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NCCIEJOBAHUE HECUMMETPHUYHbBIX PEKUMOB
PABOTBI TPEX®A3HBIX TPAHC®OPMATOPOB
CO CXEMOMU COEJMUHEHHUA Y/YO0

Huxeropoackuii rocy1apcTBEHHBIH TEXHUYECKUH YHUBEPCHTET
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2 BoJKCKHI TOCYIapCTBEHHBIN YHHBEPCHUTET BOJJHOTO TPAHCIIOPTA

CoBpeMEHHBIC AIEKTPOTEXHUYECKUE CUCTEMbI XapaKTepU3YIOTCS HECUMMETpHEH
HanpspKkeHHs. HecHMMeTpHsl OTPUIIATENBHO CKa3bIBAaeTCs Ha paboTe 311eKTpoobopyaoBa-
HUS U MOJXKET, B TOM YHCIIEe, NIPUBECTH K BBIXOJY M3 CTPOSl WM COKpAIICHHIO CPOKa
CIty’x0bl TpaHCOPMATOPHOTO 000PYNOBaHHA. AKTYyalIbHOI 3a/iaueil ABISETCA HCCIEN0-
BaHHE MPOLIECCOB, IPOMCXOIIINX B TpaHC(HOPMATOpaX IMPH HECUMMETPUIHOM Harpyske.
B craTbe paccMOTpeHBI HECUMMETPHYHBIE PEXHUMBI paboThl Tpex(a3Horo TpaHchopma-
TOpa co cxemoit coequHeHust 00MoToK Y/Yo. IlpencraBnens! Gpopmyisl, OCHOBaHHbBIE Ha
METO/Ie CHMMETPHYHBIX COCTaBJISIOIIMX M MO3BOJISIONIME PACCUMTATh HECUMMETPHYHbIC
PeXUMBI paboTHI TpaHCHOPMATOPHOTO OOOPYAOBAHKS MPHU IIMPOKOM M3MEHEHHWH Tapa-
MeTpOB Harpy3ku. [IpoBe/ieHHBIE pacyeThl TOKa3at, YTO MPH IKCIUTyaTaluu TpaHchop-
MaTopoB co cxeMoil Y/Yo HapylieHne paBeHcTBa (pa3HBIX HAIPSDKEHUH IPUBOAUT K YBe-
JIMYEHUIO MarHUTHOTO ITOTOKA M IMEPEHACHIIICHUIO OJJHOTO U3 CTepxHei. 113 pe3ynbraTtoB
pacdera TOKOB KOPOTKOTO 3aMbIKaHUsl YCTAHOBJIEHO, YTO HAHOOJIBIINE 3HAUCHUS] UMEIOT
TOKH CHMMETPHYHOTO TpeX(}a3HOro KOPOTKOTO 3aMBIKaHMS. JTO HEOOXOAUMO YUYHTHI-
BaTh IIPH BEIOOPE YCTPOUCTB 3alIUTH TPAHC(HOPMATOPHOTO 000PYLOBAHHS.

KiiouyeBble €JI0Ba: METOJ CUMMETPHYHBIX COCTABJISIONIMX, HECHMMETPHYHAS
Harpyska CXeMbl 3aMelIeHHMs, HECHMMETPUYHBIH PEXUM, TpexdasHblil CUIIOBOH TpaHC-

¢dopmarop.

|. BBegenne

CoBepIlIeHCTBOBAHUE TEXHOJIOTHIA PEryJTUPOBaHUs MMapaMeTpOB HaIps-
JKEHUS B TpaHCPOPMATOPHOM 0OOPYAOBAHWHU CBSI3aHO, B TOM HYHCJIE, C UCTIONb-
30BaHMEM TUPUCTOPHBIX MepeKIoUaroInux ycrpoiicts [1]. Tlepexarouenue mep-
BUYHBIX 06MOTOK C IMIOMOIIIBIO HOHprOBO)IHI/IKOBBIX KOMMyTaTopOB BbI3BIBACT
HCCI/IMMeTpI/IIO Hal'[pﬂ)KCHI/Iﬂ, 9gTO MOXKET HpI/IBGCTI/I K BLIXOJIy nu3 CTpOH HUIJIIN CO-
KpalllEeHHI0 CpoKa CiIyXO0bl TpaHchopmaTopHoro obopynoBanus. [lostomy ox-
HOM U3 aKTyaJbHBIX 3a]la4 SBJSIETCS UCCIEI0BAHUE HECUMMETPUUYHBIX AJIEKTPO-
MarHUTHBIX TPOIECCOB CO CXeMO# coenHenust 06MoToK Y/ Yo [2].

TpaHchopMaTopsl KeTaTEIEHO IKCIUTyaTUPOBATh IPU UACATBHON CHUM-
MeTpuyHOi Harpyske [3, 4]. OnqHako, Takas HArpy3Ka B DJIEKTPHUYECKUX CHCTE-
Max MpPaKTUYECKH HE BCTPEYAETCs, MOCKOJBKY BCEra UMEIOTCS MPUYUHBI, BbI-
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3bIBAOIINE HECUMMETpHI0. HecuMMmeTpus Bo3pacTaeT ¢ yBEIMUCHHUEM MOIIHO-
cTH 0xHO(]A3HBIX NOTPEOHUTENEH, MUTAIOIINXCS OT TpeX(hazHBIX ceTel, U Moiry-
YalTCs OCOOCHHO OOJNBIIMMH B aBapHiHBIX pexkumax [5]. Hampumep, mpu
IByX(a3HbIX W OJHO(A3HBIX KOPOTKHX 3aMbIKaHUSAX, OTKIIOYCHUHM OJHON W3
(a3 nuHNM nepenaun u T.1. Pacronaras MaTeMaTHIECKUM ONHCAHUEM IIPOIEC-
cOB B TpaHc(opmaTrope NpH HECUMMETPHUYHON Harpyske, MOXKHO JaTh OLCHKY
OTKJIOHCHHUH OT CHMMETpPHH, JOMYyCTHUMBIM B 3KCIUTyatauuu [6]. HecummeTpuu-
HBIE SBJEHHsSI B TpaHC(OpMATopax BBI3BIBAIOTCS HECHMMETPHEH Harpy3ku u
HECHUMMETPHUEH TTO/IBEACHHBIX HANPSDKEHHH, YTO HEOIaronpHusTHO CKa3bIBACTCs
Ha pabote snekrponoTpeduteneid. s camoro tpaHcdopmaropa HECUMMET-
puuHasi paboTa MOXKET OBITh ONacHa B OTHOLICHWHW NEPErpy3KH TUPUCTOPHBIX
KJIFOYEH, OTHEeNbHBIX OOMOTOK, a TaKKe YpEe3MEPHBIX MOBBIIICHHH (a3HbIX
HaIpsDKCHUI U HACBIIICHNS] MarHUTONIPOBOAA TpaHchopmaropa [7].
1. MaTtepuaabl 1 MeTOIBI

Tpexdasznpie TpaHCHOPMATOPHI CO CXEMaMH COeTHHEHH 00MOTOK Y/Yq
OOBIYHO WCHONB3YIOTCS KaK TPaHC()OPMATOpPhl NMOHU3UTENBHBIX ITOJCTAHIINI
HEeOOBIION MOIMHOCTH NPH NMUTAHUH TpexX(a3HbIX U OAHO(]A3HBIX MOTpeduTe-
JIel W MPaKTHYECKH BCerja paboTaloT C TEMH WM HHBIMH PEXMMaMH OTKJIOHE-
HUSIMH OT CUMMeTpHuH. Takasi cxema COeIMHEHHsT OOMOTOK IPUMEHSETCS HC-
KJIFOUUTENIBHO B TpaHC(opMaTopax ¢ TPEXCTEPIKHEBBIM CEPICUHUKOM.

MeTo/; CMMMETPUYHBIX COCTABIISIOIINX SIBJISETCS OOLIMM METOAOM aHa-
JM3a HECUMMETPHYHBIX pexuMoB. COrjacHo 3ToMy MeToay TpexdaszHas
HECHMMETpPHUYHAsi CUCTEMa HANpsDKEHUH pasiiaraeTcsl Ha CHCTEMbl HalpsHKEHUN
psIMOi, 0OpaTHO# K HyseBo nocnenoBarenbHocTu [8-10]. [MaBHBIM HOCTOMH-
CTBOM [JaHHOTO IOJXO0JIa SBJSIETCS BO3MOXKHOCTH HCIIOJB30BAHMSI CXEM 3aMe-
LIEHUs TPUBEIEHHOTO TpaHC(opMaTopa /Il TOKOB Pa3IMYHBIX MTOCIE0BATEb-
HOCTEH ¥ IPOBEACHHE PACUETOB C IIOMOIIBIO AHATUTHIECKUX (hopMyII.

Jnst TOKOB TpsIMOM M 0OpaTHOHM IOCIeN0BaTEIbHOCTEH MPUMEHSIETCS
oObryHas T-oOpa3Hast cxema 3amereHus TpaHcdopmaropa. /st TOKOB HyJeBOH
MOCJIEI0OBATENILHOCTH CXeMa 3aMellIeH sl TIpe/ICTaBieHa Ha puc. 1.
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Puc. 1. Cxema 3amernienus Tpanchopmaropa
JUISl TOKOB HYJICBOH MOCIIEA0BATENbHOCTH
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Comnportusnenus Z; u Z, ONPEeNsioTcs] MOMSIMH PACCESHHUS, COIPOTHB-
JeHne Zyo ONPEACIAETCS OCHOBHBIM MarHUTHBIM IOTOKOM H JUIS TPEXCTEPIKHE-
BOTO TpaHchopMaropa coctasiseT npuomusutenapho 10-Zy [11], rme Zx — compo-
THBJICHHE KOPOTKOI'O 3aMBIKAaHHS. TOK HyJEBOW IOCIEIOBATEIBHOCTH MOMKET
HPOTEKaTh TOJIBKO BO BTOPHYHOW OOMOTKE W SIBISIETCS YUCTO HAMAarHWYHBAIO-
M [10]. B cxeme 3aMemmieHust 5TO yYUTHIBACTCS TEM, YTO B MEPBUYHOM KOH-
Type eCTh pa3phIB.

B oOMoTKe, coequHEeHHOW B 3Be3Ny, JIMHEWHbIE W (pa3Hble HAIPsHKEHUS
CBSI3aHBI COOTHOIICHHUSIMU:

.U, -U, .
U/; — CA AB y (1)
3
.U, -U
Ué — AB BC ’ (2)
3
.U -uU
Ué — BC CA . (3)
3
B 3TuX BBIpakeHUsIX Us , Us , Ue _ (a3Hbple HANpPsDKEHUS TPSIMOiL U 00-
paTHOM nocie10BaTeIbHOCTEH:
U/; = I.A ’(;a +;k) - I.ou : (;a +;0u) ; (4)
Ul;=I.B.(;b+;k)_l-on'(;b+;on); (5)
Ué =I.C'(;c+;k)_l-0ﬂ.(;c+;0n); (6)
I+, +1.=0, (7

rne Za, Zb, Zc — conpoTuBieHus a3 Harpy3KH, Zx — COMPOTHBICHHE KOPOTKOTO
3aMbIKaHus, lor — TOK HyJIeBOW MocnenoBaTenbHOCTH, Zo = Zmo + Z2 — compo-
TUBJICHUE HYJIEBOH MOCJIEI0BATEIIbHOCTH.

Beenem crenyronme obosnavenus ZAK = Za + Zk, ZBK = Zb + ZKk,
ZCK = Zc + + Zk, Za0 = Za + Z0I1, Zb0 = Zb + Z0I1, Zc0 = Zc + ZOIl. Toraa B
MaTpPUYHO (hOpME 3aIKCH TITABHBINH ONPEICIIUTENh CHCTEMBI:

A=Z

= AK

';BK ';cu +;AK ';CK ';bo +;BK ';CK 'Zao ' (9)
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Pemenne cucremsl (4-7) onpenenuT Hen3BeCTHBIE TOKU. Ompenennm ToK
HYJIEBOI MOCIIEIOBATEILHOCTH:

Ihon ==, (10)

0 Z 0 Ul
A — =BK . B ]
Tlo 0 Zg Ul (1)
1 1 1 0
Aou :_U/’x -;BK ';CK _U.l; ';AK 'ZCK _Ué ';AK ';BK ' (12)
CootBetcTByIONIHE (a3HBIC TOKH:
. U -l -Z
I — A o1 =al ; (13)
g ZAK
R L 4
I — B 0ol =bo , (14)
° ZBK
.Ul -Z
IC — C ZO]‘[ =c0 . (15)

Hwkxe mpezncraBieHHbIE BBIPQKEHHS MO3BOJISIOT PACCUUTATh HECHMMET-
pHUYHBIE PEXHUMBI paboThl TpaHC(HOPMATOPHOTO OO0OPYNOBAaHHUSA IPH LIMPOKOM
N3MEHEHWH NapaMeTpPOB HArpy3KH NP CUMMETPUYHOM M HECUMMETPHUYHOM
MIPUIJIO’KEHHOM HalpsKEHHH.

Uazug_l‘A';k+l‘on';2 ; (16)
Uuzué_l.s';k"'[on';z; (17)
Uc :Uc’ - I.c -;k + Ilon ';2 . (18)

I11. Pe3yabTaThl Hcciie10BaHusl
Hecummerpus Hampspkenuid B cootBetctBuU ¢ 'OCT Ha HOpMBI Kade-
CTBa AJIEKTPUUYECKON SHEPTHH B CHCTEMaX 3JICKTPOCHAOKEHHs OOIIero HazHa-
YeHHS XapaKTepHu3yeTcs CIEAYIONINMH TOKazaTelsIMu: KO3 (HUIIMEHTOM
HECUMMETPHUHN HAIPSHKEHUH 110 0OpaTHOM MOCIeI0BaTeIbHOCTH B K03 ummeH-
TOM HECUMMETPHUH HAIPSKEHUH 110 HYJIEBOM mociieioBaTeabHoCTH. HopmanbHo
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JIOIYCTUMbIE U TPECIbHO NOMYCTUMbIE 3HAYEHHS AaHHBIX KOd(QUIHEHTOB
pasusl 2,0 1 4,0 % COOTBETCTBEHHO.

TpexmepHbIii Tpaduk 3aBUCHMOCTH KOX(PPHUINEHTa HECUMMETPHH IO
HYJICBOM MOCJIEA0BATEILHOCTH, MPEICTABICHHBI HAa PHUC. 2, WUIIOCTPUPYET
PEXUMBI HECHMMETPUYHOU paboTsl Tpanchopmatopa TM 400/10 B mmpoxom
JMana3oHe U3MEHEHHH HArPy30K

JaHHbIi rpadyK MOCTPOCH MPHU HEM3MEHHOM HOMHHAJIBHOM COINPOTHB-
nennu B paze A Zy = Z,,, AMana3oH U3MCHEHUsS CONPOTURICHUH B (asax B u C
oT Zy 10 2+Zy, uto cooTBeTcTBYET 50 % Harpyske.

Kou, %

400

500
Zb, Om
Puc. 2. TpexmepHsIii rpaduk 3aBUCHMOCTE K03 PHIINCHTa HECUMMETPHH
HyJeBOH nocinenoBaTenbHOCcTH Kou OT conpoTuBiieHnit a3 Harpy3ku

U3 puc. 2 cnenyer, yTo KO3()(HUINEHT HECUMMETPUHU HYJIEBOW IOCIIENO-
BaTeNbHOCTH Kou 3HAYUTENBHO BO3PACTACT NMPH CHMMETPUYHOM YBEIHYCHHH
conpoTuBieHuH B ¢azax B u C.

B ycrmoBusix skcmuryaranun TpancdopmatopoB co cxemoit Y/Yo mpu
HIMYAXA TOKOB HYJIEBOH IOCIIEOBATEIHLHOCTH HapyIICHHE PaBEHCTBA (ha3HBIX
HaNpsOKCHUH BBI3BIBACT YBEIMYEHHE MArHUTHOTO ITOTOKA W IIE€PEHACHIIIECHHUE
TOTO CTEpXKHS, B 00MOTKax koToporo DJIC ocHoBHOro monsa u J/IC HyieBoi
IOCJIEI0BATENILHOCTH Haubosee OJM3KU Apyr K npyry. Bo m3bexaHue 3Haum-
TEJILHOTO HEpPaBEHCTBAa (DAa3HBIX HANpPsDKEHWH HEOOXOIMMO OrpaHWYMBaTh
Harpys3Ky HYJIEBOT'O ITPOBOAA, HE JONYyCKas 3Ha4eHUH Bbimie 25 % HOMHHAILHO-
r'o TOKa OOMOTKH.
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Puc.3. Kpussle 3aBucuMoct k03 (huireHTa HeCUMMETPHN HANPSHKEHHS

0 HyJIeBOH nocieoBaTenbHOCTH Kou 1 ToKa yepe3 HyneBoi npoBon lo

0

1V. 3akarouenue

B pe3synbTare ucciienoBaHuii yCTaHOBIICHO, 4To (a3zax B u C Oyzaer mpe-
JIETIbHO JOIYCTUMBIH KOA((QHUIMEHT HECUMMETPUH HYJIEBOW MOCIIE0BaTEIbHO-
ct Kou = 4 %, ipu aToM B ¢aze A Harpy3ka HOMUHAJIbHasA. Tok dyepe3 HylieBoH
MIPOBOA JOCTUraeT 3Ha4deHus 25 % OT HOMHUHAJIBHOTO (a3HOTO TOKa IpU
Harpy3kax B ¢a3ax B u C cocraBmsromux 78 % 0T HOMHHAIIBHOM, IPH 3TOM B
¢aze A Harpyzka HOMHUHaJbHAsL.

B xone pacderoB ompezaeneHbl TOKM KOPOTKOTO 3aMbIKaHHs. Tok mep-
BUYHOU OOMOTKH MOBpeXAEHHOI (a3bl A cocrasisieT 3,91y, Toku B dazax B u
C pasusirorest 1,361y u 2,7-1y. TIpu kopoTkom 3ambikanuu B hazax 4 u B TOku
4yepe3 TUPUCTOPHI cocTaBsT: B ase A — 16,67 1y, B ase B — 15,5 Iy, B dhaze C —
1,67 In. Ilpu cummeTpraHOM Tpex(ha3zHOM KOPOTKOM 3aMBIKAHUU TOKH BO BCEX
¢azax cocraBmaor 18,2-ly. CrenoBaTensHO, MpU BBEIOOpE YCTPOWMCTB 3aIIUTHI
TpaHc(opMaTOpHOro 00OpYHOBaHMSI HEOOXOIUMO OTCTPAaUBATHCS OT CUMMET-
pUYHOTO Tpex(a3HOro KOPOTKOTO 3aMBIKAHMS, NMPH KOTOPOM TOKH HMEIOT

HAMOOIBIINE 3HAYCHHUS.
© Kpamnua A.A., 2018
© I'ynses B.B., 2018
© Epemenxko B.B., 2018
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INVESTIGATION OF ASYMMETRIC OPERATING
MODES OF THREE-PHASE TRANSFORMERS
WITH Y/YO WINDING CONNECTION

I Nizhy Novgorod State Technical University n. a. R.E. Alekseev,
2Volga State University of Water Transport

Abstract. Modern electrical systems are characterized by voltage asymmetry.
Asymmetry adversely affects the operation of electrical equipment, including can lead to
failure or shorten the life of transformer equipment. Investigation of the processes occur-
ring in transformers with an asymmetric load is an urgent task. The paper considers
asymmetric operating modes of a three-phase transformer with a Y/Yo winding connec-
tion scheme. The formulas based on the method of symmetric components are presented.
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Formulas allow one to calculate the asymmetric operating modes of transformer equip-
ment with a wide variation in the load parameters. The performed calculations showed
that a violation of the equality of phase voltages leads to an increase in the magnetic flux
and supersaturation of one of the limbs in transformers with a Y/Yo connection. From the
results of short-circuit currents calculation, it is established that the currents of a symmet-
rical three-phase short circuit have the greatest values. This must be taken into account
when choosing transformer protection equipment.

Keywords: asymmetric mode, asymmetric load of the equivalent circuit, method
of symmetric components, three-phase power transformer.

References

[1] E.N. Sosnina, A.B. Loskutov, S.M. Dmitriev, A.l. Chivenkov and A.A. Loskutov.
Experimental digital transformer substation with an actively adaptive control system
and automatic smooth regulation of voltage and power // Industrial Power Engineer-
ing, no. 12, pp. 8-13, Dec. 2013.

[2] A.S. Serebryakov and V.L. Osokin. Unbalanced load of three-phase transformers at
connection of windings according to the scheme Y/Y-0 and Y/Y0-0 // Herald
NGIEI, no. 3 (70), pp. 50-57, March 2017.

[3] A.A. Saveliev. The problem of load asymmetry in three-phase distribution electrical
networks of 0,4 kV and technical means of its solution // Student science and the
XXI century, no. 1 (16), pp. 91-94, 2018.

[4] S.D. Lizunov and A.K. Lohanin, Power transformers. The reference book. Moscow:
Energoizdat, 2004.

[5] L.Yu. Shelekhina and A.Yu. Akhtyrskaya. Influence of unbalance of currents and
voltages on the operation of electrical equipment // In proc. Intern. scient.-pract.
conf. Russia in the XXI century: factors and mechanisms of sustainable develop-
ment, 2016, pp. 25-28.

[6] A.A.Kralin, V.V. Gulyaev and D.N. Lapaev. Simulation of modes of parallel opera-
tion of three—phase distribution transformers // in proc. All-Russian Conf. Actual
problems of power engineering, 2014, pp. 201-206.

[71 A.A. Kralin, B.Yu. Altunin and V.V. Gulyaev. Investigation of operating modes of
a nonlinear three—phase transformer in the Simulink package // Vestnik of the Volga
State Academy of Water Transport, vol. 32, 2012.

[8] V.A. Martynov. Calculation of incomplete-phase operating conditions of three-
phase transformers. Part | // Electricity, no. 9, pp. 54-61, Oct. 2003.

[9] V.A. Martynov. Calculation of incomplete-phase operating conditions of three-
phase transformers. Part |1 // Electricity. no. 10, pp. 17-24, Nov. 2003.

[10] B.Yu. Altunin, A.A. Kralin and I.A. Karnavsky. Study of asymmetric operation
modes of a transformer-thyristor voltage and power regulator // Industrial Power
Engineering, no. 12, pp. 13-16, Dec. 2013.

[11] A.V. lvanov-Smolensky. Electric cars. Volume 1: 2 ed. Moscow: MPEI, 2004.



