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AHHOTAIUA
BbICOKOI 1yBCTBUTEIBHOCTBIO K BUTKOBBIM 3aMBIKAHHSAM B 0OMOTKax

TpaHCHOPMATOPOB OOIATAIOT 3aAIINUTHI, B KAUYECTBE U3MEPHUTEIHHBIX MPE00-
pas3oBartesieii B KOTOPBIX HCIIONB3YIOTCS MarHUTHBIE TPaHC(HOPMATOPHI TOKA
(MTT). Ho Takue 3ammThl pa3pabOTaHbI TOIBKO JJIsI HEKOTOPBIX BUIOB TPAHC-
(hopMaTopoB 1 HE MOTYT KCIIOIB30BATHCS Ha TpeX(a3HBIX TPEXOOMOTOUYHBIX.

B cBsi3u ¢ Tem, 4TO pa3paboTKa YCTPOHCTB pENCHHON 3aIlluThl HEBO3-

MO)KHa Oe3 I0CTaTOYHO TOYHBIX 3HAYEHMIT TOKOB BO BCEX 0OMOTKaX TpaHcdop-
Maropa B CTaThe NpeIJIoKeHass HOBasi MaTeMaTH4YecKass MOJEb TpeX(ha3HoOro
TpeXoOMOTOYHOTO TpaHc(opMmaropa Iyl pexkuMa BUTKOBOTO 3aMBIKaHHS BO
BTOPUYHOI 0OMOTKE TpaHchopmaTopa.

HpezmomeHHaﬂ MaTéMaTu4dcCKass MOJICIIb TpeX(I)aSHOFO Tp€X06MOT0‘I-

HOTO TpaHChoOpMaTopa HPH BUTKOBHIX 3aMBIKAaHHSIX C YpaBHEHUSIMH,
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COCTABJICHHBIMU TI0 METOLY KOHTYPHBIX TOKOB IS JIMHEHHBIX HAIPsDKECHHI,
MO3BOJISIET NMPOM3BOANTH MOJEIMPOBAHUE 3aMBIKAHUHA B NEPBUYHON ITHOO
BTOPUYHBIX OOMOTKaX C y4eTOM HECHMMETPHUYHON HAarpy3KH W MHUTAHUS B
CTAIMOHAPHBIX PEKIMA.

TTorpenrHocTh MOACTMPOBAHUS TOKOB B 0OMOTKaX TpexX(daszHoro tpexoo-
MOTOYHOTO TpaHC(OPMATOpa MPU BUTKOBBIX 3aMBIKAHUAX M HECCUMMETPHU
MIUTAIOIIETO HANPSDKEHHS U HArPY3KH C TIOMOIIBIO 3TOH MOJIENH HE TPEBbIIIAcT
10%.

ABSTRACT

Protections that use magnetic current transformers (MTT) as measuring
transducers have high sensitivity to winding circuits in transformer windings.
But such protections are designed only for some types of transformers and
cannot be used on three-phase three-winding ones.

Due to the fact that the development of relay protection devices is
impossible without sufficiently accurate values of currents in all windings
of the transformer, the article proposes a new mathematical model of a
three-phase three-winding transformer for the winding circuit mode in the
secondary winding of the transformer.

The proposed mathematical model of a three-phase three-winding
transformer with loop closures with equations compiled by the method of
contour currents for linear voltages allows modeling of closures in primary
or secondary windings taking into account the asymmetric load and power
supply in stationary modes.

The error of modeling currents in the windings of a three-phase three-
winding transformer with loop closures and non-symmetry of the supply
voltage and load using this model does not exceed 10%.

KiroueBble ciioBa: TpexdasHbiii TpaHCPOPMATOP, BUTKOBOE 3aMBIKaHIIE,
TOK BUTKOBOT'O 3aMbIKaHUSI.

Keywords: three-phase transformer, winding circuit, winding circuit
current.

B nporiecce TpaHCTIOPTUPOBKYU AIIEKTPUUECKOI SHEPTHH OT UCTOUHUKA K
MOTPEOUTENI0 B JIEKTPUUYCCKHUX CETSIX 3HAYUTENbHAS POJb OTBOIUTCS
CHJIOBBIM TpeX(ha3HBIM TPEXOOMOTOYHEIM TpaHChopMmaropam [1].

Wx 3amuTa TpaguIMOHHO OCYIIECTBIISCTCS C MIOMOMIBIO MPOIOIBHOM
nuddepeHITaIbHON 3aUThI, TOKOBOH OTCEYKH W MaKCUMAaJIbHON TOKOBOM
3auTHl [2], B KOTOPBIX B Ka4eCTBE M3MEPUTEIBHBIX TpeoOpazoBareeii Toka
HCTIONIL3YIOTCS TpaHcopmaTopsl Toka. Kak mokazano B [3] 3T 3amIuThl He
007amaroT AOCTATOYHOW UYYBCTBUTENFHOCTBIO K BHUTKOBBIM 3aMBIKaHHAM
(B3) B obmoTkax TpaHchopmaropa. DTa mpobiemMa MOXKET OBITh pelleHa
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Pa3paboOTKOH 3alIUT Ha BCTPOEHHBIX W3MEPHUTENBHBIX IIPEoOpa3oBaTeisiX B
BHJIC MATHUTHBIX TPAaHC(POPMATOPOB TOKA.

YUT0OBI IMETh TOCTATOYHO TOYHBIC 3HAYCHNE TOKOB BO BCEX 0OMOTKax
Tpancopmaropa B [4] ¢ yueTom [5-9] Obuta paspaboTaHa MaTeMaTHIECKast
MOZENb Tpex(pa3HOro TPEXOOMOTOYHOTO TpaHchopMaTopa UId pexXUMa
BHUTKOBOTO 3aMBIKaHUS B 0OOMOTKE BEICOKOTO HAIPSKEHUS MOIKIIOUEHHON K
ANIEKTPUUYCCKON ceTH. [laHHAs MaTeMaTHYeCKas MOJIC)b MPUMEHAMA TaK Ke
DIl PeKMMa BUTKOBOTO 3aMBIKaHUS B OOMOTKAaX CpPEIHETO W HUBIICTO
HaTPsDKCHUS Tpex(a3HOTO TPEXOOMOTOUHOro TpaHcopmaropa. B pexume
B3 B 00MOTKE HH3IIETO HANPSDKEHUS CXeMa MIPHOOPETAeT BUJI, TOKa3aHHBIN
Ha pucyHke 1.

Ral j:alﬁal XHal RHal

Pucynox 1. Cxema mpexgpaznozo mpexoomomounozo mpancgopmamopa
npu B3 ¢ oomomke nuzwezo Hanpsicenus

B cootBeTcTBUM CO cXeMmoil Ha PUCYHKEC 1 I MOJACIIUPOBAHNA TOKOB
B 0OMOTKaxX CHCTEMA ypaBHeHI/Iﬁ MPpUHUMACT BUA:
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u'ap = [(R, +Rg) — LRg +y " ;
u'ge = (L — IRy + LRc +y '
0= 1‘3(Ral + Ry, + Ry, + Rup) = Li(Ry, +Rypy) + v 5
0=(Iy — [)(Ry, + Ry, ) + Is(Re, + Rye)) + v 7, e (D
0= 1‘5(Raz + R, + Ry, + Ry, + Rypy) = Is(Ro, + Riyy) + v '
0 = (Is = I5)(Ry, + Ryp,) + Is(Re, + Rye,) + v '
0 = (R + Rl + P,

I/ie IOTOKOCHEIIEHHS KOHTYPOB
Py = L Xg0 + BX, + LXo s + 1. X s + 15X 5 + 16X 6 + 17X 7,
Wy = [ Xo1 + 1 Xp2 + 5Xp5 + L Xo 4 + [5Xo 5 + 16X + X357,
Y3 = L Xs1 + X530 + X553 + L X5 + 15X35 + X356 + [;X37,
Yo = hXa1 + LXap + 5Xes + LXgs + [5X45 + [6X46 + 17X, 7.
Ps = L Xs1 + X5, + X5 3 + LXs4 + [5Xs55 + [6Xs56 + [;X57,
e = [1Xe1 + 1, Xe2 + X3 + [1X6 4 + X5 + [6X66 + ;X7
Yy = LXoy + LXg0 + BXgs + 1,X4 + X5 5 + 16X56 + 1,X77. (2)

B ypaBHeHusx (2) coOcTBeHHBIE WHIYKTHUBHBIE CONPOTHBICHUS
KOHTYpPOB

X1 = Xa —Xap + X5,

X2 = Xp = 2Xp ¢ + Xc,
X33 = Xop + Xy = 2Xy0, + Xp, + Ko,
Xyg =Xy, + Xip, — 2Xb1,cl + X, + X, »

X55 = )(az + XHaz - 2Xaz,b2 + sz + XHbz’
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X66 = sz + XHb2 - 2Xb2,cz + Xcz + XHCZ.,

X771 = Xeo

3

a B3aMMHBIC MHAYKTUBHBIC COIPOTHUBJICHUSA 3TUX KOHTYPOB COOTBETCT-

BCHHO

Xip2=X51 = Xpp —Xac—Xg + Xp,»
Xi3 = X351 = Xaa, = Xap, = XBa, T X 1b)

Xi4=X41=Xap, = Xae, = Xpp, + Xp,»

Xis=Xs51 = XA,a2

X6 = X61 = Xab, = Xac, = Xpp, T Xp,»
X3 = X352 = Xpa, — Xpp, = Xca, T Xcp,»
X4 = X420 = Xpp, = Xpe, — Xcp, T X,
Xos5 = X520 = Xpa, = Xpp, ~ Xca, T Xcb,

Xa6 = X62 = Xpp, =~ X, — Xcb, T X,

X34 =Xy3 =Xy, = Xay

X35 = X553 = Xal,a2

X306 = X63 = Xab, = Xaye, = Xoyb, T Xpy ey
Xys = X514 = Xppja, = Xoyb, = Xepa, T Xepbys
X46 = Xoa = Koo, = Xoje, = Xepb, T Xep ey

Xs6 = Xo5 = Xapp, =X

Xe7 = X76 = sz,x
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= Xab, = Xpa, T Xpp,

= Xp, + Xp, ;-

= Xarb, = Xbpa, T Xbyb,s

= Xpy + Xy,

C2,K*
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B ypaBrenusx (1) — (4) m gamee WHIASKCHI B3aMMHBIX MHIYKTHBHBIX
COTIPOTHUBIICHUH 3JIEMEHTOB M ¥ N B OTVIMYHMU OT TPAAUIIMOHHOTO 0003HA-
YeHHs pa3eNieHbl 3aIsToi. JTO BRI3BAHO TEM, YTO NPH HAIMYHUU IECSATH U
0oJiee KOHTYPOB B cXxeMe TpaHchopMaTopa TpaIUuIIMOHHOE 0003HAUCHUE
HEBO3MOXHO.

CornacHo [10] pacueT UHIYKTUBHOCTH Y MHAYKTHUBHBIX CONPOTUBIICHUM
00MOTOK Tpex(a3zHbIX TpaHC(HOPMATOPOB SBISIETCS CIOKHBIM. JlocTaTouHO
TIPOCTO ¥ TOYHO MX MOXKHO OIIPENENIATh C TIOMOIIBIO COOCTBEHHOTO MHIIYKTHB-
HOTO conpoTHBIEeHUs X, (a3bl MOAKII0YaeMON K ceTH 00MOTKH TpaHCc(op-
Mmatopa. Eciu nonyctuts, uTo TpanchopmaTop paboTaeT B HEHACHIICHHOM
pexnMe, COOCTBEHHOE MHIYKTUBHOE COIIPOTHUBIICHHUE (a3bl, MOAKIIOYaeMOi K
CeTH OOMOTKH, C YI€TOM [7] yIIPOIIEHHO ONPEAEISETCS IyTEM UCTIONB30BaHUS
MaTeMaTHYECKUX BBIpaKEHUI

Zo=U"/1 X, = /zzm - R, X, = X,/1,5, 5)

rae Z,, - B coorBeTcTBUH ¢ [10] conmpoTuBieHre B3aUMHON HHAYKIINH;
U — ¢da3Hoe HampshDKCHHUE NMEPBUYHON OOMOTKH; I~ TOK XOJOCTOTO XOJa
Tpanchopmaropa; X,,- UHAYKTHBHOE COMPOTUBICHUE B3aMMHOW HWHIYK-
muu [10].

Crnenyer m00aBUTh, YTO aKTHBHBIE COMPOTHUBICHUS OOMOTOK TpaHC-
dbopmaropa Jerko TMONYYHTh IIyTEM WX 3aMepa C IOMOIIBI0 MOCTa
MTOCTOSTHHOTO TOKA, a CONMPOTHBJICHUS HATPY3KH MPH MOJICITUPOBAHUU TOKOB
B 9THX 0OMOTKaX CUHUTAIOTCS U3BECTHBIMH.

CunTasi, YT0 WHIYKTHBHOCTH OOMOTOK TpaHC(opmaTopa MpOMOPIHO-
HAJIbHBI KBAJIPaTy BUTKOB, TIPH YHCIIC BUTKOB B 0OMOTKAaX BBICOKOTO, CPEIHETO
Y HI3KOTO HAINPSHKCHHS, a TAKXKE 3aMKHYBIITHXCS BUTKOB PaBHBIX Wy, W, W,
W, COOCTBEHHBIC WHIYKTUBHBIC COIPOTUBJICHUSA 3TUX OOMOTOK MOXKHO
OTIPEICITUTH KaK

XA = XB = XC = Xl? (6)
Xa1 = Xbl = XC[ = (WZ/Wl)Z Xl’ (7)
2
Xa2 = ((W3-Wk)/Wl) Xl’
Xy, = X, = (Wy/w))' Xy (8)

XK = (WK/WI)ZXL (9)
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B3auMHble HHAYKTUBHBIC COMPOTUBICHHUS (a3 0OMOTKH BBICOKOTO
HanpsbKeHUs Tpex(dasHoro Tpanchopmaropa

Xap = Xac = Xpc = Xga = Xca = Xcp = —0,5X,. (10

B3auMHble MHAYKTHBHBIE CONPOTHBICHUS ()a3 OOMOTKH BBICOKOTO

HanpsDKEHUSS ¥ OOMOTKH CpPEIHETO HaIpsHKeHUS TpexdaszHoro Tpanchopma-
TOpa

Xaa, = Xaa = Xpp, = Xo,8 = Xce, = Xec = Wywy/wi) Xpu (1)

XA,bl = XA,cl = Xpja = XA = XB,al = XB,C1 =

= X = Xeyn = Xca, = Xep, = Xapc = Xp, ¢ = —0.5(w, wo/wi) X;.
(12)

B3anmHble MHAYKTHBHBIE CONPOTHBICHUS (a3 OOMOTKH BBICOKOTO
HanpspKEHHUs! 1 0OMOTKH HU3KOTO HaNpsDKEeHHs TpeX(dasHoro Tpancdopmaropa:

Xaa, = Xoya = Xpb, = X, 3 = Xce, = Xeyo = (wyws/wi) Xy (13)

XA,b2 = XA,c2 = Xpya = Xepa = XB,az = XB,C2 =

= Xaz,B = Xcz,B = Xc,a2 = Xc,b2 = Xaz,C = sz,c = —0,5(W1W3/W%) Xj.
(14)

B3auMHBIe MHAYKTUBHBIE COTPOTHBICHUS (a3 OOMOTKH CpEeIHEro
HarnpspKeHus TpexdasHoro TpancpopmaTopa:

Xapb, = Xora, = Xare, = Xepa, = Xope, = Xeyp, = —0.5(W,w3/wX,.
(15)

B3auMHble MHIYKTHBHBIE COTPOTHBICHHUS (a3 OOMOTKHM HHU3KOTO
HanpsbkeHus TpexdasHoro Tpanchopmaropa:

Xanby, = Xbpay = Xage, = Xeyay = Xipe, = Xey, = —0.5(W,w3/wi) X,
(16)

B3aumHble MHIYKTHBHBIE CONPOTHBICHUS (a3 OOMOTOK CpeIHEro u
HHU3KOTO HAIPsHKEHUH Tpex(dasHoro Tpanchopmaropa:
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Xal,a2 = Xaz,al = Xbl,b2 = sz,bl = Xcl,cz = Xcz,cl = (W2W3/W%) XII/I (17)

Xaz,bl = Xbl,a2 = Xal,bz = sz,al = Xaz,cl = Xcl,az = Xa1,02 =
= Xcz,al = Xb2~C1 = Xcl,bz = Xb1,02 = Xcz,bl = _O'S(WZWS/le) Xl- (18)

B3anMHbIE MHIYKTHBHBIE CONPOTHBICHUS (a3 OOMOTKH BBICOKOTO
HaTIPSDKCHUS U €€ 3aMKHYTHIX BUTKOB:

Xax = We/w1)Xy,
_ _ 2
Xpx = Xex = —0,5(wywi/wy) Xy (19)
B3auMHBIe HHIYKTHBHBIC CONPOTHBIICHUS (pa3 0OMOTOK CpeTHETO HAIpsI-
JKEHUS U 3aMKHYTBIX BUTKOB OOMOTKH BBICOKOTO HATPSHKCHHS TPEeX(pha3zHOTO
TpaHcopmaTopa
_ 2
Xal,K - (szxlwl) Xl,
— _ 2
Xbl,K - XC1,K - _O'S(WZWK/WI) Xl (20)
B3anMHBIe HHTYKTHBHBIC COTIPOTUBIICHUS (Da3 OOMOTKH HH3IIETO HAIIPS-
JKEHUS U 3aMKHYTBIX BUTKOB OOMOTKH BBICOKOTO HATPSHKCHHS TPEeX(pa3zHOTO
TpaHcdopmaropa
_ 2
Xaz,K - (W3WK/W1)X1’
_ _ 2
sz,K - XCz,K - _O'S(WSWK/WI) Xl 21
AKTHBHBIC CONPOTHBICHHUS (a3 OOMOTKH BHICOKOTO HAINPSIKCHUS,

00MOTOK CpCAHCTO U HU3KOT'O HAIMPSXKCHUA U 3aMKHYTBIX BUTKOB IIpH B3 s
00MOTKE BBICOKOTO HapsKCHUS:

Ry =Ry =Rc=R;,R, =R, =R, =Ryn
1%az = (1 - Wk/W3)R3, sz = 1%02 = R3, sz = 1%02 = R3 (22)

rneR,, R, R3 - akTUBHBIE CONPOTHUBIECHUS (a3 OOMOTKH BBICOKOTO
HarpspDKeHUs, a Takyke 0OMOTOK CpETHETO M HU3KOTO HalpsDKeHUs], KOTOphIe
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MONYYaroT MyTeM WX 3aMepa C MOMOINBI0 MOCTa MOCTOSHHOTO TOKa; R, -
aKTUBHOE CONPOTHBIICHUE 3aMKHYTHIX BUTKOB.

Onpenenenvie $a3HbBIX TOKOB B OOMOTKAaX OCYIIECTBIISIETCS C TIOMOIIIBIO
YpaBHEHUI
L=0hL Ig=L~-1L, Ic=—1, Ia1 =1 Ib1 =1, -1 Ic1 =1, (23)

Iaz = 15, Ibz = 16 - 15; Icz = _16' Ik = 17'

Ha pucynke 2 mpuBeneHBI pe3ylbTaThl SKCIEPUMEHTa M MOJICIUPO-
BaHUs B3 B 00MOTKE HU3KOTO HAIPSOKEHUS B BHIC TOKOB B (pa3ax (0OMOTOK
BBICOKOTO, CpPEIHETO M HH3KOTO HANpsDKeHHWs A, a; W a) M TOKa B
3aMKHYBIIHUXCS BUTKAaX B 3aBUCHMOCTH OT MX KOoJH4ecTBa. PeanbHBIA TOK
B 3aMKHYBIIUXCS BUTKaX paBeH YMHOXKXCHHOMY Ha 25 TOKY Ha pHUCYHKE.

ILA I.A
3 29 ——
__J_,,f-”f_ﬂ_ﬂ Ibz @
2.5 2.8 %,____n_____ —

I /
2 = 2,7 1 E——
gz%;;,,-f
1.5 2.6

AT
§

I
1 25 ! i |
La V| Tpilf | Iy
0.5 2.4
0 2.3

1 2 3 4 w 0 1 2 3 4 w

Pucynok 2. Pe3ynomamul MoOenuposanus u IKCnepumenma mokoe
6 oomomxax mpancghopmamopa TT-6 npu B3 6 0omomxe nuzxozo
Hanpas3cenus npu Hazpy3Ke

BriBoanI
1. IlpemamoxeHHass MaTeMaTH4eCKas MOJCIb PEKUMOB PabOTHI
Tpex(ha3zHOro TPEXOOMOTOYHOTO TPaHC(POPMATOpa PH BUTKOBBIX 3aMBIKAHHIX
C YpaBHEHUSIMH, COCTABICHHBIMH [0 METOTy KOHTYPHBIX TOKOB ISl IMHEUHBIX
HamnpsHKEeHUH, MO3BOJIAET MPOU3BOAUTH MOJEIUPOBAHHME 3aMBIKAHUI B
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MEPBUYHON JMOO BTOPUYHBIX OOMOTKAaXx C YYETOM HECHMMETPUYHON
Harpy3Kd Y IIUTaHUS B CTALHOHAPHBIX PEKUMA.

2. TorpemHOCTh MOIEIUPOBAHHUS TOKOB B OOMOTKaxX Tpex(hasHOTo
TPeX0OMOTOYHOTrO TpaHC(HOPMATOPa MPU BUTKOBBIX 3aMbIKAHUSAX U HECCHUM-
METPHHU MHUTAIOIIETO HANPSHKEHNUS U HArpy3KH C MOMOIIBIO 3TOH MOJEIH HE
npeBsimaet 10%.

310 nccnenoBanue ObUI0 TpoduHaHCHpoBaHo MuHKcTepcTBoM Hayku n
Beiciero O6pazosanust Pecrryonukn Kazaxcran (rpant Ne AP14972779).
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