. . 4
micromachines ﬂw\p\py
Va

Article

Automatic Frequency Tuning Technology for
Dual-Mass MEMS Gyroscope Based on a
Quadrature Modulation Signal

Jia Jia (), Xukai Ding 2©, Yang Gao 2© and Hongsheng Li **

1 School of Instrument Science and Engineering, Southeast University, Nanjing 210096, China;

230169207@seu.edu.cn (J.].); dingxukai@126.com (X.D.); gao-yang@seu.edu.cn (Y.G.)

Key Laboratory of Micro-Inertial Instruments and Advanced Navigation Technology, Ministry of Education,
Nanjing 210096, China

*  Correspondence: hsli@seu.edu.cn; Tel.: +86-25-8379-5920

check for
Received: 17 September 2018; Accepted: 8 October 2018; Published: 10 October 2018 updates

Abstract: In order to eliminate the frequency mismatch of MEMS (Microelectromechanical Systems)
gyroscopes, this paper proposes a frequency tuning technology based on a quadrature modulation
signal. A sinusoidal signal having a frequency greater the gyroscope operating bandwidth is applied
to the quadrature stiffness correction combs, and the modulation signal containing the frequency
split information is then excited at the gyroscope output. The effects of quadrature correction combs
and frequency tuning combs on the resonant frequency of gyroscope are analyzed. The tuning
principle based on low frequency input excitation is analyzed, and the tuning system adopting this
principle is designed and simulated. The experiments are arranged to verify the theoretical analysis.
The wide temperature range test (—20 °C to 60 °C) demonstrates the reliability of the tuning system
with a maximum mismatch frequency of less than 0.3 Hz. The scale factor test and static test were
carried out at three temperature conditions (—20 °C, room temperature, 60 °C), and the scale factor,
zero-bias instability, and angle random walk are improved. Moreover, the closed-loop detection
method is adopted, which improves the scale factor nonlinearity and bandwidth under the premise
of maintaining the same static performances compared with the open-loop detection by tuning.

Keywords: dual-mass MEMS gyroscope; frequency tuning; frequency split; quadrature modulation
signal; frequency mismatch

1. Introduction

With the rapid development of MEMS (Microelectromechanical Systems) technology, silicon
micromachined gyroscopes have attracted more attention. As a miniature sensor for measuring angular
velocity, MEMS gyroscopes have been widely used in military and civilian fields [1-4]. Therefore,
the performance requirements of the MEMS gyroscope are also increasing [2,5,6]. When the drive mode
and sense mode of the gyroscope have the same resonant frequency (mode-matching), the gyroscope
can have a higher signal-to-noise ratio of the output signal without deteriorating the circuit noise. The
principle of operation of dual-mass MEMS gyroscopes is based on the Coriolis coupling between the
two operating modes (drive and sense modes) when a rotation is applied about the sensitive axis of the
device. Efficient energy transfer from the drive mode to the sense mode, which is largely determined
by the frequency matching condition, is a principal factor in performance. In practice, however,
fabrication imperfections and environmental variations are always present, resulting in a frequency
mismatch between the two modes [3,5,7,8]. This frequency mismatch lead to degraded sensitivity,
resolution, signal-to-noise ratio, and poor zero bias stability. Therefore, it is necessary to study the
method of eliminating frequency split (Af) so that the gyroscope is in the mode-matching condition.
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There are several post-processing frequency tuning technologies to eliminate frequency split,
such as local thermal stress technology [9,10], micromachining correction technology [11,12],
and electrostatic adjustment technology [1-8,13-19]. In [9,10], the structural stress and material
parameters of the gyroscope are changed by the heat generated by loading voltage, and the resonant
frequency of the gyroscope is altered to realize the mode-matching. While frequency tuning by
micromachining correction technology is achieved by changing the structural parameters of the
gyroscope through polysilicon precipitation [11] or laser trimming [12]. The above two techniques
share the same drawback of requiring, to some extent, a manual intervention, so that they are not
desirable for mass production. Moreover, these two technologies can cause unstable output due to
temperature changes and are not suitable for real-time adjustment of the resonant frequency.

A more effective method at present is the electrostatic adjustment technology, which utilizes
a structure-specific electrostatic negative stiffness effect to change the stiffness of the structure
by adjusting the DC voltage, thereby altering the resonant frequency to achieve the purpose of
mode-matching. Complex algorithms are used for parameter fitting [13,14], identification [5,7],
and prediction [17] to achieve real-time frequency tuning. These strategies can effectively eliminate the
frequency split, but they need a large amount of original data acquisition, and the general applicability
is not ideal. Some literature utilize the characteristics of the gyroscope output signal to reduce the
frequency mismatch between the two operating modes. When Af = 0, the amplitude of the Coriolis
signal and the quadrature signal reach the maximum [2,3,16], and the phase difference between the
quadrature signal and the drive detection signal is 90° [4,8,18]. However, these frequency tuning
strategies do not work properly if the input angular velocity changed. The frequency tuning strategies
that can satisfy the normal operation of the gyroscope is to introduce low-frequency oscillation signals
into the sense resonator, and realize mode-matching according to the amplitude or phase characteristics
of the output signals [1,6,15,19].

This paper presents a real-time automatic tuning technology for dual-mass MEMS gyroscopes.
Alow frequency oscillation signal (its frequency is greater than the gyroscope’s bandwidth) is
introduced into quadrature stiffness correction combs, and the degree of the frequency mismatch is
then judged according to the output response of the sense mode. This paper is organized as follows.
Section 2 gives the structure of the gyroscope. The theory and simulation of frequency tuning are
analyzed in Section 3. In Section 4, the relevant experimental results are published to testify the
theoretical analysis and contrast the gyroscope’s performance. Section 5 concludes this paper with
a summary.

2. Dual-mass MEMS Gyroscope Structure

2.1. Gyroscope Overall Structure

In this paper, the structure of the dual-mass MEMS gyroscope is shown in Figure 1. Two fully
symmetrical masses perform a simple harmonic vibration of equal amplitude and reverse phase
along the X-axis direction under the action of electrostatic driving force. Due to the Coriolis effect,
the Coriolis mass drives the sense comb to move along the Y-axis through the U-shaped connecting
spring when the angular velocity exists in the sensitive axis (Z-axis), which causes the relative
motion between the moveable electrode and the fixed electrode of the sense combs, resulting in
the change in differential detection capacitance. By measuring the amount of capacitance change,
the corresponding input angular velocity can be obtained. In addition, the gyroscope has another three
combs: the sense feedback comb, the quadrature stiffness correction comb, and the frequency tuning
comb. The area-changing force rebalance combs are used to suppress the movement by Coriolis force,
the angular velocity information is obtained indirectly by the size of the feedback force, and the force
rebalance combs will not change the resonant of the two operating modes [6]. The quadrature stiffness
correction combs with unequal spacing are designed in Coriolis mass for restraining the quadrature
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error. The gap-changing frequency tuning combs are for applying a change in the resonant frequency
of the sense mode.
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Figure 1. Mechanical model of dual-mass MEMS gyroscope.

The MEMS gyroscope consists of two operating modes—the drive mode and the sense mode. Both
modes can be considered as a “spring-mass-damping” second-order system. According to Newton's
second law, furthermore, only the effects of quadrature coupling stiffness are considered, simplified
dynamics equation for the drive mode and sense mode of MEMS gyroscope are obtained as follows:

e g e | I e Y B

0 my| |¥ 0 ¢yl |y kyx  kyy| |y —2m (% + F
where x and y are the displacement of drive mode and sense mode, respectively; m, and m, are the
equivalent mass of the two modes, respectively; cx, kxx and cy, kyy are the damp coefficients and the
stiffness coefficients of the drive and sense modes; ky, and kyx are the coupling stiffness coefficients in
each mode; F, and Fy is the external force applied to drive mode and sense mode, respectively; 1 is
the Coriolis mass and m. ~ my; (), is the input angular velocity with respect to the Z-axis.

Assume the electrostatic driving force in the drive mode is Fy = Apsinwyt, where Ar is
the amplitude of electrostatic driving force, and wj is the frequency of electrostatic driving force.
The gyroscope system uses phase-locked loop technology to track the resonant frequency of the
driving mode, that is w; = wy. Substituting F, into Equation (1), the stationary solution of x and y can
be obtained as

@

x(t) = Axsin(wgt + ¢x) 2)
y(t) = Accos(wat + @x + @y) + Agsin(wat + ¢x + ¢y) ®)
Coriolis Singal Quadrature Singal

where Ay, A, and A, can be written as

Ap/my

Ay = > (4)
w
a0+ (g
AC _ ZQZAxwd (5)

w2, /( _&5)2+( @i_y2
Y w% Qyuwy
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7 2
- r+ (g
WyWy
@x = —arctan —————+ 7)
* Qx(w? — W§)
¢y = — arctan Wy (8)

Qy(w§ - Wﬁ)

where wy = Vkyx/my (Wx = 271fy) and wy = \/kyy/my (wy, = 27f,) are the angular frequencies of
the drive mode and sense mode, respectively; Qx = ‘*’E—T“ and Q, = w‘yj—;ny are the quality factors of
each mode.

Let Aw = |wy — wy|. The mechanical sensitivity of dual-mass MEMS gyroscope can then be

expressed as

o 24Q: 1
mewj AV IRV
~ Ax
bVt

When wy = wy, the mechanical sensitivity reaches its maximum value:

- ZAFQny o 2Any
max — 3 — .
mxwy Wy

(10)

Based on Equations (9) and (10), the value of wyx, wy, Qx, and Qy will affect the size of S and
Smax. Figure 2 shows the values of S and S,y at different temperatures when Ay = 5 um. It can be
concluded that S does not change monotonically with temperature, but its overall trend increases with
temperature and S, decreases with increasing temperature. Furthermore, S,y is greater than S at
the same temperature. When the amplification factor of the interface circuit is fixed, the scaling factor
is proportional to the mechanical sensitivity.
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Figure 2. The mechanical sensitivity at different temperature (left red y-axis represents S and right blue
y-axis represents S;;ax).

Figure 3 shows the phase relationship between the drive mode and sense mode signals and takes
into account changes in the input angular velocity. When the input angular velocity exists or changes,
the technologies in [2—4,8,16,18] can not effectively identify the Coriolis signal and the quadrature
signal, which leads to frequency tuning failure.
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Figure 3. The phase relationship between the drive mode and sense mode signals.

2.2. Quadrature Stiffness Correction Structure

Quadrature stiffness correction structure as shown in Figure 1, these combs have the two degrees
of freedom in both X and Y directions, which is located in the Coriolis mass. In addition, they are
arranged at unequal intervals, with unequal pitch ratio A > 1. The correction voltages V;; and V;
are respectively applied to Quadrature Electrodes 1 and 2. The right mass is used as an example to
analyze the working mechanism of the quadrature stiffness correction combs. The stiffness matrix of
the correction combs under electrostatic force can be expressed as

0F;x  OF
kqxx kqu _ dx oy (11)
k k - oF;y any
qyx - "qyy “ox By

where F;; and Fy, can be written as

1.5 ,0C,; | 9Cyn | 9Can acer dCin aCdlz 9Cyr1 | 9Cyr2
qu_ivql( ox * dox * ox ox ) 2V‘72( ox ox + ox * ox ) (12)
1.5,0C , 9Cyn | 9C4q | 9Cy0 2 ,0Ca1 | 9Cqp | 9Cyq | 9Cn0
_ - 1
Fay ZVql(8y+ay+6y+8y)2V(8y+8y+8y+6y) (13)

where F; and Fj; are the electrostatic force generated by the quadrature correction combs in the X-
and Y-axes, respectively.

Consider the displacement of the sense mode y < dy. Moreover, Vy3 = Vi + Vyand Vi =V, = V.
Thus, Equation (11) can be simplified as

4nqeohq

(1 - Az)Vqu

0
k k
lkqxx kqu] I 4"1750’%7’3 2, 2
qyx Kayy 7 (1 12)VaVy (1+ ) (VE +V7)

(14)

where ¢g is the vacuum permittivity; h, is the thickness of the correct comb; I, is the initial combing
length of fixed comb and movable comb; d; is the distance between the fixed comb and moveable
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comb; ng is the number of quadrature stiffness correction combs; V; is the preset fixed DC benchmark
voltage; V; is the quadrature adjustment voltage.

From Equation (14), the quadrature stiffness correction structure does not affect the stiffness of
drive mode. In the drive mode and the sense mode, it can produce a negative stiffness to counteract
the quadrature coupling stiffness. In addition, F;, will generate the negative stiffness in the sense
mode, and affected the resonance frequency of sense mode. Figure 4 illustrated the effect of V; on
fx and fy. The continuous curves are the theoretical calculation data, and the discrete points are the
measured data. When V; = 2.048 V and V; = 1V, both the test value and calculated value indicate the
effect of V; on f, is less than 0.06 Hz. This makes it feasible to use the quadrature stiffness correction
structure to generate modulation signals for obtaining frequency mismatch information.

13928
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I
3978.0 |
|
| 43924
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3977.6+ T T T v 3922
0 8

V,(V)

Figure 4. The effect of V; on fr and fy.

2.3. Frequency Tuning Structure

The frequency tuning combs are also shown in Figure 1. The combs are the gap-changing structure
and with an equal gap. The movable combs can only move in the Y direction. Taking a single frequency
tuning comb as an example, the frequency adjustment voltage V; is applied to the fixed comb. When
the movable comb moves along the Y-axis, the capacitance variation on both sides of the fixed comb
can be described as

Cy = b
{ Cy = Sotht;/r (15)
- dt"ry

where C; and Cy, are the capacitance between the fixed comb and the movable comb; /; is the thickness
of the comb; [; is the initial combing length of the fixed comb and the movable comb; d; is the distance
between the fixed comb and the moveable comb.

Furthermore, the stiffness matrix of the frequency tuning comb under electrostatic force can be
expressed as

Kixx  ktxy - aachx - 35;
e "
Y
where Fi; and Fy, can be written as
Fr =0, (17)
2
Fry = Fity + Fioy = éwz(aac;l + a§;> = whY, @ E 7@ - i (18)

where Fix and Fy is the electrostatic force generated by the two capacitors in the X and Y directions,
respectively.
Consider y < d;, Equation (16) can be simplified as

ktxx ktxy 0 0
= ‘ 7 . 19
[ktyx kfyy 0 SO;?tlt tz 1
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According to Equation (19), V} does not cause a change in wy. wy will monotonically decrease
as V} increases, so that wy = wy, at a certain voltage value. Figure 5 shows the variation of fy and f,
at different V; values. Similarly, the continuous curves are the theoretical calculation data, and the
discrete points are the measured data. Moreover, the frequency adjustment capability of the 8 V DC
voltage is 64.72 Hz.

3928

3980

3960 {3926

J/,(Hz)
S (Hz)

3940
—43924

3920

T 3922
8

Figure 5. The effect of V; on fy and fy.

3. Automatic Frequency Tuning System

3.1. Frequency Tuning Theory

Combined Equations (14) and (19), the equivalent stiffness of the sense mode can be expressed as
keyy = Kyy + Kty + Kqyy- (20)

The resonant frequency of the sense mode under V;, V;, and Vq can be represented as

kﬂ _ Tltsohtlt 2 4nq80hqlq

1
wy @ (14 33)(VF+ V) (21)

Weyy =

In this paper, V; = 2.048 V. The influence of V; and V; on f is shown in Figure 6. fgt, and f,
respectively represent the variation curve of f, when V; is a sine wave (V; = 1 x sin(1607tt) V) and
a direct current amount (V; = 1V). When V;; = 1 x sin(w;t) V, the resonant frequency of the sense
mode will produce sinusoidal fluctuations, but the maximum frequency difference between fg+, and
fty is less than 0.011 Hz. Moreover, according to Equation (19) and Figure 5, the voltage of 0.2 mV
only causes a deviation of 4 x 1078 Hz. Therefore, the effect of the sinusoidal signal applied to the
quadrature stiffness combs on f, can be neglected, which demonstrates the feasibility of frequency
tuning in the following section.

The automatic frequency tuning loop is shown in Figure 7. The quadrature stiffness correction
combs are applied with the low frequency sinusoidal voltage (V;) and DC benchmark voltage (V),
which can equivalently produce a modulation excitation signal including w; and wy. By identifying
the output response of the gyroscope under the excitation signal, the frequency matching degree of
the two operating modes can be distinguished. The Coriolis signal, the quadrature signal, and the
frequency mismatch signal can be obtained by different multiplication demodulations. Figure 7 also
shows the configuration of the cut-off frequency for the four low-pass filters. In the frequency tuning
loop, a proportional integral controller is used to adjust the frequency tuning voltage to change the
resonance frequency of the sense mode.
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Figure 7. Schematic control loop for the automatic frequency tuning system.

The alternating voltage applied to the quadrature stiffness correction combs can be expressed as
Vy = Apsinwit (22)

where A; and wy are the amplitude and frequency of the low frequency sinusoidal signal, respectively.
Combined Equations (14) and (22), the equivalent input force generated by the quadrature channel
can be expressed as

dngeoh 1
Fpt = Agcoswgt x | kxy — 20T (1 — ) VA sin wyt

2 2
dg A (23)
= kyyAgcos wgt + Agt cos wyt * sin wyt.
Considering the variation of ), the input resultant force of the sense mode can be given as
F, = F. + Fy
= —2myAgwgQ); cosw,t xsinwgt +  kyyAgcoswgt  +  Agrcoswyt ksinwit . (24)
—_———

Coriolis force Quadrature coupling force  Quadrature modulation force
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The output of the sense mode should be the sum of the responses of the above three forces,

Vs =Ve+ Vqt
= Acsin[(wg + w2t + @uytw,] — Acasin[(wg — w2t + Py, ]

Coriolis signal

+ Ap sinf[(wg + wi)t + Quytw;] — A sin[(wg — wi)t + @y —w,) (25)

Frequency tuning signal

+ Ag cos(wg + ¢y)
P —

-
Quadrature signal

where
Agq = _AdwszKpre (26)
V03 = (i @22 + [wy (@ + wz) / Q2
Ay = — Ad0aQ:Kpre 27)
VIe0f = (@i = w22 + [wy(wq — wz) / Q)
A — Athpre /ZTYly (28)
1=
V10F = (@a @) + oy (cq + wr) / Qy?
A Athpre/zmy (29)
0=
VIe0f = (@i = 00?2 + oy (q — wr) / Qy?
Ay = Ky Ag/ my (30)
V(@WF = @32+ (@ywa/ Qy)?
wy(wy + wy)
= — arctan J 31
Pwy+w, Qy[w§ — (g + w2)] (31)
wy(wg — ws)
—w, = —arctan (32)
P Qyfe — (wq — ws)?
wy(wg + wt)
= —arctan 33
Pwg+w; Qy[wﬁ — (g + w)?] (33)
wy(wg — wi)
_w, = — arctan (34)
(Pwd wt Qy[LU; _ (wd _ wt)Z]
¢q = —arctan L’iz (35)
Qy(w§ - wd)
Therefore, the output of low pass filter LPF2 can be obtained as
1 . 1 .
VCl = EAC:[ Sln(th + ¢wd+wz) — EACZ Sln(th — q)wdfwz)
1 . 1 .
+ EAH sin(wet + Qi) + EAtZ sin(wet — Peoy—aw;) (36)

1
+ EAq COS ¢g.
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When wy = wy, the value of cos ¢, is zero. The signal V; pass through the low pass filter LPF3,
the Coriolis output can be written as

1 : 1 .
Ve = EAC1 sin(wzt + Puytw,) — EAC2 sin(wzt — Puy—w: ) (37)
According to Equation (37), the Coriolis output can eliminate the interference from the quadrature
signal and low frequency input signal, and correctly reflect the input angular velocity.
Similarly, V; and V}; can be expressed as

1 1 1 .
Vy = EAcl cos(wzt + qu,,,erz) - EACZ cos(w,t — (P(Ud*wz) o EA‘I SIn @q (38)
1 1
Vi = :LAtl COS Pty + ZAQ COS Pewy—w;
. Athpre (39)

- (teql + tqu)
8my,

where f.;1 and f,4, can be given as

. w§ — (wg + wy)? (40)
M w2 — (wa + wn) P+ [wy(wa + wr) /Qy2
2 (N2
toz = 1 @y lea — ) (41)

Wi — (wg — wi)?? + [wy(wg — wr) /Qy]*

According to Equation (38), the quadrature output contains the momentum associated with w;.
Since the quadrature quantity is a slow variable, in the actual system, the interference can be filtered
out as much as possible by a low pass filter (LPF1) with a very low cut-off frequency.

wy = wy + Aw is substituted into Equation (39), and the expression for Aw is as follows:

AqnK
V(aw) = =g = (Vawr + Vaae) (2)

where Vi1 and Vj,» can be obtained as

(Wi + Dw)? — (wq + wi)?
wg + Aw)? — (wg + wi)?]? + [(wg + Aw) (wy + wr) / Qyl?

Vawl = ( (43)

(wa + Adw)? — (wg — wp)?
wg + Aw)? — (wg — wi)*? + [(wa + Aw) (wg — wr) / Qy]*

Vawz = (44)
[(
Let Aw = 0 in Equation (42). The reference voltage for frequency tuning can be obtained

as follows:
o Athpre

(Vrefl + VrefZ) (45)
where V1 and Vi, can be written as

Wi — (wy + wi)?
w3 — (wg + wi)?? + [wa(wq + wi) / Qy)?

Vrefl - [ (46)

2
(47)

Vo~ w3 — (wg — wr)
2 — .
o2 [l = (wa = w0 + [walwy — wi) / QP2
After the gyroscope structure and circuit parameters are determined, each parameter in
Equation (45) is a known quantity except for w; and Qy. wy can be acquired by the drive mode
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control system [20], and Qy is considered a function of the change with w; [21]. Figure 8 shows
the relationship between wy, Qy, and V,.¢. The V,,; varies from 0.2597 to 0.2574 mV over a wide
temperature range (—20 to 60 °C).

(392043.367.02597) - Color Scale Title
60°C K /' 02597
0.2595 18 | 0.2594

- o 0.2592

| 0.2590
| 0.2587
(3«)29.91,905.0.2534) 0.2585
| 0.2583

0.2581

0.2578

0.2576

0.2574

Figure 8. The effect of wy and Qy on V..

3.2. Frequency Tuning System Analysis

According to the principle as shown in Figure 7, an automatic frequency tuning system based on
low frequency modulation excitation was built on the Simulink simulation platform. The simulation
parameters are listed in Table 1. The quadrature stiffness correction comb was originally designed
to suppress the quadrature coupling stiffness by applying a slowly varying DC voltage, so the comb
cannot respond to a high frequency input. In order to balance the response frequency and the
gyroscope’s bandwidth, w; = 80 Hz is selected. In addition, since the force rebalance comb does
not change the f; and f,, [6], the open-loop and closed-loop detection methods do not interfere with
the operation of the frequency tuning system, so the open-loop detection method is adopted in the
simulation analysis.

Table 1. Simulation parameters of the dual-mass MEMS gyroscope.

Parameter Values Units
Drive mode resonant frequency (wx) 392529 x 2 rad/s
Drive mode quality factor (Qx) 4673
Sense mode resonant frequency (wy) 3978.45 x 2t rad/s
Sense mode quality factor (Qy) 449
Drive effective mass (1) 1.42 x 1076 kg
Sense effective mass (my) 1.58 x 107¢ kg
Drive mode capacitance (C;) 2.88 pF
Sense mode capacitance (Cy) 4.68 pF
Quadrature correction comb number (114) 30
Quadrature correction comb thickness () 60 um
Quadrature correction comb gap (dg) 5 um
Comb overlap length (I;) 10 um
Unequal spacing ratio (A) 2.5
Vacuum permittivity (go) 885x10712  F/m
Tuning comb number (11;) 300
Tuning comb number thickness (/) 60 um
Correction comb gap (d¢) 4 um
Comb overlap length (I) 200 um
Low-frequency signal amplitude (A;) 1
Input signal frequency (wy) 27 x 80 rad/s
DC benchmark voltage (V) 2.048 \Y%
Interface circuit amplification factor (Kpre) ~ 7.6159 x 107
Controller parameters (Kp) 30
Controller parameters (K;) 0.0075
Reference voltage (Vf) 0.2587 mV

Figure 9 shows the curves of some observation points when the frequency tuning system is
working normally (Q); = 50°/s, 3 = 100°/s). The first curve is the low frequency input signal
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(w; = 80 Hz) that applied to the quadrature stiffness correction combs, and its function is to cause the
gyroscope to generate a modulated signal containing frequency split information. The second curve is
the gyroscope output signal, which is characterized by the modulated signals of w; and wy. The third
and fourth curves represent the changes in the frequency tuning input voltage and the sense mode
resonant frequency, respectively. The curves indicate that the system is in a stable state after 0.75 s,
the output fluctuation of V; is less than 0.5 mV, and the fluctuation of the corresponding f, is less than
0.008 Hz.

7.2526
7.2521F
7.2516
1 3925.2974
1 3925.2936
1 3925.2898
1 3925.2860F E

1.8 1.9 2.0

Time(s)

Figure 9. The curves of observation points in the frequency tuning system.

The effects of different (), and ), values (quadrature equivalent input angular velocity [22]) on
fy are shown in Figure 10. The interference fluctuations of (); and (), to f,, are less than 0.005 Hz and
0.0005 Hz, respectively. This illustrates that, when (), and (), exist, the frequency tuning system can
still work properly, and eventually can be stabilized at the desired frequency.

3978 \ Q=07 3978 —— 0%
N ——Q,25% N \ — =20
. 3939 ool T 3939 - Qq:mo“/s‘
S T < q
‘ —1
0 1 2 0 1 2
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g 0.0005H
i __7</__ T 39250014 / g
3925290 EARAAA JANEWAV-N SN AN AR A AN A A s
3925.285
3925.289
1.9 2.0 1.9 X 2.0
Time(s) Time(s)

Figure 10. The disturbance of different Q) (left) and Q) (right) to f,.

Consider Q; =100°/s, set ()¢ to 0°/s,25° /s, 50° /s, and 25 x sin(207tt)° /s, and obtain the angular
velocity output response curves, as illustrated in Figure 11. This indicates that, when the frequency
tuning loop works normally, the system can still detect the input angular velocity.
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Figure 11. Coriolis path output curves.

4. Experiments

In order to verify the effectiveness of automatic frequency tuning technology in the MEMS
gyroscope, the gyroscope control circuit was designed and relevant tests were conducted. Figure 12
shows the experimental test equipment and the gyroscope system circuit. The circuit is mounted on
the printed circuit boards (PCBs) and its electrical signals and mechanical structure are connected to
each other through metal pins. First, the PCBs are wrapped in rubber pads that protect PCBs and fabric
chips from impact and vibration. The test equipment includes the power (GWINSTEK GPS-3303C,
GWINSTEK, New Taipei, China) providing +8 V DC voltage and GND, the oscilloscope (Keysight
DSOX2024A, Keysight, Santa Rosa, CA, USA), which is applied to observe the different input and
output signals of the gyroscope, the computer, which is devoted to measuring the gyroscope data
in a variety of working conditions, and the temperature oven, providing a wide-temperature range
environment and a turntable test of the bandwidth of the gyroscope.The experiments were divided
into three methods: open-loop detection without frequency tuning (Test 1), open-loop detection with
frequency tuning (Test 2), and closed-loop detection with frequency tuning (Test 3).

Oscilloscope
Keysight Gyroscope in
DS0OX20244  a Vacuum Chip

Computer

Power
GWINSTEK .
GPS—S.?OSQ Lo

Gyroscope Circuit

Temperature
Oven Turnable

Figure 12. Photos of the MEMS gyroscope circuit and test equipment.

The test curves of the frequency tuning system at room temperature are shown in Figure 13. These
four curves are the drive mode detection signal, the drive mode input signal, the quadrature excitation
signal (V;), and the sense mode output signal. The frequency of the drive mode input signal and the
drive mode detection signal were both wy, and a phase difference of 90° was maintained, while the
amplitude of the drive mode detection signal remained stable. These curves indicated that the drive
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mode of the gyroscope was working properly. The frequency of the tuning input signal was 80 Hz,
and the sense mode output signal was the modulation signal of 80 Hz and wy.

Figure 13. The test curves of the frequency tuning system.

The gyroscope control circuit was placed in the temperature oven for a wide temperature range
test, and the temperature range was set from —20 °C to 60 °C. The curve of frequency tuning voltage
varying with temperature was obtained under the automatic frequency tuning technology, as shown
in Figure 14. V; o5t and V; ., are the frequency tuning voltages of the temperature test and the
actual temperature conditions, respectively. Among them, V; ,,,; is the frequency tuning voltage at
each stable temperature condition under manual adjustment mode, which can be characterized as
the real frequency tuning voltage. Afy; is the frequency split in the wide temperature range test,
which represents the mismatch frequency of the gyroscope adopting the frequency tuning technology.
In the wide temperature range, the frequency tuning voltage was changed from 7.27021 to 7.24871 V,
the maximum difference between the test tuning voltage and the real tuning voltage was 1.986 mV,
and the corresponding frequency difference was 0.29326 Hz.
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Figure 14. Wide temperature range test curves: (a) The variation of frequency tuning voltage, (b) The
variations of V; .01 — Vi_test and Afys.

The scale factor tests (listed in Table 2) at the three different temperatures were arranged with
input angular rates (), of £0.1°/s, £0.2°/s, £0.5° /s, £1°/s, £2° /s, £5° /s, £10° /s, £20° /s, 50° /s,
and +100°/s, and Figure 15 shows the residuals of the fit. According to Equation (10), Qx and Qy
change with temperature, resulting in a large change in the scale factor value of Test 2. The scale factor
of Test 2 was greater than that of Test 1, which is theoretically demonstrated in Figure 2, but its scale
factor nonlinearly was degraded. When the input angular velocity is £100° /s, the residual error of
Test 1 and Test 2 between the measured data and fitting data reached the maximum. Test 3 adopted
a close-loop detection method that made the scale factor independent of the mechanical sensitivity,
and the nonlinearity was improved.
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Figure 15. The residual errors of the scale factor under different temperatures: (a) —20 °C condition,
(b) Room temperature condition, (c) 60 °C condition.

Table 2. Scale factor performance of the tested gyroscope.

Scale Factor  Scale Factor Nonlinearity = Scale Factor Asymmetry
Temperature Test Type

P P mvrss) (ppm) (ppm)
Test 1 —2.039 142 546

—-20°C Test 2 40.453 107,155 46,978
Test 3 3.857 53 212
Test 1 —2.048 144 596

60 °C Test 2 19.324 2526 10,074
Test 3 3.780 96 568
Test 1 —2.051 322 1009

Room temperature Test 2 22.024 3398 14,792
Test 3 3.786 28 128

The static output performance of the three tests at three different temperature was also tested,
as listed in Table 3. The angle random walk (ARW) of the same test mode remained stable under
different temperature conditions. However, as the temperature rose, the damping coupling increased,
resulting in deterioration of the zero bias stability. Comparing Test 1 and Test 2, the static performance
of Test 2 was improved due to the adoption of frequency tuning technology. The performance of Test 3
and Test 2 was basically the same.

Table 3. Static performance of the three test methods at different temperatures.

Temperature Test Type Zero Bias  Zero Bias Stability = ARW
i P ew /) CIVR)
Test 1 1.138 24.746 12.780
-20°C Test 2 5.554 23.964 4.966
Test 3 5.381 24.580 4.862
Test 1 5.991 70.187 12.536
60 °C Test 2 13.127 67.429 5.085
Test 3 13.526 64.926 5.058
Test 1 1.458 43.439 12.229
Room temperature Test 2 2.602 37.648 4.784
Test 3 2.601 39.545 4.956

The bandwidth of the gyroscope at room temperature is shown in Figure 16. The bandwidth of Test
1 was 31 Hz, which is approximately equal to 0.54A f [20], while the detection transfer function of Test 2
can be approximated as a low-pass filter with a cut-off frequency of wy /2Qy, [17], so the bandwidth
of Test 2 was 5 Hz. Because of the previous bandwidth expansion technology [23], the bandwidth of
Test 3 reached 15 Hz.
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Figure 16. Gyroscope bandwidth under the three test methods.

5. Conclusions

This paper focuses on the automatic frequency tuning technology based on a quadrature
modulation signal. The quadrature stiffness correction combs are applied to a DC benchmark
voltage and a low frequency sinusoidal signal whose frequency is higher than the gyroscope’s
bandwidth, which can equivalently produce a modulation excitation signal acting on the input
of gyroscope. By identifying the output response of the gyroscope under this excitation signal, the
frequency mismatch degree of the two operating modes can be distinguished. In order to obtain a
frequency tuning signal, a Coriolis signal, and a quadrature signal, a low pass filter with different
cut-off frequencies were configured for demodulation. Simulation analysis and experimental results
demonstrate the feasibility of the automatic frequency tuning system. The wide temperature range
test demonstrates the reliability of the frequency tuning system with a maximum mismatch frequency
of less than 0.3 Hz in the range of —20 °C to 60 °C. The scale factor test and static test of the gyroscope
at three different temperatures (—20 °C, room temperature, 60 °C) prove that the performance of the
gyroscope under a mode-matching condition is improved. When the method of open-loop detection
with frequency tuning, compared with the method of open-loop detection without frequency tuning,
was employed, the scale factors were increased by 19.8 times, 10.7 times, and 9.4 times, the ARW was
improved by 157%, 147% and 156%, and the zero bias stability was promoted by 3.26%, 4.09% and
17.08% at —20 °C, room temperature, and 60 °C, respectively. In addition, the method of closed-loop
detection by frequency tuning was adopted, and, compared with the method of open-loop detection
with frequency tuning, the scale factor nonlinearity and bandwidth under the premise of maintaining
the same static performance improved. However, the large damping coupling and the small quality
factor resulted in a large drift of the gyroscope static output, which made the improvement of the
zero bias stability in the mode-matching condition not obvious. Moreover, the structure of quadrature
correction combs cannot respond to higher frequency sinusoidal signals, thereby limiting the working
bandwidth of the gyroscope. Therefore, it is necessary to design a quadrature stiffness correction comb
that can respond to a higher frequency sinusoidal input signal that improves the operating bandwidth
limitations of the gyroscope. The quality factor of the gyroscope needs to be improved, and an effective
compensation method can be adopted to suppress the zero bias drift caused by the small quality factor
and damping coupling, thereby improving the static performances of the gyroscope.
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