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Frequency tuning of work modes in the silicon vibratory gyroscope is studied by the theoretical, numerical, and experimental
methods in this paper. First, the schematic structure and simplified kinematics model of the gyroscope were presented for deducing
the natural frequencies. Then, the width and length of support beams were optimized to tune work frequencies at their designed
value. Besides, the frequency difference was experimentally tested and manually tuned by varying the voltage applied on the tuning
capacitors. The test on a prototype showed that the difference could be localized between —55.8 Hz and 160.2 Hz when the tuning
voltage limit is 20 V. Finally, a frequency control loop was developed to automatically tune the sense frequency toward the drive
frequency. Both the theoretical analysis and numeric simulation show that the difference is stabilized at 0.8 Hz when no Coriolis
force or quadrature coupling force is applied. It is proved that the frequency difference is successfully tuned by modifying the size of
support beams before fabrication as well as the voltage applied on the tuning capacitors after fabrication. The automatic tuning loop,
used to match the work modes, is beneficial to enhance the performance of the gyroscope as well as its resistance to environment

disturbances.

1. Introduction

Silicon microgyroscopes have a lot of merits, such as low
power consumption, small volume and weight, high shock
resistivity, and suitability for batch fabrication, but their
performance is lower than conventional mechanical, rotating
wheel, fiber-optical, and ring laser gyroscopes [1, 2]. In order
to broaden silicon microgyroscopes’ application, a lot of work
has been done on improving their performance, such as
modification and optimization of the gyroscope structure,
the fabrication process, the quality of vacuum packaging, and
the detect circuit as well as the control system. Among these
methods, the research on improvement of the structure and
the circuit and system is the most economical.

The dual-mass gyroscopes are now popular for their
effective rejection of common-mode disturbance, so many
institutions [3-7] have done much research on them. It is
known that the natural frequencies of work modes are key
factors for performance improvement in silicon gyroscopes
such as the bandwidth and the sensitivity [1, 8]. However,

due to the fabrication imperfection, it is difficult to control
the work frequencies at their designed value, causing the
performance to be unpredictable. Therefore, some methods
for postfabrication modification of the work frequencies were
studied, such as the selective deposition of polysilicon [9],
the localized thermal stressing effect [10], and the negative
electrostatic stiffness effect [7, 8, 11-13]. From the three
methods, the electrostatic tuning method is popular for
low cost, little damage to the gyroscope structure, and easy
adaptability in different gyroscopes.

The electrostatic tuning method can be realized by con-
trolling the tuning voltage manually or automatically. The
automatic control can be realized based on the frequency
response characteristic of the mass-spring resonator. When
the resonator vibrates at the natural frequency, the vibration
amplitude achieves its maximum value and the phase delay
is 90 degree. Thus, [12] designed the automatic control loop
using the phase characteristic but the controlled frequency
difference is influenced by the quadrature coupling. The
method by seeking the maximum amplitude is studied by
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FIGURE 1: Structure of the dual-mass silicon microgyroscope.

[13], but when the input angular rate is not constant, the con-
trolled frequency is not stable. Theoretically and numerically,
the frequency control algorithm presented in this paper is less
influenced by the quadrature coupling and the varied input
angular rate, especially when they are small.

In this paper, the methods for frequency localization of
the work modes are detailed from two aspects: structure
optimization and the postfabrication control. In Section 2,
based on the structure of a dual-mass silicon microgyroscope,
the simplified kinematics model is firstly built to deduce the
natural frequencies for the in-phase and antiphase vibrations.
Then, in Section 3, a finite element model of the gyroscope
is created using Ansys to analyze the relationship between
the work frequencies and the size of support beams. Besides,
the capacitors of parallel plates are designed in sense frames
for frequency tuning by means of the negative electrostatic
stiffness effect. The frequency sweeping experiments on a
fabricated gyroscope prototype prove that frequency tuning
of the work modes is achieved by adjusting the size of support
beams as well as by manually controlling the voltage applied
on the tuning capacitors. Finally, in Section 4, the automatic
frequency tuning of work modes is realized by a closed
frequency-control loop.

2. Structure

As shown in Figure 1(a), the gyroscope is comprised of two
symmetric single-mass gyroscopes coupled with some links,

which are coupling U-beams here [6]. Each single-mass gyro-
scope contains a drive frame, a proof mass, and a sense frame,
serving as the energy source, the energy transferring unit,
and the output unit, respectively. The specific arrangement
of multiple frames makes the sense frames move only in the
sense direction (Y -axis), maximally reducing the disturbance
from drive frames, such as the quadrature force [14, 15].
When subject to a constant out-of-plane input angular

rate ();,, the stable vibration amplitude of sense frames is
approximated as shown in
A = 2Adwd‘Qin ,
g 2 2)? 2 )
(wy —wy) + (wywd/Qy)

where A ; is the vibration amplitude of drive frames, Q,, is the
quality factor of sense mode, and wy , is the natural frequency
of drive/sense mode. It is easily found that the mechanical
sensitivity S = A /<), is larger when the frequency difference
between w, and w, is decreased. However, the mechanical
working bandwidth BW = 0.54|w, — w,| decreases. Thus,
the size of support beams is optimized in the structure design
course and the frequency tuning electrodes are designed in
the sense frames, so as to obtain an optimal frequency differ-
ence between work modes as well as large sense amplitude.
In Figure 1(b), the simplified kinematics model [16],
neglecting the damping effect, is developed for analyzing the
motion of the dual-mass gyroscope in the drive or sense
direction. k, and k, are the effective system stiffness between
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each vibrating mass and the substrate, k. is the coupling
stiffness between the two vibrating masses, and m is the
effective vibrating mass. The kinematics analysis for the dual-
mass system is displayed in [17]
~kyxy = k¢ (3, = %) = miy,
)

k. (xz - xl) —kyx, =mxy,

from which the natural frequencies are derived as shown in
the following:

1kt 42k = \(k — k) +4k2 (3

Jip = 2 2m ’
1kt + 2k \(ky — k)" + 42 (g
fop = 27 2m '

The frequency in (3) corresponds to the in-phase vibration,
namely, the two masses translating in the same direction,
which is considered as a disturbing mode for the dual-mass
gyroscope function. Similarly, the frequency in (4) is for the
antiphase vibration. In the gyroscope, the work modes are the
opposite vibrations in the drive and sense direction, so the
work frequencies can be obtained from (4).

3. Frequency Localization

3.1. Tuning Effect of Support Beams. In the design of
microsensors, optimization of geometry dimensions is essen-
tial for improving structure’s performance [18-20]. Here, the
width and length of supporting beams are optimized for the
designed work frequency. It is seen that in Figure 1(a) all the
links among the frames, anchors, and proof mass are made
up of U-beams. A U-beam can be considered as the serial
combination of two cantilevers, so its stiffness is simplified
[21] as

Ew’h

kU-beam = Z—;Lglu’ (5)
where E is the elastic modulus of silicon and w,, h,, and
I, are the width, the depth, and the length of the U-beam,
respectively. The dual-mass gyroscope is symmetric so (3)
and (4) can be simplified through k, = k,. Then, it is easily
noticed that f;; and f,, both increase with k; and k,. Besides,
their difference increases when k, grows larger. Therefore,
the work frequency can be increased through increasing the
width or decreasing the length of support beams, which is
verified by the following finite element analysis.

In Figure 2, the equivalent finite element model of the
gyroscope structure is developed using Ansys to analyze the
influence of support beams’ size on work modes’ frequencies.
The silicon material properties and the mesh element are
listed in Table 1. During simulation, the length and width
of the drive U-beams and the sense U-beams are changed
separately. The simulated work frequencies, namely, the f,
in drive and sense directions, are fitted as shown in Figure 3.
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FIGURE 2: Equivalent finite element model of the dual-mass gyro-
scope structure.

TABLE 1: Parameters for FE simulation.

Parameter Value Unit

Young’s modulus 1.7 x 10" Pa

Single-crystal silicon Poisson’s ratio 0.28 —
Density 2330 kg/m’

Mesh element Solid 95 —

In Figures 3(a) and 3(b), it is easily noticed that the frequency
of sense mode varies little when the size of drive U-beams
changes. Similarly, in Figures 3(c) and 3(d), the frequency of
drive mode changes little when the size of the sense U-beams
changes. Thus, the separate tuning effect of support beams is
realized, which eases the frequency localization of the two
work modes. Besides, increasing the width of the sense U-
beams or decreasing their length raises the natural frequency
of sense mode. The same tuning trend occurs to the drive
mode frequency when the drive U-beams change in the same
way. The tuning effect, obtained by the finite element analysis,
matches the theoretical expectation from (4) and (5).

3.2. Negative Electrostatic Stiffness Effect. Figure 4 is a part of
the tuning combs. When the fixed plate is loaded with the
voltage V and the moving plate translates only in the Y axis,
the generated negative electrostatic stiffness along the sense
direction is derived [22]:

1 1
k,, = —neh 1, V? +
y 3 3
(ecl _y) (ecl +)’) (6)
h,1
~ —Z%V2 (y<ey),

cl

where 7 is the number of the tuning combs attached to one
sense frame, 1,11, and e, are the depth, length, and distance
of the comb capacitor, and ¢ is the absolute dielectric constant
of the gap. According to (4) and Figure 3, by changing the
effective system stiffness between the vibrating mass and the
substrate, that is, k; and k,, the work frequencies can be
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FIGURE 3: The dependence of work frequencies on the size of U-beams: (a) the length of drive U-beams, (b) the width of drive U-beams, (c)

the length of sense U-beams, and (d) the width of sense U-beams.

tuned towards their expected value. Therefore, the negative
electrostatic stiffness effect of the squeeze capacitors in sense
frames is used to change k; and k, and modify the natural
frequency of sense mode. When the tuning capacitors are
loaded with V, the frequencies of the in-phase and antiphase
translation in the sense direction are derived as seen in

1 kly + key _ 1 kly 2n£hcllcl

Joy =5\ = 5V
27T m, 27T m, me:
£ 1 |kiy + 2k, +k,,
opy ~ 5
27 m,
— i kl}’ + 2kCJ’ _ 2nshcllcl V2
3 b
27 m, me;

7)

where m,, k,,, and k, are the effective system mass and
stiffness in the sense direction, as explained in Section 2. It
is easily seen that natural frequencies of the in-phase and
antiphase vibration both decrease when the tuning voltage V
increases.

3.3. Experiment Measurement. The dual-mass gyroscope
design, with the frequency difference between work modes
around 100 Hz, is fabricated using the SOG process [23] and
vacuum packaged in ceramic [24]. The frequency localization
effect of the support beams and the tuning capacitors are
verified by the frequency sweeping tests. As seen in Figure 5,
the experimental setup is made up of the power supplies,
the detect circuit board, an oscilloscope, and the packaged
gyroscope. To test the frequency response of the fabricated
gyroscope, 2V AC biased with 5V DC is applied on the
drive/sense electrodes and the detect circuit is connected
with one anchor to sense the vibration of the gyroscope. The
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FIGURE 5: Experimental setup for frequency sweeping test.

oscilloscope is used to display the vibration signal from the
circuit.

Figure 6 gives the frequency response curves of work
modes, obtained by fitting the vibration amplitude (in Volt)
displayed on the oscilloscope at every frequency step within
the range of interest. It is known that the vibration amplitude
changes along with the actuation frequency and the largest
amplitude is achieved when the drive frequency is equal to the
natural frequency. Thus, the work frequencies of drive mode
and sense mode, 4007.9 Hz and 4168.1 Hz, are obtained from
the two curves. And the frequency difference after fabrication
is 160.2 Hz, much larger than the designed 100 Hz. As the
drive mode and sense mode resonators can be considered as
band-pass filters, there exists a relationship between the 3 dB
bandwidth and the quality factor, BW; 45 = f,/Q, where f;
and Q are the natural frequency and quality factor of each
mode. Thus, the quality factor of drive mode and sense mode,
around 5000 and 950, is obtained based on Figure 6.

The frequency sweeping methods are also used to obtain
the natural frequency of sense mode when varied DC voltage
is applied on the tuning electrodes. Figure 7 gives the fre-
quency tuning curves obtained by the negative electrostatic

5
TABLE 2: Designed structure parameters for gyroscope.
Parameter Value Unit
X stiffness ki, 302.2 N/m
X coupling stiffness k.. 74.6 N/m
Y stiffness ki, 4317 N/m
Y coupling stiffness k., 20.9 N/m
X mass m, 0.68 mg
Y mass m, 0.68 mg
n 19 —
Tuning comb o 60 um
I, 300 pm
€. 4.5 um

stiffness effect. It is noticed that the experimental tuning effect
matches with the theoretical results, calculated by (7) using
the parameter value in Table 2. As the applied tuning voltage
increases, the two natural frequencies in the sense direction
(Y-axis) both decrease but the two frequencies in the drive
direction (X-axis) are almost constant. Besides, when the
tuning voltage increases, the frequency gap between the drive
mode and the in-phase vibration along the sense direction (a
disturbing mode) is enlarged.

With the aid of the tuning capacitors, the mode distri-
bution of the gyroscope structure is more desirable because
the frequencies of work modes are further separated from
those of disturbing modes. Besides, the frequency differ-
ence between sense mode and drive mode can be adjusted
from —55.8 Hz to 160.2 Hz when the tuning voltage limit is
20 V. Thus, the bandwidth BW can be tuned down from
86.5Hz to 0 Hz according to different application conditions.
Meanwhile, the sensitivity can be increased gradually. The
experimental matching voltage 18V is a bit smaller than
the theoretical voltage 18.3V, mainly resulting from the
underetching effect during fabrication.

Assuming A; = 1lpm and Q;, = 100deg/s, the
sense amplitude of the gyroscope prototype, calculated by
(1), is shown in Figure 8. It is noticed that the amplitude is
increased by over 20 times when the difference is decreased
from 50 Hz to 0 Hz, verifying that the study about tuning
frequency difference is beneficial to increase the sensitivity
of the gyroscope.

4. Automatic Tuning Algorithm

The schematic control loop for tuning the natural frequency
of sense mode towards the natural frequency of drive mode is
displayed in Figure 9. When gyroscope works, the sense mode
is driven by the Coriolis and quadrature coupling force. Q.
is the equivalent angular input of the quadrature coupling
force. An additional external signal A ;,;, cos wy,,t is applied
as well, where A ;,;, and w,,;, are the amplitude and frequency
of the signal. The response of the external signal is used as
the information to modify the applied tuning voltage so as to
change the natural frequency of the sense mode.
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The tuning algorithm is derived based on the approxi-
mate symmetry of frequency response of the second order
resonator, as seen in

A - l/my
wy — >
(- @3)" + (@,04/Q,)°
w;, —wy w,w/Q,
Pu,
" W, Wy 1 -
—arctg . w; < W,
2 _ 2 y
_ y Wy~
180° — arctg 224 . 1
- —arclyg m > wd>wy,
y d y

(8)

where A, and ¢, are the amplitude and phase charac-
teristic, respectively. Similarly, A,, ., . and @, ., are the
characteristic at frequency w, + wg,,. When the resonator is
applied with two respective forces at w; + wgy, and wy = w,,
their responses after demodulation and filtering are nearly
opposite because the two frequencies are symmetric about
the natural frequency w,. By comparing the two responses,
the natural frequency of sense mode and the drive frequency
can be in the approximate match condition. The following
equations detail the algorithm and processing.

4.1. Working Principle. In the sense mode, the low frequency
carrier A g, coswy,,t is loaded, modulated by sin w,t with
wgy, < wgy, and then applied on the feedback combs in sense
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frames. Then, the generated electrostatic force applied on the
sense frames is

thh = Adth CoS wdtht X sin wdt X kde

1 . .
= EAdth kg [sin (@g + @g) £+ sin (wg — wyy,) t]

€)

where k, is the equivalent transfer factor of feedback combs
from the applied voltage to the generated electrostatic force.
Thus, the displacement of sense vibration driven by F,,, is

1
Yath = EAdth “kge

’ {Awdﬂudth sin [(wd + wdth) t+ (Pderwdth] (10)

+Aa)d_wdth sin [(wd - wdth) t+ ¢wd—wdrh]} ’

Then, the displacement is amplified by a factor of k,,
through a capacitive interface circuit and demodulated by
—sin w,t and cos wy,,t, the process of which is expressed in

Yatha = %Adth ke - kys
. {Awd gy, SID [(wd + Wgy) t + ‘Pwd+wdt;.]
+ Ay, S0 [ (04 = 0ae) £+ 9, |}
x (= sin wyt) X cos Wyt
= —-A,cosp, —A_cos¢@_
— A, cos (2wggt + ;) — A_cos (2wgt — ¢p_)
+A_cos[2(wy —wgy)t +¢_]

+A, cos (2wt +¢,)

7
+A_cos (2wt +¢_)

+A, cos [2(wy +wgp)t+.],

(11)
where
A _ Agn kde : kys ) Awd+wdrh/wd—wdrh
+/- 8 (12)
Pr/= = Pogrwa/wg—wa*

Finally, the control signal, used for tuning the natural
frequency of sense mode,

Yaths = —A, cosp, — A_cosg_, (13)

is obtained by low-pass filtering the demodulated signal y,,;,,.
Substituting (8) into (13), the control signal is

YVanz = — A, cosp, —A_cosq_
_ Adthkdekysz (14)

g(af),

Sm},

where

g(af)
= (Q, (@ + wgn)” = (wg +2Af)%))

x (g + 27m0f) (04 + g0’

+ (Qy ((wd + W)’ — (g + zﬂAf)z))zy (15)
~(Q, (@ +27Af)" = (04— wan)”))

x (@ + 270f) (04 - w0g))’

+ (Qy ((wd +21Af) ~ (wy - wdth)z))2>71

and Af is the frequency difference between the natural
frequency w,, and the drive frequency w;.

Suppose wy,;, is 271 x 80rad/s; the relationship between
g(Af) and Af is displayed in Figure 10. As seen in (8), the
amplitude characteristic as well as the phase characteristic
is not strictly symmetric about the natural frequency w,,
leading to the equilibrium state of approximate matching.
Theoretically, the stable frequency difference Af between
drive mode and sense mode is localized at 0.8006 Hz by
using this control loop. However, the symmetry of (8) can
be enhanced when the drive frequency and the natural
frequency grow larger. Thus, the difference can be tuned
closer to 0 Hz.

Based on Figure 10, the detailed control process is demon-
strated when different initial frequency difference appears.
It is noticed that when -79.9738Hz < Af < 0.8006 Hz,
g(Af) < 0; under the control of the closed tuning loop, the
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%1010 TaBLE 3: Simulation parameters for frequency control loop.
10
Parameters Value
gl K, 1x10°°N/V
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g 4l Vet 17V
S ‘ : Agn 0.001V
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‘é OF @ o e “AF, Sr59905T Wy, 27 x 10rad/s
£ 5l T Wy 27 x 10 rad/s
© m, 0.68 x 10 S kg
-4t Q. 100 deg/s
-6t Qequ 100 deg/s
5 , . . . b 157580
-100 =50 0 50 100

Frequency difference A f (Hz)

FIGURE 10: Relationship between the control signal g(Af) and the
frequency difference Af.

tuning voltage is decreased to enlarge w, to approach w,.
Similarly, when 0.8006 Hz < Af < 79.9705Hz, g(Af) > 0
increases the tuning voltage to make w, smaller and approach
w,. However, when Af < -79.9738 Hz, g(Af) > 0; if the
tuning voltage is not limited, the natural frequency is further
decreased and Af is away from —79.9738 Hz towards —oo.
Similarly, when Af > 79.9705Hz, g(Af) < 0; the natural
frequency is increased until it reaches its initial value and Af
is larger than 79.9705 Hz. Thus, the initial frequency differ-
ence should be controlled within [-79.9738 Hz, 79.9705 Hz]
so that the stable difference can converge to 0.8006 Hz.

4.2. Simulation Verification

4.2.1. Frequency Response. The simulation model in Figure 9
is built using Matlab and Simulink. The sense mode vibration
is developed using the S-Function module with two inputs;
one is the total applied force and the other is the tuned
sense frequency by the negative electrostatic stiffness effect.
The simulation parameters are shown in Table 3, in which
b is approximated according to Figure 7(a). As the initial

difference of 160.2 Hz between drive mode and sense mode is
out of the range of the desirable difference shown in Figure 10,
a tuning voltage V,.¢ is preloaded on the tuning combs to
make the frequency difference below 79 Hz. An integrator
is used as the controller to tune the voltage applied on the
tuning combs.

When the gyroscope works with the Coriolis and quadra-
ture coupling force applied, the response of the frequency
control loop, namely, the tuning voltage and the sense fre-
quency, is given in Figure 11. Besides, the integrating parame-
ter k; is optimized for fast response and small overshoot. It is
noticed that when k; increases from 10 to 60, the equilibrium
time decreases but the oscillation at the beginning grows to
be severe. When k; = 30, the control loop can be stabilized
within 8 seconds with the final tuning voltage around 18.01 V.

The natural frequency response under different force
loads is shown in Figure 12. When no Coriolis force or
quadrature force is applied, the stable frequency difference is
around 0.8 Hz, matching the theoretical difference. But when
a large force is applied on the sense mode, the frequency
control signal y;;,; will be contaminated, causing different
stable difference. It is seen that when only the Coriolis force is
applied and €, = 100 deg/s, the difference turns to 0.3 Hz. If
the quadrature force, whose equivalent angular signal Q. g, =
100 deg/s, is applied as well, the difference is around 1.6 Hz.
It is concluded that the difference distributes around 0.8 Hz
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when the gyroscope works and it approaches 0.8 Hz when the
applied force decreases. Thus, when the applied force is large,
a force feedback loop is needed to diminish the influence of
the Coriolis and quadrature force on the frequency difference.

Besides, the influence of the quality factor Q,, is investi-
gated, as displayed in Figure 13. It is shown that the frequency
response is almost the same when Q,, varies from 200 to 2000,
indicating that the frequency control loop is independent
on Q, within the simulated range. However, as Q, grows
larger, the stable sense frequency vibrates in sine wave, caused
by the enlarged gyroscope response under the Coriolis and
quadrature force.

4.2.2. Gyro Output. In Figure 9, two forces are applied; one
is the useful signal, the Coriolis force, and the other is the
disturbing signal, the quadrature coupling force. As seen in
the control loop, the gyro output is obtained by demodulating
the gyroscope response. If the drive frequency is not equal to
the natural frequency, namely, the frequency difference is not
0 Hz, the phase delay of the sense resonator is not 90 degree.
Then, during the demodulation by — sin w,t, the gyro output
includes the element influenced by the quadrature signal.
Therefore, as seen in Figure 14, the gyro output, obtained
by simulating the system in Figure 9, is different when the
quadrature coupling is present and absent. The useful gyro
output signal is contaminated by the quadrature coupling.
Thus, the quadrature coupling should be compensated to
decrease the output error when this frequency tuning loop is
used. The quadrature compensation is discussed in [25, 26],
and in the following simulation the quadrature coupling is
assumed to be 0.

The response of the gyro output under different input
angular rate, Q;, = A, cos(2mf,;,t), is illustrated in

mn

Figure 15. As shown in Figure 12, the frequency tuning loop
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4040

4035

4030

4025 ¢

4020 ¢

ﬁéctive‘sense‘frequéncy (Hz)
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0
Time (s)
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Only Coriolis
--- No Coriolis or quadrature

FIGURE 12: Sense frequency under different applied force.

takes nearly 8 seconds to make the natural frequency of
sense mode reach its equilibrium state. Besides, it is known
that the gyroscope output is dependent on the difference
between the natural frequency and the drive frequency. Thus,
as displayed in Figure 15(a), during the initial 8 seconds
the gyroscope output gradually increases as the natural
frequency of sense mode approaches the drive frequency.
When f,;, # 0, the maximum output happens when the
corresponding drive frequency f; + f,,;, equals the natural
frequency. Therefore, when f.; is 5 Hz, the maximum output
happens at 4012.9 Hz, which explains why a peak appears
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TABLE 4: Frequency tuning rate for drive mode and sense mode.

Tuning rate of drive U-beams (Hz/pum)

Tuning rate of sense U-beams (Hz/pm)

Tuning rate of capacitors (Hz/V)

width length width length
Drive mode 353.5 -10.7 0 0
Sense mode 0 0 583.7 -15.0 -10.8
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Q =2000

FIGURE 13: Response of the sense frequency f, when Q, varies.

Gyro output (V)

Time (s)

—— No quadrature coupling
- -~ Quadrature coupling

FIGURE 14: Responses of gyro output when the quadrature force is
present and absent.

at the initial transient stage in Figure 15(b). In Figure 15(c),
in the first 8 seconds, f,;, is maintained at 0 Hz; after the
output reaches its stable value, f,,;, increases along with time
in a slope of 0.1Hz/s, that is, f,;,, = 0.1(t — 8), and the
output decreases accordingly, matching the phenomenon in

Figure 15(b). Finally, in Figure 15(c) the 3 dB bandwidth is
calculated to be 0.836 Hz. It is noticed that when the input
angular range reaches 200 deg/s, the frequency control loop
is working properly. Besides, the loop is still suitable for the
dynamic angular input.

5. Results and Discussion

The frequency tuning method of the dual-mass gyroscope
is investigated in this paper from two aspects; one is to
modify the size of the drive and sense U-beams, respectively,
before fabrication; the other is to change the voltage applied
on the tuning capacitors after fabrication. The frequency
tuning rate of the support beams and the tuning capacitors
are summarized in Table 4. Width/length tuning rate is the
frequency change when the width/length of support beams
in drive or sense mode varies by 1 ym. Similarly, the capacitor
tuning rate is the frequency change when the applied tuning
voltage varies by 1V. It is indicated that the width-tuning
rate is much larger than the length-tuning rate, but the
variation range of the width is smaller by two orders of
magnitude than that of the length in the gyroscope structure.
In general, frequency localization of the work modes is
implemented independently for the Z-axis dual-mass silicon
microgyroscope by tuning the size of the support beams or
the voltage applied on the tuning capacitors.

The frequency difference between work modes is set
at 100 Hz in the structure design procedure but the tested
difference of the gyroscope sample is 160.2 Hz. By using the
negative electrostatic stiffness of the squeeze capacitors in the
sense frames, the difference can be tuned from 160.2 Hz down
to —55.8 Hz when the tuning voltage limit is 20 V. Thus, the
bandwidth BW can be tuned down from 86.5Hz to 0 Hz.
Besides, the sensitivity can be increased by over 20 times
when the difference is decreased from 50 Hz to 0 Hz.

Furthermore, according to the frequency characteristic of
the second order resonator, the automatic frequency control
loop 1is successfully designed to match the frequencies of
the drive and sense modes. According to the theoretical
and simulation analysis, the frequency difference can be
stabilized at 0.8 Hz when no Coriolis force or quadrature
force is applied, as seen in Figures 10 and 12. When a large
force is applied on the sense mode, the difference is varied;
when €);, = 100 deg/s and Q, = 100 deg/s, the difference
is 1.6 Hz, as displayed in Figure 12; it is concluded that an
additional force feedback loop is needed to suppress the
disturbance when a large force is applied. Besides, quadrature
compensation is needed as the gyro output is influenced
by the quadrature signal, caused by the nonzero frequency
difference. It is also proved that the frequency control loop
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FIGURE 15: Responses of gyro output when the input angular rate Q,, = A, cos(27f,;,t) is applied.

can work properly under varied angular input, as shown
in Figure 15. The dynamic 3dB bandwidth, 0.836 Hz, is
calculated when f,;, varies along with time in a slope of
0.1Hz/s.

Therefore, the electrostatic frequency tuning method is
able to modify the frequency difference after fabrication,
which eases the frequency accuracy required in the fab-
rication process. Besides, the automatic frequency control
loop is able to tune the natural frequency towards the drive
frequency when the gyroscope works with the Coriolis and
quadrature force applied. When the applied force is small, the
difference is almost not influenced by the force. On the other
hand, when the force is large, a force feedback is required to
suppress the disturbance so as to keep the difference unvaried
when s dynamic input is applied.

6. Conclusion

This paper systematically demonstrates the frequency local-
ization of a dual-mass gyroscope from two aspects; one is
to optimize the support beams size and the other is to
take advantage of the negative electrostatic stiffness effect
of the squeeze capacitors. As the fabrication imperfection
influences the frequency difference between the work modes
randomly, the experiment results show that the tested dif-
ference is 160.2 Hz much larger than the designed 100 Hz.
However, the frequency difference can be localized between
-55.8 Hz and 160.2 Hz by manually applying a proper voltage
under 20 V on the tuning capacitors. Besides, the automatic
frequency control loop is designed to tune the natural fre-
quency of sense mode towards the natural frequency of drive
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mode. This method makes the frequency difference resistive
to the environment disturbances, such as the variation of the
ambient temperature and work frequencies. The simulated
results indicate the difference can be stabilized at 0.8 Hz
within 8 seconds when no Coriolis force or quadrature
coupling force is applied. Besides, the control loop still works
when the input angular rate varies dynamically; Q,, =
A in €0s(27tf 0 t). Therefore, the study made in this paper
ensures that the frequency difference can be controlled for
performance improvement as well as disturbance robustness
in silicon vibratory microgyroscopes.
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