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FORCED VIBRATIONS OF PIEZOCERAMIC CYLINDRICAL SHELLS

Summary. This paper is devoted to the analysis of the forced vibrations problem for piezoceramic
cylindrical shells in the form of short and high rings with radial polarization. Simultaneously a new simple
technique for an experimental-computational determination of energy losses components as well as coupling
factors is presented. An iterative determination process is illustrated by admittance calculations in resonance—
anti-resonance frequency bands for strong modes.

1t is shown that the admittance, impedance, phase shifis are independent on exciting electric conditions.
Sample power, sample voltage and sample current are very sensitive to loading circumstances.

When vibrations of the piezoelectric sample are excited by the constant voltage, the instantaneous
power in sample increases at resonance frequency in many times in respect to far-resonant frequencies case.
And when vibrations of the piezoelectric sample are excited by the constant current, the instantaneous power in
sample decreases at resonance frequency in that ratio. The instantaneous power reaches maximum value at
resonances for the constant sample voltage and at anti-resonances for the constant sample current. This fact
explains why the constant voltage regime is surrounded by significant nonlinearity but in the constant currant
regime such phenomenon is absent.

The stress state of rings was investigated too. Verification of vibration modes was made using the
method of piezotransformer transducer. This method enables to determine the distribution of internal stresses for
piezoceramic elements from measurements of the surface distribution of charges. For this purpose a number of
small electrode-transducers have been divided in an exterior electrode coating of the cylindrical surface. Its
potentials and charges are proportional to the sum of principal stresses. It was established that the greater the
ratio of height to the middle diameter of the ring, the higher the level of edge mode and the more the distribution
of main stresses is different from the cosine function. In a very short rings edge mode is not registered.
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BUMYUIEHI KOJIMBAHHA II’€30KEPAMIYHUX HAJITHAPUYHUX
OBOJIOHOK

Pestome. Cmammio npucesiueHo ananizy npooremu SUMYWEHUX KONUBAHb N '€30KepaMiuHUX
YUNIHOpUUHUX O0OONOHOK y 8UNA0I KOPOMKUX | GUCOKUX Kileyvb 3 padianbHol noispusayicio. Ilapanensno
HageodeHo npocmy imepayiiuHy eKcnepumeHmanbHo-004UUCTIOBATIbHY MEMOOUKY GU3HAYEHHSA KOMNOHEHMIE mpam
eHepeii ma xoeghiyicnmie 36 ’s3Ky, AKY MIOCMPOGAHO PO3PAXYHKAMU AOMIMAHCY KOPOMKUX | GUCOKUX Kineyb.
Ilokazaro, wo aomimanc, iMneoauc i (asosi Kymu He 3anexcamv 6i0 YMO8 eNeKMPUYHO2O HABAHMANCEHHS,
npome MUmmesa nOMyscHicme oyice yymausa 0o pexcumy. Leit hakxm noscuioe, womy pedxcum 3aoanoi cmanoi
Hanpyau CYynpoBOONCYEMbCA 3HAYHOIO HeNIHIUHICMIO, a 6 pexcumMi 3a0aH020 CMaio20 CmMpyMy maxKoi
HeNiHIlHOCMi HeMaE.



Takooic docniosceno nanpyoicenuil cman Kineys. Bcmanoeneno, wjo yum 6invute 8ionoutenns ucomu 00
cepeonboeo Odiamempa Kinvys, MuM GUWUL piGeHb Kpatogoi MoOu 1 mum CulbHiule po3Nooin 20108HUX
HAnpysj#tceHs GiOPI3HAECMbCA 8I0 KOCUHYCoiOu. B oyaice kopomkux Kibyax Kpaiuoea Mooa He peecmpyemucs.

Kniouoei cnosa: n’ezoenexkmpuyni pezonamopu, empamu enepeii, koeqhiyicumu 36 3Ky, YuliHOpUuyHi
000/10HK .

Introduction. Piezoceramic constructional elements are very suitable for purpose of
miniaturization. Ultrasonic motors, actuators and transformers are widely integrated in
portable electronic devices, such as mobile phone or digital photo. New highly effective
piezoceramics are used in multilayer piezotransformers and ultrasonic sonar systems
too [1-3].

When the uniform mechanical stress is applied in a non-center symmetric crystal or
polarized piezoceramic sample there is a movement of positive and negative ions, creating an
electric charge at the surface. This is a direct piezoelectric effect — a conversion of mechanical
energy into electrical energy. When electric field is applied to the sample an elastic strain is
produced. This is a converse piezoelectric effect — a conversion of an electric energy into
mechanical energy. When an alternating electric field is applied mechanical vibrations are
induced, which at appropriate frequency cause mechanical resonance with great strains and
stresses. This phenomenon is called a piezoelectric resonance [4—7].

Vibrations of the piezoceramic elements are characterized by a large electromechanical
coupling of elastic displacements and stresses [4,5,8]. The internal physical processes nature
in such bodies drives to the fact that displacements, strains, stresses, powers, admittance and
impedance have both real and imaginary parts [9,10]. To calculate any amplitude it is
necessary to account energy losses.

Losses in piezoelectrics are considered now to have three components: dielectric,
elastic, and piezoelectric [4,5, 9-12]. The elastic (mechanical) losses are explained as internal
imperfections, such as internal friction, domain wall motion and lattice defects. The dielectric
losses are produced by such imperfections, as conductivity as well as lattice defects too. And
at last the piezoelectric losses are coupled with imperfections of energy conversion
process [1,10,11]. It is known the analytical solutions of electroelastic vibrations for bodies of
simple geometric form such as bars, rods, disks, circular or cylindrical rings etc [4—6, 10—12].
Usually energy losses components in most cases are relatively small in respect to real parts
and may be representing in analytical solutions as imaginary parts of complex
parameters [4—6].

The analysis of the efficiency of excitation at resonance/anti-resonance frequencies were
made by many authors who took into account the mechanical, dielectric and piezoelectric
energy losses . It was established that piezoelectric loss tangent causes changes not only in the
total energy losses, but also influences the distribution of the thermal losses in the volume.

Heat generation occurs in the sample uniformly under an off-resonance mainly due to
the intensive dielectric loss, while heat is generated primarily at the vibration nodal points via
the intensive elastic loss under a resonance and originated from the extensive dielectric loss
change with electric field and mechanical stress [1-5, 9—12].

The power behavior of piezotransducers is very sensitive to loading conditions and
differs for the constant voltage and the constant current. When piezoelectric sample is excited
by the constant voltage the instantaneous power in the sample increases at resonance
frequency in many times in respect to off-resonant case. And when sample is excited by the
constant current the instantaneous power in sample decreases at resonance frequency in that
ratio. Thus, the reason of nonlinearity at constant voltage and its absence at constant current,
which authors of [2] observed, is high or low level of an instantaneous power.

This paper deals with the analysis of the forced vibrations problem for piezoceramic
cylindrical shells in the form of short and high rings. In parallel a new simple technique of an
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experimental-computational determination of energy losses components as well as coupling
factors is presented [10]. An iterative determination process is illustrated by admittance
calculations in resonance—anti-resonance frequency regions for strong mode of high ring. It is
shown that admittance, impedance and phase angles are independent from electric loading
conditions but the instantaneous power is very sensitive to regime. This fact explains why the
constant voltage regime is surrounded by great nonlinearity but in the constant currant regime
such phenomena is absent.

Experimental technique. The material properties of the polarized piezoceramics
elements are transversely isotropic. Such bodies are characterized by various elastic, dielectric
and  piezoelectric  parameters  which are described by complex  values
(b=b, - jb, = b, (1 - Jjb, )) to accurately reproduce the energy losses

(b,/b, =b, =tan¢ ) [5,6]. The real parts of the complex parameters are determined on the

basis of analytical solutions of simple 1-dimentional problem for the free or forced
electroelastic vibrations. The imaginary parts are determined usually on maximum/minimum
admittances.

The full set of complex modules for TsTStBS-2 ceramics and their temperature
dependencies is reported in monograph [4]. K. Uchino and co-authors [3] investigated new
ceramics with extremely low losses in wide loading condition interval and observed sharp
quality decreasing when the vibration velocity reaches certain level. S. O. Ural et al [2]
established that high power behavior of the piezoceramic resonators strongly depends upon
loading conditions and is differ for constant current or constant voltage. At present time
mechanical (elastic) loss tangent is determined on resonant frequency, dielectric loss tangent
is measured at low frequency (1000 Hz) together with shunting capacity measuring and
piezoelectric loss tangent is determined at anti-resonant frequency. In all cases knowledge of
maximum/minimum admittances are desired with great accuracy.

The resonance and anti-resonance frequencies are determined in analysis as those
frequencies, where phase shifts between the sample’s voltage and its current are zero [6,9,10].
It is not lightly to reach such effect in practice, and resonance frequency f. is identified with

the frequency of maximum admittance f,, , while the anti-resonant frequency f, is identified
with the frequency of minimum admittance f, .

Usually to measure resonance/anti-resonance frequencies and determine of
maximum/minimum admittances so called Mason’s four-pole is used (fig.1a) [5,6,8]. Input
voltage divider R, R, matches generator’s output with measuring circuit and decreases

ultrasonic generator’s signal in (R, + R,)/R, times. In parallel to the output resistor R, is
included the piezoelement PE1 and loading resistors R, or R,. The voltmeter /1 measures
voltage drop U, across the piezoelement PE1 and the voltmeter /2 measures voltage drop
U, across loading resistors, which are commutated by switcher S,. Voltage U, is
proportional to electrical current [/, in resistor and sample. The ratio of the current 7,

through the piezoelectric element to the voltage drop U, is determined as the admittance

V== @)
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a) b)

Figure 1. Mason-type scheme: a) classic scheme; b) improved scheme [10,11]

Pucynok 1. Cxemu Ty Me3oHa: a) kjlacudHa cxema; b) ynockonasnena cxema [10,11]

In practice formula (1) not may be used in fig.1la schema, because do not exist such
voltmeter, which may be taken for }'1 position. For this reason in the schema the voltage U,

is determined as difference between the input voltage U, and the voltage U, . Instead of
exact formula (1) the approximate expression is used

UR

Yy =—-F-5-—. 2
M S RU, -0y @

When the loading resistor and the sample change one another, the next approximate
formula may be derived and used

_ (Um _Upe)
pe2 RU .

pe

3)

As may be shown all three formulae give identical results on resonance and anti-
resonance but results differ strongly a far of these frequencies.

In contrast, the network, which is shown in fig.15, permits to measure with a great
accuracy all voltages U, U, and U, in a wide range around resonance and anti-resonance

by single voltmeter /' and commutation of loading resistor or studying sample [10,11,13,14].
Voltmeter’s input (point “C”) may be jointed with the voltage divider output (point «4») or
common connection of resistor and sample (point «B»). In top switcher position, as shown on
fig.1b, this network is analogical to schema on fig.1a and voltmeter measures U, voltage.
When switcher S, is in lower position, voltmeter measures U ,, voltage. This schema realizes
three various loading conditions: 1) the constant sample current, 2) the constant sample
voltage, 3) the constant input voltage. Based on the experimental data the amplitude-
frequency characteristics (AFCh) for different physical parameters of a resonator are plotted
on figures below.

The three measured voltages U,, U, and U, create a peculiar characteristic

triangle [10—12] and angles between its sides may be calculated with using the cosine theorem
(cosine law) as
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Figure 2. Amplitude-frequency characteristics of: a)voltages, b) admittance, c) angles and
d) power’s components

PucyHok 2. AMIUTITY THO-4aCTOTHI XapaKTepUCTHKH: a) HANPYT, b) anMiTeHCy, ¢) KyTiB Ta
d) KOMMOHEHTIB MOTYXHOCTI

The short ring with dimensions 27.85x23.08 x9.92 mm made of TBC-3 ceramics had
capacity C, = 6nF and the dielectric losses tangent fand = 0.0041. fig.2 demonstrates AFCh

for voltages U,,, U, and U, (in millivolts), the admittance (in millisiemens), angles (in

radians) and power’s components (in microwatts) respectively at loading resistor 11.2 Ohm.
Graphs are obtained for «as is» regime when input voltage U,, = 285mV was chosen on low
frequency.

On the graph of fig.2a the voltages U ,, U

pe> “in>
curve and solid line respectively. Next graph (fig.2b) shows the admittance calculated with
formulae (1) (solid line), (2) (dotted line) and (3) (dashed line). We can see that at resonance
exact expression (1) and approximate expressions (2), (3) gave the same results. The second
row of graphs presents triangle angles (fig.2c) and power’s components (fig.2d). The angle «
(dotted line) is created by U, and U, sides. It characterizes a phase shift between the

piezoelement current and voltage. The angle S (dashed curve) is created by sides U,, and U,

It is according to phase shift between the output generator voltage and the consuming current.
At last, the angle y (solid line) is created by sides U,, and U ,,

the output voltage of generator and the sample voltage. Phase shifts between the piezoelement

U, are shown as dashed curve, dotted

i.e., it is the angle between
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current and voltage rather than between the output generator voltage and the sample voltage at
resonance are zero. The phase shift between output generator voltage and the consuming
current at resonance reaches .

The last graph demonstrates instantaneous p, (dashed curve) and reactive p, (solid
curve) powers

p,=U,U,; /R, p,=p,sina . (%)

The results of measurements are the maximum admittanceY, = 65 mS at the frequency

m

f, =40.723 kHz and the minimum admittanceY, =0.037mS, at the frequency
f, =42.429kHz.

The experimental data may be transformed for small signal approximation from the
regime “as is” into regimes of constant input voltage, constant sample current, constant
sample voltage or the constant sample power with using next formulae

Um = UmOO s Upe = UmOOU /U U UmOOURO /UtnO >

pel in0 >

UR = UROO U, = UROOUinO /UR0> U, = UROOU

in pe pel

IUpgys

U,=U, U, =U, U, /U

pe pe00 > pe00~" in0 pe0 >

Up = UpeOOURO Y

pe0 >

Do = pOO > r= [pO /(UROUpeO )]1/2 ° U e Upcot U URot U UmOt (6)

: 13 b
Here values U, , U, U, correspond to the regime “as is” and U 40> Uggy> U upps

Do are selected arbitrary values that are set well below resonance.

Iterative technique to determine coupling factor and loss components. A procedure
of coupling factor and loss components determination may be simplified and accuracy may be
increased by calculation of the admittance AFCh in frequency range near resonance and anti-
resonance. The technique is described below on example of high piesoceramic cylindrical ring
vibrations but it may be provided with similar success for somewhat geometry form elements
with famous resonant/anti-resonant determinants.

It was shown [10-12] that piezoelectric resonator admittance is the imaginary
conductivity of inter-electrode capacity C, multiplied on the ratio of the anti-resonance

determinant A (x) to the resonance determinant A(x)

2,00
Y = joC, ) (7)

where j is the imaginary unit, ® is the angular frequency, and x is the running

dimensionless frequency, which depend upon geometric sample’s form.
The next formulae were derived for the short cylindrical ring and the high cylindrical
shell with radial polarization accordingly [12]
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) ko’ ) A, (x)
Ys’k =]a)C0|:1_k321 +%i|=]a)co A(X) s

A(x) =] =", A, (x) = (1= k)AMX) + k3,0, ; (8)

b

1+v)k’ow?
Y, =J-a)c{l_k;+u}: C, A,(x)

20 — ) A(x) 0

Ax) = @’ —0* A, (x) = (1= k)AE) + (1 + VK0l /2.

Here j is the imaginary unit, @ and @, are the angular frequency and the resonant
angular frequency, k;, and k, are the transverse coupling coefficient and the planar coupling

coefficient, and v is Poisson’s ratio. The remaining notations coincide with notations
in [5, 10-12].

The piezoelectric parameters s,,, &;;, and d,, which will be used below we present in the
complex form

S = Sno(l - jsllm)’ &y = 5330(1 - jg33771)’ dy = d310(1 - jd31)71)’

where s,,,, &, and d;,, are the mechanical, dielectric and piezoelectric loss tangent
respectively [6,10].

In a «short» cylindrical ring case the dimensionless frequency is x = w/®, and the real
part k;,, of the transverse coupling coefficient k,, is determined from the relation

2 2
o, -,
ks ===+ (10)
a)(l

which is known as Mason’s formula [1,4,6]. Here @, and @, are the resonant angular

frequency and the anti-resonant angular frequency.
The maximum admittance ¥,, and the maximum mechanical quality O, are

m

o C.k? Y
Ym=M’Qm=—m2. (11)
Stim @, Coks1o

In a «high» cylindrical ring case the dimensionless frequency is also x = /@, and the
planar coupling coefficient k, is determined from the relation

2(1—kj,)_ 12
(1+v)k, — fI-f2

(12)

For ease of the admittance calculation we present @ C, in such form
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oC, = 270Co¥ _ ax [a = —2%C°j , (13)

X, X,

where £, is the resonant frequency, x, and x are the dimensionless resonant frequency and
the running dimensionless frequency respectively.
The iterative experimental-computational procedure of the coupling factor and loss
components determination is to compare computer-calculated data with experimental results.
The voltages U, , U, and U, are measured in a wide frequency range around
resonance and anti-resonance for the strong mode of high ring and the admittance is

determined with formula (1). The amplitude-frequency dependence of admittance is plotted
and the frequency of maximum admittance f, and the frequency of minimum admittance f,

m

are determined.
After that the admittance AFCh in resonance vicinity is calculated with formula (9) and
plotted. Wherein the static capacity C, and the dielectric loss tangent &,;, are measured with

alternative current bridge and the value for Poisson’s ratio v was taken from experimental
data for applicable solid discs [5,6]. In the first iteration step values k; and s,,, are chosen at
random from a predetermined range of existence, and it is assumed that the piezoelectric loss
tangent d,,, =~ &;,, . These parameters are used for further numerical calculations.

According to the graph, the dimensionless frequency of maximum admittance x, and
the dimensionless frequency of minimum admittance x, are determined. The ratio of x, to x,
is compared with measured f,/f, and kf, is corrected. The admittance AFCh in resonance

vicinity is calculated with formula (9) and plotted again. If x,/x, is close to f,/f, we will
be adjust s, to the maximum value of the measured admittance coincided with the
corresponding calculated value. When the calculated value for Y, approaches the measured
value we may go to the anti-resonant region and refine the value of piezoelectric loss tangent
d,,,, - We select the value for d,,, at which the calculated minimum value of the admittance

is close to the measured minimum value of the admittance. Authors’ experience shows that
acceptable results are obtaining with three or four iterative steps.

Fig.3 shows an example. Here the admittance modulus is plotted as dashed line, the real
part of the admittance is plotted as solid line and the imaginary part of the admittance is
plotted as dotted line. The right graphics refine the interval near the minimum admittance.

first iteration step (fig.3a) was performed with next data (cylindrical shell with

dimensions 18.5x15.7 x22mm made of TsTS-19 ceramics): C, =14480pF, &;;, =0.0104,
a=7.02mS, v=035, k,=02, s,,=0009, dy,=0.012. Measured data were:
Y, =170mS, Y,=0.14mS, f, =77.789kHz, f, =90.039kHz, f,/f, =1.1574. The
calculated results x,, =1.0, ¥, =106 mS, x, =1.081, ¥, =0.4mS, x,/x, =1.081 are not in

m

agreement with the experimental data. It is necessary to increase kf, value.
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Figure 3. Example of admittance changing versus dimensionless frequency during iterative procedure for
cylindrical shell of 18.5 x 15.7 x 22 mm size

Pucynok 3. [Ipuknan 3MiHT anqMiTeHCY BiTHOCHO 0€3p03MipHOT YaCTOTH ITiJ] Yac iTepamiifHOi IpOIeaypH AJIs
LMITIHAPUYHOT 000JIOHKH po3MipoM 18,5 x 15,7 x 22 MM

The For the case kf, =0.3 (second step, fig.3b) the results x, =1.0, ¥, =106 mS,
x,=1.1357, Y, =0.26mS; x,/x, =1.1357 are in low agreement with the experiment data.

For case of kf) =0.33 (third step fig.3c) the results x, =1.0, ¥, =170mS, x, =1.154,
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Y, =0.21mS, x,/x, =1.154 are in agreement with the experimental data. Decreasing of
piezoelectric loss tangent to a level d,,,, =0.0067 (forth step, fig.3d) can decrease the
admittance minimum to value ¥, =0.153 mS.

The iterative results x, =1.0, ¥, =170mS, kf, =0.33, s, =0.0095, &,,, =0.0104,
dy,, =0.0067, x, =1.154, ¥, =0.153mS; x,/x, =1.154 are in very good agreement with
experimental data: Y, =170mS, Y =0.14mS, f =77.789kHz, f, =90.039kHz,

m

£,/ f,, =1.1574 . The deviation for ¥, is 0%, for ¥, is 9.3% and for f,/f, is 0.26%.

m

Thus, for mentioned higher cylindrical shell the next refined data were obtained:
k; =033, dy,, =0.0067, s,,, =0.0095.

Influence of loading regime on admittance and power in frequency range. Fig.4
demonstrates the admittance’s AFCh (left column) and impedance’s AFCh (right column) of
high ring for regimes «as is» (fig.4a) and after transformation data into regimes of the
constant sample current (fig.4b), the constant sample voltage (fig.4c) or the constant sample
power (fig.4d) with using formulae (6).

The graphs are plotted for frequency range 50-100 kHz. All four rows on fig.4 are
identical, i.e. the admittance and the impedance are independent from loading regime under
conditions of small signals.

Fig.5 demonstrates the amplitude-frequency characteristics of instantaneous sample
power of high ring for regimes «as is» (fig.5a), the constant sample current (fig.5b), the
constant sample voltage (fig.5¢) and the constant input voltage (fig.5d). All graphs are very
sensitive to loading conditions. In regimes «as is» (fig.5a) and the constant input voltage
(fig.5d) the amplitude-frequency characteristics are similar and differ with levels only. The
constant sample current (fig.5h) and the constant sample voltage (fig.5¢) regimes are
characterized with various location of instantaneous power maxima/minima. The power
maxima for the case of constant sample current are observed at anti-resonance frequencies
and coincide with the power minima for the case of constant sample voltage and vice versa.

The power maxima for constant sample voltage case are observed at resonance
frequencies. Such power’s behaviour for the constant sample current and the constant sample
voltage conditions explains experimental results of Ref[2], where strong admittance’s
nonlinearity was established.

In the same way it was plotted the angle, current and voltage amplitude-frequency
characteristics. The amplitude-frequency characteristics of angles are identical for different
loading regimes. Their view is shown on fig.6, where we have used the same notation as in
fig.2c. The angle « (dotted line) is created by U, and U, sides. The angle S (dashed curve)

is created by sides U,, and U, At last, the angle y (solid line) is created by sides U,, and

1

U, . Although values U

in?2

U, and U, are different for different loading regimes their ratios

after linear transformation are saved. This is the reason of independence of the admittance,
impedance or angles upon loading conditions.
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Figure 4. Amplitude-frequency characteristics of the admittance (left) and the impedance (right) of high ring for
regimes: a) «as is», b) the constant sample current, c) the constant sample voltage, d) the constant input voltage

PucyHok 4. AMIUTITY JTHO-4aCTOTHI XapaKTepUCTUKK aAMiTeHCY (3J1iBa) Ta iMrnenaHcy (crpaBa) Ui BUCOKOTO
KiJIbLIS BiIMOBIHO JJISl PEXKKMMIB: @) «sIK €», b) mocTiiiHOro cTpymy 3pa3ska, ¢) MOCTilHOT HanpyTH 3pa3Ka,
d)mocTiiiHOT BXiTHOT HaNmpyru
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Figure 5. Amplitude-frequency characteristics of the instantaneous sample power of high ring for regimes:
a) «as is», b) the constant sample current, c) the constant sample voltage and d) the constant input voltage
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Figure 6. Amplitude-frequency characteristics of the angles in the frequency 50100 kHz range

PucyHok 6. AMIUTITY JTHO-4aCTOTHI XapaKTepUCTUKH ISl KyTiB y 4acTOTHOMY miama3oHi 50—100 k['n

The stress state of cylindrical shells and vibration modes. Verification of the
vibration modes was made with using the method of piezotransformer transducer
(sensor) [5,12]. This method enables to determine the distribution of internal stresses for
piezoceramic elements from measurements of the surface distribution of charges. For this
purpose a number of small electrode-transducers have been divided in an exterior electrode
coating of the cylindrical surface. Its potentials and charges are proportional to the sum of
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principal stresses [5,6]. The cylindrical rings with radial polarization have longitudinal and
azimuth stresses.

Ki Ki Ki

. pERN * NN Aﬂ\&

3
/ \ , 4 6
4 1
./ B e \\ 2 \ 3 \

2 Q S T2 2 2

SR ‘ 0 ——— 0 S~y

10 20 h, mm 7.4 148 h, mm 10 20 h,mm

a) b) 9]

Figure 7. Distribution of the transfer ratio K, =V, / V, versus ring’s height /2 for the first modes of:
a) short, b) middle and c) high rings

Pucynok 7. Posnozin koediuienra tpancdopmanii K, =V, / V, BimHOCHO BHCOTH /I LTS MEpUIMX MOX:
a) KOPOTKHX, b)cepe/iHiX Ta ¢) BUCOKHX Killellb

The transfer ratios K, =V, /V, (V, is input potential, ¥, is potential of piezotransformer
transducer) are shown in fig.7 for the first modes of short, middle and high rings for
frequency 20-200 kHz range. The labels /—4 denote the number of modes.

The short ring of 38x34x30mm (height/(middle diameter) ratio is 0.882)
demonstrates four resonances 25.9, 27.059, 55.789 and 162.913 kHz (fig.7a). At the first
resonance interior stresses reach maximum levels in center and they are slowly decreased
through. This mode is known as «out of phase» [15], because widening along height
surrounds with narrowing in azimuth direction. The dynamic stresses on the second mode are
small everywhere except of the ends, where they are sharply increased. This particular mode
may be identified as an edge resonance. Being weak for the chosen experimental conditions,
this mode is characterized by sharp increase in the amplitude of displacements near the
corners and sharp increase in the amplitude of stresses near their ends. The third mode is
known as «in phase» [15], because widening along height surrounds with widening in
azimuth direction. The fourth mode may be identified as an overtone of the longitudinal
vibrations.

The middle ring of 18.2 x15.8 x22.2 mm (height/(middle diameter) ratio is 1.405) has
resonances 53.68, 56.965 and 77.868 kHz (fig.7h). The high ring of 22 x18x30 mm
(height/(middle diameter) ratio is 1.66) has resonances 75.281, 76.493 and 93.579 kHz
(fig.7¢). The label 3* corresponds to the graph of function y = kCOS(Xﬂ'/ h), where x is the

running coordinate, / is sample height, and & is a matching factor.

The graphs show the greater the ratio of height to middle diameter of the sample the
stronger level of edge mode and the larger the distribution of main stress differs from the
cosine function.

Conclusions. As a result of the experimental study of the forced vibration problem for
piezoceramic cylindrical shell rings with radial polarization the following facts can be
established.

It is shown that the admittance, impedance and phase angles are independent of the
electrical excitation conditions. Sample power, sample voltage and sample current are very
sensitive to loading conditions. The instantaneous power reaches the maximum value at
resonances for constant sample voltage and at anti-resonances for constant sample current.
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This fact explains why the constant voltage regime is surrounded by great nonlinearity but in
the constant currant regime such phenomena is absent.

The stress state of rings was investigated and the verification of vibration modes was
carried out using the piezotransformer-transducer method. It was established that the greater
the ratio of height to the middle diameter of the ring, the higher the level of edge mode and
the stronger the distribution of main stresses is different from the cosine function. In a very
short rings edge mode is not registered.

The proposed technique of research is relatively simple and can be used for engineering
design.

BucnoBkn. Y pe3ynpTaTi eKCIEPUMEHTAIBHOTO JOCHIDKSHHS 3ajadi Mpo BUMYIIEHI
KOJIMBAHHS I’ €30KepaMivyHUX IHIIHAPUYHUX OO0OJOHOK y (opMi KiJiellb 3 pajialbHOIO
noJIsipu3ani€ero OyJiu BCTAHOBJIEHI HACTYIHI (haKTH.

AnmiTaHc, iMrieianc i (a30Bi KyTH HE 3aJIeKaTh BiJl YMOB €JIEKTPUIHOTO 30YKEHHS.
[ToTyxHiCTh, cllaj HANpyrd Ta CTPYM 3pa3ka JyXe YyTJIMBI JIO YMOB HaBaHTa)KCHHS.
MuTTeBa MOTYXKHICTH JOCSTAE MaKCHUMAJIbHOTO 3HAYCHHS Ha pPE30HAHCAX JUISl PEXHMY
3aJaHoi HANpyrd Ta Ha aHTUPE30HaHCAaX y peXuMi 3amaHoro crpymy. lleit dakr moscHroe,
YOMY PEKHM 3aJIaHO1 CTAJIOl HAIIPYTH CYMPOBODKYETHCS 3HAYHOIO HENTIHIMHICTIO, a B PEKUAMI
3aJIaHOTO CTAJIOTO CTPYMY TaKOi HETIHIHHOCTI HEMAE.

Takok TOCTIPKEHO HANpY)KEeHUH CTaH Kilelb Ta Bepu(iKOBaHI MOJM KOJUBaHbL 3a
JOTIOMOTOI0 METOAY T’ €30TpancopMaTopHOro Aaruyuka. Yum Oinblle BiTHOIIEHHS BUCOTH
JI0 CepeTHBOro JiaMeTpa KIJIbIlM, THM BHUIMWA pPiBEHb KPaioBOI MOJHM 1 THM CHIIBbHIIIE
PO3IOJIUT TOJIOBHUX HAIPY)KEHb BIJPI3HAETHCS BiJl KOCUHYCOIIU. B yke KOPOTKHX KiTBIISIX
KpaifoBa MOJIa HE PEECTPYETHCS.

3amponoHoBaHa METOJUKA JIOCHI/KEHHSI € JIOCTaTHBO TIIPOCTOI0 1 MoXe OyTH
BHKOPHUCTaHA ITPH 1H)KEHEPHOMY ITPOCKTYBaHHI.
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