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A. 1. Nonos

OMCKMH FrOCyapCTBEHHbIH
YHMBEPCHTET NyTen coobLeHus,
r. OMck

MOLAEJIMPOBAHME

NMPOLLECCA U3HALLMBAHUA

U OLEHKA OCTATOYHOIO PECYPCA
LLETOYHOIO Y3J1A

CHUHXPOHHOIO

TAroBOro reHEPATOPA

CraThs NOCBALLEeHa (POPMHPOBAHMIO MAaTeMaTMYECKOM MOAENM NpoLecca M3HaLLM-
BaHMSl M OLleHKe OCTAaTOYHOro pecypca WeTOK CMHXPOHHOrO TArOBOro reHeparopa.
MpepnaraeTcsl yYuTbiBaTh OCOGEHHOCTH 3KCAMyaTaLMH U TEXHMYECKOrO COCTOSIHMS
LEeTOYHOro y31ia NPM pacyeTe OCTaTOYHOrO pecypca 3MEKTPUUECKMX LeToK. Mpo-
Be[leH aHanM3 MaCCMBOB flaHHbIX, COGMpaemMbix 6OPTOBOM CUCTEMOM MOHMTOPMHIA,
M BbisIBNIeHbl Heo6XxoAMMble MapaMeTpbl AN OnpefeneHus OCTaTOYHOro pecyp-
Ca 3NeKTpMYecKMX wWeToK. CoCTaBneHa MaTemaTHyecKasi MOfieflb MHTEHCMBHOCTH
M3HOCA 3MEKTPMYECKMX LILEeTOK TSroBoro reHepartopa. MNpueegeH nnaH 3kcnepu-
MEHTaNbHOro MCCNefOBaHMS ANS onpefeneHus KO3 (ULMEHTOB MaTeMaTHYeCKOM
mopenu. MNMpeacraBneHa cxeMa 3KCNEPHMEHTANIbHOM YCTAaHOBKM ANS onpefeneHus
OCTAaTOYHOrO pecypca LeTOK CMHXPOHHOro reHepatopa. lMonyyeHbl 3aBUCMMOCTH
BENMYMHbI OCTAaTOYHOrO pecypca OT MU3MEHEHUSI NApaMeTPOB PabouMx PeXMMOB.

KniouyeBble cnoBa: M3HOC, METOAMKA, MaTeMaTHyecKas Mmojerlb, NeKTpMyecKas

LLeTKA, WEeTOYHbIH Y3en, OCTAaTOUYHbIN pecypc, NONHOMAKTOPHbIM 3KCMEPHMEHT.

CHHXPOHHBIM TATOBBIY TeHePaTOP SABASIETCS 9aCThIO
TSATOBOTO SA€KTPHUUECKOTO NIPUBOAA TEIIAOBO3a U UMeeT
OIIpEeAEAEHHBIN CPOK CAY’KOBL. B Iporjecce skcmayara-
MU Ha Y3ABI TATOBOTO T'eHEepPaTOpa TEIIAOBO3a BO3AEN-
CTBYIOT pPa3AWYHBLIE BHYTPEHHVE U BHEITHHUE (DaKTOPHI.
OAHHMM U3 TaKHX Y3AOB SIBASIETCS LIETOUHBIN y3eA.

B cratbe AAsT pa3pabOTKU METOAUKH OIIpeAeAe-
HHMSI OCTQTOYHOTO pecypca IIeTOYHOTO y3Aa TATOBOTO
regeparopa I'TCH-2800 npepaaraeTrcs HCIOAB30BAaTh
B KQU4eCTBe MCXOAHBIX AQHHBIX KOHCTPYKTHUBHEBIE M HO-
MHWHaABHBIE TTapaMeTphl TATOBOTO reHepaTopa, AAHHEBIe
AOKOMOTHUBHOM CHUCTE€MBI MOHUTODWHTa U AMArHOCTH-
KU, Pe3yAbTaTbl JKCIEePUMEHTAaABHBIX MCCAEAOBAHUM
110 U3HOCY 3AEKTPUUECKHUX IeTOK.

[TpUHIUNUAABHBEIM IOAXOA K IIPOTHO3MPOBAHUIIO
M3HOCA IJAEKTPOLIETOK, B3aMMOAEUCTBYIOIIAX C KOH-
TaKTHBIMU KOABITaMM, OCHOBAH Ha TEOPETUYECKUX IIO-
AO>KEHUIX, IPUBEAEHHBIX B [1] U NPUHATHIX OOABIINH-
CTBOM HCCAeAOBaTeAel B AQHHOM obaactu [1—J5].

MHTeHCUBHOCTb M3HOCA IIETKH B OCHOBHOM 3aBU-
CUT OT CHABI F, Ipr>KuMarolen eTKy, CKOPOCTH Bpa-
LIeHNsT KOHTAKTHOIO KOABIIA N ¥ TOKA I, IpoTeKarole-
ro 4yepe3 rpaUTOBYIO LIETKY [1, 6]:

%zk.n.F(WO+I/V1]u), (1)

TA€ O — IIOKA3adTeAb CTEIl€HU CHUABI TOKA JSAEKTpude-

crou metku; W, u W, — BecoBble KOI(DPDOUIMEHTHI

COCTABASIIOIIMX M3HOCA; K — IIOCTOSHHBIU K03(pu-
IUEeHT:
n-D,
k= . (2)
60S,,

[Nporlecc wu3HAIIUBAHUS JAEKTPUUECKUX IIIE€TOK
Ha KOHTAKTHBIX KOABIIAX CUHXPOHHOTO TeHepaTopa Io-
XO>K Ha IMPOIleCC M3HAIIUBAHUSA Ha KOAAEKTOPE DAEK-
TPUUYECKUX MAIIUH TOCTOSSHHOTO TOKA, OAHAKO WMeeT
CBOM OCOOEHHOCTH, BAUSIOIINE Ha MPOTHO3UPOBAHUE
OCTATOYHOTO pecypca. V3HOC 3AEKTPOIeTOK Ha KOA-
AEKTOPHBIX MalIMHaX IOCTOSHHOTO TOKa Pa3AEeAsIoT
Ha (OPUKIUOHHYIO, SA€KTPOKOPPO3UOHHYIO U DAEKTPO-
S5PO3MOHHYIO cOoCTaBAstonine [7—9].

MHTEeHCUBHOCTh UCKPEHUS IMEeTOK B TaKWX Malllu-
HaxX B 3HAUUTEABHOM CTENeHM 3aBUCUT OT HaCTPOU-
KM MarHUTHOM CHCTEMBl ¥ B IIEPBYIO OUYepepb —
AOTIOAHUTEABHBIX MOAIOCOB. [Ipy MOAEAUPOBaHUU M3-
HOCA IAEKTPOIIETOK Ha KOABIIAX CUHXPOHHBIX MAllWH
SAEeKTPO3PO3UOHHYIO COCTABASIONIYIO He BBIACASIOT
KaK He3aBHCHUMYIO, @ OOBEAUHSIIOT C 3AEKTPOKOPPO-
3MOHHOU. Tak Kak B IIETOYHOM Yy3Ae CHHXPOHHBIX
MAaIIMH OTCYTCTBYeT KOMMYTAIUsl — IIPOIecC Iepe-
KAIOUEHUSI CeKIUM SKOPHOM OOMOTKH, — HCKpeHHue
B HeM OAHO3HAYHO sBAdeTcsl (DyHKIUeN IIoKasaTe-
A€M PeXMMOB PalOTHI IIETOYHOTO y3Ad (IAOTHOCTHU
TOKa B IIeTKe, YaCTOTHI BpAllleHNs KOABIA M Ha’KaTUs
Ha LIETKY).



BeanunHa Ha)kKaTus NPY’KUHBI Ha 1IeTKOAEPIKaTeAb
CcOoCTaBAsieT: IPU M3TOTOBAEHHU HOBOTO CHUHXPOHHOTO
rereparopa 17,7+1,95 H (1,8%0,2 krc); B sKcIayara-
nuu — He MeHee 13,7 H (1,4 krc).

HaszzaueHHBIN pecypc TATrOBOIO CUHXPOHHOTIO re-
Heparopa ['TCH-2800 npu paboTe AOKOMOTHUBOB AO Ka-
NUTAABHOTO PEMOHTA C IIOAHOM 3aMeHOU U30ASAIIUU CO-
craBasieT 2400 Toic. kM. CpepHUN CPOK CAY>KOBI IIETOK
OI'4 po 3amensl 1o u3Hocy — 300 TBIC. KM.

Ans popMUpOBaHUA MaTEeMaTUYECKONW MOAEAU M3-
HAIlMBAHUS IIETOK U OIeHKM OCTATOYHOI'O pecypca
LIEeTOYHOTO y3Aa CHUHXPOHHOIO TATOBOT'O TreHepaTopa
CAeAyeT BBIIIOAHUTH CAEAYIOLINe ACHMCTBUS:

1) BBeCTH KOHCTPYKTHUBHBIE U HOMUHAABHBIE Iapa-
MeTpBI CHHXPOHHOTO TeHepaTopa;

2) IpoOBeCTU aHAAWU3 MAaCCUBOB AQHHBIX, COOPAHHBIX
OOPTOBOM CHUCTEMOM MOHUTOPHUHTA U COAEPIKAIUX CBe-
AeHUs O IapaMeTpax pe’XUMOB pabOTEl CUHXPOHHOIO
TATOBOTO TeHepaTopa B 3KCIAyaTalluH, a TaKKe IOCAe-
AYIOIIYIO 06paboTKYy;

3) BBIIOAHUTBH IKCIIEPUMEHTHL II0 U3HOCY JAEKTPHU-
YeCKUX IIIeTOK C y4eTOM Pa3AMYHBIX (PAaKTOPOB, BAUMI-
IOIIUX Ha M3HOC, U MX Bapualui B AMalla3oHaX, KOTO-
pEBle OBIAM IIOAYYEHBI IPU IIOMOIIA OOPTOBOM CHUCTEMEL
MOHUTOPUHTA (IYHKT 2);

4) BBIIOAHUTH pacyeT (Ha OCHOBe MaTeMaTH4eCKOU
MOAEAM) IIPOLecca U3HAIIMBAHUA JAEKTPUYECKUX IIle-
TOK W, YYUTBIBAS PE3yABTATBI MAaTEeMATUUECKOTO MOAE-
AUPOBaHU, IPOU3BECTU pacyeT U3HOCA M OCTATOYHOI'O
pecypca 5AeKTPOIILeTOK Ha TeKyLIUH MOMEHT BpeMeHU.

B KauecTBe BXOAHBIX AQHHBIX AAS OIpPEACACHUS
OCTQTOYHOTO pecypca IIeTOYHOTO y3Aa HeOOXOAUMEL
CAepyIoIyie KOHCTPYKTHMBHBIE M HOMHHAALHBIE IIapa-
MeTpPBl CHHXPOHHOTO TSTOBOTO TeHepaTopa: KpUTHde-
CKag BBICOTA IIIeTKH, ITAOILIaAb KOHTAKTHOM IIOBEPXHO-
CTH IIeTKH, BBICOTA HOBOM ILIETKH, OCTATOYHAasl BHICOTA
LIeTKU Ha IMOCAeAHeM TeXHUYeCKOM OOCAY’KUBAHUU,
AMHENHBbIEe pa3Mephl IeTKU (IIMPHHA, AAWMHA), CHUAA
Ha)KaTUs pbluara IeTKOAEpsKaTeAs Ha IIeTKY, KOoAude-
CTBO IIIETOK Ha KOABIle TATOBOI'O reHEpaToOpa, AUaMeTp
KOHTAKTHBIX KOAelI] TATOBOI'O reHepaTopa.

CucreMa MOHUTOPUHIA AOKOMOTHBA PEruCTPUPyeT
pa3AuYHBIE TIOKA3aTeAM SAeKTPUYeCKUX MaluH. He-
00XOAUMBIE AAST MOAEAMPOBAHMUS M3HOCA IIETOK AAQH-
Hble COOMPAIOTCSI CUCTEMOM MOHUTOPHHIA AOKOMOTHBA
M BKAIOYAIOT B ce0s pPsAA 3HAUEHUM: BpeMsi U3MepeHus,
CKOPOCTb AOKOMOTHB@E, TOK BO30Y’KAEHUS TATOBOIO Te-
HepaTopa, 4aCcTOTy BPallleHUsl BaAOB AU3eAs U TATOBO-
To reHepaTopa.

Anst bopMupoBaHuA (DYHKIMM OTKAUKA IIpolecca
U3HAIIMBAHUSL SAEKTPUUYECKHUX IIEeTOK B CHUHXPOHHBIX
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Puc. 1. ITraH 3KcnIepuMeHTa
THNA 2? CO «3B€3AHBIMU» TOYKAMU

MAaIIMHaX C KOHTAKTHLIMH KOABIIAMU IIeA€COOOPa3HO
TIPOBECTU IKCIIEPUMEHTAABHBIE MCCAEAOBAHUS U IIOAY-
YUTh ypaBHEHUe perpeccuu. AAgd BBIUUCAEHHUS KO3(-
(PULMEHTOB perpeccun HeOOXOAUMO C(HOPMUPOBATH
IIAQH DKCIIEPUMEHTa.

BBUAYy OTHOCUTEABHO HU3KOW MHTEHCUBHOCTH W3-
HOCA SAEKTPOIIETOK Ha KOHTAKTHBIX KOABIIaX CUHXPOH-
HOTO TeHepaTopa (II0 CPaBHEHUIO CO IIETKaMU TSATOBBIX
KOAEKTOPHBIX 3A€KTPOABUTATEAEM) U HeOOXOAUMOCTH
yBeAWUYeHUs BpeMeHU UCIBITaHUH, IleAecO0Opa3Ho MHU-
HUMHU3UPOBATh KOAUUECTBO UCIILITAHUU AAS OIIpEAeAe-
HUSA KO2(PPUIIMEHTOB MaTeMaTUYEeCKON MOAEAU C UC-
TIOAB30BaHUEM METOAOB IIAAHUPOBAHUS dKCIIEPHUMEHTa.

Tax Kak Avama3oH AONYCTHMBIX 3HAUEHUU Ha’Ka-
THd LIETOK B JKCIAyaTaluum HeBeAuK (1,6 —2,0 krc),
a M3MeHeHUe CUABI Ha’kaTHs B IIpollecce pabOTH IIeT-
KJ He IPOUCXOAUT, MOJKHO CUMTaTh BapbUPyeMBIMU
dakTOpaMu TOABKO CHAY TOKa B IIIeTKaX M CKOPOCTH
BpallleHusT KOHTAKTHLIX KoAel. CAepOBaTeABHO, YHCAO
BapMaTUBHLIX (PAKTOPOB B OKCIEPUMEHTE PaBHO ABYM
k = 2).

BepxHuil ypoBeHb IlepeMeHHOro (aKTopa AAd
yAOOCTBA PerucTpaluy yCAOBUM JKCIIepUMeHTa U 006-
PaboTKM 3KCIEePUMEHTAABHBIX AQHHBIX 3alUIleM Kak
+ 1, HWKHHUUA ypOBEHBb BHeCceM Kak — 1, a OCHOBHOU
ypoBeHb — 0. MBI TakXe IIpepraraeM CAeAyIoliue
0003HauUeHUsT: MepeMeHHbIN KO3(PPUIITMEeHT (IAOTHOCTD
TOKa meTku) — X, KOI(@PUIUEHT (AMHEHHass CKO-
POCTH KOHTAKTHOM TOBEPXHOCTU KOAbIlA) — X,; BeAU-
YyHa U3HOCA IIeTKu — Y.

[Tpy BHITOAHEHUH IOAHOTO (PAKTOPHOTO 3JKCIIEPH-
MeHTa K OCHOBHBIM TOYKAaM TAaHA 22 ¥ K OIbITaM C Ia-
pamerpamu paktopoB (+1; +1), (+1; —1), (—1; +1),
(—1; —1) AOBaBASIIOT HEKOTOpPOE YHMCAO I, OILITOB
B IIeHTpe IAaHa U YeThIpe «3Be3AHbIe» TOUKU. AobOaB-
AeHNe OILITOB HEeOOXOAMMO AASI KAaueCTBEHHOM OIleH-
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Puc. 2. Cxema IKCIIEePUMEHTAABHOIO HCCAEAOBAHUSA

KM KO3(P(PUIMEHTOB MaTeMaTUUYECKOU MOAEAU I[IpUu
k = 2. Y poGaBAEHHBIX OIILITOB AEYO 0003HAYAEeTCs O,
a KoopauHaTEL 6yAyT (+o; 0), (—a; 0), (0; +a), (0; —oa).
Ilpu opTOroHaABHOM IIA@HE BTOPOrO IIOPSAKA 3Haue-
HHUS «3BE3AHOTO» IIAeYa IPUHUMAIOT PaBHBIM o = 1
(pmc. 1) [10].

CopepsKaHue IIAaHA 3KCIEePHUMEeHTa, BKAIOYAIOIIero
3HAUYeHUs1 MepeMeHHbIX (pakTopoB (X, X,) u musmepe-
nust usHoca (Y, Y)) B 3aBUCHMOCTH OT DPE3yAbTATOB
SKCIIEPUMEHTE, CAEAyeT OOOOLIUTH B TAOAMUIIE COAEP-
JKaHUS 3KCIepUMeHTa (TadA. 1).

CxeMa 3KCIIepDUMEHTAAbHON YCTAHOBKU IIPEACTaB-
AeHa Ha cXeMe OJKCIIePpUMEeHTaABHOIO HMCCA€AOBAHUS
(puc. 2). BpalleHrne KOHTaKTHBIX KOAeI] 3KCIIepUMeH-
TaABHOM YCTAHOBKU OCYIIECTBASIETCS ABHUTaTeAeM IIO-
CTOAHHOrO TOKa M. BpeMmsa m3MepeHUs KaKAOU TOYKU
cocraBasgeT 120 gacos. VMi3MepeHUa IPOBOAUAUCE C IIO-
MOIIIBI0O MUKpPOMeTpa B TpeX TOYKax IIeTKH: B CePeAU-
He IIIeTKY; B cepeprHe pabodyell KpOMKHM Haberarollero
Kpas; B cepepuHe pabouell KpOMKU cOerarolero Kpas.
AAST PETYyAMPOBaHUSI CUABI TOKAa depe3 IIeTKU IIpuMe-
HANACS yIpaBAsIeMBIN BheIIpsaMureab (YB). HacroTa Bpa-
LIeHUd KOHTAKTHBIX KOAell U3MEPIAach IIPU IIOMOIIU
TaxoreHeparopa (TT), ycTaHOBA€HHOTO Ha ABUTaTeAe
MIOCTOSIHHOT'O TOKa.

AAST TIOAYUEeHHS MaTeMaTH4eCKOM MOAEAN Heo0XOo-
AUMO IIpeoOpa3oBarh ypasBHeHue (1). MsBecTHO, 4TO
KO2(PPUITMEHTHI MOAEAU W0 nu W1 YBEAUYUBAIOTCS IIPU
BO3pacTaHMN dYaCTOTHI BpAIeHUs KOHTAKTHBIX KO-
Aery [1].

YueT u3MeHeHUs UHTeHCUBHOCTU U3HOCA, OOYCAOB-
A€HHOT'O YaCTOTOM BpallleHHUsI KOABbIIQ, IPOUCXOAUT IIPHU
IIOMOIIY HEAMHEWHBIX BO3PACTAOMINX (DYHKIIUIL:

W,(n) = k, + k,n"", 3)
W,(n) = k, + k,n®. (4)

rae k, ... k, — xoopunmentsr mopean; d, u d, — 1o-
KazaTeAu CTelleHew.

AAsT TOTO YTOOBI IIOAYYUTH MaTEMaTHYeCKOe BBIPa-
JKeHHe TI0 ONPEeAEASHUIO0 MHTEHCUBHOCTHM M3HOCA IIeT-
KM CHHXPOHHOIO TeHepaTropa C y4eTOM IlapaMeTpOB
pabouux pe>XuMOB, IpeoOpaszyeM ypaBHeHue (1) my-
TeM IIOACTAHOBKHU B Hero ypaBHeHUi (3) u (4):

AM (g oo 1) =
t
= kF(k,n + k,n™' + k,nlI® + k,n®"'1%).  (5)

MaTremaTudyeckass MOAEAD (5) ¢ mapaMeTpaMu pabo-
YUX PEKUMOB B OTHOCUTEABHBIX EAMHHIIAX:

%(E,n.,[.) =

= kE(k,n. + k,n™" + k,n.I® + k,n®"'1*).  (6)

3HaueHHUs YPOBHS HHTEHCHUBHOCTH TOKa IIeTKU
U AMHEMHOM CKOPOCTH IIOBEPXHOCTH KOABIIA B 3KCIIe-
puMeHTe OBIAM PacCUMTAHBI HA OCHOBE aHaAW3a AaH-
HBIX, 3alIUCAHHBLIX OOPTOBOM CHUCTEMON MOHUTOPHUHTA.
AAST OIIpepeneHUsT AMalla30Ha BapbUPOBAaHUS TOKQ,
IIPOTEeKAIoI[eTr0 dYepe3 IIIeTKy, BBIOUPAIOTCS MaKCHU-
MaAbHOE U MHMHHMaAbHOe 3HaueHUsI TOKa BO30Yy»KAe-
HHUS depe3 IIEeTKy. [INOTHOCTb TOKa pacCUUTHIBAETCS
C y4eTOM IAONIaAW IIOIIEPEeYHOro CedeHMs IeTKH, CO-
XpaHss dKCIAYaTaIlMOHHYIO TIAOTHOCTD.

etk He M3HAIIUBAIOTCS, KOTAA BaA AU3EABHOTO
ABUTATEASI U TATOBOI'O I'eHepaTopa HEeIOABUKHEBL Cae-
AOBATeAbHO, AAHHBIe CUCTEMbl MOHUTOPUHTA, 3allluCcaH-
Hble ITIPU OTKAIOUYEHHOM AUM3€eAe, MOJKHO HCKAIOUMTH
M3 pPacyeToB, UYTOOBI COKPATUTH BBIUMCAUTEABHEBIE pe-
CypCBI, HEOOXOAUMEBIE AAS MOAEAMPOBAHUS IIpoliecca
M3HOCA IEeTOK. AAST ONIpPEeAeAeHUsT AMalla30Ha 9aCTOTHI
BpallleHUsl poTopa CUHXPOHHOI'O TATOBOI'O reHepaTopa,
IIPUBOAVMMOIO B ABUJKEHHE AW3EABHBIM ABUTATEAEM,
BBIOMpAEeTCsI MaKCUMaAbHasi M MHHHMaAbHasg 4acTOTa
BpallleHus poTopa. /AUHeMHass CKOPOCTh KOHTAKTHOM
TIOBEPXHOCTH KOABIIa B 9KCIIEPHMEHTe YCTaHaBAWBAaEeT-
Cs1 B COOTBETCTBUM IKCIIAYaTAIlVH.

Heob6xopuMo onpepeAuTs KO3MMULUEHTH MOAEAU
(6), Ipu KOTOPBLIX OTKAOHEHUSI 3HAUeHUMN HHTEHCUB-
HOCTU M3HOCA, PACCUMTAHHBIX IO BBIPAJKEHUIO U IIO-
AYYEHHBIX JKCIEPHUMEHTAALHO C TeMHU JK€ BXOAHBIMU
MAHHBIMH, OyAET MUHMMAABHBIM CPEAHEKBAAPATUIHBIM
OTKAOHEHMEM:

f(k1,k2,k3,k4,(l, dl'dZ) =

N AU 2
=Z(—(F.,n.,1.)—Y3m,.j Somin, )
i=1 t )
rae N — KOAUYECTBO OKCIIEPUMEHTOB, Y;xcn.i — 3Ha-

YyeHHe WHTEHCHUBHOCTM W3HOCA MIEeTKY, IIOAyYEeHHOe
B pe3yAbTaTe i-ro 3KCIepUMeHTa, MM/4.

LlereByro dhyHKIUIO (7) MOJKHO 3aIMCATh CAEAYIO-
muM 00pa3oMm:

f(kl’kZ'k3’k4’a' dl'dZ) =

dl+1

N kn +k,n®" +
= Z kF 1 ’ d2+1 - Yakcn[
pary + k,nlI" + k,n™"I" o

2

— min. (8)

OmpepeasieM  TOYKH JKCTpeMyMa [0  KaXKAOMY
u3 KOI(PUIIMEHTOB AAsI OTIpepaereHust Kk, k,, k,, k;:

df(k, k, k,, k,,0,d,, d,)

0; 9

ak 9

df(klykzyk31k4’a7d1’d2) =0 (10)
dk,

df(kl,kz,k3yk4vard1rd2)20. (11)
dk,

df(k11k21k3rk4raldl’d2) - 0. (12)

dk,

B pesyabTaTe NOAydYaeTCs CHUCTEMa yPaBHEHMH



N N N N
kFE?> n} + k,F?Y n®"? + k,F?> I'n” + k,F2Y I n*?

i=1 i=1 i=1

N N N
KF2Y nt™? 4 k,F?Y n>®? 4 Kk, F?Y I'n

i=1 i=1 i=1

N N N N
K FEXY I'n? + k,F2Y I'n®*? + k,F?Y " 17n? + k,F? 1n®"

i=1 i=1 i=1

N
:FZn
i=1

N
dl+2 2 di+1__d2+1
i ’ + k4F* Z Ilfl'ni ' ni '

i=1

F an1+ly

= F*Zli“niyz

i=1 i=1

N N N N N
2 o d2+2 2 a_dl+l__d2+1 2 20 - d2+2 2 200.,2d2+2 o d2+1
kFY Itnt*? + k,F2Y Itn"'nf* + k, F* Y 17n** + k,F*Y 17n}** = F Y I'n*"Y,. (13)
i=1 i=1 i=1 i=1 i=1
CucreMy ypaBHeHUHM (13) MO>KHO 3amucaTh B MaTPUUHOM hopMe:
2 & 2 2 & dl+2 2 & 2 2 & d2+2 3
+ o +
F?> ' n, F?> n; F2> 1'n; F*> I'n F> nY,
i=1 i=1 i=1 i=1 i=1
2 3 dl+2 2 J 2:d2+2 2 X di+2 2 J di+l _d2+1 kl < di+1
o o
F*Y n; F*Y n; F?Y I'n; EXY I'ni"'n; K EY n'Y,
i=1 i=1 i= i=1 2| _ i=1 (14)
2 & 2 2 & d1+2 2 & 202 2 & 200 d2+2 k N o '
EXY I¢n FXY I'n EXY I*n FXY I*n; 3 EY I‘ny,
i=1 i=1 i=1 i=1 k, i=1
N d2+2 2 u d1+l d2+l 2 & 200 d2+2 2 & 200 2d2+2 & oo d2+1
F,‘ZIII FZI F*Zli n; F*Zli n; F*Zlini Yx

i=1 i=1 i=1

AAST 3apA@HHBIX TIOCTOSTHHBIX 3HaUEHUU MOKa3aTeren
crenenu o, d;, d, KOTOPBIE MO3BOASIIOT YYUTHIBATEL HE-
AVHEWHOCTh BEAWYMHBI HHTEHCUBHOCTU U3HOCA IeTKU
OT BXOAHBIX BEAMYMH, CUCTeMa ypaBHeHUU (14) Oyaer
AWHEMHOMN, 4TO CIIOCOOCTBYET OIpeAeAeHHIo Koapdu-
IIMEHTOB MOAEAU kl, kz, ks, k4 B pe3yAbTaTe pelleHus
CUCTeMBl AMHEUHBIX aATeOpandeCKUX ypPaBHEHUU IIPU
Pa3HBIX IIOCTOSTHHLIX 3HAUEHUSIX ITOKa3aTeAeH CTeleH!
a, d,, d,. NaHHBIE [TOKA3aTEAU OIPEACASIOTCS METOAOM
NpsIMOTO TOUCKA. [IpW BBIUMCAEHMAX MUHUMAABHOTO
3HaUeHUsI IleAeBOM (YHKIUU (8) HNPUHATHI CAEAYIO-
e AMala3oHbl BAPbHUPOBAHMS ITOKasaTeAel CTeleHU
a = [0,40; 0,45 0,60], d, = [0,80; 0,85 1,20],

[0,80; 0,85 ... 1,20], Auana3oHEl OIIPEAEAEHEl Me-
TOAOM IIPSAMOIO 3KCIIEPTHOTO aHAAM3a.

B pesyabTaTe MHOTOKPATHOTO peIIeHUsl 3apauu
C Pa3AMYHBIMU NTOKa3aTeAIMU CTelleHU HaWAeHBI 3Ha-
JeHUsl, IPU KOTOPBIX IleAeBasi (PYHKIUS AAS 3apaH-
HBIX OKCIIEPUMEHTAABHBIX AAHHLIX NPUHUMaeT MHUHU-
MaAbHOE 3HaYeHHUe: o 0,55 d, = 1,00; d, = 0,95,
a kosdduiuenTsl perpeccuu k, (o, d;, d,) 1,034;
k, (o, d,, d,) 0,115; k, (a, d,, d,) = 0,392; k, (a, d,
d,) = 0,0031.

C y4eTOM HIOAYYEHHBIX 3HAUeHUN KO3(PUIMEHTOB
npeoOpa3dyeM MaTeMaTH4eCKyl0 MOAEAb (6) aasd ompe-
AEAEHUSI THTeHCUBHOCTHY M3HOCA IIETKU CHHXPOHHOTO
reHepaTopa:

M on 1) =

= F(1511n +168 - 10°n® + 31,51 - 10°nI®*) 10°. (15)

[TpumeHaa MaTeMaTHYeCKyl0 MOAeAb (15), mocTpo-
€HBI 3aBUCUMOCTH OCTATOYHOTO pecypca IIpU U3MeHe-
HUM CUABI Ha’KaTud Ha LIEeTKYy (puc. 3) U Ipu U3MeHe-
HHUM CHUABI TOKa 4epes meTKy (puc. 4). IIpomsBopum
pacyeT OCTATOYHOTO pecypca IIeTKH.

CpeaHsig MHTEHCUBHOCTb U3HOCA, MM/ 4!

AN 1 &(A
2) -5,
t cp Nu q=1 t q

rae N, — KOAMYECTBO M3MEDPEHUU B MAaCCHBE AQHHBIX

BpPEMEHHU.
1 N,
"5,
N, 4= q

PacuéTHnIll U3HOC, MM:
u

(16)

AI/I=L(&j , [&j 17)
3600 \ t J t Jep

i=1 i=1

rae T — BpeMsi 3allUCU AQHHBIX U3MEPEeHUUN CHUCTEeMOM
MOHUTOPUHTQ, C.
Texyuast (ocTaBIlasics) BBICOTA IETKU, MM:

AU 1 N
h =h — AU, e h = — , 18
— [tj N;[ j (18)

rae h, — BeICOTa HOBOU IIETKU CMHXPOHHOIO reHepa-
TOpa, MM.

OQecratousnsi
pecype. @
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Puc. 3. I3MeHeHHne 0CTaTOYHOTO pecypca
IpyU N3MEHEHUN CUABI Ha)KaThs
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(o]

H

Teky1as (ocTaBIascs) pabodast BEICOTA IETKH, MM:

h =h —h

mL.ocT.pad TL.OCT mLKp ' ( 1 9)

rAe hwp — MUHHMAABHO AONYCTUMAasl (KpUTHUYeCKasd)
BBICOTA IIETKU IeHepaTopa, MM.

Texyuuil OCTATOYHBIM pecypc BpeMeHH pabOThI
LIEeTKY, 4.

m.ocT.pad

- (Am/t) (20)

oot .
cp

YuuThIBasi MacCUB AQHHBIX, 3alMCAHHBIM OOPTOBOM
CUCTEeMOM MOHUTOPUHIA IIapaMeTpPOB pabOouuXx pesKu-
MOB CHUHXPOHHOTO TSTOBOTO T€HEepaTopa, OCTaTOUHLIN
pecypc HOBOM IIJeTKU COCTaBASeT, U:

h, —h

_ 'm LLKp

~ (amp) (1)

HOB

cp

PaccuuraHHBIN pecypc 1jeTKa OyAeT UMeTh IIPU CO-
XpaHeHUHN CPeAHUX IIoKa3aTeAeld pe’KUMOB PabOTHI.

Takum oOpa3oM, IpUBeAeHHOe HCCAeAOBaHUe IIO-
3BOASIET PACCUMUTATh OCTATOYHLIM pecypc LIeTOUHOTO
Y374, YUMTBHIBasi OCOOEHHOCTH KOHCTPYKIHMM M Ilapa-
MeTpHl paboumx Pe’XUMOB. MaTeMaThdecKasi MOAEAD
M3HOCa, IIOAYYEeHHass Ha OCHOBAHWM KAACCHUECKUX
YpaBHEHUU H3HOCQ, MO3BOASIET YUUTBEIBATH HE TOABKO
u3MeHeHHe (PaKTOPOB, BAUSIONINX Ha M3HOC, HO U He-
AUHEMHOCTh 3TOr0 U3MeHeHUs OAaropapsi BECOBBIM KO-
scpdunuentaM. ITorydenHasgs MaTeMaTHYeCKas MOAEAb
TIO3BOASIET OII€HUTH TEKYIIUH M3HOC IIETKU M OCTaTOU-
HBIM pecypc IIeTOYHOTO y3Aa IPU U3MEeHEeHUM ero pa-
00YUX Pe>XUMOB C IIOMOIIBIO MHGOPMAaIUun O0PTOBOM
CHCTeMBl MOHUTOPHUHTA U AQHHBIX C nocaepHero TO.
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METHODOLOGY DEVELOPMENT
FOR ESTIMATING

THE RESIDUAL RESOURCE

OF DIESEL LOCOMOTIVE
TRACTION GENERATOR BRUSHES

The article presents the formation of a mathematical model of the wear process
and estimation of the residual resource of synchronous traction generator brushes.
The authors propose to consider the peculiarities of operation and technical
condition of the brush assembly in calculating the residual resource of electric
brushes. The data arrays collected by the on-board monitoring system are analysed
and required parameters for determining the residual resource of electric brushes
are identified. The article provides a mathematical model of wear intensity of
the traction generator electric brushes. The authors present the experimental
research plan for determining the mathematical model coefficients. There is a scheme
of experimental installation for determining the residual resource of synchronous
generator brushes. The authors obtain dependences of the residual resource value
on the change of operating modes.

Keywords: wear, methodology, mathematical model, electric brush, brush assembly,

residual resource, full-factor experiment.
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