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MAGNETICALLY SOFT COMPOSITES BASED ON IRON POWDERS FOR CREATING
COMPONENTS OF A TWO-STATOR COMBINED ELECTRIC MOTOR

Abstract. An experimental prototype of electric motor on permanent (FeNdB) magnets with switchable magnetic
flux with two sectioned stators and a rotor using SMC material based on encapsulated metal powders has been developed.
The method of manufacture of magnetic cores by powder metallurgy method on the basis of magnetically soft encapsulated
titanium dioxide composites has been developed, including computer modeling of magnetic cores components, creation of
tooling for their manufacture by pressing and selection of technological modes of pressing. Press set for manufacturing stator
components by pressing in the form of a mold was made of hardened SXHB steel. With its use magnetic components for two-
stator combined electric motor are pressed. The main electromagnetic characteristics of the components were measured with
an express magnetometer. Complex studies showed that the magnetic components have sufficient strength and the necessary
electromagnetic characteristics to create a two-stator combined electric motor of this type. An experimental sample of
electric motor with maximum power of 15 kW was created on the basis of manufactured magnetic components. Advantages
of composite material over electrical steel and other soft magnetic alloys allow providing their wider application in electric
machines in order to increase specific power at high speed of rotation with less losses.

Keywords: magnetically soft composites, insulating coatings, electromagnetic losses, magnetic permeability, electric
motor
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MATHUTOMSTKHE KOMIIO3UTbI HA OCHOBE IIOPOIIKOB KEJIE3A AJISI CO3JJAHUSA
KOMIIOHEHTOB ABYXCTATOPHOI'O KOMBUHUPOBAHHOI'O 9JIEKTPOJABUTATEJIA

AnHoTanms. Pa3paboTan SKCriepuMEHTAIbHBIH 00pa3ell 3JeKTPOABUraTeNs C NePeKII0YaeMbIM MAarHUTHBIM TOTOKOM
C IByMsI CEKIIHOHMPOBAaHHBIMY CTaTOpaMu ¥ poTopoM Ha noctosHHEIX (FeNdB) marautax ¢ npumenennem SMC-marepuaia
Ha OCHOBE KaIlCYJIMPOBAHHBIX METAJNIMIECKUX MOPOIKoB. Co3/1aHa METOANKA N3TOTOBJICHUSI MATHUTOIIPOBOJIOB HA OCHOBE
MarHUTOMSTKHX KalCyJTHPOBAHHBIX JTUOKCHIOM THTaHAa KOMIIO3UTOB METOJOM IMOPOIIKOBOI METAJITypryH, BKIIOYAIOMIAs
B ce0s KOMIIBIOTEPHOE MOJIENTNPOBaHNE KOMIOHEHTOB MarHUTOIIPOBOIOB, CO3/JaHNe OCHACTKH JJISl MX M3TOTOBJIEHUS METO-
JIOM TIPECCOBAHMUS U BEIOOP TEXHOJIOIMYECKUX PEKUMOB IpeccoBanus. OcHACTKa AJ1 KOMIOHEHTOB CTATOPa METOIOM IIpec-
COBaHHS B BUC Mpecc-GopMbl M3rOTOBICHA U3 3akajeHHOM ctanu SXHB. C ee mpuMeHeHHEM CIPECCOBAHBI MATHUTHBIC
KOMITOHEHTBHI JUJISl ABYXCTAaTOPHOIO KOMOMHUPOBAHHOTO MIEKTpoBUraTesis. OCHOBHBIE MICKTPOMArHUTHBIE XapaKTepUCTH-
KM KOMIIOHEHTOB M3MEPEHBI C MOMOIIBIO 3KCIpecc-MarHeToMeTpa. KOMIJIeKCHBIE MCCIIeIOBaHUs OKA3ald, YTO MarHUT-
HbIe KOMIIOHEHTHI 001a/1al0T JOCTAaTOYHOH MPOYHOCTHIO ¥ HEOOXOAMMBIMH SIEKTPOMAaTrHUTHBIMU XapaKTEPUCTHKAMH IS
CO3/IaHHsl IByXCTaTOPHOTO KOMOMHMPOBAHHOTO JAAHHOTO THIA 3IEKTpoABUraTens. Ha ocHOBe N3roTOBIEHHBIX MarHUTHBIX
KOMIIOHCHTOB CO3/IaH DKCIICPUMEHTAIbHBIA 00pa3ell SJICKTPOABUTATEs ¢ MAKCUMAIbHON pacueTHONH MOIHOCThIO 15 KBT.
[IpeumyniecTBa KOMIO3UIIMOHHOTO MaTepHalia Iepes 3JIeKTPOTEXHUYECKOH CTalbl0 U APYTUMH MarHUTOMSTKHMHM CILIa-
BaMU ITO3BOJISIIOT 00ECIIEUHTE OoJiee NIMPOKOE NX MPUMEHEHHE B 3JICKTPHYECKUX MAIINHAX C [EJIbIO MTOBBIIICHUS yIeIbHON
MOIIIHOCTH NTPH BBICOKOH CKOPOCTH BPAIIEHUS C MEHBITUMHY TOTEPSIMHL.
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Introduction. In today’s environment, electric motors play a very important role for both industrial
and domestic applications. With the continuing trend of development of electric transport, more and
more requirements are placed on electric motors, such as increased specific power with good heat dis-
sipation, high reliability, cost-effectiveness, etc. [1]. In order to create new types of high-performance
electric motors in the world, many scientific teams develop new electromagnetic materials [2]. Over the
past years, various types of magnetic materials, such as pure iron-based and its alloys, such as Fe-Ni,
Fe-Ni-P, Fe-Nd-B, Fe-Si and Fe-Si-Cr, etc., have been used [3—8]. An information analysis of a large
amount of data on the study of technological schemes for obtaining powder magnetically soft materials
and the study of the magnetic and physico-mechanical properties of experimental samples shows that
one of the promising directions for the further development of such materials is the creation of mate-
rials based on nanocrystalline powders [9]. A unique combination of magnetic properties is observed
in nanocrystalline alloys based on the Fe-Si-B system of the “Finemet” type (Fe,; sSi,; sB{Nb;Cu,) [10]
with a mixed amorphous-crystalline structure and a grain size of ~ 10 nm, which makes it possible to
obtain saturation induction not less than 1.0 T and high initial magnetic permeability. The absence of
a domain structure ensures a low coercive force (5—-10 A/m), a correspondingly small area of the hystere-
sis loop, and, as a consequence, low magnetization reversal losses in such materials [11].

Among many advanced magnetic materials, magnetically soft composite (SMC) seems very promi-
sing for the development of new electric motors due to its unique properties such as magnetic and ther-
mal isotropy, very low eddy current losses and the prospect of inexpensive mass production [12—14].
SMC can be described as particles of ferromagnetic powder surrounded by an electrically insulating
coating [9]. SMC components are typically manufactured by powder metallurgy methods in combina-
tion with new technologies such as two-step pressing, hot pressing, multi-stage and magnetic annealing
followed by heat treatment at relatively low temperatures. Using proven powder metallurgy methods,
SMC components can be pressed to the desired shape and size in the mold, so no further processing is
required and production costs can be significantly reduced [15, 16].
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These composites have a number of advantages over traditional multi-layer cores based on elec-
trical steel. They have unique properties that include: three-dimensional (3D) isotropic ferromagnetic
behavior, very low eddy current losses, relatively low total core losses at medium and high frequencies,
opportunities to improve thermal performance, simplified motor design and assembly, and prospects for
significantly reduced weight and manufacturing costs. With such composites it is possible to reduce the
weight and size of electrical engine components. Magnetic isotropy and negligible eddy current losses
offer great design advantages as the limitations of electrical steel are removed. Radically different con-
figurations can be used to make full use of space, resulting in a very high power density or power-to-vo-
lume ratio [17, 18].

The laminated sheet metal core has a much lower thermal conductivity in the direction perpen-
dicular to the lamination plane than the thermal conductivity inside the laminated sheet, so the heat in
laminated cores is almost completely transferred to the lamination edge. SMC cores dissipate heat in all
directions, which provides high flexibility in thermal design [19]. In addition, most attractive advantage
of SMC may be its environmental friendliness. Material waste in production is kept to a minimum.
In addition, used SMC-based motors can easily be shredded to separate and reuse valuable materials
such as copper, providing much better recyclability than laminated steel-based motors.

Worldwide industry standards determine magnetic properties only for individual sheets of electrical
steel [20]. However, measurements are made for an individual sheet before it is laid, and it is known that
there are discrepancies between calculated values and actual measurements of motor performance [21].
This is because the magnetic properties are degraded due to deformation caused by stress and thermal
deformation that occurs during stamping, caulking and welding. On the other hand, the SMC magnetic
properties are measured on a sample created using the same compacting method as the final product.
Thus, the gaps between the design values and the actual motor performance measurements are small.
In addition, the SMC has excellent high-frequency characteristics. So, the SMC used in the motor can
suppress the high-frequency noise generated by the inverter [22-25].

The most common approach to increasing the torque of power systems is to use electric motors with
an external rotor and mechanical gears. However, the use of a mechanical gear leads to a decrease in
drive power and creates additional problems with lubrication, cooling and maintenance of the mechani-
cal gear [26]. It is more convenient to use a combination of two stators and one rotor in one electric mo-
tor with double air gap [27-29]. This motor has a variety of applications, with higher power and torque.
The use of two stators further increases reliability, in addition, two stators can potentially reduce torque
ripple. Synchronous motors are widely used because of their high efficiency and ease of control, and
they have the advantages of simple design and control.

This paper focuses on the development of a switchable magnetic flux motor with two sectioned stators
and a rotor on permanent (NdFeB) magnets using SMC material based on encapsulated metal powders.

Experimental results. As the base of the obtained magnetically soft composite, the extra pure
Swedish water-atomized iron powder ABC100.30 was chosen. An insulating layer was deposited on the
surface of the powder particles using a combined technique [30]. The thickness of the coatings depended
on the deposition time on the powder particles and the concentration of the alcoholic acid solution.
The advantage of the above technique of oxide coatings obtaining by decomposition of metal sulfates
and nitrides is its relative simplicity and low cost [31].

Measurement of composites electromagnetic characteristics was carried out in a wide range of mag-
netic fields change at a frequency of 1 kHz using an express magnetometer developed and manufactured
in the laboratory of physics of magnetic materials. From the field dependencies of magnetization ob-
tained with the express magnetometer (Figure 1), the value of electromagnetic losses and the value of
induction were calculated. In our case, eddy currents are practically absent due to the insulating of each
powder particle by titanium dioxide oxide layer. Thus, with increasing magnetic induction the value of
electromagnetic losses increases almost linearly (Figure 2) due to hysteresis losses in the entire mea-
surement range. For induction B = 1.9 T the hysteresis losses in composites are P = 105 W/kg which is
lower than similar losses of electrical steel P = 120 W/kg. It can be concluded from the data analysis
that the developed composite magnetically soft materials have a high value of magnetic induction of
1.88 T in the field of 21 kA/m.
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Figure 1. Magnetization loops at 1 kHz Figure 2. Magnetization dependences measured at 1 kHz and
of titanium oxide-encapsulated composite field dependencies of hysteresis losses for a composite based

on iron powder encapsulated with titanium oxide coating

Figure 3. A view of the calculation model of the axial airflow motor: red corresponds to the powder SMC material,
blue and pink to magnets, black to the non-magnetic non-conductive rotor carcass, and orange to copper

Advantages of composite magnetic material over electrical steel and other soft magnetic alloys allow
providing their wider application in electric machines in order to increase specific power at high rota-
tional speed with less losses. Significant increase in the efficiency of electric machines (electric motors,
generators, etc.) is possible by changing the design solutions, for example, creation of so-called dou-
ble-stator axial electric motor-generator. Such a solution involves changing the direction of magnetic
flux in the magnetic core. On the basis of traditional materials, such as electrical steel, it is impossible to
implement such a solution. Developed new composite material allows making cores on its basis, which
allow changing the direction of magnetic field.

Technique of magnetic cores manufacturing includes computer modeling of magnetic cores com-
ponents, creation of tooling for their manufacturing by pressing method and selection of technological
modes of pressing. At the first stage, taking into account electromagnetic parameters of composites,
simulation of synchronous motor with excitation from permanent magnets of axial magnetic flux with
double stator and magnetic core made of magnetically soft composite material is performed. Figure 3
shows the appearance of the model of the magnetic circuit of the motor under study. In order to reduce
the simulation time it is preferable to calculate the model reduced by 2 times, containing 6 magnets on
the rotor and 7 teeth on each stator with setting of appropriate boundary conditions. In Table are present-
ed the calculated electrical parameters of the two-stator motor.

The calculations show that the average torque value is 48.4 N-m, which translates to a power output
of 15.340 W. This mode of operation is short-lived due to the high current density (14.77 A/mm?, see
Table). Long-term operation while maintaining maximum power is possible only with water cooling.
Normal conditions and typical values of current density for long-term operation are 8—10 A/mm? with
a proportional power reduction to 10 kW.
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Electrical parameters of the motor

Parameter Value
Power supply voltage, V 24-72
Maximum phase current (pc), A 210
Current density (RMS), A/mm” 14.77
Rotation speed, min™' 5000
Maximum capacity, kW 15
Nominal capacity, kW 10

The amplitude of torque pulsations is less than 2 H-m, which is less than 5 % of the average torque
developed by the motor, which is a low value and means little noise and no vibration during motor
operation. The small torque pulsation is a consequence of the inherent advantage of the chosen ratio of
stator teeth z to the number of rotor magnets 2p: z = 2p + 2. The losses in the stator magnetic core have
an average steady-state value of about 170 W and are the least significant among all losses. The main
component of losses in stator magnetic core is remagnetization losses of hysteresis loop, which were
about 150 W, losses on eddy currents are insignificant, their value was 20 W.

At the second stage, taking into account computer modeling, tooling for manufacturing stator com-
ponents by pressing method was created. The tooling is a mold consisting of an inner part and a support-
ing mandrel made of SXHB steel hardened to Rockwell hardness of 55—60 and 45—50 HRC, respectively.

Further, the choice of technological modes of pressing the magnetic components was made.
The operation of pressing magnetic components includes lubrication of encapsulated iron powder with
addition of peat wax solution (Peat wax), direct manufacturing of stator components by hydrostatic
pressing of encapsulated iron powder in a mold under pressure 810 t/cm” under normal conditions and
heat treatment of manufactured components to normalize their physical parameters. The components
are annealed at a temperature of 400 °C during 1 hour in special autoclaves. Under such technological
regimes the density of the pressed composite is of the order of 7.5-7.8 g/em’.

To create the stator of an electric motor, 12 teeth were made, a photo of one of them is shown in
Figure 4, a (insert).

The strength characteristics of magnetic components are evaluated using Brinell hardness measure-
ments. This method is important when evaluating the mechanical properties of products and their com-
ponents during operation, during the current state control of structures and during emergency investiga-
tions. It is especially important for detecting and estimating the condition of locally deformed zones of
structures, which have an increased hardness as compared to the hardness of the original material. Such
zones are the sources of initiation and development of cracks. Magnetic components of the developed
composites have HB hardness values from 83.16 to 101.86, which is higher than the hardness value for
pure iron HB60. This indicates that the products have an increased tensile strength, and the absence
of cracks indicates that the material is highly resistant to the occurrence and development of cracks.
Studies have shown that the magnetic components have sufficient strength and the necessary electro-
magnetic characteristics to create a two-stator combined motor.

Experimental sample of two-stator electric motor is made using prepared two stators with winded
coils (Figure 4, a) and rotor. Calculation of the stator winding data and the main parameters of the pow-
er supply was performed for operation with induction at maximum of the order of 1.5 T and the motor
power supply directly. To achieve the value of magnetic induction in the pulse equal to 1.5 T the value of
magnetic field strength is of the order of 7-8 kA/m. According to these conditions and the possibility of
the power supply the number of turns of the stator winding is determined. The electric motor housing is
made of duralumin disks with holes for fixing screws (Figure 4, b). Diameter of discs was 15 cm. Before
assembly, fourteen NdFeB magnets with the following parameters were glued on the rotor made on the
basis of the developed soft magnetic material: residual induction 1.15 T, coercive force of magnetization
850 kA/m, magnetic permeability 1.05. The shaft of the two-stator motor is made of stainless steel.

The obtained scientific results indicate the possibility of creating components for various electrical
devices on the basis of new magnetically soft composite materials. The possibility of application of sta-
tor and rotor made of powder composite magnetically soft material for manufacturing of two-stator elec-
tric motor has been investigated. Such requirements are satisfied by composite materials based on metal
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Figure 4. Winding motor stator (a), and the assembled electric motor (b)

powders, the particles of which are covered with a very thin layer with electrical insulation. Application
of insulating layers provides reduction of electromagnetic losses and increases the quality factor of
composites.

The developed method allows creation of magnetic cores for electric motors from soft magnetic
composite materials by the powder metallurgy method. The advantages of composite magnetic material
over electrical steel and other soft magnetic alloys allow providing their wider application in electric
machines in order to increase the specific power at high rotation speed with less losses.

Conclusions. Magnetic components for a two-stator combined electric motor were produced by the
powder metallurgy method on the basis of magnetically soft encapsulated titanium dioxide composites.
The density of the manufactured components is 7.5-7.8 g/cm’. Measurements of the main electromagne-
tic characteristics of the magnetic components were made on an express magnetometer at a frequency of
1 kHz. At intensity H = 21 kA/m the value of magnetic induction of magnetic components is B,, = 1.88 T.
The value of hysteresis losses of components is on the order of P = 105 W/kg for the induction value
B =19 T, which is lower than the value of similar losses for electrical steel P = 120 W/kg. Complex
studies have shown that the magnetic components have sufficient strength and the necessary electro-
magnetic characteristics to create a two-stator combined electric motor with a rated power of about
10 kW. Calculation of stator winding data and basic parameters of power supply unit was made for ope-
ration with induction at maximum of about 1.5 T and power supply of the motor directly. Experimental
sample of two-stator electric motor is assembled from prepared two stators with winded coils and rotor.
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BJMSHUE PEXXUMOB JIASEPHOM 3AKAJIKA HA CBOMCTBA CTAJIHA 40X13

AnnoTtanus. IIpoBeneHo nuccnenoBaHNe 3aBUCHMOCTH XapaKTEPUCTUK MPOYHOCTH U IJIACTHYHOCTH, a TAaKXKe MHKPO-
TBEPIOCTH 00PA3LOB U3 KOPPO3UOHHO-CTONHKOH cTaiu 40X 13 oT pe)KMMOB J1a3epHOI MOBEPXHOCTHOM 3aKaJIKU BOJIOKOHHBIM
na3epoM. B 3aBHCHMOCTH OT pa3MepoB IISITHA CKAHMPOBAHHS M CKOPOCTH CKAaHMPOBAaHUS HA IPOTHBOIIOJIOKHBIX IIOCKO-
cTAX oOpasna ¢ radapuTHbeIMU pazmepamu 20 x 200 MM HaHOCHIIHCH 3—5 moposkek. [IpoBeneHBI HCIBITaHHS 00pa3loB Ha
CTaTHYECKOE pa3pylICHHEe W UCCIEeJOBaHUS MHUKPOTBEPAOCTH MaTepHasia 00pa3IoB MO IIyOWHEe M3MEHEHHOI CTPYKTYpEL.
YcTaHOBIIEHO, UTO pa3pynieHHe 00paboTaHHBIX 00pa3IOB BO BCEX CIydasX MMENO XPYyHKUil XapaKTep C HEBBICOKHM yPOB-
HEM pa3pylIaomux AepopMalui Npu HaMPsKEHNUAX HUXKe Mpesiena IPOYHOCTH UCXoaHoro MaTepuana. [loctpoennsle nna-
IpaMMBbl PAaCTSDKEHHSI YKa3bIBAIOT HA HE3HAUNTENIFHOE BIMSHUE Ja3epHON 00pabOTKH HA BETMYMHY MOJYJISl YIIPYTOCTH Ma-
Tepuana. MccnenoBaHus TBEpJOCTH MaTepHala 3aKaJeHHOU JIa3epoM JIOPOKKH M MUKPOTBEPAOCTH Marepuaia 1o rryou-
HE 30HBI M3MEHEHHOH CTPYKTYPHI ITOKA3aJI0 UX yBeIHUYeHHE 10 3—4 pa3 B CPaBHEHHU C HCXOAHBIMH XapaKTEPHCTHUKAMI.
Tlomy4ennsle pe3yabTaThl MOTYT CIIYKHTh 0a30# I MCCIEAOBAHMS B3aMMOCBS3M MEXJy PEKHMAaMU HarpeBa JIa3epHBIM
JIy4OM M CBOWCTBaMU MaTepualia ynpouYHEHHON 30HBI.
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INFLUENCE OF LASER HARDENING MODES ON THE PROPERTIES OF 40X13 STEEL

Abstract. We have studied the dependence of the characteristics, strength and plasticity, as well as the microhardness
of specimens made of corrosion-resistant steel 40X13 on the modes of laser surface hardening by a fiber laser. Depending on
the size of the scanning spot and the scanning speed, 35 tracks were applied on opposite planes of the sample with overall
dimensions of 20 x 200 mm. Samples were tested for static fracture and the microhardness of the material of the samples was
studied in terms of the depth of the changed structure. It was found that the fracture of the treated samples in all cases was
of a brittle nature with a low level of destructive deformations at stresses below the tensile strength of the original material.
The plotted tension diagrams indicate an insignificant effect of laser processing on the value of the elastic modulus of the ma-
terial. Studies of the hardness of the material of the laser-hardened track and the microhardness of the material along the depth
of the zone of the changed structure showed their increase up to 3—4 times compared with the initial characteristics. The re-
sults obtained can serve as a basis for studying the relationship between the modes of heating by a laser beam and the proper-
ties of the material of the hardened zone.
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BBenenue. B mporiecce mpoeKTHpOBaHUS JIeTalleil MAalTH W KOHCTPYKITUH 3HAYUMBIM ATATlOM SIB-
JseTcs BBIOOp MaTepualia M3ZIeNns, YTO 00yCIaBIMBAaeTCSd KOHCTPYKTHBHBIMH, TEXHOJIOTHYECKHMH,
AKCIUTYyaTallMOHHBIMH ¥ DKOHOMHYECKUMU TpeboBaHusimu [1]. Hanbomnee BaxKHBIMU mapamMeTpamMu Ma-
TepHaa, ONpeiesIONMMHU €ro MPOYHOCTHBIC XapaKTePUCTHUKH, CAUTAFOTCS MOJYJIb YIIPYTOCTH, KO3(]-
(dumment [lyaccona, mpeaensl MPOYHOCTH U TEKYUCCTH.

B macrosiee BpeMst cTanb MPUMEHSETCS B Ka4eCTBE OCHOBHOI'O KOHCTPYKIIMOHHOTO MaTepuala,
TaKk Kak 00JaJaeT BBICOKUMHU DKCIUTyaTAllHOHHBIMH XapaKTepUCTHKaMU. JIOCTOMHCTBOM CTalld SB-
JAeTCsl TAK)Ke BO3MOXKHOCTH MPUMEHEHHS YIPOUHSIOIIUX TEXHOJIOTUHM, KOTOPhIE OPUCHTUPOBAHBI HA
MPUIAHKUE TTOBBIIICHHBIX XapaKTEPUCTUK MOBEPXHOCTHOMY CJIOIO IETANIHU [2], YTO NOCTUTACTCS MPU UC-
MOJIb30BAHUH TIA3MEHHBIX, JIEKTPOHHO-MOHHBIX U JIA3ePHBIX BO3ACUCTBUH [3, 4].

JlazepHBIC TEXHOJOTHH TIOBEPXHOCTHOW OOpabOTKH B psIe CIydaeB 3aMEHSIOT TPaguIlHOHHBIC
METOJIbI TEPMHYECKON 00pabOTKH. DTO 0OYCIOBIICHO MMPEUMYIIeCTBAMHU C(HOKYCHPOBAHHOTO JIa3€PHO-
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ro M3JIy4YeHHs: OECKOHTAKTHOCTBIO M JIOKAJIbHOCTBIO TEIJIOBOTO BO3JEHCTBUS, MUHHMAaIBHON 30HOM
TEPMHUYECKOTO BIHSHUS, BBICOKUMH CKOPOCTSMH HarpeBa M OXJIAXK/IEHHUS, CHUKEHHEM YPOBHS OCTa-
TOYHBIX HANPSIKEHUH, CBEICHUEM K MHUHHUMYMY KOPOOJICHHUSI, TOBBIMIEHUEM IHUCIEPCHOCTH CTPYKTY-
pet [5, 13]. JlazepHas 3akajgka MOXET PacCCMaTPUBATHCS B KAUECTBE aJIbTCPHATHUBBI MOBEPXHOCTHOMY
VIIPOYHEHHIO IIEMEHTAINECH W TMOCIEnYIomel 00beMHOM 3aKalke, a Takyke HOHHO-TNIa3MEHHOMY a30-
TUpOBaHUIO. TeXHONOrUs Na3epHOH 3aKalKi CKAHUPYIOLIUM JIy4oM Oe3 OIJIaBJICHHS MO3BOJISIET OTKa-
3aThCs OT NUTH(OBAHUS TOBEPXHOCTH TIOCIIE YIIPOYHEHUS [6)].

AKTyalbHOCTh TPOOJEM, CBSI3aHHBIX C BIUSHHEM PEXKHUMOB Ja3epHOH 3aKallkl Ha CTPYKTYpY
M CBOMCTBa Pa3MYHBIX MaTEPHAJIOB, MOATBEPKAACTCS MHOTOYUCICHHBIMH MyOIHKAlUsIMHU OTeye-
CTBCHHBIX W 3apyO0eXHBIX YUeHBIX [3, 5, 6—-17]. Jlazeproe ynpounenue cramu AISI 4130 (ananor ote-
4yecTBEHHOH ctanu 25XM) s pa3IMuHbIX TapaMeTPOB Jiazepa HCciaeqoBaHo B [8]. MuKpocTpyKTypa
00paboTaHHOH 30HBI M3yYasach ¢ MOMOIIBIO ONTUYECKOM SYMUCCHOHHON CKaHHUPYIOUIEH AIIEKTPOHHOM
MHUKPOCKOITHHA. MHUKPOTBEPAOCTH U3MEPSIIAch B HAPABICHUAX ITUPHUHBI U TITyOHHBI. Pe3ynprarsl moka-
3aJIH, YTO TBEPAOCTH M IIIyOMHA YIIPOYHEHHOTO CJIOS YBEIMYUBAIIUCH TP YMEHBIIIEHHH CKOPOCTH CKa-
HUPOBaHUS U (POKYCHOTO MOJOKEHHS JTa3epa, a TAKIKE PH YBEITHUESHUH AU TEIBHOCTH UMITyJbca. B [9]
OTIMCAaHBI PE3ybTATHI UCCIIEIOBAHUS BIHMSHUS PEXKUMOB JIAa3epHON 3aKaJKM Ha CBOWCTBA KOHCTPYKITH-
onnbix ctajneit 40, 40X u 38X2MIOA u noka3aHo, 4To Jla3epHas 3aKaJiKa MO3BOJISET 3HAUUTENIBHO I0-
BBICUTH TBEPIOCTb, & HAWBBICIINE 3HAYCHUS TBEPJOCTH COOTBETCTBYIOT 30HE HamOoOJee JHUCIIEPCHOTO
MapTeHcuTa. Haiiienbl MmareMaTndeckue 3aKOHOMEPHOCTH BIIMSTHUS CKOPOCTH TIEPEMEIICHHU S JIa3epHO-
ro Jyda Ha TAyOMHY 3aKaJeHHOTO CJIOS B 3aBUCHMOCTH OT MapKu CTaiH. Pe3ynpraTel KOMIIBIOTEPHOTO
MOJICTUPOBAHUS U SKCIIEPUMEHTAJBHBIX HCCIIeI0OBAaHHH, HAIPaBIEHHBIX HA TOBBIIIEHHE C MTOMOIIBIO
JIOKAJIBHOW JTa3epHOH 00pabOTKH MEXaHMUECKOW MPOYHOCTH JeTanel U3 JTUCTOBOTO MeTalia, U3rOTOB-
JICHHBIX U3 BBICOKOKa4eCTBEHHON KOHCTPYKILIMOHHOM yIiIepoucToi cTanu, npeactaieHsl B [11]. Takxke
B [11] u3yueHo BIUsIHUE JIa3epHOI 00padOTKH HA POYHOCTH CTAIBHBIX JINCTOBBIX IJIACTHH IPH U3rHOe.
B [14] noka3aHo, 9TO UCIIOJIE30BAHKE U3ITYUYCHHS ONITOBOJIOKOHHOTO JIa3epa 00ecrieunBaeT MOBBIIICHHE
MPOM3BOAUTENBHOCTH 3aKalKi B 3—5 pa3 Mo cpaBHEHUIO ¢ MpuMeHeHueM usnydenus CO,-nazepa Toi
ke MorrHocTH. B [16] mitst moBeImeHust n3HococTokocTu ctainu AISI 1020 (ananor oTedecTBEHHOM cTa-
nu Mapku 20) TpUMEHsIach JIa3epHas 3aKallka ¢ MMOMOIIBIO0 H3JIYUEHHS BOJIOKOHHOT'O Jla3epa C MOIIHO-
cthio yda 150 BT, ckopocThio ckanupoBanus 10 MM/c, AHaMETPOM MATHA 2 MM H MONIEPEYHBIM [T OM
0,5 MM, 4TO MpHUBENO K 3HAYUTEIHPHOMY YBEIWYCHHUIO TBEPIOCTH TOBEPXHOCTHBIX CIIOEB MaTepuala.
B [17] npuBeneHbl pe3yabTaThl UCCAEAOBAHUS BIAUSHUS Ja3€pHOM 3aKAIKU HA YCTATOCTHYIO CTOUKOCTh
o0pa3uoB u3 cranu 42CrMo4 (ananor oreuectBeHHOM ctann 40XH2MA) nist 1ByX CKOpOCTei nepeme-
MIEHHS Ta3ePHOTO JIyda 10 TIOBEPXHOCTH MaTepuaia MpH MOCTOSHHOW YHEPTHH JTyYa.

Crenyer OTMETHTb, YTO B OCHOBHOM HCCIICIOBAHMSI YUEHBIX 3aKJII0YAIOTCS B ONPEICICHUH BIIHUS-
HUS PEKUMOB JIA3ePHOM 3aKaJIKU Ha U3HOCOCTOUKOCTD, a Mpo0JieMe BIUSHUS JTa3epHON 00paboTKU Ha
MPOYHOCTHBIE XapaKTePUCTHKHA W XapaKTEPUCTUKHU TIACTUYHOCTH MaTepualia JOCTaTOYHOTO BHUMA-
HUS HE yAensaeTcs.

Llenv uccnedosanus — i3yueHue 3aBUCIMOCTH TPOYHOCTHBIX XapaKTePUCTHK, XapaKTePUCTHUK I1JIa-
CTHYHOCTH ¥ MHKPOTBEPAOCTH 00pa3IoB U3 KOPPO3HOHHO-CTOWKON cTaimu 40X13 oT pexxuMOB J1a3ep-
HOW NMOBEPXHOCTHOM 3aKaJIKM U3JTy4EeHHEM BOJIOKOHHOTO Jla3epa.

MeTtoauka npoBeaeHus: ucciaeqoBanuii. O0pasisl ObLIM M3TOTOBIEHBI U3 JISTHPOBAHHOM CTaJH
40X13 mpu momoru BOAHOM pe3ku. PazMepsl 00pas3ios: ToimmHa — 7 MM, mupuHa — 20 MM U IJTMHA —
200 MM (OTKJIOHEHHSI OT YKa3aHHBIX Pa3MepOB YUTEHBI IPH 00padOTKE PE3yJIBTaTOB).

OO0pasupl MOIBEPralnucCh JAa3ePHON MOBEPXHOCTHON 00pabOTKe M3ITyUECHUEM BOJIOKOHHOTO HUTTEP-
OmeBoro J1azepa MOMHOCTHIO | KBT ¢ 00beKTHBOM 17151 POKYCHPOBKH JIa3€PHOTO U3ITYUEHUS, CHCTEMOMH
NepeMEICHUsSI U CKAaHUPYIOILEH JTa3epHbIi Jyd TOJIOBKOH [6] MIPH MATH Pa3IMYHBIX peKUMax 00padoT-
ku (Tadmn. 1). s xaxmoro pexxuMa 3aKajKd HCIOIB30BaJIOCh TPH 0Opasia. Ha mpoTHBOMOIOMKHEBIX
IUTOCKOCTSIX 00pasua ¢ radaputHeiMU pasmepamu 20 x 200 MM HaHOCHIIOCH 3—5 nopokek (puc. 1, 2).
KonuuecTBo aMHUHN B MATHE CKAHWPOBAHUS 3aBHCENIO0 OT pa3MEpoB JIa3epHOro MATHA. YacToTa CKaHU-
poBanus coctapisia f= 200 ['m.

s ompeneneHuss MPOYHOCTHBIX XapaKTEPUCTUK 00pasIlbl HCIBITHIBAIICH HA CTATUYECKOE PaCTs-
skenue cornacHo 'OCT 1497-84 «Metamnbl. MeTOnbI UCHIBITAHUN HA PACTSHKEHHE» Ha MAIlIMHE pa3-
peiBHOI WP 5145-500-11 (Poccuiickas denepanmus).
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Tabnuma 1. Pexxumbl 1a3epHoii 06padoTKH
Table 1. Laser processing modes

ITATHO CKAaHUPOBAHUS, MM KonuvecTBo nuHuit CKOpOCTh CKAHUPOBAHUS, V MM/MHH Howmep o6pasua
4,0 x 2,25 7 nTuHIH 500 la, 10, 1B
700 2a, 20, 2B
1000 3a, 30, 38
3,0 x3,0 10 nuHwni 200 4a, 46, 48
4,0 x2,25 7 nuHAK 5a, 50, 58

ITpumeuanne: B rpade «Homep obpasna» 1-5 — Homep maptuw; a, 0, B — HoMep oOpasia B MapThH.

UcnpiTanus marepuana o0pa3loB Ha TBEPIOCTh OCYLIECTBISIUCH C MMOMOLIBIO YIBTPa3ByKOBOT'O
tBepaomepa «Koncranra TVY» (Poccuiickas ®@enepanus). s onpeneneHuss MUKpPOTBEPAOCTH IO TIy-
OMHE MOPOKKH HCITONIB30BanCh MUKpoTBepaomep [IMT-3 u mudposoit mukporBepmomep LM-700AT
(LECO Corporation, CIIIA). BusyanbHble HaOJIOJICHHUS CTPYKTYpPbl MaTepHalia MPOBEICHBI ¢ TIOMO-
upl0 nudpoBoro Meraorpaduaeckoro Mukpockona «Aneramu MET 3C» (kommnanust « Anbramuy,
Poccuiickas @enepanus).

Pe3ysnbTaThl HccsieioBaHuil 1 UX o0cy:kaenue. VcneiTanus oOpas3iioB Ha pacTsHKEHNE OCYIIECTB-
JISJIACH TIPY HATPYKEHHUH CO CKOPOCTHIO 5 MM/MUH (pHc. 1).

Paspymenne HeoOpaboTanHbIX 00pa3ioB (HO) npoucxonuiio B mpejieinax pacueTHOM JJIMHBI ¢ 00-
pazoBaHMEM «ILIEHKN». Pa3pyiienne oOpaboTaHHbIX 00pa3LoB ObLIO XPYIKHUM € HEOONBIIUMHE e op-
ManusMu 1 6e3 o0pa3oBaHUs «IIEHKNW». Bece necnpitanHble 00pa3ibl pa3pyLIIIMCh IO CEUCHUSIM, Tep-
NEHAUKYISPHBIM HAIPaBJICHUIO pacTAruBaroleil Harpysku. Ilpumeps! pa3pyueHHbIx 00pa3Los U ce-
YeHUU pa3pylIeHHs IPUBEICHBI Ha PUC. 2.

Paspymenne 06paboTaHHBIX 00pa3OB BO BCEX CIydasx HOCHIIO XPYIKHH XapakTep. M3mom umen
SIPKO BBIPAKEHHBIN KPYIHO3EPHUCTHIN pesibed W COCTOSAN U3 MHOXKECTBA OiecTAmuX rpaneil. Takoit
XapakTep pa3pyLICHUs] MOKHO OOBSCHUTH BOSHUKHOBEHHMEM B 00paslle 30H M3MEHEHHOH CTPYKTYPBI
HCXOIHOTO Marepualia, KOTOpble OKa3bIBAIOT BIUSHUE HA JIOKAJIbHOE HANPSKEHHO-Ie()OPMUPOBAHHOE
COCTOSIHME 3€PEH MaTepuaja B CBOCH OKPEeCTHOCTH. B OONBIIMHCTBE clydaeB pa3pyleHHE TPOU30IILIO
BO3JI€ 3aXBATOB Pa3phIBHOM MaIIKHBI.

[lo pe3ynbraraM NpOBEICHHBIX UCIBITAHUI OBIIM MOCTPOEHBI 3aBUCMMOCTH BO3HUKAIOLUIMX B 00-
pasmax HanpspKeHU 6 oT Aedopmanwmii € (puc. 3). s ynoO6cTBa cpaBHEHUS TpadUKOB BBIIOJTHEHO WX
HaJIOXKEeHHE Ha rpaduKu 00pa3iioB, KOTOPHIC HE MOJIBEPraIkCh JIa3ePHOI 00paboTKe.

a b
Puc. 1. UctibrTanust o0pa3noB MaTeprata Ha pacTshKeHHE: @ — HeoOpaOoTaHHBIH o0pasel; b — o0pasel, 3aKaJIeHHBIH JTa3epoM

Fig. 1. Tensile testing of material samples: a — untreated sample; b — laser-hardened sample
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Puc. 2. Paspyuiennsie o6pasubl (a, ¢, €) 1 ceueHus paspyuieHus (b, d, f): a, b — pa3pylieHue B npeaeiaax pacueTHOM JJIHHBI
obpasna HO2; ¢, d — pa3pymenue B 30He 3aXBaTOB 00pasia la; f, e — pa3pylieHne B peesiax pacueTHOH AIHHBI 00pasima 4a

Fig. 2. Fractured specimens (¢, ¢, e) and fracture cross sections (b, d, f): a, b — fracture within the design length of the HO2
specimen; ¢, d — destruction in the grip zone of sample 1a; f, e — destruction within the estimated length of the sample 4a

AHanu3 guarpaMM pacTsDKeHHS YKas3bIBaeT HAa HE3HAUUTEIIHFHOE BIIMSHIE JIa3epHOU 00paboTKH HA
BEJIMYUHY MOJYJIS YIIPYTOCTH MaTepualia. Pa3pbiB Bcex 00pa3iioB MPOU30IICT C HEBBICOKHM YPOBHEM
paspyuarpomux aedopManuii, He Oosiee 4yeM B 2—3 pasa MpeBbIIIANNX JIe()OpMaIii0, COOTBETCTBYO-
Y0 Mpeieny TeKydecTH HeoOpaboTaHHOTO MaTepuaiia. Pe3ynbTaTel UCTIBITAHUN TIOKAa3bIBAIOT BBICO-
KYIO CTETIEHb TIOBTOPSAEMOCTH MOJTYYEHHBIX 3aBUCIMOCTEH G(E).

Jst kaxoro oOpasia ObLTH OMpPe/Ie/ICHbI 3HAYCHH I MAKCUMAJIBHOTO HAIpsKeHUs (Tad. 2).

Tab6nuna 2. HekoTopble XapaKTepHCTHKH MPH HCIBITAHUH MJIOCKHX 06pPa3I0B

Table 2. Some characteristics when testing flat specimens

[TsaTHO cKaHMpOBAaHUS U CKOPOCTh 0TpaboTkn | Homep maptum | Mapkuposka | Maxcumanbnoe Hanpsikenune, MITa | OTnocurensHoe yanunenue, 9, %
Heo60a6 1 579 21

€00pabOTaHHBIC HO ) 579 2
o0pas3ibl

3 579 22

4 x2,25 Mm a 595 1
(7 nHwMiA) 1 0 577 1
500 MmM/MuH B 584 1
4 x 2,25 MM a 570 1
(7 nuHwMit) 2 6 525 1
700 MM/MuH B 323 2
4 x2,25Mm a 524 2
(7 nHwMIA) 3 6 557 3
1000 mm/MuH B 323 3
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Oxonuanue maon. 2

TIsTHO CKAaHMPOBAHUS U CKOpPoCTh oTpadoTky | Homep maprtum | MapkupoBka | MaxcumanbHoe Hanpsokenne, MITa | OTHocuTenbHOE yUIHHEHHE, O, %
3 x3 MM a 562 1
(10 muHwMIT) 4 0 537 —
700 Mmm/MuH B 515 1
4 x 2,25 Mmm a 541 -
(7 nuumii) 5 [ 487 1
700 MmM/MUH B 547 1
o, MITa 4 o, MIla+
HO1 HO1
600 4 600 /
HO3
500 o0 \(H03
Ho2” HO2
400 400 -
300 300
200 4 w04
; /
00 ! 3
00 ]
¢ ' 02 03 t t t
o ¢ g 01 02 03 €
a b
o, MIla o, MIla
HO1 HO1
600 1 J/ 600 J
HO3
500 ] \ . HO3
HO2 oz
400 200
00 1 5003 )
1 F /
20014 200} [
/ ]
90 1§ w0 If
0 ' : ' t t t
01 02 03 3 0 o1 02 03 3
c d
o, MITa
HO1
600
HO3
500
Ho2”

400

300

200

100 T

Puc. 3. 3aBUCHMOCTH BO3HUKAIOIINX B 00pa3iax HampspKeHUi () oT nedopmariuii (g):
a—mnaptust Ne 1, b — maprus Ne 2, ¢ — maptust Ne 3, d — maptust Ne 4, e — maprust Ne 5

Fig. 3. Dependence of stresses (o) arising in the samples on deformations (g):
a — batch no. 1, b — batch no. 2, ¢ — batch no. 3, d — batch no. 4, e — batch no. 5

Pe3ynprarhl 1OKa3bIBAIOT, YTO MaKCUMaJIbHOE HAIPSKECHHME UL BCEX IHOABEPIHYTHIX 00paboTKe
00pas3ioB, kpome o0pasnoB maptun Ne 1, ymensmmiocs. CieyeT OTMETUTh 3HAYUTEIbHOE CHUKEHUE
XapaKTEePUCTUK IUIACTUYHOCTH: OTHOCHUTENbHOE YAJMHEHHE 3aKaJeHHBIX 0Opa3loB HE MPEBbILIACT
2-3 % npu aHAJIOTUYHOM MapaMeTpe Il HCXOOHBIX 00pa3oB 21-22 % Ha ypoBHe mpeaesna MpoYHOCTH
MaTepuana. CHI)KEHHE XapaKTePUCTUK POYHOCTH U IUIACTUYHOCTH CBSI3aHO CO 3HAYUTEIIbHBIM IIOBBI-
IIEHHEM TBEPIOCTH 3aKaJeHHON 30HBI M HAIMYHUEM MUKPOTPEIINH Ha €€ TIOBEPXHOCTH.
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Puc. 4. PactipenenieHne MEKPOTBEPIOCTH TI0 TITYOMHE YIIPOUYHEHHOTO CIIOS TIPU PA3JIMYHBIX CKOPOCTSX JTa3epHOM
obpabotku: a — V=500 mm/muH, b — V=700 mm/MuH, ¢ — V= 1000 mm/MuH

Fig. 4. Distribution of microhardness over the depth of the hardened layer at different laser processing speeds:
a— V=500 mm/min, b — V=700 mm/min, ¢ — V= 1000 mm/min

Jns ucneITaHWE MaTepuasia 00pas3loB Ha TBEPAOCTH C MOMOINBIO YIBTPAa3ByKOBOI'O TBEpAOMEpA
«Koncranta TY» BbIOpaHbl ydyacTKH Marepuajia HeoOpaOoTaHHOro obpasla W MaTepuaia JOPOKKH
pa3IMYHBIX 3aKaJeHHBIX 00pa3loB. Pe3ynbpraTel H3MEepeHUH TIOKa3aliu, YTO CpeaHee 3HAYCHHIE TBEeP/IO-
cTH HeoOpaboTaHHBIX 00pa3noB cocTaBiseT 16 HRC, nis o6pasmnos u3 maptuu Ne 1 — 59 HRC, u3 map-
i Ne 2 — 52 HRC, Ne 3 m Ne 5 — 54 HRC, Ne 4 — 56 HRC. TBepmocTs MaTepuana TOpoKKH JOCTHTIIA
HanboJiee BEICOKOTO YPOBHS IIPU 3aKalike C HAUMEHBIIEH cKopocThio (V= 500 MM/MHUH).

Taksxke OBITM MPOBEACHBI MCCICIOBAHUS MHKPOTBEPAOCTH oOpasuos. OmnpenesneHrne MUKPOTBEp-
JIOCTH JIa3epHOH TOPOKKU Ha MUKpoTBepromepe [IMT-3 ocymiecTBisiocs s pa3audHbIX PEKUMOB
TepMooOpaboTku ¢ marom 1mo rayouHe 30—-50 MKM. 3aBHCHMOCTH MHUKPOTBEPAOCTH OT TTyOWHBI 11O
HEKOTOPBIM JIOPOXKKaM IPUBEIEHBI Ha puc. 4.

Pe3ynbrarhl n3MepeHui TIOKa3alid, YTO B MPHUIIOBEPXHOCTHBIX CJIOSIX 00pa0OTaHHBIX 00pa3lOB MU-
KpoTBepaocTh gocturaeT 3HaueHuit 600—700 HV n nanee nmagaer no 170200 HV na rmyoune 1,0—1,5 Mmm.

MHUKpPOTBEpAOCTH CEPAIICBUHBI CEUeHUS 00pa3moB coctapmia 175—184 HV npu m3mepeHnsx Ha mud-
poBom MukpoTBepaomepe LM-700AT u 170230 HV — npu m3mepennsx mukpotsepromepom [IMT-3.

C nmomomipio MeTamtorpagpuyeckoro Mukpockona «Ansramu MET 3Cy» npoBeneHbl BU3yasibHbIE Ha-
OJTEO/IEHN S CTPYKTYPBI MaTepHalia IOBEPXHOCTH HEOOpaOOTaHHBIX U 3aKaIeHHBIX 00pa31ioB. MccnenoBanus
MOKa3aJId HAJIMYHE TTOBEPXHOCTHBIX MHUKPOTPENIUH B 30HE TEIJIOBOTO BO3JIEHCTBUS, OPUEHTHPOBAHHBIX
MIPENMYIIECTBEHHO MOMEPEK OCH CUMMETPHH 00pa3moB. TpenmHooOpa3oBaHye BBI3BAHO PACTPECKUBAHU-
€M MOBEPXHOCTHOIO CJIOSl 00pas3iia 13-3a BOSHUKIIUX YCaJI0YHBIX HAMPsHKEHUH MaTtepuaia (puc. 5-7).
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Puc. 5. Ctpykrypa HeoO6paboranHoro oopasua HO1
Fig. 5. Structure of the untreated HO1 sample

Puc. 6. Ctpykrypa obpasua 1B: a, b — B 3aKajeHHOHU 30HE, ¢ — MEXy JOPOKKAMH

Fig. 6. Structure of sample 18: a, b — in the hardened zone, ¢ — between the tracks

Puc. 7. CtpykTypa MaTepuana JOpoKKH o0pasia 5B: ¢ — B 3aKaJICHHOH 30He, b — IoMmepevyHast TpEIlnHa B 3aKaJeHHOI 30He

Fig. 7. Structure of the track material of sample 58B: a — in the hardened zone, b — transverse crack in hardened zone

Bricokue ckopocTH 1 rpaIMeHTHl TEPMHUUECKOTO BO3/ICHCTBUSA B 30HE 00pAaOOTKHU BHI3BIBAIOT OOJb-
LIYFO HEOJHOPOJIHOCTH MPOIECCOB CTPYKTYPHBIX MTPEBPAIICHUI B TEPMUUICCKH aKTHBUPOBAHHOM 00be-
ME U, KaK CJICJICTBUE, PA3BUTHE JE(PEKTHOCTH CTPYKTYPhI, YTO MIPUBOJUT K OXPYITYUBAHUIO MaTepUaia
U TAJICHUIO ero Jie(hOPMAIIHOHHBIX CBONCTB.

3akaouenue. [IpoBeeHbI NCCIIENOBAHUS BIUSHUS PEKUMOB JTa3€PHON 3aKATKH M3ITYUYCHHEM BO-
JIOKOHHOT'O UTTEPOMEBOTO JIazepa MOIIHOCTHIO | KBT Ha MexaHWYeckHne XapakTEePUCTHKU U CTPYKTYpPY
o0pa3uoB u3 ctanu 40X13. Pe3yabsraTsl HCIIBITAHUN 00pa3loB Ha CTATUYECKOE PACTSKEHUE YKAa3bIBAIOT
Ha XpYMKOe paspylieHrue o0paboTaHHBIX 00Pa3IOB BCICACTBHE 00pPa30BaHUS MHUKPOTPEIIUH B 30HE
TepMooOpaboTku. Pazpymaroniye HampsokeHUs 3aKalleHHBIX 00pasroB yMeHbImmumch Ha 5-20 % co
3HAYUTCIbHBIM CHUKCHHUEM XapPaAKTCPUCTUK IIJIaCTUIHOCTH. JII/IanaMMLI PaCTAXKCHUA HE ITOKa3aJinu U3-
MEHEHHMI MOyl YIPYyroCTH MaTepualia 00pas3IoB Mocie JIa3epHO 00pabOTKH 10 CPaBHEHUIO C UC-
XOJIHBIM MaTEepPUAJIOM.

YCTaHOBIICHO, YTO MOBEPXHOCTHASI TBEPIOCTh MaTepuaja YBEJIHMYUBACTCS B 3aBUCHMOCTH OT pe-
JKUMOB TepMUUeckoit 00paboTku B 3—4 pasza (10 52—-59 HRC). MukpoTBepnocTs 1o riryoune o0pas3iioB
usmensiercs ot 600-700 HV B npunosepxHocTHO# 30He 10 170200 HV na riny6une 1,0-1,5 MM npu
MUKPOTBEPAOCTH CepALeBUHBI 00pa3moB 175-230 HV.

Pe3ynbraThl MOTYT OBITH HMCIOJIB30BAHBI ISl YCTAHOBJICHHUST B3aMMOCBSI3M MEXKIY PEeKUMAMH Ha-
rpeBa U CBOMCTBaMM MaTepualia 3aKajJ€HHON 30HBI.
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MOAEJUPOBAHUE JE®OPMAIIUOHHOI'O HOBEJIEHMUA TiNi-CIIJIABA
C TiN-IOKPBITUAMMU AJSA MEANLHUHCKOI'O IPUMEHEHMU 1

AHHOTanus. BeimonneHno Moaenuposanue aehopMalmOHHOT0 MOBEICHUS CIlJIaBa HUKennaa Tutana Ti—55,84 mac.% Ni
(TiNi) ¢ mokpsiTusiMu 13 HUTpUAa TuTana (TiN), MoJTyYeHHBIMU BaKyyMHO-1yTOBbIM ocakJeHneM. C HCIOIb30BaHUEM Me-
TOJ0B AU hepeHIIaIbHON CKaHUPYIONEeH KaJIOPUMETPUHU M TPEXTOUEUHOI'0 N3ruba MCCIIe0BaHbl TapaMeTpbl MapTEHCUT-
HBIX IIPEBpaIIeHNH U JlepopMaMOHHOE MOBEICHHE JaHHOTO cruiaBa. OO0CHOBAHBI 3HAYECHUST XapaKTEPUCTUIECKUX TeMIIe-
paryp TiNi st ero UCIOIb30BaHUS B KaueCTBE MaTepHalla MEAMIIMHCKOTO HAa3HAUCHHS. PacCMOTPEHBI yIpPyTo-CUIOBEHIC
XapaKTEPUCTHUKH CIJIABA, CBA3AHHBIE C MIPOSBICHUEM CBOICTB B CBEPXINACTHUYHOM COCTOSTHUH. YCTaHOBIICHBI 3aBHCUMOCTH
u3MeHeHHst (a30BOro mpeselia TeKyuecTH, HAIPSHKeHUsT pa3rpy30uHOro IJIaTo U OCTaTo4uHo# aedopmanuu odpasuos TiNi
¢ TiN-IOKpBITHAMHU OT TeMIepaTypbl OKpy Karoliel cpeasl B quanazone ot 6 10 37 °C. Ha ocHOBe JaHHBIX 3aBUCHMOCTEH
noxydeHa aedopManyoHHas KpPUBasi, IO3BOJISIONIAs IPOTHO3NPOBATh MEXaHUYECKOE NOBEICHUE U3ACIHs U3 HUKEIUAa TH-
TaHa, HalpUMep, CTEHTa /10 ¥ BO BPeMsI eT0 MMIITAHTAIIH B OpraHu3M uesioBeka. CIutaBel ¢ maMsAThio (opMbl Ha ocHoBe TiNi
MIMPOKO MPHMEHSIOTCS B PA3JINYHBIX OTPACISIX MEIUIMHEL, B CBA3H C 3TUM MEPCIEKTUBHBI Pa3pab0TKU TEXHOIOTHIECKUX
MpUEMOB U3roToBieHns u3aenuii u3 TiNi ¢ BBICOKMMU MOKa3aTeIIMU KOPPO3UOHHON CTOMKOCTH.
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SIMULATION OF DEFORMATION BEHAVIOR OF TiNi ALLOY
WITH TiN COATINGS FOR MEDICAL APPLICATIONS

Abstract. The deformation behavior of the titanium nickelide alloy Ti—55.84 wt. % Ni (TiNi) with titanium nitride (TiN)
coatings obtained by arc-PVD has been simulated. Differential scanning calorimetry and three-point bending test were used
to study the parameters of martensitic transformations and the deformation behavior of this alloy. The values of the character-
istic temperatures for the TiNi alloy that can be used in medical applications were substantiated. The elastic-force characteris-
tics of the alloy related to the properties in the superelastic state were considered. The dependiences of the change in the phase
yield strength, the stress of the unloading plateau, and the residual deformation of the TiNi samples with TiN coatings on the
ambient temperature range between 6 to 37 °C were determined. Based on these dependencies, a deformation curve was ob-
tained that can predict the mechanical behavior of a TiNi product, for example, a stent, before and during its implantation into
a human body. TiNi-based shape memory alloys are widely used in various branches of medicine; therefore, the development
of technological methods for manufacturing products from TiNi with high corrosion resistance is promising.
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deformation

Conflict of interest: the authors declare that there is no conflict of interest.

Information about the authors: Vasili V. Rubanik” — Corresponding Member of the National Academy of Sciences of
Belarus, Dr. Sci. (Engineering), Professor, Head of the Laboratory of Physics of Metals, Institute of Technical Acoustics of the
National Academy of Sciences of Belarus. E-mail: v.v.rubanik@tut.by; Dzmitry A. Bahrets — Cand. Sci. (Engineering), Senior
Researcher, Institute of Technical Acoustics of the National Academy of Sciences of Belarus. E-mail: bagurets@gmail.com;
Vasili V. Rubanik (jr.) — Dr. Sci. (Engineering), Associate Professor, Director, Institute of Technical Acoustics of the National
Academy of Sciences of Belarus. E-mail: ita@vitebsk.by; Vadzim I. Urban — Postgraduate Student, Institute of Technical
Acoustics of the National Academy of Sciences of Belarus. E-mail: vadik.urbanl995@mail.ru; Viachaslau G. Dorodeiko —
Cand. Sci. (Engineering), Doctoral Student, Institute of Technical Acoustics of the National Academy of Sciences of Belarus;
Director, CJSC “Medical Enterprise “Simurg”. E-mail: info@simurg.by

Contribution of the authors: Vasili V. Rubanik —research planning, generalization of the research results, formulation of
conclusions; Dzmitry A. Bahrets — analysis and generalization of literature data, conducting calorimetric studies and mechani-
cal tests, comparative analysis of the experimental data, writing and formatting the text of the manuscript; Vasili V. Ruba-
nik (jr.) — development of research methodology, editing the text of the manuscript; Vadzim 1. Urban — obtaining TiNi alloy
samples with TiN coatings, working with graphic material; Viachaslau G. Dorodeiko — interpretation of research results.

For citation: Rubanik V. V., Bahrets D. A., Rubanik V. V., jr., Urban V. 1., Dorodeiko V. G. Simulation of deformation
behavior of TiNi alloy with TiN coatings for medical applications. Vestsi Natsyyanal’nai akademii navuk Belarusi. Seryya

fizika-technichnykh navuk = Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2023,
vol. 68, no. 2, pp. 113—120 (in Russian). https://doi.org/10.29 235/1561-8358-2023-68-2-113-120

Received: 20.02.2023

Approved for printing: 25.05.2023

Brenenne. Ha ceronHsmHuii IeHb B MEIUIIMHE UCTIONB3YETCS IIUPOKHMA CIIEKTP TUTAHOBBIX CILIABOB,
Pa3IMUYHBIX 110 CBOEMY XHUMHUYECKOMY COCTaBYy U MEXaHWYECKUM cBoiicTBaM. Harboree coBMeCTUMBIMU
C TKaHSIMH OpTaHW3Ma OJIaroapst COYeTAHUIO BRICOKHX (PH3UKO-MEXaHHUECKUX CBOHCTB U KOPPO3HOHHON
CTOMKOCTH C A((heKTaMu TEPMOMEXaHUUECKOM MaMsTH SIBJISIIOTCS CIutaBbl HUKeuaa tutana (TiNi) [1, 2].

CTOHKOCTh K KOPPO3WH THUTAHOBBIX CIUIABOB OOYCJIOBJICHA OOpa30BaHWEM IACCHBHON OKCHIHOU
IIJICHKU Ha WX MMOBEPXHOCTH. HaXo/sCh B KOHTAKTE C €CTECTBEHHON CPEION OpraHu3Ma, 3TOT CIOH MOXKET
OBITh HAPYIIICH KaK XUMUYECKUM, TaK ¥ MEXaHUYECKUM BO3JICUCTBUEM. B pe3ysibTare MOHBI METAJLIOB
(B ciryuae TiNi — noHbI HUKEIST) MOTYT MU OYyHIAPOBATE B OMOIOTHYSCKYIO CPEIy, HAaKaIINBAThCS B TKa-
HSX ¥ OKa3bIBaTh KaHIIEPOTCHHOE, TOKCHUECKOE M allJICPrUUYeCKOe BO3JCWCTBUE HA OPraHU3M YeIIOBEKa
[3-5]. DddhexTHBHBIM TEXHOTOTHYESCKUM IPHEMOM YIIYUIICHHUST IKCIUTYaTA[HOHHBIX XapaKTEPUCTHK Me-
TUITTHCKUX M3JIEIHIA B YCTPOMCTB SIBISIETCS CO3/IaHNe OAphePHBIX CIIOEB M MOAU(DUKAIINS TIOBEPXHOCTH
C UCTIONH30BAaHUEM METOIOB (PM3MUECKOTO OCAXKIACHUS MOKPHITHH B Bakyyme (PVD), cpenn KoTopsix of-
HUM 13 HauOoJee BOCTPEOOBAHHBIX SBJISICTCS BAKYyMHO-IIyTOBOE OcaxjeHue (arc-PVD).

[poreccer arc-PVD corpoBokIar0TCst 3HAYUTEILHBIM TEMIIEPATyPHBIM BO3/ICHCTBUEM Ha MaTepUal
OCHOBBI, UTO B CITy4ae HAaHECEHUS MOKPHITHS Ha criiaBbl TiNi TPUBOIUT K M3MEHEHUIO KHHETHKH U XapakK-
TEPUCTHYCCKUX TEMIIepaTyp MapTEHCHUTHBIX MpEBpaIieHuid [6], CHIKEHUI0 MX (DHU3NKO-MEXaHUIECKUX
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XapaKTEPUCTHK, B YaCTHOCTH (Pa30BOro mpejesia TeKy4eCTH U MpeJielia IPOYHOCTH [7], yMEHBIIICHUIO Be-
JUYHHBI BOCCTaHABIMBaeMoH jedopmaruu 3a cueT dPdexTa namsatu Gopmsl [8], To eCTh PyHKIIHOHAIb-
HbIe cBoiicTBa TiNi CTaHOBSITCS OTIIMYHBIME OT TIPEABAPUTEIBHO 3aJAHHBIX 0 HAHECEHUS TIOKPBITHSL.

ABTopamu paspabotanbl crioco0 (mateHT Pecry6muku bemapyce Ne 19507) u metonuka [9], xo-
TOpBIE MO3BOJISIOT B MPOIECCE BAKYYMHO-AYTOBOTO OCaXKJICHHsI MOKpHITUN 13 HuTpHuaa tutaHa (TiN-
MOKPBITUH) 3a7aBaTh GopMy U TpeOyeMble TEPMOMEXaHUYECKUE XapaKTCPUCTUKHU U3JICIHUSM U3 HUKE-
Jua THTaHa MEIUIIMHCKOTO Ha3HAYEHH I, HAITPIMEP OPTOJOHTUYECKHUM MTPOBOJIOYHBIM JTYTaM.

Lenv pabomvr — MonenupoBanue nedopmarmorHoro noseneHus TiNi-cruraBa ¢ TiN-TOKPBITHAMH,
MOJIyYEHHBIMU MeTOA0M arc-PVD, a1 MeIUIIMHCKOTO TPUMEHEHU L.

JKCcNepUMeHTAIbHAS YacTh. J[J1s MPOBEICHUS HCCIIeI0BaHU I UCTIONB30BAIH O0PA3IIbl U3 MEIMIIMH-
ckoro crutaBa Ti—55,84 mac.% Ni (nanee — TiNi) B Bujie muttoreHku ¢ pasmepamu cedenus 0,2 x 1,2 M.

IIpenBapuTeapHast TOATOTOBKA 00pa3moB repe HaHeceHneM TiN-TIOKPBITHS JeTaIbHO orrcaHa B [9]
Y BKJTIOYAJIa OYMCTKY OT 3arpsI3HEHMH U 00€3KUPUBAHIE TIOBEPXHOCTH B YIIBTPAa3BYKOBOM BaHHE Y 3V-0,25.

[TokpeITHS W3 HUTpPUJA TUTAHA HAHOCHJHU C HKCIOJIb30BAHHUEM YCTAaHOBKH BaKyyMHO-IyTOBOTO
ocaxeHus «bynar-6y. [Iporecc BkiIro4an HaHeCEHUE TIO/ICIIO0s TUTaHa U HeTTOCPEACTBEHHO OCaXICHHE
TiN-moxpsiTus (Tadmn. 1). [loxcnoii TuTana BRICTyNaT B KQUeCTBE MEPEXOHOTO TeMIIepaTypPHO-3aIIHT-
HOTO CJIOS JIJISI TOBBITIEHUS aare3nn TiN-MOKPBITHS K OCHOBE.

Tabnuma 1. Texnomornyeckne napamMerpsl pe;kuma ocaxaeHusi TiN-mokpbuITHii Ha TOBEPXHOCTH 00pa3IoOB
u3 cnuiaBa Ti—55,84 mac.% Ni

Table 1. Technological parameters of TiN coatings deposition on the surface of Ti—55.84 wt.% Ni samples

Pexum ocaxnenus I A U, B P, Ila t, MUH
Deposition mode LA U,V P, Pa t, min
[Toncnoit Ti -
oA 210 0,8
Ti sublayer
- 100 150
TiN-nokpbiTHe 0
. - 4-10 19,2
TiN coating

Bennunny norennunana (U), Toka (/) 1 BpeMs ocaxAaeHus (f) MOACIOs TTOAOHUPaIN TAKUM 00pa3om,
4TOOBI 00ECIICUUTh MOCTOSHHYIO TeMIieparypy oopasioB Ha ypoBHe 400—420 °C. B atom Temneparyp-
HOM JMaIia30He HaOII0IaeTCsl MaKCUMAJIbHOE BJIMSTHUE SHEPreTHYeCKoi 00paboTKH Ha yHKIMOHATb-
HbIe cBolicTBa HUKenuAa TuTana [10]. [locne 3aBepiieHns mporecca ocak/IeHUs: 00pasibl BbIIEPKHUBA-
JIX B BaKyyMe JJ1s1 ocTeIBaHu 10 ~ 100 °C.

Kuneruky u TemrepaTypbl MapTeHCUTHBIX nipeBpatnenuit (MIT) nccnemyemoro crnasa TiNi B co-
CTOSIHUU TOCTAaBKH W mociie HaHeceHUs: TiN-MOKpBITHI HcciaeaoBain MeToaoM AuddepeHInaIbHOI
ckanupytomei kanopumetpun (JCK) ¢ nomomsto npudopa NETZSCH DSC 214 POLYMA. CkopocTb
OXJIQXKJICHUSI M HarpeBa oopasios coctarisia 10 °C/MuH.

YrOpyro-cunoBele XapakTepucTHKH o0pasmoB TiNi ompenensian Ha WCIBITATCIBHON MAaIlUHE
WNII 5158-5.

Pe3yabraTsl 1 ux oocy:xkaenue. Ha JICK-kpuBbIX, MOMyUeHHBIX U1 00pa3na B COCTOSHUM ITOCTAB-
KM, [IUKOB BBIACJICHHS/TIOMJIOMICHHSI TEIlIa BBISBICHO HE ObLIO, YTO TOBOPUT O CHJIBHO YIPOYHEHHOM
coctossHMM Martepuana. 3agsieHHas mpousBogutenem (OO0 «lIpombrmnennsiil ieHTp MATOK-CIIOD»,
r. Mocksa) Temneparypa okoHuaHust ooparHoro MII (4,) pasusacs 8 °C.

[pu oxnaxaenun obpasua ¢ TiN-mokpeiTreM oT 60 10 —60 °C (puc. 1) Habmoaal0TCs 1Ba IK30TEP-
MHUYECKHUX MHUKA, COOTBETCTBYIOMUX nepexogaM B2—R u R—B19’, npuuem TeMnepatypa OKOHYaHUS
BTOPOI'0 HE TOTMaJIa B UCCIeyeMblil TemnepaTypHblid auanas3oH (M, <—60 °C). IIpu HarpeBe B TOM ke
JIMarna3oHe MocieIoBaTeNIbHO Pealin3yIoTCsl 00paTHBIE peBpalleHns, mpuyeM Hadaiio R—B2-nepexona
MPOUCXOIUT IIPU MEHBIIIEH TemMnepaType, ueM okoHuanue B19'—R-nepexona.

Hauanbuble (0003HaUEHBI HHICKCOM «H») M KOHEUHBIE (0003HAYCHBI HHACKCOM «K») TeMIIEPaTypbl
MII onpenensinu B coorBeTcTBUM co ctanaapToM ASTM F2004-17; ux 3HaueHuUs U1l HCCIAEAYEMOTO
cruraBa TiNi mocne ocaxaenust TiN-IOKpeITHS TpruBeaeHB! B Ta0i. 2. Hanboee Ba)XHOW U3 HUX B CITy-
yae MeIMIUHCKOro IpuMeHeHus craaBoB TiNi sBasiercs Temneparypa 4,. s obecredeHus MOTHOTHI
(hOopMOBOCCTaHOBIICHUS U3IEJINSI (HAIPUMED, CTEHTA) OHA IO0JKHA ObITh HHKe 37 °C, 4TOOBI TP TEMIIe-



Becni Hanpistnanpnait akagsmii HaByk benapyci. Cepbis disika-TaxHiuHbIX HaByK. 2023. T. 68, Ne2. C. 113—120

116 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2023, vol. 68, no. 2, pp. 113-120
R—B2 cooling
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Puc. 1. Kanopumerpuueckue KpuBble
| MeauIuHCcKoro ciasa Ti—55,84 mac.% Ni

B coctostanu noctaBku (TiNi)
u ocie ocaxaeHus TiN-nokpertus (TiNi + TiN)

Fig. 1. Calorimetric curves of Ti—55.84 wt.% Ni
! » T,°C medical alloy as received (TiNi) and after TiN
60  -40  -20 Y 20 40 60 deposition (TiNi + TiN)

patype 4eJoBeUeCKOro Teja MaTepuas CTEHTa HaXOJUIICS MOTHOCTBIO B BEICOKOTEMIIEpaTypHOH (hase.
U naoGopor, npeasaputensHoe AeopMupoBaHUE H3ACIHs (HAIpUMeEp, 3alpaBKa CTCHTA B KaTeTep)
OCYIIECTBIISIIOT B Auanazone remneparyp 0 + M/, roe M, — Temneparypa okonuanusi B2—R-nepexoza.
B aToMm ciyuae nedopmaiiusi MpOMCXOIUT 3a CUET 00pa30BaHUsI MAPTEHCUTA TIPU CPABHUTEIIBHO HEBBI-
COKHMX BHEUIHMX HampsikeHusx. 3 Tabmn. 2 BuaHO, uTO s uccienyemoro TiNi-criaBa mocie ocax-
nennst TIN-IOKpPBITHS 3HaYSHMsI XapaKTepucTuyeckux temneparyp (4, = 31 °C, M. = 16 °C) ynos-
JICTBOPSAIOT PACCMOTPEHHBIM BbIIIE TpeOoBaHUSAM. Kpome TOro, MOXXHO OTMETHTb JOCTATOUYHO Y3KHM
naTepBan B2—R-nepexona (~ 10 °C), uTo BaxkHO A1 O0JIee TOUHOTO «CpadaThIBAaHUS» U3/ICTHU.

Tab6numa 2. XapakTepucTHYECKHE TEMIIEPATYPHI MAPTEHCUTHBIX MpPeBPaIIeHHit
s cngiaBa Ti—55,84 mac.% Ni nocae ocaxaenust TiN-nokpouiTus, °C

Table 2. Characteristic temperatures of martensitic transformations
for Ti—55.84 wt.%Ni alloy after TiN deposition, °C

R—B19’ B2—R B19'—=R R—B2
MH MK MH, MKI AH, AK, AH AK
~=50 - 29 16 4 - 22 31

OcHoBHBIC (DYHKITHOHATBHBIE XapaKTEPUCTUKU MEMUIIMHCKUX W3IeIHi w3 CruiaBoB TiNi cBS3aHBI
CO CBOMCTBOM CBEpXdJIaCTUYHOCTH. B crutaBax, oOOramieHHBIX HUKENEeM, CBEPX3JIaCTHYHOCTh pealiu-
3yeTcsl B JIB€ CTAaUM, CBA3aHHBIC MpHU Harpyske c¢ nepexomamu B2—R+B19'—B19’, a npu pasrpyske —
B19'-R+B19'-B2 [1, 2], To ecTh MapTEHCUTHBIE MpEBpaIeHUs] HAUUHAIOTCS ¢ (hopmupoBanus R-asebl,
KOTOpasi MPaKTUYECKU Cpa3y OXBaTbIBAE€T BeCh 00BbEM MaTepuaia, a 3aTeM 00pa3yeTcs MOHOKJIMHHAS
ctpyktypa B19'. Takas mocnemnoBarensHocTh MIT HabmomaeTcss Ha KpuBoi aehOpMHUPOBAHUS paCTsIKe-
HUeM o0Opasia uccieayemoro ciiaBa TiNi B cocrossHuu nocraBku (puc. 2). [lpu temneparype nedop-
mupoBanus T, = 23 °C marepuasn HaXOMWJICA B BbICOKOTeMneparypHoi B2-dase (4, = 8 °C). Yuactok
0—a COOTBETCTBYET €€ YNPYToi ieopMannu BILIOTh IO JOCTHKEHUS B TOUKE @ HAPSHKCHHSI peasin3aliiy
B2—R-nepexona (o). Hanbheiimee Hakomaenue aedopmanin (y4acTok a—b) IPOUCXOIAMT 3a CUET MOHO-
JIOMEHU3anK KpucTaiiioB R-¢asel. CymmapHas medopmarius, HAaKOIJICHHAsI Ha yJacTke o—b, cocTaBuiia
JUTs McenetyeMoro crjiaBa ~ 1,2 %. 3a aHOMalIbHYI0 «YNPYTOCThY OTBEYAeT B OCHOBHOM MapTEHCUT pOM-
Oonnpryeckoii Mmonudukaiu (R), KoTopsrii oz 1eiicTBUEM Harpy3Ku MOHOAOMeHu3upyercs [1].

B touke b, coorBercTByIOIIEH azoBoMy Ipeneny TekyuecTd (o,,) ciuiasa TiNi, H”HULIMHpYETCs
R—B19'-nepexon, KOTOpHI HA KPUBOH 1e(OPMHUPOBAHMSI XapaKTEPU3YETCs MOJIOTUM IIAaTO b—c.

MaxkcumanpHas aedopmanms, 3a1aBaeMasi Mpu pacTsHKEHUH, paBHsIIACh 6,5 % (Touka c). Jlannas
BEJIMYHMHA COOTBETCTBYET MPEACTBHBIM JIepOpMaLUIM MIPU IKCIITyaTallii MEIUIUHCKUX U3JCTUN 13
crutaBa TiNi: HanpuMep, Tpu 3ampaBKke CTEHTOB B kKatetep [11] uiu ycTaHOBKE OPTOAOHTHYECKUX YT
B 6peker-cuctemsl (I'OCT P CO 15841-2017).

CHsiTHEe Harpy3Kd TPUBOAMT K OOpaTHOM MOCIENOBaTeIbHOCTH mepexonoB: B19'—R na yuwacTke
d—e n R—B2 na yuactke e—f. ['padmueckoe nmonoxxeHue Touek b, d v e onpeaesnsioch o METOLy KacaTelb-
HBIX aHAJIOTMYHO OIPENCIICHHUIO XapaKTePUCTUYECKUX TeMIiepaTyp (a3oBbix nepexonos metonom JICK.
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Fig. 2. Deformation curve characterizing 100 )§/
the superelastic behavior of Ti—55.84 wt.% Ni 0 g . : : T . €6, %
medical alloy under tension 0 1 2 3 4 s 6 7

Pasrpy3ounoe mimato d—e sBuseTcs BaxkHeimeld ocoOeHHOCTHIO TiNi-CIaBoB, MPOSBIISIONINX
CBEpXJIaCTUYHbIE CBOMCTBA. MeXaHN3M MPOSBICHHUS CBEPXUTACTUUHOTO TIOBEACHUS CBSI3aH C BOSHUK-
HOBEHHEM MapTEHCUTHOH (ha3bl NOA AeHCTBUEM BHEIIHETO HAaNpsKEHUS U 00paTHOIo Mepexoja B Bbl-
COKOTeMIIepaTypHyto a3y Ipu CHATHUH BHEIIHEH Harpy3ku. Hakornnenue u Bo3Bpar aedopmaiuu, co-
MPOBOXKAAIOLIUE ITH IPOLECCHI, 00YCIOBICHBI BEICOKOH IMOIBUKHOCTHIO MEX(a3HBIX TPaHUL] pa3zeia.
«TpeHuey, mpeooeBaeMoOe rPaHUIIAMU MTPH UX 00pa30BaAHHH, IEPEMEIICHUH U B3aUMOACHCTBHIH, 00Y-
CJIaBIMBACT JUCCUTIALINIO SHEPTUHU, KOTOPAsl XapaKTEPU3yeTCsl LIMPUHOMN NMETIN FUCcTepe3rca Ha KpUBOH
nedopmupoBanus [1]. Bo3Bpar HakomierHoi 3a cuet MII gedopManmy BO3MOXKEH JIMIIH TOTAA, KOTJAa
HaIpsKEHWE MapTEHCUTHOIO CIBUTA Gy, IPEBBILIAET BEINUYNHY MEXaHUYECKOT0 THcTepesnca AH.

B Touke e HaunHAaeTCS IeMOHOIOMEHH3AIHs KpucTamioB R-dassl, B Touke f— 3aBepmaercs R—B2-
nepexof. Ha yyactke f~g npoucxoaut ynpyruii Bo3spar aedopmanuu ucxoqHoit B2-¢aspl. OcraTounas
nedopmarus mocie pasrpysku coctaBuia ~ 0,35 %. IlosBienne ocTaToYHON AeopMaliu B TaHHOM
ciryyae (B OTCYTCTBHE IIAaCTUYECKON neOopMaliy) CBI3aHO C TE€M, YTO IIPH 0OpaTHOM HPEBPAILCHUH
MOTYT PeaM30BBIBATHCS HOBBIE BAPHAHTHI OPUEHTHUPOBKHU UCXOMHOU (asbl [2]. OCHOBHBIE YIIPYTO-CH-
JIOBBIE XapaKTEPUCTUKH Hcciienyemoro cruasa TiNi cBenensl B Tada. 3.

Tabnuma 3. Ynpyro-cunosble XapakTepucTukH criiasa Ti—55,84 mac.%Ni B cocTosiHMM MOCTAaBKHU
Table 3. Elastic-force characteristics of as-received Ti—55.84 wt.%Ni alloy

IMapameTp O6o3HaveHne, eANHANA H3MEPEHNs | 3HaueHHE

Parameter Designation Value
Hampsokenne Hauana B2—R-nepexona oy, MIla 105
Hamnpsikenune MapTeHCHTHOTO ciBura ((ha3oBblii Ipeies TeKyYeCTH) 6y, MIla 450
Hamnpsxenue, COOTBETCTBYIOIEe MAKCHUMaJIBHOH nedopmannu G MIa 515
Bennunna mexannyeckoro rucrepesnca R—B19'-nepexona AH,, MIla 300
XapaKkTepuCTHUECKOE HAIPs)KEHHE, ONPe/ieNIIeMOe TOUKOM Ha cepe/JuHe pasrpy-
304YHOTO IJIATO d—e o, MIla 210
Bennunna Mmexanndeckoro rucrepesuca B2« R-nepexona AH,, MIla 70
Moxynb ynpyrocTH, onpeaeasieMblii 1o yIrily HaKJIOHa yuacTKa 0—a E, I'lla 40
Octarounas nepopmanus ) 0,35
CBepxanacTudHas Aepopmanus €., 0 4,65
KoaddunmeHT cBepxanacTHIHOCTH, OIpeiesIsieMbli OTHOILICHHEM TaHTeHCa yTiia R 21
HaKJIOHA yTIPYyTOro Y4acTKa 0—« K TAHTEHCY yTJIa HAKJIOHA Pa3rpy309HOro IJIaTo d—e @

JedopmanionHble KpUBbIC TIPU PACTSHDKEHUH TPaJUIIMOHHO UCTIONB3YIOTCS ISl aHATTN3a MEXaHHU-
YECKHUX CBOWCTB METAJUIOB U CINIABOB TEXHUUYECKOT'0 HA3HAYCHUS. AMEPUKAHCKUM HAIIMOHATBHBIM WH-
CTUTYTOM CTaHIapTOB COBMECTHO C AMEPHKAaHCKOW cToMaTojiorudeckoi accouuanuei (ANSI/ADA)
yTBEpXKAeHa crienu(uKanus, B KOTOPOH PEKOMEHI0BAH TPEXTOYCUHBIH M3THO ISl UMUTALUU KJIMHU-
YECKOT'0 TMOBEJICHHS OPTOAOHTHYECKUX NyT [12]. M3rubusie nedopmariu 0osiee THIUIHBI B CPABHEHUH
¢ neopManusMU pacTSHKEHHEM MPH M3TOTOBICHUH KOHCTPYKLUH C 3JIEMEHTaMU M3 CILIABOB C Hamsi-
TBI0 ()OPMBI UHOTO (HE TOJIBKO OPTOJOHTHYECKOTO) Ha3HAYEHHUsS: CTEHTOB, MUJIATATOPOB, SKCTPAKTO-
poB, koHTpanenTuBos [13] u np. [loaTomy 1 MOIEIMPOBAHUSI MEXaHUYECKOTO MTOBEJICHUS U aHAIN3a
YIIPYTO-CHJIOBBIX XapaKTePUCTUK HccienyeMoro craBa TiNi mocie ocaxaeHus TiN-TIOKPBITHS Jie-
(opMaLMOHHBIE KPUBBIE OBLIN MOTYyYEHBI TI0 CXEME TPEXTOYEUHOT0 U3ruoa.
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Puc. 3. TemnepaTypHbIe 3aBUCHMOCTH Ae(hOPMAIUOHHBIX KPUBEIX (4) M YIIPYTO-CHIIOBBIX XapaKTepHUCTHK (D)
TiNi-o6pa3uoB ¢ TiN-IOKpBITHAMHE

Fig. 3. Temperature dependencies of deformation curves (a) and elastic-force characteristics (b) of TiN coated TiNi samples

J17151 5TOTO Ha OMOPBI, PACCTOSTHUE MEKIY KOTOPBIMH L (MM), ToMemanu odpaser. 3mepsis Harpy3-
Ky F' (H) u mporu6 o6pasua y (MM), OIpeaensuiv 3Ha9eHU sl TPUKJIAIbIBAEMOT0 HAPsKeHUs (G) ¥ COOT-
BeTCTBYIOIEH nedopmaruu oOpasna (€) mo cieayromum hopmynam [14]:

3FL
2 ®
82%’1.100 %, 2)

riae b u h — COOTBETCTBEHHO IIMPHUHA U TOJIIKMHA 00pa3La, MM.

HcnprTanus npoBoIuiIn:

1) mpu komHaTHOI Temmepatype 23 + 2 °C, mpuMepHO COOTBETCTBYIOIIEH TemmepaType MHuKa
B2<R-nepexona (T, = 4,);

2) mpu TeMIeparypax, COOTBETCTBYOIIUX MpeBapuTeIbHOMY nedopmupoBanuto naenus (6 £ 2 °C,
0<T,<M/)nero skcnuryaranun BayTpn opranusma (37 +2 °C, T, > A4);

3) mpu Temmeparypax okondanus npsamoro (15 +2 °C, T, = M,") n obparnoro MI1 30+ 2 °C, T, = 4,).

W3 nonyueHHbIX Ae(OopMalMOHHBIX KPUBBIX (PHUC. 3, @) MOXKHO 3aKJIIOUUTh, YTO JIJIsl BCEX TeMIIepa-
TYp HCIIBITAHUH SIBHO BRIpQKEHHOH TOUKM Hadaja B2—R-nepexona BrisiBieHo He Ob1u10. O peanuzamnuu
JAHHOTO Mepexoja CYIWIM N0 aHOMAaJbHO BBICOKMM 3HAUCHHSIM JeQOpMalliU «yNpyroro» ydacTka
(1,6—1,8 %), BKIIOUYAIOIIETO COOCTBEHHO YNPYTYIO Ae(OpMaLMIO ayCTEHUTHOH (a3bl (IpU TemMrepary-
pax Beimie M. '), oOpasoBanue R-da3pl 1, Kak 0TMEUaIOCh paHee, €€ MOHOAOMEHHU3ALUIO.

VYrpyro-cusioBsie xapakrepuctuku ucciegayemoro TiNi-cruiaBa ¢ TiN-IOKpBITHSMU, OIpPE/ICIICH-
HbIEe Ha OCHOBE JIe(hOPMAIIMOHHBIX KPUBBIX, IPUBEICHBI HA pUC. 3, b 1 B Ta0II. 4.

[posiieHne cBEpXAMaCTUYHBIX CBOMCTB (BO3BpAT HAKOIUICHHOH JiehopMaliu 3a CUeT MapTEeHCUT-
HOTO TIpeBparienus npu 7' = const) BO3SMOXXKHO TOJIBKO B ONPEAEICHHOM WHTEpBaje TeMIepaTyp, Koraa
BBITIONHSIETCsE yeioBue: AH < 6y < Oy, T Gy — MUCIOKALMOHHBIN TPEJEN TeKY4eCTH. YCTaHOBICHO
(cM. puc. 3, b), 9TO mMapaMeTp Gy, JIMHEHHO BO3PACTAET C yBEJIMUYCHHEM TEMIIEpaTypbl, a €ro MUHU-
MajbHas BennuuHa npu 7, = 6 °C cocrasuna 520 MIla. Benmnunna Mexanndeckoro rucrepesnca AH
BappupoBaniack B mpenenax ot 330 no 420 Mlla (cMm. Tabn. 4), TO ecTh JJIsI BCErO TEMIIEpaTypHOTO
Jquana3oHa Oblia MeHblIe (a3z0BOro mpeaeia TeKy4ecTH, BCIEACTBUE Yero HaOlIoaioch BEIPaKEHHOE
CBEPXAJIACTUYHOE MOBEICHUE HCCleyeMbIX 00pa3uoB. HanpsbkeHue pasrpy304HOro IUIATO G, TAaKKe
YBEJIMYUBAIIOCH ¢ POCTOM Temreparypbl ucnbitanus: ot 170 Mlla npu 7, = 6 °C no 325 MIla npwu
T, = 37 °C, ocrarounas aeopmauus €., IP1 3TOM MOHOTOHHO yObIBasa ot 0,62 10 0,05 %.

Ha ocHOBe ycTaHOBIIEHHBIX 3aKOHOMEPHOCTEH N3MEHEHUSI YIIPYTO-CHUIIOBBIX XapaKTePUCTHK HCCIe-
IyeMbIX 00pa3ioB u3 craBa Ti—55,84 mac.% Ni ¢ TiN-mokpeITHsIMEU ObITIa TIOTyYeHA MOACIbHAS 3a-
BUCHMOCTb HAaNpsKEHUS OT AedopManuu (puc. 4), XapakTepusyromas pa3inyHble MAaHUIYJISIUN TP
BBEACHUU MEAULIMHCKOIO U3/Eus (HaIpuMep, CTEHTa) B OPraHU3M YeJIOBEKA.
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Tabnuma 4. Ynpyro-cujioBble xapakTepucTuku criaBa Ti—55,84 mac.%Ni ¢ mokpsrtusimu TiN
MPH Pa3THYHBIX TeMIepaTypax HCHBITAHUS

Table 4. Elastic-force characteristics of TiN coated Ti-55.84 wt.% Ni alloy at different test temperatures

Temneparypa ucneitanus (7)), °C
Mapametp Test temperature (7,), °C
Parameter
6 15 23 30 37

Da3zoselii coctas npu T, R R B2+R B2 B2
G\, MIla 520 630 700 725 760
AH, MIla 330 350 415 395 420
6., MIla 170 210 270 300 325
E, T'Tla 29 33 35 38 45
Eour, % 0,62 0,55 0,40 0,20 0,05

Ha nawanpHOM 3Tame u3genue oxmnaxaatt 10 6—8 °C u, gepopmupys ero, 3anpaBisitoT B IPOBOI-
HUK (KaTeTep). MakcuMallbHOE HAIlpsDKEHUE Ha 3TOM CTaJMM COOTBETCTBYET TOUKE d U COCTABIISIET
oy = 520 MlIla ipu T, = 6 °C. 3amaBaemasi MakCUMaITbHas ieopMarivs (Todka b) MOXKeT HocTurath 6—7 %o.
Ilocne 3ampaBKM B OTCYTCTBUE BHELIHEH HArpy3Kd H3[e/I€ HAXOAMTCA B CTECHEHHOM COCTOSIHUH
U TCHEPUPYET PEaKTUBHBIC HANPSDKEHHS, BEIMYMHA KOTOPHIX /0 BBEACHHUS B OPTaHU3M COCTABIISIET
~ 160 MIla (Touka c¢). Pa3auiia HanpsokeHUH B TOYKaxX b (107 HArpy3Koi) U ¢ (B OTCYTCTBHE BHEITHEH
Harpys3KHu) OnpeaesseT BeINIMHY MEXaHUUECKOI0 TUCTepe3unca.

[Ipu BBeneHMHU B OpraHM3M M HarpeBe OO0 TEMIIEpaTyphl Teja HaOIrogaeTcs pocT PEaKTUBHBIX Ha-
npspkeHuit 1o ~ 200-220 MIla. BeicBoOok1asich U3 KaTeTepa, CTEHT BO3ICHCTBYET Ha CTEHKH IaTOJIO-
THYECKH CY>KEHHOT0 opraHa, paciupsis ero. [lo mepe ymenbiuenus nedopmanun (paciupeHus npocse-
Ta TOJIOTO OpraHa) BeJIMYMHA HAIPSDHKCHUH BO3PACTAET, a UX CpelHee 3HaUeHHe B IIpeaeiax pasrpy3ou-
HOro 1mato (y4actok c—d) cocraBuseT 6, = 325 MIla. J{nuna nnaro npu €, ,, = 6,5 % paBHsiercs ~ 5 %.

3akiroyenue. B pesynpTare TeMmepaTypHOrO BO3JEHCTBUS B IPOLIECCE OCAXKIECHUS METOIOM
arc-PVD TiN-nokpsiTust B cruiaBe Ti-55,84 mac% Ni dopmupyercs KoMmIuieke (yHKIHOHAIBHBIX
CBOMCTB, ONTUMAJIBHBIX JJIs1 IPUMEHEHHUSI JAHHOTO CIUIaBa B KAUECTBE KOHCTPYKIIMOHHOI'O MaTepHasia
IPU U3rOTOBJICHUH MEIUIUHCKUX U3CITUI CO CBOMCTBOM CBEPX3IaCTUYHOCTH (OPTOJOHTHYCCKUX JIYT,
JIUJIaTaTOPOB, CTEHTOB, KOHTPALIEITUBOB H AP.).

Ha ocHoBe TeMmepaTypHbIX 3aBUCHMOCTEH yIPYTO-CHIIOBBIX XapaKTEPUCTUK 00pa3IoB U3 CIlJIaBa
Ti—55,84 mac.%Ni ¢ TiN-NOKpeITUAMH MOSTy4eHa AeOopMalMOHHAs KPUBasi, O3BOJISIOIIAS IPOTHO3H-
pOBaTh MEXaHUYECKOE MOBEICHUE MEAUIIMHCKOTO U3/IEIHS 10 U BO BPEMsI UMIUIAHTALIMK B OPTaHU3M.
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BbIBOP KOJIMYECTBA U PACIIOJIOKEHU A NIOAJAEP KUBAIOIIUX KATKOB
T'YCEHUYHOI'O TPAKTOPA HA OCHOBAHUHU AHAJIU3A KOJTEBAHUM
BEPXHEN BETBHU PE3UHOAPMHUPOBAHHOM I'VCEHHUIIbBI

AnnoTtanus. [lonydyeHa aHanuTH4ecKas 3aBUCUMOCTH JUIsl OTPENENICHHUs aMIUIUTY bl KoJeOaHUH pe3nHOapMHUPOBAH-
HOH TYCEHHIIBI B ITpoJieTe CBOOOJHOM BeTBH 00BOAA TPAKTOPa MEXKIY MOANEPKUBAIONINMHI KaTkaMu. MccmenoBan mpomece
KoJebaHMi yKa3aHHOI'O THIIAa TYCEHHUIIB B CEpeIMHE MpojieTa CBOOOIHON BETBU MpH paboTe r'yCeHHYHBIX TPAKTOPOB Map-
ku «bemapyc» B TATOBOM M TPaHCHOPTHOM PEKMMAaX C y4eTOM CKOPOCTH ABMKEHHUs. [loka3aHo, 4TO B KaduecTBE Ompese-
JISIOIETO0 KPUTEPHUsl MO BBIOOPY MapaMeTpoB MPOJIETOB CBOOOAHOW BETBH 00BOJa HEOOXOAMMO NPUHUMATh PE30HAHCHBIC
PEKUMBI TIOMIEPEYHBIX KOJIEOaHHUH pe3MHOAPMUPOBAHHOM I'yCEHUIIBI HA SKCITyaTal[HOHHBIX AMana3oHaX paboThl TPAKTOpPA.
PaccunTanbl MakcHMalbHBIC 3HAUEHHS aMIUTATY]] KOJIeOAHUH Takoil TYCEeHUIIB B MpoJIeTe CBOOOIHOI BeTBH 00BOAA MEX-
Iy TMOAJEPKMBAIOIIMMHU KaTKaMH Ui CeMEHCTBa I'YCEHUYHBIX TPAaKTOpoB «bemapyc» mpu pa3iHuHBIX peKuMax paboThl.
IIpoBenen 4acTOTHBIN aHANNU3 KONEOAHUHN M YCTAHOBIEHO, YTO HA I'YCEHUYHBIX CEIbCKOXO3SHCTBEHHBIX TPAKTOPaxX C Pe3H-
HOApPMHUPOBAHHBIMU T'yCEHHIIAMU BO3MOXKEH PEXHMM BO3SHHKHOBEHHS! PE30HAHCHBIX KOJeOaHM B Ipojere cBOOOIHON BeT-
BU 00BOJa MEXJy MOAJAEPKHUBAOMMMHU KaTkamu. IlomydeHa aHanmnTHYecKast 3aBUCUMOCTbD ISl OTPENENICHHs] MPeeIbHO-
TO PAaCCTOSTHHSI MEXAY MOAASPKUBAIONIMMH KaTKaMH 00BOJIa TYCEHHTHOTO TPAaKTOpa ¢ Pe3HHOAPMUPOBAHHON TyCEHHIIEH,
YHpPYyTOi U 3a0JIOKMPOBAHHOMN MOBECKAMH 110 KPHTEPHIO BBIBOJA PE30HAHCHOTO peXMMa KoJeOaHHH I'yCeHHIBI B IPOJIETEe
CBOOOIHON BETBHU 3a SKCILTyaTAI[MOHHBIM AMANa30H pabOTHl TpakTopa. PaccunmTaHbl 3HAUCHHS MPEIEIbHBIX PACCTOSHHH
MEXKIY TOIIePKUBAIOIINME KaTKaMu JUIst TpakTopoB «bemapyce» 1802, 2102 u 2103 npu pa3nudHEIX peKUMax paObOTHI MOJ-
Becku. OnpezneneHo HeoOX0AMMOe KOJTHUECTBO MOIJIEP/KUBAIOIINX KATKOB U JaHbl PEKOMEHAINH 110 MECTY MX YCTAaHOBKH.
Pe3ynbpraThl HACTOSIINX UCCIIETOBAHUI MOTYT OBITH HCIOIB30BAHBI IIPH CO3/IaHIH U SKCILTyaTaI[H TPAKTOPOB C pe3NHOap-
MHUPOBaHHBIMHU I'yCEHHIIAMHU.

KiroueBble cjI0Ba: I'yCEHHUHBIN TPAaKTOP, PE3MHOAPMHUPOBAHHAS TYCEHHIA, PEKUMBI ABMKEHUS, KONeOaHNs BETBH,
aMIUTATY/1a KoJeOaH!, MOAIePKUBAIOLINE KaTKH, PACIIOIOKEHHE KaTKOB
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Cheslav I. Zhdanovich’, Vladimir N. Plishch

Belarusian National Technical University, 65, Nezavisimosti Ave., 220013, Minsk, Republic of Belarus

SELECTING NUMBER AND LOCATION OF SUPPORT ROLLERS OF CRAWLER TRACTOR BASED
ON ANALYSIS OF VIBRATIONS OF UPPER BRANCH OF RUBBER TRACK

Abstract. An analytical dependence was obtained to determine the amplitude of vibrations of the rubber track in the span
of the free branch of the tractor bypass between the supporting rollers. The process of oscillations of this type of track in the
middle of the span of a free branch during the operation of tracked tractors of the brand “Belarus” in pull and transport modes,
taking into account the speed of movement, is investigated. It is shown that the resonant modes of transverse vibrations of the
rubber track at the operational ranges of the tractor operation should be taken as the determining criterion for choosing the
parameters of the spans of the free branch of the bypass. The maximum values of the oscillation amplitudes of such a track
in the span of the free branch of the bypass between the supporting rollers for the family of tracked tractors “Belarus” under
different operating modes are calculated. A frequency analysis of oscillations was carried out and it was found that on tracked
agricultural tractors with rubber tracks, a mode of occurrence of resonant oscillations in the span of the free branch of the by-
pass between the supporting rollers is possible. An analytical dependence has been obtained to determine the limiting distance
between the supporting rollers of a tractor with a rubber track and elastic and locked suspensions according to the criterion of
deducing the resonant mode of vibration of the track in the span of a free branch outside the operational range of the tractor.
The values of the maximum distances between the support rollers for tractors “Belarus” 1802, 2102 and 2103 at different sus-
pension modes are calculated. The required number of supporting rollers is determined and recommendations are given on the
place of their installation. The results of these studies can be used in the creation and operation of tractors with rubber tracks

Key words: crawler tractor, rubber track, driving modes, branch oscillations, amplitude of oscillations, support rollers,
location of rollers
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BBenenue. B HacTos1Iee BpeMst Ha CEIBCKOXO3UCTBEHHBIX TPAKTOPaX MIMPOKO UCIIOIB3YIOTCS pe-
3uHoapMupoBaHHble rycenunsl (PAIY) n ynpyrue noasecku [1-4]. CKkopocTH Takoil TEXHUKH BBIPOCIIH
10 30 km/4 [1]. Yacro PAT" ycranaBnuBaeTcst B IBM)KUTEIb, H3HAYAJIBHO CIIPOSKTUPOBAHHBIN 1O Me-
TaJIINYECKYI0 I'YCEHHUIY, ITyTeM €€ 3aMeHBbl. [Ipr 3TOM npeaBapUTENbHOE HATSKEHUE METATIMYECKIX
TYCEHHI] C OTKPBITHIM METAJNTMUECKUM MIAPHUPOM OOBITHO He mpeBbimaet 8 kH [5]. s mammH er-
KHX BECOBBIX KJIACCOB C YIIPYTUM O0OBOZOM IPEABAPUTEILHOE CTATHUECKOE HATSIKEHHE OOBIYHO JIOBO-
14t 1o 20 kH [5]. st cenbckoxo3siicTBeHHBIX TpakTopoB ¢ PAT™ 1 ynpyroi nonBeckoii npeaBapuTeb-
HOE CTaTUYECKOE HATSHKEHHE COCTAaBIISIET, Kak mpasuiio, 1520 xkH [6].

B [7, 8] nmpoBeneHb! UCCIIEOBAHUS 110 BIMSHUIO KOHCTPYKTUBHBIX I1apAMETPOB I'yCEHUYHOTO JIBU-
JKUTENS Ha TATOBO-CLEMHBIE CBOMCTBA TPAKTOPa W CONMPOTHUBIICHHUE €ro ABMKEHHIO, OJJHAKO BOIMPOCHI
BbIOOpa KOJIHMYECTBA MOAACPKUBAIOIIUX KATKOB M CXEMBI UX PACIONIOKEHHUs B ATHX padoTax He pac-
cMaTpuBaroTcs. TeopeTndeckue 3aBUCUMOCTH JUJIsl BBIOOpA PACCTOSIHHSI MEXIY MOANCPKUBAIOIIMMHU
KaTKaMU B HacCTOsIIEee BPeMsl B IUTEPAType He NMpuBeAeHbI. Kak MpaBHIto, peKOMEHIYIOT HUCIIOJIB30BAaTh
B JIBH)KUTEIIE ABA MOEPKMUBAIOIMNX KaTKa [9]. Ha cenbCKkoX03sICTBEHHBIX TPAKTOpaX ¢ YIpyToil mos-
BECKOM YaIre BCETO MPUMEHSIIOTCS J1Ba Mo Iep kuBaromux katka [9, 10], mnorma — tpu [1]. YBenuueHue
KOJIMYECTBA MOJJEPKUBAIOIMX KAaTKOB MPUBOJUT K JIONOJHUTEIBHBIM 3aTpaTaM MOIIHOCTH Ha HX
BpalleHHE, TOTEPSAM B XOJOBOM CHCTEME M YBEIMYEHHIO pacxoja TOIUIMBA MU CTOMMOCTH TPAKTOpa,
YMEHBIIEHHE — K OOJIBIINM aMIUIUTYAaM KOJIeOaHUH y4acTKOB CBOOOAHBIX BETBEH M BOSHUKHOBEHMIO
PEe30HAHCHBIX PEeXKUMOB. [IpH MPOEKTHPOBAHMM XOMOBOW YAaCTH MAIIMHBI BaXHO O0ECHEYHUTH TaKue
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XapaKTEePUCTUKH TYCEHHYHOT0 00BOJIa KaK KOleOaTeIbHOM CHCTEMBI, TPH KOTOPBIX MCKIII0YaIOCh ObI
BO3HUKHOBEHUE BBIHYK/ICHHBIX KOJICOAHMI BETBEH CO 3HAUUTEIBHON aMILIUTY oM [11].

[ MonmenmpoBaHus KojeOaHWI BETBEH METAJIOIYCEHHYHOTO O0BOJA MCIONB3YIOT TOJ0KEHUS
TEOPHH TIONIEPETHBIX KOJeOaHUN CTep)KHEH, TOABEP)KEHHBIX NeHCTBHIO oceBoi cuibl [11, 12], Teo-
PUIO TMHAMHWYECKOW YCTOWYMBOCTH YIpyrux cucteMm [13], Teopuro koneOaHui BeTBeH nepenad ¢ rud-
KO CBs3pIO [14—16], aHATM3 BOJTHOBBIX IPOIECCOB B BETBSIX T'YCEHUYHBIX 00BoAOB [17, 18]. Ilpu sToM
B MaTeMaTUYECKOW MOJICTU pacyeTHas JJIMHA y4acTKa CBOOOIHOW BETBH YacTO MPUHUMACTCS PABHOM
JUTMHE JIBYX CMEKHBIX MPOJIETOB, BO3MYIAIOLIEE BO3/ICHCTBUE HA BETBb B ATOM Ciydae 3a/JaeTcs CO
CTOPOHBI CPEIHEro MojepKuBatomiero karka [11], imbo mimue oxHoro nposeta [19]. s ananuza
W peUIeHMs TOJIYyUYEHHBIX 3aBHCHMOCTEH M ypaBHEHHH ncnoib3ytoT MeTonsl dypse [11] u Kpbimoa—
Boromto6osa [19], a Takke npyrue cnocoObl peleHus: ¥ YUCICHHOTO MOIETUPOBAHHUSL.

Taxke MPOBOAMIINCH CTEH/IOBBIE HCCIIEIOBAHMS JHHAMIKH BEpXHEH BETBU TYCEHUYHOTO 00BO/Ia Ha
¢uznyeckor Mo TyceHnYHOro ABMKuTeNs [20] M SKCrieprMeHTaIbHbIe NCCIEAOBAHUS peaTbHBIX
TYCEeHWYHBIX MAlluH JJIs ONpEAeNIeHUs] YCIOBUH BOSHMKHOBEHHS TIOMEPEYHBIX KOIECOAHWI BepXHEH
BeTBH [21]. B kauecTBe PakTOPOB, BHI3BIBAIOIINX KOJICOAHUS BETBH, pACCMATPHUBAIOT 3BEHYATOCTh I'yce-
HUIBI, HAJTMYWE TTPOBUCAHUS BETBEH, IIepeMelIeHre Onop, KojebaHue KopIyca, pu 3TOM YUUTHIBAIOT
KOHCTPYKTHBHBIE 0COOCHHOCTH, MHEPIIHOHHBIE, )KECTKOCTHBIC U CUJIOBBIE MTapaMEeTPhl T'YCEHHYHOTO 00-
BOJIa, CKOPOCTh MepemMaTbiBanusi cBoOoiHOM BeTBH [11, 14, 16, 18-20, 22—24]. YcTaHOBIIEHO, UTO B 3KC-
MJIyaTallMOHHOM JHarna3oHe BO3MOYKHO BO3HHKHOBEHHE PE30HAHCHBIX PEXMMOB, KOTOPHIE MPHUBOISAT
K OOJIBIIMM aMITTUTYAaM KoJIeOaHU BETBU.

IIpuBeneHHBIN aHANMU3 JTUTEPATYPHBIX HCTOYHUKOB TOKA3bIBACT, YTO HCCIIEJOBAHHS TPOBOIU-
JUCH IS METAJUIOTYCEHHYHBIX JBIDKUATENCH C OTKPBITBIM W PE3MHOMETAJUIMYECKHM IapHUpaMHU.
OTtcyTcTBYeT HH(GOpPMAIUS IO ONIPEICICHUIO U N3YUYSHHIO ITOTIEPEYHBIX KoJeOaHUi CBOOOTHBIX BETBEH
00B0710B ¢ PAT" 11151 cenbCKOXO35UCTBEHHBIX TPAKTOPOB, MX (KoJeOaHMi) BIUSHUS HA KOHCTPYKTHBHBIC
napaMeTphl pe3NHOTYCEHUYHOTO ABMKUTEINS TpakTopa. B cBsi3u ¢ mpuMmeHenueM Ha Tpaktopax PAT
BO3HMKJIAa HEOOXOAMMOCTh UCCIEeJOBaHU s KoJieOaHUI BepXHEl BEeTBU I'YCEHUYHOTO 00BOIA JIJIsi CHHIKe-
HUST aMIUTUTYAbI KoJIeOaHUH ¥ BBIBOJIA PE30HAHCHOTO PEXKMMa 33 dKCILUTyaTallHOHHBIN 1uana3zoH pabo-
THI TPAKTOpa IMyTeM OOOCHOBAaHHOI'O BHIOOPAa KOHCTPYKTHBHBIX MAPAMETPOB ABHKUTENS, KOTMIECTBA
Y PaCIOJIOKEHHMS TIO/IJIEP’KUBAIOIINX KaTKOB.

Llenv uccnedosanus — pa3paboTKa METOJOJIOTHH OIMpPENETICHNs KOJTUYeCTBA M HaXOXKICHHE MecTa
PacToNOKEeHUS TIOAISPKUBAIOIINX KATKOB CEThCKOX03IMCTBEHHOTO I'yCEHUYHOTO TPAKTOpa C PE3UHO-
apMUPOBAaHHOHN I'yCEHHUIEH, YIIPYToi 1 3a0JIOKMPOBAaHHOM MOABECKAMH Ha OCHOBAHWHU aHalln3a Kojeba-
HUU BEpXHEH BETBU I'yCEHUYHOI'0 OOBOZA ¥ BHIOOP YKa3aHHBIX MAPAMETPOB JUJISI TYCEHUYHBIX TPAKTO-
poB cemeiicTBa «bemapycy.

MopaeanpoBanue KoJieOaHWH pPe3MHOAPMHPOBAHHON T'yCEHHUIIBI B MpoJeTe MeKAy Moajaep-
JKMBaOIUMHU KaTkaMHu. OOBEKTOM HCCIIEAOBAHUS TPUHSAT CEIbCKOXO3UCTBEHHBIN TpakTop ¢ PAT
U YIPyTOH TOABECKOH, KOTOpas Mpu padoTe ¢ BBHICOKOW TATOBOW HATPY3KOW MOXET OJIOKHMPOBATHCS.
IognepxuBaronue KaTKM Ha TAaKUX TPAKTOPax, KaK MPABUIIO, JKECTKO KPEMATCS K OCTOBY TPaKTopa.
[loaTomMy co cTopoHBI moAAepX)UBaOMUX KaTkoB Ha PAI" OymyT mepemaBaTbcs KoneOaHUS OCTOBA
Tpaktopa. Kak u3BecTHO, MojiBecKa yiIydinaeT MIaBHOCTh XO/a, YMEHBIIAEeT JHHAMHYECKIE Harpy3KH
u KonebaHusi ocToBa Tpakropa [5, 9]. [ToaToMy ¢ Lenblo yIpoLIeH!sT MaTeMaTHYECKUX BBIKJIAJIOK pac-
CMOTpPHM Hauboliee HEONAroNpUATHBIN PEKUM JBM)KEHHUSI TPAKTOPa € 3a0JOKHPOBAHHOW MOABECKOI.
st aTOro ciaydasi MOXKHO TIPUHATDH JONYIIEHHE, YTO OCTOB TPaKTOpa OyAeT COBEpIIaTh KOJICOaHHsI 110
3aKOHY U3MEHEHUSI MUKPOIPOQHIIS IBUKCHUSI.

QopmMupyonuii BO3MYIIEHHE MUKPONMPO(UIb OMOPHONH MOBEPXHOCTH MOXET OBITh PA3IUUHBIM.
B ob6mem ciydae xapakTepHuCTHKAa MUKPOIIPOGUITS 3a0aeTCsl CTaTUCTHUSCKUMA (GyHKIIUsIMU [25, 26].
[IpuMEeHUTENBHO K TPAKTOPAM UX peanu3anus npencrasieHa B [27]. Vcnonb3oBaHUE B BBIYMCICHUIX
MUKPONPO(UIIS, 3aJaHHOTO YHCIOBEIMU 3HAYCHUSIMH, C ONPEICICHHBIM IIaroM TpeOyeT UCIIOIh30Ba-
HUS YHUCJICHHBIX METOJOB JJIS PEUIEHMs 3aJlad M HE TMO3BOJSET YCTAaHOBUTH TOYHBIE aHAIUTHYECKHE
3aBUCUMOCTHU. OJTHAKO 7151 BBISIBJICHUSI OCHOBHBIX 3aKOHOMEPHOCTEH paccMaTpHUBAaEMOro Mpolecca HeT
HEOOXOIMMOCTH MPUOETaTh K CIOKHBIM KOPPEISIIHOHHOMY, CIIEKTPATbHOMY M BEPOITHOCTHOMY Me-
TOJaM aHaju3a M C JOCTATOYHOH /I Ka4eCTBEHHOI'O aHalli3a TOYHOCTBIO CYUTATh MPO(UIL HEPOB-
HOCTH rapMoHHYeckuM. Kak Moka3pIBaeT COMOCTAaBJIEHHE TAKOTO IMOJIXO0/a C BEPOSTHOCTHBIM, MPHH-
[UITAAJIEHBIE BBIBOJLI B 000MX CIIydasX JJIS T'yCEHHYHBIX MAIIMH ITOJNY4YaroTcs OAuMHaKoBbIMU [11].
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AHaJM3 JOpOT, HAC3)KEHHBIX TYCCHHYHBIMHU MallMHAMH, MTO3BOJISIET YTBEPKAaTh, 4TO hopma enu-
HUYHBIX HEPOBHOCTEH, KOTOPBIE HAMOOJIee YaCTO BCTPEUYAIOTCS Ha HUX, OJU3Ka K rapMoHn4eckoil. [Tpu
JBIKEHUH 110 MYTH C YepeAyIOIHUMUCA MOAPA] OJMHAKOBHIMH HEPOBHOCTSMM MaIlIMHa Ha OIpese-
JICHHOH CKOPOCTH MOXKET TMOIACTh B PE30HAHCHBIN PEXXUM JIBHKeHUs. Ecnu B maHHOM pexume OyaeT
oOecrnieueHa Tpedyemasi MJIaBHOCTh XOZa, TO U BO BCEX JAPYTUX peKUMax MPH JBUKEHHUH IO ITUM Ke
HEPOBHOCTSIM OHa OyneT jiydiie. Takum 00pa3oM, B Ka4eCTBE PACYETHOT'O MPEATIOYTHTEIBHO BHIOPAThH
rapMOHUYECKHI CHHYCOUIATBHBIN TPOQHIIb ITyTH, KOTOPBIA 00ecriedrBaeT MOoydeHUe TIPU 3aJJaHHOMH
CKOpPOCTH PE30HAHCHOTO peXrMa KoebaHui [28, 29].

C 1enpo yrnpoueHns: MaTeMaTHYeCKUX BBIKJIAIOK IIPUMEM CIIEAYIOIINE TOMYIIEeHHUS:

MOAICPKUBAIOIINE KaTKH UMEIOT KEeCTKHI 000/ 6€3 00pe3snHNBaHUS;

PAT paccmaTpuBaeTcs Kak THOKasi HUTh C PABHOMEPHO PACIIPEICICHHBIM BECOM I10 IJTHHE 0e3 yde-
Ta W3rUOHON KECTKOCTH M TMCTEPE3UCHBIX MOTEPh MpPU KOJeOAHUSX (aMIUIMTYAa KojleOaHWH 3HAuu-
TEJIHHO MEHBIIIE UTHHEI TPOJIETA);

MOABECKA TPAKTOPa MOTHOCTHIO MepeaaeT MUKPOIPO(UIL OMIOPHOI MOBEPXHOCTH Ha OCTOB 0€3 ero
CriaXuBaHus (Hanbojee HeOIaromprsITHEIN PeKUM IBHKCHUA);

OCTOB TPaKTOpa MepeMeaeTcs Mo 3aKOHY H3MEHEHHSI MUKPOIIPO(HIISE OTIOPHOH MOBEPXHOCTH;

MPOQHIIb OTIOPHOH MOBEPXHOCTH TAPMOHUYECKUAN CHHYCOUIATBHBIH.

PacueTHas cxema 115 onpenesieHus: aMIuIATyAbl konebanuit PAT y (M) nist mr060ro ceueHust x (M)
[poJieTa MKy NOAJACPKUBAIOIIMMY KaTKaMU MpeAcTaBeHa Ha puc. 1.

CormacHo pacueTHOM cxeme, MEXJy MOANEPKUBAIONIUMHU KaTKaMH [ W 2, JUIMHY NPOJIeTa MEXIY
KOTOPBIMHU 0003HaunM / (M), HAXOIUTCS pe3nHOapMupoBaHHas rycennia 3. [lox nefictBueM pacTsruBaro-
miero ycwns F'(H) rycenuniia mMeeT moCTOSTHHBIN KOHTAKT B TOUKaX A U B ¢ MOACPKUBAIOIINMH KaTKa-
mu. Ee yaensHbIl Bec 0003HauuM ¢ (H/m). [lpu nepemenieHnn monaepKUBaOMINX KaTKOB / 1 2 BMECTe
C OCTOBOM TpPaKTOpa MpPH JABMKEHUH 10 MUKPOIPO(UITIO OMOPHOM MOBEPXHOCTH B MpoJieTe 4B BO3HU-
KaloT BBIHYKJICHHBIC moniepeunble koiebanns PAL. Dtu konebanus mogsepkeHb! Ha KoHIe X = 0 B TOU-
Ke 4 IeWiCTBHUIO BOSMYIIAIOIICH CHIIBI, BEI3BIBAOIICH CMEIICHNE 9TOT0 KOHIIA, paBHOE A ,Sin®?, U Ha KOH-
e x = [ B Touke B — AEHCTBUIO BO3MYIIAIOMICH CHIIBI, BBI3BIBAIOIICH CMEIIEHHE STOT0 KOHIIA, PaBHOE
A,sinot (cM. puc. 1). 3nech 4,, A, — aMmuTy bl Koaebanuil 1-ro u 2-ro MoaAepKUBAIOIINX KaTKOB, M;
(® — 9acTOTa BEIHYKJCHHBIX KOJIOaHU, paj/c; t — Bpemsi, ¢. O0o3HaunM TouKy C — cepeIuHy MpoJjeTa.

B Takoii moctaHOBKe AaHHas 3a7jaya OTHOCHTCA K paslelly BBIHYKJIEHHBIX KOJeOaHWH CTpyH
U CTEpIKHEW MaTeMaTH4eCKON (PM3UKH, B YACTHOCTH BBIHYKJICHHBIX KOJICOAHUI CTPYHBI C ITOIBHIKHBI-
MH OTIOpaMH, ¥ IIPUBONUTCS K PEIICHUIO U3BECTHOTO ypaBHeHUs Buaa [30]:

o’y _ 8%
r=ar—5+e(x) (M
ot Ox
IpH TPAHUYHBIX YCIOBUAX!
Yoo =110 M, =x200), 2)
1 HaYaJIbHBIX YCJIOBHUAX:
y|t=0 = f(X), A = F(X), (3)
Ot |,=o
F gr o 2, 2 2
rae ap =, |— =, |=—; p— nuHeiHas motHocTh PAT, Hc*/M™; g — yckopeHue cBOOOIHOTO naaeHus, M/C’;
Q
~
Vi
FA /’"J'——v\\li Fox Puc. 1. PacuetHas cxema 11 onpeenenus konebanuii
PE3MHOAPMUPOBAHHOM T'YCCHHUIIBI TPAKTOPA, HAXOSAIICHCS MEXTY
1 g | €3 2 HOJIEPKUBAIOIIMMHU KaTKaMu: [, 2 — NOJIEPKUBAIOIIME KATKU;
) g=A;sine ¢ [TITITTTITITITT] ¥}, - =Aosinot 3 — pe3uHOapMUpPOBaHHas T'yCEHHUIIA
12 Fig. 1. Calculation scheme for determining the oscillations of
a rubber tractor track located between the supporting rollers:
! 1, 2 — supporting rollers; 3 — rubber track
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g(x,t) = l p(x,t); p(x,t) — BHEITHSS CHJIA, pACCYMTaHHAS HAa AMHUITY IIUHBL, H/M.
p

K pemenuto 370l 3amaun HeNIb3s NPUMEHUTH MeToa Dyphe, Tak Kak rpaHUYHBIC YCIOBHS (2) He-
omHoponaHbL. Ho 3Ta 3a7ada J1lerko cBOAMTCA K 3aja4e ¢ HYJIEBBIMU TPAaHUYHBIMHU YCIOBUSAMH. MeTox
peIIeHHsI TAKOH 3a/1a4M IOCTATOYHO TTOJIPOOHO M3JIOKEH W M3BECTHO PEIICHHE IS cydasi, Korja mep-
BOC U3 T'PAaHUYHBIX yCIOBHI (2) y|x:0 =0 [30]. JarHoe perieHuE ABISETCA YaCTHBIM citydaeMm. [lomHoe
pewenue 3aaa4u B ycnoBusx (1)—(3) B mutepatype He IPUBEACHO.

B cBs13u ¢ aTuM pemum ypasraenue (1) nmpu yenosusix (2) u (3). [Ipu atom Oynem npeamnonarate, 9To
B Ha4aJIbHBIN MOMEHT BpeMeHH (¢ = ) HauaTbHbIe CMEICHUS U Ha9aIbHBIE CKOPOCTH Ha 000X KOHITAX
paBHbl Hyr0. Tora 3Ta 3a/1aua CBOIUTCS K PEIICHUIO OJTHOPOJHOTO YPaBHEHHMSI

2 2
9y _p0y @)
=ar
or* o’
IIpU TPAHUYHBIX YCIOBUSIX:
y|x:0 = A4, sinot, y|x:l = A, sinwt, o)
1 HA4YaJIbHBIX YCJIOBUAX!
0
Moy=0. 2 =o. ©)
Ot |0

Pemenue 3anaun naitaem B Buge cymmsl [30]:

y=E&+n, (7
TJie 1| — pelleHne OAHOPOTHOTO ypaBHEHUS (4), YAOBICTBOPSIONIEE TOIHKO IPAHMYHBIM YCIOBUAM (5);
& — peIeHue Toro e YPaBHECHUS, YIOBICTBOPSIONICE TPAHUYHBIM YCIIOBHSIM:

E-’|x:0 = O’ §|x:l = O’ (8)
1 Ha4YaJIbHbBIM yCHOBI/I}IM:
o€ on
= =— = =F(x)=—- 4| . 9
g,y =r(x)=-_. ol (x) 2l )

Pemenne n u3 Beipakenust (7) HaiineM crenyromum odpasom [30]:
N = X(x)sinwt, (10)
e X(x) — QyHKIUS OT X, ONKCHIBatOIIast JOpMy COOCTBEHHBIX KOJeOaHuUH (HopMalibHast GyHKIUs), M [12].
IToncrasus (10) B ypaBuenue (4), momyunm [30]
o2
X"(x)+—X(x)=0. (11)
ar
UroObI monmyyuTh penieHue 1 = (x, ¢) Buaa (10), yaoBiueTBopsoliee rpaHUYHBIM YCIOBUSM (5), HE0O-
XOIMMO HaiTh pemenne ypasHeHus (11), yaoBieTBopsromniee rpaHHIHbIM YCIOBUSM:

X(0)=4,, X()=4,. (12)
O6mee pemenne ypaBaenus (11) umeert Bua
X(x)=¢ c0s2= + C, sin—. (13)
ar ar

Pemas ypasuenwue (13) npu rpaHuyHbIX yenoBusx (12), momydum

A, - 4 cosw—l

a
C =4, C ZTF‘ (14)
sin —
ar
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CnenoBarenbHo, BeipaxkeHue (13) ¢ yuetom (14) mocne npeodpazoBaHuii MPUMET BH]L

. ox
} sin—
0X o/ . ox a
X(x)= 4| cos— —ctg—sin— +A2—1;. (15)
ap ap  ap sin 2~
ar

[ocne moncranoBku (15) B (10) u mpeodpa3oBaHUii OTYIHM CIIENYIOIIEe BRIpaKEHNUE:

. ox
l sin——
ox ol . ox ag | .
n(x,1)=| 4| cos— —ctg—sin— |+ 4, ——= [sinr. (16)
o/
U dp  dp sin—
g

Teneps Halinem pemenue & = (x, 1). U3 popmy (9) ¢ yuetom (16) onpenenm HadaIbHbIE YCIOBUS:

g =/ (x) =l =0, (a7
. ox
0 0 X ol . ox Smai
% =F(x):——n =—A4,0| cos— —ctg—sin— —Azm—l}. (18)
Ot |,=o 0t 1= ar ap  ap sin 28
ar

[Ipu »TOM perieHne OTHOPOAHOTO ypaBHEHUS (4), YAOBIETBOPSIONIEE TPAHUYHBIM YCIOBHSIM (8)
Y HadaJbHBIM ycioBusM (14), naercs panom u npusogutcs B [30]:

E(x.1)= Y b sin@sink—”, (19)
k=1

rne k — mopsiI0K TapMOHUKH;

sin k-1
2 ! ox ol . ox ap | . knx 2°°aF((_1) 4, + Al)
by = I —4,0| cos——ctg—sin— |- 4,® ;i sin dx = :
kmag ag ap  ap sin % [ o2 - kmap
ar ® /

[Tocte mpeobpa3zoBanuii BeipaxkeHue (19) mpumeT BUI

k-1
© (-1)" A4, +4
_ 2m0ay 5 ( ) 2t A kmagt sin chx.

(20)
I iz 2 [ )
k=1 2 (anaF j

F;(x,t)

BB cymmy Beipaxenui (16) u (20), B cooTBeTCTBHH € (7) MOTYyYNM PEIIEHNE TOCTABICHHON 3aa4i

sin— k-1
2 *(=1) 4,+4
y(x,t)=| 4 cosﬂ—ctgw—lsin% +A2i Sin ot +—af z( ) 2 zlsin chaFtsin knx. (1)
ap ap  ap sin ©% I' = 5 (knag l [

Hcnonways Beipaxkenue (21), MOXKHO ONpeeTuTh aMIIUTyny Konebanuit PAI" B mr000it Touke mpo-
JeTa MeKy NOANEPKUBAIOIIMMY KaTKaMU U BBISIBUTh PE30HAHCHBIE PEKUMBI KOJICOaHUH.

JList ycTaHOBIICHHSI KOJIMYECTBEHHBIX OLICHOK aMIUIUTY 1 Kolebanuii PAT™ B kauecTBe 0ObEKTOB HC-
CJIeIOBAaHUM MPUMEM I'YCCHUYHBIC CENbCKOX03SICTBEHHBIC TpaKTOphl Mapku «bemapye» [1, 6].

Yro0Obl ompenenuTh MOPSAOK BbICHIEH TapMOHHMKU Kk, JJS CEIbCKOXO3SHCTBEHHBIX TPAKTOPOB
¢ PAT, Bocmonb3yeMcst METOMUKOM, mpuBeaeHHOHN B [11]. [l BETBU ¢ paBHOMEPHO pacIpeaeICHHBIMHI
rapamMeTpaMHu MOPSAI0K TAPMOHUK MOXKET ObITh OYeHb BBICOKMM. [IpakTHYeCcKH e OnmpeeNsionen sB-
JsieTCs TIepBasi rapMOHUKa (TiepBast riiaBHasi popma). AMIUTMTYABI OCIEAYIOMUX (GOpPM OBICTPO YMEHbB-
marotcs. Kpome Toro, B peanbHbIX BETBSX, 00J1a1aI0IIMX 3BE€HYATOCTHIO, TIOPSIOK HAWBBICHICH TapMo-
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HUKU 3aBUCHUT OT LIara nenu. Eciiu nNpuHATH MHHMMAIbHOE KOJIMYECTBO TPAKOB, U3 KOTOPBIX MOXKET
COCTOSITh BOJIHA, PAaBHBIM YETBIPEM, TO MOXKHO 3alHCaTh YCIOBHUE JUIsl OIPEAEIECHHs IOpsiAKa BbICHIEH
TapMOHUKH k. :

i )

<—, 22
max 210 ( )

rfe [, — mar pe3auHOapMHPOBAHHOM I'YCEHUIIBI, M.
Pe3ynbrarhl pacueTa 3Ha4€HUH BbICLIEH FapMOHUKH Kk, ,, C UCIOIb30BAHUEM BbIpaxkeHUs (22) 1is
pasnuuHbBIX Mojenelt TpakTopa «bemapyc» ¢ PAL mpuBeneHs! B Tabm. 1.

Tabnuma 1. Pe3yabraThl pacyeTra 3HaYeHUH BbICIIeii rapMOHUKH K,
Table 1. Results of calculating the values of the highest harmonic &,

Jlnuna nposiera | Illar pe3anHoapMupoBaHHOI PacueTHoe 3HaueHne
Mopenb TpakTopa M
BETBH, /, MM T'YCEHUIBI, [j, MM BBICIIEIf TAPDMOHUKH, K,
«bemapyc» 1802 125 7
«bemapyc» 2102 1712 133 6
«benapyc» 2103 158 5

Ha ocHoBaHUM pe3yibTaToB pacyera, MPUBEACHHBIX B Ta0N. 1, B KadecTBe MOpsIKa BBICIICH Tap-
MOHHKH 7151 TpakTopoB «bemapyc» ¢ PAI' nns manpHelmux vccneoBanuii mpuMeM k = 7 TIpU JJTHHE
nponeta [ = 1712 mm.

Panee ObuTO OmpezeneHo, YTo ISl OMHCAHUST MHKPOMPOQHIIS ONOPHOW MOBEPXHOCTH OyJeM Hc-
MOJIb30BaTh FAPMOHUYECKYI0 CUHYCOUIAJIBHYI0 3aBUCUMOCTb. Toraa, cornacHo [31], oHa mpuMeT BUA

= gsin o, (23)
2
o= ILU 24)

rze & — BbICOTa HEPOBHOCTH, M; (® — YaCTOTa BBIHYXACHHBIX KOJIEOaHUHU, PaJl/C; L — CKOPOCTh ABHIKE-
HUS TpakTopa (MpH OTCYTCTBHH OyKCOBAaHMS paBHA CKOPOCTH TepeMaThIBaHUS BEepXHEH BETBM 00BO/IA
OTHOCHUTEJIBHO OCTOBA TPAKTOPA), M/C; [, — IIMHA HEPOBHOCTH, M.

OCHOBHBIMHU PaOOYNMH TTOBEPXHOCTAMH /IS CENTbCKOXO3SHCTBEHHBIX TPAKTOPOB ABISIOTCS OIS
nocie yOOpKH 3JIaKOBBIX KYJIBTYp (arpo)OoH «CTEepHs») JIMOO MOATOTOBICHHBIE MO TOCEB, a TaKKe
rpyHTOBBIe nopord. [Ipm BeIOOpe mapameTpoB MuKporpoduist OymeM pyKOBOICTBOBATHCS HamboJjee
HEeOIaronpUsTHBIM CITy4aeM.

Cornacno [32], MaTeMaTH4ecKoe OKMJIaHHUE M1, U CPEAHEKBAIPaTHYECKOE OTKJIOHEHHE G; BBICOTEI
HEPOBHOCTH CTEPHHU MIIEHUIIB! JUIsl TPEX Pa3HBIX Y4aCTKOB COOTBETCTBEHHO COCTABHIIU 11,/G): BIOIb
OCHOBHOW 00paboTkn — 35/10,9 mm/mm, 29/12,5, 35/14,2 Mm/MM; monepek OCHOBHOH 00pabOTKH —
28,5/11,8 mm/mmMm, 85/21,4, 73/20,8 Mmm/MMm. [ToaTOMY JJIs1 TPAKTOPOB CPEIIHIOKD BBICOTY HEPOBHOCTEH /1
IS TIOJIS TIOCJIe yOOPKH 371aKOBBIX KYIBTYD (arpooH «CTepHs») TpuMeM paBHOH 70 MM.

Ilo nanubIM [33], 3aMepsI 15 TPYHTOBBIX JI0POT TIOKA3aJd, YTO BHICOTA HEPOBHOCTH COOTBETCTBEH-
HO COCTaBJISET: AJISl MaJIOM3HOIIEHHBIX — 20-30 MM; 17151 cpeqHen3HomeHHbIX — 30—40 MM; 171 cUiib-
HOU3HOWEHHBIX — 4070 Mm. Ilo pesynbraraM MCCIENOBaHUM, U3JI0KEHHBIX B [34], CpeaHsAs BBICOTA
HEPOBHOCTEH /i JIJII TPYHTOBBIX JIOPOT COCTABIISCT: POBHBIH y4acTOK — 30 MM; YOBIETBOPUTEIbHBIH
yuacTok — 30—40 mM; pa3ouTsiii yuactok — 40—70 mm. [ToaTOMY 1715 TPaKTOPOB CPEAHIOIO BBICOTY HE-
POBHOCTEIt /I [Tl TPYHTOBBIX JIOPOT TIPUMEM TAKKe PaBHOM 70 MM.

Cornacno 3amepam, IPOBEAESHHBIM JJI5 TI0JIEH, TOJTOTOBJICHHBIX 0] TOCEB, CPEAHUE 3HAYCHHU S BbI-
COT HEpPOBHOCTEH h cocrasunu ot 20 10 70 MM [29]. B ¢ BsI3u ¢ 9TUM U151 [IOJIEH, TIOATOTOBJIEHHBIX IO/
MOCEB, CpeHEe 3HAUYSHHE BHICOTHI HEPOBHOCTH A TipuMeM 70 MM.

J7st TyCeHMYHBIX MallliH CTaTUCTHYECKUE JaHHBIC M0 XapaKTepUCTHKaM MUKpornpoduiei gopor
npusenens! B [31]. COrnacHo NpUBENEHHBIM TaHHBIM /IS TYCEHMYHBIX MALIUH COOTBETCTBEHHO /1 /G,
JUTSL CTEPHU, MAXOTHI U MPOCETIOYHON TOPOTH CPeAHeH yKaTaHHOCTH cocTaBisitoT 70/30 mm/mm, 70/30
u 70/28 MM/MM, CpeHSIS IJIMHA HEPOBHOCTEH Z' COOTBETCTBEHHO: 5—8 M, 5—8 u 9—13 m.
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Puc. 2. I'paduk nporuecca konebaHuii pe3snHOAPMUPOBAHHON I'yCEHHIIBI B CEpeIUHE IPOoJieTa CBOOOIHOM BETBH IIPU
pabote TpakTopa «bemapyc» 2103: @ — B TATOBOM peKHME CO CKOPOCTBIO JABMIKCHUS 12 KM/4 1 MUHUMAJIbHOM HATSKCHUHU
B cBOOOHOIT BeTBH 2,12 KH; b — B TPaHCIIOPTHOM PEXMME CO CKOPOCTHIO ABHIKCHUS 26 KM/4 U HATSKECHUEM B CBOOOIHON

Betsu 20,4 xH

Fig. 2. Graph of the oscillation process of the rubber track in the middle of the span of the free branch when
the “Belarus”2103 tractor is operating: @ — in traction mode at a speed of 12 km/h and a minimum tension in the free branch
of 2.12 kN; b — in transport mode with a speed of 26 km/h and a tension in the free branch of 20.4 kN

W3 uccrnenoBanuii mIaBHOCTH X0/1a TYCCHHYHBIX MAIIMH U3BECTHO, YTO C TOUKH 3PCHHS KOJICOaHUIA
HanOoJee HeONArONPUSATHBIM SBISETCS JIBM)KCHUE 10 MUKPOMPOGUIIO ¢ 0oJice BBHICOKOH aMILIUTY-
JIoW 1 MeHbIIed JumHoN HepoBHocTH [28]. Torma, 00001as npuBeIeHHbIC JaHHbIC, TPUMEM IS 1ajhb-
HEHIINX pacyeToB BBICOTY HEPOBHOCTH /s = 70 MM M JJIMHY HEPOBHOCTH /[, = 5 M. /laHHBIC BEIMYNHBI
C JIOCTaTOYHOM CTEMEHBI0 TOYHOCTH Oy IyT 00001IaTh BCe MUKPOIPOQIITH CETbCKOX035IHCTBEHHBIX TT0-
BEpXHOCTEH JIJ1s1 Hanbosee HeOIAaroNPUATHBIX PEKUMOB JIBHIKCHHUSL.

B [11] ycTanoBNeHO, 4TO HanOOJIbIIICe U3MEHEHHUE JJIMHA TYCEHUYHOTO 00BOJIa MPETepIieBaeT MpH
BEPTUKAIHHOM TIEpEMEIEHNH KOpITyca MAIIUHBI (TPOJOJIBHO — YTIIOBBIE KOJEOAaHUSI OTCYTCTBYIOT).
B cBsi3u ¢ 3TUM B nanpHEHIIMX pacueTax Ipumem, 4to 4, = 4, = /2 = 35 MmM. AMIIUTy 16l KoseOa-
HUH y(x, {) ONpeaenuM UIsl CEpeUHbI IpojeTa Ipu X = //2 u 0003HauuM y,,. HacToTy BBIHYKJEHHBIX
KoJIeOaHUH O OMPENSIMM B COOTBETCTBUU C BhipaxkeHUeM (24). Pe3ynbrarsl MojenupoBanus koneba-
Huii cBoOoHON BeTBU PAI B cepemuHe mposieta MeX Ay TOANSPKUBAIONINMHI KaTKaMu JIJIsT TPaKTUPa
«bemapyc» 2103 ¢ ucmonb30BaHUEM 3aBUCUMOCTH (21) TIpH pa3TUIHBIX CKOPOCTSX ABVIKECHUS M YCUITHU-
sx HaTspkeHus: PATT mpu paboTe B TATOBOM M TPAHCIIOPTHOM JHAIa30HaxX MpeACTaBICHBI HA PHC. 2.

YcaoBus BOBHHKHOBEHHSI PE30HAHCHBIX PE:KUMOB KoJ1e0anuii rycenunbl. M3 ananmnza Beipaxe-
Hus (21) cnenyet, YTO PE30HAHCHBIA PEKUM HACTYIIHT B CIIy4ae BBIIIOTHEHUS yCIOBHS [35]

o- " o, (25)
/
TO €CTh IIPU PaBEHCTBE BBIHYKJICHHON M COOCTBEHHOM YacTOT KOJEOaHHH B MPOJETEe MEXAY MOAAep-
JKUBAIOLIUMU KaTkamu yuacTka PAT.

Ha ryceHnyHBIX TpakTOpax MOAACPKUBAIONINE KATKH JKECTKO COCIUHEHBI C OCTOBOM, M 4aCTOTa
BBIHY KJICHHBIX KOJIEOAHUH () OMpeAeIIsIeTCs M3BECTHOM 3aBUCUMOCTEIO (24) [11].

Bropas cocraBistomas Beipaxkenus (25) (kma,/l) npeacraBiser coboil 4acTOTy COOCTBEHHBIX KO-
nebanuii yuactka PAT, Haxopsieics B mpoyieTe MEX 1y TOIICPKUBAIOIIMME KaTkamMu. B imuteparype
ISl TYCEHHUYHBIX TPAKTOPOB IIPHUBEIEHA TOJIIBKO COOCTBEHHAS YacTOTa KOJIeOaHUH B MOJIBECKE, KOTOPast
nis Tpaktopa JAT-75 mag mepeqaum mMocToM coctaBmia 3,17 I'm, Han 3amaum — 2,63 ', mis TpakTo-
pa T-150 max mepegaum moctom — 1,80 I'm, Hax 3amaum — 2,82 I'm [36]. OgHako 9acToTa COOCTBEH-
HbIX Konebanuii PAI" B mposieTe cBOOOAHOM BETBH TPAKTOpPA OTIMYACTCS OT yKA3aHHBIX MOKa3aTeNeH.
O06o3Hauum ee o, (pan/c). C yuetom (24) u (1) ., OyzneT onpeaensThCs BbIpaKeHUEM

ke [gF

Mg
B l q

(26)
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Pyuc. 3. 3aBHCHMOCTb 4aCTOT KOJICOaHUH ® U ®,, OT JJIMHBI IIpOJieTa / U yCHIINS B IyCeHHIEe F:
1 —gacToTa BRIHYKJEHHBIX KOoJeOaHHH ®; 2 — 9acTOTa COOCTBEHHBIX KOJIeOaHUH ©,;

Fig. 3. Dependence of oscillation frequencies  and w,, on span length / and force in track F:
1 — frequency of forced oscillations ®; 2 — frequency of natural oscillations o,

Ucnonb3ys 3aBucumoct (24) u (26) aist ceabCKOX03siiicTBeHHOr0 TpakTopa kinacca 4 ¢ PAI" Obin
MPOBEICHBl TEOPETUYECKHE UCCIeOBAaHUS A nepBoid ¢opmbl konedanuit [37]. C Touku 3peHus ya-
CTOTHOTO aHaim3a 3Ta (opma KoJeOaHWH SBIISETCS Hambosee HEONArONMPHUATHBIM CIIydaeM, TaK Kak
4acToTa CBOOOJHBIX KoJieOaHUI MMeeT HaMMEHbIlee 3HaueHUe. Pe3ynbraThl TEOPETUYECKUX HCCIIE0-
BaHMM NPUBEAEHBI HA PUC. 3.

[Ipu aHanu3e NOMy4YEeHHBIX JAHHBIX YCTAHOBJICHO, YTO B OKCILTYaTallHOHHOM AHMANa3oHe padoThl IpU
pasnnaHbIX HaTsKeHUsX PAIT 1 paccTosHUI MEXTy TIOAIEPKUBAIOIIIMA KaTKaMu (arpooH «CTEpHS;
l,=5M,v=30xkMm/y; k=1; g =626,5 H/™m; [ = 1-4 m; F'= 1-31 kH) Bo3M0HO BO3HUKHOBEHUE PE30HAHCHBIX
pexunmMoB konebanuii PAI B mposniete cBOOOIHOM BETBU JBHIKHUTEIS CEILCKOXO3SIMCTBEHHOTO TPAKTOPA.

Ha ocHoBaHMM MpOBENEHHBIX MCCIEOBAHUI MOYKHO CAENATh BBIBOJI, UTO B KAUE€CTBE ONPEACIAIO-
LIEro KpUTepusi IO BbIOOpPY MapaMeTpoB MPOJIeTOB cBOOOMHON BeTBU TpakTopa ¢ PAI" HeoOxonnmo
IPUHUMATh BBIBOJl PE30HAHCHBIX PEKMMOB IIONEPEUHBIX KOJI€OaHUI I'yCEHUIIb] 32 IKCILIyaTalllOHHbIH
JMara3oH pa0doThl MAlIMHEL. B JaHHOM cily4yae CHM)KEHUE aMIUTUTYAbI KojeOaHuil cBOOOTHON BETBH
HOCHUT BTOPUYHOE 3HAYCHHE, TAK KaK PE30HAHCHBIN PEXXUM KOJIeOaHUH SIBIsIETCS 00Jiee OMacHBIM B XO-
JIOBBIX CHCTEMaX TPaKTOPOB.

BrIOOp paccTosiHMsI MeXKAY NOAAEP:KMBAKINMMHU KaTKaMH. CellbCKOX03HCTBEHHbBIE TPAKTO-
put «bemapyc» 2103 moryT komrurektoBaThesi PAIT ¢ 1ieBOYHBIM 3amerieHueM mupuaoit b = 500 mwm.
VYnenbHbIH Bec ¢ 3TUX TyceHull coctarisieT 818,7 H/m [6]. Ha BoeHHbIX ryceHnuHbIX MamnHax (BI'M)
npu b ot 250 1o 600 MM IPUMEHSIOTCS TYCEHULBI ¢ PE3UHOMETAIITNYECKUMHI IapHUPAMU C COOTBET-
CTBYIOIIUMH KOHCTPYKTHUBHBIMHU mapameTtpamu ¢/b [(H/m)/mm]: T-80 — 1332,6/580; T-72 — 1284,6/580;
T-64 A — 1108,1/540; MTC — 972,8/484; BMII-1 — 558,9/300; BMJ{ — 242,2/250 [38]. [IpenBaputensHoe
cratudeckoe HaTspkeHue PAIT TpakTopos «benmapyc» 2103 mo xpuTeprio yCTOWYMBOCTH Ha BELyLIEM
Kosece ¢ ympyroi nmoaseckoi cocrasisieT 20,4 xH [6]. Ha BI'M npeaBapuTenbHoe CTaTUYECKOE Ha-
TSKEHHE B yIPYyTroM 00BOAE JOBOST A0 CJIEAYIOIIMX 3HAUEHHUH: Y MaIllMH JETKUX BECOBBIX KJIACCOB —
20 xH, y MamuH cpeTHUX U TSHKEIBIX BeCcoBBIX KiraccoB — 30 kH [5].

B pacueTHBIX MOnensX BCe THUIBI YIPYTHX T'yceHHUIl TpakTopoB 1 BI'M ¢ goctaTouHbM npubiu-
JKEHUEM 3aMEHSIOTCS JIGHTOM C PaBHOMEPHO pacIpesielIeHHBIMU M0 €€ JJIMHE BECOM M JKECTKOCTEIO,
YTO MO3BOJISIET UCHOIB30BATH ISl aHAIM3a METOABI Teopuu ynpyroctu [6, 11, 39]. [Iponet cBoOoaHOM
BeTBU TpakTopa ¢ PAI' 1o KOHCTPYKTHBHBIM IapaMeTpaM, (POPMUPYIOIIHUM €€ COOCTBEHHYIO 4acTOTY
TIOTIEPEYHBIX KoJleOaHu# coraacHo (26), o mepevrcaeHHbIM TapaMeTpaM HaXOAUTCs B JUana3oHe KOH-
CTPYKTHBHBIX MapaMeTpoB ABmxuteneii BI'M, dopmupyromux nponet cBoOOAHON BETBH T'YCEHHULIBI
C pe3MHOMETAINIMYECKUMH MIapHupamMu. [1o3ToMy 1JIsi 4acTOTHOTO aHajn3a MONEPEUHBIX KOJIeOaHUH
PAT" MOXHO HCII0JIB30BaTh OOIIME TEOPETHUECKHUE MTOJIOKEHHUS M PE3yIbTaThl SKCIIEPUMEHTAIbHbBIX HC-
CJICZIOBAHMH 0 OIIPENENICHUIO YaCTOT COOCTBEHHBIX KOJI€OaHUH BETBU.

BbIHyKJIeHHYI0 4acTOTy KoJjieOaHUil mposieTa CBOOOAHOM BETBU (OPMHUPYIOT KoJIeOaHUsI OCTOBA
TpakTopa. [Ipu ee coBnageHnun ¢ codOcTBEeHHON YacTOTON KosebaHuii cBOOOIHON BEeTBH 00BO/A, HAXO -
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HIEHCs B TIPOJIETEe MEXKAY MOAACPKUBAIOIIUME KaTKaMH, MOTYT BO3HUKATh IMONEPEUHBIC PE30HAHCHBIE
KoJIeOaHUs CO 3HAYUTEIbHOU aMILTUTYI0U. [{is ynpyrux o0BooB A3PhEKT OT BO3MYIIEHUS UCUe3aeT
[IOYTH MOJTHOCTBIO, KOI/Ia pa3HULA MEXAY 3HAUCHUSIMHU 3TUX yacToT coctasisieT 20 % [11]. Ha ocHoBa-
HUH TIPUBEIECHHBIX YKCIIEPUMEHTAIBHBIX UCCICIOBAHNN TYCEHUYHOTO 00BO/IA YCIIOBUE YCTOUUHBOCTHU
I CBOOOTHOM yIIPyTOi BETBU MOKHO IIPEICTABUTD B BHJIC

L2 < o 27)

Bennuuny 1,20 0003HauuM [(0] 1 Ha30BEM JIONYCKaeMOUM COOCTBEHHOM YacTOTOW KojeOaHUM Mpo-
JeTa cBOOOTHOM BEeTBH 00BO/Ia TPAKTOPA IT0 KPUTEPHUIO BOZHUKHOBEHUSI ITOTIEPEYHBIX PE30HAHCHBIX KO-
nebanwnii. Torna Beipaxkenue (27) mpuMeT BUJ

[0] = @y (28)

Pe3ynbpraThl 4acTOTHOrO aHa HM3a y4acTKa CBOOOAHOM BeTBHU s TpakTopa «benapyc» 2103 nmpuse-
JeHbl Ha puc. 4. M3 ananu3a yacTtoT KonebaHui CleayeT, YTO IpU MPaBUIBHO BBIOPAaHHOM IMpeaBapu-
TeJTbHOM HaTskeHUU PALT pe3oHaHCHBIN pekiM KojeOaHui cBOOOTHOM BETBH HE HACTYIIAET.

Benuuuna [®] GopMupyeTcs ycloBUSIMM 3KCIUTyaTallUM TPaKTOpa, ®,, — KOHCTPYKTUBHBIMHU IIa-
pamerpamu mpoieTta cBoOoaHON BeTBH U PAIL (26), TO ecThb F, ¢ u [. Ycunue B cBOOOJAHOI BETBH BO
BpeMsl ABMIKEHHS B 3aBUCHMOCTH OT PEKMMOB pabOThl TpPaKTOpa MEHSIETCS OT CBOGI'O MUHUMAJIBLHOTO
3nauenus 0,5¢l, (/,, — nuuHa cBOOOAHON BeTBM 00BOAA TpakTopa, M [6, 39]) 10 mpeaBapUTENBHOrO
cratuueckoro HatspxeHus F, H [6, 39], koropoe BbIOMpaeTcss MUHUMAaJIbHBIM 10 YCJIOBHIO YCTOWYUBO-
CTH TYCEHHIIbI Ha BenylieM Kojece [6]. YIenbHbIi Bec pe3nHOApMUPOBAHHOM I'YCEHHIIB ¢ UMEET CBOE
MUHUMAaJIbHOE 3HAYCHUE MO YCIOBHSM MPOYHOCTH, U AAJIbHEHIIEe ero CHUKEHUE HeLeIeco00pasHo.
Takum oOpazom, Haubosee >PPEKTUBHBIM U 11€IECO00PA3HBIM CIIOCOOOM BIIMSHMS Ha COOCTBEHHYIO
4acTOTy KoJieOaHUi B TIpoOJIeTe CBOOOIHON BETBH SIBISIETCS OOOCHOBAaHHBIN BHIOOP PACCTOSTHUS MEXKIY
MO JIEPKUBAIOIINMHI KaTKaMH, KOTOPOE OTpeesaeTcsl, KaK IMPaBHIIO, KOTUIECTBOM TOAIECPKUBAIOIIIX
KaTkoB. [loaTOMy B KauecTBe KpUTEpHs IPU BEIOOpE KOJMYECTBA MOJACPKUBAIONINX KATKOB CEIbCKO-
X03HCTBEHHOr0 TpakTopa ¢ PAI" HeoOXonrMo MpUHHUMATh BBIBOA PE30HAHCHOTO PEXHMMa KOJIeOaHHH
y4acTKOB CBOOOIHOW BETBHU 3a AKCITYyaTAllMOHHBINA JUANa30H U pellaTh IOCTABJICHHYIO 33134y MyTeM
1oa0opa KoJIMYEeCTBa MOAAEP/KUBAIOLINX KaTKOB.

Jlns perieHust MOCTAaBJIEHHOW 3a/]aud OIPEIETUM PACCTOSHHUE MEXY MOAIEP)KUBAIOIIMMH KaTKa-
miu /. [Ipu BBICOKUX HATSAKEHUSX I'YCEHUI] CTPEIIbl UX IMPOBUCAHUS MAJIbl U C JOCTATOYHON CTEHEHBIO
TOYHOCTH MOKHO MPUHATH, uTO /. = [. JIna cBOOOAHON BeTBH, HaxoAsLIelcs mof ycuiaueM F, Oynem
MMOHUMATh HaTSDKEHHWE CBOOOMHON BETBM T'YCEHHWIIBI B IBIDKCHHW F  , ompenensieMoe coriacHo [39].

CBL?
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Puc. 4. 3aBucumocTh yacToT Konebanuii TpakTopa «bemapyc» 2103 mpu BKIIOUEHHOH (@) U TpH 3a0JI0KUPOBAaHHO (b)
noziBeckax: / — coOCTBEHHas YacToTa KojaeOaHUH pe3nHOApMHUPOBAHHOI I'yceHHUIbI 1-if GOpMBI ®,; B TATOBOM
peKMME ABMXKCHUS C pean3aireii HOMHHAIBHOW MOIIIHOCTH JBUTATeNs; 2 — COOCTBCHHAS YacTOTa KOJIeOaH it
PE3MHOaPMUPOBAHHON r'yceHUIIbI 1-if GOpMBI ®,; B pexHMe ABUKEHH 0€3 KPIOKOBOW HArpy3Kku; 3 — BEIHYKJCHHAs 4acTOTa
KoJieOaHMi 0CTOBA TPAKTOPA ®; 4 — IOIMyCTUMOE 3HAUCHHE YaCTOTHI KoJeOaHMH 110 KPUTEPHIO Pe30HAHCa (0]

Fig. 4. Dependence of the oscillation frequencies of the tractor “Belarus” 2103 with enabled (a) and locked () suspension:
I — natural frequency of oscillations of the rubber track of the 1st form w,, in the traction mode of motion with
the implementation of the rated engine power; 2 — natural frequency of oscillations of the rubber track of the Ist form o,
in the mode of movement without hook load; 3 — forced oscillation frequency of the tractor frame w; 4 — permissible value
of the oscillation frequency according to the resonance criterion [®]
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Torna, moxcTasisis B BeIpaxeHue (27) @ U m,, CONIACHO 3aBUCUMOCTSM (24) u (26) u peas noay-
YeHHOE HEPaBEHCTBO OTHOCUTENBHO /., IOy YHM

< le g CBL

< ) 29
2,40\ ¢ @9)

s BeIOOpa KOHCTPYKTHBHBIX IMapaMETPOB TYCEHHYHOT'O IBIDKUTENS TPAKTOpPa BOCIOIb3yeMCS
TpeOOBaHUSIMU, IPEIBIBISIEMBIMHU K CEIbCKOXO3IHCTBEHHON TEXHUKE 110 OlIEHKe Oe30macHoCcTH. B ka-
YECTBE YCIOBHM pabOTHI TYCEHUYHBIX CEIHCKOXO3UCTBEHHBIX TPAKTOPOB OOIIEr0 Ha3HAYCHUS TATO-
BBIX KJIAaCCOB 3—5 u OoJiee MpU M3MEPEHUU BUOpAIMHM HEOOXOAMMO MPUHUMATH TSATOBYIO OIEPAIUIO
«maxora» W penbed «rmone mocie YOOpKH 3JIaKoBBIX KyInbTypy». Ilapamerpsr arpodoHa mpuBeneHBI
BI'OCT 12.2.002-2020 «TexHuka cenbCKOX03sicTBEHHAs. MeTOAbI OLIEHKU O€30IMaCHOCTH» B BUJIE TA0-
JUYHBIX JaHHBIX. B pe3ynbsrarte anmpokcuManuy TapMOHHYECKON CHHYCOUTATBHOM (DYHKITUEW C UCTIONb-
30BaHUEM CTATUCTHUYECKUX MeTONOB [40] TaOJUYHBIX JaHHBIX JJIs arpodoHa «Iojie mocie yOOpKH 3iia-

KOBBIX KYJIBTYP» ONPEACISUIN IJIMHY HEPOBHOCTH [, = 2,375 M. Ycunue B cBOOOIHOM BETBU 00BOJA TPaK-

TOpa B IBUXKEHUHU [, 3a1aBalloch corlacHo [39], ocTaiibHble apaMeTpsl IpUBEeHb! B [6]. Pe3ynbTrarel

omnpexnenenus /. mia Tpakropa «bemapye» 2103 npu k= 1 ¢ nuconp3zoBaHueM 3aBUCUMOCTH (29) 11 ciny-
Yasi paBeHCTBA BBIPAKEHHMSI IIPU YIIPYTOW 1 OJIOKMPOBAHHOH MOABECKAX TIPUBEICHBI Ha pUC. 5.
Hcnonb3oBanue BeipakeHUs (29) mpu cO31aHUU HOBBIX CXEM JIBUKUTEINICH MPEACTaBIseT onpee-

JICHHBIE CJIO)KHOCTH, TAK KaK pacdeThl TPeOYIOT BEIYHMCIICHUS HATSKEHUSI CBOOOIHOM BETBH T'YCEHUIIBI
B IBWKEHUU [, coracHo [39]. AHamu3 pe3ynpTaToB pacuyeToB, MIPEICTABICHHBIX Ha PUC. 5, HaeT OcC-
HOBaHUE yTBEPAKAATh, YTO IIPUOPUTETHBIM IIPU OLIPENCIICHUH [, SIBJISCTCS PEKUM JIBUKEHUS TPAKTOPA

Ha MaKCUMaJIbHOH CKOpPOCTH V.. OlLleHKa pacTArUBarOLIUX YCUIUH B CBOOOIHON BETBU 00BOJIA B JBU-
’KeHuH F, , IPUBEICHHBIX B BUJE I'papuUecKuxX 3aBUCHMOCTEH B [39], moka3bIBaeT, 4TO MPU MaKCH-
MaJIbHOM CKOPOCTH JIBUKEHHS TPAKTOpa yCUIME B CBOOOIHOH BeTBH 00BOZA B JIBHKEHUU F paBHO
IPEBAapUTEIBHOMY CTATUUECKOMY HATSKEHUIO /-, IPU JIFOOBIX TSATOBBIX HArPy3Kax U peskUMax padoThl

HOJIBECKH, TO €CTh [, = F_ npu v = v, . C y4eTOM 3THX JIONYIEHUI BEIpakeHue (29) npuMeT B

< My gk

e 2’ 4Umax q

(30)

Pesynprarel onpenenenus [, ¢ ucrnonab3oBaHuEeM 3aBUCUMOCTH (30) WISl TYCEHUYHBIX TPAaKTOPOB
«bemnapyce» [6] ¢ PAT nipu paziuuHbIX pekuMax pabOThl OABECKU MPEICTABICHBI B TA0. 2.
Hcxonst U3 JaHHBIX, PUBEACHHBIX B Ta0J. 2, MOXKHO PEKOMEHJIOBATh MPH MPOSKTHBIX pacyeTax

JUIs TYCEHUYHBIX TPakTopoB «bemapycy ¢ PAI" mpuHHMAaTh pacCTOSHUE MEXIY IOJICPKHUBAOIIUMHE
KaTKamu He Ooitee 1,743 m.
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Puc. 5. 3aBUCHMOCTB pacCTOSHUSA MEKIY MOAACP)KUBAIOIINMHI KaTKaMU OT CKOPOCTH ABMKEeHH TpakTopa «bemapycey 2103
IIPY BKJIIOYCHHOM (@) 1 Ipu 3a0J10KMpoBaHHOM (D) moaBeckax: / — TSATOBBIA PEXKUM € pealu3alneii HOMMHAIbHON MOIIHOCTH
JBUTATelsl; 2 — PEKUM JIBIDKCHUS 0e3 KPIOKOBOM HAarpy3KH; 3 — KOHCTPYKTHBHOE peruenue [, = 1,6995 m
Fig. 5. Dependence of the distance between the support rollers on the speed of the tractor “Belarus” 2103 with enabled (a)
and locked (b) suspension: / — traction mode with the realization of the rated engine power; 2 — driving mode without hook
load; 3 — constructive solution /_, = 1.6995 m
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Tabnuma 2. Pe3yasTaTsl pacueTa MAKCHMAJIBHBIX 3HAYEHHIT PACCTOSTHUIT MeKAY MO/IeP:KHBAIOIIMMHA
KATKaMH 1715 TPaKTopoB «bexapyc» mpu pa3andyHBIX peskHMax PadoThl MOABECKH

Table 2. The results of calculating the maximum values of the distances between the support
rollers for tractors “Belarus” in different modes of suspension

MaxkcuMasbHble 3HAUCHHS PACCTOSHUM MEX/1y HOICP)KUBAIOIIMMHI KaTKaMH JABHKUTEIeH
Pesxnm paboThI MOABECKH TpakTopoB «benapycy 1npu pasingHbIX peskumax paboThl MOJBECKH, M
«bemapyc» 1802 «benapyce» 2102 «benapyc» 2103
Bxarouena 2,111 2,581 2,132
3abnoknpoBaHa 1,743 2,315 1,798

Pacnosnioskenne mojajep:KMBalOIIMX KaTkoB. Ha cenbCKOXO3SHCTBEHHBIX TpakTopax Kiacca 3
0OBIYHO YCTAHABIMBAIOT JIBUKUTEIIN C YETHIPbMS OIOPHBIMH U IBYMS NOJAEP/KUBAIOLIMMYI KaTKAMH
(AT=90 [9], T-74 [9], AT-175C [10], T-150 [9], BT-100 [41]). PaccTosiHne Mexay MOAAepKHUBAIOIINMH
KaTKaMHM ONpeNesieTCs, KaK MPaBHUIIo, pa3MEPOM MEXIY OCSIMH ONOPHBIX OalaHCUPHBIX KapeTok. s
tpaktopa [IT-90 ono cocraBnser 1096 mm, ans T-74 — 1070 mm, T-150 —1180 mm [9]. Ha tpakTopax
«benapye» knacca 3 («benapyc» 1802) mpuMEHSIOT MATH ONOPHBIX (TpH OaJaHCUPHBIE KAPETKH) U TPH
noaepkuBaomux karka [1], kmacca 4 («bemapyce» 2102 u «bemapycy 2103) — nsath onopHbIX (Tpu Oa-
JIAaHCHPHBIC KapeTKW) W JBa MOAJCPKUBAIONINX KaTka. B mepBom ciydae («bemapyc» 1802) paccTos-
HHE MEeXIy TOAJAepKHBAIOMMMU Katkamu coctasiser 0,53 u 1,1 M, Bo Bropom («bemapycy» 2102
u «benapyc» 2103) — 1,712 m.

Pacuers! 1u1s TpakTopa «benapyc» 2103 ¢ ucnonb3oBaHNEM METOIMKH, IpUBEIeHHON B [42], moka-
3aJIM, YTO Ha BpallleHue ABYX (Tapbl) MOAEPKUBAIOIINX KATKOB ITPH MaKCUMAaIbHON CKOPOCTH JIBUIKE-
HUsS TpakTopa 3arpauuBaeTcs 1 % HOMUHAIBHONW MOIIHOCTH JABUIarens. Macca 0JHOTO HMOAIEPKUBA-
IOIIETo KaTKa B cOOpe COCTaBIISAET 35 KT, KPOHIITEIHA MOIePKMUBAFOIIETO KaTka — 18 KkT. B pe3ynbrare
Macca TpakTopa 0e3 yyeTa U3MEHEHHUSI TeOMETpUU 00BOJA IIPH YMEHBIICHUH Ha Napy MoIJepKUBao-
IIUX KaTKOB CHU3MUTCA Ha 106 KI. DTO MPUBEAET TaKKe K CHUYKEHHUIO CONTPOTUBJICHUS IBUKEHUIO TPaK-
TOpa, IOTEPh B I'yCEHUYHOM JABMKUTENE U YAEIBHOIO pacxona TOIiauBa. Vcxons U3 3Toro oueBuHO,
YTO TPAKTOP IETECO0OPA3HO KOMIIJIEKTOBATh MUHUMAJIBHBIM KOJTUYECTBOM TTO/I/IEP’KUBAIOIINX KATKOB,
YTO HOBBICUT €I'0 TEXHUKO-IKOHOMHUYECKHE ITOKA3aTEIIH.

W3BecTHBI Ba MOAXOa MO BHIOOPY MapaMeTPOB M KOMIIOHOBKE MOJACPKUBAIOIINX KaTKOB ryce-
HUYHBIX MalllUH U TPAaKTOPOB C YHNpYyroi nmoaBeckod. B mepBoM ciiydae Mpu KOMIOHOBKE I'yCEHHUYHO-
ro aemwxutenss BI'M BeIOMparoT Hapy>KHBIM AMaMETp MOAACPKUBAIOIMIMX KaTKoB B auamnaszone 0,18—
0,25 M 1 pacrioniararoT ux B IPOCTPAHCTBAX MEXy OMOPHBIMU KaTKaMU B KpaifHeM BEpXHEM IMOJIOKEHUN
HOCJIEAHUX U TYCEHHUIIEH AJI UCKJIIOUCHMSI KaCaHUs ONOPHBIX M MOAAEPKUBAIOIINX KAaTKOB B IIPOLIEcce
nsxenus [43]. Bo BTopom noaxoze aiisi r'yCeHMUHBIX TPAKTOPOB IIPU BEIOOpE AMaMeETpa MOAICPKHUBAIO-
LIEr0 KaTKa PEeKOMEHYIOT HCIOIb30BaTh TEOPETUUECKYIO 3aBUCUMOCTD, IPUBEIEHHYIO B [42], paccTa-
HOBKa TOJIICP>)KMBAIOLINX KATKOB OCYIIECTBIISCTCS, KaK MPAaBUJIIO, TIO OCSIM OaJaHCHPHBIX KapeTOK B TO-
pu3oHTaNBbHOM TIOCKOCTH [9]. COOTBETCTBEHHO PACCTOSHHUE MEXKAY CMEKHBIMH MOJICPKUBAIOITUMU
KaTKaM# U3 KOHCTPYKTHUBHBIX COOOpPAKEHUI OIIPENENsIeTCS OCAMH COCEHUX OTIOPHBIX KapEeTOK.

JnamMeTp ONMOPHBIX KAaTKOB 'YCEHUUYHBIX CEILCKOXO35IUCTBEHHBIX TPAKTOPOB € YIIPYTOW MOJIBECKOM
(AT-175C, T-150 [44], «benapyc» 2103) cocraBnser 400 MM, nogaepxkuBaromux — 225 mm y AT-175C
u T-150 [44], 250 mMm — y «benapyc» 2103. XonoBble CUCTEMbI UMCIOT aHAJIOTMUHYIO cxemy. [Ipu kuHe-
MAaTHYEeCKOM aHaJIN3e XOI0BOM cucTemMbl TpakTopa «bemapyc» 2103 ycTaHOBIEHO, UTO B clydyae MOJI-
HOT'O XOJia OMOPHOTo KaTka (DajaHCHp yNMUpaeTcs B OIpaHUYMTENb XOJld) PACCTOSIHUE B BEPTUKAIb-
HOM IJIOCKOCTH MEXIY KpaHMMH TOYKaMU OIOPHOI'O M HOAJCPXKHUBAIOIIEr0 KaTKOB paBHO 140 mMm.
[TosTOMYy € AOCTaTOYHON CTENEHBIO TOYHOCTH MOXKHO NPUHATH AOMYIIEHHE, YTO JJISI I'yCEHHMYHBIX
CeJIbCKOXO35UCTBEHHBIX TPAKTOPOB MPH JIOOOM peKHMEe pabOThl MOABECKH M YCIOBHSX IBHKECHUS
TpakTopa mpH J000M PacloIOKEHUH MOAJICPKUBAIOIINX KaTKOB B TOPHU30HTAIBHON IJIOCKOCTH BCET-
na OyneT o0ecreunBaThesi rapaHTHPOBAHHBIN 3230p MEXKAY OTIOPHBIM M HOAJICPKUBAIOIINM KaTKaMHU.
[ToaToMy, B oTinuuue ot BI'M, BeposTHOCTh KacaHUs NOAACPKUBAIOLINX U ONOPHBIX KaTKOB y ryce-
HUYHBIX TPAKTOPOB OTCYTCTBYeT. Ha 3TOM OCHOBaHMHU NMPUMEM, YTO IJIsl TYCEHUYHBIX CEJIbCKOXO035M-
CTBCHHBIX TPAKTOPOB C YIPYIol MOJBECKOH MPH Pa3MELICHUH MOAACPKUBAIOLUINX KaTKOB B TOPU30H-
TaJIbHOM MIJIOCKOCTH MO>KHO HE YUUTBIBATh PACIOI0KEHUS OMIOPHBIX KaTKOB.
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Puc. 6. I'yceHn4HBIN JBUKUTENb TPAKTOpA
«bemapyc» ¢ OTHUM MOAAEPKUBAIONTIM KaTKOM

Fig. 6. Track mover of the tractor “Belarus” with
one support roller

Takum 00pa3oMm, MpU KOMIIOHOBKE IOJJICPKUBAIOIINX KAaTKOB TPaKTOpoB «bemapyc» komwde-
CTBO TOAACPKUBAIONINX KAaTKOB JOJDKHO OBITh MHHUMAJBHBIM C YUYETOM BEHITIONHEHHS ycioBHs (30).
PaccTosHue Mexxay HUMU HE JOJKHO HpeBbimath 1,743 M. Mcxons u3 atoro jiis TpaktopoB «bemapyc»
1eIecoo0pa3Ho MPUMEHEHHE OHOM Maphl MOANEPKUBAIOMINX KAaTKOB B XOJOBOW CHCTEME TpaKTopa
¢ PAT" JlanHO€ KOHCTPYKTHBHOE pElIeHHEe MPEICTABICHO Ha pHc. 6.

3akaouenne. [lonydena ananmuTuyeckas 3aBUCHMOCTD ISl OIIPEICIICHIS aMIUTUTYIbI KOJICOaHHH
PAT B poneTe cBOOOJHOI BeTBH 00BOJa TPAKTOPA MEXKAY MOANCPKUBAIOIIUMHI KaTKaMH, YYHTHIBAIO-
1asi KOHCTPYKTHBHBIE TTApaMeTPhl T'YCEHHUIIbI, PaCTITHBAIOIINE YCHUIIHS B 00Boje. J|aHHAs 3aBHCHMOCTD
TIO3BOJISIET 0€3 UCIIOIB30BAHUS YNUCICHHBIX (PHOIMKCHHBIX) METOA0B BBIYUCICHUN HAXOAUTh aMILIHU-
TYAy ¥ PE30HAHCHBIE peXUMBI KoseOarnii PAI" B mponeTe Mexay MOAAep)KUBAIOIIMMH KaTKaMHu CBO-
001HO BETBU P BBHIITOTHEHUH TPAKTOPOM TEXHOJIOIMUECKHUX OMNepaIuil ¢ pa3IMuyHON TSATOBOW HArpy3-
KOM Ha KPIOKE U CKOPOCTHIO JIBYKEHUSI, YUUTHIBAS IIPH 3TOM MUKPOIPO(DUITH OTIOPHON MOBEPXHOCTH.

Paccuntansl MakcuMaTbHBIC 3HAYCHUS aMILTATYT Konebanuii PAL™ B iposieTe cBOOOTHOM BETBH 00-
BOJIa MEK1y MOJJICP>KUBAIOIIUMU KaTKaMu 1 TpakTopoB «benapycey mozaeneit 1802, 2102 u 2103 npu
Pa3IMYHBIX pe)KUMax padoThI U JUTHHE mpoJieTa B 1,712 M: TAToBbI auanason (L = 12 km/4) — 75 MM, 76
1 75 MM COOTBETCTBEHHO; TPAHCIIOPTHBIN 1uana3oH (L = 26 km/4) — 58 MM, 52 1 58 MM COOTBETCTBEHHO.

IIpoBeneH 9acTOTHBIM aHANW3 KOJICOAHWUH M YCTAaHOBICHO, YTO HAa TYCEHHYHBIX CEIIbCKOXO3SH-
CTBEHHBIX TpakTopax ¢ PAI" BO3MOXEH peXMM BO3HHKHOBECHHSI PE30HAHCHBIX KOJICOAHUI B TIPOJIETE
CBOOOTHOM BETBH 00BOA MEX Y MOAACP)KIUBAIOITUMHI KaTKaMH.

ITonyuena ananuTUuecKasi 3aBUCUMOCTD JJIs1 ONPEACIICHUS MPEACIBHOIO PACCTOSHUS MEXKAY MO~
JIEPKUBAIOIIUMH KaTKaMu 00BOJla TYCEHHYHOTO TpakTopa ¢ PAI, ynpyroi u 3a0I0KHpPOBaHHON IO~
BECKaMH IO KPUTEPUIO BHIBOAA PE30HAHCHOTO PEKHMMa KOJICOaHWH T'YCEHHIIBI B MPOJIETE CBOOOIHOM
BETBH 32 DKCIUTYaTallMOHHBIN AWAa30H paboThl TPaKTOpa.

Paccuutansl 3HaUCHUS NIPEACIBHBIX PACCTOSHUN MEXAY MOIICPKUBAIOIINMU KaTKaMU JJIs1 Tpak-
topoB «benmapyc» 1802, 2102 u 2103 mpu paznuyHBIX peXUMax paOOTHI MOJIBECKU: PEKUM «ITOJI-
Becka paborae™» — 2,111 M, 2,581 u 2,132 M COOTBETCTBEHHO; PEKUM «IIOJIBECKA 3a0JJOKUPOBAHA) —
1,743 m, 2,315 1 1,798 M cOOTBETCTBEHHO.

YcTaHOBIIEHO, YTO HA TYCEHUYHBIX TpakTopax «bemapyc» ¢ PAI nienecoobpa3Ho mpuMeHsITh B 00-
BOJC JBMXKUTENSL OJUH MOAACPKUBAIOIIUM KaToK. [IpeasiokeHa KOHCTPYKLHSI TYCEHUUHOTO JABUKU-
TeJIsl C PEBMHOAPMUPOBAHHONM TI'yCEHMIEN, B COCTaB KOTOPOM BXOJIUT OJMH MOAJEPKUBAIOIINI KAaTOK.
PaccTosanue Mexay moniep >KMBarOIIMM KaTKOM U BEAYIIUM, a TaK)KE HAMPaBISIONIUM KOJIECCAMU CO-
crapiseT 1699,5 Mm. Macca TpakTopa 3a C4eT TaKOTO TEXHUYIECKOTO pelieHUs CHIKeHa Ha 106 kT. 1o
KOHCTPYKTHUBHOE PEIICHUE MO3BOIUT MOBBICUTH TEXHUKO-DKOHOMUYECKHE MMOKA3aTEIU MPU MIPOU3BOI-
CTBE U DKCILTyaTanuu TpakTopoB ¢ PAT.
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TEIIJIOOBMEH BO BJIAKHBIX KAITXJJISAPHO-IIOPUCTBIX TEJAX
PA3JIMYHOI'O COCTABA ITPU KOHBEKTUBHOM HAT'PEBAHUMU
B ITAPOBO3AYIIHBIX CPEJAX

AnHoTanus. [IpuBeneHs! pe3yabTaTsl HCCISIOBAHIS MPOLECCa HArPEBAHNUS BIA)KHBIX KAIMJUIIPHO-TIOPUCTHIX TEII pas3-
JUYHOTO COCTaBa (MSCHBIX M3CIHIA) MPH TepMOOOPabOTKe B CYyXOM BO3AYXE U MapOBO3/YIIHOH CMECH B YCIOBHSIX BBIHYXK-
JICHHOU IUPKYJIISIUH I'peroe cpensl. MccnenoBanus MpoBOJMIINCH HA BIIQYKHOM 00€3KHpEeHHOM o0pasie (MsICO KypHHOTO
(uie) 1 MaJOBIAKHOM XUPHOM 00paslie (JJOmaToyHas 4acTh CBUHHMHBI), COPMOBAHHBIX B BUJE LMIMHJPA U IJIACTHHBL
Tloka3zano, 4TO mpomecc HarpeBaHUsl MICHBIX W3JEIHUIl Pa3IMYHOTO COCTaBa IOJYHHSETCS 3aKOHOMEPHOCTSIM TEOPHH He-
CTAIlMOHAPHO TETUIONPOBOAHOCTHU OJHOPOIHBIX TN, HECMOTPS HA MHOT000pa3ne COMyTCTBYIOMHNX (ha30BBIX U (HPU3UKO-XH-
MHYECKUX IpeoOpa3oBaHuil. YCTAHOBJICHO, YTO PETYJISPHBIN PeXHM HECTAIllMOHAPHOI TEMJIONPOBOIHOCTH HACTYIACT MPH
Fo > 0,2 nmst Bcex uccnenyeMbix BapuaHToB. Ha ocHOBaHNM 00paboOTKM M aHAIN3a SKCIIEPUMEHTAIBHBIX JaHHBIX MOTyde-
HbI KpUTEpHaJIbHbIC YpaBHeHUs Buaa © = f(Fo,Bi) 11 HeHTPpaIbHOrO CJIOS MCCIISyeMbIX M3/eIHi B JUana3oHe TeMIepa-
typ 160240 °C. YcTaHOBJICHO, YTO OCOOCHHOCTH HATPEBAaHUs MSICHBIX M3JICJIHIA B Cpelie TapOBO3IYIIHOW CMECH MPUBO-
JST K MEHBLIMM 3Ha4eHUAM Kod(duunentos W, u N(Bi) nmpu peryaspHoM pexuMe 10 CPABHEHHUIO C HAarPeBaHUEM B CYyXOM
Bo3yxe. [Ipn 3TOM /7151 MaJIOBIIAKHBIX )KHPHBIX 00pa3IoB XapaKTepHEI Oojee HU3KKE 3HaueHus |1, u N(Bi) mo cpaBHeHHIO
C BIQXXHBIMH 00€3:KMPEHHBIMU. B pe3ynbraTe cpaBHEHNS ¢ TAOIUYHBIMU AAHHBIMU JIJISI TBEPABIX TEJ MOKA3aHO, YTO IKCIIE-
puMeHTalbHbIe Ko duuuenTs! |, 1 N(Bi) XapakTepu3yl0Tcsd MEHBIINMU 3HAYEHUSIMH JUIS BCEX UCCIIENYyEeMbIX BADHAHTOB.
VYcTanoBneHo, yTo Xapaktep uzmMeneHus N(Bi) u [, 175 TBEpABIX TEN M U3yYaeMbIX H3/ENNUH POTUBOMOIOXKEH, TO €CTh MIPH
pocte uncna Bi uis TBepabIX Ten xapakTepHo ysenaudeHue N(Bi) u p;, B TO BpeMs Kak JJIS HCCIIEIYeMbIX M3JIeIHH Xapak-
TEPHO UX yMeHbIIeHue. [IpakTrueckast 3HAaYMMOCTD HCCIIEIOBAHUI COCTOUT B MOBBIMICHNN KAaYeCTBCHHBIX XapaKTEPUCTUK
MSCHBIX PYOJIEHBIX H3/I€IMI U ONTUMHU3ALUH ONIEPATHBHOTO TIPOM3BOJICTBEHHOTO INIAHUPOBAHUS 32 CUET IPUMEHEHUS METO-
JUKH IIPOTHO3HOTO pacueTa MPOJOKUTEIIEHOCTH TETIIIOBBIX ONEepPaIlHid.
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HEAT EXCHANGE IN WET CAPILLARY-POROUS BODIES OF VARIOUS
COMPOSITIONS DURING CONVECTIVE HEATING IN VAPOR-AIR MEDIA

Abstract. The results of the study of the heating process of wet capillary-porous bodies of various compositions (meat
products) during heat treatment in dry air and steam-air mixture under conditions of forced circulation of the heating medium
are presented. The studies were carried out on a moist fat-free sample (chicken fillet meat) and a low-moisture fat sample (pork
shoulder blade) formed in the form of a cylinder and a plate. It is shown that the process of heating of meat products of various
compositions obeys the laws of the theory of unsteady thermal conductivity of homogeneous bodies, despite the variety of
accompanying phase and physico-chemical transformations. It is established that the regular mode of non-stationary thermal
conductivity occurs at Fo > 0.2 for all the studied variants. Based on the processing and analysis of experimental data, criteri-
on equations of the form ® = f{Fo,Bi) for the central layer of the studied products in the temperature range 160240 °C were
obtained. It has been established that the peculiarities of heating of meat products in a vapor-air mixture environment lead to
lower values of the coefficients p, and N(Bi) at regular operation compared with heating in dry air. It was found that low-mois-
ture fatty samples are characterized by lower values of u, and N(Bi) in comparison with moist fat-free ones. As a result of
comparison with tabular data for solids, it is shown that the experimental coefficients p, and N(Bi) are characterized by lower
values for all the studied variants. It is established that the nature of the change in N(Bi) and p, for solids and the studied prod-
ucts is opposite, i.e., with an increase in the number of Bi, an increase in N(Bi) and y, is characteristic for solids, while their
decrease is characteristic for the studied products. The practical significance of the research consists in improving the quality
characteristics of minced meat products and optimizing operational production planning through the use of the methodology
of predictive calculation of the duration of thermal operations.
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Beenenue. TernoBasi 06pabOTKa MUINEBBIX MPOAYKTOB MPEACTABIACT COOOM MpoIiece, BKII0YAIO-
U B ceOsl CJIOMKHBIN KOMITJICKC TECHO B3aMMOCBSI3aHHBIX TEIII00OMEHHBIX, MACCOOOMEHHBIX U (PH3H-
KO-XMMHYECKUX U3MCHCHUH.

MsCcOnpOayKThl UMEIOT OHOJIOTHYECKOE MPOUCXOXKICHHE, UTO OOYCIABIMBACT OIMPEACICHHBIN
XapakTep pPaclpOoCTPaHEHHUs TEIUIOTHI MPU WX HAarpeBaHuU. JlaHHBIC M3JCIUs KJIACCUPHUIIUPYIOTCS
KaK BIQXHBIC Tella CO CIOKHBIM BHYTPEHHUM CTPOCHHUEM H PAa3HOPOIHBIM XUMHYECKUM COCTABOM.
bazoBbIME cOCTaBHBIMU diieMeHTaMU (CBbIIe 98 % OT Macchl) SIBISIOTCS BOJA, OCIIOK U KU, KOTOPHIC
[IOJIBEPIat0TCsl OCHOBHBIM M3MEHEHHUSIM IPU HarpeBaHUU. Besku ¢ pocToM TeMrmepaTypbl Koaryiupy-
10T, JKUPBI — PACILIABISIOTCS, ISl 4ero TPeOYIOTCS OMpe/eieHHbIC 3aTPaThl TEMJIOThl HA WU3MEHEHHUE
KOH(OPMAITMOHHBIX CTPYKTYp. CyIIeCTBEHHBIM U3MEHEHHSIM TOJIBEPTatOTCS U JIPYTUE COCTaBHBIC Be-
[IeCTBA: paclagaroTcsl TePMOIAOMIIbHBIC COCIMHEHHUSI, IE3aKTHBHPYIOTCS (PEPMEHTHI, TTPeoOpa3yroTcs
YIJICBOIbI, BUJIOM3MCHSIOTCS SKCTPAKTHUBHBIC BEIICCTBA, OKA3bIBACTCS YTHETAIOIICE BO3JCUCTBUE HA
MHKpOdIIOpY U T.1. YKa3aHHBIC POIECCHI TPOTEKAT MYCTh M C HE3HAYUTEIbHBIMH, HO JOTIOTHSFOIIU-
MU OCHOBHOM TIPOIIeCC 3aTpaTaMU TEIJIOThL. B Xojie pocTa TeMIiepaTyphbl B MSICHOM ChIPbE TPOUCXOJIST
cloxkHbIe (Da30BbIe IpeBpalleHus (MHTEHCUBHOE MCIIAPEHHE BJIATH HA MMOBEPXHOCTHU C BBICYIIMBAHUEM
U TIOCTIEYIOIUM 00pa30BaHUEM KOPKH; MacCONEPEHOC BO BHYTPEHHHX CIOSX KallWJUISIPHO-IOPUCTO-
ro MaTepuaja ¢ KJICTOYHBIMH MEPEropoKaMK U KUPOBBIMHU MPOKJIaAKaMu H 1p.). B pesyisrare onu-
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CaHHBIX MPEBPAIICHUI 3HAYUTEIIBHBIM MIPe0o0Opa30BaHUSIM MOABEPraeTCs U PEOJIOTHUECKast CTPYKTypa
MaTepuala, U3MEHSSCh OT BS3KO-TUTACTHYHOM /ISl CHIPOTo (apiia A0 yIpyro-31acTHIHO-TUIACTHIHON
JUISI TOTOBOT'O MPOAYKTA; MOBEPXHOCTHBIE CJIOU ITPEBPAIIAIOTCS B MIPAKTUUYCCKH CYX0€ BEmecTBo [1, 2].

W3 perenus ypaBHEHUS TEIUIONPOBOIHOCTH MOYKHO HAWTH OCHOBHBIE (DM3MYECKHE 3aKOHOMEPHO-
CTH, BIMsIONIUME Ha (JOPMUPOBAHHUE TeMIlepaTypHOro mnojs. OIHAKO TOYHO ONPEASIUTh TeMIIepaTyp-
HOE TI0JIe MSCOIPONYKTOB ITyTEM aHAJTUTHYECKOTO PEIIEHUs YPaBHEHHS TETUIONPOBOIHOCTH CIOXHO
M3-32 BapHaIiy OOJIBIIOr0 KOJIMYECTBA Pa3HOOOpa3HBIX (PAKTOPOB.

Tennopusnueckue xapaktepucTuku (TDOX) UCXOMHOTO CHIPHS 3HAYUTEIHHO KOJICONIOTCS B 3aBU-
CHMOCTH OT KOJHUYCCTBEHHOTO COMEPKAHUS HYTPHUEHTOB. YBEIHMUCHHUE BJIATOCONCPIKAHUS TPUBOTUT
K POCTY KOA(PPHUITUSCHTOB TEILIO- U TEMIICPATyPOIPOBOTHOCTH, & YBEIMYCHUE CONIEPIKAHUS KUPA — K UX
cHIKeHuto. Brusuue conepskanus 6enka Ha TOX mockoHabHO HE U3y4eHO [3].

TertoBbie ekt (a30BbIX H PU3NKO-XUMUYECKHUX TPpeoOpa3oBaHuil 00yCIaBINBalOT CIOKHBIC
3aKOHOMEPHOCTH B TeMIMepaTypHbIX U3MeHeHUs X TAX MAcOonpoayKToB. TenaoeMKOCTh MSCHOTO ChI-
pbs TIpH HATPEBAHUM BHAUAJIE CHIIKAETCs, 3aTeM ToBbInaeTcs. KodhGuiueHT TernonpoBofHOCTH TPU
pocTe TeMIrepaTypbl yBETUIHBAETCS, HO C Pa3TUYHON HHTEHCUBHOCTBIO U JIaXKe CHIDKEHHEM Ha OT/IeIb-
HBIX TEMIIepaTypPHBIX yyacTKaX. [[TOTHOCTh MSCOMPOAYKTOB C MOBBLIIIEHUEM TeMIIEpaTypbl YMEHbIIIa-
ercs. [Ipu 3TOM XapakTep MaHHBIX M3MEHEHUH 3HAUYUTENFHO BaphbUPYETCs JJIs MSCHBIX (apiieil pas-
HoOro coctapa. Temneparypuble koneOanus TOX MICHOTO ChIPbs 3aBUCAT OT BIAXKHOCTHU U KHUPHOCTH
UCX0HOTO ChIpbsi. KoadduuueHnT TemneparypornpoBOIHOCTH KaK IepeMeHHas, 3aBUCSIIAst OT TIIOTHO-
CTH, TEIJIOMPOBOIHOCTHU U TEIJIOEMKOCTH, H3MEHSIETCS 10 CIOKHBIM 3aKkoHaM [1, 4—6].

BreapeHne B MpOM3BOACTBEHHYIO MMPAKTUKY CHOCOO0B TEPMOOOPAOOTKH B MAPOBO3AYIIHEIX Cpe-
JlaX Pas3IMYHON BIIAXKHOCTH B YCIOBUSX BBIHYXKJICHHOW NMHUPKYISIIIANA TEIUIOHOCHTENISI BHOCUT Pa3HO-
oOpasue B mpotekaHue mporecca. [Ipy HarpeBaHUU B Cpejie CyXOro BO3JyXa Ha MOBEPXHOCTH 0oOpa-
OaThIBAEMBIX W3METUN CO3MAIOTCS IMOCTOSIHHBIE BO BPEMEHHU TEIUIOBBIC TIOTOKH. [Ipy HMCIONb30BaHUH
MApOBO3AYIIHOW CMECH (YUCTBIA MEPerpeThiii BOISHON Map HE MPUMEHSETCS U3-32 HEOOXOJUMOCTH
repMeTH3aInn pabodarx Kamep) Imporiecc TerioodMeHa ciioxHee. Ha HauampHOM 3Tare mpu TeMIepary-
p€ MOBEPXHOCTH HUKE TEMIEPATyphl HACBIIICHUS BOASHOTO Mapa MPOUCXOAUT KoHIeHcanus napa. 1o
Mepe pocTa TeMIIEPATYPhI OTEITbHBIE YUACTKH MPOAYKTA IMEPETPEBAIOTCS, U JTOKAIBHBIE TEMIIEPATYPBI
pa3inyarTCs B 3aBUCUMOCTH OT OPUCHTAIIMH TTOBEPXHOCTH. KO UIIUEHT TEII00TAaYN yMEHbBIIIACT-
s, HO OCTaeTcs BBIIIE, YeM MU CBOOOIHON KoHBeKIUHU. [Ipu manpHelieM HarpeBaHWU TeMIiepaTypa
MOBEPXHOCTH MPEBHIIIACT TEMIIEPATy Py HACHIIIICHUS M1apa, KOHACHCAIUS MpeKpaiaeTcs. TemnooTnaya
OCYIIECTBJISETCS 3a CUET KOHBEKTUBHOTO TEIIJIO0OMEHa.

IIpoteccrl HarpeBaHusl MpU TEMIEPATypax BBIIIEC TEMIIEPATyPhl HACBHIIICHUS BOASHOTO mapa (TeX-
HOJIOTUYECKUE OTEPAINH JKapKU U 3alleKaHusl) IeTaJbHO He U3y4eHbl. Tak, B [7—17] npuBeaeHbl MeTO-
MUKW MAaTEMaTUUIECKOTO OMUCAHMUS MTPOIECCOB HATPEeBAHUS PYOICHBIX MSCHBIX U3ICIUM IS IIPOIIECCOB
3anekaHus. OIHAKO B JaHHBIX pa0OTax MPUMEHSUINCh TeJla OTPAHWYCHHBIX pa3MepOB; HE M3YyUaJIUCh
BOIPOCH OCOOCHHOCTEH HArpEBaHUS U3CIHUH PAa3TUIHBIX (HOPM U XUMUYIECKOTO COCTaBa, TPUMEHEHU I
pa3UYHBIX TEIUIOHOCUTENe. MaremaTndeckass 00paboTKa MONTYUYEHHBIX PE3yJbTaToB IPOBOIUIIACH
0e3 MPUMEHEHUS TEOPHH PETYIISIPHOTO PEKUMa HECTAITMOHAPHON TETIOIIPOBOTHOCTH, UYTO YCIOKHSIIO
MOJIy4aeMy10 METONUKY. Takke He OCYIIECTBISIIOCh U CPABHEHUE UTOTOBBIX JAHHBIX C CYLIECTBYIO-
IIUMU pacYeTHBIMHA KOA(PPUITUSHTAMH I TBEPIBIX TEI.

IToaTOMy akTyasbHOM 3a7aueii sIBISETCS MOJYUYCHUE MATEMATHYECKUX 3aBUCUMOCTEH, OMUCHIBAIO-
IIUX MPOIECC KOHBEKTUBHOTO HATPEeBaHMS M3IACTUN U3 MSCHOTO U3MEITBUEHHOTO CHIPBSI OHOMEPHBIX
(hopM pa3IUYHOTO0 XMMHYECKOTO COCTaBa B CPEJie CyXOro BO3AyXa U MapoOBO3JyIIHON CMECH MPH Tpsi-
MOM KOHTAKT€ MPOAYKTa C IPEIOILEH cpeao.

IMocranoBka 3agaun. C TOYKH 3pEHUS TEIIOTEXHUKHU HATPEBAHUE MSICOMIPOIYKTOB MPEACTABISACT
co0oif mporiecc mepeHoca TEMIOTHl 3a CYET TEIUIONPOBOAHOCTH, KOT/Ia TeMIIepaTypa CUCTEMBI H3Me-
HSIETCS HE TOJILKO OT TOYKU K TOYKE, HO U C TCUYCHHEM BpeMEHHU. TakuM o0pa3oM, paccMaTprBaeMbIe
MIPOLIECCHI SIBISIOTCS HECTAIIMOHAPHBIMH, U JJISI UX OMMHMCAHUS MOXET OBITh MPUMEHEHA TEOpHs HecTa-
LIHOHAPHOM TEIIONPOBOJHOCTH.

YpaBHEHUE TEIIONPOBOAHOCTH B Oe3pa3mMepHoii (hopMe ISt OTHOMEPHOH 3a]1au1 UMEET BH/T

% _20 (1)
oFo o’
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rae © — 6e3pasmepHas TeMmeparypa Tena; Fo — uncio Dypee; & — 6e3pasmepHas KOOpAUHaTA.
Be3paBMepHa5I TEMIICPpATypa XapaKTCPpU3yCT NPOUCCC HArpEeBaHUA OAHOPOAHLBIX TCJI:
t,.—t
0= &)
Iy — tO

(¢, — buxcupoBanHas temmneparypa, °C; ¢, — TeMnepaTypa Tela B HauyaJbHbII MOMEHT BpemeHu, °C;
t — TemIeparypa Tena B MOMEHT BpeMeHH T > T,, °C), u onpenenseTcs O0e3pasMepHON KOOPIUHATOMH,
yuciiom buo u yuciom dypoe:

© = f(&;Bi;Fo). ©)

['pannyHBIC YCIOBUS IS MCCIENYEMOTO MPOoIlecca MpU PEryIApHOM PEXXUME MOTYT OBITH 3aJJaHBI
B BUJIE YCJIOBUH TpeThero poja. s oJHOMEpPHBIX Tl Ha LEHTPaJIbHONW OCH OJJHOMEPHOIrO UJIMHApPA
U TI0 IIEHTPY OJHOMEPHOMN TJIACTHHBI U3MEHEHUE BO BPEMEHH 0€3pa3MepHON TeMIepaTyphl B JaHHOM
CJly4yae ONUCHIBAETCS YPABHEHUEM

2
©=N(Bi)e "™, @

rae N(Bi) u p1,> — KOPHH XapaKTePHCTHUYECKOrO YPaBHEHHUSL.

MeToasb! M 00beKThI HccJieqoBanmid. [lo xumuueckoMmy coctaBy 00pasLibl pa3aessuIuCch Ha IBE IPyTI-
ITBI: BIOKHBIA 00€3’)KMPEHHBIN M MaJIOBIKHBIA KUPHBIA. B KadecTBe mepBoro odpasna MpuUMEHSIIOCh
U3MEJIBYEHHOE MSICO KypuHOTo duiie 6e3 koxu (0enok — 23,6 %, xup — 1,9 %, Boma — 73,5 %); B kauecTBe
BTOPOTO — MSICO JIOIATOYHOM YacTu CBUHUHEI (0enok — 14,7 %, xup — 294 %, Bona — 55,1 %) [2, 18].

ChIpbe moaBepragoch U3MEJIBYCHUIO Ha MSICOPYOKE C TUaMETPOM OTBEPCTHH BBIXOAHOW PEHIETKH
2,5 MM. OT IpUMEHEHHSI IETLHOMBIIICYHEIX MMOTY()haOpHUKaTOB OTKA3AIKCh B CBSI3U C 3PPEKTOM aHU-
30TPOIHH TEMIONPOBOTHOCTH, KOTOPAs! MPOSIBISETCS B TOM, UTO 110 Pa3INYHBIM HAIlPaBICHUAM (BIOJIb
WJIY TIOTIEPEK MBIIIEUHBIX BOJIOKOH, Yepe3 CJION KMPOBOW MIJIM COCAMHUTEIBHON TKaHH) BEIUYMHA KO-
s duIreHTa TeIIONPOBOAHOCTH HeoquHakoBa [1, 3]. B u3amenbueHHOM MaTepuale MbIIICYHas, KUPO-
Basi U COCOMHHUTENbHAsI TKAHU PAaBHOMEPHO pacIpelesioTcs 1o oobeMy, odecneunBasi NOCTOSHCTBO
TOX Ha BCeX HAMPABICHUSAX ABWKEHUS TETUIOBOTO MOTOKA. [loATOTOBICHHBIC 00pa3Ilbl BEIACPKUBA-
JIUCh B XOJOAUIBHOM KaMepe 10 TOCTHKEHUS OCTOSTHHOM TemmepaTypsl 8—10 °C.

Wznenus BeimonHsmuch B popMme HuiIuHApa ¢ pasmepamu d X A = 60 x 320 mm u B ¢opme muia-
CTHHBI C pazMepamu @ X b X h =160 x 160 x 32 mMm. [IpoBepouHBIil pacyeT TPOBOIUIN JJIs CIAETYIO-
IIAX YCIOBHUH: TEMJIOHOCUTEIh — BO3AYX, TeMIeparypa rperormei cpeast — 200 °C, mpuHATHIH K03d-
dumment Termmooraaun — 40 Br/(m>-°C). KOpHHE XapaKTepUCTHUECKOrO yPAaBHEHHS [UTs LHIHHIPUYC-
CKOTO M3JICNUsl U MEepeHoce Teria OT OOKOBOW MOBEPXHOCTH K HEHTpy cocTaBisor N(Bi) = 1,395
u > = 2,996, Ipu mepeHoce TeIIa OT TOPIOB K HeHTpy — N(Bi) = 1,267 u w,* = 2,122 [19]. ITpu noxGope
K03(p(pULIMEHTOB NpHU TENJIONEPEHOCE OT TOPLOB K LEHTPY (OpMy M3Iesusl paccMaTpuBaeM Kak Iula-
ctuny. IlogcTaBiss NpuHATHIE ¥ IOTyYEeHHbIE 3HAY€HNA B ypaBHEeHHUS (4) U (2), ToIydaeM MpoaoKu-
TEJIBHOCTh HarpeBaHus MpHU MomnepedHoM nporpese nuiaunapa 30,43 MuH, Ipu NPOAOIBLHOM MEPEHoCce
tera — 1059,53 MuH. AHanOru4HbIM 00pa30M MPOBOAMM PACUYETHI ISl MJIACTHHBIL: IIPH MONEPEUHOM
nporpee N(Bi) = 1,143 u plz = 0,897, NponOKUTENBHOCTh HarpeBaHus paBHa 18,93 muH, npu npo-
nonasHOM Tporpese — N(Bi) = 1,254 u plz = 1,903, npomomxuTeabHOCTh Harpeanus 290,81 MuH.

Takum 00Opa3om, pu BHIOPAHHOM COOTHOILICHHH Pa3MEpOB HarpeBaHHe CO CTOPOHBI TOPILIOB TIPaK-
TUYECKH HE OKa3bIBaeT BIMAHMS Ha HarpeBaHue LEHTpa. [I[puMeHeHHne OfHOMEpHBIX Tell MO3BOJISET
MIPOBECTH KOPPEKTHBIN TEIUIOTEXHUYECKUH 3KCIIEPUMEHT; BapHallMM HPEAJIOKEHHBIX (OpM pacmpo-
CTPaHEHbl B NIPOU3BOJICTBEHHOM MpakTuKe. Ha OCHOBE MOJIyYEHHBIX PE3yJIbTAaTOB MOXKHO IPEAJaraThb
pemeHns s KyJIUHApHBIX U3/ETUH, KOTOPbIe SBISAIOTCA TEJIaMU OIPaHHMYEHHBIX pa3MepoB, TO €CTh
YaCTHBIMH CITy4asiMU COUETAHUS OJHOMEPHBIX TEJ.

[Ipu mpoBeneHUM SKCIEPUMEHTa HM3MEIBYCHHOE MSICO MOMELIAJIOCh B OJHOCIOHMHBIA MapieBblil
MEILOK B (pOopMe LMUIMHAPA WU IJIACTHHBI. MEIIOK IoMeInajcs B KacceTy, PeICTaBIISIoNy0 co0o0i
CBapHYIO KapKaCHYI0 KOHCTPYKITUIO U3 METAJITHUECKUX CTepKHEH ceuenueM 2,5 u 4,0 MM.

Kapkac 3annmaer menee 3 % BHeUIHeH IUIOMIAAM U HE OKa3bIBaeT 3aMETHOTO BIWSHHUSA Ha IpO-
LIECC HarpeBaHMs 3arOTOBKU. B monydaeMoM M3AEINN HCCIeyeMbIi MaTepHuall HalpsIMYI0 KOHTAKTH-
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pYeT ¢ rperouiel cpeaoi, Tak Kak SYelKyu Mapiy O4eHb KPyIHbIE 0 OTHOLIEHHUIO K HUTAM (MapJis 1o
TY BY 390287860.004-2011 ¢ pasmepamu sueek 2 X 1 MM, IIOTHOCTh TKAaHH 35 T/M°, mpH HaGuBa-
HUU PacTITHBAIACE).

TenoBas 00paboTka ocymiecTBIsAIach B MapoKOHBEKIMOHHOM amnmapare Unox-203G (Mramnms).
CornacHo JeMCTBYIOIMM TEXHOJOTMYECKUM KapTaM U MHCTPYKLIMAM ISl Ollepanuii )KapKu 1 3areKa-
HUS MSICONIPOAYKTOB, TUANa30H TeMIepaTyp rperomei cpensl coctapisier 160240 °C. B kauecTe Te-
MIJIOHOCUTENSI IPUMEHSIICS CyXOH BO3/IyX M MapOBO3AYIIHAsA CMECh BlIaXHOCThIO 80—85 %. Temnoyto
00paboTKy IPOBOAMIIH 10 TOCTHIKEHHUSI TEMIIEPATYPHI B IIEHTpe u3aenus 85 °C, onpenensionyo Kyiu-
HapHYIO TOTOBHOCTH [2].

Jdnst m3MepeHus: TeMmrepaTypsl NPUMEHsUICS HA0Op TEPMORJIEKTPUUYECKUX TpeoOpa3oBaTeneit
TXA(K)-1199/52/2/1500/0,5 (Poccust) ¢ amaMeTpoM TepMOdIeKTpoaoB 0,5 MM B KpEMHE3EMHON OILIEeT-
ke (mo 'OCT 8.338-2002). s dpukcanuy TepMornap UCIOIb30BaIOCh CIIEIIUAIFHOE YCTPOMCTBO, 0Oec-
TIEYNBAIOIIEe TOYHOCTh YCTAHOBKH M MCKJIIOYaroIiee COMBaHNE TOIOBOK.

Pe3yabraThl M ux o6cy:kaenue. O0padboOTKa SKCIEPUMEHTAIBHBIX JaHHBIX MPOBOAMIIACH IIPH yC-
JIOBUSIX OJTHO3HAYHOCTH, onucaHHbIX B [20]. Hucna buo (Bi) u ®@ypsee (Fo) paccuuThiBaimch mo ycpe-
HEHHBIM 3HaYCHMSIM KO3((HUIMEHTOB TEIJIO- U TEMIIEPAaTyPOIPOBOAHOCTH JJIsl CBIPOTO U3MEIBYCHHO-
o Msica, TOTOBOIO IIPOJYKTa U CyXOr'o BEILIECTBA C y4€TOM 0COOEHHOCTEH (PU3NKO-XUMUYECKHUX IIPeoo-
pa3oBaHMil HYTpUEHTOB [21].

I'paduueckue 3aBucumoctu @ = f(Fo) B monymnorapupmMuuecKux KOOpAUHATAX ISl UCCIEAYEMBIX
00pas31oB U PEKUMHBIX TAPAMETPOB IPEACTABIICHBI Ha puc. 1, 2.
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Puc. 1. I3mMenenue 6e3pa3MepHOil TeMIIepaTypsl B IIEHTPE H3ASIHUH B BUAE NUINHpa oT uncia Oypoe:
a — BIIXXHBINA 00€3)KUPEHHBII 00pa3el B cpe/ie CyXoro BO3ayXa, b — BIaXHBIH 00€3KUPEHHBII 00pa3el B MapoBO31yITHOMH
cpere, ¢ — MaJOBIIAXHBIN JKUPHBIA 00pa3ell B Cpeie CyXoro Bo3ayxa, d — MaJOBIaKHBIN KUPHBIN 00pasen
B IMapoBO3Ay1LIHOI cpene; 11160, 11200, 11240 — n3MeHeHre TeMIepaTyphl B IeHTpe 00pasiia Mpyu TeMIepaType Iperoleit
cpenst coorBeTcTBeHHO 160 °C, 200 1 240 °C

Fig. 1. The change in the dimensionless temperature in the center of the products in the form of a cylinder from the Fourier
number: a — a moist, fat-free sample in a dry air environment, b — a moist, fat-free sample in a vapor-air environment,
¢ —a low-moisture fatty sample in a dry air environment, d — a low-moisture fatty sample in a vapor-air environment;
1160, 1200, 1240 — temperature change in the center of the sample at the temperature of the heating medium, respectively
160 °C, 200 and 240 °C
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Puc. 2. 3meHeHne O0e3pa3MepHoil TeMIepaTyphl B IICHTPE U3/CIHil B BUC IUTACTHHEI OT yuciia Dypee:
a — BIIQXHBINA 00€3:KMUPEHHBII 00pa3el B Cpejie CyXoro BO3ayxa, b — BIaXHBIH 00€3KUPEHHBII 00pa3el] B MapoBO31YIIHOM
cpene, ¢ — MaJIOBIIQXKHBIN JKUPHBIA 00pasell B cpejie CyXOoro Bo3nyxa, d — MaJOBJIaKHBIH )KUPHBIH 0Opaser
B mapoBo3nyIIHoit cpenae; 11160, 1200, 11240 — u3MeHEHHE TEMIIEPaTy Pl B ICHTPE 00pasiia mpu TeMIepaType rperoreit
cpenbl cootBeTcTBeHHO 160 °C, 200 1 240 °C

Fig. 2. The change in the dimensionless temperature in the center of the products in the form of a plate
from the Fourier number: a — a moist, fat-free sample in a dry air environment, b — a moist, fat-free sample in a vapor-
air environment, ¢ — a low-moisture fatty sample in a dry air environment, d — a low-moisture fatty sample in a vapor-air
environment; 11160, 1200, 1240 — temperature change in the center of the sample at the temperature of the heating medium,
respectively 160 °C, 200 and 240 °C

[Tosry4yeHHbIE KpUBBIE B IIEJIOM COOTBETCTBYIOT TEOPHH HECTAIIMOHAPHOI TEIIONPOBOIHOCTH.
YeTKO BBLACISAIOTCS YYaCTKH HEYTIOPSTOYCHHOTO U PETYIISPHOTO PeXHUMa.

CrenyeT OTMETHUTB, YTO B MUILEBHIX MMPOAYKTAX MEPEHOC TEIUIOTHI yeuauBaeTcs Auddysueii Biarm.
JUis OMTHOPOIHOTO TeNa ¢ OOJIBIINM COZlepKAHUEM CBSI3AHHOM BIIarM XapaKTepHA MOJICKYJIsipHAs aud-
¢y3us, KoTopasi aHAJOTHYHA MOJIEKYJISIPHOMY TIEPEHOCY TEIUIOTHI, TO €CTh TEIUIONPOBOAHOCTH. 3aKOH
teronpoBogHOCTH Dypbe n 3aKoH MoseKysipHoi nuddys3nn Puka UMEOT OINHAKOBYIO MaTeMaTH-
9ecKyIo (pOpMy, UTO OOBSACHSET HAJIOKEHHUE NMPOTEKAHMsI TaHHBIX IPOIECCOB O3 BBIPaKeHHOTO MCKa-
XKeHus oOmeil auHaMuKku. CONpOBOXKICHHE TEIUIONPOBOIHOCTH MOJICKYJISPHOW nudQy3nueli BHOCUT
JHIIb KOJIMYECTBCHHBIC OTIMYMS B XapaKTePUCTUKH Ipolecca TerioooMeHa. KauecTBeHHO ke mpo-
[IecC HarpeBaHMsI UCCIIEAYEMbIX MaTePHAIOB HE OTIMYACTCS OT IPOIiecca HarpeBaHUs TBEPBIX TEIl.

Takke MOXHO clenaTth BBIBOI, YTO (PM3MKO-XMMUYECKHE M3MEHEHHS HYTPUEHTOB U CTPYKTYp-
HO-MeXaHUYeCKHe IpeoOpa3oBaHus MaTepuaa MPHHININAIBHOTO BIMSHHS Ha OOIIUIT XapaKkTep mpo-
TeKaHHS TEIJI000MEeHa He OKa3bIBAIOT.

[TpuBeneHHbIe TpaduyecKre 3aBUCUMOCTH CBUACTEIECTBYIOT O HACTYIIJICHUH PETYJISIPHOTO PEKH-
Ma npu Fo > 0,2 nis Bcex ucciienyeMbIX BapuaHTOB. PacCMOTPUM y4YacTKH TeMIEPaTypPHBIX KPHUBBIX
npu Fo > 0,2 (puc. 3, 4).

[Mosryuennsle Tpaduyeckne 3aBUCHMOCTH IMOABEPraId MaTeMaTHIeCKoi 00paboTKe, MO pe3yibTa-

o . —uleo .
TaM KOTOPOH OIpPEAessiiIN KpuTepuaibHble ypaBHeHus Busa ® = N(Bi)e B 3aBHCHUMOCTH OT Bi s
LEHTPaIBHOTO cIost (Tadur. 1).
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. —p.2F0
Ta6nuuna 1. Kpurepuaasupie ypasuenust © = N(Bi)e !
2
Table 1. Criteria equations ® = N(Bi)e ! Fo
I'perommas cpena
Bux marepuana TeMnepaTypa CYXO# BO3JIYX mapoBo3ayIIHast CMECh
A P rperoweit cpeasl, C Y atl P arl
Bi | ypaBHEHUE Bi | ypaBHEHHE
Dopma — yunuHop
Brnaxubrit 160 2,41 @ = 1,292¢2727F0 2,32 © = 1,1529¢ 2538F
00e3)KUPEHHBIH 200 2.47 O = 1.2024¢ 220 2,39 O = 1.1338¢ 2208F0
bapur 240 2,54 | ©=1,1055¢"%° | 248 | @=1,0351e"%"
ManosJiaKHbIH 160 2,28 0= 0,9085@’1’072% 2,19 ®= 1’13156—1,923Fo
JKAPHBIN (apir 200 2,33 © = 0,9435¢ "987F0 2.26 O = 1,1425¢ 1906Fo
240 2,4 ©=09209¢ "7 | 234 | ©@=1,1772¢ "5
Dopma — nracmuna
Brnaxxubiit 160 1,52 0= 1,13878’0’526% 1,46 0= 1,08196—0,518%
00€e3KUPCHHBII 200 1,55 0= 1709896—0,462% 1,49 0= 1,0553e70’444F°
bapur 240 1,58 | @=1,0617¢ %™ | 154 | @=1,0292¢ "
ManoBnakHbI’ 160 1,44 @ = 1,1167¢ %465Fe 1,24 © = 1,0693¢ "4
JKAPHBIN (apir 200 1,46 © = 1,0949¢ O4Fo 1,28 0 = 1,07¢ 24
240 149 | ©=10718¢ " | 132 | @=1,0552¢ """
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Puc. 3. I3meHenne 6e3pa3MepHOi TeMIIepaTyphl B IEHTPE U3AETHH B BUJE IINHAPa oT yncia Oypne
Ha CTaJUU peryiIsipHOro pexkuma Fo > 0,2: @ — BnaxkHbIi 00e3:KHpEeHHBINA 00pa3ell B cpeie CyXoro Bo3ayxa,
b — BnaxHBIN 00€3:KUPEHHBIN 00pa3el] B MapOBO3IYIIHOM Cpelie, ¢ — MaJIOBIaKHBIN KUPHBIN 00pasel B cpeie CyXoro
BO3/1yXa, d — MaJIOBJIQXKHBIH )KMPHBII 00pa3sel B mapoBo3ayHoii cpexe; 1160, 11200, 11240 — n3MeHeHHe TeMIepary pbl
B IIEHTpe 00pas3ia Ipyu TeMIieparype rperomeii cpeast coorserctBenHo 160 °C, 200 u 240 °C

Fig. 3. The change in the dimensionless temperature in the center of the products in the form of a cylinder
from the Fourier number at the stage of the regular regime Fo > 0.2: a — a moist fat-free sample in a dry
air environment, b — a moist fat-free sample in a vapor-air environment, ¢ — a low-moisture fatty sample in a dry air
environment, d —a low-moisture fatty sample in a vapor-air environment; 11160, 11200, 11240 — temperature change in the
center of the sample at the temperature of the heating medium, respectively 160 °C, 200 and 240 °C
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Puc. 4. I3menenune 6e3pa3MepHOii TeMIIepaTyphl B IIEHTPE U3JIENHI B BH/IE TUIACTHHEI OT yrciaa Oypre Ha CTaauu
peryisipaoro pesxxuma Fo > 0,2: ¢ — BraxHbIl 00€3)KHpeHHbIIT 00pa3ell B Cpejie CyXoro Bo3ayxa, b — BIaKHbIH
00e3KUpPEeHHBII 00pa3el B HapoBO3AYIIHOH cpelie, ¢ — MaJOBIaXKHbIH )KUPHBII 00pa3ell B cpejie CyXoro BO3yxa,

d — MaJIOBIIAKHBIN JKUPHBIH 00pa3el] B mapoBo3ymHoii cpexe; 11160, 1200, 1240 — n3MeHeHNe TeMIeparyphl B IEHTpe
obpa3sna npu TeMmeparype rperomuiei cpeast coorsercTBenHO 160 °C, 200 1 240 °C

Fig. 4. The change in the dimensionless temperature in the center of products in the form of a plate from the Fourier number
at the stage of the regular regime Fo > 0.2: ¢ — a moist fat-free sample in a dry air environment, b — a moist fat-free sample
in a vapor-air environment, ¢ — a low-moisture fatty sample in a dry air environment, d — a low-moisture fatty sample in
a vapor-air environment; 11160, 11200, 1240— temperature change in the center of the sample at the temperature of the heating
medium, respectively 160 °C, 200 and 240 ° C

Koa¢ddunuent TennooTnaun npu onpeaeneHny ynucia buo Haxoqunu cyMMHpPOBaHHEM KOHBEKTHB-
HOW U Ty4UCTOMN cocTaBistomeii. KoapuiimeHT TennooTiaun KOHBEKIIUEH OIPE/ISIISLIH M0 TSOPUH T10-
no0ust U3 KpurepuasibHOro ypaBHerus Nu = f(Re,Pr) [22, 23] npu ckopocTy ABUKEHHS TETLNIOHOCHTEIS
3,9 M/c cornacHo 3aMepaM MHOTO(YHKIIHOHAIILHOTO H3MepuTeNnbHOro mpubdopa Testo 435-4 (I'epmanus)
B paboueil 30He KaMepbl apOKOHBEKIMOHHOrO annapara. KoagduuueHT temnootaaun nydencnycka-
HEeM onpenensum 1mo popmyie Credhana—bompnmana [22, 23].

Ob6pamatoT Ha ce0st BHUMaHue (CM. Tabi. 1) HECKObKO MEHBIIINE 3HAUCHHS TIOJTYYeHHBIX K0 du-
uuenToB 1, u N(Bi) ais usnenuii, 06paGoTaHHBIX B IAPOBO3AYIIHOM cMech. [Janublil adeKT cBa3an
C XapaKTepoM KoJjebaHMil TeMIepaTypHBIX rpaJiueHToB. Ha HaYaibHOM 3Tare HarpeBaHusl P HEYIIO-
PSAOYEHHOM PEKUME 3ar0TOBKA [OJTyYaeT 3HAUUTEIBHO OOJIbIIee KOJTUIESCTBO TEIIOTHI [0 CPABHEHHIO
¢ obpazuamu, 00padOTaHHBIMU B CyXOM BO3JyX€, N3-32 HAJIMYMUS KOHAEGHCALIMOHHBIX Ipoueccos. K mo-
MEHTY HACTYTUICHUS PETYISIPHOTO peKuMa JJIsl TapOBO3AYLTHON CMECH KOHJICHCAIIMOHHBIC MPOLECCHI
MpeKpalIaoTcs, U Aajiee TeNI00Taada MPOUCXOIUT B YCIOBUAX CBOOOAHOM KOHBEKLMHU. B Bo3nyIHOM
Cpezie pocT TeMIeparypbl 0oee paBHOMEPEH U MPOTEKAET MPH MPAKTUYESCKH MTOCTOSTHHBIX 3HAUCHHSIX
KO3 PUIIMEHTA TeTIIOOTIaYH.

JU1st MaJIOBJIa)KHBIX JKUPHBIX 00pa3L0B XapaKTepHbl 00Jiee HU3KUE 3HAUEHUS MOJIyUEHHBIX KO3(d-
(UIMEeHTOB ulz u N(Bi) o cpaBHEHHIO ¢ BIQXKHBIMU 00€3)KHUPEHHBIMH, YTO O0BSICHUMO HU3KO TEIIo-
MIPOBOJHOCTBIO MaTepuaa.

[IpoBepka MOCTOBEPHOCTH TOJYUYCHHBIX KPUTEPUATHHBIX YPAaBHEHUH W COIMOCTABJICHUE DKCIIEPHU-
MEHTAJIBHBIX U PacUeTHBIX 3HAUCHHUH MPOJOKUTEIBHOCTH TEIJIOBOH 00pabOTKH MCCIeNyeMbIX H3Jie-
JIUH 1oKa3aHel B Ta0MI. 2.
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Ta6nuna 2. ConocraBiieHHe JKCIEPUMEHTAJIBHBIX H PACYETHBIX 3HAYEHH I MPOI0IKHUTEIbHOCTH
TeIJIOBOI 00paGoTKH HccIeyeMbIX U3/1e Ui

Table 2. Comparison of experimental and calculated values
of the duration of heat treatment of the studied products

Temmneparypa I'peromas cpesa
Bua Matepuana rpetomeit CyXoii BO3IyX MapoBO3/YIIHAs CMECh
cpener, °C T, e, MHH Tpacq, MUH Typen, MHH Tpacy, MUH
Dopma — yuruHop
Brnaxublil 00e3KUPEHHBII 160 37 37,25 35 35,22
obpasen 200 32 31,93 30,5 30,42
240 29 28,9 27,5 27,55
ManoBiaKHBIH KUPHBIH 160 48 49,1 47,5 474
0bpasen 200 38 38,66 37,5 37,34
240 33 334 33 32,6
Dopma — naacmuna
BraxHblii 00¢3KHPEHHBIH 160 40 40,9 37 37,8
obpa3zen 200 34 34,51 32 32,78
240 32 31,57 30 30,74
MauoBiaskHbIH HKUPHBIH 160 49 487 48 49,13
oOpasen 200 39 39,39 38 37,86
240 35 34,5 34,5 34,04

[IpuMeHeHne B X0J€ SKCICPUMEHTAIBHBIX HCCIICAOBAHUI OJHOMEPHBIX TEN MO3BOJISET CPABHUTH
noxyuyeHnble koadduunentsr N(Bi) u plz ¢ TaONUYHBIMU 3HaYeHUsIMHU [19] 17151 TBepabIX Ten (Tadu. 3).

Ta6nuna 3.3nauenus kodppunuenton N(Bi) u p,
Table 3. Values of coefficients N(Bi) and p,

A N(Bi) w’
dopma Bi
oKe OKCHECPUMEHTAJIbHBIC | CIIpaBOYHBIC OKCHEPUMEHTAJIBHBIC | CIIpaBOYHBIC
Hunuuap Brnaxublii 00e3:KUpeHHBIH 00pa3er]
Tperowasn cpeda — cyxoti 6030yx
2,41 1,292 1,376 2,727 2,849
2,47 1,202 1,381 2,299 2,885
2,54 1,106 1,387 1,834 2,932
I'perowasn cpeda — napogo3dyuinas cmecs
2,322 1,153 1,368 2,538 2,785
2,386 1,134 1,374 2,208 2,83
2,476 1,035 1,381 1,666 2,889
ManoBiakHBIH KUPHBIH 00pasen
Iperowas cpeda — cyxoii 6030yx
2,278 1,218 1,364 2,03 2,755
2,330 1,205 1,369 1,994 2,791
2,399 1,178 1,375 1,872 2,839
I'perowas cpeda — naposo30yuIHAsl CMeCh 8bICOKOU 6LANCHOCIU
2,191 1,152 1,356 1,971 2,693
2,257 1,143 1,362 1,906 2,740
2,341 1,132 1,370 1,781 2,799
[Mnacruna Bnaxublii 00e3:KUpEHHBIH 00pa3er]
Tperowas cpeda — cyxoti 6030yx
1,522 1,139 1,155 0,526 0,983
1,546 1,099 1,156 0,462 0,993
1,580 1,062 1,158 0,385 1,008
Iperowas cpeda — naposo30yuIHasL cMeCh
1,462 1,082 1,151 0,518 0,957
1,491 1,055 1,153 0,444 0,970
1,536 1,029 1,155 0,368 0,989
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Oxkonuanue mabn. 3

. N(Bi) w’
Dopma Bi
oK OKCNEPUMEHTAJIBHBIC | CIIpaBOYHbBIC OKCNEPUMEHTAJIBHBIC | CIIpaBOYHbBIC
MaoBiaKHBIH KUPHBIH 00pasen
I'perowan cpeoa — cyxoii 6030yx
1,440 1,117 1,150 0,465 0,947
1,462 1,095 1,151 0,424 0,956
1,494 1,072 1,153 0,379 0,969
I'perowjas cpeda — napogo30yuinas cmecob

1,239 1,075 1,137 0,439 0,859
1,276 1,070 1,139 0,424 0,875
1,320 1,055 1,142 0,371 0,895

U3 tabn. 3 BHHO, 4TO SKCTIEpUMEHTANbHBIE Kod(dumuentsr N(Bi) u |1,> IMEIOT MeHbIINE 3HAYe-
HUS 110 CPABHEHUIO C TAOJIMYHBIMU TJAHHBIMH JIJISI TBEPJIBIX TEJ, 9YTO MOXKET ObITh OOBSICHEHO BIUSTHUEM
Ha Ipolece TermioooMeHa (Ga3oBbIX U PUIMKO-XUMUYESCKUX TTPEBPAILICHHUH.

Xapaxrep usmenenus N(Bi) u [,° 1715 TBepIbIX Te/I U H3y4aeMbIX M3/IEIHI IPOTUBOMONONKEH. [Ipu
pocte uncna Buo ay1s TBepaBIX Ten cBOMCTBeHHO yBenuuenue N(Bi) u 1,’, B To BpeMst KaK JUIs H3aesuit
13 MACHBIX (haprreil XapakTepHO UX yMeHbIIeHHe. MOKHO MPEATOI0KUTh, YTO HHTEHCHBHOCTH (ha30-
BBIX M (PM3UKO-XUMHUYECKUX MTPEBPAILICHHI BO3PACTACT 10 MEPE TIOBBIIIICHUS TEMIIEPATYPBbI, YTO IPUBO-
JUT K YACTBHOMY CHI)KEHUIO HHTEHCUBHOCTH HarpeBanusi. To €CTh P MPOYUX PABHBIX YCIOBHSX, UM
OoJIbIlIe IOTEPH PHEPI U, CBSI3aHHBIE C arperaTHBIMU U3MEHEHHUSIMHU, TEM MEHBIIUI TEMIT Har peBaHUsI.

[Tosry4yeHHBIE 3aBUCHMOCTH PAaCHpPOCTPAHSIOTCA M Ha COBPEMEHHYIO HOMEHKJIATYPY HPOLYKIHH
MscornepepadaThIBAIONINX TPOU3BOACTB. MsICHBIE KyJIWHAPHBIC H3JICNHs PACCMATPUBAIOTCS B JJAHHOM
clly4ae Kak Tejla KOHEYHBIX pa3MepoB. Pacuer TemmeparypHOro mosisi IpoOBOAUTCS HA OCHOBE TEOPEMBI
MIEPEMHOKEHU S PELICHUH.

3akiiouenue. IlpencraBiaenHsl pe3yasraThl 00paOOTKM HAa OCHOBE TEOPHUH PETYISPHOTO peKuMa
HECTAI[OHAPHOH TEIUIONPOBOIAHOCTH OINBITHBIX JAHHBIX MPOIECCa HArPEBAaHUS BIIAXKHBIX KaIMIUIAP-
HO-TIOPHCTHIX TEJ Pa3IUYHOTO COcTaBa (MSCHBIX M3JICNUI) B CyXOM BO3JlyXE M MapOBO3IYIIHON cMe-
cu. Ilokazanbl 0COOEHHOCTH MPOTEKAHUS TEINIOOOMEHHBIX MPOLECCOB B LIEHTPAIBLHOM CJIO€ M3/ETHHA
U3 MSCHOTO (hapiua MpH MPsIMOM KOHTAaKTe T'PEIOIIEH Cpeabl C MOBEPXHOCTHIO MpoAyKTa. [lomydeHst
KpHUTEpHAJIbHbBIEC ypaBHEHUS 1000, ONKCHIBAIOIINE TPOTEKaHKE TIPollecca HarpeBaHMs B IEHTPAIb-
HOM CJIO€ M3ydYaeMBbIX 00pa3loB MpH HCCIEyEeMbIX PSKHUMHBIX napameTpax. [IpoBeeHo aHaauTHue-
CKO€ CpaBHEHHE HKCIIEPUMEHTANBHBIX KO3(D(OUIMEHTOB B KPUTEPHAIBHBIX YPaBHEHUSX MOAOOUS AJIs
pa3IMYHBIX 00PA3I0B M PEIKUMHBIX MTApaMETPOB C TAOMUYHBIMH 3HAUCHUSIMU JJIs1 TBEpAbIX Tell. Jlana
IIPOBEPKA U COMOCTABIICHHE YKCIICPUMEHTAIBHBIX M PACUETHBIX 3HAYEHUH IPOJOJDKUTEITBHOCTH TETIIO-
BOH 00pabOTKM 3NN U3 U3METBUEHHOT0 MsCa.

[IpakTHueckas 3HAYMMOCTH MCCIICOBAHUI COCTOUT B MOBBIIICHHH KAUE€CTBEHHBIX XapaKTCPUCTHK
MSICHBIX PYOJCHBIX M3JCIHH M ONTHMH3ALUU ONEPATHBHOIO MPOU3BOACTBCHHOTO IJIAHUPOBAHHS 32
CYET NPUMEHEHHS METOJMKH ITPOrHO3HOT'O pacyeTa IMPOAOJIKUTEIBHOCTH TETJIOBBIX ONEPALIHIA.

CHnHCOK UCN0JIb30BAHHBIX HCTOYHUKOB

1. Huxomaes, H. C. MonenupoBanue mporecca TepMooOpaObOTKH MSCHOTO CHIPbS KaK CIOXKHOH CHCTeMBI: aBTOped.
JcC. ... a-pa. TexH. Hayk : 05.18.12 / H. C. Hukomnaes; Mock. roc. akaj. npukiai. ouotexsonorun. — M., 1996. — 55 c.

2. Poros, 1. A. TexHomnorus msica 1 MscHbIX npoayktoB / M. A. Poros, A. I. 3a6amira, I". 1. Kasronun. — M.: KosnocC,
2009. — KH. 2: TexHOnOrust MACHBIX NPOIYyKTOB. — 712 c.

3. I'mu30ypr, A. C. Tennopusnueckue XxapakTepUCTUKH MUIMIEBBIX IPOAYKTOB: cripaBounuk / A. C. 'mu36ypr, M. A. I'po-
MmoB, I. U. KpacoBckas. — 2-e u3a. — M.: [1umr. mpom-cts, 1980. — 288 c.

4. Marcotte, M. Thermophysical properties of processed meat and poultry products / M. Marcotte, Ali R. Taherian,
Y. Karimi // J. Food Eng. —2008. — Vol. 88, iss. 3. — P. 315-322. http://doi.org/10.1016/j.jfoodeng.2008.02.016

5. AQynerep, H. B. DxcriepumeHTa bHas OLEHKA TEMIOPH3MYECKUX XapaKTEPUCTUK NPOAYKTOB )KHBOTHOT'O IPOUCXOK-
nenwnsi / H. B. lynerep, P. H. 3apumnos, B. H. JIeicoBa // BecTH. AcTpaxaH. roc. TexH. yH-Ta. — 2005. — Ne 2 (25). — C. 284-287.

6. Ceeminos, 0. B. D dexTnBHAS TENIOIPOBOIHOCTS U BHYTPEHHSIS IIOBEPXHOCTH NIEPEHOCA HOPUCTHIX M BOJIOKHUCTBIX
CTPYKTYp (Ha mpumepe numeBbix Matepuaios) / 0. B. Ceetnos, 0. b. Hukudopos // Tonkue xum. Texnomoruu. — 2015. —
T. 10, Ne 6. — C. 71-78.



Becui HaupisinanbHait akagsmii HaByk benapyci. Cepbis ¢i3ika-TaxHiuHbIX HaByK. 2023. T. 68, Ne2. C. 137-148
Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2023, vol. 68, no. 2, pp. 137-148 147

7. Kocoii, B. JI. CoBepiiieHCTBOBaHHE MPOU3BOACTBA Koybac: yueb. mocobue / B. JI. Kocoit, B. I1. lopoxos. — M.: leJIu
npuHT, 2006. — 766 c.

8. bpaxxaukos, A. M. Teopust Tepmudeckoil 06paboTku MsconpoaykToB / A. M. bpaxuukos. — M.: Arponpomusiar,
1987. - 271 c.

9. PacyeT mpoJOIKUTEIBRHOCTH Mpoliecca TEPMOBIAKHOCTHOM 00paboTKH mMony(aOpHUKaTOB Ha OCHOBE KHMBOTHOTO
¥ pacTuTensHoro ceipbs / JI. O. I'maronesa [u ap.] / Bectn. Boponex. roc. yH-Ta umxenep. texnonoruit. — 2018. — T. 80,
Ne 2. — C. 51-57. https://doi.org/10.20914/2310-1202-2018-2-51-57

10. Bep6omnos, E. 1. OcobeHHOCTH HU3KOTEMIIEpaTypHOI TeIIOBOH 00pabOTKH MSICONPOAYKTOB B MAPOKOHBEKTOMATE
C HaJIO)KEHUEM YIbTPa3ByKoBEIX Konebanuii / E. . Bep6omnos, C. A. Pomanunkos / BectH. BopoHex. roc. yH-Ta HHKEHED.
texnonoruit. — 2017. — T. 79, Ne 3. — C. 35—41. https://doi.org/10.20914/2310-1202-2017-3-35-41

11. Isleroglu, H. Modelling of heat and mass transfer during cooking in steam-assisted hybrid oven / H. Isleroglu,
F. Kaymak-Ertekin // J. Food Eng. — 2016. — Vol. 181. — P. 50-58. https://doi.org/10.1016/j.jfoodeng.2016.02.027

12. Ahmad, S. Mathematical modeling of meat cylinder cooking / S. Ahmad, M. A. Khan, M. Kamil / LWT — Food
Science and Technology. —2015. — Vol. 60, iss. 2, part 1. — P. 678—683. https://doi.org/10.1016/j.1wt.2014.10.061

13. Combined heat transfer and kinetic models to predict cooking loss during heat treatment of beef meat / A. Kondjoyan
[et al.] // Meat Sci. — 2013. — Vol. 95, iss. 2. — P. 336-344. https://doi.org/10.1016/j.meatsci.2013.04.061

14. Rinaldi, M. Real-time estimation of slowest heating point temperature and residual cooking time by coupling
multipoint temperature measurement and mathematical modelling: Application to meat cooking automation / M. Rinaldi,
E. Chiavaro, R. Massini // Food Control. — 2012. — Vol. 23, iss. 2. — P. 412—418. http://doi.org/10.1016/j.foodcont.2011.08.009

15. Chen, H. Modeling coupled heat and mass transfer for convection cooking of chicken patties / H. Chen, B. P Marks,
R. Y Murphy // J. Food Eng. — 1999. — Vol. 42, iss. 3. — P. 139—-146. https://doi.org/10.1016/S0260-8774%2899%2900111-9

16. Erdogdu, F. Mathematical approaches for use of analytical solutions in experimental determination of heat and
mass transfer parameters / F. Erdogdu // J. Food Eng. — 2005. — Vol. 68, iss. 2. — P. 233-238. http://doi.org/10.1016/j.jfood-
eng.2004.05.038

17. Multiscale modeling of food thermal processing for insight, comprehension, and utilization of heat and mass transfer:
A state-of-the-art review / J. Li [et al.] / Trends in Food Sci. & Technology. — Vol. 131. — P. 31-45. https://doi.org/10.1016/j.
tifs.2022.11.018

18. XuMHuUeCKU COCTaB POCCHICKMX MHUIIEBBIX MPOAYKTOB: crmpaBouHuk / mox pea. W. M. Ckypuxuna,
B. A. Tyrenssina. — M.: leJIu npunrt, 2002. — 236 c.

19. Terno- 1 MaccooOMeH. TermnmoTeXHUYeCKHid IKCIIepUMeHT: cipaBodHuk / E. B. AmeTuctoB [u np.]; mon oOmI. pex.
E. A. I'puropsesa, B. M. 3opuna. — M.: DHeprouzaar, 1982. — 512 c.

20. Cmaruna, M. H. Bnusaue n3meHeHns Temiopu3n4eckuX XapakTepUCTUK MaTepHaa Ha MPoLecC HarpeBaHUs U3Jie-
nuit u3 mMsicaoro dapima / M. H. Cmaruna, J[. A. Cmarun, A. A. Cmousik // TTuineBast MpOMBIIIIJICHHOCTh: HaAyKa U TEXHOJIO-
run. — 2020. — Ne 4 (5). — C. 61-68. https://doi.org/10.47612/2073-4794-2020-13-4(50)-61-69

21. Cmarus, . A. MeToaUKHU pacyeTa MPONOKUTEIBHOCTH 3alleKaHus U3JeIUN U3 MSCHOTO (aplna IMpu TEIIOBON
00paboTke B KOHBEKITMOHHBIX redax / JI. A. CmaruH, A. A. Cmonsak, M. H. Cmaruna // Bec. Han. akaa. mHaByk bemapyci. Cep.
arpap. HaByK. —2020. — T. 58, Ne 3. — C. 373-384. https://doi.org/10.29235/1817-7204-2020-58-3-373-384

22. liseTkoB, ®. ®@. 3agaunuk 10 TemoMaccoodbMeny: yueod. mocodue / ®. . I{Betkos, P. B. Kepumos, B. 1. Bennuko. —
3-e mu3n. — M.: U3a. nom MBDU, 2010. — 196 c.

23. Kpacuomekos, E. A. 3amaunuk no rerronepenayde: yued. mocobue ais By3os / E. A. Kpacuomekos, A. C. Cykomer. —
4-e m3a., nepepad. — M.: Dueprus, 1980. — 288 c.

References

1. Nikolaev N. S. Modeling of the Process of Heat Treatment of Meat Raw Materials as a Complex System. Moscow,
Moscow State Academy of Applied Biotechnology, 1996. 55 p. (in Russian).

2.Rogov I. A., Zabashta A. G., Kaziulin G. P. Technology of Meat and Meat Products. Book 2. Technology of Meat
Products. Moscow, KolosS Publ., 2009. 712 p. (in Russian).

3. Ginzburg A. S., Gromov M. A., Krasovskaya G. . Thermophysical Characteristics of Food Products. 2" ed. Moscow,
Pishchevaya promyshlennost’ Publ., 1980. 288 p. (in Russian).

4. Marcotte M., Taherian Ali R., Karimi Y. Thermophysical properties of processed meat and poultry products. Journal
of Food Engineering, 2008, vol. 88, iss. 3, pp. 315-322. http://doi.org/10.1016/j.jfoodeng.2008.02.016

5. Dul’ger N. V., Zaripov R. N., Lysova V. N. Experimental evaluation of thermophysical characteristics of animal prod-
ucts. Vestnik Astrakhanskogo gosudarstvennogo tekhnicheskogo universiteta = Bulletin of the Astrakhan State Technical
University, 2005, no. 2 (25), pp. 284287 (in Russian).

6. Svetlov Yu. V., Nikiforov Yu. B. Effective thermal conductivity and inner transfer surface of porous and fibrous
materials on the example of foodstuffs. Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2015, vol. 10, no. 6,
pp. 71-78 (in Russian).

7. Kosoy V. D., Dorohov V. P. Improving the Production of Sausages. Moscow, DeLi print Publ., 2006. 766 p. (in Russian).

8. Bragnikov A. M. Theory of Heat Treatment of Meat Products. Moscow, Agropromizdat Publ., 1987. 271 p. (in Russian).

9. Glagoleva L. E., Zatsepilina N. P., Kopylov M. V., Nesterenko I. V. Calculation of the duration of the process of heat
and moisture treatment of semi-finished products based on animal and vegetable raw materials. Vestnik Voronezhskogo gosu-
darstvennogo universiteta inzhenernykh tekhnologii = Bulletin of the Voronezh State University of Engineering Technologies,
2018, vol. 80, no. 2, pp. 51-57 (in Russian). https://doi.org/10.20914/2310-1202-2018-2-51-57



Becni Hanpistnanpnait akagsmii HaByk benapyci. Cepbis disika-TaxHiuHbIX HaByK. 2023. T. 68, Ne2. C. 137-148
148 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2023, vol. 68, no. 2, pp. 137-148

10. Verboloz E. 1., Romanchikov S. A. Features of low-temperature heat treatment of meat products in a steam convector
with the imposition of ultrasonic vibrations. Vestnik Voronezhskogo gosudarstvennogo universiteta inzhenernykh tekhno-
logii = Bulletin of the Voronezh State University of Engineering Technologies, 2017, vol. 79, no. 3, pp. 35—41 (in Russian).
https://doi.org/10.20914/2310-1202-2017-3-35-41

11. Isleroglu H., Kaymak-Ertekin F. Modelling of heat and mass transfer during cooking in steam-assisted hybrid oven.
Journal of Food Engineering, 2016, vol. 181, pp. 50-58. https://doi.org/10.1016/j.jfoodeng.2016.02.027

12. Ahmad S., Khan M. A., Kamil M. Mathematical modeling of meat cylinder cooking. LWT — Food Science and
Technology, 2015, vol. 60, iss. 2, part 1, pp. 678—683. https://doi.org/10.1016/j.1wt.2014.10.061

13. Kondjoyan A., Oillic S., Portanguen S., Gros J.-B. Combined heat transfer and kinetic models to predict cooking
loss during heat treatment of beef meat. Meat Science, 2013, vol. 95, iss. 2, pp. 336-344. https://doi.org/10.1016/j.meats-
¢i.2013.04.061

14. Rinaldi M., Chiavaro E., Massini R. Real-time estimation of slowest heating point temperature and residual cooking
time by coupling multipoint temperature measurement and mathematical modelling: Application to meat cooking automation.
Food Control, 2012, vol. 23, iss. 2, pp. 412—418. http://doi.org/10.1016/j.foodcont.2011.08.009

15. Chen H., Marks B. P., Murphy R. Y. Modeling coupled heat and mass transfer for convection cooking of chicken
patties. Journal of Food Engineering, 1999, vol. 42, iss. 3, pp. 139—146. https://doi.org/10.1016/S0260-8774%2899%2900111-9

16. Erdogdu F. Mathematical approaches for use of analytical solutions in experimental determination of heat and
mass transfer parameters. Journal of Food Engineering, 2005, vol. 68, iss. 2, pp. 233-238. http://doi.org/10.1016/j.jfood-
eng.2004.05.038

17. Jiaheng Li, Yong Deng, Weidong Xu, Runan Zhao, Tingting Chen, Mingzhe Wang, Enbo Xu, Jianwei Zhou, Wenjun
Wang, Donghong Liu. Multiscale modeling of food thermal processing for insight, comprehension, and utilization of heat and
mass transfer: A state-of-the-art review. Trends in Food Science & Technology, vol. 131, pp. 31-45. https://doi.org/10.1016/j.
tifs.2022.11.018

18. Skurikhin I. M., Tutel’iana V. A. Chemical Composition of Russian Food Products. Moscow, DeLi print Publ., 2002.
236 p. (in Russian).

19. Grigor’ev V. A., Zorin V. M., eds. Heat and Mass Transfer. Thermal Engineering Experiment. Moscow, Energoizdat
Publ., 1982. 512 p. (in Russian).

20. Smagina M. N., Smagin D. A., Smoliak A. A. The influence of changes in the thermophysical characteristics of the
material on the heating process of minced meat products. Pishchevaia promyshlennost’: nauka i tekhnologii = Food Industry:
Science and Technology, 2020, no. 4 (5), pp. 61-68 (in Russian). https://doi.org/10.47612/2073-4794-2020-13-4(50)-61-69

21. Smagin D. A., Smolyak A. A., Smagina M. N. Methods for calculating the duration of baking of minced meat pro-
ducts during heat treatment in convection ovens. Vestsi Natsyyanal’nay akademii navuk Belarusi. Seryya agrarnykh navuk =
Proceedings of the National Academy of Sciences of Belarus. Agrarian series, 2020, vol. 58, no. 3, pp. 373-384 (in Russian).
https://doi.org/10.29235/1817-7204-2020-58-3-373-384

22. Tsvetkov F. F., Kerimov R. V., Velichko V. 1. 4 Task Book on Heat and Mass Transfer. 3" ed. Moscow, Publishing
House of MEI, 2010. 196 p. (in Russian).

23. Krasnoshchekov E. A., Sukomel A. S. Taskbook on Heat Transfer. 4™ ed. Moscow, Energy Publ., 1980. 288 p.
(in Russian).



Becui HaupisinanbHait akagamii HaByk benapyci. Cepbis ¢isika-TaxHiuHbIX HaByK. 2023. T. 68, Ne2. C. 149-155
Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2023, vol. 68, no. 2, pp. 149-155 149

ISSN 1561-8358 (Print)
ISSN 2524-244X (Online)

PA/THOSJIEKTPOHHUKA, IPHBOPOCTPOEHHUE
RADIOELECTRONICS, INSTRUMENT-MAKING

https://doi.org/10.29235/1561-8358-2023-68-2-149-155 _
UDC [612.21-055.1]-047.37 (@) BY 40

Original article

Ina I. Revinskaya', Pavel V. Kamlach, Yauhen I. Liashchevich
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6, P. Brovka Str., 220013, Minsk, Republic of Belarus

HARDWARE-SOFTWARE COMPLEX FOR STUDYING
OF BREATHING VOLUME PARAMETERS

Abstract. In this paper, a developed hardware-software complex for studying volume parameters of breathing is
considered. To estimate the volumetric parameters of breathing, a method for registering the movement of the chest and
abdominal walls by changing the overall dimensions of the chest and abdomen with ranking according to the anatomical
features of a person is proposed. A technique for researching the volumetric parameters of breathing based on the method
of video recording of the movements of the chest and abdominal wall of a person was developed. The proposed method was
used to estimate volume parameters of breathing among men aged 20-22 years. BMI (body mass index) ranged from 18.2 to
30.1 kg/m? The research of volumetric parameters of respiration was carried out using the hardware-software complex and
the proposed technique for registering the biomechanics of breathing. Conclusions about the relation between volumetric
parameters of breathing and the values of changes in the overall dimensions of the chest and abdomen during respiration were
drawn. A correlation-regression analysis of the volumes of inhaled/exhaled air and the values of deviations of the overall
dimensions of the chest and abdomen was carried out. The results obtained indicate a strong relation between volumetric
parameters of breathing and the values of deviations in the overall dimensions of the chest and abdomen.
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OpuZMHaﬂbHaﬂ cmamoA

H. . PeBnﬂcxaﬂ*, I1. B. Kamaau, E. 1. JlemeBuy

Benopycckuii 2ocyoapcmeennbiii ynugepcumen UHGOOPMamuku u paouodnekmpoHuKiu,
ya. I1. Bposku, 6, 220013, Munck, Pecnyonuxa beaapyco

ANIIMAPATHO-ITPOT PAMMHBI A KOMILJIEKC
JJIA UCCJIEJOBAHUSA OBPBEMHBIX TAPAMETPOB JbIXAHUS

AnHoTtanus. [IpuBonuTcs onucanue pa3pabOTaHHOrO aNMapaTHO-MPOrPaMMHOIO KOMIIIEKCa AJIsl HCCIeJOBAHUS 00b-
eMHBIX [TapaMeTpoB AbIXaHus. [t onpeseneHus yka3aHHbIX HapaMeTPOB AbIXaHUs ((KM3HEHHOW €MKOCTH JISTKHX M JIbIXa-
TEJIBHOTO 00beMa) MpeAaraeTcs Croco0 perucTpauyl JBUKCHUS TPYIHON U OPIOITHOM CTEHOK MO M3MEHEHHUIO TabapuTHBIX
pa3MepoB I'pyIHOI KJIETKH U )KHBOTA C PAHXHPOBAHUEM 10 aHATOMUYECKNM O0COOCHHOCTSIM uesoBeka. Pazpaborana mero-
JIMKa MCCIEeOBAHUS 00BEMHBIX [TapaMEeTPOB JIbIXaHHUS, OCHOBAaHHAs HA METOJE BUICOCHEMKHU BHIKEHUS I'DYAHON KIETKH
1 OpIOIIHOM CTeHKH YenoBeka. [IpennoxkeHHas MeToauKa Oblila HCTIOIB30BaHA MPU OIIEHKE 00BEMHBIX TAPaMETPOB JBIXAHUS
cpenu Myx)uKH B Bospacte 20—22 er. Mnxexc maces Tena (MMT) Bapsiposaics ot 18,2 10 30,1 kr/m?. C MOMOIIBO arma-
PaTHO-IIPOTPaMMHOT0 KOMILIEKCA MPOBEIEHBI UCCIIEIOBAHUS 00BbEMHBIX MapaMeTPOB ABIXaHUS COBMECTHO C MPEJJIOKEH-
HBIM CHOCOOOM PErHCTpanuy OMOMEXaHHUKH JIBIXaHUs, CAETAHEI BHIBOABI O B3aMMOCBS3H OOBEMHBIX TapaMeTPOB JBIXaHUS
Y 3HaYECHUH OTKJIOHEHUH rabapUTHBIX pa3MepoB I'PyJHON KJIETKH U KUBOTA BO BpeMs AblxaHus. lIpoBeneH KoppeasLuoH-
HO-PErPeCcCHOHHBIN aHaIN3 00BEMOB BIBIXa€MOTO/BBIIBIXAEMOT0 BO3IyXa M 3HAYEHUH OTKIOHEHUI Ta0apuTHBIX Pa3MEpOB
I'PYIHOI KJIETKH U )KUBOTA. [0JTydeHHBIe pe3ybTaThl CBHJCTEILCTBYIOT O CHIIBHOW B3aMMOCBSI3H O0BEMHBIX ITapaMeTpOB
JBIXaHUA M 3HAYEHU ! OTKIOHEHHUH rabapuTHBIX pa3MepOB TPYAHON KIETKH U )KUBOTA.

KuaroueBsie cioBa: 6nomexanuka, asrxanue, COVID-19, cimpomeTpusi, BUACOPETUCTPATOP, 00BEM JETKUX
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Introduction. Breathing movements of the chest and abdomen are carried out by the respiratory
muscles and closely correlate with the increase and decrease in the volume of the chest, which in turn
describes changes in the volume of inhaled and exhaled air [1]. Since external respiration is carried out
by changes in chest volume and concomitant changes in lung volume, it is worth mentioning how the
biomechanics of breathing occurs.

Inhalation occurs due to an increase in the volume of the chest cavity in three directions — vertical,
sagittal and frontal [2, 3]. This is due to the rise of the ribs and the lowering of the diaphragm. The
volume of the chest and the lungs in it increase on inspiration; at the same time, the pressure in them
decreases, and air enters the pulmonary alveoli through the airways. During inhalation, the respiratory
muscles of a person overcome a number of forces: 1) the severity of the ribs raised upward; 2) elastic
resistance of costal cartilages; 3) the resistance of the walls of the abdomen and abdominal viscera,
pressed downwards by the descending dome of the diaphragm.

Exhalation is carried out passively: the respiratory muscles relax, under the influence of these forc-
es, the ribs fall, and the diaphragm rises. As a result, the volume of the chest decreases. The abdominal
muscles contract and push the abdominal organs and the dome of the diaphragm upward. On exhalation,
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the volume of the chest, and, consequently, of the lungs, decreases, the pressure in the alveoli increases
and the air comes out of the lungs.

Classical research methods for respiratory function (spirometry, pneumotachometry, etc.) make it
possible to identify possible pathologies of respiratory function, respiratory diseases such as COPD,
asthma, bronchitis, etc. Spirometry is designed to measure the volume of inhaled and exhaled air and is
considered the “gold standard” for diagnosing chronic obstructive pulmonary disease [4].

Preparation for spirometry requires the use of disposable consumables (mouthpiece, antibacterial
filter, replaceable mesh, etc.) [4], regular sanitization of the measuring tube from sputum after each pa-
tient, which is especially important in the context of the COVID-19 pandemic. In addition, after regular
sanitization (in the case of disassembly and assembly of the measuring tube), calibration of the device
is required, which increases the time it takes to prepare the equipment for use. During measurements,
the use of a nose clip is mandatory for reliable results, which causes discomfort to the subject and may
affect the normal breathing pattern of the subject. The psychological factor of influence on the results of
the research should be taken into account. In addition, spirometry does not allow for long-term studies
of breathing parameters [4, 5].

Currently, it is becoming more and more important to use both contact and non-contact methods
for researching the function of external respiration. Recent scientific research in this area substantiates
the possibility of using methods based on the analysis of the movement of the chest and abdomen [6].
There are three approaches to breath analysis: based on the recording of chest deformation caused by
respiratory activity (strain sensors); based on changes in transthoracic impedance (impedance sensors);
based on the recording of chest movements (for example, chest tilt, acceleration and speed) using an ac-
celerometer, gyroscope, magnetometer.

These methods make it possible to indirectly estimate the volumetric parameters of breathing from
the values obtained from the sensors (change in the impedance of the chest during breathing, change
in the capacitance of the sensor, resistance, etc.) due to the movement of the chest and abdominal cavity.
Thus, it is relevant and promising to develop methods for researching the function of external respiration by
the movement of the chest and abdomen. Such methods will solve the previously described disadvantages.

In this paper, it is proposed to use the method of recording the movement of the chest and abdominal
walls by changing the overall dimensions of the chest and abdomen with ranking according to the ana-
tomical features of a person to determine the volumetric breathing parameters.

Material and methods. For studying the volumetric parameters of breathing a hardware-software
complex (HSC) was developed. The structure of the HSC (Figure 1) includes a spirometer, a video cam-
era and a personal computer (PC).

An automated multifunctional spirometer MAC-1 was used to measure of volume capacity (VC)
and tidal volume (7)) The main technical characteristics of the spirometer: air volume measurement
limit 1-8 dm®, measured flow up to — 18 1/s, accuracy class — 5 %, automatic quality control tests in
accordance with ATS-1994 and ATS/ERS-2005 [7]. Spirometry was used as a reference method for
measuring the volume of inhaled and exhaled air and to estimate the validity of the proposed method of
measurement based on the analysis of the movement of the chest and abdomen.

A video camera was used to record the movements of the chest and abdominal walls of the sub-
ject during breathing. According to the obtained video fragments, the values of deviations of the chest
and abdomen were calculated. Main technical characteristics of the video camera: screen resolution

Video camera

Subject PC

Spirometer

Figure 1. Structural diagram of the hardware-software complex for the study of the volumetric parameters of breathing
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1080 x 1920, number of matrix dots — 12 MP, maximum frames per second — 240 frames/s (1280 x 720),
optical stabilization. The video camera was mounted on a tripod at a distance of 50-60 cm to the right
of the subject. The height of the video camera was adjusted depending on the height of the subject. On
the left of the subject, a calibration board was placed with a division value of 0.5 and 1.0 cm along the
X axis, and 2 cm along the Y axis.

Using a PC with specialized software, video files were divided into video fragments, video frag-
ments were processed, data was extracted from the spirometer, and the statistical analysis of the ob-
tained experimental data was carried out.

Method for assessing volumetric parameters of breathing. A technique for registering volumetric
parameters of breathing using the hardware-software complex was developed and includes six steps:

1. Collection of anamnesis (age, height, weight, presence of diseases, including chronic ones).

2. Placement of markers on the human body (Figure 2, a—d) — in the sagittal plane, in the direction
of the video camera. The first mark was attached at the midpoint relative to the line of the armpits and
nipples, the second mark is at the level of the solar plexus, the third — at the level of the abdomen (waist).
The marks help to determine correctly the places, at the level of which the deviations of the overall di-
mensions of the chest and abdomen were calculated.

3. The subject must be properly seated.

4. Installation of a video camera and a calibration board. The height of the video camera and the
board can be adjusted depending on the height of the subject. The video camera must be placed parallel
to the measurement plane.

5. Setting up the spirometer. Entering patient data.

6. Starting the video camera and performing spirometry tests.

Spirometry tests were carried out in accordance with the guidelines of the Ministry of Health of
the Republic of Belarus [8]. During the research, the current lung volumes were assessed and, at the
same time, the images obtained by the video camera were recorded during calm breathing on inspira-
tion (see Figure 2, a), on exhalation (see Figure 2, b), then, on command, the subject took a deep breath
(see Figure 2, ¢) and calm full exhalation (see Figure 2, d), respectively.

The determination of the correlation of volumetric breathing parameters (volume capacity) and the
values of deviations of the overall dimensions of the chest and abdomen is computed by six levels as
shown in Figure 2, a-d. Chest movements are determined by points A, B, C, abdominal movements — by
points D, E, F. The value Ax, was determined as a deviation from the minimum difference in the coordi-
nates of the extreme points of the back and chest (or abdomen), index i denotes the number of measure-
ments.

o

Figure 2. Fragments of video recording during the spirometry test: @ — inspiration, b — expiration, ¢ — deep breath, d — quiet
full exhalation; estimation of deviations of the chest and abdomen is computed by six levels: A — at the level of the armpit;
B — as the midpoint between A and C; C — 2 cm below the nipple; D — at the level of the solar plexus (diaphragm);

E — the midpoint between D and F; F — at the level of the maximum deflection of the abdomen during breathing
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To assess the nonlinear relationship between the volumes of inhaled and exhaled air and the devia-
tion values, the correlation ratio [9, 10] is calculated by the formula

DY
> (-9

where 6, is the residual dispersion, o is the variance of the actual values of the resulting feature, j are
the theoretical values obtained from the regression equation y is the arithmetic mean deviation of value
and y, are the empirical values.

The root expression of the correlation relationship is the coefficient of determination and is calculat-
ed by the formula

@D
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The coefficient of determination shows how closely the observed values adjoin the regression line.

To check the adequacy of the regression model [10], Student’s #-test is used and is calculated by the
formula and was signed as 7,

il N-2
my 1—1']2,

G

where (N —2) is the number of degrees of freedom at a given significance level and sample size N, m, is the
standard error of correlation ratio . The standard error for the correlation coefficient can be written as n + m, .

Result and discussion. Research on the biomechanics of breathing was carried out on the ba-
sis of the Department of Electronic Technique and Technology of the Belarusian State University of
Informatics and Radioelectronics. According to the method described above using the hardware-soft-
ware complex, 26 people (men) aged from 20 to 22 years were researched, while the subjects were divid-
ed into two groups according to the value of the body mass index (BMI): 18.2-25.0 kg/m? (normal) and
25.0-30.1 kg/m? (overweight).

For each subject, the correlation coefficients were calculated by six levels A—F (see Figure 2, a—d).
When assessing the parameters from the group with normal BMI, a subgroup with the highest was iden-
tified (6 people, age 2022 years, height 169—182 cm, weight 55-70 kg, BMI 19.3-21.5 kg/m?).

Figure 3, a—f'shows the dependency of volume capacities on the values of deviations of the chest and
abdominal walls for this subgroup for levels A—F. On the x-axis the deviations of the chest / abdomen
Ax,, Ax,, Ax, in centimeters (cm) are shown, on the y-axis — volume capacity in liters (L).

The approximation curve describes a non-linear functional relationship between the experimental
data in the form of a polynomial curve. The non-linear relationship is explained by the fact that in the
process of breathing, the lung volumes changes together with the movements of the walls of the chest
and abdomen in the horizontal, sagittal and frontal planes. The measurements were carried out in the
sagittal plane, since during normal breathing the body walls move with the largest amplitude.

Table summarizes the calculated correlation coefficients 1, (taking into account the standard error of
the correlation coefficients m,) and determination coefficients R

The values of the correlation relation and the coefficient of determination for points A-D

Parameter / Point A (Ax) B (Ax,) C (Axy) D (Ax,) E (Axy) F (Ax,)
Correlation relation n £ m, 0.92 +£0.08 0.92 £0.08 0.98 £ 0.05 0.84 +0.11 0.66 = 0.16 0.47 +0.19
Determination coefficient R? 0.84 0.84 0.95 0.70 0.44 0.22

The experimental data are closest to the approximating curve at level C (Figure 3, ¢), correlation
relation 1 = 0.98 £ 0.05, for levels A and B 1 = 0.92+ 0.08 (Figure 3, a, b). Dispersion value for point
D is significant (Figure 3, d), but there is still a strong relation. The largest dispersion of values and the
lowest values of the correlation ratio for points E (N = 0.66 ) and F (n = 0.47) can be explained by the fact
that the subjects were dominated by the thoracic type of breathing, and the movement of the chest and
abdomen occurs inconsistently.
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Figure 3. Scatterplots between volume capacity measurements and deviations of the chest and abdomen:
a—atlevel A, b—atlevel B, ¢c —atlevel C, d — at level D, e — at level E, f— at level F

Conclusion. The hardware-software complex was developed to estimate the volumetric parameters
of breathing. It includes a spirometer, a video camera and a personal computer with specialized soft-
ware. The research of volumetric parameters of respiration was carried out using the hardware-software
complex and the proposed technique for registering the biomechanics of breathing.

The obtained results confirm the possibility of using the developed hardware-software complex
in the study of lung volumes. Applying the correlation-regression analysis of the experimental re-
sults, it was found that the polynomial regression model most accurately describes the tightness of the
relationship between the volume capacity and the deviations in the overall dimensions of the chest.
The proposed hardware-software complex will allow in the future to estimate the volume capacity
in real-time under conditions of long-term monitoring, where the use of standard research methods
is difficult.
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DEVICE CHARACTERIZATION OF GALLIUM NITRIDE HIGH ELECTRON
MOBILITY TRANSISTOR WITH A BORON NITRIDE HEAT-SPREADING ELEMENT

Abstract. A local thermal management solution for high electron mobility transistors based on GaN was developed us-
ing a BN layer as a heat-spreading element. The thermally conducting and electrically insulating nature of BN allows it to be
placed close to the active area and to be in direct contact with the electrodes and the heat sink, thus introducing an additional
heat-escaping route. The numerical simulations of a GaN high electron mobility transistor with the BN heat-spreading element
revealed the improvement in the DC, breakdown, small-signal AC and transient characteristics. In case of sapphire substrate,
the maximum temperature in the device structure operating at a power density of 3.3 W/mm was reduced by 82.4 °C, while
the breakdown voltage at a gate-source voltage of 2 V was increased by 357 V. The cut-off frequency and the maximum os-
cillation frequency at a gate-source voltage of 6 V and a drain-source voltage of 30 V were enhanced by 1.38 and 1.49 times,
respectively. We suppose that the proposed thermal management method can be adapted to other high-power devices.
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SKCIIJIYATAIIMOHHBIE XAPAKTEPUCTUKHU TPAH3UCTOPA C BBICOKOM ITOJABUKHOCTbIO
SJIEKTPOHOB HA OCHOBE HUTPUJIA T'AJIJIUS C TEIJIOOTBOAAIIIMMU SJTIEMEHTAMMU
HA OCHOBE HUTPUJA BOPA

AnHoTauus. [Ipeuiaraertcs MeTo]] yMEHbIICHHUS BIUsSHUA 3 deKTa caMopa3orpesa B TPAH3UCTOPAX C BBICOKON MOJBHIK-
HOCTBIO 3JIEKTPOHOB Ha OCHOBE HHUTPHJA TaJUINs, KOTOPbIH 3aKJIF0YaeTCsl B MCIOJIb30BAHUHM CIIOSI HUTpUAA Oopa B KauecTBe
TEIMJI00TBOASIICTO AJIEMEHTa. BbICOKast TEIIONPOBOIHOCTD M HU3KAs JJICKTPUYECKast TPOBOAUMOCT HUTPH 18 6Opa MO3BOJISIOT
pacrmoJiarath cioif Ha ero OCHOBE BOJIM3U aKTHBHOMN 00J1aCTH ¥ HAXOJUTHCS B IUIOTHOM KOHTAaKTE C 3JIEKTPOJIAMH H TEIJIONOTIIO-
IAFOLINAM 3JIEMEHTOM, (GOPMHUPYSI TAKUM 00pa30M JOMOIHHUTEIBHBII KaHaI JUIsl OTBEICHHS H30BITOUHOTO TEIIa. Pe3ybrarsl
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YHCJICHHOTO MOJCIHPOBAHUS TPAH3UCTOPA C BEICOKOM TOJBHIKHOCTBIO 3JIEKTPOHOB Ha OCHOBE HUTPHUAA TaJUINsl C TEIIOOTBO-
JSIIAM 3JIEMEHTOM Ha OCHOBE HMTpHJA O0pa yKa3blBalOT Ha yIMyUIIEHHE 3JIEKTPUUIECKUX, YACTOTHBIX U MEPEXOIHBIX Xapak-
TEPUCTHUK, YBEIIMUCHNE HANPSDKEHHS MpoOos. B cirydae candupoBoi MOMIOKKH MakCHMalbHas TeMIepaTrypa B CTPyKType
npudopa, padoraromero Ha ypoBre 3,3 Br/MM, cHmxaercs Ha 82,4 °C, mpu 3TOM HanpspKEHHE NPOOO0s, paCCUMTAHHOE IIPH
HaIpsKEHUU 3aTBOP-UCTOK 2 B, nosblaeTcs Ha 357 B. ['pannuHas yacToTa U MakcuMallbHas 4aCTOTA FeHEepalluy, ONpeIC/ICH-
HBIE NP HANIPSKEHUH 3aTBOP-UCTOK 6 B 1 HanpspkeHnu cTok-uctok 30 B, yBennuusatores B 1,38 u 1,49 pas, cOOTBETCTBEHHO.
Ipennaraemoe KOHCTPYKTHBHO-TEXHOIOTHYECKOE PEIICHNE MOXKET UCTIONB30BATHCS M AT APYTHX MOIIHBIX TTPHOOPOB.

KiioueBble c10Ba: reTepoCTPyKTYPHBIH MMOJIEBOH TpaH3UCTOpa, HUTPUA OOpa, HUTPHJ] TaJUIUs, TPHOOPHOE MOJIENH-
poBaHMe, pacCessHUE Tellla, CAaMOPa30rPeB, CHIIOBAs MICKTPOHHUKA, TEIIOOTBOASIIUIT JIEMEHT, TPAH3UCTOP C BBICOKOH I10-
JABHUXHOCTBIO DJICKTPOHOB, YIIPAaBJICHUE TECIJIOBBIM PEKUMOM
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Introduction. The advent of power semiconductor devices in the middle of the last century laid
a solid foundation for modern power electronics — the branch of electrical engineering that is engaged
in the control and conversion of electric power. It has found a broad spectrum of applications, varying
in size from a switch-mode power supply in AC adapters, through a variable-frequency drive used in
pumping plants, up to a high-voltage DC electric power transmission system. Advancements in power
electronics are crucial to unlocking efficient generation, distribution and consumption of electrical en-
ergy, since a power conversion system can be found in virtually every electronic component. A major
breakthrough that would greatly improve the efficiency by ensuring low switching and conduction loss-
es is expected from the use of novel materials. Since the inception of solid-state electronics, the basic
semiconductor for manufacturing power devices has been silicon. However, silicon technology is now
failing to meet the requirements of up-to-date industrial applications and, to current opinion, is about to
reach its limits [1]. Consequently, there is a continuous trend towards the introduction of next-generation
power devices based on wide band gap semiconductors. One of these attractive materials is GaN — a rep-
resentative of unique group-III nitrides. In 2021, global sales of GaN devices were valued at $1.88 billion
and are estimated to expand at a compound annual growth rate of 24.4 % from 2022 to 2030 [2]. Among
the benefits offered by GaN transistors, a low on-state resistance, a high breakdown voltage, a high op-
erational switching frequency, along with excellent thermal and radiation stability should be mentioned.
Moreover, a definite advantage of GaN is the ability to form different top-quality heterostructures with
other group-III nitrides using band-gap engineering. In particular, a two-dimensional electron gas with
a sheet concentration of 10" cm * and a carrier mobility of 2,000 cm?/(V-s) is usually created in AlGaN/
GaN heterostructures [3, 4] due to the spontaneous and piezoelectric components of electrical polariza-
tion and to the donor-like surface states acting as the source of electrons [5, 6].

One of the most appealing devices for power electronics is a high electron mobility transistor (HEMT),
or a heterostructure field-effect transistor, based on group-III nitrides. It exploits the high in-plane mobility
of the two-dimensional electron gas that is generated in the quantum well near the heterojunction. Although
GaN HEMTs have significantly advanced in recent times [7, §], to reveal them as reliable and economical-
ly viable devices there are still several fundamental challenges that must be resolved. One such critical
problem is the self-heating effect. When a GaN HEMT operates at a high power level, ohmic heating leads
to the degradation of the current-voltage characteristics and results in device reliability issues [9]. This
phenomenon is observed because of the inherently poor heat dissipation capability of lateral GaN HEMTs.
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In order to suppress the self-heating effect, a wide variety of approaches has been proposed to date
[10—14]. Most of them, however, act at the package level and fail to remove adequately the excess heat
from the active region of the transistor. Therefore, it is necessary to establish a local thermal man-
agement method that could be applied at the micrometer scale, or at the device level. Yan ef al. have
demonstrated that the heat dissipation capability of GaN HEMTs can be increased at the micrometer
scale by a graphene-graphite heat-spreading element covering the drain contact [15]. Graphene has very
exciting prospects for thermal management applications due to its superior in-plane thermal conductiv-
ity. Additionally, the heat conduction in graphene is noticeably anisotropic and the out-of-plane ther-
mal conductivity is estimated to be about 0.1 W/(cm'K). This actually may be advantageous, since the
heat-spreading element would remove the heat away rather than dissipate it around the hot spot. On the
other hand, the extremely good electrical conductance of graphene imposes a limitation on the location
of the heat-spreading element, thus requiring an extra photolithography step to pattern graphene and
complicating the process flow [16, 17]. Consequently, there is a strong demand for highly thermally
conducting but electrically insulating materials. It is well known that diamond falls into this catego-
ry, but its high temperature and pressure synthesis process is still unacceptably expensive. One of the
most promising materials that possess the required properties is BN. Recent measurements showed that
the in-plane thermal conductivity of its isotopically near-natural (78 % ''B, 22 % '°B) hexagonal form
(a-BN) equals to 4.08 W/(cm'K). For the monoisotopic '’B and "BN a-BN crystals, the values
of 5.85 and 5.50 W/(cm'K) were obtained, respectively. By analogy with graphene, the heat conduc-
tion in hexagonal BN is anisotropic as its out-of-plane thermal conductivity does not exceed a value
of 0.033 W/(cm-'K) [18]. An efficient local thermal management method using a few-layer a-BN heat-sprea-
ding element covering the whole top surface of the device structure was proposed by Lin et al. [16].

According to the latest experimental studies, the thermal conductivity of isotopically natural (78.3 %
"B, 21.7 % '"B) cubic BN (B-BN) reaches 8.8 W/(cmK), which is twice as high as the respective va-
lue in hexagonal BN. For the isotopically purified '°B and ''BN B-BN samples, the values of 16.5 and
16.6 W/(cm'K) were attained, respectively [19]. These results suggest that, at least in terms of thermal
conductivity, the cubic form has an advantage over the hexagonal one. In this paper, we show that the
performance of GaN HEMTs can be substantially enhanced by the introduction of a heat-spreading ele-
ment based on B-BN. The thermally conducting and electrically insulating nature of B-BN allows it to be
placed close to the conducting channel and to be in direct contact with the electrodes and the heat sink,
thus constituting an additional heat-escaping route.

Device Structure. The main object of the research is a normally-off GaN HEMT augmented with
a heat-removing system consisting of a 3-BN heat-spreading element and a pyrolytic graphite heat sink.
A two-dimensional representation of the device structure is shown in Figure 1.

We specifically used AlGaN/AIN/GaN HEMTs with the layered structure that is composed of
a 15-nm-thick Alj,,Ga,gN barrier layer, a 2-nm AIN spacer and a 1.5-um GaN buffer layer depo-
sited on either a sapphire or a 6H-SiC substrate. Both the barrier layer and the spacer are undoped.

A

¥ | AlGaN|
—~ P Heat sink

Passivation | \
_,Z Eae Heat-spreading element

\
\ \ Barrierlayer

Spacer

]

Source
Drain

Buffer layer

Substrate

Figure 1. GaN HEMT with a BN heat-spreading element
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In the buffer layer, iron-induced deep-level acceptor trap states with an associated energy of 0.7 eV below
the conduction band minimum and a uniform concentration of 1-10"* ¢cm™ are introduced to control
the drain current in the subthreshold region. Additionally, a 20-nm p-type Al ,,Ga, 4N layer with an
acceptor concentration of 5.3-10"® cm™ is formed beneath the gate to yield a normally-off device [20].
The source, drain and gate electrodes are nominally made of gold and set to be ohmic contacts. Finally,
an 0.2-um SiO, layer is applied for surface passivation.

The substrate thickness equals to 100 pm. The lengths of the source and drain electrodes are 1 pm,
while the lengths of the lower (foot) and higher (head) parts of the T-shaped gate electrode are, respec-
tively, 0.5 and 0.7 um. The thickness of the gate head is 0.1 pm. The distance from the source to the gate
foot is 2 um and the distance from the gate foot to the drain is 6 pm. The thickness of the heat-spreading
element equals to 80 nm. The 20-um-thick heat sink is located at a distance of 0.5 um from the drain.
The device structure is 1 mm wide.

With the purpose of accurately simulating the temperature distribution, two thermal boundary condi-
tions are imposed, one on the bottom of the substrate and another on the top surface of the heat sink. Both of
these regions are sufficiently thick to assume that the temperature at the thermal contacts remains rigid. The
thermal boundary resistance (TBR) at the interfaces between the ambient and both the substrate and the
heat sink is not taken into consideration. With reference to this, the heat transfer coefficient goes to infinity.

Since the GaN HEMT is grown on a foreign substrate, the self-heating effect is aggravated by the
TBR between the substrate and the GaN buffer layer. Although the TBR at the sapphire—GaN interface
is negligible owing to the low thermal conductivity of the substrate, this is not the case for the SiC—GaN
contact. One approach to model the TBR is to incorporate a very narrow heat isolation layer between the
SiC and GaN regions. For a 10-nm-thick layer, its effective thermal conductivity should be set to a value
of 0.003 W/(cm'K) [21].

Simulation details. The electrical behavior of semiconductor devices is operated by a mathematical
model consisting of a coupled set of fundamental partial differential equations that bind together the
electrostatic potential and the carrier concentration. The framework of this model is provided by the
Poisson and the carrier continuity equations.

The Poisson equation governs the interaction between the potential and the space charge density:

V(SSOV(p)=q(n—p—N;+N;)—Q, M

where ¢ is the relative permittivity, g, is the electric constant, ¢ is the electrostatic potential, g is the
elementary charge, n and p are the electron and hole concentrations, N; and N, are the ionized donor
and acceptor impurity concentrations, Q is the charge density induced by traps and other defects.

The continuity equations describe the way the electron and hole concentrations evolve as a result of
transport, generation and recombination processes:

on 1

E:_V'Tn-l_Gn_Rn’ (2)
q

ap 1_—

a—t:—;VJp+Gp—Rp, (3)

where J, and .Tp are the electron and hole current densities, G, and G, are the generation rates for
electrons and holes, R, and R, are the recombination rates for electrons and holes.

The current density equations, or charge transport models, are often derived by applying various
approximations to the Boltzmann transport equation. The simplest transport model is the drift-diffusion
model, which has the advantage of not introducing any independent variables in addition to the potential
and the carrier concentration:

J, =4qD,Vn+qu,nE, @)
J,=4D,Vp—qu,pE, ®)

where D, and D, are the diffusion coefficients for electrons and holes, p, and p, are the electron and hole
mobilities, E is the electric field related to the potential through the Gauss law:
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Here, it should be noted that the Einstein relationship is tacitly assumed to hold:

D,=Vp,, (7)
Dp = VTpp, (8)

where V. is the thermal voltage:

K, T
Vv, =—8_, ©)]
q

where ky is the Boltzmann constant, 7 is the temperature.

The self-consistent solution of the Poisson and the carrier continuity equations must satisfy the
boundary conditions specified at the electrodes. Ohmic contacts are implemented as Dirichlet boundary
conditions, or first-type boundary conditions, where the potential and the carrier concentration at the
surface are fixed. If space charge neutrality is assumed and Maxwell-Boltzmann statistics is applied, the
surface electron and hole concentrations are calculated as follows:

N:—N: +\/(N; ~N;) 4

no _ 2 a int , (10)
2

P =2t (11)
)

where 7, is the intrinsic carrier concentration.

In the (AL Ga)N system, GaN features the narrowest band gap and is therefore used as the reference
material in the band alignment. In this case, the surface potential is calculated by

No(GaN)n, ) x(GaN) _x(AlGaN) o, (12)
w (GaN) N, (AlGaN)

0o =V;1In
n q q q

where N, is the effective density of states for electrons, y is the electron affinity, ¢, is the electron quasi-
Fermi level.
The intrinsic carrier concentration is defined by

E
nint:\/Nch exp(_z ; ja (13)

T

where N, is the effective density of states for holes, E, is the band gap.
The temperature dependence of the band gap for AIN, GaN and 6H-SiC is commonly fitted to the
empirical Varshni form:

al?
E(T)=E,(0K)- , 14
(1)=E,(0K) - 04
where a and 3 are adjustable (Varshni) parameters.
The parameters used in Eq. (14) for AIN, GaN and 6H-SiC are given in Table 1.
For AlGaN, the dependence of the band gap on composition fraction is described by
E,(Al,Ga,_N)=E_ (AIN)x+E,(GaN)(1-x)-C,x(1-x), (15)

where x is the composition fraction, C, is the bowing parameter, which is recommended to be set to
1.0 eV [22].

Table 1. Material-dependent parameters for the band gap model

. Parameter
Material
E, (0K) (eV) o (meV/K) B (K)
AIN [22] 6.23 1.799 1462
GaN [22] 3.507 0.909 830
6H-SiC [23] 3.023 0.65 1200
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The effective densities of states for electrons and holes, respectively, are defined by
3

2am k. T |2

N, :2{}1—213} , (16)
3
2am k. T 2

N, :2(%J , (17)

where m: and m; are the density of states effective masses of electrons and holes, # is the Planck constant.
For electrons and holes, we employed the low- and high-field temperature-dependent mobility mod-
els specifically developed by Farahmand et al. for the (Al,Ga)N material system [24].
In order to simulate the avalanche breakdown characteristics, an impact ionization model was turned
on. The electron-hole pair generation rate due to impact ionization is defined by

) (18)

Jﬂ

J

P

Gzé((xn

where @, and a,, are the ionization coefficients for electrons and holes:

+(Xp

E
o, =a,exp| ——=r |, (19)
‘E
E
o, =a exp| ——= |, (20)
P P ‘E

where a,, a,, E,, E, are adjustable parameters [25].

Modeling of the self-heating effect suggests the addition of a lattice heat flow equation to the coupled
system consisting of the Poisson and the carrier continuity equations. In the framework of the thermo-
dynamically rigorous model of lattice heating developed by Wachutka, the heat flow equation, which
describes the evolution of the local lattice temperature, has the following form [26]:

CyaaitL:V(KVTL)+H, (21)

where C), is the volumetric heat capacity, 7] is the lattice temperature, « is the thermal conductivity, H is
the heat source per volume unit.

Since ohmic heating is the dominant heat generation process in GaN HEMTs, the other mechanisms
are usually neglected [27]. As a result, the heat source per volume unit is reduced to the form

H=(J;+7))E. 22)

It is well known that thermal conductivity and heat capacity are strongly dependent on temperature.
This fact must be taken into account, as the operating temperature is very sensitive to the thermal con-
ductivity and heat capacity values in certain regions of the device structure. Otherwise, a significant
error will occur.

The temperature dependence of thermal conductivity is often expressed by

T\"
k(7)=x(300 K)| — | , 23
(r)=x(00 ) 575 @)
where o, is the temperature dependence coefficient.

For AlGaN, the dependence of the thermal conductivity on composition fraction and temperature is
described by [28]

K(ALGa, N)(T)= L(AH);)(T) * K(Gla;\;;(T) # Gl _x)} ’ 9
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where C, is the bowing parameter:

C.=3.649118x107T —0.221037. 5)

We used Eq. (23) for all the unary and binary materials except for gold, for which the thermal con-
ductivity is approximated by a simple linear regression [29]:

k(Au)(T)=3.365-6.5x10"T. (26)

The temperature dependence of the volumetric heat capacity of AIN, GaN, 6H-SiC and SiO, is de-

fined by
T \*
— -1
(300)
T

o
- + R
300)  C,(300K)

C, (T)=pC, (300 K)+pC, : 27)

where p is the mass density, C,, is the specific heat capacity, C; and o, are adjustable parameters [30].
The dependence of the volumetric heat capacity of Al,O,, gold, B-BN and pyrolytic graphite on tem-
perature is calculated by

d
C}(T)zac+%kT+1bT2+;%, (28)
where a, b, c- and d. are adjustable parameters.

When a lattice heat flow equation is solved, at least one thermal boundary condition must be speci-
fied. If a thermal contact is implemented as a Robin boundary condition, or a third-type boundary con-

dition, the following expression holds:
a(7, —T,)=—xVT,, (29)

where o is the heat transfer coefficient, 7|, is the ambient temperature, which is assumed to be 300 K.
The material-dependent parameters used in Egs. (23) and (28) are given in Table 2.

Table 2. Parameters for the thermal conductivity and volumetric heat capacity models

Material Pal;ameter T3 T3 3
K (300K) (W/(cm'K)) o, ac(J/(cm™K)) | b (J/(cm™K) | c. (J/(em™K”)) | d-(J-K/em’)
AIN 3.893 [28] 1.277 - - - -
GaN 2.583 [28] 1.031 — - - -
AlLO, 0.387 [31] 1.195 2.839 [33] 0.005 |-2.746:10"%| 79341.95
6H-SiC 3.736 [32] ~1.49 - - - —
Si0, 0.014 [30] 0.33 — - - -
B-BN 8.368 [19] 0.972 1.398 [34] 0.009 |-4.09110°| 120197.2
Graphite 19.342 [29] 1125 |—0.944 [35] 0.01 -5723-10° | 2661.553
Au - - 2492 [36] | 6.605:10° | 3.35:107 | 5489.457

Results. The primary subject of the research is a set of the DC, breakdown, small-signal AC and
transient characteristics of the GaN HEMTs without and with the heat-spreading element based on cu-
bic BN. In order to investigate the efficiency of our local thermal management solution, we employed
a comparative analysis as the main research technique.

The drain current vs. gate-source voltage (curve /) and transconductance vs. gate-source voltag-
es (2) characteristics of the device structures under study are presented in Figure 2. The drain-source
voltage (Vs) is 0.1 V. As evident from the plot, the GaN HEMT features a normally-off operation with
a threshold voltage of 1.98 eV. This value was mainly attained by tuning the acceptor concentration in
the p-AlGaN layer beneath the gate. Since a low power level is considered, the input characteristics are
completely identical regardless of whether a heat-removing system is present or not. The substrate mate-
rial also makes no difference.
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The efficient operation of the f-BN heat-spreading element is best seen at a high power level. The
distribution of the lattice temperature along the conducting channel (along the x axis) from the source to
drain contacts of the GaN HEMTs without (curves /, 3) and with (curves 2, 4) the B-BN layer is shown
in Figure 3. The distribution profiles / and 2 correspond to sapphire substrate, while 3 and 4 are ob-
tained on 6H-SiC substrate. The gate-source voltage (V) is 6 V and the drain-source voltage is 30 V.
After the additional heat-escaping route is introduced, the temperature falls dramatically over the whole
length of the channel. For instance, at a distance of 0 um from the source contact, the lattice temperature
is decreased from a value of 198.8 to 146.1 °C (AT, = 52.8 °C) when sapphire substrate is used. In case of
6H-SiC substrate, the temperature is decreased from a value of 117.1 to 95.3 °C (AT, = 21.8 °C).

The drain current vs. drain-source voltage (curves /—4) and maximum temperature vs. drain-source
voltage (curves 5—8) characteristics of the GaN HEMTs without (curves /, 3, 5, 7) and with (curves
2, 4, 6, 8) the B-BN heat-spreading element are presented in Figure 4. The curves /, 2, 5 and 6 corre-
spond to sapphire substrate, while curves 3, 4, 7 and § are obtained on 6H-SiC substrate. The gate-source
voltage is 6 V. Owing to ohmic heating, the current-voltage characteristics show distinct negative-slope
regions that indicate a degradation of the electron mobility. However, a reduction in the average tem-
perature within the active area can lead to a partial recovery of the mobility and, consequently, to an im-
provement of the output power density. After the B-BN layer is formed, the drain current at a drain-source
voltage of 30 V is increased by 32.5 %, from a level of 0.123 to 0.163 A, when sapphire substrate is used.
The maximum temperature is simultaneously reduced from a value of 208.7 to 157.6 °C (AT, = 51.1 °C).
In case of 6H-SiC substrate, the drain current is increased by 16.5 %, from a level of 0.194 to 0.226 A, and
the maximum temperature is reduced from a value of 134.8 to 114.7 °C (AT, = 20.1 °C). As the thermal
conductivity of 6H-SiC is much higher than that of sapphire, the relative contribution of the on-top
heat-removing system to the heat dissipation will be less pronounced.

In Figure 5, the maximum temperature vs. output power density characteristics of the GaN HEMTs
on sapphire substrate without (curve /) and with (curve 3) the B-BN heat-spreading element are directly
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compared with the results published in [15, 16]. In the first paper, the heat dissipation was enhanced by
a graphene-graphite quilt covering the drain contact and electrically connected with a graphite heat sink
outside of the device structure. At a power density of 3.3 W/mm, the maximum temperature was de-
creased from a value of 181 °C (data point 4) to 113 °C (data point 5) (AT, = 68.0 °C). In the second paper,
it was demonstrated that the local thermal management of a GaN HEMT can be substantially improved
by a heat-spreading element based on few-layer hexagonal BN stretching over the whole top surface of
the device structure. Curve 6 corresponds to the initial device structure. The authors considered two
variants differing in the location of the B-BN heat sink that was formed either behind the drain contact
(curve 7) or above the active area (curve §). At the same power density, the maximum temperature was
decreased from a value of 157.1 to 150.5 °C (AT, = 6.6 °C) and 130.1 °C (AT, = 27.0 °C), respectively. We
have recently investigated the DC characteristics of a GaN HEMT with a graphene layer covering not
only the drain contact but also the passivation layer [37]. The basic device structure was fully identical
to the one used in the current work. The maximum temperature was reduced by 35.3°C, from a value
of 185.8 to 150.6 °C, as shown by curve 2. The simulations results reveal that the 3-BN heat-spreading
element offers a much higher temperature reduction, to 103.4 °C (AT, = 82.4 °C). It can be explained
by the fact that the BN layer partially substitutes the low thermal conductivity SiO, passivation layer
separating the drain contact from the heat sink.

The heat generation and dissipation processes in GaN HEMTs operated in a pulsed mode are dependent
on time, pulse period, duty cycle and other factors. The transient response of the drain current (curves 1, 2)
and the maximum temperature (curves 3, 4) to a single pulse is given in Figure 6 for the GaN HEMTs on
sapphire substrate without (curves /, 3) and with (curves 2, 4) the -BN heat-spreading element. The off-
and on-states are presented by V;g =0 V and V;q = 6 V, respectively. The drain-source voltage is 30 V.
The pulse period and the duty cycle equal to 0.2 ms and 50 %, respectively. As seen from the chart, the de-
vice structure containing the B-BN layer is more robust with regard to the self-heating phenomenon. During
the on-state time interval, the drain current degrades rapidly to a level of 0.166 A, which is only 37.2 % of
an instantaneous value of 0.446 A that would have been obtained if the heat-removing system had been
perfect. Simultaneously, the maximum temperature grows sharply and reaches a value of 152.4 °C. In its
turn, the performance of the basic device structure is much poorer, as the drain current plummets down
to a level of 0.132 A and the maximum temperature rises to a value of 194.9 °C. After being switched off,
the transistors gradually cool down and ultimately reach thermal equilibrium with the ambient tempera-
ture. The recovery time is determined to be 0.566 and 0.779 ms, respectively.

Figure 7 shows the breakdown characteristics of the GaN HEMTs on sapphire substrate without
(curve I) and with (curve 2) the B-BN heat-spreading element. The gate-source voltage is 2 V. In stark
contrast to the effect of graphene, the formation of the BN layer leads to an increase in the breakdown
voltage, from a value of 821 to 1178 V.

The current gain vs. frequency (curves /—4) and unilateral power gain vs. frequency (curves 5—8)
characteristics of the GaN HEMTs without (curves 7, 3, 5, 7) and with (curves 2, 4, 6, §) the B-BN
heat-spreading element are presented in Figure 8. The gate-source voltage is 6 V and the drain-source
voltage is 30 V. In case of sapphire substrate, the cut-off frequency and the maximum oscillation fre-
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quency are raised by 1.38 times, from a value of 8.4 to 11.6 GHz, and 1.49 times, from a value of
17.2 to 25.6 GHz, respectively. When 6H-SiC substrate is used, the cut-off frequency and the maximum
oscillation frequency are enhanced by 1.17 times, from a value of 12.1 to 14.2 GHz, and 1.22 times, from
a value of 26.9 to 32.9 GHz, respectively. Nevertheless, these small-signal AC performance quantities
are fairly modest in comparison with those provided by the graphene heat-spreading element [37].

Conclusions. In this work, an efficient local thermal management solution using a heat-spreading
element based on cubic BN was presented. The thermally conducting and electrically insulating nature
of BN allows it to be deposited close to the conducting channel and to be in direct contact with the elec-
trodes and the heat sink, thus constituting an additional heat-escaping route. The numerical simulations
of a GaN HEMT with the B-BN heat-spreading element partially substituting the low thermal conduc-
tivity SiO, passivation layer revealed the improvement in the DC, transient, breakdown and small-signal
AC characteristics. In case of sapphire substrate, the maximum temperature in the device structure op-
erating at a power density of 3.3 W/mm was reduced by 82.4 °C.
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INFLUENCE OF THE REFERENCE IMAGE FORMATION METHOD ON THE EFFICIENCY
OF THE ONBOARD CORRELATION-EXTREME TRACKING SYSTEM FOR TRACKING GROUND OBJECTS

Abstract. To improve the efficiency of the onboard correlation-extremal tracking system in the presence of isomorphic
transformations of the current object image (changes in the brightness level, scale, shift and rotation of the image), as well
as natural and artificial noise during the observation process, a new method of adaptive formation of the reference image is
proposed. It consists in using an Interactive Multiple Model (IMM), which includes Kalman filters of the 0" and I* order and
a Singer filter of the 0 order. The proposed method of adaptation is compared with the known methods of frame-by-frame
change and “exponential smoothing”. To carry out comparative modeling of a mathematical modeling complex, in which an
input action simulator based on the Unity3D cross-platform environment was used, taking into account the kinematics of the
movement of ground objects and the flight of an unmanned aerial vehicle in a natural coordinate system. The effectiveness of
the evaluation of the tracking of ground objects of each of the evaluations was estimated by the value of the average coefficient
of tracking. The obtained research results can be used in the development of reconnaissance UAVs operating in real time.

Keywords: correlation-extremal tracking system, reference image, semi-Markov model of brightness, Kalman filter,
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BBenenue. Pa3BuTrne COBPEMEHHBIX METOIOB 00pabOTKM M300paskeHwWi [l—6] momydmio mupo-
KO€ IPUMEHEHHUE IPU CO3JJaHUHM BBICOKOTOYHBIX CHUCTEM HABEAEHUS OCCIMIIOTHBIX JETATENbHBIX all-
napatoB (bJIA). OcoOblit mHTEpEC MPENCTaBIIIOT OOPTOBBIE KOPPEIAIINOHHO-3KCTPEMaIbHBIE CHUCTE-
Mol (KOC) compoBoXIeHN I, KOTOPBIE 00ECTICUNBAIOT PEIICHHUE 3a4a9 OJHOKPATHOTO BHY TPHKAIPOBOTO
oOHapy »KEeHHsI, TIOUCKA, PACTIO3HABAHHUS, a TAKKE MOCIIEI0BATEIBHOI0 MEKKaAPOBOTO aBTOMATHYECKO-
IO COIPOBOKJICHUS HETOJBUKHBIX M JBHKYIUXCS HA3eMHBIX OOBEKTOB Ha ()OHE MOBEPXHOCTH 3EM-
nu [7-10]. IIpunnun padotsr KOC 3akmioyaeTcss B MOMCKE MAaKCHMyMa B3aMMHOM KOPPEISIIMOHHOM
¢yskuu (K®) nByx m3obpaxkeHuil — HabnromaemMoro o0bekTa M omopHoro. Kak mpaBuiio, onopHoe
n3zobpakeHne GopMUPYETCS ONepaTOpoM B MOMEHT BBIJa4yd IelieyKa3zaHUsi MO0 M3BECTHO 3apaHee.
Onnako Hamu4#e N30MOP(HBIX MPeoOpa30BaHMUM TEKYLIET0 N300pakeHUs1 00BEKTa (MI3MEHEHHS YPOB-
HSA SIPKOCTH, MaciuTada, CABUra U MOBOPOTa M300paKEHUs OTHOCUTENbHO opueHTaunu BJIA) n momex
€CTECTBEHHOI'0 U UCKYCCTBEHHOT'O MPOUCXOXKACHUS TPeOyeT aJanTUBHOTO (OPMHUPOBAHHS OMOPHOIO
n300pakeHus B Iporecce HaOmwoaerus [11].

Cy1iecTByeT HECKOJIBKO CIIOCO0O0B afanTauuy onopHoro n3odpaxenus [12]. Ilpocreiimmm u3 HUX
SIBJISIETCSL TTOKAApOBasi CMEHa. MeXly TeM HEMOCPEICTBEHHOE HCIOIb30BaHUE M300paXKeHUS 00bEK-
Ta HeI(PEKTUBHO M MPUBOAUT K OBICTPOMY HAKOIUICHHIO OIIMOOK M3MEPEHUs] KOOPAMHAT U HCKaXKe-
HHIO OropHOTro n300pakeHus. JlanHas mpobrema moapoOHO ommcaHa B [12], a B KadecTBe pelieHus
IpeaIaraeTcsl MPUMEHUTh IS KaXKJ0ro IMUKCENs MPOLEeNypy «3KCIIOHEHIMAIBHOIO CIUIAXKHBaHUS.
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Ho nanHnas npoueaypa npu HaOJOICHUH BEICOKOMaHEBPEHHBIX 00bEKTOB HEJOCTATOYHO Y EeKTUBHA,
YTO TaKXE MOXKET IPUBOJUTH K CPBIBY CONpPOBOXKACHHU. [loaTomMy ans agantuBHOrO (POPMHUPOBAHUS
OTIOPHOTO M300pa)KeHUS MPEAJIOKEH HOBBIN CIIOCO0, 3aKIFOYAONIUICS B TPUMEHEHNH MHOTOTHIIOTE3-
HOT'0 M3MEPUTENS ¢ Mexk0030pHOH mamsTeio runore3 (MUMIID) [13-16], B cocTaB KOTOPOTO BXOJST
¢unpTper Kaamana 0-ro u 1-ro nopsinka u Grunstp Cuarepa 0-ro mopsiaka. CTaTUCTHUSCKUN CHHTE3
MUMIII" npoBesieH Ha OCHOBE TOJTYMAapKOBCKOW MOZEIH sIPKOCTH, onrucaHHoi B [17, 18].

st oueHky BIMsIHUS crioco0a aJanTaluyd ONOPHOro M300pakeHust Ha 3 GEKTUBHOCTH COMPOBO-
xaenns KOC tpebyercst IpoBeCTH COMOCTAaBUTENbHOE MosiernpoBanue. CpaBHUTH UX 3P PeKTHBHOCTD
Y OLICHUTB KA4eCTBO COIPOBOKJCHUS HA3eMHBIX 00BbEKTOB Ha ()OHE MOBEPXHOCTHU 3EMIIH.

Takum 00pazom, yerwv ucciedosanus — onenka spdextuBHOoCcTH KOC COMPOBOKICHUS B 3aBUCHMO-
CTH OT croco0a ajanTanuyd ONOpHOro u3o0paxkeHus. s 3Toro HEOOXOAUMO MPOBECTH CPABHHUTEIb-
HBIW aHAJIM3 TOYHOCTH ONPEENICHUs] KOOPAMHAT AJIsl pa3Iu4HbIX COCO00B alaTalli OIIOPHOTO H30-
OpakeHHs METOAAMH MaTeMaTHYECKOTO MOICTMPOBAHUS U MTOTYHATYPHBIX UCIBITAHHH.

Kommnieke maTtemaTnyeckoro mojaenanposanus. CTeneHpb BIMSHUE cloco0a afanTaluy OMOpHO-
ro m3o6paxenus Ha d3pdpexkTuBHOCTE KOC O1eHMBaNaCch MPH ITOMOIIH CIEITHABEHOTO KOMITJIEKCa Ma-
TeMaTH4yecKoro MoaeanpoBanus. OH BKIIOYAET B ce0sl TPH OCHOBHBIX DJIEMEHTA: UMUTATOP BXOAHOTO
BozzeiicTeusi, KOC m 6mok mepecuera koopamHat. CTPyKTypHasi cXeMa KOMILIEKCA MOJIEITHPOBAHUS
npuBeneHa Ha puc. 1. UMUTaTOp BXOIHOTO BO3JEHCTBHS MPEACTABISIET COOON OTACTBHBIN MPOrpamMm-
HBI MOIYyJb, pa3paboTaHHBIA Ha Oa3e kpoccmaardGopmennoi cpensl Unity3D. DTa Bu3yansHas cpeaa
MPOEKTUPOBAHHUS MTO3BOJIIET OTHOCUTENIBHO MPOCTO M C BHICOKOH CTENEHBIO aIeKBaTHOCTH (OPMHUPO-
BaTh TPEXMEPHBIE CLIEHBI U UX aHuManuto [19].

WMuTaTop BKiIIOUaeT B ce0sl 4eThIpe OCHOBHBIX 0J0Ka. Mozienb OKpysKaloIiel cpebl 3a1aeT ycio-
BUsI HAOJIOJICHUSI, YPOBEHb OCBEIIEHHS M TIOT'OJIHBIC YCIIOBHSI, BUJ JaHAmadTa, IpupoIHOE OKpYyKEHHE
U ApyTHE JIEMEHTHl. MIMHuTaluus IBUKCHUS HAa3eMHBIX OOBEKTOB B CLEHE I10 3aJaHHONW TPACKTOPHH
OCYIIECTBIISETCS MOJIETBIO HA3eMHOTO 00beKTa, a mojieT bJIA — Moenpio IeTaTeNNbHOTO anmapara.

Mopenb KamMepbl B CLIEHE MPEACTaBIISIET COOON OTACTBHBIN 3JIEMEHT U ONpenesisieT 001acTh B TPeX-
MEPHOM IIPOCTPAHCTBE, KOTOpasi 0ToOpakaercs B kKaape. [lepemenienne kamepsl B IPOCTPAHCTBE OIpe-
JernsieTcs moynoxenueM u opuenranueit bJIA. B pesynbrare ¢ 610ka popMupoBaHus H300pakeHus 10-
CJIEZIOBATEIBHO BO BPEMEHH TOCTYMAIOT CHUHTE3MPOBAHHBIE KaJPbl f,gfr)l, KOTOpBIE TTOJIAIOTCS Ha BXOJ
YCTPOMCTBA KOPPEIAIMHUOHHO-IKCTPEMATIEHON 00pab0OTKH B KAYECTBE BXOHOTO BO3JACHCTBUSL.

OnHoBpeMeHHO ¢ n3oopaskeHueM f ,Ei)l MoaeTcs ONopHOE n300paxeHue. Ha HauanbHOM 3Tare onop-
HOE€ N300pakeHue G)ffn) t—o PopMHUpyeTCS B MOMEHT BbIJa4YM LEJICyKa3aHUs I CONPOBOXKAECHHS 00BEK-
Ta. Jlanee paccuUTBIBAETCS B3aUMHAasl KOPPEJSIUOHHAS MaTpULa F((C) f ,Ei)l
(©)

ornk+0>

ke BXOJTHOT'O U300paKeHHUsI

+1)1 J
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Puc. 1. CtpykTypHas cxema KOMIIJIEKCa MOACTHPOBaHUs Ha Oa3e kpocciutaTopMeHHoro rpadudeckoro nemxka Unity3D

Fig. 1. Structural diagram of the modeling complex based on the Unity3D cross-platform graphics engine
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HUS KOOPAUHAT O0BEKTA 1 BBIIACTCS HA BHIXOJ B BUJE OLEHKU BEKTOpa HAOMIOACHUS ﬁf‘k +1) M KOppeJtsi-
IHOHHOH MAaTPHIIBI OMMOOK Pa30BOTO OLCHHBAHUS Rg( k1)

B coctaB BekTopa HaOMIOACHUS 0( k+1) BXOMST DKPAaHHbIC KOOp,Z[I/IHaTLI HaOII01aeMOT0 00BEKTa
U €ro JIMHeWHbIe pa3Mepsl. [Io aTum )Z[aHHI)IM Ha BXOJHOM M300pakeHUHU £ k +1 BBIJICJISIETCSl 00IACTb, MPU-
HaJJIeKamas n300pakeHNIo 00hEKTa (9( k1) Hanee n3o0pakeHne 00BEKTa TMOCTYHAET HA BXOJ OJI0-
Ka (QUIBTpaLNH, I1e q)opMI/IpyeTCH (GUIBTPOBaHHBIC H300paKEHUS G)(k }1)- B urore momyuerHoe u3o-
OpakeHHEe 00BEKTa ®(k 1) IPOXOJIUT Yepe3 JIMHHIO 3aJePKKH Ha BEIMYMHY HHTEpBaja OOHOBJICHUS
KaJIpoB Af M UCIIONB3YeTCs B KaueCTBE OIOPHOTO M300pa)KCHUs Ha clenyromui kaap. B pesynsrate
BEKTOP HAOJIONECHUS DKPAHHBIX KOOPAUHAT éf‘k 41y ¥ ounbku PO Rg(k +1) IEPECUUTHIBAIOTCS B IPSIMOY-
TOJILHYIO CHCTEMY B COOTBETCTBHUHU € pa3padoTanHol B [20] MeToauKkoii. J{I1st BEITIOTHEHHS TaHHOU OTe-
panuu Ha BXo[ 0JI0Ka nepecuera KOOpAMHAT C MMUTATOpa BXOAHOIO BO3AEHCTBHUS JOIOIHUTEIBHO 110-
CTYMAaIOT UCTHHHBIC 3HAUYEHHS BEKTOPA COCTOSIHUSI OPUEHTALMU ONTHKO-ToKannoHHou cructembl (OJIC)
Ooicrst> PITA @, 4y (YIVIBI OPUEHTALIMH M CKOPOCTH MX M3MeHeHul B csasaHHoU CK) U agpg 4 (ps-
MOYTOJIBHbIE KOOPAMHATBI U CKOPOCTU UX U3MeHeHul B HopMmasibHOU CK) B MOMEHT BpeMeHU 7.

Pe3yabraThl MaTeMaTHYecKOro mMojaeanpoBaHusi. {111 npoBeaeHus MaTeMaTHYECKOTO MOJEIIU-
poBaHus c(hOPMHUPOBAHBI TUIIOBBIC BXOJHbBIC BO3JCHCTBHS IIpH oMol umutaTopa Ha Unity3D. B ka-
YeCcTBE THUIOBBIX BO3JIEHCTBHI MPEICTABIICHBI CHHTE3UPOBAHHBIE BUCO3AIINCH, HA KOTOPBIX M300pa-
JKEHBI pa3JInyHbIe aBTOMOOWIIH, IBHXKYIUECS Ha (JOHE JOPOKHOTO TOKPHITHS. BXoaHble BO3IeHCTBHS
OTIIMYAIOTCS MEXy COOOH BapHaHTaMH ABM)KEHHUSI aBTOMOOMIIS: TIO MPSIMOH, MMOBOPOTHI, Pa3BOPOT Ha
180° u kpyrosoe jBukeHue. [1o KakIOMy M3 THIIOBBIX CIICHAPHEB MPOBEPSIACh 3PPEKTUBHOCTD CO-
MPOBOKJCHHUSI ITPU TIOMOILX 000OIIEHHOT0 CUCTEMHOT0 TIOKa3aTels, ONPeaesIIeMOro SKCIepUMEHTalb-
HO, — KO3 pUIHEeHTa MPOBOAKH K 1 €ro CpeIHEero 3HaYCHUs I? [22]:

PO BN AL, NG 0
tz N D N, sken k=1

rle ty, — CyMMapHoe (pakTHUeCcKOe BpeMs COMPOBOKICHHS HA3EMHOI0 00BEKTA; ¢y — oblLIee BpeMs Ha-

OII0/IEHUST HA3EMHOT0 O0BEKTA; Ny, — CyMMapHO€ 9HCIIO KaJpOB COIPOBOKACHIS HA3EMHOT0 00BEKTa;

Ny — cyMMapHOE YHCIIO KaJpoB, B KOTOPBIX HaOJIIOAANCA Ha3eMHBIH 00BEKT; N, ., — 00IIee YUCIIO MO-

JEJTBHBIX SKCIIEPUMEHTOB.

Ha puc. 2 npencraBieHsl pe3ynbTaTbl MOJCIUPOBAHUS AJI IEPBOTO TUIIOBOTO BO3/ICHCTBHSL.

@DOH MMEET CIOXKHYIO CTPYKTYPY, TTOCKOJIBKY BKIJIFOYAEeT B ce€0s1 pa3NWyYHbIE JIEMEHTHI, TaKHe Kak
JOPOTY, PaCTUTEIBHOCTD, ACPEBBs (CM. pHC. 2, @). JJTUTENbHOCTh BXOAHOTO BO3JCUCTBHUSI COCTABIISICT
1000 xagpoB. Pa3mep ctpoda n3o0pakennst o0bekta — 32 x 32 mukcens. MogenupoBaHue OCyIIeCTBIIS-
eTcsl Ha BCceM MHTepBalie HaOmoneHus. Ilpu monenupoanuu npooauiiocsk N, . = 10000 MoznenbHbIX
AKCIEPUMEHTOB ISl Ka)KJI0TO THIIOBOTO CIICHAPH S, YTO C 3aI1aCOM Y/IOBJIETBOPSET JOBEPHTEIBHON Be-
positHoctu 0,95. Ha puc. 2, b nzo0pakeHa HCTUHHASI TPACKTOPUS JBHKEHHSI aBTOMOOHIIS B HOPMallb-
HOW MPSAMOYTOJIBHON CHCTEME KOOPIAUHAT X (CeBep), ) (BBICOTA), z (BOCTOK), a TAKKE PEe3yJIbTaThl OLIEHH-
BaHUS KOOPAMHAT JIJIsi TPEX CIIOCOOOB aJanTallii OMOPHOTO M300pakeHUsl. B oTCyTCTBHE AMHAMUKH
MIPH ABHKCHUH aBTOMOOMJISI BCE CIIOCOOBI aAanTalyy MOKa3blBalOT XOPOIIMK pe3ynbrar. Tak, Ha puc.
2, ¢ IPUBEJICHBI PACUeThI CPEHEr0 3HaueHus kod(duimenta nposonku K. TIpu mokaapoBoii cMeHe
OTIOPHOT'0 N300paKEHHUS CpelHEe 3HaUeHUE KOd(DPHUITHEHTA TPOBOAKH COCTABHIIO ]?H =0,72 BBUIY MeI-
JICHHOT'O HAKOIIJICHUS OITMOOK M3MEPEHUsI KOOPUHAT 3a CUeT BIUSHUS (DIYKTYallMOHHBIX OLIMOOK sIp-
KOCTH HabI101aeMOro n300paxeHus. [ S9KCHOHEHIIMATIBHOTO CrIaXKUBaHM KOOPPHUIMEHT IPOBOIKH
COCTaBHII [?n = 0,83, a s IMM-u3mepuTens I?H =(,98.

Pe3ynbraThl MOIETMPOBAHUS TSI BTOPOTO TUTIOBOTO BO3EHCTBHSA MPECTABIEHBI Ha PHC. 3, Ha KOTOPOM
M300pakeH JITKOBOW aBTOMOOWJIb, OCYIIECTBISIOMINN JBMKEHNE TI0 TPSAMOIl ¢ moBopoTamMu. B nanHOM
cllyyae OIIEHHBAJIACh YCTOMYMBOCTH COPOBOYKACHHS IPH COBEPIIICHUM MaHEeBpa B BUJIe TOBOpoTa Ha 90°.

Kax BugHO 3 puc. 3, b, Ipu MOKaJAPOBOM CMEHE OMOPHOT'O M300PaKEHUSI CPBIB COMPOBOXKICHUS
HACTyMaeT Ha MEPBOM K€ MOBOPOTE aBTOMOOWIIA, YTO CBHAETEIBCTBYET O HHU3KOH 3(dekTuBHOCTH
JAHHOTO CIoCco0a TpPU HATMYMK MaHeBpa. [Ipu AKCIOHEHIIMAIBHOM CIIIQ)KHBAHHWH, 10 CPABHEHHIO
C TIOKaJpOBOH CMEHOM, BpeMsI YCTOMYMBOTO CONMPOBOXKICHHS 3HAYUTEILHO BO3PACTAET, HO C YBEJH-
YEHHEM BpPEMEHU HaONIOJCHMSI BEPOSTHOCTH CpPbIBAa OCTACTCS AOCTATOYHO BBHICOKOH. Ilpumenenme
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Fig. 2. Results of mathematical modeling for rectilinear motion of a ground object:
a — observation conditions; b — ground object tracking results; ¢ — average tracking ratio chart
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Fig. 3. Results of mathematical modeling for rectilinear motion of a ground object with turns:
a — observation conditions; b — ground object tracking results; ¢ — average tracking ratio chart
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Puc. 4. Pe3ynbraThl MaTeMaTHYeCKOr0 MOJCIUPOBAHNS IS IBH)KEHHSI HA3eMHOr0 00beKTa ¢ pa3BopoToM Ha 180°:
a — ycIoBUs HAOMIOACHHUS; b — Pe3yJIbTaThl COPOBOXKACHNS HA3eMHOT0 00BEKTa; ¢ — JUarpaMMa CpeJiHUX 3HaUCHUT
K03 pULKEHTa IIPOBOJKH

Fig. 4. The results of mathematical modeling for the movement of a ground object with a turn of 180 degrees:
a — observation conditions; b — ground object tracking results; ¢ — average tracking ratio chart

IMM-u3MepuTens MO3BOJIMIIO YCTOMUUBO COMPOBOXKIATH OOBEKT IJIS TAaHHOTO THUIIOBOTO BO3ICHCTBHS
Ha BceM MHTepBaje HaOmoneHus. Tak, Ha puc. 3, ¢ IPUBENICHBI pacyeThl CPEIHET0 3HAUCHUS KOIPDHIIH-
enta nposojky K, . [pu MokaapoBoii cMeHe OMOpHOro H300pakeHus cpejiHee 3HaueHHe KodpduiuenTa
npoBozky coctasuo K, = 0,25 M0 MpUunHE MeITEHHOr0 HAKOIUICHUS OMIMOOK M3MEpPEHHs KOOPIUHAT
3a CYET BIMSAHUS (IYKTYAMOHHBIX OIIMOOK SPKOCTH HadI01aeMoro u3oopaxkenus. s 3KCIOHEHIN-
JIBHOTO CIITAKHBAHUS K03(hGHIIHenT IpoBokK coctasun K, = 0,67, a ayist IMM-usmepurens K, = 0,95.

Ha puc. 4 npencTaBiieHbl pe3yJbTaThl MOJCTUPOBAHUS JIJISl TPETHETO TUIIOBOTO BO3ACHCTBHUS, TJIC
n300pakeH JIETKOBOW aBTOMOOWIIb, KOTOPBIN coBepmiaeT pa3BopoT Ha 180° OreHumBaeTcs yCTOWYH-
BOCTh COIPOBOXJICHUS TIPU COBEPIICHUU MaHEBpa B BHJIE pe3Koro paspopota. M3 puc. 4, b BUIHO,
YTO B CIy4ae MOJHOTO Pa3BOpOTa, Kak M JJIs moBopoTta Ha 90°, crmocod moKaapoBOil CMEHBI OTIOPHOTO
H300pakeHUs JGMOHCTPUPYET HAMXYIIHKA pe3ynbrat. CphIB MPOM30IIIE]T Ha PAHHHUX dTanax MaHeBpa,
a cpejHee 3HaYeHHEe K03 PUIIMEHTa TPOBOIKH COCTABUIIO IZ’H =0,17 (cMm. puc. 4, ¢).

AHaJN3 MPOBEICHHOI0 MaTeMaTHUECKOI'0 MOJICIIMPOBAHHMS TTOKA3aJl, YTO JIYUIIHH pe3ysIsTar corpo-
BOYKJICHHSI TI0 CPABHEHHIO € TTOKAIPOBOM CMEHOH JIEMOHCTPUPYET AJITOPUTM KOPPEISITHOHHO-3KCTPpEMaIb-
HOM 00pabOTKH MPH amanTaIliyd OMOPHOTO M300paKEHUsI CITOCOOOM 3KCITOHEHITHATLHOTO CTIIaKUBAHUS.
[Nonyvennas B pe3ysibTaTe TPaeKTOPHUs JIBUKEHHS 00bekTa Oyin3ka K ncTHHHON. OJIHAaKO TIoCIie coBepIIie-
HUSI MaHEBPA TaKKe HAOIIOAETCS CPBIB COMTPOBOXKICHUS, & 3HAUYCHHE CpeIHero Kod((HUIIMEHTa TPOBOIKH
paBHo K, = 0,72 (cM. puc. 4, ¢). Hammydniuii pe3yssTar nokassiBaeT Crnocob aianTaiyy ¢ TPUMEHeHHEM
IMM-u3meputens. Pesynsratsl PO xoopauHaT ONMM3KH K HICTHHHBIM 3HaYEHUSM Ha BCEM MHTEpBaje Ha-
6JTr0IeH s, A BEIMYMHA cpeHero KoddduimentTa nposoaku cocrasuna K, = 0,96 (cM. puc. 4, o).

TakuM o0Opa3om, cHocod aganTaldyd OIMOPHOIO H300pa)KCHHs, OCHOBAHHBIA Ha MPUMCHCHUH
MUMIIT, no3Bosisier 100UThCs 3HaYeHHUE Kod(duiuerTa npopoaku 0,94—0,98, uro B 1,36-5,64 pasa
0oJIbIIIe, YeM JIS CIIoco0a OKaaApoBOi cMeHbl, U B 1,18—1,42 pa3a GoJibliie, 4eM Jj1s Crioco0a SKCIOHEH-
[UATBHOTO CTIIaKUBaHUS.
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Puc. 5. YenoBust npoBeeHust MOJTyHATYPHBIX HCIIBITAHMH: @ — BHEITHUH BUJI HCIIOIB30BAHHOM 111 pOPMUPOBAHHUS
BHIEO3aIHCeH anmaparypsl; b — 0000IeHHAs cXeMa; ¢ — YCIOBHSI HaOMIOneHUs

Fig. 5. Conditions for conducting semi-natural tests: @ — appearance of the equipment used for the formation of video
recordings; b — generalized scheme; ¢ — observation conditions

Pe3yabTaThl MOTyHATYPHBIX HCNIbITAHN. B kKadecTBe anmaparypbl 1uist GOpMUPOBAHHS BUIC03a-
niuceit ucronb3oBaicss bBJIA DJI Phantom 4, BHeNIHUI BUJT M OPTaHbl YIIPABICHUS KOTOPOTO MPEICTAB-
JIEHBI Ha pHC. 5, a.

Buneozanucun HazemHOW (HOHO-TIENIEBOM OOCTAaHOBKH (DOPMUPOBANKCH IO pe3ylbTaTaM CheM-
ku ¢ Phantom 4 Ha pa3nu4HBIX y4yacTKaxX JBHKEHHUs. B Kajipe HaONIOJaINCh JIETKOBBIE U T'PY30BbIC
aBTOMOOWIIM, NBIKYyIIHECs Ha (OHE JOPOKHOTrO MOKPHITHS. OpHEHTAIMS ONTHUYECKOH OCH KaMephbl
Phantom 4 u3mensiiack B mpouecce HaOJIIOICHHS TPU CMEHE yuacTKa 0030pa. CpenHssi mpoxoIKHUTENb-
HOCTh HaXOICHUSI KaKJI0TO OTAEIHBHO B3STOTO 0O0OBEKTa B CPETHEM COCTaBisiina 3—8 c.

HcnpiTannus TPOBOAMIINCE IO CXeMe, MPUBEACHHON Ha puC. 5, b, B CIEMYIOIEH TOCIeI0BATEITh-
HOCTH:

1. Crapr BJIA. TTonbem Ha (pukcupoBaHHYO BBICOTY (10 50 ™).

2. CpeMKa ydacTKa MECTHOCTH JJIsl pa3JINUHBIX NOJ0XKEHUH KaMepsl 1 opueHTannu bJIA B Teuenue
2—-8 muH. CpemHsig npoAomkuTenbHOCTh bJIA B Bozmyxe — 20 MuH.

3. BosBpar BJIA B Touky crapra. 3ameHa AKb 1 moBTOpHBIH cTapT.

Bcero BJIA nogaumancs B Bo3ayx 3 pasza. B pe3ynbrare ObUIH IMOJYyUYSHBI BHICO3AMTUCH HA3EMHOM
(hoHO-1IesIeBOM OOCTAHOBKHM CPEIHEH MPOAOIKHUTENBHOCTRIO 2—8 MUH. OHOBpEeMEHHO ¢ (hOpMUpPOBa-
HHEM BHU/IEO 3aIHChIBAIINCH TaHHBIE KOOpAWHAT 1 opueHTaruu bJIA, a Takxe 1MonokeHue U yTiibl Mpo-
CTpPaHCTBEHHOW OpPHEHTAIIMHM KaMephl B Tporecce rnonera. [lomyueHHas TeneMeTpus UCIONb30BaIach
JUISL TIepecueTa 3KPaHHBIX KOOPJUHAT HAOJI0JaeMbIX 00BEKTOB B MPSIMOYTOJIbHY0. OOpaboTKa moy-
YEHHBIX 3alMCedl OCYyIECTBIsUIach B Ja0OpaTOpHBIX ycioBUsix. Beero obpaborano Oonee 200 3amu-
cell ISl pa3IMYHBIX HA3eMHBIX 00BEKTOB. Pe3yipraTel 00paboTKM HEKOTOPHIX U3 HUX IMPEICTABICHBI
B TabnuIIe.

Pe3ynbraThl MONyHATYpHBIX UCIIBITAHUN TOKa3aJiv, 4YTo ucnoiab3zoBanue MUMIILD nns apantauuu
OIIOPHOTO N300pakeHHs K N3MEHSIOMICHCS SIPKOCTH N300paskeHusI 00bEKTa MO3BOSET MOBBICUTH KOA(]-
(unment npoBoaku 10 0,91-0,98, uro B 1,32-3,72 pa3a Goinblie, 4eM ISl criocoda MoKaIpoOBOil CMEHBI,
u B 1,14-1,47 paza 6ombie, 9eM ISt crioco0a IKCIIOHEHITHAIBHOTO criiakuBaHus. [lomydennbie 3Haqe-
HUS KOO PHUIMEHTA POBOJIKK COTNIACYIOTCS C pe3yIbTaTaMi MaTeMaTHIeCKOTO MOJICITUPOBAHHMSL.
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Pe3ynbTaThl 00paboTKH MOTYHATYPHBIX HCIIBITAHUI

Processing results of semi-natural tests

Kosddunuent nposoaxu K,
Onucanue cueHapus DKCIIOHEHIINAIBHOE MHOrorunoTe3HsIi
HOKaleOBa}[ cmena Criia)xuBaHue U3MEPHUTEITb
OOBeKT nHTepeca — epetidep. JIBuxeTcs
psiMo ¢ moBopoToM Ha 90°. Hucno ka-
1poB — 450 0.26 * 0.62
3,5 1,47 0.91
OOBeKT HHTEepeca — 2py306uK. JIBIKETCS
MpsIMO, CJIeBa Ha MPaBo (B KaJape) He Ma-
HeBpupyert. Yucno kaapos — 300 074 0.86 0.0
1,32 1,14 ’
OOBEKT UHTEpECA — UePHbIL 1eCKOBOL (6~
momo6ue. JIBrmkercst npsmo. MeHsieTcst
pakypc HabIIoneHNs 1 MacmTad. Yuco 0.31 0.68 0.92
KazapoB — 650 2,97 1,35 ’
OOBEKT HHTEpECca — Deblll 1e2K0801 as-
momo6ub. JIBUKETCS IPSIMO TI0 A0POTe.
MeHseTcst paKypc HabJIIOIEH S U Mac- 0.34 0.71 0.96
mrad. Yucno kaapos —300 2,82 1,35 ’
OOBEKT HHTEpeca — epy306uK. J|BUxeTcs
IPSIMO C HOBOPOTOM Ha IEPEKPeCTKe.
Yucno kagpos — 500 0,37 0.73 0.92
2,47 1,26 ?
OOBeKT HHTEpEeca — KPACHbLL A8NMOMO-
6unv. JIBuxercs npsamo. MeHsieTcs pa-
KypC HabJoeH s M MacuiTad. 0.25 0.75 0.93
Yucno kagpos — 650 3,72 1,24 >

*3,‘]60]) " Jajice B Ta6J'II/IIIC B UHUCJIUTEIIC IPUBOAUTCS 3HAUYCHUE KOS(l)q)I/ILII/IeHTa IIPOBOAKHU JJIs1 TaHHOI'O criocoba ajarTamnuu,
B 3HAMCHATEJIC — BEJIMYNHA BBIMTPHIIIA OTHOCUTEIIBHO MHOTOTUITIOTE3HOI'O U3MEPUTEIIA.

3akuroyenue. [IpernctaBieHbl OCHOBHBIE DPE3yJbTaThl CpPaBHEHHUs HOBOTO crioco0a ajanTaluu
OIOPHOTO M300pa)keHUsl, OCHOBAaHHOTO Ha MPHUMEHEHWH MHOTOTHIIOTE3HOTO H3MEPHUTENS SIPKOCTH.
CpaBHEHHE OCYLIECTBISJIOCH C HamOoJiee M3BECTHBIMU M HCIOJNb3YEMBIMU CIOCOOAMH IOKaIPOBOM
CMEHBI U 3KCIOHEHLIMAJIBHOIO criiakuBaHus. st cpaBHeHUs: ObUI pa3padoTaH KOMIUIEKC MOIEIUPO-
BaHUS, B COCTaB KOTOPOI'O BXOJAMT UMHUTATOP BXOJHOT'O BO3JCHCTBHUS, Ha 0a3e KpoccraarGopMeHHOMH
cpenbl Unity3D, yunThIBarolieil KHHEMAaTUKY JIBUXKCHUSI HA3eMHBIX 00beKTOB U mnosieta bJIA.

B pesynbprare MareMaTnyeckoro MoACIMPOBAHMS YCTAHOBJICHO, YTO CIIOCO0 ajanTaliy OMOPHOTO
n300pakeHus, OCHOBaHHBIN Ha mpuMeHeHNH MUMIII, mo3BomnsieT 1oOMThCs 3HAYEHUH KO3 PHUITHEHTA
nposonku 0,94-0,98, aro B 1,36-5,64 paza Gomblie, 4eM 1JIsI crrocoda MOKaapoBol CMeHBI, U B 1,18—
1,42 pa3a Gosbliie, 4eM 15 Crioco0a 3KCIIOHSHIIMAIBHOTO CIJIaXKUBAHMUSL.

[lonmy4yeHnHble pe3ynbTaThl MaTeMaTHUYECKOI'O MOJCIMPOBAHUS IMOATBEP)KAEHBI MOJYHATypPHBIMH
HCTIBITAaHUSIMHU, IPOBEICHHBIMU C HCHOJIb30BaHUueM KBajpokonrtepa DJI Phantom 4. DT1o mo3Boamio
IIPOBEPUTH AJICKBATHOCTh Pa3pabOTaHHONW MaTeMaTH4ECKOW MOJENIN M HMOATBEPAUTH HEOOXOAMMOCTb
MPAaKTUYECKOT0 UCIONB30BaHUS JUUIS alalTallud OMOPHOTO M300paKeHUs K M3MEHSIOMIEHCS SPKOCTH
n300pakeHusi 00bEKTa HOBOTO Croco0a, OCHOBaHHOTO Ha puMenennn MUMIIT.
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Pe3ynpraThl NonyHaTYpHBIX UCHIBITAHUN NOKa3aJiv, 4YTo ucnoiab3zoBanue MUMIITD nns anantauuu
OIIOPHOTO M300paKeHUS K N3MEHSIOIICHCS SIPKOCTH N300paskeHus1 00bEKTa IMO3BOISET MOBBICUTH KOA(]-
¢unment nmposonku 1o 0,91-0,98, aro B 1,32-3,72 pa3a Goiblie, 9eM 115 Crioco0a OKaapOBOH CMEHBI,
u B 1,14—1,47 pasa Gomnble, 9eM ISt CIToco0a SKCIIOHEHITHATBLHOTO CTIaKHBAHUS.

PesynbraThl nccienoBaHuii MOTYT OBITH HCIIOJIb30BaHBI HAYYHO-TEXHUYECKUMHU OpPraHHU3aIUsMH
U TPENNPUATHIMU TIPH pa3pabOTKe YCTPOUCTB 00paObOTKU MH(POpPMAIUU OOPTOBBIX ONTHUKO-JIOKAIIU-
OHHBIX CHUCTEM ISl TIOBBIIIICHUS TOYHOCTU BBIJABAEMBIX KOOPAMHAT HEMOMBIKHBIX U JABUKYIIUXCS
ONIMHOYHBIX W TPYMIOBBIX Ha3eMHBIX O0OBEKTOB Ha (pOHE MOBEPXHOCTH 3eMJIH. llomydeHHBIE TEXHU-
YeCcKHe pemeHus OyAyT Mmosie3Hbl B chepax, rj1e MpuMeHsI0TcS OECITUIIOTHEIE JIETATENbHBIE allapaThl:
PEKOTHOCIIMPOBKA MECTHOCTH, MOHHTOPHHT OKPYIKAOIIEH Cpebl, TOYHOE 3eMIle/ieline, OOecIeueHue
0€30MacHOCTH OXpaHSEMbIX OOBEKTOB, MATPYJIMPOBAHUE TPAHUIl, KOHTPOJIb JIOPOKHOTO JIBHIKCHUS,
OKa3aHHe MTOMOIIU TP YPE3BBIUANHBIX CUTYAIUIX U TIP.

CnucoK ucnoJjib30BaHHbIX HCTOUHHUKOB

1. Anmu, b. Anropurmsl HaBuranuu BITJIA ¢ ucnonp3oBanueM cucteM TexHuueckoro 3penus / b. Amu, P. H. Canexos,
B. B. Ilonokoga // I'upockomnus u HaBuraius. — 2022. — T. 30, Ne 4. — C. 87-105.

2. AptembeB, B. M. O6paboTka n300pakeHHl B MACCHBHBIX 0030pPHO-TTOMCKOBBIX OMTHKO-IJIEKTPOHHBIX CHCTEMax /
B. M. ApremsbeB, A. O. Haymos, JI. JI. Koxan ; Hau. Akan. nayk bemapycu, Uu-T npukmnan. ¢usuku. — Munck: bemapyc.
HaByKa, 2014. — 116 c.

3. AprembeB, B. M. OOHapy xeHHe TOYeUHBIX 00BEKTOB Ha H300paKEHUIX B YCIOBHAX HeonpenaeneHHocTH / B. M. Ap-
tembeB, A. O. Haymos, JI. JI. Koxan / Undopmaruka. — 2010. — Ne 2. — C. 15-24.

4. Aprembes, B. M. O6HapyxeHne 00BEKTOB KOHEUHBIX pa3MEPOB HA H300paKEHUSAX B YCIOBUAX HEOMPEIEICHHOCTH /
B. M. Aptembes, A. O. Haymos, JI. JI. Koxan // Uadopmaruka. — 2010. — Ne 4. — C. 5-15.

5. Aprembes, B. M. Henunelinas ¢uisTpanus ciaydaifHBIX ITOCIEIOBAaTEIbHOCTEH paclIMPEHHBIM METOJOM HanMEHb-
mux kBazaparos / B. M. Aptembes, A. O. Haymos, JI. JI. Koxan // Unpopmatuxka. — 2018. — T. 15, Ne 1. — C. 60—69.

6. Mueller, K. Combination of Wide Baseline Image Matching and Tracking for Autonomous UAV Approaches to
a Window / K. Mueller, J. Atman, G. F. Trommer / Gyroscopy Navig. — 2019. — Ne 10. — P. 206-215. https://doi.org/10.1134/
S2075108719040138.

7. baknuukuii, B. K. KoppensiiimonHo-3KcTpeMaibHble METOAbI HaBuramuu u HaBeneHus / B. K. baknunkuii. — TBeps:
Kumx. x1y0, 2009. — 360 c.

8. ABTOMaTHYeCKOe OOHAPYKEHHE W COMPOBOXKACHHE IMHAMHYECKHX OOBEKTOB Ha M300pakeHUSAX, (HOPMHUPYEMBIX
OIITUKO-3JICKTPOHHEIMH MPHOOpaMH B YCIOBHUSX allpHOPHON HeompeneneHHOcTH. MeTonsl n anroputMsl / O. b. I'yzenko
[1 op.]. - M.: Paguorexnuka, 2015. — 280 c.

9. ®enmocees, B. . OnTuko-3/1eKTPOHHBIC MPUOOPHI OPUCHTAIIMK W HABUTAllMU KOCMHUUYECKUX ammaparoB / B. U. de-
nocees, M. I1. Konocos. — M.: Jloroc, 2007. — 248 c.

10. OITHKO-JIOKAITHOHHBI KOOPAMHATOP CHCTEMBI CAaMOHaBEICHHS OecTUIOTHOTO JeTaTenbHoro anmapara / A. C. Co-
nonap [u ap.] // Hoxn. BI'YUP. — 2018. — Ne 3. — C. 19-25.

11. Kpacunpsimunkos, M. H. YrpaBnenue u HaBe/ileHHEe OCIMIIOTHBIX MaHEBPEHHBIX JETATEIbHBIX allllapaToB Ha OCHOBE
coBpeMeHHbIX HH(popMauoHHbIX TexHonoruii / M. H. Kpacuneiukos, I. T. Cepedpsikos. — M.: ®usmariut, 2003. — 280 c.

12. CucteMbl aBTOMAaTHYECKOTO OOHAPYIKEHHS H COMPOBOXKACHU 00beKTOB. OOpaboTka n300pakeHUH U yrpasieHue /
Bb. A. Anmaros [u ap.]. — M.: Pagnorexnnka, 2008. — 176 c.

13. Bar-Shalom, Y. Estimation with Applications to Tracking and Navigation: Theory, Algorithms, and Software / Y. Bar-
Shalom, X. R. Li, T. Kirubarajan. — New York: Wiley, 2001. — 558 p. https://doi.org/10.1002/0471221279

14. Optical Aircraft Positioning for Monitoring of the Integrated Navigation System during Landing Approach / P. Hecker
[et al.] // Gyroscopy Navig. — 2019. — Iss. 10. — P. 216-230. https://doi.org/10.1134/S2075108719040084

15. Li, X. R. Survey of maneuvering target tracing. Part I: Dynamic models / X. R. Li, V. P. Jilkov / IEEE Trans.
Acrospace Electronic Syst. —2003. — Vol. 39, Ne 4. — P. 1333—1364. https://doi.org/10.1109/TAES.2003.1261132

16. Solonar A. S. Main problems of trajectory processing and approaches to their solution within the framework of mul-
titarget tracking / A. S. Solonar, P.A. Khmarski // J. Phys.: Conf. Ser. — 2021. — Vol. 1864. — Art. ID 012004. https://doi.
org/10.1088/1742-6596/1864/1/012004

17. Uynpuk, C. B. MeTonuka ucciaeaoBaHus CTATUCTHYECKUX CBOUCTB SIPKOCTH MHUKCEICH M300pakeHHA ONTUKO-TIOKAIIH-
OHHOI1 crcTeMbl OecrnuioTHOro JetatenbHoro annapara / C. B. Lynpuk, A. C. Cononap // ndopmannoHHbIe pagroCHCTEMBbI
U paliOTEXHOJIOTUU: MaTepraisl Pecr. Hayu.-TexH. KoH]., MuHck, 29-30 Hos10. 2022 1. — Munck: BI'YUP, 2022. — C. 193-197.

18. [TomymapkoBcKast MOZICNIb U3MEHEHHUS SIPKOCTH N300paKeHUsI Ha3eMHOT0 00beKTa, (OpMHPYEeMOTo ONTHKO-TOKAIH-
onnoit cucremoii / A. C. Cononap [u 1p.] / Bect. Boen. akan. Pecnt. bexapycs. — 2023. — Ne 1. — C. 97-107.

19. Features of trajector measurement coordinates and parameters of movement of ground objects in on-board optical-lo-
cation systems / A. S. Solonar [et al.] // 25™ Saint Petersburg International Conference on Integrated Navigation Systems
(ICINS), 28-30 May 2018. — St. Petersburg, 2018. — P. 1-5. https://doi.org/10.23919/ICINS.2018.8405853

20. MeToanka pacueTta OmuOOK pa30BOr0O OIICHUBAHUS MECTOMOJIOKCHUS HAOIIOaeMbIX 00BEKTOB B OOPTOBBIX ONTH-
Ko-nokarnoHHbIx cuctemax / A. C. Comonap [u ap.] / Hokn. BITYUP. —2014. — Ne 7 (85). — C. 71-77.



Becui Hanpistnanphait akagsmii HaByk benapyci. Cepbis disika-TaxHiuHbIX HaByK. 2023. T. 68, Ne2. C. 167-176
176 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2023, vol. 68, no. 2, pp. 167-176

21. Solonar, A. S. General construction principles and performance features of trajectory processing by data from one
radar data source / A. S. Solonar, P.A. Khmarski / J. Phys.: Conf. Ser. — 2021. — Vol. 1864. — Art. ID 012138. https://doi.
org/10.1088/1742-6596/1864/1/012138

References

1. Ali B., Sadekov R. N., Tsodokova, V. V. A Review of Navigation Algorithms for Unmanned Aerial Vehicles Based
on Computer Vision Systems. Gyroscopy and Navigation, 2022, vol. 30, no. 4, pp. 241-252. https://doi.org/10.1134/
$2075108722040022

2. Artemiev V. M., Naumov A. O., Kohan L. L. Image Processing in Passive Survey and Search Optoelectronic Systems.
Minsk, Belaruskaya navuka Publ., 2014. 116 p. (in Russian).

3. Artemiev V. M., Naumov A. O., Kohan L. L. Point objects detection in the case of uncertainty. Informatika =
Informatics, 2010, no. 2, pp. 15-24 (in Russian).

4. Artemiev V. M., Naumov A. O., Kohan L. L. Limited-size object detection on images under condition of uncertainty.
Informatika = Informatics, 2010, no. 4, pp. 5-15 (in Russian).

5. Artemiev V. M., Naumov A. O., Kohan L. L. onlinear Filtering of a Random Sequences with Extended Least-Square
Method. Informatika = Informatics, 2018, vol. 15, no. 1, pp. 60—69 (in Russian).

6. Mueller K., Atman, J., Trommer, G. F. Combination of Wide Baseline Image Matching and Tracking for
Autonomous UAV Approaches to a Window. Gyroscopy and Navigation, 2019, no. 10, pp. 206-215. https://doi.org/10.1134/
S2075108719040138

7. Baklickij V. K. Correlation-Extreme Methods of Navigation and Guidance. Tver’, Knizhnyi klub Publ., 2009. 360 p.
(in Russian).

8. Guzenko O. B., Katulev A. N., Khramichev A. A., Yagol'nikov S. V. Automatic Detection and Tracking of Dynamic
Objects in Images Generated by Optoelectronic Devices under Conditions of a Priori Uncertainty. Methods and Algorithms.
Moscow, Radiotekhnika Publ., 2015. 280 p. (in Russian).

9. Fedoseev V. ., Kolosov M. P. Optoelectronic Devices for Orientation and Navigation of Spacecraft. Moscow, Logos
Publ., 2007. 248 p. (in Russian).

10. Solonar A. S., Khmarski P. A., Mihalkovki A. A., Tsuprik S. V., Ivanuk V. S. Optical-location coordinator of the un-
manned aerial vehicle homing system. Doklady BGUIR, 2018, no. 3, pp. 19-25 (in Russian).

11. Krasil’shchikov M. N., Serebryakov G. G. Control and Guidance of Unmanned Maneuverable Aircraft Based on
Modern Information Technologies. Moscow, Fizmatlit Publ., 2003. 280 p. (in Russian).

12. Alpatov B. A., Babayan P., Balashov O. E., Stepashkin A. 1. Automatic Object Detection and Tracking Systems.
Image Processing and Management. Moscow, Radiotekhnika Publ., 2008. 176 p. (in Russian).

13. Bar-Shalom Y., Li X. R., Kirubarajan T. Estimation with Applications to Tracking and Navigation: Theory,
Algorithms, and Software. New York, Wiley, 2001. 558 p. https://doi.org/10.1002/0471221279

14. Hecker P., Angermann M., Bestmann U., Dekiert A., Wolkow S. Optical Aircraft Positioning for Monitoring of the
Integrated Navigation System during Landing Approach. Gyroscopy and Navigation, 2019, iss. 10, pp. 216-230. https://doi.
org/10.1134/S2075108719040084

15. Li X. R., Jilkov V. P. Survey of maneuvering target tracing. Part I: Dynamic models. /EEE Transactions on Aerospace
and Electronic Systems, 2003, vol. 39, no. 4, pp. 1333-1364. https://doi.org/10.1109/TAES.2003.1261132

16. Solonar A. S., Khmarskii P. A. Main problems of trajectory processing and approaches to their solution within the
framework of multitarget tracking. Journal of Physics: Conference Series (JPCS), 2021, vol. 1864, art. ID 012004. https://doi.
org/10.1088/1742-6596/1864/1/012004

17. Cuprik S. V., Solonar A. S. Methodology for the study of statistical properties of pixel brightness of images of the
optical-location system of an unmanned aerial vehicle. Informatsionnye radiosistemy i radiotekhnologii: Materialy Res-
publikanskoi nauchno-tekhnicheskoi konferentsii, Minsk, 29—-30 noyabrya 2022 g. [Information Radio Systems and Radio
Technologies: Materials of the Republican Scientific and Technical Conference, Minsk, November 29-30, 2022]. Minsk,
BSUIR, 2022, pp. 193—-197 (in Russian).

18. Solonar A. S., Khmarskii P. A., Mihalkovkii A. A., Tsuprik S. V. Semi-Markov model of changing the brightness of
the image of a ground object formed by an optical-location system. Vestnik Voennoi akademii Respubliki Belarus’ [Bulletin of
the Military Academy of the Republic of Belarus], 2023, no. 1, pp. 97-107 (in Russian).

19. Solonar A. S., Khmarskiy P. A., Mihalkovskiy A. A., Tsuprik S. V. Features of trajector measurement coordinates
and parameters of movement of ground objects in on-board optical-location systems. 25" Saint Petersburg International
Conference on Integrated Navigation Systems (ICINS), 28—30 May 2018. St. Petersburg, 2018, pp. 1-5. https://doi.org/10.23919/
ICINS.2018.8405853

20. Solonar A. S., Khmarskii P. A., Mihalkovkii A. A., Tsuprik S. V. Methodology for calculating of the different estimation er-
rors of observed objects location in the airborne optical-location systems. Doklady BGUIR, 2014, no. 7 (85), pp. 71-77 (in Russian).

21. Solonar A. S., Khmarskii P. A. General construction principles and performance features of trajectory processing by
data from one radar data source. Journal of Physics: Conference Series (JPCS), 2021, vol. 1864, art. ID 012138, 10 p. https://
doi.org/10.1088/1742-6596/1864/1/012138



