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Summary. The model of a piezoelectric transformer (PT), which is more convenient for modeling in
comparison with those, which are widely used in practice, is presented in this paper. Moreover, the proposed
model can be directly applied in developing radio-electronic equipment and integrated into computer-aided design
systems (CAD). The given model of piezoelectric transformer considers not only one but several harmonics and is
simple for interactive change of parameters in the modeling process, as well as takes into account and changes
the parameters of piezoelectric devices without leaving the basic CAD of radio-electronic equipment. The
implementation of this model in the MicroCAP computer-aided design system is shown in the example. The results
obtained during modeling are compared with experimental data.
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Statement of the problem. One of the priorities in the development of control and
ignition systems for gas-discharge lamps is the replacement of their electromagnetic
components with piezoelectric transformers [1, 2]. As you know, the principle of operation
of the piezoelectric transformer is as follows. When an alternating voltage is applied to the
electrodes of the primary circuit of a piezoelectric transformer, mechanical vibrations occur
due to the reverse piezoelectric effect. They are transmitted to other sections of the
piezoelectric material, and due to the direct piezoelectric effect, causes a voltage change in
the secondary circuit. In terms of their characteristics, piezoelectric transformers (PT)
compare transformers with scattering, but they do not see magnetic fields and simplify the
design. Therefore, the development of electronic devices based on a piezoelectric transducer
remains very relevant.

Analysis of the available investigations. For modeling and calculation of piezoelectric
transformers, the method of electromechanical analogies and methods of direct modeling by
finite element methods are usually used. The method of electromechanical analogies is limited
because it takes into account only one «working» electromechanical resonance of a
piezoelectric transformer, rejecting all others. When modeling electrical circuits with a
piezoelectric transformer, we must take into account the passage of harmonics of the input
signal through this element. However, this is not possible, since the model approximates the
frequency characteristics of PT only in the vicinity of the operating frequency.

In direct modeling of piezoelectric transformer, the finite element method is usually
used [3-5], making it possible to obtain the dependencies between currents and stresses on the
piezoelectric transformer with arbitrary accuracy. However, such models are quite complex and
are not integrated into the radio-electronic equipment circuit modeling systems, and are separate
complex systems [6-8].

Thus, a situation has arisen when a developer of electronic equipment either uses a
simple model that does not take into account the passage of harmonics of the signal, or is forced
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to use two CAD systems that are not integrated with each other at once, one for PT modeling,
and the second for modeling the rest of the circuit [9-11]. In addition, high accuracy of the
modeling results is usually not required, as the parameters of other circuit elements and
materials have technological variation within the range of 2-10%.

The Objective of the work. The purpose of this article is to develop a model that takes
into account the parameters of a piezoelectric device and not comes out of the basic electronic
CAD. The developed model should, on the one hand, be acceptable in accuracy and take into
account at least a few first harmonics (which is enough to perform practical tasks). On the other
hand, it should be quite simple.

Methods and the main assumptions in modeling. To simplify the calculations, we
will limit ourselves to the simplest one-dimensional model of a piezotransformer, which is
quite accurate and is used to solve most practical problems. Within the framework of the
model, we assume that the primary oscillations occur along the axis of the piezoelectric
element. Suppose that forces, voltages, velocities, potentials and currents are represented as
a Fourier transform:

f(t):%jf(w)exp( joot )t . (1)

At the same time, in all these cases, we omit the brackets to simplify and shorten the
recording of dependencies. We will also describe the values of Fourier transforms, omitting the
phrase «Fourier transform» to reduce the volume. To simulate a piezoelectric transformer, we
conditionally divide it into sections of constant width, completely covered with electrodes and
having a constant direction of polarization.

Results. The section with transverse polarization. Let the piezoelectric
transformer Fig. 1 (a) have two sections with different polarization. Consider a section
having a transverse polarization with the dimensions shown in Fig. 1 (b). Let's assume that
the electrodes are placed on the upper and lower surfaces of the section so that the upper
electrode of the i-th pair extends over the entire longitudinal of the upper surface of the
plate and has a width of b, The lower electrode of the pair has the same location and
occupies the lower surface of the plate. We will also assume that the gaps between different
adjacent electrodes are close to zero, and the electrode system completely covers the entire
surface of the piezoelectric element.
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Figure 1. Piezotransformer a and its sections with transverse b and longitudinal ¢ polarization
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A one-dimensional mathematical model of piezoelectric transformers for CAD system

Let's also assume that external forces are acting on the right and left side of the section,
causing the piezoelectric element to move at speeds v, and v,, respectively, and the

piezoelectric element design does not create forces on the upper, lower and side surfaces
perpendicular to the axes x, and x, . Then the equations of the piezoelectric medium state have

the form [4]:
€11 =S11 011 +S1p Opp +S13 g3 +0g Eg, (2)

Dy =dg; 644 + 0z Gy +0g3 033 +€33 Eg, (3)

where & is the value depending on three coordinates. Since the speed of propagation of
electromagnetic waves significantly exceeds the speed of vibrations in the material, a quasi-
static approximation can be used for the electric field vector. Then the components of the
electric field vector are represented by a potential:

g, @

OX3
And the equation of motion of the medium has the form:

004, N 001, N 00 13
OXy  OXy,  OXg

—pw? i, =0. (5)

Using the zero approximation for thin beams and plates, which is widely used in solid
mechanics, we assume stress ¢,,, 6, Values approximately equal to 0. Then the remaining

normal component of stresses in the material will be determined as follows:

B 1 . day =
Gy =—éy ——+E;. (6)
S11 S11

And the component D, of the electric displacement is written as:

- d
_ O3 4
Dy=—"%¢&, | eg—
Su1

ta)2d -

S11 ) OX3

The actual distribution of stresses and deformations is unknown and generally depends
on the coordinates x, and x;, SO we introduce the average values for the cross section of the

plate and in the future we use such average values, which we denote without additional marks:

al2 bl2

G-t ] [ ®)

-a/2-b/2

We will assume that the amount of displacement along the x, axis averaged over the

surface of the electrode is equal to the amount of displacement averaged over the full cross
section of the plate. That is, the equality is approximately fulfilled:

a2 a/2 b2

1 . 1 .
a_bi I Iuldxzdxg 15 I IuldxdeS =Uy, 9)
-a/2  S(bj) -a/2 -b/2
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where I...dxz is the integral over the i-th electrodes pair width. Differentiating this expression
s(bi)
by x1, we get the approximate equality:

a/2

1 A
R I IglldXZdX3' (10)

' —a/25(hj)

By performing the averaging operation over the cross section of the state equation and
taking into account the previously mentioned conditions for stresses, we obtain:

& dy A
u a1 49 ’
Siu Spip @

011 =

(11)

b/2
where 4¢ :% J é[xg = gj—é[xs = gjdxz is the average width value of the potential difference
/2

between the upper and lower electrodes. If the electrode system is applied to the surface in such
a way that the i-th upper and lower electrodes have a width b, and the potential difference

between them is equal to 4¢,, then:

1
A¢:EZ b, Ad. (12)

The component of the electric displacement vector averaged over the width of the i-th
pair of electrodes is equal to:

o od dy? | Ag,
D3():igll_[€33_ A J_¢ (13)

S1 S11 a

Applying the averaging to the dynamics equation (5), we obtain a typical one-
dimensional equation:

(30'11

o, TP =0 (14)

Without limiting generality, we can assume that at the boundaries x, =0 and x, =0, the

velocity values (V1 = j‘”“1) are set having the direction shown in Fig. 1(a) and equal to v, and
v, , respectively. The equation (14), together with equation (11) and these boundary conditions,
has a solution:

A sin( psyoll _Xl))+v2 sin( P Sy @ xl)

Lo ja)sin(\/p sllwl) ja)sin(\/p slla)l) (15)
S i(vl COS( pslla)(l_xl))+v2 COS(\/Psllwxl))+ da Zb_ A, (16)
" S11 jsin( pslla)l) absy; < e

And the component of the electrical displacement vector inside the i-th electrode is equal to:
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A one-dimensional mathematical model of piezoelectric transformers for CAD system

D3(i):\/Zd31 (Vlcos( ,osllw(l—xl))+v2 cos( P Sy @ Xl))+[d312 —633]A—¢i.
Sy a

jsinlyp sy o) (1n

S11

The current flowing from the upper i-th electrode to the lower one is found as an integral:

S11 S11

[ 2
I =—J'a)J. ID3(')dX2dX1 __Gaiby vy +Vy) ja{dsl _633Jbi | A4, ’ (18)
a

0 5(bj)

where s(b;) is the cross-sectional area of the i-th electrode. The negative sign indicates the

direction of current flow from the upper electrode to the lower one, that is, the opposite direction
relative to the direction of the displacement vector. Taking into account the determination of
average voltages, the forces generated by the piezoelectric element in the cross section is equal to:

~ ~ L(Vl cos( ,oslla)(l—xl))+v2 cos( DS ® xl)) d
F(Xl)—abo-ll_ab\/; jsin(\/psna)l) +?3izi:bi A¢|- (19)

The force generated by the piezoelectric element in the cross-section at x, =0 is:

v ab (\/1 cos( P S @ I)+V2)

’ d
F = + 31 bi A¢i 20
b Vs i Sin(\/p S; @ I) S11 Z (20)

and at x, =1 force is equal to:

Fzz\/gab(\/ﬁvzcos( ,0511(0|))+dizbi Ad, (21)

jsin(\/p sna)l) S11

The schematic diagram simulating the last expression, taking into account the
expression for current through all electrodes, is shown in the following figure (Fig 2(a)).
Supposed that the voltage corresponds to the force at the boundary of the element, and the
current simulates the velocity.
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Figure 2. Schematic diagrams of the piezoelectric transformer section model with a transverse polarization,
b longitudinal polarization
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In this scheme, the transformers TVA and TVB have conversion coefficients equal
in modulus 1, but their physical windings start opposite. The resistances ZA and ZB model
the relationship between particle velocities and forces arising at the boundaries of the
elements.

ZA = LZab(cos( pslla)l)Jr ) JZab\/:Ctg( psllwllz)’ (22)
1

S11 jSin(\/p Slla)l)

e zab(COS( psnw')‘ )_JZab\/itg(\/Ewl/z) (23)

S11 jSIn(\/p sllwl)

The transformers TVC; and resistances ZCi modeled electrodes through which
oscillations are excited. The corresponding circuits are connected in series similarly to those
shown for TVC; and TVC; transformers. The number of circuits coincides with the number of
electrode pairs, and the electrode characteristics determine their parameters. Thus, the
transformation coefficient TVC; is equal to 2K, wherek,; =d,b;/s;; . And the complex

resistance associated with the i-th electrode is defined as:

1 as
ZCi = = 11

b; | [ d312] jo byl (533311 _dslz). (24)
€33~

S11

If only one pair of electrodes is on the surface, the value b, =b is substituted in the
formulas. Transcendental functions are inconvenient to use. For example, it is difficult to
represent them in an equivalent electrical circuit, since not all CAD systems can use arbitrary
expressions to calculate frequency-dependent resistances. Therefore, we decompose the
transcendental functions tg(x) and ctg(x) into a series [5]:

- 8x
()= Z 2(2k - 1) _z 4x° J (25)
2

1 2X 1 ~ 2X
°tg<x>-;zkzﬂz—xz-;zﬁ- 8)

,ZA:_4ab . jo2pabl ,
Jolsy 4= 12,2 1_/051150 12 (27)
4k27z?
7B - jo8pabl R— ’g
k=1 72'2(2k—1)2 1— :Dzslla) I 5 ( )
7°(2k -1)



A one-dimensional mathematical model of piezoelectric transformers for CAD system

Representation of circuit resistances.
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Figure 3. Representation of resistance substitution scheme ZA a ZB b

Let's write down the representations of the complex resistances ZA, ZB, ZCi in the form
of substitution schemes Fig. 3. It follows from the complex resistance formula that ZCi is a
capacitance equal to:

cC. = by | (633Sll_d312). (29)

i
a Sy

4ab
8% s the capacitance value Co = s
jolsy 4 a b

also easy to prove that other members of ZA can be represented by series-connected parallel
LC circuits with parameters:

The first term ZA, which is equal to

2abpl Sy |
LA, =——, CA = .
K= 2 2 K3 ab (30)

To account for losses and Q — factor Q, we introduce loss resistances. As is known, the
loss resistance included in parallel to a parallel resonant circuit is determined through the
Q-factor of the circuit as follows:

RA, = /é: 4ab Q (31)

Thus, the substitution scheme ZA can be represented in the form shown in Fig. 3a. In
turn, ZB can also be described as series-connected parallel LC circuits. Comparing complex
resistance of parallel LC circuit and ZB components, we get:

8ablp CBk=SllI.
(2k-1)?7? 8ab

K =

(32)

Similarly introducing the losses resistance in the circuit, we get:

LB, _ 8abQ
RBy, =Q 1} 2k-1)x \/; (33)

Thus, the substitution scheme ZB can be represented in the form shown in Fig. 3(b).
The section with longitudinal polarization. Let's now consider the section with

longitudinal polarization, with the dimensions shown in Fig. 1 (c). Suppose that the electrodes
are located on the left and right side surfaces in such a way that the left and right electrodes are
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stretched across the entire width and height of the plate and have width b and height a. Let's
also assume that external forces F,, F,are acting on the right and left sides, causing the

movement of PT with speeds v, and v,. The design is made so that forces perpendicular to the
axes do not act on the upper, lower and side surfaces of the piezoelectric element.

The equation of the piezoelectric medium state after the rotation of the indices of the
material constants has the form [4]:
&) = Sy3 Gag +S13 Oy +S 3361, + g By, (34)
Dy =dg a3 +0gy Gy +0d 3364, +€a3E;. (35)
Similar to the previous case, quasi-static approximation for the electric field vector can

be used. Therefore, the component of the electric field vector is represented by the potential
according to the known formula:

g, =22 (36)

Xy

As in the previous case, assume that the stress values s,,, 64, are approximately equal
to 0. Then the stress component in the material is determined by deformations as follows:

1. dy 09
Opn =&+t —— 37
S33 S33 OX; 37

And the component D, of the electrical displacement vector is presented as follows:

L dy . dy,? )0 ¢
Dl—ﬁgn—[eas— - ]_¢ (38)

S33 S33 ) 0%

We again introduce the average values for the cross-sectional area of the plate. By
performing the averaging operation over the cross-section of the equation of state and taking
into account the above conditions for stresses, we obtain:

d d..?
o1 :i511+dﬁ%, Dy= B g gy -3 % (39)
33 Sz3 0% S33 Sz ) 0%y

The electrodynamics equation relating the components of the electric displacement
vector has the form:

D > >
L ob, N 0D,
OXy  OX,  OX3

=0. (40)

Averaging it over the cross-sectional area and taking into account that the electric
displacements on the lateral, upper and lower surfaces are equal to 0, it can be shown that the
equation after averaging will get the following form:

oD,
0Xq

-0. (41)
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A one-dimensional mathematical model of piezoelectric transformers for CAD system
Thus the component D, is a constant over the variable x,. And the current through the
electrodes is equal to:
a/2 b/2
I:—ij ledxzdx3 — joabD;. (42)
-a/2 -b/2

And, the derivative of the potential is equal to:

%:dﬁ”n +.; (43)

0% €33 jo ez ab

After averaging the medium dynamics equation, it takes the form:

__ 1 Ooy
Uy = pa)2 axl' (44)
Again, we assume that at the boundaries x, = 0 and x, = 1, the velocity values

(V1= jo Y1) are set, having the direction shown in Fig. 1(c) and equal to v, and v, , respectively.
Equation (44) together with equations (39) and this boundary conditions has the solution:

_Vysin(r(l=x,)) Vo sin(r x,)

YU jwsin(rl)  jesin(rl)’ (45)
0 _cssr(Vlcos(r(l—xl))+V2 cos(r Xl))_ d332(V1+V2) +d33 Ad 46
 -cartheoslrl=n) v, 2 VitVe)  dn (46)
Jw(€33533 da3 )sm(rl) (633533 dss )Ja)333| 33
2
L JPRLLE Y (47)
3 3

2
where 4¢ = #(1)-¢x0) potential difference between x, =0 and x, =1, r :a).
€33

Now, let us define the force generated by the piezoelectric element at the boundary
x, =0 . Taking into account the definition of average voltages and substituting the expression

mentioned above for current into the formula, we get:
b lcos(rl)  day” | das” dy; ab
F= 2 [r cos(rl) __dsg }1{ - }/2 +2 22 49, (48)
(533533 —dg )Jw I sin(r 1) e355 sin(r 1) e85 S |
Similarly, the force created by the piezoelectric element at the boundary x, =1, is equal to:
ab | das’ | 1) dg’ dgab
F, = €33 . LI o+ r c_os(r ) _dg , |+ 2880 4y (49)
(633533 —dag )Jw| sin(r1) ez 55 sin(rl) ez 55 Sag |

Let's construct the substitution scheme that models the last expressions, considering the
expression for currents through all electrodes. We assume the voltage corresponds to the force
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at the element boundary, and the current models the velocity of the particles. The substitution
scheme for the section with longitudinal polarization has the form shown in Fig. 2 (b).
Comparing Fig. 2(a) and Fig. 2(b), we see that the differences between them are minimal and
are related to the number of TVC transformers and ZC resistances, but the components
parameters are different. The resistances and transformation ratio is:

2
ZA = 2633""?_ rl ctg(rl/2)—2dL , (50)
(633533 —dg )]a)l €33 S33
j 2 abr
7= A0 83T ig(r/2), (51)
(633533 —dg E
I's abd
ZC= = , K=—-2%, 52
joab (exss, —dg’) | sy (52)

It should be noted that, in contrast to the model given in [4], the given model has not
negative resistances. Using the expansions of transcendental functions ctg(x) and tg(x) into

rows [5], we get:

4ab j2wabpl
— n ,
ol 533 le k22 l_P(€33533 _dasz)a’z 5 (53)
" 46‘33 kzﬂ'z
= j8abpwl
ZB = .
Z (2k 1) (633533 (1332)@2'2 (54)
7%(2k—1)?eg

Representation of circuit resistances. Let us define the representation of complex
resistances ZA, ZB, ZC in substitution electric circuits. From the formula of complex resistance,
it follows that ZC is the capacitance value:

Cczﬂ(%asss_dssz)_ (55)
| Sa3

The substitution scheme for ZA ZB does not differ by structure from the section
mentioned above (Fig. 3). The first term ZA, which is equal to zA, =4ab/jwl s, IS the
capacitance value c, =s,, 1/4ab. Other ZA terms are represented as series-connected parallel
LC circuits with the values of inductors and capacitances:
2abpl

2
kz—z’ CA, = €33S33 —dz3” ) ) (56)

LAk—
8&b€33

As in the previous case, we introduce loss resistances RA, , which are determined by the
quality factor:

LA, _4abQ P €

RA, =Q .
‘ CA kz (633333 _d332)
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A one-dimensional mathematical model of piezoelectric transformers for CAD system

The complex resistance ZB is represented as series-connected parallel LC circuits as
well. Comparing the complex resistance of parallel LC circuit and ZB components, we get the
values of inductances and capacitances of the circuits:

g __ 8abpl cB. - lesaSas —dgs’ ) (58)

Ca¥(2k-12" ¢ 8abey

As for the previous, let us introduce the loss resistance RBk by quality factor Q:

RBk:Q LBk _ SabQ P €33 (59)
VCBy  (2k=1)7 | 5655 — 5

General model of cross-longitudinal type PT

LB1 LB1 LBz B2 LE3 LE3 LBd4 LB4 LBS LB

VA
§ |H

“’E_
ar H '
|

Figure 4. The structure of the piezoelectric section model

From the point of view of using CAD, it is advisable to give the user the opportunity to
combine individual sections of the PT, presented as separate elements [12, 13]. In this case,
each section together with its electrodes is described by a separate element. When modeling the
structure, the terminals of the sections are connected, simulating the mechanical connection of
the sections to each other as simple elements of electrical circuits [14, 15].

For example, let's construct the piezoelectric transformer substitution scheme consisting
of two sections — with longitudinal and transverse polarization, respectively. At the sections
boundary, the force and velocity coincide, so the corresponding contacts should be connected.
The forces are equal to zero on the free boundaries of PT sections, which corresponds to the
short circuit at the corresponding inputs. The scheme modeling separate section of the
piezoelectric element is shown in Fig. 4.

X1 X2
V1 RN1
Figure 5. Graphical representation of the connection of Figure 6. View of the modeled piezoelectric
piezoelectric transformer sections in the CAD transformers and measured parameters

The use of sections as macronutrients to obtain a complete model of a piezoelectric
converter is shown in Figure 5.
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Figure 7. The transfer ratio for output current (mA) vs the input voltage (V):
a —amplitude, b — phase (measurement results)

We measured natural characteristics of piezoelectric transformers made of PZT-4

ceramics with geometric dimensions 60x14x3 mm (Fig. 6) to test the obtained model. The

transfer ratio for output current (mA) vs the input voltage (V) shown in Fig 7.
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The same piezoelectric transformer are modeled in MicroCap (Fig. 5.) During the
modeling process, the frequency dependences of the output transfer current ratio on the input
voltage amplitude at load resistance of 1 kOhm are obtained. The transfer ratio obtained in the
simulation for the output current (mA) depending on the input voltage (V) is shown in Fig. 8.
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Figure 8. The transfer ratio for output current (mA) vs the input voltage (V): a - amplitude,
b — phase (modeling results)



A one-dimensional mathematical model of piezoelectric transformers for CAD system

The sufficient number of circuits in the model is determined by the number of circuits
reduced by setting the resistance values RA5-RA3/RB5-RB3 equal to zero. Decoding of the
graph's digital symbols is given in Table 1.

Table 1

Decoding of digital symbols

Notation Set off ZA resistance circuits Set off ZB resistance circuits

onthe | | A1/ | LA2/ | LA3/ | LA4/ | LAS/ | LB/ | LB2/ | LB3/ | LB4/ | LB5/
graph | cA1 | cA2 | cA3 | cA4 | cA5 | cB1 | CB2 | cB3 | cB4 | CBS

2 + + — — — + + - — —
3 + + + — — + + + — —
4 + + + + — + + + + —
5 + + + + + + + + + +

+ — circuit involved in piezoelectric transformer section modeling;
—— circuit excluded from piezoelectric transformer section modeling by setting the parallel active
loss resistance to zero.

It is evident that having two circuits in each complex resistance, the qualitative
coincidence of experimental characteristics of piezoelectric transformer and those obtained
from the model is observed, and having five circuits — not only qualitative but also quantitative
coincidences are observed.

Conclusions. In contrast to the classical model, the proposed scheme and modeling
method makes it possible to take into account the presence of sections with longitudinal or
transverse polarization.

Based on the modeling mentioned above technique, the scheme modeling separate
section of the piezoelectric element is proposed. The corresponding connection of such
components can be used for obtaining the characteristics of piezoelectric transformers of
different types.

The model makes it possible to create the piezoelectric transformer as a circuit
consisting of standard blocks, simplifying the electrodes' location and coordination with the
circuit. The proposed model considers any number of resonance and the presence of several
electrodes located on the piezoelectric transformer.

It is possible to use CAD tools (for example, MicroCAP software) to model PT sections.
For these reasons, each element with its electrodes is described by macro elements. Then,
during the circuit modeling process, the section's output models mechanical vibrations as simple
electrical circuits are connected.
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YK 681.586

OJHOBUMIPHA MATEMATHYHA MOJEJIb
IPE3OEJEKTPUYHUX TPAHCO®OPMATOPIB
JJIA CUCTEMUA CAIIP

Boaoaumup Mensins; Ipuna beasikoBa; Onena Mapymak; Bagum Ilicbuio

TepHoninbcokuu HAYIOHAILHUU MeXHIYHUL YHigepcumem imeni leana Ilynios,
Tepnonins, Ykpaina

Pestome. Ilpeocmasneno modenv n’ezoenekmpuunoeo mpancgopmamopa (IIT), 3pyuniwa 0ns
MOOEN0BAHHSA 8 NOPIGHAHHI 3 MUMU, SKI WUPOKO 3aCmMoco8yromvcs Ha npakmuyi. Ompumano aHarimuyti eupasu
0114 nobyo0osu HabaudxzCeHOi O0OHOMIpHOI MoOeni n’e3ompancgopmamopda, KOmMpa 3HAYHO NPOCMIWLA, HIdHC
CKiHUeHO-elemeHmHa modenv. Takod, Ha 6IOMIHY 6i0 KIACUYHOI MOOeli, 3anpOnOHO8AHA cXeMd Md Memoo
MOOeno8ants 0aiomy 3M02Y 8PAXYEaAMU HAAGHICMb OLIAHOK 3 NO3008ICHLOIO AOO NONEPEYHOIO NONAPUAYICIO,
006INbHE X CNONYYEeHHS Mma 63aEMHe Po3MiwenHa. Ha ocHosi onucanoi memoouKu MooenioganHs 3anponoHo8aHo
cxemy MOOENOBAHHS OKpeMoi OLISAHKU N ’'€30e1eMeHma 5K 00H020 0azamonontochukd. 3a 0onomoeoio
8I0N0BIOH020 3'€OHAHHS MAKUX 6A2AMONONIOCHUKIB, KOJNCEH 3 KOMPUX MAE GIACHUL PO3NOOLL eleKkmpooie ma
81ACHI 2eOMempuyHi napamempu, modxce OYmu OMPUMAHO HeoOXIOHUll n'c30eieKmpuuHUtl mpancghopmamop.
Tobmo, nasedena mooeib 003805€ CIMEOPUMU N'€30ENeKMPULHUTL MPAHCHOPMAMOP K CXEMY, WO CKIAOAEMbCs
3 cmanOapmuux OI0Ki8, WO CHpOWye PO3MAULYEAHHA enekmpodié I y32000icenns 3i cxemoro. Takoouc
3anPONOHOBAHA MOOelb 8PAX08yE 0)y0b-5KY KLIbKICHb DPE30HAHCIE | HAABHICMb  KIIbKOX enleKmpoois,
PO3MAWOBAHUX HA N'€30eneKmpuyHoMy mpauncgopmamopi. Kpim moeo, sanpononosana modens moogice oymu
be3nocepedHbO 3acmMoOco8ana npu po3podeHH] padioeieKmpoHHO20 00IAOHAHHA Ma IHMe2Po8aHd 8 CUCmeMmu
asmomamuzosarozo npoekmysanus (CAIIP). Ha npukiadi noxaszano peanizayito yiei modeni 6 cucmemi
asmomamu3zoeanozo npoexmyeanns MicroCAP. /[na niomeeposicenss po36uUHEHUX MeopemuyHuUx npeocmaeiets
no6yoosano mooyavhy modenwv IIT y CAPIT MicroCAP ma nposedeno nopigHsnHs OmMpuManux po3paxyHKoGUX
0aHUX i3 eKCnepUMeHmanbHUMU.

Knrouosi cnosa: Cxema samiwenns, n’czoerekmpusnuii mpancgopmamop, n’€30eiemMenm, 4acmommi
2apmownixu, MicroCAP.
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