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AHAIIN3 TAPMOHUYECKOIO COCTABA NEPEMEHHOIO
MATHUTHOIO nonAa, CBA3AHHOIO C BPAWLAKOLWLIMMCA POTOPOM
TYPBOITEHEPATOPA, B PEXXUMAX XOJIOCTOIO XOOA
N KOPOTKOIo 3AMbIKAHUA

Tlpeocmasnen uucnennHo-noaesou Memoo paciema nepemMeHHol coCmagnsiowell MazHumHo20 noJjis Ha NOBEPXHOC-
mu epawarowezocs pomopa mypbozenepamopa. On 0CHOBAH HA MHO2ONO3UYUOHHBIX PACYEMAX MACHUMHO20 NOJISL C
nOBOPOMAMU POMOPA U USMEHEHUAMU MOKO8 8 06MomKe cmamopa. B grukcuposannvix mouxkax nosepxnocmu svloens-
emcsi nepeMenHas COCMasnAIouas MAeHUMHOU UHOYKYUU U OJIsl ee BPEMEHHOU QYHKYUU BbINOTHEH 2aPMOHUYECKUTl
ananus. Paspabomannvlii Memoo yHueepcanen ¢ moyku 3peHus pexicumos 6030yiHcoenus, KOHCMPYKYuu U HacblujeHus
maecnumonpogoda. Teopemuueckue 0CHOBbI anpoOUPOBAHbl PACYEMHBIMU UCCIE00BAHUAMU 6 PEICUMAX XOLOCMO20

X00a u KOpOmKo20 3aMblKaHusl mypbocenepamopa.

Knrouesuvie cnosa: mypﬁozenepamop, pomop, nepemernnas cocmaesiAnnuas MacHumnoco noJii, YUCNIEHHO-NO0JIeB01L
pacdem, lep.MOHulteC‘Kuﬁ AHAJUu3, xonocmoti XO(), KOpomkKoe 3aMblKaHue.

BBEJIEHUE

B cHHXpOHHBIX MalIHAX, B TOM YHCIIE ¥ TypOOreHepa-
topax (TT'), Ha OCHOBHOE MarHWTHOE TOJIe, SIBIISIONIEECS
MIOCTOSIHHBIM OTHOCHTEJILHO BpAIAIONIerocs poTopa, Ha-
KJIaJ(bIBAIOTCSl IEPEMEHHBIC MarHUTHBIE I10JIS, BO3HUKAIO-
IIHe 10 pa3HbIM puanHaM [ 1-3]. DTo mpuBOIUT K JOIOIN-
HHUTEIBHBIM TOTEPSIM MOIIHOCTH, KOTOPBIE JIOKAIN3YIOTCS
Ha MTOBEPXHOCTH MAaCCUBHOT'O POTOPA.

[pu pacuerax TI [2] paccmaTpuBaroTcs Tpu BUAA TO-
TEpb Ha IOBEPXHOCTH OOYKH poTopa: 1) MoTepH OT BHICIINX
TapMOHMK MAarHUTHOTO MOJIST OOMOTKH CTaTopa MpH KOpOT-
koM 3ambikaHud (K3); 2) morepu or 3yOIIOBBIX TapMOHHK
obmotku cratopa ipu K3; 3) motepu ot 3ydyaTocTu cTaTo-
pa npu xomoctoM xoze (XX).

B ocHOBY pacdeToB ITOBEpPXHOCTHBIX MOTEPH POTOpA B
TEOPHUH CHHXPOHHBIX MamivH [ 1, 2] monoxeHa mepeMeHHas
coctasistonias marauTHo naaykuun (IICMN). Ee pacue-
ThI 0A3UPYIOTCS HA IIPOCTEHIINX OHOMEPHBIX MOJEIISX Mar-
HHUTHOTO TIOJISI B Pa3BEPHYTOM 3a30p€ IPH BEChMa yCIIOB-
HOM y4eTe HACBHIILEHUs] MAarHUTOIIPOBO/IA U C HCIIOIb30Ba-
HHEM YCIOBHBIX CTYNEHYAThIX KOOPAWHATHBIX (DYHKIHI
MarHATOABIDKYIIEH CHIIBI 0OMOTKH ctaTtopa. Kpome Toro,
CEp/ICYHHK POTOPA CUNUTAETCS IIAJAKUM U TI0 BCEH €ro Io-
BEPXHOCTH XapakTep BpeMeHHbIX m3MeneHnid [ICMU cun-
TAeTCsl HEM3MEHHBIM, MATHUTHBIE TIOJI pOTOpa M cTaTopa
paccMaTpUBAIOTCS OTACIBHO.

Takum ctoco6oM BBIABIISIETCS IPUHIMITHATBHAS CyTh Ha-
JIMYUS IEPEMEHHBIX MarHUTHBIX MTOJIEH Ha TOBEPXHOCTH POTO-
pa TT,, Ho OBITH yBEpEHHBIM B TOCTOBEPHOCTH YHCIIOBBIX 3HA-
YEHUI COOTBETCTBYIOIIMX BETMYINH HE IPUXONTCS BBUTY Ha-
JIMYUST OTMEYEHHBIX U TIPOYNX CEPHE3HBIX JIOMIIICHNH.
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OTKa3aTbest OT psAAa NOMYIIEHUH, CephE3HO BIMSIONINX
Ha pe3y/IbTaThl pacyeTa MarHUTHBIX MOJIEH U UX TapMOHH-
YECKOr0 aHAJIN3a B YCIIOBUSIX 3JIEKTPUUECKUX MAIINH IPaK-
THYECKH JIFOOBIX TUITOB, TIO3BOJISIOT YUCIICHHBIE METOBI pac-
YeTa 3THX TOJIeH B COYETaHUH C COBPEMEHHBIM KOMITBIOTEp-
HBIM IIPOrPaMMHBIM O0OecrieueHrneM. JTo yke ObLIO MmoKa-
3aHO B [4, 5] mpu POBEICHUHN TAPMOHMYECKOTO aHATN3a
MarauTHoro norokocrermenus 1 9JC oomorku cratopa TT.
[IponomxkeHneM 3TUX UCCIENOBaHUM, HO YK€ IPUMEHUTENb-
HOo K [ICMMU Ha moBepxHOCTH Bpamiaromierocs: poropa TT,
SIBIISICTCS pelrIaeMast 34€ch 3a/1a4a.

IHOCTAHOBKA 3AJJAYA

Lemnbto paboThl sBIsieTCs pa3paboTka METoIa YHCICH-
HO-TIOJNIEBOTO pacyeTa ¥ TapMOHHYECKOTO aHAJIM3a BPEMEH-
HeIX QyHKIMI [ICMU Ha TOBEpXHOCTH BPAIIAIOMIErOCs Po-
topa TI' u npeacraBieHre COOTBETCTBYIOLIETO PAKTUYEC-
KOT'O PACcYETHOI0 aHajIu3a Ha mpumMepe KpyrnHoro TT.

Jst pacuetoB B3sT T1 [3, 5] ¢ HOMHHAIIEHBIMU TAHHBIMU:
aktuBHast MomHOCTE — 200 MBT; (hasHoe HampsmKeHHEe
U,y =9093 B; da3znslit Tok I =10135 A; koadduruent
moruHoctd —0,85; yactora f; = 50 I'n. Ero uucno a3 mg = 3;
YHCIIO TIap TIONFOCOB p=1; aKTUBHAS HIrHA — 5,286 M; HeMar-
HUTHBIH 3a30p — 0,1 M; mramerp poropa — 1,075 M; oTHOCH-
TeNbHOE YKOopodeHne ooMoTKH cratopa — 0,8; guicia mocre-
JIOBAaTEIBHBIX BUTKOB (pa3HOit 0OMOTKH cTaropa— 10, 00MoT-
ku poropa — 180.

OcobennocTrio 3Toro TI' SIBISETCSI OTHOCHTENBHO He-
0oJ1b11I0€ YKCcIIo 3yOL0B cTaTopa: O, = 30, 61aronaps yemy
pacdeThl OKa3bIBatoTCsl Ooee HaIAAHBIMU BBHUIY SIBHO BBI-
PpakeHHBIX 3yOnOBbIX TapMoHuK [ICMU.
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Pacuernast Monenp 3J€KTPOMarHUTHON CUCTEMBI TIpeN-
craBieHHoro TI" nokazana Ha puc. 1. 31ech B MonepeyHoOM
ceueHUH 00O3HA4YeHBI: (ha3HBIC 30HBI OOMOTKH CTaTopa
A-A’, B—B’u C—C", BblI€NIEHHbIE PA3JIMYHON TOHAILHOCTBIO;
7, o, — TIONISIpHAs CHCTEMa KOOPIUHAT; d — MPOIOIbHAS OCh
potopa. [Toka3aHsl Takke 0003HAUCHNUS W HAITPABJICHUS TOKA
00MOTKH Bo30Y:K1eH s | # M MTHOBEHHBIX (Da3HBIX TOKOB 00-
MOTKH CTaTOpa i 4, ip, i, COOTBETCTBYIOIINE PEKUMY HOMH-
HAJIbHOW HATrPY3KHU.

IpuHun pacyera nepeMeHHOr0 MArHUTHOI O I10JISI, CBSI-
3aHHOr0 ¢ Bpauatouumcs poropom T, He 3aBUCHUT OT pe-
JKUMa €ro BO30YKICHUS U OCHOBBIBACTCSI HA MHOTOITO3H-
[IMOHHBIX YHCIICHHBIX pacyeTax KBa3uCTaIlMOHAPHOIO Mar-
HUTHOTO 110J151. [Ipy 5TOM OCHOBHBIM AOMYIIEHUEM SBIISAET-
¢l TO, YTO pEaKIMsl BUXPEBBIX TOKOB B CEPACUHUKE POTOpA
Ha NIEpEMEHHOE MAarHUTHOE T10JI€ HE YYUTHIBAETCSL.

B nonepeunom ceuennu TI' kBa3ucTramoHapHOE Mar-
HUTHOE TIOJIC OITUCHIBACTCS M3BECTHBIM IU(hEpEHIINATD-
HBIM YpaBHEHHEM [6]

rot ﬁrot(lgAZ) :ngZ, @)

¢ | — MarHuTHas IIpOHHUIIAaEMOCTb, AZ’ Jz — aKCHAJIBHBIC
COCTABJIAIOIINEC BCKTOPHOI'O MArHMTHOTO HOTCHIIMAJIA

(BMII) U IIIOTHOCTH TOKA; k — OPT 110 AKCHANBHO# OCH Z.

Ha rpanmuie obnactu pacyera — BHEITHEH TOBEPXHOCTH
CepACYHMKa CTaTopa NMPUHUMAJIOCh I'PAaHMYHOE YCIOBHE
Jupuxne A, = 0. YucineHHbIN pacdyeT MarHUTHOT'O OIS IIPO-
BOJIMTCSI METO/IOM KOHEUHBIX 3JIEMEHTOB IT0 OOLIECHAOCTYII-
Hoit nporpamme FEMM [7].

Jls Beinenenus BpemenHbix (Gynkoumii [ICMU B, (¢) na
ITOBEPXHOCTH POTOPa, 00ECIIEIUBACTCS €T0 BpaIIeHHe (Co
CBOMM MarHUTHBIM IIOJIEM) C YITIOBOM CKOPOCTBIO () CHHX-
POHHO ¢ moyieM Tpex(a3Hoit 00MOTKH cTaTopa.

Puc. 1. Pacuetrnast Mmoznens TypOoreHeparopa

HenpepsiBHast BpeMeHHast GyHKIMA B;(f) 3aMeHseTcs

JIUCKPETHOU
Bl (tk) s k = 1:2’"" Kmm s (2)

rac Kmin — MHUHUMAJIBHOC YHUCJIO HOBI/IHI/Iﬁ poropa, 1mmo3BO-

Jstronee copMHUpOBATh KOHKPETHBIE BPEMEHHbIE (DYHKITHH
I[ICMMU na ux nepuoje N3MeHEHHUs.
3alaHHOMY BPEMEHHOMY PSIIy C IIarOM At

ty =At(k=1); k=12,..Kpin» 3)
COOTBETCTBYET Psi/I YIVIOBBIX ITO3HIMI pOTOpa
op =Aa(k=1); k=12,...Knin, @)

cmarom Aa=Q-At,

CHHXPOHHBIE TOBOPOTHI MATHUTHOT'O TOJIS CTaTOpa obec-
MIEYNBAIOTCS BEIYHUCIEHHEM (ha3HBIX TOKOB OOMOTKH CTaTO-
pa B T€ X&e MOMEHTHI BpeMeHH #;, (3)

iy =Iycos(@ty +B);ip =1, cos(wiy —%TE+B);

ic = 1,,cos(0t; +%TE+B), ®)

rae 1, = V21 s — UX aMILIUTyAa; [ — NEMCTBYIOIIEE 3HaYe-
HHe (a3zHOro ToKa; ® = 27 f, — yIVIoBas 4acTora; 3 — yro-
BOE CMELIEHUE OCH, II0 KOTOPOH B KOHKPETHO PacCMaTpH-
BaeMoM pexxume Bo3Oyxuenust TI' nomkHa nelicTBoBaTh
M/IC TpexazHoii 0OMOTKH CTaTOPA, 10 OTHOLIEHHIO K IPO-
JIOJIFHOM OcH poTtopa d.

[ToBopotsl potopa (4), I3MEHEHHS TOKOB B 0OMOTKE CTa-
Topa (5) u cOop HHPOPMAIIUH ITOCIIEe pacdyeTa MarHUTHOTO
TIOJIA B KYKAOH KOHKPETHOU MTO3HITHH IPpX paboTe mporpam-
Mbl FEMM ocymiecTBasich aBTOMaTHYECKH [IPU IOCPE-
CTBE YIPABJISIOIIEH TPOrpaMMbl, HAIMCAHHOW Ha aJIrOpUT-
MHYeCKOM sA3bIke Lua.

IIporpamma FEMM naet nonHele 3HAY€HUSI MArHUTHOM
MHYKIWH, COAEPXKAIINe B ce0e KaK MOCTOSHHYIO, TaK U Ie-
peMeHHyI0 cocTaBisromue. Tax ams 000 3aJaHHON TOU-
K{ Ha IOBEPXHOCTH POTOPA, BPAIIAIOIIEHCS BMECTE C HUM,
(opMupyeTcs MacCHB MOJNHBIX 3HAYEHWH MAarHUTHOW WH-

JYKIUK
B(ty), k=12,.. Kpin- ©)

W3 stux 3HaueHuit Beigenserca [ICMU u nmomygaercs B
BHJE YMCJIOBOIO MAacCHBa COOTBETCTBYIOIIAS TUCKPETHAS
BpeMeHHas! QYHKIHS TSI KOHKPETHOU TOUKH:

B.(t,)=B(t;)—B,, k=12,...K ins @)

av»

TJe cpeqHee IMOTHOe 3HAYCHHE MATHUTHON WHAYKIWHU IS
JTAaHHOU TOYKU

1 Kmin
Bav = % sz- ®)
min k=]
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Pacuernbrii anaims IICMH B pexxume XX npoBouicst
1Ipu TOKe B30y aenns / 7, coctasisiouiem 826,8 A u obec-

NEeYHMBAIOEM HOMUHAIIBHOE HanpshkeHue U gy

[Tpn pacuerax, B HepByl0 o4depenb, BO3HUKIA 3aj1ada
BBISIBJIEHHS] HEOOXOIMMOT'0 YPOBHSI IUCKPETU3AIINH PACyeT-
HOI 00J1aCTH KOHEYHO-3JIEMEHTHON CTPYKTYPOH.

Jnst BeIsiBIIeHUS ycToiunBocTH pacuetoB IICMU, cHa-
Yajia OHM OBUTH TIPOBEICHBI ITPH IOBOPOTE POTOPA B Ipeie-
JIax IISITH 3yOLIOBBIX JIeTIEHHUH cTaTopa — uis pexxuma XX 3To
N30BITOYHBIN HHTEPBAJI BpEMEHH (OH CTAHET JOCTATOUHBIM
s iepuoga m3meHeHus [ICMU B pexxume BO30YKICHUS
OT OOMOTKH CTaTopa).

ITpu KOHKpETHBIX pacueTax Ha pacCTOSHUU 2 MM OT I10-
BEPXHOCTH POTOpA 3aJaH Psi TOUEK, KOTOPbIE MOKA3aHbl U
IIPOHYMEpPOBaHbI Ha puc. 2. 31ech PpoTop, KaK U Ha puc.l,
HaXOANTCS B UCXOHOM no3uumu ipu ¢ = 0u o = 0.

PacyeTs! npoBOMMIIHCH IPH pa3HbIX YPOBHSX AUCKPETH-
3aluu OOJNACTU pacdera KOHEYHO-JIEMEHTHOMN CTPYKTYPOI.
I[Tpu rpy0oii cTpyKTYpe — OTHOCHTEIBHO OOJIBIINX pa3Mepax
TpeyronbHUKOB, 3HadeHus: [ICMU Obuti BH3yalbHO HECTa-
OmneHbL. Tak B cpesHelt yacTn OOJIBIIOro 3y0a yCTOH4MBEIe
rpadUKy BpeMeHHBIX (QYHKIHUH CTaJIH ITOTy4aThCs IIPH YPOB-
He JIMCKPETH3aIMH B 00J1aCTH 3yO1I0BOI 30HBI pOTOpA, TIOKa-
3aHHOM Ha pHC. 3 GparMeHTOM MEXIy KpasiMu OOJIBLIOrO
(b) u o6wrHOTO (C) 3y010B. Ha yuactkax a, b, ¢ u d pasmepst
CTOPOH TPEYrONbHUKOB OrPaHUYEHbI PSAoM 2—2—8—8 MM.

Puc. 2. Pacnipenenenue Touek HaOMONECHNS Ha TIOBEPXHOCTH
potopa

Puc. 3. ®parmeHT 001aCTH pacyera ¢ OTHOCUTENBHO TPyOoit
KOHEYHO-JIEMEHTHON CTPYKTYpOH

B 30Hax, ynajgeHHbIX OT TOYeK HaOFONEHNs], TPEYTOIBHUKI
UMeH OONBIINE pa3Mephl — BCEro B 0011acTH pacueTa (puc. 1)
okasaznock 52025 y3noB u 103768 TpeyronbHukos. Pacuer mar-
HUTHOTO NOJIs B OAHOM MO3ULIUK POTOpPA € YUYETOM HACBIILE-
HUs MarHuTomnpoBoza 1o nporpaMmme FEMM Ha koMmbrotepe
cpennero ypoBnst (2,8 I'T'y) mwiest 1 mun 40 c.

[Tpu pacuerax yron noBopora poropa Ao Mexay ¢uk-
CHPOBaHHBIMH ITO3UIUSIMH BBIOPAH JOBOJILHO MaJIBIM H CO-
craBisut 0,5°, uem obecrieunBaiachk JOCTaTOUHAS A€TaIN3a-
st BpeMeHHbIX QyHkimi [ICMU. Takum o6paszom, B ripe-
Jiesiax TI0BOpOTa pOTOpa Ha MSATh 3yOIIOBBIX AEIEHHUH CTaTo-
pa, T.e. Ha 60°, yKcIo pacueTHbIX ToYeK cocTaBmio 121, a
BpeMeHHOH mar Af okasaicst paBHbeIM 1/720 nepuoaa Bpa-
mieHus poropa 7.

MarnuTHOe 1oJIe OOMOTKH POTOpa, paCCYUTAHHOE IS
MOMEHTA BPEMEHHU £, MIOCIIE €r0 MOBOPOTA Ha 12°, IOKa3aHo
Ha puc. 4 nuaamMu pasHoro BMII nmpu ero HopMupoBke yka-
3aHHBIM MAKCUMAJILHBIM 3HAYEHHEM A .

B xauectse [ICMMU anannsupoBanach chopMUpOBaHHAS
Ha ocHOBe (7) paJuanbHasi IPOCTPAHCTBEHHAS COCTaBIISIO-
1I1as MAarHUTHOM MHTYKLIUH, KOTOpasi, IO CyTH, SIBJISIETCSI HOP-
MaJIbHOW COCTaBJISIOIEH K Iyre IOBEPXHOCTH POTOpa, T. €.
9TO BpeMEeHHas (PYHKLUS

By () s k=12, K i - ©)

I'paduku Gpynxumm (9) naHsl Ha puc. 5 B HHTEpBaJe Bpe-
MEHH IOBOPOTA POTOpA Ha YMOMAHYTbIE yxke 60°. O1u rpa-
(DMIKM COOTBETCTBYIOT TOUKAaM B CPEAHEH 4acTu OOJIBIIOro
3y0a ¢ yka3aHHBIMH Ha puc. 2 HoMepamu. B nemom npen-
craBieHHbIe BpeMeHHbIe (pyHkun [ICMMU nocraTouno cra-
OWIHHBI C OYEBUIHOU MEPHOTUUECKON CTPYKTYpOH, XOTSI
€CTh W HEKOTOpasi OTHOCHTEIHLHO HEOONbIIas JOKaJbHAs
HEYCTOHYMBOCTH, YTO MOXKHO CBS3aTh C JUCKPETHOCTBHIO
KOHEYHO-3JIEMEHTHOH CTpyKTyphl. OHa mepecTpanBaercs
nporpammori FEMM npu nepexoae oT 0JHOM MMO3ULUU B
CJIE/TYIOIIYI0 aBTOMATHYECKH.

Puc. 4. Kapruna marautroro nonst TI B pexxume XX npu

TIoBepHYTOM potope Ha yroi o, = 12° (4. = 0,4753 Bo/m)
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Puc. 5. Bpemennsie ¢pynkiuu [ICMU B pexxume XX Ha
HOBEPXHOCTU OOJIBIIOro 3yda poropa

B teopuu TT [2] aiist komebaHMit MATHUTHOTO TIOTOKA OT
3y09aTocT ctaTopa mpu XX yIUTHIBAIOTCS JIUIIE TICPBBIC
3yOIIOBEIC TAPMOHHUKH TTOPSIKA

Oy
Voo =—>*1, (10)
Os P)
a yacrora xkonebanuii [ICMU
S =1 (11)
p

OTOMy COOTBETCTBYET IIPEICTABIECHHBIN Ha pHC. 5 Kome-
OaTeNpHBIN poLECe, T/Ie MIMEETCS IBHO BEIpayKEHHAS 3yOLI0-
Bas (1o cepaeuHuky craropa) [ICMMU. Ilepuon n3meHeHns
IICMU B pexume XX Ty, COOTBETCTBYET LIOBOPOTY POTOpa

Ha OOHO 3Y6HOBO€ JCJICHUC CTAaTOpa U, 3HAYUT, 4aCTOTC f Os

(11), re. Tpg =T/ Q. Ha puc. 5 Bpemst 1aHO B OTHOCHTEITb-
HBIX eIMHHIAX (0.€.), OHO 3aXBATBIBAET TIATh NIEPHOMIOB Ty,

OTtHOcHUTeNnbHas «TaakocTey (Gyaknmit [ICMU B mpene-
Jax OombIIoro 3yda poropa (prc. 5) HapyIaeTest Ha IOBEPXHO-
CTH OOBIYHBIX 3y01I0B. O0 5TOM CBHIIETEITBCTBYIOT TpauKy Ha
puc. 6, aHaOrugHEIe TpaduKaM Ha prC. 5, HO COOTBETCTBYIO-
e Teriepb ToukaM 10 u 11, ykazaHHBIM Ha purc. 2. 31ech 1mo-
MIPEKHEMY YraAbIBalOTCsl HAIMYHME M MIEPHOANIHOCTD Bpe-
MeHHBIX (yHKIw [ICMU, HO BCIO KapTHHY IOPTAT CHITBHEIC
IYJTECALINH, BHI3BAHHbIE YIIOMUHABIIEHCS YK€ JUCKPETHOC-
THIO U3MEHSIIOILEHCS KOHEYHO-2JIEMEHTHON CTPYKTYPBI.

Jns ymeHbIIeHUS «CTUXUHHBIX» Tynscanui [ICMU
OblTa UCIIONB30BaHa Ooree AEeTaIN3UpOBaHHAsT KOHEUHO-
9NIEMEHTHas CTPYKTypa, KOTopast IIOKa3aHa Ha puc. 7 s
TOM e 30HBL, UTO 1 Ha pHc. 3. 31ech Ha ydacTkax a, b, cud
pa3Mepbl CTOPOH TPEYTONFHUKOB OTpaHN4eHb! 10 1-2—1-4
MM. Beero Ha o6macTs pacuera npunutocsk 132675 y3110B 1
265068 TpeyroNbHIKOB, a PaCYeT MATHUTHOT'O OIS B OTHON
TIO3UIINH JUTHIICS YKe 8,5 MUH.

Pesymerars pacaera [ICMU my1st yka3aHHBIX KOHKPETHBIX
TOYEK B PACIIMPEHHOM COCTAaBE MPEACTABIICHBI HA PHC. 8 U
puc. 9, HO ke 171t OONBIIeH HATTITHOCTH (DOPMBI TPadUKOB —
B IIpefienax ofHoro neproza 1p;.

U3 puc. 8 oueBnmHO, uro Gpynkiwm [ICMU mst Touek 3, 5
1 7 B Tipeenax cpeqHeit 9acTu OOIBIIOro 3y0a COXpaHMIN
CBOM XapaKTep, KaK U Ha pUC. 5 — OTHOCUTENIBHBIE ITIaIKOCTh
1 CTaOMIIBHOCTB MTPU HEKOTOPBIX IMynbcarmsix. Jis touexk | n
9 Ha Kpato OOIBIIOTO 3y0a «CTUXUUHBIE ITyITBCAIIN OoIee

.._‘(;__."

—nemt™"

—_—

Puc. 6. Bpemennsie ¢pynkimu IICMU B pexume XX Ha
MOBEPXHOCTH OOBIYHBIX 3yOLIOB POTOpa

Puc. 7. ®parmeHT 0071aCTH pacueTa ¢ yTOUHEHHOH KOHEYHO-
9JIEMEHTHOH CTPyKTypoi

Puc. 8. Bpemennsie pyakuun [ICMU npu XX Ha neprone ux
M3MEHEHHs Ha TIOBEPXHOCTH OOIbIIOro 3yb6a poropa

BBIPa)KEHBI, BEPOATHO, M3-3a YBEINYECHHBIX N3MEHEHHH B
NepeCTPauBAEMON KOHEUHO-JIEMEHTHOM CTPYKTYpE.

Curyarms st [ICMU Ha moBepXHOCTH OOBIYHBIX 3YOII0B
10 CPAaBHEHHIO C pUC. 6 YITyUIIHIIachk, YTO BHIHO U3 pHC. 9,
OITHAKO PE3YIIBTAThI PACUETOB EIIIE HEIb3sI IIPU3HATH BIIOITHE
YIOBIIETBOPUTEIBHBIMHU, 0COOCHHO /71 To4uekK 14 1 15, B Ko-
TopbIX ypoBeHs [ICMMU BechbMa MaJI U IyIbCAIIAHA HAKIIA I
BaIOT CEPHE3HYIO MOTPELIHOCTb.

Cpenarie 3HAYCHUS MATHUTHOW HHAYKIWY (8) 1 MaKcH-
MaJbHBIE 3HAYEHUS B”max €€ IEPEMEHHOM COCTaBIISAIOLIEH
(9) s paccMOTpeHHBIX TOYEK JaHbl B Tabm. 1. OueBnmHa
Pa3HOOOPa3HOCTh 3TUX 3HAUYCHUH B 3aBUCHMOCTH OT MECTa
PpAacIIONOKeHNUS Ha TIOBEPXHOCTH POTOPA.

8 ISSN 1607-6761. EnextporexHika Ta enekrpoeHepreTrka. 2013. Ne 2
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Puc. 9. Bpemennsie gpynxunu [ICMU B npenenax nepuosa ux
n3MeHeHHs B pexxuMe XX B Ha TIOBEPXHOCTU OOBIYHBIX 3yOLI0B
poTopa

Tabauua 1. CpeaHue 3Ha4eHUs MATHUTHON UHAYKIIUH U
MakcumManbHble 3HaueHust [ICMU o yka3aHHBIM TOUYKaM

No TouKH XX K3
B, Tn | B, imaxx MTI | By, T | B, ax, MTI
1 1,002 2,80 0,738 20,14
2 0,844 2,81 0,727 17,77
3 0,835 2,88 0,758 16,18
4 0,834 2,87 0,778 15,24
5 0,834 2,88 0,785 13,39
6 0,834 2,91 0,778 13,48
7 0,835 2,86 0,758 15,02
8 0,845 2,83 0,727 16,16
9 1,001 3,09 0,737 19,64
10 0,741 2,61 0,642 17,61
11 0,740 2,87 0,642 17,16
12 0,460 1,26 0,437 16,88
13 0,460 1,36 0,436 16,05
14 0,175 0,68 0,176 16,49
15 0,175 1,04 0,172 12,36

B npuntmmie, pesynerarst s [ICMU momy4aeHs! U mpo-
OyemMa MX YHCICHHOTO pacdeT BbisBieHa. [Ipu HeoOxomu-
MOCTH — JUISl YITyqIIeHHs TOYHOCTH PAacyeTOB MOKHO IIPO-
JIOJDKUTH SKCIIEPUMEHTHI, €CIH PeAIPHHNMAEMBbIE 3aTpa-
TBI BpeMEHH OyIyT ai€KBaTHbI PE3YIIETATHBHOCTH IPOBOIH-
MBIX HCCIIEIOBaHHI.

Pacuetnsiii anaausz [ICMMU B pexxume K3 mpoBomics
NpH TOKE OOMOTKM cTaTopa [, 00ecneyrBaroneM HOMH-
HajlbHOE HanpsbkeHue U gy P OTCYTCTBUH TOKA B OOMOT-
ke poropa. KoHKpeTHO 3ToT ToK coctaBmi 5857 A, 4ro 3a-
METHO MEHbIIIE€ HOMMHAJIBHOTO 3HadeHus. lIpu 3amannm
MTHOBEHHBIX TOKOB 110 (5) mpuHATO B = 0, 61arogapst uemy
MarHUTHOE TI0JIe OOMOTKH CTaTOpa OBLIO OPHEHTHPOBAHO
10 IPOJOJIBLHON OCH POTOpA.

KapTtrHa MarHUTHOTO 105151 0OOMOTKH CTaTOpa MPEACTAB-
neHa Ha puc. 10 — oHa moy4eHa 1mocie IIoBopoTa poTopa 3a
BpeMmsl, paBHOE repuony nzmenenuns [ICMU.

PacyeTaMu MarHMUTHOTO TOJISI TIPU TIOCIIEIOBATEIBHBIX
TIOBOpOTax poropa (4) 1 UI3MEHEHMSIX TOKOB craropa (5) B 3a-
JIaHHBIE MOMEHTHI BpeMeHH (3) ObUIO BBISIBIEHO, YTO IEPHOL
npoctpancTBeHHoro usMenenuss [ICMU cocraBusieT
T, =T,/ mg (T, —nomocHoe aenerue TI), a Bo BpeMEHHOM
BeIpaxxeHuu — 7, =T /(2my), 9actora fg =2my f,. B yrio-
BOW Mepe 3T cocTaBiser 60°.

du3uueckoit ocHoBoM konedanus [ICMU B Toukax, CBs-
3aHHBIX C IIOBEPXHOCTBIO POTOPA, C YACTOTOH f| ABISIETCS
HEepaBHOMEPHOE paclpe/ieieHre 10 T1a3aM CTaTopa MaKCH-
MaJIbHBIX 3HAYEHUH ITOITHBIX TOKOB, YTO OKa3aHO Ha puc. 11.
B Tex mazax, re Jgexar cTepHHU OfHON (a3Hol 00MOTKH,
YPOBEHB TOKOB JIOCTUTaer 2 - /,,, B OCTAJIbHBIX — V3.1 m

OTtMeTHuM, 4TO, B COOTBETCTBUU C [2], TApMOHUKHU Mar-
HHUTHOTO IT0J1s OOMOTKH CTaTOpa C YCIOBHO ITIAJIKON ITOBEp-
XHOCTBIO ero cepaeunuka npu K3 nmeror nopsagok

vy =6-k+1,(k=1,23..) (12)

U UHAYKTUPYIOT B POTOpE TOKU YacToThI [, = 6V, fi,Tae fi—
YHOMUHABIIASCA YXKE€ YacTOTa OCHOBHOM I'apMOHUKH TOKOB
cratopa. IIpeacrapienHsle Bble neproA 7; U 4acToTa fi
COOTBETCTBYIOT IEPBOM FrapMOHHUKE, T. €." Vg = 1.

0 051 » T,
Puc. 11. Pacripenenenne MakCUMaIbHBIX 3HAYEHUH MOJIHBIX
TOKOB TI0 T1a3aM CTaTopa
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Kpowme Toro, B [2] paccMaTpuBaroTcst OTAEIBEHO 3yOII0BBIE
TapMOHHYECKHE COCTABIISIONINE MATHUTHOTO TIOJISI OOMOTKH
ctatopa npu K3 u np 3ToM y4HTBIBAIOT TONBKO UX NEPBbIE
COCTaBILAIOIIME IOpsAAKa Vs, aHanoruyaHo (10).

I'papuxu [ICMU B pexxrme K3 Ha niepriozie ee UI3MeHEHHS
T; npencTaBIeHbl Ha pUc. 12 — 1714 ToueK B Ipezienax O0JbIIoro
3y0a poTopa, a Takke Ha prc. 13 — 1t 0OBIMHBIX 3yOII0B. 371eCh
pacuyeTamy eMHOTO MArHUTHOT'O TIOISI Cpasy ydTeHbI 00e IpH-
ynHbl Bo3HHKHOBeHMs1 [ICMMU B pexxnme K3 — dasHas cTpyk-
Typa 0OMOTKH CTaTopa M 3y04aTasi CTpyKTypa €ro CepAeHHH-
ka. OueBnaHO 13 puc. 12 n puc. 13, uro B pexxnme K3 Ha korne-
6annst [ICMU ¢ 0CHOBHOI 4acTOTOH f HAKIIaABIBAIOTCS KO-

neGaHusi 3yOLOBBIX TAPMOHHK € 9aCTOTOM f .

PacyeTs! npoBeieHb! IpH YpPOBHE JMCKPETHU3AINH 00J1a-
CTH pacueTa, IOKa3aHHOM Ha puc. 3. Yoke IIPHU TOM YpOBHE
kpussle [ICMU gBISIOTCS AOCTATOYHO YCTOMYUBBIMU. DTO
oObsicHsIETCS TeM, uTo B pexkume K3 3nagenns [ICMMU oka-
3aJIMCh Ha MOPSAOK BhIIIE, 4eM B pexxnMe XX. Ha done
Bo3pocmmx 3HaueHnit [ICMU pacyerHble konebaHus U3-3a
M3MEHEHUI KOHEYHO-2JIEMEHTHOM CTPYKTYpBI IIPU ITOBOPO-
Tax poTOpa CTaJId MEHEe 3aMETHBIMH.

20

mln

10}
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-20

Puc. 12. Bpemennsie pynknuu [ICMU npu K3 B npenenax
Meprozia UX U3MEHEHHs Ha TIOBEPXHOCTH OOJBIIOro 3yba poTopa

20

MIln

Puc. 13. Bpemennsie ¢pynkunu [ICMU B npeznenax nepuopa ux
n3MeHeHus B pexxnMe K3 Ha ToBepXHOCTH OOBIYHBIX 3yOI[0B
portopa

CpenHue 3HaYE€HHUST MAarHUTHON MHAYKIUH (8) 1 MaKcH-
MaunbHble 3HaueHust [ICMMU (9) ainst pexxuma K3 naHb! B To#
e Tabn. 1: oHM BecbMa pa3HOOOPA3HBI I pacCMOTPEH-
HBIX TOUEK Ha OBEPXHOCTHU POTOpA.

CroxHbIi Xxapaktep BpeMeHHbIX ¢yskimii [ICMU cBu-
JIETETILCTBYET 00 WX MIMPOKOM TapMOHHYECKOM CIIEKTpE.
PaznoponHocts u HecummeTpust pynkmii [ICMU BrI3Ba-
HBI Pa3JIMYHBIM PACIIOIOKEHUEM TOUEK HaOIIIOICHHS B ITpe-
JiefiaX OBEPXHOCTH POTOPA, a TAK)KE BIMSTHUEM HACHIIIEHUS
MarHUTOIPOBOJA.

I'apmonnyeckmii anaau3 IICMMU BbINOIHEH HAa OCHOBE
pa3IoKeHHs TUCKPETHO-YMCIIOBOH BpeMEHHON (yHKINH

B, (t;) (9) B xocunycHbiii psg @ypbe [10]

Ng

> B, cos(vor+G, ). (13)
v=1,2,3,...

B. =

rt

AMIITUTYIBI ¥ apTyMEHTHI TapMOHUK

B, = JS\% + c\% ; €, =—arctg(s, /c,) (14)

OITPENETISIFOTCSI 110 JaHHBIM (9) yepe3 ko3 (hUIMeHTH yacT-
HBIX CHHYCHOT'O ¥ KOCHHYCHOTO PSIZIOB ISl TApPMOHHYECKOM
COCTABJISIONIEH C TEKYILIIM HOMEPOM V:

K

Sy = = 2B psin(vor) ;
Ko
) K

¢y =— D B, pcos(vory) . (15)
Kia

BBuny orcyreTBrst cuMMeTpru (pyHKIMHM B TIpeenax mne-
puona, psx (13) conep>kXuT 1 YeTHBIE, U HEUYSTHBIE TAPMOHH-
ku. [IpenensHbIil HOMEP TapMOHUKU Ng HE JIOJKEH NPEBBI-
1aTh TOJOBUHBI BEIOpaHHOTO 171st (15) uncia 3nauenwit K,
KOTOpOE, B CBOIO 09epelb, He IpeBbIaet K ,;, u3 (9). Taxk,
TIpU TTOBOPOTE POTOpa M MAarHUTHOTO TOIIS 3a BpeMs 1/6 ¢
marom 0,5° gucio K cocrasisio 120, a N g= 60, mpu oBo-
poresa T'/Q;—K=24,a N, =12.

Homepa rapmonuk n B (13) COOTBETCTBYIOT ITEpHOIIY-
noctu Gynkiumit [ICMU B, (¢, ) B KOHKPETHOM PacueTHOM
pexume. Tak nepuony 7; B peskume K3 coorBercTByer nep-
Basi rapMoHuKa v = 1. Ecin e 3a mepByro rapMOHHKY ITpH-
HSTH OCHOBHYIO TaPMOHHKY IJIABHOT'O MarHUTHOTO 1oyst 1T,

U3MEHSAIOLIErocs ¢ nepuoioM 1 1 UMEIOIyto HoMep v (12),
To Kaxkas rapmonnka v IICMMU cessana ¢ v Tak:

Vg=2mgv=6-v. (16)

B pexxume XX nepuon nzmenerns [ICMU T, Qs COCTaB-
nset T'/ Qg v B JaHHOM cllydae Kaxaas rapMonnka [ICMH
n u3 (13) cBsasana ¢ Vs (10) Takum oOpazom:

Vos =0s-v=30-v. (17)

10 ISSN 1607-6761. EnextporexHika Ta enekrpoeHepreTrka. 2013. Ne 2
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Pac4yeTHblii anam3 rapmonndeckoro cocrapa [ICMU
MIPOBENEH I YIOMSHYTHIX yxke pexumoB XX u K3. Pe-
3yneraThl pasioxkenus Gynaknumii [ICMU B rapMonnueckuit
psm (13) mpencrapieHsl B TaOI. 2—5. AMIUTUTYIBI TApMOHHUK
IICMMU narorcst B OCHOBHOM B OTHOCUTENBHBIX 3HAYEHUAX

*
Bm,v = Bm,v/Bm,l 5 (18)

rae 3a 06a3y MpUHUMAETCsl aMIUIUTY/IA TIEPBOA TapMOHUKH
B,,, | IS KOHKPETHOTO PEXUMA M KOHKPETHOH TOUKH.

B Tabm. 2 man rapMOHHYIECKHI COCTaB T pexkrMa X X B
Touke 5 10 24 MHTepBaliaM NOBOPOTA pPOTOpa B Mpeaenax
3yOLIOBOTO JICNICHHS CTATOPa, T. €. B IPpeJenax nepuona 7.
COOTBETCTBEHHO ONEPUPOBATH MOXKHO TOJIBKO € 12-ThIO rap-
MOHHKaMH. AMIUTHTY/IA [IePBOH 3yOLIOBO! rapMOHHUKH B,,, |
st (18) cocrasmster 2,84 MTo1. OueBnHO, YTO IpeodIaaeT
niepBast 3yOIi0Basi FTapMOHHKA, XOTSI €CTh M TapMOHHKH 00-
Jiee BBICOKOTO MOPSIIKA.

B Tabn. 3 npencrasieHsl JaHHBIE TAPMOHUYECKOTO aHa-
nmm3a B pexxnme XX 1o Hanbosee BECOMBIM IISITH Havajlb-
HBIM TapMOHHKAM JUIs TOYEK B Tpejenax OonbIioro 3ybda
potopa, B koTopbix rpaduku [ICMU oTHOCHTETEHO CTA0MITH-
HHI (puc. 8). BumHo, yT0 HaHHbIE 1715 pa3IMYHBIX TOYEK 3a-
METHBIE OTJIMYAIOTC.

Pornb BRICIIMX TapMOHUK OLIEHUBAETCS KOI(DPHUIIMEHTOM
nckaxeHus kpusbix [IICMU

; (19)

3HA4YEHUsI KOTOPOro B Ta0II. 3 ONM3KY K €AUHUIIE, T. €. POITb
TIEPBOI TAPMOHHUKH SIBJISETCS TPeoOIafatomiei.

B Ta01. 4 mpencraBieHs! 11 TOYKH 5 aMIDTHTYIIBI TapMOo-
argeckoro psiga [ICMU s pesxuma K3, e 3a 6a3y npussi-

Tabauua 2. l'apmonunueckuit cocraB [ICMU B Touke 5 mpu XX

Ta aMIUTMTYAa MepBOi rapMoHUKU B, | =9,00 MTi. Oti
JTaHHBIE TTOTy4YeHs! 1o 120 nHTepBaaM NOBOPOTa POTOPA U
MarHUTHOIO NOJIA B Ipenenax nepuoaa ;. 13 60 Bo3mMox-
HBIX TAPMOHHK ITOKa3aHbI T€, yPOBEHb KOTOPBIX HE MEHBIIIE
0,003 0.¢c.

OueBH/THO, YTO BECOMBIMH SIBJISTIOTCS TAPMOHUKH BILIOTh
IO TISITOM, KOTOpasi, B COOTBETCTBHU C (16), B aOCOMOTHOM
WCYMCIICHNH SIBJISIETCSI TPUIIIATOM, T. €. 3yornoBoid. Ho, kpo-
M€ IepBoH, Harbosee 3aMeTHa BTOpasi F'ApMOHUKA, XOTS U B
MEHBILEH CTENEHN.

B Tabn. 5 npencrasieHs! JaHHBIC TAPMOHUYECKOTO aHa-
JIM3a JUIs BeeX IATHANATH TOUEK Ha TOBEPXHOCTH POTOpa
(puc. 2) 1o Ha4YaJIBHBIM IISITH TAPMOHUKAM, KaK U B Ta0I. 3,
HO Tenepsb 1 pexxnma K3.

3HavyeHus K03 HIeHTa NCKKeHHS B Ta0JI. 5 3aMeTHO
OTIMYAIOTCS OT eMHHMIIEL, T. €. ipH K3 pornk BeICIINX rapMo-
Huk B [ICMU oka3bIBaeTcs BeCbMa CyLIECTBEHHOM.

[Noka3zannsle B Ta01. 3 niepBble TapMOHUKH (v = ) COOT-
BETCTBYIOT IIITHIM TapMOHHKaM (v = 5) U3 Ta0JI. 5, TaK Kax,
ucxozpaus (16), (17), momydaerca v =v 0s =30, 2 B1enoM—

310 3y6110BbIE rapMonuku (10) ¢ Hecymeii uactoToit f;.

B a6 3 1 Tabn. 5 pacxox/aeHue TaHHBIX MEXTy CUM-
METPUYHBIMH OTHOCUTEIBHO IPOJOIBHON OCH pOTOpA TOU-
kamu (puc. 2), nanpumep 1 19,2 n 8, 10 u 15 u T.1. yka3biBa-
10T Ha YPOBEHb PACUETHON MOTPELIHOCTH, CBOMCTBEHHBIN
pe3ynbraram pacuera [ICMU njist 3THX TOUEK.

Taobauua 4. lapmonnueckuit cocraB [ICMU B Touke 5 npu K3

Y B;;,V Y B;;,V Y B:w Y B;,V
1 1,000 | 2 | 0,692 | 3 | 0,205 | 4 | 0,050
5 0,353 | 6 | 0,004 | 7 | 0,003 | 10| 0,004
16 | 0,003 |18 0,003 |19 0,003 |22 0,003
24| 0,006 |26 0,004 |27 0,003 [30]| 0,006
34| 0,003 | 37| 0,004 |46 | 0,004 |47 | 0,004

v B;,V v B;:,’V v B;Lv v Bfn,v Ta6muna 5. OcHoBuble rapmonnku [ICMU mo toukam npu K3
1 [1,000 2 [0014 |3 0017 |4 | 0,014 * x * *

5 10.026 0.021 0.014 0.018 m | BuaMTH) By Bus | Bua | Bws | s
9 | 0,025 10 | 0,015 11 0,007 | 12 | 0,005 1 11,33 0,636 0,192 | 0,043 0,283 | 0,810
2 9,93 0651 0,205 | 0,057 | 0327 | 0,796
3 9,49 0,652 0214 | 0,049 | 0333 | 0,794
Tabauua 3. OcHoBHble rapmonuku [ICMU no yka3aHHBIM 7 9.15 0676 0.221 0.050 0352 | 0.783
ToUuKaM m AL pexima XX 5| 9.00 | 0692 0205 | 0.050 | 0353 | 0,779
B, 1, N . . . 6 9,12 0673 0,213 | 0,052 | 0350 | 0,785
m ’ Buy | Bus | Bua | Bus | daist 7 9,33 0,661 0,209 | 0,054 | 0346 | 0,790
MTx 3 9,52 0,679 0,202 | 0,059 | 0342 | 0,785
2 | 285 | 0,007 | 0017 | 0,007 | 0,021 | 0,998 9 | 1058 | 0698 0,195 | 0,055 | 0304 | 0,785
3 | 281 | 0012 | 0,016 | 0,005 | 0,016 | 0,998 10| 897 | 0648 0209 | 0,071 | 0293 | 0,801
4 | 2.8 | 0,033 | 0023 | 0,015 | 0,014 | 0,997 11| 8,58 0708 0,199 | 0,052 | 0330 | 0,777
5] 284 | 0014 | 0017 | 0,014 | 0,026 | 0,998 2] 9,13 0467 0,113 | 0,050 | 0274 | 0,873
6 | 2,84 | 0,011 | 0,025 | 0,018 | 0,034 | 0,998 13| 883 0465 0,126 | 0,046 | 0275 | 0,873
7] 281 | 0011 | 0,014 | 0,007 | 0,037 | 0,998 141 9,9 0324 0,052 | 0,045 | 0224 | 0,928
8 | 2,88 | 0,013 | 0,038 | 0,007 | 0,038 | 0,997 15 6,52 0,472 0,062 | 0,069 | 0347 | 0,859

11
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HerpynHo npennonoxurs, 4To Npu UHOM, IO CpPaBHE-
HUIO C puc. |1, HarpaBIeHNM MAarHUTHOTO TIOJIST OOMOTKH
CTaTopa, 0 OTHOUIEHUIO K IIPOOIBHON OCH POTOpPa, 3HAUE-
Hus U rapmoHuueckuii coctaB IICMI B paccMOTpeHHBIX
TOYKaX CYLLECTBEHHO U3MeHATCA. OpHUeHTalus MarHUTHOTO
oISt OOMOTKH cTatopa Tpexonpenensercs yrmom f B (5),
KOTOPBIH B PEXMME HOMHHAJIBHON HarPy3KU MOXKET COCTaB-
nath 155-158° [4, 5]. T.e. abcTparupoBaHHbIH OT pearbHBIX
napameTtpoB u ycioBuid pabotsl TT pacuer [ICMU u coort-
BETCTBYIOIUX MOTEPh MOIIHOCTU B MOBEPXHOCTHOM CIIO€
60uKH poTopa B [2] sBIsIETCS BeCcbMa yCIIOBHBIM U HE MPH-
HOCSILUM aJIEKBaTHBIX YHCIICHHBIX 3HAYCHHIL.

BbIBO/1bI

1. PazpaboTaHHBII MeTO/I pacdeTa epeMeHHOH COCTaB-
JISIOIe MarHUTHOW MHIYKIMH B TOUKaX Ha ITOBEPXHOCTH
BpaIaoIIerocst poTopa sBIIseTcsl HanoboJee 1eTepMHUHUPO-
BAHHBIM U YHUBEPCAJIBHBIM: OH OCHOBAH HAa YHCJIEHHO-IIO-
JIEBOM MHOTONO3MIUOHHOM PacdyeTeé MarHUTHOIO MO,
KOTOPBIN CBA3aH C MUHUMYMOM JOMYIIEHUNA U YUUTHIBAET
KOHKPETHO PacCMaTpUBaeMBIi PeXHUM BO30OYKAEHHS, pe-
aJbHYIO TEOMETPUIO JIEKTPOMArHUTHON CUCTEMBI U HAChI-
LIEHUE MarHUTONIPOBOAA 3JEKTPHUUECKON MAILTUHEIL.

2. B paccmorpennom Typooreneparope [ICMU Ha mo-
BEPXHOCTH poTopa B pexxuMe K3 mpumepHO Ha mopsagok
6omnpme, yeM npu XX. OTHOCHUTENHHO Majble 3HAYCHUS
I[ICMMU B pexume XX MOTyT CyLIECTBEHHO UCKaXKaThCS U3-
3a KOHEYHO-’JIEMEHTHOM IUCKPETHOM CTPYKTYpBI pacuer-
HOH Moyienn 00J1acTH pacyera.

3. IIpoBeaeHHBIE pacyeThl IOKa3aJIH, YTO B Pa3HBIX TOU-
Kax Ha ITOBEPXHOCTH POTOpa 3HAYCHUS] U TAPMOHUYECCKHI
COCTaB IEPEMEHHON COCTABIISAIOLEH MarHUTHOW HHIYKLIUU
CYIIECTBEHHO OTIMYAIOTCSI, 0COOEHHO B pexkume K3.

4. IlpoBeneHHBIN TApPMOHUIECKUH aHAIHA3 TIEPEMEHHON
COCTABJIAIONIEH MATHUTHOT'O ITOJISI HA TOBEPXHOCTH Bpallia-
IOIIETOCs POTOpPA YKJIAIBIBAETCS B KJIACCHIECKOE MPEICTaB-
JICHUE O CYIIECTBOBAHMH JBYX OCHOBHBIX KOJIEOAaTENbHBIX
MIPOIIECCOB — C HECYIIUMH YaCTOTaMH, ITOPOKIACHHBIMHU
(ha3HOU CTPYKTYpOil OOMOTKH CTaTOpa M 3y04aToil CTPYK-
TypoH ero cepaeuHuka. Ho tenepb 3HaYeHHUs U TapMOHHU-
gecknid coctaB [ICMU momy9aroT KOHKPETHOE YHCIOBOE
HAaIIOJIHEHHE.

5. B paccMOTpeHHBIX BpEeMEHHBIX (DYHKIHSX IIePeMEHHOMN
COCTAaBJISIOIIEH MATHUTHON MHAYKLIMY IPUCYTCTBYET BECbMA
IIAPOKUH CHEKTP TAPMOHHK, HO HanOonee BECOMBIMH SIBJIS-

Minux B. 1!, Ilonsaxosa H. B.2

I0TCSl TADMOHKKH B JIaNla30HE OT YPOBHS, OIPEIEIIIEMOro
(ha3HOl CTPYKTYpOI OOMOTKH CTaTOpPa, 0 YPOBHS, ONpeie-
J51eMOr0 3yOLI0BOI CTPYKTYPOI €ro CepAeuHUKa.
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AHAJI3 TAPMOHIYHOTI'O CKJAAY 3MIHHOTO MATHITHOTO MOJIs, MOB’SI3AHOTO
3 OBEPTOBHUM POTOPOM TYPBOTI'EHEPATOPA, B PEXXUMAX HEPOBOYOT' O XOY TA KOPOTKO-

o 3AMUKAHHSA

Tlooano uucenvbHo-noMbOGUT MEMOO PO3PAXYHKY 3MIHHOT CKIAO080T MACHIMHO20 N0/ HA NOBEPXHI 00epm 08020
pomopa mypbocenepamopa. Bin 3acnosanuti na 6a2amono3uyitinux po3paxyHKax MazHimHo20 noJs 3 H0OGOPOMamu
pomopa i 3miHo0 cmpymie 8 oomomyi cmamopa. Y (ikco8anux moukax nosepxHi opmyromsca yacosi Qyukyii sMiHHOT
CK1a00801 MaecHImMHOT IHOYKYIl i 01 HUX GUKOHYEMbCA 2apMOHIHULL anai3. Pospobnenuil memoo € yHigepcanbHum 3
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KOBUMU OOCTIONCEHHAMU 8 PEACUMAX HEPOOOU020 X00Y | KOPOMKO20 3aMUKAHHA MYpOO2eHepamopa.
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ANALYSIS OF HARMONIC COMPOSITION OF THE ALTERNATING MAGNETIC FIELD ASSOCIATED
WITH THE ROTATING ROTOR OF TURBOGENERATOR IN THE NO-LOAD AND SHORT-CIRCUITS
MODES

The method of calculation of the magnetic field alternating component at the surface of the rotating rotor of turbo
generator is presented. It is based on multiposition of the numerical calculations of the magnetic field with the rotor turns
and changes of currents in the stator winding. Discrete time functions of the alternating component of the magnetic
induction are selected in points of the surface . The harmonic analysis is conducted for them. The developed method is
universal in terms of excitation modes, designs and the magnetic core saturation. The theory is confirmed by computational
researches in the no-load and short circuit modes of large turbo generator. In it, the alternating component of the magnetic
induction on the rotor surface in the short-circuit mode is much greater than in the no-load mode. Values and harmonic
composition of the alternating component of the magnetic induction differ substantially at different points of the rotor
surface. Harmonics are ponderable in the range from the level determined by the phase structure of stator winding to the
level determined by the tooth structure of its core. The results obtained are qualitatively fit into the classical notion of
oscillatory processes of the magnetic field on the rotor surface, but now the value and harmonic composition of the
alternating component of the magnetic induction receive adequate numerical filling. The result of work can be used for
designing of a turbogenerators and other synchronous machines.

Keywords: turbogenerator, surface of rotor, alternating component of the magnetic field, numerical field calculation,
numerical calculation of magnetic field, harmonic analysis, no-load, idling, short-circuit.
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