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YUCJIEHHO-IIOJEBOU AHAJIN3 MATHUTHOI'O ITOJISI
U DJEKTPUUYECKHUX BEJIUUUH B CTATOPE TYPBOI'EHEPATOPA
IIPU ABTOHOMHOM HECUMMETPUYHOM HAT'PY3KE

Ha ocnogi uucenvnux po3paxynkie 00epmoso20 Mazuimnozo nojis 6UKOHANRA OUIHKA POOOmu mypoozenepamopa npu Hecumem-
puuHoOMy nHaganmayicenni. Ananizyromoca uacogi ynkuii macnimnoi inOyKuyii @ HepyxXomux mouKkax MazHimuor cucmemu cma-
mopa, ¢popma i 2apmoniiinuii cknad EPC 11020 00momok, ixui nomymcnocmi. Pezynomamu po3paxynkie npu necumempuunomy
HABAHMANCEHHI NOPIGHIOIOMBCA 3 AHANOZIYHUMU PE3YbMAMAMU RPU CUMEMPUYHOMY Hasaumadcenni. bion. 14, Tabn. 2, puc. 9.
Knouosi cnosa: TypoorenepaTop, HeCMMeTpUYHEe HABAHTAKEHHS, MATHITHI MOJIsl, YHCeJbHI PO3paxXyHKH, eJ1eKTPOMArHiTHI
NpouecH, 4acoBi GpyHKuii.

Ha ocnoge uucnennpix pacuemos epauiarouiezoca MazHUMHOZ0 nOJA NPO6eOeHA OUeHKA padomul mypoozeHepamopa npu Hecum-
MempuuHoii Hazpy3Ke. AHATUSUPYIOMCA 8PeMEHHble PYHKYUU MAZHUMHOU UHOYKUUU 8 HENOOBUNCHBIX MOYKAX MAZHUMHOI CUC-
memuvl cmamopa, gpopma u apmonuyeckuii cocmag I/C ezo 00momox, ux mowinocmu. Pezynomamul pacuemos npu necummem-
PUYHOU HAZPY3Ke CONOCMAGIAIOMCA C AHATIOZUYHBIMU PE3YIbMAmamu npu cumMmempuyinol nazpyske. buon. 14, radm. 2, puc. 9.

Knmiouesvie cnosa: TypOorenepaTop, HeCHMMeTPUYHAS HATPY3Ka, MATHUTHBIE MOJIsl, YUCJIEHHbIE PacyeThbl, 3J1eKTPOMATHUTHbIE

npouecchl, BpeMeHHbIe GYyHKIHH.

BBenenne. Hapsany ¢ OCHOBHBIM PEXHMOM PabOTHI
typborenepartopoB (TT) Ha cuMMeTpUYHYIO Harpy3Ky, Ha
KOTOPBII OHU OOBIYHO U TpoekTHpyroTCs [1], Mexrocy-
napctBeHHbM cTanaapToM JCY 533-2000 pernmameHTH-
pyeTcs W JuuTenbHas pa0doTa MpU HECHMMETPUYHON Ha-
rpy3ke. 1 3To oTHOCHTCS Kak K aBTOHOMHOI pabdore TT,
TaK M K paboTe Ha JIEKTPOIHEPTETHIECKYIO chcTeMy [2].

PaboTta Ha HECUMMETPHYHYIO HArpy3Ky HMpPHUBOIUT K
[eJIOMY pSAY IOTOJHUTENBHBIX MpOOJIeM B AIKCIUTyaTa-
muu TT', KOTopble UMEIOT JICKTPOMAarHUTHYIO TIPUPOIY U
BBUIMBAIOTCSI B MOBBIIIEHHYIO TEPMHUYECKYIO U CHIIOBYIO
HaIPSHKEHHOCTD, B MPOOJIEMBI BUOpAIIMH U HEKAYECTBEH-
HOM Tpex(]a3HOW CHCTEMBI 3JIEKTPOCHAOKEHUSL.

Tak, Hanpumep, s TT” momHOCTRIO 10 100 MB-A,
coriacHo cranaapty u Hopmanu VDE 0530, nomyckaercs
JUTATENIbHAST HECHMMETPUYHAS Harpy3ka ¢ TOKOM o0par-
HOM IIOCJIEAOBATEIBHOCTH, COCTAaBIAOIMM 10 8 % oT
HOMHHAJIBHOTO TOKa. [Ipy OONBIIMX MOIIHOCTSX, BBUIY
TIOBBIIICHHOTO HCIIOJIb30BAHUS, JIOIYCTHMAas HECUMMET-
pUYHAs Harpy3Ka JOJKHA OBITh YMCHBIIICHA.

OTH OTrpaHWYCHHS SBISETCS PE3YyIbTaTOM MHOTO-
YHCIICHHBIX HCCIICIOBAHIA HECHUMMETPHUYHBIX PEXKHMOB
TypborenepatopoB [3], KOTOPEIMH BBISIBIIEHO, YTO HEOO-
XOIMMO YCHJIGHHE KOHCTPYKIMH IJIi JOCTaTOYHOU Tep-
MHYECKOM CTOMKOCTH pOTOpa.

PacuetHbie uccnenoBaHusi pabOTHI NPU HECUMMET-
pUYHON Harpyske, NPOBOJUMBIE PAHEE AaHAIUTUYECKUMU
MCTOJaMH, HC MOIJIM OXBAaTUTh BCEH MOIHOTHI 3JICKTPO-
MarHuTHBIX TporieccoB B TI'. C pa3BuUTHEM YHCICHHBIX
METO/IOB pacyeTa AJIEKTPOMAarHUTHBIX ITOJICH, BOZMOXHO-
CTH MaTeMaTH4ecKOro MOJEIMPOBAHUS CYIIECTBEHHO
Bo3pocir. OIHAKO MpennpUHUMAEeMbIe MOMBITKH HCCIe-
JIOBaHUS B OCHOBHOM KacCalOTCs pacdeTa BUXPEBBIX TOKOB
(BT) B JOKanbHBIX 3JIEKTPOIPOBOIAIIMX JIIEMEHTaX Ha
MTOBEPXHOCTH POTOPa OT MarHUTHOTO IIOJII TOKOB 00pat-
HOW TIOCJIEOBAaTENFHOCTH IPH BEChMa CEPhE3HBIX YIIPO-
MEHUSIX 00JIaCTH pacyera.

Taxk, Hanpumep, B [4] u [5] BHIIOTHEHO KOMIIBIOTEP-
HOE MOJEJIMPOBAHUE 3JIEKTPOMAarHuTHbIX mnpoueccoB TT°
300 MBT B nByXMepHOH MHOCTaHOBKE MpPU IPOAOIIKH-

TEIbHON HECHMMETPUYHOM Harpy3ke. OCHOBHOE BHHMa-
HUE yzaesneHo uccienoBanuio BT m no06aBouHBIX moTepb
MOIIHOCTH B MAa30BLIX KIIMHBAX PpOTOpA. OZ[HaKO B OTHX
JBYX paboTax MPUBOAATCS HACTOJBKO IMPOTHBOPEUHBHIC
pe3yJabTaThl, YTO HNPUXOAUTCS COMHEBATHCS B MX JOCTO-
BEPHOCTH: IUIOTHOCTU TOKA M TEIIOBBIAEICHUN pa3nuya-
IOTCSI HA HECKOJIBKO MOPSIAKOB.

BesiBuTh npobiemsl skciuryaranuy T npu HecuM-
METPUYHOI Harpys3ke C pa3HbIX CTOPOH, a HE TOJBKO C
ToukH 3peHust BT B knuHbsAX poTopa, ¢ 10CTaTOYHOMH cTe-
[IEHBIO aIEKBATHOCTH MOXHO, TOJBKO paccMarpuBas T1' B
LIEJIOM, HE OTPAaHWYMBASCh €TO JIOKAJbHBIMHU YIPOILEH-
HBIMH 4acCTSAMH. B IIOJHOHM IMOCTaHOBKE 3TO 3afjada 4pes-
BbIYAaHOM cioxHocTU. [loaTOMy 311€ch, coxpaHss IoJI-
HYI0 CTPYKTYpYy 3JIEKTpPOMAarHuTHoOM cuctemsl TI7, pac-
CMaTpuBacM MHOW KpalHUIl BapUaHT JOIYIIEHUH — OT-
cyrcrBue peakuuu BT B asemenTax poropa.

OTO MO3BOJIAET BHIIBUTH «BEPXHUI» YpOBEHb IIPO-
0JIeM JIEKTPOMAarHUTHOTO XapakTepa, KOTOphIe B peaib-
HOCTH OYyZAyT CrilakeHbl NeMI(UpYIOmel peakuuei To-
KOB, BO3HHMKAIOIIUX B DJJIEKTPONPOBOASIIEM MAaCCHUBE
0OYKH pOTOPA M B OTAEIBHBIX €T0 JIEMEHTAX.

HoBble BO3MOXHOCTH AJISI MCCIIEAOBaHUS MpPOOIEeM
JIEKTPOMAarHUTHOTO XapakTepa MpH dKcIuryaTamun TI ¢
HECHMMETPUYHON HAarpy3KoH MpeJoCTaBIISIIOT YUCICHHBIC
METOJIbI pacueTa MarHUTHBIX MoJieh [6, 7] B coueTaHuu ¢
OBICTPOCHCTBYIOIIMMHI KOMITBIOTEPaMHU U 3()(HEeKTHBHBIM
NpOrpaMMHBIM oOecrieueHHeM. DTO M CIIOCOOCTBOBAJIO
HOBHU3HC IMPCAOCTABIACMBIX PE3YyJIbTATOB, TaK KaK pac-
CMaTpHUBacTCs AIEKTpOMaruuTHas cucrema TI' B ieaom.

Hear padoTel. [lanHas pabora MOCBSILEHA OLIEHKE
BIMSIHUSA HecuMMmeTpuu Harpys3ku TT Ha pacnpeneneHue
MarHuTHOTO TOJS, AJIEKTPUYECKHE U D3HEPreTHYECKHe
MIPOLIECCHl B HUX Ha OCHOBE YHCIIEHO-TIOJIEBOTO aHAIN3a B
paMKax yKa3aHHBIX OIPaHWYEHHMH CTaHAAPTOB. DTO MPO-
BOJIUTCS TOCPE/ICTBOM BBISIBIICHHS W aHAJM3a BPEMEHHBIX
¢byHkuuidi MarHuTHOM uHAYKIMKH (MU) B pazinu4HbIX TOY-
kax craropa TI, a Taxke aHaJOTHYHBIX (QYHKIHH Mar-
autHOro moTokoctemienns (MIIC) u 3/1C da3ubx 00-
MOTOK CTaTopa.
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UucieHHble METOIbl pacyeTa MarHUTHBIX I0JIEH
CHMMAIOT OTPAaHNUYEHHS HA Y4ET PEabHBbIX KOHCTPYKTHB-
HBIX (DOPM IJIEKTPUUYECKUX MALIMH B [IEJIOM M UX JJIEMEH-
TOB, Ha Y4YC€T HACBIIICHUA MAr"HuTOIIpOBOAA. le/l 5TOM
MOMIHBIC COBPEMEHHLIC KOMIIBIOTCPHI IO3BOJIAIOT 3TO
clenatb M B CTaTHKE, M B AWHaMuke. [IpuMepsl Takux
HCCIIeIOBaHUH TIpHBEJCHBl B paborax aBropa [7, 8] u
JpyTUX UCCllefoBaTenel, Hanpumep, B [9].

OO0bekT ucciaegoBanus. [eMOHCTpallMOHHBIE pac-
YeThl MPOBOAATCS Ha IOBYXMONIOCHOM TpexdaszHom TT,
TIOTIEPEYHOE CEYEHHE 3JIEKTPOMArHUTHOM CHCTEMbI KOTO-
poro naHo Ha puc. 1. OH UMeeT HOMWHAIBHBIE: MOII-
HOCTh Py=35 MBT, dasubie Hanpsixerne Ugpn=6,3 kB u
ToK [=2315 A mpu cxeme OOMOTKH CTaropa — «Tpe-
YTOJBHUKY; KOAQPUIHEHT MOIIHOCTH cosP—0,8; dacto-
Ty £=50 I'u. AxTHBHas jnuHa craropa [,=2,7 M; Hemar-
HUTHBIA 3a30p — 27 MM; paguyc poropa — 0,408 m; Ha
(dasuyro 00MOTKY cratopa mpuxomurcs N,=18 mocuemno-
BaTEJbHBIX BHTKOB, €€ OTHOCHTEIIFHOE YKOpOYEHHE
Pi=22/27; conporusneHus (pazHol OOMOTKH: aKTHBHOE
R, = 0,00537 OmM; peakTHBHOE OT JOOOBOTO paCCESHUS
X, =0,134 Om; B 0OMOTKE POTOpa YUCIIO BUTKOB N,=224.

Puc. 1. Pacuetnast Mmonens Typboreneparopa ¢ KapTHHOM
MarHUTHOTO MOJISL IPY HECUMMETPUYHOIT Harpyske

Teopernueckne OCHOBBI aHAIU3a HECHMMeETPHY-
HOro pexxnma paborsl TT'. HecummerpuuHsie pexxUMBL B
Tpexdasupix TI oOyciaBiauBaroTCs paszamdueM (asHBIX
TOKOB BBHUJY Pa3HBIX Harpy3ok (a3HbIX 0OMOTOK CTaTO-
pa. DTH PeXUMBI UCCIEAYIOTCS C TIOMOIIBI0 METOJa CHM-
METPUYHEIX cocTaBistromux [2, 3]. KonkperHo paccmar-
puBatotcs (pasHble TOKU TPSIMOH 141, Ip1, Icy 1 0OpaTHOM
Ly, Ipy, I TOCHENOBATENBHOCTEN M PE3YJIbTUPYIOLIUE
TOKU 14, Ip, Ic. TlpunsTas ucxoaHas UX cUCTeMa Mpej-
CTaBJIcHA Ha PHUC. 2 MOCPEICTBOM BEKTOPHOH TUArPaMMBI.

Cornacno JICY 533-2000, peficTByroliie 3Ha4SHUSA
TOKOB OOpaTHOW MOCJIEI0BATEIIEHOCTH TPUHSTH PaBHbI-
mu 0,08-/y. Kpome Toro, Haumbosbliiee ACHCTBYIOIICE
3HAYCHUE W3 BCEX PE3yNbTHPYIONMX (ha3HBIX TOKOB OT-
paHMYEHO HOMUHATBHBIM 3HAYCHHEM .

Ha 3Toi1 0CHOBE pacyeTHBIM ITyTEM OIIPEIEICHO, YTO
IeHcTByrOmure 3HadeHWsT (PasHBIX TOKOB COCTABISIOT
1,=2170,2 A; 15=2314,7 A; 1=2015,3 A, a monpoOuee
METOJMKa WX pacdeTa mpeacrasieHa B [10].

loazy

Puc. 2. ®a3nble TOKH NpsMOi 1 00paTHOIT
Hocaen0BaTeIbHOCTEH U pesyabTupytomue Toku TT°

B pacuerax Bpamarmmxcs MarHUTHBIX MOJIEH HC-
MTOJIE3YIOTCA MIHOBEHHBIE 3HaYeHHS (Da3HBIX TOKOB [7, 8].
B nanHoii pabote mpu HECHMMETPUYHOW Harpyske Qas-
HBI€ TOKH OIPEAEIISIOTCS X BPEMEHHBIMH (DYHKIHSIMU:

ig =1y, -cos(w-t+ P, +p);

ip =1Iyp-cos(@ 1+ P, + ) ; )

ic =1Iye-cos(w-t+ B+ ),
rae 0=2 7 f; — yrioBas 4actoTa; I, Ly, Iy — aMIDTATY BT
TOKOB, ONpeeTsieMbIe Yepe3 yXKe YIIOMSIHYThIE UX IeHCT-
BYIOIIVE 3HAUCHHUS.

Havanpubie ¢a3sl TOKOB Sy, S, [l ONPEOSTUINACH
M3HAYaJhbHO CYyMMHPOBAaHHEM BEKTOPOB Ha PHC. 2 U IIO-
3TOMY JKE€CTKO CBSI3aHBI IPYT C OPYrOM. 3aTeM OHHU OBLIH
ITOBEPHYTHI BCE Ha MOOOPAHHBIN YHUCIEHHBIMH IKCIIEPH-
MEHTaMH HEKOTOPBIA yrojl TaKuM 00pa3oM, 4ToOBI MpH
/=0 pesynprupytomas MJIC oomotku cratopa F Oblia
HalpaBJieHa 10 TPOJOJIBHONH OCH poTOpa d, KOTOpas Io-
kazaHa Ha puc. 1. Tak mojay4eHbl HEOOXOJMMbIE HAYaJb-
uele daswt f, = 9,15°; B, =—-117,56°; f. =-237,88°.

B (1) nomnosHUTENBHBINA yrosl OBOpPOTa [ il BeeX
TOKOB, COOTBETCTBEHHO, MoBopaunBaeT Bektop MIC Fj
Ha TOT K€ YroJi ¢ TaKUM YCJIOBUEM, lITO6I:-I IIpu 3aJIaHHBIX
TOKax CTaTopa M TOKE BO30YKIEHUs 00ecrednTh He00X0-
JUMYIO BBIXOJIHYIO 3JIEKTpHUecKyro MommHocTh TI, Kak
ato npencranieHo B [11]. [locTaBieHHbIN B Takyto Mo3u-
uuo BekTop F mokazaH Ha puc. 1. Bmecre ¢ BekTopom
MJC o6moTku B030YykIeHus Iy OHH 00pasyroT yCIOB-
HyI0 pe3ynbTupytomyto MJIC B pexume Harpy3ku F.

Cucrema (ha30BbIX COOTHOILEHHUH BIIEKTPOMArHHT-
HbIX BenmuuH B TI mompoGHO mpencrasnena B [11] mms
peXrMa ero CHMMETPUYHON Harpy3Kd. DTOT YTOll [ U TOK
BO30YKIEHUS [y ONPENENAOTCA 10 CIELHATBHOH METOIH-
K€ 13 YCJIOBHS, YTO OHU AOJIKHBI O6eCHe‘lHTb HOMUHAJIb-
Hble BbIxOAHbIe JAaHHble TT': Hanpsbkenue Ugy 1 k0addu-
LUEHT MOIIHOCTH COS@y, YTO JTAeT NPH HOMHHAIBHOM
TOKE craTopa [y HOMUHAJIBHYI0 aKTUBHYIO MOLIHOCTb Py.
KonkpetHo, misa paccmarpuBaemoro TI' mpu cuMMeTpud-
HOH Harpyske BbIABIeHO [=—165,12° u [=632 A. [leiicT-
ByIOIII€  3HAa4eHHs  (a3HBIX TOKOB  COCTaBJISUIN
L=I=1~2315 A, a B cucreme (1) 6bu10 puHATO [, =0;
P =120°; f;. =240°.
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Jlns agexBaTHOrO OTOOpa)K€HWsI M3MEHEHWH, KOTO-
poie ipoucxoasaT B TI' npu mepexojie OT CUMMETPUYHOU
Harpy3kd K HECHMMETPHUYHOM, YCTaHOBJIEHO, 4YTO IpHU
3TOM YIPpaBIAOIUE Bo3aedcTBUSA Ha TI' OTCYTCTBYIOT.
To ectb oT Typ6uHsI Ha Ban TI' moctymaer Ta ke mexa-
HHUYECKass MOIIHOCTh M COXPAaHsETCsl TOK BO30Y)KICHUS,
YTO M IpU CUMMETpU4YHOM Harpys3ke. Ha 3Toil ocHoBe
YHMCIICHHBIMH 3KCIIEPHUMEHTaMH, HCIOJb3Ys YK€ Ha3BaH-
HOE 3HaueHHE [ Kak IepBoe MpHUOIIKeHNE, ObUIO BBISB-
JIEHO, YTO HOMMHAJIbHAS MOLIHOCTb NPH HECUMMETPHU-
HOW Harpyske Imoisrydaercst npu f=—167,2° n yxe mpen-
CTaBJIEHHOM Toke B030yxneHus [=632 A. BexropHas
quarpaMMa c(OpPMHPOBAHHOW HECHMMETPHUYHOH CHCTe-
MBI TOKOB U HMOJYYEHHBIX B PE3yJbTATE pacueTa IPYrHX
JIEKTPOMArHUTHBIX BEJINYMH OyAET NpecTaBlIcHa JaJee.

Jns aHanu3a 3J1E€KTPOMArHMTHBIX IPOLECCOB B aK-
TUBHOM Yactu TI' MarHuTHOE IOJIe IIPU 3aJaHHBIX TOKaX
ero 0OMOTOK PacCYMTHIBAIOCH B IByXMEPHOH IIOCTaHOBKE
B €r0 IONepeyHoM cedeHuH (puc. 1). DTo mone onuchiBa-
eTcsl U3BECTHBIM AH(depeHINaIbHBIM YPaBHEHUEM

1 - -
ro —rot(kAZ) =kJ,, 2

u
rne A,, J, — akchaJbHbIe COCTABISIONINE BEKTOPHOTO Mar-
HUTHOTO moteHmana (BMII) u mioTHOCTH TOKA; 12 — ab-

COJIIOTHAasA MarouTHas NpOHUIIaCMOCTb, k — OpT 1O aKCH-
aJbHOM OCH Z.

Opranmsanusi pacyera BpeMeHHbIX (yHKIMI
3J1eKTPOMATHUTHBIX BeJWYMH. 3HAUYCHUS 3asBICHHBIX
BMecTe ¢ 1enbio padbotsl Bemmuna MU, MIIC u D/1C om-
peneNATCs Ha OCHOBE pacyera MarHuTHoro noss TT, a
MX BPEMEHHBIE (DYHKIINU — MHOTOIO3UIIHOHHBIMHU TaKUMHU
pacdaeramu [7, 8] 11 BpeMEHHOTO psiaa ¢ marom Af:

t=At-(k-1); k=1, 2, ..., K, 3)
IIPY COOTBETCTBYIOIIUX YIJIOBBIX MO3UIHSIX POTOPA
a=Aa (k-1); k=1, 2, ..., K, 4)

U C CHHXPOHHBIM BPAaIllEHHEM MAarHUTHOTO IOJISl CTaTopa
n3MeHeHussMUA (a3HbIX TOKOB (1) B ero 0OMOTKE B COOT-
BETCTBHU C psijioM ¢ (3).

B (3) u (4) Ac=Q2At, £2=w/p — yrinoBeie 1ar u CKo-
POCTh BpallleHHsI POTOPA; p — YKUCIIO Nap TOJIIOCOB.

CumBon K B (3), (4) obo3HAYaeT YKCIO MO3UIIMHI,
MI03BOJISIONIEE B JOCTaTOYHON Mepe chopMHpOBaTh Bpe-
MEHHbBIE YHKIIUH HA MX TIEPHOC U3MEHEeHUS 1.

PaccmarpuBaeMbie B JaHHOW paboTe (QYHKIUU MMe-
FOT TOJTYNEPUOTUYHYI0 ACHMMETPHIO C YCIIOBHEM THIIA

I+ T12)=-1I), =1,2,....K, &)
rae /'— moka HeKoTopoe 0000IIeHHOEe 0003HAYCHHE.

[TosToMy peanbHO (GYHKINU KOHKPETHBIX BEIMYHH C
YYeTOM NepHoangHOCTH MarHuTHoro mons 1T cdopmu-
poBanbI ipu moBopote poropa ot 0 mo 180° ¢ yrioBeIM
marom B 1°, To ectb K paBusiercs 180.

MarautHoe Mojie Ha OcCHOBe (2) pacCUMTHIBAETCS
METOJIOM KOHEUYHBIX JJIEMEHTOB C y4YETOM HAaCHIIIECHUS
MarsuTonpoBoja 1o mnporpamme FEMM [12]. Oneparuu
npu ee paboTe M0 pacyueTy MoJsl, ONPEIeNICHUIO JIEKTPO-
MarHMTHBIX IapaMeTpoB M (OPMHUPOBAHHIO BPEMEHHBIX
(YHKIMHA  BBIIOJHSUIMCH  YHPABISIIOMIEH NPOrpaMMOi,
HaIlMCaHHOW Ha aliropuTMU4ecKkoM si3bike Lua [13].

KapTrHa MarHUTHOTO TOJI B PEXKUME HECHMMET-
PUYHOW HArpy3KH B MCXOIHBI MOMEHT BPEMEHHU IIpe-

cTaBleHa Ha puc. 1 cunoBeIMH JUHHUAMH. OTMETHM, YTO
CTPYKTypa MarHUTHOTO MOJISi NPUMEPHO COOTBETCTBYET
TOMY, 4TO OBLIO U B CIIy4ae CHMMETPUYHON HArpy3KH.
BpeMeHHble (PYHKIMM MATHUTHOMH MHIYKIUH.
ba3oBoil BeIMUMHON MarHUTHOTO IOJIs, UCIOJIb3Ye-
MO TpHU NMEKTPOMArHUTHBIX pacueTax, sBasercs MU B
(opMe pasnanbHON U YIIIOBOM COCTABISIFOIIMX U MOYJIS:

1 04 04
B =i B, =L BB+ B . (©)

3aMeTuM, YTO B 30HAX IIMXTOBAaHHBIX CEPACUHUKOB
nporpamma FEMM «Bbinaer» 3nauenus MU, «pazmazaHn-
HBIe» Ha BCIO UX aKCHaJbHYIO AuHY. [losToMy Hamo ne-
JIUTh 3TH 3HAYCHUS Ha kp, — KOA((UIUCHT 3aIOTHCHUS
cepreuHuka cranpro. Torma nomydarcs 3HadeHus MU
HETIOCPEJCTBEHHO JUIsl CTAJbHBIX JTUCTOB. [l HaHHOTO
TI, ¢ y4eToM HIMXTOBKH U MAKETHPOBAHUS CEPACYHHKA
cTaropa, 3ToT KoadduireHT coctasni 0,78.

B HenmoABMKHBIX TOYKAaX 3JEKTPOMArHUTHOM cHCTe-
Mbl TT' momydeHsl 1o yXe MpencTaBIeHHOMY MPUHIIAITY
BpeMeHHBIe GyHKINH MU B nuckpetHOi hopme:

B.(ty), B/ty), B(ty), k=1,2,....K. @)

OTMeTHM, 9TO TIPU PACTIPOCTPAHEHUH MOITYISHHBIX
3HaYeHWH Ha BTOPOW MOJIYIMEpUOI MO ycioBuio (5) mis
MOJyJisl B 3HaK MEHSATh HE HAJIO.

I'pacduku BpemenHbIx dyHKuui (7) st 1Byx 3aduk-
CHPOBAHHBIX B 3a30pe TOYEK IPEJACTABJICHBI HA pHC. 3,
IJIe BpeMs JTaHO B OTHOCHUTEIBHBIX CIUHUIIAX. Bapuant a
COOTBETCTBYET TOUYKE B CEPEIMHE 3a30pa, O — HA PACTOYKE
CepIICYHUKA CTaTOpa.
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Puc. 3. BpemeHHbIe QYyHKIMH paauaibHON cocTaBstoniei MU
B 0003HaUYEHHBIX TOUKAX B 3a30pe Ha OcU 3yOIla cepAeUHUKA
craropa: | — HeCUMMETpHSL; 2 —CUMMETpPUS

[MpencraBnenHble (YHKIUM JaleKd OT CHHYCOH-
JanbHBIX. B WX rpadukax OYEBWAHBI 30HBI BIUSHHS
Oonpmmx 3y00B poTOopa W 3yOLIOBBIE MYJBCAI[MH OT OC-
TaNbHBIX ero 3yOuoB. [lymecanun ycuimBaloTcs 1Mo Mepe
MPUONMKEHNST K TIOBEPXHOCTH poropa (oT puc. 3,6 1o

18 ISSN 2074-272X. Enexmpomexuixa i Enexmpomexanixa. 2016. N5



puc. 3,a). Bo BpeMeHHBIX (QYHKIUAX B HEMOIBHKHBIX
TOYKax 3yOLlIOBbIE MyJIbCALIMM OT CEepICUHHKA CTaTopa He
MIPOSIBIISIOTCA, KaK 9TO MOoApoOHee MpeCTaBIeHo B [8].

Ha puc. 4 nzo0paxeHbl BpeMeHHbIe (PYHKIWUHU pPaju-
QIPHOM COCTABJIONIEH MarHUTHOM WHIYKUUH B 3yOle
Cep/IeYHHKa CTaTopa B 0003HAUYEHHBIX Ha ()parMeHTe pu-
CyHKa Toukax z1 M z2 — B €ro KOpOHKE M OCHOBAaHHH.
Oynkunu B,(f) omATh JaeKd OT CHHYCOWJAIBHBIX, W B
3HAYUTEIbHON Mepe (QOpMHpPYIOTCS 3yO4aToil CTPYKTY-
poli poTopa, XOTs C HEKOTOPBIM 3aTyXaHHEM 3yOIOBBIX
MyJbCalMii 10 CPaBHEHUIO C TEM, 4TO OBUIO B 3a30pe
(puc. 3). IonyyeHHble TpadUKH CBUACTEIBCTBYIOT O TOM,
YTO MPUHATBHIA NpU npoektupoBanuu TI' cuHycouzanb-
HBIIl XapakTep MarHUTHOM MHAYKIMHU B 3yOLlax SIBJISETCS
BeCbMa rpyOBbIM MPHOIIMKEHUEM.

Ha puc. 5 noka3ansl BpeMeHHbIE (YHKIIMU YIJIOBOU
cocrapisitonielt B, u monyns MU B B o06o3HadyeHHOH
TOYKE B CIHHKE cepieyHHKa cratopa. DyHKkuuu B (f)
ONM3KM K CHHYCOWIAJbHBIM, XOTSl U UCIIBITBIBAIOT HEKO-
TOpPBIE NCKaKEHUS, JOXOJSIINE OT YK€ MPeCTaBIEHHBIX
($yHKIMH B 3a30pe 1 3yOmax.
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Puc. 4. BpemenHble pyHKIUH paHaIbHON COCTABISIIONMICH B,
MarHUTHOH MHIYKIUH B 3y0Olie CepiedyHHKa CTaTopa:
1 — HecumMmeTpus; 2 — CUMMETPHS
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Puc. 5. BpemeHHbIe (pyHKINH YII0BO coCTaBIsIome B,
U MOAYJIL B MarHuTHON MHAYKIMU B CEPJCUHHUKE CTaTOpa:
1 — HecuMMmeTpus; 2 —CUMMETpUs

B uenom Ha puc. 3 — 5 oTiIMuMs A pa3HBIX THUIIOB
Harpy3k# TT XOTs ¥ 3aMETHBI, HO HE IPUHINIHAIBHBL. A
HWHTEpEC B IETIOM MPECTABIAET XapaKTep dTHX (QYHKINH,
MTONTyYeHHe KOTOPBIX, B IPHHITUIIE, OKa3aJOCh BO3MOXK-
HBIM HMEHHO Ha OCHOBE MHOTOITO3WUITMOHHBIX pPacyeTOB
MAarHUTHBIX TMOJIEH. DTO SABISAETCS HETPUBHUAIBHBIM TOJ-
XOJIOM JIJIS BJIEKTPUUECKUX MAIIIMH BOOOIIIE.

MarnautHoe mnorokocuensienne u IAC ¢a3HbIxX
odMoTOK cTaTopa. Kak yxe mpencrasisuioch B [7], oc-
HoBoit ans DJIC sBnsiercst BpemenHast gynkuust MIIC
(a3Hoit 0OMOTKH cTaTOpA.

MIIC naxomutcst mo pacnpeneneruto BMII. Tak,
HaTmpuMep, A Jo0od U3 mectd ¢a3HbX 30H (puc. 1)
MIIC ompenensieTcst Ha OCHOBaHUN (POPMYJIBI

' :_]\;jla [4.as, (®)
» S,

rae S, — MIOMAagb CEYEHHS 1O TOKONPOBOJSIIIUM die-
MeHTaM (ha3HOH 30HEI.

Omnpenenenne MIIC mo dopmyne (8) HEe cocTaBisieT
TpyZAa, TaK Kak JUlsl ONpeseNieHus S, U HHTerpana B MH-
TerpupoBaHHoM B nporpammy FEMM ckpunre Lua ectb
COOTBETCTBYIOIIHE TIPOLIEAYPHI [ 14].

Jns Beceit hazHOM 00MOTKH, HanpuMep A Gassl A4,
MIIC naxoaurcst o popmyie

Yy =¥a—¥u> ©)

rae ¥4 u ¥, —MIIC B da3sbix 30HaX 4 U A (puc. 1),

ompenaeneHHbIe TI0 hopmyre (8).

Ha »Toii ocHOBe, B mpomecce yxke OOBICHEHHBIX
3[1eCh PAacUeTOB BPAIIAIOIIErOCS MArHUTHOTO TOJIs, ObLIa
cthopmupoBana auckpeTHas BpeMeHHas ¢pyHkuus MIIC

Y(t), k=1,2,....K, (10)
TIIE MHOEKC § ABIISIETCS 0000OIEHHBIM 0003HAUYEHHUEM JIIO-
00ii u3 azubix ooMoTOK: 4, B, C.

Oyukmus F(f;) packiagpBaeTcs aHAIOTHIHO [7, 8]
0 M3BECTHBIM MPABUJIAM B KOCHHYCHBII TapPMOHUYECKHI
PSA U3 HEUYETHBIX TAPMOHUK C yUeTOM YCIoBHS (5)

Ng
¥ = ZTm,VCOS(Va)t"')/V) >
v=1,3,5...
r7ie CYMMHUPOBAaHHUE 10 HOMEPAM TapMOHHK V BO3MOXKHO
BIUIOTH 10 HOMEpA N,, KOTOPBIH, B IPUHLIUIIE, OTPAaHUYEH
npuHATEIM B (5, 10) 3HaueHHEM K.
Ha ocHOBaHMH 3aKOHa 3JEKTPOMAarHUTHOM HHIYK-
uu ot (11) nenmaercs nepexon k DJIC dasHoi 0OMOTKH:

(In

A
ey =-— dts = Y va¥,,cosvaot+ty,-72), (12)
v=13,5...

OTKY/1a MTOJTYYa0TCsI aMILIUTYIbI TapMOHUK E,, ,=va@'¥F,, ..
Bpemennsre ¢pynkmun MIIC (11) u 91C (12) onpe-
JEJSITNCh [UTS Kakaod u3 (pa3HbIX OOMOTOK W TIpH He-
CHUMMETPHYHON Harpy3Ke OKa3alliCh, €CTECTBEHHO, pa3-
HeIMUA. OHH TIpeICTaBIeHBI Ha TIOJTHOM TEPHOIE UX HU3Me-
HEHUs Ha puc. 6.
Jlnst cpaBHEHUsI, pacyeTsl ObUIM TPOBEAEHBI MO TOU
K€ METOJMKe 1 Ipu cuMMeTpryHoit Harpy3ke TT. Coot-
BETCTBYIOIINE PE3YJIbTaThl PE/ICTABICHBI Ha pUC. 7.
OueBUIHO, YTO NMPH CHMMETPHUYHON Harpyske Bpe-
MeHHbIe QyHKIMH MIIC Omu3ku K CHHYCOWITAIBHBIM, a
BoT B xapakrepe D/IC yxe ImposBIsieTCs] 3aMETHOE BITHSI-
HHUE BBICIINX TApPMOHUK, KOTOPBHIE, B OTIMYHE OT aHAIIO-
rugHBIX TapMoHUK MIIC, yMHOXAIOTCS Ha X HOMepa.
[Tpu HecuMMeTpUYIHON Harpy3Kke pazauune QyHKIUI
S/IC pa3sHbIX (a3 ¥ UX OTINYHSA OT IPAaBUIBHBIX CHHYCO-
U7 TMPOSBIIINCH B 3HAYMUTENBHO OONBIIEH Mepe, mpudeM
UCKKEHUS! U OTJIMYMSI 3aMETHBI YK€ M JUI HCXOIHBIX
s DJ1C dyukiuit MIIC.
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Puc. 6. Bpemennsie gpynkiyn dazusix MIIC u DJ1C
IIpY HECUMMETpHUUHON Harpy3ke TI'
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B Tabn. 1 mpeacraBieHBl YHUCIOBBIE TaHHBIC IS
¢azupix D/IC npu HecummerpuuHoi Harpyske TT. 3nech
ammutyaa nepBoil rapmonuku JOJIC E,; u ee meilcT-
ByIOlllee 3HaueHUe E; NaHbl B aOCOIIOTHOM M3MEPEHUH,
a aMIUTUTYOBl BHICIINX TapMOHHUK — B OTHOCHTEIBEHOW

dopme E,,+» = E,, / E, . B nenom, BIugHUE BBICIINX
TapMOHHUK OIIEHUBAETCs KOIQDHUIIMEHTOM UCKAKEHUS
E
d gy = ——2— . (13)
Tabmuma 1
I"apmonnyeckuii cocraB 9/IC oOMOTKH cTaTopa
®daza Eml:B ExlaB Em}* EmS*
A 10702 7568 0,043 0,007
B 8865 6268 0,144 0,018
C 10071 7121 0,183 0,015
®aza Em 7% Em 9.* Em 11.* ddist
A - 0,005 0,003 0,999
B 0,003 0,007 0,003 0,990
C 0,004 0,008 0,004 0,983

OueBujieH 60MbBIION yIeIbHBIA BEC TPEThEH rapMo-
HHUKH, KOTOpasi IPU CXEMe «TPEYTOJIbHUK» TaKKe CO3/1acT
Mpo0OIeMy 3HAYUTEIBHBIX MaPa3sUTHBIX TUPKYISITHOHHBIX
TOKOB B TpeX (a3HbIX 0OMOTKax [5].

B nmomnonHeHue K yKe YIOMHHABIIAMCS BEIAIHMHAM
(azoBeIx cootHomenuit B (1), 3 pasnoxenus Tuma (11)

JUTA KaKOOoH (a3HOW OOMOTKH IIO apryMEHTy J, OIpele-
nsroTest HadanbHble (hasel MIIC yy,, ¥ys B ¥y A8 TEPBBIX
rapmonuk. @azaeie JJIC orcraroT ot cBonx MIIC Ha 772
mwm 90° coorBercTBeHHO (12). Torma HawameHBIE (ha3bl
OJIC cocTaBIAOT i =Vya—90%; ¥er=ys—90%; ¥5c=Vyc—90°.
OrnpeneneHHBIMA CTaHOBATCS W (a3oBbie casuru DJ1C
OTHOCHTEJIEHO TOKOB CBOMX (ha3HBIX OOMOTOK:

PiEa = VEa = Pras Pieb = VEb — Biv s Pige = VEe = Pie (14)

Bce 3t (a3oBbIe COOTHOIIEHHS U COOTHOIICHHS Be-
mmanH (azaex TokoB, MIIC, D/1C u HanpspkeHuit mpen-
CTaBJIEHBI B MacmTade Ha pUC. 8§ TOCPEACTBOM BEKTOPHOM
JMarpaMMBL. DTO COOTBETCTBYET IEPBBIM TapMOHHMKAM
3JIEKTPOMArHUTHBIX BelnuuuH T mpu HECHMMMETpUUYHOM
Harpyske Ui BceX (pa3HbIX 0OMOTOK.

Ec

Puc. 8. BexropHast fuarpaMma 3J1€eKTpOMarHUTHBIX BEIMYUH
[IpU HECUMMETPUYHOU Harpyske TI'

Onpenenenvie (Ga3HOTO HAMpsHDKEHUS TPOBENEM Ha
npuMepe ¢aszHor oOMOTKH A. HeoOxomumbril aist 3Toro
(bparMeHT BEKTOPHOW AuarpaMMsbl ¢ puc. 8 naH Ha puc. 9,a
B OPUTHHAJE C YBEIMYCHHEM MaciiTada, a B MOBEPHYTOM
Buzie 0e3 COOJIO/ICHHS TPOIOPIMI MOKa3aH Ha puc. 9,6.
3/1eck JOMOTHUTENBEHO H300paKCHBI MaJcHUE HAaTpsKe-
HUS Ha aKTHUBHOM comnpoTtuBieHud Ur=R, [;, a Takxke
3/1C ot noToka 1060BoTO paccesHus E,=-j.X, I4.

[t

Puc. 9. ®parmeHTHl BEKTOpPHON AHArpaMMbl

U3 TeOMETPHYECKHMX COOTHOIIEHHH Ha puc. 9,6 mo-
JIYJaroTCsA aKTHBHAAd W PCAKTUBHAsA COCTABJIAOIINMC Ha-
NPSKEHUs, €ro JelCTByIoNlee 3HaueHne | (Das3OBbIi
CABUT OT BEKTOpPA TOKA, aKTUBHAsA MOIITHOCTG!:

Uga =Eqc0805,~Ug; Uy, = E sing, —E,; (15)

2 2
Uy= m; Psq = aretgU /U ) 5 (16)

Faa =U 41 40080y - (17
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AHaJIOTHYHO BCE MPOJENaHO I APYTHX (a3HbIX
OOMOTOK M pe3yJIbTaThl PacyeToB C OOOOIIAIOININM HWH-
JIEKCOM § TIpeACTaBIeHbl B Ta0. 2. O4eBUIHO, YTO CyM-
MapHasi akTuBHasg MoinHocTh TT coctaBmia 34,90 MBT,
T.e. BbIpabOTaHa MPaKTHYECKH HOMUHAJIbHAS MOIIHOCTb.
IIpu yMmeHbIIEHHBIX TOKax CTaTopa, HO MPH HOMHUHANb-
HOM TOKE BO30Y)KICHUS, 3TO IMPOMU30IIIO 3a CUET YBEIH-
yennsa O/IC n HanpsokeHus BBuny yBenuueHus MIIC npu
YMEHBLIEHHON PEAKIUH SIKOPSI.

Ta6nuna 2
JlaHHbIE pacyeTa Npu HECUMMETPUYHON HAarpy3ke

®daza I U cosy, | ¢, rpan | P,, MBT
A 2170 7489 0,861 30,55 14,00
B 2315 6174 0,785 38,28 11,22
C 2015 7029 0,684 | 46,86 9,69

B 1abmn. 2 cenyer oOpaTuTh BHUMAaHUE Ha pa3Indme
Harpy3ok (hazHbIX OOMOTOK — MO AKTHBHBIM MOIIHOCTSM
7 TI0 XapakTepy, 3aJaHHOMY KO3(p(OHUIMEHTAMH MOITHO-
CTH. DTO 3HAYWT, YTO OJHA M3 MPUYMUH KOHKPETHO pac-
CMOTPEHHON HECUMMETPUHU — Pa3HbIH XapakTep W Belu-
4yrHa (a3HBIX CONPOTUBICHUH Tpex(da3HONW HArPY3KH.

3HaveHus (a3HBIX HANPSDKEHWH B TaOJ. 2 HE OYSHb
cuIbHO oTiu4aroTcs ot ¢asueix DJIC B Tabm. 1. Cueno-
BaTEJIbHO, HANPSDKEHHUS UMEIOT MPUMEPHO TaKOH Ke rap-
MoHHMYeckmii coctaB, kak u DJIC. I[Tostomy u da3nbie
TOKH OyAyT WMMETh aHAIOTHYHBIA cocTaB. 3HAYUT, He-
CHMMETpPHYHAsl Harpy3Ka COINpPOBOXIAETCS BCerna He
CHHYCOHMIAJIBHBIMH, a Oosee CI0XHBIMU (PYHKIHSMH TO-
KOB B BHJE TAPMOHMYECKHX PSIOB IIPUMEPHO TAKOTO K
cocTaBa, Kak 1 B Ta0i. 1.

W3 Bcero 5Toro BBITEKAET, YTO MPHHATBIA CHHYCOH-
JATBHBIN XapakTep TOKOB 37ech (1) U B cTaHAApTE SIBIISI-
eTcsl elle OJHUM CEepbe3HBIM JIOMYIIEHHEM HpPUHATON
pacyeTHOM METOJMKH KaK B JITaHHOW paboTe, Tak U INpH
pacueTax HECUMMETPUYHOM Harpy3ku B YIOMSHYTHIX [4,
5] v ApyruX aHaJOTUYHBIX PabOTax.

Buanmo, 6osiee TouHas MOCTaHOBKA 33/1a41 pacdeTa
HECHMMETPUYHBIX PEXUMOB pabOTHI 3aKIIIOYAETCSI B TOM,
9TOOBI COTIIAacOBaTh BpeMeHHbIe (PYHKINH (Ha3HBIX TOKOB
u D3JIC — BO3MOKHO, UTEPAIMOHHBIM IIYTEM WJIH APYTUM
KaKHM-THO0 Y (PEKTUBHBEIM METOIOM.

IToctaBnennas B [10] u mpoaobkeHHas 3€Ch TeMa
HCCIIEIOBaHNS HE HMCUEPIIBIBAET BO3MOXKHOCTEH pa3pabo-
TAHHOTO METOJja aHaJIM3a HECUMMETPHUYHOIO pEKUMa
pabotsr TT'. DTOT MeTox MO3BOJSIET NMPOAODKUTH Haya-
Thle HCCJIEIOBAaHUs, W, NMPEXAE BCEro, PacCMOTPEHUEM
JJIEKTPOMArHUTHBIX MTPOIIECCOB B POTOPE M CHIIOBBIX JICH-
CTBHI BO BCel 3IIEKTpOMarHuTHOU cucteme TT.

BoiBoabl.

1. IIpobnemsr skcmoryatanmun TI mpu HecHMMeETpU-
HOH Harpy3ke B JOCTATOYHO MOJHOW MEpE BBIIBUTH MOX-
HO, paccmaTpuBas TI' B 1ies0M, a HE €ro JIOKaJIbHBIE YII-
poiieHHple uyacTd. Ilpum 3ToM I aHanm3a LIMPOKOTO
CIIeKTpa MpoOJeM 3JIEKTPOMArHUTHOTO XapakTepa 3¢-
(EeKTUBHON OCHOBOM SBJIAIOTCS MHOTOIIO3MLIOHHBIE YHC-
JIHHBIE PAcUeThl BPAIAIOUIMXCS MarHUTHBIX IOJIEH, T10-
3BOJISIIOIIME CPOPMHUPOBATH BpEMEHHbIE (QYHKIMH pac-
CMaTpUBACMBbIX BEINYHH.

2. Upes3BplUaliHO CIIOKHAsI 3aJada aHalIHu3a SJIEKTPO-
MarHUTHBIX SIBJIGHHH B TIOJIHOW CTPYKType 3JIeKTpoMar-
HUTHOM cuctembl TI' moka pemaercs npu AOMyIIEHUU
OTCyTCTBUSI peakuuu BT B 31eMEHTax KOHCTPYKLUUHU

poTopa, a Takke, Kak BBIIBHJIOCH, CHHYCOMAAIBHOTO Xa-
pakrepa (asupix TokoB TI. DTO MO3BOJIMIO BBISIBHUTH
MPEJeNIbHBIA YPOBEHb MPOOJIEM 3JIEKTPOMArHUTHOTO Xa-
pakTepa, KOTOpbIE B PEATbHOCTH OYAYT CIIIQXKEHBI JICMII-
¢dupyroreii peakIuel yka3aHHbIX TOKOB.

3.Tlo paccMOTpEeHHOMY KOMIUICKCY 3JICKTPOMATHHT-
HBIX SBIICHHU B paMKax CTaHIAPTHBIX OTPaHUYCHUHA He-
CUMMETPHYHOTO pexknma padoTsl TI' ycTaHOBIIEHO, UTO:

e (OYHKIIMA MarHUTHOW WHAYKIWH B HETIOABHKHBIX
TOYKAaX MAarHATHOW CHCTEMBI B IIEJIOM IIPETEPIIeTH U3Me-
HEeHUs, HO He NPUHIUIHANBHBIE, B 3a30pe U 3yOLax cep-
JIEYHNKa CTAaTOpa OHU JallekKd OT CHHYCOMIAJBHBIX, Na
€lIe HMMEIOT MpPOSBICHHE 3yOIOBBIX IIyJNbCAIMA H3-3a
CepIICUHUKA POTOpa, B CIIMHKE CTATOPa OHA MPUOIMKEHBI
K CHHYCOHJIaM;

e BpemenHbie ¢yHknuu DJIC, a, 3HAUUT, U Hamps-
KeHHUH (ha3HBIX OOMOTOK cTaTopa mo (GpopMe 3HAYUTEITEHO
OTIIMYAIOTCS OT CHHYCOWA W JPYT OT JIPyra, OYEBUIHBI
Taroke oTinuust 9tux JC 1 1o 3HaUYEHUsIM;

e HAOIIOMAETCSA 3HAYNTENBHBIN HeOAIaHC aKTHUBHBIX
MOIITHOCTEH, BBIPAOATHIBAEMBIX OTACIHHBIMH (pa3HBEIMH
00MOTKaMH cTaTopa.

4. CMBICT TTOKa3aHHOTO «BEPXHET0» YPOBHS IpoOieM
ANEKTPOMArHUTHOTO XapakTepa B TOM, YTO INOHUMATH:
JUTSL UX «CTJIAKHBAHUSD) IO IPUEMIIEMOTO YPOBHS TPeOy-
eTcsl ajZlcKBaTHAs peakiis Ha3BaHHBIX TOKOB, KOTOpas
(haKTHUYECKH TIepeHeceT MPOOJEMbl C HUX Ha 3TH TOKH,
9TO TaKKe SBISCTCS CEPhE3HOW MPOOJIEMOMN IKCILTyaTa-
nuu TI' mpu HECUMMETPUYHON Harpyske.
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The numerical-field analysis of the magnetic field and the
electrical quantities in the turbogenerator stator under
autonomous unbalanced loading.

Purpose. Assessing the impact of load asymmetry of turbogenera-
tor (TG) on the magnetic field distribution, on the electrical and
energy processes in it based on the numerical-field analysis within
the constraints regulated by the standards. Methodology. The
calculation model of TG has been constructed on the method of
symmetrical components of the three-phase current system. The
formed asymmetric system of the currents is used for multi-
position numerical calculations of rotating magnetic fields. The
temporal functions of the electromagnetic quantities which are
subjected to the harmonic analysis are obtained on this basis.
Results. Test calculations are conducted on a three-phase 35 MW
TG during his work under autonomous unbalanced loading. The
analysis of the temporal functions of the magnetic induction at
different points of the TG stator and also similar functions of the
magnetic flux linkage, EMF phase stator windings and other vari-
ables have been executed. Originality. Problems of exploitation of
turbo-generators under unbalanced loading are detected by the
consideration of their electromagnetic system on the whole, but
not their simplified local parts, as usual. It has been shown that
the temporal functions of EMF of the phase stator windings under
unbalanced loading significantly differ in shape from sine waves
and from each other and contain a number of significant upper
harmonics. It has been detected that the phase currents would
contain not only the first but also significant upper harmonics
under unbalanced loading. Practical value. Analysis of the work
of TG under unbalanced loading showed the «top» level of prob-
lems of electromagnetic character. It has been established that the
function of the magnetic induction at the fixed points of the mag-
netic system on the whole have been changed but not in principle.
The temporal functions of EMF, and, hence, the voltage of the
stator phase windings significantly differ in shape from sine waves
and from each other, there is a considerable imbalance of active
powers generated by the individual phase windings of the stator.
The information provided will allow the measures to ensure a
durable and reliable operation of turbo-generators. References
14, tables 2, figures 9.

Key words: turbo-generator, unbalanced loading, magnetic
fields, numerical calculations, electromagnetic processes,
temporal functions.
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