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Annomayun. B crathe paccMaTpuBaeTCs MpobiieMa MOBHIIIEHH KayecTBa IPO303aIlUThI 3a cUeT 00-
Jiee TOYHOTO pacueTa e€ mapaMeTpoB. B kauecTBe cpeicTBa 3allUThl BBIOpPAH 3alIUTHBINA TPOC. AKTyallb-
HOCTH 3a7a4i 00yCJIOBJIEHAa HEOOXOIMMOCTBIO MOBBIIICHUS KadecTBa M OecriepeOOoHOCTH IHEpProcHabxe-
HUS B COBPEMEHHBIX YCIOBHSIX. B KauecTBe 00BEKTa UCCIICAOBAHMS BHIOPAH yUaCTOK peallbHOM CETH JJICK-
TpUUECKUX coeauHeHuil HanpsbkeHnueM 110 kB B Bune Bo3ayuiHsix tuHui Ha onopax [16-100-8, k koTopeiM
MTOIKITFOYCHBI Pa3HOPOAHEIC MOTPEOUTENH. DKCICPUMEHTAIBHO YCTAHOBIICHO, YTO TOTPEOUTENN OKa3bIBa-
IOT YT Ha JApyra B3aMMHOE BIIMSHHUE. B 3THX yCIIOBHSIX 3aTpyIHHUTEIEHO MPUMCHHUTE TPAIUIOHHBIC Me-
TOJBI pacyeTa rpo3o3amutsl. Lleap ucciegoBaHus — aHATN3 BIHSHUS IPOBOIHHUKA IPO30TpPOCa HaA Tepe-
XOJHBIC TPOIECCHl PEeaTbHONW MBYXIEIMHOW BO3AYIIHON JIHHHUH 3JCKTPOCHAOKeHUs . MaTepuaabl U Me-
Toabl. B makere Simulink pa3paboTaHa UMHTAIMOHHAS MOJIENb B3aUMOICUCTBHUS IJIEMEHTOB CHCTEMBI
3NEeKTPOCHA0KEHNUS, BBIKIIOUaTeNIe U moTpeduTeneil, BOCIPON3BOAAIIAs Pa3IndYHbIC PEKUMBI paboTHI ce-
TH: XOJIOCTOH X0/, paboTy 1Mo Harpy3Koi, KOpoTKoe 3aMbikaHne. OrpaHHueHue TepeHanpspKeHUH B MOJe-
JI He YYUTHIBACTCA B IIEAX HMccienoBaHus. Henocratomue faHHbIE TOTYYEHBI H3 CTOPOHHUX HCTOYHHUKOB
U ¢ oMot mporpamMmel Google Earth. AnekBaTHOCTh MOJETH JJ0Ka3aHa MyTEM CPAaBHEHHUS PE3yIbTaTOB
C KCIIePUMEHTAIBHBIMHI JaHHBIMH, B TOM YHCJIE pacyeTaMy B3aUMHOTO BIUSHHA moTpebuteneil. Pedyiib-
TaThl. PazpaboraH crieHapuii MOIETMPOBAHUS, IPEAYCMATPUBAIOIINI HECKOIBKO MEPEKITFOUCHUIA H KOPOT-
KHX 3aMBIKaHWHA B ceTH. [IpoaHaNM3UPOBAaHO BIHMSHUE IPO303AIIUTHOTO TPOCA B PA3IHUYHBIX PEKUMAX pa-
60Tel. [TyTeM aHaNMM3a OCIMIIIOrPaMM CETH M3YYCHO B3aMMHOC BIHMSHHUC MIPOBOTHUKOB PAa3HBIX IEIeH BEI-
COKOBOJIETHOH JMHWUH. [l0Ka3aHO, 4TO 3TO BIHSHHUE CYIIECTBEHHOC, M €ro HEOOXOAMMO YYHUTBHIBATH IPHU
pacdere rmapameTpoB CPEACTB rpo303auThl. OleHeHO 00paTHOE BIMSHNE TPO303aIIUTEI Ha AJIEKTPHIECKYIO
ceTh. 3akiouenue. PazpaboTaHHas MOJeTh MOXET HMCIHONB30BAaThCS UIS MIMPOKoro kpyra cereit 100 B,
OCHAII[EHHBIX CPEJCTBAaMH I'PO303aIlUThl. B naHHOM cityyae moaTBepikaeHa 3((GeKTUBHOCTh BHIOPaHHOTO
3alIUTHOTO Tpoca. BakKHBIM YacTHBIM BBIBOJIOM U3 PE3YJIbTATOB MOJCTHUPOBAHMS SBILICTCS 3aKITIOUYCHHE
0 HecyliecTBeHHOH (MeHee 1 %) moTepe MOIIHOCTH B CETH M3-3a OpTaHU3aI[ul TPOCOBOM IPO303aIIUTHI.
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COMPUTER SIMULATION OF CABLE LIGHTNING PROTECTION
OF 110-kV VOLTAGE DOUBLE-CIRCUIT PTL BY SIMULINK
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Abstract. The article deals with the problem of improving the quality of lightning protection due to
a more accurate calculation of its parameters. A protective cable was chosen as a means of protection.
The urgency of the task is due to the need to improve the quality and uninterrupted power supply in modern
conditions. As an object of study, a section of a real network of electrical connections with a voltage of
110 kV in the form of overhead lines on PB-100-8 supports, to which heterogeneous consumers are con-
nected, was chosen. It has been experimentally established that consumers have mutual influence on each
other. Under these conditions, it is difficult to apply traditional methods for calculating lightning protection.
The aim of the study is to analyze the effect of the ground wire conductor on the transient processes of
a real double-circuit overhead power supply line. Materials and methods. In the Simulink package, a si-
mulation model of the interaction of the elements of the power supply system, switches and consumers has
been developed, reproducing various network operation modes: idle, load, short circuit. The overvoltage
limitation in the model is not taken into account for research purposes. The missing data was obtained from
third-party sources and using the Google Earth program. The adequacy of the model was proved by com-
paring the results with experimental data, including calculations of the mutual influence of consumers.
Results. A simulation scenario has been developed that provides for several switching and short circuits in
the network. The influence of a lightning protection cable in various operating modes is analyzed. By ana-
lyzing the oscillograms of the network, the mutual influence of conductors of different circuits of a high-
voltage line was studied. It is shown that this influence is significant, and it must be taken into account
when calculating the parameters of lightning protection. The reverse effect of lightning protection on
the electrical network is estimated. Conclusion. The developed model can be used for a wide range of 100 kV
networks equipped with lightning protection devices. In this case, the effectiveness of the selected security
cable has been confirmed. An important private conclusion from the simulation results is the conclusion
about an insignificant (less than 1 %) power loss in the network due to the organization of a cable lightning
protection.
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BBenenne

Bozaymneie nuann anekrponepenayn (BJI) TpeOyroT 3amuThl OT rpo30BBIX MepeHanpsbkenuit [1, 2].
OnHuM U3 CPENCTB 3aLUTHL OT TAKUX MEPEHANPSIKEHUHN SBISIETCS Ipo303aluTHBIA Tpoc. Hecmotps Ha
ITUPOKO M3BECTHHIC HEJOCTATKU TaKoro MeTona [3], oH MHMpOoKo MpUMEHseTcs Ha npaktuke. [Ipunsatue
pelieHuss 00 HCIOJIb30BaHMM MMEHHO T'PO30TPOCa C YUETOM XapaKTEPUCTHK KOHKpeTHou BJI kpome
OIBITA KCIOJNB30BAHUSI MOXKET OCHOBBIBATHCSI HA Pe3yJibTaTaX MOJEIUpoBaHud JuHuu [4]. B kauectse
WHCTPYMEHTA ISl IOCTPOCHUS TMOAOOHBIX MOJENEH XOpPOIIO 3apeKOMEHIOBAIN ce0sl pa3Hble MOIYIH
(tynookcsr) cpenst MATLAB [5, 6], B uactHocTH Simulink [7].

Lenpro maHHOW pabOTHI ABISETCS aHAIW3 BIMSHUS MPOBOJHUKA TPO30TPOCA HA TEPEXOIHBIE TPO-
reccsl peaabHol ayxuernHoi BJL. Jlns atoro cozmaamm B Simulink Mopens ¥ mpoBeneM WMHUTAIAOH-
HBI 9KCIIEPUMEHT U3 JIBYX JTaIlOB:

1-# atan — moxenupoBanue ApyxienHoi BJI 110 kB 0e3 rpo3o3aiiuTsi;

2-ii aTan — mogenupoBanue aApyxuenHoit BJI 110 kB ¢ rpo3o3zamuroit no Beeit qiune BJL.
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[Ipoananusupyem BIMSHHE HATUYUS TPO30TPOCca Ha epexoaHble nmpouecchl BJI B pa3HbIX pesxumax
paboThl, Takke 0OpaTM BHUMAaHHE HAa B3aMMHOE BIMSHHUE MPOBOIHUKOB pa3HbIX Lenei BJI. B npouec-
ce paboTsl oueHUM 3P PEKTUBHOCTH BHIOPAaHHON KOHCTPYKLMH OIMOP M TPO303ALIUTHI, YTOOBI HCCIEN0-

BaTh BO3MOKHOCTb €€ MPUMEHEHHSI.

PaccmaTpuBaeMblii y4acTOK CETH JJIEKTPUYECKUX CO-
equHeHnii 35-110 kB (c oObekTaMu 3IIEKTPOIHEPIETHKH)
IO BOC ¢unnana OAO «MPCK VYpana» — «Illepmdnepro»
pacnionoxeH B IlepMckoM Kpae 1 BKIIIOYaeT B ceOst:

1) ucrounuk Hanpsbxenus 110 kB;

2) Beikmmtovarens 110 kB;

3) munwmro snextponepenayu (JIDII) 110 kB;

4) ycTpOHCTBO MCKYCCTBEHHOI'O CO3IAaHUSI KOPOTKOTO 3a-
MBIKaHUS;

5) Beikirodarens 110 kB;

6) Tpanchopmaropnyro noacraniuio [1C 110/35/6 kB.

Amnanu3 3apyOexHbIX [8, 9] u oreuectBennbix [10, 11, 12]
HMCTOYHHUKOB MOKAa3bIBAET, YTO KAKABIN JIEMEHT CXEMBI B DHEP-
TOCHCTEME OKa3bIBAET BIMSHUE HA CMEKHBIC 3JIEMEHTHI 3HEp-
TOCHUCTEMBI, TIO3TOMY Ba)XHO HCCIENOBATh 3TH SBJICHHUA. JTO
MOMOXET OTKOPPEKTHPOBaTh PabOTy 3HEPrOCHUCTEMBI, HAHTH
ciabble MecTa WM Ja)Ke 0TKa3aThCsl OT MPUMEHEHUs BHIOpaH-
HOTO cIrtoco0a rpo3o3amursi [ 13].

IIporsxennocts nuanu BJI 110 kB Bymaxxnas — KpacHo-
Bumepck coctasiseT 96 kM ot r. Conukamcka 1o r. Kpacho-
Buiepcka Ilepmckoro kpas. Ha cBoem nporsixenun BJI nmeer
3 ornaiiku: IIC I'y6mop, IIC Oszepnas, IIC I'exxckas. JIunus
3JIEKTPOINEpelauu SBISETCS ABYXLENHOH. DTO 03HaYaeT 4To Ha
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BJI 110 kB bymaxnas — Kpacunosumepck | iens; =
BJI 110 kB bymaxnas — Kpacunosumepck 11 ners.
MatepHajbl H METObI Meemo mhuba ;
Ha BceMm mpoTspkeHMM JMHHU NPEoOalaloT OMOPHl THIA Kow M,
[16110-8. UMeHHO WX TabapUTHBIE pa3Mepsl OyIeM UCIIONB30- Jasermenui r"éﬁ'—:"%‘;‘zﬂh '
BaTh JUIA pacyera. /IByximemHas MpoMeKyTodHas xeJe300e- { i
toHHas onopa [1b110-8 npeanasnauena mis opranuzammu BJI é .L
1o MPSMOMY Y4acTKy. BHemnuil Bug u rabapuTHble pasMepsl bk _
IMOKa3aHbI HAa pUC. 1. Puc. 1. NB110-8
OcHOBHbBIE TEXHHYECKHE IaHHbIE MPOBOJA M T'PO30TpOca Fig. 1. PB110-8
MPUBE/ICHBI B TaOM. 1.
Tabnuua 1
OCHOBHbIe TeXHU4Yeckue gaHHble npoBoAa un rpo3oTpoca
Table 1
Basic technical data of the wire and lightning protection cable
IIpoBox I'pozotpoc
Hamveropaie AC 150/19 I'TK 20- 0/90-12,1/104
Huametp, Mm 16,8 12,1
IInomane cevueHus alFlOMUHUEBOM YacTH, MM 147,78 0
IInomanp cedeHUs CTaIbLHOM YacTH, MM 18,81 86,34
Jonyctumslii Tok, A 450 —
DNEKTPUYECKOE CONPOTUBIEHHE | KM ITPOBOAA 0.2046 0,999
MOCTOSTHHOMY TOKY, OM

BecTHuk KOYpl'Y. Cepusa «KoMmnbroTepHbIE TEXHONOMMU, ynNpaBneHue, pagvuo3neKTpoHuKa.

2022. T. 22, Ne 4. C. 131-140

133



KpaTtkue cooblieHuns
Brief reports

U3z [10] cnenyer, uro T/D 0,5 3amaer cruomHyr xuiay. Torma momcrtaBuM jJaHHbIe w3 TaOm. 1

B opmyy:

T 147,78 0,5

D 147,78+18,81 = 0,44. ey

CornacHo [14], Bo3pMEM cpefHee 3HAYCHUE COMPOTHUBIICHUS 3a3€MIISIOIIETO YCTPOUCTBA MOPSAKA
15 Om. Hegocraromuye 1aHHbIE O PACCTOSHUAM 0 MECT HOJKIIOYEHHUS OTIAEK MOJYUYEHBI C IOMOIIBIO
Google Earth (puc. 2).

[Ipu monenuposanus BJI 110 kB yurem Hamuuue ropozorpoca. CoriacHo cxeme (hasHMpOBKH IO
onopam BJI 110 kB, monyuum cnenyromiee pacnonoxenue ¢a3 Ha onope B HampasieHuu oT 1IC By-

makHas k [1C Kpacnosumiepck (puc. 3).
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Puc. 2. HepocTalowme gaHHble MO PacCTOSIHUAM A0 MeCT NOAKIIOYEeHUs1 oTnaek
Fig. 2. Missing data on the distances to the connection points
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Puc. 3. PacnonoxeHue a3 aByx uenHon BI1 110 kB Ha onope
Fig. 3. The arrangement of phases of a double-chain 110 kV
high-voltage line on the transmission tower

Torna BcraBuM Bce moiy4deHHble naHHble B PowerGui Bkimagka Compute RLC Line Parameters
[15], xak moka3aHo 3T0 Ha puc. 4.

Mogens yuactka cet 110 kB, nokasannast Ha puc. 5, IpeJHa3Ha4YeHa AJs IPOBENCHHS SKCIIEPUMEH-
Ta M0 CIIEHAPUIO MOJICIMPOBAHMs, YKa3aHHOMY B Tabiu. 2. Monenb cioXHasi, peanusyeT paboTy TpaHc-
(dopmaTtopoB u aByX LenHOW BJI ¢ HelMMHEHHBIMU XapaKTEPUCTHUKAMH, MPHU PA3THYHBIX PEKUMAaX CETH:
xonoctoit xon T1(2), paboTa o Harpy3Koi, KOPOTKoe 3aMbIkaHKe. [IpaBas yacTe Mozenu peanusyer pa-
6oty monmxatomeii cranuu 110 kB KpacnoBumepck, nanee I1C, cormacHo BeImaHHOH (pasupoBKe Ha
[1C BeimonHEH «kpecT» (cMerenue ¢as), 3To CBA3aHO ¢ KOHCTPYKTUBHBIME ocobeHHOcTsiMu [1C. JlanHas
MOZIEJIb B HCCIIEI0BATEIbCKUX 1IEJISIX BHIIIOJIHEHA 0€3 OrpaHnuuTeNnei nepeHanpsbkeHui, nanee OITH.
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— General

Comments:

Units: | matric
Frequency (Hz):

Ground resistivity (ohm.m): p2 -3.5000 175000 10

Line Geometry

Number of phase conductors (bundles): 6
v

50 Conduct...| Phase X (m) Ytower (m) | ¥ min (m] | Cond. type
pl -2 20.5000 13

p3 -2 14.5000 7

ling.

steel ground
wires.

heights of

Example of a 735-kV three-phase pd 2 20.5000 13

Three bundles of 4 Bersfort ACSR 1355 pb 2 14.5000 7
MCM conductors ; two 1/2 inch-diameter

“rtower and ¥'min are the average g1 0 0.2000 24500 24500 2

p5 3.5000 17.5000 10

Number of ground wires (bundles):|

Bundle Phase KAft) Y tower (ft) | Y min (ft) Conductor

Conductor

type

— Conductor and Bundle Characteristics

Number of conductor types bl Conducter internal inductance evaluated from Include conducter skin effect
T/D ratio W

Conductor Conductor Conductor DC  Conductor Number of Bundle Angle of
(bundle) outside diameter TD resistance relative conductors diameter conductor 1

{cm) ratio {Ohmkm) permeability per bundle {cm} (degrees)

=

1.6800 0.4400 0.6588 0.2046 1 1.0000e-03
1.2800 0.5000 0.4984 0.9990 1 1.0000e-03

Load typical data

Compute RLC line parameters

Puc. 4. Hactponka BuptyansHon mogenu BJ1 110 kB Bknagka Compute RLC Line Parameters
Fig. 4. Setting up a virtual model of a 110 kV high-voltage line tab “Computer RLC Line Parameters”

Tabnuua 2
CueHapuii MoaenupoBaHUA
Table 2
Simulation scenario
O6o3Ha-
Bpewms, ¢ HanmenoBanue
YeHHE
0.05 QW1 Bxmrouaercs Beikmtodarens 110 xB. Ilomaetcs nHanpsbxkenme Ha BJI 110 xB
’ Bymaxnas — KpacHoBumepck 1-4 nens. JInHus ycranaBnyuBaeTcst o HANpsDKEHUE
03 QW2 Bxmtouaercs Beikmtouatens 110 kB. Ilopmaercs nanpsoxkenune Ha BJI 110 xB
’ Bymaxnas — KpacHoBumepck 2-51 nens. JIMHUS ycTaHaBIHMBAETCsl O HANIPSDKEHUE
05 QW3 Brrouaetcs Boikimodareib 110 kB. Brimowaercs tpanchopmatop T1 Ha xoito-
’ CTOH X071
Bxmrouaercs BeIkimtouatens 35 kB. Bxmrouaercs marpyska Nel mo cropone
2,2 QW4 | cpennero HanpsbkeHusi, TpaHcopmatop T1 BEIXOOUT Ha MaKCUMAaJbHBIA pabo-
YU peKUM
25 QW5 Bxutouaercst Beiximovarens 110 kB. Brmouaercs tpancdopmarop T2 Ha xono-
’ CTOM XOf
Bxmtouaercs Beikmiouatens 35 kB. Brimowaercs Harpy3ka Ne 2 mo cropoHe
4,2 QW6 |cpennero HampsbkeHUs!, TpaHCcGopMaTop T2 BBIXOJUT Ha MaKCUMAaJbHBIA pabo-
YU peKUM
Cosnaercs ogHo(a3HOe KOPOTKOE 3aMbIKaHHWE Ha 3eMIIt0 Ha 86 kM Ha dase A
4,5-4,6 K31
BJI 110 kB uemns 1
Coznaercsa nByx(hasHOe KOpOTKOe 3aMblkaHue Ha 3emito Ha 60 kM BJI 110 kB
4,8-5,0 K32
nens 1 Ha dazax A u B
Cosnaercs nByx(a3Hoe KOPOTKOE 3aMblkaHHe Ha 3emito Ha 60 kM BJI 110 kB
5,1-5,25 K33
nens 2 Ha gazax Bu C
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Oocy:xnenne

Cuenapuii MoJieTHpOBaHus puBeieH B Tabi. 2. Cuenapuit oquHakoB kKak st BJI 6e3 rpo3orpoca,
Tak u Jy1s1 BJI ¢ rpo3oTpocom.

Ocmorpammel TokoB U Hanpsbkernid BJI 110 kB bymaxnas — KpacHoBumepck nens 1 u 2 moka-
3aHbl Ha puc. 6. U3 ocuyuiorpaMm cienyeT, 4To IMpakTHYecKH Jito0ble n3MeHeHus Toka Ha BJI 110 kB
1ens 1 mpUBOAAT K HEOOIBIIOMY U3MEHEHHIO HarpsbkeHui u TokoB Ha BJI 110 kB nens 2.

Ow_l_abc

Iw2_l_abc
1000 |

i
5
%10 Dw2_U_abe

Time offset: 0

Puc. 6. OcumnnorpammMbl TOKOB U HanpsbkeHun BI1 110 kB BymaxHas — KpacHoBuwepck uenb 1 u 2
Fig. 6. Oscillograms of currents and voltages of the 110 kV high-voltage line
Bumazhnaya — Krasnovishersk circuit 1 and 2

Pe3yabTarbl
Bo BropoMm sTare skcrepuMenTa U3MEHUM HacTpoiku Onoka BJI, no6aBuM B HacTpoiiku rpo30Tpoc,
KaK 3TO TO0Ka3aHo Ha puc. 4. CBeJeM NOTy4YeHHbIE JaHHbIE B Ta0JI. 3.

Ta6bnuua 3
[aHHble ABYX 3TanoB 3KCNepuMeHTa
Table 3
Data from two stages of the experiment
Toxk, A
HaunmenoBanue Mopenb Monens ¢ rpo3orpocom | OTKIOHEHHE, Y%
0e3 rpo3oTrpoca Ha 100 % anuHb

BJI nienb 1 0e3 Harpy3ku 35,9 36,1 0,557
Bbpocok Toka HamaranuuBanus 11 390 393 0,769
BJI uensb 1 ¢ Harpy3koit 195,6 196,5 0,460
BJI uens 1 npu K3 1353 1353,5 0,037
BJI nienb 2 0e3 Harpy3Ku 36,2 36,4 0,552
Bbpocok Toka HamarunuuBanus T2 393,8 3942 0,102
BJI uens 2 ¢ Harpy3koit 191,8 192.,4 0,313
BJI uens 2 npu K3 12004 1201,4 0,083
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3akinoueHue

AHanu3 W3MEHEHHUS TOKOB U HaNpsHKeHWH OCHWIIIOTPaMMBI Ha puc. 6, MOJNydYeHHBIX B IpoOIecce
MoJeIrpoBanus (CM. TaOJ. 2), A0Ka3aj, YTO JIIOObIe M3MEHEHUs Ha ojHOU 1ienu BJI BiausioT Ha xapak-
TEPUCTUKH BTOPOM Lienu AByxuenHoi BJIL.

PesynpTaThl npoBeneHNs ABYXATATHOIO SKCIEpUMEHTa 1Mo KOHCTpyKuuu BJI ¢ rpo3oTpocom u 6e3
HEro, Kak MOKa3aHo B Taln. 3, AOKa3bIBalOT TO, YTO HAJMYHE I'PO30TPOCA OKAa3bIBAET MUHHMAIIbHOE
BIMsAHUE Ha napametpsl BJI, Hanpumep, o TOKy B pa3HbIX pekumax padboTsl BiusHue MeHee 1 %. Cre-
JIOBAaTEIbHO, MOTEPH MOLTHOCTH, BO3HUKAIOIIMUE B Npouecce HaBeaeHus DJ{C B rpo3oTpoce, HEBEIUKH.

[Nony4yeHnHsle AaHHBIE JOKa3bIBalOT YPQPEKTUBHOCTH BHIOpaHHON KOHCTpyKuuu omop [15110-8 u
MIPUMEHEHHUE Ha Hel IPO303alllMThl B JAHHOH KOHKpeTHOW KoH(urypaiuu BJIL.
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