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OCOBEHHOCTU 'EOMETPUUN KATYIHIEK MHOI'OYPOBHEBBIX OBMOTOK

[na bazamopienegux 060WaApPOBUX 0OMOMOK €NEKMPUYHUX MAWUH, WO CK1A0AIOMbCA i3 RPOCMUX XGUTbOBUX AO0 RPOCMUX
HEMALOBUX IHCOPCMKUX KOMYUWIOK, OMPUMAHO PO3PUXYHKOBI CRIGBIOHOWIEHHA, WO 00360NAI0Mb GUHAYUMU PO3MIpU 10006UX
YaACMUH KOMYWOK 0J14 KOJNCHOZ0 PIBHA IX pO3MAULY8AHHA Y NA3AX CIMAMOPA.

,ZIJI}I MHO20YypO6HeablX OByXCJlOﬁHblx 00MoOmok IIEKMPUHECKUX MAWUH, COCMOAWUX U3 RPOCMbIX 60JIHOBLIX UJIU RPOCHIBLX
NENUIEBLIX HCECMKUX KAMmYUEeK, ROJIYyYEeHbl pACUenHble COOMHOUIEHUA, NO360/LAI0OWUe 0npe0eﬂumb pasmepol J210006bIX Yacmeil
Kamyuiek 01 Kaxcoo2o YPOBHA UX PACROJIOHCEHUA 6 nA3AX cmamopda.

BBEJEHHE

Jnst co3maHus HaAEXKHBIX OOMOTOK JIEKTPHUUECKUX
MAIlIMH HEOOXOANMO COBEPIIEHCTBOBATh KOHCTPYKLIMIO
KaTymiek 0OMOTOK.

K npumepy, pacnipeneneHHble IBYXCIOIHbIE 0OMOTKH
CTATOPOB TATOBBIX ACUHXPOHHBIX 3JEKTPOABUraTesneH, nu-
TaeMBIX OT TpeodpazoBaTeNs YacTOThl, HEOOXOIUMO MPO-
EKTHPOBaTh TaKUM 00pa3oM, 4TOOBI 3(P¢eKTUBHBIC MPO-
BOJTHUKH MO BCEH JJIMHE BUTKOB KaTyIIEK UMEJH HE BUTKO-
BYIO, @ KOPIYCHYIO HW3OJISILMIO, WHAYE €CThb BEPOSTHOCTD
npo6osi BUTKOBOW W3OJISILMU TPOBOAHMKOB MMITYJIbCHBIM
(MUKOBBIM) HAMPSDKEHUEM OT MpeodpazoBaTess.

Ecnu kaTymku BbIMOJIHEHb! MHOTOBUTKOBBIMHU, TO Ha-
HECTH KOPITYCHYIO M30JISILMIO MO BCEH UTMHE KaKIO0TO BUT-
Ka KaTylKHW HeBO3MOXHO. C 3TOH LEJbl0 BMECTO MHOTO-
BUTKOBOM KaTyLIKH MOYKHO MPUMEHHUTb COOTBETCTBYIOLIEE
KOJIMYECTBO OAHOBUTKOBBIX KATyIIEK. TEeXHOJOTHS M3ro-
TOBJICHUS ¥ YKJIAAKW B CTATOP TAKUX KaTyLIEeK 3HAUUTENIBHO
yIpomaercs W Takas OOMOTKa cTaTopa SBIsieTCs Oomee
HaJeKHON NPH IKCTUTyaTalyu NeKTPOABUTaTesL.

IMpumepom Takolf OOMOTKH MOXKET OBITH cXema
JNeKTpUYecKas CoeIMHEeH i, npuBeneHHast B [1].

[pu npuMeHeHnH TakuxX Katyllek (MpOCThIX BOJIHO-
BBIX WIN MPOCTHIX METIEBbIX) aKTyallbHOU 3a1aueii KOHCT-
PYKTOpa CTAHOBHUTCS UX Pa3MeLIEHHUe B 30HE JIOOOBBIX yac-
Tei, MOCKONbKY, €CIIM BMECTO, HalpuMmep, TPEXBUTKOBBIX
KaTyLIEeK B3STh MO TPH OJHOBUTKOBBIX, TO OHU JOJKHBI
OBITH PACTIONOKEHBI B CTATOPE MO BBICOTE OOMOTKH B TPEX
ypoBHsix. Takast 0OMOTKa Oy/IeT TPeXypPOBHEBOIA.

B mpaktuke T'TI 3aBoma "DnexTpoTsxmain’ mpu
MPOEKTUPOBAHNH U TMPOU3BOACTBE TATOBBIX ACHHXPOHHbBIX
3NIEKTPOBUraTeNeil MPUMEHSAIOTCS NBYX— WIIN TPEXypoOB-
HEBbIE IBYXCJIOWHbBIE BOJJHOBbIE OOMOTKH CTATOPOB.

Jns BO3MOKHOCTU YKJIAAKHW JBYXCJIOWHOW MHOTO-
YpOBHEBO! 0OMOTKM TpeOyeTcsi TOUHBIH pacueT reoMeT-
pun T0OOBBIX YacTel KaTyLIKH.

Karymwkn nms kaxaoro ypoBHSI pacroioxeHus 00-
MOTKH JOJI’KHBI UMETh Pa3InyHble TeOMETPUUYECKUE pas-
Mepbl JOOOBBIX HacTei, T.e. KaTyLIKU JOJKHBI ObITh He-
CKOJIbKUX UCIIOJHEHUM.

H3BecTHbIE METO/IbI PACUETA KECTKUX KaTyilek [2-4]
Oosiee MPUMEHNUMBI Il OOBIUYHBIX OJHOYPOBHEBBIX IBYX-
CIIOMHBIX OOMOTOK.

Pacuer reomeTpun 71060BBIX HacTell KaTylleKk MHO-
TOYPOBHEBOUM NBYXCIOHON OOMOTKH C NpUMEHEHHEM
3TUX METOJ0B OKa3alICs POMO3JIKNM M B MPOLIECCE MONC-
Ka MPUEMJIEMBIX PEIICHUI aBTOpPaMH 3TO¥ CTaThu Obla
pa3zpaboTaHa HOBasi METOJMKA pacueTa JOOOBBIX yHacTeit
OIHOBUTKOBBIX KaTyLIeK A5l MHOTOYPOBHEBBIX HBYX-
CIIOMHBIX OOMOTOK CTATOPOB MALIHWH NMEPEMEHHOTO TOKA.

OMNPEAEJEHHE IMTOCTOAHHBIX TEOMETPUH
JIOBOBBIX YACTEU KATVYIIKH
Ha pwc. 1 mpezacraBieHa B OBYX TPOEKIMAX OXHO-
BUTKOBAS KaTyIIka BOIHOBOW OOMOTKH.

Cornacho puc. 1
hl=|lH-Sin0(H=|lB~SinocB, (1)
rre hy — BeIIeT 3aHel To60BOM wacTh KaTymk; |y, |y, —
COOTBETCTBEHHO, IJIMHBI HIDKHEN W BepXHEl 3amHel Jo-
60BO¥ HacTH; o,; W O; — COOTBETCTBEHHO, YTIIBI HaKJIOHA
HWKHEH W BepXHel 3anHel T060BOI HacTH.
’ ’
— IlH : llB _ IlB , (2)
COoSO0L, CosoL,

rae 'y, u 'y, — COOTBETCTBEHHO, MPOEKLIUU JIUH HUKHEN
U BepxHell 3aHeit 1000B0it HacTy .

[Mpoekuum OTUH MOKHO BBIPA3UTh KakK

=2t T2 B ©
360° 360°

rae D, 1 D, — cOOTBETCTBEHHO, TMAMETPHI PACTIONOKEHHS

B Ta3y MOBEPXHOCTEW MPOBOJHWKOB HWXKHEN W BepXHEH

CTOPOH KaTYIIKH; P1,; W B1; — LEHTpaIbHbIE YTIIBI HIKHEH

7 BepxXHel 3amHeli T000BOH YacTH KaTVIITKH.

AN

- R T

TS Y .
s S i

IlH

'BlH' iB:

N

Puc. 1. ITapamerps! T0OGOBBIX YacTeit KaTyIIKK

Orcrona
sinoy, = D +A)\Z (4
nD,
sing, = B*4)-z (5)
D,

rae b, — muprHa 106080 YacTH U3OJIMPOBAHHOM KATYII-
KH; A — 3a30p MeXIy JJOOOBBIMU HYaCTSIMU ABYX COCEIHUX
KaTyllek (Belu4MHA 3a30pa 33aeTcs B 3aBUCUMOCTH OT
MPUHSATON TMAOTHOM WM HEMJIOTHOW YKIAAKHK); Z — YUCIIO
Ma30B CEPACUHUKA CTATOPA.
Beripaxenue (1) ¢ yuerom (2)—5) npumer Bun
TCDH.B]_H (bK"rA)'Z_ TCDB'B]_B (bK+A)'Z
360° - coso.,, D, 360°- cosa, D,
ITpeoGpa3oBaB 3T0 BEIpaXkeHHE, MOIYIHM

BlH — B].B WIN Bﬂ: Cosal, .
Coso,;  COSOL, By cOSOL,
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Obo3HaTNM

Bﬁ _ Gosoy _ K.
Bis  cOSOL,

[Mocne mpeodpazopanuii

360°
P +B1s = KBz +B1s =Bus '(K+1)=T' Y1,
rae Y; —3aaHuil war kaTyku (1iar no nasam).
B - 360°-y;  360°-y; -cosa, ©)
1772 (K+1)  z-(coso, +cosat,)

360°- Y1 - COSOL 0
Z- (CosoL, +COS0L,)

Bripaxennst (1) u (2) ¢ yuetom (6) u (7) mocre mipe-
00pazoBanmii

By =

nD,, - Y1
Iy, = H , 8
™ 7. (cosa,, +cosa, ) ®)
g = e A ©)

z-(cosa,, +cosa, )’
— nDH'yl'(bK+A)'Z
z-(cosar, +cosa, )- nD;,
Beoipaxenus (3) ¢ yuetom (6) u (7) mocne npeobpa-
30BaHUN

(10)

nD, 360°-y-K nD,, - Y- oS0, 11
W= : = , (11
360° z-(K+1) z-(coso, +cosoa,)
7= mD, 360°-y;- K mDg-y;-cosoy (12)

360° z-(K+1) z-(cosa, +coso,)
XapakTepHoe B TONy9YeHHBIX (opmymax (6)-(12)
BEIpaXEHE
Y1
z-(cosoy, +coso,)
HA30BEM MOCTOSHHON FEOMETPUM 3a[HUX JIOOOBBIX Yac-
Teit Karymku, 0003HaunuM ero Cig:

Y1

Cy = . 13

1™ 7. (cosoy, +cosar,) (13
Bripaxenus (6)—12) ¢ yuetom (13) mpumyT BUA:

By = 360°-Cyq - cOSOY (14)
B1s =360°-C,q-COSOL (15)
Iy = Cy1 Dy, (16)

|15 = Cy1- D, 17)

11 = Cyq - Dy - COSOL, (18)
115 = Cyq - Dy, - COSOLy (19)
hy=Cpp-2- (b +A). (20)

AHanorHdHble MateMaTHieckne IelCTBHS MOMXKHO
BBITIONIHATE W IS TiepefiHeil JTOOOBOM 9acTW KaTyIIKH,
YUIUTBIBAA, 9TO YIIIbI HAKIOHA 3aJHUX W TlepelIHnX J1000-
BBIX WacTeil OHHaKOBbIE.

B pesyrnberate mpeoGpasoBaHmii GymeT ompenencHa
MOCTOSTHHAS T€OMETPUH TIepeAHNX JTOOOBBIX HacTel Ka-
tymkn Cyp W TIOYdeHBI COOTHOMmEHNs (prc. 1)

Cop=—r—2 | (21)
z-(coso,, +cosa, )
1€ Y, — TiepeIHuii mar kaTynrky (Imar mo BEIBOAaM),

oy = Cyp - 1Dy, » (22)

lop = Cy2 Dy, (23
Boy =360°-Cy.» - cosay (24)
Bog =360°-C,5-coso. , (25)
hp=Cep 2 (b +A). (26)

PasMeps! 1000OBBIX HacTeil, paccunTaHHbIe 1O (op-
mymam (16), (17), (20), (22), (23), (26), obpasyioT mpu
yKIaJike KaTyllek IHIHHIPUIeCKHe TTOBEPXHOCTH.

Ha npaxtuke 1060BbIe 9acT 0OMOTKH HEOOXOANMO
TIOAHATH OTHOCHUTEJIBHO MOBEPXHOCTH PAacTOUYKH cTaTtopa
Ha yro’ Y, paBHbI 5-6°, mpudeM, ¢ y4eTOM TEXHOJIOTHU
W3TOTOBJICHUS KATYILEK ¢ NMPUMEHEHHeM TopObuUIs, TOT
YTOIl B pacueTe CleayeT 3aJaTh paBHbIM 8°.

Jns nonmydeHus: HEOOXONUMBIX KOHHUYECKUX TIO-
BEepPXHOCTEH yKa3aHHbIC BBIIIE pa3Mephl JIOOOBBIX dacTeit
clieqyeT pa3leiuTb Ha KOCHHYC YIia noabema JIOOOBBIX
vacTeil karyuiku (COSY).

METOJUKA PACUETA

IIpennaraemas MeTOIMKA pacueTa HECIOXKHAs U MO-
3BOJISIET MOJNYYUTHh C MNPUEMIIEMON Ui TMPOU3BOACTBA
ANEeKTPUUECKUX MALINH TOYHOCTBIO Pe3yJbTaThl pacuera
TEOMETPUM KaTyLIEK.

HcxonHbIMM JaHHBIMM Ul pacueTa SIBIAIOTCS MNa-
pametpsl Dy, Dy, Z, b, A, Y1, Vo, v.

PesynabraTamu pacuera SBIAIOTCA MapameTpsl J1060-
BBIX YaCTeld KaTyIIeK MHOTOYPOBHEBOH ABYXCIOWHOW
0OMOTKH, pacCUnTHIBaeMbIe 10 (PopMyam:

. z-(b +A
aB =arcs nh ,
nD,
. z-(b+A
o, = arcsmM,
nD,
Y-
Ca= z-(cosa 1+cosoc )’
H B
)= Y2
K 1
z-(cosor, +cosar,, )
llH _ CKl'TEDH
cosy
|lB _ CKl'nDB
cosy

l15 = Cy1 - Dy - COSOL,
I1; = Cyq - 1D, - cOSOL,
B =360°-Cyq - cOSO,
Bz =360°- Cyq - COSOL
Ce-Z- (b +A)

M= cosy ’
|2 _ CKZ 'TCDH
" cosy
_ CK2'TCDB
M=
cosy

Bo, =360°-C,,-cosa,, ,
BZB =360°- CKZ -COSOLg 4

ez 2B +2)

cosy
MeTonnka NpuUMeHNMa IJIs pacdeTa JOOOBBIX Hac-
Tell OJHOBWTKOBBIX KaTyIleK JIOOOTO YpOBHS pacmoio-
xerwns. [ pacvera reoMeTpWH KaTYITKA KOHKPETHOTO
YpOBHSI HE0OXOOUMO 3aJaTh COOTBETCTBYIOIIHE 3TOMY
YPOBHIO IWAMETPBI PACTIONIOKEHNS B TTa3y MOBEPXHOCTEH

TPOBOJHIKOB HWKHEM W BEpXHEl CTOPOH Karymku Dy u
D, (puc. 2).

IMPUMEP PACUETA
B kauecTBe mpumepa NpHBEAEH pacueT JOOOBBIX
qacTeil KaTyleK TpeXypOoBHEBO 0OMOTKHM cTaTopa TATO-
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BOTO acCWHXPOHHOTO 3ekTpoasuTatenst AJ1902Y 2.

[Tocne 3amoHeHNsT KOHCTPYKTOPOM Ta3a CepaeuHu-
Ka crtatopa 0OMOTOYHBIM TIPOBOAOM W M30JALINEH 1O BHI-
coTe W IMUPHHE JJIs TEpPBOTO, BTOPOTO W TPETHETO YPOB-
Hell pacrmonoXeHns KaTylleK OMpeAeNsioTca: OUaMeTphl
pacToio:KeHns B Ma3y MOBEpXHOCTEH MPOBOTHNUKOB HIXK-
Hell W BEpXHEH CTOPOH KaTylIeK TpeX WUCTIOJIHEHWH, MIu-
pvHa T00OBOI YacTH W30IMPOBAHHOM KaTyIITKH, BETAIHHA
3a30pa MeXIy ABYMS COCETHVMH KaTyITKaMd B 3aBUCH-
MOCTH OT YKJIaIKW JIOOOBBIX WacTel W 3aJaloTcst OCTallb-
HETe NCXOJIHEIE TaHHEIE.

HcxonHble JaHHBIE pacueTa MpUBEICHBI B Tao0m. 1.

Pesynbrarel pacuera J000BBIX YacTel KaTymek Tpex
WCTIONHEHUI MpUBeIeHsI B Tabl. 2 1 3.

[TomyvyerHble MapaMeTphl IOOOBBIX JacTel KaTymek
WCTIONB3YIOTCS TIPHW pa3paboTke uepTexel KaTymlek ¢
MPHUCTIOCOOTIEHUT T X U3TOTOBIECHUS.

Tabnuua 1
M cX0/1HbIE JIaHHBIE K pacyery

[TapameTph 3HaueHNs TapaMeTpoB
JIJIST UICTIOJTHEHHH KaTyTek
1 2 3
D, MM 345 368 390
D, MM 357 379 401
ya 36
b,, MM 79
A, MM 0,1
Y1 8
Yo 10
v, Tpa. 8

Puc. 2. [1a3 craTopa, 3amoTHEHHBIH TBYXCIOMHOM
TPEXYPOBHEBOM 0OMOTKOM

Tabnuua 2
I lapamerpsbl 3aJIHUX JIOOOBBIX YACTEH KaTyIIEK
[TapameTtps! | 3HaveHWs ISt HCTIONHEHHH KaTyIIleK
1 2 3

O, TP 15,4 14,4 13,6
O, TPAI. 14,9 14 13,2
Ci1, MM 0,116 0,115 0,114

| 10y MM 121 128 135
|15, MM 125 132 139
I"1, MM 115 122 130
|15, MM 119 126 134
By, TpAT. 39,7 39,8 39,9
B1s, TPAIL 40,3 40,2 40,1
hy, Mmm 33 34 35

Tabmuua 3
ITapaMeTpsl IepeIHUX JOOOBBIX YaCTEH KATYIICK

[MTapameTphl | 3Ha4eHWs IS HCTIONHEHWH KaTYIIEeK
1 2 3
Coy MM 0,144 0,143 0,142
5 MM 151 160 169
l5, MM 156 165 174
B2, TP 49,7 49,8 49,9
B2s, TPAI. 50,3 50,2 50,1
hy, MM 40 41 42
BbBIBO/IbI

Jlmst  TOBBITIEHNS  HageKHOCTH OOMOTOK cTatopa
MHOTOBHTKOBEIC KaTYITKW ¢ BUTKOBOW M30JISTIHEH MOKHO,
He W3MeHSsS OOMOTOYHBIX NaHHBIX CTaropa, 3aMeHWThb
COOTBETCTBYIOIINM KOJMYECTBOM OXHOBHTKOBEIX KaTy-
IIEK ¢ HAaHECEHHOW Mo BCel UIMHE KaTylieK KOpIyCHOM
monsmueit. ITpw 3ToM OOBIYHas OTHOYPOBHEBas IBYX-
cIIoifHast 0GMOTKA BEITIONTHSAETCS Kak MHOTOYPOBHERasI.

Jlmst pa3MenieHnst MHOTOYPOBHEBEIX OOMOTOK CTaTO-
POB MamIVH MepeMEeHHOTO Toka pazpaboTaHa HOBas MeTO-
VKA pacuera KaTylleK, OCHOBOW KOTOPOW SBISAIOTCS TO-
TydeHHBIe MaTeMaTHYecKhe BBIPaXEHWS! MOCTOSHHBIX
TeOMeTpHH JIOOOBEIX TacTell kKaTylek.

MeTtonnka pacueta TEOMETPWH KaTylmlek MHOTO-
YPOBHEBBIX OOMOTOK MpOILIIa YCTEIIHYIO armpodaio 1
MCTONTB30BANACk MPH pa3paboTKe TATOBBIX aCHAXPOHHBIX
anekTponsurareneli AJI902Y?2 nyis BaroOHOB MeTpOTIONHU-
tera (1994 r.), AJI914Y1 nmns Tpy30maccakupcKoTo
smektpoBo3a JIC-3 mpomsBoactBa JI9B3 — Cumenc
(2004 1)), AJ917YXJI1 myis Tpy30BBIX TEMIOBO30B
(2008 r.) m IpM TIPOCKTHPOBAHNH TATOBBIX aCHHXPOHHBIX
3NeKTpoABHTaTenel 11 TpaMBaeB U TPOJUIeHGycoB.

MeTtonnka pacuera TEOMETPWH KaTyllek MHOTO-
YPOBHEBEIX OOMOTOK CTaTOpa MOXeT OBITh afanTHpoBana
TPVMEHNUTENEHO K MHOTOYPOBHEBEIM OOMOTKaM sTKOpeit
MamINH MOCTOSTHHOTO TOKA.
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