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RESONANT MODES OF A LINEAR PERMANENT MAGNET VIBRATORY MOTOR
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The work considers the resonant operation modes of the linear permanent magnet vibratory motor. On the basis of
electrical and mechanical equivalent circuits with lumped parameters, expressions for determining the frequencies of
mechanical, electrical, energy and power resonances are obtained. The presence of two frequencies of electrical
resonance (when the phases of supply voltage and motor current coincide) in a single-mass electromechanical system
and four in a two-mass one is substantiated. Representing, according to the electromechanical analogy approach, the
back EMF induced due to the movement of the mover by the corresponding voltage drop, expressions for equivalent
mechanical impedances are obtained. The dependences of the energy characteristics of the motor (mechanical work
and efficiency) on the equivalent circuit parameters are obtained. Based on the expression for the reluctance
electromagnetic force, mechanical work is found and its dependence on the phase difference between displacement and
current is shown. The phase difference at which the total mechanical work of the motor is maximal is determined. It is
shown that the results of the analysis of resonant modes well agree with results of a numerical field study carried out on
the basis of the equations of the quasi-stationary magnetic field in the time domain using the finite element method and
the moving type of calculation mesh in the mover region. References 12, figures 6, tables 1.

Keywords: electrical resonance, electromechanical analogy approach, energy characteristics, finite element method,
linear permanent magnet motor.

Introduction. Vibration technologies are the basis of many modern technological processes related
to the movement and processing of materials, compaction, sorting, granulation, etc. The use of the linear
permanent magnet motors in vibrating machines provides a number of advantages, the main of which are a
wide frequency operating range, the absence of mechanical transmissions that convert rotational motion into
a linear one, and therefore reliability and low noise level, and the ability to control performance in automatic
mode [1-4].

To date, there is no clear idea in which mode (in terms of providing the necessary electromechanical
performance) a vibrating machine with the permanent magnet motor drive should operate. It is considered
generally acceptable to provide a mode close to mechanical resonance, since otherwise the drive efficiency is
low [5-7]. It is also known that the frequency of phase mechanical resonance (hereinafter the phase mechani-
cal resonance means the coincidence of the main harmonic components of electromagnetic force and mover
speed) does not coincide with the frequency of maximum motor efficiency and maximum amplitudes of ac-
celeration and displacement [8]. If we take into account that in addition to mechanical resonances, there are
also electrical resonances, as well as some influence of the salient-pole structure of the magnetic system and
harmonics of electromagnetic force on the force-angle characteristics of the motor [9, 10], the problem of
choosing the optimal machine parameters to provide the required mode of mechanical oscillations becomes
ambiguous and controversial.

Obviously, the simultaneous ensuring of optimal electromechanical characteristics is impossible. We
have to give up certain indicators in favor of others, the achievements of which are more important. There-
fore, the study of the influence of the motor's equivalent circuit parameters on the electromechanical proc-
esses and their interrelationship is essential from a theoretical point of view, and necessary from the point of
view of practical implementation of efficient drive modes.

The aim of the work is to determine the operation modes of a linear permanent magnet vibratory
motor, which provide the specified electromechanical characteristics.

The basic structure of the permanent magnet vibratory motor is shown in Fig. 1. The stator of the
motor contains a laminated ferromagnetic core / and a winding 2, which is powered by a single-phase AC
source. The winding has two groups of coils (shown in color), the direction of current in which is opposite.
The mover contains ferromagnetic poles 3 and permanent magnets 4 with axial direction of magnetization.
The pulsating magnetic field of the winding, interacting with the field of permanent magnets, causes an axial
electromagnetic force, the direction of which is determined by the direction of current. The mover motion in
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relation to the stator leads to deformation of the spring system 5. With a change in the coils current direction,
the mover moves in the opposite direction under the influence of electromagnetic force and energy accumu-
lated in the springs.

The nature of the flow of the motor's electromechanical
processes is determined by the parameters of its equivalent
circuit. Therefore, we will further consider the influence of
machine parameters on the provision of resonant operation
modes.

Mechanical resonance. Here we will consider an elec-
tromechanical system with a harmonic electromagnetic force
and constant parameters of the equivalent circuit. The behavior
of such systems is well known and has been considered in many
works. Therefore, we will restrict ourselves to the results of
researches that are necessary for further presentation, since the
connection of electromagnetic processes with mechanical ones,
as will be shown below, is quite significant. Also, due to the
great variety of mechanical design, we will consider only sin-
gle-mass and two-mass, which are most common.

So in the single-mass oscillatory system, the resonance

Fig. 1 frequency can be determined from the equivalent circuits
shown in Fig. 2.

The mechanical equivalent circuit (Fig. 2, a) contains the mover /, which oscillates under the influ-
ence of electromagnetic force F,, relative to the stator 2. The spring system 3 and the damper 4 are character-
ized by spring stiffness £ and viscous friction b factors, which take into account the corresponding motor co-
efficients together with the load. The coordinate system is connected to the stator, with the origin corre-
sponding to the position of mover mechanical equilibrium, when the motor current is zero. Moreover, the
system starts with oscillations from the state in which the static equilibrium already exists between gravita-
tional force and the spring forces.

The electrical equivalent circuit (Fig. 2, b) is represented by series-connected resistance Rj,, induc-
tance L, and source e,, which simulate the stator winding resistance, winding inductance and back EMF in-
duced due to the mover motion.

The presented equivalent circuits correspond to the following system of equations written in the fre-
quency domain:
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spectively; K, is the EMF constant; J/, X are the speed and displace-
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ﬁ ment of mover relative to the stator, respectively; m, is the mass of the
i//%‘dl:l % 7 mover; Kg, is the electromagnetic force constant; & is the equivalent
T T stiffness factor of the spring system and the load; b = b, + b, is the total
a viscous friction factor of the motor b, and the load b; ® is the supply
R voltage angular frequency.
Eld The solution of equations (1) makes it possible to obtain the
I frequency of mechanical resonance at which the amplitude of the
v mover oscillation will be maximum:
U, e‘,:KE‘.)v o - i ~ bZ (2)
’ m, 2m’ ’
as well as the frequency of phase mechanical resonance, at which the
Fg 5 phases of electromagnetic force and the mover speed coincide:
1€.

®, = %Z 3)

ISSN 1607-7970. Texn. enexmpoounamixa. 2022. Ne 4 29



In the two-mass electromechanical system (Fig. 3), the stator of the motor / is fixed to the operating
element 2. The mover 3 oscillates under the influence of electromagnetic force F,, relative to the stator on
the springs 4.

The system of equations in the frequency domain will look like this:

U,=1,R,, +joL,)+ joXK,;
—m,o’ X =m, X, =KpI,—k X~ job X; , @)
—myo’ X, =K I, +k, X+ job, X —k,X, — job, X,

where X, is the displacement of the operating element; m, is the mass of the operating element; k,, k, are

the stiffness factors of the motor and operating element, respectively; b, is the load viscous friction factor.
The results of the solution of equations (4) with respect to the oscillation amplitudes are as follows:
— the mover oscillation amplitude relative to the stator:

_ KFVIW\/(C1 (— myw” +k, — maw2)+ szbb)z + (Cz(mbo)2 —k, + maooz)+ Clcobb)z .
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) 1 — the oscillation amplitude of the operating element:
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X, |J|—_|bv k, %§\4 X, = hvivmTa (6)
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—— 2 where C, =m,m,0" —m,0 k, —m,o°k, +k,k, —0°bb, —m,0k,;
x '—|-| C, =—-w’b,m, —b,m,»° +®b,k, —b,m,»° +ob,k, .
" 3 As follows from (5, 6), the oscillation amplitudes of the mover
X, i " and the operating element are maximum when the denominators of the
1 b, Kk, % expressions have minimal values, and both masses resonate at the same
ITI frequencies.

Electrical resonance. In the equivalent circuit according to
Fig. 2, b the back EMF induced due to the mover motion can be repre-
sented, according to the electromechanical analogy approach, the corresponding voltage drop across the
equivalent impedance. Then the first equation of system (1) will take the form:

j(DKEvKFv J

Fig. 3
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Analysis of equation (7) shows the presence of two electrical resonance frequencies (when the phases
of supply voltage and motor current coincide) in the single-mass system which are defined by the expression:

\/ KK pm, — Lb* + 2L Jom, + (=K K pym, + Lb> — 2L km, ) +AL,m>(—K K ke — L k)
(,01’2 = .

where the mechanical component is defined by the expression Z, . =

(8)
2Lvm§
Moreover, the transition between the inductive and capacitive mechanical reactance occurs at the
frequency of phase mechanical resonance (3). Since to achieve electrical resonance, the mechanical reac-
tance must be capacitive (to compensate for the inductive component of the winding electrical reactance X, =
wL,), both frequencies of electrical resonance will have values greater than .
Similar considerations are valid for the two-mass electromechanical system, the equivalent mechani-
cal impedance of which will be determined from the system of equations (4), from which:
_KnKp, (C2C3 ~0’h,C, )+ JK K (Cl G +0’b,C, )

Z = , 9
= mec C12 +C22 ( )

where C; = —m, + ok, —m,o .

Analysis of expression (9) shows that the dependence of mechanical reactance on frequency has two
areas with are inductive reactance and two areas with capacitive one. It follows that, depending on the me-
chanical and electrical impedances, electrical resonances at four different frequencies can be observed in
such a system. On Fig. 4 is shown the dependences of electrical and mechanical reactance on frequency for
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the case when the electromechanical system has four resonant frequencies (at points /, 2, 3 and 4). Here R,
X, are the mechanical resistance and reactance, respectively. Obviously, the number of resonances will be
determined by the ratio of electrical and mechanical parameters of the motor. In the case of low velocity of
moving masses there may be no electrical resonances at all.

R T T -Xe Energy resonance. Mechanical work
mec> 1 which is performed by electromagnetic force
X’""‘E’)hm during the mover motion from the position -X,, to
“ Rngsc X,, can be expressed as:
0.6 X 2 :
4 Y I m" X, sinf
H Wpee = | Fopdx = —2mm™ Zn 202 0 (10)
034 mec ev 2’[
1 ,l‘ X X,
0.2 j'k j‘;‘/cm o where ¥, 1,,, are the amplitudes of flux linkage
P I [ T . . . .
Y mamci==t” SN _° ¢ and winding current, respectively; t is the pole
""""" 0 «1:“ s 1A 2 pitch of the machine; 0 is the phase difference
02 . ST .
_ T S s— between displacement and current. And here, as
04 e oo 1 / """ before, the harmonic electromagnetic force with
: X, . _ 1Y/ . :
i amplitude F,, =Kp1, =" T s consid-
Fig. 4 ered.

From expression (10) it follows that for
constant equivalent circuit parameters and frequency, the mechanical work is proportional to the oscillation
amplitude. In the single-mass electromechanical system, the work will be maximum one at the natural fre-
quency defined by expression (2).

According to the equivalent circuit shown in Fig. 2, b, the motor mechanical power can be repre-
sented by the following expression:

15 « K
— [F,vdt=F,Vcos® =—"I'R
r t=T KEV
where T is the periodic time; F,,, V are the rms values of electromagnetic force and mover speed, respec-
tively; 0 is the phase difference between electromagnetic force and mover speed.

Then the expression for the efficiency of the single-mass electromechanical system will be written in
the form:

Pmec =

mec >

_h_ Kpo'(b-b,)
P Kb’ +R ((k—m0*) +b0)

v

n (11)

where =P, —P, ; is the output mechanical power; P,..,1s the power of mechanical losses (losses on

mec mec.
viscous friction); P, = P, . + P, is the input power; Py is the power of electric losses.

Analysis of expression (11) shows that the maximum efficiency corresponds to the frequency of
phase mechanical resonance (3).

A similar expression for efficiency can be obtained for the two-mass electromechanical system.
From the equations (4) we can write:

B Kiloc —ob,0 ) + C2)- kb0 (€0, + Cuob, F + (- C,C, + Coob, ) 02
=7 (k2 (c,C, -0,C, )+ R, (C2 + C2)fc? +C?) '

The cumbersomeness of the obtained expression does not make it possible to determine analytically
the resonant frequencies of efficiency, but it is obvious that they are not directly related to either the phase or
amplitude resonances of the corresponding masses.

Force resonance. The salient-pole design of the mover (see Fig. 1) determines the difference between
the permeance along the longitudinal and transverse axes and the emergence, in addition to synchronous, also
reluctance electromagnetic force. That is, the total electromagnetic force will have two components:
1dL, ,

[

avy,,
FEV = FES + Fer = p iV +
dx 2 dx

where F, is the electromagnetic force due permanent magnets field (synchronous component); F,, is the re-
luctance electromagnetic force that does not depend on the permanent magnets field and is due to the differ-
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ent permeance of the salient-pole mover along the longitudinal and transverse axes; ‘¥, is the flux linkage
due to the field of permanent magnets.

Typical static force-angle characteristics, depending on the mover angular position 0, = TC% and

the linear displacement x, are shown in Fig. 5, a (similarly with rotating machines, 0, is the angle between
the axes of the mover poles and stator windings).

Dependences of the flux linkage and the inductance on the mover position can be approximated by
the expressions:

_ i X/ - _ 2nx
¥, =¥, sin™/; L =L, +L, cos2m/,
where W, is the flux linkage amplitude; L,,, L,,, are the mean and amplitude values of the stator winding in-
ductance, respectively (Fig. 5, b).

The symmetry of the synchronous electromagnetic force curve F,; with respect to the abscissa and
ordinate axes makes it possible to represent this dependence on the displacement as a polynomial of the sec-

ond order:
b d 4¥
F, :( ml_ ;"Tcxzjiv. (13)
Es E T T
L v Expression (13) takes into account that in the posi-
E, tion relative to which the mover oscillates (x = 0), the flux

linkage due to the field of magnets is zero (Fig. 5, b) and
the synchronous component has the maximum

value F,, =¥, %iv. At the positions x = £1/2 the force is

zero F,, = 0 (see Fig. 5, a). Hence, we obtain the corre-
sponding coefficients of the polynomial (13).

The mechanical work of the synchronous electro-
magnetic force in the range of the mover motion from the
position -X,, to X, is equal to

Wmecs = ernF'esdx = leIvathm Sl;’l 6(172 _le)
Xm 21

From expression (14) it follows that the work of
the synchronous component is always positive, because the

. (14)

4o &0 30 0 30 €0 0 phase difference between displacement and current 0 in the
operating mode is close to 90° and the mover amplitude X,
x is always less than the pole pitch 1.
£? ' ' 0 ' ' z The dependence of the reluctance electromagnetic
b force on the displacement can be represented by a poly-
Fig. 5 nomial of the third order in form:

64nl, 5 167l »
F = X7 — VX Q. 15
or ( 30 3 j (15)

L
Expression (15) takes into account that F,, =0, when x = +t/2 (Fig. 5, a), and F,, = iuif when x
T
= +1/4. Hence, we obtain the corresponding coefficients of the polynomial (15).
Mechanical work of the reluctance component:
X 2 2 y2 22
" 2n L, 15 X 202X —
Wiy = [ Fols = =2 22 e, —), (16)
X T

Since the expression in parentheses (ZX 2 _ 12) in the operating mode is always negative, the work

will have a positive value if 6 > 7/2, i.e. when ® > ®,, and a negative value if 6 < n/2. Therefore, the reluc-
tance electromagnetic force in the oscillating mode performs useful work at frequencies higher than the natu-
ral frequency o, and at 8 = w/2 its value is zero.

The phase difference at which the work performed by both electromagnetic force components (syn-
chronous and reluctance) is maximum will be determined from the equation:
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mecs macr/ — 0
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whence

0 = arccos|

(17

Analysis of expression (17) shows that within the operating amplitudes of oscillations (X, <1/2) the
optimal phase difference increases with increasing winding current /,,, and amplitude of inductance L,,,. That
is, with an increasing reluctance electromagnetic force and oscillation amplitude.

The above expressions and dependencies are obtained on the basis of equivalent circuits with lumped
constant parameters. Obviously, a number of nonlinear effects associated with fringing fluxes, saturation,
electromagnetic force harmonics, etc., can significantly affect the electromechanical behavior of the system.
Therefore, the results of the above analysis of resonant modes, which are quite useful for preliminary model-
ing, must be verified using more accurate models. As the latter, the corresponding field models are usually
used, which provide high accuracy of the calculation with the correct formulation of the problem.

Field research. To solve the field problem we will use the results of the study presented in [11],
where the design parameters of the motor are obtained in accordance with the specified optimization criteria
(costs, force-volume ratio, efficiency) and the mechanical load parameters. The basic parameters of the ma-
chine are given in Table.

Here D, Dy, t,, are the outer and inner diameters, as well as the width of the permanent magnet
(SmCos with a remanent flux density 0.9 T), respectively; 2p is the number of mover poles; ny, is the number
of stator slots per pole; t is the pole pitch; 4, is the height of the stator tooth; D, is the outer diameter of the
stator; T, T, are the width of the tooth and slot of the stator, respectively. The table also shows the values of
efficiency Eff, power factor PF and input power P,, obtained from the results of the preliminary simulation.

Table

Dp=Do-Tpm, mm | 2p/ng, | T, mm | h, mm | D,,mm | T, mm | T, mm | T, mm Eff PF P, W
50-22-14 5/4 28.2 13.5 91.9 17 3.55 3.5 0.7163 | 0.9052 | 1094

Due to the axial symmetry of the machine (see Fig. 1), the problem was solved in axisymmetric for-
mulation, based on the equations of the quasi-stationary magnetic field in the time domain with Comsol Mul-
tiphysics simulation software [12]. The mechanical calculation was performed in conjunction with the field
calculation, as the problems are interrelated. For this purpose, a moving type of calculation mesh in the mov-
er region was used, the displacement of which is determined by the result of solving the force balance equa-
tion. The corresponding system of equations has the form:

I, W 62nrA
u,=i,R, + ;
; S I ot S
2 9
mE_F, kb %
dt dt’

where 7, is the number of stator slots; w; is the number turns per slot; 4, is the vector magnetic potential (¢
component); S is the cross section of the stator slot.

The value of the electromagnetic force was determined by integrating the Maxwell stress tensor T
on the mover surface according to the expression:

= j2nransa ,
where n is the unit vector of the external normal to the mover surface s,; 7 is the distance from the axis of
symmetry to the integration surface. The axial component of the force was calculated.

The results of the magnetic field calculation are shown in Fig. 6, a. The calculations refer to the case
of the rms value winding current 2.9 A with a frequency = 79.6 Hz. The mover position x = 0. The parame-
ters of the mechanical equivalent circuit are as follows: k= 1187511 N/m; b = 110 kg/s; m, = 4.7 kg.

The motor electromechanical characteristics depending on the relative frequency w/wg are shown in
Fig. 6, b. The per unit system and degree angular measure are used to build the characteristics.
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The following values are accepted as base: base frequency w, =®, =+/k/m, ; oscillation amplitude

X, =1/2; current I, = I,,,,,; electromagnetic force F, = K I, ; base speed V, = w, X, ; power P, =0.5F,V, .

Surface: Magnetic flux density 18
Time=0.040584 s
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Fig. 6

As follows from the data obtained, the most effective, from the point of view of the implementation
of resonant operating modes, is the frequency range within o/, = 0.99-1.01. The frequency of mechanical
resonance, at which the oscillation amplitude X, is maximum, is about ®w/wy = 0.998. This value is slightly
less than that defined by expression (2) which is determined by the presence of electromagnetic damping and
the corresponding losses and, as a result, an increase in the factor 4.

The highest value of the power factor PF is close to 1 and corresponds to the phase shift ¢ = 1.6°.
The electrical resonance, for the given motor parameters, is not observed, but this mode can be achieved by
increasing the current and amplitude of oscillation.

The maximum output mechanical power of the motor is P,.. = 732.6 W at the frequency
o/my = 0.998, corresponding to mechanical resonance. Quite close in frequency (w/mo=0.995) is the
maximum efficiency, which is equal to 0.693.

It can be noted that the amplitude of electromagnetic force F,,, increases with the approach of the
phase difference 0 (angle between the phases of current and displacement) to 90°. In this mode, the maxi-
mum current coincides with the moment when the mover passes the position x = 0, and according to expres-
sion (13), the synchronous electromagnetic force is maximum. But the maximum of the total electromagnetic
force corresponds to the angle 6 = 103.6°, which is explained by the influence of the reluctance component.

In general, the electromechanical system has a predictable behavior and the existent resonances are
consistent with the analysis given in the paper. Obviously, the simultaneous ensuring of optimal electrome-
chanical characteristics is impossible. If we consider the maximum efficiency and amplitude of oscillations
as the optimal mode, then in this case we should expect a decrease in the power factor and electromagnetic
force, the maxima of which are at frequencies > . It is also necessary to take into account the presence of
nonlinear effects inherent in linear permanent magnet vibratory motors, which requires the use of rather ac-
curate, in particular field models during their design.

Conclusions. As a result of the conducted analytical research the electromechanical resonant fre-
quencies of the linear permanent magnet vibratory motor were determined. In the single-mass electrome-
chanical system, there are two frequencies of electrical resonance, when the phases of supply voltage and
motor current coincide. An increase in the number of moving masses leads to a corresponding increase in the
number of resonant frequencies that could theoretically occur in such systems. The presence of electrical
resonances directly depends on the back EMF, and in practice they cannot always be implemented at all pos-
sible frequencies, as this requires an increase in the magnetic field and the speed of the mover. In addition,
the maximum efficiency and oscillation amplitude correspond to frequencies < ®,, when it is impossible to

34 ISSN 1607-7970. Texn. enekmpoounamika. 2022. Ne 4



achieve electrical resonances without artificial compensation. The amplitude value of the electromagnetic
force is maximum when ® > ®,, due to the influence of the reluctance component, and does not correspond
to the maximum values of efficiency and output mechanical power of the motor.
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PE3OHAHCHI PEXXUMH JITHIMHOI'O MATHITOEJIEKTPUYHOI'O JIBUT'YHA BIBPALIIMHOI JTIi

P.I1. Bonpap, OKT. TEXH. HAyK

KuiBcbkuii HanioHaIbHUH yHiBepcHTeT OyIiBHHIITBA i apxiTeKTYpH,

np. IoBitpoduiorcrkuii, 31, Kuis, 03037, Ykpaina, e-mail: rpbondar@gmail.com

Posensinymo pesonancui pesicumu pobomu NiHIUIHO20 MASHIMOENeKMPUUH020 0sueyna eiopayitinoi 0ii. Ha niocmasi
EIeKMPUYHUX A MEXAHIYHUX CXeM 3aMIWEHHS I3 30Cepe0dCeHUMU Napamempamu OmpUMano eupasu Oia GUSHAYUEHHS
4acmom MexanHiuHo20, eleKMPUIHO20, eHEPLEMUYHO20 MA CUL0B020 pe3oHancie. IIpedcmasusuiu 32i0H0 Memooy enex-
MPOMEXAHIYHUX AHAN02I THOYKOBAHY 6HACTIOOK pyxy axkops EPC 6i0onogionum nadinHam Hanpyeu, Ompumaro eupasu
0/ eKBI8ANIeHMHUX MeXaHiUHUX onopis. OOTPYHMOBAHO HAABHICMb 080X YACMOM eleKMPUUHO20 Pe30HAHCY (Koau 30i-
2armvcs Qasu Hanpyeu HCUGIeHHs ma CMpPYMy 08USYHA) 8 OOHOMACOBIN eleKIMPOMEXarIYHill cucmemi ma Yomupbox —
y 08omacosii. Ompumano 3a1eHCHOCMI eHepeemudHUX XapaKkmepucmuk 0sueyna (mexaniunoi pobomu ma KKJI) 6io
napamempis 1o2o cxemu samiujenus. Ha niocmaei eupasy 0na peaxmueHOi KOMNOHEHMU eNeKMPOMASHIMHOI CUlu
3HATIOEHO MeXaniuny pobomy ma noKA3ano il 3anedicHicms 6i0 az06020 Kyma Koaueans. Busnaueno gaszosuii xym, 3a
K020 CYMAPHA MEXAHIYHA poboma 08uzyHa € makcumanvhol. I[lokazano, wo pe3yismamu ananizy pe3oHaHCHUX pe-
JHCUMIG 00OPE Y320024CYIOMbCS 3 Pe3yIbMAMamu YUCEIbHO20 NOIbOBO2O OOCHIONCEHHS, NPOBEOEHO20 HA NIOCMAGI pi6-
HAHb K8A3ICMAYIOHAPHO20 MAZHIMHO20 NOJIAL 8 YACOGIl 00AACMI 3 UKOPUCMAHHIM Memody CKIHYEHHUX e/leMeHmie ma
PYXOMO20 muny po3paxyHkogoi cimku é oonacmi saxops. bion. 12, puc. 6, Tabdmn. 1.

Knrwouoei cnosea: enekTpudHnii pe3oHaHC, EHEPreTUYHI XapaKTePUCTHKHY, JIIHIMHUI MarHiTOENeKTPUYHNHN JIBUTYH, Me-
TOJI CIIEKTPOMEXAHIYHUX aHAJIOT1H, METO/I CKIHYEHHHUX CJIEMCHTIB.

Hamiiima 06.04.2022
Octarounwnii Bapiaat 05.06.2022
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