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YUCJEHHBIE ONEHKH TOKOB ¥ CIJI B IMHEHHBIX HTHCTPYMEHTAX
MATHUTHO-UMITYJIbCHOI'O HPUTHKEHUSI METAJIJIOB.
YACTD 1: METAJUUIBI C HU3KOU YAEJBHOMU 3JEKTPOITPOBOJAHOCTBIO

Memoto cmammi € npogedennA YUCENbHUX OUIHOK OCHOGHUX XAPAKMEPUCMUK e1eKMmPOOUHAMIYHUX Npoyecié 6 NIHIHUX iH-
CIMpPyMeHmax MazHimHo-iMRYIbCHO20 NPUMAZAHHA NPOGIOHUKIE 3 O0OHOCHPAMOGAHUMU CIPYMAMU 8 YMOBAX IHMEHCUBHOZ0
NPOHUKHEHHA OII0UUX eNIeKMPOMAZHIMHUX NOJII6 6 MEMAIU 3 HU3LKOIO RUMOMOI0 eflekmponpogionicmio. Memoouka. /lna npo-
6e0eHNA 00UUCTIeHb GUKOPUCIOGYBAIUCA NOTIONHCEHHA MEOPil eNeKmpPoMazHimmnozo noas, wio eumixkaroms 3 pienans Makceenna,
i cmanoapmui mamemamuyuni npozpamu 3 nakema Wolfram Mathematica. Pezynomamu. 3a 00noM0o2010 aHAIMUYHUX 8UPA3i6
PO3paxoeani amniimyoHo-4acosi 3anedcHocmi cmpymie i eneKmpoOUHAMINHUX 3YCUTL 6 JIHIIHUX MAZHIMHO-IMAYAbCHUX [H-
CcmpymeHmax, Oi€gicmo AKUX 3ACHOBAHA HA 30Y0)CEHHI CUl 63AEMHO20 RPUMAZAHHA RPOGIOHUKIE 3 0OHOCHPAMOBAHUMU CMPY-
mamu. Bnepuie 6cmanoeneno, ujo 30in1buieHna cuil NPUMALAHHA, 8 NEPULY YeP2Y, MOMCIUGO 34 PAXYHOK IHmeHcugikayii npoye-
Ci6¢ NPOHUKHEHHA NOJ1i6, U0 3A0e3neUyeEmuvca nepexo0om 00 00CUmMb HU3LKUX POOouux wacmom 30y0xcyrouux cmpymie. Ilpak-
muyna 3nauumicms. Buxopucmanna ompumanux pesynomamie 003601ums cmeoprosamu Ho6i 6invui epekmueni niniiHi in-
CmpyMeHmu MazHiMHO-IMIYIbCHO20 NPUMAZAHHA 3A0AHUX OIIAHOK TUCMOGUX MEMAie, W0 nPayiooms 6 YM08ax iHMeEeHCUGHO-
20 NPOHUKHEHHA 30Y0xceHuUX enekmpomazuimuux noais. bioin. 10, puc. 9.

Knrouoei cnosa: JIiHIHHUIN IHCTPYMEHT YCYHeHHs] BM'ITHH B JIMCTOBUX IIPOBIIHMKAX, IHTEHCHBHE IPOHUKHEHHS N0JISI B METAJIH 3
HU3bKOK IUTOMOIO €J1eKTPONPOBIIHICTIO, MATHITHO-IMITY/IbCHE IPUTATAHHS NPOBIIHUKIB 3 0JHOCHIPAMOBAHHM CTPYMAMH.

Ilenvro cmamou sgnsemcsn npogedenue YUCIEHHHIX OUEHOK OCHOGHBIX XAPAKMEPUCHUK INEKMPOOUHAMUYECKUX NPOUECCO8 6
JIUHEHHbIX UHCHPYMEHMAX MAZHUMHO-UMAYI6CHOZ0 NPUMSINCEHUS NPOGOOHUKOE ¢ 0OHOHANDAGIEHHLIMU MOKAMU 6 YCII0GUAX
UHMEHCUBHO20 NPOHUKHOBEHUS OClICIEYIOUWUX IJIEKIMPOMAZHUMHBIX NOJIEH 6 MEMALIbL ¢ HU3KOIL YOENbHOI JIeKMPONPOBOOHO-
cmolo. Memoouxa. /[na npogedenusn GvlMUCEHUI UCHONB30BATIUCE NONONCEHUA MEOPUU INEKMPOMAZHUMHO20 NOAA, GblHle-
Karowue u3 ypasnenuii Makceenna, u cmanoapmusie mamemamuieckue npozpammsl u3 nakema «Wolfram Mathematica». Pe-
synomamol. C ROMOWBbIO AHATUMUYECKUX GLIPANCEHUII PACCHUMAHBL AMNAUNYOHO-8DEMEHHbIE 3AGUCUMOCHU MOKO8 U I/1eK-
MPOOUHAMUYECKUX YCUNUIL 6 TUHEIIHBIX MAZHUMHO-UMAYAbCHBIX UHCIMPYMEHMAX, OeliCIEEHHOCMb KOMOPbLIX OCHOGAHA HA
6030y21cOCHUU CUTL 63AUMHO20 RPUMAICEHUS NPOBOOHUKOE ¢ 00HOHANpAsIeHHbIMU mMOoKamu. Bnepevie ycmanoeneno, umo yee-
JUYEeHUe CUTL RPUMANCEHUS, 8 NEPEYI0 0Yepedb, 603MONCHO 3a CHem UHMEHCUDUKAYUU nPoyecco8 NPOHUKHOBEHUS NOell, YNo
obecneuusaemcs nepexo0om K 0OCHAMOYHO HUKUM padoyum uacmomam 6030yxucoaroujux moxos. Ilpakmuueckas 3nauu-
Mmocme. Henonvsosanue nojiy4eHHbIX Pe3yibmamos no360JUm co30aéams Hogble Gonee Ihpekmuenole nuneinvle UHCHPYMEH-
Mbl MAZHUMHO-UMNYILCHO20 RPUMANCEHUA 3A0ANHBIX YUACMKO8 TUCINOGLIX MEMANI06, PAdOmMAaloujue 8 yciosusax UHMEHCUGg-
HO20 NPOHUKHOGEHUS 8030YHCOAEMBIX INeKmMpomazHumuuix nouei. butn. 10, puc. 9.

Knouesvie cnrosa: TUHEHHBIE MHCTPYMEHT YCTPaHEHUsS] BMSTHH B JINCTOBBIX MPOBOJHHKAX, HHTEHCHBHOE NMPOHUKHOBEHHE
M0JIsi B METAJLIBI ¢ HU3KO#i y/IeJbHOii 3JIEKTPONPOBOIHOCTHIO, MATHUTHO-UMIYJIbCHOE MPUTsI)KEHUE MPOBOTHUKOB C OIHOHA-
NpPaBJIEHHBIMH TOKAMH.

BBenenne. MeTonbl IPUTSDKEHUS 33/1aHHBIX y4acT-
KOB JIMCTOBBIX METa/UIOB C WCIOJIB30BAaHUEM SHEPTHH
HMITYJICHBIX MarHUTHBIX TOJIEH JUIS pa3HOro poja odpa-
0aTHIBAIOIINX TEXHOJIOTHUH MPHOOPETAOT BCE OONBIIYIO
aKTyaJlbHOCTb B Pa3IMYHBIX OTPACISAX MPOMBIIIICHHOTO
npousBojactBa [1-3]. Ocoboe BHHMMaHHWE TIPUBIEKAIOT
pa3paboTKM TEXHOJOTHH yAaleHHs BMSTHH M BbIPDaBHU-
BaHMsI [TOBEPXHOCTEH JIMCTOBBIX METAJJIOB MPU pecTaBpa-
[[UH KOPITYCOB CAMOJIETOB U aBTOMOOMJIHHBIX Ky30BOB [4].

Kak nokassiBaeT npaxruka, 6osee 50 % noBpexe-
HUH NPEACTaBISAIOT COOOH BMATHHBI B 30HAX C 3aTpy-
HEHHBIM HJIM TIOJTHOCTBIO 3aKPBITHIM 00PaTHBIM JIOCTYIIOM
[4]. B oToli CBsI3M BechbMa MPHBIEKATEIHFHBIM CIIOCOOOM
MarHUTHO-MMITYJIbCHOTO ~ HPHUTSHKEHUSI TOHKOCTEHHBIX
JHMCTOBBIX METAJIOB, KOTOPBI MOXET OBITh MOJOXKEH B
OCHOBY CO3J1aHHS 3((EKTUBHOTO MHCTPYMEHTA BHEITHEH
PHUXTOBKH aBTOMOOMIIBHBIX Ky30BOB, SIBIETCS MPUTSIKE-
HUE JHMHEHHBIMH HHCTpyMeHTamMu. Pusmueckas cyuil-
HOCTh JaHHOTO CHoco0a 3aKiIo4aeTcs B CHIOBOM B3au-
MOJICUCTBUM OJHOHAIIPABJICHHBIX MapauIeIbHBIX TOKOB
(3akon Ammepa [10]). TlepBblii — 3TO TOK B OCHOBHOM
TOKOIIPOBOJIE JINHEHHOTO MHCTPYMEHTa (aHAJIOT WHIYK-
TOpa, B oOmenpuHaToil TepmuHonoruu [1]). Bropoit —
9TO TOK B oOpabaTbiBaeMoM Metauie. O0a Toka BO30yxk-
JIAfOTCS TIPH HETIOCPEICTBEHHOM IIOCIIEI0BATEILHOM WIIN

Mapajyie)IbGHOM TOYEYHOM IMOIKIIOYCHUH K WCTOYHUKY
MotrHOCTH. OCHOBHOW TOKOIIPOBOI — JIMHEWHBIA HHCT-
pyMeHT >kécTko 3adukcupoBaH. [IpursikeHunem aedop-
Mupyetcss oOpadarbiBaeMblii MeTayul. OYeBHIHBIM TIpe-
MSTCTBHEM K A(G(PEKTHBHOMY BO30YXKICHHUIO JJIEKTPOJIH-
HAMUYECKUX YCWJIMI MOTYT CTaTh HHAYKIHOHHBbIE 3(-
(heKThI, COOTBETCTBEHHO KOTOPHIM TOK B OCHOBHOM TOKO-
IIPOBOJIE UHYLIUPYET IPOTUBOTOK B JINCTOBOM 3arOTOBKE,
a TOK B €€ MeTajule HHIYLHUPYET IPOTUBOTOK B OCHOBHOM
TOKOIIPOBOJIC JITHEHHOTO WHCTPYMEHTA.

B menom, npuBIEKAaTENBHOCTH JaHHOTO CIIOCO0a
00yCIIOBIICHa MPOCTOTONH TEXHHYCCKOW pean3aludl |
JIOBOJIGHO BBICOKUMH JHEPTeTHYECKIMH IT0KA3aTEeIIMHU
[5, 6]. AHamu3 IEKTPOIUHAMUYIECKHUX IIPOIECCOB B TO-
OOHOW cXeMe ITO3BOJUT yCTaHOBHTH TPEOOBAHHSA, BBI-
MOJTHEHWE KOTOPBIX O0ECIeYHUT HE TOJBKO JIeeCroco0-
HOCTb, HO ¥ 3((PEeKTHBHOCTH HHCTPYMEHTA Mpe/JIaraeMo-
ro MPUHIINIA IeUCTBUS.

CripaBeUIMBOCTH PajX CIEAYyeT OTMETUTh, YTO IO-
Jmo0Hasl 3a7ada yKe pacCMaTPUBAIKMCh pPaHEe aBTOPaMU
[7, 8]. OmHako, HEMOCPEACTBEHHOE HMCIOJIL30BaHUE IIO-
JYYCHHBIX (DOPMYJT U COOTHOIICHUM, MMOJYYCHHBIX B IIH-
THPYEMBIX paboTax, U IPOBEICHHS MPAKTUICCKUX pac-
94ETOB HE MPEICTABISACTCS BO3MOXKHBIM, BBHUILy OTpPaHU-
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YEHHOCTH HAMIEHHBIX PE3yJbTATOB YCIOBUSIMH IOCTa-
HOBKH U PELICHUsI ITOH 3a1a4H.

Heaslo padoThl sABISETCS aHAIU3 BPEMEHHBIX Xa-
PAKTEPUCTHK 3JCKTPOJUHAMUYCCKUX IPOLECCOB B JIH-
HEUHBIX MHCTPYMEHTaX MAarHUTHO-UMITYJIbCHOIO IIPUTS-
JKCHHS JICTOBBIX METAJUIOB, KOHEYHBIM pE3yJIbTaTOM
KOTOPOTO JOJDKHBI CTaTh (PU3NKO-MATEMATUICCKUE 3aBU-
CUMOCTH JUIsI BO30YKIa€MbIX TOKOB U CHJI B YCIIOBHUSX
WHTEHCHBHOTO MPOHUKHOBEHHSI JJICKTPOMATHUTHBIX I10-
Jieli B MPOBOISIIKE JIEMEHThI HHCTPYMEHTOB.

DU3NK0-MAaTEMATHIECKAS MOIETb, TOMYIEHUs W
NMOCTAHOBKA 3ajauu. (s aHamu3a 3JeKTPOMarHUTHBIX
MPOIIECCOB B paccMaTpUBaeMoi cxeme oOpabOTKH MeTai-
Jla IPUMEM PAcUYETHYI0 MOJenb (puc. 1), COOTBETCTBYIO-
HIYIO MONEPEYHOMY CEUEHHIO UCCIENyeMOil dieKTpoMar-
HUTHOW CUCTEMBI C TOKamu J; u J; [9].
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Puc. 1. Pacuérnas monens (J; , — MpOTEKAIOIINE TOKH)

OOpabarbiBaeMasi 3aroToBKa MpPEACTABISIET COOOM
JIOCTATOYHO TOHKHUH JINCTOBOM METalT TOJIMUHON d C
JIOBOJIGHO ~ OONBIIMMH  TONIEPEYHBIMH ~ pa3MepaMu |
yJIEJIBHOH 3JIEKTPOIIPOBOAHOCTBIO MaTepHana .

OCHOBHOW TOKOIIPOBOJI TaK K€ «IPO3padeH» Ui
JIEHCTBYIOIIMX MOJEH, TaK YTO €ro METal HE OKAa3bIBAET
BIUSHHASA HA TPOTEKAOIINE SIEKTPOMATHUTHBIE IPOIIEC-
cel. MIMeeT MecTo reoMeTpudecKkas CHMMETPHUS CUCTEMBI
OTHOCHUTEIIbHO KOoopAuHAaTHON Ttuiockoctn ZOX. Baomb
ocu abcuncc OX cucrema 067amaeT AOCTATOYHO OOJB-
IO MPOTSHKEHHOCTHIO, TaK YTO omneparop nuddepeHu-
poBanusi — 0/0x = 0. B 0CHOBHOM TOKOIPOBO/IE B HAIIpaB-
neHnu ocu OX TeuéT paBHOMEPHO paclpenenéHHBIN 1o
OY BO030yXIaromuid TOK C JIMHEHHON IUTOTHOCTBIO
JOZmjlt), TOC o= In/2a — aMIUIUTYJa TIOTHOCTH TOKa
(Im — MakCUMyM TOKa), a j(f) — BpeMEHHas! 3aBUCUMOCTh
TOKa.

YacToTHBIE XapaKTEPUCTHKH BO30YKIAIOIIEr0 TOKa
TaKOBBI, YTO BBINOJHAETCS yCIOBHE KBa3HCTAIIMOHAPHO-

w
ctu 1o Jlanmay — —-b <<1 [10], rme @ — mUKIAIECKas
c

4acToTa MpoIlecca; ¢ — CKOPOCTh CBETa B BaKyyme; b —
MIPOU3BOJIbHBIN XapaKTEpHbIA pa3Mep paccMaTpUBacMOU
AJIEKTPOMArHUTHOH cucTeMbl. IIycTh B crcTeMe BO30OYXK-
JaeTcs HIEKTPOMArHUTHOE MOJie ¢ HEHYJIEBBIMH KOMIIO-
HeHTaMu Hanpsbk€HHocTu: E, # 0; H,. # 0. Tpebyerca
BBITMIOJTHUTH OIIEHKY TOKOB W CHJI B paccMaTpHUBaeMOit
3JIEKTPOMArHUTHOM CHCTEME.

Pacuetrnbie cooTHomenus. [[ns nanpHelux pac-
YE€TOB BOCHOJIb3YEMCA AHAJIMTUYCCKHUMU BBIPAKCHUAMU,
MONTyYeHHBIME aBTopamu pabotel [9]. CormacHo mHTH-
pyeMoi myOauKaluy, Ipy AONYIIEHHH 00 UIEHTUYHOCTH
NapajuleNIbHbIX OCHOBHOIO TOKONPOBOAA M 3aJaHHOrO
ydacTka 1e)opMIpyeMOro MeTalia, BO30yKJaeMble TOKH

¢ y4éTOM HHIYKIHOHHBIX 3()(eKToB MOXKHO OmHcaTh
cienyrome 3aBUCUMOCTBI0. CyMMapHBIE TOK B OCHOB-
HOM TOKOIIPOBOJIE:
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G(,b’k,a)= (l—cosﬂk)+ % -sin B ;

@(ﬂk,a): cos f;, -laz +2a—ﬂ,§J+2ﬂk sin B, -[a+1];
J; — cumBona Kporekepa; f; — KOpHH ypaBHEHUS:

B
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w05 B\ (o)
a P toyd

k=0,£1,2..; [d]’—(t)-ep"tj — CBEpPTKA (PYHKIIHI.
dt
WuterpanbHas cuiia HPUTSHKEHUs, BO30YXIaaemast
IpY B3aWMOJEHCTBUU WAECHTUYHBIX OJHOHAIIPABICHHBIX
NapaulebHBIX TOKOB JUIS OJMHAKOBBIX IPOBOJHHUKOB —
OCHOBHOTO TOKOITPOBOZA M 3aJIaHHOTO y4acTKa JIMCTOBO-
ro MeTajula, 3anuIIeTcs B Buae [5]:

2
Fo 1) =§‘—;~(1§”(z)) -, @

rae tp — MarHuTHas IMOCTOSHHAA; l— JJIMHa NIpOBOJIHHKA,
h — paccTosiHHE MEXITy OCHOBHBIM TOKOIIPOBOZOM M JIUC-
TOBBIM METaJLJIOM.

YucjieHHbIe OLEHKHU TIPOBEAEM U CIIEAYIOMINX
HCXOIHBIX AaHHBIX. JIucroBor Mertami — d = 0,001 wm,
y=0,4:10" (Om-M) ' (cTamp). OCHOBHOI TOKOIPOBOJ BbI-
MOJTHEH M3 TOTO K€ METajlla M TOH )K€ TOJIIWHBI, YTO H
00pabaTbIBaeMbIii O0BEKT (paccMaTPUBAETCS AIEKTPOIH-
HaMUYecKasl CUCTEMa «CTallb — cTanby). ['eomeTpust cuc-
Temel — [ = 0,06 MM, 2a = 0,01 ... 0,06 M, 2 = 0,002 M,
pabouas 30Ha HHCTpyMeHTa — o0nacTh [X(2a). OCHOBHOMN
TOKOIIPOBOJI U 3aJIJaHHBIN y4acTOK 00padaThIBAEMOTO Me-
TaJia — MapajuleIbHBl U UIACHTUYHBL, TAK YTO B IEMH Ka-
JKIOTO M3 HUX MPOTECKAFOIINE TOKU OJUHAKOBEI.

[MapaMeTpbl TOKOBBIX HMIYJIBCOB OIPEACISIIOTCS
XapaKTEePUCTHKAMH HCTOYHHKA MOITHOCTH — MAarHHUTHO-
UMIyiIbcHOUW ycraHoBkd MUYC-2 [2], pa3paboTaHHOH u
CO3/1aHHOU B JTAOOPAaTOPHH AIIEKTPOMATHUTHBIX TEXHOJIO-
ruii  XapbKOBCKOTO  HAIMOHAIHLHOTO  aBTOMOOUIIBHO-
JIOPOXKHOTO YHHUBEPCHUTETA.

MakcumanbHOe HalpspDKeHHEe Ha €MKOCTHOM Hako-
nutene — U = 2000 B. MakcumanbHas pabodasi 4acToTa
NPU MOJIKITIOYEHUH K HETIOCPEICTBEHHO AIIEKTPHUECKOMY
Bbixonry MUYC-2 — fi.x= 7000 I'i (OTHOCHUTENBHBIN KO-
s durmenT 3aryxanus — o/w = 0,3). Pabovas yacrora B
paspsAZHOM KOHType ycTaHoBkM — f, = 1000...1500 I'u
(otHOCHTENBHBIN KOdQduIHEHT 3aTyXanus — o/w = 0,3)
IIpH e TOIKITFOUEHIH Yepe3 COTIacyroIee YCTPOHCTBO C
k03 duiMeHTOM Tepesayll dHeprud B pabodyio 30HY
uHCTpyMeHTa — K =~ 4. MarHUTHO-UMITYJIbCHAsI yCTaHOBKA
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MUNYC-2 no3Bonsier paboTath B 2-X pexkumax. [lepBbrid
PEXUM — FTeHEPHPOBAHNE IKCIIOHEHIIHAIBFHO 3aTyXaIOMINX
(oCHMIUTUPYIOMINX) TOKOBBIX UMITYJILCOB. BTOpO# pexum
— I€HEpUPOBAHKUE TOKOBBIX MMILYJICOB allepUOIUYECKOM
(yHunonsipHoit) BpemeHHO# (opmbl. CieyeT OTMETUTD,
YTO MOCJCTHUA PEXKUM SBISIETCS O0Jiee MPEIIOYTUTEIh-
HBIM Il TIPAKTHKH, TOCKOJBKY padoTa THPUCTOPHBIX
KOMMYTaTOPOB YKa3aHHOW YCTAHOBKH C YHHUIIOJSPHBIMHU
CUTHAJIAMHU XapaKTepu3yeTcs 0ojiee AIUTEIbHBIM CPOKOM
WX SKCIUTyaTaIim.

BrranciieHuss mpoBOAWIIIICE ¢ TIOMOIIBIO CTaHOAPT-
HOro mporpammHoro maketa «Wolfram Mathematicay.
[TpubnmxEHHBIA MHTEPBAT M3MEHEHUS TIEPEMEHHON WH-
terpupoBaHus o € [0; om.x] ompenemsercs (HyHKIHO-
HanbHBIM BHIOM Dypbe-o0pa3a MomepeyHoro pacmpene-
neHns Bo30yxaromero Toka. s 3HadeHui o € [0; o]
MOZYyNb (PYHKINH pacpeneieHns JODKEH OBITh OTIHMYEH
ot Hyns. Kak mokasany 9uciieHHBIE OLIEHKH M0 MaKCHMY-
My — o € [0; 1]. B oOmem ciny4yae pacd€THyrO 3aBHCH-
MOCTb [ = fi(01) MOXKHO alImpOKCUMUPOBATH COBOKYITHO-
CTBIO TIOCIIE/IOBATEIbHOCTH JIMHEWHBIX (QyHKIMHA. Yuc-
JICHHBIC OLICHKH ITOKa3ajiv, 4YTO IJIA HpHHﬂTOﬁ reoMeTpun
OCHOBHOTO TOKOMpPOBOJia (MHAYKTOpA) BIIOJHE YIOBJIE-
TBOPUTEIBHON TIPEICTABIISACTCS ammpokcumanus fi(a)

B ~2a +k-7,
k=0, %1, £2... Haiinennas 3aBucumocts f; = fi(a) non-
CTaBJISIETCSI B TOJIBIHTEIPAJIbHBIE BBIPAXKCHUE 3aBUCHMO-
ctu (1).

HecoOcTBeHHbBIE MHTErpaibl U CyMMBI PsIIOB B HUX
BBIYHCISIIOTCSL C IIOMOIUBIO CTaHIAPTHBIX IIPOrpaMM
«NIntegrate» u «NSumy». CymMMHpOBaHHE B psSAax BEI-
MOJHAETCSA Ul Pa3sHOro 4HWCIa BBICIIMX TIapMOHHK. Mx
YUTEHHOE KOJMYECTBO IMOJaraeTcs JOCTATOYHBIM, €CIH
YBEJIMYECHUE MPEJEIIBHOTO 3HAYCHHs «k» Ha €IMHUIY He
NPUBOJMT K PE3YJIbTaTy, OTIMYHOMY OT MpPEABIIYLIEro
6osiee yem Ha 5...10 %. KoppekTnpoBka nHTEpBana MH-
TerpupoBaHus a €[0; O,y ] TPOUZBOAUTCS AJISI IPUHSTOTO
aTnpHoOpPHU YCIIOBUS 0 < Gy, C TOMOIIBIO CPaBHEHHS KO-
HEYHBIX Pe3yJIbTaTOB BeIYMCIEHHUH. JlomyckaeTcs ux pac-
xoxgenue ~ 5...10 %.

I'paduku xapakTepHBIX PACUETHBIX 3aBUCHMOCTEH
CTPYNIIUPOBAHBl HWMXXE II0 BHAY TOKOBBIX HMIIYJIECOB,
TEHEPUPYEMBIX MAarHUTHO-UMITYJIbCHOH yCTaHOBKOH.

I'padpunueckune winocrpauuu. B coorBercTBUmM C
BO3MOXKHOCTSIMA MCTOYHHMKA MOIIHOCTH B 4acTH T'€HEpH-
pOBaHUS TOKOBBIX CHUTHAJIOB pa3iIM4YHONM BPEMEHHOM
(OpMBI YKCIIEHHBIE OLIGHKH paccMaTpHBaeMbIX IapaMeT-
pOB OBUIM BBHIIIOJHEHBI BHAualle ISl OCLMLIMPYIOMINX
TOKOBBIX UMITYJIbCOB (pHUC. 2-5).

Bapuaum Nel. Pabowas gacrora — = 7000 I', Ha-
npspkeane — U = 2000 B, paGouas 3oHa: [X(2a) =
=0,06 M X 0,06 M.

W3 pe3ynbpTaToB BEIYNCICHNH JUTS BBICOKHX Pab0odnx
gactotT (f = 7000 I'm) ciuemyer, 9To B pexMMe OCIIHILIH-
PYIOIIMX MMITYJIBCOB BO30Y)KIAIOLIETO TOKa MAKCUMyMY
BO3MOXKHOCTEH HCTOYHHMKAa MOIIHOCTH COOTBETCTBYET
MakcuMyM cuibl npuTspkeHust ~ 1000 H. Iepexox x yHu-
HOJIIPHOMY MMITYJIBCY BO30YIK/IAIOIIETr0 TOKA MPUBOMT K
CHIKEHUIO aMIUIMTYJbl CHIIBI TIPUTSHKEHUS [OYTH
B ~ 2 pa3a, T.e. 10 ~ 500 H.

AHAINTHICCKOM 3aBHCHMOCTBIO:
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Puc. 4. CymmapHBIi TOK B LIETIH KaXKIIOTO U3 B3aNMOACHCTBYIOIINX
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Puc. 5. Bo30yxaaemas cuia npuTsHKEeHHs

C ¢u3udeckoil TOYKU 3peHUs], TPUINHOW CHIKCHUS
CHJTBI IPUTSDKEHHS TIPU allepUOIUIecKOi popme BO30Yxk-
JIAFOIIETO TOKAa MOXKHO CYMTATh YMEHBILIEHHE €ro Bpe-
MEHHOW JUIMTENIHHOCTH IO CPaBHEHHIO C OCLHUIUPYIO-
UM 1 3KCIOHCHIUAJIBHO 3aTyXaroluM TapMOHHWYCCKUM
cur"aiom (cM. puc. 2, tae ¢ € [0, (4:7)]). D10, OUEBUIHO,
NPUBOJUT K COKPAILIEHUIO BPEMEHU PAa3BUTHS IJIEKTPOIH-
HAaMUYECKUX IIPOLIECCOB B 00padaThiBaeMOM OOBEKTE.
Bce nanpHelmme BBIYMCICHUS OBUIM IPOBENCHBI LIS
YHUNOJISAPHOH (popMBI BO30YKIAIOIIET0 TOKa, Kak Oojee
MPEANIOYTUTENLHOM ISl IPAKTHKH (YBEJINYEHHE DKCILTya-
TAIlMOHHOTO CPOKAa THUPUCTOPHBIX KOMMYTATOPOB yCTa-
HOBKH) (puc. 6-9).

Bapuanm Ne2. Pabouas dactora — f = 1500 I'm,
Hanpspkeane — U = 2000 B, pabGouas 3oHa: /x(2a) =
=0,06 M x 0,06 M.
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Puc. 9. Bo30yxxnaemas cuiia MpUTSHKEHHS

U3 pe3ynbTaToB BBHIYUCICHHH JUI HU3KHX Pabounx
yactot (f= 1500 ['m) ciepyer, 4to:

¢ MakCUMyMy BO3MOXKHOCTEH HCTOYHHMKA MOIIHOCTH
COOTBETCTBYET MaKCUMyM CHIIBI mpUTsDKeHus ~ 1800 H,
9TO MPUMEPHO B 2 pa3a MPEBBIIIAET aHAIOTUYHBIH MaK-
CUMYyM i BBICOKUX 4acToT (f = 7000 I'm) Bo30y)1ar0-
IIEro TOKa;

e ¢ (U3MUECKOI TOYKH 3pEHHMs, IPUUMHON YyBeJInye-
HUSI CHJI TIPUTSDKEHMS TIPH CHIDKEHMM paboyMX 4acToT
MOYKHO CYHTaTh HWHTEHCH(MKAIMIO IIPOILECCOB IPOHHK-
HOBEHHUS BO30Y)KIAeMBIX MOJCH B METAI 3arOTOBKH H
WHCTPYMEHT, YTO M IIPUBOJMT K YBEIMYCHHIO HAINPSDKEH-
HOCTEM MarHMTHOTO MOJISI ¢ BHEIIHEH CTOPOHBI MPOBOJ-
HHUKOB CHCTEMBI M, COOTBETCTBEHHO, K POCTy CHJ Mar-
HHUTHOTO JIaBJICHUS HA HUX U3BHE.

BoiBOaBI.

1. PaccunTansl aMIIMTYJHO-BPEMEHHBIE 3aBUCUMOCTH
XapaKTCPUCTUK DJICKTPOMArHUTHBIX MPOLECCOB B JIMHEH-
HbIX HWHCTPYMCHTAX MArHUTHO-UMIIYJIbCHOI'O IIPUTKEC-
HHUS JIUCTOBBIX METAJUIOB C HU3KON YAENBbHOW 3JIEKTPO-
MIPOBO/IHOCTBIO MPU MHTEHCHBHOM IPOHMKHOBEHHH BO3-
Oy>KIJaeMbIX MAarHUTHBIX ITOJICH B IMPOBOISIIIE IEMEHTHI
MHCTPYMEHTOB 1 00pabaTbiBaeMbIX OOBEKTOB.

2. YCTaHOBIIEHO, YTO MEPEX0]] K HU3KAM padOUrM Yac-
TOTaM BO30Y’>KHAIOMNX TOKOB ITO3BOJIIET CYIIECTBEHHO
YBEIMYUTh aMIUTUTYbl CHJI TPHUTSHKEHUsT MeTaua (Ha-
npumep, npu f = 1,5 k' cunoBble nmokazarenu ajst odpa-
OaTpIBaeMOM CTali BO3PACTAIOT MPUMEPHO B 2 pasa 1o
CpaBHEHHIO CO ciy4yaem, koraa f= 7 k).

3. IlokazaHo, 4TO (PU3MYECKOH NPUUMHON yBETHYCHUS
CHJI IPUTSDKEHUS IPU CHIKEHUH pabOyKX 4acTOT MOXKHO
CUNTATh WHTEHCH(HKALUIO IPOLECCOB MPOHUKHOBEHHMS
BO30y’KaeMbIX MOJEH CKBO3b METaUl WHCTPYMEHTa M
00pabaTeIBaeMOi 3arOTOBKH, YTO IPHUBOAUT K POCTY CHII
MarHUTHOTO JaBJICHUS HA IPOBOJHUKU U3BHE.

Pabora mpoBoaminace kadenpoii ¢puzuku XHALY B
pamkax Haydnoro mcciemoBanust «OHeprocoeperaromme
MaJlo3aTpaTHbIE TEXHOJIOTUH MUTAHUS U PEMOHTA TPAHC-
mopTHBIX cpenctB» Ne08-53-19, ¢unancmpyemoro Mu-
HHUCTEPCTBOM 00pa30BaHMs U HAYKH Y KpPauHbI.
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Numerical estimates of currents and forces in linear tools of
the magnetic-pulse attraction of metals. Part 1: Low electri-
cal conductance metals.

Purpose. The electrodynamics processes study in the linear tools
of magnetic-pulsed attraction, the final result of which should be
the physics-mathematical dependencies for the characteristics of
the flowing processes, under the conditions of intensive penetra-
tion in metal of acting electromagnetic fields, as well as numerical
estimates of these processes main characteristics. Methodology.
To carry out research, we used the fundamental statements of the
electromagnetic field theory and the mathematical simulation with
help of the standard codes from the Wolfram Mathematica pack-
age. Results. The functional dependencies for the space-temporal
distributions of the currents and forces excited in the linear tools
of magnetic-pulsed attraction under intensive penetration of the
acting electromagnetic fields through the tool's conducting con-
struction elements are used for the numerical estimates. From the
calculation results it follows that from a physical point of view,
the cause of the increase in attractive forces while decreasing the
operating frequencies can be considered the intensification of
penetration processes of the excited fields, which leads to increas-
ing the magnetic pressure from the outside. Thus, the transition to
low operating frequencies of the exciting currents can signifi-
cantly increase the efficiency of the magnetic-pulsed attraction of
the sheet metals with the linear tools. Originality. It was firstly
determined that from the physical point of view, the reason for the
increase in attractive forces with a decrease in operating frequen-
cies can be considered the intensification of penetration processes
of the excited fields, which leads to increasing the forces of mag-
netic pressure on the conductors from side of their external sur-
faces. Practical value. A usage of the obtained results will allow
creating new, more efficient linear tools of magnetic-pulsed at-
traction of the low-electrical conduction sheet metals operating
under conditions of intensive penetration of the electromagnetic
fields being excited. References 10, figures 9.

Key worlds: linear tool for eliminating dents in sheet conduc-
tors, intensive penetration of the field into metals with low
electrical conductance, magnetic-pulse attraction of conduc-
tors with unidirectional currents.
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