Texnuueckue nayku 5

DOI: 10.47026/1810-1909-2025-2-5-16
YIK 621.313-523.2-047.72
BBK 326-028
A.A. AOAHACBEB, H.H. UBAHOBA, B.A. BATKHH, JI.A. TOKMAKOB

O MMOJXOJAX K PACYETY MATHUTHOM IIEITA
JEKTPUYECKOM MAIIIMHBI
HA OCHOBE HUCII0J1b30BAHUSI HAMATHAUYEHHOCTEM
OEPPOMATI'HUTHBIX YYACTKOB EE CEPAEYHUKOB

Knroueevie cnosa: nanpsasicennocmu, OnMUHbl, MASHUMHbIE HANPAICEHUS Y4ACMKO8 Yen,
napanieienuneosi, geppomazHumusle cpeovl, HamazHuieHHocmu, ypasuwenue Jlannaca,
Memoo pazoenenus nepemennblx, nocmosnnvie Pypoe.

Cospemennvie snekmpuyeckue 0ueamen UMeiom 00CmMamo4Ho 8blCOKUll Kodpduyuenm
none3Ho2o Oelicmeus, HO OH Oanek om udeanbHvlx noxazamenetl. Ilosvicumes OanHblil
KO3 uyuenm MoNCHO MOIbKO ONUPAACH HA MOYHbIE PACYEMbl HA dDMAne NPOeKmuposa-
HUsA snekmpuveckux mawun. Hoeble nooxoowl k pacuemy macHummnulx yenei dneKmpuye-
CKUX O0gueameneti NO3GOIAION YMOUHUMb U OONOJHUMb UCHOAL3YEMYIO Ol SMUX yenei
KACCUYeCKyo meopuio.

Llenv uccnedosanusn — cpasHumenvHblll AHAIU3 MPAOUYUOHHO20 NOOX00A K deKmpomas-
HUMHOMY paciemy 1eKmpuiecKkol MauuHsl, OCHOBAHHOMY HA UCHONb306AHUU HANPSIIICEH-
HOCTU U MASHUMHO20 HANPANCEHUSI MASHUTNHO2O MO 8 (PepPOMACHUMHBIX DNEMEHMAX
Ma2HUMHOT Yenu, U HOBO20 NOOX00d, CA3AHHO20 C NpusiedeHuemM peueHull spaHuiHblx
3a0au mamemamu4eckou Qu3uKu Oas 00beMHbIX QPaAcMEeHMO8 MAuUHbl ¢ 8030YUIHOU
u gheppomacHUMHOU HAMACHUYEHHOU CPEeOOll.

Mamepuanvt u memoont. [Ipu nposedenuu uccie0068anus UCNOIb308ANUCL Meopemuie-
CKUe U IMnupuyeckue memoovl. Pacuemv 6vLiu npouszeedernuvl 015 6eHMUTbHO20 08USAeNsL
12]IBM250 mownocmouro 150 kBm. [na asmomamusayuu npoyecca MOOeaupo8anus uc-
nob3068a1ACH CUCHEMA KoMNblomepHot mamemamuxu Mathcad.

Pezynvmamul. B pabome cpasnugaiomces 08a no0xo0a Kk npo8edeHuto 21eKmpoMaeHUMHO20
pacyema snekmpuyeckux mawiun. Ilepevlii basupyemcs na mpaouyuOHHOM pacieme Heau-
HelHOU MACHUMHOU Yenu, KOmopas paccMampueaencst ¢ NO3uyull O8YXMepPHOL HeTUHEUHOU
9NIeKMPUHECKOLL Yenil: MazHUmHble NOMOK U CONPOMuUBeHue — 8 NepeomM NPUOIUICEHUL, IO
AHAN02U SNIEKMPUYECKO20 MOKA U HeUHeH020 pe3ucmopa. B mononozuueckom cmuicne mae-
HUMHAA Yens GUKCUPYemcs KaK nyms 3aMbIKAHUs CUTOBLIX JUHULL MACHUIMHO20 NOJIA 8 npe-
Oenax e2o nepuoda. B pesynomame pacuema Haxo0smes MaKkCUMAnbHble 3HAYEHUs MASHUM-
HOU UHOYKYUU 8 DNeMEHMAax MACHUMHOU Yenu: 8 6030YUWHOM 3a30pe, ApmMax u 3yoyax cma-
mopa u pomopa, maxaice uKcupyemcs pagHosecue UCoYHUKO8 MASHUMHO20 NOA (MA2HU-
MoosuUdCYyWell CUbl 0OMOMOK U MAZHUMOB) U NAOEHUL MAZHUMHO20 HANPAMCEHUS 8 YKA3AH-
HbIX 8bluie IeMEHMAX MAHUMHOU yenu. Bmopou nooxoo seisemcs 6oiee cmpozum ¢ mame-
Mamu4eckoli MouKu 3peHus. aKmueHas 4acme NeKMpUIecKoll Mauutsl NPeocmagnaemcs
KAK COBOKYNHOCMb 08YX- UNU MPEXMEPHBIX 2eOMEMPULecKUX NpoCmpancms ¢ geppomae-
HUMHOU U 8030YWIHOU CPEOOl, MAHUMHOE NOJIe 8 KAHCOOM U3 KOMOPLIX MOdcem Oblmb pac-
CUUMAHO KaK peuleHue epanuynou saoauu Jupuxie wiu Heiimana. Cpedcmeamu adanmayuu
K epanuiHbIM 3a0a4am MamemMamuieckol Qu3uKy A61a10mcs 2paHuiHble YCi06us MazHum-
HO20 NOJIA Ol AKMUSHBIX QEPPOMASHUMHBIX 30H MAWUHbL: CKATAPHbIE MASHUMHbLE HOMEH-
Yuanvl U MasHUmHble UHOYKYUU He npemepnesaiom ckauxa (paspuisa). Eciu sice macnummuvle
JUCMbl 06MOMOK NO COOOPadNCEHUAM YOOOCMBA pacyema pacnonazamcs Ha SpaHuyax, mo
Ma2HUMHbIE NOMEHYUATbL UMEION CKAYOK, PAGHDbIL GeUYUHE NOTHO20 MOKA MASHUMHOZ20 I~
cma. B pezynomame pacuema 6 coomgemcmesuu co 8Mmopwvim H0OX000M ObLU NOYYeHbl 08YX-
wiu mpexmepuvle epapuxu pacnpeoeneHus MazHUMHOU UHOVKYUY (Uiu HaMAazHUYeHHOCU
heppomacnummbIx cped) 6 AKMUBHBIX 30HAX: 8 030VUIHOM 3A30pe, APMAX, 3Y0UOBbIX CLOSX
cmamopa u pomopa d1eKmpu4ecKoll MauuHbl.

Bu1600b1. Bseoenue 6 pacuem namaznuieHHOCHel 00beMHbIX CMPYKMYP € heppomasHum-
HOUl cpedoll no360sem yuecms HelUHeliHble CBOUCMBA U ceomempuieckue 0cobeHHocmu
IMUX DNEMEHMOE MASHUMHOU Yenu S1eKmpuieckoll Mawunsl. [Ipu cmanoapmuvix yposHsx
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MASHUMHOU UHOVKYUU 8 AKMUBHBIX CPEOax MAauuHbvl, NPOOUKMOBAHHBIX OONYCMUMBIMU
MACHUMHBIMU U DNEKMPULECKUMU NOMEPSIMU, C8513b MeNHCOY UHOYKYUEH U HAMASHUYEeHHO-
cmuvio gheppomacHumHol cpedbl MOJICHO cuumams aunetinol. Hcnoavwzosanue 6mopo2o
100X00a K ]1eKMPOMASHUMHOMY PACHemy 91eKmpuieckol MauuHbl HO360151em NOLYYUMb
bonee demanvivle U MameMamuyecku 00CMamoyHo Cmpo2o 060CHOBAHHbLE C8eOeHUsL O Xd-
pakmepe pacnpeoeieruss MaeHUNMHO20 NOJsL 8 e€ AKMUBHBIX YACTISIX.

OnexTpuyecKre MalluHbl HAXOAAT MUPOKOE IPUMEHEHHE BO MHOTHX OTPACiIAX
MPOMBIIIICHHOCTH, YTO OOYCIIOBIHMBACT HEOOXOIUMOCTh TIOCTOSIHHOTO COBEpIICH-
CTBOBaHMsI METO/IOB UX pacyeTa U MpoeKTupoBaHus [6]. OHM UMEIOT TOCTaTOYHO BBI-
coknii koadunment moneznoro neiicteus (KI11). [Ipu aTom mpomomkaroTcs TOUCKH
MyTel MOBBIIMICHUS] YHEPTETUIECKON A(PPEKTUBHOCTH Takux yctpoucts [1, 7, 8, 10,
18, 19]. B yacTtHOCTH, OTIpeIeJICHHBII HHTEPEC MPEICTABIAIOT HOBHIEC MTOIXOBI K pac-
9YeTy MarHUTHBIX LIENel 3JeKTPUUECKHUX JIBUraTeneii, KoTopble MO3BOJISIOT yTOUYHNUTb
Y JOIIOJIHUTB MCHONB3yEMYIO VISl 3TUX LIeNel KIaCCHYECKYI0 TEOPHIO.

Leabio uce/ie10BaHM SBISIETCS CPABHUTENBHBIN aHAN3 TPAIUIIMOHHOTO O/~
X072 K 3JIEKTPOMarHUTHOMY PacdeTy AJIEKTPUYECKOH MalllHbI, OCHOBAHHOMY Ha HC-
MI0JIb30BAHUH HANPSDKEHHOCTH M MAarHUTHOT'O HAPSDKEHUS MarHUTHOTO I0JIS B (ep-
POMAarHUTHBIX 3J€MEHTaX MarHUTHOM IeNH, U HOBOTO TMOAX0/a, CBSI3aHHOTO C MpH-
BJICUCHHEM PELICHUI T'PaHUYHBIX 3a/lad MaTeMaTHYecKOoW (QU3NKU Ui 0OBEMHBIX
(bparMeHTOB MaIIMHBI ¢ BO3AYIIHOH U eppOMarHUTHON HaMarHUYEHHOH CPEaoi.

Marepuajbl 1 MeToabl. IIpy mpoBeaeHNH HCCIEIOBAHMS UCTIOIb30BAIUCH TEO-
peTHYECKHe ¥ SMITUPHYECKe MeTOABL. J{j1s mpoBeneHus pacyeTa ObUT BEIOpaH BEHTHIIb-
HbIi aBuratens 12JIBM250 nponsBonctea UeOOKcapCKOro 3IEKTpOaInapaTHoro 3a-
Bojla MOIIHOCTHIO 150 kBT. /{1151 aBTOMaTH3aimu npoiecca MoJIETMPOBAHUS UCTIOJIB30-
BaJIach crcTeMa KOMIBIOTepHOH MateMaTuky Mathcad.

Pe3ynbTaTsl uccienoBanus. B ¢peppomarautHoM (parMeHTe MarHUTHOW LTI
HaMarHU9EeHHOCTh MarHUTHOTO TIOJIS OTPENIeNsieTCsl U3BeCTHOH popMyoii [5, 11]
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BETCTBEHHO.
Tpaouyuonunuviii nopadok pacuema MazHUMHOU Yenu INEKMPUUECKOU Ma-
wiunbl. B 351eKTpUYeCcKOi MalllMHE MAarHUTHBIM TTOTOK, 3aMbIKAIOIITUNCS Yepe3 SIpMO-
Bble U 3yOUaThie CIIOM CEepJEUHHUKOB CTAaTOpa U pOTOpa, MPOXOTUT Yepe3 OJIUH BO3-
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BWB

HUKA MarautHoro mnoyis — MJIC 00MOTOK BO30YKACHUS U cTaTtopa
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MarHUTHBIC HAMPSKCHUS B yJacTKaX (COOTBETCTBEHHO B BO3IYIIIHOM 3a30pe, B 3y0-
1[aX CTaTopa ¥ pOTOpa, B MOJIOCHOM CEPJICYHHKE, B IpMaxX CTaToOpa M pOTOpa), pas-
HbIC TIPOM3BEACHUSAM MATrHUTHBIX HANPsHKEHWH YIaCTKOB HAa WX IMHY (TOYHEE
Ha JUTMHY CHJIOBOM JIMHUU MarHUTHOTO TIOJISl B Y4aCTKe).

Pacuem mazHuUmHno20 nonAA INEKMPUYECKOU MAWUHBL HA OCHO8E PelleHUA
ZPAHUYHOUL 3a0aUU MAMEMAMUUECKOU (UIUKU MEMOOOM PA30eIeHUs NEPEMEHHBIX
@ypve. B 3amauax mMareMaTHYECKOW (DM3MKH PAacCMaTPUBACTCS PacyeT CKAISPHOTO
MOTEHIaNa 11 00BEMHBIX T'eOMeTpudecKuX (uryp (TOpOH[, MapallieseuIeN)
B COOTBETCTBYIOIIEH CHUCTEME KOOPIWHAT B BHJE MBOHHBIX TPUTOHOMETPHUECKHX
PAZOB C HEU3BECTHBIMU TOCTOSHHBIME Dyphe, KOTOPBIE OMPEICIIAIOTCS TI0 3aaH-
HBIM KpaeBBIM 3HAUYCHUSIM MoTeHuana [3, 12, 15, 17].

Pemenne ypaBHenus Jlamnaca MpUMEHUTENBHO K MPSIMOYTOJIEHOMY THapaJuie-
TeNUIery

2 2 2
Au:8_124+8_121+8 =0, O<x<a, O0<y<b, O0<z<h 3)
ot 9yt ozt
IIPU TPAHUYHBIX YCIOBUAX
u(y=0)=¢,(x,2), u(y =b) = 9,(x,2) 4

M3BeCTHO [15]

h/\ hA (b—
u(x,y,z)= zzsm—xsmm7t C,. S Y +D s o (D= V)

n=1 m=1 a h Sh\/_b " Sh\/mb ’ (5)

TIe

ah
'm=—]0,(x,2)sin s sin " zdvdz,
ah oo a h
4 ah nm mmn ©)
D, =—/|[¢,(x,z)sin—xsin— zdxdz.
ah 00 a h
W3 anamu3za BeIpakeHuit (6) cieayer, BO-MIEPBBIX, YTO IPAHUYHBIC (YHKIHH
¢1(x, z) 1 Q2(x, z) ABISAFOTCS HEYETHBHIMH ITEPHUOTUUECKUMU (TI0 TIEPEMEHHOH X C Tie-
puogoM 2a, a 0 IEpEMEHHOH z ¢ TIEpUOIOM 2/), BO-BTOPBIX, IOCTOSTHHBIE Dyphe
Cum 11 Dy SBISFOTCS KOO (DUITMEHTAMH PA3JIOKCHIS dTHX MIEPUOTNISCKUX (PYHKITHI
JIByX TIEpEMEHHBIX B TPUTOHOMETPUUECKHI BOMHOM psag Dypwe [4].
Huddepenunpys ypaBHeHHE (5) IO IEPEMEHHBIM X, ) U Z, MOYHO MOTYyYHTh BbI-
paKeHHUS ISl COCTABIISIOMINX MATHUTHON UHIYKIUH By(X, V, 2), B\(x, ¥, z) u BAx, y, z),
HE pelnas [Uisg 3TOT0 BTOPYIO TPaHWIHYTO 3a1a4y (3amady Hetimana). Hammpumep,

ch 7\‘nmy ch 7\’nm (b_y)
B ('x y9Z)__uO;r;\/—SIH xsnﬂ nm h\/7b Dnm\s/:Tnb i (7)
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4 3 YCJI0BUA HEIPEPHIBHOCTU MATHUTHOI'O IMOTOKA Mapauieiienureaa CIeayceT,
4TO MEXKAY ABYMS NOCTOAHHBIMU CDypbe HMeEEeTCs JTUHEHHAs 3aBUCHUMOCTh
Cnm =-D, nm* (8)

Torma ¢ yderom paBeHcTBa (8) BeIpaxkeHus (5) u (7) MOKHO IIPEICTABHUTH
B BUJIC

l/l(X y,Z) ;;SIU—XSIH@ ZE ”m-Z ShVSh nm (bbJ’) - (9)
B(xyaZ)——uozz Sln—xsm@ chyh,,y Ch\l am (D — )’) . (10)

o o sh\/_b shyh, b ) "

Pemenns xpaeBbix 3am1a4 Jupuxiie u Heiimana 1i1st 00beMHBIX 001acTeit MOTYT
OBITh aIaNITUPOBAHBI K JIEKTPOMATHUTHOMY PacdeTy JIEKTPUIECKON MAIlIUHBI.
AKTUBHAas 00JIaCTh JCKTPUICCKON MAIIUHBI C PaIUATBHBIM BO3YIITHBIM 3230-
POM MOXKET OBITh TPEACTABICHA B BHJIC MHOTO3TAXHONH KOHCTPYKIIMU C dTaKAMU
pa3HOIi BBICOTHI, COCTOSIIIMX U3 JIBYX COCTHIKOBAHHBIX 110 OOKOBBIM ITOBEPXHOCTSIM
OJIMHAKOBBIX TAPaJUIENICIUIIE0B, KOTOPIE COOTBETCTBYIOT SPMOBBIM, 3yOIIOBBIM,
BO3IIYIIHBIM CJIOSIM MatuHs! (puc. 1).
Ilonnaa mwmpuHa >Ta)xed paBHa yABOEHHOW LIMPUHE OJHOTO Hapayljieenu-
neja — Nepuoy MarHUTHOTO TOJIS
2a=12r. (11)
CpencTBaMu afanTaldd HOBBIX MOJXOJOB pacyeTa K TpaHUYHBIM 3ajadyam
MaTeMaTH4eCKoW (PU3UKHU SABISIOTCS TPAaHUYHBIE YCIOBHS MAarHUTHOTO TIOJIS JUTS aK-
TUBHBIX (DEPPOMATHUTHBIX 30H MAIMHBI: CKaJSApHbIE MarHUTHBIE ITOTEHIIUAIBI
Y MarHUTHBIE HHIYKINH HE TIPETepPIIeBAOT CKadka (pa3pbiBa). Eciu ke MarHUTHBIE
JIUCTBI OOMOTOK IT0 COOOpaKEHUSIM yIO0OCTBA pacueTa pacioiaraloTCsl Ha TpaHUIax,
TO MarHUTHBIE TIOTEHINAIBI OyIyT IMETh CKadOK Ha BEJIMYMHY MOJIHOTO TOKA Mar-
HHATHOTO JIucta [11, 14].
Hpyras ocoGeHHOCTh Ipeiarae-
Y T MOT'0 METO/Ia pacueTa COCTOUT B TOM,
YTO WCIIONB3YIOTCS HaMarHUYeHHO-
| cta (1) deppoMarHUTHBIX y4YacTKOB
KaK C Y3KOM (3IEKTPOTEeXHUYECKAS

by : H CTallb), TaK ¥ C IMIUPOKOH IMETIeH TH-
: crepe3nca (TMOCTOSHHBIE MAarHUTHI).
! 1 I X  OTH y4acTKH B BBHIIEICHHBIX i-X Mapa-
b2 _ /lo— -T2 _/_7_’ JeJIenuIe1ax paccCMaTPUBAIOTCS B Ka-
o —- // h YeCTBE HCTOYHHUKOB  MAarHUTHOTO
nosist, Hapsimy ¢ MJIC oOMOTOK 2itek-

< e a™> TPUYECKON MAIIUHBI.
Puc. 1. AxTuBHas 001acTh C yuerom Toro, uro pu B < 1.8 Tn
IEKTPUYECKON MALIUHBI 14 SJICKTPOTEXHUYCCKUX  CTAJICU
C BEPTHKAILHEIM HA0OPOM HaIpsHKEHHOCTh H; HE TIpEeBBIMIAcT

CABOCHHBIX MapaJUICJICIIUIICI0B,

0,5% ot oTHOIIEHUS B;/ 1y, HAMArHH-
HUMCHOIIUX U_II/IpI/IHy IIOJIFOCHOT'O ACJICHUS
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YEHHOCTb M; 17151 y4aCTKOB aKTUBHBIX 30H CEPACYHUKOB MOKHO OTNPEIENATE B 00JTb-
HIMHCTBE citydaeB 1o opmyde (1) 6e3 yuera HanpspkenHocTH H; [13, 16].

[TockonbKky MarHuTHast MHAYKIOWS B aKTUBHBIX 30HAX AJIEKTPUYECKON MaIIMHBI
00b1uHO M3MeHseTcs B mpeaenax 0 < B; < 1,8, BepxHuil mpeaes KoTOporo HaXoAUTCs
3a «KOJICHOM» KPUBOW HAMarHHYMBAHUS CTaJM, TO 3TO 00CTOSATEIHCTBO MOYKHO CUH-
TaTh TPEThEH 0COOEHHOCTHIO paCCMAaTPUBAEMOTO METO/IA, TIO3BOJISIOIETO KOCBEHHO
YUUTBIBATh HachILlEHHE (epPPOMATHUTHBIX yUYaCTKOB MArHUTHOM LIETIH.

OCHOBY aHaJTUTUYECKUX PACUETOB ATOH MOJENU OyAyT COCTABISATH METOA pas-
JeneHns nepeMeHHbIX Pypbe U N3BECTHBIE YCIOBUS MarHUTHOTO TOJSA Ha OOIIMX
IPaHUYHBIX MOBEPXHOCTSIX HapauIeeNuIeOB: MarHUTHBIE MOTEHIMANIbI U HOP-
MaJbHbIE COCTABIISIONINE UHAYKIIUHA OJUHAKOBHI [2].

B pamkax paccmaTpuBaemMoil MOAENH BBINIOJHUM 3JEKTPOMarHUTHBIA pacyuer
MAarHUTORJIEKTPUUECKOr0 BeHTWIbHOrO jpurarens 12JIBM250 mnpousBojacTBa
Yebokcapckoro anekrpoanmapaTHoro 3apoaal. Ha ocHose gopmyi (9) u (10), uc-
MOJIB3YS MPEIOKEHHYIO TEXHOJIOTHIO pacdeTa, OlpeieMM MarHUTHbIE MHIYKIIUU
CEeMH aKTHUBHBIX CIIOEB (3Ta)keil) ABUTATENs, IPEACTABIEHHBIX B paCUeTHON cxeme
Ha puc. 2.

Hamnpumep, a5 pacueta MarHuTHOM HHAYKIMH B sipMe poTopa (B cioe 2 Ha puc. 2)
OyzeM ncTob30BaTh GOPMYITy

By (x,y,2) = —uoiiv%m sin = xsin — o+ Py (1~ ) G+
a

—z
Shy[A,,, V)

n=1 m=1
N . N . MW
+MOZZsm7xsm72M2(nm),

n=l m=1
(12)
rae C; — Hem3BecTHAs noctosiHHAs Pypee; 0< y <y, ;

B 2n-1
Mz(nm)zi_zcos( n-Da, 1 ,
T g 2n-1 2m—1

r7e B, — cpenHee 3HaUeHUE paluaabHOM MarHUTHOM UHIYKIIUU B cpene 2.
ITogoGHoTro BUaa OyayT GOpMYIIBI U IS APYTHUX CIIOEB, 32 UCKIIOUCHUEM BO3-
JIyIITHOTO 3a30pa (cinos 5 Ha puc. 2), popMyna 111 MarHUTHOW UHAYKIIUU KOTOPOTO
OyneT 6e3 BTOPOTo C1araeMoro, IOCKOJIbKY 3TOT CJIOW He eppoMarHuTHBIH.
[IpupaBHUBas MarHWTHBIE MHIYKIIUN HA TPAHHUIAX BCEX CJIOEB, MOJYYHM CH-
CTeMy JIMHEHHBIX anreOpandecKuX ypaBHEHUH AJI HAXOXKICHUS HEM3BECTHBIX T10-
CTOSIHHBIX Ka)KIOTO CJIOS.

! Bentuneneni asuratens 12JIBM250 mommocteio 150 kBt: mommocts 150 kBT; TOk craTopa
1=250 A; muneiinas DJ1C 450 B; n = 3 000 06/MIH; MarHUTHI — CAaMapUii-KOOAIBETOBEIC; THAMETP pac-
Touku cratopa D;= 0,29 M; akTHUBHas AJIMHA cepaedHUKOB /s = (0,396 M; IIMHA BO3AYIIHOTO 3a30pa
6 =1 mm; uncio 3y0IoB cTaTopa z = 72; YiCiIo Hap HOJMIOCOB p = 3; YMCIIO Ma30B Ha MOJIOC U a3y
g = 4; 4ucno mapasienbHbIX BETBeil 0OMOTKH cTaTopa @ = 6; YKCIIO0 BUTKOB B (haze 0OMOTKH cTaTopa
w=12.
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Puc. 2. ITonepeunslit pa3pes (a) 1 pacyeTHasi cXema JABUTATEIs C ICBIThIO cpefamu (0):
1, 9 — HeMarHUTHOE BHEUIHEE MPOCTPAHCTBO; 2, 8§ — ipMa CePACYHUKOB

B kauecTBe OOHOI'0 U3 OCHOBHBIX UTOI'OB pacucTa MarHuTHOM ey MallluHbI
paccMaTpuBa€MbIM METOJAOM MOYXHO CHHUTATH IOJYUCHHUE rpa(bnquKoﬁ 3aBUCHUMO-
CTH M3MEHEHUS MarHUTHOW WMHAYKIWH Bi(X, y, z) B KaXaoM i-M cioe. Hampumep,
MarHATHBIC HHIYKITNH B BO3IyIITHOM 33a30p€ 1 B 3yOI[OBOM CJIO€ CTaTOpa C HOMEPOM
i =7 OyayT HaXOAUTHCS COOTBETCTBEHHO 110 (hopMyIam

By(x, y,z)——uozzrs1n(—x)s1n(7nzjx

n=1 m=1

c chA,, (y3+y +ch/A,, bs—y) (13)

nmS >

shyA,,, Vs

ToC V3 SV S )y
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B7(x,y,z):—uoii/xnm sinﬂxsin%z x
a

n=1 m=1
Ch\/xlzm(y5+y)+(:h\]7\‘nm(b7_y) C + (14)
Sh }\‘nmy6 "
+uOZZsinﬂxsinm7nz M, (nm),
n=1 m=1 a

e ys <Y< yg;
4B Z/2p j[szn/z .
My (m) ==L L35 [ sinZ(2n - xdx L .
Wo 2L (3 Gonien,p T 2m =1

rae B.; — cpensss MHAYKUuMs B 3yOLie cTaTopa; ¢ — 3yOLoBOE JIeNeHNe; by — IupruHa
nasza cTaTropa; Z — 4Yicjo 3yOIoB cTaTopa.

C nomomipio popmyn (13) u (14) mocTpoeHBI ABYX- U TPEXMEpHbIE IpapuKH
pacripefieieHlss MarHUTHOW MHAYKIUHM B CEpPEeIHHAX cIoeB 5 (BO3AYIIHBIN 3a30p)
(puc. 3 u 4) u 7 (3yO1ts1 cratopa) (puc. 5 u 6).

L1 1073

123

T T

Bi(x.y.zl) 0 (B3(x1,v.2))0.73

T ™
. UV\AAA I 03

023

0 0.076 0.152 0.227 0303 0 0.099 0.198 0297 0396
0 X M 2T 0
a 6
Puc. 3. I'paduku pactpeieieHnsi MArHUTHOW MHIYKIUH B CEpeJIHE BO3LYIIIHOTO 3a30pa:
a — B pyHKIMH KOOPJUHATHI X; O — B QYHKIMU KOOPAMHATHI Z UL X = X1 = 3,5¢

. M h

XN oM

Puc. 4. TpexmepHast HOBEPXHOCTh paclpee/IeHUs] MArHUTHON HHIYKIUU
B CepeAinHE BO3YIIHOTO 3a30pa
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Puc. 5. I'paduku pactipesiesieHnsl MArHUTHOW MHIYKIUH B CEpeIHE 3yOI[0BOTO CJIOS CTaTopa:
a — B (pyHKIUH KOOPJIVHATEI X; 6 — B PYHKI[MH KOOPMHATHI z IS X = X1 = 3,5¢

0.1 02
X, M

Puc. 6. TpexmepHas HOBEPXHOCTh paclpee/IeHUs] MArHUTHON HHIYKIUU
B cepe/iMHe 3yO10BOro ciost 7 craropa

W3 nosy4eHHBIX rpa)MKOB BUTHO, YTO MarHUTHAS MHIYKIHS B BO3IYIITHOM 33a30pe
WCTIBITHIBAET ITyJIbCAIIMH, BRI3BaHHBIE 12 3yOLamu cTaTopa Ha KaXKIAOM TIOJIFOCHOM Jie-
nernu (puc. 3, a). OceBoe pacrpe/ie/ieHie MAarHUTHOW MHYKIIK B BO3IYIITHOM 3330p€
HECPAaBHOMCPHOC: 3HAYCHUC HWHAYKIIMHU B CCPEAUHC AKTHUBHOM JUIMHBI ABUTATCIIA
Ooublire, UeM Ha ee Kpasix (puc. 3, 6). MarHuTHas UHIYKIUsI B 3yOLIOBOM cJioe 7 cTaTopa
TaxOKe UMEET MyJIbCAllH, KOTOPBIE B OTIMYHE OT TAKOBBIX B BO3IYIITHOM 3a30P€ UMEIOT
OoJbIIIyIO TITyOHHY M aMILIUTYy (puc. 5, a). Kpome Toro, uMeer Mecto Goliee paBHO-
MEpHOE paclpe/IeICHUe MarHUTHOW WHIYKIIWK TI0 JJTMHE CTaTopa B 3yOLIOBOM cjioe 7
(puc. 5, 6) MO0 cpaBHEHHUIO C AaHAIOTHYHBIM B BO3IYIITHOM 3a30pe. [locTpoeHHbIe Tpex-
MepHBIE MTPOCTPAHCTBEHHBIE MOJIENTN PACIPEIENICHNS] HHAYKINN B CEPeTUHAX BO3IYIII-
HOTO 3a30pa (puc. 4) v 3y0ILI0BOTO CJ10s1 7 cTaropa (puc. 6) OTpakaroT BCe 0COOCHHOCTH,
KOTOpBIE OBLIH XapaKTEPHBI JJIs1 COOTBETCTBYOIIMX JIByXMEPHBIX Moieneii (puc. 3 u 5).

C nomotisio popMyIr, aHATOTHYHBIX (14), MOXHO TIOIYYNUTh TpaduIecKue 3a-
BHCHMOCTH HM3MEHEHHS MAarHUTHOU WHAYKIUHW, a 3Ha4YUT, U HaMarom4CcHHOCTH
BO BCEX JIPYTUX (hepPOMATHUTHBIX AaKTUBHBIX CIIOSIX 3JIEKTPHYCCKOM MAIIHHBI.

BoiBoabl. 1. BBemeHne B pacueT HaMarHMUEHHOCTEH OOBEMHBIX CTPYKTYP
¢ heppOMarHUTHOU CPEZION TIO3BOJISACT YISCTh HEIMHEHHBIC CBOHCTBA M TCOMETPH-
YECKUE OCOOEHHOCTH 3TUX AJIIEMEHTOB MarHUTHOM LI 3JIEKTPUUYECKON MAIIUHEI.
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2. IIpu cTaHmapTHBIX YPOBHAX MAarHUTHOM MHAYKIIMU B aKTUBHBIX Cpelax Ma-
UIMHBI, TPOJUKTOBAHHBIX JOIYCTUMBIMU MAarHUTHBIMH U 3JEKTPUYECKUMHU IOTE-
pSAMH, CBS3b MEXAY WHIYKITHEH W HaMarHMYCHHOCTBIO (PeppOMArHUTHOHN CpeIsI
MOYKHO CUUTATh JIMHEHHOM.

3. HoBas popMa 371€KTpOMarHUTHOTO PacyeTa MO3BOJISIET OTyYHUTh 00JICE IETalTh-
HBIC ¥ MATEMAaTHYECKH IOCTATOYHO CTPOTO 0OOOCHOBAHHBIE CBEJCHHUS O XapaKTepe pac-
MpeeIeHns. MArHUTHOTO TOJIS1 B aKTUBHBIX YaCTSIX 3JIEKTPUUECKON MaIIMHBIL.
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Aleksandr A. AFANASYEYV, Nadezhda N. IVANOVA,
Vladimir A. VATKIN, Dmitry A. TOKMAKOV

ON APPROACHES TO THE CALCULATION
OF THE MAGNETIC CIRCUIT OF AN ELECTRIC MACHINE BASED
ON THE USE OF MAGNETIZATIONS OF FERROMAGNETIC SECTIONS
OF ITS CORES

Key words: intensities, lengths, magnetic stresses of circuit sections, parallelepipeds, fer-
romagnetic media, magnetizations, Laplace equation, method of separation of variables,
Fourier constants.

Despite the fact that modern electric motors have a fairly high efficiency, it is far from ideal.
This coefficient can only be increased based on accurate calculations at the design stage
of electrical machines. New approaches to the calculation of magnetic circuits of electric mo-
tors make it possible to clarify and supplement the classical theory used for these purposes.
The purpose of the study is a comparative analysis of the traditional approach to the electro-
magnetic calculation of an electric machine, based on the use of the strength and magnetic volt-
age of the magnetic field in ferromagnetic elements of a magnetic circuit, and a new approach
related to the use of solutions to boundary problems of mathematical physics for volumetric
fragments of a machine with an air and ferromagnetic magnetized medium.

Materials and methods. Theoretical and empirical methods were used in the study. Calcu-
lations were made for a 12DVM?250 magnet motor with a capacity of 150 kW. To automate
the modeling process, the Mathcad computer mathematics system was used.

Results. The paper compares two approaches to the electromagnetic calculation of electrical
machines. The first one is based on the traditional calculation of a nonlinear magnetic circuit,
which is considered from the standpoint of a two-dimensional nonlinear electric circuit: mag-
netic flux and resistance are in the first approximation, they are analogues of the electric
current and nonlinear resistor. In the topological sense, a magnetic circuit is fixed as the path
of closing the lines of force of a magnetic field is within its period. As a result of the calcula-
tion, the maximum values of magnetic induction in the elements of the magnetic circuit are
found: in the air gap, yokes and teeth of the stator and rotor. The equilibrium of magnetic field
sources (magnetomotive force of windings and magnets) and magnetic voltage drops in the
above elements of the magnetic circuit is also recorded. The second approach is more rigor-
ous from the mathematical point of view: the active part of an electric machine is represented
as a set of two- or three-dimensional geometric spaces with a ferromagnetic and air medium,
the magnetic field in each of which can be calculated as a solution to the Dirichlet or Neumann
boundary problem. The means of adaptation to the boundary problems of mathematical phys-
ics are the boundary conditions of the magnetic field for the active ferromagnetic zones of the
machine: scalar magnetic potentials and magnetic inductions do not undergo a jump (discon-
tinuity). If the magnetic sheets of the windings are located at the boundaries for reasons
of convenience of calculation, the magnetic potentials have a jump equal to the value of the
total current of the magnetic sheet. As a result of the calculation in accordance with the
second approach, two- or three-dimensional graphs of the distribution of magnetic induction
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(or magnetization of ferromagnetic media) in the active zones were obtained: in the air gap,
yokes, tooth layers of the stator and rotor of an electric machine.

Conclusion. The introduction of magnetization of bulk structures with a ferromagnetic me-
dium into the calculation allows us to take into account the nonlinear properties and geo-
metric features of these elements of the magnetic circuit of an electric machine. At standard
levels of magnetic induction in the machine's active media, dictated by permissible mag-
netic and electrical losses, the relationship between induction and magnetization of a fer-
romagnetic medium can be considered linear. The use of the second approach to the elec-
tromagnetic calculation of an electric machine makes it possible to obtain more detailed
and mathematically sufficiently rigorous information on the nature of the magnetic field
distribution in its active parts.
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