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Pedepar. [IpencraBieHsl pe3ynbTaThl UCCIEAOBAHUN BIMSHUI MOJHHU Ha HU3KOBOJBTHEBIC CH-
CTEMBI BBICOKOBOJIBTHBIX OJIEKTPHUYECKUX MOACTAHINI C OTKPHITBIMH pacHpeleNIUTeIbHEIMU
ycrpoiictBamu 110 kB. AKTyansHOCTE Hcclie[oBaHM 00yCIIOBIEHA IIMPOKUM PacIpOCTPaHCHUEM
TaKHX MOJCTAHIUH, BEICOKUMH TPEOOBaHUSIMU K HAISKHOCTH UX PAOOTEL, a TaKXKe HOBCEMECTHBIM
pacnpoCTpaHeHUEM U BEICOKOH BEPOSTHOCTHIO yIapoOB MOJHUH B IOJCTAHIIMU WM BOJM3U HUX.
HanGonee BeposTHBIE M OMAacHbIE BIMSHHMS MOJHHU Ha HU3KOBOJIBTHBIE CHUCTEMBI MOACTAHIINU
OIIpe/IeNieHbl HA OCHOBAHMM KPHUTHUYECKOTo 0030pa M aHalIM3a JUTEPATYPHBIX HCTOYHUKOB, CHCTE-
MaTH3alUK MPaKTHYecKoi nHpopMaluu, coOpaHHON NpH 00CiIeI0BaHUM HKCILUTYaTHPYEMBbIX 110/
craniuil. [l yCTaHOBJIEHHOTO IIEPEYHS ONACHBIX BIMSHMII Ha OCHOBE (PM3HMYECKHX IPOLIECCOB
MOJIHHHM pa3paboTaHbI aJIeKBaTHbIE (PU3NKO-MaTeMaTHIeCKHe MOJeIn. MoJienh KaXkI0T0 BIUSTHUS
HCCleI0BaHa Ha OCHOBAHHU TEOPUH TyBCTBUTENBHOCTH. JI0OCTOBEPHOCTD M aJIEKBaTHOCTh MOAENE
MOJATBEPKJCHBI IIyTEM COINOCTAaBICHUS PE3YyNbTaTOB PACUYETOB 10 UCCIETYEMBIM MOJEISAM C pe-
3yJIbTaTaMH PAcyeTOB II0 CIIEIMAIN3HPOBAHHBIM IPOrpaMMaM, a TaKKe C MPAKTHYECKUMH WU
TEOPETHIECKUMH JAaHHBIMH, ITOJYYE€HHBIMH APYTUMHU aBTOpamHy. V3ydeHsb! (akTopsbl, BXOJSIIHE
B COCTaB MOjIeNeil, oNpeeneHsl UX NPUPoAa (ECTECTBEHHBIN MM MCKYCCTBEHHBII) M AMana3oH
BO3MOJKHBIX 3HQUCHUH B YCIIOBUSX ITOJCTAHIMM, PACCUMTAHBI KOI(PPHUIMEHTH 3IaCTHYHOCTH.
[Momy4yennusie pe3ynbTaThl MO3BOJITIOT YCTAHOBHTH BKJIAZ (hakTopa BO BIIMSHHE MOJIHHU W BO3-
MOXKHOCTb yIIpaBJIeHHs! (akTopoM. B3anMocss3p Mexay GakTopamMu U BIUSHUSIMI MOJIHHH ITOKa-
3aHa B BuJe rpados. s NpakTH4eCKOro MpUMEeHEeHHs: MH(opManus, nojxy4eHHas B pe3ysbTaTe
HCCIeI0BaHNHN, CHCTEMAaTU3UPOBaHa B BUE KOHTPOJIBHBIX MEpeuHel, KOTOPBIE MOXKHO MPUMEHATh
npu cOope UCXOJHOH HH(POPMALIUK C IENbI0 Pa3pabOTKH MOJHUE3ALIUTHI MOACTAHIINH, 00CIeno-
BaHUS €€ CYIIECTBYIOIIEH MOJHME3AIINTHI, PacCleIOBaHUS aBapHMHHBIX CHUTYaIUi, CBS3aHHBIX
¢ yZlapaMu MOJHHUH. Pe3ynbTaTsl HCCIEOBAaHUH HCIONb30BANUCH HA MPAKTHKE MPH MPENPOEKT-
HBIX 00CIEIOBAHHAX TMOJCTAHIMH, pa3pabOTKe 3afaHMs Ha MPOEKTHPOBAHHE, NMPOCKTUPOBAHUHU
MOJIHHME3AIIUTHI IOACTAHIUY, B IPOLECCE IPUEMOCAATOUYHbIX HCIBITAHUN U NMEPUOJUYECKON HH-
CHEKIUU MOJIHHE3AIIUTBL.
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The Effect of Lightning
on High Voltage Electrical Substations’ Low Voltage Systems

M. I. Fursanov?, P. V. Kriksin?

YBelarusian National Technical University (Minsk, Republic of Belarus),
AThe “AESAT Electric” Limited Liability Company (Minsk, Republic of Belarus)

Abstract. The article presents the results of studies of the effects of lightning on low voltage sys-
tems of high voltage electrical substations with outdoor switchgears of 110 kV. The topicality
of research is associated with a wide spreading of such substations as well as with a high reliability
requirements of their work and, also, with their widespread distribution and high probability of
lightning strikes to the substation or around it. The highest probable and the most dangerous
effects of lightning on low voltage systems of a substation are determined on the basis of critical
review and special literature analysis and, also, of systematization of practical information that had
been collected during the survey of operating substations. Adequate physical models were deve-
loped for the list of hazardous effects based on physical processes of lightning. A model of each
effect was studied on the basis of the sensitivity theory. The accuracy and adequacy of the models
were verified by means of comparison of calculation results for the models under investigation
with the results of calculations fulfilled in accordance with specialized programs, as well as from
practical or theoretical data obtained by other authors. The factors that had been included in the
models were studied and were defined in accordance with their nature (natural or artificial),
the range of possible values in a substation was determined; the coefficients of elasticity were
calculated. The obtained results enable to ascertain the contribution of the factor in the effect of
lightning and the ability to control the factor. The relationship between the factors and the effects
of lightning are shown as graphs. For practical application the information, obtained as the result
of the research, was organized in the form of checklists that can be applied when collecting base-
line information to develop the lightning protection of the substation, to examine the existing
lightning protection, to investigate emergency situations associated with lightning strikes.
The results of the study were used in practice during the pre-design survey of substations, deve-
lopment of the design assignment, design of lightning protection of a substation, and during ful-
fillment of acceptance tests and periodic inspections of lightning protection.
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MonHusi — MOIIHOE TPHPOTHOE SBJICHHE, IPEICTABIAIONIEE OMACHOCTh
MPaKTUYECKU I BCEX PACIOJIOXKEHHBIX Ha 3emiie o0bekToB. B crartbe mpen-
CTaBJICHbI PEe3yJIbTAThl aHAJIN3a BIMSHUKA MOJHHU Ha HU3KOBOJBTHBIE CHCTEMBI
BBICOKOBOJIBTHBIX JJIEKTpHUecKnxX mozactanimii (manee — IIC) ¢ OTKpHITHIME
pactpenenutenbHpIME yeTporicTBamu 110 kB (manee — OPY 110 kB). [Toacran-
UM JaHHOTO THIIA pachpocTpaHeHbl B PecnyOnuke bemapych, sIBISIOTCS Bax-
HEHIIMMHU COCTaBJISIIOIIMMHU CHUCTEMBI NEpENaud U PacHpelesIeHUus dJIeKTpHUe-
ckoit sreprun. [Moacranimu ¢ OPY 110 kB 3anuMaroT 00J1bIIy0 TUIOIIAaL (KaK
npaBmo, 10000 M i Goree), BBICOTA PACIIONOKCHHBIX HA HUX COOPYXKCHHIT CO-
craBnsier 11 M u Oonee, 4TO ompenensieT BBICOKYIO BEPOSITHOCTD MX MOPaKEHHS
MpsIMBIMU yZapaM MOJIHHH. Taxke BBICOKAa BEPOATHOCTh 3aHOCA TOKa MOJIHUU Ha
MTOJICTAHIIHIO TI0 TPO303aIIUTHBIM TPOCAM BO3AYIITHBIX JTUHUM JIEKTPOTIepeaayu.
Kpowme Toro, Ha [IC ¢ OPY 110 kB mupoko HCIONB3yIOTCS pa3indHble HU3KO-
BOJIBTHBIE CHCTEMBbI (YCTpOWCTBa pPEJICHHOW 3allUThl M aBTOMATHUKH, CHCTEMa
COOCTBEHHBIX HYXJI, CHCTEMa MOCTOSHHOI'O ONEPAaTHBHOTO TOKA, CBSA3b U T. II.)
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C MaJblM YPOBHEM IOMEXOYCTOHYMBOCTH. BOJBIIMHCTBO HHU3KOBOJBTHBIX CH-
CTEM BBINOJHIIOT OTBETCTBEHHbIC (PyHKIMH, cOOW B paboTe KOTOPBIX MOXKET
HPHUBECTH K IPEPHIBAHUIO TEXHOJIOTUUECKOro mporecca. st HCKITIoYeHus cO0eB
B paboTe HU3KOBOJIBTHBIX CHCTEM JOJDKHBI MPETyCMATPUBATHCS MEPOIPHUSTHS
10 00ECIEYCHUIO WX AIIEKTPOMATHUTHOW COBMECTHMOCTH C JJIEKTPOMAarHUTHOM
00CTaHOBKOH, B YaCTHOCTH 3alllUTa CHCTEM OT 3JEKTPOMArHUTHBIX BIIUSHUI
MOJIHUHM. AHaJM3 MMOKa3aj, YTO CTPYKTypa BIUSHHS MOJIHHMHA HMEET CIEIyIo-
MU BU: BIMSHUE MOJHUH, OOBEKT BIMSIHHS MOJHHUH, MEXaHH3M CBS3U MEKIY
HumH (puc. 1).

MexaHu3M CBSI3H
Bausiaue /\/\/_) OOBeKT
MOJIHUH BIIUSHUS

Puc. 1. CtpykTypa BIUSHHS MOJTHUU

Fig. 1. The structure of influence of a lightning

OOBeKTbl BIMSHHUA — 3TO HU3KOBOJIBTHBIE CHCTEMBI 3nekTpuueckux [IC:
YCTpOWCTBA peJICHHONW 3alMThl W aBTOMATHKH, YCTPOWCTBAa CHCTEMBI COOCT-
BEHHBIX HYXJ, YCTPOWCTBA CUCTEMBI IMOCTOSHHOT'O ONEPATUBHOTO TOKA, CBSI3b,
MpuOOPHl PETHCTPANMN U M3MEPCHUs. BIHMSHUS MOJIHUU M MEXaHU3MBI CBS3U
SIBIIIIOTCS TIPEJIMETOM KCCIIE/IOBaHMiA. B cTaThe MPUBOASATCS Pe3yabTaThl KpU-
TUYECKOTO 0030pa IJIUTEPaTypHBIX HWCTOYHHUKOB, (HU3NKO-MATEMATHIECKOTO
MOJIETTMPOBAHUSI BIUSAHAN MOIHWH, a Takke MX (DPyHKIIMOHAJIHHBIN aHAIN3, pe-
3yJNbTaTHl HATYPHBIX U3MEPEHUH, MHKEHEPHBIX PACUeTOB U PACUETOB TIO CIICIH-
AM3UPOBAHHBIM KOMITHIOTCPHBIM TIPOTrPaMMaM.

Ananus II0Kasaja, 4TO BJIHWAHUA MOJIHUHM Ha HU3KOBOJIbTHBIC CUCTEMbI IIOI-
crarnuu ¢ OPY 110 kB ¢ HaubobIeil BEpOSTHOCTHIO TIPOUCXOAT MIPH €€ yia-
pe B MOJHHEOTBOIBI MOJICTAHIIMKA M TPO303aIIUTHBIE TPOCHI BBEICOKOBOJBTHBIX
nuHUHA AnekTponepenayn. [lo manasM [1, 2] ¥ U3 MPaKTHYECKOTO OMBITA yCTa-
HOBJICHO, YTO B PE3YJIbTATE HA3BAHHBIX COOBITHI BO3HHUKAIOT:

e TIOBBIINICHUE HAMPSHKCHUS] Ha KOHCTPYKIIUM MOJHHEOTBOJA, YTO IMPUBOJWT
K MOBPEXKJICHUIO!

PaCIOJIOXKEHHOTO Ha MOJIHUEOTBO/IC AICKTPUIESCKOTO 00OPYIOBAHUS;
ANEKTPUYECKHUX Ieneil Ha MOJHHEOTBOJIE W PACIPOCTPAHEHUIO 1O HUM
MOTEHIHAIIA;
ANEKTPUIECKOTO 000PYIOBAHMUSA, PACIIONOKEHHOTO PSIIOM;
OJIM3IeKANTIX KOHTPOJIBHBIX KaOemei;

 TIOBBIIICHYEC HATIPSDKEHUS Ha 3a3eMIIATEIIC MOJIHUEOTBO/IA U, CIICIOBATEIBHO:
MOBPEKACHUE PACIIONIOKCHHBIX BOJIM3U 3a3eMIIUTENICH KOHTPOJIBHBIX Ka-
Oeeit;
MTOBPEXACHNE PACIOI0KEHHOTO BOIM3H 000y IOBaHYS,
BBIHOC IMTOTEHIIMANA 110 3a3eMJISIOIIEMY YCTPONHCTBY HITH PaCIONIOKEHHBIM
PAAOM C MOJIHUEOTBOAOM MPOBOISIIUM 3JIEMEHTaM U MOBPEKICHUE yia-
JICHHBIX OT MOJIHUEOTBOA 000pYyIOBaHUS U IETICH;

e HECPABHOMEPHOE pacIpe/IesiCHue MOTEHIMAA 10 3a3eMIISIOIIEMY YCTPOi-
CTBY, 4TO MPUBOJIUT K:

TEPMHUYECKOMY TEPETPEBY MPOBOTHUKOB, 3a3€MJICHHBIX B PA3HBIX TOYKaX
MTOICTaHIIHH;
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TTOBPEXKICHAIO M30JLIITMH TPOTSKEHHBIX Kabemel, 3KpaHbl KOTOPHIX 3a-
3eMJICHBI B Pa3HBIX TOYKAX ITOJICTAHITUH;

e W3TydaeMbIe 3JIEKTPOMArHUTHBIC IO, 0OYCIIOBJICHHBIC TIPOTEKAHUEM TO-
Ka MOJTHUH TI0 MOJTHHEOTBO/Y, 9TO BEACT K:

MTOBPEKACHUIO WIH YXYIIICHUIO pab0Thl HU3KOBOJIBTHOTO 00OPY/IOBAHUS;
MTOSIBJICHUIO TTIOMEX B KOHTPOJIBHBIX KaOesX.

[lepeunciieHHble BIUSHUS MOTYT OBITh CHCTEMAaTHU3UPOBAHBI CIICAYIOLIUM
oOpa3zom:

e TEPCHANPSDKCHMSI HAa 3a3eMITUTENIC MOJHHUEOTBOJA MPH CTCKAHWUU C HETO
TOKa MOJIHUH;

® UCKPOBOI1 MP0o0Oii PH CTCKAHUY TOKA MOJHHHU C 3a3€MIIUTEIS,

e TICpPECHANPSHKEHUS Ha KOHCTPYKIIMH MTOPAKCHHOTO MOJTHUEH 00BEKTa,

e MEPCHANPSHKCHUS MEXAY IBYMsS O0BEKTaMH, OAMH M3 KOTOPBIX IOPaKeH
MOJIHUECH;

e MEPEHANPSHKCHUS Ha METAUTHYCCKUX 000JI0UKaX MPH MPOTCKaHUH 110 HUM
TOKa MOJIHUH;

e TMEpEHANPSDKCHIS Ha TIPOBOAHHKAX, TPOKIAABIBAEMBIX IS JOTIOTHUTEIb-
HOW 3aIUTHI BJOJbh KaOEIHHBIX TPACC;

e HaNpsDKEHUS ¥ TOKH B METIISIX TPOBOJHUKOB, KOTOPHIE BO3HUKAIOT NP JTH-
CTaHIMOHHBIX BIUSHUSIX MOJTHHH.

J1Jis Ha3BaHHBIX BIMSHUN MOJHHM MCCeI0BaHa (U3MKa mpoliecca, paspado-
TaHa W Bepu(UIMPOBaHA aJeKBAaTHAs MaTEMAaTHUYECKas MOJEIb, U3yYEHBI BXO-
JSIIHE B MOJIeNb (DaKTOPBI: ONPEJIENICHbl UX TPUPOJa U BO3MOXKHEIN IHANa3oH
3HAYCHUH.

Hccnenyemas mozaens mpeacTapiieHa B Buae QyHKIuU Y H3 N IepeMEHHBIX

(xl,..., X oo xn) [3]:
Y :f(xl,...,xj,...,xn), (1)

rac Xl’ vy X " Xn - (baKTOpI:I, OIpeACTIAOIINE BEINYNHY BJIUAHUSA MOJIHUU.

i
Jnst onenky BnusHus Gakropa X; Ha BenmuuuHy Y BBIYMCIAETCS KOO(du-

IMEHT YyBCTBUTENBHOCTH S; [3]

o
Tooxg

)

MaxkcuManbHOe TIpUpalieHie 3HaueHuss AY TpU H3MEHEHHU HCCIIETYEeMOTo
(paxropa Ha BenmuMHy AX; ONpPEAEIAETCS CIACAYIOUM 00pasoMm:

n
-1
OHeHKa BKJIaga Xj B BCIIMYMHY BJIIMAHUA Y BBINOJIHAETCS HA OCHOBAaHHUM KO-

3G HUIMEHTOB AJIACTHYHOCTH [3]

oY X; X;

(4)
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Ko duiment s1acT4HOCTH §; MOKa3bIBAET, HA CKOJIBKO MPOLEHTOB U3Me-

HUTCA QyHKUUs Y TpH U3MEHEHHHU (akTOpHOH nepemeHHol Ha 1 %. B cBssu
C TeM YTO HCClieyeMble (PYHKINU HEeJIMHEHHBIC, BeIMINHA KO PHUIINEeHTA d1a-
CTUYHOCTH HE MMEET OIPEEICHHOI0 3HaueHUsl, [I03TOMY €r0 PacdeT BbIIOJIHS-
eTcs Ui BCeil 00JacT BO3MOXKHBIX 3HaUeHHUN (haKkTopa, YTO MO3BOJISET MOCTPO-
UTh (PYHKIMOHAIBHBIE 3aBUCHMOCTH HU3MEHEHUS KO3(Q(UIMEHTa 31aCTHYHOCTH
OT M3MeHEeHHS (akTopa W Kodh(HUIMEHTA DITACTUYHOCTH OT W3MCHCHHS BIIHS-
Hus Y. IomydeHHble 3aBUCUMOCTH Aal0T BO3MOXHOCTD OLICHUTH BKJIa (hakTropa
B BEJINUMHY BIMsHUS Y B 1000 00nacTu 3HaUueHUH (akTopa WK BIUSHHS.

IIpuBeneM mpumep BIMSHUS, BBI3BAHHOIO IEPEHANPSIKCHUAMHU Ha 3a3€M-
JIUTE]IEe MOJIHUEOTBOAA, BOSHUKAIOUIMMHU IIPU ylape MOJIHHUU B MOJHHEOTBOL.
[lepenanpsixeHus MOSBISIOTCS BCJICACTBUE HAJTMYUSI CONMPOTHBIICHHUS, KOTOPOE
BCTpeYaeT TOK MOJHHUU IIPU CTEKAaHUM C 3a3eMiiuTels B rpyHT. [Ipu 3ToM mose-
JICHHE 3a3eMJINTENIS IIPU CTEKaHUM C HEr0 MOIIHOIO UMILYJIbCHOI'O TOKAa MOJIHUU
HUMEET PsiJi OTIIMYUTENBHBIX OCOOCHHOCTEH, B YACTHOCTH 3TO MPOLECCH HOHU3A-
UM, WHAYKTUBHBIE U EMKOCTHBIE CBSI3M, KOTOphIE HEOOXOANMO YYHUTHIBATDH
npu aHanuse [4—6]. YkazanHas (u3MKa Mporecca MOXKeT ObITh OMMCaHa CIeIy-
foliell GyHKLIUEeH UMITYJIbCHOT'O HAIPSHKSHUS:

UI/IMH: f(IM(s)’an’Rn)’ (5)

rac |M(3) — TOK MOJIHUH, CTCKaIOH_[I/Iﬁ C 3a3C€MJIMTCIJIA MOJIHUCOTBOZAA B IT'PYHT, A;

0, — UMITYJIbCHBIN KO3 HUITUCHT, YUUTHIBAIOIINI OCOOCHHOCTH TIOBE/ICHUS 3a-

"
3CMJIUMTEJIA IPU NPOTCKAHUU 11O HEMY TOKAa MOJIHUH, O. €. Rn — COIIPOTUBJICHUC
3a3€MJIUTCIISL MOJIHUCOTBOAA ITOCTOAHHOMY TOKY, Om.

Cocramstomye GyHKITAN (5) TakXKe SBISIFOTCS 3aBHCHMBIMA TIEPEMEHHBIMH
Y UMCIOT BUJI

Lo = (1 M) (6)

a,=f(S,,p 1,); (7

R, = f(p,L,n,S,d,, d,, H,1), )

rae N, — 4KMCIO TOKOOTBOJOB MOJHHMEOTBOAA, WIT.; |, — TOK MOJIHHH, KA;

S3 — IJiomaab 3a3€MJIMTCIIA MOJHHUCOTBOJA, MZ; P — YACIBHOC COIIPOTUBJICHUC

rpyara, Om'M; L — cymMmapHas ATMHA TOPWU3OHTAIBHBIX 3a3eMITUTENEH, M;
H - rmyOnHa mpoKIagku TOPU30HTANBHBIX 3a3eMIIUTeNeil, M; N — YHCIo Bep-
THUKAIBHBIX 3a3eMiuTeNe, mr.; | — amMHa 0JHOro BEepTHKAIBHOTO 3a3eMIIUTe-
a1, M; dy, d,— OuamMeTp TOPU3OHTAIBHOIO M BEPTUKAIBHOTO 3a3€MIIHTENIS

COOTBETCTBEHHO, M.

ITpoBepka afekBaTHOCTH aHAIU3UPYEMOM MOJIENIN BBIIOJHEHA IIyTEM COIIO-
CTaBJICHUS PYYHBIX PAacu€TOB U MO CHEUATU3UPOBaHHON nporpaMme «OPY-M»
(paszpadorana MOU (TY), PAO «E3C Poccum», per. Hom. B Pocmaren-
te 2002611768). Pacdersl mpoBeAeHBI TSI Pa3TUYHBIX 3HAYCHHWH YACITHHOTO
conpotusneHus rpyata (ot 100 mo 1000 Om-m), Toka momamm (30, 50, 100 kA),
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JUTS 3a3eMJIMTENIEH CIIEAYIOMIETO BUIA: MPOCTON 3a3eMIINTENb MOJHHUEOTBOJA C
KoH(UTypanuel mo TpeboBaHuIM [7]: YETHIPEXITyICBOM 3a3EMIIUTEIb C JUTMHOM
Ka)KIIOTO JIyda 3 M, Ha KOHIIAaX JIY9eH — JICKTPOABI JIUHOHN 3 M, TIyOnHa TIpo-
KIamku 3azemuurencit 0,7 M, MaTepuan — CTalb Kpyrias guaMeTpoM 12 mw;
CJIOKHBIN 3a3eMIIUTENIb MOJHHEOTBOJ]a, COBMEIIECHHBIH C CETYaThIM 3a3eM-
JISIOLINM  YCTPOIMCTBOM TOACTAaHIMK Iwromansio  100x100 m? ¢ marom cet-
ku 20x20 M. TloaydeHHble (QYHKIHOHAIbHBIE 3aBUCHMOCTH HMMITYJIbCHOTO
COTIPOTHBIICHUSI OT BEJIMYUHBI YACIHLHOTO CONMPOTUBICHHUS TPYHTA IS TOKOB
monauu 30, 50, 100 KA moka3aHsl Ha puc. 2.

a b
2500 — 350
2 030 kA 2 030 kA
g 2000 050 kKA < 300{|0 50 kA —]
= =
% 2100 kA E 250 2100 kA 1
§ 1500 — » 1/' § 200 -
<
g
2 s S 150 '
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g , o f—7 " g ‘ e —
= ) - £ 100 - —
2 500/ g =T 2 T 7t
g, 51 2 50} 1
g 5
0 z O
100 300 500 700 900 100 300 500 700 900
Y aeneHOe conpoTuBIieHUe rpyHTa, OM-M VY nenpHOE conpoTHBIeHUe TpyHTa, OM-M

Puc. 2. 3aBECUMOCTD HaIPSDKCHUS Ha 3a3eMIIMTENE OT yAETbHOTO CONPOTHBIICHHS TPYHTA
TIPU pa3HBIX 3HAYCHHAX TOKA MOJHHUH (MHXXEHEPHBIN N KOMITBIOTEPHBII PacyeTsl):
a — IpocTast MOJIEINb; 0 — cIoKHast MOJIelb; 3HaKaMK O, [J, A OTMEYEHBI PE3yJIbTaThl PACUCTOB
[0 KOMITBIOTEPHOI1 mporpaMme mpu Tokax 30, 50, 100 KA cOOTBETCTBEHHO;
CIUTOLIHbIE JIMHUHU — PE3YJIbTaThl PACYETOB IO MPUHATONW MOZEIH

Fig. 2. Dependence of voltage on the earthing upon soil resistivity at different values
of the lightning current (manual and computer calculations):
a—a prime model; b — a complex model; the results of calculations
on the program at currents 30, 50, 100 kA are noted by the signs O, O, A respectively;
solid lines — demonstrate the results
of calculations in accordance with the model adopted

AHanu3 pacyeToB MOKa3all, YTO MMITYJICHOE HANpsDKeHHE MMEET OMHAaKO-
BBIH TPEeH] MPY U3MEHEHHUH yJEIBHOTO CONPOTUBIICHHUS TPYHTa U TOKA MOJHHH,
MaKCHMaJlbHas Pa3HOCTH IOJIYYEHHBIX 3HadeHWW coctaBisieT 18 u 14 % s
HPOCTOTO M CIIOKHOTO 3a3eMIIUTENEH COOTBETCTBEHHO. Ha ocHOBaHMM mOITy4eH-
HBIX PE3yJbTaTOB MOXHO CIeNaTh BBIBOA O TOM, YTO HCCIeayemas MOAEb
a/IeKBAaTHO U C IOCTATOYHOM TOYHOCTBIO OTPaXKaeT paCCMOTPEHHBIN IpOLECC.

Ha crnenyromem sTame mpoaHalu3upOBaHbl (HaKTOPHI, COCTABISIONIAE MO-
JIeTTb, U3y4eHa UX Mpupoja (UCKyCcCTBEHHAsl MM ecTecTBeHHas ). VICKyCCTBEHHBI-
MH (aKTOpaMH MOXKHO YHPaBIATH (IapaMeTpsl 3a3eMiuTesed, KOH(QUrypaus
U T. 11.), €CTECTBEHHBIC ()aKTOPBI MOKHO TOJIBKO YUUTHIBATH (BEJIMYMHA TOKA MOJI-
HUH, YAETbHOE COMPOTUBIEHHE TpyHTA U T. 1.). OmpeneneH Quamna3oH BO3MOX-
HBIX 3HaueHUI (PaKTOPOB B YCIOBHAX BHICOKOBOJIBTHOM MOJACTAHLIMH HAa OCHOBA-
HUM MPaKTUYECKOTO OIBITa U aHAIM3a JIMTEPATYPHBIX HCTOYHHMKOB. PaccunTtansl
K03 QUIMEHTHI 3JTACTHIHOCTH (PAaKTOPOB U TIOCTPOCHBI TpaduiecKue 3aBUCUMO-
CcTH KO3(p(PUIIMEHTOB 3IaCTHYHOCTH OT M3MEHEHHs (PaKTOPOB M BEIWYMHBI pac-
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CMaTpUBAEMOT0 BIMsAHMA. [IpuMep Ha3BaHHBIX rpaduuecKHX 3aBUCHUMOCTell dak-
Topos (ynkuuu (5) ot usmenenus U, . 1, o, mokasan Ha puc. 3.

PesynbTathl pacyeToB cBejieHbl B rpad Ha puc. 4, TJe MoKa3aH BO3MOXKHBIN
aTna3oH W3MEeHEeHHS (akTopoB (MHHMMAJIBHOS W MaKCHUMaJIbHOE 3HAYCHUS)
Y Mana30H U3MEHEHUs] KO3 (PUIMEHTOB AIACTUYHOCTH JIJISI COCTABIISIONINX H
camoli ()yHKIMH BIUSHYS (MUHUMAIILHOE, CPEHEe U MAKCUMAIIbHOS 3HAUCHHUS).

a b
. Bnusinne akTopoB Ha HTOrOBOE 3HAYCHUE BiusHue GpakTOpoB Ha HTOrOBOE 3HAUCHHE
s .
Eﬁ 0 M =- 0 |M
4 £ -4
S 6 //’ 5 5 |——
<
5 g T i 5 g T
= / g //
g -10 5-10 4
= / = /
512 / 512 /
< 14 14 7
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X _16 ~-16
0 50 100 150 200 250 0 20 40 60 80 100 120 140 160 180
YacTb TOKa MOJIHUH, KA Hanpsoxenune Ha 3a3emnutene, kB
c d
Brnustaue GpakTopoB Ha HTOTOBOE 3HAYECHHE 1 GBJ'H/MHPIG (hakTOpOB Ha UTOrOBOE 3HAUCHUE
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Puc. 3. KoappunumenTs! snactuaroctr paxropoB GpyHkmmu (5):
a- IM(3); b! d, f_ UMM[‘[; c— (XM; e— RCT

Fig. 3. The coefficient of elasticity of function (5) factors are:
a- |M(3); b, d: f_ UMM[‘[; C—ay, €e— RCT
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HmnynscHoe
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or 1 10 4 wir.
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Tok MOJTHUM
B 3a3eMIINTEINIEC

Il\l(l)
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Puc. 4. CBs13p Mex 1y pakTOpaMy U BIUSTHUSIMI MOJHUH

Fig. 4. The relationship between the factors and events of a lightning

[oscHenns B pamMkax Ha puc. 4 yKa3bIBalOT Ha3BaHUE (PAKTOpPa, BO3MOXKHBIN
JMaIa30H ero U3MEHEHUS U YMCIIOBBIE 3HAYeHUs KO3 ULIMEeHTa 3TaCTHYHOCTH
(MMHUMaJIBHOE 3HAYEHUE ... CPEAHEE ... MAKCUMAaJIbHOE) IS KaXJI0H paccMaT-
puBaeMoOi (YHKINM, MyHKTHPHAs JMHHUA — €CTECTBEHHBIC (DAKTOPHI, CIUIOMI-
Hasi — HICKYCCTBEHHbIE (DaKTOPBI.

Kpome npuBeieHHOTO BBIIIE, BBIOJHEHA CHCTEeMaTH3aus (pakTopoB (yHK-
1 (5) Mo CTeNeHu UX BIUSIHUS Ha MOJIENb M 10 MX npupoje [8—11], a uMeHHo:
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® [IPUPOJIHBIC (PaKTOPBI, KOTOPhIE HEOOXOAMMO KOHTPOJIUPOBATH: TOK MOJ-
HUH, YJIETBHOE COMIPOTUBIICHUE TPYHTA;

® UCKYCCTBEHHBIC (DaKTOPHI, KOTOPHIMU BO3MOXHO YIPABISTH: YUCIO TOKO-
OTBOJIOB, IUIOIIAJb 3a3€MJIIOIIETO YCTPOWCTBA MOJCTAHIIMH, IUIOMAAb 3a3€M-
JISFOIIETO YCTPOWCTBA MOJHHAEOTBOZA, CyMMapHas JTHHA TOPH3OHTANBHBIX 3a-
3eMiuTeNnel, TIyOnHa MOTPY)KeHHUS TOPU3OHTAIBHBIX 3a3eMIIUTENeH, AMaMeTp
TOPU30HTAIBHOTO 3a3€MJIUTENS, TUAMETP BEPTUKAIBHOIO 3a3eMIIUTENs, AJTUHA
BEPTHKAIBHOTO 3a3€MIIMTEIS, YHCIO BEPTUKAIBHBIX 3236 MIIUTEIEH.

AHaNOTHYHBIM 00pa30M TIPOBEICHBI UCCIIE0BAHHS IPOYHX BIMSIHUI MOJTHUM:

e WCKPOBOH Mpo0O0#l MpU CTEKAaHWW TOKA MOJHHUH C 3a3eMIIUTeNs (MOACIb
onuchIBaeTcs QyHKIMEH I, paauyca HCKPOBOH 30HBI)

=11, 0.1 p Eyp) (9)

rae | — nuna 3asemnurens, m; E, — mpoOuBHas HaNpsHKEHHOCTb rpyHTa, B/M;

e MEPCHANPSHKCHUS Ha KOHCTPYKIMH TMOPAKESHHOTO MOJIHUEH 00BbekTa (MO-
Jiehb TpoIiecca OMUCHIBACTCs (PYHKITMEH MAarHUTHOW COCTaBJISIONIEH WHIYKTH-
pOBaHHOrO HampsbkeHuss U, 2JIEKTPHYECKOM COCTABILIOIEH HHIYKTUPOBAaHHOIO

HanpspkeHust U |, COCTaBISIIOIICH MaJeHHs HIIEKTPHIECKOro HanpspkeHust U,):

o’

U,=f(ahh')r, v, t) (10)

M

U

34

f(a,h h\r,v.,t), (11)

rJie¢ & — CKOPOCTh U3MEHECHUS TOKA MOJIHUH, A/c; h — BBICOTa paccMaTpUBaEcMo-
ro o0bekra, M; h' — BBICOTA TOYKH, JUIT KOTOPOW PacCCUUTHIBACTCS IEepEHAIPSI-
KCHHE, M; I, — DKBUBAJICHTHBIH PaJlyC TOKONPOBOJA, M; V, — CKOPOCTh Ilepe-
MEIICHHS NPSIMOYTOJbHON BOJHBI 3apsjia BIIOJIb KaHAlla MOJHHMH, M/C; T — mu-
TENBHOCTH pa3pana, C;

o MEPCHANPSDKCHUS MEXKAY IBYMS OOBEKTaMH, OAMH M3 KOTOPBIX MOPaKCH
MOJIHMEH (MOJeb Ipolecca ONUCHIBACTCA MAarHUTHOW U , M 2JIEKTpUYECKOH

U., byHKIHAMY, 2TEKTPOCTATUUECKOH cocTaBstome Hanpsbkenus U, ):

U, =f(hg diatd,r); (12)
U32 = f(Rm' IM(Z)); (13)
U3.CT = f (C’ Rz’ h’ IM’ d)’ (14)

rae Oi — BeIMYMHA WUMITyJbca ToKa (poHTa MOJNHUH, A; Ot — JUIMTETHLHOCTD
¢dpoHTa NMmyIbca, ¢; h — BbICOTa HEMOpPaXXEHHOro 00BbeKTa, M; 0 — paccTos-
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HHE MEXIy O0BEKTaMH, M; I, — YCPEJIHEHHBIN paJlyC HEMOPAKEHHOTO 00bEeK-
Ta, M; R, — compoTuBieHHE 3a3eMIIEHHsS MEXKIY OOBEKTOM M MOJIHHUEOTBO-
mom, Om; |, — 9acTh TOKa MOJHHMH, MPOTEKAIOWIETO TIO 3a3EMIIMTENIO, KA;

C - emkocth 00bekTa, nd; R, — compoTuBieHHE 3a3eMIeHUs 00bekTa, OM;

h — BeicoTa paccmaTpuBacMoro o0bekTa, M; 0 — paccTosHHE OT TOYKH yaapa
JI0 00OBbEKTa, M;

o TICPCHAIIPAKCHUA HAa MCTAJUIMYCCKUX obomoukax U IIpu OpOTCKAHUUN

oGou

[0 HUM TOKa MOJIHUH
Ugsor = F(Ros 1ys P 7, ) (15)

rae R, — yzaenbHOE CONpoTUBIEeHHE dKpaHa, OM/M; T, — BpeMs cliajla UMITYJIbCca

TOKa MOJIHUHU 110 ITOJIOBUHBI aMIUIUTYAbI, MKC;

e TICPCHAIIPSKCHUA Ha IIPOBOAHUKAX U IIPOKJIaABIBACMBIX IJIA JOIIOJIHU-

3!

TENILHOM 3aIUThI BAOJIb KAOEIBHBIX TPACC
U.. = f(RO, I, p); (16)

® HAIIPAKCHUA Uon 1 TOKH I3n B NICTJIAX NPOBOAHUKOB, KOTOPLIC BOSHUKAIOT

IIpU AMCTAHIIMOHHBIX BIIMAHUAX MOJIHUM!

Uy =f(1,, T, h,e f,d,n K, K,r); n

on

L,=f(l,, T, h,e f d,nK,Kr), (18)

31

rae h, — muprHa WM BeiCcOTa BUTKA, M; € — JUIMHA BUTKa, M; f — paccrosiHue
OT KaHaja paspsja A0 CTeHBI COOpyxeHHs, M; O, — paccTosHHME OT BHUTKA IO
CTEHBI COOPYXKEHUs, M; 1| — KOXQPHULUNUEHT 3KpaHUPOBAHUS I SKpaHa COOPY-
xkeHus (kpaH LPZ 1); K, — kodpduimeHT 3KpaHMPOBaHHUS, yYUTHIBAIOILUIM

sKpaHupyomui 3¢deKT skpana kadensd, o. e.; K. — xodddurmenT, KoTopsrit

c
YYHUTHIBACT pacIpeseieHne TOKa MEeXIy WAYIIMMH BHU3 MPOBOJHUKAMHU; I —
paauyc NpOBOJHUKA B BUTKE, M.

BbIBO/IbI

1. IlpencraBiaeHsl Pe3yNbTAaThl MCCICIOBAHUN BIUSHUN MOJHWW Ha HU3KO-
BOJIBTHBIE CHCTEMBI BHICOKOBOJIBTHBIX JIEKTPUUECKUX MOJCTAHINNA C OTKPBITHI-
MU paclpeenurenbHbpIMI yeTpoiictBamu 110 kB.

2. Pa3paboranbl, BepupHUIIMPOBAHBI U MPOAHATU3UPOBAHBI (PHU3UKO-MaTEMa-
TUYECKHE MOJICH CIIEAYIONINX BIMSHUN MOIHHUU: MEPEHAINPSDKEHUS HA 3a3eM-
JUTENe MOJHHEOTBOAA MPU CTEKAHWW C HErO0 TOKa MOJIHUH, HCKPOBOHM MpoOOi
MIpH CTEKaHWH TOKAa MOJHHH C 3a3eMIINTEIST; TIepEeHANPSHKeHUS Ha KOHCTPYKIHH



M. I. Fursanov, P. V. Kriksin
The Effect of Lightning on High Voltage Electrical Substations’ Low Voltage Systems 201

MOPa)KEHHOTO MOJIHUEH 00bEKTa; NMEePEHANPSHKEHUsI MEKAY IBYMS OOBEKTaMu,
OJUH W3 KOTOPHIX IIOPAXKEH MOJHMEH; IEPEHANPSHKCHUS HAa METAJUINYECKUX
000JI09YKax MpU MPOTEKAHUH 110 HUM TOKA MOJIHHH; NepeHanpsbKeHus Ha Mpo-
BOJIHUKAX, IPOKJIAJAbIBAEMBIX ISl JOIIOJHUTEIBHON 3aIIUThI BJONb KaOENbHBIX
Tpacc; HANPSDKEHUS M TOKU B IETJSAX MPOBOJHHUKOB, KOTOPbIE BO3HUKAIOT IPU
JUCTAHLIMOHHBIX BIMSHUAX MOJHUU.

3. Uzyuensl daktopsl Mojene (onpeaeicHa MpUpoJa: €CTECTBCHHBIH TN
WCKYCCTBEHHBIH; AMANa30H BO3MOXHBIX U3MEHEHUI), paccUuTaHbl KOdPQHULIHU-
€HTBI 3JJACTUYHOCTH IJIS KaXKIOro BXOIIIEr0 B MOJENb (PAKTOpA; BBINOJIHEHA
cucTeMaTu3alusl pe3ysibTaTOB HUCCIENOBAaHWN B BHIE TpadoB, OTpaKAIOIINX
B3aMMOCBSA3b MEXIY (aKTOpaMH U BIUSHUSIMU MOJIHUHU.

4. TlonyyenHass MHQOpMAIMs CHCTEMaTH3MpPOBaHA B BUAE KOHTPOJBHBIX
NepevHel, KOTOphIEe IPUMEHSIOTCS IIpU cOOpe UCXOAHOM MH(popMay Ui pas-
pabOTKU MOJIHME3AIIUThI OACTAHIMU, 00CIE0BaHUS CYILECTBYIOLIEN MOIHUE-
3alIUThl TIOACTAaHLINY, PACCICAOBAHNS aBapUNHHBIX CUTYallUi, CBSI3aHHBIX C yla-
paMHu MOJHHH.

5. Pe3ynpTatel nccienoBaHUN PEKOMEHAYIOTCS K NPUMEHEHHIO B CIEIYIO-
el MPakTHYECKOH NESITENbHOCTH: MPH MPENNPOCKTHRIX 00CIeIOBaHMSIX MO
CTaHIMH 11t cOopa MHPOPMALIMU O TEKYIEM COCTOSHUW MOJIHUE3AIUTHI, pa3-
paboTKe 3a7aHusl Ha MPOEKTHPOBAHHE, NMPOEKTUPOBAHUH MOJIHHE3AIIUTHI MOA-
CTaHIIM{, TPUEMOCIATOYHBIX UCTIBITAHUAX MOJHUE3AIIUTH] U €€ MEPUOANYECKON
HMHCIIEKLINH.
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