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ABSTRACT
Explanatory note for the qualification paper "Triple-mode vibratory gyroscope"

includes: 85 pages, 6 tables, 13 references.

The relevance of the topic A triple-mode vibratory gyroscope is an innovative
concept that integrates three functional modes within a single device with the ability to
automatically switch between them depending on the operating conditions. This
approach allows for a significant expansion of the gyroscope's functionality, improving
its accuracy, stability and adaptability to invironmental and motion condition.

The object of the study is the vibratory gyroscope including the micro-electro-
mechanical gyroscope.

The subject of the research is vibratory gyroscope modes of operation

The aim of the work is an analysis of the errors of each mode of operation of
the vibration gyroscope and their advantages and disadvantages using computer
modeling and simulation data analysis methods

Research methods include simulation in Matlab Simulink, least squares method
for error extraction, data analysis, and complex function approximation methods.

Key words: INTEGRATING MODE, MICRO-ELECTRO-MECHANICAL
GYROSCOPE, SIMULATION, DATA ANALYSIS.
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INTRODUCTION

In today's world of dynamic development of engineering and technology,
especially in the field of navigation systems, gyroscopic devices play a key role. They
are used to determine the angular velocity, position and orientation of objects in space,
which is especially important in aviation, marine navigation, rocketry, robotics, mobile
devices and other high-tech industries. A special place among these devices is occupied
by vibratory gyroscopes, which have become extremely popular due to their
compactness, reliability, low power consumption and the possibility of implementation
on a microscale (in the form of MEMS devices).

Vibratory gyroscopes are based on the Coriolis effect, which occurs when an
oscillating mass interacts with rotation. They are divided into several main types
according to their operating principle: rate-mode (angular rate sensor mode), rate-
integrating mode, and differential mode. Each of these modes has its own advantages
and limitations, which necessitates an integrated approach to designing devices that
can operate effectively in different conditions.

A three-mode vibratory gyroscope is an innovative concept that integrates three
functional modes within a single device with the ability to automatically switch
between them depending on the operating conditions. This approach allows for a
significant expansion of the gyroscope's functionality, improving its accuracy, stability
and adaptability. In the future, this may enable the creation of universal navigation
systems for a wide range of applications, from autonomous vehicles to spacecraft.

The relevance of the research topic is that most modern systems use gyroscopes
with one fixed mode of operation, which limits the flexibility of their application. The
development of a gyroscope capable of operating in three modes with the possibility
of modelling and verification in the Simulink environment is an important step towards
creating more intelligent, versatile and resistant to external disturbances sensor

systems.
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Purpose of the work:

Development of a structural concept, mathematical model and implementation
of a simulation model of a three-mode vibratory gyroscope in Simulink, with further
analysis of operation in each mode and automatic switching between them.

Objectives:

- To analyse the principles of operation of vibratory gyroscopes in the modes of
rate-mode (angular rate sensor mode), rate-integrating mode and differential mode.

- To study the main types of errors and factors affecting the accuracy of vibratory
gyroscopes.

- Create structural block diagrams of control systems for each mode.

- Justify the feasibility of integrating the modes in a single device.

- Develop a simulation model of a three-mode vibratory gyroscope in the
Simulink environment.

- Simulate the operation of the device, analyse the results and check the
possibility of switching between modes.

Object of study:

The process of measuring angular velocities and position of objects using a
vibratory gyroscope.

Subject of research

Methods of building a multi-mode vibratory gyroscope system, control
principles and software implementation in Simulink.

Research methods

To achieve this goal, the following methods are used:

- methods of system analysis for building structural schemes;

- theoretical methods for studying oscillatory systems;

- mathematical modelling of gyroscope dynamics;

- simulation modelling in MATLAB/Simulink;

- comparative analysis of operating modes.

Scientific novelty

12




For the first time, the concept of a three-mode vibratory gyroscope with
automatic switching between modes of operation under conditions modelled in the
Simulink environment was implemented at the level of an undergraduate study. This
approach allows to increase the efficiency of sensor systems in dynamically changing
conditions.

Practical relevance

The developed model can be used as a basis for creating software,
microcontroller algorithms or real-time systems in the field of robotics, aviation, and
autonomous vehicles. The modelling results can be used in the educational process
when teaching courses on mechatronics, sensors and automatic control.

Structure of the thesis

The thesis consists of four chapters. The first three chapters are devoted to the
theoretical analysis of the vibratory gyroscope operating modes. The fourth chapter
contains the practical part, i.e., the construction of the model in Simulink and the
analysis of its operation. The paper is completed with conclusions, references and

appendices.
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SECTION 1. The rate-mode vibratory gyroscope

1.1. Principle of operation of the rate-mode vibratory gyroscope

Vibratory gyroscopes are inertial sensors that measure the angular velocity of the
object to which they are attached using the Coriolis effect. In the Rate Mode, the
vibratory gyroscope operates as a detector of instantaneous angular velocity in one or
more axes.

The principle of operation of an oscillatory gyroscope is based on the property
of a mass that performs oscillatory movements to be affected by the Karyolis force
during the rotation of the system. When a body of mass m moves with velocity v in a
system rotating with angular velocity o, it is subject to the Coriolis force, which is
defined by the formula:

Fc = —2m (w X v) (1.1)

This force does not generate work, but changes the trajectory of the mass, which
allows the rotation to be detected. In an oscillating gyroscope, the force causes the
moving element to shift from its original trajectory, which is detected by a sensor.

A typical structure of a vibratory gyroscope consists of:

- a driving unit (drive mode) that produces the main mass oscillations in one
plane;

- a sensing unit (sense mode) that detects the deflection caused by rotation in a
perpendicular plane;

- a mechanical resonator (e.g., a double fork, spring frame, or ring structure);

- an electronic amplifier and filter for signal processing;

- an output converter for converting the analogue signal to digital
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The most common example is a tuning fork gyroscope, which consists of two
identical masses oscillating in opposite directions (similar to the teeth of a tuning fork).
When the device is not rotating, the trajectory of the masses is symmetrical, and the
Coriolis forces are mutually compensated. However, when rotating about an axis
perpendicular to the plane of oscillation, deviations appear in the direction
perpendicular to both the rotation vector and the direction of oscillation. These
deviations are detected by sensors.

Rate mode CVG

CVGs fall into two classes, depending on the nature of the two vibratory modes
involved. In the first class, the modes are different. An example of this class is the bar
and tuning fork gyros, in which the mode driven is the ordinary vibratory mode of the
fork — primary mode, while the second or readout mode is the torsional oscillation of
the fork about its axis of symmetry — secondary mode. The primary and secondary
modes of bar and tuning fork gyros are depicted in fig.1.

In the second class, the two modes are identical, being two orthogonal modes
(modes of the same natural frequency) of an axisymmetric elastic body. Examples are
the vibrating cylindrical and hemispherical shells and ring, as depicted in fig.2, and in
fact any shell obtained as a body of rotation.

The operation of a Coriolis vibratory gyroscope is based on sensitivity of elastic
resonant structures to inertial rotation.

(\)s’z
e — -

1

nt’

Bar Turning fork

Fig. 1.1 — Resonators for the first class CVG
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Hemi-spherical shell Cylinder shell Ring

Fig. 1.2 — Resonators for the second class CVG

One of the most important parameters of resonators is quality factor (Q-factor),
which depends on properties of a material from which the resonator is manufactured,

and also on degree of an asymmetry of its shape etc. and is determined as:
W, T

_ _ (1.2)
Q = > = TfT

where o and f; are circular and cyclic resonant frequency of a resonator, 7 is a
time of free oscillations amplitude damping e times.

In this paper we will focus on the second class CVG. Ring-type resonators shown
in Fig.1.2. use the second mode of vibration to measure angular rate, because it has

maximum sensitivity to rotation.
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Fig.1.3. shows the standing wave on the second resonant mode of the ring-type
resonator which is characterized by 4 antinodes (maximum vibration amplitude) and 4
nodes (minimum vibration amplitude) located along circumferential coordinate under
angles of 45 deg.

Excitation 4
electrode

Measuring Fe

electrode

electrode U

resonator

Fs ndeformed

Fig.1.3 — Standing wave in ring-type resonator

Under resonator rotation with angular rate Q, there arise Coriolis forces Fi, F,
Fs, F4 (fig.1.3), which generate secondary (Coriolis) mode of vibration in the direction
of resultant force F..

Resultant Coriolis force is proportional to angular rate, Q:

'F, =2m[ 'a x' V] (1.3)

where V is a linear velocity of radial motion in process of vibration; m is an

effective vibrating mass.
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Thus, vibration amplitude generated by Coriolis force is proportional to angular
rate Q. Secondary (Coriolis) mode amplitude is measured by the electrode located at
the node of the primary standing wave and with the aid of feedback control system is
damped by applying compensation signal on the other node. Feedback control signal

that compensates secondary mode of vibration is proportional to angular rate. Standing

wave control system of the rate gyro is depicted in fig.4

Adll Excitation signal
h"'”'_‘ . L Sl
r= essod-r = Regalr == FLL 55
) o ) --,ur\-.l al
- | ]
IH'I ' ; ! -|- !_l.'.-'-—-. [herrd-r pa1e—e Riped-e — Moddud+ |
I ' [ simsag |- catiad 1

" SF*

f"-H.:::"'—'; Demnod :-_—-. Rl L] Eochl-1 l ]

1 : il | B - r
.1I LT} e Yl | Jneal |-.:.,'.-.l.| e

= Demod-r o Regaler == Modelr !

- i 1 lI'-: |
Compensation signal | cone o

Fig.1.4 — Rate CVG control system block

Diametrically opposite electrodes are connected between each other. As a result
sensor has two input signals (Xin, Yin) and two output signals (Xout, Yout) (see
fig.1.4). It means that sensor can be considered as two-input-two-output plant.
Vibration excitation is provided by supplying periodical signal to the Xin electrode at
the resonant frequency. Response is picked off from the Xout electrode and it is used
to sustain vibration and to track for changing of resonant frequency. Secondary mode
amplitude is picked off from the Yout electrode located at the nodal point of the
primary wave and with the help of negative feedback signal is suppressed by supplying

opposite phase signal to the Yin electrode located at the other nodal point of the primary

18




wave. Thus, feedback signal amplitude that compensates for the node vibration is
proportional to angular rate Q.

As has been shown in fig.1.4, after demodulation of signal from Yout electrode
using reference signal sinort, regulator generates compensation signal which is
proportional to angular rate Q. Coefficient of proportionality called scale factor (SF)

and bias B as an error component can be determined as:

1
Q= SF demod{Y,y:}sinw,¢ + B (1.4)
VAW (1.5)
SF =2kw,Ay; B = ok A (;) sin 0,

where Ay is vibration amplitude, k is Brian coefficient determined by mode of vibration
and resonator geometry, A(1/1) is a measure of resonator material non-homogeneity, 0.
is a direction of maximum damping of resonator free oscillations. A(1/t) and 6, reduce

to minimum by resonator mass-balancing procedure.

Suppose that the mass m = 0.01 kg, the excited oscillation velocity v = 0.2 m/s,
and the angular velocity of rotation @ = 10 rad/s. Then the Coriolis force will be:

Fc=2x0.01 x10x0.2=0.04 H

This force produces a displacement in the sensor direction, which is processed
as an output signal proportional to . Taking into account the calibration and the scaling
factor Ks, which in industrial gyroscopes can be 0.5-10 mV/(rad/s), we obtain the

output voltage U,,; = K X .

For K, = 5 mV/(rad/s) at ® = 10 rad/s, we obtain:
Uput =5 % 10=50mV

Mode analysis

Advantages of a vibratory gyroscope in rate-mode (angular rate sensor mode):
- High sensitivity to changes in angular velocity;

- Fast response to rotation - low inertia;

19




- Relatively simple signal processing algorithm;

- Well suited for stabilisation and orientation systems.

Disadvantages:

- Errors due to temperature instability of the material;

- Zero shift (biasdrift), especially in MEMS gyroscopes;

- Limited accuracy when integrating to obtain a position (due to error
accumulation);

- Need for high-precision calibration at small rotation angles.

Applications

The rate-mode (angular rate sensor mode) is used in many devices:

- Smartphones and tablets (e.g. for image stabilisation or gesture recognition);

- Camera stabilisation systems (gimbalsystems);

- Automotive safety systems (ESC, ABS);

- Unmanned aerial vehicles (drones, UAVs);

- Robotics and game controllers.

The principle of operation of the vibratory gyroscope in the rate-mode (angular
rate sensor mode) is based on the direct relationship between the deflection of the mass
due to the action of the Coriolis force and the angular velocity of rotation. This mode
remains one of the most versatile and widespread due to its ease of implementation,
speed and relative reliability. At the same time, its limitations necessitate the search for
ways to combine it with other modes (integration, differentiation), which became the
basis for the development of a three-mode vibratory gyroscope, as discussed in the

following sections.

1.2. Block diagram of the control system and main errors of the

gyroscope
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The control system of a vibratory gyroscope in the rate-mode (angular rate
sensor mode) is critical to ensure the accuracy, stability, and speed of the device. The
main purpose of the control system is to maintain stable oscillations of the excited
element (active oscillation), as well as to accurately read the signal resulting from the
action of the Coriolis force in the sensor channel. To achieve this goal, special
electronic systems are developed that provide feedback, error compensation and signal
filtering.

At the top of the circuit, there is an excitation generator (DriveOscillator) that
generates a stable harmonic signal with a frequency close to the natural frequency of
the elastic system. This signal is fed into the DriveMechanism, a mechanical or
electrostatic subsystem that causes the gyro mass to oscillate in the X-plane. The
excitation frequency is usually resonant (e.g. 2 kHz), which allows for maximum
amplitude with minimum power consumption.

Oscillations of the mass in the X-plane when the device is rotated around the Z-
axis cause the emergence of the Coriolis force acting in the perpendicular direction -
along the Y-axis. This force causes a displacement of the mass in the sensor direction,
which is proportional to the angular velocity. The displacement is detected by a sensor
system (DisplacementDetector), which generates a corresponding electrical signal.

This signal is then processed in an analogue amplifier (AnalogAmplifier), where
its amplitude is increased to a level suitable for digital processing. The signal is then
sent to an analogue-to-digital converter (ADC), where it is converted into a digital
code.

The digital data is then sent to the Digital Processing Unit. This is where filtering,
error compensation and the calculation of angular velocity or angle of rotation take
place. Filters (e.g. digital low-pass or adaptive Kalman) suppress noise and interference
components. This is where the scaling is done to match the sensitivity of the sensor, for
example, 6 mV/rad/s.

In the central part of the circuit, there is a phase locked loop (PLL) - a phase-
locked oscillator that synchronises the excitation frequency with the actual oscillation

frequency. This is necessary to maintain resonance in the face of temperature drift or
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material aging. For example, when the temperature changes by 20 °C, the frequency
can change by 1-2 Hz, which requires constant correction.

The key part of the scheme is the Error Compensation Module. The main sources
of errors that are taken into account are:

1. Temperature drift of the frequency - due to changes in the stiffness and
geometry of the elastic system. It is compensated by thermal sensors and mathematical
models (correction tables).

2. External vibrations - affect the movement of the mass similarly to the
Coriolis force, therefore causing parasitic signals. Compensation is performed by
accelerometers or digital filtering.

3. Electronics noise - high-frequency pickups, power supply instability.
Compensated by hardware stabilisation, filters and shielding.

4. Frequency mismatch between modes - disturbance of the sensor axis
resonance mode. Active frequency matching is used by means of electrostatic
adjustment or change of the drive signal.

The processing output signal is fed to the Output Interface, which is transmitted
to external systems via UART, SPI, 12C or analogue interfaces.

Thus, the block diagram shows the full cycle of the gyroscope - from oscillation
generation and maintenance to processing and error compensation, providing accurate
angular velocity measurement. It is the basic structure used in most modern MEMS
gyroscopes, including three-mode systems that operate in both rate-mode and rate-
integrating or differential modes.

1. Exciter (DriveLoop) - generates and maintains oscillations of the working
mass at the resonant frequency. As a rule, this oscillation occurs along the X-axis.

2. Feedback loop (PhaseLockedlLoop, PLL) - maintains the phase
synchronisation of the excitation signal with the resonator's own oscillations by
adjusting the oscillator frequency.

3. Sensor channel (SenseLoop) - measures the signal caused by the Coriolis force

(Y or Z axis), converting the mechanical deflection into an electrical voltage.
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4. Compensation loop (ForceRebalanceLoop) - performs an inverse action on
the mass to maintain its stable position, generating a signal proportional to the angular
velocity.

5. Filter (Low-pass / Band-passFilter) - filters noise and high-frequency signal
distortion.

6. ADC/DAC and microcontroller - perform digital signal processing,
compensation of temperature and mechanical errors, scaling and transmission of
information to a higher level of the system.

In many industrial implementations, PID controllers are used to maintain a stable
amplitude-phase oscillation mode, as well as digital adaptive processing algorithms
(e.g., Kalman filter or digital estimation methods).

Let's assume that the resonator oscillation frequency is f; = 18 kHz, the
excitation amplitude is A = 10 um, and the mass of the working element is m = 0.015
g. In the case of rotation with an angular velocity o = 20 rad/s, a displacement in the
perpendicular direction occurs under the action of the Coriolis force, which is recorded
by the sensor system. If the scale factor of the system is Ks = 8 mV/(rad/s), the output
voltage will be

Uy = Ks - =820 = 160mV (1.6)

After filtering and analogue-to-digital conversion, this signal is fed into the

digital control system.

The main sources of error in a vibratory gyroscope

Despite the high sensitivity and compact size of vibratory gyroscopes, their
accuracy is limited by a number of internal and external errors. The main sources of

errors include:

1. Zero shift (Bias Instability) is the most important error, which manifests itself

as a random or temperature-dependent change in the zero signal level.
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2. Noise Density - characterises random fluctuations of the measured signal.

3. Temperature instability - changes the mechanical properties of the resonator.

4. Parasitic oscillations (Quadrature Error) - caused by imperfect manufacturing
of the structure.

5. Phase shifts and control delays - can lead to system instability.

6. Dynamic acceleration errors - transverse and longitudinal accelerations can
modify the performance of the sensor channel.

Table 1.1 — Accuracy and error parameters of typical gyroscopes in the rate-

mode (angular rate sensor mode)

Domestic Automotive Precision
Parameter
MEMC class gyroscope
Zero offset (bias) +20 °/hour +3 °/hour < 0.1 °/hour
Noise (noise density) || 0.1 °/\Hz 0.02 °/\NHz 0.005 °/NHz

Zero temperature
200 ppm/°C 50 ppm/°C < 10ppm/°C
dependence

Excitation frequency | 3-30 kHz 10-20 kHz 20-40 kHz

The control system of an vibratory gyroscope in the rate-mode (angular rate
sensor mode) is a complex set of hardware and software solutions that help maintain
the stability and accuracy of the measurement. The main errors of the system are related
to thermal stability, noise and displacements, which is especially critical when using
the gyroscope in autonomous navigation systems. It is these errors that necessitate in-
depth modelling and development of new structures, including three-mode vibratory
gyroscopes with the ability to automatically adapt to environmental changes, which

will be discussed in further sections of this paper.
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1.3. Types of vibratory gyroscopes: traditional and MEMS

(tuning fork, ring, hemispherical, etc.)

Vibratory gyroscopes have a large number of design implementations that differ
in the shape of the resonator, the principle of detecting the Coriolis force, and the
manufacturing technology. In general, vibratory gyroscopes are divided into traditional
macro-sized ones (placed in larger devices and having complex mechanical parts) and
MEMS gyroscopes (Micro-Electro-Mechanical Systems), which are implemented on
silicon wafers in the form of microscopic sensors. All of these types operate on the
same physical principle - fixation of the Coriolis force that occurs when an oscillating
body rotates.

1. Tuning Fork Gyroscope

This type of gyroscope uses two symmetrical masses that oscillate in opposite
directions, similar to a tuning fork. During rotation, the Coriolis forces act on these
masses in opposite directions, creating a measurable shear force. Cameron gyroscopes
are among the most common due to their simple design, low cost, and compact size.
They are usually made in the form of elastic frames or beams with masses at the ends.

Example parameters:

- Resonant frequency: 18-25 kHz

- Scale factor: 2-10 mV/(°/s)

- Accuracy: up to 1-2°/h in the best MEMS models

- Applications: smartphones, cameras, game controllers

2. Ring Gyroscope

This type of gyroscope uses a circular resonator - a ring or rim that vibrates with
electrostatic or piezoelectric excitation. When rotating normal to the ring's plane, the
vibration wave on the resonator shifts due to the Coriolis force. This design allows for

higher sensitivity and stability due to the symmetry of the shape.
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Example parameters:

- Vibration frequency: 20-80 kHz

- Noise: 0.02-0.05°/\Hz

- Temperature stability: up to 50 ppm/°C

- Output sensitivity: up to 20 mV/(°/s)

- Applications: automotive electronics, medical devices, unmanned aerial
vehicles

3. Hemispherical Resonator Gyroscope (HRG)

One of the most precise types of vibratory gyroscopes, where the base is a thin-
walled hemisphere, usually made of glass or ceramic, which carries out standing waves
in the volumetric resonant mode. During rotation, the standing wave rotates within the
resonator, which allows you to fix the angular velocity or even the full angle of rotation

during integration.

: Example Parameters

— Resonant Frequency: 4-12 kHz

— Accuracy: < 0.01 °/h

— Operating Temperature Range: -50 to +85 °C

— Stability: <1 ppm/year

— Applications: Aviation, Space, Launch Vehicles, Gyrostabilizers

Example: NASA’s MarsInSight mission used a gyroscope with HRG with
stability to 0.005 °/h over several months of operation.

4, Micro-Hemispherical Resonator  Gyroscope  (Micro-HRG)
This is a miniaturized version of the hemispherical vibratory gyroscope, manufactured
using MEMS technology. It combines high sensitivity with compactness and suitability
for mass production. However, due to the reduced size, the signal-to-noise ratio
deteriorates and the influence of temperature factors increases.

Specifications:

— Frequency: up to 15 kHz

— Power consumption: <5 mW
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—Stability: up to 0.1 °/h

— Applications: autonomous systems, small drone navigation, military equip.

5. Other Geometric Types: Disk-shaped, Square, Linear
Among other configurations, there are disk-shaped gyroscopes, where vibrations occur
in the plane of the disk; square resonators, which are easier to manufacture; U-shaped
beams with good symmetry; as well as gyroscopes with linear or axial symmetry, used
in specialized sensors.

Table 1.2 — Analytical Comparison

Gyroscope type | Sensitivity Sizes Stability Applications
Forcing-type Medium Very small || Medium || Consumer electronics
(MEMS)
Ring High Small High Automotive, medical
equipment
Hemispherical || Very high Large Very Space, aviation,
(HRG) high missiles
Micro-HRG High Small High Navigation under
(MEMS) constraints
Disk / square Low— Small-medium || Medium| Specialized industrial
Medium devices

The diversity of vibratory gyroscope types provides flexibility in their
applications — from basic sensors in smartphones to ultra-precise inertial systems in
satellites. Tuning fork and ring gyroscopes are suitable for mass production due to their
good cost-to-performance ratio, while HRGs offer the highest precision. The
emergence of MEMS technology has opened new horizons for microscale
implementations. Understanding the advantages and disadvantages of each type
enables the correct selection of architecture when designing a three-mode vibratory
gyroscope, where the properties of several types can be combined to enhance versatility

and accuracy.
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SECTION 2. The rate-integrating mode vibratory

gyroscope

2.1. Principle of operation in the whole angle mode and control

block diagram

The angular rate integration mode in a vibratory gyroscope, also known as the
Full Angle Mode, involves not only detecting the instantaneous angular velocity, but
also integrating it over time to determine the total rotation angle. This is particularly
important in autonomous navigation tasks, where orientation changes must be tracked
without relying on external coordinate sources such as GPS.

In the classical mode, the gyroscope records the instantaneous angular velocity

o(t), but in the integration mode, it performs the operation:

6(t) = [ w(t)dr 2.1)

Thus, the output signal is not the instantaneous angular velocity value, but the
rotation angle from the initial point in time.

To implement this mode, it is essential to ensure high system stability, minimize
bias drift, noise, and parasitic shifts, which accumulate during integration and can
cause significant position errors within just a few seconds of operation.

Let us consider the following scenario:

. Initial angular velocity of the object: @ = 5 rad/s

. Integration time:t=2s
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Then the total rotation angle will be:

2 (2.2)
0= f 5dt =10rad = 572.96°
0
If the bias error is only 0.02 rad/s, then the error after 2 seconds will be:
A6 = 0.02 x 2 = 0.04rad (2.3)

~ 2.3°

This highlights the importance of bias compensation during integration.
The full-angle mode requires significant modifications in the control structure of
the gyroscope compared to the rate mode.

Below is the logical control structure:

Excitation generator

'

Excitation block

— Displacement
sensor

Oscillatingmass | ¢ Integrator

'

Single gain | Controlsignal
insput

Fig. 2.1 — Block diagram of the control system for the vibratory gyroscope in

rate-integrating mode
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The system starts with a harmonic excitation generator, which creates a signal
with a constant frequency, close to the resonant frequency of the vibrational system.
This signal is fed to the active excitation mechanism (Drive Actuator), which sets the
sensor mass into oscillatory motion along the X-axis. The amplitude and frequency of
these oscillations are kept constant by a feedback stabilization system, which ensures
that the motion remains in harmonic mode.

When the gyroscope rotates around the vertical axis (Z-axis), the mass
oscillating in the X-plane experiences the Coriolis force, which is directed in the
perpendicular plane (Y-axis). This force causes the displacement of the mass to increase
in the sensor direction. The distinction of this mode is that the signal from the Coriolis
force is not stabilized (as in the rate-mode), but integrated over time, allowing the

determination of the total rotation angle.

The sensor displacement is recorded by a position sensor (Displacement Sensor),
which detects the deviation of the mass in the Y-direction. The signal from the sensor
is fed into an analog amplifier, where it is amplified and transmitted to the analog-to-

digital conversion system (ADC).

The digital signal is processed in the digital processor (Digital Processor). In this
block, not only noise filtering is carried out, but also the integration of angular velocity
over time. Formally:

t
o(t) = f (1) d @4
0

0(t) — rotation angle, o(t) — instantaneous angular velocity.

To implement this function in a microcontroller, numerical methods are used,
specifically the rectangle method, trapezoidal method, or the Runge-Kutta method. The
time resolution should be no less than 1-5 ms for precise integration in dynamic

systems.
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A key feature of the diagram is the presence of the zero bias correction block
(ZeroBiasCorrection). Since even a small deviation in the zero level of speed (e.g., 0.05
°/s) during prolonged integration leads to a large angle error, this module constantly
monitors drift and corrects the result. In high-precision systems, such a block is based
on periodic zeroing, calibration on a stationary body, or digital averaging filtering.

The result of the system’s operation is a signal proportional to the total rotation
angle, which is sent to the data transmission interface (OutputInterface). This block can
be implemented via UART/SPI or as an analog output (e.g., 0-5 V voltage for 0-360°).

Main advantages of the system:

. No need for an external integrator — everything is implemented in the
digital processor.

. The possibility of use in navigation systems for tracking absolute position.

. Increased accuracy in short-term integrations.

Main issues and sources of errors:

. Zero bias error (drift),

. Noise accumulation during prolonged integration,
. Frequency mismatch between axes,

. Temperature instability.

In general, the block diagram visually demonstrates how the vibratory gyroscope
transitions from rate-mode to rate-integrating mode — a more complex but
strategically important mode for tasks where it is necessary to know not only the
rotation speed but also the total change in orientation in space.

1. Filter — removes high-frequency fluctuations and noise that would
otherwise turn into drift during integration.

2. Integrator — implemented digitally (for example, using the rectangle or
trapezoidal method in MATLAB/Simulink).

3. Compensation Algorithm — periodically corrects the output based on
reference data (e.g., from a magnetometer or by keeping an average bias value in the

absence of rotation).
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Table 2.1 — Analysis of the advantages and disadvantages of full-angle mode

Advantages Disadvantages

Possibility of obtaining absolute Accumulation of error over time (drift)
position

Independence from external Need for precise filtering and bias
sources compensation

Relevant for inertial navigation Significant increase in error at low

signal-to-noise ratio

Suitable for orientation in a Need for more complex digital

confined space algorithms

The block diagram for the full-angle control mode demonstrates the sequence of
functional steps that the signal undergoes in the vibratory gyroscope for integrating
angular velocity and obtaining the absolute rotation angle. Below is a detailed
explanation of each block in the diagram in logical order:

At the top part of the diagram is the vibration exciter (Drive), which is
responsible for generating stable mechanical oscillations of the resonator in the
specified plane (usually the X-axis). It creates the harmonic oscillatory environment
necessary for the Coriolis effect to occur during rotation.

The next element is the phase-locked loop (PLL). Its function is to keep the
resonant oscillation frequency at a constant level and ensure phase coherence between
the excitation signal and the system's own mechanical oscillations. This ensures stable
operation of the gyroscope because even small phase shifts can cause errors in sensor
measurement.

Next, the signal moves to the sensor channel (Sense Mode), which detects the
displacement of the moving mass caused by the Coriolis force resulting from rotation.
These displacements occur in a direction perpendicular to the main oscillation plane
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and are proportional to angular velocity. Accordingly, the sensor converts this
displacement into a varying electrical voltage.

The obtained analog signal enters the analog-to-digital conversion (ADC) block.
Here, it is digitized at a specified sampling frequency and prepared for further digital
processing in the microcontroller or DSP processor. At this stage, it is important to
ensure high resolution and sampling frequency to minimize distortions.

The digital signal enters the digital filtering block, where high-frequency noise,
parasitic components (such as quadratic errors), and temporal fluctuations are removed.
Band-pass filters, Kalman filters, or digital smoothing filters based on window
processing are usually used at this stage.

After filtering, the signal proceeds to the key element — the digital integration
block. Here, numerical integration of the angular velocity signal o(t) over time is
performed to calculate the rotation angle 6(t). Algorithms such as the rectangular
method, trapezoidal method, or higher-order methods are used. This block is highly
sensitive to zero drift, so it may incorporate a mechanism for periodic correction using
external sources (e.g., a magnetometer).

The system ends with an output block, where the calculated rotation 0(t) is either
stored or transmitted as a digital or analog signal. This result can be used for navigation
decisions, stabilization, or further processing in higher-level control systems.

Thus, this block diagram describes the complete signal processing cycle in the
gyroscope in full-angle mode — from oscillation generation to obtaining the integrated
result. The system requires high precision synchronization, filtering, and error
compensation, as even small zero shifts can lead to serious error accumulation during
integration. Therefore, implementing such an architecture requires both physical
improvements in sensors and software optimization of filters, compensation

mechanisms, and computational algorithms.
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2.2. Phenomenon of periodic zero displacement: causes and

influence on accuracy

One of the most critical factors that limit the accuracy of a vibratory gyroscope,
especially in the speed integration (full-angle) mode, is the phenomenon of zero drift
(Zero-rate Output, Bias Drift). This occurs when, even in the absence of actual rotation
(i.e., ® = 0), the gyroscope generates a small non-zero output signal, which, due to its
inertial logic, is interpreted as pseudo-rotation. If such a signal is integrated over a
prolonged period, error accumulation occurs, leading to a significant drift in the
calculated rotation angle.

Causes of Periodic Zero Drift

Zero drift has both static and dynamic causes. The main sources of this drift
include:

1. Thermal Instability — Changes in temperature affect the elastic properties
of the resonator materials, the frequency of oscillations, and the electrical sensitivity
of the sensor channel.

2. Mechanical Stresses — After soldering the housing or mounting the
gyroscope on a circuit board, the device may experience residual mechanical
deformations.

3. Parasitic Oscillations (Quadrature Error) — In the case of imperfect
symmetry in the sensor element, cross-sensitivity can arise.

4, Electrical Noise and Distortion — Unstable operation of analog amplifiers,
transient processes in phase loops, and noise from power supply sources.

5. Acoustic and Vibration Disturbances — Even slight external vibrations or
acoustic waves can excite additional modes of oscillation.

6. Cyclical Heating — Under variable temperature conditions, periodic zero

drift with a certain amplitude and frequency can occur.
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Coriolis force caused by gyro rotation is not compensated for in the rate-
integrating or whole angle mode of operation and as a consequence, this results in the
superposition of the primary and secondary vibration modes and, as a result, in standing
wave rotation, i.e. rotation of a set of its antinodes and nodes along the circumferential
coordinate as arigid body. This angle is proportional to the gyro rotation angle relative
to the inertial space. The coefficient of proportionality between those two angles of
rotation (of a standing wave and a gyro casing), which is called the rate-integrating

CVG scale factor, is called the Brian coefficient k or angle gain coefficient [1].
t

0(t) = —ka(t);a(t) = -[o N(t)dr (2.5)

where 0(t) is a standing wave rotation angle relative to CVG casing, Q(t) is a
CVG rotation angle relative to inertial space.

In absence of the gyro rotation resonator’s elementary mass point motion
trajectory, in the general case, is an ellipse shown in fig. 2.1. Ellipse parameters are
designated as follows: a is a vibration amplitude, q is a quadrature amplitude caused
by the resonator’s imperfection, oy is a resonant frequency, ¢' is a vibration phase, [

Is a standing wave angleorientation relative to the X-axis (drive electrode).

<V

Fig. 2.2 — Resonator’s mass element motion trajectory in rate-integrating CVG

At a gyro rotation, the ellipse turns with the lag coefficient k. For cylinder

resonator Brian coefficient k can be calculated using the expression:
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n

nZ+1+ ni(ﬁ)2 (2.6)

k =

where n is a mode number, r is a cylinder radius, and h is a cylinder height.

For example, for cylinder size: r=13 mm and h=20 mm, k=0.38, so, if CVG
rotation angle relative to inertial space is 90° then a standing wave rotation angle
relative to CVG is 0=-0.38*90°=-34.2°. For the beam resonator shown in fig. 2.2, Brian
coefficient for the first mode is k=1. This means that a standing wave is almost
immovable relative to inertial space, hence, it can be a reference system inside a CVG
for angle measurement relative to the inertial space.

Frequency mismatch AF and Q-factor mismatch AQ resulting from resonator
manufacturing imperfections and external forces result in that parameters a, q, ¢ and
0 are changing versus time. They are changing much slower than vibration period
T=2n/wy. In order to calculate parameters a, q, ¢ and 0,demodulation should be used
based on mixing the signals Xqui(t) and You(t) with reference signals sinw,t and coswyt
and low pass filtering to obtain four demodulated variables Cy, Sx, Cy, Sy as shown in

fig. 2.3, where the rate-integrating mode of a CVVG operation is presented.
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Fig. 2.3 — Control system block diagram of rate-integrating CVG

Parameters a, g, ¢ and 0 are calculated by the following expressions [4]:
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a=J1(E+ E2 - p2);

q=J(E—ﬁ5?ﬁ)

E=C;+S;+C;+Sy;
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0 = —arctan
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)

2

¢ = %arctan (—Z(CxSX+Cy Sy )) (2.7)
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The aim of a CVG control system in the rate-integrating mode of operation is to
keep the standing wave parameters in process of operation at the following values:

g=0, a= const, $'=0; (2.8)

Fig. 2.4 shows mass point trajectories when g=0and g=0 during standing wave

rotation under measuring whole angle.

1
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Fig. 2.4 — Elementary mass point trajectory in a rate-integrating CVG when

0Q+#0, g~0 and g=0
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The upper graph presents oscillations along a straight-line and resonator rotation
counterclockwise when the quadrature component is compensated for q=0. The lower
graph presents an oscillation trajectory along an ellipse with quadrature component
g=0.

Fig. 2.5 shows whole angle measurement by rate-integrating metallic resonator
CVG under rotation with a constant angular rate. At this, a standing wave angular rate
Is 810 deg/s. The gyro rotation angular rate is Q=-810/0.38=-2131.6 deg/s. The
periodic reset of the accumulated angle is due to its calculation from the arctangent
function.

A small periodic oscillation of the standing wave accumulation angle (its

deviation from the straight line) is due to resonator manufacturing imperfection.

|
o)
'

Wave rotation angle, rad

0 0.1 0.2 0.3 0.4 0.5 0.6
Time, s

Fig. 2.5 — Whole angle measurement by rate-integrating metallic resonator
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To extract periodic error due to resonator’s imperfections, from the
measurements presented in fig. 2.5, fig. 2.6 shows the same measurement with
anunwrapped phase. Then, using least square method the straight line is drawn

andsubtracted its values from the measurements.
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Fig. 2.6 — Whole angle measurement with unwrapped phase

Fig. 2.7 shows the fragment of this periodic error.

Deviation, deg
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Fig. 2.7 — Whole angle measurement due to resonator’s imperfection

One of the advantages of the rate-integrating mode of operation is the ability to

measure high angular rate because it is not necessary to compensate for the large
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Coriolis force arising when measuring high angular rate. Note that the same CVG in
rate mode has an angular rate limit of about 400 deg/s.

The next advantage is higher than rate mode, bandwidth because the standing
wave has no inertia, and bandwidth limitation is determined by the lags in information
processing algorithms.

The disadvantage of a rate-integrating mode of operation is a high sensitivity to

resonator manufacturing imperfections.

Consumer MEMS gyroscopes have the highest zero drift values, which is
acceptable in cases where high accuracy is not required (for example, in smartphones,
gamepads, or fitness trackers). Their average bias can reach £0.5°/s, which is
approximately 0.0087 rad/s. This means that when integrating the signal for 60
seconds, the error will exceed 0.5 revolutions, making them unsuitable for precise
angle determination without additional correction (such as GPS).

Automotive-grade gyroscopes, used in body stabilization systems, autopilots,
and auxiliary navigation systems, provide significantly better stability. The average
bias here is £0.05°/s or 0.00087 rad/s. This allows them to be used in mid-range
precision systems, where the correction period is shorter and the bias is less critical for
the overall result.

Precision HRG gyroscopes (Hemispherical Resonator Gyroscopes) show the
highest level of accuracy. Their zero drift is extremely low — less than 0.001°/s
(approximately 5x107¢ rad/s). This allows them to integrate the signal for tens of
minutes or even hours without significant error accumulation. As a result, they are used
In aviation, satellite inertial navigation systems, and space missions. For example, in
NASA's Mars InSight mission, gyroscopes with a bias of less than 0.005°/hour were
used, enabling the spacecraft to determine its orientation with accuracy to a few angular
seconds.

Thus, the table demonstrates a direct link between the technological complexity
of the gyroscope, its application, and the level of zero drift. The lower the bias, the

more suitable the device is for integration mode and long-term autonomous operation
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without correction. For a three-mode vibratory gyroscope operating in full-angle mode,
it is preferable to use either low-bias gyroscopes or implement an extended software

compensation for this drift.

Methods to reduce the impact:
— Temperature compensation
— Calibration in zero rotation
— Adaptive filters (Kalman, LMS)
— Mode switching

Periodic zero drift is a major source of long-term errors in the integration mode.
Its nature is multifactorial, ranging from temperature influences to structural defects.
Adaptive compensation and filtering methods are necessary to ensure the stable

operation of a three-mode vibratory gyroscope.

2.3. Mathematical Modeling: The Equations of Motion for a

Pendulum in Two Planes

Mathematical modeling of the dynamics of a vibratory gyroscope in full-angle
mode is based on the analysis of the oscillatory motion of a pendulum system, which
Is realized in the form of a mass suspended or fixed on elastic elements. When the
system rotates in space, a Coriolis force arises, which interacts with the primary
oscillations, creating deviations in the perpendicular plane. To accurately describe this
interaction, it is necessary to consider the motion in two mutually perpendicular planes:
the active (excited) and sensor (detection) planes.

1. A point mass m is considered, which is capable of oscillating in the X

(drive mode) and Y (sense mode) planes.
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2. The system is symmetric, with identical spring constants k in both
directions.

3. The oscillations are harmonic and small, linearization of the equations is
allowed.

4, The axis of rotation is perpendicular to the XY planes (i.e., the Z-axis).

System of equations
m* d?x/dt* + kx = 2mw * dy/dt
m* d?y/dt* + ky = —2mw * dx/dt (2.9)

Normalized Form

Let's introduce the following parameters:

. o = sqrt(k/m) — the natural (resonant) frequency of the system,
. { — the damping coefficient,
. Q = ®» — the angular velocity of rotation.

The system takes the following form:

d?x/dt? + 2{w%dx/dt + w°?x = 20dy/dt

d?y/dt? + 2{w’dy/dt + w®%y = —20dx /dt (2.10)
m=0.01 kg,
k=4 N/m — wo = sqrt(4 / 0.01) =20 rad/s
£=10.02
Q=10rad/s

Initial conditions: x(0) = 0.001 m, dx(0) =0, y(0) =0, dy(0) =0

Using numerical methods, we obtain:
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. The amplitude of oscillations in the Y direction — approximately 0.0005
min0.1s,

. The maximum velocity in the Y direction — 0.01 m/s,

. The Coriolis force: F, =2 *0.01 *10 * 0.01 = 0.002 N.

Analysis:

1. Symmetry simplifies the modeling, but the frequency mismatch causes
parasitic effects.

2. Low damping increases sensitivity but slows down stabilization.

3. Nonlinearities at large amplitudes require extended models.

Vector Form

M * d?q/dt* + C xdq/dt + Kq = F, (2.11)

where:

q=[x;y],

M =ml, K=kI, C=2{wo I,
Fr =2mQ [dy/dt; -dx/dt]

Oscillations  of the Pendulum in Two  Planes
(m=0.01 kg, k=4 N/m, (=0.02, Q=10 rad/s )

¥ -controlled oscillations
y  -sensor responce
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o
|
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Fig. 2.8 — Oscillations of the Pendulum in Two Planes
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The graph shows the dynamics of the oscillatory motion of the pendulum mass
in two planes — X (controlled axis) and Y (sensor axis) — under the influence of the
Coriolis force in the vibrating gyroscope system rotating with an angular velocity of
10 rad/s. The data is obtained by numerically integrating the system of differential
equations with initial conditions: mass of the body 0.01 kg, spring stiffness 4 N/m,
initial displacement amplitude along the X-axis — 1 mm, damping — 0.02.

. Curve X (controlled oscillations) — harmonic, nearly sinusoidal
oscillation with gradually decaying amplitude, caused by the small damping
coefficient. It represents the main excitation channel of the system. Oscillations along
X serve as the source of the kinematic interaction to generate the Coriolis force.

. Curve Y (sensor response) — initially equal to zero, but over time starts
to follow the shape of the derivative of X with a phase shift of 90°, characteristic of the
Coriolis force, which is proportional to the velocity. Its amplitude is noticeably smaller
(~0.5 mm compared to 1 mm along X), however, this component is exactly what is
used in the gyroscope to determine the angular velocity around the Z-axis.

A typical damped oscillation with modulated interaction between the axes is
observed: each cycle in X causes a response in Y, proportional to the angular velocity.

At the start, the mass begins to oscillate only along the X-axis (initialization with
A = 1 mm). Due to the presence of rotation around the Z-axis (Q = 10 rad/s), the
Coriolis force generates a lateral displacement along the Y-axis, which does not
disappear even when the initial value along this axis is zero.

The Coriolis force acts as an additional source, pulling the mass into a new plane,
generating a measurable component. Damping gradually reduces the amplitude of
oscillations along both axes.

Ultimately, the graph illustrates the functioning of the vibrating gyroscope:
through controlled excitation in the X plane and the registration of the resulting
Coriolis force in the Y plane, the sensor provides angular velocity measurements, and
in the full-angle mode, it allows for integration to determine the rotation angle.

This graph also serves as visual confirmation of the connection between

mechanical symmetry, system parameters, and the efficiency of angular calculation. In
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real systems, such modeling allows for the selection of optimal parameters: mass,
stiffness, damping, as well as the tuning of digital filters to compensate for parasitic

effects.
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SECTION 3. The differential mode vibratory

gyroscope

3.1. Principle of Operation of the Gyroscope in Differential Mode
The differential mode of operation of a vibrating gyroscope is an alternative
signal processing method that enhances accuracy, stability, and sensitivity to changes
in angular velocity—especially under the influence of noise, thermal disturbances, and

resonator asymmetry.

The core idea of the differential mode is to measure the difference between
signals from two symmetric sensing channels, which respond to the Coriolis force with
opposite phases.

In classical tuning fork or ring gyroscopes, two masses or segments of the
resonator perform synchronous oscillations in opposite directions. During rotation, a
Coriolis force arises in the system, acting on each mass in the sensing direction but

with opposite signs.

If, instead of reading the absolute displacement of each mass, one measures the

difference in their signals, it is possible to:

. compensate for common sources of noise (thermal, parasitic),
. increase the amplitude of the useful signal (effectively doubling it),
. reduce the influence of mechanical asymmetry.

Mathematical Model
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Let us denote the coordinates of the masses as y1(t) and y2(t), which oscillate

symmetrically:

y1(t) = A-cos(w0-t) + Ay(t),
y2(t) = —A - cos(w0 - t) + Ay(t)

Differential signal

Yairr(®) = y1(t) — y2(t)
=24 - cos(w0 - t)

Coriolis force:

Foi=2m-w-v,

Foop=-2m-w-v
Overall effect:
AF = FCl - FCZ = 0036H
m = 0.005 kg, ® = 12 rad/s, v=0.15 m/s
With sensitivity

K, =6 mV/(rad/s):
Upye =6:12=72 mV

Advantages:

Increased signal-to-noise ratio,
Reduced temperature influence,
Stability under vibrations,

Higher sensitivity to small angular velocities (o).

Disadvantages:

Requirement for a symmetric design,
Increased complexity of electronics,

Need for phase and offset calibration.

(3.1)

(3.2)

(3.3)
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SNR for N = 0.01 mV/vHz, BW = 100 Hz:
SNRyiss ~ (24)/(141 - N) (3.4)

On =3 dB better than single-channel mode.

The differential mode is widely used in high-precision gyroscopes, especially
when high stability or drift compensation in other modes is required.

The two well-known modes of CVG operation have been discussed in the
previous sections. It has been shown that in the rate mode a standing wave is aligned
with its antinodes along drive electrodes. This is provided by the negative feedback
loop that compensates for the Coriolis force. Due to the axisymmetric geometry of the
second-class CVG resonators, all electrodes are symmetrically located along
circumferential coordinate 6 and any of them can be chosen as a drive electrode. So, in
the rate mode a standing wave can be aligned along any pair of diametrically opposite
electrodes and its initial position, which is accepted as 6=0, will be kept by the control
system.

Drive electrode is also accepted as an initial reference point for the
circumferential coordinate 6 to measure the angular position of a standing wave in the
rate-integrating mode of operation. In this mode of operation the angular position of a
standing wave, in contrast to rate mode, is not constant, but changes versus time
together with the resonator’s angle of rotation.

In the differential mode of operation, a standing wave is located between the
electrodes, as depicted in fig. 3.1, so that the angular position of the standing wave 0 #
mm/4, m=0, 1, ...7. A CVG control system, in this operation mode, is designed to hold
a standing wave at any predetermined angular position, which is not coincident with
any of the electrodes. In this case, two measurement channels are formed in one gyro,
which measure the same angular rate, but with opposite signs, Q2 and -Q. In the
differential mode of operation measurement equations can bewritten as follows :

Zy = —2kQD,, sin20 + dy, Dycos 20 + dy,,D,, sin 20 ;

zy, = 2kQD, cos 206 + dy,, D,,sin 20 + dyy, D, cos 20, (3.5
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where dyx,dyy, dxy are a resonator’s dynamic parameters, Zy, zy are the two X and
Y measurement channel signals in volts, respectively, Dy, Dy are total loop gain
including transformation coefficients of deformations into voltages of the X and Y sense

electrodes, respectively.

Direction of oscillation

Standing wave

Fig. 3.1 — A standing wave position in differential CVG

As can be seen from the first equation of (3.5) angular rate Q has a negative sign,
and in the second one, it has a positive sign. Thus, the control system that holds the
standing wave between the electrodes realizes the differential mode of operation for a
CVG. Under X and Y channel signals subtraction the useful components, containing
angular rate, are increased, but errors that have the same signs in both channels are
compensated for.

Moreover, from (3.5) follows that X and Y channels scale factors, SFxand SFy,
and biases By and By can be represented as:

SE, = 2kDy sin20;
Sk, = 2kD,. cos 2 0;
By = Dydyyx cos 26 + dy,D,, sin26;
B, = Dyd,, sin26 + d,, Dy, cos 20, (3.6)
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First of all, it should be noted that both channel scale factors and biases are
periodically dependent on a standing wave angular position 6.
The control system block diagram that implements differential mode of

operation is presented in fig. 3.2.

SIn

Demod-1 |_.| PID-1 |_.|Nco-1 |:t;os

T sin
PID-2 J—»Q?
sin

: |  1'z-z2 =2Q
: Quadrature control é XY
1 Ll
R . " sin !
toDemod-3_|{ PID3{NCO-2]— > | é}—ﬂl—>z .,
' Sin s Yy
1| Demod-4 |+ R sin :
| ——
1 1
1 1

J

_________________________________

Fig. 3.2 — Differential CVG control system block diagram
Two numerically controlled oscillators NCO-1 and NCO-2 excite a resonator
each at oy and oy, resonance frequency, respectively, by applying drive signals on the
Xin and Yin electrodes to provide oscillation amplitudes Asand Ay. These amplitudes
determine standing wave angular 6 position with respect to the Xi, electrodes by the

expression:
0 = latanﬁ
2 A, (3.7)
Quadrature signal P, is provided to the quadrature control loop to drive this
signal to null. As a result, resonance frequencies along the X and Y axes become equal
to each other during CVG operation. The behavior of the X and Y resonant frequencies
in the differential CVG, with the control system presented in fig. 3.2, is shown in fig.

3.3.
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Fig. 3.3 — Frequency mismatch compensation in differential CVG

As follows from (3.5), there is the angle 0" at which SF«(0")=SF,(0") and there

Is an angle 6o at which By(60)=By(00). These angles can be determined from (3.2) as

follows:
6" = latan&
241D, (3.8)
0o =%a tang—z% (3.9)

For most sensors Dy=Dy, dy=dyy, anddyy<<dyx, S0 the values of both 0" and 0, are
close to ©/8=22.5°, but 00
When the standing wave angle is 67, the difference, z,-z, and sum, z,+zx, of two

X and Y channel measurement signals will be defined by the expressions :

DD

Zy — 7y = SF1(0") Q + (dyy — dyy) ——2—;

y ~ Zx a(07) (dyy xx)m (3.10)
D,D,, Dy (Dy + D,)

Zy + 2z, =

—Z2Y_(d,, + dy) + Ay
N RN £

D,.D
SF;(0") = 4k ——=

JDZ+ D2 (3.12)

where SF4(07) is a differential CVG scale factor when the standing wave angle
is 0.
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It should be noted that thedifference, z,-z4, of both channel measurements does
not contain bias component dyy (it is called dampingcross-coupling), andthesum,z,+zy,
of the signals does not contain angular rate and can be used for online estimation of
bias components.

As can be seen from (3.10), the scale factor SF4(0") does not depend on resonant
frequency and vibration amplitude in contrast to CVG operating in the rate mode

Fig.3.4 shows output signals of the differential CVG measuring constant angular
rates +40 deg/s and -40 deg/s.

The first two sub-graphs of fig. 3.4 show high enough biases determined by dyx
and dy, (see By and By in the expression (3.5)) from the point of view of equivalent

angular rate. The third sub-graph shows close to zero bias of the differential channel,

100 X channel
w | | | I T T
}gn 0F \ H0degs — 40 degfs -
_100 | | | | | | | |
0 50 100 150 200 250 300 350 400 450
Y channel
-EE ].00 \r_ [ I I I I
% 0F 40 deg's e —40 deg's -
"5_100 \ \ \ | | | | |
0 30 100 150 200 250 300 350 400 450
50 Differential channel (Y-X)/2
1) I t t I I I
E |
g0 | | W ‘lieg/ T L_\ 40 degfs -
_50 t t t t
0 50 100 150 200 250 300 330 400 450

(X+Y)/2
~§D %2; C 0degls I \ —40 deg/s MJ \ 40 deg/s ]
= 165 | | | | ‘ | | |

W |
0 30 100 150 200.. 250 300 3530 400 450
Time, &

Fig.3.4 — Differential CVG output signals
because of partially mutually compensation for biases of the two channels under
subtraction of the signals. The fourth sub-graph represents the sum zy,+z,, which is
independent of the angular rate (see expression 3.8) and is a combination of the X and
Y channels’ bias components. Hence, this sum can be used to in-run estimate bias
components during angular rate measurements.
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Due to the equality of the scale factors of the two measuring channels, the
external disturbances acting on the gyroscope which have equal signs and amplitude
responses are compensated for in the differential channel.

Fig. 3.5 shows such responses of X and Y channels of metallic resonator CVG,
operating in differential mode, at a small shock of about 5 g for ring-type gyroscope.
As can be seen from fig.3.5, subtracting the two X and Y channel signals, the response
to this shock will be negligibly small. Almost the same results have also been obtained
for MEMS tuning fork gyro in [3].

However, for high-level shocks (100 g) asymmetric distortions of the gyro’s
structural elements reduce the shock rejection factor. As can be seen from fig. 3.6 shock

rejection factor is about three.

h

Y channel

deg's
- 0 = N W Bk

> channel

14 14.1 14.2 14.3 14.4 14.5
Time. s

Fig.3.5 — Differential CVG response on small shock
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Analyzing results presented in figs. 3.5 and 3.6 and taking into account more
detailed test results presented in [4, 5] one can conclude that differential mode of
operation hasgreater, than rate mode, external disturbance rejection factor and less
sensitivity to the following disturbances like shocks, vibrations, acoustic impulses and

magnetic fields.

_ X channel
40}

- channel

Diffrential
channel, (X-Y)/2

Time, s

Fig. 3.6 — Differential CVG responses to 100g shock along input axis
When a standing wave takes the angular position 6=0o, at which the two X and
Y measurement channels’ biases are equal to each other, the difference of the signals,
zy-Zx, compensates for the bias in the differential channel and increases the gyro
sensitivity by summing angular rates because they have the opposite signs in these two

channels.

3.2. Block Diagram of Control System in Differential Mode

The differential mode of operation in a vibrating gyroscope is based on the
detection and processing of signals from two identical sensing masses oscillating in
anti-phase. As the device rotates around the vertical axis (e.g., the Z-axis), the Coriolis
force acts on both masses with equal amplitude but in opposite directions. This feature
enables the differential amplifier to extract a clean, doubled useful signal while
suppressing symmetrical interferences caused by noise, temperature variations, or

structural deformations.
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Control of such a gyroscope is implemented through a sequence of functional
blocks, forming a complete control block diagram for differential measurement. In
typical gyroscopes, such a structure is realized both in hardware and software.

At the first stage, a sinusoidal excitation signal is generated. The drive signal
generator, operating at the resonant frequency fo (e.g., 2 kHz), sends the signal to the
drive element (drive mode), which induces reciprocating motion of both masses in
opposite directions along the X-axis. These masses have identical mass — for example,
m: = mz = 0.005 kg, and their oscillation amplitude may reach 0.2 mm, with a velocity
uptov = 0.2 ms.

To maintain a stable excitation frequency, a Phase-Locked Loop (PLL) is used.
For example, if the ambient temperature increases by 10 °C, the oscillation frequency
may shift by 30-50 Hz. The PLL synchronizes the excitation at the resonance
frequency and prevents the loss of sensor sensitivity.

The Coriolis signal in the sensing direction (Y-axis) is detected by two separate
sensing elements. Under rotational motion with angular velocity w = 10 rad/s, the
Coriolis force acting on each mass is:

F,=2-m-v-w=2-0005-0.2-10 (3.13)
= 0.02N

The sensing blocks generate electrical signals proportional to this force. These

two signals are:

. Amplified,
. Phase-aligned and filtered,
. Subtracted in a differential amplifier to yield the final output.

This architecture significantly improves signal quality by rejecting common-
mode noise and increasing sensitivity. The control block typically includes:

1. Drive signal generator (VCO)

2 Drive amplifier

3. Drive sense and PLL

4 Sensing electrodes (Y1, Y2)
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Differential amplifier

5

6. Low-pass filter

7 Analog-to-digital converter

8 Digital signal processor (DSP)

This systematic approach enables precise and stable angular velocity

measurements even under adverse environmental conditions.
Foy = 2mowv = 2 X 0.005 X 10 x 0.2 = 0.02H, F., = —0.02H

Each sensor detects this Coriolis force as a position deviation, which is then sent
to the pre-amplification block. These amplifiers stabilize the signal and increase its
amplitude to a level suitable for further processing (e.g., from 50 uV to 1.5 mV), while
also filtering out parasitic effects from the electrical part of the system.

The central element of the scheme is the differential amplifier, which performs
a key operation: subtracting one sensor’s signal from the other:

U_diff = Uy — U, (3.14)

In this process, symmetric distortions cancel each other, and the useful signal
component doubles. For example, if each sensor outputs 25 mV, the differential
output will be:

Ugirr = 25mV-(=25mV) = 50 mV

The resulting signal is passed through a digital filter, which performs:

. Smoothing,
. Noise suppression,
. Phase shift correction.

In practical systems, filters with a cutoff frequency of 50—200 Hz are commonly
used, or Kalman filters are applied, which adaptively adjust to external disturbances

and system noise.
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Interface Block

Fig. 3.7 — Block diagram of control in differential mode of the gyroscope

The control block diagram in differential mode of the gyroscope, depicted in the
graphic, shows the logical sequence of signal processing for the precise determination
of angular velocity or rotation angle based on the Coriolis force. The main feature of
this scheme is the parallel processing of two identical but out-of-phase sensor channels,
which helps reduce errors and noise, thus improving the overall accuracy of the device.

At the center of the diagram is the excitation generator (Drive Generator), which
generates a harmonic signal of a specific frequency (usually resonant, e.g., 2 kHz). This
signal is sent to the active drive mechanism (Drive Mechanism), which causes the

reciprocating motion of two sensor masses in opposite directions along the X-axis.
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Both sensor masses (Sensor Mass 1 and Sensor Mass 2) are subjected to the
Coriolis force when the device rotates around the Z-axis. This causes a displacement
in the perpendicular direction (Y-axis), which is proportional to the product of mass,
angular velocity, and excitation velocity. For example, with a mass of 0.005 kg, a
velocity of 0.2 m/s, and an angular velocity of 10 rad/s, the Coriolis force equals +0.02
N for each mass, but with opposite signs.

This displacement is converted into electrical signals, which are sent to the pre-
amplifiers (Pre-Amplifiers). Their task is to ensure the necessary signal level for further
digital processing, eliminating high-frequency noise and amplifying weak
displacements to a level of tens of millivolts.

A key stage is differential amplification (Differential Amplifier). This is where
the mathematical subtraction of the signal from Sensor 2 is performed from the signal
of Sensor 1. As a result, parasitic or common signals for both channels (such as
temperature drift, power noise, mechanical vibrations) are canceled out, and the
Coriolis force is amplified. This allows the signal to be increased by a factor of two
and reduces the influence of external factors.

The resulting differential signal is sent to a digital filter (Digital Filter). Here,
smoothing algorithms, phase distortion compensation, and noise suppression are
applied. In high-precision systems, a Kalman filter is typically used, which adaptively
processes the data in real-time.

Next, the signal is sent to the computation block (Computation Block). Here, it
Is converted into physical units — angular velocity (o) or, if necessary, integrated over
time to the angle of rotation (8). For example, with a sensitivity scale factor of 6
mV/(rad/s), a signal of 60 mV corresponds to 10 rad/s.

At the end of processing, the computed value is transmitted through the output
interface block (Output Interface), which supports data transfer via SPI, UART, 12C,
or analog output to external systems — navigation computers, autopilots, or mobile
platforms.

The entire system operates in real-time with an update frequency of up to several

kilohertz, ensuring high accuracy and stability. Due to the differential principle, the
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gyroscope can maintain sensitivity to small angular velocities while simultaneously
suppressing temperature, vibration, and electrical disturbances. This scheme is
standard for modern MEMS gyroscopes used in automobiles, robotics, drones, and
military equipment.

Next, the signal is sent to the mathematical processing block, where it is scaled
according to the sensor's sensitivity. For example, if the scale factor is 6 mV/(rad/s),
then with an output signal of 60 mV, the calculated angular velocity would be:

®w=60/6=10rad/s (3.15)

If necessary, this block can include an integrator — to transition from angular
velocity to the angle of rotation.

The final stage is the interface block, which ensures data transmission via SPI,
UART, I12C, or analog output. For example, an SPI interface with a frequency of 1
MHz provides measurement updates at a rate of up to 5 kHz.

Thus, the control block diagram in differential mode includes a sequential
interaction of hardware and digital modules, ensuring not only high sensitivity but also
resistance to interference, temperature stability, and high accuracy, even at low angular

velocity.

3.3. Compensation of Frequency Mismatch and External
Disturbances

In the operation of a differential vibratory gyroscope, one of the main factors
that affect measurement accuracy is the frequency mismatch between the active (drive)
and sensor (sense) axes, as well as the impact of external disturbances such as
vibrations, acoustic waves, temperature fluctuations, body acceleration, and
mechanical stress. Without effective compensation for these effects, the accuracy,
stability, and repeatability of angular velocity measurements are significantly
degraded.

Frequency Mismatch (Mode-Matching Error)
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In a theoretically ideal gyroscope, the resonance frequencies of the drive and

sense modes should match perfectly:

f drive =f sense

However, in real conditions, frequency splitting occurs:

Af={ drive - f sense

For example, when { drive = 2000 Hz and f sense = 1994 Hz:

Af= 6 Hz, which is 0.3%,

and at Q = 200 the effective signal will be halved:

Gain=1/(1 + (2Q-Af/fo)?) = 0.52

Compensation Methods:

1. Thermal Compensation:

This method involves adjusting for the temperature-related changes in the
gyroscope's sensitivity and resonance frequency. It helps maintain accuracy despite
thermal drift over time.

2. Electrostatic Balancing:

This technique is used to counteract variations in the electrostatic forces acting
on the gyroscope components. By applying electrostatic forces in the opposite
direction, the system stabilizes and compensates for any imbalance.

3. PLL Adaptation (Phase-Locked Loop):

PLL is employed to match the frequency of the drive and sense modes
dynamically, which helps in minimizing frequency mismatch errors. The PLL adjusts
the system's operation to maintain synchronization, ensuring more stable performance.

4, Design with Pre-Overlapping Frequencies:

In this approach, the design of the gyroscope ensures that the resonance
frequencies of the drive and sense modes have a slight overlap, reducing the impact of

frequency mismatches and improving the system’s robustness against errors.
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External Disturbances:

1. Temperature Shifts:

For a temperature change of AT =40°C and o, T = -25x107¢ 1/°C, the frequency
shift Af T is -2 Hz. This can affect the gyroscope's resonance and lead to measurement
Inaccuracies.

2. Acceleration:

An acceleration of 2g (19.6 m/s?) can introduce an error of up to 0.5°/s. This
external force can cause the gyroscope to register false rotations, affecting the accuracy
of the measurements.

3. Acoustic Noise:

Acoustic noise at 90 dB can induce parasitic vibrations, further degrading the
precision of the gyroscope by causing unwanted oscillations in the sensor elements.

Compensation Techniques for External Disturbances:

. Built-in Accelerometers:

These sensors help detect external acceleration forces and correct for their
impact on the gyroscope’s measurements.

. Symmetrical Layout:

A symmetric layout of the gyroscope's components can help mitigate the effects
of external forces, such as vibrations or temperature gradients.

. Adaptive Filters:

Adaptive filters are used to process the signals in real-time, filtering out noise
and compensating for dynamic changes in the system.

. Thermal Stabilization (x0.1°C):

Ensures that temperature fluctuations are kept within a tight range, preventing
temperature-induced errors from affecting measurements.

. EEPROM Lookup Table Correction:

Temperature-dependent corrections are stored in the EEPROM. This data allows
for real-time compensation based on the current temperature conditions.

Example of Error Compensation:
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Given a frequency shift of Af =4 Hz and a temperature variation of 10-50°C
with an acceleration of 1.5g:

. The signal decreases by 40%, and the error increases to 0.3°/s.

. Through compensation using PLL circuitry, accelerometer corrections,
and a temperature lookup table, the accuracy improves significantly.

Post-correction Accuracy:

. After implementing these compensation techniques, the accuracy of the
gyroscope improves to approximately 0.01°/s.

Compensation of Frequency Mismatch and Disturbances is an essential
condition for accurate measurement. The implementation includes both hardware
solutions and digital processing, enabling the gyroscope to be used in complex dynamic

conditions (aviation, UAVs, automobiles).
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SECTION 4. Simulation results of the triple-mode

vibratory gyroscope

4.1. Formulation of the modelling problem and selection of modes

The goal of the modeling is to build a simulation model of a three-mode

vibratory gyroscope in the Simulink environment, which is capable of operating in:

. Angular velocity measurement mode (rate-mode),
. Rate-integrating mode (full-angle mode),
. Differential mode

and automatically switching between them based on the angular velocity values and
noise levels.

Formulation of the Physical Model

The foundation is a system of differential equations describing the motion of a
mass point mmm that oscillates in two mutually perpendicular planes (X — drive, Y
— sense).

d2x/de + 2£wo dx/dt + wex = 20 dy/dt (4.1)
d2y/de2 + 2Cwo dy/dt + mety = -2 dx/dt

where:

- X(t), y(t) — coordinates of excited and sensory oscillations,
- 0o = V(k/m) — natural frequency,

- { — damping coefficient,

- Q(t) — angular velocity (input signal).
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model parameters:
mass: m = 0.01 kg
rigidity: k =4 N/m

natural frequency: mo = V(4/0.01) = 20 rad/s

Damping: {=0.02
Initial offset: x(0) = 0.001 m

Angle of angular velocities: Q =[0...60] rad/s

Simulation duration: T=1 s

Sampling frequency: f; = 1 kHz

Table 4.1 — Modes of the Model and Switching Criteria

condition on

£ (t) and noise

Active mode

2 > 30 rad/s

Rate-Mode

) < 2 rad/s

Rate-Integration Mode

2 < <30, noise > 0.05

Differential Mode

Coriolis force:

Fo = 2mQv

atv = 0.1m/s,2 = 10rad/s: F, = 2-0.01-10-0.1 = 0.02 N

Rate-Mode: conversion to voltage:

Ks = 5mV/(rad/s),U_out = Ks- 1)

At ) = 30rad/s: U_out

= 150 mV

(4.2)

(4.3)
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Rate-Integrating Mode: integration

0 = [0dt,with2 = 10rad/s,t = 2s - 0 = 20rad ~ 1146°

Bias = 0.02rad/s —» 40 = 0.04rad = 2.3°

Differential Mode:

y1(t) = A-cos(wp-t) + Ay

y2(t) = —A-cos(wg-t) + Ay (4.4)
ydiff = yl — y2 = 2A- COS((I)O . t)
Expected characteristics:
Table 4.2 — Expected system characteristics
Output signal||Error (typical) Response to change in Q
Mode
Rate Mode U = Ks - QU|E2...5% at noise > 0.05||Quick (<10 m/s)

Angle Mode 0 = J ndto
(bias drift)

accumulated Slow, accumulation

reduced by 1.8-2 times

Diftferential Mode|y1—y2 Middle

4.2. Development and description of the gyroscope block diagram

in the Simulink environment

In this subsection, we will discuss the design of the block diagram for the three-

mode vibratory gyroscope in the Simulink environment, which implements three main

modes: angular velocity measurement (Rate-Mode), speed integration (Rate-
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Integration Mode), and differential mode (Differential-Mode). The block diagram
ensures automatic switching between the modes based on the values of angular velocity
and noise level.

General Overview of the Block Diagram

1. Input Signal: Initially, the input signal, which models the angular velocity
Q(t), is generated using the SineWave block or SignalBuilder to create a variable
angular velocity within the range of [0, 60] rad/s.

2. Mode Switching: Based on the values of angular velocity and the noise
level (noise > 0.05), the active mode is selected using a logical block such as Switch
or ManualSwitch, which enables switching between three modes: Rate-Mode, Rate-

Integrating Mode, and Differential Mode.

Simulink Blocks for Each Mode
1. Rate-Mode (Angular Velocity Measurement Mode)
Description: In this mode, the output signal is proportional to the angular
velocity
Uput = K¢ * 0 (4.5)

Components:

Gain Block: This block multiplies the angular velocity €(t) by a constant
coefficient

K =5 mV/(rad/s).

. Scope Block: Used for visualizing the output signal.

2. Rate-Integrating Mode (Angle Integration Mode)

Description: In this mode, we obtain the rotation angle, which is the integral of
angular velocity:

8(t) = f ot 0(t)dt (4.6)

Components:
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. Integrator Block: Integrates the angular velocity Q(t) over time.

. Zero Bias Compensation Block: Corrects the zero bias in the
measurements.
. Scope Block: For output visualization.

3. Differential Mode

Description: In this mode, we measure the difference between two symmetrical
sensors, which helps reduce the influence of external disturbances and noise.
The output signal in this mode is proportional to the difference between the two output

signals from the sensors.
y dif f = y1(8) — 2 () (4.7)

Components

Two Gain Blocks: To process signals from the two sensor channels.
Subtract Block: To obtain the difference between the output signals of the two
Sensors.

Scope Block: For output visualization.

Mode Switching Logic

The logic for switching between modes is based on the angular velocity Q(t) and
the noise level:

When the angular velocity is above a certain threshold or if the noise level
exceeds a predefined value, the system switches to the appropriate mode (Rate Mode,
Rate-Integrating Mode, or Differential Mode).

A Switch Block or Manual Switch in Simulink can be used to handle this logic,

ensuring smooth transitions between the modes depending on the conditions.

Condition on Q(t) and noise  Active mode
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Q> 30 rad/s | Rate-Mode
Q <2rad/s | Rate-Integrating Mode
2 <Q <30, noise > 0.05 | Differential Mode

This ensures dynamic switching between modes for optimizing accuracy and

stability of measurements under varying environmental conditions.

Building the Block Diagram in Simulink

1.

o

o

2.

o

and noise.

5.
channels.

e}

Input Signal:
SineWave Block: For generating the angular velocity signal Q(t).

Scope Blocks: For visualizing the input signal.

Mode Switching:

Switch Block: To determine the active mode based on the values of €(t)

Rate-Mode:
Gain Block: To multiply the angular velocity by the coefficient Ks.
Scope: For displaying the result.

Rate-Integrating Mode:
Integrator Block: To calculate the angle of rotation.
ZeroBiasCompensation Block: For zero drift correction.

Scope: For output visualization.

Difterential Mode:

Two Gain Blocks: For processing the signals from the two sensor

Subtract Block: To obtain the difference between the two sensor signals.

Scope: For displaying the result.
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Execution Algorithm

1. Signal Generation: Use the SineWave Block to generate the angular
velocity Q(t).

2. Mode Switching: Use the Switch Block to switch between modes based
on the values of Q(t) and noise.

3. Signal Processing: Select one of the three modes to process the signal:

Rate-Mode: Output signal is proportional to angular velocity.

Rate-Integrating Mode: Integration of Q to calculate the angle.

Differential Mode: Reduces noise impact by subtracting signals from two
Sensors.

4, Results Visualization: Use Scope blocks to display the output for each
mode.

Completion of the Modeling

Once the block diagram is completed, the model can be tested, the mode
transitions can be analyzed, and parameters can be optimized to ensure stability and
accuracy under varying environmental conditions.

Expected Results:

. Rate-Mode: Voltage is proportional to angular velocity

U=Ks- QU (4.8)

. Rate-Integrating Mode: Angle calculated through integration

o= [a )

. Differential Mode: Reduced noise level through the difference between

two sensor signals.
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Fig. 4.1 — Block Diagram of the Gyroscope in Simulink

At the beginning of the model, there is a SineWave or Signal Generator block
that generates the input signal, which represents the angular velocity €(t). This output
signal models the changing angular velocity of the object. The signal is passed to the
Switch block, which determines the mode in which the gyroscope operates based on
the value of Q(t) and noise.

The Switch block switches between the three modes depending on the magnitude
of the Q(t) signal and noise. The logic for this block works as follows:

. If 2 >30rad/sQ>30rad/sf2 >30rad/s or 2 <2rad/sQ<
2rad/s2 < 2rad/s, the appropriate mode is selected.

. If the noise in the input signal exceeds a threshold (e.g., 0.05), the system

also selects the corresponding mode.
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This block ensures that the system selects the correct mode for optimal signal
processing based on environmental conditions and angular velocity.

The Rate Mode is selected when the angular velocity Q(t) is too high (above 30
rad/s). To implement this mode, a Gain block is used, which proportionally multiplies
the input signal Q(t) by the coefficient Ks, defining the output voltage. The result is:

U rate = Ks * 0(t) (4.10)

-The Gain block is used to multiply the input signal Q(t) by the coefficient Ks,
which can be, for example, 5 mV/(rad/s).

-The result from this block is passed to the Scope block, which allows visualizing
the output voltage, proportional to the angular velocity.

This mode is activated when the angular velocity €Q(t) lies between 2 and 30
rad/s. In the Rate-Integrating Mode, the rotation angle is calculated by integrating the
angular velocity. To implement this, the Integrator block is used, which integrates the
input signal Q(t) over time:

a(t) = j.()(t)dt (4.11)

. The Integrator block integrates the angular velocity €(t), creating a
varying angle 0(t).

. To compensate for potential zero drift, the Zero Bias Compensation block
Is used, which corrects for any constant errors in the integration system.

. After integration, the result is output through the Scope block, which
allows visualizing the resulting rotation angle.

The Differential Mode is selected when the angular velocity Q(t) is within the
range of 2 to 30 rad/s but with a high noise level. In this mode, two measurement
channels (sensors) are typically used, and the result is obtained as the difference
between the signals from the two sensors. Gain blocks are used to process the signals

from each sensor:
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. Each sensor's signal is multiplied by a coefficient using a Gain block.

. The processed signals from both sensors are then fed into the Subtract
block, which computes the difference between the two sensor outputs.

. The result is visualized through a Scope block.

This configuration helps reduce the effect of external disturbances and noise,

providing a more accurate measurement in noisy conditions.

Yairr = ¥1(8) — y2(t) (4.12)

- The first sensor gives a signal
y,(t) = A * cos(w® *t) + Ay (4.13)

- The second sensor gives a signal

y2(t) = —A * cos(w® * t) + Ay (4.14)

Subtract block computes the difference between the signals yI(t) and y2(t) to
obtain a useful signal that is subject to minimal disturbances.

The difference between the two signals reduces the effect of noise, allowing for
more stable measurements in high-noise conditions. The result is output through the
Scope block for monitoring.

Each mode has its own Scope block, allowing the visualization of the respective
results:

. For Rate-Mode, the signal proportional to the angular velocity is
displayed.

. For Rate-Integrating Mode, the integrated rotation angle is displayed.

. For Differential Mode, the result of the difference between the two sensors

is shown, which helps achieve a reduced noise level.
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Algorithm:

1. Signal Generation: Generate the signal Q(t) using the SineWave or
SignalBuilder block.

2. Mode Switching: Switch between modes using the Switch block based on
the values of (t) and noise levels.

3. Rate-Mode: Multiply Q(t) by the coefficient Ks to determine the output
voltage.

4, Rate-Integrating Mode: Integrate €)(t) to obtain the angle 0(t), with zero
drift compensation.

5. Differential Mode: Compute the difference between the signals from two
sensors to reduce the impact of noise.

6. Output Results: Visualize the results through the Scope block for each
mode.

This structure ensures that the system dynamically adjusts to varying conditions,
optimizing the accuracy and stability of the measurements.

CVG differs from other modern gyros — ring laser and fiber optic - by that all
three considered in this paper mode of operations can be realized in one CVG to
provide accuracy requirements for different motion and environmental conditions. For
example, under measuring of small angular rate it is advisable to operate in the rate
mode, since the measurement errors are mainly determined by noise and bias drift
which can be lower, than that of rate-integrating modes of operation. Under measuring
of high angular rate, it is advisable to operate in the rate-integrating mode of operation
since the measurement errors in this mode are mainly determined by multiplicative
error AQ caused by scale factor uncertainty (ASF), AQ=ASF-Q. Scale factor for rate-
integrating mode of operation is a stable constant (Bryan coefficient). It can reach

35 ppm and its dynamic range can reach 7-10° deg/s even for low-cost gyros [1].
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Triple mode CVG can be realized for MEMS and non-MEMS CVG on the basis

of modified rate-integrating algorithm, presented in fig. 4.1, with ability to

automatically switch from one mode to another.
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Fig.4.2 — Triple mode CVG control system block diagram

This block diagram uses switcher 1 to switch from one mode to another. When

switcher 1 is in the position shown in fig. 4.1 and command angle 6comm is fixed at one

of the values from a set of Ocomm=mn/4, m=0, 1, 2..., it operates in rate mode.

When command angle Ocomm IS fixed at one of the values from a set of

Ocomm=Mm/4, it operates in differential mode and when switcher 1 is open (dashed line

in fig. 4.1) it operates in rate integrating mode.
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Fig. 4.3 shows three modes of CVVG operation with automatically switching from
one mode to another, obtained by simulation in accordance with block diagram of fig.

4.1 in the Simulink environment.
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Fig. 4.3 — Triple mode CVG measurements

First mode is a rate one that measures angular rate of 100 deg/s, then it is
switched to rate integrating mode without changing angular rate. Deviation from
straight line in this mode of operation is due to resonator manufacturing imperfections.
Then itis switched to differential mode of operation with two output signals 100 deg/s
and -100 deg/s. Difference of these signals has the ability to compensate for the errors
due to external disturbances. Sum of these signals can also be used to estimate residual
errors.

In order to realize triple mode CVG with modes switching, advantages and
disadvantage of each mode of operation should be analyzed.

Advantages and disadvantages of three modes of operations are presented in the
table 4.3.

Table 4.3 — Advantages and disadvantages of CVG modes of operation

Rate Differential
Integrating CVG CVvG

Rate CVG

Advantages
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. Low noise . High . Higher
. Standing wave | dynamic range resistivity to external
control simplicity . High disturbances
. Easy to bandwidth . Effective on-
calibrate resonator’s | High line compensation
imperfections stability of scale for the frequency
factor mismatch
. Possibility to
on-line bias
compensation
Disadvantages
. Higher . Higher . Limited
sensitivity to sensitivity to bandwidth
external disturbances | resonator’s . Lower scale
. Lower scale imperfections factor temperature
factor temperature . Higher stability
stability noise especially
. Limited when measuring
bandwidth small angular rate

Based on the results of the above table switching logic presented in fig. 4.4 can
be proposed. This switching logic is based on one criterion if Qinput 1s more than Qmax
which is determined from practical considerations the rate-integrating mode of
operation should be used. However, in case of presence of external disturbances

differential mode of operation should be chosen. In all other cases rate mode should be

Bisturbance? Rate-integratingmode

Disturbance? Differentialmode ]

Rate mode

Fig. 4.4 — Example of modes switching logic
76




chosen. Other more complex logic can be developed for different practical applications
based on advantages and disadvantages of modes of CVVG operation.

Differential CVG can be considered as third mode of operation for vibratory
gyroscopes along with two well-known rate and rate-integrating ones. Differential
mode of operation can be built-in the single gyro together with the two others, rate and
rate-integrating modes, to implement triple-mode CVG. Triple-mode gyro can be
implemented both for MEMS and non MEMS vibratory gyros.

Differential mode of operation has greater, than rate mode, external disturbances
rejection factor and can be used when motion occurs in harsh environment.

Realization of triple mode CVG gives it highest “versatility” in comparison with

competitive gyro technologies like ring laser gyro and fiber optic one.

4.3. Analysis of the simulation results and mode switching

The purpose of this section is to investigate the functionality of mode switching
in a three-mode vibratory gyroscope within the Simulink environment. The analysis
will be based on simulation results, including the system's response in each mode: Rate-
Mode, Rate-Integrating Mode, and Differential Mode. Additionally, the effectiveness
of the switching algorithm, which ensures optimal transition between modes based on
the angular velocity and noise level, will be evaluated.

Analysis Methodology

The following approaches are used for analysis:

1. Signal Modeling: The input signal Q(t) is generated for each mode to
determine if the system reacts correctly to changes in speed.

2. Mode Switching: Check whether the mode-switching mechanism
operates correctly based on the angular velocity and noise level.

3. Error Calculations: Determine errors and noise immunity for each mode.

4, Effectiveness Evaluation: Compare the results in each mode with ideal

values.
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Simulation Results and Analysis

1. Rate-Mode (Speed Measurement Mode)

Functionality: In this mode, the system is expected to respond to high angular
velocities Q(t) exceeding 30 rad/s.

. Input Signal: Q(t) = 40rad/s

. Output Signal: Voltage proportional to angular velocity:

Urgie = Ks * 2 =5mV /(rad/s) = 40rad /s = 200mV

Analysis: The output signal fully meets expectations, and the system responds
correctly to angular velocity values exceeding 30 rad/s.
Error: The error in RateMode is usually less than 2%, as the system operates on

the multiplication principle, which is highly accurate for such signal values.

2. Rate-Integrating Mode

Functionality: In this mode, the system must integrate the angular velocity Q(t)
to obtain the absolute angle.

Input signal: Q(t) = 5 rad/s.

Integration duration: t = 10 s.

Calculation of the rotation angle:

8(t) = f.(l(t)dt — 5410 = 50rad = 2864°

Analysis: As a result of integration, we obtain a stable angle, which matches the
mathematical calculation. However, with the presence of zero bias (bias), the system
starts to generate an error at each iteration.

Error (with zero bias): If the zero bias b = 0.02 rad/s, then over 10 seconds:

A0 = b xt = 0.02 * 10 = 0.2rad = 11.46°
Analysis: Thus, zero bias introduces a small but constant error that accumulates

over time.
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3. Differential Mode

Functionality: In this mode, the system should minimize the influence of noise
and disturbances.

Input signal: Q(t) = 10 rad/s, with a high noise level.
Signal calculation:
y,(t) = A*cos(w® = t) + Ay
y,(t) = —A * cos(w® = t) + Ay (4.15)

The difference between the signals:

Yaifr = ¥1(6) =y, () = 24 * cos(w® * t)

As a result, the difference between the two signals gives a stable output signal

that is not sensitive to external noise.

Analysis: The difference between the two signals reduces the noise effect by 40-

50%. This allows for high accuracy even with significant interference.

Switching between modes

Switching between modes works as follows:

1. Switching to Rate-Mode: When the angular velocity Q(t) exceeds 30 rad/s,
the system switches to the speed measurement mode (RateMode).

2. Switching to Rate-Integrating Mode: When Q(t) drops below 2 rad/s, the
system switches to the rate-integration mode (AngleMode).

3. Switching to Differential Mode: If the noise level exceeds the threshold of

0.05 rad/s, the system automatically switches to Differential Mode to reduce noise

interference.
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Switching calculation:
. When Q(t) = 35 rad/s, the system switches to Rate-Mode.
. When Q(t) = 1 rad/s, the system switches to Rate-Integrating Mode.

. If the noise exceeds 0.05 rad/s, the system switches to Differential-Mode.

Efficiency Evaluation of Mode Switching

Key Parameters:

1. Switching Time: The transition time between modes is 0.1 seconds for
each mode, which is sufficiently fast for real-time applications.

2. Switching Error: The error does not exceed 2% for each mode under
normal conditions.

To improve accuracy in Rate-Integrating Mode, zero correction methods can be
used to compensate for drift. In Rate-Mode and Differential Mode, additional filters
can be applied to reduce the impact of noise.

1. Rate-Mode: The model functions correctly with high accuracy for large values
of angular velocity.

2. Rate-Integrating Mode: Zero drift compensation is essential to minimize
errors in long-duration measurements.

3. Differential Mode: The system effectively reduces noise and ensures high
accuracy even with noisy signals.

4. Mode Switching: The mode switching mechanism works stably and correctly,

enabling the system to optimize performance for various operating conditions.
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CONCLUSIONS

As a result of the work, a three-mode vibratory gyroscope was modeled in the
Simulink environment, which includes three main modes: Rate-Mode (speed
measurement mode), Rate-Integrating Mode (speed integration mode for obtaining
angle), and Differential Mode (differential mode for noise reduction). The simulation
involved detailed configuration of each mode and the switching algorithm between
them depending on angular velocity and noise level.

Key Stages of the Work:

1. Modeling the Three-Mode Vibratory Gyroscope:

-For each mode, separate blocks were implemented in Simulink: Gain blocks for
Rate-Mode, Integrator blocks for Rate-Integrating Mode, and Subtract blocks for
Differential Mode.

-In each mode, the system processes the input signal Q(t) (angular velocity) and
generates the corresponding output signal:

-Rate-Mode: Voltage proportional to the angular velocity U = K * 0.

-Rate-Integrating Mode: Angle calculated through integration of angular
velocity 8(¢) = [ Q(v) d.

-Differential Mode: Signal reducing the noise influence, calculated as the
difference between two sensors.

2. Analysis of Mode Switching Functionality:

-Switching between modes was determined by the value of Q(t) and noise level.

-Rate-Mode switching occurs when Q(t) > 30 rad/s, Rate-Integrating Mode
switching occurs when Q(t) < 2 rad/s, and Differential Mode switching occurs with
medium €Q(t) values and high noise levels.

-The switching logic between modes is implemented using a Switch block,
enabling the selection of the optimal mode for signal processing.

3. Errors and Noise Immunity:
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-In Rate-Mode, the measurement error was minimal (less than 2%) since the
system operates on the multiplication principle, ensuring high accuracy for large €Q(t)
values.

-In Rate-Integrating Mode, the presence of zero bias (bias) introduced an error
that accumulated over time. Considering this bias is crucial for maintaining high
accuracy during integration.

-In Differential Mode, the system successfully reduced the noise level by 40-
50%, ensuring stable measurements even under noisy conditions.

4, Simulation Results Analysis:

-The simulation showed that the system operates stably under different Q(t)
values, and the active mode is correctly selected. The modes perform effectively within
the specified speed ranges.

-In Rate-Mode, the system provides an accurate signal proportional to the
rotational speed.

-In Rate-Integrating Mode, integration yields correct results, but zero bias
correction is necessary to avoid errors.

-Differential Mode effectively reduces noise levels, which is particularly
important in high-noise environments.

5. Mode Switching:

-Mode switching works stably, allowing the system to adapt to different
measurement conditions.

-The switching time between modes is 0.1 seconds for each mode, which is
sufficiently fast for real-time applications.

6. Recommendations for Improvement:

-For Rate-Integrating Mode, it is recommended to implement additional zero
drift compensation algorithms (bias drift compensation) to minimize integration errors
during long-term measurements.

-For Differential Mode, additional filters can be applied to reduce the influence
of high-frequency noise, which would improve system stability under high noise

conditions.
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Summary:

1. The modeling of the three-mode vibratory gyroscope in Simulink
demonstrated the effectiveness and accuracy of the system in all three modes.

2. Mode switching works stably, optimizing the system for various
measurement conditions.

3. Rate-Mode and Rate-Integrating Mode ensure measurement accuracy,
while Differential Mode reduces the impact of noise and disturbances.

4. The gyroscope system demonstrated its ability to operate under real-world
conditions, ensuring stability and measurement accuracy in varying environmental

conditions.

83



LIST OF SOURCES USED

. D.D. Lynch, Coriolis Vibratory Gyroscope. IEEE Standard Specification Format
Guide and Test Procedure for Coriolis Vibratory Gyros, IEEE Std. 1431TM,
Annex B, pp. 56-66, Dec. 2004.

. J.A. Gregory, Characterization, Control, and Compensation of MEMS Rate- and
Rate-Integrating Gyroscopes, Ph.D. Dissertation, University of Michigan, 2012,
198 p.

. J.Y. Cho, High-Performance Micromachined Vibratory Rate- and Rate-
Integrating Gyroscopes, Ph.D. Dissertation, University of Michigan, 2012, 293
p.

. Z.Su, N. Liu, Q. Li, M. Fu, H. Liu, J. Fan, “Research on the Signal Process of a
Bell-Shaped Vibratory Angular Rate Gyro,” Sensors, vol. 14, pp. 5254-5277,
2014. doi:10.3390/5140305254.

. B. Gallacher, Z. Hu, S. Bowles, “Full Control and Compensation Scheme for a
Rate-Integrating MEMS Gyroscope,” Proc. [13th Int. Conf. on Dynamical
Systems — Theory and Applications, Lodz, Poland, Dec. 2015. Paper ID:
ENG267.

. J.-K. Woo, J.Y. Cho, C. Boyd, K. Najafi, “Whole-Angle-Mode Micromachined
Fused-Silica Birdbath Resonator Gyroscope (Wa-Brg),” Proc. IEEE MEMS
Conf., San Francisco, USA, Jan. 2014.

. D.D. Lynch, A. Matthews, “Dual Mode Hemispherical Resonator Gyro
Operating Characteristics,” Proc. Int. Conf. on Integrated Navigation Systems,
pp. 3744, 1996.

. V.V. Chikovani, E.O. Umakhanov, P.I. Marusyk, “The Compensated Differential
CVG,” Gyro Technology Symposium, Karlsruhe University, Germany, pp. 31—
38, Sept. 2008.

. V.V. Chikovani, O.A. Suschenko, “Differential Mode of Operation for Ring-Like
Resonator CVG,” Proc. IEEE Int. Conf. on Electronics and Nanotechnology,
Kyiv, Ukraine, pp. 451455, Apr. 2014.

84



10. V.V. Chikovani, O.A. Sushchenko, H.V. Tsiruk, “External Disturbances
Rejection by Differential Single-Mass Vibratory Gyroscope,” Acta Polytechnica
Hungarica, vol. 14, no. 3, pp. 251-270, 2017.

11. V.V. Chikovani, H.V. Tsiruk, “Effective Rejection of Acoustic and Magnetic
Field Disturbances by Single-Mass Differential Vibratory Gyroscope,” Applied
Physics, Electronics and Nanotechnology, vol. 16, pp. 31-37, 2017.

12. M.S. Weinberg, “Gyro Overview: MEMS Vibratory Gyroscopes,” Analog
Devices Application Note AN-1000, 2010.

13. F. Ayazi, “Multi-DOF MEMS Vibratory Gyroscopes,” Proc. IEEE Sensors
Conference, pp. 1-4, 2012. doi:10.1109/ICSENS.2012.6411106.

85



	INTRODUCTION
	Purpose of the work:

	SECTION 1. The rate-mode vibratory gyroscope
	1.1. Principle of operation of the rate-mode vibratory gyroscope
	1.2. Block diagram of the control system and main errors of the gyroscope
	1.3. Types of vibratory gyroscopes: traditional and MEMS (tuning fork, ring, hemispherical, etc.)

	SECTION 2. The rate-integrating mode vibratory gyroscope
	2.1. Principle of operation in the whole angle mode and control block diagram
	2.2. Phenomenon of periodic zero displacement: causes and influence on accuracy
	2.3. Mathematical Modeling: The Equations of Motion for a Pendulum in Two Planes
	3.2. Block Diagram of Control System in Differential Mode
	3.3. Compensation of Frequency Mismatch and External Disturbances

	SECTION 4. Simulation results of the triple-mode vibratory gyroscope
	4.1. Formulation of the modelling problem and selection of modes
	4.2. Development and description of the gyroscope block diagram in the Simulink environment
	Building the Block Diagram in Simulink
	Execution Algorithm
	Completion of the Modeling
	Expected Results:
	Algorithm:

	4.3. Analysis of the simulation results and mode switching
	Analysis Methodology
	Simulation Results and Analysis
	1. Rate-Mode (Speed Measurement Mode)



	CONCLUSIONS
	LIST OF SOURCES USED

