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AHHOTALUMNA

BBepeHue. Pa3BuTrie aneKkTpUYecKkrx ceTe HanpsMyto 3aBUCUT OT CTOMMOCTU U HAAEXHOCTU KOHCTPYKLMIA BO3AYLLHbIX M1-
HUI anekTponepenadn (BJ1), ons yero HeobxoanMo, Npexae BCEro, YTOYHEHEe CTaTUYECKUX U AMHAMUYECKMX Harpysok v
BO3ENCTBUN C LieNbio OLIEHKM HeCyLLeln CMOCOBHOCTN NPy NMPOEKTVPOBaHUK 1 3KCMyaTauum; Nouck, paspaboTka 1 anpoba-
LS HOBBIX OMTVMarnbHbIX pelleHnin onop BJ1, a Takke KOMNMEKCHbIN Noaxoa K NPOEKTUPOBAHNIO CETU Kak eAVHON KOHCTPYK-
LIVOHHOWN CUCTEMbI Ha OCHOBE yyeTa TpebOoBaHMI N3roTOBMNEHNS, MOHTaxa W1 akcnnyatauuu. Llenb nccnegosaHns — nowck
ONTUMaIbHOW KOHCTPYKTUBHOW hOpMbI CTanbHbIX y3koba3bix HalleHHbIX 1 nopTanbHbix ornop BJ1 HanpspkeHnem 35 n 110 kB.
Matepuansbi n metoabl. pu nccnegoBaHum BalleHHbIX OOHOCTOEYHbIX M nopTanbHbix onop BJT1 35 1 110 kB ¢ guaroHans-
MW 1 pacrnopkamu Mo Macce y4YvTblBanvCb HOpMasbHble, aBapUHBIE U MOHTaXHbIE PEXUMbI PaboTbl AnS aHKepPOBaHHbIX
Yy4YacTKOB C yrnamu noBopoTa Bo3ayLHon nuHum ot 0 o 60°. JIuHua paccmaTtpuBanacsk kak eguHas cuctema. [Npu nayyeHum
aHKEpPHO-YTNOBbIX OMOP MO MACCe Y4YUTbIBaNCh BO3MOXHbIE PEXUMbI PaboThl: HOpMaribHble, aBapUHbIE U MOHTaXHbIE S
pPa3nu4yHbIX YrroB MOBOPOTa TPacChl NIMHUN.

Pesynbratbl. PaspabotaH anroputm onpefeneHust HanpsKeHWn Anst Bcex pernameHTpyeMbiX HOPMaTUBHBIMU AOKYMEH-
Tamy pexumoB paboTbl TOKOBeAYLLMX MPOBOAOB 1 He0OXoaMMOro KonnyecTtsa nporneTtos BJ1. BnepBble pelueHa 3agaya pac-
yeTa HanpsKeHHO-Ae(OpPMMPOBaHHOIO COCTOSIHWUSA BJT kak eQnHON cucTeMbl C y4ETOM COBMECTHOW paboTbl TOKOBEAYLLMX
NMPOBOAOB, MPO30TPOCOB, MMPMSHA, M30NSTOPOB, ONOp U byHAaMeHTOB. Ha ocHOBe MpeAnoXeHHOro YMCIEeHHOro meToaa
ONTUMM3ALUM JOMONMHUTENBHO CHUXKEHbI MOKa3aTenu Macchl 1 CTOMMOCTH y3kobasbix onop Ao 20 %.

BbiBoabl. NpeanoxeHHble y3kobasble Ornopbl TEXHOMOMMYHbI B M3rOTOBMEHUN, MOHTaXe M aKcnnyatauun. lNopranbHble
Onopbl C NOAKPENMSALLMMN AnaroHansamu n 6e3 HUX paumoHarnbHbl B @aHKepHO-YrroBbIx BapuaHTtax 110 kB, ocobeHHo npu
BonbLUMX Harpyskax 13 NIoCKOCTU M 3HAYUTENbHbBIX Nepenagax penbega MecTHOCTH, a TakkKe B MPOMEXYTOYHbIX BapyaH-
Tax 110 kB npu BeicoTe onop Ao 27 M. Ha BJ1 HanpsxeHnem 35 kB npumeHeHne nopTanbHbIX CBOGOAHOCTOALLMX Onop AaeT
NONOXUTENbHBIN 3 MEKT TONBKO A5 MPOMEXYTOYHbIX BapuaHTOB BbiCOTON A0 20 M.

KNKOYEBBIE CITOBA: Bo3ayLiHas NvHWUSA arekTporepeaayu, yakobasas onopa, HanpsikeHHo-A4edpopM1MpoBaHHOE COCTOS-
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ABSTRACT

Introduction. The development of electric networks directly depends on cost and reliability of overhead line structures,
which requires, first of all, clarification of static and dynamic loads and impacts in order to assess the bearing capacity during
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design and operation; search, development and testing of new optimal solutions for overhead line supports, as well as well
as an integrated approach to network design as single structural system based on requirements for manufacturing, installa-
tion and operation. The purpose of work is to find the optimal structural form of steel narrow-base tower and portal supports
for 35 and 110 kV overhead lines.

Materials and methods. When studying tower single and portal supports of 35 and 110 kV overhead power lines with
diagonals and spacers by weight, normal, emergency and installation modes of operation were taken into account for an-
chored sections with overhead line rotation angles from 0 to 60°. The line was considered as single system. When studying
anchor-angle supports by weight, possible operating modes were taken into account: normal, emergency and installation for
different rotation angles of line route.

Results. Has been developed an algorithm for determining voltages for all operating modes of current-carrying wires and
required number of overhead power line spans regulated by regulatory documents. For the first time has been solved
the problem of calculating the stress-strain state for overhead power line as single system, taking into account the joint
operation of current-carrying wires, ground wires, insulator strings, supports and foundations. Based on proposed numerical
optimization method mass and cost of narrow-base supports have been further reduced by up to 20 %.

Conclusions. Proposed narrow-base supports are technologically advanced in manufacturing, installation and operation.
Portal supports with and without reinforcing diagonals are rational in anchor-angle versions of 110 kV, especially with large
loads from plane and significant differences in terrain, as well as in intermediate versions of 110 kV with support height of up
to 27 m. On 35 kV overhead lines the use of portal free-standing supports gives a positive effect only for intermediate ver-
sions up to 20 m high.

KEYWORDS: overhead power line, narrow-base support, stress-strain state, design model, automated analysis
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BBEJIEHUE

C KaXJbIM TOZOM KOJHYECTBO 3NIEKTPOIHEPTHH,
nepenaBaeMoi B 3JEKTPHUECKHUX CETAX BBICOKOTO Ha-
MpsDKeHUSA, BO3pacTaeT. DTo TpeOyeT BOBIICUCHUS
OTPOMHBIX MaTEepHANTBHBIX M TPYAOBBIX PECypCOB
HE TOJILKO B Chepe SHEPreTHKH, HO U B JAPYI'HX OTpac-
JISX mpoMbItieHHocTH [ 1-3].

Pa3zButne snexTpuyeckux cereil HampsMylo 3a-
BHUCHUT OT CTOUMOCTH KOHCTPYKIIMHA BO3YIIHBIX JTUHUNA
anektponepenaun (BJI). Iloatomy cneayer peanuso-
BaTh BCE BO3MOYKHBIE ITyTH CHUKEHUSI METAJUIOEMKOCTH
1 MOBBIIEHUS 3P (PEKTUBHOCTHU AEKTPOCETEBOTO CTPO-
UTEJIBCTBA 3a CUET COBEPLICHCTBOBAHUS TEXHUYECKUX
peuienutii [2, 4, 5].

Jist mony4eHust rapanTuu oecrepeOoitHol u A¢-
(hekTHBHOI PabOTHI BO3MYIIHOM JIMHUU KaK €IUHON
CHCTEMBI HEOOXOIMMO, ITPEXK/IE BCETO, yTOUHEHHUE CTa-
TUYECKHUX U JUHAMHUYECKHX Harpy30K M BO3ICHCTBHUN
C [ENBI0 OLEHKH HEeCyIlel CIOCOOHOCTH ITIpHU TpO-
SeKTHPOBAHUM M SKCILTyaTallnu; MOWUCK, pa3paboTka
1 anpoOanys HOBBIX ONTUMANIBHBIX pereHuid omop BJI
C NCTIOJIb30BaHNEM TBEPOTEIEHOTO MOJECIUPOBAHNS;
KOMIUIEKCHBIH TOX0J K MPOEKTHPOBAHUIO CETH KaK
€JMHOM KOHCTPYKLMOHHOM CHCTEMbI HA OCHOBE ydeTa
TpeOOBaHMIT N3TOTOBICHUS, MOHTAXka M HKCILTyaTalllH;
PEKOHCTPYKIHNS AECHCTBYIOIINX BBICOKOBOJBTHBIX JIH-
HUH dMeKTponepenauu [6, 7].

o HacTos1ero BpeMeHu npoexkruposanue BJI
CBOJWJIOCH B OCHOBHOM K M3BICKaHUSIM U PACCTAaHOBKE
TUIIOBBIX orop. [locienHue pa3paboTKy HOBBIX YHU(DH-
IIUPOBAHHBIX OMOP HHCTUTYT « DHEPTOCETHIIPOEKT 3a-
koH4YMn B 1980-X I'T., ¥ TO B KpaiiHe OrpaHuYeHHOM accop-
TuMeHTe. BMecTe ¢ TeM, Kak IMOKa3bIBaeT OIBIT, BPeMs
JeiicTBUs yHUUKAINN cocTapiseT nopsiaka 20 jer,
MOCJIE Yero MPUHATHIE TEXHUUECKUE PEIICHUS] MOpPab-

HO ycTapeBaroT. [lyist peojoIeHus 3TUX npoliieM He-
00XOIMM TIEPECMOTP MHOTHX TTOJIXO/I0B U B3IJISIOB.

Lenb uccnenoBanus — MOMCK ONTUMAIBHOM KOH-
CTPYKTHBHOH ()OPMBI CTAIBHBIX y3K00a3bIX OAIIEHHBIX
U HOPTAJIBHBIX ONOP BO3AYIIHBIX JUHUH 3JIEKTpoIepe-
naun Hanpspkenuem 35 u 110 kB.

Jnst nocTHKeHUs: MOCTAaBICHHOM LeMN peIleHbl
ClIelyolIHe 3a/1a4n:

* IPOaHaJIM3UPOBAHO HANPSIKEHHO-AEPOPMUPO-
BaHHOoe coctosHue (H/IC) Bo3aymiHOM MMHUM B BUAE
LEJIOCTHOM CHCTEMBI, IJle COBMECTHO PaboTaloT BCe
KITFOUEBBIC AIEMEHTHI — TOKOBEYIITHE IPOBO/A, TPO30-
TPOCHI, THPIIH/BI U30JIATOPOB, OMOPHI, (hyHIaMEHTHI
Y TPYHTOBOE OCHOBAHHUE;

* pa3paboTaHbl HOBBIE ONTHMAJIbHBIE KOHCTPYK-
THUBHBIE (DOPMBI CTANIBHBIX Y3K00a3bIX ONOP TOBBIIICH-
HOW Ha/Ie’KHOCTH B3aMEH )KEJIe300€TOHHBIX IJIS BO3-
JYIIHBIX JTUHUH TI0 00JIaCTH ONpeeNIeHNS;

* YCTaHOBJICHBI PAllMOHAIBHBIE 00JIACTH TIPHMeE-
HEHUs! y3K00a3bIX OAICeHHBIX U TOPTAIBbHBIX OIOP B Ka-
YeCTBE AHKEPHO-YIVIOBBIX M TIPOMEKYTOUHBIX OTIOP JUIs
BO3IYLIHBIX JIMHUH HanpspkeHnueM 35 u 110 xB.

[IpeameroM mccienoBaHust B JaHHOH padoTe IpH-
HATHl napameTpsl HJIC 351eMEHTOB CTadbHBIX Y3KO-
0a3bIX pEHIeTYaATHIX OMOp, KOHCTPYKTHBHOE PEIICHHE
KOTOPBIX MOJIy4€HO ITyTeM ONTUMU3ALUH TUIIOBBIX pe-
HICHUH.

B kauecTBe 00BEKTa NCCIIEOBAHUS PACCMOTPEHBI
KOHCTPYKIIMU CTaJIbHBIX OJHOCTOEYHBIX Y3K00a3bIX
U nopranbHeix onop ana BJI knacca HampsokeHus 35
u 110 xB.

MATEPHUAJIBI © METO/ BbI

I[J'IH OLICHKH! 3KCIIITYaTallUOHHOTI'O COCTOAHUS DJICK-
TPOCCTCBLIX KOHCprKHI/Iﬁ BBITIOJIHCHA CTATUCTHYCCKAaA

21

(9G) Z HOAUITG "GL N0 Jioeuesraqtsuken



naTMTSILETSO: T 15. BbInyck 2 (56)

A.B. TaHacoano, .M. apaHxa, A.H. Op)xexoeckul, M.M. lMucapeesa

00paboTKka MHGOPMAIIUH 110 IKCILTyaTallud, aBapUusM
u otkazam onop BJI u mopranoB OTKpBITHIX pacnpese-
nuTensHeIX ycTpoiicts (OPY) B sHeprocucremax PO.
HcTouHnkoM MHGOPMALMK CITY)KUIIM KapThl OTKa30B
BJI3a 1991-2021 rr., conepskamuecs B KapToTeke Gpup-
mMbl OPI'POC (1. MockBa). Pesynbrarhl cTaTHcTHIECKO-
TO aHaJIM3a OTKA30B IPUBEICHBI HA puc. 1.

Bonee monoBHHBI OTKAa30B OMOP BBI3BAHBI CH-
CTBUEM TOJIOJIEHO-BETPOBBIX HArpy30K Ha MPOBOAA,
TPO303aIMUTHBIE TPOCHI U KOHCTPYKIUH. Bo MHOTOM
3TO SABISIETCS CIEJCTBUEM OTCYTCTBUS J0CTOBEPHON
nHpopMaImu 0 Xapakrepe U BeIMUYNHAX THHAMHIECKUX
Harpy30K Ha 3JIEMEHTHI BO3IyIIHBIX JIUHUH [8§, 9].

Takum 00pa3om, co3aHnue HOBBIX PELICHHI OIop
BJI ¢ y3koii 06a30ii 00yclIOBICHO HEOOXOIUMOCTHIO
pa3paboTKH paloOHAIBHBIX 110 KPUTEPUIO CTOMMOCTH

(hopM CTaNTbHBIX OAIIICHHBIX OIOP C MOBBIIICHHBIMH I10-
Ka3aTelsIMU HaJIe)KHOCTH (0€30TKa3HOCTH) B3aMCH JKe-
JIe300€TOHHBIX B CBSI3U C MEPHOAUYCCKUMU aBAPHSIMHU
Ha JIEKTPUUYECKUX CETSX.

IMonoxxutenbHplii MHOTOJIETHUN OMBIT SKCILTyaTa-
A y3K00a3bIxX onop Ha ogHorenmHbx BJI 35 kB u nByx-
nensbix BJI 110 kB va Tepputopun Pecmyomuku Kpeiv
C XapaKTepHBIMHU CIOKHBIMU YCIOBUSIMHE pebeda Moa-
TBEpIKJIaeT MOTPEOHOCTh U 0OOCHOBAaHHOCTH PACCMO-
TPEHUsT BO3MOXHOCTEH pa3pabOTKH THIIOBOH Cepuu
MPOMEKYTOUYHBIX U aHKEPHO-YIIIOBBIX OJHOIETTHBIX
U JIBYXIICMTHBIX Y3K00a3bIX CTAIBHBIX OMOP IS THHHUN
35 n 110 kB B3aMeH NMpUMEHSIOIINXCS Kele300eTOH-
HBIX YHU(DUIIUPOBAHHBIX, IJIOXO Pa0OTAIONIMX Ha aBa-
puiiHbIe HArpy3KU U MPUBEIIINX K MAaCCOBBIM aBapUsIM
B 2009-2010 rr. [10-12].
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Puc. 1. Crpykrypa otka3os omop BJI B PO: ¢ — 3a mepuon 1991-2021 rr.; b — 3a nepuox 2001-2021 rr.
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B pabote npencTaBineHsl pe3yIbTaThl TEOpeTHYe-
CKOTO aHaJu3a BO3MOKHOCTH MCIIOJNB30BaHUS HOBBIX
peleHui (THITOB) OJHOIETHBIX M ABYXLEIHBIX OIIOP
st BJI nanpsoxenuem 35 u 110 xB. B nponecce uc-
CJIEJOBAHNH PAaCCMOTPEHO IIECTh THIOB OJHOCTOECH-
HBIX orop OamierHoro tuma: [1-35-1, AY-35-1, [1-35-2,
AY-35-2, I1-110-1, AY-110-1 u nsTh TUIIOB OPTaJIb-
HbIX onop: [TAY-35-1, T1T1-35-2, I[TAY-35-2, TII1-110-1,
ITAY-110-1. CxeMBI pemeT4aTsIX OTHOCTOCYHBIX U TTOP-
TaIBHBIX OMOP MPHUBEICHBI HA puC. 2, 3.

HcciienoBaHbl OIHOCTBOJIbHBIE OallIEHHBIE OMO-
PBI MOCTOSIHHOTO KBaJPATHOTO MONEPEYHOTO0 CEUEHHUS
1 JIBYyXCTBOJIbHBIE TIOPTAJIGHBIE OIIOPBI CO CTBOJIAMH T10-
CTOSIHHOTO KB3JIPaTHOTO TTOTIEPEYHOTO CEUCHHUS C TOJ-
KPETUIAIONIMMH THArOHAJISIMU U pacliopKkaMu B 0e3 HUX.
AHanu3 pe3ynbTaToB pacyeToB MOATBEPAUI MPEAON0-
JKEHUE O TOM, UTO MOSIBJICHUE TONOIHUTEIbHBIX IEMEH-
TOB B KOHCTPYKTHUBHOH CHCTEME ONOPHI (B BUE ANArOHa-
JIeli ¥ PacIiopoK) ONIPaBIAHHO: 3HAYUTEILHO CHIDKAIOTCS
YCHUIIHA OT N3ruda 3JIeMEHTOB MOPTAIBEHOMN OTOPHI.

IIpu usydeHnn GameHHBIX OTHOCTOCUHBIX U TOP-
TAJILHBIX ONOP C AMArOHAISIMH M pacliOpKaMH 10 Macce
YUUTHIBAIMCH HOPMAJIbHbIC, aBAPUIHBIC 1 MOHTAXKHbIC
PEKUMBI pabOTHI AJIsI aHKEPOBAHHBIX YYACTKOB C yTJIa-
MU ITIOBOPOTA BO3AYIIHOM JrHUH OT 0 10 60°.

KitoueBbiM TpeOOBaHMEM TIPU CO3aHUU HOBBIX
pemrenwuii orop BJI ¢ yuetom obecriedenust HaIe)KHOCTH
SKCIUTyaTalluy JTUHUH SIBISIETCS CTPOTOE COOIIOICHNE
HE TOJIBKO KJIFOUEBBIX TEXHOJIOTMYECKHX TPeOOBaHUIA,
a TaKoKe acleKTOB MPOEKTUPOBAHUS U CTPOUTEINILCTBA.

[Ip1 NpOEKTHPOBAHNN ISl HCCIEAYEMBIX THIIOB
OIOp MPUHSATH ClEeAyIOLUEe AONYIIeHUsA: MaTepual
paboTaer ympyro; Tpo303alIUTHBIE TPOCHI KPEMATCS
K BEPIIMHAM OINOpP HEMOJBIKHO, a THPIISTHIBI H30JIsI-
TOPOB, Ha KOTOPBIX TTO/IBEIIEHBI TOKOBEAYIIHE IIPOBO-
Jla, OTKJIOHSISICh, OCTAIOTCS MPSIMOJIMHEHHBIMU; paboTa
MIPOBOJIOB U TPOCOB MPHU HAXOXKJICHUU HANPSIKEHUN
B HHUX OTOXKIECTBISAETCSA C pabOTON MOJIOTHX HUTEH;
IIPU OIIPE/IEIEHNH N3TMOHBIX Ae(OpMaIHii CTBOJI OII0-
PBI IPECTABIAETCS KaK YIPYro 3alleMIeHHas KOHCOIb.

B aBapuiiHOM pexuMe Ha OIOpbl IEHCTBYET CO-
cpemoToYeHHas cuia, oO0pa3oBaBIIascs IpH OOPHIBE
POBOJIa, U PAaBHOMEPHO paclipeieiieHHasi Harpyska
0T Beca IMpoBoj0oB U TpocoB. [locne 3arpyxenus pas-
HOBECHE CUCTEMBI B JIe()OPMUPOBAHHOM COCTOSTHUHU Ha-
CTYITUT, KOT/Ia Je(pOpMaliil IPOBOAOB U TPOCOB OyIyT
paBHbI JeopManusiM KOHCTpyKumii onop! [11, 13, 14].

Omnpenenenne HaNpsHDKEHUI W Hecylas crocoo-
HOCTb 3JIEMEHTOB OTIOPHI YCTAHABJINBAINCH B MOJCH-
CTEeMe pacyeTra U ONTHMHU3AINHI HECYIINX METAITIOKOH-
CTPYKIUH ONop B cocTaBe eAnHOM cetu [15-17].

Jlis onpeneneHus Harpy30K Ha aHKEPHO-YIJIOBBIE
OTIOpPBI paccMaTpUBAINCh HOPMAJIbHBIE M aBapUHHBIC
pexxuMbl padotel BJI cormmacHo 1. 2.5 TTYD 7. B pac-
yeTax NPUHUMAIIOCh JICBSITh 3arpyKeHHUMH:

1) HOpMaNbHBIA PEXUM — IMPOBOJA U TPOCHI
He 000pBaHbI M CBOOOHBI OT TOJIONE/A; BETEP HAIIPaB-
JICH BJIOJIb OCEH TpaBepc cIieBa HANPaBo;

' TEC 60826. Design criteria of overhead transmission lines
(international standard). Geneva : IEC, 2022. 87 p.
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2) HOpMalbHBIH PEXUM — MPOBOJAA U TPOCHI
He 000pBaHbI M HOKPHITHI TOJIOJIEIOM; BETEP HAPaBICH
BJIOJIb OCEIl TpaBepc ClieBa HAINPaBo;

3) HOpMaJIbHBIN PEKUM — OIOpa KOHIIEBas: MPo-
BOJIa ¥ TPOCHI HE 00OpPBaHBI M CBOOOIHBI OT TOJIOJIENA;
BETEp HaIpaBJIeH BJOJIb OCEH TpaBepcC ciieBa Halpaso;

4) aBapuiiHbIii peKM — 00OpBaH IPOBOJ B TIpa-
BOM HIDKHEH (ase; romomen Oe3 BeTpa; TsHKCHHE ClieBa
Harpaso;

S) aBapuiiHbIA peXUM — 00OpPBaH MPOBOJ B Ipa-
BOM cpemHeil (ase; romonen 6e3 BETpa; TSHKESHHE CIeBa
Harpaso;

6) aBapuiiHbIA peXUM — 00OpPBaH MPOBOJ B Ipa-
BOM BepxHeil (ase; romonen 6e3 BeTpa; TSHKCHHUE ClieBa
Harpaso;

7) aBapuilHBIN PEKKUM — OTIOpa KOHIIEBas: 000pBaH
TIPOBOII B TIPaBOM HIDKHEH (hase; rononen Oe3 BeTpa;

Bgox
HUCXOOHBIX JaHHBIX

Her OHPCHGHCHI/IC TIPUBEACHHOIO LEHTPA TSIKECTH

8) aBapHifHBII peXKUM — OTIOpa KOHIIEBas: 000pBaH
TIPOBOJI B ITPaBOii cpeHeit dase; romonen 6e3 BeTpa;

9) aBapuitHBIN PEKUM — OTIOPa KOHIICBas: 000pBaH
MPOBOJI B NpaBoii BepxHeil (aze; rononen 6e3 BeTpa.

PacdeTHbIe peKUMBI PAOOTHI MPUHUMAINCEH IS
MPSIMOJIMHEWHBIX y4acTKOB Tpaccel BJI m mpu yrmax
MoBOpOTa JTUHUU 10 60° ¢ Pa3HOCTHIO TSHKEHU B MPO-
BOJax U TpocCax B CMEKHBIX IPOJIETax.

st omperneneHus Harpy30K Ha MPOMEKYTOYHBIE
OITIOPBI TAKXKE PACCMaTPUBAINCH HOPMAIIbHBIC 1 aBAPHIi-
HbIE peXXUMBL. OTOPHI IPOMEKYTOYHOTO THITA PACCUHTHI-
BAJINChH TIPH IISITU 3arPyKEHIAX cornacHo . 2.5 I[TYD 7:

1) HOpMaNBHEIN BETPOBOH PEKUM — BETEp II0-
nepek BJI;

2) HOpMaJbHBII BETPOBOI PEKUM — BETEP IMOJ
yriiom 45° x BJI;

3) HOpMaIJTEHBIH TOJIONIETHBIN PEKUM — BETEp MPH
TOJIOJIEAC;

MPOBOZIOB U TPOCOB j-TO MPOJIETa
k-ro aHKEpOBAHHOTO Y4acTKa

BbIunciieHue eMHHYHBIX
1 YICIbHBIX HArPy30K
Ha MPOBOJIA U TPOCKI

Jj-To mpornera k-ro ygactka

l

Brruncienne TIPUBEACHHBIX U KPUTHYICCKUX

HPOJIETOB k-0 aHKEPOBAHHOTO Y4acTKa

l

VYeranoBneHne Buia ypaBHeHUs.
COCTOSHUS POBOJIA
k-ro aHKEpOBAHHOIO y4acTKa

|

Pacuer HanpsKeHHi B IPOBOJAX A-ro yuacTka
i-ro pexxuma Metonom Kaprano

Onpeznenenue crpen
MpoBeca IPOBOJIOB

Pacuer nanpsixennii
B IPO303aIIUTHOM TPOCE

l

Iposepxka ycnosust Jla
n(urep(n) =
=~ h(urep(n — 1))

CocraBieHne ypaBHEHHS
PEAYLUPOBAHHOTO TAXKEHUS

OTbICKaHHE PETYLIUPOBAHHOTO
TsKeHHs MetogoMm Herotona

Ja

Pacuer 5KBHBaJICHTHBIX POJIETOB
J-TO TpoJieTa i-ro pexuMa k-ro yqacrka

HccnenoBanne 061acTh CyIecTBOBAHMS
KOpHEH ypaBHEHUS

l

OHpCZ[CJICHI/[C BECOBBIX U BETPOBBIX IPOJICTOB

Beluncienne Harpysok Ha j-o O1opy

-1 OTOPBI i-T0 peXXUMa k-ro yuacTka

|

Pacuer MOHTaXHBIX CTpell IpoBeca
TIPOBOZIOB U TPOCOB j-TO MIPOJIEeTa
k-ro yuacTka

|

BbIBO/ HCXOHBIX TaHHBIX Ha TIeYaTh

JUIA paCYCTHBIX CXEM

B TabnnuHOM opme

|

OxoHuaHue OJ10Ka pacyeTa IIpoBOJIOB,
TPOCOB M Harpy30K Ha OLOPbI

Puc. 4. bnok-cxema onpeznenenus napamerpoB HJC ams rpo303auTHEIX TPOCOB, TOKOBEIYIIHX MTPOBOJIOB, a TAKXKE HATPY30K

Ha KOHCTPYKITHHN OTIOp
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4) aBapuHHBIN PeXUM — OOPBIB MPOBOAA OTHOMN
(hazb1 B rabapuTHOM TIPOJIETE;

5) aBapuitHBII peXxuM — 0OpBIB Tpoca B rabapuT-
HOM TIpoJIeTe.

Pacuer onops! BJI ¢ onpenenenrieM BHyTpEHHUX
CHJIOBBIX (D)aKTOPOB B JIEMEHTAX KOHCTPYKIUH H ITOJI-
0OpOM CedYeHUi ¢ y4eTOM HOPMAaTHBHBIX OIpaHUYEeHUN
U KOHCTPYKTHUBHBIX TPEOOBaHHIA BBIMOJIHSIICS B TPO-
TpaMMHOM KOMIIJIEKCe, pa3padoTaHHOM Ha Kadeape Me-
TAJIIMYECKUX U AepeBSHHBIX KoHCcTpykimii HUTY MI'CY.
B cocraB kommekca BXOAAT: MOJACHCTEMA pacyera
MIPOBOZIOB, TPOCOB U cOOpa HArpy30K Ha OMOPHI; MOJ-
cUcTeMa pacueTa ¥ ONTHMHU3AIMH HECYIINX METalIo-
KOHCTPYKIIUH OIOp B COCTAaBE €IMHOMN CETH; MOACUCTE-
Ma aBTOMAaTH3UPOBAHHOTO KOHCTPYHPOBAHUS METAJIO-
KoHCTpyKIwii orop BJI [10, 18, 19].

brnok-cxema ycranoBnenus mapamerpos HJIC
JUTS TPO303ALUTHBIX TPOCOB, TOKOBEIYIIIUX IIPOBOJIOB,
a TaKKe Harpy30K Ha KOHCTPYKILUH OTOpP HMpPUBEACHA
Ha puc. 4.

B pesynbraTe peanusanuu aaroputMa pacuera
MIPOBOJIOB, TPO30TPOCOB M HArPy30K Ha PEIIETYATYIO
KOHCTPYKITHIO TTOTydaeM (ailil NCXOMHBIX JaHHBIX JUIS
JTaJbHEHIIero pacyera y3ko0a30il ormopsl 6ameHHOTo
W TOPTaJIbHOTO THUIIA.

PE3YJIBTATHI HCCIEJOBAHUA

[TapameTpbl KOHCTPYKINH BBICOKOBOJBTHBIX JIH-
HUI DIIEKTpoIepeady OMpeesIsIOTCsI OOJIBIINM YHC-
JIOM pa3zHo0Opa3HBIX TPEOOBAHMI: COOMIOCHUE DITECK-
TPUYECKUX Ta0apuTOB MEXIY MPOBOIAMH, TPOCAMH
U OIOpPOH, yueT (axkropa YHHU(PHUKALNHU, CTYyIIEHYaTOe
N3MEHEHHUE Pa3MepoB copTaMeHTa npokara [ 18, 20-22].

3amaga onTHMaIbHOTO TpoekTupoBanus BJI ¢op-
MYJTUPYETCs CISAYIOMIM 00pa3oM: OTBICKAaTh TeOMe-
TPUUYECKUE MapaMeTphbl CETH C BapbUPOBAHHEM KOOP-
JIMHAT CUCTEMbI M TOTIOJIOTHH TIPH 33JJaHHBIX CEUSHHUSIX
¢ MuHUME3anuei Maccol (1) mpu yIoBIeTBOpEeHIH HOP-
MaTHBHBIX orpanndenuii (2)—(4) u tpedosanwuii (5), (6).

OnTumMH3aIys reOMeTPHYECKUX apaMeTpOoB OI10-
PBI C KOPPEKTUPOBKOW THIIA PEMIETKH BBHITIOTHACTCS
KOMOHMHATOPHBIM aJITOPUTMOM C TIPUMCHEHUEM METO/a
HAaIpaBJIEHHOTO CITyCKa.

Omnpenenenre MUHUMYMa IIeTIeBOI (DYHKITUH SBIIS-
€TCs CYLIECTBEHHO HEJIMHEWHON TUCKPETHOH 3amadeit
IIPH YCTAHOBJICHUH ONTHMAJIBHBIX I'€OMETPHUYECKHUX
rapamMeTpoB, TaK KaKk BEJIMKO YKHCJIO BApbUPYEMbIX Ia-
pametpos [23, 24]:

Z:f(Hﬂ LJ b’ Q’ ln) RV, ks) np)’ (l)

e BenuuuHel H, L, b, Q — 3aaHHbIC HAYaJIbHBIC T1a-
pameTpsl; H — BbIcOTa y3k00a30# OMOpHkI; L — MpoJieT
AHKEPOBAHHOTO yJacTKa; b — 0a3a omopsr; O — BEKTOP
BHEIUHEH HAarpy3Ku; BEJTMYUHEI / Rﬂ ks, n — Bapbupy-
€MBbIE TIapaMeTPhl FEOMETPUUECKOH CXeMBI; /| — JnHa
TIAHENM PENIETKH; k, — KOJIMYECTBO OONTOB B y3Jax;

1, — THII PCIICTKH y3K06a30ii OMOPET.

y’

anuiiem HOPMAaTUBHBIC OT'PaHUYCHUSA, KOTOPBIM
YIOBJIETBOPSET LeneBast GyHKIS Macchl (1):

* HecyIasl ClIOCOOHOCTh CXKATBIX M PACTSHYTHIX
3JIEMEHTOB COOTBETCTBEHHO!

Ni SA:‘ ' Ryi "0y )

N, <4 R,
rie N, — NIpOJOIBbHOE YCHINE B i-M DJIEMEHTE KOH-
CTpyKunu; R , A, ¢, — COOTBETCTBEHHO PACUYETHOE

i’

COIIPOTHUBIICHHE, TUIOLIA/Ib ITONIEPEYHOTO CEYCHUS U KO-
a¢durmeHT ycTORUIUBOCTH (TIPOIOIBHOTO U3ruda) Kax-
JI0TO [-I'0 DJIEMEHTA,

* YCJOBHE 110 MHUHUMAJIBHOW IUIOIAAHN CEUCHUS
AIIEMEHTA OTOPBI:

A2 [4), 3)
rae [A,] — MHHHMAJNBHO JIOTYyCTUMAs TIOMAb i-I0
3JIEMEHTA [0 KPUTEPHUSIM IPEIeTbHON THOKOCTH HIIN

KOHCTPYKTHBHBIM TPEeOOBaHMUSM;

* BEJIMYMHBI HEU3BECTHBIX:

JzX 2], o)
e J, M j, — BEPXHASA U HIKHSSA TPAHUIBI H3MEHYHMBO-
CTH BapbHPYEMBIX [TapaMETPOB.

OCHOBHBIE YCIIOBHS, KOTOPBIM YIOBIETBOPSET
BEKTOP BapbHPyeMbIX mapameTpos (1):

* YCJIOBHE PaBHOBECHSI:

k(x) - B - P(x) =0, )
rae k(x) — MaTpuna )KeCTKOCTH CUCTEMBI; [3 — BEKTOP
Y3J0BBIX MepeMelieHnit; P(x) — BEKTOp BHEIIHUX Ha-
TPY30K;

* YCJIOBHE COBMECTHOCTH Jie(opMaruii:

ALNi(Nl., A, 1) =AL,(Ax, Ay, Az), (6)
TIe ALNi u ALi — nedopManus COOTBETCTBEHHO i-TO
ni+ 1 anemenra.

AJ'H‘OpI/ITM ONTUMAJIBHOTO IPOCKTUPOBAHUS C IO/~
60pOM CeueHMi IEMEHTOB U ONPEACICHHEM MAaCCh
onopsl BJI mpusezneH Ha puc. 5.

Brruncnenue BekTopa BapbUpyEMBbIX MapaMeTpPOB
MPOU3BOUTCS B CIEIYOLIEH ITOCIEN0BATENbHOCTH: BbI-
TIOJIHSIETCST CTAaTHYECKUH pacyer JUisi HOpMaJIbHbIX, aBa-
PUHHBIX ¥ MOHTQ)XHBIX PEXKHUMOB paboThl y3Kk00a30ii
OTIOPBI; AJISI KAXKIOTO PEXHUMa OMPENEISIOTCS yCUIns
1 HAIPSDKCHUSI B 2JIEMEHTAX OIOPbI; TPOU3BOIUTCS MO/~
60p ceueHuit 0 PacyeTHBIM YCHIIUSAM U OCYIIIECTRISIETCS
MPOBEPKa HAPSHKEHUH ¥ THOKOCTH 3IEMEHTOB; IPON3BO-
JIMTCS TIepepacyer y3ko0a30ii ONOpsI ¢ Y4€TOM YTOUYHEH-
HBIX JKECTKOCTEH JIEMEHTOB; TIOACUUTHIBAETCS Macca OT-
JICTTBHBIX 3JIEMEHTOB M BCEH KOHCTPYKIIMH B IIEJIOM.

Pesynbrarsl mogbopa cedeHuit onophI-pecTaBu-
Tels, 1300paKeHHOW Ha puc. 6, IpUBEACHBI B Ta0IMI. 1.

B xagecTBe mpumepa Ha puc. 6—9 mpencrasie-
HBI HEKOTOpbIE pa3pabOTaHHbIE HOBBIC pelIeTYaThIe
AHKCPHO-YIJIOBBIC U NPOMEKYTOUHBIC OAHOCTOCUYHBIC
Y TIOPTaJbHBIC OTOPHI TSI IMHAHN IeKTporiepenadn 35
u 110 xB.

Bcero uccrezoBaHo oOMHHAALATH OIMOP: HIECTh
OIHOCTOEUHBIX omop Oarmennoro Tuma (I1-35-1, AY-35-1,
I1-35-2, AV-35-2, T1-110-1, AY-110-1) u msith omop
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M ONTHUMH3ALHUN KOHCTPYKIHIT

IToncucrema pacuera

onop BJI

Biiok BBOJ1a HCXOIHBIX JAHHBIX |

I

Hcxomnblii daiin

PyuHoit BBOI

‘ B1iok BeIUMCIICHNS LENEeBOH DyHKINN
‘ Onpenenenne o ITon6op
TEOMETPHICCKHX Tporparvrrii ook cedeHui
pacuera USL
TIapaMeTpoB JIIEMEHTOB
‘ Vaudukanus

Maremarudeckuit armnapar onpe/IeJICHus
ONTUMAJIbHBIX ITapamMeTpoOB

POISK

USLPOJ I‘:_' KOMBI |

| NEMID |:| KOMBI |

Puc. 5. Anropurm pacuera KOHCTPYKILIMH ONOPBI C Y4E€TOM ONTHMH3ALNH

Ta6a. 1. [Tonbop ceuenwii snemenToB aByxuenHoi onopsr BJI 35 kB tuna I1-35-2

Onpenenenne
MaccChbl

Ieuars

Ppe3yJIbTaToB

-

o
= = —
g 23 £
E = NE = E
= 9 S 5 2 £ = K
= = ) * - = <
o
: : ¢ g5 =
5 8 5 g ©
Q o) g N o = g =
) T 8 = 5 o 5
= ) = 3 o o
g 2 o ~” g S =
> z = | 22
5] g 3 o
2, = =
Tpoco-cToiika Tosic 2,26 2,30 L50 x50 %5 4,80 | 155 | 2379 | 2400 | 1M16 4,6
CrBost BepxHeil YacT Iosic 32,65 31,43 | L100x 100 x7 13,75 | 37 | 2932 | 3350 | 6M20 5,8
P Packoc 3,41 1,97 L40 x 40 x 4 3,08 88 | 2181 | 2400 | 2M12 5,8
CrBost cheameil qacT Iosic 83,34 81,61 | L160x 160 x10|31,43| 23 | 3107 | 3150 | 12M24 | 58
pea Packoc 3,40 3,40 L40 x 40 x 4 3,08 82 | 2051 | 2400 | 2M12 5,8
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Oxkonuanue maén. 1

o
" i =
g 23 E
E = L 3, E 3
= & S = e = 5 .
= ) I A o )
= : = 5 3
8 G&:) ° (5] g lg o)
5, | ¢ : R 2 | .
= ) © = 5 8 2
S % © Qg‘% ? S I
£ = = |28
) 2 3 =%
a, < E
CrBost HIBKHEH 9acTH Iosic 98,08 96,24 | L200 x 200 x 12 | 47,10 | 20 | 2440 | 3150 | 8M30 5,8
Packoc 3,40 3,09 L40 x 40 x 4 3,08 87 | 2166 | 2400 | 2M12 5,8
Tara 0,13 0,82 L40 x 40 x 4 3,08 | 158 | 357 | 2400 | 1M12 5,8
Tpasepca | Iosic 0,87 0,21 L40 x 40 x 4 3,08 93 632 | 2400 | 1M12 5,8

Packoc 0,13 0,13 L40 x40 x 4 3,08 | 80 83 | 2400 | 1M12 5.8

Tsra 0,0 1,09 L40 x 40 x 4 3,08 | 158 | 829 | 2400 | 1MI2 5,8
Tpasepca 2 ITosic 3,73 2,52 L45 x 45 x 4 3,48 88 2260 | 2400 | 2M12 5,8
Packoc 0,82 0,61 L40 x 40 x 4 3,08 | 102 | 659 | 2400 | 1MI2 5,8

Packoc 2,17 2,17 L40 x40 x 4 3,08 | 101 | 1730 | 2400 | 1M12 5.8

nadparmpr
Anagp Pacnopka 3,00 3,00 L40 x 40 x 4 3,08 71 1728 | 2400 | 2M12 5,8
Koucomu ITosic 0,96 0,96 L63 x 63 x5 6,13 120 | 1917 | 2400 | 1M12 4,6
490 30 600
34011150 28300 300 =L
Nl
TpococToiika g Tpococtoiika
4l Tpasepea | 26 000 [A
I =
1400]_HI 11400 K]'5 Tpasepea 1 [ Tpasepea 2 20 500
‘ 1 Tpasepca 2 22 000 ﬂ ;;:: 2l
o % 2 g 22001 2900 !_ 2900 220()‘[
}2700£2700} % § = CrBou BepxHeit
Tpasepca 1 ¢ 00 a S HacTi
<R o 5 18 000
1400‘L $1400 5 o
§ =
‘ o
% i
ﬂ = o E
= ] & 59
S % B S Jluaronans [ = §
= N 2 = b= 5
K] 55 2 g
<
[lar g g7 Ilar ©
K| & 9000
K|© N
X
%
<]
™ =
’qj 3 4000
“EE g F
2] i 5 Pacrnopka =2
=5 55
3~ 5
N 2 2 0,200
0900 S SIS -y
kX |650 | |650 200
—Heso 0,000 {650 T80 ¥

Puc. 6. IIpomexxyrounas OamenHas nByxuenHas omopa BJI  Puc. 7. AHKepHO-yIIIoBas mopTaibHasi OJHOICIHAS OIOpa
35 kB BJI 110 kB
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490 150 24 300
Tpococroiika
Tpasepca |
parep 22 000
CrBoI BepxHeit
1400 4acTn 1400
) 18 000
= ra
2700 H400{3200|1400£.2700 |
1 1
Tpasepca 2 Tpasepca 3 16 000
CrBon cpejHeit
ot YacTH
(=3
=
Iar
4000
CTBOJI HUKHEH
4acTh 0,200

44_560 7T~ 0,000

e

Puc. 8. [IpomexxyTodynas mopranpHas AByXIenHas onopa BJI
35 B

6000

23 200
Tpococroiika
Tpasepca 1 Tpasepca 3 19 000
1500 6500 1500
1 1
CrBOI BepxHei
gactn Tpanepea 4 15 000
—re = —_ SN I
12200 165013600 11250 {2600 |
1 T T |
Tpasepca 2
=
o
o]
iz
o Q
5 §
e
Jnaronanb
IHar
Pacropka 3000
CTBOJI HYKHEH
g 4acTH 0.200

A
e
6500

Puc. 9. AHKepHO-yIIIOBas MOpTaNbHas ABYXIenHas ormopa BJI
35 kB

Taou. 2. Macchl 3aIpOeKTUPOBAHHBIX OJHOCTOEYHBIX U HOpTanbHbIX ornop BJI 35 u 110 kB

OnHOCTOCUHAS OTTOpa [ToprasbHas ormopa
Tun onopst
Tudp Bericora, M Macca, xr ludp Bericora, M Macca, xr

HpOMe)KyTO‘IHaﬂ OJHOILICITHAs H-35-1 24’1 1719 . o -
HanpsbkenueM 35 kB

AHKEPHO-YIJIOBA OTHOUCIIRASL | \y; 35 | 22,5 3421 TAY-35-1 19,0 4115
HanpsbkeHneM 35 kB

Tpovexyrounas nByXuenmas |y 35 o 274 3755 I1-35-2 24,1 3932
HanpspkeHueM 35 kB

AHKEPHO-YIIOBAA IBYXUCHHAT |y 35 26,7 6193 [AY-35-2 23,0 6493
HanpsokeHneM 35 kB

TpouexyTounas oxrouenHas | o | 32,0 3879 M1-110-1 26.5 3235
HanpsokeHueM 110 kB

AHKCPHO-YITIOBAS OMHOUCTIHAT | \y/ 1y 34,1 8430 TAY-110-1 30,4 9376
HanpspkenueM 110 xB

nmopraipHoro tuma (ITAY-35-1, II1-35-2, TTAY-35-2,
[I1-110-1, TTAY-110-1).

Macchbl 3alpOeKTUPOBAHHBIX OAlIEHHBIX U TOP-
TAJBHBIX OIOP OAHOUCHIHBIX U JBYXICITHBIX OIIOP BJI
35 u 110 kB npuBeneHs! B Tadi. 2. Macchl orop ornpe-
JIEJISUTACH C YYE€TOM BCIIOMOTATEIbHBIX JeTalcii u Me-
TH30B.

SAKJIIOYEHHUE U OBCYXJAEHUE

Pa3paGoraHbl onTHMalbHbIE KOHCTPYKTHBHBIE
(opMBI y3K00a3bIX OTIOpP MO O0JACTH OIpPEaeICHUS
BJI 35 u 110 xB. 3anpoexrupoBaHHbIe y3K00a3bIe OII0-

28

PBI COOTBETCTBYIOT OTEUECTBEHHBIM HOPMAaM IPOEK-
TUPOBaHUs, TCXHOJIOT'MYHBI B U3TOTOBJICHUU, MOHTAXKE
1 9KCIUTyaTalyu.

Ha ocHOBe NpeyIoKeHHOTO YHCIEHHOTO METO/a
ONTHUMH3AIIMH, TIPH KOTOPOM I'€OMETPUYECKUE Pa3Mephl
1 TOITOJIOTHUS OTIOP, @ TAK)KE MapaMeTpPhl MacChl, TPYIO0-
€MKOCTH U CTOMMOCTH ONTHMH3UPYIOTCSI OJHOBpE-
MCHHO, AOIIOJHUTCIBbHO CHHUXXCHBI ITOKA3aTCJIN MaCChI
M CTOMMOCTH Y3K00a3b1x onop 10 20 %.

Ilo pe3ynpraraM NpOBEAEHHBIX UCCIEIOBaHUM
OIpe/IesIeHbl PAllMOHAIbHBIC 00IACTH IPUMEHEHHUS Oll-
TUMAaJIBHBIX y3K00a3bIX OIMOp IOPTAIBHOTO U OalieH-



CoBepLLEHCTBOBaHNE KOHCTPYKTMBHOM (pOPMbI CTaAbHbIX y3K0Oa3biX PELLETYATbIX 0op

C. 20-39

BO3AYLUHbIX AMHUI IAEKTPONEPEAAUM NOBbILLIEHHON HAAEXHOCTH

HOTO THUIOB. [lopTajgbHbIe CBOOOIHOCTOSIINE OMOPBI
C MOAKPEIUISFOIIAMHU THArOHAISIMA U 0€3 HUX PaIuo-
HaJIbHBI B AHKEPHO-YTJIOBBIX OMOPax HaIPSIKCHUEM
110 kB, 0cobeHHO TIpH OOJBIIMX HATPY3KaX U3 ILUIO-
CKOCTHU Y 3HAYHMTEIIbHBIX Mepenagax penbeda MecTHO-

CTH, a TAaKXX€ B IPOMEKYTOUHBIX OITOpaxX HANPsLKCHUEM
110 xB mpu BeIcoTe omop 10 27 M. Ha BO3IyIIHBIX TH-
HUSAX HampsokeHueM 35 kB nmpumeHeHne mopTalbHbIX
CBOOO/THOCTOSIIIMX OTOP JAET MOJIOKHUTEIbHBINA dPPeKT
TOJIBKO JUTSI TPOMEKYTOYHBIX OIOp BBICOTOH 10 20 M.
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INTRODUCTION

Every year the amount of electricity transmitted in
high-voltage electrical networks increases. This requires
the involvement of huge material and labour resour-
ces not only in the energy sector, but also in other indus-
tries [1-3].

The development of electrical networks direct-
ly depends on the cost of overhead transmission line
(OHPL) structures. Therefore, all possible ways to
reduce the metal intensity and increase the efficiency
of power grid construction by improving technical solu-
tions should be implemented [2, 4, 5].

To obtain a guarantee of uninterrupted and effi-
cient operation of an overhead line as a unified system
it is necessary, first of all, to specify static and dynamic
loads and impacts in order to assess the bearing capac-
ity at design and operation; search, development and
testing of new optimal solutions of overhead line sup-
ports using solid-state modelling; integrated approach
to the design of the network as a unified structural
system on the basis of taking into account the require-
ments of manufacturing, installation and operation; re-
construction of the existing high voltage transmission
lines; and reconstruction of the existing high voltage
transmission lines.

Up to now, overhead line design has been reduced
mainly to the survey and arrangement of standard sup-
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ports. The last developments of new unified supports
were completed by the Institute “Energosetproekt”
in the 1980s, and then in an extremely limited assort-
ment. At the same time, as experience shows, the valid-
ity period of unification is about 20 years, after which
the adopted technical solutions become obsolete. To
overcome these problems, it is necessary to revise many
approaches and views.

The aim of the research is to search for the optimal
structural form of steel narrow-base tower and portal
supports of 35 and 110 kV overhead power lines.

To achieve the set goal the following tasks have
been solved:

* the stress-strain state (SSS) of an overhead line
as an integral system was analyzed, where all key ele-
ments — current-carrying wires, lightning rods, insula-
tor garlands, supports, foundations and ground base —
work together;

* new optimal structural forms of steel narrow-
base supports of increased reliability instead of re-
inforced concrete ones for overhead lines in the area
of definition have been developed;

* rational areas of application of narrow-base tow-
er and portal supports as anchor-corner and intermedi-
ate supports for overhead lines of 35 and 110 kV have
been established.

The subject of research in this work are the VAT pa-
rameters of steel narrow-base lattice supports elements,
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the structural solution of which is obtained by optimization
of typical solutions.

As an object of the research the designs of steel
single-unit narrow-base and portal supports for over-
head lines of 35 and 110 kV voltage class are consid-
ered.

MATERIALS AND METHODS

Statistical processing of information on opera-
tion, accidents and failures of overhead line supports
and portals of open switchgears (SWYD) in power sys-
tems of the Russian Federation was performed to as-
sess the operational condition of power grid structures.
The source of information were the maps of overhead

line failures for 1991-2021 contained in the card file
of ORGRES (Moscow). The results of statistical analysis
of failures are shown in Fig. 1.

More than a half of pylon failures are caused by
the action of ice and wind loads on wires, lightning
protection cables and structures. In many respects,
this is a consequence of the lack of reliable informa-
tion on the nature and magnitudes of dynamic loads
on the elements of overhead lines [8, 9].

Thus, the creation of new solutions of overhead
line supports with a narrow base is caused by the need
to develop rational by cost criterion forms of steel tower
supports with increased reliability (failure-free) indica-
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Fig. 1. Structure of failures of overhead transmission line towers in the Russian Federation: ¢ — for the period 1991-2021;

b — for the period 2001-2021
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tors instead of reinforced concrete ones due to periodic
accidents on power grids.

Positive long-term experience of operation of nar-
row-base supports on single-circuit 35 kV overhead lines
and double-circuit 110 kV overhead lines on the terri-
tory of the Republic of Crimea with characteristic dif-
ficult terrain conditions confirms the need and validity
of considering the possibilities of developing a standard
series of intermediate and anchor-corner single-circuit
and double-circuit narrow-base steel supports for 35
and 110 kV lines instead of the used reinforced con-
crete unified ones, which do not work well under emer-
gency loads and led to mass accidents in 2009-2010
[10-12].

The paper presents the results of theoretical analysis
of the possibility of using new solutions (types) of single
and double-circuit supports for 35 and 110 kV overhead
power lines. In the process of research six types of sin-
gle-cell tower-type supports were considered: P-35-1,
AU-35-1, P-35-2, AU-35-2, P-110-1, AU-110-1 and five
types of portal supports: PAU-35-1, PP-35-2, PAU-35-2,
PP-110-1, PAU-110-1. Schemes of lattice single column
and portal supports are shown in Fig. 2, 3.

Single-barrel tower supports of constant square
cross-section and double-barrel gantry supports with
constant square cross-section shafts with and without
reinforcing diagonals and struts were investigated.
The analysis of the calculation results confirmed the as-
sumption that the appearance of additional elements in
the structural system of the support (in the form of diago-

nals and struts) is justified: the bending forces of the por-
tal support elements are significantly reduced.

When studying tower single column and gantry
supports with diagonals and struts by weight, normal,
emergency and installation modes of operation were
taken into account for anchored sections with overhead
line rotation angles from 0 to 60°.

The key requirement for creating new solutions
of overhead line supports with regard to ensuring the re-
liability of line operation is strict compliance not only
with the key technological requirements, but also with
the aspects of design and construction.

The following assumptions are made when design-
ing for the investigated types of supports: the material
works elastically; lightning protection ropes are fixed
to the tops of the supports, and the insulator garlands,
on which the current-carrying wires are suspended, de-
flecting, remain straight; the work of wires and ropes
when finding the stresses in them is identified with
the work of hollow threads; when determining the bend-
ing deformations the trunk of the support is represented
as an elastically pinched cantilever.

In the emergency mode, the supports are subjected
to a concentrated force generated by the wire break-
age and a uniformly distributed load from the weight
of wires and cables. After loading, the equilibrium
of the system in the deformed state will occur when
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Fig. 2. Schemes of steel single column supports of 35 and 110 kV overhead power lines
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Fig. 3. Schemes of steel portal supports of 35 and 110 kV overhead power lines
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|
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Calculation of loads on the j-th

of the k-th section

l
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|

support for design schemes

Output of initial data to print in tabular form

|

End of the calculation block wires,
cables and loads on supports

Fig. 4. Block diagram of determining the VAT parameters for lightning protection cables, current-carrying wires, as well as loads

on the support structures

the deformations of wires and cables are equal to the de-
formations of the support structures' [11, 13, 14].

The determination of stresses and load-bearing
capacity of the support elements were established in
the subsystem for calculation and optimization of load-
bearing metal structures of supports as part of the uni-
fied network [15-17].

To determine the loads on the anchor-corner sup-
ports, normal and emergency modes of overhead line op-
eration were considered according to Ch. 2.5 of PUE 7.
In the calculations nine loads were accepted:

1) normal mode — wires and cables are not broken
and free from ice; wind is directed along the axes of tra-
verses from left to right;

' TEC 60826. Design criteria of overhead transmission lines
(international standard). Geneva, IEC, 2022; 87.

2) normal mode — wires and cables are not broken
and are covered with ice; wind is directed along the tra-
verse axes from left to right;

3) normal mode — end support: wires and cables
are not broken and free of ice; wind is directed along
the traverse axes from left to right;

4) emergency mode — broken wire in the lower
right phase; ice without wind; pulling from left to right;

5) emergency mode — broken wire in the right mid-
dle phase; ice without wind; pulling from left to right;

6) emergency mode — broken wire in the right upper
phase; ice without wind; pulling from left to right;

7) emergency mode — end support: broken wire
in the lower right phase; ice without wind; pulling from
left to right;

8) emergency mode — end support: broken wire in
the right middle phase; ice without wind;
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9) emergency mode — end support: broken wire in
the right upper phase; ice without wind.

Calculated operating modes were accepted for
straight sections of the overhead line route and at line
rotation angles up to 60° with the difference of pulls in
wires and cables in adjacent spans.

To determine the loads on intermediate supports,
normal and emergency modes were also considered.
Intermediate supports were calculated under five loads
according to Ch. 2.5 of PUE 7:

1) normal wind conditions — wind across
the overhead line;

2) normal wind conditions — wind at an angle
of 45° to the overhead line;

3) normal icing mode — wind at icing;

4) emergency mode — wire breakage of one phase
in the overall span;

5) emergency mode — cable breakage in the over-
all span.

The calculation of the overhead line support with
determination of internal force factors in the structural
elements and selection of cross-sections taking into ac-
count the regulatory restrictions and design require-
ments was performed in the software package devel-
oped at the Department of Metal and Wooden Structures
of the National Research University of Moscow State
University. The complex includes: a subsystem for calcu-
lation of wires, cables and collection of loads on supports;
a subsystem for calculation and optimization of bearing
metal structures of supports as part of a single network;
subsystem for automated design of metal structures
of overhead line supports [10, 18, 19].

The block diagram of establishing the VAT param-
eters for lightning protection cables, current-carrying

Subsystem for calculating

and optimizin overhead power
line support structures
e
. |
‘ | Input block of initial data | ‘
| I l | |
|
‘ Source file Manual input ‘
L ———_ _ "
I e -
Objective function calculation blocke ‘
| i |
| | |
| | l l ‘
s : Selecti I
e Detemination of mass|
|
|
| | |
‘ Unification ‘
L |

Mathematical apparatus for determining optimal parameters

USLPOJ

KOMBI |

POISK

| NEMID |':_| KOMBI |

Print of results

Fig. 5. Algorithm for calculating the design of the support taking into account optimization
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conductors, as well as loads on the support structures is
shown in Fig. 4.

As aresult of realization of the algorithm of calcula-
tion of conductors, lightning ropes and loads on the lat-
tice structure we get a file of initial data for further calcu-
lation of narrow-base tower or portal type support.

RESEARCH RESULTS

Parameters of structures of high-voltage power
lines are determined by a large number of various re-
quirements: observance of electrical dimensions be-
tween wires, cables and supports, taking into account
the factor of unification, staggered change of sizes
of rolled product assortment [18, 20-22].

The problem of optimal overhead line design is
formulated as follows: to find geometrical parameters
of the network with varying system coordinates and topol-
ogy at given cross-sections with minimization of mass (1)
while satisfying normative constraints (2)—(4) and re-
quirements (5), (6).

Optimization of the geometrical parameters
of the support with correction of the lattice type is per-
formed by a combinatorial algorithm using the method
of directed descent.

Determination of the minimum of the target func-
tion is an essentially nonlinear discrete problem in
establishing the optimal geometric parameters, since
the number of varying parameters is large [23, 24]:

Z:f(H’ L’ b! Q’ l[)’ RV’ kb) ni‘)’ (l)

where H, L, b, Q are the given initial parameters;
H is the height of the narrow-base support; L is the span
of the anchored section; b is the base of the sup-
port; QO is the vector of external load; lp, Ry, k,, n_are
the varying parameters of the geometrical scheme; lp is
the length of the lattice panel; &, is the number of bolts
in the nodes; n_ is the type of the narrow-base support
lattice.

Let us write down the normative constraints satis-
fied by the target mass function (1):

* bearing capacity of compressed and tensile ele-
ments, respectively:

N<4R,
where N, — longitudinal force in the i-th structural ele-
ment; R , 4, ¢,— respectively design resistance, cross-
sectional area and stability factor (longitudinal bending)
of each i-th element;

* condition on the minimum cross-sectional area
of the support element:

A,=21[4], 3)
where [4,] is the minimum permissible area of the i-th
element according to the criteria of ultimate flexibility
or structural requirements;

* values of unknowns:

JzXz), @
where J, and j, are the upper and lower bounds of vari-
ability of the varied parameters.

Basic conditions satisfied by the vector of varying
parameters (1):

* equilibrium condition:

k(x) - B — P(x) =0, (&)
where k(x) is the stiffness matrix of the system; 3 is
the vector of nodal displacements; P(x) is the vector
of external loads;

* joint deformation condition:

ALN,-(]Vi’ A, 1)=AL, (Ax, Ay, Az), (6)
where ALNi and AL, are the deformation of the i-th and
i + 1 elements, respectively.

The algorithm of optimal design with selection
of element cross-sections and determination of the mass
of the overhead line support is shown in Fig. 5.

The vector of varying parameters is calculated in
the following sequence: static calculation is performed
for normal, emergency and installation modes of opera-
tion of the narrow-base support; for each mode the forces
and stresses in the support elements are determined;
the cross-sections are selected according to the design
forces and the stresses and flexibility of the elements
are checked; the narrow-base support is recalculated
taking into account the specified stiffnesses of the ele-
ments; the mass of individual elements and the whole
structure is calculated.

The results of selection of cross-sections of the rep-

N<4,R, o, (2) resentative support shown in Fig. 6, are given in Table 1.
Table 1. Selection of cross-sections of elements of the double-circuit 35 kV overhead line support of P-35-2 type
& % & z
g ) 3
=
= g o > e
g = = g £
] 15} S 5} =
2 g = - S
3 = g en = § 5 %
s = Z £ 3 < | = 2 |3
= S © ™ g =
= | f = | 2
g 8 ]2
© »n
Ground wire peak Belt 2.26 2.30 L50 x 50 x 5 4.80 155 | 2,379 | 2,400 | IMI16 | 4.6
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End of the Table 1
+~— [ﬂ.\ oL
g 2 § £
[*}
5 g s
= g o > a4
g = g g £
9 ko1 Qﬁ Q E
5 g = g P = 2
5] 9 19 o0 = o 5 <
1%} m B = o ] 2 2 i}
A = 2 < = N = 2
=S 2 o S g )
O =
= = & 5
o 2 p=}
o »n

S Belt 3265 | 3143 | L100x100x7 | 13.75 | 37 | 2932 | 3.350 | 6M20 | 5.8
upperp Strut 341 | 197 | L40x40x4 | 3.08 | 88 | 2,181 | 2,400 | 2M12 | 5.8

Belt 83.34 | 81.61 |L160x160x10| 31.43 23 | 3,107 | 3,150 | 12M24 | 5.8

Barrel centre section | g 340 | 340 | L40x40x4 | 3.08 | 82 | 2,051 | 2,400 | 2M12 | 5.8

Belt 98.08 | 96.24 |L200 x200x 12| 47.10 20 | 2,440 | 3,150 | 8M30 | 5.8

Barrel lower part Strut 340 | 3.09 | L40x40x4 | 3.08 | 87 | 2,166 | 2,400 | 2M12 | 5.8

Traction 0.13 0.82 L40 x40 x 4 3.08 158 | 357 | 2,400 | IM12 | 5.8
Traversa 1 Belt 0.87 0.21 L40 x40 x 4 3.08 93 632 | 2,400 | IMI12 | 5.8
Strut 0.13 0.13 L40 x40 x 4 3.08 80 83 2,400 | 1IM12 | 5.8

Traction 0.0 1.09 L40 x40 x 4 3.08 158 | 829 | 2,400 | IM12 | 5.8

Traversa 2 Belt 3.73 2.52 L45 x 45 x4 3.48 88 | 2,260 | 2,400 | 2M12 | 5.8
Strut 0.82 0.61 L40 x40 x 4 3.08 102 | 659 | 2,400 | 1IM12 | 5.8
Diaphraems Strut 2.17 2.17 L40 x40 x 4 3.08 101 | 1,730 | 2,400 | 1M12 | 5.8
phrag Strut 3.00 3.00 L40 x40 x 4 3.08 71 | 1,728 | 2,400 | 2M12 | 5.8
Consoli Belt 0.96 0.96 L63 x 63 x5 6.13 120 | 1,917 | 2,400 | IM12 | 4.6
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Fig. 6. Intermediate tower double-circuit support for 35 kV  Fig. 7. Anchor-angle portal single-circuit support for 110 kV
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Fig. 9. Anchor-angle portal double-circuit support of overhead
line 35 kV

Table 2. Masses of the designed single and portal supports of 35 and 110 kV overhead power lines

Single-post support Portal support
Support type
Cipher Height, m Weight, kg Cipher Height, m Weight, kg

Intermediate single-circuit
35KV P-35-1 24.1 1,719 - - -
Anchor-corner single-circuit

AU-35-1 22.5 3,421 PAU-35-1 19.0 4,115
35kV
Intermediate double-circuit P-35-2 27.4 3,755 PP-35-2 24.1 3,032
35kV
Anchor-comer double-cireuit | 15 35 26.7 6,193 PAU-35-2 23.0 6,493
35kV
Intermediate single-circuit P-110-1 32.0 3.879 PP-110-1 26.5 3.035
110 kV
Anchor-corner single-circuit
110 KV AU-110-1 34.1 8,430 PAU-110-1 30.4 9,376

As an example, Fig. 6-9 shows some developed
new lattice anchor-angle and intermediate single post
and portal supports for 35 and 110 kV transmission
lines.

In total eleven supports were investigated: six
single tower-type supports (P-35-1, AU-35-1, P-35-2,
AU-35-2, P-110-1, AU-110-1) and five gantry-type
supports (PAU-35-1, PP-35-2, PAU-35-2, PP-110-1,
PAU-110-1).

The masses of designed tower and portal sup-
ports of single-circuit and double-circuit supports of 35

and 110 kV overhead power lines are given in Table 2.
The masses of supports were determined taking into ac-
count auxiliary parts and hardware.

CONCLUSION AND DISCUSSION

Optimum design forms of narrow-base supports
according to the area of definition of 35 and 110 kV
overhead power lines have been developed. The desig-
ned narrow-base supports comply with domestic design
norms, are technologically advanced in manufacturing,
installation and operation.
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On the basis of the proposed numerical method
of optimization, at which geometrical dimensions and
topology of supports, and also parameters of weight,
labour intensity and cost are optimized simultaneously,
weight and cost parameters of narrow-base supports are
additionally reduced up to 20 %.

According to the results of the conducted re-
searches rational application areas of optimal narrow-
base supports of portal and tower types are determined.

Portal free-standing supports with and without rein-
forcing diagonals are rational in anchor-angle sup-
ports of 110 kV voltage, especially at large loads from
the plane and significant terrain relief differences, as
well as in intermediate supports of 110 kV voltage at
the height of supports up to 27 metres. On 35 kV over-
head lines, the use of free-standing gantry supports has
a positive effect only for intermediate supports up to
20 m high.
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