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1. COAEPKAHUE MPAKTUYECKUX 3AHATUI

INPAKTUYECKOE 3AHATHUE Ne 1
MATEMATHYECKHWE MOJIEJIM NTIPOU3BOJIUTEJIBHOCTH
POTOPHBIX MALIIWH

1. lean padoThlI.

N3yuenne MaremMaTHYECKMX MoJielied LMKIOBOM U (pakTUuecKoi
MIPOU3BOJIUTEIIBHOCTH POTOPHBIX MAlIMH Ha MPUMEpPE POTOPHOM MAIIWHBI JJIS
(bacoBKH JKUJKHUX MPOYKTOB B CTEKIIIHHYIO Tapy, UMEIOIIEH B CBOEH CTPYKTYype
pOTOp pPO3JIMBA C KJAMAHHBIMU J103aTOPAMH, PEANTU3YIOIIMMHU METOJ PO3JIMBA
JKUIKOCTEU MO YPOBHIO.

2. TeopeTuyeckasi 4acTh.

Luxnosas wmyunas npouszsodumenvrocms Il [mur./MuH] poTtopHON

MmaiuHel (PM) onpenensieTcst cienyonuMy BEIPaKEHUSIMU:

60
I, :—T u, (1.1)
K
rae Tx — AJIUTENbHOCTh KUHEMATUYECKOrO IMKIJIAa POTOPHOM MaIlMHBI, C;

U — 9rcII0 pabo4ymX MO3HIINH (103aTOPOB) POTOPA PO3JIHBA.
JUIATEIPHOCTh KMHEMATHYECKOrO0 IHKIA TEXHOJOTHYECKOTO pOoTOpa ¢
KJIalTaHHBIMU JI03aTOPAMU IS PO3JIMBA KHUIKOCTEH 110 YPOBHIO B BUJIC

240S \
T, = 120 k]_ 4 > oyT

+ +
I, Iy -h-t19Bmax 7Dy, A lty/2gH

1.2
_0,125. (UT +qu)2 (-2)

2
h

[TocraBnsas Beipakenue (1.2) B ¢opmyny (1.1), mocne nmpeobpazoBanuit
NOJYYEHHOTO  ypaBHEHMs, 3amumieM oOmiee  BBIpaKEHHE  IHMKJIOBOU
Npou3BOIUTENLHOCTH PM aiisi po3nuBa sKUIKOCTEH MO YPOBHIO B CIIEAYIOIIEM
BUJIE

+arccos | 1 h?

T

30 8S u
O, =""J2u. —4kj—— = T , 1.3
1T tp{ T 1 h'tgﬁmax TC(PBCH} ( )

rac tp — BPCM:A HAIIOJIHCHUA 6YTI)IJ'IKI/I JKUAKOCTBIO 11O YPOBHIO KJIaITAHHBIM

J03aTOPOM, C; Ur — YMCIIO MO3UIKK (103aTOpOB) poTopa po3nusa; K1 = 1...2;
h — mar paGo4ymux MO3UIMI TEXHOJOTHYECKOTO U TPAHCIIOPTHOT'O POTOPOB, M;
Sy — cyMMapHOe nepeMmelleHue MobeEMHOIO CTOJIUKA K J03aTOpy O MOMEHTA



€ro OTKPBITHA, M; Bmax <35  — MaKCHMMAalbHO JOMYCTUMBIA Yroil MoJbeMa
npoQuiIst Kyaauka; Q. — YI0Jl IOBOPOTa POTOPA PO3IMBA OT MO3ULMHU BbI1a4U
HANOJHEHHON OYTBHUIKU JI0 MO3UIUH MPUEMa ITyCTOU Oy THUIKH.

Bpemst HaronHeHusi t, OYTBUIKM KHIAKOCTBIO IIPH [O3HPOBAHHH IIO

YPOBHIO KJIANIAHHBIM J103aTOPOM

_ V6yT
P DAy 20H

rae Vgyr — BMECTHMOCTb OYTBUIKH (HYXKHBIH OOBEM HalTHBACMOW XKHIKOCTH),

M3; DKJ‘I — AUaMCTP TapCJIKU KJlallaHa, M, AKJ‘I — BCJIMYMHA OTKPBITUA TAPCIIKU

t (1.4)

KjanaHa (BpICOTa WIENMU JJISI MCTEUYEHUS S>KUIKOCTH), M; L — KO3(h(UIUEHT
pacxoja; H — Harmop KHJIKOCTH B 103aTOPE, M.

MunHumanbHasi BEIWYMHA YIJIa @pen NPU YCIOBHUM, YTO HAydaJIbHbIC
JMaMeTpbl TPAHCIIOPTHBIX POTOPOB paccMarpuBaeMoit PM paBHbI, OyzieT paBHa

0125 (U + Uy P

2
h
{O,STE(UT + qu)+ d6yT + Lmin}

QPger = arccos|1 h? |, (1.9)

T

rae Upp — 9MCNIO MO3UIMK (ITa30B) TPAHCIIOPTHBIX POTOPOB; d6yT — JMaMeTp

UUINHIPUYECKOM YacTu OyTbUIKM, M; Lypjp; — MHHHUMAJIBHO JOIYCTHMAas

IIMPUHA HAMIPABIISIONIETO 0XBaTa MEXKIY ABYMS TPAHCIIOPTHBIMH POTOPaMHU, M.
N3 ananuza Beipaxkenus (1.3) ciemyer, 4To B SBHOM BHJE HEJb3s
MOJTyYUTh 3aBUCUMOCTD Yrciia pabounx MO3UIMN TEXHOJIOTHIECKOTO POTOpa OT
TpeOyeMOl LHKIOBOW MPOM3BOAUTEIHLHOCTH, MOITOMY JUIsl PEUICHHUS 3TOTO
ypaBHEHHUs CIEeAyeT UCIOIb30BaTh CTaHAAPTHBIC MPOTPAMMHBIE TIAKETHI,
Hanpumep, MathCad wiu criermansHo pa3padaTbiBacMbIe IPOrPAMMBI.
Paxmuueckasn  npouseooumenvrocms Il pOTOPHOH — MaIIMHEL,

NPOTHO3UpPYEMast Ha CTAMH TPOSKTUPOBAHHMSI
g =Ny [mr./Mun], (1.10)

rie My — HporHosupyemMoe 3HaueHue Ko3(dduiueHTa MCrnoib30BaHus,
XapaKTEepPU3yIOIIETO HaeKHOCTh POTOPHON MAIIMHBI.

Ha cragum  mpoekTHpoBaHUS  MPOTHO3UPYEMBIH  KOIPPUIIUEHT
UCTob30BaHusl PM MoskeT ObITh pacCUMTaH 1O BHIPAKEHHIO



5

1—
Ny = ( mqff) . (1.11)

m
1+ (0TaU)caz +%((DTBU)T + %((DTBU)TP +(0Ty) +(0Ts),

Ile WCA3, Or, Orp, Ormy Oy — MAPAMETPLI IOTOKOB OTKAa30B COOTBETCTBEHHO
cucteMbl  aBromatuyeckoil — 3arpy3ku  (CA3) IWITy4HBIX  TPOJYKTOB,
TEXHOJIOTUYECKUX POTOPOB M TPAHCIOPTHBIX POTOPOB, TJIABHOIO MPHUBOAA

o -1.
BpAILIATEIBLHOTO ABWKEHUA W JJeKTpuueckor dactu PM, u °; Ty — cpennee
BpEMsI BOCCTAaHOBJICHUSI OTKa3a COOTBETCTBYIOUIEM CHUCTEMBI, 4; U — YHUCIO
no3uruii ~ CA3,  TEXHOJOTMYECKOr0  WIM  TPAHCHOPTHOTO  POTOPOB

COOTBETCTBEHHO; M — YHUCIO TEXHOJOTMYECKUX pOTOpoB B PM; Qmnm —
BEPOSITHOCTh HAPYIIEHHUS TUIOTHOCTH TEXHOJIOTUYECKOIO IIOTOKA IITYYHBIX
MPOAYKTOB BHYTpU PM BcieacTBue ciydalHbBIX MOTEPh WITYYHBIX MPOIYKTOB
NpyU HUX 3arpy3ke, BBIFPY3KE WM TMepeAade MEXKAY TEeXHOJOTHYECKUMU

poropamu ((un < 0,01...0,02).

3. CoaepskaHue U MOPSIIOK BBINOJIHECHUS 3a1aHUA

3.1. M3yuuTh TEOpETUYECKHE OCHOBbBI U METOJIUKY IOCTPOCHHUS
MaTeMaTHYECKUX MOJeNed UUKIOBOW W (PaKTUYECKON NPOU3BOAUTEIHLHOCTH
poTopHON  (AacOBOYHOW MAIIMHBI JUISI JKUJKUX TPOAYKTOB, HCIOJB3YS
MaTepHuaibl TEOPETUYECKON YACTH 3aHATUS U PEKOMEHAYEMYIO JTUTEPATYPY.

3.2. [IpoBecTH TeCTHPOBAHNE MATEMATHUYECKUX BBIPAXKEHUH MO 33JaHHBIM
MCXOJIHBIM JaHHBIM, UCTIONB3Ys porpamMmMHBIid naketr MatCad.

3.3. Opopmuts otuer.

IMNPAKTUYECKOE 3AHATHE Ne 2
MATEMATHYECKHUE MOAEJIN HAAEX KHOCTHU POTOPHbBIX
MAILINH

1. leab padoTHhl.

N3ydenne MaTteMaTUYECKUX MOJENIECH HAaJIEXKHOCTH POTOPHBIX MAIIMH IS
pPa3IMYHBIX CTpaTeruii OOCTY>KUBAHHUS HA MPUMEPE POTOPHOM MAIIMHBI JIJIS
(bacoBKH KUIKHUX MPOYKTOB B CTEKIITHHYIO Tapy, UMEIOIIEH B CBOCH CTPYKTYype
pOTOp PO3/IMBAa C KJamaHHBIMHM J03aTOpaMU, PEaTU3YIOLIMMU METOJ pPO3JIMBa
YKUJIKOCTEW MO YPOBHIO.

2. TeopeTnyeckasi 4acThb.

AHanuTHYEeCKWe MOJENHM OIMKCHIBAIOT Tpolecc (PYyHKIIMOHUPOBAHUS
TEXHOJIOTUYECKOM  pOTOPHOM  MalIMHBI  MOCPEICTBOM  MaTEMAaTHYECKUX
3aBUCMMOCTEM HA OCHOBE IIOHATUA W CUMBOJIMKM HEKOTOPOM TEOpUH, B
KaueCcTBE KOTOPOU HamboJiee 4acTo UCHOJIb3YIOT meoputo yenei Mapkosa. 1lpu
3TOM, KaK MpPaBWIO, nOmMoKU cobbimuii (OTKa30B M BOCCTAHOBJICHUS
paboTOCIOCOOHOCTH  MAalllMHBI)  TMPEJCTABISIIOT KAk  npocmeuiwiue, T.€.



o0naiaoime ceoucmeamu CmayuoHapHOCmu, OmMCymcmeusi nocie0elicmsus u
OPOUHAPHOCMU.

Cmayuonapnvlm  TIOTOK  Ha3bIBAlOT TOI/AA, KOIJa BEpPOSTHOCTH
BO3HMKHOBEHHUSI OTKa30B Ha JIOOOM MPOMEXKYTKE BpeMeHH Al He 3aBHCHUT OT
cagura At 1Mo ocu BpeMEHHU (BHEUIHUE YCJIOBUS M COCTOSIHUE CHCTEMBI
MIOCTOSIHHBI ).

Omcymcmeue nocredcmeus — O3Ha4aeT, YTO OTKa3bl  SBISIIOTCS
COOBITUSIMU, HE3aBUCUMBIMU JIPYT OT JAPYTa, U BEPOSTHOCTh HACTYIUUICHUS UX B
TEYEHUE HEKOTOPOTO MPOMEKYTKa BpeMeHH At HE 3aBUCHUT OT TOTO, OBLIU JIU
OTKa3bl JI0 3TOTO ¥ KaK OHU OBLIN pacIpeIcIICHBbI.

Opounaprocms  TOTOKA  O3HA4YaeT, YTO OJHOBPEMEHHO  MOXKET
IIPOM30UTHU TOJIBKO OJIMH OTKA3.

CroxacTHueckuid  XapakTep AaHAIUTUYECKUX  MOJICJIEM  OTpa)kaer
peajbHyI0 KApTUHY BO3HUKHOBEHHUS CIIYYalHBIX OTKA30B (YHKIHOHAIBHBIX
YCTPOMCTB M MEXaHU3MOB pOTOPHOM MalUMHBI M BOCCTAaHOBJICHUS €€
paboTOCTIOCOOHOCTH.

[Tpun IIOCTPOCHUU AaHAJIMTUYECKUX MoJeen HaJCKHOCTU
TEXHOJIOTUYECKON POTOPHON MAILWHBI UCIIOIB3YIOT CIEIYIOIIUE ITOKA3aTENU:

A=1Ty(d) —  HHTGHCHBHOCTb  (DYHKIMOHAIBHBIX  OTKA30B,

XapaKTepU3YIOIIYI0 BEPOSTHOCTh TOSBICHHS OTKa3a 3a paccMaTpUBaeMbIi
IPOMEXKYTOK BpeMEHU (TMpU OKCIOHEHIMAJIbHOM 3aKOHE paclpeaeieHHs
BEPOSITHOCTH A — CpE/IHEe YMCIIO OTKA30B B €IMHHILY BPEMEHH );

To(u) — HapaOOTKy Ha OTKa3, XapaKTEepPU3YIOLIYI0 CpelHee BpeMs
0e30TKa3HOW pabOThl MAIIMHEI 10 TEPBOTO (PYHKIIMOHATBHOTO OTKA3a;

w=1/T, (4) — HHTECHCHBHOCTb BOCCTAHOBJICHHS, XapaKTCPU3YIOILYO

BEPOATHOCTh BBIHYKJEHHBIX TPOCTOEB MAIIMHBI B €IWHUIYY BPEMCHH,
BBI3BAaHHBIX TMOMCKOM OTKa3a W €ro ycTpaHeHHeM (TMpu SKCIIOHEHIMAIBHOM
3aKOHE pacrpeeNICHHs BEPOSTHOCTH [ — CPEIHEE YUCIIO MPOCTOECB);

Tg(4) — cpenHee BpeMs BOCCTAHOBIICHUS, XapaKTEPU3YIOIIEE CpEeaHEe

BpeMsI  BBIHY)KJEHHOTO  MPOCTOS  MAalllMHbI,  BBI3BAHHOTO  MOMCKOM
(G YHKITMOHATBLHOTO OTKAa3a U €ro YCTpaHECHHUEM.

3aKkOHBl  pachpelefieHus]  BpeMeHH  0€30TKa3HOM  paboThl U
BOCCTAHOBJICHUSI B  OOJIBIIMHCTBE TMPAKTUYECKUX CJIy4yaeB MNPUHUMAIOT
AKCIIOHEHITUATLHBIMHY, TI0JIarasi, YT0 MHTCHCUBHOCTH ()YHKIIMOHATHHBIX OTKA30B
U BOCCTAHOBJICHHS I BCEX Pa0dOYMX IO3MIMH TEXHOJOTHUYECCKON pPOTOPHOM
MaIlllUHbI OUHAKOBBI.

AHaIUTUYECKYIO MOJIETh HaJIE)KHOCTU MHOT'OMO3UIIUOHHON
TEXHOJIOTUYECKOW POTOPHOW MAaIllMHBI, HAIPUMEpP, [JIs PO3JIMBA HAIUTKOB, Y
KOTOPOM  NPEUMYIIECTBEHHbIMM  BHUJIAMM  OTKa30B  SBJISIIOTCS  OTKa3bl
(GYHKIIMOHATIBHBIX  YCTPOMCTB, pa3MEIICHHBIX Ha pado4yux  MO3UILMIX
TEXHOJIOTUYECKUX POTOPOB (J103aTOPOB), @ WHTEHCHUBHOCTH OTKAa30B JIPYTUX



CHUCTEM HEBEIIMKa, MOXKHO MPEACTaBUTh B BHJIC IPOCTEHINEr0 3aMKHYTOTO rpada
(puc. 2.1).

7

AU

Puc. 2.1. I'pagh cocmosnuii MHO2ONO3UYUOHHOU MAULUHDL,
00CIyHCUBAECMOU NO NEPBOMY OMKA3Y 000U paboyell no3uyuu

[lonaras, 4YTO HWHTEHCHMBHOCTM OTKa30B A W HHTEHCUBHOCTHU
BOCCTAHOBJIEHUM [ 11000 paboueld NO3UMIMK MAaIIMHBl PABHBI, MEPEXOJ]
MalllMHbl U3  COCTOSIHMS ~ paboTocmocoOHOCTM Sy B COCTOSIHME

HEpabOTOCIIOCOOHOCTH S IMOCIE MEPBOro OTKa3za 000 U3 pabouyux MO3uLui

OyAeT MPOUCXOIUTh C MTHTCHCUBHOCTHIO AU, 8 BOCCTAHOBJICHHE MAITUHBI (OTHOM
paboueit mo3unuu) OyAeT IPOUCXOIUTh C UHTEHCUBHOCTHIO |L.
CocTaBUM MaTpUIly MEPEX0I0B MAIITUHBI U3 OJTHOTO COCTOSIHUSI B IPYTO€

0 1

O/1-Au Au
Pi = (2.1)

11 1-p

dh
Pemas marpuny (2.1) ajis ycTaHOBUBILIErOCsS peXxuMa, KOrnaa E: 0,
NOJIy4YMM CHUCTEMY JIMHEWHBIX YPaBHEHHW, CBS3bIBAIOIIMX MpPEIEIbHBIE
BEPOSITHOCTH P HaX0XKIeHUsI TEXHOJIOTMYECKOW MalIuHbI B cocTosHUsAX S (I =
0,1)

0= —KUPO + MP]_;

(2.2)
0= XUPO - },lPl.

PemenneM cucrtemnl ypaBHEeHHH (2.2) ¢ y4eTOM YpaBHEHHUS CBS3H

1
> B =1 Oyayt npenensHble BEpOATHOCTH P, HaXOXXICHUS TEXHOJIOTHYECKOH

=0

mamHbl B coctostHUsAX Si (1 =0, 1). Koadduuuent roToBHOCTH TpH OCTaHOBKE
MaIIuHBl M0 TEPBOMY (PYHKIIMOHATBPHOMY OTKa3zy OyIEeT paBeH BEpPOSTHOCTH
HAXO0XJIEHUs1 MAIIMHbBI B pa00OTOCIIOCOOHOM COCTOSIHMM P

1 1

= (\pu 1+ (AT U’ (2:3)




Paccmotpum Pa3HOBUAHOCTH CTpaTeruu 00CITyKUBaHUs
MHOTOITO3UIIMOHHON TEXHOJIOTUYECKOM POTOPHOW MAIIMHBI MHapajuieibHO-
MOCJIEIOBATEILHOIO JIEUCTBHS, 3aKIIOYAIONTYIOCS B OCTAHOBKE MAIIIMHBI TOJIBKO
MOCJI€ HECKOJIBKUX MOCJICIOBATENIBHBIX OTKA30B (DYHKITMOHATBHBIX AJIEMEHTOB C
MOCJIEAYIOUIEH OJHOBPEMEHHONW 3aMEHOM HECKOJIBKMX OTKA3aBIIUX JJIEMEHTOB,
T.€. C TPYIIOBBIM BOCCTAHOBJICHUEM 3JIEMEHTOB. [IpruMeHEeHnEe TakoM cTpaTeruu
BO3MOYKHO B TOM CJTy4ae, KOT/la MOCJIEICTBHS 0TKa3a OJHOTO (yHKIIMOHATIHLHOTO
AJIeMEHTa Ha OJHON pabouel MO3WIMKM MAaIIUHBI (POTOpa) HE MPHUBOIAT K
aBapUUHOW CUTYyallMy, IPU 3TOM MAallWHA NPH BO3HUKHOBEHUHU 1-r0, 2-TO U T.1.
OTKAa30B IIPOJIOKAET Pab0TaTh C HEMOJHON MPOU3BOIUTEIHFHOCTBIO.

AHanmuTuyeckas ~ MoJenb  (DYHKIIMOHMPOBAHUSA  TEXHOJOTHYECKOM
pOTOpPHOM  MaIllUHBl C  HAKOIUIEHWEeM  (DYHKIMOHAJIBHBIX  OTKa30B U
MOCJIEAYIOIIMM HUX TPYNIOBBIM BOCCTAHOBJIICHMEM MOKET OBITh IMpeCTaBlICHA
3aMKHYTBIM rpadom (puc. 2.2).

u/mg = 1/mgTg

A(u —12 _____

Puc. 2.2. I'pagh cocmosanuii mHocono3uyuoHHoU mawunsl npu pabome
C HaKONJIeHUeM OMKA308 U 2PYNNOBbIM 80CCMAHOBIEHUEM
OMKA3ABUIUX NOZUYUTI

I'pad BKiIIOYAET cienyrolue COCTOSHUSA: Sy — IOJHOW (HadanbHOI)
paboTOCHOCOOHOCTH MAIIUHBL;, Sq,...5k_7 — pPabOThl MAalMHBI C HEMOJHON

IPOU3BOAUTENLHOCTRIO TipH 1, 2, ... (K —1) oTkazaBmmx pabOYMX IMO3UIUSAX;
Sk — HepabOTOCIIOCOOHOCTH MalIUHBI, KOI/la MPOU30II0 HAKOIUIEHHE OTKa30B

M MalllMHa OCTaHaBJIHMBACTCsA Ha PEMOHTHOC O6CJ'Iy}KI/IBaHI/IC, C UHTCHCHUBHOCTBIO

BoccTaHoBaeHUS p/Mk = 1/MkTy, rae Mk — K03 GHUIIUSHT COBMEIIICHHS BpEeMEHU
u p

IPYIIIOBOIO  BOCCTAHOBJICHWS K OTKazaBHmIMX  pabO4YMX  MO3UIIMA
TeXHOJOTH4ecko Mammuel (K >my >1), T.e. mpeamonaraeTcs, 4To CyMMapHOe

BpeMsl  IpyNnmoBOoro  (OJHOBPEMEHHOIO0)  BOCCTAHOBJICHUSI  HECKOJBKHUX
OTKa3aBIIUX [MO3UIUNA MalMHbl Mklp MEHbBIIE CYMMBI JJIATEIBHOCTEH
VHIMBUIYIBHOTO BOCCTAHOBJICHHSI K OTKa3aBIIUX MO3UITUH MarmuHbl KTg.

MHTEHCUBHOCTH TEPEXOJ0B MAIIMHBI M3 OJHOTO COCTOSHUSI B JIpYroe
MOKa3aHbl HA BETBAX Ipada.



CocraBum MaTpuly nepexoa0B CUCTEMBI U3 OJHOI'O COCTOSAHUA B APYroc

0 1 k
0 | 1-A AU 0
1 0 1-AMu-1) .. 0
Pi= .. (2.4)
k-1 O 0 v Mu-k+1)
k },l/mk 0 .. 1-u —u/mk
Pemrast matpunty (2.4) ajisi yCTaHOBUBILETOCS PEXHMA, KOTA %: 0,

IIOJIyYUM CHUCTEMY JIMHEWHBIX YPaBHEHWH, CBS3BIBAIOLIUX IIPEACIbHBIC
BEPOSITHOCTH P} HaX0XKIEHUSI TEXHOJIOTMYECKOW MalIuHBI B cocTosHUsX S (I =

0,..Kk)
0=-AuPy +p/my R; ]

0=AUPy —A(U-D)R; (2.5)

0=Au—K+1)P_g — (Au+p/my)R.

Pemenuem cucreMbl ypaBHeHUU (2.5) ¢ ydeToM YpaBHEHHS CBSI3U

Kk
> B =1 Oynyt mpenenbHble BEpOATHOCTH P, HaXOXAEHUS TEXHOJOTHYECKOH

=0
MamuHbl B coctosHmsx Si (1 =0, ... K).

I[Ipu  paGoTe  MHOTOMO3UIIMOHHOW  MAIIMHBI  C  HEMOJHOU
IPOU3BOIUTEIILHOCTRIO TIpH 1, 2, ... (K—1) oTka3aBmmx paboYmX MO3HUIUAX C UX
MOCJHEAYIONIMM  TPYINIOBBIM  BOCCTAHOBIICHHEM  HAJIEKHOCTh  MAaIIUHBI
OLIEHUBAIOT KOA((PUIIMEHTOM COXPAHEHUS IPOU3BOJUTEIBHOCTH K., KOTOPBI B

YCTaHOBUBILEMCS pPeXHME paOOTBl MAlIMHBI pPaBEeH CYMME NpPEAEIbHBIX
BEPOATHOCTEN Py, ... Pc_1 HaxoxneHus ee B COCTOAHUAX S, ... Sk

k-1 k
Ke= 2R =17 . (2.6)

=0 s L ymu
i=o U1

Ananmu3 BeIpakeHus (2.6) mMOKas3bIBaeT, YTO JJII BBICOKOHAE)KHBIX
TEXHOJIOTUYECKUX MaIluH (k/ u< 5><10_3) pu yucie padouux no3uiui 4< U

<18 u ManoHaJEKHBIX (k/ uZlO_g) npu 4< U <12, HamboJyiee BBITOTHOI

SIBIISIETCSL CTpaTerusi oOCIyXuBaHUs MO 1-My (yHKIIMOHAILHOMY OTKa3zy, T.C.
paboTa MalIMHbI 0€3 HAKOTUJICHUSI OTKa30B PaOOUUX MO3ZUIIHIA.
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Crparerusi oOCIyUBaHUS C HAKOIUIEHHEM (YHKIMOHAJIBHBIX OTKa30B
pabounx Mmo3uuui Hambosee BBIMOJHA JJII MaJOHAJEKHBIX TEXHOJOTMYECKUX
MalllMH C YUCJAOM paboumx mno3uuuid U > 12, mpu 3ToM KodPhUIHeHT
COBMEILIEHUSI BOCCTAHOBJICHUS JOJDKEH ObITh He Oonee 1,25, yTo mpakTUyecKu
OCYLIECTBUMO TPHU YUCIIE OTKa3aBIIMX MO3UIUN He Oosee 3-x. Takas crpaTerus
oOciayxuBaHusi oOecreuyrBaeT TMOBBIIIEHHE KO3(h(ULIKUEHTAa COXpaHEHUs
OPOU3BOJUTENIBHOCTH, a 3HAYUT U (AKTHUYECKON MPOU3BOAUTEIHLHOCTU
MHOTOITO3UIIMOHHOM TeXHOJIornueckoi maminubl, Ha 10...15 % 1o cpaBHEHHIO C
TEXHOJIOTMUECKON MallInHOM, 00CTYKUBAaEMOI1 110 MEPBOMY OTKa3y.

Teopernyeckne pacyeTsl, MOATBEPKIAEMbIE MPAKTUKOW 3KCIUTyaTalun
TEXHOJIOTUYECKUX MAaIllMH, [OKa3bIBAlOT, YTO COBMELIEHUE BOCCTAHOBJIECHUS
BO3MOYKHO JIO YMCJIa OTKa3aBIIUX padounx nosuiuii K < 3...4. [Ipu rpynmnoBom
BOCCTAaHOBJICHMM 00Jie€ YEThIPEX OTKA3aBIIMX MO3UIUN CyMMapHOE BpeMsl UX
BOCCTAaHOBJICHUS] HaYMHAET OBICTPO BO3pACTaTh, JOCTUras 3HAYEHUS BPEMEHH
WHUBUyaJIbHOTO BOCCTAHOBJICHHUS, T.€. 3(PPEKT rpynmnoBoro BOCCTAHOBICHHUS
TepseTCA.

3. CoaepxaHue U MOPSAOK BHINOJHECHUS 3aJaHUM

3.1. H3yuuTp TEOPETHYECKHE OCHOBBI M METOJMKY IOCTPOEHHUS
MaTEMaTUYECKUX MOJENIe HAJIe)KHOCTH POTOPHON (HAaCOBOYHONM MAIIMHBI JIS
KUJKAX MPOIYKTOB, UCIOJIB3Ysl MaTEpHalIbl TEOPETUYECKONM YacTH 3aHATHUS U
PEKOMEHIyEMYIO JINTEPATYPY.

3.2. IIpoBecTH TECTUPOBAHNE MATEMATHYECKUX BBIPAKEHUH 110 33 JaHHBIM
VICXOJTHBIM JIJAaHHBIM, HCIIOJIB3Ys IporpaMMHEIid maker MatCad.

3.3. ObopMHTH OTYET.

MMPAKTUYECKOE 3AHSTHE Ne 3
MATEMATHYECKHUE MOJIEJN MEXAHUYECKOI'O
KYJAUYKOBOI'O IPUBOJA PABOUUX IBUKEHUI

B TEXHOJIOTUYECKHUX POTOPAX

1. lean 3anaTHA.

N3ydyeHnne maTeMaTHuecKuX MOJEIeH MEXaHHYECKOro KyJadyKOBOTO
MpUBOJia pabOUYMX ABMIKCHHM B TEXHOJIOTMYECKHX POTOpPAX POTOPHBIX MAIIUH
Ha TpUMEpPEe POTOPHOM MamIUHbI JUIsi (ACOBKM JKHAKUX MPOJAYKTOB B
CTEKJITHHYIO Tapy, UMEIOIIEH B CBOEH CTPYKTYpE POTOP PO3JIMBa C KIallaHHBIMU
J103aTOpaMU, PEATU3YIOIIMMU METO/T PO3JIMBa KUJIKOCTEH MO YPOBHIO.

2. TeopeTuyeckasi 4acThb.

Pa3paboTky MaremaTtnueckold MOJENHM KyJIadKOBOTO TPHBOJA PaOOUUX
JBIDKEHUY HAYWMHAIOT C aHaJM3a CHJIOBOM CXEMbl HAarpyKeHUs MEXaHU3Ma, T.e.
CXEMBI PACIIOJIOKECHHS CUJI, ICUCTBYIOIINX B CUCTEME «IT0JI3yH-HAPABIISIOIIHEC-
POJIMK-KYJIA4OK», Ha OCHOBE KOTOPBIX MPOBOIST MPOEKTHBIE PAacdeThl U BHIOOD
OCHOBHBIX KOHCTPYKTHBHBIX TTaPAMETPOB JIEMEHTOB MPUBO/IA.

Ha puc. 3.1 npencraBneHa cxembl pacoIOKEHUS CUJI, IEUCTBYIOMNUX HA
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NOJI3YH, TpU pPaJAMATILHOM pACMOJOXKEHUHM poiuka U Kyjauka. Cuna
B3aMMOJICUCTBUS KyJauka W pOJIMKa ToJ3yHa P HeoOxoauma uisi BbIOOpa
JOIMyCKaeMoro yria mnoabeMa npoduiiss Kyllayka M MPOBEPKH AJIEMEHTOB
MpPUBOJIa HA MPOYHOCTh, OCEBasi cOocTaBisAwomas P,, HampaBieHHas BIOJb OCH

MOJI3yHa, HEOOXOaMMa JIJIsl OIICHKH TEXHOJOTUYECKUX BO3MOKHOCTEH pOTOpa H
BbIOOpa  3aKOHA JBWKEHMS I[IOJI3YHA, pajuaibHas  cocTaBiisgromas Py

HEoOXoaMMa I OMpECICHUS MOMEHTa CHJI CONPOTUBIICHUS pOTOpa H
oTPeOJIIEMOI MOIIIHOCTH.

R e M&]
A} ?ﬁg'@J \/
B Sles ﬁ/% Q_L</
~l KQTHﬁ f“%
‘ % _R_zi_"";i’\‘ l /
A T ENY
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AQL
Puc. 3.1. Cxemui Ppacnonodxcerust Cuil 8 MEXaHUu4eCKom KyJ1a4Ko8oM npueode
C Na308bIM KYIA4KOM pomopHOiZ MAUUHDBL

d,

i

A[l./‘/;_”/}

i
SNNNNNN

B npuBozae ¢ ma3oBbIM (paavaibHBIM) KYJIauKOM CHUJIa B3aUMOAECHCTBHS
KyJladyka ¥ poJiMKa mnoijizyHa P u ee cocrasisiomme P,u Py ompenensrorcs 1o

bopmynam
P=Kp(Pyc. £G*Py)

P, =Kyp(Puc. £GP, ) ¢, (3.1)
Px = pr(PH.c. +GEhy, );
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rae P;. — cuna mone3Horo (TEXHOJIOTHYECKOIO) CONPOTHBIECHUSA; G= Mg —

CUJia TSXKECTH TOJABMXKHBIX YacTedl mpuBoja (IMod3yHa, pOJIMKA U JIp.
VICTIOJTHUTEIBHBIX 2JIEMEHTOB); M — Macca MOJABWKHBIX YacTel npusoaa; P, = mj

— CuJla MHEPIUH MOJBWKHBIX YacTell MPUBOJA; | — YCKOPEHHUE, OIpeensieMoe
3aKOHOM  JBIJKEHHMS  IIOJI3YHa; Ko Kzpp Kyp = xoadpdunmentst

MPOMOPIIMOHAIBHOCTH,  YYHUTHIBAIOIIME  OCOOCHHOCTM  KOHCTPYKTHBHOTO
opopMJIEHUSI POJIMKA W HAIMpPaBJISIOIIMX IOJI3yHa B TNPHUBOJIE C IAa30BBIM
KyJIauKOM.

3Haku (+) mepea BEIMYMHAMH CHJI TSDKECTH M MHepIuH B popmyie (3.1)
OTIPEICTISIOTCS B 3aBUCUMOCTH OT KOHCTPYKTUBHOTO PACIIOJIOKEHUS TIOJI3yHA (B
BEPXHEH WM HIDKHEW 9acTH pOTOpa) M HAIIPABJIICHUS €ro JIBMXCHUS (BBEPX WIIH
BHH3) B KOHKPETHOM (paze KHHEMATHYECKOTO IHKJIa pOTOpa.

KoadduimeHTs Kp: Kzp, Kyp onpenensior mo bopmynam

2

< _ 1 .1/1+ fip " 1-fpp-t9B, K _MgB+ fip 32

p = v RNgp =  D™xp T ¢ (3.2)
cosf B B B

rIe B :(1—3-% fl)-(l— fnp -th)~2,3- fl'(th-l- fnp); b - uHa

HANpaBJISIOIUX MOJI3YHA; € — BEJIMYMHA KOHCOJIM B PACIONIOKEHUH poiuka; fq
— kK03h(UIMEHT TpeHUs TOJI3YHA O HAMPABIISIONINE, fHp — MPUBEICHHBIN

KO3 PUIIMEHT TpeHUs] KayeHHs! POJIMKA MO MPOPUII0 KyJlayka U CKOJIbKEHUIO
0 OCH.

Ha puc. 3.2 npencraBineHa cxembl pacloOKEeHUs CUJl, IEUCTBYIOIIUX Ha
NOJI3YH, TPH TOPLEBOM PACIOJIOKEHUH POJIMKA U KYyJIayKa.

e

e

Vi

- E B |=w
R,, H 3

E,

X
- \ | — ;|,_'_ m
S oo -
A ]

Puc. 3.2. Pacnpedenenue cun ¢ mexanuueckom KyJiaiko80M npugooe
¢ mopyesvimM KYaauKoM pOMOPHOU MAUUHB]

NANANNNWN
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B mpuBoze ¢ TOpLeBbIM KyJIaduKoM cuila P u ee coctaBisitome P, u P,
OTIpeAeIAI0TCA MO0 PopMyIam

)
+P,)t, (3.3)

P, =Kz ’(Pc G
Py =Ky (P G £ P,),
rie K;, Ky, Ky — kK030GHUUMEeHTb NpOonOpLHOHAIBHOCTH, YYHUTBIBAIOLINE

OCOOCHHOCTH KOHCTPYKTHUBHOTO O(OpPMIIEHUS POJUKAa U  HaIPaBISIIOIINX
HOJI3yHAa B TIPUBOJIE C TOPLIEBBIM KYJIAYKOM.
Koapduuuentst K, K., Ky, onpenensror no popmynam

J1+ £2 1—f -t tgp+ f
K, = 1 P . g LQB-K :M (3.4)

“cosp B, 7T B, T B

rae By =1- f1-(1+ 2%)-(th+ fnp)— fup -19B; @ — BbUICT MON3YyHA.

B npakTtrueckux pacderax MOKHO MPUHUMATH JJIsI CTAILHOTO MOJI3YHA U
yyryHHoro 6apabana f; =0,2; frIp =013; B < 40°.

['eoMeTpuyeckue pasMepbl KyJauKOBOTO MpUBOAA pPabO4YMX JBHXKCHHM
pOTOpa BHIOMPAIOT B 3aBUCUMOCTU OT JACUCTBYIOIIMX CUJI, KOTOPBIE 3aBUCST OT
r€OMETPUYECKUX pa3MEPOB IMPUBOAA U POTOpA, W B HAYAIBHOW CTaJUH
IPOCKTUPOBAHMUS ~ poTOpa  Heu3BecTHbl.  [loaToMy  BHayase  MOXKHO
IpeIBapUTENHLHO 33aThCs MAKCUMAJIbHBIM 3HAYEHHUEM YTIJIa TOJAbeMa MPOQPuIIs

KyJa4Ka U OTHOUICHUSIMU: %zO,l; 0,125; 0,15 u %zO,Z; 0,4; 0,6.

Jns mpuHATBHIX 3HaueHUd 1o dopmynam (3.2) unu (3.4) ompeaensior
koappuumentsr Ky, Ky, a mo dpopmynam (3.1) mim (3.3) — BenmuuHy cwiibl P

B3aUMOJICHCTBHSL ~ Kyjlayka ¥ pOJUKa  TOJ3yHa. [TpaBUIBHOCTH
IPEIBAPUTEILHOTO OINpeAeNeHusl Cuibl P N0o/KHa OBITh IMpOBEpeHa Mocie
OKOHYATEJIbHOTO BHIOOpa TE€OMETPUYECKUX Pa3MEPOB MPUBOJA MU 3aKOHOB
JBUKEHHSI UCTIOIHUTEIBHBIX OPTaHOB POTOpA.

3. Conepxxanne U MOPSIAOK BHINOJHEHUS 3aJaHUI

3.1. WN3yuuTh TEOpPETHYECKHE OCHOBBI W METOJUKY HOCTPOECHUS
MaTeMaTHYECKUX MOJIeJe MEXaHHYECKOro KyJauKOBOIO IMPHUBOAA POTOPHOM
¢dacoBOYHONW MAaIWHBI I JKUAKUX TPOIYKTOB, HCIIONB3YsS MaTepHAaIIbI
TEOPETUYECKON YaCTH 3aHATUS U PEKOMEHIYEMYIO JINTEPaTypy.

3.2. IIpoBecTr TeCTUpPOBaHNE MaTEMATHYECKHUX BBIPAKEHUH 10 3a1aHHBIM
MCXOJIHBIM JaHHBIM, UCTIONB3Ys porpamMmMHsIid naketr MatCad.

3.3. Opopmuts otuer.
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2. TPEBOBAHUSA K O®OPMJIEHUIO OTYHETOB
11O IABOPATOPHBIM PABOTAM

2.1. OTder HOJKEH cojep X aTh OMHCAHHUE MaTEeMaTUYECKON Monaenu U
pe3ynbTaThl €€ TECTUPOBAHUS B BHUJI€ CKAaH-KOIMUU C SKpaHa C MOSICHEHUSIMU B
TEKCTE PE3yIbTaTOB TECTUPOBAHUS.

2.2. Tekct oTdera JOHKEH OBITH HAOpaH B TEKCTOBOM penaktope MS
Word. Tun mpudpra — Times New Roman, pasmep mpudpra 14 nr,
MEKyCTPOUHBIA MHTEpPBaJ IOJYyTOPHBbIA. [lapaMeTpbl CTpaHULBI: BEpXHEE U
HIDKHEE ToJIsl — 2 ¢M; JieBoe moJje — 2,5 cm; mpaBoe noJie — 1,5 cM; paccrosinue
OT Kpasi BEPXHEr0 M HWKHEro KOJIOHTUTYJOB — He MeHee | cm. Homep
CTpaHMIIbl — BBEpXy B IHeHTpe. OCHOBHON TEKCT C OTCTYNOM CjeBa MNEPBOM
CTpokH 1,25 ¢cM U BbIpaBHUBAHHEM «I10 HMIMPUHE CTPAHUIIB». ABTOMATUYECKAs
paccTaHOBKA MEPEHOCOB CIIOB: IMPHUHA 30HBI IlepeHoca 0,63 cM, MakCUMaIbHOE
YHUCJIO MOCJIEIOBATEIbHBIX IEPEHOCOB 3.

2.3. ®opmynbl U MaTEMAaTUYECKUE BBIPAKEHUS IO TEKCTYy HaOUpaTh B
aro0ooM penaktope ¢opmyn (Equation, MathType), cobOmomas cieayromnme
TpeOboBaHusl: qamuHckue OYKBbI HaOuparT kKypcuBom (S, p, W, U) kpome
0003HaYeHHs CTaHJAPTHBIX MaTeMaTUYeCKUX (PYHKIH (sin, cos, min, max, exp
U T.I.), KOTOpble HAOWUPAIOT MpPSMBIM JIATUHCKAM LIPUPTOM; PYCCKUE U
rpedyeckue OYKBbI (oL, @, T, ), HUPPHI 1 MAaTEMaTHYECKUE CUMBOJIBI (+, =, >, #)
HAOMPAIOT TOJNBKO MPsAMbIM IIpUPTOM. PexoMeHayemble pazMepbl CUMBOJIOB:
0ObIYHbBIN — 14 NT; KpynHBIN UHAEKC — 12 nT; Menkui unaekc — 10 0T; KpynHbIi
cuMBoid — 16 nT; Menkuit cumBon — 8 nT. PacmmdpoBky GopmynbHBIX
0003HaYeHU MarT mocie ¢GopMmysibl OJHUM ab3alleM ¢ BbIPAaBHUBAHHEM IIO
MIMPUHE CTpaHUIlbl, O€3 OTCTyna MEepBOW CTPOKH, HAYMHASL CO CJOBa «I/E», B
MOpSAJIKE ClIeIOBaHUsI 0003Ha4YeHW B Qopmyne, OoTAenss ¢pa3bl TOYKOH C
3aIATOM.

3. PEKOMEHAYEMAS JIMTEPATYPA

1. KoMnbloTEepHbIE TEXHOJOTUU NPU MPOESKTHUPOBAHUHM M SKCILTyaTalluu
TEXHOJIOTUYECKOro o0opyAoBaHus: yued. mocooue st By30B / ['.B. Anekcees
[v 1p.]. 2-e uzn., uctp. u gomn. CII6.: TUOP/L, 2006. 296 c.

2. [peiic B.B. TexHonornueckne cUCTEMbI POTOPHBIX MAIlIMH B MUIIEBOM
npoMBIIUIeHHOCTH: yueOHuk. Tyna: M3a-so Tyal'V. 2022. 216 c. ISBN 978-5-
7679-4989-2.

3. [peiic B.B. PoTtopHbie MammmHbl 1 aBTOMAaTUYECKUE POTOPHBIC JTHHHUU B
MUIIEBBIX MMPOU3BOJCTBAX: yueOHOE mocobue. 2-¢ u3Md., mepepad. u gom. Tyna:
M3n-Bo Tyal'V, 2012. 108 c.: un. [DaexTpoHHbId pecypc]. Pexxum nocrymna:
https://tsutula.bibliotech.ru/Reader/Book/2014020616211576946000006107, mo
NapoJIko.



https://tsutula.bibliotech.ru/Reader/Book/2014020616211576946000006107

15

4. TlpoexTupoBaHUE, KOHCTPYUPOBAHHE M PACUYET TEXHUKH MHIIEBBIX
texnonorui / C.T. AutunoB [u gap.]: mox pen. B.A. Ilandwunona.
[DnexTpoHHBIN pecypc]: yueOHoe ocobue. DnekTpoH. nan. CII6.: Jlans, 2013.
912 c.

Pexum nocrtyma: http://e.lanbook.com/books/element.php?pll_id=6599.
3ari. ¢ sKpaHa.
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