Iny (xn) Z An] Puwj + 17]17 (xn) Z An] Puj+w ]ﬁq(xn) ’Zl An,]' Puwj + ]gg(xn)Q 121 An,j Pwj
= =
n n
+M, Q2 ‘21 A g - 2wMA Y A goj + M, P AL guj
i= = =

w Vu —Ws
:_(Tw < +ﬁ U)ZAHJ(PWJ
n n n
I (o) & Aoy + 1/ (x 2 A go+ «Jegon) T Ao+ i n) O 2 gy (G4)

+M,0? Zn AO 1 -+ZinQ§n A(O)(p i+ w?M, Zn A(0>(p i
r = n,j 1] r =) nj ] T. | n,j 70]
= =

:_@1? (2+8e % vs>zAm"’vf

‘Z]A,(fj)(pv] =0, Z A<](pwj =0i=nj=1,...,n
]:
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Rewrite Equations (31)—(34) in the form of matrix as:

([M] + w? [K]) C=0 (35)
where M and K are 2n x 2n matrices, C = [(pwl Qw2 Pwn  Pol P2 - (pvn] T
By making the determinant |[M] + w?[K]| equal to zero, the natural frequency of the system
and the corresponding mode shape can be obtained.

To verify the accuracy of the natural frequency using DQM, the convergence analysis
of the natural frequency is first performed. The parameters shown in Equation (14) are
selected and the DC voltage in the drive and sense directions is 0 V. Figure 6 gives the
natural frequency and the first three orders mode shapes of the system for the different
grid points. It can be found that the first-order natural frequency of the tapered beam
gradually converges and stabilizes as the number of grid points increases to 12. Therefore,
the number of grid points is selected to be 12 for the following natural frequency analysis.

T T T T T

w,(Natural frequency)

g A
S 00
S
i —— a,=a,=—0.3 ] 0.2} | = ®,0,=a,=0.0 ,
1.0 —A— a,=a,=0.0 —A— w,,0,=0,=0.0
08l —— o,~a,=0.3 |] —0.4 | | % w;,a,=0,=0.0
5 6 7 8 9 10 11 12 00 02 04 06 08 10

n(Number of grid points) X

Figure 6. Natural frequency and the first three orders of mode shapes of the tapered beam: (a) Natural
frequency, (b) Mode shapes.

Figure 7 shows the relationship between the natural frequency and the shape factors
of the tapered beam. The shape factor of the width is equal to that of the thickness; that is,
ag = 5. Vpe1 = Vpea= 0 V. As the shape factor of the tapered beam increases gradually, the
first-order natural frequency of the system decreases. Therefore, the natural frequency of
the micro-gyroscope can be adjusted by the shape factors to meet the design requirements.
The theoretical results are in good agreement with the finite element simulation (FES),
which further verifies the accuracy of the governing equations.

The relationship between the first-order natural frequency of the micro-gyroscope and
the angular velocity is shown in Figure 8. Due to the presence of gyroscopic effects in the
rotating structure, the natural frequencies of the drive and sense modes are caused to vary
with the angular velocity. As can be seen from Figure 8, in a wide range of angular velocity,
the natural frequency of the micro-gyroscope system with shape factors of 0 and 0.5 changes
linearly with the increase in the angular velocity. One of the natural frequencies increases
with the increase in the angular velocity, while the other decreases. The FM method uses
the principle of frequency separation due to the gyroscopic effect, and the angular velocity
can be obtained by measuring the difference between the natural frequencies of the system.
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Figure 7. Comparison of the first two orders natural frequencies of the tapered beam between DQM
and FES.
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Figure 8. Variation of the natural frequency of the tapered beam micro-gyroscope with the angular
velocity: (a) a4 = a5 =0, (b) ag = a5 =0.5.

5. Linear Analysis of the Micro-Gyroscope System

In the previous section, DQM was used to calculate the natural frequencies of the
micro-gyroscope system. It can be found that, starting from the base rotation, the natural
frequencies gradually separate into a pair of spaced natural frequencies. To investigate the
influences of the system parameters on the performance of the FM micro-gyroscope, the
linear analysis in this section is carried out first.

As the electrostatic force acts on the tip mass, the work Wy, and V; conducted by
the electrostatic field in the drive and sense directions can be expressed as a Dirac delta
function in the form of:

L Ay V2 —
oW = [y 6(x — L) 2l (1+ B2 ) bvdx, o
36
L . 2 —
OWaw = [y 6(x — L) 24005 (1 4 g St o
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(Jy mlx

Therefore, the electrostatic force term can be converted from the boundary conditions
into the governing equations. Galerkin discretization is performed on Equation (13) and
the vibration displacements of the micro-gyroscope in the drive and sense directions can be
expressed as:

w(x,t) = @ur(X)pr(t),  0(x,t) = @or (x)4,(t) (37)

where ¢r(x) and ¢, (x) are the r-th order mode shape in the drive and sense directions,
respectively. g,(t) and p,(t) are the r-th order generalized coordinates. The first-order mode
shape of the designed micro-gyroscope is the operating mode, a single-mode approximation
is adopted [49], that is, r is set to 1.

The first equation of Equation (13) is multiplied by ¢,1(x) and the second equation is
multiplied by ¢,1(x), then the two equations are integrated from 0 to 1. The discretized
reduced-order model (ROM) in the drive and sense directions can be obtained as:

q)wl dx— fo 17717 qowl ( )(Pwl dx— f() ]1717 q)wl ( )(Pwl(x)dx>ﬁ(t)

fO I’l’] ?wl( )( )q)wl(x dx"’f()l 217717/ x)qt)wl’“(x)qowl(x)dx

+ +f0 Lyy" () Pun1” () P (x )dx—szo X) @1 (X) o1 (x)dx p(t) (38)

FO2 [} Tz (%) @ (x) Pt (% )dx+02f0 Jeo' () @t () @1 (x)dx

+Cf0 @1 (X) @1 (x)dxp(t) +20f0 X) Po1 (%) Qo1 (x)dxq(t) = aw(Vpcr + Vac cos(wot)) fo X) @1 (x

(Jy m(

+Cf0 Po1(x

(Pvl

o (¥)dx — [ Jez (1) gan” () gen (¥)dx — o Jog' (x) pon’ (x) pen (x)dx ) i (1)

Jo Tee(x) %ﬁwwmmM+ﬁﬂ¢@¢wummmm
H+fy L () @or” (x)@or (x)dx — O2 [ m(x) o1 (x) por (x)dx q(t) (39)
+0? fg ]1717 )Po1” (x )‘Pvl( )dx—i—szO ]m] X) @1’ (x )q’vl(x)dx

)@o1 (X)dxq(t) — 20 [} m(x) o (x) Po1 (X)dxp(t) = a5Vpea? [y G(x)@or (x)dx

where G(x) and F(x) are the electrostatic force term.

Due to the mode shapes being obtained by numerical methods, they are represented
here by the fitting functions. To ensure that the fitting function has a high enough accuracy,
it can be substituted into the ROM. By comparing the natural frequencies of the ROM
system with those of the original system, it is necessary to verify whether the fitting
function meets the accuracy requirement.

The mode shape functions of the drive and sense modes are as follows:

Puw(x) = ag+ ax +apx® + - + ay_q x4 g2

(40)
@o(x) = by +byx +byx?+ - +b,_x™ 1 4 b a2

where 71, is the highest power of the fitting function.

Table 1 gives the natural frequencies of the ROM system at different highest powers.
Comparing the natural frequency in the ROM system with the natural frequency of the
original system, it can be found that, with the increase in the highest power of the fitting
function, the errors between them decrease. As shown in Table 1, for ay = a5 =0, n, = 8;
for oy = 0 and a5 = 0.5, 115 = 16 in the drive direction and 7, = 14 in the sense direction; for
a4 = 0.5 and a5 = 0.5, np = 16, the mode shape function has high precision.
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Table 1. The natural frequencies of the ROM of micro-gyroscope.

ny
g a5 Direction w 6 8 10 12 14 16
0 0 Drive 10,448 10,532 10,448 10,448 - - -
0 05 Drive 8587 11,905 9178 8658 8609 8600 8589
Sense 10,137 10,739 10,185 10,141 10,138 10,136 -
0.5 0.5 Drive 7963 15,755 10,076 8296 8070 8020 7964

Next, the linear analysis of the FM micro-gyroscope is performed. Neglecting the
damping, external excitation, and electrostatic force nonlinearity in Equations (38) and (39),
the second-order ordinary differential equation can be obtained as:

MQ+GQ+KQ=0 (41)
where
—|P _ |10 [0 a0l ,  [w?+e0? 0
Q= L}M a {0 J’G a {_530 0 K= 0 wy? + 402 (42)

and the coefficients of Equation (41) can be found in Appendix C.
Substituting Q = ue'! into Equation (41), the natural frequencies of the micro-
gyroscope system can be obtained as:

\/a}l2+w22+61C302+C202+C4Q27 \/74(w12+c202) (WZ2+C4QZ)+(u}]z+u}22+C1C302+C202+C402)2
Wn1 = V2

(43)

\/w12+w22+c1C3QZ+6202+C4QZ+ \/74(w12+6202) (wr24¢402)+ (w12 4wa?+cy 6302+CZQZ+C4QZ)2
Wn2 = /2
where wy1 and wy,, are the frequencies that gradually decrease and increase with increasing
angle velocity, respectively.
When the shape factors of the width and thickness are equal, the cross-section of the
tapered beam is always square and we have wq = wy, ¢1 = ¢3, ¢ = ¢4. The relationship
between the frequency difference of the system and the angular velocity can be obtained as:

Wy — Wy = Aw = 10 = 2xQ) (44)

Jo m(x)901 () P 1(x)dx

K =
jo (Pwl )¢w1 dx f() ]17?7 (Pwl (x)(P x dx jo ]?7}7 (Pwl( )(Pwl(x)dx

(45)

Assuming a4 = a5, the relationship between the first-order frequency and the angular
velocity for different shape factors is shown in Figure 9. The shape factors are —0.3, 0,
0.3, and 0.5, respectively. As shown in Figure 9a, for different shape factors, the trend of
the natural frequency with the angular velocity is the same. The intersection of w;; and
the horizontal axis is defined as the critical point. With the angular velocity increasing
gradually, the frequency wy; increases, the frequency w; decreases first, and when the
critical point is exceeded, wy starts to increase. The smaller the shape factor, the greater
the structural stiffness of the tapered beam and, thus, the higher the natural frequency and
critical point. Figure 9b shows the variation of the natural frequency difference with the
angular velocity and the slope represents the sensitivity of the FM micro-gyroscope. It can
be found that the shape factor of the tapered beam has little effect on the sensitivity. When
the critical point is exceeded, the natural frequency difference no longer changes with the
angular velocity and it is not suitable to detect the angular velocity. Therefore, the higher
the critical point value, the greater the dynamic range of the micro-gyroscope.
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Figure 9. The first order natural frequency versus input angular velocity of the system with different
shape factors.

The detection performance of the FM micro-gyroscope with width and thickness asym-
metry is given in Figure 10. As the difference between the width and thickness shape factors
increases, the initial mismatch of the natural frequencies increases gradually. Figure 10a
shows that when a4 # a5, the angular velocity changes nonlinearly in a small range and then
linearly. The larger the difference between the shape factors of the thickness and width, the
smaller the sensitivity. At larger angular velocities, the difference in the natural frequencies
of the two modes varies linearly with the angular velocity, but the sensitivity is always less
than that of the same shape factors, as shown in Figure 10b and Table 2. In practice, due to
the structural design or machining errors, a micro-gyroscope may have a different width and
thickness of the tapered beam, resulting in a reduced FM sensitivity performance. Therefore,
structural asymmetry should be avoided as much as possible.

1.50 F ‘ ‘
0.25¢ [— 4,=0.3,a,=0.3 (b)
1.45 | e @,=0.35,0,=0.25
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Figure 10. Effects of angular velocity on the natural frequency for the case of different shape factors.
Table 2. Angular gain factors for FM micro-gyroscope with different shape factors.
&g, K5 Ky = 0.5, K5 = 0.5 &y = 0.3, &5 = 0.3 Ky = 0.4, K5 = 0.2 &y = 0.5, &5 = 0.2 Ky = 0.5, K5 = 0.1 &y = 0.5, &5 = 0
K 0.99999 0.99999 0.99427 0.98555 0.97667 0.96686

Figure 11 shows the effects of the DC voltage in the drive and sense directions on the
performance of the FM micro-gyroscope. The system parameters are set as: a4 = a5 =0,
black curve represents Vpc1 = Vpep = 2.5 V; red curve represents Vpc1 =3V, Vpea =2V;
blue curve represents Vpc1 = 3.5V, Vpca = 1.5 V. As shown in Figure 11a, it can be found
that, with the increase in the DC voltage difference between the drive and sense directions,
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the mismatch between the natural frequencies of the two modes increases. When the
measured angular velocity is less than 1000 rad/s, the natural frequency of the system
changes slowly, as shown in Figure 11b. The original linear system is destroyed, and the
measurement accuracy of the micro-gyroscope is reduced. It is unsuitable for measuring
angular velocity at this time. As the angular velocity increases, the system sensitivity
gradually returns to a linear variation. At this point, the system sensitivity is the same as
when the voltage is equal in both directions. In order to ensure the sensitivity of the FM
micro-gyroscope, the DC voltage applied in the drive and sense directions should be equal.

1.60 0.25 — |VD('I_ VD('2|:0V (b)
1.55 — Voer= Voo m1V
— Vo= Ve =0V - 0.20[| — |Vper— Ve =2V
Sﬁ Ll — Voer= Vo1V 8 0.15
©1.45 - |Vn('1_ V”(Q‘:ZV I(:
= 0.10
S 140 S
0.05
135\ 1105,,,.“. A A
0.00} 23,200 23,60024,000
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000

Q(rad/s) Q(rad/s)

Figure 11. Effects of bias DC voltage asymmetry in the drive and sense directions on the sensitivity.

If the shape factors and DC voltages in the drive and sense directions are not equal,
they will lead to unequal natural frequencies in the drive and sense directions, thus reducing
the sensitivity of the FM micro-gyroscope. Therefore, if the beam micro-gyroscope has
a rectangular cross-section, we can apply different DC voltages in the drive and sense
directions to perform mode-matching again, which will also improve the FM performance
of the micro-gyroscope.

6. Influence of Electrostatic Force Nonlinearity on the Sensitivity of
FM Micro-Gyroscope

The electrostatic force nonlinearity is common in micro-gyroscopes, which affects the
characteristics of the system, such as the natural frequency and dynamic response. It is
important to investigate the influence of nonlinear factors on the FM micro-gyroscope. As it
is difficult to continue the analysis using DQM after considering the electrostatic nonlinearity,
in this section, the effects of the angular velocity and initial value of the micro-gyroscope
system on the nonlinear natural frequency are investigated by using the IMM.

Removing the damping term and AC voltage term in Equations (38) and (39), we
obtain the following equation:

(1) + wi®p(t) + cng(t) + cap(t)* + cap(t)’ = 0 (46)

G(t) + w2?q(t) — ciop(t) + c20q(t)* + cq(t)’ = 0 (47)

where the coefficients of Equations (46) and (47) can be found in Appendix D.
Converting the modal coordinates in Equations (46) and (47) into state vectors:

1y 2 wpl=[p p q 4 (48)
Then, the motion equations can be written as:
jCl = ylr yl = —wlle — C11).C2 — C21X12 — C31X13

49
. o - ) 5 (49)
X2 = Y2, Yy = —W2a X+ C12X1 — C22X2 C32X2
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According to the IMM, the state vectors x1, x2, y1 and y, related to nonlinearity can be

expressed as:
X1=u, Yy1=0°

Xp = AU + a0 + a3u2 + ﬂ402 + 1151/13 + ﬂ6?}3 (50)
Y2 = blu + bz’l) + b31/13 + b4"04 + b51/£3 + b6‘03
The derivatives of x; and y; are:

Xp = @10 + ax0 + 2a3uv + 2a400 + 3asuv 4 3a0%0

Yo = b1o + b0 + 2b3uv + 2b4v0 + 3bsuv + 3bgv?0 &Y
Xp =Yy =biu+byo+ b3u3 + b4v4 + b5u3 + b603
v = y1 = _wlle — 11X — C219€12 - 031x13 = _w12u —C1y2 — C21M2 - 631M3 5
Yy = —wp?xp + c12%1 — c0X0? — c3020% = —wi?xn + €120 — c0x2% — c3p x> 2

Xo = ayu + ayv + asu® + agv? + asu® + agv’
Substituting Equations (49), (50), and (52) into (51), the final equations for # and v can
be obtained as follows:
byt + by + bau? + byv? + bsu® + bgv® = ayv + 2azuv + 3asuZv+

ap (—wlzu - (b1M + byv + b3M2 + b42)2 + b5u3 + b6U3)C11 - C21u2 — C31M3)+

(53)
2040 (—wiu — (byu + byo + bau® + bgo? + bsu® + bgv®) c11 — cou® — cz1u3)
+3a6v2(—w12u — (blbl + byv + bguz + b402 + b5u3 + b6U3)611 - 621112 — C31u3) =0
—c120 + wp? (ayu + a0 + azu® + ag0* + asu® + agv®) + byo + 2bsuv + 3bsuo+
(mu + a20 + azu® + ag0* + asu® + u6v3)2c22 + (aqu + a0 + agu? + ag0* + asu® + u603)3032—|—
by (—wiu — (byu + bov + b3u? + byv? + bsu® + bev®) c11 — e u? — c511°) (54)

+2b40(—wi?u — (byu + by + b3u® + byv? + bsud + bgv®) c11 — cou? — cz1u3) +
3b6v? (—wi?u — (byu + byv + b3u? + byv? + bsu® + bev3) c11 — e — c3u®) =0

where Equations (53) and (54) have all linear and nonlinear terms for the variables u, v,
u?, v, u3, and v°. The values of these unknowns (a; and by, k=1, ... , 6) can be obtained
by making the coefficient of similar terms equal to zero. A series of nonlinear algebraic

equations with relevant variables as u, v, u?, 0%, u3, and v° are:

u term: wyi?ar + by +azbicyy =0
wy?ay — wi?by — bibyeyy =0
v term: ay—by—axbyc;p =0

wy?ay — c12+ by —bsc;; =0

u?>  term: bz + azbsciy 4+ axcy =0
wy2as — bybscyy — by + a%czz =0 (55)
v term: by + 2asbycqy + azbacyy =0
wy?ay — 3babacyy + a5cp =0
ud term: —bs—asbsciy — axcz =0
wy?as — bybscry + 2a1a3¢00 — bca + ajez; =0
v term: —bg — 3agbycyy — 2asbacyy — arbgcr; = 0

w22a6 — Zbicll — 4bybec11 + 2aa4c) + Q%ng =0
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The two sets of real roots of a; and by can be solved. Mode 1:
ap =az =as =by =by =bs =0,
2
4 — wlz—w22+612611—\/4w22011612+(w12—w22+012511)
2= Z(UZZCH 4
\2
(wlz—w22+612611—\/40122612011+(w12—w22+612611) ) 2
ag = —
4 4w260%1 ’
2\
<—w12+w22—612611+\/4C1zw22011+(w12—w22+612011) > (—2ck,+wa?en)
An =
‘ a0 TGS
2
by — —w12+w22+012511+\/4w22611012+(w12—w22+012511)
1= 2c11 4
2
<—w12+w22—012511+\/4612w22011+(w12—w22+012511) i)
b3 - 2\
11 <w12+w22+612611 —\/4612w22011+(w12—w22+612011) >
2
(*w12+w22*C12€11+\/4012w22€11+(w12*w22+012C11) )CSl
bs = =
1 <w12+w22+612011—\/4012w22611+(w12—w22+612011) )
mode 2:
ap=a3=as="by=by=bs =0,
2
0 — w12*w22+611012+\/4w22611C12+(w12*w22+C11f312)
2= 2(4.}22(311 4
7\ 3
<w12_w22+C11C12+\/4a)22C11C12+(wlz_w22+C11C12) ) (—2C%2+w22C32)
6 = — 8wy 10c3,
\2
(wlz—w22+611€12+\/4w22511C12+(wlz—w22+511C12) ) 22
“= 4, ' (57)
2
by — —w12+w22+c11c12—\/4w22c11c12+(w12—w22+c11c12)
1= 2C11
2
b (wlz—w22+c11c12+\/4w22c11612+(w12—w22+c11612) )021
ST 2 2 2 2 2 2}’
c11 | w1t twa+ericr+/ dwacrrcn+H(wi* —wa? +erpenn)
2
) (w12*w22+611c12+\/4w22011612+(w12*w22+611612) )C31
> 2 2 2 2 2 2
11 | wiwa?+errcraty/dwr?eriern (w2 —wr +erqc12)
Hence, in the modal motion, the following relation is satisfied:
X1 =Uu, ]/l =0,
(58)

Xo = AU + 114212 + 11603, Yo =bju+ b3u3 + b5u3

Considering Equations (56) and (57), the decoupled nonlinear equations can be ob-
tained by substituting Equation (58) into Equation (46) as follows:

it 4 wnu + exu® + e3u® =0 (59)

where

2 2
wy” = w1 +c1bi, ep =cnbz+co, ez =ciibs+c3 (60)

According to the method of multi-scale, we introduce the new time scales:
T,=¢"t n=012... (61)

where ¢ is introduced as a small nondimensional parameter.
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The derivative of time can be expressed in the form of the following operator by the
partial derivative of T};:
d _ 9 dT, 9 dT, 2 dh,  _ 2
E*ﬁﬁﬁ‘ﬁ#‘f’ﬁdff...f[)o-f—e[)l-f'eDz... )
& = Dy? +2eDyD; + €(Do? +2DDy) + ...
Adopting the second-order approximation, the solution of Equation (59) is
expressed as:

u(t) = uo(To, Ty, Ta) + euy (To, Ty, T2) + 2ua(To, T1, To) (63)

Substituting Equations (62) and (63) into Equation (59) and comparing the same power
coefficients of ¢, yield:

O(e%):
Do?ug + wyug =0 (64)

O(e)
wn?uy + Do*uy = —epug® — 2Dy Dy (65)

O(€?)
w2y + Do%uy = —ezug® — 2eauguy — Dq2ug — 2DgDoug — 2DoDy 1y (66)

The general solution of Equation (64) can be expressed as:
ug(To, Ty, T2) = Ani (T, T2) exp(iwn To) + cc (67)

where Ay; is the amplitude.
Substituting Equation (67) into Equation (65), we have:

eye20nTo A1y (Ty, Ty)? + 262 A11 (T, To) Ay (T1, Ta) + 2w,i€ " 0Dy A1 (Ty, To) 4+ cc =0 (68)

where exp(tiw,Tp) is the secular term and the condition for eliminating the secular term
can be obtained as follows:
Zia)nDlAll(Tl, Tz) =0 (69)

which indicates that Aj; is just a function of T».
The solution of Equation (68) can be expressed as:

nTogy A1y (To)*  20An(To)An(Ty) e 2oy Ay (1)

To, Tr) = — 7
u1(To, T2) 0.2 0,2 0,2 (70)
Substituting Equations (67) and (69) into Equation (66), we obtain:

. 3
wn2u2 + D02u2 _ _e31wnT0 (33A11(T2)3 _ 26222112(7"2) )_
2 71)
. - 2 A
elwnTo (3€3A11(T2)2A11(T2) - w”?% + 2iwnD2A11(Tz)> +cc
To eliminate the secular term of Equation (71), we let:
_ 6622 A11(T2)* A1 (T .
3€3A11(T2)2A11(T2) — 11(w2)2 11( 2) +21wnD2A11(T2) =0 (72)
n

Express Aj1 as a polar coordinate in the form:

An(Ta) = 30 (To) exp(603(T)),  An(T) = 21 (To) exp(—i61(T2))  (73)

where a1 and 6; denote the real amplitude and the initial phase, respectively.
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Substituting Equation (73) into Equation (72) and separating the real and imaginary
parts, we have:

_ 3(72322+33w112)ﬂ1 (TZ)Z
- 8w,,3

(726224’{33(41”2 ) a

2
S =T,0 = 2 oy (74)

a'(T2) = 0,6,(T>)

where I and C, are constants.
When the phase difference C; = 0, then the approximate solution of Equation (63) can
be written as:

up = A11(Tp) exp(iwnTp) + cc
3iI2 (26,2 +e3wn?)
8w,3

2( _n,2 2\,.2
— Tcos [_(31” ( 2e%+e3wy, )s +wn> TO}

8wy3

3ir? ( 72622+83wnz)£2
5o To] (75)

2
= 1Texp|[ — iw, Ty — “To] + ITexpliwa T +

The nonlinear natural frequencies can also be obtained as follows:
312 (—2ey2 + e3wy?) €
8w,,3

Substituting Equations (56), (57), and (60) into Equation (76) yields two nonlinear
natural frequencies without damping and external excitation:

Wyin2 = Wn + (76)

V2wp* (8wy* 431262 (—263; +wic31))

Wp1 =

372
2 2
<w12+w22+611012*\/((wﬁwz) +enen) ((wi+ws) JrC11C12)>
1

X 2
(w12+w22+c11012+\/( (w1 —w2)2+C11012) ((Wl +W2)2+011€12)>

77)
V2wy* (8w *+31%€ (—205; +wi’can) )

Wy =

)
(w12+w22+611C12* \/( (w1—w2)*+erienn) ((wi+ws) +erier ))

1

372
(w12+w22+011c12+\/( (wy *w2)2+C11C12) ((‘Ul +w2)2+c11c12)>

To verify the correctness of the IMM, the results of IMM and DQM are compared, as
shown in Figure 12. Note that the influence of electrostatic nonlinearity is not considered at
this time. Here, Vpc1 = Vpea = 042V, ag = a5 = 0.5, 0. It can be seen that the results of the
two methods are consistent.

0 10,000 20,000 30,000 70 10,000 20,000 30,000

Q(rad/s) Q(rad/s)

Figure 12. Comparison between numerical solution of DQM and analytical solution of IMM:
(a) shape factors are g = a5 = 0.5; (b) shape factors are a4 = a5 = 0.
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Figure 13 shows the variation of two nonlinear frequencies with motion amplitude
I' for different angular velocities. The system parameters are set as: a4 = a5 = —0.3, 0.3,
Vbe1 =Vpe2 =1.0V, Q) =1rad/s, 1000 rad/s, 2000 rad /s. The dashed line represents the
linear frequency, and the solid line represents the nonlinear frequency. It can be found
that, due to the softening characteristics of electrostatic force, the nonlinear frequency
decreases and gradually moves away from the linear frequency with the increase in the
motion amplitude. In addition, as the angular velocity increases, wy; decreases, and
wyy increases gradually. A comparison between ay = a5 = —0.3 and ay = a5 = 0.3 reveals that
the nonlinear frequency shift of the micro-gyroscope with an increasing motion amplitude
is smaller for ay = a5 = —0.3. That is, for the same motion amplitude I', the micro-gyroscope
is less affected by nonlinearity at ay = a5 = —0.3. This is due to the fact that the shape
factor decreases, and the tapered beam becomes progressively stiffer, which can resist the
softening characteristics of electrostatic force nonlinearity.

- 1.45 -
s 1.40 R
---------------------- 1.35 g — <
o 1.30
L i =
0,=0.3,0,=0.3 3 1251 0,=0.3,0,=0.3
— Q=1rad/s 1.20 — Q=1rad/s
— Q=1000rad/s — Q=1000rad/s
| |— Q=2000rad/s (a) ] 115 — Q=2000rad/s (b) ]
: : : : : 1.10 = : : :
0 02 04 06 08 1.0 1.2 1.4 0 02 04 06 08 1.0 1.2 1.4
r v
1.75
1.70
L 165 T
| <
a,=—0.3,0,~ 0.3\\ a,=—0.3,a,=0.3
) : S 160 f
— Q=1rad/s — Q=1rad/s
— Q=1000rad/s 1.55 |[— Q=1000rad/s
— Q=2000rad/s (C) — Q=2000rad/s (d)
. 1.50 be—ro ‘

0 02 04 0.6

0.8 0.4

I

1.0 1.2 1.4 0 0.2 0.6 0.8

I

1.0 1.2 1.4

Figure 13. Variation curves of the nonlinear frequency with motion amplitude. (a,b): shape factors
are ay = a5 = 0.3; (c,d): shape factors are ay = a5 = —0.3.

The variation curves of the linear and nonlinear frequency with angular velocity
for different shape factors are given in Figure 14. The system parameters are set as:
ag = a5 =—0.3,0,03, Vpc1 = Vpcp = 1.0 V, T = 1. It can be found that the nonlinear
frequency of the micro-gyroscope with a shape factor of 0.3 has the largest shift with respect
to the linear frequency. Thus, the micro-gyroscope with a4 = a5= 0.3 has the strongest
nonlinearity for the same motion amplitude. The sensitivity based on nonlinear frequency
detection is less than the linear case at this time, as shown in Figure 14d. As the shape
factors decrease gradually, the nonlinear frequency shift decreases and the nonlinearity
gradually weakens, as shown in Figure 14b,c. When a4 = a5 = 0, the sensitivity of the
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micro-gyroscope is less affected by the nonlinearity. When a4 = a5 = —0.3, the nonlinear
frequency shift of the micro-gyroscope is the smallest, and the sensitivity performance
is not affected by nonlinearity at this time. It indicates that the influence of nonlinear-
ity on the sensitivity of the FM micro-gyroscope can be attenuated by using a negative
shape factor.

145} 10,=0.3,0,-0.3 (a) @.=0,0,=0 %=—0.3,0,-—0.3
— Linear / 1.60 || — Linear — Linear
--- Nonlinear --- Nonlinear

--- Nonlinear

- 1.45 - - - -
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000

Q(rad/s) Q(rad/s) Q(rad/s)
0.14 ‘ a4:0437a5:0.3 (d) 0.14 adzo;{lgzo : (e) 0.14 a,‘:*q.3,(z5:*0.3 (f)
0.12 | — Lincar 0.12 | — Linear 0.12 | — Linear
o010} Nonlinear < o0.10) L= Nonlinear <o.a0fL Nonlinear
§ 0.08 |e 0.08 |8 0.08
=0.06 20.06 20.06
S 0.04 0.04 0.04
0.02 0.02 0.02
0.00/* ‘ 0.00 ‘ ‘ ‘ ‘ 0.00 ‘ ‘ ]
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Q(rad/s) Q(rad/s) Q(rad/s)

Figure 14. Linear frequency and nonlinear frequency variation curves of micro-gyroscope for different
shape factors. (a,d): shape factors are ay = a5 = 0.3; (b,e): shape factors are as = a5 = 0; (c,f): shape
factors are wy = a5 = —0.3.

Figure 15 illustrates the effects of different bias DC voltages on the sensitivity of the
micro-gyroscope with shape factors of 0.3, 0, and —0.3, respectively. Here, the motion
amplitude I' = 1. In Figure 15a, it can be found that the sensitivity performance of the
micro-gyroscope gradually decreases as the DC voltage gradually increases. This is due
to the fact that the DC voltage is proportional to the electrostatic force nonlinearity. The
higher the DC voltage, the stronger the electrostatic force nonlinearity. The nonlinearity can
reduce the sensitivity performance of the FM micro-gyroscope. For the micro-gyroscope
with ay = a5 = 0.3, the system sensitivity is already extremely small at Vpc1 = Vpca =2V,
and it is not advisable to increase the voltage further. For micro-gyroscopes with ay = a5 =0
and a4 = a5 = —0.3, the influence of nonlinearity on the sensitivity decreases as the shape
factor decreases. At the same bias DC voltage, the micro-gyroscope with the negative shape
factor can better restrain the influence of nonlinearity. Therefore, in order to ensure the
sensitivity performance and linearity of the FM micro-gyroscope, a smaller bias DC voltage
should be selected. Meanwhile, the tapered beam structure with a negative shape factor
can not only reduce the effect of nonlinearity, but can also obtain a larger dynamic range.



Micromachines 2023, 14, 211

24 of 28

0.14
0.12

= 10.10
|8 0.08
= 0.06
0.04
0.02

0.00}
0 500

0.14 | ¢,=0.3,0.=0.3 %
= Linear (a) =
0.12 W
e V/)( i V/)('lzl'ov % ","’/
8: OAOH ey =¥ =15V O
> 0.08f|--- V= V=20V | £
2 0.06 T
0.04 g
0.02 ot
0.00 [~ | i
0 500 1000 1500 2000 2500 3000

0,=0,a,=0

Linear
===Vper=Vpe=1.0V
—mm V= V=20V
=S Y =W =2 SN

1000 1500 2000 2500 3000

Q(rad/s)

Q(rad/s)

0.14
0.12

= 0.10
S 0.08
0.04
0.02

0.00

a,=—0.3,a,=—0.3
—— Linear
=== Vper=Vpe=1.0V
e Y=V =2 OV
= i =W =25V
0 500 1000 1500 2000 2500 3000

Q(rad/s)

Figure 15. Sensitivity performance of micro-gyroscope with different bias DC voltage. (a): shape

factors are ay = a5 = 0.3; (b): shape factors are a4 = a5 = 0; (c): shape factors are ag = a5 = —0.3.

7. Conclusions

In this paper, the influence of electrostatic force nonlinearity on the sensitivity perfor-
mance of a class of tapered beam FM micro-gyroscopes is investigated. The pull-in voltage
and natural frequency of the micro-gyroscope are analyzed using DOM and the effect of
electrostatic force nonlinearity on the FM micro-gyroscope is investigated by using IMM.
Recommendations are given for guidance on the structural design of the micro-gyroscope
and the principle of parameter selection, which improves the micro-gyroscope performance
overall. It promotes the possibility of micro-gyroscope applications in medical instruments,
commercial attitude heading reference systems, guided munitions, and other high-precision
fields. The main conclusions are as follows:

(1) The shape factor can be used to adjust the dynamic detection range of the FM micro-
gyroscope without reducing the system sensitivity.

(@)

Unequal bias DC voltages in the drive and sense directions, and unequal width and

thickness shape factors, can break the symmetry of the micro-gyroscope. This leads
to a frequency mismatch of the micro-gyroscope and the reduced sensitivity of the
system. The effect caused by the asymmetry should be reduced.

©)

As the DC voltage in the drive and sense directions increases, the electrostatic force

nonlinearity gradually increases, and the sensitivity performance decreases signifi-
cantly. For the same DC voltage and motion amplitude, the sensitivity performance of
the micro-gyroscope with a negative shape factor is least affected by the nonlinearity.
This is because the smaller the shape factor is, the greater the structural stiffness of the
tapered beam can effectively reduce the softening characteristics of the electrostatic

force nonlinearity.
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Appendix A
Ly (x) = (1 — agx) (1 - asx)°, Ly (x) = — (3(1 — agx)as(1 — asx)? + ag (1 — a5x)3)
Ly (x) = (6(1 — agx)a2(1 — asx) + 6agas(1— zx5x)2)
m(x) = (1= a42) (1 = asx), Iy (x) = 3 (1 — ax)(1 - asx)”
Joy (x) = % {—3045(1 — %) (1 — a5x)? — ag (1 — oc5x)3] (A1)
Ie(x) = (1— 13x)° (1 — asx), I/ (x) = ((1 — agx) a5 + 304 (1 — agx)*(1 - tx5x))
I" (x) = (6a4a5(1 —ayx)? + 605(1 — agx)(1— a5x))

Jeg (%) = 15 (1 = a4x)’ (1= asx), Jog' (x) = 35 [ a5 (1 = 24x)® = (1 — )’ (1 — a5x)|

Appendix B
)< )

+<1i”:i> ( +““M“’“>
0 (1 priy) =~ (14 pein)
0 S0) o) 4 2 )

)| o

+(1vi) ( + ﬁp(les))

(A2)

(17 ) (1 Us)

= —ua,Vy
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Appendix C

wy = f(] 17711 ‘Pwl( >(x)§0wl x dx+f0 ZLM )Qawlm (x)(l)wl deFfo 11717// x)q’wl// (X)(Pwl (x)dx
f(] 4)101 X ‘Pwl X dx fo LM ‘Pwl (x)qul dx f(] ]1117 ‘Pwl ( )q)wl(x)dx

Wy — o Igg(x)(m ) () @or (¥)dx-+ g 21gg! () @on ™ (%) @ (¥ dx+fo Izz" () un” (x) por (x)dx
2 — T
f() 4)v1 4’1}1 (x)dx7f0 ]@é(x)q)vl” (x)qjvl dx fo ]ZZ (Pvl,(x)(/)vl( )

2.[0 (Pvl X qul (x)dx

1 =

Jo m()@er () @1 (X)edx— [ Ty () @1 () @eor (X)dx— [ Ty () @t (%) @1 (x)dlx (A3)
0 = 2fo m x)(Pm X) @1 (x)dx
Jo m(x) @01 (x)@on (x)dx— [} Jzz (x)por” (x)@or (x)dx— [y} Joz! (x) @o1” (x)pon (x)dx
€3 = _fo 47101 (X)(Pwl dx+f0 ]gg(x)(l’wlll( )q"wl(x)dx""fo ]§§ q"wl/(x)q)wl( )dX
jo Puw1 (X) @ (x)dx— fo ]'711 )Par” (%) o1 (x)dx— jo ]ﬂn X) Pt (%) @ep1 (x)dx
C4 — 7‘]‘0 9027] 9011] dx+fo ]77'7 (Pvl ( )ﬁovl(x)dx+f()1 ]ﬂﬂl(x)(l’vll(x)q)vl(x)dx
Jo m()@o1 (X)@o1 (x)dx— [ Jez (¥)@or” (x)por (x)dx— [ o (%) P (x) pon (x)dx
Appendix D

Sy, __ 83, __ Sa, __ S5, _ S7 ., __ Sg. __S9, __ S
wl:\/ﬁlcll7*3/C217ﬁ/C31—*5,w2— \/l,clz—*g,czz—*g,csz—%:

51 = fg §0w1 )(Pwl fo ]1717 X Q’wl "(x )(Pwl fo ];717 (Pwl ( )(Pwl(x)dx

52 = fol Iw(x)(Pwl( )(x)§0201 (x )dx + fo 217711 x)(Pwlm (%) @aon (x)dx + fo Lyy" x)(Pwl” (%) P (x)dx — szo X) @1 (X) o1 (x)dx

s7= Jy Iz (x
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