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MOJIEJIb EJIEKTPOMATI'HITHOI'O TPAHC®OPMATOPA HAIIPYI'U
JJIA JOCIILIKEHHSA ®PEPOPE3OHAHCHUX ITPOLECIB

Pospobneno mamemamuuny Mmooenvb  e1eKMPOMASHIMHO20 mpaHcpopmamopa uanpyeu. AHeuuge
eicmepesucy 8i0meopeHo Ha mooeuni [icunca-Amepmona, y AKill 8pAX08AHO 6HAUE  WBUOKOCHI
nepeMacHiuy8anHs Ha GeTUUHY KOePYUMUBHOT CUTU.

Knwuosi cnoea: pepopezonanc, 0cHosHa Kpusa HAMASHIMY8AHHA, 2cicmepesuc, mooensb Jcunca-
Amepmona.

Beryn

TpynHo11i IpoBeleHHs! HATYPHOTO BUBUYEHHS (epope3oHanHcHUx mpoueci (OPII) Tta mos’s3ana
13 ©UM Hebe3neKa MOLIKOHKEHHs 00JIaJHaHHs MIJCTAaHLIli CIPUSIUIM CTAHOBJICHHIO MaTEeMAaTUYHOTO
MOJIETIOBaHHS K OCHOBHOTO 3aco0y BuBueHHs DPII. HalicknagHimow 4acTMHO MaTeMaTHUYHOI
Mogzem s gochypkenHs OPII € moxens HEMHIMHOTO EJIEKTPOMArHiTHOrO TpaHcdopmaropa
Hanpyru (TH). ITpo6nemi nocnixenHs @PII nmpucBsyeHO BeNUKY KUIbKICTh POOIT SIK BITYM3HSAHUX,
Tak 1 3aKOpJOHHHMX aBTOPIB, OJHAK € IMIICTaBU BBaXaTH, IO MpoOJeMy IIE€ OCTATOYHO HE
pPO3B’si3aHO. 3a3BUYal aBTOpH Mg yac (OPMYyBaHHS MaTeMaTUYHOI MOJiesi eekTpomarnitnoro TH
3MIICHIOIOTh 3HA4yHI CIPOILIEHHS: MAarHiTHy CHUCTEMY BPaxXxOBYIOTh JIMILIE 33 OCHOBHOIO KPUBOIO
HaMarHiuyyBaHHs, HE BPAaXOBYIOTh KaCKaJHICTb, BUKOPUCTOBYIOTh KyCOYHO-JIHIHHY allpOKCUMAIIi0
tomro [1, 2]. BpaxoByroun BeIuKy 4yTJIUBICTh XapakTepy PO3BUTKY (HhepOpe30HAHCHOTO MPOIIECY 110
[IOYaTKOBUX YMOB Ta TOYHOCTI OIKMCY IapaMeTpiB €JIEMEHTIB CXEMM 3aMIIleHHs, Oyab-sKi
CIPOULIEHHS PO3PaXyHKOBOI CXEMHU MPU3BOJATH 0 3HAYHUX MMOXUOOK I1J1 4aC MOJEIIOBAHHS.

MeTto10 1i€i po6oTH € po3poOKa MaTeMaTUIHOI MOJIENl €JIEKTPOMArHiTHOro TpaHchopmaropa
Hampyru Juis JOCHUIKEHHS (Eepope30HaHCHUX MPOLECIB Yy PO3MOAUIBYMX MPHUCTPOSX 3
ypaxyBaHHSIM SIBUILIA TCTEPE3UCY Ta KACKaIHOCTI

CxeMa 3aMillleHHS €JIEKTPOMArHiTHOr0 TpaHc(opMaTopa Hanpyru

Enextpomarnitai tpanchopmaropu tuny HK®D, ski BUKOPHUCTOBYIOTH y pPO3MOJIUIBYUX
npuctposix (PII) mincranmiii enekrpuynux mepex Hamnpyroto 110 — 500 xB, maroTe kackague
BuKOoHaHHA. KokeH Kkackaj mpenctamisie co000 OKpeMHuil TpaHchopMaTop 13 HEpO3TATYy>KEHUM
MarHitonpoBojioM (puc. 1), TOMy MarHiTHUI MOTIK Yepe3 ycl KOTYLUIKA OJHOTO KacKaJly MOKHa
BB&)XAaTH OJIHAKOBUM.
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Puc. 1. MarnitHa cucrema kackaay TH
Enextpruuna cxema 3amimeHHs kackany TH npencraBnena Ha puc. 2. AKTHBHI ONOpU Ta
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IHIYKTHBHOCTI pO3CIOBaHb IIPEJCTaBIEHI eleMeHTamMu R, R,, L, L,. n,,n, — KUIbKOCTI BHTKIB

BIJIMOBITHO TIEPBUHHOI Ta BTOPUHHOT OOMOTOK.

i L R R, L i
g:wv\_:_ _:_KW\:Q
,do@® © dp
& dt “dt s

Puc. 2. EnexkrpuuHa cxema 3aMillleHHs Kackaay TpaHchopMaTopa

HampyxeHicTe Mar”iTHOro moJjisg, 3yMOBJICHY CTpyMaMu B OOMOTKax TpaHchopmaropa,
BU3HAYAOTH 34 CIIIBBIIHOIIICHHAM:

_ L +in,

H o (1)
p
e lcp — CepeHs IOBKMHA MarHiTHOI CUJIOBOT JIIHII.
MarsiTHU# TOTIK MOXHa PO3paxoByBaTu 3a (GOPMYIOL0:
¢=B(H)-S, (2)

ne S — nepepiz marnironposoay TH.

@yHKuil anpoxkcuManii KpMBUX HAMArHIYyBaHHA

JUis MoJenOoBaHHS HENIHIMHUX 1HAYKTUBHHMX €JIEMEHTIB Hal4vacTille 3aCTOCOBYIOTh OCHOBHY
KpUBY HaMarHiuyyBaHHs, 110 MpeJCTaBise COO0I0 T€OMETPUYHE MICLE BEPILIMH TICTEPE3UCHUX
IUKIIB, OTPUMAHMX T Yac IUKIIYHOTO TIepeMarHidyBaHHs ocepas. Bona wMoxe Oyt
MIpe/ICTaBjIeHa Y BUIVISI 3aJ€KHOCTEH MOTOKO3YEIJIEHHS BiJ CTPyMYy HaMarHidyyBaHHsS OOMOTKH
Y = f(i) abo marHiTHOI IHAYKIIi Bix HampyKeHOoCcTi MarHiTHOTO moyss B = f(H). Takox MoxHa

BHKOPHUCTOBYBATH OOCpHEHI (PYHKIIOHAJBHI 3aIEKHOCTI. Y po0OoTi [3] HaBeIeHO HU3KY BapiaHTIB
anpoKcHUMallii KpMBUX HaMarHiyyBaHHs. Po3risiHemo ix neTaibHime.

Kycouno-niniifHa ampokcuMallis mependavae 3aMiHy pealbHOT KPUBOi J1aMaHOIO 3 KUIbKOMa
ToukaM® 370My. KimbKICTh JIHIMHUX NUITHOK 3QJICKUTHh Bl HEOOXIHOI TOYHOCTI BiHOOpakKeHHS
KpUBOi HaMarHidyBaHHsS Ta Jiana3oHy ii 3MiHU. OCHOBHOIO IIEPEBArol0 BUKOPUCTAHHS KyCOYHO-
JHIKHOT ampoKCUMAIlii € MOXJIMBICTh HEPEXOoJy /0 PpO3B’A3KYy JIHIMNHOI 3a7adl. A OCHOBHUM
HEJOJIKOM I[bOTO HaOIMKEHHS € CTpUOKOMoAiOHa 3MiHA MOXIIHOI MiJ 4Yac Mepexoiy BiI OJHIET
JOUISHKA 70 1HIIOL, 110 MOK€ IPU3BECTH JI0 HEMPHUIYCTUMHUX MOXMOOK M 4ac BUKOPHCTAHHS
YHUCIOBUX METOJIB, TOMY il Yac JAOCIDKEHHS (PEepoOpe30HAHCHUX CXEM BUKOPUCTAHHS L€l
¢byHK11i anpokcuMallii € 0OMeXeHUM.

JlorapugmiuHa Ta eKCIOHEHLIaNbHA allpoKcUMallii 0OMeXeH1 3aJadyaMi PO3PaxXyHKy MarHiTHUX
KUT 13 MOCTIMHUMU TOJIIMU, TOMY HiJl 4ac JOCHIKEHHS (epOpe30HAHCHUX CXEM BUKOPHCTAHHS
nux QYHKIA ampokcuMallli € HeparioHaJIbHUM. [imepOosiyHa anmpoKcumarllisi OCHOBHOT KPHBOIi
HaMarHiuyyBaHHs Ma€ HaOJIM>KEHHsSI 10 pealbHOI KPUBOI JIHIle B 001aCTAX CHIIBHUX IOJIIB, TOMY IiJ
yac JOCTUDKEHHS (PEpOpPE30HAHCHUX CXEM BHUKOPHUCTAHHS IIi€i ampoKCHMaIlii B3arail €
HEIPUITYCTUMHUM.

3arajgoM IIMPOKE 3aCTOCYBAaHHS MalOTh CTeleHeBl (YHKIIi, OCKUIBKM BOHM JI03BOJISIIOTH
BUKOHYBATH PO3PaXyHKH MarHiTHUX KUI 31 SMIHHUMHM MarHITHUMH NOJsAMU. TOUHICT anmpoKcuMalrtii
peayibHOi KpHBOi CTENEHEBUM IOJIHOMOM TMpPOMOpLiiiHa KUIBKOCTI 4ieHiB noJiiHoma. OpaHak
30UTbIIEHHSI KUIBKOCTI WIEHIB MOJIIHOMY HPHU3BOJUTH 10 YCKJIAJHEHHS BU3HAYEHHS KOE(]ILIEHTIB
MIOJITHOMA.

OyHKIII TimepOoIYHUX CHHYCAa 1 TaHTE€HCa T 4Yac PO3KIIANaHHSA B PSJl MEPETBOPIOIOTHCA Y
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CTENEHEBl MOJIHOMHU. AmpokcuManii TrinepOoOJIYHUMU CHUHYCOM 1 TaHM€HCOM OJM3bKI 10
aIpOKCUMAIlli CTENMEHEBHM IOJIHOMOM 1 B 0araThbOX BHIMAJKaX MarOTh JOCTATHIO 30LKHICTH 13
JAHUMH HaTYpHUX €KCIIEPUMEHTIB.

Merton cruiaifHIB € JOBOJII €(EKTUBHUM 32 YMOBH INpea IBJICHHS KOPCTKUX BUMOT JI0 TOUYHOCTI
anpoKcUMallli KpUBOI HaMarHiuyBaHHsS. 3a paxyHOK 3aCTOCYBaHHSI PIZHHUX allPOKCUMYBaJbHHUX
(GyHKILIM Ha OKpEMHUX JUISTHKAaX KPUBOT HAMarHidyBaHHS JOCSTalOTh HEMEPEPBHICTI HE TUIbKH camoi
crutaiH-(QyHKLii, aje 1 1 moxigHoi. OOMeKeHHSIM BUKOPUCTAHHS METOJy CIUIalHIB € TPOMI3JIKICTh
PO3paxyHKIB.

Bucokoi TouHOCTI anpokcumallii KpuBOi HAMarHiuyBaHHs BAA€THCS JAOCATHYTH BUKOPUCTAHHAM
pamioHanpbHUX (PyHKIIA. OpHak Ui BU3HAYEHHS KOE(QIIIEHTIB alpoOKCHUMAIlil HEOOXITHO
BUKOPUCTOBYBATH BEJUKY KUIBKICTh €KCIIEPUMEHTAIBHUX TOUOK (2n+1), 110 HE 3aBXKJIU MOKIIUBO
yepe3 00OMEeKEHICTh BUXITHUX JIaHUX.

[IIupokoro po3moOBCIOHKEHHST HAOyIO 3acTOCyBaHHS (YHKIIIM 3 apKTaHTeHCaMH T 4ac
anpoKcUMallli KpUBUX HaMarHidyBaHHS HENIHIMHMX 1HIYKTUBHHX €JIEMEHTIB, OCKUIbKH SIK cama
¢GyHKLiA, Tak 1 1 MOXigHAa OOYHUCIIOIOTHCS MMOPIBHSHO MPOCTO 3a JOCTATHBOI BIANOBITHOCTI
OpUTiHAy, TOMY JUI MOJAJBIIMX JOCHIPKEHb Y SKOCTI MoJeni Oyia 3acTocoBaHa apKTaHT€HCHA
(GyHKITIS amrpoOKCUMAIlii 3 TpboOMa KoedillieHTaMu Ta JIIHIHHUM 4WiIeHOM [2]:

B=a-arctg(BH)+yH , (3)

ne a, [, y —koedillieHTH ampoKCHUMAIIii.

MojaesiloBaHHSI MArHITHOTO TricTepe3ucy

[Tin vac MonemroBaHHs (EepPOPE3OHAHCHUX MPOIECIB 32 OCHOBHOK KPHUBOIO HaMarHITyBaHHS
SBUILE TICTEPE3UCY 3a3BUYail MPOIOHYIOTh BPAaxOBYBAaTH BBEICHHSIM [0 PO3PaxXyHKOBOI MOJEl
aKTUBHOI IoIepeyHoi npoBifHocTl. OAHAK Take BpaxyBaHHs SBHILA TICTEPE3UCY HAKJIAJa€ IEBHI
HETOYHOCTI, 10 B TO€JHAHHI 13 YYTJIMBICTIO (DEPOPE30HAHCHUX IPOLIECIB MOXKE MPU3BECTH 0
XHOHHMX pe3ybTaTiB MOJCIIOBAHHSA, TOMY IiI YaC MOJICTIOBaHHS (PEepOPE30HAHCHUX MPOILIECIB CITIT
BUKOPUCTOBYBATH MOJENl TicTepe3ucy. Y OUIBLIOCTI KOMIT'IOTEPHUX CTUMYJIATOPIB SIBHUILE
ricrepe3ucy onucyroTh 3a mojaensmu k. Yana [4] Ta xmica-Areprona [5]. Moaens J[x. YUana €
MPOCTINIO, OJHAK BOHAa HE JO3BOJISIE JIOCTaTHHO TOYHO BIATBOPUTH OCHOBHY KpHUBY
HaMar"HiuyyBaHHs, 110 € JAy)K€ BaXJIUBUM I Yac MOJENIOBaHHS (HepOpe30HAHCHUX IPOIIECIB.
OcuoBoro Mogeni Jhxwmica-ATepToHa € Oe3ricTepe3rCHa KpuBa, SKa MPeACTaBisie co00ro
3aNeXHICTh Oe3ricTepe3ncHOl HaMarHiue€HOCT1 BiJ HaIPY)KEHOCTI MarHiTHoro mnoJis. Mogenb
Jlxuinca-AtepToHa J03BOJIIE MAKCUMAJIBLHO TOYHO BiAOOpa3UTH OCHOBHY KpHUBY HaMarHidyBaHHS,
TOMY II1/1 YaC MOJIENIOBaHHS (epope30HaHCHUX IIPOLIECIB AOLLILHO BUKOPHUCTOBYBATH caMe Ti.

3B'I30K MDK MAarHiTHOIO IHAYKII€I0, HANpY>KEHICTIO MAarHiTHOrO MOJsi Ta HaMarHiyeHICTIO
OTUCYIOTh CIIBBITHOIICHHSIM:

B=uy(M +H). @)

BupasuBmu 13 1i€i pIBHOCTI HaMarHiueHICTb 1 MIJCTAaBUBIIM MAarHiTHy iHAykOioo 13 (3),
OTPUMAEMO 3AJIEKHICTh O€3riCTepe3rCHOT HAaMarHI4eHOCT] BiJl HAIIPYKEHOCTI MAarHITHOTO MOJIS:

1 a 14
M, (H)=—B,,(H)—H =—-arctg(BH)+H| —-1|. Q)
Hy Hy Hy
[ToxigHa OGe3ricTepe3ancHOl HAMATHIYEHOCTI BiJ HANPYXEHOCTI MAarHiTHOTO MOJIS Mae€ JI0BOJI
IIPOCTUM MaTEMaTUYHUH 3aIUC:

dM 1 a-p
= |y+—T |-
dH " 1+(pH)

(6)

Onuc ricrepe3ncHuX MpoleciB y (pepoMarHeTuky I'pyHTYETbCSI HA TEOPIii PyXy IOMEHHUX CTIHOK
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y 3MIHHOMY MarHiTHOMY 1oJii. E¢ekT BizicTaBaHHS BHYTPIIIHBOTO IOJIS M1 Yac IepeMarHiyyBaHHs
noAidHu 10 edeKkTy CcyXxoro TepTsi MDK JIOMEHHUMHU CTIHKamH. PeanbHi mnpornecu
nepeMarHiuyBaHHs (pepoMarHiTHUX MarepiaiB CyNpOBOIKYIOThCSI IPY)KHUM BUTMHOM JIOMEHHUX
IpaHuLlb, TOMY TICTEPE3UCHA MOJIEJb MAa€ BPaXOBYBaTH €(EKT B’SI3KOI0 TEPTs, IO AOCATAETHCS
BpaxyBaHHsIM JI00aBKH MPOMOPILIAHOI 10 TMOXiTHOI Oe3ricTepe3rucHOl HaMarHiueHOCTi Bif
HaIpPYKEHOCTI MarHiTHOTO NOJIA. Y pe3ylbTaTi OTPUMYEMO PIBHSHHSA:

dM _M,-M ; C dM,
dH K 1+C dH

ne K — BelMyMHA KOEPUUTUBHOI CUIIM METII TiCTepe3nucy; 0 — KOEQILIe€HT, 1[0 BPaXOBY€E HaNpsM
nepeMarHiayBaHHsI.

OpHi€I0 13 OCHOBHUX XapaKTEpHUX PHUC (PepOope30HaHCHUX MPOLECIB € 3HAYHE CIOTBOPEHHS
(¢bopMH KpUBHX CTPYMY Ta Halpyru, TOOTO BUHUKHEHHS BUILUX FAPMOHIMHUX CKJIAJHUKIB. [HIIIOIO
0COONMUBICTIO (EpPOPE30HAHCHUX CXEM € MOXKJIMBICTh BUHHMKHEHHS YCTAJICHMX KOJWBAaHb Ha
4acToTax, BIAMIHHUX B1Jl YaCTOTU MEpPEXKi, HacaMIlepel Ha TPEeTiil cyOrapMOHIIl.

Mogens Jl>xunca-ATepToHa 3a 3MIHHUX 3HaY€Hb MIBUAKOCTI HAMarHidyBaHHs, 1110 Ma€ MICIE T
gac (epope3oHaHCy, Ma€ PO3ODKHOCTI 3 EKCIEPUMEHTAIBHUMHU pe3yibraraMu. OCHOBHHM
apaMeTpoM, IO XapakTepu3ye JAWHAMIYHI BJIACTUBOCTI (Hacammepes, BTpaTH) (pepomMarHiTHUX
MaTepiaiiB € 3aJIEeXKHICTb KOEPLUUTHUBHOI CHJIM B IIBUIKOCTI IepeMarHiuyBaHHs. Y poOoti [6]
aBTOPU MPOIMOHYIOTh AIIPOKCUMYBATHU 3TraJjaHy 3aJIeKHICTh JIHIMHOIO QYHKIIEIO BUAY:

Hc:Hco*‘thf'ci{_l;l’ (8)

(7)

ne Hey, K., —KoediieHTn niHIiHOT perpecii.
[lincTaBUBIIM 3HAYEHHS PO3paxoBaHOi 3a (8) KOEPUUTHUBHOI CUiIM y piBHSAHHSA (7), OTpUMaEMO
[IOBHE PIBHSHHS NepeMarHiuyBanns ¢pepomarnitHoro ocepas TH:

dM M,-M o C aM,

dH dH 1+C dH
Hco +thf ’ dt

Otpumasi piBHsHHSA (2), (3) Ta (7) npeacTaBisioTh cOO00 KIHIIEBY MOJIENb /ISl ONIMCY MAarHITHOL
CHUCTEMHU KOXHOTO OKPEMOT'0 KacKady eJIeKTpPOMarHiTHOro Tpancopmaropa Hanpyru. Po3pobiena
Mojenb Oyna peanmizoBaHa B cepemoBuii Matlab. Otpumana mis ognoro kackamy HK®D-330
ricTepe3ucHa KpuBa MpeCcTaBieHa Ha pucC. 3.
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Puc. 3. Kpusa ricrepesucy ognoro kackagy HK®-330

Pe3ynbratu yucenbHOro MOJETIOBAHHS 13 BUKOPUCTAaHHSAM po3poOieHoi mojeni kackaaxy TH
Hayxkogi npami BHTY, 2014, Ne 4 4
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MOKa3ajly, 110 BpaxyBaHHS SBUIIA TICTEPE3UCY Ma€ 3HAYHUUN BIUIMB, HAacaMIlepell, Ha TpaHMII
obnacteil iCHyBaHHS (EpPOPE30OHAHCHUX TIPOIECIB, a TaKOXX Ha BHUHHKHEHHS Ta mepeoir
(hepope30HaHCHUX MPOILIECIB HA CyOrapMOHIKaX.

BucHoBxku

Po3pobneno w™ogmens TpanchopmaTopa Hampyru, siKa BpPaxXOBYE KAaCKagHICTh 1 SIBHIIE
rictepe3ucy. YpaxoBaHO BIUIMB IIBHJIKOCTI IE€peMarHidyBaHHsS ocepis TpaHchopmaropa Ha
BEJIMYMHY BTPAT aKTUBHOI EHEPrii, 10 BKpail BaXJIMBO, OCKUIBKHA (PEpOpe30HaHCHI MPOIECH
CYIIPOBO/DKYIOTHCSI 3HAYHUM CIIOTBOPEHHSAM (OPMH KPHBOI CTPYMy Ta MOXKYTh BHHUKATH Ha
YacTOTaX, BIAMIHHUX BiJl OCHOBHOI.

CIIUCOK JIITEPATYPU

1. Stosur M. ATP/EMTP Study of Ferroresonance Involving HV Inductive VT and Circuit Breaker Capacitance /
M. Stosur, W. Piasecki, M. Florkowski, M. Fulczyk // Power Quality and Utilization, Journal. — 2008. — Vol. XIV,
No. 2. —P. 49 - 53.

2. becapab O. b. MonentoBanHs (hepOpe30HAHCHOTO MpOIeCy B TpaHcHOpMaTOpi HANPYTH HPSAMUM METOIOM /
O. b. becapa6, 0. 1. Tyraii // Ilpami Iucturyry enexrpoaunamiku HAH Ykpainu: 36. nayk. mp. — 2011. — Bun. 30. —
C. 87-90.

3. Becconor JI. A. Dnextpudeckue nemnu co cranbio / becconos JI. A. — M. : T'ocaneprousaar, 1946. — 171 c.

4. Chan J. H. Nonlinear Transformer Model for Circuit Simulation / J. H. Chan, A. Vladimirescu, X. C. Gao, P.
Liebmann, J. Valainis // IEEE transactions on computer-aided design. — 1991. — Vol. 10, Ne 4. — P. 476 — 482.

5. Jiles D. C. Theory of ferromagnetic hysteresis / D. C. Jiles, D. L. Atherton // Journal of Magnetism and
Magnetic Materials. — 1986. — Vol. 61. — P. 48 — 60.

6. Amenun C. A. Momudukanus monenu Jxuica-ATepToHa A ydeTa YacTOTHBIX CBOMCTB (heppOMarHeTHKOB /
C. A. Amemun, A. A. Hosukos, K. H. Ctpoes, H. H. Ctpoes // DnektpudectBo. — 1995. — Ne 11. — C. 60 — 63.

Tyzau KOpiu Iéanoeuu — J1OKTOp TEXHIYHMX HAyK, 3aBillyBad BiJJIly ONTHUMI3alii cHCTEM
CIICKTPOIIOCTa4YaHH.
[HcTutyT enexrpopunamiku HAH Ykpainu.
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HaunionaneHuii TexHiunuii yaisepcurer Ykpainu «KI1I».
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ENERGETICS AND ELECTRICAL ENGINEERING

Yu. L. Tugay, Dc. Sc. (Eng.); O. B. Besarab

MODEL OF ELECTOMAGNETIC VOLTAGE TRANSFORMER FOR
STUDY OF FERRORESONANCE PROCESSES

Mathematical model of electromagnetic voltage transformer has been developed. The phenomenon of
hysteresis is simulated on Jiles-Atherton model, that takes into consideration the impact of reversal of
magnetization speed on the value of coercive force.

Key words: ferroresonance, basic curve of magnetization, hysteresis, model of Jiles-Atherton.

Introduction

Problems, dealing with realization of field study of ferroresonance processes (FRP) and danger of
damaging the equipment of substations, contributed to the formation of mathematical simulation, as
the main tool for studying FRP. The most complex part of mathematical model for FRP investigation
is the model of non-linear electromagnetic voltage transformer (VT). Many papers both of Ukrainian
and foreign authors are devoted to the problem of FRP study, but there are reasons to think that the
problem has not been solved yet. As a rule, the authors in the process of formation of mathematical
model of electromagnetic VT perform considerable simplifications: they take into account magnetic
system only by main magnetization curve, without taking into consideration the stage character, use
piecewise-linear approximation, etc. [1, 2]. Taking into consideration high sensitivity of
ferroresonance process development character to initial conditions and accuracy of equivalent circuit
elements parameters description, any simplifications of calculation circuit result in considerable
errors in the process of simulation.

The aim of the given study is to develop mathematical model of electromagnetic voltage
transformer for investigation of ferroresonance processes in distributive devices, taking into account
the phenomenon of hysteresis and stage character.

Equivalent circuit of electromagnetic voltage transformer

Electromagnetic transformer of HK® type, used in distributive devices (DD) of substations of
110 — 500 &V electric grids are of stage form realization. Each stage is separate transformer with
single - path magnetic circuit (Fig. 1). That is why, magnetic flux across all the coils of one stage
may be considered to be uniform.
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Fig. 1. Magnetic system of VT stage

Electric equivalent circuit of VT stage is presented in Fig. 2. Active resistances and leakage
inductances are presented by elements R, R,, L,, L,. n,,n, — number of turns of primary and

secondary windings, correspondingly.
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Fig. 2. Electric equivalent circuit of transformer stage

Magnetic intensity, caused by currents in transformer windings, is determined by the relation:

H:llnll"'lznz ’ (1)

where /,, — average length of magnetic line of force.
Magnetic flux may be calculated by the formula:
¢=B(H)-S, ()

where § — cross-section of VT magnetic circuit.

Approximation functions of magnetization curves

Main magnetization curve is often used for simulation of non-linear inductive elements, this curve
is a geometric place of hysteresis cycles vertices, obtained during cycle reversal of magnetization of
the core. It may be presented in the form of magnetic-flux linkage dependences on magnetizing
current of winding W = f(i) or magnetic induction from magnetic field intensity B = f(H). Also

inverse functional dependences may be used. In [3] some variants of magnetization curves
approximation are presented. We will consider them in details.

Piecewise-linear approximation provides replacement of real curve by broken one with several
breakpoints. The number of linear sections depends on the necessary accuracy of magnetization
curve representation and the range of its change. Main advantage of using piecewise-linear
approximation is the possibility of transition to solution of the linear problem. But the main
drawback of the given approximation is discontinuous change of the derivative during the transition
from one section to another, that may lead to inadmissible errors while using numerical methods.
That is why, in the process of investigation of ferroresonance circuits usage of the given
approximation functions is limited.

Logarithmic and exponential approximations are limited by the problems of calculation of
magnetic circuits with static fields, that is why, in the process of ferroresonance circuits study the
usage of the given approximation functions is unreasonable. Hyperbolic approximation of the main
magnetization curve has approximation to real curve only in the areas of strong fields, hence , in the
process of ferroresonance circuits study, the usage of the given approximation is inadmissible.

On the whole, power functions are widely used, because they allow to carry out calculations of
magnetic circuits with varying magnetic fields. Accuracy of approximation of real curve by power
polynomial is proportional to the number of polynominal members. However, increase of the number
of polynominal members leads to complication of polynominal coefficients determination. Functions
of hyperbolic sine and tangent while expension into a series are transformed into power
polynominals.

Approximations by hyperbolic sine and tangent are close to the approximation by power
polynominal and in many cases coincide with the data of field experiments. Method of splines is
rather efficient on condition of rigid requirements to the approximation accuracy of magnetization
curve. As a result of application of various approximating functions at certain sections of
magnetization curve continuity not only of spline-function itself but also its derivative is achieved.

Limitation of spline-method usage is cumbersome calculations.
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High accuracy of magnetization curve approximation can be achieved, using rational functions.
However, for determination of approximation coefficients it is necessary to use a large number of
experimental points (2n+1), but this is not always possible because of output data limitation.

Functions with arc tangent are widely used while approximation of magnetization curves of non-
linear inductive elements, as the functions itself and its derivative are calculated rather easy in case of
sufficient correspondence with the original. That is why, for further research, the arc tangent
function of approximation with three coefficients and linear member was used as a model [2]:

B=a- arctg(ﬁH)+ yH , 3)

where a, [, y —approximation coefficients.

Simulation of magnetic hysteresis

In the course of ferroresonance processes simulation by the main magnetization curve the
phenomenon of hysteresis is suggested to be taken into consideration by introducing into calculation
model active transversal conductance. However, such account of the hysteresis phenomenon causes
certain inaccuracy, which in combination with sensitivity of ferroresonance processes may lead to
erroneous results of simulation. That is why, during simulation of ferroresonance processes
hysteresis models should be used. In greater part of computer simulators the phenomenon of
hysteresis is described, using models of J. Chan [4] and Jiles-Atherton [5]. J. Chan model is
simpler, but it does not allow to reproduce with sufficient accuracy main magnetization curve, that is
very important for ferroresonance processes simulation. The basis of Jiles-Atherton models is non-
hysteresis curve, that is the dependence of non-hysteresis magnetization on the magnetic field
intensity. Jiles-Atherton model allows to represent very accurately main magnetization curve, that is
why, for simulation of ferroresonance processes it is expedient to use this model.

The connection between magnetic induction, magnetic field intensity and magnetization is
described by the relation:

B=u,(M+H). “4)

Having expressed from the given equality the magnetization and substituted magnetic induction from
(3), we obtain the dependence of non-hysteresis magnetization on magnetic field intensity:

1
Man(H)z—Ban(H)—H:i-arctg(ﬁH)+H(l— ] (5)
Hy Hy Hy
The derivative of non-hysteresis magnetization from magnetic field intensity has rather simple
mathematical notation:
dM 1 o-
w L[, af |, (6)
dH " 1+(B-H)

The description of hysteresis processes in ferromagnet is based on the theory of domain walls motion
in varying magnetic field. The effect of internal field lag while reversal of magnetization is similar to
the effect of dry friction between the domain walls. Real processes of reversal magnetization of
ferromagnetic materials are accompanied by elastic bend of domain boundaries. That is why,
hysteresis model must take into account the effect of viscous friction, that is achieved by account of
addition of proportional to the derivative non-hysteresis magnetization from the intensity of
magnetic field. As a result, we obtain equation:

dM _M,-M S C dM,
dH K 1+C  dH

where K — value of coercive force of hysteresis loop; & — coefficient that takes into account the
Haykosi npaui BHTY, 2014, Ne 4 3
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direction of reversal of magnetization.

One of the main characteristics of ferroresonance processes is considerable distortion of the form
of current and voltage curves, 1. e. arising of higher harmonic components. Another characteristic
feature of ferroresonance circuits is the possibility of origination of stable oscillations on the
frequencies, different from the frequency of the grid, first of all, on the third sulharmonic.

Jiles-Atherton model at variable values of magnetization rate, taking place during ferroresonance,
has the discrepancy with experimental results. Main parameter, characterizing dynamic properties
(first of all losses) of ferromagnetic materials is the dependence of coercive force on reversal of
magnetization rate. In [6] the authors propose to approximate the above-mentioned dependence by
the linear function of the type:

dH

He=Heo+ Ky - 7

; (®)

where Hcy, K, — coefficients of linear regression.

Having substituted the value of coercive force, calculated by (8) in the equation (7) we obtain the
complete equation of reversal of magnetization of ferromagnetic core of VT:
dM M, -M dM
— an S+ C . an (9)
dH Ho+K .. dH 1+C dH
co hef dt

The obtained equations (2), (3 ) and (7) represent final model for the description of magnetic
system of each separate stage of electromagnetic voltage transformer. The developed model was
realized in the environment Matlab. Hysteresis curve, obtained for one stage HK®-330 is shown in
Fig. 3.

The results of numerical modeling, using the developed model of VT stage, showed that taking
into account the phenomenon of hysteresis performs considerable impact, first of all, on the
bounderies of areas, where ferroresonance processes exist, also on origination and the course of
ferroressonance processes on subharmonics.

B, T

150

200 I, A
a2 a2 Q1% a1 -Qo0s (4] aose a1 a1s a2 azs
Fig. 3. Hysteresis curve of one stage of HK®-330

Conclusions

The model of voltage transformer, that takes into account stages and hysteresis phenomenon has
been developed. The impact of reversal of magnetization rate of transformer core on the value of
active energy losses is taken into consideration, it is extremely important, because ferroresonance
processes are accompanied by considerable distortion of current curve form and may appear at the
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frequencies, different from the basic one.
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