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BO BPEMSI YT OBBIX OJTHO®A3HBIX 3AMBIKAHU
B HU3KOBOJIBTHBIX CYJIOBBIX JJEKTPOCUCTEMAX'
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Kanununepao, Poccutickas ®edepayus

PaccMaTpuBaroTcst poriecchl pu 0HO(MA3HBIX 3aMBIKAHUSIX B CYJOBBIX HU3KOBOJIbTHBIX JJICKT-
POYCTaHOBKAX MPH 3a3eMJICHHH UX HEHUTpask 4epe3 peakrop. B Takux 3yeKTpoycTaHOBKAX MpH 3a-
MBIKAaHHSX OJHOW U3 (ha3 Ha KOPITyC MU3-3a OCOOCHHOCTEH caMOro ycTpoiicTBa 3a3eMIICHUS] BO3MOXKHO
BO3HUKHOBEHHE (DEpPOPE30HAHCHBIX KoJeOaHuil. DTH KoJicOaHHs OKa3bIBAIOT BIMSHUE HA MPOLIECCHI
(hopMHPOBaHMS MAaKCUMAJIBHBIX TYTOBBIX MEPCHATPSDKEHUN TPH OMHO(MA3HBIX 3aMBIKAHHUAX Ha KOP-
nyc. MccnenyroTes ycnoBrs BOSHUKHOBEHHS (heppOPE30HAHCHBIX SIBICHUN B HU3KOBOJBTHBIX CYIO-
BBIX 3JIEKTpoceTsX. [IpoaHanM3WpoBaHBI IPOIECCH B (eppOpEe30HAHCHOM KOHTYpE, BBISBIICHEI
HavyaJIbHBIE YCIIOBHS, HEOOXOAMMBIE IS WX BO30YKIeHHS. PaccMOTpEeHBI MpONECCHl, MPUBOISIIINE
K (OpMHUPOBAHHIO B AIIEKTPOCETH HAYAIBHBIX YCIOBHI, TOCTATOYHBIX VIS MOSBIECHUS (eppope3o-
HAHCHBIX KOJICOAHWH TP 3aMBbIKaHUH (a3bl Ha Kopiyc. DopMupoBaHue yCIOBHN BO30YXIeHMs dep-
pope3oHaHca 00yCIOBIEHO OCOOSHHOCTSIMH ITOBEJICHUSI HIU3KOBOJBTHOW 3a3eMIBTIOIICH IyTW W II0-
CIISAYIONMMH TIEPEXOJHBIMI MPOIIECCaMi B KOHTYpE HYJIEBOM ITOCIEAOBATENFHOCTH. BO3HHUKHOBE-
HUE MAaKCHUMAJbHBIX TNEPCHANPSDKCHUM, COMPOBOXKIAIOMIMXCS (EepPOPE30HAHCHBIMU TPOIIECCAMH,
MPOUCXOIUT MPU TOBEICHUU 3a3eMIISIONICH TYT'H, COOTBETCTBYOIeM Teopuu [letepca u Cremnsina,
T. €. TIPH €€ TalllCHUH B MOMEHT OJIM3KHI K MEepexoy Yepes HyJIeBOe 3HAYCHUE MPUHYKICHHOH CO-
CTaBJSFIOLICH TOKA OJHO(A3HOTO 3aMbIKaHMs. Takoe MOBEIACHHE NYT'M MPUBOIMT K MOBBIIICHHBIM
HAMpPSDKCHUSAM Ha 3JIEMEHTaX YCTPOMCTBA 3a3eMIICHHS HelTpanu. B pe3ynpraTe CyIiecTBEHHO yBEu-
YHBaeTCsS HANpsDKEHHE CMENICHUS HeWTpald I0 TOCTOSHHOMY MoTeHnuamy. Ha ocHOBe BenmMdnHBI
HAaIpsDKEHHST CMETIEHNUsT HeHTpalli TI0 ITOCTOSIHHOMY TIOTEHIHATY TIPOM3BE/ICHA OIIEHKA BIMSHUA (ep-
POpE30HAHCHBIX KOJIeOaHNi Ha MaKCHMaJIbHBIC TIepeHANPsDKEHISI, BOSHUKAIOIINE Ha 3I0POBBIX (ha3ax.
[IpuBeneHHBIE BRIPaXKEHHS MO3BOJIAIOT TIPOBECTH BEIYHCICHNS MAKCHMAIIBHBIX 3HAYECHHH JTyTOBBIX IIe-
peHanpspkeHuil. J|ocToBepHOCTh MPEANIOKEHHONM METOIMKY pacyeTa MepeHanpsHKeHUH MOATBEpKIeHa
BBITIOJTHEHHBIMH HCCIIEIOBaHMSMH Ha (PU3NIECKON MOJIENH CyIOBOH AIIEKTPHUYECKOM CeTH.

KiaoueBble ciaoBa: O,HHO(l)a?:HI)Ie 3aMbIKaHUs, MEPCHAIIPAKCHN, (l)eppOp('BOHaHCHI)Ie mpouec-
Cbl, CYJAOBBLIC JJICKTPOCETH, 3a3€MJIAIOIasA Ayra.

Jna murupoBanus: Kaocexun H. E. dopMmupoBaHHE MaKCUMAIbHBIX NEpEHANpPSIKEHUN mpu
BO3HUKHOBEHNH (peppOpe30HaHCHBIX MPOIIECCOB BO BPEMSI AYTOBBIX 0JHO(A3HBIX 3aMbIKAaHUI B HU3-
KOBOJIbTHBIX CYJOBBIX 3JIEKTpocHcTeMax // BecTHHK AcCTpaxaHCKOrO TOCYIapCTBEHHOTO TEXHHYe-
ckoro yHusepcureta. Cepus: Mopckas Texnuka u TexHonorus. 2020. Ne 1. C. 115-124. DOL:
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Beenenue

CormacHO CTaTHCTHUKE OOJBIIMHCTBO HCIIONB3YEMBIX B HACTOSIIEE BPEMS POCCHIICKHX CYAOB
MIPEBBIIIAET PACYCTHBIC CPOKU IKCILTyaTaluu. Takas cUTyalus XapakTepHa i Psijla OTCYeCTBEHHBIX
tmotoB [1], BKITIOUas peIOOTIPOMBICTIOBEIN [2]. Jlake Tpu MODKHOM (pMHAHCHUPOBAHWU OBICTpOE 00-
HOBIIEHHE ()JIOTOB HEBO3MOXKHO, TIOATOMY HEM30€XHO WCIOJIB30BAaHUE CYAOB CO CBEPXHOPMATHBHBIM
CPOKOM cITyObl. MI3HOC 10Ta MPUBOIUT K POCTY aBAPUHHOCTH HA OOBEKTaX MOPCKOW TEXHUKH, CO-
MIPOBOXK/IAIOIICHCS, KaK MPABUIIO, 00JIee TAKEIbIMH TIOCICICTBUSIMHU B CPABHCHUU ¢ 00BEKTaMU Oepe-
TOBOYM MH(PPACTPYKTYPHI.

K uuciy Hanbonee TsKENbIX aBapuid, BOSHHKAIOIIMX HA CyJaX, CJICIYeT OTHECTH KPYITHBIC I10-
s)apbl. COTrJIacHO MUCCIIEOBAHUIO [3] MPUYMHEI, CBA3aHHBIC C AJIEKTPOOOOPYAOBAHUEM, 3aHUMAIOT TPe-

1 .

HccnenoBanus nponeccoB pOpMUPOBAHHS MAKCUMAIIBHBIX IePEHANPSHKEHUH IPH OAHO(DA3HBIX JYTOBBIX 3aMBIKAHHAX, COIPOBOXK-

Jaroimuxcst heppope3oHaHCHBIMU KOJICOaHUAMHU, B HU3KOBOJIBTHBIX JJIEKTPOCETSX BBIMOJIHEHBI NP (HUHAHCOBOI nopaepxke PODPU B pam-
Kax Hay4yHoro npoekta Ne 18-38-00622.
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Th€ MECTO CPEU BCEW COBOKYIMHOCTH MCTOYHWKOB BO3HHKHOBEHUS IMOKapoB. Kak CBUIETEIBCTBYET
aHajgu3, MPOBEICHHBIN B padoTe [4], mokapHas aBapUHHOCTH OOPTOBBIX JJIEKTPOCHCTEM BO MHOTOM
OTIpeJIeINIIETCS PEKUMOM OAHO(A3HOTO 3aMbIKaHUs. Ero onmacHOCTh 00YCIIOBJICHA JIByMsI COCTABIISIOIIU-
MH: TOKOM B MECTE 3aMBIKaHUs U MepeHaNPsLKEHISIMHA, TEHCTBYIOIIMMH Ha W3O0JISIIHIO HEMTOBPEKICHHBIX
(a3 Bceit anmekTpoceTr. O0e OMacCHOCTH B OOJBINEH CTEIIEHN 3aBUCAT OT CrIoco0a 3a3eMIICHHUS HEUTpaIH.
B Hacrosiiee Bpemsi AJIEKTPUYECKHE CETH OOJIBIIMHCTBA OOBEKTOB MOPCKOW TEXHHKH UMEIOT PEKUM
W30JIMPOBaHHOW HelTpanmw. Ilpu TakoMm pekuMe HEWTpad TOKA B MecTe OXHO(DA3HOTO MOBPEKICHUS
W30JISIIMH ONPEACTSIFOTCS €€ eMKOCTHOM MPOBOJIMMOCTBIO U HampsbkeHHeM ceTH. Kak mpaBuiio, Bemudu-
Ha JTHX TOKOB B HH3KOBOJBTHBIX CYMOBBIX OJJIEKTPOCHCTEMAaxX HE TMPEBHIIIAET HECKOJIBKHAX aMIiep
1 B OOJIBIIMHCTBE CITy4aeB TaKWe MOBPEXKICHHUS aBTOMATUIEeCKH He OTKItogatoTcs. [lociennee mpuBoauT
K TOMY, YTO BpeMsl CYIIECTBOBAHHS OAHO(A3ZHOTO 3aMbIKaHUS OIPAaHHYMBACTCS JIUIIh BPEMEHEM €ro T0-
WCKa JKUIaKEM Cy[qHa TOociie cpabaThIBaHHMS COOTBETCTBYIOIIEH curHamm3ammu. [Ipm sTom B Mecte
YCTOWYMBOTO KOHTaKTa (ha3bl C KOPITYCOM O] JICHCTBHEM TOKA 3aMBIKaHUs OY/IET POUCXOAUThH HArPEB,
KOTOPBI MPUBOJUT K JabHEHIIEMY Pa3BHTHIO MOBPEKIACHHUA. B ciiyyae HEYCTOHYMBOrO KOHTaKTa
(ha3pl ¢ KOPIYCOM Ha M3OJSIUI0 HETIOBPEXKICHHBIX (ha3 JeHCTBYIOT MepeHaNpsHKeHNs, CIIOCOOCTBYIO-
IIME YBEIHMYCHUIO HMHTCHCUBHOCTHU e¢ cTapeHus. [Ipy Hanmuuuu o0cinaOeHHBIX YYACTKOB U30JISAIUU BO3-
JIeHCTBHIE TTepeHANPSHKEHNH MPUBOANT K UX TPOO0I0, TEM CaMBIM CITIOCOOCTBYS MEPEX0ay OAHO(PAZHBIX
MOBPEXICHUH B O0Jiee OnacHbIe (HalpuMep, Mex1y(ha3HbIe 3aMBIKaHUS Yepe3 KOPIyC CYIHA).

CHmXEeHUIO 000MX COCTABIISIONIUX OMACHOCTU OJHO(A3HBIX 3aMBIKAHUH CIOCOOCTBYET 3a3eM-
JIEHUE HEUTPAIhbHOU TOUKH CYOBOM DIIEKTPOCETH Uepe3 peaKkTop, HACTPOSHHBIN B pe30HAHC C ee da3-
HOW eMKOCThI. Takol peXuM HEUTpaid TPAJHMIMOHHO HCIOJB3YyeTCS B OEPETOBBIX AJICKTPOCETIX
CpenHuX Ki1accoB HampspkeHUs. OgHaKo B OOPTOBBIX AIEKTPOCETIX, HECMOTPS Ha TO, YTO OH JOITyCKa-
eTcs mpaBuiIaMd MOpPCKOTO peructpa [S] u Jake UMEIOTCS CBEACHUS O HEKOTOPHIX UCHBITAHUSIX pea-
JU3YIOIIUX €T0 YCTPOWCTB B JICHCTBYIONIUX CYAOBBIX AJICKTPOCHCTEMAaX, Hampumep [6], IMHUPOKOTro
MIPUMEHEHUs Ha 00bEKTaX MOPCKON TEXHUKH 3TOT PEKUM 3a3eMJICHHS HEHTpanu rmoka He Hamen. OqHa
u3 npo0seM BHEIPECHUS U pa3pabOTKU yCTPOWCTB, OCYIIESCTRISIOIINX 3a3eMJICHHUS HEUTPaIu Yepes pe-
aKTOp OOPTOBBIX JJIEKTPOCETEH, 3aKII0YaeTCS B BO3MOXXHOCTH BO3HHUKHOBEHHSA (Peppope30HaHCHBIX
SABIICHUI MPU HETIPAaBWJIBHOM BBIOOpE WX mapameTpoB. Bo3HHKHOBeHHE (eppope30HaHca COMpPOBOXK/Ia-
€TCS CBEPXTOKAMH B MECTE 3aMBbIKAHHMS W 3HAYUTEILHBIM TIOBBIIICHUEM IEpPEeHAIPSDKCHUH. [[enbio
Hacmosawel pabomul SBISIETCS aHAJIN3 MPOLIECCOB (POPMHUPOBAHNS TIEPEHAIIPSDKEHUI TPpH 0THO(a3HBIX
HEYCTOWYUBBIX JYTOBBIX 3aMBIKAHHSX B YCJIOBUSX BO3HUKHOBEHHS (EppPOPE30HAHCHBIX KOJICOaHMI
B CYJIOBBIX DJIEKTPOYCTAaHOBKAX C HEUTPAJIbIO, 3a3€MIICHHOW Yepe3 peaKTop.

OcobeHHOCTH 3a3eMJIeHHS] HEMTPAJTH HU3KOBOJIBTHBIX CYAOBBIX 3JIEKTPOCHCTEM

OO0s13aTeNNbHBIM YCIIOBHEM JKCIUTYaTallid HU3KOBOJIBTHBIX CYIOBBIX JJIEKTPOCHUCTEM SIBIISAETCS
HEIPEPBIBHBIN KOHTPOJIb COCTOSIHUA M3OJLMM IIyTEM U3MEPEHHS €r0 CONPOTHBIICHUS MOCTOSHHOMY
TOKy [5]. TpamummonHOE 3a3eMJICHHE HEWTpAIH DJICKTPOCETH Yepe3 PeakTop AeiiaeT HEBO3MOXKHBIM
TaKOH KOHTPOIb, TIOCKOJIBKY B 3TOM CIlydae MIUTOBOW METraoMMeTp OyaeT M3MEepsTh CONMpPOTHBIICHUE
peakTopa, BO MHOTO pa3 yCTYNAIOLIEro CONMPOTUBICHUIO M30JALMU. [[sl cornacoBaHusl 3a3eMIICHUS
HelTpanu ¢ paboTo yCTpOWCTBA HENMPEPHIBHOTO KOHTPOIIS M3OISAIUN HEOOXOIUMO BBITIOTHHUTH Tallb-
BaHUYECKYIO Pa3BsI3Ky 3JEKTPOCETH M KOpIyca CyAHa IO MOCTOSHHOMY TOKy. Takas pa3Bsi3ka ocy-
IIECTBISETCS TPU MMOMOIIHM Pa3eUTEIbHBIX KOHJEHCATOPOB, €MKOCTHOE COMPOTHBIIEHHE KOTOPBIX
3HAYUTENFHO YCTYMaeT PEaKTHBHOMY COIPOTHBIIEHHIO BCEro YCTPOMCTBa 3a3emuieHus [7]. DTa oco-
OCHHOCTH OKa3bIBaeT CYIIECTBEHHOE BIHMSIHME Ha mpolecc (OpMHUPOBaHUS MEPEHANPSHIKEHUH 10 clie-
IYIOIIAM TIPUIHHAM:

— MOSBJIIETCS BO3MOXKHOCTh 00pa3oBaHus (peppope30HaHCHOTO KOHTYpa MPU 3aMbIKaHUH (a3bl
Ha KOpITyC CyJHa;

— U3MEHSIeTCA MeXaHU3M 00pa30BaHMUs HAIPSDKEHUS CMEIEHHsI HEHTpaiy 10 TTOCTOSHHOMY I10-
TEHIHaJTy TI0CJIe TallleHUs 3a3eMJIIONIEN YT, KOTOpPOE COrIacHO KJIACCHUECKHUM TEOPHUAM ONpesers-
€T MaKCHUMaJIbHbIE KPATHOCTH AYTOBBIX MEPEHATPSDKEHHH.

Deppope30HaHCHBIH KOHTYpP, 0Opa3yIOIIUICS B JIEKTPOCUCTEME, BKIIIOYaeT B ceds HEMMHEHHYIO
WHIYKTUBHOCTb PEAKTOPA, PA3AEIUTENLHYI0 EMKOCTh YCTPOMCTBA 3a36MIICHHUST HEHUTPAIH, JNIEKTPOABHKY-
mryto cuty (OJ1C) nmoBpexaeHHOH (Ba3bl M SKBUBAJICHTHOE aKTHBHOE COIPOTHBIICHHE PEaKTOpa, JIMHHUHY,
MCTOYHMKA M MecTa MOoBpexaeHus m3omsimn. Ha puc. 1 mpencraBieHa yrpoieHHas cxemMa dIeKTPOCETH
B peXXHMe 0HO(a3HOTO 3aMBIKaHHs, B COCTaBe KOTOpoH copMUpOBaH (eppOpe30HaHCHBII KOHTYP.
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Puc. 1. Cxema cynoBoOI 37€KTPOCETH € 3a3eMIEHHON HEUTPAJIBIO Uepe3 PeaKkTop
npu 01HO(ha3HOM 3aMBIKaHHH Ha KOPITyC: R — aKTHBHOE CONPOTHUBIICHNE (peppOpe30HaHCHOTO KOHTYDA;
e — D/IC nospesxaenHoit dasbr; C — pasnenuTensHas eMKocTh; Cy — ha3Hasg eMKOCTh 3JIEKTPOCETH;
\ — IOTOKOCIICTUICHHE peakTopa

BoznukHOBeHME (heppope3oHaHca B pacCMaTpPUBACMOM KOHTYpPE BO3MOXHO TP BBIIOJIHEHHU
CJIeTYIOIINX YCIOBHH [8]:

— COYETaHHUE Pa3JICIIUTEIILHOW EMKOCTH Y MHIYKTUBHOCTH PEaKTOpa B HACHIIIECHHOM M HEHACHI-
[IEHHOM COCTOSIHHH JIOJDKHO COOTBETCTBOBATH CIIEYIONIEMY HEPABEHCTBY

L>1oC2L,,

rae Ly, L, — MHIYKTUBHOCTH PeaKkTopa B HEHACHIIIEHHOM M HACBIIICHHOM COCTOSIHUM; (0 — YIJIOBas 4a-
crora cetr; C — pa3JielIuTeNIbHAS EMKOCTh YCTPOWCTBA 3a3EMIICHUS HEHUTpaH;

— BHEprHsl, MOCTyNarIas B ¢eppope30HaHCHBIH KOHTYP, JIOJDKHA TPEBHINIATH SHEPTHIO, KOTO-
past paccerBaeTcsl Ha ero akTHBHOM COIPOTHBIICHUY;

— niepe]; 00pa3oBaHUEM KOHTYpPA Ha €ro JIEeMEHTaX JOJKHBI C(OPMUPOBATHCS HAYAIBHBIC YCIIO-
BUs MEPEXOHBIX MPOIECCOB, KOTOPHIE OYAYyT AOCTATOYHBIMH IJIs MEPEeX0jia CUCTEMbI B (eppope3o-
HAHCHOE COCTOSTHHE PABHOBECHSI.

Kak mpaBuio, uckiroueHue Gpeppope3OHaHCHOTO pekuma obecriedrBaeTCs HApYIICHUEM Iep-
BBIX JBYX ycioBuii. OJHAKO €CJIM 3TO HE BHINOJIHEHO, BO3MOXXHOCTh TOSBICHHS (PeppPOPE30HAHCHBIX
KOJICOaHUI MOXKET OBITh OIIEHEHA 10 HAYaJIbHBIM YCIOBHSAM, (POPMUPYIOIIUMCS B TIPEABIIYIIEM PEKU-
Me pabOThI AIMEKTPOYCTAHOBKU. K STHM yCIIOBHSM OTHOCSTCS BEJTMYHHA TOKA Yepe3 PeaKkTop W Harpsi-
JKEHUS Ha Pa3JIeIUTEIbHON €MKOCTH B MOMEHT 3a)KHraHus 3a3emiisrolneii pyru. OnpeneicHue 3Have-
HUH yKa3aHHBIX BEJIHYUH, HEOOXOUMBIX IS BOSHUKHOBEHUsI (peppope30HaHca, BHIMOIHIECTCS Ha OC-
HOBE aHaJM3a MPOIECCOB B caMOM KOHType. JIJisi 3TOro BO3MOXKHO HCIIOJIb30BAHUE KaK JIOCTATOYHO
VIPOIIEHHBIX Ipad0-aHATUTHICCKUX METOJ/OB, TaK M O0JIaJIal0NINX BRICOKOH TOYHOCTBIO, HO TPeOyto-
IIMX WCIOJB30BaHUS COBPEMEHHON BBIYMCIMTEIBHONW TEXHUKH YWCIICHHBIX METOJIOB PELICHUS HEIH-
HEeHWHBIX nud depeHInaibHpIX YpaBHEHUH.

AHaau3 (peppope30HAHCHBIX MPOLECCOB MPH 0OAHO(AZHBIX 3AMBIKAHUSX

HaunOonee ynoOHBIM METOAOM HPEACTaBIAETCS aHAIM3 IPOLIECCOB HA OCHOBE AHAIMTHYECKUX
MeTo0B. OJIMH U3 TAKUX METOJI0B OCHOBBIBAETCS HA ONMCAHUM CXEMbI IIPH IOMOIIX ypaBHeHus yd-
¢unra. Takolt moxxoxa TpeOyeT NMPUHATHS pAa YNPOIICHUH, TO3BOJSIOMINX OMUCaTh Hanboee ynoo-
HBIM CIIOCO0OM (eppOpe30HaHCHBI KOHTYp, M300pakeHHbIH Ha puc. 1. Ilpoueccsl, nmporekaromue
B 3TOM KOHTYpE, MOTYT OBITh OIIMCAHBI CIIEAYIOIINUM 00pa3oM:

E+RZ+EJle:E”1 sm((Dl“HP)’ M

rae E, —ammmuryna O/1C noBpexaeHHON (a3bl; |y — HOTOKOCLEIIEHHE PeaKTopa; i — TOK (eppope-
30HAHCHOTO KOHTYpa; R — aKTWBHOE CONPOTHBIEHHE (heppope3oHaHCHOTO KoHTypa; C — eMKOCTh
pa3aeNuTeNbHBIX KOHACHCATOPOB; O — YIJIOBas 4YacToTa CeTH; ¢ — HauanbHas ¢asza DJ[C.

HenuHelHbI HHIYKTUBHBIN 3J1EMEHT JIOBOJILHO YaCTO MPEJCTABIISIETCS BHIPAXKEHUEM Ha OCHOBE
KyOMUYECKOTO IMOJIMHOMA

i=oy+py’. (2)
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Vcnomssys oGosHavenms o, =+/0/C, W, =0E, /of, a=wfo,, x=vy/y,, T=o,
A=B/a, y,= (B/a)(mEmo/mé )2, 28 = Rajw,, Boipaxenue (1) ¢ yueToM (2) MOXKHO PUBECTH K CIie-

IIYIOIIIEMY BHITY:

2
d—§+26ﬂ+x+kx3:kcos(ar+(p). 3)
dt dt

YpaBHeHue (3) 10CTaTOYHO MOAPOOHO MCCIIETOBAHO M MOXKET OBITH MCIIOJB30BAHO VIS OIIpeIIe-
JIEHWsI YCIIOBUH BO3HUKHOBEHHS (eppope3onanca. OHO MOKET UMETh TPH pemieHns. [[Ba u3 HUX COOT-
BETCTBYIOT YCTOWYMBEIM TOUYKaM paBHOBecHs ((peppope3oHaHCHBIE M HEPEe30HAHCHBIE KOJICOaHWs),
a TPEThE PElICHUE — HEYCTOMYUBOMY paBHOBECHIO. [Ipy yIpoIIeHHOM pacueTe, YYUTHIBAIOIIEM TOJIBKO
TIEPBYIO U TPETHIO TAPMOHUKH, PEIICHUS yPaBHEHUSI UIMEIOT BUJI, TPOWJLTIOCTPUPOBAHHBIN Ha pUC. 2.

r obacTh 3HAYCHNUH, HE IPUBOIAIIHX K (hepPOPE30HAHCY
A NS

1

\ —/ ! // 3

L] //,/

T

.d—""—-'__‘—-""""h
L

[

A

W

Puc. 2. Pemienus ypauenus JJyddunra B ¢pa3oBbIx KoopauHaTax:
1 — Hepe30HaHCHBIE KoJieOaHusl; 2 — HEyCTOMYHMBOE paBHOBecHe; 3 — peppOope30HaHCHBIE KOJICOaHHs

Kpusas / orpaxkaeT cocTosSSHUE KOHTYpa B HEPE30HAHCHOM pexkume. HeycroitunBoe paBHOBecHe
CUCTEMBI XapaKTepU3yeTcs KpuBoW 2, a KpuBas 3 onmuchiBaeT peppope3oHaHCHBIE KojebaHus B 0Opa-
30BaBmeMcsl KoHType. [Ipn 3ToM KpuByI0 2 MOXHO paccMaTpuBaTh KakK T'paHUIy 00JacTH 3HAUYEHUI
HAYaJbHBIX YCIOBUH, MPUBOAAIINX CUCTEMY K OZHOMY M3 COCTOSHHWH. B cilydae BbIXoma Ha4ambHBIX
3HAYCHHUH IMapaMeTPOB peKIMa 3a TPeaeibl 00IaCTH, OTPAHUICHHON dTOW KPUBOU, TIPH TMOCTIEAYIOMEM
3aMbBIKaHUU a3kl HA KOPITYC CyJIHA CUCTEMa MEePEXOIUT B COCTOSHUE eppope3oHaHca.

OnvH U3 TakKX YIPOIIEHHBIX TOAXOI0B K perieHuro ypasHenus Jyddunra usnoxen B padote [9].
CornacHo 3TOMY TIOJIXOY aMIUIHTYy1a KojeOaHuii B peppope30HaHCHOM KOHTYPE MOXKET ObITh Haiijie-

Ha CJIeIyIonuM o0pa3oMm:
2k
A = 3 —, 4
o= dif5 @

rae d — ko3¢ UIHEHT, ONpeaesieMbli B pe3yJbTaTe pelleHHst KyOUn4ecKoro ypaBHeHUs

d*-3cd +2=0, (5)
rae ¢ — Ko3h(OHUIMEHT, OTpeAeIISIEMBIN TT0 BRIPAKCHHUIO
40> -1

c= —( ) (6)

33120k

VYpaBuenue (5) mpu ¢>1 UMeET TPU KOPHS, OJUH U3 KOTOPBIX COOTBETCTBYET HEYCTOWYMBOMY
COCTOSIHUIO PaBHOBECHS M I'PAaHMUIIE 3HAYEHUM HAa4aJbHBIX yCJIOBHUH, IPUBOAAIIMX K (eppope3oHaHC-
HBIM KOJIEOaHMSIM.
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BozaukHoBeHNE (heppope30HAHCHBIX KOJICOAHWH IPH TOPEHUH 3a3eMIISIOIICH TYyTH TPHBOIUAT
K TIOBBIIIIEHHUIO €€ TOKa. B pe3yipTare Qyra CTAaHOBUTCS YCTOMYMBOM, €€ TalleHue IPONCXOIUT TOIBKO
TIPH TIEPEXO0/Ie Yepe3 HyJIb MPUHYKICHHON COCTABJIAIONICH TOKa 0THO(GA3HOTO 3aMbIKaHus. M300paxke-
HUE XapaKTEepHOM OCLUJUIOIPAMMEI TOKa Y€pe3 MECTO 3aMBIKAHHS W HANPSHKEHUS Ha MOBPEKICHHOU
(haze, MoIy4eHHOE B XOZIC IKCIIEPUMEHTA B AJIEKTPOYCTAHOBKE HarnpspkeHueM 220 B npu BoO3HUKHOBE-
HUM (heppope3oHaHca, MPUBEACHO Ha pucC. 3.

A~ ToK ayrw

s Vi |

HanNpPsXeHUe ayrm f\

Puc. 3. 300pakeHre OCIIIIIIIOTPaMM TOKa U HAMPSHKCHUSI 3a3EMIISIOIIECH TyTH
pu 0HO(Aa3HOM JYTOBOM 3aMBIKAHWH B COUYETaHHUH C (peppope3oHaHCOM

lamenue ayru B yKa3aHHbIE MOMEHTHI XapakTepHo A Teopuu [lerepca u CnemnsHa, onuchiBa-
ro1el mporece GOpMHUPOBAHUS MaKCUMAIILHBIX MIEPEHAIPSIKEHUH B JIGKTPOCUCTEMAX C U30JIMPOBaH-
HO# HelTpansio. [Ipn manpHeieM ananu3e IepexoaHbIX MPOIIECCOB MPH KOMMYTAITUAX (a3bl Ha KOp-
ITyC MOKET OBITh MCITOJIb30BaHA 3Ta TEOPHSL.

[Ipu ramenuu 1yryu B 3TOT MOMEHT MTHOBEHHOE 3HAYCHUE HANPSDKEHUS HA pa3IeIUTEeIbHON eM-
KOCTH JIOCTUTaeT HamOoJjbliero 3HaueHus. [locne ramieHus 3a3eMIIONICH IOyrv pas3jienuTelbHas
1 (ha3HBIE eMKOCTH TepepaclpeiessioT MeXIy co0oil 3apsii. B pesymprate 3TOr0 HampspKeHHE Ha
HEHTpaIy nepes] MOBTOPHBIM 3a)KUTaHUEM JYyTH MPHOOPETACT BEIIMYUHY, ONPEACIIEMYIO CIICAYIONUM
BBIPKEHUEM:

- Cu(tr)+C¢|:3eA (tr)+uﬂ(tr)]’

C+3C,

rae u(tr), e, (tr), u, (tr) — HanpsbKeHHe Ha pasjenurenbHoil emkocty, DJ1C nmoBpexaeHHON (asbl
¥ HATIPSDKEHHUE TyTM B MOMCHT rauteHus 1yru; C, — (asHas eMKOCTb 9JIEKTPOCCTH.

dopMupoBaHre HayallbHBIX YCJIOBUH, NOCTATOYHBIX JUISI BO3HHUKHOBEHHs (heppope30HaHCHBIX
KosieOaHui, BO3MOXKHO B HPEABIIYIINX LUKJIAX 38)KUTAaHUSl U TalleHWs 3a3eMJLIOINEH Ayru MpH He-
YCTOWYMBOM KOHTakTe (a3pl ¢ KOpPHycoM cyAHa. [Ipm MepBBIX 3a)XUTaHUSAX 3a3eMISTIOIIEH IyTh
HavaJbHBIE YCIIOBHUS HE MOTYT MPHUBECTU K (PeppOPE30HAHCY, a TOK 3aMBIKaHUSI HACTOIBKO Majl, 4TO
rameHue Jyrd MOXKeT MPOUCXOIUTh B 000 MOMEHT M 4acTo HOCUT XapakTep cpesa [10]. Takoe ra-
[IeHNe MYyTHU MPUBOIUT K BO3HUKHOBEHHIO KOJIEOAHWH HANpPSHKEHHS HAa HEWTpalld M TOKAa B KOHTYpE
HyJIeBOW TocienoBaTenbHOCTH. CxemMa KOHTYpa, (OPMHPYIOIIETOCcs IOCHE TAlleHUs 3a3eMIIIONIei
IyTH, TIpeJICTaBIeHa Ha puc. 4.

AMIuIMTYA2 1 HauyasbHas ¢a3a BOSHUKIINX B pe3ysIbTaTe raleHus Ayry KoJeOaHni HallpsyKeHUs
ME3K1y HEUTPAJIbIO AMEKTPOCETU U KopiycoM U ,, MOKET ObITb OIpeJielieHa CIeIy0IUM 00pa3oM:

o \/(AuN3Cq)6 + 1) +(Auy3C,0,)
N 3C,0,

; (7

rae Au, — pa3sHOCTb MEXJYy HaNpsHKEHHEM Ha HEHTpasu 10 U HOcie rameHus Oyry; 6 — KodppuiueHt
3aTyxaHus; Ai — pa3HOCTb MEXIy TOKOM UYepe3 peakTop 0 U IOcje ralleHus IyTru; o, — 4acToTa CBO-
OOIHBIX KOJIEOAHWH.
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Puc. 4. Cxema 3amelieHus KOHTYpa HyJIeBOM MOCIEJ0BATEIbHOCTH MOCIE TallleHUsl TyTu:
R — akTHBHOE CONMPOTHUBIIEHNE YCTPOICTBA 3a3eMIICHHSI HEUTPAJIH;
\J — IOTOKOCHETIIEHHE YCTPOICTBA 3a3eMJICHHUS] HEUTpan

AMHJ'H/ITYZ[EI TOKa, MPOTCKAKOMLICTO YCPE3 PCAKTOP IMOCIIC ralliICHUA OAYTr'd, B HavaJbHBIH MOMCHT
BPCMCHHU OIIPCACIACTCA BbIPAKCHUCM

B J(ALS + Ay )+ (AiLe, )

I= . 8
3L, ®

[Ipu NOBTOPHOM 3a)KWTaHUM JAYTH B MOMEHT, KOTJ]a aMILTUTYbl KOJIcOaHUH B KOHTYpE HYJICBOU
MOCJIEIOBATEIFHOCTH UMEIOT JIOCTATOYHYIO BEJIWYHMHY, T. €. MPEBBIIIAIOT 3HAUCHHS, OIpeJelisieMble
BEIpaKkeHUAMH (4)—(6), BO3MOKHO BO3HUKHOBEHHE (eppope3oHanca. CormoCcTaBisisl 3HAUCHUS aMITIHU-
Tyl KOJeOaHUH B KOHType HYJCBOW IMMOCIIEN0BATeIbHOCTH, HalaeHHbIe 1o (7) u (8) ¢ pe3ynbratamu
pacuera BoipaxkeHUH (4)—(6), MOKHO OIICHUTh BO3MOXXHOCTh BOSHUKHOBEHUS ()ePPOPE30HAHCHBIX KO-
ne6anuii. [TomrMo 3TOTO, HA OCHOBE BhIpAXKEHUS (7) MOXKHO MTPOU3BECTU OIICHKY aMIUIMTYBI CBOOOI-
HOW COCTaBJISAIONICH HANPSHKCHUS] HA HEMOBPEXJICHHOW (ase mpu ovepelHOM 3a)KUTaHHW JYTH. AM-
IUTMTYa CBOOOHOM COCTABISIONICH HANPSHKEHUS 3/0POBOH (ha3bl ONpeIeNseTcs] HAnpsHKeHHUEM T10-
BPEXKJICHHOH (ha3bl B MOMEHT 3a)KUTaHUs AYTH, BpEMEHHAS 3aBUCHMOCTh 3TOTO HANPSHKCHUS OIICHIBA-
eTcs CIEAYIOINM 00pa3oM:

u,(t)=E, sin(ot)+U e sin(wjt+¢,)+Uy,
rae £, —ammuuryna ¢assoit DJ1C; ¢y — HayanbHas (asza CBOOOIHBIX KOJIEOaHUI.

Pacuer n IKCIICPUMEHTAIbHAA OLICHKA MAaKCUMAJbHBbIX nepeHanmeeHni/i
MakcuManbHbIC MNEPCHAIIPAKCHUA Ha HCTIOBPCIKACHHBIX (basax OMPEACIAIOTCS BBIPAKCHUCM

Upgmax = UCmax :1’5Em +uA (t3)(1_k)(1_d)’

IJie {; — MOMEHT MOBTOPHOIO 3aKuranus ayru; (1—k) — Kod(QQHUIMEHT, yUNTHIBAIONMIA BIUSHAE MEXK-
nybasnoit emkoctn; (1-d) — KOd(pQUIMEHT, yUMTHIBAIOMIMA 3aTyXaHUE aMILIMTY/IbI CBOOOIHOM CO-

CTaBJISIIOLLEH HAMPSKEHUS.

OneHka MakCUMAaJBHBIX TEPEHANPSHKEHUH MPOBOIMIACE HA (m3mdeckoi mojnend. Ilockombky
UCCIIeTyEeMbIC MTPOIECCHI HOCAT BEPOATHOCTHBINA XapaKTep, ISl OLICHKH HAUOOIBIINX TIEPSHATPSIKEHHUIH
MPOBOAMIIACH Cepusi OJAHO(A3HBIX 3aMbIKaHUil. [Ipyu ATOM perucTpupoBasiach BEIMYMHA HATIPSHKCHUS
CMEIICHUST HEHUTpalIH MO MOCTOSHHOMY IMOTEHIIMANY, MO3BOJISIONIAS OICHUTh HAUOOJNBIINE TIepeHa-
MPSDKEHUS TIPU TIOCIIEIYIOIIEM 3aXUTaHUH TyTH C YI€TOM He0OX0IMMOT0 MOMEHTA €€ BOSHUKHOBEHHUSI.
HccnenoBanus NpoBOAMWINCH B 3JIEKTPOYCTAHOBKE, CXeMa KOTOPOM MpeCTaBlIeHa Ha pUcC. 5.
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Puc. 5. Cxema 3aMeIeHnst SKCIIEPUMEHTAIbLHOW YCTAHOBKH:
C, — pa3aenvrenbHas EMKOCTb, BKIIOUEHHAs 110 CXEME 3BE3/1a;
L,,, — MHIyKTUBHOCTb IIUTAIOLIETO CTEH ] TpaHC(OpMAaTOpa;
JT'P — nyroracsimit peaktop; O — HeyCTOHUMBBIN KOHTAKT; PS — ocpiorpad

Crnemyer OTMETHTD, 9TO C IEIbI0 BO3OYXICHUS heppOpPEe30HAHCHBIX KOJICOaHMI B DJICKTPOYCTAHOB-
Ke myTeM (DOPMHUPOBAHUS HEHYJICBBIX HAYaJbHBIX YCIOBHIA MEPEXOIHBIX MPOILIECCOB CO3aBAINUCh HAMOO-
Jiee HeOJIAroNPHUSATHBIC PEKUMBI, 3aKJFOUAIOIIUECS B IMOBBIIICHHBIX 3HAYCHUSIX HECUMMETPUH (Pa3HBIX eM-
KOCTEH M CTENICHU PACCTPOMKH peakTopa ¢ (Pa3HON EMKOCTBIO 3JICKTPOCETH B CTOPOHY MEPEKOMITCHCAITHH.

B Tabnmie nmpeacTaBicHB! 3HAYCHAS HAMOOIBIIMX KPAaTHOCTEH HANIPSDKCHHUM CMEIICHHS HEHTpa-
JY OTHOCUTENIbHO aMIuuTyabl (azHoit DJIC cetu E, , HONYyYEHHBIX SKCIEPUMEHTAIBHO U PACUETHBIM

IMyTEM, a TaKKC KPaTHOCTHU HaHpHX(eHHﬁ, HCIIOJIB3YCMBIX B ITPOMCIKYTOYHBIX pacycTax.

Pe3yabTaThl pacueToB U U3MEpPEeHUii epeHanpsKeH il

ITapamerp 3Havyenue

CymmapHsas das3Hasi eMKOCTb, MKP 0,5 2 4
3aperucTpupoBaHHbIC HAHOOJBIINE BETMYHHBI HANPSHKCHHS] CMEIIICHUSI HEUTpaTi 3,67E, 357E, 343 E,
PacuerHble HaOONBIINE BETMYUHBI HANPSHKCHUS CMELICHUSI HEUTPaJIN 3,6 E, 3,58E, 355E,
PacuerHble HANPsDKSHUS HA Pa3ieIMTENbHON eMKOCTH NIPU (eppope3oHaHce 33E, 33E. 33E,
PacueTHbIe MaKCHMAaIIbHBIC AMIUTUTYBI CBOOOIHON COCTABIISIFOLICH HAIPSKSHUS 4E 363 E 35E
Ha Hef{TpaJli ocJie raleHus Iyru " i " o
HauaspHble ycioBusl 1711 BOBHUKHOBEHUsI (heppOpEe30HAHCHBIX KOJIeOaH I 1,37 E, 1,37 E, 137 E,
MakcuMalbHbIE NTepeHANPSHKEHUS 6,8 E, 6,5 E, 6,4 FE,

CoracHo Ta0Jl. BCe TEOPETHUYCCKH BBISBICHHBIC BO3MOXHOCTH BO3HUKHOBEHUS (peppope3oHaHca
nonTeeparch. Co3MaHHbIe B DKCIIEPHUMEHTAIBHON YCTAHOBKE YCIIOBHUS BO30YKIACHHS (heppope3OHaHC-
HBIX KoJjeOaHuil, pacCUMTaHHBIC Ha OCHOBE (4), OKa3aJMCh CYMIECTBEHHO HIDKE aMILTUTYI, BO3HHKAIO-
IUX KOJICOAHWH HATIPSDKEHSI HA HEUTpaTi TIOCIIE TallIeHUs IyTH, ONPEISIISIEMbIX TT0 BEIpaXeHUIO (7).

YkazaHHbple B TaOJNHIIE 3apETUCTPUPOBAHHBIC 3HAUCHUS TIPEACTABISIOT CO00M HAUOONBIIUE Be-
nuuuHbl U3 500 3HAUCHUM, TOMTYUYEHHBIX ISl KOXKIOH eMKOCTH 3JIeKTpoceTu. [Ipu 3ToM pacxoxkaeHus
MEXJIy PacuyeTHBIMHU M SKCIEPUMEHTAILHBIMUA JaHHBIMH HE MPEBBIMAIOT 3,5 %. Takoe OTKIOHEHHE
MOXXET OBITH OOBSICHEHO IOTPEITHOCTHIO N3MEPUTEIBLHBIX CPEICTB, UCIIOJIB30BABIINXCS TIPHA PETUCTPA-
IIW HATIPSOKCHUS CMEIICHUS HEUTPaIH U TIPU CHATHU BOJBT-aMIIEPHBIX XapPaKTEPUCTHK HEITMHEHHOTO
peakTopa, IpeHeOpS)KCHIEM TTapaMeTPOB 3a3eMIISIONIEH TyTH BO BpEeMs €€ TaIllCHHs, a TAK)KE BEPOSIT-
HOCTHBIM XapaKTepoM Mporiecca (OpMUPOBAHUS TIEPEHANPSHKCHU.

3axkiouenne

IIpoBeneHHBIN B paboTe aHATN3 MPOIECCOB MPU OAHO(DA3HBIX AYTOBBIX 3aMBIKAHUIX, COMIPOBOK-
Jaronxcst Geppope30HaHCHBIMU TPOTIECCAMH, TTOATBEPANI, YTO MaKCUMaIbHAs KPATHOCTh TIEpEeHATSI-
JKEHUI BO MHOTOM OTIpEIEISIeTCs TapaMeTpaMu (heppope30HaHCHOTO KOHTypa. Ha 0CHOBE TpOBEIEHHBIX
UCCIICIOBAHUHN MpPEAJIaraeTcs CICAYIOIUI MOPSIOK pacyeTa MaKCUMAIIbHBIX TIepEHATPSKCHUIM:

— OIpeieICHUE Hada IbHBIX YCIIOBHIA JII BOSHUKHOBEHUSI (peppope3oHaHca;

— ONpeJeNICHuEe aMILTUTYI KOJIcOaHHi B KOHTYpE HYJICBOH MOCIEI0BATEIBHOCTH U COTIOCTABIIC-
HUE WX C YCIOBUSIMH BO3HUKHOBEHUS (DEeppOpE30OHAHCa;
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— pacueT HamnpsHKeHHH Ha dJIeMeHTaxX (peppope30HaHCHOTO KOHTYpa M HANPSHKEHHUS CMEICHHS
HeUTpany;

— pacyeT MaKCUMAILHON KPAaTHOCTH NEPEHANPSHKEHHUN HA HEMOBPEXKICHHBIX (ha3ax MPH MOBTOPHOM
3a)KATaHIH 3a3eMIIIONIEH TyTH C yIETOM Pe3yJIbTaTOB BHIYMCIICHHUH 1O MIPEABIIYIIIM ABYM ITYHKTaM.

[Tpu 3TOM pacyeTsl, CBSI3aHHEIC C aHATH30M (PEPPOPE30HAHCHOTO KOHTYPA, MOTYT MPOU3BOUTH-
Csl pa3TUYHBIMU METOJIAMU B 3aBUCHMOCTH OT TPeOyeMOi TOYHOCTH.

Uccnenosanus, mpoBeeHHbIE HA (PU3NIECKONH MOJETH CO CHEIHATFHO CO3JaHHBIMHU YCIOBHUAMU
BO30YyXAeHHA (eppope3oHaHca, JOKa3alll, YTO KPaTHOCTh BOSHHUKAIOIINX MPH ATOM IEepEeHAIPSKEHUIH
MOJXKET JOCTHUraTh IIECTH aMILTUTYA (pa3HOro HAanpspKeHUs. Takue nepeHanpsHKeHUs 3HAYUTENBHO Tpe-
BBIIIAIOT TEPEHAMNPSDKEHUS B DJEKTPOCETH C W30JMPOBAHHOW HEWUTPAbio, a 3aperrucTpUpPOBAHHEBIE
KpaTHOCTH, JaKe B DJIEKTpOceTsIX HanpsokeHneM 220 B, oka3pIBaroOTCS OOJBITE JOITYCKAEMBIX UCIIBITA-
TEJIHHBIX BO3ACHCTBUN HA M3OJAIMIO AICKTPOOOOPYI0BaHUs. TakuM 00pa3oM, MOKHO CHENIaTh BBIBOJ
0 TOM, YTO MPH pa3pabOTKe YCTPOUCTB 3a3eMJICHHS HEHUTpaIM HEOOXOAUMO O0SI3aTEIBLHO MPETyCMOT-
PETh MEPHI IO UCKITIOYEHUIO BO3MOKHOCTH BO3HUKHOBEHHUS (heppOPE30HAHCHBIX POIIECCOB.
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GENERATING MAXIMUM OVERVOLTAGES
IN FERRORESONANT PROCESSES DURING SINGLE-PHASE
ARC SHORTS IN SHIP LOW-VOLTAGE ELECTRICAL SYSTEMS

I E. Kazhekin

Kaliningrad State Technical University,
Kaliningrad, Russian Federation

Abstract. The article discusses processes with single-phase faults in shipboard low-voltage
electrical plants with a neutral grounded through a reactor. In such electrical plants, ferroresonant
oscillations occur if one of the phases closes to the housing. The oscillations have an influence on
the process of generating maximum arc overvoltages during single-phase shorts on the housing.
The conditions for appearing ferroresonant phenomena in low-voltage ship electrical networks are
studied. The processes in the ferroresonant circuit have been analyzed, the initial conditions neces-
sary for their excitation have been identified. The processes causing the initial conditions in the
power supply network that are sufficient for generating ferroresonant oscillations when the phase is
closed to the housing have been considered. The conditions favorable for ferroresonant excitation
are created due to the behavior of the low-voltage grounding arc and subsequent transient processes
in the zero sequence circuit. Maximum overvoltages accompanied by ferroresonant processes occur
when the grounding arc is burned in accordance with the theory of Peters and Slepian, that is, when
it is extinguished at a moment close to the transition through the zero value of the forced compo-
nent of the single-phase current short. The arc causes the increased voltages on the neutral ground-
ing elements. As a result, the neutral bias voltage at a constant potential increases significantly.
Based on the magnitude of the neutral bias voltage at a constant potential, the effect of ferroreso-
nant oscillations on the maximum overvoltages arising in strong phases is estimated. The quoted
formulas help to calculate the maximum values of arc overvoltages. The reliability of the proposed
methodology for calculating overvoltages is confirmed by the studies performed on the physical
model of the ship electrical network.

Key words: single-phase faults, overvoltages, ferroresonant processes, ship electrical networks,
grounding arc.
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