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AHann3 paboTocnoco6HOCTN N HABE)XXHOCTU
8/1eKTPOo06OoPYA0BaHUS BbICOKOBOJIbTHBIX
3/IeKTPOTEeXHU4Y€CKNX KOMIJIeKCOB

(B3TK) noarBepxaaet Heo6xo4MMOCTb
coBepLIeHCTBOBaHUS METOA0B OL€HKUN

M MaTeMaTn4ecKoro MoaesimpoBaHus
nepexoAHbIX MPOL,EeCCOB B JINHUSIX
anekrtponepenayum (J13IM) n Ha nogCcTaHUMSIX,
B 3a3eMJISIIOLLNX U 3aLLNTHbIX YCTPOMCTBax.
OAHOV N3 OCHOBHbIX MPOGIEM Nnpu 3TOM
ocTaercs yny4weHue 6e3onacHocTu

v KaYecTBa pyHKUMOHMpPoBaHns BOTK

c yyetom nx AMC B pexxumax BO34eCTBUS
nepeHanpsiXeHuii, B TOM Yyucse
onpepaesieHne OLeHOYHbIX KpUTepues,
Hay4yHoe 060CHOBaHUe NPUHYANTEJIbHOIO
OrpaHNyYyeHnsi BHeLUHUX N BHYTPEHHUX
nepeHanpspkeHwii Ha 371eKTPoo6opyAOoBaHNU,
ontumu3sauns 3awutsl JISI n nogcraHuni
B3TK oT pa3nnyHbix ypoBHeN Hanpsi)keHus,
3/1IeKTPOMarHUTHbIX BO34eNCTBUMN, MOTyLNX
cTaTh NPUYNHON TSKEJIbIX aBapPUIA.

KntoueBbie caoBa: xXene3Hoa0poXHasi
MHOPACTPYKTypa, 3/1eKTPoCcHabxeHune,
3/1eKTPOMarHUTHasi COBMECTUMOCTb,
BbICOKOBOJIbTHbIE 3/IEKTPOTEXHNYECKME
KOMI1/1EKChI, FPO30BbIE NEPEHANPSIKEHUS,
HeunTpasb TpaHchopMaTopos.
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Hukonain KYKYIOK
Nikolai A. KUKUYUK

aNIe’KHOCTb M KaYeCTBO 2JIEKTPOCHAOKECHUST JKe-

JIE3HOOPOXKHOTO XO3SIMCTBA B 3HAYMTENIbHOM

Mepe CBSI3aHBI C Pa3BUTUEM BBHICOKOBOJIBTHBIX
3JIEKTPOTeXHYeCKUX KoMmIuiekcoB (BOTK) anekrpuue-
CKHUX ceTeil, 00beKTaMM KOTOPBIX SIBJISIOTCS JTUHUU
anekrpornepenauu (JIDIT) unoncranimu (IMC). BOTK —
CaMOCTOSTEJIbHbIE TEXHOJOTUUECKUE KOMILIEKCHI,
HO OHM X€ M HEOTheMJIeMasl COCTaBHAsl YacTb CUCTEM
0oJ1ee BEICOKOTO YPOBHSI, ¥ HAZIO 00ECTIeYnBaTh UM -
(bekTuBHOE 1 6e30macHoe (hYHKIIMOHUPOBAHUE B IIIMPO-
KOM JIMara3oHe MOILIHBIX 2JIEKTPOMarHUTHBIX BO3IEHCT-
Buii. Cpenr HUX MOXHO BBIIETUTh KPATKOBPEMEHHBIE
MIMITYJIbCHBIC BHEILTHUE Y BHYTPEHHUE ITePEHAITPSDKEHNS,
YacTO CTAHOBSILIMECS IPUUMHOM TsDKeJbIX aBapuit. [To-
atomy wist JIDTT u T1C cyniectBeHHBIM (haKTOPOM yityd-
LLIEHUST 9KCIUTyaTallMOHHBIX XapaKTePUCTUK Beeria ObLia
MX 3JIEKTPOMarHuTHast coBMecTuMocTh (DMC) ripu Tie-
peHanpspkeHusix [ 1].

I.

Ocobyro 3HaUMMOCTb TIproOpeTaeT rpodiaemMa DMC
Mpu 00eCTIeYeHN U HAIEXKHOI 3aLIIUTBI OT TIepeHartpske-
Huit snektpoobopynoBanus BOTK, JIDII, cuioBbix
M U3MEPUTENTBHBIX TPAHC(HOPMATOPOB BHICOKOTO HAIpsI-
JKEHWSI, a TAKKe KOMMYTAIIMOHHBIX alllapaToB, PeakTo-
poB. Kak nokasbIBaeT aHaim3, 101 HapyineHuit DMC
OT MepPeHATPSKEHMIA U CIEIMGbUKY SJIEKTPOMATHUTHBIX
TIPOLIECCOB B OOIIIEM TTOTOKE OTKA30B 3IEKTPOOOOPYIO-
BaHUs peBbiiiaet 35—40%.
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PeliieHne cBSI3aHHBIX C 3TUM 3aa4 HaKJIaabIBaeT
JKeCTKUe TpeOOoBaHMS K pa3paboTKe CXeM 3allUThbl
M 32U THBIX aINapaToB, MPEXIe BCEro — HeJIMHEMHbIX
orpanunuureneii nepeHanpsekenuii (OINMH) u BeHTMIB-
HBIX pa3psiIHUKOB. HazHaueHMe 3alMTHBIX alllapaToB
¢ ToukM 3peHust DM C COCTOUT B TOM, YTO HAa KOPOTKHE
TMPOMEXYTKU BPEMEHMU,, XapaKTePHBbIE JIJIsI [IepeHarpsi-
JKEHUI, OHU CO3IAl0T MYTH, IO KOTOPBIM dHEPTHUsT
3JIEKTPOMArHUTHBIX BO3IEHUCTBUIA, OTTacHast /IS 3aL1-
LIAEMBIX 3JIEKTPOYCTAHOBOK, OTBOIMUTCSI MUMO HUX
B 3eMJIIO.

Hapyenre M C o4yeHb YacTo BO3HUKAET BCIIGACT-
BUE ITOMEX B BUJIE TIepEeHAITPSKEHU I P UCTIONIb30BAHUHT
MeTojia pa33eMJICHHST HeUTPaI YaCTH CUJIOBBIX TPaHC-
dopmaropoB 110—220 kB, b0 3a3eMyieHUST MX Yepe3
pEaKTOp WM PE3UCTOP ISl OTPaHUUEHUS] TOKOB KOPOT-
xoro 3ambikanus (K3).

Poct TokoB K3 npuBOIUT K YBEIMUESHUIO TMHAMU-
YEeCKMX BO3IEUCTBUIT Ha 0OMOTKHM TpaHC(HOpMaTopoB,
CYILIECTBEHHOMY YTSDKEJICHUIO PAOOThI KOMMYTHUPYIOLIEH
anmaparypbl, YCUJIEHUIO ONTACHBIX BIMSTHUIN JIMHUIA 2J1eK-
TpOIIepeiauy Ha JIMHUM CBSI3U, a TAKXKE YXY/IILIAET YCJIOBHSI
0e30MacCHOCTH 151 IePCOHAITA SHEPTOCUCTEM U TIPOMBIII-
JIEHHBIX TTPEATTPUSITUA.

OrpannueHue TokoB K3 oka3bIiBaeTcst BO3MOX-
HBIM TIPU pa3ieIeHUU SHEProcucTeM (ceTeil), Korma
JIMHUY TIepeiauyl B HOPMAJIbHOM PEXHUMe OTKIIIoue-
HBI U B clTydae HEOOXOAUMOCTH BKITFOYAIOTCS C 1O~
MOIIIbIO CUCTEMHOM aBTOMaTHKU. OIHAKO TaKou
crnoco6 orpaHuyeHus TokoB K3 npumMeHsieTcsi cpas-
HUTEJIBHO PEIKO, MOCKOIBKY IMPH 3TOM CHUXKAeTCsI
HaJeXXHOCTD 3JIEKTPOCHAOXKEHMSI.

B cerax 110—220 kB, nmoay4uBIIKMX HauOOJIbIlIee
pacnipoctpaneHue B Poccun, st orpanimdeHust tokoB K3
TIPUMEHSICTCS] METOJT Pa33eMJICHHUST HEUTPAIN YacTh CU-
JIOBBIX TpaHC(HOPMATOPOB JIMOO 3a3eMJICHUST UX Yepe3
peaKkTop WM PE3UCTOp. DTO MPUBOIAMT K YBEJTUUCHUIO
COMNPOTHBJICHMSI HYJIEBOI MOCIEI0BATEIbHOCTH CETU
OTHOCUTEJIbHO TOuKH K3 1, clie1oBaTeIbHO, K CHYKEHUIO
TOKOB offHO(a3HbIX K3.

JlaHHbIi hakT CYLIeCTBEeH ISl SKCIUTyaTalliy U IIPO-
EKTUPOBAHUSI CETEH, ITOCKOJIBbKY ITPY HEOIarornpusiTHbIX
COYETAHUSIX COTTPOTUBIICHUI TTPSIMOIA, 0OpaTHOM U HyJIe-
BOI IOC/IeIOBaTe/IbHOCTE M TOKM ogHOo(a3zHoro K3 Moryt
Ha 15—20% npeBocXOaMTh TOKU TpeX(ha3HOro aHajora.
B cersix 110—220 kB omHodaznbie K3 coctapisttor 00bI4-
Ho 6ostee 75% ot Bcex K3. YMeHblIeHre TOKOB O1HO(a3-
Horo K3, ctout umeTh B BUIY, 3aMETHO CHUXKAET TpeOo-
BaHMS K YCTPOMCTBAM 3a3eMJICHMS U arnapaType JUist
3AIINUTHI IMHUIMA CBSI3U |2, 3].

OpHaKO Mpu pa33eMJICHUM HEUTpaIu CUJIOBBIX
TpaHc(hOpPMaTOpPOB CiIeayeT 00eCIeUnThb eif COOTBET-
CTBYIOIIYIO 3JIEKTPUYECKYIO TTPOYHOCTH M3OJISIUU
HEOOXOIMMBIMU CPEICTBAMM 3aIIMThI OT IIepeHaIpsi-
xxeHuit. Kpome TOro, npu rmoBpexaecHUN U30JISILUU
TpaHchOpPMaTOP MOXKET MPOAOJIKATh CBOIO paboTy
dakTHUeCKu B peXUMe C 3a3eMJIEHHOM HEeUTpasblo,
YTO B KOHEUHOM MTOTE CKa3bIBACTCS TOJBKO Ha COOT-
HOUIIEHUU PEaKTUBHBIX COTIPOTUBJICHUN TIPSIMOM
U HYJIEBOW IMOCJIEN0BATEBHOCTH IS IEUCTBYIOLIEH
CXeMbI CeTU. BbISIBUTH MOBpEXIEHNE U3OJISLIUU HEl-
TpaJiv B MPOLIecce DKCIUTyaTalluy He MPeICTaBISIeTCs
BO3MOXHBIM. OOBIYHO €10 HaXOST B X0j1e poduiak-
TUYECKUX UCITBITAHUIA.
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J11st pacyeTa HarpsKeHUI B HelTpasti TpaHcdopma-
TOpa MPU UMITYJIbCHBIX BO3IEHCTBUSIX TPeIaraeTcsi 3a-
MEHSITh ero npocteiimM L—C KOHTYpOM, a MpoLIecChl
HCCTIEIOBATh METOJIOM CUMMETPUYHBIX COCTABJISIIOLLUX.
[pu 3TOM HarnpskeHue B HEUTPAIM COOTBETCTBYET Ha-
MPSDKEHUIO Ha eMKOCTH KoHTypa. IlokaszaHo [2], uro
BEJIMYMHA HATPSDKEHMSI 3aBUCUT OT TIeprojia KosebaHu i
koHTypa L—C, a He OT KOHKpeTHBIX BemunH L 1 C.

HenocpencrBeHHOE M3MepeHKe TPO30BbIX MepeHa-
MPSDKEHMI B HEUTPaJI CUJIOBBIX TPAHC(OPMATOPOB TP
TPUXOJIE TPO30BBIX BOJIH IO JIMHUSIM COTIPSDKEHO € 60JTb-
LIMMU TPYTHOCTSIMU. BO-TIepBBIX, 3TO CBSI3aHO CO CIIOXK-
HbIMU TEXHUYECKUMU MPOOIeMaMU TP CO3AHNUM PETu-
CTPaTOPOB I'PO30BBIX MepeHarpsiKeHu . Bo-BTOpbIX, 11st
M3MEPEeHMsI IPO30BBIX MePeHANpPSKEHUIA B HEUTpaIu
TpeOyeTcst MOAKITIOUEHE K Hel IeTUTeN el HarpsoKeHUsT,
KOTOpPbIE MOTYT CYLIECTBEHHO MCKA3UTh MEPEXOIHBIN
npouiecc. [10aTOMy OOBIUHO UCCIIEI0BAHKUE IPO30BBIX
MepeHanpsLKeH i IPOM3BOIUTCS] AaHATUTUYECKUM pac-
YETOM WM Ha (PU3NUECKOM MOJISITH.

II.

[po30oBbIe nepeHanpsLKeHust Ha HEMTpaIv CUJIOBOTO
TpaHchopMaTopa BO3HUKAOT TTPU MPUXOE BOJTH TI0 Ofl-
HOIA, 1IByM min TpeM azam. [1pu aToM hopma BOJHBI,
BO3/IEHCTBYIOIIIEI HAJIMHENHHbIE KOHIIbI, 3aBUCUT OT TOT'O,
BCTYTIAIOT B ICVCTBYE WM HET BEHTWIbHbBIC PA3PSITHAKK
CO CTOPOHBI JIMHEHOTO KOH1Ia TpaHchopMaTopa.

[lpu mageHUM BOJIH C OAVMHAKOBOW aMILIUTYIOM
Ha TpH (ha3bl TpaHchopMaTopa, 0OMOTKHI KOTOPOTO COe-
JIMHEHBI 3BE3/101 C U30JIMPOBAHHOW HEUTPAJIbIO, BOJIHO-
BOI IPOILIECC BO BCeX TpeX (pazax MpoMCXOaUT MpaKTIde-
CKW OIMHAKOBO.

B MoMeHT najieHust BOJIHBI IepeHarpskeH s Ha Ofl-
Hy (hazy 0OMOTKM 5Ta BOJIHA MPEJIOMIISIETCSI B HEUTpaIu
¥ TIPOHUKAET B JIBE Apyrue (ha3bl, 3aMKHYTbIE Ha 3eMJITIO
yepes BOJTHOBOE COMPOTUBIIEHHE JIMHUM (COOPHBIX IIIMH
rocTaHIMii). Bo3neiicTBre HanpsoKeHYsI MOXKHO TTPeJi-
CTaBUTh TAPMOHMYECKUM CIIEKTPOM, KOTOPBI CONEPXKUT
TapMOHMKHU MPsSIMOI, 0OpaTHOM M HYJIEBOI MOC/IeI0Ba-
TesbHOCTU. HanpstkeHre oT rapMOHMK MPSIMO¥ 1 00part-
HOM ITOCTIeIOBATEIbHOCTY paBHO HYJTI0. TakuM 06pasom,
MpU pacyeTe NepeHarnpskeHuid B HelTpanu TpaHcedop-
Maropa CJielyeT Y4eCTh TOJbKO TaPMOHUKK HYJIEBOM
TIOCTIEIOBATEIBHOCTH.

Ipu onHodbazHOM (HarpuMmep, 110 dase «C») Bo3neii-
CTBUM: ) )

E,=0; E,=0; fc:E; |
EAozEBn:Ecozg'(EA"'EE*'Ec):EE' )

To ecTh HampsKeHUE B HEWTpalu OMpeAessieTcs
Tpemst Hanpspkerusivm E, , By ) B ¢ amrumaTyoi, pas-
Hott 1/3 ammumutynel E, nelicTBytorieit mo omHou ¢asze
BOJTHBI.

[TonoOHBIM e 00pa3oM MOXKHO HATH HAIPSIKEHUE
BHENTPAIN ITPY MAICHNH BOJIHBI Ha JIBE (pa3bl (Harprmep,
«A» 11 «B»):

EA=E; EB:E; EC=0;

. . . 1, . . 2.
EA0=EBO=ECO=§~(EA+EE+EC)=§E. )

B oG1ieM ciyyae HarpspkeHre B HEUTpaiu omnpesie-
JisieTcst BoaHoga3Hol cxeMe IpU Nprxo/e Ha TpaHchop-
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Martop BOJIHbI, aMILINTY/ia KoTopoii pasHa K -U , rie
koa(hdument K pasen 1/3, 2/3, 1 npu mpyuxo/ie BOJTHLI
rnepeHanpspkeHrsT COOTBETCTBEHHO T10 OIHOM, JIByM
1 TpeM dazam.

OTcro1a BBITEKAET, YTO MPU HECUMMETPUYHBIX BO3-
JIVCTBUSIX Ha 0OMOTKY TpexdaszHoro tpaHchopmartopa
TepeXOIHbIE TIPOLIECCHI BO BCeX TpeX (ha3ax MOXHO pac-
CMaTpUBaTh Kak CAMMETPUYHbIE, 3aMEHsIs1 TpexdaszHbIN
TpaHcdopMaTop 0HOGhA3HBIM, C UCTIONB30BAHUEM CXEMBI
3aMelleHus], IPUBENCHHOW Ha pUC. 1, B KOTOPOW Ist
VITPOLLIEHMST M300paskeHusI IToKa3aHa TOJIbKO YacTh B3a-
VIMOMHIYKTUBHBIX CBsI3eil. Pacuer mapameTpoB cXxeMbl
3aMELLEHUST COAEPKUT Psil YITPOLIAIOIIMX JOMYLIEHUIA.
OCHOBHOE U3 HUX — BJIEMEHTBI CXEMbI 3aMELLCHUS JI-
HEMHO 3aBUCST OT YaCTOTHI.

PesynsraToM ucciienoBaHusi TpO30BbIX TIEpeHarIpsi-
JKEHU sIBJIsIeTCst hopMyJia st ONpeIesIeHIsSI MAaKCUMATh-
HBIX MX 3HAYEHUI B pa33eMJIEHHOM HEWUTPaIv CUIOBBIX
TpaHcdopmartopoB kaaccoB 110—-220 kB:
U ..=/3Uf(x/T), tne U — amrmtyna BOJHbI Ha 1~
HEMHBIX BBOJAX, # — YUCIIO (ha3, 10 KOTOPHIM OHOBpE-
MEHHO MPUXOIUT BOJTHA.

MccnenoBaHust MOKa3bIBatoT, YTO AMIUTUTY/IA HATTPSI-
JKeHMsT Ha M30JIMPOBAHHON HEUTPaI CUJIOBOTO TpaHC-
(hopmaropa B iepBy10 OUepeIb ONPEIENISIETCsI AMILTUTYION
TIPUXOISIIEH Tpo30Boii BoJIHBI 1 BAX pa3psimHuKa,
YCTAHOBJIEHHOTO Ha moAcTaHImK. Kpome Toro, oHa noj-
YUHSIETCS TOU Xe (QYHKIIMOHATBHOM 3aBUCUMOCTH
OT [UTMHBI BOJIHBI, YTO M IO MOMEHTA CpabaThIBAHUS
BEHTWJILHOTO pa3psiTHUKA.

TTosiBneHre Ha NMOACTAHLIMU BOJIH C ONACHBIMU JUIst
M30JISILMY TTapaMeTpaMy BO3MOXHO B TPEX CIIyvasix:
Ha Tpex ¢hazax Mpy MHIYKTUPOBAHHBIX IEPEHATPSDKEHN -
SIX; TIPY MIEPEKPBITHSIX IBYX (ha3 IMHUU TMPU yIape MOITHUU
B BEPLIMHY OIMOPbI WU TIPOBOJL; TO e caMoe TPy Tiepe-
KPBITUM Tpex (a3 JIMHUU.

Ilpu ynape MonHuUM BOJIM3U JIMHUM 110 HEil B 00e
CTOPOHBI PACIIPOCTPAHSIETCS] BOJIHA TIEPEHATIPSDKEHMSI,
MIHOBEHHbIE 3HAYEHUsI KOTOPO 3aBUCSIT OT BEJIMYMHBI
TOKa MOJIHMH, CPeIHEl BbICOTHI MojiBeca (hazHoOro npo-
BOJIa, PACCTOSIHUSI OT JIMHUU JI0 TOUKH yapa, CKOPOCTH
00paTHOTO pa3psiia MOJIHUM, OTHECEHHOW K CKOPOCTU
CBETa U BpEMEHU.

B .

2 2 2/12
60'1M'hn pctt /b -1
U.(r)= b - c-t 1

7_\/ﬁ2~cz‘t2/b2+l—ﬂz

(©)
N b
\/ﬂz ~cz't2/b2 +1—ﬂ2

e [ — TOK MOJIHUM, KA, hnp — CpeIHsIsl BbICOTa IMoIBeca
(hazHoro npoBo/a, M; b — paccTosIHUE OTJIMHUU JI0 TOUKU
yaapa, M; 3 — CKOpoCTb 0OpaTHOTO paspsiia MOJIHUH,
OTHeCEeHHasi K CKOPOCTH CBETa; ¢ — CKOPOCTh CBeTa, M/
MKC; f — BpeMsl, MKC.

BeposiTHOCTb TOMagaHust 1 MecTa ynapa MOJTHUYU
B OIACHYIO 00J1aCTh OMpeesIeTCs KaK TBOIHOM MHTET-
pa:

P,=[[r(1,.b)al,db.

MHTerpupoBaHue BBITIONHSETCS IPUOTKEHHO
110 yyactkam. PazouBaem BCio 0071aCTh «OMacHbIX» Mapa-
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METPOB Ha IMPAMOYTOJIbHbIC 3JIEMEHTHI, TOIJ1a

m
P, =" AP, , Tiie m — UNCIIO BNIEMEHTOB, HA KOTOpHIE
i1

pazbuTa 001acTh:

AP, =[[f(b)-0,04-¢"""dbdl, =

g by
=0,04-1(b) | e"™"dl, [ db=
b,

i

, )

=0.04-7(8) | (8, —b)-e " ar, =
1;

i

=Ab- f(b)- et

Pacuer BeposiTHOCTHM TOMagaHUsI M MecTa yuapa
MOJIHUM B OTIACHYIO 30Hy TAKMM CIIOCOOOM HE MPeICTaB-
JISIET OOJIBLLION TPYTHOCTH, OCOOEHHO C UCTIONBb30BAHUEM
COBPEMEHHBIX TIEPCOHATLHBIX BBIYMCITUTETHHBIX MAIIIVH.
3Hast BEPOSITHOCTB P, , MOXKHO OIPE/IENIUTh Y1CJIO YIAPOB
moutHuM Ha 100 rpo3oBbix yacoB v 100 kv iy st 0,08
yAapoB Ha | KM? 3 MHO# TOBEPXHOCTH 3a OJIMH TPO30BOIA
yac:n'=0,08:100-100-b 2P =1,6b P -10°. Pesynn-
TaThl pacyeTa CBeJCHbI B TaOIMILY 1.

O1ieHUM BepOSITHOCTB IBYX(ha3HOTO MePEeKPhITHST 15
muauM 110 kB Ha Metammmueckux onopax. OHO MOXET
TMPOU30ITH 1ocsie OAHOGMAZHOTO MEPEKPBITUSI TIPH YCII0-
BUM, YTO TOK MOJIHUM TPOJIOJDKAET HapacTaTh, TO €CTh
Ha (DpOHTE BOJTHBI TOKA.

Tox MonHuu I, paBeH:

Urd, _Upaﬂ _Ecp .hnp ( I_Kmn)
7L, + M,

T

I = 5)

M

(1K) 2Ryt

rae [ — 1ok mMoHuu; U,  — HAMPSDKCHUE TIePeKPBITHSL
TUPJISTHIBI TIPY BpeMeHN t; U, — pabouee HAIpsiKeHKE;
E,,— CpenHsisi HapsLKEHHOCTD JIEKTPUYECKOTO M10J1st
TI0 JUTMHE ONIOPbIIMHNW SJIEKTPOIEPESAYN; /i | — CPE/IHsist
BbIcOTa nozseca nposoa; K — kosbduuueHt cesazu
TPOC-TIPOBOI; ¥, — KO3 UIIEHT 0TCOoca TOKA B ITPOBOL;
L — cpeHss MHAYKTUBHOCTD OMOpbl; M| — B3auMHast
MHIYKTUBHOCTb MEXITY KAHAJIOM TOKa MOJIHUM U OTIOPOIA;
T, — BpeMsT (poHTa BOJIH TOKA MOJTHUU.

3anaBasich o BCX m3oss1my TMHUM 3HAYEHUSIMUA
7,11 U, MOXHO TOCTPOHTE KPUBYIO ONACHBIX TOKOB [UIsI
nByxdazHoro rnepekpbITust TuHuu. [TporHTerprpoBaB ee,
TOJTyYMM BEPOSITHOCT IBYX(Da3HOTO MEPEKPHITHSI BO BCEM
BO3MOXHOM JIMaria3oHe aMIUTUTYI U KPYTU3HbI TOKOB
MOJIHUM P@.

Toraa yaenbHOe YMCIO ABYyX(DA3HbBIX TEPEKPHITHI

Ha 100 rpo3oBbix yacoB 1 100 KM TMHWM:
2

n=|Sh, +ZL5 P, (©6)

TTocTaBuB B pacueT UCXOAHbIE AaHHbIC ISl IUHUKA
110 kB Ha MeTalIIMYeCKUX ONopax, MOJIydyuMm n* =
4,2-10-%. EcrecTBeHHO, BepOSITHOCTD Tpex(as3HbIX Tiepe-
KPBITUM €111€ MEHbIIIE, TaK KaK U1 EPEKPbITUS TPEThEN
TUPJISTHIBI TTOTpeOyeTcsl ele OONbLINI TOK MOJHUU.
CrienoBaTebHO, TIPY pacyeTe YKCIIa OMTACHBIX TPO30BBIX
BO3MIEMCTBUIA HA U30JISILIMIO HEUTPAIW CUJIOBOTO TPAHC-
opmaTopa 1ByXhazHbIMU U TPeX(ha3HbIMU [TEPEKPHITH -
SIMU MOKHO TIPeHeOpeUb, TIOCKOJIBKY MX YUCIIO TTPAKTH-
YEeCKM Ha TMOPSIIOK MEHbIIIE, YeM YMCIIO MepeKPbITUI
OT MHIYKTUPOBAHHBIX MepEeHANpPsSLKEHUIA.
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1.

Ipo3zoBble NepeHanpskKeHUsT MPEeICTaBIISIIOT Orac-
HOCTb JUIS1 U30JISIMU HEWTpai CUJIOBBIX TpaHchopma-
TOopoB 110—220 kB 1 moaToMy ee HeOOXOAMMO 3aIUIIATH
BEHTUJIbHBIMU Pa3psiAHUKAMU WM HETMHEHBIMY Orpa-
HUYUTEJISIMU ITepeHanpsbkeHui. Poct yncena otxomsiimx
JIMHUY CHUDKAET BEJIMYMHY HAIPSDKEHYsI, HO TIPU 9TOM
OHO MPOJIOJIKAET OCTABATHCS OMACHBIM JUTST U30JISILIUN.

B u3ommpoBaHHOIT HeNTpaiv CUITOBBIX TpaHC(hopMa-
TOPOB BHYTPEHHUE TEPEHATIPSIKEHUST MOTYT BO3HUKATh
B MEPEXOIHBIX U KBAa3UCTALMOHAPHBIX pexxumax. [1pu
CHMMETPUYHBIX PeXXMMaX KOMMYTAIK 3JIEMEHTOB CETH
B HEUTpaIU MOSIBIISIIOTCS] yMEPEHHbIE MEPEHAMNPSKEHUSI.
OCHOBHBIE IepeHATPSKEHNST B HEeld BbI3bIBAIOTCS KBAa3U-
CTalIMOHAPHBIMU PEXKMMAMU HECUMMETPUYHOTO XapaK-
Tepa.

DT nepeHanpsKeHUsT BO3HUKAIOT TIPU HETTOJTHO-
(ha3HbIX pexxuMax OTKIIIOUEHUS! WU BKJIIOUEHUST TPaHC-
(dopMaTopoB, (heppope3oHaHce, HECUMMETPUIHBIX pe-
JKMMax OTKJTFOYEHUSI WA BKITIOYEHMSI TIMHUIA, HECMMe-
TPUYHBIX KOPOTKUX 3aMBIKAHUSX B CETU C YACTUYHO
Pa33eMJIEHHON HEUTpaJIbIO.

Ha puc. 2 npencrapieHo Haubosiee XapakTepHoe
pacrioyioxeHue TpaHchopMaToOpoB ¢ U30JIMPOBAHHOMN
HeliTpasbio. /{1 mpoBeneHrs aHaI3a BeJIMYUHbI Tiepe-
HaIpsDKEHUI MPY HEMOJTHOMA3HBIX BKITIOUSHUSIX 3Ty
TIPUHIUTTMATBHYIO CXeMY MOXKHO TTPeoOpa30BaTh K BUILY,
TpeacTaBIeHHOMY Ha puc. 3.

C He3HAUMTEILHOM MOTPEITHOCTHIO MOXKHO CUUTATh,
YTO JIBe HEBKITIOUMBIIIMECS (Dasbl (0qHO(MA3HOE BKITIOUE-
HE) WK BKTIouMBILasics dhasa (1ByxdaszHoe BKIIOUeHMeE)
MPaKTUYECKU CUMMETPUYHBI, U TIPU CPEIHEN UTMHE
JIMHUT, He TipeBbiaoieii 200 KM, UX I0ITyCTUMO 3aMe-
HUTb COCPEIOTOYEHHBIMU EMKOCTSIMU. DTO MO3BOJISIET
MePeiTH K pacdeTHOM CXeMe, TTPeICTaBICHHOM Ha puc. 4,
C MmapameTpamu 13 TaOJuIIbI 2.

B rabmmue 2: C,, C,, C. — eMKocTH (ha3 Ha 3eMITi0;

Cp C,o» Cry — MeXIyba3HbIE EMKOCTH.
WcxonHble ypaBHEHUST:
dii . d¥Y L. . .
E= L—t +Ri + o + Ejlﬁ dr; i =it

d

30

TR U P
E=Ld—t‘+Rlz, +R212+E-[15 dr; i=ititi, ©)
30

di A I T
E=Ld—t‘+thl+a£zsdt, i, =D(Y);
E—Lﬂ+R|i +iji dt+ij.i dt; E=U sin(wt+a)
dt I Czl) ) CJOO ' 0g '

Inst peanmzaniy Ha DBM crictema ypaBHeHwMiA (6)
rpeodpasyeTcsi K BUILY:
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Taoamna 1
YiebHOe YHCII0 ONACHBIX NepPeHANPSIKEeHuil
JUIS M30JISIME HelTPAIN P NPUXO0/1e
HA NOACTAHIMIO BOJIH HHAYKTHPOBAHHBIX

nepeHanpsKeHuin
U,, | Ma- | Tun saiutHOro annapara
kB Te-
PBC PBMI' OITH
puan
orop | KOIMYECTBO KOJINYECTBO KOJIMYECTBO
OTXOIAIIMX OTXOJIAIIMX OTXOAIIMX
JIMHUA JIMHWI JIMHURA
1 2 3 1 2 3 1 2 3
110 |me- |26 |34 |045]|926]|1,08]|0,01]|1,5 |0,01]0,01
TaJT
x/6 (48 |7,0 |09 [30,7 |41 |045]|7 0,2 |0,01
ne- |26 |34 |0,45]926|1,08]0,01]|1,5 [0,01 0,01
peBo
220 |wme- |13 | 1,8 02254 |04 |0,01]|10 [0,01 (0,01
Taj
x/6 |8 0,6 10,01 |0,15)0,01]0,45]0,01[0,01 [0,01
dii . di, ... dy .
— =i —2=F(,i,¥Y); =080
dt dt dt
di U
L= "cos(mm)—ﬁ(l—(cz/cz+1).RZ/L).
dat L L ®)
. LO(V¥)
~F(l|,lz,l{1)—27,
LC,
e
. 1
F(i,i,¥)= .

R,-(1+C,/C +C, /)
=i, —i,+®(¥)
G ¢ |

[epeHanpsikeHus1 B M30JIMPOBAHHBIX HEUTPAISIX
CWJIOBBIX TPaHC(HOPMATOPOB U3YYaUCh B TpexdaszHbIX
1 HeTIOTHO(ha3HBIX BKITIOUEHUSIX U OTKITIOUECHUSTX TMHUH
C XOJIOCTBIMU TpaHcopMmaTopaMu. Pe3ysraThbl pacueToB
TMO3BOJISIIOT KOHCTATUPOBATh, YTO HA BEJIMUMHY IepeHa-
TIpsEKeHui 1Tpu heppope3oHaHCe 3HAUNTETBHOE BIMSTHUC
OKa3bIBaeT HAJIMUME aKTUBHOM HAarpy3Ku Ha TpaHcdop-
Marope.

SAKJTIOMEHUE

1. B ceTsax 110—220 kB uMeIoT MeCTO HapyILIeHUsI
HOPMAaJIbHOW pabOThI M30JISIIUN TUHUI U JIEKTPOO-
GOpYIOBaHMSI MTOACTAHIINIA, BEI3BAHHBIE TPO30BBIMMU
Y BHYTPEHHUMM MEPEHATPSIKEHUSIMU. DTO OOBSICHS -
eTCsT HeCOOTIOIEHNEM 3JIEKTPOMAarHUTHON COBMECTH -
MOCTH B BBICOKOBOJIbTHOUW 3J€KTPOIHEPTETUKE
MEKITY M30JISLIMEN, TIepeHANPSKEHUSIMU M OCHOBHBI-
MU 3aIIATHBIMU aIlapaTaMyd — BEHTWJIbHBIMU pa3-
PSUTHUKAMU.

2. C uespto obecrieyeHrs KOOPAMHALIMN W30S
U 3JIEKTPOMArHUTHOW COBMECTUMOCTH MOTYT OBITh
YCIIEITHO TIPMEHEHBI 3(D(EeKTUBHBIC 3aIIUTHBIE aTlIa-
patbl — OITH. OgHako HeOOOCHOBAaHHbIN BHIOOP 1 pa3-
MeIIeHNe 3THX 3allIUTHBIX allliapaTtoB B 9KCIUTyaTalliK
MPUBOJASAT K HETAaTUBHBIM TMOCIeACTBUSIM. [ToaTOoMy
MPOrHO3UPOBAHUE XapaKTEPUCTUK U MpaBUIbHAsT 9KC-
myararust OTTH mmo6oro Kimacca HarpspkeHUsT MeeT
0OJTBIIIOE 3HAYCHME.

3. Tpo30BbIe TepeHANPSIKEHUS TTPEACTABISIIOT
OMACHOCTb JIJISI M30JISILIUN HEUTPAIN CUITOBBIX TPAHC-
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Puc. 2. Hanbonee xapakrepHoe pacrnosioxeHue
TpaHCc@pOopPMaTopOB C pa33eMJIeHHOV HelTpasibio
B cerax 110-220 kB.

Taomuma 2
ITapameTpbl pacyeTHOI cXeMBbI /1S
HenoJHO(a3HbIX KOMMYTAIHii CHIIOBOTO
TpaHcopMaTopa ¢ JTHHHUEI
Pexum E C, C
C C

(o) A AB

C3
C.+C,

2

OpnHodazHoe | U,
BKJTIOUCHUE
(baza A)

JIByxdazHoe
BKJTIOUCHUE

(cba3bl Au B)

0,5U,|C,+C,|C,.+C,. |C

@ A B AC ‘AB E

¢opmartopos 110—220 kB, moaTomy ee HeoOXoaMMO
3alMIIATh BEHTWIbHBIMM Pa3psiIHUKAMU WIK HEJIM-
HelinbiMu OTTH.

4. [pu HenomHO(bA3HBIX BKITIOUEHUSIX TYITUKOBBIX
JIMHUH € XOJIOCTBIMU TpaHC(HOPMATOPAMU B CETH BO3MOXK-
HO BO3HMKHOBEHUE (peppope3oHaHca MeXITy HeTMHel-
HOM MHIYKTUBHOCTBIO TpaHC(hOpMaTOpa U eMKOCTHIO
Ha 3eMJII0 HeBKJIouYuBIIKMXCS (ha3. Deppope3oHaHc
BO3HMKAET IPY CJIEIYIOLIUX YCIOBUSIX: BCE MOAKITIOUEH-
HbIe K JIMHUK TpaHC(HOPMATOPBI TOJKHBI UMETh U301 -
POBAHHYIO HEUTpaJlb U BKIIOYEHUE JIMHUM B HETOITHO-
(hazHbIit pexkrM TOIKHO MPOUCXOIUTD C YIJIOM BKITIOUE-
Hus B auanazoHe 0—10 rpamycoB (mpu aByxdazHoOM
BKJIIOYEHMH OfiHA U3 (a3 JOoKHA UMETh TaKOi yroji
BKJTIOYCHUIST).

5. [epenanpsikeHrsI, BO3HUKATOIIIME ITPY (heppope-
30HAHCE, OMACHBI /151 00IeTYeHHOI U30JISILIMI HEUTpaIu
Y TIPUBOJISIT K BBIXO/Y U3 CTPOSI BEHTUIbHBIX Pa3psiiHU-
KOB. BximoueHue aktuBHOU Harpy3ku (ot 5 mo 15%)
CHavasia CHUKaeT ypoBeHb (heppOpe30HaHCHBIX IepeHa-
TPSDKeHUI B HEUTpain, a B JAJIbHEUIIIEM TTOJHOCTBIO

UCKITIOYACT BOSHUKHOBEHUE PE30HAaHCa.
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ABSTRACT

Analysis of performance and reliability of electrical
equipment of high-voltage electrical systems
(hereinafter — HVES) confirms the need to improve
evaluation methods and mathematical modeling of
transientsin power lines (hereinafter — PL), at substations,
andin grounding and protective devices. One of the main
problems, however, remainsimprovement of safety and

quality of HVES functioning in accordance with their EMC
in modes of overvoltage effects, including determination
of evaluation criteria, scientific substantiation of deep
forced restrictions of external and internal overvoltage
of electrical equipment, optimization of PL protection
and substations of the system from different levels of
voltage, electromagnetic interference that could cause
serious accidents.

Keywords: railway infrastructure, electrical power supply, electromagnetic compatibility, high-voltage
electrical systems, lightning overvoltage, neutral of transformers.

Background. The reliability and quality of power supply
of rail sector are largely associated with development of
high-voltage electrical systems (hereinafter — HVES) of
electrical networks, which include power lines (hereinafter —
PL) and substations (hereinafter — ES). HVES are
independent technological systems, but they are also an
integral part of higher level systems, and it is necessary to
provide their effective and safe operation under a wide range
of powerful electromagnetic influences. Among them it is
possible to distinguish short-term pulse externalandinternal
overvoltage, often becoming a cause of serious accidents.
Therefore, an essential factor in improving performance of
PL and ES has always been their electromagnetic
compatibility (hereinafter — EMC) during overvoltage [1].

Objective. The objective of the authors is to consider
issues of electromagnetic compatibility in high-voltage
electrical systems.

Methods. The authors use general scientific and
engineering methods, techniques of electrical engineering,
mathematical methods.

Results.

I

The problem of EMC in providing protection against
overvoltage of electrical equipment of HVES, PL, power
transformers and instrument transformers of high-voltage
and switching devices, reactors is of particular
significance. The analysis shows that the share of EMC
violations caused by overvoltage and specificity of
electromagnetic processes in the general flow of
electrical equipment failures exceeds 35-40%.

Solution of corresponding tasks imposes stringent
requirements for development of protection circuits and
protective devices, first of all of non-linear overvoltage
limiters(hereinafter — OVL) andvalve arresters. The purpose
of protective devices interms of EMC s thatfor short intervals
that are typical of overvoltage, they create routes through
which energy of electromagnetic effects, harmful for
protected electrical installations, is drawn off them into the
ground.

EMC violations often occur due to interference in the
form of overvoltage while using the method of ungrounded
neutral of a part of power transformers 110-220 kV or
grounding them through a reactor or resistor to limit short-
circuit currents.

The growth of short-circuit currents leads to an
increase in dynamic effects on transformer windings,
significant loading of operation of switching equipment,
increase in dangerous effects of power lines on
communication lines, and worsens the conditions of safety
for the personnel of power systems and industrial plants.

Short-circuitcurrent limitation is possible via separation
of power systems(networks), when power lines ina normal
mode are turned off and in case of need are turned on by

automation system. However, this method for limitation of
short circuit currents is relatively rare because it reduces
the reliability of power supply.

In networks of 110-220 kV, which are most prevalent
in Russia, a method of ungrounded neutral system of a part
of power transformers or a method of grounding them
through a reactor or resistor are used to limit short-circuit
currents. This leads to an increase in resistance of zero
sequence of a network in relation to short-circuit point and,
consequently, to reduction of single phase short-circuit
currents.

This fact is essential for operation and design of
networks, since in adverse combination of resistance of
direct, reverse and zero sequences currents of single-phase
short-circuit can be 15-20% higher than the current of a
three-phase analog. In networks 110-220 kV single-phase
short circuitrepresents generally more than 75% of all short
circuits. Reduction of single-phase short-circuit currents, it
is necessary to bear in mind, significantly reduces
requirements for grounding devices and equipment for
protection of communication lines [2, 3].

However, ifungrounded neutral of power transformers
is used, it is necessary to give it appropriate insulation
strength by necessary means of protection against
overvoltage. In addition, in case of damage of isolation
transformer can continue to work practically in a mode with
grounded neutral, which ultimately affects only ratio of
reactive resistance of direct and zero sequence for the
current network of a network. It is impossible to identify
neutral insulation damage during operation. Generally, itis
found during preventive tests.

To calculate voltages in the neutral of a transformer at
impulse action it is proposed to replace it with simple L-C
circuit, andto study processes with a method of symmetrical
components. The voltage in the neutral corresponds to the
voltage at circuit capacity. Itis shown [2], that voltage value
depends on oscillation period of the circuit L-C, instead of
specific values L and C.

Direct measurement of lightning overvoltage in the
power transformer neutral during arrival of storm waves
through the PL is very difficult. Firstly, this is due to complex
technical problems in creating registrars of lightning
overvoltage. Secondly, for measurement of lightning
overvoltage inthe neutral itis necessary to connectvoltage
dividers to it, which can significantly distort the transition
process. Therefore, usually the study of lightning
overvoltage is performed by an analytical calculation or
using a physical model.

l.

Lightning overvoltage at the power transformer neutral
arises on arrival of waves through one, two or three phases.
The form of a wave, acting on linear ends, depends on
whether valve arresters from linear end of a transformer
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Pic. 1. The equivalent circuit of the transformer.

come into effect or not.

Ifthe waves arrive with the same amplitude through the
three phases of a transformer which windings are star-
connectedwith isolated neutral, wave process within allthree
phases is almost identical.

If an overvoltage wave arrives through one phase of
winding, this wave is refracted in neutraland enters two other
phases, grounded through wave resistance of the line
(substation bus bars). The impact of voltage can be
represented in harmonic spectrum, which contains
harmonics of direct, reverse and zero sequence. Voltage
caused by harmonics of directand reverse sequenceis zero.
Thus, for calculation of overvoltage in the neutral of the
transformer it is necessary to take into account only
harmonics of zero sequence.

In single-phase (e. g., phase «C») exposure:

E,=0; E,=0; E.=E;

. R R 1. . . 1.
EAO=EH0=E60=§'(EA+EB+EC)=§E' (1)
That is, voltage in the neutral is determined by three
voltages E,, E, E.with amplitude equal to 1/3 of
amplitude E, acting through one phase of the wave.
Similarly, voltage in the neutral can be found when a

wave falls through two phases (for example, «A» and «B»):
E,=E; E,=E; E.=0;

(2

In general, the voltage in the neutral is determined by
single-phase circuit in case of arrival to transformer of a
wave which amplitude isequaltoK -U , where K coefficient
isequalto 1/3, 2/3, 1, when a wave of overvoltage arrives,
respectively, to one, two and three phases.

It follows that under asymmetric effects on the three-
phase transformer’s winding transients in all three phases
can be regarded as symmetric, replacing a three-phase
transformer with a single phase one, using the equivalent
circuit shown in Pic. 1, in which for the sake of clarity only a
portion ofmutual inductance relations is shown. Calculation
of equivalent circuit parameters contains a number of
simplifying assumptions. The main ofthem is that elements
of the equivalent circuit are linearly dependent on
frequency.

The result of the study of lightning overvoltage is a
formula for determining their maximum values in the
ungrounded neutral of power transformer 110-220 kV
class: U, =n/3-U,f(z/T), where U, is wave amplitude in
the line entrance, nis anumber of phases in which the wave
arrives at the same time.

Studies show that the amplitude of voltage at isolated
neutral of the power transformer is primarily determined by
the amplitude of arriving storm wave and VAC arrester
installed at the substation. In addition, it is subject to the
same functional dependence of the wavelength, which
existed before actuation of the valve arrester.

Emergence atthe substation of waves with parameters,

. . . 1 e . . 2.
E,o=Ey=E, =§~(EA +E, +EC)=§E.
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Table 1
The specific number of dangerous overvoltage
for insulation of the neutral on arrival at the
substation of waves of induced overvoltage

U, | Material of | Type of protective device
KV | supports s RVMG ovL
number of outgo- | number of outgo- | number of outgo-
ing lines ing lines ing lines
1 2 3 1 2 3 1 2 3
110 | metal 26 |34 |045]926(1,08]0,01]|15 [0,01]0,01

reinforced |48 | 7,0 |09
concrete

wood 20 |34 |045]926|1,08]0,01 1,5 [0,01 0,01
220 | metal 13 |18 [022]54 |04 (0001]10 [0,01|0,01

reinforced | 8 0,6 10,01]0,15]0,010,45]0,01[0,01 0,01
concrete

30,7 (4.1 | 0457 0,2 10,01

which are dangerous for insulation, is possible in three
cases: in three phases under the effect of induced
overvoltages; with overlapping of two phases of the lines
from lightning stroke in the top of the support or wire; the
same with overlapping of three phases of the line.

When lightning strikes near the line, propagation of
overvoltage waves develops through it in both directions.
Instantaneous values of overvoltage depend on the value
of lightning current, average height of the suspension of
the phase conductor, the distance from the line to the point
ofimpact, reverse lightning speed, divided by the speed of
light and time.

b 2. 22 1= B
JB -2l +1-p 3

+ b R
\/ﬂ2~c2 ~t2/b2 +1_ﬁ2}
where | is lighting current, kA; h_ is average height of
suspension of phase conductor, m; b is distance from the
line to the point ofimpact, m; Bis speed of inverse lightning,
divided by the speed of light; ¢ is speed of light, m/ms; tis
time, ms.

Probability of hitting and the point of impact of lightning
into the danger area is defined as the double integral:

P, =[[r(1,,b)dlab.

The integration is performed approximately by the
sites. We divide the entire area of «dangerous» parameters

into rectangular elements, then P, = Z AP, ,wheremisa

i-1
number of elements, into which the area is divided,
AP, = [[ f(b)-0,04-¢*"dbdl, =

g b
=0,04-1(b) | e***"dl, [ db=
b

1,

Imax
=0,04-f(b) J' (b.y—b)-e ™I, =

1,

=Ab- f(b)-e "I,

Calculation of probability of lightning striking and of
the point of lightning strike in the danger zone by this
method is not too difficult, especially with the use of
modern personal computers. Knowing the probability
P, it is possible to determine the number of lightning
strikes per 100 storm hours and per 100 km of lines for

(4)
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Table 2
Parameters of a calculation scheme for open-
phase switching of power transformer with the line

Mode E (&} C, (&
Single-phase U, C, C C.+C,
switching on
(phase A)
Two-phase 0,5-U, C,+Cy |Cct C.
switching Cu
on (phases
A and B)
1 L1 PS-1 @
PS 2
PS-3

LN

P54—P55 pPS-6=

Pic. 2. The most characteristic arrangement of
transformers with ungrounded neutral in networks
110-220 kV.

0,08 strikes per 1 km2 of the Earth’s surface in one
lightning hour n" = 0,08-100-100-b,,-2-P =

1,6:b,,-P,10° The results are summarized in Table 1.
Let’s estimate probability of two-phase overvoltage

for a line 110 kV on metal supports. It can occur after

single-phase overvoltage with a proviso that lightning

current continues to increase, thatis, at the front of a

current wave.

The lightning current | is equal to:

Uff _Uop _Eav .hL‘ .( l_KSC)

, (5)
(I_KSC).{Z.&”-'—ZZ.LS-'—M;}

I =

7

where | is lightning current; U_ is voltage of lightning
chain overlapping at the time tf; UDP is operating voltage;
E, s average electric field strength along the length of
supportof power line; h is average height of suspension
of electric conductor; K is coupling coefficient of
suspension strand-electric conductor; is coefficient of
current drain into electric conductor; L_is average
inductance of support; M, is mutual inductance between
lightning current channel and support; t,is front time of
lightning current waves.

Assuming that voltage-second characteristics of
the insulation of the line are values t,.and U, itis possible
to construct a curve of dangerous currents for two-
phase overlapping of the line. Integrating it, we obtain
the probability of two-phase overlapping in all possible
range of amplitudes and steepness of lightning currents
P
” Then, the specific number of two-phase overlapping
per 100 storm hours and 100 km of the line is:

. h
n =(Sh”+£]~l’2/. (6)

Substituting in the calculation initial data for the
110 kV line on metal supports, we getn*=4,2-10-%. Of
course, the probability of three-phase overlapping is
even less, as to overlap the third string the greater
lightning current is required. Therefore, when
calculating the number of hazardous storm effects on
the insulation of the neutral of the power transformer,
two-phase and three-phase overlapping can be
neglected, since their number is almost an order of

LW

Pic. 3. The equivalent circuit for evaluation of
overvoltage in open-phase inclusions of lines with
transformer with isolated neutral.

TG =C,
t: 12

Pic. 4. Calculation scheme of open-phase modes.

magnitude less than the number of overlapping from
induced overvoltage.
.

Lightning overvoltage represents a danger for
insulation of the neutral of power transformers 110-220 kV
and therefore it is necessary to protect it with valve-type
arresters or nonlinear voltage limiters. Increase in the
number ofoutgoing lines reduces the voltage, butitremains
to be dangerous for insulation.

In an isolated neutral of power transformers internal
overvoltage may occur in transient and quasi-stationary
modes. In symmetric modes of switching of network
elements in the neutral appears moderate overvoltage.
Basic overvoltage initis caused by quasi-stationary modes
of asymmetrical nature.

This overvoltage occurs during open-phase modes of
turning off or turning on of transformers, due to
ferroresonance, asymmetrical modes of turning off or
turning on of lines, asymmetrical short circuits in the
network with a partially ungrounded neutral.

Pic. 2 shows the most characteristic location of
transformers with isolated neutral. For analysis of the values
ofovervoltage in open-phase switching on, this basic circuit
can be transformed to the form shown in Pic. 3.

With a slight error it can be assumed that two
unswitched phases (single-phase switching) or one
switched phase (two-phase switching) are almost
symmetrical, and with average length of lines, which does
not exceed 200 km, it is permissible to replace them with
lumped capacitors. This allows to move to a calculation
scheme shown in Pic. 4, with parameters from Table 2.
InTable2: C,; C,; C_are phase capacitance to ground;
; C, ; C__are phase to phase capacitance.

Ac’ 7 CB *
The initial equatlonS'

av

C

AB’

E= LZI‘+R11

I I dt s i =i, it i

di . o1
E=L7;+R111+R212+afzédt, =i it (7)
0
dii . 1c. o .
E_LE+R,zl+a£15dt, i, =O(P);

E=L '+1{1+—Iz dt +— jz dt; E=U sin( wt+a,).
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In order to proceed with computer calculations, a
system of equations (6) is converted to the form:

dii . di - d¥y .
7;217;ditZ:F(lplz;\P);Wsz‘lz;
ﬂ=%cos(wt+a)—ﬁ(l—(cz/C3+1)-R1/L)‘
dt L L (8)
LO(Y
F(i,i,W)-= ( ),
IC,
where
Fliniy ¥)= 1 i1, —12+CI>(\I-’)‘
R-(1+C,/C,+C /C)| ¢ ol

Overvoltage in isolated neutrals of power
transformers has been studied under conditions of
three phase and open-phase switching, and of
switching off of a line with idle transformers. The
calculation results allow to state that the presence
of active load on the transformer significantly affects
a value of overvoltage in case of ferroresonance.

Conclusion.

1. In the networks 110-220 kV malfunction of
normal operation of insulation of lines and electrical
equipment of substations may occur due to lightning
and internal overvoltage. This is due to non-
compliance with electromagnetic compatibility in a
high-voltage electric power system between
insulation, overvoltage and main protection devices
which are valve-type arresters.

2. In order to ensure coordination of insulation
and electromagnetic compatibility effective
protective devices — OVL — can be applied with
success. However unreasonable choice and
incorrect arrangement of those protective devices
in operation lead to negative consequences.
Therefore, predicting the characteristics and the
proper operation of OVL of any voltage class is
essential.

3. Lightning overvoltage is dangerous for
insulation of the neutral of power transformers of
110-220 kV, so it is necessary to protect it with
valve-type arresters or nonlinear OVL.

4. In open-phase switching of dead-end lines
with idle transformers in the network ferroresonance
may occur between nonlinear inductance of the
transformer and capacitance on the ground of
unswitched phases. Ferroresonance occurs when
the following conditions are combined: all
transformers connected to the line must have an
isolated neutral, and switching of the line in the
open-phase mode should take place with switching
angle within the range of 0-10 degrees (either in
two-phase switching mode one of the phases must
have the same switching angle).

5. Overvoltage arising due to ferroresonance is
dangerous for lightweight insulation of the neutral
and results in failure of valve-type arresters.
Switching of the active load (from 5 to 15%) first
reduces ferroresonant overvoltage in the neutral,
and further eliminates the occurrence of resonance.
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