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The work is devoted to the peculiarities of the construction and study of mathematical models of rod-
type piezoelectric transducers, which are widely used in various acoustoelectronic devices (hydroacoustic
means of target detection, ultrasonic non-destructive testing, medical diagnostics, etc.). In contrast to the
existing mathematical models of piezoelectric transducers (based on amplitude-phase dependences, resonant
piezoelectric transducers, equivalent circuits, etc.), the proposed mathematical model makes it possible to
establish a dependence, which is a mathematical description of the acoustic coupling that exists in a solid
piezoceramic rod between wave fields on its various areas. An algorithm for calculating a mathematical model
of rod-type piezoelectric transducers is presented and based on the determination of the transformation ratio
in the case of the inverse piezoelectric effect. Analytical dependencies, which make it possible to determine
the electrical impedance and the amplitude value of the potential in the electrical circuit of the piezoelectric
transducer, are obtained. It is shown that these dependencies underlie the expression for determining the
transformation ratio, which is a mathematical model of a rod piezoelectric transducer. At the same time,
the principle of operation of such a transducer provides for the use of longitudinal vibrations in a prismatic
rod. The results of the mathematical modelling are presented on the example of a rod transducer with a
square cross-section made of piezoelectric ceramics of the PZT type (plumbum zirconate titanate). The
performed comparisons of the calculated and experimentally obtained values of the frequency dependence of
the modulus of the transformation ratio of the piezoceramic transducer showed a high convergence between
them (the discrepancy between the results of mathematical modelling and the experimentally obtained data

for the same value of the operating frequency does not exceed 8.5%).
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Introduction

Recently, acoustoelectronic devices have found
more and more widespread use due to their mi-
niaturization, multifunctionality, and the possibili-
ty of integrating the manufacturing technologies of
these devices with microelectronic and microcircuitry
technologies. At the same time, the increase in the
operational manufacturability of such devices and the
versatility of manufacturing technologies leads to a
decrease in their cost, which increases the demand for
them in various fields of science and technology. At
the same time, the concept of sustainable development
and the "Industry 4.0” initiatives require the use of
renewable technologies and materials that bring bi-
ological, environmental and economic safety. The most
promising materials for acoustoelectronic devices from
the point of view of "Industry 4.0”, according to the
authors of [1], are piezoelectrics.

So, today, synthetic piezoelectrics (piezocerami-
cs) are used in location-type devices (hydroacoustic
target detection, ultrasonic non-destructive testing,
medical diagnostics), in primary transducers of electri-
cal measurement systems for non-electrical quanti-
ties (information sensors in systems for automatic
monitoring and control of objects and technologi-
cal processes) [2]. This should also include polarized
ferroelectrics, which are used to create various mi-
croelectromechanical structures (MEMS), a new link
in instrumentation, which has been developing more
than vigorously since the mid-eighties of the twentieth
century [3].

However, the variety of practical applications of
piezoelectrics should be accompanied by appropriate
methodological (scientific) support. These are methods
of calculation, design and, especially, modelling of pi-
ezoelectric transducers for various purposes [4].
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1 The relevance of the study
based on the analysis of recent
publications

Many publications are devoted to the constructi-
on and study of mathematical models of piezoelectric
transducers. However, many of them describe only the
processes occurring in a piezoelectric element with a
fully electroded surface. For example, in [5], studi-
es of forced vibrations of a piezoceramic plate are
carried out taking into account the viscoelasticity of
the material at the frequency of the main resonance
under the action of an external mechanical harmoni-
ous load for cases of rigid fixation and hinge support
of the plate contour. In [6], studies of the vibration
characteristics of a thin piezoelectric ceramic disk with
different ratios of its dimensions are presented. The
works [7] and [8] discuss the problem of determining
the spectrum of natural frequencies and modes of vi-
bration. In [9], expressions for the instantaneous power
are derived. In [10], a mathematical model of resonant
piezoelectric transducers with fixed and free ends is
developed. A mathematical model of the state of a
piezoelectric with a gradient excitation field in the
plane of the crystal element is presented in [11]. In
[12], the main parameters of piezoelectric ceramics are
determined by measuring the maximum and minimum
conductivity. The work [13] investigates the amplitude-
phase dependences for radial displacements, the sum of
principal stresses and admittance components in the
vicinity of resonant and antiresonant frequencies. The
principles of calculation of the piezoelectric elements
with partial electrodes covering are investigated in
work [14].

The works considered above are not united by any
systematic approach, have the character of scattered
episodes, on the basis of which it can be argued
that at present there is a need to create an integral
methodology for constructing mathematical models of
piezoelectric transducers, which could be used as a
theoretical basis for calculating their characteristics
and parameters.

There are also a number of works based on the use
of equivalent circuits [15-18]. Mathematical models of
piezoelectric transducers built based on the analysis
of the so-called equivalent circuits do not take into
account the obvious fact that the motion of material
particles of a piezoelectric disk must satisfy the second
and third laws of Newton. Which is guaranteed that
they are inadequate to real objects and those physical
processes occurring in them [19].

Thus, the relevance of the development of physi-
cally meaningful mathematical models of rod-type
piezoelectric transducers for acoustoelectronic devices
remains now.

2 Statement of the problem of
modelling a rod piezoelectric
transducer

Consider the design of the transducer, which is
shown in Fig. 1. A prismatic rod of length L with a
rectangular cross-section a x b is made of piezoelectric
ceramics of the PZT type (plumbum zirconate ti-
tanate) polarized along the Oz axis. The bottom
surface x3=0 of the rod is electroded and grounded.
On the top surface x3 — a there are two electrodes
(positions 1 and 2 in Fig. 1), which form the primary
and secondary electrical circuits of the piezoelectric
transducer (piezotransformer). The primary circuit
consists of a source of the electrical potential difference
Uje“t (U; is the amplitude value of the electrical
potential difference; i = v/—1 is the imaginary unit; w
is the cyclic frequency of the change in the sign of the
potential difference; ¢ is time) with the output electrical
resistance Z; and electrode 1. The secondary electrical
circuit of the piezotransformer consists of electrode 2
(position 2 in Fig. 1) and an electrical load Zs, on which
the potential difference Uye™! is released.
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Fig. 1. Schematic presentation of the construction of
rod piezoelectric transducer

3 Construction of mathematical
model of rod-type piezoelectric
transducers

Obviously, the system function (mathematical
model) of the piezoelectric transformer is the
transformation ratio K (w,II) (the symbol II in the list
of arguments of the complex-valued function K (w,II)
means a set of geometric, physical-mechanical and
electrical parameters of the piezoelectric transformer),
which is determined in the following way

(1)
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When applying to electrode 1 (position 1 in Fig. 1)
the difference of electric potentials from an external
source the forced longitudinal oscillations of material
particles of the piezoelectric arise in the region [; <
x9 < lp of piezoceramic rod through the inverse pi-
ezoelectric effect. Thanks to elastic bonds, all material
particles (elementary volumes of a deformed solid) of
piezoceramic rod are involved in the process of longi-
tudinal harmonic vibrations. As a result of the direct
piezoelectric effect, an electric charge Q2 (w) appears
on the electrode 2 of the secondary electrical circuit,
which with its electric field sets in motion free carriers
of electricity in the conductor of the secondary electri-
cal circuit. Electric current I (w) = —iwQs (w)e™?,
flowing through the conductor in the secondary electri-
cal circuit, forms on the electrical load Z5 the difference
of electrical potentials Use™! = —iwZ;Qq (w)e™?t .

Thus
U2 = —inQQQ (w) . (2)

The electric charge Q2 (w) is determined through
the axial component of the electric induction vector
D§4)(xk) in a piezoelectric deformed in the region
I3 <2y <y as

Ly b

Q2 (w) = D§4) (z1, 22, ) dridxs. (3)
/]

As follows from the equations of the physical state
of a deformed piezoelectric [20], the components of
the electric induction vector are determined by the
components of the elastic strain tensor. The degree of
influence of one or another component on the electri-
cal state of a deformed piezoelectric is determined by
the components of the matrix of piezoelectric modules
€k = €kij-

With the above method of electric polarization of a
piezoceramic rod, the matrices of its material constants
have the following design:

— Matrix of elastic moduli cg/\, which are experi-
mentally determined in the mode of constancy (equali-
ty to zero) of the electric field strength (symbol FE) in
the volume of the deformable piezoelectric

Bk oo 0 0
o 0o 0 0
E
B g 0 0 O 4
|Cﬁ)\| - C4E4 0 W ( )
ck %
C66
wb{lere c% = 16352 £k ek =B = B ol =
Ce6 = (011 - 012)/25
— Matrix of piezoelectric moduli eyp
0 0 0 0 €15 0
|€k5‘ =10 0 0 €24 0 0 y (5)

€31 €32 €33 0 0 0

where e15 = egq = (€33 — €31)/2 ; e31 = €32 # e33;

— Matrix of dielectric permittivities X;;,» whose
elements are experimentally determined in the mode
of constancy (equality to zero) of elastic deformati-
ons (symbol £) in the volume of the investigated
piezoelectric

Xi1 0 0
|X§j | = X2 0|, (6)
X33

where X{; = X33 # X33-

Since shear deformations in the considered pi-
ezoceramic rod (Fig. 1) are absent, then the generalized
Hooke’s law for different sections of the rod can be
written as follows

(m)

o\ () = Bl (an) + ehheby) () +

+cBel (x1) — en BY (1)

ass’ (x1) = el (ax) + chhesn (zx) +

+ Bl (@) — en BY™ (wr)

asn) (@r) = el (ar) + chhely () +

+ e (ax) — ess BS™ ()

(9)
where o™ (2), o83 (2r), o{3”(xx) are the axial
components of the mechanical stresses in the m-th regi-
on of a deformable piezoceramic rod; m =1,2,...,5
is the number of the area of the rod (Fig. 1), in which
the stress-strain state is determined; when writing
relations (7)—(9), material constants of the same value
are denoted, as is customary in the mechanics of a
deformable solid, by the same symbols. Compression-
tension deformations in the m-th area of the rod along
the coordinate axes, Oz1, Oz2 and Ozs (Fig. 1) are
denoted by symbols e{™ (z;,), el2 (z,) and {3 (23
respectively; Eém)(:ﬁk) is an axial component of the
electric field strength vector in the m-th region of a
deformable piezoceramic rod.

We will consider such a range of frequencies of
changing the sign of the potential difference at the
output of the generator of electrical signals, in which
the wavelength of elastic vibrations of the material
particles of the rod is commensurate with its length L.
So, according to the definition of a prismatic rod,
strong inequalities a/L <« 1 and b/L <« 1 must be
fulfilled without fail, then it can be argued that in this
frequency range the stress-strain state of the rod does
not change within the area of its cross-section.

Suppose that the rod vibrates in a vacuum and
does not come into contact with other material objects.
In this case, due to Newton’s third law the following
relations must be fulfilled on its faces:

(m

o7 () =0,

10
m1:0,b ( )
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o an)| =00 0w =0, (1)
ro = 0 2 = L
(m) —
o35 () =0. (12)
3 =0,
Conditions (10) and (12) in the considered

frequency range are satisfied not only on the surface of
the rod, but also at any point inside its volume. This
allows us to write relations (7) and (9) in the following
form

el @) +efoely (wn) = —clhels N wn) +ean B a)
chae T @) +chiely wn) = —cfoels N wn) +ess B )
(13)

The system of equations (13) determines the

components of the deformation tensor 5571") (x) and

) (an):

(m) hir By _(m)
€11 (Tk) = _KO(CSB — c1h) €9y (k) +

1
+ Kg (01%631 — Cgegg) Egm)(xk) s

(m) cth E E\ _(m) -
€33 (Tr) = _K(Cll - C12) €39 (T1) +
0
A B B e ) B
+ A (011633 012631) 5 (Th),
0
where Ay = ¢k — (cg)z. When writing expressi-

ons (14), it was taken into account that the physical
state of a deformable piezoelectric remains unchanged
within its cross-sectional area.

Substituting expressions (14) into relation (8), we
obtain a record of the generalized Hooke’s law for a
uniaxial stress state of a piezoceramic rod in the low
frequency region in the following form

)(332) ’

where Y2 = ¢B — (cB)? (cB + & —2¢5) /Ay s
the Young’s modulus of piezoceramics polarized along
the axis Ozs for the mode of uniaxial compression-
tension of the rod along the axis Oxs; €5, = es1 +
ClEz [—63163E3 — 63301E1 + ClE2 (631 + 633)] /Ao is the pi-
ezoelectric modulus for uniaxial stress state mode of a
piezoelectric rod.

The electrical state of a deformable piezoceramic
rod is determined by the electric induction vector
D™ (z;,), the k-th component of which is generally
determined as follows [21]:

osn) (x9) = YEG) (29) — ey Y™ (15)

D™ (xy) = enigery” () + x5, BV (2x) . (16)

Since shear deformations in the considered pi-
ezoceramic rod are absent by definition, from the
general formulation (16) it is possible, taking into

account the structure of matrices (5) and (6), to write
the following calculation formulas:

D (xy) = X5 E™ (), DS™ () = x5, BS™ (1)
(17)

D™ (wg) = esn [0 () + 255 ()| +
+ eanesy) (ax) + X5 B () . (18)

Since on the edges 1 = 0, b and x5 = 0, L the
conditions [22]

D™ () =0

=0, D™
) 2 (xk) 22=0. L

Z1:07 b

must be met, then Eim)(xk) = 0 and Eém)(xk) =0
on the surface and in the volume of the deformable
piezoceramic rod. Hence it follows that D{™ (z;) =
D{"™(21) =0V, € V, where V is the volume of the
prismatic rod.

Thus, the electrical state of a deformable pi-
ezoceramic rod is determined by the axial component
ng)(xz) of the electric induction vector, the value
of which does not depend on the coordinate x3.
For this reason, the fundamental condition for the
absence of free carriers of electricity div D™ (z),) =
0 D™ (x1,)/0 s = 0 is fulfilled automatically. Substi-
tuting expressions (14) into relation (18), we obtain
a description of the electric polarization of a pi-
ezoceramic rod for the mode of uniaxial stress state:

D§™ (w2) = €312 (@2) + X By (w2) . (19)
where x5 = X§3 + (€3,¢5; + e33cth — 2es1e33¢15) /Ao
is the dielectric permittivity for the mode of constancy
(equality to zero) of mechanical stresses aﬁ”)(mk) and
o83 (xh).

In areas 1, 3 and 5, where there is no electroding
on the surface 3 = «, the electric induction Dé") (x2)
(n =1, 3,5) is equal to zero on the surface z3 = «
and, as a consequence, at any point in the volume
of the n-th area. Equating to zero the left side of
expression (19), we come to the conclusion that in these
areas E{" (1) = —e%,e8% (22)/x55 - In this case, the
generalized Hooke’s law for the n-th region is written
in the following form

a5y (x2) = YLl (22) (20)

where Y2 = Y'F 4 (e%,)?/xgs is the Young’s modulus
for the mode of constancy (equality to zero) of electric
induction in a deformable piezoelectric.

In order to determine the axial component E:(,)k) (x2)
(k =2, 4) of the electric field strength vector under the
electrodes of the primary and secondary electrical cir-
cuits of piezoelectric transformer, we write E?Ek) (x2) =
—0®") (19, 13)/0 x5 , where ®F) (9, x3) is the scalar
potential of the electric field in the k-th region of the
deformable piezoceramic rod. Substituting this definiti-
on into relation (19) and integrating the result obtained
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with respect to a variable z3 in the range from zero to
a, we come to the conclusion that

(k)
DY (a2) = ey e e2) — X (21)
where U is the amplitude value of the electric
potential on the surface x3 = « in the k-th region.
It is obvious (Fig. 1) that U® = Uy, and U® =
U,. Comparing two physically equivalent definitions
of electrical induction ng)(xg), that is, equating each
other the right-hand sides of expressions (19) and (21),
we obtain formulas for calculating the amplitude value
of the axial component of the electric field strength
vector in areas 2 and 4:

EP (23) = —Upja, ESY(x9) = —Usfa.  (22)
Thus, the amplitude values of mechanical stresses in
the areas of the rod under the electrodes of the primary
and secondary electrical circuits of the transformer are
calculated by the following formulas:

Uo

2 *
& = YEeéz) (z2) + €317

039 (22)

(23)
a5y (a2)

4 . Us
= YEE&Q) (z2) + €317,

Compression-tensile deformations along the axis
Owzy, i.e., the values ag’;>(x2) (k = 1,2,3,4,5)
are determined through the amplitude value of the
longitudinal component ugk)(
vector of material particles of the

x9) of the displacement
k-th section

of the piezoceramic rod. In this case ag;)(arg) =

augk) (x2)/0x2 . Elastic displacements u( )( o) from
the equilibrium position of the material particles of
the rod satisfy the equation of steady-state harmonic
vibrations

(k)
oy, (22) + p0w2uék) (z2) =0, (24)
6 i)
where pg is the density of piezoceramics.
Substituting the definition of mechanical stresses
Uég) (x2) on different parts of the piezoceramic rod into
equation (24), we write down its general solution in the

following form

Uél)(%) = A sinyxs + Bcosyzxa,

uS? (w9) = Az sin Aza + Az cos Az,

U;S)(xz) = Aysinyzy + As cosywa, (25)
uSY (2) = Ag sin Aza + Az cos Aza,

“55)(352) = Agsinyzy + Ag cosywa,

where A; ..., A9 and B are the constants to be

determined; v = w\/po/YP , A =wy/po/YE are wave

numbers of longitudinal vibrations of material parti-
cles of piezoelectric ceramics in areas without electrode

coating of the surface x3 = « and on electroded areas
of the rod, respectively.

For any method of fixing a piezoceramic rod on
the conditional boundaries identified in the process
of calculating the regions, the conditions for dynamic
and kinematic conjugation of solutions (25) must be
satisfied. These conditions are written as follows

(1) (2) 2y (3)
022(6)*02(61) 022( )*022(6)
26
$(63) = 05 (3), 083 (L) = 0% (L) ; 20
(1) (2) (3)
(4) = (41), ( 2) = (L2),
u§3><eg> = u§4’<43> (4)< l) = “’”( l). 0

Conditions at the boundaries o = 0 and 29 = L
are determined by the method of fixing the ends of the
rod. Suppose that the ends of the rod are free from
contacts with other material objects. It follows from
this that, as required by Newton’s third law, on the
surfaces xo = 0 and xo = L the following conditions
must be fulfilled

os8 (0) =0, o%3 (L) =0. (28)

It is easy to calculate that the total number
of conditions (26)—(28) exactly corresponds to the
number of sought constants.

To complete the construction of a mathematical
model of a rod transformer, it is necessary to expli-
citly define the constants Ay,..., A9 and B. From the
first boundary condition (28) it obviously follows that
the constant B = 0. The remaining nine constants
Ai,...,Ag are determined from eight conditions (26),
(27) of conjugation of solutions (25) of equation (24)
and the second boundary condition (28). Substituting

the definitions of stresses Uég)(

splacements uék) (x2) into these conditions, we obtain

the following system of linear algebraic equations

mijAj:-Piv iaj:1a2a"'aga

x9) and longitudinal di-

(29)

where m;; are frequency dependent coefficients, the
numerical values of which are determined as follows:

my = —YPrysinyly; mip = —YFXcos My;
myz = YENsin My; (m1g +myg) = 0; may = 0;
mas = YN cos Ma; maz = =Y FAsin Ay;

Moy = =Y Py cosyla; mos = Y Py sinyls;

(mag + mag) = 0; (m31 +maz) = 0;
msy = Y Prycosylz; mas = —Y Pysinyls;
mss = —Y P cos M3; ma; = YE\sin Ms;
(mag <+ mag) = 0; (ma1 +mys) = 0;

mag = YENcos My ; mar = =Y Fsin My;

myg = —Y Py cosyly; mag = YPysinyly;

ms1 = COS"}/élg mszo = — sin )\61, ms3 = — COS )\51,
(ms4 +msg) = 0; mey = 0; mez = sin My;

me3 = €08 Ma; Mg = sinyly; mgs = — cosyla;
(mes + meg) = 0; (m71 =+ mer3) = 0; myy = sinyls;
mrs = cos Yl3; mrg = — sin Ml3; myr = — cos Ms;
(mrg =+ mrg) = 0; (mg1 + mgs) = 0; mgs = sin AMly;
mgr = cos My; mgg = — sinyly; mgg = — cos Yly;

(mo1 + mg7) = 0; mog = Y Py cosyL;



Mathematical Modelling of Rod-Type Piezo-Electric Transducers for Acoustoelectronic Devices 63

mgg = —Y PrysinyL;
Py =e,Up/a; Py =—e5,Up/o; P3s = e5,Us /0y
Py = —eglUg/Oé; (P5 - Pg) =0.

From the design of the system of equations (29)
it clearly follows that the stress-strain state of the
rod in all its sections without exception depends si-
multaneously on the amplitude values of the potentials
Uy and Us, that is, on the potentials on the electrodes
of the primary and secondary electrical circuits of
the piezoelectric transformer. The latter means that
the potentials Uy and Us are related to each other
by a linear dependence. This dependence is a formal
(mathematical) description of the acoustic (mechani-
cal) connection that exists in a solid piezoceramic rod
between wave fields (material particles) in its various
sections.

In order to determine the coupling coefficient
between the amplitude values of the potentials Uy
and Us, we construct an expression for calculating the
potential Us.

In accordance with the design diagram shown in
Fig. 1, it is necessary to write down that

Us = Zs1s, (30)

where I, is the amplitude value of the current in the
conductor of the secondary electrical circuit of the pi-
ezoelectric transformer. Earlier it was shown [21] that
I, = —iw@sy, where @ is the amplitude value of
the electric charge on the electrode of the secondary
electrical circuit. It is obvious that

Ly
Qs=b / D (24, ) das. (31)
l3

Substituting the calculated formula (21) into defi-
nition (31), we obtain the following result

Z2
!

Q2_b{6§1 [ug4)(€4)—ugl) (¢3)| — (La—1L3) X§3U }—

=be}; [Ap (sin My —sin Ml3)+ A7 (cos Ay —cos M3)] —

where CJ = b(ly — {3) X35/ is the dynamic electri-
cal capacitance of the section of the piezoceramic rod
under the electrode of the secondary electrical circuit.

The constants Ag and A7 are determined from the

system of equations (29) as follows:
_ 6§1 U() _ 631 U2

*
e§1 U() 631 U2

Ag=

&1 A=

527 §3+

&4,

(33)
where {1 = (Ag1 + Ae2)/Ao ; §2 = (Aez + Apa)/Ao ;
&= (A +Ar)/Ao; & = (Ars + An)/Ag 5 Ay are
algebraic additions (determinants of matrices of 8 x 8
size), which are obtained as a result of deleting the -
th column and j-th row from the matrix of 9 x 9 size,
composed of coefficients at constants A; in the system
of equations (29); Ag is the determinant of the matrix

(07

9 x 9 of the coeflicients at the constants A;, i.e., the
main determinant of the system of equations (29).

Substituting relations (33) into the definition (32)
of the amplitude value of the electric charge ()2, we can
write the following

Q2 = C{U¥;5 (w) + C{Ug ¥ (w) ,
where
(€§1)2
Uy (w) = ——2—— X
) = Tty
X [54 (COS )\64 — COS /\fg) — 53 (sin /\64 — sin )\£3)] — 1;

(€§1)2
(ly —€3) X85
X [€2 (cos Ay — cos Ml3) — & (sin My — sin Ml3)] .

Since [2 = —’L'LUCZZQUQ\IJQ (w) — 'L'(UCZZQUQ\IIO (w),
then after substituting the amplitude value of the
current into the definition (30), we obtain the following
equality

Vo (w) =

U2 [1 + iWOZZQ\IIQ (w)} = —inZZQUO\IIO (w) s
whence it follows that
UQ = —Eo (w) Uv()7 (34)

where Z (w) is an acoustic feedback coefficient, the
numerical values of which are calculated by the formula

—_ Z'LUCZZQ \IJO (w)
=0 (w) = - p .
1+ iwC{Zy¥4 (w)
It is obvious (Fig. 1) that the amplitude value of
the potential is determined as follows

(35)

U2 (@)

Up=—"F-"—~"— 36
0 Zl N Zéll) (w) 9 ( )
where Zéll) (w) is an electrical impedance of the pi-
ezoceramic rod section under the electrode of the pri-
mary electrical circuit of the piezoelectric transformer.
Let us determine the electrical impedance Zéll) (w).
This operation actually completes the construction of a
mathematical model of a rod piezoelectric transformer.
From the well-known Ohm’s law for a section of an

electrical circuit, it follows that

_UO

1
Zél) (OJ) - 717

(37)

where I is the amplitude value of the electric current
in the conductor of the primary electrical circuit. Since
I, = —iw@1, and the electric charge Q)1 is determined
through electric induction D§2) (22, ), then

I, = —iwbey, [ug) (L) — ug) (6| +iwCT Uy, (38)

where C§ = b(l3 — ¢1) X35/ is the dynamic electri-
cal capacitance of the section of the piezoceramic rod
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under the electrode of the primary electrical circuit of
the piezoelectric transformer.

The coefficients A, and As, which determine the
longitudinal displacements of the material particles of
the rod in the sections zo = ¢; and x5 = /{5, are
calculated by the following formulas

where (1 = (A21 + A22)/Ag ;5 o = (Azz + Ao4)/Ag ;
G = (A1 4+ Az2)/Aog 5 (4 = (Asz + Aza) /Ao .
Substituting the definitions (39) of the constants
Ay and Aj into the formula for calculating the di-
splacement qu) (z2) of the material particles of the rod,
and the obtained results into relation (38), we obtain

the following result

A - 6§1U0 €§1U2
2=—— G-~ — G 39) I = —iwCS Uy (w) (40)
e31U, e5 U
Ay =200 4 B2, where
@ Q@
(€§1)2 - : . -
Uy (w) = ——=5—{—[C1 — Zo (w) (2] (sin My — sin M1 ) + [¢3 — Eo (w) (4] (cos My — cos AMy)} — 1.
(62 - El) X33
Taking into account the definition (40) of the ampli- Kl 11
tude value of the current in the conductor of the (e, 1I1)
primary electrical circuit, from the relation (37) we find 5
the electrical impedance
4
1
PASY _
o (@) —iwCgWy (w)’ 3
after which we obtain a calculation formula for the 2
amplitude value of the potential Uy from the relation 1
(36) ’
U,
Uy = — ) (41) 0 10 20 30 40 50 60 70 f kHz
1 —iwCE 2,0 (W) R R T O S I B I
0 1 2 3 4 5 Q

Substituting expression (41) into relation (34), we
find the calculation formula for the potential Us, after
which we can write expression (1) to calculate the
transformation ratio K (w,II) in the following form

U2 EO (w)
K(wIl)=2=— .
W) =7 = T wcs 2 )

(42)

The analytical structure (42) is a mathematical
model of a rod piezoelectric transformer, the principle
of operation of which involves the use of longitudinal
vibrations in a prismatic rod, the design diagram of
which is shown in Fig. 1.

4 Discussion and experimental
confirmation of simulation
results

For practical confirmation of the obtained simulati-
on results, a practical experiment was implemented
[23]. It was carried out at the research stand [24] in
the frequency range 0-80 kHz and was used to confirm
the results of mathematical modelling with the above
sequence. The experiment was carried out under the
condition of observing the total measurement error,
which did not exceed 8.5%, Fig. 2 (dashed line).

Fig. 2. Calculated (solid line) and experimentally obtai-

ned (dashed line) curves of the frequency dependence

of the modulus of the transformation ratio of a pi-
ezoceramic transducer

The results of mathematical modelling (the
transformation ratio K (w,IT)) of rod transducer with
a square cross-section made of PZT type piezoelectric
ceramics were acquired according to the expression
(42) and are presented in the form of dependences
(solid curves) shown in Fig. 2. The following parameter
values were taken for calculations: ¢l = 112GPa;
ck, = 62GPa; cf = 106GPa; py = 7400 *9/,,3;
e33 =18 €/ 2y e31 = =7 9/ pn2; X553 = 8,85-1072F /.5
Qo = 80; a = = 9mm; L = 90mm. The calculati-
ons were performed at the frequencies of the first two
electromechanical resonances.

When comparing the results of mathemati-
cal modeling and the results of experimental
measurements (Fig. 2), one can see that the calculated
results agree with the actual values of the amplitude-
frequency characteristic. At the same time, the di-
screpancy between the results of mathematical model-
ing and the experimentally obtained data at the same
values of the operating frequency in the range up
to 50kHz is 7.8-8.5%, and in the range of operating
frequencies of 50-80 kHz it does not exceed 5.1%).
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The obtained calculated results are extremely
important from a practical point of view, since for the
overwhelming majority of real situations the use of pi-
ezoelectric transducers becomes impossible, due to the
impossibility of obtaining a posteriori information on
the actual values of the transformation ratio modulus
in the process of experimental use of such transducers.
Therefore, the development of a mathematical model of
rod-type piezoelectric transducers, the implementation
of which can be automated with the involvement of
modern microprocessor tools and software, will make
it possible to quickly and with sufficient accuracy
build the dependence of the transformation ratio on
the cyclic frequency and operating parameters of
the piezoelectric transducer, which will improve the
development process of such transducers. and will also
reduce the time and cost of the technological process
of their manufacture.

Thus, as a result of the comparison of the calculated
and experimental curves of the frequency dependence
of the modulus of the transformation ratio, the possi-
bility of using the mathematical model developed
by the authors for calculating the main operational
characteristics of piezoceramic rod-type transducers in
the process of designing acoustoelectronic devices has
been proved.

Conclusions

The sequence of constructing a mathematical model
of piezoelectric transducers of a rod type (rod pi-
ezoelectric transformer) is presented, the result of
which is finding a complex-valued function K (w,II)
on the cyclic frequency and a complex of parameters
(geometric, physical-mechanical, electrical) of a pi-
ezoelectric transformer.

Analytical dependences was obtained that made
it possible to determine the electrical impedance and
the amplitude value of the potential that arise in the
electrical circuit of a piezoelectric rod-type transducer
with a square cross-section from piezoelectric ceramics
of the PZT type.

A comparison of the calculated and experimental
values of the frequency dependence of the module of
the transformation ratio of the piezoceramic transducer
was carried out, which showed a high convergence
between these data (the discrepancy between the
results of mathematical modelling and the experi-
mentally obtained data at the same values of the
operating frequency in the range up to 80 kHz did not
exceed 8.5%).

The above results were obtained as part of
the scientific and technical (experimental) project
"Development of a highly efficient mobile ultrasonic
system for intensifying the extraction process in the
manufacture of concentrated functional drinks”, which
is carried out at the expense of the general fund of the

state budget (state registration number: 0121U 109660,
registration date: 12.03.2021).

References

[1] Zheng T., Ardolino M., Bacchetti A. & Perona M.
(2020). The applications of Industry 4.0 technologies in
manufacturing context: a systematic literature review.

International Journal of Production Research, Vol. 59, Iss.
6, pp. 1922-1954. DOI: 10.1080/00207543.2020.1824085.

[2] Sanchez-Rojas J. L. (Ed.) (2020). Piezoelectric
Transducers: Materials, Devices and Applications.
Micromachines, 524 p. DOI: 10.3390/books978-3-03936-

857-0.

[3] Vikash Jaiman, Shumaila Akbar (2021). Micro-
electromechanical systems technology to improve
the performance of various industries: a study.

International Journal of Advance Scientific Research and
Engineering Trends, Vol. 6, Iss. 3, pp. 176-181. DOL:
10.51319/2456-0774.2021.3.0030.

[4] Petrishchev O. N., Bazilo C. V. (2017). Methodology of
Determination of Physical and Mechanical Parameters of
Piezoelectric Ceramics. Journal of Nano- and Electronic
Physics, Vol. 9, Issue 3, pp. 03022-1-03022-6. DOI:
10.21272/jnep.9(3).03022.

[5] Kudzinovska I. P. (2014). Mathematical modelling of vi-
brations of round piezoceramic plate taking into account
viscoelasticity of material. Visnyk Zaporiz’kogo naci-
onal’nogo universytetu [Bulletin of Zaporizhzhia National
University/, No 1, pp. 59-66. [In Ukrainian]|.

[6] Wu L., Chure M. C.,; Chen Y. C., Wu K. K., Chen B.
H. (2012). Electrode Size and Dimensional Ratio Effect on
the Resonant Characteristics of Piezoelectric Ceramic Disk.
Ceramic Materials - Progress in Modern Ceramics, Feng
Shi, IntechOpen, DOI: 10.5772/38673.

|[7] Calas H., Moreno E., Eiras J. A., Vera A., Munoz R., Leija
L. (2008). Model for Radial Modes in a Thin Piezoelectric
Annular Array. Japanese Journal of Applied Physics, Vol.
47, No. 10, pp. 8057-8064. DOI: 10.1143/JJAP.47.8057.

[8] Bazilo C. V. (2017). Principles of electrical impedance
calculating of oscillating piezoceramic disk in the area of
medium frequencies. Radio Electronics, Computer Science,
Control, No. 4, pp. 15-25. DOI: 10.15588/1607-3274-2017-
4-2. [In Ukrainian].

[9] Bezverkhy O., Zinchuk L., Karlash V. (2013). An influence
of electric loading on piezoceramic resonators’ vibrations
characteristics. Fizy’ko-matematy’chne modelyuvannya ta
informacijni texnologiyi [Physical and mathematical
modelling and information technology/, No. 18, pp. 9-20.
[In Ukrainian].

[10] Zubtsov V. 1. (2004). Matematicheskaya model’
preobrazovatelya staticheskikh mekhanicheskikh
napryazhenii vnutri deformiruemykh materialov

[Mathematical model of the transducer of static mechanical

stresses inside deformable materials]. Inzhenernaya fizika

[Engineering Physics], No. 4, pp. 31-36.
[11] Khutornenko S. V., Voeikov A. N., Vasilchuk D. P. (2011).
Matematicheskaya model’ piezoelektricheskogo rezonatora
pri nalichii gradientnogo polya v ploskosti kristallicheskogo
elementa [Mathematical model of a piezoelectric resonator
in the presence of a gradient field in the plane of the crystal
element|. Naukovi praci DonNTU. Seriya: "Girny’cho-
elektromezanichna” [Scientific works of DonNTU. Seri-
es: "Mining and electromechanical”], Vol. 21(189), pp.
168-172.


https://www.tandfonline.com/doi/full/10.1080/00207543.2020.1824085
https://www.mdpi.com/books/pdfview/book/2751
http://www.ijasret.com/VolumeArticles/FullTextPDF/744_30.MICRO-ELECTROMECHANICAL_SYSTEMS_TECHNOLOGY_TO_IMPROVE_THE_PERFORMANCE_OF_VARIOUS_INDUSTRIES_A_STUDY.pdf
http://www.ijasret.com/VolumeArticles/FullTextPDF/744_30.MICRO-ELECTROMECHANICAL_SYSTEMS_TECHNOLOGY_TO_IMPROVE_THE_PERFORMANCE_OF_VARIOUS_INDUSTRIES_A_STUDY.pdf
https://jnep.sumdu.edu.ua/en/full_article/2223
https://jnep.sumdu.edu.ua/en/full_article/2223
https://web.znu.edu.ua/cms/index.php?action=category/browse&site_id=5&lang=ukr&category_id=1170&path=ves-arkhiv/2014/fiziko-matematichni-nauki/fiziko-matematichni-nauki------1--2014r-&category_code=fiziko-matematichni-nauki------1--2014r-
https://web.znu.edu.ua/cms/index.php?action=category/browse&site_id=5&lang=ukr&category_id=1170&path=ves-arkhiv/2014/fiziko-matematichni-nauki/fiziko-matematichni-nauki------1--2014r-&category_code=fiziko-matematichni-nauki------1--2014r-
https://web.znu.edu.ua/cms/index.php?action=category/browse&site_id=5&lang=ukr&category_id=1170&path=ves-arkhiv/2014/fiziko-matematichni-nauki/fiziko-matematichni-nauki------1--2014r-&category_code=fiziko-matematichni-nauki------1--2014r-
https://www.intechopen.com/chapters/35036
https://iopscience.iop.org/article/10.1143/JJAP.47.8057
http://ric.zntu.edu.ua/article/view/124596
http://ric.zntu.edu.ua/article/view/124596

66 Bagzimo K. B., Borgapenko M. O., Xaisuuit B. B., Tomenko M. I'., Tomenxo B. L.

[12] Shul’ga M. O. Karlash V. L. (2006). An Efficiency of the [24] Bazilo C., Zagorskis A., Petrishchev O., Bondarenko Y.,
Electromechanical Energy Transformation at Piezocerami- Zaika V., Petrushko Y. (2017). Modelling of Piezoelectric
cs Constructional Elements Resonant Vibrations. Fizy’ko- Transducers for Environmental Monitoring. Proccedings of
matematy’chne modelyuvannya ta informacijni texnologiyi 10th International Conference "Environmental Engineeri-
[Physical and mathematical modelling and information ng”, Vilnius Gediminas Technical University, Lithuania.
technology/, No. 3, pp. 225-237. [In Ukrainian]. DOI: 10.3846 /enviro.2017.008.

[13] Shul’ga M. O. Karlash V. L. (2013). Amplitude-phase
characteristics of radial vibrations of a thin piezoceramic
disk near resonances. Dopovidi Naczional’noyi akademi-
yi nauk Ukrayiny [Reports of the National Academy of
Sciences of Ukraine], No. 9, pp. 80-86. [In Ukrainian]|. MaremaTuune MOOEJJIOBaAHHIA n’e30-

[14] Petrishchev O. N., Sh V. M.. Sotula Zh. V.. Bagil CJIEKTPUYIHUX HepeTBOpIOBa‘-IiB CTpHK-

etrishchev O. N., Sharapov V. M., Sotula Zh. V., Bazilo o
K. V. (2015). Principles of calculation of the piezoelectric HbHOBOTO ’.I‘I/Il'Iy /A4 MPUCTPOIB  aKyCTO-
elements with surfaces partial electrodes covering. Radio €JIEKTPOHIKI
Electronics, Computer Science, Control, No. 1, pp. 15-25.
DOI: 10.15588/1607-3274-2015-1-2. [In Ukrainian].

[15] Lineykin S., Ben-Yaakov S. (2004). Feedback isolation Fgsino K. B., Bonudapenxo M. O., Xnaisnuii B. B.,
by piezoelectric transformers: comparison of amplitude to Tomenwo M. I'. Tomenxo B. I
frequency modulation. IEEE 35th Annual IEEE Power T o
Electronics Specialists Conference, Aachen, Germany, pp.

1834-1840. DOI: 10.1109/PESC.2004.1355395.
PoGoTta mpucBsiveHa 0COOIUBOCTSIM TIOOYIOBHM Ta JI0-

[16] Peerasaksophol M., Srilomsak S., Laoratanakul P., cmimxenns MaTeMaTHIHEX Moeseil IT'€30eMeKTPHIHAX TIe-
Kulwor.awanichp(.mg T. (2911). Design and implementati- PETrBOPIOBAYIB CTPUAKHBOBOIO THILY, $Ki 3HAXOLATH LIK-
Iaios. Duropecn Journal of Sciontific Reseurch, Vol 61, POKE 33CTOCYBAHIA B pISHOMARITHIX TpHCTpOAX axycro-
No. 2, pp. 189-205. €JIeKTPOHIKHU (Fl,[LpO&KyCTI./I‘IHI/IX 3aco0iB BUSBJIEHHS LLI.J'[eI/.I,

YJIbTPA3BYKOBOI'O HEPYUHIBHOIO KOHTPOJIIO, MEIUYHOl /Jii-

[17] Ozeri S., Shmilovitz D. (2006). A time domain armoctmkm, Tompo). Ha Bimmimy Big icmyoumx wmarema-
measurements procedure of piezoelectric transformers equi- THIHEX MOmenell E30€EKTPUIHAX TEPETBOPIOBAYIB (HA
valent scheme parameters. IEEE International Symposium  ocpopi aMmwmiTynHo-ha30BUX 3a/I€KHOCTEH, PE3OHAHCHEX
on Circuits and Systems ISCAS, pp. 2281-2284. DOL '€30€JIEKTPUIHUX TIEPETBOPIOBAYIB, €KBIBAJEHTHUX CXE€M
10.1109/ISCAS.2006.1693076. .

Ta IHmMUX), 3aIPONOHOBAHA MATEMATUYHA MOJEIb JI03BO-

[18] Buchacz A., Placzek M., Wrobel A. (2014). Modelling of J14€ BCTAHOBUTH 3AJICKHICTDL, IO € MATEMATHHHUM O~
passive vibration damping using piezoelectric transducers COM aKyCTHYHOTO 3B'A3Ky, AKWI ICHye B CyIiIbHOMY
— the mathematical model. Maintenance and reliability, 1’ €30KepaMiYHOMY CTPWKHI MiXK XBUJIbOBUMU ITOJIIMU HA
Vol. 16, No. 2, pp. 301-306. #oro pisHuX AiTgHKaX.

[19] Bazilo C. (2020). Modelling of bimorph piezoelectric ’Ha‘BeﬂeHO QJIrOpUTM POSpaxyHKy MaTeMaTHIHOL MOZE-
elements for biomedical devices. In: Hu Z., Petoukhov S., /11 Il €30€JIEKTPUIHNX [I€PETBOPIOBAYIB CTPUKHBOBOI'O THUILY,
He M. (eds). Advances in Artificial Systems for Medicine 10 6a3yeThcs Ha Bu3HA4eHi KoedimienTa Tpancdopmarii,
and FEducation ITl. Advances in Intelligent Systems and gruii BUHUKAE IpW 3BOPOTHOMY IT’€30€JIEKTPUIHOMY ede-
Computing, Vol. 1126. Springer, Cham, pp. 151-160. DOL: g1 Orpumani apamiTudm] 3a/1€KHOCTI, MO IO3BOJILIOTH
10.1007/978-3-030-39162-1_14. BIU3HAYATH €JIEKTPUYHNYA IMIEJAHC Ta aMIUITyZHE 3Hate-

[20] Bazilo C. V. (2018). Principles and methods of HHZ MIOTEHIIaIy B €JIEKTPUIHOMY ¥<oni n’esoen(?KTquHoro
the calculation of transfer characteristics of disk pi- H€PeTBOpIOBata. Ilokazano, mo mi 3aT€KHOCTL JIEXKATb B
ezoelectric transformers. Radio Electronics, Computer Sci- OCHOBi BUpa3y IJig Bu3HadeHHs Koedinienta Tpancdopma-
ence, Control, No. 4, pp. 7-22. DOL: 10.15588/1607-3274- mii K (w, 1), sskuit € MATEMATHIHOIO MO/IE/IITIO CTPHKHEBOTO
2018-4-1. [In Ukrainian]. me30esiekTpuaHoro TpancdopmaTtopa. Ilpu MpoMy, TpuH-

,

[21] Petrishchev O. N. (2012). Garmonicheskie kolebaniya pi- T AT TAKOTO T e.SOTpaHC(bOpMaTOPa nepeaGariae propT-
ezokeramicheskikh elementov. Chast’ 1. Garmonicheskie ~CTOHH IOSJI0BAHIX KOIMBAHE B TIPHSMATHTHOMY CTPHACHL.
kolebaniya piezokeramicheskikh elementov v wvakuume I Hageneni pe3syiabraTu mpoBeIeHOro MaTEMATUIHOTO MO-
metod rezonansa — antirezonansa. [Harmonic wvibrations JEeJTIOBAHHS Ha TPUKJIATlL CTPUMKHEBOTO IEePEeTBOPIOBAYA 3
of piezoceramic elements. Part 1. Harmonic vibrations KBAJPATHAM TIOTIEPETHIM TePePi3oM i3 T €30eIeKTPITTHON
of piezoceramic elements in vacuum and the method of xepamixi Temy ITTC. IIposeseni mOpiBHSHES pO3paxo-
resonance — antiresonancel. Kyiv, Avers Publ., 300 p. p Y ’ POBEL, P posp

BAaHUX Ta EKCIEePpUMEHTAJbHO OTPUMAHUX 3HAadYeHb da-

[22] Grinchenko V. T., Ulitko A. F., Shul’ga N. A. (1989). CTOTHOI 3a/lexKHOCTI Mozyns Koedimnienra Tpancdopmamii
Mekhanika svyazannykh polei v elementakh konstruktsii. II'€30KePaMIdYHOTO IIEPETBOPIOBAYA IMOKA3AIM BHUCOKY 30i-
T. 5. Elektrouprugost’. [Mechanics of related fields in the sxmicTh Mix HuMm (PO3GINKHICTH MiXK pe3yTbTaTaMW MaTe-
elements of constructions. Vol. 5. Electroelasticity]. Kyiv, iarmamoro MOZEJIIOBAHHS Ta eKCIEPUMEHTAIBHO OTPHAMA-
Naukova Dumka Publ., 280 p. ISBN 5-12-000378-8. HUMM JAHUMH JJIsi OJHAKOBOIO 3Ha9YeHHs: PODO0YOl 4acToTu

[23] Andrilenko O., Bondarenko M., Antonyuk V. (2019). M€ Tepesmuye 8,5%).

Automated system for controlling the characteristics of
microsystem equipment devices. Quality, Standardization,
Control: Theory and Practice: XIX International Scientific
Studing Conference, pp. 26-28.

Karouwosi IT’'€30€IEKTPUIHII  [TePETBOPIOBAT;
aKyCTOEJIEKTPOHIKA; MaTeMaTUIHA MOJE/Ib; TeHePATOp eJie-
KTPUYHUX CUTHAJIIB

cnoear


http://ric.zntu.edu.ua/article/view/45050
http://ric.zntu.edu.ua/article/view/45050
https://ieeexplore.ieee.org/document/1355395
https://ieeexplore.ieee.org/document/1355395
https://www.researchgate.net/publication/287387549_Design_and_implementation_of_ring-dot_piezo-electric_ballasts_for_36-W_fluorescent_lamps
https://ieeexplore.ieee.org/document/1693076
https://ieeexplore.ieee.org/document/1693076
http://ein.org.pl/sites/default/files/2014-02-18.pdf
https://link.springer.com/chapter/10.1007/978-3-030-39162-1_14
https://link.springer.com/chapter/10.1007/978-3-030-39162-1_14
https://link.springer.com/chapter/10.1007/978-3-030-39162-1_14
http://ric.zntu.edu.ua/article/view/154464
http://ric.zntu.edu.ua/article/view/154464
http://enviro.vgtu.lt/index.php/enviro/2017/paper/view/135/0
http://enviro.vgtu.lt/index.php/enviro/2017/paper/view/135/0
http://enviro.vgtu.lt/index.php/enviro/2017/paper/view/135/0

MareMaTuyHe MOJEJIIOBAHHS II'€30€JIEKTPUYHUX LIEPETBOPIOBAYIB CTPUKHBOBOI'O THUILY ISl IIPUCTPOIB aKyCTOEJEKTPOHIKI 67

MaremaTuieckoe MOeJIMPOBAHUE IIbe-
303JIEKTPUIECKNX npeobpazoBareeii
CTEpP>KHEBOr'0 THUIIA JJs YCTPOUCTB aKy-
CTOJIEKTPOHUKU

Basunao K. B., Bondapenxo M. A., Xausnot B. B.,
Tomenxo M. I'., Tomenrxo B. H.

Pabora nocssniena 0COGEHHOCTAM IIOCTPOECHUS. U UCCJIe-
JOBaHWST MATEMATHIECKUX MOJIEIEH IMHe303IEKTPIUIECKIX
npeobpa3oBareseii CTePKHEBOr0 THUIA, KOTOPbIE HAXOIAT
LIMPOKOE [IPUMEHEHUE B PA3/IMYHbIX YCTPOHCTBAX aKyCTO-
9IEKTPOHMKY (TUAPOAKYCTHUECKUX CPEICTB OOHADYKEHUS
neseil, yabTpa3ByKOBOIO HEPa3pyNIAONEro KOHTPOJIS, Me-
JMUMHCKON JuarHoCTuky u T.4.). B orymaue or cymecrsyio-
MAX MATEMATUIECKUX MOJE/ell Mbe309IeKTPUIECKUX TIpe-
obpasosaresneil (OCHOBAHHBIX HA AMILIATYIHO-(DA30BBIX 3a-
BUCUMOCTSIX, PE30OHAHCHBIX TMHE303IEKTPUYECKUX TIpeobpa-
30BATEJIAX, IKBUBAJICHTHBIX CXEMaX U T.II.), TPE/JIOKEHHAS
MaTeMaTUYecKas MOJIeIb I03BOJIAET YCTAHOBUTH 3aBUCHU-
MOCTh, SIBJISTIOIIYIOCS MaTEMATHIECKUM OTTMCAHUEM aKyCTH-
9eCKOM CBS3M, KOTOpasi CYIIECTBYET B TBEPAOM IThe30Ke-
PaMUYECKOM CTEPXKHE MEXK/Iy BOJIHOBLIMU IIOJISIMH HA €ro
Pa3IUYHBIX YUACTKAX.

TIpuBenen aaropurTM pacdera MaTEMATUIECKON MOie-
JIA IIbE303JIEKTPUIECKUX Hpeobpa3oBareseil CTepKHEeBOro
THUIA, OCHOBAHHBIN Ha, OMpeeIeHnn K03 PUIpmeHTa TpaHc-

dopmanyu, KOTOPBI BO3HUKAET HPU OOPATHOM IIbEe303.Jie-
kTpudeckoM 3ddekre. ITomyueHsr anaIUTHIECKIE 3aBUCH-
MOCTH, IIO3BOJISIIOINNE ONIPEeNe/sATh JJIEKTPUIECKHUI HMITe-
JaHC W AMIUINTYJAHOE 3HAYeHWe IOTEHIUAJa B JJIEKTPU-
YeCKOH IEMM Mhe303IeKTPIIecKOro mpeobpasosarens. 11o-
Ka3aHO, YTO 3TH 3aBHCHMOCTH JIE’KAaT B OCHOBE BBIPaA-
KeHus g ompenenenus Kodddumumenra tpancdopma-
mmn K(w, 1), KOTOPBIil SBASETCS MATEMATHIECKON MOze-
JIBIO CTEPKHEBOTO [Ibe303JIEKTPUTIECKOr0 TpaHC(HOpMATOpAa.
IIpu sTom, npuHIUIl JeiCTBUS TAKOro mbe3oTpaHcdopma-
TOpa MPEIyCMATPUBAET WMCIIOIH30BAHIE TTPOJOILHBIX KOJIe-
OaHnit B MPU3MATUIECKOM CTEPIKHE.

TIpuBenenbr pe3ynbTaThl MPOBEIEHHOTO MaTeMaTHYe-
CKOI'0 MO/IE/IMPOBAaHUS Ha IIPUMEPE CTEPKHEBOro 1peodpa-
30BaTesIsI C KBAJPATHBIM ITOTIEPETHBIM CEUEHHEeM U3 IIhe30-
snexkrpudeckoii kepamuku tuna I[TC. Ilposenensbr cpas-
HEHUsl PACCYUTAHHBIX U JKCIEPUMEHTAJIBHO II0JIyYEHHBIX
3HAYEHMI YACTOTHONW 3aBUCHUMOCTH MOMYJs Ko03(duimen-
Ta TpaHCHOPMAIUY ITHE30KEPAMUIECKOTO ITPeodpa3oBaTes
[IOKA3aJIM BBICOKYIO CXOAMMOCTH MEXKly HUMH (DPacxozxKie-
HHe MeXIy pe3yJIbTaTaMH’ MaTeMAaTHIECKOT0 MOJIEHPO-
BaHUs W SKCIIEPUMEHTAJIBHO MOIYYEeHHBIMU JAHHBIMU I
O/IMHAKOBOI'O0 3HAa4eHUus pabo4ell 4acTOThl HE IIPEBBIIIAET
8,5%).

Karoveswie €a06a: THe303eKTPUIECKU Tpeobpa3oBa-
TeJIb; AKyCTOJIEKTPOHUKA; MATEeMaTUIeCKasl MO/IE/Ib; I'€He-
PATOp 3JIEKTPUIECKUX CUTHAJIOB
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