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AHHOTanusa. AkmyasivHocme. [1orpyKHOH 3JIEKTPOABUTATEIb SIBJSIETCSA HauboJiee yA3BUMbIM Y3JI0M 3JIEKTPOLEHTPOOEXK-
HOT'0 HACOCHOTO arperara, UCIoJib3yeMOro MpH J00bIYe ypaHa METO/[OM CKBXKMHHOTO MO/I3€MHOTO Bbllle/aunuBaHusd. Tou-
HOCTb pacyeTa MOTPeGHOCTH B HOBBIX 3JIEKTPOJBUTATE/ISIX HANPSAMYIO BJIHMSIET HAa PeHTa6e/JbHOCTb NMpousBo/cTBa. Less.
Pa3pa6oTka BepOsITHOCTHON MOJieJIM HaZIeXKHOCTH IOTPYKHOT0 3JIEKTPOIBUTaTeJIsl, 06ecreyrBaoLiell pacyeT BEpPOSITHOCTH
€ro 0TKasa Ha MpeJCTOoSAINNI epruo/, BpeMeHH, U MO3BOJIAIOIEN C JOCTaTOYHON TOYHOCTBIO OLIEHUTb KOJIMYECTBO JBUTaTe-
Jiel, HeO6XOAUMBIX JJIsl 3aMeHbl 0TKa3aBUINX. Memodsl. CTaTHCTUYECKHe METO/Ibl, aHAJIM3 BbDKMBAeMOCTH, POBepKa CTa-
TUCTHUYECKUX TUnoTe3. Pe3ybmamel u 8b18006bl. [IpoBeJieHO HCCIe0BaHHE TPeX BEPOSITHOCTHBIX MOJeJied HaJleKHOCTH
JUUIS1 3JIEKTPO/IBUTATEJIel MOTPYKHBIX HACOCOB, UCNOJIb3yeMbIX IPU A06bIUE YpaHA METO/IOM CKBRXKUHHOT'O O/I3€MHOTO BbI-
IeslauyuBaHus. [ KaxA0H MoJiesid OnpejiesieHbl OlleHKH MaKCHUMaJIbHOTO MPaBJoNoJo6us ee MapaMeTpOB U MpoBeJieHa
NpPOBEPKA ee a/IeKBATHOCTH Ha OCHOBE HellapaMeTPUYeCKHUX KpUTepHeB corJyacus. HecMoTpst Ha To, YTO pe3yJbTaThl Mpo-
BEPKHU He MO3BOJIMJIN UCKJIIOUUTh HU OJIHY U3 pacCMaTpUBaeMbIX MOJieJiel, B Ka4eCTBe BEPOSITHOCTHON MOJIesT HaJleXH0-
CTH 6GbLIa BbIOpaHa Mo/ieslb, OCHOBaHHAsl Ha CMECH JIBYX pacnpefesieHUd BelGyJia, KoTopast IpoJjieMOHCTpUpOBaa 6oJiee
BBICOKYIO COTJIACOBAHHOCTbH C PeaJIbHbIMU JIAHHBIMU 110 CPAaBHEHUIO C APYTUMHU MoAessiMU. [Ipu 3TOM aHa/M3 KOMIOHEHTOB
CMecH pacnpejie/leHUH MOKa3as HaJW4yue TPYNIbl 3J1eKTPOoJBUraTeslell, UMEIINX HeXapaKTepHO HU3KOe 3HaueHue Hapa-
GOTKHU 10 0TKa3a [0 CPaBHEHHUIO CO CPeHUM 3HAaUeHHEM, PACCYUTAHHBIM /IS BCEH COBOKYMHOCTH UCC/IelyeMoro o60pyo-
BaHUSI, U MO3BOJIUJ OLEHUTD JI0JII0 TAKUX JIBUTATEJeH, COCTaBUBIINYIO 8 % OT 0611ero KoiM4ecTBa. Bo3MOXKHBIMU MPUYHUHA-
MU, 00'bSICHSAIOIIMMHU NOA06HYI0 HEOJHOPOAHOCTD JAHHBIX, 10 MHEHHIO aBTOPOB, SBJSIOTCS CKPbIThIE MPOU3BOJCTBEHHbIE
JNedeKThl UK GoJiee TsKesble YCI0BUS KCIIyaTalluY, B KOTOPBIX YHKIIMOHUPYET HEKOTOpPast YaCcTh IOTPY>KHBIX 3JIEKTPO-
JABUTaTeJIe.

Knwo4yeBble c/I0Ba: BEpOSATHOCTHAsA MO/Jiesib HAZIEXKHOCTH, TMOTPYKHOU 3JIeKTPOJABUTrATE b, A00bIYA ypaHa, CKBAXKUHHOE
Mo/I3eMHOE BhllleJIaYMBaHUE, CMeCh paciipe/iesieHUi BeliGysiia, BbIGOp MOAe N
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Abstract. Relevance. A submersible electric motor is the most vulnerable component of an electric centrifugal pumping unit
used in in-situ leaching uranium mining. The accuracy of calculating the need for new electric motors directly affects the prof-
itability of the uranium production. Aim. Development of a probabilistic reliability model for a submersible electric motor
that provides the calculation of its failure probability for the upcoming period of time and allows estimating with sufficient
accuracy the number of motors required to replace the failed ones. Methods. Statistical methods, survival analysis, statistical
hypothesis testing. Results and conclusions. The authors conducted a study of three probabilistic reliability models for elec-
tric motors of submersible well pumping units used in in-situ leaching uranium mining. As a result of the study, the maximum
likelihood estimates of model parameters were determined for each model; the adequacy of the models under study was
checked based on nonparametric goodness-of-fit tests. Despite the fact that the test results did not allow excluding any of the
considered models, a model based on a mixture of two Weibull distributions was selected as a probabilistic reliability model
demonstrating higher consistency with real data, compared to the other models. At the same time, the analysis of the compo-
nents of the mixture distribution indicated the presence of a group of electric motors with an uncharacteristically low time-
to-failure value compared to the average value calculated for the entire set of equipment under study, and made it possible to
estimate the share of such motors, which amounted to 8% of the total population. Possible reasons explaining such heteroge-
neity of data, according to the authors, are hidden manufacturing defects or more severe operating conditions in which some
submersible electric motors operate.
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BBegeHue

Jo6bIua ypaHa METOIOM CKBRKHHHOTO TTO3EMHOTO
BoinenaunBanus (CIIB) siBnsercss skoHOMHUYecKH 00-
nee 3 PeKTUBHON MO CPaBHEHHUIO C TOA3EMHBIM H OT-
KPBITBIM TOPHBIMHU criocobamu [1-3]. Biraromapst atomy
npeumyiectsy Merogom CIIB B Hacrosiee Bpems
no6siBaetcs 6omee 50 % ypana B mupe. Ilpu aTom me-
ToJie 0OBIYa ypaHa OCYIIECTBISAETCS C MOMOIIBIO CH-
CTEMBl TEXHOJIOTMUECKUX CKBaXKWMH. Uepe3 HarHera-
TENbHBIC CKBAXXHMHBI B 30HY YPAaHOHOCHBIX IOPOJ TIO-
JaeTcs BBIIIETAuYMBAIOIIMIA pacTBOP, KOTOPBIM B3aUMO-
JEUCTBYET C ypaHOCOJAEpKALIMMU MUHEPATIaMU, IOCIIe
9Yero NMPOAYKTHBHBIM PAacTBOP C PAaCTBOPEHHBIM Ypa-
HOM TIOIHUMAaeTCS Ha IOBEPXHOCTh Yepe3 OTKAYHBIC
CKBaXHMHBL. TakuM o00pa3oM, OIHUM M3 OCHOBHBIX
JJIEMEHTOB TEXHOJIOTHYECKON IIETIOYKH JOOBIYHOTO
KOMIUIEKca NpeAnpusaTuid, npumenstomux Meron CIIB,

SIBIISTIOTCS OTKAa4YHBIE CKBAKUHEBL. VX KONMYECTBO Ha
JOOBIYHBIX TOJUTOHAX MOXKET JOCTUTATh HECKOIBKHX
COTEH.

HaunGonee 3KkOHOMHYHBIM CIIOCOOOM TIOTBEMa TIPO-
JIYKTUBHBIX PAaCTBOPOB SBJIACTCS YCTAHOBKA B OTKA4-
HBIX CKBKHWHAX OJIEKTPOICHTPOOESIKHBIX HACOCHBIX
arperatoB (QLIHA). DIIHA cocToAT U3 NOTrpyX HBIX
anektpoasurarenerd (I19/]) u eHTpOOEKHBIX HACOCOB
(IIH). OHu paboTaroT MpakTHYECKH KPYTIIOCYTOYHO B
CJIO’KHBIX YCIIOBUSIX B3aUMOAEUCTBUS C arpeCCUBHBIMHU
JKUJIKOCTSIMH, 4TO BJIMSACT HA CpPOK CiyxObl DI[HA.
OrnepaTtuBHas 3aMeHa BhIIeANX U3 cTpost [19]] unn
IH sBisieTcss HEOOXOUMBIM YCIIOBHEM 3(h(EKTUBHO-
CTH JOOBIYM ypaHa. JTo 00ECIeYMBACTCS TOCTATOY-
HBIM KOJIMYECTBOM HACOCHOTO 00OpYJIOBaHMS Ha CKJIa-
Jax npeanpusatus. s IporHo3UpoBaHUs KOJIMYECTBA
OULHA, xoTopble BBIHAYT U3 CTPOS B T€UEHHE IUIaHU-
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pyeMoro nepuoja, Kaxk MpaBHIIO, UCIIOIB3YIOTCS METO-
UKW, OCHOBaHHbIE Ha CpeIHEM BpeMeHH HapaboTKu
Ha otka3 [12/] u I{H. [TogoOHbIN MOAX0 UMEET HEBBI-
COKYIO TOYHOCTb, [TO3TOMY MPEANPUATHS BBIHYKICHBI
TJIAHUPOBATH 3aKYIKHU C CYIIECTBEHHBIM 3a1acoM. JTO
HETaTUBHO BIHMSAET Ha OSKOHOMHUYECKHE IIOKa3aTeIn
MPOW3BOJCTBA. B CBs3M ¢ 3THM HEOOXOAMMO JOOH-
BaThCS TOBBIIIEHUS] TOYHOCTH MPEACKAa3aHUA CPOKOB
BBIXOJIa M3 CTPOsi paboTaoMero HaCOCHOro 00OPyH0-
BaHHSL.

B nocnennee Bpemsl NpeAnpUSATHAMH, TOOBIBAO-
uumu ypan wmetogom CIIB, aktuBHO mpoBoauTCS
nugpoBas TpaHcPopMamHs NPOU3BOJCTBA, B paMKax
KOTOPO BHEIPSIOTCS WH()OPMAIIMOHHBIE CHCTEMBI
n00brunbIX komiuiekcoB (MCIK) [4-6]. UCJIK nena-
IOT JOCTYINHBIMH [JIs aHAIW3a JaHHBIE, OIMpPEIeisio-
ie MIMPOKUH CIEKTp IMoKa3aTeliel, XapaKTepusylo-
IIMX TEXHOJOTHYECKUH Tpolecc A00bIYU ypaHa METO-
nom CIIB. Hanmnuue akTHaeckux JaHHBIX ITO3BOJIIET
MPOaHAIM3UPOBATL BpeMsl HapaOOTKH 10 OTKaza 000-
PYyIOBaHMS, ONPEACTUTh 3aKOHBI Paclpe/leieHnsT OTKa-
30B W CO3/IaTh HA ATOW OCHOBE MATEMAaTHYECKYIO MO-
nensb Hagexxnoctd [7—10]. B mamem cioydae mosiBisieT-
Cc1 BO3MOXXHOCTh CO3/IaTh BEPOATHOCTHYIO MOJEIh
HagexHoctu [I9]] kak Hambosiee YA3BHUMOTO y3Ja
BIHA, ¢ momornipio KOTOpPO MOXHO OyaeT mpeicka-
3aTh BEPOSATHOCTh €r0 BBIXOAA U3 CTPOS Ha MPEICTOs-
i mepuoz. Ha ocHOBe paccUMTaHHBIX BEPOSITHOCTEH
BbIX07a u3 cTpost [19]], kak It OTAENBHOTO yJacTKa,
Tak U B paMKax BCEro MNpEeANpHUsTHS, MOXKHO Ooiee
TOYHO TIPOM3BECTH pacueT MOTPEOHOCTH B HOBBIX
AIEKTPOJBUTATEISIXK, HEOOXOMUMBIX ISl 3aMEHBI OTKa-
3aBIIMX. JTO MO3BOJSET COKpaTuth 3amackl [19]] Ha
CKIIa/Iax TPEANPHUATHS, YTO JelaeT MPOU3BOJCTBO 0O-
Jiee pEHTA0CITEHBIM.

Ha ocHoBe BhbINIeCKa3aHHOTO pa3pabOTKa BEPOST-
HOCTHOW Monenu HaaexHoctu [1D]] sBusercs axty-
QIBbHOH 3amaveil. Mojens TOKHA 00eCIIeUnTh pacueT
BEpPOSITHOCTH BBIXOJAAa M3 CTposi Kaxkmoro I[ID]] Ha
MPENCTOAIIMN IEPUOJ BPEMEHHU C YYETOM €ro TEKYIEN
HapaOOTKU W MO3BOJIUTH MPOU3ZBECTH PaCUET KOJIHNYe-
ctBa [19]1, KOTOpBIEC BRIAAYT U3 CTPOS 32 BHIOPAHHBIN
nepuoa. s 3Toro Heo6xoUMMO 000CHOBATh BHJ MO-
JIeNId, OMpeNeNuTh €€ TapaMeTpbl U TMPOBEPHUTH €&
aZIeKBaTHOCTh. VIMEHHO STHUM BOIPOCAM IIOCBSIIEHA
HACTOSINAs CTaThs.

IMoax0/ K BbIGOPY BEPOSTHOCTHOM MO e/n
HaJeKHOCTH

Teopusi HaJIe)KHOCTH paccMaTpUBaeT OTKa3bl 000-
pyJIOBaHHS KaK CIy4YailHbIe COOBITHS, YUCICHHBIM BbI-
paXEHHUEM KOTOpBIX SBJIAETCS CilydaiiHas BeJIMYMHA
X — «HapaOoTKa JI0 O0TKa3a», pacnpejelicHHas B COOT-
BETCTBUHU C HEKUM 3aKOHOM PacClpee/ICHUsT BEPOSITHO-
creit Fx, B oOmiem ciiydyae HeW3BeCTHBIM. M3BecTHO,
YTO PabOTOCMOCOOHOCTh TEXHHUSCKUX CHCTEM 3aBHCHT

oT Oousbimoro ymcia (akTopoB, IO3TOMY HCTHHHOE
pacripeneneHue ciaydailHol BenuuuHbl X MOXET Mpe-
CTaBJIATHL COOOW CIIOKHYIO KOMOWHAIMIO Pa3IHYHBIX
Ooyiee TPOCTBIX paclpeleNieHuii W, Kak CIeICTBHE,
MOXeT MMeTh OOJIBIION HAabOp MapaMeTpoB, YTO MPH-
BOJUT K YBEIUYCHHIO CIOKHOCTH aHAJM3a HaJEKHO-
CTH TaKHX CHCTEM, ake eci (pyHKIMOHaNbHAs (op-
Ma 3aKOHa paclpeieiICHUs ONpeeNieHa.

OdeBUIHBIM BBIXOJOM M3 ATOH CHUTYAIHH SIBISCTCS
HCTIOJIE30BaHKE BEPOSITHOCTHBIX MOJENEH HAaIeKHOCTH
(BMH) [11], 00bI9HO MpeACTABISAIOMUX COOOH XOpO-
II0 W3BECTHBIC 3aKOHBI paCIpeleNieHus CIydailHbIX
BEJIMYMH M UX HPOCThIE KOMOWHALINU ¢ HEOOIBIINM
KOJIMYECTBOM MapaMeTpoB, TOCTATOYHO TOYHO OINHUCHI-
BalOIIMe ITOBEACHNE CITy4aliHOH BEMYMHBI X M COTJIa-
CYIOIIHECS C pe3yIbTaTaMy HaOIIIOICHUI.

[pouenypsl BrIOOpa M BepuUKaUUKM aIeKBaTHOW
BMH wucnone3yroT MeTOAbl MaTeMaTUYECKOM CTaTH-
CTHKH, PE3yJIbTATHl IPUMEHEHUS KOTOPHIX 3aBHCAT OT
KadgecTBa HCIIONB3yEeMBIX MaHHBIX, & UMEHHO OT HX
o0beMa, TOYHOCTH M MOJHOTHL. OCHOBHBIMH IpOOJIe-
MaMU IpU peleHnd 3aaadn onpenenennss BMH saBns-
FOTCSI:

e Maiblif 00beM BBIOOPOK JaHHBIX 00 OTKazax 000-

PYIOBaHHS;

e HH3Kasg TOYHOCTh JTHX NAHHBIX, BO MHOTOM O0Y-

CJIOBJICHHAS YEJIOBEUECKUM (pakTOpOM;

e BBICOKAs CTCIICHB IEH3YPUPOBAHUS JAHHBIX.

Ucnonp3oBanne  KPYHMHBIMHA — NPEOIPHATHSIMH
OoNpImIKMX MapTUil OAHOTUIHOTO OOOpPYIOBaHUS B Te-
YCHUE JUTUTENBHBIX MPOMEXKYTKOB BPEMEHH, a TaKKe
[IMPOKOE BHEAPEHNE MH()OPMAIMOHHBIX CHUCTEM, CIIO-
COOHBIX B YHCIIE MPOUYETO C BBICOKOI TOYHOCTBIO (DUK-
CHpOBATh 3HAYCHUS HApaOOTOK JJO OTKa3a KOHKPETHBIX
9K3EMILLIPOB O0OPYIOBAaHUS, IO3BOJSIET BO MHOTOM
YCTpaHUTDh YKa3aHHBIC BBILIC HpOGHeMbI.

JanHble 0 HapabOTKaX [0 OTKa3a M TEKYIIUX Hapa-
00TKax »JK3eMIUISIPOB O00OpYIOBaHHS MOTYT OBITh
MPEICTaBICHH B BHAEC MHOXKECTBA YIIOPSAOYECHHBIX
map (Beioopku) V={(ti,o1)}, i=1,2,...,N, rue tj — 3Haye-
HUsl HabmrogaeMblx HapaboTok; oi=1, ecnu tj mpen-
CTaBJIIeT co00# BpeMst 70 oTKa3a, u ¢i=0, ecnu tj ecTh
HapaboTKa i-r0 00beKTa, He OTKA3aBIIEro K TEKYIIEMY
MOMEHTY BpeMeHH; N — KOJIM4ecTBO 0ObEKTOB.

Tekymue HapaOOTKH HE OTKAa3aBIIUX OOBEKTOB
paccMaTpUBAIOTCS KaK MOMEHTBI TIPaBOr0 LEH3YPHPO-
BaHM [12]. TIoCKOIBKY SK3eMIUISIPBI 000PYIOBAaHUS
MOTYT BBOIUTHCS B JKCIUTyaTallMI0O B Pa3HOE BpeMs,
3HaueHns t; HapaboTOK 0OBEKTOB, COXPAaHHUBIINX Pado-
TOCIIOCOOHOCTh K TEKYIIEMy MOMEHTY, OYAyT pa3HBI-
Mu. CrenoBaTenpHO, aHATU3HPYEMbIE TaHHBIE B 00-
IIeM ciydae SBJIAIOTCS MHOTOKPAaTHO IIEH3YpHpPOBaH-
HBIMM CIIpaBa.

[Tockoneky cimydaiiHas BennunHa X — «HapaboOTKa
O OTKa3a» MOXKET IPUHUMATPH JIWIIb HEOTPHIATEIh-
HbIC 3HAYCHU, NPEACTABIIACTCA LleJ'IeCOO6pa3HI)IM BBbI-
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OupaThb B KauecTBe BO3MOXHBIX BMH (mozneneii-
KaHAMIAaTOB) aOCOIIOTHO HETPEpBIBHBIC pacIperese-
HUS, QYHKIUH paclpene’cHUs] KOTOPBIX OTJINYHBI OT
HYJISI TOJIBKO JUTS TOJIOXKUTEIBHBIX 3HAYCHHUH apryMeH-
Ta.

Bynem monarats, uro Bei6op BMH mnpousBoautes
u3 Hekotoporo MmaokecTBa M={M1,M,,...,Mn}, cocto-
SIero M3 M mogaene-kanaugaTos. Kaxmoir mMope-
mu-kaaaungary M;, j=1,2,...,m, cooTBeTCTByeT QyHKIUS
pacrpenenenus Fj(x,0;) u GyHKIMA IIOTHOCTH pac-
npenenenus fi(x,0;), rae O=(6/,6,....,0%,)" — Bextop
OIIEHMBAEMBIX IIAPAMETPOB j-if MOJeN-KaHAKATa, Pj —
YHCIIO TAPAMETPOB -1 MOJIeTH-KaHJ1/1aTa.

i monydeHus: 3HaYEHUM TOYEYHBIX OLIEHOK IIa-
paMeTpoB MOJETH MOTYT HCIOJb30BaThCS PA3INYHBIC
METOABI, OAHAKO HAMOONBIIEH MOMyISPHOCTHIO MOTh-
3yeTcsi MeTOA  MAaKCHMAlBHOTO  IPaBIONOmOOWs
(MMII). B wactHOCTH, AJis pemaeMoi B JaHHOU pabo-
Te 3amaun MMII no3BossieT 6e3 0CoObIX 3aTpyAHEHUN
VYUTHIBATh HAJTWYNE LEH3YPHPOBAHHSA B aHAIH3HpPYe-
Mol Bei6opke [13]. Tak, ana moxemu-kanauzgara M; c
¢ynkuueit pacnpenenenns Fj(X,0;) u gpynxnuei mot-
HocTH  pacnpenenenus fj(X,0;) norapudmudeckas
(yHKIHS TTpaBIoONoN00Hs, pacCUUTaHHAS 1O BBIOOPKE
V={(t,o))}, i=1,2,....N u momuduimpoBanHas s
citydasi IPaBoTo LEH3ypUPOBaHUs, OYIEeT UMETh BUJL:

Avie )= In(f5(t.0,))+
i(VIe;) .2:1: +(1_Ui)|n(1—Fj(ti,®,-)).

@)

Bexrop 3HaueHHI OLIEHOK mapaMerpoB Monenu M;
Torna OyJeT paBeH

O] :argmaxAj(V|®j).

st Be1Oopa Hanbosnee afexksaTHoit BMH u3 crincka
MOJeNIeH-KaHINIaTOB MOXKET TPUMEHATHCS TOAXO[,
OCHOBAaHHBI Ha WCIIONB30BAaHNH HMH(OPMAIIMOHHBIX
KPUTEPHEB, TAaKUX Kak HH(OPMAIMOHHBIA KpHUTEpHi
Axanke (AIC)[14], GaiiecoBckuii HH(MOPMAIMOHHBIH
kputepuii (BIC) [15] u kpurepmit Xannana—Kywnrna
(HQ) [16], mo3BONSAOMNX OLEHUTH OTHOCHTEIBHOE Ka-
YeCTBO pacCMaTpUBAEMBIX Mojienel. MHpopmannoHHbIe
KPUTEPUU MPENOCTABISIIOT BO3MOXKHOCTb COOMIOCTH
OanaHc MEXTy TOYHOCTBIO M CIIOKHOCTBIO MOJENH, UC-
MOJIB3Ysl KOPPEKTHPOBKY MAaKCHMAJIbHBIX —3HAuCHHI
MPaB/IOIIO100MsI, 3aBUCAIIYIO OT YMCIIa TTapaMeTpoB H, B
HEKOTOPBIX CITyJasix, OT 00beMa BEIOOPKH.

3HaueHMsI MEPEYUCIICHHBIX BBIIIE KPUTEPHUEB IS
Mozenu M; ompesesaioTes Kak

AIC, =2p,-2A,(V]®)); 2)

BIC, = p; In(N)-2A, (v|@,-); @3)

HQ, = 2p, n(In(N))-24,(Ve,). @

rae pj — uucio mapamerpoB j-it moxenu; N — oObem
BBIOOPKH; A j(V|G) j) — MakCHMaJbHOE 3HA4€HHE JIO-

rapupMuIecKoi (GyHKIUH MPaBIOIOI00HsI j-if Moaenn
B cooTBeTcTBUH C (1).

Monenb-kaHAUIAT ¢ HAUMEHBIINM 3HAYCHUEM KpPU-
Tepus cuMTaeTcs Hambosee mpurogHoi. OgHaKo, mMo-
CKOJIBKY HWH(OPMAINIOHHBIE KPUTEPHH MO3BOJISIOT
OLICHUTH JIMIIb OTHOCHUTEILHOE KadecTBO MOJEeH,
HEOOXOMMa JTOMOJHUTENFHAS TMPOBEPKA allCKBATHO-
¢ty BeIOpanHOi BMH Ha ocHOBE KpUTEpHEB COTIIacHsl.
B nanHoif paboTe Takas mpoBepka OyaeT MPOBOAUTHCS
C HCIOJB30BAaHUEM IIHPOKO MPUMEHSIIOMMXCS B TO-
JMOOHBIX 3aJa4yax KpUTepHeB coriacus: IlupcoHa (Xu-
kBagpar), KomnmoropoBa, @° Kpamepa—Museca—
Cwmuprosa n Q° Anzepcona—/lapiunra [17].

Iposepsemas rumotesa H, @ F(X)=Fy(X,0), rue

Fo(X,0) ects (yHKuMS pacnpeneneHus BEPOSTHO-
CTell, ¢ KOTOpOH TpoBepsieTcs corjlacue BBIOOPKH, a

® - BeKTOp W3BECTHBIX MAPAMETPOB PACTIPEICIICHHS,
SIBJSIETCSL [TPOCTOM, €CITH BHIOOPKH, UCTIOIb3YEeMbIE IS
OLICHKH TTapaMeTPOB M ISl MPOBEPKU COINIACHS, Pa3-
JIMYHBIL

JInst BBIYUCIICHHS 3HAYCHUS KPUTEPHUS COTJIACHS
[Mupcona mo BeIOOpKe V 001acTh ONpEACTCHHs CITy-
YaiiHOM BeamuuHbI X JeNAT Ha K HemepeceKarouuxcs
uarepBaioB  (0;X1],(X1;%z2],...,(%.1;X] ¥ ompenensror
KOJIMYECTBO DJIEMEHTOB BBIOOPKH, IOMABIIMX B KaXK-
Ie1i naTepBan [18].

Cratuctuka g, Ilupcona onpenensercs Kak

(vn-fo)

2R = NZ , ()

> o)
rae N — o0beM BBIOOPKH; Nj — KOJMYECTBO AIIEMEHTORB
BBIOOPKH, MOMNaBIINX B i-i HWHTEpBa,

X
p; (@) = J- fo(x,@)dx, fy(X,®) — dynxuus mior-
X1
HOCTH PACIpPe/IENeH s BEPOSTHOCTEN.
HyreBasi ruroresa OTKIOHSETCS TIPU 33/IaHHOM YPOBHE
3HAUUMOCTH ¢, €CIM TIONYYEHHOE 3HAYEHHME CTATUCTUKH

2
6OJ'I]>H.IC, 4EM KPUTHYICCKOC 3HAYCHUC ¥ \ ¢ @ SBJIAIOIICCCA

KBaHTIIEM YpOBHsI 1« pacnipenernennst xu-kBazpar ¢ k-1
CTEMeHsAMH CBOOOIBL. B mpoTnBHOM citydae y Hac HeT oc-
HOBaHHUH OTBEPTHYTh HYJIEBYIO THIIOTE3Y.
> 2
Bbruncienue 3Ha4EHUI CTaTUCTHKH ¥, 1O (opmy-

ne (5) mpearmoiaraet, 4yTo BbIOOpKa V SBJISETCS TOJ-
HOH, TO €CTh aHAJIM3WPYEMbIC JIaHHbIE HE IEH3YPUPO-
BaHbL. [y cityyasi leH3ypUpPOBaHHBIX JaHHBIX B pabo-
te [19] mpeanaraercs moMydnuTh «IICEBIOTIONHYI0Y» BBI-

256



M3Bectns ToMCKOro MoJIMTEXHUYECKOro YHUBepcuTeTa. UHXKMHUPUHT reopecypcoB. 2024. T. 335. Ne 10. C. 253-264
EdpemoB A.A. v ip. BeposiTHOCTHast MoZie/Ib HaZIe?KHOCTH NOTPYXKHBIX 3JIEKTPO/ABUTATeed CKBOXKUHHBIX HACOCHBIX ...

00pKy, TO ecTh 3aMeHuTh dmeMeHTHl (1;,0)eV Ha ame-
MmenTsl Buna (&,1), rae & — cinyuaiiHoe 4mcio, pacmipe-
JEJICHHOE€ pPaBHOMEPHO Ha HMHTEpBAJIC (Fo’l('[i ,G));l);

Fy(x,0) — bynkuus, obparsas k F(X,®). Tam xe
YTBEPXKIAETCS, UTO MOTPELIHOCTD, CBSI3aHHAS C 0100~
HOW Moaudukanmeld BHIOOPKH, HE3HAYUTENIbHA YXKE
Ut BBIOOpKH 00bema N>20.

Hcnonp3oBanue kpurepus Kommoroposa Iuist mpo-
BEPKH THIOTE3 MOJpa3yMeBaeT pacyeT 3HAYCHUs CTa-
tuctuku [20]

_ 6NDy +1 ©)

NI

S K
rac

Dy =max( g,Dg), N :g%{#—ﬁ(xi,@)},

Dg:max{Fo(xi,e)—%}, R(x0)

I<i<N

— TeopeTndecKkasi (pyHKIUS pacrpeiesIeHHs.
Cratuctuky kputepus @  Kpamepa—Muzeca—
CwmupnoBa [20] MOXHO HaiTH IO opmyIie

2i-1)°
2N

N
S :i+

,
TN NG

F (xi ,@)
a KpuTepus O° Anpgepcona—/lapnunra [20] kak

2i-1
2N

125 mfa- i x 0

Paccuntanubie mo ¢opmyinam (6)—(8) 3HaueHHs
CTaTUCTUK CPAaBHUBAIOTCS ¢ KPUTUYCCKUMH 3HAYCHHUSI-
MH COOTBETCTBYIOIIMX KpPUTEPHEB U1 3aJaHHOTO
ypoBHs 3HaunMocTu « [21]. IIpu sTOM HyseBast rumo-

In Fo(xi,®)+

N
Sq=-N-25 ®)
i=1

Tesa Ho:F(X)= FO(X, 9) OTBEpraercsi, €ciy MoIy-

YEeHHOE 3HAYEHHE CTATUCTHUKH OOJIbIIIE KPUTHYECKOTO.

Moaen-KaHaANuAAThbl

[TomMuMo aneKBaTHOCTM M BBICOKOW IpelcKasa-
TEJIBHON CITOCOOHOCTH JIOTIONIHUTEIILHBIMUA TPEOOBAHU-
aMu, BbiIBUTaeMbiMH K BMH, sBistores mpoctora
MOJIET B yI00CTBO paboTHI ¢ Hell. DTUM TpeOoBaHH-
SIM YIIOBJICTBOPSIET, HAIIPHMED, JIBYXIapaMeTPUIECKOE
pacnpeneneHue BeliOymna [22], yHkmuio pacnpene-
JeHus ¥ (YHKIHIO TUIOTHOCTH PacIpelelicHUus KOTO-
POro MOKHO 3amucaTh B CIEAYIOLIEM BHUIE:

Ry (%, n,ﬂ):l—exp[_[%}ﬂj; 9)

ﬂ—lexp{_ % ﬁ)

rae x>0; 7>0 — mapametp macmrada; >0 — mapametp
(hopMBI.

Pacnipenenenne BeiiOymra Hammo MMpoKoe TMpH-
MEHCHHE B 3aJa4ax HAJIC)KHOCTU W TIPU aHAIU3C BEI-
JKMBAEMOCTH, BO MHOTOM OJlarojiapsi MaJioMy KOJIHYe-
CTBY IapaMeTPOB M BO3MOXXHOCTH TOIy4YaTb Pa3iIid-
HbIe (HOPMBI KPUBBIX MHTCHCUBHOCTH OTKA30B B 3aBU-
CIMOCTH OT 3HaueHusi mapamerpa f. Taxke Heco-
MHEHHBIM JJOCTOMHCTBOM 3TOTO PAaCIpEIeICHHS SBIIS-
€TCsl HAIMYME TPO3PAYHON MHTEPIPETAUH JIIsl Imapa-
MeTpa 7): BBIpKAEMBIH B TEX K€ CIUHUIAX H3MEpe-
HUS, 4TO M caMa CilydaiiHas BeqnduHa (HapaboTka a0
OTKa3a), mapameTp 77 omnpenessier HapaboTKy, B Tede-
HUE KOTOPOH OTKaxyT HmpuOIu3uTensHo 63 % o0bek-
TOB M3 UCCIIEAYEMOH MOIYIISLIIH.

IIpu sTOoM wucnons3oBaHWE pacmpeneneHus Ben-
Oy/ula B KauecTBE 3aKOHAa paclpeeieHUs] HapaOoTKu
HAa OTKa3 HE JIMIICHO HEIOCTATKOB: CIUHCTBCHHBIN
napamerp (OpMBI HE TO3BOJSECT MOJIYYHTH OOJBIIOE
pa3zHooOpaszne (opM KpPUBBIX HWHTEHCHUBHOCTEH OTKa-
30B; SIBILISICH YHHMOJAIBHBIM, pacmpeneieHue Beii-
OyJ1a He MOXET CITy)KUTh anekBatHod BMH B ciryua-
SIX, KOTZa, HallpuMep, OTKa3sl 000pYHOBaHHS BO3HU-
KAalOT 110 Pa3HbIM MPUIHHAM.

Tem He MeHee MBI HE MOXEM HMCKIIOUHTH MOJENb
HAIe)KHOCTH, OCHOBAaHHYIO Ha pacrnpeneneHun Ben-
oymna (MHB), u3 cnicka paccMaTprBaeMbIX MOJIENICH-
KaH/IU/aTOB.

[lpu ananm3e BEDKMBAEMOCTH U B 3aJadax KOHO-
METPHKH YacTO MCIOJb3YIOTCS TaK HA3bIBAEMbIC MOJIC-
au KoHKypHpyroumx puckos (MKP) (competing risk
model — CRM) [23], npeaHasHau€HHbBIE I OMHCAHFS
HapabOTOK O0OPYAOBaHWS B CIyYasx, KOTJIa OTKa3bl
MOT'YT SBJATHCA PE3YyJIbTaTaMU BO3Z[€I710TBHH Pa3HbIX
(hakTOpOB.

ITyctp cymecTByeT K>2 pasnmuyHBIX MPUYHH BO3-
HUKHOBCHUS OTKa30B, U BpEME€HA OTKAa30B, BOBHUKIINX
mo i-i mpuumnbe (i=1,2,...,K), SBIAIOTCS CIydaiHBIMA
BCIIMYMHAMHU, pPaACOpEACJICHHBIMH B COOTBETCTBUU C
3aKOHOM, UMEIOIUM (yHKIHIO pactpeneneHus Fi(x).
Torma dyHKIUS pacmpenencHus HAPAOOTKH O OTKa3a
000pyToBaHMS 33]aeTCS KaK

fw (X' 77:,3) = p X

= (10)
n\n

Ferm (X) =1—ﬁ(1— F (X)), x>0, (11)

B nanHO# paboTe B KauecTBE OJHON W3 MOjEIei-
KaHIUIATOB OyJeT MCIONB30BAThCS MOAETHh KOHKYPH-
PYIOIIUX PHCKOB ¢ K=2 mpu IOMYIIEHUH O TOM, YTO
Fi(X)=Fw(X,7i,/), To ecTh 4YTO CYIIECTBYIOT JBE OC-
HOBHBIX Npu4MHbl Beixoga [1D/] u3 cTpost u 4to Bpe-
MeHa 0Tka3oB IIDJI mo i-if mpuyMHE SBJSIOTCS CITy-
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YaHBIMM BEJTMYMHAMH, HMMEIOUIMMH paclpeneieHne
BeiiOyma, 3agaBaemoe BoipaxkeHusimu (9), (10), ¢ ma-
pamerpamu 7 U f. C ydeTtoM 3Toro BeipaxkeHue (11)
MIPUMET BUJ

2 ()
FCRM(X,H,B):l—Hexp _L;J V)

a (YHKIHUS TUIOTHOCTH paclpelnerieHus OyaeT onpene-
JSITHCSI KaK

form (X, H,B) =

3 ﬁ(i\ﬁﬁl 2 _(i\ﬁi
_Z L Hexp LI]J ,

iz | T\ i=1

13)

rne H= — BEKTOp MapaMeTpoB Macmitaba, a

Uy

o (A

— BEKTOp MapaMeTpoB (OPMBI pacrpesere-
2
Huit BeitOymna.

Hcnonws3zyemas B nanHoit padore MKP umeer uye-
ThIpe TapaMeTpa, 4TO, C OJHON CTOPOHBI, TIO3BOJSIET
HaJesSIThCs Ha OOJBIIYI0 THOKOCTh MOJEIH 0 CpaBHE-
Huto ¢ MHB, HO, ¢ mpyroii, JaHHYI0 MOIEIh, CTPOTO
TOBOpS, HEJb3s Ha3BaTh MpocToi. OTHAKO COBpEMEH-
HOE MaTeMaTH4ecKoe MpOrpaMMHOE 00eCTICUeHHE T103-
BoJIsIeT 0e3 0COOBIX MPOOJIeM HCIONB30BaTh € IS
MPAaKTUIECKUX PaCUETOB.

Eme onHUM BUAOM CIIOXKHBIX pacHpeleseHui,
HAIIEAIINM CBOC TIPUMEHECHUE B 3a/1a4aX aHaH3a dKC-
IUTyaTallHOHHOW HAJEKHOCTH, SIBISICTCS KOHEYHAS
cMech pactipenenenuii. Cmecu pacnpeeeH!i 1eMOH-
CTPUPYIOT BBICOKYIO aJ€KBAaTHOCTH IIPU ONKUCAHUU HE-
OIHOPOAHBIX IAHHBIX [22, 24] W TO3BOJAIOT, HANpPH-
Mep, YUUTHIBATh HAJIMYKE B OOIIEi MOMyISIIul 00beK-
TOB HECKOJBKUX CYOMOMyNANNH, pa3TUYarolIuxcsi 1o
KaKUM-TO TpH3HaKaM. bymem cumrarh, 9TO 3HAYCHHUS
HEKOTOPOH CIy4aiHOW BEIMYUHBI X paclpelesieHbl B
COOTBETCTBUHU ¢ K-KOMITOHEHTHOM CMECBHIO pacmpene-
TeHnH, eca (QYHKIUS pacupeaeieHus 3TOH BENINHBI
OTIpEeNENSCTCST BBIpaKEHUEM

o (0= 2w ()

rae Fi(X) — dynkus pacnpeneneHus i-ii cyomomyJis-

mun 00bekToB; 0<wi<l — BecoBbIe KOX(PQPHUINCHTHL,
k

Takue, 4To ZWi =1. B obmuiem BecoBoit koahdurm-
i=1

SHT W; BBIPXKACT IO OOBEKTOB i-i CyOmOmy siuy B

TreHEPATbHON COBOKYMHOCTHU. J[JI1 YMEHBIIEHUS CIIOXK-

HOCTH BEPOSTHOCTHOM MOJENU MOKHO COKPAaTUTh KO-

(14)

JMYECTBO BECOBBIX KO3()(ULIMEHTOB, BBIPAa3UB, HAIPH-
Mep, BeCOBOH KOA((HUIMEHT MOCIeIHET0 KOMIIOHEHTA
k-1
cmecu B Buge W, =1— Zwi.
i=1
[oxncrapnsis B Belpakenue (14) pasnuunble QyHK-
UM paclpenesieHns], MOKHO ITONYYHTh pazHooOpas3-
HBIE 3aKOHBI PACHPENCICHHS CIIyJalHBIX BEJIMYHH.
B nannoii pabore B KauecTBe OJHOH W3 MOJIEJEH-
KaHIUIATOB OyJeT WCIIOJb30BaThCS JIBYXKOMITOHEHT-
Has cMech pacrpenenenuii Belioymna (2CPB), umero-
mast GyHKIMIO pacrpeaeieHns BHa

A
Focps (X H, B, W) =1— wexp _Li\ B

Th
(x )"
—(1-w)exp _k_ (15)
Uy
1 GYHKIMIO TUIOTHOCTH PACIIpEaeIeHuUs
focps (X H, B, W) =
-1 1
ﬂl( x\* (x)
=W —L— exp _L_ +
Th\Th Th
( X A1 X B
+(1-w) ﬂzk J exp —L— , (16)
T\, >
rie H= " BEKTOp MapaMeTpoB MaciiTada,
Up)
B= ﬁ 1| — BexTop mapameTpoB opMEI pacmpeneie-
2

HuH BeiiOymia, a W — BecoBOit K03 (hHUITHEHT.
Hcnonszyemass B gaHHOW pabote mojmens 2CPB

UMECT IIATh MMapaMeTpPOB U, TAKUM o6pa30M, ABJIACTCA

CaMOM CIIOKHOM MOJEJBIO 3 PACCMATPUBAEMBIX.

OnucaHue UCIO0JIb3yEeMbIX JAHHBIX

B pabGote wmcmomb3yercs BbIOOpka V IaHHBIX O
Hapabotkax [19]], MmonHOCTRIO 5,5 KBT, BBEICHHBIX B
skcmtyaranuio ¢ 2010 mo 2015 rr., oobemom N=688,
conepxkamas Ng=588 3HaueHuii HapabOTOK 10 OTKa3a
(B cyrkax) u Ng=100 3HaueHmit HapaOOTOK IBUTraTE-
Jei, He oTkazaBmuX K Havairy 2024 r. Bee [19/]] usro-
TOBJICHBI OJHHUM IPOHM3BOAUTEIIEM, UMEIOT OIMHAKO-
BYIO MOIIHOCTh M OJMHAKOBOE HCIIOJIHEHHUE, YTO TM03-
BOJIIET CYUTATh HMX CTATUCTHYCCKH MICHTHYHBIMH
obwvextamu. Bridop [13]] ¢ momHocThIO 5,5 KBT M1
aHaJlM3a B JJAHHOW CTaThe OOYCJOBJEH TEM, YTO IS
HUX UMeEeTCs HamOosiee MpecTaBUTeNbHAs BhIOOpKA,
MOCKOJIBKY MPEIIPUSITAEM B OCHOBHOM HCIIOJIB3YIOTCSI
WMEHHO TaKHe JIBUTATEIIH.
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[NockonbKy aHAMM3UpPYEMbIC TaHHBIC HE COMEPKAT UH-
(opmarmro 0 HapaboTKax 1o oTkasza it Beex [19]1, BbI-
Oopka V He sBIsiercs noiHoW. byeM paccMarprBath 3Ha-
YeHUs] HapaOOTOK HE OTKA3aBIIMX JIBUTATENCH KaK 3HAde-
HHS MOMEHTOB TIPABOrO ILICH3YPHPOBaHUS. TakuMm oOpa-
30M, BBIOOpKa V SIBJISCTCSI MHOTOKPATHO IICH3YPHPOBAaH-
HOM CIIpaBa co CTeTieHbIo ieH3yprpoBanus a=0,145.

B nmannoit pabore ams Beioopa BMH pematorcst 3a-
Jauy OIPEAEITICHUS OLEHOK IapaMeTpOB paciperesie-
HUW BEPOATHOCTEH, UCHOIB3YEMBIX B KAa4€CTBE MOJIE-
JeH-KaHIUAATOB, M MPOBEPKU THIIOTE3bI 00 a/JeKBaT-
HOocTH BhIOpanHOW BMH ¢ ucmonb3oBanneM Hemapa-
METPHUECKHUX KpUTepHeB cornacus. Kak yrBepxmaercs
B paborte [25], UCIONB30BaHUE OJHOW W TOW K€ BBI-
OOpKH sl OIICHKU ITapaMeTPOB U YIS TMPOBEPKH MPH-
BeIeT K TOMY, UYTO TIIpOBepseMas THIOTe3a OymeT
CIIOKHOM, a KPUTEPUHU COTJACHUS B 3TOM CIydae JIH-
IIATCSl CBOMCTBA CBOOOJIBI OT pacmpeneneHus. B crsa3u
C 3TUM OBLIO TIPHHSTO petiieHe o paseneHuH BEIOOD-
ki V Ha IBE 4acTH, vy V(Z), ¢ oosemamu N1=347 u
N,=341, cooTBeTcTBeHHO. Pa3meneHue NPOBOAUIOCH
CIIy4aiiHBIM 00Pa30M Tak, YTOOBI IPUMEPHO MOJOBHHA
3HaueHnid HapaboTok I13]l, BBEACHHBIX B AKCILTyaTa-
U0 B KaXIOM TOJYy M3 PacCMaTpPHBAEMOIO IMPOME-
KYTKa, IOTal0 B BBIOOPKY V&, KoTopasi Oyner uc-
MOJIB30BaThCS ISl OICHKH IapaMeTpoB pacrperesie-
Huil. OcTaBIascs 4acTh 3HAYCHUN COCTABUT BHIOOPKY
V@ yu OyZeT HCIONb30BaThCA ISl BepuUKaLUU pe-
3ympTaToB. Taxoke Mpu pa3OeNieHHH NAaHHBIX 3HAYCHUS
HapabOTOK IO OTKa3a M MOMEHTOB I[CH3YPUPOBAHHUS
JJIsL }:[BHFaTeHeﬁ, BBCIACHHBIX B JKCIIJTyaTallUIO B KaXK-
IIOM TOAY, NENVINCH B TOH K€ MPOTIOPIIAH, IS COXpa-
HEHHSI CTEIEHH IIEH3yPHPOBaHUS KaKIOH BBHIOOPKU
MpuOIM3UTENHHO Ha OJJHOM ypoBHE. B utore BriOOpKa
v conepkuT N =296 3HaueHHi HapaOOTOK 10 OTKa-
3a U Ngy=51 3HaueHHII BpeMeH IIeH3ypUpOBaHHs (CTe-
neHp LeHsypupoBanus a;=0,147); BeiOOpka V@ co-
nepkuT Npp=292 3HaueHus HapaOOTOK 10 OTKa3a H
Ng2=49 3HaueHWI BpEeMEH LIEH3YpUPOBaHUS (CTEICHb
neHsypupoBanus a,=0,144).

Pe3ysbTaThl Ncc/IeAOBAaHUS

OneHKH MaKCHMaJBHOTO MPaBIONOA0OHS Tmapa-
METPOB paccMaTpPUBAEMbIX MOJieNei-KaHInAaTOB, pac-
CUYMTaHHBIE IO BEIOOpKE V(l), npuBeaeHs! B Tab. 1.

Ta6auya 1. OyeHKU MakcumaabHo2o0 npagdonodobus napa-
Mempos8 UccaedyemMblX 8epOSIMHOCMHbBIX Mode-
setl HadexcHocmu

Table 1. Maximum likelihood estimates of the parameters
of the probabilistic reliability models under con-
sideration

BMH m ol 72 i) w
w 1605 1,16 - - -

MKP 1609 1,15 9954 4,61 -

2CPB 205 4,46 1753 1,29 0,08

[MoncraBuB moONMyYeHHBIC OLIEHKU B (opmyist (9),
(12) u (15), momy4uuM BhIpakeHus QYHKIUN BEpOSITHO-
CTH OTKa3a JJis Mojieielt HanexkHoctu Belioymna, MKP
u 2CPB, cooTBeTCTBeHHO. 3HAYCHUS WH(POPMAIHOH-
HBIX KPHTEPHEB, pacCUMTaHHbIC 1O (popmyaaMm (2)—(4)
JUISL KQKIOH W3 MOJeJei-KaHAuIaTOB, MPUBEICHBI B
Tabm. 2.

Ta6auya 2. 3navenus UHPHOPMAYUOHHBIX Kpumepues

Table 2. Values of the information criteria

BMH ~2Amax AIC HQ BIC
w 4942,6 4946,6 4949,7 4954,3

MKP 4942,7 4950,7 4956,8 4966,1

2CPB 4929,1 4939,1 4946,7 4958,3

BunHo, 4yTOo MOneib, OCHOBaHHAs Ha JBYXKOMIIO-
HEHTHOH cMecu pacnpeneneHuil BeiiOymia, nmeer
HauMeHbInue 3HaueHus kpurepueB AlC u HQ, u muims
HEMHOTO YCTyIaeT Mojaeiau BelOyiia B COOTBETCTBHU
¢ OalfecoBckuM WHGOPMAMOHHBIM KputepueMm. [Ipu
9TOM 3HA4YCHUs TpeX HH(POPMAINOHHBIX KPHUTEPHUEB
UL BCEX pACCMATPUBAEMBIX MOZEICH-KaHIUIATOB
pasznuyarTcs He3HAuuTeNnbHO. OIHAKO HAUBBICIIMM
3HAYEHUEM IMPABIOMOA00NS, T. €. HANMEHBIIINM 3Hade-
HUEM —2Amsx 0€3 ydeTa MOMpaBOK, OMPEICIISIOIINX
ciaoxunocth BMH, o6magaet monens 2CPB.

[lpn HanuuMu HACTONBKO ONM3KMX 3HAYCHWH WH-
(hopMaIIMOHHBIX KPUTEPHUEB MPOBENEM MPOLEAypYy Be-
pudUKauK Ha OCHOBE KPUTEPUEB COTJIACHS JJISI BCEX
TpeX MOJENeH-KaHAUAATOB.

A BepuUKanuu HUCIONB3yeTcs LEH3ypHPOBaH-
Hasl BBIOOpPKa V@ o6nemom N,=341 co crenenbio ueH-
3ypupoBanus 8,=0,144. B cOOTBETCTBUH C TpOIETY-
poii, onmcanHoi B[19], mna xaxkmoit momenu M; c

¢ynxuumeii pacnpenenenust F; (x,@ ,—) MOJTyYUM «IICEB-

JIOTIOJTHBIC» BBIOOPKH M pa3o0beM 00JIACTh ONpejesie-
HUSl CIy4YaiilHOW BeldnuuHBl X — «HapaboTKa J0 OTKa-
3a» — Ha k=6 paBHOBEPOSTHBIX HEMEPECEKAOIIHXCS
WHTEPBAJIOB. 3aJaB 3HAYCHHUE YPOBHSI 3HAYUMOCTHU
0=0,05, ompeaenyM 3HaYCHUS CTATHCTHUKH ;(NZ ITupco-

Ha 1o (opmyre (5). Taxxke paccuutaem mo Gpopmynam
(6)—(8) 3HaueHus cratucTHK KputepreB Konmmoroposa
(Sk), Kpamepa—Museca—Cmuprosa (S,) 1 AHIEpCOHA—
Hapmunra (Sg). [lomydeHHbIe 3HAUEHHUS CTATUCTUK JUTS
paccMaTpuBaeMBIX MOJIETICH IPUBEIEHEI B Ta0I. 3.

Ta6auya 3. 3HayeHuUss cmamucmuk Kpumepues co2aacust

Table 3. Values of the goodness-of-fit criteria

BMH x} Sk So Sa
w 9,656 0,769 0,113 0,896

MKP 9,512 0,765 0,112 0,894

2CPB 7,039 0,707 0,093 0,609
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Kputndeckoe 3HaueHue cratuctuku [lupcona s
ypoBus 3uaunMoctd a=0,05 u k—1=5 cremeneii cBo-

0016 PaBHO ;(;0.95 =11,07. IlpuBenennsie B [21] Tad-

JUYHbIe KPUTHYECKHe 3Ha4YeHus Ui kputepueB Koi-
MoropoBa, Kpamepa—Muszeca—CmupHoBa u AHzmepco-
Ha—/lapnuHra 1st TOro K€ YpOBHSI 3HAUUMOCTU pPaB-
HBI, COOTBETCTBEHHO,

S¢ =1,3581, S%=0,4614 n SZ =2,4924.

W3 Tabn. 3 BHOHO, YTO pAaCCUYUTAHHBIC 3HAUCHHS
CTATHCTHK HCIOJIb3yeMbIX KPUTEPHEB COIJIACHS LIS
BCEX PAacCMaTPHUBAaEMBIX MOJEJCH MEHBIIEC KPUTHYE-
CKHUX, CIIEIOBATENIFHO, MBI HE MOXXEM OTBEPTHYTh HHU
onHy u3 HUX. OJJHAKO BEpOSATHOCTHAS MOJEIb HAJCK-
HOCTH, OCHOBAHHAs Ha JBYXKOMIIOHCHTHOW CMECH
pacnpeneneHuii BeitOymna, obnamaeT HaUMEHBLUIUMHU
3HAUEHUSIMU CTATUCTHK, YTO [IaeT HaM, BMECTE C pe-
3yAbTaTaMH aHAllM3a 3Ha4YeHUH WH()OPMAIMOHHBIX

KpUTEpHUEB, AOMOJHUTEIHLHOE OCHOBAaHUE OTAATh Mpe-
MOYTEeHHE NMEHHO 3Toi1 BMH.

ComocTaBieHHEe THUCTOTPAMMBI  PACIpEIEIICHIS
HAOJFOIaeMBIX HApaOOTOK JI0 OTKa3a W3 IMPOAHATU3U-
poBaHHO! BEIOOPKH V U (HDYHKIUU TUIOTHOCTH pacIpe-
nenenust (16) ¢ mapamerpamMu u3 Tabna. 1 roBOpHT O
BBICOKOM CTENEHU COOTBETCTBHUS IOJYYEHHOH MOJENN
2CPB wu wumeromuxcs AaHHbIX 00 otkazax [19]]
(puc. 1).

Bomnee Toro, QpyHKIMS MIOTHOCTH pacHpereIeHHs
Ha puc. | XOpoIo OTpa)kaeT HAJIMYHE B HUMEIOLICHCS
coBOKymHOCTH [19]] 3HAUNTENHHOTO YMCTIA IK3EMILIS-
POB C HU3KOH HapaOOTKOW IO OTKa3a, YTO IOATBEp-
KITAETCS COBIAACHUEM MOJbl (PYHKIMU ILIOTHOCTU
monenu 2CPB u Ha0o1aeMoro BCIiecka KOJIMYeCTBa
OTKa30B jBurarencii. BepositHocTHBIe Mozenu Beii-
6ymna 1 MKP Takoit BO3MOXKHOCTH HE IIPEIOCTaBIISIOT
(puc. 2, 3), MOCKOJIBKY UX (PYHKIMU MJIOTHOCTH, OIpe-
JeJIIeMbIe COOTBETCTBEHHO BhIpakeHUsMU (10) u (13),
UTHOPHUPYIOT HAJHYHE TAKOTO BCILIECKA.

80 4

60
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Puc. 1. Tucmoepamma pacnpedesenuss Hapabomok do omkasa u hyHKYus NI0MHOCmMu Modeau HadexrcHoCmu, 0CHOBAHHOU HA
d8yxKoMnoHeHmMHoU cmecu pacnpedenenuli Beli6yana
Fig. 1. Histogram of times-to-failure and the failure density function for the reliability model based on two-component mixture
of Weibull distributions
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Histogram of times-to-failure and the failure density function for the Weibull reliability model
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Koadppunuenter Mmogean 2CPB u3 tabm. 1 mos3so-
JISIOT yTBEPXKJaTh, YTO HapaboOTKa J0 OTKa3a OKOJIO 8
% Bcex II9]1 sBusiercs ciydallHOM BETMYMHOM, pac-
MpelleIeHHOW 1Mo 3akoHy BeiOymia ¢ mapamerpamu
m=205 u $1=4,46 (cpemuss HapabOOTKa IO OTKA3a paB-
Ha 187 cyTtok). OTKa3bl OCHOBHOH WacTH 00OpymOBa-
HUS pacmpesiefieHbl 0 3aKoHy BeitOymma ¢ mapamert-
pamu 17,=1753 u f,=1,29 (cpemuss HapabOTKa 0 OT-
Ka3a paBHa 1622 cyToK).

Ha puc. 4 npusenens! rpaduku QyHKIHH IIOTHOCTH
KOMIIOHECHTOB CMECH PacIpeeeHd, MacITabrnpoBaH-
HbIE C y4eToM BecoBOro Kkoadduimenta: Wy(X,7,/5)
(xpacuast kpuBas) u (1-W)fo(X, 77, /%) (cumss kpuBast), e
f u f, — dynkuum, onpenensemsie BeipakeHueM (10).

Takum 00pa3oM, B cooTBETCTBUHU ¢ Monenbio 2CPB
B 00mei coBokymHocTH [19/] MOXHO BBIICIHMTH JBE
TPYMIIBI ABUTaTeNlel ¢ CYNIECTBEHHO Pa3IHYarOlMHU-
csl TIOKa3aTes MU HaJe)KHOCTH. JlaHHas MoJeNnb TMpH-
HATa 32 6a30Byr0 Mojenb HamexkHoctH [19]], ucmonb-
3yeMbIX i o0bau ypaHa metogom CIIB. B xone
JlaJbHENIINX HUCCIIEIOBaHUI, HA OCHOBE BHOBB IMOJY-

Probability density functions of components in the two-component mixture of Weibull distributions

YEHHBIX JaHHBIX, 3Ty MOJEJb IUIAHUPYETCS YCOBEp-
LIEHCTBOBATh IIyTEM YTOYHEHHUs €€ IapaMeTpoB C yde-
TOM pa3iauuHbIX TUNOB [13]] u ycioBuil ux sKcIulyara-
uuu. Kpome Toro, Ha OCHOBE MOJIyYE€HHBIX B pe3yibTa-
T€ JJaHHOT'O HCCIIEN0BaHMs 3aKOHOMEPHOCTEH BbIXOna
u3 crpos [19/] mmanupyercs MpoBECTH aHATTU3 IPUYUH
OTKa30B U NOJATOTOBUTH NPEAJIOKEHHS 110 YBEITMYEHHIO
UX BPEMEHHU HapaOOTKH JI0 OTKa3a.

3akiwyeHue
brimo mpoBeneHo wuccnenoanue Tpex BMH nmnst

3JIEKTPOJBUTATENEN MOTPYKHBIX HACOCOB, HCIIOJIb3ye-

MBIX MPH JT0OBbIYE ypaHa METOJOM CKB)KHHHOTO ITOJI-

3€MHOTO BBIIICITAYMBAHUS:

® MOJIeNU HaJle)KHOCTH BeliOya,

o MKP, npeanonararomeii, uro orkassl [13]] npownc-
XOJISIT 110 OJHOM U3 IBYX HECOBMECTHBIX MPUYHH;

e MOJENM, OCHOBAaHHOW Ha TPEANOIOKEHUHU O TOM,
YTO pachnpejesieHue HapaOOTKH IO OTKa3a OIHCHI-
BaeTcid JABYXKOMIIOHEHTHOW CMECBIO pacrpezesie-
Huii BeiiOymna (2CPB).
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I/ICHOHBByH METOA MAaKCHUMaJIbHOI'O IPaBAOIOAO-

Ovsi, OBUTU OMNpENETICHBI TOYCYHBIC OICHKH IMapaMeT-
pos BMH. Jlns Bcex BMH 0biin paccunTanbl 3Have-
HUSI WHPOPMAITMOHHBIX KPUTEPHEB, a TAKKE 3HAYCHUS
CTaTHCTUK KPUTEPUEB COTIIACHS.

[To pe3ynmpraTaM TPOBENEHHBIX HCCIEIOBAHUN

MOYHO CENATh CIETYIOIINE BHIBOIBI:

3HAUEHMAMHU CpeIHeN HapaOOTKH 10 OTKa3a B COBO-
KyIHOCTHU paccMaTpuBaeMsbix 191

. Tlockonbky misi aHamm3a OBUIM IPEIOCTABIICHBI

JIaHHBIE CTATUCTUYECKH HIACHTUYHBIX 00BEKTOB, MBI
HE MOXEM OOBSCHUTh HMMEIOUIYIOCS HEOIHOPO-
HOCTh AaHHbIX HammuneMm [19]] ¢ paznmuuarommumucs
TEXHUYSCKUMH XapaKTePUCTHKAMH

1. 3nadeHus UHGOPMAIIMOHHBIX KPUTEPUEB HE MO3BO- . Hannuume cymiecTBEHHOro KOJWYECTBA 3JEKTPOIBH-
WM OJHO3HAYHO BBIIBUTH Hawryumyio BMH. rareyieil ¢ HU3KUMH 3HAYCHUSMH HapaOOTOK JIO OT-
Opnnakxo Moznens 2CPB sBnsercs Hanbosee TOYHOM Ka3a MOKET OBITh CBSI3aHO JIMOO C HEBBIIBICHHBIMU
U omnpejeNieHa Kak HauOojee MpeArnovTUTENbHAs B nedexramu [19]1, mubo ¢ Goyee THKETBIMU YCIIOBH-
COOTBETCTBHUM C IBYMs KPUTEpUSAIMHU H3 TPEX HC- SIMA DKCIUTyaTallid, B KOTOPBIX (DYHKIIMOHUPYIOT
MOJIE3YEMBIX. HEKOTOpBIE DK3EMIUISAphl 000pynoBaHus. OKoHYa-

2. TlpoBepka aJeKBaTHOCTH MOJEJCH HAa OCHOBE KpU- TEJILHBIN BBIBOJ [0 3TOMY MOBOY MOXET OBITh Clie-
TEPUEB COTrIACHs HE II03BOJIMJIA OTBEPIHYTH HU OX- JIaH Ha OCHOBAHUU JIOTIOJIHUTEIBHBIX UCCICIOBAHUIA.
Hy u3 paccmarpuBaeMbix BMH. IIpu s3TomM mMonens . Pe3ynpTaThl MaHHOTO WCCIEIOBaHHS MOTYT OBITH
2CPB IpOACMOHCTPUPpOBAJIa Oonee BBICOKYIO CO- HCIIOJIB30BAaHbl AJI1 YTOYHCHUSA HOTpe6HOCTI/I B 3a-
IJ1aCOBAHHOCTh C PEAJIbHBIMU JAHHBIMHU, YEM IpPY- kynkax [19/] npu pa3paboTke HOBBIX WM B XOJ€
THE MOJIEIIH. SKCIUTyaTallid CYIIECTBYIOIUX MECTOPOXKICHUH

3. Ucnonp3oBanue mozxenu 2CPB mosBommino oOHa- ypaHa, pa3pabaThIBAeMBIX METOJOM CKBaXXHHHOTO
PY)XUTh HaJW4YWE TPYMIBI JBUTATENIEH C HU3KUMU MOA3EMHOTO BBILLIETIAYUBAHUSA.
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