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RESONANCE PROPERTIES OF A PIEZOELECTRIC GYROSCOPIC SENSOR BASED
ON BULK ACOUSTIC SHEAR WAVES

The article develops a mathematical model of a piezoelectric gyroscopic sensor based on bulk acoustic shear waves
propagating through the thickness of a layer with piezoelectric anisotropy perpendicular to the electrical load. The layer rotates
around an axis perpendicular to its lateral faces, and the excited shear waves have the properties of Coriolis dispersion. The
obtained conjugate equations of motion are one-dimensional through the layer thickness only in the case of the absence of
mechanical forces at the boundaries and homogeneous conditions of the electrical load.

An analytical solution to the problem is constructed, and exact formulas for the distributions of stresses and displacements
through the layer thickness in traveling shear waves with elliptical polarization of coupled components in the median plane are
obtained. In accordance with the exact solution for the thickness component of the electric displacement field, an expression for
the conduction current function in the external circuit was obtained, and the amplitude-frequency characteristic of the gyroscopic
sensor was constructed on the primary (excited) and secondary (sensor) modes. It was determined that on the first main resonance
of the layer, the efficiency of the excited mode is about 24 percent, and the efficiency of the sensor mode is about 1.8 percent at a
value of the normalized angular velocity of the order of 0.01.
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Introduction

In inertial navigation systems that are subjected to significant shock and vibration effects during operation, it is proposed
to use solid-state gyroscopic sensors based on bulk acoustic waves (BAWs), built on the effects of Coriolis dispersion of
elastic waves (Shoenberg, & Censor, 1973; Ulitko, 1995). One such effect is a change in the direction of the shear wave
polarization vector over a finite length of the waveguide, which is proportional to the magnitude of the measured angular
velocity (Sarapuloff, & Ulitko, 2001; Gribkova, Peregudov, & Shevelko, 2011; Sarapuloff, 2013; Liu et al., 2024). In the works
mentioned above, additional piezoquartz emitters and receivers or complex spatial systems of sectioned electrodes for
electrostatic excitation are used to excite and detect waves in fused quartz and silicon carbide elements.

Another way to create BAWSs sensors is to use piezoelectric materials in their sensing elements and, accordingly, the
phenomenon of the piezoelectric effect for excitation and detection of waves (Yang, Dejous, & Hallil, 2023). In this case,
gyroscopes based on BAWs do not require any additional means for generating and receiving a signal, except the electrode
coatings of the piezocrystal, which simplifies and significantly reduces the cost of mass production of such sensors. If we
follow the methods of developing other types of piezoresonant sensors, the main factor that requires analysis is the function
of the conductivity current or electrical impedance and its dependence on the resonant frequencies of the primary (exciting)
and secondary (sensing) modes of the gyroscope, i.e., the amplitude-frequency characteristic (AFC). The relevant questions
are: how far are the primary and secondary resonant frequencies of a certain resonance spaced from each other, and also
how efficient energetically is the excitation of the secondary frequency compared to the primary?

The aim of the research was to establish the conduction current function and the energy electromechanical coupling
coefficient (EMCC) (Ulitko, 1977) as consequences of the complete analytical solutions of the conjugate electroelasticity
problem in the mathematical model of a layer with piezoelectric anisotropy perpendicular to the loading electric field.

1. Problem formulation for a piezoelectric layer under homogeneous electrical excitation

Let us suggest that the flat side faces of the layer z=1h (see Fig. 1) are not mechanically loaded
Gz‘z:ih:()’ szlz:ih =0, rlez:ih =0, (1)
and let the uniform loading electric field be applied to the electrodes that completely cover these faces

o .
o :iIexp(zo)t), E,=0, E,=0 )
with the frequency ® and the electric potential difference 2J{. The piezoelectric material is assumed to be transversely

isotropic and has an anisotropy axis, denoted by the dipole symbol in Fig. 1. The coordinate system Oxyz is a relative

reference system; the axis of rotation Oz does not change its position in space.
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Fig. 1. To the formulation of the problem of harmonic oscillations of a uniformly rotating layer

Based on the analysis of the piezoelectric effect equations for this type of material anisotropy (Berlincourt, Curran, & Jaffe,
1964) under mechanical (1) and electrical (2) boundary conditions, it follows that the electroelastic state of the layer is
determined by the shear stresses Tz Tyzs and displacements that are independent of the coordinates of the midplane x , V
and given by

u(z,0) = iuy (2,0) + juy (2,0) - (3)

The component of displacement u,(z,¢) and normal stresses G, which are not affected by the inertia forces of the
rotating motion, and the corresponding equations describing the thickness fluctuations of the layer, will be excluded from
further consideration.

The equations for shear waves are derived from the linear equations of the piezoelectric effect, the equations of Newton's
dynamics and Maxwell's electrostatics, and the linear kinematic formulas of Cauchy (Grinchenko, Ulitko, & Shulga, 1989).
Taking into account the components of relative, translational, and Coriolis accelerations in the right-hand parts, we write them

in projections on the axis Ox, Oy
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Equations (4) form a conjugate system of electroelasticity equations for a piezoelectric layer that rotates uniformly with an
angular velocity Q. The first and second equations are conjugate for components —2Qti,, and 2Qqu, of Coriolis
acceleration, as well as the first and third equations are conjugate for electric potential Y . The derivative 92y /922 can be

expressed from the third equation in terms of 924, /922 and substituted into the first equation. Consequently, we obtain the

following:
0%u, I . .
=—— (i —Qdu, —2Qqu,,)

2
o%u,y _ 1
2 2
oz 3y

(iiy — Qfu, + 2Ot ) (5)

1/2
where ¢y | = [cf4 (1+ 6125 /(8191054 ))/p] is the propagation velocity of a coupled electroelastic shear wave in the direction

of anisotropy (Ox), 2 Z[(CIEI—CFZ)QP] is the propagation velocity of an incoherent shear wave in the isotropy plane

(Oy). In written formulas, cfj,ch,cf, are the elastic moduli, ejs is the piezoelectric constant, &7 is the dielectric
permittivity, p is the density of the piezoelectric material. Let us write down the formulas for shear stresses and the thickness
component of the electrical displacement in the form:

g Ouy ov - Ouy

oY ou
= +ejs—, =12 ., D,=-85 —+ X (6)
oz = Ca Oz és < 2 Oz ‘ 15, éls oz

2. Solution of the electroelasticity boundary value problem, AFC, energy efficiency of the secondary mode
Solutions for the displacements of Coriolis-dispersive plane waves in a layer are characterized by the fact that each
component u, and u, is a complex superposition of electroelastically coupled and incoherent shear waves with wave

numbers k&, k, depending on the normalized angular velocity € =Qy/ o),

e1s Vo 1 5 2 5, | coskiz 2 2 2y | coskyz
Uy (z,t) =—2>—- kt ———(+¢&%) |————| ks ———(1+¢&%) |———=—}cos(wt) , 7
+(20) cE b k2 k3 [1 cgz( ) kysinkih |2 cgz( ) kg sinkyh (o) 7)
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Expressions for ki, k, are given in (Ulitko, 1995). The trajectories of particle motion in a wave are ellipses, and the
direction of the displacement vector u is formed by these components. When the wave propagates through the thickness of
the layer —h <z <h, it is rotated by a certain angle, linearly dependent on the value of the angular velocity € =Qq/®
(polarization effect).

The solutions for stresses 1., 1), are written similarly using formulas (6).

For resonant oscillations with frequency ®, the magnitude of the conduction current in the external (observational)
electrical circuit is determined by the following formula (Grinchenko, Ulitko, & Shulga, 1989)

I exp(iot) = —% ” D, (z)exp(iot)dV , ®)
S;—h<z<h
where integration is performed over an arbitrary area S of the surface electrode on the front face of the layer z = +/ , through
which the electrical load is applied and detected, and by the thickness of the layer —4 <z </ . In the case of solid layer
electrodes, a unit area value can be set for S. Determining 152 by formulas (6), (7), after integration over the layer thickness
—-h<z<h,wefind

2 Y 1-4 A 144 Co{ksz
A e —
1) =262, CoVpx 1 1+[ ISSJ (e) cosh , 1+A4(e) ! , 9)
CI4ET] 2 AsinA 2 Xk—z i kk—z
ki ky

where Cj = Slsl% is the electrostatic capacitance of the layer, kjh =\, koh =\ky / k| are the wavenumbers, and A(¢) is

some monotonic decreasing function. The AFC graph (8) is shown in Fig. 2.
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Fig. 2. Calculated amplitude-frequency characteristic of a gyroscopic sensor on the shear of BAWs

Discussion and conclusions

The calculated AFC (see Fig. 2) in the primary (red curve) and sensor (blue curve) modes demonstrates parameters of
the gyroscopic sensor output signal that are satisfactory for practice. For a normalized angular velocity value of 0.01 at the
first main resonance, the frequency of the sensor mode is 0.78 of the excited frequency, and the efficiency of the energy
conversion according to the energy criterion (green curve) (Ulitko, 1977), is about 24% for the primary mode and about 1.5 %

for the sensor mode compared to the static shear electromechanical coupling factor k125 .

Authors' contribution: Igor Ulitko — basic research concept, problem statement, solutions for coupled displacements; Oleksandr
Boryseiko — analysis of sources, preparation of literature review, energy analysis; Iryna Lebedyeva — AFC analysis; Oleksandr Kurylko —
resonance and antiresonance frequency calculations, energy conversion.
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'KniBcbkuit HauioHanbHWIA yHiIBepcuTeT iMeHi Tapaca LLleByeHka, Kuis, YkpaiHa

PE3OHAHCHI BJIACTUBOCTI ME€30ENEKTPUYHOI O NPOCKOMNIYHOIo CEHCOPA
HA OB'€MHUX XBUNAX 3CYBY

Po3pobneHo MamemamuyHy Modesib n'€e30e/1eKMPUYHO20 2iPOCKOMIYHO20 CeHcopa Ha 06'€MHUX aKyCmMUYHUX Xeusisix 3cyey, WO mowupio-
HOMbCs 3@ MOBWUHOIO Wapy i3 n'e3oesieKmMpuY4yHoOI0 aHisomponieto, neprneHOUKynsipHoto 0o HagaHMaxKyeasnbHO20 esleKmpu4Ho20 nossi. Lllap o6ep-
maembcsi HagKos10 nepneHOuKynsipHoi Ao lio2o 6iYHUX epaHell oci, a 36y0dxyeaHi 3cysHi xeuni maromb enacmueocmi Kopionicoeoi ducnepcii.
OmpumaHi cnpsixeHi pieHsIHHS pyXy € 0OHO8UMIPHUMU 3a MOBWUHO0 Wapy jiuwe y pa3si eidcymHocmi MexaHi4YHUX cusl Ha 2paHuUysiXx ma oOHOpPiGHuUX
YMO8 esleKmpu4yHO20 Ha8aHMaXKeHHSs1.

IMo6ydoeaHo aHanimu4Huli po3e'si3ok 3adayi, ompumMaHoO MoyYHi ¢popmynu po3nodisnie HanpyxeHb i NepeMiljeHb 3a MOBWUHOO Wapy 8 6ixXy4ux
3CYB8HUX XeuJIsiX, W0 Maromb eflinmuy4Hy nossipulayiro 3e'a3aHUX KOMMOHeHMi8 y cepeduHHil niowuHi. BidnogioHo do moyHoz20 po3e'si3Ky Ons
moeuwUHHOI KOMIMOHeHMU MoJisl 3MiuweHuUx 3apsidie ompumaHo eupas 0ss1 pyHKuii cmpymy npoeiOHOCMi 8 308HIWHBLOMY Kosli ma nobydoeaHo amn-
nimydHo-4acmomHy xapakmepucmuKy 2ipOCKoni4Ho20 ceHcopa Ha nepe8UHHili (36ydxyeaHill) ma eMOPUHHILl (CeHCOpPHili) MoOax. BusHa4yeHo, wjo Ha
nepwomy oCHOB8HOMY pe30oHaHCi wapy eghekmueHicmb 36y0xyeaHoi MoOu cmaHosumsb 611u3bko 24 %, a egpekmueHicmb CeHCOPHOi MOOU — 6/TU3bKO
1,8 % 3a 3HaYeHHs1 HOpMo8aHoOi Kymoeoi weudkocmi nopsioky 0,01.

Knio4yoBi cnoBa: xeuni3cysy, n'‘ezoenekmpuyHuli e¢pekm, pesoHaHc, cunu Kopionica, xeunbosi 2ipockonu.
ABTOpM 3aABNSIOTb NPO BiACYTHICTb KOHAMIKTY iHTepeciB. CnoHcopy He 6panu yyacTi B po3po6neHHi AocnimpKkeHHs; y 36opi, aHanisi un
iHTepnpeTaLii AaHKX; y HanucaHHi pykonucy; abo B pilleHHi Npo ny6nikauito pe3ynbTaTis.
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