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B.I1. Kouapaxuu /n.1.0./, .A. leMémun

IOV BIIO «/loneyxuil HayuoHATbHBIN MeXHUYeCKUll yHusepcumemy (oneyx)

MATEMATHYECKASA MOJAEJIb IMHAMUKU ITPUBOJA MALINHBI
ITPU CPABATBIBAHUU ITPEJOXPAHUTEJIBHOU MY®TbI
C PAIMAJIBHBIM JIBUKEHUEM IITAPUKOB

Paspabomana mamemamuueckas mooenv 01 UMUMAYUOHHO20 MOOENUPOBAHUs npoyecca cpabamul-
6aHUS NPEOOXPAHUMENLHOU MYPMbl ¢ PAOUATHHBIM OBUNICEHUEM WAPUKOE 8 NPUBOOde MAuuHbl npu
YNPY20-6A3KOM CHONOPEHUU €€ UCNOTHUMETLHO20 OP2aHda.

Knroueegwvle cnosa: mamemamuueckas mMooeivb, OUHAMUKA, NPUBOOD, NPEOOXpAHUmMeNbHAs Mypma, wa-

PUK, paouanvHoe 08udlceHue.

IHocTranoBka npoodaeMbl

[Ipu BHE3alTHOM CTOTIOPEHUU HCIOTHUTEIBHBIX
OpraHOB  TOPHBIX, TPAHCIOPTHBIX, JIOPOXKHO-
CTPOUTENBHBIX, APOOMIBHBIX MAIIWH BO3HHUKAIOT
9KCTPEHHbIEC MEPErPy3KH, A 3aILUTHl OT KOTOPBIX
WCIIONIB3YIOTCS pa3iMyYHble THIBI MPeJOXpaHUTENb-
HBIX YCTPOMCTB. B TOM wuucne mupokoe mpuMeHe-
HUE HaxXOOIT IIAPUKOBBIC MPEIOXPAHUTEIbHBIC
MydTer. TIpouecc cpabaTeiBaHUsI TakKuX MyQT cO-
MIPOBOXKJIAETCSI MOBTOPSIIOIMMUCS yAapamMH IIapu-
KOB OZHOM MONMyMy(Thl O LIAPUKH WIM Ha3bl OpY-
rOH, 4TO MPUBOAMT K (OPMHPOBAHHIO AUHAMHYE-
CKHX Harpy3ok B TPaHCMHCCHH MPHUBOJA MAIIHUHBI.
Kak mnokaspIBaeT OIBIT 3KCIUTyaTalud APOOHIIOK,
3TH Harpy3kd MOTYT CYIIECTBEHHO IIPEBBILIATH HO-
MUHAJIbHOE 3HAu€HHE MOMEHTa CpabaThIBaHUS

mydTsI [1,2].

AHaNu3 MOCJAEeAHUX MCCAEAOBAHMNA M My0JauKa-
107071

Bompocsr auHaMuku TpUBOAAa MAIIWH C IApH-
KOBBIMH U KYJIaYKOBBIMH TPEIOXPaHUTEIbHBIMA
My(hTaMu paccMOTpeHsl B padotax [3...7]. OmHako
B YKa3aHHBIX pa0oOTaX OTCYTCTBYIOT pPacCUeTHEIC
CXEMBI 1 MaTeMaTHYECKHE MOJIEIH, MTO3BOJISIONIIE B
BBIUUCITUTEIILHOM JKCIIEPHUMEHTE aJIeKBaTHO BOC-
MIPOU3BOJUTE TPOIIECC CPadATHIBAHUS TEPCIICKTHUB-
HBIX IIAPUKOBBIX MY(PT ¢ pajiajIbHBIM JABHKEHUEM
rapukos [8].

OcobeHHOCTh My(PT C paaualibHBIM JIBUKEHUEM
LIAPUKOB, KOTOpasi HE YYWTHIBAECTCS B H3BECTHBIX
paboTax, 3aKJII04aeTcs B TOM, 4TO Ha MIAPUKH, KPOME
CHJIBI CKaTHSI TIPY>KUHBI, JISHCTBYIOT CHJIBI UHEPIIHH,
KOTOPBIE YBEIMYMBAIOT CHJIYy NPWKATH IapUKOB
NPY BpAILEHWH BEJIOMOTO 3BE€HA U MCUE3a0T IPH €To
CTOIOPEHUH. 3a CYET 3TOTr0 CYIIECTBEHHO YMEHb-
MIal0TCS yAapHbIe HATPY3KW B TPHBOJIE MpU cpada-
THIBAHUU TIPEIOXPAHUTEIHHONH MY(THI, BBI3BAHHOM
CTOIOPEHUEM HCTIOITHUTEIEHOTO OpraHa.
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eanb (3apauun) ucciaeg0BaHus

Lenbto uccnenoBanus sABIsETCS pa3paboTka Ma-
TEMaTU4eCKO MOJeNu Tmporecca cpadaTbIBaHHS
MPEeIOXPAHUTENBHON MYy(THI C pajHaIbHBIM JBH-
JKEHHEM IIapUKOB B COCTaBE MPUBO/A MAITUHBI IPU
9KCTPEHHOM CTOIIOPEHUU €€ HCIIOIHUTEIBHOTO Op-
rafa.

OcHOBHOIi MaTepHaJI HCC/IeT0BAHMS

s cocTaBiieHHsT pacYETHBIX CXEM IApUKOBON
NPEIOXPAHUTENIEHOW My(THI C paaMalbHBIM JBU-
KCHHUEM IIAPUKOB IPHHATHI CIEAYIONINE JOIyIIe-
HUS: Harpy3ka Ha BCE IIAPUKU paclpeelnseTcs
PaBHOMEPHO; MIAPUKH paccMaTpUBAIOTCs Kak abco-
JIIOTHO TBEPIble MaTepUalbHbIE TOYKU C OJUHAKO-
BBIM 32KOHOM JIBIDKEHHS; YIIPYTHE dJIeMeHTH My(T
U TPAaHCMHUCCHH PACCMaTPUBAIOTCS KakK JIMHEHHBIE;
TpPEHHUE MAPUKOB — KYJIOHOBO.

Ha puc. 1 npencraenena pacueTHas JUHaMHUYe-
CKasi cxeMa it MOJICIUPOBAHUS JMHAMHUYECKUX
NPOILIECCOB B TPAHCMHMCCHM MAIIMHBI C IIAPUKOBON
NPEOXPaHUTENLHOW MYy(TOW, B KOHCTPYKIUH KO-
TOPOW TIpeyCMaTpUBAETCS JIBUKEHHE LIAPHUKOB B
panuaibHOM HaIlPaBICHUH.

Ha puc. 1 npusATH cienyroniie 0003HauYCHHS:
I, |2, — MaccoBble MOMEHTBI HHEPIIUH TOIYMY(T C
MPUCOEMHEHHBIMHA K HUM MaccaMy TPaHCMUCCHH H
NPUBOIHOIO ABUratTens; l3 — MOMEHT MHEpLUHU HC-
MOJTHUTEJILHOTO OpraHa MallMHbBI C MPUCOEIHHEH-
HBIMU Maccam; y,, — NepeMelleHne NIaphKa B pa-
JauanbHOM HanpasieHud; C,, B, — Ko3puimenTs
JKECTKOCTH U COTIPOTHUBIICHHS yYacTKa TPaHCMHUCCHH
OT TIPEJIOXPaHUTENHHONH MYy(THI 70 3aKIMHEHHOTO
BaJIKa; 0 — 3a30p B TPAHCMHCCUH NPUBOAA MAIIUHBI;
¢, B — k03 PULKEHTHI )KECTKOCTH U COMIPOTHBIICHHUS
HPYKUHBI TIPEAOXPAHUTENIBHON MY(TBI; Cppy Prp —
KO3(P(PHUIIMEHTBI KECTKOCTH U COMPOTHBIICHHS TIpe-
MSTCTBUS, BBI3BABIIETO aBapUIHOE CTOMOpPEHHE MC-
MOJTHUTENILHOTO OpraHa MaIluHEbI.
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Puc. 1. PacueTnas cxema ai1si MOICTIMPOBAHUS MIpoliecca cpadaThbiBaHus My THI
C paivabHBIM IBUKCHHUEM [IAPHKOB

JIBI>KeHHe paccMaTpuBaeMbIX Macc My(THl B
o0IIeM cilyyae OMHCHIBACTCSI CUCTEMOM TuddepeH-
[IUAJTBHBIX YPaBHEHHUI:

11,01, +QxR, =M,

IZ,wq':)Z,w -Qy RM =M,,

(my +m,)7,, + MR, - y,)+mR, -y, )]x (@)
x (3, +[Q,] f,,signy, + Ay, +C, +F, =Q,,
1305 + 8,03 +C,,03 =—M,,

rae My, M, — xpyTamme MOMEHTBI, ACHCTBYIOIIIHE
Ha MOIyMy(THI;

Cp (03 —9,,) +B,, (93 —93,,),
npu (@3- ¢,,) >0,

0, npu—3< (93 -9,,) <0,

C,p (03 =9y, +8)+B,, (93 —9,,,),
npu (93— ¢,,) <-4

Qx 1 Q, — OKpyKHas U paauagbHas COCTaBIIOLINE
pesyabTupytomei peakuun Q, BO3HUKaOUIEH NpH
B3aMMOJECHCTBUN ILAPUKOB C LMWJIMHAPHYECKUMHU
apMHPYIOIIUMH BCTaBKamH; R, — paguyc oKpyXHO-
CTH, Ha KOTOPOW pACIIOJIOKEHBI IIEHTPHI HIAPHKOB;
f,, — mpuBeneHHbIN KOQUIMEHT TpeHUS IIapHKa
IIPU €T0 pajuaIbHOM MEPEMEIICHUN; Q1 P2y Py —
YTJIBI TIOBOPOTA COOTBETCTBYIOIIUX Macc, M; — Mac-
ca IIApUKOB; M, — Macca NPYKUH U JOIOTHUTEb-
HBIX TPy30B; R; — paccTosHEE OT OCH BpalIeHus 10
LIEHTpa MacC CHUCTEMBI <«JIOMOJHUTEIbHBIN TPy3 —
npyxuHa»; F,, — ycunue npeaBapuTeNbHOTO CKa-
TUS IPYKUHBL.
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Bce paccMoTpeHHBIE napaMeTphl NPUBENEHBI K
BaJly, Ha KOTOPOM pAacloJIO’KeHa MPedoXpaHUTENb-
Has My(ra.

IIpn MonenupoBaHuU mpouecca cpabaThIBAHUS
MPeIOXPaHUTENLHOH MY(TBI MOKHO B TIEPBOM TIPH-
OJNIM)KCHUM HE YYMTHIBATH MOMEHT M), JEHUCTBYIO-
i Ha OOJNBIION IIKWB CO CTOPOHBI IPHUBOJHOTO
JIEKTPOJIBUTATENS], TaK KaK B OOJBIIMHCTBE MAaIINH
MocJie SKCTPEHHOTO CTOMOPEHHUSI HCTIONHUTENBHOTO
opraHa 3JIEKTPOIBUTATENb ABTOMATHYECKH OTKIIIO-
qaeTcs.

HavanbHble ycnoBus s perenus cuctembl (1):
t=0; yu=V=0; @1, ~92,~93,=0; (P1 = ('PZJ,: (b3 =0,,
IZle 9 — HOMHHAJIbHASI YacTOTa BpAILLCHHs Baja, Ha
KOTOPOM pa3MelieHa MmyQra.

IIpu cTOmMOpeHNMH WCTIONHUTENBHOTO OpraHa
MaIIMHbI IPOUCXOIUT 3aKpyUMBaHHE BaJONPOBOJA
TPAaHCMHCCUM W POCT KPYTAIIEr0 MOMEHTa, IpH
3TOM HONMYMYQTHI ABIKYTCS Ha 1-M dTame coBMecT-
HO (01,=¢2,; v,=0) ITostomy B cucteme (1) mist 1-ro
JTama BMECTO NEPBBIX TPEX YPaBHEHWI HCIIOJNB3Y-
€TCsl OJHO!

(,+1.) 9, =M+M,. )

VYenmusa Qg u Q, juis 1-ro srama onpeiensrorcs
IO BBIPAIKEHUSIM:

QX = (|2,11¢2M _MZ)RJ_tl '
Qy =Q,ty(oy —p), 3
rae p — yroJj TpeHus MAapuKOB O HUIMHAPUYCCKUC

MMOBEPXHOCTH KOHTAKTA; 0Oy — HA4aJIbHBIN yrojl KOH-
TakTa (puc. 2).
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Ycnoue cymiecTBoBaHus 1-T0 dTana:
Q <F, +¢, MR, -y rHm R -y HO.f. . (4)

Korga ycnosue (4) He BIOTHSETCS, HAUUHACT-
Cs1 B3aMMHOE IIPOCKaJIb3bIBAaHHUE IIAPUKOB.

TpaexkTopus IBMXKEHUS LIEHTPA IIapHUKa IIPHU €T
CKONBKEHUH MO MPOQWII0 BeAylled NOoIyMy(Thl
(2-# sTam) s HauboJee MPOCTOTO U MPAKTUUECKH
1eJ1eco00pa3HOro Cirydasi, Korna KOJIM4YecTBO Ia-
pUKOB paBHO 2, a ¢opMa HMOBEPXHOCTH KOHTaKTa
LWIMHApAYECKas, NpHUBeJIeHa Ha pHUC. 2 (JIMHUA
AGHB).

[Ipu oTcyTCcTBUM pa3phiBa KOHTAKTA MEXIY IIa-
pUKaMU M LWIMHAPUYECKONH MOBEPXHOCTBIO BEIy-
med MmoayMy(Thl TPAaeKTOPHUsSl ABMKEHHUS LEHTpa
LIapHKa ONPENeNIeTCs BEIPaKEHUEM:

VR = (x,~b-x,) -a,

npu Xg <X, <X,

R—-a-p, npu X, <X, <X,,
JRZ = (x,-b—2b —1-x,)? —a,
npu X, <X, <nR K,.

Yop = %)

rae Xi=xo+b+by; x=xi+l; R=R,+R,; Xo=nR,(K,~1);
=R,~2(b+by); bi=[R*~(R-p)*]"% R.., R, — paamycel
apyuka ¥ [HIHHIPHYECKON MOBEPXHOCTH KOHTaK-
ta; K, — TOpSIKOBBI HOMEpP MOBTOPSIOIIMXCS
YYaCTKOB MPOQHIIs JjIUHOU TR ,,.

[Mapamerp p mpencrapiisieT coOoil pa3mep BbI-
CTYMAIONIeH YacTH IMWIHHIPUIECKONW MOBEPXHOCTH,
C KOTOPOHM KOHTaKkTUpyeT mapuk (puc. 2). Bennuu-
Ha 3TOT0 MapaMeTpa OKa3bIBAET CYIIECTBEHHOE BIIH-
SHUE€ Ha BEIWYMHY JIUHAMHYECKUX HATrPy30K IpH
cpabaTpiBaHUM MY(THI, M €r0 ONTHMaJIbHOE 3HaUe-
HUE JIOJKHO OTIPENENSIThCA C UCIOIB30BaHMEM pas-

paboTaHHON MaTeMaTHIECKOW MOJICIIH.

[Ipu paccmotpenuu 2-ro 3Tana (CKOJIBKEHUE 110
npoduiro 0e3 MOTepU KOHTAKTa) CICAYeT UMETh B
BUJLY, YTO yap IMapuka o MpOoQHIIb MPOUCXOIUT HE
TONBKO B KOHIE Tpodmis (Touka B Ha puc. 2), HO
Takke B Toukax G m H, B KOTOpBIX IPOUCXOOUT
MI'HOBEHHOE M3MEHEHHUE CKOPOCTH IICHTPA IIApHUKa.

CocraBistonmiass Qy ycuiaus B3auMOJCHCTBUS
mapuka ¢ mpoduieM B JAHHOM cliy4yae 3alHIIeTcs B
BUJIC:

Qy = ((ml + mZ)ym + (ml(RM - ym) +
+ mZ(RZ - ym))(pgu + Cym +B.)./w + FHH ) X
x(-f, sign Y, ctolo—p) L, (6)

TIE

Xo +b—x
arccos(%), npu Xo < X, <X,

T
o npu Xy < X<X,,

X, — X, =y
arccos(“’T), npu X, <X, <nR K,.

VYcioBrue CyIIecTBOBAaHHE PEXXHMa CKOJIBKEHUS
0e3 moTepu KOHTAKTa MEKAY IIapUKaMHU:
N =Q,sina+Q,cosa>0. @)

B ciyuae, ecnu B mporiecce NMpOCKab3bIBaHHS
BBITIONTHSIETCSL yCloBUe X, =2K,b, nmpoucxomur ynap
HrapukKa OJHOH HomymMyQTsl MO CIEIyIOLEMY IO
MOPSAAKY apMHUPYIOLIEMY I[MIUHAPHYECKOMY dJe-
MeHTy (Touka B Ha puc. 2). B ciyuae HeBbIosnHe-

Hus ycioBusa (7) NPOMCXOAUT OTPBHIB IIAPUKA OT
apMUPYIOILET0 LHWINHAPUUECKOIO 3JIEMEHTA.

Y
A Ry, ry I
G
‘ H B o
N\ & / »
AN / y
a ~ *t d R
o )
tfon/ \ / .
I Y J d R’
il ﬂ' M >

Puc. 2. Pa3zBepTka TpacKTOpUH JBMXKEHUS LIAPHKA IPEJOXPAHUTEIILHON MYy THI
C pauaJbHBIM NIEPEMEIICHUEM IapuKa
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B cucreme (1) B 3TOM ciiydae ciemyeT ITOJ0-
xuTh Q=Q,=0. He3aBucumoe nBmxkeHHE paccMmart-
puBaeMbIX Macc OyneT MpOJOIKaThCs 10 TeX Mop,
HoKa coOJIoIaeTcs YyCIOBUE Y, >)y,. 1locne morepu
KOHTaKTa IIApUKOB €ro BOCCTAHOBIICHHE COMPO-
BOXKJIAETCS YIAPOM.

VYrnoBast ckopocThs Beaylei nomyMyQThl, KOTO-
past cBsizaHa ¢ TIPUBOJHBIM 3JICKTPOJBUTaTEICM HIIH
OOJNIBIIMM IIIKHBOM PEMEHHOH Imepenadu, mpu yia-
pax M3MeHsAeTCsl He3HAUYUTeNbHO, Tak Kak 11,>15,, u
STHMHU U3MEHEHHUSIMHU MOXKHO MTpeHeOpeyb.

3amada OMpeneNeHusl CKOPOCTEeH coynapsio-
LIMXCSI TeJ NMPUMEHUTEIbHO K LIAPUKOBOM Mpeno-
XpaHHUTENbHOW My(TE C OCEBBHIM IepeMelleHHeM
[IAPHKOB MTOIPOOHO paccMoTpeHa B pabore [7]. Ilo-
JydeHHbIe (POPMYITBI MPUMEHUMBI M K paccMaTpUBa-
eMoil 3amade. HaiineHHble 3HA4YE€HMsI CKOPOCTEH
CITy’KaT HAYaJbHBIMU YCIOBUSIMH JUIS PEIICHUS CH-
crembl ypaBHeHUH (1) Ha criemyromeM >Tare JBU-
KCHUA.

[Ipu moxenupoBaHuM mpolecca BbiOera Beay-
niel momyMy(Thl COBMECTHO C TMPUBOJHBIM JIBHTa-
TeJeM M TPAaHCMHUCCHEH 3aKOH JBMXKEHHs Macchl |y,
MIPUHUMACTCH paBHO3aMEAJICHHBIM, TO €CTb
¢p,, =Po—¢yt, rae &<0 — mocrosHHOE yriIOBOE

yCcKOopeHue (3aMeiieHHe) BeAylled MOoIyMy(THl;
¢,, — HOMHHAJbHas YIJIOBas CKOPOCTb BeIyIIeit

MOIYMY(THI.

BriBoabl

VYpasuenus (1)...(7) B COBOKYITHOCTH TIpe/l-
CTaBIIAIOT COOOW MaTeMaTHYECKYH) MOJIENb, TO3BO-
JIAIOLIYI0 B TPOLECCE BBIYMCIMTEIBHOIO SKCIICPH-
MEHTa MOJEIMPOBAaTh MpOIecC CcpadaThIBAaHUS
MPEeIOXPAHUTENBHOH MYy(THl C pajWaIbHBIM J[BHU-
JKEHHUEM IIApPHKOB, OICHUBaTh 3()(HEKTHUBHOCTH
My(TBl PaCCMaTPUBAEMOT0 THUIIA U OINPEACIIATH OIl-
TUMAaJIbHBIE 3HAYSHMSI €€ TIapaMeTPOB.
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MATHEMATICAL MODEL OF THE MACHINE DRIVE DYNAMICS
DURING THE OPERATION OF THE SAFETY CLUTCH
WITH THE RADIAL MOTION OF THE BALLS

Background. In case of sudden blocking of working bodies of mining, transport, road-building, agri-
cultural, crushing machines, there are emergency overloads. Various types of safety devices including
ball-type safety clutch are used to protect against these overloads. The process of actuation of such
clutches accompanied by repeated blows of the balls of one clutch half on the balls or grooves of the
other, which leads to the formation of dynamic loads in the drive of the machine.
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Materials and/or methods. Reasonable assumptions formulated and the calculation of the dynamic
driving scheme of the machine with a ball safety clutch developed. A clutch with a radial movement of
the balls is used, which provides a reduction in shock loads when triggered. The prospective variant of
the clutch design considered in which the balls interact with the contact surface of a cylindrical shape.
The design scheme takes into account in a linear setting the elastic-dissipative properties of the
transmission and stopping obstacles, and the presence of a gap in the transmission. Differential equa-
tions presented of drive elements and balls motion in the process of clutch actuation at sudden stop of
the working body and free running of the drive when the engine is disengaged. Centrifugal forces of
inertia acting on balls and springs accounted for the first time. The stage of sliding the balls on the
contact surfaces and the stage of separation of the balls from the contact surface, which ends with a
blow when the contact restored, are considered.

Results. A mathematical model of the dynamics of a machine equipped with a safety clutch with the
radial motion of balls obtained in the form of systems of nonlinear differential equations of the 2nd
order and logical conditions of transition from one system to another in the process of the numerical
solution.

Conclusion. The obtained mathematical model used in the design and optimization of parameters of
ball safety clutches of prospective design with the radial movement of balls as a part of mining,
transport, earthmoving and other types of machines.

Keywords: mathematical model, dynamics, drive, safety clutch, ball, radial motion.
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