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Abstract: The cylindrical resonator gyroscope (CRG) is a type of Coriolis vibratory gyroscope which
measures the angular velocity or angle through the precession of the elastic wave of the cylindrical
resonator. The cylindrical fused silica resonator is an essential component of the CRG, the symmetry
of which determines the bias drift and vibration stability of the gyroscope. The manufacturing errors
breaking the symmetry of the resonator are usually described by Fourier series, and most studies
are only focusing on analyzing and reducing the fourth harmonic error, the main error source of
bias drift. The second harmonic error also is one of the obstacles for CRG towards high precision.
Therefore, this paper provides a chemical method to evaluate and balance the second harmonic
error of cylindrical fused silica resonators. The relation between the frequency split of the n =1
mode and the second harmonic error of the resonator is obtained. Simulations are performed to
analyze the effects of the first three harmonic errors on the frequency splits. The relation between
the location of the low-frequency axis of n = 1 mode and the heavy axis of the second harmonic
error is also analyzed by simulation. Chemical balancing experiments on two fused silica resonators
demonstrate the feasibility of this balancing procedure, and show good consistency with theoretical
and simulation analysis. The second harmonic error of the two resonators is reduced by 86.6% and
79.8%, respectively.

Keywords: cylindrical resonator; chemical balancing; frequency split; second harmonic error

1. Introduction

The Coriolis vibratory gyroscope measures angular velocities or angles by the preces-
sion of the standing wave [1]. The cylindrical resonator gyroscope (CRG) and the hemi-
spherical resonator gyroscope (HRG) are two types of Coriolis gyroscopes, and they are
widely used in inertial navigation systems. HRGs have unparalleled precision guaranteed
by a highly symmetrical resonator with extremely small dissipation. The HRG Crystal™
DUAL CORE made by Safran Electronics & Defense (Massy, France) has achieved a bias
stability of 0.0001° /h over 100 h [2]. Inspired by these breakthroughs, HRGs have become
a topic of interest within the inertial community, with devoted researchers investigating
traditional size HRGs [3—6] and micro-version HRGs [7-9]. However, the complexity of the
manufacturing of HRGs has limited the mastering of this technology to a small number
of manufacturers.

Compared to HRGs, the CRGs are simpler to manufacture. Similar to HRGs, the key
component of a CRG is the cylindrical resonator, the quality factor and the residual imper-
fections of which generally determine the performance of the CRG. Many researchers have
been devoted to improving the quality factor of cylindrical resonators through the selec-
tion of resonator material, optimizing the structure, improving the processing technology
and applying special post-processing treatments [10-13]. Based on these improvements,
the quality factor of cylindrical fused silica resonator has achieved 2.89 million and still
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improving [14], which is sufficient for medium precision applications and makes CRGs a
promising candidate for tactical platforms and civil applications.

Although the cylindrical resonator is easier to manufacture compared with the hemi-
spherical resonator, the machining defects are always inevitable. These defects, especially
the asymmetrical distribution of mass and density, will cause the damping to differ from
location to location on resonator and the ideal single natural frequency to split [15]. The
circumferentially distributed imperfections originated from machining can be described
with Fourier series [16]. For the n = 2 mode, the first four harmonic errors of the Fourier
series will severely destroy the standing wave on the resonator. The fourth harmonic error
mainly leads to the frequency split of the n = 2 mode and the preferred angular location
of the standing wave, which results in the orthogonal error and bias drift of the resonator
gyroscope [17]. The first three harmonic errors lead to the undesirable oscillations, which
distort the detection signal. The undesirable oscillations are equivalent to the addition of
central angle-dependent damping to the vibration system. Consequently, the quality factor
varies with different central angles [18]. Therefore, the first four harmonic errors must be
decreased as much as possible within the limits of balancing methods to achieve higher
performance of CRGs.

Among the first four harmonic errors, the fourth harmonic error is extensively studied.
The fourth harmonic error mainly causes the frequency split of the n = 2 mode and is a
primary error source of the gyroscope. There are several ways to reduce the fourth harmonic
error, such as electrostatic trimming [19-21], mechanical trimming [22-24], femtosecond
laser trimming [25], chemical trimming [26,27], and ion beam trimming [28,29]. The
electrostatic trimming requires extra voltages which makes the circuit more complicated
and may introduce new noise and errors. The mechanical trimming may cause new defect
during the mechanical drilling and grinding. The laser trimming produces thermal stress
during the high-energy laser interacting with the resonator. The thermal stress leads to
the decreasing of the quality factor. Ion beam trimming can remove materials from the
resonator precisely. However, it is not suitable for the trimming of large frequency split.
The frequency split of the n = 2 mode can be reduced to mHz level using the appropriate
trimming technique.

The first three harmonic errors are a significant factor causing the deterioration of the
gyroscope performance. However, significantly little research has focused on the theoretical
aspects, identification methods and balancing techniques of the first three harmonic errors.
The precise determination of the first three harmonics requires complicated measuring
systems, and it is rather difficult to measure the value and direction of the first three
harmonics precisely. Therefore, attempts to explore the measuring and balancing methods
for the first three harmonic errors are rather rare. This study intends to focus on theoretical
aspects, measurement methods, and balancing methods of the second harmonic error. By
understanding the relationship between the first three harmonic errors with the symmetric
flexural modes of the resonator, we proposed a novel identification method for the second
harmonic error. Based on the balancing of the fourth harmonic error by chemical etching in
our previous work [30], we made a further modification to the chemical trimming theory.
The modified chemical trimming theory for the balancing of the second harmonic error
was experimentally verified. The performance of the resonator is further improved after
the chemical balancing of the second harmonic error.

This paper is organized as follows: Section 2 analyzes the influence of the unbalanced
mass on the quality factor. Section 3 deduces the relation between the frequency split of
n =1 mode and the second harmonic error of the imperfect density. The impacts of the
first three harmonic errors on the frequency split of the n = 1, 2, and 3 modes is evaluated
by FEM analysis. Section 4 extends the chemical trimming method we applied for the
trimming of the n = 2 mode to the balancing of the second harmonic error and investigates
the dependence of the low-frequency axis of n = 1 mode on the heavy axis. Chemical
balancing experiments on two cylindrical fused silica resonators are demonstrated in
Section 5, followed by remarks and conclusion in Section 6.



Micromachines 2021, 12, 380

30f15

2. The Influence of the Unbalanced Mass on Quality Factor

A cylindrical resonator with a quality factor around 5 million is adequate for the
performance up to 0.01°/h. The real obstacle in the way of inertial grade cylindrical
resonator gyroscopes comes from the unbalanced mass. As the first three harmonics of the
unbalanced mass lead to motion of the center of mass, the real quality factor depends on
the properties of the connection between the resonator and the base [31]. The quality factor
Qu induced by the unbalanced mass is given by:

Qu 27 My Qu(wj; —w3) )’

where m,, is the unbalanced mass of the resonator, M, is the modal mass of the resonator,
wy, and Qy, is the frequency and the quality factor of the harmonic mode respectively, w» is
the natural frequency of the n = 2 mode.

According to Equation (1), the unbalanced mass and the characteristics of fixation
between resonator and base both affect the quality factor Q.

The real quality factor Q, for a assembled resonator is then:

11 1
Q  Qn Q.

where Q) is the nominal quality factor of the n = 2 mode.

For the resonator with nominal quality factor Q,, over one million, the real quality
factor Q, approximately equal to unbalanced quality factor Q,. The position of the standing
wave hinges on the central angle of the second harmonic error under external vibrations,
and the increasing rate of the vibration amplitude of the standing wave is proportional
to the value of the second harmonic error. The value and direction of the first and the
third harmonics can be identified by measuring the amplitude and the central angle of the
standing wave under transverse vibration of the base [32]. Due to the presence of the first
three harmonic errors, the resonator gyroscope is sensitive to external vibrations causing
the deterioration in the bias drift and random walk.

@

3. Theory and Simulation Aspects of the Second Harmonic Error on Frequency Split
3.1. Relationship between the Second Harmonic Error and the Frequency Spilt of the n = 1 Mode

The effective sensing element of a cylindrical resonator is the resonator shell. Therefore,
the ring model is applied to describe the characteristics of a cylindrical resonator.

The cross-section of a thin circular ring with axial length L is shown in Figure 1.
The mass point m; is attached at the central angle ¢;. The imperfections of the resonator
are modeled by the circumferentially varied density. The density of a resonator with
imperfections can be expressed by Fourier series and only take the first three harmonic
errors in the case:

p(®) = po + p1cos(@) + p2cos(2¢) + p3cos(3¢) + - - -, ®3)

where p is the equivalent density of the imperfect resonator, pg is the density of the perfect
resonator, p; is the i-th harmonic error of the imperfections, and ¢ is the central angle.
The natural frequency of the cylindrical resonator in the n-th mode is given by [33]:
1/2

2 2
2
2 _ 2 ay — 1 .
Wit g = Wyo/ |14 2{ mi/Moim <ZI miCOSZ”%‘) + (21 miSH‘zn(Pi) , (4)

where w1, wyy is the natural frequency of the n-th mode for an imperfect resonator, wy, is
the natural frequency of a perfect resonator, m; is the attached point mass, ¢; is the central
angle of point mass m;, M is the mass of the perfect resonator, and &, is the amplitude
ratio of the radial and the tangential vibration.
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Figure 1. The ring with attached mass points.

The frequency split is defined as the frequency difference between the natural frequen-
cies of the n-th mode. Therefore, the frequency split can be calculated from Equation (4):
1/2

2 2
Aw, = Wy — wyp = [(Zml cosZmpi) + <Zml sinZn(pl-> 1 wyo (a2 —1)/[Mo(a? +1)], 5)

|

where Awy, is the frequency split of the n-th mode in rad/s.
As the number of discrete mass points increases, the mass defect can be expressed as
an integration over the central angle g:

o 1/2
p(¢)605(2n¢)d¢)2+ (/02 p(¢) sin(anv)dqo)z] wno (o = 1)/ | Mo (e +1)]. (6)

Substituting Equation (3) into Equation (6), we can obtain the relationship between p,
and the frequency split of the n = 1 mode Aw;:

B = wio(ad = 1) ool 7/ [Mo (o +1))]. @)

Note that the frequency split of the n = 1 mode Aw; is proportional to the second
harmonic error p,. In other words, we can reduce the second harmonic error by frequency
tuning of the n = 1 mode. Once the frequency split of the n = 1 mode decreases, the second
harmonic error decreases accordingly. The frequency split of the n = 1 mode is readily
measurable by the system developed for the measurement of the n = 2 mode, therefore, this
new method avoids developing a special measurement system for the determination of
the second harmonic error by vibration coupling. This novel method provides an effective
and practical approach to identify the second harmonic error of the resonator which makes
the balancing possible. The frequencies of the resonator in the FEM analysis and our
experiments were given in Hz, therefore, we calculate the frequency split of the n-th mode
Af, in Hz, and Af, = Aw, /27

3.2. FEM Analysis of the First Three Harmonic Errors

It is widely recognized that the 2k-th harmonic error mainly contributes to the fre-
quency split of the n = k mode. FEM analysis on our structured resonators is employed to
investigate the quantitative relationship between the first three harmonic errors and the
n-th (n = 1, 2, 3) mode. The half-section view of the cylindrical fused silica resonator is
shown in Figure 2. The resonator shell is the main sensing element whose imperfections
have a significant impact on the gyroscope performance. The suspension and the bottom
plate is the elastic suspension, the stiffness of which can be adjusted by changing the
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thickness or the size of the eight holes on the bottom plate for different designs. The inner
stem is used to mount the resonator on a base [12].

Bottom Bottom
plate hole

/ Stem ——
\ /
3 &s? .
\A Ispension
" ~—

Resonator
she

Figure 2. The description of the cylindrical fused silica resonator.

The parameters of the material and the structure of the resonator are listed in Table 1.

Table 1. Material and structure parameters of the resonator.

Perfect density 2203 kg/m?>
Young’s modulus 71.7 GPa
Poisson’s ratio 0.17
Inner radius of resonator shell 12 mm
Thickness of resonator shell 1.2 mm

The modes of vibration of a resonator without density errors is simulated, and the
n =1, 2 and 3 modes are shown in Figure 3a. Note that even the resonator without density
errors has a frequency split around 0.1 Hz due to the mesh error of an irregular bottom
plate. This frequency split is caused by the quality of the grids in the FEM model. Therefore,
the zero-closed frequency splits which smaller than 0.1 Hz stems from the grids instead of
the harmonic errors.

n=1 mode n=2 mode n=3 mode
(b)
1* harmonic 2" harmonic 3 harmonic
error error error

Figure 3. (a) The first three vibration modes of a cylindrical resonator. (b) The distribution of the first
three nonuniform density when Ap; = 0.05%.

According to Equation (3), the density of the resonator is set as a continuous function
of central angle ¢ in the FEM model. To investigate the impact of the first three harmonic
errors on frequency splits separately, three functions of nonuniform density are employed
as follows:

p(¢) = po+pjcos(ip) i=1,2,3. (8)
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The degree of imperfections Ap; is p;/po. The circumferential distribution of imperfect
density on resonator when Ap; = 0.05% is given in Figure 2. The distribution cycle of
density with the first three harmonic errors is 27, 71, and 27t/ 3, respectively.

The effects of the first three harmonics of density on the frequency split of the
n=1,2,and 3 modes are investigated. As shown in Figure 4, the frequency split of the
n =1 and the n = 3 mode increases with the increasing first harmonic error, while the
frequency split of the n = 2 mode remains small (around 0.0095 Hz) when the value of
imperfect density is lower than 100 kg/m? and Ap; = 4.5%. Moreover, the growth rate of
the frequency split of the n = 1 mode (shown in grey line) is much faster than that of the
n = 3 mode (shown in blue line). The first harmonic error has a larger impact on # = 1 mode
than the other two, and the frequency split of n = 1 mode is approximately proportional
to the square of the first harmonic error when the second harmonic error is more than
15 kg/ m?3, as shown in the curve fit of Af.

3.5 T T T 1 T T 1 T Ll 1 I

1 |—%—n=1 mode

3.04 |—*—n=2 mode -
—a&— =3 mode

[
n
L
L

Af;=8.4949¢-5% p >-1.19e-3% p,+0,6911
R?=0.99996 1

M
=
M 1

Frequency split (Hz)
h = h

e
= :
L

T N T T T T T T T T T T T T T T T T T N T N
0 20 40 60 80 100 120 140 160 180 200 220
The first harmonic of imperfect density (kg/m3)

Figure 4. The effect of p; on the frequency split of the n = 1, 2, and 3 modes.

Figure 5 shows that the frequency split of the #n = 1 mode increases rapidly with the
growth of the second harmonic error, while that of the n = 2 and the n = 3 mode increase
only mildly. For example, the frequency split of # = 1 mode reaches 38.67 Hz when p,
is 65 kg/m3, while the frequency split of the 1 = 2, 3 mode is only 1.19 Hz and 0.99 Hz,
respectively. The frequency split of n = 1 mode is severely affected by p, compared with
the other two modes, even when the defect is small. Moreover, Af; grows linearly with
the increase of py, as illustrated by the grey line and the least-square fit. Therefore, this
simulation result is consistent with (5). Nearly 95% of the frequency split Af; comes from
the second harmonic error when Ap; is 2.95%. The frequency split Af; can be used for the
evaluation of the second harmonic error. As we obtain the frequency split Afy, the value of
the p, can be calculated from the fitted formula.

The simulation result shown in Figure 6 indicates that the frequency split of the
n = 3 mode is proportional to the square of the third harmonic error. The influence of p3 on
the n = 1, 2 mode is rather small compared that on the # = 3 mode. The frequency split of
the n = 1 mode keeps almost unchanged at 0.089 Hz. And the frequency split of # = 2 mode
stay constant at 0.0096 Hz. Therefore, it is reasonable to consider that the third harmonic
error has no impact on the frequency split of the n = 2, 3 mode. The frequency split of
n =3 mode is approximately proportional to the square of the third harmonic error when
the second harmonic error is more than 40 kg/m?3, as shown in the curve fit of Af3.
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Figure 5. The effect of p, on the frequency split of the n = 1, 2, and 3 modes.

25 L T L) L]
—&—n=1 mode

—&—n=2 mode

2.0 —a—n=3 mode 7

154 Af;=1.03e-4% p,>-4.06e-3*p,+0.10147, i
R>=0.99869

Frequency split (Hz)

0 50 I(I)O 1:50
The third harmonic of imperfect density (kg/m3)

Figure 6. The effect of p3 on the frequency split of the n = 1, 2, and 3 modes.

Figure 7 depicts the impact of p; on the frequency split Af,, with the same magnitude
of the harmonic error. It can be seen in Figure 6 that the second harmonic error has the
most significant impact on the frequency split of all three modes, especially the n = 1 mode.
In fact, the second harmonic error accounts for the largest proportion of Af;. The Ap; is
usually small, no larger than 5%. As shown in Figure 6, the frequency split of the three
modes is 19.352 Hz, 0.296 Hz and 0.592 Hz, respectively, when the second harmonic error
is 32 kg/ m?3 (where Ap, is 1.45%). In contrast, the first and the third harmonic error have
little influence on Af;. The frequency split Af; caused by the second harmonic error is
133 times and 215 times that of the first and third harmonic error when Ap; is 1.45%. As
the harmonic error reaches 65 kg/m?> (where Ap; is 2.95%), the frequency split Af; under
harmonic errors p1, p2, and p; is 0.374 Hz, 38.672 Hz and 0.091 Hz, respectively. Hence, p;
and p3 make far less contribution to Af; compared with p,. Therefore, it is convenient to
determine the value of the second harmonic error by measuring the frequency split of the
n =1 mode.
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Figure 7. Frequency split of the n =1, 2, and 3 modes: (a) When the harmonic error p; = 32 kg/ m?; (b) When the harmonic
error p; = 65 kg/m3.

Table 2 presents an overview of the qualitative impact of the harmonic errors of the
imperfect density on the frequency splits of the three modes. The second harmonic error
can be identified by the frequency split Af;. However, there is no significant difference
of the first three harmonic errors on the frequency split of the n = 2 and the n = 3 modes.
The relations between the harmonic errors and the frequency split are also listed. There
is a linear relation between the second harmonic error and the frequency split Af;. The
third harmonic error makes no significant impact on the frequency split of the n =1 and
the n = 2 mode. By contrast, the relation of the rest is quadratic or quadratic like.

Table 2. Contribution of the first three harmonic errors on each mode when p; = 100 kg/m? and the relations between the

frequency splits and the first three harmonic errors.

Mode The First Harmonic Error The Second Harmonic Error ~ The Third Harmonic Error
Contribution 1.35% 98.51% 0.14%
=1 Relation Quadratic Linear Nearly no impact
Contribution 0.24% 99.45% 0.31%
=2 Relation Approximate Quadratic Quadratic Nearly no impact
Contribution 3.49% 83.95% 12.56%
n=3 Relation Quadratic Approximate Quadratic Quadratic

4. Method of Reduction of the Second Harmonic Error
4.1. Chemical Balancing of the Second Harmonic Error

The chemical balancing procedure utilizes hydrofluoric acid to remove mass from
fused silica resonators, which was first proposed by Basarab et al. [27,34] and extended in
our previous work [30]. However, these studies have emphasized the chemical balancing
on the fourth harmonic errors. Although Basarab et al. had presented brief examples for the
treatment of other harmonic errors, the principles and properties of the chemical balancing
on the second harmonic error need further investigation. In particular, the removal of
the k-th harmonic error results in the generation of the ik-th (i =2, 3,4 ... ) harmonics.
This means the change in the second harmonic error also alters the fourth harmonic error,
which may result in a larger frequency split of the n = 2 mode and dramatically degrade
the performance of the resonator. Fortunately, by carefully selecting the chemical balancing
parameters, it is possible to reduce the second harmonic error without introducing new
harmonic errors.
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Although the basic chemical trimming theory and its application on the fourth har-
monic error balancing has been built and analyzed in our previous work [30], the properties
of the chemical trimming theory in the second harmonic error case have not been illus-
trated and verified on cylindrical resonators. Therefore, we make efforts to figure out the
relationship between the balancing mass and the balancing parameters.

As shown in Figure 8, the cylindrical fused silica resonator is partially soaked in the
hydrofluoric acid at inclined angle «. Angle 8 is the included angle of the line segment OA
and OB. R is the inner radius of the resonator shell, d is the thickness of the resonator shell,
and & is the immersed depth of the resonator. Point O is the center of the resonator top
surface. Point A is the lowest position of the immersed part, and point C is the intersection
point of the line segment OA and the liquid level.

Figure 8. Schematic view of the chemical balancing: (a) The front view; (b) The half-section view.

According to the multi-mode trimming theory [35-37], the second harmonic error
could be balanced by removing mass from two positions starting from the heavy axis where
the value of the second harmonic error reaches maximum. The mass element removed by
chemical balancing from the two positions can be express as:

dm = 2vp(Co(a, B) + Ca(a, B) cos2¢ +Cy(a, B) cos4e)de, )

where v is the etching rate of the hydrofluoric acid on fused silica in pm/min, Cy(«, B),
Ca(a, B), Ca(x, B) are the coefficients of Fourier series given in [30], and the coefficients
higher than four is omitted in this case.

As Equation (9) suggests, the removal of the second harmonic error could lead to
the variation of the fourth harmonic error. However, it is possible to select the inclined
angle & and the included angle f such that C4(«, B) = 0. Under this condition, the existing
fourth harmonic error is immune to the balance of the second harmonic error. The desired
parameters «, § lie on the intersecting lines of the zero-value surface in blue and the curved
surface in red, as shown in Figure 8. There are three intersecting lines with numerous
combinations of « and B. The larger angle  means the deeper immersed depth during
chemical balancing, and the larger inclined angle x means that the resonator is more
perpendicular to the liquid level. Taking both the experimental apparatus and the resonator
structure into consideration, the angle «, 8 is finally set as 1.22 rad and 1.05 rad, which is
marked green in Figure 9.
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Figure 9. Variation of the C4(a, B) with inclined angle « and included angle 8.

immersed depth /. According to balancing setup shown in Figure 7, the immersed depth
can be expressed as:

In the practical balancing process, the resonator is etched at inclined angle « and
h = (R — Rcos ) cosa.

(10)
Taking the selected parameters & and § into Equation (10), the immersed depth & is
2.25 mm in this case.

4.2. Determination of the Trimming Positions

One crucial problem to be solved is the determination of trimming positions when
balancing the second harmonic error. It has been demonstrated that the trimming positions
of the fourth harmonic error should be located at the principal axis of the lower natural
frequency of the n = 2 mode [38]. However, the trimming positions of the n = 1 mode has

rarely been discussed in the open literature. In this section, simulation analysis is presented
for investigation of the trimming positions of the n = 1 mode.

As shown in Figure 10, angle ¢ is the circumferential location of the heavy axis, where
the second harmonic error reaches the maximum. Angle ¢ is the circumferential location
of the low-frequency axis of the n = 1 mode, where the natural frequency reaches the

minimum. Angle 6 is the intersecting angle between the low-frequency axis and the heavy
axis. We define the clockwise direction as the positive direction.

Second
harmonic error

N=1 mode

. Low-
freugency axis /

Figure 10. The low-frequency axis of the n = 1 mode and the heavy axis of the second harmonic error.

The relation between the angle ¢ and ¢ is demonstrated by varying the angle o and
then locating the low-frequency axis. Figure 11 illustrates that the low-frequency axis
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coincides with the heavy axis. The angle of the low-frequency axis of the n = 1 mode is
proportional to the angle of the heavy axis with a slope of 1.001. The intersecting angle
8 ranges from 0 to 1 degree when ¢ increases from 0 to 90 degrees. These slight variations
of the intersecting angle § mainly stem from simulation errors. Therefore, the defect mass
could be removed from the direction of the low-frequency axis.

100

T T T

o y=1.0010-05383 |,
‘II \"\_lR::U 9998
\

80 H

60

40 4

Intersecting angle & (degree)

Direction of the lower frequency axis i (degree)

Direction of the heavy axis o (degree)

Figure 11. Relation between the heavy axis and the low-frequency axis of the n = 1 mode.

5. Results and Discussion

Chemical balancing experiments on two cylindrical fused silica resonators are per-
formed. The frequency split and the direction of the low-frequency axis of the n = 1 mode
are measured by the laser Doppler vibrometer (PSV-500). The resonator is excited by a
loudspeaker. The axial vibration of the resonator shell is measured by the laser Doppler
vibrometer. The natural frequency axis locates at the direction where the axial vibration
reaches the maximum. Then, frequency sweeping is conducted in these directions. The
direction of higher frequency is the high-frequency axis. The direction of lower frequency
is the low-frequency axis. The frequency split is obtained by the frequency sweeping at
the location which is the 22.5° (n = 2) or 45° (n = 1) apart from the low-frequency axis.
The natural frequencies and frequency split of the n = 1 and n = 2 modes are measured
respectively. The resonator is then transferred to the chemical balancing system. The
inclined angle « and the immersed depth & are set as 1.22 rad and 2.25 mm according to
theoretical analysis. The balancing time ¢t depends on the etching rate v and the residual
frequency split of the n = 1 mode. The resonator is lifted by the electronic platform after
being etched for ¢/2 period, and is rotated 180 degrees for another {/2 period at the next
trimming position.The detailed balancing process on resonator R01 is shown in Figure 12.
Three rounds of chemical balancing experiments are performed on resonator R01. The
frequency split Af; linearly decreases with the total balancing time t. The frequency split
Af; ranges from 0.075 Hz to 0.098 Hz during the balancing process.

As shown in Figure 13a, the initial natural frequency of the n = 1 mode of resonator
RO1 is 3223.438 Hz and 3088.526 Hz, respectively, with an initial frequency split of up
to 134.912 Hz, which implies the second harmonic error of resonator R01 is large. After
several rounds of chemical balancing, the lower natural frequency increases to 3291.431 Hz
and the higher natural frequency increases to 3309.424 Hz. The frequency split of the
n =1 mode decreases to 17.993 Hz with a drop of 86.6% compared to the original frequency
split. Meanwhile, the vibration velocity at the low-frequency axis increases markedly from
0.433 pm/s to 11.54 pm/s, and the vibration velocity at the high-frequency axis increases
from 1.327 um/s to 5.16 um/s.
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Experimental results on another same-structure resonator R02 are shown in Figure 13b.
The initial natural frequency of resonator R02 is 2872.925 Hz and 2836.133 Hz, respectively,
with an initial frequency split of 36.792 Hz. After one round of chemical balancing, the
lower natural frequency increases to 2874.658 Hz and the higher natural frequency increases
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to 2867.261 Hz. The frequency split of the n = 1 mode reduces to 7.397 Hz with a drop
of 79.8%. Meanwhile, the velocity of vibration at the high-frequency axis increases from
4.22 pym/s to 9.36 um/s. The velocity of vibration at the low-frequency axis increases from
6.49 um/s to 14.88 um/s.

The reason for the dramatic increase in the velocity of vibration could be that, as the
second harmonic error decreases, the vibration of the resonator is also less coupled with
the base, resulting in less energy dissipation from the base. Meanwhile, the etching rate
v remains constant during the balancing experiments. Hence, the mass etched per unit
time is the same, which means that the frequency split of the n = 1 mode is proportional to
the second harmonic error of the defect mass. The linear relation between the frequency
split of n = 1 mode and the etched mass obtained from balancing experiments is consistent
with the theoretical calculation.

The natural frequency and frequency split of the two resonators before and after
chemical balancing are shown in Figure 13c,d. The natural frequency of the n =2 mode
decreased after chemical balancing. It is noticed that, although we chose a set of balancing
parameters for the second harmonic error that theoretically has no impact on the fourth
harmonic error, Af; still has a slight change with the balancing of the second harmonic
error. The fluctuation of the Af, mainly stems from the following two aspects: one is
the inevitable error during the measurement of the low-frequency axis of the n = 1 mode.
Meanwhile, the control of the inclined angle, immersed depth, and rotating angle may
have a slight deviation from the ideal value. These possible sources of error could have
affected the fourth harmonic error of the resonator. However, the maximum variation of the
Af> during the balancing of is about 0.024 Hz, which indicates that the change the fourth
harmonic error is quite small during the removal of the second harmonic error under the
selected balancing parameters where inclined angle « is 1.22 rad and the immersed depth
is 2.25 mm.

The experimental results on resonator RO1 and R02 illustrate that the second harmonic
error can be reduced from the direction of the low-frequency axis, and the frequency split
of the n = 1 mode can be a reference to the residual value of the second harmonic error.
The velocity of the vibration is significantly increased which benefits from the decline of
the second harmonic error. The performance of the resonator is further improved after
balancing on the second harmonic error. The balancing method of the second harmonic
error provides an effective and reliable guidance in the determination of the balancing
parameters on resonators with different structures.

6. Conclusions

In this paper, a new method to identify and reduce the second harmonic error is
proposed and verified. The results of the theoretical calculation clearly indicate that the
frequency split of the n = 1 mode is proportional to the second harmonic error. The
simulations have identified the effects of the first three harmonic error on the frequency
splits. The second harmonic error makes the major contribution to the frequency split of
the n =1 mode. The second harmonic error can be calculated from the linear relation on
the Af1. The chemical balancing parameters are specially selected to remove the second
harmonic error without affecting other harmonics. The second harmonic error of resonator
RO1 and R02 is independently reduced by 86.6% and 79.8% when the inclined angle o is
1.22 rad and the immersed depth is 2.25 mm. Both the simulation and experimental result
confirms the linear relation between the frequency split of n = 1 mode and the second
harmonic error. This paper provides an effective and convenient approach to measure and
reduce the second harmonic error, by which the performance of the cylindrical resonator
gyroscope can be further improved.

Author Contributions: Conceptualization, J.L.; Data curation, Y.T.; Formal analysis, Y.P.; Funding
acquisition, K.Y. and H.L.; Investigation, Y.T.; Methodology, Y.P.; Project administration, K.Y. and
H.L.; Resources, Y.J.; Visualization and writing, Y.T.; review & editing, Y.P. All authors have read and
agreed to the published version of the manuscript.



Micromachines 2021, 12, 380 14 of 15

Funding: This research was funded by Postdoctoral Science Foundation of China, grant number
2019M664026.

Acknowledgments: The authors would like to thank Xingyuan Tang, Fen Liu, Yanjiao Zhao and Peng
Zhang from Department of Optoelectronic Engineering, National University of Defense Technology
for the machining of the resonators.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Apostolyuk, V. Coriolis Vibratory Gyroscopes: Theory and Design, 1st ed.; Springer: Cham, Switzerland, 2016.

2. Foloppe, Y.; Lenoir, Y. HRG Crystal™ DUAL CORE: Rebooting the INS revolution. In Proceedings of the DGON Inertial Sensors
and Systems Symposium, Braunschweig, Germany, 10-11 September 2019; pp. 1-5.

3.  Xu,Z,Yi, G, Er, M],; Huang, C. Effect of Uneven Electrostatic Forces on the Dynamic Characteristics of Capacitive Hemispherical
Resonator Gyroscopes. Sensors 2019, 19, 1291. [CrossRef] [PubMed]

4. Wei, Z.; Yi, G.; Huo, Y.; Qi, Z.; Xu, Z. The Synthesis Model of Flat-Electrode Hemispherical Resonator Gyro. Sensors 2019, 19, 1690.
[CrossRef] [PubMed]

5. David, M.R. The Hemispherical Resonator Gyro: From Wineglass to the Planets. In Proceedings of the 19th AAS/AIAA Space
Flight Mechanics Meeting, Savannah, GA, USA, 8-12 February 2009; pp. 1157-1178.

6. Kim, J.-H.; Kim, J.-H. Trimming of imperfect hemispherical shell including point mass distributions. Int. J. Mech. Sci. 2017, 131,
847-852. [CrossRef]

7. Yan, S; Kun, L; Xiang, X.; Wu, Y.; Dingbang, X.; Xuezhong, W. Geometric Imperfection Characterization and Precise Assembly of
Micro Shell Resonators. J. Microelectromech. Syst. 2020, 29, 480-489.

8.  Singh, S.; Darvishian, A.; Yoong Cho, J.; Shiari, B.; Najafi, K. High-Q 3D Micro-Shell Resonator With High Shock Immunity and
Low Frequency Mismatch for MEMS Gyroscopes. In Proceedings of the 2019 IEEE 32nd International Conference on Micro
Electro Mechanical Systems, Seoul, Korea, 27-31 January 2019.

9. Tal, N, Jae, Y.C; Behrouz, S.; Ali, D.; Khalil, N. 259 Second ring-down time and 4.45 million quality factor in 5.5 kHz fused silica
birdbath shell resonator. In Proceedings of the 19th International Conference on Solid-State Sensors, Actuators and Microsystems
(TRANSDUCERS), Kaohsiung, Taiwan, 18-22 June 2017.

10. Pan, Y,; Wang, D.; Wang, Y;; Liu, J.; Wu, S.; Qu, T.; Yang, K.; Luo, H. Monolithic Cylindrical Fused Silica Resonators with High Q
Factors. Sensors 2016, 16, 1185. [CrossRef]

11.  Chikovani, V.V,; Okon, L.M.; Barabashov, A.S.; Tewksbury, P. A set of high accuracy low cost metallic resonator CVG. In
Proceedings of the 2008 IEEE/ION Position, Location and Navigation Symposium, PLANS, Monterey, CA, USA, 5-8 May 2008;
pp- 236-243.

12.  Chikovani, V.V,; Yatzenko, A.Y.; Kovalenko, A.V. Coriolis Force Gyroscope with High Sensitivity. U.S. Patent 7281425B2, 16
October 2007.

13.  Waston, S.W.; Eau Claire, W.I. High Q Angular Rate Sensing Gyroscope. U.S. Patent 6845667B1, 25 January 2005.

14. Luo, Y,;Qu, T; Cui, Y;; Pan, Y;; Yu, M,; Luo, H; Jia, Y.; Tan, Z,; Liu, J.; Zhang, B. Cylindrical Fused Silica Resonators Driven by
PZT Thin Film Electrodes with Q Factor Achieving 2.89 Million after Coating. Sci. Rep. 2019, 9, 9461. [CrossRef]

15.  Fox, C.H.J. A simple theory for the analysis and correction of frequency splitting in slightly imperfect ring. J. Sound Vib. 1990, 142,
227-243. [CrossRef]

16. Joubert, S.V.; Shatalov, M.Y.; Coetzee, C.E. Using Fourier series to analyse mass imperfections in vibratory gyroscopes. J. Symb.
Comput. 2014, 61— 62, 116-127. [CrossRef]

17. Bisegna, P; Caruso, G. Frequency split and vibration localization in imperfect rings. J. Sound Vib. 2007, 306, 691-711. [CrossRef]

18. Marsees, B.A.; JIynun, B.C.; Bacapa6, M.A. HABUTAIIMOHHbIE CUCTEM'bI HA BOJTHOBBIX TBEPJOTE/I'bHBIX
I'MPOCKOIIAX; Harbin Institute of Technology Press: Harbin, China, 2013.

19. Painter, C.C.; Shkel, A.M. Identification of anisoelasticity for electrostatic trimming of rate-integrating gyroscopes. In Proceedings
of the International Society for Optical Engineering, Singapore, 18-21 July 2002; pp. 157-168.

20. Efimovskaya, A.; Yu-Wei, L.; Danmeng, W.; Shkel, A.M. Electrostatic compensation of structural imperfections in dynamically
amplified dual-mass gyroscope. In Proceedings of the 4th IEEE International Symposium on Inertial Sensors and Systems,
INERTIAL 2017, Kauai, HI, USA, 27-30 March 2017; pp. 1-4.

21. Hu, Z.X,; Gallacher, B.].; Burdess, ].S.; Bowles, S.R.; Grigg, HT.D. A systematic approach for precision electrostatic mode tuning
of a MEMS gyroscope. J. Micromech. Microeng. 2014, 24, 125003. [CrossRef]

22. Lu, K, Xi, X,; Li, W,; Shi, Y.; Hou, Z.; Zhuo, M.; Wu, X,; Wu, Y,; Xiao, D. Research on precise mechanical trimming of a micro shell
resonator with T-shape masses using femtosecond laser ablation. Sens. Actuators A Phys. 2019, 290, 228-238. [CrossRef]

23. Raspopov, V.Y.; Volchikhin, I.A. Solid-state wave gyroscope ensuring the required accuracy parameters. In Proceedings of the
25th Saint Petersburg International Conference on Integrated Navigation Systems (ICINS), Saint Petersburg, Russia, 28-30 May
2018; pp. 1-3.

24. Tao, Y. Xi, X,; Xiao, D.; Tan, Y.; Cui, H.; Wu, X. Precision balance method for cupped wave gyro based on cup-bottom trimming.

Chin. |. Mech. Eng. 2012, 25, 63-70. [CrossRef]


http://doi.org/10.3390/s19061291
http://www.ncbi.nlm.nih.gov/pubmed/30875803
http://doi.org/10.3390/s19071690
http://www.ncbi.nlm.nih.gov/pubmed/30970645
http://doi.org/10.1016/j.ijmecsci.2017.08.021
http://doi.org/10.3390/s16081185
http://doi.org/10.1038/s41598-019-45180-5
http://doi.org/10.1016/0022-460X(90)90554-D
http://doi.org/10.1016/j.jsc.2013.10.015
http://doi.org/10.1016/j.jsv.2007.06.027
http://doi.org/10.1088/0960-1317/24/12/125003
http://doi.org/10.1016/j.sna.2019.03.025
http://doi.org/10.3901/CJME.2012.01.063

Micromachines 2021, 12, 380 15 of 15

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Hu, Y,; Zhou, Y.; Zhong, H.; Zeng, K.; Sun, X.; Duan, J. Precise Dynamic Mass-stiffness Balancing of Cylindrical Shell Vibrating
Gyroscope along Working Modal Axis. IEEE Sens. ]. 2019, 19, 10347-10354. [CrossRef]

Wang, Y.; Pan, Y,; Qu, T;; Jia, Y,; Yang, K.; Luo, H. Decreasing Frequency Splits of Hemispherical Resonators by Chemical Etching.
Sensors 2018, 18, 3772. [CrossRef] [PubMed]

Basarab, M.A.; Lunin, B.S.; Matveev, V.A.; Chumankin, E.A. Static balancing of metal resonators of cylindrical resonator
gyroscopes. Gyroscopy Navig. 2014, 5, 213-218. [CrossRef]

Syms, R.R.A.; Moore, D.F. Focused ion beam tuning of in-plane vibrating micromechanical resonators. Electron. Lett. 1999, 35,
1-2. [CrossRef]

Behbahani, A.H.; Kim, D.; Stupar, P.; DeNatale, J.; M’Closkey, R.T. Tailored Etch Profiles for Wafer-Level Frequency Tuning of
Axisymmetric Resonators. . Microelectromech. Syst. 2017, 26, 333-343. [CrossRef]

Tao, Y,; Pan, Y,; Jia, Y,; Liu, J.; Tan, Z.; Yang, Z.; Luo, H. Frequency tuning of fused silica cylindrical resonators by chemical etching.
In Proceedings of the DGON Inertial Sensors and Systems Symposium, Braunschweig, Germany, 10-11 September 2019; p. 6.
Jeanroy, A.; Bouvet, A.; Remillieux, G. HRG and marine applications. Gyroscopy Navig. 2014, 5, 67-74. [CrossRef]

Bodunov, B.P; Lopatin, V.M.; Lunin, B.S.; Lynch, D.D.; Voros, A.R. Low-Cost Hemispherical Resonator for Use in Small
Commercial HRG-Based Navigation Systems. In Proceedings of the 4th Saint Petersburg International Conference on Integrated
Navigation Systems, Saint Petersburg, Russia, 26-28 May 1997; pp. 41-47.

McWilliam, S.; Ong, J.; Fox, C.H.J. On the statistics of natural frequency splitting for rings with random mass imperfections. J.
Sound Vib. 2005, 279, 453-470. [CrossRef]

Basarab, M.A.; Lunin, B.S.; Matveev, V.A.; Chumankin, E.A. Balancing of hemispherical resonator gyros by chemical etching.
Gyroscopy Navig. 2015, 6, 218-223. [CrossRef]

Rourke, A.K.; McWilliam, S.; Fox, C.H.J. Multi-Mode Trimming of Imperfect Thin Rings Using Masses at Pre-Selected Locations.
J. Sound Vib. 2002, 256, 319-345. [CrossRef]

Gallacher, B.J.; Hedley, ].; Burdess, ].S.; Harris, A.J.; McNie, M.E. Multimodal tuning of a vibrating ring using laser ablation. Proc.
Instn Mech. Engrs. Part. C J. Mech. Eng. Sci. 2003, 217, 557-576. [CrossRef]

Behbahani, A.H.; M’Closkey, R.T. Multimodal Tuning of an Axisymmetric Resonator. J. Dyn. Sys. Meas. Control. 2019, 141,
91010. [CrossRef]

Weinberg, M. Symmetric Gyroscope Frequency Separation by Geometry and Roughness. In Proceedings of the International
Symposium on Inertial Sensors and Systems (ISISS), Laguna Beach, CA, USA, 25-26 February 2014.


http://doi.org/10.1109/JSEN.2019.2932761
http://doi.org/10.3390/s18113772
http://www.ncbi.nlm.nih.gov/pubmed/30400583
http://doi.org/10.1134/S2075108714040038
http://doi.org/10.1049/el:19990855
http://doi.org/10.1109/JMEMS.2017.2667582
http://doi.org/10.1134/S2075108714020047
http://doi.org/10.1016/j.jsv.2003.11.034
http://doi.org/10.1134/S2075108715030025
http://doi.org/10.1006/jsvi.2001.4211
http://doi.org/10.1243/095440603765226858
http://doi.org/10.1115/1.4043331

	Introduction 
	The Influence of the Unbalanced Mass on Quality Factor 
	Theory and Simulation Aspects of the Second Harmonic Error on Frequency Split 
	Relationship between the Second Harmonic Error and the Frequency Spilt of the n = 1 Mode 
	FEM Analysis of the First Three Harmonic Errors 

	Method of Reduction of the Second Harmonic Error 
	Chemical Balancing of the Second Harmonic Error 
	Determination of the Trimming Positions 

	Results and Discussion 
	Conclusions 
	References

