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PHASE-FREQUENCY CHARACTERISTICS OF THE LONGITUDINAL AND TRANSVERSE
VIBRATIONS OF PLANAR PIEZOCERAMIC TRANSFORMERS

V. L. Karlash

Experimental data on longitudinal and transverse vibrations of thin lamellar piezotransformer are
analyzed. It is established that the voltage drops and instantaneous powers are very sensitive to the
loading conditions, while the admittances, impedances, and phase shifts do not depend on them. If the
current is set constant, the instantaneous power decreases as the resonance is approached and increases
as the antiresonance is approached. If the voltage is set constant, the instantaneous power increases as
the resonance is approached and decreases as the antiresonance is approached
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Introduction. Planar piezoelectric voltage and current transformers [3, 6, 12, 15, 36] are successfully applied in various
fields of engineering, such as in sources of secondary power sources (SPS) where constant voltages are converted from one (low)
level to another (high) level [3]. As components of automatic frequency—amplitude—phase-controlled generators in such sources,
piezoelectric transformers maintain constant output voltage. The main parameters of piezoelectric transformers are
transformation ratios, working frequencies, output voltage and current, efficiency, power, strength, life. The last two parameters
are strongly dependent deformation behavior and stress state. Designs of piezoelectric transformers for special operating
conditions are described in [11, 12, 36]. The cylindrical panel described in [25] is a kind of three-layer transformer.

Formulas for transformation ratios were derived by, mainly, the equivalent-circuit method and are valid only for the
first resonance [3, 7, 26]. In [4, 9, 15-20], an analytical method for studying the stress state and frequency properties of a
Rosen-type piezoelectric transformer was developed, refined formulas for the voltage transformation ratio of an idling
transformer were derived, the effect of the electroelastic inhomogeneity of the sections on the frequency properties was
evaluated, and the stress state of planar piezoelectric transformers was studied experimentally by the piezotransformer
transducer method for several vibration modes.

After the development of the advanced method for determining amplitudes and phases from successive measurement of
the voltage drops across the piezoelectric element and the pull-up resistor [5, 10, 21, 23, 24, 31], it became possible to study the
behavior of the phase, admittance, and power of a piezoelectric transformer over a wide frequency range.

Here we will analyze experimental results on the amplitude—frequency and phase—frequency responses (AFR and PFR)
of a planar piezoelectric transformer in the frequency range of longitudinal and transverse vibrations. The phase and power
characteristics are addressed for the first time.

1. Transformation Ration and Input Admittance of a Planar Piezoelectric Transformer. Models of a planar
piezoelectric transformer were detailed in [4, 9, 26, etc.]. It consists of input and output sections. The input section has length /;,
is covered by thin electrodes, and polarized across the thickness to saturation. The output section has length /,, is covered by
electrode coating on the end (y =1,), and is polarized along the length to saturation. The sections have different electrophysical
parameters. The thickness 2/ and width 26 do not usually vary along the length. The lengths /; and /, are usually equal.
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A variable voltage V; generated by an external generator is applied to the input (excitation) section, inducing
electromechanical vibrations and electric current /; . Due to the vibrations and deformation of the plate, the induced piezocharge
0, of the output (generating) section generates voltage V/, across and current , in the output electrode.

Assume that the mechanical stresses at the ends of the plate are zero, and the stresses and displacements are continuous
at the interface between the sections:

Gy|y=—11:Gy|y:lzzo’ Gy(—O):Gy(+O), uy(—O):uy(—i-O). (N

The notation is the same as in [4, 10, 15-23]. The electrodes in the excitation section are equipotential; therefore,
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and the electric-flux density in the generating section is assumed constant [27]:
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The problem of the longitudinal vibrations of such an inhomogenecous plate was solved in [4, 9, 18] where expressions
for the displacements and stresses in the sections and for the input current and output voltage were derived:
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The electric-flux density in the generating section of an idling piezoceramic transformer is assume equal to zero [9];
then the expression for J,, becomes simpler:

dy Voo
y. =8339311 %1%

13
2hA (13)
The ratio K|, =V, /V, is the transformation ratio of an idling piezoelectric transformer:
g33d3100
K,="2>2>2 - = 14
12 DA (14)

This ratio increases with increase in the piezoelectric moduli of both sections and the ratio o, o, / Aand with decrease
in the thickness of the plate. The denominator of this fraction vanishes at resonant frequencies, so that K|, tends to infinity. This
can be avoided by introducing mechanical losses as a dimensionless complex frequency x [8, 13, 26]:

x=x"—jx" =x'[1—2Qj]. (15)

m

Taking into account this circumstance, a refined formula for the magnitude of the transformation ratio at a resonance
was derived in [4, 10, 20]:
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The ratio of input current to input voltage is input conductivity (input admittance), and the ratio of output voltage to
output current is output impedance:

Y, =1, /V,, Z=Vy/1,. (17)

2. Experimental Procedure and Results. In the experiments, we used an advanced Mason circuit detailed in [5, 10, 21,
24, 31].

The piezoelectric element in the classical Mason circuit is the link between the pull-up resistor and the ultrasonic
generator [2, 9, 21]. One terminal of the pull-up resistor is connected to the common (“grounded’). As the generator is tuned, the
voltage across the pull-up resistor increases at the resonant frequencies and decreases at the antiresonant frequencies severalfold
(compared with the capacitive component). The frequencies at which the voltage across the pull-up resistor is maximum
correspond to the maximum admittance of the piezoelectric element and are usually considered resonant ones. The frequencies
corresponding to the minimum admittance or the minimum voltage across the pull-up resistor are considered antiresonant ones.
It is possible to “inverse” the measuring portion of the Mason circuit by connecting it to the generator so as to “ground” one of the
terminals of the piezoelectric element. This would make the direct measurement of the voltage across the piezoelectric element
possible. However, the voltage across the pull-up resistor would have to be measured indirectly.

Combining the “direct” and “inverse” measuring portions of the Mason circuit, as done in [5, 10], we can raise the
accuracy of determining the admittance in a frequency range and exclude the influence of phase shifts. To this end, it is necessary
to connect a switch into the measuring circuit to alternately “ground” one terminal of the pull-up resistor or one terminal of the
piezoelectric element. The voltage U , across the pull-up resistor is proportional to the current / e in the piezoelectric element,
and the voltage U pe ACTOSS the piezoelectric element can be measured at the same frequency by the same voltmeter, so that the
following simple formula can be used to determine the admittance Y e of the piezoelectric element:
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We studied a planar 80x18x2 mm Rosen-type piezoelectric transformer made of PKD piezoceramics [4, 20] in the
frequency range 20-110 kHz, which covered both longitudinal and transverse vibrations. Sequentially measured voltage U
across the pull-up resistor, the voltage U pe ACTOSS the specimen, and the input voltage U, of the measurement circuit (output of
the generator or voltage divider) were used to compute the components of input conductivity, input impedance, phase angles or
instantaneous power P, and its active P, and reactive P,, components at the frequencies of measurement. The following

#
formulas were used:

U2 +U2% -U? U2 +U2 -U? U2 +U% -U?3
Cosa:pe—Rln’ Cosﬁ:u’ Cosy:m—peR’ (19)

W, Uy W, Upg W, U

in~ pe
pP=V1, P, =V lcos, P, =V1sinj
(w; =Re(Y)/Im(Y), j =acot(w, )). (20)

In the frequency range 20-110 kHz, there are seven modes of different intensity, from the first longitudinal L, (first
resonance) to the intensive transverse 7 (fifth resonance).
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Figure 1 illustrates the frequency dependence of voltage (Fig. 1a), input conductivity (Fig. 15), phase shifts (Fig. 1c¢),
and instantancous power (Fig. 1d) at the first resonance.

Figure 2 illustrates similar curves at the second resonance, and the frequency dependence of voltage (Fig. 2e) and input
conductivity (Fig. 2f) at the third longitudinal resonance.

Figure 3 represents the frequency range 92—-108 kHz that includes the four resonances accompanying the intensive
(transverse) fifth mode. The voltages U, , U, e and U are shown by solid, dotted, and dashed lines, respectively. The angles
a, B,y and powers P, , Ppe, P, are shown by similar lines. The power P, is consumed from the generator, the power Pp o 18
generated by the piezoelectric element during measurements, and the power P, is generated by the pull-up resistor. The angle o
is formed by the sides U, and U e of the triangle. It characterizes the phase shift between the current through and the voltage
drop across the specimen. The angle B is formed by the sidesU;, and U and characterizes the phase shift between the output
voltage and the consumed current. The angle y is formed by the sidesU,;, andU pe> i.e., it is the phase shift between the output
voltage of the generator and the voltage drop across the piezoelectric transformer.

Figure 4 compares the experimental and calculated (by formula (17) with (8) and (15)) values of input admittance in the
following dimensional frequency ranges: 1.4-2.0 (at the first longitudinal resonance, Fig. 4a); 3-3.5 (at the second longitudinal
resonance, Fig. 4b); 4.6-5.5 (at the third resonance, Fig. 4c); 7.5-9 (at the fifth resonance, Fig. 4d); 9—11 (at the sixth resonance,
Fig. 4e). According to [10, 17], the fourth longitudinal resonance at the frequency x =2 is not excited in a Rosen-type
piezoelectric transformer; therefore, there are no experimental and theoretical data on it. The solid, dashed, and dotted lines

correspond to y =1, 0.9, 0.8. The factor ®C, was replaced by the expression

oCy =2nxCy)/ f, = ax, 21
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where f'is the frequency of loading; x is the dimensionless frequency; f, is the frequency of maximum input admittance at the
first mode. The factor @ in formula (21) was calculated using the following real parameters of the transformer: C;, = 5300 pF
(capacitance of the input section), tand; =0.0047 (loss tangent of the input section), C = 12.5 pF (capacitance of the output
section), tand, =0.005 (loss tangent of the output section), R = 11.2 Q (the pull-up resistor in the measurement circuit), Q =450

(Q-factor determined from the frequency-dependence of the transformation ratio in the first vibration mode), so that a = 0.455
mS. The squared transverse EMCC k321 =0.12.

3. Analysis of the Results. The frequency dependences of voltages, admittances, phase shifts, and instantaneous
powers for seven vibration modes of a 80x18x2 mm planar Rosen-type piezoelectric transformer were established
experimentally. An advanced Mason circuit with a switch and at a load of 11.2 QQ was used. The curves were plotted for the first
three resonances and frequency range 92—108 kHz. If the pull-up resistor is 11.2 €2, the near resonance domains were detected
well (can be seen in the figures). The antiresonances and domains around them are smoothed out through by shunting the parallel
resonance by a low pull-up resistor. The effect of the pull-up resistor on the results should be analyzed separately.

The admittances of the transverse resonances are almost an order of magnitude higher than those of the longitudinal
resonances. The intensities of the first two modes are almost equal. The phase dependences for the strong and weak modes are
similar.

The figures demonstrate the strong influence of the factor y, which characterizes the difference of the compliances of the
input and output sections of the piezoelectric transformer. This influence is different for even and odd modes. Unlike a
transversly polarized rod, which does not have even modes, modes with frequencies multiple of 2n are not excited in a
piezoelectric transformer [4, 9, 18-20].

Conclusions. The analysis of the experimental data on longitudinal and transverse vibrations of a thin planar
piezoelectric transformer has revealed the following. Voltages and instantaneous power are rather sensitive to the electric
loading conditions. Admittance, impedance, and phase shifts do not depend on them. If the current is set constant, the
instantaneous power decreases as the resonance is approached and increases as the antiresonance is approached. If the voltage is
set constant, the instantaneous power increases as the resonance is approached and decreases as the antiresonance is approached.

The fact that the transformation ratio of a planar piezoelectric transformer is inversely proportional to the squared
frequency, explains the experimentally established decrease in this parameter at the upper frequencies of longitudinal vibration
modes, which makes them ineffective, except for the first two resonances.
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