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Abstract: This paper discusses the vibration-induced error in non-ideal MEMS tuning fork gyroscopes
(TEGs). Ideal TFGs which are thought to be immune to vibrations do not exist, and imbalance between
two gyros of TFGs is an inevitable phenomenon. Three types of fabrication imperfections (i.e., stiffness
imbalance, mass imbalance, and damping imbalance) are studied, considering different imbalance
radios. We focus on the coupling types of two gyros of TFGs in both drive and sense directions,
and the vibration sensitivities of four TFG designs with imbalance are simulated and compared.
It is found that non-ideal TFGs with two gyros coupled both in drive and sense directions (type CC
TFGs) are the most insensitive to vibrations with frequencies close to the TFG operating frequencies.
However, sense-axis vibrations with in-phase resonant frequencies of a coupled gyros system result
in severe error outputs to TFGs with two gyros coupled in the sense direction, which is mainly
attributed to the sense capacitance nonlinearity. With increasing stiffness coupled ratio of the coupled
gyros system, the sensitivity to vibrations with operating frequencies is cut down, yet sensitivity to
vibrations with in-phase frequencies is amplified.

Keywords: vibration; TFG; simulation; imbalance; error output; coupling

1. Introduction

With the advancement of microelectromechanical system (MEMS) technology [1], gyroscopes
are progressing towards low cost, compact, low power, light weight, and high-performance.
The performance of MEMS vibratory gyroscopes (MVGs) has achieved great improvement in resolution,
sensitivity, and bandwidth [2-6]. Therefore, applications of MVGs are growing rapidly in the fields
of consumer, automobile, industry, navigation, and military devices. MVGs operate based on the
energy transfer between two gyro vibration modes caused by the Coriolis effect [7] and usually
have a high quality factor (Q-factor) ranging from 45 in air [8] to tens of thousands in vacuum [9].
Higher Q factor improves the resolution and sensitivity of MVGs. Meanwhile, it also amplifies the
amplitudes of displacements or forces caused by external vibration at certain frequencies, and results
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in increased output errors [10]. These output errors, known as “vibration sensitivity” are unpredictable,
and difficult to minimize with better electronics circuits design.

To avoid vibration-induced output errors, tuning fork gyroscopes (TFGs) are designed to eliminate
linear vibrations output as a common mode signal by differential sensing. TFGs have two identical
masses that vibrate out of phase [11], which cancel common-mode noises and double the amplitude of
the output signal compared to conventional MVGs. In general, TFGs are considered to be insensitive
to vibrations [12,13]. However, previous works found that linear vibrations along the sense direction
of TFGs still induce error outputs [14,15]. Yoon et al. [16] reported three causes of vibration sensitivity
in ideal TEGs: (1) the asymmetric electrostatic force along the sense direction; (2) the asymmetric
electrostatic force along the drive direction; and (3) nonlinearity in the capacitance of parallel plate
sense electrodes. These three causes, which may appear in special situations and some TFG designs,
were analyzed and compared in three TFG designs [10,17,18] by Matlab and Simulink. However,
the conclusion was based on ideal TFGs, which do not exist because of technological limitations. Earlier
studies found that the sense direction vibration sensitivity of TFGs with stiffness imbalance can be
reduced by increasing the decoupling ratio and coupled stiffness ratio [19,20]. However, only vibration
with operating frequency and sense stiffness imbalance were studied. Moreover, the coupling between
two TFG gyros was not considered in previous works.

In this paper, we conducted a detailed analysis of TFG vibration sensitivity, considering three
types of imbalance caused by fabrication defects. A two degrees-of-freedom (DOFs) coupled gyros
model and a two DOFs uncoupled gyros model are established, and their theoretical dynamics are
studied when both anti-phase forces and in-phase vibration accelerations are applied to two of their
gyros. Sense capacitive nonlinearity leading to small output errors induced by vibrations with
non-operating frequencies is included in this work. And the nomenclature of variables used in the
work is given in Table 1. The vibration sensitivities of four TFG designs with different coupling types
between two gyros are compared though simulation. To compare fairly, all designs considered in this
paper were assumed to be operating ideally (except for the previously-discussed imbalance), and other
effects caused by quadrature errors, mismatch during fabrication, or asymmetric forces are excluded
in this work.

Table 1. Nomenclature of variables in this work.

Force-related

Fr/Fr Operating force (driving or Coriolis force) of the left/right gyro of a TFG

ay External vibration acceleration

co Coriolis acceleration amplitude: response of TFG to rotation in normal direction
F; Driving force amplitude

Fo/ag Amplitude of F; and Fg in ideal TFG/Amplitude of a,

wo Operating angular frequency

Wy Vibration angular frequency

w1/ wy First/second resonant angular frequency of 2-DOFs model

¢ Phase of the external vibration acceleration

Displacement-related
up/ug

Total absolute displacement of the left/right gyro of a TFG

v /vR Total displacement of the left/right gyro of a TFG relative to the device
up Total absolute displacement of the device
va/vF Displacement caused by operating force / external vibration
: H
UR
Ve /0; Error/ideal displacements difference
TFG structure-related
mp,/mg/m Mass of left gyro/right gyro/left or right gyro of ideal TFG
kp/kr/k Stiffness of left gyro mass/right gyro mass/left or right gyro mass of ideal TFG
ke Coupling stiffness between left and right gyro mass
cr/cr/c Damping of left gyro mass/right gyro mass/left or right gyro mass of ideal TFG
ag/am/ac/ay, Stiffness/mass/damping imbalance ratio (IR)/ a%,
b Coupling stiffness ratio (CR)
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Capacitance-related
CL/Cr

Go

As

dlr d2
Cr1i/Cr0ii=1,2,3,4
Cr1i/Croi, i=1,2,3,4

Total capacitance value of the left/right gyro

Value of C; and Cg of ideal TFG not in operation

Sense capacitance overlapping area

Initial sense capacitance gaps

Capacitance value of each capacitor of left gyro shown in Figure 2
Capacitance value of each capacitor of right gyro shown in Figure 2

Cr1/Cr2 Given by (Cp11 + Criz + Criz + Cr1a)/(Crat + Craz + Cras + Cros)

Cr1/Cr2 Given by (Cri1 + Criz2 + Cris + Cria)/ (Crz1 + Cra2 + Cro3 + Cros)

ACy /ACR Differential capacitive readouts of the left/right gyro, given by C;; — C12/Cgr1 — Cr2
Co Final capacitance output of a TFG, given by AC; — ACg

Cy/Cy Final capacitance output caused by external vibration/rotation

€ Permittivity

Other subscripts

d/s Subscripts indicating drive/sense mode or direction

k/m/c Subscripts indicating stiffness/mass/damping-related

1/2 First/second resonant frequency-related displacement or coefficient
Calculation-related

I/ Ip In-phase/anti-phase modal factor of coupled gyros system with stiffness imbalance
I/ L2 In-phase/anti-phase modal factor of coupled gyros system with mass imbalance

o Force ratio given by magy/Fy or ag/ac,
Ok/ Pm/ pe Error displacements difference ratio, given by%:, with stiffness/mass/damping imbalance

2. Theoretical Study on the Vibration Response of the Ideal TFG

The structure of a TFG can be simplified into two DOFs models as shown in Figure 1. In general,
TFGs consists of two gyros with vertical vibrating modes: drive mode and sense mode. The two gyros
can be coupled together in each mode direction to separate the operating frequency from other model
frequencies (see Figure 1a), or uncoupled for simple structure and high sensitivity (see Figure 1b).

Figure 1. Two degrees-of-freedom (DOFs) model of a tuning fork gyroscope (TFG) experiencing

external vibration. (a) TFG model with two gyros coupled on the drive or sense axis. (b) TFG model
with two gyros uncoupled on the drive or sense axis.

When the TFG is not in operation, the response dynamics of the coupled left and right gyros
suffering external vibration are governed by:
for the left gyro:
mypiip +cp (i —up) +kp(up —up) —kc(ugr —ug) =0, 1

for the right gyro:
mRiiR—l—cR(uR—uD)—I—kR(uR—uD)—I—kC(uR—uL) =0. (2)

With consideration of internal force Fj, Fr, the displacement dynamics of the coupled left and
right gyros can be expressed in matrix form as:
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mp 0| . c. 0], ki, + k¢ —kc —mra, + Fr,
pu— ’ 3
lo mg ot 0 cr vt —kc kR+kC —mpay + Fr ( )
where v = ZL ] ,and v;, = u; —up and vgr = ug — up are the displacements of two gyros relative to
R
the device.
For an ideal TFG, take F; = —Fg = Fysin(wpt) and a, = agsin(wyt + ¢) into Equation (3).

Through the mode superposition method, the steady responses of two gyros can be given by:

%Ofl sin(wyt + ¢ — ¢1) + % sin(wy — ¢2)

— 1 CU% Ug + UF 4
0= 7&10.51 Sln(w t+ _ ) _ M Sln(w — ) - Og — 0 ! ( )
w% v (P 4’1 mw% 0 472 a F
where wy = 4/ % and wy = % denote the first-order (in-phase) and second-order (anti-phase)

1
V(I=A2)2+(2851A)2

— W — W i = 2812 = C
A = Grand A = 72 are the frequency ratios, the phase angles ¢; = arctan A%l, and §; = ;- are

resonant angular frequencies, 8; = are the magnification factors of amplitude,

the damping ratios, i = 1,2.

For the uncoupled gyros model, the response dynamics to external vibration of the uncoupled
left and right gyros when the TFG is not in operation are governed by:
for the left gyro:

myiip +cp (i —tip) +kp(up —up) =0, 5)

for the right gyro:
mgiig + cr (g — tip) + kg (ug —up) = 0. (6)

Steady responses of the two gyros of an ideal TFG in operation can be calculated,

with F; = —Fg = Fysin(wot) and a, = ag sin(wyt + ¢):
—aoP1 _ oo _
o= | a2 sin(wot + ¢ — ¢1) + - 23 sin(wot — ¢2) _ |YatOF @)
;Z?f] sin(a)vt + ¢ — 471) — —Z’fﬁ sin(wot — 4)2) Uqg — OUF ’

% . .
where v = l L] ,and v;, = u; —up and vgr = ug — up are the displacements of two gyros relative to
UR
1

Ty ee denote the magnification

the device. w = 4/ % is the angular resonant frequency, 8; =

factors of amplitude, the frequency ratios are A; = %2 and A, = 72, the phase angles are ¢; =
arctan ﬁl;‘?’, and ¢§; = ﬁwl are the damping ratios, i = 1,2.

In summary, it is clear that the displacement differences on both sense and drive axes will not
change while suffering external vibrations for an ideal MEMS TFG. This is the advantage of TFGs
compared to single mass MEMS gyroscopes.

3. Sense Capacitance Nonlinearity

Capacitive detection is known to offer several benefits compared to other sensing techniques,
especially its ease of implementation. Capacitive detection does not require the integration of a special
material, which makes them compatible with state-of-the-art fabrication processes. They also provide
good DC response and noise immunity, high sensitivity, low drift, and low temperature sensitivity.
It is advantageous for TFGs” double masses and anti operating model structure to apply differential
capacitive detection.
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However, the parallel-plate sensing mechanism displays a nonlinear behavior between sense
capacitance and the sense-axis displacement. A simplified model of the differential capacitive sensing
of a TFG is shown in Figure 2. Several groups of capacitive electrodes are symmetrically placed on
two opposing sides of two sensing masses. When the TFG is in operation, the displacements of two
gyro masses will be transferred to the capacitance change. If the TFG is not in operation, the initial
capacitance of two gyro masses can be expressed as:

1 1
d71+d72) 8)

Co=CL=Cr=Ci1+Cip=Cr1 +Crr = 4€AS(

Figure 2. Differential configuration of variable-gap capacitors on the sense axis of a TFG with initial
unequal sense capacitance gaps di and dp. The capacitance value of each capacitor is given as
Cr1i/Cr2i/Cr1i/Craiy 1 =1,2,3,4.

It is supposed that no external vibration exists, or that the amplitude of vibration displacement is
much smaller than the sense capacitance gaps (d1, d2). The final output capacitance of a TFG derived
in Appendix A can be similarly expressed as:

Co = deAs( -+ 7)o = va) (5 — 7). ©)
where v;; and vsg denote the displacements of two gyros along the sense direction.

The demodulation system recovers only the output signals whose frequencies are at or near
the gyro’s operating frequency. With the approximate calculation lists in Appendix A, the error
capacitance that cannot be filtered by demodulating and rotation-related capacitance with considering
vsr = Vpsin(wot) + V sin(wyt + @) and vsg = —Vp sin(wpt) + V sin(wyt + ¢)are given by:

N R 11
v = 3C0(d1 d, V=V Sln(wot)(d% d% ), (10)
1 1 .
C = ZCO(f - 7)‘/0 Sln(éd()t). (11)
A1 dy

Vibration performance is determined by the ratio # of the gyro’s vibration sensitivity over the

gyro’s rotation sensitivity:
C 3,1 1
=—=-V(5-=5) 12
1=¢ 2" @ &2 (12
From Equation (12), it can be found that designers should decrease the Q value of the TFG or
decrease the sense capacitances’ gap difference and increase gap distances to reduce the vibration
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error outputs caused by sense capacitance nonlinearity. Either method has to lower the TFG’s
rotation sensitivity.

4. Theoretical Study of the Vibration Response of a Non-Ideal TFG

Due to the limitations of current fabrication technology, the mass, stiffness, and damping of left
and right gyros are not perfectly identical. Three types of fabrication imperfections are discussed in
the following subsections. First, the two resonant angular frequencies of the two DOFs systems shown
in Figure 1 are given by:
coupled gyros:

2
pL M
ny MR mpmg

1, kp+kc  kr+k 1 [ kp+kc kr+k
2:7(L+C+R C:t\/(L c _krtkKc (13)

W1,2 2 mq my ) E

w1 = “:TLL,LUZ = % (14)

With stiffness imbalance ratio (SIR) 4 in the calculation, the displacement dynamics of the two
coupled gyros shown in Figure 1a are given in Appendix B and resonant angular frequencies of the
system are calculated from:

s (T+ag+2b) £ /(1 —ag)?+4b?
2m ko (

Wip =

uncoupled gyros:

4.1. Stiffness Imbalance

w1 < (4)2). (15)

For most TFG designs, the operating frequency is set to be at or near the anti-phase resonant
frequency (i.e., wg = wy) of the system. If no vibration exists, the error ratio defined by the ratio of
error displacements difference and ideal displacements difference is given by:

~ (I +1)?
Pk = — 2 - (16)
2+2I,

Since only vibrations whose angular frequencies are near w » lead to large displacements and error
signals at wy will be filtered by the system. Besides, the influence of vibrations is much larger than the
internal forces (detailed in Appendix B). Hence, with only the vibrations at w, considered, the error
ratio defined as the ratio of error displacements difference and ideal error displacements difference is
given as:

1 1 mag cos(wyt + ¢)

~l,. 1 17
o= (G F 3 F  cos(ant) {17)

where [j, = =%~ (21; WA s the anti-phase mode factor (close to —1 when negligible imbalance

exists) of the coupled gyros system, and ¢ is the phase difference between vibration acceleration and
operating forces.

The displacement dynamics of the uncoupled gyros system shown in Figure 1b with (SIR) gy are
derived in Appendix C. The error displacements difference ratio when vibrations with ideal resonant
frequency (52) exist is given by:

1, mag cos(wit + ¢)

~ ]‘ :
Pk = (]—ksmcpk B i) Fy  cos(wit)

+ (% sin ¢ — %), (18)
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where wy; = \/% and wy = 4/ %k are the resonant angular frequencies of left and right gyros of
261@

and ¢ is the phase difference between vibration acceleratlon and

uncoupled gyros system, coefficient J; = \/ (ay — 1)2/¢2 + 4, the phase angle ¢ = arctan
the damping ratio §; =
operating forces.

me 4

4.2. Mass Imbalance

With the mass imbalance ratio (MIR) a,, = - in the calculation, the displacement dynamics of the
two coupled gyros shown in Figure 1a are glven in Appendlx D, and the resonant angular frequencies
of the system can be obtained from:

w2, = e +) & V=) [+ 57 + 4o
' 2m

k, ((Ul < a)z). (19)

The error displacements difference ratio is given by (calculated in Appendix D):
When no vibration exists and operating forces are driving forces, that is, along the drive direction
(FL = F4 sin(wzt), Fr=—-F sin(wzt)):

—1; 20
24 2a,12, 20)

Om

when no vibration exists and operating forces are Coriolis forces, that is, along the sense direction
(FL = mag, sin(wyt), Fr = —aymag, sin(wst)):

(_1 . (1 +11m)1m2
2 2+2a,1%,

1

Pm ); (21)

when vibration with w, exists and the effect of operating forces are neglected:

1—apy 1 a cos(wat + @)
~(1— 22
om = 2am  amlp’2  cos(wst) @2)
where I,,p = (1_1/“’”)(1+b)_\/(1;;/”'”)2(1+b)2+4b2/a"’ is the anti-phase mode factor (close to —1 when

little imbalance exists) of the system, « is the force ratio given by mag/Fy, and ¢ is the phase difference
between vibration acceleration and operating forces.

The displacement dynamics of the two uncoupled gyros shown in Figure 1b with (MIR) a,, are
derived in Appendix E. The error displacements difference ratio for vibrations with anti-phase resonant
frequencies is given by:

When operating forces are driving forces, that is, along the drive direction (F; = F;sin(wyt),
FR = _Fd sin(wzt)):

am . 1, mag cos(wqt +
om = (2 singy — =) may cos(wnt + ¢)
27 F;

m

1 1
cos(wit) + (Tn SN fm — E)’ (23)

when operating forces are Coriolis forces, that is, along the sense direction (F, = mac, sin(wat),
Fr = —aymag, sin(wyt)):

am . 1, ag cos(wit+ ¢) 1
COSXNET @) (2m -~z 24
" Z)aw cos(wqt) +< . Sin g 2)' (24)

where wy = 1/% and wy, = W/a,fm

the uncoupled gyro system, coefficient J,;, = \/ (am —1)2/E% + 4, the phase angle ¢, = arctan él\/'?’”
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the damping ratio §; =
operating force.

ﬁ, and ¢ is the phase difference between vibration acceleration and

4.3. Damping Imbalance

Damping imbalance only influences the amplitudes and phases angle of gyro displacements.
The resonant frequencies of two gyros system are constant regardless of damping imbalance.
The displacement dynamics of two coupled gyros with damping imbalance ratio (DIR) a. are derived
in Appendix F in Laplace form. The error seems to be very small compared with other imbalances,
and the error displacements difference ratio for the two uncoupled gyros system considering 4, can be
expressed by (Appendix G):

1 1, a9 cos(wt+¢) 1 1

# =" cosan 2 =

where w = \/% is the resonant angular frequency of the left and right gyros of the uncoupled gyros
system, and ¢ is the phase difference between vibration acceleration and operating force.

4.4. Summary

As discussed previously, the dynamics and error displacements difference ratios of two gyros
systems are similar for stiffness and mass imbalance. It can be found that the anti-phase mode factors
of coupled gyros systems with stiffness or mass imbalance are influenced by the imbalance ratio and
the coupled stiffness ratio. With stiffness or mass IRs far away from 1, anti-phase mode factors become
far away from 1 and error displacements difference ratios increase. By increasing the coupled stiffness
ratio, error displacements difference ratios are reduced for the same stiffness or mass imbalance ratio.
For uncoupled gyros systems with stiffness and mass imbalance, the error displacements difference
ratios are directly related to imbalance ratios and the Q factor (Q = %). For a TEG with Q =50, the error
displacements difference ratios of uncoupled gyros systems are much larger than those of coupled
gyros systems with the same stiffness and mass imbalance regardless of vibrations. Moreover, it is more
severe for TFGs with uncoupled gyros as Q factors become higher. Damping imbalance also induces
error outputs to TFGs, and it seems to be much less influential than stiffness and mass imbalance.

5. Models and Parameters

A TFG consists of two gyros which are designed to vibrate out of phase. Each gyro contains two
modes vertical to each other (i.e., drive mode and sense mode). TFGs are divided into four groups
by coupling each gyro’s two mode masses; that is, (1) CP type—TFGs that have coupled sense and
drive masses on each gyro [17], (2) DS type—TFGs that have decoupled sense and drive masses with
an anchored sense mass on each gyro [10], (3) DD type—TEGs that have decoupled sense and drive
masses with an anchored drive mass on each gyro [18,21], (4) fully decoupled type—TFGs that have
fully decoupled sense and drive masses with drive and sense masses anchored on each gyro [22,23].
They respond differently to external vibration for several reasons, as discussed in a previous study [19].
Only imbalance and sense capacitance nonlinearity which exist in each TFG are considered herein.
Drive capacitance, quadrature error, and other reasons are neglected.

From the theoretical study above, it is known that coupling types between two gyros of TFGs
influence the error displacements ratio differently. For fair comparison, four designs of DD-type TFGs
are modeled as CP shown in Figure 3. They are named as UU type—a design that has two gyros
uncoupled in both drive and sense directions; CU type—a design that has two gyros coupled in the
drive direction and uncoupled in the sense direction; UC type—a design that has two gyros uncoupled
in the drive direction and coupled in the sense direction; and CC type—a design that has two gyros
coupled in both drive and sense directions.
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The model parameters are listed in Table 2. To achieve a fair comparison, all types of TFGs
are assumed to have the same parameters. The Simulink model shown in Figure 4 was designed
to operate as real a TFG and the details were created by the subsystem, which is not shown in the
figure. The model consists of (1) the driving force, (2) the dynamic of the sense and drive masses,
(3) the vibration sources and vibration-induced forces, (4) the differential capacitive output, and (5) the
demodulation system. The demodulation system recovers only signals whose frequencies are at/near
the gyro’s resonant frequency, as in the case of real matched-mode gyroscopes. All the simulated results
were obtained with the same demodulation, and other adjustment methods were not considered.

Table 2. Model parameters in the simulation.

Parameters Value Parameters Value
Resonant frequency 10 kHz Q-factor 50
Drive mass 2 ug Sense mass 0.8 nug
Driving force amplitude 0.2 uN Drive damping coefficient 2.5x 107% Ns/m
Sense damping coefficient 1.0 x 107® Ns/m Drive-mode siffness 3.95N/m
Sense-mode stiffness 2.26 N/m Sense capacitance overlapping area 1x 107 m?
Initial total sense capacitance ~ 5.31 x 10713 F Sense comb number 80
Sense capacitance gaps 1,2 um Low-pass filter cut-off frequency 100 Hz

(b) CU Type (d) CC Type
[ ] Drive mass N Anchor [ | Electrode

[ | Sense mass WM Elastic beam

Figure 3. Four different designs of DD-type TFGs. (a) UU-type TFG: design that has two gyros
uncoupled in both drive and sense directions, (b) CU-type TFG: design that has two gyros coupled in
the drive direction and uncoupled in the sense direction, (¢) UC-type TFG: design that has two gyros
uncoupled in the drive direction and coupled in the sense direction, (d) CC-type TFG: design that has
two gyros coupled in both drive and sense directions.
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Driveforces

DDvibration Drivedynamic Coriolisforces -

Rotation - SDvibration Sensedynamic
Leftcapacitance
Final output Filter Modulation Differential capacitance Rightcapacitance

Figure 4. Simulink block model of a TFG in operation suffering external vibrations, details not shown
were created by the subsystem.

6. Simulation and Discussion

In this section, the vibration sensitivity of TFGs is exhibited by the simulated responses of
their models to a constant normal rotation signal (angular velocity: 100°/s) and in-plane vibration.
The left gyro of each TFG is supposed to be flawless, and the imbalance ratio (IR) is defined by the ratio
of the properties of the right gyro to the left gyro. Different imbalance types studied with parametric
IR include stiffness, mass, or damping imbalance (SIM, MIM, or DIM, respectively). The vibration
sensitivity of four TFG designs and TFGs with different coupled stiffness ratios (CRs) were compared to
find methods of reducing vibration sensitivity. The operation frequencies of all TFG systems remained
at 10 kHz. Vibrations with resonant frequencies were the main focus, since vibrations with other
frequencies induce much smaller displacements.

Figure 5 demonstrates responses from four ideal TFG designs with the same stiffness imbalance
and in drive or sense direction with or without vibration. Consistent with the study in the previous
section, error outputs were time-related, and thus outputs which were the farthest away from an
ideal output are marked approximately. Through comparison of the responses of four ideal TFGs,
it is seen that TFGs with gyros uncoupled on the sense axis were more sensitive to vibration along
the sense direction and about 22% error output corresponding to 2g, amplitudes existed because
of sense capacitance nonlinearity. As for error outputs induced only by imbalance, the UU-type
TFG with drive or sense stiffness imbalance and the CU-type TFG with sense stiffness imbalance
produced error outputs with about —42°/s. However, for the UC TFG, the error was much smaller.
Error amplitude differences of drive-axis displacements led to not exactly antisymmetric Coriolis
acceleration, and resulted in amplitude differences of sense-axis displacements and final error outputs
. As discussed previously, the error displacements difference ratios for uncoupled gyros induced
only by stiffness imbalance were much larger than that for coupled gyros. Considering vibrations, it
could be found that outputs with vibrations and stiffness imbalance in the sense direction were almost
not influenced by coupling types in the drive direction. In contrast, the values of error outputs with
vibrations and stiffness imbalance in the drive direction were are enlarged by an uncoupled gyros
structure on the sense axis compared to a coupled gyros structure. The simulation results also revealed
that TFGs with two gyros uncoupled in one direction showed larger same-axis vibration and stiffness
imbalance sensitivity. As shown in Figure 5a,d, error outputs with vibrations and stiffness on the sense
axis were larger than that on the drive axis with the same coupling structure. According to the contrast
of UU-type TFG with UC-type TFG and CU-type TFG, it is clear that the uncoupled gyros structures
are more sensitive to vibrations with operating frequencies compared with coupled gyros structures
on the same axis.
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Simulated outputs of different TFGs with different types of imbalance on the drive or sense axis
before and during vibration consistent with the direction of imbalance are given in Tables 3 and 4.
The influence of mass imbalance was similar to that of stiffness imbalance, and damping imbalance was
less influential than both of them on vibration sensitivity. As with the conclusion we make for Figure 5,
UU-type TFGs were the most sensitive to vibrations with operating frequencies and imbalance and
CC-type TFGs were the most insensitive.

150 250 ‘ ‘ ‘
p— 176.4,
100F m=—mmmmmmmmee e T < 200 230.85 a ]
@ @ 150 { 1
& Sor &
2 . 3 100F == =y
3 3 sof 102.98 98.05 |
—— UU TFG with 1.05 DSIM —— UC TFG with 1.05 DSIM
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Figure 5. Time-varying outputs of four TFG types—(a) UU-type, (b) UC-type, (c) CU-type,

(d) CC-type—with or without stiffness imbalance (IR = 1.05) in one direction when no vibration
exists, when only the drive axis vibration works (0.04-0.06 s), and when only sense axis vibration works
(0.08-0.10 s). All frequencies and phases were assumed to be 10 kHz and 0, respectively. The vibration
amplitudes were set to be 20g , but for CU-type and UU-type, they were set to 2¢g for the normal
operation of TFGs. DSIM: drive stiffness imbalance; SSIM: sense stiffness imbalance.

Table 3. Outputs of different TFGs with drive stiffness/mass/damping imbalance (DSIM/DMIM/
DDIM) and sense stiffness/mass/damping imbalance (SSIM/SMIM/SDIM). The IRs were all set to
1.05 and no vibration existed.

Simulated Output of TFGs (°/s)

TFG Type
DSIM DMIM DDIM SSIM SMIM SDIM
UU-Type 57.13 56.55 96.28 56.70  57.55 95.68
UC-Type 10395  98.73 102.27 10298 9599  101.48
CU-Type 105.06  93.36 10244 56.70  57.48 95.69
CC-Type 101.02 103.01 10242 10298 9598  101.82

Table 4. Outputs of different TFGs experiencing vibration with DSIM/DMIM/DDIM and SSIM/SMIM /
SDIM. The IRs were all set to 1.05 and vibration directions were supposed to be the same with imbalance.
Vibration acceleration frequencies and phases were 10 kHz and 0, respectively. The amplitudes were
set at 10g , but for UU-type and CU-type with SSIM, SMIM, and SDIM, they were set to 2g for TFGs’

proper operation.

Simulated Output of TFGs (°/s)

TFG Type

DSIM DMIM DDIM SSIM SMIM SDIM
UU-Type 106.01 104.09 104.02 —-5456 —50.44 112.04
UC-Type 168.82 15694 107.07 141.12 68.29 102.86
CU-Type 106.44 92.92 10449 5446 —50.44 112.04
CC-Type 10241 10724 10258  141.12 68.29 102.86
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The outputs of UU-type TFGs with different imbalance and IRs in the sense direction are shown
in Figure 6a. In keeping with the previous theoretical study, the error ratios without vibration
for uncoupled gyros system were approximatively inversely proportional to IR for small damping
imbalance and /(IR — 1)? for small stiffness and mass imbalance. Relationships between amplitudes
or phases of vibrations with operating frequencies and UC-type TFG outputs are depicted in Figure 6b,c,
respectively, and stiffness imbalance IR = 1.05 in the same direction with vibration was considered.
Amplitudes were found to be linearly related to the outputs. The variable phases changed both
absolute values and the directions of changing trends of error outputs and the relation curves were
approximately trigonometric. Influences of different IRs were simulated and are shown in Figure 6d,e.
It could be found that absolute values of error outputs increased as IRs moved far away from 1 (ideal
TFGs) for stiffness and mass imbalance. UC-type TFGs consist of two gyros uncoupled in the drive
direction and coupled in the sense direction. Since uncoupled gyros systems respond to vibration
and imbalance differently than coupled gyros systems, relationships between IRs and vibration error
outputs in the drive direction or the sense direction are different. On the drive axis of UC-type
TFGs, vibration error outputs were inversely proportional to y/(IR — 1)? for small stiffness and mass
imbalance. However, error outputs were similarly linearly related for IRs of slight stiffness and mass
imbalance with vibration error outputs of UC-type TFGs on the sense axis. The influence of damping
imbalance was much less than that of mass and stiffness imbalance. Therefore, error outputs caused by
imbalanced operating displacements and sense capacitance nonlinearity cannot be ignored compared
with vibration error outputs. They were all influenced by the damping imbalance ratio and the outputs
changed with DIR irregularly, as shown in Figure 6e. For coupled gyro systems, coupled stiffness ratios
(CRs) were also related to the error outputs. Keeping the operating frequency and ideal anti-phase
resonant frequency at 10 kHz, outputs of CC-type TFGs with different CRs in two directions are given
in Figure 6f. Stiffness imbalance with IR= 1.05 and vibration are supposed to be in the same direction.
It is seen that as CR increased, the error outputs were reduced, and the effect of increasing CRs became
insignificant when CRs became larger.

140 - 250 250
—+ S"ﬁf‘?SS imbalance —A— Drive direction —A— Drive direction
+++p-+ Mass imbalance —=— Sense direction 200 —=— Sense direction
120 —&— Damping imbalance
g % 200 @
& 100 f;, < 150
'S' ‘a' E 100
3 &0 3 150 3
50
60
0,
0.9 0.95 1 1.05 11 100 0 5 10 15 20 -2 0 2 4 6 8 10
IR i
(a) (b) Amplitude(g) (C) Phase(n/4)
200 110 220
—&— Drive direction
—&— Sense direction
150 105
@ —A— DSIM o = 180
< —=—SSIM < <
3 100 ——DMIM 3 100 El
g —e— SMIM 8 5
O 140
50 \. 95
—&— Drive direction
—&— Sense direction A
0 90 100,
085 09 095 1 1.056 1.1 115 085 09 095 1 1.05 1.1 115 0 0.5 1 1.5
SIR/MIR DIR DCR/SCR

(d) (e) ()

Figure 6. (a) Outputs of UU-type TFGs with different imbalance and IR when no vibration existed.
(b—e) Outputs of UC-type TFGs with different imbalance type and ratio and different vibrations in the
same direction: (b) Variable amplitudes (ag), (c) Variable vibration acceleration phases (¢), (d) Different
SIR or MIR (ag, an), (e) Different DIR (a.). (f) Outputs of CC-type TFGs with different CR in the case
that SIM and vibration is in the same direction. Default parameters were supposed as: ap = 10g, ¢ =0,
ap =1.05,a, =1,a, =1,b=0.5,and f = 10 kHz.
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Figure 7a shows simulated outputs of a UU-type TFG with different-frequencies vibrations and
stiffness imbalance (IR = 1.05). Vibration outputs in the same direction with vibration whose frequency
is at operating frequency (10 kHz) are not shown because they are too large. For a CC type TFG in the
same situation, the results are given in Figure 7b. It was found that vibrations with non-operating and
non-resonant frequencies induced smaller error outputs than vibration with operating frequencies, but
error outputs existed because of imbalance and sense capacitance nonlinearity. However, for CC-type
TFGs, vibrations in the sense direction with in-phase resonant frequencies induced very large error
outputs because large error in-phase resonant displacements were produced, and it was similar to
10 kHz vibrations in the uncoupled gyros systems. As the amplitudes of resonant displacements were
inversely proportional to the square of the resonant frequencies, the error outputs were inversely
proportional to CR to maintain anti-phase resonant frequencies, as shown in Figure 7c.

70 180 y 180
—&— Drive direction —=— Drive direction —&— SIR=1.05
—a— Sense direction —&— Sense drirection —4—SIR=1.00 3
65 160 160 | —s— sIR=0.95
i - 1st order — .
> = resonant 2
= = frequency: =
Se0 2140 7185.9Hz 3 140
3 3 3 4
55 120 1209
50 100
2 6 10 14 18 2 6 10 14 18 1085 05 0.8 1 14
Frequency(kHz
(a) quency(kHz) (b) Frequency(kHz) (© CR

Figure 7. Simulated outputs of (a) UU-type TFGs and (b) CC-type TFGs with different frequency
vibrations. Stiffness imbalance (IR = 1.05) is supposed to be in the same direction as vibration and
phases and amplitudes were set to 0 and 10g except for 3¢ for the sense-axis first-order resonant
frequency in (b) for the TFGs’ normal operation. (c) Vibration outputs of CC-type TFGs with different
CR suffering vibration with in-phase resonant frequency in the sense direction. Amplitudes, phase,
and frequency were set to g, 0, and at the in-phase resonant frequencies (listed in Table 5). Situations
with or without sense stiffness imbalance were all considered.

Table 5. In-phase resonant frequencies of CC-type TFGs in the sense direction with different CRs and

SIRs used in Figure 7c.
CR In-Phase Sense Axis Resonant Frequency (Hz)
SIR 0.2 0.5 0.8 11 14
1.05 8556.5 7158.9 6278.8 5659.6 5193.6
1 84515 7071.1 6201.7 55902 5129.9
0.95 83452 69821 6123.7 55199 5065.4

7. Conclusions

The vibration sensitivity of different TFG designs was studied theoretically and with simulation
considering sense capacitance nonlinearity and three types of imbalance induced by fabrication defects.
It is commonly thought that TFGs are vibration-insensitive because they are designed with two
identical gyros that vibrate out-of-phase to cancel common-mode noises. However, ideal TFGs do
no exist due to technological limitations, and imbalance cannot be avoided. A two DOFs coupled
gyros model and a two DOFs uncoupled gyros model are established corresponding to different
TFG designs. Approximate calculations and dynamic simulations were used to obtain their output
dynamics with imbalance when both anti-phase forces and in-phase accelerations are applied to
their two masses. It was found that damping imbalance was less influential on vibration sensitivity
compared with stiffness and mass imbalances. TFGs with two gyros coupled in both drive and sense
directions (CC-type TFGs) were more insensitive to vibrations with frequencies near the TFG operating
frequency due to the smallest error displacements. The operating frequency vibration insensitivity
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could be enhanced by increasing the stiffness coupled ratio (CR). However, vibrations with frequencies
close to the in-phase resonant frequencies of two coupled gyros along the sense direction resulted in
devastating error outputs for CC-type TFGs, mainly because of sense capacitance nonlinearity, and the
error outputs were approximately proportional to the square of CRs. Therefore, avoiding resonant
frequencies of TFG systems and vibration isolation are two effective external methods to reduce TFGs’
vibration sensitivity. A CC-type TFG with low quality factor, proper sense coupled stiffness ratio,
and large variable-gap capacitors gaps or applying sensing variable-area capacitors may be a better
choice for vibration environments.
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Appendix A

The rotation component and vibration component of output capacitance as the gyros are in
motion on the sense axis are derived. When the TFG is in operation and responsive to angular velocity,
differential capacitive readouts of the left and right gyros are given by:

1 1 1 1
ACp, = Cp1 — Cpp = 2eA —2eA
L L1 L2 s(dl—UsL+d2+USL) S(d1+UsL+d2_USL
, (A1)
4e Agvgp ( ! ! )
= sUsL -
d% —UEL d%_ng
1 1 1 1
ACRr = Cry — Crp = 2¢A + —2eA +
R R1 R2 S(dl—UsR d7_+UsR) S(dl +osr  d2 — UsR
) (A2)
4e Asvgr( ! ! )
= sUsR -
d%_ng d% _UER

Therefore, the final differential capacitance output of TFG:

~ deAs; : Asvg : Ao, : Ao, :
Co = ACL — ACg = H05L (1 4 3b) + %45 (14 58) — S48 (14 38) — 20 (14+ ), (A3)

where v;;, and vsg denote the sense axis displacements of the two gyros. If vy, vsr < di < dp,
2 2
1+Z‘;5—£%land1+0“ =~ 1. Then:

e
N 11 1 1

Co :4€As(d71+d72)(05L_05L)(d71 — d72) :A(USL_USR)' (A4)

Supposing rotation is constant, let vs; = Vp sin(wpt) + V sin(wyt + ¢) and vsg = —V sin(wpt) +

V sin(wyt + @), the capacitance output can be transferred to:

Co = 2AVysin(wot) + A(By + By + Bg), (A5)
Cre 1 1
B, = 3V?V, sm(wot)(E - ﬁ), (A6)
1 2
3 0, . 1 1
By = fEV V051n((wo+2w)t+2(p)(¥*ﬁ), (A7)
1 2



Sensors 2018, 18, 1755 15 of 21

3, . 1 1
B; = fEV Vo sin((wp 72w)t—2(p)(d—% - cT%

) (A8)

In the case of the same TFG, A is a constant, and By, By and Bs are the third power term of
displacement with different angular frequencies; that is, wy, wg + 2wy, and wy — 2w,. Since in most
situations, ABy and ABj are filtered by the modulation system of TFG, the output capacitance related
to rotation and vibration can be written as: C, = 2AVj sin(wyt) and C, = AB;. Hence, the vibration
performance ratio is achieved in Equation (12).

Appendix B

With the parameters SIR a;, Fi = —Fg = Fysin(wyt), and a, = ag sin(wyt + ¢) in consideration,
displacements dynamics in Equation (3) are derived by modal superposition method. The displacements
of two coupled gyros are shown as follows:

0y (14 ay +2b) i\/l—ak +4b2

Wi, = (W < wy), (A9)

_ l Vg1 + OF1 + Ug2 + U2 ] _ lw] (A10)

li1va1 + Inopr + liova2 + Lovr

1—a+ /(1 —a,)?+ 4b?
Iy = —F (Zb 3 , (A11)

1—a— /(1 —ap)? + 412

I = Al2
K2 b , (A12)

_1_Ik1 ap _l_Iki
Vi = sin(wot + ¢ — ¢ui) = —— Vaoi, (A13)

1+Ik1 w? \/ + (2872 ) 1+ I
1-1 Fy . 1—1
op = k, sin(wot — ¢r;) = | I’; Foir (A14)
l maw; \/ 2612\1-"1) +

where [;; > 0 and [;» < 0 denote modal shape factors used in the modal superposition method with
stiffness imbalance considered whose absolute value are very near 1 and ], k1 Lh = —1, wl, and w, are
the resonant angular frequencies of the system, the frequency ratios A,; = 2 and Af; = w , G = Mfwl
are the damping ratios, the phase angles ¢,; = arctan 261 /\g’ , ¢r; = arctan 25’ /\F L,i=1,2. v,0; and vpg;

Fi
are vibration- and internal force-related displacement terms.

The displacements difference can be calculated through Equations (A9)—-(A14):

k1~ k2

UL —UR = UF02 + 20p02 = Ve + 20p2.  (A15)

For most TFG designs, the operating frequencies are set to be at or near the anti-phase resonant
frequencies (52) of the system. Therefore, the vp; term can be ignored. If no vibration exists, the error
displacement difference ratio is given by:

(Ip +1)?

Al6
2421 (Al6)

Pk = —

Since I} =1 = (In = 1)(ln +1) > (ln —1)%15 1> (Ip+1)? and (1 - [n)* < 21,

(1+ Iin)? < |2I;2| when external vibration displacements are large enough compared to operating
displacements. Error displacements difference v, in Equation (A15) is approximately calculated by:
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2 2

vo=1-—-"— Vo, + (1 - ———
N i s T L G e T

1 1
)Va02 = (1 — —)va01 + (1 + E)Uaoz (A17)

I
Supposing wy = wy = wy:

ao
W= A7+ (21072

Va01 = Sin(Csz + ¢ — 471), (A18)

a0
Va2 = —5— wrt + @), A19
a02 25, cos(wat + ¢) (A19)
Vp2 = _—h_ cos(wot) (A20)
F02 = 2madts 2t).

For a TFG with high Q, the v,9; can be neglected compared with v,p;. Hence,

—F
U; = 2?]1:02 = mwzogz COS(CLJZt), (A21)
1. —
14+ — cos(wyt + A22)
= (14 ) ot cos(wat +9), (
where the frequency ratio A = {2, {; = ;- are the damping ratios, the phase angle ¢; = arctan 251/(‘

i = 1,2. Equation (17) is obtained by v, /v;.

Appendix C

The steady responses of two uncoupled gyros are derived with stiffness imbalance.
The displacements of two uncoupled gyros with SIR a;, F; = —Fg = Fysin(wpt), and a, =

ag sin(wyt 4 ¢) are given by:
wy = \/E,wz:\/%k, (A23)

”Oﬁ’” sin(wyt — ¢p1) + Foﬁpzl sin(wot — ¢F1) or
v= aO/thZ Fggjpz . = 7 (A24)
—002 sin(wot — ¢pa2) — ek sin(wot — ¢r2) UR
— 1 L 1 . . .
where B, = (BRI and Br; = Ry a s are the magnification factors of amplitude,
w1 and wz are the resonant angular frequencies of the system, the frequency ratios A,; = <2 and
cj, = 5— are the damping ratios, the phase angles ¢,; = arctan 25’&3’ , ¢r; = arctan zg’f‘\i !
i= 1,2.
fwy =wp=w = ﬁwz, the displacements of two gyros can be written as:
Fo
. 2§ 2 cos(wit +¢) — Em? cos(w1t) o (A25)
]g 2 sm(wlt +¢—¢1) — i me sin(wqt — ¢1) UR

w2
Je = N (=02t 0o = @172/ +4 (A26)
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where the phase angle ¢; = arctan g}(f, which is close to 90 degrees, and the damping ratio
§1 = sno-. Therefore, substitute sin(wqt + ¢ — ¢1) = — cos(w;t)sin¢ to Equation (A25) and the
dlsplacements difference is given as:

2; ]klgl “‘Pk) COS(w1f+¢) (zigfr]% in ¢) — 1COS(W1t) (A27)

v, — UR = (

So, the error displacements difference and ideal displacements difference can be calculated by:

= (o — T 11
Ve = (261 ]kCl n4’k) cos(a)1t +¢) + (261 ]kCl cpk) 2 0 cos(wit), (A28)
v = (ZImw% cos(wit), (A29)

and Equation (18) is obtained by Equation (A28) divided by Equation (A29).

Appendix D

Replace SIR with mass imbalance ratio (MIR) a,, = 1/4},, and the displacements of two coupled
gyros are given as:

) (1+al,)(14+b) & /(1 —a,,)2(1 + b)2 + 4a),b?

Wiy = - k, (wq < wn), (A30)
0 — Ual + UF1 + Vg2 + UF2 _|n ) (A31)
Imva1 + I vr1 + Im20a2 + In20p2 (%)
1—a )1 +b 1—al,)2(1+b)2 + 4a’,b?
2b
1—a )1+b)—+/(1—al,)?(1+0b)2+4a,b?
2b
—1 — Lyiam —4ag . —1 — Lyiam
Vg = —— sin(wof + ¢ — i) = — " Mo, (A34)
T+ Imiam wl.z\/(l — /\gi)z + (2§i)\ai)2 T+ Imium
1— Iy Fy . 1— Iy,
UF; = 5 sin(wot — ¢ri) = ———=—Uroi, (A35)
1+ Imiam mwlz\/(l — )\1231-)2 + (261')\1:,')2 1T+ Imiam
1—La a ) 1—1L,a
Up = . Irzm mn 0 SIH(wot — (l)pi) = 71 Iml z OF1is (A36)
it 2\ [(1— A%)2 4 (28iA g2 * it
where [,,; > 0 and I,» < 0 denote modal shape factors in the modal superposition method with
mass imbalance whose absolute values are very near 1 and [ [y, = —a,,, w; and w are the resonant
angular frequencies of the system, the frequency ratios A,; = ‘:}—’IJ and Ap; = %?, the damping ratios
~ 1+Imz — irai — 2 i)L iP5 —
¢ = m the phase angles ¢,; = arctan 3 261 s , ¢r; = arctan 4 A%, i=1,2. v, and vgy;/VF1;

are vibration and driving force/Coriolis-related dlsplacement terms
Next, the displacements difference is obtained (not the same for different internal forces):



Sensors 2018, 18, 1755 18 of 21

driving forces:

am121 + (1 - am)Iml 1?} (Iml - 1)2

L R e F02 = 1+ amI a01 1+ am12 FO1 (A37)
amI2, 4+ (1 — an) Ly — 1 . (2am — 1) 12, + 2Ly + 1UF02 + 20508
1+aul?, ! 1+aul?,

Similar to the stiffness imbalance when no vibration exists, the error displacements difference
ratio is given by:
~ (ImZ - 1)2

~-1 A38
24 2ay,12, (A38)

Om
Coriolis forces:

amI2q + (1= am) L — 1 L ml?

ml

(1 =+ am)Iml +1

U1 — U2 =0, + 20pp = v v

1~ 02 =0 F02 1+ anl2, a01 1+ anl2, FO1 A%

aml2, + (1 —ap)p — 1 anl2, + (14 ap) Ly +1

5 202 — 5 Vro2 + 20Fgp.
1+anl, 1+anl,
The error displacements difference ratio with no vibration is given by:
1 (1 I

ng_*_( +am) m2 (A40)

2 242a,l2,

In the same way, when external vibration displacements are large enough compared to operating
displacements, the error displacements difference v, in Equation (A31) is approximately calculated by:

(1_am)1m1_2 1—apy

>~ (1 =~ (1- A4l
Ue ( + (1 +\/@Im2) 2\/71,/”2)’0“02 ( 2\/7 + rlmz)vﬂoz ( )
With wy = w, = wy assumed:
Vaop = 22(: cos(wyt + ¢), (A42)
Vpop = —— 2 cos(wat), vp1y = —— cos(wat), (A43)
62 262
U = ZUFOZ = 2d COS(Csz),Ui = 2'Up12 = ? COS((Uzt), (A44)
m“"z‘:Z wszz

1-— 1

ve 2 (1— . am —90 cos(wat + ), (A45)

+
2\/ay \/amlmz)wZZ(:z

(1+12,)c
(1+ﬂmlzz)mw

by Equation (A45) divided by Equation (A44).

where the frequency ratio A = %, Cr = is the damping ratio. Equation (18) is obtained

Appendix E

The displacements of two uncoupled gyros with MIR a,, F;, = —Fg = F;sin(wot)/F;, = aimFR =
maco sin(wot) and a, = ag sin(wyt + ¢) are given as (not the same for different internal forces):

w1 =1/ E,wz = L; (A46)
m amm
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driving forces:
aoﬂ“ sin(wot + ¢ — ¢a1) + Oﬁ L sin(wot — ¢F1)

v= ”O.Ba2 Fo F2 ’ (A47)
= sin(wot + ¢ — Pm2) — et sin(wot — ¢r2)
Coriolis forces
—tofa1 sin(wyt + ¢ — ¢a1) + acoﬁ“ sin(wot — ¢r1)
_ w? (A48)
v —ﬂoﬁaz : aCD,BFZ 4
=7 sin(wyt + ¢ — ¢a2) — am o7 sin(wot — ¢r2)
L 1 L 1 . p . .

where B,; = (A Ty and Br; = (B ER e T are the magnification factors of amplitude,
wy and wy are the resonant angular frequencies of the system, the frequency ratios A,; = 2 and

zél 111
1— /\2 ’

= 4L G1 = zug; and & = 55 are the damping ratios, the phase angles ¢,; = arctan

¢r; = arctan %,z =1,2.
“VFi
If wy = wp = w1 = y/amwo, the displacements can be written as:

driving forces:

2§ 2 cos(wit + ¢) — 251;”(02 cos(w1t) o (A%9)
v = _ = I‘
e Sin(w1f + ¢ — ) — m;;w% sin(wit = )| [oR
Coriolis forces:
[ cos(wrt + ¢) — cos(wnt) |
0= | 0 026 (2 L . 2§1mﬂ$2 wrt—am| = oL, (A50)
| Tn? sin(wit + ¢ — P, Wsm wit — Pm ] UR
o= 2 [0 4 26902 =\ flaw - 12783+ 4 (A51)
m — Cl w% sz - m 1 .
The displacements difference can be written as:
driving forces:
vp — VR & (5 sin ¢ ) cos(a} £)— (=5 ! sin ¢y ) —— fo cos(wnt); (A52)
TR ]m§1 " ! 28 ]m@l " mew? v
Coriolis forces
v — v E(L sin¢ ) 5 cos(wit) — (57 + il sin ¢ )a cos(wit), (A53)
R g Jmcl " W2 R T !

Zélm 61

difference v; = 'f: cos(wyt)/ v; = _”‘g?

by (vp — vg — vl) /v;. Therefore, Equations (23) and (24) are achieved.

where the phase angle ¢, = arctan

- 2mw

cos(wzt) and error dlsplacements difference ratio is given

Appendix F
The dynamics of coupled gyros with damping imbalance are derived. For two DOFs system with

coupled gyros with damping imbalance ratio (DIR) a., Equation (3) can be transferred to Laplace form:

ms? +cs+ (1+b)k —bk
—bk ms? + accs + (14 b)k

Vi(s)
VR (s)

A(s) + F(s)
A(s) — F(s)

(A54)
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The solution through Cramer’s Rule is given by:

ms2+accs
Vis)| | AG) + ESEEE) (A55)
Vr(s) %SJFZZ’)"A(S) _ mSD+(§§+kF( s) |
—1 24205 +k
V(o) = Vils) = U5 DS (A) - R + M2 ) — B Uls). (a5

Here, s = jw, A(s),F(s), Vi(s), and Vg(s) are Laplace transforms of a, F;, vy, and vg. D(s) =

25t + (1 + ac)es® + (2(b + 1)mk + acc?)s® + (1 + ac)(1 + b)ks + (1 + 2b)k?,V; is the ideal TFG’s

displacements difference. (1. —1) < 2 is easy to find. Hence, the error outputs are very small
compared with other situations.

Appendix G

For an uncoupled two-gyro system with a., the displacements of two gyros:

o [;ﬂf”l sin(wpt + ¢ — Pg1) + % sin(wot — gbm)] _ [vﬂ , (A57)
=082 Sin(wot + ¢ — 1) — 2R sin(wot — Pr2) UR
where B, = \/(1—A§i)21+(2CiAai)2 and Br; = \/(1—)*%1'); (2(:1)%)2 denote the magnification factors of
amplitude, the frequency ratios A, = zzl and Ap; = w , §ai = arctan 7 2‘5’ “’ and ¢p; = arctan 251’\‘; i
are the phase angles, the damping ratios {1 = - and { = 55, i =1, 2 and the resonant angular
frequency w = \/% .

If wy, = wy = w, the displacements difference and error/ideal displacements difference can be
expressed as:

1 ap 1 FO

vy —og = (1— ﬂc)ZC1 cos(wt+¢) — (1 + ﬂc)W cos(wt), (A58)
1 1 1., —FK —F
v =(1— a—c)zg(iuz cos(wt + ¢) + (5 - Z—ac) m€1(?12 cos(wt),v; = mgflc?)z cos(wt). (A59)

From Equations (A59) and (25) is obtained.

References

1. Yazdi, N.; Ayazi, F.; Najafi, K. Micromachined inertial sensors. Proc. IEEE 1998, 86, 1640-1659. [CrossRef]
Prikhodko, L.P; Zotov, S.A.; Trusov, A.A.; Shkel, A.M. Sub-degree-per-hour silicon MEMS rate sensor with
1 million Q-factor. In Proceedings of the International Conference on Solid-State Sensors, Actuators and
Microsystems (TRANSDUCERS), Beijing, China, 5-9 June 2011; pp. 2809-2812.

3.  Cho, J; Gregory, J.A.; Najafi, K. High-Q, 3kHz single-crystal-silicon cylindrical rate-integrating gyro
(CING). In Proceedings of the IEEE International Conference on Micro Electro Mechanical Systems (MEMS),
Paris, France, 29 January-2 February 2012; pp. 172-175.

4. Zotov, S.A.; Trusov, A.A.; Shkel, A.M. High-range angular rate sensor based on mechanical frequency
modulation. J. Microelectromech. Syst. 2012, 21, 1640-1659. [CrossRef]

5. Wang, W,; Lv, X.Y.; Sun, F. Design of a novel MEMS gyroscope array. Sensors 2013, 13, 1651-1663. [CrossRef]
[PubMed]

6. Xia, D,; Yu, C.; Kong, L. The development of micromachined gyroscope structure and circuitry technology.
Sensors 2014, 14, 1394-1473. [CrossRef] [PubMed]

7. Shkel, A M. Type I and type II micromachined vibratory gyroscopes. In Proceedings of the IEEE PLANS,
Position Location and Navigation Symposium, San Diego, CA, USA, 25-27 April 2006; pp. 586-593.

8.  Geen, ]J.A,; Sherman, S.J.; Chang, ].F,; Lewis, S.R. Single-chip surface micromachined integrated gyroscope
with 50/spl deg/ /h Allan deviation. IEEE . Solid-State Circuits 2002, 37, 1860-1866. [CrossRef]


http://dx.doi.org/10.1109/5.704269
http://dx.doi.org/10.1109/JMEMS.2011.2178116
http://dx.doi.org/10.3390/s130201651
http://www.ncbi.nlm.nih.gov/pubmed/23358367
http://dx.doi.org/10.3390/s140101394
http://www.ncbi.nlm.nih.gov/pubmed/24424468
http://dx.doi.org/10.1109/JSSC.2002.804345

Sensors 2018, 18, 1755 21 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Zaman, ML.F; Sharma, A.; Ayazi, F. High performance matched-mode tuning fork gyroscope. In Proceedings
of the IEEE International Conference on Micro Electro Mechanical Systems (MEMS), Istanbul, Turkey,
22-26 January 2006; pp. 66—69.

Giacci, F,; Dellea, S.; Langfelder, G. Signal integrity in capacitive and piezoresistive single-and multi-axis
MEMS gyroscopes under vibrations. Microelectron. Reliab. 2017, 75, 59-68. [CrossRef]

Ding, X.; Li, H; Ni, Y, Sang, P. Analysis of frequency response and scale-factor of tuning fork
micro-gyroscope operating at atmospheric pressure. Sensors 2015, 15, 2453-2472. [CrossRef] [PubMed]

Xie, H.; Fedder, G.K. Integrated microelectromechanical gyroscopes. |. Aerosp. Eng. 2003, 16, 65-75.
[CrossRef]

Schofield, A.R.; Trusov, A.A.; Acar, C.; Shkel, A M. Anti-phase driven rate gyroscope with multi-degree of
freedom sense mode. In Proceedings of the International Conference on Solid-State Sensors, Actuators and
Microsystems (TRANSDUCERS), Lyon, France, 10-14 June 2007; pp. 1199-1202.

Yoon, S.W.; Lee, S.W.; Perkins, N.C.; Najafi, K. Vibration sensitivity of MEMS tuning fork gyroscopes.
In Proceedings of the IEEE Conference on Sensors, San Diego, CA, USA, 28-31 October 2007; pp. 115-119.
Schofield, A.R.; Trusov, A.A.; Shkel, A.M. Multi-degree of freedom tuning fork gyroscope demonstrating
shock rejection. In Proceedings of the IEEE Conference on Sensors, Atlanta, GA, USA, 28-31 October 2007;
pp. 120-123.

Yoon, S.W.; Lee, S.; Najafi, K. Vibration-induced errors in MEMS tuning fork gyroscopes. Sens. Actuators
A Phys. 2012, 180, 32—-44. [CrossRef]

Sharma, A.; Zaman, M.F,; Ayazi, F. A Sub-0.2°/hr Bias Drift Micromechanical Silicon Gyroscope with
Automatic CMOS Mode-Matching. IEEE ]. Solid-State Circuits 2009, 44, 1593-1608. [CrossRef]

Phani, A.S.; Seshia, A.A.; Palaniapan, M.; Howe, R.T.; Yasaitis, J. Modal coupling in micromechanical
vibratory rate gyroscopes. IEEE Sens. ]. 2006, 6, 1144-1152. [CrossRef]

Singh, T.P.; Sugano, K.; Tsuchiya, T.; Tabata, O. Frequency response of in-plane coupled resonators for
investigating the acceleration sensitivity of MEMS tuning fork gyroscopes. Microsyst. Technol. 2012, 18,
797-803. [CrossRef]

Guan, Y,; Gao, S.; Liu, H.; Niu, S. Acceleration sensitivity of tuning fork gyroscopes: Theoretical model,
simulation and experimental verification. Microsyst. Technol. 2015, 21, 1313-1323. [CrossRef]

Chen, Y,; Jiao, J.; Xiong, B.; Che, L.; Li, X.; Wang, Y. A novel tuning fork gyroscope with high Q-factors
working at atmospheric pressure. Microsyst. Technol. 2005, 11, 111-116. [CrossRef]

Yin, Y.; Wang, S.; Wang, C.; Yang, B. Structure-decoupled dual-mass MEMS gyroscope with self-adaptive
closed-loop detection. Nano/Micro Engineered and Molecular Systems (NEMS). In Proceedings of the
IEEE International Conference on Nano/Micro Engineered and Molecular Systems (NEMS), Xiamen, China,
20-23 January 2010; pp. 624-627.

Yang, B.; Wang, X.; Deng, Y.; Hu, D. Mechanical Coupling Error Suppression Technology for an Improved
Decoupled Dual-Mass Micro-Gyroscope. Sensors 2016, 16, 503. [CrossRef] [PubMed]

@ (© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.microrel.2017.06.019
http://dx.doi.org/10.3390/s150202453
http://www.ncbi.nlm.nih.gov/pubmed/25621614
http://dx.doi.org/10.1061/(ASCE)0893-1321(2003)16:2(65)
http://dx.doi.org/10.1016/j.sna.2012.04.022
http://dx.doi.org/10.1109/JSSC.2009.2016996
http://dx.doi.org/10.1109/JSEN.2006.881432
http://dx.doi.org/10.1007/s00542-012-1510-4
http://dx.doi.org/10.1007/s00542-014-2185-9
http://dx.doi.org/10.1007/s00542-004-0438-8
http://dx.doi.org/10.3390/s16040503
http://www.ncbi.nlm.nih.gov/pubmed/27070616
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Theoretical Study on the Vibration Response of the Ideal TFG
	Sense Capacitance Nonlinearity
	Theoretical Study of the Vibration Response of a Non-Ideal TFG
	Stiffness Imbalance
	Mass Imbalance
	Damping Imbalance
	Summary

	Models and Parameters
	Simulation and Discussion
	Conclusions
	
	
	
	
	
	
	
	References

