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HCCJIEJOBAHUE MATTHUTHOT'O ITIOJIA TPEX®A3HBIX KABEJIBHBIX JUHUHA U3
OJHOKNJIbBHBIX KABEJIEH ITPU IBYCTOPOHHEM 3A3EMJIEHUHN UX S9KPAHOB

Hocnioxnceno npoyec ocnadnennn maznimuozo nons (MII) eucoxogonsmnoi kabenwvnoi niniii (KJI) 3 oonoscunvhux kadenie npu
080CMOPOHHBbOMY 3a3emaeHHI IX ekpanie. Po3poodieno memoouky uucenvnozo mooenrosannua ma po3paxyuky MII KJI na ocnosi
Memooy CKIHUeHHUX eleMeHmie 3 3ACMOCYSAHHAM gicecumempuunoi po3paxynkoeoi mooeni KJI, wio 003601uno onucamu ymogy
3amukanna expanie kaoenie na xinyax KJI i eupivuumu 3adauy ¢ oeoeumipniii nocmanosyi. Ompumano mouni i ekcnepumen-
manvHo 00rpyRmMoeani 3nauenna Koeivicnmie ocnaonenna MII KJI npu 060cmoponnbomy 3azemneHHi eKpanie 6 3anexncHocmi
610 mexHiYHUX Xapakmepucmuk Kaoenie. bion. 11, puc. 5, Tabmn. 2.

Kniouosei cnosa: marnitae noJe, Tpugasni kadeabHi JiHii, 1BOCTOPOHHE 3a3eMJIeHHS eKPaHiB.

Hcceneoosan npouecc ocraonenus maznumnozo nons (MII) evicokosonvmnoi kabenvnoii nunuil (KJI) uz oonoxycunsvuvix xabe-
J1ell npu 08YXCMOPOHHEM 3A3eMIICHUN UX IKpanos. Pazpabomana memoouka yucinennozo mooenuposanus u paciema MII KJI
Ha 0CHO6E MEMO00a KOHEUHBIX ITNEMEHMO06 C NPUMEHEHUEeM ocecummepuinoi pacuemnoit mooeau KJI, umo no3zeonuno onucamso
ycnogue 3amviKanus IKpanos Kaoenei na konyax KJI u pewiums 3a0auy ¢ 0gymepnoii nocmanoske. Ilonyuenvt mounsie u sxc-
nepumMeHmanbHo 000cHOGaNHbIe 3HaYehus KoIduyuenmos ocrabnenus MIT KJI npu 0gycmoponnem 3azemuenuu IKpanos

3aeucumMocmu om mexHu4ecKux XapaKkmepucmuk Kaoeneii u zeomempuu ux ykaaoku. bubn. 11, puc. 5, Tadmn. 2.
Knrouesvie crosa: MarHUTHOE 10J1e, Tpexda3Hbie Kade/bHble THHUH, IBYCTOPOHHEE 3a3eMJIeHHe IKPAHOB.

BBenenme. IIpu npokianke BbICOKOBOJIBTHBIX Ka-
6enpHbIX JuHUA (KJI) B 9epTe ropomoB BO3HHKAET MPO-
O6rmema obecnieueHHs IEHCTBYIOIIMX B HIHEPTETHUECKOM
oTpaciu YKpauHbI [1] caHUTapHBIX HOPM IO TPEIEIBHO
JOMYCTUMBIM  YPOBHAM HWHAYKOHWU MArHuTHOTO TI0JIA
(MII) uactotoit 50 I', xotopsie coctaBysoT 0,5 MxTn
JUIA SKWIBIX oMenteHnit u 10 MxTn s TeppUTOpHH JKU-
no# 3actpoiiku. ObecrieueHne yKa3aHHbIX HOPM IO Tpac-
cam coBpeMmeHHbIX KJI HampspkenneM 6-500 kB, Bbmos-
HSIEMBIX Ha OCHOBE OJHOXKWJIBHBIX KaOeneil ¢ u3osuen
13 CIIUTOTO MOJHMITHIECHA, TpeOyeT MX KauyeCTBEHHOTO
MIPOEKTUPOBAHUS C UCIOIb30BAaHUEM BEPUPHUIIMPOBAHHBIX
MeTtoauk pacdera MII. OnHako Takue METOIUKH TPEOYIOT
COBEpIIEHCTBOBaHMS, U ocoOeHHo ans KJI ¢ pekomenao-
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BaHHBIM B [1 — 3] IBYCTOpPOHHHM 3a3eMJICHHEM KPaHOB
nx kabeneit (puc. 1), koraa mpoTeKaroye B IKpaHax HH-
TynupoBaHHBIE TOKH [3 — 5] ocnabmsror MIT KJT [6]. UnH-
TEHCHUBHOCTH 3TOTO OCJIa0JICHHs BIIEPBBIE ObLIa Ompese-
JieHa B [6] ¢ MOMOIIBIO KOPPEKTUPYIOIIETo KO3 DUIHEH-
ta ocnabnenus MII m:

m = BRI (1)

rne By — marautHas uHAyKius KJI npu pa3oMKHYTBIX
9KPaHHBIX KOHTypax (OIHOCTOPOHHEM 3a3eMJICHUH);
Byy — marnutHas maaykuus KJI npu aByxcTopoHHEM
3a3eMJICHHN.
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Puc. 1. KJI ¢ nByCTOpOHHUM 3a3eMJIEHHEM >KpaHoB Kabeneil (a) u ee Mmoaens (0)

OnHaKo MpakTUKa MPUMEHEHHs] METOIMKH [6] moka-
3aja, 4To NMPHUBEACHHbIE B HEll 3HaYeHUS KO PHUIIMEHTOB
m TpeOYIOT YTOYHEHHUS.

Henbio HacTosMmEeH pabOTHI SABIACTCS OIpeIeTCHIe
TOYHBIX W IKCIIEPUMEHTAIEHO OOOCHOBAHHBIX 3HAYCHUIH
KoppekTupyomux kodduimentos ociaadnenns MIT KJI
13 OJHOXHJIBHBIX Kabejel mpu ABYCTOPOHHEM 3a3emile-
HHUHU MX DKPaHOB.

A”anu3 ¢usuku npouecca ocaadiaenus MIT KJI
NpH JBYCTOPOHHEM 3a3eMJIEHHM JKPaHOB KabeJieii.
[Ipouecc nHIyIMPOBaHKS TOKOB B AKpaHaX OJHO(a3HBIX
kabeneit Tpexdaszubsix KJI nmpu nx 1ByXCTOpOHHEM 3a3eM-
JeHnH ucciieoBad B [2 — 5]. Haubonee KOppeKTHO OH
paccMmoTpeH B [4], TIe OKa3aHO, YTO BEMYMHA TOKOB B
9KpaHax He 3aBHUCHT OT IIapaMeTPOB KOHTYpa 3a3eMIICHUS

U OJTHO3HAYHO OIpEeessieTCs] FIEKTPOMArHUTHBIMU IIPO-
ueccamu B KJI, BO3HUKAIOIKMMU TP 3aMBIKAHUH 3KPaHOB
pa3mmuHbIX (a3 B Havane u B KoHue KJI mpu opranmza-
muu 3azemiienusa. Torma mozens KJI kak ucrounuxa MIT
nmpuoOpeTaeT BHI, NpeICTaBiIeHHbIM Ha puc. 1,0. Ilpu
3aMKHYTBIX mepeMbrukax I1 obpa3syercs TpexdasHbIid KO-
POTKO3aMKHYTBI KOHTYP, MarHUTOCBS3aHHBIH C TOKaMHU
B xunax L. [Ipu atom MII KJI siBnsiercs cynepno3uniei
MII oT TOKOB B *ujax By v B 9KpaHax Kabenei By:

Bxg =Y By+Y By. (2)
HpI/I yCHOBI/II/I HUCKIKYCHHUSA B3aMMHOI'O BIIUSAHHUSA

(a3, coorHomenune (1) mpuOIMKEHHO MOXKET OBITH TIPe-
CTaBIICHO B BHJIE:
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C menplo ympoIleHHUs aHaim3a, KOTOPBIH IS yTod-
HeHHUsT QU3MKH mporecca ocnadneruss MIT MoxeT uMeTh
Cyry00 KadeCTBEHHBII XapakTep, AOMYCTHM, YTO XKIa U
9KpaH A kaxaon u3 ¢a3 KJI mpencrapistor coboit HUTH
COOTBETCTBYIOIIUX TOKOB, COBMCIICHHLIX B MPOCTPAaHCT-
BEC. Torua, YUuuTbIBast HHHeﬁHyIO 3aBUCUMOCTb MHAYKIIUN
MII KJI ot Toka [7], cooTHomieHue (3) B BBIPaXKEHUIX

KOMIUIEKCHBIX aMILIUTYd TOKOB B JKHJIE 1 Jk A B DKpaHC

15, xak 11 oraenpHoi ¢asbl, Tak u ms TpexdasHoil
KJI, MoxeT OBITB OIIpeIesIeHO KakK:

| + 1)
o

HeusBectHoe 3HaueHue [3 IMOJYyYrM, HCIIOJIb3Ys

m=

(4)

pe3yJbTaThl aHalIn3a, IPOBEIECHHOrO B [4] Ul peanbHbIX
KJI, nepexozs mpu 3TOM OT AEHCTBYIOLIUX 3HAYEHHUN TO-
KOB K UX KOMIUIEKCHBIM aMIUIUTYAaM:
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IZie ® — YIJ0Bas 4acTora; Ly — yJaenbHas MHIYKTUBHOCTh
skpaHa [['H/kM]; Ry — ylelnbHOe aKTHBHOE CONPOTHBIIC-
Hue skpana [OM/kM]; (¢ + m) — yroxa casura ¢a3 Mexmay
TOKOM B )KWJIE © TOKOM B 9KpaHe.
[Ipeobpasys (4) ¢ yuetom (5) moxydnm:
me|1- oLs el (6)

VR P +(oLs )

3nauenne L; ¢ yaerom [2, 4, 8] He3aBUCUMO OT TIpoO-
CTpaHCTBeHHON KoH(purypauun kabemert KJI mpubmm-
JKEHHO MOXKET OBITh OIPEEICHO KakK:
2d
Ly~20 1= |, 7)
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TZie [l — MarHUTHAs OCTOSIHHAS; d — PacCTOSHUE MEXIY
ocsaMHu oHO(a3HBIX Kabeneit; Dy — anaMeTp dKpaHa.

AHanmm3 BeIpaxkeHUs (6) ¢ ydetoMm (7) MOKa3bIBaeT,
YTO 3HaYCHHUE KOA(PPHUIMEHTA 7 OIPEEIIeTCS BEIUIHU-
HaMm¥ R5, L 1 MX COOTHOIIEHUEM, OMPEACIISIONIUM BEJIH-
YHHY yriia cBHra (a3 Mex,y TOKOM JKHIIbI M SKpaHa.

BbinosHeHHbIH Bblle aHANU3 (U3NYECKUX MTPOLIEC-
coB B KJI, ompenensoniux MHTEHCUBHOCTh OCIabIeHUS
MII KJI, HOoCHT NpHOM>KEHHBIH XapakTep U M03TOMY He
MOXeT OBITh MCIOJb30BaH i pacuera MII. Bosee Toro,
tounblil pacuer MII KJI, cozgaBaemoro Tokamu B 3Kpa-
Hax KaOeJeW MpH HMX JBYCTOPOHHEM 3a3eMJICHWH Ha OC-
HOBE aHAJIUTHYECKOTO MMOIXOAa 3aTPYJHHUTENEH, U OCO-
OCHHO JUII HECHMMETPHUYHOTO PACIIONOXKECHUS KaOemei.
[MosToMy [UIS IOCIIEAYIOMIET0 MOACTHPOBAHUS U pacdeTa
OyZeM HCIONB30BaTh YUCICHHBIE METO/BI, TI03BOJISIOIIHE
BBINOJHUTH TOYHBIA pacuer MIT mis mo6oit koHdurypa-
uuu ogHodasHbx kadeneit KJI.

Amnanus BeIpakeHHH (6), (7) mokaspIBaeT, 4TO HaW-
Oosblliee BIMSHUE Ha BEJNYMHY KOI(QQHIMEHTa m OKa-
3bIBAIOT BEJIUYMHBI R5, Ly U UX COOTHOILIEHUS, OIpEAe-
JSFOIIME BENMYMHY yTJia cIBUra (a3 MEXIy TOKOM >KHIIBI
U 3KpaHa. 3HaueHHue R, OMpeneNsieTcsi CeUeHNEeM 3KpaHa
KabesIsl U MPOBOJMMOCTBIO €T0 MaTepHaa, a BelNuInHa Ly
— JUaMETpOM 3KpaHa Dy U PacCTOSIHUEM d MEXKAY OCAMHU
kabeneii. [loaTomy mpu uncieHHoOM pacuere K03 duiu-
C€HTa m JOJDKHBI YYHUTBIBATHCA YKAa3aHHBLIC (1)1/131/1'-1601(1/[6
napameTpsl KoHCTpyKuuu KJI u ee kabeneid.

MeToauka YHCIEHHOTO0 MOJEJMPOBAHUS M pac-
yera MII KJI. MonenupoBaHue BBIIIOJHEHO Ha OCHOBE
METO/la KOHEYHBIX 3JIEMEHTOB C HCIIOJIb30BAaHHEM IIPO-
rpammHoro makera COMSOL Multiphysics [9]. Monenb
paccmarpuBaemorr KJI mpencraBnena Ha puc. 1,0. Pac-
CUHTHIBAINCH 3HaueHH By (mepempruka I1 pazomkHyTa)
u By (mepemeruka I1 3amkayTa). 3HaYeHUS KOAPPHUIIIECH-
Ta m ONpeAeIsUINCh B cooTBeTCTBUU C (1).

IIpn pacuere ObLIM MPUHSTH CIEAYIOIIUE JIOMYIIE-
Hust: KJI BbINONIHEHA B BUE CHCTEMbI OECKOHEUHO JUINH-
HbIX NapauICJIbHBIX IMPOBOAHUKOB C TOKOM U pa60TaeT B
YCTaAaHOBUBLIEMCSH PEKUME; TOKU B (1)8.33)( HUMCIOT 4aCTOTy
50 I'i, cMHYCOMAIBHBL, PABHBI 110 BETUYMUHE U CIBUHYTHI
JIpyT OTHOCHUTENHHO Jpyra Ha 27/3 pal.; BHEIIHsS cpeza
cBoOoaHA OT UcTOYHHKOB MII, eppoMarHuTHBIX M Npo-
BOJISIIIMX MaTEpHAJIOB.

MopenupoBanue MII KJI BbIoHAIOCH HA OCHOBE
3aKOHA IIOJIHOTO TOKAa B KBAa3MCTALMOHAPHOM ITPHOIIIIKE-
Huu [4]:

j(OG;l + rot(p(_)lu_lrot ;1) =J, B=rotA, (8)

rae A — BeKTOprIﬁ NOoTCHIMAJI MArHUTHOI'O I10JIA, j -
IUIOTHOCTH TOKA; G, |L — COOTBETCTBEHHO ITPOBOAMMOCTD U
OTHOCHTENbHAs MarHUTHAsl IPOHUIIAEMOCTb.

dakTuueckue 3HAYEHHsS YKA3aHHBIX (U3MYECKUX
BEJIMYMH MPU MOJETHPOBAHUN COOTBETCTBYIOT TOH 00-
JIACTH, JJIsl KOTOpO# BbINOJHsETCs pewenue. [lpu moze-
JUPOBAHUN ypaBHEHHE (8) MOIMONHSACTCS yCIOBHAMH, Ha-
KJIaJbIBAEMbIMH Ha BEKTOPHBIN MOTEHIMAN Ha TPaHHUIAX
pazzena cpex ¢ PasIM4YHBIMH  JIEKTPOPHU3NUECKUMHU
cBorictBamu [10].

MarnutHoe nosie KJI siBisiercst miiockornapauienb-
HbIM [7]. OHaKo NpH CTaHAAPTHOM MOAXOJE K PELICHUIO
9TOH 33124 HEBO3MOXKHO OIMCATh YCJIOBUE 3aMbIKAHMS
9KpaHOB Kabenel Ha koHuax KJI B aBymepHOii mocTtaHoB-
Ke, IIPU KOTOPOil CyIIeCTBEHHO ympomiaercs pacuer. [lo-
3TOMy OBII TPEIUIOKEH METOJ PELICHUs 3aJadd B oce-
CHUMMETPHYHON TOCTaHOBKe (puc. 2,a). BosHuKaromas
IIPU 3TOM 33jada CHIDKEHHUS TOTPEIIHOCTH pacdera pe-
IaeTcs MyTeM YBEJIWYEHHS Paiiyca KPUBU3HBI CHCTEMBI
R 1o 3HaveHwid, Ha 2-3 TOpsAKA TPEBBIIIAIOIMINX pac-
cTostHUS d Mexay ocsamu kabemneit KJL.

Jlst orpaHWYeHHsT pacueTHOW OOJIACTH HCIIOIbh30Ba-

Hbl HyJIeBbIC rpaHHuHble ycnosus A, =0, rae 4, —
€MHCTBEHHAs! HEHyJIeBasi KOMIIOHEHTa BEKTOPHOTO IIO-
TEHLala MarHuTHoro mousist. IIpu 3ToM momaranock, 4To
a — R >>d, rne a — xapakrepHbIil pa3Mep pacueTHoi 00-
nactu. Ha ocu cumMeTpuu nojaranocsk, 4ro:

®
—| =0, )
op o=0

rIe p — paxuanbHas KOOpAWHATA.
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Pemienre 3amauu BBINONHSIOCH C HCIIOJIB30BAHHEM
unrepdeiica «Magnetic Fields», KOTOpbIi BXOIUT B
«AC/DC Module». B stom untepdeiice st omnimu «Space
Dimension» 3anaBancs Bapuant «2D axisymmetric». B 00-
JIaCTH IKPaHOB Oblia UCHOJIb30BaHa ceTka Tumna «Mapped»,

B OCTJIbHBIX 00nacTsix — tuna «Free Triangular» (puc. 2,0).
BenmunHbl TOKOB, TPOTEKAIONIMX Yepe3 Kbl Kabenei,
3a7aBaIMCh TIPU MOMOIIM (YHKIMOHANA HCIIOJIB3YEMOro
nakera «Single-Turn Coil», B xotopoM s omumu «Coil
excitationy Bbioupasicst Bapuant «Currenty.

KHITA 9KpaH

o

Puc. 2. Pacuyernas monens KJI B ocecuMMeTpHaHOM MOCTAHOBKE (d) U C€TKAa KOHEYHBIX 3JIEMEHTOB (0)

IIpaBUNIBHOCTL YUCIIEHHOIO PELIEHUs IHIPOBEpsach
IyTEeM CPAaBHEHUSI C PEIICHUSIMH, MTOJy4YaeMbIMH IIPH YBe-
JIUYCHUH pa3Mepa PacyeTHOW 00JacTH M MCIOJIB30BAHUU
Oonee rycroii cetkd. Bepudukanus MeTOTUKH pacyera
BEITNIOJTHSAJIACH ITyTEM CPaBHEHHS PACUCTHBIX M DKCIEpPH-
MEHTaJIbHBIX 3HaueHUN nHAyKunn MIT.

JKcnepuMeHTalIbHOe O000CHOBAaHUE METOAUKHU
yucjaeHHoro pacdyera MII. HUccnenoBanus MII nposo-
JUIIMCh Ha 3KCIIEPUMEHTAIILHON YCTaHOBKE, COAepKalleh
naboparopHyto Moenb Tpexdasnoii KJI (puc. 3).

Ilapamempbr  IKCHEPUMEHMANLHOU  YCHIAHOBKU:
tun kabeneit KJI: AIIBOrally-110 1x240/70 (ceuenue
skuael 240 MM2, ceyeHre MeAHoro skpana 70 MMZ, nua-
MeTp 9KpaHa 55 MM); nHa kabener 10 M; peiicTByromiee
3Ha4YeHUE TOKA B Xmiax 95A; ynenbHOe CONPOTHBIICHHE
skpaHoB kabenedt 0,268 Om/kM mpu Temmeparype 20°C;
yAeThHOE CONPOTHBIICHHE SKPaHOB Kaberei saboparop-
HOW MOZETH C YYETOM CONPOTHUBICHHUS 3aKOPAYUBAIOIINX
nepembraex I1 0,29 Om/km.
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Puc. 3. DnexTprdeckas cxema SKCIIEpUMEHTAIBHOH yCcTaHOBKH (a) 1 1aboparopHas Mozaeins (6) KJI (~U — 3-¢a3Hblit HICTOYHUK
MIUTaHUS — MHIYKIUOHHBIA PEryJIsiTOp HalpsDKEHMs; R — Harpy304Hble CONPOTHBIICHHS; A — aMIIEPMETPBI;
Al1-A2, B1-B2, C1-C2 — TokompoBosuue xuibl kadeneit KJI; D4, Op, 3¢ — 3kpansl kabeneit)

C omHOHW CTOPOHBI K TOKOMPOBOAAIIHMM kuiaM KJI
(puc. 3) npunokeHa CHUMMETPHYHAS CHCTEMa HampshKe-
HUH, C Ipyroil CTOPOHBI JKUIIBI 3aMKHYTHI TIEPEMbIUKaMU.
[IpoBosoku 5kpaHOB Kabenei ¢ 00erx CTOPOH COOpaHbI B
IMy4YKHW U Ha HUX HAIIPpECCOBAHbLI Ka6e.]'leI)Ie HAKOHCYHHUKU
JUISL TIOJIKITIOYEHUS] CheMHBIX Irepembluek I1 u3 memHoro
npoBosia ceuennem 70 My,

Wunyxums MIT KJI usmepsinack npu 1ByX KOHQUry-
pansx MpOCTPAHCTBEHHOTO pactioiokenus kabeneir KJI: B
TOPU3OHTAIBHON TUIOCKOCTH (puC. 4,d) U B BEpIIMHAX paB-
HOCTOPOHHETO TPeyToJbHUKA (pHc. 4,6). VI3MepeHus mpoBo-
JWIIACH JUIS IBYX CXEM COeIMHEHHs dKpaHoB kadeneit KJI:
skpanbl KJI pasomxayTs! (mepemsraxu I1 Ha puc. 3 orcyrcr-
ByeT); 9kpanbl KJI 3aMkHyTHI (tepeMbraku [1 ycTaHOBIICHB).

Paccrosiust Mexy ocsiMu Kaleliell yCTaHaBIMBAIINCh
d = 0,07 m (yknaaka BiotHyw), d = 02 Mmu d = 0,5 m.
W3mepsunch 1B€ MPOCTPaHCTBEHHbIE KOMIIOHEHTHI Mar-
HUTHOHM MHAYKIMU B,, B, no ocu KJI (puc. 4) B ee cpen-
HEH 9acTH NP Pa3IMYHBIX BHICOTAX ) TOYKH W3MEPEHHUS
(ot 0,4 M mo 2 M ¢ marom 0,2 m). [Jamee ompenernsmch
nerictyromue 3HadeHus uHAYyKuH MIL. Koaddumment
ocnabneruss MII m mo pesynbpraTam M3MEpEeHUH ompere-
nsutea B cootBetctBuu ¢ (1). Usmepenns mamykim MIT

BBIMIOJHSJIUCh TPEXKOMIIOHEHTHBIM BEKTOPHBIM MarHu-
tomerpoMm THra EMF-828 (umHCTpyMeHTanbHas HOrper-
HOCTh < 5%).

Puc. 4. O6o3Ha4eHne reomeTpuieckux pazmepon KJI
[PH SKCIIEPUMEHTANIBHBIX HCCICAOBAHUIX U CXeMa
pacmooXeHus AaT4uKa // MarHUTOMEeTpa

Ha ocHoBe npenniokeHHO! BbIIE METOAUKHU MPOBE-
neH pacuer unaykuuu MIT KJI ¢ 3aMKHYTBIMH € JIByX
CTOPOH 3KpaHaMH. Pe3ynmpTaThl pacdeTa W dKCIIEPHMEHTa
MpU 3aMKHYTBIX SKpaHaX IWPEACTaBICHH Ha pHC. 5.
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CoBriaieHe 3KCIIEPUMEHTAIBHBIX U PACYETHBIX 3HAYCHHUH
c pasHunel He Oomee 5% MOATBEPKIAET MPABMIBHOCTH
pa3paboTaHHOW YKCIICHHON METOJMKH pacyera, U MO3BO-
JIieT peKoMeH10BaTh ee i pacuera MII peanbubix KJI.

B Tabn. 1 npuBeneHsl 3HaueHHs KOA(PPHULIMEHTOB
ociabnenust m MII naboparopHoit mozxenu KJI, nomyuen-
HBIE PACUYETHBIM M SKCIICPUMEHTAIBHBIM ITyTEM IS ABYX

koHpurypauuii KJI. Pa3zdpoc pe3yiabpraToB pacueTa u Kc-
MEPUMEHTA TaKXKe He mpeBbImact 5 %.

Takum 00pa3omM, MpeIoKeHHass METOIMKa pacueTa
MO3BOJISIET C OIPaHUYEHHOW MOTPEIIHOCTHIO, HE IPEBbI-
matomieit 5 %, BeimonHuTh pacuer MIT KJI ¢ 3azemien-
HBIMH ¢ 000X KOHIIOB 9KpaHaMu KaOeyeil n koadduim-
eHTa ocnabieHus m.

100 - ‘ 100 :
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Puc. 5. Pesynbrath! pacuera naaykuuu MII u ero skcriepiMeHTanbHON poBepkH uts JiabopaTopHoit Moaenu KJI ¢ 3aMKHYTEIMU
SKpaHaMHU IPHU PacIoOKEHUH Kabesel B TOpU30HTAIBHOM INIOCKOCTH (@) M B BEpIIMHAX TPEYTOJIBbHUKA (6)

(cTUTOIIHBIE TMHHUU — PACYET, TOUKH — 3KCIIEPUMEHT) NIPH Pa3TMYHON BBICOTE ) TOUKH U3MEPEHHUS

Tabmumna 1
3HaueHns ko3¢ duireHToB ocnadnenus MII, momydeHnsle Ha 1aboparopHOi Monenu KJI
Konguryparus Paccrosinue Mmexny | Kosdpduument BeIcoTa TOUKH H3MEPCHHUS Y, M
pacnononcevnm OCSIMH KW d, M ocnabaeHus m

kabeneit 04 | 06 | 08 | 1,0 [ 1,2 | 14 | 1,6 | 1,8 | 2,0
0.07 pacuer 0,92 | 093 | 0,94 | 0,96 | 0,96 | 0,96 | 0,96 | 0,96 | 0,96
m SKCIIEPUMEHT 0,92 1 092 | 095 | 094 | 0,94 | 0,95 | 0,94 | 0,95 | 0,94
0.5 pacuer 0,79 | 0,78 | 0,77 | 0,77 | 0,77 | 0,77 | 0,77 | 0,77 | 0,77
9KCIIEPUMEHT 0,79 | 0,76 | 0,77 | 0,79 | 0,77 | 0,77 | 0,76 | 0,79 | 0,78
0.07 pacuer 0,97 | 0,96 | 0,97 | 0,96 | 0,96 | 0,96 | 0,96 | 0,96 | 0,95
9KCIIEPUMEHT 096 | 095 | 0,96 | 0,95 | 096 | 095 | 0,96 | 0,97 | 0,98
&) 0.5 pacuer 0,84 | 0,84 | 0,84 | 0,84 | 0,84 | 0,84 | 0,84 | 0,84 | 0,84
’ 9KCIIEPUMEHT 0,8 0,8 0,8 0,81 | 0,81 | 0,82 | 0,81 | 0,84 | 0,83

Pacuer xo3¢¢puuuentoB ocnadaenus MII pe-
anbHbIX KJI M ero skcrnepuMeHTanbHasg NMpoBepka. B
TabJ. 2 TpUBEAEHBI PACCUUTAHHBIE MO MPEITIOKEHHOU
MeTroauke B mporpaMmMHoM — makere  COMSOL
Multiphysics xo3dduiiuerTsr ocnablIeHUsT MarHUTHOTO
HOJISL M PeabHBIX KaOEeNbHBIX JIMHUN C 3a3€MJICHHBIMH C
000MX KOHIIOB 9KpaHaMH.

IIpn pacuere B KayecTBE HMCXOMHBIX JaHHBIX HC-
MOJIb30BAINCH TEXHUUYECKHE MapaMmeTphl Kadenel mpous-
BozcTBa 3aBoga «lOxkkabemp» [11]: ceueHue u muamerp
9KpaHa, ero akKTUBHOE COIPOTHBIICHNE B 3aBUCHMOCTH OT
TemriepaTypsl. IIpu pacdere Taxke y4nThIBaJach cxema
pacnonoxenus kabemneit KJI u paccrosiare MeXIy HAMU.
VYaensHOE CONPOTHBIEHHE 3KPAHOB PA3IHMYHOTO CCUCHHUS
mpu 20°C mpuHATO YCpeIHEHHBIM, 10 JaHHBIM, IpHBe-
JIeHHbIM B [11].

Kak cnemyer u3 Tabm. 2, 3HaueHue KodphUIMEHTa M
u3Mensiercsa ot 0,99 npu MHHHMaNbHOM CEYEHUH dKpaHa
S =25 MM’ 1 MUHAMaIbHOM 3HaueHnn d = 0,1M 10 0,32
npu cedennu sxkpana S = 200 mm” i d = 0,5M, 4TO B TIpe-
JeTIbHOM Cllyyae Io3BoJIsieT B cooTBeTcTBUH ¢ (1)
ymenbmnTh MHAYKIKU0 MIIT KJI no cpaBHeHHIO ¢ HMCcX0-
HBIM YpOBHEM B Tpu pasza. [losTomy naBycTopoHHEe

3a3eMJICHHE SKpaHOB KaOenell MOXeT paccMaTpHBaThCS
Kak oauH 3 MmetoaoB cHmkeHuss MIT KJI. [Ipu aTom Han-
6osee s dexturHOe cHkeHne MIT (Oosiee yem B 2 pasa)
MOXET OBbITh HOCTUTHYTO 33 CYET YBEJIMYEHHS CCUCHHMS
9KpaHOB KaOeneil, 4TO B OTHENbHBIX CIy4asX MOXKET
CTaTh ajgbTepHAaTUBOW ycTaHOBKHM Ha KJI BHemHux asniex-
TPOMArHUTHBIX 9KpaHOB. 111aroii 3a 310 ABIIAETCS yBEIU-
yeHue noteps 3Heprun B KJI [2, 4, 8].

AHanu3 pe3ynbTaTOB MCCIEJOBAHUN IO3BOJSET
NPEAJIOKUTD pasiinuHble crocoObl mpoknanku KJI Ha
TEPPUTOPUN KHUIION 3aCTPOMKH, OTIMYAIOLIMECS CIOCO-
Oamu coenmHEHUS SKpaHOB Kadenei mo mmmHe KJT [1, 2]
n BenmuuHON mx MII: 3a3emieHHs 3KpaHOB Kabenen c
IOBYX CTOPOH BOJIM3H JXHIIBIX JIOMOB; OZHOCTOPOHHETO
3a3€MJICHUS] DKpPaHOB Ha oOcTajlbHOM Tepputopuu. I[lpu
3TOM MOTYT OBITH 00ECIeUeHbl KaK CaHUTAPHBIC HOPMBI
o MII, Tak ¥ orpaHUYeHbl IOTEPU IIEKTPUUECKON IHED-
run B KJI.

OKcnepuMeHTaIbHas NMPOBEpKa Pe3ysIbTaToOB pacde-
Ta K03 PUIMEeHTOB m (Tab. 2) Obljia BHINOJIHEHA Ha JeH-
creyromux KJI «ATOK [duenpobmueproy», r. JHEmpo-
METPOBCK. VlccrnenoBaHust MPOBOAMINCH Ha KaOEIbHBIX
BcraBkax BJI-150 kB JI-12 miaunHoii 1,7 KM, BBIIOJHEHHOM
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kabemsimu XRUHAKXS 1x500RMC/115 u BJI-35 xB
(JI-307/308) mmuuO# 1 KM BBIIOJHEHHOW KaOeasIMu
NA2XS(F1)2Y 1x500RM/3520/35 «B. Pe3ynbraTs

m3mepennit mHaykmumn MII KJI m ux comocraBiieHue
C pacueToM 1Mo METOJUKe [7] MOATBEPAMIIA UX COOTBETCT-
BUE PACUETHBIM 3HAUCHUSM TalI. 2.

Ta6nuua 2

3nauenus ko3 duureHtoB ocnadienus MII m tpexdaszubsix KJI npu 1ByXCTOpOHHEM 3a3eMIICHUH HX 9KPAHOB B 3aBUCHMOCTH
OT TEXHUYECKHMX XapaKTePUCTHK MCIIOJIb3YEMbIX Kabenel 1 KOHYUIypaluu ux MpOKIaIKH.

Pacnonoxxenne kabeneit KJI Pacnonoxxenne xabeneit KJI B yrimax
B TOPU30HTAIIBHOM IIOCKOCTH PaBHOCTOPOHHETO TPEYTOJIbHIKA
Paccrosinue d  |Ceuenme skpana S, Mm> Temnepatypa sxpana, °C
sy s | o oo | v | = D
Buytpennuii nuamerp sxpasa, MM
25 50 70 25 50 70 25 50 70 125 | 50 70

25(0,733) 0,98 | 0,99 1 0,99 | 0,99 1 0,98 1 1 10,99] 1 1
50 (0,387) 0,92 | 095 | 0,97 | 0,95 | 0,97 | 0,97 | 0,94 | 0,97 | 0,98 10,96 0,98 | 0,99
0.1 70 (0,268) 0,85 | 0,91 | 0,94 | 0,90 | 0,95 | 0,96 | 0,90 | 0,95 | 0,96 10,93| 0,97 | 0,98
100 (0,183) 0,75 { 0,83 | 0,87 | 0,82 | 0,89 | 0,91 | 0,82 | 0,90 | 0,93 10,88 0,93 | 0,95
150 (0,124) 0,61 | 0,70 | 0,75 | 0,70 | 0,78 | 0,82 | 0,70 | 0,81 | 0,85 10,78 0,86 | 0,90
200 (0,09) 0,50 | 0,59 | 0,65 | 0,59 | 0,68 | 0,74 | 0,60 | 0,72 | 0,77 10,69 0,79 | 0,84

25(0,733) 0,95 | 0,97 | 0,97 | 0,97 | 0,98 | 0,98 | 0,98 | 0,99 | 0,99 10,99 0,99 1
50 (0,387) 0,86 | 0,90 | 0,92 | 0,90 | 0,93 | 0,95 | 0,91 | 0,94 | 0,96 10,94| 0,96 | 0,97
02 70 (0,268) 0,77 { 0,83 | 0,86 | 0,84 | 0,88 | 0,90 | 0,84 | 0,90 | 0,92 10,89 0,93 | 0,95
100 (0,183) 0,65 | 0,73 | 0,76 | 0,73 | 0,80 | 0,83 | 0,74 | 0,82 | 0,86 10,81 | 0,87 | 0,90
150 (0,124) 0,50 | 0,58 | 0,62 | 0,59 | 0,66 | 0,71 | 0,59 | 0,69 | 0,74 10,68| 0,77 | 0,81
200 (0,09) 0,40 | 0,47 | 051 | 0,48 | 0,56 | 0,60 | 0,48 | 0,58 | 0,64 ]0,57| 0,67 | 0,73
25(0,733) 0,93 | 0,95 | 0,95 | 0,95 | 0,96 | 0,97 | 0,96 | 0,97 | 0,98 10,98 | 0,98 | 0,99
50 (0,387) 0,80 | 0,84 | 0,86 | 0,85 | 0,89 | 0,90 | 0,85 | 0,89 | 0,91 10,90| 0,93 | 0,94
0.5 70 (0,268) 0,69 | 0,74 | 0,78 | 0,77 | 0,81 | 0,84 | 0,76 | 0,82 | 0,85 10,83 | 0,87 | 0,90
100 (0,183) 0,56 | 0,62 | 0,66 | 0,65 | 0,70 | 0,74 | 0,63 | 0,70 | 0,74 10,72 0,78 | 0,82
150 (0,124) 0,41 | 0,47 | 0,50 | 0,50 | 0,56 | 0,59 | 0,48 | 0,55 | 0,59 10,57 0,64 | 0,68
200 (0,09) 0,32 | 0,37 | 0,40 | 0,40 | 0,45 | 0,48 | 0,38 | 0,44 | 0,49 |0,46| 0,53 | 0,58
BbiBOaBI. 5. Pesynbratel uccnenoBaHuil ucnosib3zoBanel HTLD

1. UccrenoBanbl pu3NYecKUe TPOLECCHI, BIHSIOUINE
Ha Kod(pduuueHT ocmabmenus m MII KJI mpu aBycto-
POHHEM 3a3eMJICHUHU SKpaHOB KabelneH, U MoKa3aHa 3aBU-
CHMOCTh KO3((HUIMEHTA m HE TOJIBKO OT BEIMYUHBI TOKA
B 9KpaHe, HO TaKkKe OT yriia ero ()a3oBoro cIBHra OTHO-
CHTEJIFHO TOKa B JKHJIE, ONPEAEIIEMOro COOTHOUIEHHEM
AKTUBHOT'O U UHAYKTHBHOT'O COHpOTI/IBﬂeHI/lﬁ OKpaHa.

2. Pazpaborana MeTOAWKa YHCICHHOTO MOJICIHpPOBA-
Hust u pacueta MII KJI, ocHoBaHHas Ha NpUMEHEHHU
ocecUMMeEpU4HOM pacueTHoil Moaenu KJI mpu ucnoib3o-
BaHMM METOJda KOHEYHBIX JJIEMEHTOB, YTO II03BOJIMIIO
OITMCATh YCJIOBHE 3aMbIKaHUS 3KpaHOB KaOeiel Ha KOH-
1laX U PELIUTh 3a7a4y B JIBYMEPHOU IIOCTaHOBKE.

3. BInCIeHBI ¥ 3KCHEPHUMEHTAIBHO MTOITBEPKACHBI C
HOTPENIHOCThIO He Oosiee 5 % 3HaueHus KOdPPUIHEHTOB
ocnabnennss MII tpexdasusix TpexmpoBomHbsix KJI mpu
JIBYCTOPOHHEM 3a3eMJICHUHM DKpaHOB KaOesel, 3HaueHHs
KOTOPBIX B 3aBUCHMOCTH OT TEXHHYECKHX IIapaMeTpoB
Kabenel ¥ reOMETPHUU UX YKIAIKH U3MEHSIOTCS B TIpeJie-
nax ot 0,99 no 0,32.

4. TTokazana BO3MOXHOCTh TpoektupoBanus KJI B 30-
Hax XWJIOH 3aCTPOMKH C YU4ETOM KaK CaHUTAPHBIX HOPM
o MII, tak u TpeboBanuii 3HeprodhHEKTHBHOCTH.

H3K «VYxkpanepro» u I'Y UTIIM HAH VYkpauns! mpu re-
pecMoTpe HOPMAaTHBHOTO JIOKyMEHTa COVY-H
EE20.179:2008 «Po3paxyHOK €IeKTPUIHOTO i MarHiTHOTO
TOJIIB JTiHIH eJIeKTporepenaBatts. MeToIuKay.
BaarogapHocTh. ABTOPBI CTaTbU BBIPAXKAIOT O1aro-
JTapHOCTh TexHH4yeckoMy mupekropy 3A0 «3aBon «HOx-
kabenp» Oputo AdanacbeBuuy AHTOHILy 32 TOMOLIb U
MOAJEPIKKY ITpU co3aaHuu jlabopatopHoi monenu KJI.
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Study of the magnetic field of three phase lines of single core
power cables with two-end bonding of their shields.

The study tested the process of the magnetic field (MF) mitiga-
tion in the HV three-phase power cable lines (CL) made of sin-
gle core cables in two-ends bonding of their shields. Developed
the technique of numerical simulation and calculation of the MF
of CL based on its axisymmetric calculation model using the
finite element method that allowed to describe the condition of
closing the cable shields at the both ends of the CL and solve the
problem in two-dimensional formulation. The authors show the
possibility of MF mitigation of the three-phase CL by increasing
the cross-section of closed cable shields, which in some cases
may be an alternative to external electromagnetic shields. Ob-
tained and experimentally validated in laboratory and field con-
ditions with an accuracy of no more than 5 % the value of miti-
gation coefficients of MF of three-phase three-wire CL in two-
ends bonding of their shields depending on the technical pa-
rameters of the cables and the geometry of their installation,
which is important for the design of new cable power lines.
Their values are in the range from 0.99 to 0.32 when the cross
sections of cable shields are from 25 mm’ to 200 mm’ and the
distance between the axes of the cables are from 0.1 to 0.5 m.
The results show the ability to execute design of cable power
lines in residential areas, taking into account both the sanitary
standards of the MF, as well as to energy efficiency. References
11, figures 5, tables 2.

Key words: magnetic field, three-phase cable power lines,
two-ends bonding of shields.
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