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Pedepar. HccnenoBan MarHUTHBIN pexuM Tpex(daszHOro Tpanchopmaropa ¢ CUMMETPUYHBIM MAarHUTOIPOBOJIOM PAMHOM
KOHCTPYKIIMM Ha cXeMHOI Mojenn. Cxema cocTosla M3 TpeX HEIMHEHHBIX KaTyIIeK, COSANHEHHBIX 3Be3[0il 6e3 HyIeBOro
nposoza. Bebep-ammepHble XapakTEePUCTHKHU KaTyIIEK COOTBETCTBOBAIIM OJHOMMEHHBIM ITapaMeTpaM OTACIBHBIX paM MarHu-
TonpoBoja. [IpuHuMany, 4ToO MarHUTHBIH MOTOK Ka)KIOH paMbl 3aMbIKaeTCsl Ha ce0sl, HE Tepexosl B APYTyI0 paMy MarHuTo-
NIPOBOZA. DIEKTPOMATHUTHOE COCTOSTHHE CXEMbI 3aMEIIEHHs] ONMHCHIBAIM CHCTeMOH T depeHInanbHbIX ypaBHEHHH, KOTO-
pble pelrany ¢ MOMOIIBI0 cTanaapTHOH mporpammsl MathCad. B pesynbrate paccuntanbsl GpyHKIMH MarHUTHOW MHIYKIUH
paMbl 1 HAMarHM4MBaroOLIETO TOKA U UX TAPMOHHUYECKHUE COCTABLI, OTIPEACIIC€HA 3aBUCUMOCTDH peaanofz'l AMIUTUTY bl MTHAYKIIUHA
MarHuTHOTO IOJIA OT aMIUTUTYAbl MHAYKIIUHA OCHOBHOM TFapMOHUKH. B Ipo1necce NpoBEACHUA SKCIIEPUMEHTOB BBISIBJICHO, UTO!:
aMIUTUITyla UHAYKIIMHA OCHOBHOI TapMOHHMKHM MarHUTHOTO TIOJIl B paMax MarHUTOMPOBOJA OOJBINE PAacdeTHOTO 3HAYEHHS
HHIYKIMK Ha 15,5 %; BeiencTBHEe HEIMHEHHOCTH BeOep-aMIIepHBIX XapaKTEepUCTHK paM U CBOHCTB Tpex(a3HOH CHCTEMHI B
(byHKLLI/ISIX MAarHUTHOM UHAYKIUU OTACIBHBIX paM BO3HUKAIOT MAPMOHUYECKUE COCTABJIAIOLINE, KPATHBIE TPEM; BBICIINE rap-
MOHHKHU (DYHKIMHM MarHUTHON MHIYKIIMH PaMbl, HAKJIAAbIBAsICh Ha OCHOBHYIO TaPMOHHKY, YMEHBILIAIOT PEAIbHYI0 aMILUTUTYIY
HHTYKIIMA MarHUTHOTO TOJIS MPAKTUYECKH 0 PaCcUeTHOTO 3HAYEHMS HHAYKIUH B pabodueM Iuana3oHe peaabHOH aMIUTUTY/IBL,
IIpu 3TOM KO3(1)(1)HLIHCHT])I BBICIIUX TAPMOHHUK HU3MEHAIOTCA HE3HAYUTEIIbHO, B HAMAarHM4MBaIrOIINX TOKaX OTCYTCTBYIOT rap-
MOHHMYECKHE COCTaBIIAIOLINE, KPATHBIE TPEM.
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peKUM
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Investigation of Magnetic Mode for 3-Phase Transformer
with Symmetrical Magnetic Conductor of Frame Design

A. A. Mazurenko?, E. T. Smirnov®
DBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Magnetic mode for 3-phase transformer with symmetrical magnetic conductor of frame design has been investiga-
ted on schematic model. The scheme consists of three non-linear coils having star-connection without zero wire. Weber-
ampere characteristics correspond to similar parameters of separate frames of a magnetic conductor. It has been accepted that
a magnetic flow of every frame is closed on itself without passing into other frame of the magnetic conductor. Electromag-
netic state of equivalent diagram has been described by a system of differential equations which were solved with the help
of MathCad program. Investigations have resulted in calculation of functions for magnetic frame induction and magnetizing
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current and their harmonic compositions; dependence of actual amplitude for magnetic field induction on amplitude of the
main harmonic induction has been determined in the paper. While executing experiments it has been revealed the following:
induction amplitude of the main harmonic in the magnetic field within frames of the magnetic conductor is higher in compari-
son with the design induction value by 15.5 %; due to non-linearity of weber-ampere characteristics in frames and properties
of 3-phase system harmonic components, which are multiple of three, are initiated in the functions of magnetic induction for
separate frames; high-order harmonics of function for magnetic frame induction being imposed on the main harmonic de-
crease an actual amplitude of magnetic field induction practically up to the design induction value within the operational
range of the actual amplitude and in this context coefficients of high-order harmonics change insignificantly; harmonic com-
ponents, which are multiple of three, are absent in magnetizing currents.

Keywords: three-phase transformer, magnetic conductor, frame design, high-order harmonics, magnetic mode
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BBenenne

B npornecce npoBeneHns dKCIEpUMEHTAIBHBIX
paboT aBTOpaMH BBIIIOJIHEHO HCCIIEIOBAaHHE Mar-
HUTHOTO PeXHMa B MarHUTOIPOBOAE PaMHOM KOH-
cTpyKiuu TpexdasHoro tpaHcopmaropa. Kon-
CTPYKTUBHO MAarHWTONpPOBOJ] COCTOSAT H3 Tpex
onuHakoBeIx (-00pa3HbIX pam [1], H3rOTOBIICH-
HBIX IyTEM HAMOTKH JIEHTHl M3 XOJIOJHOKATaHOH
ctanu [2]. [lupuHa IEHTH IPH HAMOTKE WU3MEHS-
Jack TakuM 0Opa3oM, 4TOOBI OTIENBHBIE pambl
B ceyeHHH uMenn QGopmy mnoiykpyra. CMexHble
pambl CTHIKOBAITMCH OOKOBBIMHU IIJIOCKOCTSIMH, 00-
pasysd CTEep)KHH MarHUTONPOBOJA IPAKTUUYECKU
C KpYTOBBIM cedeHreM. Takas KOHCTPYKIHMS UMEET
CBOHM 0cOOcHHOCTH [3]:

1) MarHUTHasg cUCTeMa SIBJIETCS IOJIHOCTBHIO
CUMMETPUYHOM 110 (azam;

2) OTCYTCTBHE CTHIKOB B IIPOAOJILHOM Harmpas-
JICHUH 3HAYUTEIFHO YMEHBIIIAeT MPOJI0IbHOE Mar-
HUTHOE COIPOTHUBIICHUE;

3) Hanu4Me CThIKa MEXIy OOKOBBIMH IIIIOCKO-
CTSIMH paM MPEMNSATCTBYET MEPEXOAY MAarHUTHOTO
MOTOKA U3 OJTHOW paMbl B PYTYIO.

CBoeoOpa3ue (GopMbl MarHMTOIPOBOJA PaM-
HOW KOHCTPYKIIMM OOYCIIOBIUBACT MATHUTHBIH
peXHuM, KOTOPBIM CYIECTBEHHO OTJIMYAETCS OT
PSKMMOB HM3BECTHBIX ()OPM MarHUTONPOBOAOB
U TO3TOMY TpeOyeT CIenuaIbHOTO paccMoTpe-
Hus [4]. BHemHuii BuA MarHUTONPOBOJA TIPE-
CTaBJICH Ha puc. 1.

IIpocTpaHCTBEHHBIH MarHUTONPOBOX PaMHOM
KOHCTPYKIIUH ABJISIETCSI CHMMETPUYHBIM. U3 3TOTO
clenyeT, 4YTO TpPU CHUMMETPUYHOM TI€PBUYHOM
HanpspKeHuH TpexdaszHoro Ttpanchopmaropa mna-
pamMeTpsl MarHWTHOTO TOJSI B OTAENBHBIX pamax
OyIoyT W3MEHSTHhCA OJUHAKOBO BO BPEMEHH CO
cauroM Ha 1/3 mepuona. B KOHCTpyKUIMM MarHu-
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TOTIPOBOJIA MEXAY paMaMHl UMEETCS] He3HAUUTEb-
HBI BO3MYIIHBIN 3a30p, MAarHUTHOE COIMPOTHUBIIE-
HHE KOTOPOTO BO MHOTO pa3 MPEBBIMIAET MPOA0Tb-
HOE€ MAarHWTHOE COTMPOTHBJICHHE. DTO TPUBOAUT
K TOMY, YTO MAarHUTHBIE MOTOKHU MPAKTUYECKU HE
MEPEeXOIAT U3 OJHOW paMbl B JAPYTYI0, a 3aMbl-
KaroTCsSl 10 TYTH HAMMEHBIIETO COMPOTHUBICHHUSA,
T. €. IO KOHTypaMm pam. Takum o0pa3om, OTHENb-
HBIE paMbl 00OpPa3yIOT CaMOCTOSITENbHBIE KOHTYPBI
MAarHUTHOM IIEMH, 1O KOTOPBIM 3aMBIKAOTCSl Mar-
HUTHBIE TIOTOKHU.

Puc. 1. BHemnuii BUJ MarHuTOnpoBoa
paMHON KOHCTPYKLUU

Fig. 1. External view of magnetic conductor
having frame design

AHAJIU3 MATHUTHOTO PeKMMa
MArHUTONPOBO/a PAMHOI KOHCTPYKIUH

MarautHasi 1ellb MarHUTOIPOBOJA MOXKET
OBITh TIPEJICTABJIICHA SKBHBAJICHTHON CXEMOH 3a-
MEIICHHS C HEJUHCHHBIMH MarHUTHBIMH COIIPO-
THBIICHUAMH (pHcC. 2) [5].
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Puc. 2. DxBUBaneHTHAs cXeMa MarHUTOIIPOBOJIAa pAMHOM
KOHCTPYKIMHU IPH OTCYTCTBUM MarHUTHOM CBSA3U
MEXly paMaMH: Z, — MArHUTHOE CONPOTUBIICHUE PaMBbI;
Fa, Fp, Fc — MarauTonBmkynias cuina oOMOTOK (a3
tpancdopmaropa; a, b, ¢ — dhasbl; N — HeHTpabHAS TOYKA;
D,, Dy, O, — pazHoe 3HaueHUE;

Dy, Dy, Dy — MEXKPa3HOE 3HAUCHHE

Fig. 2. Equivalent diagram of magnetic conductor having
frame design without magnetic coupling between frames:
Z, — magnetic resistance of frame;

F., Fy, Fc — magneto-motive force in windings
of transformer phases; a, b, ¢ — phases; n — neutral point;
@, O, ©, - phase value; @y, Oy, ., — inter-phase value

Henuneiinsie BeOep-aMIepHBIE XapaKTePUCTH-
KM MarHUTHBIX COMPOTHBICHUN pam U(d) paccuu-
THIBAIOTCSI IO OCHOBHOW KPUBOM HaMarHUYMBAHUS
MaTepuanta UCXOAd U3 TeOMETPHUECKHX pPa3MepoB
MarHUTOIpOBoa [6, 7]:

U, =a¢, +bo;; 1)
U, = ad, +bdp; 2
u, = ag, +be;, 3)

rae ¢q ¢p, ¢ — MTHOBEHHOE 3HAUYCHHUE MArHUTHOIO
moToka s ¢as a, b, C.

B nipunaToi cxeme 3aMelieHus JMHEHHbIE Mar-
HHUTHBIE TTOTOKU CTepiKHEH (4(t), dp(t), dc(t) ompe-
JETI0TCs (Da3HBIMH HAMPSDKEHUSAMHU TpaHchopMa-
TOpa; OHU CUMMETPUYHBI U UMEIOT CHHYCOWJIAITb-
HYI0 GopMy. AMIUTUTYHbIC 3HAUCHUS MArHUTHBIX
MMOTOKOB HAXOUM 110 (hopMyJIe

P = O @
Wm
rae Umax — MakcuMansHOE (pa3HOE HAIpsIKEHUE,
W — KOJIMYECTBO BUTKOB; ( — YIJIOBas 4acToTa.

PacdeTHy0 aMIUIUTYly MarHUTHOH WHIYKIMH
B CTEpPXKHSAX MarHuTompoBoaa B, ompenensiu
B TPE/MOJIOKEHUH, YTO MATHUTHBIC TMOTOKH PaB-
HOMEPHO PACIIPEICICHEI 10 CEUCHUIO CTCPIKHS
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B =2, ©
2S
rae ®p, — MarHUTHBIHN TOTOK; S — CEYEHHE CTEPIKHSI.
Hcxons u3 cBOMCTBa CUMMETPUYHON Tpexdas-
HOW CHUCTEMBI, aMIUTUTYJbl OCHOBHON TapMOHHUKH
MarHUTHBIX ITOTOKOB B paMax @, OyAyT MEHbIIE
aMIUTATYJbl MarHUTHBIX TIOTOKOB cTepxHed Dyn

B \/5 pas:

1
o :_cDam' (6)

abm \/§

COOTBETCTBEHHO aMIUIMTyJda WHAYKOWN Blm
OCHOBHOH TapMOHHMKHW MArHuTHOI'O IOJISI B paMax
COCTaBUT

() 2
Blm :%:_BBW :1’158mr' (7)

CBoeoOpa3ye MarHUTHOTO PEXHMMa 3aKJIIOYa-
eTCsl B TOM, YTO HEJIUHEHHOCTh BeOep-aMIepHBIX
XapaKTePUCTHK MAarHUTHBIX CONPOTHUBICHUH pam
HPHUBEIET K MCKAXECHHIO (OPMBI KPUBBIX MArHHT-
HBIX TOTOKOB PaM (ap(t), dnc(t), dca(t) 1 mosiBEeHMIO
B X CHEKTPAax BBICIIMX TAPMOHHK, KPAaTHBIX TPEM.
OTH rapMOHHKHU B CMEKHBIX OIyCTEPXKHAX OyIyT
HAIPaBJICHBl BCTPEYHO M HE OyIyT HHIYKTHPO-
Bath DJIC B 0OMoTKax TpanchopmaTopa. Peasbrast
AMIUTUTYa HMHAYKIMA MAarHUTHOTO IIONsL B pa-
Max Bpax ONpenenuTcs COBOKYHMHBIM TapMOHHYE-
CKMM COCTaBOM (DYHKIMM MarHUTHOH WHIYKIHH
pamsr1 b(t).

Pacyer MAarHUTHOI O pexKumMa

Pacuer MarHUTHOTO pe’KUMa HENOCPEICTBEHHO
B DKBHBAJICHTHOM CXeMe 3aMeIIeHus (puc. 2) CBs-
3aH CO 3HAYUTEIbHBIMM MAaTEMaTHYECKUMHU TPYI-
HocTsimH [8, 9]. lns nmomydeHus Gojiee mpocToro u
KOMITAKTHOTO PpEIICHUs] aBTOpPaMu MpejiokKeHa
MaTeMaTH4yecKas MOJeNb-CXeMa, IMpeACTaBICHHAs
Ha puc. 3.

Hccnenyemasi cxema COCTOUT U3 TPEX OTHAENb-
HBIX (HECBSI3aHHbIX) HEJIMHEHHBIX KaTyIIeK UHIYK-
TUBHOCTH, INOJKIOYCHHBIX ITO CXEMEC€ 3BC3bI oe3
HYJIEBOTO TPOBOJA K CHMMETPHYHOMY Tpexdas-
HOMY T'eHepaTopy C (pa3HBIMU HANPSKECHUSIMU:

u, (t) =U sinot; (8)
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u, (t) =U,, sin(ot —120°); 9)
u. (t) =U,, sin(ot +120°), (10)

rae Uy, — dhasHoe HampsbkeHue; t — BpeMsi.

Puc. 3. Marematudeckas Mozelib-cxema TpaHchopmaTopa:
ia, ip, ic — pasHbIe TOKH; i, — TOK B HSUTPAIBLHOM MPOBOJIE;
W, — KOJIMYECTBO BUTKOB B 0OMOTKE; Ry — akTHBHOE
COIPOTHUBIICHHE HEIUHEHHBIX KaTyILIEK;

Rn — conpoTHBIICHHE Ha HYJICBOM HPOBOJE;

A, B, C, N — ¢a3sr; n — HeliTpanbHast TOUKa

Fig. 3. Mathematical model diagram of transformer:
i, ip, ic — phase currents; i, — current in neutral wire;
w, — number of turns in winding; R, — active resistance
in non-linear coils; R, — resistance in zero wire;

A, B, C, N — phases; n — neutral point

Bebep-amriepHbie XapaKTepUCTUKH KaTyIek 1(y)
pacCUMTHIBAIM JUIS OTACIBHBIX paM MarHUTOIPO-
BOJa M aNNpPOKCHMHUPOBAIN CTEICHHBIM IOJIMHO-
MOM BHJa

i=ay+by’. (11)

Kak cnemyer u3 CBOHCTBA CHUMMETPUYHOMN
Tpex(asHoi CHUCTEMBI, MPU OTCYTCTBUH HYJIEBOTO
MPOBOJIAa TAPMOHUKH, KPATHBIE TpeM, OyIyT OTCYT-
cTBOBaTh B (hazHbIX TOKaX Iy(t), iy(t), ic(t), 1 Haps Yy
C OCHOBHOW TapMOHHMKON TMOSIBATCA B (ha3HBIX
HaNPSHKEHUSIX Uan(t), Upn(t), Uen(t) m cooTBeTCTBEH-
HO B MAarHWTHBIX TOTOKocueruieHusx () u mar-
HHUTHBIX TTOTOKAX Qan(t), Puc(t), dca(t) KaTyIIIEK.

Crnenmyer OTMETUTh, YTO MATHHTHBIA pPEXHUM
OTJICNbHBIX KATYIIEK Ha pHC. 3 MOJHOCTBIO COOT-
BETCTBYeT MArHUTHOMY pEXHMYy B pamax Mar-
HuUTONpOBOAa puc. 2. Ha puc. 3 mociaenoBarensHO
C HENMHEWHBIMH KATYIIKAMH BKJIOYEHBI CPaBHU-
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TEJIHHO HEOOJIBIIUE 10 BEJIMYMHE COMPOTHUBIIC-
HUs Ry, a B HYJICBOW MPOBOJA — AOCTATOYHO OOJIb-
moe conpotusienue R, (*1000R,). Hannune stux
AJICMEHTOB B PAcUCTHOW CXEMe HE MPUBOAHUT K
CYIICCTBCHHBIM IIOTPEIIHOCTSAM B BBIYHCIICHHSIX,
HO TIO3BOJISICT PEIINTh cHUCTeMy IuddepeHnmnans-
HBIX YpaBHEHHWU YHCJICHHBIM MeToqoM Ha OBM
10 CTaHJIapTHOM IIporpaMme.

DNEeKTPUIECKOe COCTOSHUE PACUETHON CXEMBI
Ha puc. 3 OMHCHIBaeTCI CHUCTEMON YpaBHEHHU
Kupxroda B muddepennnansaoit hopme, koTopas
JIOTIOJTHSAETCSl YPAaBHEHUSMH aIIPOKCHMAIlNU Be-
Oep-aMIepHbIX XapakTepucTuk i(\y) Ui OTaeIb-
HBIX KaTyIIeK:

Iy =1, iy +ig; (12)
. d . _
IaRO +E\Va + Ian = ua (t)! (13)
. d . )
IRy Jra\lfb +i,R, =U, (1); (14)
. d . )
ICRO +a\l’c + Ian = uc (t)! (15)
i, =ay, +byy; (16)
Iy = ay, +byy; (17)
i, =ay, +by?. (18)

Cucremy muddepeHITHaATbHBIX YpaBHESHUH pe-
many YuciieHHBIM MeTonoM B MathCad mo mpo-
rpamme Rkadapt [10]. B pe3symbrare moirydeHbI
GYHKIMU MTOTOKOCIHEIUICHUH KaTyiek a(t), wp(t),
Ye(t) u MarautHBIX uHAYKIMNA Dy(t), bp(t), be(t),
a Take QYHKIMM HAaMarHUYMBAIOLIUX TOKOB I4(t),
ip(t), ic(t). Janee BBIMOMHSIM rapMOHHYECKU aHa-
JIM3 TOJYYCHHBIX (DYHKIHHA. AMIUTMTYIY HHIyK-
UK OCHOBHOW TapMmoHuku B, 3agaBamu ¢as-
HBIM HanpspkerueM Up,. MccnienoBanue mpoBoIHiIn
B amama3oHe Bin, pasaoMm 0,7-2,1 Tu. uarpaMMbl
(GYHKIMH HaMarHUYHBAIOIIETO TOKa i,(t) m Mmar-
HUTHOM WHIYKIUH pambl D,(t) ¥ mx rapmonude-
CKHX COCTABOB IMOKa3aHbl Ha pHC. 4, 5, a 3HAUCHUS
WHIYKITAH — B Ta0m. 1.
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Puc. 4. Mnarpamma GyHKIHH HAMarHUYUBAIOLIETO TOKa i,(t) 1 ero rapMOHHYECKuUii cocTaB:

i1(t), i5(t), i7(t) — byHKIME COOTBETCTBYIONIMX TapMOHHK iq(t)

Fig. 4. Function diagram of magnetizing current i,(t) and its harmonic composition:
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i1(t), i5(t), i7(t) — functions of corresponding harmonics i4(t)

Puc. 5. lnarpamma GyHKIUH MarHUTHON HHIYKLIHU pambl Dy(t) 1 ee rapMOHHYECKHii COCTaB:

by(t), ba(t), bg(t) — dyHKIME cooTBeTCTBYIOIMX rapMOHHK D, (t)

Fig. 5. Function diagram of magnetic frame induction b,(t) its harmonic composition:

by(t), ba(t), be(t) — functions of corresponding harmonics b,(t)

Tabauya 1
3HaveHHMs1 HHAYKIMii
Induction values

By, Ti 2,100 2,000 1,900 1,800 1,700 1,600 1,500 1,400 0,700

Bur, T 1,814 1,729 1,643 1,558 1,468 1,382 1,297 1,211 0,606

Brax Ti1 1,829 1,746 1,664 1,591 1,519 1,455 1,394 1,331 0,699

B
—I o.e. 1,008 1,01 1,013 1,022 1,035 1,053 1,075 1,099 1,154
mr
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BBIBO/I

B mpouecce mpoBeaeHUs] SKCIIEPUMEHTOB BbI-
SBIIEHO, YTO: AMIUIUTYAa WHIYKIMH OCHOBHOMN
TapMOHUKU MarHUTHOTO TOJIi B pamMaX MarHHUTO-
npoBoaa Bi, 0OJbIlIe pacueTHOTO 3HAYCHUS WH-

2
nykiyu By, B — pas, wium Ha 15,5 %; BcneacTBue

NE

HEIIMHEWHOCTH BeOEep-aMIICPHBIX XapaKTEPUCTHK
paM M CBOMCTB Tpex(a3zHOil cHcTeMbl B QYHKITHIX
MarHUTHOW WHJIYKITUH OTACIBHBIX PaM BO3HUKAIOT
TapMOHUYECKUE COCTABJISIFONINE, KPAaTHBIE TpPeM
(puc. 5); BBICIINE TapMOHUKK (PYHKIIMH MarHHT-
HOM mHayknuu pamel D(t), HakmaabBasch Ha OC-
HOBHYIO TapMOHWKY, YMEHBIIIAIOT PEajbHYIO aM-
TUTMTYly WHAYKIUA MarHUTHOTO MOJis Bpgy mpak-
TUYECKH JI0 PAacUETHOrO 3HAYCHUS WHIYKIUH Bp,
B pabodveM JHana3oHe pealbHOW aMIUIHTY/IbI, TPH
3TOM KO3()(UITUEHTHI BBICIINX TAPMOHUK H3MCHSI-
I0TCSI HE3HAYUTEIHHO; B HAMAarHUYMBAIOIINX TOKAX
OTCYTCTBYIOT TapMOHHYECKHE COCTABISIOIINE,
KpaTHbIe TpeM (puc. 4).
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