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AKTyanbHOCTb paboTbl. [1py [0ObIYe, TPAHCNOPTHPOBKE 1 epepaboTKe reopecypcoB UCMONb3yeTcs Pa3NNYHOE SMEKTPOTEXHUYECKOE
060py0BaHe, OCHOBHbIMY PACTPEAENNTENHBIMU YCTPOVICTBAMM 3EKTPOIHEPT M KOTOPOro CITYXaT TpaHC@opMaTopsl. B psae ciyya-
€B BO3HUKAET HEOOXOAMMOCTb MPOBOAUTb JI0KaTbHbIE SNEKTPUYECKIME CETV A5 SNEKTPOIHEPreTUHECKON MOAMMUTKY YCTPOVCTB nepepa-
6OTKM reopecypcos, OCHOBHbIMU Y3N1aMu KOTOPbIX TaKXKe CITYKaT TPaHCGOPMaTopbl. SHePro3(OeEKTUBHOCTb INEKTPUYECKIMX CeTev 3aBU-
CUT OT COCTOSIHUS PACTIPEAENUTENbHBIX YCTPOVCTB ~ TPAHC(HOPMATOPOB, OT COCTOSIHUS 0OMOTOK TPaHCOpMaTopoB. [1o3Tomy uccneqo-
BaHue 1 MOAENMPOBaHMe COCTOSHIMI 0BMOTOK TPaHCGHOPMATopa SBASIOTCA BaxHbIMM 3agaqamu. [1pu npeacrasneHun 0OMOoToK TpaH-
copmatopa B BuzE pacnpeaeneHHoN CucTeMbl HEOOXOAMMO 3HaTb BENMYYMHBI STEMEHTOB CXeMbl 3aMeLLEHMS. [1p1 HanM4mm BbICOKOYa-
CTOTHbIX TOKOB B Li€MM Ha BENNYMHY S7IEMEHTOB CXEeMbl 3aMELLEHWS HAYUHAET BINSATE CKMH-3PEKT ~ 3aBUCUMOCTb TOKA OT YaCToTbl. AK-
TyanbHOCTb PaboTbl 0BYCI0BIEHA TEM, YTO B Ka4eCTBe 30HAMPYIOLLEro MMMYIIbCca TPAHCPOPMAaTOpa NCMONb3YIOT UMMY/bC HAHOCEKYHA-
HOW JNNTENIbHOCTY, CMEKTP KOTOPOro HAMOMHEH BbICOKUMM YacTOTaMu. BbICOKME YaCTOTbl 30HAMPYIOLLEro UMMy/bCa MpoBOLMPYIOT
CKUH-3GQeKT, KOTOPbIM, B CBOIO O4epenb, BHOCUT B BENINHYMHY NapameTpoB CXeMbl 3aMELLeHMS 3aBUCUMOCTb OT YacTOTbl.

Llenb paboTbl: npencTaBuTb 30HANPYIOLMI HAHOCEKYHAHBIV VMY TbC B BUAE CYNePro3nLmMI rapMOHVK C PA3TNYHBIMU YaCTOTaMM, AN
KaXZoM rapMOHMKM C PUKCUPOBAHHOW HacTOTOM, BXOAALLEN B (hOPMUPOBAHME UMMYSIbCA, NOACYNTATL MHAYKTUBHOCTb M COMPOTUBIIE-
HUe A5 CXeMbl 3ameLeHns 0OMOTKM TpaHC(hopMaTopa, A5 ONPERENeHus BENNYUH UHAYKTUBHOCTU Y eMKOCTU MUCO/b30BaTh pacyeT
31EKTPOMATHUTHOIO MO C YHETOM CKUH-3(pheKTa. SHEPrvs PacCHUTaHHOrO SIEKTPOMArHUTHOTO MO/IS MO3BOJIAET M3BMEYb 3HAYEHWS
WHAYKTUBHOCTY 11 CONPOTUBIIEHMS UCCIIERYEMOV CUCTEMbI MPY UKCUPOBAHHOW YacToTe. MIConb3ys NpvHLUMI Cyneprnonumm, noay4uTs
DE3YNLTUPYIOLLYIO CXEMY 3aMELLEHNS, COCTOSILLYIO 1 COBOKYMTHOCTY CXEM, MOy eHHbIX /15 KaXAO0M YacToTbl B OTAENLHOCTU. B cchopmu-
[POBaHHOV CxeMe 3aMeLLieHIsi OOMOTKM TPaHCGHOPMATopa NMOMy4uTb TOKM M HAMPSXKEHSA U CPABHMTb C SKCMIEPUMEHTATbHBIMU AAHHBIMU.
MeTopab! uccnegoBarnus. Metos uccnenoBaHs 0CHOBaH Ha UCMOMb30BaHMM MPMHLMNG Cyneprno3vumm, T. €. Ha PA3NOXeHUN QYHKLMN
B psin @ypbe 1o rapMoOHNYeCKUM QYHKLUMAM. B paboTe Takxe MConb3YeTCs YNCIEHHOE PELIEHMNE YPABHEHNS B YaCTHbIX MPOU3BOAHBIX
= ypaBHeHs [enbMronbLa C UCrob30BaHNEM METOAA KOHEYHBIX 3IEMEHTOB. /1N peanv3aumm MeTofa KOHEYHbIX 31eEMEHTOB UCMOb-
3yetcs Matematudeckmii naker COMSOL Multiphysics.

Pe3ynbTarbl. [pov3BesieHo YaCTOTHOE PA3/IOXEHNE HAHOCEKYHOHOrO UMMY/bCa C MOCAERYIOLLMM €ro UCMOob30BaHNEM B Ka4eCTBE 30H-
LAVPYIOLLEro curHana Ans AMarHoCTvKy TpaHcgopmaTopa. Ha ocHoBe peleHus ypaBHeHui Makcaenna nocTpoeHa KapTvHa npocTpaH-
CTBEHHOrO PacrpeneneHsi BEKTOPHOrO MarHUTHOrO MOTEHLMAaNa. BEKTOPHBIN MarHUTHbIN MOTEHLMAN UCMONb3YeTCA A8 U3BTIEYeHNS
MHopMaLmm 06 MHAYKTUBHOCTY 1 COMPOTUBIIEHMS CXEMbI 3aMELLEHIS TPAHCHOPMATOPHOV 0OMOTKM. [1071y4eHbI rpagmyeckme 3aBucu-
MOCTV MHAYKTUBHOCTY 11 COMPOTUBIIEHNS CXEMbI 3aMELLEHUS OBMOTKM TPaHC(HOPMATOpa OT YacToTbl. [pagmyeckime 3aBUCUMOCTY Mpu-
BeeHb! [T Pa3NYHbIX MONEPEYHbIX CEYEHIMV 0OMOTOK TPaHCGOPMAaTopa: KPYIiow v NpsMOyrosibHOM. Ha 0CHOBE oy4eHHbIX 3aBUCH-
MOCTes1 OCTPOEHbI CXeMbl 3aMELLEHIS 0BMOTOK TPaHCGOPMATOPa C y4ETOM BO3MOXHOIO BAVSIHUS CKMH-3¢ekTa. [prBeaeHsl pacyeTs
HanpsixXeHuvi v Toka 0BMOTOK TPaHCGOPMATopa C UCMONb30BAHMEM CXEMbI 3aMELLEHIS, @ TaKXe Pe3y/bTaTbl CPaBHEHMS TEOPETUYECKIMX
PACHETOB € IKCNEPUMEHTATbHBIMM.

Knio4eBble cnoBa:
OBMOTKM TPaHChopMaTopa, 30HAMPYIOLUMA UMIYSIbC, YaCTOTHbI CIIEKTP, PACTPEAENeHHbIE MapaMeTpbl, ypaBHeHue [ebMronbLa,
CKVH 3¢)QeKT, ypaBHEHNE COCTOSHUSA.

BeepeHune KOPOTKMM HMIIYJILCOM HATIPSKEHNS, a MEHee 3aTpaT-

B psije ciIy4aeB HeOGXOLUMO IPOBOAUTH JOKAMb-  HBIM ABIAETCA METOJ MATeMaTHYeCKOro MOLeJINpOoBa-
HEle 9JIeKTPUUECKHe CeTH s dIeKTpodHeprermue-  HUA. IIpu MogemipoBamiy TpaHE(bopMaTopa LI O1-
CKOHI MOJIUTKY ychOI/UICTB Hepepa60TRH reopecyp- ArHOCTUKHM MMITYJIBCOM KOPOTKOM AJIUTEJIbHOCTH, II0-
cOB. B JIOKATbHBIX 9JIEKTPOIHEPTETHUECKUX cucTeMax —~ PAAKA COTEH HAHOCEKYHZ, HEOOXOIMMO YYHTHIBATH
OCHOBHBIM 3JI€MEHTOM, IIpeoGpasyioluM i pacupege-  ABa obcrosrenscrsa. IlepBoe — 00MOTKe TpaHCchopMa-
JISIONTAM 3JIEKTPUUECKYI0 SHEPTUI0, ABJIAETCSI TPaH- TOpa CjleayeT COIIOCTaBJIATH 3JEKTPOTEXHMUYECKYIO
copmarop. OT KauecTBEHHOI PabOTHI HTOro BaskHoro  CXeMy saMeIleHNA C PaCIpPe/eJeHHBIMI TTlapaMeTpa-
yCTpOIicTBA 3aBUCUT 9HEPTOIh(DEKTUBHOCTS deKTpu- MU [1-4]. Bropoe — m3-3a KOPOTKOM! AIUTEIBLHOCTH
yeckux cereit. OgauM u3 9Q(HeKTUBHEIX MeTOOB rc-  SOHAMPYIOIIEro UMIyJIbCa, MMIIYJIbC MMEeT BBICOKO-
cJe0BaHNA TPUUYMHBI BO3HUKHOBEHUA ,I[e(beI{TOB B YaCTOTHOE HAIIOJIHEeHue 1, CJaeI0BaTeJIbHO, HeO6X0/:[I/I'
0GMOTKAX ABIAETCA AMATHOCTHKA TpaHcdopMaropa MO YUHTHIBATH CKUH-9((erm [5] — 3aBUCHMOCTE Mapa-
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Vcaes tO.H. 1 ap. PacyeT napameTpoB pacrnpefeneHHoN CxeMbl 3aMelLeHMs 0OMOTOK TpaHccopmMaTopa ¢ y4eToMm ... C. 47-55

METPOB CXeMBbI 3aMelrieHns oT YacToTsl. [Ipu paccmo-
TPEeHUM ABYXOOMOTOUHOTO TpaHC(hOpMaTOpa CXeMy
3aMeIleHusA HY:KHO ITIPEJCTABIATh JJIA KamKIol 00-
MOTKH B OT/ieJIbHOCTH. [IpuBeseM aTaimbl (HopMUpPOBa-
HUA MOJeselr 00MOTOK ABYXOOMOTOUYHOTO TpaHc(hop-
maropa ((pparmeHT TpaHc(opMaTropa IPUBEAEH HAa
puc. 1). Ha puc. 1 nmpusefieHbl GOpMBI BHYTpeHHEM
(HUBKOBONBTHOM, C IPAMOYTOJLHBIM CEYeHHEM IIPO-
BOJIa) 1 BHEIITHEel (BBICOKOBOJIBTHOH, C KPYTJIBIM ceue-
HIEM IPoBoJa) 00MOTOK TpaHc(opMaTopa. BuemHas
00MOTKa HaMOTaHa MEIHBIM ITPOBOAOM JMAMETPOM
d=2 MM ¢ marom h=4 MM, KOJINMYECTBO BHUTKOB
n=120, Bayrpennuii fuametp d,,=140 MM, BHeITHUH
puamerp D,..=160 MM, niwHa MexzHOrO Kabend
[=370 MM, 0CHOBA — HOJIMXJIOPBUHUJIOBBIN IIUIUH/D.
BuyTpennas o0MOTKa HaMOTaHAa MEIHOW IMUHON C
pasmepamu a=4 MM, b=T7 MM, KOJMYECTBO BUTKOB
n=20, BHyTpeHHuit guamerp d,,=86 MM, BHEUIHU
muamerp D,.,=102 MM, naiuHa MegHOro Kabess
[=370 MM, OCHOBA — BUHUIIJIACTOBBIN ITAIHHID.

_—
DparmeHT TpaHchopmaTopa C 0OMOTKaMM 1 GhoPMbI BUTKOB

Puc. 1.

Fig. 1. Fragment of the transformer with windings and coils form

Puc. 2. Cxema 3amelLeHns BUTKa 0OMOTKM

Fig. 2.  Equivalent circuit of coil winding
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AneKTpoTeXHUYECKas CXeMa 3aMeLLeHus
O/IHOro BUTKa 0OMOTKM

BuTtox 00MOTKHM 3aMeHsSETCS 3JIeKTPOTeXHIYe-
CKUM 3BEHOM, COCTOSIIAM U3 9J€MEHTOB, IPUBEICH-
HBIX Ha pucyHKe. 31ech C; — MeKBUTKOBASI eMKOCTb;
C, — eMKOCTb Me K1y BUTKOM 1 3a3€MJIEHHBIMU YaCTsI-
Mu TpaHchopMaTopa; L — MHIYKTUBHOCTD PAaCCeTHU
00OMOTKY C YUeTOM B3aMMHOM MHIYKTUBHOCTH MEKIY
COCEJIHAMHU dJIeMEeHTaMi 00MOTKHM; R — aKTHUBHOE CO-
[IPOTHUBJIEHNE BUTKA COOTBETCTBEHHO.

Bce npuBeieHHBIE BEINUNHBI ABIAIOTCS TOTOHHEI-
MU, T. €. 3HAUEHUS BEeJWUYUH OTHECEHBI K eIUHUIe
nnuas [1-3]. Takum o6pasom, 0OMOTKY TpaHchopMa-
TOpa MOXKHO 3aMEHHUTH IIOCJTeJOBATENbLHO COEIUHEH-
HBIMU 3BeHbsAMH [6, 7], puc. 3.

OTHOCHTENbHBIH BKJIA] BHICOKOUACTOTHBIX KOMIIO-
HeHT B (DOPMUPOBAHKE CIIEKTPA 30HAUPYIOIIEr0 UM-
IyJIbCa KOPOTKOM AIUTENBHOCTH JOCTATOYHO BHICOK.
[Ipu manbHelineM yKopaunBaHUY UMITYIbCA OTHOCH-
TEeJbHBIH BKJIAJ BBICOKOYACTOTHBIX KOMIIOHEHT yCH-
nuBaercs. Kax ciefcTsue sToro ABIEHUA, TP 0UYEHD
KOPOTKUX JJIUTENbHOCTAX 30HAUPYIOIIET0 UMITYIbCA
HAUMHAeT MPOSABJIATECA CKUH-a)Pexm. To ecTb mpu
BBICOKOYACTOTHOM TOKE B IONEPEUHOM CEUEHHUM IIPO-
BOJHUKA TOK BBEITAJKNBAETCS U3 BHYTPeHHeH 001acTu
K Tepudepun IpoBogHUKA. [Ipy 9STOM HaUMHAET IIPO-
SIBIISTHCS 3aBUCHMOCTb MHAYKTUBHOCTH M COMPOTHUB-
JIEHUS TIPOBOJHUKA OT YACTOTHL.

Ilns ompesie/ieHUsT BeJIMYMH 9JI€KTPOTEXHUUECKUX
SJIEMEHTOB, BXOAAIINX B CXEMY 3aMeIleHUs, OIpe/ie-
JIIM YaCTOTHBIN CTIEKTP ¥ YACTOTHBIH AMAA30H 30H/IU-
PYIOIIEro NMIIYJIbCA,  3aTeM IPUBEJEM pacueT MHIYK-
TUBHOCTY M COIPOTHUBJIEHHSA BUTKOB OOMOTKH TPAaH-
chopmaropa Kpyrjoro 1 IpsiMOYTOJbHOTO CEUEHNS.

YactoTHoe pasnoxeHue 30HAMPYIOLLEro UMMyIbCa

B xauecTBe MOIEIBHOTO 30HINPYIOIIETO MMITYJIb-
ca BbIOepeM (DYHKITUIO B BUJIE

U(t) =exp(—(t-15-10°)"a), a=10%,
¢ gaureasHOCTRI0 T=0,5 MKc. (puc. 4).

Bumxu oomomxu

«— Coil winding

Cxema 3ameuiernus

<~ Equivalent circuit
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Puc. 3. (Cxema 3amelLeHns 0bMOTKY 414 3a[aHHOM YacToTbl

Fig. 3.  Equivalent circuit of the coil for the given frequency
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Puc. 4. 3oHaupyroLm Mynbc

Fig. 4.  Probe pulse

BuTtox 00MOTKM 3aMeHAETCA HJIEKTPOTEXHUYE-
CKMM 3BEHOM, COCTOSAIIMM W3 3JIEMEHTOB, IPUBE/EH-
HBIX Ha puc. 2. 3uech C;, — MEKBUTKOBasg eMKOCTb;
C, — eMKOCTb MeK/Ty BUTKOM ¥ 3a3eMJIEHHBIMU YaCTSA-
MU TpaHCchopMaTOopa.

OmpezeiuM YaCcTOTHBIN CIIEKTD UMITYJIbca. [1s aTo-
T'0 Pa3IOKMM UMITYJIbC B PAj Pypbe, OIpeseuB Koad-
(uruenTs! pasno:xenus A,, k=0,..N. [lns onpenenenus
K03()(UIMEHTOB MCIIOJB30BAJIACH CTAHAAPTHAS IIPO-
rpamma ObicTporo mpeodpasoBanusa @ypwe (FFT) [8, 9]
TporpaMMHO-uHTerpupoBanHoi cpegsl MathCAD. [la-
Jiee QYHKITUA IPEICTABIIATIACH B BUE DA

u(t) :%Jri\Ak\sin(wkHarg(A()+§),

o= ZTi = 2,53-10°paz /.

]
a, = % [U (t) cos(akt)dt,
0

120 T
100 T

407
207
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ala

Puc. 5.
MOCTb [PafycoB OT HOMePa rapMOHVKM

Fig. 5.
dence of the degrees on harmonic number

- 907

- 180~

b, :ilu(t)sin(wkt)dt, A =a +jh.

CreKTp (OYHKI[UNY U Pe3yJIbTAT €e BOCCTAHOBJICHMUS
0 K0a(h(pummeHTaM pas3io:KeHusA IPeACTaBIEHbI HUI-
e, Uueao Koa(QPHUIMEHTOB pasjoKeHHs 0pajoch
N=30. Peaysprar pacuera mokasas, UTO OTHOCUTE]Ib-
HBIH BKJIAJ TapMOHUK BBIIE JECSITON He IIPEBBINIAJ
JIeCATU MPOIEHTOB OT HAMOOJBIIETO BKJIAA U TI0ITO-
My 5TU FapMOHUKM MOKHO He IPMHUMATh BO BHUMA-
Hue (puc. 5).

Puc. 6 memMoHCTpHpYeT X0polliee BOCCTAHOBJIEHTE

(yHKIIIU.

L v, B

0.

0.

0.

0. t, MKC
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. 2[0 05 1 15 2 25

Puc. 6. 3oHaupyIOLMIA UMITYIILC M Pe3YNIbTaT ero BOCCTaHoBIe-
HUS (MYHKTVPHAs KpacHas Kpysas)

Fig. 6. A probe pulse and the result of its recovery (dashed red curve)

MoctaHoBKa 3agauu Ans onpegeneHus
YacTOTHOM 3aBUCUMOCTM UHAYKTUBHOCTM
1 COMpPOTUBNIEHNS BUTKOB 0OMOTKM

IIpoBemem pacuer pacipefeqeHus MIOTHOCTH TO-
Ka B IIONEPEYHOM CeUeHWH IIPOBOAHUKA C MOMOIIBIO
BEKTOPHOTO MarHUTHOTO HoTeHIuata. i sToro 6y-

1807

907

olb

a) aMnanTY[HO-4aCTOTHBIN CEKTP. 3aBUCUMOCTb MPOLEHTOB OT HOMepa rapMoHVKY, 6) (pa3o-4acToTHbIN CreKTp. 3aBuUcy-

a) amplitude-frequency spectrum. Dependence of the percent on harmonic number, b) phase-frequency spectrum. Depen-
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Vcaes tO.H. 1 ap. PacyeT napameTpoB pacnpeneneHHoN cxeMbl 3aMelLeHNs 0OMOTOK TpaHcdhopmMaTopa ¢ y4eToMm ... C. 47-55

JIeM HCII0Jb30BaTh CHUCTeMY ypaBHeHui Makcsesna ¢
MaTepHuaabHeIMU cooTHOmeHuaAMu [10-13]:

rotH :UE+@+J,
ot

D=¢E, H=uB.

3mecs H — BeKTOp HAMPSAMKEHHOCTH MATHUTHOTO
07151, E — BeKTOPHBIH HATPAKEHHOCTH 3JIEKTPIUECKO-
ro mosd; J — mIoTHOCTH ToKa; D — BEKTOD dIeKTpuye-
CKOTO cMelreHnd; B — BeKTOp MAarHUTHOTO UHIYKIIUY;
£ — IN3JIEKTPUUECKAA IPOHUIIAEMOCTD; Ll — MArHUTHALA
IPOHUIIAEMOCTD; G — IIPOBOAUMOCTE CPE/IBI.

[Tepeiinem ot BekTOpHBIX YpaBHeHU MakcBemta K
CKAJIAPHOMY YPaBHEHUIO, BBEIA BCIIOMOTATENbHBIN
MarHUTHBIH moTeHIuan A. BeiOupas COOTBETCTBYIO-
Y0 KaJnOpPOBKY, CBABBIBAIOIYI0 BEKTODHBIN Mar-
HUTHBIH TOTEHITHAN A ¢ 3JIEKTPUUYECKUM BEKTOPOM Ha-
npsa:xenHocty E n marauTHOM nunyKuuen B [9, 10]:

E:—%, B =rotA, divA =0,

MOJKHO IIOJIYyUYUTH ypaBHEHNe [IJII MarHuTHOT'O BEK-
TOPHOT'0 IOTEeHITaJIa
1 oA O°A
rot—rotA=-oc——-¢&g,—
u ot ot

+J -

2
- ca—A+gsoa—é+V(u’1VA) =J.

ot ot
C yueroM IOJIOMAANBbHOM TE€OMETPUU CHCTEMBI
(puc. 7), MAarHUTHBIN TIOTEHIIMAJ ¥ BEKTOP ILJIOTHOCTH!
TOoKa OyoyT MMEeTh IO eAWHCTBEHHON KOMIIOHEHTE,
OPHMEHTMPOBAHHON  ITI0  YIVIOBOM  KOOPAUHATE
A={0,0,4}, J={0,0,J}. Bymem uckarp pernenus B rap-

MOHMYECKOM Bujie A=A ¢, Yuutsipas, uto J = Py
nr

H II0CJIE COKPAIL[eHNA HA DKCIOHEHI[NATbHbIN MHOMK-
TeJb MMOJy4aeM HCKOMOEe YPABHEHHe AJIA BeKTOPHOrO
HOTeHI[HAIA;

A =A¢e""“‘, %—) — joA

. oV
2 -1 _
(joo -0 €)A, +V(u VA )= T e,
C yueToM KaJHOPOBKH IIOJIyUaeM CKAIIPHOE ypa-
BHeHwme [embmroasra [12, 13] pia yriaoBoit Komio-
HEHTHI BeKTOPHOT'O IIOTEHIHAIA
oV

i 2 “Ap =20
(Joo-oe)A, +u"AA, -

rae V — HanpA:KeHUA MIPOBOAHUKA; (0 — 4ACTOTA; j —
MHHUMAas eJUHNUIA; I' — PAAUYC OT IEHTPA OCU OKPYIHK-
HOCTH IUJIMHADA B IIOIepeYHoM cedernu (puc. 1); e~
eIVHUYHBIA BEKTOP, OPUEHTUPOBAHHEIN BIOJb YIJIO-
BOI KOOPAMHATHI.

[I10THOCTh TOKA M TOK OIPEIeNsioTCsa BhIpaske-
HUAMU:

R
3, =V(u'VA), 1=x[Jrdr
0
MarHuTHAaSA 9HEPIUd ONPeAeaaeTCsa BRIPAKeHNEM:
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W = 2774) A¢rdr,

13 KOTOPOI'0 IIpy M3BECTHOM TOKe€ OIIpeleIdeTCa NH-
OYKTHUBHOCTD C IIOMOIIIbIO COOTHOIIIEHNA:

L=2W/[IF.

IIpu u3BeCTHOM HATIPAKEHUH U TOKE OIPeeaeM
COIIPOTUBJIEHNE TPOBOAHUKA, UCIIOIL3YA (DOPMYJIY:

R=Re(V/l).
Ilna pacuera TpeACTaBIEHHLIX YPaBHEHUU WC-
moJsib3oBasica MaremMaruueckuil maker COMSOL Mul-

tiphysics, ocHOBaHHBII HAa METOe KOHEUHBIX 9JIeMEeH-
toB [14-1T7].

PesynbTaTbl pacyeTos

Pesyaprare pacueToB mpuBesieHbI Ha puc. 1—11.

[Tpu M3BECTHBIX 3aBUCUMOCTAX UHAYKTUBHOCTHU U
COTIPOTUBJIEHUA OT YACTOTHI MOKHO OTIPEIEIUTH TIePe-
XOJTHBIE TIPOIIECCHI, IIPOUCXOAAIINE B 0OMOTKAX TPAH-
copmaropa. IT0CKOIBKY BXOAHOM UMITYJILC IPEACTa-
BJIEH B BHUJ[€ CYMMBI TaDMOHWK, PACUET ITPOBOJIVICA C
UCIIONIb30BaHUEM MeTofa HaloxeHud. To ecTb pac-
CUUTHIBAJIUCH HATIPAKEHUA M TOKY [ KasKI0H rap-
MOHUKH. 3aTeM Pe3yJIbTaThl PACYETOB TOKOB ¥ HATIPA-
JKEHU KaXKJ0M TaDMOHUKY CKJIaIBIBAIUCH U [OJTyYa-
JINCH Pe3YIbTUPYIOIINE TOKY U HATIPAKEHUS IIPU BO3-
JeACTBUM 30HAUPYIONIETO MMITYJIbCA.

3anumem auddepeHINaTbHbE YPABHEHUA I
ompe/eJeHNs HAPAKEeHU U TOKa B PEAKTUBHBIX dJI-
€MEHTaX CXEMbI 3aMeIleHN JJIA OJHOTO BUTKA, IIPH-
BeJleHHOM Ha puc. 2. [lna perenua nuddepeHInaib-
HBIX YPaBHEHUH MCIIOJB30BAJICA METOJ IIPOCTPAHCTRA
cocToAHUM, T(hepeHnraIbHOe YPaBHEHNE TPETHETO
[OpAKA MIPEJCTABIANOCH B BHJE CUCTEMBI 3-X ypa-
BHeHMI mepBoro mopsaka [18, 19]. YpaBuenus pac-
CUUTHIBAJINCH UMCJIEHHO C WCIIOJH30BAHUEM METOZA
Pynre-Kyrra uerBeproro nopajgxa ¢ QuKCrpOBAHHBIM
maroM. Ymeao TOYEK AUCKDPETHSALUN DPaBHAIOCH
N=10°. Benuuunsl emrocreit C1 u C2 6panucy us
crpaBounuka [20] B coorBeTcTBUY € (HOPMOY KOIBIA.

( di (t, o) 3
dt
dUg, (t, o)
dt B
dUg,(t, o)
dt
(_ %((wk)) I_(1 o0 ) ( . \
[0} [0}
¥ “ ( i (L) )
*é ’& “Cir Ug(tay) |+ 7E(éla;k) .
1 ren [Yeled) g g
C2r C2rrl C2-r

3mech E(t,,) — rapMOHMYECKasa COCTABJIAIONIAA
BXOJHOTO MMIYJbca TPH (PUKCHPOBAHHON YACTOTE;
i(t,0,), Uy(t,m,), Uy(t,®,) — TOK, UHIYKTUBHOCTH,
Hamps)KeHNe Ha IEePBOM U BTOPOM KOHIEHCATODPAX.
PesynbTupytoiie TOKM ¥ HATIPAKEHUA TPEICTABIA-
10TCS B BUJe PAfA:
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Puc. 7.

Fig. 7.

Puc. 8.

Fig. 8.

ala olb

W30mmHiny nons pacrpeseneqis MarHuTHoro noTeximana A, KosbLiesbiX POBOAHUKOB. B BEpXHeM NPasoM Yrfly nokasaHa
opMa ceyeHus KonbLa npy HUKCMPOBaHHON YacToTe @: a) Kpyrioe; 6) npamoyronbHoe cedeHme

Isolines of distribution field of magnetic potential A, of circular conductors. In the upper right corner the shapes of the rings
section at fixed frequency w: a) circular; b) rectangular, are shown

A

ala o/b

OTHOCUTENIbHOE PaCcnpeaeneHme MIoTHOCTY TOKa U KapTUHA KOHTYPHbIX JIIHIA B ONEPEYHOM CEHEHUM NPOBOAHMKA MK Ya-
crote =5,4-10°T1y: a) Ang npsmoyronbHoro, 6) Ans Kpyrnoro ce4eHys, COOTBETCTBEHHO

Relative distribution of current density and the pattern of contour lines in cross-section of a conductor at frequency of
f=5,4-10° Hz for: a) rectangular, b) round, cross sections, respectively

Puc. 9.

Fig. 9.

‘ i —
J(r)10° .4 % 48100 % 48100
s & 1.001e5 | -6 1.001e5
—4— 1.961e5 ——1.961e5
= 2.521e5 “- 252165
—&#- 3.961e5 || ~#- 3.961e5
|4 e ol - “/ .
B — — >
ala olb

Pacnpeqeﬂe/-/me MJIOTHOCTV TOKa B I1orepe4Hom cev4eHnn npoBoLHVKa Mpn pasinyHblX Yactotax a4/d.: a) Kpyrinoro, 6) npsamoy-
rOJIbHOro ce4eHund, COOTBETCTBEHHO

Current density distribution in cross-section of the conductor at different frequencies for: a) round; b) rectanqular cross sec-
tion, respectively

51



Vcaes tO.H. 1 ap. PacyeT napameTpoB pacnpeneneHHoN cxeMbl 3aMelLeHNs 0OMOTOK TpaHcdhopmMaTopa ¢ y4eToMm ... C. 47-55

A
L0 T @ 7
41.5 6
5
41
4
405 ||
3
40
2
395 1
39 . 0
0 01 02-03 04 05 06 07 08 09 1

A ) . R
R(NH107 Om ;
107
0 0.5 1 1.5 2 25 3

Puc. 10. YacToTHble 3aBUCUMOCTY uHAYKTUBHOCTU L(f) u conpotusnequs R(f) npoBoda ¢ KpyribiM MonepeyHsIM ceveHuem

Fig. 10. Frequency dependence of the inductance L(f) and resistance R(f) of wires with circular cross-section
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Puc. 11. YactoTHble 3aBMcuMocTy uHAyKTMBHOCTY L(T) 1 conpotvanequs R(f) npoBoaa ¢ npsamoyrosibHbIM nonepedHbiM ceveHmem

Fig. 11.

i - 2r
i)=Yl (to) o =ok= ?k,
k=0
o =2,53-10°pazx / c,

Uea® =3 Uest,), Uon() =S Ue(t ),

Up(t) = iiL(tlwk)R(a))'

PesysbraThl pacueToB JIA MPOBOJAA KPYIJIOTO Ce-
YeHUs IPUBEIEHBI Ha puc. 12.

I'paduk Hamps:keHus Ha KoHIeHcaTope C,, OH JKe
HaNpsKeHWe Ha BHUTKe, PACCUMTAHHBIA TeOpeTmye-
CKH, yIOBJETBOPUTEJILHO COBIAJAET C JKCIEPUMEH-
ToM. UTO CBUETENBCTBYET 00 YI0BIETBOPUTEIHHOCTH
MO/IeJH.

IlJ1st IPOBOZIA C IPAMOYTONBHBIM IIOMIEPEUHBIM Ce-
yeHUeM rpaduuecKye 3aBUCHMOCTH BBITJISAAAT aHAJIO-
TUYHO.
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Frequency dependence of the inductance L(f) and resistance R(f) of wire with a rectangular cross section

3aknoyeHune

ABTOpamu TpeIOKeH aJTOPUTM, TTO3BOJIAIOIAN
IPeJCTaBUTh TPaHC(HOPMATOP B BUAE JIEKTPOTEXHMU-
YECKOI CXeMbI 3aMeIeHNA C Paclpe e leHHBIMHY Iapa-
MeTpaMy IIPU ero 30HAUPOBAHUY UMIIYJIbCOM HAHOCE-
KYHIHOHN JJIUTENbHOCTU. AJITOPUTM BKJIOUAET B cedsd
CJIeYIOIINe 9TAIlbI:

1) mpexpcraBieHue 30HAMUPYIOIIET0 MMITYJbCa HAHO-
CeKYHIHOU IJINTEIBHOCTH B BHUJE CYNEPIO3UIUN
TapMOHMYECKUX BOJIH C PABIUYHBIMU YaCTOTAMU;
pacueT ImapaMeTpPOB CXEMBI 3aMeIleHna — UHIYK-
TUBHOCTHU U COTNPOTUBJIEHUS — C YIETOM CKUH-3(]-
(exra, T. €. B 3aBUCHMOCTH OT YACTOTHI JJIA pas-
JAYHBIX IONEPEeUYHBIX CEUEeHHH OOMOTOK TpaH-
copmaropa;

pacueT TOKOB U HANDPAKEHUN CXEMBI 3aMeIeHN A
1A KaKI0l rapMOHUKY;

IIPeZICTaBJIeHIe OKOHYATEIbHOTO PEe3yIbTaTa B BU-
Jie CYIEPIO3UINY TOKOB U HANPAKEHUN KarKJ0N
TapMOHWKH.

2)

3)
4)
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Puc. 12. Hanpsxerve Ha: a) nHayktvsHocty U, (t) 6) aktusHom conpotvneHn Ux(t), B) koHaeHcaTope Uq(t); 1) skcnepymeHTasnbHble

ocywmnniorpammabl Hal'lpﬂ)KeHMV?, CHATbIE C [TOMOLLbIO OTr1aek Ha

Tpex BUTKax rnpv 30H4MpPoBaHn1 I'IpO6HOI'O nMIynbca. Ha Bcex

PUICYHKaX OCb OPAMHAT ~ HaNpPSXXeHWs B BObTAaX, 0Cb abCLMCC ~ BpeMs B MUKPOCEKYHAax

Fig. 12. a)inductor U,(t) b) active resistance Ux(t); ¢) capacitor Uq(t) voltage, d) experimental waveform of the voltage measured from
taps for three turns when the probe pulse is affected. In all figures the Y-axis is in volts, the X-axis is in microseconds

B paboTe mpogeMOHCTPHUPOBAHO XOPOIIIEe COTJIAc-

Asmoput 6aazodapam npogeccopa Banepus Anexcandpo-

e TeopeTnYeCKNX pacueToB C dKCIIePUMEHTAIbHBIMU suda JIa@puHosuw 3a J00e3Ho npe@ocmasﬂennue dKcnepu-
pe3yabTaTaMu. MeHmanvHble OaHHbLe.
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CALCULATION OF EQUIVALENT DISTRIBUTED CIRCUIT PARAMETERS
OF TRANSFORMER WINDING UNDER THE INFLUENCE OF SKIN EFFECT

Yusup N. Isaev,
National Research Tomsk Polytechnic University, 30, Lenin avenue, Tomsk,
634050, Russia. E-mail: isaev_yusup@mail.ru

Elena V. Startseva,
National Research Tomsk Polytechnic University, 30, Lenin avenue, Tomsk,
634050, Russia. E-mail: s.e.v.75@mail.ru

The relevance of the work. \When producing, transporting and processing geo assets it is necessary to use various electrical equipment, the
transformers are the main electricity distributors in this case. In some cases it is necessary to route the local electric network to recharge elec-
tric power devices for processing geo assets, the transformers are the main units of network as well. The efficiency of electric networks
depends on the state of distribution devices = transformers, especially on the condition of the transformer windings. Therefore, the in-
vestigation and modeling of the transformer windings are the important tasks. When presenting the transformer windings as a distribu-
ted system we need to know the values of the equivalent circuit elements. In the presence of high-frequency currents in the circuit, the
skin effect = the dependence of current on frequency — influences the value of equivalent circuit elements. The relevance of the research
is caused by the fact that the pulse of nanosecond duration, which spectrum is filled with high frequencies, is used as the probe pulse
for the transformer. The high frequency of the probe pulse provokes the skin effect, which, in its turn, contributes the frequency de-
pendence to the value of the equivalent circuit parameters.

The aim of the research is to introduce the probe nanosecond pulse as a superposition of harmonics with different frequencies, to cal-
culate inductance and resistance for the transformer equivalent circuit for each harmonic with fixed frequency, which forms the pulse;
to determine the values of inductance and capacitance using the calculation of electromagnet field and taking into account the skin ef-
fect as well. The energy of the calculated electromagnetic field allows retrieving the inductance and resistance values of the investigated
system at the fixed frequency. To get the resulting equivalent circuit, which consists of combined circuits, obtained for each frequency
separately, using superposition principle; to obtain voltage and currents of equivalent circuit of transformer windings and compare them
with the experimental data.

Method of investigation is based on superposition principle, which means the expansion of arbitrary functions to the Fourier series.
The authors use as well the numerical solution of partial differential equations = Helmholtz equation using the finite element method.
To implement the method of finite elements the mathematical package COMSOL Multyhpisics was used.

Results. The authors carried out frequency decomposition of nanosecond pulse and use it as a probe signal for transformer diagnosis. Ba-
sed on the solution of Maxwell’s equations the spatial distribution pattern of the magnetic vector potential was obtained. To extract the
information on the inductance and resistance of the equivalent circuit of transformer winding the vector magnetic potential was used. The
authors obtained the graphs of inductance and resistance of equivalent circuit for the transformer winding as a function of frequency.
Graphical dependences are given for a variety of cross-sections of the transformer windings: round and rectangular shapes. Based on
the obtained graphical dependencies the equivalent circuits of the transformer windings with the possible influence of the skin effect
were built. The paper introduces the calculations of voltage and current of transformer windings using the equivalent circuit, as well as
the results of comparison of theoretical calculations with the experimental ones.

Key words:
Transformer winding, probe pulse, frequency spectrum, distributed parameters, Helmholtz equation, skin effect, state-space equation.

The authors thank professor Valery Aleksandrovich Lavrinovich for the experimental data.
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