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Abstract

Micro-Electro-Mechanical System (MEMS) ring-based Coriolis Vibrating Gyroscopes
(CVGs) are devices that use vibration of micro-engineered thin rings to sense the angular
rate of moving objects. High performance ring-based CVGs used in inertial navigation ap-
plications need to ensure the achievement of high sensitivity and improved signal-to-noise
ratio. To achieve improved signal-to-noise ratio, ring-based resonators are designed to ensure
low damping and mode-matching between drive and sense modes of vibration, and sensor
sensitivity is improved by exciting the drive mode into large amplitude vibration. Large
amplitude drive responses can cause the resonator to operate in a regime where geometrical
non-linearity effects (i.e. non-linear strain-displacement relations) arise which have potential
to alter sensor performance compared to a linear resonator operating at small amplitudes of

vibration.

This thesis investigates the effects of geometrical non-linearity on the performance of ring-
based resonators supported by a generic number of identical supports uniformly spaced
around the ring circumference. A mathematical model for the supported ring resonator is
developed including ring non-linear flexural vibration and non-linear support stiffness. The
equations of motion governing the dynamics of the drive and sense nf modes of the resonator
are developed and used to investigate the non-linear drive and sense responses at large drive

amplitudes of vibration under practical operating conditions.



The rotational symmetry of supported ring resonators operating at large amplitudes of vi-
bration is investigated. The numbers of supports that maintain the rotational symmetry of a
pair of nf modes of vibration used to sense rotation are considered. This work illustrates that
8 supports maintain the rotational symmetry of practical ring-based resonators operating in
the 260 modes when the resonator operates in the linear regime, but break the symmetry when
the ring is excited into large amplitudes. In contrast, 16 supports are shown to maintain the

rotational symmetry regardless of the amplitude of vibration.

The performance of ring-based CVGs having 8 and 16 supports are compared to investi-
gate the impact on sensor performance. The sense mode response is determined when the
ring is driven into large amplitudes of vibration, and the occurrence of quadrature errors
and non-linear zero-rate-output response are investigated. Comparisons are made with an
equivalent linear resonator in which ring and support geometrical non-linearity is neglected,
to investigate non-linear amplification effects. Results illustrate that if the rotational sym-
metry of the resonator is broken, quadrature errors and non-linear zero-rate-output arise,
which can adversely affect sensor performance by degrading the quality of rate measurement
and by reducing sensor sensitivity. This work demonstrates that use of 16 supports for ring
resonators operating in the 26 modes mitigates non-linear effects and improves rate measure-
ment. Support geometries that linearise the overall dynamic behaviour of the resonator are

investigated and key results are validated against a non-linear Finite Element analysis.
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Chapter 1

Research background and aims

1.1 Introduction to MEMS Coriolis Vibrating Gyroscopes

Gyroscopes are devices for measuring the angular rate of a body around a fixed axis with
respect to an inertial space. The term “gyroscope” was introduced in 1852 by Jean Leon
Foucault. The rotation of the plane of swing of Foucault pendulum in Paris Pantheon is
known as the first experimental demonstration of Earth’s rotation about its axis. Earliest
gyroscopes (or gyros) made use of a rotating momentum wheel attached to a gimbal structure
to sense rotation. In the 1960s, Coriolis Vibrating Gyroscopes (CVGs, or simply vibrating
gyroscopes) were developed to solve issues associated with traditional gyros such as friction
in gimbal bearings, by replacing the spinning rotor with a vibrating structure and using the
rotational-induced Coriolis effect to sense rotation. In operation, one of the vibration modes
of the vibrating element is forced into vibration and is referred to as drive mode. As the gy-
roscope rotates with non-zero angular rate, the Coriolis force causes energy transfer from the
drive mode to its orthogonal companion mode, the sense mode, whose vibration amplitude

is measured to sense the angular rate [1-3].

CVGs are classified [2] based on the nature of the drive and sense motion of the vibrating el-



ement (oscillatory, rotatory and their combination) and the type of mechanical element used
(lumped single mass, lumped multiple masses, continuous mechanical element). Tuning-Fork
Gyroscopes (TFGs) exploit flexural vibration of two tines of a so-called fork and torsional vi-
bration about the fork stem to detect the angular rate. Other CVGs are based on oscillatory
vibration of rotationally symmetric structures. Hemispherical Rotating Gyroscopes (HRGs)
use hemispheric or glass-wine shaped shells; other common symmetric structures used are

thin cylinders, disks and rings.

Directly mounted on a vehicle, inertial gyroscopes are key sensors for inertial navigation
systems. Due to their restrictive cost and size, in the early 1900s high performance rate sen-
sors were mainly used in aeronautical and maritime military applications only [1,3]. In the
1980s, development of Micro-Electro-Mechanical System (MEMS) technologies which com-
bine electrical and mechanical systems at a micro-scale revolutionised the inertial sensors
market. Thanks to micromachining fabrications, it became possible to miniaturise inertial
rate sensors, so that their cost, size and weight have been dramatically reduced. MEMS in-
ertial gyroscopes captured the market of high performance inertial navigation and guidance
systems for sea, space, and air advanced vehicles, and made gyroscopes accessible to everyone
by use of smartphones and other electronic gadgets. Since the development of the first MEMS
gyroscopes, their applications have been constantly growing. MEMS inertial sensors are now
used in the automotive industry for advanced control and safety systems and guidance of
autonomous vehicles, and in consumer electronics industry (e.g. smartphones, tablets, dig-
ital cameras, mobile games) [1-3]. Medical engineering applications are also emerging, and
MEMS gyros find use in surgical robots, Magnetic Resonance Imaging (MRI) devices, an-

giography equipment and more [4].

Vibrating elements have developed excellent potential for miniaturisation so most MEMS

gyroscopes are Coriolis Vibrating Gyroscopes [1,3]. The first MEMS CVG was developed in



1991 [1] and relied upon silicon bulk micromachining; this technology has developed signifi-
cantly in the last decades and is now used to produce multiple sensors from a single silicon

wafer [1,3].

A fundamental requirement for high performance MEMS CVGs is the achievement high
sensitivity to improve signal-to-noise ratio (SNR) and reliability. The sensitivity of a CVG
is defined as the amplitude of the sense mode per unit angular rate [5] and is one of the
most important parameters characterising vibrating gyros performance [1,3]. For CVGs the
SNR is defined as the ratio of sensor output containing noise to the desired output, and is
proportional to the angular rate.

To ensure robust sensor output during operation (i.e. sense mode vibration at constant ampli-
tude, phase and frequency), the drive mode is commonly driven into resonant vibration with
constant amplitude using phase lock and automatic gain control loops [1,6,7]. Under these
circumstances, matching the drive and sense modes resonance frequencies is fundamental to
maximising the sensitivity of the device to rotation [1,3,8] and reducing the impact of noises
(e.g. electrostatic, thermal) on angular rate detection [9]. If mode-matching is achieved, the
Coriolis mechanical response is increased by reducing the damping [3,10] and exciting the

drive mode into large amplitude vibration [7,11].

Damping in MEMS CVGs is typically defined by the quality factor (or Q-factor) i.e. the
energy stored over the energy lost per oscillation cycle [12]. MEMS devices make use of
vacuum packaging technologies to reduce fluid damping, and the main damping mechanism
for micromachined resonators is thermo-elastic damping (caused by the interaction between
mechanical strain and thermal effects in the resonator [13]). Another important energy loss is
caused by vibration transmission from the resonator to the supporting structure [13]. Exten-
sive research has been conducted to reduce damping in MEMS resonators, and state-of-the-art

High Q-factor gyroscopes are designed to have extremely low energy dissipation [14].



Devices having reduced damping have reduced bandwidth and are susceptible to fabrication
imperfections and changes in operating condition (e.g. temperature variations) which can
induce frequency splits between the drive and sense modes [1]; for this reason, in gyroscope
designs where high robustness is preferred to high sensitivity, the device is operated in split-
mode, i.e. drive and sense resonance frequencies are intentionally designed to be slightly

shifted relative to each other [3].

For high performance sensors used in inertial navigation applications, achieving the high-
est sensitivity is one of the main drivers. Low damping, mode-matching and excitation of
the drive mode into large amplitude vibration are fundamental requirements to increase sen-
sitivity to angular rate and improve SNR. Vibration of the drive mode into large amplitude
can cause the resonator to operate in a regime where geometrical non-linearity effects (i.e.
non-linear strain-displacement relations) arise [5,9]. The work described in this thesis focuses
on the effects of geometric non-linearity on the performance of high performance sensors for
inertial navigation applications. Details on the origin and effects of geometrical non-linearity

will be provided in later sections.

1.2 Operating principle of a single proof mass CVG

This Section introduces the operating principle of the basic Coriolis Vibrating Gyroscope
shown in Figure 1.1 having a single proof mass as its vibrating element. The proof mass m

is free to oscillate in the z-y plane along the drive direction x and the sense direction y.
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Figure 1.1: Schematic diagram for a single proof mass MEMS CVG.

The proof mass m is supported by flexible linear suspensions and the dynamics of the
resonator are modelled as a 2 degrees-of-freedom mass-spring-damper system [1,3]. The
stiffness of the linear suspensions along x and y are modelled as linear springs having stiffness
coefficients k, and k,, respectively. Coefficients k, and k, are assumed to be different from
each other to allow for the case when the flexible suspensions have slightly different stiffnesses
along x and y. Typically, for MEMS CVGs, the damping in the drive and sense directions
is approximately the same, so the damping is assumed to be equal along x and y and is
indicated as damping coeflicient c.

The gyroscope is considered to be attached to a body rotating with angular rate ), about
the OZ-axis, perpendicular to the -y plane. A harmonic force Fy(t) is applied to the mass
as shown in Figure 1.1; to ensure gyroscope sensitivity does not change during operation,
the frequency of the applied force matches the drive mode resonance frequency w, = \/%
ie. Fy(t) = Fycoswgt [1,6]. The motion of the mass along the z-direction is referred to
as primary motion or drive response. As the body rotates about the OZ-axis, the Coriolis
force acts causing the mass to move along the y-direction. This motion is referred to as the
secondary motion or sense response. Whilst the primary motion is caused by the external
force, the secondary motion is purely caused by the Coriolis action and, for ideal gyroscopes,

is zero in the absence of rotation.



Equations of motion for the proof mass motion along the x and y directions are [1, 3]:

F,(t
jc'—l—%i:—i-ng: 40 (1.1)
w
i+ ayy—i-w;y = 20, (1.2)

where w, and w, respectively are the natural resonance frequencies of the drive and sense
modes of the resonator, and @ is the quality factor. Equations (1.1)-(1.2) are valid under the
assumption that (i) the angular rate €2, is constant and much smaller than the natural fre-
quencies of the resonator (so that ., =0 and Q2 = 0) and (ii) the sense response amplitude
is much smaller than the drive vibration amplitude (so that the Coriolis term in the drive
mode equation, proportional to g, is neglected).

These assumptions are acceptable for practical MEMS CVGs because their natural frequen-
cies are typically in the range of 10 - 100 kHz, and the angular velocities detected are normally
in the order of 1 % [12]. Moreover, the drive mode is directly excited into vibration whilst
the sense mode is ideally only excited by the Coriolis force, so the drive response amplitude
is normally orders of magnitude larger than the sense response [1,5].

In [1] and [3] the steady-state drive and sense oscillations are respectively described as:
x(t) = Ay sinwyt (1.3)

y(t) = Ay sin (wgt + ¢y) (1.4)

and drive and sense equations (1.1) and (1.2) are used to obtain the following expressions
for the drive vibration amplitude A,, sense response amplitude A,, and sense response phase
relative to the drive response ¢,:

Fy
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Equation (1.6) indicates that the amplitude of the sense response is maximised by matching

the drive and sense resonance frequencies i.e. w,; = wy.

If wy = wy = wp, sense mode response amplitude (1.6) becomes:

24,Q

wo

Ay = Q. (1.8)

This indicates that if drive and sense modes resonance frequencies are matched, the sense
response amplitude is linearly proportional to €2, and is zero in the absence of rotation. The
Coriolis coupling is weak [15] so the sense amplitude A, is typically small and mechanical
amplification is required to increase sensor sensitivity and to reduce the effects of noise on the
angular rate detection (i.e. to improve the SNR). If w, = wy, the sense response amplitude
is (i) amplified by the quality factor @ [3,10], and (ii) increased by exciting the drive mode
into large amplitude vibration [7,11]. Moreover, it is noted that if w, = wy, then ¢, = 0,

so that the sense response is either in-phase or 180° out-of-phase relative to the drive response.

If drive and sense natural frequencies are split (i.e. w,; # wy), then ¢, # 0. In this case,
the sense response consists of two components: an “in-phase response” which is in-phase
or 180° out-of-phase relative to the drive response, and a so-called “quadrature response”
which is 90° out-of-phase relative to the drive response. Whilst the amplitude of the in-phase
response is used to measure the angular rate, the quadrature response causes occurrence of
so-called quadrature errors that complicate the detection of the applied angular rate and have

potential to degrade the quality of the rate measurement [6,7,9]. Quadrature response and



quadrature errors will be discussed in detail in later work.

1.3 Ring-based Coriolis Vibrating Gyroscopes

Extensive research has been conducted to design symmetric resonators providing mode
matching and reduced sensitivity to temperature fluctuations. Hemispherical Rotating Gy-
roscopes (HRGs), firstly developed in the 1960s, use two degenerate modes of hemispheric
shells to sense rotation. Other continuous and rotationally symmetric vibrating elements used
are disks, thin cylinders and rings. Modes of vibrations of rotationally symmetric resonators
occur in degenerate pairs having equal resonance frequencies, and are less susceptible to spu-
rious environmental vibrations [16,17] and to temperature variations, because the degenerate
modes are equally affected by temperature [11].

Thin rings are easier to miniaturise compared to other rotationally symmetric structures so
that many MEMS CVGs use thin rings as their vibrating element. MEMS ring-based CVGs
were firstly developed in 1994 and their performance improved incrementally since then. For
modern silicon MEMS ring-based resonators, the thin ring resonator is supported by a num-
ber of identical supports uniformly spaced around the ring circumference. Figure 1.2 shows
a modern ring-based MEMS CVG; a schematic diagram of its ring and supports (see red box

in Figure 1.2) is illustrated in Figure 1.3.
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Figure 1.3: Diagram for a ring-based CVG where ring and supports are indicated [19].

Ring-based CVGs sense rotation using a pair of in-plane flexural modes of vibration of
a thin ring, which occur in degenerate and spatially orthogonal pairs, having indeterminate
angular position around the axis of symmetry [20,21]. Figure 1.4 illustrates the first four in-

plane modes of vibration of a perfect ring, where n indicates the number of nodal diameters

22].



Figure 1.4: First four pairs of in-plane modes of vibration of a perfect thin ring.

For n =1 the ring remains rigid whilst for n > 2 the ring deforms and flexes [23]. Ring-
based CVGs normally operate using in-plane flexural modes, for this reason in what follows
only modal numbers such that n > 2 will be considered. For each pair of degenerate modes,
the nodes of the primary mode are at the anti-nodes of the secondary mode, and the mode
shapes are identical except they are oriented % degrees relative to each other. Most ring-
based CVGs operate using n = 2 in-plane flexural modes of the ring which are orientated 45

degrees relative to each other and are referred to as the 260 modes.

In what follows, linear deflection of rings undergoing nf vibration is described to introduce
the operating principle of a ring-based CVG. Timoshenko [24] analysed the linear in-plane
flexural vibration of thin rings having uniform cross sections. Under the assumption that

ring cross section dimensions are much smaller than ring radius, and that the elongation of

10



the ring mid-line remains constant during vibration, Timoshenko found that the radial «
and tangential v displacements of the ring mid-line at circumferential coordinate 6 can be

expressed in the form:

inf
w(0,t) =Y [Qn (t) cosnd + Qap (t) sin nf] (1.9)
n=1
inf 1 1
v(0,t) = 1; [—ann (t) sinnf + EQ% (t) cosnb (1.10)

Coeflicients 1, and )9, vary with time and represent the generalised coordinates; cosmnf
and sinnf are the shapes of the nf modes of vibration of the ring having n nodal diameters.
In CVG operation, harmonic forces having spatial nf distribution and frequency equal to the
natural frequency of the nf modes are applied to the ring to excite one of the degenerate nf
modes into resonance. Commonly, cosnf is considered to be the ring mode excited to vibrate
i.e. the drive mode. Under these circumstances, if the ring is perfect (i.e. in an ideal case)

and the angular rate is zero, ring radial displacement (1.9) becomes:

u(f,t) = Q1(t) cosn (0 — «) (1.11)

where ()1 indicates the anti-node radial vibration amplitude of the drive mode at angle 8 = «.
For a perfect ring, the drive mode orientation around the ring circumference is arbitrary.
Angle a in (1.11) is only used to specify the radial displacement at the drive axis location
which aligns with the principal direction of the applied radial driving force.

Similar to that described for a proof mass CVG in Section 1.2, as the device rotates (i.e.
when the gyroscope is attached to a body undergoing rotation), the Coriolis force excites the
orthogonal companion mode sinn#, i.e. the sense mode. At this point, the ring undergoes a

combined cosnf and sinnf vibration and the radial displacement of the ring mid-line is:

u(f,t) = Q1(t) cosn (0 —a) + Q2(t) sinn (0 — ) (1.12)

11



where ()2 indicates the anti-node radial vibration amplitude of the sense mode at angle
0 = a+g.. Q1 and Q2 are normally referred to as generalised coordinates. Figure 1.5 shows
a schematic representation of ring-based CVGs in operation for n = 2: driving forces are
applied to the ring to excite the drive cos 260 mode and rotation-induced Coriolis forces excite
the sense sin 20 mode so that the ring undergoes combined vibration of drive and sense 26

modes.

Driving force

® -

Coriolis force

Figure 1.5: Schematic representation of a MEMS ring-based CVG in operation for n = 2.
(i) Driving forces are applied to the ring to excite the drive cos 26 mode, (ii) the drive mode
vibrates, (iii) rotation-induced Coriolis forces excite the sense sin 20 mode and (iv) the ring
undergoes combined vibration of drive and sense 26 modes.

The described dynamics applies for ideal ring-based gyroscopes, where the ring is perfect
and the resonator is rotationally symmetric. The drive mode maximum diameter aligns with
the principal direction of the applied force and the sense response is caused by Coriolis action

only. In practice, fabrication imperfections, material inhomogeneity and/or ring supports can

12



break the rotational symmetry of supported ring resonators causing performance to degrade.

1.4 Effects of broken rotational symmetry on MEMS ring-
based CVGs

This Section describes known effects of broken rotational symmetry on the performance
of a ring-based CVG operating in the linear regime. In practical devices, fabrication imper-
fections, structural irregularities, use of non-uniform or anisotropic materials and asymmetric
ring support structures have potential to cause a non-uniform distribution of mass or stiffness
around the ring circumference, and break the rotational symmetry of supported ring-based
CVGs [9,12,25]. Imperfections fix the position of the primary and secondary nf modes
around the ring circumference, eliminating the positional indeterminacy. The modes are no

longer degenerate and their resonance frequencies split [9,20, 21, 23].

Many studies have been conducted to investigate the effect of imperfection on rings vibra-
tion. McWilliam et al. [20] considered frequency splits occurring for linear and perfect rings
having (i) variable cross sections, (ii) single point mass imperfections and (iii) point mass im-
perfections uniformly spaced around the ring circumference, using a Rayleigh-Ritz approach.
McWilliam et al. demonstrated that identical uniformly spaced point masses cause the nf
natural frequencies to split only if the number of masses IV, is such that ]%—ZL is an integer.
Eley et al. [25] investigated the effects of material anisotropy on the frequency split for ring
resonators made of crystalline silicon. Taking account of anisotropy effects in the strain en-
ergy formulation, Eley et al. found that frequency split occurs between pairs of modes that
would be degenerate if the ring was made of isotropic material.

Bisegna et al. [23] investigated the dynamics of imperfect rings modelling imperfections as
perturbations on the uniform density and bending stiffness of a perfect ring. Using a pertur-

bation expansion and spectral representation, Bisegna et al. obtained closed expressions for

13



eigenfrequencies and mode shapes of the imperfect ring, and demonstrated that imperfections
cause the eigenfrequencies to split and eigenmodes to deviate from sinusoidal shapes.

To eliminate the frequency split for slightly imperfect rings, Fox [21] estimated the trimming
masses to be added or removed from a ring for a given pair of modes, using a Rayleigh-Ritz
approach. For ring-based CVGs, El-Sayed et al. [17] and Ayazi et al. [11] pointed out the
use of tuning electrodes located around the ring structure and electronic compensation to
achieve the frequency match.

The effects of the support structure on the rotational symmetry of a ring resonator have also
been considered. Weng et al. [26] observed that ring supports have potential to break the
resonator rotational symmetry. Based on geometrical considerations, Weng et al. concluded
that 8 identical supports uniformly spaced around the ring circumference maintain the fre-
quency match between the 26 modes. This result was also obtained by Ayazi et al. [11] based

on symmetry considerations.

Extensive research has been conducted to investigate imperfection effects on the sense re-
sponse and hence sensor sensitivity. Wang et al. [6] investigated drive and sense modes
dynamics of imperfect HRGs, by including inhomogeneous damping and frequency split be-
tween drive and sense modes. Hu et al. [7] analysed the effects of damping and stiffness
imperfections on drive and sense dynamics of MEMS CVGs, developing drive and sense
equations of motion for the resonator with inclusion of damping and elastic coupling terms
between the equations. Nitzan et al. [9] studied imperfection effects on MEMS disk gyros,
including stiffness coupling terms between drive and sense governing equations.

The above research findings are relevant to the work conducted here and are summarised

below:

e Imperfections reduce sensitivity to rotation and SNR. The Coriolis coupling between
drive and sense modes is generally weak and a large sense response is desirable to reduce

the effect of sense detection noises and to increase sensitivity to rotation. In Section 1.2
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for a proof mass gyro, it was shown that if drive and sense resonance frequencies are
equal, the sense response amplitude can be amplified by increasing the Q-factor. Use of
large quality factors reduces the drive and sense response bandwidths. If imperfections
cause the drive and sense resonance frequencies to split, the sense response amplitude at
the drive mode resonance frequency reduces and the sensor output is weak and hardly

detectable from thermal or electrostatic noises.

Imperfections degrade the quality of the rate measurement. As introduced in Section
1.2 for a proof mass gyro, the sense response can be demodulated as in-phase and
quadrature responses, relative to the drive response. The in-phase component of the
sense response is used to measure the angular rate 2,. For an ideal gyro, the quadrature
response is zero and the in-phase response amplitude is linearly proportional to the
angular rate €2,. Imperfections can cause occurrence of unwanted quadrature response
and so-called quadrature errors which are sensing errors that complicate the detection
of the angular rate from the sense response measurement. Moreover, imperfections can
cause the sense response to be non-zero in the absence of rotation (i.e. for Q, = 0).
The in-phase response that is unrelated to the angular rate is commonly referred to as
“zero-rate-output” (or ZRO) [5]. If the rotational symmetry is broken, sensing errors

and ZRO have potential to degrade the quality of rate measurement.

In this work, the ring is assumed to be perfect and made of isotropic silicon, so that fabri-

cation imperfections or material anisotropy will not be considered. The rotational symmetry

of ring resonators operating in any pair of nf in-plane ring flexural modes, and supported by

a generic number of p (identical and uniformly spaced) supports will be analysed. Although

it is known that 8 identical and uniformly spaced supports maintain the n = 2 rotational

symmetry for a ring resonator operating in the linear regime, the required number of supports

to maintain frequency matching for a generic pair of nf flexural modes (and why) has not

been proposed yet. Moreover, geometrical non-linearity effects will be considered.
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1.5 Ring and supports geometrical non-linearity

Previous sections highlighted that high performance CVGs used in inertial navigation ap-
plications require the excitation of the drive mode into large amplitude vibration to enhance
gyro sensitivity to rotation and SNR. A consequence of this is that it is desirable to operate
at large vibration amplitudes at which non-linearity effects are important and have potential
to alter CVG performance compared to operating in the linear regime.

Non-linearity can arise from non-linear dissipative forces (i.e. damping non-linearity), non-
linear stress-strain response of the material (i.e. material non-linearity) or non-linear strain-
displacement relations (i.e. geometrical non-linearity). Another source of non-linearity re-
lates to non-linear electrostatic forces acting on the ring structure for capacitive devices.
Sieberer [27] investigated the shock-induced coupling between in-plane rigid and flexural
modes of the ring caused by non-linear electrostatics, and demonstrated that the non-linear
electrostatics causes the ring n = 2 modes to be excited by environmental shocks.
Electrostatic non-linearity is not considered in this work. Instead the work focuses on geo-
metrical non-linearity only and is applicable to devices similar to that shown in Figure 1.2,
for which the ring is driven into vibration using electromagnetic actuation, and the sense
vibration is detected by induction [28].

The resonator is made of isotropic silicon which is linearly elastic until failure [29], so material
non-linearity is not considered either. Analysis of non-linear damping effects is beyond the
scope of this work. This thesis focuses on the effects of ring and support structures geomet-

rical non-linearity on the performance of supported ring-based resonators.

This Section summarises and discusses relevant previous studies concerning the origins and
effects of geometrical non-linearity on supported ring-based CVGs. Section 1.5.1 provides a
literature review on ring non-linear vibration and its effect on unsupported ring-based res-

onators. Studies regarding supported ring resonators including ring and support geometrical
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non-linearity are presented in Section 1.5.2.

1.5.1 Ring geometrical non-linearity effects on unsupported ring resonators

A detailed description of the historical development of research on rings non-linear vi-
bration can be found in [30]. Reissner in the 1950s first dealt with non-linear vibration of
shells. Neglecting in-plane inertia, Reissner restricted the analysis to non-linear flexural shell
motion and developed a set of non-linear governing equations for shells.

In the 1960s, Evensen [31-33] adapted Reissner non-linear shell equations to thin circular
rings, by considering (i) the radial and tangential displacements of the ring mid-line to be
functions of circumferential coordinate and time only, (ii) the ring cross-section to be uniform
around the ring, (iii) the ring radius R to be much larger than ring radial thickness and (iv)
longitudinal in-plane force and shearing force to be zero throughout the ring.

Evensen found that at large amplitude vibration, ring deflections proposed by Timoshenko
[24] (i.e. equations (1.9)- (1.10)) involve elongation of the ring mid-line whilst in practice it
remains constant during flexural motion. Limiting the discussion to vibrations involving the
primary and secondary nf modes only, Evensen suggested that a more realistic form for ring

deflection is given by:

0,t) = o SR et S I 1.1
u(0,1) = Queosnd + Qasinnd — s (Q1 + Q3) (1.13)
v(ﬁ,t):—@sinn0+@cosn9+
i 2 " (1.14)
+ u [(Q% — Qg) sin 2nf — 2Q)1 Q2 cos 2n9]

8Rn?

where Q1 and @3 are functions of time, and an antisymmetric mode of vibration (n = 0 mode
or breathing mode [22]), consisting of a contraction of the ring (see Figure 1.6) is included

to satisfy the inextensibility condition.
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Figure 1.6: Breathing axisymmetric mode for a thin ring.

Equations (1.13)-(1.14) satisfy the continuity condition (i.e. the requirement that the
circumferential displacement is single valued around the ring mid-line circumference), the
inextensibility condition, and can be used as an approximate solution for the ring non-linear
equations.

Using a Galerkin method, Evensen used displacements (1.13)-(1.14) to determine a non-linear
differential equation for the vibration amplitude of the primary nf mode, and approximated
its solution using the averaging method. Results indicated that the breathing mode causes
the primary mode to be resonant at smaller frequencies than the linear resonance frequency

as the vibration amplitude increases i.e. rings have softening dynamic behaviour.

This shift of the drive resonance frequency from the linear regime will influence the dy-
namics of ring-based resonators which normally operate at the drive mode natural frequency.
Evensen findings are known to researchers working on the high performance ring-based gy-
roscopes field and have been used to investigate ring resonators behaviour under large am-
plitude vibration. Polunin et al. [5] investigated the effects of geometrical and electrostatic
non-linearity on the dynamic behaviour of drive and sense 20 modes of a perfect unsupported
ring resonator. Using Evensen’s non-linear expression for the radial displacement (1.13), Pol-
unin et al. used Lagrange’s method to obtain non-linear equations of motion in the drive

and sense generalised coordinates. Equations were developed considering (i) drive mode ex-
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cited by harmonic external force and (ii) ring undergoing constant rate rotation; action of
non-linear electrostatic forces was also included. Polunin et al. found that geometrical and
electrostatic non-linearity cause drive and sense equations to be parametrically coupled with
each other by non-linear inertial, stiffness and electrostatic terms. Polunin et al. used the av-
eraging method to determine the frequency backbone curve for the drive mode (which showed
the known softening behaviour), and to obtain an analytical expression for the steady-state
sense response amplitude. Frequency response curves for the sense mode were developed for
a number of magnitudes of the applied driving forces. Results indicated that, due to the
parametrical non-linear coupling, the sense response peak amplitude is larger compared to a
linear resonator. Moreover, as the vibration amplitude increases, the frequency at which the

sense amplitude peak occurs is shifted from the 26 natural frequencies.

The shift of the drive and sense peak amplitudes from the 26 natural frequencies, caused
by ring geometrical non-linearity, is relevant for ring-based resonators. The amplitude of
the sense response at the drive mode resonance frequency has potential to be significantly
smaller than the peak value, so that sensor sensitivity is reduced. Studies in [5] do not in-
dicate whether drive and sense non-linear peaks occur at the same frequency; moreover, the

influence of the support structure was not considered.

1.5.2 Ring and support geometrical non-linearity effects on supported ring

resonators

Sérandour [29,34] investigated the non-linear dynamic behaviour of perfect ring resonators
operating in the 26 modes and supported by 8 identical supports uniformly spaced around
the ring circumference. Sérandour developed a mathematical model for ring and supports,
including ring non-linear vibration and non-linear strain-displacement relation for the sup-
ports. The model allowed any pair of n flexural modes to be considered; however, the analysis

was mainly restricted to the n = 2 modes. The model was based on the assumption that
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the ring structure is dominant compared to the support structure (so that expressions for an
unsupported ring non-linear deflection can still be used). The ring was modelled as a curved
beam having uniform cross-section, and supports were modelled as mass-spring elements act-
ing in the radial and tangential directions, having one extremity fully constrained to a rigid
frame and the other attached to the ring. Different mass and stiffness coefficients were used
for mass-spring elements in the radial and tangential directions. Sérandour took account of
supports geometrical non-linearity by using cubic non-linear stiffness for the springs, and used
ring non-linear radial and tangential displacements (1.13)-(1.14) (Evensen [31-33]) to take
account of ring geometrical non-linearity. Lagrange’s equation was used to obtain non-linear
equations of motion in the drive and sense generalised coordinates, assuming that the drive
mode is excited by applied external harmonic force.

The obtained drive and sense equations indicated that ring and support geometrical non-
linearity causes the drive and sense modes to be parametrically coupled with each other by
non-linear inertial, damping and stiffness terms (this result is similar to that in [5] for un-
supported rings). Moreover, non-linear supports were found to cause the sense mode to be
externally excited by inertia and stiffness non-linear terms associated with the drive response.
Focusing the analysis on the dynamic behaviour of the drive mode, Sérandour simplified drive
and sense non-linear equations under the assumption that the sense response amplitude is
much smaller than the drive response, and then negligible (i.e. Q2 = 0). Neglecting all terms
involving the sense response in the drive equation, Sérandour used the averaging method to
obtain an analytical expression for the drive mode frequency backbone curve.

By comparing drive frequency backbone curves for supported and unsupported ring res-
onators, Sérandour found that the dynamic behaviour of the drive mode is significantly
influenced by the non-linear supports and cannot be described by the ring alone. Moreover,
Sérandour demonstrated that supports behaviour depends on their geometry. In light of
this, Sérandour suggested that the dependency of the drive mode resonance frequencies on

the vibration amplitude could be eliminated by using hardening supports that neutralise the
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softening behaviour of the ring.

Sérandour work demonstrated that support non-linearity needs to be considered to accu-
rately analyse the dynamic behaviour of ring resonators. A relevant result of Sérandour
research is that support geometrical non-linearity causes the sense mode to be excited by
the drive response in the absence of rotation. For ring-based resonators, this has potential
to give rise to the so-called zero-rate-output, introduced in Section 1.4 as a measured sense
response that does not relate to the angular rate. Sérandour investigation focused on the
drive response and did not provide a detailed analysis for the sense response. Moreover, only
8 supports were considered. Additional research is needed to investigate the effects of using
a generic number of supports on the non-linear dynamics of ring-based resonators operating

at small (but non-zero) sense response amplitudes.

1.6 Research aims

The literature review presented highlighted that several aspects on the dynamic behaviour
of supported ring-based resonators are still open for research. The ultimate goal of this work
is to provide an understanding of the dynamic behaviour (drive response, sense response)
of supported ring-based CVGs undergoing large amplitude vibration. In particular, this
work will focus on the impact of ring and support geometrical non-linearity on ring-based
resonators performance. The proposed investigation is based on the mathematical model
developed by Sérandour [29,34] described in Section 1.5.2, which will be extended to include
a generic number p of identical uniformly spaced supports. Key aims for the research are

summarised below.

1. Determine the numbers of supports p that maintain the rotational symmetry of ring-

based resonators for any pair of nf in-plane flexural modes in the linear regime.
2. Investigate the influence of ring and support geometrical non-linearity on the rotational
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symmetry of supported ring-based resonators. Determine the numbers of supports p
that maintain the nf rotational symmetry at large vibration amplitude, and compare

against the numbers of support that maintain the symmetry in the linear regime.

. Determine the equations governing the motion of drive and sense nf modes of supported
ring-based resonators operating at large amplitude vibration under practical operating
conditions, including ring and support geometrical non-linearity. Non-linear equations

need to allow any number of supports p to be considered.

. Investigate the influence of ring and support geometrical non-linearity on drive and sense
equations of motion. For example, investigate potential occurrence of parametrical non-

linear coupling between drive and sense modes.

. For n = 2, investigate the steady-state drive response (amplitude, phase) for supported
ring resonators operating at large amplitude vibration, under practical CVGs operating
conditions. Compare against resonators operating in the linear regime to highlight ring
and support geometrical non-linearity effects on the drive mode dynamics. Investigate
the influence of non-linear support structure on the dynamic behaviour of the drive

mode, compared to an unsupported ring.

. For n = 2, investigate the steady-state sense response (in-phase response, quadrature
response) for supported ring resonators undergoing large drive vibration amplitude.
Compare against resonators in which geometrical non-linearity is neglected, to inves-
tigate potential non-linear amplification effects. Investigate the impact of geometrical
non-linearity on sensor performance (i.e. investigate occurrence of sensing errors, zero-

rate-output, impact on sensor sentitivity).

. Investigate support designs (supports numbers and geometries) that linearise the dy-

namic behaviour of supported ring resonators operating at large amplitude of vibration.
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Where possible, mathematical results obtained using the proposed mathematical model

will be verified against results obtained using non-linear Finite Element analyses.

1.7 Thesis outline

This Section presents an outline of each of the thesis chapters.

Chapter 2 The mathematical model for a supported ring-based CVG firstly developed
by Sérandour [29,34] is extended to allow a generic number p of identical uniformly spaced
supports to be included. Ring flexural vibration and support stiffness are considered to be
linear. The model is used to determine analytical expressions for ring and support kinetic
and potential energies for ring resonators operating in the nf modes. The obtained energy
expressions are used to investigate the numbers of supports that maintain the rotational
symmetry in the linear regime. Drive and sense equations of motion are developed for linear,
perfect and rotationally symmetric ring resonators, and a point mass imperfection is then
added on the ring mid-line to investigate the impact of breaking the rotational symmetry on

sensor performance.

Chapter 3 Ring non-linear flexural vibration and support non-linear stiffness are included
in the mathematical model developed for the supported ring resonator, to investigate CVGs
operation at large amplitude of vibration. Analytical expressions for ring and support kinetic
and potential energies are obtained and used to investigate the numbers of supports that
maintain the rotational symmetry at large amplitudes. The equations of motion governing
drive and sense nf modes are developed for ring resonators having a generic number of sup-
ports p. The impact of geometrical non-linearity on the drive and sense governing equations

is discussed for (i) rotationally asymmetric and (ii) rotationally symmetric ring resonators.
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Chapter 4 The mathematical model is used to investigate the 26 drive mode response for
ring resonators operating at large amplitudes, using the method of averaging. The effects
of ring and support geometrical non-linearity on the non-linear drive mode dynamics are
discussed. The frequency backbone curve for the drive mode of supported and unsupported
ring resonators are compared to investigate the influence of non-linear support. The impact
of the breaking of rotational symmetry on the drive mode dynamics is investigated. Key

results are verified against a non-linear Finite Element analysis.

Chapter 5 The mathematical model is used to investigate the 26 in-phase and quadrature
sense responses for ring resonators operating at large drive amplitudes, using the method of
averaging. Comparisons are made against an equivalent ring resonator in which geometrical
non-linearity is neglected, to investigate potential non-linear amplification caused by non-
linearity. The effect of breaking the rotational symmetry on sensor performance is considered,
and the impact of geometrical non-linearity is investigated. Key results are verified against

a non-linear Finite Element analysis.

Chapter 6 The mathematical model is used to investigate support designs that linearise
the drive mode frequency backbone curve of supported ring resonators operating at large
amplitudes. For selected improved support designs, the results obtained using the mathe-
matical model are verified against a non-linear Finite Element analysis, and the accuracy of

the mathematical results is discussed.

Chapter 7 Main conclusions of this work are revised and suggestions for future work are

proposed.
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Chapter 2

Mathematical model for a
supported ring-based CVG

operating in the linear regime

2.1 Introduction

This Chapter deals with the dynamics of supported ring resonators operating in the linear
regime, and lays the foundation for later work which relates to non-linearity. Chapter 1 intro-
duced the importance of maintaining the rotational symmetry of ring resonators to achieve
higher sensitivity to rotation and SNR, and to avoid sensing errors which have potential to
degrade sensor performance. In this work, the ring is considered to be perfect and made of
isotropic silicon, and it is shown that asymmetric support structures can break the rotational
symmetry of the ring resonator. For rings undergoing linear vibration, references [11, 26]
indicated that 8 identical supports uniformly spaced around the ring circumference maintain

the rotational symmetry for n = 2.
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In this Chapter, a mathematical model for a supported ring resonator based on the model
introduced by Sérandour [29,34] is developed to include a generic number of supports p. The
proposed model is used to investigate the numbers of supports that maintain the rotational
symmetry in the linear regime, for any pair of nf ring modes. The equation of motion of
the drive and sense nf modes are developed for rotationally symmetric supported ring res-
onators. A point mass imperfection is then added to the ring mid-line and expressions for
the drive and sense responses are determined for the imperfect resonator. It will be shown
that high sensitivity to rotation and good angular rate detection can be achieved only if the
rotational symmetry of the supported ring resonator is maintained. In later work, ring and
support geometrical non-linearity will be considered, and it will be shown that in some cases
geometrical non-linearity effects on sensor performance are similar to those caused by a point

mass imperfection.

The structure of this Chapter is as follows. In Sections 2.2 and 2.3 a mathematical model is
developed for a linear ring resonator (i.e. ring linear vibration and linear support stiffness)
having a generic number of supports p. The model is used to determine kinetic and potential
energy expressions for a supported ring resonator. The obtained energy expressions are used
to investigate the numbers of supports that maintain the rotational symmetry in the linear
regime. In Section 2.4, Lagrange’s equation is used to determine the equations governing the
nf drive and sense modes motion for a rotationally symmetric supported ring resonator. In
Section 2.5, a small point mass imperfection is added to the ring mid-line and breaks the
rotational symmetry of the previously symmetric supported resonator. Equations of motion
for the imperfect resonator are obtained and compared against those for a symmetric res-
onator. Analytical expressions for the drive and sense steady-state responses (amplitude and
phase) are investigated based on the excitation of the drive mode into resonance; performance
degradation caused by the breaking of rotational symmetry is demonstrated and discussed.

Section 2.6 summarises the work done in this Chapter and reiterates key conclusions.
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2.2 Mathematical model and energy expressions for a perfect

unsupported ring

This Section illustrates the mathematical model developed for a perfect ring undergoing
in-plane linear nf vibration. The model is used to determine kinetic and potential energies

expressions for the unsupported ring.

2.2.1 Unsupported ring model and linear deflection

Figure 2.1 shows a schematic diagram for a perfect ring having uniform rectangular cross-

section, where R is the ring mid-line radius, h is the radial thickness and L the axial length.

u(®)

Z-axis
\

h

(b) Ring cross-section.

(a) In-plane ring.

Figure 2.1: Diagram of the ring structure and in-plane displacements of the ring mid-line.

For a generic pair of in-plane flexural modes having n nodal diameters, ring deflection can
be described in terms of radial and tangential displacements u(f,t) and v(6,t), respectively,
where 6 defines the circumferential coordinate of the location considered. For ring vibration
in the linear regime, radial and tangential deflections can be expressed as [24] (see equations

(1.9)-(1.10)):

u(f,t) = Q1(t) cosn(d — o) + Q2(t) sinn(f — «) (2.1)
v(0,1) = —Q;(t) sinn(f — a) + le(t) cosn(f — ) (2.2)
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where Q1 (t) and Q2(t) vary with time and are generalised coordinates, and cosnf and sinnf
are the shapes of the nf modes of vibration, respectively indicated as drive mode and sense
mode. Angle « in equations (2.1) and (2.2) is used to define the set of generalised coordinates
considered. Figure 2.2 shows drive and sense 20 modes (i.e. n = 2) for « = 22.5° and o = 45°,

where reference circumferential coordinate 6 = 0° is the horizontal.

(a) a =22.5° (b) o = 45°

Figure 2.2: Drive and sense 26 modes orientation for @ = 22.5° and o = 45°. Drive and
sense generalised coordinates )1 and ()2 are indicated. The drive axis location is defined by
«. Circumferential coordinate § = 0° is the horizontal.

It is known that vibration modes of perfect rings have indeterminate position around the
axis of symmetry [20,21]. In practice, harmonic radial forces having cos nf spatial distribution
and frequency equal to the drive mode natural frequency are applied to the ring to excite
the drive mode into resonance. In an ideal case, the drive axis will align with the principal
direction of the applied force. Different directions of the force principal axis will imply
different orientations of the drive axis around the ring circumference, and so a different « in
equations (2.1) and (2.2). In what follows, a generic angle « is used in the displacements

expressions.
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2.2.2 Kinetic energy for an unsupported ring

This Section determines the kinetic energy for a ring vibrating under linear nf deflection
and rotating with constant angular rate €1, around the ring polar axis. To determine the
kinetic energy stored in an infinitesimal ring mass element dm, centred at circumferential

coordinate 6, two frames of reference are defined: (i) a space-fixed frame of reference zp,yp

and (ii) a body-fixed frame of reference x g, yr that rotates with angular rate Q,, as illustrated
in Figure 2.3.
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Figure 2.3: Diagram illustrating the space-fixed frame of reference xp,yr, the body-fixed

frame of reference x g, yr rotating with angular rate €2, and radial and tangential displace-
ments of the infinitesimal ring mass element dm at circumferential coordinate 6.

The mass has mass dm = phLRdf, where p is the material density. By defining rg to

be the displacement vector of dm in the inertial frame of reference, the infinitesimal kinetic
energy dTﬁng is:

2
art — Y onprag (2F0
ring 2 at

(2.3)

The intention is to formulate the ring kinetic energy as function of radial and tangential ring
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displacements u(#) and v(f) in equations (2.1)-(2.2). Therefore, vector aait" in equation (2.3)

is expressed in terms of the displacement vector of dm in the rotating frame of reference

ro,.., and the angular velocity vector Q2yo¢ using:

org Orq,,,
= 4 Oy 2.4
ot ot ¢ ot (24)

Mass dm moves in the plane of the ring, and the ring has angular velocity 2, about the

z-axis, so vectors ro__, and .ot respectively are:

rot

rQ... = v (0) (2.5)

Qrot = 0 (26)
Q.
The kinetic energy of the ring is obtained by substituting (2.4)-(2.6) into (2.3) and integrating

along the ring circumference. This gives:
1 2
Tk, = SPhLR / [0 + 9% — 20082, + 20(u + R)Q + (u+ R)*Q2 +0°Q2]d0 (2.7
0

The operation of ring-based resonators normally relies on the excitation of the 26 modes
whose resonance frequencies are typically greater than 10 kHz, whilst the angular velocities
detected are normally in the order of 1 % [12]. Under these circumstances, terms in Q2 can
be neglected from (2.7). Using expressions for u(f) and v(#) given by (2.1) and (2.2), and

evaluating the integral in (2.7), the kinetic energy of the unsupported ring is:

2 . . . .
Trn, = %phLRﬂ <”n§1> (Q% + Q%) + %phLRsz (—Q1Q2 + Qle) (2.8)
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In this equation, the term involving €2, is associated with the Coriolis effect and the other
term is independent of the angular rate and relates to the ring flexural vibration.

Kinetic energy expression (2.8) depends on the choice of generalised coordinates @1 and Q2
which depend on « (see equations (2.1) and (2.2)). It can be shown that the form of T,,ng is
unaltered when different sets of generalised coordinates are used. For example, one can use

generalised coordinates Q1,4 and @2y, rotated by an angle 9 from @1 and Q2 as illustrated

in Figure 2.4.

_____

-
—————

Figure 2.4: Generalised coordinates @1, ()2 and Q14, Q24, rotated by an angle ¢ relative to
each other.

It can be shown that:

Q1 = Q1y costp + Qay sin (2.9)
Q2 = —Q1ysinth + Qay cosy (2.10)
and

1 n?4+1 . . 2 . .
TTng‘w = iphLRﬂ' <nQ> (Q%Tl} + Q%w) + EphLRﬂ'QZ (—Qlezw + Q1¢Q2¢> (2.11)

Comparing Tk in (2.11) to TTLZ-ng in (2.8) it is clear that the kinetic energy is invariant to

ring

selected generalised coordinates: the expressions are identical except ()1 and ()2 are replaced
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respectively by Q1,4 and (9,. This is because a perfect ring is rotationally symmetric.

2.2.3 Potential energy for an unsupported ring

The potential energy V2

ing for a perfect ring undergoing linear nf vibration is given by [29]:

2
1
Vi = / 5 (Elsx3) Rd9 (2.12)
0
where E is the Young’s modulus, I,s = Lng is the second moment of area, and xy represents

the change in the ring curvature from the undistorted to the distorted configuration caused

by the ring in-plane flexural vibration, and can be approximated as [23,29]:

Yo = — <62u(9) + u(9)> (2.13)

~R2\ 002

By substituting (2.13) in (2.12) and evaluating the integral, it can be shown that the potential

energy of the ring is:

L 1 ELR’x

ving = 51 13 (1+n* —2n?) (QF + Q3) (2.14)

Similar to the kinetic energy, it can be shown that potential energy expression (2.14) is unal-
tered when a different set of generalised coordinates is used, because the ring is rotationally

symmetric. Therefore, the sum of the kinetic and potential ring energies 87[’%719 = TTng + VT%W

is rotationally symmetric.

2.3 Mathematical model and energy expressions for linear

supports

This Section illustrates the mathematical model used for modelling the support structure

and the assumptions made in its development. The support is considered to be attached to a
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ring undergoing linear nf vibration. Firstly, kinetic and potential energies are determined for
a single support. The energy for a generic number of supports p uniformly spaced around the
ring circumference is then obtained by summing the kinetic and potential energies of a single
support over p. Similar to that proposed in the previous Section for an unsupported ring,
the obtained support energy expressions are analysed to investigate whether the supports

maintain the rotational symmetry of the resonator.

2.3.1 Mathematical model for a linear support structure

Figure 2.5 shows a schematic representation of a support attached to the ring and anchored
to the substrate (i.e. fixed frame). Figure 2.6 shows the mathematical model used to model
the same support for resonators vibrating in the linear regime. This model was introduced
and initially developed by Sérandour [29,34]. The support inertia and stiffness are modelled
by equivalent mass-spring elements acting in the radial and tangential directions. The inertia
of the support in the radial and tangential directions are modelled by discrete masses m,.
and my, respectively, and the stiffness by linear springs having stiffness coefficients k,, and
k:, , respectively. Masses and stiffness coefficients for mass-spring elements in the radial and
tangential directions are allowed to be different from each other as the mechanical properties

of the supports are normally different along these directions.

Ring-support
attachment point

Figure 2.5: In-plane schematic representation of a support attached to the ring.
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Figure 2.6: Diagram of the mathematical model proposed for representing the inertia and
stiffness of a support along the radial and tangential directions.

The support model is developed by assuming that the nf vibration of the ring is unaltered
by the presence of the supports, so that the displacement of the ring-support attachment point
can be expressed in terms of the radial and tangential linear ring displacements (i.e. equations
(2.1) and (2.2)). Moreover, it is assumed that the local radial and tangential directions at
the ring-support attachment point are principal axes of stiffness for the support.

Mass and stiffness coefficients (m,, m, ky,, ki) are determined using a Finite Element
analysis of a single support. The linear radial and tangential stiffness coefficients are found
by applying radial and tangential static forces at the support end that is attached to the ring,
and performing static analyses to calculate the radial and tangential displacements caused
by applied forces. Radial and tangential mass coefficients are obtained by applying radial
and tangential harmonic forces at the same point, where the applied frequency matches
the resonance frequency of the pair of nf modes used in operation. Harmonic response
analyses are performed to obtain amplitude and phase of the radial and tangential responses
in steady-state. Under the assumption that the radial and tangential directions are principal

axes of stiffness for the support, the tangential displacement caused by forces applied in
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the radial direction is constrained to be zero; similarly, the radial displacement following
the application of tangential forces is set to zero. Moreover, having assumed that the ring
vibration is unaltered by the support, the rotation around the z-axis of the support end
attached to the ring is constrained to be identical to rotation of the unsupported ring at
the same point. Further details about the approach used to determine mass and stiffness
coeflicients are described in Appendix A, where mass and stiffness coefficients used to model

practical ring-based MEMS CVGs supports are calculated and shown.

2.3.2 Kinetic energy for a single support

It is initially assumed that the support structure consists of one single support attached
to the ring at angular position # = 6g. The kinetic energy of the support Té is given by:

| .
TE = imruQ(Gs) + §mtv2(05) (2.15)

where (under the assumption made of ring structure being dominant compared to the support
structure) u(fs) and v(fg) coincide with ring deflections in (2.1) and (2.2) calculated for .
The proposed kinetic energy expression does not include rotational contribution from the
applied angular rate. This simplification is made considering that typically the ring inertia

is much larger than the support inertia.

2.3.3 Potential energy for a single support

The potential strain energy of a single support VSL can be expressed as:

1

V= 2uTKI§u (2.16)

where u is the displacements vector u = [u(fs) v(fs)]" and K the support stiffness matrix.

Under the assumption that the radial and tangential directions are principal axes of stiffness
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for the support, Kg‘ is the diagonal matrix below:
KL = (2.17)

and potential strain energy (2.16) can be re-written in the following scalar notation:
r_ 1 2 1 2

If radial and tangential displacements are not principal axes of stiffness for the support, matrix
Kg‘ is symmetric with non-zero off-diagonal terms indicating coupling between the radial and
tangential deflections. In this work, ¢ps defines the angle between the pair of orthogonal
coordinates xpa and yp4 representing the principal axes of stiffness of the support, and the
radial and tangential directions. To determine ¢p 4, the full matrix Ké‘ is calculated using a
Finite Element analysis in a similar way to that proposed to determine k,, and k;,, except the
ring-support attachment point is free to move in both the radial and tangential directions
when radial and tangential forces are applied. Full matrix Ké‘ is used in the eigenvalue
problem below:

K&zpa = ASzpa (2.19)

Solving (2.19), angle ¢p4 can be identified from the eigenvector matrix zpa, and support
stiffness along the principal axes of stiffness are given by eigenvalue matrix Aé‘. In later
work, when the mathematical model is used to obtain numerical results for the drive and
sense responses of practical supported ring-based CVGs geometries, angle ¢p 4 is calculated
to quantify the accuracy of approximating the full stiffness matrix Ké‘ with its simplified
diagonal version in (2.17). Further details on the procedure used to determine ¢p4 using a

Finite Element analysis are provided in Appendix A.
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2.3.4 Energy expressions for p supports

In previous sections, kinetic and potential energies have been calculated for a single sup-
port. Using (2.1) and (2.2) to describe u(fg) and v(fg) in kinetic and potential support
energies (2.15) and (2.18), the total energy of a single support €& = TE + V& can be ex-

pressed as:

4 4n? 4 4n?
+cos2n (s — «) [(TZT + %) <Q% - Q%) + (kz + :ZE) ( % - %)] + (2.20)
+sin2n (s — «) [(n; + ;%) Q1Q2 + (Zﬁ + 21%12) Qle}

Unlike the ring energy in Section 2.2 which was shown to be rotationally symmetric, it is
clear from (2.20) that the single support energy expression is not rotationally symmetric,
due to the presence of the « terms. This can be shown by expressing the support energy Sé
in terms of generalised coordinates (1, and Q2 rotated by a generic angle v from ()1 and
Q2 (see Figure 2.4). Using transformations (2.9) and (2.10), terms (QF — Q3) and Q1Q2 are

re-written as:
(Q% — Q%) ‘w = Q%w (cos2 P — sin® 1/)) + Q%w (sin2 P — cos® 1/}) +4Q14Q2y cos P sin

Q1Q2|, = (Q%w - Q%¢) cos P sin ) + Q1yQay (cos® ¥ — sin’ 1))

implying that energy 85’ " in generalised coordinates Q1,4 and Q9 is different from Eg in

(2.20). Thus, the use of one support breaks the rotational symmetry of the ring resonator.

For practical CVG resonators, multiple identical supports are uniformly spaced around the

ring circumference i.e. if there are p supports they are located at an angular distance of 3%0

degrees from each other. In what follows it is assumed that one support is attached at the
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reference circumferential coordinate § = 00 (i.e. the horizontal), as illustrated in Figure 2.7.

jt support

“———-..~

' Ring
\‘ /Mid—line
.
Y

-
‘5
™
-
Il T

Figure 2.7: Schematic diagram for a ring having p supports. One support is attached at the
reference circumferential coordinate # = 0. The generic j** support is attached to the ring
at fg. = j2&.

j p

The energy of the j* support attached to the ring at Os;, = J 2?“ is given in equation
(2.20) with 05 replaced by fg;. To calculate energy associated with p supports, kinetic and

potential energies (2.15) and (2.18) are summed over all supports to give:

=5 [ ) (@0 ]+ Spoman (15 -0) (5 - 5) (69«

j=0 Jj=0
p—! 2m m m Cs
—|—Zsin2n <jp — a> [(# — ﬁ) Qle}
§=0
1 1 (2.21)
[k, fom 2 kv, Ky
5[t et S () (- ) et
L in? 27T le ktl
+jzosm n (jp — a) [(2 - 2712> Q1Q2}
(2.22)

Energies (2.21) and (2.22) consist of an invariant part (independent of «) that is rotationally
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symmetric, and another part that breaks the rotational symmetry of the supported ring
resonator. Depending on the pair of flexural n modes considered and the number of supports

p, it can be shown that:

p—l o 0 if 2?” is not an integer
> " cos2n <j - a> = (2.23)
J=0 pcos2na  if 2?" is an integer

.
0 if 2?” is not an integer

p! 27
> “sin2n <j - a> = (2.24)
p

psin2na  if 2?" is an integer
\

Hence, if the number of supports p used is such that 2?" is not an integer, all terms involving
« that break the rotational symmetry of support kinetic and potential energies Té: and VSL
are zero. In such cases, kinetic and potential energy expressions reduce to the invariant

symmetric parts of equations (2.21) and (2.22).

L

The energy of the supported ring resonator Eﬁ = &ling + Eg is obtained by summing ring

energies (2.8) and (2.14) and p supports energies (2.21) and (2.22), and using relations (2.23)

and (2.24). If the ratio 2?” is not an integer, this gives:
1 n?+1 . . 1 ELh37
L 4 2 2 2
mr mt '2 '2 krl ktl 2 2 225
+p[<4 +4n2> <Q1+Q2>+<4 +4n2>(Q1+Q2)]+ (2.25)

+2phL R0 (~G1Qs + i)
n

It can be shown that resonator energy 8]% is symmetric and invariant to the choice of gener-
alised coordinates ()1 and Q2. In later work, it will be shown that invariant supported ring
resonator energies ensure drive and sense nf modes have equal natural frequencies and are
decoupled from each other. Therefore, numbers of supports p such that 2?” is not an integer

ensure good performance for ring resonators operating in the linear regime.
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The proposed approach used to determine the numbers of supports that maintain the rota-
tional symmetry of supported ring resonators is useful when designing symmetric resonators
operating in any nf ring modes. Table 2.1 indicates some combinations of n and p that
maintain (“SYM”) or break (“ASY”) the rotational symmetry of supported ring resonators,

for CVGs operating in the linear regime.

Numbers of supports p

Table 2.1: Combinations of n and p that maintain (“SYM”) or break (“ASY”) the rotational
symmetry of the supported ring resonator in the linear regime.

For a given modal number n, “SYM” in Table 2.1 indicates the numbers of supports
p that maintain the rotational symmetry in the linear regime (i.e. 27” is not an integer).
Typically, ring-based CVGs operate based on the 26 modes excitation i.e. n = 2, and Table
2.1 indicates that ring resonators having 8, 12 or 16 (and others) supports maintain the
rotational symmetry. For practical CVG devices, 8 and 16 supports are commonly used to
maintain the rotational symmetry of resonators based on the 26 modes.
The combinations that break the rotational symmetry in the linear regime (indicated by
“ASY”) have no practical use as a CVG, so in what follows only numbers of supports that
maintain the rotational symmetry in the linear regime are considered.
In the next Chapter, non-linear effects will be considered, and a similar approach to that

shown in this Section will be used to determine the support numbers that maintain the

rotational symmetry of a supported resonator operating at large vibration amplitude.
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2.4 Drive and sense equations of motion for a symmetric lin-

ear supported ring resonator

In this Section, drive and sense governing equations are obtained for a symmetric ring
resonator operating in any pair of n ring modes and having a number of supports p such that
2?” is not an integer. Drive and sense equations are determined using Lagrange’s equation in

generalised coordinates ()1 and Q9 as:

doT oT oV 0D _
dt an an 8Qk an

Gk (2.26)

(k = 1 for the drive, k = 2 for the sense) where T' = T'%

ring

+T§ is the kinetic energy of ring and

p supports, respectively given by (2.8) and (2.21), and V = V.2 + VI is the potential energy

ring
of ring and p supports, respectively given by (2.14) and (2.22). Equations are developed for a
symmetric resonator, so that terms involving « in support energies (2.21) and (2.22) are zero
(using relations (2.23), (2.24) for 2?” not an integer). Term D indicates the energy dissipation
due to viscous friction; damping in drive and sense generalised coordinates is considered to
be approximately the same, so in what follows it will be indicated by damping coefficient
c. G}, is the generalised force acting on generalised coordinate (). The drive mode only is

considered to be excited by modal harmonic driving force having magnitude Fp and generic

frequency €. Under these circumstances, G2 = 0 and generalised force G is:
G1 = Fp cosQt (2.27)

Lagrange’s equation for Q1 and Q5 gives the drive and sense equations of motion below:

.. . 4n, .
MresQl + CQl + KT@SQI - mMrinngQQ - FD cos 2t (228)
. . 4n )
MresQ2 + CQQ + KresQZ + mMrinQQle =0 (2'29)
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where the modal mass M,..s and stiffness K,.s for the supported ring resonator are:

Myes = Mm'ng + pMsg (2'30)

Kres = Bring +pKS (231)

In these equations, M,y and K, ;s are the modal mass and stiffness of the unsupported

ring, and Mg and Kg are the modal mass and stiffness for a single support, where:

n?+1
Mying = <n2> phLRT (2.32)
ELh3w
ring — 12R3 (n4 - 2n2 + 1) (233)
my me
Mg=—+ — 2.34
s=—5 t52 (2.34)
kr kt
Kg=—" ! 2.35
572 Toap? (2:35)

Dividing both drive and sense equations by M;cs, (2.28) and (2.29) can be re-written as:

01 + %Ql + Qi — BQLQy = - - cos (2.36)
. w . .
Qo + aoQg + wiQ2 + BOLG) =0 (2.37)

where wq is the natural frequency of the nf modes, and the damping is expressed using

c

quality factor @ (it can be shown that Mo = %) Coefficient B is the gyroscopic coupling

factor (also known as Bryan factor [2]) and depends on the modal mass properties of the ring

resonator; in practice, for a ring B is approximatively:

B — (n;‘_"i 3 (2.38)
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From equations (2.36) and (2.37) it is clear when the rotational symmetry is maintained
there is no dependence on «, and drive and sense natural frequencies wg are equal. In these
equations, the Coriolis force only couples the drive and sense modes when angular rate is
applied. In the next Section, a small point mass imperfection is added on the ring mid-line
to investigate how the breaking of rotational symmetry affects drive and sense governing

equations.

2.5 Supported ring resonator having a point mass imperfec-
tion
This Section describes the dynamics of drive and sense nf modes for a ring resonator

having a small point mass imperfection on the ring mid-line at circumferential coordinate

O, as illustrated in Figure 2.8.

Ring
Mid-line

Figure 2.8: Diagram of in-plane ring having a point mass imperfection at circumferential
coordinate 6,,.

The ring is supported by p supports that maintain the rotational symmetry in the linear

2n

regime (i.e. is not an integer), so that the rotational symmetry is broken by the point

mass.

43



2.5.1 Mathematical model and kinetic energy for a point mass imperfec-

tion

A simple mathematical model for a point mass imperfection is developed to obtain the
point mass kinetic energy. Similar to the mathematical model described in Section 2.3.1
to model a single support inertia, Figure 2.9 shows the equal concentrated masses m for
modelling the inertia of a point mass imperfection in the radial and tangential directions.

u

o uw) S
b .4 o .\Q

’ s . \
' ng \ f ng \ U(@m)
| Mid-line ! | Mid-line :
1 ! 1
il . ,
\ ! \ I
\ ! \ ¥
\ / \ ’
/
% 4 S >4

Figure 2.9: Model for representing a point mass imperfection.

The point mass is considered to be small so that ring nf modes shapes are unchanged
compared to a perfect ring. Under these circumstances, the kinetic energy T, for a small

mass imperfection is:

T, = %mqﬁ(em) + %m1}2(9m) (2.39)

where u(6,,), v(0,,) are the ring deflections. Using (2.1) and (2.2) for § = 6,, in (2.39),
kinetic energy T,, can be expressed in terms of drive and sense generalised coordinates ()1
and 2. Similar to the single support energy given by equation (2.20), it can be shown that
point mass energy T,, is not invariant to the choice of generalised coordinates and involves

terms in (6, — ) which break the rotational symmetry of resonator energy expression.

2.5.2 Drive and sense equations of motion

The equations of motion governing drive and sense nf modes are determined using La-

grange’s equation as in Section 2.4. Kinetic energy T, in (2.39) is considered in Lagrange’s
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equation (2.26) to take account of the mass imperfection. Drive and sense equations of motion

(2.28) and (2.29) become:

m(n?+1)  m(n?—1) < m(n?—-1) . .
(Mres 57,2 + o7 C08 (0, —a) | Q1+ — 53 sin 2n(0, — @)Q2+
+cQ1 + KresQ1 — mMm‘nQQzQQ = Fp cos 2t
(2.40)
mn?+1) mn?-1) < m(n?-1) . .
Mes - 2 m —_— 2 m —
( + o2 g2 08 n(0 a) ) Q2+ 52 Sin n(6 a)Qr+
@yt Kres@a 2 Mg .Gy = 0
(G res«?2 (n2 n 1) ring’tzl =
(2.41)

where M,¢, and K,.s are given by (2.30) and (2.31), and M,;ng by (2.32). Obtained equa-
tions indicate that the point mass causes drive and sense modal masses to be different to each
other, due to cos2n(6,, — ) term which has opposite sign in the drive and sense equations.
This causes the resonance frequencies of drive and sense modes to split. Moreover, terms
in sin 2n(6,, — «) couple drive and sense equations, causing inertial backwards coupling (i.e.
from the sense response to the drive response) in (2.40), and forwards coupling (i.e. from the
drive to the sense) in (2.41) which do not relate to rotation. Both drive and sense equations
involve o terms.

In practice, the drive mode response amplitude is typically orders of magnitude larger than
the sense mode response [1, 5], because the drive mode is directly excited into vibration by
harmonic driving force, whilst the sense mode is excited by the Coriolis force and the inertial
coupling term in Q1. It is then possible to approximate drive equation (2.40) by neglecting

the backwards coupling terms involving Qs and Q».

Dividing drive equation (2.40) by the resonator modal mass in the drive direction Mp =

m(n341) m(n?

Myes + —5.2— + 2n;1) cos 2n(6,, — «), dividing sense equation (2.41) by the resonator

2 2_
modal mass in the sense direction Mg = M,.s + m(;n;rl) — m(gng D cos 2n(60,, — «), and

neglecting terms in @ and Qy from the drive equation, drive and sense equations can be
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re-written as:

Q1+ %)Ql +whHQr = Mi?) cos )t (2.42)
Q2+ %QQ +wiQa +mQ1 +BLQ, =0 (2.43)

where wp and wg are the drive and sense resonance frequencies, respectively, and m, is the

m(n?—1)

forward coupling term divided by Mg i.e. m, = PRI

sin 2n(6,, — «). Similar to the drive
and sense equations for the symmetric resonator in Section 2.4, the damping is indicated
using quality factor @@ and the gyroscopic coupling factor is approximated by coefficient B
given by (2.38). Under the assumptions made, the drive response is independent of the sense
motion, whilst the sense mode is externally excited by the Coriolis force and by term in m,

involving the drive response.

2.5.3 Drive and sense responses

Drive and sense equations (2.42) and (2.43) are solved to determine the drive and sense
responses (amplitude, phase) for the supported ring resonator having a point mass imperfec-
tion. For a practical CVG, the drive mode is excited into resonance so that the drive modal
force has frequency 2 = wp in (2.42). Under these circumstances, the steady-state drive

response is 90° out-of-phase relative to applied excitation, and can be expressed as:

Q1(t) = q sinwpt (2.44)

where ¢; is the drive response amplitude. Using (2.44) in drive equation (2.42) it can be

shown that the amplitude of the drive response at resonance is:

D -Q (2.45)

q1 = MDwD

and can be maximised by increasing the Q-factor and by increasing the magnitude of applied

driving force, or reducing the modal mass.
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The sense response in steady-state motion can be expressed as:

Q2(t) = g2 sin (wpt + ¢sp) (2.46)

where ¢ is the oscillation amplitude and ¢gp the phase of the sense response relative to
the drive response. Sense response (2.46) can be demodulated into an in-phase response gof
(in-phase or 180° out-of-phase relative to the drive response) and quadrature response g2

(90° out-of-phase relative to the drive response):

Q2(t) = gar sinwpt + gag coswpt (2.47)

where go7 = g2 cospsp and gag = g2singgp. Chapter 1 stated that the in-phase response
go1 is used to measure the angular rate whilst the quadrature response is zero for an ideal
gyro. Using (2.44) and (2.47) in sense equation (2.43) and manipulating, one can obtain the

following two equations governing the in-phase and quadrature sense responses:

WwpWwg
(2Awo)q20 + 0 q21 = —BQ.quwp (2.48)
Wwpws
(2Awo)gar — g “e= meqwh (2.49)
(wi-wd) . . . .
where Awgy ~ -5+ is the frequency split between drive and sense resonance frequencies.

From these equations, it is noted that inertial coupling term m,. and frequency split Awq give
rise to non-zero quadrature response gag; moreover, frequency split Awg couples in-phase and
quadrature responses. It can be shown that the amplitudes of the in-phase and quadrature

responses respectively are:

BQqwp (“757%) + meqiw (2Aw)

p)
4AwE + (ngs )

Q21 = — (2.50)

47



2 Wwpws

BQqiwp(28wo) — meqiwp “Ly

2
4AW(2) + (wDC;)S)

Q2@ = — (2.51)

Inertial coupling and frequency split cause the in-phase response to be non-zero in the ab-
sence of rotation (i.e. goy # 0 for Q, = 0), generating the so-called zero-rate-output (or ZRO)
introduced in Section 1.4. When the in-phase response ¢o7 is measured to detect the angular

rate, terms in Awy and m. in equation (2.50) complicate the determination of €2,.

If the resonator is perfect and rotationally symmetric (i.e. Awp = 0 so wp = wg = wy,
and m. = 0 in equations (2.50) and (2.51)), the quadrature response is zero and the in-phase

sense response has amplitude:

BQ.q1
o —— ) (2.52)
wo
In this case, angular rate €, is easily detectable by measuring the sense response as ), = 33?101?2'

If the same approach is repeated for the imperfect resonator using the in-phase amplitude
gor given by (2.50), the measured angular rate 2, would not be the same as the actual an-
gular rate experienced by the device. This demonstrates how imperfections that break the
rotational symmetry of the resonator cause sensing errors (i.e. quadrature errors) that have

potential to degrade the quality of rate measurement.

In summary, the sense response in equation (2.52) applies to a perfect ring having a number
of supports p that maintain the rotational symmetry of the resonator (i.e. 2?” is not an in-
teger). Rotationally symmetric expressions for ring and support energies ensure the angular
rate detection is not adversely affected by sensing errors, and the maximum sensitivity is
achieved. Otherwise, if ring and support energies are asymmetric and depend on the choice
of generalised coordinates, the drive and sense equations of motion are coupled by inertial (or

elastic) terms and drive and sense resonance frequencies are split. Under these circumstances,

the sense response amplitude reduces, and the rate measurement quality degrades.
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2.6 Summary and conclusions

This Chapter developed a mathematical model for a supported ring resonator operating
in a generic pair of nf modes in the linear regime. The developed mathematical model for
ring and p supports was used to determine analytical expressions for the kinetic and poten-
tial energies of the resonator. It was noted that the ring energy is invariant to the choice
of generalised coordinates and independent of drive angle « as perfect rings are rotationally
symmetric. It was found that if the number of supports p is such that 2?” is an integer,
support energy depends on the choice of generalised coordinates used and drive axis angle a.
In contrast, if 2?” is not an integer, the support energy is rotationally symmetric, invariant to
generalised coordinates used, and independent of a. For the 20 modes, this study validated
that 8 and 16 supports, commonly used for practical CVG devices, maintain the rotational

symmetry.

Numbers of supports that break the rotational symmetry in the linear regime have no use, so
drive and sense equations of motion were developed for a ring having a number of supports
p such that 2?" is not an integer. It was demonstrated that if resonator energy is rotationally
symmetric, drive and sense equations are only coupled by the Coriolis force in the presence

of rotation, and drive and sense resonance frequencies are equal.

To investigate the impact of the breaking of rotational symmetry on supported ring res-
onators performance, a small point mass imperfection was added to the ring mid-line of a
previously rotationally symmetric resonator. It was shown that the point mass makes the res-
onator energy expression asymmetric and causes inertial mode coupling and frequency split.
Analytical expressions for the drive and sense responses in steady-state for the imperfect ring
resonator were obtained, and it was found that frequency split and inertial coupling cause

occurrence of non-zero quadrature response and zero-rate-output. It was concluded that only
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when the rotational symmetry of the resonator is maintained, high sensitivity and SNR, and

good quality of the rate measurement are achieved.

In the next Chapter, the mathematical model for a linear resonator developed in this Chap-
ter will be extended to include ring and support geometrical non-linearity. In later work,
non-linear drive and sense dynamics will be investigated and it will be shown that, in some
cases, the effects of non-linearity on supported ring resonators performance are similar to

those caused by a point mass imperfection, investigated in this Chapter.
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Chapter 3

Governing equations for a
supported ring-based CVG

operating at large amplitudes

3.1 Introduction

Previous chapters highlighted that high performance CVGs used in inertial navigation
applications require high sensitivity and SNR, and discussed how this can be achieved by re-
ducing the damping and by exciting the ring into large amplitude of vibration. The purpose
of this Chapter is to develop an understanding of ring and support geometrical non-linearity
effects on the performance of supported ring resonators operating at large amplitude vibra-
tion, and provide some insight how to design devices having improved performance.

The mathematical model for the linear supported ring resonator developed in Chapter 2 is
extended to include ring non-linear flexural vibration and non-linear support stiffness. Fol-
lowing a similar investigation to that in Chapter 2, kinetic and potential energy expressions

for ring and support are obtained for the non-linear resonator, and analysed to investigate

o1



whether geometrical non-linearity influences the rotational symmetry of the resonator.

Ring and support energy expressions are used in Lagrange’s equation to develop drive and
sense equations of motion for supported ring resonator having p supports and operating in
the nf modes. Resulting equations are discussed in detail for ring resonators operating in
the n = 2 modes having 8 and 16 supports which, in Chapter 2, were found to maintain the
rotational symmetry of the 20 modes in the linear regime. In later chapters, the equations of
motion developed in this Chapter will be used to investigate the drive and sense responses
in steady-state for practical CVGs operating at large amplitude vibration, to demonstrate

non-linearity effects on supported ring resonators performance.

This Chapter is organised as follows. Section 3.2 develops the mathematical model for an
unsupported ring including ring non-linear flexural deflection, and determines the equations
of motion for the unsupported ring at large amplitude vibration. Section 3.3 develops the
mathematical model for modelling non-linear supports. Similar to the investigation proposed
in Chapter 2, support energy is obtained and analysed to investigate whether ring and sup-
port geometrical non-linearity have potential to break the rotational symmetry of supported
ring resonators. In Section 3.4 ring and support energies are used in Lagrange’s equation
to determine the equations governing the drive and sense nf modes motion for a ring res-
onator having p supports. Drive and sense non-linear equations are discussed in details for
ring resonators operating in the 260 modes and supported by 8 and 16 supports. Section 3.5

summarises the work done and key conclusions.
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3.2 Equations of motion for an unsupported ring exhibiting

large amplitude vibration

This Section develops the mathematical model for modelling an unsupported ring res-
onator when the ring is excited into large amplitude vibration. Kinetic and potential ener-
gies of the ring are obtained and used in Lagrange’s equation to determine the equations of

motion governing the drive and sense nf modes for an unsupported ring.

3.2.1 Ring non-linear flexural deflections

A model similar to that presented in Section 2.2.1 for a linear ring is used to describe the
deflection of a ring driven into large amplitude. Studies conducted by Evensen [31-33] and
introduced in Section 1.5.1 suggest that to good approximation the ring mid-line remains
inextensible when the ring vibrates. Expressions for radial and tangential displacements u(f)
and v(f) in equations (2.1) and (2.2) do not satisfy the inextensibility condition when the ring
undergoes large amplitude vibration, and are enhanced by including the non-linear breathing

mode. The resulting radial u(#) and tangential v(#) displacements of the ring mid-line are:

u(@):Qlcosn(H—a)+Qgsinn(0—oz)—7(@%—1—@%) (3.1)

0(9):—%sinn(G—a)+%cosn(0—a)+

(3.2)
T % [(QF — @3)sin2n (0 — a) — 2Q1Q2 cos2n (0 — a)]
where ;
_(n*-1)
V= AR (3.3)

In the linear model, generalised coordinate ()1 is the anti-node radial vibration amplitude of
the drive mode at § = « i.e. u(a) = @Q1, while generalised coordinate (2 is the anti-node

radial vibration amplitude of the sense mode at 6 = a + 5~ i.e. u(a + 5.) = Q2 (see radial
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deflection in equation (2.1)). In the non-linear model, this is only approximatively true. Due
to the breathing mode, the radial ring deflection at § = « is given by u(a) = Q1 —7 (Q% + Q%)
and similarly, the radial deflection at § = o + 5 is u(a + 5.) = Q2 — v (Q% + Q%) In later
work it will be shown that generalised coordinate )1 can be obtained from the ring radial
displacements at § = a and § = a+Z, while Q3 can be obtained from u(a+g-) and u(a+ 2—2)
It is noted that radial and tangential displacements are characterised by vibrations at twice
the frequency of the dominant flexural vibration. If the steady-state vibration of the drive
and sense modes has frequency w, the radial and tangential displacements will experience 2w
frequency vibrations, arising from the Q?, Q3% and Q1Q> terms in equations (3.1) and (3.2).
Furthermore, the radial displacement is reduced by the presence of the non-linear breathing
mode term v(QF + Q3) which is independent of the circumferential coordinate §. The tan-
gential displacement includes 2n(6 — «/) terms, indicating that the tangential displacement is
modified by non-linearity and includes a 2nf component.

The ring is assumed to be perfect, so that the nf in-plane flexural modes have no preferred
orientation, and a consequence of this is that angle « is arbitrary. Similar to the linear model
described in Chapter 2, angle « is included in equations (3.1) and (3.2) to specify the radial
displacement at the drive axis location which aligns with the principal direction of the applied

radial force.

3.2.2 Kinetic and potential energies for an unsupported ring

The kinetic and potential energies of the ring are determined by substituting radial and
tangential displacements (3.1) and (3.2) into (2.7) and (2.12) (via (2.13)) and calculating the

integrals. The kinetic energy T;,, and potential energy V,;,, for a ring undergoing large
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amplitude vibrations can be expressed as:

. . 2 2 . . 2
Tying = phLRr [(Q% +G3) ((” = 1) + 5@+ Q%)) +892 (G1Q1 + G2Q») ] T

+2phL R0 (G102 + 16y
(3.4)

3
ELh"m Q1+ Q3) (L+n* —2n* +29* (QF + Q3)) (3.5)

Voo = S (

The total energy of the ring €;;,4 is given by the sum of T}.;,,4 and V;.;4 and can be formulated

as:

2 1 . . . . 2

L3 (3.6)
2 T 12 2)2
where Tr];ng and Vr%ng are the kinetic and potential energy of the linear ring, respectively given

by equations (2.8) and (2.14). Equation (3.6) highlights the influence of ring geometrical non-
linearity on the energy expression. Using transformations (2.9) and (2.10) in Chapter 2, it
can be shown that the ring energy expression &,;,4 is unaltered when generalised coordinates
(@1 and Q3 are rotated by an arbitrary angle ¢ (as illustrated in Figure 2.4). This indicates
that the rotational symmetry of the ring is maintained at large amplitude deflections and that
ring geometrical non-linearity does not affect the rotational symmetry of the unsupported

ring resonator.

3.2.3 Drive and sense equations of motion for an unsupported ring

Non-linear ring energies (3.4) and (3.5) are used in Lagrange’s equation (2.26) to determine
the equations of motion governing drive and sense nf modes of the unsupported ring. The
distribution of generalised radial forces applied to the ring to excite the nf drive mode is
assumed to be of the type fp (6,t) = Fpcosn (0 — «) cos Qt. By expressing the damping in

terms of the quality factor (), and approximating the gyroscopic coupling factor as coefficient
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B given by (2.38), it can be shown that the equations of motion for the drive and sense modes

are:
2

Q1 [1+(Q1+Q2) o )}JrQl {Q <Q1Q1+Q2Q2>( +1)}+

(n2+1

42 8n? —1
+Q1 |wg (1 +(QT +@3) m> (Qz + Qz) ((712+1))+ (3.7)
n’y : Fp
+ — | = BON.Qs = Ot
<Q1Q1 Q2Q2> 2 1)} Q2 Vrong cos

2

G |1+ (@F+ @) ('

)} + Q2 {Q (Q1Q1 +Q2Q2> oz 4—21)} +

+0a [ (14 (@1 @) ey )+ (G0 ) ST e

(n*—2n2 +1 (n?2+1)
2.2
+ (0101 +Ga@2) s 1)} +BQG =0

where M,;nq is given by (2.32) and wg is the natural frequency of the nf modes of the
unsupported ring. It is noted that ring geometrical non-linearity is governed by ~ and causes
the drive and sense modal mass, damping and stiffness to depend upon non-linear terms in )1
and @2 (and time derivatives) and vary parametrically. Previous studies [5,29,31] introduced
in Section 1.5 found that this parametric coupling causes the resonance frequency of the drive
and sense modes to shift from the linear resonance frequency wg as the ring is excited into
large amplitude vibration. This shift affects the performance of ring-based resonators which
normally operate at the drive mode resonance frequency. The dependence of the drive mode

resonance frequency on the drive response amplitude will be investigated in the next Chapter.

3.3 Mathematical model and energy expressions for a non-

linear support structure

This Section develops the mathematical model introduced by Sérandour [29] for modelling
the support structure including support non-linear stiffness. Ring geometrical non-linearity

is considered using non-linear radial and tangential ring deflections (3.1) and (3.2) to describe
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the displacements of ring-support attachment points. The model is used to determine kinetic
and potential energy expressions for p identical supports uniformly spaced around the ring
circumference. A similar approach to that in Section 2.3 for a linear support is used to inves-
tigate the influence of ring and support geometrical non-linearity on the rotational symmetry

of supported ring resonators when the ring is driven into large amplitudes.

3.3.1 Mathematical model for non-linear supports

Section 2.3 presented a model for p linear identical supports uniformly spaced around the
ring circumference. Figure 3.1 shows the mathematical model used for modelling a single

support including support non-linear stiffness.

fe u(0) + krzll(ﬂ)z + krau(8)3

X

my

ke, v(8) + .’(,321;(6)2 + .k[3v(9)3

Ring mid-line u(@)‘ v(6) \
\ s myg ‘\/\/\/_E
Ring-support

attachment point

Figure 3.1: Diagram of the mathematical model proposed for representing the support inertia
and non-linear stiffness in the radial and tangential directions.

Similar to the linear model shown in Figure 2.6, the inertia of the support in the radial
and tangential directions are modelled by discrete masses m, and m;. To take account of
non-linearity, the stiffness in the radial and tangential directions are modelled by non-linear
springs having cubic stiffness. The radial springs have linear, quadratic and cubic stiffness

coefficients k, , k., and k,,; and the tangential springs have linear, quadratic and cubic stiff-
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ness coefficients &, ki, and k.

These stiffness coefficients are calculated using a Finite Element analysis for a single support,
in a similar way to that described in Section 2.3.1, used to determine coefficients k,, and
k:, for a linear support. In summary, radial and tangential forces are applied to the support
end that is attached to the ring mid-line, the radial and tangential directions are assumed to
be principal axes of stiffness for the support, and the in-plane rotation of the ring-support
attachment point is assumed to be the same as an unsupported ring undergoing linear vibra-
tion at that angular position. Large-deflection static analyses are performed to calculate the
radial and tangential displacements caused by the applied forces, and the process is repeated
by varying the magnitude of the applied forces to calculate the force-deflection curves in the
radial and tangential directions. These curves are interpolated using cubic fitting functions
and used to calculate the linear, quadratic and cubic stiffness coefficients. A more detailed
description of the procedure used for the determination of the non-linear stiffness coefficients
can be found in Appendix A, where the stiffness coefficients are calculated and shown for a

practical ring-based CVGs support geometry.

3.3.2 Kinetic energy of the support structure

In Section 2.3.4, the kinetic energy of p linear identical supports (uniformly spaced around
the ring) was determined by summing the kinetic energy of a single support given by (2.15)
over the total number of supports. A similar approach is followed here for the non-linear
supports. To take account of ring geometrical non-linearity, non-linear radial and tangential
ring displacements (3.1) and (3.2) are used to describe the displacement of support masses

m, and m; respectively. Substituting (3.1) and (3.2) into (2.15) and summing over the total
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number of supports, the kinetic energy Ts of the support structure can be expressed as:

p—1 9 p—1 o p—1 o
Ts =Tk + cosn(g—oz)Tm—l— smn(g—a>T51+ cos2n<]—a>T02+
45 2 > > o (57

Jj=0 Jj=0 Jj=0
p—1 9 p—1 9 p—1 9
—|—Zsm2n (]—a) ng—l—Zcos?m <j—a> T03+Zsm3n <j—a> Ts3+
Jj=0 J=0 Jj=0
L 2 p] 2
+Zcos4n (jp—a) TC4+Zsin4n <jp—a> Tsy
j=0 Jj=0

(3.9)

The invariant component of the kinetic energy Tg and terms T, ..., T'gy are:

Ti=p [(TZT + 4%;2) (Q% + Q%) +7° <2mr (Q1Q1 + Q2Q2>2 + 4%;2 (Q% + Q%) (@t + Qg))}

(3.10)

Tor = [~2m,G1 (G101 + Q2@:) — 57501 (QF + Q3) | (3.11)
Tor = [-2m.02 (G101 + Q2Q2) — 25Qs (&3 +63)] (3.12)
Tos = (50 - %) (@3 - @3) (3.13)

Tss = (5 - 15 ) 26102 (3.14)

Tos = 2%7 Q1 (G - @3) - @2 (26102 | (3.15)
Tss = 557 |Qs <Q2 Q3) + Qi (20101 | (3.16)

1= g |5 (G- 03) (@~ @) + 201 (i) (3.17)

Tos = 257" [Q&Qz (@3- @) + (B - G2) ()| (3.18)

In these equations, terms involving v are associated with ring geometrical non-linearity. By
comparing Ts in (3.9) against TSL for p linear supports given by equation (2.21), it is noted

that ring geometrical non-linearity:
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e Introduces multiple non-linear terms in 1 and Q2 (including first time derivatives and

combinations) to the invariant part of the kinetic energy Tg.

o Gives rise to coefficients Ty, Tsm with m = 1,3,4 which involve summations in
cosmn (j%” — a) and sinmn (j%7T — a) and have potential to break the rotational

symmetry due to the dependence on a.

Using transformations (2.9) and (2.10) it can be shown that expressing kinetic energy T's
in (3.9) in terms of generalised coordinates Q14 and @2y rotated by an angle v relative to
@1 and @2, the invariant component of the kinetic energy Tg; is unchanged whilst terms
Tom, Tsm (for m = 1,...,4) vary. This indicates that Ty, Tsy, terms break the rotational
symmetry of the support kinetic energy expression.

By generalising (2.23) and (2.24), it can be shown that:

p—1 9 0 if % is not an integer
Zcosmn (j - oz) = (3.19)
j=0 g

pcosmna if 22 is an integer

p—1 o 0 if % is not an integer
Zsin mn (j — a) = (3.20)
j=0 P

psinmna  if B2 is an integer

where m, n and p are integers. When investigating the linear regime, it was found in Section
2.3.4 that the rotational symmetry was broken for p supports numbers when 2?” is an integer.
In contrast, this analysis indicates that ring geometrical non-linearity causes the rotational

symmetry to break for numbers of support p such that %, %" and/or dn

. are integers. Only
if the ring is supported by p supports such that % is not an integer (for m = 1,...,4) the
rotational symmetry is maintained and all « terms in the support kinetic energy (3.9) are

zero and T reduces to the invariant part T given in (3.10).
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3.3.3 Potential energy of the support structure

In Section 2.3.4 the potential energy for p linear supports was determined by summing
the potential energy for a single support given in (2.18) over the total number of supports.
To take account of support geometrical non-linearity, contributions from the quadratic and
cubic radial and tangential stiffness are included in the potential energy expression for a
single support (2.18). Summing over the total number of supports, the potential energy Vg

of the support structure can be expressed as:
1

L 27r 2m
kmu + kmu + kr3u i— )+
= 3 7p p

Jj=
1 2T 2 2
+2kt1v2< p>+3kt2 ( p>+ 7 <‘jp>]

Substituting non-linear radial and tangential ring displacements (3.1) and (3.2) into (3.21)

(3.21)

to determine the strain energy of the supports gives:

p—1
27 27 27
Vg VS Z cosn (] — a) Vo1 +sinn (j — a) Vg1 + cos2n (] — a) Voot
7=0

2 2
+ sin 2n (j a) Vso + cos 3n (jﬂ — a) Vos +sindn (jﬂ — 04) Vss+
p p

2 2
+ cos4n <] a) Vou + sindn <j7r — oz) Vg4 + cos bn <j7r - a> Veos+
p p p
2w 21 . 21
+sindn ( j— —a | Vgs +cosbn | j— —a | Vog +sinbn | j— — a | Vg
b b b
(3.22)

where the invariant component of the potential energy of the supports Vsi is given by:

i { (M ) @ ad e (e o) @+ @)+

k. kg ki,
F@ @) [ e s @ )+ s (42 @ Q)|

2 32

(3.23)

61



and coefficients Vg1, ..., Vsg can be found in Appendix B in equations (B.1)-(B.12). Higher
powers of v than the second order in potential energy expression (3.22) have been neglected
as they are multiplied by terms involving Q¢, Q7, QS and/or Q. For the range of response
amplitudes considered in this work, these terms are considered to be small and negligible.

By comparing Vs against VSL for p linear supports given by (2.22), it is noted that ring and

support geometrical non-linearity:

e Introduces non-linear terms into the invariant part of the potential energy Vé. In

particular:
- Ring geometrical non-linearity gives rise to terms in v multiplied by the linear
stiffness coefficients of the supports k,, and ky, .

- The combined effect of the ring and support geometrical non-linearity introduces
terms in the non-linear stiffness coefficients k., ky,, k¢, and k¢, which are multi-

plied by ~.

- Support geometrical non-linearity introduces terms involving the non-linear stiff-

ness coefficients which have no dependence on .

27

o Introduces non-linear terms into that part of potential energy multiplied by cos 2n ( J o

and sin 2n (j%’r — a) (see expressions for Ve and Vg in (B.3) and (B.4)).

e Gives rise to coefficients Vo, Vs with m = 1,3, ..., 6 which involve summations in
cos mn (j 2?” — a) and sinmn (j 27" - oc) and have potential to break the rotational

symmetry due to the dependence on «.

Using transformations (2.9) and (2.10) it can be shown the invariant part of the potential en-
ergy V§ in (3.23) is unaltered when generalised coordinates are rotated by an arbitrary angle
Y. In contrast, energies Vo, Vs, (m = 1, ..., 6) respectively multiplied by cos mn (j%” — a)
and sinmn (j 2?” — a) depend on the choice of generalised coordinates used and break the

rotational symmetry of the supported ring resonator.
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Using (3.19) and (3.20), it can be shown that if the ring is supported by p supports such that
% is not an integer (m = 1,...,6) all a terms in the support potential energy (3.22) are zero,

and Vg reduces to the invariant part V¢ given by (3.23).

3.3.4 Numbers of supports that break rotational symmetry for large am-

plitude vibrations

Section 2.3.4 for a linear resonator concluded that if the number of supports p ensures
2?" is an integer, the rotational symmetry of the nf modes breaks in the linear regime. For

resonators operating at large amplitude of vibration, it was found that:

e Ring geometrical non-linearity introduces rotational asymmetry in support kinetic en-

ergy expression T in (3.9) for numbers of supports p when 2, 3% and/or %”

is an
p’ p

integer.

¢ Ring and support geometrical non-linearity causes support potential energy expression

n 2n 3n

Vs in (3.22) to be rotationally asymmetric for numbers of supports p when TR

4n  5n
p’ p

and /or %” is an integer.

One can conclude that for a given mode number n, at large amplitudes the rotational symme-
try is maintained only if the number of supports p ensures % is not an integer for m = 1, ..., 6.
Using relations (3.19) and (3.20), if 5% is not an integer (for m = 1,...,6), the kinetic energy
of the support (3.9) and potential energy of the support (3.22) reduce to the invariant parts

T and V¢ respectively given by (3.10) and (3.23). The supported ring resonator energy is:
ER = Tm'ng + ‘/m'ng + qu + Vg‘ (324)

where Tying and Vi, are respectively given by (3.4) and (3.5). It can be shown that energy

Er in (3.24) is independent of « and is invariant to the choice of generalised coordinates used.
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Table 3.1 summarises these results and indicates the combinations of mode number n and
number of regularly spaced supports p that maintain the rotational symmetry of the sup-
ported ring resonator (“SYM”) or not (“ASY”) as the ring is driven into large amplitudes

vibration.

Numbers of supports p

Table 3.1: Combinations of n and p that maintain (“SYM”) or break (“ASY”) the rotational
symmetry of the supported ring resonator as the ring is driven into large amplitudes vibration.

For a given modal number n, Table 3.1 indicates with “SYM” the support numbers p that
maintain the resonator rotational symmetry when the ring is excited into large amplitude
vibration, and with “ASY” the support numbers that break the rotational symmetry when
the ring is excited into large amplitude vibration.

It is interesting to compare Table 3.1 with Table 2.1 which was developed in Section 2.3.4
for supported ring resonators operating in the linear regime; the result is shown in Table 3.2.
Combinations of n and p indicated with “X” in Table 3.2 break the rotational symmetry in
the linear regime and have no practical use as a CVG, whilst all other combinations maintain
the rotational symmetry in the linear regime. Combinations indicated with “ASY” break the
rotational symmetry at large amplitude vibration, whilst combinations indicated with “SYM”

maintain the rotational symmetry when the ring undergoes large amplitude deflections.
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Numbers of supports p

Table 3.2: Combinations of n and p that (i) break the rotational symmetry in the linear
regime (“X”), (ii) maintain the rotational symmetry in the linear regime and break it at large
amplitude vibration (“ASY?”), (iii) maintain the rotational symmetry in the linear regime and
at large amplitude vibration (“SYM”).

Results in Table 3.2 indicate that for a given modal number n, some numbers of supports
p indicated by “ASY” maintain the rotational symmetry when the ring resonator operates in
the linear regime, and break it when the ring is excited into large amplitude vibration. Other
supports numbers, indicated by “SYM” | maintain the rotational symmetry of supported ring
resonators regardless of the vibration amplitude. It is interesting to note that for CVGs
operating in the 20 modes (i.e. m = 2), Table 3.2 indicates that 8 supports maintain the
rotational symmetry when the device operates in the linear regime, and break it at large am-
plitude vibration due to ring and support geometrical non-linearity. In contrast, 16 supports

maintain the rotational symmetry in the linear regime and for large amplitudes vibration.

3.3.5 Summary and interpretation

Chapter 2 for a linear resonator indicated that if the rotational symmetry is broken,
frequency split and mode coupling occur and cause the sense response amplitude in operation
to reduce and the quality of rate measurement to degrade. Practical high performance CVGs
used for inertial navigation applications typically rely on the excitation of the 260 modes of the
ring, and are often supported by 8 or 16 supports so the actuation and sensing mechanisms
can be placed between supports. The non-linear results presented in this Section indicated

that 8 supports maintain the rotational symmetry of the 20 modes in the linear regime
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and break it when the ring undergoes large amplitude vibration. This suggests that as the
amplitude of vibration is increased, the presence of geometric non-linearity degrades sensor
performance for ring resonators having 8 supports. In contrast, 16 supports are shown to
maintain the rotational symmetry at large amplitudes, so sensor performance are expected

to be maintained when 16 supports are used.

3.4 Equations of motion for supported ring resonators at large

vibration amplitudes

This Section develops the equations governing drive and sense nf modes motion for a
resonantor having a generic number of supports p, using Lagrange’s method. Non-linear
kinetic and potential energies expressions for the ring (i.e. Tring (3.4), Vying (3.5)) and for
the support (i.e. Ts (3.9), Vs (3.22)) are used in Lagrange’s equation (2.26). As in Section
2.4 for a linear resonator, it is assumed that the drive mode is excited by applied harmonic
modal forces having frequency 2 and magnitude Fp. The damping is expressed in terms
of the quality factor ), and the gyroscopic coupling factor is approximated by coefficient B
given by (2.38). The obtained drive and sense equations are quite long and complex and are

given by (C.1) and (C.2) in Appendix C, respectively.

For practical CVGs, the governing equations of motion are simplified by noting that the
amplitude of the drive response is normally orders of magnitude larger than the amplitude
of the sense response [1,5]. Under these circumstances, all non-linear terms in Q2, Qg, QQ
(including combinations) in the drive and sense equations are considered to be small and

negligible. Neglecting non-linear terms in )2, drive and sense equations (C.1) and (C.2)
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respectively reduce to:

wo

Q1 (1+Qim) + (Q + Q1Q1W2> + Q1 (wo + Q33+ G1Qu1ya + Qs + Qﬂﬁ)
(j% a) +Sfjsinn <j27r — a> +C’2Dcos2n <j27T — a> +
p p p
+ (3’ cos 3n j?—a + 53" sin 3n j?—a +

2 2
+C’4 cos4n< a) +stin4n <j7r —a> +C’é)cos5n <j7r —a> +
p p
D 27 D . 2
+ Cf cosbn j?—@ + Sg sin6n j?—a =

1

+
Mres

Z [Cl cosn
j=0

+5P sin 2n -
+ SP sinsn

=BN.Qs + cos 2t

Tes

(3.25)
G (1+ Qi) + o (% + 1@ ) + @2 (4 + G+ i@ + Qs + Qo) +
—1

X [eremn (15 o) vt (55 o) (35 =)
+ CPcosn (i —a)+8%sinn (- —a ) +C5cos2n | j-- —a ) +
Mresz 1 J 1 Jp 2 ‘]p

[\D

2 2
+55 sin 2n <J7T a>+ 5 cos 3n (jw—a)—ksggsin?m <j7r—a>+
p p

2 2
+C4 cos4dn <] —o|+ 54 sin4n (jTr — a) + Css cos5n (jﬂ _ a) +
p

p

2 2
a)—l—C’G 0056n< ; a>+5€sin6n<j;—a>] =

p
27
p

2
+ S2 sin bn <]7r
p

= BQzQ‘l
(3.26)
where M,¢s is the invariant component of the drive and sense modal mass, given in (2.30)
and wq is the natural resonance frequency of the nf modes of the supported ring resonator.
Terms CL and S in drive equation (3.25) and C5 and S5 in sense equation (3.26) (m =
1,...,6), multiplied by cosmn (j%’r — a) and sin mn <j2?7r — a), arise from ring and support
geometrical non-linearity. These terms are quite complex and can be found in equations
(C.29)-(C.40) and (C.41)-(C.52) in Appendix C.

Non-linear terms in the ring energy expression and in the invariant support energies Tg and
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Vg; produce a part of the drive and sense equations of motion which is symmetrical in terms

of generalised coordinates Q1 and Q2 and involves coefficients =1, ..., Vg, where:

M= ]\f ( (T]g:"l) + 2:;) (3.27)

Y2 =2m (3.28)

= g (g o (- 25)) a0
Y4 =71+ (3.30)

=i (5 @)

Inertial coefficients 1, ..., 74 relate to ring geometrical non-linearity, and stiffness coefficients
~5 and g relate to ring geometrical non-linearity, support geometrical non-linearity and their

combination.

From drive and sense equations (3.25) and (3.26) it is noted that ring and support geo-
metrical non-linearity cause the drive and sense modal mass, damping and stiffness to be
non-linear in generalised coordinates (J; and )2. For an unsupported ring undergoing non-
linear flexural vibration a similar behaviour was found in Section 3.2 and it was said that,
based on previous studies [5,29,31], this parametric coupling has a potential to cause the res-
onance frequencies of the drive and sense modes to shift from the linear resonance frequency

wo as the ring is excited into large amplitude vibration.

It can be shown that 1, ...,7¢ coefficients arising from ring energy and invariant support

energies Tg and Vg; ensure the system parts of the drive and sense equations are equal to each
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other. In contrast, terms C2, SP and C5, S5 (m = 1, ..., 6) involving cos mn (j%’r - a) and
sinmn (j 2?” — a) have potential to cause asymmetry between the drive and sense equations

and to cause inertial, damping and elastic parametric coupling.

Terms cosmn (j%r - a) and sinmn (j%’r — a) cause the drive and sense equations of mo-
tion to depend on « and so on the drive axis location around the ring circumference. For
a perfect ring, the drive axis location aligns with the principal direction of the generalised
forces applied to excite the drive mode. For n = 2, the distribution of generalised radial
forces applied to excite the drive mode is of the type fp (0,t) = Fpcos2 (0 — «)cosQt. If
a = 0°, the distribution of applied forces is shown in Figure 3.2 and the drive mode axis

aligns at # = 0°. If o = 22.5°, the distribution of applied forces is shown in Figure 3.3 and

J —Fp cos Ot
- -

- -

the drive mode axis aligns at § = 22.5°.

Fp cos Qt

-~ -

Ring o
—Fp cos Qt

Figure 3.2: Schematic representation of the distribution of generalised forces applied to excite
the n = 2 drive mode. For o = 0° then fp (0,t) = Fp cos 260 cos Qt and the drive axis aligns
at 8 = 0°. The reference circumferential coordinate # = 0° is the horizontal.
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—Fp cos Qt
- -,

Fp cos Qt

- - - =
\—Fncosﬂt

Figure 3.3: Schematic representation of the distribution of generalised forces applied to excite
the n = 2 drive mode. For a = 22.5° then fp (6,t) = Fpcos2 (0 — §) cosQt and the drive
axis aligns at 6 = 22.5°. The reference circumferential coordinate § = 0° is the horizontal.

For supported ring resonators, the dependence of the drive and sense equations of motion
on the drive axis location around the ring circumference implies that drive and sense equations
depend on the orientation of the drive axis relative to the supports location. When the
mathematical model for a linear support was developed in Section 2.3 it was said that one
support is attached to the ring at § = 0° (as shown in Figure 2.7). If o = 0° the drive
mode axis aligns at § = 0° and so aligns with one support as shown in Figure 3.4. If one
support is attached to the ring at # = 0° and the adjacent support is attached to the ring at
6 = 45° (depending on the number of supports p), use of a = 22.5° aligns the drive mode axis
mid-way between two supports, as shown in Figure 3.5. Therefore, non-linear terms Cg , SnDl
and C&5, S5 involving « in drive and sense equations (3.25) and (3.26) cause the dynamics
of the drive and sense modes to depend upon the orientation of the drive axis relative to the

supports.
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Ring-support
attachment point

e B
Ring Se.@=-"

Figure 3.4: One support is attached to the ring at & = 0°. Use of @ = 0° produces the
alignment of the drive axis with a support.

PP TR 26 = 45°
Ring-support
attachment point

Ring-support
attachment point

Figure 3.5: If one support is attached to the ring at 8 = 0° and the adjacent support is
attached to the ring at § = 45° (depending on the number of supports), use of o = 22.5°
produces the alignment of the drive axis mid-way between two supports.

In what follows the drive and sense non-linear equations of motion are developed for
two case studies, both of which are representative of practical CVG devices. Case Study
I considers a ring resonator based on n = 2 having p = 8 supports, while Case Study I
considers a ring resonator based on n = 2 having p = 16 supports. For Case Study I, using
relations (3.19) and (3.20) most of the CX SP and C5, S5 terms in drive and sense equations

(3.25) and (3.26) are zero except for CP, SP and C§, Sy because the ratio ©¢ Is an integer
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for n = 2, p = 8 and m = 4. In contrast, for Case Study II, all terms CL', SP and C;S;L, S;?l

are zero because % is not an integer for m = 1,...,6 and all terms involving « in the drive

and sense equations of motion are zero.
3.4.1 Case Study I: governing equations for the 20 modes for CVG having
8 supports

This Section develops the governing equations of drive and sense 26 modes for a ring

resonator having 8 supports such as that shown in Figure 3.6.

Figure 3.6: Schematic diagram of a ring-based resonator having 8 supports.
The equations are determined from (3.25) and (3.26) by selecting n = 2 and p = 8. The
drive and sense governing equations of motion respectively are:

. wo

Q1 (14 Q) + Qs <Q

+CP cos8a + SP sin8a = BNQo +

+ Q1Q1’Y2> + Q1 (wé + Q?’Y:a + Q1Q17 + Qs + Qi"%‘) +

F
D cosQt

Tes

(3.33)

Q2 (14 Qim) + Q2 (0220 + Q1Q1V2> + Q2 (W(Z) + Q%’Ys + Q1Q1m + Qs + Q%’YG) +

+C cos8a + S§ sin 8 = —BN,Qy
(3.34)
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where inertial and stiffness coefficients 71, ..., 7 are given in (3.27)-(3.32) and
CP = —Q1Q1 I + Qs (-Q%Il + Q751 + 6Q‘1*53) +3Q2Q75, (3.35)

SP = —Q38y — Q2Q311 — 2Q2Q1Q1 11 + Qo <—2Q1Q111 - Q%[l +3Q15 + 20@41153> (3.36)
Cy = Q2Q11 +2Q02Q1Q111 + Q> (Q%Il + 2011 — 3Q2S; — 10@‘1*33) + Q38 (3.37)
S5 =3Q2Q%Sy — Q1Q31; + Qs (—Q%h + Q751 + 4Q1153> (3.38)

In these equations, coefficients I, S1, S2 and S3 relate to the inertia (I) and stiffness (S) of

the supports and are:

I = . mey? (3.39)

Sy = Ml <kr3 - k; 72+ /it63> (3.40)
Sy = Mtes k;'y (3.41)

S3=— Ml » 3&‘ o (3.42)

Inertial coefficient I; relates to the tangential support inertia and ring geometrical non-
linearity. Stiffness coefficient S; relates to the non-linear cubic radial and tangential stiffness
of the support and ring geometrical non-linearity through k;, which is multiplied by . Co-
efficients So and S3 are respectively related to the non-linear quadratic and cubic tangential
stiffness of the support and ring geometrical non-linearity.

By substituting terms (3.35)-(3.38) in drive and sense equations (3.33), (3.34) and rearrang-

ing, the drive and sense equations of motion for a ring resonator having 8 supports can be
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expressed as:

Q114 QF (11 — I cos8a)] + Qs (0220 + Q1Q1W2> + Q1 [wg + Q2 (y3 — I1 cos 8a) +

+ Q1Q174 + Q% (75 + S1 cos 8 — Sy sin 8av) + Q‘ll (76 + 653 cos 8a)] — QQQ% (I; sin 8a) —

—Q2Q1Q1 (21 sin 8a) + Q7 [QlQl (=21 sin 8a) + Q% (—I sin 8ar) +

: F
+ Q2 (351 sin8a + 355 cos 8a) + Q (2053 sin8a)] = BN, Qo + —2 cos Ot
s (3.43)
Q2 [1+ Q% (1 + I cos 8a)] + Q2 [QO + Q1Q1 (y2 + 215 cos 804)] + Q2 [wg +
—i—Q% (v3 + I1 cos 8a) + Q1Q1 (74 + 211 cos 8a) + Q% (v5 — 35 cos 8ar + 355 sin 8ar) + (3.44)

+ Q1 (76 — 1083 cos8a)] — Q1Q2 (I sin8a) + Q [Q% (—I1 sin8a) +
+ Q% (S; sin8a + Sy cos 8a) + Q7 (453 sin 8a)| = —BQ.Qy

It is noted that terms I7, S1, S3 and S3 are all multiplied by either cos 8« or sin 8« and break
the symmetry between the system parts of the drive and sense equations of motion. Due to
the presence of «, the drive and sense mode non-linear equations depend on the orientation
of the drive axis relative to the supports. From equation (3.43) it is noted that Iy, S7, So and
Ss terms cause the drive equation to parametrically depend on linear terms in ()2 producing
backwards coupling from the sense response to the drive response. From equation (3.44) one
can see that terms I7, S1, S9 and S3 cause the sense equation to have non-linear terms in-
volving the drive response which couple the sense motion to the drive response in the absence

of rotation.

For a linear resonator in Chapter 2 it was demonstrated that frequency split and mode
coupling in the absence of rotation cause sensing errors and reduce sensor sensitivity to ro-
tation and SNR. One can deduce that terms I7, S1, So and S3 cause a similar behaviour for
non-linear resonators having 8 supports. It is worth noting that whilst it is not feasible to

eliminate the tangential support inertial term I, actions can be taken to mitigate against this
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coupling by reducing (ideally eliminating) stiffness coefficients Si, S and/or Ss. Stiffness
coefficient S; can be eliminated by designing supports ensuring —8k;, 2 + ki, + 16k, = 0.
Similarly, So is eliminated when k;, = 0 and S3 = 0 when k;; = 0. In later work, a support

design having k;, = 0 will be proposed.

Drive and sense equations (3.43) and (3.44) were developed under the assumption that
Q2 << @1 so that all non-linear terms in 2 in drive and sense equations were neglected. In
practice, if the sense response amplitude in operation is much smaller than the drive response,
linear terms involving (- in the drive equation can also be neglected. Moreover, for the range
of drive response amplitudes considered in this work, higher powers of (J; than the cubic are
considered to be small and negligible. Under these circumstances, the backwards coupling
from the sense response to the drive response is neglected, and drive and sense equations

(3.43) and (3.44) become:

Q1 [1 4+ Q3% (y1 — I cos 8a)] + Q1 <LZ§ + Q1Q1’yz) + Q1 [wg + Q% (v3 — I1 cos 8ar) +

. F
+ Q1Q1v4 + Q% (75 + S1 cos8a — Sy sin 804)} =P cosu

TeS

(3.45)
Q2 [1+QF (1 + I cos8a)| + Q2 [20 + Q1Q1 (72 + 21 cos 804)} +
+Q2 [w% + Q% (v3 + I1 cos 8a) + Q1Q1 (y4 + 21 cos 8a) + (3.46)

+ Q? (75 — 351 cos8a + 353 sin8a)] — G1QF (I sin8a) — Q1Q2 (I sin 8a) +

+Q3 (Sysin8a + Sy cos 8a) = —BQ.Qy
In later work, simplified equations (3.45) and (3.46) will be used to investigate the drive and
sense responses for ring resonators based on the 20 modes having 8 supports, for practical
CVGs operation. The influence of higher powers of )1 than the cubic and of the backwards

coupling on the drive and sense responses will be investigated to justify the assumptions

made. Furthermore, the drive response will be determined for drive axes aligned at the
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supports (i.e. @ = 0°) and mid-way between supports (i.e. o = 22.5°) to evaluate the effect

of using a different angle « on the drive mode dynamics.

3.4.2 C(Case Study II: governing equations for the 20 modes for CVG having
16 supports

This Section develops the equations of motion governing the dynamics of drive and sense

260 modes for a ring resonator having 16 supports such as that shown in Figure 3.7.

1777}

m

Figure 3.7: Schematic diagram of a ring-based resonator having 16 supports.

The equations of motion are determined from (3.25) and (3.26) for n = 2 and p = 16. In

mn

this case, all terms in C2, SL and C’;,gl and Sﬁl (for m = 1,...,6) are zero because is not

an integer for m = 1,...,6. The drive and sense equations of motion respectively are:

.. wo

Q1 (14 Qin) + (Q

Fp

+ Q1Q172> + Q1 (w% + Q%% + Q1Q17 + Qs + Qil%‘) =

=BN.Qs + cos Qt

TES

(3.47)

Q2 (1+Qim) + Qo <bg] + Q1Q1’Y2> + Q2 (w% + Qf’m + Q1Q171 + Qs + Q%’YG) =

= - BQle
(3.48)
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where 71, ..., 76 are given by (3.27)-(3.32). It is noted that when the rotational symmetry is
maintained, the system parts of the drive and sense equations are identical and the equations
are independent of the location of the drive axis relative to the supports. Similar to the 8
support case (Case Study I), ring and support geometrical non-linearity causes the drive and
sense modal mass, stiffness and damping to be parametrically coupled to non-linear terms
in (1. However, when the rotational symmetry is maintained, drive and sense responses are
only parametrically coupled with each other, and the sense equation is externally excited by
the Coriolis force only in the presence of angular rate. For a linear resonator in Chapter 2
it was demonstrated that if drive and sense resonance frequencies are matched and modes
are only coupled by the Coriolis action in the presence of rotation, sensor performance are
enhanced. Based on those results, similar good performance may be expected for a ring

resonator having 16 supports operating at large amplitude vibration.

Similar to the 8 support case, for the range of drive response amplitudes considered in this
work, higher powers of )1 than the cubic in drive and sense equations (3.47) and (3.48), and
the Coriolis term in drive equation (3.47) are considered to be small and negligible. Under

these circumstances, drive and sense equations reduce to:

Q1 (1+ Qi)+ ((220 + QlQl’Yz) + Q1 (w% + Q?’Y:a +Q1Q1v + Q%%) =
(3.49)
= o cos Qt
Q2 (14 Qim) + Q2 <CZ§ + Q1Q172> + Q2 (W(Q) + Q%’Y:a +Q1Q1v + Q%%) = (5.50
3.50

= - BQle

In later work, equations (3.49) and (3.50) will be used to investigate the drive and sense
responses for ring resonators based on the 26 modes having 16 supports, for practical CVGs

operation. The independence of the drive response on angle « will be verified against a
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non-linear Finite Element analysis by investigating the drive response for different a angles.

3.4.3 Summary of Case Study I and Case Study II, comparison and in-

terpretation

Section 3.3 indicated that for practical ring resonators based on the 26 modes 8 supports
break the rotational symmetry when the resonator is excited into large amplitude vibration;
in contrast, 16 supports maintain the symmetry. The equations governing the drive and sense
260 modes for ring resonators having 8 and 16 supports were developed in Sections 3.4.1 and

3.4.2, respectively. It was found that:

e For ring resonators having 8 regularly spaced supports, ring and support non-linearity
causes the drive and sense modal mass, damping and stiffness to be different from
each other and to depend on the orientation of the drive axis relative to the supports.
Terms involving drive angle o couple the drive and sense equations in the absence of
rotation. Chapter 2 for a linear resonator demonstrated that frequency split and mode
coupling in the absence of rotation cause sensing errors and reduce sensor sensitivity.
Based on those results, 8 supports are expected to degrade sensor performance when

the resonator operates at large amplitudes.

e For ring resonators having 16 supports, the modal mass, damping and stiffness of the
drive and sense modes are identical to each other. The 26 drive and sense modes are
only coupled by the Coriolis force in the presence of angular rate. In Chapter 2 for a
linear resonator, it was shown that if drive and sense resonance frequencies are equal,
and modes are coupled by the rotation-induced Coriolis force only, the angular rate
can be accurately detected by measuring the in-phase sense response. Therefore, 16
supports are expected to provide accurate sensor performance compared to 8 supports

when the ring is driven into large amplitude vibration.
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3.5 Summary and conclusions

This Chapter developed a mathematical model for modelling ring resonators having p
supports, operating in any pair of nf modes at large vibration amplitudes. The mathemat-
ical model included ring and support geometrical non-linearity, and was used to determine
analytical expressions for the kinetic and potential energies of non-linear ring and support
structures. It was found that whilst p supports maintain the nf rotational symmetry in the

linear regime when 2?”

is not an integer, ring and support geometrical non-linearity causes
the rotational symmetry to break for supports numbers p which ensure % is an integer, for
m = 1,...,6. Therefore, some numbers of supports which maintain the rotational symmetry in
the linear regime, break the symmetry when the ring is driven into large amplitude vibration.

For practical CVGs based on the 20 modes, 8 supports were found to break the rotational

symmetry at large amplitudes, whilst 16 supports were found to maintain the symmetry.

The equations of motion governing the drive and sense nf modes were developed for ring
resonators having p supports. Under the assumption that the drive response amplitude is
much larger than the sense response, all non-linear terms in Q2 were neglected from the equa-
tions. The impact of the breaking of rotational symmetry was investigated by comparing the
equations of motion of the 260 modes obtained for resonators having 8 and 16 supports.

It was found that for 8 supports, ring and support non-linearity causes the drive and sense
modal mass, damping and stiffness to be different from each other. Drive and sense equa-
tions depend on the orientation of the drive axis relative to the supports, and the 20 modes
are coupled in the absence of rotation. Based on the results obtained for a linear resonator
having a point mass imperfection in Chapter 2, performance of resonators having 8 supports
are expected to degrade when the ring operates at large amplitudes.

In contrast, for 16 supports it was found that system parts of the drive and sense equations

are identical to each other. Drive and sense equations are coupled only by the rotation-
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induced Coriolis force in the presence of rotation. It was concluded that 16 supports which
maintain the rotational symmetry are expected to enhance sensor performance compared to

8 supports that break the symmetry, when the ring is driven into large amplitude vibration.
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Chapter 4

Investigating the drive response for

CVGs operating at large amplitude

4.1 Introduction

This Chapter investigates the drive 260 response for a ring that is driven into large vibra-
tion amplitude, for ring resonators having 8 and 16 supports. In Chapter 3, drive and sense
equations of motion were developed, and it was found that ring and support geometrical
non-linearity causes the governing equation of the drive mode to parametrically depend on
non-linear terms in drive generalised coordinate @);. Previous studies [5,29, 31] indicated
that non-linear ); terms in the modal mass, damping and stiffness equations of the drive
mode have a potential to cause the drive mode resonance frequency to shift from the linear
resonance frequency for large drive amplitudes. This non-linear behaviour of the drive mode
is investigated in this Chapter. The averaging method is used to investigate the amplitude
and phase of the drive response in steady-state when the ring is driven into large ampli-
tude vibration. The drive mode frequency response curves are compared against those for a
linear resonator, to highlight the effect of ring and support geometrical non-linearity. The

frequency backbone curve for the drive mode is determined based on a drive response having
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phase of 90 degrees relative to the applied driving force. The frequency backbone curve for
the supported and unsupported ring resonators are compared to investigate the influence
of the support structure on the non-linear drive mode behaviour, for two different support
geometries. In later work, the influence of the support structure on the drive mode dynamic
behaviour investigated in this Chapter will be used to design improved support geometries

which mitigate non-linearity effects on the drive response.

In Chapter 3 it was found that 8 and 16 supports, respectively, break and maintain the
n = 2 rotational symmetry when the ring is driven into large amplitude vibration. It was
found that for the 8 support structure, the drive mode equation involves terms in drive angle
« causing the drive mode dynamics to depend upon the orientation of the drive axis relative
to the supports. In contrast, for the 16 support structure, the drive mode equation is inde-
pendent of «. In this Chapter, the dependence of the drive mode dynamics on the location of
the drive axis is investigated by calculating the drive mode frequency backbone curve for two
« angles, i.e. two different drive excitations. Finite Element non-linear transient analyses are

used to verify the results obtained using the averaging method.

This Chapter is structured as follows. Section 4.2 introduces the method of averaging, as
applied herewith, and describes in general terms how the method is used to determine the
steady-state amplitude and phase of the drive response when subjected to harmonic excita-
tion. Section 4.3 describes how a non-linear transient Finite Element (FE) analysis is used
to determine the frequency response curve for the drive mode, for the purpose of comparison
against the results obtained using the method of averaging. Sections 4.4 and 4.5 show results
obtained using the averaging method and a FE non-linear transient analysis for ring res-
onators having 8 and 16 supports, respectively. Section 4.6 discusses the comparison between
mathematical and Finite Element results, and Section 4.7 summarises the work done in this

Chapter and reiterates key conclusions.
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4.2 The method of averaging

In this work, the averaging method is used to determine the steady-state response of the
drive mode (amplitude and phase) when the drive mode is subjected to harmonic excitation
and driven into large amplitude. In this Section, the averaging method [35-37] is introduced to
determine the steady-state solution of a non-linear oscillator subjected to external harmonic
excitation. Consider the forced harmonic oscillation of a mass connected to a non-linear

spring, described by the damped Duffing’s equation below:

i+ & +wir + ex® = Feoswt (4.1)

where ¢ is the damping coefficient, wg the natural resonance frequency of the oscillator, and €
the stiffness coefficient of the cubic non-linear spring. One can assume that initial conditions
are £(0) = 0 and #(0) = 0. For the equivalent linear system (i.e. ¢ = 0), the solution is
given by x(t) = Acos (wt + ¢) where A is the oscillation amplitude and ¢ the phase of the
mass response relative to the applied harmonic force. For a linear system, amplitude A and
¢ phase are constants. For the non-linear system (i.e. € # 0), solution of the non-linear

equation (4.1) can be searched in the form:

x(t) = A(t) cos x(t) (4.2)

where x = wt+¢(t) and amplitude A(t) and phase ¢(t) are unknown functions of time. Using

the Krylov-Bogoliubov technique [35-37], solution (4.2) is subject to condition:

i(t) = —wA(t) sin x(t) (4.3)
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implying that the velocity has the same form as e = 0. Differentiating (4.2) with respect to
time, gives:

i(t) = Acosy — Awsinxy — Agsin x (4.4)

Comparing (4.3) and (4.4) it is noted that amplitude A and phase ¢ satisfy the condition:
Acosy — Agsiny =0 (4.5)
Differentiating (4.3) with respect to time gives:
i(t) = —wAsin y — w?Acos y — wAgcos x (4.6)

Equations for z(t), #(t) and Z(t) respectively given by (4.2), (4.3) and (4.6) are used in

Duffing’s equation (4.1). This gives:
—wAsiny — w?Acosx — wAdcosy — dwAsiny + ng cos x + €A® cos® x = F coswt (4.7)
Equations (4.5) and (4.7) are solved for A and ¢, giving:
wAd = (—w2A cos X + wip A cosx — dwAsiny + eA3 cos® x — F cos wt) cos X (4.8)

wA = (—wQA cos Y + w%A cos x — dwAsin x + €A cos® x — F cos wt) sin y (4.9)

These first order equations for the amplitude A and phase ¢ are equivalent to the non-
linear second order differential equation (4.1) for x(¢). An approximation is now introduced
by noting that right-hand sides of equations (4.8) and (4.9) are periodic with respect to
x and have period of oscillation T = 2‘7” It is assumed that amplitude A and phase ¢

remain approximatively constant during the oscillation period 7. Equations (4.8) and (4.9)

are averaged over the period T, considering A, gf), A and ¢ constant while performing the
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averaging. For steady-state solution (i.e. A = ¢ = 0), this gives:
2 2y, 3 43
A(wg —w?) + ZGA = Fcos¢ (4.10)

dwA = —Fsing (4.11)

In these equations, A and ¢ indicate the averaged quantities. Equations (4.10) and (4.11) can
be solved in A and ¢ to approximate the amplitude and phase of the steady-state solution
for the non-linear oscillator. It can be shown that equations (4.10) and (4.11) can also be
obtained by multiplying equation (4.7) by (i) cos x and (ii) sin x, and averaging the obtained
equations over the oscillation period, under equivalent assumptions, i.e. A and ¢ slowly vary

in T and are constant during the averaging.

In Sections 4.4 and 4.5, the averaging method is applied to determine the averaged am-
plitude and phase of the drive response in steady-state when the drive mode is subjected to

harmonic excitation. The drive response @Q1(t) is expressed as:
Q1(t) = q1(t) cos x (4.12)
where ¢;(t) is the oscillation amplitude and
x =N+ ¢p(t) (4.13)

In this equation, 2 is the frequency of the applied harmonic force and ¢p is the phase of the

drive response relative to the applied force. Solution (4.12) is subject to the condition:

Q1(t) = —Qq1(t) sin x (4.14)
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Differentiating (4.14) with respect to time, gives:
Q1(t) = —Qqi sin y — Qg1 cos x — Qq1ép cos X (4.15)

Equations (4.12), (4.14) and (4.15) are respectively substituted to @1, Q1 and @ in the
non-linear drive equation. The drive equation is then multiplied by (i) cos x, and (ii) sin x.
The obtained two equations in A(t), ¢p(t), A(t) and ¢p(t) are averaged over the time period
2x Amplitude ¢;(t) and phase ¢p(t) of the drive response vary little over the oscillation
period and can be substituted by their averaged values ¢q; and ¢p. The obtained equations

in averaged quantities ¢; and ¢p are solved to approximate the steady-state response of the

drive mode.

4.3 Finite Element (FE) non-linear analysis to determine drive

mode frequency response curve

Finite Element (FE) analyses are used in Sections 4.4 and 4.5 to verify results obtained
using the averaging method for ring resonators having 8 and 16 supports, respectively. This
Section describes how the frequency backbone curve for the drive mode is determined using a
FE non-linear transient analysis (or time history analysis). The commercial software package
used is ANSYS Parametric Design Language (APDL). Appendix A describes the Finite
Element models developed for practical supported ring resonators having 8 and 16 supports.
In summary, ring and support structures have been modelled using uni-axial beam elements
BEAM3. Each element translates in the ring plane and rotates around the ring polar axis.
Each support is attached to the ring by one end and the other end is fully clamped. Figures
4.1a and 4.1b show Finite Element models developed for ring resonators having respectively
8 and 16 arched supports, where the ring structure and supports geometry are the same for

the 8 and 16 support structure. Geometrical data for the ring and support structures shown
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in Figures 4.1a and 4.1b are provided in Section A.1 in Appendix A. In what follows, arched

supports such as those in Figure 4.1 will be referred to as nominal supports.

ANSYS| ANSYS|
RL7.1 RL7.1]
Academic & Academic|

(a)p=38 (b) p=16

Figure 4.1: Finite Element models developed for practical ring-based CVGs having 8 and 16
nominal supports. Supports geometry and ring structure are equal for p = 8 and p = 16.

The drive mode frequency backbone curve is investigated performing Finite Element
structural non-linear transient analyses which calculate the dynamic response of a structure
under the action of time-varying loads, using the Newmark time-integration method [38].
The ring is excited in a pure 260 mode by applying circumferential radial harmonic forces. For
the ring resonator having 8 nominal supports, Figures 4.2a and 4.2b illustrate the applied
forces distributed around the ring circumference to generate a 26 force distribution aligned
with the supports (i.e. a = 0") and aligned mid-way between two supports (i.e. a = 22.5°),

respectively.
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ANSYS|

R17.1

Academic|

(b) o = 22.5°

Figure 4.2: Radial applied forces distributed around the ring circumference to generate a
20 force distribution aligned with the supports (i.e. a = 0°) and aligned mid-way between
two supports (i.e. o = 22.5%) for a ring resonator having 8 supports. The circumferential
reference coordinate # = 0° is the horizontal.

A structural transient analysis is performed to obtain time histories of the radial displace-
ments of the ring nodes caused by applied harmonic forces, and ring and support geometric
non-linearity is considered by including large-deflections effects. The integration time step
and duration of the simulation are selected as to ensure the non-linear transient analysis cap-
tures the dynamics accurately. The structural damping coefficient is defined by selecting the

multiplication coefficient of the mass matrix, given by wo@Q ™', where the value of the linear
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natural frequency wyq is calculated using a FE modal analysis. For a Q-factor of 1000, a time
step of about ﬁ seconds (where fy = §2) was found to provide an accurate time response
for the radial oscillation. As fy for the resonators considered is approximately 15 kHz, the
time step used for the simulations is 107 seconds. To determine if the time response is in
steady-state, the peak amplitudes are detected for each cycle, and the response is considered
to be in steady-state when the difference between the peak values of two consecutive cycles
is within 0.05%. Using a Q-factor of 1000, the steady-state condition is verified after about
0.20 seconds of simulation. Due to the high computational cost, all the FE simulations have
been performed for a Q-factor of 1000, and only key results obtained analytically have been
verified against FE simulations.

Steady-state radial displacements of ring nodes at o and o + 90° calculated using the FE
non-linear transient analysis are used to obtain the steady-state radial anti-node response
(1. Based on non-linear equation (3.1), the radial displacements of the ring at § = a and

0 = a+90° are:
u(e) = Q1 —7(Qf +Q3) (4.16)

u(a+90°) = —Q1 — 7 (Q + Q) (4.17)

Using these equations it can be shown easily that generalised coordinate ) is:

Q1(t) = [u () —u (a + 900)] (4.18)

N | —

The steady-state response Q1 is post-processed to obtain the amplitude ¢; and phase ¢p
of the drive response relative to the applied driving forces. The frequency backbone curve
for the drive mode is obtained by varying the frequency of the harmonic forces to identify
the frequency at which the drive response is 90° out-of-phase relative to applied force. This
is repeated for different levels of force magnitude. The dependency of the drive mode non-

linear dynamics on the position of the drive axis relative to the supports is investigated by
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calculating the drive mode frequency backbone curve for different o angles, applying forces

as shown in Figures 4.2a and 4.2b for a ring resonator having 8 supports.

4.4 Drive response for a ring having 8 supports

In this Section, the drive 26 response is investigated for ring resonators having 8 supports.
The averaging method is applied to the non-linear drive equation to investigate the averaged
amplitude and phase of the drive response in steady-state, when the drive mode is subjected
to external harmonic excitation. Drive mode frequency backbone curves obtained using the
averaging method are verified against Finite Element simulations. Numerical results are

shown for the practical ring resonator having 8 nominal supports, shown in Figure 4.1a.

4.4.1 Drive response obtained using the averaging method

The 20 drive mode equation of motion for ring resonators having 8 supports was developed
in Section 3.4.1 in Chapter 3 by considering that, in practice, the response amplitude of the
drive mode is much larger than the sense response amplitude, so that all non-linear terms
in Q2 in the drive equation were considered to be small and neglected. The resulting drive
equation (3.43) had linear terms in ()2 indicating backwards coupling from the sense to the
drive mode, including the rotation-induced Coriolis force. For the range of drive response
amplitudes condiered in this work, backwards coupling terms and powers of ()1 higher than
the cubic were considered to be small and neglected from equation (3.43) which reduced to

equation (3.45) here repeated below:

.. wo

Q1 [1+ QF (71 — L1 cos8a)] + Q1 <Q

. Ja
+ Q1Q1v4 + Q% (75 + S1 cos8a — So sin 80&)} = D cosu

res

+ Q1Q1’72> + 1 [w(z) + Q% (3 — I cos 8a) +

(4.19)
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where coefficients 7, ...,v5 are defined in (3.27)-(3.31) and I;, S; and So, respectively, in
(3.39), (3.40) and (3.41).

To investigate the steady-state response of the drive mode, the averaging method is applied as
discussed in Section 4.2. The steady-state response of the drive mode (4.12) having amplitude
q1(t) and phase ¢p(t) relative to the exciting force is used in drive equation (4.19). The drive
equation is then multiplied by (i) cosy and (ii) sin x, where x = Qt + ¢p(t). Averaging the
obtained equations over the oscillation period %’r gives the following equations in the averaged
amplitude ¢; and averaged phase ¢p of the steady-state drive response:

3 1 1 3 1

2 2 3 2

—Q 02 (2 = g — gk Sy — =T

q1 (Wo ) +q1 [ (4’71 102 108 + 45 16088a> +

(4.20)
3 . Fp
+ — (5 + S1cos8a — Sysin8a) | = cos ¢p
4 MT@S
qwo?  Fp .
— = sin 4.21
Q MT'eS ¢D ( )

These equations can be solved to determine ¢; and ¢p. It can be shown that squaring and

adding equations (4.20) and (4.21) gives:

P\ 2
c6qt + caqi + caqi = (MD > (4.22)
Tes
where
2
e = (wf — 92)2 + <°539> (4.23)

3 1 1 3 1
¢4 =2 (w% — 92) [—QQ (471 T + 14 5[1 oS 8o<> +
(4.24)

3
+ 1 (75 + S1 cos 8 — Sy sin 804)]

3 1 1 3 1 3 2
cg = [92 <471 — 2T g + T 511 cos 8a> ~1 (75 + S1 cos 8a — Sy sin 804)] (4.25)
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Real positive solutions of (4.22) give the amplitude ¢; of the drive response for a given
external applied force.
Dividing (4.21) by (4.20) it can be shown that the phase ¢p of the drive response relative to

the applied force is:

—weQQ ™!

3 1 1 3 1
(wg — QQ) — Q% (471 - + 14 51’1 cos 8a> +

¢p = tan~" (4.26)

3
+ Zq% (75 + S1 cos 8a — S sin 8av)

Equations (4.22) and (4.26) describe the steady-state averaged amplitude and phase of the
drive response. It is clear from the equations that ring and support geometrical non-linearity
causes the amplitude and phase of the drive response to vary with drive amplitude. The
frequency of the external force causing the drive mode to respond in resonance with amplitude

q1 is obtained based on ¢p = —90" in equation (4.26). This gives:

w2 + 37 (5 + Si cos 8a — Sy sin 8a)

Q% (1) =

B (4.27)
L+af (§9 = 372 = 193+ 37 — 511 cos 8a)

This equation describes the frequency backbone curve for the drive mode for ring resonators
having 8 supports, including ring and support geometrical non-linearity effect. For a given
drive amplitude ¢;, equation (4.27) gives the corresponding resonance frequency (or pseudo-
resonance frequency) Qp. At large vibration amplitudes, the effect of non-linear terms
Y1,..,7y5 and I1, S7 and So is significant and causes the resonance frequency Qp to shift
from natural frequency wg. To highlight ring and support non-linear terms which cause

the resonance frequency to shift, equation (4.27) can be re-written using (3.27)-(3.31) and
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(3.39)-(3.41), as:

2
2 2_ 4 2 (33 1 2
Qp — wp :M:es [—QD <10Mrmg + §mt (1 — cos8a) + 16mr> v+
1 2 2, 3 2 3t i 1.28
+§Krmg7 + 12k, v* + gk:tlfy (1 — cos8a) — 12k, y — gktﬂ sin 8a+ (4.28)
3 3
+ ka (3 4+ cos8a) + 6741%3 (3 + cos 804)]

In this equation, the left-hand term would be zero in the absence of frequency shift. Hence,
right-hand terms can be thought as responsible of the frequency shift occurrence. It can be

noticed that the frequency shift is caused by:
e Terms in Mm-ng'ﬂ and Km-ng’yQ involving ring non-linear flexural vibration.
e Non-linear support stiffness coefficients k,, and k.

e Terms in myy?, my~?, kr,7v? and ky,v? arising due to ring non-linear flexural vibrations

in the presence of the support structure.

e Terms in k,,7y and k;,y due to the combined effect of ring and support geometrical

non-linearity.

From equation (4.28) it is noted that if the right-hand side has a negative value, then
(Q% - wg) < 0, so for large amplitudes of vibration the drive resonance frequency 2p is
smaller than the linear resonance frequency wy (i.e. softening behaviour). In contrast, if the
right-hand side in equation (4.28) is positive, then (2%, — w2) > 0 so for large amplitudes
the drive mode is resonant at frequencies larger than the linear frequency wy (i.e. hardening
behaviour). For unsupported rings, it can be shown that non-linear inertial term Mm-ng'y2
multiplied by Q% in (4.28) is much larger than non-linear stiffness term Km-ng'yQ. This causes
the known softening behaviour characterising ring structures. For supported ring resonators,
the dynamic behaviour of the drive mode is influenced by the support stiffness. The ring

inertia is normally much larger than support inertia, so the dynamic behaviour of supported
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ring resonators is softening or hardening essentially depending on the magnitude of the sup-
port stiffness terms in (4.28) compared to MringnyQQD. In Chapter 6 this result will be used
to investigate hardening support designs that neutralise the softening behaviour of the ring,

in order to achieve a pseudo-linear frequency backbone curve for the drive mode.

It is noted that when the rotational symmetry is broken, the frequency backbone curve
(equation (4.27)) depends on the position of the drive axis relative to the supports loca-
tion defined by «. This dependence is investigated in Section 4.4.2 and is mainly caused by
terms S cos8a and Sgsin 8 which relate to support stiffness coefficients ky,, k¢, ki, and
kr,. Intuitively, a support structure having negligible stiffness compared to the ring inertia
has negligible influence on the dynamic behaviour of the drive mode, so that the dependence
of the frequency backbone curve on « is expected to be small. In contrast, more hardening
supports would cause less softening or even hardening dynamic behaviour for the drive mode
and the dependence of the frequency backbone curve on the drive axis position is expected

to be stronger.

4.4.2 Numerical results

This Section shows numerical results for the drive mode frequency response curves and
frequency backbone curve obtained using the averaging method and FE non-linear transient
analyses for the ring resonator having 8 nominal supports shown in Figure 4.1a. The material
properties and geometrical data of ring and support structures are based on a real ring-based
CVG design used for inertial navigation applications. The ring and supports are made of
isotropic silicon, having Young’s modulus E equal to 170 GPa and density p of 2330 kg/m?3.
The ring radius is approximatively 3 mm, the axial thickness of ring and support structures
is approx. 100 pgm. The radial thickness of ring and supports are approx. 125 pm and 10
pm, respectively. A detailed description of ring and support dimensions and results for the

mass and stiffness coefficients used for modelling the supports are provided in Appendix A.
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Frequency response curves and frequency backbone curve for a given angle «

The frequency response curves and the frequency backbone curve are firstly investigated
for drive excitations such that o = 22.5°. For a given external harmonic force having mag-
nitude Fp and frequency (2, the drive amplitude ¢; is calculated by solving (4.22), and the
phase ¢p relative to the applied force is calculated using (4.26). Figures 4.3 and 4.4 illustrate
amplitude and phase plots of the drive mode frequency response curves for five levels of force
magnitude Fp. The lowest magnitude causes a drive response in the linear regime, while
the larger values cause the drive mode to respond in the non-linear regime. For each level of
force magnitude, the excitation frequency 2 is varied in a range of £2 Hz around the natural
frequency fo = 52. In the plots, Af is the frequency variation from the natural frequency in
Hertz (i.e. Af = f— fo where f = %) The frequency response curves are compared against
those for an equivalent linear resonator in which geometrical non-linearity is neglected, calcu-
lated using equation (4.22) for ¢; and equation (4.26) for ¢p, with 71, ..., 75 equal to zero and
I = 51 = 55 = 0 as there is no non-linearity. The drive mode frequency backbone curve for
the non-linear resonator is calculated using equation (4.27) and is indicated as “Drive FBC”

in Figure 4.3.
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Figure 4.3: Frequency response curves and frequency backbone curve for the drive mode for
a ring resonator having 8 nominal supports. Comparison against linear resonator. Q=10000.
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Figure 4.4: Phase plot for the drive mode response for a ring resonator having 8 nominal
supports. Comparison against linear resonator. Q=10000. o = 22.5°.
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Results show that, at large amplitudes, the drive mode responds in resonance at frequen-
cies (1p smaller than the natural frequency wyp, indicating a non-linear softening dynamic
behaviour. For larger magnitudes of the excitation, the amplitude of the drive response at
frequency wo (see q1(wp) in Figure 4.3) is smaller than the amplitude of the linear resonator
at the same frequency, and the drive phase relative to the applied force (see ¢p(wp) in Figure
4.4) is less than -90 degrees.

As stated in Chapter 1, practical CVGs normally operate at the drive mode resonance fre-
quency. Control feedback loops are used to achieve a drive response having constant ampli-
tude, frequency and phase as this ensures the amplitude, frequency and phase of the sense
response do not vary in operation. The obtained frequency backbone curve for the practical
supported ring resonator considered indicated a frequency shift of approx. -0.30 Hz from
the linear resonance frequency when the drive amplitude is 20 pm, demonstrating that ring
and support geometrical non-linearity causes the drive mode to be resonant at frequencies
different from the designed resonance frequency. This implies that the frequency of the ex-
citing force needs to be adjusted depending on the drive mode vibration amplitude in order

to maintain the drive mode resonant, when the resonator operates at large amplitudes.

In Appendix D, the Runge-Kutta time-integration scheme is applied to drive equation (3.43)
which includes backwards coupling from the sense response to the drive response and Q‘ll
terms. Amplitude and phase of the drive response in steady-state are obtained using the
Runge-Kutta numerical method to develop the frequency response curves for the drive mode.
Results obtained using the Runge-Kutta method are compared against the frequency response
curves in Figures 4.3 and 4.4 obtained using the averaging method. Results obtained using
the Runge-Kutta method and the averaging method are found to be in good agreement, and
demonstrate that (for the range of drive response amplitudes considered) backwards coupling

and Q} terms have a small influence on the drive mode dynamics and can be safely neglected.
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Dependency of the drive frequency backbone curve on drive angle «

In what follows, the drive mode frequency backbone curves obtained for o = 0° and
a = 22.5° are compared to investigate the effect of using different drive angles a on the non-
linear drive mode dynamics. For a ring resonator having 8 supports, & = 0° and o = 22.5°,
respectively, indicate alignment of the drive mode maximum diameter with the supports and
mid-way between two supports.
Figure 4.5 shows the frequency backbone curves obtained using the averaging method and FE
non-linear transient analyses, and the frequency backbone curve for the unsupported ring.
Finite Element results are obtained as described in Section 4.3, by applying forces to the ring
as shown in Figures 4.2a and 4.2b. Pseudo-resonance frequencies obtained using FE transient

analyses have an accuracy of 0.001 Hz.

— AV Unsupported ring
—AV a=0"

== =FE a=0"

41 |——pAVa=225"

2t | © FEa=22.5°

Amplitude a, [2m]

=8

-0.35 0.3 -0.25 0.2 -0.15 -0.1 -0.05
Af [Hz]

Figure 4.5: Frequency backbone curve for a ring resonator having 8 nominal supports for
a = 0° and a = 22.5° and for the unsupported ring. Analytical (AV) and Finite Element
(FE) results. Finite Element results for « = 0° and o = 22.5° are almost coincident. Q=1000.

The frequency backbone curves in Figure 4.5 show a softening non-linear dynamic be-

haviour for the supported ring resonator, just slightly less softening than the unsupported
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ring. For a drive amplitude of 20 pum, the frequency shift obtained using the averaging
method is -0.278 Hz and -0.288 Hz for a = 0" and a = 22.5°, respectively. Therefore, results
obtained using the averaging method for o = 0° and a = 22.5° are very similar to each
other. This suggests that ring non-linearity is dominant compared to support non-linearity,
and that terms involving « associated with support non-linearity in the drive frequency back-
bone curve equation (4.27) are much smaller than the terms associated with ring geometrical

non-linearity.

Frequency backbone curves obtained using the FE analyses confirm the softening non-linear
dynamics for the supported ring resonator and indicate that drive angle o has a small influ-
ence on the non-linear dynamics of the resonator: results obtained for o = 0° and o = 22.5%
are almost identical (for a drive amplitude of 20 pm, the frequency shift obtained for o = 0°
and a = 22.5° only differ by 0.001 Hz which is the accuracy used to develop the Finite Element
frequency backbone curves). The frequency backbone curves obtained using the FE analyses
are less softening than those obtained using the averaging method. For a drive amplitude of
20 pm, the frequency shift obtained using the FE analyses is smaller than that obtained using
the mathematical model by 28% and 29% for o = 0° and a = 22.5°, respectively. Section
4.6 summarises and discusses in detail the comparison between results obtained using the

mathematical model and Finite Element method.

To further investigate the effect of drive excitation angle «, the drive mode frequency back-
bone curves are investigated by increasing the thickness of the supports. Figure 4.6 illustrates
the frequency backbone curves calculated for the same ring but with the radial thickness of

the nominal supports increased from 10 pym to 30 pm.
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Figure 4.6: Frequency backbone curve for a ring resonator having 8 for nominal supports
30 pm thick, results for @ = 0° and a = 22.5°. Analytical (AV) and Finite Element (FE)
results. Q=1000.

Whilst the nominal supports produced a frequency shift for the supported ring resonator
which was essentially unaltered compared to the unsupported ring, the increase in support
thickness causes the overall dynamic behaviour of the supported ring resonator to harden.
The frequency shift for a drive amplitude of 20 pm is 0.228 Hz for o = 0° and 0.163 Hz for
a = 22.5° using the averaging method. These results indicate that supports with increased
thickness may be used to mitigate against non-linear drive dynamics. As thicker supports
have a more significant influence on the drive mode dynamics compared to thin supports,
the dependency on drive angle « is also more significant in Figure 4.6. This is explained by
noting that terms involving « in frequency backbone curve equation (4.27) are multiplied by
support stiffness coefficients k;,, ki,, ki, and k,,. Such stiffness coefficients for the proposed

thicker supports are orders of magnitude larger than those of the nominal supports.

The FE results in Figure 4.6 validate the hardening behaviour of the supported ring res-

onator and the stronger dependency of the frequency backbone curve on drive angle a. The
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frequency backbone curves obtained for o = 0° and a = 22.5° are different from each other,
validating that when the rotational symmetry is broken, the drive mode dynamics depends
on the drive axis location relative to the supports. The Finite Element results are in good
agreement with those obtained using the averaging method, and validate that 8 supports

break the 26 rotational symmetry of ring resonators for large amplitude vibrations.

4.5 Drive response for a ring having 16 supports

Following a similar approach as the 8 support case considered in Section 4.4, the drive
response for a ring resonator having 16 supports is considered. The equation of motion
governing the drive response for the 16 support case was developed in Section 3.4.2 and given
by (3.47) were all non-linear terms in ()2 were neglected. Unlike the 8 support case, drive
equation (3.47) was coupled to the sense equation by the rotation-induced Coriolis force only.
By neglecting the Coriolis force and higher powers of )1 than the cubic, drive equation (3.47)

reduced to equation (3.49) here repeated below:

.. wo

Q1 (1+Qim) + O (Q

D cosQt

+ Q1Q172> + Q1 (w% + Q%’Y?, + Q1Q174 + Q%’Ys) =

(4.29)
Expressing the steady-state drive response using equation (4.12) and applying the averaging
method, it can be shown that the averaged drive amplitude and the averaged drive phase
relative to the applied force can be calculated by solving (4.22) and (4.26), respectively, with

I = 51 = S5 = 0. The equation for the drive mode frequency backbone curve is:

2 3.2
Wg + g}
Qp (1) = LR

_ (4.30)
1+ qf (%71 - %72 — i%& + %’74)
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Using (3.27)-(3.31), equation (4.30) can be re-written as:

2
Wi + 11— (5K ring?? + 24kr V2 + Sk, 7? — 24k, y + Skieg + ki)

Q% (q1) = (4.31)

2
1+ g7 (35 Mringy? + min? + 32m,92)

Comparing (4.31) to (4.28) for the 8 supports case, it can be noted that the dependency of
the frequency backbone curve on drive angle o and on quadratic tangential support stiffness

coefficient ky, is eliminated when 16 supports are used.

4.5.1 Numerical results

This Section shows the frequency backbone curves obtained for the practical ring resonator
design having 16 nominal supports shown in Figure 4.1b. The geometrical data and results of
mass and stiffness coefficients used to model the supports can be found in Appendix A. The
frequency response curves (amplitude and phase plots) obtained using the averaging method
are similar to those shown for the ring having 8 supports in Section 4.4.2 and comparisons
against the linear resonator lead to identical findings and will not be repeated in this Section.
Figure 4.7 illustrates the frequency backbone curves obtained using the averaging method
(i.e. equation (4.30)) and FE non-linear transient analyses for o = 0° and o = 11.25% which
respectively indicate alignment of the drive mode maximum diameter with the supports and

mid-way between two supports.
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Figure 4.7: Frequency backbone curve for a ring resonator having 16 nominal supports for
a =0 and o = 11.25° and for the unsupported ring. Analytical (AV) and Finite Element
(FE) results. Q=1000.

The frequency backbone curve for the supported ring resonator shows a dynamic be-
haviour slightly less softening than the unsupported ring. When the drive mode vibrates
with an amplitude of 20 um, the calculated frequency shift is -0.260 Hz using the averaging
method. The Finite Element simulations verify the non-linear softening dynamic behaviour
for the drive mode. For a drive amplitude of 20 pum the frequency shift obtained using the
FE analyses is smaller by 8% with respect to that calculated using the averaging method.
The frequency backbone curves calculated by the Finite Element simulations for o = 0" and

a = 11.25° are identical to each other for 0.001 Hz accuracy.

Similar to the 8 support case, the dependence of the drive mode frequency backbone curve
on « is further investigated by increasing the supports thickness. Figure 4.8 shows the fre-
quency backbone curves obtained for the same ring by increasing the thickness of the nominal

supports from 10 pm to 30 pm.
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Figure 4.8: Frequency backbone curve for a ring resonator having 16 nominal supports 30 um
thick; results for = 0° and a = 11.25%. Analytical (AV) and Finite Element (FE) results.
Q=1000.

Similar to that observed for the 8 support case, the increase in support thickness causes
the dynamic behaviour of the supported ring resonator to be hardening. At 20 pm amplitude,
the frequency shift calculated using equation (4.30) is 0.519 Hz, which is approx. 3% larger
than that obtained using the Finite Element method. Unlike the 8 support structure, the FE
results obtained for a = 0Y and a = 11.25" are identical to each other (for 0.001 Hz accuracy).
Therefore, the Finite Element simulations validate that when 16 supports are used, the drive
mode dynamics is independent of the drive axis position relative to the supports. This
demonstrates that the 16 support structure maintains the rotational symmetry of supported
ring resonators when the ring is driven into large amplitude vibration. If the dependence of
the drive mode resonance frequency on the vibration amplitude is eliminated by designing
supports that neutralise the softening nature of the ring, use of 16 supports would ensure
the drive dynamics is the same as a linear resonator, despite ring and support geometrical

non-linearity effects. This will be investigated in detail in Chapter 6.
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4.6 Comparing mathematical and Finite Element results

In Sections 4.4.2 and 4.5.1 the frequency backbone curves for the drive mode obtained
using the mathematical model and non-linear Finite Element transient analyses were com-
pared for ring resonators having 8 and 16 supports, respectively.

It was found that:
e For ring resonators having 8 supports:

— When the support thickness is 10 pm (i.e. nominal supports), the frequency
backbone curve obtained using the mathematical model is quite different to that
obtained using the Finite Element method. However, the Finite Element results
demonstrate that when the ring inertia is dominant compared to the support
stiffness, the dependence of the drive frequency backbone curve on « is non-zero
and small. Moreover, the frequency backbone curve obtained using both methods

is softening.

— For supports having 30 pm thickness, the drive mode frequency backbone curves
obtained using the mathematical and Finite Element analyses are in good agree-
ment (almost identical to each other). The frequency backbone curve calculated
using both methods is hardening. The Finite Element results demonstrate that
when 8 supports are used, the rotational symmetry is broken and the frequency

backbone curve for the drive mode depends on drive angle a.
e For ring resonators having 16 supports:

— The frequency backbone curves for nominal supports having 10 gm thickness ob-
tained using the mathematical model are quite different to those obtained using
the Finite Element analyses. However, Finite Element results demonstrate that
when 16 supports are used, the frequency backbone curve of the drive mode is inde-

pendent of drive angle « as the rotational symmetry is maintained. The frequency
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backbone curve obtained using both methods is softening.

— For 30 pm thick support, the drive mode frequency backbone curves obtained
using mathematical and Finite Element analyses are hardening and approximately
identical to each other. The Finite Element results demonstrate that 16 supports

maintain the rotational symmetry of the ring resonator.

One can conclude that although the agreement between the mathematical model and Finite
Element method is weak for the nominal support, the developed mathematical model still
provides a good qualitative description of the dynamic behaviour of the drive mode. The
computational time needed to obtain the frequency backbone curves using the mathematical
model is orders of magnitude smaller than that required to perform multiple Finite Element
non-linear transient analyses. Moreover, the developed mathematical model shows similar
characteristics to the Finite Element method. For example, the dependency of the drive mode
frequency backbone curve on the drive axis calculated using the Finite Element simulations
can be explained using the mathematical model noticing that 8 supports break the rotational

symmetry of the supported ring resonator.

Investigations have been conducted to understand the reasons for the discrepancies between
the results obtained using the mathematical model and the Finite Element model. The dis-
crepancies are believed to be associated with assumptions used to develop the mathematical

model described in Chapters 2 and 3 as:

e The stiffness and mass coeflicients used to model the supports in the mathematical
model are calculated by assuming that the in-plane rotation of the ring-support at-
tachment points is the same as an unsupported ring undergoing 26 linear vibration at
the same angular position. This approximation may not be accurate (i) when the sup-
port structure influences the ring vibration and (ii) when the ring is driven into large

amplitudes.
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e The support model is developed under the assumption that the radial and tangential
directions are principal axes of stiffness for the supports. As will be shown later in
Chapter 6, the accuracy of the results obtained using the mathematical model degrades
when the angle between the radial and tangential directions and the principal axes of

stiffness of the support is significantly large.

e The non-linear support stiffness is modelled using cubic non-linear springs. More accu-
rate results might be obtained using stiffness coefficients up to the fifth order to model
the support stiffness. However, doing so, the drive and sense equations of motions

would become significantly more complicated.

Investigations were also conducted to verify that, in the Finite Element simulations, forces
distributions such as shown in Figures 4.2a and 4.2b only excite the 20 mode. The radial
displacements of the ring in steady-state were post-processed and it was found that in steady-
state the ring vibration has a 260 shape.

Additional investigation aimed to understand the reasons for the discrepancies between the
results obtained using the mathematical model and Finite Element analysis is proposed as

area of further work in Section 7.5.

4.7 Summary and conclusions

This Chapter investigated the effect of ring and support geometrical non-linearity on the
26 drive response when the drive mode is excited into large amplitude by harmonic external
forces. The investigation focused on practical ring resonators having 8 and 16 supports.
The averaging method was used to develop the frequency response curves for the drive mode,
and the drive mode frequency backbone curve was developed based on a drive response having
phase of 90° degrees relative to the applied excitation. Results showed that ring and support
geometrical non-linearity causes the drive mode resonance frequency to shift from the linear

resonance frequency when the drive amplitude becomes large. Whilst the dynamic behaviour
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of the drive mode is softening for unsupported rings, it was found to depend on the support
structure for supported ring resonators. If the support stiffness is small compared to the
ring inertia, the ring non-linearity is dominant compared to the non-linearity of the support
structure and the drive mode behaviour is softening. In contrast, more hardening supports

cause the behaviour of the drive mode to be less softening or even hardening.

Results obtained for resonators having 8 and 16 supports were compared to investigate the
impact of the breaking of rotational symmetry on the drive mode response. It was found
that for the 8 support structure, the drive mode frequency backbone curve depends on the
position of the drive axis relative to the supports location. The dependence of the drive
mode dynamics on drive axis angle o was found to be stronger when the thickness of the
support is increased, and the influence of the support structure on the resonator dynamics
is more significant. In contrast, for the 16 support structure, it was found that the drive
mode frequency backbone curve is independent of the drive excitation considered. Finite
Element non-linear transient analyses verified the dependence of the drive mode dynamics on
the drive axis for ring resonators having 8 supports, and verified that 16 supports maintain

the rotational symmetry.

In Chapter 6, the analytical expression for the drive mode frequency backbone curve obtained
in this Chapter will be used to investigate hardening support designs that linearise the drive
mode frequency backbone curve of the resonator by neutralising the softening behaviour of

the ring.
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Chapter 5

Investigating the sense response for

CVGs operating at large amplitude

5.1 Introduction

This Chapter investigates the 20 sense response for supported ring resonators driven into
large drive amplitude vibration, to investigate the impact of ring and support geometrical
non-linearity on sensor performance. The investigation of the sense response is presented for
ring resonators having 8 and 16 supports. In Chapter 3 it was found that 8 supports cause the
sense equation to be coupled to the drive response in the absence of angular rate. In contrast,
when 16 supports are used, the equation of motion of the sense mode is coupled to the drive
response only by the rotation-induced Coriolis force. In Chapter 2 for a linear resonator, it
was found that mode coupling and frequency split cause the sense response amplitude in op-
eration to reduce, and cause the occurrence of zero-rate-output and quadrature errors which
degrade the rate measurement quality. In this Chapter, mode coupling effects on the sense re-

sponse are investigated for ring resonators operating in the large amplitude non-linear regime.

In the proposed investigation, the ring is assumed to rotate around its polar axis with con-
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stant angular rate (2, so that the sense mode is excited by the Coriolis force. External
harmonic forces are applied to the ring to excite the drive mode. The sense response is
investigated using the averaging method in a similar way to that proposed for the drive re-
sponse in Chapter 4, using the non-linear equation of motion for the sense mode developed in
Chapter 3. Comparisons are made between results obtained for 8 and 16 support structures,
to understand if support structures which maintain the rotational symmetry are beneficial
for sensor performance. Numerical results are shown for the same devices with 8 and 16
nominal supports considered in Chapter 4 for the drive response, and Finite Element non-

linear transient analyses are used to verify key results obtained using the mathematical model.

The structure of this Chapter is as follows. Section 5.2 defines the in-phase and quadra-
ture sense mode responses. Sections 5.3 and 5.4 investigate the sense response for ring
resonators having 8 and 16 supports, respectively. Analytical expressions for the amplitudes
of the in-phase and quadrature sense responses are obtained using the averaging method.
Frequency response curves for the sense response are developed and compared against those
for an equivalent linear resonator, to highlight ring and support geometrical non-linearity ef-
fects on the sense mode dynamics. Numerical parametric studies are presented to investigate
the influence of the Q-factor on the sense response. Section 5.5 summarises the work done in

this Chapter and highlights key conclusions.

5.2 Definition and interpretation of in-phase and quadrature

Sense responses

Similar to the drive response in Chapter 4, the sense response is expressed as:

Q2(t) = g2 cos (U + ¢p + dsp) (5.1)
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where ¢o is the oscillation amplitude, ¢p is the phase of the drive response relative to the
applied drive force at frequency €2, and ¢gp is the phase of the sense response relative to the
drive response. Amplitude ¢ and phases ¢p and ¢gp in (5.1) vary with time.

Equation (5.1) can be re-written as:

Q2(t) = [-Asc cos (Qt + ¢p)] + [—Ass sin (U + ¢p)] (5.2)

v

In-phase Quadrature

where Agc(t) = —gacos psp and Ags(t) = qasin pgp. Sense response (5.2) has two compo-
nents which are 90° out-of-phase with each other: (i) a component either in-phase or 180"
out-of-phase relative to the drive response having amplitude Agc, and (ii) a component +90°
out-of-phase relative to the drive response having amplitude Agg. In what follows, these com-
ponents of the sense response will be referred to as “in-phase” and “quadrature” responses,
respectively.

For a CVG having perfectly degenerate and mechanically decoupled modes of vibration, the
sense response is only caused by the rotation-induced Coriolis force which is 90° out-of-phase
relative to the drive response. Since the modes are degenerate, when the drive mode is ex-
cited into resonance at natural frequency wp, the sense response phase is 90° out-of-phase
relative to the Coriolis force so the quadrature response is zero. A consequence of this is that
for ideal gyros, the in-phase component of the sense response is used to measure the angular
rate while a non-zero quadrature response is normally interpreted as an indication of mode

coupling and /or drive and sense responses which are not in resonance at the same frequency.

5.3 Sense response for a CVG having 8 supports

This Section investigates the sense response for a CVG having 8 supports when the
drive axis acts midway between two supports i.e. o = 22.5%. Analytical expressions for the

amplitude of the in-phase and quadrature sense responses are obtained using the averaging
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method, and numerical results for the frequency response curves for the sense response are

shown and discussed.

5.3.1 Averaged sense response

The equation of motion for the sense mode for a CVG having 8 supports was determined

in Chapter 3 and given by equation (3.46), which is repeated below:

Q2 [1 + Q% (m1+ 4L cos8a)] + Qs % +Q10Q; (v2 + 211 cos 8a) | +

+Qo [w% + Q% (v3 + I1 cos 8a) + QlQl (74 + 211 cos 8ar) + (5.3)

+ Q% (75 — 351 cos 8a + 353 sin 804)] = QlQ% (I; sin 8«v) + QlQ% (I sin 8ax) —

—Q3 (S sin 8 + S, cos 8a) — By

This equation was developed under the assumption that the drive response amplitude is
much larger than the sense response amplitude, so the non-linear terms in () were neglected.
Moreover, higher powers of ()1 than cubic were neglected as considered to be small for the
range of response amplitudes considered in this work. As discussed in Section 3.4.1, for a
CVG having 8 supports the sense mode is non-linearly parametrically coupled to the drive
motion and is self-excited to vibrate by non-linear terms in @1, Q1 and @ which are unrelated
to angular rate €2,.

The averaging method is used to investigate the steady-state amplitudes of the in-phase and
quadrature components of the sense response, using a similar approach to that described for
the drive response in Section 4.2. The sense response in equation (5.2) and the drive response
in equation (4.12) are used in sense equation (5.3). The sense equation is then multiplied by
sin (Qt + ¢p) and cos (2t + ¢p) and averaged over one cycle to obtain the following equations

for the averaged amplitudes of the in-phase component Agc and quadrature component Agg
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of the sense response in steady-state:

3 1 1 3 3
Asc [QQ — w4+ G0? <471 — 2T + i + 511 cos 8a> —

3 Q
— Zq% (75 — 357 cos 8 + 35 sin 8a)} — %ASS = (5.4)

1 3
=— 592(]{’[1 sin 8w — Zqi)’ (S1sin 8 4 Ss cos 8«)

1 1 3 1 1
A 02— W2+ @02 = Ty — 2 - iy s Sar | —
SS[ wy + a3 4’71+ 4’}’2 473+ 4’}/44- 5 1 cos 8«

(5.5)
— qu (75 — 357 cos 8a + 355 sin 804)} + ?ASC = BQ, Q¢
Setting a = 22.5°, equations (5.4) and (5.5) can be expressed as:
(Q% - Q%) Q
Ago~——2Y — Agg = fo"— 5.6
pscs2 i Qwo (5.6)
02 — Q2
ASSM + Asc = Bﬂqug (5.7)
pss€2 wo
where
02, — wh + %q% (75 + 351) (5.8)
SC= {2 (34 _ 1, L. 3 3] :
+ @ B3 —tr—1B+tiu-—3h)
()
Q

psc = (5.9)

1+¢2 (3 — 12— 11+ 3 —30)
02. w3 + 363 (75 + 351) (5.10)

S8 = T 2 (Loy 4 Ly B 2 1 17 :
+@Z (n+ire—2y+iu—3h)
()
Q

hss = (5.11)

L+af (39 + 57— fm+ 5 —3h)

3

fs= ZQ%S2 (5.12)

Equations (5.6) and (5.7) indicate that the sense mode is self-excited to vibrate by non-linear

terms proportional to fg. This term is proportional to the non-linear tangential quadratic
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stiffness coefficient of the support k:, (see expression for Sy (3.41)) and is zero only if k;, = 0.
In later work, ring resonators having 8 supports arranged in-pairs will be considered as in

that case ki, = 0 and fg = 0 in equations (5.6) and (5.7).

The in-phase amplitude Agc and quadrature amplitude Agg are obtained from equations

(5.6) and (5.7) and it can be shown that:

(o) |Bnn+ 1555

HssS2
Age = A (5.13)
Q (22-9%c)
(m) |:'BQZ(]1 #SCSC _ fS
Agg = X (5.14)
where A is:
02, —02) (92, - 02

prsc s s§?
In Chapter 2 it was found that for perfect and rotationally symmetric resonators operating
in the linear regime, when the drive mode is excited into resonance at frequency wy the sense
response is in-phase relative to the drive response and has amplitude given by equation (2.52)

here repeated below:
BO.Q
wo

q2 = q (5.16)

Sense response amplitude (5.16) is measured to detect €2,. For the non-linear resonator hav-
ing 8 supports, equations (5.13) and (5.14) indicate that when the drive mode is excited into
resonance at large vibration amplitude at pseudo-resonance frequency Qp (given by equation
(4.27) in Section 4.4.1), the sense response contains in-phase and quadrature components.
Comparing expressions for the sense response for the linear resonator (i.e. (5.16)) and the
non-linear resonator (i.e. (5.13) and (5.14) calculated for Q@ = €Qp), it is clear that ring

and support geometrical non-linearity complicates the sense response amplitude expression
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compared to the equivalent linear resonator. The in-phase response (5.13) and quadrature re-
sponse (5.14) both include additional terms proportional to fg which indicate the occurrence
of zero-rate-output response when 2, is zero. A similar result was found in Section 2.5 for
a linear resonator having a point mass imperfection on the ring mid-line. This preliminary
analysis suggests that ring and support geometrical non-linearity degrades the quality of the
rate measurement for ring resonators having 8 supports compared to the equivalent linear

resonator. In what follows, these effects will be investigated based on numerical examples.

5.3.2 Numerical Results

This Section presents numerical results for the practical device with 8 nominal supports
shown in Figure 4.1a, which was considered in Section 4.4.2 for the investigation of the drive

response. The numerical results and investigations are structured as follows:

e Frequency response curves for the sense response. The frequency response curves for
the sense response amplitude are developed using equations (5.13) and (5.14). In-phase
and quadrature components are shown to aid visualisation of the phase of the sense

response.

o Amplification of the sense response caused by non-linearity. The frequency response
curves for the sense response are compared against those for an equivalent linear ring

resonator having 8 supports in which geometrical non-linearity is neglected.

e Relationship between qa and q1 in operation. For linear rotationally symmetric res-
onators, the sense response amplitude in operation is linearly proportional to the drive
response amplitude, and the angular rate €2, is detected based on linear relation (5.16).
The relation between ¢ and gq; is investigated for non-linear resonators when the drive

mode is excited into resonance at large vibration amplitude.

o Numerical parametric analysis for the Q-factor. The effect of using different levels of

damping on the sense response is investigated.
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o Finite Element verification of zero-rate-output. The occurrence of zero-rate-output is

verified using a Finite Element non-linear transient analysis.

To verify the results obtained using the averaging method (i.e. equations (5.13) and
(5.14)), comparisons are made with results obtained using the Runge-Kutta time-integration
scheme to solve sense equation (3.44) in Appendix D. Results obtained using averaging

method and Runge-Kutta method are shown to be in good agreement.

Frequency response curves for the sense response

The frequency response characteristics of the sense response are investigated when the
drive mode is excited by a harmonic force having magnitude Fp and frequency §2 close to the
natural frequency of the 260 modes wy. The drive response for this applied external excitation
was considered in Section 4.4, and it was found that the amplitude of the drive response ¢
can be calculated by solving (4.22). In this Section, drive response amplitude ¢; is considered
to be known as previously calculated, and the sense response amplitude is calculated as
g2 = \/ A%, + A% where Agc and Agg are given by (5.13) and (5.14), respectively.

Figure 5.1 shows the frequency response curves for drive and sense responses obtained for
seven different levels of magnitude of the applied force. For each level of magnitude, the
exciting frequency is varied in a range of £1 Hz around the natural frequency fo = 52 of the

drive and sense 20 modes. In the plot, Af is the frequency variation from fy in Hertz.
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Figure 5.1: Frequency response curves for drive and sense modes for a CVG having 8 nominal
supports. Q=20000.

In Figure 5.1, ¢1(2p) and ¢2(2p) indicate the amplitudes of the drive and sense responses
at the drive mode pseudo-resonance frequencies, respectively. Results indicate that when the
drive mode is excited into large amplitudes, the amplitude of the sense response at the drive
mode non-linear resonance frequency is significantly smaller than the peak value. To identify
the frequency at which the sense response reaches its largest amplitude, it is necessary to
analyse equations (5.13) and (5.14) and notice that amplitudes Agc and Agg increase as
|A| decreases towards zero. To a good approximation, the sense response reaches its maxi-
mum amplitude at that frequency corresponding to the minimum value of |A|, indicated as
g2 (min|Al) in Figure 5.1.

It is worth repeating that having a large sense response amplitude is fundamental to maximis-
ing sensor sensitivity to rotation and signal-to-noise ratio. For this reason, it is interesting
to investigate the frequencies which ensure |A| reaches its minimum. The value of A (see
equation (5.15)) depends on frequencies Qg¢c and {2gg given by equations (5.8) and (5.10),

respectively. Frequencies g0 and €lgg depend on the inertia and stiffness characteristics of
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ring and support structures. For the considered CVG having 8 nominal supports, (2gc and
Qgg are calculated for a range of drive amplitudes from 0 to 20 pm and plotted in Figure
5.2, where they are compared against the non-linear resonance frequencies {2p for the drive

mode.

Amplitude a, [p2m]

0.3 -0.2 0.1 0 0.1 02 0.3 0.4
Af [Hz]

Figure 5.2: Frequencies 1p, (2gc and 2gg for a CVG having 8 nominal supports.

Figure 5.2 indicates that for the supported ring resonator considered, frequencies (lgg
are greater than Qgo for all amplitudes of the drive mode considered. Using this result in
equation (5.15), one can conclude that the minimum value of |A| (and so the largest sense
response) occurs at frequencies between Qgc and Qgg which ensure |A| < 1. Figure 5.2
indicates that for the ring resonator considered, the pseudo-resonance frequency of the drive
mode p is smaller than Qgo and so does not lie between (gc and Qgg. This explains
why the sense response amplitude at the pseudo-resonance frequencies of the drive mode is

significantly smaller than the peak value.

This analysis demonstrates that unlike the linear regime where the sense response ampli-

tude reaches its peak at the drive mode resonance frequency, ring and support geometrical
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non-linearity causes the sense response amplitude to be significantly smaller than the peak
value when the resonator is excited into large drive amplitudes. Therefore, in the non-linear

regime, sensor sensitivity is not maximised when the drive mode is excited into resonance.

To aid visualisation of the phase of the sense response, Figures 5.3 and 5.4 show the am-

plitude of the in-phase (Agc) and quadrature (Agg) sense responses, respectively.

—Ag

In-phase response amplitude [m)]
[=]

L L . L L

&

-1 0.8 06 04 0.2 0 02 0.4 06 0.8 1
Af [Hz]

Figure 5.3: Amplitude of in-phase sense response Ag¢c for a CVG having 8 nominal supports.
Q=20000.
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Figure 5.4: Amplitude of quadrature sense response Agg for a CVG having 8 nominal sup-
ports. Q=20000.

Figures 5.3 and 5.4 illustrate that for the largest magnitude of the applied external force,
the amplitude of the quadrature response at €2p is about 0.3 pm which is significantly smaller
than the amplitude of the in-phase response, which is approximatively 6 pm. Using results
shown Figure 5.2, one can deduce that the quadrature response is small at 2p because Q2p
and Qg are very close to each other and so term (Q2p — Qg¢) in equation (5.14) is very

small.

Amplification of the sense response caused by non-linearity

In what follows, the frequency response curves of the sense response for the non-linear
resonator are compared against the equivalent linear resonator having 8 nominal supports,
for which ring and support geometrical non-linearity is neglected. The purpose of this inves-
tigation is to determine the effect of ring and support non-linearity on the sense response.
Equation (5.16) describes the sense response amplitude for the linear resonator when the ap-
plied harmonic forces have frequency 2 = wqg. It can be easily shown that the sense response

amplitude for the linear resonator at the generic frequency €2 can be obtained from (5.13) and
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(5.14) by noting that for a linear resonator Qgc and Qgg are equal to the natural frequen-
cies of drive and sense modes wy (see (5.8) and (5.10)) and pusc = pss = 4 (see (5.9) and
(5.11)). Moreover, fs = 0 because there is no non-linearity (k:, = 0). This gives the following

analytical expression for the amplitude of the sense response for the linear resonator:

2
e | (13 A
(@ - o)’ + (g0) 1119

Figure 5.5 shows the sense mode frequency response curves obtained for the non-linear and
linear resonators for different force magnitudes and exciting frequencies in a range of +1 Hz
around the natural resonance frequency fy. The sense response amplitude gs of the non-linear
resonator is calculated from (5.13) and (5.14), and the amplitude of the linear resonator ¢

is calculated using (5.17).

—aq,

* 0,(wy) |+
¢ 9,(2,)

Amplitude a, [p2m]
=]

-1 08 06 -04 -0.2 0 02 0.4 0.6 0.8 1
Af [Hz]

Figure 5.5: Sense mode frequency response curves for a linear and non-linear resonators
having 8 nominal supports. Q=20000.

Frequency response curves in Figure 5.5 show that as the drive mode is driven into large

amplitude vibration, the geometrical non-linearity of ring and support structures amplifies
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the sense response amplitude. The sense response amplitude of the non-linear resonator at
wo (i.e. g2(wp)) is much larger than the amplitude of the linear resonator at the same fre-
quency (i.e. ¢f(wp)). Considering that a larger sense response amplitude increases sensor
sensitivity to rotation and makes the sensor output more detectable from noise, the ampli-
fication of the sense response caused by ring and support geometrical non-linearity appears
appealing. However, it is fundamental to bear in mind that traditional CVGs operate at
the drive mode resonance frequency: phase lock control loops are used to constantly adjust
the frequency of the applied driving forces in order to maintain a drive response having 90°
phase lag. Chapter 4 demonstrated that when the ring is excited into large amplitudes, ring
and support mechanical non-linearity cause the resonance frequency of the drive mode to
shift from wy. Therefore, whilst for a linear resonator the operating frequency is wp, for a
non-linear resonator vibrating at amplitude ¢;, the operating frequency is Qp(q1) given by
equation (4.27). Results in Figure 5.5 indicate that the amplitude of the non-linear resonator
in operation i.e. ¢2(§2p) is smaller than the amplitude of the linear resonator in operation i.e.
gk (wo). A consequence of this is that although ring and support geometrical non-linearity do
amplify the amplitude of the sense response compared to the equivalent linear resonator, the
amplitude in operation is reduced. These results suggest that ring and support mechanical
non-linearity do not improve sensor performance but rather they cause sensor sensitivity to

rotation and SNR to be smaller compared to the equivalent linear resonator.

Relationship between ¢» and ¢; in operation

Traditional gyros detect the angular rate by measuring the amplitude of the sense response
which, for a linear and rotationally symmetric resonator, is linearly proportional to the drive
amplitude and given by (5.16). In what follows, the relationship between the sense response
amplitude go and the drive response amplitude ¢ is investigated when the ring is excited into
large amplitude, and ring and support geometrical non-linearity is considered. Figure 5.6

shows the sense response amplitudes for non-linear and equivalent linear resonators obtained
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by exciting the drive mode into resonance (i.e. at frequency Q2p for the non-linear resonator

and wyp for the linear) for drive amplitudes in the range 0 to 20 pm.

8 T T T T T T T T T

~—— Linear q;(u,'ﬂ)

——Non-linear qz(!lD)

Sense amplitude a, in operation [pm]
i

) . L .
0 2 4 6 8 10 12 14 16 18 20

Drive amplitude q, in operation [p:m]

Figure 5.6: Sense response amplitude in operation for linear and non-linear resonators having
8 nominal supports. Q=20000.

It is noted that at small drive amplitudes, the non-linear resonator behaves as a linear
resonator and the sense response amplitude is proportional to ¢;. As the drive amplitude
increases, geometrical non-linearity effects become more significant and the sense amplitude
is reduced compared to the equivalent linear resonator. Referring back to equations (5.13)
and (5.14) for Agc and Agg, respectively, it can be seen that Qgc, Qgs, nwsc and pgs vary
non-linearly with ¢; and this causes the sense amplitude to non-linearly depend on g;. This
suggests that the linear relationship between ¢; and ¢s is not valid for ring resonators having
8 supports when the ring is excited into large amplitudes. If a standard ¢;-¢o linear relation is
used to detect the angular rate, the measured angular rate would be inaccurate and affected

by sensing errors.
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Numerical parametric analysis for the Q-factor

Practical CVGs operate at large Q-factors to maximise the sense response amplitude and
improve sensor sensitivity. It is then interesting to investigate the influence of the quality
factor on the sense response. Figures 5.7a and 5.7b show the drive and sense frequency
response curves, respectively, obtained for different levels of Q-factor i.e. 15000, 20000 and
25000. For each Q-factor considered, the drive mode is excited to vibrate so as to ensure its

amplitude at resonance is approx. 20 um.

20 T T T T T T T T 18
/ s o= s Q= )
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g Q=20000 q,(%2,) Q=20000 q,(2,)
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- =
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© =}
2 2
a =
E E
< 10 <
. . . . : .
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Af [Hz] Af [Hz]
(a) Drive mode. (b) Sense mode.

Figure 5.7: Frequency response curves for drive and sense modes for a CVG having 8 nominal
supports for Q=15000, Q=20000 and Q=25000.

It is noted that the difference between the amplitude of the sense response at the drive
mode pseudo-resonance frequency and at the peak becomes larger as the Q-factor increases,
because the sense amplitude at frequencies corresponding to the minimum value of |A| is
much more amplified by the Q-factor than the sense amplitude at frequency Qp. In fact,
from A equation (5.15), it can be seen that for frequencies between 2g¢ and Qgg (for which
|A] < 1) larger values of the Q-factor reduce |A| so that sense amplitude g2 significantly
increases for frequencies in that range.

Figure 5.8 illustrates the drive and sense frequency response curves obtained for Q=30000.
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Figure 5.8: Frequency response curves for drive and sense modes for a CVG having 8 nominal
supports for Q=30000.

Figure 5.8 shows that for Q=30000, when the drive mode is driven into large amplitude,
the amplitude peak of the sense response becomes larger than the amplitude peak of the
drive response. It can be shown that for even larger Q-factors the sense response is further
amplified. The proposed mathematical model for a supported resonator is based on the as-
sumption that the sense response amplitude is smaller than the drive amplitude (as it is in
practical CVGs), so only Q-factors ensuring the sense amplitude is smaller than the drive are

considered in this study.

Similar to Figure 5.6, Figure 5.9 illustrates the sense response amplitudes obtained for non-
linear and linear resonators by exciting the drive mode into resonance (i.e. at frequency p
for the non-linear resonator and wy for the linear) for Q-factor values equal to 15000, 20000

and 25000.
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Figure 5.9: Sense response amplitude in operation for linear and non-linear resonators having
8 nominal supports for Q=15000, Q=20000 and Q=25000.

It can be noted that for larger Q-factors, the difference between the sense amplitude
of linear and non-linear resonators at large vibration amplitude increases. These results
suggest that when large values for the quality factor are used, the relationship between g
and ¢; becomes increasingly non-linear compared to the straight-line relationship for a linear
resonator. Practical CVGs use large Q-factors to increase sensor sensitivity to rotation.
Under these circumstances, the obtained results suggest that the measure of the angular rate
is affected even more significantly by sensing errors compared to CVGs operating with low

values of Q.

Finite Element verification of zero-rate-output

In what follows, the portion of the sense response caused by the non-linear mechanical
coupling to the drive response and unrelated to angular rate Q, (i.e. zero-rate-output re-
sponse) is quantified using equations (5.13) and (5.14), and verified using a Finite Element

non-linear analysis. For Q=1000, when the drive mode is excited so as to ensure its amplitude
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at resonance is 20 pum, the sense response amplitude obtained using the averaging method is:

e ¢2(Q2p) ~ 0.36 um in the presence of angular rate €2, in the range of 50-100 degrees per

second.
e ¢2(2p) =~ 0.001 pm for 2, = 0.

The obtained amplitude of the sense response in the absence of rotation is small; however, it
is fundamental to highlight again that what really adversely affects sensor performance is the
occurrence of the zero-rate-output response itself, regardless of its amplitude. As introduced
in previous sections, the zero-rate-output complicates the measurement of the angular rate.
In operation, it is difficult to distinguish between the in-phase sense response amplitude which
relates to . (the so-called “useful” sense response, used for rate detection) and that part of

the in-phase sense response unrelated to €2,.

The occurrence of the zero-rate-output is verified against a Finite Element non-linear tran-
sient analysis performed similar to that described in Section 4.3 for the drive response. In
this case, the amplitude of the steady-state sense response is obtained from the steady-state

radial displacements at o + 45° and a 4 135°, as:

[u(a+45°) — u (a + 135°)] (5.18)

N

Q2 (t) =

Figure 5.10 shows a time history of the the steady-state sense response obtained by applying
harmonic drive forces to the ring as shown in Figure 4.2b to generate a resonant drive response

having 20 pm amplitude using a non-linear Finite Element analysis.
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Figure 5.10: Steady-state sense response obtained using a FE non-linear transient analysis
in absence of rotation for a CVG having 8 nominal supports. Q=1000.

Since rotation is not included in the Finite Element simulations, a non-zero response at
the sense anti-nodes indicates the presence of zero-rate-output. The amplitude of the zero-
rate-output is approx. 0.03 pm which is much larger than the 0.001 pym calculated by using
the mathematical model and averaging method. As discussed in Chapter 4 in Section 4.6,
possible explanations for the discrepancy between the results obtained using the mathemat-
ical model and the FE model may be associated with some of the approximations used to
develop the mathematical model. Considering these limitations, in this Section the Finite
Element simulations were used to validate the occurrence of zero-rate-output characterising
ring resonators having 8 supports. Although qualitatively the amplitude of the sense response
in the absence of rotation calculated using the mathematical model is not accurate, the Finite
Element simulations validate the occurrence of ZRO for ring resonators when the rotational

symmetry is broken.

5.3.3 Ring resonators having 8 supports arranged in pairs

Section 5.3.2 showed numerical results obtained for ring resonators having 8 single nominal
supports uniformly spaced around the ring circumference. This Section investigates the sense

response for a ring-based CVG having 8 nominal supports arranged in pairs around the ring
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circumference similar to that shown in Figure 5.11.

ANSYS|
RL7.1]
Acadenic

Figure 5.11: Finite Element model developed for a CVG having 8 nominal supports arranged
in pairs.

Two supports making a pair are attached to the ring at approximatively the same cir-
cumferential coordinate. A consequence of this is that although the number of supports is
16, the CVG has features similar to those of a CVG having 8 supports. In the mathematical
model, two supports making a pair are considered to share the same attachment point to
the ring, and are subjected to equal radial and tangential ring displacements. Each pair of
supports is modelled as one single support having doubled values of radial and tangential
mass coefficients, radial stiffness coeflicients and linear and cubic tangential stiffness coeffi-
cients, compared to a single support. The quadratic tangential stiffness coefficients of two
supports making a pair are equal in absolute value and have opposite sign, so that the resul-

tant quadratic tangential stiffness coefficient k;, for a pair of supports is zero.

As discussed in Section 5.3.1, when ki, = 0 then fg = 0 in (5.13) and (5.14) and it can

be shown that the sense response amplitude is:
02_02 2
() )
B Bqul \/( pscsl
q2 = (ﬂ) Al
Q
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where A is (5.15). This equation indicates that unlike the 8 single support structure, when
Q. = 0 sense response (5.19) is zero, therefore the benefit of arranging supports in pairs
is that the zero-rate-output is zero. Similar to the 8 single supports in Section 5.3.2, this
result is investigated against a non-linear FE analysis. Figure 5.12 shows the steady-state
sense response obtained using a FE non-linear transient analysis for a CVG having 8 nominal

supports arranged in pairs.
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Figure 5.12: Steady-state sense response obtained using a FE non-linear transient analysis
in absence of rotation for a CVG having 8 nominal supports arranged in pairs. Q=1000.

The Finite Element results indicate that in the absence of rotation the sense response
is approx. zero (its amplitude is smaller than 1x10~7 pm), and so confirm that arranging
supports in pairs eliminates the zero-rate-output response.

It can be shown that the frequency response curves (amplitude, phase) of the sense mode
for a ring having 8 supports in pairs are similar to those investigated in Section 5.3.2 for a
ring having 8 single supports, and comparisons against the linear resonator lead to identical

findings. For this reason, such analyses will not be repeated for this support configuration.

5.3.4 8 Supports: Summary of findings and interpretation

In what follows, main results of the investigation on the non-linear sense response for ring

resonators having 8 single supports are summarised. Results refer to the excitation of the
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drive mode into large amplitudes of vibration.

5.4

When the drive response is excited in resonance (2 = {2p), the sense response has a

in-phase and quadrature components even when the ring is perfect.

The sense response amplitude is not maximised when the drive mode is excited at its

pseudo-resonance frequency €2p, and the amplitude peak occurs at different frequencies.

Geometrical non-linearity amplifies the sense response compared to the equivalent linear
resonator. However, in operation at 2 = 2p, the sense response amplitude is smaller

than that of the equivalent linear resonator at wy.

Using a standard linear model for the detection of €2, (i.e. based on a linear go-q1

relation), the rate measurement is affected by quadrature errors and zero-rate-output.

Geometrical non-linearity causes occurrence of zero-rate-output. Finite Element results

verified the occurrence of non-zero sense response in the absence of rotation.

For drive excitation a = 22.5°, the ZRO can be eliminated by arranging the supports
in 8 pairs, ensuring k;, = 0. Finite Element results confirmed that for this support

configuration the amplitude of the ZRO is approximately zero.

By increasing the Q-factor, the amplitude of the sense response at (1p reduces com-
pared to the peak value. The amplification of the sense response amplitude caused
by geometrical non-linearity becomes more significant, and the gs-¢; relation becomes

significantly different compared to the equivalent linear resonator.

Sense response for a CVG having 16 supports

This Section investigates the sense response for a CVG having 16 supports. Similar to

the 8 support structure in Section 5.3, analytical expressions for the in-phase and quadrature
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sense responses are investigated using the averaging method, and numerical results for the

frequency response curves for the sense response are presented.

5.4.1 Averaged sense response

The equation of motion for the sense mode for a CVG having 16 supports was determined

in Chapter 3 and is given by equation (3.50), which is repeated below:

. wo

Q2 (14 Qm1) + Q2 ( 0 + QlQl’Yz) + Q2 <w§ + Q%’Y:a + Q1Q174 + Q%%) = —BQ,0Q1

(5.20)
In this equation, non-linear terms in Q2 and higher powers of ()1 than cubic are neglected.
As discussed in Section 3.4.2, for 16 supports the sense mode equation is independent of drive
angle o and is parametrically coupled to the drive response through non-linear terms in Q1,
Q1 and Q1 the sense mode is excited by the Coriolis force only in the presence of angular rate.
Using the same approach described for 8 supports in Section 5.3.1, the averaging method is
used to determine the sense response. Averaged equations for Agc and Agg given by (5.4)
and (5.5) for the 8 supports are valid for the 16 support case by setting I; = S; = Sy = 0.
This gives:

3 1 1 3 3 wpf
Asc [Qz — w% + q%QQ <4’Y1 — Z’Yz — Z’y;; + 474) — 4(]%75] — %ASS =0 (5.21)

1 1 3 1 1 w2
Agg [92 — WA+ E0? <471 + 12T + 474> - 4Q%’Y5} + %ASC =BO.Qq¢  (5.22)

The in-phase and quadrature response amplitudes can be obtained from equations (5.21) and
(5.22), and can be expressed in terms of Qg¢c, Qgs, usc and pgs given by (5.8)-(5.11) with
I, =51 =52 =0. It is noted that for a given drive amplitude ¢, frequency Qg¢ is equal to
the drive mode non-linear resonance frequency €2p (given by (4.30)). It can be shown that

the amplitudes of the in-phase and quadrature sense responses for a CVG having 16 supports
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are:

(0% (BLa®)

Agsc = A (5.23)
Q (22-93)
(Qwo) (BQZQl fsc
Agg = A (5.24)
where A is:
(9% - ) (93 - )
A=1 D 55 2
" psc s s§? (5.25)
And the sense response amplitude is:
1+ (QL%)Q
BQqu pscsl
= (5.26)

Q
Unlike the 8 support structure, it is noted that for a ring having 16 supports there is no zero-

rate-output response (i.e. ga = 0 when Q, = 0) because S; = 0. Similar to the 8 support

case, the largest sense response occurs when |A| is the smallest.

Equation (5.24) indicates that for Q = Qp the quadrature response is zero. This implies
that when the drive mode is excited into resonance at frequency €lp, the sense mode re-
sponds with a phase of 90° relative to the Coriolis force (which has also frequency Qp). This
implies that when 16 supports are used, drive and sense modes are resonant at the same
frequency.

From equation (5.26) it can be easily shown that in operation at {2 = Qp the sense response

has amplitude:
BO.Q
wo

Qo) =q (5.27)

Comparing sense response amplitude (5.27) against that one for a linear and rotationally

symmetric resonator in (5.16), it is noted that the amplitude of the sense response in operation
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at large amplitude vibration is the same as the linear resonator. This result is important as
it suggests that when 16 supports are used, the angular rate €2, can be detected based on
the standard linear relation between g2 and ¢ given by (5.16). Unlike the 8 supports, the
measured angular rate detected based on a linear model is not affected by sensing errors
such as zero-rate-output and quadrature errors. This suggests that numbers of supports that
maintain the rotational symmetry in the non-linear regime dramatically improve the quality

of the rate measurement when the ring undergoes large amplitude vibration.

5.4.2 Numerical results

This Section presents numerical results for the practical device with 16 nominal supports
shown in Figure 4.1b, considered in Section 4.5.1 for the investigation of the drive response.
Figure 5.13 illustrates the frequency response curves for drive and sense modes. The drive
mode is excited by harmonic forces and its response amplitude, investigated in Section 4.5,
is considered to be known. The sense response amplitude is calculated using equation (5.26).
The frequency response curves are developed for seven magnitudes of applied external forces,

and exciting frequencies in a range of +1 Hz around the natural frequency of the 26 modes.
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Figure 5.13: Frequency response curves for drive and sense modes for a CVG having 16
nominal supports. Q=20000.

Similar to the 8 support structure, results indicate that when the ring is excited into large
amplitudes, the amplitude of the sense response at frequency €)p is significantly smaller than
the peak value. To a good approximation, the sense response reaches its largest amplitude
at that frequency corresponding to the minimum value of |A|. It can be shown that for the
device considered Qg = Qp and Qp is smaller than Qgg, so that the frequency ensuring |A|

reaches its minimum value is within frequencies Qp and Qgg.

Figure 5.14 shows the frequency response curves for the sense mode obtained for the non-

linear and linear resonators.
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Figure 5.14: Sense mode frequency response curves for linear and non-linear resonators having
16 nominal supports. Q=20000.

These results indicate that as the drive mode is driven into large amplitude vibration,
ring and support geometrical non-linearity amplifies the sense response amplitude. However,
as introduced in Section 5.4.1, the sense response amplitude at the drive non-linear resonance
frequency Qp (given by equation (5.27)) is equal to that of the equivalent linear resonator at
wo (given that the damping is identical). Therefore, unlike the 8 support structure, geomet-
rical non-linearity amplifies the response of the sense mode but maintains the same response

amplitude in operation compared to a linear resonator.
Figure 5.15 shows the sense response amplitudes for non-linear and equivalent linear res-

onators obtained by exciting the drive mode into resonance (i.e. at frequency Qp for the

non-linear resonator and wy for the linear) for drive amplitudes in the range 0 to 20 um.
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Figure 5.15: Sense response amplitude in operation for linear and non-linear resonators having
16 nominal supports. Q=20000.

It is noted that the non-linear resonator behaves as a linear resonator and the sense re-
sponse amplitude is proportional to g;. Unlike the 8 support structure, the angular rate can
be detected based on the standard linear relationship between ¢ and ¢; in (5.16), even when

the ring is excited into large amplitudes.
Similar to the 8 supports and the 8 supports in pairs, the zero-rate-output response is inves-

tigated using a FE analysis. Figure 5.16 illustrates the steady-state sense response obtained

using a FE non-linear transient analysis for a CVG having 16 nominal supports.
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Figure 5.16: Steady-state sense response obtained using a FE non-linear transient analysis
in absence of rotation for a CVG having 16 nominal supports. Q=1000.

The amplitude of the sense response in the absence of rotation obtained using Finite El-
ement simulations is in the order of 1x10™% ym. Therefore, whilst the mathematical model
predicts a zero sense response in the absence of angular rate, Finite Element simulations pre-
dict a very small sense response. Comparing Figure 5.16 to Figure 5.10 for a ring resonator
having 8 supports, one can notice that when 16 supports are used, the sense response obtained
using Finite Element simulations is two orders of magnitude smaller than that obtained for
the 8 single support case. Therefore, this Finite Element investigation indicates that when
the rotational symmetry is maintained (i.e. 16 supports), the ZRO can be considered to be

negligible as predicted using the mathematical model.

Numerical parametric analyses for the Q-factor for a ring having 16 supports lead to simi-
lar findings to those shown for the ring having 8 supports i.e. larger Q-factors increase the
difference between the sense response amplitude at p and at the peak.
5.4.3 16 supports: Summary of findings and interpretation

Main results obtained from the investigation on the sense response for ring resonators

having 16 supports can be summarised as follows:
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When the drive mode is excited in resonance (2 = Qp) at large amplitudes, the sense
response is in-phase relative to the drive response. It implies that drive and sense modes

respond with a phase lag of 90° to excitations having equal frequencies.

The amplitude of the sense response is not maximised when the drive mode is excited
at its pseudo-resonance frequency 2p. The largest sense response occurs at frequencies

different from Qp.

Ring and support geometrical non-linearity amplifies the sense response compared to
the equivalent linear resonator. However, in operation at €2 = 0p, the sense response
amplitude is the same as the equivalent linear resonator at wg, and is defined by the

damping used.

When the drive mode is excited into resonance at large vibration amplitude, sense
response amplitude gs is linearly proportional to drive amplitude ¢;. The angular rate
can be easily detected by using a standard linear ¢s-q; relation, even when the resonator

undergoes large drive amplitudes.

In the absence of rotation, the mathematical model predicts that the sense response
is zero so the zero-rate-output is zero. Finite Element results indicated that the sense
response for €2, = 0 is two orders of magnitude smaller than that obtained for the 8

supports, and can be considered to be negligible.

5.5 Summary and conclusions

This Chapter investigated the sense response for supported ring resonators when the

ring is excited into large drive amplitudes. The effects of ring and support geometrical non-

linearity on the sense response were investigated for ring resonators having 8 and 16 supports.

Key results obtained using the mathematical model were verified qualitatively using a Finite

Element analysis.
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It was found that ring and support geometrical non-linearity causes the sense response am-
plitude to be smaller than the peak value when the drive mode is excited into its pseudo-
resonance frequency, so that sensor sensitivity is not maximised in operation. Ring and
support geometrical non-linearity was found to amplify the sense response compared to the
equivalent linear resonator in which non-linearity is neglected. This amplification becomes
more significant for larger values of Q-factor.

For ring resonators having 8 supports it was found that the sense response in operation at
drive mode pseudo-resonance frequency €2p has in-phase and quadrature components relative
to the drive response. The amplitude of the sense response in operation is not linearly pro-
portional to the drive response amplitude, and zero-rate-output and quadrature errors were
found to complicate the angular rate detection. Moreover, the sense response amplitude in
operation was found to be smaller than that for the equivalent linear resonator, indicating
that non-linearity reduces the signal-to-noise ratio.

For ring resonators having 16 supports it was found that the sense response in operation at
Qp is in-phase relative to the drive response, so drive and sense modes are resonant at the
same frequency. The sense response is negligible in the absence of angular rate, and the sense
response amplitude in operation is the same as the equivalent linear resonator. A standard
q2-q1 relation can be used to detect the angular rate even when the resonator undergoes large

drive amplitudes.

This investigation demonstrated that using a number of supports that maintains the rota-
tional symmetry in the non-linear regime is beneficial for sensor performance, and is strongly
recommended in order to avoid sensing errors, and to allow sensor operation to be described

by standard linear models, even when the ring experiences large vibration amplitudes.
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Chapter 6

Improved support design for a

CVG having 16 supports

6.1 Introduction

Previous investigations in Chapter 4 indicated that ring and support geometrical non-
linearity causes the drive mode frequency backbone curve to be non-linear. The support
structure was found to influence the non-linear dynamic behaviour of a supported CVG
compared to an unsupported ring: whilst the ring behaviour is softening, supported ring
resonators are hardening or softening depending on the support structure used.

In this Chapter, support geometry is modified whilst the ring remains unaltered to investi-
gate hardening support designs that neutralise the softening behaviour of the ring, in order
to achieve a pseudo-linear frequency backbone curve for the drive mode. Chapters 4 and
5 demonstrated that numbers of supports that maintain the rotational symmetry at large
amplitude vibration improve the CVG performance, so the proposed design investigation is
presented for ring resonators having 16 supports. A parametric analysis is conducted by
varying the geometry of the supports, and the developed mathematical model is used to de-

termine the shift of the drive mode resonance frequency at large amplitudes. The obtained
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frequency shift is compared against that for a CVG having nominal support design. For
selected support designs that significantly reduce the frequency shift compared to nominal
supports, the drive mode frequency backbone curve is verified against a FE non-linear tran-

sient analysis.

This Chapter is structured as follows. Section 6.2 introduces the support geometries consid-
ered for the proposed design investigation. Two types of geometries are considered: arched
geometries and straight geometries. Section 6.3 illustrates how the mathematical model is
used to investigate support geometries that linearise the frequency backbone curve for the
drive mode. In Sections 6.4 and 6.5 arched and straight geometries are analysed, respectively.
Parametric analyses are conducted to investigate hardening supports, and the mathematical
model is used to determine the drive mode frequency shift at large vibration amplitude. For
selected supports that significantly reduce of the frequency shift compared to nominal sup-
ports, the drive mode frequency backbone curve is verified against a non-linear FE analysis.

Section 6.6 summarises the work done in this Chapter and highlights key conclusions.

6.2 Support geometries

Figure 6.1 provides a schematic of the nominal support geometry.

Figure 6.1: Schematic for nominal support geometry.

Each support has three segments. The segment attached to the ring has length L1 ~0.8
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mm and is orientated in the radial direction. The segment attached to the substrate has
length L3 ~0.3 mm and is similarly orientated in the radial direction. L; and L3 are joined
by an arched middle segment parallel to the ring centre line. The radial distance between
the ring mid-line and the substrate is l4,; ~1.1 mm. In this study, two different types of
supports are investigated: (i) arched segment supports and (ii) straight segment supports.
For arched supports, the radial distance between the arched segment and the ring is varied as
shown in Figure 6.2a. For straight geometries, the middle segment is replaced by a straight

segment arbitrarily oriented with respect to L; and L3 directions as shown in Figure 6.2b.

Imax I"\& |
— s

(a) Arched geometries. (b) Straight geometries.

Figure 6.2: Types of support geometries considered for the proposed design investigation.

For both arched and straight geometries, the radial distance between ring and substrate
lmaz is maintained the same as the nominal geometry so that L; < l4, and Ly < lnaz-
The angle between directions associated with L and L3 is also maintained the same as the
nominal geometry. For arched geometries, the middle segment is maintained parallel to the
ring centre line and lengths Ly and L3 are designed so that L1+ L3 = ljnqz- A consequence of
this is that when the length of L is increased compared to the nominal geometry, the length
of L3 is reduced and vice versa. In contrast, for straight geometries L1 and L3 can be varied

independently of each other.
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6.3 Use of mathematical model to determine improved sup-

port geometries

The frequency backbone curve defining drive mode resonance for a CVG having 16 sup-

ports is given in equation (4.30), and can be expressed as:

2

02 = w2+ ]\}h (S; — Q3 1,) (6.1)

where inertial and stiffness terms I,, and Sy respectively are:

33
I, = 1—O]\Im-ng'yQ + myy? + 32m,~? (6.2)

St = 3Kring?® + Tk 7 + 24k, = 2y + Shey + ki (6.3)

These coefficients relate to the modal mass and stiffness of the ring and the radial and tan-
gential mass and stiffness of the support. For an unsupported ring it was shown in Section 4.4
that %Km-ngfyz is smaller than Q2D %Mrmg*y, and for the device investigated it can be shown
that support inertia is negligible compared to ring inertia. A consequence of this is that the
dynamic behaviour of the drive mode is essentially defined by the ring inertia and support
stiffness coefficients ky,, kr,, kry, ki, and kg, which appear in equation (6.3) for S;.

The frequency backbone curve for the drive mode is more hardening for supports having a
larger S; (see (6.1)) i.e. for supports having larger stiffness coefficients ky,, kry, ki, , ke, (with
a positive sign) and k., (with a negative sign). Linear stiffness coefficients k,, and k;, in

(6.3) are multiplied by 72 and are involved in non-linear stiffness coefficient S; because of the

non-linear flexural vibration of the ring.

In what follows, a parametric analysis is conduced for arched and straight geometries by

varying lengths L; and L3. Mass and stiffness coefficients to model the radial and tangential
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inertia and stiffness of the supports are calculated using a FE analysis of a single support as
introduced in Section 3.3 (more details are provided in Appendix A). The frequency shift is
defined as Qp — wp where Qp is calculated using (6.1). For nominal supports, the frequency
shift for a drive amplitude of 20 ym was found to be -0.260 Hz (see Section 4.5.1). Sup-
port geometries producing a frequency shift significantly smaller than 0.260 Hz (in absolute
value) are considered to be “improved supports” as they reduce the dependency of the drive
mode resonance frequency on the amplitude vibration. For selected improved supports, the
frequency backbone curve for the drive mode is verified against a FE non-linear transient
analysis using the same approach described in Section 4.3. Due to high computational cost,

only a limited number of improved supports are considered for FE verification.

6.4 Arched geometries

Figure 6.3 shows the nominal geometry and the arched geometries considered for the

proposed support design investigation.

T L1 = lnax
=+ L =098 mm
Q +L; = 0.84 mm
-L; =070 mm
g —+L; =056 mm
: -+ L; =0.42 mm
% -+ Ly =0.28mm
% ~+L; = 0.14 mm

g— Ly =0mm
m— Ring

= Nominal geom.

Figure 6.3: Arched geometries analysed.
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Length L, is varied between %lmax and %lmaw. For all arched geometries considered,

coefficients I,, and S; are obtained using (6.2) and (6.3), respectively. Figure 6.4 shows how

terms Q%In and Sy vary when the length L; is varied across the specified range.

8
.10
35 - s %
¥ Nominal
2
il Q.
—a—Sl
25
—
£ ot
Z
15
1|
0.5 : g L :
0 0.2 0.4 0.6 0.8 1

L1 [mm]

Figure 6.4: Value of terms Q2I,, and S, for geometries investigated (see equations (6.1)-(6.3)).
Frequencies Q2p are calculated using (6.1) for ¢; equal to 20 pm.

Figure 6.4 illustrates that for all arched geometries considered, coefficient I,, is approx.
the same (as the ring inertia is much larger than support inertia), and QQDIn is larger than
St. A consequence of this is that a CVG supported by any arched support has a softening
frequency backbone curve for the drive mode (see equation (6.1)).

Arched supports having L shorter than the nominal value have a larger stiffness coefficient
Sy (see “Nominal” value in Figure 6.4) so they have a more hardening dynamic behaviour
than nominal supports. The largest value of S; is obtained for L; ~0.4 mm. Figures 6.5 and
6.6 show the calculated radial and tangential stiffness coefficients, respectively, when L; is

varied.
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Figure 6.5: Radial linear, quadratic and cubic stiffness coefficients for geometries investigated.
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Figure 6.6: Tangential linear, quadratic and cubic stiffness coefficients for geometries inves-

tigated.
Coeflicient k;, is positive and decreases as length L; increases. Coefficient k,, is negative

and is approximatively equal for supports having L, between 0.14 mm and 0.4 mm. For

longer Li, its absolute value decreases. The largest coefficient k,, is obtained for arched
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supports having L; approx. 0.4 mm long. Coeflicients k;, and k., are approx. equal for
supports having L; between 0.14 mm and 0.25 mm, and decrease for longer Li. Stiffness
coefficient k;, does not appear in equation (6.1) hence does not contribute to the frequency
shift and is of no interest here. Comparing k,, in Figure 6.5 to S; in Figure 6.4, it is noted

that coefficient S; is strongly influenced by the cubic radial stiffness coefficient of the support.

Figure 6.7 shows the frequency shift obtained for a drive amplitude of 20 pm for CVGs
having the considered arched supports. The pseudo-resonance frequency 2p is obtained

using (6.1), and the frequency shift is calculated as Qp — wp.
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Figure 6.7: Frequency shift for a drive amplitude of 20 um for arched geometries considered.

The frequency shift is negative for all arched geometries considered, indicating a softening
drive mode frequency backbone curve. The smallest frequency shift obtained (in absolute
value) is 0.210 Hz, which is a 20% reduction compared to nominal supports. This reduction
is not considered to be significant, and this investigation concludes that support geometries
having a middle arched segment parallel to the ring centre line do not linearise the drive
mode frequency backbone curve for any practical length Lq considered. Different support

designs need to be investigated to linearise the frequency backbone curve for the drive mode.
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6.5 Straight geometries

Figure 6.8 shows a schematic diagram for a support having straight geometry.

Figure 6.8: Schematic diagram for a straight support.

As introduced in Section 6.2, lengths L and Lg are arbitrary varied by changing angles
B1 and B3. The only geometrical constraints considered are the radial distance between the
ring mid-line and the substrate (i.e. lnq,) and the angle between the directions associated
with L; and L3, which are maintained the same as the nominal geometry. The shortest and

the longest lengths considered for both L, and L3 respectively are %lmam and %lmax.

Figure 6.9 shows how stiffness coefficient S; varies by varying L, and Ls.
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Figure 6.9: Coefficient S; for straight geometries considered.

~

The results indicate that stiffness coefficient .S; for a straight support having L1 = %lmaz

oot o=

and Lg = %lmax is significantly larger than that for a straight support having L1 = 2042

and L3 = %lmaz, so supports having shorter L; and/or L3 are more hardening.
Figure 6.10 shows how radial linear, quadratic and cubic stiffness coefficients for a straight

support vary as L; and L3 are changed. Similarly, Figure 6.11 illustrates the tangential linear

and cubic stiffness coefficients (ky, is not illustrated as it is not of interest in this analysis).
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(c) Stiffness coefficient k..

Figure 6.10: Radial linear, quadratic and cubic stiffness coefficients for straight geometries

considered.
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Figure 6.11: Tangential linear and cubic stiffness coefficients for straight geometries consid-
ered.

Figure 6.10 indicates that stiffness coefficients k,,, k., and k;, are positive for all Ly and
L3 lengths considered. Larger k,,, k,, and k;, values are obtained for supports having shorter
L; and/or Ls. Quadratic radial stiffness coefficient k,, is negative for most lengths of L; and
L3 considered, except for Ly and Ls both longer than approx. %lmaz. In absolute value,
a larger k,, is obtained for shorter L; and/or Ls. Coefficient k;, is positive and larger for
supports having shorter L.
Comparing Figures 6.10c and 6.11b for k,, and k,, respectively, against Figure 6.9 for S,
it can be noted that stiffness coefficient S; is essentially defined by the cubic radial and tan-
gential stiffness coefficients of the support. Supports having shorter L; and/or Lg are more
hardening than supports having longer L; and/or Ls because their k., and k;, are signifi-

cantly larger.
Equation (6.1) is used to determine the drive mode frequency backbone curve for CVGs

having straight supports. Figure 6.12 illustrates the frequency shift obtained for a drive

amplitude of 20 pm.
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Figure 6.12: Frequency shift for a drive amplitude of 20 pum for straight geometries considered.

The noticeable change in frequency shift by varying L; and L3 demonstrates that the
performance of the resonator are significantly influenced by the support structure. For ex-
ample, a positive frequency shift is obtained for straight supports having both L; and Lg
shorter than approx. %lmax, indicating that the frequency backbone curve for the drive mode
is hardening. In contrast, supports having both L; and L3 longer than approx. %lmax cause
the frequency shift to be negative and so the frequency backbone curve will be softening.
Figure 6.13 illustrates the percentage reduction of the frequency shift (in absolute value) with

respect to nominal supports.
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Figure 6.13: Reduction of the frequency shift in absolute value compared to that charac-
terising nominal geometry supports, for a drive amplitude of 20 pm. “No red.” indicates
that supports do not reduce the frequency shift (i.e. the frequency shift is equal or larger
compared to the nominal supports).

It is noted that straight supports having (i) both L; and L3 shorter than approx. %lmax,
(ii) Ly > %lmax and (iii) Ly > %lmax and L3 > %lmaz, cause the frequency shift to be equal
or larger than that for nominal supports. For all other lengths L1 and Lg, straight supports
improve CVG performance as the frequency shift is reduced compared to that characterising
nominal supports.
For some straight supports, the frequency shift is reduced by over 60% compared to nominal
supports, demonstrating that support geometrical non-linearity can be used to linearise the
frequency backbone curve for the drive mode.
In what follows, the drive mode frequency backbone curve is verified against a Finite Element
analysis. As the computational time required to perform FE non-linear transient analyses is
very high, the drive mode frequency backbone curve is validated against FE method for only
three straight support geometries for which the mathematical model predicts a reduction of

the frequency shift between 30% and 75%.
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6.5.1 FE validation of frequency shift reduction for selected support ge-

ometries
Selected straight geometries considered for FE validation

Figure 6.14 shows the same plot as Figure 6.13 and indicates the straight geometries

selected for FE verification.

Percentage reduction of frequency shift at 20 ;zm _—
T T T T T 0 red.
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L1 [mm]

Figure 6.14: Straight support geometries selected for FE verification, indicated as SF 41, SG
105 and SB 20.

Figure 6.15 shows schematic diagrams for selected geometries and Figure 6.16 shows the
Finite Element models developed to perform the non-linear transient analyses. Lengths L

and Ls are provided in Table 6.1.
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Figure 6.15: Diagram for nominal support and selected straight supports considered for FE
verification.
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Figure 6.16: Finite Element models for ring resonators having nominal supports and straight
supports selected for FE verification.
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Geometry ID  Lj [mm] L3 [mm]

SE 41 0.51 0.51
SG 105 0.46 0.56
SB 20 0.37 0.56

Table 6.1: Lengths of Ly and L3 for selected straight geometries considered for FE verification.

Frequency backbone curves obtained using FE analysis

The drive mode frequency backbone curves obtained using a FE analysis for nominal
supports and straight supports SF 41, SG 105 and SB 20 are shown in Figure 6.17 and
compared against those obtained using the mathematical model (i.e. equation (6.1)). In the
plot, Af is the frequency variation from the natural resonance frequencies of the drive and

sense 260 modes in Hertz. Numerical results refer to a Q-factor of 1000.
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Figure 6.17: Drive mode frequency backbone curves obtained using mathematical model and
FE analysis for ring-based resonators having nominal support and proposed straight supports.

Q=1000.

Accuracy of the mathematical model
bone curves calculated using a FE analysis are more hardening than those obtained using the

mathematical model, indicating limitations with accuracy of the mathematical model. As
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already mentioned in Section 4.6, possible explanation for these inaccuracies are associated
with the assumptions used to develop the mathematical model. Among these, the radial and
tangential directions are assumed to be principal axes of stiffness for the supports. Table
6.2 indicates the frequency shift in Hertz obtained using the mathematical model and the
FE analysis, the difference between the obtained values, and angle ¢p4 between the princi-
pal axes of stiffness of the supports and the radial and tangential directions (calculated as

described in Appendix A), for each selected straight support.

Geometry ID  Math. [Hz] FE [Hz] Difference [Hz] ¢pa

Nominal -0.260 -0.240 0.020 11.39
SF 41 -0.178 -0.009 0.169 11.99
SG 105 -0.167 0.004 0.171 12.3°
SB 20 -0.067 0.105 0.172 14.79

Table 6.2: Frequency shift in Hertz for drive amplitude of 20 pm obtained using the mathe-
matical model (“Math.”), the FE analysis (“FE”), and the difference between obtained values
(“Difference”). Angle ¢p, calculated for selected straight supports is indicated.

From Table 6.2 it can be noted that the accuracy of the mathematical model decreases as

angle ¢ p4 increases. This suggests that the mathematical model is less accurate for increasing

¢pa angles.

Achievement of pseudo-linear drive mode frequency backbone curves Figure 6.17
indicates that for a CVG having supports SG 105 and SF 41, the drive mode the frequency
backbone curve obtained using the FE analyses is approximatively linear (or pseudo-linear).
Table 6.3 indicates the percentage reduction of the absolute value of the frequency shift for
selected straight supports compared to a CVG having nominal supports, obtained using the

FE analyses for a drive amplitude of 20 pm.
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Geometry ID % red. FE

SF 41 96%
SG 105 98%
SB 20 56%

Table 6.3: Reduction of the frequency shift for selected straight supports compared to the
nominal supports obtained using a FE analysis.

It is noted that supports SG 105 and SF 41 significantly reduce the frequency shift by
98% and 96%, respectively. Finite Element results demonstrate that support geometrical non-
linearity can be used to linearise the frequency backbone curve for the drive mode. Hardening
supports that neutralise the softening behaviour of the ring provide with a pseudo-linear
frequency backbone curve for the drive mode and so reduce the dependency of the drive
mode resonance frequency on the drive amplitude. For a CVG having supports SG 105
or SF 41, the drive mode responds in resonance to excitations having frequencies approx.
equal to the natural frequency of the drive mode, also when the CVG operates at large
amplitude vibration and ring and support geometrical non-linearity effects are significant.
This simplifies the control system used to maintain the drive mode resonant and improves

sensor performance.

Use of the mathematical model to linearise the drive mode frequency backbone
curve The comparison between the drive frequency backbone curves obtained using the
mathematical model and the FE analyses (see Figure 6.17) indicates that the frequency
shift calculated using the mathematical model is not very accurate. However, the frequency
backbone curves for supports SF 41 and SG 105 obtained using a FE analysis are pseudo-
linear and significantly reduce the frequency shift compared to nominal supports (see Table
6.3). It is fundamental to highlight again that if the design investigation was based on a FE

analysis only, the computational cost would be extremely high. In fact, it would be needed to
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modify the support geometry, calculate the drive mode frequency backbone curve using a FE
non-linear transient analysis and repeat this process until a support geometry that linearises
the drive mode frequency backbone curve is found. In view of this, it can be concluded
that the mathematical model aids identification of support geometries that have potential
to linearise the drive mode frequency backbone curve of supported ring resonators, at very
low computational cost. Once improved set of support geometries are identified using the
mathematical model, FE analyses need to be performed to verify the drive mode frequency
backbone curve obtained using the mathematical model, only for a selected (reduced) number

of support geometries.

6.6 Summary and conclusions

In this Chapter, the mathematical model was used to investigate hardening support ge-
ometries that neutralise the softening behaviour of the ring. The support design investigation
was presented for a CVG having 16 supports as previous chapters indicated that non-linear
performance of ring-based CVGs are improved for numbers of supports that maintain the
rotational symmetry. Two types of support geometries were considered i.e. arched supports
and straight supports. The mathematical model was used to determine the drive mode fre-

quency backbone curve so the frequency shift for large drive amplitudes.

It was shown that the arched supports considered cause the drive mode frequency back-
bone curve to be softening, and the frequency shift is not significantly reduced compared to
nominal supports. In contrast, selected straight supports were found to be hardening and to
linearise the drive mode frequency backbone curve.

Finite Element analyses were used to verify the drive frequency backbone curve for a num-
ber of selected straight supports for which the mathematical model predicts a pseudo-linear

dynamic behaviour. Comparison between mathematical and FE results indicated limitations
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with accuracy of the mathematical model, possibly due to assumptions used to develop the
mathematical model that may not be accurate. However, FE results verified that the drive
mode frequency backbone curve for selected straight supports is pseudo-linear, and demon-
strated that the developed mathematical model can be used to guide design of supported
ring resonators. Moreover, Finite Element results demonstrated that support non-linearity
can be used to mitigate ring geometrical non-linearity, ensuring the drive mode resonance
frequency of the resonator is approximatively equal to the linear resonance frequency even

when the CVG undergoes large amplitude vibration.
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Chapter 7

Conclusions and further work

7.1 Introduction

This thesis investigated the effects of ring and support structures geometrical non-linearity
on high performance MEMS ring-based resonators used for inertial navigation systems. Non-
linear drive and sense responses have been investigated by using a developed mathematical
model including ring non-linear flexural vibration and support non-linear stiffness. The fre-
quency backbone curve for the drive mode, the dependence of the drive mode dynamics on
the drive axis location relative to the supports, and the zero-rate-output in the absence of
angular rate have been verified using a Finite Element analysis. Support designs (support
geometry and number of supports) were suggested to improve ring resonators performance
at large amplitudes of vibration. This final Chapter summarises the work done and reviews
the aims of the thesis. The main conclusions and contributions are recalled, and areas for

further work are proposed.

7.2 Review of thesis aims and work done

This Section reviews the aims and objectives of the thesis presented in Chapter 1.
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1. Investigate the numbers of supports that maintain the rotational symmetry of ring-based
resonators for any pair of n0 in-plane flexural modes of the ring in the linear regime.
Chapter 2 developed a mathematical model for modelling ring and p supports for res-
onators operating in the nf modes in the linear regime. The ring was modelled as a
curved beam and the support was modelled using radial and tangential mass and linear
spring elements. The model was used to determine the kinetic and potential energy
expressions for ring and support structures. The obtained energies expressions were
used to investigate the numbers of supports that maintain the rotational symmetry of

the resonator in the linear regime.

2. Investigate ring and support geometrical non-linearity effects on the rotational symme-
try of supported ring-based resonators.
In Chapter 3, ring non-linear flexural vibration and support non-linear stiffness were
included in the mathematical model developed in Chapter 2 to take account of ring
and support geometrical non-linearity. The breathing mode of the ring was included
in the ring mid-line deformation expressions, and the stiffness of the support was mod-
elled using cubic non-linear radial and tangential springs. Ring and support kinetic
and potential energy expressions were determined for ring resonators operating at large
amplitudes of vibration and analysed to investigate the numbers of supports that main-
tain the rotational symmetry in the non-linear regime. The numbers of supports that
maintain the rotational symmetry in the linear and non-linear regime were compared
to investigate the influence of geometrical non-linearity on the ring resonator rotational

symimetry.

3. Develop the non-linear governing equations of motion for the drive and sense nf modes
for a ring resonator having p supports operating at large amplitudes of vibrations.
In Chapter 3 the mathematical model for modelling the non-linear supported ring

resonator was used to develop the equations of motion governing the drive and sense
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modes. The equations were determined using the Lagrange’s equation in the drive and
sense generalised coordinates, for the generic pair of nf ring modes and number of
supports p. The equations were developed to represent the drive and sense dynamics
under practical operating conditions i.e. the drive mode is excited by harmonic external
forces and the ring resonator rotates around the ring polar axis with constant angular
rate, so that the sense mode is excited by the Coriolis force. The equations of motion
were then analysed in detail for practical CVGs ring resonators operating in the n = 2

modes and supported by 8 and 16 supports.

. Investigate ring and support geometrical non-linearity effects on the drive and sense
governing equations of motion.

Non-linear drive and sense governing equations of motion developed in Chapter 3 were
compared against those in Chapter 2 for an equivalent linear ring resonator in which
ring and support geometrical non-linearity is neglected, to highlight ring and support

geometrical non-linearity effects on the drive and sense modes dynamics.

. Investigate the steady-state 260 drive response for a supported ring resonator when the
ring is driven into large amplitudes of vibration, under practical operating conditions.

In Chapter 4 the averaging method was applied to the equation of motion governing
the 260 drive mode (developed in Chapter 3) to investigate amplitude and phase of the
drive response in steady-state, for ring resonators having 8 and 16 supports. The drive
mode was assumed to be excited by harmonic external force. The frequency backbone
curve for the drive mode was investigated based on a drive response having phase of 90

degrees relative to the applied external force.

. Investigate the steady-state 20 sense response for a supported ring resonator undergoing
large drive amplitude of vibration, under practical operating conditions.
Similar to the drive response in Chapter 4, in Chapter 5 the averaging method was

applied to the equation of motion governing the 26 sense mode (developed in Chapter
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3) to investigate the in-phase and quadrature sense responses in steady-state, for ring
resonators having 8 and 16 supports. Ring and support geometrical non-linearity effects
on the sense response were investigated by comparing the non-linear sense response
against that for an equivalent linear resonator in which geometrical non-linearity is
neglected. The impact of non-linearity on sensor performance was investigated for

symmetric and asymmetric ring resonators, and comparison were made.

7. Investigate support designs that linearise the dynamic behaviour of resonators operating
at large amplitudes.
In Chapter 6 the mathematical model was used to investigate support designs that
linearise the dynamic behaviour of the drive mode at large amplitudes. The frequency
backbone curve for the drive mode was investigated using the mathematical model,
and verified using non-linear Finite Element analysis. Comparisons were made against
the frequency backbone curve obtained for nominal supports, to investigate if proposed
support designs reduce the frequency shift at large amplitudes. The accuracy of the
results obtained using the mathematical model was discussed based on the comparison

against Finite Element results.

7.3 Conclusions

Main conclusions of this work are summarised in the following points:

1. The rotational symmetry of the nf modes of ring resonators operating in the linear
regime is maintained when the number of regularly spaced supports p is such that
20 j5 not an integer. Otherwise, the rotational symmetry is broken, and ring and

support energy expressions are not invariant to the choice of drive and sense generalised

coordinates. For practical CVGs operating in the 260 modes, 8 and 16 supports maintain

the rotational symmetry in the linear regime.
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2. When the ring is driven into large amplitudes of vibration, the rotational symmetry of
ring resonators operating in the nf modes is maintained when the number of regularly
spaced supports p is such tha % is not an integer for m = 1,...,6. Ring and support
geometrical non-linearity causes the rotational symmetry to break for some numbers of
supports that maintain the symmetry in the linear regime. For practical CVGs oper-
ating in the 26 modes, 8 supports break the rotational symmetry of the ring resonator

when the ring is driven into large amplitudes. In contrast, 16 supports maintain the

rotational symmetry for large amplitudes of vibration.

3. Ring and support geometrical non-linearity causes the modal mass, stiffness and damp-
ing in drive and sense governing equations of motion to parametrically depend on
non-linear terms in drive and sense generalised coordinates. In practice, drive response
amplitude is much larger than the sense response, and dependency on non-linear terms
involving the sense response can be neglected.

If the rotational symmetry of the supported ring resonator is broken, drive and sense
equations of motion depend on the position of the drive axis relative to the supports
location, and have different system parts. Modes are coupled with each other in the
absence of rotation and the sense mode is self excited by non-linear terms involving the
drive response. These terms cause the sense response to be non-zero in the absence of
rotation and produce zero-rate-output response.

In contrast, if the rotational symmetry is maintained, drive and sense non-linear equa-
tions have identical system parts and are invariant to the drive axis angle. Modes are
only coupled in the presence of rotation by the Coriolis force, and the zero-rate-output

is negligible.

4. Ring and support geometrical non-linearity causes the drive mode resonance frequency
to shift from the linear resonance frequency for large drive amplitudes of vibration.

This frequency shift adversely affects the performance of ring-based gyroscopes that
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normally operate at the drive mode resonance frequency. Whilst the ring structure
is characterised by the known softening behaviour, the support structure significantly
influences the dynamic behaviour of the drive mode, and the drive mode frequency
backbone curve of supported ring resonators is softening or hardening depending on
the support. If the rotational symmetry is broken, the drive mode frequency backbone
curve varies depending on the drive mode axis location relative to the supports. In
contrast, if the rotational symmetry is maintained, the frequency backbone curve is

invariant to the drive axis angle.

. Ring and support geometrical non-linearity causes the sense mode response to be am-
plified compared to the equivalent linear resonator in which geometrical non-linearity is
neglected. This amplification is stronger for larger quality factors. For large drive am-
plitudes, geometrical non-linearity causes the largest sense response amplitude to occur
at frequencies different than the drive mode pseudo-resonance frequencies, so sensor
sensitivity is not maximised when the drive mode is excited into pseudo-resonance.

If the rotational symmetry is broken, sense response at the drive mode pseudo-resonance
frequencies has in-phase and quadrature components. If the angular rate is detected
based on linear standard models, sensing errors degrade the quality of the rate mea-
surement, and the sense response in the absence of angular rate is non-zero.

In contrast, if rotational symmetry is maintained, the sense response at the drive mode
pseudo-resonance frequency is in-phase relative to the drive response, and the sense
response amplitude is the same as the equivalent linear resonator. A linear standard
model can be used to accurately detect the applied angular rate, and the sense response

is negligible in the absence of angular rate.

. The frequency backbone curve for the drive mode can be linearised (or, pseudo-linearised)
by using a hardening support structure that neutralises the softening behaviour of the

ring. Selected straight support designs were found to pseudo-linearise the drive mode
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frequency backbone curve and to mitigate geometrical non-linearity effects compared
to nominal supports. Finite Element non-linear analyses indicated that the drive mode
frequency backbone curve obtained using the mathematical model is not very accurate,
but demonstrated that the mathematical model can be used to efficiently guide the

investigation of improved support designs.

7.4 Contributions

Main contributions of this work to the knowledge of supported ring-based MEMS CVGs

operating at large amplitude vibrations are summarised in the following.

e This work investigated the dynamics of the drive and sense modes including ring and
support geometrical non-linearity. The non-linear drive and sense responses have been
investigated to give an insight on the geometrical non-linearity effects which affect ring
resonators performance when the ring is driven into large amplitudes of vibration. It
was demonstrated that linear standard models cannot be used when the drive ampli-
tude is large, and ring and support geometrical non-linearity need to be considered to

accurately model the supported ring resonator dynamics.

e This thesis investigated the numbers of supports that maintain the rotational symme-
try of supported ring resonators when the ring is driven into large amplitudes of vi-
brations, taking account of ring and support geometrical non-linearity. Use of numbers
of supports that maintain the rotational symmetry are suggested in order to mitigate
geometrical non-linearity effects and improve sensor performance. For ring resonators
operating in the 20 modes, 16 supports have shown to provide improved performance

compared to 8 supports.

e This work demonstrated that the dynamic behaviour of the drive mode can be linearised

using hardening support structures that mitigate the softening behaviour of the ring.
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This results was demonstrated using Finite Element non-linear transient analyses.

e This work developed a mathematical model that can be used to guide during support
designs investigation. The proposed model can be used to develop the frequency back-
bone curve for the drive mode at a computational cost that is orders of magnitude lower
compared to Finite Element non-linear analyses. Comparison against Finite Element
results indicated that the results obtained using the mathematical model are not very
accurate; however, mathematical results show similar characteristics to the Finite Ele-
ment method. Finite Element analyses can be performed for a detailed quantification

of the drive mode frequency backbone curve.

7.5 Further work

Further work is suggested in the following areas:

o Comparison between mathematical results and Finite Element results indicated limi-
tations with accuracy of the mathematical model. It was discussed that inaccuracies
may relate to assumptions considered for the mathematical model development. It is

suggested to improve the accuracy of the mathematical model by:
— Eliminating the assumption that the radial and tangential directions are principal
axes of stiffness for the support.

— Including higher stiffness coefficients to characterise the non-linear springs used to

model the support non-linear stiffness.

— Investigating the influence of the support structure on the modes of vibration of

the supported ring resonator.

e The proposed mathematical model was developed under the assumption that the ring is

perfect. In reality, fabrication imperfections are inevitable and the ring structure is not
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perfect for practical devices. It would be interesting to extend the developed non-linear
mathematical model by including the presence of small point mass imperfections on the

ring mid-line, and compare the effect of imperfection with non-linearity.
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Appendix A

Geometrical data and FE model for

the ring-based resonator

Chapters 4 and 5 showed numerical results for the drive and sense responses, respectively,
obtained based on ring resonators having nominal supports. This Appendix provides with
a description of the geometrical characteristics and material properties of ring and nominal
support structures. The Finite Element (FE) model for the supported ring resonator devel-
oped using the commercial software package ANSYS Parametric Design Language (APDL)
is described in this Appendix. The Finite Element model was used in Chapters 4, 5 and 6
to verify results obtained using the mathematical model. The procedure used to model the
support inertia and non-linear stiffness in the mathematical model, introduced in Chapter
3, is described in detail. Mass and stiffness coefficients to model the nominal support are
provided in this Appendix. Finally, the procedure used in Chapter 6 to determine angle ¢p 4
between the radial and tangential directions and the principal axes of stiffness of the support

is described.
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A.1 Ring and nominal support dimensions

Figure A.1 illustrates a diagram for the ring structure; ring dimensions are provided in

Table A.1.

z-

(b) Ring cross-section.

(a) In-plane ring.

Figure A.1: Diagram for the ring structure.

Ring geometrical data

R 3 mm
L 100 pm
h 125 pm

Table A.1: Ring dimensions.

Figure A.2 shows a diagram for a single nominal arched support. Support dimensions can

be found in Table A.2.

A2



Ls

Ly

Ring

(a) In-plane support.

Z-axis

hs

(¢) Support cross-section.

Figure A.2: Diagram for a single nominal arched support.

A3



Geometrical data for a nominal support

Ly 0.8 mm
Ls 0.3 mm
Lg 100 pm
hs 10 pm
0o 20 deg.

Table A.2: Geometrical data for an arched nominal support

Ring and support are made of isotropic silicon, having Young’s modulus E equal to 170

GPa and density p of 2330 kg/m?>.

A.2 Finite Element model for the supported ring resonator

Figures A.3 and A.4 show the FE models developed using the Finite Element software
ANSYS to model ring resonators having 8 and 16 nominal supports, respectively. These mod-

els have been used to verify the results obtained using the mathematical model in Chapters

4,5 and 6.

-/3&

Figure A.3: FE model for the ring resonator having 8 nominal supports.
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ANSYS
R17.1
Academic

Figure A.4: FE model for the ring resonator having 16 nominal supports.

The ring-based resonator vibrates in the ring plane, so ring and support structures have
been modelled using uni-axial beam elements BEAMS3 that can translate in the ring plane
and rotate around the z-axis orthogonal to the ring plane. Each support is attached to the

ring by one end and fully clamped by the other end.

A mesh convergence analysis is conducted to determine the number of beam elements Ng
having identical length required to model the ring structure with sufficient accuracy. The
length of each beam element is Al = %. The proposed mesh convergence analysis is based
on a FE modal analysis for the ring resonator having 16 supports, shown in Figure A .4. Fig-
ure A.5 shows the 20 modes natural frequency obtained by modelling the ring using numbers

of beam elements Ny indicated in abscissae.
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Figure A.5: Mesh convergence analysis based on a FE modal analysis.

Results indicate that for Ng = 256 the natural frequency of the 26 modes is larger than

the convergence value by only 0.007%. Therefore, 256 beam elements have been used to

2R

model the ring structure, each beam element is long Al = 5.

This same length has been

used for support structure elements.

A.3 Determination of the mass and stiffness coefficients to

model the support

This Section describes the procedure used to determine the radial and tangential mass
coefficients m, and my, the radial stiffness coefficients k,,, k, and k,, and tangential stiffness
coefficients k,,, k., and k,, to model the inertia and stiffness of the support, as described
in Chapter 3. The proposed procedure is based on a Finite Element analysis of a single
support. The mathematical model was developed assuming that the nf vibration of the ring
is unaltered by the presence of the support. To take account of this assumption in the Finite

Element model, the displacement of the ring-support attachment point is constrained to be
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identical to that of the unsupported ring undergoing linear vibration at that angular position.
For an unsupported ring, it can be shown that the in-plane rotation ¢, at circumferential

coordinate 6 can be expressed as [39]:

_ 10u(9) w(0) (A.1)

¢:(6) = R 00 R

where u(6) and v(0) are the linear radial and tangential displacements (2.1) and (2.2). It can

be shown that:

ou(d)
50 = n?v(6) (A.2)

so the in-plane rotation ¢,(#) can be expressed as a function of the tangential displacement

v(0) at circumferential coordinate 6 as:

(A.3)

This relation is used in the Finite Element model to constrain the rotation around the z-axis

of the support end attached to the ring, while the other end of the support is fully constrained.

The radial and tangential linear, quadratic and cubic stiffness coefficients to model the sup-
port stiffness are obtained by applying radial and tangential forces at the ring-support at-
tachment point, respectively, and performing large-deflection FE static analyses to calculate
the radial and tangential displacements caused by the applied forces. Under the assump-
tion that the radial and tangential directions are principal axes of stiffness for the support,
the tangential displacement caused by forces applied in the radial direction is constrained
to be zero; similarly, the radial displacement following the application of tangential forces
is set to zero. This is repeated by varying the magnitude of applied forces to calculate the
non-linear force-deflection curves in the radial and tangential directions. The obtained force-

displacement curves obtained using a Finite Element analysis are interpolated using cubic
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fitting functions as shown in Figures A.6 and A.7 for the radial and tangential directions,

respectively.
8 x10°2 : : . . ;
6l _
al _
ol _
3
e O 1
L
_2 - 4
el _
&E * FE analysis |
— Cubic fitting
_a £ £ * X x
-30 -20 -10 0 10 20 30

u [micron]

Figure A.6: Force-displacement relation in the radial direction.
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Figure A.7: Force-displacement relation in the tangential direction.

The linear, quadratic and cubic coefficients of the cubic fitting functions provide with the
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linear, quadratic and cubic stiffness coefficients to model the support stiffness using cubic

non-linear springs.

The radial and tangential mass coefficients to model the support inertia are obtained by ap-
plying harmonic radial and tangential forces at the ring-support attachment point. Similar to
that described for the stiffness coefficients determination, tangential displacement caused by
harmonic forces in the radial direction is set to zero, and the radial displacement caused by
tangential forces is set to zero. The frequency w of the radial and tangential harmonic forces
matches the resonance frequency of the pair of nf modes used in operation, in this example
n = 2. FE harmonic response analyses are performed to obtain amplitudes and phases of the
radial and tangential responses in steady-state. Mass coefficients m,. and m; are calculated

based on linear undamped equations of motion for radial and tangential displacements below:

myil + ky,u = F, cosw (A.4)

myt + kv = Fycosw (A.5)

where v and v are the radial and tangential displacements, respectively, and F, and F}; the

magnitudes of the applied radial and tangential harmonic forces.

Table A.3 provides the radial and tangential mass and stiffness coefficients obtained for the

nominal support:
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Mass coefficients

mp  3.07x 1079 kg

mr T11x107°0 kg

Stiffness coefficients

ky, 2.72 N/m
ke, —2.76 x 10> N/m?
kr,  4.82x105 N/m?
Ky, 4.54 N/m
ki,  5.83x10%° N/m?
ki,  9.68x 105  N/m?

Table A.3: Mass and stiffness coefficients to model a nominal support.

Mass and stiffness coefficients in Table A.3 are used in Chapters 4 and 5, respectively,
to investigate the drive and sense responses associated with ring resonators having nominal

supports using the developed mathematical model for the ring resonator.

A.4 Principal axes of stiffness for the support

This Section describes the procedure used in Chapter 6 to determine angle ¢p4 describing
the orientation of the principal axes of stiffness for the straight supports, relative to the radial
and tangential directions. Angle ¢p4 is obtained by calculating the full support stiffness
matrix K§ and using equation (2.19) given in Chapter 2.

Full stiffness matrix Ké‘ is calculated using a Finite Element analysis of a single support.
Radial and tangential forces Fr and Fr and momentum My around the z-axis are applied
at the support end attached to the ring, and FE static analyses are performed to calculate
the radial and tangential displacements u(6), v(6) and rotation ¢,(6) caused by the applied

loads. The ring-support attachment point is free to move in both the radial and tangential
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directions when the forces are applied, whilst the rotation around z-axis is assumed to be the
same as the unsupported ring at that location and constrained to the tangential displacement
as in equation (A.3). The displacements and rotation calculated using the FE static analysis

are used in the equation below to calculate the full 3 x 3 stiffness matrix K?S’X3:

F = K¥®u (A.6)

T
TLQ— v
where F = [Fr Fr Mz]" and u = |u(d) v(6) % . No torsional springs are

considered in the proposed support mathematical model, so the third row and the third
column of K3 are neglected. The resulting matrix is the 2 x 2 stiffness matrix Kg‘ that can

be used in the eigenvalue problem (2.19) to determine angle ¢pa.
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Appendix B

Potential energy for a non-linear

support structure

Section 3.3 in Chapter 3 developed analytical expressions for the kinetic and potential

energies for p non-linear supports. The potential energy associated with p cubic non-linear

springs in the radial and tangential directions was given by equation (3.22). In what fol-

lows, coefficients Vi, Ve (m = 1, ...,6) respectively multiplied to cos mn (j 2?” — a) and

sinmn (j%’r — a) in equation (3.22) are provided.

Vor = (@ + @) {-@1 (b + 12 ) v+ @ 1402 (@ + QD) 52
b Qe @+ 0] - @@ @) (M 1)

Vo1 = (QF + Q3) {_Q2 (krl - 47:112 7+ Q2 (14477 (Qf +Q3)] %

@t @) - @ ad (M )]

T1 k 1 kr? kTS
Ver= (@@ (M- ) - (@t - o { - B o @t )

k
6424 [8+3y*(Q1+@Q3)] } —Q1Q:2 (QF + Q3) 27@3
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Vso = Q1Q2 ( s 2kt1 ) Q1Q2 (Q1 + Q3) { oY — % [1467%(Q +Q3)]
(B.4)
k
s [543 @+ @)} + (@1 - ) 312
T2 k 1 kr3 3k 3
Ves = Q1 (QF — 3Q3) [+4t27 (QF + Q3) v ( 1 16714)} 55)
B.5
k
+ Q2 (@3 - 3Q7) 105 [4 377 (@ + Q3)]
kry Ky ke, 3k,

Vss = Q2 (3Q7 — Q3) [2 4t — (7 +Q3)~ (4 - 16;14>] E6

FOI(Q) - 30) 1o [4- 37 (@3 + @))]

th
Voa = Q1Q2 (QF Qz)
4 kh k kts 2 2 2 (Bj)
+(Q1+Q2 6Q1Q2){ +37+3 [ -3y (Q1+Q2)]}
Vor = — (Q1 + Q2 — 6Q7Q3) ;% +
ktl 2 kr?) kt3 2 2 2 (B'S)
+Q1Q2(Q1 Qz){ ol +?+8ﬁ[1_37 (Q1+Q2)]}

Vos = ~Q2 (@ +5Q1 — 10@1@2) Toa) — Q1 (@1 +5Q; — 1007Q3) -~ o) (B9
Vo = Q1 (Q) +5Q3 100303 11257 — @ (504 + Q4 100703) 1oy (BAO)
Voo = (Q5 — QS + 15Q3Q% — 15@4%) 3k t 2 (B.11)
Vs = (3Q5Q2 + 3Q1Q3 — 10Q1Q2) 3’%3 2 (B.12)

These coefficients Vo, Vs (m = 1,...,6) are used in equation (3.22) to develop an

analytical expression for the potential energy of p non-linear supports.
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Appendix C

Equations of motion for supported
ring resonators operating at large

amplitudes

Chapter 3 developed the equations of motion governing the dynamics of the drive and
sense nf modes when the ring is excited into large amplitude vibration, for ring resonator
having p identical supports uniformly spaced around the ring circumference. Section 3.4 in-
dicated that drive and sense equations of motion can be obtained using Lagrange’s equation
(2.26), where the non-linear kinetic and potential energies of the ring T;ing and Viing are
given by (3.4) and (3.5), respectively, and the non-linear kinetic and potential energies of the

support Ts and Vg are given by (3.9) and (3.22), respectively.

This Appendix shows the obtained equations of motion for drive and sense mode. Drive
and sense equations are given by equations (C.1) and (C.2), respectively, in Section C.1.
Equations are based on the excitation of the drive mode by harmonic external force having

magnitude Fp and frequency €2, and are expressed in terms of generalised coordinates Q1
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and Q2. The modal mass and stiffness for the unsupported ring (i.e. Mying and K, ipg) and
for the supported ring resonator (i.e. M,.s and K,.s) were given in Chapter 2 in equations

(2.32), (2.33), (2.30) and (2.31), respectively.

As introduced in Section 3.4 in Chapter 3, for practical CVGs operation, the amplitude
of the sense response is commonly much smaller than the amplitude of the drive response.
Under these circumstances, non-linear terms in Q2, Qg, QQ (and combinations) in equations
(C.1) and (C.2) are considered to be small and neglected. Neglecting non-linear terms in
()2, equations (C.1) and (C.2) reduce to equations (C.27) and (C.28), respectively, given in
Section C.2. In Section 3.4, equations (C.27) and (C.28) were divided by M,..s and given in
equations (3.25) and (3.26), respectively, expressed in terms of coefficients 71, ..., 76 given by
(3.27)-(3.32). In Sections 3.4.1 and 3.4.2, equations (C.27) and (C.28) were specified for the

case n = 2 and p = 8, and n = 2 and p = 16, respectively.

C.1 Drive and sense mode governing equations

The governing equations for the drive and sense modes are given in (C.1) and (C.2),

respectively.
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Coefficients C, S5 (m = 1,...,6) for the sense equation (C.2) are:
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In the next Section, drive and sense equations (C.1) and (C.2) are simplified for the case

Q2 << Q1.

C.2 Drive and sense equations for small sense response am-

plitudes

Under the assumption that the amplitude of the sense response is much smaller than
the drive amplitude, all non-linear terms in Qa, @2, Q2 (and combinations) in equations of
motion for the drive and sense modes (C.1) and (C.2) are considered to be small and are
neglected. Under these circumstances, the governing equations for the drive and sense modes

(C.1) and (C.2) reduce to (C.27) and (C.28), respectively.
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Coefficients C2 | SD (m =1, ...,6) for the drive equation (C.27) are:
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=Q {Q‘* (9]% 2)} (C.52)

Equations (C.27) and (C.28) have been specified in Section 3.4.1 for the case n = 2 and

p =8, and in Section 3.4.1 for n = 2 and p = 16.
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Appendix D

Validation using Runge-Kutta

method

In Chapters 4 and 5 the averaging method was used to investigate the drive and sense
responses, respectively, for ring resonators operating at large drive amplitudes under practical
operating conditions. For ring resonators having 8 supports, the averaging method was
applied based on drive and sense governing equations (3.45) and (3.46) given in Section 3.4.1.
Equations (3.45) and (3.46) were obtained from equations (3.43) and (3.44), respectively,
by neglecting the backwards coupling from the sense response to the drive response, and
by neglecting higher powers of ()1 than the cubic. The obtained drive and sense frequency
response curves for ring resonators having 8 nominal supports were shown in Section 4.4.2
and Section 5.3, respectively.

In this Appendix, the frequency response curves for the drive and sense modes are obtained
using the fourth-order Runge-Kutta numerical time-integration scheme based on equations
(3.43) and (3.44). The results obtained using the averaging method are verified by comparing
the frequency response curves obtained using the averaging method against those obtained

using the Runge-Kutta method.
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D.1 Runge-Kutta time-integration method to determine the

drive and sense responses

The Runge-Kutta time-integration scheme is an iterative method to approximate the so-
lution of ordinary differential equations [40]. Given initial values for Q1, Q2, @1 and Qs at
t = to, and rearranging the drive and sense equations to express Q1 and Qs as functions of
time, @1, @2, Q1 and Q2, the Runge-Kutta method determines the radial anti-node ampli-
tudes @1 and @2 (and their first order time derivatives) at the time t,, = tg + nAt where At
is the time step considered for the numerical method.

Time step At needs to ensure that the obtained solution is sufficiently accurate. It can be
shown that At = ﬁ (where fy is the natural frequency for the 20 modes of the supported
ring resonator considered) ensures the obtained drive and sense responses are accurate. The
drive and sense responses are considered to be in steady-state when the difference between
the peak values of two consecutive cycles is within 0.01%. The amplitudes and phases of
the steady-state drive and sense responses to the applied external harmonic force are used to

develop the drive and sense frequency response curves.

D.2 Runge-Kutta method ad averaging method compared

Figures D.1 and D.2 respectively show the frequency response curves for the drive and
sense modes obtained using the averaging method and the Runge-Kutta method for the ring
resonator having 8 nominal supports shown in Figure 4.1a. The drive response amplitude and
phase relative to the applied force are ¢; and ¢p, respectively. The sense response amplitude
and phase relative to the drive response are go and ¢gp, respectively.

The frequency response curves for the drive mode are obtained using the averaging method
as described in Section 4.4.1. The drive response amplitude is obtained by solving equation

(4.22) and the drive response phase is given by (4.26). The frequency backbone curve for the
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drive mode is obtained using equation (4.27). The frequency response curves for the sense
mode are obtained using the averaging method as described in Section 5.3.1, using equations
(5.13) and (5.14).

Drive and sense responses (amplitude and phase) are obtained applying the Runge-Kutta
method to equations (3.43) and (3.44) as described in Section D.1, for applied driving har-
monic force having frequencies fy, fo +1 Hz and fy &+ 2 Hz, where fj is the linear resonance
frequency of drive and sense 20 modes. Results are shown for two levels of magnitude of
the applied force. Drive mode pseudo-resonance frequencies are calculated using the Runge-
Kutta method for four levels of drive response amplitudes, based on a drive response having

a phase of 90° degrees relative to the applied force.
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(a) Amplitude. (b) Phase.
Figure D.1: Drive mode frequency response curves and frequency backbone curve obtained

using averaging method (AV) and the Runge-Kutta method (RK) for the ring resonator
having 8 nominal supports. Q=10000. a = 22.5°.
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Figure D.2: Sense mode frequency response curves obtained using averaging method (AV) and
the Runge-Kutta method (RK) for the ring resonator having 8 nominal supports. Q=10000.
o = 22.5°

Comparison between the frequency response curves obtained using the averaging method
and the Runge-Kutta time-integration method shows that the results obtained using both
methods are in good agreement. This demonstrates the validity of the assumptions made
for the application of the averaging method in Chapters 4 and 5 i.e. for the range of drive
response amplitudes considered in this work, the backwards coupling from the sense response
to the drive response and higher powers of ()7 than the cubic have negligible effect on the

drive and sense dynamics and can be safely neglected.
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