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OBLLUVE TPEBOBAHMA N YCNIOBUA

1.Tema n copepxaHve npegcraBnsemoi Ans nydnukauum cratb

1 [OMKHbI COOTBETCTBOBATL MPOUIIH XKypHana, 0bnagaTb Hay4HoN
HOBM3HOI W MPEACTaBNATL MHTEPEC ANA CreLManicToB.

2. CtaTtby, paHee onybnuKkoBaHHbIE UMW NepeaaHHble B Apyriie U3naHus,
B XXypHarn He NPMHUMALOTCS.

3. PesynbTaTthl MCCNEAOBAHMIA AOMMKHbI COOTBETCTBOBATbL OHOM

13 Hay4HbIX OTpacnei: duanko-matematiyeckux (01.00.00), TexHUueCcknx
(07.00.00, 08.00.00,09.00.00, 11.00.00, 13.00.00, 14.00.00, 20.00.00,
23.00.00), akoHomuueckux (38.00.00).

4. HixenepeuncnerHble Matepuanbl NpesocTaBnsioTcs B 3NEKTPOHHOM
BUE B OJHOM apXvBHOM dhaiine (zip wnm rar):

®aiin 1 - pykonuch Hay4Hoii cTatby B hopmate MS Word.

®aiin 2 - nepeas CTpaHnLa pykonmcy, NofnMcaHHas asTopom
(aBTOpamu).

®ainn 3 - cornacve Ha 06paboTKy NepcoHanbHbIX AaHHbIX, 3aBEPEHHOE
TNMYHOI MOAMMCHIO, B CKAHMPOBAHHOM BUE.

®dainn 4 — nHdopmauys 06 aBTopax:

+ ®/10 nonHocTbHo,

* [laTa POXOEHMS,

* MecTo paboTbl, AOMKHOCTD,

* y4eHas cTeneHb W 3BaHue,

* MaCMopTHbIE laHHbIe (Cepusi, HOMEP, KeM 1 KOraa BblaaH),
+ e-mail, TenechoH, ¢ agpec.

®aitn 5 - Ha3BaHWe cTaTby, aHHOTaLWS, KIKOYEBbIE CroBa,
6rbnmorpaduyecknin CMcok Ha aHrnmiickom s3bike B oopmate MS Word.

®daiin 6 — akcnepTHOE 3aKMioYeHIe 0 BOIMOXHOCTI ONyBrMKoBaHUS
pYKOMMCH B OTKPLITOM AOCTYNE, 3aBEPEHHOE Mo MeCTy 0By4eHus
unn paboTbl, B CKAHMPOBAHHOM BUZE.

®aiin 7 — peLieH3ns HayyHOro pyKOBOAWUTENS (ANS CTYAEHTOB-
uccneaoBaTenei, MarucTpoB, acNUPaHToB 1 couckaTeneil yyeHbIx
cTeneHei).

®aiin 8 — NNLEH3MOHHBIN AOrOBOP.

5. Bce pyKonucy mpoxoasT peLieH3VpoBanme (BHELLIHSIS aKCnepTHast
OLieHKa).

B crnyyae oTpuLjaTenbHOro 0T3bIBa PyKOMMCh BO3BpALLAeTCs aBTopy
Ha aopaboTky.

B cryyae NOBTOPHOrO OTPULIATENBHOTO OT3bIBA CTaTbS OTKIIOHSIETCS.
Mocne nonyyeHns NONOXUTENbHON PeLieH3nu ¢ pekoMeHaaLmel

k nyBnmkaLmm pykonuch nepeaaeTcs B U3naTenbCTBO U NPOXOANT
npesneyaTHyto NOAroTOBKY.

TPEBOBAHUA K TEKCTY

06bem cTatby — He MeHee 8 1 He Bonee 15 cTpaHuL, npu Habope TekcTa
B opmate Word 14-m kernem yepes ofvHapHbIi MHTEpBar.

Ha nepeoii ctpanuue pykonucy nomewyaores YK, damunim astopos
(c ykasaHuem mecTa 0byyeHnst unu paboTbl), HasBaHe CTaTby,
aHHOTALWS W KNKoYeBble CroBa.

TekcT pomKeH coaepxatb BBEEHWE, pasaensl, 3akmoyerne. Gopmynbl
BOMKHbI BbITb HaBpaHbl TonbKo B pepakTope Equation,

a OTAenbHble CMMBONbI M ByKBbI POPMYN B TEKCTE CTaTbN B PeAAKTOPE —
MS Word (He B Equation). Byksbl naTuHckoro ancdasuTa B TexkcTe

1 chopmynax HabnpatoTcs KypcrBoM, ByKBbl FPEYECKOTO 1 PYCCKOro
andasuToB — 06bI4HbIM LIPUATOM. HyMEPOBaTb HyHO TOMbKO Te
hopMyTibl, Ha KOTOPbIE ECTb CCbINMKM B TEKCTE.

®opmart cTpaHuubl — A4; kaxaoe none — 2,5 cM; ab3auHbIin 0TCTyn —
1,25 cm; pasmep WwpudTa 14, BblpaBHMBaHWE MO NIEBOMY Kpalo; aBTop
(aBTOpBI) € ykasaHMem MecTa 0byyeHns unm paboTel — pasmep wpundra
14, nonyxupHoe HayepTaHue, BblpaBHUBaHWE N0 NEBOMY Kpato;
Ha3BaHwe pykonucu — pasvep Wpudita 14, 3arnasHble byksbl,
nonyXMpHOe HayepTaHne, BbIPaBHUBAHIWE MO IEBOMY Kpato; aHHOTaLWS,
KnioYeBble croBa — pasvep WwpndTa 12, BbipaBHUBaHWE MO LWMPUHE.
Tpebyembiit 06bem aHHOTaLMK — He MeHee 500 3HakoB. B aHHOTaLuK
AOMKHBI ObITb YkasaHbl NpeaMeT, Tema, Lienb paboTsl, METOA 1k
MeToA0norms NpoBeAeHns paboTbl, pesynbTaThl paboTsl, 06nacTs
NPYMEHEHNS Pe3ynbTaTos, BbIBOAbI. TEKCT AOMKEH ObITb CBA3HBIM

C MCMONb30BaHNEM CFIOB «CMeAoBaTeNbHOY, «Bonee TOro», «Hanpumep,
«B pesynbTaten 1 T. . OBHUM U3 NPOBEPEHHBIX BAPUaHTOB aHHOTALMN
SBNAETCS KpaTKOE MOBTOPEHME B HEl CTPYKTYPbI CTATby, BKIHOYALOLLEN
BBEAEHME, Lienv 1 3a4a4v, METOABI, Pe3ynbTaThl, 3aKoueHue.
Bubnuorpadpmyeckuit CIMCOK NPMBOANTCS B KOHLIE CTaTbM

11 COCTaBNSETCA B NOPSAKE YNOMUHAHWS B TEKCTE PyKOmuCy.

Ccblirnkv Ha niuTepaTypy B TEKCTe NPUBOAATCS B KBa[PATHbIX CKODKaX.
PucyHku, rpadmkm 1 Tabnuuibl JOMKHbI IMETb HOMEP W 3arofoBok
(pa3mep wpudTa 12, BbIpaBHUBAHIUE NO LEHTPY).

BHumanue! PucyHku u hopmynbl He JOMKHbI BbITb CKaHUpOBaHHbIMM!
®oTorpacmu npesocTaBnAOTCS B ABYX BapuaHTax: B TEKCTE CTaTby

1 B BuAe oTaenbHbIX dhannos TIFF n JPEG 6e3 cxatus. HassaHue
chalina AOMKHO COOTBETCTBOBATbL NOAPMCYHOYHON NOANMCH.
CkaHvpoBaHve MaTepuarnos 13 anbbomoB, XypHanos, bykneTos, raset
11 KHUT BrieYeT 3a coboii CUnbHOe MOHKEHE Ka4ecTBa N30bpaxeHns.
Wcnonb3yitte chyHkuumto Descreen. Ecrv Bel ckanmpyeTe doTo
CamMoCTOoSTeNbHO, BbicTaBnsAnTe paspeluerne 300 dpi (bonbluee

He MMeeT CMbICra, MeHbLLEE NPUBEAET K MOHKEHMIO KayecTBa).

To e camoe KacaeTcst PUCYHKOB, rpachMKoB 1 Anarpamm, Co3faHHbIX

B CorelDRAW u lllustrator. MomeLyaiite B daiin B hopmate Word
PUCYHKM TOJbKO B Ka4€CTBE preview-Bepcu, He 3abbiBas npunaratb
OTAENbHO MCXOAHMKM.

BaxHas nHdopmaums. HactosLme TpeboBaHMs MOTYT BbiTb M3MEHEHbI
6e3 onoseLLeHs aBTOpOB. HenckmiounTenbHbIE NpaBa Ha BCe
maTepuarbl, onybnuKoBaHHbIE Ha CaliTe XypHana, KpOMe OrOBOPEHHbIX
cnyyaes, npuHagnexat ®rbOY BMO MIYNMC. Bee matepuanti,
aBTOPCKVE NpaBa Ha koTopble NpuHaanexar ®r6OY BMO Mrync, moryt
6bITb NepeneyaTaHbl Mpy HaNM4YUN NMMCbMEHHOTO paspeluerns Pre0Y
BMO Nrync. TpebyeTcs npeaBapuTenbHOe cornacue Ha nepeneyaTky
CO CTOPOHbI U3paTens.
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Pasznen 1. HAYYHBIE U ITPAKTUYECKHUE PASPABOTKH

YK 629.439

B. A. IloasikoB, H. M. Xauanypuase
NHCTUTYT TPAaHCHOPTHBIX CUCTEM M TEXHOJIOTHI
HannonanbHOM akagemMun HayK Y KpanHbl
(duenp, Ykpauna)

MOJIEJIb JEBUTAIITUOHHOM CHJIBI
MAT'HUTOJIEBUTHPYIOLIEI'O ITOE3 1A

Jara noctymnenns 22.07.2017
Pemenue o myOmmkaruu 26.10.2017

Annomauus:

Henb. Peanuzauus nesutanmonHod cun (JIC) MarHUTONEBUTUPYIOILIErO MOE€3Aa
(MJIIT) npoucxoauT B  Ipolecce B3aUMOJCHCTBUS ~ MarHUTHBIX IOJE€Hl  TOKOB
cepxnpoBogsamux noe3gHbix (CIIK) m xoporko3aMkHyThIX NyTeBbIX KOHTYpoB (KIIK),
ABIIAIOLIUXCA 3JeMEHTaMu JeBUTauuoHHoro y3ma (JIY). Hcxoas u3 3TOro, Lenbro
HACTOSIIIIETO HCCIEOBaHUS SIBJISETCA IOJyYEHHE KOPPEKTHOTO ONUCAaHUA TaKoro
B3auMmozeiicTeus. Ha coBpeMeHHOM »3Tame, OCHOBHBIM U Haubojiee YHHMBEpPCAIbHBIM
MHCTPYMEHTOM aHaJli3a U CUHTE3a MPOLECCOB U CUCTEM SBJISIETCSI UX MAaTeMaTUYeCKOe U, B
4aCTHOCTHU, KOMIIBIOTEPHOE MOJIEJIMPOBAHHUE.

Meroauka. B 1O xe Bpems, paJuKalbHblEe MPEUMYIIECTBA ATOTO HWHCTPYMEHTA
nenaroT enié 6osnee BaKHOM NMPEM3MOHHOCTh BHIOOPAa KOHKPETHOW METOIMKH MPOBEACHUS
uccienoBanus. OcoOyr0 aKTyadbHOCTh 3TO MMEET MO OTHOLIEHUIO K CTOJIb OOJBIIMM U
CIOXHBIM cHucTemaM, Kakumu sBisitoress MIJIIL. Ilo atoit mpuumne, B paboTe ocoboe
BHUMAaHHE YyJEJIEHO AapryMEHTHPOBAaHHOMY OOOCHOBaHHMIO BBIOOpa  CENEKTHUBHBIX
0COOEHHOCTEH HcciIe10BaTeNbCKOM MapagurMsl.

PesyabTarbl. Pe3ynbpTaThl aHanu3a CyLIIECTBYIOIIMX BEpPCHIl MOJEIM Ipolecca
peanu3zanuu JIC cBUAETENBCTBYIOT O TOM, UYTO Ka)KJas U3 HUX, HapsALy C IPEUMYLIECTBAMH,
o0JajaeT M CyIIECTBEHHBIMM HEAOCTaTKaMH. B cBsi3M C 3THUM, OJHUM H3 OCHOBHBIX
pE3YNbTATOB MCCIEIOBAHUSA JIOJDKHO SIBUTHCS IIOCTPOEHHME MAaTEMaTUYECKOM MOJENHN
YKa3aHHOTO MPOILECcCca, COXPAHSIONIEH NMpenMyIlecTBa YIOMSHYTBIX BEPCHil, HO CBOOOIHOM
OT UX HEeJI0CTaTKOB. B paboTe apryMeHTHpOBaHO 000CHOBaHA PaLlMOHAIBHOCTb IPUMEHEHHUS,
nna uened uccaenoanus JIC moe3ma, MHTErpaTUBHOW XOJHWCTUYECKOW MapaJuIMBl,
ACCUMUJIMPYIOLEH TPEUMYIECTBA TEOPHI JIEKTPUUECKHUX LIENEel U MAarHUTHOTO T1OJIS.

Hayyna HoBu3Ha. I[IpHOpHUTETHOCTH CO3JaHMA TaKOW MApaJWTMbl, a TaKXkKe
COOTBETCTBYIOIIEW Bepcuum wmoaenu peannzanuu JIC cocTaBisiOT HaydyHYyH0 HOBHU3HY
HCCJIeI0BAHMUS.

IIpakTH4yeckas 3Ha4UMOCTh. OCHOBHBIM ITPOSIBJIEHUEM IIPAKTUYECKON 3HAUNMOCTH
paboThI ABIAETCS BO3MOXKHOCTD, B CITy4ae MCIOJIb30BaHUS €€ pe3ynbTaToB, CYIIECTBEHHOIO
noBbIIeHUs 3((HEKTUBHOCTH TuHaAMHYeckux ucciaeaoBanuid MIJIII npu oxHOBpeMeHHOM
CHMKEHHUU UX PECYPCOEMKOCTH.

Knioueevie cnoesa: MaFHI/ITOHeBI/ITI/IPYIOHII/Iﬁ noe3a, MareMatudeckas MOJCIIb
JICBUTALIUH; UHTCTPATUBHAA UCCIICAOBATCIIbCKAA ITapaanurma.
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BBenenue

Toxu wu mnomts xoHtypoB JIY MIJII — KOMIOHEHTHI €IUHOTO
3JIEKTPOMAarHUTHOrO CcyOIpoliecca THUIEPIpOLEcca AIEKTPOMEXAHUUYECKOTO
npeoOpa3oBaHusl HSHEPruUU. MOAENIUPOBAHUE HSTUX KOMIIOHEHTOB BIIOJIHE
BO3MOXHO [l] B pamMkax mapagurmM TEOpUM DJIEKTPUUYECKUX LENed Hu
ANEKTPOMArHuTHOro mnosst. Iloaromy cymecTByromue Bepcud MaTeMaTHYECKOM
moaenu JIC MJIIT noctpoensl [1 — 3] ncxonsd U3 ynoMsaHyThIX apaIurM. AHAIU3
CBOMCTB yNOMSIHYTBIX BEPCHI MOJEIH CBHJETEIBCTBYET O TOM, UYTO Ka)KJas U3
HUX O0O0JIalaeT Kak MpeuMyllecTBaMu, TaK M HegoctaTkamu. Mx oOmas
MOJIOKUTENNbHAS YepTa — JOCTaTOYHas (PYHKIHOHATBHOCTh. OCHOBHOM XKe

MMMaHEHTHBIH  HEJOCTAaTOK  TaKMX  BEpCHM  —  HECTAIMOHAPHOCTH
nuddepeHnanbHbIX YpaBHEHHH, BbI3BaHHAS ITUKINYECKON MEPEMEHHOCTHIO UX
ko3 pUIIeHTOB, COOTBETCTBYIOIINX COOCTBEHHBIM u B3aMMHBIM

unayktuBHOCTSIM KIIK JIY kak mexy co0oit, Tak u co CIIK, B 3aBucuMOCTH OT
MOJIOKEHHST T0e3/1a. OJTO CYIIECTBEHHO 3aTPYJHSET pEIIeHUuE 3ajad
OMMUCHIBAEMOW TUHAMHUKH [4], paJlUKaJbHO CHUXKas MPAKTUYECKYIO IEHHOCTH
BEPCUN MOJIEIIH.

3agaya uccjae10BaHusA

N3noxeHHoe BBIBISET [S — 7] aKTyallbHOCTh CO3JaHUS MATEMAaTHYECKOU
mozaemu JIC MIJIII, accumunupyromieid TOCTOMHCTBA UMEIOIIMXCS BEPCHM TAKOMN
MOJIEJI, HO CBOOOJHON OT MX HemocTaTkoB. CHHTE3 TaKOM MOJICNIH SIBJISICTCS
OCHOBHOM 3a/1a4yeil HaCTOsIIeH paOOThI.

MeToauka uccJaeI0BaHus

DIIEKTPOMEXAHUYECKOE HHEPronpeoOpa3zoBaHUE Iy MUJIIIT
OCyIIeCTBIISIETCS B Tmporecce B3auMmojencTBus moseit TokoB CIIK u KIIK.
ITostomy narrepHom JIC noesna siBisieTcs B3aumoeicTBre Toka anementa CITK
c nosieM TokoB KIIK. Takoe B3auMoeiicTBIE MOXKET ObITh OTUCAHO BhIPAKEHUEM
3akoHa Ammepa [8]:

1. .iPr. . Gj
rae f p, — CHIIA, JercTBytomas Ha y -Tbii anement [ -ro CIIK;

- 81 "
| ﬂy,lﬁ ,Bﬂy,aﬁy — JUIMHA DJJIEMEHTa, TOK B HEM, WHAYKIUS IOJs, B

KOTOPOM 3JIEMEHT HAXOIHUTCS, a TaKKe yroi Mexay i”7 u B By -

Pacuérnnie cxempl CIIK u cexumii KIIK npuHSATBI, COOTBETCTBEHHO, B BUEC
HAaOOPOB TaJIbBAHWMYECKH HE CBS3aHHBIX MPOBOJSAIIMX MPSMOYTOJIBHBIX PAMOK, a
TaKKe Map UACHTUYHBIX MPSIMOYTOJIBHBIX KaTYIIEK, COSTUHEHHBIX COTJIACHO HYJIb-
notouHoii cxeme [1]. Torna JIC noe3na onpenenrMa Kak BEKTOpHasi CyMMa BETMYUH
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f_M VAie [1,_N I re [1,_4] , Kayk71ast M3 KOTOPBIX, — 3TO Pe3y/IbTaT B3aUMOICHCTBUS TOKA

oxHoro u3 3nemenToB CIIK ¢ nonem TokoB B3aumozeiictByromux ¢ HuM KIIK. B
nocinenHeM  BblpaxkeHud, N — uncno ynomsHyteix CIIK.  [Iunamuka
AIIEKTPOMArHUTHOTO  KOMIIOHEHTa TakKOro  B3aUMOJICHCTBUS  OIpPENENSIeTCs
ypaBHeHHsiMA BToporo 3akoHa Kupxroda [8]. Ilogcucrema “CIIK — KIIK”, kak
NPaBUJIO, BBIPOKICHA [6] — EMKOCTHBIE MOKa3aTeIH €€ AIEMEHTOB MPEHEOPEKUMO

nusku. [lotomy, B nnepumanbHoii cucreme orcu€ra Qe”Vpe[(y; —E) (7,5 +E)],

MOJIETIb  AJIEKTPOMAarHUTHOro KommoHeHTa B3aumojeiictBus f-ro CIIK ¢
yuuThiBaeMbIMH (B 3ToM B3anmozeiicteun) KITK nmeer Bun [8, 9]:

d. d. )
- alp+Lpﬂ -alﬂ +1,-i”V p,uel(x; —E), (x5 +E)I; (2)

d .
_ . K _ K Yij
O pp _O_;ﬂ' “Oppr Opp __a( pp s )
vpellz, Bz, +Bl.x=uv k=1, ®3)
rne 0,V pel(x; —E), (x5 +E)],x =uv i = —snekTpoBIKyIme CubI

O pp =L

(3. 1. c.) Bkarymkax p -ro KIIK mpu n3mMeHeHusx clerieH! ¢ uX NOAKOHTYpamMu
MMOTOKA TOKa if uernu S -ro CIIK;

Lpp : Lpﬂ T
WHIYKTUBHOCTH, a TaKKe akTuBHbIE conpoTuBieHus KIIK;

Xp— HOMEp (OT Hayajna y4acTKa TPAacChl, BJOJIb KOTOPOTO MPOMCXOIUT

V p,uel(xs —E), (x5 +E)] — cobcTBeHHbIE U B3aUMHbIE

newxkenue MIJIIT) nocnegnero KIIK, momepeuHyro OCeBYIO JHHHUIO KOTOPOTO
MUHOBaJIa nonepevnas ocenas JimHus S -ro CIIK;

E — nonosuna yncina KIIK, ¢ KOTOppIMU yUHUTBIBAETCS 3JIEKTPOMATHUTHOE
B3auMoaelictue kaxaoro CIIK;

i”,1“V p,uel(x;~E) (15 +E)] — Toxu KIIK;

M?%Vpel(xs —E) (xs +E)], k =uvk=| — B3aumMHble HHIYKTMBHOCTH
mexnay [ -piM CIIK u kaTymikamu B3aumoaenctpyromux ¢ HuM KIIK;

t — Tekymee Bpems.

biarogapsi npuHATHIM KOHCTPYKIIMOHHBIM MepaM [ 1], 3HaueHus1 TOKOB ij

VAe[L, K], wusMeHsoTcs [OOCTATOYHO MEUIEHHO U, Ha HHTEpBalax,

COU3MCPHUMBIX CO BPCMCHEM Ha6JHOI[eHI/I}I ABUKCHUA 110C3/1d, MOT'YT CHHUTATHCA
PaBHBIMU MCIKOY c0o0O0M M ITOCTOSTHHBIMU

i =i, =const Ve[l K], (4)
rne K — uncno CIIK, ycranoBnennsix Ha MJIIL. 3Havyenue xe E HyXxHO

BBIOMpaTh Tak, 4ToObl MO oOeum ctopoHam oT kaxmoro f-ro CIIK B KIIK,

K
NPSAMCCTBYIONINX, a TAKXKE CIICAYIOINX 3a YUUTBIBAECMbIMHU, BECIIMUMHLI O of \v4 P <



Xp—EvV p>xs+E, k=UVv, k= | maxxe B HepaBHOBECHOM cocTostHIHN JIY, ObLTH

ObI TIPEHEOPEKIMO MATHI.

CIIK u KIIK B3aUMOIIOABVKHEL. [TosTomy L ! L ! M;/I

Vo,uel(y,-E),(y,+E)],A€[LK], kx =uvk=I UMEIOT ITUKITTIECKU
U3MEHAIOIIMECS BO BPEMEHM 3HAYEHUS. OJTO, B CBOK OYEpEedb, IPHUBOIUT K
HECTAIMOHAPHOCTH K03 durmenToB ypaBHenuir (2), (3) u, KaKk OTMEYEHO,
CYLIECTBEHHO CHWXXAE€T MPAKTUYECKYIO LEHHOCTh Bepcuu mozenu. C Ielnbro
YCTpaHEHUs YKa3aHHOIO HeIoCcTaTKa, peanu3anuto ciaratonmx JIC MIJII cnexyer
paccMaTpuBaTh OTHOCUTENBHO KOOPJIMHATHBIX CHUCTEM, B KaXIIOH M3 KOTOPBIX
paccmatpuBaeMbiii CIIK u yuutbiBaemble BO B3aumoaectBuu ¢ Hum KIIK
YCIIOBHO B3aMHO HENOJIBWKHBI. B TakoM kauecTBe, yJ0OHEe BCEro MPUHATH [S]

otcuétaeie cuctemsr C,n” VA e[l,_K], u e[l,_3], KaKJas M3 KOTOPBIX IKECTKO

cszana ¢ A-piM CIK. Muepmmamsusivu C,n* VA €[LK], # €[1,3], B o6uiem

cilydae, He siBJsitoTcs. B To ke Bpemsi, BechMa sxenaTesbHo [ 10], yToObl ypaBHEHUS,
OMUCHIBAIOIINE AUHAMUKY 3JIEKTPOMArHUTHOTO KOMIIOHEHTA B3aWMOJCHCTBHUS
CIIK c¢ KIIK, umenu TeH30pHBIA XapakTep. Takue ypaBHEHHS MOTYT OBITh
nosyueHbl [11], U3 paBeHcTB Tuma (2), myTéM 3amMeHbl B HHUX JIOKAIbHBIX

D
MIPOU3BOIHBIX T a0COIOTHBIMU T a Takxke mepexoga B mojnenu (2), (3)

KoopauHaTaM 14 VA € [ZL,_K], U e [1,_3] COOTHOIIICHHE MEXAY YIOMSHYTBIMH
MPOU3BOIHBIMH, KaK U3BECTHO, nmeeT Bu [11]:

D d —
Ho_ H v

ana _E"“ +€ 0, "By N, Y v €[1,3], (5)

rae €,,,Vu,v ell,3], @, — cumpon Jlen-Unsura, a TakKe BEKTOP YIJIOBOH
ckopoctu Bpamienus C,n* VvV u €[1,3].

[Tocne yxa3aHHOW 3aMEHbBI, COOTHOIIEHHUS, TMOJy4YeHHble U3 (2),
pHOOpETAIOT TEH30pHBIM Xxapaktep. [loaToMy, B dYacTHOCTH, WX Qopma
CTAaHOBUTCS WHBAPUAHTHOW IO OTHOIICHHIO K KOOpJIWHATaM, B KOTOPBIX OHH

3anmcanbl. [lepexon ke k koopauHatam n“ ¥V u e€[1,3] ocymecTBuM coriacHo
o

BBIPKCHUSIM:
Ny =8, -¢"V pel(x, —E).(x, +E); 1 ell3] (6)
rae &5 — MaTpuua npeodpazoBaHus KOOP/UHAT:
H 6775 . 1 2
‘gp :—vpe[(la_E)’(Za_'_E)Lﬂe[l!S]' (7)
oe”

Ha ocu 7} V¥ ,ue[1,_3] u &’Vpel(y,—E)(r,+E)] moryr mpoermpoBarscs
JIIOOBIE BEKTOPHBIC BEJIMYMHBI, XapaKTEepU3YIOLIHE ANEKTPOJIMHAMUKY
B3auMonenctBua CIIK m KIIK B cucremax orcuéra COOTBETCTBEHHO Can”
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Vuell,3] u Qe’VYpel(y, —E).(x, +E)]. B 4acTHOCTH, MMH MOTYT OBITh BEKTOPBI

TOKOB, 3. JI. C. U UHAYKIIMH TTOJICH.
Brrpaxkenust s cBsA3eu Buaa

Ny =15 (7)Y pel(¥y —E) (2o +E) €[1,3] (8)
MOTYT OBITh IOJTyY€HBI UCXOJIS 3 TOTO, 4UTO [S], B IPOLIECCE OUCHIBAEMOTO
KOOPJIMHATHOTO IMPeoOpa3oBaHMsi, €ro MHBAPUAHTAMH SBIISIIOTCS AMIUIATYAbI
TOKOB B PaCCMaTPUBAEMbIX KOHTYpax, a TaKke uX 3. 1. C.
C noMouIbIo K€ MaTpULIbL

DeP _
= = () Vpel(x, —E)(x, + B uelL3], )
on},
OCYIIECTBHUMO OOpaTHOE mpeoOpa3oBaHue
e’ =88 -4V pel(¥, —E).(x, +B);uelL3]. (10)
B mepakenusx  (3) i o, Vpel(y,-B)(y, +E)] k=uvk=l, M7,
Vpel(y;—E),(x;+E)], k=uvk=l cymecTBenHo 3aBuCAT, B YacCTHOCTH, OT

B3aMMHOT0  pacrnoioxenuss paccmarpuBaemoro f-ro CIIK wu KIIK,
B3aMMOJICHCTBUE C KOTOPBIMH JIJI1 HETO paccmaTpuBaercs. [loatomy

p=MZ (W) Vpel(xs —E)(xs +B), k=uvk=I, (11)
rie W, — KOOpIMHATa, ONpPEIEIAOmAs TEKylIee —IOJOKECHHE

paccmatpuBaemoro f-ro CIIK oTHOocuTensHO Hayana oTcuéTta ABvkeHus MJIII
BIOJb ocH IyTH. 1Ipu saTtom, mockonbky KIIK Bose Tpaccel nBrkeHus noesna
pacronaratoTcsi peryyisipHO, MOCJIEIHUE 3aBUCUMOCTH MMEIOT TapMOHHUYECKUU
xapakTtep. B To ke BpeMs, COBpEMEHHbIE CIOCOObI U3MEPEHUs MO3BOJISIIOT [12]
AKCIEPUMEHTAIBHO-PACYETHBIMA METOJIAMH CO BIOJIHE MPUEMIIEMON TOUHOCTHIO
ONPENEIIATh 3HAUCHUS] B3aUMHBIX UHYKTUBHOCTE KOHTYPOB MarHUTOCBA3aHHBIX
NEKTPUUYECKUX LENEeN IMPU Pa3IUYHOM TEKYIIEM UX [POCTPAHCTBEHHOM
B3aMMOPACIIOJIOKEHUN. ITO, B CBOIO OUEPE/Ib, IO3BOJISIET, HCIOJIb3YS YIIOMSHYThIC
METO/IbI, IOTOYEYHO CTPOMTH HCKOMBIE 3aBUCHMMOCTH (11) Ha Tpebyemoii ceTke W,

. Jlanee, ¢ UCNONB30BaHUEM METOJIOB, HAIIPUMED, MOIMHOMUHAIBHON perpeccuu
[13], peanu3auusi KOTOpPBIX JOCTYIIHA B PSJAE COBPEMEHHBIX CHUCTEM
KOMITBIOTEPHON MaTeMaThKu (Harpumep, Mathematica), 3aBucumoctsim Buzaa (11)
MOXKET, C COXpPaHEHHEM JIOCTATOYHO BBICOKON TOYHOCTH COJCp)KaHUs, OBITH
npunaHa popma aHATUTAYECKUX BbIpaxkeHui. [lomrnmo Toro, ¢ yuéTom paBeHCTB
(4), BeIpaskenus (3) MOTYT OBITH IPEOOPA30BAHBI K BUTY

___u . K _ * d MK
Opp =O0pp ~Oppr Opp ="l 'Wﬂ'w pB
Vpel(xs —E).(x; +BE)]l.x=uv x=I, (12)



rae Wg — CKOPOCTh MPOJIOIBHOTO (BI0JIb KACATEIbHON K OCH) JBUKEHUS

d
paccmarpuBaemoro f-ro CIIK OTHOCHTENBHO TyTH. 3HAYECHHS d—M;ﬂ
w
B

Vpoellxy; —E).(x; +E), k=uvik=I nmna noncranoeku B BhIpaxenus (12)

MOTYT OBbITh MOJIYYEHBI C HCMOJIb30BAHUEM, CO3JAHHBIX OMUCAHHBIM MYTEM B
dbopMe aHATUTHYECKUX BBIpaKeHUM, 3aBucuMocTted Buaa (11). Takum obpazom,

KOKIBIH W3 [  BEKTOPOB @ Vpellxs; —E)(xs; +E)] oxasbiBaeres

onpenenéuubiMu B cucreme orcuéra Qe Vpe[(y, -E), (7, +E)]. [Hanee, c
HCIIOJIb30BaHUEM COOTHOIIEHUH Buja (6) — (8), Kaxablii TaKOW BEKTOP MOXKET
ObITh onpenenén B cucteme Cyn' Vu e [1,3] mpoextmsmu & VM E [1,3].
[Tocne nmpeoOpa3zoBanuii, ypaBHEHHUs, MOTy4YeHHbIE U3 (2) U (3) myTéM ux
Tpancpopmannu B Tpudap C,n" V u e [1,3] ¢ MCIONB30BAHIEM COOTHOLICHHIT

(5) u (6), npuobpeTaroT BUA

. : d. . :
0.5 =L -(%I” +€,5, O -|V)+ L. -[&IT +8.59 - -|‘9j+ r,-i*

Y ou,v, 7,0 [L3]; (13)
Gyﬂ:‘95'O-pﬂvpe[(Zﬁ_E)!(Zﬂ+E)];ﬂ€[:L’_:3]
. d
. K K
Gpﬁ':g;ﬁ_apﬂ’ Gpﬁ:_IS'Wﬂ'WMpﬁ
Vpel(xs—E) (x5 +E),x=uv k=l (14)

VYpaBaenuss (13) wuMEOT TMOCTOSHHBIE KOI(PPHUIIUEHTHI, SBIISIOTCS
TEH30PHBIMU W OINKCHIBAIOT TOKOBYIO auHaMuky JIY MIJIIT B koopauHaTtax 1
V 1 €[1,3]. Hocrne nx (KaK MpaBWJIO — YUCJICHHOTO) pa3pelieHus] OTHOCUTEIBHO
ATUX TIEPEMEHHBIX, TOCJIEAHUE, C HCIOJb30BaHUEM cooTHomeHu (10),

npeoOpasyroTcs B koopaunathl 17V p €[(x; —E), (¥4 +E)], 3HaueHns KOTOphIX

onpeAenstoT peanbubie TOkU B emax KIIK.

MarnutHas uens JIY npeanonaraercst HeHachlieHHou [1]. Tloatomy ona
MOYET CUUTATHCA YCJIOBHO-JIMHEMHOM MOJICUCTEMOM W, CIEHOBATEIbHO, K HEU
MPUMEHUM TPUHIUI aJJUTUBHOCTU. VICXOMd U3 3TOro, pe3yabTUPYIOIIEE MO0JIe
TokoB KIIK B 11000ii TOUKE reoMeTpuueckoro npocrpancrtea O, Vy € [13], B

kotopoMm peanbHo JBrkeTcs: CIIK otHocuTensHo KITK, MoXeT onmuchIBaThCS Kak
CyMMa MOJIEN, CO31aBAEMBIX B 3TOM TOUKE TOKaMU OTAEIbHbIX Moaynen KIIK:

Byﬂ = Bypﬁ -e”;e” =1vp e[(ﬂ(ﬁ - E)’(Zﬁ_"‘ E), v e[ﬁ], (15)
rne BB ,Vpel(lx;—E).(x;+E),¥€[l,3] — mnpocrpancreennbie

KOMIIOHCHTbI HHAYKIUHA TIOJIA, CO34aBaACMOI'0 BCCMU (y‘—II/ITI)IBaeMI)IMI/I BO
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B3anmoerictBuM ¢ [ -biM CIIK) momymsimu KIIK, a Takke OTIENbHBIMA TaKUMH
MOJIYJIIMH B paccMaTpUBaeMOM TOYKE STOro MpOCTpaHcTBAa. B cBoro ouepenp,
3HaueHUs1 KomIoHeHToB B ., Vy €[l 3] mma xaxmoro o -oro moxyms KIIK,

rofp
OIPEICITUMBI COOTHOIICHUSIMHU
Bos (i) =B, (i")—B,,(i*) Vy e[1,3], (16)
e B;Zﬂ Vye [1, 3,k =uvk=l — mnpocTpaHCTBCHHbIC KOMITOHCHTHI

UHAYKIMK 1ot TokoB KaTtymiek o -ro KIIK (BzaumopeiictBytoiero ¢ f-bim
CIIK).

Boipaxkenus xKe TUTSI oTpe/IesieHuUs 3HAYCHUHN By (1”)

Vpellx,—E).(x;+E)], y e [13], c =uvi=| umeror Bux [14]:

=%y -I-d

e _ . -
Bls=- .ﬂ'{[Flz(kl’(0177)+F12(k31(0’77)

A=l

o+ T2 h
[Flz (ks v )+ Fo(ky v, 77)] } ;

v+l m=zy+h

lp Pa=xy+l+d

ngﬂ __H'{{Fu (ky » @, 1)+ Fp (s 0, 77)} -
y1=xp+

m=2,-h

u/Z:yO+a+d

_[F12(k2’l// 1)+ Fa(ks, v ’77)} } ;
vy =Yp+a

M=+

M=2p-h K.-o— 2
{Fu(k Y ,n)} ={n-arctg |

m=2o+h U'\/(k+¢)2+¢2+772
Mm=2-h
k+2-¢ }

K+o _L.

Joren? 2 m
. lp P,=yp-a-d
B3, = E-{[f30(kl,(o,17)+f30(k4,go,77)} -

1 %2

—[ff(kz o)+ (ks v, n)} +

—@-arsh

m=zg+h

(pzxold

[f31(k1 @ )+ fulks, @, 77)]

(plxol

,=25—h
[f31(k2’l// )+ fa (ke v, 77)] }

Vg m=2y+h

Vpel(x; —E).(xs+E)], k=uvik=l;
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(k+9) -7
l o= n.arShW pk+p) +o*+n°
k+2-¢ (k+2-9)-n _
f., (K, @, 77):\/5-77-arshW—k-arctgk.\/(kJr(D)z+¢2+n2 :
fy (k@ m) = fau(k, @) + (K, @, 1)

kll =—k; =[(yo —a) = (X, = DI;

ky ==k, =[(Yo +a) = (%o +D)];

k:'% =k; =—{(yo +a) + (X = DI;

Ky =k ==[(Yp —a) + (%, +1)], (17)
rne i’ Vpe [(xs —E),(xs + E)] —nnornoctu Tokos B o6MoTkax KIIK;

K+o + ¢@-arctg

2-h, d — BpICOTa M TOJIIMHA KAXKION TaKOW OOMOTKH;
2-1, 2-a — pa3mepsl € ke BHYTPEHHETO MPOCTPAHCTBA,;
X0+ Yo12Zg — KOOPAMHATHI TOYKU MPOCTPAHCTBA, B KOTOPOH OMUCHIBACTCS

oJIE.
B Beipaxenusix (17), kpome TOrO0:

#=05:17-q-(h-d) ™ v pel(x, —E).(z, +E)l, (18)
rae  — yucio ButkoB ooMoTku KIIK.

Hanee, B (18) mociemoBareabHO MOACTABISAIOTCS 3HAYEHHS TOKOB 17

vV pel(xs; —E), (x5 +E)] n, cormacuo (15) - (17), naxomsarcst koMIoHeHTh B 4

Vy €[l,3] mamyknum moims, co3maBaemoro tokamu KIIK, yduThiBaeMbIX BO
B3anMozencTeuu ¢ f -bim CIIK.
[lpoctpancteo  cucremsl OE, Vy e€[,3] — eBxmmmoBo. Ilostomy

MTHOBEHHOE 3HAYEHHE MOJYJISI BEKTOPA MOJHOM MHAYKLIHUH MOJIs, KOMIOHEHTBI
KOTOPOT0 OBbLIN ONPEEIEHBI, MOXKET OBITh OMPEIEIICHO BhIPAKEHUEM

B,=B% ¢ ;e =1Vye[L3]. (19)

CooTHoIlEHHE K€ 3HAYEHMH YNOMSHYTBIX KOMIOHEHTOB B, Vy €[1,3]

ompezessieT co0oi HampaBieHue BeKTopa B .

[Tockonpky TeoMeTpudeckue pasmepbl 23ieMeHToB o0moTok CIIK
ONPEAEIAOTCA HMX KOHCTPYKIMEW, a HaIpaBJIICHUS BEKTOPOB TOKOB TaKHX
AJIEMEHTOB MOXET CUMTAThCS COBIIAJAIOIIMM C MX NPOJOJBbHBIMU OCSIMH, TO,
TakuM 00pa3oM, OKa3bIBAIOTCS W3BECTHBIMU BCE BEJIMYMHBI, BXOJSIINAE B
BbIpakeHuss g onpeneneHus 3HadeHuid JIC MIJIIL, uem 3aBepiunaercs
IOCTPOEHUE UCKOMOU MOJIEIIN 3TOW CHUJIBI.
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PesyabTar ucciegoBanus

Co3nana wuHTerpatuBHas mnapagurmMa wmogenupoBanus JIC  MIIII,
ACCHMMIJIMPYIOIIAsi JOCTOMHCTBA TEOPUM LIeTel W IMOJjsi, HO CBOOOAHAs OT UX
HenocTtaTkoB. IlocTpoena maremartmyeckas monaenb Tako JIC, He umeronias
ne(heKTOB MPEABIAYITUX BEPCU MOICIIH. JTUM pellieHa 3a/1aua HaCTOSIICH YacTH
HCCJICIOBAHMUS.

Haquaﬂ HOBM3HA U MPpaKTUYECKad 3HAYUMOCTDb HCCITCAOBAHUSA

Hayuynyro HOBU3HY HCCIEIOBaHHMS COCTaBJISIOT IPUOPUTETHOCTH
CO3/IaHUsl MHTETPATUBHOM XOJIMCTUYECKOW mapaaurmel monaenupoBanus JIC
MUJIII, a Takxke COOTBETCTBYIOIIEH Bepcun Moenn peann3annu JIC. OCHOBHbIM
MPOSIBJIEHUEM TMPAKTUYECKOW 3HAYMMOCTH PaOOThI SIBISETCS BO3MOXKHOCTH, B
Clydae MCIIOJb30BaHUS €€ Pe3yibTaToB, CYLIECTBEHHOIO IIOBBILICHUS
sbdexTuBHOCTH IUHaMHYeckux wuccienoBanuit MJIII nmpu ogHOBpEeMEHHOM
CHM)KEHHUH UX PECYPCOEMKOCTH.

BeiBOI

XOJUCTUYHOCTh W HUHTETPATUBHOCTh  CO3JAHHOW  MapagurMbl
MCCJICIOBAHUS TO3BOJIMIIN CYIIECTBEHHO MOBBICUTh KAYECTBO MATEMATHUYECKOU
monenu JIC MIIII, co3maHHOM € HCHOJIB30BAHUEM TaKOW Mapaaurmel. Eé
WCIIOJIb30BaHUE B TIporecce auHaMudeckux uccienoBanuit MJIII mo3onut
MOBBICUTH UX AP (PEKTUBHOCTH U CHUZUTH PECYPCOEMKOCTb.
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Annotation: The implementation of the magnetically levitated train’s (MLT) levitation
force (LF) occurs during the interaction between fields of superconductor train (STC) and short-
circuited track contours (SCTC), which are the elements of levitation module (LM).

Purpose. Based on above, the purpose of this study is to obtain a correct description of
such interaction. At the present stage, the main and the most universal tool for the analysis and
synthesis of processes and systems is their mathematical and, in particular, computer modeling.
At the same time, the radical advantages of this tool make even more important the precision
of choosing a specific methodology for research conducting.

Methodology. This is particularly relevant in relation to such large and complex
systems as MLT. For this reason, the work pays special attention to the reasoned choice of the
selective features of the research paradigm. The analysis of existing versions of LF
implementation’s models show that each of them, along with the advantages, also has
significant drawbacks.

Results. In this regard, one of the main result of the study should be the construction of
this force implementation’s mathematical model, which preserves the advantages of the
mentioned versions, but would be free from their shortcomings. The rationality of application,
for the train’s LF researching, of an integrative holistic paradigm, which assimilates the
advantages of the electric circuit and magnetic field theories, is reasonably justified in work.

The scientific novelty of the research. The priority of creation of such a paradigm and
the corresponding version of the implementation of LF’s model account for the novelty of the
research.

Practical significance of the work. The practical significance consists in the
possibility, in case of using its results, of significantly increasing the efficiency of dynamic
MLT research while reducing their resource costs.

Keywords: magnetically levitated train (MLT), mathematical model of levitation,
integrative paradigm of research.

Introduction

Currents and poles of contours of levitation junctions of MLT are the
elements of one electromagnetic hyperprocess of electromechanical conversion
of the energy. It is quite possible to simulate them [1] within the paradigms of
electric circuits and magnetic field theories. Therefore, the existing versions of
mathematical model of MLT’s LF are built [1 — 3] basing upon these paradigms.
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Analysis of the properties of the mentioned versions of models signifies that each
of them possesses both advantages and disadvantages. Their common advantage
Is sufficient functionality. Yet the basic immanent drawback of these versions is
non-stationary feature of differential equations, caused by cyclic variability of
their coefficients, which correspond to self-inductance and mutual inductance of
short-circuited track contours (SCTC) of LF both among each other and among
superconductor train contours (STC), depending on the position of a train. This
significantly complicates solution of tasks of the described dynamics [4],
drastically decreasing practical value of model versions.

Purposes of the Studies

The introduction above reveals [5 — 7] relevance of creation of mathematical
model of LF of MLT, which assimilates the advantages of both existing versions of
the model, but free of their drawbacks. Creation of this model is the basic task of
this work.

Methodology

Electromechanical conversion of LF of MLT is carried out in the process
of interaction of poles and currents of SCTC and STC. Therefore, the pattern of
LF ofatrain is an interaction of STC’s element current with current pole of SCTC.
This interaction may be described by Ampere's force law expression [8]:

fo, =1, 1”7 -B, -Sinay, (1)
where f, —force, which exerts on y™" element of g™ STC;

|, .i”* By, a,, —the length of the element, current in it, pole inductance,

in which the element is located, and the angle between i” and B_ﬂy.

The design schemes of SCTC and STC are taken as sets of galvanically isolated
conducting rectangular frame and pairs of identical rectangular coils, connected in
accordance with zero-flow scheme [1]. In that case, the levitation force (LF) of the

train is determined as vector sum of quantities f,, VAe[LN], 7 €[L4], each of which

is a result of interaction of current of one element of STC with the pole of currents
forming SCTC with it. In the last expression, N is the number of superconductor
train contours (STC). The dynamics of electromagnetic component of such an
interaction is determined by equations of Kirchhoff's second rule [8]. The subsystem
of “STC— SCTC”, as arule, is degenerate [6], namely, their capacity indices are very

low. Therefore, in the inertial system Q&”V pe[(y, —E),(x; +E)], the model of

electromagnetic component of interaction of g™ STC with SCTC considered, has the
form [8, 9]:
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d. d. :
ou=L, -&Ip +L,, -alﬂ +1,-1”V p,uel(x; —E), (x5 +B); (2)

d :
_ u I . K K p
Oop =98 =8> Opp —_a(Mpﬂ i7)
Vpellz,—B).(zy + Bl x=uv x=l, 3)
where o7,V pel(y; —E) (v, +E)l,x =uvx=Il — electromotive force
(EMF) in coils of p™ of short-circuited track contours with changes of coupling
with subcontours of current 7 in circuit g™ superconductor train contours;

L,y Lous T, pouel(xs —E), (x5 +E)] — own and mutual inductances

and active resistances of short-circuited track contours;
X 5— humber (from the onset of a track section on which the magnetically

levitated train runs) of the last short-circuited track contour the transverse section
of which was passed by transverse section of " short-circuited track contour;

E — half of the figure of short-circuited track contours with which the
electromagnetic interaction of each superconductor train contour is considered;

17,14V p,uel(x, —E) (1, +E)] - short-circuited track contours currents;

M%Vpoel(xs —E)(x; +E), k=uvk=l — mutual inductances

between A" superconductor train contour and coils of interaction with short-
circuited track contours;

t —time.

Owing to the accepted design measures [1], values of currents if

V A e[LK], are changed rather slowly, and in intervals commensurate with the
time of observing the train traffic, may be considered equal and constant

i =i, =const Ve[l K], (4)

where K — a number of superconductor train contours installed in

magnetically levitated train. The value of E should be chosen in a way that on both
sides of each 8™ superconductor train contour in short-circuited track contour,

preceding and following the quantities considered, the valueso,Vp< v, —Ev
p>xs;+E, k=Uv,x=1 even in the non-equilibrium state of levitation module

should be negligibly low.
Superconductor train contours and short-circuited track contour are mutually
movable.

Therefore, L, L, M5  Vpuel(y,-E).(x,+BE)],  A€[lK],

ppr —pu!
kK =uv ik =I| possesses cyclically varying values in time. This, in its turn, leads to
non-stationary coefficients of equations (2), (3), and significantly decreases
practical value of the version of the model. In order to eliminate this disadvantage,
the realisation of elements of levitation force of MLT should be considered with
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respect to coordinate systems, in each of which the considered superconductor train
contour and interaction with it short-circuited track contour are conditionally
mutually immovable. In this capacity, it is most convenient to accept [5] counting

systemsC,n* V A €[1,K], u €[1,3], each of which is rigidly connected with A

superconductor train contour. Generally, C,n* VAe[LK],x#<[1,3] are not

inertial. At the same time, it is highly desirable [10] that equations describing
dynamics of electromagnetic component of interaction between superconductor
train contour and short-circuited track contour should have tensor property. These

equations may be obtained [11] out of equations of type (2) by their derivatives %
being replaced by absolute % as well as by means of transition in models (2), (3)

to coordinates 7% VA €[1,K], u €[1,3]. The relation between the above-mentioned
derivatives, as it is known, is given as follows [11]:

D , d _, —

—n=—np+e o -n"Vuvell3], S

qile = gla T Cuar a0 Y H [1,3] (5)
where e, Vu,vell,3], o, — Levi-Civita symbol and angular rotating

velocity vector C_n* V u <[1,3].
After the mentioned replacement, relations obtained out of (2) acquire
tensor character. Therefore, their form becomes invariant in relation to

coordinates in which they are written, whereas transition to coordinates 7/
V 1 €[1,3] is feasible according to the expressions:

ni=94-e"V pel(y, —E).(x, +E);ue[L3] (6)
where ,9;‘ — coordinate transformation matrix:

9 = p e[z, ~B)(r, + D e L3 ™

On the axis 7 V ue [L3] and &’V pe[( 7, —E),(z, +E)] any vector value may

be projected, which characterise electrodynamics of interaction of superconductor train
contour and short-circuited track contour in the counting systems respectively

C,n* ¥ ue[L3] and Qs”V pe[(x, —E).(x, +E)]. In particular, they can be vectors
of currents, electromotive force and pole induction.

Expressions for connections

Ny =1, (7)Y pel(x, —E) (X, +B) uell3] (8)

may be obtained assuming that [5] during the process of the described

coordinate transformation, its invariants are amplitudes of currents in the analysed
contours and their electromotive force.
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With the help of the matrix, though

88'0 _
9 = =(94) Vpel(x, —E).(x, +B); ue[L3], 9)
ony
the irreversible transformation is feasible
e” =92 -V pel(x, —E)(x, +B)l L3, (10)
In the expressions (3) for o, Vpel(z;-E). (7, +B)] x=uvk=l, M7,

Vpel(y;—E) (1, +E)], k=uvk =1 they are rather dependent upon mutual location

of the analysed ™ superconductor train contour and short-circuited track contour,
the interaction with which is considered for it. Therefore,

MZ=M7s (W;)Voel(xs —E)(x; +E), k=uvk=I, (11)
where w, — coordinate determining the current location of the analysed S

" superconductor contour in relation to the onset of magnetically levitated train
movement along the axis of the track. In addition, since short-circuited track
contour along the guidance is regularly located, last dependences have a galvanic
character. At the same time, modern ways of measuring enable us, [12] by virtue
of experimental and calculating methods, with quite acceptable accuracy to
determine values of mutual induction of contours in magnetically connected
electric circuits with their different location. This, in its turn, enables us, using the
mentioned methods, to pointwise build the desired dependences (11) on the
required net w,. Furthermore, by means of polynomial regression [13], the

realisation of which is affordable in a number of computer mathematics systems
(for instance, Mathematica), the dependences of (11), with a preservation of quite
a high accuracy of content, may be given a form of analytical expressions. Apart
from that, considering equations (4), expressions (3) may be transformed into

_u . K * d MK
Opp =O0pp ~Oppr Opp ="l 'Wﬂ'm PB
Vpel(xs —E)(x; +BE)]l.x=uv x=I, (12)

where wz — velocity of longitudinal (along the tangent to the axis)
movement of the analysed " superconductor contour with relation to the
guidance.

Values ddTﬂ M% Voel(x; —E),(x; +E)], k =uvi =1 for substitution
in the expressions (12) may be obtained using the described method in the form
of analytical expressions, dependences of the (11). Thus, each of the vectors f

o5 Vpel(x; —E).(x, +E)] appears definite in the counting system Qe”
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Vpel(xs—E)(x; +E)]. Using the interactions of the (6) — (8), each of such
vectors may be determined in the system C,n* Vue[L3] by projections
aﬂﬁ‘v’ye[l,_?;].

After transformation, the equations obtained form (2) and (3) by means of
their transforming into trihedral C,n* V 1 e [1,3], using the interactions (5) and
(6) acquire the view of

. : d. . :
05 =L -(%I” +€,5, O -|V)+ L. -[&IT +€.5 - -|9j+ r,-i*

Y u,v, 7,0 €[L3]; (13)
Gyﬁ:'-gg'o-pﬁvpe[(}(ﬂ_E)i(lﬂ_'_E)];/uE[ﬁ]
_u . K _ * d MK
Opp =% pp ~Opp> Gpﬁ—_'s‘Wﬂ'm Y
Vpel(xs—E) (x5 +E),x=uv K=l (14)

Equations (13) possess constant coefficients, are considered tensorial and
describe the dynamics of currents of levitation modules in MLT, in coordinates
i“V 1 e[1,3]. After their (as a rule, numerical) resolution with respect to these
derivatives, the latter, with the use of interactions (10), are transformed into
coordinates i” V p €[(x; —E), (¥, +E)], the values of which are defined real
currents in short-circuited contours circuits.

Magnetic circuit of levitation module is intended to be unsaturated [1].

Therefore it may be considered conditionally linear and, consequently, additivity
may be applied to it. Based upon this, resulting field of currents in short-circuited

track contour at any point of geometrical spaceOZ=, Vye[l,3], where

superconductor contour moves relatively to short-circuited track contour, may be
described as sum of fields created in this point by currents of separate modules of
short-circuited track contour:

B =B, =1,Vpel(xs —E).(xs +_E)], yelL3l, (15)
where B ;,B ;V pel(x; —E) (¥ +E)],y €[L3] — space components of

pole induction, created by all (those interacting with 3™ superconductor track
contour) modules of short-circuited track contour , and such separate modules in the
analysed point of this space. In its turn, values of the components B, ; Vy €[1,3]

for each o module of short-circuited track contour are determined by relations
B,y (i) =By (i)~ B, (i) Vy €[L3], (16)
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where B/, Vy e [13],x =uv k=1 — space components of induction of pole

of coil currents in « short-circuited track contour (interacting with g
superconductor track contour).
Expression for  determination of  values of By (1”)

Vpel(xs;—E).(x; +E) » €[L3], k =uvx=I are of the form [14]:

. P o o 2=x-1-0
103 :_E'{[Flz ki, @, 1) +Fp (ks 0, 77)] -

q)_L:XO—I

':x0+l+d 2= h
_[Flz(ké-WI’77)+F12(k;17‘//I’77)] } ;

2ot ) p=z04h
lp @:x0+l+d
gpﬂ :_E'{{Fu (ke , 0, )+ Fy (kg 0, 77)} -
y1=xl
Wo=Yyn+a+d 772=Zo—h
_|:F12(k2’l// 1)+ Fa(ks, v ’77)} } ;
o0t ) =z0+h

7,=25-h

.
{Flz(k ' @ ’77)} :{n-arctg K-p—n

nJ K+ +oP+n?
n2=29=h
k+2-¢ }

m=zy+h

—@-arsh

k-l_—qo_i.arsh—
w/goz-l-nz V2 w/k2+2-772

. ? 9y=Yp-a-d
3pﬂ:_m'ﬂf30(k1’(0v77)+f30(k4a§0’77)} -

A2

m=z,+h

_[fso(kz v+ (K, v 77)} +

+[f31(k1' @+ fyulks, @, 77)] -

(p_|_=><o—|

'=><0+I+d 2=Z h
_[fsl (SR ER M (7 77)] }

=Xq+|
r=ro* m=zy+h

Vpel(x; —E).(xs+E)] kx=uvik=I;
+¢ (k+¢)-n

K
fo(k, @, 1) =—n-arsh—— ;
Voo +1° 0\ (K+0)? +¢? +1?

+ ¢-arctg
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K+2-¢ _k-arctg (k+2-9)-n ;
JkZ +2-n? k-\/(k+go)2+g02+772
fy (k, @, ) = fau (K, @, 1) + Foo (K, 0, 77);

ky =—k, =[(yo —a) = (%, = DI;

klz =—k, =[(Yo +a) = (Xo +DI;

ks = ks =—{(yo +a) + (X, = D],

Ky =kq =—1(yo =) + (X, + 1], (17)
where lp‘v’pe[(;(ﬂ—E),(;(ﬂ + E)] — current density in coils of short-

circuited track contour;
2-h, d — height and thickness of each of this coil;
2-1, 2-a —size of its internal space;
Xo» Yo Zo — coordinates of space point, in which the pole is described,;
In expressions (17) besides there are:
?=05:17-q:(h-d)P vV pel(z, ~E).(x; + B, (18)
where q — number of windings of short-circuited track contour coil.

foo (k, @, 7)=~/2-77-arsh

Then, in (18) the values of currents i” V pe[(x; —E),(x; +E)] are put

and, according to (15) — (17), the componentsB ; Vy e [1,3] of pole induction are

located, which is created by currents of short-circuited track, considered in
interaction with £ superconductor track contour.

Space of the system O= Vy e [1,3] — Euclidean. Therefore, instant value

of vector of module of full induction of pole, whose components have been
determined, may be expressed as follows:

B,=B% ¢ ;e =1Vye[L3]. (19)

Relation of the mentioned values of components B,; Vy € [1,3] determines

the direction of vector B_ﬂ .

Since geometrical size of the elements of windings of superconductor track
contour are determined by their construction, and the direction of vector of currents
of such elements may be considered congruous with their longitudinal axis, all
values become known, which are included in expression for determination of
levitation force of magnetically-levitated train. Thus it results in design of this
sought model of force.

Result

The integrative paradigm of simulation of levitation force of magnetically-
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levitated train has been created. It assimilates advantages of circuit and field
theories, yet is free of their drawbacks. The mathematical model of such levitation
force has been designed, which does not possess any drawbacks of previous
version of the model. This is what has solved the present part of the study.

Scientific Novelty and Practical Significance of the Studies

The scientific novelty of the studies is represented by priority of creating
an integrative holistic paradigm of simulation of levitation force of
magnetically-levitated train as well as the corresponding version of the model of
realisation of levitation force. The core significance of the studies is, in case it
is implemented, significant increase of efficiency of dynamics research of MLT
with a simultaneous decrease of their resource-intensity.

Conclusion

The holistic and integrative model that has been created enabled us to
significantly enhance the quality of the model of MLT’s LF, created by virtue of
such a paradigm. Its application during researches of MLT will enable us to
increase their efficiency and decrease their resource-intensity.
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B. B. Hukutun, B. M. Ctpeneros

[TetepOyprckuit rocy1apCTBEHHBIN YHUBEPCUTET MyTeH COOOIICHMS
NmnepaTopa Anekcanjpa |

(Canxkr-IletepOypr, Poccust)

SHEPT'OOBECHEYEHHUE BOPTOBbIX 3JIEKTPOMAT'HUTOB
KOMBUHHUPOBAHHOU CUCTEMBbI JIEBUTALIUU U TAT' HA
HEPEMEHHOM TOKE

Hara noctymnenus 24.07.2017
Pemenue o myonukanuu 26.10.2017

Annomauus:

Beenenne. KomOunuposanHas cucrema jesutauuu U taru (KCJIT) na nepemenHoM
TOKE MpEICTaBIsieT COOOM pPa3sHOBUIHOCTb CHCTEMBbl 3JEKTPOJAMHAMHUYECKOIO IOJBECAa, B
KOTOPOM CuJIa TSTU U JIEBUTALMH CO3JAETCSl OJTHUM KOMILIEKTOM OOpPTOBBIX 3JIEKTPOMArHuTOB,
OpUYeM IOJbEeMHas cuila o0ecleuuBaeTCsl MPU JIIOOBIX CKOPOCTAX [JBMD)KEHHUS SKUIIAXA,
BKJItOUasi HyjeBylo. HegocraTkamMu CUCTEMBI SIBISIFOTCSI HU3KUM 3HEpPreTUdYecKuil GpakTtop u
CJIO)KHOCTB YIIPABJICHHSI ITyCKO-TOPMO3HBIMU pexkxuMaMu. O0JIaCTbiO IPUMEHEHHs 110100HO0M
CUCTEMBl MOT'YT OBITh MAaCCaKUPCKUE IMEPEBO3KU BHYTPHU KPYIHBIX T'OPOAOB M TOPOJACKUX
aryiomeparuii Ha paccrosiaus 10 100 kM co ckopocTsmu 10 150-200 km/4.

Hean. llenpio paboThl sBISETCS peEIIEHHE KOMIUIEKCHOM 3amaun o0OecreueHus
6oproBbix 3ekTpoMarHuToB KCJIT snexTposHeprueil ¢ MOBBIIEHHBIM SHEPreTHYeCKUM
(akTOpOM M BO3MOYKHOCTBIO YIPABJICHUS BCEMH PEXUMaMU JTBUKECHHUSI.

Metox  (meromosiorust).  Vcmoib30BaHO — MaTeMaTH4ECKOE  MOJEIUPOBAHUE
AIIEKTPOMAarHUTHBIX U JIEKTPOMEXAHUYECKHUX MTPOLIECCOB C MOCIENYIOIEeH OLEHKON TEXHUKO-
skoHOMHuecKkux napamerpos KCJIT.

Pesyabrarel. Ilpemasio)keH  NpakTHUUECKH  pealu3yeMblii  BapUaHT  CUCTEMBI
sHeproobdecnedyeHuss 60pToBbix AnekTpoMaruuto KCJIT.

IIpakTnyeckas 3HaYUMOCTb. [Ipe1oxKeHHBIN BapuaHT CUCTEMBI SHEProoOecieueHus
o0lajaeT CyIIECTBEHHbIMHM IpEUMYILECTBAMHM TIEpell paHee paccMaTpUBaBLUIMMUCK:
BO3MOXKHOCTBhIO TMOKO yIpaBisiTh BceMH pexumamu asmkeHuss KCJIT npu nosbliieHHOM
SHEPreTUYECKOM (haKTope.

3axiouenue. Crucrema sHeproodecredenuss KCJIT Ha mepeMeHHOM TOKe OT TSATroBOH
CETH IMOCTOSIHHOTO HampspkeHus 3..5 kB ¢ pa3menieHuem Ha OOpTy SKHMaka aBTOHOMHBIX
MHBEPTOPOB MO3BOJISIET YMEHBIUIMTh Maccy OopToBoro anekrpoobdopynoBanus Ha 10-20%,
MUHUMU3HUPOBATh NOTPeOICHIE HEAKTUBHON MOIIIHOCTH U THOKO YIPaBJISITh BCEMU PeXUMaMHU
JIBIDKEHUS SKUITaXKA.

Kniouesvie cnosa: KOM6I/IHI/IpOBaHHa$I cCucreéMa JICBUTAlMKM HW TATH, CHCTCMa
aHepr006ecnequHs{, IMYCKO-TOPMO3HBIC PCIKHUMBI, ITOJTYIIPOBOIHHUKOBBIC npe06pa3OBaTeJm.

BBenenue

B HacTosmmee Bpemsi BO3pOXKIaeTCs MHTEpeC K pa3paboTKe M CO3JTaHHIO
MAarHATOJIEBUTAIIMOHHBIX TPAHCIOPTHBIX CHUCTEM Pa3IMYHOrO HaszHaueHus [1 —
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5], oOycnoBIEHHBIH CTPEMJIICHHEM TIOBBICUTh TEXHHKO-DKOHOMHYECKHUE W
IKOJIOTUYECKUE TIOKa3aTely TPAHCIOPTHHIX cucTeM. OIHAa W3 yCTONYMBBIX
TEHCHIINN 3aKIII0YaeTCs B pa3paboTke KOMOMHUPOBAHHBIX CHUCTEM, B KOTOPBIX
pabourie  DJEKTPOMArHUTHBIE  yCWJIMA B  HANpPaBICHUSAX  Pa3IUYHBIX
KOOPIMHATHBIX OCEH CO3JA0TCS OJJHUM HCTOYHUKOM MarHUTHOTO TIOJIS.

KoMOuHMpoBaHHast cuctemMa JEBUTAIMM M TSITM Ha TMEPEMEHHOM TOKE
(KCIJIT) npencraBnsier co00il pa3HOBUAHOCTh CUCTEMBI AJIEKTPOJUHAMUYECKOTO
nojiBeca, B KOTOpPOW TATOBOE W TOJBEMHOE YCHIIHA CO3JAIOTCS OJHUM
KOMIUIEKTOM OOpTOBBIX 3JIEKTPOMATrHUTOB, MUTAIOLIUXCA TEPEMEHHBIM TOKOM
(puc. 1). Ha O6opry oskunmaxa KCJIT pasmemenst N OZHOTUITHBIX
3JIEKTPOMArHUTOB, KOTOPbIE MUTAIOTCS OJHO(A3HBIM MMEPEMEHHBIM TOKOM, MPH
stoM  HamarHuuuBaromass cuia (HC)  OGOpTOBBIX  3IIEKTPOMAarHUTOB
NEPBOHAYAJIBHO MMOAYMHSAETCS YCIOBHIO:

wl,, () = V2 wi, cos[Qt + n(m — 1)], m=1,..,N.
rie  Wlo — geiictByromee 3Hauenne HC 60pTOBOro 31eKTpOMarHura;
Q) — NUKJIMYECKasi 4aCTOTa HAIIPSKEHUSI TUTaHUS DJIEKTPOMArHUTOB.

NL

TR ER - R

l 1 <=

5 T iT; o, p=1 4

Puc. 1. KomOuHupoBaHHast cucTeMa JIEBUTAIIUU U TATH
Ha 0THO(a3HOM ITEPEMEHHOM TOKE.
I, Ill — HempoBoAsIIMEe HEeMarHuTHBIE 001acTH, || — 061acTh HEMarHUTHOM MPOBOAIICH
MyTEeBO# MOJIOCH, 7 — TOJIIMHA TYTEBOM MOJIOCHI, h — BBICOTa MO/IBECa IKUTIAXKA.

[Ipu TakoM ycioBUM cucTeéMa OOPTOBBIX 3JIEKTPOMArHUTOB MPEICTABISAET
co00Oll MEepEeMEHHO-TIONIOCHYI0 MarHMTHYIO CHUCTeMy, OJjaromaps 4emy
noabeMHasi cuia F, cozmaercs mpu J000H CKOPOCTH ABUKEHUS V, BKIIIOYAS
HYJIEBYI0. OTO BBITOAHO OTJIMYAET JAHHYIO CHUCTEMY OT TPAAUIMOHHOIO
ANEKTPOJUHAMUYECKOTO TI0JIBECA C MCMOJb30BAaHUEM DJEKTPOMArHUTOB C
noctosiHHoM HC, npu KOTOpoM, Kak U3BECTHO [6], MOJbEMHAS CUjla BOZHUKAET
npu ckopocTsix aBwkeHus He MeHee V=80..100 xm/u. Ilpu stom KCIIT
COXpaHS€T TaKUE€ Ba)XHbIE NPEUMYIIECTBA CHUCTEM 3JIEKTPOJINHAMHYECKOIO
noaBeca Kak Oounbiryro BbicoTy moaseca (100 — 150 mm), uTto BecbMa
CYILIECTBEHHO B TSDKEJIBIX KIMMATHYECKUX YCIOBUSAX, M E€CTECTBEHHYIO
BEPTHUKAJIBbHYIO YCTOMYMBOCTH KUMaxa. MccienoBanus mokasasim, 4To Haubosee
nenecoodpasno ucnonb3zoBanue KCJIT B maccaxupckux nepeBo3kax B ropojax
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U B TIpeAeliax TOPOJICKMX arjoMepanudidé Ha OTHOCHUTEIBHO HEOOJbIINe
paccrosaus 70...100 kM co ckopoctsmu a0 150...200 km/4.

Henocrarkamu KCJIT, nuTaromieiicss onHo(a3HbIM MTEPEMEHHBIM TOKOM,
SBIISICTCS  OTCYTCTBUE IyckoBoro ycwimus Fy|,—o = 0, HH3KOe 3HAYCHUC
K03 GUIIMEHTa MOITHOCTH, a TaKke HEOOXOAMMOCThH TITyOOKOTO OXJIaXKIACHHUS
OOPTOBBIX JIEKTPOMArHuToB [7, 8].

Cnoco0b1 cozpgannst myckoBoro ycususs KCJIT

Jiist co3panust myckoBoro (v Topmo3Horo), yeuwius KCJIT neo6xoaumo
00ecTneunTh MIPOCTPAHCTBEHHO-BPEMEHHOM CIABUT HC OOPTOBBIX
AJIIEKTPOMArHUTOB, YTO MTO3BOJIUT CO3/aTh HA MEPUOJ] pPa3roHa (M1 TOPMOKECHHS)
MarHUTOJICBUTAIIMOHHOTO JKHUMaxa MpsaMyto (00paTHyr0) O€eryiiyio BOJIHY
MarHuTHoro moiyigs. OJHMM U3 BapUaHTOB TEXHHYECKOTO PEIICHUs JAaHHOU
npoOiemsl sBisieTcs: KonaeHcaTopHblil cnocod nmycka KCIIT [9, 10]. Cnocob
OCHOBaH Ha MOJKIIIOUYEHUU K OOMOTKaM OOpPTOBBIX 3JEKTPOMArHUTOB OJHOW U3
MEPEMEHHO-TIOIOCHBIX CUCTEM aKTHMBHO-€MKOCTHBIX 3JIEMEHTOB (pHC. 2) TaKUM
obpazom, utoosl ux HC onpenensiyiack COOTHOIIEHHUEM

i
wi,, (t) =\/§WIO CoS [Qt+5(m—1)], m=1,..,N.

— ' ' ' OnHako HCCJIEIOBAHUSA
3 3 TIOKa3aJIu HEJIOCTAaTOYHYIO

XL X X XL HSHEPreTUUYECKYIO 3¢h(HEKTUBHOCTH

. . MPEIII0KEHHOTO crioco0a: B

TyCKOBBIX AKTUBHO-EMKOCTHBIX

U I:I r r I:I r r - - - sreMeHTax oyayT BO3HUKATH

SHAYUTCIIbHBIC IIOTCPH MOIIHOCTH.

X X Kpome 3TOTO, yYBEIUYATCS
v MaccorabapuTHBIC MOKa3aTeJH
ii R li i i R i i OOpPTOBOTO AIEKTPOOOOPYAOBAHUS.
1 2 3 4

bonee BBITOHBIM

TEXHUYECKUM pEIICHUEM SBIISETCS

IpUMEHEHUE Ha 3Kunaxe OOpPTOBOIO

Puc. 2. MOJIyITpOBOJHHUKOBOI'O

[TonxarodyeHue MyCKOBBIX aKTUBHO- npeobpazosatens [11, 12], uro

CMKOCTHBIX SJICMCHTOB TpH MO3BOJIMT HE TOJNBKO CBECTH K
KoHieHcaTopHOM criocobe mycka KCJIIT.

MUHHUMYMY TIOT€PH MOIIHOCTH B

MyCKO-TOPMO3HBIX PEXKUMAX, HO U

MHUHHMHU3UPOBATh I BOBCE MCKIIOYHMTH MOTPEOJICHHE PEaKTHUBHOM MOIIHOCTH

13 TAroBOM cetn. Kpome 3TOro, mpu mMUTaHHM OOPTOBBIX 3JCKTPOMArHUTOB OT

MOJTYITPOBOJHUKOBOTO npeodpazoBarers TTOSIBIISIETCSI BO3MO>KHOCTh
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oOecrieueHust OETyIero XxapakTepa MarHUTHOTO TOJIsI, YTO TO3BOJIUT YIYUIIUTh
XapaKTepUCTUKHU TpaHCcIOpTHOM ycTaHoBKH ¢ KCIIT.

B stom cnydae usmenenne HC G0pTOBBIX 3JIEKTPOMArHUTOB BO BPEMEHU
MOAYHMHSETCS YCIOBUIO:

wl, (t) = V2 wi, cos[Qt + ¢(m — 1)], m=1,..,N.

rae ¢ — ¢azoBsiii casur mexay HC cocenHuX 31€KTpOMarHuToB.

3aMeTHM, 4YTO G=T OMNpEAENSIeT HWCXOJIHBIA CTAllMOHAPHBIN pPEXUM
newkenns KCJIT, a ¢=n/2 cooTBeTCTBYeT KOHICHCATOPHOMY CIIOCOOY ITycKa
KCJIT. Ilpakthyeckuii WHTEpEC MPEACTABISIOT 3aBHCUMOCTH YIEIbHBIX
(MPUXOIAIIMXCS HA OJIUH JICKTPOMArHuT) cui Tsru fy u neBuraruum f, ot yria ¢
Ha Pa3HBIX 4YacToTaxX f. MUTAIOIIETO HANpPsHKCHHS. Takue 3aBHCHUMOCTH
IIPEICTABIICHBl HAa PUC. 3 M pUC. 4 I CIEAYIOIIUMX OCHOBHBIX IIapamMeETPOB
tpancnoptHoii ycranoBku ¢ KCJIT: HC 6oproBoro snekrpomaraura Wlg=5-10*
A; ylenbHOE CONMPOTHUBIIEHHE MyTEBOM MpoBoAsieil nonockl 1/6=3,2:10% Om'm;
TOJNIMHA myTeBod mnojockl 7=0,02 M; OTHOLIEHWE IIOJOBUHBI IIMPUHBI
JIEKTPOMArHuTa K pPacCTOSHUIO MEKIY LIECHTPAMH COCEIHUX 3JIEKTPOMArHUTOB
a/1=0,6. OTHOIIEHNE TTOJIOBUHBI JITTUHBI AIEKTPOMATrHUTA K PACCTOSTHUIO MEXIY
IICHTPaMH COCEIHHX JICKTPOMArHUTOB 0003Ha4YeHO D/T.

b/t =0,6
. :
kH (f, 0,1f, WH | T, 01f
1,0 / \ 1,0 10— — === =4
- —-TITx - =1
0,6 - 10 / 10
—_t ="
05, 1
05 S 05
: —— :
blz = 0,5 / f =30 \
/ _\
] \ _— ﬁ—i\
; | 00T .
0 3° 60° 90°  120° 150° 180° O  30°  60°  90°  120° 150°  180°
Puc.3. Puc. 4.

3aBUCUMOCTH YAEIBHBIX CUJI TATH
(cTuTONIHBIE TMHUM) U JIEBUTALIUN
(MTyHKTHpHBIE IMHUM) OT yIia
perynupoBanus G npu yactore f=5 '
pa3MYHBIX 3HAUYECHHSX rapamerpa b/t.

3aBUCHMOCTH YIICIBbHBIX CHII TATH
(CTUTOIITHBIC TMHUU) U JICBUTAIIUU
(IITpUXOBBIE JIMHUU) OT yIJIa
PErYJIMPOBAHUS G P PA3THYHBIX
yacrorax nurauus f. u b/t=0,6.
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Cucrembl nutanus 00pToBbIX dIekTpoMarunToB KCJIT

s oOecrieueHus 0e301acHOCTH U YIOBJIETBOPUTEIIBHBIX
IKCIUTyaTAllMOHHBIX CBOMCTB TpaHcnopTtHOi ycraHoBku ¢ KCJIT cucrema
NUTaHusl OOPTOBBIX 3JIEKTPOMArHUTOB JIOJKHA COOTBETCTBOBATH PSALY OOLIUX
TpeOoBaHMil: OecriepeOONHOCTh MUTAHUS, JIABHOCTH PETYJIUPOBAHUSA CKOPOCTH,
TATOBOIO M TOPMO3HOTO YCHUJIUSl, MUHUMAaJbHbIE MCKaXE€HUS (OpPMBI TOKa
OOPTOBBIX 3JIEKTPOMATHUTOB, MUHUMAJIBHOE COAEpPKAHHUE TapMOHUK B TOKE
TATOBOM CETH, BBICOKAsi SHEPTO3(P(PEKTUBHOCTD.

Pa3menienue cratnyeckux npeodpaszopareneit sHepruu Ha sxumnaxe KCJIT
XapaKTEpU3yeTCs. PsIOM IPEUMYIIECTB II0 CPABHEHUIO C BapUaHTOM
CTAllMOHAPHOTO pa3MelleHusi npeoOpa3zoBaTenell: olecneuynBaeT THOKOE MU
HE3aBUCUMOE YIPABJICHHUE HKUIIAKaMH, YTO OOJIETYAET 3a/lady PEeryJIHpOBaHUS
00BEMOB JABWKEHHUS MNpPU KOJIEOAHMSIX NACCAXKUPOIOTOKOB, YIPOILIAIOTCS H
YIELIEBIIAIOTCS IPe0o0pa30BaTENbHbIE arperaThl TATOBBIX MOCTaHIUNA, OOPTOBBIE
npeoOpa3zoBareian 00eCeYnBAIOT BO3MOXKHOCTh YIIPABIEHUS BCEMHU PEKUMAMHU
JBUKEHUSA — ITyCKOM, JIBIDKEHHEM I10 YYacTKy, TOPMOKE€HHUEM. PaccMOTpeHsb! 1Ba
BapUaHTa YHEproodecrevyeH st 00PTOBBIX AIEKTPOMATHUTOB: JIEKTPOCHAOKEHHE
OT ceTu mnocrossiHHoro Hamnpsokenus U~=3 .. 5 kB u cetu mnepemeHHOro
HaIIPSDKEHUS Takoro ke YpoBHs. [10CKOIbKY peain3yemMble CKOPOCTH JBHUKEHUS
OoTHOCUTENbHO HeBenuku (10 150 — 200 km/4), mpeanoaraeTcsi UCIOIb30BAHNE
HOJIBUYKHOTO TOKOChEMa C KOHTaKTHOTO penbcea. [IpuHImnuanbHbeie cXeMbl 000UX
BapUaHTOB NPEJICTABIICHBI HA pUC. 5 U puC. 6.

L

_ T o Lo

T L ofe
T

Puc. 5. Puc. 6.
Cucrema muTaHus OOPTOBBIX Cucrema nutanus OOPTOBBIX
anekTpomaruutoB KCJIT ot cetn anexktpomarauToB KCJIT oT cetn
IMOCTOAHHOI'O HAITPSXKCHU . MEPCMCHHOT O HAITPAKCHUA.

[IpenBaputenbHbIe OLICHKH, BHITIOJHEHHBIE aBTOpaMu [ 12], mokaszanu, 4To
JUIS MApUIPYTOB JBUKEHUS TPOTSHKEHHOCTHIO 10 100 kM co ckopocTsimMu 10 150-
200 xkm/9 >TUM TpeOOBaHUAM B HauOOJbIIEH Mepe (MPYU MUHUMAIBHBIX Macce U
rabapurax OOPTOBOTO IEKTPOOOOPYIOBAHNS) COOTBETCTBYET CUCTEMA MMUTAHUS
TpancnopTHoil yctaHoBkun ¢ KCJIT B Buae TIroBol Ce€TH MOCTOSSHHOTO
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HaNpsHKEHUS U ABYX OOPTOBBIX aBTOHOMHBIX HHBEPTOPOB Ha dkunaxke. OuH u3
MHBEPTOPOB MHUTAET OOPTOBbIE OSJIEKTPOMArHUTHI, OOpa3yIoLINe IMePeMEHHO-
HOJIIOCHYIO CUCTEMY, C HEUETHBIMU HOMEPaMH, APYTol — C YETHBIMH HOMEpaMH.
OT0 MO3BOJSET 0OecreunBaTh TpeOyeMblil yroa ciBura ¢ Mexxay BomHamu HC
OOpPTOBBIX DIEKTPOMArHUTOB B PEXKUMaxX IIyCKa, YCTAHOBHUBILETOCS ABMKECHUS U
AIIEKTPHUYECKOTO TOPMOXKEHHUs. Takoil BapwaHT dHeproobOecredeHusi OOPTOBBIX
anekrpomaruutoB KCJIT oGecneunBaer rubkoe, HE3aBUCHMOE YIpPaBICHHUE
DKUTIKAMHU U TIPU HEOOXOIMMOCTH O0JIEryaeT 3aa4y peryJimpoBaHusi 00beMOB
IBWKeHUs. Hanmuume 3BeHAa TOCTOSHHOTO TOKa (TATOBOM CETH) B CHCTEME
AIIEKTPOCHAOKECHNUST MUHHMH3HPYET IMOTPEOJICHHE HEaKTUBHOW MOIIHOCTH U
CHW)KAeT NMOTEpU MOIIHOCTH B TATroBoM ceth. Kpome 3Toro, obecrneumBaercs
MEHbIIIasi KPaTHOCTh IMPeoOpa3oBaHMs SHEPTUH, MEHBIINE MaccorabapuTHBIC
XapaKTepUCTHKH  OOPTOBOrO  OOOPYZOBaHUS,  YNPOLIAIOTCS  yCJIOBHSA
UCTIOJb30BaHUsl  OOpTOBOrO  HMcToyHMKa pe3epBHoro mnurtanus  (MPII),
obecrieynBaroImero OecrnepeObOHOCTh MUTAHUS DJICKTPOMATHUTOB TATH U
JICBUTAIIUH MIPH HAPYIICHUSIX TOKOChEMa OT CTAIIMOHAPHOM TSATOBOM CETH.

3akJIroueHue

BBengenue B CTPYKTypy CHCTEMBI »HEprooOecredyeHus OOpTOBBIX
anektpoMariuToB KCJIT cratudeckux mnpeoOpa3zoBarenell MO3BOJUT THOKO
YIPABJISATH JBIKCHUEM DKUITKEH TI0 33JaHHOMY MapIIpyTy B peKHMax IycKa,
YCTAHOBUBIIIETOCS JABUKEHUSI U TOpMOKeHHs. CucTeMa SHeproo0ecrneueHus co
CTaTUYECKUMHU MpeoOpazoBaTeIsiMU OOECIIEUUT CHUXKEHHE MAcChl OOPTOBOIO
obopynoBanus sxkunaxa Ha 10-20% 1o cpaBHEHHIO ¢ CUCTEMOM, UCTIOJIb3YIOIIEH
KOHJICHCATOpHBIN criocob mycka. Haubosiee nenecoodpaszHo aHeproodecneyeHme
OOPTOBBIX DJIEKTPOMArHUTOB OT CETU MOCTOSHHOTO HampsbkeHus 3...5 kB npu
UCIIOJIb30BAaHUU JIByX OOPTOBBIX ABTOHOMHBIX HMHBEPTOPOB HAMPSDKCHHS C
peryJIupyeMoi BeTUWIMHOMN, YaCTOTOM U HadalbHOM (ha30if OCHOBHON TrapMOHHUKH
BBIXOJTHOTO HAMPSKCHMUS.
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Abstract:

Introduction. The combined levitation and traction system (CLTS) with alternating
current represents a kind of electrodynamic suspension system in which the traction and
levitation force are created by one set of onboard electromagnets, and the lifting force is
provided at any speeds of the crew, including the zero speed. The disadvantages of the system
are the low energy factor and the complexity of controlling the start-brake regimes. The scope
of such a system can be passenger transportation within large cities and urban agglomerations
for distances up to 100 km with speeds up to 150-200 km / h.

Goal. The aim of the work is the solution of the complex problem of providing CLTS
onboard electromagnets with electric power with an increased energy factor and the ability to
control all driving regimes.

Method (methodology). Mathematical modeling of electromagnetic and
electromechanical processes with subsequent evaluation of technical and economic parameters
of the CLTS were used.

Results. A practically realizable version of the power supply system for the on-board
electromagnets CLTS is proposed.

Practical significance. The proposed version of the power supply system has
significant advantages over previously considered ones: the ability to flexibly control all modes
of CLTS traffic with an increased energy factor.

Conclusion. The system of power supply of the CLTS with alternating current from the
traction network of constant voltage 3 ... 5 kV with placement of autonomous inverters onboard
the crew allows to reduce the mass of the on-board electrical equipment by 10-20%, to minimize
the consumption of inactive power and to flexibly control all modes of the crew's movement.

Key words: combined levitation and traction system, power supply system, starting and
braking regimes, semiconductor converters.

Introduction

At present, interest in development and creation of magnetic levitation
transport systems of different functions [1 — 5] is being revived. This interest is
caused by a tendency to increase technical and economic, ecological features of
transport systems. One of the sustainable tendencies consists in design of
combined systems in which electromagnetic forces in different coordinate axes
directions are generated by one source of magnetic field.
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The combined levitation and traction system (CLTS) with alternating
current represents a type of electromagnetic suspension system in which traction
and lifting forces are created by virtue of one set of onboard electromagnets,
powered by alternating current (pic. 1). The crew car of CLTS is equipped with N
single-type magnets, powered by single-phase alternating current, where
magnetomotive force (MF) initially follows the condition:

wl,, (t) = V2 wl, cos[Qt + n(m — 1)], m=1,..,N.
where  wly —acting figure of MF of onboard electromagnet;
Q —angular frequency of the power of electromagnets.
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Pic. 1.
The combined levitation and traction system (CLTS) with alternating current.
I, Il — non-conductive non-magnetic areas, |l — area of non-magnetic conductive
guidance, T — thickness of guidance, h — height of car suspension.

Under this condition, the onboard electromagnetic system is an alternating-
pole magnetic system, which makes it possible for the lifting force Fz to be
generated at any speed V, including zero speed. This favourably distinguishes this
system from the conventional electrodynamic suspension with the permanent MF,
in which, as it is known [6], lifting force occurs at minimum speeds of
v=80...100 km/h. Furthermore, CLTS preserves such important advantages of
electrodynamic suspension systems as a large suspension height (100 - 150 mm),
which is crucial in harsh climate conditions, and the natural vertical stability of
the crew. Researches have shown that it would be most advisable to apply CLTS
in urban passenger transportation and within urban agglomerations for relatively
short distances of 70-100 km, with speeds of 150-200 km/h.

The disadvantages of CLTS, which is powered by single-phase alternating
current, are the lack of starting force F,|,-, = 0, low power coefficient, as well
as the necessity of deep cooling of onboard electromagnets [7, 8].

Ways of Producing Starting Force in CLTS
In order to produce starting (or braking) force of CLTS, it is necessary to

ensure a space-time shift of MF of onboard electromagnets, which will enable
creating a direct (reverse) travelling wave of magnetic field for the period of
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acceleration (or braking). One of the options of technical solution of this problem
Is a capacitor start of CLTS [9, 10]. The option is based upon onboard
electromagnet windings' connecting to one of alternating-pole systems of active-
capacitive elements (pic. 2) in a way that their MF is determined by correlation

T
wl, (t) = V2 wl, cos [Qt+§(m—1)], m=1,..,N.

Yet studies have shown
insufficient energy efficiency of the
L X proposed option: starting active-
. . capacitive  elements will  face

significant loss of power. Besides,
U I:I r r I:I r r - - - there will also be increase of weight
and dimension parameters of onboard
X X equipment.
v A more profitable technical
iil Rliz iis Rl ] solution is application of onboard

semiconductor converter [11, 12],

Pic. 2. which enables not only to minimise

Connection of starting active-capacitive loss of power in start-and-brake

elements in canacitor start of CLTS ontion.  modes, but also to minimise or totally
exclude the consumption of reactive power in electric traction network.

Besides, in case onboard electromagnets are powered by semiconductor
converter, the possibility of ensuring a travelling magnetic wave arises, making it
feasible to improve properties of transport with CLTS.

In this case, the alteration of MF of onboard electromagnets in time follows
the condition:

wl, () = V2 wi, cos[Qt + ¢(m — 1)], m=1,..,N.

where ¢ — phase shift between MF neigbouring electromagnets.

It should be noted that ¢=z determines the initial stationary mode of CLTS
motion, and ¢=n/2 corresponds to the capacitor start mode of CLTS. Practical
interest is represented by dependence of specific (those falling on one
electromagnet) forces of traction fy, and levitation f, on the angle ¢ at different
frequencies f. of supply voltage. Such dependences may be seen in pictures 3 and
4 for the following basic parameters of transport with CLTS: MF of onboard
electromagnet wly=5-10* A; specific resistance of the guidance 1/6=3,2:108
OwmMm; thickness of the guidance is 7=0,02 wm; the ratio of half a thickness of
electromagnet to the distance between the centres of neighbouring electromagnets
a/t=0,6. The ratio of half of the thickness of electromagnet to the distance between
the centres of neighbouring electromagnets is marked by b/z.
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Dependence of specific forces of Dependence of specific forces of
traction (solid lines) and levitation traction (solid lines) and levitation
(dashed lines) on control angle ¢ at (dashed lines) on control angle ¢ at

frequency of f.=5 Hz of different different frequencies of supply f. and

figures of parameter b/z. b/1=0,6.

Systems of Supply of Onboard Electromagnets of CLTS

In order to provide security and satisfying operation properties of transport
with CLTS, the system of supply of onboard electromagnets should meet a
number of common requirements: uninterrupted power supply, smoothness of
speed control, traction and braking force, minimum deviation of current
waveform of onboard electromagnets, minimum harmonic motion content in the
traction network current, high energy efficiency.

Deployment of static converters of energy on the crew car of CLTS is
characterised by a range of advantages in comparison with a stationary
deployment of converters: it ensures flexible and independent operation of crew
cars, making it easier to control traffic volume during changes of passenger traffic,
it results in converter aggregates of traction substation becoming more simplified
and cheaper, onboard converters ensure the possibility of operation of all modes
of traffic — start, movement and braking. The two options of power supply of
onboard electromagnets are considered: power supply from a direct current
network Uc = 3-5 kV and an alternating current network of the same level. Since
the speeds being realised are relatively low (up to 150-200 km/h), there is an
intention to use a movable current collector from a third rail. The schemes of the
both options are represented in the pictures 5 and 6.
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Pic. 6.
System of power supply of

onboard electromagnets of CLTS from an
alternating current network

Pic. 5.
System of power supply of onboard
electromagnets from a direct current
network

Pre-estimates made by the authors [12] have shown that for traffic routes
up to 100 km with speeds up to 150-200 km/h, these requirements are most closely
(given the minimum weight and dimensions of the onboard equipment) met by
the system of power of transport with CLTS as a traction network of direct current
and two onboard autonomous inverters in crew car. One of the inverters powers
onboard electromagnets with odd numbers, forming an alternating pole system,
the other — that with even numbers. This allows providing a required angle of shift
¢ between waves of MF of onboard electromagnets in starting, moving (action)
and electric braking modes. Such type of power supply of onboard electromagnets
of CLTS ensures flexible, independent control of crew cars and, if needed,
facilitates control of traffic volume. Having a DC link (traction network) in the
electric power supply system minimises consumption of inactive power and
reduces loss of power in traction network. Moreover, lower energy conversion
rates are provided, as well as smaller weight and dimension properties of onboard
equipment. The conditions of application of onboard uninterruptible power supply
(UPS) are simplified, which ensures uninterruptible power supply of traction and
levitation electromagnets in case of failure of current collector of stationary
traction network.

Conclusion

Implementation of static converters into the structure of onboard
electromagnets power supply system of CLTS will allow to flexibly operate traffic
of crew car on the set route in starting, action and braking modes. System of power
supply with static converters will ensure reduce of onboard equipment weight by
10-20 per cent compared to the system with a capacitor start. It is most expeditious
to use power supply of electromagnets of direct current network of 3-5 kV with
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two onboard autonomous inverters with a controlled value, frequency and starting
phase of basic harmonic output voltage.
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[TetepOyprckuit TOCy1apCTBEHHBIM YHUBEPCUTET MyTEH COOOIICHMS
NmnepaTopa Anekcanjpa |
(Canxkr-IletepOypr, Poccust)

PA3BPABOTKA MOJEJIX I'PY30BOI'O
MAT'HUTOJIEBUTAIIMOHHOI'O TEPMHWHAJIA

Harta noctymnenus 01.06.2017
Pemenue o my6nukarmu 26.10.2017

Annomayua: Ha OCHOBaHMM CX€M TIpPy30BBIX MarHMTOJIEBUTALIMOHHBIX CTaHIIMM,
pa3paboTaHHbIX crienuanucraMu kadeapsl «OKenesnonopoxxusie cranuuu 1 y3is» [II'YIIC, n
TE€XHOJIOTUM TPaHCHOPTUPOBKH T'PY30B HA JHUCKPETHO-HENPEPBIBHBIX NPHUHLMIIAX CO3/aHa
MOJZEJIb, II03BOJIAIOIIAS IIPOM3BOAUTH JUHAMUYECKHE OSKCHEPUMEHTBI I OIPEACIICHUs
CYILECTBEHHBIX I1apaMeTpoB IIPOEKTUPOBAHUS u IIOKa3areynen paboThI
MarHUTOJIEBUTALIMOHHBIX TEPMHUHAJIOB.

Henb: OmnpeneneHue 3aBUCHUMOCTEN OCHOBHBIX 3KCILTyaTallMOHHBIX I1apaMETPOB
IPY30BBIX TEPMUHAIOB, HEOOXOJUMBIX IJS MX IPOEKTUPOBAHUS U BHIOOp pPALMOHAIBHOMN
IIPOU3BOJUTEIIBHOCTH OCHOBHBIX 2JIEMEHTOB U YCTPOMCTB.

Metoa: [Ins pemeHus O3TOM  3ada4ydl  MOPEJIaraeTcs MCIOJIb30BaTh  METOJ
UMHTALMOHHOTO MOJIEIMPOBAHUS, [0 CPECTBAM ITPOrpaMMHOT0 KoMiuiekca AnyLogic.

Pesyabrarei: Pa3zpaboTaH TEXHOJNOTMUYECKHUH alrOPUTM TPYy30BOM CTaHIUHU, Ha
OCHOBaHMHU KOTOPOTO B IporpaMMHoii cpeae AnyLogic poccuiickoit komnanun The AnyLogic
Company, nocTpoeHa UMUTAIMOHHAS MOJIENb U MOIYYEHbl HEOOXOAUMbIE OTUETHBIE JaHHbBIE —
noTpeOHOE KOJIMYECTBO U MPOU3BOAUTEIBHOCTD MOIPY30YHO-BBIIPY304HOIO 000pYI0BaHMS,
rOJIOBOM TPYy30000pOT TEpMHUHAIA, CPEHEE BpPEeMsl HAXOXKACHHS TIaThopM Ha CTAaHIUU
HEMPOU3BOJUTEIbHBIE TPOCTOM MArHUTOJIEBUTAIIMOHHBIX TUIATHOPM.

IIpakTnueckas 3HauumMocTh: Bepudukanus Moaenu mnokasana, yTo IpeIoKEHHBIN
METOJI MMHUTAI[MOHHOTO MOJICJIMPOBAHUS TO3BOJSIET OMNPEAETUTh U OOOCHOBaTb HCKOMBIE
napaMeTpsl TPy30BbIX TEPMHUHAJIOB MAarHUTOJEBUTALMOHHBIX JIMHUM, YTO o00ecreyuT
pallMoOHAJIbHOE  pacXo/J0BaHME CPEACTB HAa HUX  CTPOMTEIbCTBO U Tpedyemyro
nepepadaThIBAOIIYIO CIIOCOOHOCTb.

Knrouegnie ciuosea: MarsuTHas JICBUTAIIHA, TPY30BbIC TEPMHUHAJIbI,
MAarauToOJICBUTAIUOHHAS TPAHCIIOPpTHAsA CUCTEMA, UMUTALIMOHHOC MOJICIIUPOBAHUC, AI’Iy'LOgiC.

BBenenue

B coBpemeHHOM Mupe 3ajgadyaM B O0JAaCTM MAarHUTHOW JIEBUTAaI[MU
yJeJseTCs OBBIILIEHHOE BHUMAHKE, YTO OMPEEISETCS IPEUMYIIECTBAMU 3TOTO
WHHOBAIMOHHOTO BUA TpaHcnopTa. OCHOBHBIMU M3 HUX SIBJISIIOTCSI OTCYTCTBHE
IPSIMOTO MEXaHWYECKOI'0 B3aMMOJEHCTBHS MOJBMXKHOIO COCTaBa C IYTEBOM
CTPYKTYpPOM, BBICOKHE CKOPOCTH JBUKEHUS, YKOJIOTUYHOCTb.
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[To undopmanuu nentpa uHHOBaMOHHOTO paszBuTusi OAO «PXK]I», k
2030r. KoMIaHus MOXKET CO3/1aThb COOCTBEHHBIM MOE€3]1 HA OCHOBE MarHUTHOM
neutanuu. B HacTosee BpeMsa B Poccun akTMBHO M3ydaeTcsi BO3MOYKHOCTD
CTPOUTENIBCTBA JIOPOTH C HCIOJIB30BAHMEM MArHUTHOM JIEBUTALMU, TakK
HaIrpuMep, COTPYAHUKAMHU MHCTUTYTa 3KkoHOMUYecKoro pazsutus OAO «PK]I»
COBMECTHO ¢ KoJuteramu u3 [leTepOyprckoro yHUBEpCHUTETa ITyTEH COOOIIECHUS U
[TAO «JlenrunpoTrpaHcy pazpadbaTbiBaeTCs BOZMOXKHBIA MapIIPyT TPAHCTIOPTHOM
JUHAM Ha OCHOBE MAarHuTHOM JeBuTanuu Ycrb-Jlyra — bensiii Pact [1],
NPOTSKEHHOCThIO 720 KM. AHANOTMYHBIA MPOEKT CYIIECTBYET W JJisI TopTa
bpoHka €O CTpOMTENHLCTBOM  MArHUTOJEBUTAIIMOHHOW  JIMHUU  MEXAY
tepmuHaioM bponka u ['atunnoi [1].

B cucreme MarHuTOJIEBUTAIMOHHOIO TPAHCIIOPTa YCTAHABJIMBACTCS
TEHJICHIIUS CHEIUaIN3alu JUHUA 1O POy MABWKEHHS Ha TpPy30BOE H
naccaxxupckoe [2, 3, 4], mpu 3TOM ISl TPY30BBIX TIEPEBO30K HamOoJee
MEPCIEKTUBHBIM SIBJIICTCS KOHTEHHEPHOE MArHUTOJICBUTAIIMOHHOE COOOIICHHE.
J171s1 3TOTO poa cOOOIIEHUM IMHUN TOHKHBI UMETh B 000UX KOHIIAX TEPMHUHAIIBI,
KOTOpbIE OYAYT BBHITIOJIHITH HAYaJIbHO-KOHEYHBIE TPY30BbIE OIEpaInu, a TaKxKe
3aHUMATHCS TEKYIIUM OOCTYKUBAHUEM M PEMOHTOM IOBUKHOTO COCTaBa.

1. IpyHUIMIIBI *¥MUTALMOHHOTO MOIEJIMPOBAHUS
MArHUTOJIEBUTAIIMOHHOT0 TEPMHUHAJIA

I[Ipy  OonpmION  MOTOYHOCTH  TPAHCHOPTUPOBKA  HAa  JIMHUAX
MAarHUTOJIEBUTAIIMOHHOTO TPAHCIIOPTA [5, 6], CTaHIIMK paCIIONOKEHHBIEC HA TAKUX
JUHUSX ~ JOJDKHBI  0o0JlajaTh ~ COOTBETCTBYIOLIEH  IepepadaTbiBaroleit
cnocoOHocThto.  [loaToMy  oOpraHusanus  TpPaHCIOPTUPOBKH  TIPY30B B
KOHTEHHEPHBIX MAarHUTOJEBUTAIMOHHBIX TpaHCOPTHBIX cuctemax (MJITC)
OyAeT MpOUCXOAUTH MO MPUHIUIIAM, KOTOPbIE JOKHBI UMETh MPOMEXYTOUHOE
IIOJIOKEHUE MEXIY PEJIbCOBBIMU CHCTEMAaMHU C JUCKPETHBIM JIBUKEHUEM
OOBEIMHEHHBIX B MO€3/1a TPAHCIOPTHBIX €IWHUI] U CUCTEMaMH MOCTOSHHOIO
nepeMeleHnsl TIpy30B, TakKMMU Kak, KOHBelepamu, TpyOonpoBojgamu,
KaHATHBIMU J1I0poramu u T.1m. Takum oOpaszom, koHteiHepHbie MJITC aBnsitoTcs
JMCKPETHO-HENPEPBIBHBIMU, YTO JOJHKHO MPUHATO K CBEIAEHUIO MPHU pa3padOoTKe
NPUHIUIHATBHBIX CXeM 00BbEKTOB MH(MPACTPYKTYPHI U UX TEXHOJIOTHH.

JI5ist Toro 4To0bl MOCTPOUTH NEPBBIE TUHUU, UCTIOIB3YIOIINE MarHUTHYIO
JIEBUTALIMIO, HEOOXOJUMO PpEIIUTh P TEXHUYECKHMX W OpPraHU3allMOHHBIX
BOIIPOCOB, KOTOPBIE IMO3BOJIIT OPraHM30BaTh TEXHOJIOTMYECKUil mpouecc. [Ipu
peIlIeHNH MOCTABJICHHBIX 33/1a4 HUCIIOJIb30BAJICS HanOoJiee MOAXOIAUINN METO
pacyera TpPAHCHOPTHBIX CHUCTEM B JAHHOM Clly4yae — HMHUTALMOHHOE
moaenupoBanue (MM) [7-11].

[Tpumenenne UM 00yca0BIE€HO CAEAYIOUIMMH IPEUMYIIECTBAMU:
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e IMuTAIMOHHBIC MOJIC/IH ITO3BOJIAIOT HAUTH PEIICHUE 3a1a4H, KOI'1a
aHAJIMTUYECKOE MOJICIIMPOBAHKE U JTUHEHHOE MPOrpaMMHPOBAHHE
HE CIIOCOOHO Ha 9TO;

e CTpyKTypa HWMHUTAIMOHHOH MOJEIN €CTECTBEHHBIM 00pa3zom
0TOOpaXkaeT CTPYKTYPY MOJCITHPYEMOH CHCTEMBI,

e lIMHTAIIMOHHBIE MOJEIH IIO3BOJISIET OTCICKHUBATH BCE OOBEKTHI
CHUCTEMBI, YITCHHBIC B BBLIODAHHOM YPOBHE a0CTPAKIIHH;

e BO03MOXHO BH3yaJHU3UPOBAaTh MOCIBHBIA JKCICPUMEHT BO
BpPEMCHH.

CymectByer Tpu noaxona k MM: cucreMHas AMHAMHUKA, JUCKPETHO-

COOBITUITHOE M areHTHOe MojenupoBaHue. Kaxnplii MeTon mHpuUMEHseTcs B
HEKOTOPOM  Juama3oHe ypoBHeW aOctpakuuu. CucTeMHas JUHAMUKA
IPEANoJaraeT O4YeHb BBICOKMH YpPOBEHb aOCTpakUMM W HCHOJB3YyeTCA I
CTPAaTErnyecKoro MOZEIUPOBaHUS. JIMCKPETHO-COOBITUITHOE MOJEINPOBAHHUE
HOJIICPKUBACT CPETHUM U HU3KUI ypPOBHU aOCTpakuuu. MexX 1y HUMU HaXOSTCs
areHTHbIE MOJIETN, KOTOPbIE MOTYT OBITh KaK OYE€Hb JETAIM3UPOBAHHBIMU, KOTAA
areHThl NPEICTaBISIIOT (pU3nueckre OOBEKThI, TAK U MPEACIbHO a0CTPaKTHBHIE,
KOI'/Ia C TIOMOIIBI0 areéHTOB MOJEIHUPYIOTCS KOHKYPHPYIOLIME KOMIIAHWM WA
IIPaBUTEIBCTBA TOCYAAPCTB.
JInst MOIENUpOBAaHMS MarHUTOJEBUTALMOHHOTO TEPMHMHAJIA HCIIOJIb30BAJICH
areHTHBIN U TUCKPETHO-COOBITUMHBINA MOAXO/IbI, KOTOPHIE YaCTO MCIOIb3YIOTCS
B MOJEIIMPOBAaHUMU TPAHCIOPTHBIX cucTeM. Hampumep, kaxnpas miardopma,
npuObIBalOIas B TEPMHUHAN, SBISETCA areHTOM €O CBOMM HabopoMm
WHIUBUYAIbHBIX XapaKTEPUCTUK (HATHMUNE/OTCYTCTBUE HEUCTIPABHOCTH, HOMED
MO3ULIMK BBITPY3KH/TIOTPY3KKU U 1p.). IIponecc mepensukeHus miargopm Mo
TEPMUHAITY 3a/I1aH JUCKPETHO-COOBITUHHBIME 37eMeHTamu (puc. 1): Move To
(mBmKeHHEe 10 ompeneneHHod ToukH), Delay (ocranoBka/oxumanue), Queue
(ouepenp) u T.A.

selectOutputl selectOutput5 moveTol seizel moveTo3 | release? selectOutputb moveTod

oo ) )

o )

moveTold delay7 sink1 moveTo20  delay8 sink2
i@ o | Eo-

moveTod seized moveTol) released selectOutput?  moveTold seized moveToll

) oo ) ) oo )

o o L o

X moveTo2l seizeT
L) in_park ‘
L) in_depo L) chooseFront

= e

AlSettinas .

Puc. 1. YuacTtok moruku ¢ I[HCKpGTHO-COGBITHfIHLIMPI 9JICMCHTaMH
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COBI[&TL TaKyIo JOCTAaTO4YHO CJI0XHYIO MOACIIb KaK
MaFHI/ITOJIeBI/ITaHI/IOHHBIﬁ TCpMHUHAJI C IIOMOIIBIO T'OTOBLIX 3JICMCHTOB JIOTUKHU U
COCAMHCHUEM HUX HOPYT C IPYroM HCBO3MOKHO, IIOTOMY AJIAA OIIMCAHHA MHOTHUX
ﬂeTaﬂeﬁ Imponecca AOJIKCH HMCIIOJIB30BATHCA SA3bIK IMPOIrpaMMHUPOBAHUA Java. B
YaCTHOCTH, ObLTIH CO31aHbI q)YHKIII/II/I n TICPCMCHHBIC, a4 JOIIOJIHHUTCIBbHBIC
9JICMCHTHI JIOTUKH COITPOBOXKAAKOTCS IIPOrpaMMHBIM KOAOM.

2. TexHoJuorus paGOTbl TEPMHUHAJIA MaFHI/ITOJIeBI/ITaHI/IOHHOﬁ JIMHHUH

Ha pucynke 2 npencrapiieHa IpUHUMIIMAIbHAS CXEMa TEPMHUHAJIA 000pOTa
MarHUTOJICBUTALMOHHBIX IJIATPOpPM, TMEpeBO3SMMX KOHTeHHephl. OOmmii
BapHaHT TEXHOJOIMM paboThl TepMHHaja 0e3 paccMOTpeHHs Oy(]epHBIX 30H
(lero TepMHHAJIA U IyTEH OTCTOSA) 3aKJIIOYAETCs B TPEX dTanax:

1. Bxon 3asBku B cucreMmy. [lo mpuObiTHIO MIaTGOPMBI MPOXOASAT

texHuueckoe oocnyxuBanue (TO);

2. Ob6pabotka 3asBkH. [lmaTtdopMbl ABUTAIOTCA HA BBITPY3KY, TJ€
MOpTaNbHBIE KpPaHBI TEPEAAal0T KOHTEHHEp MOrpy3uuKaM; 3aTeM
IIPOUCXOIUT MEPEABUKEHUE Ha MOTPY30UHBIC TO3ULUU U TOTPY3Ka;

3. Beixox 3asaBku u3 cucteMbl. B 3akmouenuu miatdopmsl npoxoasat TO
MIOBTOPHO TMEpea OTIPaBICHHEM Ha Maructpaib. llepeaBukeHue
MEXy IMyTSMU OCYIIECTBIISAECTCS 3a CYET TPaHCOOPIEPOB, KOTOPHIE
MEePEMEILAIOT MOJBUKHOM COCTAB MEXKY MapajuieIbHbIMU My TAMH. Tak
K€ Ha CXEeM€ MPUCYTCTBYIOT MyTH OTCTOS JUIsl TIAaTGHOPM, OKHUIAFOIINUX
MOTPY3KHU U JIETIO ISl UX PEMOHTA.

Yempoiicmeo Yempodcmeo
paszeemeneHus n . paseemenenus nymed  [lymu
nymedi 02py30YHLIE MEXaHU3MbI omermos
—_—— |
- Z <— - -
— — {
> T )
> — = 1
7 === - ==
OmKpeImeid \ [Leno
Sove o oo |
cOCMOsHUS koHmelHepos TexHonozudyeckue Yempodcmeo
) 1 passopombi passemaneHus
Pa3zzpyaoyHbie MexaHuamMel nymed

Puc. 2. Cxema rpy30Boro MarauTOJE€BUTALIMOHHOIO TEPMUHAIA

3. Pe3yJabTaThl MOI€JILHBIX IKCIIEPUMEHTOB

JlanHast cxema Oblla TMEpeHECEHAa B «MHP MOJENCi», MO CpeacTBam
nporpammbl AnyLogic [12]. J{ist MoaennpoBaHus 3TOro 00beKTa HCIOJIb30BajICs
areHTHBIN W JIUCKPETHO-COOBITUMHBIA IOJIXOMBI, KOTOPBIC IOAXOIAT JIJIs
MOJICIUPOBAHUSI TPAHCIOPTHBIX cucTeM. B momenu mpucyrcrByror 2D, 3D
(puc. 3) okHa, a TaK)Ke OKHO cOOpa CTAaTHCTUKH (pHC. 4).
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CraTuCcTHKA 3aBUCHUT OT TE€X mapaMCcTpOB, KOTOPBIC UCCIICAOBATCIIb 3a1aCT
nepea 3alryCKOM SKCIICPUMCHTA, 4 UMCHHO!

WHTEpBa IOCTYIUICHHS TUIATGOpPM HaA CTaHIUIO C YYETOM €ro
KoJeOaHmit;

WHTEHCUBHOCTh  TIOCTYIJICHHWS KOHTCWHEPOB HA  TEPMHHAI,
MOJIISXKAIINX MTOTPY3Ke Ha MIIAT(HOPMBL;

KOJIMYECTBO  IOTPY30-pa3TPy30YHBIX  MEXaHU3MOB H  HX
IIPOU3BOIUTEILHOCTD;

BpEMs Ha Ka)KIyIO 3JICMCHTApHYIO OIepanuio (epeaBIKKa C Iy TH
Ha MyTh, BpeMsI HA KOHTPOJIb TEXHUYECKOTO COCTOSIHUS | T.I1.).

Puc. 3. 3D okHO

[Ipn nuHamuueckoil Bepudukanuum monenu (mpumep Ha puc. 4) Obun

OTpeICIICHBI

HCXOJHBIE rapaMeTpbl TUTSL (GYyHKIMOHUPOBAHUS

MardivToOJICBUTAIUOHHOI'O TCPMHUHAJIA!

BpeMs TEXHUYECKOTO 00CIyKUBaHUS — 1 MUHYTa,;
cpeaHee BpeMs MOTPY3KH/BBITPY3KU — 3 MUHYTHI,

BpeMs IBIKEHUN TpaHcOopaepa — oT 1 10 2 MUHYT (B 3aBUCUMOCTH
OT MIUPUHBI MEKITYITYThS);

MHTEpBaJ] NpuObITHS MIIATHOPM — 2,6 MUHYTHI;

CpelHEee BpeMs 3aHATHS PHUUYCTAKepa OJHMM KOHTEHMHEpOM — D
MHHYT.
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Puc. 4. OxHo cOopa CTaTUCTUKU

HpI/I MOACIUPOBAHNHN TAKHUX HCXOIHLIX MAJAdHHBIX IIOJYYUINCH

CJIEIYIOLUE PE3YIIbTATHI:

3arpy’KEHHOCTh TOPTaJIbHBIX KPAaHOB: Ha BBI'py3ke — 34%, Ha
norpyske — 39%;

MOTpeOHOE KOJUYECTBO IMOTPY3YMKOB: Ha BBITPY3KE — 5 IIT., Ha
MOrpy3Ke — 6 IIT.;

rpy3oo6oport 3a rog — 371760 TEU;

MaKCUMaJIbHOE KOJIMYECTBO IIAT(HOPM, OKHIAFOIIHNX IMMOTPY3KH — 3
IIT.;
CpemHee BpeMs HaxOXKJICHUS Kaxaou miaropmel Ha ctaniun — 20
MUHYT.

3akJIroueHue

Hcnonp3ysl MOIydeHHYH0 MOJENIb MArHUTOJEBUTAIMOHHOTO TEpMHHAaA,
MOYHO
MIPOEKTUPOBAHMUSL:

ONITUMHU3UPOBATH cleayromme JaHHBIC JJIA H&HBHCﬁmCFO

YUCJIO TapauieIbHO pa0OTaOIIMX MOTPY30YHBIX M BBITPY30UHBIX
JIMHUM;

NOTpeOHOE KOJIMYECTBO MOrPY30UHO-PA3TPY30YHBIX MEXaHHU3MOB
IIPY 3aJaHHOW MPOU3BOAUTEIBLHOCTH;

nepepadaThIBAIOIILYI0 CTOCOOHOCTh TEPMUHANIA;
IIPOU3BOANUTEIIbHBIN 51 HENPOU3BOIUTEIbHBIN IIPOCTOM
MarHuTOJIEBUTALIMOHHBIX MIATHOPM;

NOTPEOHBIN MApK MarHUTOJIEBUTALIMOHHBIX IJIATGOPM Ha JTUHUH.
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Abstract: On the basis of schemes of cargo magnetic levitation stations, developed by
the specialists of the Department of "Railway stations and junctions™ of Emperor Alexander |
St. Petersburg State Transport University, and the technology to transport goods over discrete-
continuous principles created a model that allows to perform dynamic experiments to identify
significant design parameters and performance of magnetic levitation terminals.

Goal: To identify dependencies of key operating parameters of freight terminals
required for their design and choice of rational performance of basic elements and devices.

Method: In order to solve this problem, it is proposed to use a simulation method by
means of a programme AnyLogic.

Results: The technological algorithm of a freight station was developed, on the basis of
which in the software environment of AnyLogic of the Russian company “the AnyLogic
Company” the simulation model was built, and necessary report data were obtained — the
required number and capacity of loading and unloading equipment, annual turnover of terminal,
the average time spent on the platforms at the station and unproductive downtime of magnetic
levitation platforms.

Practical importance: The model verification has shown that the proposed simulation
method allows to determine and justify the required parameters of the freight terminal of
magnetic levitation lines, which will ensure rational spending of the funds for their construction
and required processing ability.

Keywords: magnetic levitation, freight station, magnetic levitation transport system,
imitation simulation, AnyLogic.

Introduction

In the today’s world, the magnetic levitation issues are given increased
attention, which is determined by benefits of this cutting-edge mode of transport.
The core benefit consists in the absence of direct mechanical contact between
rolling stock and the track structure, high traffic speeds and sustainability.

According to the JSC “RZD” Centre for Innovative Development, by 2030
the holding may construct its own magnetic levitation technology-based train. At
present, Russia is arduously studying the possibility of construction of magnetic
levitation railway. Thus, the representatives of RZD’s Institute of Economy and
Transport Development together with their colleagues from Emperor Alexander |
St. Petersburg State Transport University and PJSC “Lengiprotrans” are now
working out possible route of magnetic levitation transport line Ust-Luga — Bely
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Rast [1], with the length of 720 km. The same project is considered for the port
Bronka with the projected maglev line between Bronka terminal and Gatchina [1].

In the system of maglev transport, there grows a tendency to divide lines,
in accordance with the type of the subject transported, into freight and passenger
ones [2, 3, 4], whereby the most promising for freight transportation is container
maglev transport. For this kind of transportation the lines should have terminals
on their both ends, which will perform initial and final freight operations as well
as provide technical maintenance and repair of rolling stock.

1. Principles of Imitation Simulation of Magnetic Levitation Terminal

Dealing with a heavy transportation flow on maglev lines [5, 6] the stations
on these lines should have a required processing capacity. Therefore, the
organisation of goods transportation in container maglev transport systems
(MLTS) will be done accordance with the principles which should have
intermediate position between rail systems with discrete traffic of transport units
(trains) and the system of constant freight transportation, such as conveyors,
pipelines, ropeways, etc. Thus, container MLTS are of discrete and
uninterruptable type, which is to be taken into account while developing schemes
of infrastructure objects and their technologies.

In order to build first lines using magnetic levitation, a number of technical
and organisational issues should be settled, which will enable us to organise
technological process. While solving the set tasks, the most suitable in this case
method of calculation of transport systems was used — the imitation simulation
(IS) [7-11].

The application of the IS is justified by the following advantages:

— Imitation models enable us to find the solution of a task when
analytical simulation and linear programming are incapable of it;

— Structure of the imitation model naturally reflects the structure of the
simulated system;

— Imitation models enable us to track all objects of the system taken
into account in the selected level of abstraction;

— Possibility of visualisation of a model experiment in the time.

There three approaches to the IS: system dynamics, discrete-event and
agent-based simulations. Each of the methods is applied in a range of abstraction
levels. System dynamics predisposes a very high level of abstraction and is used
for strategic simulation. Discrete-event supports a medium and a low level of
abstraction. Between them, there are agent-based models, which may be both
highly detailed, when the agents represent physical objects, and maximally
abstract, when by virtue of agents competing companies or governments are
simulated.
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For simulation of a maglev terminal the agent-based and discrete-event
approaches were used, which are frequently used in transport systems simulations.
For example, every platform arriving in a terminal is considered a agent
possessing its own range of characteristics (presence/absence of failures, number
of position of unloading/loading, and others). The process of moving platforms
along the terminal is specified by discrete-event elements (pic. 1): Move to
(moving to the determined point), Delay (stop/waiting), Queue (line) and others.

selectOutput] selectOutputs maoveTol seized moveTo3  release? selectOutputd moveTod

- oo - o

o )

moveTold delay7 sink1 moveTo20  delayd sink2

moveTod seized moveTol) released selectOutput?  moveTold seized moveToll

)] = = (e)la =

o o L o

-

J in_park ‘
V] in_depo V] chooseFront

AlSettinas

Pic. 1. Section of logics with discrete-event elements

To create such a sophisticated model as a maglev terminal by virtue of
prepared elements of logics and connecting them to each other is impossible,
therefore for description of many details of the process the programming language
Java should be used. In particular, functions and variables were set, whereas
additional elements of logics are followed by a programme code.

2. Technology of Operation of Maglev Terminal Line

The picture 2 shows scheme of terminal processing of maglev platforms
carrying containers. Common variant of the technology of terminal performance
without considering buffer zones (terminal depots and refuge siding) consists of
three stages:

— Entrance of the request into the system. On arrival, platforms undergo

technical maintenance (TM);

— Processing of the request. Platforms are moved to the unloading site,
where port cranes carry the container to a loader; then comes
transportation to the loading site, and finally loading process;

— Request output. In the end, platforms again undergo TM before being
sent to the line. Transportation between the lines is carried out by means
of traverser, which moves rolling stock between parallel lines. In a
scheme there are also refuge sidings for platforms waiting to be loaded,
and depots for repair.
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Pic. 2. Scheme showing freight maglev terminal

3. Results of Model Experiments

The scheme was taken into “the world of models” by means of the
programme AnyLogic [12]. For simulation of this object, the agent-based and
discrete-event approaches were used, which are suitable for simulation of
transport systems. In the model, there are 2D and 3D windows (pic. 3) and also a
window for collection of statistics (pic. 4).

The statistics depends upon those parameters which are set by a researcher
before staring the experiment, namely:

¢ interval of arrival of the platforms at the station, taking into account
its fluctuation;

e intensity of arrival of containers at the terminal with their further
loading onto platforms;

e number of loading and unloading mechanisms and their capacity;

e time spent for each single operation (moving from one line onto
another, time for control of technical state, and others).

Pic. 3. 3D window
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During dynamic verification of the model (example in pic. 4) source
parameters for maglev terminal functioning were defined:
+ time of technical maintenance — 1 minute;
« average time for loading/unloading — 3 minutes;
+ time spent for traverser — from 1 to 2 minutes (depending on the
width of the intertrack space);
 platform arrival interval — 2.6 minutes;
 average time spent for one container by a reach stacker — 5 minutes.
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Pic. 4. Window for collection of statistics

Simulation of these data resulted in the following:

load of port cranes:34 per cent at unloading, 39 per cent at loading;
necessary number of loaders: 5 at unloading, 6 at loading;

cargo turnover per year — 371760 TEU;

maximum number of platforms waiting to be loaded — 3;

average time spent by each platform at the station— 20 minutes.

Conclusion

Using the acquired model of the maglev terminal we may optimise the
following data for further design:
e number of simultaneously working loading/unloading lines;
e necessary number of loading/unloading mechanisms at a given
capacity;
e processing capacity of the terminal;
e production and non-production downtime of maglev platforms;
e required yard of maglev platforms on the line;
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APOYHASA 3CTAKAJA C MATHUTHBIM N
QJIEKTPOMAT'HUTHBIM NOJABEIINBAHUEM
MAJIO'ABAPUTHBIX TPAHCITIOPTHBIX MOAYJIEU

Hata noctymnenus: 25.07.2017
Pemenue o myonukaruu: 26.10.2017

Annomavua: ITpennararorcs TE€XHOJIOTHH MajiorabapuTHOro
MarHUTOJIEBUTALIMOHHOTO TPAHCIIOPTA B ACTAKAHOM HCIOIHEHUH.

Henp paGorel: oONpEeeINTh BO3MOXKHBIE BAapUAHTBl MCIOJIb30BAaHUS MAaries-
texnosioruit Ha CeBepe Poccun.

Metoabl: CHCTEMHOTO aHAIN3a, CPABHEHUS, AHAJIOTUH.

Pe3yabraT: pexkoMeHJ0OBaHbl K pEaJU3allMd MarHUTOJIEBUTALMOHHBIE 3CTaKaHbIC
TEXHOJIOTUH.

IIpakTnyeckass 3HAYUMOCTH PadOTbI: MOTYT OBbITh PEATU30BaHbl TPAHCIOPTHBIE
CBSI3U OT razornepepadaThIBaOLINX 3aBOJIOB Ha mobepexbe OOCKO I'yObl K JKeJIe3HOI0POKHON
muHu OOckasi — boBaHEHKOBO, MPEOOJIEH Pa3phlB aBTOMOOMJIBHON Maructpaiun Y CUHCK —
Happsin-Map, obecnieueHa 3amuTa MyTelnpoBOJIOB U TPAHCIOPTHBIX CPEJCTB OT MOBBILICHUS
YPOBHEW BOJIOTOKOB Y APYTHX IMIPUPOJHBIX SBJICHHM.

3aki04eHHe: apoYHas JCTaKaJa MOXKET MCIOIb30BaThCS IS NEPEMEILECHUS:
ManorabapuTHBIX TPY30BBIX M MAaCCAXHUPCKUX TPAHCHOPTHBIX MOJYJEH; clennaibHbIX
emkocteil (6ouek, OaNIOHOB, MUHUIIMCTEPH U JIp.) AJIS IEPEeBO3KU >KUIKUX YIJIEBOAOPO/IOB;
aBTOMOOMIIEH HOpPMAJIbHBIX ra0ApUTOB, 000PYAOBAHHBIX UCTOYHUKAMU MarHUTHOT'O MOJISI.

Knroueguie cuoea: CeBep POCCI/II/I, MAar"auTOJICBUTAllTMOHHBIC TCXHOJIOTHUH,
MaJ'IOFa6apI/ITHLIC TPAHCIIOPTHBIC CUCTEMBI, ApOYHAsA 3CTaKald, «€34a IO IMMOTOJIKY»
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APPLICATION OF MAGLEV TECHNOLOGIES IN THE EUROPEAN
NORTHEAST AND THE CISURAL NORTH OF RUSSIA

Abstract: Technologies of small-sized maglev transport in trestle execution are offered.
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Work purpose: to define possible options of use of maglev-technologies in the north
of Russia.

Methods: system analysis, comparison, analogy.

Result: magnetolevitation trestle technologies are recommended for realization.

Practical importance of work: transport communications from gas processing plants
on the coast of Gulf of Ob to a railway line of Obskaya-Bovanenkovo can be realized, the
rupture of an automobile highway Usinsk — Naryan-Mar can be eliminated, protection of
overpasses and vehicles against increase in levels of water currents can be provided.

Conclusion: the trestle of arch type can be used for conveyance: small-sized cargo
transport modules (and passenger transport modules); special vesseles (barrels, cylinders,
minitanks, etc.) for transportation of liquid hydrocarbons; cars of normal dimensions if all of
them are equipped with sources of magnetic field.

Keywords: North of Russia, maglev technologies, small-sized transport systems, trestle
of arch type, "driving on a ceiling"

BBenenue

[Ipennaratorcsi TEXHOJIOTUUA MaJIOrabapUTHOTO MarHUTOJIEBUTAIMOHHOTO
Tpancniopta i CeBepa Poccun. B wacTHOCTH, 3cTakaabl apO4YHOrO THMA
MO3BOJIAT OOECNEUYUTh 3AIIUTY MYTEHPOBOJOB U TPAHCIOPTHBIX CPEACTB OT
MOBBINICHUS YPOBHEHN BOJOTOKOB M APYTUX MPUPOIHBIX BICHUN. OCOOCHHOCTHIO
TaKuX 3CTaKaJl SIBISETCS MEPEMENIEHNE TPAHCIIOPTHOTO CPEJICTBA OTHOCUTEIBHO
BHYTPEHHEW BEpXHEH MOBEPXHOCTH 3CTaKaAbl — «€374a IO MOTOIKY». Jlis
MPEOIOJICHUS] BOJHBIX MPErpaji apoOvHbIE ACTAKAJbl MOTYT MOJABEIIMBATHCS Ha
Tpocax (KaHaTax) MEXIy BHICOTHBIMU Onopamu. [[jist mpeoosenust 60710T Takue
ACTaKaJbl MOTYT YCTaHABIMBATHCS HA TaTH U TTOHTOHBI.

Apo4Hasi 3¢cTaKaJAa ¥ BO3MOKHbI¢ BADHMAHTHI €€ PUMEHEeHUS

B mnacrosmee Bpems B Poccum mnpenmaraeTcss K peanuM3aldd  psij
TEXHOJIOTUH MEePEBO3KH MACCAXKUPOB U TPY30B HA OCHOBE MAarHUTHOM JIEBUTAITUU
[1].

B ycnoBusix Ceepa Poccunm myTenpoBojabl MarHUTOJEBUTAIMOHHBIX
CHUCTEM CJEAyeT CTPOUTh B ICTaKagHOM wucnojHeHuu [2]. Mcmonb3oBaHue
Majiora0apuTHBIX TPAHCIOPTHBIX MOJyJIe TOTpedyeT, COOTBETCTBEHHO, U
KOHCTPYKTUBHBIE  DJIEMEHTHI 3CTaKaJl MEHBIINX Pa3MEPOB. ICTAKAIbI
TPAJAWIIMOHHBIX THUIOB OOECIEYMBAIOT 3AIUTY MYTEBBIX COOPYXKCHHUH W
JBIOKYIIUXCS TPAHCHOPTHBIX CPEACTB OT IOBBIIICHHS YPOBHS BOJIOTOKOB, a
TaK)X€ CHEXKHBIX 3aHOCOB. OJIHAKO, JIJISi BHITIOJHEHUS 3TUX (YHKIMHA 3a4acTyIO
TpeOyeTcsl MOIHATUE MYTENpPOBOJiIa Ha 3HAYUTEIIBHYIO BBICOTY, UYTO, B CBOIO
ouepe/ib, BHI3BIBAET SBJICHUE TAPYCHOCTH M TPEOYET 3alIUThl OT MOPHIBOB BETPA,
a TaK)Ke UCKIIFOYEHNE BO3MOXKHOCTH IEPEBOPAUYNBAHUS TPAHCIIOPTHBIX MOAYJIEH.

3alUTUTh MyTENPOBOA U MajlorabapuTHBIC TPAHCIIOPTHBIE CPEACTBA OT
aTMOC(EpHBIX SBJICHUM MO3BOJIUT ICTaKa a apOYHOTO THIIA.
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Dcrakaja apoyHOIo TUIIA IPEACTABIIAET COO0N KOHCTPYKLHUIO U3 TPOYHOTO
MaTepuaiga, HMEIOIIyI0 apKy B IIOINEPEYHOM CEYEHMM, Ha BHYTpPEHHEH
HOBEPXHOCTU KOTOPOTO pa3MEILIEHbl JIMOO pENbCchl U3 CBEPXIPOBOJSALIETO
MaTepuana Il MarHUTHOTO TIOJABEIIMBAHUSA TPAHCIOPTHOTO MOAYJIA, JHOO
BUTKH CTaTOPHOM OOMOTKM OrpaHUYMTENS NIepeMelnieHni [3], odecreunBaronieit
AIIEKTPOMArHUTHOE TOJBEIIMBAHUE TPAHCHOPTHOTO MOAYJS, 00OPYIOBAHHOIO
MarHUTHBIMH UCTOYHHKAMH, & TAK)KE BUTKH CTATOPHOU OOMOTKH YCKOPSIOIIETO
anekTpoMarHuta [4]. BbIBOJ TpaHCHOPTHOrO MOAYJS HA MAarHUTHYIO OMOPY
MOKET OBITh OCYIIECTBJICH H3BECTHBIM CITIOCOOOM [5].

OOwmmit BUA apoyHOM SCTakagbl C TMOJBEHICHHBIM MalloTabapUTHBIM
TPaHCIOPTHBIM MOJIyJIEM IOKa3aH Ha puc. 1.

(]

4

Puc. 1. ApouHas 3cTakaja c MoABEUIEHHbIM MaJIOradapuTHBIM
TPAHCIOPTHBIM MOJYJIEM

Ha puc. 1 o6o3Hauensl: 1 — manorabapuTHBIN TPaHCIIOPTHBIA MOAYJIb, 2 —
MarHUTHBIM UCTOYHUK TPAHCHIOPTHOTO MOYJIS 17151 B3aUMOJIEHCTBUS C OOMOTKOM
YCKOPSIIOUIETO 3JIEKTPOMArHuTa, 3 — MAarHUTHBIE MCTOYHUKH TPAHCIOPTHOTO
MOAYJS Il B3AaMMOJEHCTBUSI ¢ OOMOTKOM 3JIEKTPOMAarHUTHOIO OTPaHUYUTEINS
nepeMelleHnii, 4 — Hecymas KOHCTPYKLHsS apO4YyHOM A3CTakaabl, 5 — BHUTOK
OOMOTKHM  YCKOPSIIOLLErOo  3JeKTpoMarHuta, 6 —  BHUTKM  OOMOTKH
AIEKTPOMArHUTHOI'O OIPAHUYUTEINS IEPEMELIEHNN, 7 — OTIOPHAs IOBEPXHOCTb.

[Ipocreiimmii MakeT apOYHOM ACTaKa bl MOKa3aH Ha puc. 2-4.

Hecymas koHCTpyKuusi Makera apO4YyHOM 3CTaKaJbl BBINOJHEHA W3
HEMArHUTHOIO MaTepuajla — IUIACTHKA. B KadecTBe MOAENHM TPAaHCIOPTHOIO
MOJyJIi HUCHOJB3YEeTCsl MOJENb aBTOMOOWJIS, BHYTPH KOTOpPOM YCTaHOBJIEH
MCTOYHUK ITOCTOSTHHOI'O MAarHUTHOIO 10Jsi. MarHuTHOE MOABEIIMBAHUE MOJIEIIN
OCYILECTBISICTCS MPU MOMOIIM MMOCTOSHHOTO (peppoMarHuTa (B JaHHOM CiIydae
KOJIBLIEBOM (hOPMBI), KOTOPBIN PACTIONOKEH CBEPXY Hecylllel KoHCTpykiuu. [lpu
NEepPEeMENICHUH KOJbIEBOI0 MarHuTa, HalpuMep, pyKoil — MOJIEJIb aBTOMOOMIIS
MEPEMEIIAETCS] BMECTE C HUM OTHOCHUTEJIBHO BHYTPEHHEN MOBEPXHOCTH APOYHOM
acTakaabl (puc. 2, 3).
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Puc. 2. MakeT apouHO# dCTaKapl C MOABEIICHHON MOJICIIBIO aBTOMOOHIIS

Puc. 3. Maket apo4Ho#t 3cTakabl (Bua cOopy)

Puc. 4. MakeT apo4HO# 3CTaKa/ibl ¢ HEMOABEIICHHON MOJIEIbIO aBTOMOOUIIS
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Ecnu n3MeHuTh epeBepHyTh KOJBIIEBOW MAarHUT (TIOMEHSTH MOJISIPHOCTB),
nepeMenieHne OyJIeT OCYIIeCTBISATHCS OTHOCUTEIHHO OMOPHOUW TTOBEPXHOCTH 32
CUeT OTTaJKWUBAHUS KOJBIEBHIM MAarHUTOM MAarHMUTHOTO HCTOYHHUKA BHYTpPHU
MOJIEIN aBTOMOOMIIA (puc. 4).

TpchnoanpOBKa YrjiaeBoaopoaoB ¢ HCITOJIB30BAaHUEM apO‘IHOﬁ ICTaKkaabl

Pa3paboTka ra3oKOHAEHCATHBIX MECTOPOXKJIECHUWA Ha MOJyocTpoBe SmMan
o0yCNaBiIMBaeT HEOOXOIWMOCTh YBEIMYEHUS OOBEMOB TPAHCIOPTUPOBKH
cxmxeHHoro npupoanoro raza (CIITY), B TOM yucie u CyXOmyTHBIM CIIOCOOOM.
CyxomyTHasi TpPaHCIOPTUPOBKA YTIEBOJOPOAOB OCYIIECTBIACTCA JHOO TI0
TpyOomnpoBOaM, MO0 B KEIE3ZHOAOPOKHBIX ITUCTEpHAX [6]. it CoxMKeHus ras
oxJaxjaaercs 10 temneparypbl — 163 °C u cxxumaercs B 600 pa3 Ha crieliaIbHbIX
3aBOJIAX.

[Ipennaraercss ucnonb3zoBath aisi nepeBo3ku CIIIT manorabaputHbie
eMKOCTH (00UKH, OAJIIOHBI, MUHULIUCTEPHBI Wi Jp. ) [Ipu 3TOM, eciu pa3MecTuTh
B CTEHKaX ATHUX €MKOCTEH CBEPXIPOBOJSAIINE 3JEMEHTHI, HU3Kasi TemIepaTypa
nepeBozumoro CIII" MoxeT OBITH HCHOJB30BaHA JUIsl TMPHUBEJACHUS TaKUX
AJIEMEHTOB B CBEpXMpoBoAsliee cocTosiHue. [Ipu 3amosHeHnn OOYKHA CTaHYT
MarHuTaMu, KOTOpbIe OyJeT yJOOHO MepeMellaTh ¢ MCIOJb30BAaHUEM 3CTAKA
apOYHOrO THIIA.

B Hacrosiiee BpeMs K KpyMHEHIIIMM MECTOPOKACHUSAM MPUPOIHOTO Ira3a —
HogomnoptoBckomy u FOxxkHO-TambeiickoMy, rie MIaHUPYETCS CTPOUTEIIHCTBO
3aBoja 1o npousBoAcTBy CIII', TpyOOmpoBoABl U KEIE3HOIOPOKHBIE MyTH HE
MpOJIOkKEHbI. MoIHOCTh camoro 3aBoja no npousBoactBy CIII' coctaBur 16,5
MJIH TOHH B T'OJI.

[Ipennaraercss BMecTo TpPyOOMPOBOJOB M IKEJIE3HOAOPOKHBIX IMyTeH
CTPOUTH MaJIOTa0apPUTHBIC ICTAKAIHbBIE MTyTEPOBObI APOUYHOTO THUIIA HA OCHOBE
MarHUTHOM (3JIEKTPOMArHUTHOM) MOJBECKH OT 3aBOJIOB 1O npou3BoAcTBy CIII
JI0 KEJIE3HONOPOXKHBIX crTaHiui boBanenkoBo u Ilarora. Ha yka3zaHHBIX
CTAHUUSX MOCTPOUTH TEPMHUHAJIBI JJISI IEPErPY3KH HAOJTHEHHBIX MUHUILIUCTEPH
C MaJiorabapuTHOM 3CTAKaAbl B CIIELIMAJIBHBIE BArOHBI, @ MyCThIX EMKOCTEW — U3
BaroHOB Ha 3cTakany. llepeMeleHre MarHUTHOMOJABENIEHHBIX MUHUIIMCTEPH
OTHOCHUTEJIBHO 3CTaKaIbl OYJET OCYIIECTBISATHCSA B ABTOMATUYECKOM PEKUME.

IIpeonosienue pa3pbIBOB aBTOMOOMILHBIX MAarucTpaJsiei

B ycnoBusix CeBepa Poccuu 3HaunTeIbHASA 4aCTh TEPPUTOPHIL HE OXBAUCHA
KPYIJIOTOJIMYHOM TPAHCHOPTHOM JOCTYITHOCTBIO. B XosiogHOE Bpems rozaa
TPAHCTIOPTHOE COOOIICHHUE C TAKUMHU TEPPUTOPUSIMHU MOKET OCYIIECTBIISITHCS 110
3UMHUM aBTOMOOWIIBHBIM JIOpOoram — 3uMHUKaM. Hanbosee BaKHbBIN 3UMHUK Ha
EBponeiickom  CeBepo-Boctoke  3umMHuk  YcuHck —  Hapssin-Map,
00eCIeynBaOINA TPAHCTIOPTHYIO CBSI3b HEHenKoro aBTOHOMHOTO OKpyTa
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(HAO) u Pecnyonuku Komu. Paccrosinue Ycunck — Hapwsin-Map mo Tpacce
coctaBisgeT 416 kM, U3 HUX 86 KM — 3UMHUK, COSAUHSIONINN aBTOMOOUIIbHYIO
JIOPOry OT Iocesika XapbArMHCKUM C JIasgBOXKCKOW JOpPOrol C YEThIPbMs
Je10BbIMU TiepernpaBaMu yepes peku [lankuna, JIassox, Jlasg u Xapesxa.

B netHee BpeMsi 3UMHHK 3aKpbIBaeTCsl U LEenbld cyObekT PD ¢ neHTpom
r. Hapbssa-Mapom ocTaetcst 6€3 CBS3H C CEThI0 aBTOMOOUIIBHBIX JJOPOT CTPAHBI.
Bosnee Toro, corinacHo OKpY>KHOMY 3aKOHY, IEPEABUKEHHUE M0 3€MJIISIM, 3aHATHIM
OJICHBHMH MAacTOUIIaMH, Ha TYCEHUIHOU TEXHUKE U HHOM TPY30BOM TPAHCIIOPTE
B NEPUOJ OTCYTCTBUSI YCTOMYMBOIO CHEXHOTIO IMOKPOBAa BJIECYET HAJIOKEHUE
aIMUHUCTPATUBHOTO mTpada.

B manHOM ciydae kpyriorogumdHoe TpaHcmopTHoe coobmienune ¢ HAO
MOXXET OBITb 00€CleueHO MpU TMOMOIIM apOYHOM HSCTakaabl OT TOCENKa
XapbAruHCKUM 10 JIasiBOKCKOM JOPOTOU.

ApouHasi 3cTakaja MO3BOJUT OOECHEeUUTh IMepeMelIeHue aBTOMOOUIIEH
HOPMAJIbHBIX Ta0apUTOB, B BEPHEH YacCTH KOTOPBIX 3aKPEIJIEHbl HUCTOYHUKU
MAarHUTHOTO MOJIsA, YTO MOKA3aHO Ha pHUC. 5.

Puc. 5. 3ameHa aBTO3UMHUKA apOYHOM ICTaKaI0M

Jlns mepempaBbl uYepe3 PEKH KOHCTPYKTHBHBIC SJIEMEHTHI apOYHOM
ACTaKaJbl MOTYT IOJABEIIMBATHCS HA Tpocax (KaHaTax) MEXIY BBICOTHBIMH
OloOpaMH, Kak 3TO TOKa3aHO Ha puc. 6, rae ¢parMeHT apo4yHOM >cTakaabl 4
MOJIBEILIEH MEXKIy ornopamu 9 npu nomoru tpoca 10.
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Puc. 6. [TonBemmBanue apoyHOil 3cTaka bl MEX1y OIOpaMu

Jisa  oOecriedeHuss O€30MaCHOCTH TPAHCIOPTHOIO MOJIYJIA apodHas
ACTAKA/1a MOKET JIOMOJIHATHCS KEI0O0M, a TPAHCIIOPTHBIM MOYJIb — KOJIECHBIMU
onopamu [7]. Ha puc. 7 mokazaHo, 4TO TpaHCHOPTHBIM MOAYJb | HOMOJIHEH
KOJIECHBIMHA oOropaMu 12, a Hecymas KOHCTPYKLMS 3CTAKaJbl JOIOJHEHA
noanoHoM 11. B cimywae HapymeHus yClIOBHMM MAarHWTHOTIO ITOABEIIMBAHUSA
(Hanpumep, mponagaHusi CBEPXIPOBOJUMOCTH) TPAHCIOPTHBIA MOJIYJb CTaET
KOJIECHBIMHM OIIOpPAaMH Ha TOJJOH M MEPEeMEIIAaeTCs IO YNpaBIE€HUEM JHUOO
YCKOPSIIOLIEro  3JEKTPOMArHuTa, JMOO JApYyroro JABWXKHUTENA (HAampuMmep,
aKKyMYJISITOpA).

—_

Puc. 7. Apqua;I 9CTaKajga, JOIIOJHCHHAA IMOoAd0OHOM, U TpaHCHOpTHBIﬁ
MOAYJb, )IOHOJ'IHGHHBII\/’I KOJICCHBIMH OIIOpaMU1

CBoeoOpa3HbIM MPOTOTUIIOM apOYHOM 3CTaKagbl MOXET CIY>KUTb
IIOZBECHAsT TpaMBalHas MOHOpENIbCOBAas Jopora B ropoiae Bynmeprans B
['epmanuu (puc.8) [8]. 3a 116 neT cymecTBOBaHUSA Ha 3TOUM JOpOre MPOU30IILIa
OJIHA-€IMHCTBEHHAs aBapHsl — BAroH COILIEJ C peibca U CBAIMICA B KaHai. He
0001LIOCH 0€3 YeTOBEYECKUX JKEPTB.

[Ipumenenune npeanaraéMblX B JTAHHOM CTaTh€ TEXHUYECKUX PELICHUU
MO3BOJIUT UCKIIOYUTH MOI00HBIE TPOUCILIECTBHSL.
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Puc. 8. MoHopenbcoBast moaBecHast jopora B ropojie Bynnepraib

3akJIroueHue

Dcrakaapl apoOyHOTO THUMA MOTYT HMCHOJB30BATHCS IS IMEPEMEIICHUS
000pYyIOBaHHBIX HCTOYHHUKAMU MAarHUTHOTO MOJIS:

— MajoradapuTHBIX IPY30BBIX U MACCAKUPCKUX TPAHCIOPTHBIX MOIYJIEH;

— cHeuuaibHbIX eMKocTed (0odek, OamIOHOB, MUHULMCTEPH U 1p.) AJIA
NEPEBO3KH JKUJKHUX yTIE€BOAOPOJIOB;

— aBTOMOOMJIEN HOPMAJIBHBIX Ta0apUTOB.

bubanorpadguyeckuii cnucox

1. Antonos lO. ®. MarauTosieBUTalIMOHHAS TPAHCTIOPTHAS TEXHOJIOTHS /
1O. ®. AnTtoHoB, A. A. 3aiines; noa pea. B. A. 'anmanoBuya. — M.: ®u3aMaTiur,
2014. - 476 c.

2. Kucenmenko A. H. Bo3MOXHOCTH MarHMTHOJIEBUTAIMOHHOTO
TPAHCIIOPTa JUISl MOBBILIEHUS CBA3HOCTH TPAHCIIOPTHOM cetn EBporeiickoi u
[Tpuypanbckoit ApkTuku U B joructuueckux mnpoueccax / A. H. Kucenenxo,
E. 10. CynaykoB // TpaHCHOpTHBIE CHUCTEMBI W TEXHOJIOTMH: CETEBOU
aneKTpoHHbI KypHan. — CII6: ®I'bOY BIIO MI'VIIC, 2016. — Ne 2 (4).
— C. 14-17. — URL.: http://www.transsyst.ru/files/2-kiselenko-an-syndykov-ey-
pdf.pdf (22.07.2017).

3. C2 2199451 RU 6 B 60 L 13/00 OrpanuumTtens nepeMerieHui
tpaHncnoptHoro cpeactsa / EBgokumos b. I1., Cyanykos E. 0., Coiikun B. ©.
—99123534/28; 3aasn. 09.11.1999 // U3o6petenus (3asku u nateHTsl). — 2003.
— Ne 64.

4, Cl1 2123946 RU 6 B 60 L 13/10 TpancmopTHas cucrema /
CynaykoB E. FO. — 961245/28; 3assn. 27.12.1996 // N300perenus (3asiBKu u
naTeHThl). — 1998. — Ne 36.

5. Al 1184169 SU 5 B 60 L 13/00 Criocob6 BbIBOga OOBEKTa Ha
MarHuTHYIO cBepxmpoBoasiryto omnopy / Kozopes B. B., Cumukua K. M.,

61


http://www.transsyst.ru/files/2-kiselenko-an-syndykov-ey-pdf.pdf
http://www.transsyst.ru/files/2-kiselenko-an-syndykov-ey-pdf.pdf
http://www.findpatent.ru/patent/118/1184169.html
http://www.findpatent.ru/patent/118/1184169.html
http://www.findpatent.ru/byauthors/675238/
http://www.findpatent.ru/byauthors/1434899/

Yebopun O. I'. — 3432449/11; 3assn. 30.04.1982 // U300perenus (3asiBKu U
naTeHThl). — 1993. — Ne 45-46.

6. Bep6o A. M. NuHOBaIuu B 00J1aCTH MOPCKOM TIEPEBO3KHU CHKMKEHHOTO
npupogHoro raza // I'opHblli HMH(POPMAIMOHHO-AHATUTHYECKUN OIOJICTCHD
(HayuHoO-TexHuYeckui xypHan). — 2008. — Ne3. — C. 38-44.

7. Ul 168039 RU 6 B 60 L 13/10 TpancnopTHasi cuctema C IIaroBbIM
AJIGKTPOMArHUTHBIM JBUTaTedeM Hu KoJecHbiMU omopamu / Cynaykos E.1O.,
Mamnamyk I1.A., Tapabykmna H.A. — 2016100487; 3asen. 11.01.2016 //
[Tone3uwie monenu (3asBku U mateHThl). — 2017. — Ne 2,

8. TpamBaii HaobGopoT: Bynmepranbckass monaBecHas jopora //
HNudpopmaninoHHbIH noprain «LiveJournaly. — URL:
http://masterok.livejournal.com/2185600.html (30.05.2017).

References

1. Antonov Yu. F. & Zajcev A. A. Magnitolevitacionnaya transportnaya
tekhnologiya [Magnetolevitation transport technology]. Moskow, 2014. 476 p.

2. Kiselenko A. N. & Sundukov E. Yu. Transportnye sistemy i tekhnologii
— Transport Systems and Technologies, 2016, no. 2(4), pp. 14--17. URL:
http://www.transsyst.ru/files/2-kiselenko-an-syndykov-ey-pdf.pdf (27.04.2017).

3. S2 2199451 RU 6 B 60 L 13/00 Ogranichitel' peremeshchenij
transportnogo sredstva [Limiter of movements of the vehicle]. Evdokimov B. P.,
Sundukov E. Yu., Svojkin V. F. 99123534/28; Zayavl. 09.11.1999. Izobreteniya
(Zayavki i patenty) — Inventions (Applications and patents), 2003, no. 64.

4. Sundukov E. Yu. C1 2123946 RU 6 B 60 L 13/10 Transportnaya
sistema [Transport system]. 961245/28; Zayavl. 27.12.1996. lzobreteniya
(Zayavki i patenty) — Inventions (Applications and patents), 1998, no. 36.

5. Kozorez V. V., Simikin K. M. & Cheborin O. G. A1 1184169 SU 5 B
60 L 13/00 Sposob vyvoda ob'ekta na magnitnuyu sverhprovodjashuyu oporu
[The way of a conclusion of an object to a magnetic superconducting support].
3432449/11; Zayavl. 30.04.1982 lzobreteniya (Zayavki i patenty) — Inventions
(Applications and patents), 1993, no. 45-46.

6. Verbo A. M. Gornyj informacionno-analiticheskij byulleten' (nauchno-
tekhnicheskij zhurnal) — Mining Information and Analytical Bulletin (scientific
and technical journal), 2008, no. 3, pp. 38-44.

7. Sundukov E. Yu., Malashchuk P. A. & Tarabukina N. A. Ul 168039
RU 6 B 60 L 13/10 Transportnaya sistema s shagovym ehlektromagnitnym
dvigatelem i kolesnymi oporami [Transport system with the step electromagnetic
engine and wheel support]. 2016100487; Zayavl. 11.01.2016. Poleznye modeli
(Zayavki i patenty) — Useful Models (Applications and Patents), 2017, no. 2.

8. Informacionnyi  portal  «LiveJournaly.  Tramvai  naoborot:
Vuppertal'skaja podvesnaja doroga (Information Portal "LiveJournal®.

62


http://www.findpatent.ru/byauthors/1123746/

Trump on the Contrary:  Wuppertal pendant road), URL:
http://masterok.livejournal.com/2185600.html (30/05/2017).

Caenennst 00 aBTopax:

CYHJIYKOB Eprennii lOpreBuu, kKaHIuaaT 5JKOHOMHYECKUX HAYK, JOICHT, TOIEHT Kadeaps
"®u3nKa 1 aBTOMAaTU3aIUs TEXHOJIOTUUECKHUX MPOILIECCOB U MPOU3BOJCTB", ChIKTHIBKAPCKUI
necHOW MHCTUTYT — ¢unuan CaakT-IleTepOyprckoro rocynapcTBEHHOTO JIECOTEXHUYECKOTO
yauBepcurera uM. C. M. Kuposa

E-mail: jek-sun@mail.ru

KOYEPI'MH Cepreii MuxaiioBuu, crapmuii npenojaBatenb kadenpsl "Ousmka u
aBTOMATH3AIMsl TEXHOJOTHYECKUX MPOILECCOB W Mpou3BOACTB", CBHIKTBIBKAPCKUMA JICCHOM
uHCTUTYT — (umuan Caskr-IleTrepOyprckoro rocynapcTBEHHOTO — JIECOTEXHHYECKOTO
ynupepcutera um. C. M. Kuposa

E-mail: atpp@sfi.komi.com

CEJIMBAHOB Jleonun ®&nopoBudy, IEHCUOHED

E-mail: l.seliwanov@yandex.ru

Information of author:

Evgeny U. SUNDUKOV, Cand. Sc. (Econ), associate professor, associate professor of Physics
and automation of technological processes and productions department of Syktyvkar forest
institute — branch of Saint Petersburg State Forest Technical University under name of S.
M.Kirov

E-mail: jek-sun@mail.ru

Sergej M. KOCHERGIN, senior teacher of Physics and automation of technological processes
and productions department of Syktyvkar forest institute — branch of S. Kirov’s St. Petersburg
State Forest Technical University under

E-mail: atpp@sfi.komi.com

Leonid SELIVANOV, pensioner

E-mail: l.seliwanov@yandex.ru

© CYHAVYKOB E. 10., KOYEPI'MH C. M., CEJINBAHOB JI. ®., 2017

63


https://e.mail.ru/compose/?mailto=mailto%3ajek%2dsun@mail.ru
https://e.mail.ru/compose/?mailto=mailto%3aatpp@sfi.komi.com
https://e.mail.ru/compose/?mailto=mailto%3al.seliwanov@yandex.ru
https://e.mail.ru/compose/?mailto=mailto%3ajek%2dsun@mail.ru
https://e.mail.ru/compose/?mailto=mailto%3aatpp@sfi.komi.com
https://e.mail.ru/compose/?mailto=mailto%3al.seliwanov@yandex.ru

VJIK 539.3

HU.T. Emeabsinos 12, A. B. Ky3nenos *

! NucTuTyT MammHoBeaeHUs Y paibckoro otaenenus PAH
(ExarepunOypr, Poccus)

2 Y panbCKuii TOCYIapCTBEHHBIN YHUBEPCUTET MyTEH COOOIIEHHUS
(Exarepunbypr, Poccus)

OIIPEAEJIEHUE HAITPSAKEHHOI'O COCTOSAHUA
TOHKOCTEHHBIX KOHCTPYKIIU C UCITIOJIb30OBAHUEM
METOAOB TEOPUHU OBOJIOYEK

Hata noctymnenus 22.09.2017
Pemenue o my6nukaruu 17.10.2017

Annomauus:

Beegenne. C pa3BUTHMEM YHCICHHBIX METOJOB M BBIYMCIUTENIBHBIX KOMILJIEKCOB
IIPOU3BECTH OLICHKY HAINPSIKEHHOTO COCTOSHUS TOHKOCTEHHBIX KOHCTPYKLUH, B BUJIE TeEl
BpallleHus1 JA0CTaTOYHO IpocTo. OAHAKO MpPHU PEIIEHUH TaKUX 3a]ad METOJIOM KOHEUYHBIX
3JIEMEHTOB HEOOXOIMMO BbIOPATh TAKYIO CETKY KOHEUHBIX 3JIEMEHTOB, UTOOBI «CXBAaTUTh)» BCE
BO3MOXKHbBIE CHHTYJSPHOCTU HAIPSDKEHHOTO COCTOSIHMS. UTOOBI KOPPEKTHO MX YYUTHIBATH,
HE00XO0/IMMO YMEHBIIATh Pa3Mep KOHEYHBIX 3JIEMEHTOB. Y MEHbILIEHHE Pa3MEpPOB JIEMEHTOB
IPUBOJUT K YBEJTMUYEHUIO TPEOYEMBIX BBIUYUCIUTEIbHBIX MOITHOCTEH.

ITocranoBka npoOJiemsbl. [Ipy pemennn npukinaaHbX 3a1ad Jaxe OPU JOCTATOYHO
rpy0oli ceTke KOJUYECTBO IEMEHTOB MOXKET MPEBBIIATh COTHU ThIcsAY. [Ipu pemennn 3anay
JUIS peaIbHBIX KOHCTPYKIMHA B TPEXMEpPHOW MOCTaHOBKE, 00BEM BBIYMCICHUNA MOXKET OBbITh
JIOCTaTOYHO BEJIMK U JAJIEKO HE BCSIKUU JakKe CYNEpKOMIIBIOTEP CMOXKET 00paboTaTh Takoe
pelleHueE.

e padorel. Llenb naHHON paboThI HCIIOIB30BATh U3BECTHBIHN MMOAXO0I, TPUMEHSAEMBIN
B TEOpUU 000JI0YEK, KOTOPBIA TO3BOJISET CBECTH TPEXMEPHYIO 337ayy K peIIeHUI0
OJIHOMEpPHOH 3aJaud, 4YTO CYIIECTBEHHO CHM)KaeT TpeOOBaHUSI K BBIYMCIUTEIIbHBIM
MOIIIHOCTSIM.

Metoa (Meronosorusi). PaccmarpuBaercs 3aiaya o0 ONpeNeeHUH HANpPSKEHHOTO
COCTOSIHUSL OOOJIOYEUHBIX KOHCTPYKIMH B Buie Ten BpameHus. Ilogxon ocHoBaH Ha
MHTETPUPOBAHUU YPABHEHUI Teopuu 000JI0ueK U pasiiokeHnu QyHKIui B psabsl Oypbe s
paszieneHus nepeMeHHbIX. B paboTe ucnonb30BaHO pas3iiokeHHe B AUCKPETHBIN psa Pypbe 1o
KOCHHYCaM U CHHYCaM, KOTOPO€ OMHUCHIBAET MPOU3BOJIbHBIE HECUMMETPUYHBIE MEXaHUYECKUE
Harpys3kKHu.

PesyabTaThl. PaccMoTpeHa TOHKOCTEHHAs [IWJIMHAPUYECKash KOHCTPYKIIHS, HIAPHUPHO
3aKperieHHas 1o Topuam. KoHCTpyKIus HarpykeHa B TPEX MECTax pacHpelesIEHHON CHUIION,
JEHCTBYIONIEH MO HOPMAIM K TIOBEPXHOCTH 000J0uKH. [lociie MHTErpupoBaHUs CHUCTEMBI
yYpaBHEHMI JUIsl 000JI0UKH HalJIeHHOE HaNpsKEHHO-Ie(pOPMHUPOBAHHOE COCTOSTHIE 000I0UKH
OTnpefeNseTcss KOMIIOHEHTaMH HaNpsDKeHUH Ha BHEIIHEH M BHYTPEHHEH MOBEPXHOCTAX
000JIOYKM U KOMIIOHEHTaMu IepeMmelieHuil. B pabore npuBoanuTCS cpaBHEHHE pe3yJIbTaToOB
pacueTa ¢ MOMOIIBIO MpeaaraéMoil METOAMKN U METO0/1a KOHEUHBIX AJIEMEHTOB.

3akiouenue. [loka3zaHO, YTO UCHONB30BaHUE METOJOB TEOpUU O00O0JIOUYEK, U
MpeJIOKEHHOE pa3jioKeHUe paspemaromux GyHKUuid U Harpy3ku B psa Pypwe, IO3BOJISET
pemiath 3ajauyd C MCIOJB30BAaHHEM HEOOJBIINX BBIYUCIUTENBHBIX pecypcoB. [Ipu sTOoM
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obOecnieunBaeTcs HEOOXO0AMMasi TOUHOCTh BBIYMCIIEHUS MO BCEM KOMIIOHEHTAM HaIpsKEHHO-
ne(OPMUPOBAHHOTO COCTOSIHUSI KOHCTPYKITHH.

Knrwouesvie cnosa:. HanipsDKEHHOE COCTOSIHHE, 000JI0UKA BPALICHHSI, METOJT IUCKPETHOM
opToroHanm3anuy, psax Oypbe, METOI KOHEYHBIX JIEMEHTOB.

UDC 539.3

L. G. Emel’yanov 12, A. V. Kuznetsov !

! Federal State Budgetary Scientific Institution “Institute of Engineering Science,
Ural Branch of the Russian Academy of Sciences”, (Ekaterinburg, Russia)

2 Ural State University of Railway Transport, (Ekaterinburg, Russia)
DETERMINATION OF THE STRESSED STATE OF THIN-CONSTRUCTION
STRUCTURES USING THE METHODS OF THE THEORY OF SHELLS

Annotation:

Introduction. With the development of numerical methods and computational
complexes, it is quite easy to evaluate the stress state of thin-walled structures in the form of
rotation bodies. However, when solving such problems by the finite element method, it is
necessary to choose such finite element grid to "grasp™ all possible singularities of the stressed
state. To correctly take them into account, you must reduce the size of the finite elements.
Reducing the size of the elements leads to an increase in the required computing power.

Formulation of the problem. When solving applied problems, even with a sufficiently
coarse grid, the number of elements can exceed hundreds of thousands. When solving problems
for real constructions in a three-dimensional setting, the amount of computation can be quite
large and not every supercomputer can even handle such a solution.

Objective. The purpose of this paper is to use the well-known approach used in shell
theory, which allows us to reduce the three-dimensional problem to the solution of a one-
dimensional problem, which substantially reduces the requirements for computing power.

Method (methodology). The problem of determining the stress state of shell structures
in the form of bodies of revolution is considered. The approach is based on the integration of
the equations of the theory of shells and the expansion of functions into Fourier series for
separation of variables. The expansion into a discrete Fourier series in cosines and sines is used
in this paper, which describes arbitrary asymmetric mechanical loads.

Results. A thin-walled cylindrical structure hinged at the ends is considered. The
structure is loaded in three places by a distributed force acting normal to the surface of the shell.
After integrating the system of equations for the shell, the found stress-strain state of the shell
is determined by the stress components on the outer and inner surfaces of the shell and the
displacement components. The paper compares the calculation results with the proposed
methodology and the finite element method.

The conclusion. It is shown that the use of methods of shell theory, and the proposed
expansion of resolving functions and loads in a Fourier series, allows solving problems using
small computing resources. At the same time, the necessary accuracy of calculation for all
components of the stress-strain state of the structure is ensured.

Key words: stress state, shell of rotation, discrete orthogonalization method, Fourier
series, finite element method.
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BBenenue

B Hacrosimee Bpems Mpu ONpENeIeHUH HANpPSXKEHHOTO COCTOSHUS
pPa3IMYHBIX  KOHCTPYKUMOHHBIX  3JIEMEHTOB  IIUPOKO  HMCHOJB3YIOTCS
BBIYHCIIUTENbHBIE KOMIUIEKChl, OCHOBAHHBIE Ha METOJI€ KOHEUHBIX 3JIEMEHTOB.
[Ipou3BecTy OLIEHKY HAMPSKEHHOTO COCTOSIHUSI TOHKOCTEHHBIX KOHCTPYKIIHiA, B
BHUJIC TEJl BPAIlEHUs UCIOJb3ysl Takue koMiuiekehl kak ANSYS, COSMOS [1, 2]
U JIp. HE TIPEJICTABIISICT TPY/Ia JaXKe B TECOMETPUICCKU 1 (PU3UICCKU HEITMHEHHOM
noctaHoBke. HampspbkeHHOE COCTOSIHME MOXET ObITh HalWJEeHO B OJHOMEPHOI,
JIBYMEPHOM UM TPEXMEPHOUN MOCTAaHOBKE B 3aBUCUMOCTH OT THUIIA U LIEJIH 3a/1a4u
U pacroyiaraéMod BBIYMUCIUTENBHOW MOIIHOCTU. OJIHAKO CYIIECTBYET Kiacc
3alay, TIJ€ 3aJIO)KeHHass B  JAHHBIX  BBIUMCIUTENBHBIX  KOMILIEKCAX
YHUBEPCAIBHOCTD, TEPSAET CBOIO 3(D(PEKTUBHOCTH. DTO MPOUCXOIUT MIPHU PEIICHUH
3a/lay C MOABUXHBIMHM T'PAHHUIIAMH, T.€. KOHTAKTHBIX 3a/iay JJisi KOHCTPYKIIHH,
B3aMMO/JICHCTBYIOIIUX C KECTKUMU WK yIpyrumu tenamu. [Ipu pemennu 3anau
METOOM  KOHEYHBIX  DJJIEMEHTOB Uil  TOHKOCTEHHBIX  KOHCTPYKIIHM,
B3aMMOJICUCTBYIOIIUX C JPYTUMH TeJIaMH, HEOOXOJMMO BBIOPATh TaKylO CETKY
KOHEYHBIX JJIEMEHTOB, YTOOBI «CXBATUTH» BCE BO3MOXKHBIE CHHTYJISPHOCTH
HaMpsOKEHHOTO  COCTOSIHUSI, HO TMPU  3TOM  HUCIOJb30BaTh MHUHUMAIBHO
BO3MOYKHYIO pa3MEPHOCTD 3aJ]a4. DTOr0 HE BCET1a JIETKO TOOUTHCS, TOCKOJIBKY,
HafpuMep, TPU  KOHTAKT€  OO0OJIOYEYHBIX  KOHCTPYKIIMH  BO3HHUKAIOT
JIOKaJIM30BaHHbIE HArpy3KW Ha TpaHuile oOnacTu KoHTakTa [3, 4, 5]. UToOs
KOPPEKTHO MX YYUTHIBaTh, HEOOXOJMMO YMEHBIIATh pa3Mep KOHEUYHBIX
AJIEMEHTOB. YMEHBIIEHUE pPa3MEpPOB DJIEMEHTOB NPUBOAUT K YBEIMUYCHUIO
TpeOyeMbIX  BBIYMCIUTEIBHBIX MoIHOCTeW. [lpu pemennn peanbHBIX
MPUKIIAIHBIX 33714 JIaXKe TIPU TOCTATOYHO Ipy00il CEeTKE KOJIMYECTBO AIEMEHTOB
MOXET TNpeBbIIaTh COTHU Thics4. Hampumep, mnpu onpeneieHUH He
OCECUMMETPUYHOTO HANPSKEHHOTO COCTOSIHMS (IByMEpHas 3a7ada) 000JI0UYKU
BaroHa-IMCTEPHBI MOTPeOOoBagoch 0Kojo 100 ThIC. 00O0JIOYECYHBIX KOHEUYHBIX
sanemeHtoB tuma shell [6]. Ilpu pemiennn TakoW 3agauyd B OJHOMEPHOM
MOCTaHOBKE (OCECUMMETPUYHOE HANIPSHKEHHOE COCTOSIHUE) HEOOXOIMMO OKOJI0 1
TBHIC. dJIeMEHTOB. [Ipu peleHun JaHHOM 3a7ja4M B TPEXMEPHOUM MOCTaHOBKE (B

paMKax TeOpHH YIIPYrOCTH) HeoOXxoauMo He MeHee 2%10° 0GbeMHBIX KOHEUHBIX
sneMenToB Tuma SOlid i ciaydas ecnu  ToJdIIMHA O0OOJOYKHM  OyjeT
anmpOKCUMUPOBAHA OJHMM KOHCUHBIM 3JIEMEHTOM (IPH  HEOOXOIUMOM
COOJTIOJIEHUY COOTHOIIICHU MEXKTy pa3MepaMu KOHEUHOTO 3JieMenTa). Ecnu s
YBEJIUYEHUS TOYHOCTH pacyueTa TOJIIHHA 000JI0UKH OyJeT armpoOKCHMHUpPOBaHA

TpeMsl JIEMEHTaMH, TO 9YHCIO 3JIeMEeHTOB BospacteT mo 1x10"koHeuHsIx
571eMeHTOB. Ecmu TonmuHa 000104kd OYyHET anIpOKCMMHPOBAHA MLIECTHIO
dlleMeHTaMu  HeoOxoxuMo He Menee 8%10° spemenrtoB. Eciu st mepBoro
PacUeTHOro ciydas JUlsl IOJydeHHs PeleHHs] He0OXO0JUMO OKOJIO CYTOK, TO JIIs
TPETBETO Clyuas pedb IONHJET YKe 0 MecAlax, K TOMY K€ 00beM BBIUYUCIICHUI
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OyJIeT OCTaTOYHO BEJIMK M JAJIeKO HE BCSKHUM KOMIIBIOTEP CMOXKET TaKoe
perieHue oOpaboTaTh. DTU OLEHKH MPUBEACHBI JUISl PELICHUS 3aJadd JUis
000JIOYKH BaroHa-IMCTEpHBI Ha cynepkommbiorepe «Ypan» UMM YpO PAH.
CreroBaTesibHO, PEHIEHNE TAKOM 33/1a4d B TPEXMEPHOU MMOCTAHOBKE CTAHOBUTCS
3aTPYJHUTEIbHBIM JIa)K€ TPU HUCIOJb30BAHUU CYIEPKOMIBIOTEPOB. lloaTOoMy
BOIPOC 00 YMEHBIIICHUH Pa3MEPHOCTHU 3aa49H VISl PEIICHHsSI TIPUKITATHBIX 3a7a9
JUUISE TOHKOCTEHHBIX KOHCTPYKIMU SIBJIIETCSI BECbMA aKTyaJIbHBIM.

ITocTanoBka 3aJavuun

OnauMm u3 3¢ (HEeKTUBHBIX METOJIOB MOHUKEHUS PA3MEPHOCTH 3a1a4uMl JIs
TOHKOCTEHHBIX KOHCTPYKIIMM B BHJI€ TE€Jl BpPALCHUS SIBISETCS HMCIOJIb30BAHMS
METOJIOB TEOpHH 000JouYeKk W mpuMmeHeHue psaoB dDypee. M3BecTHO, 4TO B
METOJI€ KOHEUYHBIX 3JIEMEHTOB JIJIS1 TEJI BPAILICHUS MPH alllMPOKCUMALUHA BHEITHUX
Harpy30K TaKKe HCIONb3YIOT pasnoxkeHue B psaag Dypbe IO OKPYKHOU
Koopaunare [/, 8]. OnHako npu 3TOM pa3MEpPHOCTh 3a7aul HE IOHUKAETCA.

B nanHOi#1 paboTe paccMaTpUBaeTCsl MOJIX0]I, KOTOPBIM MO3BOJISIET CBECTU
TPEXMEPHYIO 3a/ladyy K PEIICHUI0 K OJAHOMEPHOM 3aJauyd, YTO CYIIECTBEHHO
CHUKaeT TpeOOBaHUA K BBIYMCIUTEIbHBIM MOITHOCTSIM. PaccMmarpuBaercs 3ajaua
00 ompelerNeHUd HaNpsSKEHHOTO COCTOSIHUSI TOHKOCTEHHBIX 000JIOUEYHBIX
KOHCTPYKIIMH B BHUJAE Tea BpaiieHus. [loaxol OCHOBaH Ha HWHTETPUPOBAHUU
ypaBHEHUH Teopun 000104eK (MOHWKEHHE Pa3MEPHOCTH 33/1a4d Ha €AUHMUILY) U
Pa3NOKEeHUH pasperaronux QyHKiui B psiabl Pypre (MOHMKEHUE Pa3MEPHOCTH
elle Ha enuHuiy). B paboTe HCmonb30BaHO pa3joKEHUE B JIUCKPETHBIA psif
@dyppe 1O KOCHHyCaM M CHHycaM, KOTOPO€ ONMCBIBAET ITPOU3BOJIbHBIC
HECUMMETPUYHBIE MEXaHUYECKHE HArpy3KHU. Takou MyTh pelIeHUs TO3BOJISIET HE
HAaHOCUTh HAa TOBEPXHOCTh O0OJIOUKH CETKY KOHEUYHBIX 3JIEMEHTOB, OT KOTOPBIX
3aBUCUT 00BEM 3a1aun (pa3Mep MaTPUIlbl )KECTKOCTH KOHCTpyKIuu). B pabote
UCTIONIB3YETCSl CeTKa BUPTYAIBHBIX 3JeMEHTOB [9], KOMMYECTBO KOTOPBIX HE
yBEIMYUBAET 00BEM 3a7aUH.

Ecniu nns  onucaHuss TOHKOCTEHHOW KOHCTPYKIMH — HUCIOJIb30BaTh
000JI0YEYHbIE MOJIESIM, OCHOBAHHBIE HA PA3JIMYHBIX TUIIOTE3aX, TO HAPSHKEHHOE
COCTOSIHUE B OPTOTOHAJIBHOM KPUBOJMHEWHOW CHUCTEME KOOpPAMHAT o Of,
omuchIBaeTcss cucremMor  aud@depeHIuanbHbIX  ypaBHEHUH B YaCTHBIX
npou3BoJHbIX [10, 11, 12]

n m
ST () @)
3nech N —MOPSIAOK MPOU3BOAHBIX, 3aBUCAIINN OT MIPUHATHIX JTOMYIICHUH;
- MaTpHIIbl, JIEMEHTbl KOTOPBIX OINPEACNIAIOTCS Yepe3 TeOMETPUUYECKUe U

A

KCCTKOCTHBIC IIAaPpaMCTPhI O6OJ'IO‘-IKI/I; ? - BCKTOP, KOMIIOHCHTBI KOTOPOI'O 3aBUCAT

OT TIPUIOXKEHHBIX K OO0OJIOUYKE MOBEPXHOCTHBIX HATPY30K U HWHTETPaIbHBIX
XapaKTEPUCTHK TEMIIEPAaTypHOTO ToJisd. J[is Kimaccudeckoil Teopuu 000JI0UeK

m
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MCKOMBIH BeKTOp N HMMeeT BOCHMOM MOPAMOK, a JJid YTOYHEHHBIX Mojesel —
JECATHIN (MO/IeNIb C Yy4€TOM TUIOTE3bl THUMOIIEHKO), TBEHAIATHIN (MOJEIb C
Y4E€TOM CABUTa U 00KaTHs) U JIp.

Cucrtema (1) nononHseTCs TPAaHUYHBIMU YCIIOBUSIMU HA KOHTYPE « = const.
[TockonbKy paccMaTpuBalOTCS 0O0JIOYKY BpAIllEHUS 3aMKHYThIE B HAIIPABJICHUH
Of, TO TpaHUYHbIE YCIOBHUS B 3TOM HAINpPABIECHUU 3aMEHSIOTCS YCJIOBUSIMU
nepuoanuHoct. KpaeBas 3amaua cuctembl (1) 3a cyeT NEPUOAUYHOCTH
MO3BOJIICT ISl BCEX MCKOMBIX (DYHKIIUMN MPEICTaBUTH PEIICHUS B BUJIE PAJIOB
@ypbe Mo KOOpAUHATE f3.

MatepuaJjbl 1 MeTOAbI HCCIET0BAHUS

B nannoii pabote OyeM HCTIONb30BaTh KJIACCUYECKYIO TEOPUIO 000I0YEK,
OCHOBaHHYI0 Ha runore3ax Kupxroda-Jlssa [10]. KoopauHaTHyIO MOBEpXHOCTH
00O0JIOUKH BpAILCHHS OTHECEM K KPUBOJIMHEHHON OpTOroHansHoi cucteme S,0.
Ha puc. | nokasaHsl: S - JyIMHA IyT'd MepHAUaHa, & - eHTpalbHbIH yTo B KpyTe,
NEPIECHINKYJIPHOM OcCH BpamieHus Z. CienoBarenbHO, 3a4ada OINpeaeieHUs
HaIpPsHKEHHOTO COCTOSIHUSL 000JI0UKU CBOJIUTCS K cucteme [13]

N <

=5 =2 A)

m=0

O 7(s,6)+ G, (5,0),
00 (2)

V={Nr’Nz’§’Ms’ur’uz’V"gs}’ (3)
4. =1,.9,.9,.0,0,0,0,0f" , A(s,0eQ)=1, (5,62 Q)=0,

Ne. Nz - panmansnoe u ocesoe

A

r Yz~ panmanbHOe M OCEBOE TEPEMENIEHHS; S - CIBUIAIOIIEE YCHUIINE;

rae Y - BEKTOp pa3pemaronmx QyHKIIHIA;

. u
YCUIIUS;

M. MEpUIMOHATIbHBIN M3THOAIOUH MOMEHT; V - OKpY>XKHOE TIEpEMEIIECHNUE; 5.

yroJl MOBOPOTa HOpMaJH; E - enuHUYHAsI MaTpHIa, €2 - 06JacTh KOHTAKTA.
B ornnuue ot ypaBHeHus (1) B mpaByr yacTh ypaBHEHHS (2)
N00aBJIEHO €lIe OJHO CllaraeMoe, KOTOPO€ YUYUTHIBAET ACHCTBHUE KOHTAKTHOM

HArpy3k# J¢ (IO pajHaIbHOMY, OCEBOMY H OKPYXKHOMY HAIIPABICHHIO), €CIIH
000JI0YKa KOHTAaKTUPYET C OCHOBAHUEM.

BuemHioro Harpysky, AEHCTBYIOIICIO Ha OOOJIOUKY BpalieHUs MOXHO
MPEJICTABUTh B BUJIE KOMIIOHEHT PAacHpeIeICHHON HArpy3Ky NEHCTBYIOIIUX 1O

KacaTtelbHON K oOpasyromien 9 u HaIpAaBJISAIOLIEH 9 u mo HOpMaju 9 k
MOBEPXHOCTH 0007104YKH. [lockonbKy OOBIYHO MJI1 00OJIOUYKK BpallCHUS JIETKO
MOXHO MOJI00paTh MOMEPEYHYIO OCh, OTHOCUTEJIBHO KOTOPOW BHEIIIHUE HATPY3KH
OyIyT CUMMETPUYHBI WJIM AHTUCUMMETPHUYHBI, TO WX KOMIIOHEHTHI MOKHO
MPEICTaBUTH B BUAE pasyioxkenus [7, 10].

ds(s,0) = iqs(s) coskod
k=0
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d,(s,0) = iqg(s) sinké
/ @

q,(s,0) =>4, (s)coskd
k=0

rae K- HoMep rapMOHMKH.
B cwily nepuoIMYHOCTH KOMIIOHEHT IIOBEPXHOCTHOM HAarpy3Kud BCe
¢GyHKIIMM BekTOpa Y MOXKHO Pa3ioKUTh B psifl Dypbe MO OKpYKHOIM KOOpIUHATE

6. JIns cMMMETPHYHBIX KOMIIOHEHT BEKTOpA N, , N, , M, U U ,‘9

D" (s,0) = i@f‘m (s)coské
= ()

a, IJI1 aHTUCUMMCTPHUYIHBIX KOMIIOHCHT S vV

D (s,0) =D D™ (s)sinko
k=1

S UMECM

(6)
Wunekcom SIM  OTMEYEHB CHMMETPUYHBIC a, WHACGKCOM ans —
AHTUCUMMETPUYHBIE KOMIIOHEHTHI BEKTOPA.
VYuutsiBas (4) - (6) cuctema B YaCTHBIX MPOU3BOHBIX (2) CBOAUTCA K PAAY
CUCTEM OOBIKHOBEHHBIX NU(PPEepeHIINaIbHBIX YPABHEHUN B HOPMAJIbHON (popMe
BOCHMOT0 nopsiaka [10]

‘i'j_:= A+, (s) (k=012.)

Ac(s)=[al(s), (.j=1...8) sy<s<s., G, ={Ou.- Ouc @)
C TPaHUYHBIMHU YCIOBHAMH
BlY_(SO ) = 61
B,Y(s )=b,. o
3nech Bt, B2 - sananmbie matpuuel, 0 P2 - sazanmsie BexTophL Bektop

HAarpy30k 9% COCTOMT M3 KOMIIOHEHTOB BHEIIHEH M KOHTAKTHOW HATPY3KH.
KOMITIOHEHThl KOHTAKTHOM Harpy3kd JOJDKHBI OBITH 3apaHee HalJIeHbl U3
pelieHns KOHTAaKTHOW 3afayv. MeTonbl pemeHuss OAHOMEPHBIX U JBYMEPHBIX

KOHTAKTHBIX 33144 U HAaXOKJIeHHe BekTopa Ik moapo6HO paccMoTpeHs! B paboTe
[13].

Jlnst pemieHust KpaeBoi 3aaun cuctemsl (7) OyeM HCHOJIb30BATh METO/
nuckpetHoil oproroHanuzauuu  [14]. Ilockonbky cucrema (7) coaepx uT
aMIUTATYIHbIC 3HAYCHHSI pa3pernarommx QyHKINN, TO BCE HATPY3KU U (PYHKIIHH
(4) - (6) Oyaem CTpOUTh Ha AMCKPETHOM MHOXKECTBE TOYEK, T.C. MPHUMEHSTH
IUCKpeTHBIE psanbl Dypbe [15].

Takum o0pazom, nnsi uHTerpupoBaHus ypaBHeHUs (7) yuurtbiBas (4)
3HaYeHHE HArpy3Kd JOJDKHO OBITh NPEJACTaBICHO B BHJIE PA3JI0KECHUS B
nuckpeTHsIl psaa ypwe [15, 16].
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N
q, = % +>"(a, cosk@+b,sinke )

¢ (8)
IlockonbKy MCHOJB3YyE€M IIOAXOJA, OCHOBAaHHBIM Ha IPUMEHEHUU
TUCKpeTHbIX psafgoB Dypbe 11 GyHKIUE, TO UIsi 3TOT0 HA TOBEPXHOCTH
000JIOUKH HaHECeM KPHBOJMHEHHYIO CETKY C PaBHBIM IIaroM MO MEpPHUAWUAHy U
OKpYy>XHOCTH. Takum 00pa3oMm, TOJYYMM MHOXECTBO  BHUPTYaJIbHbIX
oOonoueyHbIX 3yeMeHToB. Ha puc. 1 moka3zaH BHUPTyaJdbHBIA 3JIEMEHT C

8,

pasMepamMu % u M0 MEpPUJAMAHY U OKPYKHOCTH, HArpy>KEHHbIN

pacrpeeIeHHON Harpy3Kon 9. Taxum oOpa3om, OyieM cunTaTh, 9TO Ha JIIOOOM
BUPTYAJIHHOM 3JIEMEHTE U3BECTHO 3HAYCHHE KOMIIOHEHT BHEIIHEH 1 KOHTAKTHOM
Harpy3KHu.

Puc. 1. Hununapudeckas 0007104Ka, Harpy>KeHHasi BHEIIHEH Harpy3KoM ( pacnpeiereHHOM
Ha BUPTYaJIbHOM JJIEMEHTE

[Ipu pemennn 3a7a4 ¢ UCTHOIB30BaHUEM Teopun obosouek [10] oObraHO
paccMaTpUBAIOTCSl HArpy3Ku CHUMMETPUUYHBIE OTHOCUTEIBHO IMOMEPEYHON OCH.
CrnenoBatesibHO, NMPU BEPTUKAIHLHOM OCH CUMMETpHUM X, MOKa3aHHOW Ha puc.l,
MOYHO MCIIOJIb30BaTh pa3iokeHue (4).

[Ipu pemreHnr HEKOTOPBIX 3ajad JJIsI TEJ BpPAIIEHUs] MOTYT BCTpEYaThCs
Harpy3kKu He CHMMETPHUYHbBIC OTHOCUTEIILHO MonepedHoit ocu. [Ipumepom Takux
Harpy30K MOTYT ObITh BETPOBBIC HATPY3KHU, CUJIbI MHEPIIUU TP 3EMJIICTPSCCHUSIX,
KOI'/Ia 3eMJIsl TMOJy4yaeT YCKOpPEHUE U JApyrue BuAbl Harpy3ok. CienoBarenbHo,
HEOOXOAMMO amNmMpPOKCUMHUPOBATh HATPY3KU, pacpeeieHHbIC MPOU3BOIHHBIM
o0pa3oM, KOTOpPbIE MOXKHO MPECTaBIAThH B BUE [8].
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0s(s,0) =D as" (s)coskf +)_ g™ (s)sin ke
k=0 k=1

q,(s,0) = —i q" (s)sinké + iqgm (s)coské
k=1 k=0 ’ (9)

q,(s,0) = i q;" (s)coskd +i q:"™ (s)sin ke
Py o=

Paspemaronye (GYHKOAH JOKHBI IPH  3TOM OBITh  JIOIOJHEHEI
CIIara€MBIMHM - JUIE CAMMETPHYHBIX KOMIIOHEHT N N, M uu, 4
D™ (s,0) = > D™ (s)sinko
k=1 ’ (]_O)

W, JJ1sl aHTUCUMMETPUYHBIX KOMIOHEHT S ,V
DI (s,0) = > D" (s)coskd
k=0 : (11)

CrnenoBaTenbHO, HaNpPSKEHHO-I€(POPMUPOBAHHOE COCTOSIHUE OO0OJOYKHU
OyZeT onpeAensThCs CyMMOW KOMIIOHEHT BEKTOpa pasperaromux GyHkuui (3)

Y=Yi+Y2 ’ (]_2)

rae Yi- BEKTOp paspemmaronmx GyHKnuii npu pasnoxenuu (5), (6), a Y2
npu paznoxenuu (10), (11).

Takum 00pa3oM, MOCKOJIbKY (DYHKIIMSI Harpy3KHd U3BECTHA Ha MHOXKECTBE
BUPTYAJIbHBIX 3JIEMEHTOB, Mepuoandeckas ¢ nepuoaoM N, To ee HEOOXOIUMO
pa3noxuTh B pan Pypee mo kocuHycam u cuHycam. Cpenu pasHOOOpa3HBIX
paznoxkennii B psaa Dypbe AUCKPETHBIX (YHKIUH OyJeM UCIOJIb30BaTh
KO3 UIIMEHTBI, JAIOIIHE XOPOIIYI0 TOYHOCTD anmpokcumanuu [17] .

N-1 i
a, :iZqi cosz—ﬂk',
N N (13)

rie Ji- 3HaueHMe HArpy3KU HA KaXJIOM BHPTYaIbHOM 3JIEMEHTE.

JIns  neMOHCTpalMM PAacCMOTPEHHOIO BBIIIE IIOAX0JAa PacCMOTPUM
TOHKOCTCHHYI HWJIMHAPUYECKYK) KOHCTPYKIHIO, IIAPHUPHO 3aKPEIJIEHHYIO 110
Topuam. KOHCTpyKIMs Harpy:xeHa B TpeX MeCTax pachpeieieHHoi cumoi 9,
JIEUCTBYIONIEH IO HOPMAJIM K MOBEPXHOCTH 0000uku. Ha puc. 1. moka3an onux
Harpy>KeHHbIM BUPTYAJIbHBINA DJIEMEHT.

[Ipu pacuere mpuHUMAIOCH - JJIMHA 000J109KK L=2.40 M, BHEIITHUI pagnyc

R E=21x10° MIla,

= 1,50 M, tomummua h = 0,006 M, Momymb ympyroctu
koadumment Ilyaccona v=0,3. I'panrdHbIe YCTOBUS MIPUHSTHI
Nr:Nz:MS:§:0, npu S:O’
Nr:Nz:Ms:§=O’ pu S=|,
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OkpyXHOCTb pa3OuBajiach YIJIOM pPaBHBIM € =2°, KOTOpPBIA CTATHUBAET

BHpTy&J’IBHBII?I QJICMCHT I[J'IPIHOﬁ & , T.C. MIJINMHA OKPYXHOCTHU 000JI0YKH

annpokcumupoBaHa 180 BupTyanbHbIMH 3yieMeHTamMH. JlJinHa 000JI0YKU
aTMpOKCHMHUpPOBaHa 10 BUPTYaIbHBIMU 3IEMEHTaMH ¢ JUTHHOH s =0.24 M.
PaccmoTpen ciryuaif, korjga Ha 000JI0UKY ACHCTBYIOT TPH CHIIBI P1=1000

H, P=1000 H u P=3000 H, paBHOMEpPHO pacHpeneleHHbIX Ha TpeX
BUPTYaJIBHBIX dJIeMeHTax. KoopIuHaThI IIEHTpa HAarpyKEHHBIX 2JIeMEHTOB S =L/2
nf=7/3, s=L/2 u 0=7/2, s=L/2 n 0=27/3 coorBercTBeHHo. Ilpu neiicTBum
TaKOW HAarpy3Kd HE MPE/ICTaBIIAECTCS BO3MOXHBIM M0JI00paTh MOMEPEYHYIO OCh
000JI0YKH, YTOOBI UCTIOIB30BATh CTAHAAPTHYIO MPOIIEAYPY pa3noxKeHus B psf (4)
IpU JICUCTBUU CUMMETPUYHBIX HArpy3ok. [losTomy 1ist pemeHus 3Toi 3agadu
HEOOXOJAMMO  HCIOJB30BaTh  CYMNEpPHNO3UIMI  JByX  pemenuit  (12),
paccMOTpeHHyI0 BbimIe. [Ipyu 3TOM YHCIIEHHBIM 3KCIEPUMEHTOM YCTaHOBJICHO,
uyto B pasnoxkenun B pag Pypee (8) Heobxommmo yuepxkuBarh K=N/2
TrapMOHUK.

[locne wuHTerpupoBaHus cucteMbl (7) HaiiIecHHOE HaNpPsHKEHHO-
ne(opMUpPOBAHHOE COCTOSIHUE OOOJIOUKH  OMpENeseTcs KOMIOHEHTaMU

Hanpskenuii  (%s-  MepuamoHambHOe,  ©7-OKpYy)KHOE, ' -KacaTelbHOE
HampsHDKEHUWE) Ha BHEIIHEW M BHYTPEHHEHW TMOBEPXHOCTSIX OOOJIOYKU U
KOMIIOHEHTaMU MepEeMEILICHHUI cpeIuHHOM JnHuH [10].

TouHOCTH penieHus 3a/1a4u 3aBUCUT OT MCIIOJIb3yEeMOM MOJIETTH 000JTOUKH
(1), OT TOYHOCTHM WHTETPUPOBAHUSI CUCTEMBI ypaBHEHHUU (7) U OT TOYHOCTU
annpokcumupytomeid Harpy3ku (13). OTta TOUHOCTH MOXKET OBbITh OIpeiesieHa
COTIOCTaBJICHUEM C pCIICHWEM aHAJOTHYHOW 3aJayd JPYyTUM YHCICHHBIM
METOJIOM WJIM C DKCIIEPUMEHTOM. B Hacrosiee BpeMs, KaKk OTMEYCHO BBHIIIIE,
HanOoJIee YHUBEPCATbLHBIM YUCIICHHBIM METOJIOM MCCIICIOBAHUS TOHKOCTCHHBIX
KOHCTPYKITUU SIBJSICTCSI METOJ KOHEUYHBIX 3JIeMEHTOB. [loaTOMY pe3yibTaTh
pPa3TUYHBIX KOMIIOHEHTOB HAMPSKEHHO-ACHOPMHUPOBAHHOTO COCTOSIHHS IS
ucciaenyeMoil 000JOYKM CpaBHUBAJIUCH C PE3yJIbTaTaMH, TMOJYYCHHBIMU C
MOMOIIBI0 BeIUHcIUTENbHOrO0 KomIiekca ANSYS [1], ocHOBaHHOTO Ha METOjIE
KOHEYHBIX DJIECMEHTOB.

Pe3yabTarhl

Ha puc.2 cnnomHoid nMHUEH NOKa3aHO HW3MEHEHHE M0 OKPYKHOCTH

u

paNaJIbHOTO TIEPEMEIICHHsI 000JI0UKM ~r B 30HE MpujiokeHus cui. Ha puc.2

WTPUXOBOM JIMHUEW TOKA3aHO W3MEHEHHE PAJUAIBHOIO IEPEMEIICHUS U

MOJIy4deHHOE TMpu ucnoib3oBanuu mnporpammbl  ANSYS. MakcumansHoe

8= Au, |xu,, ™ x100% (r1e

Urep - CpeaHee 3HaUCHHE MepeMelleHus1) He mpeBbimaeT 6.7%. Ha pucyHke BUIHBI

OTKJIOHCHHC PC3YJIbTATOB pacucTa, BBIYUCIICHHOC KaK
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TPpHU XAPAKTCPHLIX JIOKAJIbHBIX r[pom6a 000JIOUKH B MecTax IMPUIO0KCHHA

P

Harpysku npuf=7/3, =72 60=27/3, Ilpu Harpyske '3 Mporud, eCTECTBEHHO,

YBEIIMYCHHBIN.

Up, M [
0,004 |
0,002 |
0}
0,002 |
0,004 |

0,006 |

0,008 [

_0’01i|‘||‘,‘.‘I‘.‘.w.‘.‘|‘.,‘|‘,‘,‘l‘l‘|
0 0,5 1 1,5 2 2,5 3 0, pan

Puc.2. 3meHeHue paguanbHOro nepeMenieHust 0001049Ku

O'_:,MHH [
150 |
100 |

50 |

-50 |

100 ¢

Puc. 3. I3MeHeHne MEpUIMOHAIBHOTO HAIPSKEHUA O

Ha BHYTPEHHEW MOBEPXHOCTH 000IOUKH
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Ha pI/IC3 CIUIOIIHOM JIMHUEH II0OKa3aHO HM3MCHCHHE MCPpUAUOHAIIBHOTO

HAIPSKEHHUS 110 OKPY>KHOCTH HAa BHYTPEHHEH OBEPXHOCTH 0607104ku 75 B 30He
npwiokeHuss cwi. Ha puc.3 mTpuxoBoi JHMHHEH TMOKa3aHO W3MEHEHHE
MEPUANOHAILHOTO HANPSHKEHUS, TIOJYYEHHOE MPU UCIIOJIb30BAaHUU TTPOrPAMMBI
ANSYS. MakcumanbHOe OTKIIOHEHHUE Pe3yJIbTaTOB pacueTa, BRIYMCICHHOE KaK
o= Aoy |X0';cp_l x100%

5.5%.

Ha puc.4 cruomHoi JIMHHEW TIOKAa3aHO W3MEHEHHE OKPYKHOTO

o
(roe * % - cpeaHee 3HaUYECHUE HANPSYKEHYS ) HE PEBBIIIAET

HAIIPSKEHUS HA BHYTPEHHEH IIOBEPXHOCTH 000104k 7¢ 110 OKPYKHOCTH B 30HE
npwioxkeHuss cwi. Ha puc.4 1mITpUXOBOW JHMHHMEN ITOKa3aHO W3MEHEHHE
OKPY>KHOT'O HalpsKEHUsI Ha BHYTPEHHEN MOBEPXHOCTH 000JI0YKH, OTYYEHHOTO
npu  ucnoib3oBaHuu nporpamMmbl  ANSYS. MakcumanbHOe OTKIOHEHHE
o=Ac, |><0'¢§Cp7l x100% Oy

(rme "’%- cpenHee 3HAUCHHME HAIPSDKEHUS) HeE
npesbimaet 0.6%.

o., MIla

E . e e |

100

50

PR
-
I

e ]

-50

-100

L I S B Y
-
.

150 Lt
0 0,5 1 1,5 2 25 3 0, pan

Puc. 4. I3MeHeHMe OKpYKHOTO HAPSKEHNUs 0, Ha BHYTPEHHEH MOBEPXHOCTH 000JIOUKU

N3 pucyHkoB 2 - 4 BUJIHO, YTO XapaKTep HANpsHKEHHO-Ae(hOpMUPOBAHHOTO
COCTOSIHUSA HCCIEAyeMOld OO0OJOYKH BBIYMCIEHHBIM, C UCIOJIb30BAHUEM JBYX
PAa3JIMYHBIX YUCJIEHHBIX METOJOB ITOJHOCTBIO COBIAIAET.
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O0cy:kneHue pe3yabTaToB

[Ipu  pacdyere  METOJOM  KOHEYHBIX  3JEMEHTOB  OKPY>KHOCTh
anmpokcumupoBana 180 ueTsipex y3ioBbiMu d1eMeHTamu Shell-181. ITockoabky
TOYKU BbIJAYM HAMNPSIKEHHOTO COCTOSHUSI B METOJI¢ KOHEUYHBIX 3JIEMEHTOB
IIPELYCMOTPEHA MO y3J1aM, a B MPEIOKEHHON METO/IE B CEPEIMHE JIEMEHTA, TO
MPOUCXOJUT CJBMXKKA B TMPEJICTABICHUU UH(OpMAlMKM, YTO MPUBOIUT K
PACXOXKJICHUIO PE3yJIbTaTOB B HEKOTOPBIX TOoukax 10 6.7%. Cruemyer Tak ke
OTMETUTh, UYTO JIAHHOE PACXOXKICHUE HAXOJUTCS B TMpeAenax JAOMyCTUMOM
norpermHocTH (7-8%), XapakTepHOU JJIT METO/1a KOHSUHBIX 3JIeMeHTOB [1].

3aKJIroueHue

Takum oO0Opa3oMm, UCIOJB30BAaHUE METOJOB TEOPUU O000JOYEK, U
MIPEIIOKEHHOE PA3NIOKEHHE pa3pelaomux QyHKIMN U Harpy3ku B psan Dypbe,
MO3BOJIIET MIOHU3UTh PA3MEPHOCTH 3aJ]a4U U, CIEIOBATEIIBHO, PEIIATh 33Ja4UU C
UCIIOJIb30BAaHUEM  HEOOJIBIINX  BBIUMCIUTENBHBIX pecypcoB. [lpu  sTom
oOecrieynBaeTcss HEOOXOAUMasi TOYHOCTh BBIYUCIICHHS IO BCEM KOMIIOHEHTaM
HaIpPsKEHHO-1e(POPMUPOBAHHOTO COCTOSIHUS I TOHKOCTEHHBIX KOHCTPYKIIHIA.
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Abstract:

Formulation of the problem. Choice of materials and technologies for fabrication
mechanical attached fittings (MAF) performed by cold plastic deformation.

Method. Theoretical analysis based on mechanical properties fitting and tubing
materials. Springback tubing materials shall exceed springback tubing materials.

Results. Describes recommendations for materials of contact connections, formed with
various methods of plastic deformation.

Keywords: non-detachable contact connections, radial plastic deformation, springback
fitting and tubing materials, contentfeatured materials

BBenenue

B crathe aHamM3HMpYHOTCS MAaTepHalbl U COBPEMEHHBIE TEXHOJIOTUHU
IIPOU3BOJICTBA HEPAZBEMHBIX MEXAHWUYECKHX COCAMHEHUN METOJOM XOJIOAHOU
MJIACTUYECKOU edopmaluu.

@OopMHUPOBAaHUE MEXAHWYECKUX COEAUHEHHH METOJOM  XOJIOJHOMU
miacTU4ecko  gedopmanii  ABISIETCS  albTEPHATUBHBIM — METOJIOM
TPaJAMLIMOHHBIM  TEXHOJOTUSM COEIMHEHHS pPA3IUYHBIX MaTepuajoB H
KOMITOHEHTOB, POU3BOIUMBIX ITyTEM CBApPKH, MaKU U HAPE3AHUEM PE3bOBI.

AHaIU3UPYEMBIE TUIIBI COETMHEHUH, MIOJyYUBIINE U3BECTHOCTh Kak MAF -
coenunenus (mechanically attached fitting), mmpoko npuMeHsIOTCS B aBHALIUH,
CYJIOCTPOEHUH, IIPOU3BOJICTBE TMJIPABINYECKHUX CHUCTEM, JIUHUI
BBICOKOBOJIBTHBIX II€pead U 3a3€MJICHUM.

Tunbl 1 MeTOAbI U3r0TOBJIEHUSA MeXaHUYeCKUX coequHenuii (MAF)

Crnenyrolye TUIIBI MEXaHUYECKUX COECTUHEHUN, (OpMUPYEMbIE METOA0OM
XOJIOTHOM IJIACTUYECKOM nedopmariu, MOy YNIIN HauOoJIbIIee
pacIpoCTpaHeHue:

- paauaJIbHO CXKAaThIe COCAMHEHUS;

- aKCHAJIBHO CXKAaTble COCAMHEHUS;

- paauaJIbHO — AKCUAIBHO C)KAThIE COCAUHEHUS.

PaccMoTpeHHble  MEXaHMYECKHE COEIMHEHHUS O00pa3yloTcs IyTeM
XOJIOTHOM TIACTUYECKOM fedopmanuu Tpyosl u GUTHHTA, KOTOPhIE paboTaloT B
HETMOCPEAICTBEHHOM  KOHTakTe. OOBIYHO UCTIONB3YeTCsl  CTaHAapTHas
TEXHOJIOTHsI, KOTOpas OCHOBaHa Ha jaedopmanyy KOHTAKTHPYIOIIUX Tap B
CHEIHMANBHBIX Tpecc-(popmax, B KOTOPBIX pa3Mepbl KOMIIOHEHTOB U3MEHSIOTCS
HIOJT ICHCTBUEM COKMMAIOIICH Harpy3kH [1 - 6].

[IpuBeneHHbIE HI)KE METOIBl IUIACTHYECKOTO IeOpMHUPOBAHUS IJis
U3TOTOBJICHHUSI MEXaHUYECKUX COCITMHCHHIA SBIISIOTCS Hamboee
pacnpocTpaHEHHBIMU:
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PagunaneHoe cxxaTue

MexaHnnyeckue cOeAMHEHNs BBICOKOI'O KayecTBa MPOU3BOJATCS METOJOM
paauanpHOro 00XaTHsi, KOTOpOE€ NPUBOAUT K paauaibHON nedopmanuu
OIpe/IeNICHHON BEINUYMHBI (paauanbHo cxarble MAF coeannHenus).

OTa TEXHOJOTMYecKas CXeMma MCIONb3yeTcs [Uisl  MPOU3BOJCTBA
HEPa3bEeMHBIX  COeIMHEHUN TpyOompoBomoB. PamamanpHas  npedopmarms
JIOCTUTAETCS OJHOBPEMEHHBIM OO0KaTheM (UTHHra M TpyObl MO BCed AUHE
okpyxxHOoCTH (360°).

KonTtakTHOE B3auMoneWCTBHME TMOBEpPXHOCTEW (QUTUHrA U  TPYOBI
o0ecrieurnBaeT BBICOKYIO aAre3uio (CUEIUICHHE) MEXAY HUMH U TapaHTHPYeT
OTCYTCTBHUE TE€UYU B MPOIECCE IKCIUTyaTallMu CUCTEM TPyOOnpoBoI0B (puc. 1).

Puc. 1. Mexannueckoe coelMHEHUE, TOIYYEHHOE PalualbHbIM CKATHEM

OceBoe cxxartue

[lnactuueckass  nedopmarusi  JOCTUTAETCs  NyTeM  IEpEeMEIlCHUs
creruaibHOro V-o0pa3Horo KoJiblia (HAKOHEYHUKA) TT0 TOBEPXHOCTH (PUTHHTA B
OCEBOM HAaNpaBJIEHUHU, YTO CO3/ACT pajuaibHbIe C)KUMAIOIIUE HAIPSKEHUS! BO
B3aMMOJICHCTBYIOIIUX 30HAaX (UTUHra U TPyOOMpOBOJA, U TAKUM OOpa3oM

o0ecreunBaeT HEOOXOAMMYI0 T€PMETHYHOCTh KOHTAKTa (aKCHalbHO CKaThble
MAF) (puc. 2).

] el (—

Puc. 2. Mexanuueckoe COCAUHCHUC, MMOJTYYCHHOC aKCHAJIBHBIM CIKAaTUCM

PanuanbHo-oceBoe cxaTue (akcuaabHOE 00XaTHe KOHLIEBOrO0 (PUTHHTA C
pacTpyOOM TOPIEBOM YaCTU TPYOBI)

DOTa TEXHOJOTHS  UCIOJb3YeTCS JUIsi  M3TOTOBJIICHUS  (PUTHUHIOB,
YCTaHOBJICHHBIX Ha KOHIIE TpyObl. B aTOM ciydyae mmactudeckas aedopManus
JIOCTUTAETCS 32 CUET OCEBOTO MepeMenieHuss (PUTUHTa U TPYyObl B CHEIUATBLHOM
npecc-GpopMe, UTo Jes1aeT BO3MOKHBIM 00pa30BaHHUE CKUMAIOIIUX PaJHATbHBIX

81



HaIpspKeHU B (UTHHTE W B KOHIIEBOM YacTu TpyObl. PacimimpeHHbIN KOHeIl
TpyOBI (pacTpy0) obecreurBaeT BBICOKYIO TePMETUYHOCTh COeTUHEeHUs (pHc. 3).

Puc. 3. Mexannueckoe coeIMHEHNE, IOTYYEHHOE PaIualbHO-aKCUATbHBIM CKaTHEM

PaccMoTpenHbie MEXaHUYECKHE COCJIMHEHUS rapaHTUPYIOT
BO3/[yXOHETIPOHUIIAEMOE COCTOSIHUE B 30HAaX KOHTAKTa, 00eCcIeunBas TeEM CaMbIM
BBICOKYIO TPOU3BOJUTEIBHOCTh COCAMHEHUN B THIPABIMYECKUX TpyOax Moj
BbICOKHMM JaBicHueM (10 4000 - 5000 psi).

DTa TEXHOJIOTHS UCIIOJIb3YETCSl B TPOU3BO/ICTBE HOBBIX TPYOOIPOBOIOB, a
TaKKe AJIsl PEMOHTA IKCIUTYyaTallMOHHBIX TMHUHI TPYOOTIPOBOIOB.

OxoHommuueckast 3((HEKTHBHOCTh COSAMHEHUN OOYyCIOBJIEHA MPOCTOTOU
UX MOHTa)Xa, OCMOTpa, a TaKKe BO3MOXKHOCTBHIO HCIOJB30BaHUS TPyO W3
Pa3IMYHBIX METAUNIMYECKUX MAaTEPHAJIOB.

Cormacio  Subtek  [2], TPOU3BOAMTENHHOCTH  paccMaTpUBAEMOU
TEXHOJOTMM OoJiee, YeM B JBa pa3a BbIIIE IO CPABHEHUIO C METOJIOM CBapKHu.
Kpome Toro, Tpyan0eMKOCTh U3rOTOBJIECHUS] TAKUX COECAMHEHUN COKpaIlaeTcs Ha
50%.

Teopernueckue 0CHOBbI GOPMHPOBAHUA MEXAHUYECKHUX COeIUHECHUM

TexHomoruss OCHOBaHA HAa PA3NUYUU MEXAHHMUYECKHUX CBOWCTB (ympyroe
nocieeicTBIE) MaTepUaioB, UCIIOIb3YEMbIX B KOHTAKTHUPYIOIIUX JIETaJIsX.

Crenens ynpyroro nociaeneictsus (UTUHTA U TPYObl, KOTOPOE BO3HUKAET
1OCJie CHATUSL CXKUMAIOLIEH Harpy3kd OTBEYaeT 3a (pOPMUpPOBAHUE IJIOTHOTO
CTBhIKa METAJI-METAJUL. YTPYroe MnocjieaeicTBUe TpyObl JOKHO OBITH OOJIbIIIE,
4YeM ynpyroe nociueaeictsue (UTUHTA B 00JaCTH MPOU3BEACHHOTO 00XKATHSL.

Puc. 4 mnokasbiBaeT 00pa3oBaHHE MEXAHUYECKOTO COEIUHEHUS TIOA
JICUCTBUEM pPaAUAIbHON CHKUMAIOLIECH HArpy3KH, U YIPYTHE TMOCIEICUCTBUS
KOHTaKTHUPYIOUIUX MAaTepuajoB KOTJa yNpyroe MocieleicTBUE TPyObl BHIIIE
ynpyroro mnocieneiictBusi gutunra. [lonepeunsie cedeHus: GuTUHra - TPyObI
MPEICTABIICHBI HA Pa3HBIX ATanax (GOpMUPOBAHUS MEXAHUUYECKOTO COCTUHEHUS.
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Ynpyroe nocnegencrene hutuHra < ynpyroro
nocneaencTens Tpyoel

Puc. 4. B3aumocBs3b ynpyroro nocieaeicTBus Tpyos! 1 puTtuHra

[To3unust "a" mokas3pIBaeT HAYAIBHYIO CTAJUIO JePopMaluu, B KOTOPOM
GUTHHT ¥ TpyOa HE UMEIOT MPSIMOTO KOHTAKTa, W C:kuMaromas Harpyska (Ps)
PaBHOMEPHO pacrpeiesieHa o BHEIIHEW MOBEPXHOCTU (PUTHUHTA.

Hedopmarius putrHra, KOTOpask CONPOBOKAAETCS €r0 CIKATUEM, IPUBOIUT
K HEMOCPEJICTBEHHOMY KOHTAKTy BHYTPEHHEro AuameTrpa (PUTHHra U BHEIIHETO
nuaMmeTpa TpyObl. JlanmbHeillnee nelcTBUE CHKUMAIOIIEH HArpy3Ku BBI3BIBACT
nedopmanuio TpyObl. B 3TOM ciiydae CONpOTHUBIIEHUE CKMMAEMbIX MaTEpHUaioB
JIEUCTBUIO BHEIIHEH Harpy3Kd pacTeT U BO3HHKaeT d(QexT ympyroro
nocyeelicTeus Mmarepuanos ¢putuara u pyosl (PBs ). Pucynok 4 (moszunus "6'")
MOKa3bIBACT MO3ULIMI0 KOHTAKTUPYIOIIEH Mapbl Ha 3TON CTaauu AeQopMaIlii.

Ilocne TOro, Kak JAEUCTBHE BHEIIHEHM CHKUMAIOIIEW  HArpy3ku
IIPEKpAIAETCs YIPYroe NOCAeAEHCTBAE BHYTPEHHUX HANPSKEHUH MAaTEepUasoB
dbuTuHra U TPpyOBI MPUBOAUT K OOpaTHOMY IMEpPEMEIIEHUI0 Ae(POPMUPOBAHHBIX
CJIOEB JIeTajIei, KOTOPOE COMPOBOKIAACTCS paCITUPEHHEM (UTHUHTA U TPYOHI.

Korma ympyroe mnocneaeicTBue Marepuana (QUTHHTA HUXKE YIPYIroro
NOCJIeIEUCTBUSl MaTepuasia TpyObl, BO3HUKAET MPSIMOW KOHTAKT BHYTPEHHEU
MOBEPXHOCTH (UTHUHra M BHEIIHEH MMOBEPXHOCTU TPYObI, YTO MPUBOJIUT K

BBICOKOW a/re3uu (CLETUICHUIO) KOHTAKTUPYIOIIMX MOBEPXHOCTEH (MOJI0KEHHE
IICII).
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M3MeHeHne pa3MepoB B pe3yiIbTaTe YIPYTroro Mmocie1eiCTBUS MOXKET ObITh
OIIPEJICIICHO COTJIACHO METOXy, MpejacTaBieHHOMY B pabore [7]. Crenenb
yIOPYroro MOCHEACTBUS MPONOpIMoHaibHa oTHOIIeHuo YS / (t°E), rae YS -
npezes NpoYHoCTH, E - MOy YIIPYTOCTH U t - TOJIIMHA CTEHKH JeTaiu [7].

JUIs  KOHTAaKTHPYIOMIMX JeTalledl yIpyroe IMOCIeAeHCTBUE SBISETCS
byHKIMEH mpenena BEIWYMH Tpeaena TEKydeCTH W MOXYJSl yNpyrocTd
MaTepHayioB, HWCIOJIL3YeMbIX B Tpydoe u ¢urunare. I[Ilpu sTOM, CTEmneHb
VIUIOTHEHUS onpeensiercs, no gopmysne (1):

_Ys E,
YS, E (1)
['ne: | - CTENEHb YIUIOTHEHUS;

YS: - npeden mexyuecmu mamepuana mpyowi,

YSt - mpeoen mexkyuecmu mamepuana umuned,

Ef . monmyns ynpyroctu matepuana (UTHUHTA;

E: - Monynb ynpyroctu Marepuana TpyObl

Pexomenayembie MaTepuabl 1 GOPpMHUPOBAHUSA MEXaAHUYECKHUX
COeIUHEHHU M

Jns mpousBojcTBa  (PUTHMHTOB ~ PEKOMEHIYETCS  HMCIOJIb30BaTh
HEP)KaBEIIyl0  cTajb  (IPEeUMMYIIECTBEHHO  ayCTEHHUTHOIO  Kjacca),
ATIOMUHUEBbBIE CIUIaBbl, TEXHUYECKA YUCTHIA THTAH, TUTAHOBBIC CIUIaBBI ¢ 6%
amoMunus 1 4% BaHaus.

W3 antoMUHHEBBIX CIUIaBOB, TJIABHBIM 00pa3oM, UCToJib3yeTcs criaB AJl
33 mo 'OCT 4784-97 (6061-T6, AMS 4127)J u AMS 4150L ), u3 ayCTCHUTHBIX
HepkaBeroumx crajied ucnoaszyercs craib 03X17H14M3 no I'OCT 5632-72
(21-6-9 AMS 5595 u 316L, AMS 5524 u AMS 5507), U3 IUCIIEPCHOHHO
TBepAeoIuX cranei - - cranb 07X16H4/14b, T'OCT 5632-72 (17-4PH, AMS
5622 u AMS 5643).

XUMHUECKHI COCTaB MaTepUaloB, a TaKKe UX TepMOOOpadOTKa JOJIKHBI
o0ecreunTh MaKCHUMalbHYI0 TUIACTUYHOCTh MaTepuaja TpU  XOJOJIHOM
nedopmariiy; mod3ToMy, B COOTBETCTBUU cO cTtaHmaptoM SAE AS4459 (4) nns
MaTepuaia (UTHHTOB BBEICH KOHTPOJIb JUATNIa30HA TEKYYECTH MPU PACTHKCHUH,
a Il TEXHUYECKU YMCTOTO TUTAHA - COJIEP KaHMS BOJIOPOIA.
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Has amomunueBoro cmiaasa A/l 33 (I'OCT 4784-97) 3nauenme
npejesia TEeKy4eCTH NMPH PACTSZKEHUH J0JIKHO HAXOAUTHLCSI B IMana3oHe oT
193 no 227 Mlla, 4To aocTuraercsi NMpu NMPUMEHEHUM JIONMOJHUTEIbHOM
TepMH4YecKoil 00padoTKM (mepecTapuBaHue).

AyYCTEHUTHBIC HEPI)KABCIOIINE CTAIA JIOJDKHBI OBITH B OTOXIKEHHOM
COCTOSIHUHM M UX TpeJea TeKy4eCTH He JTOoJbKeH npepbimath 448 MIla ns 21-6-
9SS n 310 MITA s cramm 316L.

[Mpenen Tekydyectn TexHuuecku yuctoro tutaHa (CP) momken
COOTBETCTBOBATH Auana3ony ot 482 no 655 MIla. Kpome Toro, onepanus oTKura
3aroToBOK (UTHUHTra JOJKHAa TIPOBOJAUTHCS B BakKyyme, C TE€M, YTOOBI
MaKCUMaJIbHOE COJIepKaHue BOAOpO1a He mpeBbImano 10 ppm

HezaBucumMo OT cXxeMbl IUIACTUYECKOM Jaedopmalriuu, HawIydliue
pe3yapTarthl Uit 00pa3oBaHUsI IUIOTHOTO  KOHTakTa ''mMeTrayui-meTamnt”
00€eCIeYnBalOT CIAEAYIONINE KOMOMHALIMY MaTepUasoB i GUTUHTOB U TPYyO:

- st TutaHoBoro ¢urtunra (BT1-0) ucnonas3oBaTh TpyObl U3 TUTAHOBOTO
crwtaBa Ti-3Al-2.5V (AMS4944, AMS4945).

- JUIsl QJIFIOMUHUEBOTO (DUTHHTA WCIOJIB30BaTh TPYOBl U3 AIFOMUHHUEBOTO
cutaBa AJl 33 no 'OCT 4784-97, nns ¢uTuHTa W3 HEPIKABEIOMICH CTaJH
07X21T7, TOCT 5632-72 (cranp 21-6-9, AMS5561) ucnosb3oBaTh TpyObl U3
CIICAYIOIIMX MaTepuayioB: atroMuaueBbIi criaB AJ[33, TOCT 4784-97 (6061-T6
Al), wiu crame 07X21I'7, TOCT 5632-72 ( 21-6-9 SS, AMS 5561), wm
tutaHoBbIl ciiaB Ti-3Al-2.5V, wmu craae 08 X18 H10, TOCT 5949-75 (304
1/8HD SS)

bonee nmonpoOnast uHbopmaiusi 0 COYECTAaHUU MaTEPUAIOB (PUTHHTOB U

TPYO IS Pa3IUYHBIX CXEM ILIaCTHYECKON JedopManuy TpeaCTaBICHbI B
tabymnax 1- 3 [8-12].

Tab6u. 1. Marepuansl Jyisl paiuagbHO CKATBIX COSTUHEHUN

MakcumansHoe
Bun  marepmana | Matepuan Marepuan Tpyosr* pabouee
¢dbuTTHHTa ¢utTHHTa* JlaBlieHHe, psi

(MITA)**

07X21I7, TOCT | 07X21T7, TOCT 5632-72
5632-72 (21-6- 9, AMS5561)

08 X18 H10, TOCT 5949-75 | 3000 (20,70)
(304 1/8HD, AMS5564)

(21-6-9,
AMS5656)
Hepxageromas TuTaHOBBIN CIIaB
CTaJlb (Ti-3Al-2.5V, AMS4944)
AJ133, TOCT 4784-97
(6061-T6, AMS4083)
03X17H14M3 08 X18 H10, 'OCT 5949-75 | 3000 (20,70)
I'OCT 5632-72 (304 1/8HD, AMS5564)
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(316L, AMS5648)

08X18HI12T, 08X18HI10T, | 3000 (20,7)
I'OCT 5632-72
(321, AMS5556)
ATIOMHUHUEBBIN AJ133, AJ133,
CILIaB I'OCT 4784-97 I'OCT 4784-97 1500 (10,3)
(6061-T6, overage) | (6061-T6,
AMS4083)
Turtan Turan TuTaHOBBIN CILIAB
(CP-Titanium, (Ti-3Al-2.5V, AMS4944) 4000 (27,6)
AMS 4941)

* B ckoOKax mpuBezieHa MmapkupoBka CIIIA

** OnpenensieTcs B 3aBUCUMOCTH OT HAPY)KHOTO TMAMETPa U TOJIIIUHBI CTEHKU TPYOBI

Ta6u1. 2. Marepuaisl Juis akcuaabHO 00xkaThix MAF-coequnenunii

4928)

MakcumaibHOE
Bun Marepuana | Marepuain Martepuan TpyObr* pabouee
¢dbutTHHTA ¢butTHHTa* JaBlieHUe,  psi
(MIIA) **
07X2117, 07X21I'7, TOCT 5632-72
I'OCT 5632-72 (21-6- 9, AMS5561) 4000 (27,6)
08 X18 H10,T"OCT 5949-75 | 3000 (20,7)
(21-6-9, (304 1/8HD, AMS5564)
AMS5656)
Hepxaserormas THUTAHOBBIH CILIAB 5000 (34,5)
CTaJTb (Ti-3Al-2.5V, AMS4944)
AJ133, TOCT 4784-97 1500 (10,3)
(6061-T6, AMSA4083)
AIOMUHUEBBIN AJ133, AJ133, TOCT 4784-97
CILIaB I'OCT 4784-97 (6061-T6, AMS4083) 1500 (10,3)
(6061-T6, overage)
Turan TutaHoBBIM cITaB | TUTaHOBBIN CIIJIAB
(Ti-6Al-4V, AMS | (Ti-3Al-2.5V, AMS4944) 4000 (27,6)

* B ckoOkax mpuBeaeHa MmapkupoBka CIITA
** OnpeznensieTcs B 3aBUCUMOCTH OT HapYKHOTO JTMaMeTpa U TOJIIIUHBI CTEHKU TPYOBbI
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Ta6u1. 3. Marepuansl Jyisl pauaibHO-aKCHATBHO CXKATBIX COCAMHEHUIN

MaxkcumanbHOe
Bunx marepuana Marepuan Marepuan TpyObr* pabouee
¢urTuHra* JaBieHue, Psi
(MITA) **
07X16H4/14b, 2000 — 4000
T'OCT 5632-72 THUTAHOBBIN CILIAB (13,8 - 27,6)
a7 - 4PH, | (Ti-3Al-2.5V, AMS4945)
AMS5643)
07X211'7, TOCT | 07X21I'7, TOCT 5632-72 3000 (20,7)
5632-72 (21-6- 9, AMS5561)
Hepixaseromas 304 1/8HD 1500 — 3000
cTajb (AMS5564) (10,3-20,7)
(21-6-9, TuraHoBBIH CIUIaB 500 — 5000
AMS5656) (Ti-3Al-2.5V, AMS4945) (3,4-34,4)
Turan (CP-Titanium, ASTM | 750 (5,2)
B338)
AJ133, TOCT 4784-97 500 — 1500
(6061-T6, AMSA4083) (3,4-10,3)
Turtan TurtaHoBBIN cr1aB | TUTAHOBBIH CIUIaB 3000 (20,7)
(Ti-6Al-4V, AMS | (Ti-3Al-2.5V, AMS4945)
4928)

* B ckoOKax mpuBezieHa MmapkupoBka CIIIA
** Onpenensercs B 3aBUCUMOCTH OT HapY)KHOTO TUaMeTpa U TOJLIUHBI CTEHKU TPYObI
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OBECHEYEHUE DJJEKTPOMATHUTHOM BE3OITACHOCTH HA
BBICOKOCKOPOCTHOM MAIJIEB TPAHCIIOPTE

Annomauyusa. BBenenue. BnicokockopocTHOM HazemHbid Tpancnopr MAIJIEB
CO31aéT IpH JIBUKEHUH 3JIEKTPOMArHUTHBIE MOMEXHM LIMPOKOr0 4YaCTOTHOrO crnektpa. OHu
pacupocTpaHssACh Kak B OKpYXKarolled BHEIIHEH cpefie, TaK U BHYTPU CaMOI'0 TPAaHCIOPTAa,
MOTYT IIPEBBIIIATH 10 YPOBHIO BEJIMYMHBI, YCTAaHOBJICHHBIE «TEXHUYECKUM PErIaMEHTOM O
0€30MacHOCTH BEICOKOCKOPOCTHOTO >KEJI€3HOIOPOKHOTO TPAHCIIOPTaY.

e u 3apayun. Llenp uccnenoBaHuss — CHUKEHUE AIEKTPOMATHUTHBIX MOMEX INPH
MIOMOILIX COOTBETCTBYIOLIErO CUHTE3UPOBAHUS SJIEKTPOIHEPTETUUECKOU YCTAHOBKH.

Kpome Toro, B mponecce CHUHTE3a 3JIEMEHTOB 3JIEKTPOIHEPIreTUYECKON YCTaHOBKH
BO3HUKAIOT 3aJaud ONTHMHU3ALMU pa3MEIIEHUS HCTOYHUKOB TMOJe B 00IacTsax ¢
WU3MEHAEMBIMU T€OMETPUYECKUMHU XapaKTEPUCTUKAMH.

MetopnoJorus. [y pemeHus 3agaun HeoOXOAMMO UMETh, C OJJHOW CTOPOHBI, METOJT
pacyeTa 3J€KTPOMarHUTHBIX TOMEX OT MCTOYHUKOB 3JIEKTPOIHEPreTUYECKON YCTAaHOBKH, a C
JOpyroil - Mmeronabl (¢GopMalu3aluid U AITOPUTMbI PELIEHHs ONTHMU3ALMOHHBIX 3aJad
pa3MeleHus.

OTMmeTuM, YTO MaTeMaTHdecKas MOCTAaHOBKAa OOJBIIMHCTBA 3a/ad ONTHUMAIbHOTO
pa3MelleHrs] HUCTOYHUKOB NPUBOJWT K  HEJIMHEMHBIM  3aJadaM  MaTeMaTH4eCKOTo
IPOTpaMMHUPOBAHUS CHEIMAIBHOrO BUa. OCOOEHHOCTH TaKOro Kjacca 3a/iad He MO3BOJISIOT
BOCIIOJIB30BAaTbCAd ~ M3BECTHBIMM  METOJAMU  MaTEMaTH4YECKOTO  IPOrpaMMHPOBAHMSL.
PaccmaTpuBaeMsblil Kilace 3a7a4 OTHOCHUTCS K 3aJa4aM ONTHMHU3ALMKA CUCTEM MHOTOCBSI3HOTO
YIIPABJICHMUS.

Hwmxe paccMOTpeH alropuTM ONTUMH3ALMOHHON 3alaud pa3MEUICHMs] JJIEMEHTOB
AEKTPOIHEPreTUUECKON YCTAHOBKH, C II€JIbI0 MUHUMH3alA CYMMAPHBIX IOMEX, U31y4aeMbIX
B OKpY’Karoliee NpocTpaHcTBO. [Iouck peleHns ONTUMHA3AMOHHON 3aa4X CTall BO3MOYKHBIM
Oyarojapsi: BBEJICHUIO CKAJISPHBIX MOTEHIMAIOB JJIsi ONMHMCAHUS AJIEKTPOMArHUTHBIX MOMEX
HJIEMEHTOB YCTAHOBKH;, BBEACHUIO (DYHKIUI B3aUMOBIHUSHMS, YUUTBHIBAIOUINX BIUSHHUE
COCETHUX HCTOYHHMKOB; pPa3pabOTKe HKpaHMPYIOIIMUX (YHKIUMNH B BUAE Pa3OKEHUU IO
FapMOHMKAM; MWCIIOJb30BAHUIO TEOPEM CJIOKEHHMsI, IO3BOJIAIOIIUX PELICHUS YpPaBHEHUM
IIPEACTABIIATH B PA3HBIX CUCTEMAaxX KOOPWHAT.

3aMeTHM, UTO KOPPEKTHAs MOCTAaHOBKA U pellIeHrne 00paTHOM 33141 BO3MOYKHA TOJIBKO
IIPU YCIIOBUH, €CIIU Pa3pabOTaHbl TOCTATOYHO XOPOLINE METO/bI PELIEHUSI COOTBETCTBYIOIINX
MPSIMBIX KPAeBBIX 3a]1a4.

90



Knwueswvie cnosa: BHICOKOCKOPOCTHOW KEIE3HOIOPOKHBIM TPAHCHOPT, TPAHCIOPT
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UDC 621.3:331.45+629.439.027.34

S. M. Apollonskiy

Ltd. "Center of Elektromehanotroniki"

(St. Petersburg, Russia)

ENSURING ELECTROMAGNETIC SAFETY AT HIGH-SPEED MAGLEV
TRANSPORT

Annotation. High-speed ground maglev transport creates electromagnetic interference
of wide frequency spectrum during the movement. Electromagnetic interference spreads both
in the surrounding environment and within the transport itself.

Mathematically, electromagnetic interference is a vector (and in some cases tensor)
field, where the functions are magnetic and electrical tenseness.

Purpose. The purpose of the work is to ensure electromagnetic safety of high-speed
ground maglev transport’s technical means and people (passengers and staff) by means of
optimisation synthesis.

Objective. The objective of the works is to optimise the placement of field sources in
areas with variable geometric characteristics.

Methodology. The method of the work is to synthesise elements of an energy system
whose characteristics depend on the behaviour of electromagnetic interference. The
mathematical model of the energy system being designed should take into account
technological and constructive constraints, and electromagnetic interference.

Calculation of electromagnetic interference from several sources in the premises, where
the energy system is located by means of solving nonlinear tasks of special type mathematical
programming. The peculiarities of this type of problems do not allow using known methods of
mathematical programming. Finally, methods of formalisation and algorithms for solving
optimisation problems of placement.

Practical significance. The search of solution of optimisation tasks became feasible
owing to a number of suggestions put forward by the author: introduction of scalar potentials
for describing external electromagnetic interference of the electric power plant elements; the
introduction of interinfluence taking into account the influence of closely-located sources;
development of screening functions in the form of harmonic decompositions; the application of
addition theorems which enable describing solutions of mathematical physics equations in
different coordinate systems.

Conclusion. The suggested method of formation of maglev transport electric energy
system may be useful.

Key words: high-speed railway transport, maglev transport, electromagnetic

interference and radiation in the technosphere, rational layout of elements in the electric power
system of maglev transport.
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BBenenue

BricokockopoctHol Hazemublii Tpancnopt (BCHT) B coBpemeHHOM
MOHUMAHUU - 3TO KEJIE3HOJAOPOKHBIN TPAHCIIOPT, 0OECTICUNBAIOITUIN ABUKECHHUE
co ckopoctbio Oosee 200 km/u. BCHT ocymectBiasiercs au00 KOJIECHBIM
MOJIBIKHBIM COCTaBOM IO PEITCOBOMY ITYTH, TNOO OECKOHTAKTHBIM CITOCOOOM,
KOI'/Ia JUISl TATH U TOPMOKEHUS IPUMEHSETCS TMHEHHBINA 3JIEKTPUYECKHUIA PUBO/T,
a JUIsl CO3JaHUsl YCIIOBUM JIBMKCHUS - MAarHUTHBIA MOJABEC, TaK HA3bIBA€MbII
nesutupyromuil tpancnopt. TakoBeim sBasiercs BCHT MATJIEB.

Jiis BCHT MATJIEB co3naercs criennanbHas myreBasi cTpykTypa. Kak
IIPAaBUIIO, CTPOSIT UCKYCCTBEHHBIC COOPYKECHUS (ICTAKA IbI), HA KOTOPHIX CO3AI0T
NYTEBYO CTPYKTYPY CO cTaHIusAMU M orpaxiaeHusmu. BCHT ¢ MarHuTHbIM
MIOJIBECOM SIBJISIETCSl HamOosiee MEPCHEKTUBHBIM M SKOJIOTMUYECKH YHUCTHIM, a
TaKkKe caMblM OecliyMHbIM. IIpu €ro mNpOEKTUPOBAHUU U ONPEICICHUU
CTOMMOCTH CTPOMTENILCTBA W 3KCIUIyaTallMM UCXOIAT U3 NO3UTUBHBIX BIIMSHUIMA
Ha YpOBEHb 3aTpaT CIAEAYIOLUX (PaKTOPOB: BBICOKUNA TEMI M 3KOHOMHUYHOCTH
COOpY)KEHHMsI; OoJiplIasi CTENEHb CTaHAAPTU3alMU M B3aUMO3aMEHSIEMOCTH
3JIEMEHTOB M Y3JIOB IIYTH, €r0 HaJEKHOCTb, CTA0MJIBHOCTH, JOJITOBEYHOCTH;
npeaenbHas MHAYCTPUANM3alMs HW3TOTOBJIEHUS NYTEBBIX  KOHCTPYKIIMIA;
BO3MOYKHOCTh MEXaHHU3allMM U aBTOMATHU3aLMU MPOLECCOB COOPKH, OTHAAKU U
NyCKa B JKCIUTyaTallMI0 BCEW CHUCTEMBI; BBICOKas CTENEHb OE€30MacHOCTH M
BO3MO>KHOCTh MAKCUMAJIbHOM ABTOMATU3aLN IBUKEHUS.

Bwmecre ¢ tem, npu nemxxennn BCHT MAIJIEB co3naér nomexonecyue
OMII mMpOKOro 4YacTOTHOrO JHANA30HA, PACHPOCTPAHAOLIMECS KakK B
OKpYKaIoIIeH BHEIIHEH cpejie, TAK ¥ BHYTPH CAMOTO JIBHKYIIETrocs cpenactsa [1].

B Mmaremaruueckom acniekre DMII npeacTaBisitor co0oil BEeKTOpHBIE (a B
OTJEJIbHBIX CIyYasiX U TEH30pHBIE MOJIs), T11e GYHKIUSMU SBJISIOTCS MAarHUTHBIE
U DJIEKTpUYECKHE HaNpsbKeHHOCTH. Bo3HMKaeT 3agada 1o 00ecredeHHIo
anekTpoMaruutHoi 6e3omacHoctu (OMb) BCHT MATJIEB.

Texnuueckuii  pergamMeHT O  0O€30MAaCHOCTH  BBICOKOCKOPOCTHOTO
KEJIC3HOIOPOKHOTO TPAHCIIOPTA [2] ycTaHABIMBACT MUHUMAJIBHO HEOOXOMMBbIC
TpeboBanuss k BCHT, BbimogHeHue  koTopbhiX oOecneunBaer OMBb,
BUOPOAKyCTHYECKYIO 0€30MacHOCTb U Jip. DTU TpeOoBaHus oTHocATcsa U k BCHT
MATJIEB, OMII kotoporo, paccenBaeMble B OKpYKaloIlen cpejie, MOT'yT ObITh
couzmepumbimu ¢ DMII penscoBoro BCHT.

I[Ipu oOecneuenun npobrembl OMb  kaxgoe U3  yCTpPOICTB
aneKkTpodHepreTuueckoit  ycrtaHoBku (O0Y) BCHT MAIJIEB cnenyet
paccMaTpHUBaTh KakK 3JIEMEHT HEKOTOPOU MOJACUCTEMBI, B KOTOPOM MPOSBISAIOTCS
HEraTUBHBIE CBSI3H (DJIIEKTPHUYECKUE M MATHUTHBIE) 3TOTO AJIEMEHTA C JPYTUMHU.
Takoit moaxo mMo3BOJISIET paccMaTpuBaTh Ipodiemy DMB kak o01ryro mpodiaemy
P UCCIEIOBAHUH WMCTOYHUKOB M peuentopoB OMII, Belgensis B HUX
COOTBETCTBYIOIIIME MPU3HAKH, KOTOPBIM paHee He MPUIABAIOCHh 3HaueHnd. OMb
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IpeacTaBisger coOod 007acTh HAYKHM W TEXHUKH, Pa3BUTHE KOTOPOW TECHO
CBSI3aHO C DJIIEKTPOTEXHUKOW U 3JIEKTPOHUKOM.

Jlnst cHmkeHuss HeratuBHOro BoznedcTBus OMII Ha TexHochepy Kak
Buytpu BCHT MAIJIEB, Tak u BHe €ro, HEOOXOAUMO COOTBETCTBYIOIIUM
o0pa3oM CHHTE3UpOBaTh ero DJVY.

B mporiecce cunrtesa anemMeHTOB DY, XapaKTEPUCTUKH KOTOPHIX 3aBUCST
oT noseaeHust DMII, BO3HUKAIOT 3a/1a4M ONTUMHU3ALUHN Pa3MEILEHUsI HCTOYHUKOB
OMII B o0mactax ¢ M3MEHSIEMBIMH T'€OMETPHUUECKUMHU XapaKTepucTukamu. B
CBSI3M C OSTUM BaXHO, YTOOBI MaTreMaTudeckass MOJENb MPOCKTUPYEMOTO
YCTPOMCTBA, KPOME TEXHOJOTMYECKUX M KOHCTPYKTHUBHBIX OIpaHUYEHUH,
OJTHOBPEMEHHO YYHUTHIBAJIa U OTMEUYCHHBIE BBIIIE (PaKTOPHI.

Munnatiopuzanust  00OpyJIOBaHUS, a TakXKe  YBEIUYMBAIOIIASCS
CJIOHOCTb, MHTETPALUsl U B3aUMOJCHCTBUE AJIEMEHTOB MPUBOJAT K TOMY, 4TO
AJIEKTPOHHBIE YCTAHOBKM M KOMIIOHEHTHI CTAHOBATCA 0ojiee YSA3BUMBIMU K
BHEIIIHUM AIEKTPOMArHUTHBIM BO3JICHCTBUSM. [ToBbIIEHHE
YHEPrOBOOPYKEHHOCTH TPAHCIIOPTHOIO CPEACTBA, KakoBbIM siBisiercs BCHT
MATI'JIEB, ©Oonee BBICOKHE TOKH, HANpSHKEHUS U YPOBHH MOIIHOCTH
o0opyioBaHusl yBEJIWYUBAIOT ypoBeHb OMII momex, a HMHTErpupoBaHHE U
B3aMMONPOHUKHOBEHHE CHJIOBBIX W HMH()OPMAIMOHHBIX KOMIIOHEHTOB BHYTPb
00opyA0BaHUsl MPUONHMKAET UCTOUYHUKH MMOMEX K MpUOOpaM M yCTPOMCTBAM,
KOTOpPbIE MOTYT OBITh YYBCTBUTEIbHBI K HHMM. [lo3TOMYy BO3HHKaeT 3aaada
oOecrieueHus: 0€30MaCHOCTH, HAJCKHOCTU U KauecTBa ()YHKIIMIOHUPOBAHUS BCEX
TUIIOB 00OPYJOBaHUS U CUCTEM TaM, I'Jl€ OHU UCHOJIb3YyloTCcs. Ecnu 3Ta 3amaya
BBITIOJTHEHA, TO TOBOPAT, uTo oOecrieueHa OMb D3V co cpenoit, B KOTOpoi OHU
pa3MeIarTCs.

Ob6ecneuenne DMb TpeOyer paccmaTpuBaTh JiBa acrekTa MpPoOJIeMBbI:
BJIMSIHUE 3JIEKTPOTEXHUYECKOTO M DJIEKTPOHHOTO OOOPYIOBaHMUS HA CHCTEMBI
3JIEKTPONMUTAHUS U CETH IEKTpOocHa0)eHus U BinusgHue IMII nomex paznuuHoro
IPOUCXOXKICHUS Ha (YHKIUOHUPOBAHHME DJIEKTPOHHBIX KOMIIOHEHTOB CHCTEM
YIPABJICHHUS, CBSI3U U 00pabOTKK MHGOPMAITUH.

O6ecneuennie DOMb wuMeer HE TOJIBKO TEOPETUYECKOE, HO U
PKOHOMHYECKOE 3HaueHue. Hampumep, KayecTBEeHHOE (PYHKUMOHUPOBAHHE
anemeHTOB HHPpacTpykTypsl BCHT MAIJIEB 3aBucutr ot MH(pOPMALMOHHO-
YIOPABJISIIOIIUX CUCTEM, IOATOMY 0€30TKAa3HOCTh 3JIEKTPOHHBIX CUCTEM SIBJISETCS
TaK)K€ SKOHOMUYECKUM (DAKTOPOM MEPBOCTENIEHHON BaKHOCTH. DTO OOBSICHIET
TOT ()aKT, UTO CTAaHAAPTHI U TpebOBaHMs, OTHOCALMECS K DOMDB, npu3HaHHbIE BO
BCEM MHUPE WJIM COTJIACOBAHHBIE HA PETMOHAIILHOM YPOBHE, NMPUBETCTBYIOTCSA
U3FOTOBUTENIIMU M MOJIB30BATENIMH  DJIEKTPUYECKOIO W 3JIEKTPOHHOIO
000py10BaHUs, B TO BpEMS KaK JPyTrue CTaHIapThl HHOT/Ia paCCMaTPUBAIOTCS KaK
Meniaromue GyHKIUMOHUPOBAHUIO MPEAIPUATHS.

Crannmaptel OMb sSBASIOTCS MPEANOCHUIKOM K OO0ECNEYeHUI0 TOTO, YTO
MHOTOUYHCJICHHBIE BUBI JJIEKTPOHHOTO 00OPYIOBaHUS HE OKAXKYT BIUSHUS JPYT
Ha Jipyra WM, €lle XYXe, HE BBI30BYT KaTacTpOPHUUECKHX HapylIeHUH
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¢yHkuroHUpoBaHUs 00opymoBaHus. OHM yCTaHABIMBAIOT TPeOOBaHUA IS
0o0OpyZIOBaHUS KaK B OTHOIICHWHM MAaKCHMAaJbHO JOMYCTUMOW HMHCCUU
Napa3uTHBIX  U3Iy4aeMbIX W  KOHAYKTUBHBIX OMII momex, Tak wu
paboTOCIOCOOHOCTH 000PYIOBAHMSI B YCIOBHSIX BIUSHUS 3TUX TOMEX.

CraHnapTsl - TOJIBKO OJMH aCIeKT MPOoOJieM, CBI3aHHBIX C 00ECIIeYeHHEM
OMB. Onu ycTaHaBiIMBAIOT 00IIME TPEOOBAHUS K Ka4eCTBY (HYHKIIMOHUPOBAHHUS
B YCIOBUSAX IIOMEX, KOTOPHIM JOJDKHBI COOTBETCTBOBATh M3JENHUSA, HO
o0OecrieueHre BBITIONHEHUSI WX TpPEOOBAHUU OCTaeTCs 3a H3TOTOBUTEISIMHU.
Onnako TpeOOBaHUs CTAaHAAPTOB MOTYT BBIIOJHATHCS TOJIBKO B TOM ClIydae, eCiu
CYUIECTBYIOT HEOOXOJMMbIEe TEXHHUYECKHE 3HAHMs, HABBIKW U PEIICHHUS,
Kacatommecs: obecrnieduenus OMb.

OnrumajibHOE MPOEKTHPOBAHKME U Pa3MelIeHHe 3JIeMeHTOB JJY

C uenpl0 CHIDKEHUSI 3arpsi3HEHUs OKpyxkaromed cpeasl OMII mpu
npoektupoBannu D0Y BCHT MAIJIEB 1o HOpMaTUBHBIX 3HAYEHHUII MOXXHO
MOCTAaBUTh 33Ja4y O PalHUOHAJIBbHOM pa3MENIEHUM UCTOYHMKOB OMII D3V.
Tako# moaxo/ mo3BoJUT CHOPMHUPOBATH CTPYKTYPY moMmexoHecyiiero OMII ot
DDV B npeaenax HOPMATUBHBIX JOKYMEHTOB. Oco0oe 3HaUE€HHE TaKOW MOJAXO0J
npuodperaer B cBa3u ¢ Tem, uro OD0Y BCHT MAIJIEB Haxonutcs B
METAJUIMYECKOM KOPIYyCE, KOTOPBIN SIBIISIETCA SKPAHUPYIOIIEH CTPYKTYpPOH, HO
HEIOCTATOYHOW I CYHIECTBEHHOIO CHIDKEHUs MoMexoHecymmx OMII Bo
BHEIIHEM MIPOCTPAHCTBE.

IIpumenenne g noaxepxkanmuss OMII B 3amaHHBIX  mpenmenax
JIOTIOJIHUTENIbHBIX aKTUBHBIX M MACCUBHBIX SKPAHOB HE BCEr/Ia BO3MOXHO M3-3a
OonpImMX Ta0apUTOB W BECOB TMOCIEIHUX W H3-32 KOHCTPYKTHBHO-
TEXHOJIOTUYECKUX TPYJIHOCTEN UX CO3/1aHUs U pa3melleHus. [loaromy Ha nepsoe
MECTO BBICTYIIAET 3a]]a4a PAallMOHAJIBHOIO pa3MEIEHUS 3IEeMEHTOB DY BHYTpPH
HHEPreTUYECKOr0 TOMENIeHHUs. Takol TMOoAX0J MOXKET PEelIUTh MpodJIeMy
cHmkeHns nomexonecymux OMII ot 39Y BCHT MAIJIEB no tpebGoBanmii
OMB.

Jlns perieHus: mogoOHOM 3a7a4u HEOOXOIUMO UMETh, C OJIHOM CTOPOHHBI,
Meton pacyeta OMII OT HECKOJIBKUX UCTOYHUKOB, PACTIOJNIOKEHHBIX B MPEAEIax
HDHEPreTUYECKOr0 TMOMEIICHHUS, a C JPYrod - MeTOoAbl (QopMaliu3aluu U
aJITOPUTMBI PEIICHUS ONITHMHU3AIMOHHBIX 3a1a4 pa3melenus [3].

BrisicHeHHe BONPOCOB ONTUMAIBHOTO pPa3MELICHUsT MCTOYHUKOB OMII,
HMMEIOIINX ONPEACTICHHbIC T€OMETPUUYECKUE U DHEPTETUUECKNE XAPAKTEPUCTUKH,
MMEET 3HauYeHue i1 NpakTUKW mpoektupoBaHus IJY. Ilpu 3TOM mouCK
HaWJIY4IlIEero pa3MeneHust UCTOYHUKOB DMII nomxkeH oCcyecTBIATHCS C yUETOM
OrpaHUYEHHI Kak Ha Xapaktep OMII, Tak U Ha MECTOMOJIOKEHNE UCTOUHUKOB
OJISL.

Pa3paboTke MaremMaThyeckux MoOJENed M METOJOB peIIeHUs 3aaad o
pa3MeIIeHNH UCTOYHUKOB (PU3UYECKUX T0JIeH TocBsitieHa padora [4]. OgHako, B
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HEW HE 3aTparuBajJMCh BOIPOCHI pasmenieHrus uctouyHukoB OMIIL. OtnenbHbie
BOIIPOCHI, CBSI3aHHBIE C ONTHUMU3AIMEN pAa3MELUICHUs HMCTOYHUKOB OMII,
paccMaTpUBaJIUCh JIMIIb B paboTax MO MPOEKTUPOBAHUIO PAJAUOITEKTPOHHON
armaparypsi [5].

OTrMeTruM, YTO MareMaThyeckas IIOCTaHOBKa OOJBIIMHCTBA 3aj]lay
ONTUMAJBLHOTO pa3MenieHus HCTOYHUKOB OMII mpuBOAUT K HEIMHEHHBIM
3aJa4yaM ~ MaTE€MaTU4YEeCKOr0  MPOTPAMMHUPOBAHUS  CICLMAIBHOIO  BHJA.
Oco0eHHOCTH TaKOTO KJIacca 3a/1a4 He MO3BOJISIOT BOCTIOIL30BAThCSI M3BECTHBIMU
METOJIAMU  MAaTE€MaTU4YECKOro mporpammupoBanHus. Kpome Toro, mnouck
ONTUMAJBLHOTO Pa3MEIICHUS] HCTOUHUKOB HEOOXOAMMO OCYIIECTBISATh C YUYETOM
VX B3aUMOBIIMSIHUS, T.€. PAaCCMaTPUBAEMbIN KJIACC 3a7a4 OTHOCHUTCS K 3aJa4yam
ONTUMM3AIMA CHUCTEM MHOTOCBsI3HOTO  ympaBieHuss [6]. Ilpu  sTom
B3aUMOBJIMSIHUE OOYCJIOBJICHO (PU3MYECKHMMH CBOWMCTBAMH  YIPABISIEMOIO
00BEeKTa, U MPUMEHEHUE MPUHIIMIIOB aBTOHOMHOCTH [ /] 3aTpyIHEHO.

Crnenyer MOMHUTH, YTO pa3pabOTKa METOJOB M QJITOPUTMOB PEIICHUS
3a/lad ONTUMAJIBHOTO Pa3MEIEHUsS HUCTOYHUKOB (PU3MUECKUX TMOJIEH, a TaKkxke
CO37laHME COOTBETCTBYIOIIETO MaTeMaTH4ecKoro oolecreueHus: (KoMILIeKca
mporpaMMm) HMEET 3HaueHuWe i Bcex obyiacteid, B TOM YHCIE W
ANEKTPOAMHAMUKU. DTO CBSI3aHO C TEM OOCTOSITEILCTBOM, YTO BO MHOTHX
00JIaCTSIX ~MHXKEHEPHOW TMPAKTUKU  BO3HUKAIOT 33Ja4yd  ONTHUMAJBHOIO
pa3MenieHuss OOBEKTOB, SBISIONIMXCS HUCTOYHUKAMHU  COOTBETCTBYIOIIUX
bu3nYecKuX TMoJed WIM BIUSIONIMX Ha XapakTep MPOTeKaHUs (PU3HMUYECKUX
npoueccoB. TeM He MeHee, 3aJa4d ONTUMAIBHOIO Pa3MEIICHUS WCTOYHHUKOB
OMII mano 3aTpoHyThI B yOimkanusx [8-9].

OMII snementoB DDV, co3gaBaeMble OOJBIIMM YHCIOM HCTOYHHKOB
pa3IUYHON HANPSDKEHHOCTH M TEOMETPUYECKOM (OpMBI, SBISIOTCS BechbMa
CIIOXHBIMH 1O cBoed cTpykrype. [lpu sTtom obGecneuenne OMb rpynimsl
JJIEMEHTOB HMEET 3HAYEHHE, IMO3TOMY IOUCK KOHCTPYKTMBHOM TOIIOJIOTHH
AJIEMEHTOB 4acCTO MPUXOJIUTCS OCYLIECTBIATH HA MHOXECTBE TEX BapUaHTOB,
KOTOPBIE YIOBIETBOPSIOT ycinoBusiM OMbB D2V,

Hwuxe paccmotpens! 3anaun ontumuzanuu OMII rpynibl HCTOYHUKOB B
DKPAHUPYIOIMINX CTPYKTYpaxX C YYETOM HX PAUOHAIBHOTO pPa3MENICHUS.
Pemienne Takux 3a;ad CTajo BO3MOXKHBIM, Ojarojapsi psay MNpeaioKeHUH,
BHECECHHBIX aBTOPOM JIOKJIaJ1a: BBEACHUSI CKAISIPHBIX MOTEHIIMAJIOB JJIs1 ONUCAHUS
BHemHUX OMII anementoB DO0Y; BBeacHUs (QYHKIUA B3aMMOBIIHUSHUS,
YUYUTBHIBAIOIINX BIWSHUE COCEIHMX HMCTOYHUKOB; pa3pabOTKU SKPaHUPYIOIIUX
GyHKUMA B BHJE PAa3JOKEHUW IO TapMOHMKAM; HCIIOJIb30BAaHUS TEOPEM
CJIOKEHUS, TO3BOJISIIONIUX PEIICHUS YPAaBHCHMM MaTeMaTudeckoud (HU3MKu
NPECTaBIATh B Pa3HBIX CUCTEMax KoopauHar [3].

3amMeTuM, 4YTO 3aJaud, K PAaCCMOTPEHHUIO KOTOPBIX MbI MPHUCTYIAEM,
SBJITFOTCS. OOpaTHBIMU. VX KOppeKTHas MOCTAaHOBKA W PEIICHUE BO3MOKHBI
TOJIBKO TIPH YCIIOBUU, €CIIM pa3pabOTaHbl JIOCTATOYHO XOPOIIHUE METOIbI
pEelIEeHNs COOTBETCTBYIOIIUX MPSIMBIX KPAEBbIX 33/1a4.
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Uctounnku DMII

[Ipexxae ueM neperTH K aHaIUTUYECKON (POpMYIMPOBKE OCHOBHOM 3a/1a4uu
pasMmelieHuss ucTtouHukoB OMII, BBemem omnpeneneHus U MOHATHSA,
UCIIOJIB3yEMBIE B JaJbHEHIIIEM.

Hcrounnk OMII xapakrepusyercs reOMETPUUECKUMHU U SHEPTE€THYECKUMU
napamerpamu. OH MpeACTaBIseT COOOW HAa MPAKTHKE OOBEKT OMPEEICHHOM
reOMETPUUECKON (POPMBI, XapaKTEPU3yeTCs TPEXMEPHBIM IMPOCTPAHCTBEHHBIM
tesioM. OCHOBHBIE ONPEICTICHHSI, CBSI3aHHBIE C TAKUMU TEJIaMH, TPUBEICHBI B [4].

Ucrounnkom OMII HazoBeM (GUHUTHYIO (YHKIIHIO, MPEIACTABIISIONLYIO
co0oii 3aMKHYTBIH @ - 00beKT. Ecu reomerpuueckas gopma i -20 HUCTOYHHUKA

DOMII S,(i e[1,N]) xapakTepusyercs B IpocTpaHcTBe R®, a €0 HANPSKEHHOCTH
HETPEPHIBHO MEHAIOTCS BO BPEMEHH ¢ , TO HICTOYHHK OIUCHIBAETCS (yHKIIHEH
D, (xl,xz,x3,t),(xl,x2,x3) es,

®(x,,x,,%,,1) = 0.7(x,.x,.2,) €V \S.

1)
MMy nbCHBIN MCTOYHUK TOJIS, TIEUCTBYIOIIUNA B TPOMEKYTKE BPEMEHU Af
, IPEICTABIISIETCSA B BUJIE

q):‘(xl,x2 ,x3,l),(x1 , X, ,x3) eS,t <At,
d)(xl,xz,x3,t)= 0,(x1,x2,x3)eV\S, (2)
0,(x1,x2,x3) elV,t € At.
B mocnmemHeM ciiydae WMEET MECTO MPOCTPAHCTBEHHO-BPEMEHHOM
HCTOYHHUK [Si,At].

Jnsg  ynopomieHust pacCMOTPEHHUs] B JAJIBHEWIIEM  MCIOJb3YIOTCS
TpexMmepHble ® - OOBEKTHI, 3a/Ial0IIUECs] B MPOCTPAHCTBE B BUJIE Cep WIH
KPYTOBBIX LHWJIMHAPOB.

OcHoBHAA ONTHUMHU3ANNOHHAA 32/1a4A

Heob6xonumo B obnactu ¥ pa3smecTuTbh ucTouHuku OMII, umeromniue
OTpeIeJICHHbIC TEOMETPUUYECKHUE U DHEPTETUUECKUE XapaKTEPUCTUKHU TaK, YTOOBI
YAOBJIETBOPUTH HaNepe/ 3aJJaHHbIM YCIIOBUSIM U COOOITUTh HEKOTOPOU (PyHKIIUH
e (KadecTBa) SKCTpeMaibHOe 3HaueHwe. [Ipu 3ToM MOTYT OBITh pelIeHBI
noja3azadnd o0 ompeneneHrur yuciaa UCTOUHUKOB DMII, ux HampspkKeHHOCTEH u
reoMeTpudeckux hopm, a Takxke GopMbl 00JIaCTH, B KOTOPOM OCYIIIECTBIISCTCS
pasMemnieHue uctouHukoB OMIL. B  ornuume oT 3agad  pa3MelieHus
T€OMETPUYECKUX OOBEKTOB, T/I€ 00JACTh Pa3MEIICHUs OTPAHUYUBACT MPEIEIbI
BO3MOXXHOTO HW3MEHEHHsI NapaMeTpOB IMOJOKEHUS HCTOYHUKOB, B 3ajadax
pasmenieHus UCTOYHUKOB OMII Ha mpakTUkKe BCTpedaroTCsA cllydau, Koraa
ucrouHuku DMII HaxoaaTCst BHE 00J1aCTH, B KOTOPOM OCYIIIECTBISIETCS KOHTPOJIb
OMIL. Ilo ycnmoBuro OcHOBHOM 3amaun Ha xapakrep OMII u mecTononoxenne
ucrounnkoB DMII HaknaapiBaroTcst ycnosus [4, 8]:
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- Ha XapaKTEPUCTUKH pe3yJbTUpYIoIero OMII rpyImmbsl HCTOYHUKOB,

- Ha B3aMMHO€E PacloJIOKEHUE HCTOYHUKOB DMII,

- Ha BO3MOXXHOE MECTONOoJ0KeHne ucTouHuKoB DMII B 3amanH0i 00acTu
(wm 3a ee TpejenamMu).
Kputepun ontumMuszanuu, mo KOTOPBIM OCYIIECTBISIETCS pPa3MEIICHUE
MCTOYHHUKOB, MOT'YT BKJIFOYATh:

- SKCTPEMAJIbHBIE XapaKTepUCTUKH 3HaueHUi1 DMI,

- 3gaueHus DOMII B 3agaHHOM CHCTEME TOYEK,

- 00BemM o0JacTu, B KOTOpO# pasmeniatorcs uctouauku DMII ¢ yuetom
OMC,

- YUCJ10 UCTOYHUKOB DMII,

- XapaKTEpUCTUKH IMPOEKTUPYEMBIX 3JIEMEHTOB DDV, 3aBHUCSIIHME OT
dbopmbr DMII.

N3 cka3a”HOrO ciIeqyeT, YTo JUIsl MaTEMAaTHYECKOM OCTAaHOBKM OCHOBHOM
ONTUMU3ALMOHHON 3aJaud HEOOXOJUMO TMPEACTaBUTH COOTBETCTBYIOIIME
(GYHKIUM LENU U CUCTEMbl OTPaHUYEHUIN B BHUJI€ HEKOTOPBIX MATEMATUYECKUX
COOTHOILIECHHH.

OcHOBHas ONTUMHU3ALMOHHAS 3aJada pa3MEIIeHUs HCTOYHUKOB OMII
MOXET OBbITh KJ1acCU(DUITIPOBaHa 1O popmMe 00J1aCTH, B KOTOPOI OCYIIIECTBISETCS
pasMeleHue, o By ucToYHMKoB DMII 1 Tuny ux pasmenienus, no GyHKuusIm
LM, 10 XapakTepy orpaHuyeHud u T.1. Ilpu 3TOM cienyer yduThiBaTh, YTO
ucrouyHukn OMII pa3MemniaroTcs TPOU3BOJIBLHO (HEPETYJSIPHO), pa3IudaroTCs
reoMeTpudeckoil GopMoi U UHTEHCUBHOCTBIO, T.€. BUIOM (PUHUTHON (DYHKIIMH.

MaTtemaTHyeckast MOJeJb 3aa9H

OMII ucTOYHUKOB B OKpYy»Karomiei ux oomactu V' (puc. 1), MOKeT ObITh
OMMKMCAHO C MOMOIIBIO ypaBHEHUN MakcBeia, KOTOpble JJisi HU3KOYAaCTOTHOTO
OMII ( f <5000 I') mpuBOAATCS K HEOJAHOPOIHOMY ypaBHeHHUo Jlamiaca ais
CKaJIsIpHOTO moTeHImana v [3]:

Av=0,, 3)

1100 K HEOTHOPOAHOMY YpaBHEHHIO | €TbMToJIbIIa TPH BEICOKHMX YaCTOTAX

(f >5000 I'u) anst aByx ckanspHbIx norexuuanos [T € (u,v)] [3]:

AT+k’T=,. (4)

VYpasuenus (3) u (4) MOTyT OBITH OOBEIMHEHBI B BUJIE:
LT =, (5)
rie L - juddepeHUHANBHBIA oOrepaTop YypaBHEHUs, @ = [CI)1 ,CDZ] -

GyHKIINA, XapaKTepU3yOIIKe pacrpeacieHne necrouankoB DMII B oOmactu V.
VYpaBaenue (5) MOMKHO OBITH JIOMOJHEHO YCIOBUSIMH Ha ydacTKax
Fj( j= 1,2,...) rpaHuIlbl I” ob6iacTu V .

@Aaz@g:LLq, (6)
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IZ€ B,- ONEpaTopbl I'PAaHUYHBIX M HAYaJIbHBIX YCIOBUH, ¢

; ;- 3aJaHHBIE
(yHKUIHU.

Tz

Puc. 1. Cxema pa3zmenienust 31eMeHTOB DY

[To cymiectBy, TpeOyeTcss HaWTH paclpelelicHHe HCTOYHHKOB @ 10
YCIIOBUSIM,  ONPEJCIEHHBIM Ha3HAYCHUEM, YCIOBHAMM OKCIUTyaTallid |
KOHCTpyKIHeN DY,

B 061 V (puc. 1) Heobxomumo pasmectuts uctounuku IMII (i €[1,m]),

noJsitoca O, KOTOPBIX IPUHAJIEKAT HCTOYHUKAM i K UMEIOT KOOPJIMHATHI X, X, , X,

MecTormnosioxeHne CTOYHUKOB S; B 00J1. ¥ OTHOCUTEIILHO HEIMOABHKHOM

CUCTEMBI KOOPJAHMHAT X,,X,,X,;, CBI3aHHOU C 00JI. V' , OIIPENIEeAETCS BEKTOPOM

@ ) ) oym) (m) o m
Xp Xy 5 X3 Qs B Vs Xy 5 Xy T Xy O ma7m}l (7)

rae a,,f,7:(i €[1,m])- yrms1 opuenTammn i - 2o ucrounmKa (yroel Diinepa).

Orpanuyenus Ha xapaktep OMII B o01eM ciryyae npeicTaBiIsOTCs B BUJIE
HEPABEHCTB

< (2T, (k €[1,p]), (8)
rae D,- HEKOTOpBIM omeparop, 7- cKauspHble noTteHuuansl OMII,

DkT(xl,xz,x3,t,Z)

omuceiBaeMble 3amadeit (5)-(6), T,- 3amanuble QyHKIUH, V, €V, X,,X,,X,
KOOPAMHATHI TEKYLIEH TOUKHU.

YacTHbIM  cllydaeM  orpaHudyeHuil (8) SBISIOTCA  YCJIOBUSL  HA
KOJIMYECTBEHHBIE XapakTepucTuku OMII B 3a1aHHOM cUCcTEME TOYEK

T(xl,xz,x3,t,2) o S(Z)Tk*(k e[l,p]), (9)
rae p,- TOYKM KOHTpOJA Xapakrtepuctuk OMII ¢ koopamHaramu

x x0 xk (k e[l, p]). KonTpons xapaktepuctuk DMII MOXKET OCYIIECTBIAThLCS

KaK HCIIPECPBIBHO BO BPECMCHHU, TaK U B 3aJaHHLIC €T'0 IIPOMCIKYTKH.
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Kpome  orpanuwveHuii, HAJIOXKCHHBIX Ha  KAauyeCTBEHHBbIC  WJIH
KOJMYECTBEHHBIE XapakrepucTuku OMII, B mpolecce IOMCKa BEKTOpa Z
HEOO0XOIMMO YIOBICTBOPUTH YCIOBHUAM pa3MeieHus HCTOYHUKOB DMII BHYTpH
V. K TakoBBIM OTHOCATCS YCJIOBHS: a) B3aWUMHOTO Pa3MEIICHUsS HCTOYHHUKOB
OMII, 6) npunannexxHoctu uctounukoB OMII obnactu V', B) HenepeceuyeHus
nctounnkoB DMII ¢ obnacTamu 3ampera k, eV(r=12,...).

Ecimn mexay ucrounukamu OMII S, u S, 3a1aH0 KpaTyaiiee pacCTOSHUE
[

;» MEX Iy uctounnkamu OMII S, v rpanuueit I' 001 V' - pacCTOSHUE /;, 8 MEXKIY

VCTOYHHUKAMU S, ¥ rpaHule k, 00jJacTu 3amnpera K, pacCTOSHHE [, , TO YCIOBHS
a), 0), B) IpeACTaBIIAIOTCS, COOTBETCTBEHHO, B BUJI€ COOTHOIIICHUI:

p,(5,.8,) =1, 20,(i = jsi,j =12,...m), (10)
AR\V,S,) -1 >0,(i=12,....m), (11)
p,.,(Sl.,k) 1”20(16[1 ml,t €[l, n]) (12)

rae R’ - TPEXMEPHOE €BKIMJIOBO IIPOCTPAHCTBO, p;,p;,p,~ KpaTdakiuue
PACCTOSIHUSA, COOTBETCTBEHHO, MEKY UCTOYHMKAMH S, U S, MEXAy I'paHULECH
I 00JI. V¥ W UCTOYHUKOM S,, M MEXKIy T'paHuled k, obiactu 3ampera K, u
HCTOYHHUKOM S, .

OrpanuueHuss Ha MECTOMNOJIOKEHHE HUCTOYHMKOB OMII B 001 V
MPEACTABIIAIOTCA HEPABEHCTBAMMU:

1y (xl(’),x2 X a, l,;/l,xl() xg'j),x(-j) a,, .,;//.;ll.].)ZO, (i;tj;i,j e[l,m]) (13)

¢(xfl)’x§l)7x§l)’az’ 1’7/1’ l)_ (l E[lm) (14)
771t(x1 "x2 ’xf(’al ’al’ 1’7/1’ lt) ( 1 m t E[l m]) (15)
B o6mem cinydae QyHKIMS LEJIM Z 3aBUCHT OT MCKOMOIO BEKTOpa M

MMpCaACTaBJICTCA KaK

A Z) = 205" X0, By x® P 2P, By

xfl)’xg)’xg ’ai’ﬂi’yi;"';xf )’xg )’xg )’am’ m’ym) " (16)

OO6murast onTUMHU3alMOHHAs 3a7a4ya Pa3MEIICHHUs] UCTOYHUKOB CBOJUTCS K
MOKUCKY dKcTpeMyma pyHkiuu 1ienu (16) ¢ yuerom orpanuuenuii (9) u ycnoBui
(13)-(15), T.e. K HAXOXKAECHUIO

Extr[;((Z)],Z ew, (17)

rae W - obnacte, onpenensemas cucreMoir HepaBeHCTB (9), (13)-(15).

N3 obmero Buga OCHOBHOM ONTHUMU3ANMOHHON 3amaun (17) MOXKHO
cleNaTh BBIBOJ, YTO MaTeMaTWdecKas MOJENb, aJICKBATHO OIKMCHIBAIOIIAs €e,
OTHOCHTCS K KIIACCY 3a[1a4 MATEMaTHYECKOro porpaMmupoBanust. B pesynbrare
perenus 3agaun Buga (17) ompemensercs BEKTOP Z, XapaKTepU3YIOMIUM
MECTOIIOJIOKEHUE UCTOYHUKOB B O0J. V.

Crnemyer OTMETUTh OCOOCHHOCTH OCHOBHOM ONTHUMHU3AIIMOHHOW 3a/1ayw,
BBITEKAIOIINE W3 ee oOiel MaremaTudyeckoi nmoctaHoBku (17). IIpocTpaHcTBO

99



rapaMeTpoB, B KOTOPOM HEOOXOJHUMO OINPEACIUTh IKCTPEMAIbHOE 3HAYCHUE
GyHKIUYU 1eTH ;((Z) OCHOBHOM 3aJ1au, UMeeT Pa3MEpPHOCTb 6 m, TJI€ m- YUCIIO

pa3MeIaeMbIX ICTOYHUKOB. B cilyyae OpueHTUPOBaHHBIX HCTOYHUKOB UCKOMBII
BEKTOp Z <R*. Ha npaxTrke oOliee YMCI0 UCTOYHUKOB m>>1, 3TO IPUBOIUT
paccMaTpHUBaeMbIi KJlacc 3a7a4 K 3aja4aM OOJIbIION pa3MEPHOCTH.

KomuuectBo HepaBenctB (9), (13)-(15), onuceBatomux 001acTh
ompenesieHuss W QyHKIUU LEIH ;((Z), 3aBUCUT KBAJIpPAaTUYHO OT YHUCIIA

pa3MeaeMbIX HCTOYHUKOB U PaBHO He MeHee yeM N = (0,5m)(m—1)+m(n+1)+ p,
IJIc m - YHACIO pa3MellacMbIX HMCTOYHHKOB, n- YHCIO OOJIacTel 3ampera
k(¢ €[L,n]), p- uncno orpanuuenuit na xapaktep DMIL.

Kaxxnoe nepaBeHncTBo Bujia (9) B 00111eM cilydae CBS3bIBACT HE MEHEE YEM
6m+4 mnepemeHHbix, a HepaBeHcTBa Buaa (13)-(15) ne menee 12 u 6
MEPEMEHHBIX, COOTBETCTBEHHO.

Orpanuuenus, HanoxeHHbie Ha OMII Buaa (8) unu (9), mpeacTaBIsIIOTCS C
MOMOIIbIO (PYHKITUI 7, CBOMCTBA KOTOPHIX BO MHOTOM OIPEACISIOTCS BUIOM
KpaeBo# 3amaun (5)-(6) u MeTooM ee pelieHusi. B ToMm ciydae, eciiu pelieHue
KpaeBoil 3a1aun (5)-(6) uieTcss OTHUM U3 BapHAIlMOHHBIX METOJIOB, HAIPUMEDP
MetoaoM Putiia, To GyHKIIMU T OpeAcCTaBisIOT COOOU pslibl, YWieHAMU KOTOPBIX
SABJISIIOTCS CTICIIMAIbHbIE (PYHKIIUU, UX BUJI M YUCIIO OMPEACNSACTCS TOYHOCTHIO
pEIICHUST KpaeBOW 3a1a4uu.

[Touck onTUMAIBHOTO pa3MmenieHus HUCTOYHUKOB OMII HeoOxomumo
OCYUIECTBJISITh HA OCHOBE PELIEHUSI COOTBETCTBYIOIIMX 33Ja4 MAaTeMaTHYECKOU
(bU3HUKH, TOCKOJIBKY Pe3yJIbTUPYIOIIEE MoJie TPynbl ucTOYHUKOB DMII 3aBucur
OT MECTOIOJIOKEHUST KaKJI0I0 U3 UCTOYHUKOB. Pazmenienue nctounnkos SMII
OCYILIECTBJISIETCS TIPU YYETE B3aUMOBJIMUSHUS TMOJEH MCTOYHUKOB. ITa
OCOOEHHOCTh TIO3BOJISIET CJHIeNIaTh BBIBOJI: pacCMAaTPUBAEMbIA KJacc 3aaad
OTHOCHTCS K 3a/ladaM ONTUMHU3AIMH CUCTEM MHOTOCBsI3HOTO ynpasienus [10].

OcHoBHas onTtuMHU3alMOHHAas 3amada (17) oOTHOcUTCA K 3amadam
ONTUMHU3ALUUN CHCTEM C PACHPENEICHHBIMH NapaMeTpaMu, MOCKOJIbKY OMII
OomHUChIBaeTCS KpaeBoil 3amaueit (5)-(6), ocHOBHOEe ypaBHEHHE (5) KOTOpPOI
apisieTca  auddepeHInabHBIM  YPABHEHUEM B YAaCTHBIX IPOU3BOJIHBIX.
CocTosiHUE yHpaBiIsieMOil cuCTeMBI ompenensercs GpyHKImaMHu T (X, X,,%;,t). B
KauecTBe yHpaBlstomeil BeicTymaeT QyHKIUS (X, X,,X;,t), XapakTepusyromas
pacnpeqieieHie HUCTOYHHUKOB B 00i1.) . OOjacTh JOMYCTUMBIX COCTOSTHUM
CUCTEMBI onpeensieTcs: KpaeBoit 3anaueit (5)-(6) 1 orpaHUYEeHUSAMH HA PYHKIUIO
cocTosiHus B BUiEe ycinoBui (8)-(9).

N3-3a TOrO, 4TO 1O YCJIOBHUIO NMOCTAHOBKM OCHOBHOM ONTHUMHU3ALIMOHHOMN
3a/layd MCKOMOM (DYHKIIMEH sIBNIsieTCs MpaBasi 4aCcTh OCHOBHOIO ypaBHEHHUS (5)
KpaeBoil 3amaun (5)-(6), ucciaeayeMmblili Kiacc 3aJad OTHOCUTCA K 3aJadam
MaTeMaTHYCCKOU (PU3HKHU.

VYuuteiBas, 4TO pa3MEIICHUE HCTOYHUKOB OCYIIECTBIISETCS C Y4YETOM
CUCTEMbl OTPAHUYCHHI, HAIOKEHHOW Ha KAUYE€CTBEHHbBIE WM KOJIMYECTBEHHbIC
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XapakTepUCTUKM TIOJIA, JAHHBIA KJacCc 3aJad MpUMBIKAeT K 3aJadam
UJCHTU(GUKAIIMH CII0KHBIX CUCTEM.

YToObI IpeioKUTh OOIIYIO CXEMY PEIICHUS] OCHOBHOM 3a/1auu, TpedyeTcs
nocTpouTh HepaBeHcTBa Buaa (9) u (13)-(16), T.e. HepaBEeHCTBA, ONPEALCIAIONINE
00JacTh JIONMYCTUMBIX pEUICHUN W, T.K. XapakTep 00JacTh (BBIITYKIOCTb,
BOTHYTOCTb; JIMHEWHOCTb, HEIMHEHMHOCTH, MU epeHIpyeMOCTs (GYHKIHUH,
ONPEAENSIONMX TOBEPXHOCTh 00JaCTH W, CBA3HOCTD U T.J.) HEIIOCPEACTBEHHO
BIIUSICT HA BEIOOP METOIOB PEIICHUS 3a/1a4H.

Anecopumm Hepeynaprnozo pazmewienun ucmounukoe IMII. 1lpu
MOCTPOCHUM alroputMma pemieHuss 3agaur (17) MOXKHO BOCHOJIB30BaTHCS
matepuanamu [4, 8]. OcHOBHBIE 3Tambl COCTOAT B (popmanu3anuu 3a7aduu; B
CHHTE3€ JOIYCTHUMBIX DPa3’MELIEHHI BEKTOPOB Z €W ; B IOHMCKE JIOKAILHOTO
AKCTpEMyMa; B Tepebope JOKAIbHBIX SKCTPEMYMOB; B BBIJICJICHUH TJI00AIBHOTO
3HaYeHUS (PYHKIUH [EIH U COOTBETCTBYIOIIEr0 BEKTOPA PasMELIEHUS Z .

Dopmanuzayusa 3ad0auu. MareMaTHYeCKHE TPYIHOCTH, CBSI3aHHBIE C
pacuetom OMII, o00ycnoBieHsl BHJAOM oOIEpaTopa ypaBHEHUS 3ajayd,
IPaHUYHBIMU U HAYaJIbHBIMU yCIIOBUSMH, TEOMETPUUYECKON (opMoit obnacTu, B
KOTOPOU MpenoaratoT pazMectutb nctounuku IMII, ux dopmoii u .1. Kpome
TOTO, U1 AHAJUTUYECKOTO NPEICTABICHUS OrpaHnyYeHnid Ha noseaeHue OMII
METOJ] PELICHUsI KpaeBOM 3a7auul JIOJHKEH MO3BOJIUTH MPECTaBUTh PEILICHUE B
BUJIE €IMHOTO AHAJIMTUYECKOTO BBIPAKEHHUS, BKIIOYAIONIETO TapaMeTphl
pa3MelIeHuss ICTOUHUKOB DMII.

B psape ciywaeB nenecooOpa3HO MPEACTABISATh PEIICHHE Ha OCHOBE
BApHUALIMOHHOTO MeTo1a Putiia.

Cunme3 oOonycmumulx pazmewieHuii. DTOT OTall PEHICHUS 3aJa4u
pekomeHayercs [8] pa3ObuBarh Ha JBa. DTO CBA3aHO C TEM, UYTO CHCTEMa
HEPaBEHCTB, OMMCHIBAIOLIAs 00JacTh W, COCTOUT U3 ABYX Pa3HbIX MO MPUPOIE
OTpaHUYCHHI: Ha pa3MmenieHne HCTOYHUKOB OMII B 001 ¥V u Ha
pe3yIbTHUPYIOLIEE TOJIE.

Yno0Hee Bcero HMCHOIB30BATh METOJ| MOCIEIOBATEIHHOTO OIMHOYHOTO
pa3MenieHuss  UCTOYHUKOB,  MO3BOJISIIOIIMKA  TOJy4YaTh  pa3MEIICHHE,
yaoBieTBopstoiiee orpaHudeHusm (13)-(15). Ero cynHocTs COCTOUT B TOM, YTO
KaQXIOMY U3 pa3MelaeMbix HICTOUHUKOB DOMII cTaBsiTCS B COOTBETCTBUE YMCIA
U3 HaTypaiabHOTO psiaa. CorjacHO MOCIEN0BATEIBHOCTH HOMEPOB MCTOYHHKOB
OCYIIECTBIISIETCS  pa3MmelleHue HUCTo4yHuKOB OMII no oanomy. Panee
pa3MelIeHHbIe HMCTOYHUKU CYUTAIOTCS HEMOJBM)XHBIMU C (DUKCUPOBAHHBIMHU
napaMmeTrpamu pasmernieHus. Kaxapiii ICTOUHHUK pa3MeIaeTcsl Tak, 4TO U3 BCEX
€ro BO3MOJKHBIX TOJIOKEHUN BBHIOMPAETCS TaKoe, MPU KOTOPOM BBITIOTHSICTCS
HEKOTOpPOE JOTMOIHUTEILHOE YCIOBHE, CBA3aHHOE ¢ OCOOCHHOCTSIMU PEIIaeMoin
3a/1auu.

[Ipumenenue cmocoba TMOCIEAOBATEILHO OJMHOYHOTO PpPa3MEIICHUS
n30aBisgeT OT HEOOXOJMMOCTH OJHOBPEMEHHOW TMPOBEPKU  BBITIOJIHCHUS
HepaBeHCTB (13)-(15). I[Ipu Takom criocobe pazMenieHus MPOBEPSIOTCS TOIBKO Te
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OTPaHUYECHHUS, B KOTOpPBIE BXOIAT mapameTpsl uctouHnkoB OMII. Hampuwmep,
€CAM OYepeqHbIM pa3MellaeMbiM  HMcTouHuKoM OMII  gBnserca  S;, To

OCYHICCTBIJIACTCA IMMPOBCPKA BBIITOJIHCHUA TOJIBKO HCPABCHCTB!
o, (X7, X0, )2 0,(i €[1j-1]),
‘PJ(XVIJ)ZO’ (18)
n(%,.0,)20.(¢ e[t.n)),

rie X ={x"x".x" &, 4,7} - BeKTOp TApPaMETPOB Pa3MENEHHOTO

ucrounuka DMII; X ;= BEKTOp MapamMeTpoB pa3MeIIacMOro UCTOUHUKA; S, [;, [,

, 1,- Kparyauiume JOIYCTHMBIE PAcCTOSHUA. BUIHO, YTO YMCIIO OrpaHMYCHHI
MEHBbIIIE, YEM paHee.

[Tocne pa3menieHus UICTOYHUKOB C ydeToMm orpanuuenuid (13)-(15) mnsa
HalIEHHOTO BEKTOpa Z OCYIIECTBIIAETCA pelleHne 3aaa4u (5)-(6). 31ech MOXKET
UCTIOJIB30BAThCSl TEHEPATOp MPOrpaMM, MO3BOJISIOMIMK pemiath 3amaun (5)-(6)
JUTst o0acTer crnoXkHou (popmMbl ¢ HAOOPOM TPAHUYHBIX YCIOBUH.

Iouck noxanvnozo sxcmpemyma. Metoauka KOPPEKIIUK BEKTOpa Z Kak
Ha DJTale MOUCKa Z €W, Tak W IIPU ONPEIECIICHUM JIOKAIBHOIO 3KCTpEMyMa,
3aBUCUT B OCHOBHOM OT KOHKPETHOW 3ajaur. B ciydae, ecnu meToauka
KOPPEKIMU BEKTOpa 7 HE IMO3BOJISAET HANTU BEKTOp Z €W, OCYLIECTBIAETCH
TEHEPUPOBAHKE HOBOM MOCIE0BATEILHOCTH PAa3MEIICHUS HCTOYHUKOB.

HM31105KEHHBIA CII0CO0 ITOMCKA BEKTOPA Z W JaeT BO3MOKHOCTD 331aBaTh
HayaJbHYI0 TOYKY ONTHMM3AlIMOHHOTO MPOIEecca B BUJE MOCIEI0BATEIbLHOCTH
TPYII TEPEMEHHBIX. JTO, B CBOIO OYEpE/db, IO3BOJISIET BCE MHOMXECTBO
pPa3JIMUHBIX 3HAYCHUM (QYHKIUU 1M CTaBUTh BO B3aMMHO-OJHO3HAYHOE
COOTBETCTBHE MHOXECTBY Il MEPECTAHOBOK 7, Ka)XKJas U3 KOTOPBIX COCTOUT U3
n4uCcen, TAe n <m, a m - YACJIO pa3MenaeMbIX UICTOUYHUKOB DMII. MHOXeCTBO
Il BO3MOXHO MeETpU30BaTh U MPOBOJAUTH MOCIEAYIOIINE PACCYKICHUS B
MIPOCTPAHCTBE MEPECTAHOBOK.

Ilepebop nokanvuvix Ixcmpemymos. 113-3a Toro, 4yto 3HaUeHUS QYHKITUN
LEeIM 3a7a4d 3aBUCAT HE TOJBKO OT MECTOMNOJIOKEHUS HCTOYHUKOB, a U OT
MOCJIEAOBATEILHOCTH WX Pa3MEIICHUs, B MPOLECCe MOKMCKAa PalMOHAIBHOTO
3Ha4YeHUs (YHKIMU [EJIH 3aJadyd  HeoOXOJUMO OCYIIECTBIATH Iepedop
MOCJIE0OBATEILHOCTH pPa3MEIICHUS HCTOYHUKOB, KOTOpas 3aKJIF0YaeTcs B
cieayromem [11]:

Ha mnepBoM osrame BbIOMpaeTcsi ciy4yaiiHas TIepecTaHoBKa 7, €11,
OCYILECTBIISIETCA TOUCK €W/ U BBIUUCIACTCS PALMOHAIBHOE 3HAYEHUE J,
byakuuu e y (16). 3atem ciyyaitHO BRIOMpAETCS HOBAsl MIEPECTAHOBKA 7, €
IT ¥ CHOBa BbIUUCIHsIETCS y, U T.A. [Iponecc mpopomkaercs 10 TeX Mop, Moka He

OyzeT HaliieHa IepecTaHoBKa 7, € I1, 1 KOTOPOH BBINOJHAETCS HEPABEHCTBO
Xi < (>)Z 0-
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B HOHY‘IGHHOﬁ NEPpECTAaHOBKE 7, cnyqaﬁHO MCHACTCA v YHCCI H
q)OpMI/IpyeTCSI HOBasg IIOCIICOOBATCIBHOCTL 7.

i+1°

BbIUKCISETCA §,,,. Ecimu
Zin <(>) % » TO B [IOCIICIOBATEIBHOCTH 7, CHOBA MEHSIIOTCSL MECTAMHU v 9HCEIl U

T.J. DTOT MPOLIECC 3aKAaHYMBAETCS MPU YCIOBUH, YTO MOJIyUEHA MEPECTAaHOBKA
7., €I1, U KOTOpOW y,,, <(>)yz,.
B3sB B KauecTBE HMCXOOHOW IOCIEIOBATEIBLHOCTH NEPECTAHOBKY 7T,

i+k Y

IIPOLIECC BBIYMCIIEHUS MPOJOJIKAETCS A0 TEX MOP, IOKA BEPOATHOCTD MOJIYYEHUS
JY4YIIEro 3Ha4YeHus (PyHKIMH LIEJIA CTAaHET JOCTaTOYHO MaJIOM.

Ecnu BEpOsITHOCTh MOJy4EHUS JIYUIIETO pe3yJibTaTa CTAHET JOCTATOYHO
MaJloi, 3a HaYaJbHYI0 IPUHUMAETCS MOCIE0BATENILHOCT 7;, B HEW CIIy4anHO

MEHSAIOTCS MECTaMHU Vv, <V 4YHCEeJ, M Mpolecc mnepedopa HayalbHBIX TOYEK
MPOIOJIKAETCA 10 TEX MOp, MoKa v, =1.

Buvioenenue 2100a1bH020 3HaYeHUusA dynkyuu uenu u
coomeemcmeyrwuiezo eekmopa pasmeuienus. Takum o0pa3oMm, peKopaHas
MepEeCTaHOBKa, IOJyY€HHAass HAa HEKOTOPOM JTale, BBIOMpAETCs B KayeCTBE
IIEHTpa OKPECTHOCTH OIpeNesIecHHOro paauyca. Ha craepyromem srame
dbopMUpYIOTCA TEPECTAaHOBKH, JIeKalue B 3TOM okpecTtHOocTH. [locnenyromiue
ATalbl OTJIMYAIOTCA JpPYyr OT JApyra paauycoM OKPECTHOCTEH, KOTOpPhIC
MOCTENEHHO YObIBatOT. KpoMe Toro, ¢ HayajaoM HOBOTI'O 3Tana IEHTP OKPECTHOCTH
MEPEHOCUTCS B TEKYIILYIO PEKOPAHYIO MTEPECTAHOBKY.

B npoiiecce mepebopa JOKAIBHBIX 3KCTPEMYMOB BO3HHUKAET BOIPOC O
MOMEHTE TPEKpAIllEHUs] PEUIeHUs 3aJadyd. JTO CBSA3aHO C TEM, YTO C
YBEIMYECHHEM KOJIMYECTBA MEPeOUPaEMBbIX UCXOAHBIX TOYEK CKOPOCTh PEIICHUS
3a/layd  CHUXKACTCS W TPU NPUOTIDKEHHH K TJIOOAIBHOMY JKCTPEMYMY
CTAHOBUTCS ONM3KOW K HYJIO. DTO 03HAYAET, YTO KaXKJ0€ HOBOE YMEHBIIICHUE
3HAauUCHHUA 1eJIeBON (yHKIUU TpeOyeT mepecMoTpa Bce OOJBIIEro KOJIMYeCTBa
JIOKaJIbHBIX JKCTpeMyMOB. IIpM 3TOM CyIIECTBEHHO BO3pacTalOT 3aTpaThl
MalHHOTO BpeMeHu. [1oaToMy B mporiecce perieHus 3a1a4uu He BCeraa yaaeTcs
ONPENIECIUTh BEJIMUMHY MPUOTUKEHUSI HAWJICHHOTO 3HaYeHUs: QYyHKIMN LeIu K
rJ100anbHOMYy. YUMTHIBasi CKa3aHHOE, ISl BBIPAOOTKH M MPOBEPKU KpUTEPHUS
OCTaHOBa B TMPOIIECCE pEIICHUs 3aJayd HEOO0XOIUMO MPEeAyCMOTPETh OJOKU
MPOBEPKU KPUTEPUEB TMPEKpaIllCHUs] TMOUCKA JOKAJILHOTO M TJIO0AIBHOTO
DKCTPEMYMOB. 3aMETHUM, UYTO MpU PEUICHUH KOHKPETHBIX 3a7a4 BO3HHUKAET
CUTyallds, KOIJla OIpaHWYCHHs, HAJIOKEeHHble Ha mnoBegaeHue OMII,
BBITIOJTHSFOTCSI TIPU JTIOOOM MECTOIOJIOKEHUH MCTOYHUKOB, YIOBIETBOPSIIOIITIX
orpanunueHusim (8), (13)-(15). B stom ciyuae 3anaua (5)-(6) cBoguTes K 3aaayde
pa3menieHus uctouHukoB DMII ¢ yueroMm Tonbko orpanndenuit (13)-(15), t.e. k
3aj1aue pa3MeIICHUs TeOMETPHUECKUX 00BEKTOB [8].

103



CHukeHHe pe3yIbTHPYOLIEeH MATHUTHON HanpsxkeHHocTH DMIT
ONTHMAJIbHBIM Pa3MelleHueM 3JIeMEeHTOB JJY

Ilocmanoeéka 3adauu. Ilyctb 3amaHa TpexmepHas oOjacte V,
OrpaHHYCHHAs B OOIEM cllydae dKpaHUpYIolei o0onoukoii (puc. 2). Buyrpu
00O0JIOUKH  HEOOXOAMMO OCYHIECTBUTH pa3MEIIEHHE 3aJaHHOTO  YHUCIIa
UCTOYHUKOB OMII S, ie€[l,m| Tak, YTOOBI MHUHHUMH3UPOBATH 3HAYECHHUS

MarHUTHBIX HAMPSDKEHHOCTEHN B 3aJaHHOM CUCTEME TOYEK P, (k S [1, p]) . IIpu sTom

ucrounukn OMII, uMmeroniue 3aaHHYI0 TE€OMETPUYECKYI0 (OpPMY, TOJKHBI
pa3MelaTbCsl Ha OIPEICICHHOM PACCTOSIHUM JAPYr OT JApYyra M HaxOIdUThCS
BHYTPH 00OJIOUKH.

Marematrdeckasi IOCTaHOBKA 33/1a4M COCTOUT B HAXOXKJICHUH [ 8]:

minmaxIjl(k)(xl(k),xgk),xgk),f), ZeW, k e[l,p], (29)
rae obnacTe omnpeaeneHus W QyHkiuu nenu 3agaun (19) onuceiBaeTcs
CJIEAYIOLIEN CUCTEMOM OIPaHUYCHUM:

goii(x](i)’xéi)’xgi)’al(i)’az(i)’aS(i);x](j)’xg/),xg.i)’al(/)’az(./),a3(j))2 0,4, e[l,m],i 4
(20)
6 (x50 29 a® o o) >0, (21)

7 = {xl(l) X0 a® eV eV x® X X a? o e

xl(m) ,xgm) , xgm) , al(m) , az(m) , a}(m)} ’ (22)

rae  x,x{”,x"- KOOpAMHATBI MECTONONOXKEHUS HCTOYHMKA S, ( €ro

II0JIF0CA) OTHOCUTENIBHO HEMOJBUKHOW CHCTEMBl KOOPAMHAT X,,X,,X;, )KECTKO

CBsA3aHHOM ¢ oOmacteio V) a,al”,a!”- yrabl opueHTaluM HMCTOYHUKA S,

OTHOCHUTEJILHO HETIOJBUKHON CHCTEMBbI KOOPIUHAT.

N3 anann3a nocTaBICHHOM 3aJ]a4d CIEAYET:

- Oynknwms nenu 3aaaydu (19) B o0miem ciryyae HeIMHEWHAs.
- Obnactp onpeencHus GyHKIMN 1IeTU B 00IIEeM clTydae MHOTOCBSI3HAS U
omuchIBaeTcs cucteMoit 0,5 m(m+1) +m HenuHeWHbIX HepaBeHCTB (20)-(22)
- PazmepHOCTB IpOCTpaHCTBA MapaMeTPOB, B KOTOPOM HIIIETCS SKCTPEMYM

dbyukiuu uenu 3aaauu (19), paBua 6m+3.

3anada (19) siBasieTcss MHOTOAKCTPEMAIBHOM.

[Ipu peureHnr NpakTUYECKUX 3ajay IesiecooOpa3Ho pa3douTh OOLIYIO
3amauay (19) Ha psa moa3amad. TO CBSI3aHO C TEM, UTO MOTPEOHOCTU MPAKTUKU
TPEOYIOT ONTUMHU3AIMN M KOHTPOJISI ONMPEACIICHHBIX COCTABJISIONINX BEKTOPOB
MarHUTHBIX HaIPsSHKCHHOCTEH.

B cnyuae, xorna HampaBiIeHHOCTh BEKTOPOB MAarHUTHBIX HAMPSXKEHHOCTEN
MOET OBITh MPOU3BOJLHOM, 3a7a4a (19) mpumeT BUA

minmax‘[j](k)(xfk),xgk),xgk),Z)‘, ZeW, k e[l,p], (23)
rme wepes |H"™|=H!" o06o3HaueH MOMYTH BEKTOPOB MATHHTHBIX
HanpsikeHHoctet OMII.
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Ecnu TpeOGoBaHMSIMU TMPAKTHUKKA OrOBOPEH KOHTPOJIb COCTaBISIOIIUX
BEKTOPOB MarHUTHBIX HANPsKEHHOCTEH, TO 3a1a4a (9.19) npuHuMaeT Bu

minmaxHi’;)(xfk),xé"),xgl‘),f), B=123, ZecW, k e[l,p]. (24)

B ciyuae HEOOXOAMMOCTH MHHHMMH3MPOBATH OJHY M3 COCTABJISIOIINX

BekTOpoB H", Hanpumep H!", Ipu KOHTpOIIe APYrHX B 3aJaHHBIX [PEJEax,
3agada (19) popmymnupyercs kak

minmaxHif)(xl(k),xék),xgk),Z), ZeW, k e[l,p] (25)

[Ipu 3TOM OrpaHMYEHHs HA JPYTHE COCTABIAIOIINE BEKTOPOB BBILIISIAT

CIIELYIOLIUM 00Pa3oM:

0< H)(Cf)(xl(k) ,xgk) ,xgk)) < Hif)(k) ) (26)

0< AW (xY, 219, x9) < HOW (27)

roe HOW, HY™- nomycruMble 3HAYCHHS COCTABISIIOLINX BEKTOPOB

MarHUTHBIX HAIPsHKEHHOCTEH.

3ameTuM, 4TO NP MOCTaHOBKE 3aja4yu Buaa (25) xk orpannyeHusiM (20)-
(22) nobasnstorcs orpanuucHus (26)-(27).

3amaya ympomiaeTcsi, €CiIM CTaBUTCS 3aJada O pPa3MEHIeHUHd OJHOTO
WMCTOYHHUKA OTHOCUTEIHHO OCTATBHBIX, CUUTAIOIINXCS HETIOIBYKHBIMU.

Ilocmanoeéka 3a0auu. Ilyctb wMeeTcs OrpaHMYEHHAs IMOJIHOU
KOOPAMHATHON TMOBEPXHOCTHIO 000JOYKa V', BHYTPH KOTOPOH PAaCIOJIOKEHBI
HemoABIKHO wucToyHMKH OMIT S, (i=1.2,...,N-1)- puc. 2 B BuUAE Te,

OTPAHUYEHHBIX TAKXKE TOJHBIMA KOOPJWHATHBIMM TOBEPXHOCTSIMU €
KoopauHaTol £ (B LEHTPax CHCTEM KOOPAMHAT HCTOYHUKOB).

Puc. 2. Uctounuku DMII BHYTpHU 3KpaHUpYIOIIEH 0007I0UKH

HeobGxonumo BHYTpHU 0O0O0JIOYKHM OCYIIECTBUTH pa3MeIlleHHE (BBIICIUTH
MHOKECTBO TOYEK BO3MOKHOTO MECTOMOJOXKEeHUs) ucrouHuka OMII S, Taxk,
YTOOBI CyMMapHbIC MATHUTHBIE HATIPSYKEHHOCTH TIOJIS B 33/ITAHHON CHCTEME TOUEK

P, ¢ KOOpAMHATAMU xf"’,x?,x?”(k e[, p]) HE TPEBLIIATN Hamepe 3aJaHHbIX
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BEITUYUH Fl(k)(k e[, p]). Kpome Toro, HeoOXOAUMO YUECTh YCIOBHS B3aUMHOIO

HEMepeceueHusl 00J1acTell MUCTOYHUKOB U OTPAaHUYEHHUS HA MECTOMOJIOKEHUE
00JacTH pa3MeIIaeMoro MCTOYHUKA BHYTpH 000JI04KH. [lepedncieHHbIe BhIIe
OTpPaHWYCHUS HMEIOT, COOTBETCTBEHHO, CIIeyroIInid B [12]:

77 i i i), aq(i). N N N rrik .
e x5 s A V) < HY Sk e[Lp]; (28)
ROIRG!
~2 2
0
~3 A3

gl.( f”,xgi),xgi);xl(N),ng),ng))2O,i e[l,n—l]; (D(Xi(N),XgN),XgN))ZO,

riae H- CyMMapHbIii BEKTOpP MAarHMTHOM HampskeHHoCTH; MY - BekTOp
MAarHAiTHOTO MOMEHTA TOJISI UCTOYHUKA S;; X,,X,,X, - TEKyIlHE KOOPIHHATHI,

x xW %) - KOOpAMHATBEI MECTOIONIOKEHUS LEHTPOB MCTOYHHUKOB (IIOJIHOCOB)

OTHOCHUTEJBHO HEMOJABUKHON CUCTEMBI KOOPAUHAT X,,X,,X;.

Jns  dopmanuzanuu  orpaHuyeHuid  (28) (Bompockl  popManzanuu
orpanuueHuit (28) paccMoTpeHsl B [8]) HEOOXO0AUMO MIPEACTABIATh CYMMAapHBIC
COCTABJISIONIME MAarHUTHBIX HAIMPSXKEHHOCTEW B 3aBUCUMOCTH OT TEKYIIHX
KOOpPJIMHAT U MapaMeTpOB pa3MELIEHUsI UICTOYHUKOB S, . OCYyIIECTBUM 3TO Ha

OCHOBE MeToAuKkH pacuera DMII cuctemMbl HCTOYHUKOB, PACCMOTPEHHOM paHee.
Memoo pewenus. Bekrop MarHuTHOM HaNpsHKEHHOCTH H CyMMapHOTO

OMII cuctembl ucTOuHHKOB S, (i €[I,N]), Haxomsmmxcs B Tpenenax

SKpaHHUPYIOLIEH 000I0UKH, MOKET OBITh OHpeieleH ¢ yuéToM Qpynkuuid W u
B3aUMOBIMSHUS K .
be3 Hapymienust o01IHOCTH peleHus ypaBHEHHE (4) MOXKET ObITh 3aIUCAHO
C yueToM (GYyHKIMI 0OpaTHOrO JEHCTBUS U B3aUMOBIIMSHUS 10 TAPMOHUKAM.
Ecnu ydectb, 4TO N —1 HCTOUYHUKOB HETIOABHKHBI OTHOCUTEILHO CUCTEMBI
KOOpAMHAT X,,X,,X;, TO COCTABIISIONINE BEKTOPAa MAarHUTHOW HAMPSKEHHOCTH
MPEICTaBIISIFOTCS KaK

HY = HO(xV, 6, xV) |, k e[L,p], f=123 (29)

*8
VYuuThiBas TakKe U TO, UTO CPABHEHHE BEKTOPOB MOKHO OCYIIECTBIISITH 10
UX MOAYJISIM TOJILKO B TOM CITy4ae, KOra OHU UMEIOT OJJHO U TO K€ HaIllpaBJIeHHUE
(paBHBI yIIIbl OpUEHTAIUH), OrpaHnyeHus (28) ¢ yueTom (29) MOXKHO 3amucath B
BUJIE:

‘Fl(k)(xfm 2 ) )‘ <|Fow)|, (30)
H)(c/;) (fo) xlV ,ng)) chj)(k) (31)

A9 (60,2 B ROk

rac




T.o., ocymecTtBieHa dopmanu3aius orpaHudeHuit (28) B Buje
cootrHomenut  (30), (31), a oOmas MaremaTU4yeckas  IOCTaHOBKa
paccMaTpuBaeMoOro Kiacca 3ajad IpHBela K CHCTEME, COCTosed u3 N +1
HEpPaBEHCTB U 3 p paBeHCTB. Pemienwe Takod cuCTeMbl B OOILIEM BUJE
3aTPYJHUTENIBHO, U TIOSTOMY Yallle BCETO ISl pEIICHUs MOJ0O0HOTO poja 3a1ad
MpeaIaraloTcs  CIeNUAIbHBIE TMPUEMbI, OCHOBAaHHBIE Ha  crenuduke
paccMaTpHBaEeMOT0 Kjiacca 3a1ad.

OmHuM U3 BO3MOKHBIX MyTEHW MOMCKA MECTOMOJIOKCHUS MCTOYHHKA JIJIS
cinydas, korga orpanuuyeHus (30)-(31) MMeEOT CpaBHUTENIBHO IPOCTOM BHI,
MOXKET CIYXXUTb METOJl JIMHEApU3alMKU IS PEIICHUs] CUCTEM PaBEHCTB WU
HepaBeHCTB [13]. 1 ero npuMeHeHust J0CTaTOYHO, YTOObI (PYHKIIUHU, BXOSIIIE
B cooTHoueHus (28)-(31), uMenu HenmpepbIBHBIE TPAIMEHTHI U YAOBIECTBOPSIIH
ycioBusiM Jlummmia.

BoiBOABI

[IpensioxkeHHpli moaxon K QopMupoBaHHi0 DY MOXKET O0Ka3aTbCA
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VJIK 612.06

T. . Baacos, A. B. PyOunckui

ITepBerit Cankt-IleTepOyprekuii rocyqapCTBEHHbIM MEIUIIMHCKUN YHUBEPCHUTET
uM. akagemuka . I1. [TaBiosa

(Canxkr-IletepOypr, Poccust)

SKCILTYATAIIUA TPAHCIIOPTHON CUCTEMBbI
«POCCUMCKHUH MATJIEB» I MEJIUKO-BHOJIOT HUECKHE
ACHEKTBI BE3OITACHOCTH

Hara nmoctymienus 30.05.2017
Pemenue o myonukanuu 26.10.2017

Annomayusa: B ctatbe IpoBe/IeH aHAIN3 MEIUKO-OMOI0rMUecKOd 6€30acCHOCTH
PE3yaBTaTOB pabOTHI IO MPOSKTHUPOBAHUIO M MOJICIBHO-TTA00PaTOPHBIM 3KCIIEPHUMEHTaM
TpaHcopTHOU cucTeMbl «Poccuiickuii Marsiesy.

Heab: YcraHOBICHHE JIOKAIlMM W YPOBHS TOJNEBBIX (U3NYECKUX XaPAKTEPUCTHK
BOKPYI OTCYECTBEHHOH MAarHMTOJIEBUTALIMOHHOW cucTeMbl «Poccuiickuii  Mariesy,
pa3paboTka HayyHO OOOCHOBAHHBIX MPEJIOKEHUH M  PEKOMEHJALUNA CaHUTapHO-
npopHIAKTHYECKOTO NMPoduIst, HEOOXOAUMBIX MPH MPOESKTUPOBAHUM U HKCILTyaTallUd CUCTEM
3alIUTHI, KOHTPOJIS U MOHUTOPHUHTA OMACHOTO BO3JCHCTBHS HEPATUAIMOHHBIX (PU3UIECKUX
HoJIeH Ha MaccakupoB, 0OCITYKUBAIOILUHI TEPCOHAI, IEPEMELAEMBbIH I'Py3 U SKOJIOTHUIO.

Metoabl: BbinonHeH 0030p COBpEMEHHBIX MPEACTAaBIEHUN O BO3AEHCTBUU
IIOCTOSIHHBIX ¥ HU3KOYAaCTOTHBIX MarHUTHBIX I1OJIE€H Ha YenoBeKa. M3ydeHsl U NpeacTaBiIcHBI
XapaKTEepUCTHUKU OCHOBHBIX MCTOYHMUKOB Bo3zeicTBus OMII Ha yenoBeka npu sKcCIIyaTauu
texHosiorun «Poccuiickuii Marsnesy. IlomydeHHbIe NaHHBIE CONOCTABJIEHBI C HOPMATUBHO-
TEXHUYECKUMHU JOKYMEHTaMH 10 00€CIeUYEeHUIO 3JIEKTPOMAarHuTHOM 0€30acHOCTH.

PesyabTarbl: bbuln  BBISBIEHBl TUTMEHHYECKHE TpeOOBaHUS 1O aOCOIIOTHBIM
BEJIMUYMHAM M  NPOAODKUTEIBHOCTH  JEHCTBUSL  HEOIArompusTHBIX  (PakTOpoB  Ha
JKEJIE3HOJOPOKHOM TPAHCIIOPTE, HEOTPAXKEHHBIE B AeiCTBYOMUX HHCTpYKLuAX u CanlInHax,
B CBSI3U C 3TUM JaHbl pEKOMEHIALIUU 110 Hanbosee 0e30MacHOMY Ul YeJI0BEKa pa3MEIIeHUIO
ncToyHuKoB MII, a Takke 3alUTHBIX CPEACTB B CAJIOHE DKUIIAXKA.

IIpakTnueckas 3Hauumocthb: [IpoBeneHa HeoOXoauMas MOATOTOBUTENbHAs paboTa
JUIS TPOBENEHUS] MEAMKO-OMOJIOTMYECKUX MCCIEOBaHUI B YCIOBUAX IOJIHOpa3MEpHOU
MOJIEIIN.

Knrouesvie cnosa: MaFHI/ITOJ'IeBI/ITaHI/IOHHBII\/’I TPAHCIIOPT, MOCTOAHHOC W MEPEMCHHOC
MAarauTHOC IOJIC, 3JICKTPOMAarHuTHasA 0€30ITacCHOCTb.

BBenenue

B Hnacrosimee Bpems B Poccum pasBUTMEM MArHUTOJIEBUTAIMOHHBIX
(MarnieB) TEXHOJOTHMW 3aHUMAIOTCSA KOJUIEKTUBBI HECKOJBKHUX POCCHICKHUX
opranmzauuii (HUNO®A, IITI'YIIC, HUY MAU, MUUT, np.), HO 10 cux mop
OTEUYECTBEHHBIE Pa3pa0OTKH HE BHIIIUIA U3 CTAAUA TPOCKTUPOBAHUS U MOJIETHHO-
71a060paTOPHBIX IKCTIEPUMEHTOB.
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[IpyunH Takoro NOJIOKEHUS HECKOJIbKO, OTMETHM Ha Hall B3IJIS]
HamOoJjiee  CYIIECTBEHHbIC:  HA  BEJOMCTBEHHOM M  PErMOHAJbHO-
MIPABUTEIILCTBEHHOM YPOBHE HET COTrJACOBAHHBIX JIEWCTBUUA M JOKYMEHTOB IIO
MEPCIIEKTUBAM pa3BUTUs MariieB TpaHCIIOpTa, HE ONpENEeH PEeUTUHT Marses
TEXHOJIOTHIA, HAMEUEHHBIX K pean3aluu, He pa3padoTaHa HOpMaTUBHAs 0a3a Mo
OOJBIIMHCTBY TMO3UIMA, HEOOXOMMMBIX IS KOMMEPUYECKOM JKCIUTyaTaluu
IIPOEKTOB, HE ONPENEJIEHbl HCXOJIHBIE JAHHBIE [0 CKOPOCTHOMY PEXKUMY
JNBUKEHUSA TOJBM)KHOIO COCTaBa, HE IPOBOJATCA HAYYHO-TEXHUYECKUE
UCCIICIOBaHMSI 110 M3YyYEHUIO BIUSHUS ONACHBIX M BPEIOHOCHBIX (PU3UYECKUX
(bakToOpoB, JCHCTBYIONIMX HA IMACCAKUPOB, OOCIY)XMBAIOIMIWNA TIEPCOHAT B
IKUMaXe, pabOTHUKOB WHQPPACTPYKTYPHBIX TOJpPA3ACICHUM, HACeICHHUS B
CeJIMTEOHBIX 30HAaX MpoJieranus Marines Tpacc.

B nuteparype, nmocBsieHHOM pa3paboTKaM pa3IudHBIX OTEYECTBEHHBIX
TEXHOJIOTUI W mpobiieMm MaryieBa, Mbl HE€ HalUIM YOEIUTEIbHBIX OIIEHOK
COOTBETCTBHSI PACUETHBIX [OKA3aTeNied HSKCIUTyaTAllHOHHBIX XapaKTEPHUCTHUK
ATOTO BUJA TPAHCHOPTA AEHUCTBYIOIIMM B CTPaHE CAHUTAPHO-TUTHEHUYECKUM
npaBuiam u HopMmam (CanlluH), cranmapram (I'OCT), npeneabHO TOMYyCTUMBIM
ypoBHsM (I1/Y) mo sHepreTHyecKuM U CHIIOBBIM (DU3MUYECKHM IapaMeTpam,
JPYTUM CaHUTAPHO-TEXHUYECKUM IOKa3aTesiM, IPOIMUCAHHBIM B HOPMATHUBHO-
TEXHUYECKUX JOKyMeHTax. Tak, B pabore [2], kak U B OOJIBILIMHCTBE €Wl
MOAOOHBIX, C IEIbI0 KOHCTATAIMU AKCILUTyaTallUOHHOW Oe3omacHOCTH Mares
TpaHcnopTa IPEICTaBIICHbI CpaBHUTEJIbHbBIE OLICHKHU pacyeTHBIX
uHTeHCUBHOCTEe MarHUTHBIX (MII) u snextpomarHutHbix (OMII) moseit B
cpelnax, OKpyXaroumx Oyayllyl0 OTeYecTBEHHyK MarieB Tpaccy ¢
CYLIECTBYIOLIEH MOJIEBOM OOCTAaHOBKOW B OOJBIIOM COBPEMEHHOM TOpOJE Ha
yIUIAX, B TOPOJCKOM TpPAaHCIOPTE, METPO, JKWIbIX M MPOU3BOJICTBEHHBIX
MOMEIIEHUsIX. be3 cChITOK Ha HICTOYHHUKY IPUBECHBI 3HAYCHHSI HHTEHCUBHOCTEM
m3nydenuss OMII  pasnuunbiME  paboTalOMUMKH  TPUOOpPAMU W WHIYKIUA
¢dbonoBoro reomarautHoro noss 3emau (I'MII). B pabote MHOr0 HETOYHOCTEH,
Harpumep, npusegeHo 3HadeHue ['MII, paBaoe 0,5 MkTn, XOTS U3BECTHO, YTO
BesmunHa ['MII He TOCTOSHHBIM mapaMeTp, a MPOCTPAHCTBEHHO-BPEMEHHAS
(GyHKUHMS, 3aBUCAILIASA OT MOJIOKEHUS TOUKU U3MEPEHHSI HA TOBEPXHOCTH 3€MIIH,
e€ 3HaueHust u3MeHAIoTCs B ipeaenax ot 42 no 70 mxTin [5]. Janee, ccpuiasce Ha
MHEHUE «PYCCKUX YYEHBIX» (He yKazaHo, Koro?), coobmaercs, uto [11Y MII
(MOCTOSTHHOTO M MEPEMEHHOr0) JUlsl accakxupoB Marnesa paBHo 2 MKTa. Orta
uHpopMaIusi TakXKe HEIOCTOBEpHa, T.K. JO CHUX TMOp OTCYTCTBYIOT
oTedecTBEHHbIE pernameHTapHbie HopMbl [IJY MII, OMII Ha TpaHCOpPTHBIX
CpeICTBaxX, a B 3apyOCKHBIX HOPMATUBHBIX PETJIAMEHTaX YKa3aHbl COBCEM
Jpyrue 3HaueHus: 00ecredeHnsi MAarHUTHON U AJIEKTPOMAarHuTHOW 0€301acHOCTH
[6,7]. IlomoOHBIE pa3HOUYTECHHS B OIEHKAX AKOJOTO-TUTHEHUYECKOTO BIIMSHUS
MarieB TpaHcOpTa Ha OPraHU3M YeJIOBEKa MPUCYTCTBYIOT B pab0Tax U APYrUX
aBTOPOB.
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B GonbpmmHCTBE OTEUECTBEHHBIX MYyOJUKAIUA aBTOPHI, i oleHku 1Y
Ha TpPaHCIOPTE, MPUMEHSAIOT HOPMbI, u3noxxkeHHole B CanlluH 2.2.4.3359-16
«CaHUTapHO-3MUIEMHUOJIOTHYECKUE TpeOoBaHUsl K (U3HUECKUM (aKkTopaMm Ha
pabouux MecTax», B KOTOPBIX MOATBEPKIECHO U3BECTHOE MOJIOKEHUE O TOM, UTO
BO3JICCTBHE TIOCTOSIHHBIX M IEPEMEHHBIX (DPU3MUYECKUX TMOJIEH HA YEIOBEUECKHil
OpraHu3M HE PaBHOLICHHO W B CBs3u ¢ 3TuM [IJ1Y mmsa pazmuunsix BugoB MII
OTJIMYAIOTCS 1O TpajalusM 30HbI OOJIydEHUS W DHEPreTHUUYECKOM O03bI: st
nocrossuHoro MII wmakcumanbHbIl mopor oOmiero oOiydeHus OpraHu3ma
orpanndeH BennunHoM 10 MTn, a mHAYKUMA MarHuTHOM coctaBisitoniein DMII
HHU3KOM YaCTOTHI, KOT/IA AJIEKTPUYECKYI0 U MATHUTHYIO COCTAaBJISIOIIME MOKHO
paccMaTrpuBaTh HE3aBUCUMO, Ha JIBa NOPsiIKa MeHbIIeH, pasHoi 0,2 mTo.

KoHeuHO, mpu nOpoeKTUpoBaHMM MarieB TpaHCIOPTa MPUOPUTETHBI
HHEPreTUUYECKUI aHAIN3 U ONTUMAJIbHbIE KOHCTPYKTUBHBIE U TEXHOJIOTUYECKHE
pemeHusi, HO 0€3 KOPPEKTHBIX 3KOJOTO-TUTMEHUYECKUX pPAacuéToB U
AKCHEPUMEHTAIbHON MPaKTUKH, HaKJ1a/IbIBaIOIIEH ONpEeICIICHHbIC
GyHKIHMOHATIBHBIE U KOHCTPYKTUBHBIE OTPAHUYCHUS HA TEXHOJIOTHIO, BHEIPEHUE
HOBOT'0O BHJIa TPAHCIIOPTA B KCIUTYATALlUI0 HEBO3MOXKHO.

Ha npenpiaynmx  KOHQEpEeHIMSIX 1O  MarHUTOJICBUTAIMOHHBIM
TpaHCIOPTHBIM cucteMaM u TexHosorusM (CII6, [IT'VIIC) u B smteparype [1-4]
OTMEYaJIaCh YHUBEPCATBHOCTD U MEPCIEKTUBHOCTh BHEJAPEHUS B IKCILTyaTalHIO
pE3yJIbTATOB  OTEYECTBEHHOIO TEXHOJOTMYECKOTro mpoekra «Poccuiickui
MarneB» - pa3paOOTKH TPAHCIIOPTHOM TEXHOJOTWU, PACCUUTAHHOM I
MIPUMEHEHUSI HA MEXIYTOPOJHBIX CKOPOCTHBIX MACCAKUPCKUX MArUCTPAISX CO
CKOPOCTHBIM pexumMoM 10 600 km/4ac W s TPY30BBIX KOHTEWHEPHBIX
NepeBO30K cOo CKOpOcThIo 10 400 km/gac.

B »5TOM TpaHCHOPTHOM TEXHOJOTMH IIPEIJIOKEHA JIEBUTAIMOHHAS
KOHCTPYKIIMSI B BUJI€ IIYT€BOU CTPYKTYpbI, COCTOSIIEH U3 MarHUTHBIX PEIbCOB
(MP), u3rotoBiieHHbIX U3 0JI0KOB MOCTOSTHHBIX MarHuToB NdFeB, coopaHHbIX 10
cxemMe Xanbbaxa, M YJIOXKEHHBIX BJIOJIb BCEH Tpacchl, MarjeB Telexek,
coJiep KallluX aHaJOTUYHBIE OOPTOBBIE OJ0KM XaiabOaxa (BO3MOKEH BapHaHT —
BMECTO OJIOKOB TIOCTOSSHHBIX MAarHMUTOB MCIOJIb30BaTh OJIOKM OOBEMHBIX
BBICOKOTEMIIEPATYPHBIX CBEPXIIPOBOJIHUKOB 2-0TO TMOKOJIEHUS]) U TATOBOM
CUCTEMBbI, MIOCTPOEHHON Ha 0a3e JuHeHoro cunxponHoro asuratens (JICI) ¢
pabounmMu dJIeMEHTaMu, pa3MEelIeHHBIMUA B MYTEBOM CTPYKTYpPE BAOJb TPACCHl U
B kunaxe. [Ipemyiaraemas cuctema 1eMCTBUSI MArHUTHOTO MTOJIBECA OCHOBAHA Ha
B3aMMOJICHCTBUU TMOTOKOB MArHUTHBIX TIOJIEM OT TOCTOSHHBIX MAarHUTOB
(MaccuBoB Xann0axa), pa3MelIeHHbIX Ha OOpTy skumnaxa u B MP. M3BecTHBI
BapHUAallUM 3TOM TEXHOJOTHH C UCHOJIb30BaHWEM BMeCTO MP pa3roHHbIx cucreM
U «PEAKTUBHON» IMOJOCHI U3 BHICOKOMPOBOIAIIETO METAJIJIa, BMOHTUPOBAHHOU B
IyTEBYIO CTPYKTYPY.

B paborax mno mnpoekty «Poccuiickuit MarneB» cooOmaercs o
TEXHUYECKUX pa3padOTKaxX W IKCIEPUMEHTATHLHO-MOJEIBHBIX HUCCIICOBAHUSIX B
00JIaCTH TOMCKA ONTHUMAIBHBIX KOHCTPYKTHUBHBIX DPEIICHHW, HO OTCYTCTBYIOT
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MOAXOJbl M IUIAHbI IPOBEAECHUSA 3KOJIOrO-TUHTHEHUYECKUX HCCIIECIOBAHUMN IS
OLICHKM TIOJIEBOM O€30MaCHOCTH TMpeJjIaraéMblX KOHCTPYKTHBHBIX BapHAHTOB.
HeT KOHKpETHBIX pe3yibTaTOB MOJOOHBIX MCCIEIOBAaHUNW U B 3apyOEKHBIX
U3IAHUSAX, COJEpXAIIMX AaHadu3 U HWTOTM KOMMEPUYECKON HSKCIUTyaTalluu
pa3IuyHBIX TeXHOJorul Marnesa [6,7].

[lenpro HacToALEH padOTHI SABIIAETCS YCTAHOBJIEHUE JIOKAMUA U YPOBHS
MOJIEBBIX buzrgecKux XapaKTePUCTUK BOKpPYT OTEYECTBEHHOM
MarHUTOJICBUTAIIMOHHOM cucTemMbl «Poccuiickuii MarneBy, pa3paboTka HayqIHO
000CHOBaHHBIX MPEIOKEHUHN U PEKOMEHIAITNN CAHUTAPHO-TIPOQUIAKTHIESCKOTO
npodwiiss, HEOOXOAUMBIX TPU TPOCKTUPOBAHMHM W DKCIUTyaTallUd CHCTEM
3alUThI, KOHTPOJSI U MOHUTOPUHTA OMAacCHOTO BO3JCHCTBUSI HEpPaIUAIlMOHHBIX
buznueckux  ToJIeW Ha  [acCaXUpOB,  OOCITYKMBAIOIIMWA  MEpCOHA,
MEPEMEIIAEMBIN IPY3 U FKOJIOTHIO.

COBpeMeHHLIe NpeaACTaBJACHUA 0 METOAOJOINU U3YUYCHUA BO3IleﬁCTBHH
NMOCTOSIHHBIX M HU3KOYACTOTHBIX MATHUTHBIX 110JIeH HAa YeJIoBeKa

OTcyTcTBHE  TOJHOLEHHBIX  AKOJIOTO-MEIUIIMHCKUX  HMCCIEAOBAHUMI
0e30omacHOM H3KCIUTyaTallud MarjieBa MOXKHO OOBSACHHUTH PACIPOCTPAHEHHBIM
CTEpPEOTUINIOM 00 ajanTaiy 4YejJoBeKa K BO3JCHCTBHUIO MArHUTHOTO MOJS: 3a
JOJITO€ BpEeMs HBOJIONUU (DU3HMOTOTHYECKUE (PYHKIIMM OpTraHU3Ma 4YeloBeKa
npucnocoomwmch k BozaeicTButo ['MII, comHeyHbIM U 3€MHBIM MarHUTHBIM
aHomaiusiM, TexHoreHHeiIM MII u mp. Kpome Toro, B paHHuX paboTax Mo
uccnenoBannto BiugHUs MII u OMII Ha xuBble OpraHusMbl, H3-3a
HECOBEPIICHCTBA WHCTPYMEHTAIBHOW 0a3bl, OBUIM TOJYYEHBI JaHHBIE, YTO
ypoBHU nocTostHHOTO MII mHaykuueit 1o 2 Ti. He OKa3bIBalOT CYIIECTBEHHOTO
BIUSIHAS Ha OCHOBHBIC TMOKa3aTedn (YHKIMOHAJIBHBIX CHCTEM OpraHu3Ma
JKUBOTHBIX M YeJiOBeKa. B CBsI3u ¢ 3TUM J0Jroe BpeMs CUHUTAIM, 4YTO
uckycctBeHHbie MII, mpuMeHsieMble B TPOMBIIIICHHOM MPOU3BOJICTBE, HAYKE U
TEXHUKE, MEIUIIMHCKON (U3UOTEPANeBTUUECKON MPAKTUKE U TUATHOCTUYECKUX
uccnenoBanusix AIMP, MPT 6e3spennsi [9,10].

Onnako B Jpyrux, Oojee COBPEMEHHBIX JIMTEPATypPHBIX HCTOUYHHKAX
[11,12] cooOmaercs, 4To NaTOJIOTMYECKOe JeHCTBUE HA YEJIOBEKA OKA3bIBAIOT HE
Tonbko cunbHbie (B > 1,5 Ti.) nocrosuasie MIT, Ho u cpeanue (5*1072- 1,5)Ta.,
a Taxxke cnadsie (102 - 5%10°) Tu., cousmepumbie ¢ T'MII, u gaxe cBepxcnabbie
(B<107 Tu), o1HAM U3 MEXaHU3MOB JEHCTBHS KOTOPBIX CUUTAOT YCUIICHUE WK
ocnabnenne ['MII B paccmaTpuBaemoii Onocucreme.

Hert cornacoBaHHbBIX JaHHBIX U B UCCJIEAOBAHUSAX BIUSHUSA CTPYKTYPHO
pazHooOpaszupix BumoB MII  (mocTostHHOE, TEpEeMEHHOE, OJHOPOJHOE,
JUCKPETHOE, TPaTUEHTHOE, KOMOWHUPOBAHHOE) HA OpPraHW3M 4YEJIOBEKa H
JKUBOTHBIX.

CoBpeMeHHbIe npeacTaBiiecHUs: 0 BaugHUM MII Ha yenoBeka COCTOSIT B
CIEYIOIIEM: HECMOTpPS Ha TO, YTO B YEJIOBEYECKOM OpPraHuW3Me€ HET
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CHEIUATN3UPOBAHHBIX MarHUTOPEUENTOPOB - 00pa30BaHMM, HEMOCPEACTBEHHO
pearupytomux Ha MII, - ¢usnosornyeckue CUCTEMBbI KUBOTO OpraHu3Ma
Ype3BbIYAHO YyBCTBUTEIBHBI K BO3JICHCTBUIO MMOCTOSHHBIX U niepeMeHHbIX MII
B BEChMA LIUPOKOM JUANA30HE aMIUTUTY U YacTOT.

K nacTosiiiemy BpeMeHHM U3BECTHO OOJBIIOE KOJIWYECTBO MyOJIUKAIU C
OLICHKOW W TPaKTOBKOM pe3yJbTaTOB OMOJIOTMYECKUX HCCIEIOBAHUM MO
BompocaM (YHKIIMOHATBHOTO BIWSHHUS W MeXaHW3MoB neiictBus MII Ha
paznudHble  (HU3UOJOTHUECKHE TMPOIECChl. B HUX COAEPKHUTCS OTPOMHBIM
DKCIEPUMEHTAJIBHBIA MaTepHAJL, JOKa3bIBaomMi Bo3aericteue MII Ha yenoBeka
B IIMPOKOM JHWANa30HE HWHTEHCHUBHOCTEM W  4YacCTOT, MPEIJIOKEHBI
MPaBAOMOA00HEIE OOBSICHEHUSI HAOTIOJAEMbIX SIBIICHUH HAa OpPTraHU3MEHHOM
YPOBHE, C NMpUBJIeYeHUEM HHPOPMAIIMOHHON, OMOMEMOPAaHHOM U Jp. TUIIOTE3, HO
OOIIETPUHATOT0, OKOHYATEILHOTO OTBETA HA BOITPOC O MEXaHMU3MaX BO3ACHCTBUS
MII Ha yenoBeka 10 CUX IOp HET.

B 3akiroueHue JaHHOrO paszgena MEPEYUCIMM HHTEIPUPOBAHHBIC
OCHOBHBIE PE3YJIbTAThl MEJUKO-OMOJIOTUYECKUX UCCIIEAOBAHUM, MMOTYyUYEHHBIX Ha
OOJBIIIOM KOHTHHIEHTE paOOTHUKOB, 3aHATHIX B CpellaX, Harpy>KEHHbIX
IOCTOSHHBIM/TIepeMeHHbIM MIT cpenneii narencusnoctr (102 - 1) Tow

Cuuraercs, 4To HamOoJiee UyBCTBUTENbHBI K Bo3zaeicTBuio MII sToro
JIAana3oHa peryIsTOPHBIE CUCTEMbBI OPTaHU3MAa - HEPBHAsA, HEUPOIHAOKPHUHHAS U
ceplieyHo-cocynuctas. @opMbl MPOSIBIECHUSI CUHAPOMOB — pa3Hble, Hanbosee
4aCTO — HEBPACTCHUYECKUM CHHIPOM C BETE€TATUBHBIMU JUCPYHKIHUSIMU U
HEHPOLMPKYISTOPHBIMU pPAaCCTPOMCTBAMHU, TJIyOMHA U CTOMKOCTh KOTOPBIX
ONpPEAEHSACTCS  MOIJIOMIEHHOW  JKCMO3MIMOHHOM  J1030M. Psam  aBTOpOB-
KapJIMOJIOTOB HAOMIOJaNM YBEIUYCHHE CHUCTOJIUYECKOTO M JIMACTOIMYECKOTO
apTepuaIbHOTO JABJIEHUS, BapuaOeIbHOCTh YaCTOTHI CEPACUHBIX COKPAIICHUH,
U3MEHEHUS] B MHUHYTHOTO OOBE€Ma KpPOBH, MATOJOTUYECKUE HAPYIICHUS B
muarpammax OKI', kKIMHHUYECKMX aHanu3aX KpPOBU (CHIKEHUE KOHIEHTPAIUH
SPUTPOIUTOB, TEMOTIIOONHA, YMEPEHHBIN JICHKOIIUTO3).

B obGmactu cumnroMatuku mpeobiiagany kamoObl Ha TOJOBHBIE OOJH,
ITOBBILICHHYO YTOMJISIEMOCTb, pa3apaxXuTEIbHOCTb, CHUJKCHUE
paborocniocoOHOCTH. B uuncne JIaTeHTHBIX TOCHEACTBUI -  pa3BUTHE
OHKOJIOTMYECKMX HOBOOOPA30BaHUM, JI€IKO3bl, TOPMOHAJIbHBIE MMATOJIOTUH.

B psage paboT, TMOCBAIIEHHBIX CPAaBHUTEJIBHOMY  HCCJICIOBAHUIO
BO3JICUCTBUS HU3KOYACTOTHOTO M TMOCTOSSHHOrOo MII Ha opraHusm 4yenoBeka,
cooO1aercst 0 60JbIIEM PUCKE PA3BUTHSI OTMEUEHHBIX MATOJIOTUH NIPU JIEUCTBUN
CPaBHUTEJILHO MEHEE HHTEHCUBHOTO TIepemeHHoro MII1.

Pe3yabTaThl HCCIeA0BAHUA XaPAKTEPUCTUK OCHOBHBIX HCTOYHUKOB
3JIEKTPOMATHUTHBIX MoJieil B TexHoJa0ruu «Poccuiicknii Marses»
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[IpakTH4YeCKH BCE COBPEMEHHBIE TPAHCHOPTHHIE CPEACTBA OCHAIICHBI
CJIOHBIM CHUCTEMHBIM SHEPreTHUECKUM U UH(OPMAIIMOHHBIM 000PY/I0BAaHUEM,
NOTPEOIISIONIEM U U3TYUYaAIOIIUM SJIEKTPOMArHUTHYIO SHEPTHIO.

Ha MarHUTOJIEBUTAIITUIOHHOM TPaHCIIOPTE, MIOMUMO
BBICOKOHEPr€TUYECKUX YCTAHOBOK MAarHMUTHOT'O MTOABECA U TATOBOTO JIBUTATEIIS
HIUPOKO MPUMEHUMBI YCTPOMCTBA C BJIEKTPOHHBIMU U DJIEKTPOTEXHUUYECKUMU
AJIEMEHTAMH CBS3HU, YNPABJICHUS, aBTOMATUKHU, pab0Ta KOTOPBIX COMPSIKEHA C
uzinydeHuem OMII pa3nuuHONM MHTEHCHUBHOCTH, YacTOTHI, HAPaBIECHHOCTU B
OKpY’Karouiee MpoCTPAHCTBO.

Takum o0pa3zoM, maccaxupbl MaryeBa, 0OCITYKUBAIOIIUM TEpCOHANT B
DKUMAXKaX, TEXHUYECKHUE PAOOTHHKH, BBIMOJHAIONIME PEMOHTHBIE U
npoduiiakTHaeckue paboThl Ha Tpacce, B MHPPACTPYKTYPHBIX MOJIPa3ICICHUSX,
IIOJBEPTarOTCs BO3/ICIICTBHIO HEUOHU3UPYIOLIUX AIEKTPOMArHUTHBIX
W3JIyYEHU, BETUYMHA U BO3/IEHCTBUSA KOTOPBIX MOKET CYIIECTBEHHO MPEBHIIIATH
[IAY wu xpuTuyHylo i OpraHu3Ma 4YeJoBeKa J03y TMpeObiBaHUS B
HEeOJIaronpusiTHOM 30He, HAHOCUTH BPEJI €r0 3I0POBBIO.

OcHoBHBIMM HCTOYHMKaMU mNocTOAHHBIX MII B canone «Poccuiickoro
MarneBa» SIBISIOTCS MacCUBBI Xalib0axa, KOHCTPYKTUBHO BXOISIIUE B COCTaB
JICBUTAIMOHHON CHUCTEMBI, pa3MEIEHHbIE MO/ JHUIIEM SKHUMaXa U B IMyTEBOU
CTPYKType MarHuTHoro penbca (MP).

Kpome Hux, 00JIbIION BKJIAJ B MOJIEBYIO HArpy3Ky cCajJloHa 3KUIaxa U
MPOCTPAHCTBA, OKPYXKAIOIIETO TpacCy, BHOCUT pabOoTa MOIIHON TITOBOM
cuctembl JICJ[, BkitOHaromas CcTatop - aKTUBHYIO MYyTEBYID OOMOTKY,
pPa3MEILEHHYIO TI0 BCEU JIMHE TPacchl U poTOp (OEryH) - MarHUTHYIO CUCTEMY,
COCTaBJICHHYIO U3 OJIOKOB Xanh0axa, pa3MeIIeHHYI0 Ha O0PTY dKHUMaxa.

[TyTeBas 0OMOTKa Ipe/ICTaBIsACT COOON CHUCTEMY KOHTYPOB, YI0KCHHBIX B
MyTEBYIO CTPYKTYPY € MEPUOAOM T, CO CABUHYTHIMU OTHOCUTEIBHO JIPYT Apyra
dba3HpIMM  TOKaMH. OTa CHCTEMa KOHTYPOB CO3/a€T IEPUOJAUYECKOE
CUHYCOUJIATTbHOE paclpe/ielieHIe TOKa BI0JIb TPACChl (MJIM YYaCTKOB TPACCHI), a
B utore - 6erymee MII.

Potop - 6opToBast MarHuTHas cucreMa Xajab0axa - coOpaH U3 MarHUTHBIX
omoxor NdFeB, pazmepom 50x50x500 MM, 1 3a cUeT B3aUMOJICHCTBUS C OCTYIIHM
MII craTopa obecrieunBaeT ABUKEHUE DKUIMAXKA CO CKOPOCTHIO, 3aBUCSIICH OT
4aCcTOTHI MUTAHMS MyTeBOM 0OMOTKU: V = 2+ f - T.

Jpyrumu nCTOYHUKAMU HEOIaronpusSTHRIX Harpy304HbiXx DMII B axunaxe
U B 30HE MPOXOXkACHUsI Maryiesa sIBISIOTCA U3JIyYEHUs, CO3/1aBAEMbIE B CaJIOHE
anmaparypol  ympaBlieHWsS U CBsI3d, KaOensMu C TOKOM, IIIMHAMH
pacnpenenuTeNnbHbpIX MUTOB, MoHUTOpamu IIK, mpouum oGopymoBanuem. B
HaIlleM HWCCICIOBAaHUU OTPAHMYMMCS HW3YYEHHUEM TOJIeBOM Tomorpaduu
MOCTOSTHHBIX U MEPEMEHHBIX MAarHUTHBIX T0JIEH, 00pa3yeMbIX JIEBUTAIMOHHON U
TSITOBOW CUCTEMAMHU.

YpoBuu unaykiuu noctossunoro MII B skunaxe (tTabiuia 1) oneHuBanu
10 DKCIIEPUMEHTAIBHBIM JaHHBIM, OJYYEHHBIM B PE3yiIbTaTe 3aMepa UHIAYKIIUU
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B OKpykeHuHu Oyioka Xanpbaxa npuoopom @ 4354/1 (morpemHoCcTh U3MEPEHUM
no 2,5%). VYpoBHu wuHaykuuu mnepemenHoro MII craropa (Tabmuma 2)
paccuutbiBa)IA Teopernyecku 1o moaenu JICJ, onucannoit B [2]. IIpu 3ToM B
pacyeT  3aKJaJbIBalM  ONTHUMAaJbHblE  KOHCTPYKIIMOHHO-DHEPreTUUYECKUE
napametpsl mpoektupyemoro JIC/I:

1. usmenenue ckopoctu kumnaxa ot 0 go 111 m/c (400 xm/9ac);

2. momocHoe  geneane T =0.5-m-h =0.2mM., cooTBeTCTBYIOIIECE
MOJIYYCHUI0 MAKCUMAJIbHOM TATH JBUTATENS] U ONTUMAIBHOTO MO BEJIUYHMHE

JeBUTaMOHHOro Kimperca h = 0,13 m.;

3. wacrota Oerymero MII f = % = 2.5-V (I'n).

4, pa3MerieHre W JJICKTPONUTAHWE CHUCTEMBI TpeX(a3HbIX KOHTYpPOB
OOMOTKH CTaTtopa COOTBETCTBYET J(PGHEKTUBHOMY  pEXUMY  TEHepaluu
rapmonnyeckoro Oerymero MII npu ontumanbHoMm TaroBoMm ycuiauu JIC]I

(pa3nas cuna toka I = 2.5+ 103A. , nanpsoxenue U = 2.85 - 103B).

Tabmuma 1. OxcnepumeHTanpHble 3HaueHuss B:; — cocraBisiomeil HHIyKIUU
nocrossHHOoro MI1, okaiimisgromnero 0ok Xaap0axa.

Z, M B, mTn
0 800
0,1 40
0,2 5

Z —oCbh, OPTOTOHAJIbHASI TOBEPXHOCTH MAacCHMBa XanbOaxa, HamlpaBlIieHa B CTOPOHY
CaJlOHa HSKHMaxa

Tabnuma 2. PacuérHblie 3HaueHus Bz — cocraBmsitomeid nHaykuuu nepemensoro MII

c¢raropa.

Z. M B, MmTn
0,1 300
0,2 180
0,3 61
0,4 13
0,5 3
0,7 <1
Z - ocb, OPTOTOHANIbHASL TTYTEBOM CTPYKTYpPE CTATOpa, HAIIPaBJICHA B CTOPOHY CalloHa
JKHUITaKa
AHanmuzupys AKCIEPUMEHTAIIBHO-PACYETHBIE pE3YIbTaTHI,

Mpe/ICTaBICHHBIE B Tabmuiax 1,2, MpuxoauM K BEIBOY, UTO BO BPEeMsl IB>KCHUS
COCTaBa TACCAXUPCKUN CaJOH BaroHa «Harpy»Xaercs» KOMOWHHUPOBAHHBIM
(mocTosiHHBIM U niepeMeHHbIM) MIT uHayKIKel CyleCTBEHHO MpPEBBIIIAOIIEH
JICUCTBYIOIIIME B HACTOSIIECE BPEMSI CAHUTAPHO-IMUIECMHUYECKHUE HOPMBI 110
MOCTOSSHHBIM M TnepeMeHHbIM MII B Mectax HaxoxaeHus moaeit (CanlluH

2.2.4.3359-16).
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Kpome Toro o4eBHIHO, YTO MO IKCIUTyaTallMOHHBIM, TEXHOJIOTUYECKUM U
ap. obcrodrenbcTBaM MaruieB moess Oy1eT JBUraThCs [0 Tpacce HEPABHOMEPHO,
T.€. €r0 MIHOBEHHAs CKOPOCTb OYyJET NEpPEeMEHHON BeaMunMHON. Bpime ObLI1O
yKa3aHo, 4To ckopocTs JICJI cBs3aHa IpsIMO ITPOIIOPLIMOHAIIBHON 3aBUCHMOCTBIO
C 4aCTOTOW MUTaHUsI OOMOTOK CTAaTOpa, CJIEI0BATENIbHO, IPOHUKAIOIIEE B CAJIOH
HeOnmaronpusiTHoe KomOuHupoBanHoe MII, Oynmer uMeTh HeCTalMOHAPHBIMA
(croxactuueckui) xapakrep. B nelictBytomem pernamente  CanlluH
IIPOHOPMMPOBAHBI JOIIYCTUMBIE ITaApaMETPhl UHAYKINHU ITepeMeHHbIX MII.

B wmonepuusupoBanHoii Hamu Tabnuiie 3 T1OKa3aHbl JOMYCTUMBIC
3HAQYEHUS MAarHUTHOM MHAYKINU IepeMeHHOro MII B 3aBHCMMOCTH OT 4aCTOTBI
NUTaHUs CTATOPHOM OOMOTKH (CKOPOCTH JBHKEHHUS SKUIIAXA).

Tabmuna 3. KoHTposibHble (AOMYCTUMBIE) YPOBHU IEPEMEHHBIX MArHUTHBIX TOJEH
(cpenHekBaApaTUYHbIC 3HAYEHUSI MArHUTHOTO TI0JIs).

Jlnamazon yacror, f Cxkopocts , V MarnutHas uHaykuus, B
(T'm) (m/c) (MTn)
<1 <0,4 40
1-8 0,4-3,2 40-5
8-25 3,2-10 5-0,2
25-280 10-112 0,2-0,02

Takum 00pa3oM, cpaBHMBas IKCIIEPUMEHTAIbHBIC JaHHBIC, PE3YJIbTAThI
pacuétoB u II/Y, mnpencraBienHsie B Tabnuuax 1,2,3, moiydaem, 4YTO
MIPOHUKAIOLIEE B BUPTYAJIbHBIM CcallOH Jkumnaxka «Poccuiickoro Marnesay
KOMOMHUpPOBaHHOE HecTaumoHapHoe MII, Ha HECKOJIBKO MOPSIAKOB MPEBBIIIEHO
10 a0COJIFOTHOM BEJIMYMHE UHIAYKIIUU U UHTEHCUBHOCTH.

OpHako 10 HACTOSILIEr0 BPEMEHM HE peleH BOIpoc 00 YpOBHE
MIEPEHOCUMOCTH ¥ aJanTalMOHHBIX BO3MOXHOCTSX OpPraHM3Ma 4YeJoBeKa IpU
MONAJaHNH B 30HY CTOXaCTHYECKOM M3MEHUYHMBOCTH IEPEMEHHOTO MAarHUTHOIO
nonsi. Jns ero pemieHuss HEOOXOIMMO TIPOBECTH IOJIEBBIE MOJEINIbHBIE
skcriepuMeHThl B okunaxkax c¢ JICJ[, paboramommx B peXUMe pas3roHa,
NOJIEpKAaHUSI CKOPOCTH, TOPMOXKEHHA. M3 u3BecTHBIX HaMm mpodeccuid, B
MOI00HOM aHTypa)ke MarHUTHON HECTAOMJIBHOCTH C JUIMTEIBHOM IKCIO3UIIUEH
paboTalOT MAIIUHUCTHI (BOAUTENN) TPAHCIOPTHBIX CPEJACTB B KOHCTPYKIIMH
KOTOPBIX TIPETYCMOTPEH AIEKTPOABUTATENb. J[J1s Tako#t kaTeropuu pabOTHUKOB
NPEAYCMOTPEHbl IJIAHOBbIE MEAMIIMHCKAE OCMOTpbI, peaduIMTaluOHHbIC
MEpOIPUATHS U JIP.

C y4eToM KOHCTPYKTHUBHBIX 0COOEHHOCTEe MarneBa (Majgoe paccTosiHue
OT JIHUIIA BaroHa 10 MarHUTHOTO peJibca, Crielru(prKa MarHuTHOTO JBUTATENS,
KOHCTpYKTUBHBIE ocoOeHHocTH JIC/] 1 mip.) MOKHO mpeAnoararb, YTo B TaKUX
xKe U Jaxke 0oJiee HEOIAronpUsITHBIX YCIOBUAX OYyT HAXOAUTHCS MACCAKUPHI U
o0CITy>KMBAIOITUI TIepcoHa paccMaTpuBaeMoi TexHosioruu Marnesa. [Toatomy,
Jake Ha CTaJuu MPOEKTHPOBaHMs, HEOOXOOUMO MpPEeIyCMOTPETh OJWH U3
BApMAHTOB WJIM KOMOWHAIIMIO TEXHUYECKOW  3aIUThl, COYETAIOIIYIO
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KOHCTPYKTHUBHBIC METO/bI, KOMIICHCAIIMIO, AdKpaHHpOBaHUE. PeKoMeHI0BaTh
HauOonee OS(PQPeKTUBHBIH METOA MOXHO OyJIeT Tociie  IPOBEACHUS
IKCIIEPUMEHTAIBHBIX HCCIICOBAaHUH, TaK KaK B HACTOAIIEE BpeMs IMyOIuKaIuit
10 BJIMSHUIO Ha YeJIOBEeKa HECTAllMOHAPHBIX, KOMOWMHAIMOHHBIX MII maino, a
peraMeHTHPYIOIINE JOKYMEHTHI BOOOIIE OTCYTCTBYIOT.

HpaKTl/I‘IeCKaH JHAYUMOCTD paﬁoTbI IO COBEPIICHCTBOBAHUIO
HOPMATUBHO-TCXHUIECCKUX NOKYMEHTOB IJIsd o0ecneueHus
3JIeKTpOMaI‘Hl/ITHOI7[ 0e30macHOCTH

B Poccumn TpamuuMoHHO THrueHnyeckoe HopmupoBanne MII u OMII
PEMIAMEHTHPYIOT 10 IOPOTOBOMY IPHUHIMUITY, COTJIACHO KOTOPOMY B KadeCTBE
BPEIOHOCHOTO JICMCTBUS MPUHUMAIOT MUHUMAJIbHYI0 HHTEHCUBHOCTbH MOJIEBOTIO
¢uznyeckoro (paktopa, npu BO3AECHCTBUU KOTOPOTO B OPTaHU3ME MPOUCXOISAT
U3MEHEHUST MOP(POJIOTUUECKOr0 WK (PYHKITMOHAILHOTO XapaKTepa, BBIXOISIINE
3a paMKHM aJanTallMOHHO-KOMIIEHCAIIMOHHBIX peakuuii romeocra3a. Hanwuwme
ATUX WU3MEHEHMH  YCTAaHABJIMBAIOT HWHCTPYMEHTAIBHBIMU U  KIWHHUKO-
7a00paTOPHBIMU METOJIaMU TPU TPOBECHWN KOMILIEKCHBIX HAOJIONECHUN 3a
U3MEHEHUEM (PYHKIMOHAIBHOTO COCTOSIHHUSI PA3JIMYHBIX CHUCTEM JKHUBOIO
OpraHM3Ma HUCHBITYEMbIX (YEJIOBEKa, JAa0OpaTOPHBIX JKUBOTHBIX) Kak
HEIMOCPEJICTBEHHO, B IIPOILIECCE BO3ACHCTBUS MOTEHIMAIBHO BpPEIOHOCHOIO
(dakTopa, Tak U B OTHAJICHHOM neproje. B tabnune 4 npuBeaeHbl AOMYCTUMBIE
J03bl  BO3JEHCTBUSI MOCTOSSHHBIX MII Ha pabounx MecTax, COIJacHo
nercrByronieMy B Hacrosmee CanlluH  2.2.4.3359-16  «CanurapHo-
aMUAeMHUONIOTUYeCKe TpeOoBaHus K ¢usnueckuMm (akrtopam Ha padoyux
MecTax», KOTOpble, U3-3a OTCYTCTBMsI perjaMeHTa mo jao3zam oomyueHuss MII,
acCaXUPOB M OOCIY)KMBAIOIIMKA MEpPCOHal Ha TPaHCIOPTE HEOOXOIUMO
YUYUTBHIBATh NPH MPOCKTUPOBAHUM U CTPOUTEIBCTBE MACCAKUPCKOTO Maries
oe3/a.

Tabmuua 4. I1JIY nocTossHHOro MarHUTHOTO IOJIsl Ha paboYnX MecTax

Bpewms | VYcnoBus BO3IEUCTBUS
BO3IEHCTBUS | oO1ee || JIOKaJILHOE
3a pabounii gy gy [y gy
JIeHb, MUH HaIPSDKEHHOCTH, MarHUTHOMN HANPSDKEHHOCTH, MAarHUTHOU
KA/M WHIYKLIHUH, KA/M WHYKIUH,
mTn mMTn
10 || 24 || 30 | 40 || 50
11-60 || 16 | 20 | 24 || 30
61-80 || 8 | 10 || 12 | 15
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ComnoctaBuB AaHHble B Tabmunax 1 — 4, NpUXOIUM K BBIBOIY: UTOOBI
Bo3jaeiicTBue MII Ha mepcoHan, oOcayKkuBarIui MarjeB Tpaccy B SKUIIAXKe U
Ha  UHQPACTPYKTYpHBIX  OOBEKTaX, COOTBETCTBOBAJIO  JCHCTBYIOIIEMY
perinaMeHTy IpH IIMTEIbHOCTH HAXOXKACHUS B 3aCOpPEHHOU cpene no 1 yaca,
ucTOYHUKU mocTostHHOro MII (MaccuBbl Xanp0axa) MOJDKHBI HAaXOJUTCS Ha
paccrosinuu 0osee 20 cM OT YellOBeKa, a ICTOYHUK nepeMeHHoro MII (akTuBHast
myTeBasi 0OMOTKa cTaropa) Ha paccrosiauu 6onee 40 cm. U 3to — TpeboBanms 1ist
pPabOTHUKOB, IPOXOIALIUX PETYIISIPHBIA OCMOTP U IJIAHOBYIO JUCIIAHCEPU3ALIMIO,
a He Ui maccaxxkupo! Jlroau, He3aaeiCTBOBaHHbBIE B MPOU3BOJICTBE, JOJKHBI
HaXOJUThCA Ha OOJBIIEM PACCTOSHUU U 1711 HUX AKCIIO3UIIMOHHAS J103a JI0JKHA
OBITh MEHBIIIE.

MHoOrve TurueHuCThl CUATAOT NPUMEHEHHE MOPOTOBOIO KpHUTEpHUs IS
O0OOCHOBaHUS TMTMEHUYECKMX HOPMAaTUBOB JHCKYCCHOHHBIM, TaK Kak
¢uznonornyeckass UYyBCTBUTEIBHOCTb OTIENbHBIX JJIEMEHTOB CTPYKTYpPHI
UCCIIeyeMON (PYHKIIMOHAJIBHOM CHCTEMbl Ha BHEIIHEE BO3/JECUCTBUE MOXKET
CYLUIECTBEHHO  pasiuyarbcsa. lak, Hampumep, B Aud@epeHIuanbHbIX
VCCJIEIOBAHMSIX TIOBEICHMS LIEHTPAIbHOW M BET€TATUBHOW HEPBHOW CUCTEMBI
(IHC u BHC) opranusma B cnadsix u cBepxciaadbix MIT u OMII, nHTeHCHBHOCTD
KOTOPBIX OblJIa HA HECKOJIBKO MOPSKOB HIKE ycTaHOBIEeHHBIX [TJ{Y, Habmonanu
(yHKUMOHAJIbHBIE W  MNOJUMOpP(HBIE M3MEHEHHS] B  PETYJSITOPHOU U
MH()OPMAIIMOHHOW cucTeMax Ha (oHE OJAaronoJydyHOro HWHTETrPATHBHOTO
nokasarelis (PU3noIOrn4ecKoil HOPMbI TOMEOCTA3a.

B cBsa3u ¢ 3TMM, Ha Ham B3IMUIAN, A BBISBIEHUS PACCTPOMCTB B
nestensHoctn BHC, HauOojee  YyBCTBUTEIBHOW K  BO3JCHCTBUIO
HEONAaronpusTHBIX JJIi OpraHM3Ma BHEHIIHUX (aKTOpOB, LEJIECO0Opa3HO
UCIOJIb30BaTh aNpoOMpPOBaHHBIE METOJUKHU ONpeNesieHUs (PYHKIHOHAIBHOTO
COCTOSIHHS OpPraHM3Ma Ha MOJUCUCTEMHOM YPOBHE JUISl BBISBJICHHSI BO3MOYHBIX
VHIMBUAYaJIbHBIX peakuud opranusmMa Ha MIL. Jlng 3Toro wucnomab3yror
MOHUTOPHBIE CUCTEMbI (PU3UOIOTHYECKUX (CITUpOapTEPUOKaApInOpUTMOrpadus),
ncuxo(u3noNoruueckux (yCTpoWcTBO Ui MCCIEAOBAHUA TCHUXOMOTOPHOM
JIESITEIbBHOCTH  YeJIoBeKa) M OMOXMMHUYECKMX (JlazepHasi KOppessLuOHHas
cnekTpockonus) nokazareneit [13,14]. 1o mo3BoiUT cocTaBUTh 00Jiee TOYHBIE
pEKOMEHJAUK AJIA MPOEKTUPOBaHUs Marsnes noesjia ¢ TOUKM 3pEHUs MEJIUKO-
Ononornyeckord O€30MacHOCTH, KakK OOCIYKMBAIOIIETO TIepcoHana, TakK U
MaCCaXUPOB.

3akJIroueHue

Pesynpratel mpencTaBieHHON pabOThl MO3BOIWIM  CHOPMYITHPOBATH
CJICAYIOIINE BBIBOBI IO MEIMKO-OMOJIOTHUECKOM 6e30MMacHOCTH YeIOBEKa!

1. B uccrnenoBaHuu MpoAeMOHCTPUPOBAHO, YTO HAUOOMBIIYIO HATPY3KY
Ha HEPBHYIO CUCTEMY OKa3bIBa€T MEPEMEHHOE MAarHUTHOE TI0JIe, H3MEHSIOIeeCs
CIly4ailHbIM 00pa3oM.
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2. HeoOxomuMo mpoBeAEHUE HKCIEPUMEHTAIBLHOTO  UCCIEIOBAHMUS
BIIMSAHUS HAa JKUBOW OpPraHU3M CTOXacTU4YecKoro mnepemeHHoro OMII
COOTBETCTBYIOIIETO  PACYETHBIM  XapaKTEpUCTHKaM  JIBWKEHUA  Mares
TPaHCIIOPTA.

3. IlpoBecTu mojeBbIE SKCIEPUMEHTHI M HAa OCHOBE HUX pE3yJIbTaTOB
pa3pabotars CanlluH Bo3neiicTBUS HEPAIUIIMOHHBIX MOJEBBIX XaPAKTEPUCTUK
Ha TPAHCHOPTE JIJIs MACCAXKUPOB U 0OCITY>KMBAIOIIETO IEPCOHAA.

4. PexomeHJ0BaTh NPUMEHEHHE 3ALIUTHBIX CPEACTB B CAJIOHE SKHUIAXa,
UCIIOJIb3YsI KOHCTPYKTUBHBIE, KOMIIEHCAIIMOHHBIE M SKPAHUPYIOIINE CPEACTBA U
TE€XHOJIOTHH.
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Abstract: The article deals with the analysis of medical and biological safety of the
results of work on the design and model-laboratory experiments of “Russian maglev” transport
system.

Purpose. The purpose of the work is determination of location and level of field
physical characteristics of national magnetic levitation system “Russian maglev”, development
of scientifically justified preventive-sanitary suggestions and recommendations necessary for
design and application of the systems for protection, control and monitoring of hazardous
effects of non-radiation physical fields on passengers, personnel and transported cargo and
ecology.

Methodology. To achieve the set purpose a review of modern ideas on the influence of
constant and low frequency magnetic fields on people was carried out, characteristics of main
sources of EMF influence on people during “Russian maglev” technologies operation were
studied and described. The obtained results were compared with technical documents on
electromagnetic safety.

Results. As a result of this work, hygienic requirements for absolute levels and length
of unfavourable factors impact on railway transport were determined, which are not mentioned
in the active Sanitary Regulations and Instructions. Considering this, recommendations for the
most safety placement of MF for people and safety means in crew vehicle were given.

Practical significance. The significance of this work is that the preliminary work for
medical-biological studies in conditions of full-size model was carried out.

Keywords: magnetic levitation transport, permanent and alternating magnetic field,
electromagnetic safety

Introduction

Now, in Russia several organisations are engaged in development of
magnetic levitation (maglev) technologies: NIIEFA, PGUPS, St. Petersburg
Polytechnic University, National Research Institute of Moscow Aviation Institute,
and MIIT. But still, national elaborations have not left the stage of design and
laboratory experiments.

There are several reasons for that. Let us highlight the most substantial
ones: on the administrative and governmental regional levels, there are no
confirmed actions and documents on development of maglev technologies, no
maglev technologies have been singled out for realisation, no technical

123



requirements base for most aspects has been worked out which are needed for
commercial operation of projects, no source data on speed regimes of rolling stock
have been determined, no technical and scientific studies are being carried out
aimed at studying hazardous effects on passengers, staff and infrastructure
workers, population in residential areas with where maglev lines are supposed to
be lain.

In the books devoted to elaborations of national technologies and problems
of Maglev, we did not succeed in finding convincing evaluations of compliance
of calculated data of operation properties of this mode of transport with Russia’s
active Sanitary Regulations and Instructions, National Standards (GOST),
Maximum permissible levels of power and physical parameters, other sanitary
and technical data, prescribed in normative and technical documents. Thus, in
the studies (2), just like in most similar ones, with the aim to prove operation
safety of maglev transport, comparative evaluations of calculated intensities of
magnetic fields (MF) and electromagnetic fields (EMF) in environments
surrounding the future line of maglev with the current situation in big modern
city’s streets, urban transport, metro, residential houses and production buildings
were presented. Without proper references, the values of intensities of emission
of EMF by different working equipment and induction of the Earth’s geomagnetic
field (GMF). The work is abundant in inaccuracies, for example: the value of
GMF is given which is equal to 0.5 uT, though it is a known fact that GMF value
IS not a constant parameter, but a space and time function, which depends on
location of point of measurement on the surface of the Earth, and its value
therefore varies from 42 to 70 uT (5). Further in the text, referring to the viewpoint
of “Russian scientists” (without actually giving the names), it is maintained that
maximum permissible levels of MF (permanent and alternating) for passengers
equals 2 uT. This is also an unreliable statement because there are still no national
requirements of maximum permissible levels of MF and EMF on transport,
whereas in other country’s requirements one could see different values of
magnetic and electromagnetic safety provision (6, 7). This conflict of information
about maglev transport ecological and hygienic impact on human organism is also
seen in the works of other authors.

In most national publications, when estimating maximum permissible
levels of MF on transport authors apply norms, specified in Russia’s Sanitary
Regulations and Instructions 2.2.4.3359-16 “Sanitary and epidemiological
requirements to physical factors in working places”, in which the confirmation of
statement is seen, that impact of permanent and alternating physical fields on
human organism is unequal and hence maximum permissible levels for different
kinds of MF differ by gradation of zone of exposure and exposure dose are: for
permanent MF the maximum threshold of exposure is limited to 10 uT, and the
induction of EMF magnetic component of lower frequency (when electric and
magnetic components are regard independently) is by two orders of magnitude
smaller and equal to 0.2 uT.
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Of course, during design of maglev transport in terms of power aspect, it
would be based on energy-related analysis and calculation of electromagnetic
phenomenon, but without correct ecological and hygienic calculations, which
impose certain functional and constructive limits on the technology, the
implementation of the new mode of transport is impossible.

During the previous maglev transport and systems-related conferences
(Saint Petersburg, PGUPS) and in the literature (1 — 4), it was pointed at diversity
of application and benefits of implementation of results of national project
“Russian Maglev” — the elaborations of the technology designed for intercity
passenger mainlines with speeds up to 600 km/h and for freight containers
transportation with speeds up to 400 km/h.

For this transport technology, the levitation construction in the form of
guideway was proposed. It consists of magnetic rails (MR), made of NdFeB
permanent magnet blocks, assembled according to Halbach array and lain along
the entire track; maglev bogies with similar onboard Halbach blocks (instead of
permanent magnet blocks high-temperature superconductor blocks of 2
generation can also be used); and traction system based on synchronous linear
motor (SLM) with its working elements deployed in the guideway structure along
the track and in the vehicle. The proposed system of EMS is based on interaction
of currents of magnetic fields from permanent magnets (Halbach array), deployed
onboard of vehicles and in MR. There are known variations of application of this
technology, when instead of MR the acceleration systems and “reactive” elements
of highly-conductive metals were used, deployed in the guideway structure.

In the works within the project “Russian Maglev” it is said about technical
developments and experimental researches finding optimal constructive solutions,
but approaches and plans of ecological and hygienic researches for evaluation of
danger of the proposed constructive options are absent. There are also no specific
results of this kind of researches in other countries’ publications, dealing with
analysis and results of commercial operations of different maglev technologies (6,
7).

The purpose of this work is determination of location and level of field
physical characteristics of national magnetic levitation system “Russian maglev”,
development of scientifically justified preventive-sanitary suggestions and
recommendations necessary for design and application of the systems for
protection, control and monitoring of hazardous effects of non-radiation physical
fields on passengers, personnel and transported cargo and ecology.

125



Today’s ideas about methods of research of permanent and low-frequency
magnetic fields on human organism

The lack of full-fledged ecological and medical researches of safe operation
of maglev can be explained by a popular stereotype of adaptation of people to
magnetic field impact: during the long course of evolution physiological functions
of human body have adapted to GMF impact, sun and Earth’s magnetic
anomalies, man-caused MF, etc. Besides, in the early studies of MF and EMF
impacts on living organisms, due to insufficiently developed instruments, the data
were received, which stated that levels of permanent MF with induction of less
than 2 T do not affect significantly functional systems of humans and animals.
Therefore, it has been assumed for a long time, that artificial MF applied in
industrial production, science and machinery, medical sphere and NMR and MRI
diagnoses do not have any harmful effect (9, 10).

However, in other more modern sources (11, 12) it is said that pathological
impact on humans is made not only by intense permanent (B > 1,5 T) magnetic
fields, but also medium ones (5*102- 1,5 T), weak ones (102 - 5%10° T),
comparable to GMF, and superweak ones (B<10® T), one of the mechanisms of
performance of which is considered to be weakening of GMF in the biosystem
considered.

There are also no common data in the studies of impact of structurally
different types of MF (permanent, alternating, uniform, discrete, and gradient) on
human and animal organisms.

Today’s ideas of MF impact on humans consist in the following: despite
human organism having no special magnetic receptors, sensors which react to MF,
physiological systems of living organisms are extremely sensitive to permanent
variables of MF in quite a wide range of amplitudes and frequencies.

As of today, we are aware of large number of publications with estimation
and understanding of results of biological studies of functional impact and
mechanisms of performance of MF on different physiological processes. They
contain huge experimental material, which proves MF impact on humans in a
wide range of intensities and frequencies, suggest reliable explanations of the
phenomena surveyed on the level of organism, including informational,
biomembrane and other hypotheses, but there is still no a widely accepted answer
to the question of mechanisms of impact of MF on humans.

In this chapter, we will dwell upon intergrated results of the studies,
carried out at large number of workers who operated in environment with
magnetic fields of medium intensity (10- 1 T).

It is assumed that, the most sensitive systems to this diapason are regulatory
systems — neural, endocrine and cardiovascular. The syndromes of the exposure
manifest themselves differently. Among them, the most frequent are: neurasthenic
syndrome with autonomic dysfunctions and neurocirculatory disorders, the depth
and duration of which are dependent upon exposure dose. A number of author-
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cardiologists have detected increase of systolic and diastolic blood pressures,
heart rate variability, cardiac output, changes in ECG diagram, in full blood exam
— decrease of concentration of erythrocytes, haemoglobin, and moderate
leukocytosis.

As for the symptoms, headaches, increased fatigability, irritability,
decrease of workability were most widespread. Among the latent consequences,
there were development of oncological neoplasms, leukaemia, hormonal
pathologies.

In several works, devoted to comparative study of low-frequency and
permanent MF impact on human body, it is reported on high risk of development
of above-mentioned pathologies under exposure of relatively less intense
permanent MF.

Results of studies of properties of basic EMF sources in the technology
”Russian Maglev”

Almost all modern transport systems are equipped with complex power
supply and information equipment that consumes and radiates electromagnetic
energy.

On maglev transport apart from high-energy magnetic suspension facilities
and traction motor, devices with electronic and electrotechnical elements of
communication, control, automatics are widely used. Their operation is bound
with EMF radiation of different intensity, frequency, and direction to the
environment.

Thus, passengers, staff, technicians of maglev transport, who do repairs and
preventive works on the line and infrastructure facilities, are exposed to non-
ionising electromagnetic radiation, whose value and dose of exposure may
significantly exceed maximum permissible level and dose of presence in
hazardous zone, thus damaging human health.

General sources of permanent MF in “Russian Maglev” trains are Halbach
arrays, which are part of the construction of levitation system. The arrays are
located under bottom of vehicles and in guideway structure (MR).

Apart from them, work of powerful traction system of LSM, including
active stator track winding located along the entire line, and rotor, magnet system
made of Halbach blocks located in the vehicles, greatly contribute to the field load
of vehicles and environment.

Track winding is a system of contours with phase currents shifted relatively
to each other, lain in the track structure with a period t. This system of contours
creates a periodic sinusoidal distribution of currents along the track or track
sections, finally resulting in a running MF.

Rotor, the onboard Halbach magnetic system, is assembled of NdFeB
magnet blocks of size 50x50x500 mm and owing to interaction with running MF
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of stator ensures movement of vehicle at speed dependent on frequency of track
winding power supply: V. =2 f - 1.

Other sources of EMF in the zone of maglev trains operation are radiations,
created by vehicle equipment of control and communication, cables, switchboard
buses, PC screens, and other devices. In our work, we would like to limit ourselves
with studying field topography of permanent and alternating MF, generated by
levitation and traction systems.

Levels of induction of permanent MF in a vehicle (Table 1) were evaluated
in accordance with experimental data obtained during measurement of induction
around Halbach blocks by virtue of Teslaampermeter F4354/1 (inaccuracy is from
2.5% till 10 %). Levels of induction of stator alternating MF (Table 2) were
calculated theoretically by model of LSM, described in (2). At the same time,
optimal constructive and power parameters of the LSM under design were set as
follows:

e change of velocity of vehicles from O till 111 m/s (400 km/h);

e polar pitch T =0.5-7-h = 0.2 m, corresponds to obtaining maximum
traction of motor and optimal levitation clearance h = 0.13 m;

e frequency of running MF f = 1 = 2.5V (H2);

2T
e location and power supply of the system of three-phase contours of stator

winding (phase current power is I =2.5-103A) ensured sinusoidal
running MF.

Table 1. Levels of induction of permanent MF dependent on the distance to the surface
of Halbach block

z* M B, uT
0 800
0.1 40
0.2 5

*z — distance to the surface of Halbach blocks

Table 2. Levels of induction of alternating MF dependent on the distance to stator

Z,m B, uT
0.1 300
0.2 180
0.3 61
0.4 13
0.5 3
0.7 ~1

Comparing these two options, we come to conclusion that a more remote
action of MF will be produced as a result of work of LSM. At the same time, if a
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maglev train runs in rapidly changing conditions (wind, falls, etc.) the work of the
motor will not be the same. Consequently, the properties of MF will also vary.

The Table 3 shows changes of induction of MF dependent on current
frequency.

Table 3. Control levels of alternating MF (root mean square values of MF)

Frequency range, Hz Approximate velocity Magnetic induction, uT
<1 <0,4 m/s 40
1-8 0,4-32m/s 40-5
8-25 3,2-10m/s 5-0,2
25-280 10 - 112 m/s 0,2-0,02

However, till nowadays the question of levels of human body tolerance and
adaptation capabilities when placed in a zone of stochastic fickleness of
alternating MF has not been solved yet. To solve this problem, experiments with
characteristics similar to calculated characteristics of LSM for acceleration,
maintenance of speed and braking are needed. Today, such “magnetic storm” have
long-term exposure only drivers of transport with electric motors. For this
category of workers, regular medical examinations, rehabilitation activities, etc.
are envisaged. Bearing in mind construction features of maglev trains (small gap
between MR and vehicle, construction of motor, etc.) we could assume that all
passengers of these trains might be placed in these conditions. One of options of
technical protection should be taken: construction methods, compensation,
shielding, etc. It will become possible to recommend the most efficient method,
when experimental studies have been carried out, since as of today there are few
publications on MF impact on humans.

Practical significance of the work on improvement of normative and
technical documents of electromagnetic safety provision

In Russia, usually hygienic regulation of MF and EMF is carried out
according to threshold principle. According to this principle, the minimum
intensity of field physical factor is taken as a harmful factor. When this factor
occurs, organism suffers morphological and functional changes, going beyond
limits of adaptation and compensation reactions of homeostasis. The presence of
these changes is detected instrumentally or by means of laboratory and clinical
methods while examining changes of functional changes of living organisms’
systems (humans and animals) both during exposure of the factor and after it. The
Table 4 gives maximum permissible levels of permanent MF stipulated in the
active Sanitary Regulations and Instructions 2.2.4.3359-16 “Sanitary and
epidemiological requirements to physical factors in working places”, which
should be abided by when constructing maglev trains.
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Table 4. Maximum permissible levels (MPL) of MF at working places

Time of Conditions of exposure
exposure per
one working
day, min
| Common I Local
MPL of MPL of MPL of MPL of
excitation, kA/m magnetic excitation, kA/m magnetic
induction, uT induction,
puT
10 24 30 40 50
| 1160 || 16 | 20 | 24 | 30
| 61480 || 8 I 10 I 12 | 15

Thus, comparing data of tables 1, 2 and 4 we come to conclusion that if the
impact of a permanent magnet field on a passenger is supposed to meet the
Sanitary Regulations and Instructions at time travel no less than one hour , the
source of permanent magnetic field should be placed at a distance of at least 20
cm from a human. While the source of alternating magnetic field (stator) should
be placed more than 40 cm away from human beings. And these are MPL for
workers, not for passengers! People who are not engaged in production processes
should be located at bigger distances with less time of exposure.

Plenty of hygienists consider the application of the threshold principle for
the justification of hygienic standards as disputable, since the physiological
sensitivity of individual elements of the structure of the functional system under
study to external influences can vary significantly. Thus, for instance, in separate
studies of behaviour of the central nervous system (CNS) and the autonomic
nervous system (ANS) in weak and superweak MF and EMF with intensities of
several orders of magnitude lower than those set by MPL, functional and
polymorphic changes of regulatory and informational systems in the background
of a favourable integrative index of the physiological norm of homeostasis were
seen.

In this regard, in our opinion, in order to identify the disorders in the
activity of the ANS, which is most sensitive to impact of unfavourable external
factors, it is reasonable to use approved methods for determination of functional
state of organism on a polysystematic level for identifying possible individual
reactions to MF. To achieve this, monitoring systems of physiological,
psychophysiological (a device for studying human psychomotor activity) and
biochemical (laser correlation spectroscopy) indexes (13, 14) are used. This will
make it possible to make more accurate recommendations for the design of the
Maglev train in terms of medical and biological safety of both the staff and
passengers.
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Conclusion

The results of the works enabled making the following conclusions on
medical and biological safety of people:

e The studies have demonstrated that the most severe impact on the nervous
system is made by alternating magnetic field, which changed in a stochastic
way.

e [tis necessary to carry out experiments on impact of alternating EMF with
calculated characteristics of maglev for different phases of traffic.

e Basing on the conducted studies, Sanitary Regulations and Instructions of
impacts of non-radiation field characteristics on transport for passengers
and staff should be worked out.

e Placement of means of protection from electromagnetic field in vehicles
(construction, compensation, and shielding methods) should be
recommended.
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BO3MOXHOCTH CEUCMUYECKHNX METO/OB JIUIsSI OIEHKH
COCTOSIHUS BEMJISTHOI'O ITOJIOTHA KEJIE3HOJOPOKHBIX
IIYTEHN B YCJIOBUSIX KPAMHEI'O CEBEPA

Hata nocrymienus 06.10.2017
Pemenue o myonukaruu 28.10.2017

Annomayua. B crtatbe IpencTaBleHbl CEHCMHYECKHE METOAbl O00CIeNOBaHUS U
pe3y/bTaThl MOHUTOPUHIA COCTOSHUSL YKEJIE3HOJOPOKHOM HACHIIM C HCIIOJIb30BAaHUEM
cericMuyeckux MeTo0B B paitone Kpaitnero Cesepa.

Hean: IlpopaboTaTh TEXHOJOTHIO BBISBICHUS HAJIWYUS TPUYAH  TPOCATKH
MKEJIe3HOI0OPOKHON HAchINM Ha ydacTke CeBepHOM KeIe3HON JOPOTH.

Metoabl: OO6cnenoBaHus TPYHTOB OCHOBAHUN JKEIE3HOAOPOMKHOW HACHIIN IyTEM
OPUMEHEHHUs KOMIUIEKCAa AKTUBHBIX M ITACCUBHBIX CEHCMHUYECKHUX METOJIOB, BKIIIOYAIOIIMMI:
ceificMOpa3BeJOUHBbI METOJ] NPEJOMJIEHHBIX BOJIH, METOJ MHOTIOKaHAJbHOTO aHalIu3a
MOBEPXHOCTHBIX BOJIH U MHXEHEPHO-CEHCMUYECKUN METO]l, OCHOBAHHBIA Ha CIIEKTPAJbHOM
aHaJIM3€e CEHCMHUYECKOro Myma.

PesyabTaThl: KoMiuieke METOI0B 1O3BOJIMII OLIEHUTH COCTOSIHUE CUCTEMBbI «HACHIIIb-
TPYHTBl OCHOBaHMI1». bbula BhISBIIEHA OTHOCHUTENBHO OOJIbIIAS MOIIHOCTH OCIA0JIE€HHBIX
IPYHTOB 10 9 M, BO3MOYKHO C BKJIIOUEHMSIMU TOp(]a, 3aJIeralolux MoJ| KeJIe3HOI0POKHON
Hachlnblo. [losSBIEHUIO MPOCaOK CHOCOOCTBYIOT OUHAMHUYECKas Harpys3ka OT TMO€3JI0B U
pe3oHaHCHBIN 3(h(heKT B 0CIa0IEHHOM TPYHTE, IPUBOASIIHIE K €r0 CKATHIO.

IIpakTnyeckas 3HAYMMOCTb: Pa3zpaboTka TEXHOJIOTUU SKCIPECC-OLIEHKH COCTOSHUS
KENe3HOIOPOKHON HACKINHU JJISl ONEPATUBHOIO OOHAPYKEHUs OMACHOTO SIBJICHUS HAa paHHEH
CTa/INY €ro Pa3BUTHS SBJSIETCS aKTyalbHOM U BOCTpeOOBaHHOM 3a/1ayeil.

Kniouegvie cnoea: 3eMnsHOE IOJOTHO JKEIE3HOJNOPOXKHBIX ITYyT€H, ITaCCHBHBIE U
aKTHBHBIE ceiicMuueckue Metoabl, Kpaiinuii Cesep

BBenenue

Ha teppuropun P® B 30HaxX pacnupOCTpaHEHUSI MHOTOJIETHEMEP3JIbIX
rpyHTOB 3KcIuTyatupyercst okosio 5 000 kM auHMI jKeNe3HBIX AOPOT (BKIIOYAs
BAM u 607biyro yacth Tpanccuba) [1]. [IpoMbliiieHHOE OCBOCHHE TEPPUTOPHUI
Ha Kpaitnem CeBepe u B Cubupu mpearnosnaraeT yBeJlIMYeHUE MPOTIKEHHOCTH
IIyTed OJHOBPEMEHHO INPU HX AaKTUBHOM OKCIUIyaTalMu. XapaKTepHbIMU
OCOOEHHOCTSIMM OCHOBAaHHMSI TIOJIOTHA C Yy4YyacTKaMd BEYHOM MEp3J0THI,
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3a00JI04EHHOCTH,  PACHpPOCTPaHEHUS  KAapCTOBBIX  IPOLIECCOB  SBIISIETCS
MOBBIIIEHUE Je(HOPMATUBHOCTH IMYTH, BBI3BAHHOE KPUOTCHHBIMU, KapCTOBO-
cy(pdo3uOHHBIMH MPOIIECCAMU B TPYHTaX OCHOBAHUM.

C uenpio yBelnrueHHs] O€30MaCHOCTH Ha HKEJIE3HOIOPOKHOM TPAHCIOPTE
OAO «PX]» ocoboe BHUMaHKE yeiseT pa3pad0TKe U BHEIPEHUIO Pa3IMYHBIX
METOJI0B MOHUTOPHHTA 3€MJITHOTO MOJIOTHA MOOMIIBLHBIMU cpeicTBaMu. [Topsiaok
paboOT Ha HEYCTOWYMBBIX MECTaX 3E€MJIIHOIO IIOJOTHA YCTaHABIMBAIOT
WHJMBUAYaJIbHO HAa OCHOBAaHUU JAHHBIX HHCTPYMEHTAIBHBIX W BHU3yaJbHBIX
HAONIOCHUM, HATYPHBIX W HWHXEHEPHO-TCOJOTHUECKNX (TeoPU3NIECKUX)
oOcCJieToOBaHUM, pacuyeToB MPOYHOCTH, YCTOMUMBOCTH U IKCIUTyaTaIllHOHHOM
HaJeKHOCTH 00beKTOB. B mocnennue roasl B Poccun u 3a py0exom noayduiu
pa3BUTHE TMOJEBBIE METOJBI MCCIEAOBAaHUS TPYHTOB, MPEXKIE BCEro, 3TO
CTaTUYECKOE M JUHAMHUYECKOE 30HIMpoBaHue. OTMETHM, 4YTO TMpU BCEH
3¢ (HEKTUBHOCTH MPUMEHSIEMBIX METO/IOB OHU HE MOTYT BBITIOJIHSTH MIOCTOSTHHBIH
(HenpepBIBHBIN) KOHTPOJb 3€MJISTHOTO MOJOTHA U TOJICTUJIAIONIUX €r0 TPYHTOB.
CymiecTBeHHO OOHapy)KEHHUE SIBJICHHUS HAa PaHHEH CTaauu €ro pa3BUTHS, UTO
3aTPYJHEHO TMpU NPUMEHEHHH JIMIIb KAaK pa3oBOMl JUArHOCTUKH Ha
OIMACHBIX/TIPOOIEeMHBIX yyacTkax. CyIiecTByeT He0OXOAUMOCTh 00Jiee ITyOOKOM
popabdOTKHU JAHHOTO BOIIPOCA.

HNupopMaTHBHOCTH N3YYCHHS BepXHel yacTH paspes3a (BUP) 3eMHo#t KopbI
MOXET OBITh CYIIECTBEHHO YBEJIHWYEHA C TIOMOIIBI0O TMPUMEHEHUSI HOBBIX
reo(pU3UYECKNX TEXHOJOTUM, HCHOJB3YIOMUX MPUEMbl KOMIUIEKCUPOBAHUS
pa3IMUHBIX METOAOB. B mocneaHee BpeMsi ¢ pa3BUTHUEM anmapaTHOW W
METOJUYECKOM 0a3bl MPUMEHEHHE IMACCUBHBIX CEHCMHUUYECKHUX METOJOB, Kak
paBujIo, MHUKPOCEHCMUYECKHUX, NpUOOpeTaeT Bce OoJblliee 3HAYCHHUE B
reopusnveckux ucciaenoBanusx [2, 3, 4]. OCHOBHBIMH MPEUMYIIIECTBAMU TaKUX
METOJIOB SIBJISIIOTCS OTCYTCTBHE HEOOXOJAMMOCTH B CHEIUAIBHBIX MCTOYHHKAX
30HJIUPYIOILETO CUTHAJIA, OTHOCUTEIIbHAS IPOCTOTA U JOCTYITHOCTh PEATU3ALIUH.

[TonsaTHe «MUKpocecMuIecKre HaOII0IeHUs» 00BEIUHSCT IEIbIH HaOop
TEXHOJIOTUH, OCHOBAHHBIX HA aHaJIu3€ BOJH pa3HOr0 TIeHe3uca W THIIOB
(ceificMu4eckasi YMUCCHSI, TEXHOTCHHBIC CUTHAJIBI, TOBEPXHOCTHBIE BOJIHBI U TIP.).
Hamu mnpopabatbiBatoTcsi monaxojabl oOcnenoBanuss BUP mytem BbineneHus
«TIOJIE3HOTO» CUTHAJIa U3 TEXHOTE€HHbIX MUKpocercM. CylIeCTBEHHO, YTO s
MOJYYEHUs] ~ MPUHUUNHAIBHO  Pa3HOPOAHOM  mHOpMaUM O  Cpele
3apEruCTPUPOBAHHOE BOJIHOBOE IOJIE MOXET NapaJljieibHO 00padaThIBATHCS
pa3IMYHBIMM ~ CHOCO0aMH,  OMMPAIOMIMMHCS  HA  pa3Hble  «IOJIE3HBIEY
COCTaBJISIOIINE MUKPOCEUCM.

Pa3paboTka  TEXHOJOTMM  CEMCMHYECKOTO  MOHHTOPHUHTA  MOJXKET
UCIIOJB30BaThCA KaK CaMOCTOSITEbHO, JJI1 TOJYYEHUS AKCIPECC-OLEHKH
COCTOSIHUS 3€MJITHOTO TTOJIOTHA, TAK M B COUETAHUU C TPAJAUIITMOHHBIMU METO/IaMH
JUISl BBISIBJICHUSI TTOJHOM KapTUHBI MPOUCXOJAIINX U3MEHEHUM Te0JI0rnyecKou
Cpepl B paliOHE Pa3MEILICHUS KEJIE3HOIOPOKHBIX MTyTEH.
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ITocTanoBKka 3agaun

DKcIulyaTallMOHHAs JJIMHA TJIaBHBIX MyTeil CeBepHOM KeJIe3HOUW T0pPOru
(CK 1) nacuutsiBaet okojio 1045 kM, O0JbIlas 9YacTh U3 KOTOPBIX pa3MeEIICHa B
ycinoBusix ~ Kpaitnero  Cesepa.  IIpopaboTka  BONPOCOB  TEXHOJOTUU
MUKpPOCEHCMUYECKUX  HaOMIOJIeHUd MW crmocobamM  00paboTKe  JTaHHBIX
npoBoauiack Ha yyactke CXKJI, Onexxckuil paiioH ApXaHTrenbCKOi 001acTH.

OOBEKTOM HCCIIEIOBAaHUM SIBISIETCS 3€MIIIHOE TIOJIOTHO JKEJIE3HOM JOPOTH
B paiioHe 3aTop(oBaHHBIX TPYHTOB. Perianack 3a1aya 1o onpeaesieHuio MpuiuH
MIPOCaJKU TPYHTOB HA YYacCTKE, OTMEUYECHHBIN Ha cxeme Puc. 1.

=12
LIARE
Exop
=k

s

Puc. 1. Cxema npoBenenus padoT: 1 — TUHUS jKeJIe3HOM JOpOoTH; 2 — aBTOMOOMIIbHAS Tpacca;
3 — mpod sl HHYKEHEPHOH celicMOpa3Be/IKH; 4 — MeCTa yCTAaHOBKU CEHCMUYECKOMH
anmaparypsl; 5 — xKele3Has 10pora; 6 — yyacTok o0cle0BaHUs

WHxeHepHO-TeoJOrHYecKue ycloBusl Tepputopun OHEXCKOro paiioHa
OTIPEeNeNISIIOTCS  PAaBHUHHBIM U CIIA0OBOJHHUCTBIM  XapaKTEepPOM MECTHOCTH,
pa3BUTHEM Ha MpeoOIajarollell YacTH TEPPUTOPUU MOBEPXHOCTHBIX MECUaHO-
TJIMHUCTBIX JISAHUKOBBIX OTJIOKEHUH, MeCYaHO-TJIMHUCTBIX OCA/IKOB MOCIEIHUX
MOPCKUX TPAHCTPECCHUI, Pa3IMYHON UX MOIIHOCTH [5, 6, 7].

CymiecTBeHHBIM ~ (pakTOpOM, OT  KOTOPOTO  3aBHCUT  COCTOSTHHE
KEJIE3HOIOPOKHOTO  TIOJIOTHA,  SIBJIAIOTCA ~ MH)KEHEPHO-TEOJOIMUYECKHUE
XapaKTePUCTUKU TPYHTOB, YPOBEHb IPYHTOBBIX BOJ U JUTOJOTHYECKHM COCTaB
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noAcTuiaromux nopoa. B menom, cormacuo CIT 11-105-97 [8], Tepputopus
paiiona otHeceHa ko II kareropum CIONKHOCTH HHXKEHEPHO-TEOJOTUUYECKUX
yCIIOBUM. Y4YacTOK HCCIEAOBaHUN HAXOAUTCS B Mpejesax aKKyMYJISITUBHON
PaBHUHBI 03€PHO-JIETHUKOBOTO MPOUCXOXKICHUSI, TPUMOPCKOM HU3MEHHOCTHU. B
npenesniax HU3MEHHBIX PAaBHUH 3aJIeTal0T HEOJHOPOJIHBIE, TOHKOCJIOHUCTEHIE,
TEKy4Hl€ TJUHUCTBIC BOJIOHACHIIICHHBIE OTJIOXKEHHUS, MOIIHOCTh KOTOPBIX
KOJIEOJIeTCS OT HECKOJIBKUX MeTpoB 70 10 M [7].

OcobenHocTn  KiouMarta paiioHa (WM30BITOYHOE  YBIAKHEHHE) U
JUTOJIOTUYECKHI  COCTaB  CIA0ONPOHULAEMBIX  MOKPOBHBIX  OTJIOKECHHIA
XapakTepU3yroT NPUINOBEPXHOCTHOE 3ajieraHUe TPYHTOBBIX BOJ (MEHee 2 M).
[IoBEepXHOCTh TPYHTOBBIX BOJ TOBTOPSIET OYEPTAHUS MOJOTOBOJIHUCTOTO
penbeda U MecTaMu, BO BIIAJIMHAX MEXKIY XOJIMaMU U TPsIaMH, CMBIKAETCS C
O0onoTHhIMU BojlaMu. Ha 3a00JO0YEHHBIX TEPPUTOPUAX MOIIHOCTH TOpda
KOJIeOJIeTCs OT ACCATHIX J10Jiek MeTpa 10 2 M. Ha 00JI0THBIX MacCUBax MOITHOCTh
Topda, Kak mpaBmio, cocraBisier 3-6 M, mecramu gocturaetr 8-10 m. Topd
MOJICTUIIAETCS OOBIYHO CITA0BIMU TPYHTAMHU.

IIpuHsTHIE TONYLIEHUSI

JIJIs1 JAaHHOTO y9acTKa KeJIe3HOJOPOKHOM HACKIIH, B CBSI3U C OTCYTCTBHEM
uHopMaIMu 00 WHKEHEPHO-TEOJIOTHUECKUX HM3BICKAHHUSIX W THUIE 3EMIISTHOTO
MOJIOTHA, UCXOJS U3 OOIIMX CBEJICHUSIX O paiioHe mpoBeneHus padot [5, 7] u CII
32-104-98 [9], Hamu chenaHoO MPEIIOIOKEHUE, YTO HACBITh BBICOTOMW 10 3 M,
CIIPOSKTHPOBAHA U BBHITIOJTHEHA C TIOJTHBIM WJIM YaCTUYHBIM YAAICHHEM Topda u3
OCHOBAHUS C 3aMEHOU €ro MUHEPaIbHBIM IPYHTOM (TIeCUaHO-TPaBHITHAS CMECh ).

CelicMuyeckas annaparypa

[Ipu perucrpannn MUKpPOCEHNCM pallOHa Pa3sMELICHUS KEJIEC3HOAOPOKHOU
HACBIIY, a TAKXKE BO3JCHCTBUI HA TPYHT OCHOBAHUS OT MPOXOISIIUX COCTABOB,
HCIIOJIb30BaIach IIMPOKOMOJIOCHAasT cedicMuueckas anmaparypa CMG-6TD
dupmer Guralp (Benmukooputanus) [10] u Trillium Compact 120s dupmbl
Nanometrics (Kanama) [11]. laTunku ObUIM YCTaHOBIJICHBI COTJIACHO cxeMe Puc.
1. Ocu maTunkoB pacnojaranuck Baosb (X) u monepek (Y) Haceinu. [llar mexay
JaTYrMKaMyd ObLT BBIOpaH 15 M HMCXOAs W3 MPEAnoiaraeMoil 30HIUPYIOIICH
riyounst BUP.

Jlist manornyOMHHBIX celicMuueckux uccienoBanuii BUP npumensiach
TeremeTpuueckas — ceiicMopasBegouHas —cucrema  TEJICC-402  ¢upmbl
OO0 «I'EOCHUT'HAJI» [12]. [Tpuem ceiicmuueckux P 1 S BOJIH OCYIIECTBIISICS
BEPTUKAJIbHBIMU W TOPU3OHTAJIBHBIMM ceilicMonpueMHuKamMu. Bo30yxieHue
BOJIH MPOBOJAMIIOCH YJapaMH KyBaJJIbl BECOM 8 KI' IO MJIOCKON METaJIIMYeCKOM
mTe. Cxema pacrnosioxkeHus: npoduen mpeacrasinena Ha Puc. 1. Paccrosiaue
MEXIy TPHEMHBIMH KaHaJlamMu 2 M, CyMmMmapHas jiuHa npoduns 150 wm.
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OOpaboTka MaTepHaIOB IMPOBOAMIACH C MOMOINBIO CICIHATH3UPOBAHHBIX
nporpamm «RadExPro 2016» [13].

MaTepl/laJ'lbl " METOABbI UCCJICA0OBAHUA

OCHOBHBIM  HCTOYHHKOM  OTHOCUTEIBHO CHJIBHBIX CEMCMHUYECKHUX
KoJIeOaHMI B paiioHe MmpoJieraHus skene3HoiopoxkHoro nonotHa CXJ apusercs
YKEJIE3HOIOPOKHBIA TpaHCcnopT. [Ipu coBnazgeHnn pe30HaHCHON Y4acTOTHI OPOA
CUCTEMBl  «HACBINb-TIOACTWIAOIIAE TPYHTBl OCHOBAHUI» C  YaCTOTOU
CEHCMUYECKUX KOJIEOaHUH OT MPOXOJAUIUX COCTABOB, TMHAMUYECKAs HArpy3Ka
Ha HACBINb CYIIECTBEHHO BO3PACTa€T, YTO MOXKET MPUBECTU K UYPE3BBIYANHBIM
CUTYaLUsIM.

B ycioBusiX BO3MOXHBIX BapHaldid COCTOSIHMS TPYHTOB HACBINU
(kapcToomnacHble pailoHbI, 3a00JI0YEHHBIE YYACTKH) MPU HEBO3MOXKHOCTHU HIIU
HEIEJIeCO00Pa3HOCTH PEMOHTHBIX PabOT MO €€ PEKOHCTPYKIMKU ONTUMATbHBIMU
SBJIIIOTCSL HEMpPEphIBHbIE (MOHUTOPUHTOBBIC) HAOMIOEHUS 3a PE30HAHCHOM
4acTOTOM rpyHTOB. B aHHOM ciyuae, U3MEHEHUE PE30HAHCHON YacTOThl OyIeT
ABJIATHCS MHAUKATOPOM IIPOMCXOIAIIUX B TPYHTAX IPOLECCOB U3MEHEHUS HX
cocTtosiHud. B CBS3U ¢ 3TUM, BO3HUKAET HEOOXOJAUMOCTh OIIEHKH PE30HAHCHBIX
4acTOT TPYHTOB, KOTOPbIE MOTYT OBITh PACCUMTAHBI KaK TEOPETHUYECKHU, TaK U
DKCIEPUMEHTAIIBHO.

TeopeTnueckuil pacueT pe30HAHCHOW YaCTOTHI BBITTOJIHACTCS TPU HATUIUU
MH(OpPMAIUU O CKOPOCTSX MONEPEYHBIX BOJIH B UCCIEAyEMOU cpefie 1o Gpopmyiie
[14]:

frn = ®)

rae V, — cpenHssi CKOPOCTh MONEPEYHBIX BOJIH B BEPXHEM CJO€; Z —
MOITHOCTb BEPXHETO CJIOS; N — HOMEDP MO/JIBI.

OCHOBHBIM  TMIPEUMYIIECTBOM  TEOPETHUUYECKOIO  pacuera  SBISIETCS
BO3MOYKHOCTb MOJICJIMPOBAHUS, MO3BOJISIONIETO OLUEHUTh U3MEHEHUS 3HAYCHUMN
COOCTBEHHBIX YAaCTOT TIPM HW3MEHEHUU COCTOSIHUSA CHUCTEMBI «HACHINb-
MOJICTUJIAIONIIME TPYHTHI OCHOBaHUI (HampuMep, 3a CYET BIAroHACHIIIEHHOCTH,
rIIyOWHBI POMEP3aHUS U T.]1.) U/UITU €€ CTPOCHHUs (HapuMep, 3a CYeT U3MEHECHHUS
MOIIHOCTU HACBINU, U3MEHCHUS XAPAKTEPUCTUK CTPOUTEIBHOIO MAaTepuajla U
np.). Takum oOpa3oM, pe3ysbTaThbl TEOPETUUYECKUX PACUYETOB, MOTYT OBITh
WCMOJIb30BaHbl MPH  IJIAHUPOBAHMM  MEPONPUSATHI, HANpPaBICHHBIX HA
PEKOHCTPYKLMIO M YKPETUIEHUE KEITEZHONOPOKHBIX HACHINIEH.

B OCHOBY »MIIMpPUYECKHMX HCCIEAOBAHUM ObUT TOJOXKEH KOMIUIEKC
MACCUBHBIX U AKTUBHBIX CEMCMUYECKUX METOJIOB.

Jnga  pacuera pEe30HAHCHOM  4YAaCTOTBI MO JAaHHBIM  ITACCHUBHBIX
celicMMUecKUX HAOIIOACHUM, CYIIECTBYET Psil METO/IOB:

1. MnxeHepHO-CEHCMUYECKUN METOJI, OCHOBAaHHBI HA CHEKTPaJIbHOM
aHaJIN3€ CEMCMUYECKOTO IIyMa, MO3BOJSIIOLINAN U3 BCErO CIEKTPa MUKPOCEHUCM
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BBIJICIUTh ~ CUTHAJBl, COOTBETCTBYIOLIME TapMOHUYECKHMM  HCTOYHHUKAM
xonebanmii [15]. Ouenka TUHAMUYECKOW XapaKTEPUCTUKHU 3allMCH OCHOBAaHA Ha
TIOJTyYE€HHH CIIEKTPOB MOIIHOCTH S;; (f ) U1 KajKI0M U3 KOMIIOHEHT PETUCTPALMH

(i, =X, Y, Z) u pynkuun xorepenTHOCTH K;;(f) MOMapHO 111 KOMIIOHEHT:

|Si;(D)]

K (f) = =24 2

rae |Si i(f )| — B3aMMHBIA OCPEIHEHHBIN CIIEKTP. DYHKINS KOT€PEHTHOCTH
MPAKTHUECKH SIBISIETCS KOIPPHUIIMEHTOM KOPPENALUU A KaXJA0W 4aCTOTHOM
COCTaBJISIONICH, MPUCYTCTBYIOIIEH Ha KOMITOHEHTaX peructparuu [16].

Jns  cinexeHuss 3a JUHAMHKOM  MHMKPOCEHCMHMYECKOTO Mpolecca
aHAIM3UPYIOTCS U3MEHEHMSI BO BPEMEHU 3TUX OLEHOK. IIpoBoasTcs pacdeTsl B
CKOJIB3AILEM 10 BPEMEHHU OKHE, CTPOSITCS CIIEKTPAIbHO-BPEMEHHBIE THATPAMMBI
(CBAH) - S;;(f, t) mnst cOOTBETCTBYIOIIMX 3amKCEH.

2. Metoa H/V — oTHOIIIEHUS TOPU30HTAIBHBIX KOMIIOHEHT MUKPOCEHCM K
BEPTHKAIBHBIM. JlaHHBI MeTOa omucaH B padore [17] m ocHOBaH Ha TOM, 4YTO
pE30HaHCHAs YacToTa (PYHIaMEHTAJbHON MOJbI MOXKET OBITh OMNpeJeieHa W3
OTHOUIEHUS!  CIEKTPOB TOPU3OHTAIBHBIX M  BEPTUKAJIbHBIX KOMIIOHEHT
CEHCMHUYECKOTO LIyMa:

2 2
fo= Js (@ns+5* @ws 3)

25%(w)y

rae S(w)ys, S(W)ywp — CHEKTPbI TOPU3OHTAIBHBIX KOMIIOHEHT 3aIiCH;
S(w)y — CTIEKTp BEpTUKATHHONW KOMITOHEHTHI 3aITUCH.

Takum oOpazoM, B 3aBUCHUMOCTH OT YCJIOBHI, BO3MOXHO, TPUMEHSTh KaK
TEOPETHUUYECKHM, TaK U AIMIUPUYECKUI MOAXOMBI K OIPENECICHUIO PE30OHAHCHBIX
4acTOT IPYHTOB >KEJIE3HOOPOKHBIX HACBINEH.

MeTo10M MHOTOKaHAIBHOTO aHaln3a MOoBepXHOCTHBIX BodH (MASW) Ha
OCHOBE TIOJIEBBIX 3aMKMCEH BOJHOBOIO MOJS MOJYYEHbl CKOPOCTHBIE MOJEIH
M3MEHEHUs] 3HAYEHUI CKOpOCTEeM MonepeuHbiX BOJH. JlaHHBIM MeTonx ObLd
BIIEpBBIC omrcaH B padoTax [18, 19, 20] u B mocneayroiieM pa3BuT B padote [21].
MeTon no3BoJsSeT NOAyYaTh OJTHOMEPHBIE CKOPOCTHBIE MOJIETH T€0JIOrMYECKOM
Cpellbl BIIOJIb JIMHEHHBIX CEHCMOpa3BEelOYHBIX MPOQUiIei HA OCHOBE aHaIU3a
JUCIIEPCUOHHBIX ~ CBOMCTB IIOBEPXHOCTHBIX BOJH. B ocHOoBe Merona
MHOTOKaHAJIBHOT'O aHAJIN3a MOBEPXHOCTHBIX BOJIH JIEXKHUT CIIEKTPATIbHO-BOJIHOBOE
(f-k) mpeoOpazoBaHue curHajga ¢ MOCICIYIOUIMM €ro CIOKCHHEM IO BCEM
KaHayaMm [22].

B kadyecTBE aKTHBHOIO CEMCMHYECKOTO METO/Aa HCIOJIb30BaIach
WH)KEHEepHas celicMopasBeika Ha npesnomieHHbix (MIIB) u orpaxennsix (OI'T)
BOJTHaX [23], KOTOpas MPUMEHSIACh JIJIsl TIOCTPOCHUS T€OJIOTO-TeO(DU3NIECKUX
pa3pe3oB, BBIAEICHUS BO3MOXHBIX 30H HEOAHOPOJHOCTEH U ONpEeeIeHUs
CKOPOCTHBIX XapakTepuCTUK cpeasl. B ocHoBe MIIB nexur onpeneneHue
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BpeMEHHU Mpobdera npesoMIEHHONW BOJIHBI (MPOJOIBHOM WM MOMEPEYHOM) OT
UCTOYHUKA €€ BO30YXKIEHHsSI 1O MyHKTa peructpanuu. OIHUM U3 YCIOBHM
NPUMEHEHUsI JAHHOTO METO/A SIBJISIETCS YBEJIMYEHUE CKOPOCTH MPOIOJbHBIX
BOJIH ¢ MIyOMHOW. Bhruncnsiercs riryOrHa 3ajeranus 1Mo CUCTEME BCTPEUHBIX U
HAroHSIIOIIMX TojorpadoB, COBMENICHHbIMH clocoOaMu t, W TOJIeH BpEMEH,
CTPOSITCSL TIPEJIOMJISIONINE TPAHUIIBI, TPAaHUYHAS CKOPOCTh B IPEJIOMIISIONIEM
1acTe ¥ oTHomenue Vg /V,, XapakTepu3yeT ero JIMTONOIUYECKHI cocTaB [24].

Pe3yabTaThl uccae10BaHUI

Ha Puc. 2. npexacraBien 0000IIEHHBIH CKOPOCTHOM TIIYOMHHBIN paspe3
cpenbl mo mnpodwmo | (cxema mpeacraBiena Ha Puc. 1) Ha yuwactke ¢
HapylIICHUSIMA B CUCTEME «HACHIIb-TPYHThI OCHOBaHU». KomrmiekcupoBanue
AKTUBHBIX CEHCMHMUYECKHUX METOJOB IO3BOJISIET MOJYYUTh Oojiee JeTalbHbIN
CKOpPOCTHOM pa3pe3. MeTogoM MHOTOKaHAIBHOT'O aHalIM3a TOBEPXHOCTHBIX BOJIH
YAQJIOCh BBIJCIUTh HIDKHIOID TpaHUIy HACBINMHM, KOTOPYKO HE YAAJIOCh
oOHapyuThb 1o Metoy MIIB, u3-3a CHIIBHOM 3alIlyMJIEHHOCTH CUTHAJIA.

Takum oOpasom, repBas rpaHuiia BbieseTcss Ha rnyoune ot 0 1o 3w,
CpellHHE CKOPOCTH IIONEPEUHbIX BOJH, oOmpeaelieHHble mo metoxy MASW,
cocrapustior 150 m/c, ornomenne Vi/V, =033 —0.4 u COOTBETCTBYIOT
eOCHOYHO-TIECUaHOMY CJIot0 [5, 7].

[Ipenomisitonias rpaHUIa BBIACISIETCS Ha TITyOUHE OT 2 710 5 M, C 3aMETHBIM
NOrpykeHueM B LeHTpe 10 8-9 M. CpegHue CKOpOCTH MPOAOJBHBIX BOJH 0
rpanunbl  V, = 333 — 443 m/c, YTO XapakTepusyeT JaHHBIA CJIOH Kak
HeBoOHAChIEeHHBIA. OTHOmERKE Vs /Y, = 0.56 m03BOJIAET MPENONIOKHUTH, YTO
JAHHOMY CJIOK0 COOTBETCTBYIOT II€pecilauBaHUE CYIECEW, CYIJIMHKA M IecKa
JETHUKOBOro Bo3pacta [5, 7]. [anee 3ajeraer cioil ¢ TOBBIILICHHBIMU
ckopocTsiMu 10 2117 M/c, 9TO COOTBETCTBYET IJIMHUCTBHIM BOJIOHACHIIIIEHHBIM
OTJIOKEHUSIM.

PacctosHne, m

70 20 . Vp, m/c
2117
1753
1389
1025

661

fnybuna, m

297

G2 ] 7

Puc. 2. O60061meHHbIN CKOPOCTHOM ceicMUUecKuit pa3pes 1o npoduiro |,
IOTPUXOBAHHBIC IMHUW — HUXXHSAA I'PaHUIla HACBITIW, BEIACIICHHASA 110 MECTOAY
MHOTOKaHaJIbHOTO aHaJIN3a TIOBEPXHOCTHBIX BOJIH
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Ha Puc. 3 mpeacraBieH CKOPOCTHOM TIyOMHHBIM pa3pe3 cpeibl I10
npoduiio |l (cxema Ha Puc. 1) Ha ydyacTke ¢ HapyIICHUSIMH B CHCTEME «HACHIITh-
IPYHTBl OCHOBaHWI1» IO JPYryl0 CTOPOHY OT Hachimu, 4yeM mnpoduis |.
Ananoruyno npoduito |, BeiaenseTcs cioi 1meOeHOYHO-TIECUYaHbIX OTJIONKEHUN
no Meroxy MASW, nHa rinyoune ot 0 10 4 M, cpeHHE CKOPOCTH IOINEPEUHBIX
BOIIH cocTaBisAoT 150 m/c, ornomenue V; /V, = 0.3 — 0.47.

[Ipenomnstomas rpanunia, coritacHo oobonm metomam MASW u MIIB,
BBIICIISIETCST HA TiIyOmHE OT 8 70 12 M C OOJbIIUM TMOTPY)KEHHEM B Hadaje
npoduis. CpeqHue CKOPOCTU HPOJIONIBHBIX BOJH 10 rpanunsl V, = 315 — 495
M/c, cpennue ckopoctu monepednbix BonH (V) Ha rioyO6uHax ot 3 1o 13 M B
npenenax ot 250 no 280 m/c, ornomenue V; /V, = 0.56. M0OKHO IIPEATIOI0KHTS,
YTO  JaHHBIE XApaKTEPUCTHKH  COOTBETCTBYIOT  IIEPECIaWBaHHUIO  HIIa
CYTJIMHUCTOTO, CyTeCe, CyTJIMHKA U TTeCKa JIETHUKOBOTO BO3pacTa.

B HmKHEM clloe 0TMEYaroTCs BRICOKME TPaHUYHbIE CKOpocTH 110 2397 m/c,
MPEANOJIOKUTEILHO  COOTBETCTBYIOIIME  TJIMHUCTBIM  BOJIOHACHIIIICHHBIM
OTJIOKEHHUSM [7].

PacctosHue, m
8 16 24 32 40 48 5 64 72 80 88 9% 104 112 120 128 13 144 Vp, m/c

2397
l1972

1547

©

nybuHa, m

1122

697

272

. . couRERERREEIN

Puc. 3. O6001eHHBIN CKOPOCTHOM celicMuueckuit paspes mo npoduiio 11 (4-6),
IOTPUXOBAHHBIC IMHUW — HUXXHSAA I'PaHrla HACBITIW, BEIACICHHASA 11O MECTOAY
MHOTOKaHAJIBHOTO aHAJIN3a TOBEPXHOCTHBIX BOJIH

Taxum 06pa3oM, Ha HEOIArOMPUATHOM YUACTKE BBIACISIETCS CJIOM IPYHTOB
(oT 4 10 8 M) C MOHMKEHHBIMU CKOPOCTSIMU, UMEIOIIUN PA3IMYHBIN HAKJIOH —
penbed, CO3MaHHBIA JICAHUKOBOM akkymyssiiued. JlaHHas 0COOEHHOCTH
NOJYEPKUBAECTCSI M TOBBILIEHHBIMU CKOPOCTHBIMM XAapAaKTEPUCTUKAMHU —
BOJOHACBIIIEHHOCTBIO INIMHUCTBIX MOPOJ, YTO, BO3MOXHO, SIBISIETCS OJHOMN U3
INPUYHH [TPOCAIKU TPYHTOB HA JAHHOM Y4YacTKe.

Ha Puc. 4 npencraBiieH CKOpPOCTHOM TJIyOMHHBIM pa3pe3 cpeabl Mo
npoduito 1 g GmaronpusTHOTO yyacTka 6€3 HapyIICHU B CUCTEME «HACHIITh-
IpyHTBl OCHOBaHMi». Cnoil MEeOEHOYHO-NIECUaHbIX OTJIOKEHUH 10 METOIY
MASW Beigensiercs Ha rinyomHax okoso 1.5 wm. Ilpenomuisrommast rpaHuna
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BBIJIEJISIETCS Ha TIyOouHax oT 2.5 10 4 M ¢ HeOOJIbIIMM IIPOTrHOaHUeM 10 5 M B
neHTpe. CpeaHre CKOpOCTH MPOJOJIBHBIX BOJIH JO IPaHULIbI Vp = 344 — 702 m/c.
Cpennue ckopoctu nornepeunsix BoaH (V;) B BepxaeMm cioe ot 150 mo 250 m/c,
ornomenne Vi /V, = 0.35—0.43. MOXHO NpPEANOIOKHUTb, YTO JaHHBIE

XapaKTEepPUCTUKH, AHAJOTUYHO M TMPEAbIAYIIEMY Y4YacTKy, COOTBETCTBYIOT
NepeciiauBaHuIo 1e0EHOYHO-TIECYaHOT0 CJIOS, CYTJIMHUCTOTO Wjla, Cyrecei,
CYyrJIMHKa M TIecKa JIGAHMKOBOrO Bo3pacta [/]. Jlamee 3ameraer CIloi,

IPENOI0KHUTEIBHO, TIMHUCTHIX BOJOHACBHIIICHHBIX OTIOXKEHHN (CKOPOCTH OT
1212 o 2102 m/c).

PacctodHue, m
8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92 96 100 OVp, Mm/c

2102
1471

4 W839
6 208

1228 =

Mny6uHa, m

o o &~ N o

10
8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92 96 100 H.m

Puc. 4. OG00IIIEHHBII CKOPOCTHOM celicMuyeckuii paspes mo mpoduo I (7-8),
IITPUXOBAHHBIC IMHUY — HIKHSISI TPAHUIIA HACKIITH, BBIJICIICHHAS 110 METOTY
MHOT'OKAHAJIBHOTO aHAJIN3a TOBEPXHOCTHBIX BOJIH

Kak BugHo n3 Puc. 4, nns maHHOrO ydacTKa CJIOW C MOHWKECHHBIMU
CKOPOCTAMH HMEET 3HAYUTEIBHO MEHBIIYKD MOIIHOCTh M OTHOCHTEIBHO
IJIOCKYIO TPAHUILYy, TTIOKA3aTelId YBEINYCHUS CKOPOCTH €NMHUYHBIL. JlaHHBIHN (pakT
SIBJISICTCS KOCBEHHBIM MPHU3HAKOM OOJIBIICH HECyIIel criocOOHOCTH TPYHTOB Ha
3TOM Yy4YacTKe.

Takum 00pa3oM, HCMOJB30BAaHUE AaAKTHBHBIX CEHCMHYECKHX METOJIOB
MO3BOJIMJIO  TIOJYYUTh CKOPOCTHYIO MOJI€NIb CHUCTEMBl «HACBHIIb-TPYHTHI
OCHOBaHU» 10 TiayouH 22.5 M. CyliecTBEHHO, YTO BEJIWYMHBI CKOPOCTEH U
dhopma rpaHuI] TO3BOJISIOT MPEANOI0KUTE IPUPOTY HEOIATOMIPUATHBIX SIBIICHUM
B ITPYHTE IMOJIOTHA.

[IpoBenem KOMILIEKCUPOBAHUE TTOTy4YEHHON HH(GOPMAIIUU C pe3yIbTaTaMu
MMACCUBHBIX CEMCMHUUYECKHX METOJOB. PaccMOTpuUM pe3ysbTaThl CIEKTPAIBLHOIO
aHaJIM3a HAa OCHOBE JAaHHBIX IMACCUBHBIX CEMCMMYECKHX METOHOB. [[JIsI OLICHKHU
YPOBHSI BO3JECHCTBUS IMOE340B I y4acTKa MCCIENOBAaHUS CPaBHUBAIUCH
CHEKTPbl YCKOPEHHI O U BO BpeMs ABUXKEHHs Ipy3oBoro cocrara (Puc. 5).
BriaensroTcs 1Ba IMPOKONOJIIOCHBIX MMHKA, COOTBETCTBYIOLINE IIEPBOU U BTOPOU
MOJaM KOJIEOAHUS CHUCTEMBI «HACHITb-TIOJICTUIIAIONINE TPYHTHI OCHOBAHU,
nuanaszonsl — 1.6-2.4 T'n u 4.7-5.5 T'i. B cpeqneM nBukeHne rpy30BbIX TIOE3/10B
yBEIMYMUBACT 001N ypoBeHb Kojiebanuit cucteMsl B 100 pa3 (Puc. 5a), mpu aTom
HanOOJIBIIIEMY YCUJICHUIO aMIUIMTYJ] YCKOPEHUW TOJBEpraeTcsi BTOpas MoJa.
Haunbonee «spko» Beiensercs yactora 5.9 ', nmosBistomascs npu ABUKESHUN
COCTaBa U XapaKTEPU3YIOIasd MAKCUMAJIbHYIO HArpy3Ky Ha CUCTEMY «HACHIIb-
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MOACTIWIJIAIOIINUEC T'PYHTHI OCHOBAHUI». HpI/I 9TOM aMIIINTyaa HOHCquHOf’I
KOMITIOHCHTBI YBCIIMYUBACTCA CLIC B 2 pa3a 10 OTHOICHHIO K YBCINYCHHUAM Ha
APYIrux KOMIIOHCHTaM U HJI1 APYTUX 9aCTOT, CBA3AHHBIMHA C JABH)KCHHCM I10C3/1a

(Puc. 56). Bo3moxHO, 3T0 00YCIIOBICHO KPUBH3HOU HCCIIEAYEMOTO yUaCTKa Iy TH
(Puc. 1).

q, MiciNTy

a /Ao _I5% 0 9940 6
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Puc. 5. Criektpbl BO31€HCTBUS 10 U BO BpEMS JIBUKEHUSI TOBAPHOT'O COCTaBa JJIs
HEeOJaronpUATHOTO YYacTKa 3€MIITHOTO MOJIOTHA (&) U CIIEKTPBI YCKOPEHUS TIPU JIBHIKCHUU
noe3nia (0)

Ha CBAH-mmnarpamMe CHEKTpOB MOIIHOCTH CKOPOCTEM CMENICHHWM s
HeOJIaronpusiTHOTO y4acTka, MpeAcTaBlIeHHON Ha Puc. 6, Takxke BbIACISETCS JIBE
BEPTHUKAJIBHBIE IOJOCHI B paiioHe 2 I'm m 5 I'm, oTpaxammue AUHAMUKY
KOJICOAHMI CHUCTEMBI «HACHIIb-TPYHTHI OCHOBaHMi». Haubonee otueTInBO
posiBiIsieTcs: curHai Ha yactore 2 'y (ogHa U3 Koyie0aTeIbHbIX MOJI CUCTEMBI)
JUIs ~ TOPU3OHTANbHBIX  coctaBistromux (X, Y), 4To  0OyCIIOBJICHO
KOHCTPYKTHUBHBIMU OCOOCHHOCTSIMHU HACBIIIH.
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Puc. 6. CBAH-auarpaMmma CUCTEMBI «HACHITH-TTO/ICTHIIAIONINE TPYHTHI OCHOBAHHI».
SIpKuii MUPOKOIIOIOCHBIN TOPU30HTAIBHBIN CUTHAI — IIPOE3XKAIOLIUN IPY30BOM COCTAB

Curnan Ha yactore okojo 5 ['m dyumie «BUIIEH» Ha BEPTHUKAJIbHOU
KOMITOHEHTe Z, Ha TOPU3OHTAJIbHBIX KOMIIOHEHTaX CUTHAJ MPOSBISETCA TPH
BO3JICUCTBUM MO€3/1a (IPKHUM MIUPOKONOJOCHBI TOPU30HTAIBHBIN CUTHAN), YTO
OTpa)kaeT MOABJICHUE PE30HAHCA MPH JBUKEHUHU COCTABA C CUCTEMOW «HACBIMb-
TPYHTBI OCHOBAaHHI.

JIns1 CpaBHUTENBHOIO aHaIW3a PACCMOTPUM AHAJIOTUYHYIO CUTYALUIO JIJIS
onaronpusatHoro yvyactka (Puc. 1), ypoBeHb OpOBKM HACHIIIM HE MPEBBIIIACT
0.4 m. Ha Puc. 7 mpeacTaBiieHbl CIIEKTPbI BO3JACHCTBUSI 10 U BO BPEMSI JIBHIKEHUS
rPy30BOr0 COCTaBa JJIsl 3TOr0 y4acTKa 3€MJISTHOTO MIOJIOTHA U CIIEKTPBI YCKOPECHUS
IIPY IBUKEHHUU COCTaBa.

Ananu3 Puc. 7 mokaspIBae€T JOCTAaTOYHO PAaBHOMEPHOE pacIpeliesieHue
Harpy3Ku 10 4YacTtoTam. PasHWIla B ypOBHSX MOIIHOCTH (pOHA MUKPOCEWCM B
CIIOKOWHOE BpeMsl M MPHU JBIKEHUU TOe371a OOJIbIIe HA TP MOPSIKA, YEM IS
HEOJIaronmpusITHRIX YYaCTKOB. B CIiekTpax mpu JBMIKEHWU COCTaBa MO JaHHOMY
y4acTKy HanboJjee sipko BbiaensseTcs nuk Ha yactore 2.0 11, uTo, ckopee Bcero,
00YCIIOBJICHO SIBJICHUEM PE30HAHCA C CUCTEMOM «IOJOTHO-TPYHTHI OCHOBAHUIY.
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OI[H&KO, a0COJIFOTHBIN YPOBCHb BOBﬂGﬁCTBHH Mal WM HC OKa3bIBacT
CYIICCTBCHHOI'O BJIIMAHUA Ha COCTOAHUC paCCManHBaeMOﬁ CHCTCMBEI.
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Puc. 7. Cniektpsl BO31€HCTBUS 10 U BO BpEMS IBUIKEHUSI TOBAPHOT'O COCTaBa
U1 OJIArONPUSATHOIO Y4acTKa 3eMJIIHOTO MOJIOTHA (a)
U CIEKTPHI YCKOPEHUSI IIPH IBUXKEHUH 11oe3/a (0)

O0cy:xkaeHue pe3yabTaToB

K onacHbIM (hU3BUKO-TE€OJIOTHYECKUM MPOIECCaM Ha paccMaTpUBaeMOM
TeppUuToprn BAoJIb CEBEPHOM KENE3HOU TOPOTH OTHOCATCS:

— HaJIMYKME B BEPXHEM CJIO€ I'€0JIOTUYECKOTO pa3pe3a HEYCTONYMBBLIX IO
(bU3UYECKUM XapaKTEPUCTUKAM IPYHTOB;

— 3a0onauyvMBaHUe, BBI3BAHHOE T'€OMOP(HOIOTHYECKUM  IOJOKEHUEM
OTZIEJIbHBIX YYaCTKOB JOPOTH, BBICOKUM YPOBHEM IPYHTOBBIX BOJl TEPPUTOPUHU,
HAJIMYMEM B pa3pe3e PHIXJIBIX OTIOXKEHHN CIa0O0MPOHUIIAEMBIX TIMHUCTBIX
OTJIOKECHUH.

Pe3ynbTaThl aKTUBHBIX CEMCMUYECKUX METOJIOB MO3BOJIJIM BBISIBUTH HA
HCCIIETyeMOM yYacTKE€ OTHOCHUTEIBHO OOJIBIIYI0 MOIIMHOCTh OCIa0JICHHBIX
ITPYHTOB 70 9 M, BO3MOXHO C BKJIIOYEHHUSMHU TOpda, 3aJeraliux 0/
JKEJIE3HOJIOPOKHOM HAChIMblO. Harpy3ka oOT 1oe30B B COBOKYIIHOCTH C
pe3oHaHCHbIM  3(dekTom, 00pa3yromuMcs B  OCIa0JICHHOM TpPyHTE U
OOHApyXEHHBIM TACCUBHBIMU CEUCMUYECKUMHU METOJAaMH, MPUBOIAT K €ro
MOBBIIICHHBIM JehopManusiM, YTO CHOCOOCTBYET TMOSIBJICHUIO MPOCAIOK.
Hedopmaiiiu, BbI3BaHHBIC SIBJICHUEM PE30HAHCA, HE3HAYNTEIbHBI IO CPaBHEHUIO
C HArpy3KOH, CO3aBacMOM MPOE3KAIOIUMHU COCTAaBAMHU.

MOHUTOPUHT COCTOSIHUS HACKINH (yd4acTok muHOoU A0 300 M) nmst aHanu3a
PE30HAHCHBIX YacTOT BO3MOXEH C UCIOJIb30BAaHUEM OJHOTO JlaTYWKa,
MNPEANOUYTUTENBHO aKCeJIepoOMeTpa € HIKHel dactorod or 1 I, HO u
HCITOJIb30BAaHUE KOPOTKOTIEPUOTHOTO BEIOCHMETPA TaKkKe OYJET JOCTATOYHBIM
YCJIOBUEM.
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Crietyrolnm 3TarnoM JJaHHBIX UCCIIEIOBAHUM SIBIISIETCS 3aJaHUE PAaCUECTHOU
MOJICNId U PACCMOTPEHME PA3JIUYHBIX CUTYallud MPU U3MEHEHHH (U3HUECKUX
XapaKTEPUCTHUK MOACTHIAIOIIUX TPYHTOB U BO3ICHCTBUN OT MOE3/I0B.

B KoHeyHOM pe3ynbpTaTe MPENIoNaraeTcsi CO3JaHue JEHCTBYIOLIETO
MaKeTa TEXHOJIOTUM SKCIPECC-OUEHKH, BKIIOYAIOUIETO0 SKCIEPUMEHTAIBHYIO
4YacTh: ammaparypy, HOpoueaypy coopa, oOpabOTKM W Tiepefadyl JIaHHbIX,
aNropuT™Ma NpUHATUS penieHus. [Ipyu BBIMOJIHEHUHM TEOPETUUECKON YacTu
IJTAHUPYETCS MTOTYUYECHUE HOBBIX MPEACTABICHUN O B3aUMOICUCTBAM MO IBUKHOU
CUCTEMbl «HACBINb-TIOACTUIAIONIME TPYHTHl OCHOBAaHUW» U CO3JaHUE 0asbl
JAHHBIX 00 W3MEHEHWHM HECYIIeH CHOCOOHOCTH TPYHTOB TIPH pPEaTbHBIX
MPUPOTHO-TEXHOTEHHBIX BO3JIEUCTBHAX. Heobxoammo pa3paboTaTh METOAHUKY
MPOTHO3UPOBAHUS  MOBEACHUA IMOJIOTHA TPU  PA3JIMYHBIX  BapHUaHTaXx
KJIIMMaTUYECKNX U3MEHEHHI U pa3HbIX Harpy3Kax.
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Abstract. The article presents results of monitoring state of railway subgrade using
seismic methods in the Far North area.

Purpose: The purpose of the studies is to find out reasons of subgrade subsidence in
turfed soils of Onezhsky District of Arkhangelsk Oblast.

Methodology: Studying soils in foundations of subgrade, a complex of active and
passive methods was used, including: seismic exploration of refracted waves, multi-channel
analysis of ground waves, and engineering seismic analysis based upon spectrum analysis of
seismic noises. This complex enabled considering and estimating the system “subgrade-soils of
foundations”.

Results: A relative high capacity of weak soils, probably containing turf, lying under
subgrade. Sections of increased water saturation in subgrade soils were found out. Loads from
passing trains and resonant effect in weak soils cause its compression resulting in emergence
of subsidence. Resonant effects whereby are not that strong, whereas passing trains have a more
significant impact on the state of subgrades.

Practical significance: Elaboration of technology of quick estimation of state of
railway subgrade for immediate detection of a dangerous defect at an early stage of its
development is a topical and acute challenge.

Keywords: railway track subgrade, seismic vibrodiagnostics, passive seismic methods,
Far North.

Introduction

In the territory of the Russian Federation, in the regions of permafrost soils,
more approximately 5 thousand kilometres (including the Baikal-Amur Mainline
and most part of the Trans-Siberian Railway) of railways are operated [1].
Industrial exploration of the Far North and Siberia territories requires extending
railway tracks with their simultaneous operation. A distinguished feature of
subgrade foundations with permafrost, swampy and karst sections is an increased
proneness to deformation of tracks caused by cryogenic, karst and suffosion, and
suffosion processes in subgrade soils.

In order to increase traffic safety, JSC “RZD” pays special heed to
development and implementation of different methods for monitoring subgrade
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by virtue of mobile devices. Order of works in unstable places is set individually
basing on data of instrumental and visual monitoring, on-site and engineering nd
geological (geophysical) investigations, calculations of strength and operation
reliability of objects. In recent years, in Russia and abroad field measurements of
soils have been gaining their popularity. These are, first and foremost, cone
penetration test (CPT) and standard penetration test (SPT). It should be noted that,
despite these methods being very efficient, they are not able to perform constant
(uninterrupted) control of subgrade and soils under it. It is significant to detect
failure at its early stage of development which is complicated when only one
single method is used on dangerous/problematic sections. There is a necessity in
much deeper study of the issue.

The amount of information about upper part of section (UPS) of the Earth
crust could be significantly increased by virtue of new geophysical technologies,
employing integration of different methods. In recent time, with development of
instrumental and methodological bases, application of passive seismic methods,
mainly microseismic, have been gaining more significance in studies [2, 3, 4].
The main advantages of such methods are lack of necessity in special sounding
signal sources, relative simplicity and realisation accessibility.

The notion “microseismic monitoring” encompasses a whole range of
technologies, based upon analysis of waves of different origins and types (seismic
emission, technology-related signals, surface waves, etc.). We are exploring
methods of investigating UPS by means of picking out “necessary” signals from
microseisms. It is essential to mention, that for getting fundamentally different
information about the sphere, the captured wavefield may be simultaneously
processed by different methods based on different “useful” constituents of
microseisms.

Elaboration of technology of microseismic monitoring may be used either
individually for acquiring quick estimation of subgrade state, or in combination
with conventional methods for getting a picture of all alterations in the geological
terrain in the area of railway construction.

Setting of the task

Mainline operation length of the Severnaya Railway (Northern Railway)
makes approximately 1045 km, most of which is located in the conditions of the
Far North. Development of issues of technology of microseismic monitoring and
methods of data processing was carried out in a section of the Severnaya Railway,
Onezhsky District of Arkhangelsk Oblast.

The object for investigation is subgrade of railway in the area of turfed
soils. During the investigation, a task was being solved to find out reasons of soil
subsidence (pic. 1).
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Pic. 1. Scheme of works carried out: 1 — railway line; 2 — automobile mainline;
3 —engineering seismic survey; 4 — places of installment of seismic equipment; 5 — railway in
the area of the works; 6 — area of investigation

Engineering and geological conditions of the area near Onezhsky District
are dictated by flat and slightly undulating features of terrain, development of sand
and clay glacial deposits, sand and clay sediments of latest marine transgressions
of different intensity [5, 6, 7].

A significant fact, on which the railway subgrade is dependent, is
engineering and geological features of soils, groundwater level, and lithological
composition of underlying rocks. Generally, according to Russia’s Design and
Construction Specifications 11-105-97 (CIT 11-105-97) [8], the territory belongs
to Il category of complication in terms of engineering and geological conditions.
It is our believe, that the section under investigation is located in area of
depositional plain of glaciolacustrine deposits, seacoast lowland. In the lowland
plains, there are basically non-homogeneous, thin-layered, flowing clay water-
saturated deposits with the capacity varying from several to 10 metres [7].

Peculiarities of the region (excessive hydration) and lithological
composition low permeable blanket deposits characterise shallow deposition of
groundwater (less than 2 metres). The surface of groundwater contours outline of
undulating relief and at some places, in pits between hills and ridges, converge
with swamp water. In wetlands, turf capacity varies, as a rule, from 3 to 6 metres,
or even 8-10 metres in some places. Turf is usually underlain by soft soils.
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Accepted assumptions

For this section, due to lack of information about engineering and
geological surveys and type of subgrade, bearing in mind common data on the
region of the work conducted [5, 7] and Construction Specifications 32-104-98
(CIT 32-104-98), let us assume that a subgrade is up to 3 metres high. It has been
designed and constructed after full or partial removal of turf layers from
foundation being later replaced by mineral ground (sand and gravel mixture).

Seismic equipment

Measuring microseisms in the region of subgrade location and traffic-
induced impacts on subgrade soils, the Giiralp CMG-6TD broadband seismometer
(Great Britain) [10] and the Nanometrics Trillium Compact 120s (Canada) [11]
were used. The sensors were deployed as in picture 1. Axes were located along
(X) and across () the subgrade. The distance between the sensors was set 15
metres on the basis of prospective depth of sounding of the UPS.

For shallow seismic surveys of UPS the “GEOSINGAL Ltd.” TELSS-402
telemetry seismic surveying system was used [12]. Receipt of P-waves and S-
waves was carried out by vertical and horizontal sensors. Waves were induced 8
kg hammer being pounded on a flat metal plate. Scheme of profile location can
be seen in picture 1. The distance between receiving channels was 2 metres, total
length of profile was 15 metres. Processing of received data was carried out in
programmes “RadExPro 2016” [13].

Materials and methods of studies

The main source of strong seismic vibrations in the region of the Severnaya
Railway track is railway transport. When resonant frequencies of rock system
“subgrade and underlying soils” equal seismic vibrations frequencies of passing
trains, dynamic load on subgrade significantly rises, which may result in
emergency situations.

In the conditions of possible variations of subgrade soils state (karst
regions, swamp areas), if it is impossible or not reasonable to carry out its
reconstruction works, the most optimal would be to uninterrupted monitoring of
resonant frequencies of soils. In this case, changes in resonant frequency would
mark processes of changes in soils. Therefore, there arises a necessity of
estimation of resonant frequencies of soils, which can be calculated both
theoretically and experimentally.

Theoretical calculation of resonant frequency is carried out, provided that
the information about speeds of transversal waves in the soils being surveyed is
available, according to the formula [14]:
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frn = (2n;-zl)V_5,

where V, — average speed of waves in the upper layer; Z — upper layer
thickness; n — mode number.

The main advantage of theoretical calculation is that it provides the
possibility of modeling, which allows to estimate alteration of values of natural
frequencies when the state of the system “subgrade and underlying soils” changes
(for example, because of water saturation, depth of freezing, etc.) and/or (for
example, because of alteration of thickness of subgrade, changes of construction
material properties, etc.). Thus, results of theoretical calculations could be used
while planning works aimed at reconstructing and reinforcing railway subgrades.

The empirical studies were based upon a combination active and passive
seismic methods.

For calculation of resonant frequency by passive seismic surveys, there
exists a range of methods:

1. Engineering and seismic methods based upon spectrum analysis of
seismic noise, allowing us to single out signals from the whole spectrum of
microseisms corresponding to harmonic sources of oscillations [15]. Estimation
of dynamic property of the record is based upon obtaining power spectrum S;;(f)
for each of components of registration (i, j = X, Y, Z) and coherence function
K;;(f) in pairs for components:

|Si;(D)]
Ky () = 20
X [sutrrs;;)

where |Si i (f)| — mutual averaged spectrum. Coherence function is
practically a correlation coefficient for each frequency constituent, present in
registration component [16].

For monitoring dynamics of microseismic process of alterations in time of
changes of these estimations are analysed. Calculations are carried out in moving
average, spectral time diagrams (STD) are built up — S;;(f, t) for corresponding
records.

2. H/V Methods — the relation of the horizontal to vertical components of
microseism. This method has been described in the studies [17] and is based upon
the fact that resonant frequency of fundamental mode can be determined from the
relation of spectra of horizontal and vertical components of seismic noise:

fro = S2(w)ns+S%(W)wE
o 252(w)y

where S(w)ys, S(w)wr — Spectra of horizontal components of the record,
S(w)y — spectrum of vertical component of the record.

152



Thus, bearing in mind dependence upon conditions, we can use either
theoretical or empirical approaches to determination of resonant frequencies of
railway subgrade soils.

By virtue of multichannel analysis of surface waves on the basis of field
records of wavefield, velocity models of alteration of transverse wave speed value
have been obtained. This method was first described in the studies [18, 19, 20]
and was further improved in the study [21]. The method allows obtaining one
dimension velocity models of geological terrain along linear seismic profiles on
the bases of analysis of dispersive properties of surface waves. The multichannel
method of surface waves analysis is based upon the spectral-wave (f-k) signal
transformation followed by its addition in all channels [22].

As the active seismic methods, engineering seismic tomography was used
for refracted and reflected waves [23], which was used for geological and
geophysical profiles, identification of possible zones of inhomogeneities and
determination of velocity properties of terrain. The refracted waves method is
based on determination of refracted wave travel time (longitudinal or transverse)
from the source of its excitation till the registration point. One of the conditions
for this method to be applied is to increase velocity of transverse waves with
depth. The depth of occurrence is calculated by the system of catching and counter
travel time, combined by methods t, and time fields, refracting boundaries are
created; boundary velocity in refracting layer and relation V; /V,, characterise its
lithology [24].

Result of the studies

In the picture 2 the generalised velocity depth profile | (scheme can be seen
the picture 1) in the section with “subgrade and underlying soils” system of
disturbances is shown. The integration of active seismic methods allows receiving
a more detailed velocity profile. Using methods of multichannel analysis of
surface waves, we achieved to detect lower boundary of subgrade, which was not
possible to do by means of refracted waves method due to excessive noise
contamination.

Thus, the first boundary is singled out in the depth from 0 till 3 metres,
average transverse waves velocity, determined by method MASW (multichannel
analysis of surface waves), made 150 m/s, relation was V;/V, = 0.33 — 0.4 and
corresponded to sand and gravel layer [5, 7].

Refracted boundary is detected at the depth from 2 till 5 metres, with
noticeable immersion in the centre up to 89 metres. Average velocity of
transverse waves before the boundary V,, = 333 — 443 m/s, thus making it an

aerated zone. The relation V; /V, = 0.56 makes it possible to assume that this layer
is characterised by intercalation of sand, sandy loam and loam of ice age [5, 7].
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Further below, there is a layer with increased velocities up to 2117 m/s, which
corresponds to clay water-saturated depositions.

Distance in metres
Vp m/s
80 4 )
0

2117

1753

1389

1025

952

Pic. 2. Generalised velocity profile 1. Hatched lines — lower boundary of subgrade, detected
by virtue of MASW

In the picture 3, the velocity depth profile Il (scheme is in the picture 1) in
the section with “subgrade-underlying soils” disturbance system is shown, but on
the other side of the subgrade with profile I. Just like profile I, the layer with
crushed rock and sand depositions was singled out by means of MASW, at a depth
from O till 4 metres, whereby average transverse waves velocities make 150 m/s,
the relation is I /V, = 0.3 — 0.47.

Refracted boundary is detected, according to both methods at a depth from
8 till 12 metres with deep submergence at the beginning of the profile. Average
transverse waves velocities up to the boundary is V, = 315 — 495 m/s, average
transverse waves velocities(V;) at depths from 3 till 13 metres are from 250 till
280 m/s, the relation is V;/V, = 0.56. It could be assumed that these properties

correspond to intercalation of ooze, loam, sandy loam and sand of ice age.
In the lower layer, high boundary velocities up to 2397 m/s are registered,
which presumably correspond to clay water-saturated depositions [7].
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13.

Pic. 3. Generalised velocity profile 1l (4-6), hatched lines — lower boundary of subgrade,
detected by virtue of MASW

Thus, in an unfavourable section a layer of soils (from 4 till 8 metres) with
decreased velocities is singled out; this section has various gradients — relied made
by glacial deposits. This peculiarity is also underlined by increased velocity
properties — water saturation of clay rock, which is presumable is one the reasons
of this sections soils’ subsidence.

In the picture 4, one can see the velocity depth profile 111 for a favourable
Section without any disturbances in the system “subgrade-underlying soils”. A
layer of crushed rock and sand was detected by virtue of MASW at 1.5 metres.
Refracted boundary is detected at depths from 2.5 till 4 metres with a slight 5
metres sag in the centre. Average transverse waves velocities up to the boundary
are V, = 344 — 702 m/s. Average transverse waves velocities in the upper level

(V;) are from 150 till 250 m/s/, the relation isV;/V,, = 0.35 — 0.43. It could be

assumed that, these properties, just like in the previous section, correspond to
intercalation of crushed rock and sand layer, loamy ooze, sandy loam, and sand
of ice age [7]. Below, there lies a layer of presumably water-saturated deposits
(velocities from 1212 till 2102 m/s).

Distance in metres
8 12 16 20 24 28 32 36 40 4 48 52 5 60 64 68 72 76 80 84 8 92 96 100 OVp,m/S
2102
1471
4 839
208

2

8 8

Depth in metres

10
8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 8 92 96 100 H.m

Pic. 4. Generalised velocity profile 111 (7-8), hatched lines — lower boundary of subgrade,
detected by virtue of MASW
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As it is seen from the picture 4, this section’s layer with decreased velocity
has significantly lower capacity and relatively flat boundary, and values of
velocity increase are solitary. This fact indirectly indicates that this section soils
have stronger bearing capacity.

Thus, application of active seismic methods enabled obtaining velocity
model of the system “subgrade-underlying soils” to a depth of 22.5 metres.

Let us carry out integration of the received information with the results of
passive seismic methods. We will consider results of spectral analysis based on
the data of passive seismic methods. For evaluation of levels of impact of train
for the section of survey acceleration spectrums before and during the train traffic
were compared (Picture 5). Two wide-range peaks, corresponding to the first and
the second modes of oscillations in the system “subgrade-underlying soils”, are
singled out, with their ranges being equal to 1.6-2.4 hertz and 4.7-5.5 hertz. On
average, passing freight trains increase general level of the system oscillation 100
times (Picture 5a), whereby the second mode is subjected to the most of the
amplification of acceleration amplitude. The most “vivid” is the frequency 5.9
hertz, coming up when the greatest load of the rolling stock is exerted on the
system “subgrade-underlying soils”. At the same time, the amplitude of the
transverse component increases twice with respect to increases at other
components and for other frequencies, related to train traffic (Picture 5b). This is
presumably due to curvature of the track section surveyed (Picture 1).

5004

400 4 i

300
2004

1004% |
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T T T r T ) 0 T T T T T g
0 10 20 f.hertz 30 0 5 10 15 20 25 fihetz 30

Picture. 5. Spectra of impacts before and during freight train traffic for unfavourable section
of subgrade (a) and spectra of acceleration during train traffic (b)

In spectral-time analysis (STAN) diagram of power spectrum of
displacement velocity for unfavourable section (show in the Picture 6) two
vertical lines of 2 and 5 hertz are singled out. They reflect oscillation dynamics of
the system “subgrade-foundation soils”. The signal is most vividly seen at
frequency of 2 hertz (one of the oscillation modes of the system) for horizontal
constituents (X, Y), which is due to constructive peculiarities of the subgrade.
The signal at the frequency of 5 hertz is better seen in the vertical component Z,
whereas in the horizontal components the signal comes up during train traffic
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(bright wide-range horizontal signal), which reflects occurrence of resonance
during train traffic with the system ‘“‘subgrade-foundation soils”.

1600

t,c

1200

800

400

o 5 10 15 20 25 30 f, ry

Picture. 6. STAN — diagram of the system “subgrade-underlying soils”. Bright wide-
range horizontal signal is the passing train

For comparative analysis, let us consider the same situation but for a
favourable section (Picture 1), where the level of the edge of subgrade does not
exceed 0.4 metres. In the Picture 7, impact spectra before and during freight train
traffic in this section of the subgrade and spectra of acceleration during train
traffic.

Analysis in the Picture 7 shows sufficiently equal distribution of load by
frequencies. The difference of power levels of microseism phones in the state of
rest and during train traffic is more than three orders of magnitude than for
unfavourable sections. In the spectra, during train traffic in this section the most
vividly seen peak is at 2.0 hertz, which is most like due to resonance with the
system “subgrade-foundation soils”. Yet, absolute level of impact is low and does
not significantly influence the state of the system considered.
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Picture. 7. Spectra of impact before and during freight train traffic for favourable section of
the subgrade (a) and spectra of acceleration during train traffic (b)

Discussion of the results

The dangerous physical and geological processes in the described territory
along the Severnaya Railway are:

— presence in the upper layer of geological section of physically unstable
oozy sandy loams and sands up to 8-12 metres;

— bog development, caused by geomorphologic location of some track
parts, high level of groundwaters, presence of loose depositions of low-permeable
clay depositions in the section.

Results of active seismic methods enabled singling out relatively thicker of
softened soils, probably with turf, which lie under the subgrade. Sections with
excessive water saturation in the foundations soils have been identified. Impact
by trains, as well as resonant effect, causes its compression, leading to occurrence
of subsidence. At the same time, resonant impact is not significant, whereas loads
of passing trains contribute more to the state of soils.

Monitoring of the state of the subgrade for resonant frequency analysis is
possible with the use of one sensor, preferably with accelerometer with lower
frequency from 1 hertz. At the same time, application of short-range velocimeter
will also be sufficient.

Another stage of these surveys will be assigning the calculation model and
considering different situations with changes of physical properties of underlying
soils and train impact.

The final stage of these studies predisposes creating functional model of
technology of express evaluation, including experimental components:
equipment, process of accumulation, processing and transmission of data, and
decision algorithms. Implementing the theoretical task, we plan to obtain new
ideas of interaction of the system “subgrade-underlying soils” and create data base
of changes of bearing capacity of soils under real natural and man-caused impacts.
It necessary to work out methodology of prognosis of subgrade behaviour in
different options of climate changes and different loads.
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BJAUAHUE ITPOLUECCA ®OPMUPOBAHUSA PBIHKA
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TPAHCIIOPTA
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Annomauus.

Heab: Crarbss mNOCBSIIEHAa OIEHKE BIMSIHUS Ipoliecca (POPMUPOBAHUS pPbIHKA
ONEpUPOBAHUS TPY30BBIMH BaroHaMH Ha TIOKa3aTeld ONepaluoOHHONW 3¢ (HEKTUBHOCTH
JKEJIE3HOAOPOKHOTO TpaHcropTa PO. PaccMOTpeHbI CylIECTBYIOIIUE TOYKH 3PEHUS MO JAHHOU
npobiieMe, HOCAIINE KaueCTBEHHBIH XapakTep.

Metoabl: Jlisi KOJWYECTBEHHOM OLIGHKM AaBTOPAMH  HCIHOJB3YKOTCS  METOMBI
CPaBHUTEJIBHOTO aHAJIM3a U 3KOHOMETPUUYECKOIO0 MOJEIMpOBaHUsl Ha ocHOBE JaHHbIX OAQO
«PXX]I» u Poccrara 3a nepuon 2003-2016 rr.

PesyabraT: Ilo pesynpraraM 3KOHOMETPUUYECKOTO MOJCIUPOBAHUS BBISBICHO, YTO
CTaTHUCTUYECKM 3HAUYMMOE BIMSHHE Mpolecca (OPMUPOBAHUS pPBIHKA ONEPUPOBAHUS
IPy30BBIMM BAaroHaMHU Ha IOKa3aTeNld ONEpalMOHHOW 3((PEKTUBHOCTH >KEJIE3HOI0POKHOTO
Tpancnopta P® mpucyTcTByeT TOJBKO B YacTH OJHOW MEPEMEHHOM - «I0Js OTHPAaBOK,
JIOCTaBJICHHBIX B HOPMATUBHBIN (JI0TOBOPHOIT) cpok». IIpu 3TOM mokasarenu oneparuoHHON
3¢ (EKTUBHOCTH  JKEIE3HOJOPOKHOTO TpaHcnopra P® 1eMOHCTpUPYIOT HEraTHUBHYIO
JUHAMUKY TOJIBKO Ha mpoTsbkeHuu nepuoga ¢ 2003 mo 2009-12 rr.; B ganbHeileMm xe
OOJBIIMHCTBO JAHHBIX MTOKa3aTeJel MOKa3bIBAIOT YCTOWYUBYIO TOJOKUTEIbHYIO TEHIACHIIMIO,
OTPaBHBILUCH OT IEPBOHAYAIILHOI'O HETATHBHOTO HIOKA. Takoi 0K MOKET OBbITh peakiuen Ha
M3MEHEHUE YPOBHS Pa3BUTHUS pPbIHKA ONEPUPOBAHMS IPy30BbIMU BaroHamu B Poccuu, HO 3TO
KacaeTcs JaJeKo He Bcex Mokasareneit onepanuonHoi a¢gdexrusoctu OAO "PXK/".

Knrwoueswie cnosa: onepanrionHas 3p()EeKTUBHOCTb, PEIHOK ONIEPHUPOBAHUSI IPY30BBIMU
BaroHaMH, JKEJIE€3HOI0POKHBIN TPAHCIIOPT, KOHKYPEHTHAs Cpea.
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Abstract:

Purpose. The article is devoted to estimation of influence of process of development of
market of freight cars operation upon operation efficiency indexes of Russia’s railway transport.
The existing qualified viewpoints on this issue have been considered.

Methodology. For quantitative evaluation, the authors have used comparative analysis
methods and econometric modeling based on JSC “RZD” and Federal State Statistics Service data
of the period from 2003 till 2016.

Results. According to the results of econometric modeling, it has been found out that
statistically important influence of development of freight cars operation market upon indexes of
operation efficiency of Russia’s railway transport is present only in one part of variable — “amount
of deliveries, performed within normative (stipulated) period”. At the same time, indexes of
operation efficiency of Russia’s railway transport demonstrate negative dynamics only from 2003
till 2009-12; from then on, most of these indexes have been showing sustainable positive tendency,
having recovered from initial negative shock. This kind of shock might be a reaction to change of
level of market development of freight cars operation in Russia, but this does not apply to all indexes
of operation efficiency of JSC “RZD”.

Keywords: operation efficiency, market of freight cars operation, railway transport,
competitive environment.

BBenenue

Pa3BuTHe pbIHKAa NPEAOCTABIEHUS T'PY30BBIX BAaroHOB IOJ HOTPY3KYy C
MOSIBIICHUEM Ha KeJe3HbIX Joporax Poccuu omepaTopoB KeJIe3HOIOPOKHOIO
MOJIBMYKHOTO COCTaBA, IBUJIOCH BAYKHOW YaCThIO CTPYKTYPHOTO pehOpMUPOBAHHUS
JKEJIE3HOJIOPOKHOTO TpaHcmopTa crpanbl, Hawatoro B 2003 r. [1, c.13].
@opMHUPOBAHME BAarOHHOW COCTABJISIIOIIEH T'PYy30BOr0  JKEJIE3HOIOPOKHOTO
Tapuda cTago OonpeaeIsITHCS B OCHOBHOM PHIHOYHBIMH (DAKTOPaAMU, a KOJIMYECTBO
IPY30BBIX BaroHOB B COOCTBEHHOCTH WJIM Ha TIpaBe€ apeHibl y OMNEepaTopOB
HEMPEPBIBHO BO3PACTANIO HA MIPOTSHKEHUU MOCIETHUX 15-TH JeT.

OCHOBHBIM PE3yJbTaTOM JaHHBIX MPEOOpPa30BaHUM MPUHITO CUYUTATh
MOSIBJICHHME W Pa3BUTHE KOHKYPEHTHON cpeabl B 00JIaCTH MPEeAOCTaBJICHUS
IPY30BOT0 KEJIE3HOJOPOKHOTO MOJIBMXKHOTO COCTaBa, 4YTO MO3BOJIMIIO, B CBOIO
ouepelb, pEUIUTh MpoOJieMy OOHOBJIEHUSI TPY30BOTO BaroHHOTO IMapka H
JUKBUAUPOBATH JE(UIIUT BAarOHOB TIOJT TOTPY3KY IPY300THpaBUTENsiM [2, ¢. 11].
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Ho npu 3TOM Hamu ObLIO MOKAa3aHO, YTO TAKOE PAa3BUTHE KOHKYPEHTHOM cpeibl
HUKAK HE MOBJIMSIO HA KOHEUHBIE 1IE€HbI MEPEBO3KU TPY30B KEIE3HOJOPOKHBIM
TpancoptoM B Poccum, dYTO CBA3aHO C OTCYTCTBUEM aHAJIOTHYHBIX
npeoOpa3oBaHUil B MOHOINOJU3UPOBAHHBIX cQepax MPeJOCTABICHUS YCIyT
uHGPACTPYKTYPHI U JIOKOMOTHUBHOMH Tsru 3, ¢. 11-12].

CnemyeT OTMETUTH, UYTO TpoOJIEeMEe OMEparMOHHON 3(PGEKTUBHOCTH
KEJIE3HOJAOPOKHOIO TPAHCIOPTA B MOCIEAHUE TOJbI YJEISAI0CHh MOBBILIEHHOE
BHUMAaHHUE, YTO BBIPA3WJIOCHh B MOSBJICHUU JOCTATOYHO OOJBIIOrO KOJIMYECTBA
nyOonukamuii mo stomy Bompocy. K mpumepy, Hosocensckas C. A.
paccMaTpuBaia pPa3IMYHbIE AaCHEKThl ITOCTPOEHUS CHCTEMBbl IIOKa3aTeseu
s dexTuBHOCTH CTPYKTYpHBIX nonpazaencHuii OAO «PX Iy [4].

[lyOenueBa JI. A. uccinenoBanga acHeKThl MOBBIMIEHUS 3(P(HEKTUBHOCTH
GYyHKIMOHUPOBAHUST  XOJJIMHTOB ~ IyTEM  BO3JIEUCTBUS  HA  CHUCTEMY
Oyxranrepckoro ydera [5]. [Ipyrue acnekThl oneparoHHON 3¢ (EeKTHUBHOCTH
YKEJIE3HOJOPOKHOTO TpaHCIIopTa paccMaTpuBaiuch B padborax FOnuna C. B. [6],
Omnapuna C. I'. u Yenena B. B. [7], Ilanooit FO. H. [8], boxko JI. M. [9],
Kypasnesoit H.A. [10], Kotosoii E. A. [11], I'pomieBa I'. M., Knumosoii H. B. u
BacunweBoii T. B. [12].

[Tomumo 3TOTrO, UCCJIeI0BATENN aHAIM3UPOBAIA  MPOLECCHI
(bopMHpOBaHUS pPbBIHKA W KOHKYPEHTHOW Cpelbl Ha JKEJIE3HOJOPOKHOM
TpaHCHopTe, 4TO ObLIO OTpakeHo B myOnukauusx [Ipockypskosoii E. A. [13,14],
Kypasnesouir H. A. [15, 16], Axynosa M. II. [17], Ka3anckoun JI. @. u
boromonosoii A. B. [1].

Bmecte ¢ tem, mpoOieme BiIusHHS mporecca (GOpPMHPOBAHUSA PHIHKA
ONEpPUPOBAHUSI TPY30BBIMM BaroHaMH Ha I[IOKAa3aTelid  ONEpPallMOHHON
(b (HEKTUBHOCTH KEJNE3HOJAOPOKHOTO TpaHcropta B PD He Oblio yneneHo
JIOJDKHOTO BHUMAHUS, YTO BBIPA3UJIOCh B HEOOJIBIIIOM KOJIUYECTBE MyOIUKAIIHii
10 TaHHOMY BOIIPOCY.

Tak, M0 MHEHHUIO HEKOTOPBIX HCCIEAOBATENEH, MOYTH MOJIHAs Iepeaada
IPY30BBIX BAaroHOB YAaCTHBIM ONEpaTOpaM cTajda MPUYUHON YXYIUIECHUS
YIPaBJIsieMOCTH BArOHHOTO MapKa U CHIKEHUS MTOKa3aTeNel SKCIUTyaTallMOHHOM
paboThI xene3nbix qopor. K npumepy, cornacuo Kpeitnuny A. B. «koraa BaroHsl
NpUHAAJIeKAT omeparopaM, a HHPPACTPYKTypHas 4YacTb NPUHAIJIEHKHUT
YKEJIE3HbIM JI0pOoraM, MOPOKHBIN POOET He CHUXKAETCS, a laxe Bo3pacTaeT» [18,
c. 17].

Cy1iecTByIOT U HEKOTOPbIE MPSIMO MPOTUBOIOJIOKHBIE TOUKH 3peHus. Taxk,
XycaunoB @.M. B cBoeil pabore [19, c. 207-219] noka3biBaeT, YTO pa3BUTHE
OMEPATOPCKOr0 CErMEHTa HE 0KAa3aJl0 HUKAKOTO0 HEraTUBHOIO BIUSIHUS HA TaKWE
MOKa3aTeNd SKCIUTyaTaIlMOHHON pa0oThI Kak KOA((UIIMEHT MOPOKHETo mpobera
U CPEIHSIsl CKOPOCTh A0CTaBKHU Tpy3a. [Ipu 3Tom poct o6opota Barona B 2010-
2013 rr. mMoxeT ObITh HE CBA3aH C Pa3BUTHUEM OMNEPATOPCKOTO CErMEeHTa, W
BOOOIIE TOKa3aTeld O000poTa BaroHa M TMPOU3BOAMTENHLHOCTH BaroHa He
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NPEACTABISAIOT HWHTEpeca /I YaCTHBIX BIAJIETBIEB TIPY30BBIX BaroHOB,
OpPHCHTHPOBAHHBIX HA MOBBIIICHUE 10X010B Ha 1 Barou [19, ¢. 214-218].

IlocTanoBKa 3ag1aun

[ToMmuMO HEOONBIIOrO KOJIMYECTBA MyOJUKAIMU IO paccMaTpUBAEMON
npobiieMe CIeayeT OTMETUTD, YTO UCCIIE0BATENN HE IPUBOIAT KOJIMUECTBEHHBIX
OLIEHOK TECHOThI M XapaKTepa 3aBUCUMOCTHU IOKa3aTesedl IKCIUTyaTallMOHHOM
paboThI JKENE3HBIX AOPOT (UM, IPYTUMU CIOBaMH, IIOKa3aTelneld onepalnoHHON
3(p(EKTUBHOCTH) OT YPOBHS pa3BUTHUA pHIHKA ONEPUPOBAHUS TI'PY30BBIMU
BaroHaMu. [loneiTaeMcsi MPOBECTH TaKylO OLEHKY C MOMOIIbIO MHCTPYMEHTOB
HKOHOMETPHUUYECKOIO MOJEIMPOBAHUS.

IIpuHATHIE TOMYIIEHUST

[Ipumem mJis MPOBOAUMMOIO B JIaHHOW paboTe aHadu3a CIeayrolue
JTOMYIICHUS:

— B KaueCTBE IMOKa3aTeJed YpOBHS Pa3BUTHUSI PHIHKA ONEPUPOBAHUS
Ipy30BbIMU BaroHaMu P® ripumMeM 107110 HE3aBUCUMBIX YaCTHBIX COOCTBEHHUKOB
B MapKe Ipy30BbIX BaroHOB P® U 101110 HE3aBUCUMBIX YaCTHBIX COOCTBEHHUKOB
B I'Py30000pOTE JKEJIe3HOAOPOKHOTO TpaHcmopTa PD;

- B KayecTBe TIOKaszarelied  omepaloHHOM  A()@eKTUBHOCTU
JKEJIE3HOIOPOKHOTO TpaHcnopTa PD mpumem cpegHuii Bec rpy30BOro moesaa
OpyTTO, y4aCTKOBYIO CKOPOCTh JIBU3KEHUS TPY30BOTO 1M0O€371a, CPEAHIOI CKOPOCTh
JIOCTaBKU TPY>KEHBIX OTIPABOK, JO0JI0 OTIPABOK, JOCTABJIECHHBIX B HOPMATHUBHBIM
(moroBopHoif) cpok (1o ganHbIM OAO «PXK]»);

— JUIsL  TIOKas3aTejed CcpeaHud Bec Tpy30BOro rmoesda OpyTTo,
Y4acTKOBasi CKOPOCTh JIBUKEHHUS IPY30BOTO MOE3/1a B KAUECTBE NIEPUO/IA aHAIN3a
npumeM 2003-2015 rr. (c OTHENBbHBIMU 3aMEUaHUSAMM KacaTeJbHO JAaHHBIX 32
2016 1.);

— JUTs1 IOKA3aTeNeil CpellHsIsl CKOPOCTh IOCTABKU I'PYKEHBIX OTIPABOK,
JIOJIs1 OTIIPABOK, JIOCTABJICHHBIX B HOPMATUBHBIN (JJOTOBOPHOI) CPOK B KAYECTBE
nepuoAa aHanuza npumem 2007-2015 rr. (¢ OTACHABHBIMU 3aMEYaHUSIMU
KacaTeJIbHO JaHHBIX 3a 2016 1.).

MatepuaJjibl 1 METOABbI HCCJIEIOBAHUS

MarepuanamMu ucciae0BaHUsI B JIaHHOW paboTe SBISIOTCSA MEPEMEHHBIC
(TUT JAaHHBIX - BPEMEHHBIE PSIbI ), UCTIOJIb30BAHHBIE B ITPOIIECCE MOJICTUPOBAHUSI,
JTaHHBIC TIEPEMEHHBIC TpaUUYecKH MpeACTaBieHbl Ha puc. 1, 2 u 3. Metossl
UCCIIEIOBAHUSI — CPABHUTEIbHBINA aHAIN3 U SKOHOMETPUYECKOE MOJICIUPOBAHKE
(KmaccHuecKui METOJT HAMMEHBIIIUX KBaJIpaToB (MapHas JIMHETHAs perpeccusi) ¢
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IPOBEJICHUEM HEOOXOIUMBIX 3KOHOMETPUYECKUX TECTOB — CcM. Tabmuiy 1 u
TaOJIUITy 2 HIKE)

% 100
90
80
70 B Jona B napke
60 rpy30BbIX
50 BaroHos - X1, %
40
30 & [ona
20 rpysooboporte -
X2, %
10
00

2009 g

Puc. 1. Jlonu He3aBUCUMBIX YaCTHBIX COOCTBEHHHUKOB B TIAPKE TPY30BBIX BATOHOB H
Ipy30000pOTE KEIE3HOJOPOKHOr0 TpaHcnopra PO
(paccuutano aBTopamu 1o: [19, c. 159], [20])

PesyabTarsl

Kax BuaHO 13 puc. 1, 10511 HE3aBUCUMBIX YACTHBIX COOCTBEHHUKOB B ITApKe
IPy30BBIX BaroHoB (mepemeHHass X1) u B rpy3oo0opore (mepeMeHHas X2)
YKEJIE3HOIOPOKHOTrO TpaHcnopTa P HenpepriBHO pocin Ha npoTskeHnu 2003 -
2015 rr.. YBenaudeHnune coctaBuiio npuoamu3uTesnbHo ¢ 20-22 1o 80-85% (k KOHILY
2016 roga nepemennas X1 qocturia 3HadeHus 83.7%, nepemerHas X2 10cTuria
3HaueHus1 86.4%, CylIeCTBEHHO HE€ W3MEHHMBIIMCH MO OTHOLIECHHUIO K YPOBHSIM

2015 rona [20]).
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Puc. 2. Ilokazatenu onepanuonnoit 3gpdexkrusnoct OAO "PXK/[" He opreHTHpOBaHHBIE HA
norpeOHocTH rpy3ooTnpasuteneit (mo ganueim OAO «PXK/»: [20])

Yro kacaercs nokazareneil onepauuoHHoi 3¢ dexruBHoctu OAO "PXK/",
HE OPUEHTHPOBAHHBIX, HA HAIIl B3TJISII, HA TOTPEOHOCTH TPY300THPABUTENCH, TO
Ha npotspkennn 2003-2015 rr. cpennuii Bec rpy3oBoro noesna (nepemeHHas Y6)
MIOCTOSIHHO YBEJIMUMBAJICS, & YIaCTKOBask CKOPOCTh JBMXKCHHUS (TepeMeHHast Y5)
MOYTU HE MEHSIAch (XOTS U IEMOHCTPUPOBAJa CUIBLHYIO BOJIATHIIBHOCTD) (pHC.

2) (8 2016 r. ypoBHM TIepeMEeHHBIX Y5 U Y6 CyIIECTBEHHO HE OTJIMYAIOTCS OT
yposueii 2015 r. [20] ).

km/cyr 400 100 o
380 < _ -~ % 90 c
~ e/[lHAf CKOpOCTb
360 o .2/ 8 pea p
. - / AOCTaBKU FPYKEHbIX
340 / 70 otn -Y7
paBoOK ,
320 / 60 KM/CyTKM
300 / 50
WS [
260 \ / 30 — = =/[lona oTnpasokK,
240 20 [OCTaBNEHHbIX B
220 \,4/ 10 HOPMATMBHbI
200 | R 0 (norosopHoOI) cpok
N 00 O O - N M o< -Y8, %
O O O ™I ™ o «—d =
O O O O O O O o o
AN N N &N &N &N &N NN FO,LI,

Puc. 3. IlokazaTenu oneparnuonHoii apdextusHoct OAO "PXK/1"
OpPUEHTHPOBAaHHBIE Ha TOTPEOHOCTH IPY300TIpaBUTENCH

(mo manabpM OAO «PXK»: [20])
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[lokazatenn  omepannoHHOM  3(PexkTUBHOCTU OAO "PXXKOA",
OpUEHTHUPOBaHHBIE, HA HAIIl B3TJIsA/l, HA MOTPEOHOCTU TPY300TIIPABUTEICH PaCTyT
Ha npotrsbkeHun 2007-2015 rr., JeMOHCTPUPOBAIM JOCTATOYHO CHIJIBHYIO
BOJIATHIIBHOCTh (puc. 3). OcoOeHHO CHIIbHO KoJiebanach W pacTeT CpeaHsis
CKOPOCTb JJOCTaBKU I'PY>KEHBIX OTIPaBOK (TiepemMeHHas Y7), s J0JId OTHPABOK,
JIOCTABJICHHBIX B HOPMATHUBHBIN (JOTOBOpHOM) cpok (mepemenHas Y8) sTu
TEHJECHIIMM MEHee 3aMeTHBI (repeMeHHble Y7 u Y8 pactyr m B 2016 1o
orHomenuto kK 2015 1., nmocturas 3madenuir 380.5 wm/cyr uw 96.1%
cooTBeTCTBeHHO [20]).

ITo pesynbraram ADF-TecTa (ypoBeHb CTaTUCTHUECKON 3HAYUMOCTH ajbda
0.05) 6pu10 ycTaHoBIeHO, uTo mepeMennbie X1, X2, Y5, Y6, Y7, Y8 saBustorcs
WHTErPUPOBAHHBIMU psifamu 1-To nopsiaka. [Ipu sTom oreHka Moenei mapHoit
JMHENHOM perpeccun 3aBUCMMOCTH NepeMeHHbIX Y5, Y6, Y7, Y8 oT nepeMeHHbIX
X1, X2 npuBOJUT K MOSBJICHUIO JIOXKHOW PErpeccuu, T.K. MO pe3yJibTaTaM TecTa
Ourna-I'panxepa Ha kouHTerpanuio (anbda 0.05) mapsl nepemennbix Y5 u X1,
Y5u X2, You X1, Yéu X2, Y7 u X1, Y7 u X2, Y8 u X1, Y8 u X2 He ABIArOTCA
KOMHTETPUPOBAHHBIMHU.

Jiist perierus mpoOJIeMbl JI0)KHOW perpeccuu ObLT IPOU3BEACH MEPEX0]T OT
abcomoTHEIX ypoBHeW mepemeHHBIX X1, X2, Y5, Y6, Y7, Y8 k ux mepBeIM
pPa3HOCTAM (JIaHHBIM MMOJXOJ ONUCaH, K npumepy, B pabore Hocko B.II. [21, c.
530]). B aTom ciy4yae OLIEHKY MapaMeTpOB PETPECCHOHHBIX YPaBHEHUN MOXKHO
MPOU3BECTH KJIACCUYECKUM MeToAoM HaumMmeHbiux kBaapatoB (KMHK) npu
YCIIOBUH, YTO MPOLIECCHl OCTATKOB 00JIaIal0T CBOMCTBaMM OEJIOT0 LIymMa — CM.
[21, c. 530] umm [22, c. 119].

Pe3ynprarel OLIEHKM MOJEe NapHOM JJMHEMHOM PErpeccuy JJIsl EPBBIX
pa3HOCTEN pe3yJabTAaTUBHBIX MepeMeHHbIX YD, Y6 mpuBeneHsl B Tabnuie 1
(PKOHOMETPUYECKOE MOJICIIMPOBAHUE B JJAHHOUM paboTe MPOM3BEIEHO Ha OCHOBE
BpeMeHHBIX psnoB 3a 2003-2015 rr. u 2007-2015 rr., ucHoJib30BaHUE
aHaJIOTMYHBIX BpeMeHHBIX psAaoB 3a 2003-2016 rr. u 2007-2016 rr. cyniecTBeHHO
HE U3MEHSIET BBIBOJIBI 10 MOJICIIUPOBAHUIO).

Tabmuua 1. Pe3ynbpTaTel OlEHUBAHUST MOJENEH U pe3yNbTaTUBHBIX MEpeMeHHBIX Y5 u Y6
(romoBeie nanuble 3a 2003-2015 rr.)

[Tepemennas/meTo orieHKH/ Ne momenu
MOKA3aTeNb/TeCT 1 2 3 4
PesynpraTuBHAs IepeMeHHAs™ d Y5 d Y5 d Y6 d Y6
daxkTopHas nepeMeHHas™* d X1 d X2 d X1 d X2
MeTo OIIEHKH MOJIEIIN KMHK | KMHK | KMHK KMHK
KoaddunmenT nerepmunanum 0.17 0.20 0.08 0.06
Mogenb cTaTUCTHYECKH 3HaYUMa (KpUTepuit
HET HET HET HET
Ouiepa)?
Koadduuument dpakroproit nepeMeHHOH et et HeT HeT
CTaTHCTUYECKU 3HaunM (kputepuil CtbroieHTa)?
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[Tepemennas/meTon oneHKH/ No momenu
[IOKAa3aTeJIb/TECT 1 2 3 4
VY mporiecca 0CTaTKOB MPUCYTCTBYIOT CBOMCTBA
0eIoro myma U OTCYTCTBYET aBTOKOPpPEISIus (Ha Ia na na na
ocHoanuu PACF, anbda 0.05)?
B Mozenu oTCyTCTBYET reTeEpOCKENACTUYHOCTE
A yrersy P A Ia na na na
(tect Yaiira, annga 0.05)?
OcTaTKu MOJIENH pacnpeaesieHbl HOpMaIbHO
HET HET na na
(rect XKapke-bepa, ansda 0.05)?
B mopenu orcyrerByet addext ARCH (anbda
n yTeTBYET 594 G 1 1 1 1
0.05)?
Jluneitnas popma Mojenu BeIOpaHa MpaBUIIBHO
na na na na
(rect RESET, anbsda 0.05)?

* - mepBBIC pa3HOCTHU IEPEMEHHBIX YD, Y6, X1, X2

Pe3ynprarel OLIeHKM MOJeel nNapHOM JTMHEMHON perpeccuu Uisl MEepBhIX
pasHOCTEH pPe3yJIbTaTUBHBIX IepeMeHHBIX Y7, Y8 nmpuBeneHs! B Tabmuiie 2.

Tabnuna 2. Pe3ynbTaThl OLlEHUBAaHUS MOJENEH Uil pe3yIbTaTUBHBIX MepeMeHHbIX Y7 u Y8

(ronoBele nanusle 3a 2007-2015 rr.)

[TepemenHast/MeTO1 OLICHKH/ Ne montenu
MI0Ka3aTeJb/TeCT 5 6 7 8
Pe3ynpraTiBHAs IepeMeHHas* d Y7 d Y7 d Y8 d Y8
daxkTopHas nepeMeHHas™* d X1 d X2 d X1 d X2
MeTo OLIEHKHU MOJIEIHU KMHK KMHK KMHK KMHK
Koaddunment nerepmunanuu 0.27 0.34 0.57 0.60
Mopeinb cTaTUCTHYECKH 3HaYuMa
(xputepuit Guniepa)? et Her 1 e
pit:}
Koadduunent pakropHoii nepeMeHHOi (anmbda H% (()asnb(ba
CTaTUCTUYECKHU 3HAYUM (KpUTEpU HET HET 0.05)u 05) m
Creronenra)? paBeH (- (If SB%{)
0.71) '
VY nporecca 0CTaTKOB NMPUCYTCTBYIOT
CBOMCTBa OEJIOTO ITyMa U OTCYTCTBYET
aBTOKOppensus (Ha ocHoBanuu PACF, e e a e
anbda 0.05)?
B monenu orcyrcTByeT
reTePOCKEeIaCTUYHOCTH (TeCT Yaiita, na na na na
anbda 0.05)?
OcTtaTky MOJIENTH pactpe/IeIeHbI
HopMmaibHO (Tect XKapke-bepa, anbda na na na na
0.05)?
B monenu orcyrcTByeT 3P ekt
ARCH (am,@ya o.osy)? b 1 e e na
Jluneitnas popma Mmozaenu
BbIOpaHa npaBuibHO (TecT RESET, anbda Ja na na hit:}
0.05)?

* - mepBBIC pa3HOCTH epeMeHHbIX Y7, Y8, X1, X2
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O0cy:kneHue pe3yabTaToB

Kak cnenyer u3 Tabnuiisl 1 BusiHUE OKazaTened ypoOBHS Pa3BUTHS PhIHKA
OIEPUPOBAHUS IPY30BBIMH BaroHamMu (TIEpBbIC Pa3HOCTH MEepeMEeHHBIX X1 u X2)
Ha ToKazarenu onepanroHHod  addexktuBHoctHn  OAO  "PXKI" He
OPUEHTHPOBAHHBIE HA MOTPEOHOCTH TPY300THpaBUTENCH (IIEPBBIE Pa3HOCTU
nepeMeHHbIX Y5 u Y6) orcyrcrByeT Ha mpotrshkeHuu 2003-2015 rr: moxenu u
K03 PueHTH (PaKTOPHBIX MEPEMEHHBIX CTATHCTHYECKH HE3HAUYUMBI (aibda
0.05).

Kaxk cnenyet u3 Tabnuiisl 2 BIUSIHUE MIOKA3aTENE YPOBHS pa3BUTHS PhIHKA
ONEPUPOBAHUSI TPY30BBIMU BaroHaMM Ha T[OKa3aTelid  OINEpalluOHHON
abdextuBHoctt OAO  "PXJ" opueHTupoBaHHBIE Ha  TOTPEOHOCTH
rpy3ooTnpaButeneid B 2007-2015 rr. HeogHo3HauHO. CTaTUCTUYECKU 3HAUYMMAs
3aBUCUMOCTh IMEPBBIX pPa3HOCTEH TmepeMeHHol Y7 OT MepBbIX pPa3HOCTEH
nepeMeHHbIX X1 1 X2 He BoisiBIeHa. Ho cTaTucTHUecku 3HaUUMasi 3aBUCUMOCTD
NEPBBIX pa3HOCTEN epeMeHHo Y8 oT nmepBhIX pazHocTel nepeMeHHbIX X1 u X2
CYLIECTBYET: MoJenu U  KodDPuimeHTsl  (aKTOPHBIX  MEPEMEHHBIX
cratuctTuuecku 3HauuMmbl  (ambda 0.05) ¢ 1OCTATOYHO  BBICOKUMU
ko3 urmentamu aerepmunanuu (0.57-0.60), Mogenu ycrnemHo MpOUUIA BCe
OCHOBHBIE IKOHOMETPUUYECKHUE TECTHI.

Tak, mo pe3yibraTaM MojenupoBaHus (Tabiuia 2) npu pocte Ha 1 %
CKOPOCTH HW3MEHEHHUS JI0JM HE3aBUCUMBIX YaCTHBIX COOCTBEHHHKOB B MapKe
rpy30BbIX BaroHoB P® (mepBas pazHocTh nepeMeHHoN X1) cCKopoCcTh U3MEHEHHUS
JI0JIA OTIPAaBOK, JOCTABJICHHBIX B HOPMATUBHBIN (JOrOBOpPHOI) Cpok (mepBas
pa3HoCTh nepeMeHHas Y8) cumxkaetrcs Ha 0.71%. Taxxkxe mpu pocte Ha 1 %
CKOPOCTH W3MEHEHHUS JOJU HE3aBUCHUMBIX YAaCTHBIX COOCTBEHHUKOB B
rpy30000poTE IKEIE3HOJOPOKHOTO TpaHcmopra P® (mepBas pa3HOCTH
MepeMeHHOM X2) CKOPOCTh HM3MEHEHHUS JIOJM OTIPABOK, JIOCTAaBIICHHBIX B
HOPMATHUBHBIN (IOTOBOPHOI) CPOK (TIEpBasi pa3HOCTH NepeMeHHas Y8) CHIKaeTCs
Ha 0.73%.

Takum oOpa3oM, Ha OCHOBAHWHU MPOBEJECHHOTO aHAIW3a MOXKHO CIeaTh
CJIEIYIOLIUE BBIBOBI.

N3menenune ypoBHS pa3BUTHS PhIHKA ONIEPUPOBAHUS TPY30BBIMH BarOHAMHU
B Poccum He okazaio CTaTUCTMYECKHM 3HAYMMOIO BIMSHUS Ha IOKAa3aTeH
oneparmonHot 3ddextuBHoctt OAO "PX][" He opueHTHUpOBaHHBIC Ha
notpebHocT  rpy3ooTrnpaButened B 2003-2015 rr. (B yactu
MIPOAHAIM3UPOBAHHBIX MMOKa3aTenei). YTo KacaeTcs aHaJIOTMYHOTO BIUSHUSA Ha
nokasatenu omnepannonHoi d¢dextuBnoctu OAO "PXK]I" oprieHTHpOBaHHBIE HA
MOTPEOHOCTH TPY300THPABUTENICH, TO 37eCh CTATUCTHYECKH 3HA4YMMoOe (|
HETaTHUBHOE) BIIMSHUE BBIABJICHO TOJBKO IS TOKA3aTeNsl «JO0Ji OTIPABOK,
JIOCTaBJICHHBIX B HOPMATUBHBIN (70roBOpHOI) cpok» B 2007-2015 rr. To ects, u3
4-X mpoaHATM3WPOBAHHBIX TMOKa3aresnei omneparmoHHon 3¢ dexktuBHocTH OAO
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"PXKI" tonmpko 1 mokaszarenp Iomaj I0J, HeraTUBHOE BIIMSHUE W3MCHCHUS
YPOBHS Pa3BUTHUS PhIHKA ONIEPUPOBAHUS IPYy30BBIMU BaroHamu B Poccun.

Cnenyer Takke OTMETHTh, 4YTO IepeMeHHas Y8 ([IoJi1 OTIPaBOK,
JIOCTABJICHHBIX B HOPMATUBHBIN (JIOTOBOPHOIT) CPOK), MOTABIIIAS IO/ HETaTUBHOE
BiusHUE nepeMeHHbIX X1 u X2, Ha npotsbkennu 2013-2016 rr. neMoHCTpUpyeT
YBEPEHHBIN POCT (MOJ0KUTEIbHAS TCHACHIIUS) (CM. pUC. 3). AHATOTUYHBIA POCT
(MoNOXUTENbHAS TEHCHITHS ) JEMOHCTPUPYIOT nepemennbie Y7 u Y6 (cM. puc. 2,
3). Ilepemennas Y5 pacter B 2013-2016 rr. (HeratuBHasi TeHACHIUS) (CM. pHUC.
2), HO B 11esioM Ha npoTskeHuu 2003-2016 rr. nanHas nepeMeHHas CyleCTBEHHO
HE U3MEHSIETCS, XOTS ¥ OKa3bIBa€T 3HAUYNUTEIbHYIO BOJIATUIILHOCTD.

Hcnonb30BaHHbBIE B TaHHOM pabOTe€ METObl CPAaBHHUTEIILHOIO aHAIW3a U
HSKOHOMETPUUYECKOTO MOJAETUPOBAHUS IMO3BOJISIOT MOJIYYUTh JOCTATOYHO IMPOCTO
OILICHKY BJIMSIHUS Tipoliecca (POPMHUPOBAHMS PhIHKA ONEPUPOBAHUS T'PY30BBIMU
BaroHaMH Ha MOKa3aTejau ONepaMoHHON 3()DPEKTUBHOCTU KEIE3HOJOPOKHOTO
TpaHCIIOpTa Ha MakpoypoBHE. J[JIg HCClIeIOBaHUS B3aUMOCBSI3€U IMMOKa3aTelen
pa3BUTHS pPBIHKA M HMHAUKATOPOB OMNEpalMoHHOM 3(h(EeKTUBHOCTH Ha
MHUKpPOYPOBHE Ha EJIE3HOJOPOKHOM TPAHCIIOPTE Iiejiecoo0pa3Hee, Ha Hall
B3I/, IPUMEHSATh JPYTrU€ METOMbl aHalln3a, OPUCHTHPOBAHHBIE HA JIETAIBHOE
pPacCMOTPEHNE YPOBHEM OTHEIBHBIX OpraHu3aluid M INpoekToB. [Ipumepom
TAKOro0 aHaJM3a MOXET ObITh HCIOJb30BAHWE CTOXACTUYECKHX METOJIOB IS
OIpEJENICHNUs] OCHOBHBIX MPOEKTHBIX MOKa3zarened Ha 0aze MHPOpPMalMOHHBIX
TEXHOJIOTUH yIIPaBJICHUs poeKkTamu [23].

3akJIroueHue

IToaToMy, 11O HallIEMy MHEHMIO, MOKHO CIIEJIaTh CIEAYIOLIEE 3aKIIOUYCHUE.
['OBOpUTH O CHMIKEHWHM TMOKa3aTejell HIKCIUTyaTal[AOHHOW paboThl >KEJE3HBIX
JIOpOT B pe3yibTaTe IOYTH IOJHOM IEpeladd TIPy30BBIX BarOHOB YacCTHBIM
oreparopaM, MOXKHO JIMIIb B YacTHU OTIEIbHBIX MOKa3aTejedl ONepaluOHHON
abdextuBHoctt OAO "PXKJ[", HO HUKAaK HE BCEW COBOKYNMHOCTH TaKHX
nokazarenei (K mpuMepy, 3TO MOXKET OBbITh CIpPAaBEIJIUBBIM Ul MOKa3aTess
«MOPOKHUU Mpober rpy3oBoro BaroHa» cornacHo Kpeitnuny A.B. [18, c. 17],
KOTOPBIN Mbl HE UCIIOJI30BAJIM B HAlIEM KOJMYECTBEHHOM aHanu3ze). [Ipu stom
TaKO€ CHM)KEHHME HOCUT BPEMEHHBIN XapakTep, 3arparusas nepuon ¢ 2003 mo
2009-12 rr.; B panpHEHIIEM K¢ OOJBIIMHCTBO ITOKa3aTeJIeH ITOKA3bIBAIOT
YCTOMYMBYIO MOJIOKUTEIIBHYIO T€HICHIIUIO, ONPABUBILNCH OT MEPBOHAYAIBHOTO
HEraTUBHOTO II0Ka. Takoil 1MOK MOXET ObITh peakiueil Ha U3MEHEHUE YpPOBHS
pa3BUTHs pPBIHKA OINEPUPOBAHMUS TPy30BbIMM BaroHamu B Poccuu, HO, Kak
MOKa3aHO BBIIIE B JJAaHHOW paboTe, 3TO KacaeTcs JaJeKo HE BCeX IMoKa3aresei
oneparnonHo 3 dexruBHoctr OAO "PIXK/I".
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