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Memoro pobomu € yOOCKOHANEHHA 3aXUcmy 6i0 OOHOQAHUX 3AMUKAHbL HA 3eMAN0 01 PO3NOOLIbHUX eNeKMPUYHUX
Mepedic WAXOM YCYHEHHs 6a0 GI0oMux memoodie saxucmy. [na cenekmusHoi Oii 3axucmy 6U3HAuaiomv HAnpsIM
PEeaKkmueHoi NOMy*CHOCMi 3a 00NOMO20I0 BUOINEHUX 3i CMpymy i Hanpyau Hy1b080i NOCIIO08HOCMI CKIA00BUX 3
yacmomoio, euworo 3a 50 I'y. 3adns yvoeo euxopucmosgyioms yugposi wacmomui ginempu. 3a 0onomozoio
Mamemamuynoi MoOeni UABNEHO MOMHCIUBICIb HeCeNeKMUBHOT poOOmMU MAK020 AnNeOpUMMY depe3 6Naue anepiooudHux
CKNA00BUX Yy CMPYMax i Hanpyeax y NepexioHux npoyecax, d maxoic HeOOCMAmuio 4ymIUGIiCMb 3axucmy y pasi
3aMUKanHs asu Ha 3emnio uepes akmusHi onopu, Oitbwi 3a 10-20 Om. Ompumano 3anedicHocmi peakmusHOL
NOMYACHOCMI 810 Yacmomu CueHanie, axi eudinaromocs ginempamu I epmyens. Li ¢pinompu 6353mo 3a ocnogy, 60 6onu
nompeoby0ms MeHWUX 0OUUCTIOBATILHUX 6UMpam y NOPIGHAHHI 3 Ouckpemuum nepemsopenuam Dyp’e. 3anpononosarno
neped nooauery cmpymy i Hanpyeu HYIb080i NOCIIO0BHOCMI HA YACMOMHI Qinbmpu UKOHysamu ixXHE Ougheper-
Yit08aHHs, WO NOCIAOTIOE BNIUE ANEPIOOUYHUX CKIAO008UX HA (a308i NoXubKu peie ma 3HAYHO NIOCUTIOE KOPUCHI
cuenanu. 3a0na niosuwjeHHs yymaugocmi peie y pasi 3aMuxkanus asu Ha 3emiio yepe3 akmusHuti onip oo 100 Om y
cxemy pene exaoyaroms Qinempu I epmyens (013 cmpymy i Hanpyeu) 3a01a 6UOLIEHHS CKIA008UX Olisi 080X PI3HUX
uacmom, a peaKxmugHy NOMYAHCHICIb 3HAX00AMb K CYMY NOmysucHocmelt 0us neputoi i opyeoi wacmomu. Yymaugicme
VYOOCKOHANEHO20 ANCOPUMMY 3aXUCMY Y NOPIBHAHHI 3 8i00MUMU aneopummamu 3axucmy nioguwero 6 10-20 pasis. bioam.
13, puc. 6, Tabdm. 2.

Kniouosi cnosa: 3amukanus (a3 Ha 3eMIII0, KOMIEHCOBaHA EIIEKTPHYHA MEpEkKa, CEJIEKTUBHUIN 3aXHCT, aJITOPUTM
[epruens, cTpyM i Harpyra HyJIbOBOI IOCJIIJIOBHOCTI, PEaKTHBHA ITOTY>KHICTb.

AKTyaJbHicTH TPO0JIeMH Ta ii 3B’A30K 3 NPUKJIAAHUMH 3a1a4aMu. EnexTpuyni Mepesxi Hanpyroro
6-35 kB i3 3a3emiieHOI0 Yepe3 IHIYKTUBHY KOTYIIKY (peakTop) HEWTPauTlo Ha3MBAOTh KOMIIEHCOBAHUMH.
BoHm € mocTaTHRO MOMIMPEHUMH B €IEKTPHYHHUX CHCTeMaxX. Pe30HaHCHO HaJaITyBYIOUM PEaKTOp, MOXHA
3MEHIIUTH CTPYMH 3aMHKaHHS Ha 3€MIII0, TICPSHAIIPYTU Ta BIPOTIAHICTh BUHMKHEHHS MDK(a3HUX KOPOTKHX
3aMUKaHb, 10 B IJIOMY MiJBHUIIY€E HAAIHHICTD €IEKTPONOCTaYaHHs CroKuBadiB. CyTTEBOIO BajOI0 TaKUX
SIIEKTPUIHUIX MEPEXK € Te, IO TPAAWIIIHHI CHCTEMH PEJICHHOTO 3aXUCTY Bil oAHO(MA3HOTO 3aMUKaHHS a3y Ha
3emiito (O33) He 3a0e3MeuyroTh HEOOXIMHOI CEIEKTUBHOCTI 1 Uy TIUBOCTI. Lle MoB’sa3aH0 3 THM, IO B 3aJICK-
HOCTI BiJI CTYIICHSI HACTPOWKH PEaKTOpa, B YIIKOKEHOMY NPUETHAHHI HAMPSIMOK PEAKTUBHOI MMOTYKHOCTI, SIKY
KOHTPOJIIOIOTH MIPUCTPOI 3aXHUCTY, MOXKE OYTH TaKUM, K y HEYIIKO/HKEHOMY. 3a Tl BUPIIIIEHHS 1€l Ipo0ieMu
MPOIIOHYIOThCS Pi3HI METOJIH, aJie B IIIJIOMY BOHA II[E HE € BUPIIICHOIO.

Ornsan myoaikaniii i Hemoriku Binomux pimensb. [Tutanns 3axucty Big oqHO(a3HUX 3aMUKaHb Ha
3eMITI0 JOCIHIJKYIOThCS JTOCUTh aKTHBHO, KUIbKICTh MaTepialiB Ha If0 TEMY HACTLIBKH BEIMKa, IO 4Yac Bill
gacy 3’SBIAIOTECS poboTu [1-3], sAki KIacudpikyloTh i TOTOMAararoTh po3iOpaTHCh y Pi3HOMAITTI BiJOMEX
cnoco0iB 3axucTy. Y poOoTi [4] mokazaHo, mo B Mepexax 6-10 kB 3a 1omoMororwo mpocTHX CTPyMOBHX 1
CIpPSMOBAaHUX 3aXUCTIB BaXKKO, a iHOMI 1 HEMOXIHMBO, 3a0e3neuntd 3axucT Big O33 3 HeoOXimHOMO
YYTIWBICTIO 1 CeIEKTUBHICTIO. L{e crioHyKae 1o mepeHeceHHs yBaru 3 ycrajieHoro pexxumy 033 Ha mepexinHi
npoiiecH, o BUHUKATh mij yac O33. JlomaTkoBUM apryMEHTOM € Te, IO CTPYM HYJIBOBOI MOCIIIOBHOCTI
i1 4ac MepexiIHOro MpoLecy 3HaYHO NEPEBHILYE TAKUH CTPYM ycTaneHoro pexumy micist O33.

VY cratTi [5] onmcano crioci® kiacudikarii 30ypeHp y cUCTeMaX eNeKTPONOCTaYaHHs, MO OYAyeThCs
Ha YacTOTHIN QimpTpamii CTpyMiB 1 Hampyr 3a JOMOMOIOI0 BEHBIIET-TICPETBOPEHHS W MOJAIBIIOTO BUKO-
pUCTaHHs MalllMHU OMOPHUX BeKTOpiB (SVM) 3aiis BUALICHHS CYTTEBUX O3HAK SIBHII, IO BiIOYBAIOTHCS B
cucremi. Y [6] TPyHTOBHO pO3TJISIHYTO OUIBIN 3arajibHi METOMM aHali3y HEeCTallilOHApPHUX IPOIECiB y
HENTIHIHHAX TUHAMIYHUX CHCTEMaX, SKAMH € 1 eJICKTPUIHI MEePEKi B peKUMI HECTIHKOTO 3aMUKAaHHS Ha 3eMJIIO.

VY [7] nponioHyeThCsl 6araTo4acToTHE pejie OMopy, OCKUIBKA BOHO Ha YacTOTI KHBIICHHSI MEPEki He
MOXKe TPAlOBATH B MEPEXkax 3 PE30HAHCHUM 3a3eMIICHHSM HeHlTpaini. Y poOorti [8] 3ampomoHoBaHO pese

© Cusoxobuienko B.®., Jlucenko B.A., 2020
ORCID ID: * https://orcid.org/0000-0002-7720-0540 , ** https://orcid.org/0000-0002-6411-3114

54 ISSN 1607-7970. Texn. enexmpoounamixa. 2020. Ne 5



CEJIGKTUBHOTO 3aXWCTy 3 BHIUICHHSM 31 CTPyMy 1 Hamnpyrd HyJIbOBOI ITOCHIJOBHOCTI 3a JOTIOMOTOIO
4acTOTHOTO QUIBTPY CKIaI0BO1 3 yacToToro Buiie 3a 50 ['m.

Ha mamr mornsiji, mepcrneKTUBHUM € BUKOPHUCTaHHS 0araTo4acTOTHOTO peje MOTyKHOCTI. OCKiUTbKU
JOKEpPEeNIOM TaKMX YacTOTHHX CKJIaNoBUX € Tmepeximaumii mpomec O33, To HEOOXiTHMMH € BiIIOBiIHI
JOCITIKEHHS Tiepexigaux mporeciB mpu 033 1 po3podka HOBUX e(hEKTHBHUX aJTOPUTMIB IXHBOTO aHAJI3Y.
Amnani3 nepexigHux nponeci mig 9ac O33 € HEOOXiTHUM SIK Y MEPBHHHHUX KOJaX MEpEkKi, Tak i B KoJax
3axucty. s 11pOro moTpiOHO pPO3POOMTH BIAMOBIAHI MareMaTHU4Hi Mojeni. Bimomi myOmikariii, B sSKuX
OmHMCaHO MaTeMaTu4yHi Moxaelni Mepex 6-10 kB [9] i moxem amroputMmiB 3axucty [10]. Takox B [11] Oyio
OIMCAHO CXOXKHH aJTrOPUTM 3aXHCTy 3 BUKOPHCTAHHSAM 3311 BUAUJICHHS HEOOXiTHUX HUPPOBUX (QLIBTPIB
JIPYTOT'0 MOPSIKY 3 HECKIHUYEHHUMH IMITyJIbCHUMH XapaKTepUCTHKaMH. BiToMO Mpo BUKOPUCTAHHS MPOTpa-
mu moxemtoBaHHs EMTP-ATP nns anamizy mepeximHUX TPOIECiB y eIeKTpUYHHX cucTemax [12], omHak,
Taka MporpamMa HE € IMHPOKO TOCTYITHOIO 1 He 3abe3medye, Ha HAII TMOTJIAN, HEOOXiTHOI THYYKOCTI Ta
MPO30POCTi MOJICTICH.

[Iporte, HamIi JOCTIIKEHHS PUCTPOIB 3aXKCTY, B IKHX BUKOPUCTOBYIOTHCS YaCTOTHI CKIIAJ0BI BHIIE
50 T'ip [11], mokasany iXHIO HEAOCTATHIO YYTIHMBICT ¥ pa3i 3aMHUKaHb (Da3u Ha 3eMJIIO Yepe3 aKTHUBHI OMOPH
nopsinky 10 Om 1 Oinbine, a TakoXX MOKIMBICTh IXHBOI HECENEKTHBHOI poOOTH 3a HAsSBHOCTI BIJHOCHO
BEJIMKUX 3HAYCHD allePioIMYHUX CKIAIOBUX Y CTpyMax i Hampyrax HyJbOBOI MOCIiIOBHOCTI.

Merta pocaimkenb. Y TOCKOHAIECHHS 3aXHCTY BiJl OMHO(A3HNX 3aMUKaHb HA 3€MITIO JIJISl PO3TIOALITE-
HUX ENIEKTPUYHUX Mepexxk 6-35 kB 3a paXyHOK MiABUIIEHHS YYTIMBOCTI 1 CENEKTHBHOCTI il HUISXOM
BU3HAYCHHS HAMPSIMKY CyMapHOi PEaKTHBHOI MOTYXXHOCTI B KOHTYpPi HYJIBOBOI IMOCIIiJOBHOCTI JUISl CKJIA0-
BHUX 3 YacToTaMu, BUIIMMH 3a 50 I,

OcHoBHHUII MaTepiaJ i oTpuMaHi pe3yabTaTH. 32711 YCYHCHHS YKa3aHUX BUIIE HEAOIKIB JIIOUNX
3aXHUCTIB y poOOTI 3aMPOIOHOBAHO METOIU YAOCKOHAJICHHS 3aXHUCTIB, SKi MOJATAIOTh Y 3MEHIICHHI BIUIUBY
anepioIMYHNX CKIAJOBUX Yy CTpyMax 1 Halpyrax HyJbOBOI IOCHIJIOBHOCTI 32 JOTIOMOTOK) TOTIEPEIHBOTO
3HaXOKEHHs iXHIX moximaux. OTpuMaHi MOXiTHI TOAa0Th HA CMYTOBI 9acTOTHI QiIBTPH I BUIIJICHHS 3
HUX CTPYMiB 1 Hampyr onHiei 3 4acror i3 miamazony 100-300 I'm, mono sKWX i BU3HAYAIOTh PEAKTHBHY
MOTY>KHICTh IS MOYaTKOBOro MOMeHTy BuHHMKHEHHs O33. 3a HEOOXiAHOCTI MOAANBIIOrO MiABHINECHHS
YYTIMBOCTI 3aXHCTy BHKOPHUCTOBYIOTh HAIpPSIMOK CyMapHOi PEaKTHBHOI MOTYXKHOCTI, Ky 3HaXOAATH 3a
JIOTIOMOTO0 (ITBTPIB 31 CKIAJOBUMHU JIBOX Pi3HUX 4acToT, Hanpukian, 100 i 250 T'o. J{ng 3MeHmieHHs gacy
CIIPAIIOBaHHS PeJie OPTOrOHANBHI CKJIAJIOBI BUIUISIOTH 32 JOMOMOIOI YacTOTHHX (iIbTPiB, TOOYIOBaHUX
3a anroputMoM ['epTuens, sikuii moTpeOye MPUOTU3HO Y /Ba pa3d MEHIIE OOYMCIIOBAILHUX OMepaliil y
MOPIBHSIHHI 3 TUCKPETHUM TIepeTBOpeHHIM Dyp’e.

Bnok-cxeMy ynOCKOHalIEeHOTO 3aXUCTy HaBEJCHO Ha PUC. 1, CipMM KOJBLOPOM BUALICHO OJOKH, SIKi
JI0OJaHo 10 Bimomoi cxemu [11].

orf1 )
SN N = X
Q(f1)
Or-f2 f—
U(f1)
s
o+ = BO
Or-fl
y 1(f2) Q(f2)
—»l AL > d/dt X
> OI-f2 J u(e2)
Puc. 1

CxeMa MicTUTh aHajoroBo-mudpoBi meperBoproBadi (ALIl), mo mpamrorore 3 dacroToro 1600
BiZUTIKIB HA CeKyHAy. Ha HHMX MOAaloTh CTPYMH 1 Hampyru HyJIbOBOi MOCTIJOBHOCTI, SIKi HaIXOAATH BiA
BAMIPIOBAIBHAX TpaHC(HOPMATOPIB CTPYMY HYJIBOBOI MOCTIJOBHOCTI 1 HANpyTd HYJHOBOI ITOCIHiOBHOCTI
BimmoBigHo. CurHaym 3 Buxo#niB AllIl momarots Ha Omoku mudepentitoBanas d/dt, miciss 4oro BOHH
Hanxoaate Ha ¢QinbTpu ['epruens (DPI) 3aans BUAINCHHS OPTOTOHAIBHHX CKIAJOBUX CTPYMY 1 HAllpyTH 3
yactotamu fl Ta f2. PeaktuBHi motyxHocTi 1y gactoT Q(fl) i Q(f2) oGuncmoroThes y 6mokax q1o0yTKy X
3a BHPa3oM

O(fy)=Re[I(f)]- Im[U(f,)]-Re[U(f)]- Im[I(f)], (1)
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a micns iXHBOTO MiJICYMOBYBaHHS BOHH HaJIXOMATh J0 BUKOHABYOro oprany BO, B sikoMy 3a JOMOMOTrOO
KOMIIapaTopa MOPiBHIOIOTh CyMapHy PEeaKTUBHY MOTYXHICTh () 13 3a/IaHOI0 MOPOroBoto O, i, Akuo O>0,, T0
pelie 3aXUCTy CIpalboBYye
Q=0(/DH+0(f2)>0p. 2)

XapakTepHOIO OCOOJMBICTIO JAHOTO 3aXHCTy € Te, IO BiH pearye Ha YacTOTHI CKJIAJOBi, BHII 3a
4acTOTy >KuBJIEHHS Mepexi (50 I'm), siki 3aBKAM MPHUCYTHI y CTPyMi 1 Hampys3i HyJbOBOi MOCTIIOBHOCTI B
MOMEHT 3aMUKaHHS a3y Ha 3eMJII0, KOJM BHHUKAE MEPEXiJHUI Mmpoliec y 3B’A3Ky i3 MOPYIICHHAM MOTe-
PEHBOTO HOPMAIBLHOTO pexuMy. [IpH 1IbOMY TPHBAJICTh BUXIJTHOTO CUTHAITY CIIPAIFOBAHHS 3aXHCTY Y pasi
033 cknanae npudbau3Ho 20-25Mc, a aMIUTITY1a 3aJIeKUTh BiJl BHOpaHOi yacToTH sl GinbTpiB [epriens.

3a1is1 AOCTIHKEHHS CIIEKTPAIbHOIO CKIIaAy CHTHANIB Y CTPyMax i Hampyrax HyJbOBOI MOCTIZOBHOCTI
Ha oyaTKy O33 Ta OIIHKK YyTJIMBOCTI 3aXHCTY 3a Pi3HUX 3HAYCHH OIMOPY B MICIIi 3aMUKAHHSI CKOPHUCTAEMOCS
METOJIOM MAaTeMaTHYHOIO MOJICNIOBaHHs. MaremMaTuuHa MOJelb Uil CXEMH eJEeKTPOIOCTadyaHHs 3aJaHol
crpyktypu [11] ckmamaerbest 3 audepeHUiHHUX PIBHSAHB [UIS BITOK 1 BY3JIB CXEMH, PIBHSIHb YHCEIBHOTO
BU3HAYCHHSI MOXIMHUX 1 PIBHAHb BU3HAYCHHS OPTOTOHAIBHUX CKIAJ0BHX 3aJaHOT YacTOTH 32 JOMOMOTIO)
anroput™my [eprriens. 3amis 3MEHIICHHS MOXIJIMBOTO MIACHICHHS 3aBaj Y BXIJHHX CHTHaJaX CTPyMy i
Hanpyru ONoKu Au()epeHIiFOBaHHS BUKOHAHO Ha OCHOBI METOJly €KBIBAJICHTHUX CUHYCOIf [13], 3rifHO 3 SKUM
BUKOPUCTOBYIOTh IHTEIPAJIbHE YCEPEIHEHHS 3-5-X MUTTEBHMX 3HAYCHb CHTHAJIB, a MOXiJHY 3HAXOIATH JJIsI
IeHTpy iHTepBady. Hampuimam, 3a HOMOMOTOH TPhOX ITUCKPETHUX 3HAYCHb CTPYyMy (HAmpyTH) ITOXiTHI
BU3HAYAIOTh 32 BUPA30M, Y SIKOMY (® — KyTOBa 4acTOTa, /I — KPOK pO3paxyHKy

di 1 _ . .
E:—Z-a)-h(?,'l”_4.l"71+l”72)' 3)

OpToroHanmbHI CKIIAOBI CTPYMIB 1 HAIIPYT AJIT TAaPMOHIKH K-ro HOMepa 3a JOTIOMOTOI0 aJlTOPUTMY
epruens 3HaX0AATh Ha KOXXHOMY KPOIi pOo3paxyHKiB, BAKOPUCTOBYIOUM MacuB 3 N JIMCKPETHUX 3HAYEHb i,
iz,.., IN CTPyMy (Hampyrw) Ha Tmepiofi mepmoi TapMOHIKH YacTOTH JKUBJIGHHS Mepexi. Po3paxyHku
MPOMDKHHAX 3HA4YeHb IPOBOATH METONOM iTepalliidf, a Ha 3aKIOYHOMY KpOIll 3HAXOIATh KOMIUICKCHE
3HAYEHHSI BUX1THOTO CHTHAJY 32 BHpa3aMu

X =l Xy=hAacl; X, =LAl =0 e Xy =iy + iy —iy

z , 2 A - 4)
a=2~cos(2~ﬁ'k); Xkiny =N'[xN -exp(]~2~ﬁ'k)—xN1}

Hocnimkeras nporeciB O33 1 MOBEOiHKY 3aXHCTy PO3TIASHEMO Ha NPHKIANI THIIOBOI CXEMH
€JIEKTpPOIIOCTayaHHs Hampyror 6 kB 3 KOMIEHCOBaHOIO HEWTpayuIio, MPUHIMIIOBY 3aCTYIHY CXEeMy SKO1
HaBeJleHO Ha puc. 2. Cxema MiCTHTh TpaHcdopMaTop, 110 KUBUTH Mepexy (BiTku 13-15), Tpu dpinepu F1-F3
3 kabenpHUMH JiHIIMH (BiTKH 1-9), peaktop (BiTka 16), mixkdasni emHocTi (BiTKH 10-12). €mHOCTI (a3 Ha
3emito s digepie F1-F3 BiamosigHo cranommsth 1, 8 1 12 Mx®d, a onopu i30s11il Ha 3emito RIT-RI9 — 1
1 MOwM. IHAyKTHBHICTH peakTopa 3a PEe30HAHCHOTO

E13 |43 L1 RI >
R = p HajamTyBaHHA cTaHOBUTH 00,1463 I'H, a Hioro akTHs-
E14 L1a o, L2 R2 Ri2 o Huit omip — 0,1 Om. 3a pe3oHaHCHOTO HaJaII-
<23 TYBaHHS pEaKToOpa 1 CTIKOrO 3aMHKaHHS Ha 3eMJII0

L15 L3 3 :
€15 R18 R3 ¢dasu 4 dinepa F1 (RI1=1 Om) ycraneHi 3HaueHHS

F

CTPYMiB HYJIBOBOi ITOCTITOBHOCTI (imepiB 1 peak-
TOpa, & TaKoX Hampyra i peakTHBHA TOTYXHiCTh
¢inepa F1 cTaHoBIsATH
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PeaktuBHi motyxHocTi s dinepiB F2, F3
MaloTh Takui ’ke HampsMmok, sk B F1, Tomy
CEJICKTUBHICTh 3axucTy Ha dvactori =50 I'm He
3abesrneuyeThesi. Pesynpraté MoaemtoBaHHS poOOTH
QITOPUTMY 3aXHUCTY 3a goromoroio (3), (4) miarep-
JWIA JTOLUIBHICTh BBEJCHHS 10 OJOK-CXeMH pejie
(puc. 1) 610kiB audepenuitoBannas d/dt st ctpymis
1 HampyT HYJIHOBOI IOCIITOBHOCTI. 3aBISKHA ITMM
di(t)/dt 0JloKaM, SK BUJHO 3 PHC. 3, HA SIKOMY HaBEICHO
pe3yabTaTH MAaTEeMaTHYHOTO MOJAETIOBAHHS 3MIiHH B
gaci CTpyMy HynboBOi mociimoBHocti mnpu 033

150

100

50

-50

=100

1, CeK

-150 gepe3 omip 1 OM 10 1 micna MPOXOPKEHHS depes
1.3 134 1.38 142 b 15 1 6nok mudpepenuirosanns d/dt, 3HauHO 3MeHIIYeTHCS
Puc. 3 BIUTUB Ha pOOOTY pele amnepioguyHHuX CKIaJI0BHX,

SIKI BHOCSTH MOXHOKH y PO3pPaxyHKOBI HMOTYKHOCTI
Yyepe3 BIUTMB Ha KYTOBI CIIBBIIHOMIEHHS MK CTPYMOM 1 HAallpyToO0.

Kpim TOTO, BOHM 3MEHIIYIOTh Yac CHPALIOBAHHS i 301IBIIYIOTh Yy TJIUBICTh 3aXUCTY, SIK 1€ BUIHO 13
pe3ynbTaTiB po3paxyHKiB peakTuBHOI oTykHOCTI 32 O33 Ha dinepi @1, HaBeneHux y tadn. 1. Po3paxyHku
npoBesieHo Jis YacToTHUX QinbTpiB [epruens (PI), HanamroBaHUX HA BUAUICHHS YaCTOTHUX CKIIAJOBUX
Big 50 go 350 I'm. 3a Takux yMOB JOCIHiIKYyBaBCsl K PE30OHAHCHHMU CTaH HaJalTyBaHHsS PEaKTOpa, Tak i
niepe- 1 HemokoMIteHcais. HaBeneHo cepenHi 3HaYeHHS MOTYXKHOCTI, sIKi o0unciaeHo 3a N=32 nuCKpeTHHX
BI/ITIKIB.

Taoauns 1
Q, xBA Q(50) Q(100) | Q(150) Q(175) Q(200) | Q(250) | Q300) | Q(350) Biioxu
d/dt
0,5*Lrez -119,0 41,77 37,88 35,29 34,84 30,22 19,18 10,23 €
1,0*Lrez 97,83 74,70 45,43 40,89 39,74 32,57 20,44 10,90 €
1,5*%Lrez 166,7 79,71 46,71 41,01 38,89 30,61 18,49 9,512 €
0,5*Lrez -211,4 3,367 2,033 1,749 1,142 0,587 0,215 0,055 HEMA€E
1,0*Lrez 30,0 19,35 5,06 3,73 2,24 1,1 0,487 0,214 HEMae
1.5*Lrez 111,1 24,75 6,0 4218 2,528 1,208 0,542 0,252 HEMae

Sk BuaHO 3 Taba. 1, 3amns 3a0e3MEYEHHS CENCKTHBHOTO 3aXUCTy MOXYTh OyTH BHKOPUCTaHI
YaCTOTHI CKJIaM0Bi, yacToToro BHIe Bix 100 I'11, mpu 1IbOMY 4acTOTH HEOOOB’ I3KOBO MalOTh OYTH KpaTHUMHU
4acToTi JKUBJICHHS Mepexki. 31 30UIbIICHHSM YaCTOTH MOTYXHICTh 3MEHIIYETHCS, 1 TOMY BHCOKI 4acTOTH
TaKOXX BUKOPHUCTOBYBATH HE BapTo. 3 maHWX Tabm. | Takok MOXXHA Oa4yuTH, MIO 3aCTOCYBAaHHS OJIOKIB
nmudepeHITitoBaHHS 301UTBIITYE TTOTYKHOCTI B 15-20 pazis, 10 3HAYHO ITiABHUIYE Yy TIUBICTH 3aXHCTY.

Po3paxyHkoBi moTyxHOCTI (Tabi. 1) oTpuMaHO 3a 3aMHKaHHsAM ()a3u Ha 3eMIII0 4Yepe3 aKTUBHUUI
omip R=1 Om. 3a GifbIINX 3HAYEHb LBOTO OMOPY MNOTYXKHICTh 3MeHIIyeThes 1 32 R=100 Owm, i 3a HasBHOCTI
omokiB d/dt moxxe OyTH HEZOCTATHBOIO, K I1€ BUIHO 3 JaHUX TalI. 2.

SIK1o moporose 3HaueHHS MOTY>KHOCTI MPUUHATH, Hanpukiaa, 1| KBA, To 4yTinuBicTh 3aXUCTY MOXKeE
Oyzae HeJOCTaTHBOI. Y IIbOMY BHIAAKY CIIii BAKOHATH 3aXUCT 338 CXEMOIO Ha pHC. 1, y IKOMY MOTY>KHICTb
3HAXOMAATh SIK CyMy MOTY)KHOCTEH, OTpuMaHHMX 3a jgomnomoror ¢ineTpie @I mis ABOX pi3HUX 4YacCTOT,
HarnpukiIam, st gactot 1501 200 I,

Ta6auus 2
Q, kBA Q(50) Q(100) | Q(150) | Q(175) Q(200) Q(250) | Q(300) | Q(350) Bioku
d/dt
0,5*Lrez 2,2 2,844 0,749 0,353 0,322 0,172 0,104 0,068 €
1,0*Lrez 8,88 3,8 0,988 0,461 0,437 0,24 0,151 0,102 €
1.5*Lrez 12,2 3,75 0,99 0,495 0,438 0,241 0,150 0,100 €

Jlist mpukiany Ha puc. 4, a, 06, 6 TOKa3aHO BUXIIHI CHTHAIH cTpyMy (@) 1 HanipyTH (6) 610KkiB OI mis
yactoTd 250 I'1] Ta BUXITHHI CUTHAI peakTUBHOI MOTYXHOCTI () mpu O33 3a BiacyTHocTi OJokiB d/dt i 3a
iXHBOI HASBHOCTI.
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0.445 0.45 0.465
a
2500
1250
0
-1250
-2500 : i, 2l
0.44 0.445 0.45 0.455 0.46 0.465 0.47
o
1000
Q, kBA
800
600
400
200 *
Q1*20 t. cex
0[]_44 0.445 0.45 0.455 0.46 0.465 0.47
6
Puc. 4
6000
ull, B
0
-6000

Konrakrm pene

L,CCK

1 1.5 2

6

Puc. 5
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Sk BUImHO 3 puC. 4, a, KOPHCHHH CHUTHAJ PEaKTHBHOI IOTYXHOCTI i€ Oe3rmocepesHbo IMicis
yrBopeHHst O33 mpotsirom =0,022 ¢, 1 BiH (Q2) 32 HasBHOCTI OioKiB d/dt ik Hixk B 20 pa3iB nepeBHITYE
notyxkHicte Q1 3a BigcyTHOCTI Takux OnokiB. HaBeneni B Tabxa.1 maHi #alOTh 3MOTY BUSIBUTH 3aJI€KHOCTI
peakTuBHOI moTtyxkHOocTi Q(K) Binm wactoTH, sSKy BHAUIIIOTH (imbTpu [eprTiens, i BHOpaTH ONTHMAIbHY
KOMOiHaIlif0 9acToT. Ha HU3BKMX dYacToTax CTYHIiHb HaJAMTyBaHHSI KOTymKH [lerepceHa BIUIMBae Ha
BEJINYMHY PEaKTHBHOI MOTYKHOCTI, TOMY HaliMEHIIIOI0 YacTOTOIO, SIKYy 0€3MeYHO BUKOPHUCTOBYBATH, HAa HalI

noriisia, € yactora 150 I'm.

Ha puc. 5, a, 6, 6 HaBeneHO Pe3yJBTaTH MOJICITIOBAHHS poOOTH 3axUCTy 3a Hectiiikoro O33 Ha
¢inepi F1. Ha puc. 5, a nokazaHo Hanpyry, a Ha pHc. 5, 6 — CTPYM HYJIbOBOI ITOCIiIOBHOCTI, SIKi MOJAI0THCS
Ha BXiJ peje; Ha puc. 5, ¢ — KOHTakTH BO, KU 4iTKO cHpalboBY€e HE3AJICKHO BiJ 3HAUCHHS allepioAnvHOI
CKJIaJIOBOi y CTpyMi 1 Hampy3i HyJnboBOi mociinoBHOCTi. Ha puc. 6 mokazano rpadix cTpymy i Hampyru
HYJIBOBOI ITOCITIIOBHOCTI B Pe3yJIbTaTi MOJEIIOBAHHS OHO(GA3HOTO 3aMUKAHHS Ha 3€MIIIO, III0 OTPUMAaHO Ha

260

130
i0*10, A

~130

t, cex

=260 — N
0015 002 0025 003 0035

Puc. 6

004

¢bi3nuHii Mozei.

Bimomo [11], mo Ha movartky mepe-
xigHoro mportecy pu O33 (mpotsrom 0,015 -
0,025 c¢) BHHUKAIOTH BHIII TapMOHIIHI
CKJIaJOBi B CTpyMi 1 Hampy3i, a 3HaliaeHa 3a
iXHBOIO OTIOMOIOI0 PEaKTHBHA MOTYXHiCTh
Ha YIIKOIKCHOMY INPHEIHAHHI A0AaTHA, a Ha
HEYLIKOKEHOMY — Bin’eMHa. [Ipn npomy, sk
MOKa3ajdl AOCHiIKEHHS, 3aBISKU PO3PAAY-
no3apsaay €MHOCTeH (a3, IMIyJIbCHA peak-
THBHA TOTYXKHICTh y 5—8 pa3iB mepeBuIlye
notyxHicTe ipu O33 B yCTaIEHOMY PEXUMI.
[{ro 0coOIuBICTH BUKOPHUCTAHO B PO3POOITIO-

HOMY aJrOpUTMIi 3aXHUCTY Miji yac BUOOPY Mopory cnpautoBaHHsa (,, 3HaUeHHs siKoro Bubuparors sk (0,1 —
0,15)Omins 1€ Omi=UnomI'min — PEAKTHBHA TOTYKHICTh YCTAJIECHOTO PEXHMY (igepa 3 MiHIMaIbHUM
€MHICHHM CTPYMOM 3aMUKaHHS (Da3W Ha 3eMITIO, KOJM Ha CEKIlii MiJKIF0YeHO TiUTbku aBa Qimxepu. Uyrnm-
BICTh 3aXUCTy OyJe CKIafaTh Oible IECTH, SKIIO aKTUBHUI OMip B MICIli 3aMUKaHHS HE MEPEBUIILyBaTUME

100 Om.

JIOCTOBIpHICTh POOOTH PO3POOJICHOTO AITOPUTMY 3aXHCTY MiATBEPIUKEHA pe3ylbTaTaMH MaTeMa-
TAYHOTO MOJICTIOBAHHS Ta MOCIHIDKEHHAMHU Ha (izudHiit Momeni Hanpyroro 0,4 kB. UytmuBicts po3pobire-
HOT'O peJie Ha MOPSIO0K MEPEBUIYE BioMi po3po0KH, 1 BOHO HaJlIHHO CIIpalboBYeE y pasi 3aMUKaHHS (a3u Ha

3emutto uepes onopu A0 100 OM BKITIOYHO.
BucnoBku.

1. 3’sicoBaHoO, IO anepioAnyHi (Taki, MO eKCIOHEHILIHHO 3racaloTh) CKJIaJ0Bi B KOHTYpPi HYJIHOBOT
MOCIJOBHOCTI MOXYTh 3aBakKaTH CEJEKTHBHIA poOoTi 3axucry. 1100 3amoOirtu mpoMy, B cCXeMy pesie
BBEJIEHO OJIOKH, SIKi BUKOHYIOTh YHCEIbHE AU(EPEHIIFOBAHHSI CUTHAJIB CTPYMY 1 HANPYTH 1, TAKAM YHHOM,
BiI(pUTETPOBYIOTH amepioAMYHI CKIIAIOBI IEPEXiTHOTO MPoIiecy 0aHO(a3HOTO 3aMUKAHHS Ha 3€MITIO.

2. OTpUMaHO 3aJeXHICTh PEaKTUBHOIT MOTY>KHOCTI Bijl YaCTOTH B KOHTYDI HYJIOBOI MOCHiJOBHOCTI,
sKa J1a€ 3MOTy 00paTH JUI 3aXUCTy ONTHMAaJIbHI 3HAYSHHS YaCTOTH.

3. 3amia MABUINEHHS YYTIMBOCTI 3aXHCTy y pa3i 3aMHuKaHHS depe3 omopd 10 100 OM BKIFOYHO
3aIpOIIOHOBAHO 32 JIOTIOMOT'OI0 II(POBHUX YACTOTHHUX (iNBTPiB ['epTiens BUALIATH 31 CTpyMY 1 HAIPYTH HYJIHOBOT
TIOCITITIOBHOCTI YaCTOTHI CKJIAJIOBI JUTS IBOX PI3HUX YaCTOT, PEAKTHBHI MIOTY>KHOCTI IS SIKUX JIOJ[aBaTH.

4. Tlpaue3aTHicTh PO3POOJICHOTO ANTOPUTMY 3aXUCTYy IIATBEPPKEHO pe3ysIbTaTaMH MaTeMaTHd-

HOT'O MOJICJIFOBAHHS Ta AOCIIKCHHIMHU Ha (PI3UUHINA MOJEI.
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EARTH FAULT PROTECTION IMPROVEMENT ON DISTRIBUTION NETWORKS

V.F. Syvokobylenko, V.A. Lysenko
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Shibankova sq., 2, Pokrovsk, Donetsk region, 85300, Ukraine.

E-mail: svf1934@gmail.com ; viktor.lysenko@donntu.edu.ua

The purpose of the article is to improve the single-phase earth fault protection for compensated electrical networks by
eliminating the disadvantages of the known protection methods. The developed mathematical model revealed the
possibility of non-selective protection operation due to the influence of aperiodic components in currents and voltages
in transients. Insufficient sensitivity of protection at phase to earth faults due to active resistors greater than 10-20
ohms was also detected. The dependence of the reactive power on the frequency of the signals, isolated by the Hoertzel
filters was obtained. These filters are taken as a basis because they require less computational cost than a discrete
Fourier transform. It is suggested to perform differentiation before applying current and voltage of zero sequence to the
frequency filters, which reduces the influence of aperiodic components on the phase errors of the relay and greatly
enhances the useful signals. To increase the sensitivity of the relay when the phase is grounded through active
resistance up to 100 Ohms, the relay circuit includes Hoertzel filters (for current and voltage) to select the components
for two different frequencies (both higher than fundamental), and reactive power is found as the sum of power for the
first and second frequencies. The sensitivity of enhanced protection algorithms compared to known algorithms is
increased 10-20 times. References 13, figures 6, tables 2.

Key words: phase-to-earth fault, compensated electrical network, selective protection, Hoertzel algorithm, zero-
sequence current and voltage, reactive power.
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YCOBEPHIEHCTBOBAHUE 3AIIIATHI OT 3AMBIKAHUM HA 3EMJTIO
B PACITPEAEJIUTEJIBHBIX CETAX

B.®. CuBox00ObII€HKO, TOKT. TEXH. HayK, B.A. JIICEHKO, KaH/I. TEXH. HAYK
JloHenKuii HALMOHAIbHBINA TeXHHYECKUH YH-T,

1. llln6ankosa, 2, [lokpoBck, JJonenkasn 06.1., 85300, Ykpauna.

E:mail: svf1934@gmail.com ; viktor.lysenko@donntu.edu.ua

Llenvio pabomul A61seMCA COBEPUIEHCMBOBANUE 3AUWUMNBL OM OOHODAZHBIX 3AMBIKAHUL HA 3eMA0 0 pacnpeoeni-
MENbHBIX INEKMPUYECKUX cemell nymem YCmpanenus HeO0CmamKo8 U36eCmHbIX Memooos8 3auumaul. [{is ceieKmueHo2o
Oeticmeust 3auumol  ONpeoession HANPAeieHue PeakmueHOl MOWHOCHU C HOMOWbIO GblOCICHHbIX U3 MOKA U
HANPAJ’CeHUsl HYe8ol NOCied08amenbHOCmU cocmasisowux ¢ yacmomot, eviue 50 T'y. [na smozo ucnonv3yom
yugposvle wacmomuule uirbmpul. C ROMOWBIO MAMEMAMUYECKOU MOOEU BbIAGLEHA 803MONCHOCHb HECELeKMUBHOU
pabomvl Mako2o AnOPUMMA U3-3a GIUSHUSL ANEPUOOUYECKUX COCAGTSIIOUUX 8 MOKAX U HANPSANCEHUSIX 8 NePeXOOHbIX
npoyeccax. Taxace obHapydceHa HeOOCMAMOYHAs YYECMEUMETbHOCMb 3AWUMbl NPU 3AMbIKAHUSAX (Pazbl HA 3eMII0
yepe3 akmusHwvle conpomusienus, ooavute 10-20 Om. Ilonyuensvt 3asucumocmu peakmusHou MOWHOCHU O YACHOMbl
cuenanos, evioensiemvlx Quivmpamu Iepmyens. Omu Quabmpel 635mvl 34 OCHOBY, NOMOMY UYMO OHU Mpedylom
MEHbUUX BbIYUCTUMENbHBIX 3ampam Nno CpasHeHuio ¢ OucKkpemuvim npeobpazosanuem @Pypwve. Ilpednosiceno nepeo
nooaveli MoOKA U HANPAJICEHUS HYJIe80U NOCIe008AMENbHOCNU HA  YACMOMHbIe (QUILMPbL  GbINOAHAMb  UX
ougppepenyuposku, umo ociabiasiem GIUSAHUE ANEPUOOUYECKUX COCMAGISIOWUX HA (DA308ble NOSPEUWHOCU pee U
HAYUMENbHO YCUNUBAEM NOJe3Hble CUSHANLL. [ NOSblueHUs YY8CMEUMENbHOCU pele NPU 3aMbIKAHUAX (asbl Ha
3emaro yepes akmusHoe conpomusnenue 0o 100 Om 6 cxemy pene exmouarom guivmpul epmyens (0na moka u
HANpsiicerust) OJisk GbLOENIeHUs. COCMAGNSIOWUX Ol 08YX PANIUYHBIX YACHONM, d PEAKMUGHYIO MOWHOCHb HAXOOSIM KAK
cymmy MowgHocmetl Onsi NEpeoll U 6mopou uacmomsl. HdyecmeumenbHOCms YCOGEPUEHCIMBOBAHHO20 AN20PUMMA
3aWUmMsbl N0 CPABHEHUIO ¢ uzgecmuvimu nogvlutena 6 10-20 pas. bubn. 13, puc. 6, Tadi. 2.

Knroueswie cnosa: 3ambikanue (ba3bl Ha 3E€MJII0, KOMIICHCUPOBAaHHAaA DJICKTPHUYECKasA CETh, CCJICKTUBHAA 3alInTa,
AJITOPUTM FepTuenﬂ, TOK U HAIIPAKCHUC HyﬂeBOﬁ oCJI€A0BaTC/IbHOCTU, pEaKTUBHAA MOIITHOCTb.
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