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OCOBJIMBOCTI PO3NOANIEHHA MAIMHITHUAX NMNOTOKIB Y PEXUMI
HEPOBOYOIo Xxoay CMnoBux TPAHC®OPMATOPIB

Mema pobomu. Po3pobka no8020 nioxody 00 MamemMamuyHo2o0 MOOen08anHa y cmpykmypi 3acodie FEMM
SMIHHUX Y YACi NpOYecié enekmpoMAasHimHO20 NePemeopents eHepeii 8 CULOBUX pO3NOOLILYUX mpanHchopmamopax i
BU3HAYEHHS NAPAMempi6 HepoOOU020 X00Y 3 YPAXYEAHHAM HeNiHIUHUX MASHIMHUX 6]1aCIMUEOCHEl eNeKMPOMEeXHIUHUX
cmareti i 0co6nUBOCMel] KOHCMPYKYIT MPUPDAZHUX WIUXMOBAHUX MASHIMHUX CUCMEM, W0 3a0e3nedye Ni0GULYeHHs MOoY-
HOCMi 8USHAYEHHS PO3NOOLNIEeH A MASHIMHUX NOMOKI8 | napamempis Hepo60Y020 X00Y.

Memoou docnidrncenn. Hucenvre MoOeno8anHs 36 AI3aHUX eNSKMPUYHUX A MASHIMHUX NOTIIE 8 CUNOBUX PO3NOOiTb-
YUX MPAHCHOPMAmopax Memooamu CKiH4eHUx eleMenmie ma meopii eneKmpomasHimHo2o nos.

Ompumani pezynemamu. Ilpedcmagneno meopemuyti 00CAIOHNCEHH MOOETIOBAHHA 36 A3AHUX eIeKMPUYHUX d
MAa2HImMHUX NONI6 HA OCHOGI YUCEeNbHOT peanizayii Memooom CKiHueHux eiemenmis ysazanvhenoi 2D modeni cunogozo
PO3n00inbuo20 mpancghopmamopy, aKa 003601A€ BPAXYS8AMU HENIHIIHICIb MASHIMHUX 61ACMUBOCEL eNeKmPOmexHi-
YHOT cmani ma 3MiHU KYMOBUX 3¢y6ie cmpymis asHux 0OMomox y pexcumi epobovozo xody. Ilpoananizosano posno-
OinenHs i (hopmu 4aAco8UX KPUGUX MASHIMHUX NOMOKI6 Y MASHIMHIT cucmemi mpugasnozo po3nooiieio2o mpancghop-
mamopa. Buznaueno 2apmMoHiiiHuil CKIa0 4aco8ux KpUeUx MAacHimuux ROMoKie y CIpudICHsX, APMAx, Kymax Mazuimmoi
cucmemu i 8i0n0GioHI Koeiyienmu necunycoioansnocmi. Buxonano xopeaysanis 0iis po3nooiny Olouux 3Havelb Ma-
HIMHUX NOMOKI8 y Kymax Ol GUSHAYEHHS AKMUBHOT MA PeaKMUBHOI NOMYHCHOCMI 6 MPUDASHUX MASHIMHUX cuUcme-
max, wjo 3abesneyye nioGUUjeHHs MOYHOCMI PO3PAXYHKY NAPAMEmpis Hepobouo20 X00y mpugasnozo po3noodiibyozo
mparncgopmamopa.

Haykosa noeusna. 3anponoHosano mMemoouxy Oas aHanisy po3snooilents i popmu 4acosux KpUsUx MAcHimHux
NOMOKI8 Yy MASHIMHI cucmemi mpugazHo2o po3noodilbyo2o mpanchopmamopa, ska 00360J5€ BPAXy6amu HELHIUHICMb
MACHIMHUX 61ACMUBOCMell eNeKMPOMEeXHIYHOI CIMAaLi ma 3MIHU KYMOGUX 3CY8I8 CMPYMIG (azHux 0OMOMOK y pexicumi
Hepob04020 X00y. Busnaueno eapmonitinuii CKiao 4acosux Kpusux MacHimHux NOMoKie 6 MasHimuitl cucmemi mpugas-
HO20 pO3n00inbu020 mpancgopmamopa i 8i0n0GiOHI KoeiyicHmu HecuHycoioarbHOCmi, a MaKodic 6CMAaH0BIeHO iX
KINbKICHI 6IOMIHHOCMI Y CINPUCHAX, APMAX, KYMAX MASHIMHOI cucmemu.

Ilpakmuuna 3nauumicme. 3anponoHo8aHo MemoouKy Kopezy8amnHs Oas po3nooiny Oitouux 3HAUeHb MASHIMHUX
NOMOKI8 Y KYmax Oiis BUSHAYEHHA AKMUSHOT Ma PeaKmuHOi NOMYHICHOCHI 8 MPUDAZHUX MASHIMHUX CUCTNEMAX, AKA
3abe3neuye nioguweHHs: MOYHOCMI PO3PAXYHKY NApAMempie Hepobou020 X00y MpuphasHo2o po3noodiibyoco mpaHc-
popmamopa (8ionocna noxubka 00 5%) na emani KOHCMPYKMOPCHKOI NIO20MOBKYU BUPOOHUYMEA.

Knrwuoei cnosa: mamemamuuna mooens, MazHimue noie, 8eKMOPHU MASHIMHUL NOMEHYIa, MemooO CKIHYEHUX
enemMenmis, Hepoboyull Xio, mpugasHuil CuLo8Ull MpPAHcHOPMaAmop, 2apMOHIUHULL CKAAO0, MASHIMHUL NOMIK, AKMUGHA
1 peakmueHa NOMYHCHIMb.

BCTYII TOPA, BITHOCSTHCSA CTPYM 1 aKTUBHI BTPAaTH HEPOOOIOTO XOTTY.
CtpyM HEpoOOYOro XOAy € MUTOMOI0 XapaKTEPUCTHKOIO
PEaKTUBHOI OTYKHOCTI TpaHC(hOopMaTopa, TOUHICTh BU3HA-
YEeHHSI SIKO1 € HEZIOCTATHBOIO 1 TOTPEOy€E iCTOTHOTO TOJIIIIICH-
Hs. Cy4acHi iH)KeHepHI METOIUKH [UIS BH3HAYCHHS IMapa-
MeTpiB HepoOOYOTro X0ay MOTPeOyIOTh BEIMKOI KITBKOCTI
KOPHUTYIOUHX KOe(ili€HTIB, 0 BU3HAYAIOTHCS MIISTXOM I0-
PIBHSIIBHOTO aHai3y PO3PaxyHKOBUX IMapaMeTpiB i JaHUX
BHIIPOOYBaHb Yy AOCTIAHUX 1 BUPOOHWYNX yMOBaX. Takum
YUHOM, JIOCTOBIpHA 00JIaCTh iX 3aCTOCYBaHHS OOMEKYETHCS
JIMIIE TPOSKTYBAaHHAM OKPEMHUX THIIIB B ICHYIOUHX Cepisix
Tpa"copmaTopis.

JIis po3poOKK HOBHX cepiid eHeproeeKTUBHUX PO3TIO-
1TBIuX TpaHcopMaTopiB, SK MPABHUIIO, 3aCTOCOBYIOTHCS
CydJacHi mporpaMHi 3aco0M MaTEMaTUIHOTO MOICITIOBAHHS
€JICKTPOMAarHiTHUX MPOIIECiB IEPETBOPEHHS €HEPTil 3MiHHO-
ro ctpymy, Hampukiaax ANSYS, Maxwell, Edmag3D,

[Tpn HU3pKOMY 3aBaHTaXKEHHI BUPOOHHYOT MOTYKHOCT1
MPOMHUCIIOBUX MiJNPUEMCTB, HacaMIlepe]] eJIeKTPOMETalTyp-
rifHUX, peaKTHBHA NOTYXHICTh 0araTb0X po3MOIUIBINX CH-
JIOBUX TPaHC(HOPMATOPIB, IO MPALIOIOTH y PEKHMI HEpO-
6040ro0 X0y, ICTOTHUM YHHOM BIUIUBA€E Ha poOOTY €HEpro-
CHCTEeM, 0COOJIMBO Ha BTPATH BiJl IEPETIKAHHS PEaKTUBHOL
eHeprii [ 1]. Lle moTpeOye 3MEHIIIEHHS CTPYyMiB HEPOOOIOTO
XOJy JUIsl HOBHX THITIB PO3MNOALIBYMX TPaHC(HOPMATOpiB, a
TAKOK ITiJBUIIEHHS TOYHOCTI pO3paxyHKy apaMeTpiB He-
Ppo060Y0ro X0y IUISIXOM 3aCTOCYBAaHHS Cy4aCHUX MOJIEJIEH 1
MPOTPaMHUX 3aC001B [ I JBUIIEHHS TOYHOCT] BU3HAYEH-
Hsl TIapaMeTpiB, HOXMOKA SIKUX IPH 3aCTOCYBaHHI JIIF0Y01 HKe-
HEpHOT METOAMKH MO3ke csaratu 10 30% [2].

Jlo macropTHUX AaHUX TpaHC(HOPMATOPA, SIKi MOTPedy-
I0Th 000B’SI3KOBOTO BU3HAYEHHSI JUIsl KOKHOTO BUTOTOBJIE-
HOT0 a00 BiIpEMOHTOBAHOTO PO3MOALIFIOTO TpaHchopma-
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COMSOL Multiphysics, [3]. HaBeneni mporpamu xapakre-
PH3YIOTBCS BEJIMKOIO BAPTICTIO, CKIIAHUMH iHTepdeiicamu,
3HAYHUMH BUMOTaMH BiJJTHOCHO IIBUIKOII Ta peCypciB 00-
YHCITFOBAJIBHOI TEXHIKH, IO ICTOTHO 0OMEXKYE TOCTYII IO HUX
KOPUCTYBa4iB IPOEKTHHUX YCTAHOB i i IIPUEMCTB.

AJBTEPHATHBOIO 10 HABEICHUX MPOIPAMHUX 3aC0O0IB €
YHiBEepCaJbHi IPOTPaMHi TAKETH MATEMATHIHOTO MOICITIO-
BaHHs, sIKi MaloTh cratyc freeware. Bonu € qoctynmaumu i
3pYYHUMH B IH)KCHEPHIH MPaKTHUIIl alle MaroTh 0OMEKEHHS
IIOJI0 MOJICITIOBAHHS 3MIHHUX Yy 4aci nporueciB. Tomy po3-
poOKa METOJIMKH 3aCTOCYBaHHS Cy4acHHX 3aCO01B MaTeMa-
TUYHOTO MOJICITIOBAHHS 1 MPOTPAMHOTO 3a0e3MeueHHs 13
crarycoM freeware AJIsl IMiBUICHHS ¢()EKTUBHOCTI KOHCT-
PYKTOPCHKOT i ATOTOBKX BUPOOHHMIITBA € aKTyaTBHOKO 3a]1a-
YEI0 Y HayKOBOMY 1 IPaKTHYHOMY Iu1aHi. OtHUM 13 HalOLIb LI
posnoscromkenux nakeris nporpam € FEMM (Finite Element
Method Magnetics) [4], aie lioro 3acTocyBaHHs OOMEKEHO
yiie 2D 9acTOTHUME MOJIEISIME 200 MOJICIISIMHE MTOCTIHHO-
ro ctpymy. e morpebye po30opKH CrieIiaaTbHUX TiIXOIB i
METOIUKH JUTS MOZCTIOBAHHS MPOIICCIB €ICKTPOMATHITHOTO
MIEPETBOPCHHS CHEPril 3SMIHHOTO CTPYMY Y CEpPEIOBHIIAX 3
HEJHIHHIMU MarHITHAMH BIACTUBOCTSIMU.

®OPMYJIIOBAHHSA IIJIEA CTATTI

Mertoro poOoTH € po3p0oOKa HOBOTO MiJIXOTY IO MaTeMa-
THYHOTO MO/JIENIOBAHHSI y CTPYKTYpi 3aco0iB FEMM 3minHnx
y 4aci poLeciB eNIeKTPOMArHiTHOTO EPETBOPEHHS Hepril
B CHJIOBHX PO3IOALIBYHMX TpaHC(opMaTopax 1 BU3HAYEHHS
napaMeTpiB HepoOOYOro X0y 3 ypaxXyBaHHSAM HENIHIHHUX
MarHiTHUX BJIACTHBOCTEH €NEeKTPOTEXHIYHMX cTajlel 1 0co0-
JIMBOCTEH KOHCTPYKLIT TpH(a3HUX IIMXTOBAHUX MarHiTHUX
CHCTEM, 1110 3a0€e3IeYye€ MiABUIEHHS TOYHOCTI BU3HAYECHHS
PO3MO/IiICHHS] MarHITHUX OTOKIB 1 MapameTpiB HepoOoUo-
IO XOTy.

METOIVKA JOCJKEHD

Heo0xiaHo B3STH 10 yBaru HO3UTHBHHIA IOCBIJ 3aCTOCY-
BanHs FEMM 10 4rcenbHO-TI0IOBOI0 MOJICITIOBAHHS 00ep-
TOBHX EJIEKTPUYHUX MAILIHH, 5IKi 30y/PKYIOTbCSl CHHYCOT/IalIb-
HO 3MIHHHUMH Yy 4Yaci CTpyMaMH, a TakoX J0 PO3PaxyHKy
CTPYMiB, III0 1HAYKOBaHi 3MiHHUM MarHiTHHM IOJIEM Y TIpO-
BiJTHUKOBHX cepeoBHIax [5]. I3 BpaxyBaHHAM MOAIOHOCTI
€JIEKTPOMArHiTHUX IIPOLIECIB B 00EPTOBUX EIIEKTPUYHUX Ma-
IIMHAX i CHJIOBHX TpaHC(POpMaTOpax y pexumi HepoOodoro
X0y MaTeMaTHYHIi MOJIeNi 3MIHHOTO y Yaci eleKTpoMart-
ITHOTO TIOJISl CTABJIATH y BIIOBIIHICT CYKYITHICTh CTaIlio-
HapHHX MOJIeJIei TOCTIIHOTO CTPYMY, 3HAYEHHSI SIKOTO BiZIIIO-
BI/IaIOTh MUTTEBUM 3HAYEHHSIM CTPYMiB 0OMOTOK Pi3HHX (a3
TpaHchopmaTopa y BU3Hau€HI MOMEHTH uacy. HaBeneHi
HPUITYLIEHHs TOBHICTIO BiANOBIJAIOTH KIACHYHOMY ITiIXO0-
Jy J10 BUSHAYEHHS BIUIMBY HEJIIHIHHUX BIACTUBOCTEH €JIeKT-
POTEXHIYHOI CTaJi MAarHiTHOI CHCTEMH Ha (OpPMY KPHUBHUX
IHAYKIIT Ta MarHiTHUX ITOTOKIB Yy TONEPEYHUX Iepepizax
CTPWXKHIB 1 5ipM [2].

Takum YMHOM, MATEMAaTUYHIN MOJIENI 3MIHHOTO Yy Yaci
MarHiTHOTo 1ojisi y (JOpMy/IIOBaHHSX BEKTOPHOTO MarHit-
HOTO ToTeHmiany [4,6]:

rot lrotA +G0A/0t =y,

w
B =rotA,
B = o -u(H|)-H, (1)

H=i-H,+jH,,

MO>KHA TIOCTAaBUTH y BiJIIIOBITHICTH BEKTOP MaTeMaTHIHUX
MOJIeJIel CTaIlioHapHOTO MarHiTHOTO TOJIst [4]:

rot mH_ﬂ}mtAk =Jx
{By =rotA |,
{Bk =l 'M(IHk|)'Hk } @
Hy =i Hyg +j-Hy b= (1,....K)

KOMIIOHCHTH SKOTO BiJIIIOBIalOTh KOMIIOHCHTAM BEKTOPIB
3HAYEHb CHJI HAMArHiYyBaHHS, [0 BU3HAYAIOTHCS IS 00-
MOTOK KOXHOT 3 TPbOX (ha3:

{[A,k}z {1, - -sin(o- 7 )},

{15 }=11,,-W -sin w-tk—2~§ :

{14 }={1, W -sin co-rk—4-§ , €)

k=(1....K),

y BIJIIOBIZTHOCTI /10 BEKTOPY MOMEHTIB 4acy, 110 3a/1aHi i3
MOCTIHHMM YaCOBHMM TaKTOM JUIsl OJJHOTO Mepioay 3MiHHOTO
ctpyMy yactororo 50 I'i;:

{tet={k=1)-Ac}k =(1,...,K ), AT = 0,02/(K ~1), @)

ne A, Ay —BextopHi MarnitHi notenmiam, B , H —Bexro-
Y MarHiTHOI iHIYKI{i Ta HAIIPy»EHOCTi MarHITHOTO MOJIA i3
MPOEKIISIMH, |l() - Ll —MarHiTHa TPOHUKHICTB Migo0nacTei
Y PO3paxyHKOBIiil o0nacTi, }J/ — YnCIIO BUTKIB MEPBUHHOI

00MoTKH (00MOTKH BHCOKOi Hanpyru), {44 ,1p i, Ick ,

1, — da3Hi cTpyMu 1 aMILIITYa CTpyMy B IIEPBUHHUX 00-
MOTKax TpaHcdopmaropa, o —KyToBa 4acToTa, At— 4aco-

BUH TaKT, T; — MOMEHT 4acy f -TO TaKTy.

Beperbcs o yBary, mo tpudasHi po3moniIEdl CHIOBI
TpaHc(hOpMaTOpH MAIOTh IUIOCKUH THIT MarHITHOT CUCTEMH.
Tomy nocrarapo obmesxutucs 2D obnacTio MoeTIOBaHHS
y Iepepi3i CHII0BOT0 TpaHc(hOopMaTopa BEPTUKAIBHOIO TUIO-
KHO0. BKazaHa miiommHa NpoxoIuTh Yepes3 0Ci CTPHKHIB
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MarHiTHO1 cucteMu. JIo po3paxyHKoBO1 00J1aCcTi B3SITO MarH-
ITHY CHCTEMY i3 CTPIDKHSAMH, spMaMH, KyTaMH i3 TOBHUM
KOCHM CTHKOM, NIEPBUHHAMH OOMOTKaMH i GakoM TpaHC-
(dhopmaropa. ToBIMMHY KOHCTPYKIIIHHOT cTalli 6aKy TpaHC-
(dhopmaropa ais peskuMy HEpoOOUIOTo X0y MOXKHA HE Bpa-
xoByBatu. KoHtyp 6aky 36iraeThCst i3 30BHIITHBOIO KOHDIry-
pamiero po3paxyHKoBoi obiacti. [mbmHa po3paxyHKOBOI
001acTi 00MpaeTHCS TAKUM YHHOM, MO0 IIIOINA CTYIHYAC-
THX CTPIDKHIB (Da3 CriBagana i3 IiomaMy BiIMOBITHUX TPsi-
MOKYTHHKIB i3 CTOpOHaMH, SIKi JOPIBHIOIOTH JiaMeTpaM
CTPIIKHIB.

CucreMa piBHSHB (1) 3aMHUKa€TLCS BEKTOPAMU TpaHUY-

HUX YMOB i yMOB cripsikeHHs1. Ha 30BHimHEROMY KOoHTYpi 1
007acTi MOJCITIOBAaHHS MarOTh BUKOHYBATHUCS OJHOPIIHI
yMoBH Jlupuxiie aj1si BEKTOPHOT'O MarHiTHOTO MOTEHIiAY,
SK1 BKa3yIOTh Ha Bi/ICYTHICTh ITEPETHHAHHS MarHiTHAM I10-
TOKOM 30BHIIITHKOT KOH(ITypaIlii po3paxyHKOBO1 00JacTi st

KOXKHOTO MOMEHTY 4acy 7 :

Akl =0}k =(L....K) @)

Mix pi3HUMH e1leMEHTaM1 KOHCTPYKIiT aKTHBHOT YacTH-

HH CHJIOBOTO TpaHcopMaTopa Ta iHIIMMH CYIUTLHIMH ce-

penoBHUINaMH i3 Pi3HUMH €IeKTPO]i3NIHIMH BIACTHBOCTSI-

MH 33/1al0ThCSl YMOBH, SIKi BU3HAYAIOTh PIBHICTH JTOTUYHHUX

CKJIA/IOBUX HAIPyXEHOCTI MarHiTHOT'O MOJIsl Ha BHYTPILIHIX
TPaHULSX CIIPSHKEHHS:

Hy = Hrk,2}‘n =0. )
MarHiTHi BIaCTUBOCTI €JIEKTPOTEXHIYHOT CTANI 3a/1AI0Th-

¢Sl INCKPETHAMH MacHBAMH {B o H }, 110 BiZ0OGpaXXar0Th

3aJISKHICTh MATHITHOT IHIYKLIT Bi/l HATPY>KEHOCTI MarHiTHO-
O HOJIsI.

[epeBaroro FEMM € HasBHICT 3ac00iB, SIKi JT03BOJIA-
I0Th IHTEPIIOJIFOBATH HABEICHI TUCKPETHI MACHBU METOJAMU
CIUTAIH-1HTEPIIOJIALIT Ta OTPUMATH Oe3nepepBHY (PYHKIIIIO

sanexuocti B = f(H)

OCHOBHI PE3VYJIBTATHU

B pexxumi HepoO0odoro X0my po3paxyHKH MarHiTHOTO
moJist B 2D 0071acTi akTHBHOT YaCTHHU CHIIOBOTO TpaHchop-
MaTtopa TM 1600/35 3aiiicCHIOIOTECS IITTIXOM pealtizallii Ma-
tematraHoi Mojeni (1)—(5) MeTooM CKiHICHHUX eTEMEHTIB
y nporpamaomMy maketi FEMM mis 40 MUTTEBUX 3HAYECHB
gacy i3 TaktoM 0,005 c.

3a momomoroio iHTepdeiicy Bizyamizarmii mporpamu
FEMM oTpuMyOThCSI PO3IIO TN CUIIOBHX JIHIN (JTHIN piBHS
JUIS PI3HUX CTAJIMX 3HAY€Hb BEKTOPHOTO MarHiTHOTO TIOTEH-
ITiaJTy) Ta MOMTYJTIB MArHITHOT iHAYKIIii 110 IoBepxHi 2D o6macTi
MOJICTIFOBaHHS (pHC. 1), SIKi TaKOXK O POBYIOTHCS 1 HAKOTIH-
YYIOTBCS, SIK (halliIi YMCETbHO-TI0JILOBOTO EKCIIEPUMEHTY.

3acobamu FEMM 3a manrmu MOIETFOBaHHS I KOXKHO-
TO MOMEHTY 4acy OOYHCIIOIOTHCS 3HAYCHHS MATHITHUX T10-
TOKIB Y CTPIKHSIX, IPMaX 1 KyTax 3 KOCHM CTUKOM JJIs KpalHixX
CTPWKHIB MAarHITHOI CHCTEMHU:

D, = J(B,ds)

m

Ta CepeIHi 3HAUCHHS THAYKITii:

()]

SIKi IPEJICTABIICHO Ha pHC. 2.

Beci kpuBi cepenHix 3Ha4€Hb iHIYKLIT XapaKTepU3yIOThCs
00J1aCTSIMH CIUTOLIEHHSL, IPOTSIKHICTB SIKUX HAOJIMKAETHCS
110 24% BiJ; 4aCOBOTO MEPiOy.

Jlns moganbInoro aHalizy BU3HA4ar0THCS JTIF041 3HAUCH-

HSI IHIYKLi:

©)

2 N-1
aa =~ 2 Bma,; ~cos(k~oo-iAr),bkA =
N i=0
) N-1
=— 2 B, -sin(k - - iAt),
N i=0
P 2
app =—- B, n.-coslk-|®-iAt———||,bp =
kB N = muaB; ( 3 kB
N-1 )
:%- BB, - sin k(o)-iA‘c—zTnj ,
i=0 Vo (7)
2 ‘& 4-1
apc =—- B c-cosl k| o-iANt——— | |, by =
kC N = maC; [ 3 j kC
2 Nl 4.1
=—- B, c.-sinlk-| o iAT———
N 2o e ( 3

y rapMOHi#Hif anpoKkcUMallii cepeaHiX 3Ha4eHb IHIYKIIT B
CTPIXKHSX (pHC. 2)

BA(E) =024 +

+ i[al-A cos(m- ‘C)+ bia cos(coo r)],

i=0
By ()= 0%/ +
+ f: [a,-B cos(w~ T— 2%)+ b cos(w~ T— 2%)1
i=0 ®)

Be(x)= 00/ +
N i[aic cos(oo - 4%)+ bic cos((o T— 4%)]

i=0
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Density Plot: |Bl, Tesla
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Pucynok 1 — Po3nozis jiiHiil piBHOro MarHiTHOrO MOTEHIiaTy Ta iHAYKIii MarHiTHOTO MoJis TpancdopmaTopa [isl peKUMy

Tupyrmia v crprmnnx, T

HepoOo4oro xomy

2 .““1 te g = —
?@@{ e ’Q?m@@eww‘?@ AR EO
P ' or
! (1 I ‘ :%'{r
|1 +4+ 3 '; ,:f:, ++
& % i 1 @
0 &”& ~ & LD b .
e R 2
\ . Y
1 ‘%T}IL ,'}TE' b
) I_'I (Ib "ér <>.'+.
19000008 ¢ Prep oo 5 Ot
0 41073 21073 0.012 0.016 0.02
Yac, c

— Iupyeasia B ctprossi dasm A (1 rapmosia)
++++ Inmysina B cTpiasi dasu B (1 rapmoniea)
=== [ugveasia 8 ctpioesi dazm C (1 rapmowisa)
g2 [uoyvians B cTpiossi dasm A
<r-< [umyeita B cTpiesi Gasm B
&0 [unyeana B ctprossi dasmn C

Pucynok 2 — YacoBi 3MiHH IHIYKIii MarHITHOTO HOJIS Y CTPHXKHSAX TpaHchOopMaTopa I pesKIMY HepoO0dOoro Xomay
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13 aMILTITYIaMH Ta JIFOYNMH 3HAYEHHAMHU 1HTYKIH y BiANO-
BIJTHIX CTPIDKHSIX:

2 2

Bua; =Vaian~ +bia” s Bua; :BmA,'/\/Ea
[ 2

BmBi =vV4B +biB ’B)lBl- = BmBl‘/\/Ea
[ 2

B, c; =vaic” +bic ’BHC,' = BmCi/\/E’

3a SIKUMHU BU3HAYAIOTHCS TAKOXK KOS(DilliEHTH HECUHYCOI -

HOCTI:
K
KA :W’Z(BmAi)z/BmAl ,Kp =
i>1
K K
= > (Bus,f /Bupy K =]’Z(Bmcl‘)2/BmC1 . (10)
i>1 i>1

Juis crutomienoi (GopMH 4acoBUX KPUBHX IHAYKLIT y
CTpIKHAX (puc. 2) koedinienTn Hecunycoignocri (10) Ha-
6mmkarotees 10 20%.

BinmoBiHO 10 iHXXEHEPHOT METOIUKH PO3PAXYHOK Ia-
pameTpiB HepoOOYOTO XOAY 3AIMCHIOETHCS JIMIIE 3a
JNII0OYMMH  3HAYEHHSMH [EpHIUX TapMOHIHHUX

©)

BmA] + BmB] + BmC]

3.42 ’

CKJIQJIOBHX IHIYKIITy CTPIKHSX —

1 BmA1 +Bm31 +BmC1

Ky 342

BmA] + BmB] + BmC]
6

ApMax— 1 KOCHX CTHKax —

[ToxuOka iH)KeHEpHUX PO3PaxXyHKIB JIIOYMX 3HAUYCHb
inaykuii He nepesumye 1,00% y NOpiBHSAHHI 3 JTaHUMH YH-
CEITLHO-ITOJIBOBOT0 MOJICITFOBAHHS 1 CITIBBITHOIICHHS (6).

3aco0aMn 4HCENbHO-TIOIBEOBOI0 MOJICJIIOBAHHS J0BO-
JIMTHCS, 1110 TIPUITYIICHHS IHKEHEPHOT METOIMKH I110/I0 PIBHO-
MIpHOTO PO3NOJUTY IHAYKLIT y CTUKaX KpaWHIX CTPIHIKHIB
(dasu A, C) i3 BepxHIMH Ta HI)KHIMHU SIpMaMHu HE BUKOHY-
I0ThCS, aJIKe IIeH PO3IOLI € Pi3Ko HepiBHOMIpHUM (puc. 3).
OCKUTBKH 3aJISKHOCTI TUTOMHX BTPAT 1 TUTOMOT pEaKTHBHOT

HOTY)KHOCTI BiJl 3Ha4€Hb 1HAYKIi1 € HeTIHIHHUMH, TO 3HAYHO
301IBbLIY€ETHCS TX HEPIBHOMIPHICTD Y KOCHX CTHKaX (pHc. 3).

J1o 06poOKYM TUCKPETHUX JAHUX MOJIETIOBaHHS 3aCTOCO-
BYIOTBCSl METOZM HOPMYBAHHS 1 TOJIIHOMialIbHOT perpecii i3
CTYIIEHSIMH MOJIIHOMIB, SIKi JOPIBHIOIOTH 6

Ban(r) pen(r). gon(r)}=

6 X 6 X 6 .
1 ~ 1 ~ 1
= Zbcm,i'r’ chm,i'r’ chm,i'r > (11)
i=0 i=0 i=0

0 JT03BOJIMJIO 3MEHIIUTH TIOXHUOKY OOpOOKH MaHUX IO
0,925%. KoedinierTn nmoiiHoMiaIsHOT perpecii HaBOIAThCS
yTabm. 1.

Brparu i peakTHBHI TOTY>KHOCT] y KOCHX CTHKAX 30BHIITHIX
KYTiB MarHiTHOI CHCTEMH PO3PaXOBYIOTHCS 13 3aCTOCYBaH-
HSIM HOPMOBaHHX PiBHSHB MOJiHOMIampHOI perpecii (11).
BimzHagaeThes, o 1s TOCHiJHOTO TpaHCopMaTopa aKTHBHI
BTPATH Y KOCHX CTHKaX € Oibmmmy Ha 17,386%, a peakTiBHA
TOTYXHICTB — Ha 39,242% mopiBHSAHO i3 3HAYCHHAMH, SIKi
PO3paxoBYIOTECS 32 KIACHYHOIO 1H)KEHEPHOIO METOIUKOIO
[2]. Ile mpu3BOMUTH 10 BU3HAYEHHS aKTHBHUX BTpaT HEPOOO-
4oro xoay 6inemumu Ha 2,4% i cTpyMy HEPOOOYOTO XOIy
Ha 5,6% 110710 po3paxyHKiB 3a IHKEHEPHOIO METOIUKOIO.
Hageneni moxubku imkKeHEpHOT METOIUKH, SIK ITPABUIIO, KOM-
TICHCYIOTh IIUIIXOM BBEICHHS KOPUTYIOUHX EMITIPUIHUX KO-
e(dimienTiB, SKi BU3HAYAIOTH IIJITXOM 00pOOKH JaHnX Oara-
THOX TPaHC(HOPMATOPIB PI3HHUX THIIIB 1 TOTY>KHOCTI [2]. Ae
JTaHi KOeIIi€HTH € TOCTOBIPHUMH JIHIIIE TS IPOSKTYBAHHS
TparchopMaTopiB y Mexax ix morepeIHix cepii.

3arponoHOBaHMH ITiIXi] 10 BU3HAYEHHSI TapaMeTpiB He-
pobodoro xoay Tpanchopmaropa Bpaxye HEpiBHOMIPHICTh
PO3MONUTY IHAYKITIT y KOCHX CTHUKAX SIPM 1 KpalHIX CTPHIKHIB.
Ie ycyBae BkazaHH HEAOMIK iHKEHEPHOT METOIUKH PO3pa-
XYHKY 1 pO3IIUPIOE 001aCTh 11 3aCTOCYBAHHS JJIS TIPOCKTY-
BaHHS HOBHX TPAaHC(POPMATOPIB 1032 ICHYIOUUMH CEPiIMHU
Ta JI7Ist HOBUX MapOK €JICKTPOTEXHIYHHX CTaJlei. 3aCTOCYBaH-
HSI YMCENBbHO-TTOJIHOBOTO MOJIETIOBAHHS B CTPYKTYPi 3ac00iB
FEMM He notpe0ye Oyab-1KAX BUTPAT Ha JOPOTe CIIeITiai-
30BaHe IporpamMHe 3abe3rneueHHs, a mpocToTa iHTepdeicy
FEMM He BrcyBa€e 10IaTKOBUX BUMOT JI0 TPOEKTAHTIB.

BUCHOBKH

3anpomoHoBana 2D Mo1e1b MarHiTHOTO TIOJISI CHIIOBOTO
Tpa"copMmaTopa B peKUMi HEPOOOIOTO X0y 1 METOAMKA

Tabmums 1 — Koedinientn noninoMiansHoi perpecii

Crynins 70 r! 2 I I > 76
THyKLis 1 0,384 4,33 —20,945 40,754 —38,458 13,703
Turomi 0,999 | -0,024 | 1,378 4,212 -15,317 17,759 6,25
BTpaTH
ITuroma
peaKTHBHA 0,998 | —1,009 9,538 —49,542 85,588 -61,549 | 15,976
HOTY)XHICTh
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Binnocua nogxaiHa oci mepepizy "Kocoro” cTHEA, B.O.

0O O Posmogin ovewi (Mogensos aHHa )}

— Pozmopin inpyveasi (perpecia)

< ¢ Posmopin mMTOMHX BTPaT (MOTEIOBAHHA )

- - -- Posmopin mMToMMX BTpaT (perpecia)

© © Pozmopin oMol MOTVHOCT] HAMAarHMVESHHA (MOIEIEOE aHHA }
==+ Poamonin maTomMoi MOTY:KHOCT HaMarHiMyeaHHa (perpecia)

Pucynok 3 — Po3nozin HOpMOBaHUX 3HA4Y€Hb IHAYKIT, THTOMHX BTPAT i HOTY)KHOCTI HAMAarHi4yBaHHs B «KOCOMY» CTHUKY

YHCEIILHO-TI0JILOBOTO MOJICJIIOBAHHS JO3BOJISIOTH BpaxyBa-
TH BIUTMBH BULIUX TaPMOHIHHHUX CKJII0BUX MAarHITHOTO I10-
TOKY 1 HEpIBHOMIPHICTb PO3IOALTY IHAYKIIT Y KOCHX CTHKaX
KpalHIiX CTPM)KHIB Ha ITUTOMI BTPATH i TUTOMY PEaKTHBHY
MOTYXHICTb.

BukopucraHHs MeTO/iB HOpPMYBaHHS 1 HOJIIHOMiaJIbHOT
perpecii 3abe3reuye 10CTOBIpHE BU3HAYEHHS JIOIaTKOBUX
BTpaT y KOCHX CTHKax, PO3IIMPIOE 00IacTb 3aCTOCYBaHHS
IH)KEHEPHOI METOIMKY JUIS TPOCKTYBAHHS HOBUX THITIB CH-
JIOBUX TPaHC(OPMATOPIB 1 EIEKTPOTEXHIYHHX CTAJIEH Ta ICTOT-
HO MiJIBUIYE TOYHICTH PO3paxyHKy IapaMeTpiB HepoOoyo-
r'0 X0y 13 3MEHIICHHSIM MOXUOOK Maiike Ha 5%.

CIIMCOK JIITEPATYPU

Mertoanka 00YHCIICHHS TUIATH 32 IIEPETIKaHHS PEaKTHB-
HOT eJIEKTPOCHEPTi MiXK eJIEKTPOIepeIaBaIbHOI0 OpraH-
i3amieto Ta i cniokuBauamu. 3aTBep/ukeHa Hakazom
MiHicrepcTBa ajiiBa Ta eHepreTuKy Ykpainu 17 ciuns
2002 p. Ne 19, 3apeecTpoBana B MiHiCTepCTBI FOCTHIIIT
VYkpainu 1 nrotoro 2002 p. 3a Ne 93/6381,
http://zakon4.rada.gov.ua/laws/show/z0093-02.
Tuxomupos II. M. Pacuer Tpancpopmaropos /
II. M. TuxomupoB — M.: DHeproaromusaar, 1986.
-528c.
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OCOBEHHOCTH PACIIPEJEJTEHUSI MAT'HUTHBIX IIOTOKB B PEXKUME XOJOCTOI'O XOJIA CH-
JIOBBIX TPAHC®OPMATOPOB

Lens pabomul. Paspabomxa 068020 n00X00a K MAMEMaAMU4eCKOMY MOOENUPO8anUIo 6 cmpykmype cpeocme FEMM
nepeMeHHbIX 80 8PEMEHU NPOYECCO8 INEKMPOMAZHUMHOZ0 NPEOOPA306AHUSA IHEP2UL 8 CUTOBBIX PACHDEOENUMENbHbIX
mpancghopmamopax u onpeoeinenue napamempos Xoi0Cmozo xo0d ¢ yY4emom HenuHeUHOCMU MAZHUMHBIX C80UCME
INIEKMPOMEXHUYECKUX cmaiell U 0cobeHHOCmel KOHCMPYKYUY mpéxghasHblX WUXMOBAHHIX MASHUMHBIX CUCIEM, KO-
mopas obecneuusaem nOsbIUIEHUE MOYHOCMU ONPeOeNeHUs PACHpedeNeHUs MAZHUMHBIX NOMOKOB U NAPAMempo8 X010~
cmozo xooa.

Memoouka uccneoosanus. uciennoe MoOenupoSanue CoONPAHCEHHbIX INEKMPULECKUX U MASHUMHBIX NONEl 8 CUTO-
BbIX PACHPEOETUMENbHBIX MPEXPAZHLIX MPAHCHOPMAMOPAX MEMOOAMU KOHEUHBIX DNEMEHIMO8 U Meopul J1eKmpomaz-
HUMHO20 NOJIA.

ITonyuennwie pesynvmamot. Ilpedcmasnenvt meopemuecKie Uccae008aHUs MOOETUPOBAHUS CONPAHCEHHBIX DNEKM-
PUYeCKUX U MAZHUMHBIX NOJIell HA OCHOGE HYUCIEHHOU peanu3ayuu Memooom KOHeUHblX dlieMenmos 060ouennot 2D
MOOenu CUL08020 PACHPeOeNUMeNbHO20 MPAHCHOPMAMOpPA, KOMOPAas NO380IAEN YHeCb HeNUHEUHOCTb MAZHUMMHbBIX
CBOTICME DNIEKMPOMEXHULECKOU CINANU U USMEHEHUS Y2N08bIX CMEWeHUL MOKO8 (Pa3HbIX 0OMOMOK 8 pexcume X010Cmo-
20 xooa. IIpoananuzuposansl pacnpedenenus u Gopmvl 6PEMEHHBIX KPUBLIX MASHUMHBIX NOMOKO8 8 MAHUIMHOU CUC-
meme mpexghasnozo pacnpedenumenvho2o mpancgopmamopa. Onpedeienvl apMOHUUHbIL COCMAE BPEMEHHBIX KPU-
BbIX MASHUMHBIX NOMOKOS 8 CMEPHCHAX, APMAX, Y2Nax MASHUMHOU CUCIEMbL U COOMBEMCMBYIoWUe KO3 duyuenmol
HecunycouoarbHocmu. Beinonneno koppexmuposka pacnpedenenust Oeucmeaylowux 3HaueHull MazHUumHslX NOMoKo8 6
yenax onsa onpeoeneHus, akMmueHoU U peaKmugHoUu MOWHOCMU 8 MPeXaAZHbIX MAZHUMHbIX CUCEMAX, KOmopas obecne-
yusaem nogvluleHue MOYHOCMU paciema napamempos Xoni0Cmozo x00a mpex@asHozo pacnpeoenumenbHoeo mpanc-
Gopmamopa.

Hayunas noeusna. IIpeonoscena memoouxa ananuza pacnpeoenenus u Gopmol 6peMeHHbIX KPUBLIX MACHUMHbIX
NOMOKO8 8 MAZHUMHOU CUCTEMe MPeXPA3HO20 PACHPedeTUMENbHO20 MPAHCHOPMAMOPA, KOMOPAs NO360I5Em Y4ecnb
HeNUHeliHOCMb MAZHUMMHBIX C8OUICME DNEKMPOMEXHUYECKOU CIANU U USMEHEHUS Y2N08bIX CMeWeHUll MOKO8 (azHbix
00MOMOK 8 pedcume X010cmo20 xo0a. Onpeodenensvi 2ApMOHUUHBIT COCINAB 8PEMEHHBIX KPUBLIX MAZHUMHBIX NOMOKO8
MASHUMHOT cucmeme mpexghasHo2o pacnpeoenumeibHo20 mpanchopmamopa u coomsemcmsyioujue Kodsgguyuenmol
HeCUHyCcOUOAnIbHOCIU, d MAKICe YCMAHO6IeHbl UX KOTUYECTNEEHHbLE PASTUYUSA 8 CHIEPHCHAX, APMAX, YeNaX MACHUMHOU
cucmembl.

Ilpakmuueckas 3navumocms. 1lpeonosicena memoouxa KOppeKmuposKu pacnpeoenetus 0eticmsyouux 3HaueHul
MASHUMHBIX NOMOKO6 8 Yenax Ol ONpedeieHUs aKMUHOU U PeaKmueHol MOWHOCU 8 MPexXhasHblX MAZHUMMHBIX
cucmemax, komopas obecneuusaem nogvluleHUe MOYHOCMU PACHema NApaMempos X0A10Cmo20 X00a mpexpasznozo
pacnpeoenumensHo2o0 mpanchopmamopa (OmHocumenbHas noepewnocms 00 5%) Ha smane KOHCMPYKMOPCKOU NOO-
20MOBKU NPOU3EOOCEA.

Knrouesnie cnosa: mamemamuueckas mooeib, MaeHUMHOE Noje, BeKMOPHbIL MACHUMHbIL NOMEHYUAT, Memoo
KOHEUHbIX 2NeMEHMO8, XONOCMOU X00, MpexpasHblil CUNOB0U MPAHCHOPMAMOP, 2APMOHUYECKUL COCINAE, MASHUMMHBIT
NOMOK, aKMUBHAS U PEAKMUBHAS MOUWHOCTIU.
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THE FEATURES OF MAGNETIC FLUX DISTRIBUTION OF THE IDLING MODE OF THE POWER
TRANSFORMERS

Purpose. The development of a new implementation of mathematical modeling in the FEMM tools structure to time
variable processes of electromagnetic energy transformation in power distribution transformers and determination of
idle parameters in view of nonlinear magnetic properties of electrical steels and features design of three phase magnetic
systems to provide the accuracy increase of the magnetic flux distribution and idle parameters.
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transformer by finite element method and theory of electromagnetic field.

The obtained results. The theoretical research and modeling of the conjugate electric and magnetic processes on the
basis of realization by numerical finite element method of the generalized two-dimensional models of the three-phase
power transformer are proposed. The nonlinearity of the magnetic properties of electrical steel and the change of the
phase angles of the currents in the phase windings at idle are taken into account. The distribution and form of the time
dependences of the magnetic fluxes in the magnetic system of the three-phase power transformer are analyzed. The
harmonic components of the time dependences of the magnetic fluxes in the cores, the yokes, the magnetic system corners
and related non-sinusoidal coefficients are defined. The correction of the distribution of the magnetic flux values in the
corners and calculations of the three-phase systems active and reactive power are made. The calculation accuracy of
parameters of three-phase distribution transformer idling is increased.

Scientific novelty. The technique for the analysis of distribution and form of the time dependences of the magnetic
fluxes in the magnetic system of the three-phase power transformer are presented, the non-linear magnetic properties of
electrical steel and the change of the phase angles of the currents in the phase windings at idle are taken into account. The
harmonic components of the time dependences of the magnetic fluxes and related non-sinusoidal coefficients are defined,
their differences in the cores, the yokes, the magnetic system corners are set.

Practical significance. The method of correction for the distribution of the magnetic flux value in the corners and
calculations of the three-phase systems active and reactive power are proposed. The calculation accuracy of parameters
of three-phase distribution transformer idling (relative error is to 5%) at the design stage is increased.

Keywords: the mathematical model, the magnetic field, the magnetic vector potential, finite element method, idling,
three-phase power transformer, harmonic structure, magnetic flux, active and reactive power.
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BMNJINB MOP®ONOMNYHUX OCOBJIMBOCTEN KOHOEHCATOPHUX
MONIMEPHUX MNIBOK HA iIX OE®OPMALIAHI BNACTUBOCTI

Mema po6omu — BuB4eHHs AedOpMaLiiiHIX BIACTUBOCTEH MONIMEPHHUX ILTIBOK B yMOBAX, 110 MOJCIIOIOTh EKCILTY-

aTalio eJIeKTPOTEXHIYHUX IPUCTPOIB.

Memoou docnidacens — ekCriepUMEHTAIBHI 3 00pOOKOIO pe3yibTaTiB 3aco0aMy MaTeMaTUYHOT CTaTUCTHKH.

Ompumani pe3ynvmamu CBig4aTh Mpo 0COOIUBOCTI CTPYKTYPH HOJIMEPHUX IUIIBOK i JO3BOJISIOTH MIPOTHO3YBATH
61JIb11I BUCOKY TEPMOCTa0IIbHICTh MEXaHIYHHX 1 eNIeKTPO(DI3HYHMX XapaKTEPUCTHK ILTiIBKOBOT MPOCOYEHOT JieNeKTpruIHOT
CHCTEMH Ha OCHOBI IVIaJIKOT HOJIINPOIIJICHOBO] IUTiBKH Y MTOPiBHSIHHI 3 iHIIMMH BUBYCHUMU.

Hayko6a nosu3sna. BcraHOBIICHE IPUHIMIIOBE PO3XOPKEHHS MiCTOIPaM 4acTOT peatizalii BiTHOCHOTO OJOBXKEHHS
HPH PO3PHBI JIOCIIIDKEHHUX IUTIBOK 103BOJISIE BUKOPUCTATH 3a3HAYCHY XapAKTEPUCTUKY K IapaMeTp, 10 ieHTudikye
HasBHICTh 200 BiZICYTHICTb LIIJIBHOTO KPUCTAIIIYHOTO IIapy B JieNeKTPHYHIH IUTiBLi B i MEpBUHHOMY CTaHi.

Ipakxmuuna snauumicms. Croci6 iarHOCTUKK CTPYKTYPH MOTIMEPHHX IUTIBOK Y IIEPBICHOMY CTaHi, 3aCHOBaHHI Ha
BUBYCHHI BI/IHOCHOTO [IO/I0BXKEHHSI IUTiBKY TIPY PO3PHBI, BiAPI3HAETHCS Bl TPAAULIIHHUX IPOCTOTOIO 3aCTOCYBAHHS IPU
BHUCOKIii BiITBOPIOBAHOCTI PE3YNIBTATIB i € MEPCISKTUBHUAM /IS 3iHICHEHHS BXiIHOTO KOHTPOJIO SIKOCTI HOJIMEPHHX

IUTIBOK IIPH BUPOOHHUIITBI CHIIOBUX KOHJCHCATOPIB.

Knirouogi cnosa: noniMepHi rutiBKH, BiTHOCHE MMOIOBKEHHS IPU PO3PUBI, IUTiBKOBHH AiCIEKTPUK

BCTVYII

UwicieHHi HayKOBi 1 MPaKTUIHI pO3p0OKH OCTaHHIX POKIB
PO3IMIMPWIIH YSBJICHHS PO €NEKTPOI30JIAIIINHI MoTiMepH,
€KOJIOTIYHO YHCTi Ta30CTiHKI MPOCOTYIOUi PiTUHM i TIepC-
TIEKTUBHI JTIEIEKTPUKY Ha X OCHOBI, SIKi IIPU3HAYEH] [T KOH-
nercaropoOymyBanHs [1]. Tak, BnpoBamKeHHS Y BUPOOHHUII-
TBO CHJIOBHX KOCHHYCHHX KOHJICHCATOPIB IBOBICHOOPi€HTO-
BaHUX TIOJTINPOITIJICHOBUX ILTiBOK, POCOYCHNUX CHHTETUIHH-
MU Ta30CTIHKUMH apOMATHIHUMH PiTHAMH (HATIPUKIIA,
(heHiNKCMTINIETAHOM 200 CYMITIIITIO MOHO- 1 TUOSH3UIITOTY-
0ITy), TO3BOJIMIIO 301TBIINTH poOOYy HATIPYKEHICTh €IEeKT-
PHUYHOTO TIOJIA B AieNEKTPHKY 0 3Ha4deHb 70 kB/MM i Bre.

Bubip TBepMX 1 piAKUX 30JSIHHHIX MaTepiajtiB 00yMOB-
JICHUH BJJAJTAM TIO€THAHHSM IXHiX eJ1eKTpo(i3nIHUX Xapak-
tepucTrk. Hemossipii nominporineHosi# (ITI1) miBmi mpu-
TaMaHHI BUCOKa €JIeKTPHUYHA MIlIHICTh, HU3bKIi Ai€JIeKTPHUUIHI
BTpaTH, BiJHOCHO BHCOKAa TEIUIOCTIHKICTh, BHCOKA MeXa
MIITHOCTI 1 MaJie Bi/THOCHE TIOIOBKEHHSI P PO3TATAHHI, 10
HEOOXiTHO JUTsl HAMOTYBaHHS KOHJICHCATOPHUX cekiliit. [Ton-
IMpOTTiJICHOBA IUTiBKA BiTHOCHO JIEIIeBA i YCITITHO I IIAEThCS
Monudikamii pizHuMEu criocobamu. OgHAK, BiA3HAYAETHCS
3asiexxHicTh BiaactuBocTel [I1 rumiBku Bijx criocoOy BUTOTOB-
JICHHA i1 0COOJIMBO BiJI BMICTY B Hilf aTaKTUYHOI T 130TaKTHI-
HO1 (a3 mominpormisieHy. 3acToCyBaHHS IMOJSIPHOT MMOJTiCTH-
nenrepedTanarHoi ([TET) miiBku mpy BUTOTOBICHH] IMITYITb-
CHUX CHJIOBHX KOHJCHCATOPiB, KOHAEHCATOPIB MOCTIHHOTO
CTPYMY Ta iHIINX EIEKTPOTEXHITHUX BUPOOIB 00YMOBIEHO
Hacamriepen ii TOCUTh BUCOKOIO JieNIEKTPUIHOIO TPOHUKHI-
CTIO, PIBHOTOBIIMHHICTIO, MEXaHIYHOIO Ta €JIEKTPUIHOIO

© Mamomescbka A. I1., FOmumuna I M., 2016
DOI 10.15588/1607-6761-2016-2-2

MILHICTIO, HE3HAYHOIO YCA/IKOIO ITPH IiJBUIICHNX TEMIIepa-
Typax, BUCOKMM IHTOMHM 00’€MHHUM EJIEKTPUYHHM OIIO-
pom [2]. ITpn BUKOpHCTaHHI MONTIMEPHUX MaTepialiB B SKOCTI
130JI11i1 HEOOX1THO TTaM’ ITaTH, IO TOJTIMEPH MOXKYTh TIepe-
OyBaTu y TBEpJIOMY 1 piIKOMY arperaTHOMY CTaHaxX, KpHC-
TaJlilYHOMY i aMop(dHOMY (a30BUX CTAHAX, CKIONOMIOHO-
MY, BUCOKOEJIACTHYHOMY I B’SI3KOTEKy4oMy JedopMaltii-
HOMY (¢i3nuHOMy cTaHax. OCHOBHMM YHMHHHKOM, IIIO ITOSIC-
HIOE PsIJ] HAMBAXKITMBIIIHX 0COOIMBOCTEH MONIIMEPIB, € Pi3HO-
MaHITTS X HaJMOJIEKYJIIpHUX CTPYKTYp. CTepeoperyisipHi
THOJIIMEPH, JI0 SIKMX BITHOCSTHCSI TIOJIIPOIILJIEH 1 OJieTHIICH-
TepedTaiar, 31aTHi 10 Kpucraiizawii. Y kpucrainiyHux oona-
CTSIX IOJTIMEPIB CHIBICHYIOTb Pi3HI THUITN HaAMOJIEKYJISIPHUX
yTBOpeHb. AMOp(dHa (ha3za noiiMepis sABsiE COOO0I0 BiTHOC-
HO BIOPSZIKOBaHY CHCTEMY, IEPBUHHUM YTBOPEHHSM SIKOT €
Ma4YKH — JJOBT'1 ITy4YKH BUTATHYTHX MaKpOMOJIEKyI (Y BUIIa -
Ky IIepeBart CUJ1 Mi>XMOJIEKYJISIPHOT B3aeMo/1iT) abo Ti1o0yiu
(pu nepeBasi cui BHYTPIIHLOMOJICKY/ISIPHOT B3aEMOJIIT) —
CTAaTHCTHYHI KITyOKH 3rOPHYTHX MaKPOMOJIEKYII. 3a IIEBHUX
YMOB aMOp(HI ITAYKH 3/1aTHI IPyIyBaTHCs y OLIBII CKJIAIHI
CTPYKTYpHI YTBOpEHHS — (iOpmin, AEHAPUTH, CMYyTacTi
cTpykTypu. OfHOMY ¥ TOMY CaMOMYy CTYIIEHIO KpHCTaJIid-
HOCTI IOJIIMEPHOI TUTiBKY B1IIIOBI1AIOTH Pi3Hi 00J1acTi BIO-
PsAKyBaHHS  pi3HI HAAMOJNEKYISpHI CTpyKTypH. [1pu 11b0-
My Oyab-sika HaJMOJIEKYJsIpHA CTPYKTYpa BHU3HAYAETHCS
OJJTHOYAaCHO MOJICKY/ISIPHOIO OyZOBOIO MONTIMEPY 1 yMOBaMH
HOT0 YyTBOPIOBaHHS (IIBUIKICTIO OXOJIOKEHHS1, 4ACOM BHT-
PUMKH B PO3IUIaBi, YHCIOM MEPEIIaBICHb), IPUIOMY
IPOTPIB MOJIMEPY JyXe BIUIMBAE HA IPOLIEC CTPYKTYPOYT-
BOPEHHS Ha BCIX CTa/IisIX. Bil3HAYArOTHCS BUIA KK 3MiHH HAJI-
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MOJIEKYJISIPHUX CTPYKTYp MOJTIMEPHHUX MarepialiB HaBiTh y
X0 IXHBOr0 30epiraHHs BiANOBIAHO 10 BAMOT HOPMaTHB-
HUX JOKyMCHTIB.

MexaHi4Ha MilHICTh Ta BITHOCHE MOI0BXKCHHS TOJIIMEPIB
3HAYHUM YMHOM TTOB’s13aHi 3 IXHIMH MOPQOIOTITHIMH 0C00-
JIMBOCTSIMU: THUIIOM CTPYKTYPH, Opi€HTAIlI€0, KPUCTATIYHi-
CTIO, MOJIEKYIISIPHOIO MacoI0, YUCIIOM «ITPOX1THUX» MAaKPO-
MOJIEKYI (TOOTO JIAHIIIOTB, 1110 BXOAATH B aMOP(]HI AUISTHKH
MiX Kpucramyaumi) [3]. OnHax, 38’130K KOHKPETHHX CTPYK-
TYPHUX IIapaMeTpiB MOJIIMEPHOTO MaTepialry i3 mpouecaMmu
Horo pyiHyBaHHS JOTENEp HEJOCTaTHBO BUBUEHUI, X04a
CTaHOBUTH 3HAYHUH iHTEpEC.

B IIIT HAH VYxpainu po3nodaTo po3po0OKy KOMITIEKC-
HHX 3aXOJIiB, III0 CIPSMOBAHI Ha ITiIBUIICHHS MMPAIIe31aTHOCTI
TUTIBKOBHX BUCOKOBOJIBTHUX IMITYITECHUX KOHACHCATOPIB 13
MPOCOYCHHSM, sIKi 0a3YIOThCS HA YITKHX YSBJICHHSX IO
MIPUPOY ¥ XapakTep AECTPYKTUBHUX MPOIIECIB y TieIEKTPH-
Ky. BcranosneHo [4, 5] 1110 B CHIIOBHX (Y TOMY YHCIIi, BHCOKO-
BOJIETHHX IMITYJIbCHHX ) KOHIEHCATOPaX i3 IPOCOYSHHSIM CHH-
TETUYHHUMH PiJIMHAMH, 1110 MAFOTh BUCOKHUI CTYTICHb XIMIYHOT
CHOPITHEHOCTI 13 MPOCOUYYIOYOIO0 TOJIIMEPHOIO ILTiBKOIO,
mpolec pyHHYBaHHS IPOCOYYIOUOTO NiCIEKTPHKA BilOy-
BAETHCSA 5K 32 PAXyHOK TEPMOOKHCIIOBANBHOI IECTPYKILii,
TaK i BHACIIIOK TEPMOCTHMY/ILOBAHOT B3aEMOIi1 TBEPIUX 1
PiIKHX KOMITOHEHTIB. [HTEHCHBHICTH TaKo1 TEPMOCTHUMYITBO-
BaHOI B3a€MOIii 0araro B 4OMY BHU3HAYAETHCS HE TUTBKU
XIMIYHUM CKJIaJIOM 1 OyTOBOIO KOMIIOHCHTIB J1eICKTPHUYHOT
cucremHu [4], ane i MOpdOJIOTiYHUMHU OCOOIUBOCTIMHU
TUTIBKH [5].

META

MerToro 1anoi poO60TH € BUBUEHHS Te(hopMaIliiHIX Bia-
CTHBOCTEH IMOJIIMEPHUX IUTIBOK B YMOBaX, 1[0 MOJEIIOIOTh
eKCIDTyaTalilo eNeKTPOTEXHITHUX MPUCTPOiB. BuB4eHHS pe-
OJIOTIYHHUX XapaKTEPUCTUK KOHKPETHOT ITOJIIMEPHOT TUTiBKH
JTIO3BOJIUTH OJIEpKaTH BaXUMBY iH(opmarriro mpo Mopdo-
JIOTi14YHI 0COOIMBOCTI Ai€NEKTPUIHOTO MaTepiany (SKi BIUTH-
BaIOTh 1 HA HOTO eNeKTPOQi3NIHI BIACTHBOCTI, BAYKJIABI IS
TOJAITBIIIOTO EIIEKTPOTEXHITHOTO BUKOPUCTAHHS) O€3 3aCTo-
CyBaHHS TPOOJIEMHHX 3 €KOHOMIYHOI Ta €KCIUTyaTaIliiHol
TOYOK 30py METOIIB.

METOJUKA JOCJLIKEHD

[Tpu ananizi nepopmaniiiHIX XapaKTEPUCTHUK IUTIBOK 3ac-
TOCOBYBAJIACs PO3PHBHA MallIMHA, 110 I03BOJIsUIA (PiKCyBa-
TH ITOJJOBKEHHS 3pa3K a B MOMEHT HOTo pyiiHyBaHHS («Ma-
muaa [{lonmepay). BuMip BiTHOCHOTO MOAOBXKEHHS MPH

PpO3pHBI MOJIMEPHUX IUIBOK mpoBojauBcs 3rigHo [OCT
14236-81 «I1nenku nonumepHsle. MeTOA UCTIBITAHUS HA pa-
cTshkeHue». [1oxuOka BU3Ha4eHHS PO3PUBHOTO MOJAOBXKEH-
Hs craHoBuTh 0,5 MM. ITapamerpu 3paskiB (15 x 150 mm)
BU3Hauajucs (GpOpMOIO 3axXBaTiB PO3PUBHOI MAaIIMHH Ta
MiHIMQJILHOIO BIICTaHHIO MK HUMU. BiJJHOCHE 1TO/10BXKEH-
Hs TIpU pO3puBi (€ ) BU3HAYANIOCA K BiJHOIIEHHS MO0~
B)KEHHS 3pa3ka B MOMEHT PO3pHBY, /0 JIOBXXKHUHH 3pa3Ka y
BUXIJIHOMY CTaHi. AHAJIOTI4HI BUMIpIOBaHHS 1 pO3paxyHKH
MPOBOIMITHCS JUIS 3pa3KiB IUIIBKY Y BUX1THOMY CTaHi, a Ta-
KO IS 3pa3KiB, 110 OYJIH IMiJIaHi TEpMOCTapiHHIO B cepe-
JoBHLI Tpanchopmaroproro Macna T-1500 npotsirom 150,
300 roxuH. IIpu BUroTOBIEHHI 3pa3KiB Oy BUKOpUCTaHI
HacTymnHi ruiiBku: Nel — cnabkomoperka nosnietunenteped-
TaJlaTHa 3aBTOBIIKM § MKM; Ne 2 — I1ajika ronieTuneHTeped-
TanarHa 3aBTOBIIKH 10 MkM; Ne 3 — m1ajka mominporiicHoBa
3aBTOBIIKHU 10 MKM; Ne 4 — 1BOOIYHOIIOPCTKA ABOBICHOOPI-
€HTOBAaHA MOJIMPOMiJeHoBa 3aBToBIIKH 10 MKkM. BigomocTi
NIPO BHYTPIIIHIO Oy/IOBY JAHUX IUTIBOK BiJCYTHI. 11 KOXKHOT
TUTIBKY Ha KOXKHOMY €Tarti J0CIiKeHb (BUXIAHUIA CTaH, Tep-
MOCTapiHHsI B CEpPEIOBHILI TpaHC(HOPMATOPHOTO Macia po-
TsiroM 150 Ta 300 roxue) Oyi0 miAroToBIEHO i BUIIpoOyBa-
Ho 100 3pa3skiB, 1110 00yMOBIIEHO (ha30BOIO HEOTHOPITHICTIO
JIOCIIJPKYBaHUX 00 €KTIB, TOMY 00OOB’SI3KOBUM OYJI0 BHKO-
pHUCTaHHS CTATUCTUYHHUX METOJIIB 00pPOOKH OTPUMAaHHX EKC-
MepUMEHTAIBHUX PE3YIIBTaTIB, SIKi O 103BOJISUIN YpaxyBaTH
BUITAJIKOBHH XapakTep Iapamerpa, 1o aHalizyeTbcs. Ha
NpakTHLi Oyl10 BUKOPHCTaHO METO[ MOOYZOBH TicTOrpam
YacTOT peaizalii KOHKPETHUX 3Ha4eHb BiTHOCHOTO MTOJI0-
BYKEHHSI 3pa3KiB IUIIBKH ITPU IXHBOMY PO3TATYBaHHI JI0 PO3-
puBy. 111t moOynoBH ricrorpaM 4acToT peaizanii Bich abc-
II1IC pPO30MBaJIM Ha HETIEPETHHHI IHTEPBAJIH OJHAKOBOI JIOB-
JKUHY h, a Ha OC1 opAMHAT Binkianany Bucoty v/Nh, ne v —
YHCIIO €JIEMEHTIB BapialliiiHOTO Py, [0 OTPAIIIH y iHTEp-
Baj h, a N—3araibHa KiJIbKiCTh KOHKPETHHUX 3HAYEHb BEITH-
YHHH, 10 JOCTIPKYEThCA (BIAHOCHOTO TIOI0BKEHHS IUTiBKH).

PE3VYJIBTATH 1 OBI'OBOPEHHA

JocmimkyBani oneTmwienTepedTanatHi Bk (Nel i Ne2)
MAaIOTh JOCUThH IMUPOKUH Niarla30H 3MiHU BiTHOCHOTO ITOJI0-
BXKEHHSI TTpH po3puBi (Tabu. 1, 2). OTpumani naHi cBiT4aTh
PO JIESKY OJIM3BKICTH IXHBOT CTPYKTYpPH — Ma€ MicIie He sic-
KpaBO BUPayKeHa JUCKPETHICTb Y 3MiHi € ;. IIpu npomy cia-
OomopcTkyBara miiBka Nel moka3zye MEHIIE TTOOBKCHHS
TIPH PO3PHBI B IOPIBHSHHI i3 IVIaIKOTO TUTIBKOTO No2.

Tabmu 1 — [HTepBanbHMIA BapiaiiHui PsI A7 BITHOCHOTO MOJIOBXKEHHS P PO3pHBI IUIiBKH Nel

BimnocHe nogoxeHHs pu | AOGCONIOTHA 9acToTa BinHocHa JacTicTh
po3spusi (inTepBaim), %o peamizarmii peadizarii
0,5-3,5 25 0,25
3,5-6,5 27 0,27
6,5-9,5 18 0,18
95-12,5 6 0,06
12,5-15,5 7 0,07
15,5185 5 0,05
18,5-225 12 0,12
P 100 1
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Lle 103BOJIsSIE IPUITYCTHTH, 1110 HASIBHICTH IITY4YHO Cop-
MOBaHOT0 PO LITI0 MOBEPXHI IUTIBKU Nocabise ii nedop-
MaIli{iHi BIACTUBOCTI, OTHAK, JUTS T ITBEPIXKCHHS Li€T T1M0-
Te3u HeoOX1JHO MaTH TOYHY 1H()OPMAIIiFO PO pestbed mop-
ctrocTi. PizHi popmu npodinto HeoqHOPIAHOCTEH, HAITPUK-
JaJ1, rocTpi abo OBANIbHI MIKPO 3aI1ainHN, MOXYTh 00yMOB-
JIFOBATH Pi3HUH CTYTIHB CTIHKOCTI 10 tehopMartiifHoro BILIH-
By. CrieKkTp 3Ha4eHb BiIHOCHOTO MOIOBXKEHHS IIPH PO3PHBI
Jutst IoTiBok Nel 1 Ne2 mmpoko «po3murnii» (puc. 1).

[MoniOHMI BUA ricTOrpaM 4acToT peai3aiii 3HAYCHb
BITHOCHOTO I1OI0BKEHHSI IIPH PO3PUBI BiZJOOpakae HasBHICTH
BEJIMKOI KUIBKOCTI (piIKCOBaHMX PiBHIB MIITHOCTI B MaTepiaJli.
OTtpuMaHi pe3y/bTaTH CBiAYaTh PO BIAHOCHY OJIM3BKICTH
CTPYKTYPH JIOCHIDKYBaHHX 3pa3KiB HE 3BayKaroyH Ha Po3-
XOJKEHHS B MOP(]OJIOTii HOBEPXHI.

[TpuBeptae yBary Toii haxT, 0 A1t JBOOIYHOMIOPCTKOT
MOJIMPONLICHOBOT TUTiBKU N4 (Tab1. 3) 3 TpaIuIliiHOO 1S
KOHJIeHCATOpOoOyyBaHHsT MOP(]OIIOTi€l0 MOBEPXHI Mae
MICIIe Ay>Ke IIHPOKHIA iana30H 3MiHH BiIHOCHOTO MOJ0-
BKEHHSI TP po3puBi — 10 45%. S0 BpaxyBaTH, 1110 MakK-
CHUMAJIBHHH CTYIIHb KPUCTATIYHOCTH MOJIIIPOIIIJIEHY Csrae
82 %, a B TeXHIYHUX IITIBKaxX He nepepuiye 78 %, To npu
TaKOMY CITiBBITHOIICHH] KPUCTATIYHUX Ta aMOP(HUX A1~
HOK Y JieJIeKTpUYHOMY MaTepiaii 3Budaitnoi Mopdoorii
3aBXK/IM ICHYIOTh HACKPI3H1 BKIIIOYECHHSI 110 aMopHiH (asi,
SKi 1 € «cIIa0KUMM» CTPYKTYpHUMHU elleMeHTaMu. HasiBHiCTh
TaKUX CTPYKTYPHHUX E€IEMEHTIB € OZIHUM 3 BATOMHX YHHHHKIB,
10 00OYMOBITIOIOTh MEXaHIUHI BIIACTUBOCTI ILTiBKH.

Heo0xiaHo 3a3Ha4UTH, 110 Y TOH JKe 9ac 11 3pasKiB IIaj-
KO IOJIIpOMiieHOBOT TuTiBKK Ne3 BiJ[3HAYA€THCS HA/I3BUYAN-

Tabnuit 2 — [HTepBanbHUI BapialliiHUN PsLI U1 BITHOCHOTO MOJOBKEHHS P PO3PUBI IUTiBKH Ne2

BigHOCHE TOIOBKEHHS TIPH AGcomroTHa BigHocHA YyacTicTh
po3pusi (iHTepBanm), % JacToTa peamizarii peadizarnii
0,5-3.,5 17 0,17
3,5-6,5 10 0,1
6,5-9,5 12 0,12
9,5-12,5 13 0,13
12,5-15.5 14 0,14
15,5-18,5 6 0,06
18,5-21,5 7 0,07
21,5-24,5 6 0,06
24,5 -217,5 11 0,11
27,5 -30,5 4 0,04
P 100 1

vINh

0.1

0.09

0.08
0.07

0.06

0.05

0.04

0.03

0.02

0.01

BN

2 5 8 11

4|_|7

17

20.25

e, %

p?

a) mriBka Ne 1

=

26 29

£, %

6) maiBka Ne 2

Pucynok 1 —'icrorpama gacToT peaizanii 3Ha4eHb BiJHOCHOTO ITOJJOBXXEHHSI IIPH PO3PUBI NOTieTHIIEHTeped TaIaTHIX
wtiBok Nel i Ne2 y BuXigHOMY CTaHi

Tabmuit 3 — [HTepBanbHMI BapialliiHU{ PsLI U1 BITHOCHOTO MTOJOBKEHHS P PO3pHBI IriBKu Ned

BizgHOCHE TIOIOBXKEHHS IPH AOGcomoTHa YacToTa BigHocHa 4acTicTh
po3spuBi (iHTepBann), % peanizarii peamizarii
25-75 24 0,24
7,5-12,5 28 0,28
17,5-22,5 16 0,16
22,5-27,5 11 0,11
27,5-325 8 0,08
32,5-37,5 4 0,04
37,5-425 7 0,07
42,5-47,5 2 0,02
) 100 1
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HO BY3bKHH Jiana3oH BiIHOCHOTO TOJOBXEHHS 3pa3KiB
(tabmn. 4) , a cami 3HaYEHHS e HEBHCOKI — O1JIbIIIa YaCTHHA
3paskiB (52 %) mokasana BiJHOCHE TIOIOBXKEHHSI Bix 5,5 1o
11,5 %. To6T0 MOXHA IPUITYCTHUTH, 11O LISl HONINPOIiIEHO-
Ba IJTiBKA Ma€ 3HAYHO MEHIIIE «CJIa0KMX» CTPYKTYPHHX eJle-
MEHTIB, HXK IOJIIIPOITiIeHOBA I1TiBKa Ne 4.

B Oynb-sikoMy mosiMepHOMY IITIBKOBOMY MaTepiaii
amMophHI TUITHKY O1IBIT €TaCTHYHI, MEHII IIUTBHI H CTPYK-
TYPHO HEOJHOPIZHI y MOPIBHAHHI 13 KPUCTATIYHUMH, 110,
OYEBU/IHO, 1 B IAHOMY BUII4/IKy HOSICHIOE «PO3MUTY» IiCTOT-
paMy 4acToT peaisallii 3HadeHb € p 11iBku Ne4 (puc. 2), TyT
cy1aOKi MicIls CTPYKTYPH (SIKUMH € aMOp(Hi TUISTHKH) BapTO
PO3IIISLIATH SIK OCEPE/IKH JIOKaIbHOI IepeHanpyru. J{is mon-
inporineHoBoi Bk Ne 3 criocTepiratoTbest TP YiTKO BU-

paXeHi CMyTH 4acTOT peaizauii 3Ha4eHb €, (puc. 2).
S0 po3mISAaTH KOXKHY IDTACKY TUITHKY BapialliifiHOTO
Py, SIK 03HAKY HASIBHOCT1 0COOIMBOCTEH MiKpO- Ta MaKpO-
CTPYKTYpH [6], TO TicTOTpaMu 4acTOT (SKi LTIOCTPYIOTh Yac-
TOTY MOSIBU OJTU3bKKUX 3HAYCHB BIJIHOCHOTO PO3PUBHOTO I10-
JIOBKEHHS 3pa3KiB) JO3BOJISIOTH KOHCTATyBaTH HAasBHICTH
MOP(OJIOTIYHUX OCOOIMBOCTEH y TOCTIIKYBAaHHX TUTIBKAX
(puc. 1, 2). JTilicHO, OCKITLKY 32 MEXaHIYHI BIACTUBOCTI MOJI-
IMEpHOTO MaTrepiany BiIMOBIJAIOTh MAaKPOMOJIEKYIH, IO
MIPOXOJIATH Yepe3 aMopdHi IiJTHKY i came amopdHa daza
3a0e31euye eNacTUIHICTD MOJIIMEPY, TO ITHPOKO «PO3MHTI»
rictorpamu s ToTiBok Ne 1, 2 14 MosxHa TIOSICHUTH MOP(]o-

JIOTIYHUM PI3HOMAHITTSIM aMOp(HUX (pparMeHTiB y noJriMepi,
y TOMY YHCII — HasBHICTIO HAaCKPi3HMX BKJIIOYEHb IO
amopdHiit dazi. st rutiku Ne 3 ricrorpama Ma€e BUIIIS 9iTKO
BHPa)KEHHX CMYT 3 By3bKHM [Iialla30HOM 3MiHU €, , TOOTO
MO>KHa MIPUITYCTUTH OUIBII BIIOPSAKOBAHY CTPYKTYPY LIBO-
TO MOJIIMEPHOTO Marepiay.

BuBYCHHS BiTHOCHOTO TIOOBKEHHS IIPH PO3PHUBI JOCITI-
JUKYBAHHX IUTIBOK y XO/1 IX TEpMOCTapiHHS B CEpeIOBUILI
MPOCOYYIOHOT PiIMHH M0Ka3aJ10, 110 NOOyA0BaHi JIs BiTHOC-
HOT'O [10JIOBXEHHS TIPH PO3PHUBI BapialliiiHi psian 3011bIIy-
I0Th CBilf po3Max 3a paxyHOK 301JIbIIICHHS 3HAYeHb MAKCH-
MAJIBHOTO € p . e criocTepesxeHHs XapaKTepHO JUIs BCiX 10c-
JJDKYyBaHUX IUTIBOK, IPUYOMY B Mipy 30UIBIICHHS CTPOKY
TEPMOCTapPIHHS 30UIBITYETHCS TAKOXK JIIaa30H a0COMFOTHIX
3Ha4Y€Hb BIJTHOCHOTO MOI0BXEHHs. Takii Xxapakrep 3MiH Ipu-
TaMaHHMH B TOMY a00 IHIIOMY CTYIEHI I BCIX JOCIIIKY-
BaHUX IUTIBOK, OIHAK, HAHOLTBII BUPKCHHUI TS TUTIBKH Ne 4,
a ciaOKille BChOTo MPOSIBIISIETHCS IPH TEPMOCTAPIHHI IUTIBKA
Ne 3 y cepenoBui TpaHCHOPMATOPHOTO Maca.

TakuMm YHMHOM, MO>KHA TOBOPHUTH ITPO 0COOJINBY CTPYK-
Typy miiBku Ne 3, TOOTO PO HAsIBHICTh 3MILHIOIOYOT'O KPH-
CTJIYHOTO «Kapkacy». HasBHICTb SCKpaBO BHPaXEHOTO
JIMCKpETHOro Habopy piBHIB AedopMarii y BUNAAKY IUTiBKA
Ne 3 MoxHa ITOSICHUTH, HAIIPHUKJIa 1, HASBHICTIO BUCOKOIIILITb-
HOTO KPUCTaJIIYHOTO IIapy Ha IOBEPXHI MaTepiay, XapaKre-
PHUCTHKH caMe LbOTO Iapy BU3HAYalOTh BHJ TiCTOTPaMH

Tabauist 4 — [uTepBanbHUIA BapialiiHUi s SIS BiTHOCHOTO MOIOBXKEHHSI IPH PO3pHBI TUTiBKK Ne3

BizgHOCHE TOIOBXKEHHS TIPH AbconoTHa YacToTa BigHocHa gacTicTh
po3pusi (iHTepsann), % peaizarii peasizarii

25-55 47 0,47

55-8,5 34 0,34

85115 18 0,18

11,5-14,5 1 0,01

)y 100 1
VN vINh
0.18 00 —
0.16 0.06 ——
0.4 +— S
012 +—
0.10 +— 0B+ —
0.08 1
o [

0.06 1
0.04 +— 0ot 1+ — —|7
00277 0m ‘ ‘ ‘
000 5 10 2 % 0 4

4 7 10 13
£ %

a) mmiBka Ne 3

Pucynok 2 —'icrorpama 4acToT peasizawii 3Ha4eHb BiJHOCHOTO PO3PHBHOIO TOI0BXKEHHSI HOJIIIPOIICHOBUX

6) miBka Ne 4

w1iBok Ne 3 i Ne 4 y BuxigHOMy cTaHi
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4acTOT peanizalii 3Ha4eHs €p . Taki JaHHI IPO CTPYKTYpY
MOBEPXHI IMOJINPOITiIeHoBOT ruTiBKK Ne 3 30iraroThcesi Ta CyTTe-
BO JIOTIOBHIOIOTH MaTepiaiy, OTpUMaHi IpH BUBYEHHI 3aJIeK-
HOCTI TepMOCTaOLIBHOCTI 11 eJIeKTPO(I3MIHUX BIACTHBOCTEH
(a came KOPOTKOYACHOT ENIEKTPIYHOT MIITHOCTI) B XOJIi CTapiH-
Hs1 B KOHTAKTI i3 TpancopmaroparmM Maciiom T-1500 [5].

BUCHOBKHA

HaBeneni B maHoMy JOCHI/DKEHI pe3ylbTaTH MOOIIHO
CBi/T4aTh PO OCOOIMBOCTI CTPYKTYPH MOTIMEPHUX ILTIBOK,
ajie J03BOJISAIOTH MPOTHO3YBAaTH OUIBII BHCOKY TEpMO-
CTaOIbHICTh MEXaHIYHHX 1 eJIEKTPO]I3HIHUX XapaKTEPUCTUK
TUTIBKOBOT MTPOCOYEHOT JieIEKTPUIHOT CUCTEMH Ha OCHOBI
TOJINPOTIEHOBOT TLTiBKH Ne 3 y TIOpiBHSIHHI 3 HIITMIMH Bap-
iaHTamMu. BcTaHOBIIGHE IPUHITUITOBE PO3XOKEHHS TiCTOT-
paM 4acToT peanisauii €p JOCIiIKEHUX ILIIBOK JI03BOJIAE
BUKOPHCTATH 3a3HAUCHY XapaKTEPHCTHKY SIK TapaMeTp, 1110
ineHTH(diKye HassBHICTH 200 BIICYTHICT LIIJIEHOTO KPUCTAI-
I9HOTO IIapy B ieNEKTPUIHIH IUTiBII B ii TEpBUHHOMY CTaHi.
Co1i 3a3Ha4YHTH, 1110 CMIOCI0 TIarHOCTHUKH CTPYKTYPH MOTIMeEp-
HUX IUTiBOK y TIEPBICHOMY CTaHi, 3aCHOBaHHI Ha BUBYEHHI
BIJIHOCHOTO TIOJIOBKCHHS TUTIBKH TIPH PO3PUBI, OyIe BiIpi3HSI-
THCSI Bl TPaMLIIHHX IIPOCTOTOFO 3aCTOCYBAHHSI IPH BUCOKIH
BiITBOPIOBAHOCT] PE3YyJIBTATIB 1 € MEPCIEKTHBHUM JUIS
3MIHCHEHHS BX1THOTO KOHTPOJIIO SKOCTi MOJIMEPHUX TUTIBOK
IIPY BUPOOHUIITBI CUJIOBUX KOH/ICHCATOPIB.

Maimorresckast A. I1.!, YOmmumuna A. H.2
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'K.T.H. IOLEHT, cTapuInii Hay4HbIH COTPYIHUK FIHCTUTYTa HMITYJIbCHBIX HPOLIECCOB U TeXHOorH, it HAH VkpauHb
’K.X.H., JOLEHT, CTapIIHi Hay4YHbIH COTPYIHUK VIHCTUTYTa UMITY/IbCHBIX IpoLieccoB U TexHosoruil HAH Ykpanusr
BJIUAHUE MOP®OJIOI'MYECKUX XAPAKTEPUCTUK KOHAEHCATOPHBIX TIOJIMMEPHBIX ILJIE-

HOK HA X TE®OPMAIIMOHHBIE CBOMCTBA

Llens pabomut — usyuenue 0epopmayuoHHbIX CBOUCMNE NOTUMEPHBIX NIAEHOK 8 YCIOBUSX, MOOCTUPYIOUUX IKCHIYAMA-

YUuro SJ1IeKmpomexHu4ecKux ycmpoﬁcme.

Memoowbl uccnedosanuii — sKcnepumeHmansbhvie ¢ 00pabomKol pe3ynbmanmos cpeocmeam Mamemamuieckou

cmamucmuku.

Ilonyuennsvie pe3ynbmanmst ceudemenbcmayion 06 0cobeHHOCMAX CMPYKMypbl NOTUMEPHBIX NIEHOK U NO360SAI0M
NnpocHO3UPOBaAms Hoee BbICOKYI0 MEPMOCMAOUILHOCHIb MEXAHUYECKUX U dNEeKMPOPUIUYECKUX XaPaKMepUCmuK nie-
HOYHOU NPONUMAHHOU OUINEKMPUUECKOU CUCHEMbl HA OCHO8e 2NA0KOU NOAUNPONUNEHOBOU NIEHKU 8 CDABHEHUU C

opyaumu u3y4eHHbIMU.

Hayumm HOBU3HA. YcmaHo081eHO NPUHYUNUATbHOE PA3IUYUE SUCMODAMM YaCcmom peaiusayuu OnNHoCUmelbHo-
20 y()JZMHeHM}l npu paspuvliee UCCNIEO0BAHHBIX NICHOK NO36015eM UCNOJIb308AMb VKA3aHHYI0 Xapakmepucmuky Kak napa-
Memp, onpec)eﬂ;z}omuzl Haauvue uiu omcymemeue nilomHoco Kpucmaiiuieckozo cios 6 c)uaﬂekmpuueacozl NnJjlIeHKe 6 ee

HA4YA1bHOM COCMOAHUU.

Ilpakmuueckan 3snauumocme. Cnocob ouaznocmuxu CmpyKkmypsl ROIUMEPHBIX NAEHOK 8 NePBOHAUATLHOM COCHO-
AHUU, OCHOBAMHDIL HA U3YYEHUU OMHOCUMENbHO20 YOIUHEHUs NAeHKU NPU PA3pblee, OMAUYAemcs: Om mMpaouyuOHHbIX
npocmomo npUMeHeHUs NPU 8bICOKOU B0CHPOU3BOOUMOCIU PE3YIbMAMO8 U AGIACMCs NePCReKMUBHBIM Ollsl OCYlye-
CM6eHUs BXOOH020 KOHMPOJISL KA4ecmaa NOIUMEPHBIX NIEHOK NPU NPOU3B00CHIEE CUTOBLIX KOHOEHCAMOPOS.

Kniouesvie cnosa: norumepivle nieHKu, OMHOCUMENbHOE YOTUHEHUe NPU PA3pblee, NIeHOUHbLI OUINEKMPUK.
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INFLUENCE OF MORPHOLOGICAL CHARACTERISTICS OF POLYMER CAPACITOR FILMS ON

THEIR DEFORMATION PROPERTIES

The purpose of the work is the research of deformation properties of polymeric films under the conditions that

simulate the operation of electrical devices.

Research methods are the experimental ones with processing of results by means of mathematical statistics.
The obtained results display the peculiarities of the polymer films’ structure and allow us to predict the higher stability
of the mechanical and electrical characteristics of the film impregnated dielectric systems based on smooth polypropylene

film compared with other studied ones.

Scientific novelty. Fundamental difference of histograms of the implementation frequencies of the investigated films’
elongation at break is given. It allows to use the specified characteristic as the parameter that determines the presence or
absence of the dense crystalline layer in the dielectric film in its initial state.

Practical significance. Method for the polymer films structure diagnosis in original state, based on the study of the
film elongation at break, differs from the traditional one by simplicity of use along with high reproducibility of results and
is promising for the incoming quality control implementation of polymer films during the manufacture of power capacitors.

Key words: polymer films, comparative elongation at rupture, film dielectric.
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CALCULATION OF CFD-THERMAL MODELS OF OIL-COOLED
TRANSFORMER EQUIPMENT

The purpose of the study is to ensure designing of full-function and stable CFD-simulation procedure for integrated
thermal models of the transformers and the reactors, as well as to receive the approval of method of quality and abilities
using the calculation examples of full-scale models of the equipment, along with autonomous models of coil-type windings
having various design versions of heat-transfer intensification.

Research Methods. Computational Fluid Dynamics (CFD) method of mathematical simulation of nonlinear processes
as concerns hydrodynamics and heat transfer in the transformer equipment using finite-element analysis is employed.

The results obtained. The paper presents the main elements of technique for creation of mathematical models; it also
contains the examples of CFD-calculations as referred to axisymmetrical integrated models of furnace transformer and
gapped-core shunt reactor, as well as the models of windings having design approaches of heat exchange intensification
owing to «labyrinthy (partitions) and «alternation» (of number and locations) of axial cooling ducts.

Scientific novelty. Scientific value of applied methodological approach lies in the fact that the developed models are
the integrated ones, i.e., they consider geometry, loss, thermal parameters not only of the windings, but also of the main
structural elements and cooling system. This ensures the quality and the accuracy of simulation of heat-and-mass transfer
processes in complex structure of oil ducts and coils in the windings, enables to avoid erroneous «zigzag» oil flow
movement through the groups of coil regular structures (without labyrinth and «alternationy» of number and locations of
axial ducts under conditions of transformer oil natural cooling as was deduced in the certain studies.

Practical significance. Integrated models ensure calculation of oil temperature distribution within active part,
including winding fields, oil temperature field between the tank and the windings, temperatures at oil outlet from the tank
(top) and oil inlet into the tank (bottom). Calculations allow estimation of mean temperature distribution over the cross-
section of winding coils, mean winding temperatures by means of averaging of the temperatures within the coils, detection
of location and maximum temperature on the surface of conductors relevant to the most heated coil. The latter is treated
as winding hot spot temperature (HST) and used to evaluate the aging of the contacting insulation. Determination of
winding hot spot locations and temperatures (HST) is used as support data for installation areas of fiber optic probes for
measurement during type testing, as well as in operational monitoring systems of the equipment. The results presented

above are practically applied for industrial designing and testing of transformers and reactors.
Key words: transformers, heat-and-mass transfer, CFD-simulation.

INTRODUCTION

An important condition for ensuring reliability and
duration of operation (load capacity) of the transformer
equipment is efficient removal of active energy released as
the heat in the magnetic system (MS), the windings, the
conductive elements of active part structure, and the tanks.
Namely, efficiency of heat removal in the windings determines
essentially technical, mass-and-overall and economical
characteristics of the equipment. Therefore, within designing
availability of reliable calculation methods of winding heating
is of great importance [1]. This is especially true in the cases
of approaches of heat transfer intensification in the coils
due to oil labyrinth flow in the coil groups, provision of axial
ducts with alternation of their number and locations along
the coil width, etc.

Known methods of oil heating calculations, transformer
equipment windings within steady-state temperature mode
are conventionally divided in the following groups:

— «empirical method of overheating» [1-5] based on
application of heat equation, and empirical heat transfer
coefficients averaged over the coils’ surfaces, taking into

© Ivankov V. F., Basova A. V., 2016
DOI 10.15588/1607-6761-2016-2-3

account oil temperatures in place of coils arrangement along
the winding height and summation of temperature rises of
coil conductor surface over the oil, temperature gradient
along insulation thickness of elementary conductors and
common insulation of the conductors. Empirical methods
are widely used in industrial designing [6], however, their
application is limited to the range of empirical data by type,
size and design of the windings; in many cases these
methods do not allow the required accuracy to determine
hot-spot locations (HST) of the windings and their
temperature;

— methods of nonlinear thermal-hydraulic circuits both
within the windings [7-9], and for common thermal-hydraulic
circuit of the transformer, including external cooling system
(CS) [10]. When used, the complex processes in continuous
media as described by equation system (1) — (3), are
represented simplistically by zero-dimensional thermal and
hydraulic elements having the lumped parameters, that do
not allow to determine the local values of temperature and
velocity;

—methods of field simulation of thermal, hydrostatic and
hydrodynamic winding fields [11-14] based on the
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numerical solution of the problems (1) — (3) using various
additional simplifications as to their formulation; modern
advanced CFD methods (Computational Fluid Dynamics)
of mathematical modeling of hydrodynamics and heat
transfer processes in the transformers, in particular, using
the system of finite element analysis (FEA) [9, 15-23].

A similar group of methods is also emphasized in the
summary paper [24], where the first of these methods has
been defined as the empirical method of «correlationy; there
are also large-scale and detailed modern studies as regards
to CFD-modeling, investigation of transfer thermal
processes, measurements of windings HST, including the
method using fiber optic sensors.

Methodological approaches as to the CFD-modeling of
power transformer thermal modes of using the complex
models of transformer equipment composed of the MS, the
conductive structural elements, the windings and the external
cooling systems are presented in [16-21].

At consideration of mentioned works as regards to CFD-
modeling, the following notes should be made.

In contrastto [16-21], [9, 15, 22-24], the complex CFD-
modes of the transformers are omitted, and there are no
studies as regards to electrical reactors.

In [16], one of methodological approaches is used for
consideration of development and investigation of the
systems of consistent field macro- and micro-models of the
devices, the windings, the coil groups. However, experience
of practical calculations has shown that this approach has
the restricted application. Computation based on micro-
models of winding equivalent parameters and their further
application in the complex thermal macro-models has been
problematic.

At the same time, simulation of the windings, the coil
groups by means of consideration of their autonomous
models having specified boundary conditions is appropriate
[9,22-24].

In a sense, the most stable thermal-hydraulic processes
of oil motion (velocity fields) and the distribution of heating
(temperature fields) are demonstrated in all of these studies
using the windings with «arranged» direction of cooling
oil. Typically, this is achieved by means of so-called labyrinth
movement of oil in groups of horizontal ducts along winding
height separated by the guiding spacers. In the number of
studies [19, 20, 22, 23], it has been turned up that oil velocity
vectors can change oil direction in the case of natural
convection of oil in the windings with regular structure of
horizontal and vertical ducts. So, in the paper [19, 20]
«Analysis of flow pattern in the system of interconnected
ducts allows detecting of spontaneous zigzag flowing of oil
in groups, that directly affects the coil temperaturey. It should
be noted that in the certain experimental studies of such
nature of the velocity field is reported. The numerical studies
conducted by the authors of this paper have shown that
such results can be obtained by faulty settings of
computational process.

The above mentioned problem is to be focused on
creation of adequate mathematical model of oil flow in the

system of interconnected horizontal and vertical ducts of
the winding by means of invariant software. This issue was
especially considered in the study [17, 18]. The studies were
carried out using conventional winding models with limited
coil number (10, 3) placed in the thank with external SW. On
assumption as for laminar nature of oil flow it was determined
that in horizontal ducts oil flow makes a loop-like movement
with gradual increase of oil penetration depth to the coil
center as it flows from the bottom upwards along the vertical
ducts. Oil flow in the duct prompts the flow during formation
of Reyleigh-Bernard convection cells [25]. In [25] the effect
of destruction and detachment of oil boundary layer at the
area nearby the vertical surfaces of the coils is also noted,
which does not mean the beginning of turbulent (eddy)
motion of oil, but is caused by mixing of oil particles having
different temperatures. In both of mentioned studies [17,
18], there were no results as referred to straight-through oil
flow in the horizontal ducts. It is emphasized that numerical
studies were carried out using the winding fragments
consisting of limited number of coils.

But further in the studies [19, 20], during investigation
of complete integrated model of power transformer 140 MVA,
it was found in HV winding consisting of 156 coils that «in
horizontal and vertical ducts of the winding the steady-
state structures in the form of zigzag and/or loop-like oil
flow within the groups of horizontal ducts are created.» The
resulting numerical result is considered to be erroneous.

The relevance of the study is determined by the need to
creation of high-performance transformer equipment with
increased specific electromagnetic and thermal loads,
reliability of which is achieved also by means of heat transfer
intensification in the windings.

The purpose of the study is to ensure designing of full-
function and stable CFD-simulation procedure for integrated
thermal models of the transformers and the reactors, as well
as to receive of the approval of method quality and abilities
using the calculation examples of full-scale models of the
equipment, as well as autonomous models of coil-type
windings having various design versions of heat-transfer
intensification.

KEY ELEMENTS OF PROCEDURE

For the purpose of formation of mathematical models
and CFD-studies of oil-cooled transformer equipment the
following method basic elements (including the papers [16-
21], are presented as thesis).

1 Thermal processes in oil-cooled electrical devices in
the most complete formulation should be considered using
known Navier-Stokes equations of motion and continuity
of cooling liquid.

p(V-V)y ==V -(PI)+V-T+pg ,

%:u{(vmvﬂ)—év-ﬁf}, @
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V-(pv)=0, @
to be supplemented by energy-conservation equation
V-(-1ve)=0, -pC(¥-V8), 3)

where the following is designated: 6, p and y — fields of
temperatures, pressures and velocities of cooling medium,

QV(G) — apparent densities of heat sources, p(G), u(@),
C(6) and A(6) — oil density, its dynamic viscosity, heat
capacity and thermal conductivity, g — gravity vector, matrix
[ determines the direction of unit vector of selected
coordinates system.

2 Complex three-dimensional structure of core-type
transformer equipment is reduced to complex axisymmetrical
models in view of the fact that MSS cores, windings, insulating
cylinders nearby the windings and structure of yoke
insulation have the pronounced cylindrical symmetry.

3 Dimensions of cylindrical tank models are determined
based on the number of cooling oil in the tank of the device
under consideration. Heat dissipation of the tank into
ambient air is modeled by specified factors of heat transfer
from the horizontal and vertical surface, taking into account
the radiation and the convective heat exchange with air. In
cases of multi-phase designs the single-core thermal
structure is formed (with proportional release of active
losses).

4 The winding models do not consider the discrete
structure of vertical rods (or supports in the form of
«bridges») and horizontal spacers between the coils.

5 For qualitative (comparative) studies, for example, of
possible ways of intensification of heat transfer in the
windings, the models of autonomous models of the windings
or the coil groups with appropriate boundary conditions
are employed.

6 It is advisable to build up the special grid-scale models
based on the objectives of investigations and assumptions
of laminar or turbulent nature of oil flow.

7 To consider nonlinear properties of transformer oil, the
experimental data are used. [25]

8 For complex CFD-models of the transformer equipment,
two approaches to consider CS are approbated. The first
approach [16-20] lies in the fact that external CS is modeled
as the cylindrical element with appropriate volume of oil
that determines its dimensions as to design model. The
characteristic of heat removal known from engineering
calculations is specified for CS element [26]. The points of
CS connection to the tank correspond to actual design. The
width of the gap of CS design model branch pipes is
determined based on condition of equity of total flow
passage of the branch pipes in the model gap. As to the
second approach [21], the boundary conditions in the form
of velocity and temperature of inlet oil are specified. In both
approaches, the thermal parameters of CS and inlet oil are
determined by the appropriate calculation using the empirical
methods [6, 26].

9 At setting of heat sources, the losses in MS, structural
elements, windings and tank are assumed to be known
(constant), and could be estimated using the complex of re-
calculation [6] or best estimate calculations using FEA [27].

10 Both at calculation of equipment integrated models
and winding autonomous models, one of the key issues is
equivalenting of the parameters of complex discrete
structures of the winding coils due to the fact that number
of coils over winding height may be several hundred, and
number of elementary wires in each coil, for example, as
referred to CTC, could reach up to hundred wires.

The coils of transformer and reactor windings are wound
in radial direction using different types of conductors:
conventional conductors (CC), divided (DT) or transposed
(CTC) conductors. Elementary conductors can have enamel
or paper insulation, DT and CTC conductors have external
turn insulation. Two horizontal rows of elementary CTC
conductors are divided from each other by paper, cardboard
or fiberglass spacers. During numerical studies, the
mentioned complex discrete structure is presented as
homogeneous bodies with equivalent thermal conductivity
in horizontal and vertical directions.

Effective thermal conductivity leﬁ, of the material
(corresponds to the term «coefficient of thermal
conductivity») is estimated as the ratio of thickness L of the
material sample to its thermal resistance R and the area in
direction of heat flow /1S [28]:

oL
@ AS Ry )

The laws for estimation of total thermal resistance in
case of parallel and series connection of individual thermal
resistances similar for linear electric circuits are employed.
If heat flow is directed along the layers, A, should be
calculated in the same way as electrical conductivity of the
circuit with parallel resistance, in case of flow directed
perpendicularly to the layers — according to series circuit.

Resistance of the material based on estimation of effective
thermal conductivity:

Ry=_ L
T AS Ny ®)

For schematic contact between two bodies (Fig. 1),
calculation of effective thermal conductivity in the axial and
radial directions is analyzed.

In the axial direction z there is series connection of two
samples having thicknesses L, L, in direction of heat flow,
with the same section 4-B, when thermal conductivity of

each sample A;, A, is:
1 (L L
S 6
o A-B(xl Ay ©
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For schematic contact between two bodies (Fig. 1),
calculation of effective thermal conductivity in the axial and
radial directions is analyzed.

In the axial direction z there is series connection of two
samples having thicknesses L, L, in direction of heat flow,
with the same section 4'B, when thermal conductivity of

each sample A, A, is:

1 (L, L
Ry - (b, L) 6
T4 B(M 7»2] ©

Then, the effective thermal conductivity of the sample
having total thickness L, +L, and cross-section 4'B is:

}“Sejﬁ}; _ (Ll +L2)}"17“2 ) (7)
Ll7\’2 +L27\,1

e ~<_|

N N

' 1

| %

]

Z ~ !
; &

Fig. 1 — The model of thermal contact between two bodies

In the radial direction # there is parallel connection of
two samples having thickness B in the direction of heat
flow, with cross-sections proportional to lengths L , L

RPY _ B/A
eﬂ L17\.1 + L27\,2 : (8)

Then, the effective thermal conductivity of the sample
having the thickness B and total cross-section 4+(L,+L,) is:

Ll}\’l + Lz}\,z

Apar —
Ll + L2 : (9)

eff —

Obtained relationships allow estimation of the parameters
of anisotropic thermal conductivity depending on the
specific parameters of the coils and used conductors.

As an example, Fig. 2 shows the calculation results of
autonomous coils made of CTC, which ensure verification
of the present method of equivalent estimation of discrete
structure of coil conductors using anisotropic thermal
conductivity.

11 The experience of calculations has shown the
significance of quality settings of computational processes
which should ensure stable solutions of nonlinear systems
(1) — (3) and elimination of problem as to «spontaneous
zigzag oil flowing through the ducts groups» (without
labyrinth and alteration of number and locations of axial
cooling ducts) under conditions of natural cooling with
transformer oil. [19, 20, 22, 23]. The above mentioned problem
is to be focused on creation of adequate mathematical model
of oil flow in the system of interconnected horizontal and
vertical ducts of the winding by means of invariant software.

In the judgment of the authors the main method of
solution of the problem under consideration is application

Fig. 2 — Distribution of temperature field of DC coil in oil: at the top — with discrete conductor specification at the bottom — with
equivalent anisotropic conductivity
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of improved oil flow models if compared with standard
models. In particular, use of recommendations [29] related
to simulation of heat transfer in the ducts with intensifiers
by means of application of k-e, k-w models of turbulence
and wall functions separating the purely turbulent motion
zone which comply with logarithmic law, and the zone of
viscous sub-layers close to wall surface was found to be
reasonably effective.

After design experiments as to use of turbulence models,
for example, k-e with different wall functions, the desired
result was obtained for the scalable wall function (SWF).
The main idea of SWF is to restrict relative size of wall
viscous layer. This statement has showed impact-decreasing
effect of oil rate in the horizontal duct in regard to coil
heating. Effect of oil boundary layers detachment nearby
the vertical surface of the coils is observed [25]. Presence of
insignificant areas of stagnant oil in the ducts does not
cause coil overheating; zigzag oil flow along the groups of
winding ducts is eliminated. Moreover, distribution of
maximum and average temperature rise of the coils over the
height becomes almost linear, that is in line with experimental
studies [2].

CALCULATION EXAMPLES
INTEGRATED CFD-MODELS
TRANSFORMERS AND REACTORS

OF
OF

As an example, Fig. 3 shows the sketch of the design
model of one of the cores (phase) of of furnace transformer
EOCNK -45000/34.5.

Core losses in the magnetic system, the coils of internal
EW winding, the external LV2 winding and in the tank have
been estimated using appropriate calculations for the
transformer under consideration. The special element which
simulates CS heat transfer is included into the model. The
positions of oil inlet and outlet from the tank into the CS
represent the actual condition; at the area of inlet into the
tank an additional oil head is specified to simulate forced oil
circulation in the system due to installed pumps.

The geometry of the transformer model and calculation
results are shown in Fig. 4.

As the results of calculation during steady-state thermal
mode the following is determined: distribution of oil
temperature in the active part, including the winding fields,
temperature field between the tank and the windings, the
temperature at the points of oil outlet from the tank (top)
and oil inlet into the tank (bottom); distribution of average
temperatures over the section of the winding coils; the
average temperatures of the windings as averaging of the
temperatures in the coils, maximum temperature on the
surface of the conductors of the most heated coil treated as
HST during estimation of aging of insulation in contact.

Application of temperature fields of coils and oil in the
winding allows compliance with the requirements of IEC
60076-7 standard [30] as for estimation of HST temperature
rise above oil temperature in the windings directly, but not
in simplified way [1-6] — by calculation or based on
measured temperatures in central and top parts of the tank.

Measurement results obtained during testing including
those of fiber optic sensors at the area of upper winding
coils, correspond to calculation data with appropriate
accuracy.

e

W

y..

494

P e

e, X e P P 2
00005505

Fig. 3 — Sketch of CFD-model of the transformer: 1 — MS core; 2 - tank, 3 — CS; 4 — common pressing ring made of electric cardboard,
5 — top yoke insulation, 6 — cylinders of the main insulation, 7 — bottom yoke insulation, 8 — lower support segment from of electric
cardboard
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Under similar assumptions, CFD-model of the reactor
type ROM-80000/765 is considered (system of natural air
cooling ONAN) — Fig. 5. In contrast to the CFD-model of
the transformer, the reactor model has external CS with
boundary conditions at area of oil inlet into the tank.

The model takes into account the core of discrete discs,
the tie rod, the vertical cardboard cylinders of the main
insulation, the elements of upper and lower yoke insulation,
the common pressing ring made of electric cardboard. The
reactor winding is represented by four concenters separated
by axial ducts with «bridge» -type spacers. The geometry
of the reactor and the temperature field model are shown in
Fig. 5a.

The mentioned Figure should be provided with further
clarifications. The tie rod located inside the core has a
complex, but not cylindrical shape, which does not allow

a) b)

Fig. 4 — CFD-model of the transformer EOCNK - 45000/34.5:
a) — temperature fields, b) — velocity fields

proper heating based on specified losses, so it is omitted in
the geometry of design model, and oil duct between the rod
and the internal surface of the core corresponds to the actual
condition.

Oil velocity field in the tank and the active part of the
reactor is shown in Fig. 5b.

The enlarged fragment of the reactor upper is shown in
Fig. 6.

Detailed analysis of temperature fields and rates of
cooling oil over entire height of EW internal winding, in LV2
external winding of the transformer, as well as in winding of
the reactor, including the fragment of its upper part, is the
evidence of achieving the quality simulation of heat transfer
in both integrated models of the equipment and also as
referred to the effectiveness of applied mathematical CFD-
simulation techniques. Oil movement in the windings has
no numerical effects of cross-through flow of oil.

Type testing of the rector has also confirmed the
appropriate compliance of calculation with measurements
of oil temperature in the tank, average winding temperature
and HST of winding

a) b)

Fig. 5 — CFD-model of the reactor ROM-80000/765:
a) — temperature field, b) — velocity field

24 ISSN 1607—6761. EnektpoTexnikaTa enekrpoeHepretuka. 2016. Ne2



ENEKTPOTEXHIKA

CALCULATION EXAMPLES CFD-MODELS OF
AUTONOMOUS WINDING

Calculation of temperature rises of common winding
(CW) with labyrinth (with the partitions) and of series
winding (SW) with «alternation» of number and locations
of axial cooling ducts of autotransformer rated for capacity
83.3 MVA s investigated as an examples of CFD-models of
autonomous windings. Both methods of heat transfer
improvement are well-known, employed for production of
power transformers and reactors, and represented in the
industrial procedures [1-6] with application of «overheating
empirical method.» However, empirical methods do not allow
estimation of HST of the coils with required accuracy, and
this is the task of CFD-calculations.

CW winding has been simulated as autonomous group
of upper coils. At the right and the left (along the coil ends)
the model is limited by vertical insulation cylinders, on the
top — by pressing rings, at the bottom the section is made at
the center of height of lower coil model. Dimensions of the
coils, vertical and horizontal cooling ducts correspond to
design sizes; the geometry of the coils has simplified
(rectangular) shape; filling the coil with the conductors is
considered in specified thermal properties of the coils. Upper
top coils generate the upper passage of labyrinth oil
movement. Labyrinth oil flow is formed by means of
horizontal partitions arranged in external vertical cooling
duct above coil 1 and below coil 8.

Oil temperature at inlet to the bottom planes of vertical
cooling ducts of the model is determined based on method
[26]. Oil velocity in the lower ducts of the model is assumed
from known assumption that oil consumption is proportional
to the winding losses.

Calculation results are shown in Fig. 7. It has been
determined that the maximum HST was in the fourth top
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coil. Its absolute temperature makes up 94,4°C, which is
appropriate at ambient temperature 20°C due to permissible
value 78 K of HST temperature rise above ambient
temperature.

Obtained result is explained as follows. To top three coils
of upper path of the labyrinth the higher horizontal ducts
are adjacent than those adjacent to the coils 4-8. Increased
oil rates in these ducts are characterized by reduced hydraulic
resistance of oil, as well as by forced acceleration of oil rate
due to oil labyrinth flow — Fig. 7b. The factors mentioned, as
well as uneven losses in the coils caused by eddy currents in
the coil conductors due to axial and radial components of
magnetic induction have formed the conditions under which
the coil 4 is the most heated one. Labyrinth oil flow has an
effect both on both the uneven temperature field of oil,
conductors of the coils — Fig. 7a, and also on oil rate field in
vertical and horizontal ducts — Fig. 7b.

SW winding with alteration of number and locations of
axial cooling ducts was studied using the same approach —
Fig. 8. The coil pairs with small horizontal duct between
them are arranged along the winding height. In the top coil
of each pair there are two internal axial ducts; in the bottom
coil — one duct. Such arrangement of axial ducts provide the
conditions similar to labyrinth oil flow. This causes increase
of oil rate both in said internal axial ducts and in adjacent
areas of horizontal ducts — Fig. 8b, due to unevenness of
additional losses in the coils, both over coil height (maximum
losses occur in the conductors of the first coil) and in
different groups of the conductors along radial dimension
of each coil. These factors create the conditions of uneven
temperature field in the coils and within the surrounding oil
— Fig. 8a. These factors create the conditions of uneven
temperature field in the coils and within the surrounding oil
—Fig. 8a. HST of upper coils makes up 94,7°C.
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Fig. 6 — Fragment of CFD-model of the reactor ROM-80000/765: a) temperature field, °C; b) oil velocity field, m/s
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b)
Fig. 7 — Model of upper part of CW winding with «labyrinth»: a) temperature field, °C; b) oil velocity field, m/s
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Fig. 8 — SW having «alternate arrangement» of vertical ducts: a) temperature field, °C; b) oil velocity field, m/s
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Medium voltage windings (MVW) having nine coils of
upper passage of «labyrinthy», and low voltage windings
(LV) with additional vertical duct at upper four coils of the
transformer also rated for 83.3 MVA have been estimated.
The results are shown in Fig. 9 and 10.

It has been determined that in MV winding with
«labyrinth», the most heated coils are the first, the third and
the fourth (from the top) having the same HST temperature
93,7°C.

Upper coils in LV winding have rather low heating, it makes
up 94,9°C in the sixth coil, and 96,7°C in the seventh coil.

Labyrinth oil flow in MV winding and presence of
additional axial ducts at upper four coils of LV winding create
uneven temperature and rate (velocity) fields similarly to
winding structures shown in Fig. 7, 8, and this determines
specific location of windings’ HST and their temperature
values. It should be noted that it would be problematic to
determine with required accuracy the locations and HST
temperatures using presented calculation examples of CFD-
models of autonomous windings by means of empirical
procedures [1-6].

The obtained results have confirmed the reduction of
HST heating and average winding temperature rises at the
expense of adopted methods of heat transfer improvement,

and are used to justify the locations of installation of fiber
optic sensors for the measurement both during transformer
type testing and within operation.

CONCLUSION

Complex CFD-models of oil-cooled transformers
equipment using magnetic systems, main structural
elements, windings, tanks and external cooling systems and
external cooling systems have been developed, the results
of which are employed in practice of industrial designing
and testing of the equipment.

The study ensures quality simulation of heat and mass
transfer in integrated models of the transformer equipment
that is the evidence of the effectiveness of applied
mathematical methods as regard to CFD-simulation.

For the conditions of natural oil flow, recommendation is
given as to application of turbulence models, for example, k-
e with scalable wall function (SWF). This statement has
showed impact-decreasing effect of oil rate in horizontal
duct in regard to coil heating. Effect of oil boundary layers
detachment nearby the vertical surface of the coils is
observed. Presence of insignificant areas of stagnant oil in
the ducts does not cause coil overheating; zigzag oil flow
along the groups of winding ducts is eliminated.
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Fig. 9 — Model of MV winding with «labyrinth»: a) temperature field, °C; b) oil velocity field, m/s

27



EJNEKTPOTEXHIKA

Calculation examples using autonomous CFD-models of

windings with different method of heat transfer improvement
by means of specific design solutions: «labyrinth» oil flow,
alternate arrangement and introduction of additional vertical
ducts along the coil width, represents the possibility of
improved estimation of hot spot temperatures of the
windings, and validation of the points to be used for
measurement of local temperatures using fiber optic sensors.
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a maKolc A8MOHOMHUX MOOenell KOMYWKOBUX 0OMOMOK 3 PI3HUMU KOHCMPYKMUSHUMU cnocobamu inmencu@ikayii
MenioooMiny.

Memoou docnioxncens. Buxopucmanuii CFD-memoo (Computational Fluid Dynamics) mamemamuunozo mooento-
6aHHA HENIHIHUX npoyecis 2iOpOOUHaMIKU I Meni100OMIHY 8 MPAHCHOPMAMOPHOMY 0ONAOHAHHI 3 3ACMOCYBAHHAM
cucmem CKiH4EHO-e1eMEeHMHO20 AHATI3Y.

Ompumani pezynomamu. [Ipeocmagneni ocHo6HI enemenmu MemoouKu opmysanns mamemamuyHux mooenei i
npuxnaou CFD-po3paxynkie ocecumempuynux KOMRAeKCHUX Mooernell nepemsopiosaIbHO20 mpancghopmamopa i wyH-
MYBANLHOCO PeAKMOPA 3 NPOMINCKAMU 8 CIMPUICHI MACHIMHOT cucCmeMu, a maxodic mooeneil 06MOMOK 3 KOHCMPYK-
MUBHUMU cnocobamu iHmencu@ikayii men100OMIiHy 3a paxyHok «1abipunmyy (nepe2opoook) ma «noYepelcHOCmi
(4ucna ma micys) 0CbOBUX OXONOOHUX KAHAIS.

Haykosa nosusna. Haykoea yinnicme 8UKOpUCMAHO20 MEMOOON02IUHO20 NIOXOOY NONASAE 8 MOMY, U0 PO3POOLEH]
MoOeni € KOMRAEKCHUMU, MOOMO 8pAX08YI0Mb 2eoMempilo, 8mpamu, Mmeniogi napamempu He mintbKu 0OMomox, a u
OCHOBHUX eNleMeHmi@ KOHCmPYKyii i cucmemu oxonooxcenns. Haykogoio nosusznoio pobomu € 0ocsaeuents agmopamu
Ne6HUM AKICHUM HANAUWIMYBAHHS 0OYUCTIOBATLHO20 NPOYeCy CMAN020 piuleHHs 3acobamu iHeapianHmHoi cucmemu u-
cenbHo20 MoOentosanis neainiinux pienans Hae’e-Cmoxca. Lle 3abe3newuno axicms i mounicms MoOenNO8aHHs NPo-
yecie menioMaconepenocy 6 CKAaoHiti Cmpykmypi MACIAHUX KAHAAI8 I KOMYWOK 8 00MOMKAX, 00360AUN0 YHUKHYMU
OMPUMAHO20 8 0eSIKUX OOCHIONHCEHHAX NOMUTKOBO20 «3UT3ATON0O0IOHO20%» PYXY MACLA NO SPYNAX Pe2YIAPHUX CIPYKIMYD
Komywox (be3 nabipunmy i 6e3 «noUepesCHOCMIy YUCAa Ma MICYb OCbOBUX KAHAIB) 3d YMOB NPUPOOHO20 OXON0O0ICEHHS
MpanchoOpmMamopHumM Maciom.

Ilpakmuuna 3nauumicme. Komnnexcri mooeni 3abe3neuyioms po3paxyHox po3nooiny memnepamyp Macid @ ax-
MUBHIL HACMUHUY, BKTIOYAIOYY 001aCmi 0OMOMOK, Noje MeMnepamyp Macia mixc 6aKxom i 0OMomKamu, memnepamypu
6 micysx euxody macia 3 baxa (8epx) i 6xo0y 6 bax (nu3). Pospaxynxu 0o3eonsiioms usHauumu po3nooin cepeoHix
memnepamyp no nepemumy KOmyuiox 00Momox, cepeoHi memnepamypu 00MOmMOK WIAXOM YcepeOHeHHs MeMnepamyp
8 KOMYUIKAX, BU3HAYEHHS MICYS] | MAKCUMATLHY MeMNepamypy Ha No8epxHi NPoGiOHUKIE HAOLTbW HAZPIMOT KOMYWKU.
Ocmanmi, aKi maymauamscs Ax memnepamypu nauobinow nacpimoi mouku (HHT) o6momoxk, suxopucmogylomscs npu
oyinyi cmapinnsa 0omopknoi izonayii. Busnavenns micyv i memnepamyp HHT 06mMomok euxopucmosyiomscs oisl
06IPYHMYBAHHSA MICYSI YCMAHOBKU ONMOBOIOKOHHUX OAMUUKIE 01 BUMIDI6 NPpU MUNO0BUX BUNPOOYSAHHAX | 8 eKCHIYAMa-
yitinux cucmemax monimopunzy obnaonanus. Ilpedcmasneni pesyrsmamu 3acmoco8ani 8 npakmuyi NPOMUcI08020
NPOEKmy6anHts i 6UNPoOy8aAHHs MPaAncHoOpMamopie i peakmopie.

Kniouogi cnosa: mpancghopmamopu, mennomaconepenoc, CFD-mooeniogannsi.
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'Kanz. TexH. Hayk, HauajpHHK Oropo ITAO «3anopoxrpanchopmaropy, YkparnHa

“Benyuiuit nmxenep-kouctpykrop ITAO «3anopoxrpancdopmarop», YkpanHa

PACYET TEILIOBBIX CFD-MOJIEJIEI TPAHC®OPMATOPHOTI'O OBOPYIOBAHUS C MACJISTHBIM
OXJIA’KJTEHUEM

Llens pabomui 3axniouaemcs 6 0becneyeHuu pactemno20 NPOeKmMupo8anUs NOTHOPYHKYUOHATLHOU U YCINOUHUBOU
6 guruucaumenviom npoyecce CFD-memoouxoii mooenuposanus KOMNIEKCHbIX Menaioeslx mMooeneli mpanchopmamo-
PO8 U peakmopos, a maxaice 8 anpodayuu ee KA4ecmad u 603MOACHOCHEN HA NPUMEPAX PACYEOo8 HAMYPHBIX 00paA3|086
060py006anus, a MaKdice ABMOHOMHBIX MOOeell KAMYUEeUHbIX 00MOMOK C pA3TUYHBIMU KOHCIPYKIMUBHBIMU CROCOOA-
MU uHmencugurayuu menioooMmena.

Memoowt uccnedosanuit. Hcnonvsosan CFD-memoo (Computational Fluid Dynamics) mamemamuuecko2o mode-
JUPOBAHUSL HENUHETIHBIX NPOYECCO8 CUOPOOUHAMUKU U MenT1000Mena 6 mpancghopmamopHom 060py0osanuuy ¢ npume-
HeHUueM CUCmeM KOHeYHO-D1eMEeHMHO20 AHANU3A.

Ilonyuennsie pezynomamet. Ilpedcmagienst OCHOGHbIE dNEeMEHMbL MEMOOUKU POPMUPOBAHUL MATNEMATNUYECKUX
mooeneii u npumepvr CFD-pacuemos ocecummempuynblx KOMRAEKCHIX MOOeLell NeYHO20 MPAHCHOPMAmopa u uiyH-
mupyioue2o peakmopa ¢ 3a30pamu 8 CIMepIICHe MASHUMHOU CUCIeMbl, d MaKice Mooeneli 0OMOMOK ¢ KOHCMPYKMUG-
HbIMU CROCODAMU UHMEHCUDUKAYUY MENT00OMeRA 3a cuem «1abupunmay (nepe2opooiox) u ¢ «4epedo8anuem» (Hucia
U Mecm) 0cegblx 0XAaxHcoaroujell KaHaIos.

Hayunas nosusna. Hayunaa yennocmo uUCnonb308aHH020 MEMOOON02UHECKO20 NOOX00A 3AKTIOUAEMCs 8 MOM,
umo paspabomanmvie MOOeIU AGIAIOMCA KOMNAEKCHLIMU, MO €CMb YHUMbIBAION 2e0Mempuio, nomepu, meniosvle
napamempul He MOALKO 0OMOMOK, HO U OCHOBHBIX DEMEHMO8 KOHCIMPYKYUU U cucmembl oxaadxcoenus. Hayunou nosus-
HOUl pabomul A675eMCst OOCMUdICeHUe A8MOPamMu ONPeOeleHHbIMU KaueCmEeHHbIMU HACMPOUKAMU BbIYUCTUMETbHO20
npoyecca ycmouuu8o20 peuleHus cpeocmeamu UHGAPUAHMHOU CUCTEMbl YUCTEHHO20 MOOTUPOBAHUS HETUHEIHbIX
ypasnenuii Hagve-Cmorxca. 9mo obecneuuno kayecmeo u mo4HoCms MOOEIUPOBAHUs NPOYECCO8 MENIOMACCONEPEHOCd
8 CIOJICHOTL CIPYKMYPe MACTAHBIX KAHANO08 U KAMYuleK 8 00MOMKAxX, NO380IUN0 U30edHCamsb NOYHEHHO20 8 HEKOMOPbIX
UCCTIEO0B8ANUSAX TIOAHCHO20 «3U23A2000PA3HO20%» OBUIICEHUs MACAA NO SPYRNAM Pe2YIAPHbIX CIPYKmyp Kamyuex (6e3
nabupunma u He3 «4eped0BanUsLy YUCIA U MeCnl 0CebIX KAHAL08) NPU YCI0BUAX eCINEeCEEHHO20 OXANUCOeHUS. MPAHC-
@opmamopubiM MAcIOM.

Ilpakmuueckaa 3navumocms. Komniexcnoie mooenu obecneyusarom paciem pacnpeoeneHnis memnepamyp Macia
8 AKMUBHOU YaACMU, 6KII0YAs 00AACMU 0OMOMOK, NOJe MeMnepamyp MAcia mMexcoy bakom u 06Momxamu, memnepa-
Mypbl 8 MeCmax 6bix00a macia u3 baxa (6epx) u 6xooa 8 bax (Hu3). Pacuemul no3gousitom onpedenums pacnpeoesenue
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CPeOHUX meMnepanmyp no ce4eHulo Kamyuex 00Momok, cpeoHue memnepanypbl 0OMOmMoK nymem ycpeoHeHus memne-
pamyp 8 Kamywikax, onpeoeierue Mecma u MakCUMAaibHol memMnepamypy Ha No8epxXHOCmU NPo8ooOHUK08 Hauboiee
Hazpemoti kamywiku. Ilocreonue, mpaxmyemvie Kax memnepamypsi Haubonee nacpemoi mouxu (HHT) obmomok,
UCNONL3YIOMCSA NPU OYeHKe cmapeHus conpukacaioweticss uzonayuu. Onpedenenue mecm u memnepamyp HHT obmo-
MOK UCRONIL3YIOMCA Ol 000CHOBAHUA MECA YCIMAHOBKU ONIMOBOIOKOHHBIX OAMYUKO8 05l USMEPEHUT NPU MUNOBbIX
UCHLIMAHUAX U 8 DKCHIYAMAYUOHHBIX CUCEMAX MOHUMOpuHea 06opydosanus. [Ipedcmasnentvle pe3yiomamsl npume-
HeHbl 8 NPAKMUKE NPOMbIULTIEHHO20 NPOEKMUPOBAHUS U UCHLIMAHUSL MPAHCHOPMAMOPO8 U PEAKMOPOS.
Knrouesvie cnosa: mpancopmamopul, mennomacconepenoc, CFD-moderuposanue.
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ENEKTPOTEXHIKA

VK [621.314+621.3.017+621.3.013.5]

OcTpeHko M. B.", Tuxosog C. M.2

TAcnupaHm, 3anopoxckulli HayuoHanbHbIl TexHudeckulli YHusepcumem ,YkpauHa
2[1-p mexH. Hayk, doyeHm, 3amnopoxckuli HayuoHanbHbIl TexHu4eckul YHusepcumem, YkpauHa

PACYET MNOTEPb B 3JIEMEHTAX KOHCTPYKUUUN CUNOBbIX
TPAHC®OPMATOPOB U PEAKTOPOB METOOOM KOHEYHbIX
ANEMEHTOB C IrPAHUYHbIMU YCITOBUAMUA UMNEOAHCHOIO TUMA

Leny pabomui. [annas cmamvs npeorazaem 060CHOSAHHYIO MAMEMAMULECKYIO MOOENb, OCHOBAHHYIO HA NPUNO-
JiceHuu memooa Koneunwix snemenmos (MKJI), komopoe nossonsiem 6onee s¢hghpekmusno mMooeiuposams uxpegoie
MOKU U nomepu, 8bI36aHHblE NOIAMU PACCEAHUA, 8 DAKE CUTOBbIX MPAHCHOPMAMOPOS U PEAKMOPO8 U IIeMEHMAX UX
KOHCMPYKYUl.

Memoow uccnedosanuii. Ocrosbl8aics Ha OONYWEHUAX PABEHCNBA HYIII0 HOPMATLHBIX COCMABIAIOUUX HANPSHCEH-
HOCMeEN MAZHUMHO0 U INEKMPULECKO20 NOEl 6 PeppOoMASHUMHOM NOIYNPOCMPAHCIBe, OAHHAS MAMEMAMUYECKAs
MOOeb 6600UM NOBEPXHOCHHYIO NIOMHOCHIb BUXPEBO20 MoKa 6 ypashenus MKD.

Ocnosnuie pezynomamol. Coenan 661600, YMO NPEOLOHCEHHAS, MAMEMAMUYECKAsL MOOelb N0360Aem boee -
pexmusno paccuumvieams suxpegvie MOoKU U NOMepu, 6bI36aAHHbIE NOIAMU PACCEAHUSL, 8 OaKe CUL08bIX MPaHCHOpMa-
Mopos U peakmopos u dNeMenmax ux Koncmpykyuil. Ipu smom oocmueaemes cywecmeeHHoe yMeHbulenue pe3ynomu-
pyrowell cucmemsl ypasHeHuil (6 decimku pas), 4mo npugooum K 3HA4UMeNbHOMY COKPAWEHUIO 6peMEHU pacyema u
KOMNbIOMEPHBIX pecypcos be3 nomepu 6 MoYHOCHU.

Hayunaa noseusna. Hosusznoil npeonoxceHHoOU mamemamuieckol Mooenu asisemcs gopma, y0oonas 0aa npo-
SPAMMHOU Peanu3ayuil U36ECHIHbIX SPAHUYHBIX YCI0BUL UMNEOAHCHO20 MUNA, ONUCHIBAIOWUX PACHpedeleHuUe INeKmPo-
MASHUMHO20 NOJISL 6 OAKe U INEMEHMAX KOHCIMPYKYUY, npUdem dMmu dieMeHmbl npeOCmagisiomcs, Kaxk peppomazHum-
HOe NpoeodsUfee NOTYRPOCIMPAHCIMEBO.

Ilpakmuueckaa 3nayumocmes. [Ipumepvl pacuema oonogasnozo asmomparncgpopmamopa 167MBA 345xB 161xB
6 npoepammmom komniexce ELMAG-3D, coz0annom na 0cHo8e ONUCAHHO20 MEMOOA U 8 NPOSPAMMHOM KOMNIEKCe
ANSYS ¢ ucnonvsosanuem kaaccuieckozo nooxooa solid mooenuposanus mpancgopmamopa, noKa3wvi8aom npUMeHu-
MOCMb U OOCMAMOYHYIO MOYHOCHb ORUCAHHO20 MEMOOd 8 KOHMeEKCme 3a0ay pacuema nomeps 6 6axe u 1eMeHmax
KOHCMPYKYUU CUTLO8bIX MPAHCHOPMAMOPOB.

Knrouessie cnosa: memoo Koneunvix s1eMeHmMO8, NOBEPXHOCHHAA NIOMHOCHb 8UXPEEO20 MOKA, NOMePU 8 CUL0BbIX

mpancgopmamopax.
BBEJIEHUE

[MoTtepu sHEprUM cHITOBOrO TpaHCHOPMATOPA SBIISIFOTCS
OJTHUM U3 BaXKHEHIIINX TEXHUKO-IKOHOMHYECKHX IIOKa3aTe-
neii. Beicokast kanuTanu3anusi noTeps TpaHchopmaropa
SIBIISIETCS BECKOM MPUUUHOM 7151 IPOBEEHUS TOYHOTO pac-
yeTa oTepb U MPUHATHS Mep 110 UX CHIXKeHuto. Becomyto
YacTbh OTEPb B CHIIOBBIX TpaHC(opMaTopax BHICOKOW MOILI-
HOCTH COCTaBIISIIOT NOTepH B Oake TpaHc(opmaTopa u B 3J1e-
MEHTaX KOHCTPYKIUH OT MArHUTHOTO N0 paccesHus. bo-
Jiee TOT0, KOHKYPEHIIHS Ha PhIHKE IPOU3BOJCTBA CHIIOBBIX
TpaHc(opMaTOpPOB ITPUBOUT K CHIKEHHIO MaccorabapuT-
HBIX TOKa3aTelsield pa3padaThiBaeMbIX TpaHC(HOPMATOPOB,
4TO, BCJIEACTBUE POCTa INIOTHOCTU YHEPTUU HOMIS pacces-
HUS1, BEZIET K BOSHUKHOBEHHIO JIOKAJIBHBIX MIEPErPEBOB 0aka,
KOpOOOK BBOZIOB, 3JIEMEHTOB KOHCTPYKIIMHU. BrIcokne Tem-
HepaTypbl JIOKaNbHBIX HArPEBOB BBI3BIBAIOT IPEXKIEBPEMEH-
HOE CTapeHHe TBEPIOH N30JISIUK U (MJIM) MHTCHCHBHOE T'a-
3000pa3oBaHKe B TpaHC(HOPMATOPHOM Macie, YTO MOXKET
OBITH IPUYUHOMN BBIXOZA TpaHc(hopMaTopa U3 CTPOsL.

AHAJIN3 HUCCJEJOBAHUI
" NYBJIUKAIUI

Crnexyer OTMETUTb, YTO MOTEPH U IEPETPEBHI TOJIKHBI
OBITh OLICHEHBI /I BeeX (MIIH [0 MEHBIIIEH Mepe Uil Kpaii-

©Octpenko M. B., Tuxoeon C. M., 2016
DOI 10.15588/1607-6761-2016-2-4

HIUX) [TOJIOXKCHUI MEPEKITIOYAROIIETO YCTPOWCTRA U JJIS pa3-
HBIX Map OOMOTOK B JBYX-OOMOTOYHBIX PEXHMaxX U TPEX
00MOTOK B TpPex-0OMOTOYHOM pexkume. Pacmpenenenue
TIOJIsl PACCESTHUS CHITBHO 3aBHUCHUT OT KOJHYECTBA OOMOTOK
(BUTKOB 0OMOTOK), 3aIUTaHHBIX HA JAHHOM ITOJIOYKCHHH T1e-
PEKIIFOYAIONIEr0 YCTPOWCTBA U OT TOrO KaK 3TH OOMOTKH
BKJIIOYEHBI 110 OTHOLLEHUIO APYT K Jipyry. Clie0BaTeNbHO,
3aj1a4a COKpAILEHUsS] MOTPEIIHOCTH U BPEMEHU PacueToB
MOTEPh U IIEPErPEBOB OT IMOJIS PACCEsIHUA B 0aKe U AJICMCH-
TaX KOHCTPYKIUH TPaHC(HOPMATOPA SIBISICTCS aKTyaTbHOM.
CymiecTByeT O0IBIIOE KOTHYECTBO METOAOB MO3BOJISIO-
LIUX OLIEHUTH BEJIMUMHY MOTEPH U MIEPETPEBOB OT MOJIS pac-
CesTHHS B CHJIOBOM TpaHc(opmarope. YCIOBHO MHOXKECTBO
METOJIOB MOYKHO Pa3JIeIUTh Ha: aHAIUTUKO-IMITUPHUUECKHE
W YuCIIeHHO-aHanuTH4eckue [ 1], uncnennsie [ 1-3], uncnen-
Hble cMenieHHble [4]. K npenmyiecTBaM aHaIUTHKO-OMITH-
PUYECKUX U YUCIEHHO-aHAIUTUYECKUX METOA0B pacuera
MOYKHO OTHECTH BBICOKOE OBICTPOICHCTBHE, HO HU3KAs TOY-
HOCTb PacyeToOB U OTCYTCTBHE YHUBEPCAIBLHOCTU JIENAI0T
9TH METOJBI HEKOHKYpEeHTOCIocoOHbIMU. Kak ykazaHo B
[1]: «IlomydeHHas B HacTOsILEE BpeMs MPAKTUKA MOJIEIIHU-
poBaHUs TpaHCHOPMATOPHBIX YCTPOHCTB MOKa3aia, 4To
YHCIICHHBIC JJCKTPOMArHUTHBIC MOJICIA 00ECIICYNBAIOT
HEOOXOIUMYIO U JIOCTATOYHYIO MH(POPMALIUIO IS pacyde-
TOB HarpeBOB AJIEMEHTOB KOHCTPYKIIUH TPAHC(HOPMATOPOB
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U peakTopoBy». OIHAKO CYIIECTBEHHBIM HEJJOCTATKOM CyIIle-
CTBYIOIIMX YHCIEHHBIX METOAOB pacueTa sIBISIETCS pecyp-
COEMKOCTh M HH3KO€ ObIcTpoaeiicTre. [Ipu pemenun 3ana-
M pacHpeAereHUs] KBa3UCTaTUYeCKOr0 MarHUTHOTO IMOJIS
Han0oJ1ee MOIYIISIPHBIM SBIISIETCSI METO/I KOHEUHBIX DJIEMEH-
ToB (MK?D). OcOoO6eHHOCTBIO M HEJJOCTATKOM METO/1a KOHE-
HBIX DJIEMEHTOB SIBJISIETCS TO, YTO 00JIACTH MOAEINPOBAHUS
JOJDKHA OBITH OTPAaHMYEHHOM, ake €CIIU IoJIe 3aHUMaeT
3HAYUTEJIFHOE MPOCTPaHCTBO. B pabore [5] mokazano a¢-
(exTuBHOE Ucnionb3oBanue MK B makere FEMM  mist Mo-
JIeITMPOBAHUS 3JIEKTPOMArHUTHBIX IIPOLIECCOB B TPaHC(OP-
maropax. B aToii pabore obnacth MonenupoBaHus OblIa
OrpaHHYeHa MPOCTPAHCTBOM Oaka, HO TOTEpH B Oake He
yuutbBanuck. MKDO Taxoke ucnonb3yercs B MOMYISPHOM
nakere mogenupoBanust ANSYS [6] u npyrux nakerax. B
cucreme ANSY'S npobnema orpannuenust o0iactu Mojie-
JMPOBaHUS PELIeHa NCTIOIb30BaHUEM, TaK HA3bIBAEMBIX a0-
COPOIMOHHBIX TPAaHUYHBIX YCIIOBHH [7]. B 3TOM ciryuae pac-
YeTHast 001aCTh UCKYyCCTBEHHO OI'PaHUYUBACTCSI HEKOTOPOH
MOBEPXHOCTBIO, KOTOPAasi NOJKHA MOTIIOLIATh BCKO SHEPTUIO
NoJIsl, TONaJaloIy0 Ha Hee u3HyTpu. OHaKo 3Ta MOBEpX-
HOCTb JIOJDKHA JOCTATOUHO JAJIEKO OTCTOSATh OT BCEX pac-
CMaTpUBAEMbIX O0OBEKTOB, YTO 3HAYUTEIILHO YBEIUUUBACT
KOJIMYECTBO y3JI0B KOHEUHOZIEMEHTHOM ceTku. [Ipyras npo-
OneMa 3aKJII0YaeTCsl B TOM, YTO B QJIEMEHTAaX MOJIEIIH, BbI-
MOJHEHHBIX U3 KOHCTPYKIUOHHOM CTalli, BOSHUKAET CKHH-
a¢¢ext. Bennunna CKMH-CI105 KOHCTPYKIIMOHHOM CTai Ha
gacrore 50-60 I'm — 1-2 mm. CnenoBaTenbHO, IPOHUKAS
BIIyOb CKMH-CJIOS Ha 1—2 MM, 3JIEKTpOMarHuTHas BOJTHA 3a-
Tyxaer B e (2,72) pa3. {1 annpokcuManuy SKCIIOHEHIUAIb-
HOW 3aBUCHUMOCTH KOHEUYHBIMM JIEMEHTAaMU IEPBOrO MO-
PpsaKa yAOBJIETBOPUTEILHON TOUHOCTH, KOJTMUECTBO KOHEU-
HBIX JIEMEHTOB 110 IIyOMHE CKUH-CIIOS JIOJDKHO OBITH HE
MeHblIe Tpex. T.e. yunThIBasi pa3Mepsl 0aka CUIIOBOTO TpaHC-
(opmaropa B HECKOJIBKO METPOB, pa3OueHue Oaka Ha KO-
HEYHBIE AJIEMEHTBI CO CTENIEHbIO AETaTU3alUH - HECKOJIBKO
3JIEMEHTOB Ha 1-2 MM IPUBOAUT K pa3MepaM CUCTEMBI ypaB-
HEeHUH TpeOyIoImuX 00JIbII0e KOJIHYECTBO KOMITBIOTEPHBIX
PeCcypcoB 1 BpEMEHU Ha pellieHHe 3Tol cucteMsl. CMelieH-
HBIE YHCIIEHHBIE MEeTOABI [4] OBIIIM pa3paboTaHsb! IS pertie-
HUS BBIICOITMCAHHOW MPOOJIEMBI, HO TOYHOCTh PacyeToB
Ha CETOJHSAIIHUMN IEHb SIBIISIETCS HEYIOBIETBOPUTEIIEHOM.
Tupokyto MOmyIsIpHOCTh B PELIEHUH TaHHOH Mpooiie-
MBI IpHOOpen 3h(HheKTUBHBII METO: METOT KOHEYHBIX JJIe-
MEHTOB C T'PaHUYHBIM YCJIIOBHEM MMIIEIaHCHOTO THma [8—
12]. Orot Metox BriepBble Obu1 peuioxkeH C.M. PEITOBBIM,
a moToM Ob1T 00ocHOBaH M.A. JleontoBuuem u A H. [y-
kuHbIM. Meton Illykuna-JIeonToBUYA B HACTOSAIIEE BPEMS
000011IeH Ha IMUPOKUH KPYT AJIEKTPOANHAMUYECKHX 3a/1ad,
4TO OTpa)keHO B 0030pHOi1 craThe [13], mocesimenHo# 75-
JeTuro 3Toro Metoza. I1o cBoelt CyTu ATOT METOX ABISAETCA
npuoKeHHBIM. CIIe10BaTelIbHO, B PEATbHBIX TPUIIOKEHH-
AX TpeOyeTcsi 000CHOBaHHE KOPPEKTHOCTH JAHHOTO METO/A
Y OIIEHKH NOrpemHocTd. Takum 00pa3om, Mpu pereHu
3aJ]a4y pacuera norepb B TpaHc(hopmaropax U peakropax
Tpebyercst popMan3anus NPUHATHIX JOMYIIECHHH, OL[EHKa
MOTPEIIHOCTH U JaNbHENIIee pa3BUTHE METOAA.

B nanHoi1 cTaThe npeuiaraeTcsi 000CHOBaHHas MaTeMa-
THUYECKasi MOJIEINb JUIA pacueTa MoTeph B 2JIEMEHTaX KOHCT-
pyKIHH TpaHcopMaTopoB, BEITOIHEHHBIX U3 (eppomar-
HUTHOTO MPOBOJSAIIETO MaTepHana (HalpuMep, KOHCTPYK-
IIMOHHOU cTanu). OCOOEHHOCTh MO/IEIH 3aKJII0YaeTCs B 3a-
MeIlleH!H rpaHnuHoro ycnosust MKO 3agaun noBepxHOCT-
HOH IJTIOTHOCTBIO BUXPEBOTO TOKA.

Ilenb cTaTbyu — cHUCTEMAaTHYECKOE M3JIOKEHUE METONA
KOHEYHBIX DJIEMEHTOB C TPAHMYHBIMH YCIOBHIMH UMITEIaH-
cHoro THna B popme, y1oOHOH Ul NPUIOKEHHUI TaHHOTO
METO/Ia K 33/1a4aM pacyeTa IoTeph B OaKe 1 3JIeMEHTax KOH-
CTPYKLMU CHJIOBBIX TPAHC(OPMATOPOB U PEAKTOPOB, BHI3-
BaHHBIX ITOJISIMU PACCESHHSI.

HN3JI0OKEHHUE

MATEPHAJIA n
IHOJYYEHHBIX PE3YJIBTATOB

OCHOBHOI'O
AHAJIHUX

Pacripesenenue MMHEHOTO MAarHUTHOT'O ITOJIS FAPMOHH-
YEeCKHUX NCTOYHHKOB ITPOMBIIIIIIEHHON YaCTOTHI B IPOCTPaH-
CTBE OIMCHIBACTCS YpaBHEHHAMH MakcBellia B KOMITJIEKC-
HOH opme [14]:

-> > o
VxH=J; )
- o -
VxE=—joB; @
- >
V-B=0; ©)]
- >
V-J=0> ©
i e
H=—8". 5
T Q)
- - -
J=cE+Js, 6)
- -

re: [ — HanpsHKeHHOCTh MAarHUTHOTO MOist, A/M; J — IUIOT-

%
HOCTh TOKa, A/M?, E — HaOpsHKEHHOCTH 3JIEKTPUUECKOTO
-
noist, B/M; B — MarHuTHas MHIYKOUS, Th; L — MarHuTHas

MPOHUIIAEMOCTb, | H/M; G — yZeNbHas SJIeKTPOIPOBOIHOCTS,
-
Cm/M; J § — IDIOTHOCTB TOKA NCTOUHUKA, A/M.
Pemenue 3amaun pacnpeneneHss KBa3HCTaTHISCKOTO

I10JII METOAOM KOHCUYHBIX 3JICMCHTOB MOXKECT OBITH BBIpAXEC-
%
HO KaK 4€pe3 BeKTOpHHﬁ MAarHUTHBIN oTCHI Al A u cka-

JSIPHBIH dJIeKTpryYeckuid @ noreHuuan (A, V-A dopmynu-
H
POBKa) Tak W uepe3 BEKTOPHBIIT TOKOBBIM noTeHuman I’ u

ckansapHbIit MarHuTHBIN oteHman ¢ (T, @-O dopmynu-
poBka). Tak kak T, ®-® popmynmuposka MKD mpuBomut k
«IOKHOMY paclpe/ielICHUI0 BUXPEBbIX TOKOB B MHOTOCBSI3-
HOW obmacTuy [15], BeIpaszuM 3amady uepes A, V-A hopmy-
JIMPOBKY:

- > o
Vx A=8B; o)
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- S
E=-jod-V-o¢- )

IMoncrasnsiem ypasaenus (5), (7) B (1) u (6), (8) B (4) mo-
Jy4aeM 3aMKHYTYIO CUCTEMY YPaBHCHHU BKIIFOUYAIOIIYIO
ypaBHeHus Makcpesia (1-6):

-> - -> > -

N
Vx(—=Vx A)+o(jo A+ V-@)=Jg
1l

N

V- |:G(—j0)1_4)— g (p)} =0 ©)

[Ipumenum metox 'anepkuna [16] k cucreme ypaBHe-
_>
Hui (9). 3aMeHUM HCTHHHOE pelneHne cucteMbl (9) 4 u ¢

€ro pa3NIoKeHHEM B KOHEYHBIH PSIJT TI0 OPTOTOHAIBHBIM (0a-
3UCHBIM) (PYHKIHSM:

_ Ng _ Ng
A= N4 0'=20;-¢; (10)
i=1 i=1

rae:A n ¢ —xod3pUIMERTHI psija; N; —BEKTOpHas 6asuc-
(hyHKIMSI, ONpeeNICHHAs] B IPOCTPAHCTBE KOHEYHBIX JJIe-
MEHTOB, HIMEIOIIUX OOIIyI0 i-10 BepmuHy B Nodal-Based
dhopmymupoBke WK ob1ee i-¢ pedpo B Edge-Based dhop-
MyIupoBke [3]; o, — ckanspHas Ga3uc-QyHKIMSA, Onpese-
JICHHAs B IIPOCTPAHCTBE KOHEYHBIX AJIEMCHTOB, HMCEOIIUX
00myo i-10 BepunHy; N, — KOJIMYECTBO Y3JIOB KOHEYHO-
3JIEMEHTHOU ceTkU B Nodal-Based GopMyITHPOBKE HUITH KO-
nmaecTBo pedep B Edge-Based GopMyanpoBKe.

N
IMoxcrassist anmpokcumanuio pemenns (10) 4" u ¢’ B

cucremy (9) momygaemM HEBSA3KH (OIIHOKH arIpOKCHMAIIHN )
R uR;

-> > -> - -

- -
Vx (L Vx A) 4 6(jo A+ V- o) Jg =R,
1

; |:G(—j0) Z’— g (p')} =R, (n

Omnpenenum ycnoBre MEHIMHA3AIIMA HEBA30K R, 1 R, B Tpe-
JieTax 00acT peneHns 3a1a9u ) KaKk paBeHCTBO HYJIIO B3Be-
IIIEHHOTO MHTETpajia OT HEeBS3KH o oonacth (2. B kaduecTBe
BECOBBIX (DYHKIIUH COBEPIIICHHO OYSBHIHO BBIOPATH Oa3mc-

Hele QyHKIMH N; ¥ oL

Ry -0dV =0> (12)

TToacrapmnsis cuctemy ypaBaenuit (11) B (12) momygaem
crucTeMy ypaBHEHHUH 1o Metoxy ["anepkuna:

> 12 - - - -
[| Vx(=Vx4)+o(jok A'+V-¢) |- NdV =
o u
-
= [Jg-Ndv
Q . (13)
- - -
[V| o(~jok 4'=V-¢) |-adV =0
Q

Jns m3beranus audepeHITUPOBaHMS TPOU3BOTHBIX
BTOPOTO Mopsiaka, mpuMeHnM K (13) popmyner [punal17]:

J{gx (lgx Z)]NdV = I{gx F[}-NdV =
Q H Q
_ j{gxﬁ}~ﬁdV+j§~[f1xﬁliV=

o o

j{%ﬁ}ﬁdu]ﬁxﬁ-nﬁ:
Q r

= [(Vx M) (L Vx Ay - [[F <] Nas
Q H r

—| - - -
[V|o(=jok A= V-@)|-0dV = [| V- T |- 0dV =
Q Q

:_J'(g- oc)-jdV+ J'; (j-oc)dV:
Q Q

- - -
—gjz(v-a).Jqu(J.ﬁ).adS: L4

r

- - - -
= [(V-@)-c-(jok 4 +V-¢)dV + [(J -7i) - adS
Q T

rae: I — rpaHuia, OKpyKaromas o0IacTh peIeHUs 3a1a91
€; 7 — BEKTOp HOpMaJH K rpaHune /.

TToacrasmnsisi (14) B cucremy ypasHenuii (13) momyuaem
CUMMETPUUYHYIO CHUCTEMY ypaBHEHUIl, ONpeAeNeHHY0 B
obnacty Q orpaHMYEHHYIO TpaHuLei [, Ha KOTOPOH emle
JIOJDKHBI OBITB 331aHBI TPAaHUYHBIC YCIIOBHUS:
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- 12> - - -

[[(VXN)-(=Vx A) + o(jok A+ V-¢')- N |dV ~
i

Q

—j[Hxﬁ]-ﬁdsz jJ:-NdV
r Q

j(? a)-cs~(joakA_’)+$-qo’)dV+j(j-ﬁ)udS=O- (15)
Q r

Cuctema ypaBHeHui (15) moka3siBaeT HEOOXOJUMOCTb
OIPENeNIUTh YCIIOBHE HA TPAHHMIIC pacueTHOM oOmactu [
CTOUT OTMETHUTH, YTO OOHYJICHUE HOPMAIbHOW KOMITOHCH-
ThI IJIOTHOCTHY TOKA Ha TPaHUIIE TPOBOSIIEN U HEPOBOIsI-
niel o0acTe SABISIETCS €CTCCTBEHHBIM ycnoBueM. OOHY-
JIEHHE KacaTeJIbHOM KOMIIOHEHThI HANPS>KEHHOCTH MarHUT-
HOTO T0JIS, YTO COOTBETCTBYET YCIOBUIO (DeppOMarHUTHO-
ro Marepuana ¢ OCCKOHCYHON MarHUTHOMN MPOHUIIAEMOC-
TBIO U HYJIEBOW MPOBOJIMMOCTBIO, HE SIBIISIETCS €CTECTBEH-
HBIM YCJIOBUEM. DTO UCKAXKAET PE3YJBTAThl pacipeaeIeHUs

MarHUTHOTO TI0JIs1 BHYTpH oOnactu 2. C 0gHOM CTOPOHHI,
HaunboJIee pacIpOCTPAHEHHON PEKOMEHIAIIUEH IS IIPOBE-
JICHHSI PACUYCTOB SIBIIICTCSI PEKOMEHIAIHS OTOIBUHYTh T'pa-
Huly [ ¢ HyJeBOH KacaTeJbHON KOMIOHEHTOW HaNpsHKEH-
HOCTH MarHUTHOTO MOJISL OT 0OBEKTOB OCHOBHOM 33/1a9H. DTO
MO3BOJISIET UCKIIOYHUTE BIUSHHS TPAHHYHOTO YCIIOBHS Ha
pe3ynbratel pacdera. C Ipyroil CTOPOHEI, pacyeTHasl Mo-
JICITb CUIIOBBIX TPAHC(HOPMATOPOB B OOJIBIIIMHCTBE CIy4acB
OKpYXEHa 0aKOM, TOJIIUHA KOTOPOTO MPEBHIIACT BEIAYH-
HY CKHH-CJIOSI, T.€. 3JICKTPOMArHUTHASI BOJTHA 3aTyXaeT BHYT-
pu Oaka. Takum oOpa3om, npencraBieHue 6aka, Kak dep-
POMAarHATHOTO TPOBOJIAIIEIO OIYIIPOCTPAHCTBA, HATIPAB-
JICHHOTO OT I'paHHuIlbl /B 00PaTHOM, OTHOCUTEIIHHO PacueT-

HOW o0ytacTu (), HaNpaBJICHUH, SIBJISIETCS 0OOCHOBAHHBIM.
Jlnst perieHns 3a1a4u pecTaBieHns 6aka, Kak IpoBo-
Jsitiero (heppoMarHUTHOTO MOTYIPOCTPAHCTBA, TIPEACTABUM
rpanuity /' pacdeTHOH 00nacTH {2 TpaHUIICH, OTACIIIOmEH
pacdeTHyr0 00J1acTh Q OT GeppOMArHUTHOTO TTPOBOISIIIIE-
T'O MOJTYTIPpOCTpaHCTBa (0aKa) ¢ MAarHUTHOM TIPOHUIIAEMOC-
ThIO Oaka I ¥ IPOBOTUMOCTBEO Oaxa o, ONeKTPOMAarHUTHOE
1oJie BHYTPU (PepPOMArHUTHOTO MPOBOISIIETO MOIYIPOC-

TPAHCTBA BHIPA3UM MEPE3 MATHUTHYIO H SJCKTPHYCCKYIO
HanpspkeHHoctd: H y u E y. Ilpumem jiBa pomymieHus:
HAMPSKCHHOCTD SJIEKTPHIECKOTO MO E f v marauTHOTO
nosist H ¢ BHYTpH MOMynpoCTpaHCTBa HAMpPAaBJICHA MO Ka-

caTeJIbHOM K rpanuiie / .

IlepBoe gonyIieHue BoITEKAET U3 YCIOBUS HYJIEBOM KOM-
TIOHEHTBHI TNIOTHOCTH TOKA Ha rpanuiie /, HopMaJIbHOM K Ipa-
HUIIE CO CTOPOHBI (PEPPOMATHUTHOTO MOIYIIPOCTPAHCTBA.
Tak Kak MPOBOAMMOCTh 0aKa — BEIMYMHA TIOCTOSHHAS 110
TOJIIMHE 0aKa, TO IPY IBUKCHUH BIITyOb OaKa MepricH IUKY-
JIsipHO rpanuLe /I TUIOTHOCTh TOKA, a CIIeA0BaTENbHO, U Ha-

-
HPSHKEHHOCTH dIIeKTprdeckoro nons £ f ocraercs kaca-

TeNbHOU rpanune /.

Bropoe nomyiieHue BbITEKaeT U3 YCIOBHUsS PaBEHCTBA
HOPMaJIBHBIX KOMITOHEHT MarHUTHOW MHIyKIIH HA TPaHH-
1€ pa3jena AByX Cpell ¢ Pa3HBIMU MarHUTHBIMH IIPOHUIIAE-
moctsivu. T.K. MarHuTHAsi IPOHULIAEMOCTD 6aKa |1 B COTHU
pa3 OoJbllle YeM MarHUTHas IPOHHUIAEMOCTh BO3JyXa
(TpaHcopMaTopHOro Macia), To HopMajibHasi KOMIOHEH-

-
Ta MarHUTHOM HANpPSYKEHHOCTH [ r BHYTpH 0aka B COTHH
pa3 MeHblIe YeM HOpMaJjlbHasi KOMIIOHEHTa MarHUTHO! Ha-
NPSDKEHHOCTH BO3IyXa (TpaHchopmaTopHoro macna). Cire-
JIOBaTEIbHO, BIMSHAEM JaHHOW KOMIIOHEHTBI HA MArHUTHOE

oJie BHYTpH 007acTh 2 MOYKHO TTPEHEOpEUb.

J171st TpOCTOTHI M3JI0)KEHNUS TPEATION0KIM, YTO TpaHHIA
I"pacnonoxxeHa B Ii1ockocTu XY, MPOXOosIei yepes Koop-
nuHaty z=k. Torma BexTop HOpManu Kk [

7i=0-7+0-j+1-k =1-k .Tlpencraum ypauenns (1) i (2)

B BEJIMYMHAX DJIEKTPOMArHUTHOT'O IT0JIs1 )eppOMarHUTHOTO
MPOBOJSILETO MOIYIIPOCTPAHCTBA:

oH OH * oHY OHY
gxlff:— af~i+ af"7+( af_ 6f)~k:
- -9 . (16)
=Gy Ej-i+o EY-j+0-k
NN OEY  OEL - OEY OEY _
VxE, =- aj T+ aj T ( aj ——Tyk=
z z X oy am

UYroOsl 00beauHUTh yYpaBHeHus (16) u (17) Haiinem po-
TOp OT IPaBoii U JIeBoi yacreii ypaBueHus (17) u B pe3yiib-
TUpYIOIllee ypaBHEeHHE 100aBuM ypaBHeHue (16):

> [ - 62E;f- - 52E;}- - 62Ejf. 62E}}. -
Vx VXEf =- ] — - j+( —+ )k:
- oz2 &2 dz-dx  6z-oy

B L 13
=—jop,c E; i = jousc E/{ j+0-k.

CTOMT OTMETHTB, YTO YPABHEHHUS, COOTBETCTBYIOIIHC

¥ J/ KOMIIOHEHTAM — HE3ABHCUMBIE U MOTYT OBITH PELIEHBI
Kak OOBIKHOBEHHBIE JJMHEWHBIE TU(depeHIranbHbIe ypaB-
HEHHs BTOPOTO MOpsAAKA. YpaBHEHUE, COOTBETCTBYIOLIEE

KOMIIOHEHTE K , — He 4TO MHOE, KaK PABEHCTBO HYIIIO YacT-
HOU NPOU3BOIHOMN IO KOOPANUHATE Z OT AUBEPrE€HIUU dIEKT-
pUYECKO HAPSKEHHOCTH, YTO, IIPU YCIOBUHU U30TPOIIHBIX
CBOMCTB 5JIKTPHIECKOH POBOIUMOCTH G, COOTBETCTBYET
ypaBHeHUI0 MakcBeina (4). CiiegoBaTenbHO, o0IIee pere-
Hue ypaBHeHUs (18) MoXHO nipecTaBUTS B BUE [14]:

E;i =Cf - ePER) L CF e PER)

E; =cy PR +Cy Le7P(ER)

P=4/JOU (G ¢

19)
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Hcxons u3 Toro, 4yro eppoOMarHUTHOE MPOBOJIAILEE
MOMYNPOCTPAHCTBO HAUMHACTCA IpaHULel / U IPOCTUPAET-
Csl TEOPETHYECKH B OECKOHEYHOCTh U TPH 3TOM 3JIEKTPO-
MarHuTHOE T10JIE 3aTyXaeT 10 HyJs, 3Ha4eHus1 Koo duunen-
toB C|* n C/ IpuHUMaeM paBHbBIME Hy10. ClIe10BaTeNBHO,
MPOU3BO/IHBIE OT KOMIIOHEHT HAMPSKEHHOCTH B YPaBHEHUU
(19) no xoopauHare z:

ow
7 ek
pe ——p-C}.ePC )=—p~Ej3
OE”,
azf =—p-Cy-e PN —p.EY - (0)

D =,JOU O

Ioncrasnss (17) B (20) momydaem:
H - P

£ N
: JOW ¢ O)Hf
.o
HYy =2 Ex—(—l)/ g b
JOW ¢ 2op ¢

Taxk kak KacaTeJbHbIE COCTABIISIONINE HAPSHKEHHOCTH Mar-
HUTHOTO U DJIEKTPUUECKOTO MOJIel Ha TpaHuULIe pa3zena IByX
Cpell HeIIpephIBHBI, BCTaBUM (2 1) B IOBEPXHOCTHBIN MHTET-
paJi IepBOTO YpaBHEHHS CUCTEMBI (15):

~[|Eii]- Nas=—{[|H, i ~H,-j+0-k] Nas=

:_J‘[HJ{ .Z_H}{ .]‘].Ndsz
r

Y Ex.-Z+Ey..j-]-NdS=
2oy @)
O r — —
— (-0 |- [[GixEyxii]. Nas
204y 1
rjue: [(n><E)><n] z+Ey-]+O-l€ TUTS

71=0-7 +0-j +1-k =1k .

Takum 00pa3oM, BbIPa3HB HAIPSHKEHHOCTH dJIEKTpUYec-
KOTO TIOJIS Yepe3 NOTEeHIN AN (8) ¥ BCTaBUB (22) B CHCTEMY
ypaBHeHu# (15), momydauMm cucteMy ypaBHEHHH METOA KO-
HEYHBIX DJIEMEHTOB C IIOBEPXHOCTHOH MIIOTHOCTHIO BUXpE-
BOT'O TOKa:

j{(va) (—VxA)+G(](okA+V 0)- N}’

+(1- ]) I{ nx(](oA +V. (p)]xn} NdS =

- (23)
Q

- - -
[(V-a)-o (jok A+ V-¢)dV =0
Q

Pemenune cuctemsl ypaBHeHUH (23) MO3BOJISIET, € y4e-
TOM JIBYX BBIILIE OTOBOPEHHBIX JOMYILIEHHI, BHIPA3UTh BIHsI-
HHE JJIEKTPOMArHUTHOTO T10JIs B (heppOMArHUTHOM IIPOBO-
JUIIIEM TIOJIyPOCTPAHCTBE Ha pacipe/ielieHUe IIeKTpoMar-

HUTHOI'O MOJIA BHYTPpHU obmactu peuicHus () KOHEYHO-)JIE-

N
MEHTHOM 3aJ1auu Yepe3 IOBEPXHOCTHBIN TOK J s, A/M:

- 0 ~ ~
Js=oy[(Ef-i+EY-j)dz=
k
=0, [(C5-i+CY-))-e P Ndz =
k

(e} . ~
=7f(05-i NOSHE

=(1- j)/ (Emfz+Emf J)=
OH ¢
=(1- j)’ [(an)xn]
| Of K_ =g ] _:l
=(1-)) nx(jod+V-@) |xn
\ 200

. X
r7e: K03 OUITUSHTHI C2 u

@4

C,’ COOTBETCTBYIOT KOMITIOHEH-
%

TaM BEKTOpa HanpspkeHHOcTH E ' Ha koopauHare z=k, T.e.
Ha MTOBEPXHOCTH [ .
Taknum 06pazom, u3 BepaxkeHus (24) BUIAHO, YTO MTOBEP-
-
XHOCTHBI TOK 7 S eCTh He UTO HHOE, KAK HHTErpaJl OT IUIOT-
HOCTH TOKa B (peppOMArHUTHOM IPOBOISIIEM MOIYIPOCT-
paHCTBE IO KOOPAWHATE Z T.€. TI0 «IITyOnHe» (peppoMarauT-

HOTO TIPOBOJISIIETO TONYIIPOCTPAHCTBA. BimsiHue, oKa3bl-

N
BaeMOeE TIOBEPXHOCTHBIM TOKOM J § Ha 00JIacTh peIIeHus

3a/1auu (), COOTBETCTBYET BIUSHHUIO BCETO BUXPEBOIO TOKA B
(heppOMarHUTHOM IIPOBOJAAIIECM MOTYIPOCTPAHCTBE.
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Hcnonb3yst aHanorMyHbIi MoaX0/1 HaliieM NOBEPXHOCT-
HYIO TLIOTHOCTB TT0Tepsb P , BT/M™:

_1 Topx to yrpy -
Pg _EReof]{(Ef. E} +E}"E})dz| =
1 « # * _ _
= Relo, [(C3°C3+Cy 7 Cy) e 2PER) gl =
k

(&) * *
=Re4—f(c§‘- i+ e =
p

J— (e} * *
_red=S) —f(Emj,- Ent’ + Em-"Em?) =

4 2couf / /
(25)
-7 (e} -
=Reu —f[(ﬁxE)xﬁ:Iz =
4 ZQ)Hf
1-j Oofr > ?
_rgl=d) [ O ix(jod+V-@) |xi
4 2couf

st nony4eHus HoTephb OT MOJIEH pacCesiHUS B 3JIEMEH-
T€ KOHCTPYKIMH, QyHKIHIO P HEOOXOIUMO IPOUHTETPHPO-
BaTh 10 TOBEPXHOCTH JIEMEHTA KOHCTPYKIIHH:

P= jpsds

! 6)

CTOUT OTMETUTB, YTO AAHHBII METOJ MOXKHO PacpoCT-
paHUTb HE TOJIBKO Ha pacyeT TpaHcdopmaTopHoro Oaka, HO
W Ha pacyeT 3JIEMEHTOB KOHCTPYKLIWH TpaHchopmaTopa,
BBITIOJTHEHHBIX U3 KOHCTPYKIIMOHHOM CTaJIN M C TMHEHHBIMU
pa3MepaMy, IPEBHIIAIOIIUMH [TyOHHY MPOHUKHOBEHHUS.
Hcnonp30BaHue rpaHUYHBIX YCIOBUI MMIIEAAaHCHOT'O THIIA

JlaeT HaMMEHBIIYIO TIOTPELIHOCTh, €CIIHM [ITyOMHA MPOHHK-
HOBEHMSI B METaJUI MHOTO MEHbIIIE Paanyca 3aKpyIJICHUS
METAJUTMYECKUX KOHCTPYKIMiA [7]. YUuThIBasi, 4To 006eM
MeTaJula yacTe KOHCTPYKIMH TpaHcopmaTopa ¢ MaIbIMU
pazuycaMu 3aKpyIvIeHHs COCTABISET JOJM MPOLEHTA, TO
MOTPENIHOCTD PacyueTa oTepb OyAeT He3HaYnTebHa. B Ka-
YecTBe MpUMepa MPEeACTaBUM ITOBEPXHOCTH SIPMOBOM Oai-
KM TpaHchopmaTopa ciioxHoi popmsl (puc. 1) B Buzae npo-
BOJIAIIETO (peppOMarHUTHOTO MOIYNpOCcTpancTBa. JJaHHoe
JIOIyIIIEHHE OCHOBBIBAEM Ha TOM (AaKTe, YTO JIMHEHHBIE pa3-
MepBI IPMOBOH OaJIKH B IECSATKH pa3 MPEBBIIAIOT BEJIHYH-
HY CKHH-CJIOSI KOHCTPYKIJHOHHOM CTaJIM U, KaK U B ClIydae
TpaHcopmMaTopHOTO OaKa, HIEKTPOMarHUTHAsl BOJIHA 3a-
TyXaeT B HOPMaJIbHOM, K TOBEPXHOCTH OAJIKH, HalIpaBJICHHN
IIpY IBIKEHUH BIIyOb. Mcxonst U3 paBeHCTBa HYIIO HOP-
MaJIbHOM, K TOBEPXHOCTH, COCTABIISIFOLIIEH BUXPEBOTO TOKA
1 Pa3HULIBI HOPMAJIBEHBIX COCTABIISFOLINX MarHUTHOW HAMPsi-
JKEHHOCTH Ha TpaHuIle TpaHC(HOPMAaTOPHOTO Macia U KOH-
CTPYKLIMOHHOH CTaJIN B COTHHU Pa3, IPUMEM T€ e JIOITyIIIe-
HUSI PaBEHCTBA HYIII0 HOPMAJIEHBIX COCTABIISIOIINX HAIPs-
JKEHHOCTEH MarHUTHOTO U 3JIEKTPUYECKOTO T0JIeH B heppo-
MarHUTHOM HOJIyIPOCTPAHCTBE, KOTOPbIE ObIIM IPHHSATHI
JUisL pacdera Oaka. VckimounM 00acTh BHYTpH OalKu U3

obmactu pemreHus 3aaaau Q.
B cnydae uckintoucHUs: BHyTPpEHHEH 00acTu Oaiku u3

oOmactu pemenus 3aaa4un Q, ucxozs u3 popmyin [puna (14),
TTOBEPXHOCTH SIPMOBOM OaNKM TaKkkKe CTAHOBUTCS YAaCTHIO
rpanuLb [, OKpyXKatomei oonacts pemenus 3anaqu Q. Cre-
JIOBATEIIFHO, TIOBEPXHOCTHBINA HHTETPA B IEPBOM ypaBHE-
HUHM CHUCTEMBI ypaBHeHHH (15) BKIIIOYaeT M MOBEPXHOCTH
ApMoBoii 6anku. [IpruMeHnB BBIIIIE OTOBOPEHHBIE OITyIIIE-
Hus K ypaBHeHwsM (1-2, 8, 15) momyanm ypaBuenus (16-24)
JUTS TOBEPXHOCTH SIPMOBO¥ OAJIKH.

Ha puc. 2 nmpuBeneHo pacpeesieHne BUXPEBBIX TOKOB B
(heppOMarHUTHOM HPOBOJIAIIEM TIOIYIIPOCTPAHCTBE, TO-
CYMTAHHOE Ha TOBEPXHOCTH SIPMOBOH OAJKH.

Pucynok 1 — Mogens sipmMoBoii 0anku Tpexdasnoro tpanchopmaropa B nporpamme ELMAG-3D, BbinoiHeHHO#H 13
KOHCTPYKLIMOHHOM cTanu
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OCHOBBIBasICh Ha BBIIIEONUCAHHOM Mo uKanyy Me-
TOJla pacyera, ObUT pa3paboTaH MPOrpPaMMHBINA KOMIUIEKC
ELMAG-3D nn4 pacueTa noTepb U EPErpeBoB OT Hoiel
paccesiHus CUIIOBBIX TpaHC(HOPMaTOpOB U peakTopos [18].
J171st orieHKH OBICTPOICHCTBHUS ¥ TOYHOCTH MPEJII0KEHHOTO
MeTO0/1a ObUIH pacCUNTaHbl BUXPEBBIE TOKH U ITOTEPH B dJ1e-
MEHTaX KOHCTPYKLHH 0HO(a3HOTO aBTOoTpaHchopmarTopa

VLML s T TR LI

167MBA 345xB 161kB ¢ amtoMuHHUEBBIM 9KPaHOM, YCTaHOB-
JICHHBIM Ha 0aK.

Monens TpaHchOpMaTOpa OrpaHNYeHa TOBEPXHOCTHIO
I coBnaziatomieli c BHyTpeHHeH IIOBEPXHOCTHIO 0akKa, a Tak-
JKe C 3aJJaHHOI MPOBOAUMOCTBIO0 U MArHUTHON IPOHHUIIAE-
MocThio 0aka. Takxe JuIsl JaHHOTO aBTOTpaHc(opMaropa
T€ K€ BEJIMYUHBI OBLTH PACCUATAHEI B IPOTPAMMHOM KOMII-

alElx]
row Ts -

P L RE AR = ! | TEO IR LG EGO0
MEEOEY W,

| /;-hh &

= f"’"ﬁ'-—-’“

nt density J, Alm2

2.06944E006
1.96616E006
1.862B8E006
1.75961E006
1.65633E006
1.55305E006/
1.44977E006
1.3465E006
243226006

Pucynok 2 — PacripesienieHue oBepXHOCTHOTO BUXPEBOTO TOKA HA IOBEPXHOCTH MOJIETH IPMOBOH OaJIKH Tpex(a3HOTo
tpaHchopmaropa B nporpamme ELMAG-3D

=l=ind
s 5|

A= AR~ | FIEIRE G SN0
el WG e -@

o .

_ g B

3.44076E006
3.26874E006
3.09671E006
2.92469E006
2.75267E006
2.58064E006
2.40862E006 —
2.2366E006
2.06457E006
1.89255E006
1.72053E006
1.5485E006
1.37648E006
1.20446E006
1.03244E006 ||
860412
688389
516365
344342
172319
295.702

i

I

Pucynok 3 — Pacnipeienienre HoBEpXHOCTHOT'O BUXPEBOT0 TOKA Ha TOBEPXHOCTH Oaka MOeNy 0gHO(}a3HOTo aBTOTpaHCc(hopMaTopa
167MBA 345kB 161xB B nporpamme ELMAG-3D
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nekce ANSYS [6], pacueTHast MOzIEIb KOTOPOTO TaKKE BKITIO-
yaeT 0aK M DKpaH, 3a1aHHbIe Kak solid 00beMbl 1 pa3ouThIe
Ha MEJIKHE JIEMEHTHI KOHEYHO-3JIEMEHTHON CETKH JUIS 10~
JydeHus pe3yibTara pacuera 3aJaHHOi TouHOCTH (TIpooiie-
Ma ckuH-3ddekra). Bo n3bdexxanne BIUAHUS TPAHUYHOTO
YCJIOBHS Ha PacueTHYIO 00JIaCTh MOBEPXHOCTh, OTPAHUYH-
BaloIast MOJIeJIb, OTOJIBHYTA Ha IOCTATOYHOE PACCTOSIHUEC
(HECKOJIBKO METPOB).

Pesynbrarel paccuntanHoro B mporpamme ELMAG-3D
MTOBEPXHOCTHOT'O BUXPEBOT'O TOKA B MOJIEIIH Ha TOBEPXHOC-
TH Oaka IpuBe/IeHb! Ha puc. 3. Pe3yabraTsl paccCYuTaHHOTO B
nporpamme ANSYS BuXpeBoro Toka B MOjeNU ¢ Oakom,
MIpeAcTaBICHHBIM Kak solid 00beM, IprBeeHb! Ha puc. 4.

BbIBOJbI

[pemnoxeHHast MaTeMaTHYeCKast MOJCIIb, OCHOBAHHAS
Ha METOJIe KOHEYHBIX JJIEMEHTOB, M03BOIET Ooee 3 dek-
THBHO PaCCUUTHIBATH BUXPEBbIC TOKH U TOTEPH, BHI3BAHHBIC
MOJSIMH PACCesHUS, B 0aKke CHIIOBBIX TPaHCHOPMATOPOB U
PEaKTOPOB 1 AIIEMEHTAX UX KOHCTPyKImiA. HoBusHoi nipen-
JI0XKEHHOI MaTeMaTHYECKOM MOJICIH SIBIISCTCS IPUMEHEHUE
W3BECTHBIX IPAHMYHbIX YCIOBUI HMITEJAHCHOTO THITA K 3a-
Jiade pacyeTa MoTephb U MeperpeBoB, UTo AaeT HCKIFOUCHUE
HCTIOJIb30BAHMUS MOAPOOHOH KOHEUHO-3JIEMEHTHON CETKH,
o0ycnoBieHHOH mpobiemoli ckuH-3¢¢ekra. boxee Toro,
JaHHOE MPEIOKEHHE MO3BOJSIET IPH  MOJCTHUPOBAHUH
MPEICTaBISITh TPAaHCHOPMATOPHBIN HIIH PEaKTOPHbIH OaK,
KaK TIOBEPXHOCTh (epPOMATHUTHOTO MPOBOASIIETO MOJTY-

npocTpaHcTBa. J{aHHBIN MOAXO0/ 1A€T CYILIECTBEHHOE YMEHb-
LIEHUE PE3yIBTUPYIOIIECH CHCTEMBI ypaBHEHHUH (B IECITKU
pas3), 4TO IPUBOJMT K 3HAYUTEIEHOMY COKpAIIEHHIO BpeMe-
HU pacyeTa U KOMIbIOTEPHBIX pECypCcoB Oe3 OTEPH B TOU-
HocTH. [IpuBeneHHBIE Pe3yNnbTaThl pacueTa MOKa3bIBAIOT
MIPAKTUUECKOE COBMA/IEHUE PE3yIIbTaTOB PACueTa BUXPEBBIX
TOKOB, IIOIy4€HHBIX C UCTIOIb30BAHUEM BBIIIEOMICAHHOTO
METO/1a U IPOBEPEHHOTO KJIACCUYECKOTO METO/1a KOHEUHBIX
anemeHToB B iporpamme ANSY'S Ha nprmMepe pacuera 6aka
Tpancdopmaropa 167MBA 345xB 161xB.
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PO3PAXYHOK BTPAT B ETIEMEHTAX KOHCTPYKIIli CHJIOBUX TPAHC®OPMATOPIB I PEAKTOPIB
METOAOM KIHIEBUX EJIEMEHTIB 3 TPAHUYHUMHA YMOBAMU IMITIEJAHCHOTI'O THUITY

Mema pobomu. [Jana cmamms npononye o6IpyHMoBaHy mMamemamuyHy Mooensb, 3ACHO8AHY HA 3ACMOCYEAHHI
Memooy CKiHUEeHHUX elleMeHmis, siKke 00360A€ OiNbUL eeKMUBHO MOOETI08AMU BUXPOGI CIMPYMU | 6MPAMU, BUKTUKAH]
RONAMU PO3CIIOBAHHA, Y OAKY CULOBUX MPAHCHOPMAMOPIE | peaKmopie ma eiemeHmax ix KOHCmpyKyitl.

Memoou docnidcens. [pynmyiouucs Ha npunywentax pisHocmi Hyio HOPMATLHUX CKAAO06UX HANPYIICCHOC el
MASHIMHO20 T eIeKMPUUHO20 NONI8 Y (hepOMASHIMHOMY NIBNPOCMOPI 0aHa MAMEMAMUYHA MOOETb 6600UMb NOBEPXHE-

8y wWinvHicmyv euxposozo cmpymy 6 pisnanus MKE.

OcHogHi pesynomamu. 3po0.1eHo 8UCHOBOK, WO 3aNPONOHOBAHA MAMEMAMUYHA MOOENb 00380A€E OiNblu ehekmus-
HO po3paxogysamu GUXpOGi cmpymu i mpamu y 6aKy cunosux mpancgopmamopie i peakmopie ma enemenmax ix
koncmpykyii. IIpu yvomy oocseacmucs icmomue sMeHUuleHHs pe3yibmylouoi cucmemu pieHaHs (6 0ecamku pasis), ujo
npueooUms 00 3HAYHO20 CKOPOYEHHSA YACY PO3PAXYHKY | KOMA TomepHUX pecypcie 6e3 empamu mo4HoCmi.

Hayxkoesa nosusna. Hosusnoio 3anpononosanoi mamemamuinoi mooeni € popma, 3pyuna st Rpoepamuoi peai-
3ayii 8i0OMUX 2PAHUYHUX YMOB IMNEOAHCHO20 MUNY, WO ONUCYIOMb PO3NOOLN eleKMPOMASHIMHO20 Noasa 6 0aKy i
eeMeHmax KOHCMPYKYIL, NPU4omy yi elemMenmu nooaromscsi K pepomacHimuull eneKxmponpogionuti nignpocmip.

Ilpakmuuna snavumicme. [Ipuxiaou pospaxynxy oonogasnozo asmompancgpopmamopa 167MBA 345kB 161kB 6
npoepamuomy komnaexci ELMAG-3D, cmeopenomy na ochosi onucanozo memooy i  npoecpamuomy komnaexci ANSYS,
3 BUKOPUCIMAHHAM KIACUYHO20 Nioxody solid modeniosanns mpancgopmamopa noxkasyioms 3acmoco8Hicmy i He0OXiOHY
MOYHICMb ONUCAHO020 Memody 8 KOHMeKCmi 3a80aHb PO3PAXYHKY mpam 6 6axy i enemMeHmax KOHCMpPYKYii Cunosux

mpauncgopmamopis i peakmopis.

Kniouogi cnoga: memoo Kinyegux enemenmis, n0gepxnesa WilbHiCMb 6UXPOGO20 CINPYMY.
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CALCULATION OF LOSSES IN ELEMENTS OF CONSTRUCTION OF POWER TRANSFORMERS
AND REACTORS BY FINITE ELEMENT METHOD WITH SURFACE IMPEDANCE BOUNDARY
CONDITIONS

The purpose of the work. This paper offers the well founded mathematical model based on the applying of the finite
element method, which allows more effective modeling of the eddy currents and losses in the tank of power transformers,
reactors and elements of their constructions, caused by the dispersion fields.

Research methods. Based on assumptions of equality to the zero of normal components of the magnetic and electric
fields’ intensities in ferromagnetic half-space, this mathematical model enters the surface eddy current density in FEM
equations.

The obtained results. Conclusion that the offered mathematical model allows to calculate eddy currents and losses in
the power transformers tank, reactors and elements of their constructions more effectively is done. Reduction in tens of
times of the resulting system of equations is also arrived, that results to considerable decreasing of calculation time and
computer resources without accuracy losses.

Scientific novelty. The novelty of the offered mathematical model is the form that is comfortable for programmatic
realization of the known surface impedance boundary condition describing the electromagnetic field distribution in a tank
and construction elements and in addition these elements are represented as ferromagnetic conducting half-space.

Practical importance. Examples of single-phase autotransformer 167MVA 345kV 161kV calculation in a program
complex ELMAG - 3d software, created on the basis of the described method and in the program complex ANSYS software
with the use of classic approach of solid modeling of transformer, demonstrate applicability and required accuracy of the
described method in the context of problems of losses calculation in the tank and construction elements of power
transformers.

Keywords: finite element method, surface current density.

REFERENCES 10. Wagner B., Renhart W., Magele Ch., Error Evaluation
of Surface Impedance Boundary Conditions With
Ivankov V. F,, Basova A. V., Shulga N. V., Elektroteplovye Magnetic Vector Potential Formulation on a Cylindrical
raschetnye modeli elementov konstruktsii Test Problem, IEEE Trans. on Magn., 2008, Vol. 44,
transformatornogo oborudovaniya, Elektrotekhnka ta No. 6, pp. 734-737.
elektroenergetika, 2014, No. 2, pp. 41-53. 11. Aymard N., Feliachi M., An Improved Modified Surface
Kurt P., Thermal-Electromagnetic Coupling in the Finite- Impedance for Transverse Electric Problems, /EEE
Element Simulation of Power Trans-formers, IEEE Trans. Trans. on Magn., 1997, Vol. 33, No. 2, pp. 1267-1270.
on Magn, 2006, Vol. 42, No. 4, pp. 999-1002. 12. IdaN., Lemenach Y., Henneron T., High Order Surface
Guiirin C., Tanneau G, MeunierG., 3D Eddy Current Impedance Boundary Conditions with the A-¢
Losses Calculation in Transformer Tanks Using the Formulation, FACTA UNIVERSITATIS, 2011, Vol. 24,
Finite Ele-ment Method, IEEE Trans. on Magn., 1993, No. 2, pp. 147-155.
Vol. 29, No. 2, pp. 1419-1422. 13. Berdnik S. L., Ispolzovanie kontseptsii
Ostrenko M. V., Tarchutkin O. L., Andriienko B. Y., Power poverkhnostnogo impedansa v zadachakh
transformers and reactors stray losses and temperatures elektrodinamiki (75 let spustya), Radiofizika i
calculation using coupled IEM and FEM technique, astronomiya, 2014, Vol.19, No. 1, pp. 57-80.
Computational Technologies in Electrical and  14. Bessonov L. A., Teoreticheskie osnovy elektrotekhniki:
Electronics Engineering (SIBIRCON), 2010, IEEE elektromagnitnoe pole, uchebnik dlya studentov vuzov.
Region 8 International Conference, pp. 717-721. 7-e izd., pererab. i dop., Moscow, Vyssh. shkola, 1978,
Yarimbash D. S., Yarimbash S. T., Divchuk T. E., Kilimnik 231s.
I. M., Osoblivost viznachennya parametrv korotkogo 15. Kuczmann M., Nodal and Edge Finite Element Analysis
zamikannya silovikh transfor-matorv zasovami of Eddy Current Field Problems, Przeglad
polovogo modelyuvannya, FElektrotekhnka ta elektrotechniczny, 2008, pp. 194-197.
elektroenergetika, 2016, No 1, pp. 12—-17. 16. Zienkiewicz O. C., T aylor R. L. The finite element
ANSYS software [elektronnyj resurs]. rezhim dostupa: method. Fifth edition, Vol. 1, The Basis. Butterworth-
http://www.ansys.com Heinemann, Oxford, 2000.
Grigorev A. D. Metody vychislitelnoj elektrodinamiki. 17. Levin V. I. Metody matematicheskoj fiziki. Uchebnoe
Moscow, Fizmatlit, 2012, 432 p. posobie dlya fiziko-matematicheskikh fakultetov
Ostrenko M. V., Andriienko B, Tikhovod S., pedagogicheskikh institutov. Moscow, Vvyssh. shkola,
Prychynenko D., Power Transformers and Reactors 1956,243s.
Structure Losses and Temperatures Calculation Using 18. Andrnko B. U., Tarchutkn O. L., Ostrenko M. V.

Surface Impedance Boundary Conditions, /-st IEEE
Conference Advances in Magnetics AIM, 2016,
pp.14-16.

Susnjic L., Haznadar Z., Valkovic Z., 3D finite-element
determination of stray losses in power transformer,
Electric Power System Research 78, 2008,
pp. 1814-1818.

Komp’yuterna programa «Programa rozrakhunku
trivimrnogo magntnogo polya, vikhrovikh strumv, vtrat
ta temperatur u silovikh transformatorakh ta reaktorakh
elmag-3d» Svdotstvo pro restratsyu avtorskogo prava
na tvr 41639, Derzhavna sluzhba ntelektualno vlasnost
ukrani, 2012.

ISSN 1607—6761. EnextporexHika Ta enekrpoeHepreruka. 2016. No2



ENEKTPOTEXHIKA

Y/[IK621.313.3

Apbimbaw . C.", Kouyp M. U.2, ApbimGaw C. T.3, Kouyp U. M.4

'[I-p mexH. Hayk, doueHm, 3as. Kagh. anekmpuyeckux mawuH 3HTY, YkpauHa
2KaHO. mexH. Hayk, JoueHm Kagh. 3/1eKmpuYeCcKuUX U 351eKmMpoHHbIX annapamos 3HTY, YkpauHa
3 4KaHO. mexH. Hayk, doyeHm, doueHm Kag. anekmpudeckux mawuH 3HTY, YkpauHa,

OCOBEHHOCTU TPEXMEPHOIO MOAEJNIMPOBAHUA
ANEKTPOMAIMHUTHbIX MONIEU ACUHXPOHHOIO OABUrATENSA

Llens. Paspabomxa noso2o 3pghexmusno2o nooxooa oas peanu3ayuu mpexmepHou Mamemamuieckou mooenu
HeCMAayUOHAPHLIX INEKMPULECKUX U MASHUMHBIX NOJell 8 ACUHXPOHHBIX O8ULAMENAX C YYEeMOM UX KOHCMPYKIMUBHBIX
ocobennocmell, HeIUHEUHOCMU SIeKMPOPUBUYECKUX U MACHUMHBIX CEOUCME AKMUBHBIX U KOHCIPYKYUOHHBIX MAMepU-
anos, obecneyusaroweco 00CMoOBEPHOCHIb U BbICOKYIO MOYHOCHb MOOETUPOBAHUSL.

Memoouxka. Hucrennoe modenuposanue cOnpa’ceHHblX NPOCMPAHCINEEHHBIX HeCMAYUOHAPHBIX INEKMPUHECKUX U
MASHUMHBIX NOJEl ACUHXPOHHO20 08U2AMENS 8 PEACUME KOPOMKO20 3AMbIKAHUS MeMOOamMu meopuu d1eKmpomas-
HUMHBIX NOJel, KOHeUHbIX 2NEMEHMO8, MeOPUU DNeKMPUYECKUX MAUIUH U INEKMPULECKUX yenell.

Pesynomamet. Ilpeocmagnens: meopemuueckue uccre008anusi u OaHHvle MOOEIUPOBAHUs HA OCHOBE YUCTEHHOU
peanuzayuy MemoooM KOHeUHbIX DeMEHIMO08 MPEeXMePHOU MAMeMaAmu4eckoli MoOeau dCUHXPOHHO20 08U2AMEs, OMO-
bpaodicaroujeli 0cobeHHOCmU INeKMPUIECKUX U MACHUMHBIX NPOYECCo8 NPeodpaz08anus SHepeuy nepemMeHHo20 MoKd 8
pedrcume Kopomrozo 3amuvikanus. Mccnedosanusamu ycmanogieHo, 4mo 6 301e 10006bix uacmetl ACUHXPOHHO20 O8U2d-
mensa Manoi mowHocmu gvioensiemcs 0o 12,5% suepeuu e2o MacHumno20 nois, KOmopas, 6 OCHOGHOM, TOKAIU3Yem sl
6 AKMUGHOU YACMU CMAmMopa, pomopa u 6030YuiHom 3asope. B yenmpanvroii 30ne akmugHoil uacmu acUHXpOHHOO
o8ueamens, npomsadicenHocmoio 0o 60% ee onunvl, MacHUMHOe NOJIE UMeem NI0CKONAPALIeNbHbII XapaKmep, HO MPanc-
@opmupyemcs 6 30Hax 10606biX Yacmeli 0OMOMOK CIMAMOPA U 80371 e20 MOPY0s. Yemanosnenwvl ocobennocmu pacnpe-
OeneHust MazHUMHO20 NOJA U €20 IHeP2Ull, KOMopble OKA3bIBAIOM CYUeCmBeHHOe GUAHUE HA NAPAMEMPbl KOPOMKO20
3AMBIKAHUSA ACUHXPOHHO20 O8ULAMEN MALOU MOWHOCIU U PENCUMbL €20 pabombl.

Hayunas nosusna. Onpeoenenvi 3aKOHOMEPHOCU PACHPeOeleHUs. UHOYKYUU U IHePSUU MASHUTNHO2O NOJSL 8 pe-
JicuMe KOPOMKO20 3aMbIKAHUS U YCIMAHOBIEHbl UX KOIUYECHEEHHble COOMHOUule s OJisl aKMUGHOU 30Hbl U 061acmu
710008bIX Hacmeti 0OMOMOK CMAMOPA ACUHXPOHHBIX OgUeameneti Maiol MOWHOCHU.

Ilpakmuueckasn 3nauumocms. Ha 6aze memooa KoneuHwvix 21eMeHMO8 Peanru308aH HO8bll NOOX00 0151 MpexmMepHO-
20 MOOENUPOBAHUSL INEKMPOMASHUMHBIX NPOYECCOB 8 ACUHXPOHHOM d8uzamerne, KOMopblil 3aKaoyaemcs 6 ouggepen-
yuayuu pasmepos KOHeUHbIX INeMeHMO8 U UCNONb30BAHUU ANNPOKCUMUPYIOWUX QYHKYUTL 6 8ude noaunomog Jlacpan-
Jrca. Imo obecneuusaenm bICOKYIO CXOOUMOCHb YUCTEHHOU peanu3ayuu OJis nepexoOHbIX NPOYeccos Pedicuma KOpomKo-
20 3aMbIKAHUS, COKpaujeHue epeMery pacienos, mpeboganull K 6bl4UCTUMENbHBIM PECYPCam U bICOKYIO MOYHOCHIb
mooenuposanus. CpasHenue 3HaueHull IHep2uU MAHUMHO20 N0 ACUHXPOHHO20 08U2AMEINs 8 pedcuMe KOPOMKO20
3aMbIKAHUA NOKA3bIBAEN], YMO 05l ANNPOKCUMUPYIOWUX NOAUHOMO8 Jlazpandica nepoll cmenenu OMHOCUMENbHAS
Hessizka He npesviuiaem 3,8% no cpagHeHuio ¢ annpoKCUMUPYIOWUMU ROTUHOMAMU MPembell CmeneHu, npu cokpauye-
Huu epemenu pacuemog 6 389 pasz u mpebosanuii k guiuucaumenvHuim pecypcam — 0o 10 pas.

Kniouesvie cnosa: mpexmepnoe mooenuposanue, ACUHXPOHHbBIU O8U2AMENb, KOPOMKOE 3aMbIKAHUE, INEeKMPOMA2-

HUMmMHbIE NOJA, Memoo KOHEeYHbLX JJIeMeRmoes, annpoKcumupyrowue d)yHKL;MM, OHEP2UA MACHUMHO20 NOJIA.

BBEJIEHUE

Hecmotpst Ha mmpokoe pa3BUTHE TEOPUH dJIEKTpUIEC-
KHX MaIlliH, MHOTHE BOIIPOCHI, CBSI3aHHBIE C 0OCOOCHHOCTSI-
MH X paOOTHI B TEPEXOAHBIX PEKUMaX, POLECCAMH JICKT-
POMarHUTHOTO U JIEKTPOTEIIIOBOT'O ITPEe0Opa30BaHMs SHEP-
I'MHU U UX B3aMMHOT'O BJIMSHMS Ha ITapaMeTphl paboThI 110JI-
HOCTBIO HE H3y4YeHBI. DTO 00yCIaBIMBaeT HEOOXOUMOCTD
TIONCKA PE3ePBOB /IS IOBBIILICHUS YHEPTrod P PEKTUBHOCTH
1 HaJeKHOCTH JIEKTPHUUYECKUX MAIIMH, pealu3anus KOTo-
PBIX JIOJDKHA 00ecreYynBaThCs, B TIEPBYIO OYEpElb, 32 CUET
IIPUMEHEHHS BBICOKOTOYHBIX PACYETHBIX MOJIEIEH M METO-
JIMK Ha 9Tarle IpoeKkTHpoBanus. Takxke JOIDKHO o0ecneyn-
BaThCs CYLIECTBEHHOE COKpAIeHUE 3aTpaT Ha pa3paboTKy
HOBBIX 00pa3L0B, COOTBETCTBYIOLINX COBPEMEHHBIM BBICO-
KHM TpeOOBaHUSM I10 SHEProdPEeKTHBHOCTH U HAIEKHOC-
TH paboTHI.

© SApemmbamn 1. C., Kouyp M. U., Spemmbam C. T., Kouyp U. M., 2016
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AHAJIN3 UCCJEJOBAHUM U MYBJU-
KA

Kak moxassIBaeT mpakTHKa, HHXCHEPHBIE METO/IBI pac-
YeTa HEKTPUICSCKAX MAITUH IPU Pa3IHYHBIX PeKIMaX UX
paboTHI OCHOBAHEI Ha LIEJIOM PSAJE TOMYIIEHHH, YTO MOXKET
TIPUBOJXTH K CYIIIECTBEHHBIM MOTPEITHOCTSM U HE YIOBIIET-
BOPSIIOT COBPEMEHHBIM TPEOOBAHMSAM K KOHCTPYKTOPCKOM
MOTOTOBKE MPOU3BOACTBA [ 1-3]. DT0 XapaKkTepHO KakK JyIs
SIEKTPUYECKUX MAIITNH OOJIBIIOW MOITHOCTH CO CTICIIHAb-
HBIM KOHCTPYKTHBHBIM HCIOJTHEHHEM, TaK U JJIS JIEKTPH-
YECKUX MALINH CPEAHEN U MAJIOI MOLUTHOCTH CO CII0KHBIMH
YCIIOBHSIMH SKCILTyaTaIliH.

Pa3BuTHE KOMITBIOTEPHOM TEXHUKH U CTIELIUATM3UPOBaH-
HBIX TIPOTPAaMMHBIX KOMIUIEKCOB PACITHPHIIO BOZMOXKHOC-
TH IPAKTHYECKOTO MCIIOIB30BAHMUS TIOIEBOTO MOIEITUPOBA-
HUSI 1 KOHEYHO-3JIEMEHTHBIX METOJIOB PacdeTa IeKTpuiec-

43



EJNEKTPOTEXHIKA

KHX MalllH C y4ETOM 0COOEHHOCTEH NX KOHCTPYKIMHU H JIH-
HaMUKH TPOTEKAIOMINX 3JIEKTPOMAarHUTHBIX IIPOIECCOB,
oOecrieunBasi BBICOKYIO TOYHOCTh IPOECKTHpOBaHUS [4].
MoznenupoBaHHUIO 3JIEKTPOMAarHUTHBIX MIPOLIECCOB B MPAK-
TUYECKOU DJICKTPOTEXHHUKE M ANIEKTPOMEXaHNKE TOCBAIICH
LBl psix padboT [5—8]. OqHako 3HAYUTETIBHEIC PA3INIUs
TE€OMETPUYECKUX Pa3MEpOB OTAEIBHBIX Y3JIOB U JeTajlei
IJIEKTPOABUTATEIICH, B TOM YHCIIE, ISl HAMOOJIee MacCOBBIX
ACHHXPOHHBIX JiBUTarenei (AJl), CylecTBeHHO 3aTPyIHSIOT
YHUCIICHHYIO PEaNTH3aIHIo IPOCTPAHCTBEHHBIX ITOJICBBIX MO-
Jieneit 1 00yCIIaBIMBaIOT 3HAUYNTEIIHHBIC 3aTPATHl BEIYUCIIH-
TEJIBHBIX ¥ BPEMEHHBIX pecypcoB. [loaTomy npu monenu-
POBaHMH 3JIEKTPOMArHUTHBIX NpoueccoB B AJ] orpannuu-
BAIOTCS MX IUIOCKOTIapalIeIbHBIMU MTPUOIIDKEHUSIMU [ 5, 7]
0e3 ydera BIUSHUA [TOJICH paccesHUs B 00JIACTH JTOOOBBIX
gacTe 0OMOTOK cTaTopa, KpaeBbIxX 3P(HEKTOB B pOTOpE U
craTope (MCKaKeHUH MarHUTHOTO ITOJIS B 00JIaCTH TOpIIe-
BBIX 30H) U psija Apyrux a¢dexros [9]. B psae pador [6, 8]
MPUHUMAJINCH JOMYIICHUS O JTMHEHHOCTH MarHUTHBIX
CBOMCTB (heppOMAarHUTHBIX MarepuanoB. Vcnonb3oBanue
TaKMX JOMYyIIEHUH 1 MoJenrupoBanus Al He 03BoJsET
YTOYHUTH UX XapPaKTEPHUCTHKH, HE 00eCTIeYnBaeT aIeKBaT-
HBIX OLIEHOK HX ITapaMeTPOB IIPH THHAMAYIECKH TPOTEKATO-
[IMX TIpoleccax U MPUBOJUT K JTOCTATOYHO BHICOKHM I10-
TPEIIHOCTSIM PacueToB. DTO 00YCIaBINBACT AKTYaJIbHOCTh
Ppa3paboTKH HOBBIX ITOJIX0/I0B, PACILIUPSIIONIMX 00JIACTH ITPH-
JIOXKCHUS CYIIECTBYIOMINX METOIOB MOJEIHPOBAHUS TIPO-
CTPAHCTBEHHBIX AEKTPUIECKUX M MATHUTHBIX ITOJIEH C yde-

a)

TOM KOHCTPYKTHUBHBIX 0COOEHHOCTEH AIIEKTPUIECKOI MaIi-
HBI, HCJIMHCHHOCTH 3JCKTPOPUINYSCKUX U MATHUTHBIX
CBOWCTB aKTHBHBIX M KOHCTPYKIIHOHHBIX MaTCPUAJIOB, pe-
JKUMOB Pa0OOTHI M 00CCIICYNBAIOIINX BRIYUCIUTEIBHYTO 3(-
(heKTHBHOCTH ¥ TOYHOCTb.

eabio0 padoThl sBIsETCS pa3padoTka HOBOTO A dek-
THUBHOTO TIOAXOA IS PEeaTH3aIliN TPEXMEPHOH MaTeMaTH-
YECKOW MOJICITIH HECTAIIMOHAPHBIX AICKTPHICSCKUX M MATHUT-
HBIX ITOJICH B ACHHXPOHHBIX JBHUTATEIISX C YIETOM HX KOHCT-
PYKTHUBHBIX 0COOCHHOCTEH, HEIMHEHHOCTHU AIEKTPODU3H-
YECKUX M MATHAUTHBIX CBOMCTB aKTHBHBIX M KOHCTPYKIIHOH-
HBIX MaTepHajioB, 00ECIEeUNBAONIETO JOCTOBEPHOCTh U
BBICOKYIO TOYHOCTH MOJICITHPOBAHUSI.

HN3JIOKEHUE OCHOBHOI'O MATEPHUA-
JIA 1 AHAJIN3 IIOJIYYEHHBIX PE3VYJIBTA-
TOB

HccnenoBanusi IPOBOIMIIKCH [JIsl AMHAMHYECKOTO PEXKH-
Ma KOPOTKOTO 3aMbIKaHHsl aCHHXPOHHOTO JIBUTATells] THIIA
4A50A2 momHOCTRIO 0,09 KBT, reomMeTprudeckast MOZIEIb 1 pac-
YeTHas 00acTh KOTOPOT'o Mpe/ICTaBleHb! Ha puc. 1. Paccmar-
puBaeMasi TpexmMepHast MoJieb A/l BKIItouaeT reoMmeTpuiec-
kue 3D obnactu cepreynnka cratopa 1 (j = 1), ero oOMOTOK
2 (j = 2) c m3omstmmeti 3 (j = 3), reomerprdeckue 3D obmacti
cepaedHuka potopa 4 (j = 4), crepxHeit 5 (j = 5) 1 KOpOTKO-
3aMKHYTBIX KoJietl 6 (j = 6) ero 0OMOTKH, TeOMETPUIECKHE
Mozenu Bana 7 (f = 7) n xopmyca 8 (j = 8) (reomeTprueckue
o0acTH KopIlyca ¥ Bajia Ha puc. 1, @ He 0TOOpaKeHBI).

0)

Pucynok 1 — I'eomerpuueckast Mozielnts (@) 1 pacueTHast o6macts (6) acHHXpoHHOTO ABUTaTesst Trna 4A50A2
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ITpn mMaTremMaTH4ecKOM OMHCAaHWM 3IEKTPOMATHUTHBIX
MPOLIECCOB NMPUHUMAIOTCSl AOMYLIEHUS! 00 N30TPOIHOCTH
INEKTPOYU3NIECKHUX U DIIEKTPOMATHUTHBIX CBOHCTB MaTe-
pHaJoB, OTCYTCTBUE TOKOB CMELIEHHS M CBOOOIHBIX 3apsi-
J0B [2]. B 3TOM ciy4ae HecTallMOHApHBIE SIEKTPOMAarHuT-
HbIe Tporiecchl B A/l B pexrMe KOPOTKOTO 3aMBIKaHHUsI MO-
TYT OBITh TIPEJICTABIICHBI CONPSDKEHHOM CHCTEMOH HEJTMHEH-
HBIX YPABHEHUI B YaCTHBIX MPOU3BOAHBIX [10]:

GjaAj/61+Gj(9j)VVj +

V< luon, (B) 1V <A |-,

V- lege, V7, )or - (1)
=v-(o,(0;)-v7;-34)=0,

r1e A — BEKTOPHBIA MATHUTHBIN moTeHnUam;, V' — omexr-
pUYecKHil TOTSHIINAT; 0(6) — yZenpHas AIEKTPOIPOBO/I-

HOCTB; B — MHIyKIIMsl MArHUTHOTO OJISL L — OTHOCHTENbHAS
MarHuTHast IPOHUIAEMOCTD; €, — OTHOCHTEIbHAS IUIIEKT-
pHuuecKas MPOHUIIAEMOCTD; ) — TEMIIEPATypa; ¢ — yIJoBas
4acToTa; J, — INIOTHOCTh CTOPOHHETO HCTOYHUKA TOKA; UH-
JIEKCHI j — COOTBETCTBYET MOI00IACTM PacueTHOH 001acTH
(puc. 1, a)

B cootserctBnu ¢ [10] cucrema ypaBHenwii (1) gomosnms-
eTcs ycnoBreM Kannbposku Kynona di V(A) =0.

YCIOBYSI COTIPSHKEHUS TSI MATHATHBIX M SJIEKTPHYECKIX
MOJIe MOXKHO C(OPMYIHPOBATH B BUIIE:

n; % (H,-H;)= O|w,ke(1,4),i¢k’
H = (1on) 'V x A,

n; - (i =3,)=0 Vijke(1,4)izk’
J=0(0)-E, E=-VV - joA,

@

rne H — HanpssKeHHOCTh MarHUTHOTO ToJisA; E — Harpsi-
JKEHHOCTB HJICKTPHYECKOTO TTOJISL.

Ha BHemHUX rpaHuIax pacuyeTHONW 0OJIACTH 3aJar0TCs
TpaHUYHBIE YCIIOBHSA

Aj °|v,-e(1,4)’ j
V] = (pj‘V/'E(l,?))’ (3)

n; '(Jj)=0‘j=4

TemmeparypHbIii pesxkuM AJ] olleHHBaeTCs B COOTBET-
CTBHH C TAHHBIMH [2].

Hauanbnanie YCJI0BUA COOTBETCTBYIOT IEPBOMY 3aKOHY
KOMMYTalluu:

iy =idy, =0;
igly_ =igly, =0;
icly_=icly, =0,

”A|0+ =0;

”B|0+ =x/5Uqb sin(2m/3);

ey, =2U sin(4m/3).

@

TpexmepHnas monens (1) ¢ ycnmosusamu kanuOpoBku Ky-
JIOHA, TPAHUYHBIMH yCI0BHSIMH (2), (3) M HAYaITLHBIMH yC-
TOBUSIMH (4), peanu3yeTcsi METOZOM KOHEUHBIX JJIEMEHTOB
[10] B ctpykType cpenctB Comsol Multiphysics.

OrieHKa SHEPTHY MATHATHOTO TTI0JISI ¥ €€ CPeTHHX 3Haue-
HUH U1 KX IO /- 30HBI pacdeTHOH 007IaCTH BBITIOTHAETCS
C UCTIOJIb30BaHUEM COOTHOIIICHHIA:

W|j = %J;JJ.(B . H)dxdydz;

w|j = W|j/Vj V= J.J.J.dxdydz. ®

Vi

JUis BU3yanu3anuu JaHHBIX YUCJICHHOTO MOAEINPOBa-
HHS1 0TOOpaXkaeTcst 00IaCTh JIOKTM3ALMU MarHUTHOT'O TTOJIS
JUI MOMEHTa BPEMEHH, KOTla ANHAMUYECKHUH IPoLecc Ko-
POTKOTO 3aMbIKaHUS MPUOIIIKACTCS K YCTaHOBUBILEMYCS
pexumy T = 0,04 ¢ . OTa 001aCTH COOTBETCTBYET ANAIA30-
HY U3MEHEHUH MOYJIsl BEKTOPHOTO MArHUTHOT'O ITOTEHIMA-

J7a, OTPaHUYCHHOTO 3HAYCHUSIMH |Amin| =0,74-107 B6/m

1 | Appay| = 3,74-107° Bo/m (Prrc. 2).

3KBI/IHOT6HHH3J’ILHH€ JIMHUA BEKTOPHOT'O MArHUTHOT'O

TIOTEHIHaJIa PABHOTO |Amin| =0,74-107° B6/M mpoxomst

BJIOJIb [1a30B, KOPOHOK 3yOLIOB CTAaTOpa U poTopa, 3aMbIKa-
SCh Yepe3 TOPILEBbIE MOBEPXHOCTH CTATOPa U aKTHBHYIO
4acTh POTOPA C KOPOTKO3aMKHYTHIMU KOJIBIIAMH U, 4aCTHY-
HO, — yepe3 JI00OBbIE YacTH 0OMOTOK cTaropa (puc. 2).

PacrnonoxxeHre YKBUIMOTEHIMATBHBIX JIMHUH JIJIs 3HA4Ce-
HHH MOyl BEKTOPHOTO MarHUTHOTO IIOTEHIHAIIa, KOTOPBIC
paBHBI 174107, 2,74 107>, 3,74 -10~>B6/M, nmeer ou-
HaKoOBBIN Xapakrep. OHU IIPOXOAAT BIOIH KOPOHOK 3yOLIOB
CTaTOpPa 1 3aMBIKAIOTCS Yepe3 Ma3bl y TOPLEBOH IIOBEPXHO-
CTH cTaTopa Ha ynajenuu 15...20% AmuHbl aKkTUBHOM YacTH
craropa (puc. 2).
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OKBUIOTEHIUAIBHBIC INHAH, COOTBETCTBYIOIINE MAKCH-
MaJbHOMY 3HAYCHUIO BEKTOPHOTO MAarHUTHOTO TOTCHIUA-
J1a, IPOXO/IAT BJIOJIb MA30B C IMPOBOJHUKAMHU CEKIIUI CTATOP-
HBIX OOMOTOK ¢ HanOOJIbIICH TOKOBOW HATPY3KOH B 3a1aH-
HBIIf MOMEHT BPEMECHHU.

Takum 00pa3oM rpaHUYHBIC TIOBEPXHOCTH 00JIACTH JIO-
KaJT3aIys MarHUTHOTO 1oyt A/l MpoXoAsT BAOJE Ma30B
CTaTopa M POTOPa, PACIIUPSIACH Y UX TOPIIEBBIX IIOBEPXHOC-
Tell, U OXBATHIBAIOT KOPOHKH 3yOIIOB, KOPOTKO3aMKHYTHIC
KOJIbIIA U, YaCTHYHO, JIOOOBBIC YacTH OOMOTOK CTaropa

(puc. 2). DT 0COOCHHOCTH JTOKATU3AIIMU MATHUTHOTO TTOJIS
BO3JIC TOPIIOB CTATOPa ¥ POTOPA 00YCIABIUBAIOTCS C OAHOI
CTOPOHBI UX KOHEYHBIMH OCEBBIMH pa3MepaMH, KOTOPHIC
yCHUIHMBAKOT 3 GEKT B3aUMHOTO BIMSHHUS COOCTBEHHBIX IO~
Jiel B aKTUBHBIX 30Hax craropa u potopa AJl [9], a ¢ npyroit
CTOPOHBI — TOJISIMH PACCESIHHS OT TOKOB B JIOOOBBIX YaCTSX
00MOTOK cTaTopa.

Takxe 9TH (HaKTOPBI ONPENEISIIOT XapaKkTep pacmpeze-
JICHHS B pacUCTHOH 00J1aCTH YeTbHOM SHEPI MU MATHUTHO-
ro noJs (puc. 3).

o |
o ALBOM G,

6)

Pucynok 3 — DxBu3HEpreTHUECKUE MOBEPXHOCTH SHEPTUU MarHUTHOTO N0JIst W B 1000BBIX (@) ¥ LIeHTpanbHOi (0)
30HaX pacueTHOH 00IacTu

46 ISSN 1607—6761. EnektpoTexnikaTa enekrpoeHepretuka. 2016. Ne2



ENEKTPOTEXHIKA

B 11000BbIX M01001ACTSIX pacueTHOH 06acTu A/l sKkBUS-
HepreTuuecKasi HOBEpXHOCTh C Ha4albHOM yAeIbHOM dHep-
rHeil MarHUTHOTO ToJist paBHo#t 10 [[k/M* oxBaThIBaeT mpo-
BOZHUKH (ha3HbIX OOMOTOK CTaTopa ¢ HauOOJBIIEH TOKOBOI
HarpysKkoil B 3aJJaHHbI MOMEHT BPEMEHH, a TAKIKE CTEPHKHU
00MOTKHM POTOpPA U, YACTHYHO, €€ KOPOTKO3aMKHYThIE KOJIb-
na (puc. 3, a). B atux nonodnactsax AJ] ormeuaercst poct
YAEIbHOH PHEPTUU MATHUTHOTO MOJsI B MHTEPBAJIE 3HaUe-
uuii ot 1,4-10* Ix/m? 10 6-10* [Ix/M* B 30HAX, IPUITETAOIIHX
K BO3JyIIHOMY 3a30py A/l ¥ K I1a3aMm ¢ CeKuusMU (a3HbIX
00MOTOK cTaropa ¢ HauOOJBIIMMHU B 33JaHHBII MOMEHT
TOKOBBIMH Harpyskamu (puc. 3, a).

B nongob6nacti akTHBHOW 4acTH cTaTtopa u poropa AJl
SKBUAHEPreTHYeCKas IOBEPXHOCTh C HAaYaIbHO yaeIbHOI
9Heprueit MarHuTHOTO moutst pasHoit 100 [x/mM® oxBaTsiBaeT
BO3JIYILIHBIN 3230D, ¥, YACTHYHO, IPOBOJHUKH OOMOTOK CTa-
TOpa ¢ HanOoJbIIeld TOKOBOW HArpy3KoH B 3a/laHHBIA MO-
MEHT BPEMEHH, paclIupseTcss BO3Je TOPLOB I0100IacTH
(puc. 3, 0). B naHHOI MOMOOIACTH TOKATH3AIUS YIEITEHBIX
SHEPTHI MArHUTHOTO 10Jist, focturaronux (0,74...3)-10° JTx/
M*, HaONMIOaeTCsl B BO3AYLIHOM 3a30p€, M YBEIHYHBACTCS
JI0 MAaKCUMAaJIbHBIX 3HAYEHUH BO3JIE IPOBOJIHUKOB C HAUOOIIb-
11eit TOkoBOM Harpy3Kkoii (puc. 3, 0).

ITo maHHBIM MOJENUPOBAHMS YCTAaHOBICHO, YTO BENIU-
YMHA YHEPTUH MArHUTHOTO TI0JIS B PACUETHBIX O1001aCTSIX
1000BBIX YacTelt ooMoTok A/l (puc. 3) cocrasiser 12,5% ot
BEJIMYMHBI YHEPTHMH MarHUTHOTO TI0JIS JUIsl 00LIel pacyer-
HoH obnactu A/l u B 6,7 pa3a MeHbIlle 3HaUSHUS] SHEPTUU
MarHUTHOTO NOJIS YIS IEHTPaIbHOM oto01actu A/l, BKitto-
YaroLel cepIeuHNKH CTaTopa U POTOpPa TOJIBKO C Ma30BbI-
MU YacTsIMHA 00MOTOK. [ eomeTprueckne 0coOeHHOCTH pac-
NIPE/ICNICHHS DHEPT U MarHUTHOT'O 110JIs B pacyeTHOi o0ia-
ct Al (puc. 3) onpenesnsifoT KoIMYeCTBEHHBIE OLIEHKH (-
(heKTOB caMO- U B3aMMOUHJIYKIIMA OOMOTOK, TOBEPXHOCT-
HOTO ¥ TOpLEeBOTO0 3(h(heKTa B cTaTope ¥ pOTOPE U szt ApY-
T'MX KOHLEBBIX 3¢ ekToB [9]. [ToaToMy cooTHOIEHNS 3HA-
YEHUH SHEPIUU MarHUTHOTO T0JIs B JIOOOBBIX U LICHTPAIIb-
HOM 110/100J1aCTSIX JIOJKHBI yYUTHIBATHCS IIPH pacyeTax Ia-
pameTpoB AJ] Masloif MOILTHOCTH U HCCIEJOBAaHUM PEXKU-
MOB HX PaOOTBHI.

JIns cokxpaleHus BBIMUCIUTENbHBIX PECYPCOB U 3aTPaT
BPEMEHHU peaTU3aLUuH TPEXMEPHOH MOJIETH AIIEKTPOMATHUT-
HBIX nporeccoB (1) npumensitacy auddepeHuuanys pas-
MEpOB KOHEYHBIX JJEMEHTOB B pacueTHOH oOnacTu
(puc. 1, 6). B TokOnpoBOAAIIMX 2JIEMEHTAX U Ha I'PaHULIAX
COMPSDKEHUS JIEMEHTOB IJIOTHOCTh KOHEUHBIX 2JIEMEHTOB
YBEJIMYHMBAJIACH, a [T0 MEpEe MPHUOIIKEHUS K BHEITHUM T'pa-
HHILIAM pacueTHOI o0nacTy oHa CHIKasIach. Takxke, 1uis a¢-
(DEeKTHBHOTO yMEHBIICHHS 3aTPAT BPEMEHHBIX M BBIYHCIIU-
TENbHBIX PECYPCOB, YIyUIIEHUS CXOAUMOCTH IIPU YUCIICH-
HOH peanu3anuu MoJien (1) paccMaTpUBaINCh TTOJIMHOMEI
Jlarpan»xa nepBoii, BTOpOH U TpeTel CTENEeHH AJIs allpOK-
CHUMUPYIOIINX (QyHKIHI METO]a KOHEUHBIX AJIeMeHTOB [11].
Beicimii nopsaok nonuHoMoB Jlarpaska, Kak IpaBUiIo, Uc-
TIOJIB3YETCsI IPH OOJIBIINX APOOJICHUSIX PACUSTHON CETKH,
0COOEHHO ISl CJIOKHBIX HEJTMHEHHBIX TIOBEPXHOCTEN U TPEX-

MEpHO MOCTaHOBKe 3amau. OHAKO MpUMeHEeHHEe (QyHK-
Ui GOPMBI BEICITUX TOPSIIKOB IIPUBOIUT K YCIOKHECHUIO
npeoOpa30BaHUil METOA, 1, CIICIOBATEIBEHO, K YBEIIUCHUIO
Pa3MEPHOCTH CUCTEM YPAaBHCHUH U UX K03 PUITMCHTOB.

JJist OlleHKH BIIMSTHUS CTEIICHU MOJMHOMOB Jlarpamka
Ha TOYHOCTb PEaTM3aIlUK TPEXMEPHON TUHAMUYIECCKOH MO-
nenu (1) MeTo0M KOHEYHBIX AJIEMEHTOB IMIPUMEHSIFOTCS CO-
OTHOIICHUS JJIs1 OTHOCUTEIHHOIN HEBSI3KHM 3HAYCHUI dHEP-
THH MArHATHOTO T0J1s (Tada. 1):

_ ‘W;|T - I/V6a3|T

T maX(W6a3)

8,

-100%

I CpeAHUX 3HAYCHUHN HWHAYKIIUU MAarHUTHOTO 1TOJIA B BO3-
JAYIIHOM 3a30pe€:

~ ‘B&L — Bsgas|.

8Bs;| =
o T maX(B86a3)

-100%

a TAKKE UX CPECAHUEC SHAYCHUSA NJIA DHEPTUA MAarHUTHOTO TTOJIA
U MHAYKIOHWHW B BO3AYIITHOM 3a30p€ UI HHTEPBaJia BDEMEHN

0<1t<L2-T

T=Tmax
_ Z I/Vi|r_VVﬁa3|
Wepi| = fj"zrm -100%
> Woul,
=0
T=Timax
_ Z B&' _BS6az|
Bupsi| =| = .100%’
366a3|t
=0

rac W633 — BCJIMYWHA OSOHCPIrUU MArHUTHOT'O MOJIA IO AaH-

HBIM YHCIICHHOW peaM3alii CHCTeMbl ypaBHeHU# (1) ¢
WCTIOJIE30BAaHUEM aIPOKCHMHUPYIOIINX MTOJHHOMOB Jlar-
pamka Tpere crenenu; i = 1,2 — creneHs nmonuHoMa Jlar-
pamKa.

[Ipu MomeTMpOBaHNH OIIEHUBAIUCH TOYHOCTE, 3aTPATHI
BpEeMEHHU W TpeOOBaHMS K BBIYHUCIHTEIBHBIM pecypcam
(oOBeMy OTIepaTUBHOM MaMSATH) JJIS YUCICHHO-TIONIEBOTO
MOJICTIMPOBAHMS C UCTIOIH30BaHIEM METOJa KOHEUHBIX 3JIe-
MEHTOB U aNpoKCUMHpPYIOMUX (GyHKuuii Jlarpamka ¢ mo-
JIMHOMAaMU TIEPBOM, BTOPOH M TPEThEH CTENEHH, peaan3o-
BaHHBIX B CTpyKType cpeactB Comsol Multiphysics
(tabm. 1).

[To naHHBIM MOJETUPOBAHUS OTHOCHTEIIFHBIC 3HAYCHUS
HEBSI3KM HEPTUH MarHUTHOTO IIOJISl B pacueTHOH obi1acTu
JUTS TUHEWHOH anmpOKCUMHUPYIOIIeH (pyHKINN N3MEHSIOT-
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cs10t10,23% 1o 3,78%, a cpeiHEeB3BELIICHHAS! HEBSI3KA PaBHA
3,635%. [lns anmpoxcumupytomei gynkiun Jlarpamka c
MOJIMHOMOM BTOPOH CTEIIEHH MHTEPBaAJl H3MEHEHHUH CyXa-
ercs 110 0,09...0,89 % a 3HaueHue cpeIHEeB3BEIIEHHON He-
Bs13ku yMeHblaeTcd 0,885%. OTHocUTenbHBIE 3HAYEHUS He-
BSI3KH JUISL MHAYKIMH B BO3IYIITHOM 33a30pe€ IPH JINHEHHOH
anMpOKCUMUPYIOIIEH QyHKIIMN U3MEHSIOTCS B THana3oHe
0,02...1,12 %, npu 3HAYEHUH CPETHEB3BEILICHHOI HEBS3KE —
0,781%, a U1 kBaapaTU4ECKOH aNMpOKCUMUpPYIOIIEH moau-
HOMHAITLHOH (pyHKIMU BTOporo nopsiaka — 0,02...0,98 % u
0,778%., coorBercTBeHHO. IIpy HCMONB30BaHUM KBAAPATH-
4eCKOH armnpOKCUMALIMH JUTS METO/1a KOHEUHBIX AJIEMEHTOB
3aTpaThl BHIYMCIUTENBHBIX PECYPCOB YBEINUHMBAIOTCS B 2,51
pa3a, a Juist KyOM4ecKoi annpoKCHuManiy QYHKIMH pOpMBI —
Ha MOPSIIOK, a TIPOJIOJDKUTENEHOCTD YHUCIICHHO-TIOJIEBOTO MO-
JenupoBaHys BospacTaeT B 17,4 1 389 pa3 coOTBETCTBEHHO.

[pensnosxen >3hheKTUBHBIN IOIXO0 VIS peai3aliy TPeX-
MEpHOI MOJIEIH IEKTPOMArHUTHBIX mporieccoB B A/l me-
TOZIOM KOHEYHBIX 3JIEMEHTOM, 3aKITIOYAIOIIUICS B UCIIONb-
30BaHuM JuddepeHnInannm IoTHOCTH KOHEYHBIX 3JIEMEH-
TOB B IIPOCTPAHCTBE pacyeTHOM 00JIaCTH 1 anpOKCUMAIN
¢yHkmu GopmMel monrmHOoMamu Jlarpamka nepoii crere-
HH, YTO [03BOJISIET COKPATHUTh TPEOOBAHUS K BEIYUCIIUTEIb-
HBIM pecypcam 10 17 pas, a 3aTpaThl BpeMEHH IMTPAKTHIECKH
110 400 pa3 mpu OTHOCUTENBEHOH HEBSA3KE JaHHBIX PACUETOB
MeHee 3,8% M0 CpaBHEHUIO C IPUMEHEHHUEM AIMPOKCUMU-
PYIOIIMX HOJIMHOMOB Jlarpanska TpeTbell CTeneHH.
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JIPOBAHUS HIIEKTPOMATHUTHBIX MPOLECCOB B Al BXOAUT B
CHCTEMY OTpaHUYEHHH, KOTOPhIE YCTaHABIMBAIOT B3aUMO-
CBSI3M MEKIY BEKTOpaMH 3aBUCHMBIX W HE3aBICHMO BapbH-
PYEMBIX KOHCTPYKTHBHBIX ITAPaMETPOB IS 3a0a91 OIITHMHU-
3aIWH SIEKTPUIECKON MAITUHEL, TO 00JIee MPEeAIOYTHTETb-
HBIM SIBJIIETCA IPUMEHEHHE JJI METOIa KOHEUHBIX AJIEMEH-
TOB JIMHEHHOH ammpoxcumanuy GyHkuuu Gopmsl. Pacue-
TBI METOZIOM KOHEYHBIX SJIEMEHTOB H alllTPOKCUMAINHY (YH-
K GOopMBI TIOTUHOMAaMH JlarpaHxka BTOPOTO TOpSIKA
00ecTeunBaroT BEICOKYIO TOYHOCTH IS TOBEPOYHBIX pac-
YETOB JEKTPHUCCKUX MAITUH C ONITUMAIIEHBIMI 3HAYCHUSI-
MU KOHCTPYKTUBHBIX IapameTpos. [ AJ] manoit u cpen-
Hel MOIHOCTHY yuciieHHas peanuzanus 3D monenu (1) me-
TOJIOM KOHEYHBIX JIEMEHTOB € allPOKCUMUPYIOIIUMHU I0-
nuHoMamu JlarpaHxa TpeThell CTENEeHH MPAKTUYECKU HE
YIIydIIaeT TOYHOCTB IT0 CPAaBHEHHUIO C IOJTMHOMAaMH BTOPOH
CTETIeHH, HO YBEIIMIHNBAET BPEMS MOICITHPOBAHNS 10 IBYX U
0oJiee OPSIKOB, YTO HE IIENIECO00pa3Ho.

BbIBO/JbI

IIpennoxena TpexmepHas MaTeMaTHUYE€CKOH MOJIEIb,
OTIMICHIBAIONIAS 3JIEKTPOMAarHUTHEIE mporecchl B A/l B u-
HaMUYECKUX PEKUMAX KOPOTKOTO 3aMBIKAHHUS, YIUTHIBAIO-
T1ast KOHCTPYKTUBHEIC 0COOCHHOCTH, HETMHEWHOCTD 3JICKT-
POQH3NYECKUX U MATHUTHBIX CBONCTB aKTHBHBIX U KOHCT-
PYKIMOHHBIX MaTEPHUAJIOB.

‘YcTaHOBJICHBI 0COOCHHOCTH pacpe/IelIeHUs] BEKTOPHO-
0 MAarHUTHOTO MTOTEHIIMAIA ¥ SHEPTUU MAarHUTHOTO ITOJIS B
pacdeTHOM obnactu AJl, oka3bpIBalONIUE CYIIECTBEHHOE
BITMSTHYIC Ha ITapaMeTphI IBUTaTess B pexxnme K3.

2. TIpoexrupoBanue snekTpudeckux Mamut / 1. T1. Ko-
ne110B, b. K. Kitokos, B. I1. Mopo3kus u ap. — M.: Bric-
mas mikoja, 2005. — 767 c.

3. Tomnouxo O. . MoaenupoBaHre aCHHXPOHHOTO JBHTA-
Tens npu obpeiBe ¢asel craropa / O. . Tomouko,
I1. W. Po3kapsika, 1. O. XKypoB // DneKTpoTeXHUISCKHEe
1 KOMIbIOTepHBIE cucTeMbl. — 2014. — Ne 15 (91). —
C.262-266.

4. Tlepcosa M. I'. O HOBOM TTOX0/IE K MPOCKTHPOBAHHIO
AIEKTPHYECKIX MAIIWH HAa OCHOBE YHCIICHHOTO MOJIe-
mupoBanus / M. I. Ilepcona, 1O. I'. ConoBeituuk,
3. C. TemusikoBa u jp. // Dnexrporexnuka. — 2007, —
Ne9.—-C. 15-21.

5. Bacwrosckwuii IO. B. Maremarndeckoe MOIEIMpOBaHIE
AIIEKTPOMArHUTHBIX MTOJIeH B KOPOTKO3AMKHYTOM aCHH-
XPOHHOM JIBUTATEJE C MOBPEXIEHHOW 0OMOTKOM pOTO-
pa/lO. B. BacvkoBckwuii, A. A. I'epackun // Texaudec-
Kast anekTpoauHamuka. —2010—Ne 2. — C. 56-61.

6. 3amyankud A. C. UnuciieHHOE MOIETMPOBaHHUE IPOIIEC-
ca mycka acHHXpoHHoro asuratesns / A. C. 3aMyankvH,
B. A. TroxoB // Joknanel TYCYPa.—2012.—Ne 1 (25).—
C.171-177.

7. Mueix B. Y. AHanu3 rapMOHUYECKOTO COCTaBa Iepe-
MEHHOTO MarHUTHOTO IOJIS, CBSI3aHHOTO C BpAIlaio-
IIIUMCS] POTOPOM TypOOTeHEpaTopa, B PeXKIME XOJI0C-
TOTO XOAa W KOPOTKOTO 3ambikanus / B. V. MubIx,
H. B. ITonsikoBa // DnekTpoTeXHUKA U dIEKTPOIHEPTE-
thka. —2013.—Ne2. —C. 5-12.

48 ISSN 1607—6761. EnektpoTexnikaTa enekrpoeHepretuka. 2016. Ne2



ENEKTPOTEXHIKA

8. Ilmorun B. E. UncneHnoe MoiemMpoBaHKeE 3JI€KTpOMar- 10. Spsmmoant 1. C. OcoOeHHOCTH MOACTHPOBAHUS dICKT-
HUTHOTO IOJsI aCHHXPOHHOTO JBUTATeNs ¢ BHEIIHUM POMarHUTHBIX MPOLIECCOB B HHAYKTOpPE KaIMOpa MyH/I-
MaccuBHbBIM potopoM / B. E. ITnrorun // Bectank HTY mryka npecca / J1. C. Spsmvmbam, Y. M. Kunnmank //
«XIIN».—2013.—Ne 51 (1024) - C. 66-75. BicHuK KpeMeHUYYIHKOTO ACPIKaBHOTO MOJITEXHIYHOTO

9. MorunshukoB B. C. AcHHXpOHHBIE IBUTATENH C JBYX- yHiBepcutery. —2007. — Ne4 (45) Yactuna 1. — C. 53-55.
CJIOMHBIM pOTOPOM U ux npumMeHenue / B. C. Moruib- 11. 3enkeBuu O. KoHeuHble 371€eMEHTHI U alIIIPOKCUMALIUS :
HuKoB, A. M. Oneiinukos, A. H. CtpensHukoB. — M.: [ep. ¢ anr1. / O. 3enkeBny, K. Mopran. — M.: Mup,
Oneproaromusaat, 1983.—-120c. 1986.-318c.

Spumbam IT. C.!, Koyp M. 1.2, Spumbam C. T.?, Komyp 1. M.*

!1T-p TexH. HayK, JOLCHT, 3aB. Kad. enekrpuynux mamnd 3HTY, Vkpaina

“KaHz. TeXH. HayK, JOLEHT Kad. eNeKTpUYHHX Ta eekTpoHHuX anaparis 3HTY, Ykpaina

3 4Kau[. TeXH. HAyK, TOUEHT, TOIeHT Kad. enekrpuunux Mammd 3HTY, Ykpaina

OCOBJIMBOCTI TPUBUMIPHOI'O MOAEJIIOBAHHS EJIEKTPOMATHITHUX ITOJIIB ACUHXPOH-
HOI'o AIBUI'YHA

Mema. Po3pobra Ho6oeo egpexmugrozo nioxooy 015 peanizayii mpusumipHoi mamemamuunoi mooeni Hecmayio-
HAPHUX eNeKMPULHUX | MACHIMHUX NOIE 8 ACUHXPOHHUX OBUSYHAX 3 YPAXYBAHHAM IX KOHCMPYKMUBHUX 0coOaUB0Cmel,
HeniHIIHOCTI, eeKmMPOo@I3UUHUX | MASHIMHUX 81ACTIUBOCTEN, AKMUBHUX A KOHCIMPYKYIUHUX Mamepianis, ujo 3a6e3-
neyye 00CMOoGIPHICMb i BUCOKY MOYHICIb MOOETIO8AHHS.

Memoouka. Hucenvhe MOOeNI08ANHSA CROLYHUEHUX NPOCNOPOBUX HECIAYIOHAPHUX eNeKMPULHUX | MASHIMHUX NONIE
ACUHXPOHHO20 OBUSYHA 8 PedNCUMI KOPOMKO20 3aAMUKAHHS, MemoOamu meopii eneKmpomMazHimHux nouie, KiHyesux
eneMenmis, meopii eneKmpuyHuX MauiuH i e1eKmpuyHuUx Kii.

Pezynemamu. IIpeocmasneni meopemuuni 00Ccniodtcents i 0aHi MOOemo8anHs Ha OCHOBI YUcenbHOT peanizayii memo-
00M KiHYegUX eleMeHmie mpusuMipHoi Mamemamuuroi MoOei aCUHXPOHHO20 O8USYHA, WO 8i000paicae ocodaugocmi
eNeKMPUYHUX | MASHIMHUX NPOYecie nepemeopeHHs eHepeii 3MIHHO20 CIMPYMY 6 PedcuMi KOPOMKO20 3aMUKAHHSL.
Hocnioocennamu ecmanosneno, wjo  301i 10006UX YACMUH ACUHXPOHHO20 08USYHA MANOI NOMYUCHOCHI BUOLTAEMBCS 00
12,5% enepaii 11020 MacHimHo20 NONA, AKA, 8 OCHOBHOMY, NOKANIZYEMbCA 6 AKMUBHOI YACTMUHU CIamopa, pomopa i
nogimpanomy 3azopi. Y yenmpanvniti 30Hi aKMu6HOi 4acmunyu acUHXpoOHHO20 08uzyHa, npomsicHicmio 0o 60% it
008ICUNU, MACHIMHE NOJe MAE NIOCKONAPANIeTbHULL XapaKmep, aie mpanchOpMyEmvbCs 8 30HaAX 10006UX HACMUN
06MOmoK cmamopa, a maxoaic nobau3zy tiozo mopyis. Bcmanoeneno ocobnugocmi po3nooiny MazHimno2o nois i ioeo
enepeaii, AKI Malomv iCTOMMIL 6NAUE HA NAPAMEMPU KOPOMKO20 3AMUKAHHIA ACUHXPOHHO20 O8USYHA MANOT NOMYiC-
Hocmi 1 pedicumu 11020 pobomiu.

Haykoea nogusna. Busnaueno saxonomipnocmi po3nooiny in0ykyii i enepeii MazHimHo2o nois 6 pexicumi Kopomko-
20 3aMUKAHHA, 6CTNAHOGAECHI IX KLIbKICHI CNIBGIOHOWEHH O AKIMUEHOL 30HuU 1 obaacmi 10606ux yacmun 0OMOMoOK
Cmamopa acunxpoOHHUX 08USYHI8 MALOT ROMYICHOCHII.

Ilpakmuuna 3snauumicme. Ha 6a3i memoOy cKinyennux enemenmis peanizoganuii Hoguii nioxio 0 mpusumMipHo2o
MOOEN0BAHHSL eIeKMPOMASHIMHUX NPOYECi6 6 ACUHXPOHHOMY 08USYHI, AKUll noA2aAc 6 oughepenyiayii po3mipis Kinye-
BUX e/leMeHMI8 Ma BUKOPUCMAHHI AnpOKCUMYIOUUX QYHKYIl y 6uennoi noainomie Jlacpamnoica. Lle 3abesneyye 6ucoxy
30idCcHICMb YUCenbHOI peanizayii 0151 nepexionux npoyecis peicumy KOpomro20 3aMUKAHHA, CKOPOUEHHS 4acy po3pa-
XYHKIB, 8UMO2 00 OOUUCTIOBANLHUX PECYPCI8 I BUCOK)Y MOYHICMb MOOen08anHs. [10pieHsHHS 3HAUEeHb eHepeii MAcHIMHO-
20 NOJISL ACUHXPOHHO20 OBUSYHA 8 PEICUMI KOPOMKO20 3AMUKAHHSA NOKA3ZVE, WO O AnpOKCUMYIOHUX noninomis Jlae-
pandica nepuio2o nopsoKy IOHOCHA He 'A3Ka He nepesuwyye 3,8% 6 NOPIBHAHHI 3 ANPOKCUMYIOHUMY NOJIHOMAMU Mpe-
Mb0o20 NOPAOKY, NPU CKOPOUYeHHi uacy pospaxynxie 6 389 pasie i sumoe 00 obuucaosarvhux pecypcie — 0o 10 pas.

Kniouosi cnosa: mpusumipre MoOenio8anHs, dcUHXpOHHUL O8USYH, KOPOMKe 3AMUKAHHSA, eN1eKmpPOMASHIMHI RO,
MemOoO KiHYeBUX eleMeHmI8, anpoKCUMyoul YHKYIL, enepaeis MacHImHO20 oL
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FEATURES OF THREE-DIMENSIONAL SIMULATION OF THE ELECTROMAGNETIC FIELDS OF THE
ASYNCHRONOUS MOTORS

Purpose. Development of new effective approach for the realization of three-dimensional mathematical model of
transient electrical and magnetic fields in induction motors, which based on their design features, the nonlinearity of the
electrical and magnetic properties of the active and structural materials, which provides adequacy or high simulation
accuracy.

Research methods. Numerical simulation of the conjugate spatial transient electrical and magnetic fields of the
induction motor in the mode of short-circuit, with the help of methods of the theory of electromagnetic fields, finite element,
theory of electrical machines and electrical circuits.

The obtained results. Theoretical researches and simulation results, which based on numerical realization of the finite
element method of three-dimensional mathematical model of the induction motor are obtained. Theoretical researches
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indicate the features of electrical and magnetic processes of AC power conversion in a short circuit mode. In the area of
the coil ends of the low power asynchronous motor it is allocated to 12,5% of the total energy of its magnetic field, which
is mainly localized in the active part of the stator, the rotor and the air gap. In the central area of the active part of the
induction motor, the length is up to 60% of the total length of the stator and rotor core, the magnetic field has plane-parallel
form, but is transformed into zones of coil ends of the stator windings, and near of its core end. The features of the
magnetic field and energy distribution, which have a significant effect on the parameters of a short-circuit of small power
induction motor and its operating modes are defined.

Scientific novelty. The regularities of the distribution of the induction and magnetic field energy in the short-circuit
mode and their quantitative relation for active zone and the area of the coil ends of the stator windings of the low-power
asynchronous motors are defined.

Practical significance. A new approach for three-dimensional simulation of the electromagnetic process in the
induction motor, which consists in differentiating the size of the finite elements and use of approximation functions of
Lagrange polynomials based on finite element method are realized. It provides high convergence of numerical realization
of short-circuit mode transient processes, reducing the computation time, the requirements for computing resources and
high simulation accuracy. Comparison of the energy values of the induction motor magnetic field in short-circuit mode
shows, that for Lagrange polynomials approximating the first degree, the relative error do not exceed 3,8% as compared
with approximating polynomials of the third degree, while reducing the calculation time in 389 times and requirements for
the computational resources — up to 10 times.

Keywords: three-dimensional simulation, asynchronous motor, short-circuit, electromagnetic field, finite element
method, approximating functions, the energy of the magnetic field.
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AOCNIAXEHHA OUHAMIYHUX PEXUMIB EJIEKTPOABUIYHA
nocniaoBHOIO 3bYAXEHHA 3 IMMYIIbCHAMUA CXEMAMU
PET'YNIOBAHHA ENEKTPOMNPUBOAY

Mema: Memoio pobomu € 00CHiOHCEHHA OUHAMIKU OBUSYHA NOCMITIHO20 CIPYMY NOCTIO08HO20 30VOHNCEHHSA 3 IMNYTb-
CHUM pe2ynio8aHHaM 4acmomu 06epmanis i GU3HAYEHHS MONCTUBOCII CNPOUEHHS CXeMU eNeKmpPonpueooa.

Memoouxa: Memoou imimayitino2o MOOeN08anHA il AHATIMUYHI MEMOOU PO3PAXYHKY Ma O0CTIOHCEHHS eNeKmpo-
MEXAHIUHUX NPOYECI8 8 CepiECHOMY 08USYHI NOCITIHO20 CINPYMY NPU PISHUX CXeMAX iMIYIbCHO20 KePYBAHHSL.

Pesynomamu: Po3pobaeno 600ckonaneny cxemy iMnyibCHO20 pe2ynio8aniis 08U2yHa NOCMIiHO20 CIMpyMy nocaioos-
HO020 36y02icenHs. [{lis 3anponoHoeanoi i ichylouoi cxem iMnyIbCHO20 pecynio8anis po3podaeni Mooeni, 3a 00NOMO2010
AKUX OOCTIOJICEH] eleKmPOMEeXaniuti npoyecu msa208020 eleKmMpoOnpuBoody @ Yux cxemax i BUKOHAHO iX NOPIGHANLHUI
ananis. Hasedeno peszynomamu 0ocniodicenns MoOepHi306aHOi IMNYIbCHOT cXeMU pe2yio8anis 4acmomu 0bepmanisi
08U2YHA NOCMILHO20 CIMPYMY 6 PedlCUMAx po320Hy, eubicy i enekmpoounamiunozo 2anomyeants. Ilpogedeno ananiz
GeUYUNHY NYIbCAYill CMPYMY AKOPSA MA 6NIUG HA Hel Yacmomu KOMYmayii npu 6UKOPUCMAanHi MOOEpHi306aHOi cxemu
IMAYTILCHO20 pe2yNio8anHsl.

Haykoea nosusna: Pospobneno nosi imimayitini mooeni, i 003801510Mb 8UKOHYE8AMU O0CTIONHCEHHS eNeKmpomexa-
HIYHUX NPOYECi6 MA208020 eNeKMpOnpuUsooy npu pizHUX cxemax iIMIYIbCHO20 Pe2ylio8aHHS.

Ipakmuuna snauumicme: Po3pobneno 600cKoHaneny cxemy iMnyIbCHO20 pe2yio8aHHs 08U2yHa NOCMIIHO20 CIMPYMY
nocnio06H020 30y0dcents. Boockonaneno cxemy imnynscno2o pe2ynoeantsa 08U2yHa noCmilino2o cmpymy nociioo8Ho-
20 30Y0XHCeHHs. 30 PAXYHOK 88E0EHHS 8 CXEMY IMNYIbCHO20 PeyaAmopa 0io0a, AKULL UWLYHMYE 0OMOMKY 30VOH#CEHHS, WO
00380J14€ 3HUUMU WEUOKICMb 3A2ACAHN CIMPYMY 8 00MOmMYi 30Y0dIcen s Ma 6UKOPUCIOBYBAMU PEJICUM elIeKMPOOU-
HAMIYHO20 2aNbMYBAHHS NPU CAM036y0diceHHi enekmpoosueyHa. 3anponoHosane cxemme pitienHs 003601€ YHUKHY MU
3acmocysarHs 000amKOGUX He3aIeJCHUX 0Jicepell CMPYMY Ma CRPOCIUMU MeXHIYHY peani3ayiio i SMeHWUmu GUmpamu.

Knrwowuoei cnosa: imnynvche pecynio8anus, cepiecHull e1eKmpoosucyH, NociioosHe 36y0xcenHs, iMimayitina mooens

BCTYII

B nanuii yac B €1€KTpOTPAHCIIOPTI 3aCTOCOBYIOTHCS EJIEK-
TPOTIPHBO/IM 3 CEPiIECHIMH €JIEKTPOIBUTYHaMH ITOCTIHHOTO
cTpyMy. CIIeKTp 3aCTOCYBaHHS €JIEKTPOIIPUBO/IIB TOCTIHHO-
TO CTPYMy 3 ABHT'YHAMH IociifioBHOTO 30ymxeHHs (JI13)
JIOCHUTb IIMPOKA - TSTOBHH JIEKTPOIPHUBOJL PYXOMOT'O CKJIa-
JIy MICBKOTO Ta 3aJIi3HUYHOTO TpaHcmopty. e 3ymoBieHO
THUM, L0 3MiHA MOMEHTY HaBaHT@KEHHS IJIS JTAaHUX Me-
XaHI3MiB I00pe y3roJDKYETHCS 3 €IIEKTPOMEXaHIYHOT Xapak-
Tepuctuxoro JI13.

[cTOTHMM YMHHHKOM ITiJIBHILIEHHS PEHTA0CIBEHOCTI Po-
00TH IEKTPOTPAHCIIOPTY B LLIOMY MO>Ke OyTH 3aMiHa iCHY-
1o4oro Tsrosoro enekrponpusoy (TEIT) Ha 6inbmn cydachi
IX BUIU.

AHAJII3 ITIOHEPEJIHIX JOCJIIKEHb

IcHye KinbKa cXeM peryioBaHHs MIBUAKOCTI CEPIECHOTO
nsuryHa nocritoro ctpymy (AI1C), ne: peocrarna i imimysb-
cHacxemu[1,2].

Haii0inbI rmommpeHa peocTaTHa cxeMa peryitoBaHHs
mBuakocTi cepiecHoro JATIC [1], Mae Taki HSOMIKH SIK:

— HasIBHICTb BEJIMKOI KIIBKOCTI KOHTaKTHOI araparypu;

©Augpienxko I1. 1., uno C. 1., Kamnienko O. O., 2016
DOI 10.15588/1607-6761-2016-2-6

— BTpaTH B IIyCKOBUX PE3UCTOpax, 1m0 3HKY0Th KKJ]{
TATOBOT'O IPHUBO/IA;

— HEOOXiTHICTh MTPOBECHHS PETYIAPHUX TiarHOCTHK i
TEXHIYHOT'O 00CITyTOBYBaHHS, IO ITiABUIIY€ BUTPATH HA €K-
CIUTyaTallito pyXoMoOTO CKJIay.

Omxe, nanuit Bua TsroBoro enekrponpuBoaa (TEI) €
JIOCUTH Hee(PEKTUBHIM SIK 3 CHEPTETHIHOT, TaK 1 3 EKOHOMIY-
HOI TOYOK 30pYy.

3 PO3BHUTKOM CHIJIOBOT €JIEKTPOHIKH HAHOLTBIIT parioHa b-
HUM CIIOCOOOM YCYHEHHsS HEIOJIKiB, HAaBEJICHUX BHIIE, €
3aCTOCYBaHHS IMITYJIbCHUX PETYIISATOPIB 4aCTOTH 00EpTaHHSI
JIIC, 1m0 103B0JIsI€ 3HU3UTH A0 MiHIMYMY YHCIIO OTHHUITH
KOHTAaKTHOI amaparypH i 3HU3UTH CIIOKMBAHHS €JIEKTpPOe-
Heprii B peXXnMi IMycKy, ralbMyBaHHS, BUOIry [2, 3].

IMmynbcHa cxema € GBI eKOHOMIYHOIO, aJie B PEXKHUMi
€JIEKTPOMArHITHOTO TaTbMyBaHHS BUMarae HasBHOCTI J10-
JTATKOBOTO O0aTHAHHS IS M ATPAUMKH CTPYMY B OOMOTITI
30ymKEHHS 32 JJOTIOMOTOIO TIOJATKOBHX HE3AJICKHHX HKEPEIT
CTpyMyY. AKTYaJTbHOIO 33JJa4€I0 € MOJICPHI3aIlisl IMIYIBCHOT
CXEMH, SIKa JO3BOJIUTE CIIPOCTUTH ii Ta 3poduTH TEIT OinbIr
eHeproeeKTUBHUM Ta €HEPrOOIIaTHUM.

TakuM YMHOM, MOAEPHi3aIlis KITACUIHOT CXEMH IMITYITb-
CHOTO PETYITIOBaHHS Ta MOpPiBHAHHA muHamiku JI[13 mpu
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PI3HHUX CXeMax PeTyJIIOBaHHS, K€ JO3BOJIHUIIO O BUSHAYNTH
HaWO1Ib1I e(heKTUBHY 1 HAMMEHIII CKIIA/IHY 3 HHUX € aKTyallb-
HOIO HAYKOBO-TIPAKTHYHOIO 3a/1a4€lO0.

MeTo010 poOOTH € TOCIIJDKESHHSI AMHAMIKH JIBUTYHA ITOCT-
iiHOTO CTPYMY MOCIi0BHOTO 30ymKkenHs ([I13) 3 immyibe-
HHM PETYJIIOBaHHSIM YaCTOTH 00epTaHHsI 1 BA3HAYECHHS MOX-
JIMBOCTI CHIPOLIIEHHS CXEMH €JIEKTPOIIPUBO/A.

BUKJIAJEHHSA OCHOBHOI'O MATEPI-
AJIY TA AHAJII3 OTPUMAHUX PE3VYJIb-
TATIB

ABTtopamu Oyna po3poOiieHa MOJIeIb, sIKa LTFOCTPYE TaKy
cxeMy Imycky (puc. 1).

[Tpu MonentoBaHHI He BpaXOBYBAaBCsI BIUTUB PEAKLIIT SIKO-
psi. HeniniliHiCTh KpUBOi HAMarHiuyBaHHS BpaxoByBaJiacs
TaOJUYHO 32 METOIUKOIO [7].

[TapameTpu iMiTaLiifHOT MOJIENTI PO3PaXOBaHO JUIS TATO-
Boro asuryna 1 /IT-003.5Y[7] 3a meToaukoro[6]:

—HOMiHanbHA Hanpyra, U= 750 B,

— TOTYXHICTB, P =235 kB,

—cuna ctpymy, [ =345 A,

—uacrora obepranus, n= 1250 xB™,

—maca, m=2300 kr.

Bci nopansii po3paxyHkH Ta rpadiky 3aJ1e)KHOCTEH Ha-
BEJICHI Y BITHOCHHUX OJMHULIIX. 3a 6a30Bi 3HAYEHHS IPHH-
HSITI HACTYITHI:

— eJIKTpOMarHiTHUH MoMeHT M = SkH*Mm;

— KyToBa yacToTa obepranHs o= 130 pax/c;

—cTpyM =345 A.

3HauHHI MPAKTUIHWUHN iHTEPEC CTAHOBILITH CXEMHI PillleH-
Hsl, IO JI03BOJIAIOTH BUKOPUCTAHHS €JIEKTPOIMHAMIYHOTO
raabMyBaHHS IIPH CaMO30yIKEHHsI eNeKTpoABUryHa. I1po-
TE BUKOPUCTAHHS LIOTO PEXUMY, TIOB’ A3aHO 3 TIEBHUMH TPYA-
HOIIIAMH, TaK SIK IIPH TaJIbMyBaHHI IOTPiOHA HAIBHICTP 3a-
JIMIIKOBOTO MAarHiTHOTO IIOTOKY B ABHUTYHi. B icHy0umx Mo-
JETIAX ENEKTPOIIPUBOTY BUKOPHCTOBYIOTBCS I0AATKOBI HE3a-
JNIeXKHI JKepesa CTpyMy. [X HasBHICTb PU3BOUTH /10 YCK-

Dt | M
L0

Ef Q) _____ m% Fi §

a)

JlaJHEHHSI CXEMHOTO DIllIeHHS 1 JOaTKOBUM €KOHOMIYHUM
BUTpaTaM Ha PEMOHT 1 00CITyTrOByBaHHS.

Binoma knacudHa cxema eneKTpOIpHUBOAY HOCTIHHOTO
CTPYMY, B SIKIH 3IHCHIOETBCS IMITYJIBCHE PETYIIFOBaHHS ILIBU/I-
KOCTi 00epTaHHs 32 IOTIOMOTOFO 3MiHH IIEPiory poOOTH KITH0-
qaT1 (puc. 1) [2].

[IpoBeneHHs aHATITHYHOTO OIHCY AaHOT CXEMH JJOCHTh
CKJIaJTHO, OCKUIBKH NPUCYTHIH KBaipaTH4HA 3aJIeKHICTh O~
TOKY 30Yy/DKCHHS, eIeKTPOMAarHiTHOrO MOMEHTY 1 4aCTOTH
obepranHs JBUrYHA. ToMy JOCHIIPKEHHS IPOBOAMIIOCS 3a
JIOIIOMOT 010 ITporpamHoro nakety Matlab 3 3acTocyBaHHsIM
o6i6miorexn SimPowerSystem [3—5]. Ha puc. 2 noka3zana mo-
JIeJTb TAKOT CUCTEMHL.

Hasenemo ommc enemenTiB Mozedni: E — mxeperno xus-
JeHHs (Hanpyra JuKepena )KuBiieHHs JopiBHioe 750B); T1 —
cutoBuit Kiro4; T2 — CHI0BHI K04, [0 BKJIFOYAE TajbMiB-
Hui pesucrop Rt; D2 — nion 3BopoTHOTO cTpy™MYy; M — 1BH-
T'YH HOCTIHHOTO CTpyMy mociioBHoro 30ymkenns; [HIMM
— OJIOK, 10 peati3ye yHpaBIiHHS CHJIOBUM KitodeM T1;
BBMH — 6110k, sIKMif TPOBOANTH OOYHCIICHHS MOMEHTY Ha-
BaHTaXCHHs ABUTYHIB M; D3, D4 — mioau, 1110 BBOISATHCS B
CXeMY IPH JAOCIIDKEHHI MO/IEpPHI30BaHOT CUCTEMH IMITYJIbC-
HOTO peTyITIOBaHHs 4acTOTH 00epTaHHs 1BUryHa M. (moka-
3aHUI MyHKTUPOM).

3a J01OMOT 010 I1i€1 MOJIETi TPOBEICHI JOCIIIXKESHHSI SIK
Kiacu4Hoi (puc. 1, a), Tak i MoaepHizoBaHoi (puc. 1, 0) cxe-
MU IMITyIIbCHOTO peryiroBaHHs. Pesynbratu po3paxyHKy
MOJIeJTi HABE/ICHO Ha puc. 3 (11 KJIACUYHOI CXeMH) 1 puc. 4
(1 MozepHi30BaHOI), e la — cTpyM sIKOps IBUTYHa; /6 —
CTpYM 30y/DKeHHS IBUTYHA; MeM — eJIeKTpOMarHiTHHI Mo-
MEHT JABHT'YHA; ®— KyTOBa YaCTOTa 00EpTaHHS ABUTYHA.

Y KIIacH4HiH CXeMi peryiroBaHHs 4acToTH obepTaHHs [2]
MIBUJKICTD CIIAJIaHHSI CTPYMY SIKOPSI BU3HAYa€ThCS IIOCT-
1i{HOIO Yacy JaHirora sikopsi. Ha ginsaii crnosuit kimou T1-
oOMoTKa sikopst M 1-00MoTka 30ymkenHs F1 ctpym Hapoc-
tae (kmrod T1 BigkpuTHiD), 1 cllajae 1Mo JaHIory aiox D2-
obmotka sikopst M 1-o6Motka 30ymkenns F1 (kiarou T1 3ak-
puro).

O

4
Ff

3
H

6)

Pucynok 1 — Cxema iMIylTbCHOTO peryiTioBaHHs LIBUAKOCTI 00epTanHs enaekTpornpuBony 3 JI13: a) knacnuHa cxema iMImyJIbCHOTO
peryaroBaHHs; 6) MOAEpHi30BaHa cXeMa IMITYJIbCHOTO PEeryITIOBaHHS
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ITpu BBenenHi B cxemy aioga D3 (puc. 1) crpym 30ymkeH-
Hs Oy/ie 3aMHMKaTUCS 110 KOHTYpY LIyHTYBaJbHUIT niox D3-
obmotka 30ymkenHs F1. Pesynsrari MozientoBaHHS oKazy-
I0Tb, 1110 3aIIPOIIOHOBAaHa MOJICPHI3allisi CKEMHOT'O PIIICHHS
JTO3BOJISIE 30UTBITUTH Yac CIIaaHHs CTPyMY B OOMOTIII 30y~
JKEHHS IBUTYHA TIOCTIHHOTO cTpyMy Yy 8 pa3 (puc. 5). Lle, y
CBOIO YEPTY, BeZle 10 OLIBIIN MOBUTLHOTO CHIaIaHHs MarHiT-

Continuous

HOTO IOJIS B IBUT'YHI MMOCTIHHOTO cTpyMy. ToMy mipu 1aHO-
MY CXEMHOMY PillIcHHI BUKOPUCTAHHS EIeKTPOINHAMIYHO-
TO TaJIbMyBaHHS MPU CaMO30yIKCHHI CJICKTPOJBUTYHA €
MOJJIMBUM. Y TOM JKe Jac, IMBUKICT HApOCTAHHS (CTaiaH-
HsT) CTPYMY B OOMOTIIi SIKOPS Uepe3 HasiBHICTS giona D3 Bus-
HAYaE€THCS TUTHKH MapaMeTPaMH JTAHITIOTa KOS, IO 1JTFOCT-
PYETBCSI 30UTBITICHHSM TyITbCallii (puc. 4).
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Pucynok 2 — Mopens iMITyJIbCHOTO PeryioBaHHS MIBUAKOCTI o0epTaHHs enekrponpusoxny 3 AI13
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Pucynoxk 3 — Pesyneratu 1ocmiiKeHHs iIMITyIIbCHOT CXEMH PETy/IIOBaHHS YaCTOTH 00epTaHHS JBUTYHA IOCTIMHOTO cTpyMy (4acToTa
xomytauii 300 ')
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10 t.c

Pucynok 4 — PesynsraTy 0 CITiKEHHST MOZICPHI30BaHOI IMITYJIECHOI CXEMH PETYIIOBAaHHS YaCTOTH 00epTaHHS JBUTYHA ITOCTIIHOTO
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cTpyMy (dacrora komyramnii 300 I'my)
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Pucynoxk 5 — I'padix cnaganus ctpymy B o6moTwi 30ymxenns: 1 — 6e3 mioga D3; 2 — 3 niogom D3
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[IpoBeneHe JOCTIHKEHHS CTBOPIOE MEPEYMOBH pealli-
3aIlii TAKOTO CXEMHOTO PIllICHHS, SIKE IO3BOJIUTB ITiTH BiJl BU-
KOPHUCTaHHS JOJAaTKOBUX HE3aJCIKHUX JDKEPE CTPyMY IS
00MOTKH 30y/IXKSHHSI TATOBOTO CIICKTPOIBUTYHA (TIPH Iepe-
XOJI1 3 PeXKUMY PYXY IMiJ] CTPYMOM B PEIKHM €JICKTPOAHHAM-
iyHOTO ranbMyBaHHs). Lle niaBUIuTE epeKkTHBHICTH BUKO-
PUCTaHHS €JICKTPUYHOI CHEPTii 1 3HU3UTh BUTPATH HA CKCII-
JyaTaIfito Ta pPeMOHT HE3aJIe)KHOTO JDKEpPEIa CTPYyMY.

Ha puc. 6 HaBeIcHO pe3yNbTaTH JOCIIIKSHHS MOJICPHi-
30BaHOI IMITYJIbCHOT CXEMU PETYJIFOBaHHS YaCTOTH 0OepTaH-
Hsl IBUTYHA MTOCTIHHOTO CTPYMY B PEKUMAaX PO3TOHY, BUOI-

Ty 1 €JIeKTPOAMHAMIYHOTO TanbMyBaHHs1. [Ipy MojeroBanH1
JOCITIJDKYBAJIICh HACTYITHI PEXKUMHU:

— BMOMEHT yacy t = 0 po31oyaro po3riH el1eKTpOIBH-
r'yHa;

— BMOMEHT 4acy t = 8,6 ¢ BIIKIIIOYa€ThCS [0/1a4a CTPY-
MY Ha JIBUT'YH, 3J[IIICHIOETHCS PEKHM BUOITY;

— BMOMEHT 4yacy t = 9,2 BBIMKHEHHSIM CHJIOBOTO KJIFO-
ya T2 B TaHIIIOT STKOPSI BBOIUTHCS rajlbMiBHUI pe3nucTop Rt;

— PpO3paxyHOK i/ie 10 MOMEHTY ITOBHO{ 3yITUHKH SIKOPSI
enekTpoBuryHa (@*=0).

I, 15 . |
0,08,

Posrin

[@anemysanHa

¥
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Pucynok 6 — Pe3ynbraTi JOCIiIKEHHST MOISPHI30BaHOI IMITYJICHOI CXeMH PETYJIIOBAHHS 4aCTOTH 00epTaHHs JBUTYHA TOCTIHHOTO
CTPYMY B PE&KUMaX PyXy, BUOITY, €IEKTPOJMHAMIYHOTO ranbMyBaHHs (dactora komyTamii 2000 I'm)

<Speed wm (radiz):

<Field current if (&)

<Bectrical torque Te (0o m):
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Pucynok 7 — Mojesnp peocTaTHOro MycKy CEepiECHOTO eJIeKTPOABUTYHA
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HageneHi 3a1eHOCTI BKa3yl0Th Ha MOXKJIUBICTB peati-
3a11ii peKUMY eeKTPOJMHaMIYHOTO FIbMyBaHHSI €JIEKTPOAI-
BUTYHA 0€3 3aCTOCYBaHHS JOAATKOBUX 3aCO0IB MiATPUMKHU
cTpyMy B oOMorti 30ymxenss JI13.

ABTOpamMu OyITU MPOBEICH1 A0 CIIPKEHHST MOJICPHI30Ba-
HOT CXEMH IIPH Pi3HHUX YaCTOTaX KOMYTallil CHJIOBOTO KITIOYa
T1: B giama3oni Bix 300 1o 2000 [ty PesymbsraTa ociakeH ]
BKa3ylOTh Ha T€, L0 YCYHEHHS SBUINA 30UIBIICHHS ITyIb-
cauiii JocAraeThes MiIBUIIEHHSIM YaCcTOTH KoMyTanii 10 1—
1,5 xI'u. Tak camo 3HWKEHHS PIBHS MyJbCAlliil MOXKJIMBO
JIOCSITTH TIPH BBEAEHHI B JIAHLIIOT SIKOPS 3T1/KYIOUHX eJle-
MEHTIB, TAKUX SIK 313 DKYFOUNI peakTop 1 KOHAEHCaTopP.

JonarkoBo aBTopaMu Oyi10 po3po0OieHo iMiTaliiiHy MO-
JIeTIb PEOCTAaTHOI CXEMH PETYIIOBAHHS YacTOTH 00epTaHHS
sxopst AI1C (puc 7).

Hagsenemo omnuc enemenTiB Mozedni: E — jxeperno xus-
JIeHHs (Harpyra Jokepesia >KuBJieHHs gopisHioe 750B); Motor
Starter — myckoBHii peocTar, 1o 3abe3euye 4 cTymeHi pery-
JroBaHHs; M 1 — IBUTYHH ITOCTIHHOTO CTPyMY HOCIIiIOBHOTO
30ymkeHHss; BBMH — 0110k, 1110 3A1HCHIOIOTH OOYNCIICHHS
MOMEHTY HaBaHTa)KeHHsI IBUT'YHIB M 1.

PesynbraTn 1ocitiukeH s, TPOBEASHOTO Ha IaHii MOJIei,
npeJIcTaBieH] Ha puc. 8.

BUCHOBKH

Po3po0iteHo iMiTariiHi MOJIEIT, SKi TO3BOJISTIOTH OCITIJI-
JKYBaTH €JICKTPOMEXaHI4HI IIPOLIECH B CEPIECHOMY JIBUTYHI1
MOCTIHHOTO CTPYMY.

[IpoBeneHe MoneIIOBaHHS J03BOJHMIO 3pOOUTH TIO-
PIBHSUIGHMIT aHAJTI3 IEKUTHKOX CXEM IMITYJIbCHOTO PEry/IIOBaH-
Hsl, PE3YJIbTaTH SKOTO BKAa3yIOTh Ha BHCOKY €()EKTUBHICTb
MOJIEPHI30BaHOT CXEMH.

BBezneHHs B cxeMy iMITyJILCHOTO peryisitopa aioga D3,
SAKUH IIyHTYye OOMOTKY 30yI>KEHHSI, JO3BOJISIE 3HU3UTH
IIBU/IKICTD 3aracaHHs CTPyMY B IiH OOMOTLI.

3anporoHoBaHa MOJIEpHi3allis, 110 MOJISrae y BBEICHHI
B cxemy aioniB D3 ta D4, mo3Bosisie BUKOPHCTOBYBATU pe-
JKUM EJIEKTPOJMHAMIYHOTO TajbMyBaHHS NPU camMo30ya-
JKEHHI eJIeKTPOJIBUT'YHa.

3anporoHOBaHe CXEMHE PIILICHHS J03BOJISIE YHUKHYTH
3aCTOCYBaHHSI TOJATKOBHX HE3AJIEKHUX JDKEPET CTPyMy Ta
CIIPOCTUTH TEXHIYHY peasi3allifo i SMEHIINTH BUTPATH.
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Pucynok 8 — Pe3ynbrary 1oCIikeHHSI pEOCTaTHOI CXEMH ITyCKy JABUTYHA HOCTIHHOTO cTpyMy la-cTpyM sikopst aBuryHa; IB-cTpym
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Awngpuenxo I1. J1.!, OIuno C. 1.2, Kaunerko A. O.°

T-p TexH. Hayk, ipodeccop, mpodeccop Kadeapsl HIEKTPUUSCKUX U HIICKTPOHHBIX alnapaToB 3aopoikKCcKOTo HalH-
OHAJILHOTO TEXHUYIECKOTO YHHBEPCHUTETA, 3aII0POXKbE, YKpaHHA

*Crapiuuii ipernojaBaresb Kadeapbl SIEKTPUUSCKAX U DIEKTPOHHBIX allaparoB 3amoposKCKOr0 HAMOHAIBHOTO
TEXHUYECKOTO YHUBEPCUTETA, 3a0pOKbe, YKpanHa

3Crapiumii ipernoaBaresb Kadenpbl SIEKTPUUSCKAX U DIEKTPOHHBIX allaparoB 3amoposKCKOr0 HAMOHAIBHOTO
TEXHUYECKOTO YHUBEPCUTETA, 3a0pOKbe, YKpanHa

HUCCIEOIOBAHUE TUHAMMNYECKHUX PEXKUMOB SJIEKTPOJABUTATEJISI HOCJIEJTOBATEJIBHOI'O
BO3BYXIEHUSI C UMITYJIbCHBIMU CXEMAMM PET YJINPOBAHHUS SJIEKTPOIIPUBOJA

Iens: LJenvio pabomol s6asiemest uCCiedo8anue OUHAMUKY 08U2amesisi NOCMOSIHHO20 MOKA NOCIe008AMENbHO20
6030YIICOCHUSL C UMNYTIbCHBIM PE2YIUPOSAHUEM HACMOMbL 6PAULCHUSL U ONPEOeNeHUEe BO3MONICHOCTIU YIPOUCHUSL CXeMbl
INEKMPONPUBOO.

Memoouka: Memoobi UMUMAYUOHHO20 MOOEAUPOBAHUS U AHAIUMUYECKUE MemOoObl paciema U UCcied06anuil
INEKMPOMEXAHUUECKUX NPOYECCO8 8 CEPUECHOM 08U2amesie NOCMOIHHO20 MOKA NPU PA3IUYHBIX CXeMAX UMNYIbCHO20
VAPAGeHUsL.

Pesynomamut: Paspabomana ycoeepuiencmeo8annas cCxema UMNYIbCHO20 Pe2yIupO8atus O8U2Ames NOCMOSIHHO-
20 MOKA NOCIe008AMENbHO20 8030YHcOeHsl. [t NPeOI0ACEHHOU U CYUYECMBYIOUell CXeM UMNYIbCHO20 Pe2yIupO8aHUs
pazpabomarsl MOOeU, ¢ ROMOUbIO KOMOPLIX UCCLE008AHbL DNEKMPOMEXAHULECKUE NPOYECCbL MA208020 INEKMPONPU-
6004 6 IMUX CXEMAX U 8bINOJIHEH UX CPAGHUMeNbHbII ananus. [Ipusedenvl pesyibmamol UCCLe008aAHUSL MOOCPHUSUPOBAH-
HOU UMRYILCHOU CXeMbl Pe2yIUPOSAHUsL YACHOMbL 8PAUEHUsT O8USAMENS NOCMOSIHHO20 MOKA 6 PENCUMAX PA320Hd,
sblOe2a u INeKMpoOUHaMUecko2o mopmodcenust. Ilposeden ananus enuyuHbl NyIbCAYULl MOKA K0P U GIUSHUE HA
Hee Uacmomul KOMMYMAYUU npu UCNOLb308AHUU MOOCPHUUPOBAHHOU CXEMbL UMNYIbCHO20 Pe2yIUPOSAHUSL.

Hayunas nosusna: Paspabomarvl Hogble uMUmMayuonnvle MoOeu, KOmopble NO360510M NPOEOOUMb UCCIEA06d-
HUSL 2AEKMPOMEXAHUHECKUX NPOYECCO8 MA208020 INEKMPONPUBOOA 8 PAZIUYHBIX CXEMAX UMRYIbCHO20 Pe2yIUPOBAHUSL.

Ilpakmuueckan snauumocms Paspabomana ycoeepuencmeo8anias cxema UMnYIbCHO20 Pe2yiupo8anust O8ud-
meJist NOCMOSIHHO20 MOKA NOCIe008AMENbHO20 8030YdicOenus. [Iposedeno ycosepuiencmeosanue cxemvl UMNYIbCHO20
Pe2yauposanus 08ueamelist NOCMOIHHO20 MOKA NOCIe008AMENbHO20 030YHCOCHUSL 3d CUEN 66E0CHUSL 6 CXeMY UMNYIlb-
CHO20 pe2ynsimopa ouoda, WyHmMupyowe20 0OMomKy 030yiHcOeHUs, YMO NO3605eN CHU3UMb CKOPOCHb 3AMYXAHUSL
moka 6 06MomKe 6030YHCOEHUS U UCNONb306AMb PENCUM INeKMPOOUHAMUYECKO20 MOPMONCEHUSL NPU CAMOBO30YiICOe-
Huu anekmpoosuzamenst. [Ipednosicentoe cxemnoe peuieHue no3goisiem uzdexcams npUMeHeHUs: OONOIHUMEbHbLX He-
3A6UCUMBIX UCTOYHUKO8 MOKA, YAPOCIUMb MEXHUYECKYIO Pearu3ayuio U YMEeHbUUMb PACX0ObL.

Kniouesvie cnosa: Hunynvcroe pe2yiuposanue, cepuectulii 31eKmpoosueameib, HOCie008ameabHoe 6030ydicoenue,
UMUMAYUOHHASL MOOETb

Andrienko P. D.!, Shilo S. 1.2, Kaplienko O. O.}

'"Doctor of Engineering Sciences, Prof., Zaporizhzhya National Technical University, Ukraine

Senior lecturer, Zaporizhzhya National Technical University, Ukraine

*Senior lecturer, Zaporizhzhya National Technical University, Ukraine

RESEARCH OF SUCCESSIVE EXCITATION ELECTRIC MOTOR DYNAMIC MODES WITH PULSED
SCHEMES OF THE ELECTRIC DRIVE REGULATION

Purpose: The purpose of the work is to research the dynamics of DC motor of series excitation with pulse speed
control and determine the possibility of the drive circuit simplification.

Research methods: With the help of simulation and analytical methods of calculation techniques developed a simulation
model, identified the advantages of using a modernized impulse control scheme.

The obtained results: The modernized scheme of series excitation DC current motor pulse control is designed. For the
proposed and existing pulse regulation schemes the models are developed, they help to investigate the electromechanical
processes of electric drive in these schemes and to perform the comparative analysis. The results of the modernized DC
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motor speed impulse control scheme investigation in the acceleration mode, overrun and electro-dynamic braking are

given.

Scientific novelty: Developed advanced pulse regulating sequential excitation DC motor scheme. For existing and
proposed schemes impulse regulation developed models that allow study of electromechanical processes in electric drive

for existing and proposed impulse control schemes.

The practical significance: It is shown that the addition of a shunt field winding diode to pulsed regulator scheme
reducing the rate of current decay in the winding. It is determined that the proposed upgrade allows to use electro-dynamic
braking mode at the motor self-excitation. The proposed scheme design avoids the use of additional independent power
sources and simplify the technical implementation and reduce costs.

Keywords: pulse control, the electric motor of series excitation, series excitation, simulation model
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"InxeHep CP3AP BIM Al «HEK «YkpeHepeo» [Hinposcbka EC, 3anopixxs, YkpaiHa
2KaHO. mexH. Hayk, npoghecop kaghedpu El1I1 3HTY, 3anopixxs, YkpaiHa
3KaHO. mexH. Hayk, doueHm kacghedpu ElIT 3HTY, anopixxs, YkpaiHa

AOCNIAXEHHA NOXUBOK TPAHC®OPMATOPIB CTPYMY Y

CUCTEMAX PEJIEMHOIO 3AXUCTY B YCTANEHUX TA NMEPEXIOQHUX

PEXXUMAX EHEPTOCUCTEMMU

Mema pobomu. Busnauenns MakCuMaibHUX enUYUH CIIPYMOBUX MA KYMOBUX NOXUOOK mpaHc@opmamopie cmpy-
My ma xapakmepy ix 3MiHu 8 yCManeHux ma nepexioHux pelcumax eHepeoCUcmemu, 3a AKUX MONCTUBUL GUXIO GeTUYUH
noxuboK 3a mevci 0ianazony HOpMOBAHUX 3HAUEHb, A MAKOJIC Y NOPIGHANHI CHIYNEHs 3MIHU CIMPYMOGUX A KYMOBUX
NnoxXubOK Mpancopmamopis cmpymy, RPUSHAYEHUX OISt HCUBTEHHS BMOPUHHUX KL NPUCIMPOTB peneliH020 3aXUcmy, 3a
YUX pexncumis.

Memoou docnidxcens. [{ocnioxceHHs npo8e0eHO WIAXOM 3aCMOCYS8ANHA MeMOOY IMIMayitino2o MOOeNI08anHs ma
eisyanizayii na IIBM ¢ynxyionysanns mpancgpopmamopa cmpymy, npusHaieno2o 015 JHCUGLEHHS 6MOPUHHUX Kill npU-
CMpOi6 peneinozo 3axucmy, @ YCmaieHux ma nepexioHux pescumax eHep2ocucmemi ma 3a pisHux YMos 1io2o excniya-
mayii.

Ompumani pezyniomamu. Asmopamu Y10 U3HAYEHO Y BIOCOMKOBOMY CRIB8IOHOUEHHT MAKCUMANLHI CIMPYMOGI ma
KYmosi noxubxu mpauc@opmayii nepsunHo20 cmpymy 00 6mMOPUHHOL0 KOAA MPAHCHOpmMamopa cmpymy, aKi 06ymos-
JleHi HAsIBHICTNIO CIMPYMY HAMA2HIYY8AHHS MA AKMUGHUX 6MPAM 8 MAZHIMHIT cucmemi 00CLi0NCY8aH020 mpancghopma-
mopy cmpymy, GUKOHAHO iX NOPIGHAHHS, A MAKOJiC 3p00NeHi 8UCHOBKU U000 iX 3MIHU 8 YCMAeHUX Md NepexioHux
pedrcumax, 30kpema, 6CmanoBIeHo mou Gaxkm, wo cmpymosi noXubKu 8 asapitinux peicumax 3MiHI0I0MsCs 8 3HAUHO
OinbuioMy cmyneni, Hidic Kymogi ma 3a NegHUX yMo8 MOJICYMb GUXOOUMU 30 MeICi HOPMOBAHUX 0ePICASHUMU CINAHOAP-
mamu 3HayeHbs.

Haykoea nogusna. Aemopamu 6y10 po3pobieno cy4acHuti Memoo 00CTiONCeHHs. CMPYMOBUX MA KYMOBUX NOXUOOK
mpancgopmamopie cmpymy, RPUHA4EHUX 051 HCUGLEHHS BMOPUHHUX KL NPUCMPOI8 Penetino20 3aXUChY, 3ACHOBAHUIL
HA BUKOPUCMAHKT KOMN TOMEPHOT MOOei i0edaibH020 MPaHCchopmamopa cmpymy 3 JiHIIHOW0 6e32iCmepe3sucHo0 Xapak-
MEPUCMUKOI0 HAMAZHIYYBAHH, WO MAE NOOIOHT XapaKmepucmuKy ma napamempu nepeUHHO20 i 6MOPUHHO20 KOLA 3
00CNIOAHCYBAHUM PEANbHUM MPAHCHOPMAMOPOM CIPYMY.

Ilpaxkmuuna 3nauumicms. Ompumani pe3yibmamu MOAICyms 6ymu 6UKOPUCHAHHI NPU UHAYEHHI ONMUMATLHUX
VMO8 eKCRIyamayii mpaucgopmamopie cmpymy ma po3pooyi HO8UX NPUHYUNTE BUKOHAHHS BUMIPIOGATIbHUX MA JIO2IYHUX
op2amie npUCmMpoie penelino2o 3axucmy e1emMenmis enekKmputHux Cmanyiti ma mepesic, 30kpema, 6y10 3po0aeHO BUCHO-
80K Npo me, wo 01 3a0e3nevents Dbl YYmMaU8o20 ma CeNeKmusHO20 3aXUCHLY MOAUCYMb OYmMu GUKOPUCMAHI npu-
cmpoi, wo 3a NpUHYUNom co€i Oii peazyromu auuie Ha QA3Hi CRIGEIOHOUIEHHS MIJC CIPYMAMU MPAHCHOPMAMopie
cmpymy npueOHatb, AKi Maroms 6ymu 6i01AWMOBAH e 810 Kymogux NOXUuOOK GUMIPIOGAHD.

Knrouosi cnosa: Tpachopmarop CTpymy, CTpyMOBa IIOXHOKa, KyTOBa IMOXUOKA, PEICHHNMIT 3aXHCT, aBapIHUN PEKUM.

1 BCTYII

BumiproBanbHi Tpanchopmaropu ctpymy (TC) € ocHOB-
HUMH JJaBa4aMu 1HPOpPMAIIIT 11010 aOCOTIOTHOT BETUIHHU
Ta a3y NepBUHHOTO CTPYMY enekTpruyHoi Mepexi (EM) s
BUMIpIOBAJIbHUX IIPUCTPOIB, IPUCTPOIB 0OJIKY ENEKTPUYHOT
€Heprii, a TakoX Ul NpUCTpoIB peneitHoro 3axucty (P3),
CHCTEMHOI Ta IPOTHABapiifHOT aBTOMATHKH, aBTOMaTHIHUX
CHUCTEM KepyBaHHsS, MOHITOPHHTY, peecTpanii, Tomo.
Tounicts pobotu TC, 110 NpU3HAUEHI AT )KUBJICHHS MTPHU-
cTpoiB P3, B aBapiiiHUX pexxuMax poOOTH BU3HAYAETHCS iX
MaKCHUMaJIbHO JIOIYCTUMOIO MOXHOKOIO, 1110 MA€E MiCLe IIPH
TpaHcdopMarlii TIepBUHHOTO CTPYMY y BropuHHE Kosio TC
Ta 00yMOBJICHA HAsBHICTIO CTPYMYy HaMarHidyBaHHS 1 aK-
THBHUX BTpart B MarHiTHi# cuctemi TC, [1, 3, 4, 5, 8]. Benuun-

© Hiuenko B. B., Kynarin [[. O., Maxuin II. B., 2016
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HH JoIycTHMUX ToXuO0ok TC HOPMYIOTECS BiJIIOBITHO 110
BHUMOT [2, 6], Ta 17151 3a0e3meueHHsI CEIEKTUBHOT 1 HaIIHHOT
pobotu OinbiocTi npucTpoiB P3 He MOBMHHI IepeBUIyBa-
TH Oi1b1I 5K 10% B aBapiiinux pexxumax EM, [6].

Bubip tumy Ta rexHiyaux xapakrepuctuk TC miist 3acto-
CYBaHHS y BUMIPIOBAIBHUX CTPYMOBHX KOJIaX Pi3HUX TUIIIB
npuctpoiB P3 Ta HacTynHa excrutyarauis nux TC mae HaaTo
BIATIOBITJIbHUI XapaKTep 3 TOUKH 30py 3a0e3eueHHsl Ipa-
BWJIBHOT J1i1 3a3HaYE€HUX ITPUCTPOIB IPHU KOPOTKUX 3aMUKaH-
Hix (K3) y Mexxax 30HU, 110 3aXHIIAETHCS HUMU, Ta 11032 11
MekaMy. Bu3HaueHHS mmapameTpiB CIpalOBaHHS JIESIKHX
THIB pUCTpoiB P3 (nudepenmiinmii 3axucT niHii enekrpo-
nepenadi, TpaHc(hOpMaTopiB, PEaKTOPiB, LIIMH, TEHEPATOPIB
1T.11.), SIKi pearytoTh Ha Pi3HULIIO BEKTOPHUX BEJIMYHH CTPYMIB,
BuMipsiHux TC, 10 BTOPHHHUX KUJT IKUX IT1IKITIOYEHO 3aXHCT,
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3JIIICHIOETHCS 32 YMOBH BIJUIAIITYBaHHS iX Aii Big CTpyMy
HeOanaHcy y AnepeHIiitHOMY KOJi 3aXHCTY, IO MEepLI 3a
Bce 00yMOBIIeHHUI BiqMiHHICTEO Toxubok mux TC, [3,4, 8, 9].
3a pi3HuX yMOB Ta pexxuMiB excrutyatanii TC ix moxuoxu
3MIHIOIOTHCS HEMIHIMHO B 3aJIE)KHOCTI BiJI iHTEHCHBHOCTI BILTH-
By psany ¢akropiB EM Ta nmapamerpis i pexxumy podot,
[1, 5, 9], npuaomy nust TC, siki MarOTh BiIMIHHI XapaKTepHC-
THKH HaMarHigyBaHHsI, iX TOXUOKH 3MiHIOIOTHCSI HEOTHAKO-
BO, 1110 0COOJIBO CTA€E MMOMITHUM IIPH 3HAYHUX KPATHOCTAX
nepBUHHOTO cTpyMy K3 Ta mpu3BouTh 10 3011bIICHHS CTPY-
My HeOaJIaHCYy, BiJl MAKCUMAaJIbHOT BEJTMYMHH SIKOTO Ma€ Oy TH
BIJUTAIITOBAaHMI 3aXKCT, BUKOHaHUH Ha qudepeHuiiHoMy
npuHImIi, [4, 6]. Uepes nie, BITIOBIHO 10 [2, 6], BCTAHOBIO-
I0TBCS1 BUMOTH 111010 ogHoTHITHOCTI TC, 5IKi 3aCTOCOBYIOTB-
cs1y KoJlax oprasizanii cxem audepeHuiiamnx 3axucTis. [1pu
IIbOMY BUKOHAHHS [TUX BUMOT IIOBHOIO MipOI0 HE MOKe OyTH
3a0e3rneueHe, 10 M0B’3aH0 3 TPYAHOIIAMH BUOOPY TaKUX
TC, 110 MarOTh JOCUTH CX03KiI Mi’K COO0I0 KpHBI HAMArHiuy-
BaHHS, a [1€ B CBOIO YEPI'y MPU3BOAUTS JIO ITOSBH OXUOOK Ta
HeoOXiTHOCTI 3arpyOIeHHS KOMIUIEKTY audepenmiiiHoro P3
a00 BUKOHAHHS CIELiabHAX 3aXO0/IB 100 3a0e3neYeHHs
HOro JOCTaTHHOI YyTJIMBOCTI BiJIOBIIHO 10 BUMOT [0, 7].
Haii6inbioro BIiMBy Ha poOOTY MPUCTPOIB AU(EPEHIiH-
Horo P3 3aBnae came cTpymoBa moxuOka TpaHcgopmariii
MIEPBHHHOTO CTPYMY, sika He MOBUHHA NepeBuIyBatu 10%,
BIAMIOBIIHO 710 BUMOT [2, 6]. KyToBa moxuOka, BiIIOBITHO 10
[1, 2], He HOpMYETBCS Ta BpaxOBYETHCS JIMIIE ITpU 3a0e31e-
YeHHI CeJIEKTHBHOI /i1 oKpeMux THIiB P3, 1110 3/1iHCHIOIOTH
BUMIpIOBaHH (a3 NEPBUHHUX CTPYMIB ITPHETHAHD Ta iX MO-
PIBHSIHHS MK co0oto (Harpukian audepeHmiiHo-hazHui
3aXHUCT MOBITPSIHUX JiHIN eJeKkTponepenayi). BinnosiaHo 1o
[1,5, 9], crpymoBi noxudxu TC B aBapiifHUX pexxuMax pooo-
TH €HEPTOCHUCTEMH 3pOCTAIOTh B 3HAYHO OUIBLIOMY CTYIEH1
HiK TX KyTOBI MOXMOKH Ta B nepexigHux pexxumax K3 3a
HalOLIBII HECTIPUSTIMBHX YMOB (3 MAKCUMAJILHOIO 32 BEJIH-
YHHOIO allepioIMIHOIO CKJIAI0BOIO IIEPBUHHOTO CTPYyMY Ta
TPUBAJIMM 4acoM il 3aTyxaHHs) ctpymoBa noxuoka TC Moxxe
nocsiratu Maiixke 81-90%, y Tol yac sik ix KyToBa moxmuoka
He nepeButirye 46—50°, 110 y BiZICOTKOBOMY CITiBBiTHOIIICHHI
ckJagae onm3pKo 25-28%.

2 AKTYAJIBHICTDb JOCJILIKEHHSA

[Iposenenns nociimkeHHs podoru TC, siki 3acTOCOBY-
FOTHCS JUTS KUBIIEHHSI CTPYMOBHX KiJl ipucTpoiB P3, B ycra-
JICHUX Ta MEPEXIIHIX PEKUMAX CHEPrOCUCTEMH € aKTyallb-
HHM 3 TOYKH 30pY BU3HAYCHHS ONTHUMAIbHUX MOKA3HHKIB T
PEXHIMIB X pOOOTH, 32 IKHX MOXUOKH TpaHchopmarrii mep-
BuHHOTO cTpyMy TC He nmepeBHIyBaTHMYTh BCTAHOBICHHX
y [2, 6] BenrumH 32 yMOBH 3a0€31eYeHHS PAaBUIILHOTO (DyH-
KIIIOHYBaHHS MPUCTPOIB P3, 110 minkIovYeHi 10 BTOPUHHNX
ki TC. Takoxk mpoBeACHHS JOCIIHKEHHS Ma€e Ha METi BUSI-
BHUTH CTYIiHb 3MiHHA TOXHOOK TC B 3aJIe:KHOCTI BiJl 3MiHH
napaMeTpiB 1X HePBUHHKUX Ta BTOPUHHUX KL, BU3HAYUTHU Y
BiTHOCHHX OJIMHUIISX PI3HHUITIO Mi>K CTPYMOBHMH Ta KYyTOBH-
MU ioxuOkamu TC B aBapiifHUX peKHUMax €HEPTOCUCTEMH, &
TaKOK HEOOX1THICTh pO3p0oOKH pUCTPOoiB P3, 1110 3a mpuHIH-
TIOM CBOE] JIii € MEHII 3aJIeKHUMH Bifl BIUTUBY TOXHOOK TC.

3 META INPOBEJEHHSA JOCIILIKEHHSA

Mera npoBeieHHs A0 CITiHKEHH TIOJIATae y BU3HAYCHH1
MaKCHMAaJIbHUX BEJIMYMH CTPYMOBHUX Ta KYTOBHX ITOXHOOK
TC Ta xapakTepy iX 3MiHH B yCTAJICHHX Ta MIEPEXiTHAX PEKH-
Max eHepProCHCTEMH, 32 IKUX MOKITUBUI BUX1]T BEJIMYHH MO-
XHOOK 32 MEXIi Jliarnla30Hy HOPMOBaHUX 3HAYEHbB, a TAKOXK Y
TOPIBHSIHHI CTYTEHS 3MiHH CTPYMOBHX Ta KyTOBHX ITOXHOOK
TC, npu3HaueHUX JUIs1 )KUBJICHHS BTOPHHHMX KiJI IPUCTPOIB
P3, 3a mux pexxuMis.

4 MATEPIAJIM TA METO/IX ITPOBEIEH-
HA JOCTIIKEHDb 3MIHU CTPYMOBHUX TA
KYTOBHUX IMOXUBOK TC B ABAPIMHHUX
PEXKUMAX

4.1 XapakTepucTHKa MeTOAy Ta 00’€KTY 1a0cC-
JKeHHS

st nociikeHHs 3MIHU CTPYMOBHX Ta KyTOBUX ITOXH-
6ok TC aBTopamu nmpoBeneHo MoenmoBanHs podotu TC 3a
PI3HUX PEXNMIB EHEPrOCUCTEMH, TAPaMETPiB HOTO MEPBHUH-
HOT'O T2 BTOPUHHOT'O KOJIa.

Jlst mpoBeieH s MOZIEIIOBaHHS aBTOpaMH OyJ10 po3po0-
JICHO Ta 3aCTOCOBAHO CIIOCIO HAOIIKEHOT OIIIHKH TOXHOOK
tpancopmanii TC, 1o 103BOIISE BIATBOPUTH peabHHUIL pe-
»uM pobotn TC B enexrpoycranoBkax EM Ta 3acHOBaHMi
Ha 3acTocyBaHHI MoJieni ineansHoro TC 3 3anannmu napa-
MeTpamu, T00To Takoro TC, 0 Mparkoe 3 HYJIbOBOKO MO-
XHOKOI0 TpaHc(hopMallii IEpBUHHOTO CTPYMY y BTOPHHHY
00MOTKY, TOCITIIPKCHH] MOZIENI Ta ii 31CTaBJICHHI 3 MOJICILITIO
obpanoro peaipHoro TC 3 3a31aerib BiIOMIMH TEXHIYHH-
MH XapakTepUCTHKAaMH, BU3HAYEHHUMHU 3aBOJJOM-BUPOOHH-
koM. [Iponec Tpancdopmanii cTpymMy 3 NEpBUHHOI €IEKT-
pomepexi 1o BropuHHOTo Kosa TC B ycraneHux Ta nepe-
XiJJHUX PEKHMaXx, ONHCYETHCS PIBHAHHSAMH, 110 TIPUBEJICHI B
[11], Ha OCHOBI IKNX aBTOpPaMH CTBOPEHI MOJIEINI PEaIbHOTO
ta izeansHoro TC. Po3pobienuii apTopamu criocib A0ciij-
JKEHHsI CTPYMOBHX Ta KyToBHX noxu6ok TC BinmoBiae oc-
HOBHMM NpuHIMIaM ¢pyHKuionyBaHHs TC B ycraneHux ta
nepexiHuX pexxumax podotu EM.

Po3mstHemo 011 AeTabHilIe 3aIpONOHOBAHUH aBTO-
pamu cnoci® HaOIMKEHOT OLIHKY CTPYMOBHX Ta KYTOBHX
noxu6ok TC 3 3actocyBanHsM Mojieni ineanpHoro TC, skuit
Mae€ OJTHAKOBI XapaKTEPUCTHKH 3 00paHUM ISl JOCITJDKEHHS
TC ta nparroe 3 HyJILOBOIO ITOXHOKOIO TpaHchopMarii cTpy-
My (Mae IpsIMOJIiHIHHY KpUBY HaMarHiqyBaHHS).

V sixoeti TC, 1110 JOCIIDKYETBCS aBTOpaMH Oyi10 00paHo
cydacuuii TC 3 enerazoBoro i3ousiniero Tumy TOI'-170-11-1
Y1, 1110 Ha CHOTOHINIHI JIEHb BIPOBAXKYETHCS B €KCILTya-
Tallito MPY PEKOHCTPYKLIT [iI04MX EHEPreTUYHNX 00’ €KTIB Ta
Oy/IiBHUIITBI HOBUX 1 32 TMPUHIIUIIOM CBOE€I il € aHAJIOTOM
3acrapimx MacistHuX TC tumy TO3M-150 V1 i T.n. Bignosi-
JIHO 110 HasaHoi 3aBofoM-BupoOHnKoM (KO «3anopizbkuit
3aB0J] BUCOKOBOJIBTHOI arapatypm») iHdopmarii, oopanuit
Jutst nociipkensst TC Mae HaCTYIHI TEXHIYHI XapaKTepUCTH-

kit: Up =150 kB, Ijyoy = 1200 A, Iy = 1A Koy =20,
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Souon = 30 BA. 3oBHImIHI BUIIIAN Ta cXeMa 3aMillIeHHS elle-

ra3oBoro Tpancgopmaropy crpymy tumy TOI'-170-11-1 V1
TIpuBe/IeHI Ha puc. 1 Ta puc. 2 BignosiaHo, [12].

Js BinTBOpeHHs kKpuBoi HamarHigyBaHHS TC, 1m0 10Ci-
IIDKYETBCsI, OyIT0 3aCTOCOBAHO KYCKOBO-JIHIHHY alipOKCHMa-
1ito 6e3ricTepe3ncHoOi KpUBOi HaMarHiYyBaHHS TPhOMa TIpsi-
MOJTIHIHHUMH BiJpi3KaMH, IO XapakTepm3yoTh podoty TC
B peXHMMi 3 HEHACHYICHUM OCEPIsIM, B OMU3BKOMY 10 HACH-

Pucynok 1 — 3oBHinmHi#i Bursig ofxiel ¢asu Tpanchopmaropy
ctpymy tumy TOI'-170-1I-1

Kxp. B0
120

100 <

80

60 1

40 1

30 40

50

YEeHHSI PEeXXUMI Ta 32 NMOOKOro HaCHYEHHS MarHiTOIPOBO-
ny TC. HasiBHICTB 3aJTMIIIKOBOT 1HAYKIIT B MAarHITHIH cHcTeMi
TC, 1m0 TOCTIHKY€ETHCS, TP MOJICITFOBAHHI HOTO pOOOTH 32
pi3Hux pexxumis podotr EM He BpaxoByBaiiach. 3aIeXHICTh
BEJIMUMHN HaBaHTA)XEHHs BTOPUHHOTO KoJa peieiHoi 00-
Motk (kacy 10P) TOI'-170-11-1 V1 Bin rpaHn4aHOi KpaTHOCTI
nepBUHHOTO cTpyMy K3 Ta 11 BosibT-aMIiepHa Xapakrepuc-
trka (BAX) nmpuBezneni Ha puc. 3 Ta puc. 4 BiIIOBITHO.

Z1 Z2
|: * L A
—_—

U2

\

Pucynok 2 — Cxema 3aMilieHHs TpaHC(HOPMATOPY CTPYMY THITY
TOI'-170-11-1, sikuii KOCITIHKYETBCS Y CTATTI

52, BA

60 70 80 90 100

Pucynok 3 — XapakreprcTHKa 3a1eKHOCTI BENMYHUHN HaBaHTa)KeHHsI BTOpUHHOT 00MoTkH kiacy 10P TC tuny TOT'-170-1I-1 V1 Bin
rpaHNUYHOI KPaTHOCTI MepBHUHHOTO cTpymy K3
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V tabi. 1 HaBeAeHi TOCTiIHI JaHi, Ha OCHOBI SKUX OyIa
nobynoBana BAX TC, 1o 10ciimKy€eThCsL.

4.2 TexHiuHa XapaKTepucTHKa (yHKIiOHAIb-
HOI Mojexdi Ta pe:xkumiB po6orn EM s nmpose-
JMEeHHS JTOCTiIKeHHS

OpnHoMiHIHHA TPUHIMITOBA CXeMa I IKITIOYSHHS 1/1ealTh-
Horo TC ta TC, mo mocmimkyerbes, 1o nepBuaHOT EM Ha-
npyroro 150 kB nyst BU3HaYEeHHS CTPYMOBHX Ta KyTOBHX ITO-
xubox TC mpuBeneHa Ha puc. 5.

TC, mo nochimxyerscs, Ta ineansanii TC, sk mokazaHO
Ha pHUC. 5, MIKIIOYEHO 3yCTPITHO MOCIIJOBHO Ha Pi3HHUIIIO

CTPYMIB iy Ta iy, Y po3pi3 ¢asHomy nposigauky EM Ha

150
HaTpyTy f kB (86,7 kB). Bropuxai ooMoTkm 060X TC 3am-

KHYTI Ha aKTHUBHO-IHAYKTHMBHE HaBaHTaKECHHS
Zy1 = 295 = (ry + jix) 3 cosp=0,8. Jlo BUBO/IiB IEPBHHHHUX
00MOTOK TC (i14y, fgux ), AK 300paskeHO HA pHC. 5 Ta pUC. 6,
HiJKITIOYEHE JesKe HaBaHTa)KSHHS, BEJIMUMHA Ta XapaKTep
SIKOTO 3MIHIOIOTBCS B 3aJISKHOCTI BiJl pexumy podotu EM,
IO JOCITJPKYETHCSI.

2000 2B

1800 +

Pobota obpanoro TC Oyna qociikeHa B HACTYITHHX
pexxumax EM Ta 3a HACTYHUX yMOB:
— ycrajieHuii pexxuM K3 3 kpaTHICTIO IEPBHHHOTO CTPY-

my K3y mesxkax Kip = (10+40) npu nominansuomy 3aBas-
TakenHi BropuHHuX Kint TC (z,=50 Om, cosp=0,8);

— mnepeximHui pexxum K3 3 KpaTHICTIO IEPBHHHOTO
crpymy K3 y mexax Ky = (10+40) | 3 makcumanbroro 3a

a0COJFOTHOIO BEJTMYMHOIO allepioMYHOIO CKIIa0BOIO Iep-
BuHHOTO cTpy™y K3 (i}, = |I 1max| ) Ta mocriiHoO Yacy il

3aryxanns I’ =1c IIpy HOMiHAJIbHOMY 3aBAaHTaXEHH1 BTOPHH-
nux ki TC (z,=50 Om, cosg=0,8);

— oaHo]aszHU KMJIOK CTPYMY HaMarHi4yBaHHS CHJIO-
BOTro TpancopMaTopa, miakiIodeHoro 1o EM, o mocmin-
KYETBCS, IKUH y 5—8 pasziB nepeBHIIye HOro HOMiHAIEHHUN
CTPYM IIpH HOMiHaJIEHOMY 3aBaHTa)KeHHI BTOpUHHKX Kis1 TC
(2,750 Om, cosp=0,8);

— ycraneHu#i pexxum K3 3 HOMIHaNBEHOIO TPaHUYHOIO
KpaTHICTIO IEPBUHHOTO CTPyMY ( K xp = 20 ) IpH HOMiHAJIb-
HOMy 3aBaHTaxeHHi BToprHHKX Kill TC (2,750 OMm, cos¢=0,8),
IIPH NIEPEBUIIICHH] IOITYCTUMOTO 3aBaHTa)KEHHSI BTOPUHHHX
ki TC 1a 50%, 100% ta 200%.

1600 +

1400 +

1200 -

1000 +

800

600 -+

400 +

200 +

0 0.01 0.02 0.03 0.04

Imane. A

0.05 0.06 0.07 0.08 0.09 0.1

Pucynok 4 — BAX o6motku kiacy 10P TC tumy TOI'-170-11-1

Tabmuus 1 — JJocmiani nai, mo Bukopuctani st modygosu BAX TOIM-170-11-1 V1

E,, B 50 370 620 920 1200

1300 1430 1550 1650 1800 1810

Liaws A | 0,002 | 0,005 | 0,0075 | 0,009 0,01

0,012 | 0,014 | 0,016 0,03 0,071 0,1
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BuesaszHaveHi pe)XxumMy He € HOpMaJIbHUMH EKCILTya-
TaniitauMu pexxumamu TC, 110 JOCIiDKYETHCS, IPOTE BOHU
MOXYTh BUHMKATH 32 THX UM IHIIUX YMOB HOTO eKcIuTya-
Taii, 30KpeMa Ipu MopyIIEHHI BUMOT II10JI0 H0ro eKCIlTya-
tauii B EM 3 3aanumu napamerpamu pexumy. [Ipu npomy
noxuoku tpanchopmanii nepsunHoro crpymy TC 3a paxy-
HOK HAaCHUYCHHS HOTO MarHiTHOI CHCTEMH y BKa3aHUX PEXH-
Max 3Ha4HO 3p0ocTaroTh. OCHOBHOIO NPUYNHOIO HACHYCHHS
peneiiroro kepHy TC y neprromy i3 pexxumiB, 1 IKUX 0yI10
NPOBEJICHE JIOCHIPKEHHSI HOro poOoTH, € IepeBHIICHHS
IpaHUYHOI KpaTHOCTI HepBUHHOTO cTpyMy K3, BcTanosie-
HOI 1t paHoro Tuny TC, 1o Moske MaTH MicCIie BHACIIIOK
HiBUIIEHHS piBHIB cTpyMiB K3, 00ymMoBIeHNX 3MiHOIO pe-
xuMy podotn EM, y sikiit 3acrocoByetbest TC, Ta He BUKO-
HaHHI IpH oMY cBoe4acHoi 3aminu nanoro TC (He npuse-
JICHHS y BiIMOBIZIHICT HOBUM PO3paxyHKOBHM cTpyMam K3
HOro XapaKkTepUCTHK) 200 K MOXKE BUSIBUTHCH PE3YJIBTaTOM
pizkoro 3ukeHHst BAX TC ta 3minu kpyTi3Hu KpuBoi BAX,
III0 € HACII/IKOM ITOSIBU BUTKOBUX 3aMHUKaHb Y BTOPUHHIMH
oomori TC. [Mpuunnoro HacwueHHs TC 3a gpyroro Ta Tpe-
TBOTO PEXKUMIB MOJICJIIOBaHHS HOro poOOTH MOXKE BUSBH-
THUCH BIUIMB arepioJuYHoOi CKJIaJ0BOT IEPBUHHOTO CTPYMY,
sIKa MOYKE JI0CSATaTH a0COIIOTHUX 3HAYECHb, XapaKTEPHUX aM-
IUTITYAHUM BEJMYMHAM nepioxuunux crpyMiB K3 ta o0y-
MOBJIIOBaTH NPH I[bOMY HasBHICTh 0€3CTPyMOBHUX Iay3 Ta
BIICYTHICTh 3BOPOTHHUX HaIlIBXBHJIb IEPBUHHOTO CTPyMy. Y
TaKOMY BHIIIKy TpaHC(hOpMallisi CIOTBOPEHOT'O alepioany-
HOIO CKJI3/I0BOIO IIEPBUHHOTO CTPYMY 3HAYHO HOTipIIYETh-
Csl BHACIITOK IIMOOKOTO HACHYEHHs MarHiTHOI cuctemu TC,

1110 IIPU3BOJMTH /IO BUHUKHEHHS 3HAYHUX 1T0XnO0K. [TepeBu-
IICHHS IOMYCTHIMOT0 3aBaHTa)KeHHs1 BTOprHHUX Kt TC, 1m1o
BUKOPHCTOBYIOTBCS JUIS MiAKITIOUeHHS P3, Takox Mo)ke MaTH
Miciie y mporeci excruryaranii TC, 1o € HacIiAKoM Hempa-
BUJILHOTO BUKOHAHHS PO3PaxyHKY 3aBaHTa)KeHHS! BTOPHH-
Hux ki1 TC a00 BiZICyTHICTIO TAHOTO PO3PAXYHKY Y pa3i mpo-
BEJICHHI iX TOBHOI PEKOHCTPYKIIT a00 MiAKIIOYeHH] HOBHX
MPUCTPOIB JI0 ICHYIOYHX KiJI, 110, SIK HACIIJIOK, TAKOX ITPHU-
3BoanTH 210 HacuyeHHs TC Ta fioro poOOTH B HOMIHAJIBHO-
MY PEXHUMI 3 MiIBUILIEHUMH TOXUOKaMH, SIKi IIPY BUHUKHEHH]
K3 3Ha4HO 301Ib1IYIOTHCS Ta MOXKYTh BUSIBUTHCH IPHYMHOIO
Ha UTMILIKOBUX CIIPAIIFOBaHBb IESIKUX PUCTPOiB P3 enemeHTiB
EM. BuGip s nposenenns nocinimkerns podotu TC 3a3Ha-
YEHUX PEKHUMIB, sIKi (paKTHYHO HE BIANOBIAAIOTH YMOBaM
HOro HOpMaNbHOI eKcIuTyaraii, 00yMOBJIEHHH TIepI 32 BCe
HEOOXI/IHICTIO JOCSTHEHHS IIOCTABJICHO] Y CTATTi METH — MOX-
JIMBOCTI MPOBEJ/ICHHS TOCII/DKEHHS IMHAMIKHY 3MiHU CTPY-
MOBHX Ta KyToBHX oxn00k TC, mpr3Ha4eHOTo JUISl KUBIICH-
Hsl Tpuctpois P3, siki npy BUKOHAHHI BCIX BUMOT JI0 €KCILTY-
atauii TC He epeBHUIyBaTUMYCh BCTAHOBJICHUX HOPMaTH-
BaMH 3Ha4Y€Hb, 1110 YHEMOJIMBHIIO O IPOBEAEHHS iX 3aruia-
HOBAHHMX Y CTaTTi JOCIipKeHb. KpiM Toro, BapTo Big3HaYNTH,
110 Bizt ymoB po6otn TC y pi3HHX pexuMax 3aJIeKUTh Ipa-
BWJIbHE (PyHKIIIOHYBaHHS NPUCTPOiB P3, minkmouennx 1o ix
BTOPHHHUX KiJI, i caMe BpaxyBaHHs BHIIE3a3HAuUCHUX pe-
JKMMIB HaJ1a€ 3MOTY IIpOaHajli3yBaTu Ta POTHO3YBATH pe-
AKIIi0 LIUX IIPUCTPOIB IPH BUHUKHEHHI IOCII/PKYBaHHUX pe-
JKMMIB Ta 3pOOHUTH BUCHOBKH ILIO/I0 TX MPUHIIUITY BUKOHAHHS
3 ypaxyBaHHSIM YMOBH BiJJIaIITyBaHHS BiJ BIUIUBY ITiJJBH-
meHux nmoxuook TC.
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Pucynrok 5 — [IpuHIumnoBa ogHONiHifHa cxeMa miaxmoderas TC 1o nepsuanoi EM: [ | — nepBunHMA ctpymMm EM; — BTOpHHHI cTpymMu

TC, mo nocmipkyeTses, Ta ineansHoro TC BinmoBinHo; idif — nudepenniiinnii crpym TC; z,;,z,, —BTOpHUHHI HaBaHTakeHHs TC,

110 AOCTIKYeThCs, Ta ineansHoro TC BiAmoBiaHO
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ENEKTPOEHEPIETUKA

Sk moka3aHo Ha puC. 6, KOKHOMY PEXKUMY BiIOBiIa-
10Th BU3HAYEHI 3HAYEHHS MapaMeTpPiB aKTHBHOTO onopy (R,
R, R, R )Taingyxrusnocti (L, L, L., L,) EM 3 po3paxyHky
3a0e3neueHHsI KpaTHOCTI MepBUHHOTO cTpymy K3: Kkp: 10;
20; 30; 40; Ta KUIKY CTPYMY HAMATHIYyBaHHS KKp: 5;6;7;8.
[lepeMukaHHs y CXeMi, METOIO STKUX € 3MiHA IOTOYHOTO Pe-
*UMy pobotn EM, 3/1iHiCHIOIOTBCS 32 TOTIOMOT 010 ITEPEMH-
kauiB SA1-SA4, 1110 3aMUKAIOTLCS Ha Yac, HeOOX1THMIMA [JIs
BU3HAUYCHHS BITHOCHHX 3Ha4eHb Moxubok TC, 1mo mocmia-
KYETHCSL.

ilEX Hocmig Nel - yeramennii pexkum K3
O sAl Ri=4.3350M L.=0.0181Tn

el N
\l =(0-0,182)

mci i DAL R==2,167 Om Lz=0,0092TH
Ex=20 00,20,35)

BA3 Rs=1.083 Om Ls=00046TH
t=(04-0,556)

Kip=30

. SA4 Re=0,542 Om L+~0,0023T'n
=40 (06080 :lm
Jocmia Ne2 - nepexiaumi peskum K3

SAl Ri=0.3610m Li=0.165TH

Bt A
\] (00,185

ny e AR R=0.181 Om 1;=0.083TH
s20 02038

SA3 R+=0.09 Onm
1=(04-0, 35

B L=0,042TH
K=30

SA4 Rs=0,045 Om L+=0.021TH

K40 0508

®yHKIi0HaNBEHA CXeMa BU3HAUSHHsI CTPYMOBHX Ta KyTO-
Bux noxn6ok TC 3a pizHux pexumis pobot EM nprenena
Ha puc. 7.

Ha BuBOAM cXeMu iy Ta iy, MOJaHi BTOPHHHI CTPYMH
TC, mo nocmimkyeThes, Ta ineansHoro TC BiAMOBITHO, BUBI
CXeMH Igjf TIpU3HAYCHHIT 17Is BAMIPIOBAHHS JUDEpeHILiii-
Horo ctpymy TC (cTpymy Hebanancy). Cxema BKITIOYAE 70
CBOT'O CKJIa/1y KOJIa BU3HAYCHHsI KyTOBOI IIOXHOKH Ta CTPY-
MoBoi moxuoku TC y BiicoTKOBOMY 3Ha4eHH1. Pe3ynbTyrodi

ligux Hocmig Ne3 - KHA0K ¢IPYMy HaMArHITYBaHHA TpaHcdopMatopa
01 02

v SAlL Ri=1445 Om Li=0,0457TH “7
= [ Y Y
] eoalse
. _, SAZ R=1.204 Om 1:=0038 Tu
Eu=06 0203
. BA3 R=1.0320m L=00326Tn
En= (0,440,580
SA4 R4=0.903 Om L+=0.,0285T'n
I&~=8 1=(0,6-0,3)

Hocmig Ned -mepepHIIeHHd JONY CTHMOTO 23R AHTKeHHT TC

SAl R2=2,167 Om L=0,0092Tn

Km20 =
R T

Pucynok 6 — Cxema kepyBaHHS pexxuMoM podotun EM

Ko na prsHate HHA KyToBo1 moxiokn TC

NOR

i22

‘ = RMS 4+
1aif

o dar |

= RMS =

SCOPE

Pucynok 7 — @yHKuioHaNIbHA CXeMa BU3HAYEHHS CTPYMOBHX Ta KyToBHX oxu6ok TC y BiiCOTKOBOMY CITiBBiTHOILICHH]
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EJIEKTPOEHEPIETUKA

CHTHaJIH Bij1 000X (DYHKIIOHATBEHUX KUJI CXeMH (iKCYIOTBCS
3a JIOIIOMOT'OI0 PEECTPYIOUOTO NPHUCTPOI0 — IH(YPOBOTO
ocumiorpady SCOPE. ®OyHKIIOHATBHI OJIOKU KT CXEMU
BH3HaYeHHs KyToBoi noxuoku TC S, ta S, npusHaveHi jis
MepPETBOPEHHS BXIHUX MEPiOJUYHNX CUTHAJIB CTPYMIB iy
Ta iy, BIPAMOKYTHI IMITYJIbCH HAIPYTH HA TUISTHKAX iX TIO3H-
THBHOI IOJIIPHOCTI. 32 IONOMOTO10 OJIOKY JIOTT4HOT orepartii
«HE-ABO» NOR 3abe3neuyeTbcsi BU3Ha4eHHS (pakTHIHOT
pizHuLI (TOXMOKHN) B CEKyHIaX MK (pazaMu CTpyMiB ip; Ta
i, B MOMEHT iX Ilepexo/ly uepe3 Hyib. biiok interparopy /nt
BUKOHYE€ (DYHKIIifO IEpETBOPEHHS IMITYJILCHOTO CHTHAITY, III0
MOJIAEThCS HAa HOTO BXiJI, HA IHTEPBAJIi OJJHOTO MIEPioAy Mpo-
MHCJIOBOT YaCTOTH B MIKOTOAIOHI IMITYITbCH HAINPyTH, SIKi
MaroTh aMIUTITYIy, TPOTOPIIHHY TPUBATOCTI BXIiIHHUX
immynbciB. Insgxom BuKOpucTaHHA koedimienty K|
_ 1000 -18
180
MaHOI B CeKyH/IaX BeJIMIMHH KyToBoi noxuoku TC 1o Bincor-
KOBOTO 3Ha4eHHs. DyHKIIIOHAIBbHI OJIOKH K1JT CXeMU BH3HA-
yeHHs cTpyMoBoi moxubku TC RMS (RMS current) 3a6e3-
MIEUyIOTh BU3HAYESHHS JI0UUX 3HAUEHb CTPYMIB Iy Ta ip) 38
TIOTIePETHI N MTePio] MPOMUCIOBOI YaCTOTH.

CrpymoBa moxuoka TC BU3HAYA€THCS IIUISTXOM 3aCTOCY-
BaHHS MaTEeMaTUIHUX OTIEpaIlii BilMOBIIHO IO HACTYITHOT'O
BUpa3sy:

1 -100% ) 3a6e3meuyeThCs IPUBEIEHHS OTPH-

Al = |121[;2122| o

OTpumMaHe 3Ha4eHHsI CTPYMOBOI IIOXHOKH y BIZTHOCHHX
OIIMHHUIISIX MPUBOANTHCS 10 BiICOTKOBOTO 3HAYECHHS IIIIIXOM

BUKOpHCTaHHA Koedinienty K, (K, =100 ).

5. PE3YJIBTATU JOCIIIKEHHSA CTYIIE-
HsA 3MIHU CTPYMOBUX TA KYTOBHUX
NNOXUBOK TC 3A PI3HUX PEXKUMIB POBO-
™ EM

Ha puc. 8—11 npuBeneHi ocumiorpamMu MporeciB MpoBe-
JICHOTO aBTOPaMH JIOCIiKEHHS 3MiHU CTPYMOBHUX Ta KyTO-
BuX noxunbok TC 3a pizHux pexxnMmiB podotn EM Ta 3aBanTa-
skeHHs BTopuHHOTO Kojla TC. Ha ocnmmorpamax 3agikco-
BaHi BTOpuHHI cTpymu TC, 10 AOCIIIKYEThCS, T i7[eaTbHO-
ro TC (1-ii BuMmiproBaiIbHUI KaHaT), KyToBi oxuoku TC, 110
JOCIIDKY€ETRCS (2-1 BUMIpIOBaJIbHAN KaHal) Ta HOTO CTPy-
MOBI TOXHOKH (3-1 BUMIPIOBAJILHIH KaHAI) Y BiZICOTKOBOMY
3HAYCHHI.

B ycranenomy pexumi K3, sk mokazano Ha puc. 8, Ky-
TOBi Ta cTpyMOBi OXHUOKH TC 3pOCTarOTh MPOIMOPIIHHO
301IBIICHHIO KPAaTHOCTI IEPBUHHOTO CTPYMY.

B nepeximgHomy pesxxnmi K3, sk mokaszano Ha puc.9, Ky-
TOBi Ta cTpymMoBi moxubku TC, mo AoCTiKYEThCS, TocATa-
FOTh MAKCUMAJIFHUX 3HAYEHB B TIOYATKOBHI MOMEHT BUHHK-
HenHsa K3, nmepesumiyroun npu npomy 60%, Ta IOCTYIIOBO
3MEHIIYIOTHCS Pa30M i3 3aTyXaHHSAM aIrepioIHOT CKIIaI0-
BOI IEPBUHHOTO CTPYMY.

[Ipu ogHOpa3HOMY KHIIKY CTPYMY HAMarHigyBaHHS CH-
JIOBOTO TpaHchopMaTopa, K Iie HaBeeHo Ha puc. 10, 3ari-
3HeHHs ¢a3u ctpymy TC, IO TOCIIIPKYETHCS, TIO BiTHOIIICH-
HIO 10 ¢a3u cTpymy ineanpHoro TC € HE3HAUHUM, TOMY
KyTOBI ITOXHUOKH, SIK HACTIJIOK, HE TIEPEBUILYIOTH 5%, ¥ TOH
4ac K CTPYMOBI OXHOKH € 3HAYHO OUTBIIMMU Ta JocATa-
10Th 01I36K0 50%, 1110 00YMOBIIEHO ITTMOOKUM HACHYEHHSIM
MartitonpoBoay TC, mo TOCHiIKyEThCs, TIpH TpaHchop-
MaIlii OJTHOTIOJIIPHOTO CTPYMY Y BTOPHUHHY OOMOTKY.

Bropimsti etpynan TC, mo pocnigpicyersen a igeamsoro TC
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Pucynok 8 — Ocmtorpama nponecy nociipkerns noxuoox TC B ycranenomy pexunmi K3 npu kpataocti ctpymy K3 y

Mexax KKp = (1 0 - 40)
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HOPMOBAHHUX 3Ha4eHb. [IpH 1IboMy 3pOCTaHHsI 3HA4EHb SIK CTPY-
MOBOT, TaK i KyToBO1 moxuO0K TC Big0OYBa€THCS MPOMOPIIHHO
30LIBIIEHHIO BEJIMYMHHI BTOPHHHOTO HABAHTaYKEHH, 1110 TTEpIIT
3a BCE MOSICHIOETHCSI HAaCHMYeHHsIM MarHitonposogy TC ta
30UIBLIEHHSIM HOr0 CTpyMy HaMarHiuyBaHHS.

Ha puc. 12 npuBezneni ocuniorpaMu ctpyMmy HebajaHcy
(ctpymy HamarsigyBanHst TC, 1110 ZOCIIIKYETHCS) 3a PI3HUX
pexxumiB pobotu EM Ta pi3HOT BEeMTMYMHHU 3aBaHTaKECHHS
BropuHHOTO Kosta TC B ycranenomy pexumi K3.

[Tpn HOMIHANIEHOMY 3aBaHTa)KeHHI BTOPHHHOTO Kojia TC
(2,750 OM) Ta HOMiHaJIbHiH KPATHOCTI IEPBHHHOTO CTPYMY
K3 (K, =20), sk ne nokaszano Ha puc. 11, foro ctpymosa
noxu0Oka He rnepesuiye gornyctumux 10%, 1o BianoBigae
BUMOTaM [2, 6], Y4iM HiATBEPPKYETHCS TOH (DAKT, IO TOCITi-
)yBauuii TC 3a TaHOTO PeKUMY TPAIIOE Y 33aHOMY KJ1aci
ToYHOCTI (y Mekax 10% moxubku).

[lepeBuIieHHS OITYCTIMOTO 3aBaHTaKEHHSI BTOPUHHO-
ro koj1a TC npu3BoanTb 10 1i 30UIBIICHHS Ta BUXOIY 38 MEXK1

Bropunat crpyast TC, mo goenigayem ca 1a ias smaora TC

A% petp Kxp=30 f Kapma0
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Pucynok 9 — Ocuutorpama nporiecy nociimpkeHas noxuook TC B mepexigaomy pexxumi K3 npu kpatHocTi ctpymy K3 y
MexcaxKKp =(10+40)

Broguami crpynm TC, o Aocnypkyersca Ta ige amssoro TC
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Pucynok 10 — Ocrimnorpama npouecy pociimpkenas noxu6ok TC B pexxiMi o1HOGA3HOT0 KHAKY CTpyMy HaMarHiqyBaHHS

TpaHchopMaTopa Ipu KPaTHOCTI CTPyMY Y MeKax KKp =(5+98)
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Pucynok 11 — Ocuunorpama npouecy pociimkents noxubok TC B ycraseHomy pexximi K3 npu HoMiHaNbHIN KPaTHOCTI IEPBUHHOTO

CTPyMY Ta NIEPEBHIICHHI AOITyCTUMOTO 3aBaHTa)KeHHs BTopuHHOro Kosia TC
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Pucynok 12 — Ocumstorpamu crpymy Hebanancy TC 3a pisnux pexumi pobotr EM Ta 3aBaHTa)eHHS HOr0 BTOPHHHOIO KOJia
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Ha puc. 13 ta puc. 14 npuBeneHi KpHBi 3a1€KHOCTI 3MiHI
crtpymMoBHuX A [ Ta kyToBHx 6, oxubok TC, 1o nocimimKyeTs-
cs1, BiI 3MiHM 3HaUCHB ITApaMeTPiB HOTo IEpBUHHOTO T BTO-
PHHHOTO KOJIa BiATIOBIHO. 32 HABEACHUMH KPUBUMHU MOX-
Ha 3p0OUTH BUCHOBOK, III0 CTPYMOBI IIOXHOKH B YCTAJIEHUX
Ta nepexiHux pexkxnmax EM 3MiHIOIOTECS B 3HAYHO O1JIBIIIO-
MY CTYIIeHI HIXK KyTOBI moxuOku. HaiiOunp1mx 3a abcoror-
HOIO BEJINYMHOIO 3HAYEHb CTPYMOBI Ta KYTOBI ITOXHOKH J10-
CAraTUMYTb y EpexXiIHuX peskumax K3 3 MakcumaibpHOIO 32
BEJINYMHOIO arepioJMYHOI0 CKIIaJ0BOIO IIEPBUHHOTO CTPY-
MY Ta TPUBAIMM 4acoM ii 3aTyXaHHs1. 3a IMX YMOB, B 3aJICXK-

HOCTI BiJ] BeIMYMHA KPaTHOCTI IEPBUHHOTO cTpyMy K3, 3Ha-
YeHHs CTpyMOBOI Ta KyToBoi moxubku TC y mouatkoBHit
MoMeHT BuHUKHEHH: K3 MoxyTh niepesuityBatu 60%, 1m1o
HiATBEPUKYEThCs KpuBnMHE A [, Ta 8, Ha puc. 13, npore pa-
30M i3 3aTyXaHHIM nepexigHoro nponecy K3 BindyBatnmeTs-
¢4l pi3Ke 3MEHIIeHHs KyToBUX oXnOok TC, sIK 11e HaBeIeHO
Ha puc. 15, y Toif gac sk 3MEHIICHHS CTPYMOBHX ITOXHOOK
BinOyBaeThCs HabararTo MoBiNbHIIIE. B ycTaneHOMY pexxnmi
K3 ta mpu ogHOa3HOMY KHIKY CTpyMY HaMarHiqyBaHHS
cuItoBoro Tpancopmaropa crpymoBi moxudku TC B mek-
1IbKa pa3iB MOXYTh MIEPEBUIILYBAaTH HOTO KyTOBI MOXHOKH,
IO MiATBEPIKYEThCA KpuBuMu A [, 8, , A1, 0, A1, 0,,.
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Pucynok 13 — KpuBi 3a5ie:xHOCTi 3MiHH CTPYMOBHX Ta KyTOBHX TOXHO0K TC, 110 AOCTIKYETHCS, Bijl 3MiHH 3HaYEHb TapaMeTpiB Horo
TIEPBMHHOTO KoJIa B ycTaneHomy (Al}, 8, ), nepexingaomy (AL, §,) pexumax K3 Ta B pesxumi onHo(pasHOro Kujka cTpymy
HaMarHidyBaHHs CHJIOBOrO TpaHc(opmaTopa (AL, 5.,).
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Pucynox 14 — KpuBi 3a1eKHOCTI 3MiHH CTPyMOBHX Al, Ta KyToBUX 8, moxuO0oK TC, 110 MOCTIKYEThCS, Bl 3MiHM BETHYHHY
3aBaHTaKEHHs HOro BTOPHMHHOTO KOJIa B ycTasieHoMy pexxuMi K3 3a HoMmiHanbHOT kpaTHOCTI cTpymy K3
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6. BUCHOBKH

Y crarti aBTopamu OyJ10 POBEACHO TOCITiPKEHHS 3MiHU
CTPYMOBHX Ta KyTOBUX MOX1H00K TC, 1110 TpU3HAYCHUN IS
JKUBIICHHS CTPYMOBHX Kil P3, B ycTaneHoMy Ta mepexiaHo-
My pexxkumax K3, B pexumi omHO(A3HOTO KUIKY CTPyMY
HaMarHI9yBaHHS CHIIOBOTO TPaHC(POPMATOPA, i KITIOYEHO-
ro 1o EM, ta B ycranenomy pexxumi K3 3 HOMiHaIBEHOIO
KPaTHICTIO IEPBUHHOTO CTPYMY Ta IIEPEBUIICHH] JOIYCTH-
MOTO0 BTOpHHHOTO 3aBaHTakeHHs1 TC. Po3pobneHa aBTopa-
MH METOANKa MO>Ke OyTH 3aCTOCOBaHA JUIs IPOBEICHHS 10C-
JipKeHHs poOoTH peneinnx kepHiB TC, i SKUX € Xapak-
TepHoIo 10-TH BiICOTKOBA I'paHUYHA TTOBHA MOXUOKA TPaHC-
(hopmartii cTpymy, He3aJIeKHO BiJl HOMiHATEHOT ITOTY>KHOCTI
Ta BUIy KpuBoi BAX ocTtaHHiX. J[71s1 10O CITiIKEHHST BUMipIO-
BaJIbHUX MaJIOMOTYXHHUX KepHiB TC, 1m0 MaroTh OiIbIII BU-
COKi KJTACH TOYHOCTI, po3p00JIeHa METOANKA HE MOXKE OYTH
BUKOPHCTaHa, OCKITBKY OCTaHHI TPU3HAYEH] IS (QYHKITIO-
HYBaHHS I JKTIOYCHNX 10 HUX BUMiPIOBATBHUX MIPUCTPOIB
Ta IMPUCTPOIB OOIIKY JIHIIIE 32 HOPMAITBHUX pekuMiB EM, y
TOH "ac sk mpucTpoi P3, migKimrodeHi 10 peneHuX KepHiB
TC, npamroroTh JIHIIIe 32 BHHIKHEHHS aBapiiHIX YMOB.

s mocnimxenns 0yB oOpanuii cygacHuit TC 3 enera3o-
Boto izoistiero Tumy TOI'-170-11-1 ¥Y1. JlocmimkeHHs po-
BOAMJIOCH NIUITXOM 3acTocyBaHHs Mojem TC, 1mo mociin-
JKY€EThCs, Ta Mozedi ineansHoro TC 3 OMHAKOBIMH TEXHIYHU-
MU XapaKTEepPUCTHKAMHU Ta ITapaMeTpaMy BTOPUHHOTO KOJIa.
ABtopamu Oynu BU3Ha4€Hi CTpyMOBi Ta KyToBi HOXHOKH TC,
TII0 TOCTI JUKY€ETRCA, 3a pi3HUX pexrMiB EM Ta 3aBaHTa)KeH-
HsT HOTO BTOPUHHOTO KOJ1a, OYJI0 BCTAHOBJIICHO TOM (HaKT, 110
KyToBi MOXnuOKH TC B yCcTaleHUX Ta MEPEXiTHUX PeKUMaX
EM 3MiHIOIOTBCS B 3HAYHO MEHIIOMY CTYIEHi, HiK HOTro
CTPYMOBI ITOXHUOKH, iITBEPKSHHSAM YOMY € TIPUBE/ICHI Ha
puc. 13 Ta puc. 14 xpusi. B nepeximaomy pexxnmi K3, 3a
MaKCHMaJTLHOTO 3HAYCHHS allepioIMIHOI CKITaI0BO1 IEPBUH-
HOTO CTPYyMY Ta TPHBAJIOTO Yacy il 3aTyXaHHs, KyTOBi IMO-

XHUOKH, TTOJIIOHO 10 CTPYMOBHUX TIOXHOOK, MOXKYTb JIOCSITaTH
JOCTaTHbO BUCOKUX 3Ha4Y€Hb B IOYATKOBHI MOMEHT BUHHK-
nenns K3 (kpusa 1, Ha puc. 13), npoTe nuHaMika ix 3Minu
XapaKTepU3Y€EThCs IIBUIKUM 3MEHIICHHSIM TXHIX 3Ha4€Hb
Pa3oM i3 3aTyXaHHSIM IIEPEXiJHOTO IPOLIECY, ITPO 110 CBIaYaTh
HaBEeJICHI Ha pHcC. 15 KpuBi.

Pesynbratu mpoBeseHOTo aBTOpaMH JTOCIIHKEHHS MO-
JKyTb OyTH BUKOpHCTaHI pH BHOOpi Ta excrutyaraii TC Ta ix
CTPYMOBHX KiJI, IPH BU3HAUCHH] ONITHMAJIBHAX PEKUMIB iX
po6oTu 32 yMOBH 3a0€311€UCHHS B aBapiifHUX peKUMax HOp-
MoBaHMX 1ToXxn00k TC, mpu3Ha4eHMX /I XKUBJICHHS MPHU-
cTpoiB P3, a Takok MOXKyTh OyTH B35ITi 32 OCHOBY IIPH CTBO-
PCHHI IPUCTPOTB 3aXUCTY, 1110 32 CBOIM IIPHHIIMIIOM JIii pea-
T'YIOTh Ha ()a3Hi CITiBBITHOLIEHHS Mi>XK BTOPUHHHMH CTpyMa-
M pizHux TC, 10 CTpyMOBUX KU SIKMX MiAKIFOYEHO 3aXHCT.
3okpema, 10 Takux TuMniB P3 Hanexuts nudepenniino-das-
Huii 3axuct (J]D3), 110 Ha CHOTOAHINIHIHN IEHb 3aCTOCOBYETh-
Cs1 Ha OBITPSHMX JIHISX eeKTpornepenadi Hanpyroo 110—
750 kB Ta y nepcrnekTuBi Mo>xe OyTH BUKOPHUCTaHHH JUIs 3a-
Oe3reueH s 3aXUCTY IHIINX €JIEMEHTIB eNIEKTPUIHNX CTaHIiH
Ta Mepex (301pHi IIMHYU, TeHEpaTOpH, TpaHchopMaTopH i
T.JI.) BiJI BCiX BHJIiB MOIIKOJKCHB 3 A0COIIFOTHOIO CEJICKTHBHI-
CTIO 1 IOCTaTHHO BUCOKOIO MIBUAKOIIETO, [ 10].
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HCCJIEJIOBAHME MMOT'PEINTHOCTEM TPAHC®OPMATOPOB TOKA B CUCTEMAX PEJIEMTHOM 3A-
IUTHI B YCTAHOBUBIIUXCA U TEPEXOJHBIX PEXXUMAX DQHEPTOCUCTEMBI

Lens pabomur. Onpedenenue MaKCUMAnIbHbIX 3HAYEHUL MOKOBBIX U Y2N08bIX NOSPEUHOCEl MPAHCHOPMAmopos
MOKA U Xapaxkmepa ux u3MeHeHus 8 YCMaHOBUBUUXCS U NEPEXOOHBIX PEAHCUMAX IHEP2OCUCHIEMbL, NPU KOMOPLIX 603MO-
JiCeH BbIX00 UX NOSPeUtHOCMell 3a npedenbl OUANA30HA HOPMUPYEMbIX 3HAYEHU, A MAKICe CPAGHEHUe CeneHU U3MeHe-
HUSL MOKOBBIX U Y2L0BbIX NOSPEWHOCHIel MPAHCHOPMAMOPO8 mMoKd, NPEeOHAZHAUEeHHBIX 011 NUMAHUS 6MOPUYHBIX

yenetl ycmpoucme peneitol 3aujumsl 8 IMUX PerCUMax.

Memoout uccnedosanuii. Hccnedosanue nposedeHo nymem UCnoab308aHUs Memooa UMUmMayuoHHO20 MOOEIUposa-
Hust u euzyaruzayuu na IBM gynuxyuonuposanus mpancghopmamopa moxa, npeoHA3HA4eHHO20 OAsL NUMANUS 8MO-
PUYHBIX Yeneil ycmpoucme peretiHol 3auumayl, 8 YCMAHOBUSUUXCS U NEPEXOOHBIX PENCUMAX IHEPLOCUCEMbL U NPU

PA3HBLX YCNIOBUAX €20 IKCNIYyamayuu.

IHlonyuennvie pezynomamut. Asmopamu 6viau onpeoeienvl 8 NPOYESHMHOM COOMHOUEHUU MAKCUMATIbHbLE MOKOBbLe
U Y2I06ble NOSPEUHOCU MPAHCHOPMAYUY NEPEULHO20 MOKA 80 6MOPULHYIO Yenb MPAHCHOPMAMOpa moka, Komopbsle
00y CL06NICHbl HATUYUEM TMOKA HAMASHUYUBAHUSL U AKMUBHBIX NOMEPb 6 MASHUMHOU CUCeMe UCCLe0YeMO20 MPAHC-
Gopmamopa moka, 6bINOIHEHO UX CPABHEHUE, A MAKIICe COCNLAHbL 8bIB00bI ONMHOCUMENLHO UX USMEHEHUS. 8 YCIMAHOBUE-
WUXCSL U NePeXOOHBIX PEJCUMAX, 8 YACMHOCHIU, YCMAHOGIeH MO (haKkm, Ymo moKo8ble NO2PEeUHOCIU 6 A8APUTIHBIX
PedACUMAX UBMEHSIOMCA 8 3HAUUMENbHO DObULell CMeNneHU, YeM Yelloble U NP ONPeOeleHHbIX YCI0BUAX MO2YM 8bIX0-
Oumb 3a npeodeivbl HOPMUPOBAHHBIX 20CYOAPCMEEHHBIMU CIAHOAPMAMU 3HAYEHUL.

Hayunas nosusna. Asmopamu 0uL1 pazpadoman co8peMer bl Memoo UCCIe008AHUS MOKOBbIX U Y2NI08bIX NOSPeul-
HOCmel mpanchopmamopos moka, npeoHaA3HAYeHHbIX 0 NUMAHUS GMOPUYHBIX Yeneil YCMpoUucme peieiiHol 3auju-
Mbl, OCHOBAHHbLIL HA UCNONB306AHUU KOMABIOMEPHOU MOOeIU UQEAIbHO20 MPAHCHOPMAMOPA MOKA ¢ IUHEUHOU be32u-
CMepe3UCHol KpUBoU HAMAZHUYUBAHUSL, KOMOPAS UMeem CXONCUe XAPAKMEPUCTUKI U RAPAMEmpPbl NePEUYHOU U 6MO-
PUUHOU Yenu ¢ UCCLedYeMbIM PEalbHbIM MPAHCHOPMAMOPOM MOKdA.

Ilpakmuueckas 3nauumocms. Ilonyuennvle pezyrvmanmul Mo2ym Obimb UCNOTIb306AHBL NPU ONPEOeLeHUl ONMU-
MAbHBIX YCIOGUTL IKCNIYaAMAayuy mpancopmamopos moka u paspabomge HO8blX NPUHYUNOE GbINOJIHEHUs. UMePU-
MENbHBIX U JOSUYECKUX OP2AHO8 YCMPOUCME PEeNetHOl 3aujumbl IeMEHMO8 INeKMPUYECcKUX CManyull u cemet, 6
yacmuocmu, 6vl COeNaH 861600 0 MOM, YUMo 01 obecneueHus 6oee Yy8CmeUmMenbHOU U CEIeKMUSHOU 3auumsl MO2yn
ObINb UCNOAL308AHBL YCMPOUCMEA , KOMOPble NO NPUHYUNY C80€20 OCUCMEUsl Peazupyiom mMoabKo Iuulb Ha (asmvie
COOMHOUIEHUSL MeJICOY MOKAMU MPAHCHOPMAMOPOE MOKA NPUCOCOUHEHUTL U QOIIICHBL ObLMb OMCMPOEHBL MOILKO OM

Y2N08bIX NOZPEUHOCIEN USMEPEHU.

Knrwoueswie cnosa: mpchd;opMamop moKd, moKoedsi nocpeutHocnv, y2no6eds nocpeutnochnib, peﬂezZHa;z 3awjuma,
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INVESTIGATION OF ERRORS OF CURRENT TRANSFORMERS IN THE PROTECTION SYSTEMS IN
STEADY AND TRANSIENT CONDITIONS OF ENERGY SYSTEM

Purpose. The main idea of the paper is investigation of the maximum values of current and angle errors of the current
transformers and the nature of their changes in steady-state and transient power system conditions in which the possible
output of errors beyond the normalized range of values, as well as a comparison of the degree of change of current and
angle errors of the current transformers for power supply auxiliary wiring devices of relaying protection in these
conditions.

Research methods. The authors used the method of simulation and visualization of the current transformer operation
of computers, intended for supply of secondary circuits of relay protection devices in steady and transient conditions of
supply power system and different operating modes.

The obtained results. The authors defined the percentage of the maximum current and angular error of the primary
current transformation to the secondary circuit of the current transformer which are caused by the presence of the
magnetizing current and resistive losses in the magnetic system of the test current transformer; their comparison is
performed and conclusions are drawn regarding their changes in steady-state and transient conditions, in particular, the
fact is established that the current errors in emergency conditions vary to a much greater extent than the angular and
under certain conditions may extend beyond the value of the normalized state standards.

Scientific novelty. The authors developed the modern method of investigation of current and angle errors of the
current transformers for auxiliary supply of relay protection devices based on the use of a computer model of an ideal
current transformer with a linear no hysteresis B-H curve, which has similar characteristics and primary and secondary
circuit parameters to study the real transformer current.

Practical significance. The results can be used in researching the optimum operating current transformers conditions
and the development of new principles of perform measurement and logical circuits of relaying protection, in particular,
it was concluded that in order to provide the more sensitive and selective protection we can use the devices based on the
principle of their action to respond only to the phase relation between the currents of the current transformers and
connections that have to be rebuilt only from the angle measurement errors.

Keywords: current transformers, current error, angular error, relay protection, emergency condition.
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BU3HAYEHHA CIMNPALILOBAHOIO PECYPCY EJIEFTASOBOIO
BUMUKAYHA TUMNMY H G F 100/2 B, CGECALSTHOM 3A HEYITKOKO
MOAENIIO

Mema pobomu. Po3pobnenns neuimxoi mooeni enezazogozo sumuxava muny HGF 100/2 B,CGECALSTHOM ons

BU3HAYECHHS 3A2A/lbHOC0 CnpAybo6aAHO20 pecypcCy.

Memoou docnioxmcenna. /locniodxcenns nposeoeHo WIAXOM eKCHePMHO20 ONUMYSANHS, 34 AKUM N06Y008aHA He-
uimKa MoOens en1e2a308020 UMUKAYA OISl BUSHAUEHHS 3A2ANbHO20 CNPAYb0o8AN020 pecypcy. [lana mooens peanizoéana
6 nakemi MATLABFuzzylLogicToolbox 3 6ukopucmanuam mamemamuiHo20 anapamy HeyimKux MHOMCUH Ma HeYimKoi

JI02IKU.

Ompumani pesynomamu. Aemopamu 6yna po3pooieHa Heuimka MoOeb 3a AKOIW0 OMPUMAHO YUCETbHE 3HAUEHHS
3a2a1bHO20 CRPAYLOBAHO20 PECyPCy eNe2a308020 GUMUKAYA 3 8PAXYBAHHAM GNIUEY CYKYNHOCMI MAKUX (Gaxmopie ax
CMAaH MeXauiyHoi ma KoOMymayitiHoi cucmemu, 0y202acUIbHO20 cepedosulyd, CmaHy i3onayii.

Haykoea nosusna. Aemopamu po3pobneno Hogy HeuimKy MoOelb eneca306020 GUMUKAYA O BUSHAYEHHS 3a2alb-
HO20 CNPAYbOBAHO20 PECYPCY, AKA BUKOPUCMOBYE IHPOPMAYIiIO OOCIYNHY 0I5l BUMIPIOBAHHA A6O CROCIMEPENHCEHHSL.

Ilpakmuuna 3nauumicme. /fana mooensv 3acmocosana 01a ene2aszo602o sumuxaya muny GECALSTHOMHGF
100/2Baxuii excnayamyemuvcsa na uinposcokiti I’ EC-1, BPII — 330 kB, komipku JI-211/1.Po3podnena newimxa mooens
OYIHKU MEXHIUHO020 CMAHY e/1e2a308020 GUMUKAYA MOICe 3ACMOCO8YEAMUCH OISl 6CIX GUMUKAYIE OAHO20 MUNY.

Knrwowuoei cnosa: enezazosuti sUMuKay, Hewimka Mooeib, CHpaybo8anull pecypc, mexHiyHuii CmaH, eKkcnepmHe onu-

MY6aHHA.

BCTYII

3abe3nedeHHs Ha(IifHOT pOOOTH EEKTPUYHUX CTAHIIH,
MIICTAaHII{ Ta CUCTEM EJIEKTPOIIOCTAYaHHs IIPOMHCIOBHX
i IPHUEMCTB 3HAYHOIO MipOIO BU3HAYAETHCS OE3B1IMOBHOIO
po0OTOI0 BUMHUKA4iB BUCOKOT HAIpyru. Bumukaui — 0ocHOBHI
KOMYTaIli}{Hi anapaTy B eIeKTPUYHNX YCTAaHOBKAX, IXHBOIO
0COONUBICTIO € HEOOXAHICTh HANIHHOTO BUKOHAHHS HUMH
CBOIX (YHKLIH SIK y BKJIIOYEHOMY TaK 1 y BiAKIIOUYCHOMY
CTaHax, a TaKOX MOCTIHHA TOTOBHICTb 10 MUTTEBOTO BHKO-
HaHHS KOMYTali{HNX OIepaliid, BKII0Yaoun aBapiiHi cu-
Tyauii. Y 3arajgpHiil HOIIKOKYBaHOCTI €JIEMEHTIB PO3MO/-
UIBYHX eJIEKTPOYCTAHOBOK JIOJIsI BAMHKAUIB CKJIa/1a€, 32 Pi3HH-
Mmu omiakamu Big 30 % 1m0 50 %[ 1, 2].

Haifgacrinre noImKko/uKyOThCSl HACTYIIHI BY3JIH €J1era3o-
BUX BUIMHKAYiB:

— IIPHUBIT;

— JyroracuibHa Kamepa;

— VIIUTEHCHHS;

— OIIPHO-CTPIYKHEBA 1307111151 Ta BBOAM.

Takum 9uMHOM, AJISI OLIHIOBAHHS PU3NKY BUHUKHEHHS
TMOIIKO/KYBAHOCTI eJIera30BuX BUMHKaUiB B €IEKTPOEHED-
reruuniii cuctemi (EEC) 3 ypaxyBaHHSIM HaOUTBIIT BIpOTij-
HHX CLIEHapiiB X pO3BUTKY HEOOX1THO MaTH aJIeKBaTHI MO-
JIeTTi JUTsl BU3HAYCHHS TXHBOT0 TeXHiuHOTO cTany (TC).

1 TTOCTAHOBKA 3AJJAYI

Ouinka TC enexTpooOiaHaHHs BUKOHYETHCS B HACTYTI-
HHX YMOBaX:

— BIJICYTHICTb a/IeKBaTHOI'O MaTEMaTU4YHOT'O OTIUCY JIH-
HaMiYHUX MPOIECIB, IO MPOXOAATH B 00’€KkTi y dopmi

© Jomopomun C. B., Maxuxin II. B., 2016
DOI 10.15588/1607-6761-2016-2-8

3MIHHHX CTaHY, SIKi JafOTh TIOBHY XapaKTEepUCTHKY HOTO TIpa-
LI€31aTHOCTI,

— pi3HOPIAHICTH BXiAHOT iH(OpMAITii (KiTbKiCHI Ta SIKICHI
3HAYCHHS 3MIHHUX CTaHy 00’ €KTa);

— oOMekeHa KiJIbKiCTh 3MIHHUAX CTaHy 00’ €KTa, sIKi 10C-
TYITHI BUMiPIOBAHHIO Ta CTIOCTEPEKEHHIO TP HEOOXiTHOCTI
oriku TC 06’exTa 6€3 BUBEICHHS B PEMOHT;

— HEZIOCTaTHICTh PETPOCTICKTHBHUX JIAHUX BiJl €KCILTya-
Tarii oOagHaHHS.

IcHyrO4i HA CHOTOTHINITHIH IEHh METO/IN OIIHKH CITPAIlb-
OBAHOTO PECypCy Ta IMOBIPHOCTI BiJIMOBH Pi3HHUX THITIB €JICK-
TPOOOJIaIHAHHS MAIOTh CBOi IepeBaru Ta Henomiku. Tak,
HanpuKiIa, oriaka TC BUCOKOBOJIBTHUX BUMHKAYIB SIKa BH-
KOHYETBCSI HAa OCHOBI JJAHUX LIO/I0 CHPAIFOBaHHS HOTO KO-
MYTaIiHHOTO PECYPCY, MEXaHIYHUI PECypPC BHCOKOBOJIBT-
HHUX BUMHKaUiB HE PO3IVISIIA€, OCKIIBKY MPUIMAETHCS, 110
HOro CIpaIfoBaHHs BiOYBaEThCS PIBHOMIPHO Ha MPOTA3i
BCHOTO HOPMAaTHUBHOTO pecypcy. OmiHKa KOMYTamiifHOTO
pecypcy B X poOOTax BUKOHYETHCS Ha OCHOBI 3aJI€KHOCTI
(hakKTHIHOTO CIPAIIbOBAHOTO PECYPCY BiJl BEIWIHHH CTPY-
My K3, sika OymyeThes 3 ypaXyBaHHSIM XiMiYHHX MTPOIIECIB,
110 Bi0YBaIOThCsI Y BAMHKAYI ITPH BiIKITFOUeHH] cTpyMiB K3
3a 3akoHOM Ban’T-I'odda— Appeniyca. [IlepeBaroro Takoro
Metoxy ominki TC BUMIKava € BpaXyBaHHS iHIUBITyaTbHIX
XapaKTePUCTHUK KOXKHOT OKPEMOi OJTUHHUII OOJIaJHAHHS, HEe-
JIOJIIKOM — T€ IO 1i¢ BpaxyBaHHS BUKOHYETHCS JIHIIIE 32 Of1-
HUM JIIaTHOCTUYHUM IapameTpoM. J1o Toro i, JOCTOBIpHY
OLIIHKY CIPalbOBaHOTO PECYpCy BUCOKOBOJIBTHOIO BUMH-
Kaya 3a [i€0 METOAMKOIO MOYKHA OTPHMATH JIMILIE 32 HasiB-
HOCTI PETPOCIEKTHBHUX JIAHUX I1[0/I0 BIIK/TIOYE€Hb BUMHKA-
gem cTpymiB K3 3a Bech mepiof ekcrutyaraitii, 110, K IoKa-
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3y€ NPaKTHKa, HE 3aBXK/I1 MOXKIIMBE. € METOIMKH B SIKUX aB-
TOpaMH BUKOHYETBCS OLIIHKA K KOMYTaLllI{HOTO TaK i Mexa-
HIYHOT'O CIIpanboBaHOTO pecypcy BUMHKava. B HUX 3a3Ha-
YEHO, 1110 MPAKTUYHHHN IHTEPEC NPEACTABIISIOTH CITiBBIIHO-
IIEHHS] MEXaHIYHOI Ta KOMyTaniiHOT 3HOCOCTIHKOCTI BUMH-
KayiB pi3HUX THIIIB, 3p00JICHO BUCHOBOK PO HEJOCTATHIO
CHCTEMATH3aMiI0 JaHUX 11010 3HOCOCTIHKOCTI BUMHKaYiB Ta
HEBHM3HAYEHICTh (DYHKIIOHAIBHHX 3aJIeKHOCTEH MIXK HUIMH
Ta PEKOMEHI0BAaHO HAKOIIMYEHHS Ta y3arajbHEHHS JaHUX
I0JI0 3HOCOCTIMKOCTI BUMHKAYIB Pi3HUX THMIB [3].

L1i 06’ exTHBHO iCHYIOUY1 YMOBH (DyHKIIIOHYBaHHS EIIEKT-
poo0iagHaHHS pOOIIAT JOLUIBHIM BUKOPUCTaHHS HEUITKUX
MOJIeTICH 1715 HAOIMKEHOI OLIIHKY CTaHy 00’ €KTa, sIKi JI03BO-
JSIFOTH B €TUHIN (POPMI IPEACTABIATH Pi3HOPIIHY Ta 0OMe-
JKeHy iH(hopMaliro po 00’ €T, BKIIOYAIOUH i Cy0’€KTHBHY
oLiHKY eKcriepTiB. ExcriepTHi MeTo 11 6a3yI0ThCs Ha eKcriep-
THHX OIiHKaX rpyn crieriamictiB. OCHOBHOIO IIEPEBaroko 1€l
rpyNU METOAIB € HIBUAKE OTPUMAHHS pe3ylbTaTiB 3a
MIHIMAJTBHUX BUTpAT. TOUHICTH OI[IHOK 3aJIC)KUTH BiJT KLTBKOCTI
eKcHepTiB, IXHbOI KBasTiikawii Ta cy0’€eKTHBI3MY, TOCTAaHOB-
KU €KCIepTH3H Ta 00poOKH ii pesynbraris [4].

B po0ori craBuThCs 3a/1a4a po3poOIIEHHS HEUiTKOT MO-
neni enera3zoBoro Bumukada tuny HGF 100/2
B,CGECALSTHOM py1s1 BU3HaY€HHS 3arajibHOTO CIPaIbo-
BaHOTO pecypcy.

2 METOJ BU3HAYEHHSA CIIPAIIbOBA -
HOT'O PECYPCY EJIETA30BOI'O
BUMHNKAYA

3a BiJICYTHOCTI aJIekBaTHUX (Pi3UKO-MaTeMaTHIYHUX MO-
Jierel o0maTHaHHsL, AJIs TOCTOBIPHOI OIIHKY Ta IMIPOTHO3Y-
BaHHS TEXHIYHOTO CTaHy eJIEKTPOYCTAaTKyBAHHS Ta HOTO BIUTH-
By Ha PEKUM iICUCTEMH EIIEKTPOCHEPTETHYHOI CUCTEMHU
JIOLIITBHE 3aCTOCYBAaHHSA METOIB HEUiTKO1 JoTiku. OcoOmm-
BUI iHTEpeC MpeACTaBIIsIEe MOOYI0Ba Ta OOTpyHTYBaHHS HE-
qiTKUX Mojenel s omiaku TC Ta KMOBIPHOCTI BiIMOBH
BHCOKOBOJITHUX BUMHKAYiB, 30KpeMa eJ1era30BrX (OCKiIb-
KM BOHH JTy’K€ MacoBO BITPoBaKytoThcs B EEC Ykpainu ta
ii migcucTeMax), 3a TaHAMH, sIKi MOXKHA OTPUMATH SIK 3 BUBO-
JIOM TaK i 6e3 BUBOTy BUMHKada B peMOHT[4].

Heuitka mozens F 06’ekra mincucremu EEC mae HacTyt-
HY CTPYKTYpY:

— (ynxkuii npuHanexaocti (PI1) BXiAHUX 1 BUXITHUX
3MiHHUX — f{ P);

— 6a3a rewiTkux npasmi Buay « IKIIO — TO» 3 Barosu-
MU koedirieatamu W— R(W ),

— MEXaHi3M HEYiTKOTO BUBOIY, SIKAW pealizye JIOTiuHi
omepariii i BukopucToBye npasuiia Buay « IKIO — TO» mis
BiZIOOpaYKEHHS BX1THUX HEYITKUX 3MIHHUX B HEUITKY BUXIZHY
3MiHHY — M,

—wMeton aedazudikarii — D.

Tomi HewiTKa BUX1IHA MHOKIMHA CTaHIB 00’ €kTa S BU3HA-
YaeThCA 13 CIIBBITHOIIEHHS

S=F(f(P), R(W),M, D, A). 0]

Ha YHiBEepCaIbHUX MHOXHHAaX BXI1THAX

3MiHHI/IXXi=[xi,xi], i=1k 1 BuUXimHO{ 3MiHHOI

Y, = [y,- , Vi ] BU3HAYAIOTHCS JTIHIBICTUYHI 3MiHHI A Ta S BiITo-

BIJTHO.

BBenemo MHOYKHHY 3HAYEHB JITHTBICTAYHIX 3MIHHHX

_ A= {A,-I,Aiz,...,A,-q}, i=1,k — TepM MHOXHHH
BXiIHUX JIIHTBICTHYHHX 3MIHHHX;

—- 5={85,5, ...
JIHTBICTUYHO1 3MiHHOI.

B 3aransHOMY BUITaAKyY TEpPMH BXiJHUX 3MiHHIX MOXKYTh
MaTH pi3He 3HA4YCeHHS 1 Pi3HY KiIbKicTh. Jliarma3oHu 3MiHH
TEpMiB BH3HAYAIOTHCSI TIOYATKOBHM 1 TPaHIIHAM 3HAYCHHAM
peaabHOTO 3MIHHOTO IMapaMeTpa, a TAKOXK Ha OCHOBI 3HaHb
po 00’ ekT. CTyIiHb MPUHAIECKHOCTI 3HAUYECHb BX1THOI 00
BHX1THOT 3MIHHO{ JIO Ti€i 4M 1HIIOT TePM-MHOKWHHU BHU3HA-
qaetsest OIT {P). IxHa moOynOBa € OMHUM 3 OCHOBHHX ITH-
TaHb B TEOPii HEUITKUX MHOXKHH , BiJl TPABIILHOCTI BHPi-
IIEHHS STKOTO 3aJISKUTh JIOCTOBIPHICTD PO3B’SI3yBaHHS 33/1a41.
@II 3py4HO 3amaBaTh B mapameTpudHiil Gopmi. B mpomy
BUTIAKY 3a7a4a mooynoBu @I1 3BomuThes 10 BU3HAYECHHS 11
napameTpis [5]. IcHytoTh Taki ocHOBHI THIH DIT:

— TpUKyTHA (PUCYHOK 2.1, a):

, Sn} — T€pM MHOXMHHU BHUXiJHOT

xX—a

b=>2x>a,

a o

—a

_x,c>x>b,

c—-b (2)
0O,x<a,x>c

p(x,a,b,c):

— TparenieBuaHa (pUCYHOK 2.1, 0):

x_a,b2x>a,
b—a
LLc>x>b,
u(x,a,b,c,d)= J
;x,d>x>c, 3
d—c
O,x<a,x>d
—TaycoBa (pucyHok 2.1, B):
- [~(x-b)?
u(x,b,c)—expT . (4)
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Ipu no6ymosi PI1, sKio BijOMi JIUIIIE IHTEPBANIBHI 3HA-
YeHHSI (TI0YaTKOBE Ta JOMYCTUME), IPUITHATHOO allPOKCH-
Mali€ro € JiHiiHa. B nboMy Bumaky mapamerp, o po3risi-
JIa€ThCS1, MOYKHA XapaKTepU3yBaTH TPUKYTHOIO a0 Tparien-
ieBuyHOO OI1.

Jns BusHauenns napamerpiB @I moxHa 3acTocyBatu
HACTYITHI i JIXOJTH:

1) BukopucraHHs eKcriepTHUX OoLiHOK. Hexaii € m exc-
TIEPTIB, YACTHHA AKKX ( 71, ) HA IUTaHH PO MPUHAIEKHICTh
x € X HediTKili MHOXMHI 4, BiMOBiac NO3UTHBHO. [HImIa

YaCTHUHA EKCIEPTIB (7). = m — 1y ) BIIOBIAA€ Ha I1e TMTAHHS

HeraTuBHO. CTYTiHb MPUHAJIEKHOCTI X HEUITKIH MHOKMHI A,
B [[bOMY BHIIaJIKy BU3HAYa€ThCs 200 IIISIXOM CTaTHCTHYHOL
00poOKHM pe3ynbTaTiB ONUTYBAaHHS TPYIH €KCIIEPTiB

(m4;(x) =n;/m) abo BU3HAUAETHCS 32 METOJOM MAapHHUX

nopiBHsHb Caari [6]. [TepeBaramu metoy Caati y TOpiBHSIHHI
3 IHIIMMHU METOJIaMU TTApHUX MTOPIBHSAHG (HapHKIaz, Yes,
Korrepa Ta FO) € moctatHicTh MiHIMAITBEHOT KUTBKOCTI €KCIIep-
THOT iH(opMaLii, 3py4yHa ISl CHPUHHATTS eKCIIepTaMH IIIKa-
JIa MApHUX ITOPIBHSHB Ta BUCOKA CTYITIHb Y3r0JDKEHOCTI OL1i-
HOK €KCIIepTIB Pi3HOT KBai(hiKarii.

2) BukopucTaHHS CTaHAAPTHUX BiAMITOK Ha MIKai 6a-
»aHocTi XappiHrrona. Li BinMiTkr oTprMaHi Ha OCHOBI cTa-
THUCTUYHOTO aHaJIi3y BEJIMKOTO MACHBY JaHHX Ta MAIOTh YH-
iBepcasibHe 3aCTOCYBaHHs [7], TOMY X MO>KHA BUKOPHCTO-
BYBaTH IPH OILHII Jiala30Hy TEPMiB HEUITKMX 3MIHHHX
(tabmuris 1).

Ipu no6ymori ®II 3a metomom Caari [T KOKHOT Tapu
€JIEMEHTIB YHIBEpCaIbHOI MHO)KMHH E€KCTIEPT BUKOHYE OIli-
HKY [IepeBark OJHOTO €JIEMEHTY Ha/l iHIIUM 110 BiHOLICH-
HIO JI0 BJIACTUBOCTEH HEUITKOT MHOYKMHH 3a IIKAJIOI0 TAPHUX
nopiBusHb Caati [6]. Lli mapHi NOpiBHAHHS 3aIIKCYIOTHCS Y

BUMIsL Marpui A = P‘ij J, ne Ajj —piBeHb nepeBary i-Toro

Tabmurps 1 — Ilkana inTepBainiB 6GaxxaHocTi XappiHrToHa

enementy Hasj-tam, Ajj =1/A; L =1,

CryneHi npuHaiNe)XHOCTI HPUHMAalOTh PIBHUMH BiIIOBI-
JHUM KOOpJAWHATAM BJIACHOTO BEKTOpa

W =(w,wy,..., wn)T MaTpHuIli MAPHUX TOPIBHSHB A . Brac-

HUI BCKTOP BU3HAYAETHCA 3 HaCTyl'IHO.I- CUCTEMU piBHS{HLZ
(A=AEYW =0,

S =1, ®)
i=1

Jie ), — HaMOLIbIIe BIACHE YHCIO MATPHUIL A ; E — ouHNY-
Ha MaTpUIs PO3MIPHOCTI (X 1) .

Jedasndikanito BUKOHAHO Ha OCHOBI METOIY LIEHTPY
Baru abo uenTpy ot [5]. [Ipubim3na Moudikarist eHT-
py Baru:

m
Dou(s)-s;
g izl

S i(s) ©
i=1

OTpumaHa 3a JONOMOTOI0 ONHMCaHOI HEWiTKOI MOjedi
Benr4KHa S KinbKicHO Xapakrepusye TC enexrpoobiaaHaHn-
Hl 1 ITpeICTaBIIsie cOO0I0 BEIMUMHY 3araJIbHOTO CIIpanboBa-
HOTO pecypcy, sika BUKOPHUCTOBYETHCS JUISl OLIIHKH IMOBIp-
HOCTI BIIMOBH 00’€KTa 3 ypaxyBaHHSIM HOro (akTHYHOTO
TC. HaBenena B 3arajibHOMY BHIVISIII HEUITKa MOJICIb 00-
’exTa 6a3y€eThCS Ha BAKOPHCTAaHHI IPaBUJI HEYITKOT'O JIOT14-
HOTO BUCHOBKY.

3 IIPUKJIA/L TA PE3YJIBTATHU

I[J'IS[ Bu3HaueHHs TC eerazoBoro BUMHKAaa 3a HEUITKOIO
MOACIIIIO, HOro MpPEeACTaBJICHO K arperar, SIKHM Mae€ Ha-

Ne BaxanicTb UncenbHe 3HAYECHHS CTYITHI BY3JIH:
1 | Hysxe BucoKa 0,8-1,0 — MeXaHiyHy cucteMy (IpHBiJ, TAra, TpaBep3a, MITOK,
2 | Bucoka 0,64-0.8 PYXOMi KOHTaKTH);
3 | Cepenns 0,36-0,64 — KOMYyTaliliHy cucTeMy (JyroracuibHa Kamepa, KOH-
4 | Husexa 0.2-0.36 TAaKTHA CUCTEMA);
5 | Hdyxe Hu3bKa 0,0-0,2 .
— AyroracuiibHe CepeJOBHILE (e1erazoBa kamepa);
Y N TIEON
i ---------= 9q-—_--- - __ e
/fl" ! f I\ i : \
- / |
/ : ""| *; : : \ : A
1\ ! i3 X
/ | “\, / | b\ / | \
Loy p | \ % I 2
: Y ..l'l : | \ 4 l \
/_a : |‘."' I."lrl : : \ - / : \
y \ - - ' -
0 I b c e 0 c;‘ b (I \,;\1‘ ey 0 b X
a) 6) B)

Pucynok 1 — Tunu @I (a — TpukyTHa, 6 — TpaneuieBuaHa, B — ['aycosa)
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— 130715111110 (OMIPHI 130JIITOPH, BUCOKOBOJIETHI BBOJIH, 130-
JSITOPH AYTOracHIIbHOT KAMEPH).

TC K0XHOTO By371a XapaKTEePU3Y€EThCs ACSKHM ITapameT-
POM, 3HAYECHHSI SIKOTO BU3HAYA€E PiBEHb MPaLe31aTHOCTI (pe-
cypc) naHoro By3ina. st BU3HaYeHHS pecypey po3IiisiyBa-
HHX BY3JIiB €JICra30BOro BUMHUKaYa HAWOUTBIIIE MTITXOISITh TaKi
napaMeTpH:

— KUIbKICTH MEXaHIYHUX HUKJIIB «BKIIFOUEHH-BIIKIIIOYEH-
HSD»;

— KUIBKICTB BiiKImoueHs crpymis K3 ta ixHi Benmuuay;

— THCK ellerasy;

— piBeHB 3a0pYJHEHOCTI Ta MOIIKO/PKEHOCTI 130JISTOPIB.

Jlnst BUKOpHCTaHHS 00paHuX MapaMeTpiB IpH PO3B’si-
3aHHI 331a4i OLiHKY 3aransHoro TC enerazoBoro BUMHKada
32 HEYITKOIO MOJIEJUTIO 0OpaHO HACTYITHI BXi/IHI JIIHTBICTHYH1
3MiHHI:

— A, = «CnipanboBanuii MeXaHiYHUH PeECYpC»;

— A,= «CripanboBaHui KOMyTaliliHuH pecypoy;

— A, = «Twuck enerasy»;

—A,= «CTaH i30719TOpPiB».

JIis KO)KHOT JIHTBICTHYHOT 3MIHHOT BBEJICHI HACTYITHI
HEYIiTKI TepMU:

— A :L = «llpunpamosansuuniin, M| = «Jlomyctumuiiy,
B = «BinmparsoBaHuiim;

— A,:L,= «llpunpamosansuuiin, M, = «Jlomyctumuii,
B2 = «BianpanpoBaHui»;

— A:N,= «Hopmanbhuii», L, = «Husbkuii»,

-A 4:N = «3a10BiILHUIY, B = «He3anoBlIbHUI».

BuxinHy MHOXXHHY CTaHIB €JIeTa30BOT0 BUMHKa4a S Oy~
CaHO JITHIBICTUYHOIO 3MIHHOIO «3arajJbHUH CIIpalibOBaHUH
pecypc BuMuKaday. TepMu BUXiJHOT 3MIHHOI Ta XHi iHTEp-
BaJIM BU3HAYEHO 33 CTaHIapPTHUMH BiIMITKaMHu BepOabHO-
YHCIIOBOI IIKAIK XappiHITOHA:

— VB = «Jlyxe Bucokuit cripansoBanuii pecype» (0,8;
1,0];

— B = «Bucoxuii cnpaupoBanuii pecype» (0,64; 0,8];

— M= «Cepenniii cipaniboBanuii pecype» (0,36; 0,64];

— L = «Hwusbkuii cipaniboBanuii pecype» (0,2; 0,36];

— VL = «ly>xe HU3bKH# cripanboBanuii pecype»|[0,0;0,2].

Baza npasw st ouinku TC enerazoBoro BUMUKava Gop-
MYETBHCSI HA OCHOBI €KCHIEPTHUX 3HaHb XapaKTEPHCTHK Ta
MPOIIECiB JOCIKYBAaHOTo 00’ ekTa. B naniit Mmoaemni BoHa
npescTaBiIsge coboro Habip 13 36 npoayKUiHHNX NpaByJI Ha-
CTYITHOTO THITY:

«IKL]O mexaniunuii pecypc eumuxava A, ={L M B}
TA xomymayitinuii pecypc eumuxawa A, ={L M, B }TA
muck enezasy A, ={N_L }TA cman izonamopie A,={N ,B },
TO 3aeanvHuii cnpayvboganuui pecypc BUMUKAUA
S={VB,B,M,L,VL}».

Cdopmorana 6a3a mpasui st owinku TC enerazoBoro
BUMUKa4a HaBeJeHa B Ta0IuI 2.

Juist peanizariii HEUiTKOTO BHBOXY 3aCTOCOBAHO ajro-
put™ MaMmaHi, sSIKMi, y HOPiBHSHHI 3 IHIIMMH aJropuT™Ma-
MU HewiTkoro BuBoay (Cyreno, Jlapcena), Halikpare migxo-
JIUTH 32 HAsIBHOCTI 0a3M IpaBuJI, CKJIaIeHO] 3 SIKICHO BUpa-
JKCHUX NMPOAYKIiHHUX npasui [5]. [edasnudikarmiro Buko-
HaHO Ha OCHOBI MeTOly IPUOIN3HOT MoTUdiKamii HEHTPY
Barw, sIKMH T03BOJISIE BPaXyBaTH Pe3yJIbTaTH BCIX IMILTIKaLlii
BUXIJTHUX TEPMIB, OTPUMaHMX IIPY BUKOHAHHI IPOLEYPH
HEYiTKOTO BUBOAY [8].

CrpykTypHa cxeMa po3po0ieHoT HeuiTKoT Mojiei JUtst OLl-
inku TC enera3oBoro BUMMKaya MpeCTaBlIeHa Ha PUCYHKY 2.

Ta6muus 2 — baza npaewi s oninku TC enerazoBoro

BUMHKa4ya

A

A: N, B,
j-’ L, M, B, j—’ L, | M B,

1 1

L; L M B vB | L, | B VB | VB
M, B B VB | M, | vB| VB | VB
B, VB VB vB | B, | vB| vB | VB
jj L 2 M. 2 B 2 jj L 2 M 2 B 2

N; L VL L B L, | M B VB
M, L M B M, | B VB | VB
B, B B vB | B, | vB| vB | VB

RME.\’ > F RMEX >
basza npasun
Rron » F R ron oy inku TC
ene2a308020 %{ FS H S
Pruer Py i . BUMUKAYUA
Iml L] F[SDI Lt

Pucynok 2 — Heuitka mozens st ouinku TC enera3oBoro BUMuKada: R

BUMHKa4a; R

KOM

—3HAUCHHS CIPAbOBAHOI'0 MEXaHIYHOTO pecypey

Mex

—3HA4YEHHS CIPALbOBAHOTO KOMYTALi{HOro pecypcy BUMHKayda; P —3Ha4eHHS THCKY elerasy; [so/-oLiHKa cTaHy

nos.

i30J1TOpiB BUMMKa4a; FR _—miHreicTuuHa 3MiHHa«CrparboBaHui MEXaHiqHUH pecypew; FR  —TliHrBicTHYHA 3MiHHa«CrpallbOBaHKi

Mex

KoMyTauiiiHuii pecypey; FP. —ninrBictuuna 3sminHa«Tuck enerasy»; Flsol-ninrsicriuuna 3MinHa«CTaH i3051TOpiB»; FS —TiHTBICTUYHA

nos.

3MiHHa«3aralbHuH CpalboBaHUH pecypey»; S —3HaYeHHS 3arajJbHOr0 CIPAbOBAHOIO PECYpCy BUMHUKaua
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Jns orpumanus nocrosipHoi oninku TC enerazoBoro
BUMUKa4a 32 PO3pO0IEHOI0 HEUiTKOIO MOJICILTIO, HEOOXiHO
BUKOHATH HacTpoiKy mapamerpis PII repmis ii BXigHnx Ta
BUXiTHUX 3MiHHUX. ClTif] 3a3HAYUTH , IO HACTPOIKY HEUITKOT
MoJIelTi HeoOXi1JHO BUKOHATH 3a BiZICYyTHOCTI PeTpe3eHTaTUB-
HO1 CTaTUCTUYHOT BHOIpPKH, KA O 3 BHCOKOIO MipOIO TOCTOB-
ipHOCTI T03BOMMIIA O BCTAHOBUTH 3B sI3KH Mk TC JIOKaITbHHX
BY3J1iB BUMHKaua Ta HOro 3arajlbHUM CTaHOM. B 1inx ymoBax
qutst moOynosu @I1 BukopucTaHo excriepTHi oriHku. {ist rmo-
OynoBu OI1 HeHiTKMX TEPMIB BXiZHHX JIIHTBICTUYHUX 3MiHHIX
A, 4,, 4,, A,6yn0 MPOBENEHO ONUTYBAHHS 9 EKCTIEPTIB SKi
MAIOTh JIOCBiZ poO0OTH B TakuX KommaHisx sk [TAT «Ykprin-
poenepro», JIIT HEK «Ykpenpro» JTHEC, BAT «3amopix-
xsi001eHepro». Pesynprarn 00poOKH eKCIIEpTHUX OIMHTY-
BaHb IPUBE/ICHI B TA0INII 3.

3a (5) BU3HAYAaEMO CTYIEHI NMPHHAIE)KHOCTI HEUITKUM
TepMaM 3HaueHb BXiJJHUX JIHIBICTHYHHX 3MiHHUX. Pe3ynbra-
TH 3BeJICHI B TaOmi 4—7.

3a aHanmiTnaHUMH Bupazamu (2—3) 6ymyemo OIT HediTkux
TEpMIB BXiJJHUX JIIHTBICTUYHHX 3MiHHUX. PIT HEUITKHX TepMiB
BUXiJTHOT 3MiHHO{ «3arajbHHI CIpaIibOBaHUIA PECYPC BUMHU-
Kaya» BU3HAYa€ThCs Ha iHTepBasiax Xappinrrona. ®II ne-
YiTKUX TEPMiB JIHTBICTHYHMX 3MIHHMX NpEJICTaBIIeHI Ha pH-
cyHkax 3—7.

HaTIC 330 kB /Ininposcekoi ' EC-1 B ekcityarartii 3Ha-
xozsThes 3 enerasoBux Bumukada Tiim GECALSTHOMHGF
100/2B sixi MarOTh HACTYTIHI TOKa3HUKH 32 IKUMU OyJ1e oxa-
paKTepu30BaHO TeXHIYHMH cTaH. L1 moka3HUKY NpUBE/ICH] B
Tabui 8.

Tab6muit 3 — Pesynbrati 00poOKH SKCIIEPTHHUX OIIIHOK

A; = «CnpanpoBaHuil MEXaHIYHUHI pecypey

Ry, B.O. 0,0 0,2 0,4 0,6 0,8 1,0

L, = «(IIpunpauroBajibHuii» 9 6 0 0 0 0

M, = «lonycrumuii» 0 3 9 9 6 0

B, = «BianpaupoBaHuii» 0 0 0 0 3 9

A, = «CrpanboBaHHi KOMYTaliHHUHA pecype»

Rx, B.O. 0,0 0,2 0,4 0,6 0,8 1,0

L ;= «[IpunpautoBajibHUI» 9 9 0 0 0 0

M, = «lonyctumuii» 0 0 9 9 7 0

B,= «BianpaupoBaHuii» 0 0 0 0 2 9

A;= «Tuck enerazy»

P, atm 3,6 3,8 4,0 4,1 4.2

L;= «Huzpkuii» 9 6 3 0 0

N;= «HopmanbHuii» 0 3 6 9 9

A4= «CrtaH i3014TOpiB»

is, MOmM 2000 2500 3000 4000 5000

N, =«3an0oBiabHuii» 0 2 7 9 9

B,=«He3an0oBinpHui» 9 7 2 0 0

Tabmnuud 4 — CryneHi IpUHAJIEKHOCT HEUITKMM TepMaM 3HaueHb Tabnuug 6 — CTyneHi NpUHAJIEKHOCTI HEYiTKMM TepMaM 3Ha4eHb

BXiJTHOT BenmurHU «CIpanboBaHuii MEXaHIYHUI pecypey» BXifHOi Bennuunu «Tuck enerasy»
Ry 0 |02 04 106 |08 1 P 36 [38 [40 [41 |42
Mnpmean(Ry) | 1 10333 10 10 |0 0 Wini(P) [T Jo05 [0
Waonycr(Ra) 0 0,667 1 1 0,333 0 Wnormamsamit(P) 0 0 0,5 1 1
H-BIL[I'[PAL[(RM) 0 0 0 0 0,667 1

Tabmurst 5 — CTyneHi NpHHANeKHOCTI HeUITKUM TepMaM 3HaueHb
BXiJHOT BemunHU «CIIpariboBaHNil KOMyTALIHIN pecype»

Ry 0 0,2 0,4 0,6 0,8 1
Wipnnpan(Ri) 1 1 0 0 0 0
Wronver(Rx) 0 0 1 1 0,224 0
Weiaean(Rx) 0 0 0 0 0,776 1

Tab6aust 7 — CTyneHi NpHHAICKHOCTI HEUITKUM TepMaM 3HaueHb
BXiZHOi BenmunHu «CTaH i30J1TOPiB»

is 2000 2500 3000 4000 | 5000
W3aoBUIbHMII(ES) 0 0,285 0,776 1 1
HHE3A)Z[OBIJTLH(iS) 1 0,71 5 0,224 0 0

Ta6muns 8 — [Toka3sHUKK TeXHIYHOTO cTaHy enerazoBux Bumukadis GECALSTHOMHGEF 100/2B,C
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A 397 8 4,2 >10000
JI-211/2 11.08.1998p. B 393 8 4,3 >10000
C 387 8 4,2 >10000
A 398 9 4,15 >10000
JI-211/1 05.12.1998p. B 399 9 4,1 >10000
C 406 9 4,05 >10000
A 418 3 4,0 >10000
JI1-229/1 11.08.1998p. B 417 3 4,1 >10000
C 420 3 4,1 >10000
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plat paints:
Membership funcion plots Ly
T | T ]

MPHNPALYD B anEHIaR LOMYCTIMME BIgNPELEOEaHNR

0
| il | ]

a 0.1 02 03 04 0.5 06
input varisble "cnpau-mex-pec”

Pucynok 3 — ®II TepmiB ninreictiuuHoi 3MiHHOT «CripaniboBaHHi MEXaHIYHUIT pecypey

plot points:
Membership function plots =1
| | I I | | | |
MPHNPEYOE 3NbHUA ACMYCTHMMA BIANPAULOEAHMA
18
05 -
g I | | & | .w | [ w
0 01 02 0.3 0.4 05 06 07 08 08
input variable "cnpau-kom-pec”
Pucynok 4 — ®I1 repmiB niHrBictuaHoi 3MiHHOT «CIpaliboBaHUN KOMyTallitHAI pecype»
plot points:
Membership function plats Ag
I I I
HMSEKME HORRMENEHIR
14
05— —
e I I | | !
38 37 38 39 4 4.1 42

input variable "Tuck-enerasy"

Pucynok 5 — ®II tepmiB ninreictuuHoi 3minHOI «THCK enerasy»
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B sixocTi npukiay, 3a po3po0JICHOI0 HEHiTKOIO MOAIEI-
ro BuKoHaeMo oninky TC enera3oBoro BUMuKaya KOMipK{
JI-211/1 sxuii BUKOHAB HAWOIUIBITY KUTBKICTh BiJKITFOYCHB
crpymiB K3 ski nepeBuiyiors 3HaueHHs 20 KA. 3rigHo 3
TEXHIYHOIO JIOKYMEHTALI€I0 JUIS €JIeTa30BUX BUMUKAYIB THITY
GECALSTHOMHGF 100/2B,C momycTiMO BiIKITIOYATH
[,>20 kA He outbmre 50 pa3iB, KUTbKICTh MEXaHIYHHUX IUKITIB
BB (Bkitouenns - BinkmodenHs) He Outbine 3000 pasis. 3a
MIepEBHIIIEHHS INX ITOKAa3HUKIB MOTPiOHA TOBHA IIEpPEBipKa
CTaHy BUMHKa4a i3 BCKPUTTSIM JyrOracHIbHUX Kamep, TOOTO
BiJTHOBJICHHSI HOTO pecypcy.

3Ha4eHHs 1IarHOCTUYHHX MTapaMeTpiB, 110 XapaKTepH3y-
10Th TC HOro OCHOBHUX BY3IIiB:

— cripanboBanui MexaHiunui pecype R, =0,135B.0.;

— CrpanboBanui koMyTaniiuui pecype R, =0,18 B.o.;

—THCK enerady P=4,1 6ap.;

—craH izonaropis R, >10000 MOwm.

OuiHKa 3arajbHOTO CIIPalbOBaHOTO PECYPCY BUKOHYETh-

HESAK0 BiNbHM

cs1 3a toniomororo nmakery MATLABFuzzyLogicToolbox, sika
Ipe/ICTaBIeHa Ha PUCYHKY 8.

3rifHO 3 MpaBWJIAMH HEYITKOTO BUBOJIY BH3HAYA€THCS
HEYITKa MHOYKMHA BUXIAHOT BEIUYMHU HUIIXOM IMILIIKaLil
(BinTuHaHHS Tparnenii Bix BxinHux DIT) ta arperyBaHHs oT-
pumanux tpaneniil. ledasndikanito BUXiTHOT HEHITKOT Be-
JIMYMHYU BUKOHAHO 32 METOJIOM LIEHTPY Bar (6):

m
D opi(s)-s;
g izl

=0,356.
m

> wi(s)

i=1

Po3pobieHa HewiTka MOJETb s OLIHKU 3arajibHOrO
CIIPalbOBAHOTO PECYPCY € THYUKOIO i MOXKe OyTH 3aCTOCO-
BAHO 1 UTS {HIIUX €era30BHX BUMUKAYiB 3 KOPET'YBaHHAM
JIIarHOCTUYHHUX TTapaMeTpiB.

plot points:
Membership function plots 1
38R0BINEHMA
=
T =
input wariable "cTam-isonaTopis"
Pucynok 6 — ®I1 repmiB niHrBicTHaHOI 3MiHHOT «CTaH 130ATOPIB»

plot points:

Membership function plots 81
B Jil:]

AH H

output variable “3araneH-cnpau-pec”

m

| =

Pucynok 7 — ®II tepmiB JiHrBicTHYHOT 3MiHHOT «3arajibHU# CrpalibOBaHUil pecypc BUMUKaYa»
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BUCHOBKH

Po3po0iieHa HeuiTka MOJIeIh IS OIIHKHY 3aranbsHoro TC
enerazoBoro Bumukada Tiiry GECALSTHOMHGEF 100/2B,C
xomipku JI-211/1 TIC 330 kB J{ninposcskoi EC-1, ska 103-
BOJISIE€ BUKOHATH KOMIUIEKCHY OLIIHKY CTaHY BUMHKa4a BHKO-
PHCTOBYIOUH AOCTYIHY JUTS BUMIPIOBaHHS Ta CIOCTEPEIKCH-
Hs1 iHopMarIiro, sika HOCHUTB SIK KUIbKICHUH Ta SIKICHHIT Xapak-
Tep. OOpaHi By3JIH, 715l CHOCTEPEXKEHHS [iarHOCTUYHUX Ta-
paMeTpiB, SIKi MAIOTh BU3HAYATHHUI BIUIAB HA 3aTJTbHUH CTIpa-
LILOBAaHUH pecypc enerazoBoro BuMukada. Po3pobiena He-
YiTKa MOZIEIb € BIIKPHUTOIO Ta aJaIITHBHOIO JUIS JI0 JT0AATKOBOT
BXI/THOI 11pH OLTbIn teTansHOMY anaui3i TC BIMuKada.

Hacrpoiika mapamerpis @I BXigHUX JTIHTBICTHYHHX
3MIHHUX, IS JOCTOBipHOI orliHkH TC enerazoBoro BUMHKa-
4a 3a po3poOIeHOI0 HEYITKOIO MOJEIUTI0, Oa3zyBajach Ha
OINUTYBaHHI €KCIEPTIB Ki MAIOTh JJOCTATHIO KBaTi(iKarlifo
Ta OIUT pOOOTH 100 OXapaKTEPU3YBATH CTAHH JIOKAJIBHUX
BY3JIiB Ha SIKi YMOBHO OYITO TIOILIEHO JOCTIKyBaHe 00aI-
HaHHs. Bubip excneptiB B KijbkocTi 9 0ci6 00yMOBIeHHH
BUKOpHUCTaHHAM 9 OanpHOi mkamy Caari BUMIPY CTyNEHs
3HAYYIIOCTI MepeBaru OMHUXIYMOK HaJ iHIIAMU. 3a €0
LIKaJIO0I0 CKJIaJaJIiCs MaTpULl HapHUX NopiBHAHE Caarti sKi
JI0/IaTKOBO BPaXOBYIOTh CY0’€KTHBHICTB JyMOK Ta HaliMeH-
1I1€ 3aJICKHI BiJ] piBHS KBaJTi(DiKaIlii oM TyBaHUX PECTIOH/ICHTIB.
e € nonarkoBUM 3ar1001KHIUKOM BiJl HEZIOCTOBIPHOT OLIIHKK
3arajbpHOI0 CIIPALbOBAHOT'O PECYPCY €JIEra30Boro BUMHKa-

Crpau-mexspac = 0,135 oG = 15

Thesanerary = 4.1

ya. MoXHa CTBEpKYBaTH II0 pO3poOIeHa HEUiTKa MOICNb
JUIsL OIiHKY 3arainbHoro TC enera3oBoro BUMHUKada THITY
GECALSTHOMHGEF 100/2B,C € B nocratHiii Mipi T0CTOBIp-
HOIO Ta MOYKE€ BUKOPUCTOBYBATHCH JIJIS €JIEra30BUX BUMH-
KadiB JAHOTO THITY.
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cran-poarmopis = Se+03 IATAMH-CIPELLPaC = 0,355

I

A
/

Pucynok 8 — Orwinka 3arajibHOTO CIparboBaHOTO pecypcy eierazoporo Bumukada tTuny GECALSTHOMHGF 100/2B,C xomipku JI-
211/1 TIC 330 kB Jninposcbkoi 'EC-1
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Tomopoums C. B.!, Maxuus I1. B.2

Mmxenep MU [TAO «Ykpruaposuepro» ¢unuana Juenposckas ['DC-1, 3anopoxbe, YkpanHa

2KaHnj. TexH. Hayk, qoueHT kapeapsDIIIT 3HTY, 3anopoxse, YkparnHa

ONNPEJEJEHHUE BBIPABOTAHHOI'O PECYPCA J3JIETA30BOI'O BBIKJTIOYATEJATHUIIA
H G F100/2 B,CGECALSTHOM IO HEYETKOM MOJIEJTA

Llens pabomet. Pazpabomka neuemkoti modenu 21e2a306020 gvikmouamens muna HGF 100/2 B,CGECALSTHOM
0715 onpeoenenusi 0ouje2o 8blpabomMarHHo20 pecypca.

Memooul uccneoosanus. Vccieoosanue nposedeno nymem 3KCHepmMHO20 ONPocd, O KOMOPOMY NOCMpoeHa He-
YemKds MOOeNb 1e2a308020 GbIKAI0UAMeNs 0 onpedenerus: obuje2o gvipabomantoeo pecypca. Jannas mooens pea-
auzoeana 6 nakeme MATLABFuzzyLogicToolbox ¢ ucnonv3oeanuem mamemamuieckoeo annapama Hevyemxux MHo-
Jicecms u HewemxKou 102uKu.

QOoeporcannbie pe3ynvmamol. Aemopamu Ovlia paspadbomana Heyemxas Mooeib o KOMopo NOIYHUEHO YUCTEeHHOe
3HaueHue obujeco GblpaboOManHO20 pecypca 31e2a308020 BbIKNIOUAMEN C YHemoM GIUAHUL COBOKYNHOCU MAKUX
Paxmopos Kaxk cocmosHue MeXaHuieckol U KOMMYMAYUOHHOU Cucmempl, dyeozacawetll cpeobl, COCMOAHUAL USOTAYUU.

Hayunasa nosusna. Aemopamu paspabomana Hoeas Heuemxas MOOeb 371e2a308020 blKN0Uamens 0 onpeoeine-
HUsl 06w e2o 8bIPAOOMAHHO20 pecypca, KOMOopasl UCHOTb3Yen UHPOPMAYUI0 OOCMYRHYIO sl UBMEPEeHUs Uu Habaoe-
HUsl.

Ilpakmuueckas yennocme. /lannas mooens npumenena 0ns 1e2a308020 sviknovamens muna GEC ALSTHOM
HGF 100/2Baxcnnyamupyemoco na Juenpoeckoti I'9C-1, OPY-330 kB, sivetixu JI-211/1. Paspabomannas newemxas
MOOenb OYeHKU MeXHUUeCKO20 COCMOSIHUL I1e2d308020 BbIKIIOUAMEINS MOJICEM NPUMEHAMbCA 0TI 6CeX GblKIoameneli
0aHHO20 MUna.

Kniouesvle cnosa: sn1e2a306biil bIKNI0UAMENb, HEYEMKAsSL MOOEb, 8bIPAOOMAHHBII PECYPC, MEXHULECKoe COCMOosi-
Hue, dIKCnepmHmblil Onpoc.

Domoroshchyn S.V.!, Makhlin P. V?

!Engineer Group of Tests and Measurements of Dnipro HPS-1, Zaporizhzhia, Ukraine

’PhD, Associate Professor Department of Industrial Power Supply of Zaporizhzhia National Technical University,
Zaporizhzhia, Ukraine

THE DEVELOPED RESOURCE DEFINITION OF GAS-INSULATED SWITCHTYPE HG F100/2 B, CGEC
ALSTHOM FOR A FUZZY MODEL

The purpose of the work is the development of fuzzy model gas-insulated switch type HGF 100/2 B,C GEC ALSTHOM
to determine the total mined-out resource.

Research methods. The study was conducted through expert interviews, that became the basis for the construction of
the fuzzy model of gas-insulated circuit breaker to determine the total mined-out resource. This model is implemented in
MATLAB Fuzzy Logic Toolbox using the mathematical apparatus of fuzzy sets and fuzzy logic.

The obtained results. The authors developed the fuzzy model which obtained the numerical value of the total resource
developed gas-insulated circuit breaker with the influence of aggregate factors such as the condition of mechanical and
switching systems, the state of arc suppression medium and isolation.

Scientific novelty. The authors developed the new fuzzy model of gas-insulated circuit breaker to determine the total
developed resource, which uses the information available for measurement or observation.

Practical significance. This model is used for gas-insulated switch type GEC ALSTHOM HGF 100/2C operated on
the Dnipro HPS-1, ODD-330 kV, cell L -211/1. The developed fuzzy model of assessment of the gas-insulated switch
technical condition can be applied to all switches of this type.

Keywords: gas-insulated switch, the fuzzy model developed resource, technical condition, expert survey.
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