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Abstract. Flexible piezoelectric transducers, and the transducers with bridge shaped end-caps in par-
ticular, have found wide application as acoustic emitters and energy harvesting devices. In this paper,
we investigate the possibilities of using porous piezoceramics as an active element of a bridge transducer.
Particular attention is paid to taking into account the non-uniform polarization of porous piezoceramics
with the use of simplified models. A finite element analysis of the bridge piezoelectric transducer under
steady-state oscillations is performed in resonant and non-resonant modes of its operation. It is found
that the use of porous piezoceramics increases the efficiency of the transducer during oscillations near
the first frequency of electrical antiresonance.
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Piezoelectric transducers are widely used in various technical devices. In order to improve
their efficiency for specific applications, it is necessary to ensure high values of individual param-
eters or quality factors. This paper presents the results of the study of a piezoelectric transducer
consisting of a piezoelectric ceramic plate polarized by thickness with two metal bridge-shaped
end-caps. Here, for the initial device we consider a bridge piezoelectric transducer with a plate
made of dense piezoelectric ceramics, which was previously studied in [1].

As modern research has shown, bridge transducers can be effectively used as part of energy
havesting devices [2-5], current sensors [6] and emitters. Various types of bridge transducers have
been analyzed in [7-11], etc. Original approaches for optimizing the bridge transducer design
were proposed in [12,13].

Another type of piezoelectric transducers similar to bridge transducers are axisymmetric
transducers, which are also called Cymbal Transducers, because their end-caps are shaped like
cymbal plates. Cymbal transducers have been studied in more details than bridge transducers.
In practical applications they are actively used as sensors or sources of renewable energy [2,4],
as well as actuators or emitters [14].
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Improvement of the characteristics of piezoelectric devices can be achieved by using piezo-
electric composites as active materials of transducers. In particular, it is possible to use porous
piezoceramics, that are more compliant and have lower acoustic impedance, but at the same
time have some high electromechanical coupling coefficients with the values close to those of
dense piezoceramics. However, for porous piezoceramics, the influence of the inhomogeneity of
the polarization field in the vicinity of the pores on its effective properties has not been suffi-
ciently studied yet. Precise application of porous piezoceramics also requires an account of the
porosity structure microfeatures and optimization of individual material constants, geometry and
boundary conditions for a specific device.

Some of the above issues were investigated in [16-18] for Cymbal transducers with a disk made
of porous piezoceramics. In this paper, the efficiency of using porous piezoceramic materials for
a bridge piezoelectric transducer is studied in a similar manner. For the active element materials
we consider conventional dense piezoceramics and porous piezoceramics PZT-4 with the effective
moduli calculated using uniform and non-uniform polarization models [19].

1. General problem statement

1.1. Geometrical and physical data

Let us consider a bridge transducer with the geometric parameters adopted in [1]. This
transducer consists of a piezoceramic plate of length L = 12.7 (mm), width b = 12.7 (mm), and
thickness h, = 1 (mm). The end surfaces of the plate relative to its thickness are covered with
electrodes, and the piezoceramic material of the plate is polarized by thickness. On some of the
end surfaces there are metal bridge caps of width b equal to the width of the plate. Each cover
has a thickness h, = 0.3 (mm) and a maximum lift height h,,, = 0.35 (mm). The maximum lift
surfaces are flat and have length I, = 3 (mm), and the sections of the bridge caps connected to
the plate have lengths I, = 1.85 (mm).

This geometry, as well as the external influences and fixing conditions adopted further, make it
possible to consider one fourth of the device with the corresponding symmetry conditions during
finite element modeling. In Fig. 1, the symmetry surface of the fourth part of the transducer is
shown in the Oxz plane, related to the Cartesian coordinate system Oxyz. Along the Oy axis,
all elements of the device quarter occupy the region —b/2 <y < 0.

For metal overlays, we will accept the properties of brass as an elastic isotropic material with
density of p,, = 8400 (kg/m?), Young’s modulus E,, = 9.5 - 101 (N/m?) and Poisson’s ratio
UV = 0.35.

The central plate of the transducer is made of PZT-4 piezoceramics with the main direction
of polarization along the thickness. For PZT-4 piezoceramics, we will accept different material
properties. We will consider dense piezoceramics with stiffness moduli cfﬁ, piezoelectric moduli
e;p and dielectric permittivity coeflicients sisj, as well as porous piezoceramics with effective
stiffness moduli cfﬁ'?ff, effective piezomoduli e;’BH and effective permittivity moduli 5%‘33. Here and
below, Greek indices may vary from 1 to 6, and Latin indices vary from 1 to 3: o, =1,2,...,6,
i,7 = 1,2,3. For the moduli of dense piezoceramics, we use the standard notations of the
theory of piezoelectricity (electroelasticity) [20]. In particular, the superscripts indicate at what
constant fields the material moduli of electroelasticity used in various constitutive relations were
determined. Thus, the superscript E means the constancy of the electric field, D means the
constancy of the electric induction field, S means the constancy of the strain fields, and T" means
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Fig. 1. Geometry of the longitudinal cross-section of the bridge transducer for x > 0, y = 0

the constancy of the mechanical stress fields.

The moduli of the porous piezoceramics were determined from the initial moduli of the dense
piezoceramics as a result of numerical calculations using the effective moduli method in the
ANSYS finite element package. For this purpose, a cubic representative volume V' was used,
regularly divided into n? piezoelectric cubic finite elements, where n, is the number of finite
elements along a separate axis of the Cartesian coordinate system. Based on a given percentage
of porosity p, n, = [pn3/100] elements were randomly selected from among these elements,
where [...] is the integer part of the number, and these elements were assigned the material
properties of the pores, i.e. negligibly small elastic stiffnesses, piezomoduli and permittivities
equal to the permittivity of vacuum gy = 8.85-107'2 (F/m). The number n, was determined
by the convergence of the results of calculations of effective moduli, and as a result of numerical
experiments it was taken to be equal to 45.

Four sets of material properties were used to calculate the piezoelectric transducer. In the
basic variant (variant 0), the piezoelectric ceramics were assumed solid and uniformly polarized
along the Oz axis. In variant 1, porous piezoceramics were considered with moduli calculated
for a piezoelectric ceramic matrix uniformly polarized along the Oz axis.

In variant 2, the finite element method was used to solve the problem of dielectric electro-
statics, simulating the polarization process of porous piezoceramics in a simplified formulation,
and the polarization vectors P were found for each finite element with number m. Then, the
heterogeneity of the properties of the piezoceramic matrix was determined by element coordinate
systems in which the 2™ axis for individual finite element with number m was directed along the
vector P, In this variant, the moduli were considered equal to the moduli of dense ceramics
05/87 €iB, E;Sj, but in the elementcoordinate system Oz y*"2¢" and then they were recalculated
to the values cf(fé”, €rif> Efi‘;m in the global coordinate system in accordance with the formulas
for transforming the components of the tensors when rotating the coordinate systems.

Finally, in the most realistic version 3, the properties of the piezoceramic matrix for each
finite element varied linearly between the corresponding values of the properties of unpolarized
ceramics (s.j, d;5 = 0, ;") and the properties of polarized ceramics sfo%”, b Ez;-em, in
accordance with the formulas

Eem Tem

E T
Saf = (1- XP)SZ% + Xpsme,gbv fé” = Xp i%v € = (1- Xp)g?jp + Xpam'?mr (1)

Xp = |P™|/ Pyat |P°™| < KpPsat,
: Kp ‘Pem| > HpPsazh

(2)
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Here SZ:;7 sf(fgl are the components of the compliance matrices of unpolarized and polarized
ceramics, which are inverse to the corresponding stiffness matrices with components cﬁfé and
cfofg‘, e?f =", di = eﬁ?gsffgl, 877:1-?-7” = 6fi@]-’”+di;§eﬁ%, sat = (€"P —e9) E., E. is the value of
the polarization field from the electrostatics problem simulating the polarization process, &, is the
parameter determining the possibility of "superpolarization", which we set equal to 1.2. Further,
after finding the moduli sfjgl, diihs Eﬁ?’” from (1), (2), it is easy to go to the moduli sfjg”, diiss

efem from the main calculation constitutive relations using the corresponding formulas.

(3
]The technique for finding effective moduli from solutions of static boundary value problems of
electroelasticity with linear essential boundary conditions for displacements and electric potential
for homogenous polarized piezoceramics is well known and has been described in many papers.
For non-uniformly polarized piezoceramics, we relied on the approaches presented in [19]. How-
ever, we supplemented the model s®deT with (1), (2) when finding the moduli of unpolarized
Z-Sj, but also the moduli CEB, Ez;-,
as well as by restricting the value of x, in the "superpolarization" model. The results of calcu-
lations of the complete set of effective moduli of porous piezoceramics PZT-4 for three variants

ceramics by Hill’s averaging not only the original moduli cgﬁ, €

considering heterogeneities are given in Tab. 1.

Table 1. Initial moduli of dense piezoceramics PZT-4 and effective moduli of porous piezoceram-
ics for three polarization models (cggﬂ -101% in N/m?, e;5 in C/m?, &5 = g5 /()

i

No. [ p (%) [ ef™ | el [ el [ ™ [ el [ esfT [ egf [eff [ &c7 | &7
0 01| 1390 | 7.78 | 743 | 11.5 | 2.56 | —5.2 15.1 12.7 | 730 635
1 10 | 11.69 | 6.32 | 5.98 | 9.57 | 2.22 | —4.24 | 13.41 | 10.92 | 657.5 | 0.85
1 20 | 953 | 492 | 461 | 7.73 | 1.88 | -3.30 | 11.68 | 9.15 | 583.8 | 565.8
1 30 | 745 | 3.61 | 3.34 | 595 | 1.55 | —2.40 | 9.86 | 7.40 | 510.0 | 4274
1 40 | 547 | 245 | 224 | 435 | 1.21 | -1.56 | 7.98 | 5.66 | 431.2 | 358.5
1 50 | 3.69 1.49 | 1.34 | 288 | 0.88 | -0.83 | 5.89 | 3.99 | 352.3 | 288.4
2 10 | 11.69 | 6.32 | 5.95 | 9.54 | 2.22 | —4.12 | 13.45 | 10.90 | 653.4 | 566.3
2 20 | 956 | 492 | 456 | 7.66 | 1.87 | -3.07 | 11.74 | 9.10 | 576.0 | 497.5
2 30 | 7.41 3.60 | 3.26 | 5.87 | 1.53 | —2.04 | 9.96 | 7.30 | 496.9 | 428.5
2 40 | 542 | 242 | 214 | 426 | 1.19 | -1.14 | 8.06 | 5.55 | 416.2 | 359.2
2 50 | 3.64 147 | 126 | 284 | 086 | -0.40 | 6.02 | 3.88 | 333.8 | 288.9
3 10 | 11.66 | 6.28 | 5.96 | 9.56 | 2.23 | -3.83 | 13.53 | 10.69 | 666.6 | 567.9
3 20 | 948 | 485 | 455 | 7.69 | 1.90 | -2.60 | 11.78 | 8.71 | 602.4 | 504.0
3 30 | 7.34 | 350 | 3.26 | 594 | 1.57 | -1.56 | 9.92 | 6.79 | 531.0 | 441.3
3 40 | 5.36 | 2.31 | 213 | 432 | 124 | -0.72 | 7.86 | 4.95 | 455.9 | 376.8
3 50 | 3.58 1.37 | 1.25 | 291 | 090 | -0.13 | 5.66 | 3.26 | 371.5 | 308.9

As can be seen from Tab. 1, polarization models have the least effect on the effective elastic

moduli, and the greatest effect on the effective piezoelectric moduli, especially on the transverse

piezoelectric modulus eSi.

1.2. System of equations for harmonic vibrations

For a bridge transducer, we will use the equations of electroelasticity, which in the steady-
state oscillation mode exp(jwt) with frequency f = w/(27) for the amplitude values of the
displacements uy(x) and the electric potential p(x) we will represent in the form

Ok + pwiur =0, Dy =0, (3)
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To=(1+jQ;" k5355 — exaBr, Dy = ersSs+ e El, (4)
ew = (kg +urk)/2, Ep=—¢k. (5)

Here oy; are the components of the stress tensor; e; are the components of the
strain tensor; {Tl, TQ, T3, T47 T5, T6} = {0'11, 092,033,023,013, 0'12}, {51, SQ, 53, 54, 85, 56} =
= {e11, 90, €33, 2623, 2613, 2612 }; Dy are the components of the electric induction vector; Fj
are the components of the electric field strength vector; p is the density; Qg is the mechan-
ical quality factor for the frequency-independent method of accounting for damping; j is the
imaginary unit.

For porous piezoceramics in (3) the density must be recalculated considering the porosity,
and in (4) it is necessary to use effective moduli.

Equations (3)—(5) for mechanical fields with exg = 0 are equations of elasticity theory with
the same method of taking into account damping, and therefore they also describe the vibrations
of elastic end-caps in a piezoelectric transducer.

Next, we will consider two types of bridge transducers for different applications. Transducer
type A is focused on the problems of energy harvesting from mechanical low-frequency pressures,
and transducer type B must operate in resonant mode and generate acoustic waves in the external
medium under electrical effects. The problems for these two types of transducers differ in the
fixing conditions and external influences.

2. Bridge transducer type A

In the transducer of type A the lower plateau z = —H (H = hc+ hy, +h,y/2) was rigidly fixed,
and the upper plateau z = H was subjected to pressure oscillating with frequency f of amplitude
p = F/(l,b), where F' is the total force. The electroded boundaries of the piezoceramic plate
are equipotential, i.e. ¢ = ®;, z = +h,/2, where the electric potential values ®; are constant
for each of the two electrodes. These electrodes in transducer A were connected by an external
electric circuit with resistance R. The overall quality factor Q)4 of the entire device was taken to
be equal to 1000.

For the transducer A, the steady-state oscillation mode in the non-resonant frequency range
f € (0,2] (Hz) was considered, which corresponds to its use as an energy harvesting device.
When the transducer was loaded with pressure with a total force F = 800 (N), the maximum
induced electric potential difference AV between the electrodes was determined when they were
connected by an electric circuit with a resistance R = 2 (kQ2). The results of calculating problem
(3)—(5) for the induced electric potential difference and axial displacement at the upper central
point of the transducer {0,0, H} depending on the porosity are shown in Fig. 2. Here and below,
curves with numbers 1-3 are constructed for porous piezoceramics with effective moduli from
the corresponding variants 1-3 of the polarization models.

As can be seen from Fig. 2 (a), the use of porous piezoceramics in the transducer plate with
bridge end-caps demonstrates the worst properties to preserve energy compared to dense. Ac-
counting for the heterogeneity of the polarization field slightly reduces the values of the induced
difference in the electrical potential compared to the model of homogeneous polarization. Mean-
while, the amplitudes of axial displacements |u.| at the upper center point of the transducer
{0,0, H} increase with the growth of porosity (Fig. 2 (b)), which is quite natural, since porous
material is more supple than the corresponding solid. Polarization models practically do not
affect the amplitude of maximum axial displacements.
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Fig. 2. Induced electric potential difference (a) and axial displacement at the top central point
(b) for transducer A made from different variants of porous piezoceramics

3. Bridge transducer type B

In the transducer B almost all external surfaces are considered stress-free, but at the extreme
edges of the plate x = L/2, y = £h,/2 the axial displacement u, = 0 is fixed. We will consider
two cases of generating acoustic vibrations in the transducer. In the first case, the oscillations are
generated by applying a difference in electrical potentials AV = |®5 — 1| between the electrodes
I'yo = {z = hyp/2} and T'y1 = {z = —hy/2}. In the second case, the external influence is the
electric current I or the charge @ = — [ DsdI’ on one electrode, for example, on the electrode

T2
I'y2, with zero potential ®; = 0 on the Zther electrode, for example, on I'yy. (Here I = +jw@,
and since we are considering problems for the amplitude values of displacements and electric
potential, the factor exp(jwt) is omitted everywhere.)

The transducer of type B is designed to operate as an emitter of acoustic waves into the
external medium when it is electrically excited. The investigations of its gain-frequency charac-
teristics in the steady-state oscillation mode were carried out in two stages. At the first stage,
problems were solved in ANSYS to determine the electrically active first frequencies of electrical
resonances f,1 and antiresonances f,o, and at the second stage, the amplitude-frequency char-
acteristics were constructed based on the results of calculations obtained on intervals including
the corresponding frequencies of electrical resonances and antiresonances.

Note that the frequencies of electrical resonances f,r and the frequencies of electrical an-
tiresonances f,, are the resonance frequencies of the device and can lead to classical resonance
phenomena under various electrical influences: the difference in electrical potentials or current.

Namely, if we consider the specification of potential difference AV exp(i27 ft) on electrode
surfaces with the frequency f = w/(27) and with fixed amplitude AV, then in such problem at
electric resonance frequencies f,r, kK = 1,2, ..., in the absence of damping, resonance phenomena
may occur for displacements, electric current amplitudes I and electric admittance Y = I/(AV):

| =00, [Y]|—=o00, [f—= fra (6)

Another option is to excite oscillations by a harmonically changing electric current
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Texp(i2m ft) with a fixed amplitude I (electric charge @ = il /(27 f). In such a problem, reso-
nance phenomena can be observed at the frequencies of electric antiresonance f,; for displace-
ments, amplitudes of the electrical potential difference AV and electric resistance (impedance)
Z=AV/I=Y"L

|AV| =00, [Z]| =00, [ fak (7)

Our two cases of external electrical influences correspond exactly to the capabilities of the
bridge transducer to operate at the frequencies of electrical resonances (6) and antiresonances
(7). In modal analysis in ANSYS, we solve problems with homogeneous boundary conditions
twice. First, we set zero potentials on both electrodes and find the eigenvalues, among which
the frequencies of electrical resonances may be. Then we change the boundary conditions on one
of the electrodes, making it free, i.e. with zero total charge. From this problem, we find the
eigenvalues, the set of which contains the frequencies of electrical antiresonances. Comparing the
two resulting sets and selecting electrically active frequencies with close ordinal numbers, but
differing from each other, we find the desired frequencies of the first electrical resonances and
antiresonances.

Conducting modal analysis allows us to construct amplitude-frequency characteristics more
accurately, since the boundaries of frequency sub-intervals will be close to possible resonance
frequencies (or equal to them, in problems without taking damping into account). For further
analysis, we will select the amplitude-frequency characteristics of the axial displacement |u.| at
the top central point {0,0, H}, as well as the output charge or potential difference.

Some calculation results are shown in Figs. 3 and 4. Curve numbers 1-3 in these figures
denote the same types of porous piezoceramics as in Fig. 2. Solid curves with numbers 1-3 are
plotted for materials with a porosity of 40%, and dashed curves are plotted for materials with a
porosity of 20%. Green curves with number 0 are plotted for the dense piezoceramics material
PZT-4 (with zero porosity p = 0). The amplitude-frequency characteristics in Fig. 3 and in
Fig. 4 are plotted for different electrical effects: Fig. 3 corresponds to the problem with a given
oscillating potential difference with a modulus AV = 100 (V), and Fig. 4 corresponds to the
problem with a given electric charge @ = —4.25 - 10~ (Q) on one electrode with the second
electrode grounded. The quality factor ()4 of the material of the metal end-caps was taken to be
equal to 1000, and the quality factor of the piezoceramics was considered to be equal to 500.

The main results are presented in Fig. 3 (a) and 4 (a), which show the amplitude-frequency
characteristics of the displacement at the central upper point of the transducer. Fig. 3 (b) and
4 (b) illustrate the resonance phenomena (6), (7). Thus, in the V-problem, for a given fixed
amplitude of the potential difference AV, an increase in the amplitudes of the electric charge
is observed at the first frequencies of electric resonance (Fig. 3 (b)), and in the Q-problem, for
a given fixed amplitude of the electric charge @, an increase in the amplitudes of the potential
difference is observed at the first frequencies of electric antiresonance (Fig. 4 (b)).

As can be seen from Fig. 3 (a) and 4 (a), the porosity dependences of the maximum dis-
placement amplitudes in these two problems are quite different. The models of inhomogeneity
of porous piezoceramics also affect the values of the oscillation amplitudes, but not very signifi-
cantly. When setting the potential difference (Fig. 3 (a)) the amplitudes of the axial displacement
maxima at resonance frequencies decrease with increasing porosity. The dependences of the ax-
ial displacement maxima change significantly when the transducer oscillations are excited by an
electric charge (Fig. 4 (a)). Here the displacement maxima increase with increasing porosity.

Note that in all cases at the first resonance frequencies, the axial displacements of the trans-
ducer in the central end regions are an order of magnitude greater than the longitudinal dis-
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Fig. 3. Displacements at the upper central point (a) and the output electric charge (b) in the
V-problem under the action of a potential difference
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Fig. 4. Displacements at the upper central point (a) and the output potential difference (b) in
the @-problem under the action of an electric charge

placements of its side surfaces. Thus, the bridge transducer at the first resonance frequency
effectively generates axial oscillations. At the same time, calculations of the amplitude-frequency
characteristics at a higher resonant frequency showed a lower efficiency of excitation of axial dis-
placements. Nevertheless, in general, if we also take into account the lower acoustic impedance
of porous piezoceramics compared to dense ones, we can conclude that the use of the considered
porous piezoceramics as active materials for acoustic wave emitters is promising.

It can also be noted that the behavioral features of bridge transducers made of porous piezo-
ceramics as sensors and actuators are similar to the behavioral features of the Symbol trans-
ducer [17,18]. In [17, 18], porous piezoceramics with metallized surface pores were also consid-
ered, but non-uniform polarization models were not taken into account. For the porous Symbol
transducer, in [17,18], an advantage was found in using porous piezoceramics with metallized
surface pores for energy harvesting and in the V-problem for actuator applications. Therefore, it
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can be concluded that porous piezoceramics with metallized surface pores for similar applications
will also be effective for a bridge transducer. However, the technological processes for creating
such porous piezoceramics have not yet been fully developed.

Conclusion

Thus, here, a bridge piezoelectric transducer consisting of a piezoceramic plate with two
bridge-like metal end-caps was investigated using computer modelling methods. The use of
porous piezoceramics as the active material of the transducer and the consideration of various
models of non-uniform polarization were analyzed.

Two types of bridge piezoelectric transducers are considered. The first transducer is intended
for use as a "green energy" piezoelectric generator. It generated electric fields in the transducer
under low-frequency mechanical influences. For this device, the use of porous ceramics showed
lower efficiency of electromechanical conversion compared to dense ceramics.

The second type of transducer worked as an emitter of acoustic waves. It converted electrical
influences near the first resonance frequency into mechanical vibrations. In this case, when the
transducer was excited by the potential difference at the first frequencies of electrical resonances,
qualitatively similar results were obtained for the use of porous piezoceramics as for the bridge
piezogenerator. However, the bridge transducer made of porous piezoceramics showed its effi-
ciency when working at the first antiresonance frequency when its vibrations were excited by
electric current. It also turned out that considering the inhomogeneity of polarization of porous
piezoceramics is essential for precision modeling of a bridge converter, but taking into account
the inhomogeneity does not affect the qualitative characteristics.

This research was supported by the Russian Science Foundation, project no. 22-11-00302.
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AHanns BINSHUA IIOPUCTOCTHA " HeO,ZLHOpO,Z[HOﬁ ImoJidpm3anmnumn

nMbe30oKepaMuku Ha 3(pPeKTUBHOCTHh MOCTOBOTO Mpeobpa3oBa-
TeJisk KaK CeHcopa U aKTyaTopa

Annpeii B. Haceakun

Anna A. Haceagkuna
FOxwub1it benepasbHbIil yHUBEPCUTET
Pocros-na-/lony, Poccuiickas ®eneparius

Awnnoranusi. ['ubkue mpe3ovsieKTprydeckne mMpeobpa3oBaTe i ¢ MOCTOBBIMHU HAKJIAIKAMHA HAILINA IIH-
pOKMe IpHUMEHEHHsI B KadeCTBe aKyCTUIEeCKUX H3JIydaTesieill U yCTPOMCTB HAKOILIEHWs dHepruu. B Ha-
crosiieli paboThl UCCIIEIYIOTCS BO3MOXKHOCTH MCIIOJIb30BaHUsI TIOPUCTON MbE30KEPAMUKH B Ka4eCTBE aK-
THUBHOT'O 3JIEMEHTa MOCTOBOTrO mpeobpa3zoBaress. Ocoboe BHUMAHUE Y/EISIETCS YIeTy HEOMHOPOIHOCTH
HOJIAPU3aUN ITOPUCTOI NMbe30KepaMUKU C IIPUMEHEeHHeM YIIPOIIEHHBbIX Mo/iesell, IPUTOAHbIX JJId IIpaK-
Tuku. [IpoBejieH KOHEUHO-3JIEMEHTHBIN aHaIu3 paboOThl MOCTOBOTO MBbE30ITPeobpa30BaTe isl PU YCTAHO-
BUBIIHUXCS KOJIEOAHUSIX B HEPE3OHAHCHBIX U B PE30HAHCHBIX PEXKMMax ero paborsl. Beuto ycranoBiaeHO,
YTO WCIOJIB30BAaHIE MOPUCTON MTHE30KEPAMUKH HOBBIIIaeT 3D (PEKTHUBHOCTDL IPeobpa3oBaTesisi IPU KoJle-
GaHMsX BOJIM3U TEPBON YACTOTHI HJIEKTPUIECKOTO AHTUPE3OHAHCA.

KuroueBrbie cjoBa: 3/IeKTPOyIIPYTrOCTb, MOCTOBOM MHE30Mpeo0pa30BaTe b, MOPUCTAS MHE30KEPAMUIKA,
HEepaBHOMEPHAsI IOJIIPU3AIs, Pe30HAHCHAs YaCTOTa, CEHCOP, aKTyaTop, METOJ, KOHEYHBIX 3JIEMEHTOB.
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