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Haubonee msoicenvim smanom pabomel msaeaya ¢ MAcCUSHbLIMU OYKCUPYEMbIMU OObEKMAMU SGTAEHICL PENCUM
mpoeanust ¢ Mecma. mo C613aHO ¢ HeoOX0OUMOCHbIO NPe0dONIeHUsl CUbl MPEeHUsl NOKOsl, KOMOPAsl CYuWeCmeeHHO
npegvluiaen cuiy mpenusi 0gudicenus. B kauecmee eapuanma pewienus npoodieMbl MOJNCHO PACCMAMPUBANb UCTOTb-
308aHUE HAYATILHOU KUHEMUYECKOU IHEP2UU Ms2aud, KOMOPAsi MOJICEN PA36USAMbCsL NPU UCHOIb308AHUU 02PAHUYEH-
HO ynpy200eqhopmupyemblx ms2080-CYenHblx YCmpoucme. /s onmumMusayuu Mamemamuieckol Mooeau oajiee npu-
HUMaromes: oonywenus: msieogoe ycunue F na xpioxe mseaua — genuuuna HeusMeHHAs, UHEPMHble MACCbL Mseayd
u 6yKcupyemvix 00beKmos o0uHakogwl u pasHvl m. Cpedcmseamu meopemuyeckol MexaHuxky onucvleaemcs OUHAMUKA
maeaua U MAccusHulx OYKCUPYeMbiXx 00beKmos ¢ yuemom ynpyeou oegpopmayuu msaeoso-cyenuvix ycmpotcms. Co-
CMABIEHHbIE CUCMEMbL TUHEUHBIX 00OHOPOOHBIX OUDDePEeHYUANbHBIX YPASHEHULL ¢ NPASLIMU YACTIIMU Deularomecs. me-
MOOOM UCKIIOUEHUST (DYHKYULL C NOBbIULEHUEM CMEeNeHU, 6 pe3ybmame ue20 00pasyomecs ouppepenyuaivHole ypaes-

-~ ~ 2 2
HEHUs Yemeepmou u uiecmou CmeneHu. Hauanvnvie ycanoesust npu t = 0:d X, /d[ =z= 0, NOCKOJIbKY ms2c060-Ccyennoe

YCMPOUCmEo He 0ehopMUpPO8aHo u K OyKcupyemomy obvekmy cuia ne npunodxicena. Onpeoensiomes nepuoosl Ty U T3,
3a Komopule msA2060-Cyentvie YCMpoUucmea NOOBEPEHYMCs MAKCUMANbHOU Oehopmayuu. J{ns oyenku s3¢pgexmueHno-
cmu npumMenenus ynpy2o0eqhopmupyemoix ms2080-CYenHvblx YCmpoucme noiyueHuble pe3yibmamyl ciedyem conocma-
BUMb C AHANOSUYHBIMU PE3VILIMAMAMU, COOMBEMCMEYIOWUMU ADCOIOMHO JHCECMKUM MAL080-CYENHbIM YCMPOUC-
sam. Conocmasnenue nepemewjeHull, CKOpocmeu U IHepeull CeUIemeIbCmsyem 0 6biCOKOU d¢hgekmusHocmu npume-
HeHUst ynpy200eqhopmupyemozo mseo80-cyento2o ycmpoicmea. Hcnoavsosanue ynpyeooe@opmupyemvix msa2060-
CYEnHbIX YCMPOUCmeE 0den 803MONCHOCHb HAKONJIEHUSI HAYATbHOU KUHEMUYECKOU IHepeUU adpoOpPOMHO20 mseaud,
YUMo N0360J51em NPeoOoiems CULYy Mpenusi ROKOsl U 0becneuuns mpo2anue ¢ Mecma msiicenvlx 6yKcupyemvlx 00bex-
mos. Conocmagienue KUHeMAMUYeCcKux 1 OUHAMUYECKUX Napamempos mseaua ¢ 6ykcupyemvimu 00vekmamu 0jis 6d-
PUAHMOG C ADCONIOMHO JHCECMKUMU U YAPY200epDOPMUPYEMbIMU MSA2080-CYENHBIMUYCMPOLICMEAMU NOKA3bIEAENT, YMO
I hexmusHOCHb UCNOIL306AHUSL NOCTEOHUX BO3PACMAEM C YEeIUUeHUEM YUCTA OYKCUPYeMbIX 00bekmos. Ynpyzooe-
Gopmupyemvie ms2080-cyentvle YCMpOUCmMEa MO2ym Gbl3bl8aMb KOIeOAHUsl CUCIeMbl «msiead — OYKcupyembvle 00b-
exmuLy. [lisi ux npedomepauenuss msazo60-cyentvie YCMpoucmea Haoiexcum OI0KUposams 6 MOMEHM ux Hauboabuieti
depopmayuu.

KiroueBble cioBa: OyKCHpOBKa, TPEHHUE, SHEPIHs, TATOBO-CIEITHOE YCTPOMCTBO, )KECTKOCTh, OJIOKHPOBKA, IEpeMe-
IIEHUE, CKOPOCTh, YCKOPEHHE.

BBenenne

anbosee TSHKEIBIM ATarioM padoTHI TATava

C MacCHBHBIMH OYKCHPYEMBIMH OOBEKTa-

MU SIBJISICTCS PEKHUM TPOTAHUS C MeCTa
[1-3]. DTO cBsi3aHO ¢ HEOOXOAUMOCTBIO MIPEOOIIE-
HHS CHJIBI TPEHHsI MOKOs [4, 5], KoTopas CyIecT-
BEHHO MPEBBIIIAECT CHIy TPeHMS IBMKeHus [6—8].
B coorserctBuu ¢ I'OCT P 59483-2021 tsarau (aB-
TOMOOWITB-TSTA4) — 3TO MEXaHMYECKOE TPAHCIIOPT-
HOE CpEACTBO, CIIOCOOHOE OyKCHpOBATh IPHIICTI
1 000pyIOBaHHOE YISl 3TOTO CIEMHBIM YCTPOMCT-
BOM U CIIEIMAIBHBIMU COSAMHUTENBHBIME JJIEMEH-
TaMd i1 00eCIIeUeHUsT CBSA3H DIIEKTPOOOOPYI0OBa-
HUS M TOPMO3HBIX CHCTEM TpHIIETa U TAraya.

B kadecTBe BapmaHTa pemieHHs NpoOIeMBbl Tsi-
JKEJIOTO peXMMa TPOTaHHS COCTABHOTO TPAHCIOPT-
HO-TEXHOJIOTHYECKOTO CPENCTBA MOYKHO paccMar-
pUBaTh KCMOJIb30BAHUE HAYAIBHOW KHHETUYECKOM
sHepruu TArada [9-11], xoTopas MOXeET pa3BH-
BaTbCS TPU HCIOJNB30BAHUU TIATOBO-CLEMHBIX YCT-
poiicTs [12-14].

Henpto paboTBl SBISIETCS TEOPETHUYECKOE
000CHOBaHHE TEXHUYECKOI'O PELICHHS yKa3aHHON
po0JsieMbl, OCHOBAHHOIO Ha NPUMEHEHUH YIpYy-
roJeOopMHUPYEMbIX TATOBO-CIIETIHBIX YCTPOMCTB
BIIBYX- M TPEX3BEHHBIX TPaHCIOPTHO-TEXHOJOTHU-
YECKHUX MAIMHAX, YTO MO3BOJIUT CHU3UTH DHEPIoO-
3aTpaThl IPU TPOTAHUU C MECTA.

© Ilonog U. I1., ®unskun H. M., Mowucees O. 10., Xapun B. B., 2023
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MeToabl uccIeI0BAHUS

Jiis  onTUMH3AMM MaTeMaTH4YeCKOH MOJeIH
Janee MPUHUMAIOTCS JOMYIICHUS: TSATOBOE YCHITUE
F Ha xproke Tsarava [15, 16] — BenuunHa HEU3MEH-
Hasi; WHEPTHBIE MAaCChl TiArada W OyKCHPYEMBIX
00BEKTOB OAMHAKOBHI U PABHEI M.

CpencTBaMu TEOPETHUECKOW MEXaHHKH OIMHUCHI-
BaeTCs JAMHAMUKA TATa4a U MAaCCUBHBIX OYKCHpye-
MBIX 00BeKTOB [17-19] ¢ yueTom ympyroit medop-
MalllH TATOBO-CLEMHBIX ycTpoicTB. COCTaBlICHHBIE
CHUCTEMBI JIMHEHHBIX OJHOPOIHBIX auddepeHIn-
aIBHBIX YPAaBHEHUH C MPaBBIMU YaCTSIMHU PEIIAIOTCS
METOJIOM HCKIIIOYeHUS (YHKIMI C TOBBIIIEHUEM
CTElleHH, B pe3yibTaTe 4yero obpasyrorcs nudde-
peHIMATIbHBIE ypaBHEHHS UYETBEPTOM H IIECTON
CTETICHH.

Tsara4y u oguH OyKcupyeMblii 00beKT
JlmHaMyKa TsATraya OMUCHIBAETCS BRIpAKEHHUEM

dZ
F=m d2 +k( )’

rae F' — cuna, NIpUIIOKEHHAs K TArady; m — HHEpT-
Has Macca TArada; X,,x, — IyTH, IPOAIEHHBIE, CO-

OTBETCTBEHHO, TATa4OM U OYKCHPYEMBIM OOBEK-
TOM; k — KO3((UIIUEHT YIIPYTOCTH TATOBO-CIICITHO-
r0 yCTpOMCTBA.

JuHamuka OyKCHpyeMOro 00BbEeKTa OIMHMCHIBACT-
Cs1 BRIpaKEHUEM

0=m—=>—k(x, —x,),

ar’

rae m — WHepTHas Macca OYKCHPYEeMOTo OOBEKTa,

paBHas1 I/IHCpTHOfI MaccCce€ TiArada B COOTBETCTBHHU
C TIPUHATHIMU JTOMYIICHUSIMHU.

CoBMecTHOE pellleHHe 00OUX YpaBHEHHH JaeT

CIIEAYIONINE 3HAUCHHS Ul TepeMElIeHUH, CKOpo-

CTel ¥ YCKOPEHUH TsAraya u OyKCUPYeMOro 0ObeKTa:
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Vi

(1

3neck v;,v, — CKOPOCTH, @,,d, — YCKOPEHUs, COOT-
BETCTBEHHO, TAraya ¥ OyKCUPYeMOro 00beKTa.

Ilepuon t,, 3a KOTOPBIA TATOBO-CLENHOE YCT-

POMCTBO TO/ABEPrHETCS MaKCUMAJIBbHOU Jaedopma-
UM, OIpenensercss cleayluM obpa3oM (HMH-
JIEKC 2 paBeH YHCITy MACCHBHBIX 3JIEMEHTOB — TATaY
1 OyKCHUpYeMBbIii OOBEKT):

a\(1,)- % -0
C yuerom (1)
%cos \/%12 =0,
Ortcrona

3a nepuos T, TArad NepeMECTUTCS Ha BETMYMHY
k m

\/ V 2%
32k 4k

IIpu 3TOM €ro ckopocThb
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(n)= Tam 4 2k 4k

s oueHku  3(Q(EKTUBHOCTH  MPUMEHEHUS
yrnpyroaeopMupyeMoro TSIroBO-CHETHOTO YCTPOi-
CTBa MOJTyYCHHBIE PE3yIbTATHI CIEAYET COTOCTABUTh
C aHaJIOTUYHBIMHU pE3yJibTaTaMHU, COOTBETCTBYIO-
IUMH  a0CONOTHO JKECTKOMY TSTOBO-CIIETTHOMY
YCTPOMCTRY.
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=2,60.
E(Tz)

3neck E (1,),E(T,) — KUHETHYECKHE YHEPTHH Tsi-

raga.

B umcnuTensx npencTaBleHHBIX COOTHOLIEHUMN
PaCTOI0KEHBI TEOPETUYECKH TOTYUYCHHBIE Pe3yIlb-
TaTbl, COOTBETCTBYIOIIME HCIOJIB30BAHUIO YIIPYTO-
neOopMHUPYEMOTO  TATOBO-CLEITHOTO YCTPOMCTBA,
a B 3HAMEHATEJSIX — BEJIMYMHBI, COOTBETCTBYIOIINE
MIPaKTHKE.

ComnocraBieHue MOEpeMEIICHUN, CKOpocTeil
W DHEPTUH CBUICTEILCTBYET O BBICOKOH 3(dek-
TUBHOCTH TpPHUMEHEHHs YHpyroaehopMupyemMoro
TATOBO-CLEITHOTO YCTPOHCTBA.

Tsarau u 1Ba OyKcupyeMbIX 00beKTa

Junamyka TsArada U OyKCHPYEMBIX OOBEKTOB
OTIMCBIBACTCS BBIPAKCHUAMU

d2
F=m k
k(3 —x),

dZ
k(x, —x,)=m d;z +k(x, —x3),
d2
k(x,—x;)=m dt)?'

CoBMecTHOE pellleHHe 3THUX ypaBHEHHWM Jaer
CIIeyIOLINe 3HAYSHUsS Uil MepeMenieHuil, cCKopo-
CTeH M yCKOPEHMH TiArada U OyKCHPYEMBIX 00BeK-

TOB!
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Ilepron t,, 3a KOTOpPBI TArOBO-CLENHOE YCT-

POMCTBO HOABEPTHETCS MaKCHUMaJbHOU nedopma-
LIUH, OIIPEIEISIETCS CASAYOIIM 00pa3oM:

F
al(rS)—Ezo.

C yueroMm (2)

/3k /k
—cos 13 +—cos
m

JTO ypaBHCHHE UMEET PEIICHUE

\/EQ =0,427x,
m
T, =0, 42715\/%.

3a mepuoj T, TArad NepeMecTUTCS Ha BETUYHHY
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Jis orieHKH 3PPEKTUBHOCTH NPUMEHEHHS YII-
pyroziehOpMUPYEMBIX TATOBO-CIIETTHBIX yCTPOWCTB
MOJTyYeHHBIE PE3yJbTaThl CIEAyeT COMOCTAaBUTh
C QHAJIOTMYHBIMU  PE3yJIbTaTaMU, COOTBETCTBYIO-
IIMMHA a0COIIOTHO JKECTKUM TATOBO-CIEIHBIM yCT-
poicTBam:
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2

x () _
W(m)
TAR
El(r3)_
) 4,93.

CormocTaBieHue KHHEMAaTHUECKUX H JUHaAMHU4YC-
CKUX TIApaMeTPOB TsAraya ¢ OyKCHPYEMbIMH 00BEK-
TaMH JUIS BAapUAHTOB C abCOJIIOTHO IKECTKUMH
1 yIpyroaeOpMHPYEMBIMUA TATOBO-CLICITHBIMH YCT-
pOIiCTBAaMU TOKAa3bIBACT, 4TO 3(PPEKTHBHOCTH HC-
MOJIb30BAHUSI TIOCIICIHUX BO3PACTACT C YBEIUUCHH-
eM JHclia OYKCUPYEeMBIX 00BEKTOB (CM. TaOIHITY).

ConocTapjieHHe KHHEMATHYECKHX H IMHAMHYECKHX
napamMeTpoB

Hueno x (1) vi(7) E (1)
MAaCCHBHBIX — —

JIIEMEHTOB x(1) v(x) E(r)

2 1,81 1,64 2,69

3 2,6 2,22 4,93

VYnpyroaepopMupyembie TATOBO-CHEIHbBIE YCT-
POMCTBa MOTYT BBI3BIBATh NMPOCTPAHCTBEHHBIE pe-
30HAHCHBIC KOJIECOAHHs CHCTEMBI «TSrad — OyKCH-
pyembie 00beKkTh [20]. s ux mpemoTBpamieHus
TATOBO-CIICTIHBIE YCTPOHCTBA HAMJIEKUT OJIOKHPO-
BaTh B MOMEHT MX HauOoubInei nedopmaryu, 9To
o0ecneynT MaKCHMAJIBHYI0 KHHETHYECKYIO JHEp-
THIO B YIPYroaeopMHPYEMOM YCTPOWCTBE U IO-
BBICUT BEPOATHOCTb TPOTaHUSI MACCHUBHBIX OOBEK-
TOB C MeCTa.

AHanm3 MOJYyYEHHBIX pe3yIbTaTOB aHAJIUTHYC-
CKMX HCCJICIOBaHMU MOKa3bIiBaeT 3((EKTUBHOCTD
NPUMEHEHUSI  YIpyro-IeGopMHPYEMbIX — TSITOBO-
CIIENHBIX YCTPOHCTB MACCHBHBIX OYKCHPYEMBIX
00BEKTOB, YTO OOJIETYHUT YIPABICHUE TITauoM, I0-
BBICUT Maccy OYKCHUpYEeMbIX OOBEKTOB (IIPULIETIOB),
HO3BOJIUT Uil OYKCHPOBAHMS IPUIIECTIOB 3aJaHHON
Macchl HCHOJb30BaTh TATAYHC MEHEEe MOIIHBIMH
SHEPrOCUIOBBIMHU YCTaHOBKAMHU.

JlaHHOEe  HampaBJeHHE  COBEpPIICHCTBOBAHMS
KOHCTPYKILMH CLEIJICHUSI TsAradya ¢ MacCHBHBIMHU
OYKCHpPYEMBbIMH OOBEKTaMH, BKJIHOYAs MHOI'O3BEH-
HBIE aBTOIOE3/a, TPeOyeT KOMIUIEKC SKCHEPHMEH-
TaJIBHBIX HCCIICOBAHUM, 0a3UPYIOMMXCS Ha METO-

JaX HAYYHOTI'O INIAaHUPOBAHHUA 3KCIICPUMCHTA. HpO—
BCACHUC OTHUX OKCICPUMCHTOB 3allIaHUPOBAHO
B KAQUCCTBC CJICAYIOUICTO JTalla HCCJICIOBaHUM.

BriBoabI

Teopernyeckn 000CHOBAHO TEXHHUUYECKOE peliie-
HUEC TPOOJEMBI TSKEIOTO PEKHMA TPOTAHHS CO-
CTaBHOT'O TPaHCHOPTHO-TEXHOJOTHYECKOTO CPEJICT-
Ba, OCHOBaHHOC Ha NMPUMEHEHUH OTPAHUICHHO yII-
pyroneopMUPYyEMBIX TITOBO-CICITHBIX YCTPOWCTB
B JIBYX- U TPEX3BEHHBIX TPAHCIIOPTHO-TEXHOJIOTHU-
YECKUX MAIlIMHAX, YTO TIO3BOJUT YMEHBITUTEL YCH-
Jue, pa3BUBAEMOE TITa4yOM MPU TPOTAHUH C MECTa.

Ucnonb3oBaHue TakUX TATOBO-CLEMHBIX YCT-
POMCTB JaeT BO3MOXKHOCTH Peain30BaTh HamOoJee
TSDKEIIBIA 3TAIl pabOThI TSATaya ¢ MAaCCUBHBIMU OYK-
CUPYEMBIMU 00BEKTaMH, KOTOPHIM SBIISICTCS PEIKUM
TPOTAHHS C MECTA, 32 CUET HAKOIJICHHUS HadaIbHOU
KHHETHYECKOW JHEPTHUH, YTO ITO3BOJIIET IPEOJIO-
JIETh CHITY TPECHUS MTOKOSI.
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Analysis and Rationale of Tow Units for Tractors with Massive Towed Objects

LP. Popov, PhD in Engineering, Kurgan State University, Kurgan, Russia
N.M. Filkin, DSc in Engineering, Professor, Kalashnikov ISTU, Izhevsk, Russia

O.Yu. Moiseev, Kurgan, Russia
V.V. Kharin, PhD in Engineering, Kurgan, Russia

The most difficult stage in the operation of a tractor with massive towed objects is the starting mode. This is due to
the need to overcome the static friction force, which significantly exceeds the motion friction force. As a solution to
this problem, we can consider the use of the initial kinetic energy of the tractor, which can be developed when using
limited elastically deformable tow units. To optimize the mathematical model, the following assumptions are made:
traction force F on the hook of the tractor is a constant value; the inertial masses of the tractor and towed objects are
the same and equal m. The dynamics of a tractor and massive towed objects is described by means of theoretical me-
chanics, taking into account the elastic deformation of tow units. The composed systems of linear homogeneous differ-
ential equations with right-hand sides are solved by the method of elimination of functions with increasing of exponen-
tial order, as a result of which differential equations of the fourth and sixth power are formed. Initial conditions at

t=0: d’x, / dt’* = z =0, since the tow unit is not deformed and no force is applied to the towed object. The periods T,

and T3 are determined, during which the tow units will undergo maximum deformation. To assess the effectiveness of
the use of elastically deformable tow units, the results obtained should be compared with similar results correspond-
ing to absolutely rigid tow units. Comparison of displacements, speeds and energy testifies to the high efficiency of the
elastically deformable tow units. The use of elastically deformable tow units makes it possible to accumulate the initial
kinetic energy of an aircraft tow tractor, which makes it possible to overcome the static friction force and ensure the
starting of heavy towed objects. Comparison of the kinematic and dynamic parameters of the tractor with towed ob-
Jects for options with absolutely rigid and elastically deformable tow units shows that the efficiency of using the latter
increases with an increase in the number of towed objects. Elastically deformable tow units can cause oscillations of
the tractor-towed objects system. To prevent them, the tow units must be blocked at the moment of their maximum de-
formation.

Keywords: towing, friction, energy, tow unit, stiffness, blocking, movement, speed, acceleration.
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