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Pesiome

PaccMoTpeHs! 1B KOHCTPYKIHH JIMHUH JIEKTpoIepesad: ¢ OXHAM H TpeMs pe3epBHBIMH IIPOBOJaMH. J[Jsi cpaBHEHHS! BBIITOJIHEHO
MOJIETTMPOBAaHUE MUTAIOIIEH CETH C THIIOBOH JMHMEH aiekTporepenaun. Ha nx ocHOBe onpenersuInch Cepur PeXKUMOB C HarpysKka-
MH, CO3/IaBaMBIMU NPH JIBIKEHUH IIITH TPY30BBIX Noe3n0B Maccoii 5 000 T B 4ETHOM M HEUYSTHOM HarpaBieHHsX. Pacuers! ocy-
LIECTBJIUIUCh HA OCHOBHOM YacTOTE U 4acTOTaX KaHOHMUYECKUX BBICIIUX TapMOHHUK: 3, 5, 7, ... 39. Taxxe IpoBeseHO MOJEIHPOBa-
HHE TEIUIOBBIX IIPOLIECCOB M IOCTPOCHBI BPEMCHHBIC 3aBUCHMOCTH TEMIIEpaTyp HarpeBa MPOBOIOB JIMHMIT snexTponepenad. s
aHaJM3a SHeProd(GGHEeKTUBHOCTH BEIYUCIISUINCH MTOTEPH AKTUBHON MOIIHOCTH B JIMHUH 3JIEKTPOIEPEaAUH, C LIENbI0 OLCHKH YCIOBHI
6€30MacCHOCTH PACCUUTAHBI €€ NEKTPOMAarHUTHbIC ot [ToTydYeHHbIe pe3ybTaThl MO3BOJIMIN C/CNATh CICAYIONINE BHIBOBL: IPHU-
MEHCHHE JINHHUH 3JICKTPONIEPEiadi C Pe3epPBHBIMU POBOAAMH CIIOCOOCTBYET MOBBIICHHI0 MUHIMAIBHOTO HAIPSHKEHHS HA TTAHTO-
rpadax Ha 2,5-3 %; 10 CpaBHEHHIO C THIIOBOH JIMHUEH 2JIEKTpoepeiadll CpeJHIe 3HAUCHNSI HalPSDKEHHUH JIMHUN C OJJHUM pe3epB-
HBIM IIPOBOZIOM yBenwuuBatotcst Ha 0,4-2,4 %; 1 IUHAM 3JIEKTpONepefadd ¢ TPeMs Pe3epBHBIMU IPOBOJAMH ITH IIOKa3aTelH
nexat B npenenax 1,4-3,2 %. Vcnonp30BaHne JUHAM JIEKTPOIEPEadt C Pe3ePBHBIME POBOIAMH IIOMOTaeT CHU3UTh KO3 PHIH-
€HTHl HECUMMETPUH 110 00pPaTHOM MOCIIEIOBATEILHOCTH IS TATOBOM MOJCTaHIMY, Haubojee yJaleHHOH OT UCTOYHHKA MUTAHUSL.
JU1st TUHUM 37eKTpoIiepeiaunl ¢ OJHUM PE3epBHBIM MPOBOAOM HECHMMETPHS CHIKAeTCs Ha 5,5 %, a pH TpeX pe3epBHBIX MPOBOIAX
— Ha 29 %. Pa3paboranHble u(POBBIE MOJIETH MOTYT MPUMEHSITHCSA HA MPAKTUKE MPH BBHIOOPE CPEICTB MOBBILECHHUS HAJEXKHOCTH
3JIEKTPOCHA0KEHUS TATOBBIX MOJICTAHIIHI IEPEMEHHOTO TOKA.
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Abstract

Two designs of power lines are considered: with one and three backup wires. For comparison, a simulation of the supply network
with a typical power line was performed. Based on it, a series of modes were determined, with loads created when five freight trains
weighing 5 000 tons were moving in even and odd directions. Calculations were performed at the fundamental frequency and the
frequencies of the canonical higher harmonics: 3, 5, 7, ... 39. Thermal processes were also simulated and time dependences of heat-
ing temperatures of power line wires were constructed. To analyze energy efficiency, active power losses in power transmission lines
were calculated. In order to assess the safety conditions, calculations of the electromagnetic fields of the power line were carried out.
The results obtained allowed to draw the following conclusions: the use of a power line with backup wires allows to increase the
minimum voltage on pantographs by 2.5-3%; as compared with a typical power line, the average voltage values of a line with one
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backup wire increase by 0.4-2.4 % while for a power line with three backup wires, these indicators lie in the range of 1.4-3,2 %. The
use of a power line with backup wires allows to reduce the coefficients of asymmetry in the reverse sequence for the traction substa-
tion furthest from the power source. For a power line with one backup wire, the asymmetry is reduced by 5,5 %, while for three
backup wires it’s 29 %. The developed digital models can be applied in practice when choosing means to increase the reliability of
power supply to AC traction substations.
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BeeaeHue

D¢ PeKTHBHOCTH TIPOIIECCOB MTEPEBO30K TPY-
30B W MACCAKUPOB MO JKEJIE3HBIM J0pPOTraM HEBO3-
MOYKHO 00ecreuuTh 0e3 BEICOKOTO YPOBHS HaIexk-
HOCTH D3JIEKTPOCHAOXKEHHS TATOBBIX IOJCTAHIUI
(TII) [1]. OcHOBHO# cIOCO0 pemIeHUs STOH 3a1a9n
COCTOHT B HCIIOJNIB30BAHNUU pe3epBUpoBaHUs. Tak,
Jutst utanust TI1 mepeMeHHOro TOKa MPUMEHSIOTCS
IByXIeNHble JUHUH dnekrporepenaun (JIOII)
110220 kB wmu ase JIDII, pacroyiokeHHBIC Ha
OTJIENBbHBIX ONOpax, MOJKIIOYEHHBIE Ha OTIpPaB-
HOM W MPUEMHOM KOHIIAX K OIMOPHBIM TOJICTAHIIU-
SIM AJIeKTposHepreTrdeckoi cucteMsl (D3C).

AJIBTEpHATUBHBIM  CHOCOO  TOBBIMICHHUS
HAJIKHOCTU AJICKTPOCHAOXKEHUSI OTBETCTBEHHBIX
norpeduTeneld coctouT B Hcmonb3oBaHuu JIOII

93C

CHEeNUAIBHOW KOHCTPYKLHUH, 00OpYyIIOBaHHBIX pe-
3epBHBIMU TTpoBogamu (PII) [2—4]. U3ydenuro ta-
kux JIDII mocBsIeHO 3HAYUTEIBHOE YUCIO PadoT.
Hanpumep, B [5] mpemyiokeHO HCHOIB30BaTh B
kauectBe PII rpozozamurabiii Tpoc (I'3). Pesyms-
tatel uccnenoanus JIDII ¢ takum '3 nmpuBeneHb
B [6—9]. IHHOBanMOHHAs THHUS C pe3epBHOU (a-
3o0i onucana B [10], JISII ¢ tpems PII paccmotpe-
Hbl B [11-16].

Lenp mpencTaBieHHBIX B CTaThe HCCIENO-
BaHMI 3aKJ04aiach B pa3paboTke IH(POBBIX MO-
Jlesield 7Sl OTpeieNieH s PEXKUMOB DJIEKTPUIECKIX
ceredf, nwraromux TII. Ilpennosaranocs, 4TO
yacte JIDII obopymoBana PII, 3a cuer koTOpBIX
oOecrieunBaeTcst OBICTPOE BOCCTAHOBICHHE 3JICK-
TpOCHAOKEHUS PH BO3HUKHOBEHWH OIHO(DA3HBIX

TII 1

CHcrema TArOBOro E.TPP.T[?'CCHHQ—“.%.QHHH

Puc. 1. Cxema 31eKTpUIeCKOi CETH, MTUTAIOIICH TATOBBIE TIOJCTAHIINH
Fig. 1. Diagram of the electrical network feeding traction substations
33C — electric energy system; JIDIT — power transmission line; TII — traction substation
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Puc. 2. Koopaunarsl TOKOBEIYIIUX YacTeM:
a — TATIOBAsI JIMHUS IIEKTPOTIepeIaun; O — IMHUS dJIEKTPOIIePEIavur C OJHUM PE3EPBHBIM IIPOBOJIOM;
6 — JIMHUS DJIEKTPOIIEpEIaut C TPEMS PE3EPBHBIMU IIPOBOJAMUA
Fig. 2. Coordinates of live parts:
a — typical power transmission line; b — power line with one backup wire; ¢ — power line with three backup wires
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Puc. 3. Cxembl COCZ[I/IHGHI/If/i MMPOBOAOB B HOPMAJIbHOM PEKUME:
a — TUNOBA JIMHUA 3JICKTpOnepeaain; 0 — IMHUA QJICKTpOIICpeJauu ¢ OAHUM PE3CPBHBIM IIPOBOJAOM;
6 — JIMHUA JJICKTpOoHnepeaavu ¢ TpEMA pE3C€PBHBIMU IPOBOJAMHU
Fig. 3. Wire connection diagrams in normal mode:
a — typical power transmission line; b — power line with one backup wire; ¢ — power line with three backup wires

Puc. 4. Cxembl coeIMHEHNH B TIOCJICaBAPUITHOM PEKMME TIPH OTKIIFOUSHUH MTPOBOAa (asbl A:
a — JIMHUA 3JICKTponepeaain ¢ OAHUM PE3CPBHBIM IIPOBOAOM; 0 — TUHUA QJICKTpOIICpeaadn
C TpEMs1 PE3CPBHBIMU IPOBOAAMU
Fig. 4. Connection diagrams in post-emergency mode with phase A wire disconnected:
a — power line with one backup wire; b — power line with three backup wires

KOPOTKHX 3aMBIKaHHUN; MPH 3TOM OTKJIIOYEHHBIN
IIPOBOJ] MOBPEXICHHON (ha3bl aBTOMATUYECKU 3a-
MEHSIETCSl Ha pe3epBHbI. Mozaenu ObUIH peann3o-
BaHbl B IporpaMMHoM Kommuiekce Fazonord [17,
18] Bepcuu 5.3.3.0-2024.

PesyAbTaThl MOAGAMPOBaHUA

MonenupoBaHue  OCYIIECTBISUIOCH IS
anektpudeckoit cetn 220 kB (puc. 1), nuraromeit
TII >xene3Hoi moporu mepemeHHOro toka. IIpen-

nojaranock, yro rojosHas JIOII 1 moxer ObITH
peanu3oBaHa B Tpex Bapuanrtax: JIOII tumoBoit
KOHCTpYKIuH (puc. 2, a; 3, a); muaus ¢ ogaum PIT
(puc. 2, 6; 3, 6; 4, a); JIDII ¢ tpems PII (puc. 2, s;
3,6, 4,0) [11].

B vopmanmsnoMm pexume JIDII ¢ omamm PIT
€ro MOAKIIIOYEHHE MPOUCXOANUT MapajIeNIbHO MPo-
BOoy pabouell ¢as3wl muHHU (cM. puc. 3, 6). Ilpu
BO3HMKHOBCHMU OIHO(A3HOI'O KOPOTKOI'O 3aMbl-
kanus (K3) moBpexnaeHHas ¢aza OTKIIOUaeTCs U
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BMecTo Hee ucnoinn3yercs PII (cm. puc. 4, a), B
KayecTBe KOTOPOTO MOXKET BBICTYyHaTh Jiro0as w3
TOKOBEAYIIMX YacTeld ha3pl C MapauieqbHBIMU
nposogamu [10].

Jlunus ¢ Tpemsa PII B HOpMaIbHOM pexxume
paboraer kak JIDII c¢ pacmierieHHBIMA Ha JiBa
npoBojia ¢aszamu (cM. puc. 3, ¢). B aBapuitHoM
peKUME Ha MECTO MOBPEKICHHON (pa3bl BKIOYA-
oT1css  Tpu PII, coenuMHEeHHBIX MapauieIbHO
(cm. puc. 4, 6). TexHonorus HEOOXOAMMBIX KOM-
MyTaluii onucaxa B [12].

Jnst oueHkH >(PPEKTHBHOCTH MPUMEHCHUS
JIDII ¢ pe3epBHBIME TTPOBOJAMH TSI CUCTEM DJICK-
TPOCHAOXKEHHSI HKEJIE3HBIX OPOT B MPOTPAMMHOM
komruiekce Fazonord (Bepcus 5.3.3.0-2024) mpo-
BE/ICHO MOJICIIMPOBAHHE CEPHU PEKUMOB CETH (CM.
puc. 1) ¢ Harpy3KaMu, CO3/1aBa€MbIMH TIPH JBHKE-
HUHU TIATH TPY30BbIX moe3noB Maccod 5000 T B
YEeTHOM M HEUETHOM HalpaBIEeHUsX (pHc. 5, 6).

Pe3ynpTaTel MOAEIMPOBAHUS NPEICTABICHBI
B Tabn. 1-4 u Ha puc. 7-16. Ha puc. 7 moka3zansl
rpadyKy, XapaKTepU3yIOIUe H3MEHEHUs Hampsi-
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Fig. 5. Traffic schedule
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Fig. 6. Current profiles of trains weighing 5 000 tons:
a — odd direction; b — even direction
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Puc. 7. Hanpspxerns Ha maHTOrpadax 3JIeKTPOBO3OB:
1 — THUIOBAs JIMHKS SJIEKTPOIICPEAAYH; 2 — IMHHS JICKTPOIICPEAaYH C OJHUM PE3EPBHBIM IPOBOIOM;
3 — TMHMS DJIEKTPOIICPEaaYH C TPEMsI PE3CPBHBIMHU IPOBOAAMU
Fig. 7. Voltages on pantographs of electric locomotives:
1 —typical power line; 2 — power line with one backup wire; 3 — power line with three backup wires
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JKEHUH Ha TaHTorpade 3JIeKTPOBO3a MEPBOro MO-
e3na. CBomHbBIE MAaHHBIC TPEICTABICHBI B Ta0OM. 1.
AHanu3 TOJy4YCHHBIX PE3yJbTaTOB JaeT BO3MOXK-
HOCTb CclIeJaTh BBIBOJ, uTo npumenenue JIDII ¢ PIT
MO3BOJISIET TIOBBICUTh MHUHHMAaJbHOE HANpPsKEHHUE
Ha maHTorpadax 3JaeKTpoBo30B Ha 2,5-3 %.

Ha puc. 8 u 9 u B Tabn. 2 npuBeneHs! pe-
3yJIBTaThl ONPECIICHNS HAPSHKEHUH HA IPUEMHOM
koHue JIDII 1 ans Tpex yka3aHHBIX BapHUaHTOB ee
ucnionHenus. llomydeHHble NaHHBIE TOKAa3bIBAIOT,
YTO 10 cpaBHeHHUIO ¢ TunoBou JIDII cpenHue 3Ha-
YeHMs HanpsDKeHWH JnHuu ¢ oguuM PII yBenuuu-

Ta6auua 1. CBoiHBIC JaHHBIE TI0 HANIPSDKEHISIM Ha IMaHToTrpadax
Table 1. Summary of stresses on pantographs

[Toka3arens
No KOHCTPYKTHBHOE HCIIOTHEHHE Indicator
- Design Munnmym | Cpennee 3HaueHune | Makcumym
Minimum Average value Maximum
1 TI/IH.OBa}I JIMHASA SIIEKTPONEpENayn 2172 25,55 27.29
Typical power line
2 Jlunus OJIEKTPOIIEPEaaiH C OXHUM PE3CPBHEIM IIPOBOLOM 2236 2583 27.44
Power line with one backup wire
3 Jlunus SJIEKTPOIIEPENain ¢ TPeMsi PE3CPBHBIMU [IPOBOJAMH 2226 2576 2734
Power line with three backup wires
Paznuune mexny crpokamu 1 u 2, % B 3 -
4 Difference between lines 1 and 2, % 2,99 1,09 0,54
Paznuune mexnay crpokamu 1 u 3, %
> | Difference between lines 1 and 3, % —251 —083 —0.18
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Puc. 8. V3mMeHeHns HanpsKeHUI Ha IPUEMHOM KOHIIE TOJIOBHOM JIMHUH 3JIEKTpoIepeady,
BbI3BAHHBIC BapUAILIUAMU TATOBLIX HAIPYy30K:
a — TUNOBas JIMHU DJICKTpOonepeaalun; 6 — JIMHUA 3JICKTpoIrepeaaun ¢ OAHUM PE3CPBHBIM IIPOBOJIOM;
6 — JIMHUA JJICKTponepeaavyu ¢ TpEMA pE3€PBHBIMU ITPOBOJAMU
Fig. 8. Changes in voltage at the receiving end of the head power line, caused by variations in traction loads:
a — typical power transmission line; b — power line with one backup wire; ¢ — power line with three backup wires
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Batotcs Ha 2,4 % 1o daze A, Ha 1 % o B u 0,4 %
o C. s maum ¢ Tpems PIT aTi mokazaTenu pag-
el 2,1, 3,21 1,4 % cooTBercTBeHHO. Pazmax ko-
nebanuii S¢ HanpspxeHUH 1o dazam A u B s JIOI
¢ ogaum PII ymensiiaercs Ha 45 u 11 % cootsert-
CTBEHHO, a Jy1st JInHuH ¢ Tpems PI1 — ra 48 u 51 %.
Jns dazer C HaOmoaaeTcs MOBBILICHNE STOTO MOKa-
3arens Ha 18 %. [nsg munum ¢ tpemsa PII Sc mo Bce
¢azam ymensIraercs Ha 48-59 %.

Ha puc. 10 u 11 u B Tabn. 3 mpencrapieHb!
Pe3yIbTaThl ONpeeNIeH s OTeph aKTHBHOM MOLIHO-

% Timoean
")

\\

B

ctu B JIDII 1 aiist Tpex paccMaTpuUBaeMbIX BapUAHTOB
ee ucnonHeHus. [loydyeHHbIE JaHHBIE MO3BOJIIFOT
c/ienaTh BBIBOJ, YTO 3a CUET MPUMEHEHHS pe3epBHBIX
MPOBO/IOB  TOBBIIIACTCS  3HEProd(HeKTUBHOCT
TPAHCIIOPTa 3JIEKTPOSHEPIHU K TSITOBBIM IOJCTAH-
LUSIM: TI0 cpaBHEeHuIo ¢ TuroBoi JIOII motepu B mu-
Huu ¢ ogauM PIT cHmkarotcs Ha 30 %, a mpu Tpex
Pe3epBHBIX MpoBoaax — Ha 57 %.

Ha puc. 12 n 13 u B Tabn. 4 npuBEeACHHI pe-
3yJbTaThl ONPEACICHUS] HECUMMETPHH Ha BBIBOAAX
220 kB TAroBBIX MOACTAHIINI.

Puc. 9. 3HaueHus: HaNps>KEHUI HA IPUEMHOM KOHIIE FOJIOBHOM JIMHUM 3JEKTPONEpEIaun:
a — cpeHue; 6 — MaKCHUMaJbHEIC
Fig. 9. Voltage values at the receiving end of the head power line:
a — average; b — maximum

Tabawnua 2. CBoHbIC IaHHBIE TI0 pe3yJIbTaTaM MOJISTUPOBaHUs (ha3HbIX HANPSHKEHUN
Ha IIPUEMHOM KOHIIE I'OJIOBHOM JIMHUU 3JIEKTpoliepeaauu, kB
Table 2. Summary of phase voltage modeling results at the receiving end of the main power line, kV

KoHCTpyKuMs THHUM 3MIEeKTponepeaadn
Power transmission line design
Tumosas C 0IHUM pe3epBHBIM C TpeMs pe3epBHBIMU
IToxa3zarens Tvpical IIPOBOAOM [IPOBOJAMH
Indicator yp With one backup wire With three backup wires
®daza
Phase
A B C A B C A B C
MuriMym 127,73 | 12545 | 130,30 | 130,80 | 126,56 | 129,76 | 130,30 | 129,42 | 132,14
Minimum
Cpemnee suauenne | 4144 95 | 13093 | 13239 | 132,72 | 131,30 | 132,08 | 132,16 | 131,97 | 132,96
Average value
Maxcinym 133,05 | 133,09 | 133,15 | 133,67 | 133,28 | 132,99 | 133,08 | 133,10 | 133,29
Maximum
g;?;ﬁax 5,32 7,64 2,85 2,88 6,72 3,24 2,78 368 | 1,115
CpenHexBagpaTHi-
HOE OTKJIOHEHUE 1,30 1,58 0,60 0,71 1,41 0,72 0,68 0,77 0,25
RMS deviation
ISSN 1813-9108 87
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Fig. 11. Maximum and average values of losses in the head power line

Ta6auna 3. CBoxHBIC JaHHBIE TI0 pe3yNIbTaTaM IOTePh B TOJIOBHOM JIMHUH dJIEKTpoIiepeadu, KBT
Table 3. Maximum and average values of losses in the head power line

KoHcTpykuust TMHUM 37EKTpoIepeadn Paznuane, %
Transmission line design Difference, %
ITokazarens C C Mexny Mexny
Indicator Turmosast OJIHM PE3CPBHBIM TPeMA PESCPBHbIMI | 1 n6rammi 2 u 3 | CronGuamu 2 1 4
Typical . TPOBOZIOM _ nposomamm Between Between
With one backup wire | With three backup wires
columns 2and 3 | columns 2 and 4
1 2 3 4 5 6
Cpennee
3HAYEHHUE 299,10 222,06 140,43 25,76 53,05
Average value
Maxkcumym
Maximum 1394,00 967,00 603,00 30,63 56,74

Tadanua 4. MakcuMyMsl k03¢ GHUINEHTOB HECUMMETpUH Ha mmHax 220 KB TATroBBIX mojcTaHIunii
Table 4. Maximum asymmetry coefficients on busbars of 220 kV traction substations

KoHcTpyKnus IMHUM 35IeKTponepeaadn Pa3znuune, %
Tsarosas Transmission line design Difference, %
foncTan- C oguuM pesepBHbIM | C Tpems pe3epBHBIMH Mexy cronbua- | Mexay cronua-
A Temo- IPOBOIOM IPOBOJAMHU MH MH
Tracktion Bast . . 2u3 2ud
substation | Typical With one backup With thrge backup Between columns | Between columns
wire wires
2and 3 2and 4
1 2 3 4 5 6
TII 1 2,11 1,85 1,10 12,32 47,87
TII2 3,48 3,26 2,29 6,32 34,20
TII 3 4,36 4,12 3,09 5,50 29,13
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a — TUNoBad JIMHUA DJICKTpONEpEaain, 6 — JIMHUA DJICKTporepeaadn ¢ OJTHUM PE3CPBHBIM ITPOBOIOM;
6 — JIMHUA 3JICKTpOoICpeaavuu ¢ TpEMA pE3E€PBHBIMU IIPOBOJaMU

Fig. 12. Negative sequence asymmetry coefficients on buses of 220 kV traction substations:

a — typical power transmission line; b — power line with one backup wire;

¢ — power line with three backup wires
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[lomydeHHble pe3ynbTaThl AAOT BO3MOXK-
HOCTB CIIeNIaTh BBIBOM, uTO mpuMeHenue JIDII ¢ ox-
auM PIT mosBonseT cHu3UTh Koddduiment Ky Ha
5,5-12 %, a npu Hanmmuuu Tpex PI1— na 2948 %.

Ha puc. 14 npuBeneHsl pe3ynabTaThl Olpe-
JleJICHUsI TeMIlepaTyp HarpeBa IPOBOJOB TOJOB-
noit JIDII. M3 Hero BUOHO, YTO HAMMEHBIIHE
3HAYEHUS ITUX IOKa3zaTeled HaOMIoMaroTCs s
JISII ¢ Tpems PII.

Ha puc. 15 nmpuBeneHsl pe3yiapTaTbl Moje-
JUPOBAHUsI YCIOBHUI 3JIEKTPOMArHUTHON Oe3omac-
HOCTH Ha Tpacce rojoBHo JIDII 220 xB. 13 ana-

TU3a TIPEACTaBICHHBIX 3aBHCUMOCTEH MOXHO ClIe-
JIaTh CJEIyIOIINEe BBIBOIBI:

1. B Touke ¢ koopauHaTol Z = 0 MakCUMyM
HaIpsLKEHHOCTH 3JekTpudeckoro nons JIDII ¢ ox-
HuM PII yMeHbIaeTcsi mo CpaBHEHHMIO C JIUHUEH
TUTIOBON KOHCTpYKIMH Ha 48 %; mns JIDII ¢ tpems
PII sToT mokazatens paBeH 7 %.

2. MakcumMyM HampsoKeHHOCTH MarHUTHOTO
nosst JISII ¢ ogaum PII moBekImiaeTcss mo cpaBHe-
HUIO ¢ TUmoBoM ymHued Ha 50 % a mia JIOII ¢
tpemst PII aToT nokasarens cHuxkaercs Ha 8 %.
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a — BpEeMEHHBIE 3aBUCUMOCTH; 6 — CPEJHHE 3HAYCHHS U MAKCHMYMBI
(1 — TMmoBas JIMHUS ANEKTpoONepeayun; 2 — JIMHHS IESKTPOIIEPEAaur C OTHUM PE3SPBHBIM IIPOBOAOM;
3 — IMHYA BIIEKTPONEpeIady ¢ TPEMs pe3epBHBIMH IIPOBOJIAMH)
Fig. 14. Heating temperatures of the wires highlighted in Fig. 2 by an oval:

a — time dependencies; b — average values and maximums

(1 — standard power line; 2 — power line with one backup wire; 3 — power line with three backup wires)
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Ha BBICOTE 1,8 M OT KOOPJAMHATHI Z OCH, PACTIONIOKEHHON TEPIIEHANKYISIPHO TPACCE JTMHUU:

1 — THUIOBAs JIMHKS BJIEKTPOIICPEAaYH; 2 — IMHHS JICKTPOICPEAaYH C OJHUM PE3EPBHBIM IPOBOIOM;
3 — JMHUS BIIEKTPOIIEPEIau C TPEMSI PE3EPBHBIMU POBOIAMH

Fig. 15. Dependences of the maximum amplitudes of the electric (a) and magnetic (b) field strengths
at a height of 1,8 m from the z-axis coordinate located perpendicular to the line route:

1 —typical power line; 2 — power line with one backup wire; 3 — power line with three backup wires

Puc. 15. 3aBUCHMOCTH MaKCUMYMOB aMILTUTY/l HAPSHKEHHOCTEH 3IIEKTPUIECKOro (@) U MarHuTHOro (6) mosei
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Fig. 16. Maximum and average values of total harmonic coefficients

Ha puc. 16 npencraBieHbl pe3yibTaTbl MO-
JIENTUPOBAHNSl HECHHYCOWTAIBHBIX PEXKUMOB IS
¢a3el Ha mpueMHOM KoHIle ronoBHoW JIDII. Ha mux
OCHOBE MOKET OBITh C/IIaH BBIBOJ, 4TO IO CPaBHE-
Huto ¢ tunoBoit JIDII cpennue 3HaYeHUS CymMmap-
HBIX KOA(PQHUIUECHTOB TapMOHHK JIsl JJMHUH C OJ-
HuM PII cHmxarorcs Ha 35 %, a MakCUMyMBbI — Ha
40 %. Anamornansie mokazarenu st JIDII ¢ Tpemst
PIT-37 % u 41 %.

3aKnloueHue

Pa3paboTans! 1udpoBeIe MOJENN AJIS OTpe-
JICTICHUSI PEKUMOB AJIEKTPUUECKUX CETEH, MUTalo-
uwmx TII, npu vammuuu JISI, o6opynoBannbix PIT.
3a cuer HUX oOecreunBaeTCsi OBICTPOE BOCCTAHOB-
JIEHUE DJICKTPOCHAOKCHHS TIPH BO3HUKHOBEHUH

0HO(A3HBIX KOPOTKHUX 3aMbIKaHUH, IPU 3TOM OT-
KITIOYEHHBII TPOBOJ MOBPEXKACHHON (pa3sl aBTO-
MaTHYECKH 3aMeHsieTCs Ha pe3epBHbIH. Paccmor-
pensl aABa Buna takux JIOII: ¢ ogaum u tpems PIL
Jns cpaBHEHHUS BBIOJIHEHO MOJEIHPOBAHHE IIH-
Tatouieit cetu ¢ JISII THIIOBOH KOHCTPYKIUH.

Pe3ynprarel pacueToB mokasanu, 4TO NpH-
MEHEHHE PE3EpPBHBIX NMPOBOAOB IO3BOJAET YIIyd-
IIUTH Ka4eCTBO 3JIEKTPOIHEPTUHU 110 HECUMMETPUHU
Y TAPMOHUYECKUM HCKAKEHHSIM, a TaKKe CHU3UTh
MOTEPH aKTHBHOM MOIIHOCTH.

Pa3pabGoTtannple Momenn MOTYT MpHMe-
HATBCS Ha MPaKTHUKE TPU BHIOOpE CPEACTB MOBBI-
LICHUsl HaJeKHOCTH 3nekTpocHadxenust TII me-
PEMEHHOr0 TOKA.
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