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Abstract—The gyrocompassing method based on the 

parametric excitation of micromechanical gyro (MMG) is 

proposed. The incoherent mode of parametric excitation of 

MMG mounted on a horizontal base is considered. A feature of 

this mode is the presence of “strong resonance”, which enhances 

the amplitude of oscillations of the rotor with respect to its 

resonance value, and “weak resonance”, which reduces its 

amplitude of oscillations. The vibrational shape of the rotor is 

not preserved in this mode, and instead of harmonic vibration 

with one spectral component, there is a complex vibration 

(observed as a quasi-harmonic vibration) consisting of two 

spectral components with a slight difference in their frequencies. 

Thus, the rotor vibrations have the shape and frequency of the 

generated oscillations of the beats. This behavior of the 

gyroscope is associated with a change in its damping coefficient. 

Fluctuations of this coefficient with the beat frequency lead to a 

periodic change in the steepness of the phase-frequency 

characteristic of the MMG and, accordingly, to the oscillation of 

the measuring axis of the device regarding its original direction, 

approximately perpendicular to the direction of the true 

meridian. Metrological accuracy of the measurer reached by 

using the amplitude and phase gyrocompassing methods. 

Keywords—gyrocompass, micromechanical gyro, parametric 

excitation 

I. INTRODUCTION  

Micromechanical gyroscopes (MMG) are increasingly 

using in various fields of technology due to their small 

dimensions and lightweight.  An overview of MMG models 

as devices for orientation, stabilization and navigation is given 

in monographs [1-2]. It was noting that, along with the 

undoubted advantages, the MMG has insufficiently high 

measurement accuracy, in connection with which the attention 

of researchers is focusing on the development of methods for 

its improvement. The analysis of publications [3-15] shows 

that when developing devices based on MMG, a promising 

approach is basing on the use of improving their 

characteristics by using non-traditional operating modes.  

One example of such an approach is the development of 

a ground gyrocompass based on MMG [16]. In this work, a 

diagram of the device has proposed, where an MMG with a 

horizontal measuring axis is mounting on a rotating base. In 

this case, the useful signal is modulating by the angular 

velocity of the base, result of which it is possible to separate it 

from the MMG instrumental errors. Unfortunately, the author 

of the work does not give specific numerical estimates for 

improving the accuracy of the device. 

Below, a new approach is proposing for determining the 

direction of the true meridian. The method is basing on the 

parametric excitation of MMG, which, as was shown by the 

authors earlier [17-18], can significantly increase the 

sensitivity of the device to the measured angular velocity, as 

well as expand its functionality. 

An incoherent mode of parametric excitation of MMG 

mounted on a horizontal base is considered. A feature of this 

mode is the presence of “strong resonance”, which increases 

the amplitude of oscillations of the meter rotor with respect 

to its resonance value, as well as “weak resonance”, which 

reduces its amplitude of oscillations. The vibrational shape of 

the rotor is not preserved in this mode, and instead of 

harmonic vibration with one spectral component, there is a 

complex vibration (observed as a quasi-harmonic vibration) 

consisting of two spectral components with a slight difference 

in their frequencies. Thus, the rotor oscillations have the 

shape and frequency of the generated oscillations of the beats. 

This behavior of the gyroscope is associated with a 

change in its damping coefficient. Oscillations of this 

coefficient with the beat frequency lead to a periodic change 

in the steepness of the phase-frequency characteristic of the 

MMG and, accordingly, to the oscillation of the measuring 

axis of the device relative to its original direction, 

approximately orthogonal to the true meridian. 

II. METHOD DESCRIPTION 

The specificity of the MMG operation allows based on the 

use of circuit solutions, without changing the design of the 

mechanical circuit, to increase the sensitivity of the device to 

the measured angular velocity due to its parametric excitation 

[19]. 

The highest sensitivity of the MMG is ensuring with 

conditions of the maximum amplitude of the primary 

oscillations, i.e. under the conditions of the implementation 

of the resonant tuning mode. However, the operation of 

MMG under conditions of a significant range of ambient 

temperatures, reaching 100 ° C or more, leads to a deviation 

of its own parameters and the frequency of the primary 

oscillation excitation generator, as well as to aging of the 

material of the sensitive element, which violates the resonant 

tuning. 

The method under consideration is basing on modulation 

of the static rigidity of the MMG suspension [19]. The 

kinematic scheme of device is showing in Fig. 1.  

Modulation is providing by a slight change in the amplitude 

of the alternating current applied to the additional sensor 

winding of the torque sensor with frequency 𝜔𝑚, at which a 

parametric excitation of MMG is creating. 

mailto:bvm200@yandex.ru
mailto:lbakhtie@yandex.ru


 

 To obtain a mathematical model of a parametrically 

excited MMG we use the variational principle of 

Ostrogradsky-Hamilton [20]. Differential equations of 

motion for the case of constant angular velocity of rotation of 

the base, taking into account the modulation of static rigidity 

relative to the axis of secondary vibrations after the 

factorization procedure [21] and subsequent linearization 

using the Jacobi matrix, will have the form: 

α̈ + 2aαα̇ + ω0
2(1 + 𝑚 sin(ω𝑚t − φ0))α = 

                             = 𝐾ω𝑋 sin Ωt,                                 (1) 

𝑎α =  
μα

2𝐴
;   ω0 = √

 𝑘α

𝐴
;   𝐾 =

(𝐶+𝐵−𝐴) θ0 Ω

𝐴
 .  

Coefficients A, B, C are the main moments of inertia 

relative to the axes of the coordinate system associated with 

the rotor. Parameter μα is the coefficient of viscous friction. 

kα is the stiffness of the elastic suspension relative to the axis 

of secondary vibrations. 𝜔𝑋  – the projection of the portable 

angular velocity of the base on the measuring axis. Ω is the 

excitation frequency of the primary oscillations; m is the 

modulation coefficient of static stiffness; θ0 is the amplitude 

of the primary oscillations of the gyro rotor; φ0 is the initial 

phase of the parametric excitation created by the torque 

sensor. 

A feature of the differential equation (1) is the presence 

of a term associated with a periodic change in the positioning 

torque 

𝜔0
2 m sin(ω

𝑚
𝑡 − 𝜙)𝛼. 

The presence of such a periodically changing energy-

consuming parameter MMG, such as static stiffness, which is 

part of the corresponding inhomogeneous differential 

equation, provides favorable conditions for parametric 

excitation of the mechanical circuit of the gyroscope under 

consideration at the modulation frequency ω𝑚= 2Ω. 

Fig. 2 shows the location of axes ОХ and ОY relative to 

the true meridian. It is for the case of its resonance tuning 

(axis OXY) and the change in its position under incoherent 

mode of parametric excitation of MMG (for the case of 

“strong resonance” – the position of the axes OXY and for 

the case of “weak resonance”– the position of the axes 

OXY).  

Note that in the case of a tuned instrument (when the 

position of the OX axis coincides with the direction of the 

West – East line), the projection of the horizontal component 

of the Earth’s rotation ЗГ on the measuring axis OX is zero. 

With parametric excitation, a periodic change in the 

magnitude and sign of the ЗГ projection is observing. In the 

case of rotation of the MMG by a certain angle , the center 

of oscillation of the measuring axis OX is shifted by an 

amount corresponding to this angle. 

It is possible to provide alignment of the axis of secondary 

oscillations OY with the direction of the true meridian N. This 

is by achieving a rotation of the device around the axis of 

primary oscillations OZ (so that the center of oscillation of 

the measuring axis OX coincides with the direction of the 

West – East line that is when the positive and negative values 

of the amplitude of oscillations of the axis OX are equal). 

Along with the amplitude method for determining the 

direction of the true meridian, the phase method may also be 

used. It based on the fact, that with parametric excitation of 

the gyroscope, a periodic change in the damping coefficient 

𝑎α leads to a periodic change in the steepness of the phase-

frequency characteristic of the MMG. In this case, the 

oscillation phase of the gyro rotor also periodically changes 

with the beat frequency relative to the resonance value equal 

to -π / 2. Note that for a high-quality oscillatory system, 

which is MMG parametrically excited, the phase-frequency 

characteristic in the resonance region has a significant slope. 

Even at small values of the modulation index m a change in 

the slope of the averaged phase-frequency characteristic leads 

to symmetrical and significant oscillations of the phase of the 

output signal with respect to the value of -π / 2, which makes 

it possible to increase the accuracy of determining the 

direction of the true meridian in comparison with the 

amplitude method. 

III. THE RESULTS OBTAINED  

The numerical simulation of a parametrically excited 

MMG (the solution of equation (1)) carried out using the 

Maple 9 mathematical package at the value of the beat 

frequency  = 0.628 c-1 and at the value of modulation 

parameter m = 0.00338.  

 

Fig. 1. The kinematic diagram of a micromechanical gyroscope 

 

Fig. 2. Changing the position of the axes of the MMG  

upon parametric excitation 



 

The Fig. 3 shows the time dependences of the amplitude 

α (solid line) and the oscillation phase φ (dotted line) of the 

secondary oscillations of a mounted horizontally 

parametrically excited MMG for various values of the angle 

 of its rotation around the OZ axis, which coincides with the 

place vertical. 

From the above solutions it follows that, along with 

periodic oscillations, a constant component appears that is 

proportional to the angle  (blue line), both in the information 

signal α and in the phase value φ (t). Using this constant 

component, you can automatically orientate the MMG 

mounted on the gyro platform in the direction of the true 

meridian. 

IV. CONCLUSIONS  

It follows from the graphs in Fig.3 that the modulation of 

the static stiffness of the MMG provides an increase in its 

sensitivity in the steady state (differential gyroscope mode) 

by several tens of times compared to a device in which there 

is no parametric excitation, which significantly increases the 

value of its transfer coefficient. This is due to the fact, that 

modulation of static stiffness significantly reduces the 

amount of viscous friction. This increases the duration of the 

linear part of the increase in the vibration amplitude, which 

corresponds to a significant increase in the time constant of 

the device and, accordingly, to a narrowing of its bandwidth. 

It should be noted, that in the coherent excitation mode, 

an increase in the MMG sensitivity is of decisive importance 

for the magnitude of the phase shift between the periodically 

varying static stiffness of the torsion suspension and the 

external gyroscopic moment created by the transferred 

angular velocity of rotation of the device base.  

An analysis of the results showed that using the 

parametrically excited MMG, we can determine the direction 

of the true meridian. Moreover, this problem can be solved 

both on the base of measuring amplitude fluctuations, and on 

the base of measuring phase oscillations.  

The determination of the position of the meridian by 

amplitude is producing by zero values of the amplitude. 

The determination of the position of the meridian by the 

phase of oscillations is producing by achieving equality of 

phase oscillations relative to the value φ = -π/2 (the red line 

in Fig. 3). It is corresponding to the position of the instrument 

body when the direction of the measuring axis OX coincides 

with the West - East line, and the axis of the secondary 

oscillations OY coincides with the direction of the true 

meridian. 

The novelty of the results and conclusions is as follows: 

 the new method is proposed for determining the direction 

of the true meridian based on the parametric excitation of a 

micromechanical gyroscope; 

 the numerical simulation of a parametrically excited 

MMG was carried out; 

 it was shown that the presented method allows you to 

automatically orientate the MMG installed on the gyro 

platform in the direction of the true meridian, while 

significantly increasing the sensitivity and quality of the 

device. 

 
 

 
 

 
 

 
 

 
Fig. 3. Changes in the amplitude and phase of secondary oscillations 

of a parametrically excited MMG 



 

 the operation of the device in the parametric excitation 

mode allows the meter to be held in resonance mode over a 

wide range of operating temperatures; 

 the parametric excitation mode expands the functionality 

of the MMG, turning it from a single-component to a two-

component measurer; 

 the proposed method significantly (by 1-2 orders of 

magnitude) increases the accuracy of measurements 

compared to the typical mode of operation of the device, 

which allows the use of MMG as an inertial measurer (for 

example [16]). 

REFERENCES 

[1] Lukyanov D.P., Raspopov V.Ya., Filatov Yu.V. Applied Theory of 
Gyroscopes - St. Petersburg, Electrical Appliance, 2015 –  

340 p. 

[2] Matveev V.V., Raspopov V.Ya. Instruments and systems of 
orientation, stabilization and navigation on MEMS sensors. Tula: 

Publishing house of TulSU, 2017 – 225 p. 

[3] Vodicheva L.V., Alievskaya E.L., Koksharov E.A. and Parysheva, 
Yu.V. Improving the accuracy of angular rate determination for 

spinning vehicles – Gyroscopy and Navigation, 2012, vol. 3, no. 3, pp. 

159–168. 

[4] Bershtam Ya.N., Evstifeev M.I. and Eliseev D.P. Studying the alloys 

with high internal damping in the structure of MEMS gyro – Proc. of 

the 29th Conference in Memory of N.N. Ostryakov, 2014 – pp. 65–72 

[5] Claire T., Guillaume G. and Mike P. High-End Gyroscopes, 

Accelerometers and IMUs for Defense, Aerospace & Industrial 

[Online] – Yole Development, 2015.  

[6] Moiseev N.V. Compensation-type micromechanical gyroscope with 

an extended measurement range – Abstract Diss. Cand. Eng. Sc. – 

SPb, 2015. 

[7] Eliseev D.P. Increasing Vibration Resistance of RR-type 

Micromechanical Gyro – Cand. Eng. Sci. Dissertation, St. Petersburg, 

2015. 

[8] Lestev, A.M., Combination resonances in MEMS gyro dynamics – 

Gyroscopy and Navigation, 2015, vol. 6, no. 1, pp. 41–44. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[9] Evstifeev, M.I., Eliseev, D.P. Improving the design of moving 

electrode in MEMS RR-type gyro. Gyroscopy Navig. 8, 2017 – pp. 
279-286. 

[10] Filatov Y.V., Boronakhin, A.M., Dao, V.B.  Studying the static errors 

of MEMS accelerometer triad in quasiharmonic oscillation 
mode. Gyroscopy Navig. 8, 2017 – pp. 121–128. 

[11] Nekrasov, Y.A., Moiseev, N.V., Belyaev, Y.V. et al. Influence of 

translational vibrations, shocks and acoustic noise on MEMS gyro 
performance. Gyroscopy Navig. 8, 2017 – pp. 31–37. 

[12] Wagner, J.F. About Motion Measurement in Sports Based on 

Gyroscopes and Accelerometers: an Engineering Point of View – 
Gyroscopy and Navigation, 9, 2018. 

[13] Liang, Q., Litvinenko, Y.A. & Stepanov, O.A. Method of Processing 

the Measurements from Two Units of Micromechanical Gyroscopes 
for Solving the Orientation Problem – Gyroscopy and 

Navigation, 9, 2018 – pp. 233–242. 

[14] Bakhtieva L., Bogolyubov V. Numerical study of the three-degreed 
parametrically excited gyroscopic system – IOP Conference Series: 

Materials Science and Engineering, "11th International Conference on 

"Mesh Methods for Boundary – Value Problems and Applications", 
2016 – p. 012014. 

[15] Bakhtieva L., Bogolyubov V. Modulation of Damping in the Rotor 

VibratoryGyroscopes – Russ. Aeronaut., 2018 – 61: 599.  

[16] Fedotov E.G. A gyrocompass based on a micromechanical gyroscope 

- Abstracts at the VIII Congress of Young Scientists - St. Petersburg, 

ITMO University, 2019. 

[17] Bakhtieva L., Bogolyubov V. Parametrically excited 

mcroelectromechanical system in the problems of orentation of 
moving objects – Journal of Physics: Conference Series, 2019 – Vol. 

1159, Issue 2. 

[18] Bogolyubov V., Bakhtieva L. Parametrically excited 
microelectromechanical system in navigation problems – Proceedings 

of IEEE East-West De-sign & Test Symposium (EWDTS'2018), 

Kazan, 2018 – pp. 897-900. 

[19] Golovan A.A., Makhorov G.N. and Belugin V.B. Gyroscope with 

parametric amplification of a useful signal on subharmonics of 

auxiliary movements of a sensitive element – Questions of applied 
mechanics, №1 (№2), Moscow, 1968 – pp. 34-38. 

[20] Bakhtieva L.U., Tazyukov F.Kh. “On the stability of shells under 

impulse”, Uchenye zapiski Kazanskogo Universiteta. Series of 
Physics and Mathematics, v. 156, No. 1, Kazan, 2014, pp. 5-11. 

[21] Solnitsev R.I. Computing machines in ship gyroscopes – 

Shipbuilding, L. – 1977. 

 


