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ECONOMIC FEASIBILITY OF SPIROID GEARBOX APPLICATION
IN THE DRIVE OF A HORIZONTAL SCREW CONVEYOR
V. N. Anferov, DSc in Engineering, Professor, Siberian Transport University;
A. V. Zaytsev, Engineer Master, Senior Lecturer, Siberian Transport University,

zaitsev.zaw@yandex.ru

Abstract: The paper substantiates the application of a spiroid gearbox in the drive of screw
conveyors instead of worm gearboxes. The comparison of two drive versions — with worm or
spiroid gearboxes — in terms of the drive efficiency drive is carried out.

Keywords: screw conveyor, economic effect, worm gearbox, spiroid gearbox, gearbox efficiency

IKOHOMUMNYECKOE OBOCHOBAHHUE ITPUMEHEHMUS CITMPOUJIHOI'O
PEJYKTOPA B ITIPUBOJIE BUHTOBOI'O TOPU30OHTAJIBHOI'O KOHBEMEPA
B. H. Aughépos, 0okmop mexnuueckux Hayk, npogheccop,

Cubupckutl 2ocyoapcmeenHblll yHugepcumem nymeti cooOueHus;

A. B. 3aiiyes, unoicenep-mazucmp, cmapuiuii npenooasamev,

Cubupckuil 2ocyoapcmeennblil yHueepcumem nymeti cooowenusi, Zaitsev.zaw@yandex.ru

Annomayuna: O60CHOBaHO NPUMEHEHNE CIMPOUIHOTO PEAYKTOpa B MPHUBOJIE BUHTOBBIX KOHBEle-
POB B3aMeH 4epBsSUHbIX peaykTopoB. [IpuBeneHo cpaBHenue no KII/| 1Byx BapuaHTOB npuBOJa: €
YEePBSYHBIM U CIIMPOUIHBIM PETYKTOPAMHU.

Knrouegvie cnosa: BUHTOBON KOHBEWEp, SJKOHOMUYECKUH 3P PEKT, YepBAUHBIA PEAYKTOP, CIIUPOUI-

HBIM peayKTop, KO3PPUIMEHT MOJIE3HOTO AeHCTBUS

B HacTosee BpeMms crnenManu3MpOBaHHbBIE NpEeANnpusaTHs Poccuu eXerogHo M3roTaBiIUBarOT
0K0JI0 460 THIC. YEPBAYHBIX PEIYKTOPOB OOIIeT0 HazHaueHus1. KpoMe Toro, mpoMBINTUIEHHOCTD BhI-
myckaet cBbime 50 ThIC. CIIEUANbHBIX YEPBAYHBIX PEYKTOPOB U HECKOJIBKO JECSTKOB ThICAY CIIe-
MATU3UPOBAHHBIX YepBsUHbIX Nap. Kak BUIHO, OHM MOJYYMIIN IIHPOKOE pacIpOCTpaHEHUE, B MO-
cneanue 20 neT Ha HUX MPUXOIMIOoch OT 42% 10 49% oObema BhITyCKa PeIyKTOPOB OOIIEro Ha-
3HaueHus. HecMoTps Ha TO, 4TO NMPEANPUATHUSA-U3TOTOBUTENIN U3MEHSIOT CTPYKTYpPY BBIIyCKa pe-
JYKTOPOB OOIIET0 Ha3HAYCHHS, YMEHBIITUB JTOJTI0 YepBIIHBIX /10 30%, 00munii 00heM YEPBIUHBIX U
KOMOMHHPOBAHHBIX, BKIIIOUAIOLIUX YEPBIYHBIEC TIepeaul peIyKTOPOB U MOTOp - PEIyKTOPOB ILjia-

HUPYETCS YBEJIMYUTb, JOBE/S UX TOI0BOM BhITycK 110 490-520 Thic. [1].
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Cpenu 3apyOeKHBIX U3TOTOBUTENICH MPUMEPOM MOKET CIIYKHTh 3aBOJ B DOPMUKUHE UTATb-
ssHCKOW kommaHuu Motovario Group, TJe JIBe MOJHOCThIO aBTOMATHU3WPOBAHHBIE U POOOTHU3HPO-
BaHHbBIE IMHUK BBITYCKalOT 7000 YepBAYHBIX PEIYKTOPOB B CYTKH [2].

[TapaniensHo ¢ YepBAYHBIMU MepeAadyaMu MOCIEAHIE TOJIBEKa B PA3IUYHBIX 00JIACTSIX TEXHUKU

UCIIOJIL3YIOTCS CIUPOUIHBIC TIepelau, KOTOPhIe OTHOCSTCS K uepBsi4HOMY THITy (puc. 1, 2 [3]).

Puc. 1. Ciupounas nepeaauya [3] Puc. 2. O6uuii Bua ciupouHON niepenadu Jist
MIPUBOJIA 3alIOPHON apMaTypsl [3]

BaXHBIM J1IOCTOMHCTBOM CIMPOUIHBIX NEpesay sIBJIseTCs UX O0OJbllas H3HOCOCTOMKOCTh CpaB-
HUTEJIBHO C YePBAYHBIMU IepefadyaMu. ITO 00bsACHAETCs 00JIbIIUM KO3 GUIIMEHTOM MEePEKPBITHS,
OOJNIBIINM 3HAUCHHEM NMPHUBENEHHBIX PAJANYCOB KPUBU3HBI KOHTAKTHPYIOIIUX MMOBEPXHOCTEH B 00-
[IIeM HOPMAJIBHOM CEYCHHH, JIYUIIHM ISl 00pa30BaHUs CIIOSI CMa3KH PACIONOKEHHEM KOHTaKTHBIX
JMHUNA U MEHBIIUMH 3HAYEHUSIMU CKOPOCTHU CKOJIBXKEHUSA. ITOMY, KpPOME TOr0 CIIOCOOCTBYIOT U T10-
BBIILICHHBIE 3HAUEHHsI CKOPOCTEH IBM)KEHUS KOHTAKTHBIX TOYEK IO 3alETISIOIIMMCS MOBEPXHO-
CTSIM, YTO TIPUBOJUT K Oosiee OBICTPOMY BBIBOAY M3 30HBI KOHTAKTa YUYAaCTKOB PabOUYMX MOBEPXHO-
CTell BUTKOB M 3yObeB KOJIEC, MEHBILIEMY MX HarpeBYy U, CJIEJ0BATEIFHO, YMEHBIICHHIO OTTACHOCTH
3aenanus [4].

CrniupouiHble epeaayd ¥ peayKTopbl CTalau BCE mupe npuMeHsTh He Toibko B CIIIA u Poccun,
HO ¥ B Aurimu, Kanane, Sinonun, Utanuu, Asctpun u ['epmanum [4].

B Poccnn KOOpIMHUPYIOIMM HAYYHBIM U TEXHHUYECKUM IIEHTPOM I10 CIIUPOUIHBIM Iepeaadam
apnsieTcds VHCTUTYT MeXaHUKU MIKEBCKOro TrocylapCTBEHHOTO TEXHHUYECKOTO YHUBEPCUTETa WU
VYHIIL[ «MexaHuk», B KOTOPBIX BEIYTCS TEOPETHUECKUE HCCIEOBAHUSA, ONBITHO — KOHCTPYKTOP-
CKHe pabOTHl M OCYIIECTBISIETCS] TIPOU3BOJICTBO CIHHUPOUIHBIX PEIYKTOPOB U MOTOP — PEIYKTOPOB
pa3Iu4HOro Ha3HaueHwus [4].

Cpenu 3apyOexHbIX KOMIOAHUN JMJEPOM 1O MPOM3BOJCTBY M MCCIEIOBAHUIO CITUPOMIHBIX IIe-
penau siensiercs kommnanus ITW Heartland ILLINOIS TOOL WORKS (CIA), mpoayKIiusi KOTo-
PO MpUMEHSIETCS B @3POKOCMUYECKOH, BOCHHOM, MPOMBIIIIEHHOH 007acTsaX 1 podoToTexHuKe [5].

enpro Hacrosmient crateu siBisgercs cpaBHeHne KIIJ[ Ha mpumepe mpuBoia BUHTOBOTIO TOPH-

30HTAJILHOTO KOHBEHepa MpU MCMHOJIb30BAaHUM YEPBSIYHOTO M CHUPOUIAHOTO PEIYKTOPOB, a TaKKe
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TEXHUKO — 3KOHOMHUYECKOe 000CHOBaHHME YP(EKTUBHOCTH BHEAPEHUS CIIUPOUTHOTO PEIYyKTOpa B
MIPUBO]T BUHTOBOT'O TOPU30HTAIILHOTO KOHBEHEpa.

BuHTOBBIE TOpU3OHTAIbHBIE KOHBEHEphl MOTYYHIN HIMPOKOE PACHPOCTPAHEHUE B CTPOUTEINb-
HBIX, TOPOXKHBIX U MOJBEMHO — TPAHCIIOPTHBIX MallIMHAX. B Hacrosiiee Bpems B IPUBOJIE BUHTO-
BBbIX TOPH30HTAIbHBIX KOHBEHEPOB MCIIOJIB3YIOTCS YePBAUYHbIC peayKTopsl (puc. 3 [7; 8]), koTopsie
IIMPOKO TMPUMEHSIOTCS HE TOJIBKO B MPUBOAAX BUHTOBBIX KOHBEHEPOB, HO U B MEXaHU3MAaX U y3JIax
JPYTUX MAIlIWH U MEXaHU3MOB.

HOTpe6Ha$I MOIIHOCTH Ha BaJ1y 3JICKTPOABHUIATCIIA IIPUBOAAa BUHTOBOI'O KOHBeﬁepaZ

b_ P (1)

rae 1, - KIIJ] mpuBO/ia BAHTOBOI'O KOHBEEpa.

KIIZl mprBOsa BUHTOBOIO KOHBEMEPa IIPU NOCIEA0BATEIIBHOM COEMHEHUN €TI0 AIIEMEHTOB:

Mup = Thay Thas Tlps (2)

D, ds
A

1 ™2 '6 8 9 10

Puc. 3. Cxema BUHTOBOT'O TOPH30HTAIBHOTO KOHBe#epa ¢ nmpuBooMm [7; 8]
1-anexTpoaBurarenb; 2-MyQTa yrnpyras BTYJIOUHO - TTalbIeBas;
3-4epBSIUHBIN IUIUHAPUIECKHUN peaykTop; 4-mydTa 3yduaTas; S-MOMMUITHUKN Ka4eHUs; 6-)Keno0;
7-3arpy304HO€ OTBEPCTHE; 8-BUHT; 9-Bas BUHTA; 10-pasrpy3ouHoe oTBepCTHE

rae 7y, - KIIA MydTs! ynpyroi BTynouHO — nansleBoil; 7, - KII[ mydTs! 3y6uatoii; 7, - KIIJ
YEPBSYHOT'O PELYKTOPA.

KIL 7, penykTopa sBIs€TCA OJHUM M3 KOMIUIEKCHBIX TEXHHKO-DKOHOMHYECKUX KPUTEPHUEB, T10
KOTOpOMY BblOMpaeTcst Tun peaykropa. [Ipu BeiOope Tuma 3y04aToro perykropa U IpOeKTHpPOBa-
HUH HOBBIX MEXaHU3MOB KOHCTPYKTOP — MAIIMHOCTPOUTEIb OKa3bIBACTCS B 3aTPYAHUTEIBHOM I10-
noxennn [9]. B Hay4HO — TEXHUYECKOHN JHMTEpaType NAOTCs HECOTJIACOBAHHBIE MEXIy CO0OM Me-
toasl pacu€ta KIIJ[. Tounslii pacy€Tr moTeps B PEIyKTOPE YACTO MPEACTABISAECT OONBIINE 3aTPYI-
HEHUS ¥ BEAET WM K TIEPEOLICeHKe Win, Hao0opoT, k Hepoorenke KIIJI. Mcnonb3oBanue 3aBbIIeH-

HBIX 3HAUEHMH 7}, BBI3BIBAET OIIMOKM IPHU BHIOOpE THUIA PEIYKTOPA U MOILIHOCTHU 3JIEKTPOJBUTaTE-
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JIei, YTO MPUBOJIUT K MX IMEPETPEeBY U IMPEKIEe BPEMEHHOMY BBIXOAY U3 cTpos. [lo ommboYHBIM
3HadeHUsIM KIIJ[ cocTaBisAOTCS 3aHUKEHHBIE 3asBKU HA 3JIEKTPOIHEPIUIO, IEPEPACXOAYIOTCS BhI-
JIeJICHHBIC JIUMUTBI, HE TMOITBEPIKIAI0TCS pacyEThl SKOHOMUYECKO dddexkruBHocTH [10].

[Ipu Beimosnnenuu pacuéra KIIJI penykropa ¢ 4epBSIYHOM M COUPOUAHON LUIMHIPUYECKON Ie-
penaveii 1eaecoo0pa3sHO OPUEHTHPOBATHCS HAa METOJIbI, YUUTHIBAIONINE HAHOOJIbIIEEe KOJMYECTBO
oTeph (BCE BUABI TOTEPH) B PEAYKTOPE.

B Ttabmuue 1 npeacrasnen pacuér KIIJ[ 77, uepBsuHOro muaMuapudeckoro pegykropa 4-100-

50-52-2-11T2 1o cOOTBETCTBYIOUIMM METOJaM, C Y4ETOM BCEX BUOB MTOTEPb.

Tabmuma 1. PezynpraTsl pacuéra KIIJ[ ¢ yuéTtom Bcex BUAOB MOTEPH AJIs YEPBAYHOTO PEAYKTOPA

Y-100-50-52-2-11T2 [11; 12; 13; 14]

O06o3Ha-
YCHHUC

KII[ penykropa My

Ha3Banue napamerpa Dopmyna PesynbTar

n,=1-lv, +v, +v, +v,) 0.56

TpaauuMOHHBINA YaCTHBINA KO-

3¢ (HUIMEHT OTHOCHTEITHHBIX
MOTEPh B 3aLEIICHUU

v,

_M +£f

T w8 e)) 2

83

,?Z2

0.2675

TpaguuMOHHBINA YaCTHBINA KO-
3¢ (HUIMEHT OTHOCHTEITHHBIX
MOTEPh B MOJIITUITHUKAX OT
CKOJIbKEHUS

WH = (l_l/la)fanUIZ((jjrl_lul +1lf

2

dn w2

npc d
217

0.165

TpaguuMOHHBINA YaCTHBIN KO-
3G PUITMEHT OTHOCUTEIBHBIX
MOTEPH B YIJIOTHEHUSAX

l//y = l//yl + lr//yz

0.00275

TpaguuMOHHBINA YaCTHBIN KO-
3G PUITMEHT OTHOCUTEIBHBIX
MOTEPh B YIUIOTHEHUSIX [Tl
Bajia YepBsKa

‘//yl

(@

V= Kyd, g fPl(1+ k,wyl 12

)

T,

0.0027

TpaauuHOHHBIA YaCTHBINA KO-
3¢ (HULIMEHT OTHOCUTETBHBIX
MOTEPh B YIUIOTHEHUSX TSI
BaJia YepPBAYHOTO Kojieca

!//yZ

V= kﬂsz2 fp2(1+ sz)Ti

2

0.000051

TpaguuMOHHBIA YaCTHBIN KO-
3 PUIMEHT OTHOCUTETHHBIX
MOTEPh HA pa3MelINBaHUE
Macnia

W.M

~ 0,00027v,B,,/8
- P

1lc

Y

0.0008

[Tpumeuanue: cmaspiBaromuii MaTepran tpaHcMuccnonHoe macio CAT TDTO SAE 30 API GL — 3 (TM — 3 — 9 no

TOCT 17479.2 — 85) ¢ KHHEMaTHIECKOiT BI3KOCTBIO IpH paboueii Temmeparype 100 °C n9t =10 mm?/c (cCr).

B ta6muie 2 npencrasien pacuér KI1/1 7p cnupouaroro mumuHapuaeckoro peaxykropa PC — 80

—49 o COOTBCTCTBYIOIIUM METOJAAM, C y‘-IéTOM BCCX BHUJOB IIOTCPb.

559




MeskyHapoasblii CUMITO3uyM Izhavsk International Symposium
«Teopus u mpakTuKa 3y64aThIX mepenad — 2014» “Theory and practice of gearing — 2014”

21-23 suBaps 2014, Mixesck, Poccust January 21-23, 2014, Izhevsk, Russia
2014

Ta6muma 2. PesynbraTer pacuéra KII/] ¢ yuérom Bcex BUIOB MOTEPH ISl CHUPOUTHOTO PEIYKTOpA
PC—80 - 49

Pe-
3yJb-
TarT

O603Ha- ;
Haszeanue nmapamerpa ®dopmyiia pacuéra
YeHUe

KIIJI penykropa U n=1-(y, +v, +v, +vy,) 0,61

TpaguuMOHHBINA YacT- _ i
HBH‘/’I KOB(I)(I)HHHCHT OT- l//3 W3 — 1_ dcpZ (Cosan Sln(QZM + ﬁw)_'_ fCK (HZM + ﬂw ))

HOCHUTEJIBHBIX IIOTEPh B d,, - (cosa, -sing, + f,. cos 3, )-u,,
3allenIeHu

0,09

TpaguuMOHHBINA YacT-
HBIH K03 unmenT or- d
v =(1-y,)f, u,—mL+11f
HOCHUTEJIBHBIX TIOTEPH B 1 Y= Vo) pdz d L Uipe
MTOJIIUITHAKAX OT 2
CKOJIBKEHUS

nu2 0,2450
d,

TpanuuoHHbIN YacT-
HBIH K03 unmenT or- v, W, =W+, 0,0552
HOCHTENBHBIX IOTEPH B
YIUIOTHEHUSIX

TpanuuoHHbIN YacT-
HBIH K03 unmeHT or-
HOCHTEJBHBIX IOTEPH B
YIJIOTHEHUSIX IS BaJia
YepBsiKa

1-y.
Vi1 V= K d,, fPl(1+ k.wyl )le% 0,0540

2

TpaguunOHHBINA YacT-
HBIH KO3 (HULIUEHT OT-

HOCHUTEJBbHBIX IOTEPH B V2 Vya = knzd,nz fp2(1+ kMyz)T_ 0,0012
VIUTOTHCHUSIX JJIS Bajia 2

CIIMPONUJHOI'0 KOJIECa

TpaguunOHHBINA YacT-
HBII K0P PUIHUEHT OT- 0,00027v B, \/E
HOCHUTEINIbHBIX MTOTEPh Vi V= P
Ha pa3MeNIMBaHUE Mac- e
aa

0,0029

[Tpumeuanue: cmaspiBaromuii MaTepran tpaHcMuccnonHoe macio CAT TDTO SAE 30 API GL - 3 (TM — 3 — 9 no
TOCT 17479.2 — 85) ¢ KHHEMaTHYECKOiT BI3KOCTBIO IpH paboueii Temmepatype 100 °C n9t =10 mm?/c (cCr).

Ha puc.4 npusenén rpadux 3aBucumocty KIIJ{ 1 TpaguiMOHHBIX YaCTHBIX KO3 PHUIINEHTOB OT-

HOCHUTENBHBIX MOTEPh B 3aBUCUMOCTH OT CKOPOCTH CKOJIBKEHHS V, U KOd(Q(QHINEHTa TPEHUs MPH

KOHTAKTHBIX HaNpsbkeHusX o, = 175 Mlla.

Taxum o6pazom, makcumanbsHblii KII/] cniupongHoro peaykropa, pacCUMTaHHBIN 110 METOJaM,
YYHUTBIBAIOIINX BCE BUIBI MOTEph cocTaBisieT 0.61. C mpuMeHEeHHEM CIUPOUIHOTO PeayKTopa 00-
it KII/] npuBoia BUHTOBOTO FOPU30HTAILHOIO KOHBEHEpa yBenuunuTces Ha 8.9 % 1Mo cpaBHEHHIO

C YEPBAYHBIM PELYKTOPOM.
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B tabnuie 3 mpeacTaBiieH CpaBHUTEIBHBIN aHATN3 TIOTEPh YHEPTHH B MIPUBOJIC BUHTOBOTO TOPH-
30HTAJILHOTO KOHBEWepa MpU HCIOJb30BaHUU YEPBSIYHOIO M CHUPOUIHOTO HUIUHAPUUECKUX pe-
ITYKTOPOB.

Hcxonnple nannble a1 pacuéra: moTpedHas MOITHOCTh Ha Bainy BuHTa P =1553 BT; KIIJ yripy-

roii BTYJIOYHO — naibLeBoid My¢prsl 77, ~1; KIIJ{ my¢rsr 3y6uaroii 77,, ~ 1; ronooit pon Bpeme-
HU pabOTHl BAHTOBOT'O TOPH30HTAIBHOIO KOHBEHEpa:

T,,, =(365-(52N455xHNip))Nemtons ©)
e Ngux=2 [15] — KoIM4YecTBO BBIXOJHBIX JHEH B HEleNo; Ny,=12 [15] -konmyecTBO Mpa3qHUYHbIX

ITHEH B TOJ; Ney = 1-umciio cMeH paboThl BUHTOBOTO TOPH30HTAIBHOTO KOHBelepa; t.,=8 d.- mpo-

JOJKUTEIILHOCTh pabo4ell CMEHBI.

T, ,=(365-(52-2+12))-1-8 = 1992 u.

1 P Y P L L L
L PN ra ‘ P e

Ny

0,9 I

0,8 Tlll‘l’l.'[
A‘M\K

0,7

0,6 Ay

0,5 / T][‘.'!

0,4

1 2 3 Vs, we

Puc. 4. I'padpuk 3aBucumoctu KII/ 1 TpaguMOHHBIX YaCTHBIX KOA(PPHUIIHEHTOB OTHOCUTEIIBHBIX
IIOTEPH B 3aBUCMMOCTH OT CKOPOCTH CKOJIBKEHHS V, U KOO(Q(PHUIUEHTA TPEHHUS TP KOHTAKTHBIX

HanpspkeHusix 0, = 175 MIla. vy [y v, - TpafuIHOHHBIC YaCTHBIC OTHOCUTENIBHBIC IOTEPH B
CIIMPOU/IHOM 3aLCIUICHNH, B YIUIOTHCHHSIX, B MIOALINITHAKAX, HA ICPEMCIINBAHIE Macna; 7], —

KIIJI cnuponaHOoro peaykTopa.

N3 tabauiel 3 BUAHO, YTO C MPUMEHEHHEM CIIMPOUIHOTO PEAyKTOpa B MPUBOJE BUHTOBOTO T'O-
PHU30HTAILHOTO KOHBEHEpa SKOHOMHYECKHUE 3aTPaThl 3a TOJI CHU3ATCA Ha 852 pyois, uto Ha 18.8 %

MCHBIIC YEM IIPpU NPUMCHCHHUU YCPBAYHOI'O pEAYKTOPA.
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Tabnuna 3. Pacu€t 5KOHOMHUYECKUX 3aTpaT OT MOTEPH JICKTPOIHEPTUH 3a TOJT B IpuBoje [16]

Ne Hazpanue mapa- | O6o3nauenue | PasmepHocTh dopmyia Bapuant npumensemoro
MeTpa pacuéra DENYKTODA
UepBsaunbiii | COUpOUaHbBIMA
Y-100-50- | PC—-80-49

1 | KI1J npuBona
BHHTOBOT'O KOH- Mo (2) 0,56 0,61
Beliepa

2 P
[Torepu MouHOCTH AP <Br AP=__p 1,22 0,99
B IIPUBOJIE Mp

3 | Ilorepu amexTpo-
SHEPTHH B TIPUBOJIC AE kBT1u AE = APT 2430 1972
3a roJ

4 | Croumocts 1 kBTu C py6/xkBTu 1,86 1,86

5 | DxoHOMUYECKHE
3aTpatbl of fotepu 2 py6. D=AE C 4519 3667
AIEKTPOIHEPTUH 32
T'OJ] B IPHBOJIC
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1. Kommnanus 000 TIILL «Texungycrpus» UepBauHblii PELYKTOD.
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MextyHapo st CHMnosiym shavsts International Symposium
g s e 01 TeG¥ T
MODIFICATION OF TOOTHED ENGAGEMENTS AS MEANS OF PERFECTING
QUALITY AND CAPACITY PARAMETERS OF GEAR DRIVES
V. E. Antonyuk, Dr.Sc., Engineering, Professor, Joint Institute of Mechanical Engineering
of National Academy of Sciences of Belarus, vladi@tut.by;

B. S. Vorontsov, Ph.D., assistant Professor, V. Dal Eastern-Ukrainian National University,
voronts@gmail.com;

V. E. Starzhinsky, Dr.Sc., Engineering, Professor, star_mpri@mail.ru;

V.A. Belyi Metal-Polymer Research Institute of NAS of Belarus;

V.V. Supin, Ph.D., Minsk Tractor Plant, ViadimirSupin@yandex.by

Abstract: The techniques of various types of toothed engagement modifications are considered.
Influence of different methods and facilities for tooth shape form action on the gear drive and
service characteristics are discussed. The following modification kinds are proposed: flank relief
and tooth trace crowning, the basic rack with variable profile curvature; generalized basic rack and
direct gear design systems; asymmetrical tooth profiles; technique of multi objective interactive
synthesis of gear drives; realization of the multipair engagement principle.

Keywords: flank relief and tooth trace crowning, basic rack tooth profile (including variable profile

curvature), asymmetrical tooth profiles; multi-objective interactive synthesis, multipair engagement.

MOJUDPUKAIMS 3YBYATBIX 3AIEIIVIEHUI KAK CPEJICTBO IIOBBIIIEHUSI
MOKA3ATEJIEN KAYUECTBA Y HATPY304YHOI CIIOCOBHOCTH 3YBYATBIX TEPEJAY
B. E. AumoHniok, 0okmop mexnuueckux Hayx, npogeccop, O0beOuHeH bl UHCIUNYm
mawunocmpoenusi Hayuonanvnou axademuu nayx Benapycu, viadi@tut.by,

b. C. Boponyos, kanouoam mexnuueckux Hayk, ooyenm, Bocmouno-ykpaunckuii HayuoHanbHsli
yHusepcumem um. B. /lans, voronts@gmail.com,

B.E. Cmapocunckuil, 00Kmop mexHuueckux Hayk, npogeccop, Mncmumym mexanuxu Memaniono-
numepHvix cucmem um. B.A. Benozo Hayuonanvhoti akaoemuu nayk benapycu, star_mpri@mail.ru

B.B. Cynun, kanouoam mexuuyeckux Hayk, Murnckuil mpaxmopnviii 3a600, ViadimirSupin@yandex.by

Annomayun: PaccMaTpuBarOTCsl COCOOBI MOAM(DUKALMN PA3IMYHBIX BHJIOB 3yOuUaThIX 3alleruie-
HUH, NO3BOJIAIOILNE ITOBBICUTH, IOCPEICTBOM U3MEHEHUS F€OMETPUUECKHUX NTapaMeTPOB UCXOIHOIO
KOHTYpa U (MJIM) apaMeTPOB Maphbl CONMPSHKEHHBIX 3yO0UaThIX KOJIEC, IOKa3aTeNl KadyecTBa U Harpy-
304HOM criocoOHOCTH 3yOuaToil nepenaun. OOCyKaaeTcst BAMSHUAE Ha CIIy>KEOHbIE XapaKTePUCTUKU

nepeaady pasHOOOpPa3HBIX CIIOCOOOB M MpHEMOB (hopMooOpa3zoBaHus 3yObeB, a UMEHHO: MPOPUITh-
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Had U IpOodOoJIbHaA MOI[I/I(bI/IKaIII/ISI, B TOM YHUCJIC IPCUMYIICCTBA NCXOJHOI'0 KOHTYypa C HepeMCHHOI\/JI
KpUBHU3HON Tpoduis; 0O0O0OIICHHBIM HCXOAHBIM KOHTYp; MPSMOE MPOCKTUpPOBaHUE (CBOOOIHBIN
CUHTE3); 3yObsi ¢ HECCUMMETPUYHBIMU MPOPHUIIMU; METOJ, MHOTOKPUTEPUATHHOTO MHTEPAKTUBHOTO
CHUHTC34a; pCajin3alus NpUuHIOUIIa MHOTOIIApHOT'O 3allCIVICHUA.

Knrwoueswie cnosa: npodguibHast 1 Ipoa0JIbHAS MOTU(BUKAIS OOKOBOW MOBEPXHOCTH 3y0a; UCXOI-
HBII KOHTYp (B TOM 4YHCJIC C MEPEMEHHON KPUBH3HON MPOdUIIS); MHOTOKPUTEPUATLHBIN MHTEPAK-

THUBHBIN CHUHTE3; HCCUMMCTPHUYHBIC SY6B$I; MHOT'OITIApHOC 3alCTIJIICHUC.

BBenenune

OO1men3BecTHO, YTO TOKa3aTeN KadecTBa 3aleIUICHNs 3y0UaToi rnepeaayn U ee HOMHHAIbHAs
HecyIasi ClloCOOHOCTh OIPEEISAIOTCs mapamerpaMu ucxoauoro koutypa (MK) u ero panuanbsHbM
U TaHTEHIMAJIbHBIM CMEIIEHHEM OTHOCHTEIBHO 3arOTOBKH 3y04aTtoro Koiieca, MpUYeM Ipolecce
(dhopmooOpazoBanms poduicii 3yObeB U MPOSKTHPOBAHMSI TIEPEIaYl MOXKET UATH JIMOO OT Popmo-
obpasyromiero nacrpymenTa k uznenuto (MK — 3ybuaroe xoinec), mu6o ot uznenus (popmoodpaszo-
BaHue 3yO110B ¢ TpeOyembIM mpoduiem) Kk popmoodpasyronieMy HHCTPYMEHTY (pacdeT UCXOJAHOTO
KOHTYpa € IapaMeTpaMu, KOTOPbIE BOCIIPOU3BOIAT 33/1aHHYI0 (popMy Npoduis, BKIOYAs MEePexo/I-
HYI0 KPHUBYIO).

Llenpro cTaThy SIBISETCS aHAIN3 COBPEMEHHOTO COCTOSHUSI BOIIPOCA B YAaCTH, KACAIOMICHCS Kak
Mou(UKaIKE HEMmocpeACcTBeHHO nmapamerpoB MK, Tak M onTHMHU3aMy TeOMETPUYECKUX MOKa3a-
TeJIel SBOJILBEHTHOTO M JPYTUX BUAOB 3allCIUICHUN, HANPAaBICHHON Ha TMOBBIIICHHE CITY>KEOHBIX
XapaKTepUCTHK 3yOuaThIX Tepenad (MaccorabapuTHBIE XapaKTEPUCTHUKH, BUOPOAKYCTHUECKasl aK-
THUBHOCTB, Harpy304Hasi CIIOCOOHOCTb, KHHEMAaTH4ecKue mapamerpsl u ap.). [lon moxndukanneit
Oy/seM TOHMMaTh OTKJIOHEHHS JIIOOBIX T'€OMETPUYECKHX MapameTpoB paccMartpuBaemoro WK ot

crangaptaoro (o = 20° h, = 1,0 m, ¢ = 0,25 m, p;= 0,38 m) ¥ napameTpoB paccMaTpuBaeMoi Ie-

penayu OT mapaMmeTpoB Iepenauu, 3yOdarele Kojeca KOTOpoi (opmMooOpa3oBaHbl CTaHAAPTHBIM
MIPOU3BOISAINM UCXOIHBIM KOHTYPOM 0€3 CMEIICHHUS.
1. KpaTkuii 0030p J1UTepATYPHBIX HCTOYHUKOB

B kpatkom 0030pe JauTEpaTypHBIX UCTOYHUKOB, MOJHBIM TEKCT KOTOPOro (B COCTaBe MOJIHOIO
TEKCTa CTaThH) pa3MelleH Ha caiTe cummno3umyma symposium2014@istu.ru (nanee — caiiT) aHamu-
3UPYIOTCSl pa3HOOOpa3Hble BapHaHThl MOJU(PHUKAINUA: TPOPUIbHAs U MPOAOJIbHAS MOIAU(PHUKAIUN
OOKOBOH TOBEPXHOCTH 3y0a; KOHIENINS MPOCKTUPOBAHUS 3yOUaThIX Iepeaad B cHcTeMax 0000-
MIEHHOTO HMCXOJHOT0 KOHTYpa M 00O0OIIAIIMKX MapaMeTpoB (CBOOOIHOTO CHHTE3a); 0COOEHHOCTH
HCXOJIHBIX KOHTYpPOB C NEPEMEHHON KpUBU3HOM mpoduisd u cneunpuka MoaupUKanuy nepeaay ¢

IUIACTMACCOBBIMU 3y0UaThIMU KOJIECAMU; PEUMYIIECTBA Mepeiad ¢ HECUMMETPUYHBIMH 3yObsIMH U

286



MexaynapoaHbiii CHMIIO3HYyM ITawsds International Symposium
«Teopus n nmpakTuKa 3y04aThIX mepenad — 2014» “Theory and practice of gearing — 2014”

21-23 suBaps 2014, MxeBck, Poccus January 21-23, 2014, Izhevsk, Russia
Z201&

MHOTONIAPHBIM 3alEIUIEHUEM, COCTOSIIINE B BO3MOKHOCTH pean3aliy MOHUKEHHbBIX BEJIMYMH KOH-
TaKTHBIX M M3TMOHBIX HANPSKEHWH, YPOBHS BHOPOAKTUBHOCTH, TEMIEPATYphl B 30HE KOHTAKTa U
CYILIIECTBEHHOM TOBBIILIEHHH, B KOHEYHOM UTOTE, HECYLIel CIOCOOHOCTH MepelauH.

[IpoBenen ananu3 nmopsaka 50 HaydHBIX cTaTeld ¥ MOHOTpaduil MO TeMaTHKE CTaTbU, aBTOPaAMHU
KOTOPBIX SABJIAIOTCS (B ayi(paBUTHOM IMOPAJKE NMEpBbIi aBTOp cTaThi): B.M. AnanneB, B.1. Anekce-
e, O. Anunues, JI.T. babuues, O.B. bepectues, 10.C. Bomtomiko, 3.b. Bynrakos, M. Jl. ['enkus,
B.M. I'pubanos, B.JI. lopodees, .B. Jopodees, 1.B. Kyk, H.-H. Nmmun, A.1. Kopabnes, B.1.
Kopotkun, A.B. Kpusomes, A.JI. Kanenesuu, B.H. Kynpsisues, C.A. Jlarytun, B.3. MenbHUKOB,
B.JI. Muxaiinos, A.B. IlaBnenko, B.A. Ilonos, /I.H. Pemeros, I1.M. Tkau, E.B. Illano6aes, B.II.
[IvmioB u ap.

2. CnenuaibHbIA MCXOHBII KOHTYP ¢ NPOTy0epaHLieM M NMOJHOCTHIO CKPYIJICHHOH BIaIMHOI
JJIsl BBICOKOHATPY KEHHBIX 3y0UaThIX Nepenay

[IpenmymiecTBa UCXOAHOTO KOHTYpa € MPOTYyOEpaHIIeM, HCIIOJIB3YEeMOTo Ui HUTH(OBAIBHBIX
BBICOKOHAIPY>KEHHBIX 3yOuaThIX KoJIeC, ObLIM MEpEeUYHCIeHbl B 0030pe JIUTEPaTypHBIX HCTOYHUKOB
[1-3]. 3aech OTMETUM TOJNBKO, UTO Takas Moaudukaius npoduis odecrneunBaet 10 50 % moBsiie-
HUS M3rMOHON YCTaTOCTHON NMPOYHOCTH 3y0a. B yKka3zaHHBIX (a Takke APyruX, CBA3aHHBIX C pacue-
TaMH TApaMeTPOB MPOTyOepaHIla) padoTax paccMAaTPHBAIOTCS YHCTO T€OMETPHUECKUE ACTIEKTHI
pacueTa, He yYUTBIBAIOIIME NPOOJIEMbl TEXHOJIOTMYECKOTO XapaKTepa, BOZHUKAIOLINE MPHU IPOEK-
TUPOBAaHUU NPOM3BOAsILEH peliku. Huke paccMaTpuBaroTcs BONPOCHI, KOTOPHIE NMPUXOIUTCS pe-
11aTh MPU NOCTPOEHUSAX CHELMATIBHOTO UCXOIHOTO KOHTYPA U MPOEKTUPOBAHUM IPOU3BOAAIIEN UH-
CTPYMEHTAJILHOM peiiku ¢ MpoTyOepaHLeM.

[Tpu npoekTHpoBaHUU 3yOOPE3HOrO0 MHCTPYMEHTAa HEOOXOAMMO PACCUUTATh MAapaMeTphbl MPOTY-
OepaHlia TakuM 00pa3oM, YTOObI, BO-IIEPBBIX, B C(HOPMUPOBAHHOMN Nape 3yOuaThIX KOJeC TOUKa Ha-
yaJia TIepPEeXOJHONM KPUBOM HE OKa3allach BBINIC HMKHEW TOYKHM aKTUBHOTO mpoduis 3y6a. Bo-
BTOPBIX, KaK MOKa3bIBa€T MPAKTHKA MPOECKTUPOBAHUS, pa3MEIIEHUE NMPOTyOepaHla ¢ 3alaHHbIMU
napaMeTpaM B YCJIOBHOM 3alleIUIEHMM pelika — 3y04aToe KoJIeCO BO3MOXHO TOJIBKO IpH Oolee
BBICOKOM II0 CpaBHEHMIO ¢ fomyckaeMbiM crangaproM 'OCT 13755-81 mMakcuMmanbHOM 3Ha4E€HUU
ko3 urrenTa HoxXKuU 3y0a h*y= 1,4. B 3anemnneHnu co cTaHJapTHOM MHCTPYMEHTAIBHON peKoil
HE XBaTaeT Tak)Ke MPOCTPAHCTBA MO MPOTyOepaHen HeoOXOAUMOW TOJIIMHBI U C HEOOXOIUMBIM
pannycoMm ckpyrieHus. B obmem ciyuyae TeHAEHIMS HEJOCTaTOYHOCTU MECTa IO pa3MeIleHHe
npoTyOepaHIa HeOOXOJUMON KOH(PUTypalMy yCHUJIMBACTCS MPH YBEITUUEHUH MPUITYCKa O] Moce-
Iyrouryto 06paboTky. 3MeHSI0TCS TakKe periaMeHTHPYEMbIE BHIIICYTIOMSIHYTHIM CTaHIApTOM pa-
JIMyChl KPUBU3HBI NIEPEXOAHON KpUBOH. YKa3aHHbIE OTKJIOHEHUS MPOSIBIISIOTCS Oojiee OLIyTUMO B

CIIEYIOIINX CITydasx:
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— ecJM 4ucio 3yObeB oOpabaThiBaeMoOro kojeca z<17-20, TO Jae NPU HATUYUM TIOJIOXKHU-
TEIBHBIX CMEIICHUH NCXOAHOTO KOHTYpa 3Ta TCHACHIUS COXPAHACTCS;

— €CJIM YHUCJIO 3yObeB COMPSHKEHHOTO KOJieca 3HAYUTENbHO OoJblie yncia 3yObeB oOpabaTriBae-
MOT0O KOJIeca, TO B 3TOM ciy4ae oOpabaTbiBaeMOMy KOJIeCy MPUCYIIH NPU3HAKH U TCHICHIUU Ma-
7103y00ro Kojeca,

— ecnu oOpabaTbIBaeMoe KOJIECO MMeEET HeOOJbIINe BEIHMYMHBI MOJOXKHUTEIFHOTO WM OTPHUIla-
TEJIbHBIE CMEILICHHS.

[Ipennaraerca cnenMalIbHBI MCXOAHBIA KOHTYp, KOTOPBIA CTPOMTCS HMCXOJS M3 OTMEYEHHBIX
MOCBUIOK MPH COOJIIOIEHUU clieayromux ycinoBuid (Puc. 1):

— CIIeyeT CTPEMHTHCS K MPOTTyOIeHNI0 3y0heB KoJieca Mo BEICOTE Ha MHHUMAJILHO BO3MOXKHYIO
BEJINYMHY OTHOCHUTENIBHO NPEEIbHON CTaHAapPTHOM BEIUUHHEI h*p= 1,4;

— HEOOXOAMMO COOTHOCHTH BBIOPAHHBIH paauyC KPHBHU3HBI MEPEXOJHONW KPHBOI CO CTaHIAPT-
HBIM 3HaueHueM py = 0,38 m u 3TOT paguyc OJHOBPEMEHHO OyJeT SBIATHCS PaAUyCOM IOJHOIPO-
(UITB-HOTO CKPYTIICHUS BIIaJINHBI;

— cTapaThCsl MPUMEHTh Takod yros moaudukanuu HOXKU 3y0a oy MK, koTopslil obecneuut
npueMieMble 3aJHue OOKOBBIE YTJIbI Pe3aHUs Ha 3aThUIOBAHHBIX 3yObsX HHCTPYMEHTA,;

— nipopuib MOAM(UKALINY C YTIIOM () U TJIABHBINA TPOQHIIL C YITIOM O B 00ILEM ClTy4yae JTOJHKHBI
nepeceKkaThCsi B TOUKE, HAXOIIECICS HU)KE JTHMHUH 3aX0Ja MCXOAHBIX KOHTYPOB, YTO HMCKJIFOYAET
MIPH COTIPSKEHUU Taphl 3y04aThIX KOJIEC MO IaHue HIDKHEH TOYKH aKTHBHOTO MPOQHIIS 3a mpee-
JIBI TJIABHOTO 9BOJIBBEHTHOTO MTPOQHIIS.

Jnist cKpyTIIeHus BIIQAMHBI ICXOTHOTO KOHTYpa €IMHBIM HauOOIBIINM PAIyCOM IIEHTP OKPYXK-
HOCTH JIOJDKEH HaXOJUThCS Ha OCH cuMMeTpuu Brnanuuel. Ha Puc. 1 moka3aHo, 4To Takoe CKpyTIie-

HUE BO3MOXKHO B TOM ciiydae, eciii orpe3ku AB u CD paBHBI.
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Puc. 1. B3anmocBs3b mapamMeTpoB CIEHHATIBHOTO UCXOAHOTO KOHTYpa

IMPU HAXOKACHUHN LCHTPA CKPYIJICHUS BIIaAWHBI HA OCH CUMMCTPHUNU

B nonHOM TekcTe cTaTthu nmpuBeaeHB! HOpMyIIbl 1 pacyeTa BbicoThl HOXKKM WK, riryOuHbl Mo-

nuduKanuy, paanyca KpUBU3HbI IEPEXOIHON KPUBOM, MOJIOKEHUS TOUYKK Havyasla MOAU(UKALUN U
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rITyOWHBI MOHYTPEHUS 110 HOPMAJH K MPOMUITIO, a TaK)Ke TaOJIHIIBI C TapaMeTpaMH CIICIIUATEHOTO
UK nns BapuanToB BeicoThl HOXKH MK 1,46 m u 1,5 m u popmynamu, ycTaHaBIMBAIOIIUMH B3au-
MOCBSI3b MEXAY 33JJaHHBIMU U OIPeeTIEMbIMU MTapaMeTpaMu MPOU3BOASIIECH PEUKH.

[IpoexTupoBaHue MPOU3BOIAIIECH PEHKU C MOJHONPO(UIBHBIM CKPYTJIEHHEM T'OJIOBKH 3y0a He-
3aBHCUMO OT Ha3HAYCHHS HHCTPYMEHTA (YUCTOBOW WM MOJI MOCIIEAYIONIYI0 00pabOTKY) MpaKTHye-
CK{ HE OTJIMYAeTCsl OT MPOEKTUPOBAHMS H3BECTHBIX B MPAKTHUKE YEPBSUHBIX (hpe3 ¢ mpoTyOepaH-
1IEM TOJ1 TMOCJIEAYIONIYI0 YUCTOBYIO0 00paboTKy. Pa3HuIla cocTOUT B 00513aTEIHHOM pa3MeIIeHUH Ha
npoTyOepaHile HauOOJBILEr0 pajnyca CKPYTICHHUs, YTO BO3MOXKHO MPHU CKPYTJICHUU TOJIOBKH 3y0a
pefKM eMHBIM PagyCcoM. 3aBUCUMOCTH MEXKIY MapaMeTrpamu 3y0a Mpou3BOISIIEH peiKH aHaIo-
TUYHBI ITapaMeTpam Jyisl BriaauHbl cneruanbHoro MK, ¢ 3aMeHol 0603HaYeHH 1 y4eTOM TIPHUITYCKa
(ipu ero HANTMYHH).

CrienanbHbIN UCXOTHBIA KOHTYP UMEET HEOCIIOPUMbBIE IPEUMYIIECTBA, KOTOPHIM CIIOCOOCTBYET
cama KOH(UTrypaIys 3TOro KOHTypa:

— TapaHTUPOBAHHOE OTCYTCTBHE HEI00OPAOOTKH aKTUBHOTO MPOGUIIS B HUKHEH YacTH 3y0a;

— CHH)KCHHE «9YBCTBUTEIBHOCTH» 3y0UaThIX KOJIEC K BO3MOKHBIM MPOCTPAHCTBEHHBIM MOTPEIIl-
HOCTSIM Tiepesiad U uHTepdepeHunn npoduieii;

— obecrieyeHune 3a1aHHOTO pajiyca KpUBU3HBI IEPEXOIHOM KPUBOI 3yObEB KoJeca;

— YJIy4lIeHHas HIepOXOBATOCTh MEPEXOIHBIX TOBEPXHOCTEN;

— OTCYTCTBHE 3ap€30B U YCTYIOB Ha TOBEPXHOCTSAX MMEPEXOAHBIX KPUBBIX;

— B IIPOYHOCTHBIX pacuerax 3yOuaThIX nepenad OyAayT y4acTBOBAaThb JEHCTBUTENBHBIC PaldyChI
KPUBHU3HBI TIEPEXOTHON KPUBOK U KOI(D(DUIIUEHTHI HOKKU 3yObEB, YTO OTPA3UTCS HA JTOCTOBEPHO-
CTH PacUETHON Harpy304HON CIIOCOOHOCTH.

[TpennoxxeHHbIE 3aBUCUMOCTH MEKIY MapaMeTpaMu CTielUalbHON MPOU3BOAAIICH PEHKH C MOJ-
HONIPO(UIBHBIM CKPYTJICHUEM TOJIOBKU 3y0a M MPOTyOepaHIIeM HCIOJIb30BAHbI MPU pacyeTe dep-
BSAYHBIX (pe3 1o 3ydonumpoBaHne 3y0UaThIX KoJlec IUIaHETapHBIX Mepead aBTOMOOUIIe ceMeii-
ctBa benA3.

3. ABTOMAaTH3MPOBAHHOE NIPOEKTHPOBaHNe 3y00pPe3HOro HHCTPYMEHTA ISl 3y04aThIX KoJiec ¢
Mo GUUMPOBAHHBIM NpoduieM 3y0ObeB

BonbmmHCTBO 3y0UaThIX KOJIEC COBPEMEHHBIX CKOPOCTHBIX NEpenad M3roTaBIMBAIOTCS CO CIie-
nuanbHONM Monupukanuei npoduis 3yda, a UMEHHO — C IJIaBHBIM OTKJIOHEHHEM Ha TOJIOBKE U
HOXKe 3y0a OT TEOPETUYECKOM SBOJNIBBEHTHI IIIaBHOTO MPO(UIIS «B MUHYC», UTO MPUBOJIUT K CHH-
KEHHIO YPOBHS IIyMa U, KaK OTMEYaJIOCh paHee [4], K MUHMMHU3aluu paboThl TPEHUS U MOIIHOCTH

HU3HaIllMBaHUA.
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[Iporpamma «['padoaHaMTHUECKU pacdeT PEeXYIIUX HHCTPYMEHTOB IS IIMIIMHAPHYECKUX
mecTepéH ¢ DBOJBBEHTHBIM MOAMPHUIIMPOBAHHBIM TpoduiemM 3yObeB» (GRIN B nmajapbHEHIEM)
o0ecreunBaeT pelieHne Kak npsaMoil 3a1aum — pacueT npopuiist HHCTPYMEHTa UCXOs U3 3aJaHHOTO
npo¢uis 3yda mecTepHH, Tak U 00paTHON 3aJaun — IpoBepKa Mpoduis 3yda MecTepHr 10 UMEI0-
memycsi npoduiro mHCTpyMeHTa. [IporpamMma oOecriedrBaeT BO3MOXHOCTH pacueTa npoduien
BCEX BHUJIOB 3yOOpPE3HBIX HMHCTPYMEHTOB, PAOOTAIOIIUX METOJAOM OOKaTa: YepBSUHBIX (Ppe3, 70a0s-
KOB, IIEBEPOB, YEPBAYHBIX IIIH(OBaNIbHBIX Kpyros. IIporpamma GRIN npenHa3sHaueHa A KOM-
MBIOTEPHOTO MPOEKTUPOBAHUS MOJU(PHUIMPOBAHHOTO MPOGUIS PEXyIIMX UHCTPYMEHTOB, 00pada-
TBHIBAIOLINX 3yObsl IIECTEPEH METOJAOM OOKATKH, a TaK)Ke MPOCKTUPOBAHUS MPOGWIS YEPBIIHBIX
HUTULEBBIX (pe3 Uil Hape3aHus npsMoOouHbIX nuiny. [Iporpamma paspaboTaHa Ha sI3bIKE IPO-
rpammupoBanus AutoLisp B cpene AutoCAD. ObecnieueHa BO3MOXKHOCTb OTCIIC)KUBAHUS HA MOHU-
TOpe mpolecca 0OKaTKH, ONPEeNICHHs 3JIEMEHTOB IapaMeTpoB Npoduiieit 3yObeB, MPaKTUIECKH HE
MOAJAIOUINXCS aHATUTUYECKOMY PAcuETy.

[Tporpamma «AHATUTUYECKUN pacdeT PeXyILIMX UHCTPYMEHTOB JUIsl HMIMHAPUYECKUX IECTEPEH
C 3BOJIBBEHTHBIM NpoduieM 3y0neB» (ARIN) nmpenHasHaueHa jsl KOMIIBIOTEPHOTO IMPOEKTHPOBA-
HUS MOJIU(UIIMPOBAHHOTO MPOPUIIST PEKYIIUX HHCTPYMEHTOB, 00pabaThIBalOIIUX 3yObs IecTepEéH
Metonom obkatku. [Iporpamma paszpaborana Ha s3bike nporpammupoBanus FORTRAN. Iporpam-
Ma T03BOJISIET BBIIOJHUTh MHOTOBAPUAHTHBIN aHAJIN3 Pe3yJIbTaTOB 3yOOHape3aHus. Yike Ha CTaAuu
pa3paboTKU PEeXYIIUX HMHCTPYMEHTOB MOXKET OBITh IMOJy4YeHAa OLEHKA PEealbHOCTH JOCTHXKEHMS
TpeOyemMoro pe3ysibTaTa ¢ y4€TOM YCIOBHIA U BOZMOKHOCTEH MPOU3BOJICTBA; TPOrPaMMa MO3BOJISIET
TOYHO M OBICTPO OTCJIEKUBATDH BIMSHUE KOJeOaHUs pa3MepoB NMPOPIIs UHCTPYMEHTA, IPEAEIbHbBIX
pa3mepoB 00pabdaThIBaEMOl JACTAIM HA TTapaMeTPbl MOAUPHUITMPOBAHHOTO TPpOoduiIs 3y0a u3iemusl.

[Tporpammbl GRIN n ARIN BKII04YaloT B ce0sl TakKe pacy&Thl 10JIOSIKOB JUIsl 3BOJIbBEHTHBIX 3y0-
YaThIX KOJEC BHEIIHEr0 M BHYTPEHHETO 3alleTJICHUs], YePBIYHBIX (hpe3 Uit 00pabOTKU IITHIIEBBIX
BasioB. [Iporpammel GRIN u ARIN 1103BOJISIIOT OBICTPO U C BBICOKOM CTENEHBIO TOCTOBEPHOCTH OII-
pelenuTh ONTUMAJIbHBIE MapaMeTpbl MOAM(DUIMPOBAHHBIX Mpoduieii. DT IporpaMMbl MO3BOJIS-
IOT C BBICOKOM TOYHOCTBIO ONPENIEIUTh apaMeTphl EPEX0JHON KPUBOM y HOXKKH 3y0a 1 u30exarthb
MoJIpe3aHus 3yObeB, UTO OKAa3bIBACT CYIECTBEHHOE BIMSIHHUE Ha JOJITOBEUYHOCTH Mepeaay.

Jns  monmydeHus Takoro mnpoduias HEOOXOOUMO  PEUIMTh Psii  KOHCTPYKTOPCKHX |
TEXHOJIOTHUECKUX 3anad. K KOHCTpYKTOpPCKOM 3ajjau€ OTHOCUTCS OIpEJENIEHHUE BEITMYUHBI
MoOJU(UKAIIMKY Ha TOJIOBKE U HOXKKE 3y0a UCXOJs U3 BEIMUYHMHBI NIEpejaBaeMoil Harpy3KH, 4acTOThI
BpateHus, kKo3pduurenTa nepekpsITHs Mepeaadn, >KECTKOCTH KOPITyca U MOALIIUITHUKOBBIX OTOp,

MOrPEMTHOCTEN MOHTAXKA.

290



MexaynapoaHbiii CHMIIO3HYyM ITawsds International Symposium
«Teopus n nmpakTuKa 3y04aThIX mepenad — 2014» “Theory and practice of gearing — 2014”

21-23 suBaps 2014, MxeBck, Poccus January 21-23, 2014, Izhevsk, Russia
Z201&

K TexHONoOrmueckoi 3amade OTHOCHUTCS IMPOEKTHUpOBaHHME Npoduis 3yda HHCTPyMEHTa IS
MIPEIBAPUTENILHOTO M OKOHYATEIHHOTO MOIy4eHHUs MOAU(PUIIMPOBAaHHOTO MTpodus 3yObeB KoJjeca.
4. Pacyer mapamMeTpoB NPoOA0JIbHOI MOAM(PUKALIMY IJIAaHeTapHbIX nepenayd tuna 2K-H

Heo0xoauMocTh ydera nepekoca ocei 1 yTOYHEHUs paclpe/ieieHnsl Harpy3Ku Mo MHpHHE 3y0-
4aToOro BEHIla SBJISETCS OCOOEHHO aKTyalbHOM MpoOieMol s 3yOdaThIX Hap, MCIOIb3yEMbIX B
IJIaHeTapHbIX nepenadax tumna 2K-H.

CpaBHUTENBHBIE pacueThl MPOYHOCTH CATEIUIUTOB 3-TO psifia C COMHEYHOM (BHEIIHEe 3allerie-
HUE) U KOPOHHOH (BHYTpEHHee 3allelJIeHHe) IIecTepeH 0e3 ydera M C y4eTOM IEePEeKOCOB OCH IO
METOAMKE [5] moka3aiu, 4To MpH MEePeKoce OCeH U CMEIEHNH KOHTAKTHBIX TuHuM Ha 0,02 MM mpo-
ucxoauT npesbiiieHre Ha 11-34 % pacueTHbIX 3HaUE€HUIN M3TMOHBIX HANPSDKEHUH 10 CPaBHEHUIO C
JI0IyCKaeMbIMHU [6].

s obecnieueHust TpeOyeMOro MoJ0XKeHUs MATHA KOHTAKTa U yCTPAHEHUs] KPOMOYHOT'O KOHTAK-
Ta B COBPEMEHHBIX 3y0OUaThIX Mepefadyax peKOMEHAYEeTCsl IPUMEHSTh MPOJ0JIbHYI0 MOIU(PUKALINIO
npoduis 3yda (60ukooOpa3zHOCTh). Mcnonb30BaHue POI0JIBHON MOAMGBUKAIIMN TIO3BOJISIET Oojee
3¢ (HeKTUBHO UCTIONB30BATh 3yOUaThie Kojieca ¢ YBETUUCHHOMN MIMPUHON 3y0UaToro BEHIa.

Jan BbIBOI (hOpMYIIBI JUIsI ONIpEaesieHHs PEAETbHOr0 yria mepeKoca, Npu KOTOPOM ISTHO KOH-
TaKTa HE BBIXOJUT 3a MpeJesbl 3y0a Kojeca (CM. CaiT).

VYron B3aMMHOTO HaKJIOHA BajiOB IMOJ 3yOUaThIMHM KoJjiecaMu AoJikeH ObiTh MeHbine 0,001 pa-
nuaHa. B manHoM ciyuae Gnaroaapsi 604k000pa3HOCTH 3y0a IiecTepHH IOMYCTUMOE 3HAUCHHUE YTIia
B3aMMHOTI'0 HaKJIOHA BO3pOCiio B 2,8 pasa.

Taxum 00pa3om, UCTIONB30BaHUE BO3MOXKHOCTEH MPOIOILHON MOAN(DUKAIIUHN TTO3BOJISIET YIIPaB-
JSTh TOJOKEHUEM TISITHA KOHTaKTa MpH paboTe 3y0uaToil mepedaud MoJ HArpy3KoW Ipu H3Me-
HSIOIIEMCS TIOJIO’KEHUH OCel U B KOHEYHOM UTOTE€ YBEJIUYUTh PECYpC paboThl 3y0UaToi nepeaayu.
5. Pe3ysabTarhl peaju3anuy NPUHIMIIA MHOTONIAPHOTO 3allelJIeHHsI B KOPOOKe mepeaay Tpak-
Topa «benapyc-1523»

[Torick BO3MOKHBIX PE3EPBOB MOBBIIIEHUSI HATPY30YHOM CIIOCOOHOCTH CHIJIOBBIX IEpesiad Tpak-
TOPOB 0€3 U3MEHEHHS] TE€OMETPUU KOPIYCHBIX JIeTaleld U CKOPOCTHOTO Psijia MPUBEN K CO3/IaHHUIO
3yOuaThIX Iepeaay MHOTOMAPHOTO 3alleryieHns. 3aaaueil cuHTe3a ObUIO MOBBIIICHUE HArPy30YHOU
CIIOCOOHOCTH 3y0O4aThIX Iepenad TpakTopoB «bemapyc» 3a cueT MHOTONApHOTo 3alerieHus: Npu
COXPAaHEHUHU TUIIOPa3MEPHOIo Psiia KOPIyCOB KOPOOOK Mepeiay v MepeilaTouHOro OTHOILICHUSI.

MHoronapHOCTb 3alleTJIeHUs] 3y0UaThiX Mepenady JOCTUTHYTa 3a CUET CIEAYIOIINX MapaMeTpoB
MCXO/IHOTO KOHTYpa: yroa npoduist o = 20°; ko3 uuueHT BHICOTH roJoBKH h*, = 1,25; koaddu-
LUEHT pajuyca KpUBU3HBI epexoHoil kpuBoil p*,= 0,352; koaduruenT paguansHOro 3a3opa ¢

= 0,23. ITapameTpsl CKpyTJICHHS BEPIIMHBI 3y0a MPOU3BOIAIICH peKN BBIOPAHBI TAaKUM 00pazoMm,
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9TOOBI TIEpEXOJHas KpuBas 3y0a SBJISUIACH HAMMCEHBIIUM KOHIIGHTPATOPOM HAIPSOKCHHM, T.C. C
TTOJTHOCTBIO CKPYTJICHHOW BIaaWHOMN. M3roToBiaeHne 3y0UaThiX KOJIEC ¢ YBEIMYCHHONW BBICOTOH 3Y-
0a OCYIIECTBIISITN CIEIMATbHBIMU (Ppe3aMu C YIIIOM UCXOJHOTO KOHTYpa o = 15°.

[TapameTps 3arieruieHuss 00eCTieYeHbl YMEHBIICHUEM MOJIYJISI, YBEITUYCHUEM Yncia 3yObeB (Tpu
OTCYTCTBHH TIOJIpe3aHusi, MHTEP(EPEHITNH, 32a0CTPEHUS) U YAOBICTBOPEHUEM TPEOOBAHUH MTPOYHO-
CTHOM BbIHOCIMBOCTU. K0OaQpuIMEeHThI cMelleHus MeCTepHH U Kojleca MoA00paHbl ¢ y4eTOM BBbI-
paBHUBAHUS yIEIbHBIX CKOJBKEHHI HA HOKKaX 3yObeB.

[TapameTpbl MHCTpPYMEHTa, MaTepuana U TePMOOOPAOOTKH 3yOUaThIX KOJIEC CEPHUIHON M OMBIT-
HOM KOpoOOK nepeay MpeicTaBiaeHbl B TabJ. 3 OJHOTO TEKCTa CTaTbH (CM. CalT).

[Tomupiii komrutekT (17 map) 3yOuaThIX KoJIEC ¢ TapaHTUPOBAHHBIM JIBYXIAPHBIM 3allCTIIICHUEM
OBLJT YCTAaHOBJIEH B CEpUIHO BBIMTyCKaeMbIi KOPITyC KOpoOKH mepeaad Tpakropa «bemapyc-1523».

Mexannueckasl cTyneHdaras KopoOka mepeaad odecrieunuBaeT 24 nepeaayu MepeIHero xoua u
12 mepenau 3aaHero xoaa. CepuiiHas KOpoOKa mepeiad COCTOUT U3 IMISCTH Tap MpsMo3yObIX KoJjec,
OJTHOM KOCO03y0Oo# mapbl ¢ MoayiaeM m = 4,5 MM U 4eThIpex map NmpsAaMo3yOsix kosiec ¢ m = 5,0 Mm.
[Ipsimo3yObie mepenaun UMEIOT KO0d(DPHUIIMEHT TOPIIOBOTO MEPEKPBITUS B mpeaenax &, = 1,3—1,6;
Koco3y0ast mapa — CyMMapHBbIi KOOQQULIUEHT NePeKphITHS & = 1,9.

Kopobka nepemay ¢ MHOTONIApHBIM 3alleTUICHHEM IIECTEPEH COCTOUT M3 MPSIMO3YObIX KOJeC C
MofyJieM m = 3 MM M oJiHa mapa koiyiec ¢ m = 2,75 mm. KoaddurmenT BoicoThI Tos1I0BKH A*, = 1,25
obecrieunBaer ¢, B npenenax 2,05-2,20 n BeIM4YMHY yIEJIbHOIO CKOJIbXKEHHUS 3, < |2| B Hccienye-
MOM JiMana3oHe 4ncen 3yobeB z; = 2948, zy = 85-98 n nepenarounsix uncen u = 1,04-2,38.

Harpy3ounas crmocoOGHOCTh mepenad ¢ €, > 2 3aBUCUT HE TOJBKO OT MapaMeTpOB UCXOAHOTO
KOHTYpa, HO U OT TOTO, KaK pacipenemseTcs nepenaBaeMas Harpy3ka MexIy ABYMsI TapaMu 3yOb-
€B, T. €. OT KECTKOCTH 3alleTJICHUs 3yObeB, TIOIPEIIHOCTH OCHOBHOTO IIara KOJIEC W BEIMYHUHBI T1e-
penaBaemMoii Harpy3ku. Peanusaiysi rapaHTUPOBAHHOTO JABYXIIAPHOI'O 3alleIlyIeHus] B Iiepeadye Bo3-
MO)KHa B ClTydae W3TOTOBJICHHs 3yOUaThIX KOJIEC C TOUHOCTHIO, MPU KOTOPOU MOTPEUIHOCTh W3TO-
TOBJICHUS KoJiec OyIeT MEeHbIIIE YIIPYToi fedopMaiiuu 3yObeB.

B kauecTBe METOIMK pacyeTa TEOMETPHH W MPOYHOCTH MCIOJIE30BAHbI JICHCTBYIOIINE CTaHIap-
ThI, B 9acTHOCTH ['OCT 16532-70 u 'OCT 21534-87 ¢ yueToM 0COOCHHOCTEH MHOTOITAPHOTO 3alle-
wieHns. OCOOEHHOCTH MHOTOIMAPHOIO 3alleTyIeHUs] YYTeHbl yepe3 koddduiuent popmsl 3yda u
KOHIIEHTPALIUU HAMPSDKEHUH Yrs 1 KOAPOUIIUEHTHI paclpeieNICHUs] Harpy3Ku MEXKIy ABYMs Mapa-
MU 3y0beB Ky M Ky, . B mumuHapuyeckux mepemadax ¢ g, < 2,0 Harpy3o4Has CriocOOHOCTH B
OOJIBIIMHCTBE CIy4YaeB OMpEeNsieTcs 30HOM OIHOMApHOr0 KOHTAaKTa, T. €. Ha OJHY Mapy mnepeaaet-

cs 100 % narpysku. B nepenauax c €, > 2,0 Harpy3ka pacnpeneiseTcst Mexay AByMs U TpeMs Ia-
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pamu 3yObeB, IPH 3TOM Harpy3ka Ha OJIHy Tapy coctaBiset 63—65 % Harpy3ku, Ipuxoasiencs Ha
napy 3yObeB B CEpHITHOM KOpOOKe Tepeaay.

[TapameTpsl 3y0UaThIX 3alleTIeHU CEpUWHOM M OMBITHON KOpPOOOK mepenad cM. B Tadu. 4 u 5
MOJTHOTO TEKCTa CTaThH (CM. CaiT).

6. MHOTOKpHUTEPHAJIbHbI HHTEPAKTUBHBIN CHHTE3 Nepeaay 3anenjieHuemM

MHorokputepralbHbIM HHTEPAKTUBHBIM CHHTE30M Iepeiay 3aleluieHneM OyleM Ha3blBaTh
MHOTOKPHUTEpPUATbHBIN BU3YyalIbHBIA BBIOOP pAlMOHATBLHOM T€OMETPHH COMPSHKEHHBIX MOBEPXHO-
CTEH MPU MHTEPAKTUBHOM TUHAMUYECKOM M3MEHEHUHU (OPMBI MOBEPXHOCTEH U rpadUKOB KadecT-
BEHHBIX [TOKa3aTelei Ha S3KpaHe MOHUTOPA C TOMOIIbIO YIIPABIISIFOIIUX 3JIEMEHTOB.

Jns yHHUpUKAUU UCXOTHOTO KOHTYpa, METO/IMK aHaIM3a U CHHTE3a 3y04aThIX 3allelUICHUN He-
00X0IMMO BBIOpATh TaKyIO KPUBYIO, KOTOpasi OTBeUaia Obl CIeIyIOIINM TPEOOBAHUSIM:

- ObL1a OBI TTIAAKON U ABAXBI TG HepeHINpPYEMON;

- B MECTE COCAMHCHUS ABYX KPHBBIX MOXXHO OBUIO OBl 00€CIEeYUTh JIOOBIE KOMOHMHAIIUN
CBOICTB: M3JI0M, 00111ast KacaTeabHasi, OJMHAKOBAasi KPUBU3HA;

- C MOMOIIBIO MPEATIOKEHHON KPUBOM MOKHO OBLIO OBI ONMKCATh BCE CYIIECTBYIONINE UCXOTHBIC
KOHTYDBI;

- KpuBas MO3BOJIsIa Obl MAKCUMAJIBHO HCIIOJIB30BATH COBPEMEHHBIE JOCTH)KEHUS KOMIIBIOTEP-
HBIX TEXHOJIOTH B IUIAHE YIIPABJIEHUS IIPOLIECCOM CUHTE3a U BU3yalU3allly PE3yIbTaTOB AHAJIN3A;

- yIpaBliieMble MapamMeTpbl MOKHO ObUIO ObI MPUBECTH K €AMHOMY BHJY, TO €CTh YHU(DUIIUPO-
BaTh 3aJja4y CUHTE3a U aHaK3a Mepeaad 3alerieHueM;

- TIpo1iecc nepeaayu HHPOpMaIuu U3 Cpellbl CHHTE3a B CPEAY TBEPAOTEILHOTO U IOBEPXHOCTHO-
r0 KOMITBIOTEPHOTO MOJIEIUPOBAHUS HE BBI3bIBAJI Obl OCOOBIX 3aTPyIHEHUH, YTO MO3BOJISLIO ObI CO-
3/1aBaTh NPOrPaMMHbIE MPUIIOKEHU U1 cymecTByomux CAD — cucrem.

brimn npoananu3upoBaHbl AHAIUTUYECKUE JTUHUU: MPsSMas JIMHUS, OKPY>KHOCTh U €€ Ayra, -
JIMIIC ¥ €ro Jyra, OTpe30K mapalosibl, OTPE30K runepOo0Iibl U pa3IudHbIe BUbI CIUIAHHOB — CIUIAH
Opmura, Kyouueckuil criaiiH, craitn Jlarpamka, craitn HeiotoHa, kpuBble besbe, B-crimaiinsi,
NURBS kpussle.

AHanu3 mokasal, 4To Jy4llle BCEro MOCTaBICHHBIM TPEOOBAaHUSM OTBEYAIOT CIIANHBI, U3 KOTO-
PBIX B CHCTEMax aBTOMATU3MPOBAHHOIO MPOECKTUPOBAHUS U MOJEIUPOBAHUS HIUPOKO MUCIOIb3YIOT-
cs kpuBbie besbe 1 NURBS kpuBbie. Takke ObLIN MpOaHAIU3UPOBAHBI BO3MOKHOCTH MCTIOJIb30Ba-
HUS METOAOB JAe(OopMalOHHOTO KOHCTpyupoBaHus. Hambonee moaxonsimeil s peuieHus IMo-
CTaBJICHHBIX 33/1a4 OKa3ayach KpuBas be3be TpeThero nopsiaka.

Jns ompeneneHuss ONTUMANIbHBIX 3HAUYEHUM KOOPJMHAT YIPABISIOMIUX TOYEK HMCIOJIb30BAJICA

METO/J1 II1aBHBIX Oocei, pazpaboTtanHbslii P.I1. BpeHToMm u aBnsOmuUicA OAHUM U3 JTyULIUX CPEAU Ce-
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MeICTBa METOAO0B ONTHUMU3ALUU, HE TpeOyromux nHpopmaiuu o rpaaueHte ¢pyuakuun. Ha ocHoBa-
HUHU 3TOTO MeTo/1a ObliIa pa3paboTaHa mporpaMmma “AnmpokcuMarus KpuBbiMu besne”.

[TpennoxxeHHBIH aHATUTHYECKH CIOCO0 anmpoKCHUMAalMK TaOJIHYHO MPEACTaBICHHBIX Mpodu-
Jei KpuBbIMH be3be TpeThero nmopsijika mo3BossieT yHU(pUIUPOBATh OMMCAHUE TEOMETPUHU PabounX
HOBCpXHOCTCfI 3Y6I)CB, " NpEACTABJIATh UX B BUC, YZ[O6HOM JUIA UCIIOJBb30BaHUA B CUCTEMAX aBTO-
MaTU3UPOBAHHOIO CUHTE3a U aHajIM3a Mepeay 3alerIeHHeM.

Ha ocHoBaHuM mpeaniokeHHOH TeOpuu M MONTYYEHHOTO MaTeMaTHYecKOro oOecreueHus: Obuia
pa3paboTaHa KOMITbIOTEPHAs IPOrpaMMa, IMO3BOJISIONIAs OCYIIECTBISATH MHOTOKPUTEPHAILHBIN UH-
TEpPaKTUBHBIA CUHTE3 Mepeiay 3alerICHUEM.

30Ha KOOpAMHAT yIpaBisomux Touek (Puc. 2) moka3pIBaeT, 4yTo JJIs1 ONUCAHUS UCXOJHOTO KOH-
Typa IOCTaTOYHO yKa3aTh KOOPAWHATHI YETHIPEX TOUYEK, U3MEHSAS 3HAYCHHSI KOTOPBIX MOKHO TMOITY-

4aTb HOBBIC NEpCAavun € YIYYIICHHBIMU I'COMCTPO-KUHCMATUICCKUMU IMOKA3aTCIISIMU.

0 {00000 |#4] |-0.7854 %]
1 {02959 %] |-0.7586 %]
2 {05740 %] 06251 %]
3 [1.0000 %] |-0.3524 %]

v ACHAMETPIA

4 05740 |¥4] |-0.9457 [%]
5 |-1.0000 %] |-1.2184 %]
02959 2] 05122 ]

Puc. 2. 30Ha KOOpAMHAT YIPABIAIOMIMX TOUEK

B kagectBe mcxoqHON MH(pOpMAIMK CHHTE3a Tepenad 3aleruieHHeM OIPEIeIsTOT MPOU3BOIs-
IIYIO0 TTIOBEPXHOCTh, Y KOTOPON MCXOJHBIA KOHTYp OnKcaH KpuBbIMU be3be Tperbero nopsaka. Jis
3TOTO aNMpPOKCUMUPYIOT KPUBBIMU be3be CyIecTBYIOIINE UCXOIHbIE KOHTYPBI, OMUCAHHbIC aHAJIH-
TUYCCKU UJIU MMOJTYYCHHBIC B BUIC 06.]13_1(3. TOYCK KaK pC3yJIbTaTbl CHHTEC3a UJIM U3MCPCHUSA C ITOMO-
IO KOOPAWHATHO-USMCPUTCIIbHBIX MAIllWH. KOOpILI/IHaTI)I YHOpaBadioouX TOYCK KPHBBIX besne
MOJIyYE€HHBIX MPOU3BOIAUINX MOBEPXHOCTEH BBHIOMPAIOT B KaU€CTBE HAYANBHBIX YNPABISEMBIX Ma-
paMeTpoB CHHTE3a M ONTHUMH3AINH Mepeaay 3aleIICHUEM.

W3MmeHss 1osio)keHNe yIpaBISIOIUX TOUYEK (BapbuUpys YIpaBIIEMblE NAapaMeTphl) Kak HEIo-

CPEJICTBEHHO C IOMOIIBIO 3aXBaTa U MEPEMEIIECHUS UX KypCOPOM KOMIBIOTEPHOTO MaHUITYJIATOpPA
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Ha 9KpaHe MOHUTOpPA, TaK W HCIOJB3Ys Pa3IMYHbIC METOABI BAPHHUPOBAHUS YHCIIOBBIX 3HAYCHHUN
(BKJIIOYAst U METOJIbl ONTHUMH3AIMH), BU3YaIbHO aHAIM3UPYIOT TUHAMUYECKH U3MEHSIOIINECS Ipa-
(buku 3HaYeHUN QYHKIMIA KayecTBa M, YYUTbIBasg (YHKIIMOHATbHBIE OTPAaHUYEHHUS, BHIOMPAIOT HAU-
OoJsiee MPEeNNOYTHTEIbHYIO TEOMETPUIO PE3YJIbTHPYIOMUX MOBEepxXHOCTEeH. [lomyueHHble 3HaYeHUs
nmapaMeTpoB KpHUBBIX be3be mepenatoT B CHCTEMBI TOBEPXHOCTHOTO M TBEPIOTEIHHOTO KOMITBIOTEP-
HOTO MOJEIHUPOBAHMS, B KOTOPHIX MOKHO 00€CNEUYUTh aBTOMAaTHU3UPOBAHHOE pEIaKTUPOBAaHUE Ta-
paMeTpUYECKUX KOMITBIOTEPHBIX MOJIENel pa3pabOoTaHHbBIX 3y0UaThIX KOJIeC.

Ha ocHoBaHMU TBEpIOTENBHBIX KOMIBIOTEPHBIX MOJIENEH MOXHO MPOBOJUTH KOHEYHO-
AJIEMEHTHBIM aHaJIW3 MPOEKTUPYEMBIX Mepesad, aHaJIU3upOoBaTh MPOILIECC U3TOTOBJICHUS KOJIEC Ha
obopynoBanuu ¢ YITY u HenmocpeaCcTBEHHO M3rOTaBIUBATh U KOHTPOJIMPOBAThH 3y0UaTbie Kojeca ¢
MTOMOIIBIO TPOTPECCUBHBIX TEXHOJIOTHIA.

[IpennoxeHHass METOJMKA MOXKET OBITh UCIIOJNB30BaHa MIPHU CHHTE3€ Mepesiad ¢ pa3InyHoi pop-
MOii 3yObeB, B3aMMHBIM PACIOJIOKEHHEM OCEH, MMEIOIMX YIy4IICHHBIE MOKa3aTean padoToCIo-
COOHOCTH U MaKCUMaJIbHO OTBEUYAIOLIUX TPEOOBAHUSAM SKCILTyaTallUH.

7. OcobeHHOCTH MOAM(UKAINH B Mlepeaayax ¢ MJIacTMACCOBBIMHU 3y04aThIMM KOJIeCAMU

Jlns Hayanma OTMETHM, YTO OIMCAHHBIE BBIIIE NpUeMbl MoAH(UKanuu MOryT 3¢((eKTuBHO HC-
MOJIb30BATHCS W JUIS YIIYYIICHHUs MOKa3aTellell KayecTBa Nepeaad ¢ MIaCTMACCOBBIMH 3y04aThIiMU
kojecamu. OnHako crnenuduka TEXHOJIOTUYECKUX, (DU3MKO-MEXaHMUYECKHX U TEITOPU3NYECKUX
CBOMCTB 3THX MaTepHaioB OOYCIIOBIMBAET OINpPEACICHHYIO KOPPEKTUPOBKY MapamMeTpoB Moaudu-
Kalli¥, YYUTHIBAIOIYIO YKa3aHHbIE OCOOCHHOCTH, U3 KOTOPBIX OTMETUM, B YACTHOCTH, CJIEIYIOIIHUE:

— YK€ Ha CTaJIu¥ MPOCKTHPOBAHUS (POPMYIOIIEro HHCTPYMEHTa HEOO0XOIUMO CKOPPEKTUPOBAThH
npoduias 3yda GopMooOpasyrolie MaTpHIlbl C yYeTOM, B OOIIEM Cilydae, HaJu4us TPeX KOMIIO-
HEHTOB JTIUTHEBOU yCa/KH, a TAKXKE HEOOXOAMMOCTH CKPYTJICHUS TOJIOBKH Yy BEPIIMHBI 3y0a;

— MPUHATH MEPHI M0 COXPAHEHHIO B TPeOyEeMBIX Ipejesiax MoKas3aTeiel KauecTBa B IpoLecce
SKCIUTyaTalluy Nepeadu, yXyIIeHHe KOTOPBIX MOXKET OBITh CBSI3aHO C KOJICOaHUEM TeMITepaTyphI
U BJIQXKHOCTH OKPY>KaloLIeil cpeabl;

— obecneyuTh JaMHUHAPHOE TEUEHHUE pacilyiaBa BAOJIb Pabodux MOBEpXHOCTEH 3yObeB, 0COOEHHO
[IPU HAJIMYUU B TIOJIMMEPHOM KOMITO3UTE apMUPYIOIIUX BOJIOKOH;

— Y4eCTh BBICOKYIO MOJIATIIMBOCTh TIOJMMEPHBIX 3yObeB MO HArPy3KOii.

7.1. Moauduxkanus npoduis GopmMymouero HHCTpyMeHTa

B obmiem crydae, B MpeAnonoKeHHH PaBHOMEPHOU ycaaku, BnaauHa (GopMooOpa3yrolieid MaT-
puibl, Gpopmyromas 3y0 MIacTMaccoOBOTO KoJieca, J0JDKHA UMETh NMPO(uib, CKOPPEKTUPOBAHHBIH
Ha BEIMUNHY JHTHCBOH YCAIKHU €, TO CTh MO/YIIb MATPHIIEI " OyIeT paBeH:
m™ = m®/(1 —¢), (1)
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rae m* — Moxys 3y6uaToro Koneca.

[Tpyn HEepaBHOMEPHOM XapaKkTepe yCaJlKH ClIeAyeT yUYUThIBaTh U3MEHEHHE Pa3MepOB, U COOTBET-
CTBEHHO, KOPPEKTUPOBaTh (POPMOOOPA3YIOIIHNE FIEMEHTHI MAaTPHUIIBI C YIETOM TPEX Pa3HbIX KOMIIO-
HEHTOB yCaJIK1, @ UMEHHO [7]:

— 110 IMAMeTpy BEpIIHH 3y0beB d,:

daM = daK/(I - Sa); (2)
— 10 OCHOBHO#1 OKPYKHOCTH dy"":

d' = a," /(1 - &y); (3)
— 110 YIIIOBO# TOMIIMHE 3y0a HA OCHOBHO# OKpyXHOCTH 6,

0™ = 0, /(1 ¢ (4)
TZIE €, €p, € — yCaJKa 110 TUAMETPY BEPIIMH 3yObeB, OCHOBHOMY AMAaMETpPy U TOJIIMHE 3y0a COOT-
BETCTBEHHO.

7.2. PagnanabHblii 3a30p. [Ipodpuab BnaguHbl

Bo3MOXHOCTH KOMIIEHCAIIMH KOJIeOaHUI pa3MepoB 3yO0uaToro Koseca npyu M3MEHEHUH TeMIlepa-
TYpbl U BJIAKHOCTH JOJKHA OBITh 3aJI0)KEHAa B YBEJIMYEHHOM paJHaJIbHOM 3a30p€, KOTOpHBIH, Ha-
IIpUMeEp, B CHELMATBHOM MCXOAHOM KOHType JUIsl MJIAacTMAacCcoOBBIX 3yOdaThlx Koisiec [8] paseH
¢ = 0,33 m no cpaBrHenuto ¢ ¢ = 0,25 m no I'OCT n ISO. IlonHOCTBIO CKpyTiI€HHas BIaJWHA
pr=0,43032 m (B oTanuue ot He nonHOcThIO ckpyraeHHoi mo I'OCT u ISO py= 0,38 m) obecne-
YMBA€T MUHUMM3AINIO U3TUOHBIX HANPSKEHUH Y OCHOBaHUS 3y0a, peryIsipHOCTb TEUCHHUs pacIuia-
Ba ¥ TaHTCHIMAJIHHYIO OPHEHTAIIMIO apMHUPYIOIINX BOJIOKOH BIIOJb Mpoduist 3yda B mporecce ero
(hopmooOpazoBaHus, a TAK)KE CTAOMIM3AIINIO TEMIIEPATYPHOTO MOJIS IO MPOGUITIO TIPU OXJIAKICHUH
OTJIMBKH; OJHOBPEMEHHO CKPYIJIEHHAsl TaJiTesIb MCKIIOYAeT MHTEp(EepeHLnIo (XapaKTepHyIo s
Mano3yObIx Kosec) mpoduiieit 3yda Koseca U BIaauHbl (opMooOpa3yroeil MaTpHIlbl IpH BbIEMKE
OTJIMBKU U3 THE3/1a JINTHEBOI (POPMBI.

7.3. llpopunbHas moaupukanus (GpaaHKupoBaHmne)

B cBsi31 ¢ MOBBIIIEHHON MMOJATIMBOCTBIO IUIACTMACCOBBIX 3yObEB PEKOMEHAYETCS Uil BBICOKO-
Harpy>keHHbIX IMepegad MoAU(UIMPOBATh TOJOBKY 3y0a IUIACTMACCOBOIO Kojeca Ha HEOOJNBLIYIO
riny6uny nopsinka A ~ 0,007 m, Ha BeicOTy Ay = 0,5 m OT BepiInHBI 3y0a ¢ TMHUEH MOaU(UKALUY B
BUJIE AyTU OKpyxkHOCcTU paguyca 0,4 m (mpotus A ~ 0,02 m, hy = 0,45 m npu Gopme ITMHUN MOJH-
¢ukanuu B Buae npsamoii mo 'OCT 13755-81).

C apyroii CTOPOHBI, 17151 CHUKEHHUSI U3HOCA HOXKKH 3y0a IMIacTMacCOBOTO KOJIeca PEKOMEHTyeTCs
OCYUIECTBIIATh MPOPUIBHYI0 MOAMU(PHUKALUIO 3yObEB CONPSKEHHOTO METAJNIMYECKOro Kojieca Ha

BEJIMYMHY, COOTBETCTBYIOILYIO MPOrudy 3y0a IMiiacTMaccoBOro Koisieca, MpH 3TOM TIyOMHAa MOIH-
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(uKaMy CTaBUTCS B 3aBHCHMOCTH OT TepeIaBaeMOl Harpy3Kd W MPOAODKUTEIBHOCTH KOHTAKTa
3yObeB B 3aIlCTUICHHUH, a BHICOTA 3aBUCUT OT OCHOBHOTO I11ara v KO3 (HUIIMEHTa TEPEeKPHITUA. 3yObsi
OTIBITHBIX TMap 3y04aThIX KOJeC ¢ ONTUMalbHBIMU MapaMeTpamu MpoduiabHO Moaudukarmu [9]
M3HAIIMBAJINCh PAaBHOMEPHO, a U3HOC ObII B 2 paza HMKE U3HOCA KOHTPOJIBHBIX Tap (65 u 125 mxm
COOTBETCTBEHHO).

Taxk ke Kak U A mepefad ¢ METaJUIMYECKUMU KoJjiecaMu 3(pPeKTUBHBIMU NTpHUEeMaMU MoudU-
KalluK 7S TIJIACTMACCOBBIX KOJIEC SBISIOTCS KaK UCXOAHBIE KOHTYPBI C YMEHBIIEHHBIMH TPOQUITb-
HBIMHU YTJIAMH U YBEJIMYCHHOM BBICOTOH 3y0a M aCUMMETPHYHBIC UCXOIHbIE KOHTYPBI, TaK U Tepe-
Jlauu, MMPOEKTUPYEMBbIE B CUCTEME 00OOIIAONINX ITapaMeTPOB, 00ECIIEYHBAIONINX PEATH3ALNI0 KO-
>} duIMEnTa IEPEKPBITHS £y > 2 M TOBBILIEHHBIE YIJILI 3al€IUIEHns o, > 20°. Uetsipe Bapuanta UK
C YBEJIMYCHHOW BBICOTOM 3yOheB moj obOmuM Ha3zBanueMm ‘“‘PGT System” paspabGoTtanbl Gpupmoit
ABA Tool and Die Company, Inc. [10].

OcHOBHOI BapuaHT KOHTypa u3 npemyaraembix “‘PGT System” npuHAT B KauecTBe aMEpUKaH-
ckoro crangapra ANSI/AGMA 1006-A97. OcranbHble TpU ¢ pa3HBIMHA KO3 (OUITMEHTaMU BBICOTHI
rojioBku 3yoa h*, =1,15; 1,25 u 1,35, IOTHOCTBIO CKPYTJICHHOW BIAIUHON U MOAU(DUITUPOBAHHBIM
npoduiemM roIoBKH MpeiararoTcs Kak pekomeHayemseie. [Ipu mpoexkTupoBaHuu 3yO0uaThixX nepeaad
B COOTBETCTBHUH C ATOH CUCTEMOIl obecreunBaeTCsl paBHOHANPSHKEHHAS 10 M3rudy KoHpurypauums
3yOBbEB y KOJIEC C Pa3HBIM YHCIOM 3yObeB (32 cueT (JOpMOBaHUSI OJMHAKOBOUW TONIIUHBI 3yObEB Y
OCHOBaHU); 3a CYET HOPMUPOBAHHOTO I KaX/I0T0 YUCIa 3yObEeB CMEIIEHNS UCXOJAHOIO KOHTYypa
yCTpaHsieTcsl MojJpe3aHue 3yObeB; Onaronaps Haau4Mio (IiaHKa HCKIIOYAeTCsl KPOMOYHBIN yaap;
BBIICP)KUBAIOTCS B IOMYCTUMBIX MpejeNiaX MoKa3aTelld KauecTBa 3alleTIeHUs] P U3MEHEHUHU pa3-
MEpPOB, 00YCIIOBIIEHHBIX TEMIIEPATYPHBIMU Ae()OpPMAITUSIMH U BOJOTIOTIIOMICHUEM.

ANTOPUTM pacueTa reOMETPUIECKHUX ITapaMeTPOB TaKUX Iepeaad, B TOM YHCIIe KOCO3YObIX ¢ Ma-
JIBIM YHCJIOM 3yObEB IIECTEPHU M3JIOKEH B UCTOUHMKAX [11-13].

7.4. O600maomme napaMeTpbl. ACHMMeTPHYHbIE 3y0bs

Kak Ob110 Mokazano BbllIe, MOAM(UKAIMS TapaMEeTPOB 3alCTVICHUS C LENbIO MOBBIIICHHUS MTOKa-
3aresieil KauecTBa, BHOPOAKTUBHOCTH M HATPY30YHON CITIOCOOHOCTH Tiepeiad MOXKET ObITh OCYIIECT-
BJICHA MOCPEACTBOM IPOCKTHUPOBAHMS 3y04aTOl Mepesayd B CUCTeMe 00OOIAIMX MapaMeTpoB,
npuyeM Hauobonbmui 3G ekt JoCTUraeTcs AN nepenad ¢ aCUMMETPUYHBIMU TPO(UIISIME 3yObeB.

W3 npumepa cpaBHEHMS TaKUX IOKA3aTesIed Ul Iepead TPEXCTYIIEHYaTOro IpUBOIa KyXOHHOU
MAIMHBI CIIEAYET, YTO MO YIIIy 3aLeIUICHUs O, HaOJII0JaeTcs MOBBIICHUE TTOKaszaTens Ha 5-25 %,
10 KO3 UIMEHTY NMEPEKPHITUs €, — Ha 13-33 %, mo HanpsHKEHUSAM U3ruda B OMACHOM CEYCHUU 3Y-

06a oy — mpumepHo Ha 30-60 % [14, 15]. DkciepumeHTaNbHbIE JaHHbBIE [16] MOATBEPkKAAIOT BHICO-
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KyI0 3(Q(GEKTUBHOCT MOJU(PHKAINNA, peaTn3yeMbIX TPHU MPOCKTHPOBAHWU Tepeaady B CUCTEME
00001IaroIMX MapaMeTPOB.

OKcIepUMEHTAIbHOE MOATBEPKIACHNE HAJIMYUS MOBBIIMIEHHBIX CIIY)KEOHBIX XapaKTEPHCTUK IIe-
penad ¢ MOIUGUIMPOBAHHBIMU NTapaMEeTpaMH 3aleIUICHUs TIOIy4eHO Hamu [14] nmpu cpaBHUTEIb-
HOM HCCJIEJOBAHUU HArpy304HOH CIIOCOOHOCTH M BHOPOAKyCTHYECKOH aKTUBHOCTH OIBITHBIX Tie-
penad, CIpOeKTUPOBAHHBIX B CHCTEME 0000Imarmux mapaMmeTpoB [16] 1 KOHTPOJIBHBIX TIepeaad co
crannapTaeiM UK. PacuetnsiM mytem [17, 18] Obuto ompeaeneHo, YTO B ONBITHBIX Mepenavyax, 3a
CUeT IepeMelleHi 3yOpeB o/ Harpy3KoH, peanusyeTcst pakTHuecKuil K03(hHUIMEHT nepeKphIThs
ar > 2.

bnaronapst moBBIIIIECHHOMY YTIIy 3alleTIeHUs U (paKTHUECKOMY KO3(D(DUIIMEHTY MEePEeKPhITUS Eqy
> 2 Harpy3Ka, Ipyu KOTOPOH Ha HOXKaX 3yObeB MOJIMMEPHOH IIECTEpHH OINBITHOW Mapbl MOSBUIINCH
ouaru paspyuieHus, osu1a Ha 25-30 % BBIIIE HArpy3Kd, MPU KOTOPOW aHAJIOTMYHBIE OYard KOH-
TaKTHBIX BBIKPAIIMBAHUM OBUIM OTMEYEHBI B OKOJIONOJIOCHON 30HE Ha OOKOBBIX MOBEPXHOCTSIX
3yObeB LIECTEPHU KOHTPOJIBHOM Mapbl KoJjec.

B oTHOmeHnn BUOPOAKYCTHMYECKMX XapaKTEPUCTUK IOJYYEH IIOJIOKUTENBHBIA pe3ysbTaT Mo
CHIDKCHHIO 00IIIEro YpOBHS 1IyMa OT 1 70 8 meruben npu pa3HbIX pexxruMax HarpyskeHus [16].
3akio4eHue

PaccmoTpensl pazHOOOpa3Hble METOABI MOBBIIICHHUS KauecTBa U HeCylled crocoOHocTH 3yOua-
TBIX Mepeaad MOCPEACTBOM IIEJIEHANPABIEHHOIO U3MEHEHUs reoMeTpuueckux napamerpoB MK u
napbl CONMPSIKEHHBIX 3y0UaThIX KOJIEC.

1. TlpensioxeHbl aHATUTUYECKHUE 3aBUCUMOCTHU JUIsl pacyeTa nmapaMetrpoB crnenuainbHoro MK c
NpOTyOepaHIeM U MOJIHOCTBIO CKPYTJIEHHOW BIIAJAMHOM, 00€CIeUMBAIOIIEro MOBBIIIEHHE KauyecTBa
3y0000pabOTKH U JOCTOBEPHOCTh pacueTa Harpy304HOi CIOCOOHOCTH mepeay.

2. Tloka3aHbl BOBMOXHOCTH pa3pabOTaHHBIX MPOTrpaMM aBTOMATU3HUPOBAHHOTO MPOEKTUPOBAHUS
CHELUAIBHOIO0 3yOOpE3HOr0 MHCTPYMEHTA, MO3BOJIIOLIMX ONEPATUBHO C BBICOKOH TOYHOCTHIO U
Ha/IeKHOCTHIO PaCCUUTHIBATh ONTHMANIbHBIE MapaMeTpbl MoAuGUKaMU npoduis 3yda ¢ ydeToM
BIMSIHUS KOJIEOaHUN pa3MepoB 3yObeB MHCTPYMEHTA W NpeAeTbHBIX pa3MepoB oOpabaThiBaeMoO
3aroTOBKH Ha MapaMmeTpsl Npoduis 3yda n3iens.

3. IIpennokeHpl pacueTHbIC 3aBUCUMOCTH IS ONPEAEICHUS MPEIEIbHOIO yIyla IepeKoca oceu
B IUIaHEeTapHbIX nepenavyax tuna 2K-H, npu KoTopoM MATHO HE BBIXOAMT 3a MpeJelibl 3yoa 3y0da-
TOT'0 KOJIECa.

4. Tloka3aHo, 4TO OCHalleHue (IIpU COXPaHEHUH CKOPOCTHOTO psifia) CEpUMHON KOpOOKH mnepeaay
TpakTopa «bemapyc-1523» MOTHBIM KOMILIEKTOM 3KCIIEPUMEHTAIBHBIX 3yOUaThIX KOJIEC C yBEJH-
YEHHOU BBICOTON 3yObeB, 00ECIEUMBAIOIIMMYI TApAHTUPOBAHHOE JIByXIIApHOE 3alleIUICeHUE, 103BO-
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JWJIO YMEHBIIUTh U3TMOHBIE U KOHTAKTHBIE HANPSYKEHUS, CHU3UTh YPOBEHb 1IyMa U B UTOTE MOBBI-
CUTh HArPy304YHYIO CITIOCOOHOCTH KOPOOKH Iepead TpakTopa.

5. Ilpennoxken MeTo ONMMCAaHUs UCXOAHOIO KOHTypa KpUBBIMHU be3be TpeTbero mopsaka u pas-
paboTaHa mporpaMMa aBTOMaTH3MPOBAHHOTO pacyeTa, MO3BOJIAIONIAs OCYIIECTBISATh MHOTOKPUTE-
pUANbHBII MHTEPAKTUBHBIN CHHTE3 Nepead 3alellyIEeHUeEM C BO3MOXKHOCTSAMU BbIOOpa MPEIOUuTH-
TENBHOM TE€OMETPUHM PE3YJBTUPYIOIIUX IOBEPXHOCTEH, aBTOMATH3MPOBAHHOIO DPEIAKTHPOBAHMS
KOMIIBIOTEPHBIX MOJENIel 3yOuaThIX KOJIeC, KOHEYHO-3JIEMEHTHOTO aHajau3a 3yOuaThlX Iepejaad,
CHHTE3a Tepenad ¢ pa3iuyHoi (popmoil 3yObeB M Pa3IUYHBIM B3aWMHBIM PACIOIOKEHUEM OCEH,
MaKCHMAaJIbHO OTBEYAIOIIUX TPEOOBAHUSAM IKCILTYaTaI[UH.

6. PaccmoTpensl Mogudukanuy 3y04aThlx nepead ¢ miacTMacCOBBIMH KOJIECAMH COCTOSILINE B
HE00XO0AUMOCTU KOPPEKTUPOBKU (OPMOOOPA3YIOLINX 3JIEMEHTOB (DOPMYIOIEro HHCTPYMEHTA, CO-
3IaHUM OJIATONPUSATHBIX YCIOBUM TEUESHUS M OXJIAXKICHHS paciijiaBa rnojmmepa npu GopMUpOBaHUN
OTJIMBKH U BBIEMKE €€ U3 ()OPMBI U ydeTa pa3MepHON HeCTaOMIBLHOCTH B MPOIECCe IKCILTyaTalluu

MIpH KOJIEOAHUU TEMIEPATYPhl U BIAXKHOCTH OKPY’KaIOIIEH CPeIbl.
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ANALYSIS AND SYNTHESIS OF SPUR AND HELICAL GEARS
IN “APPLIED MECHANICS” COURSE
D. T. Babichev, DSc in Engineering, Professor, Tyumen State Oil and Gas University,
babichevdt@rambler.ru;
A. V. Balin, student, Institute of Transport, Tyumen State Oil and Gas University,

A. V. Irkitova, student, Institute of Transport, Tyumen State Oil and Gas University

Abstract: The paper describes computer programs created in TSOGU for analysis, synthesis and
modeling of cylindrical and planetary gear operation. The technique of applying the computer
program in education and scientific processes is presented. The program allows: a) observing the
mechanism motion at the display and controlling its motion with buttons: START, REVERS,
FASTER and other; b) forming the report of the work done.

Keywords: spur and helical gears, planetary gears, computer modeling

AHAJIN3 U CUHTE3 HUJINHAPUYECKUX TEPEJAY
B KYPCE “IIPUKJIAJITHASA MEXAHUKA”
. T. babuues, 0okmop mexnuyeckux Hayk, npogpeccop, TromeHckuii 20cy0apcmeeH bl
Hegpmeeazoswiil ynueepcumem, babichevdt@rambler.ru;
A. B. banun, cmyoeum, Uncmumym mpancnopma, TTHY;

A. B. Upkumosa, cmyoeum, Uncmumym mpancnopma, TTHY

Annomayua: OnucaHbl KOMIIBIOTEPHBIE MTPOrpaMMsbl, paspadborannsie B TroM[ HI'Y st ananusa,
CHHTE€3a U MOJEIUPOBaHMUA pabOThl LMIMHAPUYECKHUX 3yOuaThIX M IUIaHETAapHbIX nepenad. M3imo-
KEeHa METOJMKa UX MCIoJIb30BaHus B yueOHoM mpouecce 1 B HUPC. IlporpaMMbl mo3BOJISIOT: a)
HaOII0AaTh Ha SKpaHe JBM)KCHHUE MEXaHM3MOB U YIPABIATH MX JABMXKCHHEM C TIOMOIIBIO KHOIIOK:
I[TYCK, PEBEPC, BbICTPEE u npyrux; 6) ¢opMupoBaTh OTYETHI IO IPOAETAHHOM pabdoTe.

Kntouesvie cnoga: nunuHApUIECKHUE NIEPENAYY, IUIAHETAPHBIEC NIEPENAaYl, KOMIIBIOTEPHOE MOJCIIH-

POBaHUC

Ha xadenpe “Ilpuknannas mexanuka” Trom[HI'Y co3maHbl U UCTIONB3YIOTCS B y9€OHOM MpO-
L[ecCe JAECATKH MPOTpaMM ISl MOJEIMPOBAaHUS PabOThI IIIOCKUX MEXaHU3MOB, a TaKXKe sl pacuyeTa
U npoekTupoBaHus nepenay [1]. bonpmmacTBO porpamMm pa3paborano B cucreme MS Excel ¢ uc-
nonb3oBanneM VBA (Visio Basic for Application). Oco6enHoctu 3tux nporpamm: 1) ITo3Bosstor

Ha6J'IIO[[aTL Ha SKpaHC ABMKCHUEC MCXAHHU3MOB U YIPABJIATH ABUXKCHUECM HaXaTHEM KJIaBUII HaA I1a-
&9
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Henu ynpasienus: [IYCK, PEBEPC, BbICTPEE u npyrue. 2) OpueHTHpOBaHbl HA MHOT'OBAPUAHT-
HbIE pacueThl U ONTHUMM3AIMIO MapamMeTpoB. 3) Pe3ynbTaThl pacueToB NMpeACTaBIsIOT COOOM, Kak
MIPaBUJIO, TOTOBBIA IOKYMEHT, KOTOPBIA MOXKET CIIY)KHTh 4aCThIO TOSCHUTEIHHON 3aITUCKU WU OT-
YeTa O BBIIOJIHEHHBIX pacyeTrax. OH COAepKHUT, OOBIUHO: JaHHBIC O MOJIb30BATENE, UCXOIHBIC JIaH-
HBIE, PE3yJIbTAThl PACUETOB C MOSCHSIIOIINUM TEKCTOM, TaOJIUIIaMU U JJHarpaMMaMH.

[Io teme koH(epeHMu umeercs Tpu tuna nporpamm: 1) @opmooOpa3oBaHHEe, KOHTAKTHOE
B3aUMO/JICHCTBUE, T€OMETPUUECKHI aHAIM3 U CUHTE3 B LMIUMHAPUYECKUX Tepeaaydax, KyJauKOBbIX
MeXaHu3MaXxX, TPEX3BEHHBIX POTOPHBIX MEXaHW3Max (IBUTAaTenh BaHkess, HacOChl, BUHTOBBIC 3a-
6oitnble aBuratenu [2]). 2) Cunres3 rianeTapHbix nepeaad. 3) PacueT, KOHCTpyHpOBaHUE, ONITUMH-
3alMs ¥ BbIYEPUUBAHHUE OJTHOCTYIIEHYATHIX HUIMHIPHUUECKUX PETYKTOPOB.

[Tpu Bemonnenun pacdyetHo-rpaduueckux (PI'P) u kypcoBbix pador (KP) ucnonbs3yrorcs, mpe-
kK7€ Bcero, mporpaMmbl: DBonbBeHTHasllepenaua.xls, Kynauok.xls, Pegykropl.xls. Ha nexmusx,
MPAKTUYECKUX M Ja0OpAaTOPHBIX 3aHATHIX JEMOHCTPUPYETCS IBUIKEHHUE M OCOOCHHOCTU MEXaHH3-
MOB, a TaK)Ke MPUEMBI UX IPOSKTHPOBaHUs 10 iporpammam: [lmanerapnasil.xls, [Tnanerapuas2.xls,
[TepenauaSigmaH_const.xls [3], DBonmbpBenTHas I Iepenaya.xls, Kymadok.xls, Bankens.xls u mo apy-
THM.

1. AHAJIM3 ¥ CHHTE3 3B0JIbBEHTHBIX HWIHHAPUYECKUX nepenad (Jgorveenmuanllepeoaua.xls)

[Tono6HbIE pOrpaMMBbl €CTh BO MHOTHX BTY3aX.

Ocob6ennoctp nmporpamMmbl B TroM[ HI'Y: 1. OtpaboTana u peaqn3oBaHa METOJIUKA MPOSKTUPO-
BaHUs nepeaad ¢ KodPPUIUESHTOM MEPEKPBITUS €, >2. 2. VicXxoaHble NaHHbIE AJ MPOSKTUPOBAHUS
3TO HE TOJBKO YHCIa 3yObeB U MONYJIb (), Z2, M), HO U: IIUPHUHA KOJIECa, YUCIO OOOPOTOB IIECTEP-
HU U BEJIMYMHA KOHTAaKTHBIX HANpSKEHUM (MaKCUMAalbHBIX WJIM CPEJHUX BOJb JUHHUM 3alleIlie-
Hus). 3. Pesynbrarel gt PI'P — mosicauTenpHas 3amucka ¢ TEKCTOM, TabJMUIIaMHi U JUarpaMMaMH,
MPOAaHATM3UPOBAB KOTOPHIE CTYACHT JOJKEH JOMUCATh pa3ien ‘“AHanu3 pe3ylbTaTOB MPOECKTHPO-
BaHus". 4. Pesynprarsl st KP no TMM — ot 6 cTpaHuI] IPUIIOKEHUS K MTOSICHUTEIBHOM 3aIllnCKe,
COJIepIKAIETO: UCXOIHBIC TaHHbIC, KAPTUHBI pabovero u CTaHOYHBIX 3allCTICHUH; pa3Mepbl 3y0da-
TBIX KOJIEC U MEpeAayuu; KOOpAUHAThl mpoduieil 3yObeB, MepexXoAHbIX KPUBBIX U JIMHUU 3allerlie-
HUsL; TAaOMUIBI U TpadUKHU KaueCTBEHHBIX MOKa3aTelNeH.

Pacuer nepengauu no nporpamme Ieonveenmnasnllepeoaua.xls 8 PI'P crygeHThl HauumHaIOT C
1o100pa MOIIHOCTH, MPU KOTOPOW OyIyT MoJydeHbl TpeOyeMble KOHTaKTHbIe HanpsbkeHus. Kave-
CTBO CIIPOEKTHPOBAHHBIX IEpeaad CTyJCHTaMH OIICHHBAETCS M0 KPUTEPHUSIM: pacueTHas mepejaa-
BaeMasi MOITHOCTh, KOHTAKTHbIE HAMPSKEHUS BIOJIb JTUHUH 3alleTJICHHs, HHTEHCUBHOCTH abpa3uB-
HOTO M3HOCA (KO3 UIMEHTH! yaAeabHOTO cKoNbxeHus). B PI'P u B KP cTyaeHTsI poeKkTupyIoT 1o

3-4 mepenauu ¢ OAMHAKOBLIMU TabapuUTHBIMHU pa3mepamu (0€3 cMeleHus, HEpaBHOCMEIICHHYIO, C
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€ >2) U CPaBHUBAIOT UX KayeCTBO 10 Ha3BaHHBIM KpuTepusMm. Huke mpuBeneH mpumep CUHTE3a
JBYX Tepead: Hape3aHHOW CTaHAApTHBIM MHCTpyMEHTOM (puc.l) U Hape3aHHON MHCTPYMEHTOM C

YBEJIMYEHHOU BBICOTOM 3yObeB U C &, >2 (puc.2).

La] = - =
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2 \ /T = Py N :
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/| AN NN 7\
2 A 0 \ |_—
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1.2. OLIEHKA KAUECTBA NEPEJAYM MO KOHTAKTHOR NPOYHOCTM W MO M3HOCY NPO®UNEN 1.2. OLIEHKA KAYECTBA NEPEAYH N0 KOHTAKTHOW MPQUHOCTM M MO M3HOCY NPOMUIENA
KOHTAKTHBIE HAMPAAEHUA, Mna MokasaTens kavecTea w—?g?w K[‘]D]'FEHCA KOHTAKTHBIE HAMPAXEHMA, Mna MNokasaTens KavecTBa wﬁgfw K&;WEHCA
1000 lmm MuHUM. Ko3dd-ThI CMeweHUa —0,053[-0.872] 1000 IMUHKUM K03t -Thl CMELLEeHNS —0,328] -1,357
F Moppesanue Het Het munl lNonpe3saHue Her Her
800 AITN‘ 3aocTpenve Het | Het 800 T 3aocTperine Her | Her
500 I’EE‘ YOeneHoe CKOMbKEHNE 102 | -083 600[724 YensHoe CKONbXeHVe 221 | 168
] (MHTEHCUBHOCTL aBpa3uBHoro T =l (MHTEHCUBHOCTb aBpasuBHoro
400 usHoca npodumneii 3ybues) A=1-039 400 n3Hoca npodunedi 3ybbes) A= -053
200 KonTakTHble Hanpske-iia [ g | goee | Ocpe K . ]
0 NpW O HOMapHOM £5A 200 H;:f;:;;::;pﬂme s | Omin | Omax | Tcpea
A0 5 0 5 10 |[PAuennetiy, Mna 871.111000,0) 917.8 0 3auenneHun, Mna 712,21000,0] 7755
KoathduymeHT nepekpbia £2=] 1208 -10 5 0 5 10 |[KosdduumenT nepexpbimia -] 2033
AEPAZWBHEIN W3HOC MPOBUNEA OcHoBHbIE aHHbIE 0 Nepefade 08 __ ABPA3MBHBIN M3HOCAMPOSUNER QCHOBHLIE JaHHbIe 0 Nepeaaye
08 MNapametpbi vc- | o, % | h, €, h_ 04 |8 | MNapameTpeie- | o,% | h, Co h,
03— “"‘I’ xofiHoro korTypa [ 20 1 0,25 | 2.000 0 - xogHoro koHTypa | 20 | 125 02 [2500
0 MexogHble u 21 | 22 | m, am|8mn 04 ] VicxoaHsie n 21 | 22 | m | an
03 .&9&‘ N BbIMUCTIEHHbIE 18 | 32 |4.500 |118263 08 i N | BblUMCTEHHbIE 27 | 48 |3.154 118263
DIE . [ napameTpbl Poket| ny [bo wm|as,, ° 12 v } — napameTpbl P, 0 bz |aw, ’
: T nepefasn 4865 | 1500 | 30 |26.632 46 — nepeaas 52,71] 1500 | 30 |20,000
e —roneco KQapDULEHTo! CHELLEHIIA HaXO0M 13 YCTOEMS 2 | ren 'i‘ - Koobguynere cueuenn seoamac
12 HanbonbLWell KOHTaKTHOM NPOYHOCTH: 24 KNasWaTypbl:
-10 5 0 5 10 X1=0,5267 n X2=0,9667 -10 -5 0 5 10 X1=0,15 u X2=-0,15
Puc. 1. Tunuunas 3BoJIbBEHTHAs Nepegayda Puc. 2. [lepenaua c koadd. nepekprITus &, >2
HapaMeprI HHCTPYMCHTOB U MICPCaad NpruBCACHBI HA
1.5 f 9THX PHUCYHKAX IOJ HM300paKEHUSAMHM KapTHH 3allernie-
o
1 7 Hus. [lapameTpsl nmepenauu ¢ g, >2 (puc. 2) Ha3HAYaEM,
05 f UCXOZs U3 MapaMeTpoB mepenauu ¢ g, <2 (puc. 1), tak
0 f 9TO ACJIAI0T B MPOMBIINIJICHHOCTH: B 1,5 pasa yMCHbIIACM
0 f MOAYJb m, U yBenu4uuBas B 1,5 pasza uncna 3yObeB z, U
Lol Z,; KO3((PUITMEHT BBICOTHI TOJIOBKH 3yObeB /1, M, COOT-
N4 BETCTBEHHO, /1, yBennuuBaeM B 1,25 pasa; koo duimeHT
-1.6 * *
45 -1 05 0 05 1 15 2 paguaibHOro 3aszopa ¢, =0,2 (Bmecto ¢, =0,25) u yron

PN
Puc. 3. TeopeTuueckuii HCXOAHBIH UCXOJHOI0 KOHTYpa, Kak u npexnae, o=20". B nepenaue

KOHTYD JUIl HECHMMETPUYHBIX 3yObeB Ha pUC. 2 MOAYJb m JAOMOJHHUTEIBHO TMOJ00paH Tak,
(B monsix monyst) ipu: ks =0,1;
o = 300; o = 100; By =125; hy=1,5 4TOOBI B 00€MX Tepenavyax MOJYyYUTh OJUHAKOBBIE Me-
JKOCEBBIE PACCTOSIHUS: sl 0oJiee KOPPEKTHOTO CpaBHE-
HUA TIepeIad 1Mo nepeiaBaeMoi MOIIHOCTH M BO3MOYKHOCTH MIPUMEHEHUs 00eHX mepeiad B TOM Ke
caMOM KopIyce.
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CryzaeHTaMu — aBTOpamMH CTaTbu — MporpaMMa MOJEPHU3UPOBAHA U TEIEPh MO3BOJIAET IPOEKTU-
poOBaTh IMepeayr ¢ HECHMMETPUYHBIME 3yObsiIMHU, OOJIaatomue psaoM A10cTouHCTB [4]. Ha puc.3
MOKa3aH TEOPETHUECKUN UCXOAHBIN KOHTYD IJI1 Hape3aHus 3yO4aThIX KOJEC A TaKOW Mepenadm.
Cucrema napameTpoB KOHTYpoB B nporpamme TroMI'HI'Y oTiauuaercs oT cucteM Apyrux aBTOpoB
(HarmpuMep, pa3pabOTaHHBIX JJIS aBHALMU [5]) U BKIIOYAET CIERyIOIIME 5 BEIUYHH: B YIJIA HC-
XOJTHOTO KOHTYpa (¢, — JIEBOTO U ¢z — IPABOT0); JBa KOA((HUIIMEHTA BBICOTH HOXKHU 3yObeB (/i —
HIECTEPHH U Ay, — KoJieca); KO OUIIMEHT POI0JIbHON KOPPEKINH 3y0a peiku — ks (k=S;/S,, Tie S
— TOJIIIMHBI 3yObEB MO JETUTEIbHBIM OKPY>KHOCTSIM, COBMAJIAIONIUM C HadyadbHBIMU). OCTallbHbIC
napaMeTpbl KOHTYpa, BKJIIOYasi paJAnyChl 3aKpYTICHUH, /1, U Az, BBIYUCIAIOTCA. DTy CUCTEMY Mapa-
METPOB UCIOJIB3YEM U B HEIBOJIbBEHTHBIX IE€peiayax.

2. IIpoexTupoBanue nianerapusix nepeaau (Iliianerapuasl.xls u Ilnanerapuas.xls)

Ha puc. 4 nokasansl ABe IUIAHETApHBIE Mepelayd, HAPUCOBAHHbBIE MporpamMmamu. B mpumepe

clieBa HapyUIEHO yciioBHE cOOpkH. IIporpamMMbl MCHONB3YIOTCS 7Sl JEMOHCTpAIMM B JIBHKCHUU

HapyUuICHUA yCIIOBUSA C60pKI/I " COCCACTBA B INIAHCTAPHBIX U B MHOT'OITIOTOYHBLIX MEPEaadax.

MCXOOHBIE JARHBIE O NEPENAHE HCXOJHBIE JAHHBIE O MEPEJAYE
z1 [ 22 [ m [ ha [ N [ Fit | dFi [iStop [Kcarenn 71 [ 22 [22° [m1 ][ m2] ha | N | Fi1 | dFi [tStop[Kcaren
1NN 2 A B> 18 1 0 8 |16 8 | 5] 5 | 1 | 4 [450] 10 [001] 4
MLC
[Myck
CTon
Peesepc
LWar
HapyweHo ycnosue c60pKu. HapylieHo ycnoBue coceacTBa caTennnTos.

Puc. 4. JleMoHCTpanusi HapyIIeHHUS YCIOBUH COOPKHU (CHMMETPHH) U COCECTBA CaTEIIUTOB

3. IIpoexTpoBaHue TPEX3BEHHBIX POTOPHBIX MexaHU3MOB (PoTop.xls u Bankenn.xls)
Haubonee uHTEpEeCHBI MPOTrpamMMBbl IJisi CTYJACHTOB HEPTETa30BOTO M TPAHCIIOPTHOTO HAIpaBJIe-
Huii. Ha puc. 5 cieBa moka3zaH MeXaHW3M ¢ KHHEMATHYECKAM OTHOIICHHUEM iy, =-4:5 (YUCIIO CTOPOH
potopa H N=4, tun=-1 — Bpamenus kpuBommuna H u poropa 1 BcTpeuHslie), KOTOPHIH MPUMEHSIOT
He(TAHUKH [2] B BUHTOBBIX 3a00MHBIX ABUratessx (mpH im< 9:10) u B BUHTOBBIX Hacocax (Ipu

iy>1:2). Ha puc. 5. cnpaBa noka3an aBurarenb Bankens; B HEM iy, = 3:2 (N=3, Tum =1).
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Puc. 5. Mexadan3M BUHTOBOI'O Hacoca U JIBUrareilb BaHnkens

4. KoncTpynpoBaHue OJHOCTYNIEHYATHIX UIHHAPUYECKUX PeayKTOPOB (Pedykmopl.xls)
[TporpamMmMa mpenHa3HayeHa ISl pacueTa U KOHCTPYUPOBAHUS OAHOCTYIIEHYATHIX UIUHAPUYE-
CKUX PElyKTOPOB — CaMOM pacrpoCTpaHEHHOH TeMe KypcoBbiX paboT u PI'P st ctyneHToB HedTe-
razoBoro HampasieHus. Haxoaut: mapameTpbl nepenauu; pasMepbl Kopiyca, KpbIlIeK, BajoB; Ce-
pUH MOJIIUITHUKOB U Tpouee. [TapameTpsl OKpyIIsioTCsS 10 CTaHAAPTHBIX 3HAUCHUN (AJTMHBI 0OJI-
TOB, pa3Mepbl IIMOHOK, CaJbHUKOB U T.I.). Pe3ynmpTarel pacueToB B JByX (paiimax:
DHO Zanucka.xls u OHO_Yepmenc.xls. B ®UO 3anucka.xls — nosicHuTenbHas 3alUCKa B
dbopmare A4 ¢ deprexxamu peryKTopoB. MiMeeTcs nBa pexuma paOOThI: OOBIYHBIN W HCCIIEI0Ba-
TeNbCKUil. B 0OBIYHOM peXuMe MPOEKTUPYETCS OJUH PELyKTOP; B UCCIEN0BATENIHCKOM — HECKOJIb-
KO: TIPY Pa3HbIX 3HAYEHHUSIX OJTHOTO W3 33[]JaBa€MbIX MapaMeTPOB (MOIIHOCTH, MEPEIATOYHOTO YHC-
na, MatepuanoB U Ap.). CTyAeHT NPOBOJUT aHAJINU3 BHIOJHEHHOIO HMcciaenoBaHud. I[Ipu atom oH
numieT foMa B @HO 3anucka.xls, Kak U3MEHsIEMbIN MapaMeTp BJIMsUT HA KOHCTPYKIHIO (PaccTos-
HUE MEXJly OTBEPCTHSIMH IO MOAIIUITHUKHA, KOHCTPYKIIHIO KOJieca M IIECTePHHU, YUCIO OONITOB U
WX YCTAaHOBKY M T.NL.). W cTpouT rpaduku, HarfasgHO MOKa3bIBAIOIINE 3aBUCHMOCTH, BBISBICHHBIC
npu uccinenoBanuu. CTyJCHThI-THEBHUKH JIOIYCKAeTCs K paboTe ¢ MporpaMMoi TOJBKO MOCIIE BbI-
MIOJIHEHUSI BPYYHYIO OCHOBHBIX PAacU€TOB U MOCJE MPENOCTABICHUS MUJIUMETPOBKH C 3CKU3HOU
KOMITOHOBKOM COOpPKHM BBIXOJHOTO BaJia PEAyKTOpa C KOJECOM W MomunHuKamu. Ha puc. 6 gan
MpUMep PEAYKTOpa, CIIPOSKTUPOBAHHOTO CTYACHTOM JJisi KypcoBod paboThl. B HacTosiee Bpems
IporpamMma aBTOpaMM CTaTbU J0padaThIBACTCS: BBIYUCISAEM MACCy PEIyKTOpa, pacHIUpsieM BHIOOP
KOHCTPYKILHH 3JIEMEHTOB peAyKTOpa (KpBILIEK, BEIXOJHBIX KOHI[OB BaJIOB, TUIIOB MOIIMITHUKOB).
5. O apyrux nporpammax s ydeoHoro npouecca u HUP cryaenroB (Kynauox.xls u opyzue)
[Tporpamma Kynauok.xls: 1. Haxonut npodwmis kynauka. 2. Ctpoutr MHorue rpaduku (yrioB

JIABJICHUS; KOHTAKTHBIX HAIPSKEHWM B BBICUICH Iape C y4eTOM yCWIHS NPYKUHBI U HHEPTHOCTEM;
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MOTEPHh MOIIHOCTU Ha TpeHue u apyrue). 3. [lokaspiBaeT MexaHu3M B ABKEHUU. 4. ONTUMU3HPYET
rapaMeTpsl MO KPUTEPUSIM: YTJIbl JaBICHUSI, KPUBU3HBI, KOHTAKTHbIE HANPSXKEHUS U Ipyrue (B TOM
Yyclie METOAaMH HEIMHEWHOTO MPOTrpaMMHPOBAHMS C HCMOIb30BaHHEM HaAcTpoiiku «llouck pe-
meHus»). 5. Tlo3BossieT uccnenoBaTh BAUSHUS UCXOJHBIX MMapaMeTpoB—aprymeHToB (ux a0 10) Ha

KauecTBeHHbIe TokazaTenu (ux Oomee 10). Bomee mnoapoOHas wuHpOpMAIUS O MOporpamMme

Kynauok.xls, a Taxxe o nmporpaMmax

M0 PBIYAXHBIM MCEXaHHU3MaM COICP-

KuTCs B padote B [1].

3aKjIo4YeHue

1. YMepeHHOC HCIIOJIB30BaHUC

pa3paboTaHHBIX WHTEPAKTUBHBIX

AHUMAIIMOHHBIX ITPpOrpaMm:

® TIOMOract IMPOYyBCTBOBATH

JBIDKEHUE MEXaHU3MOB U MPOOYK-
JIaeT UHTEPEC K UX U3YUCHHUIO;

e oO0neryaer M3yuyeHUe TEOPUU

MCXaHU3MOB HW DOKOHOMHUT BpPEMA

CTYACHTA U IPCIIOAaBaTCIIA;

[ ] NPpUBUBACT HAYAJIbHBIC Ha-

BBIKM OIITUMH3AIIMOHHOI'O CHHTEC3a

MEXaHU3MOB W MallllH.

2. YydieHue UMeroIuxcs mnpo-

I'paMM U CO3JAaHUC HOBBIX — XOpO-

mue tembl 111 YUPC u HUPC.

3. Pabora ¢ mporpamMmmamMu pa3BHU-

BacT HaBbIKHN pa6OTLI B MMHPOKO

npuMeHsieMbIx cucremax Excel wu

mMacwma6é 25,04%
waz cemku 10 Mm Word MS Office u umeer camocTos-

TEXHUYECKASI XAPAKTEPUCTUKA TCJIIBHYIO HCHHOCTD.
P1= 13,76 kem u=4,824 [oJH=423Mna aw=180mm Z1 =17 m = 3,500 mm

P1=970,0 06/muH Wa = 0,500 T2 =632,0 Hu b2=90 Mm Z2=82 B = 15°44'26"

PACYETHOE ME)XXOCEBOE PACCTOSIHUE; FTABAPUTbI, OBBLEM U MACCA:

aw=171,3mm L =463mm B=378mm H =408 mm V=171,3numpa m =0,0ke

Puc. 6. IIpumep uepmedsrnca usz gpaiina /lenucosa_3anucka.xls
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OPTIMIZATION SYNTHESIS OF TOOTH PROFILE AS CURVE SEGMENT
ASSIGNED BY NATURAL EQUATION
D. T. Babichev, DSc in Engineering, Professor, Tyumen State Oil and Gas University,
babichevdt@rambler.ru;
D. A. Babichev, I category Engineer, « TyumenNIPIneft», doc3101@rambler.ru

Abstract: Conjugate profiles synthesis is considered as a variation task. It means that there is a
search of not parameters of specific line (involutes, parables, etc.), but profiles equations and their
parameters. Variation of the curvature radius R is found as the function of the distance L along the
profile: R=R(L). Poly-arcs proposed in the first author’s thesis are also applied. The example of
gearing synthesis with analysis of profile sensitivity to interaxial distance variation (according to
the second author’s thesis) is given.

Keywords: spur gears, geometrical optimized synthesis

OINITUMU3AIIMOHHBIN CUHTE3 ITPO®NJISI 3YBA KAK OTPE3KA KPUBOM,
3AJIAHHOM HATYPAJIbHBIM YPABHEHUEM
. T. babuues, 0okmop mexnuyeckux Hayk, npogpeccop, TromeHnckuil 20cyoapcmeeH bl

Hegpmezazoswiii yHusepcumem, babichevdt@rambler.ru;

/. A. babuues, unocenep 1-oti kam., 340 «TiomenoHUIIHUHegpmovy, doc3 101 @mail.ru

Annomayuna: CuHTE3 CONpPSIKEHHBIX Mpoduiel paccMaTpruBaeTcsl Kak BapualMoHHas 3ajayda. T.e.
BeNIETCS TIOUCK He napamempos KOHKpemHuIx aunuli (3BOJILBEHT, apaloil U Jp.), a ypasHeHull npo-
¢@uneti 1 ux napameTpoB. HaxonuTcst 3aBUCUMOCTh U3MEHEHUS paJinyca KPUBU3HBI R, KaK (QyHKIUS
pacctosius L Brons npoduis: R=R(L). Ucnonap3yoTcss TOTUAYTH, MPEATI0KEHHBIE B JOKTOPCKOM
JUccepTaliuy nepBoro apropa. [IpuBeseH npuMep CHHTE3a NEpPeaadn ¢ aHAIM30M YyBCTBUTEIBHO-
cTy IporIIel K K3MEHEHHUIO MEKOCEBOTO PAaCcCTOSHUS (M3 TUCCEPTAIMUA BTOPOTO aBTOPa).

Knroueswvie cnosa: nunuHApUYecKue npsmMo3yOblie mepenadyn, ONTUMU3AIMOHHBIA TeOMETPUIECKUI

CHHTC3

BBeaenue

Harpy3ounas cnocoOHOCTH mepeaay 3aBUCUT OT MHOTHX (DaKTOPOB: MaTE€pHANIOB; UX YIPOYHe-
HHsA;, TOYHOCTHU M3IOTOBJICHUA, HpHMeHHGMOfI CMAa3KH, FCOMeTpI/II/I 3alCIIJICHUS. HpI/IBJIeKaTeJII:HBIM
CHOCO6OM ITOBBILIICHUA Hany30‘{H0f/'I CHOCOGHOCTI/I Hepezlaq ABJISICTCA OIITUMU3AIUS UX FGOMeTpI/II/I,

T.K. ITO3BOJIACT U3 TCX KC MAaTCPHUAJIOB U ITPU TO¥ K€ TOYHOCTH M3TOTOBJICHUS MOJIYUHUTh nepcaavdy C
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0oJbIIel HArpy304HOU cOcOOHOCThI0. OCHOBHBIM BUAOM IPOEKTHOTO pacueTa rnepenay sBisercs
MX pacyeT Ha KOHTaKTHYIO MpoyHOCTH 1o ['epiry. [loaromy, mouck npoduse ¢ BHICOKO KOHTAKT-
HOM yCTaNOCTHON MPOYHOCTHIO pabOYNX MOBEPXHOCTEN 3yObeB, SBISETCS BAXKHON IPOOIIeMOil mpo-
€KTUPOBAHUA Tiepenad. AKTYaTbHOCTh 3TOH MpoOIeMBbl BO3pacTaeT C PaCHIMPEHUEM BO3MOXKHOCTHU
00paboTKH 3yOheB HA MHOTOKOOPIMHATHBIX CTAHKAX C IPOrPAMMHBIM YIIPABIICHUEM.

B miockux 3anersieHusx MoucK npoduiield 3y0ObeB ¢ MaKCMMaJIbHOW HAarpy304HON CIOCOOHO-
CTBIO TIEpeIa4uM, MOKHO NMPOBOJUTH B PA3HBIX MaTEMaTHUYECKUX MTOCTAHOBKAX:

1. Kak onTMMH3allMOHHBIN apaMeTPUUECKU CUHTE3, CBOSLINIICS K 3a7aue HEJIMHENHOTO IIpo-
rpaMMHUPOBaHHS B 0OIIEH MOCTAHOBKE — HAWTH TIEPEMEHHBIC, IIPU KOTOPHIX IejieBas GyHKIUS JT0C-
TUTAET SKCTPEMYMa, ¥ BBITIOTHAETCS psAJl OorpaHU4eHH B (hopme HepaBeHCTB u paBeHCTB (B CCCP
u Poccum 3TOT nmoaxoj NMpUMEHsUIN AJiA 3BOJIbBEHTHBIX nepenay: B. A. INaspunenko [1], A. U. bo-
noroBckuii [2], D. b. Bynrakos [3], B. U. l'onsadap6 ¢ A. A. TkauéBeim [4] u ap.).

2. Kaxk 3a/1aua rmoucka He MepeMeHHBIX, a QYHKIUH (TIpod st 3y0a, KOTOPHI 00eCTieYnT 3a/1aH-
HBIM 3aKOH M3MEHEHHUS BHIOPAHHOTO KaueCTBEHHOTO TOKa3aTels BAOJb JIMHUHU 3alrieruieHus). Takoit
MOJIXOJI BIIEpBbIE MPUMEHWN, Mo Bceil Buaumoctu, A. Lebek [5]. Meton nonro Obin B 3a0BEHHH.
Ceituac ero pa3BuBaroT 1 Ucnoiab3ytoT B Ykpaune B. I1. umos [6], b. C. Bopontos [7] u npyrue.

3. Kak 3amaya HEeMMHEHHOTO IPOrPAMMHUPOBAHUS B OOIIEH MOCTAHOBKE, OTATOIIEHHAS TOMCKOM
JIBYX HEU3BECTHBIX (DYHKIHHN — Mpoduis 3y0a U mepexoHON KpUBO. DTy 3a/1ad4y MOXKHO paccMmar-
pUBaTh M KaK BapUAIlMOHHYIO 33aJady MOWCKA JABYX (PYHKIIHH, pealn3yIoluX SKCTpEeMalbHOE 3HAa-
YeHHe 3aIaHHOTO (PYHKIIMOHANA, HO OTATOMIEHHYIO (QYHKIIUIMU-OTPAaHUICHHUSIMH.

B Ha3BaHHBIX 3a/1auax MOJYYUTh AaHAIIUTUYECKOE PEIIEHUE HU B KBaJpaTypax, HU B dJIE€MEHTap-
HBbIX (QYHKIUSX HEIb3S — CUHTE3UPOBATh MPO(HUIN MOKHO JIUIIb YUCICHHBIMH MeToAaMu. B nan-
HOI paboTe paccMOTpeHBl OCOOEHHOCTH CHHTE3a Mpoduiiell 3y0beB BO 2-0i MOCTAHOBKE, KOTOpPAs
CBOJIUTCSI K YUCJIICHHOMY pelieHuio TuddepeHInalbHbIX YPAaBHEHUH CBSA3M T€OMETPUUECKUX Mapa-
METPOB MCKOMOTO TPO(HIIS U MapaMEeTPOB IMepeadn ¢ BEIOPAaHHBIM KPUTEPHEM PabOTOCIIOCOOHO-
cTu 3yObeB (HampuMep, C UX YCTAJIOCTHOM KOHTAKTHOHM MpOYHOCTHI0). CaMy ke 3Ty 3aaady pac-
CMaTpUBaeM KaK Ba)KHYIO COCTaBHYIO 4acTh OoJiee o0IIeif 3a1auu B 3-eif MOCTaHOBKe.

Ha puc. 1 npuBenéna nepenaya Jlebeka, B3aras u3 [S]. BuaHo, 4T0 3TO TOMOIIOCHAS TIepeaaya, B
KOTOpO# paboumii yuacTok mpoduis mectepan ~0,5 BBICOTH 3y0a. BHemoMOCHBIC TIepeaun CHH-
te3upoBai ¥ B.I1.Iumos [6]. MBI cTaBUM 1€ OCYIIECTBIATH CHHTE3 MPOQMIICH U B TIepeaadax,
/i€ TIOJNIIOC 3alleTUICHUSI MOXKET HaXOAHUThCS B 30HE 3alleTUIeHUs. MeToAnKa U alrOpUTMbI CHHTE3a
pa3zpaboTaHbl Ha OCHOBE MPOBEICHHOTO aHAIKM3a CBOWCTB MPOCTPAHCTBA TUIOCKUX 3alleruieHui (1o
C.A. Jlarytuny [8]). s 3T0ro co3mgana METOJUKA OTOOPaKEHUsI CBOMCTB MPOCTPAHCTBA TIOCKUX

3aleTUICHUI B BUJE JIBYMEPHBIX IMOJIEH JIFOOBIX KaYECTBEHHBIX MOKa3aTeneil [9], Bkitouas mokasa-
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TEJH, 3aBUCSIIUE OT PAIIyCOB KPUBU3HBI CONPSHKEHHBIX NMPOo(duieid, 9To paHee HUKOMY HE yJaBa-

JI0Ch 0TOOPA3UThH B BUJIe (PYHKIMU ABYX nepeMeHHbIX. Ha puc. 2 npumep Takoro oroopaxeHus.

(UZ -——

End of Contact Path of Contoct

1

"

—_

, Beginning of Contact

Puc. 1. [Ipo¢punu 3yoseB nepenaun, cunresuposanHoit Jlebexom (Lebeck, Alan O., [5], 1970 1.)

u(.4-0.5 A, (), 4-0.5
0.3-0.4 = 0.3-0.4
m(.2-03 m(.2-03
== 0.5 w0 1-0.2 == 0.3 mQ,1-0,2
s= 04 w0001 |E= 04 "0.0-0.1
g _ 03 g 02
2z 02 0100 | & = 8% m-(.1-0.0
C
i % gffl? =-0.2-0.1 | €8 (0 m-0.2--0.1
2L 0.1 0302 |22 0.1 03-02
@3 02 T lEg 02
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w0405 03-04  m02-03  m0102 =000 W04-05 03-04 ®0203 ®01-02 ®0.0-01
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PACCTOAHUE OT MEMOCEEON NMHWM, b FACCTCAHKE OT MEGCEBOR NMAHWK, M
1/R12 — KPUBU3HA NPO®UINA 3YBA LUECTEPHU 1/R22 — KPUBU3HA NPO®UIA 3YEA KOJIECA

Puc. 2. Ilons xpuBH3HBI Ipoduieii 3yObeB MIECTEPHU U Kosleca

BaxxHoe cBOWMCTBO MPOCTPAHCTBA IUIOCKUX 3alLEIICHUH, BBISIBIEHHOE MPHU €r0 UCCIEI0BAHUM —
JIBOMCTBEHHOCTH 33J]Ja4M CHHTE3a COMPSKeHHBIX npodueii [9]. T.e. omHOMY 3aJaHHOMY 3HAUYEHHUIO
KOHTAKTHBIX HAMPSKEHUH B OO0 TOUKE MPOCTPAHCTBA IUIOCKUX 3alICTUICHHI COOTBETCTBYET JIBE
Tapbl CONMPSHKCHHBIX TpoduIiet — ¢ Ooabuumu v ¢ manvimu (TI0 MOJIYIIIO) PanyCaMi KPUBH3HBI.

Ha puc. 2 npuBeneHs! Ajis OAHON U3 UCCIAEAOBAHHBIX TEpeIay MoJisi KPUBU3HBI MIECTEPHU U KO-

jeca ¢ 6onbuwiumu 10 MOAYJIO paguycamu KpuBu3HbL. [lapamerpsl sTo# nepenaun: P;=100 kBT;
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n;=4000 o6/muH; a,, =100 mm; b,=30 MMm; [oy]=1000 Mna tipu €,<2; nepenarounoe uucio u=2. U3
pHUC. 2 BUIHO, YTO BJAJIM OT MOJIIOCA 3aLEIUICHNS U OT I'PAHMI] 30HbI 3aLICTVICHUS XapaKTep U3MEHe-
HUS KpUBU3HBI 000X Mpoduielt tiaBHbIM, Hepeskuil. Ho Ha HEOOMBIIOM pacCTOSIHUM OT MOJIOCa
3aneruieHus W KpUBU3HBI H3MEHSIOTCS O4eHb pe3ko. Bomu3u or W ¢yHKIMK KpuBU3HBI podueit
3yObE€B MMEIOT: Ha IIecTepHe — “TiIyOoKyro simy” ¢ 1/R—(—o0); Ha Komece — “BBICOKMI MHK’ C
1/R—c0. Tlpu 3TOM, B mOJIOCE 3aneryieHrs Ha GyHKIHUSIX KPUBU3HBI IIECTEPHU M KOJeca CYIIecT-
BYIOT BEpTUKAIbHBIE MpsMbIe, yxonsmme B 1/R—(+c0). Y nuHUIO 3alierieHus Hajao MOJABECTU K
3TUM NIPSIMBIM IO KPYThIM OTKOCaM MEXIY SIMOM M TOpOil Ha BBICOTE, MPUMEPHO PABHOU KpUBHU3HE
npodwmieii B Touke K (cm. puc. 2 BHU3Y). [lpn Mu3epHOM M3MEHEHUH TMOJIOKEHHUS TOYKM KOHTAKTa
okoJ10 noitroca W, pe3Ko U3MEHSIIOTCSI KpUBU3HBI CONPSKEHHON Mapbl 3yObeB, UTO SBISETCS MPUYH-
HOM HEyCTOWYMBOCTU YHCIECHHBIX METOAOB IMOKCKA COMPSHKEHHBIX Mpoduieii, KOHTAaKTUPYIOIIUX B
9TOM MECTE.

1. OcHoOBBI pa3pa0oTaHHOr0 METOA CHHTE3a NpoduIei 3y0beB HUIMHAPHYECKUX Nepeaay

1.1. Cunmes npoghuns nauurnaem ¢ Hekomopot 6a3060U MoOUKU, PACTIONOKEHHOW HA 3TOM TIPO-
(ue U accouUUpyeMoil: WK C TMOJIIOCOM 3alleTIeHUs, WIH C HadaabHOW (KOHEYHOW) TOYKOW Ha
JVMHWH 3aIeTUICHUS, WU C HAYaJIOM Y4acTKa MOIU(GUKAINUN (KOPPEKITUH ) TPOQUIIS.

1.2. Ilpoghuns 3y6a naxooum 6 euode eco namypanvrHo2o ypaeuenus [10], T.e. KaKk CKaJIIPHYIO
¢dbyukmuio R=R(L), rae L — paccTosiHUE TEKYIIed TOYKH OT Pacue€THOM, 3aMEPEHHOE BJIOJIb 3TOM JIH-
Huu (L Ha3bpIBalOT €CTECTBEHHON KPUBOJIWHEHHOW KOOpauHATON). JIOCTOMHCTBA MCIONB30BAaHUS B
3aleMICHUSIX JIUHHUM, 3aJaBa€MbIX HaTypaJIbHBIMU yPaBHEHUSIMU, ITOKa3aHbl B [11].

1.3. Cunmesupyemoie yuacmku npoguieti ecmov noaudyeu, T.e. HAOOPHI TyT OKPYKHOCTEH U OT-
PE3KOB MpPSMBIX, @ B MECTaX CTHIKOBKH OTAEIbHBIX YYaCTKOB MOTYT ObITh U W3JIOMBI Hpoduieit

[11]. IInockas monuayra ONMChIBA€TCS HE YPAaBHEHUSMU KOOpOUHAmM moyexk Ha Hel, Kak MPUHATO B

MaTeMaTHKe:

x = x(w); y = y(w), (1)
a 3a/1aeTCsl YpPaBHEHUSMH TPOHKH APaMETPOB, onpedensouux ux gopmy u pasmepor [11]:

ki = M-k(i,r), L=M-L(i,p) (i=1...n); a;=a(i,p) (i=0...n) (2)

rne: k, L —KpuBU3HA M JUTMHA 1-TOW AYTH OKPYKHOCTHU (OTpe3Ka MPsSMOii); o — yToJl U3J0Ma B CTHIKE
COCETHUX YYacTKOB MOJUAYTH (B Haulel 3ajaue cuHresa Bce 0;=0, KpOMe CTBIKOB COCEAHMX IOJIN-
nyT); M — TiaBHBIA pasmep (aHAJIOT MOMYJISA); # — YUCIO YYacTKOB B TMOJHUAYTE; p — MapaMeTp
ynpaBieHus: GopMOii MONMUIYTH: TUIABHO N3MEHSEMBbIH WU IIeTIOUMCIICHHBIN (KaK B HaIllel 3a1ayue).

1.4. Ilepexoonvie kKpugvie ecmov noaUOY2U UIU OY2U DIIUNCOB. NOIUOY2U — €CIIU TIPOBOUTCS OII-
TUMH3AIHA POPMBI IEPEXOAHON KPUBOKM MO KPUTEPUI0O MUHUMYMa HaNpsHKEHUH B HOXKKE 3y0a; dy-

2U 9J1Unco8 — €CJIu ONTUMU3AIMU HET UK €CJIM OHAa IIPOBOAUTCH 110 ynpomeHHoﬁ METOJHKCE.
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1.5. Oyenka uyscmeumenvhocmu HatiOeHHbIX NPOGuUIel K USMEHEHUIO MENCOCEB020 PACCMOSHUS
a,. B€ nemaem, ucnomnp3ys rpymmy u3 7 JOKaJIbHBIX NOKa3aTeslel 4yBCTBUTEIBHOCTH Nepeaad K u3-
MEHEHHUIO a,,, IpeanoxkeHHbie B [12] D10 xoaddunuentsr: 1) kij» — u3MeHeHUs nepeaaTogHoro oT-
HOILIGHUS i12; 2) ks — yBenuuenust 00koBoro 3a30pa; 3-4) kas; U kasy — IEpeMelIeHUs] TOYKU KOHTAaKTa
1o npouiisAM 3yObeB IIECTEPHU U Koseca; 5) kag, — OTCTaBaHUs Kojeca M0 HayalbHON OKPY>KHO-
cTH; 6) k, — u3MeHenus yrna 3aneruieHus; 7) kg, — yBenuueHus: paauanbHON CUiIbl. [ JTaBHBIMU U3
HuX cuutaeM: kio, kas; M kasy. iconb3yem U rinoOanbHbIe MOKa3aTenu: MUHUMAIbHBIC, CPETHUE U
MaKCUMaJbHbI€ 3HAUYEHUSI CEMHU JIOKAIbHBIX IMOKa3aTenaeil. M0XHO MCIOJIb30BaTh U JOMOTHUTENb-
HBIW TJI00ATBHBIN TIOKA3aTeNb ke, — KOOPOHUIMEHT U3MEHEHHS TOPLOBOTO KOA(PPHUIIMEHTA TIEPEKPHI-
tus. [Ipu omieHke ucnosb3yem rpaduKu JIOKAIBHBIX MMOKa3aTesel U Tabauiibl riao0ansHbIX [12].

1.6. IIpunyunuanvhslii areopumm cuHmesa 00HO20 yuacmKa npoguis 3yoa:

o Haiiti wm 3amath kpusmsny A"; meporo (i=1) oTpeska mpoduis (B 6a30BOil TOUKE — CM.

1.1) Ha 1-om 3yOuaToM KoJNéce: Hatimu e noaoca U3 yCIOBUS oy=|oy;] 3aUeTUIeHus (C y9eTOM

JIBOMCTBEHHOCTH 3aJ1a4l CUHTE3A); WU 3a0amb 6 noitoce (1o BECbMa CJI0KHOMY JITOPUTMY ).

e 3amas wmHy orpeska L; Ha 1-om 3y6uatoM Koméce, HAWTH KOOPAMHATHI HAYANBHON H KO-

HEYHOW TOYEK ITOHM JyTrd; HaWTH JBE TOYKHM HA JIMHHUH 3aICTUICHUS U JIBE COMPSIKCHHBIE TOYKU

Ha 2-0M 3y04YaTOM KOJIeCe; BBIYUCIIUTh KPUBU3HBI B HAUaJIC (k(z)BEG 1) ¥ B KOHIIE (k(z)END 1) mep-

BOTO OTpe3Ka Ha 2-oM koJiece (o Gopmyie Ditnepa-Caapm).

e [loBTOpssa mpeapiaynIve qBa MyHKTa (C HEOOIBIION KOPPEKTHUPOBKOI), HAXOIUM BCE OTPE3KH

Y KPUBH3HBI COMPSKEHHBIX MPOQIICH IS OJHOTO CHHTE3MPYEMOTO y4acTKa JIHHHUU 3alleruie-

HUSL.

® ANnpoKCUMHPYeM MOIHUIYTol no MmeToy YeOblieBa HallIEHHbIN y4acTOK Ha 2-0M KOJIece.

e Ecnu 6a3zoBas TOYKa €CTh IMOJIIOC 3alleTJICHUS, TO B KauecTBe 1-ro 3ybuaToro koseca Bcerjaa

O0epéM TO, Ha KOTOPOM CHHTE3HPYETCsI TOJIOBKa 3y0a (JTydllle CXOAUMOCTh YUCICHHBIX METO/IOB).

e Bce cuHTE3MpOBaHHBIC (M PaHEE CYIIECTBYIONINE) YIACTKH MPODUICH U MePEXOaHbIE KPUBBIC

OJTHOTO 3y0a WIIM BIAAWHBI (2 BO3MOXKHO U 3y04YaToro BeHIa) OObEAMHSIOTCS B OJJHY TOJIHIYTY C

€IMHOM €CTECTBEHHOW KPUBOJIMHEHMHON KOOPAMHATOM (M C €TMHON HOpMHUpOBaHHOH [11]).

e OleHHUBAaETCS YYBCTBUTEIBHOCTh CHHTE3MPOBAHHOH Mepefauyd K HW3MEHEHHI0 MEKOCEBOTO

paccTosiHUs TI0 KpuTepusM pabotsl [12]. Ha puc. 3, B3siTtoMm u3 auccepTanuu 2-ro aBTopa, MpH-

BEJICHBI TpaUKH IS TAKOW OIIEHKH IO 7-TH TIOKA3aTeJISIM OJTHOHM M3 CIIPOSKTHPOBAHHBIX TIEpe-

Jau.

2. O01mas NPUHIMIHMAJIbHASA CXeMa CHHTE3a Mepeaay ¢ BLICOKOH HATPY304HOI CIOCOOHOCTHI0

Ha puc. 4 npencraBiieHa NpUHIMITHANBHAS OJIOK-CXeMa CHHTe3a Npoduieil 3yObeB IMINHApHYE-
CKHX TPSIMO3YOBIX Tepeaad: 7 BEIYUCIUTEIBHBIX 0JIOKOB (IPOHYMEpPOBAHHBIC MIECTh MPSMOYTOJIb-
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HUKOB W OJUH poMm0O); 5 OJIOKOB MHTEPAKTUBHOTO BBOJA W KOPPEKTUPOBKH JAHHBIX (Iapaiielio-
rpamMmbl); 3 OJI0Ka OTOOpaKEHHsI PE3yIbTAaTOB MPH JUAIOTE C TOJb30BaTelieM (dKpaH MOHHUTOPA).
bnok 2 — rnaBHBIN cCHHTE3aTOp PabOUYUX y4acTKOB Mpoduiieii 3yObeB miecTepHU U Koseca. biok 6 —
TJIABHBIA CHHTE3aTOp MEPEXOIHBIX KPUBBIX Ha 3yObsX IIecTepHH M Koieca. brmoku 3, 4 u 5 narot
BO3MOXHOCTD BBIIIOJIHUTH B UHTCPAKTUBHOM PCIKUME CTBIKOBKY pa60q1/1x N NIEPCXOAHBIX YUACTKOB.
brina Taxke pazpaboTaHa IpUHIMIHAIBHAS CXeMa KOPPEKIUU U MOIU(UKAIIIN Tpoduieit 3yOon-
€B [WIUHAPUIECKUX TMPSIMO3YyObIX Mepesiad, B TOM YMCIe IBOJBBEHTHBIX (€€ He mpuBoanM). Cxema

COJIEPKUT 4 BEIYMCIUTENBHBIX 0JI0Ka; 3 U3 HUX UMEIOT MHOTO 00I1ero ¢ Oiokamu 2, 5 u 7 Ha puc. 4.
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Puc. 3. Ilepenaua ¢ a,=1000/750 MIla, a,,=100 mm, b= 23.44 mm, P=100 kBT, n;=4000 06/muH,
z1=10, z,=15, my=8 MM: pannycsl KpUBU3HBI IPOQHIICH; YyBCTBUTEIHHOCTh NIEpeaun K Aa,,

3akiir0ueHune
1. 'eoMeTpruueckuii CHHTE3 Mepeaad MOKHO pacCMaTpPUBATh, KaK BAPUAIIMOHHYIO 3a7ja4y TTOMCKA

IBYX QyHKIUI — pabodero npoguis 1 NepexoqHON KpUBOM — OTATOIIEHHYIO OTPaHUYEHUSIMH.
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2. llpoBenena aexommo3unus (CM. OJIOK-cxeMy Ha puc. 4) BapUallMOHHOM 3a/1ayu CHHTE3a Ha:
® cuHTe3 pabouunx npoduiiei 3yObeB M0 KPUTEPUIO MAKCUMYMa MX KOHTAKTHOW MPOYHOCTH;
® CHHTE3 MEPEXOJHBIX KPUBBIX 110 KPUTEPUIO MHHUMYMa HANPSKCHUH B OCHOBAaHUH 3yObEB.
3. lMonmunyru — ynoOHas hopma MpeiCTaBICHUS] CHHTE3UPYEMbIX IPOQHIICH MECTEPHH U KoJIeca.
4. CO3I[aHI)I u OHpO6OBaHBI MCTOAWKH, MAaTEMATUICCKHUEC MOJCIN, AJITOPUTMEBI U UCCIICIOBATCIIb-
CKHE MPOrpaMMBbl JUIsl CHHTe3a mpoduieii 3yObeB ¢ 3aJaHHBIM 3aKOHOM HM3MEHEHUS KOHTAKTHBIX
FepHeBCKI/IX HaHpH)KGHI/Iﬁ BOOJIb 3aJIaHHBIX YYaCTKOB CHHTGSpreMOﬁ JIMHUU 3alCITIJICHUSA.
5. Cnenan npoOHBIN CHHTE3 IECATKOB Mepeiay ¢ ogy=const BI0JIb 33/IaHHBIX YYaCTKOB JIMHHM 3a-

LEIUICHUS, TOITBEP K IA0IIUI pab0TOCIIOCOOHOCTh CO3JaHHBIX METOAMK U mporpamm [9, 12-15].
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Puc. 4. Cxema cunTe3a npoguieit 3yObeB ¢ BHICOKOI Harpy304HOM CIIOCOOHOCTbIO
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GEOMETRICAL SYNTHESIS AND COMPUTER INVESTIGATION
OF EQUAL STRENGTH SPUR GEARS
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Abstract: Equal strength gears are gears for which Hertz contact stresses along the line of action are
constant and equal to the assigned value. Examples of synthesis of such gears are given with
different: number of teeth, gear ratios, contact ratios. The assessment is given for the sensibility of
synthesized gears to variation of interaxial distance. The comparison is made of synthesized profiles
with their involute analogs. Applications areas for equal strength gears are studied.

Keywords: spur gears, geometrical synthesis, non-involute tooth profiles, contact stresses

TEOMETPHYECKHN CUHTE3 U KOMIILIOTEPHOE UCCJIEJOBAHUE
PABHOITPOYHbIX HUJIMHAPUYECKUX MTPAMO3YBbIX IEPEJJAY
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Annomayua: PaBHONPOUHBIMYM HA3bIBA€M IE€peAayud, B KOTOPBHIX BAOJIb JUHUM 3alCTJICHUS KOH-
TaKTHbIE HaIMpsDKEHUS M0 ['epily MOCTOSHHBI U paBHbI 3aJjaHHON BenuuuHe. [IpuBeneHsl mpuMepsl
CHUHTE3a TaKUX Iepeaay ¢ pa3NuYHbBIMU: YUCIaMU 3yObeB, MepeaaTOYHBIMU OTHOLICHUSIMH U KO3 (-
¢dunmeHTamMu nepekpeiTrd. [laHa olleHKa 9yBCTBUTEIBHOCTH CUHTE3UPOBAHHBIX TIEpeiad K U3MEHe-
HUIO MEXOCEBOT0 paccTostaus. Clenano cpaBHEHHE CHHTE3MPOBAHHBIX MPOQUIIEH C UX 9BOJIbBEHT-
HbIMH aHajioramu. HameueHs! o0i1acTu MpUMEHEHHs PaBHOIIPOUYHBIX IIEepeay.

Knrouesvie cnoea: nunuHapuYecKre MpsMo3yOble Mepeaayd, reOMETPUUECKH CHHTE3, HEIBOIb-

BEHTHbIEC NPO(UIH 3yObeB, KOHTAKTHBIEC HANPSKSHUS
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BBenenne

B Tiomenckom HedrerazoBom yHuBepcutete (TroM[HI'Y) u B MHCTUTYTE CTAaHKOB YHHBEPCHTE-
ta [lItytrapra (IfW US) BbInoiHse€TCS COBMECTHAsi HAy4HO-HCCIe0BaTeNbCKas padoTa o CUHTE3Y
npoduieii 3y0beB HMIMHAPUIECKUX Nepead, 00IalalonmX MaKCUMAIbHOW HArpy304HON CIIOCO0-
HocThiO [1-4]. TroM['HI'Y cnenmanuszupyercs Ha BOIpocax ONTUMHU3AIMOHHOTO T€OMETPHUECKOTO
cuHTe3a pabounx mpoduiel 3yobeB n nepexoaHsix KpuBbiX. [fW US cnenumanusupyercs: Ha uc-
CJIEZIOBAaHUSX HAIPSKEHHO-1e()OPMUPOBAHHOTO COCTOSIHUS 3yObEB C HCIOJIb30BAHUEM COBPEMEH-
HeIXx CAE cucrem, Ha ONTMMU3aLMOHHOM CHHTE3€ IIEPEXOAHBIX KPUBBIX, U HA BOMpocax 3y0oobpa-
OOTKHM CHHTE3UPYEMbIX POoQHIIeii HA MHOTOKOOPINHATHBIX CTAaHKAX.

B paBHONpOYHBIX mepenavyax BJOJb BCEH JMHMHU 3alleMIeHUs (WIM Ha 3aJaHHOM €€ 4acTH) KOH-
TaKTHbIE HaIlpsbKkeHus 1o ['epity paBHbI 3a1aHHOM BemurHe. OCOOEHHOCTH TaKuX Mepeau:

e Kak 1 Bce paBHOIIPOYHbIE KOHCTPYKLIMU, OHU UMEIOT MUHUMAJIbHBIE pa3Mephl U BeC.

e B paBHONpOUHBIX Nepeadyax OTCYyTCTBYET OMACHOCTh MOAPE3aHus 3yObeB.

e B oTnuume oT 3BOJBBEHTHBIX TEpeaad, B HUX MPH M3MEHEHHUH MEXOCEBOTO PACCTOSIHUS Ha-
pylIaeTcs MpaBMIIBHOCTD 3alleTUICHHs. B 4acTHOCTH, MEHSIETCS TIepeIaTOYHOE OTHOLICHHUE.

e PapHompouHsble nepenaun 00paszyroT Mo BTopoMy crocoOy OJinBbe: MOBEPXHOCTh X| OJHOIO
13 3y04aThIx KoJ€c 3amaétes (M3 yCIoBUs Gy=const), a MIOBEPXHOCTh Xy APYTroro Kojeca ecTh
orubaromiasi MoBepXHOCTH X;. [103TOMy MCXOHBIN KOHTYp PEHKH 3aBUCUT OT YHCEIN 3yObeB Z;
U z; B TIepeaue, a X 1 Xy U3MEHSIOTCS IPU U3MEHEHHH JIaXKe OJIHOTO U3 Z| WU Z).

1. Heap 1 3axaun MCCJIe0BAHNS PABHONIPOYHBIX Nepeaay
1. YcraHOBUTH, KaK BIMSIOT B HUX 4yHcia 3yObeB KoJEC HAa (popMy npoduiel U JIMHUIO 3allerJie-
HUS.
2. CpaBHHUTH KOHTAKTHBIC HANPSHKEHUS B HUX U B IPUMEHIEMBIX Ceifuac 9BOJIbBEHTHBIX Nepeaayax.
3. OUEHUTh X YyBCTBUTEIBHOCTh K U3MEHEHHIO MEKOCEBOTO PACCTOSHHUSL.
4. BbISBUTH CBOKMCTBA Tepenad Ha pa3HBIX ydyacTKax JIMHWMW 3aueruieHus (B ¢azax mepecomnpsike-
HUS, BOJIM3HU MOJIIOCa 3aleMIeHUs, TP £,>2), U OLIEHUTH: IPU KaKUX MapaMmeTpax nepenad, rjae Ha
npodunsx U Kaxk cienyer MOoAUPHUIMPOBaTh Mpoduin (B TOM YUCIE, IBOJILBEHTHBIE), YTOOBI yBe-
JUYUTH WIK YMEHBIIUTh KOHTAKTHBIC HAMIPSHKEHUS 0.
5. YcTaHOBUTH NPEABAPUTEIBLHO 00JACTH PAllMOHATILHOTO IPUMEHEHHSI PABHOIPOYHBIX NEpeiad.
2. MeToaMKa U NpUMePbI CHHTE3a PABHONMPOYHBIX Nepeaady

Cy1ecTByeT J1Ba MOAX0/1a K 3a/1a4aM F€OMETPUUECKOr0 CUHTE3a LIMIMHAPUYECKUX Tepeiay:

Hooxo0 1 (onmumusayuonuas 3a0a4ya) — HAXO0HCOCHUEe YUCAOBbIX 3HAYEHUlN I HECKOIBKUX

TE€OMETPUYECKUX MapaMeTPOB M3BECTHOTO BHJA Mpoduiist 3yda (HampuMep, MOUCK ONTHMAaTbHBIX

K03 (HULIMEHTOB CMELIECHHS WK TapaMeTPOB UCXOJHOTO KOHTYpa /JIsl 3BOJIBBEHTHBIX Mepesay).
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Ilooxo0 2 (sapuayuonnas sadaua) — naxodxcoenue ynxyuu (€€ BUAA U NApaMeTPOB), OMHUCHI-

Baronieil mpoduias 3yda, qaromuid TpedyeMoe WK dKCTpEMaIbHOE 3HAYCHHE KaYeCTBEHHOTO TOKa-
3aTelisd Ha BCeH JIMHUM 3alleTuieHus (3TOT noaxo ucronb3oBain A.Lebek [5] u B.ILIwumos [6]).

CuHTe3 paBHONPOUYHBIX Iepeaad MPOBOIUM, HCHONL3Ys moaxona 2. [IpumeHsss KOMIbIOTEPHbIE
MPOTrpaMMBbI, CO3/IJaHHbIE HA OCHOBE METOJIUK, M3JI0KEHHBIX B [1-3]. 3agaBasi B KaUeCTBE UCXOAHBIX
JTAaHHBIX, B OCHOBHOM, BCE T€ MapaMeTphl Mepeiay, KOTOpble OOBIYHO YKa3bIBAIOT MIPH MPOBEPOUHBIX
pacyeTax Ha KOHTaKTHYIO MPOYHOCTh. CUHTE3 MEPEXOIHOM KPUBOM BEIEM MO METOJUKE, ONMUCAH-
Hoii B [4]. be3 onTumu3zanun e€ mapameTpoB O KPUTEPHIO MUHUMYMa HAIPsDKEHUH B HOXKKE 3y0a.
Ha puc. 1 npuBenenst 4 cHHTE3UPOBAHHBIE MEPEIav ¢ TIEPEeIaTOYHBIMU YuciamMu u = {1, 2, 4, 9},
U ¢ KOHTaKTHhIMU HamnpspkeHusiMu op=1000MIla B cpenHeit yactu auHuM 3auemieHus. B nepena-
yax OJIMHAKOBHI: a) mepeaaBaeMasi MOIIHOCTD (P;=100xBT); 6) mapaMeTpbl U pa3Mephl MIECTEPHUA U
xoneca (z;=15, m,=6,667um, d,,/=100mm, b;=36MmM, k. =h., =1, S;1=Sa, c;=0,2; B) yron 3alerie-
HUS (aw=25,5680). B nepenauax 3amano u nonydyeHo ox=7/50MIla B Havasie ¥ B KOHIIE 3allCTIJICHUS
(mpenrmonaras, 4To BCs CHJIa MepeaacTcs Yepe3 OJIHy TOUKy KacaHus npodwuneit). Ha puc. 1 mokasa-
HBI TaKXe JIMHUM 3aLEIJICHUs: B PABHOIIPOUYHBIX U, B SKBUBAJICHTHBIX UM, 3BOJIbBEHTHBIX IEepe/a-
yax. B momroce 3aunemieHus W 3TH JIMHUM 3alEIUICHUS KacaloTcs Apyr Apyra. B mepenaudax mpu
W3MCHCHUU U W3MCHSUIUCH a,, U 1;. YacTOTy BpallleHus: MeCTepHU #1; Opayii Takol, 9TOOBI MPH T10-
CTOsIHHBIX Py, d\y1, b2, z; ¥ @, BO BCEX TIEpenavax moayuuth B moitoce W o5=1000MI]a.

Ha puc. 2—-3 nokaszaHo BIusiHuE NMEPEeIaTOYHOTO YHCTA 1 HAa PaguyChl KPUBU3HBI MpoduIiei mec-
TepHU (R;) u Koneca (R;) B paBHOnpouHbIX (Ha ydactke ¢ oy=1000MIIa) u B 3BOJIbBEHTHBIX NEpe-
nadax. 3HaueHHs! R JaHbl B IPOLIEHTAX OT CPeAHEro 3HadeHust R;=R,=28,77MM, Ipu KOTOPHIX B IO-
moce 3anerieHuss W koHTakTHbie HanpsokeHust oy=1000MIla. Ha puc. 4 npuBeaeHsl paanychl Kpu-
BU3HBI R; 1 R, B CHHTE3UPOBAHHOW U B 3BOJIBBEHTHOM Nepeaadax npu u=2. U3 puc. 2—4 BugHo, 4TO:

e Ha HOXKax 3yObeB B paBHOMNPOUYHBIX MepeAadax R; 3HAUUTEIHHO OOJbIIE, YeM B SBOJIbBEHT-

HBbIX.

B o0eunx nepenauax: R; v R, IUIaBHO YBEJIWYHBAIOTCS OT HOXKHU 3yObeB K UX TOJIOBKAM; C YBe-
JMYEHUEM u — R; yMeHbIIAtoTCs, a Ry — pacTyT (M OYEHb CHIIBHO VISl 9BOJIBBEHTHBIX MPOQUIIEH).

Ha puc. 5 noka3aHo BIusHUE NEPENATOUYHOIO YNCIA ¢ HA HANPSIKEHUS 0y B DBOJBBEHTHBIX I1€-
penavyax. B cpaBHeHUU ¢ paBHOIIPOUYHOM Tepeaaydei, B KOTOPOIl: a) HA OCHOBHOM yYacTKe JIMHUU
3areruienns oy—=1000MIla=const; b) B Hauase u B KOHIIE 3alleTUICHUs o CHKEHBI 10 700MITa.

Ha puc. 6 npuBeneHsl emé aBe CUHTE3UMPOBAHHBIE paBHOIpouYHble nepenayn ¢ op=1000MIla:
IIPU MaNbIX YMCciax 3yObeB Ha MIeCTepHAX. BUIHO, YTO aKTHBHBIE YYacTKH Mpoduieil Ha HOXKKaX
LIECTEPEH 3aXOASAT BHYTPb OCHOBHBIX OKPYXHOCTEH 3BOJBBEHTHBIX LIECTEPEH C TAKUMH XKE 7).

DTH mepenayu BIOJHE PabOTOCTIOCOOHBI: TaK MPHU z;=3 YTroJI 3allelJICHUsI B TOJIIOCE aW=25,570, a
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yroJI JaBjicHHWS Ha Koieco (0e3 ydera CWJI TPeHHsI) IUIABHO yMEHBINAETCS OT onax=44,3" 1o

_ 0
aMIN—8,8 .

© P1=100kWt n1=2000 /min u=1 aw=100 mm b2=36 mm
aH=1000MPa Z1 =15 mw=666T mm eps=1269 Alfa=25568

kSw1=0,5007 hal'=1 hal'=1 Sai=2803mm Sa2=2.804 mm

FPaccToaHue oT nonoca sadenneduna W .
BACNE MEKOCEBON NUHIA, MM

oH=1000MPa Z1=15 mw=6667 mm eps=1361 Alfa=25568

PaccToAHWe oT Nonca sayennedna W .
BACAE MEHOCEEON NUHAK, MM

-16 -14 12 10 -8 -6 4 -2 0 2 4 6 8

PaccToRHWE oT MEXDCEBoH NMHUK, MM

10 1

kSw1=0.48983 hal'=1 ha2'=1 S5a1=3247 mm S5a2=3.247 mm

2

14

PaccToaHWe oT nonwca sauennsHna W .
BAONE MEXOCEECH NUMHWKA, MM

PaccToAHWE oT nonkoca FauenneHua W
BACNE MENOCEBON NIUHMK, MM

=]

© P1=100kWt n1=1500 1/min  u=2 aw=150mm b2=36 mm
oH=1000MPa Z1=15 mw=6.667 mm eps=1,327 Alfa=25,568
kSw1=049365 hal'=1 ha2'=1 Sail=3108 mm S$a2=3,107 mm

46 <14 12 10 8 6 -4 -2 0 2 4 6 g 10 12 14 16 14 12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14
PaccToAHWE OT MEXOCEBON MHUM, MM PaccToAHWE OT MEKOCEBON NUHK, MM
o P1=100kWe n1=1250 1/min u=4 aw=250mm b2=36 mm

oH=1000MPa Z1=15 mw=6667 mm eps=1,382 Alfa=25568

o P1=100kWt n1=1111,111 /min  w=9 aw=500mm b2=36 mm
kSw1=0.48773 hal'=1 ha2'=1 Sal=3.323 mm Sa2=3.323 mm

16 -14 12 10 8 -6 4 -2 0 2 4 6 8

PaccToAHWE OT MENDCEBoN NUHWK, MM

10 12 14

Puc. 1. IIpumepbl cuHTE3a paBHONIPOYHBIX MIepeaad ¢ KOppeKIren mpouiei Ha yqacTKax
Hayvala ¥ OKOHYAaHUS KOHTaKTa 3yObeB (IIPH MepeIaTOuHbIX yucnax: u=1, 2, 4, 9).

150% 550%
© g o Rq_ u=9g 0--—._._.__‘____
x D o, x g 500% ——
5 @ 140% IcC ]
s E 2 450% s
g = I ‘R u=7|z".
2 = 130% =, 2 —
c = m = 400% —]
(=] o 1 ——
5 =g or 1.
o o, S o 350%
o ¢ 120% a2 |R _5|
85 ™ O 2 U=o| |
29 —= © 300%
52 4 3 B
2 3 110% I . R
5 a Z o 250%
3 9 z 3
= 9, O or
%%10013 %%200/0 —1
5 = 150%
8% o0% cg U7 > |
§:§ 5 5 100% ,____;ZR.CS
¢ T =
g f0% o8 50% ~ [ Riu=o]
c
70% T 1 ! , 0%
15 10 -5 5 10 15 20 25 -25-20-15-10 -5 0 5 10 15 20 25

0
YTon noBopoTa WSCTERHW, rpasychl

Yron NoBopoTa WECTEPHW, rpagycel

Puc. 2. Paguycel kpuBHU3HBI 1iecTepHH (R)) U
Kosieca (R) B paBHOIIPOYHBIX Iepeaayax

Puc. 3. Paguycel kpuBu3HBI iecTepHu (R)) 1
koJieca (R;) B 9BOJIBBEHTHBIX Iepeadax
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[TepexonHbie KpuBbIE BO BHaguHaxX 3yObeB BO BCEX Mepeaadax Ha puc. 1 u 6 — qyru 3JUIHAIICOB
[4]. BmecTe ¢ mpodmiisiMu U TMHUASMH 3aIIETUICHUS TIOTYYEeHBI U PO MPOU3BOIAIINX PeeK (Ha
puc. 1 u 6 He nokaszansl). CHHTE3UPOBAHHBIC MEpPEIayul HE SIBISIFOTCS ONTUMATbHBIMU. JTO JUIIIb
MIpUMEpPHI CHHTE3a PAaBHONPOYHBIX MEepeay 1Mo pa3padoTaHHBIM AITOPUTMAM M MCCIIEOBATEIbCKUM

InporpamMmmam. HporpaMM OIITUMMU3AIIMU 110 KOHTaKTHBIM U1 HA3THOHBIM HAIMpPsKCHUAM IMOKa HET.

60 1300
R,evolv \L A
50 ; ] 1200 Q{ﬁi\\ /
S / Evolvent
40 \)\X\ 1100 R /5 volventy

/ gears

R Ea
@-O—cyo-o—o'o u=2
\

[Rw. 28,77 m%

¥
A

Pagnycel KpueinsHbl npochunen
WwecTepHY R, U Koneca R,, MM
w
o

KoHTakTHble HanpsbxeHus, MIMa

IE P /',4/" 900 Synthesized ":A‘Y‘ A4ulu=3
20 =t gears \N.ﬁm =
] 800 2 u=5
f
10 R,evolv i 700
3?1[5%%2?& @
0 - - 600
-15 -10 -5 0 5 10 15 20 20 15 10 -5 0 5 10 15 20 25

Yron noeopota LWECTEPHN, rpagychl Yron noBopoTa LEeCTEPHN, rpafyChl

Puc. 4. Paguycel kpuBu3HbI R; 1 R, npoduneii B
9BOJIbBEHTHOI M PaBHONIPOYHOM Mepenayax ¢ u=2

Puc. 5. KoHTakTHBIE HAPSKEHUSI O B
PaBHOIPOYHOM U B 3BOJIBBEHTHBIX IIeperadax

cP1=100kAE n1=1111,111 /min U= aw=500mm h2=36mm
gH=1000mFa £1 =3 rmw=33,333 mm eps=1017 Alfa=252568
kSwi1=067 hal*=1,335 ha2*=0B6 Sal=6246 mm Sa2=§508 mm

oH=1000mPa Z1 =4 mw=25mm eps=1,079 Alfa=25568

© P1=100kWE n1=1111,111 Umin =9 aw=500mm b2=36mm
kSw1=06 hal'=1262 ha2'=0639 Sal=4684mm Sa2=1060Tmm

60

40

20

-20

BAONb MeXoceBol NUHUKA, MM

.40

BACNE MEXOCeBoOW NHHUK, MM
g B 3 =
S

PaccToaHue oT nonoca sagennedua W,

-60

-60 -0 -40 -30 -20 10 O 10 20 30 40 50 &0
PaccToaHWe oT MEKOCEBON NUHUK, MM

Puc. 6. [Tpumepsl paBHONIPOUYHBIX Hepeay ¢
napameTpamu: ay=>500MM, dy,=50MM,
b= 36mmMm, P=100kBT, n1=1111,100/MuH,
or=1000MITa=const; mpu yrcnax 3yObeB
mrectTepHu: z;=3 (cinesa) u z;=4 (crpana)

-80

PaccTosaHne oT nontoca sayennedma W .
=
=

=120

-140
-o0 -80 B0 40 -20 0 20 40 0 80 100
PaccTosiHie OT MeKoCeBor NIUHAKN, MM

Ha puc. 7 mokazansl pagnychl KpHBU3HBI Tpoduiieit B mepenaye mo puc. 6 ¢ z;=3. B Hel mpo-
¢bunp 3yba mectepHu OJIM30K K JIyre OKPYKHOCTH ¢ R1=31MM (mpu HavalnbHOM paguyce 7,,=50
MMm!).

BaxHbIlf moka3artein nepeaad — uX 4yBCTBUTCIIbHOCTDb K MOTPCHIHOCTAM B3aMMHOI'O IMOJIOKCHUSA

3ybuateix koséc. B [7] mpeanoskeHa cucrema noka3aTesneid 4yBCTBUTEIBHOCTH LMJIMHAPUYECKUX

313



Mexnynapoaabiii CUMIIO3HyM Iz Trwats International Symposium
«Teopus u npakTuka 3y6uaThix nepenayd — 2014» “Theory and practice of gearing — 2014”

21-23 suBaps 2014, MxeBck, Poccus January 21-23, 2014, Izhevsk, Russia
2014

nepenad K M3MEHEHUIO B HUX MEXKOCEBOT'O PAcCTOSIHHA d,,, BKIIOYatomas 7 kod¢¢umnmentos. Ha
puc. 8 mpeacTaBieHbl 3aBUCIMOCTH OJTHOTO U3 HUX (KodddumueHTa ki, U3MEHEHUS MepeIaTOYHOTO
OTHOIIICHHS) OT yTila IOBOPOTA IIECTEPHH, T.C. BIIOJIb JIMHHUHM 3areruieHus. Ha puc. 8a — s mepe-
nadu 1o puc. 6 ¢ z;=3. BugHo, 4To HanOombIee OTKIOHEHHE i1, paBHOE ~—(0,016 (1ipu i1,=9), Oy-
JIeT B HaYaJIbHBI MOMEHT KacaHus 3yObeB, eciu yeeauuum a,, Ha Ivm. Ecim xe a,, yBenTMuuMm Ha
0,2 MM, TO OTKIIOHEHUE i1, OyaeT paBHO —0,016%0,2=—0,0032. 13 puc. 80 — nist mepenad mo puc. 1 ¢
z/=15 n u=1...9 — cnenyer, 4ro pu MOAUPUKAIUHU JTHOOBIX Mpoduiel (B T.4. SBOJIBBEHTHBIX) Ha
ydacTKax Hayajla U OKOHYaHMS KOHTAKTa 3yObeB, /i1 CHUMCEHUS KOHMAKMHBIX HANPANCEHUU O 34
cuem ygenuuenus npueedEéHHo20 paouyca Kpususzhsl, BCETIa TOIy4aeM POCT BaXKHOTO KadeCTBEH-
HOTO TMoKa3aTeis k ;1. 1o mnoxo. Ho Bo3pactanue k;j; MOXHO CHIIBHO YMEHBIIIUTD 3a CUET 1MOA00-
pa BEITMYMHBI ¥ 3aKOHA M3MEHEHUS oy BJIOIb MOAUDUITUPYEMBIX OTPE3KOB Mpoduieii 3yObes.

boutn momyuenst (cM. [8]) u mpoaHanu3upoBaHbl TPaUKH U OCTANBHBIX O-TH KO3 PHUIINMEHTOB

YYBCTBUTCIIbHOCTU NMUIMHAPHUICCKUX MEPCAaY K Aaw — U3MCHCHUIO MCIKOCCBOT'O paCCTOAHUA a,y.

s s 20 BrvaHve Aay Ha ki % /MM BNWAHKE Ady, HA Ky, Yo f MM
2 = 1 .- 0,0 25
g = 80 / B T T T T T T .
'g' c 70 % 0.2 DW 20 \'+f i12=1 |‘
5 %A 4 54 15
=3 § 60 // -0.4 1 f;f 1'0 i12:2|-
3 C N A ' =
25 4 ‘%zé 06 Vi 05 P, [i1,=4
g = 08 00 e 1759
40 - . 51
s - R e Lisd .
o 1,0 05
€T 30 =4 ' =
3z 20 i o S| 40 H
20 R,| [[-14 A5
g8 10 W -nomec | 16 i 20
o 3 3ALlEI'IJ1EHVIﬂ‘ ’
0 T T T T 18 -5
45 -30 -15 0 15 30 45 60 75 90| 45 30 15 0 15 30 45 60 75 -3-0_18 410 B 2 2 B 10 14 18 22
Yron noBopoTa LECTEPHU, rpaaychbl Yron noBopoTa LeCTEPHH, rpagychbl Yron NOBOPOTA WECTEPHM, T PayChl

Puc. 7. R xpuBu3HbI npoduseii B Puc. 8. Bausinue Aa,, Ha nepeaTouHOE OTHOUIEHUE i17:
nepenaye ¢ z1=3 u z,=27; a) nepenaya ¢ z,=3 u z,=27; 6) nepegauu ¢ z;=15, z,=15-135
3akJ/ouenune

1. Pa3zpaGoTaHbl METOAMKHA UM KOMIBIOTEPHBIE MPOTPAMMBI, MO3BOJISIOIINE CUHTE3UPOBATh CO-
NpsDKEHHBIE TIPO(HITH, JaroIne TpedyeMble 3HaYeHUs] KOHTAKTHBIX HAIIPSDKEHUH o HA BCEH JTMHUA
3alleTICHUs UK 3aJJaHHOM €€ 4yacTH (B TOM YucIie, IpU MOAU(UKAIINY SBOJILBEHTHBIX Mepeiay).

2. B paBHOmnpouHbIX nepeaauax ¢opma 3yoneB (puc.l) u paanycsl KpuBU3HBI poduiieit R u R,
(puc. 2), B oTIU4HE OT 3BOJIBBEHTHBIX mepeaad (puc. 3), cimado 3aBUCSAT OT 4yucia 3yobeB. [Ipu aTom
R, v R, MeHbIIIe, YeM B SBOJIBBEHTHBIX TIepeiadax U3MEHSIOTCS BIOJIb poduiieit (puc 4).

3. MakcumanbHble HalpsDKEHUS oy B ABOJIBBEHTHBIX Iepefadax ¢ z;=15 nmpumepHo Ha 25%
GOJbIIIe, YeM B PABHOMPOUHBIX (PHC. 5); 3TO BBIUIPHILI PABHOMPOUHBIX MO crite Ha 56%: (1,25°-1).

4. IlpuMeHeHHE PaBHONIPOYHBIX Mepeay 1eaecoo0pa3Ho, [0 HAIIeMy MHEHHIO:

a) npu ManbIX z; (0T z;=3...4) B epeayax U MIECTEPEHYATHIX HACOCAX WM THAPOJIBUTATENAX;

0) B 3aMOJIIOCHBIX Nlepeiayax MpH Belyllel MecTepHe U B JOIMOJIIOCHBIX — MPU BEAYIIEM KOJIECe;
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B) B Iepeadax ¢ €,>2 1 MOJIOCOM 3aICTUICHHUS B 30HE TPEXITAPHOTO KaCAHHUS,
) IpH KOppeKIuu npodusei (B TOM YHCIIE — SBOJIBBEHTHBIX) B 30HAX MEPECONPSIKEHUS 3yObeB.
5. B mpuHIIMIE, MO)KHO CUHTE3UPOBATh MPOGWIN 3yObeB MO0 KOMIUIGKCHOMY KPUTEPHUIO KauecT-
Ba F=F(k ;12, o11) Tak, 4TOOBI OBLIIM PUEMIIEMEI U Oy, U kij2 — 9YBCTBUTEIBHOCTS i1 K Aa,,.
6. AKTyaJIbHO TIPOJIOJDKEHUE UCCIICAOBAHHUMN B HAITPABJICHUSIX
a) cuHTE3 MpoQHIIeH ¢ 3a1aBaeMbIM 3aKOHOM U3MEHEHUS oy BJIOJIb IMHUH 3allCTUICHIS,
0) UCTIOJIB30BAHUE PYTUX KPUTEPHUEB KAUECTBA: TOJIIIUHBI MACIISTHOM TUIEHKHU, KOMITJICKCHBIX

kputepueB kauectBa F=F(k 12, op) u apyrux.
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AN EXPERIMENTAL TEST VALIDATION OF A NON-CIRCULAR GEAR TRAIN
G. Balbayev, Almaty University of Power Engineering and Telecommunication, Kazakhstan,
gani_b@mail.ru;

M. Ceccarelli, PhD, Professor, University of Cassino and South Latium, Italy,

ceccarelli@unicas.it

Abstract: This paper presents experimental tests of non-circular gear train with a slider-crank
mechanism. The aim of the paper is to outline experimentally output characteristics of non-circular
gear train. The experimental set up consists of accelerometers, encoder, linear transducer, amplifier
and acquisition cards with proper virtual instruments in Lab View Software. Results are discussed
to characterized typical outputs of the investigated gearing system.

Keywords: Mechanical Transmission, Gears, Non-Circular Gear, Experimental Test, Analysis

OKCIHHEPUMEHTAJIBHAS OIIEHKA HEKPYTJIBIX 3YBUATBIX KOJIEC
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e-mail: gani_b@mail.ru;

M. Yekrkapennu, k.m.u., npog., University of Cassino and South Latium, Umanus,

e-mail: ceccarelli@unicas.it

Annomayun: B paboTe npencTaBieHbl SKCIIEPUMEHTAIbHBIC UCTIBITAHUSA HEKPYTJIBIX 3yOUaThIX KO-
Jec ¢ KPUBOIIMITHO-TION3YHHBIM MeXaHu3MoM. Llenp mokiana — MpeacTaBUTh SKCIIEPUMEHTATBHO
BBIXOHBIE XapaKTEPUCTUKN HEKPYTIIBIX KoJieC. DKCIIEPUMEHTAIBHBIN CTEH/I COCTOUT U3 aKCeIepo-
METPOB, SHKOJIEpa, JaTYhKa MEPEeMELICHUH, yCUIUTeNns KapT cOopa U 00pabOTKM JaHHBIX C COOT-
BETCTBYIOLIMM BUPTYaJbHBIM HHCTPYMEHTAapHEeM B porpaMMHoii cpeasl Lab View. Obcyxnarorces
Pe3yIbTaThl, XapaKTePUIYIOIINE TUITUIHBIEC BEIXOIHBIC TaHHBIE HCCIIeyEeMOM 3y0uaToi CHCTEMBI.

Knrouesvle cnosa: Mexannueckre TPAaHCMHICCHH, 3yOuaTble Iepeadu, HeKpyTible 3y0odyarTslie Koe-

Ca, SKCIICPUMCHTAJIbHBIC UCTIbITAHUS, aHAJIN3

Introduction

The paper shows an experimental test with non-circular gear train. This mechanism is designed
to obtain a specific motion law. Non-circular gears can be used in a large variety of mechanical
systems. Non-circular gears can generate variable gear ratio and useful in mechanisms where a
specific motion law is required, namely in printing presses, automatic equipment, textile industry

and packaging machines [1, 2]. This solution can be designed as a planetary gears with non-circular
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gears, which can be used to generate a variable ratio [1].

A theoretical and experimental investigation of sidebands of planetary gear sets is described in
[3]. Here the validity is demonstrated through an experimental study. An experimental set up and
measurement system are developed to perform sideband measurements by using gear sets that are
qualitatively different in terms of their predicted sideband outcome.

An experimental test methodology for measurement of spur gear efficiency under high-speed
and variable torque conditions is described in [5]. In this study test methodology has been
developed with a precision torque system.

In this paper experimental test is considered with non-circular gear train which can generate a
specific motion law. The contribution of this paper is study the output parameters of non-circular

gear train through the experimental test.

1. An experimental layout

An experimental test with non-circular gear train is presented in Fig.1 and 2. In Figl (a) and (b)
views of system set up are shown with non-circular gear train. The system has two non-circular
gears with 30 number of teeth each. The distance between the two axis is 100 mm on the frame.
The servo motor, accelerometers, encoder, linear transducer and acquisition system have been used
for experimental test. A scheme of the experimental test is shown in the Fig. 2. For experimental
test Lab View software has been used with NI USB 6009 acquisition card, [9]. Accelerometers Al
and A2 have been used to determine acceleration of the slider and link, [7]. The motor with the
amplifier have been used in order to give the motion to the system. An encoder with Phidget 1047
acquisition card has been used to monitor the angle of the shaft, [8]. A linear transducer has been
used in order to measure the displacement of the slider during one full rotation of the gear, [10].

Main characteristics of the components in this test-bed are given in Table.

Fig. 1. A view of the test-bed of non-circular gear train:

(a) front view (Aland A2-accelerometers)

97



MexaynapoaHbiii CHMIIO3HYyM
«Teopus n npakThKa 3youaTsix nepegad — 2014»
21-23 suBaps 2014, Mxesck, Poccust

International Symposium
“Theory and practice of gearing — 2014”
January 21-23, 2014, Izhevsk, Russia

(b)

Fig. 1. A view of the test-bed of non-circular gear train:

(b) top view (M-motor, E-encoder, T- linear transducer)

Table. Characteristics of the components of the test-bed in Figs. land 2

Components Characteristics
Non-circular gear 1 30 teeth
Non-circular gear 2 30 teeth

Servomotor 20 watt

Encoder 360° Continuous
Linear transducer 3 watt
Accelerometer 3 axis, DC-SS009,
range 3,3V-5V
Data acquisition cards NI USB 6009;
Phidget 1047
Software Lab View 2010

El El Test-Bed
I

Data Acquisition PC

Fig. 2. A scheme for the test-bed with non-circular gear train, Fig.1 and Table 1:

(M-servomotor, Aland A2-accelerometers, E- encoder T- linear transducer)
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2. Experimental results

Experimental tests have been carried out on the mechanical test-bed in Fig. 1 (a) and (b). In this
paper two cases of experimental tests are considered with constant input speed. The first
experimental test has been done without using of an external load and results are reported in Figs 3-
6. The second test has been done with using of a load by braking the driven shaft and results are
reported in Figs. 8-11.

In Fig. 3 displacement of the slider is shown with respect to time during a test with a maximum
displacement of 40 mm. The measured acceleration of slider is reported in Fig. 4, as obtained by
using an accelerometer Al on the slider, Fig. 1 (a). The accelerations of the coupler along X and Y
axis are presented in Figs. 5 and 6. These accelerations are obtained by using the accelerometer A2
on the coupler in Fig. 1 (a). The noise in the plots which appears in each cycle can be thought as
due mainly to friction at gear teeth contacts, vibrations and backlashes.

This phenomenon appears when the gear G1 works with a maximum load, Fig.11(a). This
maximum load can take place as shown in Fig.11(a) during a small a, angle and the distance L in
Fig.11 (a and b) is small and at this moment can be energy loss. The distance L changes
continuously in each rotation of the gears. This mechanism works with specific motion law and
continuously changeable transmission ratio. Plots of experimental test without applying a load also
show an evidence of backlashes. Next experimental tests with a load have been done to avoid
backlash affects. The following observations can be elaborated to identify a phenomenon such as
shock of contacts.

Results of experimental tests with a load are reported in Figs. 7-10. In this case experimental test
has been done by braking the driven shaft. The angular position of the driven shaft is presented in
Fig. 10, which is monitored by using encoder E in Fig. 1 (b). The angular velocity of the driven
shaft without a load is 41,6 rpm and with a load is 25 rpm. After applying a load to the driven shaft
the angular velocity decreases. Measured acceleration of the slider with load is presented in Fig. 7.
The noise in the plot describes the friction effects at gear teeth contacts. Measured accelerations of
the coupler with a load are reported in Figs. 8-9. These plots also have noises which are cyclic. The
plots of experimental test without applying a load have much more noises than experimental test
with a load. This is because in this case the gear system has backlash. Experimental test with a load
can give a clear picture of friction at gear teeth contacts. All results show that the gear G1 works
with a maximum load in a, angle, Fig. 11 (a) and it depends on distance L,. This angle corresponds
to the noises in the plots. In Fig. 11 (b) the gear G1 works with less friction in a;, angle and depends

on distance L,
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Fig. 5 Measured acceleration of coupler along Y-axis versus time during the test
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Fig. 11. Schemes for parameters affecting test output:
(a) at maximum sensitivity; (b) at minimum sensitivity

Conclusion

A mechanism with non-circular gear train has been studied through experimental tests.
Experiments have been carried out to measure the angular velocity of the driven shaft, displacement
of the slider, accelerations of the slider and coupler without a load and with a load by braking the
driven shaft. Considering all results it is possible to identify friction at gear teeth contacts in each

cycle with a maximum value can take place in small angle for the gear teeth in contacts.
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ACCELERATED AND CERTIFICATION TESTS FOR
QUASISTATIC AND FATIGUE STRENGTH OF ENGINEERING POLYMERIC
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Abstract: The problems of organizing and performing accelerated tests of engineering polymer
composites in a wide temperature interval on quasistatic and fatigue strength are considered. In
accordance with proposed technique, the dependence of plastic mechanical properties from above
mentioned factors is found by a single cycle of testing. Such an approach can reduce duration and
labor intensity at essential rise of informativity.

Keywords: engineering composite plastics, accelerated tests
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Annomayun: PaccMOTpeHB! BOIIPOCH OPTaHU3ALUK M MTPOBEICHHUS YCKOPEHHBIX U cepTH(UKAIM-
OHHBIX MCIIBITAHUM Ha KBA3UCTATUYECKYIO M YCTAJOCTHYIO MPOYHOCTh KOHCTPYKIMOHHBIX MOJH-
MEPHBIX KOMIIO3UTOB JJIsi KOMITOHEHTOB IIPUBOJHBIX CHCTEM, 00ECIIeYNBAIOIINE TOITy4YeHHE JOCTO-
BepHOH nH(popMaIy 00 UX MEXaHUYECKUX CBOMCTBAX B PACIIMPEHHOM pabodyeM JHuana3oHe TeM-
nepaTyp U CKOpOCTel Harpy»XeHHs IPH COKPALICHUH Ha MOPSIOK U OoJiee AIUTENBHOCTH U TPYAO-
€MKOCTH MPOBEICHHS UCTIBITAHUNA U BBICOKOH MH()OPMATHBHOCTH.

Knrwoueswie cnosa: KOHCTPYKIOHMOHHBIC IMOJTUMCPHBIC KOMITO3UTBI, YCKOPCHHBIC UCITbITaAHUA
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BBenenue

AnHanu3 ycinoBuid yHKIMOHUPOBAHHUS TTOJTMMEPHBIX KOMIIO3UTOB KOHCTPYKIIMOHHOTO HA3HAUCHHUS B
COBPEMEHHON MOOMJIBHOM TEXHUKE IOKAa3bIBA€T, YTO pEAJbHbIC TEIUIOBBIE PEXHMBI XpaHEHHUS,
TPAHCHOPTUPOBKH M (YHKIIMOHMPOBAHUS JETAJIEH U Y3JI0B U3 MOJIMMEPHBIX KOMIIO3UTOB C y4E€TOM
BHYTPEHHUX UCTOYHMKOB HarpeBa MoryT BapbUpOBaTh:

— MaKCUMaJIbHBIM AMana3zoHoM Temmneparyp oT —55°C no + 85°C (+125°C npu 6amu3kom pacro-
noxxenuu k JIBC);

— IMAra3oHOM paboYHX TeMITepaTyp, KoTopbliit coctabisiet oT — 30°C o + 60°C.

B psane ciaydaeB geranu n3 MOJMMEPHBIX MAaTEpUANOB JOJKHBI COXPaHATh CBOM CBOMCTBA IpU
BUOpaLMOHHBIX Harpy3kax. K mpuBeneHHOMY BbIlIe cleAyeT J00aBUTh, YTO pabOTAOLIUE B COBPE-
MEHHBIX JMHAMUYECKH HArpy’>K€HHBIX y3JlaX MAaIlMHAax IOJMMEPHbIE KOMIIO3UTHI IOJBEPIaroTCs
MEXaHUUYECKUM BO3JIEHCTBUSAM B JOCTATOYHO IIMPOKOM JIMANIa30HE CKOPOCTEN PACTSHKEHHUS, CKATHS
n u3ruba. ITo 1eaecoo0pa3HO yUUTHIBATh MPHU MPOBEAECHUN YCKOPEHHBIX U CEPTH(PHUKALIMOHHBIX
ucnbiTaHui. Kak cieacTsue, CyIeCTBEHHO BO3PAcTalOT TPYJOEMKOCTb M AJUTEIbHOCTh HCIBITA-
HUM, B OCHOBHOM CBSI3aHHBIE C NIPOJOJIKUTEIBHOCTBIO JOCTHKEHHSI 3aJaHHBIX TEIUIOBBIX PEXHMOB
U pacCceMBaHHUEM II0JIy9aeMbIX PE3yJIbTaTOB, 00YCIOBIUBAIOIINM HEOOXOAUMOCTh HUCIOIB30BAHMUS
Ui 00ecrieueH s JOCTOBEPHOCTH UCIBITAHUM 3HAYMTEIBHOTO Ynciia 00pa3loB, Kbl U3 KOTO-
PBIX, KaK [IPABUJIO, UCIIBITHIBAECTCS OTAEIBHO.

Hcnonp30BaHne COBPEMEHHBIX MTOIX0I0B K IJIAHUPOBAHUIO U IIPOBEICHUIO UCTIBITAHUI, a TaKKe
CHEIMATM3UPOBAHHBIX CPEJCTB, B PANE CIIydaeB, MO3BOJSET CYIIECTBEHHO COKPAaTUTh TPYIOEM-
KOCTb, JJIUTEIBHOCTh U CE0ECTOMMOCTh NMPOBECHUS UCTIBITAHUN.

KpaTtkmuii inTepaTypHblii 0030p

MeToauKH UCTIBITAHUHN MOJTUMEPHBIX MaTepHAIOB MPECTABICHBI B PAa3IMYHBIX UCTOYHHUKAX Ha-
YYHO-TEXHUYECKON W HOpMaTUBHOU JokyMeHTanm# [1-8]. K ux o0meMy HenocTaTKy MOXKHO OTHe-
CTH JUIMTEIIBHOCTb UCTIBITAHUNA MPHU HEOOXOAMMOCTH JI0OCTOBEPHOIO ONpENEIECHHsI Ha NMapTUM 00pa3LoB
MEXaHMYECKHX XapaKTEePHCTHK MOIMMEPHBIX MaTepUasioB MPH MOHWKEHHBIX M MOBBIIICHHBIX TEMIEpa-
Typax B 3aJJaHHOM JIMaNa30He CKOPOCTEN PacTSHKEHHUS, UTO CBSI3aHO C JAIMTEIBHOCTBIO MPOLIECCa OXJIakK-
JICHWsI WM HarpeBa Kaxaoro oopasna. [Ipy 3HauMTeTbHOM pacCeMBaHUM PE3YJILTATOB HEOOXOIMMO FHIC-
IBITBIBATh OTHOCUTENIBHO OOJIBIINE MAPTHX 00pa3LoB. JJ0CTaTOUHO ClI0KEH OJJHOBPEMEHHBIN y4eT OHO-
BPEMEHHOT'0 BO3/ICHCTBHS TEMIIEPATyphbl, CKOPOCTH PACTSDKEHHS M CKAaTHsl M BUOPOHArpy>KEHHOCTH.

OcHoBHOH 3a/1aueil uccienoBaHuii ObuIa pa3paboTka crocoda YCKOPEHHBIX UCIIBITAHUM MOJIUMEp-
HBIX KOMIIO3UTOB KOHCTPYKLIMOHHOI'O Ha3HAU€HHUs, MMO3BOJISIIOLIETO B pe3ysIbTaTe €ro peanu3aliu mo-
JTy4UTh aHAJMTHUYECKYIO MHXEHEPHYIO 3aBUCUMOCTb, ITO3BOJIIOILYI0 KOMIUIEKCHO YUUTBHIBaTh BO3EH-

CTBHUE TaKUX (PaKTOPOB, KaK TEMIIEpaTypa, CKOPOCTb PACTSHKEHUS WIIN CKATHS M BUOPOHATPY>KEHHOCTb.
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MeTtoauyeckue nMoaxoabl K NPOBeICHUIO YCKOPEHHbIX HCIIBITAHUM

B ocHOBY pemieHHs MOCTaBIEHHON 3aa4l ObLI MPUHAT MPEATIOKEHHbIH aBTopamu [9] MeTonu-
YECKUH MOAXOJ JUISl ONPEENIEHUs] B MPOLECCE UCIBITAHUN aHATUTUYECKON 3aBHCHUMOCTH MOJYJIS
YIPYTOCTH KOHCTPYKIMOHHBIX CTaJIEH OT TEMIIEpaTyphl MX Harpesa win oxjaxiaeHus. IIpu ero pe-
aJIn3aluy ¢ UCIOJIb30BaHNUEM 00paslia U3 UCCIEAYEMOro MaTepraia NpeABAPUTEIbHO ONpeAeIsaeT-
Csl MOZlyJIb YHPYTOCTH IyTEM €ro ymnpyroro aehopMUpOBaHMs MPU HOPMAIbHOW TemIeparype, a
3aTeM JATOT ke 00pa3el] HarpeBaoT U OXJIAXKAAIOT JI0 3aJaHHBIX TEMIIEPATyp, BBIACPKUBAIOT 10 yC-
TAHOBJICHUSI PABHOMEPHOT'O TEMIIEPATypPHOIO MOJIs [10 BCEMY 00beMy MaTepuaia oopaslia u ocylie-
CTBJIAIIOT €ro Ae(opMUpOBaHUE B 30HE YIPYroi negopMalnuu ¢ OJHOBPEMEHHBIM (UKCUPOBAaHUEM
BEJIMYMHBI M YCUINS CONPOTUBIEHUS AedopmupoBanuto. Ilo pedynpTaram M3MepeHUi pacCcUUThI-
BAIOTCSl COOTBETCTBYIOIINE TEMIepaTypaM MOAYJIH YIPYTOCTH U ONpeaesseTcs pyHKIUs BIUSHUS
TEMIEPATYPbl HA MOAYJb YIPYTOCTH HCCIEAYEMOr0 MaTepHaia.

JlaHHbl 10aX0A OBUT MOIUGUIMPOBAH C YYETOM OCOOEHHOCTEH MOJMMEPHBIX MaTEpUaoB U
BO3MOXHOCTEH yueTa OOJbIIEro Yuciia MpUBEACHHBIX BbIlIe ()aKTOPOB, BKIOYAsl BIMSIHUE HA MO-
IyJb YIPYTOCTH 3THX MaTepUAIOB KPOME TeMIIEpaTypbl CKOPOCTH PACTSDKEHUS MM CKATUS U BUO-
POHArpyXeHHOCTH.

B npennoxeHHOM METOJE UCHBITAaHUN NPEJBAPUTEIBHO NPU HOPMAIBbHOM TEMIIEPAType U per-
nameHTHpoBaHHOM Metonukon ['OCT 11262 ckopocTu pacTsDKEHUS WM CKATHsI ONPEAEIIAETCS OT-
HOCHUTEJIHOE YJIMHEHHE B 30HE YIPYyToil aedopMariiu, NpoYHOCTh UCCIEIyeMOro MaTeprana mpu
pa3pbiBe WM pa3pyLIEHUU U CPEeIHEE 3HAUYCHUE MOIYJIS YIIPYrocTy naptuu u3 12 o0pas3mnos.

B mocnenyromem 6 u3 3TUX 00pa3lioB OJHOBPEMEHHO OXJIAKIAIOT JO MHUHUMAIBHOW M3 pac-
CMaTpHUBAEMOI0 Juana3oHa TEMIEpaTyp U TPU M3 HUX PACTATUBAIOT C MUHUMAJIBHON CKOPOCTBIO
pacTsHKeHHUs 10 pa3pylICHUs, a JPYTyI0 4acTh OXJAXKACHHBIX OOpasllOB PACTATHUBAIOT C MaKCH-
MaJIbHOW CKOPOCTBIO pacTsHKeHHs A0 paspymenus. OcranpHble 6 00pa3loB HArpeBaroT 10 Haubo-
Jee BBICOKOW M3 pacCMaTpUBAEMOro AHMAaNa3oHa TEMIIEpaTyp M OJHY 4acTb M3 HarpeThiX 0Opas3lioB
PacTATUBAIOT C MUHUMAJIBHON CKOPOCTBIO PACTSHKEHUS 10 Pa3pyLICHMs], a IPYTYH0 4acTh HarpeThIX
00pa3LoB pacTATUBAIOT ¢ MAKCUMAJIbHOW CKOPOCTBIO PACTSDKEHUS 10 pa3pyIIeHUs.

Ha xaxoii mape pe>KxMMOB UCTIBITAaHUH NEPBBI 00pa3el] pacTArHBaOT HA BEIWYMHY A/, ITOCIe vero,
HE pasrpy»as IepBblid 00pasel, He IpephIBast MpoLecca PacTsHKEHUS U He M3MEHsIsl CKOPOCTH Tpoliecca
pacTsDKeHHUsl, OHOBPEMEHHO C MEPBBIM 00pa3loM PacTATHMBAIOT Ha BeIMYMHY A/ BTOpOM oOpaser,
yBenu4rBast 10 2A/ BeMMUMHY pacTsSHKEHUS MIEPBOro 00pasiia, 3aTeM, He pasrpyrKas MepBbId U BTOPOM

o0pasell, OTHOBPEMEHHO ¢ HUMH pacTATMBAIOT Ha BeMW4MHY A/ Tpetuil oOpasel, yBennuuBas 10 2A/
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BEJIMUMHY pacTsDKEHHUsI BTOporo oopasiia u 10 3A/ TpeThero oopasiia 1, He TpephIBasi MpoIiecca pacTs-
KCHUS, JOBOJIST BCE 00pa3Iibl A0 paspyieHus. BenmanHay Al onpenesistoT U3 COOTHOIICHUS:

Al , = 0,25 .0,3-47,, (L +AL), (1)

rae Y12 — Oe3pa3MepHbie KOd(PUIMEHTHI, YUUTHIBAIONINE BIUSHUE MOHM)KEHHBIX WM TOBBIIICHHBIX
TeMIlepaTyp Ha OTHOCUTETHHOE Y/UTMHEHHE TIPH pa3pbiBe 00paslia U3 MOJMMEPHOT0 MaTepHaa, Beluiu-
Hbl KOTOPBIX IIPU OTCYTCTBUM 3KCIEPHUMEHTAIbHBIX WIM PACYETHBIX JAHHBIX OPUEHTUPOBOYHO MOTYT
OBbITh MPUHATHI PaBHBIMU JUIS MOHIKEHHBIX (10 ~ 200K) temmneparyp y; = 0,2, i MOBBIIICHHBIX
temneparyp (10 = 400K) — 2 = 1,2; L — anmuHa OCHOBHOTO 0Opasina B 3aueTHOM (paboueii) 30He;
AL — yBenu4ueHue JUIMHBI o0Opa3lia B mpeaenax ynpyrou nedopMaluu JuarpaMMmbl «HampsHKEHHeE-
negopmanusy MpH €ro pacTsHXKEHUH B MPOLECCE MPEIBAPUTENIBHBIX UCTIBITAHUN NPU HOPMaJbHOU
TeMIiepatype u periaamentupoBanHoi metoaukoit ['OCT 11262 ckopocTu pacTsHKeHHS.

Benuuuna A/ onpenensieTcst UCX0s U3 BO3MOKHOCTH 00€CIEYeHHsI OTHOBPEMEHHOI'O pacTsikKe-
HUSl HECKOJBKHUX 00pa3lioB B 30HE UX yHpyroi aedopManuu MpU CTYNEHYATOM «IIOAKIIOUEHUN)
00pasIoB K PacTsHKEHUIO.

B mporiecce pacTsbkeHuss Ha KaxA0d Mape pPekKMMOB UCHBITAHUN MO M3MEHEHUIO PACCTOSHUS
MEX]y 3@ KHMaMHU HENPEephIBHO PETHUCTPHPYIOT BEMUYMHY AedopMaiu oOpa3loB M COOTBETCT-
BYIOIIYIO €if CHITy CONTPOTHBIICHUS pacTspkeHHI0. C y4eTOM MOJTydYeHHBIX JaHHBIX (JOPMUPYIOT Ira-
rpaMMy «CHWJIa CONMPOTUBIICHUS pacTsikeHuto F —ALy (AL,— W3MEHEHHE PacCTOSIHUS MEXTY 3aXKu-

MaMH ), TUTIOBOM BUJ KOTOPOU moka3aH Ha Puc. 1.
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Puc. 1. Bug tunoBoii fuarpaMMBbl «CHJ1a COIPOTUBIIEHUS PACTIKEHUIO [ —AL»
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C ucnonb30BaHUEM 3TON JUArpaMMbl ONPEEIISIOT YCHIIUS COPOTUBIICHUS PACTSKEHUIO B 30HE
ynpyroi aedopMariu Kaxaoro oopasia 1 npu ero paspbiBe.

[Ipu pacuere Momyneil ynpyroctu y4etr pasHOCTH (PUKCHPYEMBIX H3MEHEHUH YCHIIUS pacTsiKe-
HUSI IPU M3MEHEHHHU YHCIa OJHOBPEMEHHO PACTATHMBAEMBIX OOPA3llOB OCYIIECTBISETCS CIIEAYIO-
M 00pazoM.

[TockonbKy cHila CONMPOTHUBIICHUS PACTSHKEHHIO 00pasloB CBsi3aHa C MOJIYJIEM YIpyroctu E co-
OTHOIIICHUEM:

F,=E-S, -AL,/L, (2)

J

rjie AL, - yBEIMYCHUE JUIMHBI j-0ro o0pasia Ipu ero pacTsuKCHUH; S, - IUIOLIab CEYCHHUs ero pa-

Oouel 30HEBL.

Ilpu nocTkeHnH BEIMYMHBI IepOpMalMKl AL, = Al IEPBOTO U3 PACTATMBAEMBIX Ha OJHOMW Iape pe-

WKUMOB UCTIBITAHUN (Toin, Vininy Tmins Vinaxs TmaxsVinins Tmaxs Vinax) HAIPSDKEHUST JOCTUTAIOT BETUUMHBI

o,=F//S, ,rae F'; — cuna conpoTHBIIEHNs PACTsHKEHHIO IEPBOIO MOJMMEPHOI0 00pasLa Mpy €ro pacTs-
1

YKEHUH Ha BelM4uHY Al (ipu ¢pukcupoBanuu 3HaueHus F; Ha [I19BM yuurteiBaercs ycuire cConpoTHUBIie-
HUS €T0 NpeIBapUTEILHOMY Ae(OpPMHUPOBAHUIO ITPpU BbIOOpKE Mo ToB). [IpH 3TOM MOAYIH YHpyrocty,

OIpe/IC/IEHHBIN Ha IOJIMMEPHOM MaTepyajle IIEpBoro o0pasua, paBeH £, = F, - L /(S, - Al) -
[Ipu nanbHeineM pacTsHKEHUHU IIEPBOro 00pasia B IMANa3oHe A/ < AL, < 2 A/ OJHOBPEMEHHO C HUM

HAYMHAET PaCTATUBATHCS BTOPOI TOMONHUTEIBbHBIN 00pasen; 96 u3 nomuMepHoro Marepuana. [lpu stom
CyMMapHasi CHJia COTIPOTUBJICHUS PACTSHKCHUIO CTAHOBUTCSI PAaBHOM CyMME CHJI COIIPOTHUBJICHUS PacCTsi-
»enuto F; u F, ,cOOTBETCTBEHHO, TIEPBOTO M BTOPOTO 00PA3IIOB:

E-S, -AL, E,-S, -(AL,—Al)
1 - + 2 .

€)
L L

F=F+F, =

[pu nocTHKeHNH 3HAYEHUS pacTsHKEHHS TIEPBOTO MOJIMMEPHOTo 00pasiia BeWYMHbl 2A/ cyMMapHast
CHJIa COIIPOTUBIICHUS] PACTSKEHUIO 00Pa3LOB CTAaHET PaBHOM:
E S, -Al . E,-S, -Al
L

/

_2F 4 F,. @

Takum oOpazom
F,=F'-2F wE,=F, LIS, -Al) )
AHANOTMYHO TpH JAITbHEHMIIEM pACTSDKEHMH IIEpBOTO M BTOPOro OOpaslioB B  JIHAIA30HE

2A1 < AL, £ 3A1 OJHOBPEMCHHO C HUMH HAYUMHACT PACTATHUBATHCA TpCTI/Iﬁ 06p3.361_[ N3 MMOJIMMCPHOIO

Marepuaia. [Ipu 3Tom cymmapHast cuiia COpOTHUBIIEHHS PACTSHKEHHIO IIPU JOCTY)KEHUM 3HAYECHUSI BENU-
YUHBI PacTSDKEHHS IEPBOTO TOJIMMEPHOTo 00paslia BEMYUHBI 3A/ , BTOPOrO MOJIMMEPHOro odpasiia Be-

JT4uHbl 2A/ ¥ TPETHETro MOJMMEPHOTO 00pasiia BETMYMHBI Al CTAHOBUTCS PaBHOM:
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.S, -N E,-S, (AL —-N) E,-S, (AL —2A)
1*'”:171+FZ+F3'=E1 2 +EZ b ; ! +E3 b L“ . (6)
Orcrona
i —
F,=F'-F~-F,u E;=F LIS, -Al) (7

[Tpu onpeneneHry MPOYHOCTH HA Pa3pbIB 1O PE3YJIbTaTaM PACTSHKCHUS 00Pa3IOB yUeT Pa3HOCTH
(bUKCUPYEeMBIX U3MEHEHUN YCHIIUS PACTSKEHUS TIPU U3MEHEHUHU B pe3yJibTare JAeGopMaIify dyucia
OJTHOBPEMEHHO PACTATHBAEMbIX 00pa3IlIOB OCYIIECTBISETCS CIEAYIOMNUM 00pa3oM.

Kaxk noxasan ananu3 pe3ysibTaToB MpeABapUTEIIbHO MPOBEICHHBIX UCCIEAOBaHUM, PU Pa3pbIBE
MepBOro oOpasia MpHu ero pacTsHKCHUH Ha BEIHUUHY AL;, BTOpOro 00pasia Mmpu ero pacTsSKeHHH
Ha BEJIMYWHY, OPUEHTUPOBOYHO paBHYyIO AL>-Al, u TpeThero oOpasia MpH ero pacTsKeHUH Ha Be-
JUYMHY, OPUEHTUPOBOYHO paBHYIO AL3-2Al, BOZHHKAaeT CKauykooOpa3HOEe W3MEHEHHE CHJI COTMpO-
TUBJICHUS PACTSHKEHUIO CHaudana ¢ g 10 F'%g, 3aTeM ¢ g 1o F . [lpy 3TOM 3HAU€HUSI COOTBET-
CTBYIOILLIUX CHJI, XapaKTE€PU3YIOIIUX MPOYHOCTh IPH pa3phiBE, KaK 3TO BUIHO U3 PUCYHKA 1, MOTYyT
OBITh OTIpPE/IeTICHBI U3 3aBUCHUMOCTEI:

F,,=F'sp, Fyp=F'or—F'sz, F, = F'ir — F'z. (8)

Hcnonw3ys 3HaueHUs] ONMPENeNIeHHBIX U3 3aBUCUMOCTEN (8) CHIJI ONpeneNsitoTcs COOTBETCTBYIO-
M€ 3HAYEHUs MPOYHOCTEW MPU pa3pbIBE.

[Tpu onpeneneHny BIUSHUS BUOPOHATPY)KEHHOCTH JOTIOTHUTENHHO B YCIOBHSIX PEriaMEeHTHPYEMO-
IO Harpy»KCHUS UCTIBITHIBACTCS] aHAJIOTHYHASI TTAPTHSI 00Pa3IIOB.

IIpeacraBienne pe3yJibTATOB HCCIEIOBAHUH

[TonydeHHble pe3ysIbTaThl MPEACTABISIIOTCS B BUAEC AHAIUTHYECKUX 3aBUCUMOCTEN, KOMILJIEKCHO
YYHUTHIBAIOIINX BIUSHUE HA MOJYJIb YIPYTOCTH M MPOYHOCTh TEMIIEpaTypbl 00pas3IoB U CKOPOCTH
pacTsKEHUS:

E=ky; E .o, =k, 0,, )

rp
rae E — 3HadeHue MOayJis yIpyrocTd MOJMMEPHOro MaTepuaia Ipu TEeKyIeM 3Ha4YeHUU CKOPOCTH
pacTsDKEHHs M TEMIIEpaType B pacCMaTPUBAEMBIX AMAMA30HAX TEMIIEPATYpP OXJIAKICHHS WM Ha-
IpeBa U CKOPOCTEH pacTskeHUs; £y — cpeiHee 3HaUeHUe MOAYJISl YIPYTOCTH MOJUMEPHOTO MaTe-
pHuana MmpHu pacTsHKEHUM JONOJHUTENbHBIX 00pa3loB B 00JIACTH yNpyrod aedopmanuu Mpu HOp-
MaJbHOW TEMIEPATYPE U CKOPOCTH pacTsKEHMs, pernameHTupoBaHHon Metonukon 'OCT 11262;

o,,— IPOYHOCTD MPH Pa3pbIBE IMOIMMEPHOTO MaTepHala, ONPEACICHHAS PU TEKYIINX 3HAYCHHSX

CKOPOCTH pacTsDKEHUS U TeMIlepaType B paccMaTpUBaeMOM JAMAaNa3oHax TeMIIepaTyp OXJIaxkIeHUs

WM HAarpeBa U CKOPOCTCH PACTSDKCHHS; ¢, — 3HAYCHUE IPOYHOCTH IPU PA3PhIBE MOIUMEPHOIO

Marepuaia mpyu HOPMAJIBHOW TEMIIEPATYPE U CKOPOCTH PACTSHKEHUS, PErJaMEHTUPOBAHHOW METO-
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aukoi N'OCT 11262; k., k,_ — Ge3pasMepHble KOOQQUIMEHTHI, yYUTHIBAIOIME BIUSHUE TEMIIEpaTy-

PBl U CKOPOCTH PaCTSKEHUSA, COOTBETCTBEHHO, Ha MOJYJIb YIPYIOCTH U IIPOYHOCTH IIPU pa3pbiBe

MMOJIMMEPHOr0 MaTcpualia, onpcaCIsiCMbIC U3 COOTHOIIICHHUH:

2a/1g(Topa /Tnin ) 26118V imax 1V imin )
T V
k =10"" . T_ . V_ 5 (10)
2¢ /gl Toax /Toin ) 2d /18 Vo 1V in )
ka =10 boo . T_ . V_ 5 (11)
T(f VC

riae bog, bos, a, b, ¢, d — 6e3pazmepHbIe KOAPHUITUSHTHI BIUSHUS TEMIIEPATYPhl U CKOPOCTH PacTsi-
YKEHUS HA MOJYJIb YIPYTOCTH U TIPOYHOCTH MPHU Pa3pbIBE MOJIMMEPHOTO MaTepuasia B ypaBHEHUSX,
paccUuThIBAEMBbIE IO PE3YJIbTATAM HCIBITAHUM, KOTOPBIE MPOBOIAUTCS C MCIOJb30BAaHUEM HM3BECT-
HOTO METOJIa TIAHUPOBAHUSI MHOTO(AKTOPHBIX IKCIIEPUMEHTOB; 1, V. — cpeiHee TeOMETPUIECKOE
3HAY€HHE MUHUMAJbHBIX U MaKCUMAJIbHBIX 3HAYEHUN, COOTBETCTBEHHO, TEMIIEPATYP OXJIAXKIACHUS
WM HarpeBa U CKOPOCTEW paCTLKECHUS;, Lnaxs Lmins Vimaxs Vmin — MAKCUMAJIBHBIE U MHUHUMAJIbHBIC
3HAYEHUs, COOTBETCTBEHHO, TEMIIEpaTyphbl HarpeBa WK OXJIAXKACHHUSI 00pa3loB U CKOPOCTH pacTsi-
xeHusi; 7, V' — COOTBETCTBEHHO, TeMIieparypa oOpasiia u CKOPOCTh €Tr0 PACTsLKEHHUsS IpU TIpOBeIe-
oud uCubITalH¥S (Taxs Dmins Vinaxs Vinin)-

[IpenBaputenpHOE OmpeneeHne CPeHEr0 3HAYEHUs MOAYJS YNPYroctu Ejy TOMOJHUTETbHBIX
00pasmoB Mpyu HOPMAJILHOHN TemIepaTtype u periaamenTrpoBanHoi Meroaukoit ['OCT 11262 ckopo-
CTH PaCTsDKCHUS U MOJyJIed YNPYTOCTU ATHX K€ 00pa3lioB MPU MOBBIMICHHON 7y UM TIOHUKEH-
HOU T, TEMIIEPATYPAX U MUHUMAIBHOU Vpiy WIIM MAKCUMAIBHOM V0 CKOPOCTSIX PACTSKEHUS T10-
3BOJISIET CYIIECTBEHHO COKPATUTh PACCEMBAHUE PE3YJIbTATOB M O0OECIEUYHUTH JOCTOBEPHOE OTMpeie-
JIeHHe MOJyJiel yIpyrocTH Ha MUHUMH3WPOBAHHOM 4Hclle 00pa3ioB. OJHOBPEMEHHOE OXJIaxKIe-
HUE WJIM HArpeB BCEX HCIBITHIBAEMBIX OOPA3I[OB MO3BOJSET CYIIECTBEHHO YMEHBIIUTH JUIUTENb-
HOCTh BCETO LIMKJIA UCTIHITAHUH.

Jliist ipecTaBiieHus pe3ysIbTaTOB UCTILITAHHNA JOTIOJTHUTEILHON TApTUX 00pa3lioB B YCIIOBUAX perja-
MEHTHpPYeMOi BHOpoHarpy>keHHOcTH B 3aBrcHMocTH (10) 1 (11) BBoAsITCS KOODDHUIMEHTSI £, £ 1 Ky

3akiroueHune

AHanmu3 pe3yJapTaTOB MCCIENOBAHMN IMOKA3ajl, YTO HMCIOJIb30BAHUE MPEIIaraéMoro MeToauye-
CKOI'0 MOJIX0/1a K YCKOPEHHBIM UCHBITAHUAM MOJIUMEPHBIX MAaTEPUATIOB MO3BOJISIET COKPATUTh JJIH-
TEJIbHOCTh UX MPOBEJCHUS MPU ONPEICTCHUN MEXAaHUYECKUX CBOMCTB MPHU MOHUKEHHBIX U IMOBHI-

IICHHBIX TCMIICPATYpPax B 3aJaHHOM JHAIIa30HC CKOpOCTeﬁ PaCTAKCHHA Ha TOPAIOK U Ooee.
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Abstract: Organization and performance questions of accelerated tribotechnical tests are considered
in adverse external conditions for tribotechnical polymer composites used in friction components of
driving systems. Their realization provides essential reduction of duration and labor input of the
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BBenenune

OCHOBHOI U3HOC ¥ TIOTEPH Ha TPEHHE MPHU TPEHUH CKOJIBKEHUSI COBPEMEHHBIX PA0OTAIOIINX B -
POKOM JHarna3oHe Harpy3ok ¢ yactoramu Bpamienus 60 000 o6/MuH 1 Gojee MPUBOJOB TEXHUKU IS
AKCTPEMAJIbHBIX YCIIOBHI JKCIDTyaTaruu (atMochepe ¢ arpecCHBHBIMU KOMIIOHCHTAMH WJIM BaKyyMe)
BO3HUKAIOT BO BPEMs PAa3rOHOB M TOPMOKEHUS, IPH BUOPAITMOHHOM BO3ICHCTBUM U B YCIIOBUSIX JICHCT-
BHUS UpE3MEPHO BBICOKMX M HU3KUX TeMIiepaTyp. JlocTOBEpHOCTh MPOrHO3UPOBAHUS pecypca TaKUX Map
TPEHUSI BO MHOTOM OTIPEAEIAETCS CTENEHBIO TOCTOBEPHOCTH MH(POPMAIMU 00 UX MPOTUBOU3HOCHBIX U
AHTU(PUKIIMOHHBIX CBOMCTBAX, TIOJIyUYEHHBIX B MPOIIECCE TPUOOTEXHUIESCKUX UCTILITAHHUH.

[Ipu nccnenoBaHusX NPOTUBOM3HOCHBIX CBOWMCTB Map TPEHMsI, KaK MPABUJIO, B IPOLECCE UCIIbI-
TaHUI OLIEHUBAETCS U3MEHEHHUE B PE3YyJIbTATe U3HAIINMBAHUA JIUHEWHBIX Pa3MEpOB WM MAacCChl, aH-
TU(PPUKIIMOHHBIE CBOMCTBA OMPEEIISIOTCS ITyTeM U3MEPEHUs CHIIBI FJTH MOMEHTa TpeHwus [ 1].

B mpakTuke ucnblTaHUI MaTepualioB Ha TPEHHE U M3HOC UCIOJB3YETCs 3HAUUTEIbHOE YUCIIO
pa3MYHBIX METOJIOB U cpeAcTB [2-4]. BmecTe ¢ TeM, BOZMOKHOCTH MX 3(PPEKTHBHOTO HCIIOIB30-
BaHUS MIPHU UCTIBITAHUSIX MAaTEPUAJIOB Ha TPEHHUE CKOJIBKEHUS U U3HOC B YCIOBHSIX HECTAIIMOHAPHBIX
Harpy30K M CKOpPOCTEM CKoibxeHus npu Temreparypax ot -110°C (ot -110°C mo - 60°C) mo
+120°C (ot +90°C pno + 120°C), B TOM umcie B aTMocepe ¢ arpeCCUBHBIMM KOMIIOHEHTaMH,
KpaiiHe OrpaHUYEHBI.

Lenpto pa3paboTKy SBISIOCH TOBBIIIEHHE YPPEKTHBHOCTH OMPEETICHHS MPOTUBOM3HOCHBIX U (MITH)
AQHTU(PPHUKIMOHHBIX CBOMCTB Map TPEHUS CKOJBKEHHS, BKIIOYAIOIIUX KOMITO3UIIMOHHBIE, B TOM YHCIIe
MOJIMMEPHBIE, MAaTepPUAIIbl, B YCIIOBUSX HECTAIIMOHAPHBIX HAIPY30K U CKOPOCTEH CKONBKEHHS TIPU TeM-
niepatypax ot -110°C no +120°C B armocdepe ¢ arpecCHBHBIMU KOMITOHEHTAaMH WJIM BaKyyMe IyTeM
pacuperns GyHKITMOHATBHBIX BO3MOXKHOCTEH CIIOC00a CIIBITAHUN U YCTPOWCTBA JIJISI €10 PeaTh3alliH.
MeToau4yeckuii Moaxon

st peanuzauy MOCTaBICHHOM MEeNd ObUT MPEUIONKEH CIIOco0 MCTBITAHUN MaTepuaja Ha Tpe-
HUE U U3HOC, B OCHOBY KOTOPOT'O B3ATa CXe€Ma C 00pa3lioM-HHJIEHTOPOM CO c(hepuieckoil moBepx-
HOCTBIO, TPWKMUMAEMOW B TIPOIIECCE HMCTBITAHUNA MO HOPMaIM K MPOTHBOJICKAIEH padoueid mo-
BEPXHOCTH KOHTpOOpa3la M BO3BPATHO-TIOCTYMATEIBHOTO MEPEMEIICHUs UX APYT OTHOCUTEIHHO
Jpyra ¢ OJHOBPEMEHHBIM OMpPEEICHUEM MPU ITOM M3HOCA U Kod(duiueHTa TpeHusi. B HeM ucmbl-
TaHUE MPOBOJUTCS B MUHUMHU3MPOBAHHOW MO pa3Mepy KIMMAaTUYECKOW WIIM BaKyyMHOW Kamepe.

Cxema ycTpolicTBa nokasana Ha Puc. 1.
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Puc. 1. Cxema ycTpoiicTBa AJis MpOBEICHUS TPUOOTEXHUIECKUX HCITBITAHUHN ITOJTMMEPHBIX KOMIIO3HU-
TOB B DKCTPEMAIbHBIX YCIOBUSX (a), pa3pe3 b-b (0), cxema B3aumoieiicTBUs 4eThIpex 00pa3IoB-
WHJICHTOPOB C OJTHOM M3 OTBETHBIX pabOUYMX MOBEPXHOCTEN KOHTpOoOpasia (B), CXxemMa B3auMO/ICHCT-
BUS TpeX 00pa3LOB-UHIEHTOPOB C OIHON M3 OTBETHBIX paboUnX MOBEPXHOCTEH KOHTpOoOpasLa (T):
| — kTuMaTHYeckas WM BaKyyMHasi Kamepa; 2 — CTaTop JIMHEMHOTO BUTaTelsl, BBIIIOJHEHHBIN B BU-
7ie KOJBLIEBOIO 3JIEKTPOMArHUTHOTO MOAYJIS C LIMJIMHPUYECKUM CKBO3HBIM OTBEPCTHEM; 3 — pOTOp
JMHEWHOTO ABUraTens; 4 — KOHTpoOpasel 13 MOJIUMEPHOTO KOMIIO3HUTA, BHIIOJHEHHBIN B BUAE NIPS-
MOYTOJIbHOM NMPU3MBbI C apaJlieIbHbIMU IPAHSIMHU, U3 KOTOPBIX JIBE MpoTUBONEKawue (rpanu [ u 11
KOHTpOOpasia 4) SBJISAIOTCS €ro padOYUMU MOBEPXHOCTSIMU; S — UHJEHTOPBI, PACTIOIOKEHHBIE CHM-
METPUYHO JIPYT APYTy [0 HOpMaIK K pabounm nosepxHocTsaM / u /I koHTpoobOpasiua 4; 6a,60 — aep-
KaBKH; 7,8 — ECTKHUE TUIACTUHBI; 9 — yIpyro-TIOAaTIIMBBIN TyrooOpa3Hbiii 31eMeHT; 10 — xecTkas
wactuHa; 11 — mporpaMMHo-ynpasisieMblii Moayiib 11 (mbe3oaktioarop); 12,13 — Moaysu KOHTpOIIsS
ANIEKTPUUYECKUX ITapaMeTpoB; 14 —iporpaMMHUpyeMbIii MOy ib; 15 — HMCHOIHUTENBHOE YCTPOHCTBO;
16 — Monynb ynpasnenust; 17 — Bakyymublid Hacoc; 18,19 — natunku Xomna; 20 — npu3smMaTHUECKHe
Kayaroluecs: onopbl; 21 — HarpaBIsIoLIMe KeT00KU

[Tpu ucnbITaHUSAX TPEIBAPUTEIHLHO KOHTPOOpAa3el, BHIMOIHEHHBIN W3 HCIBITHIBAEMOTO IOJIH-
MEpPHOr'0 KOMITO3UTa C MapajieIbHbIMU MPOTUBOJICKAIIUMU PabOYMMU MOBEPXHOCTIMH, KECTKO
COEIMHSIETCS] C MOCTOSIHHBIM MAarHUTOM KOWJI-JBUTATENs], a UHACHTOPBI YCTaHABIUBAIOTCA CO CTO-
POHBI K&KI0M M3 HUX CUMMETPUYHO APYT IPYTY U MPHKUMAIOTCS 110 HOpMaJH K paboueil moBepx-
HocTH. Mconb3yIoTest MO TpU-YeThIpe MHACHTOPA, KOTOPHIMU (PUKCUPYETCS MOJOKEHHE KOHTPOO-
pasua. [Ipu 3ToM 00pa3IBI-UHACHTOPHI, pa3MEIEHHbIE CO CTOPOHBI OJHOW pabodeil MOBEPXHOCTH
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KOHTpOOpa3ia, )KeCTKO (PUKCUPYIOT IO OTHOIICHHUIO K BAKYyMHOM Kamepe, a 00pa3Ibl-uHIECHTOPHI,
pa3MelleHHbIe CO CTOPOHBI ApYyroil paboueil MOBEpXHOCTH KOHTpOOpasla, yCTaHABIUBAIOT C BO3-
MO’KHOCTBIO TIepEeMEILIEHHsI B HAIPaBJICHUH 110 HOPMaJH K ero pabodeil HOBEpXHOCTH.

Orta rpymnna UHICHTOPOB B3aUMOJCIHCTBYET ¢ yNpyro-noJaTiuBbIM 3JIEMEHTOM, J1e(hOopMHpPOBa-
HUEM KOTOPOTO €€ MPMKUMAIOT K OBEPXHOCTU KOHTPOOOpa3Ia ¢ yCUINEM, COOTBETCTBYIOIUM €TI0
CTaTUYECKOM cocrasistomed. IIpy 3ToM ynpyro-nogamivBblii dJIEMEHT CBS3aH C IIPOrPaMMHO-
yIOpaBiIsieMbIM MOAYJEM (IIbE€30aKTIOATOPOM) JUIsl CO3JaHMs MEPEMEHHON COCTaBISIOLIEH yCUIIHS
MpUXKATUA UHJICHTOPOB 110 HOPMAJIM K OTBETHOW MOBEPXHOCTH KOHTPOOPA3la, a MOCTOSHHBIN Mar-
HUT (POTOp KOMJI-IBUTATENsI) pa3MeIleH C pauajbHbIM 3a30pOM B OTBEPCTUH KOMJI-JIBUTaTess, a
€ro CTaTOp KECTKO 3aUKCUPOBAH B KIIMMATUYECKON MM BaKyyMHOH Kamepe.

B kamepe co3maror KOHTponHpyeMyro armochepy mim BakyyM. KoHTpoOpasiy coolmiaroT Bo3-
BPaTHO-IIOCTYNATENbHbIE ABMKEHUS ITyTeM BO3AEHCTBHSI MarHUTHOIO MOJIsI, CO3/1aBa€MOr0 MarHu-
TO3JIEKTPUUECKUM MOJYJIEM, Ha POTOP KOMUJI-IBUTATENS U OJJHOBPEMEHHO C 3TUM IbE30aKTI0ATOPOM
CO3/1aI0T MEPEMEHHOE IPOrPaMMHO-YIIPABISAEMOE YCUIME NMPHKATUS MHACHTOPOB 10 HOPMAJU K
OTBETHOM MOBEPXHOCTH KOHTPOOpa3Ia.

KoadduimeHnT TpeHus onpenesstorT N0 mapaMeTpam 3JeKTPONUTaHUs KOWJI-ABUTaTeNs, a U3HOC —
0 TPEH]ly NMapaMeTPOB JIEKTPOIUTAHUS TbE30AKTI0ATOPa B MPOLECCE MPOBEACHUS UCIIBITAHUMN, peru-
CTPUPYEMOMY IPH OAMHAKOBBIX 10 aMIUIUTYAE U YaCTOTE MapaMeTpax MpHXKaTUsl HHAEHTOPOB K COOT-
BETCTBYIOILIUM PaOOYMM MOBEPXHOCTSIM KOHTpOOpasLa.

i co3manusi Bakyyma HCIOJBb3YETCS BAKYYMHBIA HAcOC, COCMHEHHBIA C BAKYyMHOW KaMepoil.
VYpapieHue BaKyyMHBIM HACOCOM OCYILECTBIISIETCS. MOJTYJIEM YTIPaBJICHUSL.

[Ipr 3HAUMUTENBHBIX AMIUIMTYAAaX BO3BPATHO-NOCTYNATENIbHBIX MEepeMEIeHU KOHTpoOpasua
(£3+15 MM) Ha ero paboOYMX MOBEPXHOCTSX BBIIOJIHIIOTCS MPOAOJIbHBIE (B HAlpaBIEHUU BO3BpAT-
HO-TIOCTYTIATEJILHOTO TIepeMeIeHHs] KOHTPOOpaslia) HalpaBisIoIue xKelo0ku ¢ paguycoM R B ce-
YeHUH, MEePIICHANKYISIPHOM OcH KOHTpoOpasua. Pagmyc R BeimonHeH OonboivM paguyca r UHICH-
TopoB (R>r).

[Ipu peanuzanuum npeasaraeMoro crnocoda M ycTpoicTBa MOBBIIIEHUE JOCTOBEPHOCTH ONpee-
JI€HUsl TPOTUBOM3HOCHBIX U (MJIM) aHTHU()PUKIHMOHHBIX CBOMCTB Iap TPEHMs CKOJIBXKEHHS, BKIIO-
YalOIUX KOMIIO3UIMOHHBIC, B TOM YHCJIE TOJIMMEPHbIE, MaTepUabl, B yCIOBUAX HECTALMOHAPHBIX
Harpy3oK ¥ CKOpoCTel CKOJIbKeHHs Mpu Temmneparypax ot -110°C no +120°C B atmocdepe ¢ ar-
PECCUBHBIMU KOMITIOHEHTAMH MJIM BaKyyMe, a TaKKe pacuIMpeHne (pyHKIMOHAIBHBIX BO3MOXKHOCTEH
croco0a 1 ycTpoicTBa, JOCTUTAETCs B PE3YJIbTATEe CIIETYOIErO:

- MPEIBApPHUTEIBHOE KECTKOE COCIMHEHHE KOHTPOOpasla, MMEIONIET0 B3aWUMHO TapajlieIbHbIC
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MIPOTUBOJICIKAIIHE paboUre MOBEPXHOCTH, C POTOPOM U €ro (UKcaIlis yepe3 KOHTpoOpasel B mpo-
CTpaHCTBE MHAECHTOPAaMH, CUMMETPUYHO PACIOJIOKEHHBIMH CO CTOPOHBI MapajliedbHBIX pabodnx
MOBEPXHOCTEH KOHTpOOpasiia, MOo3BOJIAET Pa3MECTUTh POTOP BHYTPH CTaTOpa KOWJI-IBUTATeNs (CTa-
TOp CO3/1aeT MPOrPaMMHO-U3MEHSIONIeeCSs MarHUTHOE TI0JIe, 00ECIIeYnBAIOIee OCEBOE BO3BPATHO-
MOCTyMAaTeNIbHOE TIEPEMEIICHUE POTOpa ¢ KOHTPOOpa31oM) ¢ TpeOyeMbIM rapaHTUPOBAHHBIM 3a30-
POM, HCKIIOYMB M3 KOHCTPYKLHMHU MPUBOJA BO3BPATHO-TIOCTYINATEIBHOIO ABMKEHUS KOHTPOOpasia
MOALITUITHUK, U1 pabOThl KOTOPOTO TPeOyeTCcsi CMa304YHbIN MaTepHal, CO3IAl0NINN HETHHEHHYIO (B
3aBUCUMOCTH OT TEMIICPATypbl U CKOPOCTH HepeMemeHmI) BCJIIMYHMHY COIIPOTUBJICHUSA MNCPCMCEIIC-
HUIO, 110 KOTOPOMY OTIPEIEISIETCS] CHJIa TPEHUsI, CHUKAIOIYIO JOCTOBEPHOCTh PE3YyJIbTaTOB HCIIbI-
TaHUI MaTepUajoB Ha TPEHHE M U3HOC B BaKyyMe HJIM arpecCHBHOM ra30BOM cpejie MpH MOHMKEH-
HbIX 10 — 110°C u noBeimennpix A0 + 120°C temneparypax (pabounii nuara3oH CMa3oK TaKUX
HaIpaBJISIOMUX cocTaBiisieT oT -60° no + 80+90°) ¢ auHAMUYECKH U3MEHSFOIITUMUCS TI0 33JJaHHBIM
3aBUCHUMOCTSIM CKOPOCTSIMH U Harpy3KaMH;

- HCIIOJIb30BaHKE MPOTPAMMHO-YTIIPABISIEMOT0 MPAKTUYECKH OE3MHEPIIMOHHOTO MBE30aKTI0aTOpa,
CO3/IAIOIIET0 HArpYy>KEeHHUE 3aJaHHBIM TMEPEMEILICHUEM HAKUMHOM MOBEPXHOCTU U €€ BO3JCUCTBHEM Ha
MIPEIBAPUTENTEHO YIIPYTO JIe(OPMUPOBAHHBINA YIIPYTO-TIOATIMBEIA AJIEMEHT, IO3BOJISICT WCKITIOYUTH
BJIMSHHE TIOANIMITHUKOBOIO y3J1a MbE30aKTI0aTopa Ha Pe3ysIbTaThl UCIIBITAHUM U 00ECHEUUTh CO3JJaHuEe
MPOTPaMMHUPYEMOT0 IUKINYECKHA H3MEHSIOLIETOCS YCHIIHS TPKATHSI MHICHTOPOB K OTBETHBIM Pab0ounM
TIOBCPXHOCTAM K0H1p06pa3ua B IIMPOKOM JHAITa30HC 3HAYCHUU AMIUIUTY] U YaCTOT MPU HUCHBbITAHHUAX
MaTepHajoB Ha TPEHHE M M3HOC B BaKyyMe WM arpeCCHMBHOM Ta30BOM Cpefe MpH MOHMKEHHBIX JI0 —
110°C u noBbIIeHHBIX 10 +120°C;

- B [IpejraraCcMoM TCXHUYCCKOM PCIICHWUU IIPHU OMPCACICHUN KOS(l)(bI/IIII/IeHTa TPCHUA U U3HOCA
HE HCIOJIb3YIOTCS pa3MeIlleHHbIE B arpeCCUBHOM Cpejie WM BaKyyMe CpeACcTBa KOHTPOJIA (TIepBUY-
HbIE MpeoOpa3oBaTeiy), YTO MO3BOJISIET TaKXKe CYIIECTBEHHO PACIIUPHUTh €ro (yHKIHOHAILHbIC
BO3MOKHOCTH.

B ocHoBy ompeneneHuss B MPOLECCE HUCHBITAHUM BEJIWYMHBI W3HOCA MO TPEHAY MApaMeTPOB
ANEKTPOMUTAHUS POrPAMMHO-YIIPABISEMOT0 MbE30aKTI0ATOPa, PErUCTPUPYEMOMY TPU OJUHAKO-
BBIX TI0 aMIUIMTYJE U YacTOTE MapameTpax MPHKaTus WHACHTOPOB K COOTBETCTBYIOIIUM PabounM
MMOBEPXHOCTSAM KOHTPOOpa3ia, MOJI0KEHO CIEeAyIoIIee.

[Tepen ucnbpiTaHusMuA 1eOPMUPOBAHUEM YTIPYTO-TIOAATIUBOTO JIEMEHTA CO3JIAeTCs CTaThde-
CKas cocTaBisoIas F,. CUIbl MPHUKATUS UHIECHTOPOB C OJHOW M JPYroil CTOPOHBI (Kak peakuuu
0TI0p) K pabounMM MOBEPXHOCTSIM KOHTpOOpasla, MpH STOM CHJIa MPIKATUS MPOTMOPIIHOHATbHA Be-

JUYUHE YOpyroil nedopmaiyu ynpyro-noiaTivBoro siaementa. C MOMEHTa Havyasla WCHBITAaHUN
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MBE30aKTI0ATOPOM CO3/IAaETCs COTIacOBaHHASA MO (haze C BO3BPATHO-TIOCTYATEIBHBIM JBH)KCHUEM,
HarpuMep, CHHYCOUIATbHO U3MEHSIONIAsICS ¢ KPYTOBOM YacTOTON @, MOMOJHUTENbHAs cuia Fy (f)
MIPHKATUSL HHIEHTOPOB, PACIOJIO0KEHHBIX KaK C OJJHOM, TaKk U C APYToil CTOPOHBI KOHTpoOpasLa, 1o
HOpPMAaJIH K €ro OTBETHBIM Pab04HMM MOBEPXHOCTSM.

[Tpu uHTETpaTbHOM U3HOCE Ha BEJIMYMHY O WHACHTOPOB, PACTIOJIOKEHHBIX CO CTOPOHBI KaXKIOU

U3 pabovMX MOBEPXHOCTEH KOHTPOOpasua, MPONOPLHUOHAIBHO BEIUYUHE Kk, -2-5 HW3MEHSCTCS

3HAYeHHUE CTATUYECKOM COCTaBIISIOIIEH CUIIBI MPIKATHsS F. MHIEHTOPOB K OTBETHBIM IMOBEPXHO-
CTSIM KOHTpOOpas3iia Mo HOpMaJiu K UX IIOBEPXHOCTH.

Jlis KoMIleHCcalui U3MEHEHUs CUiIbl [, N3MEHSIIOT NapaMeTphbl 3JIEKTPONUTaHUS MTbE30aKTHAaTopa,
obecrieunBasi MOJIEp>KaHUE BEIMYMHBI UCXOHOTO YCHIHs F, CO3/1aBaeMoro nee3oakTioaropoM. [Ipu
9TOM IepementaeTcs (BbIABUTAETCs BIEPEA) HaKMMHAas MOBEPXHOCTh MbE30AKTI0ATOPa, AehopMupys
YIIPYTO-TIOAATIAMBBINA JIEMEHT 10 UCXOJHOTO HANPSHKEHHO-1e(OPMUPOBAHHOTO COCTOSIHUS. Bemunna
3TOT0 MEPEMEIIEHUS] COOTBETCTBYET 3HAUEHUIO HHTETPAIbHOTO U3HOCA U PETUCTPUPYETCS BHYTPEHHEH
CHCTEMOM KOHTPOJIS [TbE30aKTI0ATOpa.

3akiouenue

AHanu3 pe3yJbTaTOB CPAaBHUTEJIBHBIX MCIBITAHMN II0Ka3aj, 4TO peaau3alus IpeaaaraeMbixX
crocoba ¥ yCTpOMCTBA JUIsl UCTIBITAHUM Ha TPEHUE U W3HOC MO3BOJIET CYIIECTBEHHO MOBBICUTH J0-
CTOBEPHOCTb OIPEJEIICHUs] TPOTUBOU3HOCHBIX U aHTU(QPUKLMOHHBIX CBOICTB B yCIOBMSX HECTa-
LIMOHAPHBIX HArpy30K U CKOPOCTEH CKOJbXKEeHMs Ipu Temnepartypax ot -110°C go +120°C B xoH-
TpoJINpyeMO aTMOoc(epe WU BaKyyMe Nap TPEHUsI CKOJIbKEHUS, BKIIOUAIOIIMX KOMIIO3UIIMOHHBIE,

B TOM YHUCJIC TOJUMEPHBIC, MAaTCpHUAJIbI.
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APPLICATION OF GEARS WITH INTERMEDIATE BODIES
IN SPACECRAFTS MECHANISMS
A. E. Belyaev, DSc., Prof., Novouralsk technological institute
of National Research Nuclear University “MEPhI”, Arnold@npi.novouralsk.ru

Abstract: The operation of mechanisms in space vehicles requires driving units which could work
in these specific condition. Research and work experience show that gears with intermediate bodies
in meshing are the most effective.

Keywords: mechanical drives, gears, intermediate bodies

O HEJECOOBPA3HOCTU NIPUMEHEHMUS NIEPEJAY C ITIPOMEXKYTOYHBIMHA
TEJIAMU B MEXAHU3MAX KOCMHUYECKUX AIIITAPATOB
A.E. benses, 0.m.n., npogh., Hosoypansckuii mexnonoeuueckuti uncmumym
Hayuonanvrozo uccredosamenvckozo sadeprozo ynusepcumema « MUDHy, Arnold@npi.novouralsk.ru
Annomayun: Pabota MEXaHU3MOB B KOCMHMUYECKUX allapaTax BbIHY)KJIAeT UCKAaTh MEXaHHUYECKUE
MIPUBO/IBI, KOTOPBIE ObLTH ObI pab0TOCIOCOOHBI B 3TUX cnenuduyeckux ycinoBusx. MccnenoBanus u
OTIBIT KCIUTyaTalluy TIOKA3bIBAIOT, YTO HanOoee 3(p(HEKTUBHBIMU SBISIOTCS MIEPEIAun C IPOMEKY-
TOYHBIMH TEJIAMHU B 3aLCTUICHUH.

Knrwoueswie cnosa: mexannieckme MMPUBOABI, IIEpCaavun, MPOMCIKYTOYHBIC TCJIa

PaboTocrmocoOHOCTh KHHEMAaTHYECKUX Tiepeaad, Kak IMPaBUIIO, OMPEENeTCs] UX TOYHOCTHIO H
JUHAMUYECKMMHU Ka4eCTBaMHU.

[IpumeHeHue 3y04aThIxX mepenad B COCTaBE PeAyKTOPOB MPUBOAOB, UCIOIb3yEMbIX B KOCMUYE-
CKUX ammaparax, Cleuu(puIHOe U ITO HAKIAJbIBACT JOMOJIHUTENIbHBIE TPEOOBAaHHUS K XapaKTepH-
CTHKaM Iepeaad.

OCHOBHBIE Y3JIbl KOCMHUYECKUX alMapaToB, e paboTaloT NPUBOJIbI C pEAYKTOPaMH, 3TO:

- OJIOK MeXaHMUYECKUI CUCTEMBI IOBOPOTA AHTEHH;

- OJIOK MeXaHMUYECKUH yCTPOUCTBA MIOBOPOTA COTHEYHBIX OaTapei;

- OJIOK MEXaHMYECKHM yCTpOICTBA MOBOPOTA JBUTATENEH KOPPEKIIUY;

- OJIOK MEXaHWYECKUM CHCTEMBI TIOJTHACTPOUKHU PedIIeKTOPa;

-MEXaHM3M BbIIBUKCHHS MauThl;

- BJIEKTPOMEXaHUYECKUN UCTIONHUTENbHBINA oprad (OMUO);

- CUCTEMBbI OPUEHTALIUU ¥ CTaOMIM3alINN.

[lepeuncnennbie cuCTeMbl pabOTAIOT B CIEAYIOMINX SKCTPEMATBHBIX YCIOBUSIX:
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- OTKPBITHII KOCMOC, H, CIICIOBATEIIBHO, IHAMa30HbI pabounx Temmeparyp +100°C;

- BakyyMm 110 10-13 Mm.p.cT.

[Tpu 5ToM HEOOXOAMMO COXpaHEHHE PabOTOCIOCOOHOCTH TpH pecypce (0e3 BO3MOXKHOCTH 3a-
MEHBI M CEpPBUCHOTO OOCTy>KMBaHUWs) aocturaromem 20 Jjer, a oJHOpa3oBas 3aKlIajKa CMa3KH
JIOJKHA 00€CTIeYuTh MUHUMaJIbHbIE IOTEPH MOIIIHOCTH.

Kak ¢yHKIMOHANBHBIN y3€1 npuBoia, 00€CTIEUnBAIOIIETO BO BCEM IHANa30He pabovnX CKOPO-
CTeH, peIyKTOp KOCMHUYECKOT0 MPUMEHEHHUS JOJHKEH yAOBIETBOPATH CIEAYIOIIMM OCHOBHBIM Tpe-
OOBaHUSM.

1. KunemaTtuyeckas 1emb JOJKHA UMETh MUHUMAJIBHYIO WHEPIIMOHHOCTD ISl YMEHBIIICHUS Ha-
Ipy3KH Ha JBUTATENE, C IENIbI0 00ecTIeueHus JOCTaTOYHOTI0 OBICTPOACHCTBYSI TPUBO/IA.

2. MoMeHT TporaHusi U MEPTBBIM X0 B KHHEMATU4YE€CKOW IeTH JAO0JDKHBI ObITh MUHUMATbHBIMU,
CTaOUIBHBIMU B TMPOLIECCE AKCIUTyaTaluu (CTaOUIBLHOCTD JIOJDKHA TMPOSIBIATHCS MPU MEPEXOAe U3
pabouero coCTOSTHUSI B KOHCEPBAILIMIO U 00OPaTHO).

3. KunemaTnueckas 1enb He JOJDKHA ObITh MCTOYHUKOM KPYTHIIBHBIX KoJieOaHHM (3KECTKOCTh
JOJKHA 00eCIeurnBaTh HAXOXKIECHHE YacTOThl COOCTBEHHBIX KOJieOaHUi BHE 001acTH pabounx vac-
TOT).

4. MaccorabapuTHbIC XapaKTEPUCTHKHU JOJIKHBI UMETh OTPAHUYCHHBIC BETUYNHBI.

5. Yucno nepenay A0HKHO OBITh MUHUMATBHBIM.

6. [TorpemHocTs mepeMenieHnii 10mKHA ObITh MUHUMAIBHON, OIIECHMBAEMON HECKOJBKUMH YT-
JIOBBIMH CEKyHJaMHU.

B Tomckom nonutexandeckom uHctuTyTe 1 B HUN «Ilomocy (mepen pykoBoactBom A.E. be-
nsieBa u C.B. funrynosa) B 60-80 rogax mpouuioro CTojeTys ObLTA MPOBEACHBI OOUTUPHBIC UCCIe-
JIOBaHMSI, KOTOPBIE MO3BOJIMIN CO3/IaTh PEAYKTOP AJIEKTPOMEXAaHUUYECKOTO UCTIOTHUTENHFHOTO Opra-
Ha (ODMHUO). B pe3ynbpTaTe KOMIUIEKCHBIX UCCIIEIOBAaHUI ObLTa BRIOpaHa cxema, pa3paboTaH U BHE-
Ip€H ManorabapuTHBIN MPEUU3HOHHBIN PEIYKTOP TOBBIIIEHHON MOJITOBEYHOCTH, KOTOPBIN yCIem-
HO BBbIJEpaJl BeCh IIUKJ HAa3eMHBIX HCIBITAHWHN, BKJIIOYasl YCKOPEHHYIO0 HapaboTky Ha pecypc (10
JIET).

B HacTosimelt pabote paccMaTpuBaeTCsl FTeOMETPUYECKH pacyér oHON M3 Hanbojee WHTepec-
HBIX Pa3HOBHUJHOCTEW Nepeaad ¢ IPOMEKYTOUHBIMH TEJIaMU: BOJIHOBOH Mepeaayun ¢ MpoMEKyTOoU-
veivMu Testamu (BIITIT). Ona npeacraBisieT coboif epeaady, B KOTOPOW rHOKoe 3yOuaToe KoJeco,
XapaKTepHOe MJIsl KJIAaCCHYECKOW BOJIHOBOW Mepefayd, 3aMEHEHO LEMOYKON CernaphUpOBaHHBIX TEI
KaueHus (IIapUKOB), U BMECTO BOJHBI ehopMaluii B Hell BOSHUKAET BOJIHA PAUAIBHOTO IepeMe-

IICHUA TCJI KQUCHUA.

502



MexaynapoaHbiii CHMIIO3HYyM ITawsds International Symposium
«Teopus n mpakThKa 3y04aThIX mepenad — 2014» “Theory and practice of gearing — 2014”

21-23 suBaps 2014, Wxeck, Poccus January 21-23, 2014, Izhevsk, Russia
Z201&

BIIIIT — coocHas nepenaya, T.e. €€ BXOJIHOE 2 ¥ BBIXOJHOE 3BEHO 4 BpaIAlOTCSI BOKPYT OHOM
TJIaBHOM OcH. BXOJHBIM 3BEHOM Nepejauu — «[€HepaTOp BOJHY» UIIM MPOCTO «reHepaTop» 2 (pucy-
HOK 1), CITy’KUT, KaK MPaBUIIO, OOBIYHBIN pagralbHbI MOJIIMITHUK WIHA MPOCTO JUCK, YCTAHOBJICH-
HBIA SKCLIEHTPHUYHO (a,,) TTIaBHON ocu O. OH HaXOAUTCS BHYTPHU cemapaTopa 3 - KOHIEHTPUYHOTO
TJIABHOM OCH KOJIbIIA, B KOTOPOM BBITIOJTHEHBI paguaibHbIe Ma3bl. Tea KadyeHUs: KOHTaKTUPYIOT C
TeHepaTOPOM M €ro BpallleHHE 3aCTaBlsieT UX COBEpLIaTh pajualibHOE JIBI)KEHHE B Ta3ax cernapa-
Topa. BEITMSAUT 3TO ABMXKEHME KaK MAYIIAas MO OKPY>KHOCTH BOJIHA MEpEeMEIICHHUH, aHaTOTHYHAS

BOJTHE JieopMaIuii B THOKOM KOJIECEe KITACCHYECKOM BOJTHOBOH Mepeayu.

PI/ICYHOK 1. BonHoBas rnepejada ¢ IlapuKOBBIMHU ITPOMEKYTOUHBIMU TCIIaMU

BrixonHoe 3BeHO mepemaun - «3yOuareiii BeHel» 4. Ha HEM BBITOTHEHBI PACIIONIOKEHHBIE IO
OKPY>KHOCTH IWJIMHIPHYECKUE TOBEPXHOCTH, WMEIOIIME B Ka4yeCTBE HAMPABIISIOMICH KPHUBYIO
cnoxHOU hopMbl («pabouune npodunmny»). Ux, kak mpaBuiio, Ha OJUH OOJbIIE, YeM TPOMEKYTOUHBIX
TEJI, KOTOPBIE JBUTASCH OT OCHU Iepenaun (pabouuii yyacToK), KOHTaKTUPYIOT € 3yObsIMH M 3aCTaB-
JISTFOT BBIXOJTHOE 3BEHO BPAIAThCS.

Mexanusm BIIIIT mo cBoeit cytu siBisercs: nudpepeHnaabHpIM, T.€. B KAUECTBE BBIXOIHOTO
3BEHa MOXKET HCIIOJIb30BAThCS CEMapaTrop MPU HEMOJBMKHO 3akperui€éHHoM BeHie. BIIIIT touno
BOCIIPOU3BOJNT TEPENaTOUHYIO (PYHKIIHIO, KOTOpas ompenensercs (opMoit mpoduiiell Ha BEHIIE.

OmnBIT HCCITEIOBAHNH TTOKA3hIBACT:

1. BIIIIT oGnamaeT BechMa BBICOKUM KOA(D(PHUIIMEHTOM MEPEKPHITHS: B HUX OJJTHOBPEMEHHO MO-
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YKET HAXOIUThCA B 3aneruieHuu 10 40% mpoMeyTOUHBIX Te.

2. PekomeHayeTcs quana3oH nepeaTouHbIX OTHOMIEHUM B OTHOM cTyneHu oT 8 10 40.

3. B kauectBe reHeparopa Hauboyiee MPEANOUYTUTENBLHBIM SBISETCS MOMIIMITHUK, T.K. 32 CU&T
CBOOOJHOT'O BpAILEHHUS HAPY>KHOTO KOJbla 00ECIIEYMBACTCS OTHOCUTEIIBHO MaJloe MPOCKAJIb3bIBa-
HUE B KOHTAKTE MPOMEKYTOUHBIX TEJI C FTEHEPATOPOM.

K nocrouncrsam BIIIIT M0O>XHO OTHECTH:

1. IToBBIIEHHBIN YPOBEHb HATPY30YHOU CIOCOOHOCTH (32 CUET OTCYTCTBUS TMOKOTO 3JIEMEHTA,
JTMMHUTHUPYIOIIEr0 HArpy304HYI0 CIIOCOOHOCTh KIACCHYECKUX BOJHOBBIX MEpeiay).

2. IloBbllIeHNE KOMIIOHOBOYHBIX BO3MOXKHOCTEH MPHU CUHTE3€ MHOTOCTYIIEHYAThIX MEXaHU3MOB
(3a cuér nByx BapuanToB KoMIoHOBKU BIIIIT — ¢ HemoABMKHBIM cenmapaTopoM M HEMOJABHKHBIM
BCHIIOM).

3. IloBbIlIEHHBIE 3HAUYEHUS K.I1.J. IO CPAaBHEHUIO C KJIACCUYECKON BOJIHOBOM nepenade (3a cuér
HaJIM4us KaueHUs! B KOHTaKTEe CO CBOOOHO BpallaloIIUMHUCA 3IEMEHTaMu nepeadn). JlocTonHCTBa
3THUX Iepeiay HAWITydIIuM o0pa3oM MpOSBISIOTCS MPU UX UIUTEIbHON paboTe, ¢ y4€TOM TOTO, YTO
pecypc KJIacCHYEeCKUX BOJIHOBBIX Mepeaau sIBIsieTCS BechbMa orpaHndeHHbIM. Jlyurime sxe oOpasiisl
BIIIIT mo pecypcy, YpOBHIO IITyMa, TOYHOCTHBIM XapaKTEPUCTHUKAM U T.I. IPUOIMKAIOTCS K COOT-
BETCTBYIOLIUM 00pa3iiaM MOAIIUITHUKOB.

4. IlorpemHoCcTh NEPEMEIICHUI cocTaBWiIa 3-5 yri.ceK. Pe3ynbTarsl ITaTHOW SKCIUTyaTallid B
COCTaB€ HECKOJBKMX KOCMHYECKHX anmnapaToB MOJATBEPAWIN MPOTHO3UPYEMbIE XapaKTEPUCTHKU:
TOYHOCTb, KECTKOCTh, MEPTBBIM X0, JOJTOBEYHOCTh, YTO ONPEAEINIO JUHAMUUYECKUE U TOYHOCT-
HBIE KayecTBa PEAYKTOpa W NMPUBOJA B IEJIOM M BIUSHHE WX Ha Ka4eCTBO PaObOTHI KOCMHYECKOTO
amnmapara.

B kauecTtBe 0a30BbIX mepenayd ObUIM MPUHATHI BOJHOBAS Mepeaayda ¢ MPOMEXKYTOUYHBIMU TellaMu
KayeHMs W BOJIHOBAs Iepeayda ¢ MPOMEKYTOYHBIM TEJIOM — 3MEEBUIHON NpyKUHOU (OpacneTHas
KoHCTpyKkuws). [lepBas crynens (mepenada ¢ MIApUKOBBIMH TPOMEKYTOUYHBIMU TeIaMu) (HOpMUpO-
Bajia TpeOOBaHUA IO MEpPEeAaTOYHOMY YHUCITY U rabapuram, a rnepeaaya co 3MEEBHIHOM MPYKUHOM
(BTOpas cTymeHb) co3AaBalia YIPYTUil HATAT B 3alleTUICHUH, YTO ONPEAEISIO TOYHOCTh BBIXOJIHBIX
apameTpoB.

C camoro Hayana pazpadbotku IMUO Bo3HHKaIM BOIPOCH! U3TOTOBJIECHUS PEAYKTOpA U IJIaBHAs
npobJieMa — U3roTOBJICHHE 3y0UaTOro BEHIIA BOJHOBOM mepemauu: (BBICOKHE TPEOOBAHUS MO TOY-
HOCTH U IIEPOXOBATOCTH, TP OPUEHTHUPOBOUYHOU TBEPAOCTU Marepuana 55-60 equnun Poksena ¢
y4€TOM MasbIX radaputoB kojeca). [IoaToMy mocie JOITHX TEXHOJOTHYECKHX MpopadoToK (op-
Moo0Opa3oBaHue MpohuiIsd BIaIuH ObUIO TPEIJIOKEHO — 3aMeHa Ha KOMILJIEKC JyT OKPYXXHOCTH. 3a-

AaBaJlaCb AOITyCTUMaAA IMOrpCIIHOCTD paCLIéTHOFO Hqu)I/IJ'IFI H U3 3TOro ycCJIOBUA OMPEACIIAIUCH KO-
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OpIMHATBHI LEHTPOB OKPYKHOCTEW M MX paauychl. Kak mpaBwiio, Mpu JOIMYyCTUMOW IMOTPEUIHOCTH
npoduins mopsaok 0,01 MM onpenensnock 4-5 okpykHOcTel. UepHoBass 00paboTKa MPOBOIUIACH
Ha KOOPJIMHATHO-PACTOYHOM cTaHKe rpH TBEpaoctH 3arotoBku HRC-32. [locne 3akanku mpoBoau-
Jach YMCTOBAs ONepanys Ha KOOpAMHATHO-IIIH(OBaIbHOM cTaHke. [Ipu Bcex HepocTaTkax (HU3Kast
TE€XHOJIOIMYHOCTh M JOPOrOBH3HA) JAHHOTO METOJIa MPEATI0KEHHOE MO3BOJIMIO 00ECIIEYUTh 10CTa-
TOYHOE KayeCTBO KOHTAKTHPYIOIIMX IOBEPXHOCTEH 3yObeB kEcTkoro koseca. [lonumas mamyro
3¢ (HEeKTUBHOCTH ATHX PabOT, OBLTIO PEIICHO MPOAOKUTH MOUCK TAKOTO TEXHOJIOTUYECKOTO pelie-
HUS KaK 3JIEKTPO3PO3HOHHBIN CII0CO0 M M3rOTOBJIEHUE NPO(UIIs TBEPIOCIIABHBIM UHCTPYMEHTOM
Ha (pe3epHOM 00padaThIBAIOIIEM IIEHTPE C YHUCIOBBIM MPOTPAMMHBIM yIpaBieHHEeM. Pe3yibpraTs
MPOBEACHHBIX pabOT U OMBIT IKCILTyaTanuu peaykropoB OMUO (cBbimie 20 jeT) MOKa3bIBaIOT He-
OCTIOpUMBIE JOCTOMHCTBA BBIOOpa MO IENOMY psAIy HapaMeTpoB. DTO, MPEXIE BCEro, Kacaercs
yIa4HO BBIOPAHHON CXEMBI M TOUHOCTHU Tepeladyr yIPaBISIONUX MEPEMEIICHUI OT IBUTATENs 10
BaJla UCTIOJTHUTEIILHOTO OpraHa v €€ JMHAMUYECKUX KauyecTB.

PaGoTa mo panpHEWIIeMy COBEPIICHCTBOBAHUIO PEAYKTOPOB KOCMHUYECKHX armapaTtoB B Tom-
CKOI1 mIKose npoaomkatoTcsi. OHM HaIllpaBJICHbI Ha:

- COBCPIHICHCTBOBAHHUC KOMIUICKCA I/ICCHGILOBaHI/Iﬁ BOJIHOBBIX II€p€aaqd ¢ NpOMCKYTOUYHBIMU TC-
JaMU B 3allCTUICHUH U ONMPOOMPOBAHUE MX COCTABE MPUBOJOB PA3IMYHOTO Ha3HAYCHUS IS KOCMU-
YEeCKHUX aIllapaToB;

- pa3paboTKy HOBBIX CX€M U KOHCTPYKIIMIA, U CUCTEMbI aBTOMaTH3UPOBAHHOTO MPOCKTUPOBAHUS,
KOTOpasA BKJIKOYMWIIA 6]:1 MAaTEMaTUICCKOC MOACINPOBAHUC, paC‘IéTHYIO 4aCTb U aBTOMAaTU3HUPOBAH-
HYI0 pa3paboTKy Bcel JOKYMEHTAIMH, JOBEIS MX J0 MHXCHEPHBIX METOIUK, a TAKKE MOBHIIIICHUE
XapaKTePUCTHKU 110 TOYHOCTHU U PECypcy;

- COBEpIICHCTBOBAHHUE TEXHOJIOTHYECKOTO MpOIEcca, T.e. CO3JaHHe CHEIMAIbHOTO 000pya0Ba-
HUA 1 UHCTPYMCHTA, MO3BOJIAIOIICTO ¢ MUHUMAJIbHBIMHU 3aTpaTaMU 066CH€‘-II/ITI> BBICOKO€ Ka4Y€CTBO

KOHTAaKTUPYIOIIHUX TOBEPXHOCTEH.
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METHODS AND SCHEMES OF SPIROID GEAR TEETH
CONTACT SURFACE MEASUREMENT
A.V. Beresneva, senior lecturer, Kalashnikov Izhevsk State Technical University,
avber-istu@yandex.ru;

A.A. Kornilov, engineer, Institute of mechanics, Kalashnikov ISTU, artyomkak@mail.ru

Abstract: Methods, schemes and equipment of spiroid gears contact surfaces measurement are
described. Some results of measurements before and after loading are presented.

Keywords: spiroid gear, measurement method, contact surface

METOAbI U CXEMbI UBMEPEHUS TEOMETPUN KOHTAKTHbBIX
IMOBEPXHOCTEM 3YBBEB CIIMPONTHOM ITEPEJAYN
A.B.Fepecnesa, cmapwuii npenooasamensv, Micesckutl 20Cy0apcmeeHHblil MexXHU4eCcKutl
yrusepcumem umenu M. T. Kanawmnuxosa, avber-istu@yandex.ru;
A.A.Kopnunos, unscenep, Hncmumym Mexanuku, Hicesckutl 2ocyoapcmeeH bl mexHUuyecKutl

yrusepcumem umenu M. T. Kanawmnuxosa, artyomkak@mail.ru

Annomayun: OnucaHbl METOJbl, CXEMbl U OCHALCHHE H3MEPEHHs T'€OMETPUM KOHTAKTHBIX
MOBEpXHOCTEH 3yObeB CIMPOUAHON Mepenayun, NpUBeIeHbl HEKOTOPbIE Pe3yIbTaThl U3MEPEHUH 110
U TIOCJIE HArpY KEHUs Mepeaayn.

Knrwouesuwie cnosa: CIiupouHasd rnepeaadya, MCTOANKa UBMCPCHUA, KOHTAaKTHAs MOBCPXHOCTH

Beeaenne

[IpakTHKa MHOTOUYMCIIEHHBIX SKCIEPUMEHTAIBHBIX HCCIEJOBAHUN M SKCIUTyaTallUU TSDKEIOHA-
Ipy’KEHHBIX (YPOBEHb KOHTAKTHBIX HanpspkeHui Ha 3yObax 1600 MlIla u Gornee) HU3KOCKOPOCTHBIX
CIIUPOUIHBIX PELYKTOPOB MPHBOAOB TPYOOIPOBOAHOM apMaTyphl OKA3bIBAET, YTO IPU HArpyKEHUN
rap UMEOT MECTO IUIaCTUYecKue epopMaliy U npupadboTouHblil n3HOC. O0a 3TUX SBJIEHUS CIOCO0-
CTBYIOT YBEJIMUYEHHIO IIJIOMIAJ0K KOHTAKTAa, CYMMapHOTO ISITHA KOHTAKTa W BIPAaBHUBAHUIO pacIipe-
JIeNIEHUs] Harpy3KH, 4To oOecleyrBaeT MOBBIIEHUE HArpy304HOW crocoOHocTH mnepenadyu. OHaKo
KOJIMYECTBEHHBIX JTaHHBIX, XapaKTePH3YIOLIUX YKa3aHHbIEC SIBICHU, B HacTosee Bpems HeT. Kpome
TOTO, HE CYIIECTBYET U YCTOSBIIMXCS METOANK N3MEPEHHs BEIMYMH YKa3aHHBIX W3MEHeHuil. MHoro-
YHCJICHHBIE UCIBITAHUS CIIUPOUAHBIX PENYKTOPOB MOKA3bIBAIOT, YTO ONMCAHHBIE PAHEE W3MEHEHMS

KOHTaKTHBIX TTOBEPXHOCTEH HEOOXOAMMO pa3lesaTh Ha JiBe rpymimsl [1]:
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1 epynna: nnactudeckue aeopmanuu 3yObeB M BEpIIMH HEPOBHOCTEH Ha HUX, B OCHOBHOM
MPOMCXOAIINE 32 KOPOTKHI MPOMEKYTOK BPEMEHH (B T€UEHHE TEPBBIX )K€ IIMKIIOB HATPY>KCHN);

2 epynna: V3HAUIMBAaHUE W IIACTHYECKHE Ne(opMalii, HAKaIUIMBAIOIIUECS B XOJI€ ATTUTEILHON
9KCIUTyaTaluy Mepelaun.

[Ipouecc M3MepeHnsT TEOMETPHU OCIIOKHSETCS KPUBOJMHEHHOCTHIO TPOGMIIT U OCOOCHHOCTSMH
MPOCTPAHCTBEHHOTO PACIONIOKEHNS 3yObeB M BUTKOB CIIMPOUTHOM MEPEayy, YTO 3aTPYAHSET UCTIONb-
30BaHKE OOJBIIMHCTBA CPE/ICTB M CXEM, TIPUMEHSIEMBIX K 3BEHBSIM TIepe/iad IPyrHX THIOB. TeM He Me-
Hee, B HaCTOsIIeH paboTe MpeUIokKEH psAll METOIMK, B KOTOPBIX JTaHHast rpoliema perraercst 61arona-
Psl KOMOMHUPOBAHUIO TPAAMIIOHHBIX (CHHYCHAsI JIMHEWKa, IEUTENbHAsl TOJI0BKa, HAOOPHI IIOCKOTa-
paIIENBHBIX KOHIEBBIX MEp JUIMHBI U T.II.) U COBPEMEHHBIX SJICKTPOHHBIX CPEACTB M3MEpeHHs (Mo-

OunbHas KoopauHaTHO-u3MepuTenbHas MamHa CimCore Infinity 2.0 u npodunomerp TR200).

1. Metoasbl u cxeMbl H3MepeHHs 1-H rpynnbl K3MEeHEHHI KOHTAKTHBIX OBEPXHOCTEH

K n3MeHeHns M JaHHOU IPYyNIbl B OCHOBHOM OTHOCAT CMSITHE WIIN CTJIa)KMBAHUE BEPILMH MHUK-
POHEPOBHOCTEH (II€POXOBATOCTH) U MAKPOHEPOBHOCTEH (OrpaHKH WM BOJIHUCTOCTH).
1.1. U3mepeHnsi MUKPOreoMeTPUN OOKOBBIX MOBEPXHOCTEH BUTKOB YePBIKa

N3mepenne MUKpOreoMeTpuu BUTKOB MPOU3BOAUTCA B HECKOJIBKMX YIJIOBBIX IOJIOKEHHUSAX U B
JBYX B3aUMHO NEPHEHIUKYJSIPHBIX HANpPaBICHUAX: B PaJualbHOM (OT BIAJWHBI K BEpUIMHE) U B
TaHTeHIMAJIbHOM (BJ10JIb BEIOpaHHOW BUHTOBOM uHUM). [Ipn 3TOM HEOOX0AMMO, 4TOOBI KOHTPOJIH-
pyeMoe Ce4eHHE MOBEPXHOCTU MAKCHMAIIBHO COBIIAJAIO0 C IPSIMOJIMHEHMHON TPAEKTOpPUEH JBHIKE-
HUS U3MEPUTENBHOTO myna. [ u3mMepeHus B paauajbHOM HarpaBieHuu (puc. 1.a) HEOOX0aUMO
OTKJIOHUTh YEPBSK Ha yroJl, PaBHBIM yriry mpoduis u3MepseMoil O0KOBOM MOBEPXHOCTU BHUTKA C
TIOMOIIBIO0 CUHYCHOW TUHEHKN M Habopa MiIocKonapaijienbHbIX KoHleBbix Mep miuuHbl ([TITKM/T).
[Ipu u3MepeHnH B TaHT€HIIMAJIHLHOM HAIPABJICHUH, JOMOJHUTEIBHO K YTy IpOoQuiIs, HE00X0IUMO
y4eCTh yroJl MOJAbEeMa BUHTOBOW JMHHUM YEpBSiKa. JTO JOCTHTAeTCs 3a CYET MOBOPOTA OMOPHOM
TJIOIIAIKK IITaTHBA, HA KOTOPOW yCTaHOBIICH npoduiomeTtp (puc. 1.0).

B pesynbrare nosyuaroTcs HE TOJIBKO CPEIHME 3HAYEHUS IapaMETpPOB LIEPOXOBAaTOCTH, HO U
npoUIOrpaMMbl UCXOAHON U M3HOIIECHHOHN MOBEPXHOCTEH, KOTOPHIE BIIOCIEICTBUM MOXKHO CpaB-
HUBaTh. Tak, Ha puc. 2 npuBeIeHbl TPO(PUIOrPaMMbI OJTHOTO U TOTO k€ ydacTka OOKOBOM MOBEpX-

HOCTH OO U IOCJIC HAI'PYKCHUA.

407



MexaynapoaHbiii CHMIIO3HYyM International Symposium
«Teopus n npakThKa 3youaTsix nepegad — 2014» \ “Theory and practice of gearing —2014”
21-23 suBaps 2014, Mxesck, Poccust b~ January 21-23, 2014, Izhevsk, Russia

Puc. 1. U3MepeHne MUKpOreOMeTpUH KOHTAKTHBIX MIOBEPXHOCTEN 3yObeB CIIMPOUTHON Mepeiaun
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Puc. 2. [Ipodpunorpamma J1eBoit 60KOBOI MOBEPXHOCTH BUTKA YEpBAKA UCXOAHOM (clieBa), Mo-

Bepruytoi 10 nukiiamM Harpy>keHus (crpaBa)

1.2. U3mepeHnsi MUKPOreoOMeTPUHN padoumnX MOBEPXHOCTEN KoJieca

Jlnis u3MepeHust MUKpOreoMeTpUu 3yObeB KoJleca MO BBITYKIOH (ITpaBoif) 60KOBOI MOBEPXHOCTH
(puc. 1. B.) mpeanaraeTcs 3aKpeIuaTh KOJIECO Ha CIIeUATLHON ONpaBKe, YCTAHOBJIEHHON B IIEHTpax
JEeTUTEeNbHON TOoNOBKU. OmpaBKa CBSI3BIBAETCS TOBOJKOBBIM YCTPOHCTBOM C BEIYIIUM IIEHTPOM,
4yTO oOecreunBaeT IUIaBHBIA M YIPaBIISIEMbIH MOBOPOT KoJieca M, CJIeI0BaTEIbHO, PAaBHOMEPHBIH
11ar U3MepeHuil. AHAJIOTHYHO YEPBIKY KOJIeCO HEOOXOIUMO Pa3BepHYTh Ha YIroj, COMOCTABUMBIN ¢
BEJIMYUHOM yriia nmpoduis 3y6a usmepsieMoit OOKOBOM MOBEPXHOCTH, JJISi 3TOTO MEXIYy OCHOBHOM
0a30BOi1 MJIOCKOCTHIO KOJECAa U OMOPHBIM TOPIIOM M3MEPUTEIHFHON ONPAaBKH YCTaHABIUBACTCS CO-
orBetcTBytomuii Habop IIIIKMJI. B mpemnokeHHOW cXeme NpH TOCIEA0BATEIHHOM H3MEHEHHH
B3aMMHOTO TOJOXKEHUs MpoduaoMeTpa U Kojeca MPaKTUUIECKU BCIO OOKOBYIO OBEPXHOCTH 3y0a B
HaNpaBJICHUU MPOJOJIBHBIX JUHUA MOKHO pa30MTh Ha HECKOJIBKO YCIOBHO MPSMOJMHEWHBIX yda-
CTKOB, TIOJYYHB MPO(UIOrpaMMbI KOTOPBIX, MUKPOT€OMETpHs 3y0a OyIeT onpeaeseHa.

Jlnst psiMoro M3MepeHust BOTHYTOH (J1eBO) moBepxHOCTH 3y0a nmpoduinomerpom TR200, mocrtym-
HBI JIUIIIb HEOOJBIINE YUYACTKH B 00JIACTH ISITKH M HOCKA. JTa MpodiieMa periaeTcs MyTeM U3rOTOB-

JICHUA CJICTIKOB CJIOKHBIX JJII U3MCPCHUS HOBerHOCTCﬁ. B namem CJIydac U3 CMECH, B COCTaB KOTO-
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pO# BXOAAT cepa M TpaduT, BBITIONHAETCS CIENOK JICBOH OOKOBOM MOBEPXHOCTH, KOTOPBIH ITOCIE OT-
BEPJIECHUS YCTAHABIMBACTCS HA IUIACTUYHOE OCHOBAHUE, BBIBEPSIETCS U ITOIBEPracTCs N3MEPEHUSM.

3y0Obs CIUPOMIHOTO KOJleca B

08 ST T T O T S S T O S N S B O

0 TN M b b D OTIIMYHE OT BUTKOB YEPBSKA, Kak
N IpaBMJIO, UMEIOT 3aMETHYIO OT-
0 S S S I v I S e S o

S200 b n b A ;
0 OO e o fbededoiiio paHKy. JUIs poBEpKM HOCTOBEp

40 HOCTH IOJy9€HHBIX PE3YJILTaTOB
R R R e e A e A e A N A B OTHOLICHHUH BEJHYUHBI U (POp-

-60 T T R T S

MBI OTpaHKH (puUc. 3.) HEKOTOPHIE

03 043 062 083 10 L16 135 156 1,75 196 2,16 mm  MOBCPXHOCTH KOJICCa  H3MEPs-

. JIUCh €elle U Ha KOOPAUHATHO-
Puc.3. IIpodunorpamma ¢ ¢pparMeHTOM OTpaHKU Ha MPaBoOi B pA

. M3MEPUTENIbHON MamuHe (puc. 6.
OOKOBOI MOBEPXHOCTH 3y0a CIUPOHUTHOTO KoJieca
u 7.), nonpobnee 06 3ToM Oyner

CKa3aHO HHMIKC.

2. N3mepenus 2-ii rpynnbl H3MeHEeHUI KOHTAKTHBIX MOBEPXHOCTEH
HanoMHuM, 4TO K U3MEHEHUSIM JTaHHOW TPYMIIBI OTHOCSATCS HAaKOIUIEHHBIE TUIACTHYECKUE edopma-
LMY ¥ U3HAIIMBaHUE CIIMPOUJIHBIX 3yObEB U BUTKOB, 3HAYEHMSI KOTOPBIX MOTYT npeBbimarh 0,1 M,
0COOEHHO y KoJleca, YTO OrpaHUYMBAET BO3MOXHOCTH MCIIOJIb30BaHMs npoduiaomerpa. Tem He Me-
Hee, pu oMoy TR200 M0KHO IPOM3BOAUTH OLIEHKY U3MEHEHUM KOHTAKTHBIX TOBEPXHOCTEN Ha
MaJIOHArpy>KeHHBIX Y4acTKaX W Yy4acTKax, OJM3JIeKalMX K rpaHuIaM IsATHa KoHTakTa. [lpumep
TaKOTO y4acTKa MpoQuIIs BUTKA YepBsKa N300pakeH Ha puc. 4, rae Ha MpoduIorpaMmmMe MOKHO 3a-
(buKcUpoBaTh W3MEHEHMs] TEOMETPUN Ha NEepexoie OT Hepaboueil MOBEpXHOCTH K MOBEPXHOCTH,
MIOJIBEPTHYTOM Harpy >KeHHUIO.
2.1. U3mepeHust MakporeoMeTpuu nNpogujisi BATKOB YepBsKa

Jlns usmepenns: O0KOBBIX TOBEPXHOCTE BUTKOB YEpPBsIKa IPUMEHSETCS YHUBEPCAIbHBIA MUKPO-
ckont YHIM-21. Metoauka mpeanoaracT u3MEpeHHe KOOPAMHAT TOUYEK 0CEBOT0 POl YepBsika
Ha ONpPEJCIICHHBIX pajnuycax 10 W MOcie UCNbITaHUH. [Ipy NONOJHUTEIBHOM UCIOIB30BaHUU WH-
JICKCHOTO OTBEPCTHUS YepBsKa, CrenuanbHoil onpaBku U Habopa [IITKM/l oGecnieunBaeTcs mOBTO-
PSAEMOCTh KOOPJMHATHI B OCEBOM HAINPABJICHUH M B HECKOJIBKUX (PUKCHPOBAHHBIX YTJIOBBIX ITOJIO-
KEHUSAX. MHOTOKPAaTHBIE TECTOBBIE U3MEPEHHU MOATBEPAWIN ITOBTOPSAEMOCTh PE3yJIbTaTOB B IIpe-
nenax +0,003 mm. Kpome TOro, Mo>xHO CpaBHUTH COOTBETCTBYIOLME PE3YJIBTAThl U3MEPEHUS Ha
MHUKPOCKOIE ¥ MpOPHIOMETpEe, YTOOBI MOATBEPIUTh UX KOPPEKTHOCTh. Tak, Ha mpoduiorpaMMe

(puc. 4) BUAHO, 4TO W3HOC U IUIacTUYeckue aedopmary OOKOBOW MOBEPXHOCTH BHTKA YEPBSIKa
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cocrtapistoT npumepHo 0,020 MM, conocTaBiIeHHE pa3HULIBI KOOPAMHAT TOTO e ydacTKa MpoQus,

W3MEPEHHBIX Ha MUKPOCKOIIE, JaeT pe3yJbraT paBHbiid 0,017 mM.

MKM

Henarpy>xeHnnslii
y4acTOK

Harpy»xeHHbl1i1
y4acTOK

0o o1 02 03 04 05 062 074 03 0% 102 116 mm

Puc. 4. Yuactok neBoii 60KOBOI OBEPXHOCTH BUTKA YEPBSKA
2.2. U3mepenue 3y0beB CIUPOUIHOTO KOJIECAa HA KOOPAUHATHO-U3MEPUTEJIbHOH MallluHe

dopma ciporTHOTO 3y0a MMEeT psifi OCOOCHHOCTEH, 8 UMEHHO: HEMIOCTOSIHCTBO yTiIa IPOQHIIS U
TOJIIIMHBI, HEBO3MOXKHOCTb OIMCAHMS XapaKTEPHBIX JTUHUI pab0YMX MOBEPXHOCTEH MPOCTHIMU aHa-
JUTAYECKUMU 3aBUCUMOCTSIMH, YYUTHIBAs 3TO, UCIIOJIb30BaTh CPEJICTBA U CXEMBI U3MEPEHUS, IIPeIHA-
3HAYEHHbIE IS IPYTUX TUIIOB KOJIEC, OKA3aI0Ch MPOOIeMaTUYHBIM. XOPOLIMM BBIXO/I0M U3 CIIO-
YKUBILIEHCS] CUTYaLlUH SIBJIIETCS IPUMEHEHHE KOOPAUHATHO-U3MEPUTENBHBIX MAIIMH, KOTOPBIE TO-
3BOJISIFOT TIPOBOAMTH CpaBHEHHE reoMeTpudecknx 3D Mozenelt ¢ peaTbHBIMU O0BEKTaMHU.

[TpuHrMast BO BHUMaHUE TabapuThI KOJIEC, a TAKXKE Pe3yNbTaThl MPEABAPUTEIBHBIX H3MEPEHUN U
pacueToB, MPOrHO3UpyeMas BeJTMUMHA U3MEHEHHs (JOPMBI M pa3MepoB 3y0a, IO MHEHHUIO aBTOPOB,
MOXKET TOCTUTraTh AECATHIX J10JIeH MUIUTUMETpa. J{JIs BBIOIHEHHS] U3MEPEHUM BEIMYUH TaKOTO IO-
psAIKa MOXKET IPUMEHSATHCA CEMUOCeBasi MOOMIbHas u3MepuTenbHas Mammraa CimCore Infinity 2.0
¢ nporpamMMHbIM obecnieueHueM PowerINSPECT ¢upmer Delcam, koTopast mpu KOHTaKTHOM METO-
Jie TI03BOJISIET 0OecreunuTh TpedyemMyto OOBEeMHYI0 TOYHOCTh. MoJeNb CIHHPOUIHOTIO KoJieca Io-
ctpoeHa ¢ momonisio cucteM SPDIAL+ [2] u Komnac-3D (ACKOH).

B mpemyiaraemoit metonuke 11 o0ecriedeHuss HeoOX0AMMONW TOYHOCTH M3MEpPEHUN TpeOyeTcs
coOnrofieHne ByX ycioBuii. Bo-mepBbIX, cxeMa 0a3upoBaHUs, a TOYHEE COBMEIICHHS KOOPAMHAT
peanpHOrO 3y0Uaroro koseca u ero 3D Monenu, 1omKHA 00ecIieunBaTh MOBTOPSIEMOCTb pe3yJibTa-
TOB Ha Pa3HbIX CTAAUAX UCIBITAHUN. C 3TOH LIETIbI0 B KOHCTPYKIIMIO KoJjieca ObLIIM BHECEHBI JBa KO-
HUYECKHX OTBEPCTHSI, PACTIONOKECHHBIX Ha HApYXHOM ITWUIHHApE Toa yriioM 180°, koTopsie obec-

NEYNBAIOT MOCTOSHCTBO YITIOBOI'O COBMCHICHUA ACTAIM U MOJACIIM OTHOCUTCIIBHO OCH KOJIECA.

410



MexaynapoaHbiii CHMIIO3HYyM ITawsds International Symposium

«Teopus n nmpakTuKa 3y04aThIX mepenad — 2014» “Theory and practice of gearing — 2014”

21-23 suBaps 2014, MxeBck, Poccus - January 21-23, 2014, Izhevsk, Russia
| '
0,078
0208

: 105 )
. L=0.20 g -0,001 [ -0,046|[ -0,064 -0,097] -0,123] 0,037/| 0,030|| -0,069| | -0,01
a) 0) B)

Puc. 5. Kommuiekt Touek Ha 6a30BoM TopIie (a), 00ecTeYMBarOIIUil TOBTOPSIEMOCTb KOOPAUHAT

BepIIUH n3MepsieMoro 3y6a Ne5 no (6) u noce (B) HCTIBITAHUN

Jpyrumu 6a30BBIMH 3JIEMEHTaMU MPHHATHI OMOPHAs IJIOCKOCTh KOJieca M HApY>KHBINA IIHIUHIID,
BBITIOJIHEHHBIH COOCHO OCHOBHOM KOHCTPYKTOPCKOW 0a3e M He TOJBEPKEHHbIH n3HOCYy. HexoTopsie
VU3MEHEHHS ONOPHOM INIOCKOCTH KOJIECA, KOTOPBIE BO3HUKAIOT IIPU HKCILIYaTalluy, JIETKO CKOMIICH-
CHpOBaTh (GUIbTPALMEH N3MEPEHHBIX TOUEK, KOTOPBIE ONPENEIAI0T MOJI0KEHNE JIeTalld B CUCTEME
KoopauHAT MamuHbl. OTOOp ToUueK HEOOXOAMM €IIe U MOTOMY, YTO OTKIOHEHHE OT IJIOCKOCTHOCTH
0a30BOT0 TOpIIA KOJIeca mocie TepMooOpadoTku MoxkeT gocturath 0,5 MM (puc. 5.a), ¥ TOJIBKO BbI-
nieykazaHHasi (UIbTpalus o0ecreyrBaeT NOBTOPAEMOCTb KOOPANHAT BEPIIMH U3MEPSIEMbIX 3yObeB
Ha pPa3HbBIX CTaausAX HU3MepeHud (puc.5.0 u 5.B), 4TO SABIAETCS OJHUM M3 NMPU3HAKOB TOYHOCTHU
MPEIJI0KEHHON METOIUKHU.

BropeiM ycioBueM TS BRISBICHHS XapakTepa W BEJIMYMHBI U3MEHEHHI TeoMeTpuu 3y0a, sBIIs-
€TCsl TIOJY4YEHUE 3HAYCHUH OTKJIOHEHUH OT MOJEIM B TOYKAaX C HEM3MEHHBIM PAaIUyCOM MU OCEBOU
koopauHatoi. Tak kak PowerINSPECT npenocrasisieT BO3MOXHOCTb NMPOBEACHUS U3MEPEHUI B
CEUCHUSIX MOJICNIN TUIOCKOCTSAMH, OBIIIO MPUHATO PEIICHUE U3MEPATh OOKOBBIE TOBEPXHOCTH 3yObeB
B HaNPaBJICHUU XapaKTEPHBIX JIMHUH — POIOJIBHBIX JINHUM 3y0a (puc.6. u 7.), Iexkanmx B MIOCKO-
CTAX, MEPHEHANKYJSIPHBIX OCH Kojieca. Ho, k cokaneHnuto, mpumeHenue manunyiasaropa CimCore
Infinity 2.0 He obecneunBaeT PeryJsipHOTO MO PAJUYCy PACcIOI0XKEHUS TOYEK B U3MEPSEMBIX ceye-
Husx. [TosTomy ObuT pa3paboTaH anropuTM M Ha €ro OCHOBE IMPOTpaMMHOE OOecIieueHue, 1M03BO-
nsitonIee mpeoOpa3oBEIBaTh OTKIOHEHUS OT MOJICH B HEPETYJIISIPHO PACTIONOKEHHBIX TOYKAX, OY-
yeHHBIX U3 ¢aina oru€ta PowerINSPECT, B perynspHslii o paguanbHOW KOOpAWMHATE MAacCHUB, a
TaK e aBTOMAaTU3MPOBATH IpPOLECC 0OpaOOTKH, COMOCTABIECHUS W IMPEACTABICHHS MOIYy4YEHHOU

unpopmanuu [3]. Jmarpammbl, IpeICTaBICHHbIE Ha pUC.6. U 7. TIOCTPOEHBI C HCIIOJH30BAHHEM

YKa3aHHOM POrpaMMBl.
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B cooTBeTcTBHM € NPEUIOKEHHON METOIUKON BBIITOJHEHBI U3MEPEHUS HECKOIBKUX Kouec. [1o-
Jy4EHHbIE Pe3yJIbTaThl (HEKOTOPBIE U3 HUX NIPUBEJEHBI HAa pHC. 6. U 7.) HOATBEPKIAIOT BO3ZMOXK-
HOCTB U Lieiecoodpa3zHocTh e€ mpuMeHeHus. Hanpumep, moBTOpsieMOCTb OTKIIOHEHUH Mocie nepe-
YCTaHOBKH HE BBIXOAUT 3a mpenessl £0,022 mm (puc.6.a u 6.0), 4TO He MPEBBIIIAET MOTPEIIHOCTH

HSMGPHTGHLHOﬁ MallluHBI.
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Puc. 6. IToBTOpsieMOCTb pe3yJIbTaTOB U3MEPEHUS IPOAOIbHBIX JIMHUHN 3y0a COUPOUAHOTO Kojleca

Ha puc. 7. npuBeaeH npuMep U3MEHEHHUs TEOMETPUH TTPOIOIBHON JIMHUM 3y0a KoJjieca mocie

HETIPOAOJIKUTCIIBHBIX HUCHBITAaHUHN MO Hany3KOﬁ.

OrtknoHeHue npoaoabHON TMHUM 3y6a NS (puc.5.0 1 5.B) OT HOMHHAJILHOM
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Puc.7. PesynabTaThl H3MEpeHUI MPOOILHON JIMHUH 3y0a /IO M MOCTIE UCTTBITAHUHA
3akiil0oueHune
PaCCMOTpeHHBIG B pa60Te MCTOAWKU U CXCMbI U3BMCPCHUS MO3BOJIAIOT OIMPCACIIUTL 3BOJIFOIHIO
MHUKpPO- ¥ MaKpOT€OMETPHH KOHTAKTHBIX MOBEPXHOCTEW 3yOhEeB UepBsIKa U KoJieca CIIUPOUTHOH Tie-
penavyu ¢ He0OXOUMOM TOYHOCTHIO. Kpome TOro, HEeKOTOphI€ U3 METOIUK MOTYT MPUMEHSTHCS U B
Opyrux paborax, TpeOYyIOMMX CIOKHBIX U3MEPEHH, HampuMep, B UCCIIECJOBAHUSIX, CBSI3aHHBIX C

BIIMSAHHUEM TepMOO6pa6OTKI/I 50048 I[eq)OpMaI_II/II/I 1 U3HOCa (I)pe?»H Ha TOYHOCTBH CITMPOUIHBIX KOJIEC.
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RESEARCH OF THE K-H-V PLANETARY GEAR DEFORMATION
1. A. Blinov, PhD in Engineering, Ass. Prof., Glazov Engineering Economic Institute (branch) of
Kalashnikov Izhevsk State Technical University, navi84@inbox.ru;,
M. P. Myrykova, Student, Glazov Engineering Economic Institute (branch) of Kalashnikov Izhevsk
State Technical University, myrykova@mail.ru,
A. V. Mogilnikov, Student, Glazov Engineering Economic Institute (branch) of Kalashnikov Izhevsk

State Technical University, a.v.mogilnikov@mail.ru.

Abstract: In order to increase the load capacity of a K-H-V planetary gear it is proposed to use a
layered teeth, which have a higher deformability. A method for determining flexibility of layered
teeth meshing is developed. The dependence of the load distribution between pairs of layered teeth

from the gear parameters is established. Recommendations for rational design of K-H-V gears are
offered.

Keywords: planetary gear, tooth deformation, load distribution

WCCJEJOBAHUE JE®OPMATUBHOCTH INIAHETAPHOM IEPEJIAYHA K-H-V
U. A. Brunos, kanouoam mexHu4eckux Hayx, ooyenm, I 1a306CKutll UHNICEHEePHO-IKOHOMUUECKUL
uncmumym (punuan) PI'BOY BIIO «Voncl TY umenu M. T. Kanawmnuxosay, navi84@inbox.ru;
M. I1. Muipvikosa, cmyoenmxka, I 1a308CKUll UHHCEHEPHO-IKOHOMUYECKUL uHcmumym (guauan)

OI'bOY BIIO «HncI['TY umenu M. T. Kanawnuxosay, myrykova@mail.ru,
A. B. Moecunvruxos, cmyoenm, I 1a308CKuil UHHCEHEPHO-IKOHOMUYECKUL UHCMUmym (¢huiuan)

@I'BOY BIIO «UoncI'TY umenu M. T. Karawnuxosa», a.v.mogilnikov@mail.ru

Annomayun: B 1ensx NOBBIIEHUS HArpy304HOW CIOCOOHOCTH IuTaHeTapHOW mnepenaun K-H-V
MPEJIOKEHO HCIOIb30BAaHUE CIOCHOTO 3y0a, 00JIafaloIiero MOBBIIIEHHONH Ae(OPMaTHBHOCTBHIO.
Pa3zpaboTtana meTroauka ompeaeneHHs MOJATIMBOCTH 3alEIUICHHUsS CO CIOEHBIMU 3yObsMu. YcTa-
HOBJICHBI 3aBUCUMOCTH paclpeiesieHNs] Harpy3KH B Mapax CIOCHbIX 3yObeB OT MMapaMeTpoB Nepea-
yy. J[aHBl pEKOMEHIALUH 110 PAMOHAIIBHOMY KOHCTPYHpPOBaHHUIO nepenay K-H-V.

Knrouegvie cnosa: nnanerapHas nepenada, 1e(opMaTHBHOCTE 3yObEB, paclpee/ieHHe Harpy3KH

BBenenune

Iupokoe pacmpocTpaHeHHE B MAIIMHOCTPOSHUH MOJIYYHIN 3yOuaThle MIaHeTapHbIe Iepeaay.
Ocoboe MecTo cper MIaHEeTapHbIX Mepenad 3aHuMaroT nepenayn tTuna K-H-V, cornacuo kmaccu-

¢ukamuu pod. Kynpssuesa B.H. [1], mpencraBneHHble Ha pucyHke 1.
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Puc. 1. Cxema nnanerapHoi nepenauu tuna K-H-V

Takas nepenaya COAEp>KUT OBICTPOXOIHBIN HKCIEHTPUKOBBIN Baj - BOAWIO H, Ha SKCHEHTPUIHO
PaCIOIOKEHHOM 1IeiiKe KOTOPOro, Kak Ha OCH, PACIOJIOXKEH CAaTeIIUT g, HEMOJIBHKHOE KOJIECO C
BHYTPEHHUMU 3yObSIMU €, MEXaHU3M BOCIIPHUATHSI MOMEHTa V.

Manas pasHuna 4ucen 3yObeB caTe/uIuTa U Koneca AZ 00yCclIaBIuBaeT CyIIECTBEHHOE IPEUMY-
IICCTBO IMCpCaad JaHHOI'O THUIIA NCPEA APYTUMU IUIAHCTAPHBIMU aHAJIOTaMH — INOBBIIICHHYIO HArpy-
309HYI0 CIIOCOOHOCTH 3ameruieHus. [lepegada obnamaer ManbIMU 3a30paMH B mapax 3yObeB U B
ciydae, eciii m3ruOHas nedopManus 3yObeB EHTPATBLHONW Taphl MO HArpy3KO# MPEBBIIIACT 33a30-
PBI B PSAOM PACIONOKEHHBIX MapaxX, OHU BCTYHAalOT B pabOTy M HAaYMHAIOT MepeaaBaTh 4acTh 00-
el Harpy3ku U AeQOopMHpPOBATHCS COBMECTHO C IEHTpaidbHOW. Takoe mepepacmpeneneHue Ha-
TPY3KH MOJIOKUTEITHFHO CKa3bIBACTCS HA HECYIIEH CIIOCOOHOCTH TIEPEIadyH B LIEJIOM.

Jlis yaeta addekra nepepacnpeiesieHuss Harpy3KH P pacyeTax rmepeaad uCciaeayeMoro TUIa,
B (OpMYJIBI sl ONpeAeNeHUs] U3rMOHBIX U KOHTAaKTHBIX HAMpPsDKEHUN MPENsioKEeHO BBECTH KO3(-
(ULEHT MHOTONAPHOCTH A

F
ﬂ’ — max 1
. (D

o0y
rac Fmax - CUJIa B 3alICIJICHUH ITapbl HanboJee HarpyKCHHBIX SYGLGB; F06m — O6H_[aﬂ Harpyska, Iic-

penaBaemasi BCeMHU IapamMu 3yObeB B 3allCIUICHHUH.
Jlnis TIOBBILIEHUsT HArpy30YHON CIIOCOOHOCTH Iepeaud HeOOXOAMMO CTPEMHUTbCS K yMEHbIIe-
HUIO K03((HUIIMeHTa MHOTONIAPHOCTH 32 CUET yBEJIMYEHUs 1e(hOpMaTHBHOCTH 3yObeB MEpeayu.
[ToBBICHTH NeOPMATHBHOCTH MOYKHO PA3IMYHBIMH CITIOCOOaMU, HaIIPUMED, 33 CUET BBITOTHEHHS
3y0a TpeXCIOWHBIM (pHUC. 2), MyTeM HU3TOTOBJICHHS IMa3a B 3yOe W BCTABKU B HETO IIacTUHBI. Ecimn
CJIOM MEXIy co00i He CBsI3aHbl U CHUJIBI TPEHUS MEXKy HUMU Majibl, TO K&K U3 HUX JePOpMHU-
pyercs Kak oT/AebHas 0ajika, UMEIOIIas CBOM HeUTpainbHBIN cioil. [Ipy 3TOM MOMEHTHI UHEPIIUH U

MOMEHTBI COMPOTHBIICHHUS TPEX HE3aBUCUMO JIPYT OT Apyra IehOopMHUPYIOMUXCS 0aloK TOIDKHBI
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OBITH MPOCYMMHUPOBAHbI. DTOT MyTh HanboJiee ONTUMAJIEH B IJIaHE 0OecreueHus] HanOobIIeH Mo-

AATIUBOCTHU IIPHU HEKOTOPOM CHMXKCHHU COIIPOTHUBJICHUA ceueHnH 3}’63 I/I3FI/I6y.
I = Oy

*>I w
A
Puc. 2. 3y0 ¢ muiacTuHYaTON BCTaBKOM

Lenpro ucciieIoBaHMs SIBIIICTCS ONPEACIICHUE BIMSHUS TCOMETPHH CIOCHOTO 3y0a Ha K03 du-
LIMEHT MHOTOMApHOCTH IMepelayd U BBIBOJ PEKOMEHAALNN AJIsl €€ MPOEKTUPOBAHUS C HCIIOIb30Ba-
HHUEM CJIOEHOTO 3y0a.

1. MeToauka uccjae10BaHus

ba3oBoil MeToaMKON OompeneNeHrs CUil B apax 3yObeB UIsl MPOBOJAMMOTO MCCIICIOBAHUS SIBJISI-
eTCsl CleAyIomasl.

I'eomerpus 3anemnenus omnpenensercs corsacHo ['OCT 19274-73 ¢ o0s3aTenbHOM MPOBEPKOiA
Ha MpeAMET OTCYTCTBUS MHTephepeHunu npodueii 3yoses. [Ipu HeobxoauMocTH 3y0 yKkopaunBa-
eTcs. Jlanee paccUMTHIBAIOTCS 3a30pbl MEXKIY 3yObsIMH KOJIEC CJIEBa U CIIpaBa OT Mapbl COIpsTae-
MBIX 3yOBEB COTJIAaCHO METOJIMKE, M3NIoKeHHOU B [2]. Tlociie BeUMCIEHUS 3a30POB COCTABISIOTCS
ypaBHEHHUs COBMECTHOCTU nedopmariuii 3yObeB, UMEIOMUX oOmui Bua (2), IO KOTOPBIM OIpe/e-

JIAIOTCA KOJIMYCCTBO I1ap SY6BGB HECYHIUX HAI'Py3KYy U paclpCACIICHHUEC CUJI B OTACIIbHBIX Iapax.

P, =38b,c,

P =(0B-A_)b,c,
P =0@-A_)b,c,
............................ , 2)
P, =(-A_)b,c,
P_,=0@-A_,)b,c,

P, +iPi +in =T, /..
i=l =1

IJIE C — KECTKOCTh 3allemuieHus, O - nedopMaius naphl 3y0beB, Te — MOMEHT Ha KOJIECE C BHYTPEH-
HUMU 3yObSMH, T, — PAIMYC OCHOBHOM OKPY>KHOCTH KoOJieca C BHYTPEHHUMU 3yObsamu, P - cuiibl B

napax 3yObeB, 1, ] — IOpsAIKOBbIE HOMEpA Map CIIpaBa U ClieBa OTHOCUTEIbHO LIEHTPAIbHOM.
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Takol MOpSAIOK ONpeNeseHus] CHII IPUMEHUM JUIS IIeTTbHOTO 3y0a. B Hamem ciydae, mpu uc-
MOJIb30BAaHUU CIIOEHOT0 3y0a, HEOOXOJUMO YCTaHOBUTH CBSI3b MOJATIMBOCTH 3yObEB C UX F€OMET-
pueil. st aToro 3y0msi carenura M Koseca ObLIM PacCMOTPEHbI KaK KOHCOJbHO-3aKpEIJIeHHbIE

Oanku, mepeMenIeHuss KOTOPBIX OBUIM OmpeseNieHbl MeTo oM Mopa 1mo oOIen3BecTHOM GopMmyiie

3).

[ pysoboe cocmosHue & ~/ py3oboe cocmosHue
7/ P /
z | |
- J & 0 -7
M M
e \
R, 2
r
g P T
L] YgU P
r@ .

Folumuaroe cocmosHue

7
0 J =
\//

Tt

FouHuHoe CocmosHue

X

53

'

150 A

Iy

Puc. 3. Cxembl HarpyxeHus 3yObeB IIEHTPAIBHOMN Maphl

M, (2)-M(2)
o ZI R @

rae My(z), M. (z) - pyHKIIMOHAIBHBIE 3aBUCUMOCTH M3THOAIONIMX MOMEHTOB OT MPOJOJBHON KO-
OpAMHATHI CEYEHHS B HAIPY’)KEHHOM COCTOSIHUU U B €IMHUYHOM, JUISl LEHTPAJIbHOU Iapbl COOTBET-
CTBEHHO (puc. 3)

M, (z) = Pzcosy,, —0.5PS,,, siny,,, M, (z) =Pzcosy,, —0.5PS; ,siny,,

M (z) = 2c0sY,, —0.58;,,siny,,, Mi(2) = zcosy,, —0.5S,., 507, ;

SRgO , Sgeo - TOJNIIMHBI 3yObEB B CEYEHUAX C MPOJOIBHON KOOPIHUHATOH Z, ONPEIEISIOTCS COrNIACHO

I'OCT 19274-73, E — Moayiip yIpyrocTu NEPBOro poja;
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Ix(z) — 3aBUCHMOCTP MOMEHTa HMHEPLIHH CEYECHUH CIOCHOTOo 3y0a OT MPOJOJBHOW KOOPIWHATEHI,

I (z)= tl)—; h’ +w (cMm. puc. 2);

Yg0> Yeo - YIUIbI HAKIIOHA JIMHUM JEHCTBHA CUIIbI B 3ALEIUVICHUH K MONEPEYHOMY CEUCHHUIO 3yObeB

caTejuiuTa U MULUKIA, (CM. puc. 4),
2 2
2r, =S,

U3 LHTPATILHOM MaPBL Yy = {g0Ly, — 180L,, + a,, +—arccos —gz e
I
ag

ae ae

Yeo = 180, — 8O, + O, +§arccos —

Vog

% Ofgg

Y

Ay
5

¢

NS

G
Puc. 4. K onpenenenuto yrioB y
3y0Obs caTelmMTa U Kojieca IpH Mepenade Harpy3ku 1eOopMUPYIOTCS COBMECTHO, MTOITOMY 00-
mas u3rubHas nedopmanys HEHTPaIbHOM Haphl onpeenseTcs CyMMON IBYX MHTErpaioB (3) - s

carcjliura U KoOJIiecCa. HOJ'Iy‘II/IM JAOBOJIBHO CJIOKHYIO JJII HCIOCPCACTBCHHOI'0O HMHTCTIPUPOBAHUA
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(dbopMyITy, pelIeHne KOTOPOH MOXKHO HAWTH NMPHUOIMKEHHO, 3aMEHUB MHTETPAJl CYMMOH TIIOMIaaeh

o Rg Ty L, —R,
Hp}IMoyFOHLHI/IKOB H_H/IpI/IHOI/I AZg = —— JJId CcaTCJlJInTa U AZe =—— IJId KOJECa, I'AC N —
n n

KOJIMYCCTBO JJICMCHTAPHBIX IPAMOYI'OJIbHUKOB, U BBICOTOﬁ, OHpC,[[CJIHCMOﬁ HO,HBIHTCFpaHBHOﬁ

¢yHKIMel. 3aMeHUM MHTETPUPOBAaHNE CyMMHUPOBAHUEM, BEIHECEM CHITY B 3alleIUIEHUH P 1 mmpuny

P
3yOuaroro BeHIa by, 3a CKOOKHM, TeM CaMbIM NpuBeAeM GopMyiy K BHIY O = 5o’ yAOOHOMY ISt
c

w

HCIIOJB30BaHUA B COCTaBE CUCTCMbI ypaBHCHI/Iﬁ (2) Torpa noaTIMBOCTh I.[eHTpaJIBHOfl Iapbl

1 48| (Zk 08749 — 0.5, sin yg0)2
- n Z Az, +
k=1

, 0,5t+2x tana . . b
4h° +| 2(R, -z,)| —————— +invo.—inv| arccos ——=—— | |=h
z, 2R, -z,)
] )
n 1 2
+ (Zm 087,y —0.58g, Smyeo) Az, |,
m=l 0,575—2)(g tano. | . be
4h” +| 2(R, +2z,) ——— —inva +inv| arccos———— | |—h
. 2R, +z,)

AHAJOTUYHO BBIBOJUM (DOPMYJIBI JIUISL OTPEICIICHUST KECTKOCTH map 3yObeB cieBa (6) u

cripaBa (7) OTHOCUTEILHO IIEHTPAIBHOM.

n z, cosy, —0.5S_siny_ |
1_48 Z (k Vi rgj ng) Az +
¢ E|ic g
k=l 0,5t +2x, tanar . Ty
4h” +| 2(R, —2z,)| ————— +inva —inv| arccos——— | |- h
z, R, -z,
- - (6)
n - . 1 . 2
+ (Zm COSY; O'SSRel SIHYSI) 3Azej ,
m=l 0,5t —2x, tana ) Ty
4h” +| 2(r,, +z,) ——— —inva +inv| arccos——— | |—h
z, f.+2Z,

[Tocne cocraBnenus cucreM (2) 1 omnpeaereHus: CUII B mapax 3yObeB MOXKHO OMPEIEITUTh KO-

¢unmeHT MHOronapHocTH no dopmye (1).
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1 48| (Zk cosy, —0.5S,, sin ygi) A
c - E Z 3 Zg‘ +
= 0,57+ 2x, tana . Iy,
4h” +| 2(r,, —z,)| —————— +inva —inv| arccos——— | |—h
I z, L, —Z N
. 2
+ N (Zm Cosyci _O'SSRci Slnyci) ;AZ s

m=l 0,57:—2)(g tan o
4h” +|1 2R +z, )| ——
+z

T
. . b,
—1mva + 1nv(arccos —x J —h
m

Zy

ei
2. YcTaHOBJICHHBIE 3ABHCHMOCTH

Pacuer koaddummenTa MHOronapHOCTH OBUT aBTOMAaTU3UPOBAaH B CHCTEME KOMITBIOTEPHOU all-
reopsr MathCAD. Ilpu momomm co31anHON MporpaMMbl OBUTH TIOCTPOEHBI TPAadUKH 3aBUCUMOCTH
A OT Harpy3Ku U F€OMETPUYECKUX IapaMeTpPOB Iepeaad ¢ LEeJbHBIM U CIOeHBIM 3yOoM. [IpuBenem

HCEKOTOPBIC U3 HUX.

a) }-, 6) ),b
02
L ]
06 + /
- L ] "
o
0.4 2 o i
H m am NS am o g gn am S
.n""-b
';'o P
0.2p 0z
0 1]
20 20 a0 30 20 a0 a4 0
- (a)
e (°) Oy (°)

Puc. 5. I'pauku 3aBucumoctu M0y ): a — ipu Az =2 (mE/W =291);
6 —1pu Az =3 (mE/W =436); ®ee - 3nauenus M(0y) 1JIs IEPEAAYN C HETHHBIMH 3yObSIMU; ==
- KpUBasi, alllPOKCUMHUPYIOIAst 3HAUCHUS A(0ly) JUIS TIepeAayuu C [EeTbHBIMU 3YObsMU;
©OO - paCCYMTAHHBIC 3HAYCHUS A0y ) IS TIEPeJavui C COCTAaBHBIMU 3yObsMU;

= = - KpUBas, AaMPOKCUMHUPYIONIAst 3HAYCHUS A(0ly) JUTS TIEPEIavu C COCTaBHBIMH 3y ObsIMU

3akiroyenune

[IpoBeneHHOE WCCIEeIOBaHME MOKAa3bIBAET, uTO Hambosiee 3(h(eKTHBEH Mepexoa C IEITbHBIX
3yObEB Ha COCTaBHbIE MPHU OOJIBLIMX 3HAYEHUSAX 4Kced 3yObeB KoJieca U ONTUMAJIbHOW pa3HHIE B
yuciax 3yobeB konec Az =2. Ilpu Az =1 u o, = 45° IpuX0oANUTCS 3HAYUTEIBHO YKOPAYUBATh 3yObs,

npeaoTBpaas MHTEp(HEepeHLnIo, YTO HEAOMYCTUMO YMEHBIIACT KOA(PPHUIMEHT MEePEKPhITUS U Of-
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HOBPEMEHHO YBEJIMYMBAET 3a30pbl B mMapax 3yObeB. CocTaBHbIC 3yObsl 11EI1€CO00Pa3HO HMCIOJIB30BATh
npy OOJBIINX MepeaBacMbIX Harpy3kax. ToJIIMHA TIACTHHYATON BCTABKU JIOJDKHA BBITOIHATHCS T10
BO3MOKHOCTH OOJIbIIIEH, HO HECKOJIBKO MEHBIIIE TOJIIMHBI 3y0a Ha OKPY>KHOCTH BEPILMH.

[Ipu pOEKTHPOBAHUU TEpPEeNaYl CO CIOCHBIMH 3YObsIMH HEOOXOIUMO YUYUTHIBATh, YTO CIIOXK-
HOCTH M3TOTOBJICHUS 3yOUaThIX KOJIEC BO3PACTAET C yMEHbIICHHEM Moayis 3y0a. [ToaTomy neneco-

0o0pa3HO Takue 3yObsl MPUMEHSTH B KPYITHOMOTYJIbHBIX TIepeavax.

a) % 0)
02 08
===z -
06 06 '”"*"“"’“737&-?2‘.—-
ST o
‘ﬁ-——-
040 e w—— :
R 7 s Xy Teened "
02 02
U 02 04 06 08 I 02 04 06 02
h/m h/m

Puc. 6. I'paduku 3aBucumoctu A(h/m): a — nipu i, = 30°; 6 — nipu oy, = 45°;
eee - 3gauenus M h/m) npu Harpyske mE/W =698 ;
s _ KPHBas, ANNPOKCUMHpYIoLIas 3HaueHust A( h/m) npu Harpyske mE/W =698 ;
©00 - paccuntannble 3Hauenus A(h/m) npu Harpyske mE/W =349 ;
= = - KpUBasl, aNpoKcuMupytomas 3nayenus A h/m )npu Harpyske mE/W =349 ;
+ + + - 3nauenus M h/m) npu narpyske mE/W =232;
* & o o - KpUBAsl, ANNPOKCUMUPYIOmIast 3Hauenus A(h/m )npu narpyske mE/W =232
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PLANETARY GEARS WITH FLEXIBLE LINKAGES
L. A. Borisenko, DSc in Engineering, Professor,

Belarusian-Russian University, Mogilev, Republic of Belarus

Abstract. The article deals with the principles of construction, some elements of the theory, general
classification of planetary gears with flexible linkages and some experience of construction of such
elements. Flat belts, multiple V-belts and toothed belts as well as different chains are used as
flexible linkages. This is a new, unstudied class of planetary gears in addition to existing planetary
gears with toothed wheels and wave gearings.

Keywords: flexible linkage, planetary gear, gear ratio

INJIAHETAPHBIE MEXAHU3MbI C TNBKUMHA CBA3AMU
JL.A. Bopucenko, 0-p mexu. nayx, npog., benopyccko-Poccutickuii ynueepcumem,

Pecnybnuxa benapycw

Annomayun. B cratbe u3NAraroTCs MPUHIUIBI MOCTPOCHHUS, FJE€MEHThl TEOPUH U MPUBOJUTCA
oOmias kiaccuuKanus TUIAHETAPHBIX MEXaHU3MOB C THOKUMH CBSI35IMH, & TAK)KE HEKOTOPBIA OIBIT
KOHCTPYUPOBAaHUSI TaKMX MEXaHM3MOB. B kauecTBe THMOKMX CBSI3€ HCIONB3YIOTCS IUIOCKHE,
TIOJIMKJIMHOBBIC U 3y0YaThle peMHH, a TaKXKe pa3In4yHble BUJBI LIeTeld. DTO HOBBIN, HEM3yUEHHBIH
KJIacC  IUIAHETAapHBIX MEXAaHWU3MOB, 3aHUMAIONIMH MECTO B O0OmEM psIy C HW3BECTHBIMU
MJIaHETaPHBIMU MEXaHU3MaMU € 3yO4aThIMU KOJIECAMHU U BOJTHOBBIMHU TNE€peadamMHu.

Knroueevie cnosa: ruOkas CBA3b, INTAHETAapHasd 1nepeaada, rnepeaaTouyHoc OTHOICHNEC

Crneunduyeckne TpeOOBaHUsA, TPEABSIBISIEMbIE K MPUBOJAM MEXaTPOHHBIX YCTPOMCTB,
00yCIJIOBIMBAIOT HEOOXOJUMOCTh IMOMCKA HOBBIX MEPENaTOUYHBIX MEXaHU3MOB, OCYILECTBISIOLINX
nepenavdy U npeoOpa3oBaHKE IBUXKEHUS OT YIIPABIISIEMbIX 3JIEKTpoABUraresieil. B aTom oTHoeHuu
MPEACTABISIET MHTEPEC U3YUYEHUE BO3MOKHOCTH HCIIOJIb30BAaHUS HOBOTO BUJA MEXAaHU3MOB -
IUTAHETapHBIX MexaHu3MOB ¢ rubkumu cBs3smu (IIMI'C). B mepemaue HABWKEHUS Y4acTBYET
00JIbIIIOE YHCIIO 3JIEMEHTOB, YTO BHOCUT KaUECTBEHHbBIE U3MEHEHUS B Mpoliecc (PyHKIMOHUPOBAHUS
repeaadm. ITOT KJIACC MEXAaHU3MOB 3aHUMAET MECTO B PsAJly U3BECTHBIX IIJIJAHETAPHBIX MEXaHU3MOB
c 3yOyaTbIMH KoJecaMH U BOJHOBBIX Tmepenad. IlpencraBieHHBbIE B cTaThe MaTepHal
CHUCTEMAaTU3HUPYET YK€ HAKOIUICHHBIHN OIBIT CO3AaHMUs TAKUX MEXaHU3MOB.

OcHoBHBIE pe3ybTaThl HccienoBanus u papadbotku [IMI'C uznoxens! B craThsix aBropa [1, 2,
3, 4]. llpenyoxxeHHbIe cXeMbl 3amuiieHsl mareHramu Pb [5 — §].
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W3BecTHBI MOMBITKU CO3/IaHUS TIEPEAATOYHBIX MEXaHU3MOB, B KOTOPBIX HCIOJB3YIOTCS THOKHE
CBSI3H, OJTHAKO MEXaHU3MbI TAKOT'O THIA UMEIOT OTPAHUYEHHBIN JMana3oH MPUMEHEHHUS U PellaoT
yacTHele crenuduyeckue 3anayu. llupokoe mpu3HaHWE MOMYYHIM TaK Ha3bIBa€MbI€ BOJIHOBBIC
nepenayn, KOTOpble HAapsIy C PAIOM JOCTOMHCTB OONANalOT OINpPEeACICHHBIMUA OTPaHUYCHUSIMHU.
PaccmarpuBaemblil 37€Ch IMJIAHETAPHBIM MEXaHM3M MOXET OBITh OCYLIECTBIEH C JHalla30HOM
nepenarounbix oTHomeHud 40 — 80, KOTOPBI HENB3s peain30BaTh B BOJHOBOM Mepenadye HU3-3a
CIUIIKOM OonbIIuX AedopManuii THOKOTO KoJeca.

B ocHoBe 00pa3oBaHus IJIAHETAPHOTO MEXaHHM3Ma C TMOKON CBS3BIO JICXKHUT OObIUHAS PsIOBAs
nepefada ¢ TUOKoi cBs3pi0. CriocoO mpeoOpa3oBaHUs PSIOBOIO MEXaHU3Ma C THMOKOW CBSI3bIO B
IJIAaHETAPHBIA aHAJIOTHYEH CIoco0y mpeoOpa3oBaHUs OOBIYHOW PSAOBOM 3yO4aTod mepenadd B
TUTAHETapHBIA MEXaHU3M: €CITU CTOMKE PSAAO0BOM Meperadd COOOIIUTh BpallleHHe BOKPYT OJTHOTO U3
KOJIeC, MMPUHATOTO 32 HEMOABUKHOE, — MOJIyYUM IUIaHeTapHyto nepenavy. Ha pucynke 1 mokazaHbl
JIBE CXEMBI Iiepeiad ¢ THOKOW CBSI3BIO — psIOBasi U 00pa3oBaHHAs M3 Hee IJIaHeTapHas Iepeaadva.
Ecnu mpuaath cToiike psAaoBOM Mepeadu ¢ THOKOM CBS3bI0 BpallleHHE BOKPYT OCH 3BE3/I0YKHU 1, TO
3Be37j0uKka 2 Gnarojmapsi THOKOI CBS3M MOJYYHUT BpallleHHE, a CTOWKA PSAIOBOM Mepeaadyn ¢ TMOKOM
CBs3bI0 TpeBpaiaercs B Boauiao H. [lanee BpaiieHue 3Be3I0YKU 2, YK€ paccMaTpUBaEMOM Kak
CaTeJUINT, CcleAyeT IMepenaTh BBIXOJHOMY 3BeHy MexaHu3Ma. [lepenarouHoe OTHOIIEHHE
MOJYYEHHON Mepeaadyu OINpeneseTcsi OTHOIIEHHWEM YIVIOBOM ckopocth Boawina H k yrioBoi

CKOpPOCTH CaTCJllIuTa 2.

Pucynok 1. Cxema IIMI'C u conmyTcTByIOLIEH €My psIOBOM NIEpeIadn

DTy CcXeMy MOXKHO paccMaTpuBaTh KaK HEYTO CPEJHEE MEXKIy BOJHOBBIM U IUIAHETAPHBIM
MexaHu3MoM, 1o OTHOIIEHWIO K HUM MEXaHH3M OO0JIaZaeT PSIOM IIOJIE3HBIX CBOWCTB. ABTOD
oIpesieNsieT 3Ty CXEeMy Kak IUIaHEeTapHylo nepenady ¢ rMOkoil cBA3bto. OCHOBHBIM aKTUBHBIM
JJIEMEHTOM €€ SIBJsIeTCsl TMOKas CBsI3b, OXBATHIBAIOIIAs MPUMEPHO TMOJIOBHHY JHAMETpa IIKUBA U
MOKOsAIIasiCd Ha HEM. DTHM OHA OTIMYAETCA OT THOKOM MeTaIUTMYeCKOW 000JI0YKH, UCTIOIb3YEMOM B
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BOJIHOBBIX IN€peladyax, KOHTAKTHPYIOIIEH TOJBKO HEKOTOPOW 4YacTbl0 M HENpPEPHIBHO
nehopMUPYIOIIEHCS.

MHorna BbICKa3bIBaeTCs MHEHHUE, YTO 3TO BOJIHOBAs INepefaya ¢ OAHON BOJIHOM aedopmarum.
OpnHako, OCHOBHBIM IIPU3HAKOM BOJIHOBOM IE€peayy, OTIIMYAIOLINM €€ OT IUIaHETapHOW, CYUTAETCS
OTCYTCTBHE 3BEHBEB C IIaHETapHBIM ABMkeHHeM [10]. B paccMarpuBaemoii mepegade B SBHOM
BHJIE MPHUCYTCTBYET CATEJUIMT C IUIAHETAapHBIM ABMKEHHEM. Kpome TOro B BOJHOBOHM neperade
UMeeT MeCTO IepeMelleHre 3yobeB 1Mo BbicoTe, B TO Bpems kak B [IMI'C koHTakTHpyloye 3yObs
MOKOSTCS Ha ayre o0XBara.

[IMI'C moryT OBbITh OCyIIECTBIEHBI BO (PUKIIMOHHOM BapHaHTE U B BapUAHTE C 3allCIUICHUEM
MIOCPENCTBOM 3yObeB. B kauecTBe IMOKHMX MOTYT HCIOJIb30BaThCS IOJIMKIMHOBBIE U 3yOuaThle
PEMHH, a TakXkKe 3yOuaThle U IUIACTUHYATHIE LIETIH.

[IMI'C sBnstoTCA anpTEpPHATUBOM BOJIHOBBIM I€pefadaM M OTJIMYAIOTCA OT HUX OT PSAOM
npeumyniects. [IMI'C oTnnyaroTcssi IpoCTOTOM YCTpPONCTBA M IIMPOKUM CHEKTPOM BO3MOXKHOIO
npuMeHeHus. B psne citydaeB Takue nepegadn He TpeOyOT CMa3KU U MOTYT OBITh OCYIIECTBIIEHBI C
HCIIOJIb30BAHUEM BBICOKOIPOYHBIX IMOJIMMEPHBIX MAaTEPUATIOB, YTO CHUXKAET MX MATEPHAIOEMKOCTb
U CTOUMOCTb U3TOTOBJICHUSI.

[IpencraBnenHass Ha pucyHke | cxema CIyXUT JUIsl TOSICHEHUS NpUHIUIA 00pa3oBaHUs
IUTAHETApPHOTO MEXaHW3Ma C TMOKOH CBA3bIO U HE MOXKET ObITh HCIIOJIb30BaHA Ha IPAKTHKE B
KAauecTBE PEAyKTOpa IpHU NPEACTABICHHBIX HA PUCYHKE OTHOCUTEIIBHBIX pa3Mepax 3BEHBEB H3-3a
60sb1IOr0 MexoceBoro paccrostuua. CyTh OCHOBHOHM Hjew, 3amuuieHHoi mareHToM Pb N4493 u
OTpeAeNUBLIEH BO3MOXKHOCTh CO3J@aHUSI TaKMX MEXAaHU3MOB, COCTOUT B TOM, YTO MEXKOCEBOE
paccTosiHue MexXIy 3BeHbsMM | u 2 (;anuHa Boawna H) yMeHbIIEHO 1O MHMHUMAJIBHOTO
9KCLEHTPUCHUTETA, KOTOPOTO MOXHO IOCTHUb, €CJIM 3BE€Hbs 1 U 2 HAXOAATCS B Pa3HBIX IJIOCKOCTSX,
a 3BeHO | BBINOJHEHO U3 JIByX YacTei, 4To oOecrneynBaeT pPaBHOMEPHOE HArpyXeHue TuOKou
CBSI3H.

MexaHu3M ¢ THOKOH CBSI3bI0 MOXKET UMEThH JIB€ MOAM(DUKALMK: C BPALIAIOIIUMCS CaTEeIUINTOM
(cxema a) M ¢ caTeUIMTOM, COBEPIIAIOIIMM KPYroBOE IMOCTyHAaTelbHOE JBHUXKEHUE (cxema 0) Ha
pucyHKe. J[Be MogudHUKaIMKU STHX MEXaHU3MOB U UX OCHOBHBIC XapaKTEPUCTUKU MPEICTABICHBI Ha

pucyHke 2. bomblliee npakTHuecKoe 3Ha4eHNne NMEET CXeMa a.
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LR s DopMyJIa fepeaaToIHOTO
Cxema MexaHu3Ma | 3yGbeB | HATOYHOTO o P
Konec | OTHOLEHHS HotenuA
Ly <2y i<0
1= l/(l'ZI/ZZ) a)
Za>7, i>0
|L.T..;|_
Y, i Z,<Z, i=0
..
! 0)
i=1/(1-2,/27,)
=
>7 i<0

Pucynok 2. J/IBe Mogudukanuy IByXKOJIECHON CXEMBI INIAHETAPHOTO MEXaHU3Ma

C THOKHMMU CBSI3SIMH

I'paduku 3aBUCHUMOCTH NEpeNaTOUYHOrO OTHOLIEHMS IUIAHETApHOM Mepefayu ¢ THUOKOM CBSA3BIO

OT OTHOIIICHHMSI YUCEIT 3yOhEB UMEIOT XapaKTEPHBIN BUJ] TUIIEPOOIIBI (PUCYHOK 3).

Pucynok 3. I'paduk 3aBucumMocTu nepenarodnoro orHomenus [IMI'C

OT OTHOIICHHS YHceN 3yOheB IIKUBOB Z1/Z2 (as1si cXeMbl a Ha pUCYHKE 2)
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3nech 0003HaueHO: Z1 - yucio 3yObeB HEMOJBUKHOIO IIKKUBA, Z2 — YUCIIO 3yObEB caTeUINTA.
W3 ananuza rpaduka ciaeayer, 4To y GyHKIHUH, TIPEICTABICHHON Ha rpaduke, UMEETCsS aCUMIITOTa
npu 3HadeHuu Z1/72=1 u nepenaToyHOe OTHOIICHUE B 3TOW TOYKE CTPEMUTHCS K OECKOHEYHOCTH.
Du3nYecKu 3TO 0O3HA4acT, YTO IPHU PaBCHCTBC YHUCCII 3YGBCB HCTIOABMOKHOI'O M IIOJABMIKHOI'O IIIKHUBA
IIpyu BpallCHWH BXOAHOTO BaJia BLIXOZ[HOﬁ BaJI HCIIOABUKCH. B Takom ClIy4a€ TOYKM Ha IOKHUBC -
caTeJUTUTe IBUXKYTCS TI0 KPYTOBOM TPACKTOPHH, a CaM IIKWB COBEPIIACT JBIKEHHE 0€3 TOBOPOTA —
KpYroBoe IIOCTyNarelnbHOe JBWKeHWe. [lpu mepexome uepe3 Touky Z1/Z2=1 mnpoucxomaut
HU3MCHCHHUC HAIIPABJIICHHWA BpallCHHUA BbIXOJHOI'O BaJia. AHaJIOTUYHLIN BUA HUMECT rpa(l)mc
nepeaAaTOYHOIO0 OTHOIICHUA AJII MEXaHHU3Ma CXEMBI 0.

B03MOXHBI JIBE€ CXEMBI pealu3alliyl IUIAHETAPHBIX PEAYKTOPOB C THOKOW CBS3BIO: C ABYMS
3BE3/I0YKAMU M C YETHIPbMsI 3Be30ukaMu. (Bo3MokeH nake BapHaHT MCIOJIHEHUS pEAyKTopa C

OJTHOM 3BE3/IOYKON U YCTPOHUCTBOM yAEpkKaHH THOKOU CBSI3U OT TOBOPOTA).

£ L 4

f

C
‘_/

@@

={h
B
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Pucynoxk 4. Cxema [IMI'C ¢ nByms Pucynok 5. Cxema I[IMI'C ¢ ueTslpbMs
3BE370YKaMU 3Be37j0uKkaMu (yCI0BHas cxema 0e3 pa3JeseHus

3BE37I04YEK Ha JIBE MTOJIOBUHBI)

B cxeme ¢ yeThlppMs 3Be3l0YKaMH (PUCYHOK 5) caTeIUIUT BBIMIONHEH C JBYyMS 3yOuaThIMU
BEHI[AMH C YHUCJIaMH 3yObeB Pa3INYAIONIMMHCA HA OJUH 3y0, KpOME TOrO MMEETCS HEMOJBMKHAsS
3BE€3/104Ka, 3aKPETUICHHAs B KOPILyCe, U MMOABUKHAS 3B€3/1049Ka, YCTAHOBIICHHAsI HA BBIXOJAHOM Bally.
BxonHeiM 3BeHOM siBisieTcst Boawiio. HermoaBuxkHas 3B€3/104Ka M MepBas 3BE3/04YKA HA CATEIIUTE
pasnuyaTcs Mo YHCTy 3yOheB Ha OJUH 3y0 M OXBadyeHbl MPUBOJHON LIETbIO, BTOpas 3BE3/I0YKa
caTeJluTa U 3BE3/I0YKa Ha BBIXOJAHOM Bally TaKXKe pa3inyaroTcs MO YHCIy 3yObeB Ha OJHH 3y0 U
TaK)K€ OXBadeHbI Llenblo. Yncna 3BeHbeB 00eux Lened pa3inyHbl U Ha €AUHHUIY OOJIbILIE YHUCEN

3yObeB HaMOOJIBIIUX 3BE3J0YEK B CBOMX BeTBsiX. (O0e Menu HWMEIT OJIWHAKOBBIM IIIar.
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Obs3arenpHOE TpeOOBaHHE UISI CYIIECTBOBAHUS MEXaHHU3Ma - MEKOCEBBIE PACCTOSHHS B 00EMX
BETBSIX JOJKHBI ObITh OJMHAKOBBI.

Jns  ompeneneHusi mNepedaTOYHOTO OTHOLIEHUS LIEMHOrO IUIAHETAPHOTO pEAyKTOpa BHE
3aBHCUMOCTH OT €r0 CXEMBbI OIPENENAeTCs ¢ HCIOJb30BaHUEM MeToa OOpalieHHs IBMKEHUS,
M3BECTHOTO M3 TEOpUHU 3yOdUaThIX IUIAHETAPHBIX MexaHW3MOB. CyTh €ro B TOM, 4YTO CTOHKE
MeXaHH3Ma COOOIIAETCs IBI)KEHHUE C YTIIOBOW CKOPOCTHIO PaBHOM yTJIOBOM CKOPOCTH BOAMIIA, HO B
MIPOTUBOMNOJI0KHOM HANpaBlIeHUH. Torna BOJANUIIO YCIOBHO CTAHOBUTCS HETIOJABUKHBIM U MEXAHU3M
MpeBpallacTcs B PsIOBOM, B JAHHOM clydae B PSJIOBYIO 3y0UarTylo nepenayy.

[IpuMeHnM 3TOT MOJX01 K MEXaHU3MY C JIByMsI 3B€3/10YKaMH (PUCYHOK 4).

Onpenenum rneperaTouHoe OTHOLIEHHE OOpallleHHOIO MEXaHU3Ma :
i"=-on/(m-og)=27,/7 (1)
/1€ Oy — YIJIOBas CKOPOCTh BOJMIIA, (7 — YITIOBasi CKOPOCTDH CaTEJIUTA.

Paznenum uncautens 1 3HaAMEHATENb Ha ).

0O0603HaYMB 1y; = Oy / ®, TOTYIUM
iH12:_iHH/(1_iHH )5 (2)
OTKyAa cieayeT GopMyna Ui OIpeNeNeHUsl MepelaTOYHOr0 OTHOIICHUS JIBYXKOJIECHOTO
IJIAaHETapHOTO0 MEXaHU3Ma!
=102/ (M- 1)=2,/2,/( Z2/Z, -1)=1/(1 = Z1/Z2). (3)

Ecniu pasHocte umcen 3yObeB paBHA eAWHMIE, IS MEXaHU3Ma, y Kotoporo Z1<Z2,
NEepeIaTOYHOE OTHOILIEHHE IOJOKUTEIbHO M PAaBHO YHCIY 3yObeB OOJbIICH 3BE3MOUKH, IS
MEXaHHu3Ma, Y KoToporo Z1 > 72, nepeaaroqHoe OTHOIICHUE OTPHUIIATEIFHO U PABHO YHCITY 3yObeB
MEHBIIIEH 3BE€3J0YKH.

B 3aBucHMOCTH OT COOTHOIIIEHUS YHCEN 3yObEeB 3BE€3/10YE€K BBIXOJHOM Bajl BPAIIA€TCs B CTOPOHY
BpallleHUs] BXOJIHOTO Baja WM B MPOTHUBOIOJIOKHOM HAMPABICHUH. JTO MOXKET CYIIECTBEHHOE
BimsATh Ha KII/] Mmexanu3ma.

3ameTuM, uTO B opMysiax HE MPUCYTCTBYET 4yucio 3yObeB 1enu. [lepenaTouHoe oTHOIIEHHE
OTIpeIeIAeTCs TOJIBKO COOTHOIICHUEM YHcel 3yObeB 3BE3/J0UEK.

s milaHeTapHOTO MEXaHU3Ma C YEThIPbMsI 3BE€3/I0YKaMH (CXeMa Ha PUCYHKE 5) aHaJIOTHYHBIM
00pa3oM MOHO BBIBECTH (POPMYITY
i =114 /(T4 -1), (4)
rne iy =27 Za ! 2/ Zs.

Ecnu npuHATh 4ncia 3yObeB 3Be€3/104€K BO BTOPOW BETBU PABHBIMH, T.€. Z3 = Z4 , U TIPOU3BECTU
npeobpazoBanne GOpMyIsl (4), Pa3NENMB UHCIHTEIb W 3HAMEHATEIb HA 1 14 . bopmyna (4)
nepexoaut B Qopmyiay (3). OTo o3HayaeT, 4YTO BTOpas BETBb IPU pPaBHBIX 4YHCIaX 3yObeB
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BBITIOJTHSET POJIb MEXaHW3Ma, OCYIIECTBIISIONIETO TIepeady BpaIIeHUs OT CaTeJUTMTA HA BBIXOTHOU
Basl 0e3 mpeoOpa3oBaHUsS YTIOBOW CKOpocTH (MexaHu3ma W, Kak €ro mpuHATO 0003HAaYaTh B
TEOpUU TJIAHETAPHBIX MeXaHU3MOB). CyIIeCTBEHHBIM JTOCTOMHCTBOM IUIAHETAPHOTO MEXaHU3Ma C
YEeThIPbMS 3BE37J0YKAMH SIBJSIETCS TO, YTO OTIMAJaeT HEOOXOJUMOCTh MCIOJIb30BAHUS MEXaHHM3Ma
KpPECTOBOW WJIM MIAPHUPHON MY(THI.

Eciu B MexaHusme c AByMs 3Be3JOYKaMU IMpPH PA3HOCTH 4uCeN 3yObeB 3BE3J0YEK paBHOU
eAMHUIIC TepeAaTOYHOe OTHOLIEHHE Cpa3y MpeAcKa3yeMo M PaBHO YWCITy 3yObeB MeEHbIEH
3BE3/I0YKH, TO B MEXaHU3ME BTOPOW CXEMBI IIEPEaTOYHOE OTHOIICHHE MIPEayTraiaTh TPYIHO.

[Ipu pabore memHBIX Mepeaad ¢ 3yoyaThIMH LETSIMH BBUIY OOJIBIIOrO YMCIIA TUIACTHH B OJHOM
3BEHE LIEMU HE BCE IUIACTHUHBI OJHOBPEMEHHO BCTYNAlOT B KOHTAKT C 3yObsIMH, YTO MPUBOIUT K
pacTITUBAHUIO TIO BPEMEHH yJapa, B pe3yjbTaTe 4ero Cuia yaapa CHUKaeTcs, 3T0 00yCIOBIMBAET
HEeOOJIBIION IIyM Iepeayn, YPOBEHb KOTOPOTO CYIIECTBEHHO CHIXKAETCS MPH OOJBIINX CKOPOCTSIX
npu paboTe co 3BE3I0YKAMH, UMEIOIUMH IIIH(oBaHHBIE 3yObs. [lo3ToMy Takue Ienu HWHOTAA
Ha3bIBAIOT «OECUTYMHBIMI.

Hwxe mpuBoasrca dotorpaduu OpUTrHHAIBHBIX KOHCTPYKUMN MEIKOMOAYIBHBIX 3y04aThIX

1enei, pa3paboTaHHBIX AaBTOPOM.

Pucynok 7. ®otorpadus pparmenta Pucynok 8. ®ororpadus pparmenra
MEJIKOMOJYJIbHOM MIacTUHYATON 3yOuaToi MEJIKOMOTYJTbHON 3y09aToif ienu Ha OCHOBE
LENH ¢ MOAYJeM | MM M YMCIIOM IUIACTHH 8 paspe3Horo 3y04aroro kosueca
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Pucynok 9. ®ortorpadust MEITKOMOTYIBHBIX Pa3pe3HbIX 3yOUaThIX Ienei

B COOpKE C caTeJuIuTaMu ¢ yuciaamu 3yoneB 1ieneit 142 u 82 u moxynem 1 MM

Bo3MoxHOCTH pa300pKH [eNH Ha CETMEHTHI MO3BOJISIET POU3BOIUTH NITH(POBAHUE 3yObEB, UTO
MPAaKTHYECKH HEBO3MOXKHO B IENBHBIX 3yO4aThIX Kojecax. DTO TOXE OJHO U3 JOCTOMHCTB
3y04arToil ruOKoii CBS3H.

Takast KOHCTpYKIMA 3yOuaToil menu obecrednBaeT psii 0COOEHHOCTEH, XapaKTepH3YHOIIUX
paboTy MexaHu3Ma.

ITepBast 0COOEHHOCTD 3aKIIIOYAETCSA B TOM, UTO CBSI3b 3BEHHEB — CETMEHTOB OJJTHOCTOPOHHSS. DTO
3HAYUT, YTO YCHJHE OT OJHOTO CErMEHTa K JIPYyroMy MOJKET MepelaBaThCs TONBKO B OIHOM
HamnpaBJICHUM — B HANpaBICHUU 3aMBIKaHWS KHHEMATHUYECKOW TMapbl CerMeHT-Majiel, a,
CJIEZIOBATENIbHO, IEMb MOXET paboTaTh TOJNBKO Ha CKaThe. B HampaBiIeHWW pa3MBIKaHUS
KMHEMaTHYEeCKOH Maphl yCUIINE MEPeAaBaThCcd HE MOXKET. DTUM OHA NPUHINIHAIBHO OTIMYAETCS OT
OOBIYHBIX TUTACTHHYATHIX LETICH.

[Ipu HarpyXeHuM KPYTSAIIMM MOMEHTOM CaTeNIUTa YCHJIUE CO CTOPOHBI 3yObEeB CaTeIIUTa
nepeaeTcss KOHTAKTHPYIOUIMM C HHM 3yObsl IIeMH, KOTOpPBIE B CBOIO OdYepenb dYepes
ITMHIPUYECKUE TaJIbIbl U ITOCIIEIYIONINe CETMEHTHI EPEIaloT yCUINsS Ha 3yObs HEHOABHKHOTO
(onmopHoro) 3y0Ouaroro koseca. Ilpm STOM 1enmb coBepiIaeT BOJHOOOpPA3HOE JBH)KEHHE,
oOecrieunBasi BO3MOXKHOCTh OOKAaThIBaHUS CaTeJUIUTa MO OKpYykHOCTH. OJHAaKo, B OTIMYUE OT
MOJTHOW HETIOIBIYKHOCTH, B PE3YJIbTaTe BOJIHOOOPA3HBIX MABIDKEHHHA IENb Kak OIHO IIeJoe
MepeMEIIaeTCcsi OTHOCHTEIBHO KOpITyca. JTO €Ile OJHa XapaKTepHas 0COOSHHOCTh, OTIMYAIOIIAs
MEXaHHU3M C THOKUMH CBSI3MH OT U3BECTHOT'O BOJIHOBOTO MEXaHH3Ma

Bropas ocoOeHHOCTH 3akirodaeTcss B TOM, YTO 3yObsl LIEMHM BXOJSAT B KOHTakKT C 3yObSIMHU
caTeJluTa Ha IOJIHYIO BBICOTY, 4TO oOecrieunBaeT Oosiee BHITOJHBIC, YEM B BOJHOBOMW Ieperade
yCIIOBHS HArpyXeHusi 3yObeB. 3aMETHM, YTO B TPAJAMIMOHHOW BOJHOBOW Iiepeaaye TOJIBKO
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HeOoJIbIIast YacTh 3yObeB U3 00ILEro yncia KOHTAKTUPYIOIMMX 3yObeB BXOAUT Ha MOJIHYIO BBICOTY —
Ha OCTAJBHBIX 3yObsIX MOCTENICHHO YMEHBIIAeTCs ITyOMHA 3aXo/a BIUIOTH JO IOJHOTO BBIXOZA
3yObeB U3 3aLETUICHUSI.

s obecrieueHUs] MOJTHOTHI 3alleIUICHUs] 3yObeB e M 3BE3[0YEK, NPU HApE3aHUU 3yObsM
[ETN JKeNaTeIbHO HA3HAuaTh ONPEJENICHHOE IOJIOKUTEIBHOE CMEIICHUE, a 3yObsiM caTe/uinTa —

OTpHUIIATENIbHOE CMEIIECHHE.
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DESIGN OF A SENSING AND TESTING SYSTEM FOR MAGNETIC TRANSMISSIONS
G. Carbone, F. Tedeschi, M. Ceccarelli,
LARM: Laboratory of Robotics and Mechatronics, University of Cassino and South Lathium

Italy, carbone@unicas.it

Abstract: This paper shows the design of a novel user-friendly sensing and testing system for
magnetic gear transmissions. The proposed architecture requires the integration of several hardware
components and sensors. Careful attention has been addressed in the integration of the required
components in a proper architecture that can be managed by a single user in a user friendly manner.
Additionally, a specific Virtual Instrument has been developed in Labview environment in order to
manage the whole set of hardware components and to show graphical plots of each significant
measure with easy operation features even for non-expert users.

Keywords: magnetic gear, sensing and testing system design, cryogenic environment

MMPOEKTUPOBAHUE CUCTEMBI JIUATHOCTUKHA U UCITBITAHUM
MATHUTHBIX ITEPEJIAY
G. Carbone, F. Tedeschi, M. Ceccarelli,
LARM: Laboratory of Robotics and Mechatronics, University of Cassino and South Lathium,

Umanus, carbone@unicas.it

Annomayuna: B craThe NOKa3aHO NMPOEKTUPOBAHUE OPUTMHAIBHON YyAOOHOW IJisi MOJb30BaTeNs
CUCTEMBI JMATHOCTUKHU U UCIBITHUN MarHUTHBIX TpaHcMuccuil. [IpeasioxkeHHas apXuTekTypa Tpe-
OyeT MHTErpaluy HECKOJbKUX anmnapaTHbIX KOMIIOHEHTOB U ceHcopoB. Ocoboe BHMMaHuE ObIIO
YZIEJIEHO MHTETPaIlK TPeOyeMbIX KOMIIOHEHTOB B TpeOyeMyI0 apXUTEKTYpy, KOTOpas MOXKET ObITh
OpraHHW30BaHA OJTHUM II0JI30BATENIEeM B yIOOHOH 11l Hero ¢opme. BnodaBok, OBUT CO31aH OPUTH-
HaJbHBIN BUPTYalbHBI HHCTPYMEHT B cpenie Labview s oprannsanuu Bcero Habopa arnmapaTHbIX
KOMITOHEHTOB U TPEJCTaBICHUS rpadruueckux n300pakeHu U KaKI0T0 3HAYAIIETO U3MEPEHHUS C
MPOCTBIM YIIPABJIICHUCM JAKC IJId HCOIBITHBIX MMOJIb30BaTEeIICH.

Knrwoueevie cnoga: marauTHas nepeaada, MpOSKTHPOBAHNE CHUCTEMbI JUATHOCTHKH M MCIIBITAHUH,

yCIIOBUSI KpDUOTEHHBIX TEMIIEpaTyp

Introduction
Magnetic Gears Transmission (MGT) can improve certain characteristics compared with

traditional gearboxes. The main advantages include: compactness and no wear, high reduction
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ratios, coaxial input and output shafts, contactless power transfer, lubricant-free operation, inherent
overload protection, and little or no maintenance [1]. Despite these advantages, MGT in the recent
past have received little attention from research institutions and industry, due to the relative
complexity of magnetic gears and the lack of suitable permanent magnet [2]. Nowadays, thanks to
the improvements in permanent magnet technology, MGT are subject of continuous developments,
with particular emphasis on improved performance characteristics, reduced size and reduced
weight. These features can particularly fit in space environments applications where gearboxes must
fulfill a complex set of characteristics and constraints. For example, in space applications the use of
traditional transmissions is limited by lubrication. In fact, any kind of oil or grease freezes at space
cryogenic conditions losing its lubricant properties.

This paper presents the design of a user-friendly and fully integrated system in Labview
environments to study and analyze the dynamics behavior of MGTs. The main objective of this
development is to validate experimentally both operation features and real performance of MGTs in
a standardized manner with a user-friendly easy-operation device.

1. The attached problem

The whole design of a sensing and testing systems for MGT include several high demanding
constraints with the following minimum set of components: one motor on the input shaft; one brake
on the output shaft; 2 sensors for measuring the angular speed on the input and output shafts of
MGT; 2 sensors for measuring the torque on the input and output shafts of MGT; 2 sensors for
measuring the temperature inside and outside the MGT; 2 sensors for measuring the magnetic field
inside and outside the MGT; 3 sensor for measuring vibration inside and outside the MGT gear; a
motor control board; a multi-channels sensor data acquisition board; supply power system; a
computer.

A picture of schematic setup is shown in Fig. 1. The layout test-bed refers also to previous
experiences proposed in literature such as [3] [4] [5] [6]. A sensing system box has been built to
include supply power system, motor control board, the sensor conditioning card, and data card
acquisition board. A PC or laptop computer has been equipped with Labview software and
connected to the sensing and testing system via USB standard plugs.

After a careful selection procedure, the following main components have been selected for a test-
bed: a customized power supply system; one AC three-phase motor model Tercesa 90S; one
inverter Emerson model SKBD200110; 2 torque sensors KTR Dataflex models 16/10 and 16/30; 2
encoders GESgroup model TH950; 2 laser sensors Microepsilon model ILD 1302-50; 3
accelerometer Dytran model 3233A; 2 LakeShore temperature sensors PT-111; 2 LakeShore Hall
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generators model HGCA-3020; 4 NI-USB6009 data card acquisition system; a laptop computer

with Labview software.

Several components have been assembled to provide proper power supply to each component of
the sensing and testing systems by using a standard 220V, 50Hz power supply plug. The operation
of the proposed power supply system requires magneto-thermic and differential protection, a
cooling system and 4 fixed DC power supply circuits at 5, 12, 24, =12 Volts.

The three-phase AC motor model Tercesa 90S has an electrical power of 1100 Watt; it can reach
a maximum nominal speed of 1500 rpm (rotation per minute) and a nominal torque of 7,5 Nm.

These values can be considered suitable to test a typical MGT.

Brake Torque  MGT Torque Motor
Sensor Sensor

Encoder -”_ Encoder
I _ I

Fig. 1. Schematic lay-out for experimental test bed

The inverter Emerson Commander model SKBD200110 has been selected to work together with
the AC motor and allows obtaining a speed control. The energy dissipation on the output shaft has
been achieved with an electromagnet breake EIDE model FAET-3 FE d.30 and a customized
control card EIDE mod. EE1000.

PT-111 platinum resistance thermometers have been selected, since they are a suitable choice for
use as cryogenic temperature sensing in the range from 30 K to 873 K. Over this temperature span
PT-111 offer high repeatability and nearly constant sensitivity. Like all resistors, platinum RTDs
can be measured by current excitation and voltage measurement.

Hall generator HGCA 3020 has been selected for magnetic field measurements since they are
among the few magnetic field sensors that can be suitable for cryogenic operation. The operating
range of this sensor is + 30 kG and can be conveniently used even below 60 Kelvin. It requires a
nominal control current exciting of 100 mA. In these conditions, magnetic sensitivity is from 0.55
to 1.05 mV/Kg.

Two KTR Dataflex sensors models 16/10 and 16/30 have been selected as a suitable option to
measure torque and angular speed. In particular, the KTR Dataflex sensor model 16/10 has been
installed on the input shaft to measure a torque up to 10 Nm. The KTR Dataflex sensor model 16/30
has been installed on the output shaft to measure a torque up to 30 Nm. The torque signal is

displayed as proportional direct voltage -10 + 10 V. Torque sensibility for Dataflex 16/10 is INm/V
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and 3 Nm/V for Dataflex 16/30. Also the output speed is displayed as proportional voltage from
0+ 10 V. Speed sensibility is 400 rpm/V for Dataflex 16/10 and 100 rpm for Dataflex 16/30.

Two incremental hollow shaft encoders GESgroup Model IH 950 integrated within the MGT
sensing and testing system can allows a resolution of 2500 PPR. A customized card Phidget mod.
1047 allows connecting encoders to Labview environments.

Two lasers have been selected to verify the input and output axle alignment of MGT. The
measuring range of selected laser model ILD 1302-50 is 50 + 95 mm; measurement resolution is 10
pm. The output signal is an analogical current in a loop 4+ 20 mA; a shunt resistor of 250 ohm is
conditioning the output range within 1+5 Volts.

Piezoelectric triaxial accelerometer Dytran model 3233A, have been selected to measure
vibration phenomena. This accelerometer has a range, full scale (each axis) £ 5 g, sensitivity of
1000 mV/g and linearity of 1 % F.S.

The NI USB-6009 acquisition card provides connection to eight analog input channels, two
analog output channels, 12 digital input/output channels; it can be integrated in a high level
Labview control. The USB-6009 have analog input resolution of 14 bits differential (13 bits in
single-ended); maximum analog input sample rate of 48 kS/s.

2. Hardware design

Specific customized components have been designed to integrate all the sensors and hardware
components. In particular specific boards have been designed and built for PT-111, Hall HGCA
3020 and accelerometer conditioning. This section describes the conditioning procedures and
hardware solution adopted for the above mentioned sensors.

The RTD element requires a current excitation. If the magnitude of the current source is too
high, the element will dissipate power and start to self-heat: consequently, a current of 0.5 mA is
used to excite the RTD element. The signal conditioning for the RTD system will be covered with
customized application circuits from sensor to data acquisition card. An approximation to the
platinum RTD resistance change over temperature has been calculated by using the constant o =
0.00385Q/Q/°C (European curve, ITS-90). For higher accuracy temperature measurement, and a
greater temperature range measurements, the standard formula Calendar-Van Dusen Equation have
been used. In order to eliminate the effects of lead resistance, a 4-lead measurement have been used.
A suitable commercial bridge card interface Phidget 1046 has been used as PT-111 signal
conditioning. The adopted bridge allow to convert the resistances variation into a voltage, which it
then measures with a 24 bits differential voltage resolution and data rates from 8ms to 1000 ms.

The HGCA 3020 require a nominal control current exciting of 100 mA. Fig. 2 shows a scheme
of customized exciting and conditioning circuit for HCGA 3020 hall sensors. The LT3092 is a
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programmable current source that has been used as a precision current regulator: R1 and R2 set the
output current; RT optimizes power dissipation. The Hall voltage leads are to be attached to AD620
amplifier instruments for signal conditioning; RG set the amplifier gain while RL is a load resistor
that allows optimizing linearity and sensitivity of HGCA hall sensor.

A customized twelve-channel module IEPE module have been adopted as power and
conditioning unit for each axis of piezoelectric accelerometers. The IEPE module incorporates an
electronic amplifier and it use two BNC coaxial connectors for power input and signal output of

each accelerometer & = .y

IN
{1

LT3082

+12V
RT 100 nF
H
HGCA3020 2
\'ﬁ NI USB

RL% RG § AD620 6005

100 nF 4]

SET out H
R2 R1 )j’

-12v

Fig. 2. A scheme of customized card for Hall sensor

Each of sensor has been individually tested as part of the built testing system; then testing
procedures have been applied for whole system: all of the sensors and test bed. Fig. 3a) shows the
built measuring system assembled in a single box with its main components. Fig. 3b) shows the
prototype MGT that has been assembled in the test- bed with its main components.

3. Labview Software

A key benefit of LabVIEW environment is its graphical programming and user-friendliness.
Drivers for many different types of instruments and buses are included or are available for
inclusion. A developed software architecture is defined as a Virtual Instrument (VI) that can be
composed of severalof sub-Vi coded components and provides hardware access to numerous data
acquisition cards and instrumentation devices. A specific VI has been developed for managing the
proposed sensing and testing system with a modular architecture that is synthetically described in
the scheme of Fig.4. In particular, a single screen view provides the user interface to control the
operation of all the hardware components and sensors within the built sensing and testing system
(top left side of the screen). The right side of the same screen view provides the measured data
coming from all the sensors both as numerical values and as graphical plots. The bottom left side of
the screen view allows selecting a proper directory for storing the measurements data in an Excel

readable format.
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Fig. 3. Measurements system box with main components: a) (O Supply plug AC 220V, 50 Hz;
@ Power switches, differential and thermal protection; @ Security Stop; @ Cooling system;
® Dataflex 16/10 and 30/10 Connectors data housing; ® Sensor plugs; @ PT-111 bridge card,
HGCA 3020 conditioning cards; @ Acquisition card NI 6009). b) Test bed for MGT prototype
with main components (O AC Three Phase motor; @ Dataflex 16/10 Torquemeter; @ Hallow shaft
mounted Encoder; @ Bearing; ® MGT prototype; ® DataFlex 30/10 torquemeter; @ Brake;
PC with Labview environment; ® Measuring system Box).

Main Results Data
Measure
data Sensor Plots
| Hardware check | T T T

Offset compensation

| Storage path | T L}

Fig. 4. A scheme of the output screen layout of the developed Labview Virtual Instrument

4. Conclusion

This paper describes a sensing and testing system that has been developed for testing magnetic
gear transmissions (MGT). The main features of the proposed design solution are the integration of
a complex mechatronic sensing and testing architecture into a single user-friendly hardware and
software. Then, experimental tests of MGTs can be carried out in a standardized manner with the

proposed sensing and testing system by a single (even non-expert) user.

350



MexaynapoaHbiii CHMIIO3HYyM ITawsds International Symposium

«Teopus n nmpakTuKa 3y04aThIX mepenad — 2014» “Theory and practice of gearing — 2014”

21-23 suBaps 2014, MxeBck, Poccus January 21-23, 2014, Izhevsk, Russia
201%

References

1. Atallah K., Howe D., “A novel high performance magnetic gear”. IEEE Trans. Magnet. Vol.
37 Issue: 4, pp. 2844-2846, 2001.

2. Bronn L., Wang R.J. and Kamper, M. J., “Development of a shutter type magnetic gear”
Proceedings of the 19th Southern African Universities Power Engineering Conference SAUPEC,
University of the Witwatersrand, Johannesburg, 2010.

3. Carbone G., Ceccarelli M., “Experimental Tests on Feasible Operation of a Finger
Mechanism in the LARM Hand”, International Journal Mechanics Based Design of Structures and
Machines, Vol.36, pp.1-13, 2008.

4. Carbone G., Lanni C., Ceccarelli M., Incerti G., Righettini P., “Requirements for a
Mechatronic Design of Test-Beds for Cams”, Mechatronics & Robotics MECHROB 2004, Aachen,
paper AD-1056, 2004.

5. Tuttle T.D., “Understanding and modeling the behavior of a harmonic drive gear
transmission”. Technical report 1365, MIT Artificial Intelligence Laboratory, 1992.

6. Bridges M. M., D. M. Dawson, and S. C. Martindale, “Experimental study of flexible joint
robots with harmonic drive gearing,” Proceedings of the IEEE Conference on Control Applications,

2, pp. 499-504, 1993.



MexaynapoaHbiii CHMIIO3HYyM ITawsds International Symposium
«Teopus n nmpakTuKa 3y04aThIX mepenad — 2014» “Theory and practice of gearing — 2014”
201%

21-23 suBaps 2014, MxeBck, Poccus January 21-23, 2014, Izhevsk, Russia

HISTORY AND TRENDS OF MECHANISM SCIENCE WITH AN IFTOMM ROLE
M. Ceccarelli, PhD, Professor
LARM, University of Cassino and South Latium, Italy, ceccarelli@unicas.it

Abstract: Mechanism Science (MS) has been the core of mechanical engineering and industrial
engineering since the beginning of engineering practice yet in modern times. A short survey is
presented to outline the main characteristics of MS and its evolution also with the aim to identify
challenges and role of MS in future developments of technology for the benefit of the society. The
community of IFToMM working in MS is presented with his identity and role. Modern systems
with mechatronic features still need a careful attention from mechanism design viewpoints to
properly achieve goals of forwarding technological developments in helping or substituting human
operators in their activities.

Keywords: mechanism science; history of [FToMM, trends in MS; mechatronic systems

BKJIAJL IFTOMM B CTAHOBJIEHHUE U PASBBUTHUE
HAYKHN O MEXAHU3MAX U MAIHINMHAX
M. Yekxapennu, k.m.t., npog.

LARM, University of Cassino and South Latium, Umanus, ceccarelli@unicas.it

Annomayuna: Teopus o mexaHuzMax u mamuHax (TMM) sBisiercs siipoM MallMHOCTPOEHUS U
IIPOMBIIIJIEHHOCTH €O BPEMEH NOSIBICHUS WH)KEHEPHO-TEXHUYECKOW NPAKTUKH M II0 HACTOSALICE
Bpems. llpencraBnen kpaTkuii 0030p, coiepaliuii OCHOBHbIE XapakTepucTuku TMM u ee
HBOJIIOIUIO C LEJIBIO ONPEaeIUTh MpobiaeMbl 1 poias TMM B OyayieM pa3BUTUU TEXHUKH HA Oi1aro
oOmiectBa. IlpencraBieHa UCTOpPUS MOSBICHUS, OTIUYUTEIbHBIE YEPTHl U POJIb MexayHapogHOn
Oenepannn o TMM (MOTMM) B pa3BuUTUH TEOpUH O MeXaHW3Max M MamuHaxX. COBpeMEHHBIC
MEXaTPOHHBIE CUCTEMBI JI0 CUX MOp TPEOYIOT MOBBIIIEHHOTO BHUMAaHMS C TOUYKH 3pEHHs IPOEKTH-
POBaHUS MEXaHU3MOB JUIS JAJbHEHIIEr0 MPOJBUKEHUN TEXHOJIOTHYECKUX Pa3pabdOTOK B IMTOMOIIH
JTIOASIM-0IIEpaTOpaM MalIWH WM UX TOJTHOW 3aMEHE.

Knwuesvie cnosa: teopust 0 MexaHu3Max U mamuHax, uctopus [IFToMM, pazsutue TMM; mexa-

TPOHHBIC CUCTCMBI
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Introduction

New systems with updated performance are constantly desired so that they deserve attention,
starting from previously existing theoretical bases and aiming to update or conceive new algorithms
for their designs and/or operations.

Two main facts can be observed in order to claim that MS (Mechanism Science) is still
necessary with a strong activity in teaching, research, and practice, namely they are:

- Human beings operate and interact with their environments and using many systems on the
basis of actions of a mechanical nature; therefore mechanisms will always be an essential part of
systems that assist or substitute for human beings in their actions and other operational tasks.

- There is a continuing need to update problems and solutions in Technology since Society
continually evolves with new and updated needs and requirements; thus, even mechanisms are
expected to be updated for new and/or updated problems and this must be based on a continual
evolution and update of knowledge, means, and operation for the successful applications of
mechanisms.

A historical insight can be useful both to outline past developments towards the future and to
indicate trends and open problems as determined by new/updated conditions and needs in
Technology and in Society. Historical backgrounds and developments have been outlined even
from several technical viewpoints (also in surveys of the History of Science) in several works to
track the historical evolution of Technology and Engineering, and to recognize the original paternity
of machine achievements, such as for example in (Chasles 1837; Reuleaux 1875; Hain 1967; De
Groot 1970; Crossley 1988; De Jong 1943; Dimarogonas 1993; Ferguson 1962; Hartenberg and
Denavit 1956; Nolle 1974; Roth 2000; Koetsier 2000, Ceccarelli 2004) just to cite a few relevant
sources in reasonably accessible literature within engineering frames concerning with mechanism
design. A specific conference forum has been established within [FToMM (The International
Federation for the Promotion of MMS) as the HMM (History of Machines and Mechanisms)
Symposium in which several views and studies are discussed, (Ceccarelli Ed., 2000 and 2004; Yan
and Ceccarelli, 2008; Koetsier and Ceccarelli, 2012).

In this paper, a survey is presented for describing a significant role of MS in technological
developments with an [IFToMM role as suggested in (Ceccarelli 2011), by using historical outlines
and general considerations based on the author’s experience.

1. A Short Account of History of MS

Over time the changes of needs and task requirements in Society and Technology have required

continuous evolution of mechanisms and their uses, with or without a rational technical awareness,

(Bautista Paz et al 2010).
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Mechanisms and machines have attracted attention since the beginning of Technology and they
have been studied and designed with successful activity and specific results. But TMM (Theory of
Machines and Mechanisms) reached maturity as an independent discipline only in the 19-th century,
as outlined in (Ceccarelli 1999). Today we refer to TMM as MMS (Mechanism and Machine
Science) since a wider engineering area can be identified as related to the mechanism concept.

Historical developments of mechanisms and machines can be divided into periods as function of
specific technical events, according to author’s personal opinion, such as:

e Utensils in Prehistory

e Antiquity: 5-th cent. BCE (Mechanos in Greek theatre plays)

e Middle Ages: 275 CE (sack of School of Alexandria with destruction of Library and
Academy)

e Early design of machines: 1420 CE (the book Zibaldone with designs by Filippo
Brunelleschi)

e Early discipline of mechanisms: 1577 CE (book Mechanicorum Liber by Guidobaldo Del
Monte)

e Early Kinematics of mechanisms: 1706 CE (book Trait¢ des Roulettes by Philippe De La
Hire)

e Beginning of TMM: 1794 CE (Foundation of Ecole Polytechnique)

e Golden Age of TMM: 1841 CE (the book Principles of Mechanism by Robert Willis)

e World War I Period: 1917 CE (the book Getriebelehre by Martin Griibler)

e Modern TMM: 1959 CE (journal paper Synthesis of Mechanisms by means of a
Programmable Digital Computer by Ferdinand Freudenstein and Gabor N. Sandor)

e MMS Age: 2000 CE (re-denomination of TMM to MMS by IFToMM)

Historical evolution to the current MMS can be briefly outlined by looking at developments that
have occurred since the Renaissance period. Mechanisms and machines were used and designed as
a means to achieve and improve solutions in various fields of human activity. Specific fields of
mechanisms grew in results and awareness, and the first personalities were recognized as brilliant
experts, like for example Francesco Di Giorgio Martini and Leonardo Da Vinci amongst many
others, even with a social reputation, (Ceccarelli 2008). At the end of the Renaissance period,
Mechanics of Machinery attracted a great attention also in the Academic world, starting from the
first classes given by Galileo Galilei in 1593-98, (Ceccarelli 2006). In the 18-th century the designer
figure evolved with a professional status and strong theoretical bases finalizing a process that in the

Renaissance saw the activity of closed small communities of pupils/co-workers after ‘mastros’ and
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‘maestros’, as stressed in (Ceccarelli 1998). Academic activity increased basic knowledge for a
rational design and operation of mechanisms. The first mathematizations were attempted and
fundamentals on mechanism kinematics were proposed by the pioneering investigators, who were
specifically dedicated to mechanism issues, like for example Philippe De la Hire amongst many
others. The successful practice of mechanisms was fundamental during the Industrial Revolution
when many practitioners and researchers implemented the evolving theoretical knowledge in
practical applications and new powered machines. The 19-th century can be considered the Golden
Age of machines and its science TMM since relevant novelties were proposed both in theoretical
and practical fields. Mechanisms formed the core elements of any machinery and any technological
advance at that time. A community of professionals was identified and specific academic formation
was established worldwide. TMM gained an important role in the development of Technology and
Society and several personalities expressed the fecundity of the field with their activity. The first
half of the 20-th century saw the prominence of TMM in mechanical (industrial) engineering but
with more and more integration with other technologies. A great evolution was experienced when
with the advent of Electronics it was possible to handle contemporaneously several motors in multi-
d.o.f. applications of mechanisms and to operate 3D tasks with spatial mechanisms. The increase of
performance (not only in terms of speed and accuracy) required more sophisticated and accurate
calculations that became possible with the advent of an Informatics approach (involving computers
and programming strategies).

Technically, MMS can be viewed as an evolution of TMM having a broader content and vision
of a Science, including new disciplines. Historically, TMM has included as its main disciplines:
History of TMM; Mechanism Analysis and Synthesis; Theoretical Kinematics; Mechanics of Rigid
Bodies; Mechanics of Machinery; Machine Design; Gearing systems; Experimental Mechanics;
Teaching of TMM; Mechanical Systems for Automation; Transportation Machinery, Control and
Regulation of Mechanical Systems; RotorDynamics; Human-Machine Interfaces; and
BioMechanics. The modernity of MMS has augmented TMM with new vision and means but also
with many new disciplines, of which the most significant can be recognized as: Robotics;
Mechatronics; Computational Kinematics; Computer Graphics; Computer Simulation; CAD/CAM
for TMM; Tribology; Multibody Dynamics, Medical Devices, Micro and Nano Machines, and
Service Systems.

In 2000 the evolution of the name from TMM to MMS brought also a change in the
denomination of the IFToMM Federation from "[FToMM: the International Federation for TMM"
to "IFToMM, the International Federation for the Promotion of MMS", (Ceccarelli 2001). This can

be considered as due to an enlargement of technical fields into an Engineering Science together
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with a great success in research and practice of TMM with a corresponding increase of the
engineering community worldwide.

Today, a modern machine is a combination of systems of different natures and this integration
has led to the modern concept of Mechatronics, Fig.1. Thus, most of the recent advances in
machinery are considered to be in fields other than MMS. But Mechanism Design can still be
recognized as a fundamental aspect for developing successful systems that operate in the
mechanical world of human beings. Tasks and systems for human beings must generally have a
mechanical nature and a careful Mechanism Design is still fundamental in obtaining systems that
assist or substitute for human beings in their operations. Most of those tasks are already performed
with mechanism solutions that can be seen as traditional successful ones that nevertheless could
benefit from further update or re-consideration because of new operational strategies and/or new
materials and components (scaled designs). Therefore, Mechanism Design can still be considered as
an engineering area for current research interests. But, what are the open problems and challenges
for today’s MMS? Can they be considered as new issues or should they be rediscovered from past

ideas?

environment .w ‘/d'esign
Computer d T
Science MECHATRONICS easurements

-M operation

production

Fig. 1. A scheme for the concept of Mechatronics.

2. Trends and Challenges in MS
Main current interests for research in MMS can be summarized as trends and challenges in:

- 3D Kinematics

- Modeling and mathematization for MS
- Multi-d.o.f. multibody systems

- Spatial mechanisms and manipulators

- Unconventional mechanisms (with compliant, under- or over-constrained ones and other

- Scaled mechanisms
- Tribology issues
- Creative design

- Mechatronic designs
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- Human-machine interactions for user-oriented systems

- Reconsideration and reformulation of theories and mechanism solutions

- Those topics and many others in MMS are also motivated by needs for formation and
activity of professionals, who will be able to conceive and transmit innovation both into production
and service frames.

- Teaching in MMS requires attention to modern methodologies that can efficiently use
computer and software means, which are still evolving rapidly. Thus, there is a need to update also
the teaching means that makes use of simulations and computer oriented formulation. In addition,
mechatronic layout of modern machinery suggests that mechanisms should be taught as integrated
with other components like actuators and sensors since the beginning of the formation.

- The teaching mission of academy needs to be revitalized and better understood as a result of
high expertise of teachers that can be reached also with intense research activity and links to the
professional and industrial world. This requires more attention and vision not only from the
academy but mainly from society as a whole that through governing leaders should give more and
more support to the formation system.

- Activity by professionals asks for novel applications and high performance designs of
machines since they are continually needed in evolving/updating systems and engineering tasks. In
addition, there is a need to make understandable new methodologies to professionals for practical
implementation both of their use and their results. New solutions and innovations are continuously
asked not only for technical needs but also for the political/strategic goals of company success,
including pure economic prominence.

- In general, MMS activity can be directed for further developments by searching for:

- information and understanding of the functionality and impact of systems

- algorithms for design, operation, and evaluation of systems with user/task -oriented
performance

- operation and application for full tasks, as constrained by environmental limits

- performance evaluation and economic merit of systems

- transfer of innovation

- human-machine interfaces and interactions

- Thus, a role of mechanisms in Mechatronics can be understood according to main aspects
such as:

- - Human-machine interactions and user/task -oriented performance

- - Mechanical tasks in motion operations

- - Structure design for sizing dimensions
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- Therefore, ‘hot’ topics of Mechanism Design for Mechatronics can be considered:

- to analyze and to investigate the motion of mechatronic systems and the loads on the
component bodies during the operation and performance of a task.

- to analyze and to investigate the actions against the environment and within the mechatronic
system.

- to focus on the safety and security issues both for the system and for its human operators

- to consider the Mechanics of interactions

- to evaluate situations with mechanical contacts and force transmissions

- to size the system actions according to the task/user oriented requirements

- to achieve desired goals and proper working of the overall system

- to consider complex motions such as spatial movement at high acceleration

- to look at integrated systems via suitable modeling of components of other than a
mechanical nature

- Trends in system composition can be summarized as in the examples in Table 1. Thus, in the
future more than today, mechanical components will be reduced percentage-wise but nevertheless

they will still be necessary and indeed be fundamental for the use and operation of systems.

Table 1. Examples of evolution of system composition

1960 - 2000 Mechanics % | Electronics/ Informatics %
CARS 90 - 50 10 - 50

CALCULATORS | 100-10 0-90

CAMERAS 100 - 30 0-70

Fig.2 shows an example of a new machine design relating to fully autonomous intelligent tracks
for agricultural purposes. This involves challenging aspects for MMS since the primary machine
task is still focused on the motion through:

. Path-planning
. Power transmission
. Terrain interaction
Although the high level and design majority in autonomous intelligent operation, the core of the

machine operation still depends on:

. the Gear box
. the Suspension mechanisms
. the Steering mechanisms

but with intelligent solutions requiring integration of these mechanical components into a well

balanced mechatronic design. The relevance of MMS aspects in such modern mechatronic systems
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can be summarized as in the scheme of Fig.2 b) in which MMS features can be recognized mainly

(but not only) in the transmission block for machine motion, but with strong relationships with

other components of different natures and goals.
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Fig.2. An autonomous field track as: a) example of intelligent mechatronic machine;
b) mechanics-dependent system from mechanical transmissions.

From Fig. 2 b) emphasis can be pointed out still on gearing systems, even in high performance
intelligent mechatronic systems, as fundamental components for working successfully transmission
and adaptation of mechanical energy during operation. In fact, particularly Gear Technology is one
of key aspects in MMS that, although the achieved high level of performance, is yet subject of
research for improvements and innovations. Gear Technology is a research filed with still a very hot
interest in order to find more efficient solutions both in design procedures and design products with
advanced operations, by updating and innovating theory, material, and manufacturing issues, even
by using integration with other disciplines, like for example Control Theory, Tribology, Energy
Sustainable Systems.

Another important area demanding new system designs can be recognized for service operations
that can be understood in terms of set of actions and behaviors aimed towards achieving a service
task, (Ceccarelli 2011). Those service actions and behaviors can be much more articulated and
varied than in traditional industrial applications.

A service task can be understood as the ultimate goal of the design and operation of a service
machine, that most of the time is conceived as a robot. A service task may be defined with well
defined properties or by a large variety of situations. This is the main aspect that makes service
robots a challenging design problem in practical applications where they need to be efficient and
successful for providing a desired service.

The multi-disciplinarity for a service robot is much wider than in any other engineering field,

since it includes technical aspects, human attitudes (of operators and/or users), human-machine
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interactions, and environment issues. Indeed, in developing and operating service robots, other than
technical expertise, it is more and more necessary that competences from other fields of human life
and environmental considerations be incorporated. For example psychologists and biologists (and
many others) are welcomed in the R&D teams for designing service robots.

Referring to technical aspects, Fig.3 summarizes the mechatronic character of a service robot, as
a traditional robot, but with specific emphasis on those above-mentioned peculiarities in terms of
interactions with the environment and human beings, and in terms of a careful consideration of the
environment. Those interactions should be understood not only in terms of engineering issues
(mainly mechanical ones) but by looking at more general aspects, such as for example
psychological attitudes and social impacts. A consideration of the environment should also address
the problem of how a service robot affects or is affected by it, by analyzing and designing for the
variety of conditions and situations, including contamination and pollution.

In addition, service robots can be considered efficient and successful when ultimately the cost,
both in design and operation, can be properly sized as a function of the service task and mainly as a
function of the affordable budget of users and operators. Thus, indeed, economic evaluation and
management will be included both in the R&D and in the design of service robots, even from the

outset with a strong influence on technical issues.

data
| . requirements 4

l yes
designed
robot and service operation

Fig. 3. A general flowchart with new peculiarities for designing and operating service systems.

All the above considerations can be considered as attaining also to the process and transfer of
innovation, which will be understood not only as a technical advance but more widely as an
enhancement of the quality of life in all its aspects with the help and support of technical means.
Figure 3 summarizes these viewpoints by outlining a general approach for designing service
systems with the aspects and challenges, mentioned above. In particular, the main flow of technical
design activity is indicated in the central streamline as referring to data identification in both

technical and non-technical aspects, considerations of technical constraints/issues, analysis of
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service operation and goal, design activity and system programming, with final checks by operators
and users. The care on technical design activity is indicated as system design and operation
planning since much of this is strongly influenced by aspects and activities that are grouped in the
two lateral blocks concerning with interactions with human beings and the environment,
respectively. Each block detail will refer to aspects that even with non-technical concerns must be
included in the machine development with proper models and problem formulation as synthetically
indicated in the lateral boxes for features and constraints on task and environment, and user’s
interactions.

3. IFToMM and its activity

The names of IFToMM, TMM, and MMS are related to fields of Mechanical Engineering
concerning with Mechanisms in a broad sense. TMM is often misunderstood even in the [FToMM
Community, although it is recognized as the specific discipline of Mechanical Engineering related
with mechanisms and machines, as commented even in (Crossley 1970) announcing the birth of
[FToMM. The meaning of TMM, now MMS, can be clarified by looking at IFToMM terminology
(IFToMM 2003):

- Machine: mechanical system that performs a specific task, such as the forming of material, and
the transference and transformation of motion and force.

- Mechanism: system of bodies designed to convert motions of, and forces on, one or several
bodies into constrained motions of, and forces on, other bodies.

The meaning for the word “Theory” needs further explanation. The Greek word for “Theory”
(Bewpia) comes from the corresponding verb, whose main semantic meaning is related both with
examination and observation of existing phenomena. But, even in the classic Greek language the
word theory includes practical aspects of observation as experiencing the reality of phenomena, so
that theory means also practice with analysis results. In fact, this last aspect is what was included in
the discipline of modern TMM when Gaspard Monge (1746-1818) established it in the Ecole
Polytechnique at the beginning of XIXth century, (Chasles 1886), (see for example the book by
Lanz and Betancourt (1808), whose text includes early synthesis procedures and hints for practical
applications). Later (see for example Masi 1897) and even today (see for example Uicker et al.
2003) many textbooks have been entitled “Theory of Mechanisms” since they describe both the
fundamentals and the applications of mechanisms in machinery.

The term MMS has been adopted within the IFToMM Community since the year 2000 after a
long discussion (see (Ceccarelli 1999) in the [IFToMM Newsletter), with the aim to give a better
identification of the modern enlarged technical content and broader view of knowledge and practice

with mechanisms. Indeed, the use of the term MMS has also stimulated an in-depth revision in the
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IFToMM terminology since the definition of MMS has been gives as, (IFToMM 2003):

- Mechanism and Machine Science: Branch of science, which deals with the theory and practice
of the geometry, motion, dynamics, and control of machines, mechanisms, and elements and
systems thereof, together with their application in industry and other contexts, e.g. in Biomechanics
and the environment. Related processes, such as the conversion and transfer of energy and
information, also pertain to this field.

The developments in TMM have stimulated cooperation around the world at various levels. One
of the most relevant results has been the foundation of IFToMM in 1969, Fig. 4. [IFToMM was
founded as a Federation of territorial organizations but as based on the activity of individuals within
a family frame with the aim to facilitate co-operation and exchange of opinions and research results
in all the fields of TMM as stressed in (Crossley 1970). Many individuals have contributed and still
contribute to the success of IFToMM and related activity, (see IFToMM webpage:

www.iftomm.org) under a coordination of [IFToMM Presidents over time.
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Fig. 4 The foundation act of IFToMM, the International Federation for the Theory of Machines and
Mechanisms, in Zakopane (Poland) on 27 September 1969, (Courtesy of IFToMM Archive).
[FToMM was founded as the International Federation for the Theory of Mechanisms and Machines
in Zakopane, Poland on September 27, 1969 during the Second World Congress on TMM (Theory

of Mechanisms and Machines). The main promoters of the IFToMM World Federation were

Academician Ivan I. Artobolevski (USSR) and Prof. Erskine F.R. Crossley (USA), whose principal
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aim was to bypass the obstacles of the time of the Cold War in developing international
collaboration in TMM science for the benefit of the world society. IFToMM started as a family of
TMM scientists among whom we may identify the IFToMM founding fathers, who signed or
contributed to the foundation act with the initial 13 Member Organizations, referring to the persons,
Fig.5: Academician Ivan I. Artobolevski (USSR), Prof. Erskine F.R. Crossley (USA), Prof.
Michael S. Konstantinov (Bulgaria), Dr. Werner Thomas (GFR), Prof. B.M. Belgaumkar (India),
Prof. Kenneth H. Hunt (Australia), Prof. Jan Oderfeld (Poland), Prof. Jack Phillips (Australia), Prof.
George Rusanov (Bulgaria), Prof. Wolfgang Rossner (GDR), Prof. Zéno Terplan (Hungary), Prof.
Jammi S. Rao (India), Prof. Giovanni Bianchi (Italy), Prof. Adam Morecki (Poland), Prof. Nicolae
I. Manolescu (Romania), Prof.Leonard Maunder (UK), Prof. Douglas Muster (USA), Prof. Ilic
Branisky (Yugoslavia).

Fig. 5. Fist IFToMM President Artobolevskii speaking at the foundation of [IFToMM,
(Courtesy of IFToOMM Archive): 1- prof. Ivan Ivanovich Artobolevskii (USSR);
2- prof. Adam Morecki (Poland); 3: prof Kurt Luck (Germany);
4: Prof. Michale S. Konstantinov (Bulgaria); 5- prof. Nicolae I. Manolescu (Romania);
6- prof. Erskine F. Crossley (USA); 7- prof. Giovanni Bianchi (Italy); 8
-prof. Aron E. Kobrinskii (USSR); 9- prof. Werner Thomas (Germany);
10- prof. Jan Oderfeld (Poland).

The foundation of IFToMM was the result of an intense activity for stimulating and promoting
international collaboration, more than what had been done previously, and the process started in the
late 1950s’, as documented by several letters that are stored in the [IFToMM Archive at CISM in
Udine, Italy. A first World Congress on TMM (Theory of Mechanisms and Machines) was held in
1965 in Varna, Bulgaria during which the foundation of IFToMM was planned as later it was

agreed during the Second World Congress on TMM in Zakopane, Poland. The Congress series was
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immediately recognized as the IFToMM World Congresses and in 2011 we have celebrated the
13th event with the participation of delegates from 46 Member Organizations and from more than
50 countries.

IFToMM activity has grown in many aspects, as for example concerning the number of member
organizations (from the 13 founder members to the current 46 members), the size and scale of
conference events (with many other conferences, even on specific topics, at national and
international levels, in addition to the MMS World Congress), and the number and focus of
technical committees working on specific discipline areas of MMS. IFToMM was founded in 1969
and today a fourth generation of IFToMMists starts to be active, as they can be named as those
working within the IFToMM community. Knowing the History of IFToMM and how we arrived at
today’s modus operandi gives a greater awareness of community identity and significance.

The IFToMM community evolved in character from that of a family of a few enthusiastic
pioneers/visionaries and founders into a scientific worldwide community through the following
generations:

e 1950’s =79 First generation: founding fathers and their friend colleagues up to the 4-th
IFToMM World Congress in Newcastle-upon-Tyne in 1975 with prof. Leonard Maunder as
Congress Chair

e 1980-95 Second Generation: students and people educated by founding fathers and their
friend colleagues; up to the 9-th World Congress in Milan in 1995 with prof. Alberto Rovetta as
Congress Chair

e 1996-2011 Third Generation: educated people in the frame of IFToMM and within [IFToMM
activity with 48 national organizations as IFToMM members, with Prof. Carlos Lopez-Cajun as
General Chair for 2011 Congress.

* Today- Fourth Generation: educated people in local frames that are linked to IFToMM and
within IFToMM activity with 46 organizations as [IFToMM members.

[FToMM officers (who are the Chairs of IFToMM Member Organizations, the Chairs of TCs
and PCs, and the members of the Executive Council) have contributed and still contribute as leaders
for the mission of IFToMM, which is stated in the 1-st article of the Constitution as: ‘The mission
of IFToMM is the promotion of Mechanism and Machine Science’. A complete list of [IFToMM
officers over time is available in the Proceedings of the second International Symposium on History
of Machines and Mechanisms HMM?2004 that was published in 2004 by Kluwer/Springer and is
now available also in the [IFToMM webpage.

In particular, Presidents and Secretaries General have had significant roles in guiding the growth
and success of IFToMM. Their personalities are also representative of the [IFToMM community in
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terms of reputation and visibility worldwide. The Presidents were: Ivan 1. Artobolevsky (1969-1971
and 1972-1975) (USSR), Leonard Maunder (1976-1979) (UK), Bernard Roth (1980-1983) (USA),
Giovanni Bianchi (1984-1987 and 1988-1991) (Italy), Adam Morecki (1992-1995) (Poland), Jorge
Angeles (1996-1999) (Canada), Kenneth J. Waldron (2000-2003 and 2004-2007) (USA), Marco
Ceccarelli (2008-2011) (Italy), and Yoshihiko Nakamura (2012-2015) (Japan), Fig. 6. The
Secretaries General were Michael S. Konstantinov (Bulgaria), Emil Stanchev (Bulgaria), Adam
Morecki (Poland), Elizabeth Filemon (Hungary), L. Pust (CSSR), Tatu Leinonen (Finland), Marco
Ceccarelli (Italy), and Teresa Zielinska (Poland)

Details of the History of IFToOMM can be found in the first Chapter of the Proceedings of the
first International Symposium on History of Machines and Mechanisms HMM2000 (that was
published by Kluwer) in which all the past [FToMM Presidents have outlined their historical
perspective of IFToMM in contributed papers with references, (Angeles et al., 2004). Additional
references can be indicated as (Maunder 1980 and 1988; Morecki 1985 and 1999; Crossley 1988
and 1991; Ceccarelli 2004c, 201, 2011, and 2013). More information on IFToMM and its activity

can be found in the website: http://www.iftomm.org.

a)
Fig. 6. IFToMM Presidents: at HMM 2000 in Cassino (Italy); b) the current President.

The structure of IFToMM is summarized in Fig. 7 where the action of IFToMM Bodies is
indicated as from IFToMM constitution for a flow of activities. According to IFToMM mission as
in the constitution, the IFToMM activity is finalized to provide leadership for cooperation and
development of modern results in the Mechanism and Machine Sciences by assisting and enhancing
international collaboration.

The bodies of IFToMM can be described synthetically as:

e General Assembly: it is the supreme body of the Federation and determines its policy. It is
composed of the Chief Delegates of IFToMM Organization members (in 2013 they are 46)

and members of the Executive Council.
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e Executive Council: it manages the affairs of the Federation between the sessions of the

General Assembly. It is elected every four years, meets annually, and is composed of the

President, Vice- President, Secretary-General, Treasurer, and six ordinary members.

e Permanent Commissions (PCs) and Technical Committees (TCs): Each PC and TC is

composed of a Chairperson, appointed by the Executive Council, a Secretary and members,

nominated by the Chairperson and appointed by the Executive Council. A Chairperson shall

not serve for more than two terms consecutively. The general goals for the work of the PCs

and TCs are aimed at promoting their fields of interest by attracting researchers and

practitioners, including young individuals, in order to:

- define new directions in research and development within their technical areas;

- establish contacts between researchers and engineers;

- initiate and develop bases and procedures for modern problems;

- promote the exchange of information;

- organize national and international symposia, conferences, summer schools, and meetings.

GA with
MOs

o

IFToMM

President with
Executive Council

Y l YVvY

PCs TCs

J

individuals

conferences, meetings, R&D, formation
tutorials, edlitorial works collaboration

l

R&D Innovation

professionals

Fig. 7. A scheme for structure and activity of [IFToMM

e In 2013 13 TCs are activate in the fields of: Biomechanical Engineering, Computational

Kinematics, Gearing and Transmissions, Linkages and Mechanical Controls, Micromachines,

Multibody Dynamics, Reliability, Robotics and Mechatronics, Rotordynamics, Sustainable Energy

Systems, Transportation Machinery, Tribology, and Vibrations. Additional TCs are under
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consideration for hot topics with an IFToMM significant community. The PCs are on:
Communications, Publications and Archiving, Education, History of MMS, and Standardization of
Terminology.

e Main aspects of the IFToMM activity are emphasized in Fig.7 as related to Research,
Teaching, and Collaboration for final goals in R&D frames, Innovation, and Professionals
Formation. Indeed, they are related to each other since a good teaching for a modern professionals
formation needs to be well based on a successful research activity that today requires collaborations
in teams even within international frames for shared approaches and results.

e [FToMM activity can be summarized mainly in:

e conference events, in wide form and specific subjects not only as linked to TCs, at local and
international frames, within series and in one shot events. A World Congress is organized every 4
years and the next one is 14th IFToMM World Congress that is scheduled on 25-30 October,
2015,in Taipei (http://iftomm2015.yohoz.com)

e meetings and visit exchanges, including joint teaching

e project collaborations in research programs and in teaching plans

e organization of fields of interests for aggregation of an international community and planning
actions as the above ones

e publications for dissemination purposes of research results and knowledge transfer. This is
achieved at the moment through 6 affiliated journal and two book series specifically dedicated to
MMS and IFToMM community. The journals are: Mechanism and Machine Theory
(http://www.elsevier.com), Problems of Mechanics (http://pam.edu.ge), Open-access Mechanical
Sciences  (http://www.mech-sci.net), Chinese  Journal of Mechanical Engineering
(http://www.cjmenet.com), Advances in Vibration Engineering (http://www.tvi-in.com/index.asp),
Mechanics Based Design of Structures and Machines
(http://www.tandf.co.uk/journals/titles/15397734.asp). The book series are published by Springer
on MMS (http://www.springer.com/series/8779) and on History of MMS
(http://www .springer.com/series/7481).

e [FToMM significance can be summarized as being the unique world federation in MMS with
the following motivations:

e General Assembly: it is the supreme body of the Federation and determines its policy. It is
com

e Yesterday: To start and facilitate international collaboration between Eastern and Western

countries
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e Today: To help and enhance international collaboration and modern results on MMS

e Tomorrow: To leader cooperation and development in MMS Mechanism and Machine
Science
Conclusion

Not everything is new or recently developed in MMS, although innovation seems to be a priority
today. But this does not mean that there is not interest for MMS, nor that there is no need to work
on developing and enhancing knowledge and application of MMS. New challenges are determined
for MMS in the new needs of Technology and Society both in term of developing new solutions and
updating past solutions. An awareness of the historical background can give not only a conscious
understanding of past efforts and solutions, including their paternity, but even more importantly it
can help to find/develop ideas for new and updated problems to be solved. But the rapidly evolving
needs of Technology and Society will require a continuous re-thinking and re-conceiving of
methodologies and solutions in suitable updated applications. Thus, the main challenges for future
success in MMS may be recognized in the community capability of being able to keep updating the
field and therefore in being ready to solve new and updated problems with new ideas or by

refreshing past solutions, as has been done successfully in the past.
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GEARING FORCE DETERMINATION OF CONICAL GEAR
WITH INTERMEDIATE ROLLING ELEMENTS
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Abstract: The article is devoted to research of a dimensioned gear with intermediate rolling
elements and crossed axes. The dependence between torque and gearing force in bevel gearing with
intermediate rolling elements is determined.

Keywords: gear, gearing, torque, gearing force

ONPEJAEJIEHUE CUJIbI 3AIIENIJIEHAS KOHUYECKOM INEPEJAYHN
C IPOMEXYTOYHbBIMHU TEJIAMU KAYEHUS
A. B. Yepemnos, Tomckuii nonumexuuyeckutl ynusepcumem (T11Y), arsenij85@sibmail.com,
E. H. Ilawxos, kanouoam mexnuueckux nayx, TI1Y, epashkov1@sibmail.com,
An U-Kan, ookmop mexnuueckux nHayx, npogpeccop, TI1V, igwan@sibmail.com;
A. C. Unvun, 3amecmumens 2nasnoco unaicenepa no Hosou mexuuxe, OO0 « Cubupckas mawiuro-

CmMpoumenvHas KOMnanusy, simaco@mail.tomsknet.ru

Anuomauuﬂ: Cratbsa IOCBAIICHA UCCIICA0OBAHHNIO HpOCTpaHCTBCHHOﬁ nepeaaun ¢ MpoMeKyTOUHbI-
MU TCJIaMU KAQYCHHUA M NCPCCCKAIOIIUMUCA OCAMMU. YcraHnopieHa 3aBHCHMOCTD MCKAY KPYTAIIUM
MOMCHTOM U YCHUJIMECM B 3alICTINICHUHA KOHHYSCKOM nepcaaun ¢ NpoOMEKYTOUHBIMU TCIIAMH Ka4CHUS.

Knrwoueswie cnosa: nepeaada, 3alcIrjICHUC, KPYTHHII/Iﬁ MOMCHT, CHJIa 3alCTIIICHUSA

Beenenue

3y0Ouatele nepeaayn UMEKTCS B OJIABISIONIEM OONBIIMHCTBE MAaIIUH U pubopoB. HanexHocTh
M KayecTBO palOOThI MAIIWH B OOJIBIIICH CTEMEHW 3aBHCHUT OT paboThl 3yOuarhix mepemad. Cpemaun
MHOTHUX BUOB 3y04aThIX mepeaad 0co00e MeCTO 3aHUMAIOT Mepelayr C MPOMEKYTOUYHBIMU TEIaMHU
kauenus (I1TK). Unarepec k 3ybuatsim nepenayam ¢ [ITK oOycnoBneH psiiom qocTonHCTB: audde-
PEHLIMATBHOCTBIO CXEMBI, BO3SMOXXHOCTBIO OOBEIUHATh (PPUKLMOHHBIE U 3y0UaThie Kojeca B €1u-
HBIA MEXaHU3M, KOMIAKTHOCTBIO, BEICOKUM K03 (DUITUEHTOM MTEPEKPBITHSI.
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Hecmotps Ha mmpokoe npumeHenne umeroniuxcs nepenad ¢ [ITK u nosiBneHneM MX HOBBIX
Pa3HOBHUIHOCTEH, OHU OCTAIOTCsl ManonsyueHHbIMU. B o6mactu nepenad ¢ [ITK umeercs Gonbiioe
KOJIMYECTBO MATEHTOB M aBTOPCKUX CBUICTENLCTB Ha M300peTeHus. OqHaKo, OONBIIMHCTBO OIMyO-
JUKOBaHHBIX pa0OT MMEET HAIIPABJICHHOCTh Ha MccliefoBanne BapuanToB nepenad ¢ [ITK u mapan-
JIEJIbHBIM PACIIOJI0KEHUEM OCEH.

Ha puc. 1 npuBenen Bapuant nepegauu ¢ [ITK u nepecexaronumucs ocsimu [1]. Ilpu onpene-
JICHHBIX COUYETAaHUSAX I'€OMETPUUECKUX MapaMeTPOB TPEHUE CKOJIbKEHUS B 3alICTNICHUN JAHHOU Te-
penauu crpeMutcs K Hymro. ClieqoBaTenbHO, MOKHO OCTUYh BBICOKOTO 3HAUYCHUS KOXPPUIIUEHTA

OJIE3HOT'O NEUCTBHUA.

Puc. 1. Konnueckas nepegaua ¢ [ITK

[Tpu BBIOOpE OTpeneneHHoro THIa 3y04aThIX Mepeaad B Ka4eCTBe OCHOBHOTO KPUTEPHS BHICTY-
[aeT Hecyllas cnocoOHOcTh nepeaayn. ONeHKy Hecyllel ClOCOOHOCTH MPOBOJAAT Ha OCHOBE pac-
yeTa KOHTaKTHBIX HanpsbkeHuil. B cBoro odepenp, Ul pacyeTa KOHTAaKTHBIX HaNpspKeHU HeoOXo-
MO OIPENeNUTh YCHIUS, BO3HUKAIOUINE B 3alleIuieHnH Kosec. Hacrosmas pabora mocsiieHa
YCTAQHOBJICHUIO 3aBUCHUMOCTH MEXAY KPYTAIIMM MOMEHTOM U CHJIOM 3alEIUICHUS B KOHMYECKOU
nepenaue ¢ [ITK.

Omnpenesienne ycuiaus 3auenaieHus

BseneM psia 1omyIeHnn:

1. BIMSHHEM CWIJI TPEeHUsS peHeOperaeM;

2. momaraeM, 9TO BEKTOP CHJIBI HAllpaBJIeH BIOJb 00IIeii HOpMalu, BOCCTAHOBICHHOW K Moo 3y0a.

IIpn nepenade NBUKEHUS CO CTOPOHBI LIECTEPHU HA NMPOMEKYTOYHOE TEIO KAYEHUS JACUCTBYET

CHJlIa Fl,HpI/I OTOM B TOYKE KOHTAKTa IIPOMCKYTOUYHOI'o TC€JIa KAQ4CHUA C SY6‘IaTI>IM KOJIECOM BO3HH-
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kaet cuna F», puc. 2. Yka3zaHHbIe CUIIBI paBHBI MKy COOOM IO MOJTYJII0, NEHCTBYIOT BAOIb OJJHOM

MIPSIMOM, HO HAIPABJIEHbI B IPOTUBOIOJIOKHBIE CTOPOHBI

Jnst mpoBeeHUsT BBIYMCIICHUI BBEACHBI TPU IMOABUMKHBIE CHUCTEMBI KOOpAWHAT: S (X1, V1, Z1),
S> (x2, 2, z2) 1 S3 (X3 ,V3, 23), CBA3aHHBIE C CEMApaTOpPOM, IIECTEPHEH U KOJECOM COOTBETCTBEHHO,

puc. 2. Cucrema koopauHat S (x, y, z) SIBISETCS HEMOABHYKHOM.

%/ N X=Xy =X3

Puc. 2. Yeunusg B 3alCIINICHUHN KOHMYECKOU nepeaadn ¢ NpoOMEXKYTOUYHBIMU TCIIAaMH KaUCHUS

ITon neiictBuem cun F; u F, mpomMexyToOUHOE TE€IO KAYEHHUSI UCTIBITHIBAET HANIPSKEHHUE CHKATHS.
B pe3ynbpTare BO3HUKAIOT BHYTPEHHHUE HANPSKEHHUS, KOTOPbIE MOKHO MPEICTaBUTh B BUIE COCpE-
JOTOYEHHBIX cull, puc. 3. Cuctema koopauHat Ss (Xs, Vs, Zs) SBJISETCS MOABIKHOM, CBA3aHa C IICH-
TPOM ITPOMENKYTOUHOI'O TENA KAUCHUS.

CornacHo puc. 3 BBIIIOJIHAETCS YCIIOBHE
F-N=F,-N=0.

Takum o0Opa3oMm, B3aUMOJICHCTBHE MPOMEXKYTOUHOTO Tella KadeHHsl ¢ 3yO4aThIMU KoJiecaMu

MOKHO PacCMaTpHUBaTh HE3aBUCUMO JIPYT OT ApPYyra.
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Puc. 3. Buytpennue ycunus
B cucreme koopaunar Ss (xs, Vs, Zs), puc. 3, 3HAUCHHE BEKTOPA CHUJIBI ONPEEIISAETCS BhIPAKCHH-
eM
F=F(u\)= fcospsinAi + f cospcosj + f sin pk
WU B MaTpUIHOU (hopme
fcospusinA
f cospcosA

fsinp
0

F= (1)

Onpenenum 3HaY€HUE CUITBI B CUCTEME KoopauHaT S (x1, V1, 21), ’KECTKO CBSI3aHHOM C cerapaTo-
pom. CBs3b MeX1y CUCTEeMaMU KOOpAauHat S (Xs, Vs, zs) B S1 (X1, V1, Z1) IOKa3aHa Ha puc. 4.

[Tepexon u3 cucremsl KoopauHat S (X5, Vs, zs) B cucteMy S (X1, V1, Z1) OCYIIECTBUM 4Yepe3 Mpo-
MEXYTOUHYIO CUCTEMY KOOPIUHAT S, (X¢, Ve, Zc), PUC. 4. MaTpuIla mepexoaa OT CUCTEMBI KOOPIAUHAT

Ss (X, Vs, 25) K S1 (X1, V1, Z1) IPUMET BU]I

;ils = ;ilc;ics .
3nmech lels — MaTpulia epexoia u3 cucTeMsl Ss (Xs, Vs, Zs) B S1 (X1, V1, Z1), gllc — MaTpula Mepexo-

na u3 cucreMsl S (X¢, Ve, zc) B S1 (X1, y1,21) 1 A, — MaTpuna nepexoja U3 CHUCTEMbl KOOPIUHAT

Ss (Xs, Vs, 25) B cucTEMY S, (X, Ve, Zc)-
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Puc. 4. Cxema miis onpeneneHus B3auMOCHCTBUS 3JIEMEHTOB TIEpeIaun

3anuiieM COOTBETCTBYIONIME MATPUIIbI, COTVIACHO pHUC. 4:

1 00 O 1 0 0 O
;115 _ 01 0 R, ;lm _ 0 co'sw siny 0 ’
0 01 O " |0 —siny cosy O
0 0 0 1 0 0 0 1
TOT/1a
1 0 0 0
~ 0 cosy siny R,
4, = : )
0 —-siny cosy O
0 0 0 1

[Tocne ymuoxxenust matpuil (1) u (2) ypaBHEHHE CHIIBI B CHCTeME KoopAuHAT S (X1, 1, Z1) IPH-
MET BH/I:
f cosusinA

- COSLCOSA COSW + f sinusin
7| /S oosk Y+ fsinusiny 3)

—f cospcosAsiny + fsinpcosy
0

MomMeHT, co3JaBaeMblii CHUJIOM OTHOCUTEIBHO Hayajga KoopAuHAT (), CHUCTEMbl KOOpPIHHAT

S1 (x1, y1, 21), onpenensieTcst BIpakeHueM [2]
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m, (F)=0,0, xF, )

3neck 0,0, — paauyc-BekTop; F — BekTop cuibl.

B cucreme xoopmunar S (x1, y1, Z1), CBA3aHHOW C CEMapaTopoM, 3HAUYCHUE PanyC-BEKTOpa OIl-
PEACIIACTCA BbIPAKCHUCM.
00, =Rj; 5)

[IpencraBum 3HaueHUe cuibl (3) B BUIEC BEKTOpa
F = f(cos psin i, +(cos pcos A cos y +sin psiny) j, +(—cos ucosksin\p+sinucosw)kl).

[ToacraBnsis HaiiICHHOE 3HAUYCHHUE CUJIBI U panuyc-BekTopa (5) B ypaBHeHUE (4) Haiijgem 3Hade-
HUE MOMEHTA CHJIbI OTHOCUTEIILHO Havaia KOOPAUHAT CUCTEMBI S (X1, V1, Z1).

Hac HHTCPECYCT 3HAYCHUC MOMCHTA BJI0JIb OCH Zj.
T=-R,fcosusinAk, .

Ortcroia HaxoAUM

3 T

- R, cospsin)

HonyquHoe BBIPAKCHUC YCTAHABJIIMBACT 3aBUCUMOCTb MCKAY 3HAUCHUCM CHJIBI B 3alCTIIICHUN
3y04aThIX KOJIEC U KPYTAILUM MOMEHTOM Ha cenaparope.
3akioueHue

B pesynbrate mpoBeneHHOTO HCCIeAOBaHUS TpocTpaHcTBeHHOW mnepenaun ¢ [ITK momydeHo
BBIPAKCHUC, TTO3BOJIAIOMICC ONPCACINTL CHUITY B 3alCIINICHUU 3y6‘-IaTBIX KOJIeC B 3aBUCUMOCTU OT
3HAYEHUS KPYTSIIEro MOMEHTa Ha cenaparope. Y CTaHOBJICHHAS 3aBHCHMOCTh CHJIBI 3aIlCTIICHHSI OT

KpYTSILIEro MOMEHTA B JaJIbHEHIIIEM MO3BOJIHUT OLIEHUTh KOHTAKTHBIE HAMPSHKEHUS B 3alICTIIICHUH.
bubanorpaguueckne cCbLIKH
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CONTACT STRENGTH BASED METHOD OF MESHING SYNTHESIS
IN SKEW ROLLING PLANETARY TRANSMISSION
L. A. Chornaya, PhD in Technical Sciences, Associate Professor,

Moscow State Technical Univercity named after N. E. Bauman, chernayalA@yandex.ru

Abstract: This paper presents the method of non-local synthesis of geometrical parameters of skew
rolling planetary transmission with the contact localized both by the highness of the skew turns, and
by the lenght of the roll. The proposed method enables the maximum realization of the potential of
a linkage based on contact stiffness.

Key words: non-local synthesis, localized contact, contact stiffness

METO/J CUHTE3A 3ALEINVIEHAN B POJIUKO-BUHTOBOM IIJIAHETAPHOM
MNEPEJAYE (PBIT) 10 KOHTAKTHOM MPOYHOCTH
JI.A. Yepnas, kanouoam mexnuueckux Hayx, ooyenm, Mockogckuii 2ocyoapcmeeHHbill

mexnuueckuu ynueepcumem um. H.2.baymana, chernayalL A@yandex.ru

Annomayus: IlpencraBieHa METOIMKA HEIOKAIBHOTO CHHTE3a FEOMETPUUECKUX napameTpos PBII
C JIOKAJIM30BAHHBIM KaK IO BBICOTE€ BUTKOB, TaK W IO JJIMHE POJMKA KOHTAKTOM, MO3BOJIAIOIIAs
MaKCHUMaJIbHO PEaJM30BaTh MOTEHIUATIbHBIE BO3MOKHOCTH NEepelaul 10 KOHTAKTHOW MPOYHOCTH.

Knrouegvie cnosa: nenokanbHbI CUHTE3, JIOKATM30BAHHBIA KOHTAKT, KOHTaKTHAs MPOYHOCTh

BBenenue

[loBbIlIEHNE HAAEKHOCTH W JIOJITOBEYHOCTH MAIIMH M MEXaHU3MOB, UX SKOHOMUYHOCTH B
paboTe, CHUXKEHHE Ce0ECTOMMOCTH W3TOTOBJIICHHS W TaK Jajee - BaKHEHIIHME 3aJaud
MalIMHocTpoeHus. Ponuko-BuHTOBas IutaHerapHas nepenava (Puc.l), B koTopoii BpallleHue BUHTa
1 mpeoOpasyeTrcs B MOCTyIATEILHOE TIEPEMENICHUE TaKKU 5 MOCPEACTBOM PE3hOOBBIX POJIMKOB-
CaTeJUIUTOB 4, TOPLIOBBIE IEWKH KOTOPBIX YCTAHOBJIEHBI B OTBEPCTUAX CEMAPATOPOB 2, OTHOCUTCSA
K KJIaCCYy BUHTOBBIX MEXAHU3MOB C HECOOCHBIM B3aMMHBIM PACIIOJI0KEHUEM BHHTOBBIX ITOBEPXHO-
CTe! M WX OJHOBPEMEHHBIM BpallleHUEM (UJIU IUIAHETAPHBIM JBI)KEHHUEM) BO BpeMst paboThl. Pe3b-
0a poJIMKOB — OHO3aX0/IHAs, C BBIMYKIJIBIM AyroodpasHeiM nmpodunem. Ha BuHTe U raiike — MHOTO-
3axoj/iHas pe3bda ¢ npsMoIuHeHHbIM TpoduieM. Takum 00pa3oM, MEKIY POJIUKOM U BUHTOM, PO-
JIMKOM Y FaiKOM MMEET MECTO JIOKAJIM30BAHHBIN 10 BHICOTE BUTKA KOHTAKT, O3BOJISIOLIUI ITPU Ha-
JIMYUU TOTPEIIHOCTEN B3aMMHOIO PACIOJIOKEHHSI 3BEHBEB HUCKIIIOUHUTH OMACHYK KOHLIEHTPALUIO

Harpy3KkH Ha IPOAOJIbHBIX (BUHTOBBIX) KPOMKAX BUTKOB.
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1- MHorczaxomHHE EHHT,

2- CemapaTopH,

3- BTYIEH,

4- pesthoBHE ONHOZAXOTHELE [OTHKH,
5- mHorosazomHadraika

Puc.1. PBII-nepenaua ¢ KOpOTKUMH pe3bOOBBIMU POJTUKAMU

3a pybexxom PBII-nepenaun BovimmyckaroTcsi cepuitHo ¢ 60 romoB mpomnuioro Beka. B Hamei
CTpaHe CEepUHHO HE BBIIYCKAIOTCS, 4TO, B KAaKOW-TO Mepe, MOXHO OOBACHUTb OTCYTCTBHEM
HAJEKHBIX METOOUK MX pacyeTa U NPOEKTHUpoBaHUsS. PoNMKO-BHHTOBas IUIaHETapHas Iepenada -
CJIOKHBI, MHOTOKPATHO CTaTUYECKH HEOINpPENeIUMbIii MEXaHU3M, OCOOCHHOCTBhIO KOTOPOTO
SIBJIIETCS CUJIOBOE 3aMBbIKAHUE BBICIIMX KHHEMATUYECKUX Map M BO3MOXKHOCTb CBOOOJHOTO
CMEILEHHsI 3BEHbEB B Ipeleiax IMpelyCMOTPEHHbIX OOKOBBIX 3a30pOB B 3aleruieHusx. M3-3a
CJIOKHOCTH pacydeTa Harpy30K B 3aLCIUICHUSAX U COCAUHEHMAX MOUCK PALlMOHAIBHON KOHCTPYKLINU
MEXaHU3Ma OCYILIECTBISACTCS ONBITHBIM IIyTEM, YTO  TpeOyeT NPOBEICHHS JTOPOTOCTOSIINX
9KCIIEPUMEHTOB Ha «IIPOOHBIX» MexaHu3Max [2].
1. MeTona cuHTe3a reoMeTpH4ecKUX nmapamMeTpos 3anenyienuii PBITII

[Ipennaraemas MeToaMKa HEJIOKAIBHOIO CHHTE3a reoMmerpuueckux napamerpos PBIIII ¢ noka-
JM30BaHHBIM KakK I10 BBICOTE BUTKOB, TaK U 10 JUIMHE POJIMKA KOHTAKTOM, IIO3BOJIIET MAKCUMAJILHO
peann3oBaTh MOTEHIMAIbHBIE BO3MOKHOCTH Tepejaul 10 KOHTAaKTHOW npodHocTH. [lpu atom yun-
TBIBAIOTCS: MOTPEIIHOCTH M3TOTOBJIEHUS M COOpPKU 3JIEMEHTOB IepeAaud; 3aKOH paclpeaeeHus
Harpys3KH 10 BUTKaM POJIMKA-CATEIUIUTA, OTPAKAIOIIMNA BIMsIHUE 0COOEHHOCTEH MpoleccoB Gpopmo-
00pa30BaHMsl BUTKOB Ha IOJIOKEHUE TOYEK MX KAaCaHUS U IUIOTHOCTH MPHJIETaHUS KOHTAKTHPYIO-
IIMX MOBEpXHOCTEW. Pe3ynpTaToM CHHTE3a SBISIOTCS MapaMeTphl HAJAAKH pe3n0000padaThiBaro-
IIMX CTaHKOB M pa3Mepbl HMHCTPYMEHTOB, 0Opa0aThIBAlOIIMX IJIABHbIE IOBEPXHOCTH 3BEHHEB
PBIIII, npu KOTOPBIX MOJy4YeHHbIE BUHTOBBIE IOBEPXHOCTU o0ecreyar rnepejgade 3aJaHHOe KauecT-

Bo. CuHTe3 opMann3oBaH Kak MUHUMAKCHAs 3ajjada CJIEIYIOIIEeT0 BU/IA: HANTH BEKTOP MapameT-
poB P Tako#, 4TO MakCUMalbHOE HANPSIKEHUE G, KOTOPOE 3aBUCHUT OT JaHHOro P m Bekropa

MOTPEUTHOCTEeN Z , SBISETCS HAUMEHBIINM Ha MHOXKECTBE BEKTOPOB P mpu camom HeOmaronpusT-
HOM COYETaHHH ITOIPEIIHOCTEN Z:
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max c,(P,Z2)= min max c,(P,Z2),

rae S — MHOXECTBO JIOMYCTUMBIX 3HAUYEHUI MapamMeTpoB Hajalkd, T — MHOXKECTBO JIOITYCTHMBIX
3Ha4eHUH MOTPEIIHOCTEN, G, — KOHTAKTHOE HAIPS)KEHUE Ha HauboJiee Harpy>KEHHOM BUTKE.

Jlig pelieHust NOCTaBIEHHON 3aJjaui CTPOUTCS MaTeMaTUYecKash MOJIENb YIPYroro B3auMo/eil-
ctBUs 3BeHbeB PBIIIl B ycrmoBHSIX CTaTUYECKOTO HArpy>KeHHUs, B KOTOPOW YUYUTHIBAIOTCA OIpeJie-
JsieMble U3 TeOMETpUUECKOi Mozenu [3, 4] 3a30pbl MEKIY BUTKAMU IO JUIMHE POJIMKA MPU U3BECT-
HBIX MapaMeTpax mepenadn U (UKCUPOBAHHOM HAOOpe MOTPeIIHOCTel cOOpPKH, a TaKkKe KOHTAKT-
HbIE U M3TMOHO-CIBUTOBBIC JedopMaluy BUTKOB. B kadecTBe 0a30BOTO Il OMHCAHUS yIPYTOTO
B3auMoieiicTBus BUHTA 1 posinka PBIIII Obut BIOpan npubmmkeHHslid MeTo ipod. D.J1. Alipane-
ToBa [1]. 3agada o ctatmueckoi HarpyeHHocTH poiuka PBIIII pemena B cienyromei nocTaHOB-
Ke: IyCTh 3ajjaHa oceBasi cuia F, nmepenaBaemasi OT BUHTA Ha raiiky OJHUM POJIMKOM-CATENIUTOM.
Tpebyercs onpeneauTb YUCI0 BUTKOB POJIMKA, YUACTBYIOIMX B Mepeaaue Harpy3Ku, U repeiaBae-
MO€ Ka)/IbIM BUTKOM YCHJINE, €CJIH U3BECTHBI 3a30pbl MEXK/1y BUTKAMU BUHTA U POJIUKA B HEHArpy-
KEHHOM COCTOSTHUM U UX YIIPYT'He CBONCTBA.

Pemienue 3a1aum cBeICHO K BIOKEHHOMY PEIICHUIO YPAaBHEHUI: HA BEpXHEM (BHEIIIHEM) YPOBHE

perraeTcss OTHOCUTEIHHO CYMMAapHOW OCEBOU AeopMaliiyl pOoIHKa AZp YpaBHEHHUE PaBHOBECHS,
Ha BHYTPCHHEM — ypaBHEHUE COBMECTHOCTH JnedopManuii ¥ MepeMenIeHU , eCii 3aaHbl CyMMap-
Has oceBast JedopManys i-ro BUTKa OZ., HCXOIHBIC 3a30pbl A, B HEHArpy>KEHHOM COCTOSHHU H
YIPYyTHE CBOKMCTBA BUTKOB. Pe3ysbTaTOM OJHOKPATHOTO PELICHMS JAHHOM 3aJayu SIBJISIIOTCS: 3Ha-

YCHHUE OCEBOTO C/BUTA pOiMKa AZ , yeuiust F, ans xaxxnoro Harpy’>k€HHOTrO BUTKa, OOLIee YnCIIo

BuTKOB N ¢ F. >0, yuacTtByronmx B nepenaue Harpy3ku. [locneanee o06cTosITenbCTBO 00BSCHICTCS
CTPYKTYpOH YpaBHEHHsI COBMECTHOCTH JiehopMaIiuii U mepemMenieHui
B,F’ +AF -8Z,=0, (i= 1,N). Henumeiiroe (TlepBoe) craracMoe y4HTEIBACT KOHTAKTHYIO, a
JMHEWHOE — U3TMOHO-CABUTOBYIO COCTABIISIIONIME Ie()OpMAIlMA BUTKOB IPH PABHOMEPHOM pacripe-
JIeTICHNN KOHTakTHOM Harpys3ku. Koaddummentsr A;, B, - coorBercTByromue nedopmanuu ot
€IMHUYHOM CHJIBI, 3aBUCAT OT T€OMETPUM KOHTAKTHUPYIOIIUX MOBEPXHOCTEH M MEXaHMYECKHX
CBOWCTB MaTepuasia BUHTOB. /L1 onpezeneHust N3ruOHO-CIBUTOBBIX U KOHTAKTHBIX Jedopmanuit
BUTKOB POJIMKA HCIIOJIb3YIOTCS M3BecTHbIE pacueTHble mozenu K.M.3abnonckoro u 3.JI. Aiipamne-
TOBA.

3aBHUCHUMOCTh MAaKCUMAJIBHOTO KOHTAKTHOTO HAMPsDHKEHUS OT MapaMeTpoB HalalKu pe3bOoolpa-

0aThIBAIOIETO CTAaHKA M MTOTPELIHOCTEH eCTh LeneBast (yHKIMS 33]]a4ui CHHTE3a.
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Orta 3aja4ya peanu3oBaHa B BUJAE NMPOTrPaMMHOI0 KOMIUIeKkca. LleHTpanbHOe MECTO B HEM 3aHM-
MaeT OJI0K, B KOTOPOM BBIYMCIISIETCS 3HAUCHHE LIeeBON (DYHKIIMU CUHTE3a JUIsl 331aHHOTO Habopa.

IlonHblil HAOOp BapbUPYEMBIX [IAPaMeTpoB: a,b, o, .1, ,A ,AV , HadaubHbIC 3HAYCHUS KOTOPBIX

coctapisiioT Bektop P°. ITepBble YeThIpe U3 HUX ONpENeNsioT GopMy Mpoduis Ipou3BoAsIeil Ho-

BEPXHOCTH, YTOJl A, YCTAaHOBKH UHCTPYMEHTA BIMAET Kak Ha pOpMy Npoduiis BUTKA POIMKA, TAK U

Ha NIMPUHY BIIAJMHBI MEXIy BUTKAMH, IapaMeTp Moaudukaimu AV, onpenensier nepeMeHHOCTh

TOJIIIMHBI BUTKA MO JUTMHE POJIMKA. B yCIOBHAX TEOPETHYECKHM MHOTOINAPHOTO KOHTAKTa BHUTKOB
MOTPEUTHOCTH TIEPEKOCa PE3KO MepepaclpeieNIioT Harpy3Ky MEXIy HHMH, BBI3bIBas MEPETPY3KY
KpaiiHux BUTKOB. Co3aHue MpeIHAMEPEHHBIX 3a30POB MEKIY BUTKaMU POJMKA, MPOTPECCUPYIO-
X OT CPECAHUX K KpaﬁHHM BUTKaM, MO3BOJIACT JIOKAJIM30BATh KOHTAKT 10 JJIMHC POJIMKA U paB-
HOMEPHO pacIpeesIuTh Harpy3Ky Mexay ero Butkamu (Puc 2).

B kauectBe mpumepa pabOTHl OMUCAHHOTO MPOrPAMMHOTO KOMIUIEKCA TPEJACTAaBUM PE3yJIbTaT

cuHTe3a 3aueruieHus BUHT-poauk B PBIIII co crnenyrommmy KOHCTPYKTUBHBIMU pa3Mepamu:

Ponuk Bunt
JIAAMETP NEJIUTEIIbHBIN d=16 mm TUaMeTp AenuTenbHbI | d = 48 MM
JUaMeTp BIAJAUH df=15.26 mm JaMEeTp BIIaJUH df =47.32 mm
JTMaMeTp BEPILLIUH da=16.54 mm JMaMEeTp BEPILUH da =48.6 mm
qHCJIO0 3aX000B z=1 YHCJIO 3aX000B z=5
OCEBOM L1ar px=1.6 MM OCEBOM Lar px = 1.6 Mm
HaIpaBJICHUE CIIMpaIN: | IPaBoOe HaIpaBJIEHUE CIIMPAIH | JIEBOE
JUTMHA POJTMKA 1,= 99 mm, YHCJIO €r0 BUTKOB Y,=6l.

Ocesas cuna, npuxoasmasics Ha oauH ponuk F = 2400 H. HavyanpHble 3HaUeHus napaMeTpoB Ha-

dagku: a=b =114 MM, o, = 45°, r,= 400 mm, A, =0.032, AV =0. Bapbupyembie mapameTpbl
cuHTe3a: I, W AV . JIONMyCK Ha MOTPELIHOCTD yIila Y MepeKoca Oceil BUHTA M POJIMKA COCTABIISIET

+1° (£0.017 pamman). JlomycK Ha MEXOCEBOE PACCTOSHUE NIPHHAT PABHBIM HYIIO (TaHHAS T10-

T'pCHIHOCTDb I/ICKJ'IIO‘ICHa). XapaKTepI/ICTI/IKI/I MEXaHHYECKUX CBOMCTB MaTepuajia BUHTOB: MOAYJIb

ynpyroctu E =2.15-10°MIla, kosdduuuent [Tyaccona v =0.3.

B PE3YJIbTATC CUHTC3a BAPBUPYCMBIC MAPAMCTPbl HAJAAKH TTOJYYWINA CICAYIOIUC 3HAYCHUA:

r,=408.62 mm, AV, = 0.864-10°, npu 5TOM MakcHMAlbHOE KOHTAKTHOE HAMPSUKEHHE G, HA

HauboJiee Harpy>KeHHOM BUTKe He TpeBbimaer 1432 MIla.
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Jns conocraBnenust 6azoBoit (b) u momuduimpoBannoit (M) nepemay pacCUMTHIBACTCS OXKH-
JaeMO€ YHCIIO LIUKJIOB HArpy>KeHUs. AHAIU3 pe3ysIbTaTOB MOKAa3bIBAET, YTO MapaMeTpbl MOIU(U-

IUPOBAHHOM mepenaun: noaroBeyHoctb N, (Puc.3a), MakcuManbHOE KOHTAKTHOE HANpsHKEHHE
Ha CaMOM HAarpyxeHHOM BUTKe O .. (Puc.30), umciao HarpyxkeHHsix BUTkoB Y., (Puc.3B),

MPAKTUYECKH HE 3aBUCAT OT MOHTA)KHOM MOTPEIIHOCTH Y .

AZ, - 10° 1 Oy 107, Mna
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Puc.2. CpaBHuTenbHas orneHka 6a3oBoii (b) u Mogudummpoannoii (M) nepenau

3akiarouenne

B nmanHO# paboTe mpeAnpUHSTA MOMBITKA COBMECTHTh B METOJIMKE pacdyeTa TeOMETPHUYCCKUX Ta-
pametpoB PBIIII yueT, kak ynpyrux XapakTepUCTHK, TaK U TOTPEHTHOCTEH MOHTaka 3BCHBECB.
[IpennmoxxeHHBIA 37€Ch METOJ CHHTE3a OCHOBBIBACTCS HA AHATUTHYECKOH MOJETH TE€OMETpO-
KHHEMAaTHYCCKOTO B3aMMOJICHCTBHS 3BCHHCB M YTOUHEHHOM METOJMKE pacyeTa pacipe/ecHus Ha-

TPY3KH 110 BUTKAM B YCJIOBUAX MHOI'OITIAPHOI'O KOHTAKTa
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DESIGN OF SHAPING MACHINE AND TOOLING SYSTEMS
FOR GEARS MANUFACTURING
Ju. M. Danilchenko, DSc. Eng., Professor, Technical University of Ukraine «KPI», yumd@ji.ua;
A.V. Krivosheya, PhD, Senior Researcher, Institute of Superhard Material NAN Ukraine,
krivosheyatolja@ukr.net;
M. G. Storchak, DSc. Eng., Assistant Researcher, Institute for Machine Tool of Stuttgart University,

Germany, michael.storchak@ifw.uni-stuttgart.de

Abstract: The article presents the modern approaches to the principles of designing equipment and
instrumentation systems for gears manufacturing. Methodical basics of selecting the optimal
machine configuration in the depending on the technical and economic requirements for the
machining and form of gear’s tooth profile are stated. The system for theoretical and technological
optimization synthesis of instrumentation systems for gears manufacturing is presented.

Keywords: gears manufacturing, machine design, tooling system

MMPOEKTUPOBAHUE ®OPMOOBPA3YIOIIEI'O OBOPYJAOBAHUA
N UHCTPYMEHTAJIBHBIX CUCTEM JJIS1 OBPABOTKU 3YBUYATBIX KOJIEC
0. M. Jlanunvuenxo, 0. m. n., npogh., Texnuueckuii Ynusepcumem Yxpaunvr « KIIH», yumd@i.ua;
A. B. Kpusowes, k. m. H., cm. H. comp. Uncmumyma ceepxmeepovix mamepuanos HAH Ykpaunui,
krivosheyatolja@ukr.net;
M. I'. Cmopuak, 0. m. ., H. comp., Hncmumym Cmanxos [LImymmeapmckoco Ynusepcumema,

I'epmanus, michael.storchak@ifw.uni-stuttgart.de

Annomayun: B cratbe NpHBeeHBl COBPEMEHHBIEC MOAXO/bI K MPUHLIUIIAM IPOSKTUPOBAHUS 000-
PYAOBaHUS U UHCTPYMEHTAIBHBIX CHUCTEM U1l 00paboTKu 3y0UaThix Kosiec. M3moxkeHsl MeToanue-
CKHE OCHOBBI BbIOOpa ONTHUMAIBHOM KOH(Urypaluu oOOpYyJOBaHUS B 3aBUCUMOCTH OT TEXHHUKO-
SKOHOMHYECKUX TpeboBaHui K mporeccam oOpaboTku u popme obpabarbiBaeMbix Koinec. [Ipen-
CTaBJIEHa CHCTEMa TEOPETUUECKOTO U TEXHOJOTHYECKOT0 ONTUMH3AIIMOHHOTO CUHTE3a HHCTPYMEH-
TAJIGHBIX CUCTEM I 00pabOTKH 3y0UaThIX KOJIEC.

Knrouesvie cnosa: 3y06000paboTka, KOMIIOHOBKA 000PYI0BaHUS, UCTPYMEHTAJILHBIE CUCTEMBI

BBenenue
MHorooOpasue pa3lnu4yHbIX KJIACCOB, BUIOB M THUIIOB 3yOUaThIX Mepenad M 3yOuaThIX coeluHe-

HUM, YCIOXHEHHE UX CTPYKTYpHl, MOBBILICHHUE TPEOOBAHUN K MX TOYHOCTHBIM IapaMerpam, Co-
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CTOSIHUIO TIOBEPXHOCTHOTO CJIOS, (DYHKITMOHAJILHBIM U JKCIUTyaTallMOHHBIM TTOKa3aTelsiM, TpeOyeT
pa3paboTku 0ojiee COBEPIICHHBIX MOAXOJOB K MPHUHIMIIAM IMPOESKTHPOBAHUS TEXHOJIOTUYECKUX
cucteMm 3y0000paboTku. CuHTe3 3y0UaThIX mepenad HeoOXOOUMO paccMaTpUBaTh C YYETOM BCEX
3TANoB UX KU3HEHHOTO LMKIIA, T.€. B €AMHOM TEXHHUYECKOW CUCTEME, KOTOPasi BKIIOYAET: MPOCKTH-
pOBaHME, TEXHOJIOTHIO H3TOTOBIICHUS, COOPKY, MPUPAOOTKY, HCIIBITAHHUE, SKCILTYyaTaIlll0, PEMOHT H
YTUIN3aLKI0. JTanbl )KU3HEHHOTO LIHMKJIA MOTYT OBITh M3MeHeHbl. Hanmpumep, MoxkeT ObITh 100aB-
JIeH 3Tan COBEPIICHCTBOBAHUS U MOJICPHU3ALNY TIepeadn UM 00beIUHEHBI B OJHY CHCTEMY TEO-
pETHYECKHA U TeXHOJIOTUYeCKUi cuHTe3 [1]. Bee aTambl KM3HEHHOTO IMKIA 3y04aThIX mepenad
B3auUMOCBsI3aHbl. KaX/1pIil U3 3TanoB *U3HEHHOTO LUKJA 3y04yaToil nmepegadyn UMEET CBOM OCOOEH-
HocTu. Hampumep, 0COOEHHOCTSIMU TEXHOJIOTHYECKOTO CHHTE3a (TEXHOJIOTUYECKONW CUCTEMBI) 3y0-
4aTol mepeAauu SBJsIeTCS HE MCIPaBICHHE TOTPEITHOCTEN KaK MPHU U3TOTOBICHUH MPOCTHIX JeTa-
Jei, a mpeobpa3zoBaHKe MOTPELIHOCTEH Ha MOCIeA0BaTeNbHBIX onepanus 3y0000padoTky, Ha 3a1a-
HUU HE TOJIBKO BEITUYHHBI, HO ¥ (JOPMBI TIPHITYCKA.
CHHTe3 TEXHOJIOTNYeCKOH CUCTEMbI

PaccmarpuBaeTcst TexHoNOrMYecKash CUCTeMa, COCTOAIIas U3 psAa MOJCHCTEM, SBISIONIASCS
TEXHUYECKOM CHUCTEMOM M BKIIIOYAIOLIEH OINEPATOPOB U CIEAYIOIIHME MOJCHUCTEMBI: CTaHOYHYIO,
MPUCTIOCOOJICHHM, JIOTHCTUKH, NHCTPYMEHTATBHYIO C YUYETOM MEPETOYCK U MPABOK WHCTPYMEHTOB,
WHCTPYMEHTOB 2-TO U 3-T0 MOPSAAKOB, aKTUBHOTO WJIM MEKONEPAMOHHOIO KOHTPOJIS,, OTKPHITYIO
PEKYPPEHTHYIO TOJCUCTEMY, MPEAINOIArarollyl0 pa3BUTHE U CBSI3b CO BCEMH OCTaJbHBIMU CHCTE-
MaMH KU3HEHHOTO IHKIIA 3y0daroit nepenaun. OCHOBHBIMHU MOJACHCTEMaMHU TEXHOJIOTHUECKOH CHC-
TEMBI SIBJISIFOTCS] CTAHOYHASI M HHCTPYMEHTaJIbHas MOACUCTEMBI. [103TOMY OHUM U3 MEPBBIX ITATOB
CUHTE3a TEXHOJIOTHYECKON CUCTEMBI SBIIIETCS ONTUMH3ALMOHHBIN BEIOOP KOMIIOHOBOK TE€XHOJIOTH-
YECKUX MOJyJiel (CTAaHOYHBIX MOJCHUCTEM) U TMOACHUCTEMBl HCXOAHBIX HHCTPYMEHTAJIbHBIX TeEI
(mpoToTHNIa WHCTPYMEHTANBHBIX MOJCUCTEM) IJII BCEH TEXHOJIOTHYECKOW IMETMOYKH 00paboTKu
3yOuatheix nepenad. OCHOBHBIMU (YHKITUSIMU CTAHOYHON M MHCTPYMEHTAIBHOM MOJCUCTEM, KaK H
BCEl TEXHOJOTMYECKON CHUCTEMBI, SBISIOTCA: CHATHE IMPHUITYCKa; oOecrieueHne MexXonepaluoHHOMN
TOYHOCTH; OOeCTieueHre BETUYUHBI M ()OPMBI MEXKOMEPALMOHHBIX PUITYCKOB U MEXKOTIEPAIIHOHHO-
T'O COCTOSIHHSI TIOBEPXHOCTHOTO CJIOS; 0OeCIieueHIe OKOHYATEIbHON TOYHOCTH pa3sMepoB U (POPMBIL;
o0ecrieyeHne OKOHYATEIbHOIO COCTOSIHUS TTOBEPXHOCTHOIO CJIOSI TOBEPXHOCTEN 3yOuaThIX BEHLIOB;
obecrieueHrne palMoOHATBHOW MPOU3BOJUTEILHOCTH U cedbecTomMocTu 00paboTku. CoBpeMEHHBIC
CTaHOYHBIE M MHCTPYMEHTAJbHbIE MOACUCTEMbI U3TOTOBIECHUS 3y0UaThIX Mepenay JTOJKHBI IPOEK-
TUPOBATHLCS HA CJIETYIONIUX OCHOBHBIX MPUHIIUIAX: CHCTEMHOTO TIOJX0/a; OTKPBITOCTH MOJACHCTEM;
Pa3BUTHUS MMOJACUCTEMBI; CHCTEMAaTU3alNY, YHU(PUKAIUHN U K1accupuKaIm,; MHOro()yHKIIMOHAIBHO-
CTHU; PEKYPEHTHOCTH WM MHOXECTBEHHOCTH PEKYPPEHTHBIX IIMKJIOB; OMPEIEICHUS U TOCIeq0Ba-
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TEJILHOTO HMCCIIEOBaHMs OOJIACTH CYIIECTBOBaHMS (MHOXKECTBA BO3MOXKHBIX BapHMaHTOB); Mepece-
YEeHUs1 MHOXKECTB KaK METOJUKH CHUHTE3a.

MareMaTHuecKoil OCHOBOH MPOLECCOB pa3pabOTKU KOMIIOHOBOK CTAHOYHBIX M MHCTPYMEHTAJIb-
HBIX MOJICUCTEM, aHAJIM3a TOYHOCTU 00pabOTKH 3yOuaThIX mepenad sBisieTcss 00001meHHas yHUupu-
IIMPOBAaHHAS MaTeMaTH4decKas MoJienb (hopmooOpasoBanus [2]. PazpaboTka u MccieoBaHUe MaTe-
MaTH4YeCKoW Mojenn popMooOpa3oBaHus 3y0UaThIX Mepeiad CTPOUTCS Ha CIeyIOINX MPUHIUIAX:
0000111eHus; CTPYKTYPHOCTH; TOCJIEIOBATEIBHOTO HMCCIEIOBAHNUS MHOXKECTB; MEPEeCEeYeHUs MHO-
KeCTB; uTepauuu; Bapuanuu. [Ipuauun ododuienus chopmynupoad M. JI. EpuxoBsiM B BUIE Ma-
TEMaTUYECKOH Mojenu (opMooOpa3oBaHus, KOTOpas AOKHA ObITh OOLIEH A MaKCHMajIbHOIO
quciaa 3y0uaThIX Iepeaay, a YaCTHbIE CIIydau 3TOM MOJENN OJKHBI COOTBETCTBOBATh OTJECIIBHBIM
KJlaccaM, TMIaM ¥ BUJaM 3y0dartbix nepeaad [3]. O6001ueHHas MaTeMaTnyeckas Moienb (popMooo-
pa3oBaHus 3y04aThIX Iepeaay pa3HbIX KJIACCOB, THUIOB M BHJIOB BKJIIOYAET 0OOOLICHHYIO MaTeMa-
THYECKYIO MOZEIh HCXOTHOTO (hopMOOOpa3yromero 3BeHa, 0000MIEHHYI0 MaTEMAaTUIECKYIO MOJIENb
3aroTOBKH, OOOOIIEHHYI0O MaTEMAaTHYECKYI0 MOJIeNIb KHHEMAaTUUeCKOW cXeMbl (opMooOpa3oBaHMs
U ypaBHEHMH cBsI3U B oOuiem Buze [2]. s pa3paboTKu TaKuX MaTeMaTHUYeCKHX MOJIENeH UCIOIb-
30BaH ammapar MHOromapaMeTpUuecKux oToOpaxkeHui adduunHoro npoctpanctsa [4]. IlpuHimmn
CTPYKTYPHOCTH MaTEMaTHYECKON MOJIENIN MO3BOJISIET 3aIMCATh €€ B CHMBOJILHOM (MAaTPUYHOM) BH-
ne. [lpu pemennn npsimoii 3agaun GopMooOpa3oBaHUsI HCXOIHBIM (POPMOOOPa3yIONIUM 3BEHOM SIB-
asietcst 3y04aroe Kojeco, a pH peleHuH 00paTHOM - UCXOAHOE HHCTPYMEHTAIBHOE TEIO.

O6o006muienHas yHu(UIIMpOBaHHAs MaTeMaTH4ecKas MoJiesb (hopMooOpa3zoBaHus 3yOUaThIX KOJIeC

B 0011IeM cllydae IpH JBYXIapaMeTPUUECKOM OTHOaHUM UMeeT Bu [2]:

Mowomin = mv,“"‘m(.r‘lmv‘rylmtp?lmf‘zl Vrzmcﬁzmv?zm‘P;zmé‘fzmviz
- m m . m m . m ., m m m . m m .
Cy3 Vi3 ¢ -3 73 Vs Cya4 Vs P -4 7y Viys
.m"usm‘/‘sm(P‘;‘smé5mV\me\‘me:5m(Psm/6mru6
w < w < w b (1)
P64 = P .6 = 0P .63
w w
(p zi = fQH[ ((P z6)
woo_ w
lzi - fl;,': ((P 26)
m ., ,m, =0 nu ¢, const
m rn @ m woo 0 npu (p ).:z = const
rae m, ., m, — MaTpHIbl npeoOpa3oBaHusl KOOPAUHAT; m, ., m, — MATPULBI JIBHKCHUA; M,

Vij

P

MaTpHIa pajJuyc-BeKTOpa TOUYKH-IpooOpasa; i — KoopauHaTa oToOpaxeHus; j = 1 ... n — HOMep
OTOOPaXEHHS; /1 — KOJIMYECTBO OTOOPAKEHUH.

YuuThIBas 4acTHOE 3adaHuUC ocell CUCTEMBI KOOpAUHAT U 4aCTHOC 3a1aHUC ﬂBH)KeHHﬁ, C yUuCTOM
pacIIMpeHusl CTETIEHH BO3MOKHOM OTHOCHUTEIBbHOM MOABMXKHOCTH (POPMOOOPA3yIOLIEro 3y0uaToro
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3BeHa J0 O-TH U 3aJaHUE B KAXIOM U3 PEIEpOB TOJBKO OIHOTO JBIXEHHS (), win @) , o0iacTh

CyIIECTBOBaHUS 000OIIEHHOW YHU(DHUIIUPOBAHHON KMHEMATHYECKON CXEMbI MOXKET OBITh MTPE/ICTAB-
JeHa pucyHkoM 1. DTta cxema — 0000IIeHHas, TOCKOJIbKY BKIIOYAET BCE M3BECTHbIC KMHEMAaTHYe-
CKHE CXEeMBbl KaK TEOPETHUYECKOTO TaK M TEXHOJOTHMYECKOTO (hOpMOOOpa30BaHMs, a TAKKE HEU3-
BECTHBIE CXEMBI TPEOYIOIINE UCCIIEOBaHUS. Y HU(PUIMPOBAHHON OHA SIBIISIETCS] TOTOMY, YTO B Ka-
KJIOM periepe Mpy KOHKPETHON CXeMe 3a/aeTCsl TOJIBKO OJIHO ABIIKEHHE, MATPHIIBI KOTOPOTO YHU-

¢dbunmpoBaHsl [2].

Puc.1. Cxema obnactu cyuiecTBoBaHHs 0000IIEHHOW KHHEMATHYECKOH cXeMbl (pOpMOOOPa30BaHUs
3yOuaThIX 3BEHbEB PA3IUUHBIX Ki1accoB, THNOB 1 BUIOB (T — popmoobpa3zyromiee 3y6uaroe 3BeHO;

P — popmoobpazyemoe 3y6uaroe 3B€HO).

[IpuBenennas o0oOIIeHHAsT KUHEMATHYeCcKasl cxema ¥ 0000IIeHHas yHHPUIIMPOBaHHAS MaTeMa-
THUYECKasi Mo/ieb (hopMO0OOpa30BaHus 3y0UaThIX KOJIEC MPEICTABISET MHOXKECTBO BO3MOXKHBIX KH-
HEMAaTHYECKHX CXEM U MaTeMaTHYECKHX MOJEJIEH TEOPETHUECKOr0 U TEXHOJIOTHYECKOro popmMooo-
pa3oBaHUs IMIIMHAPUYECKUX 3y0UaThIX KOJEC pa3IMYHbIX TUIOB [2].

OnTuMHU3HPOBAHHBIN CHHTE3 KOMIIOHOBOK (opM000Opa3yomero 000pya0BaHus

HcxonHbIMHA JTAaHHBIMH Ha HAYaJIBHBIX 3Tanax MPOCKTHPOBAHUS METAJUIOPEKYIIUX CTAaHKOB SIB-
JSIOTCST MaTeMaTHdeckue Mojenu GopMooOpazoBaHus MOBEpXHOCTEH (1), COOTBETCTBYIOIIME WM
CXEMBI JIBIDKEHUHN U CIIOCOOBI peanu3allii 3TUX JBIKEHUH, onpeaensieMble KOMIIOHOBKOM CTaHKa.
3amaun aHalM3a U CMHTE3a BO3MOXKHBIX KOMIIOHOBOK 0a3upyeTcs Ha MaTeMaTH4YeCKOM OIMCAaHWUU
cBsA3M (opMbl 0OpadaThIBaEMOM MOBEPXHOCTU ¢ POPMOM MHCTPYMEHTA U NEPEMEIIECHUSMHU 3BEHHEB
dhopmoobpasytomieit cucremsl (PC) cranka [S]. [Tocie mpeoOpazoBaHus MAaTEMATHYECKUX MOJIEIICH
(dbopmooOpazoBanus (1) 1 3a1a4n aHaTU3a U CHHTE3a BO3MOXHBIX KOMIIOHOBOK CTaHKOB, HOMH-
HasbHas Gpopma 0OpabaThIBaeMO MOBEPXHOCTH MPEACTABISAETCS B BUAC TPAEKTOPUU OTHOCHTEIb-

HOTO JIBIDKEHUST (POPMOOOPA3YIOIMUX TOYCK HHCTPYMEHTA B CHCTEME KOOp