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MPUBJINKEHHBIN METOJI PACUETA MATHUTHBIX ITOJIEHN B
OTAEJIbHBIX YACTSIX MATHUTHOM CUCTEMbBI MAILIMH

B craTthe paccmaTpuBaroTcs mpoOaeMbl IPeoOpa30BaHUs MEXaHUUECKON SHEPTUU B
DHEPIUIO DJIEKTPUYECKOTO TOKA. CBA3b MEXIY MarHUTHBIM IIOJIEM M TOKaMHu B
00MOTKax yJ00HEee BCET0 MOKET OBITh YCTAHOBJICHA MPU MOMOIIY UHIYKTUBHOCTEH
17} B3aMMOMHIYKTUBHOCTEM. Onpenenexue WHIYKTUBHOCTH "
B3aMMOMHIYKTHBHOCTH OOMOTOK PacYETHBIM ITyTEM IMPEACTABIISIET 3HAUUTEIbHbBIE
TPYJHOCTH, TaK KaK IpPU 3TOM MPUXOJUTCA pPaCCUUTHIBATH MAarHUTHOE IIOJIE
CIIO)KHOM KOH(UTrypanuu BHYTPU Ia3a CEpACYHUKA, B 3a30p€ U 30HE JIOOOBBIX
yacteil 0OMOTOK. [TprOnmKeHHbI METO] pacueTa MarHUTHBIX MOJIEH B OTJEIbHBIX
4acTsIX MarHUTHOW CUCTEMBI MAIlIUH SIBJISIETCS CJIOKHOM, HO B TO K€ BPEMS OYEHb
aKTyaJbHOU MPo0JIeMOil. 3€Ch Mbl OTPAHUYUMCS JIMILb IPUOJIMKEHHBIM Pacuye€TOM
WHIYKTUBHOCTH OOMOTKH, OCHOBAaHHOM Ha MPEAIOJI0KEHHH, YTO OCHOBHAs YacTh
HHEPrUM MATHUTHOIO IOJII CAMOMHIYKIIMUM OOMOTKH COCPEIOTOYEHA B BO31YILIHOM
3a30p€ MAIIMHBI U YTO PaIUaJIbHBII pa3Mep 3a30pa HEM3MEHEH M0 €r0 OKPY>KHOCTH.
[TpumeHnenue pa3zpabOTaHHON METOAMKHU TMO3BOJISIET HAXOAUTh MArHUTHBIC MOJIS B
OTJIEIBHBIX YACTAX MarHUTHOW CHCTEMBI MAILIMH, YTO MO3BOJISIET PACCUUTHIBATD UX
HOMHUHAJIbHBIE NTAPAMETPBHI.
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APPROXIMATE METHOD FOR CALCULATING MAGNETIC FIELDS
IN SEPARATE PARTS OF THE MAGNETIC SYSTEM OF MACHINES

The article discusses the problems of converting mechanical energy into electrical
energy. The connection between the magnetic field and currents in the windings can
most conveniently be established using inductances and mutual inductances.
Determining the inductance and mutual inductance of windings by calculation
presents significant difficulties, since in this case it is necessary to calculate the
magnetic field of a complex configuration inside the core groove, in the gap and in
the area of the frontal parts of the windings. An approximate method for calculating
magnetic fields in individual parts of the magnetic system of machines is a complex,
but at the same time very urgent problem. Here we will limit ourselves to only an
approximate calculation of the winding inductance, based on the assumption that the
main part of the energy of the magnetic field of the self-induction of the winding is
concentrated in the air gap of the machine and that the radial size of the gap is
constant around its circumference. The use of the developed technique makes it



possible to find magnetic fields in individual parts of the magnetic system of
machines, which makes it possible to calculate their nominal parameters.

Keywords: inductance, magnetic circuit, electromagnetic field, tangential forces,
teeth, electric machine.

B nmpomecce mnpeoOpa3oBaHUS MEXaHUYECKOH DJHEPTUU B  DHEPTHIO
SJIEKTPUUYECKOTO TOKA MJTH MPH 0OPATHOM MPeoOpa30BaHUM 10 OOMOTKAM MallluHbI
MIPOXOJISAT TOKH, CO3/IAI0IMEe MarHUTHOE ToJie. CBSI3b MEKIy MarHUTHBIM ITOJIEM U
TOKaMHd B OOMOTKax yJ0OHEe BCEro MOXET OBITh YCTAHOBJICHA IPH ITOMOIIH
WHIYKTUBHOCTCH U B3aMMOWHYKTUBHOCTEH, KOTOPBIC CIIEyeT pacCCMaTPUBATh KaK
OCHOBHBIC JICKTPOMAarHUTHBIC TTapaMeTpbl 0OMOTKH [1].

[TonHOE MOTOKOCIIEIUIEHUE € 000 0OMOTKOM, HarpuMep ¢ 0OMOTKOM 1 B
CHCTEME, COCTOSIIEH U3 S 0OMOTOK PaBHO:

n=s
Y11 =Ly + z Linin, (1)
n=2

riae Ly — HHIyKTUBHOCTh OOMOTKH 1, 10 KOTOPOI IPOXOIUT TOK Iy;
L1y — B3auMOUHAYKIIUS MexKAy oOMOoTKamu 1 u n.

Ecnu mpuHATH, 4YTO MOTOKOCHEIUICHHE 1J;; MEHSAETCS BO BPEMCHH
CHHYCOM/JIAJIbHO, TO MOKHO JOIYCTHTh, KaK 3TO OOBIYHO MPUHHMAIOT B TEOPHH
JICKTPUYECKUX MAIIHH, YTO BCE WICHBI, CTOSIINE B MPaBoi yacTu paBeHctra (1),
TaKe U3MEHSIOTCS BO BPEMEHH 110 CHHYCOUIAILHOMY 3aKoHy [2].

Paccmotpum  tpexdasznyro  oomotky. [Jua  daset A Ly = const;
iy = V21,67°" u moToKOCLEIIeHHEe CAMOMHAYKIMU paBHO Y, = V2L,l,e/®t.
Jlonyctum, uto [ + Iz + I, = 0;tornalg + I, = =, wu ig+i. = —V2I,e/®t,

I[To ycnoBusim cummerpun a3 A, B, C Lyg =Ly, m03TOMY
Yap + Yac = iglap +icLyc = (iB + ic)LAB = —liglyp = _\/ELABIAe]wt-

CrnenoBaTenbHO MOJHOE OTOKOCLEIIIeHUE ¢ (a3oi A Mpu NPOXO0KIECHUU O
oOMOTKe Tpex(da3zHOro TOkKa W Mpu yciaoBuu, yto Iy +Igp + 1. =0, paBHO

l/)AA = l/)A + IIJAB + lpAC = \/E(LA - LAB)IAejwt.

Kak BumHO w3 puc. 1, mojas caMOMHIAYKLUMU W B3aMMOMHIYKLUU CLEIUISIOTCS C
0OMOTKOM J11000i1 (ha3bl B MPOTUBOIOJIOKHBIX HAMPABIEHUSAX, TTO3TOMY Pa3HOCTb

. L
L, — L,p daxtuuecku sBiusercst cymmoit Ly + |Lg|. Ipumem — Lif = (; Toraa as

mo0oi azel oOMoTkH 1 cTaTopa

Y1 = \/EL1I1(1 + Oejwt = \/EL11I1ejwt' (2)



rjae |1 — neicTBylolee 3HaueHHEe ToOKa (asbl.

Puc. 1. [loTokocuemieHus: CaMOMHIYKIIUA U B3aUMOUHAYKIIUU Tpexha3zHoi
OOMOTKH.
1 — moToKoCIeIeHne CaMOUHAYKITUU ¢ (ha3oit A;
2 — IOTOKOCIIEIIJIeHnEe B3auMOMHAYKIUU ¢ hazamu B u C.

PaBeHcTtBo (2) moOKa3bIBaeT, 4YTO TMpPU OTCYTCTBUM TOKa HYJIEBOU
IOCJIEI0BATEIIbHOCTHU, KOTJa fA + 1 gt iC = (0, ITOJTHOE MOTOKOCIICIVICHHE KaXKI0H
¢da3pl OOMOTKM paBHO MPOW3BEACHUS TOKa (pa3bl HA PACUETHYH0 MHAYKTHUBHOCTb
Li; = Li(1 + {), yunuTHIBAIOIIYIO H TOJHKO CBOIO MHIYKTUBHOCTH L, (pa3wl, HO u
B3aMMHYIO WHAYKTHUBHOCTH JABYX JIpyrux (a3 B Buae Mmuoxuresst (1 + ¢).



HpI/I CHUHYCOHNAAJIbHOM paCHpEaACIICHUN MArHUTHOI'O IIOJIA B 3a30pC MalllMHbI

3

OTHOIIEHUE { 0OBIYHO OJM3KO K MOJOBUHE (2); TO3TOMY MHOXKUTENb 1 + { =~ p

AHaIOTUYHBIN MPOIIECC CYMMUPOBAHUS MarHUTHBIX TOJIEH CAMOMHAYKITUU U
B3aMMOMHIYKIIMM UMEET MECTO B TpeX(a3HbIX TpaHchopMaTOpax.

I[Ipu npoxoxiaeHun 10  Tpexda3sHOM  OOMOTKE TOKOB  HYJIEBOH
MOCIIEI0OBATENBHOCTH Iy = Iz = I, cneqoBaTenbHO

Vao = Yu + Yap + Yuc = ia(Ly + Lap + Lac) = V2Lol4e/°%; (3)

[ToaTomy pacueTHast HHIYKTUBHOCTD L, HYJIEBOU MOCIEI0BATEILHOCTH JJIs JTFOO0M
¢da3el 0OMoTKH 1 OymeT paBHa

Lo =L, (1-2. (4)

[To cpaBHeHUIO C L; MHAYKTUBHOCTH Ly — OOBIYHO HEOOJIbIIAS, TOCKOJIBKY
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OnpeneneHne HMHAYKTUBHOCTM W B3aUMOMHJYKTHUBHOCTH  OOMOTOK
pPacU€THBIM MYTEM MPEIACTABISIET 3HAYUTEIbHBIE TPYAHOCTH, TaK KaK MPHU ITOM
MPUXOJIUTCS PACCUUTHIBATH MATHUTHOE TOJIE CIOXKHON KOH(UTypalluy BHYTPH Ma3a
CEpJIEYHUKA, B 3a30p€ M 30HE JIOOOBBIX YacTeil 00OMOTOK. [IpubiamkeHHbIe METOIBI
pacueTa MarHUTHBIX TMOJIEM B OTIEIbHBIX YacTAX MArHUTHON CHUCTEMbI MAIIUH
OyIyT pacCMOTpeHbl B JajbHEWIIeM. 371eCb Mbl OTPAaHUYUMCS  JIUIIb
NPUOIMKEHHBIM ~ PAacYeTOM  WHIYKTUBHOCTH  OOMOTKHM, OCHOBAaHHOM Ha
MPENO0JIOKEHUH, YTO OCHOBHASI YaCTh PHEPTUM MATHUTHOTO MOJISI CAMOUHIYKIIUU
OOMOTKH COCPEIOTOYEHA B BO3IYIITHOM 3a30P€ MAIlIMHBI U UTO PauaIbHBINA pa3Mep
3a30pa HEM3MEHEH 10 €r0 OKPYXHOCTH [3].

PaccMoTpuM MammHy, MMEIOIIYIO P Map MOJIFOCOB.
WNupyktuBHOCTE OfHOM (a3sl (A) paBHa
e

L
A is

(5)
IToTokocueniaenue cBSI3aHO C MATHUTHBIM ITOTOKOM D PaBECHCTBOM

Yu = wky,; (6)

IIPU CUHYCOUAAIBHOM PACIPEACICHUN UHIYKIIUH
2
& =—1l;B,, (7)
s

rjae B, — MakcuMalibHOE 3HaYeHUE WHIYKIIMH B TIpeeaxX MOJ0CHOTO ACICHUS T,

l; — pacueTHas oceBasi IJIMHA BO3IYIIHOTO 3a30pa MAIIHHBI.



C

NS

Puc. 2. IloTokocuernyienne CaMOMHAYKIIMY U B3aUMOUHIYKITUN TpeX(pa3HoM
O0OMOTKHM MPU CUHYCOUJATLHOM pacIpeiesIeHUH MoJisl B 3a30pe:
¢ ¢azoit A criernyieH moTok caMouHAyKIuu D(a);

)
¢ ¢azamu B u C criernsieHsl MOTOKU B3aMMOWHTYKITHH Y (6 u B);



CoriacHO paBeHCTBY
lw
Fim = 0,45m? k- (8)

JUTSL OTHOH (pa3bl 0OMOTOK (M=1)

_ FimMo _ 0,9 wk,uo

Bm =5, 5

€)

rae 6; > O, Tak Kak YYUTHIBAETCSI HEKOTOPOE YBEJIMUEHUE BO3YIIIHOTO 3a30pa § u3-
32 HaJIMYMS 1a30B.

[loacTaBnsiss HaliieHHOE 3HAY€HHWE WMHAYKUUU B, B Qopmynsl (6) u (7),
HOJIy4aeM:

1,8, y (wky)?Tl;1,
oo 5;p '

4 (10)

JUist ompenenieHUs HWHIYKTUBHOCTH B (opmyne (5) ciaeayeT cuMTarh
iy = V21, mosTOMY, TIONOKHUB Uy = 41 X 107°, momyuaem:

(wkw)lei

La= L =516~—5"
l

X 1077 (11)

B oty dopmyny BBemeH kodpduimeHT [, KOTOPBIM HECKOIBKO OOJbIIe
CIMHUIIBI, YYUTBHIBAIOIINWNA, YTO HSHEPrHsl MAarHUTHOTO TOJS COCPEJOTOYCHA HE
TOJIbKO B BO3JIYIIHOM 3a30p€, HO TAaK)K€ U B JPYTUX YACTAX MArHUTHOW CHUCTEMBI
MAIIHHBI.

Pacuetnas MHAYKTUBHOCTH OfHOM (ha3bl Tpex(}a3zHO 0OMOTKH MOXKET OBITH
HaiiieHa u3 (2) myTeM yMHOXEHHsI mpaBoit yactu paBeHctsa (11) va (1 + {).

C nocTaTO4YHONW TOYHOCTBIO MOXKHO IOJararb, YTO NPHU CHUHYCOUIATBHOM
pacnpenenenun MarauTHoro mois (1 + ¢) = 1,5, mosromy st nr060ii  (assl
Tpexda3Hoil 0OMOTKH

(wkw)lei

L = 7,656 -5~
l

x 107° (12)
Ota Gopmynia MOXKET OBITh UCIIOIB30BaHa B OAMHAKOBON Mepe U JUIsl pacuera
WHIYKTUBHOCTH Tpex(da3Hoi 0OMOTKH poTopa.

Paccmotpum citydaii, korna oOMoTka 1 pacmosioskeHa Ha ctaTope, a 00MOTKa
2 Ha portope. JlomycTtum, uTo oOMOTKa 1 uMeeT w4 MociIe10BaTeIbHO COSTMHEHHBIX
BUTKOB Y pa3MeIIeHa B Ma3ax TakK, YTO €€ 0OMOTOYHBIN KOd(PPUIIUEHT paBeH K ,;



COOTBETCTBEHHO OOMOTKA 2 UMEET W, BUTKOB U OOMOTOUYHBIN KOdhUIMeHT k.
Ecnu mo o6moTtke 1 OyneT mpoXoauTh TOK, TO MOTOKOCIEIUICHHE B3aMOMHIYKITUN
OyZeT 3aBUCETh OT B3aMMHOTO pacHojiokeHusi oceii oOMoTok. [Ipu coBmageHUu
ocell 0OMOTOK OHO OyJeT MaKCUMAaIbHBIM, IIPH B3aUMHO-TICPIICHINKYISIPHOM HX
PacroIoKeHUH — paBHBIM HYIIO (7). B mepBoM pHOIMKEHUU MOXKHO CUUTATh, YTO
MOTOKOCIICTIJIEHUE B3aMOUHIYKIIMH U3MEHSETCS MMPOMOPIIMOHANBHO COS &, TTIe & —
YTold MEXIy ocaMH 0OMOTOK. CpaBHEHHE MOTOKOCIEIUICHUH CAMOMHIYKIIMA W
B3aMMOWHAYKIINA CTAHOBHUTCS HATJISITHEE, €CITM OOMOTKY 2 MPUBECTH K 0OMOTKE 1,
MOJIOKMB YHCIIO BHUTKOB Ha HeH paBHbIM k;,, HE MEHSAI TIPU OTOM
IIPOCTPAHCTBEHHOTO PACIPEICICHUS MAarHUTHOTO TIOTOKA B3aMMOWHTYKIIHH.
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Puc. 3. [loTokocuernieHne B3aMMHON MHAYKIIUHA B 3aBUCUMOCTH OT yrJja o.



JlomycTuM, 4TO MOTOKOCIUEIVICHHE CaMOMHAYKIMU oOMOTKH 1 paBHO Y4, a
MOTOKOCIICTVICHUE B3aMOMHIYKIIMU C TIPUBEICHHOW OOMOTKOW 2 TMOIy4aeTcs
paBHBIM 1, (puc. 4). B o01iem ciiyyae u3-3a TpOCTPAHCTBEHHOTO HECOBMAICHUS
OOMOTOK Y4, # P4, mpuueM Y; — P13 = Psq MOKHO paccMaTpuBaTh Kak
MTOTOKOCIHEIJICHUE paccestHUus 0OMOTKH 1 10 OTHOIIEHHUIO K OOMOTKE 2.

Puc. 4. I[Torokocnernenne paccesaus npu & = 0; w; = wq; k1, = kayp-

OnpeneneHre WHIYKTUBHOCTH M B3aWMOWHIYKTUBHOCTH  OOMOTOK
pacyE€THBIM MyTEM MPEJCTABISCT 3HAYUTEIbHBIE TPYIHOCTH, TaK KaK MpPH ITOM
MPUXOIUTCS PACCUYUTHIBATH MATHUTHOE TTOJIC CII0KHON KOH(PUTYpaIliu BHYTPH Ia3a
CEpJCYHMKA, B 3a30p€ M 30HE JIOOOBBIX YacTeil 0OMOTOK. IIpuOmmkeHHbIN MeTO
pacdyeTa MarHUTHBIX TOJICW B OT/AEIBHBIX YACTAX MArHUTHOW CUCTEMbI MAIWH
SBJISIETCS CJIOKHOM, HO pa3permurmoi mpo0aeMoi. 31eCh Mbl OIPAaHUYMIIMCH JIMIIIb
NPUOIMKEHHBIM ~ PAaCYeTOM  WHIYKTUBHOCTH  OOMOTKHM, OCHOBAaHHOM Ha
MIPEAIOJI0KEHNUN, YTO OCHOBHAS YacCTh YHEPTUU MAarHUTHOTO TOJISI CAMOMHIYKITUH



OOMOTKH COCPEJOTOUYEHA B BO31YIIIHOM 3a30p€ MAIlIMHbI U YTO PaIUaIbHBIN pa3zMep
3a30pa HEU3MEHEH I10 €ro OKpyKHOCTH. IIpuMeHeHne pa3paboTaHHONW METOAMKHU
MO3BOJIIET HAXOJUTh MarHUTHBIEC MOJISL B OTAEJIbHBIX YAaCTAX MATHUTHOW CHUCTEMBI
MAallnH, YTO MO3BOJISIET PACCUUTHIBATh NX HOMUHAJIbHBIE TAPAMETPBHI.
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