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CUCTEMA HAIIPABJIEHUM U ®A30BbIX COOTHOILIEHUN
3JEKTPOMATHUTHBIX BEJJMYMH IPU YUCJEHHBIX PACYETAX
MATHUTHBIX ITOJIEM B TYPBOT'EHEPATOPE

ITooana cucmema nanpsamie cmpymie 6 00MOmMKaAX Mypo02eHePAmMopa, AKa 00360151€ OMPUMYSAMU HA OCHOBI YUCETbHUX PO3Pa-
XYHKi8 MAZHIMHUX NONi6 y3200#ceHi (ha3oei — uacosi i npocmoposi cnieeiOHOWIEHHA CYKYRHOCI e1eKMPOMAZHIMHUX GeTUYUH,

W0 XapaxKmepu3syomas iiozo pooomy.

Hpet)cmae}leua cucmema Hanpawleuuﬁ mMOK06 6 00MOmKax myp6ozeuepam0pa, Komopasn no3eonAaem nojy4anms HA OCHO6€E HUc-
JICHHbBIX pacuemoe MAacHUmHblx noneit coznacoeannvle ¢(l308ble — 6pPEeMEHHble U RPOCMPAHCMEEHHblE COOMHOULEHUA COBOKYNn-
HOCMU 3IEKMPOMACHUMHBIX 6E/IUYUH, XAPDAKMEPUSYIOUUX €20 paﬁomy.

Beenenune. ['maBHblEe TpOIECCHl B 3JIEKTPUYCCKHUX
MalllMHAX OCYILIECTBIIIOTCS Yepe3 MarHUTHOE IOJIe, I10-
3TOMY HETIOCPEICTBEHHOE HCIIOIBb30BAHUE €TI0 PACUETOB —
HanOoJiee MepCIeKTUBHBIA MyTh Pa3BUTHUSI CUCTEMbI U3Y-
YEHUsI M TPOEKTUPOBAHMS ITHX MAllMH. YK€ JUINTEIbHOES
BpeMsl NIpH pacyeTax MAarHUTHBIX MOJIEH NPUOPHUTET I10-
JIy4WIIA YMCIICHHBIE METOJIbl, TAKHE KaK METOJ KOHEYHBIX
pasnocreit (MKP) [1] u MeTOa KOHEYHBIX 3IIEMEHTOB
(MKD) [2], obecrieunBaroiue A0CTATOYHO TOYHOE OTO-
OpakeHne KOHCTPYKIMH SJIEKTPUYECKHX MalIMH M Ha-
CBIIIEHNE WX MarHutonpoBona. OcoOGeHHO pacrpocTpa-
Herne nonyumn MKD — Omaromapss HamMduio TaKeTOB
NPUKJIQJAHBIX IPOrPaMM, KOTOPBIE TTO3BOJISIOT MOAEIHPO-
BaTh MarHUTHBIC MOJISA M B JIBYXMEPHOI, ¥ B TPEXMEpPHOH
TIOCTAHOBKE, XOTSI B OOJIBIIMHCTBE CIIydYaeB JUIs MOJyde-
HUS TIPAKTUYECKH ITPUEMIIEMBIX PE3yJIbTATOB JOCTATOUYHO
MepBOi M3 HMX KaK 3HAYNTEIHHO MEHEE TPYIOEMKOH.
YkazaHHBIE POTPAMMBI W30aBIIAIOT PACYETIMKOB OT IIO-
CTPOCHHSI TEOPETUUECKHX ITOJIEBBIX MOJIENEH M MPOrpam-
MHUpOBaHMs, a (GopMHupoBaHnE TpadUIECKUX MOAECNIEH H
KOMIUIEKTa MCXOIHBIX JaHHBIX CBEJICHO Ha BechbMa Ipo-
CTOH M OOIIEOCTYITHBIH yPOBEHb.

Heanr pabdorbl. OCHOBHOHM 3amadyell pacyeTUNKOB
octaercs (popMHUpOBaHHE TEOPETHUECKOW MOJIETH KOH-
KpPETHO paccMaTpHBAaEMOH 3JIEKTPUYECKONW MamMHBl U
aJIKBATHOE il M3BJICYCHHE U HCIIONBb30BaHHE MH(pOpMa-
MU TOCIIe pacyeTa MarHUTHOTO mounsi. MIMEeHHO B 3TOM
aCIIeKTe MOCTPOCHA JJaHHAs paboTa, MpU4eM KOHKDPETHBIM
00BbeKTOM 31ech sBisiercs: Typboreneparop (TT) — ciox-
HBId M OTBETCTBEHHBIA NPEACTaBUTENbL CEMEHCTBA JJIEK-
TPUYECKUX MAallWH, a e LIeNbI0 sABIsieTcs (HOPMUPOBAHUE
B3aUMOCBSI3aHHOW CHCTEMBI HAIlPaBJICHUH YIJIOBOTO OT-
cyera, TOKOB B 0OMOTKaX ¥ (h)a30BBIX COOTHOIICHHUI dJIeK-
TPUYECKUX M MATHUTHBIX BEIUYHH.

O0bekT uccaenoBanus. s mwuroctpamm odrie-
ro TOIX0Ja K PELICHHIO 3aJa4d HCIOIb3YEeTCS MOJICIb
ANEKTPOMArHUTHOM cucteMbl TI', m300pakeHHAS Ha pUC.
1 B monepeyHOM CEYCHUH B IOJIPHOH CHCTEME KOOPIH-
Hat (I, o). 31ech MOKa3aHbl (ha3HbIE 30HBI OOMOTKH CTa-
topa A-A, B—B u C—C, KOTOpBIC BBIACICHBI Pa3THIHON
LUTPUXOBKOW MPOBOAHMKOB B Mazax craropa. TT umeer
HOMUHAIILHBIE TIApaMeTphl: MOIMHOCTh P,y = 200 MBT;
(azubie Hanpsokenue Ugy = 9093 B u tok lgy = 8625 A;
ko3 duImeHt MomHocTH COSQsy = 0,85; wacrtora f = 50
I'u. V3 nmapamMeTpoB KOHCTPYKIMU: 4ncia $pa3 Ms=3 u mnap
moirocoB P = 1; aktuBHas jumHA |, = 5,286 M; HeMaruuT-
HBI# 3a30p & = 0,1 M; mmamerp poropa d, = 1,075 m; ot-
HOCHTEJIBPHOE YKOPOUEHHEe 0OMOTKH cratopa — 4/5; uncia
BUTKOB (pa3Hoit odOMoTku craropa Ns = 10, oOMoTKH po-
topa N¢ = 180.

Puc. 1. OnekrpomarHuTHas cucTemMa TypooreHepaTopa

Ipuauun pacdyera mMarHuTHoro mousi. Cramumo-
HapHOe MarHWTHOE II0jeé B IonepedHoM cedeHuu 1T
ornuchiBaeTcs TuddepeHratbHbIM YpaBHEHHEM |

rot lrot(k Az) =kJ,, 1)
n
rne A;,J; — akcrnalibHbIe COCTaBIISIOIINE BEKTOPHOT'O Mar-
HutHOro nmoreHuuana (BMII) u mioTHOCTH TOKa; 1 — ab-
COJIFOTHAsi MarHuTHast nponuuaemMocts (AMII); K — opr.

B obmem ciywae obmactb pacuera MarHUTHOTO TIO-
151 oxBaThIBaeT Bee momnepednoe cedenue TI' (puc.l). Ha
BHEITHUX TPAaHULAX CeplevHHKa CTaTopa, JIM0o, IpH xKe-
JIAHWY, 32 ero IpejesaMy Ha OTpaHWYMBAIOIIEH MarHWT-
HOE T10JIe JINHUH JIeHCcTBYeT ycioBue Jupuxie:

(A, )abcga =0. @)

OrpanudyeHne 00JIaCTH BO3MOXKHO €IIe BBUIY IIe-
puommaHOCTH MarauTHOro 1ois [3]. B HauGomnee obmiem
pPEeXMME Harpy3KH MOJe MOXHO PacCinTaTh Ha MONIOC-
HoM neserun (puc. 1) Opu rpaHUYHBIX YCIOBHSAX HA JIH-
HUSX, OTCTOSIIINX JAPYT OT APYyTa Ha MOITYIEpHOA MO

(Az)ao == (Az)co- ©)

B nmannOif paboTte OyneM cunTaTh, YTO MAarHUTHOE
TI0JIe B TIOTIEPEYHOM CEYEHHHU YCIENIHO PACCUUTAHO Kak
obyukmmst A(r, o) mu6o MKP [1] mo cobcrBenHoil mpo-
rpamme, 6o MKD mo obmenoctymHoi mporpamme
FEMM [2]. B oboux ciry4asix pe3ysibTaToM pacdera siB-
nsieTcs TuckpetHoe pacnpenenenne BMII B y3nax cerou-
HOM WJIN KOHEYHO-JIEMEHTHOH CTPYKTYPHI.

OO01m1yr0 KapTHHY paclpeneeHns] MarHUTHOTO OIS
B obmactu pacdera OygeM NpeNCTaBIATh CTPYKTYpOH
CHIIOBBIX JMHUH — nuHUE paBHOro BMII A, = const mpu
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€ro HOPMHPOBKE MaKCHMaJIbHBIM JUISi KOHKPETHO Mpei-
CTaBJISIEMOTO PeXHUMa aOCOIOTHBIM 3HAYCHUEM Apay.

OpHON M3 KITIOYEBBIX BEJIWYHMH TPH aHAIN3E dJIEK-
TPOMarHWTHBIX mapamerpoB TI' sBisleTcs MarHUTHOE
norokocuemieHue (MIIC) [3]. ITo nomydeHHOMY pacmpe-
ngenennro BMIT »sta BenmmunHa HaxXxomuTcs AOCTaTOYHO
npocto. Tak, Hanpumep, Ui JII000H U3 mecTn (asHbIX
30H (puc. 1), B KOTOpO# HAXOAATCSA TOIBKO MO OAHOM CTO-
pone kaxnoro u3 N BuTkoB (azHoii 0OMOTKH craTopa,
MIIC ompenensiercss Ha OCHOBaHUH (HPOPMYJIIbI

K
Nl Ngly &
¥=—22 [AdS~ SsaZAZ,aV,jASJ-, 4)
¢ S, ¢ j=1

coderaronieil B cebe MCXOAHOE BHIPAKEHHE M €r0 4YHhC-
JIEHHYIO alIPOKCUMAIHIO, TJIE S, — MIIONIaAb CEYEHHs MO
TOKOHECYyIUM 3neMeHTaM (asHoit 30HBI; K, — umcio
3JIEMEHTOB €€ AUCKPETU3ALMH; A, qyj — CPEJIHEE 3HAUCHUE
BMII B j—ToM snemMeHTe.

CucreMa yCJIOBHBIX IOJIOKMTEIbHBIX HANpPaBJie-
nuii. [Ipn cummerprunoii Harpyske TI ero ¢asHble Tokn
00pa3yloT CHUMMETPUYHYIO TpeX(a3HYyI0 CHCTEMY:

ipn=Ipcos(ot+pB); ig = Imcos(mt—%nﬂ?));
ic = Imcos(cot+%n+[3), (%)

e lp =42 15 — aMIUUTYIHOE | |s — melicTByromee 3Ha-
yeHus (pazHoro Toka; ® = 2nf — yriosas yacrora; t — Bpe-
M, 3 — HavanmbHas Qasa.

CucremMa mpoCTpaHCTBEHHOW OpHUEHTAllMM TOKa PO-
Topa |y ¥ (ha3HBIX TOKOB cTaTOpa W OTCYETa KOOPAMHAT O
u r B TT npencrasiena Ha puc. 2.

Puc. 2. YcioBHbIC MOJ0KUTENBHBIC HAIPABJICHUS TOKOB,
M/IC, KoOpIMHAT ¥ HaNIPaBJICHUI BpaIleHHS

®da3Hble TOKH B 0OMOTKaxX HalpaBJIeHbl MMEHHO TaK
B CIIy4ae, ClM WX 3HAYCHHS IOJOKHUTENbHBI, COOTBETCT-
BeHHO Ju1s (pazHOI 0OMOTKM A-A' IIOKa3aHO HampaBJICHNE
ee MJIC Fa: 0OMOTKa pacIoiokeHa B IUTOCKOCTH, COBIIA-
Jlaromiel ¢ momnepedHoi ockro (, Toraa ee MJIC Hamnpas-
JieHa TIePIICHAMKYIISIPHO 3TOU IUIOCKOCTH 1o ocu d, Takxke
kak 1 MJIC obmotkn poropa F; Uepemosanue Qasubix
00MOTOK CTaTOpa NPUHATO TaKUM, YTOOBI BpaIlleHHE Mar-
HUTHOTO TOJII OOMOTKH CTaTopa H, COOTBETCTBEHHO,
BpalleHNE pOoTopa OBUIM HAIPABJICHBI B MTOJOKUTEIHLHOM
HaIlpaBJICHUH OTCYETa YIIIOBOH KoopauHaTel o (Ns 1 N —
YaCTOTHI BPALLCHHUS MOJISL U POTOPA).

Ha puc. 3 mnokazana curyarnus, NIpuONIDKEHHAs K
peATUCTHYHOMY (Iajee MPOCUUTAHHOMY) PEKUMY HOMH-
HaJIbHOW Harpys3kH, KOTOPOMY cooTBeTcTByeT 3=-156,86°

u ¢aszubie Toku i4=—0,92191,; i5=0,12551,; ic=0,7964l,
ToK BO3OYykmeHus 1:=1832 A, KOTOpBIM COOTBETCTBYIOT
n300pakeHHbIe MacmrabupoBanHble 3HaueHms MJIC.
3necsk ke nana cymmapnas MJIC Bceit oOMOTKH cTaTopa
Fo=Fa+Fpg+Fc¢, (6)
a Tarke pesynprupyoomas MJIC ans MarHUTHOrO MOJIS
TI' B pexuMe Harpy3Ku
()

Puc. 3. Hanpasnenus TokoB B odmorkax u ux MJIC
IIpY HOMHUHAJIBHOU Harpy3ke TypooreHepaTtopa

OT TpOCTPaHCTBEHHOTO COIJIACOBAHHSI BEKTOPOB
(puc. 3) MOXKHO TIEPEHTH K BPEMEHHBIM COOTHOLICHUSIM —
(a30BBIM CABHUTAM COOTBETCTBYIOIIMX BEIWYHH, YTO HII-
JIFOCTPUPYET BEKTOPHAs [UarpamMMa, MpeACTaBIeHHAs Ha
puc. 4. B maHHOM ciydae 3TO YNPOIIEHHBIH BapHaHT, B
KOTOpOM TIpeHeOperaeTcsi akTUBHBIM COMPOTHBICHHUEM
0OMOTKH CTaTopa M HWHAYKTUBHBIM COINPOTHBIICHHEM €e
noboBoro paccestHus. IlpakTudeckn nuarpamma yduThI-
BAeT HJIEKTPOMATHWUTHBIE BEJMYMHBI, COOTBETCTBYIOIINE
MAarHUTHOMY IOJII0 Ha akTUBHOM 1yune TT .

OcHoBo#t muarpamMmbl sBisttoTcs MIIC daszaolt 00-
Motku cratopa Vi W, W), KoTopsle 00yCIOBIEHBI, COOT-
BETCTBEHHO, MAarHMUTHBIMH TIOJISIMA OOMOTKH pOTOpa M
Tpex(ha3HOH 0OMOTKH CTaTopa, a TakkKe Pe3yIbTHPYIoIee
MIIC. 3t MIIC opueHTHPOBaHHHI TaK k€, KaKk U COOT-
BerctBytomme MJIC ma puc. 3 — Omaromaps BHIOpaHHON
CHCTEME HamlpaBJICHWH TOKOB, YITIOB M (Da30BBIX COOTHO-
mennii. Kpome Toro, Ha auarpamMme 0003Ha4€HbI BEKTOPHI:
Is — da3HbIif TOK pacronaraeTcs B COOTBETCTBUH C YITOMS-
HYTOH HavasibHOH (pa3oii B OTHOCHTENBEHO Havaja oTcUeTa
— ocu d, mpuuem ¥, coemamaer mo ¢ase ¢ ls; pasHoe Ha-
npspkeane Us caBuHYTO OoTHOCHTENbHO ls HA yrom s, 3a-
JaHHBIA xapaktepoM Harpysku TT'; E; — OJIC peakuun
sikops, BbiBaHHas MIIC W,; Efj — 3JIC B pexxume Harpys-
ku, BeiBaHHag MIIC W or 0OMOTKH BO3OYKACHUS, TIpU-
gem 5111 DJIC, CcorllacCHO TeopHH, OTCTAIOT 10 (paze OT CBO-
nx MIIC na 90°. BBUIy IpHHATOTO YIPOIICHUS PE3yIbTH-
pyromtas OJIC E; or MIIC W, HenmocpencTBeHHO obectiedn-
BaeT (asHoe HampsokeHue U, Eme Ha puc. 4 obo3HaueH
psAn (a3oBBIX CABUTOB MEXIY BEKTOPAMH Ha3BaHHBIX Be-
JIMYWH, TIPUYEM X HaIpaBJIECHHIO MPOTHB ABIKEHMS 4aco-
BOM CTPENKH COOTBETCTBYIOT ITOJIOKUTENIBHBIE 3HAYCHM,
T10 IBVKEHHUIO — OTPUIATEbHBIE.

Omnpeaesienue ¢(azoBbIX COOTHOLIEHHH 3JI€KTPO-
MATHHTHBIX BeJIHYHH B TypOoreHepaTtope Ha OCHOBe
YHMCJIEHHBIX PacyeTOB MATHMTHBIX mnoJei. Tenepb
MOJKHO NMPHUCTYNUTh K OCHOBHOM YacTH 3aJadd — Mpes-
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CTABJICHUC TMPUHIUIIOB aHaJin3a (1)&3OBBIX COOTHOIIICHUH
OJICKTPUYCCKHUX U MArHvMTHBIX BCJIWYHH B TT ma ocHOBe
YHCJICHHBIX paCY€TOB MArHUTHBIX MOJIEH.

d
A
v,
B<0
G <0
® =0
‘;1 \PI P, -0
®)
S 90° E;,
U,=E, 7

@=-¢,

B=-®-90°—¢@,
¢, =—B-©-90°

Z

Puc. 4. BextopHast tuarpaMma Ipu HOMHHAIBEHOH Harpyske 1T,
COOTBETCTBYIOIAs HC.3 PU CUMMETPUYHOIT 0OOMOTKE cTaTopa

Jlns ymMceHHOro pacyera MarHUTHOTO HOJS Halo
3a1aTh HEOOXOIAMMBIE TOK B OOMOTKE BO3OYXKAEHHS W
¢asubie Toku (5). Bo3bMeM HX COOTBETCTBYIOIIMMHU HO-
MUHaJIbHOU Harpyske TI' — OHM y>ke yIOMHMHAJINCh B CBS-
3u ¢ puc. 3. Bonpoc ompenenenust TOKoB it obecrieue-
HUSI KOHKPETHOTO pacuyeTHoro pekuma 11 ¢ 3amaHHBIMHU
3HaueHmwsME Us, |s 1 @s o0cyxaancs noapo6Ho B [4].

Pacyer MarHnTHOTO MOJIS Al €ro KapTHHY, KOTOpast
npescTaBiieHa Ha puc.5. [71aBHOE HampaBieHWE HaMarHu-
yuBanus TI 31eck moMedeHo opueHTanuer Bekropa MIIC
Y|, ¥ OHO B IIEIOM COOTBETCTBYET pHC. 4 U OpHEHTALNN
pesyasTupytomeid MJIC Fy ma puc. 3. OxnHako ymo3pu-
TenpHO BepHoe Hanpasienne MIIC W), koTopoe 1o kapTu-
HE TIOJSI MOXET OBITh OIPENeNIeHO JIMIIb KadeCTBEHHO,
JIOJDKHO TENephb IPEJICTaBUTHCS B KOHKPETHOM YHCIIOBOM
BBIP2)KEHHH, YTO BO3MOJKHO HA OCHOBE IPEUIOKEHHOTO B
[5] momxoma. Boree coBepIlieHHOE U AETalbHOE Pa3BUTHE
3TOTO MOJIX0/1Aa PACKPBIBAEM JlaIee NMEHHO 37€Ch.

Puc. 5. Hanpasnenns TokoB B o6moTkax u ux MIIC
Mpy HOMHUHAJIbHOM Harpy3ke T1' npu peaabHON yKOpOUEHHOH
IBYXCIOMHOM 06MOTKe cTaTopa (Amax = 0,5758 B6/m)

OcHOBOH BBISBIICHHS (Da30BBIX COOTHOILICHUH 3JIEK-
TPOMarHUTHBIX BennuuH B TI sBIIsIeTCs pasnokeHne yrio-
Bod ¢ynkuu MIIC Y(o) B psnx ®ypbe. C 9T0l LEnbio
Hocjie pacuyera MArHUTHOTO TOJsl ero crpykrypa (puc. 5)
¢uKcupyercs, a, 3Ha4YMT, sIBISETCS (PUKCUPOBAHHBIM pac-
npeneneaue BMIL Torma ocraerca "coopars” MIIC ¢as-
HOiT 00MOTKH A-A 110 opmyrie (4) B ee pa3HBIX MO3ULIMSX,
OTJIMYAIONINXCS YITIOBBIM TOJOKeHneM. [lokakeM mpo-
IiecC MOATOTOBKY M pasyiokeHus1 yriioBor ¢ynkimu MIIC
B TAPMOHHWYECKHH PSIJI 10 pe3y/bTaTaM pacdeTa MarHuTHO-
TO TOJNSI B PEKMME Harpy3Kd, KapTHHa KOTOpPOro Oblia
MPOWJITIOCTPUPOBAHA HA PHC. 5 ¥ TOBTOPsIETCS Ha pHC. O.

Puc. 6. Ilepemerienue ha3Hoil 30HBI 0OMOTKH CTaTOpa
1t cbopa 3Hauenuit MIIC

Boruucnenns MIIC W npoBoasTcss Kak MUHUMYM B
15 mosumusax ¢a3HbIX 30H OOMOTKH, YacTh W3 KOTOPBIX
npezcTaBiieHa Ha puc. 6. McxonHas nosuiwms ¢a3Hoi 00-
MoTKH A-A, IMeroras yrioBoe moyioxenue oy = 0, mana
Ha puc. 6,a, KOTOPOE COOTBETCTBYET €€ MOJIOKEHHIO B TIPO-
necce pacuera Maruutaoro mois (puc. 5) u mpuHsTOMY
pacnosioxeHHo (Ga3zHbIX 0OMOTOK Ha puc. 1.

Crnenyromue TMO3UIMHA  OTIMYAIOTCS ITOBOPOTAMHU
(ba3HBIX 30H Ha 3yOIIOBOE JCICHHUE CTATOpa, YTO MPH €ro
gucie 3yornoB Qs COOTBETCTBYET YIIIOBOMY CMEIICHUIO

Ao =2m/Qy . 8

Ha puc. 6,0, naHbI elie 1Be O4epeHBIC TO3UIINH —
2-as1, 3-ps1, a HA puc. 6,r — mocnemHsas 15-a1. Otu 15 mo-
3unmii B paccmMatpuBaeMoM T1' OTCTOAT Opyr OT apyra Ha
Ao = 12° B mmanazone o ot 0 1o 168°. Cnenyromas 16-s
mo3urus pu oy = 180° Obima OBl M3OBITOYHOM, TaK Kak
MTOBTOPSICT MO3UIHUI0 1 ¢ 0OpaTHBEIM 3HAKOM, BEIb IO yC-
JIOBUIO MEPUOJUYHOCTH MArHUTHOrO mouyisi (3) MOIKHO
o61Th W15 = -V BBUIY

Y(atty)=-¥(a), 9)
T7ie Tp — MOJIOCHOE JIETIEHHUE.

B xaxoii nosuiuu no dopmyne (4) npousBoguTCs
ompenenenne MIIC B ¢a3nbix 30Hax A n A, coorBerct-
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BeHHO Wa u W4 Pesynmbrupyromee 3nauenne MIIC ¢as-
HOH 0OMOTKH

\Ps = \PA - \PA' , (10)
rae 3Haku nepen W, u Wa mpenonpeneneHsl M3Havamb-
HBIM BBIOOPOM TOJIOXKUTEIHHOTO HAIpaBIICHUS! TOKa B
asmoit o6moTke A-A Ha pHc. 2.

TakuM crocoboM momydaercsi B YMCIEHHOH (dopme
yrioBast ¢pynkimst MIIC Ha ee monoBruHe neprona

Y (og); o =(k-1)-Ac; k=123,..K, (11)
rae K — HoMepa yrioBbIX mo3uiuid Gpa3HO 30HBI OOMOTKH
cratopa, K — gncio nHTepBaioB Ao Ha MoIynepuone, To
€CTh B NpeJeNax IOIIOCHOIO JENEHUs T, B CIydae pac-
cmarpuBaemoi koHctpykmu TI" K = 15,

Yucnopoii psn MIIC (11) npowuttocTpupoBaH Ha
puc. 7 COBOKYIHOCTBIO BBIACIECHHBIX TOUCK B JHaIia3oHe
o ot 0 1o 168° (I — pesxum Harpysku).

- Y By

| a5 i

50]:71}!
T :

Tg0i-150 | 120 | 60 | 60 | -30 | 0 30 g 90~ /120 | 130 (18
. T

o

Puc. 7. Yrnossie 3aBucnmocta MIIC daznoit oomorkn TI'

[Mony4eHHy0 4YHCIeHHYIO yrioBylo QyHkimio (11)
MOXKHO Pa3JIOKHUTh B TapMoHUYeckuil psia [6]. B ycnosu-
ax TT yrnosas ¢pynkius MIIC siBrsieTcsi cuMMETpUYHON
MEPUOJMYCCKOM, ITOITOMY IIOCTOSHHASI COCTABJISAIOILIAS
OTCYTCTBYET, a TaKXKe OTCYTCTBYIOT YECTHBIC TAPMOHHUKH,
a, KpoMe TOro, IpH Pa3JIOKCHUH YHCICHHOH (YHKLIUH
MaKCUMaJIbHBIA HOMEp TapMOHHUKH ( MJOJDKEH OBITh
menbiie uncina K. [Tostomy B oOmeM BHIE HCKOMBIi
TFapMOHUYECKHH psif OyIeT UMEeTh BH

9
Y= Z (s, sinva+c, cosva). (12)
v=1,35,...

C yderoMm monydeHHON uucieHHOW ¢GyHkumm (11)
KOd(Q(UIMEHTBI CHHYCHOIO M KOCHHYCHOI'O PSIIOB JUIS
FapMOHHYECKO COCTaBILIFOLICH C TEKYLIMM HOMEPOM V !

T K
Sy :%I‘P(a)sin va.da “%quk sinvay ; (13)
0 k=1

b3 K
cy = E_[ ¥(a)cosvado ~ EZ‘Pk cosvay , (14)
Ty K ]
a TIPaKTUYECKH BBIYHMCIEHUE UX 3HAYCHUH NTPOBOANTCS IO
BTOPBIM YacTSIM (OPMYIL.

Onnako BMecto (12) omepupoBaTh ymoOHee ¢ eau-
HBIM JTM00 KOCHHYCHBIM, JIMOO CHHYCHBIM psnoM. B Ha-
IIeM citydae OOJbIIe MOJIXOJHUT IEPBHIHA, YUUTHIBAs YKe
NOPUHATYIO0 QYHKIUIO 111 TOKOB (5), 4TO MO3BOJIUT BBISB-
7T (ha3oBbIie cooTHOIEHHs TokoB 1 MIIC.

Kocunycusiii psg MIIC umeer Bujg

g
Y= Z v cos(va+7,), (15)
v=135,..

rae yepes (13) u (14) onpenensroTcs aMILIUTYIBI U apry-
MeHTHI (HadaJibHbIe (Da3bl) KOCHHYCHBIX TapMOHUK [6]
S
v, = —arctg—-.
c

‘I’m,V =\Isg +c§ ;
A%

Hano wMers B BUay, 4TO, B 3aBUCHUMOCTH OT COOT-
HOILICHUS 3HAKOB 3HAYCHWH C, M S,, OPH BBIYUCICHUH
arctg B (16) MOryT HOJIy4aTbCsl Pa3NIMYHBIE PE3YABTATHI,
T.e. ecu 00a 3HAUCHUS MOJOXKHUTEIBHBI WITH 00a OTpHLA-
TEeNbHBI, TO pe3ynbTaT S,/C, OAMHAKOB, a arctg(s./c,) —
HeT. A IpU pa3HBIX 3HaKax C, U S, 3Ha4yeHwue S,/C, coxpa-
HsIETCS HE3aBUCUMO OT TOr0, Kakol MMEHHO Kod(duiu-
SHT U3 C, U S, MOJOKHUTEIbHBIH, 8 KaKOi — OTpULIaTEeNb-
HBI, HO 3Ha4YeHue arctg(s,/c,) oT ITOro 3aBUCHT.

B wurore B cootBerctBuu ¢ Gopmynamu (13), (14) u
(16) momyden xocunycHblid psn (15) ¢ MakcHManbHBIM
HOMEPOM HEYETHOW rapMoHHKU g=13. DTOT psa mpowi-
nrocTpupoBaH B Tabn.1, tae Wi ¥ y1 — aMIUTUTYyZIa ¥ Ha-
yanbHas (aza mepBoil TapMOHUKH, ‘P*V:‘Pm,v WY1 — o1-
HOCUTENBHBIC 3HAYCHUS AMIUIUTYJ BBICHIMX TapMOHHK
(pexxuM HOMEHATBHON Harpy3ku — HH).

(16)

Tabnmua 1. l'apmonndeckuii coctas yrnosoit pynkipm MIIC

Pe- |Wna| m '“P*a Vs |Wr7 | Wo |¥Yn LI’*13
kM | B6 |rpamyc| - — — - - -
XX (40,96 -0,90 |0,0065|0,0001{0,0002|0,0003|0,0000 |0,0000

OC |70,15| 156,34 | 0,0038 |0,0005|0,0011|0,0002|0,0011 | 0,0005
HH |41,89| 33,20 |0,0134|0,0007|0,0011{0,0004|0,0019|0,0008

Ha ocHoBanmu rapMoHH4Yeckoro pasioxenus (15)
Ha pHC. / TIOCTpPOCHA B BHJE HENPEPHIBHOW JIMHUU YIJIO-
Bast ¢yukimu MIIC B quanazone ot —180° g0 180° (mon-
HBIA Tepuox i kpuBoit |). OueBnaHa mNpaBHIEHOCTH
TapMOHHUYECKOTO PA3JIOKEHHUsI, TaK KaK PAacueTHBIE TOUKH
MIIC To4HO BMCanuCh B IOCTPOCHHBIHN rpaMK yriioBoH
¢ynxmmu MIIC. 3amernM, 4yto rpaduk nepBoii rapMOHH-
K (aKTUUECKH CIWICS C OCHOBHBIM TIpaMKOM IIpex-
craBiieHHOH monHON pyHKmu. [To maHHEM Tabm. 1 BHA-
HO, YTO BBICIINE TapMOHHMKHM BECbMa MaJbl M HECyIIecT-
BEHHO HCKaxatoT oouryto ¢pynkuuro MIIC (15).

Ha puc. 7 ormeuens! ammmtyna W1 ¥ HadasipHas
¢aza y;, mepBoii rapmonnki MIIC B pexume HarpyskH,
I7le HampaBIECHUE Y1 COOTBETCTBYET MOIYYEHHOMY €ro
noJaoKuTeIbHOMY 3HadeHuto 33,20° (tabu. 1).

B utore noxydeH BaKHBIM pe3ysIbTaT: Ha pHC. 7 BUI-
HO, YTO TOJIOKHUTENbHAs aMIunTyaa dyakimn V(o) casu-
HyTa OTHOCHTENBHO Hadaja orcuera oo = 0 Ha yrom ;) =
—Y1, T.€. B OTPUIATEILHOM HAIPaBJICHUH OTCUETa. AHAIO-
THYHO HA PHC. 5, ¢ yIETOM NPHUHATHIX HA PHUC. 2 HAIIpaBIie-
HUHA OTCYeTa, COPHEHTHPOBAHA CTPYKTypa MAarHUTHOTO
nomst. Ho Tenepp kadecTBeHHAst OpHEHTAaLMsl TOJSI MOJA-
TBEP)KIEHA KOIWYECTBEHHO TOYHBIM IIPOCTPAHCTBEHHBIM
HampaBieHneM Bekropa MIIC ¥, B pexume Harpyskw.
OToMy ke COOTBETCTBYET HampaBieHue Bektopa V) Ha
BEKTOPHOI arpamme mox yritoM & = —33,20° (puc. 4).

Pacuersl MarHuTHOrO MONS M TapMOHHYECKOE pa3-
noxenne yrinood ¢ynkimu MIIC mpoBeneHsl Taxxke B
pexume xonoctoro xoaa (XX), korna AeHCTBYET TOIBKO
00MOTKa poTOpa, U CIICNUaIbHOM peXHMe, KOraa JencT-
ByeT Tpex¢asnas oomorka craropa (OC), HO HachIIEHHE
maruuronpoBoza (pacmpenenenne AMII Q) B3siTo mocie
pacdera monst B pexxume XX M ocraercs (pUKCHpOBaH-
HeIM. [t pexxnma XX ObUT IPUHAT TAaKOH TOK BO30OYX-
JIeHUsI, TIpy KoTopoM monydanack ¢asnas DJIC, paBHas
HOMHMHAJIFHOMY HamnpspkeHuro. Ilpu pacuere mons odmor-
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KU cratopa s (5) ObUIO B3SITO TO K€ 3Ha4YeHHE [3, YTO U
JUIl pekrMa HOMHHAJIBHOW Harpy3KH, a TakXke HOMH-
HanbHBIA  (a3Heli TOK. KapTHHBI MarHWTHBIX MONEH
TIpe/ICTaBIIeHBI Ha pHc. 8 u puc. 9.

Puc. 8. Marawurroe mone TT' B pexxmme XX
(Amax = 0,4558 B6/m)

Ha puc. 7 teneps mokasassl emie yriioBble (hyHKIMN
MIIC u st pesxumon XX (f) u mo momro 06moTkH craropa —
OC (S). OHu TOITY4YEHBI 10 TEM JKe TPaBIIaM, KaK 3T0 OBLIO
JUTS peXrMa Harpy3ku. B Tabu. 1 npeacraBieHs mapaMeTpsl
TapMOHHYECKOT0 pasiiokeHns yrinoor ¢pyakimu MIIC. Ha
puc. 7 oOo3Ha4YeHBI HadaJIbHBIC (Da3bl TIEPBOM TapMOHUKH
MIIC, xotopsle coOTBETCTBYIOT faHHbM Tadid. 1. ITomoxe-
HHE TIOJIOKUTENBHBIX aMITTUTY (YHKIHH COOTBETCTBYIOT
yriaM & = —Y1 1, §1.5= —Y1s, TIOJ] KOTOPBIMH M COPHEHTHPOBA-
HBI CTPYKTYpPBI MAarHUTHBIX T10JI€H Ha prc. 8 u puc. 9 B cooT-
BETCTBHMH C MPHHITON CHCTEMOI MX OTcyeTa Ha puc. 2. 3a-
METHM, YTO, HECMOTPSI Ha TO, YTO B pekiMe XX MarHUTHOE
TI0JIE CHMMETPUYHO OTHOCHTEIIFHO OCH POTOpa, s HEPBOH
rapmonrku MIIC ¢asnoit oomorku B (15) mmeer mecro
HauanbHast (asza i = (—0,99), uro OOBSICHAETCS TEOMETPH-
YEeCKOM HECHMMETpHeH MBYXCIOHHON YKOPOYEHHOW 0OMOT-
ki craropa. CieIoBaTebHO, e¢ OCh HAMAarHM4MBaHus (Ha
prc. 8 obo3HaYeHa CTPEeTKOH Fr) MMeeT Takoi K€ CJIBUT
OTHOCHTEITFHO ocH poTtopa Ha yron ;| = 0,90°.

Puc. 9. MaruurHoe mone 0OMOTKHU cTaTopa 1pu 3 = —156,86°
(Amax=0,7287 B6/m)

YTouHeHHasi BEKTOPHAsi AMArpaMMa B peKuMe
Harpy3ku. OT IPOCTPAHCTBEHHOTO IPE/CTABICHUS BEK-
TopoB MIIC MOXXHO MEPEUTH K X BPEMEHHOI TPAaKTOBKE
C YYETOM TOT'O, YTO NP BPAICHUH MAarHUTHOTO MOJIS

a=o-t. ()]

B wrore Bmecto yrnosoit ¢pynkuun MIIC (15) mo-
JIy4aeTcsi BpeMEHHas! (QYHKIUS

g
Y= Y Wy,cos(vet+g,), (18)
v=1,35,...

TZIe BpeMeHHbIe HadalbHble (a3l £, 3aHIN MECTO YIIIO-
BBIX HA4YaJbHBIX (a3 y,, MpHIeM, Kak ObLI0 00OCHOBAHO
Ha puc. 7, {, = —y, — IpK UX U3MEPEHUH B OJHOI Mepe.
Ecmu {, u3MepsioTcss B 2JIEKTPHUYECKUX paauaHax (iid
rpamycax), a y, B OOBIYHOM YrioBoit mepe, 10 §, = —PYy.
Tak Ha puc. 7 OT KOCHHYCOHIBI S OTCTAIOT KOCHHYCOUIHI |
u f, a Ha puc. 5 Hao6opoT, BekTOp VW4, COOTBETCTBYIOIINIA
KOCHHYCOH/JIE S, CTAHOBUTCS OTCTAIOIINM OT BEKTOpOB ‘P
u W), coorBercTByromux kocunyconnam | u f.

Tereppr Ha OCHOBAaHHMH 3aKOHA AJIEKTPOMATHUTHOH
UHAYKIMH MOXxHO depe3 (18) ompemenuts rapmonmde-
ckui psix pazHoit D/1C

9
Qv ZV(’)\Pm,vCOS(V ot+g, -%)
v=135...

(19)

dt
U HEMOCPEACTBEHHO [EHCTBYIOLEE 3HAUECHUE MEpBOM
rapMoHukH aznoit DJIC

El = i(})‘Pm’l ~ 4,44f \Pm,l .

V2

Jns pexxumos f, s u |, paccMoTpeHHBIX puc. 7, 3Ha-
yenns 3toi DJIC cocraBmmm 9094, 15574 u 9299 B.

IMocne ompeneneHuss (a3zoBBIX COOTHOIICHUH BEH-
YMH Ha OCHOBE YWCIICHHBIX IIOJIEBBIX PAcyeTOB MO>KHO
TIOCTPOUTH YTOYHEHHYIO BEKTOPHYIO AWArpaMmy, JOIOI-
HUTENBHBIM Pa3BUTHEM KOTOPOW CTAaHET ydYeT MajIeHHs
HanpspkeHus Ug=R; | Ha akTHBHOM compotuBieHUN R 1
BIC E,=—jX, ls or moroka no6oBoro paccestausi hazHoi
00MOTKH, T/ie X, — COOTBETCTBYIOIIECEC MHIYKTUBHOE CO-
MIPOTHUBIICHHE.

[MomHO(akTOpHAST BEKTOpHAS IUArpamMma MpercTaB-
neHa Ha puc. 10, rne Hapsiy ¢ ee 00IMM n300pakeHneM
JTAaHBI U €€ YBeIMUeHHBIC parMeHThl. OTCUeT Ha4allbHBIX
(a3 BemeTcs OT BEPTHKAIBHOW OCH, COOTBETCTBYIOLIEH
NPOAOIBHON ocu poropa d, MONOKUTEIBHOE Hampasiie-
HHE OTCYeTa BCEX YTJIOB — IIPOTHB JBW)KEHHS YacOBOM
crpenkd. [Tox yriiom § moctpoeH Bexrop ¢asznoro Toxa ls,
nox yrinom & — Bekrop MIIC ¥, onpenenennoro uepes
pacder MarHuTHOrO MoJisi Ha akTuBHOM uinHe TT'. Bektop
taznoit JIC E,, nopoxxnennoit MIIC W), orcraer ot Hero
Ha 90°. Bekxrop 3/1C E, oT moToka 11000BOro paccesHus
MIEPIIEHIMKYIISIPEH BEKTOpY ToKa ls B cTOpoHy oTcTaBa-
Hus, a BekTop coorBercTBytomero MIIC W, napamieneH
BekTopy Toka. ITomnoe MIIC ¢da3Hoii 0OMOTKM — 3TO
cymma ¥Y=¥+¥,, emy coorBercTByer momHas (azHas
OJ1C E<=E+E,. AxtuBHOC maneHue HampspkeHus Ug ma-
pautenbHO BeKTopy ls. B ntore dasnoe HanpspkeHne

Ug=E -Ug=E +E,-Upg. (21)

Koneuno, u3sectHo, uto B TI Bemmuunaa Ug mipeHe6-
pexuMo Maia 1o cpasHeHuio ¢ E; u qpyrumu 3/1C u Ha-
npspkeHneM Us, HO 371ech GUTYpUpYyeT JUIs AeMOHCTPALNH
MOJIHO(AKTOPHOTO ITOJX0/1a.

(20)
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Cuy > 0.8, <0: @ - 0.

Puc. 10. ITonHodakTopHas BekTopHas quarpamma TT' npu Ho-
MUHAIIBHOM Harpys3Ke

Ha guarpamme nokazano nanpasnenue MIIC Wi nox
yriioM ;¢ OTHOCHTENLHO OcH d, ONpe/IeIeHHBIM B PEXKH-
M€ XOJIOCTOTO X0Jia, Torjaa mno orHoueHuro K ‘¥¢ BekTop
V| noBepHyscs Ha yroi

O=Crt —Culs (22)
4TO SIBJIsIeTCst yriioM Harpy3ku TT (3amerum, 4to ompese-

ssiercst umenHo o MIIC na aktuBHOU uinHe TT).
Mexay DJ1C E, u Tokom | umeeM a3oBbrii caBur

@1 =—(B+90°-Cqy), (23)
rie 3HaveHus 3 u (|, ECTECTBEHHO, OEpYTCS CO CBOMMU
3HAKaMH, B JJAHHOM CIIydae — OTPHIATEIbHBIMH.

W3 reomeTpHdecKknxX COOTHOIICHWH Ha BEKTOPHOM
muarpamme (puc. 10), ¢hparMeHT KOTopoil B OBEpHYTOM
BUJIe TIOKa3aH mojapobHee Ha puc. 11 (6e3 cobmomeHus
NPOIOPIMiI), AaKTUBHAs W PEAKTHUBHAs COCTABIISIOIINC
Hanpspkenust Us, ero gelictByromnee 3HaueHne U (pa3oBblIid
CIIBUT' OTHOCUTEIHHO BEKTOpa TOKa !

Usa =Eja —Ur =E|C0s@| —UR;

. (24)
Us,r = E|’r - EV = E| Sln(p| - EV'
Us :\/U32,a+U32,r; os =arctgUs ( /Ug ). (25)

Puc. 11. IToBepHyTHII (parMeHT BEKTOPHOH AHarpaMMel

B utore mo (25) nomyumnocs Us = Ugy 1 MOXHO O1I-
pEIeNuTh Mo pe3yabTaTaM IOJEBOr0 pacyera euie Lesblii
PSLI IPYTHX 3IEKTPOMAarHUTHBIX mapameTpoB [3], a Taxke
AKTUBHYIO MEKTPHIECKYIO MOIIHOCTh TT':

P, =mUglcosog, (26)
KOTOpasi B JJaHHOM PacueTHOM cClIydae paBHA 3aJaHHOM
HOMUHAJIEHOH MOIITHOCTH Pay.

BuiBon. IlpencraBneHHas cucreMa HanpaBiCHUN U
(a30BBIX COOTHOIICHUH BEIHYWH, XaPaKTCPHU3YIOIIHX
MarHuTHOE MoJe TypOoreHepaTopa, ONHO3HAYHO YCTa-
HABJIMBAET B3aMMHOE COOTBETCTBUE HX IMPOCTPAHCTBEH-
HBIX ¥ BpEMEHHBIX HANpaBJIeHUN. DTa CUCTEMA MTO3BOJISIET
9eTKO (POPMHPOBATH TOKOBBIE CTPYKTYPHI OOMOTOK CTa-
TOpa U POTOpA U MOJIy4yaTh HE TOJBKO KaueCTBEHHBIE Kap-
THHBI MArHUTHBIX TIOJIEH, HO U YUCIIEHHOE BBIPAKEHUE UX
MIPOCTPAHCTBEHHON U BPEMEHHON OpUEHTALINH .
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Milykh V.1., Polyakova N.V.

A system of directions and phase relationships

for electromagnetic parameters at numerical

calculations of magnetic fields in a turbogenerator.

A system of directions of currents in the windings of a tur-
bogenerator is presented for numerical calculations of magnetic
fields. It allows obtaining coordinated phase —time and spatial
relationships for a set of electromagnetic parameters which
characterize the turbogenerator operation.
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