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OBILIASA XAPAKTEPUCTHUKA PABOTbBI

AKTyanbHOCTH padoThl. Ha cOBpeMEHHOM 3Tane pa3BUTHUSL CUCTEM 3JIEKTPO-
cHabxenus (COC) 6 kB maxT u pyIHUKOB HIMPOKOE HCIOIb30BAHHE BaKyyMHBIX
KOMMYTallMOHHBIX aNapaToB, HHTCHCUBHOE CTAPEHHUE MU30JSLUUN KAOEIbHbIX JTUHUM,
TpaHCPOPMATOPOB U DJIEKTpOJBUTaTeNlel U HU3Kas 3()(PEKTUBHOCTH 3aIIUT OT KOM-
MyTalMoHHbIX niepeHanpsbkenuid (KIT) mpuseno k ToMy, 4To aBapUifHOCTh pacipee-
JUTENBHBIX CETEH 3a MOCIEIHUE MATh JIET Bo3pocia B 1,6 pasa.

OneIT KCIUTyaTalluy JIEKTPOO0OpyAOBaHUS B ceTsX 6 KB maxT u pyJHUKOB
MOKa3aJl, YTO OCHOBHOM 00bEM aBapUMHBIX OTKJIIOYEHUH CBSI3aH C MPOOOSMU U30JISI-
1y u3-3a BozaeiicTBust KII u o6pbiBoM osiHOM U3 (a3 cetu. CTaTUCTHKA MOKA3bIBAET,
yT0 60Jee 50% onHoha3HBIX 3aMbIKaHUN Ha 3€MJII0 B CUCTEMAaX 3JIEKTPOCHAOKEHUS
6 kB ropHbIx npeanpuaThii Bo3Hukaet no npuyuHe KII.

[TpoGnema 3amUTHl M30JALUKA BBICOKOBOJIBTHOTO 3JIEKTPOOOOPYIOBAHHS OT
KII npruobpena HauOOJIBIIYIO AKTYaJIbHOCTH IOCJE IMUPOKOTO BHEAPEHHUS BaKyyM-
HBIX KOMMYTaIIMOHHBIX anmnaparoB. J[aHHas npobiema Haubosee XapakTepHa JJis ya-
CTO KOMMYTHUPYEMBIX 3JEKTPOINPUEMHUKOB C TOHMKEHHBIM YPOBHEM MPOYHOCTHU
M30JISIUUHU, K KOTOPBIM OTHOCSITCA 3JIEKTPOJBHUIATENN U TPAaHCPOPMATOPHI, IKCILTya-
TUPYEMBbIE B IIAXTAX U PYAHUKAX.

Bormpocam uccnenoanust KII B cucremax anekrpocHadxenus 6 — 10 kB rop-
HBIX MPEANPUITHI TOCBAIIEHBI padoThl cienyromux yueHbix: lymnkoro B.U., I'on-
yapoBa A.®D., Dnmreitna M. ., Pasrunbaeesa .., Muyxuna A.I'., Karanosa 3.I". u
JIPYTHX.

B nepuoa ¢ 1975r. nmo 2003r. MHTEHCUBHO pa3padaTHIBAIUChH CPEJICTBA OIPAHU-
yenust KII, takue kak orpanuunrtenu nepeHanpsokeHuid Henuueinnsie (OITH), RC-
orpannuntenn u RC-racuremn. Pa3pabotka cpencts 3amuthl oT KII mo3Bommia B He-
KOTOpOi cTeneHu cHATh ocTpoTy npodaemsbl KII B ceTsix 6 kB maxt u pyJHUKOB, Tak
KaK CHU3WIOCH YHUCIIO MPOOOEB M30JSAUUN KAOEIbHBIX JTUHUI M 3JEKTPOJBUTATENEH,
OJIHAKO HMHTEHCHUBHOCTH MPOOOEB H30JSUUM OOMOTOK TpPaHC(HOPMATOPOB OCTAETCS
BEChMa BBICOKOM.

DT0, B MEPBYIO OUYEPEb, CBA3AHO C OTCYTCTBUEM 3(PPEKTUBHBIX CPEACTB Orpa-
HUYEHUS TEPEHANPSIKEHUN, BO3HUKAIOIIUX TMPU KOMMYTAIMM CYXUX CHJIOBBIX
TpanchopmaTopoB u MeTo10B otieHKH KII B ceTsix 6 kB maxT u py1HUKOB.

Pelienne ykazaHHBIX 3a7a4 SBISIETCA aKTyaJIbHBIM, TaK KakK IMO3BOJIUT CIIPO-
rHo3upoBath BeanunHy KII B pacnpenenurenbHbIx ceTsax 6 KB 1maxt u pyaHUKOB U
000CHOBaHHO TOJOWUTH K BBIOOPY cpencTB 3auuThl oT KII snexrponBurareneit u
TpaHC(hHOPMATOPOB, YTO MOJIOKHUTEIBHO OTpazuTcs Ha HaaexkHOCTH COC TeXHOIOTU-
YECKHUX KOMIUIEKCOB.

Heabio padoThl SBISETCA MOBBIIIEHUE HAJACKHOCTU CUCTEM 3JIEKTPOCHAOXKe-
HUA 6 KB maxT M pyIHUKOB Ha OCHOBE pa3pabOTKu 3(P(PEKTUBHBIX CIIOCOOOB U
CPEIICTB 3alIMThl CUIIOBBIX cyxuX TpaHchopmaTtopos ot KII.

JInst TOCTH>KEHMS TTOCTaBJICHHOM LIETM HEOOXOJUMO PEIIMTh CIeAYIOIIUEe 3a-
NAaYu:



1. ITpoananu3upoBatbk coBpeMeHHble wucciaenoBanus KII B COC 6 - 10 kB
[POMBILUIEHHBIX MIPEANPHUATHH, a TAKXKE METO/IbI UX OLIEHKH U IPOrHO3UPOBAHMSL.

2. BBINOJMHUTE 3KCIIEPUMEHTANIBHBIE MCCIIEJOBAHUS NIEPEHAIIPSHKEHUH, BO3HU-
KalolUX P KOMMYTALUK 3JIEKTpOJBUTaTENlel U TpaHcpopmaTropoB B cerax 6 kB
IIaXT ¥ PYAHUKOB, C MOCJIEYIOIIEH CTAaTUCTUYECKONH 00pabOTKOM NaHHBIX ISl BbISIB-
JIEHUS] OCHOBHBIX (PAKTOPOB, ONPEEISIIOMNX BeIUnuuHy U Xapakrep KII.

3. C moMo1IpI0 SKCIEPUMEHTAIbHBIX UCCIEI0BAaHUN U KOMIIBIOTEPHOTO MOJIe-
JUPOBAHUS OLEHUTH KPATHOCTh MEPEHANPSHKCHUI IPU KOMMYTallUK TpaHchopMaTo-
POB B HEMOJHO(PA3HOM PEKMME, YCTAHOBUTH BIUSHUE yIia KOMMYTAllMU HAa BEJIUYU-
Hy KII u onpenemuts B3auMocBs3b Mexay kpatHocTssMu KII, Bo3Hukarommx B 00-
MOTKaX BBICOKOTO M HU3KOTO HaIpsHDKEHUU TpaHcpopmaTopa, MpU €ro OTKIYSHUU
OT CETH.

4. O6ocHoBaTh MeTOJ OolleHKH U mporHosupoBanus KII B cetsax 6 kB mpume-
HUTEJIBHO K YCJIOBUSAM IIaXT U PYJHUKOB.

5. Pazpaborats 3¢ exTuBHBIN CIOCOO0 M YCTPOMCTBO 3aIIUTHI TPaHCHOPMATO-
poB ot KII, ocHOBaHHBII HAa KOMIIEHCAIUN PEAKTUBHON MOIIHOCTH.

OO0beKT HMccIe0BaHUs: BBICOKOBOJBTHBIE CHUCTEMBI «BBIKJIIOYATENb — Ka-
OenpHas TUHUS — DJIEKTPOIIPUEMHHUKY, SKCILUTyaTUPYEMbIE B PACIIPEACTUTENBHBIX Ce-
TAX 6 KB maxT U pyJIHUKOB.

IIpeamer wuccjieq0BaHUsI: 3aKOHOMEPHOCTH NPOTEKAHHMS KOMMYTAlMOHHBIX
MIPOLIECCOB, BO3HUKAIOLIUX B CUCTEME HaNpsKeHHEM 6 KB «BbIKIIOUaTENh — KaOemb-
Has JJUHUS - SJEKTPONPUEMHHUK.

Mertoasbl ucciegopanusi. B pabore ucnosib30BaHbl METOBI TEOPUH IEKTPU-
YECKUX LENEN U JIIEKTPUUYECKHX n3MepeHnd, Teopurn COC mpOMBINUIEHHBIX MPEJ-
MPUATUH, TEOPUH IEKTPUUECKUX MAIINH, METOAbl KOMIBIOTEPHOTO MOJEITUPOBAHUS
MEePEXOAHBIX MPOILIECCOB B AJEKTPUUYECKUX CXEMAX C MOMOILBIO TPOrPpaMMHOro odec-
neuenus MatLab u MultiSim, MeTonsl MaTeEMaTHYECKON CTATUCTHKH.

HayuyHast HOBH3HA padoThI 3aKII0YAETCS B CIEAYIOIIEM:

1. IlomyyeHbl 3aBUCMMOCTH MAaKCHUMAJbHBIX KPaTHOCTEH KOMMYTalMOHHBIX
NEePEeHAINPSHKEHUH OT THIA U MOIIHOCTH TpaHC()OPMATOPOB, KOMMYTHPYEMBIX BaKy-
YMHBIMH BBIKJIFOUATEIISIMH, TTOKA3bIBAIOIINE, YTO IIEPEHANPSHKEHUS IPU KOMMYTALMH
TpaHC(hHOPMATOPOB B pacCHpeNeUTEIbHBIX CETIX MIAXT W pyAHUKOB Ha 25 - 30 %
BBIIIIE 110 CPABHEHUIO C PACIIPENETUTENbHBIMU CETSIMU OOILETPOMBIIIJICHHOT'O Ha3Ha-
YEeHUSI.

2. YcTaHOBIIEHA 3aKOHOMEPHOCTHh YBEIUYECHHUS KPATHOCTH TEpeHANpsHKEHUN
10 18% mpu KOMMyTalMK CUJIOBBIX TPaHC(HOPMATOPOB B HEMOJHO(PAZHOM PEKUME
110 OTHOIIEHHUIO K HOPMAJIBHOMY peKUMY paOOThI ceTh 6 KB 1maxT v py1HUKOB.

3. O0ocHOBaH cnocod JUKBHIALUUA YCIOBUNA BO3HUKHOBEHUS MEpEHAIpsIKe-
HUW MPU KOMMYTAILMKU CUJIOBBIX TpaHC(HOPMATOPOB, OCHOBAHHBIM Ha MPUHIUIIE KOM-
MEHCAIMN PEaKTUBHOM MOIIHOCTH CO CTOPOHBI OOMOTKH HU3KOTO HaIPsKEHUS.

IIpakTU4yeckasi 3HAYUMOCTD:

1. O6ocHoBanbl MeToAbI porHo3upoBanus KII B ceTsix 6 kB, a B mepcnekTuBe
u B cerax 10 kB, npUMEHUTENBHO K YCJIOBHSAM IIaXT W PYJHUKOB, MO3BOJISIOLIUE
OLICHUTh BEJIMYMHY KOMMYTAIIMOHHBIX IMEPEHANpPSKEHUH B 000N TOYKE BBICOKO-
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BOJIbTHOM CUCTEMBI «BaKYyMHBIM BBIKITIOUYATEh — KaOelbHAS JIMHUS - JJICKTPOIPH-
€MHHUK» M I[EJICHANPABIEHHO BBIOPAaTh HEOOXOJIMMBIE CPEACTBA 3aIUTHI OT MepeHa-
MPSHKEHUM.

2. YCOBEpIICHCTBOBAHbI U BHEJIPEHBI HU3KOBOJILTHBIE aBTOMATUYECKU PETYJIIU-
pyEMbIE KOHJIEHCATOPHBIE YCTAHOBKHU C MOCTOSIHHO BKJIFOYEHHOM NEPBOM CTYIEHBIO,
€MKOCTh KOTOPOM BBIOUPAETCS U3 YCIOBUSA TIIyOOKOM KOMIIEHCAIIMHM TOKa XOJOCTOTIO
XxoJla TpaHcopMaTopa, MO3BOJISIIONIUME HE TOJBKO KOMIEHCHUPOBATH PEAKTHUBHYIO
MOIIHOCTh, HO W JIMKBUAUPOBATH YCJIOBHS BO3HUKHOBEHHS MEPEHANPSKEHUU TMPU
KOMMYTallUU TpaHc(hopMaTopos.

Peanu3zanus mosry4eHHbIX pe3yJibTaToB. OOOCHOBaHHBIE METO/IbI ITPOTHO3HU-
poBanus KII ncnonp3oBanuce B pacdyeTax NepeHANpsLKEHUN IPU KOMMYTALAH JJIEK-
TpOJBUTATENIEH U TPAaHCPOPMATOPOB B CUCTEMAX IIEKTPOCHAOKEHHSI 6 KB KanmifHBIX
pyaaukoB OAO «Ypankamuii» ¥ TOpHO-OOOraTUTEeNbHOTO KombOuHata «HropOuH-
ckuit» AO «AJIPOCA». YcoBepLIEHCTBOBAaHHBIE KOHACHCATOPHBIE YCTAHOBKH
ycnemHo skcmtyatupytoress Ha Hiopounckom ['OKe AO «AJIPOCA». 3a nepuon
pabotel ¢ 2009r. mo 2011r. He ObUIO 3aUKCUPOBAHO HHU OJHOTO CIIy4asl BhIXOJA U3
ctpost Tpancdopmaropos 6/0,69 kB morHOoCThIO 630 KBA 10 npuYnHe BO3AEHCTBUS
KIL.

Pe3ynbpTaThl pabOThl HCTIOIB3YIOTCS B YUEOHOM MIPOIIECCe MPU MOJATOTOBKE MH-
KEHEPOB TO JJIEKTPOTEXHUYECKUM CHeHaIbHOCTIM B CubupckoM deaepaabHOM
yauBepcurere (COY) u npunsatel k BHenpeHuto Ha OAO «CK3 KBAP», kotopoe siB-
JISI€TCSL OAHUM M3 BEIYIIUX MpeAnpusTuil Poccuu mo BBITYCKY aBTOMATUYECKH pery-
JUPYEMBIX KOHJIEHCATOPHBIX YCTAHOBOK.

OO00CHOBAHHOCTH M I0CTOBEPHOCTH HAYYHBIX MOJI0KEHUI OITBEPKAACTCS
YIOBJIETBOPUTENBHBIM COBHAICHUEM TEOPETUUYECKHUX U IKCIIEPUMEHTATBHBIX PE3YIb-
TaTOB UCCJEIOBAHUIM, MOJOKUTEIbHBIM ONBITOM JKCILTyaTallMM YCOBEPIICHCTBOBAH-
HbIX ycTpoicTB Ha Hiopounckom ['OKe AO «AJIPOCAY.

Ha 3amury BBIHOCATCSH:

1. IlonyuyeHHbIE 3aBUCUMOCTH MakCUMalbHbIX KpaTHocted KII ot Tuma u
MOIIIHOCTH 3JIEKTPOJIBUTATENEH U TpaHCHOPMATOPOB, KOMMYTHPYEMBIX BaKyyMHBIMU
BBIKJIFOYATEJISIMU, MTO3BOJISIFOLINE MMOBBICUTH I0CTOBEPHOCTH nporHo3upoBanus KII B
ceTsix 6 kKB maxT u pyAHUKOB 1 000CHOBATH CPEICTBA 3AITUTHI OT MEPEHAIPSKEHUH.

2. 3aBUCUMOCTb COOTHOIIIEHU Mexay kpatHoctsamu KII, Bo3HuKaromumu B
oOmoTkax Bbicokoro (BH) u Huskoro (HH) Hanpsbxkenuid ot koadduuuenrta tpaHc-
(dbopmali ¥ MOILIHOCTH CHUJIOBBIX TpaHC(HOPMATOPOB, MOATBEPKAAOIIAS TUIIOTE3Y O
ToM, yTo nepexon BoyiHbl KIT u3 oomMotkun BH B 06MoTky HH He 3aBucut ot xo3¢-
¢unuenta TpaHcOpMalMK U OCYIIECTBIIAECTCS 32 CUET €MKOCTHBIX CBA3EH MEXKIY
JTAHHBIMA OOMOTKaMH.

3. YcraHoBNeHHAs 3aKOHOMEPHOCTh YBEJIMUEHUSI KPATHOCTH MEepEHANPSHKEHUM
10 18% mpu xommyTaruu TpaHchopMaTopoB B cirydae oOpbeIBa ogHOU U3 (a3 cetu 6
KB [0 OTHOIIEHUIO K HOPMAJIBHOMY PEXUMY IKCILTyaTalllH.

4. ITony4yeHHasi 3aBUCUMOCTh KPaTHOCTH TMEPEHANPSIKEHUN NP KOMMYTAIUU
CWJIOBBIX TpaHC(OPMATOPOB BaKyyMHBIM BBIKJIFOUATENIeM OT KOA(hdUIIMEHTa MOIII-
HOCTH, TO3BOJISIIONIYI0 MCIOJIb30BATh MPUHIIMI KOMIIEHCAIIUU PEAKTUBHOM MOIIHO-
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CTH, KaK Croco0, TuKBUAMpYIouwmii yciaosust BosHukHOBeHHs! KII B cucteme «Baky-
YMHBII BBIKJIIOUATENb — KaOesbHast JIMHUS - TPAaHC(POPMATOP»

Anpobauusi pa6oTbl. OCHOBHBIC TTOJIOKEHHS JTUCCEPTAIIMOHHOM PpaboOThI J10-
KJIaJbIBAIUCH U OOCYXAAIMCh HA MEXAYHAPOJHBIX U BCEPOCCUNUCKUX KOH(EPEHIIU-
ax: MexayHapojHasi HaydHO-TpakThuueckas kKoHpepenuus «CTparerndeckue npuo-
PUTETHI U THHOBAIIMH B MPOU3BOJICTBE LIBETHBIX METANIOB U 30J10Ta» (r.KpacHospck,
2006 r.); 1 MexnyHaponnas HayudHo-TipakTuueckas koHdepenuus « MHTEXMET-
2008» (r.Cankt-Ilerepoypr, 2008 r.); 11X Bcepoccuiickas Hay4HO-IIpaKTHYECKAs
koH(pepeHtus  «DHEProdPPEKTUBHOCTh CHUCTEM KU3HEOOCCIECUYCHHS TOpPOa»
(r.Kpacnospck, 2008 r.); X Bcepoccuiickas HaydyHO-TIpaKTHYecKash KOH(PEpEeHIUs
«3HeprodpdexkTHBHOCTD CUCTEM X)H3HeobeceueHus ropojaa» (r.Kpacuospcek, 2009r.).

Hyoaukanuu. I[lo pesynapTaram uccienoBaHuil onyOsukoBaHo 11 medaTHbIX
paboT, U3 KOTOPBIX 3 CTaThU B MEpUOANYECKOM U3aaHuu 1o cnucky BAK; 8 pabor B
TpyJlax MEXKIYHAPOIHBIX U BCEPOCCUICKUX KOH(MEPEHITUH.

Crpykrypa u o0bem padorsl. [uccepranuonHas padoTa COCTOUT U3 BBEJE-
HUS, TSITH TJIaB, 3aKJIIOUEHUS], ABYX MPUJIOKEHUN, OUOIMOrpaduyecKoro Crucka us3
123 naumeHoBaHuii. OCHOBHOM TEKCT JIHUCCEPTAIIMOHHOM pabOThI M3J0KeH Ha 145
CTpaHMIIaX, IPOUJUTIOCTPUPOBaH 58 pucynkamu u 24 Tabiuiiamu.

OCHOBHOE COIEP KXAHUE PABOTHBI

Bo BBegeHMn 000CHOBaHA aKTyaJIbHOCTh TEMBI, JAaeTCs oOLIasi XapaKTepUCTH-
Ka pa0oThl, €€ HayyHas HOBM3HA U TMpaKTHUECKas 3HAYUMOCTb, C(HOPMYIUPOBAHBI
LEJIU U 33J]a4l UCCIEAOBaHMM, OTpa)KEHbI BOIIPOCH! peaau3allii U anpooaiu Hayy-
HBIX PE3yJbTaTOB, C(POPMYIMPOBAHBI OCHOBHBIE IOJIOKEHHUS, BHIHOCUMbIE Ha 3allu-
Ty.

B nmepBo#i ri1aBe BBINOJHEH aHAJIN3 aBAPUUHOCTH PACIIPEACTUTENBHBIX CETEN
6 kB maxTt u pynHukoB, 00001ieHbl pe3ynbrarsl uccaeaosanuii KI1 B pacnpenenu-
TENBHBIX ceTAX 6 — 10 KB nmpOMBIIIIEHHBIX NPEaNPUATHIA.

[lokazaHo, yTO Ha coBpeMeHHOM 3T1ane pazButuss COC maxT U pyJHUKOB OC-
HOBHas MpUYMHA, BIMSIOAS HAa aBapUUHOCTh PAaCHpEICTUTENbHBIX CETEH U DIIeK-
TpooOopynoBanus - 3To couetanue KII, ecrecTBEeHHOTO cTapeHUsT U30JISAIUU KaOelb-
HBIX JIMHUM, 3JIEKTPOABUTATENEH U TpaHC(HOPMATOPOB U OOPBIBBI OTIEIBHBIX (a3 ce-
TH.

[IInpokoe HMCNOIb30BaHUE BAKYYMHBIX BBIKJIFOUATENEH, COBPEMEHHAsT KOMIIO-
HOBKa MepeaBMXHBIX TpaHchopmaTopubix noactaniuii (ITTIT), y KoTopsIx BakyyM-
HbI€ BBIKJIIOYATENM TMOJKIIOYAIOTCS HEMOCPeICTBEHHO K BBogaM oOMoTku BH
tpanchopmaropa (rmoactanmuu tuna KTCBII) u Huskas 3QQGeKTHBHOCTh CPENCTB
samuThl oT KII, npuBenu k ToMy, uro aBapuiiHocTh COC mIaxT U pyJHUKOB 32 MO-
ciaenHue S et Bo3pacia B 1,6 paza.

HaubGonee mnoBpexmaembiMu meMeHTaMu COC SBISIOTCS KaOENbHbIE JTUMHUU
(KJI) u Tpanchopmaropsl. Ha ux momo npuxoautcs okojo 75% aBapuilHBIX CUTYallWH,
a JT0JIs BHICOKOBOJIBTHBIX DJICKTPOJIBUTATENIEH U siueeK cocTaBisieT He Ooee 22%.

OcHoBHBIMHM TIpuMHaMK aBapuiiHocTH KJI gBisitoTcs mpoOou U30JLMK pas3-
JEJIOK KaleJsi, KOTOPhIE CBSI3aHbI C BBOJAOM 3JIEKTPONPUEMHHUKA U OOPBIBBI OTIENb-
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HBIX X)W1 Kabens. [1o maHHBIM TpUYMHAM TTPOUCXOAUT COOTBETCTBEHHO 45% 1 32%
noBpexaeHnit KJI. OCHOBHBIMM NIPUUMHAMU aBAPUIHOCTH TPaHCHOPMATOPOB SIBIISI-
I0TCA MPOOOM H3OJISLIMK U TEPEKPHITUS BBOJOB OOMOTOK BBICOKOTO M HHU3KOTO
HanpspbkeHuil. [lo maHHBIM mpuunHAM npoucxoaut okoyio 60% BBIXOAOB U3 CTPOS
Tpanchopmatopos. [Ipu 3ToM IpoOoU U30IIALMK U IEPEKPHITHS BBOI0B 0OMOoTKH HH
IIPOUCXOJIAT B JIBa pa3a yalle B cpaBHEHUH ¢ 0OMoTKoi1 BH.

Kpome »sToro ananus aBapuitHocTu TpaHC(hHOPMATOPOB MOKA3bIBAET, YTO IMPHU
oOpeiBe omHOW W3 (a3 muTaromieil cetu, (HemosHO(Ma3HBIA PEKUM), TPOOOU H30JISI-
IuU 0OMOTOK TpaHchopmaTopa WK pa3fesiku Kabens CBA3aHHbIE C BBOJIAMU TPAHC-
dbopMaTopa HPEBHIIAIOT AHAJOTUYHBIE MPOOOU H3OJSALUU MPU CUMMETPUYHOM pe-
KUMe MUTaHUs TpaHcopmaTopa MpakTU4ecku B 2 — 2,5 paza. MoxHO mpenrnosio-
KUTh, 9YTO KPATHOCThH MEPEHAIPSKEHUH TIPH KOMMYTAIIMH B HETIOTHO(DA3HOM PEKUME
BBIIIE, YEM TP CUMMETPUUYHOM PEKUME CETH.

CrnenoBatenbHO, pa3padoTKa 3(PPEKTUBHBIX CHOCOOOB M CPEACTB 3aAIIUTHI
tpancopmatopoB oT KII mo3ponut moBeicuTh HazexkHOCTh COC 6 kB maxrt u pya-
HUKOB, TaK KaK COKpPaTUT KOJIMYECTBO MPOOOEB M3OJISAIMK OOMOTOK TpaHCPOpMaTo-
POB U pa3ziesiok Kadese, CBI3aHHbIX C BBOJAMH TpaHC(HOPMATOPOB.

Bo BTOpOIi ri1aBe 000cHOBaHBI METOAMKA U TIpUOOpHas 6a3a AJig U3MEPEHUS
MepeHanpPsHKEHUMN P KOMMYTAIUU AJIEKTPOBUTATENECH U TpaHC(HOPMATOPOB.

[IpuBeneHsl pe3ysbTaThl U3MEPEHUM, MPOBEICHHBIX Ha mnpeanpuitusx OAO
«Ypankamuit», AO «Anpoca» Hrop6enckuii 'OK u craructuueckoit o0padboTku aaH-
HbIX KII B ceTsax 6 kB maxrt u pyanukoB. s ¢ukcanum 1 ocuuuiorpa@upoBaHus
KIT ucnonp3oBasncst kommnencannonueiii RC- nemurens tuma JIHEK-10 u geTpipexka-
HabHBIN 1HdpoBoi ocrruniorpad Tektronix TDS2024B. KII ¢ukcupoBaMch Kak
Ha BBOJaX 3JIEKTPONPHEMHHKA, TaK M Ha 3aKMMaX BBIKIIOYATENS. JTO MO3BOJIMIIO
OLICHUTH BJIMSIHUE MMAPAMETPOB JIEKTPONPUEMHHUKA, KaOEIbHOW JTUHUU HA BEIUYHUHY
u kpatHocTh KII B pa3HbIX TOUKaxX CHUCTEMBI «BBIKIIOUYATENh — KaOeiabHasi JIMHUSA -
AIEKTPONTPUEMHHUK.

Ha ocHoBe cratuctuyeckoir 00pabOTKU SKCIIEPUMEHTAIBHBIX AHHBIX MOJy4e-
HBI 3aBUCUMOCTH MakCUMaJIbHBIX KpatHocTer KII oT Tvma u MOIIHOCTH 3JIEKTPOABU-
raTeyiell ¥ TpaHc(popMaTOPOB /IJIsi BAKYYMHBIX BBIKJIFOUATENICH, TAHHBIE 3aBUCUMOCTH
MPEJCTABIICHBI HA PUCYHKAX 1 1 2.

Ha pucynkax 1 u 2 npuBezneHsl 3aBUCUMOCTH Kmax = f(Pys) 1 Kinaxgrr = f(S,) HE
TOJIBKO JyIsl ceTel 6 kKB maxT v pyAHUKOB, HO U JjIsl OOIIETIPOMBIIIICHHBIX CETEH.

ConocraBuB pe3ynbTaThl n3Mepennii KII Ha 3aknMax aCHHXPOHHBIX AJIEKTPO-
JBUTATEJICH, DKCILTyaTUPYEMBIX B CETH 6 KB IIaXT U pyJTHUKOB C aHAJIOTUYHBIMU U3-
mepenusiMu KIT 1u1st oO1ienpoMBbIIIEHHBIN ceTel, MOKHO BUJIETh, YTO JIAHHBIE TIPAK-
TUYECKHU COBNAAAIOT. DTO YKA3bIBAET HA TO, YTO MapaMeTPbl aCUHXPOHHBIX JIEKTPO-
JBUTATENIel HanpsbkeHreM 6 KB, sKCITyaTUpyeMbIX B IIaXTaxX W PYJHUKAX, B PEXKHU-
M€ KOMMYTaIlud, OJM3KH K MapaMeTpaM aCHHXPOHHBIX 3JIEKTPOJBUTATENICH, KOTOPBIC
MCIIOJIB3YIOTCSI B OOIIETIPOMBIIIIIICHHBIX CETsIX OKB.
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PI/ICYHOK 1 - 3aBUCHUMOCTH Kmax OT MOITHOCTH ACMHXPOHHBIX SHCKTPOHBHFaTeHeﬁ
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Pucynok 2 - 3aBucumocts Kpaxsn OT MOIITHOCTH CyXHX TpaHC(HOPMATOPOB

B TO ke BpeMs KpaTHOCTH MepeHanpsHKEeHUH, BOZHUKAIONTUX TTPH KOMMYTaITU!
CyXUX TpaHC(POpPMATOPOB B IaxXTax W pydHUKaX, B cpemHeMm Ha 25 — 30% BeIme
kpatHocTu KII ananornuneix TpanchopmMaTopoB 00IIETPOMBIIIUICHHOTO Ha3HAYCHHUS.
BrisBiieHHBIE 3aKOHOMEPHOCTH HEOOXOIUMO YUUTHIBAThH MTPH BEIOOPE METO/IAa OTICHKU
u niporao3upoBanus KII B cetsix 6 kB maxT v pyJJHUKOB.

YcraHoBIEHO, YTO HEMOJHO(MA3HOM PEKUME CETH KPaTHOCTh MEpPEHAIpPSIKe-
HUW TIPU KOMMYTaIu# TpanchopmaTopoB BozpacTaeT Ha 15 — 18%.

DKcnepuMEeHTAIbHBIE HCCIICIOBAHUS TTOKa3aiu, 4To KpaTtHOCTh KII B 0OMOTKe
HH (Kmaxan) mo cpaBuenuto ¢ kpatHocThio KIT B 00MoTke BH (Kaxgn) ropasio BbI-
me. 3aBUCUMOCTb Kaxun = f(S,,,) IpuBenena Ha pucyske 3, a Ha pucyHke 4 moxasa-
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HO u3MeHeHHe OTHOMEHUS A= Kipapn/ Kmaxgy B 3aBUCUMOCTH OT KO3 PHUITUCHTA

TpaHchopMaIi U MOLTHOCTH TpaHchopmaTopa.
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Pucynok 3 - 3aBucumoctsb Kyaxyn BO3HUKAIOMMX B 0OMOTKAX HU3KOTO HAMPSKCHHSI

OT MOITHOCTH CyXHX TPaHC(OPMATOPOB LIAXT U PYJAHUKOB
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1
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1 == 250 kB-A
2 == 400 xB-A
3 =630 xB-A
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O |5,3 T T T 9',1 T T T T T T 15,'8 > KT

Pucynoxk 4 - 3aBucumocts otHoweHus kparHoctu KI1, Bo3HuKaronuii B 0OMOTKEe HU3KOTO U BBICO-
KOTO HalpspKeHHst 0T KoadduuueHTa Tpanchopmanuu tpanchopmaropos 6/0,4; 6/0,69 u 6/1,14

AHaJIn3 3aBUCUMOCTEH, MIPEJCTABICHHBIX HAa PUCYHKaX 3 U 4, TOKa3bIBAET, YTO
3HaueHue Koddduiumenta A HaxomuTcs B auana3zoHe 9,8 — 10,2 m He 3aBUCHUT OT
MOIIIHOCTH TpaHchopmaTopa U kodduimenta Tpanchopmanuu. ITO yKa3bIBaeT Ha
TO, 4TO OoJbIas yacth sHeprun BosHbl KII, Bo3Hukaromei B oomoTke BH, nepena-
ércst B 00MoTKy HH Tpancdopmaropa npu ero oTKIFOYSHUH OT CETU U BBI3BIBACT BbI-
COKHE TepeHanpspkeHus Ha 3axumax oomotrku HH Ttpancdhopmaropa. I[lepemgaua
sHepruu BojHbI KII ocyliecTBisieTcs 3a cCUeT €eMKOCTHBIX CBSI3el MEXTy 0OMOTKaMH,
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a He 3a cueT kKodddumumenta Tpanchopmaruu. JlaHHOE 0OCTOATETHCTBO HEOOXOAMMO
YUUTBHIBATh, KaK TMPU MOJEIMPOBAHUY MEPEHANPSHKEHUH, BOZHUKAIOUIUX MPU OTKIIIO-
YEHUU CUJIOBBIX TPAaHCPOPMATOPOB, TaK U MPHU BHIOOpE CLIOCOOOB U CPENICTB 3ALTUTHI
ot KII 1 MecT ux yCTaHOBKH.

B Tperbeii r1aBe pazpaboTaHa U UAESHTU(UIIMPOBAHA KOMIIBIOTEPHAS MOJIETh
CUCTEMbI «MCTOYHHMK MTUTAHUS — BBIKIIIOUATENbh — KaOelibHasl IMHUA TpaHCchopMaTopy.
VYcTaHOBJIEHBI OCHOBHBIE 3aBUCHMOCTH KPATHOCTH TMEpEHAIPSHKEHUNH B CUMMETPHUY-
HOM W HETMOJHO(A3HOM PEKHUME PaOdOThI CETH OT MOIIHOCTH CHJIOBBIX TpaHC(opma-
TOPOB U yTiia KOMMYTAITUH.

Amnpobanusi CymecTBYIOIHUX CXEM MOJICTUPOBAHMS TPaHCHOPMATOPOB, TPE-
craBleHHbIX B mporpammax MatlLab u MultiSim, mokasana, 4To oHa He OTpa)xkaroT
MePEXOHBIC MPOIECCHI, BOSHUKAIOIINE B OOMOTKax TpaHchopMaTopa Mpu €ro KOM-
MYyTalllH, TAK KaK HE YUYUTHIBAIOT EMKOCTHBIE CBs3M Mex 1y ooMoTkamu BH u HH.

C y4eToM pe3ysbTaToB dKCIEPUMEHTAIBHBIX HCCIIEIOBaHUMN Oblia pa3padoTa-
Ha CXeMa MOJICJIMPOBaHUs TpaHCHOpMaTOpa B PEKUME KOMMYTAIIMH, YUUTHIBAIOIIAS
€MKOCTHBIE CBSI3H MEXKIy 0OMOTKaMHU TpaHcpopMarTopa.

B kauecTBe npuMepa Ha pUCYHKE 5, pu oMoty mporpammbel MultiSim, mpu-
BEJICHA cCXeMa MoJieTupoBanus i Tpanchopmaropa 6/0,4 kB ¢ nutoit uzomnsueit u
MontHOCThI0 250 kB-A, rae Ly, Ls, Ly 1 Ry, Rs, Rg — HHAYKTMBHOCTH U aKTHBHBIE CO-
npotusienust oomorok BH tpancdopmaropa; L4, Lg, Liou Ry, Rs, Rg - uHayKTHBHO-
CTH W aKTUBHBbIE conpoTuBiieHus: ooMoTok HH tpancdhopmaropa; Lig, Li1, Ly, L3, L,
L; u Rig, Ri1, Ry, R3, Rg, R7 — MHAYKTUBHOCTH M aKTHUBHBIE COMPOTUBIICHUS IETen
HaMarHu4IuBaHus tpanchopmaropa; C;, C4 C; — emrocTn Mexxmy ooMoTkamu BH u
HH; C,, Cs5, Cg — emrxoctu ooMotok BH mo otnomienuto k 3emie; Cs, Cg, Cq - eMKo-
ctu ooMotok HH mo otHomenuto k 3emie; Ry, Ris, Rig — conpoTuBnenus uzonsiuu
obmotok HH no otHomenuto k 3emiie; Ris, Rig — IIYHTHL.
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=
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Pucynok 5 - Cxema moaenupoBanus Tpanchopmaropa 6/0,4 momrHocThio 250 kB-A B pe-
KUME KOMMYTAIUU
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[TapameTpsl OOMOTOK U IIE€TIe HaMarHMYMBAHUS TpaHchopMaTopa ompeaesne-
HBI 110 U3BECTHBIM METOJMKAM, U3JI0KEHHBIM B Kypce «DJIEKTpUUYECKHE MAIIUHBDY, a
€MKOCTH OOMOTOK 10 OTHOUIIEHUIO K 3emiie U Mexay oomorkamu BH u HH omnpene-
JSUTUCH AKCIIEPUMEHTATIBHBIM ITyTeM. Pe3ynbTaTsl U3MEpeHuil mpecTaBieHbl B Ta0-
e 1.

Ta6mmma 1 - EMkocTHBIE CBsI3U TpaHCHOPMATOPOB

Emkocth da3Hoii 00MOTKH Emkocth dazHoii 00MOTKH
S, EmkocTh Mex 1y 00MOT-
BH 1o orHomrenuio k 3emM- | HH mo oTHoOImeHuIo k 3eMiie,
kB-A kamu BH u HH, a®
e, HO HOD
250 7,877 58,0 42,0
400 10,979 95,2 67,0
630 15,6 67,0 48,0
1000 40,1 115,6 80,0

MonenupoBaHre KOMMYTAIIMOHHBIX PEKUMOB TPOBOAMIOCH JIJIsl TpaHchopma-
TopoB MontHOCThIO0 250, 400, 630, 1000 kBA, kak ayis HauboJiee 4acTo UCHOJIb3ye-
MBIX B IIaXTaX U PYJHUKAX.

MopenvupoBaHue MOKa3ano, YTO B HOPMAJIBLHOM PEXHUME IKCIUTyaTallud CETH
MaKCUMaJIbHbI€ KPATHOCTH TEpPEHAIPSKEHUN BO3HUKAIOT MPU yriaX KOMMYTallUU
27°, 36", 81" u 90 u He 3aBucAT OT Kod3ddHUIHEHTA TPaHCHOPMALIMA M MOIIHOCTH
Tpanchopmaropa.

B ciiydae oOpsiBa oo U3 ¢a3 cetu kpatHocTh KII Bo3pacraer ¢ yBennueHu-
€M yria KoMMyTaluu. JlaHHasi 3aBUCUMOCTh UMEET MPaKTUYECKH JIMHEWHBIN Xapak-
Tep, MPU ATOM KPATHOCTh NIEPEHANPSOKCHUA B HETOTHO(PA3HOM PEKHUME MPEBHIIIACT
KpaTHOCTh MEPEHAIPSKEHUN B HOPMAIBHOM PEXHUME dKCIUTyaTallud TPaHCHOPMATO-
pa He Oosiee ueM Ha 18%.

OO0001IeHHBIC PE3yNbTaThl MOACIMPOBAHUS TIPEICTABIICHBI HA pUCYHKE 6.

K maxBH$
00psIB (hasbl (1aHHbIe
MOJICTUPOBAHHS)
10 CUMMETPUYHBIN PEKUM

94 (KCTIEpEMEHTAIIBHBIE TaHHBIE)

81 CHMMETPHYHBIN PEKUM

74 (maHHBIC MO/ICTPOBAHMS)

6 ] L]

5 |

4 4

3

2 4

1

0 250 400 630 1000 g
S,, kKB-A

PI/ICYHOK 6 - 3aBUCUMOCTH KmaXBH OT MOIITHOCTH TpaHC(bOpMaTOPOB, MMOJIYYCHHBIC Ha OCHOBC MOJC-
JIMPOBAaHHUA U OKCIICPUMCHTAJIBHBIX JaHHBIX
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AHanu3 NaHHBIX 3aBHCUMOCTEH MOKa3bIBAET, YTO B CUMMETPUYHOM PEKUME
DKCIUTyaTalluM CETH IEPEHANPSDIKEHUS, BO3HHUKAIOIIME IIPU OTKIIOYEHHHM CHJIOBBIX
TpaHCPOPMATOPOB, B PEAIbHBIX YCIOBUAX IKCILTyaTalluy MPAKTUYECKH COBMAJAIOT C
pe3ysibTaTaMi MOJEIUPOBaHUs, OTHOCUTENIbHAS MOTPEIHOCTh He mpeBbiiaet 10%.
CrnenoBaTenbHO, 3aBUCHMOCTHM MAaKCHUMAJIBHBIX KPAaTHOCTEW NEPEHANPSIKEHUH OT
MOIIIHOCTH CHJIOBBIX TPAaHC(OPMATOPOB B HEMOJHO(PA3HOM PEKUME pabOThl CETH,
[OJly4YE€HHbIE Ha OCHOBE MOJEJIMPOBAHHUSA, MOKHO CUMTATh OJNM3KUMHU K pealbHBIM
3HAYEHUSAM M UCIOJIb30BaTh X A npornosupoBanud KII B cersix 6 kB maxr u pyn-
HUKOB.

B yerBepTOM rJIaBe BBINOJHEH AHAIM3 CYLIECTBYIOIIUX METOJIOB OLEHKH U
nporHo3upoBanus KII B cerax 6 — 10 kB npombinieHHsix npeanpusatuid. O00cHOBa-
HBI ¥ TIpeioxkeHbl MeToabl onleHku KII B ceTsax 6 kB maxTt u py1HUKOB.

Ha ocHoBe aHanm3a cymecTByronmx MeTofaoB oueHku KII, Kk KOToOpbIM OTHO-
CSITCSl HKCIIEPUMEHTAIbHBIA METO/I, METO/Ibl MATEMATHUECKOTO U (PU3UUYECKOr0 MOJIe-
JMPOBAHMS, METOJI HA OCHOBE PETPECCHOHHBIX YPAaBHEHMH, IKCIIPECC-METOA U KOM-
IJIEKCHBIA METOJI IPOTHO3UPOBAHUS MEPEHANPSLDKEHUM U C yYETOM IOKas3aTesiel Ka-
YyecTBa IJIEKTPUUYECKON dHEpruu Obuld 00OCHOBAHBI METO/bl OLEHKH U IPOTHO3UPO-
BaHMs KII mpuMeHUTENBHO K YCIOBUAM IAXT U PYJIHUKOB.

Jlia cucreM anekTpocHaOxkeHust 6 KB 1maxT u pyIHUKOB HanboJjiee mpuemre-
MBIM sIBiIsieTCs dKcrpecc-metoa onieHku KII, paspaOoTaHHbI HAyYHBIMU COTPYJIHU-
kamu OOO «Pytac» COBMECTHO C MpeACTaBUTEISIMU Kadeapbl 3IeKTpUPUKaIuu
TOPHO-METAJLTyprudeckoro npouspojacrsa COY. 1o CBSA3aHO € TEM, YTO B paclpe-
JENUTENIbHBIX ceTIX 6 KB maxT u pyJHUKOB HE MCHOJB3YIOTCS KaOENIH U3 CUIMTOrO
MOJIMATUJIEHA U TPAKTUYECKU OTCYTCTBYIOT BBICILIME TAPMOHUKHU TOKA U HAIIPSKECHMS,
TaK Kak KO3 (UUIHUEHThI HCKAaXEHUS! HECUHYCOUAAIBHOCTU KPUBOM TOKA M HaIpsixKe-
HUSI COOTBETCTBEHHO HE MpeBBIIAT 2% U 5%. DTO CBA3aHO C TEM, 4TO B CHCTEMAX
ayIeKTpocHaOkeHHsT 6 KB maxT u pyJHUKOB Hanboyiee 4acTo HUCIOJIb3YIOTCS TPaHC-
dbopmatopsl momHOCTEI0O 1000 KkBA 1 MeHee, KOTOpbIe XapaKTEepPU3YIOTCS BBICOKOM
CTENIEHBIO MTOJABJIEHUS BBICIINX FAPMOHUK.

B 10 e Bpems 3HauuTeNbHasl MPOTSXKEHHOCTh MOA3EMHBIX BBIPAaOOTOK U HC-
M0JIb30BAHNE COBPEMEHHOI'0 MOIIHOTO TEXHOJIOTMYECKOTO 000pyaoBaHUs (IIPOXO-
YEeCKHUE U T0OBIYHbIE KOMIUIEKCHI, KOHBEHEepHbI€ IMHUU U T.[.) IPUBOJIUT K TOMY, YTO
OTKJIOHEHMs HalpsDKEHUS B YAAQJEHHBIX TOYKaX CHUCTEMbI dJeKTpocHaOxeHus 6 kB
MOTYT JOCTHUIaTh MPEJEIbHO-IOMYCTUMBIX 3HAYEHUH, a B OIPEACIICHHbIX CIIy4asxX
MPEBBIIIATH UX. DTO 0OCTOATENBCTBO 3aCTABIISIET pacCMAaTPUBATh BONPOC, CBSI3aHHBIIM
C MCIOJIb30BAHUEM paACHpENeUTENbHbIX ceTell HanpsbkeHneMm 10 kB. Ilepcnextus-
HOe ucrnoap3oBanue cereil 10 kB B maxTax v pyJHUKax MO3BOJUT HE TOJIBKO PEIINTH
npo0JeMy C OTKJIOHEHHEM HamNpsKeHHs, HO U MOCTaBUTh 3a/1avy, CBS3aHHYIO C IO-
JABJICHHEM BBICIINX rapMOHHUK B ceTsax 10 kB, tak xak pacnpenenurenbHbie cetu 10
KB nenaroT SKOHOMHUYECKHM OOOCHOBAaHHBIM YBEITMUYEHHE MOILIHOCTH TEXHOJOTHYe-
CKOTO 000pYIOBaHMS, B KOTOPOM LIMPOKO MCIHOJB3YIOTCS YAaCTOTHO-PETYIUPYEMBbIE
MPUBOJIBI U TUPUCTOPHBIE NMpeoOpa3oBaTeau. ITO B CBOIO OYepeb MPUBEIET K Mac-
COBOMY HcTOJIb30BaHMIO TpanchopmatopoB 1600 kBA u Gomnee, uto cHU3UT dhPexT
MOJIaBJICHUS BBICUIMX FAPMOHHUK CHJIOBBIMU TpaHC(HOpPMATOPAMHU.
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B stom ciyuae ans onenku KII B cetsix 10 kB maxT u pyaaukoB 6omee pamu-
OHAJIBHBIM SIBJISIETCSI KOMIUIEKCHBIM MeToA nporHo3uposanus KII, KoTopelil yuuThI-
BaeT KJIACC HAIIPSDKEHUS CETH U HAJIMYUE BBICIIUX TAPMOHUK.

PesynbpraTel Mcciie0BaHus, IPEICTABICHHbBIE BO BTOPOU IUIaBE, IOKA3BIBAIOT,
410 M3MeHeHue kpatHocth KII B 3aBHCHMMOCTH OT MOLIHOCTH 3JIEKTPOJBHUIaTENEH,
KOTOPBIE HCIIOJIb3YIOTCA B OOLIENPOMBIIUIEHHBIX CETSAX M CETSX LIaXT U PYJHUKOB,
INpaKTHYECKU coBMHanaoT (pucyHok 1) u He mpesbiatoT 3,5 %. B To xe Bpems us-
MEHEHHE KPaTHOCTH MEPEHANPSIKEHUN B 3aBUCUMOCTH OT MOIIHOCTU CYXUX TpPaHC-
(dbopMaTopoB, IKCIUTyaTHPYEMBIX B OOIICTIPOMBIIIUIEHHBIX ceTsax 6 kB u cersax 6 kB
IaxT U PYJHUKOB, HE COBIAAlT (PUCYHOK 2). KpaTHOCTh nepeHanpsbKeHU npu
KOMMYTAallUd TPAaHCPOPMATOPOB B MOJ3EMHBIX YCIOBHUSIX BaKyyMHBIMH BBIKIIIOUATE-
JSIMU BbIIIE B cpeaHeM Ha 28,5%. CrenoBatenbHO, A7 OLEHKH U IPOTHO3UPOBAHMUS
KII B cersx 6 - 10 kB maxt u pyJHUKOB MPU MCHOJIB30BAHUH SKCIPECC — METOJA U
KOMIUIEKCHOIO MeTOoJa, KO3((PULMEHT MakcuMallbHOM KpaTHOCTU (Kpax) JUIS 3IeK-
TPOJBUTATENEH OCTACTCSI HEU3MEHHBIM, a JUIsl TPAaHC(POPMATOPOB JTOJIKEH OBbITh BBILIE
B 1,285 pa3a.

B 3TOM cirydae, Kak MOKa3bIBaeT MPaKTHUKa, OTJIMYUE pacuyeTHbIX 3HaueHui KII
B ceTsx 6 kB maxT u pyaHukoB oT uaMmepeHHsix KII He mpesbimaet 9,5%.

B nsATOlM ri1aBe BhINOJIHEH aHATU3 3()()EKTUBHOCTHU CYIECTBYIOIIHUX CIIOCOOOB
U YCTPOMCTB 3alllUThl OT KOMMYTallMOHHBIX NepeHamnpsbkeHuid. [Ipemioxken crnocod
orpannueHus KII Ha ocHOBe KOMITEHCAIIMN PEAKTUBHON MOIIHOCTH. BBIITOITHEHO MO-
JENUPOBAHUE TPEJIOKEHHOro cnocoba orpannuenus KII nmpumeHuTenbHO K cuio-
BbIM TpaHchopmaTopam 6 kB. IIpousBeneHbl SKCIEPUMEHTAIIBHBIE UCCIEAOBAHMS B
JAHHOM HalpaBJICHWHM Ha ACHCTBYIOIIMX TPaHC(HOPMATOPHBIX MOJACTAHUMUAX IIAXT U
PYJIHUKOB.

[Toka3aHo, 4YTO HaIM4KMe «30HBI 3amupanus» B padore OIIH u Hu3Kas Tepmu-
YyecKas YCTOMYMBOCTh B peKUMe OHO(A3HBIX 3aMblKaHuil Ha 3emitio (O33) cHmKaer
s dextuBHOCTh 3amuThl 0T KII TpanchopmaTopoB u 3nekTpoaBUTaTENCH, IKCILTya-
TUPYEMBIX B IIAXTaX U PyJIHHUKAX.

RC-orpanununTenu camwkaroT kpatHocts KIT no yporns (1,5+1,7)U,, uro obec-
MEYMBACT HAJCKHYIO 3aIUTY dJIeKTpoaBurarenei u tpanchopmaropor ot KII. On-
Hako B pexxume O33 oguH RC-orpanuumnTens yBEeIMYMBAET eMKOCTHOUM Tok O33 ot
0,33A no 0,82A B 3aBucHMOCTH OT mapameTpoB RC-1iemneit, KOTopbie SBISIOTCS 6a30-
BbIMH dneMeHTaMu RC-orpannumntens. 3To 00CTOSTENBCTBO HAKIAIBIBACT OTpaHU-
YeHHUs! Ha KOJIMYECTBO JAHHBIX YCTPOWCTB, MOAKIIOYEHHBIX K Y31y 3JIEKTPUUYECKOU
Harpy3Kd, 4TO MOKET OCTaBUTh YaCTh AJIEKTPONPUEMHHUKOB Oe3 3ammrtbl oT KII.
Kpowme atoro, RC-orpanmuntenn MOryT MOABEPTaThCS TEPMUUECKOMY pa3pylICHUIO
OT TOKOB BBICHIMX TapMOHUK, €ClIH KOA(P(UIMEHT UCKAKEHUS CUHYCOUJATBHOCTU
KpuBo# Toka 6omee 10%.

RC-racurenu 6osee ycTOMUMBBI K BO3JCHCTBUIO TOKOB BBICIIMX TapMOHHUK U
HE BJIMSIOT HAa BeMMUMHY U Xapaktep Toka O33. OgHako uMeroT 0obIre rabapuThl
U BEC, YTO 3aTPYAHSIET UX UCIOJb30BaHUE B IIaxTax W pyaHukax. Haubonee panuo-
HaJIbHO MX MCIOJIB30BAaTh JJIS 3aIUTHI BEBICOKOBOJIBTHBIX AeKTpoasurareneit ot KII.
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PaboTa naHHBIX YCTPONCTB OCHOBaHA Ha CIOCO0aX, CBSI3aHHBIX C U3MEHEHUEM
AJIEKTPUYECKUX MapaMeTpoB 3amumaemMeix o0bekToB. OIIH cHmkaroT akTuBHOE CO-
OPOTUBJIEHUE MO OTHOLIEHMIO K 3eMie, a RC-orpannunrenu u RC-racurenu yBenu-
YUBAIOT EMKOCTh OOMOTOK 3JIEKTPOJBUTATENEH U TPaHC(HOPMATOPOB COOTBETCTBEHHO
10 OTHOLIEHHUIO K 3€MJIE U MEX]Ly COOOM.

Hpyrum HanpasieHueM B orpanndeHun KII sBistoTcss ciocoObl, CHUXKAIOLIHe
BEJIMYMHY CPe3a TOKa.

B Hacrosimiee BpeMs 3TO JOCTUTAETCS 3a CUET CIEHHUAIBHBIX CIUIAaBOB IIPHU HU3-
TOTOBJIEHUU KOHTAaKTOB BAKYYMHBIX BBIKJIFOUATEIIEH.

B nmuccepranuu npemiokeH crnocod 3aiuThl TpaHc(hOpMaToOpoB, OCHOBAHHBIN
Ha CHW)KEHUM BEJIMYMHBI CPE3a TOKA 3a CUET KOMIIEHCALIMM WHIYKTUBHOW COCTaBIIS-
foleil. JTo CBA3aHO ¢ TeM, uyTo MakcuManbHble kpatHocTu KII HaGmiomarotest mpu
OTKJIFOUEHUH TPAHCPOPMATOPOB B PEKUME XOJOCTOr0 X0Ja Wi OJIM3KOM K HeMy. B
ATOM cllydae TOK, npoTekarouuii no ooMorke BH, Oyaer umeTs B OCHOBHOM HMHAYK-
TUBHBIN XapakTep. HanoxxeHus: Ha TOK X0J0CTOro XoAa TpaHchopMaTopa eMKOCTHON
COCTaBJISIIOLICH MPUBEAET K CHIXKEHUIO BEIMUYMHBI Toka B oOMoTke BH 1, kak cnen-
CTBUE, K CHI)KEHHIO Cpe3a TOKa B Cllydae OTKJIIOUEHHUs TpaHchopmaTropa OT CEeTH.

[TpakTnueckast peanusanusi naHHoro crnocoda orpannueHuss KII Obuta ocy-
IIECTBJIEHA Ha 0a3e aBTOMATHUECKHU PEryJIHpPYyEMbIX KOHJAEHCATOPHBIX YCTAaHOBOK
(KVY), npeanasHaueHHBIX JUIsI KOMIIEHCALIUA PEAKTUBHON MOIIHOCTU U MOAKIIOYEH-
HbIX K ooMoTke HH Tpanchopmartopa. Ilpu s3Tom gatuuk perynupoBaHus Ko3pdu-
IIMeHTa MOIIHOCTH (COSQ) moakiIoueH kK ooMotke BH uepes uzmepurenbHbie TpaHCc-
(hopMaTopsl TOKA U HAIIPSIKEHUSI.

Ha pucynke 7 mpuBeneHa 3JIEKTpUYECKas cxema MoAepHU3HpoBaHHOU KV,
MpeHa3HaYeHHas JJIsl KOMIICHCAIIMM PEaKTUBHOW MOIIHOCTH W 3aIlMThl TpaHchop-
maropa ot KII.

Pucynok 7 — Cxema MOJEpPHU3UPOBAHHON aBTOMAaTHYECKH PETYINPYEMOIl KOHIEHCATOPHOU
YCTaHOBKH, ITPeIHa3HAYECHHON JJ11 KOMIIEHCAIMH PEaKTUBHOM MOIIIHOCTH U 3aIIUThI TpaHCPopMa-
topa ot KII, rne C, — perynupyemas eMkocTh, Co — IOCTOSHHAs EMKOCTb
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Otnnuue moaepHuznpoBaHHo KY oT TUMOBON COCTOUT B HAJIMYMKU MOCTOSIH-
HO BKJIIOYEHHOM MEpBOMl cTyneHu, eMKOCTh kKoTopoil (Cg) BbIOMpaeTcss U3 ycloBuUs
MaKCUMAJIbBHOW KOMIIEHCAlMM WHAYKTUBHOM COCTAaBIIAIOUIEH TOKa XOJIOCTOTO XOZa
TpaHchopmaropa.

B pe3ynbrare KOMIBIOTEPHOTO MOJEIUPOBAHUS U DKCIEPUMEHTAIBHBIX HC-
CJIEIOBAHUM MOJTYUYEHbI 3aBUCUMOCTH MakcuMalibHbIX KpaTHocTed KII oT koadduiiu-
€HTa MOIIHOCTH TpaHcpopmaTopa.

Ycpennennast 3aBUCUMOCTD Kiagn=f(COS®), mpencraBieHa Ha pucyHke 8.

KmaxBH“

.
-

|
|
0 01 02 03 04 0506 07 08 09 1  cogy

Pucysok 8 — 3asucumocts K, ,, = f(cosg)

N3 naHHOM 3aBUCUMOCTH BUIHO, 4TO mpu COS¢ > 0,75 kpatHocth KII He mpe-
BBITIIACT 1, T.e. MepeHarnpsKEHUsl MPU KOMMYTallud TpaHC(PopMaTOpOB HE BO3HUKA-
IOT.

OpHako ¢ MO3UIMHU yBeIHYeHHs TporyckHor cniocooHoctu KJI u tpancdop-
MaTopoB COS¢ aoikeH ObiTh HEe MeHee 0,92. B satom ciyuyae Habmromaercs mojgHOE
noaasienne KII npu oTkimtouenun TpaHchopMaTopos.

B kaudectBe mpumepa Ha pucyHkax 9 m 10 mokazansl ociumiorpammbsl KIT,
BO3HMKAIOIIKME TP OTKIIOUEHUH TpaHchopmaTopa MomHOoCThIO 250 KBA, eciiu COS@
cooTBeTCTBEHHO paBeH 0,3 u 0,92.

B nepBom ciiyuae (cose = 0,3) kpatHocth KII B 0OMoTkax BH u HH cooTBet-
CTBEHHO cocTaBuiiv 4,6 u 34,7, 4TO MOXET MPUBECTU K MPOOOSIM U3OJISAIIUHA OOMOTOK
Tpancdopmaropa. Bo Bropom ciyuae (Cose = 0,92) KII He BO3HMKAIOT, YTO MO/I-
TBEPIKJIA€T BBICOKYIO A(DPEKTUBHOCTH pazpaboTaHHOIO criocoba orpanuuenus KII.
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Pucynok 10 - Ocmmmiorpammet K1, Bo3HHKAIONTUE MPU OTKIIFOUYEHUHU CHIIOBOTO TpaHc(opmaTopa
MomHOCTBIO 250kB- A. c0s¢0=0,92; Kinaxsu=0,7; Kmaxun=0,75.

C 2009r. tpu moaepuusupoBaHHbiXx KY (pucyHOK 7) 3KCILUTyaTHUPYIOTCSI COB-
MecTHO ¢ TpaHchopmaropamu 6/0,69 kB momHoCcThIO 630 KBA B pyIHUYHBIX CETAX
Hrop6unckoro I'OKa. OnbIT 3KkciutyaTanuu nokasal, YTO aBapUUHbBIX CUTYyalluil, CBS-
3aHHBIX C MPOOOSAMH HM3OJSIMU OOMOTOK TpaHC(HOpPMATOPOB M pa3AeNIOK Kabeneil,
MOAKIIOYEHHBIX K BBOJAM TpaHChOpMaTopoB, HE HabmoAalock. B To ke Bpems u3
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ISATU TPaHCPOPMATOPHBIX MOJICTAHIINM, B KOTOpbIX A 3ammThl oT KII ucnons3oBa-
muck OITH, Ha Tpex Tpancpopmaropax HaOIIOAATUCH TPOOOU H3OJSUUU Pa3ACIIKU
kabens Ha BBoge oOMoTku BH. TIpo6oit uzomnsaiuu B cpeiHEM IPOUCXOIUIT OJIMH pa3
B 3,5 Mecs1ia, a Ha ogHOM Tpanchopmarope B 2010r. mpousomien mpoOoii U30JSIUN
oomoTtku HH 1 TonbKo oiuH TpaHchopMaTop U3 MATH IKCIUTyaTUpyeTcs: 0e3 aBapuil.

OTO JOKa3bIBaeT BBICOKYIO 3((ekTUBHOCTH MojaepHU3upoBaHHbIX KV, mpen-
HA3HAYEHHBIX HE TOJBKO JJISI KOMIIEHCAIUA PEAKTUBHON MOLIHOCTH, HO W ISl 3alllu-
ThI TpancpopmaTtopos oT KII.

OCHOBHBIE PE3YJIBTATBI PABOTbI

1. AHanu3 aBapuUitHOCTH CUCTEM 3JIEKTpOoCcHAOXKeHus 6 KB maxt u pyJTHUKOB B
nepuoj ¢ 2006r. o 2010r. moka3aii, 4TO MUPOKOE UCIOJIH30BAHUE BAKYYMHBIX BbI-
KIIFoYaTeNiel, COBpeMeHHasi KOMIOHOBKA IMEPEABIKHBIX TPaHCHOPMATOPHBIX IO/I-
cTaHui U HU3Kas 3¢dexTuBHOCTH cpeAcTB 3amuThl oT KII mpuBenu k pocty aBa-
PUIHOCTH CHJIOBBIX TpaHchopmaTopoB B 1,2 — 1,9 pa3a B 3aBUCHMOCTH OT MOILIIHOCTH
TpaHcdopmaropa, mo3ToMy paszpadorka 3¢dextuBHbIX cpencts 3amuthl oT KII cu-
JIOBBIX TpaHC(HOPMATOPOB MO3BOJIUT MOBBICUTH HAJEKHOCTh CUCTEM AJIEKTPOCHA0XKe-
HUSI IIaXT U PYJTHUKOB.

2. Pe3ynbTarhl cTaTUCTHUYECKON 00pabOTKM SKCIIEPUMEHTAIBHBIX JaHHBIX I10-
Ka3aJld, 4TO C YBEJIMYEHUEM MOIIHOCTU CHJIOBBIX TPaHC(OPMATOPOB U AJIEKTPOJIBU-
rateneit kpatHocTh KII camkaercs. Kparnocts KII B o6MoTke HH Tpancdopmaropa
CYLIECTBEHHO MPEBBIIIAET KPaTHOCTh NnepeHanpskeHuil B oomorke BH u He 3aBucur
oT ko3¢ dunrenta Tpanchopmalu, a B HEMOJIHOPA3HOM peKUME PabOThI CETH OT-
KJIFOUEHHE CHIJIOBBIX TPaHC(POPMATOPOB COMPOBOKAACTCA MEPEHANPSIKEHUSIMU, BEIU-
YMHA KOTOPBIX MO CPAaBHEHUIO C HOPMAJIbHBIM PEKUMOM CETH B CPEAHEM BbIIIE HA 15
— 18%, 4TO MO3BOJMIO OOOCHOBAHHO MOJOMTH K BBIOOPY CXEMbI MOJEITUPOBAHMS
TpaHcopmaTopa B pexkuMme KommyTaiuu U Metojia omeHku KII B cetn 6 kB maxrt u
PYJAHUKOB.

3. MonenupoBanue cyxux tpaHchopmaTopoB MomHOCTHIO 250, 400, 630 u
1000 kBA nmo3Bonmino yctaHoBUTh u3MeHeHne kpaTHOCTH KII ot yrima kommyTanuu B
3aBUCUMOCTH OT pexuma ceTH. [lokazaHo, 4TO B HOpMaJIbHOM PEXHME PabOThI CETU
MaKCUMaJlbHbl€ KPAaTHOCTH TEPEHAINpPSKEHUI BO3HUKAIOT MPU yIiaX KOMMYTAIUH
27°,36°, 81" 1 90", a ipu 0OpbIBE OAHOIM 13 (a3 CETH C yBEIHUCHHEM yIila KOMMYTa-
nuu kpatHocth KII Bo3pacTaer, 4To B IEpClEeKTUBE MO3BOJIAET pa3paboTaTh cpel-
ctBa orpannyeHus KII, ocHoBaHHbIE Ha KOHTPOJIE yria KOMMYTAIlUH.

4. YCTaHOBIIEHO, YTO XapaKTep M3MEHEHUS! OTHOIIEHUH MaKCUMAIbHBIX KpaT-
Hocteit KII, Bosaukaromux B oomoTkax HH u BH tpancdopmaropa, monydeHHBIX Ha
OCHOBE MOJICJIUPOBAHUSI U JKCIEPUMEHTAIBHBIM IMyTEM MNPAKTHUYECKH COBHAJAIOT
(morpemnrnocts He mpeBbimaeT 10%), He 3aBUCAT OT koddduimeHTa TpaHchopma-
IIUU, MOIIIHOCTH TpaHchopMaTopa U HaXxoauThes B nuanazone 10 + 10,6. 1o yka3si-
Ba€T HA TO, YTO OCHOBHAS 4acTh dHEPIHH, Bo3HUKaromas B ooMotke BH Tpancdop-
Maropa Iocjie ero OTKIIUeHUs, rnepeaaercs B ooMotky HH 3a cuet eMKOCTHBIX CBSI-
3eil, m03TOMy HauboJiee PALMOHATBLHON TOYKOW MOAKIIOYEHUS! CPEJCTB 3aLIUThI OT
KII asnsercs BBoga oomorku HH.
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5. AHanmM3 CyLIECTBYIOIIMX METONOB OLEHKH M mporHo3upoBanus KII B cu-
cTemMax aJeKTpocHadxkeHus 6 — 10 kB npoMbINUIEHHBIX OPEANPUIATHNA U BBINOIHEH-
HBIE UCCIIEI0BAHUS NIOKA3bIBAIOT, 4TO I OLeHKU KII B COBpEMEHHBIX CUCTEM DJIEK-
TPOCHA0XKEHUS 1IAXT U PyAHUKOB HanOoJiee IPUEMIIEMBIM SIBIISIIOTCSL SKCIIPECC — Me-
TOJ oueHKU U nporHo3upoBanus KII, ocHoBaHHBIN Ha 00pabOTKE U cUCTEMATU3ALUH
CTaTUCTUYECKUX JAHHBIX IIOJYYECHHBIX IPU KOMMYTALMM JJIEKTPOJBHUraTeiac Hu
TpaHc@opmaTopoB B ceTax 6-10 kB mpOMBINITIEHHBIX NPEANPUSATHH, a B Cllydyae Uc-
ITOJIb30BAHUS B IIAXTAX U PyJAHUKAX PACIpEAEIUTENbHBIX ceTel HanpsbkeHreM 10 kB
st oeHkn KII HeoOXoaMMo NpUMEHATh KOMIUIEKCHBINM MmeTton. Mcmosis3oBaHme
YKa3aHHBIX METOJIOB B PACIpPEAEIUTENbHbBIX ceTAX 6 - 10 kB maxt u pyaHUKOB BO3-
MOHO C Y4€TOM TOr0, YTO KPaTHOCTb MEPEHAIPSIKEHUN NPH KOMMYTALMH CYXHX
TpaHcGopmaTopoB BhimIe B 1,285 pas3a Mo OTHOIICHUIO K aHAJIOTHYHBIM TpaHCchopMma-
TOpaM, KOTOPBIE IKCIUTYaTUPYIOTCS B OOIIETPOMBIIIIEHHBIX CETSIX.

6. DdbdexTuBnyto 3amuty ot KII cyxux tpancdopmatopoB B cetu 6 kB miaxt
U PYJHUKOB MOXKHO peain30BaTh Ha 0a3e aBTOMATUUYECKU PETYIHPYEMBIX YCTPOUCTB
KOMIIEHCAIIUM PEAKTUBHOW MOIIHOCTH, MOAKIIOUEHHbIX K oomoTke HH ¢ mocrosin-
HOW BKJIFOUEHHOW MEPBOI CTYNEHbIO, EMKOCTh KOTOPOU BbIOMpAeTCs U3 YCIOBUS MO-
nasieHus KII, o0cHOBaHHOro0 Ha CHM)KEHUM BEJIMYMHBI TOKA XOJIOCTOTO XOJa TPaHC-
¢dopmaTopa 3a cueT KOMIEHCAlUU UHAYKTUBHOMN cocTaBisitomiend. [Ipu sTom ¢ no3u-
LMY YBEJIUYECHUSI POIYCKHON CIIOCOOHOCTH CHUCTEMBI 3JIEKTpOCcHa0XeHus 6 kB maxr
1 pynHukoB U noaasinenus KII npu kommyTtanuu TpancopMaTtopoB KO3(UIIHEHT
MOIIIHOCTU B JIFOOOM peKHUME padOThl TpaHCPOpMaTopa TOJKEH HAXOJIUThCS B JHAa-
mazone 0,92 — 0,96.

7. Ha ocHoBe aHanm3a CyHIECTBYIOUIMX CPEICTB 3aUIUThI 3JEKTPOABUTATENEH
ot KII noka3ano, urto Haubonee 3ppexTuBHbIM ycTpoiicTBOM 3auuThl oT KII BbICO-
KOBOJIBTHBIX DJICKTPOJBUTATENCH IIaxT U pyAHUKOB siBIsieTcsi RC-racuTens, Tak Kak
OH HE BIIMSET Ha BelMuMHY Toka O33, yCTOWYMB K BO3JAEHCTBUIO BBICIIUX TAPMOHUK
1 obecrieuynBaeT ypoBeHb orpaHuucHHs He Oojee 1,7-U,., 9TO HMKE JOMYCTHMOTO
3HAYEHHUS.
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