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Pedepar. Ha BO3IyIIHBIX JTMHHUAX MPUMEHSIOTCS MHOTOIIPOBOJIOYHBIE aFOMUHUEBEHIC IPOBOIA.
W3-3a nx rubkoif KOHCTPYKIUH B PE3yNbTATE SIEKTPOIHHAMUYECKOTO JEHCTBHUS TOKOB KOPOTKOTO
3aMBIKaHUs. MOTYT IPOUCXOIUTh HEAOMYCTHMBIE B3aUMHBIE COMMKEHHS U JaXe CXJIECTBIBAHUS
(ha3HBIX IPOBOIHUKOB APYT C JPYroM. YCKOPEHHOE ABI)KEHHE IIPOBOJIOB, BHI3BAHHOE JEHCTBHEM
UMITYJIbCa 3JIEKTPOJIMHAMUYECKAX YCUINH IPH KOPOTKOM 3aMBIKAHUH, COMIPOBOXKAACTCS yAAPHBI-
MH AUHAMHYECKUMH HArpy3KaMH, AeHCTBYIOIINMHI Ha MPOBOJA, H30JSILHOHHEIE M ONOPHBIC KOH-
CTPYKIMU BO3IYIIHBIX JIMHUH. IHTEHCHBHOCTB 3IIEKTPOJAMHAMUYECKOTO JIEHCTBUS TOKOB KOPOT-
KOTO 3aMbIKaHHs Ha FMOKHE MPOBOJHUKH BO3AYIIHBIX JUHHUM 3aBUCUT OT BEJIMYHMHBI TOKOB KOPOT-
KOTO 3aMbIKaHUs. [l MCCIeNOBaHUS SIEKTPOINHAMHIECKON CTOMKOCTH IPOBOJOB BO3IYIIHBIX
JIMHUH, pacHONOKEHHBIX 0 BEPIIMHAM MPOU3BOJIBHOTO TPEYrolbHUKA B IIPoJeTaX OOJIBILION M-
HBI, IPUHAMAETCSI pacyeTHasl MOJIENb B BUJE TMOKOH pacTsHUMOW HHUTH, Macca KOTOPOH paBHO-
MEpHO pacIpe/ielieHa 1o ee AnuHe. IIpu Takoil pacdeTHON MOJenH NPOBOJ IO/ AeiicTBUEM BHEIII-
HHUX CHJI IpUHHUMaeT (HopMy, 0OYCIOBICHHYIO SMIOPOi TIPUIIOKEHHBIX CHJI, U HE CONMPOTHBIIAETCS
n3ruly u KpydeHuro. 3ajaya pacuera Ha4albHBIX YCJIOBUH CBOJMTCS K PELICHHIO yPaBHEHUH CTa-
TUKH TUOKOH HUTH. 3aKOH JBVDKCHUS KPaeBBIX TOUYEK MPOBOIOB YCTAHOBJIEH U3 COBMECTHOTO pe-
IIEHHUs] YpaBHEHMIl OHHAMUKH MPOBOJOB M KOHCTPYKTHBHBIX 3JIEMEHTOB BO3AymIHbIX JIOIL
Ha ocHoBe npemaraemoro anropurma Ha Kagenpe «Dnekrpuueckue cranmun» BHTY paspabora-
Ha KommbroTepHas mporpamMma LINEDYS+, koTopas mo cBoMM XapaKTepHCTHKaM HE YCTYNaeT
3apyOexxHbIM aHanoram, Hanpumep SAMSEF. Jlng pacuera HauanbHBIX YCIOBUN MOAH(UIIPOBa-
JI KOMITBIOTEPHYIO IIPOrpaMMy MEXaHHYECKOro pacdyera HOKHX NpoBogHUKOB MR 21. Dnekrpo-
JMHAMUYECKOE B3aMMOJIEHCTBHE MPOBOAOB NP KOPOTKOM 3aMBIKAHHUH OIIEHHBAETCS C yYETOM
KOHCTPYKTHBHBIX JIEMEHTOB BO3JIYyIIHBIX JINHUH, TOJIOJIEIHBIX H BETPOBBIX HArpy30K, pealbHbIX
XapaKTepUCTUK KOPOTKOTO 3aMbIKaHWs. KOMIBIOTepHBIC NPOrpaMMbl CHAOXKEHBI TIPOCTHIM H I0-
HSTHBIM TOJIB30BAaTENbCKAM MHTEP(EHCOM U MOTYT CO3/]aBaTh aBTOMAaTHYeCKHe oTdeThl. OreHka
JIOCTOBEPHOCTH PAcYeTOB IO pa3pabOTaHHOH KOMIIBIOTEPHON IpOrpaMMe BBINNOJIHSIACH COIIO-
CTaBJICHHEM SKCIICPHMEHTAIBHBIX U PACUETHBIX IAHHBIX JUISI OMBITHOTO MpojeTa (paHIly3CKON
rocynapcreenHoi komnanueli Electricite de France.
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Electrodynamic Stability Computations
for Flexible Conductors of the Aerial Lines

.1 Sergeyl), Y. G. Panamarenkal), P.1. Klimkovichl),
A. P. Dolin”, Y. V. Potachits"

YBelarusian National Technical University (Minsk, Republic of Belarus)
*Moscow Energy Institute (Moscow, Russian Federation)

Abstract. In aerial transmission lines aluminium multiwire conductors are in use. Owing to their
flexible design the electrodynamic effect of short circuit currents may lead to intolerable mutual
rendezvous and even cross-whipping of the phase conductors. The increasing motion of the con-
ductors caused by effect of the short-circuit electrodynamic force impulse is accompanied by the
dynamic load impact affecting the conductors, insulating and supporting constructions of the aerial
lines. Intensity of the short-circuit currents electrodynamic impact on the flexible conductors de-
pends on the short circuit current magnitude. For research into electrodynamic endurance of the
conductors of the aerial lines located at the vertices of arbitrary triangle with spans of a large
length, the authors assume the conductor analytical model in the form of a flexible tensile thread
whose mass is distributed evenly lengthwise the conductor. With this analytical model, by the
action of the imposed forces the conductor assumes the form conditioned by the diagram of ap-
plied external forces, and resists neither bending nor torsion. The initial conditions calculation task
reduces to solving the flexible thread statics equations. The law of motion of the conductor mar-
ginal points comes out of the conjoint solution of dynamic equations of the conductor and structur-
al components of the areal electric power lines. Based on the proposed algorithm, the researchers
of the Chair of the Electric Power Stations of BNTU developed a software program LINEDYS+,
which in its characteristics yields to no foreign analogs, e. g. SAMSEF. To calculate the initial condi-
tions they modified a software program computing the flexible conductor mechanics named MR 21.
The conductor short-circuit electrodynamic interaction estimation considers structural elements of the
areal lines, ice and wind loads, objective parameters of the short circuit. The software programs are
accommodated with the simple and intelligible user interface and can produce automatic reports. For the
computation certainty valuation of the developed software program, comparison of the experimental and
design values was performed on an engineering prototype span of the French state-owned company
Electricite de France.

Keywords: dynamics of current-carrying structures, electrodynamic stability, maximum tensions,
compressional forces, mathematical modeling
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Ha Bo3aymubix muausax (BJI) mpuMeHSIOTCS MHOTOIIPOBOJIOYHBIC ATFOMUHH-
€BbI€ IIPOBOAA CO CTAJbHBIM CEPACYHUKOM. B CTagum OCBOCHMS HaXOIATCS
KOMITO3UTHBIE ITPOBOJIA CO CTEKIIOIIIACTUKOBBIM CepleuHUKOM. H3-3a nx rudkoit
KOHCTPYKLUH B PE3YyJIbTaTe IEKTPOIUHAMHUECKOTO AEHCTBHSA TOKOB KOPOTKOTO
3ambikanus (K3) MoryT mpoucxoauTh HEAOIyCTUMBIE B3aMMHBIE CONMKEHHS
U Jaxe CXJIeCThbIBaHUs (a3HBIX MPOBOJHHUKOB JPYT C IPYrOM WJIH C 3a3eMJICH-
HeIMH KOHCTpyKmmsamu BJI. Ciydan HapymieHWs 3JIEKTPOIUHAMHYECKON CTOH-
KOCTH THOKHMX TOKOIIPOBOOB HaOmromanuch B Poccunm Ha momcranmmu 500 kB
«Tuxopenukas» MpH cXJecThiBaHUM (a3 THOKOTO TOKONPOBOAA Ha CTOPOHE
10 kB aBToTpancdopmaropa cesa3u (npeanucanue [111-06-09 PAO EC Poccun).
Henomyctumoe commxenne ¢a3 rudkoro TokompoBoma 10 kB mmeno mecrto
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B cxeMe anekTpocHabkeHns OAO «MOTHIEBXUMBOIOKHO» (110 JAHHBIM CITYXK-
0b1 sHepreTuka 3aBoga U PYII «benHUIIW»uepronpomy). IIpuuem moBpexe-
HUe HacTymmwio mpu Toke 13 kA wm mpomomkurensHoctn K3 4 = 1,2 c.
B cootBercTBum ¢ [IYD [1] HamMmeHbIIee pacCTOSTHEE MKy (pazaMu B MOMEHT
ux Hauboukiiero commkenus npu K3

Tabauya 1

HE JIOJKHO OBITH MEHbIIE HOPMH-
POBAaHHOTO 3HAYeHUs MO padouemy Unows ¥B Appom M
Hanpsxenno (ta6n. 1). CornacHo 35 0,25
T'OCT [2], oneHKa >7IeKTPOIUHAMY- 110 0,45
YeCKOM CTOMKOCTH MPOBOJIOB J0JIKHA 220 0,95
[POBOJIUTLCSA MO JABYM YCIIOBHSAM: 330 1,40

S < Syon 0

max S o 2
t1e S.os Towes Swons Toon — COOTBETCTBEHHO MAKCUMANBHBIC M JOIYCTHMbIC

OTKJIOHCHHUS U TSHKEHUS THOKHUX MTPoBooB mpu K3.

B o6mmem ciydae mpoBepka MpoOBOJIOB Ha HEAOMYCTUMOE COIMKEHHE U CXJIe-
cTeiBaHue Mpu K3 BBIMOIHSAETCS M0 MaKCUMAaTbHOW CyMME OTKJIOHCHH TTPOBO-
JIOB coceTHuX (ha3 B MOMEHT MX HauOOJIbIIero cONvkeHus [ 3|

A= (8,458, +21,) 2 4, 4.k, )

-.zon

rae A, Agy-¢.ron — PACCTOSIHUE U JOMYCTUMOE PACCTOSIHIE MEXKIy coceIHUMH (a-
3aMHU B PEKMME KIMMAaTHYECKUX HArpys3ok, npeamecrsyromem K3; 7, — enunny-
HBII paguyc-BekTop; S,, S, — OTKIOHEHUs IPOBOJOB COCEAHUX (Da3 B MOMEHT
BpEMCHHU WX HauOOIbIIero commkenus [3].

Otknonenus S, u S, He paBHBI MEXIy COOOW HE TOJBKO IPHU PACIOIOKE-
HUU (a3 Ha omope O TPEYroJbHUKY, HO JIaXe MPU TOPU30HTAIHLHOM PaCIIOJo-
xeHuH (pa3 wW3-3a pa3HOro BIWSHUS BETpa Ha JBHWXKCHHE MPOBOAOB. [loaTo-
My ycioBue (2) B/OOIIEM BHAEC UMEET CICAYIONUN BU/;:

min (E—R_j)—er 2 Ay irons 3)

rae R, R, — pamuyChl-BEKTOPBI MTHOBCHHOT'O PACIIONIOKCHHUS i-I'0 M j-TO MPO-
BOJIOB B TOYKEe MX HaumOombiiero commxenus (i=1,2,..,n;, j=1,2,..,n
[#7).

B npocTtom cirydae, korma mpoBoaa coceqHuX (a3 ABUTAIOTCS MO MIACHTHY-

HBIM TPAeKTOPHSAM HABCTpEUy APYT APYTY, YCIOBHE MX HEIOITyCTUMOTO COIH-
KEHUSI UIMEET BU]T

A=2(Yy +7) 2 Ay s (4)

p

rae Y,

2max

— MAaKCHUMaJIbHOC OTKJIIOHCHHC (1)3351 npu CcOMMKEHUU IMPOBOJOB IIOCJIC

oTkiroueHus K3, m.
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YckopeHHOE IBIKEHHE MPOBOJOB, BBI3BAHHOE JEHCTBHEM HMMITYJIbCA DJIEK-
TpomuHammuuecknx ycwnuid (3AY) mpu K3, compoBoxkmaercs ymaapHBIMHU JIH-
HaMHUYECKUMH HAarpy3KaMu, ACHCTBYIOIIMMH Ha MPOBOJA, HU3OJISIIIUOHHBIE U
omopHble KOHCTPYKIMH BJI, ctocOOHBIMU BBI3BAaTh HAPYIICHWE MEXaHWYECKOW
npouHocTH 31eMeHToB BJL. Ilo yciaoBuio anekTpoguHaMuueckou croiitkoctu BJI

Tabuya 2 ~ MAKCHMAIBHBIC TSDKCHHs IMPOBO-
Turt 1 sapra nposora T 2l nmoB mipu K3 He MOmKHBI HpCBLE—
IaTh WX JOIYCTUMBIX 3HAYCHUH.
AC-120/27 3960
JomycTumMele TSKEHUST OHpejie-
AC-150/24 4330 TISIOTCS TIPEJIENIOM TIPOYHOCTH Ha
AC-150/34 4950 pacTsbkeHHe TPOBOJIOB C YHUETOM
AC-185/24 4995 ko3 durmenta 3anaca k, = 0,5
AC-185/29 5365 (tabm. 2) [2].
AC240/39 6960 I/IHTeHCI/IBHOCTf DIIEKTPOIH-
HAMHYECKOro JIEHCTBUS TOKOB
AC-300/48 8700
K3 na rumbxme mpoBomamku BJI
AC-400/22 8600 3aBUCHUT OT BelIUYUHBI TOKOB K3.
AC-400/56 10800 Cornacuo ITYD mpoBepka siiek-
AC-400/93 13200 TPOAMHAMMYECKOH  CTOMKOCTH
AC-500/64 13500 IIPpOBOJAOB HCO6XO)II/IM3, €ClIn

JEHCTBYIOIIEE 3HAUCHUE HAYaIb-
Horo mepuomgmieckoro toka K3 mpespmmaet 20 kA [1]. Ilo manHBEIM Bemy-
mux OeNopPYCCKUX MPOCKTHBIX OpraHu3anui, ypoBHH TOkoB K3 Ha cTopoHe
110 u 330 kB nocturarot 35-40 kKA. OxugaeTcst UX pocT B CBS3H CO CTPOUTEIh-
ctBoM benopycckoit ADC. B anektpudeckux cerax 110-220 kB MockoBckoro
peruoHa TOJIbKO OJyiarojapsi craloHapHOMY jeiieHuio cet (6osee 100 Touek)
toku K3 maxomsarcs Ha ypoBHe 3040 kA, a He 130-140 xA, mpu U, =110 kB

HOM

n 70-80 kA npu U, =220 kB, npu orcyrcTBun aenenus [4]. JIuHbI IpoOIETOB

MIPU YKa3aHHBIX HanpsbkeHusx nocturaioT 400 M, a ctpensl npoBeca 10 M, uro
0osiee ueM B JBa pa3a MPEBBINIACT MEXAy(ha3HbIe PACCTOSHUSL. DTO MOBBIIIACT
PHWICK OTIACHOTO COJMKEHUS M CXJIeCThIBaHmsI mpoBoaoB BJI mpu K3.

Jlna uccrnemoBaHus JIEKTPOIMHAMUYECKOM CTOMKOCTH mpoBojioB BJI, pac-
MTOJIOKEHHBIX II0 BEPIIMHAM MPOM3BOJIIEHOTO TPEYTOJIbHHUKA B IMPOJETax OOIb-
IIOW JUIMHBI, IPUHUMAETCS pacueTHas MOJIENIb MPOBOJA B BUJE THMOKOH pacts-
JKUMOM HUTH, Macca KOTOpOl paBHOMEPHO pachlpe/esieHa MO AJUWHE MPOBOAA.
IIpu Takoil pacueTHON MoJied MPOBOJ TMOA JNEUCTBUEM BHEIIHUX CUJI MPUHU-
MaeT hopMy, 00YCIIOBICHHYO SIIOPOH NPUIOKEHHBIX CHJI, M HE CONPOTHBIISCT-
¢ W3rM0y W KPYUYEHUIO. YpaBHEHUS IBWKCHHUS IPOBOJA, IPEICTABICHHOTO
ruOKOW HUTHIO, 3alMCAaHHBIE B HOPMAJILHOM BHUJIE, UMEIOT CIEAYIONIHA BU [5]:

oT OR _0’°R - O°R

———+T—+P=p—-,

Os Os s’ ot
rie R — pamuyc-BeKTOp MPOM3BOJIBHOM TOUYKH MPOBOJA B MPOJIETE, M; § — JYTO-
Basi KOOPAMHATA TIPOBOJA, M; P — BEKTOpP paclpe/e/ieHHON BHEINHEH HArpy3Kn
Ha €IUHUIYY IJIMHBI IPOBOJIA, B COCTaB KOTOPOU KpOMeE 3IEKTPOIUHAMUYECKOM

®)
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Harpy3k# oT TOKOB K3 MOTyT BXOJMTh BECOBasi, TOJOJICAHAS, BETPOBAs H JPYTHE
Harpy3ku, H/m; T — monyns Tsokenust, H; ¢ — Bpems, ¢; p — Macca euHHIIBI JJTH-
HBI TIPOBOJIA C YYETOM €T0 PACTSHKEHHUSI, KI/M.

ITocne mpeobOpazoBanus (5) K HOPMaILHOMY BHIY IOJYYCHBI BEKTOPHO-
napaMeTpUYecKrue ypaBHEHUS JIBW)KCHUS MPOBOIOB, 3aIMCAHHBIC B MPOCKIIUIX
Ha OCH KoopawHAT [5]:

or

+P;

Ox |y, o) |Px pox Oy ok 028
Os; Os, Os, Os; Os, 0s, Os;

So
Py Loy ax x| oYy oy e o
GY _p Y XX 2y L ECE p ()

= | |== +
ot’ Os, 0s, Os; s, ) |0s; Os, Osy Os;

2 z?

822=b2628_x&+b2£5_y52_y+ 7\‘2+b2(62]28_22 )

e 6_s()8s0 Os; Os, Os, Os, 0s, ) | 0s,

rae
oo T e ot e QALY
po(l+e)’ (1+e)2 ’ poot, (1+,9)”

€ — OTHOCHUTEIBHOE YIJIMHEHHE 3JIEMEHTa MPOBOAA B PE3YyJbTaTE PACTKEHUS
u Harpepa npu K3; o, — K02 GHIMEHT ynpyroro yaaMHEHHs NpoBoja; 3 — Te-
Kylllas TeMrepaTypa npososa 1pu u nocie K3, °C; P* — pacnpeiesieHHas BHEI-
Hsisl HAarpy3Ka Ha eMHHUILY JUTHHBI poBoza, H/m.

Beraucnenne D/IYV mexay mpoBogamu (a3, B3aMMHOE POCTPAHCTBEHHOE
MOJIOKEHUE U (PopMa KOTOPHIX B KAXKIbIi MOMEHT BPEMEHH OIHMCBHIBAOTCS
YPaBHEHUSIMU UX JIBHXKEHUS, Tpou3BoauTcs o ¢popmyne bruo, Casapa u Jlamna-
ca, 3allMCAaHHOH B BEKTOPHO-apameTpuieckoi popme [5]. B obiiem Buae B cu-
cTteMme n THOKHX MpoBoaoB BJI cymmapubie DJ1Y Ha enuHUIly IJIUHBI K-TO MPO-
BOJIa ONPEAEIAIOTCS 110 BBIPa)KEHUIO

_ XdR,
F = 7
, ds, M

rjae ds, — JUIMHA 3JIeMeHTa k-ro mpoBoja, M; dFi — DJ1Y Ha dneMeHT JUIMHBI
k-ro mpoBoza ot j-ro (pH k # j); npu k = j — cobctBeHHbie DY, 00ycnoBieH-
HbI€ KPUBOJIMHEHHOCTRIO poBoa, H/M.

OJ1Y, neicTByrOmue Ha DJIEMEHT A-TO MPOBOJHUKA B IIOJIE j-TO, OMPEICIIs-
IOTCS TI0 BBIpaKeHUIO (puc. 1)

_ i, ds R,
dF, =20 s, [ ®)
4TE l./ ‘Rjk

TJE i, I; — MTHOBEHHBIE 3HAYEHHs TOKOB BO B3aMMO/ICHCTBYIOLIMX IIPOBOJHUKAX, A.
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MrHoBeHHBIC 3HaUeHUA TOKOB K3 B TpexdaszHoi cCucTeMe BBIYUCIISIOTCS 10
CJIEIYIOLUM BBIPAXKCHUSIM:

i,=1, (sin(oat +a)—sinoe™ );

. 2 ) 2 _
i,=1 |sin|ot+o—=mn|—sin| a—=x |e™ |;
B m 3 3

. . 2 . 2 pt
i.=1 |sin|wt+o+—m|—sin| a+—7 |e R
C m 3 3

)

rae [, — aMIDIUTyna mepuoamdeckoi cocraBistomeir Toka K3, A; o — ¢daza
BKITIOUYeHUs Toka; 3 = 1/T, — nmoka3arenb 3aTyXaHHs arepuoIUIeCKOM COCTaB-
nsrommiet Toka K3, 1/¢; T, — mocrosiHHas BpeMenu 1ienu K3, c.

[0} X
y
Ry
ds},
< -
4 Rkk
Ry
=
ds;, Ry R
J
F L
J
ds

Puc. 1. K pacuery D1V B cucreme rubKIX MpOBOJIOB

Fig. 1. On EDF estimation in a system of flexible wires

JUIA BBIIENICHYS €IUHCTBEHHOTO PEUICHHs YPaBHEHUH JBHKECHUS IPOBOJIOB
HY>KHBI Ha4aJIbHBIE U KpaeBble yCIOBHA 3a1a4d. HavyalbHble yCOBHs M) ypaB-
HEHWH JBMXKEHUS IPOBOAOB ONPENENAIOTCS UX MOoJIokeHueM mpu ¢ = 0, kpae-
BbI€ — 33JaHHBIMH KOOpAMHATaMH KOHIIOB IIPOBOJA B IpoJieTe. 3ajada pacdera
HAYalbHBIX YCIOBUI CBOAMUTCS K PELICHUIO YpaBHEHUI CTaTHUKH TMOKOW HHTH,
MOJyYEHHBIX U3 YPAaBHEHUM IWHAMUKH [2], B KOTOPBIX IPOU3BOAHbIE 110 BpeMe-
HU TIPUHUMAIOTCA paBHbIMU Hymo. Ha kadenpe «Onexkrpuyeckue CTaHIHMM»
BHTY pa3pabotan BEeKTOpHO-IapaMETPHUECKUI METOJI pacuera paBHOBECHOTO
MOJIO’KEHUS MpoBooB BJI npu uX pasnuyHOM IMPOCTPAHCTBEHHOM pacIOIOkKe-
HUU TIOJ JECHCTBHEM BECOBBIX, TOJIONEAHBIX M BETPOBBIX paCIpEeAcICHHBIX
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Harpy3ok. ['ononeiHbIe 1 BEeTpOBbIE HATPY3KH PACCUNUTHIBAIOTCS B COOTBETCTBHUH
¢ TpeboBanusmu [1YD [1].

3aKoH ABIDKEHHUS KPAeBBIX TOUYEK MPOBOJOB YCTAHOBIIEH W3 COBMECTHOTO
pElICHUs ypaBHEHUI TUHAMUKH MPOBOJOB U KOHCTPYKTHUBHBIX JJIEMEHTOB BO3-
nymHex JIDII. MaTtematndeckoe onrcanue ABMKEHUS MPOBOJIOB, HX HaYaIbHO-
r0 U PaBHOBECHOTO ToJioxkeHUi 10 K3, yrnpyroi mogaTinBOCTH OTIOPHBIX KOH-
CTPYKITUI MO3BONWIO C(POPMYIHpPOBATH KPaeByIO 3ajady IUHAMHKH TPOBO-
noB BJI. [Ins penrenus HemuHEHHBIX AudQepeHIHaTbHBIX YPABHCHUH TUHAMU-
k# (6) IPOBOIOB MCIIONB3YIOTCS YHCICHHBIN Pa3HOCTHBIN METOJ M HEesIBHASL CXe-
Ma (puc. 2) [6].

M-1 — \_/)

EUN
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0 1 2 k-1 k k+t1 N-1 N

Puc. 2. Cerka 1 YMCIEHHOTO PELICHUS YPAaBHEHUI JBIKCHUS IPOBOIOB
110 HESIBHOU CXEMe

Fig. 2. The grid for numerical calculation of the wires movement equations
by implicit scheme

Ha ocHOBe BBHIIENM3NIOXKEHHOTO aNrOpuTMa Ha Kadenpe «IIEKTPUUECKUE
crauum»y BHTY pa3zpaborana kommbioTepHas nporpamma LINEDYS+ [7], xo-
TOpas IO CBOWM XapaKTepUCTHKaM He YCTymaeT 3apyOeXHBIM aHaJloTaM,
Hanpumep SAMSEF. Jlnsg pacuera HayaJbHBIX YCJIOBHH MOAW(UIMPOBA-
JIU KOMIIBIOTEPHYIO MPOTPaMMy MEXAaHHMYECKOTO pacyeTra THOKHX IPOBOIHU-
koB MR 21. DnexTpoauHaMudeckoe B3aumoieicTerue npoBoioB npu K3 ouenu-
BaeTCSl C yYETOM KOHCTPYKTHBHBIX 3JeMeHTOB BJI, romomeaHpx u BETPOBBIX
Harpy3o0K, peajbHBIX XapakTepucTuk K3 u HeycrmenrHoro aBToMaTH4ecKoro Imo-
BropHoro BkimoueHus (AIIB). KomnbroTepHbie IporpaMMbl CHa0KEHbI IPOCTHIM
Y TIOHSTHBIM TIOJIB30BaTEIbCKMM HHTEpPEHCOM M MMEIOT BO3MOXKHOCTh CO3/1a-
HUSl aBTOMAaTH4YecKuX oT4eToB. OIeHKa JOCTOBEPHOCTH pPacdeToB MO paszpabdo-
TaHHOW KOMIBIOTEPHOW MPOTPaMMe BBIMONHSIACH COMOCTABICHHEM 3KCIIEpPH-
MEHTAIILHBIX M PACYETHBIX JAHHBIX JJIS OMBITHOTO TpoJieTa (ppaHIy3CKOi rocy-
napctBenHor komnanuei Electricite de France [8—10] (ta6um. 3, puc. 3).
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Tabauya 3
CpaBHeHHe PAcYeTHBIX U IKCHePUMEHTAIbHBIX JaHHBIX
171 onbITHOro nposiera Electricite de France giunoii 230 m
Computation and experimental data comparison
for the Electricite de France engineering prototype 230 m span
daza 4 B
Pacxoxne- Pacxoxne-

[Mapametp OmnbIT Pacuer Hme, % OnpIT Pacuer e, %
Tomax> KH 60,00 59,41 -1,0 - 66,23 -

T3max, KH 77,00 82,64 7.3 79,0 71,40 -9.6
Vimax M 5,00 5,65 13,0 5,0 5,55 10,9
Yomaxs M 3,90 3,97 1,7 4,0 4,64 16,0
Zmaxs M 2,77 3,33 20,0 2,0 1,77 -11,7
-3
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Puc. 3. CpaBHeHHe paCYETHBIX U SKCIIEPUMEHTAIbHbBIX TPACKTOPHIl ABHIKEHHS IIPOBOIOB
omnsitHOro nposieta Electricite de France mnunoii 230 m: 1 — pacuer no nporpamme;
2 — ombiT; poBog — 2XASTER-570; muna mponera — 230 M; paccrosuue mexay ¢asamu — 13 m;
ToK K3 — 54 xA; nponomxurensnocts K3 — 0,35 c;
TsDKeHHe poBosoB: daza 4 —41 kH; daza B — 48 kH

Fig. 3. Comparison of calculated and experimental conductors motion trajectories
of the Electricite de France engineering prototype 230 m span: 1 — computer program evaluation;
2 — experiment; conductor — 2xASTER-570; span length — 230 m; phase-to-phase clearance — 13 m;
SC (short circuit) current — 54 kA; SC duration — 0,35 sec.;
conductor tension: pase 4 — 41 kN; phase B — 48 kN

Pesyneratel pacueroB o nporpamMe LINEDY S+ takke xopomio coriacy-
FOTCS C TUTEPATYPHBIMU AaHHBIMH (Ta0i. 4, puc. 4). )1 TeOpEeTHIECKOTro aHa-
nu3a GpaHIy3cKUMU uccienoBaTenssMu B [8—10] ucmonb30BaHa KOMIBIOTEpHAS
nporpamma CONEX, B KOTOpO#i peann3oBaH alrOPUTM YHACICHHOTO Pa3HOCTHO-
rO pelleHus YpaBHEHHH ABMKEHHUS! aOCOMOTHO rubOKoil ympyroit Hutu. Vnen-
THYHOCTHh peaym3oBaHHBIX B mporpammax LINEDYS m CONEX anroputmoB
00yCIIOBIMBAET BBICOKYIO CTETICHb COBIAJICHUS PE3yIbTATOB.
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Tabnuya 4
Conocrapjenne pe3yJabTaTOB pacyeTa
1o komnbTepHbIM nporpammam LINEDYS+ n CONEX

Computation results comparison
by computer programs LINEDYS+ and CONEX

§ CONEX LINEDYS+
Wit | T KH iy M . (r2), xH Apmins M AL % Aa, %
1 33 2,74 32,39 (32,99) 2,33 -1,9 -15,0
2 42 0,40 42,70 (42,85) 0,42 2,0 40
3 38 1,70 36,37 (37,44) 1,72 15 11
4 38 1,10 35,52 (35,32) 1,27 6,5 154
5 44 1,50 42,83 (41,83) 1,41 26 6,0
6 35 2,30 34,44 (34,44) 1,62 -1,6 —29.5
7 42 0,00 43,02 (43,02) 0,00 2.4 —
8 38 1,50 38,34 (38,31) 1,23 0,9 -18,0
9 48 0,30 48,47 (47,32) 0,38 0,9 26,6

_4I

zZ, M

3

1,0
)

4,0

. 1,0,4

4 2 0 2 4 6 y,M 8

Puc. 4. TpaekTOpUu IBIKEHUS CPEAHUX TOUEK IPOBOAOB: [uIMHA IposeTa — 200 M;
nposox — ASTER-570; tsoxenne — 20 kH; Tok nByxdasnoro K3 — 30 kA;
npojopkurenbHocTs — 0,12 ¢; —— — LINEDYS+; — —— — CONEX

Fig. 4. The conductor centerpoints motion trajectories: span length — 200 m;
conductor — ASTER-570; tangential tension — 20 kN; two-phase SC current — 30 kA;
duration — 0,12 sec.; —— — LINEDYS+; — —— — CONEX

B xadecTBe nmpumMepa BBIITOJIHEH pacyeT JBWKCHUS MTPOBOJIOB BO3IYIITHOM JIU-
mnn 110 xB Ha THmoBex omopax I1b 110-11. Aranu3 TpaeKTOpHid TBHKCHS
(ha3HBIX TIPOBOTHHUKOB IOKA3bIBACT, UTO pe3yibTupytomee DJY neictByer Ha
¢azy B B TOpPU3OHTAJIBHON IUIOCKOCTH, MO3TOMY TPACKTOPHUS JIBHXKCHUS (ha3bl
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B — ropmzonTansHas. HanOombmmmMy BepTUKAIBHBIMU IBIKEHUIMHA 1ipy K3 xa-
paktepusyercs daza 4, Tak Kak Mmoj IeHCTBUEeM pe3ynbTupyomero DY Tpex-
¢aznoro K3 mpoucxoanuT 3HaYMTENBHBIA MOACKOK 3TOW (a3bl B HaNpaBICHUH
YMEHBIIIEHUS TSHKeHHUA. AHAJIOTHYHBIE TBHKSHHS ONMUCHIBaeT U (aza 4. OmHako
B 9TOM ciTydae pesynbrupyoomue J/Y nelcTByoT Ha pacTsbkeHHe mpoBoaa da-
361 4 ¥ BeNWYMHA MOJCKOKa MpoBojaa mocie oTkimoueHus K3 Hewenuka. 3ato
s assl A n3-3a nepopmanmu npoBona /Y Ha ctaauu cBOOOTHOTO IBIDKE-
HUSl HAONIOJIAIOTCSl 3HAYNTENbHBIE TOPU3OHTAIBHBIE TIEPEMEIICHNS, TOBBIIIAI0-
e PUCK OMACHOT0 COMMKEHUs (a3 Mexry cOOOM.

[Ipu pacmomokeHUH TPOBOMOB IO BEPIIMHAM TPEYTrONbHUKA Ha THUITOBBIX
omopax BJI 110-220 kB B Tpaekropusax nx nemxenus npu K3 moryr mpeobia-
JaTh KaK BEepTHKAJIbHBIE, TAK U TOPHU3OHTAIBHBIE MEPEMEICHHS B 3aBUCUMOCTH
ot (hazsl BrimroueHus K3 (puc. 5, 6).

5 -
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Puc. 5. Tpaexkropuu ABIKEHHS IPOBOJOB B TOUKE, yaaleHHONW Ha 195 M
OT JICBOIT o1opsl, TIpu AByx(a3sHom K3

Fig. 5. Conductors motion trajectories in the point outlying 195 m
from the left pylon in a two-phase SC

ITocne orkmrouenns K3 B mocneayromux MUKIAX CBOOOMHBIX KOJIeOaHUM,
HECMOTpsI Ha 3HAYUTEIhHOE MeXay(da3HOe pacCTOSHUE, MOTYT UMETh MECTO He-
JIOITyCTUMBIE CONMKEHUS TIPOBOIHUKOB. TSDKECTh AIIEKTPOIUHAMUYECKOTO JeH-
CTBHSI YCWIIMBAETCS B ITHKJIE HeycrnemHoro AIIB u mipu cpabaTeiBanum pe3eps-
HBIX 3amuT. Hanbonpmme OTKIOHESHUS U TSOKEHUS TIPOBOJIOB HAOIFOMAI0TCS MTPH
Tpexdaznom K3 u dasze BrimroueHus HanpsbkeHus, paBHor 160°. Hecmotps Ha
Menbpinre Toku K3 Ha BJI, UX 3JIeKTpoaMHAMHYECKOE NEHCTBHE OKa3bIBACTCS
Ooyiee CHIBHBIM, a DIIEKTPOJMHAMUYECKAs CTOMKOCTh IMPOBOJIOB — Oojiee HU3-
KO, 4eM JJid pacnpe/leNUTEIbHbIX YCTPOUCTB 3JIEKTPOCTAHIIMN W MOJCTaHIIUM.
DTO B MEPBYIO 0YEpPE/lb CBA3AHO C HEMPOIIOPIIMOHATBLHBIM YBEITHUYCHUEM JITHHBI
npoJietoB BJI o cpaBHEHUIO ¢ HIMHHBIMU MPOJIETAMU OTKPBITOTO pacIlpeaeiu-
TenapHOro ycrpoiicTBa (OPY) mpu Onu3kux 3HaueHUSX MEXITy(a3HbIX paccTos-
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Huii. Ha BJI —zﬂz 67 npu f,. =2-3 % (fo = 6—19 m). B T0 xe Bpems ans
a b

OPYVY 110 kB orHomenune Lz?: 10 mpu f. =3-5 % (fo = 1,0-1,5 m). B pe-
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Puc. 6. TpaekTopHuu IBIDKEHHS IPOBOJIOB B CpeHeil ToUKe mposieta mpu tpexdasaom K3

Fig. 6. Conductors motion trajectories at the span centerpoint in a three-phase SC

M3-3a pa3HOCTH BBICOT MojBeca MpoBoioB BJI, 3akpernsieHHbIX Ha THUIIOBBIX
omopax mpu K3, WX MakcHMaibHOE CONMKEHUE MPOWCXOAUT HE B CEpeIUHE
nposieta, a ommke K onopaM (puc. 7). OObACHUTD 3TO SBJICHUE MOXHO, Mpel-
ctaBuB mpoBoJa BJI mapaGonmueckuMH XKECTKUMH KOHCTPYKLHUSIMH, KOTOpPBIE
JBMOKYTCSI HAaBCTpeuy ApYr Apyry. CxJIecThIBaHHE TaKUX MPOBOAOB MPOU30MAET
B IBYX TOYKAax, paBHOYJAJICHHBIX OT LIEHTpa mposera. Yem Oonplie cTpena mpo-
BeCa, TeM OJIIDKE 9T TOYKM OyAyT K oropaM. B obmiem cirydae, yunTeIBas MHO-
KECTBO (haKTOPOB, BIMSIOIINX Ha MPOIECC IBHKEHHUS POBOIHUKOB, 3aTPYyIHNU-
TEJIFHO MPOM3BECTH KAKOW-THOO NMPHOIMKEHHBINH aHAIW3 C IO BBIPAOOTKH
3aKJIIOYEHUs] 00 AIIEKTPOIMHAMHYECKOW cToikocTu. [loaToMy mist momydeHus
JIOCTOBEPHOM OLIEHKU IEKTPOJUHAMHUYECKON cToiikocTH npoBoaoB BJI cinenyer
HCIIONB30BaTh KOMIIbIOTEpHYI0 nmporpaMMmy LINEDYS+, nmossosstonryro ompe-
JIEJIATh TOKHM 2JEKTPOJAMHAMUYECKON CTOMKOCTH NpoBoaoB BJI mpu pasnnynbIx
(U3NKO-MEXaHMYECKHX MapaMeTpax MPOBOAOB M I'€OMETPUUYECKHX XapaKTepH-
CTHKaX TPOJIETOB, JOCTOBEPHOCTh PACUETOB IO KOTOPOI MOATBEPXkAECHA OIBIT-
HBIMU JTAHHBIMH.
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a b

Puc. 7. HegomyctrMoe cOIMKEHHE TPOBOAHMKOB HE B CEPEIMHE MPoJIeTa:
a— BHJ IIpoJieTa ¢ Topla; b — cOOKy; ¢ — CBEpXy

Fig. 7. Conductors intolerable rendezvous not in the middle of the span:
a — the span end view; b — side view; ¢ — top view

Pacuernas ocrmutorpamMmma TsbKeHUS mpoBoaoB npu K3 (puc. 8) comepxut
XapakTepHbIE BCIUIECKH TSDKEHHSI, KOTOPHIM COOTBETCTBYIOT YYacTKH TPAeKTO-
puil IBMOKEHUs, Koraa nocie oTikioueHus K3 cubl TskecTu, MHEpLUHU U pac-
TSDKCHUS NPOBOJOB JEHCTBYIOT B OJHOM HAalpaBl€HUM M IPOBOJ INPOXOAUT
HanOoJiee HU3KYIO TOYKY TPACKTOPWUHU ABIKCHHUS. YKa3aHHBIC MUKU TSDKECHUS
IIpU TOKaxX 3JEKTPOAMHAMUYECKON cTOMKOCTH 20-25 KA, HalineHHBIE MO YCIO-
BHIO HEJIOIyCTUMOTO COMMKEHHS, HE NPeBblLaloT 7, - (Tadm. 2).
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Puc. 8. VI3meHeHune TSKEeHUs! BO BpEMEHH

Fig. 8. Tension alteration in time

Kax BunHO u3 puc. 8, MUKOBBIC TSXKEHUA MPOBOAOB Mpu K3 HOCAT KpaTko-
BPEMCHHBIN XapakTep W OBICTPO yMEHBINAIOTC mocie oTkaoueHus K3. [ToaTo-
My TOJICTAHOBKA B yCJIOBHE JIEKTPOJUHAMHYECKON CTOWKOCTH MaKCHMAIbHOTO
TSOKEHUS TpeOyeT OTACIFHOTO PACCMOTPEHHs. AHaM3 pe3ylbTaTOB pacuera
rapaMeTpoB TUHAMUKH TIpoBoA0B 220 KB moka3siBaeT ux 00Jiee BRICOKYIO DJICK-
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TPOAMHAMHYECKYIO CTOMKOCTh 1Mo cpaBHeHHto ¢ BJI 110 kB (Toku smexTpomu-
HaMHYEeCKOW CTOMKOCTH BEIIIIE B JIBa U Oojiee pas, puc. 9—11).

8 \
Ap-g.minsM V2202 ||
— | AC-500/64

6 E—— £=25% ||

5

. ,\
L=100 M

3

5 400 m \N /<
I

1 A =09 x

0

10 20 30 40 50 I3 KA 70

Puc. 9. Conmxenne NpoBOJHUKOB B 3aBUCUMOCTH OT Toka K3 [ist pa3HBIX AJIMH mpoJieTa
Fig. 9. Conductor approach as a function of SC current for various span lengths
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Puc. 10. MakcumamibHbIe TSDKCHHS B IPOBOJAX B 3aBUCUMOCTH OT Toka K3
JUIsL Pa3HBIX JUIMH MPOJIETa
Fig. 10. Maximal tensions in conductors as function of SC current
for various span lengths
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Puc. 11. OtHOCHUTEIBbHBIE MAKCUMAJIbHBIC YCHIIHS HA MO/ABECHBIC THPIISHIIBI H30JIATOPOB
B 3aBUCUMOCTH OT Toka K3 171 pa3HbIX [UIMH mposeTa

Fig. 11. Relative maximal stress on the suspension sets as function of SC current
for various span lengths
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BBIBO/JbI

1. YcoBepieHCTBOBaH BEKTOPHO-TIapaMETPUUYECKUI METOJ| pacueTa 3JIeK-
TPOJUHAMHYECKON CTOMKOCTH TMPOBOJOB BO3AYIIHBIX JIMHUN, OCHOBAaHHBIA Ha
YHCJIEHHOM PELEHUH YPAaBHEHUM UX IBUKEHMSI KaK CUCTEMBI C pacIIpeIeIeHHOM
MacCoOl C y4eTOM HX HAa4daJbHOTO TIOJIOKEHUS B OJHOM W3 HOPMHPOBAHHBIX
[1YD xnuMaTHYECKOM peXUMeE M BIHMSHUS YIPYTUX JeQOopMaliii OIIOpHBIX KOH-
CTPYKLMH BO3AYLIHBIX JIMHUN.

2. CocraBneHa kommbroTepHass mporpamma LINEDYS+, mpurognas mis
OLIEHKM M aHaju3a »3JIEKTPOJUHAMHYECKOM CTOMKOCTH MPOBOJOB BO3MYII-
HBIX JIMHUM IPH MX MPOU3BOIBHOM PACIOIOKEHHM Ha ONOpPE BO3AYIIHBIX JIU-
HUH B pa3iM4YHBIX PEKHMMax KOPOTKOTO 3aMBIKaHUS M B IIUKJIE HEYCIEIIHO-
r0 aBTOMaTH4YE€CKOr0 IOBTOPHOT'O BKJIFOUEHHUS.

3. JoctoBepHOCTh pacueToB No KommbloTepHOM mporpamme LINEDYS+
MOTBEPIKIAETCS COMIOCTABIEHUEM PE3YIbTaTOB pacyeTa ¢ ONBITHBIMU JaHHBIMU
Electricite de France B mponerax 200 u 230 m.

4. BrlnonHeHa OLIEHKA 3JIEKTPOJIMHAMHYECKON CTOMKOCTH BO3AYLIHBIX JIHU-
Huii 110220 xB ¢ onpeneneHUEM TOKOB UX JJIEKTPOAMHAMHYECKOW CTOMKO-
CTH, KOTOpasi MOKET OBITh HCIOJNB30BaHa MPU PEKOHCTPYKIMU JECHCTBYIOIINX
¥ COOpPYKEHWHU HOBBIX BO3AyIIHbBIX JrHAN 110-220 kB.
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