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AHomayif. Po3pobsieHo niHegicmuyHy modesnb Ha OCHOBI He-
YimKoi 102iKu 015 oUiHKU docmogipHocmi yacmomu 8iomos
eKpaHy8aHHA BAUCKasKo3axucmy nosimpaHuUx AiHil enekm-
poriepedasaHHsA, WO MiOKAYaoMb 8imposi enekmpocmaryii 0o eHepaomepeici. Modenb iHmezpye Knro4vosi na-
pamempu, 30Kpema WinbHicme iMosipHocmi cmpymy 67AUCKABKU Ma WUPUHY 30HU 8i0MO8BU eKPaHYy8aHHS 8i0
bauckasku, w06 8idobpasumu ix cninbHUl 8naUe Ha 8paszausicMe niHii. BXiOHi ma suxioHi 3MiHHI npedcmasneHi
HeYimKuMuU mepm-MHOMCUHAMU 3 BU3HAYEHUMU (PYHKUIAMU HasneXHoCcmi, a ckopoyeHa 6a3a npasusa cCUHMesye
830EMO038’A3KU MiX 3MIHHUMU. IMimayiliHe Mmooento8aHHsA AiHii Harpyzoto 330 KB demMoHCcmpye nosepxHro 8io-
2YKy ma iHmeHcusHicmeo po3nodiny 0ocmosipHocmi 8iOM08 eKpaHy8aHHSA, W0 O0€ 3MOo2y 0repamu8HO OUiHI-
samu Yyacmomy giomos be3 aHanimuyHoi hopmanizauii. Mioxio moxcHa adanmysamu 0715 8UCOKOBO/IbMHUX A1i-
Hill pi3HUX Knacis, peayntorodu KoegiyieHmu macwmabysaHHS, wo 3abesneyye npakmu4Huli iHcmpymeHm 08
MPOEKMYBAHHA MaA OUiHKU cucmem baUCcKasKosaxucmy rpu iHmezpauii 8impoeoi eHepaemuKu.

Knrouoei cnosa: Heyimka s102ika, 8UCOKOBOIbMHI AiHIi enekmponepedasaHHs, cmpym bsuckasku, bs1UCKA8KO3a-
Xxucm, yacmoma 8i0M08 €eKpPaHYB8aHHSA, iMmimauiliHe MoOento8aHHsA, 8imposi enekmpocmaryii, iHmezpauyisa

06’ekmie 8impoeoi eHepaemuKu.

Mepenik BUKOPUCTAHUX NO3HAYEHb Ta CKOPOUYEHb

EGM — (Electro-Geometric Model) enektporeomeTpmnyHa moaenb

HVAC — (High Voltage Alternating Current) 3amiHHWI CTPYM BUCOKOI Hanpyru

HVDC — (High Voltage Direct Current) nocTiiHWIA CTPYM BMCOKOT Hanpyru

WPP — (Wind Power Plant) BiTpoBa enekTpocTaHLuin

Bctyn. 3i 3pocTaHHAM BHECKY BITPOBOI eHepreTUKM B 3ara/ib-
HWIA eHepreTUYHUIM 6anaHc Ta BCTAaHOBNEHHAM BEIMKOI Kilb-
KOCTi BiTPOBMX TypOiH pM3MK yaapis 61MCcKaBKK B Li cnopyaun
cTaB cyTTeBolo npobnemoto [1, 2]. Yepes BucOTy BiTpoeHep-
reTUMYHUX YCTAHOBOK Ta PO3TallyBaHHA Ha BEPLUMHAX Narop-
6iB ab0 y BiAKPUTUX MiCLLEBOCTSIX IMOBIPHICTb NPAMMX yaapiB
6/MCKaBKM B HMX 3HAYHO BULLA, HiXK B 00’€EKTU TpaanuiiHoi
eHepreTnku. 3rigHo 3i 3siTom [3] nvwe y 2023 pou,i 8 Cnony-
yeHux LLtaTtax 6yno 3adikcosaHo noHaa 77 000 yaapis 61u-
CKaBKM Y BiTpOBi TypbiHM, Npu LbOMY ABi BITPOBI enekTpoc-
TaHUii 3a3HanM noHag 1000 ypapie KoxKHa. OpHak
npobsema € 3HaYHO LUMPLLOD, OCKiIbKM BAMUCKaBKA CTAHO-
BUTb Hebe3neKky He Aule A1A camux BITPOBUX TypbiH, a 1
LA HAaBKONMLLIHBOT iHQPACTPYKTYpU Ta cUCTEM.

MoOMKHa CTBEPAKYBATHU, LLO OCTAHHIMM POKaMM MUTAHHA
6/1MCKaBKO3axXMUCTy MOBITPAHUX  NiHIA  eneKkTponepea-
BaHHA, fAKi 6e3nocepesHbO 3abe3neyytoTb iHTErpaLito BiT-
poBMX enekTpocTaHLii (BEC) oo enekTpomepeski, nepeTso-
pUAKCA Ha OKpemy 061acTb AOCAIAKEHD Y MEXKAX WnpLIOoT
ranysi saxucry Big 6a1cKaBku [4, 5]. 3i 3pocTaHHAM KinbKo-
CTi Ta MacwTabiB BiTpOEHEepPreTMYHMX YCTaHOBOK, fAKi YacTo

PO3MILLYIOTLCA Y BigAaneHunx, NigBULWEHNX Ta CXUAbHUX 0
rpo30BOi aKTUBHOCTI pailoHax, NiHil efekTponepeaaBaHHs,
W0 3’€AHYIOTb X 3 HaLiOHAaIbHUMM MepPEeXKamm, CTUKAOTLCA
3 YHIKaNbHUMU BUK/NMKAMU, HEXAapPaKTEPHUMK AN1A Tpaau-
LifHoi iHdpacTpyKTypu. Cepea LMxX BUKIUKIB — BNIUB CYBO-
pUX NPUPOAHUX YMOB, AK-OT CUNIbHUI BiTEP | 0BNeAEHIHHS;
nigBMLWEHA BPA3/MBICTb A0 NPAMMX yAapiB OJMCKABKY;
CKNaZHi YMOBW 3a3eMJIeHHA; a TakoX cneundiyHi ocobnau-
BOCTi 3aXWCTY Bif, 6/IMCKABKM NifCTaHLil BITDOBMX €/1eKTPO-
CTaHLiM, KOHCTPYKLIiA AKUX BiAPI3HAETbCA Bif TPaANLIMHMUX
eNeKTPUYHUX NigCTaHuin [6, 7]. AK HAacNiAOK, BUHWKAE NOT-
peba y cneuianisoBaHUx nigxonax, 3oKkpema B iHAMBIAya-
NIbHO NiAibpaHoOMy 3axuCTi Big, iMNyAbCHUX NepeHanpyr, on-
TMMI30BaHMUX CUCTEMAxX 3a3eMJIEHHA, YAOCKOHaneHoMY
6/1MCKaBKO3axMCTi MOBITPAHUX NiHIM eneKkTponepeaaBaHHA
Ta 3aCTOCYBaHHi BMCOKOE(DEKTUBHUX PO3PALHUKIB Ha Ni-
HiAX. 3POCTAaHHA CKNAAHOCTI Ta KPUTUYHOI BaXKNMBOCTI Ha-
AiIVHOI iHTerpaLii BiAHOBNOBaHMX AXKepes eHeprii B mepexki
nepeaayi o6rpyHToBye BUAiNEHHA 6AMCKaBKO3aXMUCTY NOBI-
TPSAHWX NiHI eneKkTponepeaaBaHHs, WO NigKAoYeHi Ao ni-
[OCTaHLM BITPOBMX €NEeKTPOCTaHLiM, B OKpemMy niaamcumn-
NiHy. LUa HoBa ranysb TicHO nos’sasaHa 3 y:xe cdopmoBaHu-
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MW HanpAMaMu, TaKUMK AK BANCKaBKO3aXMCT NOBITPAHMX
NiHIK Yy cucTemax 3MIHHOTO CTPYMYy BMCOKOI Hanpyru
(HVAC), nocriitHoro ctpymy Bucokoi Hanpyru (HVDC), a Ta-
KOX NiHIN enekTponepegaBaHHA, NPOKNAAEHUX Y TiPCbKi
MicueBocTi. TpaguuiiHi MeToan PO3PaxyHKy PU3MKY Bia-
MOBM 6MCKaBKO3aXMUCTy MOCTIMHO BAOCKOHANIOOTbCA 3a-
BAAKM NornnbaeHomy po3ymiHHIO npupoan 61MCcKaBKM Ta
il XapaKTepuCTUK. 3poCcTaounii NONUT Ha BULy edeKTuB-
HiCTb 3axMCTy, 0COBAMBO ANA KPUTUYHOIT iHOPaACTPYKTypH,
TAKOI AIK MOBITPAHI NiHITl eneKkTponepeaaBaHHsA, NigKAOYEHI
[0 BE/IMKUX BITPOBUX €/1€KTPOCTAHLLiM, BUABMB OBMEKEHHA
TPaAMLiIMHUX Niaxoais i NigKpecIMB HeobxiaHiCcTb BNpoBa-
[OKeHHs iIHHoBaUiMHKUX pieHb. OcTaHHI gocNiaAKeHHA cBig-
YyaTb, LLO HEYiTKa NOrika € NepCneKTMBHUM PilLEHHAM LUX
npobnem [8, 9], OCKiNbKM BOHA Oa€ 3MOry MoJesnoBaTtu
CKNaAHi Ta HeBM3HAYeHi ABMLIA, NPUTAMaHHi cucTemam
611MCKaBKO3axMCTy. 3aBAAKM 34aTHOCTI BPaxoBYBaTW HeoA-
HO3HAYHICTb | BAPiaTUBHICTb KNHOYOBMX MAapaMeTpiB HEYITKa
Norika NigBULLYE HaAiMHICTb OLHKM PU3MKIB i cnpuse pos-
pobu;i cTinKiwmx cuctem.

[JoHenaBHa AnA NigKNOYEHHA BITPOBMX €N1EKTPOCTAHLIMN
abo BiTpoBMX depm A0 eNneKkTpoMepeKi NepeBa’kHO BUKO-
pPUCTOBYBANNCA NOBITPAHI NiHIT eNeKkTponepeaaBaHHA 3 piB-
Hem Hanpyrm go 220 kB [4, 10]. MpoTe nocTiiHe 3pOoCTaHHsA
HOMiHaIbHOI NOTYXHOCTI BiTPOBMX TYp6iH i, BignosigHo, ix
pO3MipiB cNpUAN0 36iNblUEHHIO BUPOBAEHHA eneKkTpoeHe-
prii BITPOBMMM NapKamm, LLLO CBOED YEPro 3yMOBMIO NO-
Tpeby y BUKOPUCTaHHI iHPpacTPyKTypu nepesadi 3 UMM
piBHEM Hanpyru. AK HaCNI4OK, Aefani WupLle BNPOBaAXKY-
HOTbCA NOBITPAHI NiHii 330 KB gnA NiaKNOYEHHA BEIMKOMa-
CWTabHMX BITPOMapKiB A0 MepeXi, WO AEeMOHCTPYETbCS,
30Kpema, NPOEKTOM NOBITPAHOI NiHii 330 KB gna siTposoi
eneKktpocTaHuii Pait-Mapk [11]. JliHil enekTponepeaaBaHHA
3 BULLUMM PiBHEM Hanpyru 3a3Bu4ail BCTAHOB/OKOTLCA HA
BMLMX OMNOpax, AKi € BPasnMBIiWMMKU A0 NPAMUX yAapis
611CcKaBKu. BianoBigHO, TOYHa OLLiHKa O4iKyBaHOI KibKOCTi
BiAMOB 6/IMCKAaBKO3axMCTy, 30Kpema BiAMOBM eKpaHy-
BaHHA, Ha NiHiAx 330 KB cTae KPUTMYHO BAXKINBOIO He NinLe
B 061aCTi €IEKTPUYHUX MEPEXK, a 11 Y LUMPLIOMY KOHTEKCTI
iHTerpaujii BiAHOBNIOBaHMX AyKepen eHeprii Ta 3abesne-
YeHHA HadiltHOCTI iHbpacTpyKTypw.

B YKpaiHi BiTpOBa eHepreTuKa 3a/1MLWa€eTbCA BaXK/IMBOIO CK/a-
[0BOO BiZHOB/IOBAHOI reHepau,ii, i, He3BaXKatumn Ha BiliHy,
BOHA aKTUBHO PO3BMBAETLCA: 3a OLiHKAMM Fany3eBUX acoLi-
auin ynponosx 2026 poKy O4iKyeTbcA 6yAiBHULUTBO Ta BBe-
[EHHA B eKCnyaTaLito BITPOBMX €/1eKTPOCTaHLLi 3arasibHOO
NOTYKHicTo 6113bKo 500—600 MBT, LLO € 3HAaYHMM 3POCTaH-
HAM MOPIBHAHO 3 MonepegHiMM pPOKamMu Ta CBiAYMTb MpO
CTiliKMIA iHTepec iHBECTOPIB A0 LbOr0 CErMEHTY eHepreTuKm
[12]. Npw ubomy acouiaLii BiaHOBAOBAHOI EHEPreTUKKM chi-
IbHO 3 OMEepaTopoOM CUCTEMM Mepesadi MPaLLoTb Hag ycy-
HEHHAM K/lo4oBMX 6ap’epis, NMOB'A3aHUX 3 MiAKAOYEHHAM
HOBWX NOTYXKHOCTEN A0 e/IeKTPOMEpPEK, Lo besnocepesHbO
BMN/IMBAE Ha HaLiNHICTb Nepeaadi eNekTpoeHeprii Big, BiTpoc-
TaHLUiM A0 CNOXKMBaYiB i CTBOPHOE 4,04aTKOBI BUMOMU A0 CUC-
Tem 61MCKaBKO3aXMUCTy NOBITPAHUX NiHIM.

MNocraHoBKa 3aBgaHHA. MeToo LbOro A0C/iAXKEeHHA € PO3-
pobKa HeuiTKOT NoriyHoi moaeni Ana ouiHBaHHA A0CTO-

BiPHOCTi 4acTOTU BiAMOB eKpaHyBaHHA Big, po3paais 6auc-
KaBKM Yy NOBITPAHI NiHITl eneKkTponepenaBaHHA, NPpU3HaYeHi
ANA NPUESHAHHA BITPOBUX eNEKTPOCTaHLM A0 eHeprocuc-
Temun. HeobxigHicTb Takoro migxoay 3ymoB/iieHa HEBU3Ha-
YeHicTiIo napameTpiB cTpymy O1MCKaBKKM, BapiaTUBHICTIO
YMOB rPO30BOi Aif/IbHOCTI Ta 06MEXKEHICTIO CTaTUCTUUHUX
JaHWX L0 BiMOB CUCTEMU EKPaAHYBaHHA.

3anponoHoBaHa MoAesib Ha OCHOBi MAaTeMaTMYHOroO ana-
paTy HEeuYiTKOT Norikn gae 3mory ¢popmasisyBaTh eKcnepTHi
3HAHHA Ta BPaXyBaTW HeYITKICTb BXiAHMX NapamMeTpiB, 30K-
pema YHKLiO WinbHOCTI MMOBIpPHOCTI cTpymy 6aMCKaBKM
Ta NPOCTOPOBY WMPUHY 30HW BigMOBM EKPaHYBaHHA B iHTE-
pBafi MiXX MIHIMAanbHUM i MAKCMMaNbHUM 3HAYE€HHAMMU
CTpyMy, 3a AKMX 3abe3nevyeTbcs abo NOPYLIYETLCA NMOBHE
eKpaHyBaHHA NiHii. Lie Aonomoxke nigsuwmT 06rpyHTOBA-
HiCTb OL,iHIOBAHHA YaCTOTU BiZLMOB €KpaHyBaHHA Ta Ha4jin-
HoCTi PYHKLIIOHYBaHHA NiHill eneKkTponepeaaBaHHA, WO 3a-
6e3neyytoTb BUAAYY NOTYXKHOCTI BITDOBUX €N1€KTPOCTaHLLN.

Buknaa ocHoBHOro matepiany. Mpamuit yaap 61MCKaBKM y
$as3HMM NPoBIAHUK NOBITPAHOI NiHIT enekTponepenaBaHHA,
WO Beae A0 BITPOBOI €N1eKTPOCTaHL,ii, MOXKe MaTu Kinbka
KPUTUYHUX HACNigKiB, AKi BNMBAtOTh AK HA iHOPACTPYKTypy
nepegadi, TaK i Ha NigKkntoYeHnn o6’ eKT BigHOBAOBAHOI re-
Hepauii. Bucoka amnnityga 1a Kpytnt GpoHT cTpymy 6amnc-
KaBKM MOXYTb CMIPUYUHUTM NepPeHanpyry, Aka nepesuLLye
eNIeKTPUYHY MILHICTb i301AUii enemeHTIB NiHii, Wo noTeH-
LiiHO NPM3BOAUTb A0 eNeKTPUUHUX NPob0oiB Ha 3a3eMAeHi
KOHCTPYKLi, TaKi AK onopu abo Tpasepcu. Lie morke BUKAU-
KaTW KOPOTKi 3aMUKaHHA MixK daszamm abo mix ¢asoro Ta
3emnelo, WO CNPUYMHUTL BiOKAOYEHHA BiANOBIAHOI AinA-
HKM NiHii, a OTXKe, TUM4YacoBe abo TpuBane NPUNUHEHHSN ne-
pefaBaHHA eneKTpoeHeprii 3 BITPOBOiI eneKTpocTaHujii 40
MepexKi.

MoBTOpHI aBapii, cnpuUYMHEHi 6IMCKaBKOKD, MOXKYTb NpULL-
BMALWNTM Aerpagauito i3onauii, nowkoantTm obnagHaHHA
NiHii 260 NopyWNTN Npaue3faTHICTb NPUCTPOIB 3aXUCTY Big,
nepeHanpyru. Kpim Toro, enekTpomarHiTHi 3aBagm, Lo BU-
HWKalOTb BHACNIAOK yAapy 6/JMCKABKM, MOXKYTb BMIMBATU
Ha pobOoTy NPUAEFNNX CUCTEM KEPYBAHHSA I 3B'A3KY, LLO Le
6inbLue YCKNaAHIOE BIAHOBAEHHA pobOTU cUCTeMM Ta MiaT-
pUMaHHA i cTabinbHocTi. OCKiNbKM BITPOBI e1eKTPOCTaHLT
4acTo PO3TallOBYHOTb Y BigKpUTIN MicL,eBOCTi abo Ha nigBsu-
LLEHHAX 3i 36inblEHMM PU3MKOM YpaxKeHHA 61MCKaBKoto,
PU3MKM Ta HaCNigKM TaKMX NOAi € 0COBNUBO CYTTEBUMM,
WO BMMAra€e HagiiHoro 61MCKaBKO3axmCTy Ta ePpeKTUBHUX
CTpaTerii 3HUKEHHS aBapiMHUX BiAKNOYEHD.

BiamoBsa abo HepocTaTHA edeKTUBHICTb cucTemun baunckas-
KO3axMCTy Ha NOBITPAHIN NiHii, Wo 3’eaHye nigcTaHLito BiT-
POBOi €N1EKTPOCTAHLLi 3 eNeKTPUUYHO MeperKeto, besnoce-
peaHbo BM/IMBAE Ha peXuMm pPoboTM BCbOrO BITPOBOrO
napkKy. Y Takomy pasi 1A caMoro BiTPOBOro NapKy LLe MOXe
03HayaT BUMYyLLEHE NPUNUHEHHA BUAAYI €N1eKTPUYHOI Nno-
TYXXHOCTi B MepeKy, CNpaLloBaHHA CUCTEM 3aXMCTY Ta aBTO-
MaTUYHE BigK/MOUYEHHS BITPOBMX TypOiH. MOMXKNMBI 3yNUHKM
oKpemux abo Bcix reHepaTopis, nepexig obnagHaHHA B
aBapPIHMI peXXnm Ta HeobXiaHICTb Nepesanycky nicns ycy-
HEeHH#A NoWKoAKeHb. Lle npu3BoanTb A0 BTPATM BUPOBITKY
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eNeKTpoeHeprii, HeAOoOTPMMaHHA O0X0A4Y Big, NpoAarKy
€/1eKTPOeHeprii Ta 3HUKEHHA KoedillieHTa BUKOPUCTAHHA
BCTAHOB/IEHOi NOTY»KHOCTI BITDOBOrO NapKy.

MoBiTpAHI NiHil enekTponepeaaBaHHA 3a3BuYait obnagHaHi
rpo303axmMcHMMM (abo eKpaHyoUuMMM) Tpocamm, NpuUsHaye-
HUMW 1A 3axXMCTy GasHMX NPOBOAIB Bif NPAMMX yaapis 6au-
CKaBKKU. OgHaK AKWO NpAmMUIA yaap 6auckaBku y dasHUiA
NPOBIAHWK Big6yBaETLCA NOMPU HAABHICTb 3aXMCHUX TPOCIB,
TaKe ABMLLE HAa3MBAETbCA BigMOBOIO H6aMCKaBKo3axmcTy. Lie

D

ABULLE MOMKHa rpadiyHO NpPOINOCTPYBATM 33 AOMNOMOrOt0
enekTporeoMeTpuuHoi mogeni (EGM) npamoro yaapy 6auc-
KaBKM B NOBITPAHY NiHit0. BianoBigHO 40 KOHLeNu,ii enektpo-
reomeTpUYHOT MoZeni, Lie NMOACHIOETHCA TUM, LLO 33 NMEBHMUX
3HayeHb CTPyMy 6MCKaBKM iCHye 30Ha Nob6sau3y ¢asHoro
NPOBIAHMKA, B MEXKaX AKOI NPO303aXMCHUIM TPOC HE BUKOHYE
CBOIO 3aXMCHY QYHKLUit0. BAncKaBKa, AKa NOLWMPHOETLCA 3 IPO-
30BOi XMapu ¥ NoTpan/iAe B L0 30HY, NPM3BOAUTbL A0 MpA-
MOro yaapy y ¢asHui npoBigHuK (puc. 1).

D

)

Puc. 1. MpagpiyHe 306paxceHHA 8i0MOBU eKPaHYy8AHHSA 8i0 61UCKABKU HA OCHOBI eniekmpo-2eomempuvHoi mooesi

Ha puc. 1: D— ue 30Ha ypaxeHHs 6AMCKABKO, B MeXax
AKOI 6/IMCKaBKO3axXMCHi TPOCK He 3axuwatoTb ¢asHi npo-
Boan. MpadiyHi Nnobyaosm Ha puc. 1 BUKOHaHI 3 BUKOPUC-
TaHHAM Kpec/IeHHA peasibHo iCHYHY0i ONOpU NOBITPAHOI Ni-
Hii enekTponepegasaHHa 330 KB, ony6nikoBaHoro B
HayKOBOMY XypHani 3 Bigkputum pgoctynom [13], ana
CTpyMmy 6/IMCKABKM BEINMYMHOLO 3 KA.

EnekTporeomeTpuyHa Mmogenb nepeaycim 4ae 3mory Bu-
3HAYUTU PO3MIPU Ta MPOCTOPOBE MOJIOXKEHHA 30HMU ypa-
YKeHHA 61ncKaBKolo Nobaun3y nposigHMKA. BogHouac BOHA
A€ YABNIEHHA NPO MOXKANBY TPAEKTOPItO po3paay 6ancka-
BKM Mig, Yac nNpAmMoro yaapy B NpoBigHUK. OAUH 3 TaKux
npuKnaais HasegeHo Buwe Ha puc. 1. Ha dotorpadisax, ae
3adikcoBaHi yaapu 6auckaBku y GpasHi NpoBOAM, TPAEKTO-
pia po3pAaay mae noAibHy noseaiHKy: 6AMCKaBKa cnovaTky
MOLIMPIOETLCA BEPTUKANBHO BHM3, @ MOTIM 3rMHAETLCA Ta
BNyYa€ y pasHUIA NpoBig, MailKe ropu3oHTaNbHO — 3 HOKY
Big, NOBITPAHOI NiHiT [14], Wwo intocTpye edpeKT ekpaHyBaHHSA
3 BOKY rp0303axXUCHUX TPOCIB.

EbeKTuBHICTb 6IMCKaBKO3aXMUCTY MOBITPAHUX NiHIA eneKT-
ponepeaaBaHHA 333BMYall OLLHIOETBCA 33 A0MOMOroH

MOKa3HWMKa YacTOTU BiAMOB eKpaHyBaHHs (aHr1. — Shielding
Failure Rate, SFR). Lieit napameTp Bifo6pakae ouikyBaHy Ki-
JIbKICTb CNanaxis 61MCKABKM, AKI MOXKYTb OMUHYTU rPO303a-
XUCHUW (eKpaHytounin) Tpoc i BAy4nT y GasHUI NPOBIAHUK
Yy MeXKax NeBHOro MPOMIXKKY yacy. 3a3Buyail BiH BMpaxKa-
€TbCA AK KiNbKiCTb TaKMx cnanaxis Ha 100 Km NiHii enekTpo-
nepenaBaHHA Ha piK. Taka noaia moxe cynpoBOAKyBaTUCA
eNeKTPUYHUM NPODBOEM Bif NMPOBiAHWKA A0 3a3emaeHol
TpaBepcH, xo4a Le BiabyBaeTbcA He 3aBKau. s nosiTps-
HOI NiHil enekTponepeaaBaHHA 3 FOPM30OHTA/IbHUM PO3Ta-
WwyBaHHAM a3, WO € reOMeTPUYHO CUMETPUYHUM BiAHO-
CHO cepefHboi a3, ueih napameTp 0B6UUCNHOETLCA 3a
Takoto ¢opmynoto [15]:
Imax
SFR=2x10"% N, -L- jD(/)-f(/)-d/, (1)
I

min

pe: SFR — yactoTa BiAMOB eKpaHyBaHHA MOBITPAHOI ANiHii
eneKkTponepenasaHHs, yaapu/pik; Ng — WinbHiCTb cnanaxis
6/IMCKaBKM MiXK XMapol Ta 3em/sel0 B pPalioHi npoxo-
OXEeHHA NiHii, yaapn/(Km?-pik); L — AOBXMHa NOBITPAHOI Ni-
Hii enekTponepegaBaHHA, NiAKAOYEHOI A0 nigcTaHUil
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BITPOBOI enekTpocTaHUii, Km; D(/) — 30Ha ypaxKeHHs 6auc-
KaBKOIO, LLLO BiANOBiAa€ BigMoBi eKpaHyBaHHsA, M; f(/) — dy-
HKLS WiNbHOCTI MMOBIPHOCTiI CTPYMY NMepLLOro 3BOPOTHOIO
pospaay, 1/kA; | — nikoBe 3HauYeHHA MOTEHLINHOIO CTPyMy
611CKaBKYU, KA; Imin— HUXKHE NOPOroBe 3HAYEHHA CTPYyMmy
61MCKaBKM, AAKe 3a3BMYAN NPUIAMAETLCA PIBHUM He MeHLe
HiX 3 KA; Imax — BEPXHE MOPOroBe 3HAYEHHA CTpyMy B6anCKa-
BKM, 33 IKOTO [LOCATAETHCA NOBHE eKpaHyBaHHA, KA. OcTaH-
Hili napameTp 3aNeXuTb Bif, KOHCTPYKTUBHUX 0CcOBAMBOC-
TEN onopu MOBITPAHOI NiHii eneKkTponepenaBaHHs i €
YHIKa/IbHUM O KOXHOTO KOHKPETHOro Tuny AiHii. Ymosa
NMOBHOr0O eKpPaHyBaHHSA 03HAYaE, WO, MOYMHAIOUM 3 NEBHOIO
3HAYEHHSA CTPyMy 6MCKABKK, NpaMUIA yaap y ¢asHuii npo-
BIAHWK CTAaE HEMOXAMBUM, i BANCKABKA MOXKe BPasuUTU
iviLLe rPo303axXMCHUI Tpoc abo 3emto No6an3y niHii.

LJOCTOBIpHICTb YaCTOTM BiAMOB eKpaHyBaHHA A1A NOBITPA-
HOi NiHii enekTponepesaBaHHA Moxe OyTW NiHFBICTUYHO
npeacraBneHa QyHKUIED Moaeni HediTKoi foriku (aHrn. —
Fuzzy Logic Model, FLM), Aka 3aAa€TbCA TaKUM BUPA30OM.

max

I

M(SFR)=fo| [D0)-F)01|. (2
Imin

Y ubomy pasi, BpaxoBytoun dopmynn (1) Ta (2), iHTeHcuB-

HiCTb BiAMOB eKpaHyBaHHA MOXHa 3anucaTm aK:

SFR=2x107>-N, -L-M(SFR). (3)

Mogenb HeuyiTKoi fiorikM (puc. 2) AOCTOBIPHOCTI YacToTU
BiZLMOB eKpaHyBaHHA 417 MOBITPAHOI NiHii enekTponepesa-
BaHHA Hanpyroto 330 KB 6yna po3pobieHa 3a LONOMOrow
iHcTpymeHTa Fuzzy Logic Designer y cepeposuli MATLAB®.
Mogenb, peanizoBaHa BigNOBIAHO A0 anNropuTMy BMBE-
AeHHA MampaaHi, Bigobparkae iHTerpasibHy 3a/1€XKHICTb MiX
YacTOTO BiAMOB eKpaHyBaHHA, QYHKLIE WiIbHOCTI MMO-
BipHOCTi cTpyMy 6MCKaBKM Ta LLMPUHOO 30HU BiAMOBU K-
paHyBaHHA B MeXax fiana3oHy 3HayeHb CTpyMy 6aucKa-
BKW, AKi BiANOBIAal0OTb YMOBaM MOBHOTO eKpaHyBaHHA.

Mamdani \
Type 1

4

4 M (15)

/

/
/ Trots10_f_D__D_or_f 5new (24 )

/
= o 1S
= C C

Puc. 2. Heyimka noziyHa modens ¢yHKYii docmosipHocmi
yacmomu 8iOMO08 eKpaHy8aHHA NO8IMPAHUX AiHil
enekmponepedasaHHs

Mogaenb Ma€e TaKi CUCTEMHI XapaKTEPUCTUKM, AKI HaBeLeHO
B Tabn. 1.

Tabnuusa 1. CUcTeMHi XapaKTepUCTUKU HEYITKOI 1oriYHOT
moaeni PyHKLii AOCTOBIPHOCTI YacTOTHU BiAMOB €KpaHy-
BaHHA NOBITPAHUX NiHIl eNeKTponepeaaBaHHA

®parmeHT Kogy B MATLAB®

[System]

Name='Trots10_f D__D_or_f 5new';
Type='mamdani’;
Version=2.0;
Numlnputs=3;
NumOutputs=1;
NumRules=24;
AndMethod='min";
OrMethod="'max';
ImpMethod='min’;
AggMethod='max’;
DefuzzMethod="centroid'.

3rigHo 3 BMpa3om (2) BXigHi NiHrBICTUYHI 3MiHHI BM3HaAYa-
HOTbCA B TaKMU1 cNOCi6: WiNbHICTb IMOBIPHOCTI CTpyMmy 6auC-
KaBKM — TEPM «f»; LUMPUHA 30HWU BIAMOBM €KpaHyBaHHA
61MCKaBKM — TepM «D»; Ta CTpym BAUCKaBKU — Tepm «/».
BuxigHa niHreicTuHa 3miHHa npeactaBieHa ik KoediuieHT
BiZIMOB eKpaHyBaHHA — Tepm «M». 3rifHO 3i CTaTUCTUUHUM
MOAENOBAHHAM MHOMMHA MOX/IMBUX 3HAYEHb NiHTBICTMY-
HOI 3MIiHHOI, WO npeaCTaBAAE LWLiNbHICTb IMOBIPHOCTI
CTpymy 6aUCKaBKMY, f, y 3aaaHomy gianasoHi {0...0,0125} 8
abCoONOTHUX OAMHULAX, NPEACTaBAEHA AK HeYiTka Tepm-
MHOXWHa T = {Z, AZ, L, VL, A} 3 BignoBiaHUMn pyHKLisMM
HaNeXHOCTi, BU3HAa4YeHMMM Ha BiAHOCHOMY iHTepBai
{0...1}. Puc. 3 rpadiuHo intocTpye iHTEPBANM HEYITKMX MHO-
WH, onucaHi ¢yHKLiamu HanexHocti w(Z), WAZ), u(L),
K(VL), u(A), pasom 3 ix BignosigHUMn Gpopmamm B mexKax
di3nMyHoro gianasoHy 3HayeHb QYHKLIi WinbHOCTI MMOBIp-
HOCTi CTpyMy 61McKaBKU. DyHKLiT HaneKHOCTi AatoTb 3MOry
npusHayatTv GisMYHUM 3HAYEHHAM NIHIBICTUYHOI 3MiHHOI f
CTYnNiHb HanexHocTi W (Big 0 Ao 1) A0 BigNOBIAHUX HEYITKUX
MHOWH, BU3HAa4Ye€HUX Ha yHiBEPCYMi BUC/IOB/IIOBAHb.

3rigHo 3i CTAaTUCTUYHMM MOAENHOBAHHAM MHOXMHA MOXU-
BWX 3HAY€Hb BXi4HOI NiHIBICTUYHOI 3MIHHOI, WO NpeacTas-
NIAE WMPUHY 30HU BiAMOBM BanCKaBKo3axucty, D, y 3apa-
Homy gianasoHi {0...6,754} B abCONOTHMX OAUHMLAX —
MeTpax, NpeAcTaBAeHa HEYITKO TepM-MHOXUHOW Tp = {Z,
S, VS, A, VA, H, VH, AVH}, aka micTuTb Bicim BignoBigaHnx
dYHKUIA HaneXHOCTi, BU3HAYEHUX Ha BigHOCHOMY iHTep-
Bani {0...1}. Puc. 4 rpadiyHo intocTpye iHTEpPBaANN HEUITKUX
MHOXWH, OMucaHi ix QyHKUiasMM HanexHocTti W(Z), u(S),
K(VS), W(A), u(VA), u(H), u(VH), u(AVH), pasom 3 Bignosia-
HUMK Gopmamm B MexkKax (iSMYHOro AianasoHy LMPUHMK
30HMU BigMOBM BMCKaBKO3axmMCTy. PyHKLT HaneKHOCTi aa-
I0Tb 3MOTy NpM3HadaTh GisUYHMUM 3HAYEHHAM NIHTBICTUYHOT
3MiHHOI D cTyniHb HanexHocTi W (Big 0 go 1) go Bianosia-
HUX HEYITKMX MHOXWH, BUSHAYEHUX Ha YHiIBEepPCyMi BUCNOB-
JIOBaHb.
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Puc. 4. ®yHKyii HanexcHocmi niH28iCMUYHOI 3MIHHOI WUPUHU 30HU 8iOMOBU eKpaHys8aHHA 8i0 bauckasku D

TpeTa BXigHA NiHrBICTUYHA 3MiHHA — CTPYM BMCKaBKK | —y
pianasoHi Big 0 go 10 KA npepcTaB/iieHa HEYITKOWO TepM-
MHOXWHOW T; = {lo, I1, ..., l14, 15}, AKA MICTUTb LWICTHaAUATb
OYHKLUIN HaneHOoCTi, BUSHAYEHUX Ha BiZHOCHOMY iHTep-
Bani {0...1} Ta po3noAiNneHnx No HeYITKUX MHOMKMHAX Ha HO-
pManisoBaHilt WKani. Puc. 5 rpadiyHo intoctpye iHTepBanu
HEYITKMX MHOMMH, ONUCaHi BigNoBigHMMM OYHKLiAMK Ha-
nexHocti wlo), w(/1), ..., 1(/14), u(l1s), pasom 3 ix popmamu B
mexkax ¢isnyHoro gianasoHy 3Ha4yeHb CTPYMy BAMCKaBKM.
Li dyHKUii HanexHOoCTi iMnAiunTHO BOYAOBAHI B CTPYKTYpPY
mozeni.

Ha ocHOBIi aHaNITMYHOI OLHKM 1 CTaTUCTUYHOrO MOAENto-
BaHHA MHOXWHA MOX/IMBUX 3HAYEHb BUXiQHOT NiHIBICTUYHOI

3MiHHOI, WO NpeACTaB/IAE AOCTOBIPHICTb YAaCTOTU BiAMOB €K-
paHyBaHHA MOBITPAHOI NiHiT enekTponepenasaHHs M(SFR) y
3agaHomy AaianasoHi {0..0,014} B abCONOTHUX OAUHULSAX,
noAaHa y BUMAAi HEYITKOI TEPM-MHOMXKMHM 3 N’ ATHAALATbMA
BiANOBIAHUMM PYHKLiAMM HanexHocTi: Tv = {Z, GZ, GVL, GL,
GA, GAA, GH, GVH, ZE, RZ, RL, RA, RVA, RH, RVH}, ki BU3Ha-
YeHi Ha BigHocHoMmy iHTepBani {0...1}. Puc. 6 rpadiyHo intocT-
pYye€ iHTepBasn HEYITKUX MHOMMH, ONMUCaHUX QYHKLIAMK Ha-
nexxHocti W(2), WG2), W(GVL), WGL), WGA), WGAA), W(GH),
W(GVH), W(ZE), u(RZ), u(RL), u(RA), W(RVA), u(RH), W(RVH), pa-
30M 3 iX BiANoBiAHMMN doOpMamm B MeKax ¢isnyHoro giana-
30HY 3Ha4YeHb AOCTOBIPHOCTI YAaCTOTU BiAMOB €KpPaHyBaHHA
NoBiTPAHOI NiHii M(SFR).
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Puc. 6. ®yHKuii HanexcHocmi niH2g8icMUYHOI 3MiHHOI 0ocmosipHocmi yacmomu 8i0Mo8 eKpaHy8aHHA M

PyHKLIT HaneXHocTi TpPeTboi BXigHOI NiHrBICTUYHOI 3MiH-
HOi — cTpymy 611CcKaBKK | — He BKAtoYeHi o 6asun npasun
ABHO. HaTomicTb BOHW BWKOHYIOTb PONb 3B’A3yBasibHOI
TEPM-MHOXMHU MK BXIAHUMW  NIHIBICTUMHMMM  3MiH-
HUMM — LWiNBHICTIO MMOBIPHOCTI CTpymy 6a1CKaBKM fTa Wn-
PUHOO 30HU BigMoBM BMCKaBKo3axucty D, i BuxigHoto ni-
HIBICTUYHOI 3MiIHHO —4aCTOTO BiAMOB eKpaHyBaHHA M,
Ha eTani GopMyBaHHA NPaBuA Mogeni. IHaKwWe Kaxy4u, Ha
OCHOBi TEPM-MHOXWNHU QYHKLi HaNEXKHOCTi 3MiHHOT CTPyM
6/MCKaBKM CUHTE3YIOTLCA TEPM-MHOMKMUHU BXiAHWUX NiHIBIC-
TUYHUX 3MIHHUWX — LWiIbHOCTI MMOBIPHOCTI cTpyMmy 61MCKaB-

KW Ta WMPUHU 30HU BiAMOBU BAMUCKABKO3AXMUCTY, AKi nori-
YHO NOB’A3YIOTLCA 3 TEPM-MHOMMHOK BUXiAHOI 3MiHHOI —
YacTOTU BiJMOB eKpaHyBaHHA:

;
Ti—Ty-

Takui nigxig icTOTHO CNPOLLYE CUHTE3 NPaBWA | 3MEHLYE
X KinbKicTb y 6a3i 3HaHb Mogeni. Y npoueci HanalwTyBaHHA
mogeni 6asy npasua 6yno ckopoueHo 3 40 ao 24. CTpyk-
Typa UMX NpaBua HaBeAeHa HUXKYe, B TabA. 2, npu Lbomy
bYHKLUiT HaneXXHOCTi NPOHYMepOoBaHi BiANOBIAHO A0 iX-
HbOro MOPALKY B MEXaX BiAMOBIAHNUX TEPM-MHOMXMH.
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Ta6nuua 2. basa npasun aNA HanawTyBaHHA MOAENi He-
YiTKOI Norikn

dparmeHT Kogy B MATLAB®

[Rules]

# fDI M g type
420,11(0.2):2
430,10(0.5):2
270,14(1) :2
510,15(0.8):2
100,14(1) :1
200,14 (1) :1
300,3(0.8):1
300,4 (1) :1
400,7 (1) :1
.400,13(1) :1
.400,10(1) :1
.500,15(0.8): 1
.400,8 (0.2):1

0
0

W NU R WM R

el el =
w N -, O

0.6

0.4

0.2

dparmeHT Koay B MATLAB®

14.500,8 (0.8):1
15.010,15(1) :1
16.030,10(1) :1
17.020,12(1) :1
18.020,11(0.2): 1
19. 040,12 (0.5): 1
20.040,13(1) :1
21.060,5 (0.3):1
22.080,14(1) :1
23.070,14(1) :1
24.050,6 (0.45): 1

Mig yac imiTauitHOro moaentoBaHHA NOBITPAHOI NiHIT enek-
TponepeaasaHHs Hanpyroto 330 KB 6yno oTpmaHo TpUBK-
MipHY MOBEPXHIO BiAryKYy MoAeNi HediTKOi IOTiKu, Wo Bigo-
6paae [OCTOBIpPHICTb 4YacTOTU BiAMOB eKpaHyBaHHSA
(puc. 7).

Puc. 7. losepxHsa 8id2yKy HeyimKoi noziyHoi modesni

MoBepxHA BiAryKY HAOYHO iNHOCTPYE, AK 3MIHM LWLiNbHOCTI
CTPYMy 6/1IMCKABKM Ta LUMPUHM 30HU BiAMOBM BMCKABKO3a-
XWUCTY BNAMBAOTb HAa OYiKyBaHy 4YacTOTy Bi4MOB eKpaHy-
BaHHA, 3a6e3neyytoun iHTYITUBHO 3p03YMISINIA IHCTPYMEHT
ON1A iHXKeHepiB 3 OLLIHKM PU3KKIB.

Ha puc. 8 HaBeaeHo giarpamy po3noginy iHTEeHCUBHOCTI A0-
CTOBIPHOCTI YacTOTW BiAMOB €KpaHyBaHHA NOBITPAHOI NiHii
eneKkTponepeaaBaHHA AK PYHKUii WinbHOCTI MMoBipHOCTI
CTPyMy 6/IMCKaBKM Ta LUMPWMHM 30HU BigMOBU H6aMCKaBKO-

3aXUCTy B NPOCTOPi, 0BMEKEHOMY MiHIMaNbHUMKN Ta MaK-
CUMANbHUMU MOMK/IMUBMMM 3HAUYEHHAMM CTpyMy baucka-
BKW.

KoediLieHT MacliTabyBaHHA A4/15 3HaY€Hb 4OCTOBIPHOCTI
YacTOTW BifMOB €KpaHyBaHHA Ha NOBEPXHI BiAryKy, AKi no-
[LaHi Y BIiAHOCHUX OANHULAX, ONA MNOBITPAHOI NiHiT eneKT-
ponepegasaHHaA Hanpyroto 330 KB ctaHoBuTL 0,2.

OTpuMaHi pe3ynbTaT MOXKHa BUKOPUCTOBYBATU AK iHXKe-
HEPHWUI IHCTPYMEHT A/1A WBWAKOI OLIHKM PU3KKY BigMOB
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eKpaHyBaHHA Mig Yac NPoeKTyBaHHA abo moaepHisauji no-
BITPAHUX NiHIl, WO NPUEAHYIOTb BITPOBI €N1eKTpocTaHL;ji 40
€HeprocMcTeMn. 3HalUN XapaKTepHy LWibHICTb rPO30BOI
aKTMBHOCTi PailloHy Ta reOMeTPUYHI NapameTpu onopw (Lo
BM3HAYatloTb LUMPUHY 30HU BiGMOBU €KpaHyBaHHSA), NPOEK-
TyBa/IbHUK MOXe 3a A0MNOMOroi nobyaoBaHOI MOBEPXHi
BiZryKy onepaTtMBHO BU3HAYUTM OYiKYBAHWUI piBEHb A0OCTO-
BiPHOCTi YacTOTK BiAMOB i, 32 NOTPebU, CKOPUTyBaTU KOHC-
TPYKLiIO AiHIT — HAaNpWKAa4, 3MiHUTU NONOMKEHHSA rPO303a-
XUCHUX TpociB abo ix KinbKicTb. Kpim Toro, pesynbtatu
MOZENIOBAaHHA  MOXyTb  O6yTM  BWMKOpUCTaHi  AnA

0BrpYHTYBaHHA AOLUINbHOCTI BCTAHOB/IEHHA HENiHIHMX 06-
Me}KyBauiB nepeHanpyru, AKi MOHTYIOTbCA Ha onopax nosi-
TPSAHWX NiHIN NnapanenbHo TipAaHAaM i30158TOpPIB, WO A0-
3BOJIAE MNiABULLNTM ePEKTUBHICTb BANUCKABKO3AXUCTY NiHii,
30Kpema y BMnagKax npamoro yaapy 6amckasku y dasHui
NPOBiAHWK. TAaKUM YNHOM, MOAE/Nb AAE 3MOTY KOMMJIEKCHO
OLiHIOBaTV eDEKTUBHICTb AK FEOMETPUYHUX, TaK i CXEMHUX
3axofiB NigBuLLLEHHA B6MCKAaBKO3aXUCTy AiHiT Wwe Ha eTani
MPOEKTYBaHHA 6€3 BUKOHAHHA CKAALHMX aHaNITUYHUX PO3-
paxyHKiB nepexigHux npouecis, 06yMoBNEHUX IPO30BUMHU
npouecamm.

— 0.9
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04
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Puc. 8. lliaepama iHmeHcusHocmi po3nodiny 0ocmosipHoCcMi yacmomu 8i0M08 eKpaHy8aHHSA AiHil enekmpornepeda-
8aHHA Harnpyaoro 330 KB

BUCHOBKMU. Y poboTi po3pobeHO HEYITKY NI0riYHY Moaenb
OLHIOBAHHA [OCTOBIPHOCTI YacTOTU Bi4MOB eKpaHyBaHHA
NOBITPAHOI NiHii enekTponepegasaHHA Hanpyroto 330 KB,
NPU3HAYEHOI ONA NPUELHAHHA BITPOBOI €NeKTPOCTaHU,i A0
eHeprocuctemn. Mogenb peanizoBaHa 3a aanroputmom Ma-
MmaaHi B cepegosuwi MATLAB® Fuzzy Logic Designer Ta Bpa-
XOBYE TPM BXifHi NHIBICTUYHI 3MiHHI: LWiNbHICTb iIMOBIPHOCTI
cTpymy 6amnckasku fy gianasoni 0...0,0125 (1/KA), wnpuHy
30HM BiAMOBW eKpaHyBaHHA D y gianasoHi 0...6,754 m Ta
cTpym 61mnckaBku | y gianasoHi 0...10,0 KA.

Y npoueci cMHTe3y 6a3M 3HaHb KifbKicTb NpaBua moaeni
6yno ckopoueHo 3 40 ao 24 6e3 BTpaT afeKBaTHOCTI BiAT-
BOPEHHSA iHTErpasibHOI 3aN1eXHOCTI MidXX NapameTpamu. Bu-
XiflHa 3MiHHA — AOCTOBIPHICTb YAaCcTOTU BIAMOB EKpaHy-
BaHHA M(SFR) — BM3HauyeHa B abCo/MOTHOMY Aiana3oHi
0...0,014 3 KoediuieHTom MacwTabyBaHHA 0,2 aAnA NosiTpA-
HoI NiHii 330 KB.

IMiTaujiliHe MoaentoBaHHA MOKas3ano, WO MaKCUMaJbHI
3HAYeHHA [OCTOBIPHOCTI YAaCTOTU BiAMOB eKpaHyBaHHA ¢o-
pMytoTbcA B 06nacTi NOEAHAHHA MiABULLEHMX 3HAYeHb
WinbHOCTI WMOBIPHOCTI cTpyMy 6aMCKaBKM (HabamxeHUx
00 0,0125 1/KkA) Ta MakcMManbHOI LWIMPUHU 30HU BiAMOBM

eKpaHyBaHHA (NoHag 6 mM). 3a MiHIMaNbHMUX 3HAYEHb LUMX
napamertpis (f > 0; D = 0) BuxigHa BennunHa M(SFR) npsa-
MYE 00 HyAA, WO Bignosigae ¢isnyHomy 3micty npouecy
NMOBHOrO eKpaHyBaHHA.

OTpvMmaHa TpMBMMIpHa NOBEPXHA BiATYKY AA€E 3MOTY Ki/lbKi-
CHO OLiHIOBATM AOCTOBIPHICTb 4acTOTM BiAMOB €KpaHy-
BaHHA 6€3 BUMKOPUCTaHHA CKNAAHOI aHaNiTUYHOI dopmani-
3aLii rpo30BMX NPOLLECIB, WO 0COBAMBO BAXK/IMBO 33 YMOB
06MeXKeHOCTi CTaTUCTUYHMX AAaHMX Ta HEBM3HAYEHOCTI Na-
pameTpiB cTpymy 6/4MCKaBKW. 3anponoHOBaHMIK niaxig,
Mo3Ke ByTV afanToBaHU ANA NOBITPAHUX MiHIN iHWKX Kna-
CiB HanNpyru WaAAXoM 3MiHM Aiana3oHiB BXiAHUX 3MIHHUX Ta
KoedilieHTa macwTabyBaHHA Mmogeni.
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Abstract. A fuzzy logic-based linguistic model is developed
to assess the reliability of lightning shielding failure rates
in overhead transmission lines connecting wind farms to
the grid. The model integrates key parameters, including the probability density of lightning current and the width
of the shielding failure zone, to capture their combined effect on line vulnerability. Input and output variables are
represented by fuzzy term sets with defined membership functions, and a reduced rule base synthesizes the rela-
tionships among variables. Simulation modeling of a 330 kV transmission line demonstrates the response surface
and intensity distribution of shielding failure credibility, enabling rapid estimation of failure rates without analyt-
ical formalization. The approach can be adapted for high-voltage lines of various classes by adjusting scaling co-
efficients, providing a practical tool for designing and evaluating lightning protection systems in wind power inte-
gration.

Keywords: fuzzy logic, high-voltage transmission lines, lightning current, lightning protection, shielding failure

rate, simulation modeling, wind farms, wind power integration.

List of symbols and abbreviations

EGM — Electro-Geometric Model

HVAC - High Voltage Alternating Current
HVDC — High Voltage Direct Current
WPP — Wind Power Plant

Introduction. With the increasing contribution of wind en-
ergy to the overall energy mix and the installation of a large
number of wind turbines, the risk of lightning strikes to
these structures has become a significant concern [1, 2].
Due to their height and placement on hilltops or in open
areas, the likelihood of direct lightning strikes to wind en-
ergy installations is expected to be considerably higher
than for conventional energy facilities. According to a re-
port [3], in 2023 alone, more than 77,000 lightning strikes
occurred to wind turbines in the United States, with two
wind farms experiencing over 1,000 strikes each. However,
the problem is much broader, as lightning poses a hazard
not only to the wind turbines themselves but also to sur-
rounding infrastructure and systems.

It can be argued that in recent years, the issues related to
lightning protection of overhead power lines specifically
serving wind power plant (WPP) integration into the grid
have evolved into a distinct area of focus within the
broader field of lightning protection [4, 5]. As the number
and scale of wind power installations continue to grow, of-
ten in remote, elevated, and lightning-prone areas, the
transmission lines connecting them to national grids face
unigue challenges not typically encountered in conven-
tional grid infrastructure. These challenges include expo-
sure to harsh environmental conditions such as high winds

and icing; increased susceptibility to direct lightning strikes;
complex grounding conditions; and specific lightning pro-
tection features of wind power substations, whose design
differs from that of conventional electrical substations [6,
7]. As a result, specialized approaches are required, includ-
ing tailored surge protection, optimized grounding sys-
tems, advanced lightning protection of overhead lines, and
the deployment of high-performance line arresters. This
growing complexity and critical importance of reliably inte-
grating renewable energy sources into transmission net-
works justify recognizing lightning protection of overhead
transmission lines connected to wind farm substations as a
specialized sub-discipline. This emerging field is closely re-
lated to established areas such as lightning protection of
overhead transmission lines in High Voltage Alternating
Current (HVAC) systems, High Voltage Direct Current
(HVDC) systems, and transmission lines routed through
mountainous regions. Traditional methods for calculating
the risk of lightning shielding failure are continually evolv-
ing, driven by advances in our understanding of lightning
behavior and its associated characteristics. The increasing
demand for higher protection efficiency, particularly in crit-
ical infrastructure such as overhead power lines connected
to large wind power plants, has highlighted the limitations
of conventional techniques and underscored the need for
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innovative approaches. Recent studies indicate that fuzzy
logic offers a promising solution to these challenges [8, 9],
as it enables the modeling of complex and uncertain phe-
nomena that are inherent to lightning protection systems.
By accommodating ambiguity and variability in key param-
eters, fuzzy logic enhances the credibility of risk assess-
ments and supports more resilient system design.

Until recently, overhead transmission lines with voltage
levels up to 220 kV were predominantly used for connect-
ing wind power plants or wind farms to the electrical grid
[4, 10]. However, the continuous growth in wind turbine di-
mensions, both in height and rated capacity, has led to a
corresponding increase in the power output of wind farms,
necessitating the use of higher voltage transmission infra-
structure. As a result, the deployment of 330 kV overhead
lines for grid connection of large-scale wind farms is be-
coming more widespread, as demonstrated by projects
such as the Rye Park Wind Farm 330 kV transmission line
[11]. Higher voltage transmission lines are typically sup-
ported by taller towers, which are more susceptible to di-
rect lightning strikes due to their greater exposure. Conse-
quently, accurate estimation of the expected number of
lightning protection failures, particularly shielding failures,
on 330 kV lines is becoming a critical consideration not only
in the domain of electric networks but also in the broader
context of renewable energy integration and infrastructure
reliability.

In Ukraine, wind energy remains an important component
of renewable generation, and despite the war, it is actively
developing: according to industry associations, construc-
tion and commissioning of wind power plants with a total
capacity of about 500-600 MW is expected during 2026,
which is a significant increase compared to previous years
and indicates a steady interest of investors in this energy
segment [12]. At the same time, renewable energy associ-
ations, together with the transmission system operator, are
working to address key barriers, such as connecting new ca-
pacities to the power grid, which directly affects the relia-
bility of electricity transmission from wind farms to con-
sumers and creates additional requirements for lightning
protection systems for overhead lines.

Problem statement. The purpose of this study is to develop
a fuzzy logic model for assessing the credibility of the failure
rate of shielding against lightning discharges into overhead
power lines intended for connecting wind power plants to
the power grid. The need for such an approach is due to the
uncertainty of lightning current parameters, the variability
of thunderstorm activity conditions, and the limited statis-
tical data on shielding system failures.

The proposed model, based on the mathematical frame-
work of fuzzy logic, enables us to formalize expert
knowledge and take into account the fuzziness of input pa-
rameters, in particular the probability density function of
the lightning current and the spatial width of the shielding
failure zone within the interval between the minimum and

maximum current values, at which complete shielding of
the line is either ensured or violated. This allows for more
accurate assessment of shielding failure frequency and the
reliability of power transmission lines that deliver electric-
ity from wind power plants.

Materials and results. A direct lightning strike to a phase
conductor of an overhead power transmission line leading
to a wind farm can have several critical consequences af-
fecting both the transmission infrastructure and the con-
nected renewable generation facility. The high amplitude
and steep front of lightning current can induce overvoltage
that exceeds the insulation strength of line components,
potentially resulting in electrical flashovers to grounded
structures such as towers or cross-arms. This can lead to
phase-to-ground faults, triggering the disconnection of the
affected line segment by protection systems and causing
temporary or prolonged interruptions in power delivery
from the wind farm to the grid. Repeated lightning-induced
faults may accelerate insulation degradation, damage line
hardware, or compromise the integrity of surge protection
devices. Additionally, the electromagnetic interference
generated by the strike can affect nearby control and com-
munication systems, further complicating system restora-
tion and stability. As wind farms are often located in open
or elevated terrains with higher lightning exposure, the risk
and impact of such events are particularly significant, ne-
cessitating robust lightning protection and fault mitigation
strategies.

Failure or insufficient efficiency of the lightning protection
system on the overhead line connecting the wind farm sub-
station to the electrical grid directly affects the operation
of the entire wind farm. In this case, for the wind farmitself,
this may mean a forced shutdown of the power supply of
to the grid, the activation of protection systems and the au-
tomatic shutdown of wind turbines. Individual or all gener-
ators may stop, the equipment may go into emergency
mode and need to be restarted after the damage is re-
paired. This leads to loss of electricity generation, loss of
income from electricity sales and a decrease in the utiliza-
tion factor of the installed capacity of the wind farm.

Overhead transmission lines are typically equipped with
lightning shielding (or grounding) wires designed to protect
phase conductors from direct lightning strikes. However, if
a direct strike to a phase conductor occurs despite the pres-
ence of shield wires, this event is referred to as a lightning
shielding failure. This phenomenon can be illustrated
graphically using the electro-geometric model (EGM) of a
direct lightning strike to an overhead line. Based on the
concept of the electro-geometric model, this phenomenon
is explained by the fact that at certain values of lightning
current, there is an area near the phase conductor where
the lightning shield wire does not perform its protective
function. A lightning flash propagating from a thundercloud
that reaches this region will result in a direct strike to the
phase conductor (Fig. 1).
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Fig. 1. Graphical representation of lightning shielding failure based on the electro-geometric model

In Fig. 1: D is the lightning exposure distance, where overhead
shield wires do not protect phase conductors. The graphical
constructions in Fig. 1 were performed using the drawing of an
actual 330 kV transmission line tower published in an open-
access journal [13], for a lightning current of 3 kA.

The electro-geometric model primarily makes it possible to
determine the dimensions and spatial position of the light-
ning exposure distance in the vicinity of the conductor.
However, it also provides insight into the possible trajec-
tory of a lightning discharge during a direct strike to the
conductor. One such example is shown above in Fig. 1. In
photographs capturing lightning strikes to phase conduc-
tors, the discharge trajectory demonstrates similar behav-
ior: the lightning initially propagates vertically downward
and then bends to strike the phase conductor almost hori-
zontally from the side of the transmission line [14], illustrat-
ing the shielding effect of the overhead ground wires.

The effectiveness of lightning protection in overhead
power transmission lines is commonly evaluated using the
Shielding Failure Rate (SFR). This parameter represents the
expected number of lightning flashes that can bypass the
shielding (ground) wire and strike a phase conductor within
a given time interval. Typically, it is expressed as the num-
ber of such flashes per 100 km of transmission line per year.
Such an event may be accompanied by an electrical flasho-
ver from the conductor to the grounded cross-arm, alt-
hough it does not necessarily result in one. For an overhead
power transmission line with a horizontally arranged phase
configuration that is geometrically symmetrical with re-
spect to the middle phase, this parameter is calculated ac-
cording to the following formula [15]:
’max
SFR=2x10"> N, -L- jD(/)-f(/)-d/, (1)
Imin
where: SFR — shielding failure rate of the overhead power
transmission line, flashes/year; Ny — ground flash density in

the area along the transmission line route,
flashes/(km?-year); L — length of the overhead power trans-
mission line connected to the wind farm substation, km;
D(I) — lightning exposure distance corresponding to a
shielding failure, m; f(/) — probability density function of the
first return-stroke current, 1/kA; | — peak value of the pro-
spective lightning current, kA; Imin—lower threshold of light-
ning current, which is generally assumed to be not less than
3 kA; Imax—upper threshold of lightning current correspond-
ing to the condition of complete shielding, kA. The last pa-
rameter in this list depends on the structural features of the
transmission line tower and is unique for each specific type
of transmission line. The condition of complete shielding
means that, starting from a certain lightning current value,
a direct strike to the phase conductor becomes impossible,
and the lightning can only strike either the overhead
ground wire or the ground near the transmission line.

The credibility of the shielding failure rate for an overhead
transmission line can be linguistically expressed by a fuzzy
logic model (FLM) function given by the following expression.

max

M(SFR):fFLM ID(/)'f(I)'d/ . (2)

I

In this case, taking into account formulas (1) and (2), the
shielding failure rate can be written as:

SFR=2x107>-N, -L-M(SFR). (3)

A fuzzy logic model (Fig. 2) of the credibility assessment of the
shielding failure rate for a 330 kV overhead transmission line
was developed using the Fuzzy Logic Designer tool in the
MATLAB® environment. The model, implemented according
to the Mamdani inference algorithm, represents the integral
relationship between the shielding failure rate, the probability
density function of the lightning current, and the width of the
lightning shielding failure zone within the range of lightning
current values corresponding to perfect shielding.
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/ Trots10_f D D_or_f 5new (24)

1 (16)

Fig. 2. Fuzzy logic model representing the credibility function of
the shielding failure rate for overhead power transmission lines

The model has the following system characteristics, which
are listed in Table 1.

Table 1. System characteristics of the fuzzy logic model of
the credibility function of the shielding failure rate of
overhead transmission lines

Code fragment in MATLAB®

[System]
Name='Trots10_f_D__ D_or_f 5new’;
Type='mamdani’;

Version=2.0;

Numlnputs=3;

Code fragment in MATLAB®

NumOutputs=1;
NumRules=24;
AndMethod='min";
OrMethod='max’;
ImpMethod="min’;
AggMethod='max’;

DefuzzMethod="'centroid'.

According to expression (2), the input linguistic variables
are defined as follows: probability density of the lightning
current — term “f’; width of the lightning shielding failure
zone —term “D”; and lightning current — term “/”. The out-
put linguistic variable is represented as the shielding failure
rate —term “M”.

According to statistical modeling, the set of possible values
of the linguistic variable representing the probability den-
sity of the lightning current, f, within a given range
{0...0.0125} in absolute units, is represented as a fuzzy term
set Tr = {Z, AZ, L, VL, A} with corresponding membership
functions defined over the relative interval {0...1}. Fig. 3
graphically illustrates the intervals of the fuzzy sets as de-
scribed by the membership functions p(2), u(A2), u(L),
M(VL), u(A) along with their corresponding shapes over the
physical range of the lightning current probability density
values. The membership functions allow assigning to each
physical value of the linguistic variable f a degree of mem-
bership W, ranging from 0 to 1, to the respective fuzzy sets
defined on the universe of discourse.
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Fig. 3. Membership functions of the linguistic variable f for the probability density of lightning current
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According to statistical modeling, the set of possible values
of the input linguistic variable representing the width of the
lightning shielding failure zone, D, within a given range
{0...6.754} in absolute units — meters, is represented by a
fuzzy term set To = {Z, S, VS, A, VA, H, VH, AVH} with eight
corresponding membership functions defined over the rela-
tive interval {0...1}. Fig. 4 graphically illustrates the intervals

of the fuzzy sets as described by their membership functions
1(2), u(S), u(VS), wA), u(VA), w(H), W(VH), WAVH) along with
their respective shapes over the physical range of the light-
ning shielding failure zone width. The membership functions
allow assigning to the physical values of the linguistic variable
D a degree of membership W, ranging from 0 to 1, to the cor-
responding fuzzy sets defined over the universe of discourse.
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Fig. 4. Membership functions of the linguistic vari

The third input linguistic variable, lightning current /, within
the range of 0 to 10 kA, is represented by a fuzzy term set
Ti={lo, I, ..., la, s} with sixteen membership functions de-
fined over a relative interval {0...1}, distributed across the
fuzzy sets on a normalized scale. Fig. 5 graphically presents

able D for the lightning shielding failure width

the intervals of the fuzzy sets as described by the corre-
sponding membership functions pu(lo), K(l1), ..., K(l1a), u(l1s)
along with their respective shapes over the physical range
of lightning current values. These membership functions
are implicitly embedded within the structure of the model.
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Fig. 5. Membership functions of the linguistic variable I for the lightning current
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Based on analytical assessment and statistical modeling,
the set of possible values of the output linguistic variable
representing the credibility of the shielding failure rate of a
transmission line M(SFR), within a given range {0...0.014} in
absolute units, is represented by a fuzzy term set with fif-
teen corresponding membership functions Tw={Z, GZ, GVL,
GL, GA, GAA, GH, GVH, ZE, RZ, RL, RA, RVA, RH, RVH}

defined over a relative interval {0...1}. Fig. 6 graphically il-
lustrates the intervals of the fuzzy sets as described by their
membership functions u(2), W(G2), u(GVL), W(GL), W(GA),
WGAA), W(GH), W(GVH), W(ZE), u(RZ), u(RL), W(RA), U(RVA),
K(RH), U(RVH), along with their respective shapes over the
physical range of the credibility of the shielding failure rate
of the transmission line M(SFR).
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Fig. 6. Membership functions of the linguistic variable M for the credibility of lightning shielding failure rate

The membership functions of the third input linguistic vari-
able, lightning current | are not explicitly included in the
rule base. Instead, they serve as a linking term set between
the input linguistic variables, namely, the probability den-
sity of the lightning current f and the width of the lightning
shielding failure zone D, and the output linguistic variable,
the shielding failure rate M, during the rule formation stage
of the model. In other words, based on the term set of the
membership functions of the lightning current variable, the
term sets of the input linguistic variables — probability den-
sity of the lightning current and width of the lightning
shielding failure width are synthesized and logically associ-
ated with the term sets of the output linguistic variable —
shielding failure rate:
T,——T,.

Such an approach significantly simplifies the synthesis of
rules and reduces their number in the model’s knowledge
base. During the model tuning process, the rule base was
reduced from 40 to 24 rules. The structure of these rules is
presented below in Table 2, with the membership functions
numbered according to their order within the correspond-
ing term sets.

Table 2. Rule base for fuzzy logic model tuning

Code fragment in MATLAB®

[Rules]

# fDI M g type
1. 420,11(0.2):2
2. 430,10(0.5):2

Code fragment in MATLAB®

3. 270,14(1) :2
4. 510,15 (0.8):2

5. 100,14(1) :1
6. 200,14(1) :1
7. 300,3 (0.8):1
8. 3004 (1) :1
9. 400,7 (1) :1

10. 400,13 (1) :1
11. 400,10(1) :1
12.500,15(0.8) : 1
13.400,8 (0.2): 1
14.500,8 (0.8): 1
15.010,15(1) :1
16.030,10(1) :1
17.020,12(1) :1
18.020,11(0.2): 1
19. 040,12 (0.5): 1
20.040,13(1) :1
21.060,5 (0.3):1
22.080,14(1) :1
23.070,14(1) :1
24.050,6 (0.45): 1
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During the simulation modeling of a 330 kV transmission
line, a three-dimensional response surface of the fuzzy logic

model representing the credibility of the shielding failure
rate was obtained (Fig. 7).

Fig. 7. Response surface of the fuzzy logic model

The response surface visually illustrates how variations in
lightning current density and shielding failure zone width
influence the expected shielding failure rate, providing an
intuitive tool for engineers to assess risk.

Fig. 8 below presents the intensity distribution diagram of
the credibility of the shielding failure rate of the transmis-
sion line as a function of the probability density of the

F

lightning current and the width of the lightning protection
failure zone within the space bounded by the minimum and
maximum possible lightning current values.

The scaling factor for the values of the shielding failure
rate credibility on the response surface, which is pre-
sented in relative units, for a 330 kV transmission line is
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Fig. 8. Intensity distribution diagram of the credibility of the shielding failure rate for a 330 kV transmission line

The results obtained can be used as an engineering tool for
rapid assessment of the risk of shielding failures during the
design or modernization of overhead lines connecting wind
farms to the power grid. Knowing the characteristic density
of thunderstorm activity in the area and the geometric pa-
rameters of the tower (which determine the width of the
shielding failure zone), the designer can quickly determine
the expected level of credibility of the failure rate using the

constructed response surface and, if necessary, adjust the
line design - for example, change the position of lightning
protection cables or their number. In addition, the modeling
results can be used to justify the feasibility of installing non-
linear surge arresters, which are mounted on overhead line
towers parallel to the insulator strings, which enhances the
lightning protection effectiveness of the line, in particular in
cases of direct lightning strike to the phase conductor. Thus,
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the model allows for a comprehensive assessment of the ef-
fectiveness of both geometric and schematic measures to in-
crease the lightning protection of the line at the design stage
without performing complex analytical calculations of transi-
ent processes caused by thunderstorm processes.

Conclusions. The paper develops a fuzzy logic model for as-
sessing the credibility of the failure rate of the shielding of
a 330 kV overhead power line intended for connecting a
wind power plant to the power system. The model is imple-
mented using the Mamdani algorithm in the MATLAB®
Fuzzy Logic Designer environment and takes into account
three input linguistic variables: the lightning current proba-
bility density f in the range 0...0.0125 (1/kA), the width of
the shielding failure zone D in the range 0...6.754 m, and
the lightning current / in the range 0...10.0 kA.

In the process of knowledge base synthesis, the number of
model rules was reduced from 40 to 24 without compro-
mising the adequacy of the reproducing the integral de-
pendence between the parameters. The output variable —
the credibility of the shielding failure rate M(SFR) —is de-
fined within the absolute range 0...0.014 with a scaling fac-
tor of 0.2 for a 330 kV overhead line.

Simulation results showed that the maximum credibility
values of the shielding failure frequency rate occur in the
region where increased lightning current probability den-
sity (around 0.0125 1/kA) and the maximum width of the
shielding failure zone (over 6 m) combine. When these pa-
rameters approach the minimum values (f - 0; D - 0), the
output variable M(SFR) tends to zero, which corresponds to
the physical content of the complete shielding process.

The obtained three-dimensional response surface allows us
to quantitatively assess the credibility of the shielding fail-
ure frequency without using complex analytical formaliza-
tion of lightning processes, which is especially important
under conditions of limited statistical data and uncertainty
of lightning current parameters. The proposed approach
can be adapted for overhead lines of other voltage classes
by adjusting the ranges of the input variables and the scal-
ing factor of the model.
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