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Enexmpounna xonia scypnany «Enekmpomexnika i Enexmpomexanixkay, 3apeccmposanomy y Midicnapoonii
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ca 0o Hauionanwvnoi oioniomexu Ykpainu im. B.l. Bepnaocvkozo i, nouunaiouu 3 2005 p., npeocmagnena
Ha catimi 0ioniomexu (http://nbuv.gov.ua/) ¢ po3oini «Hayxoea nepioouxa Ykpainu», a maxodc na ogivii-
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Houunaiouu 3 Nel 3a 2016 p. yci cmammi na caiimi 00cmynHi Ha@ 080X MOBAX — 0006'A3K080 AHZNINICLKOIO,
a makosic pociiicekorto abo ykpaincokoro. Taxodc KodcHili cmammi 8 HCYypHAI NPUCBOIOEMbCA YHIKATbHUTL
uudghposuii ioenmudgbixamop DOI (Digital Object ldentifier) 6io opeanizauii Crossref (http://crossref.org/).
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Periodical Directory, npeocmasnenuii y 3a2anvnooepircasniii pecpepamueniit 6aszi oanux « Yxpainixa Hayxoeay,
pedpepamuenomy scypnani «/Ircepeno», inoexcyemoca y naykomempuunii oazi oanux Web of Science Core
Collection: Emerging Sources Citation Index (ESCI), wijo pexomenoosana MOH Yxpainu, a maxkosic y maxux
Mmixcnapoonux oazax oanux: Index Copernicus (ICV 2018: 100.00), Poccuiickuiit Hnoexc Hayunozo L{lumupo-
eanus — PUHI] (ELIBRARY), i 6xooumb 0o 6a3 oanux EBSCO, ProQuest, GALE, DOAJ mouwo.
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EnekmpomexHika. BusHayHi nodii. CnaesemHi imeHa
VJIK 629.7:930.1

doi: 10.20998/2074-272X.2019.5.01

M.U. bapanos

AHTOJIOTHUA BBIJAIOIIAXCA JOCTUKEHUM B HAYKE Y TEXHUKE. YACTb 51:
KOHCTPYKTOP PAKETHO-KOCMHYECKOI TEXHUKH CEPTEA KOPOJIEB M EI'O
CBEPIIEHUSA B PAKETOCTPOEHHUH

Hagedeno kopomxuii HAyKOG0-icMOPUYHUIL HAPUC NPO BUOAMHO20 PAOAHCLKO20 KOHCMPYKMOPA PAKEMHO-KOCMIUHOT mexHiKu
Cepein Ilasnosuua Koponvosa, uyo cmae 0OHUM 3 OCHOBONONO0NHCHUKIG GIMYUZHANO20 PAKEMOOYOY6aHHs i nPAKmMu4Hoi KocCMo-
Hasmuku. Biomiuenuit eaxciueuili 6HecoOK KOIUWIHIX HIMeybKUX pakemnuukis, wjo npayroseanu ¢ CPCP nicna 3axinuenns /[pyzoi
€6imoeoi gilinu, 6 po3pooOKy nepuiux padancokux danicmuynux paxem. Onucani ocno6ni Haykoeo-mexniuni docaznenna C.IL
Koponvosa ¢ zanys3i cmeopennsa padancokoi cmpameziunoi pakemuoi 30poi i cyuacnoi paxemno-Kocmiunoi mexniku 011 0c60€n-
HA 3eMIIAHAMU ONUNHCHBOZ0 | OAIbHBO20 KOCMIUH020 npocmopy. Ilokazano, wio 2onoenuii koncmpykmop C.UII. Koponvoe € «ba-
MbKOM» GIMUUHAHOT PAKEMHO-KOCMIYHOI MeXHIKU, W0 3a0e3neuuna 3anycKk nepuiozo 6 ceimi padaHCcbKo20 WMy4HO20 CYynyH-
nuxa 3emni (1957 p.) i nepedysanna na HagKko103emHiii KOCMIUNIT OpOImMi nepuiozo 6 icmopii 1100cmea padAHCLKO20 KOCMOHAG-
ma FO.0. I'azapina (1961 p.). bion. 25, puc. 10.

Knwouoei crosa: pakeTHO-KOCMiYHA TeXHiKa, BUIATHUI PagAHCBKHMII KOHCTPYKTOP pakeTHO-KocMmiuHOi TexHiku Cepriii Ko-
POJIBOB, IOCSITHEHHSI Y CYYaCHOMY PaKeTo0yIyBaHHi, KOCMOHABTHKA, HAYKOBO-iCTOPUYHUI HapuUc.

Ilpuseden Kpamkuil HAYYHO-UCIMOPUYECKUTL 0UEPK O 8bIOAIOUEMCA COBEMCKOM KOHCIMPYKMOpPe PAKEMHO-KOCMUYECKOU mexXHU-
ku Cepeee Ilasnosuue Koponege, cmaguiem oOnum u3 0CHOGONOIONHCHUKOE OMEUECMBEHHO20 PAKEMOCMPOeHUA U NPAKmMuye-
CKOll KOCMOHaemuxu. OmmeueHn 6axycHulii 6KNaA0 OblguiUX Hemeykux paxemuuxos, pabomaswiux ¢ CCCP nocne okoHuanusn
Bmopoii mupoeoii 6oiinvl, 6 pazpabomky nepevix coeemcKux oOanaucmuueckux paxem. Onucanvl O0CHO6HbIE HAYUHO-
mexnuyueckue oocmuscenusn C.II. Koponesa ¢ odnacmu co30anus co8emcKkozo0 cmpamezuieckozo paKkenHozo OpyHcus u coepe-
MEHHOIl PAKeMHO-KOCMUYECKOl MEeXHUKU O/ 0CGOCHUA 3eMIAHAMU ONUINCHE20 U OA/IbHE20 KOCMUYECK020 NPOCHPANHCIEA.
Iloxazano, umo 2nagnwiii koncmpyxkmop C.I1. Kopones agnsemcsa «omyom» omeuecmeennoll paKemHo-KOCMUYECcKoil mexHuKu,
obecneuusuiell 3anycK NePeo2o 8 Mupe CO8eMCKO20 UCKYCCMEEeHH020 cnymuuka 3emau (1957 2.) u npeovieanue na 0kon103emMHoll
KocMuuecKoil opoume nepeozo 6 ucmopuu uenoeevecmea cogemckozo kocmonasma F0.A. I'azapuna (1961 2.). bu6n. 25, puc. 10.
Kniouesvie cnosa: pakeTHO-KOCMHYECKAs TeXHHKA, BbIIAOIMICH COBETCKHI KOHCTPYKTOP PAKEeTHO-KOCMHMYEeCKOH TeXHHUKH
Cepreii KopoJieB, 10cTH:KeHUS] B COBPEMEHHOM PaKeTOCTPOEHHH, KOCMOHABTHKA, HAYYHO-UCTOPHYECKHIA 04YepK.

BBenenne. 3HakoMsICh ¢ OnorpadusMU BBIIAIOIIAX-
csl iesiTesniell HayKH M TeXHUKH MUpa U3 pa3HbIX oOiacTel
3HAHMH, 9aCTO «IOBHIIb» Ce0Sl HAa MBICJIIM O TOM, 4TO Ka-
Kas 3a4acTyr0 HeMpocTas cyap0a Oblia y 3TUX n30paHHBIX
Ha BEJMKHUE JIeJla TANHCTBEHHBIM /TSI HAC KOCMOCOM JIFO-
neii. K cBoeil rogamu BBICTpaJaHHOW M HAaMEUEHHOW B
CO3HAHMHU LIEJIM UM TNIPUXOAWIOCH «IPOOHPATHCS» Uepe3
HEHMOBEPHBIE JKU3HEHHBIC TPYIHOCTH, B YHCIIE KOTOPBIX
6])IJ'II/I npeaaTeyibCTBa XCCTOKUX U 3rOUCTUYHBIX KOJUJICT,
HaJlyMaHHbIe OOBHHEHHUS BO BPEIUTEIBCTBE Ha CIIyXKOe,
apecTbl, CyJeOHbIe IPUIOBOPHI U NPEObIBaHHS B CYPOBBIX
yCIOBUSIX TIOpeM M Jjarepei. OcoOeHHO 3TO Kacaercs
TaKUX JIOJIEH, SBISABLIIMXCS JIYYIIMMH HPEICTaBUTEISIMA
WCTUHHOM WHTEUIMICHINH, >KU3Hb KOTOPBIX IPHILIACh
Ha MepuoJl PEBOJIIOLMIA M pas3ryia Ha CBOEH pOJUHE MO-
JUTHYECKUX JOTM W pempeccuil. Yacto 0OBEKTHBHEBIE
3aKOHbBI Pa3BUTHUS YEIIOBEYECKOrO OOIIECTBA, a MHOTAA U
CyIbOOHOCHBIE CITy4Yad, BBIBOJWIM 3THX CHIIBHBIX JTyXOM
Jofell U3 KU3HEHHBIX «TYIUKOB» HAa MarucTpalbHbIC
IIyTH Pa3BUTHS B HEM HAyYHO-TEXHHUYECKOTO MPOTpecca.
K YUCITY TaKUX CTOUYCCKHUX J'IIO[[eﬁ OTHOCHJICSA U BbIJAr0-
IIUHACS COBETCKMH KOHCTPYKTOP PaKeTHO-KOCMHUYECKOH
TeXHUKH, ABaxabl I'epoit Tpyna (1956 r.; 1961 r.), aka-
nemuk AH CCCP (c 1958 r.) Cepreii I1aBnosuu Koposes
[1] (puc. 1), KOTOPOMY U MTOCBSIIAETCS 3TOT OUEPK.

Ieabio cTaThu SBIISETCS MMOArOTOBKA KPAaTKOTO Ha-
YYHO-HCTOPUYECKOTO OdYepka 00 OJHOM H3 OCHOBOIIO-
JIOXKHUKOB OTE€YECTBEHHOTO PAaKETOCTPOCHUS U MTPAKTHYE-
CKOH KOCMOHABTHKH, BBIAAIOIIEMCS COBETCKOM KOHCT-
pykTope pakeTHo-KocMuueckoil Texauku C.I1. Koponese.

1. HavaJjio :xu3HeHHOro u TBOpYeckoro mytu C.II.
KopouaeBa. Poxguics on 12 ssaBaps 1907 r. B 1. JKutomupe
B CEMbE YUMTeNs pycckoil cioBecHocTH [laBna SIkoBneBu-
gya Koponesa [1]. Ero mats, Mapus Huxonaesna Mocka-

JIEHKO, BCKOPE paccTanach ¢ ero otioM (n3-3a uero Cepreii
B BO3pACTE C JBYX JI0 AECSTH JIET BOCIUTHIBAJICS y POJUTE-
neit Matepu B r. Hexxune, HeiHe UepHHTOBCKAs 0071.) U B
1916 r. mepeexana B 1. Omeccy K MecTy pabOTBHI HOBOTO
My)Xa — HH)XEHepa-MexaHuka ['puropuss MuxainoBuua
Bananuna (otunma Cepresi). C centsiops 1917 r. oH Hauu-
HAaeT Y4YHUThCA B MepBOM Kiacce 3-i Omecckoil My»KCKOM
rumHa3uu [1]. BypHbIe coOBITHS Tpa’kIaHCKOI BOIHEI BHE-
CJI CBOM KOPPEKTHBEI B €r0 y4e0y.

Puc. 1. Beigatomuiicsi COBETCKUN KOHCTPYKTOP
PaKeTHO-KOCMHYECKOM TEXHUKH, ABaxabl [ epoit Tpyna,
naypeat Jlenuackoit npemun, akagemuk AH CCCP
Cepreii [1aBmoBua Kopones (12.01.1907 r.-14.01.1966 1.) [1]

IOnomy Cepreto MIKOJIBHYIO CEMUKIACCHYIO TPO-
rpaMMy IPUILIOCH IPOXOAUTH 0oMa y poautenei. lanee
B neprox 1922-1924 rr. nocnenoana ero yueda B CTpoii-
npodukone Nel r. Oxeccsl, mociae KOTOPOH OH MOTy4dHII
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cpexaHee 00pa3oBaHKE M CHCHUAIEHOCTh KaMEHIUKA [2].
B 310 Bpems on «3abonem» aBuanueir. B 1924 r. Cepreit
noctynuil B KueBCKHI NOJUTEXHUYECKUH HHCTUTYT IO
MPOo(GUITF0 aBUAIIIOHHON TEXHHUKH. 3/I€Ch OH CTajl CIIOpT-
cMeHOM-IDTaHepucToM. B 1926 1. oH mepeBencs B Moc-
KOBCKOe BeIcIIee TexHndeckoe yummie (MBTY) nmenu
H.D. Baymana Ha a’spomexanuueckuii akyibreT. B des-
pane 1930 r. Kopones C.II. ycnemso 3amutiin 8 MBTY
CBOW JMIJIOMHBIH TPOEKT, CBS3aHHBIH C pa3pabOTKOU
KOHCTpyKLuH Jerkoro camosiera tuna CK-4 (pyxoBomu-
TeNb JWIUIOMHOTO TPOEKTa — OYAyIIUH BBIIAOIIUICS
COBETCKUI aBHAKOHCTPYKTOp, Tpwxasl I'epoit Tpyna,
akagemuk AH CCCP Tynones A.H. [3]) [4]. Tax mox
«xkpbutOM» camoro TymoneBa A.H. oH cran uHXeHEpOM-
aspoMexaHukoM. Kak oxazanoch B JallbHEHIIEM, 3TOT
YEIIOBEK BBIMTOHUT B €T0 KU3HU e1e OONbIIyIo U (haKkTu-
YEeCKH CYABOOHOCHYIO POJIb — «BBITSHET» ero 3uMoit 1939
T. B KOHCTPYKTOPCKHH «MHp» IO pa3paboTKe HOBBIX Jie-
TaTenbHBIX ammaparoB (JIA) BOGHHOTO Ha3HAYCHUS
(TIycTh maxke W TIOPEMHOTO XapakTepa, HO C YHCTOW II0-
CTENbI0 M YCWJIEHHBIM IHTaHHEM) ¢ YOMICTBEHHOTO IO
KECTOKHM YCJIOBUAM Hpe6bIBaHI/IH TIOPEMHOT'O JlIareps Ha
JIaJIeKOM 30J10TO/I00BIBAIOIEM MPUUCKE «Malbask» co-
BeTckoil KosbIMBI 1 TeM caMbIM (PaKTHYECKU CIIACcET €ro
OT XOJIOJHOM U TOJIOJHOM CMEPTH 3aKJIIOUeHHOro [4, 5].

2. OcHoBHBIE COOBITHSI IOBOEHHOI0 M BOEHHOI0
nepuonoB padorel C.II. KoposeBa B pakerHoii u
apuanunonnoi texumke (1930-1945 rr.). B cenrabpe
1931 r. Koponés C.II. u TalaHTIUBBIA SHTY3HACT B 00-
nactu pakeTHbIX nsuratened [langep P.A. moOuimch ¢
MMOMOIIBI0 coBeTckoro OcoaBuaxmma co3fgaHus B r. Mo-
CKBE HOBOW OOIIECTBEHHOW OpraHM3anuy — [ pymibl u3y-
yeHusi peaktuBHoro asikeHust (CHMPJI) [6]. B aBrycre
1933 r. B 'MP]] 6B OCYIIIECTBIICH yIAYHBIH 3aMyCK Iep-
Boii B CCCP HeOonplIOi 0auIMCTUYECKOW pakeThl ¢
JKUJIKOCTHEIM peakTuBHBIM apuratenem (JKPJI) [6]. B Tom
ke 1933 r. Ha 6a3e mockosckoit ['MP]1 u JIenuHTpaackoit
ra3oMHaMU4ecKol JrabopaTopuu ObLT co3naH PeakTus-
HBI Hay49HO-HccienoBatensckuii mactutyT (PHUN) mog
pykxoBozctBoMm Kneitménosa 1.T., 3amMecTuteneM KOTopo-
ro ctan Kopones C.II. (puc. 2) [6].

e S, o
Puc. 2. Mononoii Kopones C.I1. B nepuon pa6otrsr B PHUN
(1933 r., r. Mockga) [6]

B 1934-1935 rr. on 8 PHUU 6buT HaYaIbHUKOM OT-
JIEIIOB KPBUIATHIX pakeT U pakeTHHIX JIA. K 1938 1. B aTHX
otaenax PHUUM Obutn pa3paboTaHbl MPOEKTHI )KUAKOCT-
HBIX KPBUIATOW M OAJUTUCTHYECKON paKeT NalbHero aei-
CTBUA, a4 TAKKC aBUAIMOHHBIX PAKET IJIid C’I’peﬂbiI 10
BO3AYIIHBIM (HAa3€MHBIM) IEJSIM M 3€HUTHBIX TBEPOTOI-

JUBHBIX pakeT. YKaxeM, 9To Ha mepuox 1937-1938 rr.
IPUILIKCH apecThl BUAHBIX crnenuanuctos PHUM, cras-
meM ¢ 1937 r. maseiBatbcst HUM-3 [7, 8]: Kneiiménona
WN.T., Jlanremaka I'.D. (3amectuTens qupexkTopa UHCTUTY-
Ta MO HAYYHOW YacTH, OCHOBHOTO COAaBTOpa pa3paboTKu
HOBOT'O B MHMpPE BHJA BOOPY>KEHHSI — COBETCKON PaKeTHOU
ycranoBkH 3annoBoro oras (Y30) «Katromay [8]), Ko-
ponépa C.II., I'mymxo B.II. u np. B Hacrosmee Bpems
CUNTAETCS, YTO K ATUM apecTaM, NPHHECIIMM OOJIbIION
Bpel OTEYECTBEHHOM HAYKE U PAKETHOW TEXHUKE, IPSIMOE
OTHOLIEHHE WMeJ HadaJbHUK OTAENa II0 pa3paboTke
XKPI (¢ 1936 r.) Kocruko A.I. (30.10.1899 r. —
05.12.1950 r.), craBumii ¢ 15 centsiopss 1938 r. (mmocie
apecta yka3aHHBIX coTpyanukoB HUM-3) rmaBHBIM WH-
skeHepoM Beaymiero B CCCP uHCTUTYTa, 3aHUMABILErOCs
Pa3pabOTKOH U UCTIBITAHUAMH PAKETHBIX CHAPSIOB, yCTa-
HOBOK JUIsl UX IycKa ¢ 3eMJIM U ¢ caMoi€ToB [7-9]. Uz-
BecTHO, 4T0 KoctukoB A.I'. 20 urons 1938 r. Bo3rimaBmisii
akcneptHyo komuccuto HUUM-3, xotopas nana 3akiaroue-
nue opranam HKBJ CCCP o BpeauTeinbCKOM xXapakTepe
JiesiTeNlbHOCTH MHXeHepoB [imymko B.JIL. (B Oymymem
BBIJAIOIIETOCST COBETCKOIO CIIEIMANCTa B O0JIACTH pa-
KETHOTO JIBUrarenecTpoeHus, asaxsl ['epost Tpyna, aka-
nmemuka AH CCCP [10]) u Koponéra C.II. [7]. OTmetnwm,
yro KoctukoB A.I'., ONB3ysICh CIIy’)KEOHBIM IOJIOKEHH-
eM, (haKTHIeCKH MPHCBOMI ceOe COaBTOPCTBO (AT Mac-
KHPOBKH CBOMX BOPOBCKHX 3aMBICIIOB OH O(OPMHII €ro
COBMECTHO € KOHCTpYKTOpoM MHcTHTyTa I'Baitem WL.U. u
3aM. HayajJbHUKA [JIaBHOTO apTHIUIEPUIICKOTO yrpaBiie-
Husi PKKA crpaner AGopenkoseiM B.B.) pa3pabotku B
HUWU-3 reapueiickoro pakerHoro MuHoMmeTa «KaTromay
(6oeBoit MammHEl BM-13), m3mokeHHOE UMH B ABTOp-
ckoM cBugerenbctBe CCCP Ne3338 ot 19 deBpans 1940
T. Ha n3o0pereHne «MexaHusupoganHas ycmanosxka onis
cmpenvovl paKemHuvlMu CHAPAOAMU PA3TUYHBIX KATUO-
pos» [7]. UaTepecHo u To, uto 17 mions 1941 r. (Oyk-
BaJlbHO HakaHyHe Hauaja Bemukoi OTeuecTBEHHON BOIi-
uel (BOB) [3]) Koctuko A.I'. mponemoHcTpupoBai or-
HeBylo Mok pakeTHoit Y30 «Karromia» Ha 0a3e oTeue-
CTBEHHOT0 TpexocHoro aBromoomis 3VIC-6 pykoBoaCTBY
BKII (6) u npaButensctBa CCCP [7, 8]. Ycmex ot nae-
MoHcTpauuu paboTsl «KaTiomm» ObUT IPOCTO OLIETIOM-
nmsommit! Tyt xe, 21 mronst 1941 r., nuuno U.B. Cranus,
kak rinaBa npasutensctsa CCCP, mpuHsn cpouHoe pele-
HHUE O Pa3BEPTHIBAHUM CEPUMHOTO MPOU3BOACTBA PaKET-
HBIX cHapsa0B M-13 u nyckoBbIx yctaHoBok BM-13 s
Hux paspabotkn HUM-3, a takxe o Hagane Gpopmuposa-
HUSI COOTBETCTBYIOUIMX BOMCKOBBIX yacteil B KpachHoit
Apmun [7]. Hecmotps Ha yxacusle maasi CCCP BoeHHbIE
coOpiTHs B Hayane BOB, 28 urons 1941 r. Beimiu gBa
Vkaza BepxoBaoro Coera CCCP o nHarpaxaeHnu «3a
svidarowuecs 3acuyeu 8 oeie u300pemenust U KOHCmpyu-
POBAHUSL OOHO20 U3 U008 BOOPYIHCEHUA, NOOHUMAIOWE2O
6oesyro mowp Kpacroii Apmuuy»: TIABHOTO HHXCHEpa
HHWUN-3 KoctukoBa A.I'. (emy mepBbIM uU3 YKa30B OBLIO
pucBoeHo 3BaHue I'epos Tpyna) u 12 coTpyAHUKOB 3TO-
ro MHCTUTYTa OpAEHaMH BTOpPHIM Ykazom [7]. Kpome
TOTO, «JDKEOTIY» JiereHnapHoi «Karttonm» Bckope ObuIo
MIPUCBOCHO BOMHCKOE 3BaHUE T'eHEpal-Maiopa WH)KEHep-
HO-aBHAIIMOHHOU cily»Obl. KapbepHblil «3Be3monany s
KoctukoBa A.I'. mpomomxancs u ganee: ¢ Hadana 1942 r.
n no 18 despanst 1944 r. oH, UMes y4YEHYIO CTENEHb
K.T.H., 0bu1 mupekropom HUM-3, a 29 cenrsops 1943 T.
oH Obu1 M30pan wi.-kopp. AH CCCP (1o otaeneHuio Me-
xaHuk#). Ho, Kak TOBOpAT y HAC B Hapoze, «O0T MIeIbMy
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METHUT». 3a «OOMaH COBETCKOTO ITPAaBHUTENHCTBA U CPBIB
ero BaxHoro 3amanusi» KoctukoB A.I'. 6bu1 18 deppans
1944 r. cuaT ¢ nomxHOCcTH 1 15 Maprta 1944 1. apectoBan
(Haxommics oH B TIoppMe 1o 28 ¢espans 1945 r.) [7].
IMono3penus B ero mMHOHAXKE M NMPEATELCTBE HE MOJ-
TBepAwInCh. [locie ocBOOOXKIEHMSI OH OBbLI BOCCTAaHOB-
JeH B mpaBax u ¢ | aBrycra 1945 1. ¥ 10 KOHIA KXU3HU
npopaboTaln B JO/DKHOCTH HaudanbHuka Orwopo HUU-24,
3aHUMaBIIIErocs pa3padOTKON pakeTHBIX CHapsIoB [7, 8].
HctuHHas posib HE3aKOHHO PENPECCHPOBAHHBIX B
1930-¢ romsr corpymauko PHUW (HUU-3) B co3manuu
OTEYECTBEHHOTO peakTuBHOro opyxusi Y30 «Karromay
(boeBoii mammubel BM-13) Obuta Bce ke BOCCTaHOBJIEHA
[7]: Vkazom IIpesumenta CCCP or 21 wmrons 1991 r.
KneitménoBy WU.T., Jlanremaxy I'.0., Jlyxxuny B.H., Ile-
tponasioBckomy b.C., Cnornmepy b.M. n TuxomupoBy
H.M. 6pumo mpucBoeno Bwicokoe 3Banue ['epost Tpyna
(mocMepTHO), a UX UMEHa ObLIH PEaOUITUTHPOBAHBI.
[MTocne cronp mocraroyHo GonbiIoro Mo 00beMy, HO
BaKHOTO JUISl TIOJIHOTHI M3JI0’KEHHSI UCTOPUM CO3JIaHUS B
CCCP pakeTHOl TEXHUKH Ha IpuMepe JerengapHon «Ka-
Tiomm» (6oeBoi pakeTHOI yctaHOBKM bM-13, Tak MHOTO
cnenasmieit gt Hamel [Tobenst B mepron BOB) orcrymn-
JICHUsI BO3BPAIIAaeMCs K MPEJBOCHHBIM COOBITHSIM, HETIO-
CPEICTBEHHO CBA3aHHBIM ¢ yka3zaHHbIM HNU-3 1 umenem
Kopomnesa C.I1. 27 utonst 1938 . ero Ha OCHOBaHUU yKa-
3aHHOTO BBINIE 3aKJIOYEHHs JKCIIEPTHOH KOMHCCHH
HHMMU-3, Bo3rmaBiasieMoil HeOE3bI3BECTHBEIM KOCTHKOBBIM
A.T., apecToBaiy Kak Y4YaCTHHKA TPOLKHCTCKOW KOHTp-
peBoIoIMONHON opranm3anuu [5]. lanee 27 ceHTAOps
1938 r. Boennoii Komnerueit Bepxosnoro Cymga CCCP
OH ObIT ocyxkeH Ha 10 net npeObIBaHUS B UCTIPABUTEIb-
HO-TPYJOBBIX JIarepsx. ['ox nposen B byThIpcKkoi TIOppME
(r. Mocksa), Toe Ha AOMpPOCax MOIBEPralics KECTOKHM
nbiTkaM 1 u3buenusim [11]. B anpene 1939 r. Koposes
C.I1. okazancsa Ha manekoil Kombime B jarepe 3aKiroueH-
HBIX, MOOBIBAIOUIMX 30JI0TO Ha mpuucke «Manbask». B
TIepBBIN TOJl CBOEro JlarepHoro npeObiBanust Ha Konbime
OH Yy/IOM YLEJNEN OT UMHTH U MOJIYTOJIOJHOTO CYILECTBO-
BaHMA. M3 «1am» cMepTH BBIPBAJ €ro ObIBIIHMNA JTUPEKTOD
MockoBckoro aBuazaBoga Ne 156 YcaueB M.A. (kctatw,
MacTep cropra 1o OOKcy, UMEBIIMH OOTraThIPCKOE TENo-
cnoxxenue), nrmyHo 3HaBmuil Koponesa C.II. u Hezacmy-
JKCHHO OCYXKICHHBIH Ha 15 yer 3a rubenn 15 nexaOps
1938 r. nerenmapuoro neruuka B.II. UkamoBa, HOBBIA
camonet-ucrpedbutens M-180 xonctpykumn Ilonmkapro-
Ba H.H. KoTOpOro K J€THBIM MCHBITAHUSIM TOTOBUJICS KaK
pa3 Ha ykazaHHOM 3aBoje [12]. YcaueB M.A., Kak «aH-
rel-XpaHuTelb», OKa3ajcid B JIArepHOM Oapake HpHUHCKa
«Manbsk» B KpDUTHYECKUH MOMEHT 1151 xu3Hu Kopoie-
Ba C.IL psgom c HuM. ViMeHHO OH obecriedni emy dKC-
TPEHHO HEOOXOIUMYIO JIarepHYI0 MEIUINHCKYIO TTOMOIIb
1 JIOTIOJTHUTENIBHBIM MPOIYKTOBBIM MaeK, MOCTABUBIINX
3axtoyeHHoro-goxoniary Koponesa C.I1. «ua Horm» [11].
B nexabpe 1939 r. zaxmouenssnii Kopomes C.I1. xak
BOCHHBIN CIICIMAIMCT, BKIIFOUCHHBIH B ciicok 100 ronei,
HEOOXOIMMBIX apecToBaHHOMY B 1938 T. aBHaKOHCTPYKTO-
py TynoneBy A.H. mist paboThl B TIOpEMHBIX YCJIOBHSX Ha
HOBBIM COBETCKHM OOMOapAMpPOBIIMKOM, OBUT IO 3TaIry
OTIIPABJIEH C KOJBIMCKOIO Ipuucka «Manbsik» B I. Mock-
By [1, 4]. HTepecHBIM (haKTOM SIBISIETCS TO, YTO IO TIPH-
ObITHIO dTama B r. Maraman (cromuiry KosbiMcKoro kpas)
OH OT103/1aJ1 Ha Mapoxo] «IHAUTHpKay, HANPABISBILHMNCS B
r. BnaguBocTok 1 3aTOHYBIIHMH (Kak CTaJo M3BECTHO IMO3-
’Ke) Bo Bpems mropma B Oxorckom mope [4]. Hy, npsamo

3HaK cyapOBI A1 Hamero repos! Bummmo, oH ObUT Hy)keH
Ha 3emiie JUIsl COBEPLICHHS] YE€ro-TO BOKHOI'O B HENAJIEKOM
Oymymem. [To mpuObTnio 2 mapra 1940 r. B T. MockBy
narepuuk Kopones C.II. ocoObIM coBelanueM ObLT CYUM
BTOPUYHO W TIPUTOBOPEH K BOCEMH TOJaM TIOPEMHOTO 3a-
kioueHus [11]. Iocne yero oH ObUT HEpeBelieH HAa HOBOE
Mmecto 3akmodenns — [{KB-29 mpu HKBJI CCCP, rae B
YCJIOBHSIX TIOPEMHOM <«IlIapallKi» TO0Jl PYKOBOACTBOM
aBHaKOHCTpykTopa TynoneBa A.H. mpuHuman axkTuBHOE
ydJacTHe B CO3JaHUM W MPOW3BOJICTBE OJHOTO W3 JIYHIIETO
neproaa BOB ¢ponroBoro 6omdapauposiyka tana Ty-2
[3] n omHOBpEMEHHO MHUITMATUBHO pa3padaThIBaNl POESKTHI
YIIPaBIIsIEMO a3pOTOPIIE/Ibl 1 HOBOTO BapUaHTa PaKETHOTO
nepexBaranka [4, 6]. [locienHee, HaBepHOE, W TTOCTY>KUIIO
pU4HHOM ero nepesosa B 1942 r. B npyroe Kb TropemHoro
tunia — OKb-16 npu Kazanckom aBuazaBomae Nel6, rae mpo-
BOIUTHCh paOOTBI HAJl PAKETHBIMH JBHTATCIIAMH HOBBIX
TUTIOB C IIENIbIO MPUMEHEeHHs1 uX B aBuamyu [1]. B atom
YUPEKJICHUH OH, CO CBOMCTBEHHBIM €My JHTY3Ha3MOM, OT-
JaéTca Waee MPAKTUUECKOTO HCIIONB30BAHUS PEAKTUBHBIX
JIBUTATENICH Il ycoBepiieHCTBOBaHMS JIA: cokpareHus
JUTMHBI pa3z0era caMoJiéTa mpy B3NETE U MOBBIIICHUS AWHA-
MHYECKHX XapaKTEPUCTHK CaMOJIETa BO BPEMsI BO3LYIIIHOTO
60s1. B mavame 1943 1. Kopomnesa C.II. B pamkxax OKB-16
Ha3HAYWIN TJIaBHBIM KOHCTPYKTOPOM IPYIIIbI PEAKTUBHBIX
YCTaHOBOK, HCIIOJB3yeMBIX Ha camonerax [1]. ITo mroram
paboThI HaJl pa3pabOTKOW aBUAIMOHHOM PEaKTHBHOH ycTa-
HOBKH OH ObUT B mrone 1944 r. mocpoyHo OCBOOOXKIEH W3
3aKIIIOUEHUs CO CHITHEM CYIMMOCTH, HO 0e3 peabuiura-
mun. B 1945 1. 3a 1o07ecTHBIN TPYA MOCIEA0BATIO HarpaK-
nenne Koponesa C.II. opmenom «3nak Ilouera» [5]. Ho
kona BOB oH akTHBHO mpopa®oTall Kak BOJHHOHAEMHBII
B OKB-16 npu Kazanckom aBuazaBoze.

3. O BkJIaje OBLIBIIMX HEMELKHMX PAKeTYHKOB B
cO3JaHHe MEPBBIX COBETCKUX OAJIHCTHYECKUX PaKeT.
Honrue romer o pabore B CCCP HeMenKux paKeTdHKOB,
NPUIJIAICHHBIX, KaK y Hac TOBOPAT, B JIOOPOBOJILHO-
NPUHYJUTETIGHOM — TIOPSIIKE PaOOTHHKAMM  CIICLICITYKO
CTpaHbI-NIoOeIuTeNs. BO BTOpoii MHpOBOH BOMHE IS Tie-
pelady MMEBIIErocsl Y HHUX ONbITa B OOJACTH CO3IaHMs
PaKeTHOH TEXHUKH COBETCKUM CIICIHAIHCTaM, IIPOCTO
3amanmuuBaiock. Yro kacaercst CILIA, To amepuKaHIbl HU-
KOTIa HE CKPBIBAIM, YTO y MX IEPBOHAYAIBHBIX yCIIEXOB B
CO3MaHMM OAUITMCTUYECKUX DAKeT M I0JIeTax B KOCMOC
HaXOJWJICS «HEMEIKMA pakeTHBI (yHIaMEHT», BKITIO-
YaBIIMi B ceOst U 765 BeayIMX HEMELKHX PAaKETYHKOB,
paboTaBmIuX, HaUMHAsE ¢ CeHTAOps 1945 r., Ha amepuKaH-
ckyto apmuto [10, 13]. Kak uzBectHo, B ['epmanuu k ceH-
Ta0pro 1944 1. 6p1a co3mana BIepBbie B MUpe OoeBas Oa-
JmucTHueckas ofHocTyneHuaras pakera c JKPJ[ cpenneit
nmanpHOCTH Trna «Day-2» (THaBHBIN KOHCTPYKTOP PaKeTHI
— BBIJAIOIIMHCS HEMELKHH KOHCTPYKTOP PAKETHON TEXHU-
ku Bepuep ¢on Bpayn [10]), criocoOHas HOCTaBIATH IO
BO3/yXy CO CKOPOCTBIO 70 1,5 KM/C OOBIUHYIO XHMHYE-
CKYIO B3pBIBYATKY (HAIpUMep, TPUHUTPOTOIYOI) BECOM JI0
1 T Ha paccrosiaue 10 300 km [10, 14]. B centsiope 1945 .
Koponer C.II. 6sm1 xOMaHmupoBaH B ['epManHmio, rre B
COCTaB€ COBETCKOM TeXHHYEeCKOM KOMHUCCHUM IIOYTH TOJI
03HAKaMIIMBAJICSI ¢ HEMEIKOH TpOo(eHHOW pakeTHOW Tex-
HuKoi [13]. OT™Mernm, uTo Gnaroapsi BOCCTaHOBIICHHUIO B
MOCJIEBOEHHOM ['eépMaHuu OJHOro M3 MOA3EMHBIX 3aBOIOB
O MPOU3BOACTBY pakeTsl «Day-2» Bonmu3u r. Hopaxaysen
[10], oxazaBmerocst B coBeTckoit 30He okkymnanum, B CCCP
Obutd OTMpaBicHbl 10 KOMIUIGKTOB 3TOi pakersr [13].
Bompmroit Bkmam B 3Ty paboTy BHEC PaKETYHK-
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nonroxurens Yeprok B.E. (1912 r. — 2011 r.), crosBmmii y
«ucTtokoB» pakeroctpoeHuss CCCP u craBmmii B Jaib-
HEHILIEM 3aMECTUTENEM y [ 1aBHOrO KOHCTPYKTOpA pakeT-
Ho-kocmuyeckoit TexHuku Koponesa C.II. u ocraBuBIIMiA
mocine cebsi OeclieHHBIe MeMyaphl O Pa3BUTHU PAaKETHOM
texHukH B CCCP [14-17]. Mynpsriit Ueptok B.E., Haxonsce
eme B ['epmanuu B cocraBe ynomsiHyTod TexHudyeckon
KOMHCCHH, CYMEJT IPUBJICYb TAJTAHTIMBOI'O IMOMOIIHUKA U
coparnuka BepHnepa ¢on bpayna ['ememyra I'perrpymna
(1916 1. — 1981 1.) k paboTam B 007aCTH CTAHOBIIEHUSI CO-
BETCKOI0 pakeTocTpoeHus. B cBoro ouepens, I'. I'pertpym,
Oaromapsi CBOMM OOLIMPHBIM 3HAHUSIM, TajaHTy PYKOBO-
JIMTETISL, TIOPSIIOYHOCTH, IMPOTE B3IJISIIOB HA TEXHUYECKHE
po0IeMbl M JOOPOXKETATEIFHOMY XapakTepy, CyMen 3a-
HMHTEpecOoBaTh MHOTMX HEMELKHMX PAaKEeTYMKOB B paboTax
1o pakeTHoi TexHuke B uHTepecax CCCP. B urore, netom
1946 r. oxono 500 HEMeLKUX CHEeNUaTUCTOB BO Iase ¢ .
I'perrpynmom Gpumn otmpaBnesst B CCCP mns mompema
coBeTckoil pakerHod otpaciu [13]. Ilpu sTOM yacte u3
HuX (10 150 4genoBek) OblIa pa3MelieHa B TOTHON H30JIsI-
LMK OT JIIofiel Ha ocTpoBe ['oponomiis mocpean KUBOIHC-
Horo o3epa Cemmurep (TBepckas 061.) [13].

B CCCP s pykoBOACTBa paKETHBIMH pa3pabOTKa-
MU 16 Mast 1946 . Ha Ga3e apTriuIepuiickoro 3aBoaa Ne§8
6611 coznan ronosuoit HUM-88 (cr. [ommunku, Mockos-
cKkast 00J1.) BO IJIaBe C KPYITHBIM COBETCKUM OpIaHH3aTo-
POM BOSHHOTO NPOM3BOJICTBA reHepain-maiiopom ['oHOpoM
JLP. [18, 19]. B ctpyxtype coBerckoro HHUI-88, nmes-
mero 25 OTJENIOB, HEMEIIKIM PakeTdYHKaM Oblla OTBeIeHA
ckpomHas ponb @ummama Nel. HeoOxoammo OTMETHTH,
yt0 paboraromue B CCCP B OTIIMYHBIX OBITOBBIX YCIOBH-
AX C BBICOKMMH 3apIjiaTaMH CTaBIIME «COBETCKHMMN
HEMIBI-PAKeTYNKH, OINepexass MO0 PALy JOCTHKEHHH
«aMEPHKAHCKUX» HEMIIEB-PAKETYNKOB (Tpymiy Bephnepa
¢on bpayna [10]), B pa3paboTaHHBIX UMM NIPOEKTaxX Oai-
JIMCTUYCCKUX PaKeT CTaJIM MHUPOBBIMHU IICPBOIPOXOALIA-
mu. UMeHHO oHU JJId 9TUX PAKCT BIICPBBIC MPCATIOKUIN
[13]: oTmensromuecss TOJOBHBIC YacTH, HeCyllue Oakw,
MIPOMEXXYTOUHbIE JHUIIA, TOPIYMH HAIAYyB TOIUIMBHBIX
6aKoB, IIOCKHE (POPCYHOUHBIE TOJIOBKH PaKeTHBIX JABHIa-
TeJNeH, ynpaBleHnEe BEKTOPOM TATH PAKETHl C HOMOIIBIO
aBuraresieil u ap. B ux cocraBe OblIM yUeHBIC-PAKETIHKN
¢ mupoBbiM uMeHeM [13]: Hoh (Xox, cucrems! ympasie-
Hust), Magnus (Marnyc, rupockornsl), Umpfenbah (Ymn-
¢denbax), Albring (Ansbpunr), Miiller (Mromnep) u Ru-
dolf (Pymonbd). VMu B pamkax co3laHHsI PAKETHOTO
«mutay CCCP ObuTH BBITTOJIHEHBI MPOEKTHI OaITUCTHYE-
ckux paket Ha 600, 800, 2500 u 3000 kM. OHU TpemyIo-
KHJIM M TPOEKT MEKKOHTUHEHTAJIbHOW OalUIMCTHYeCcKOn
pakeTs! (aHajor Oynymieil U3BECTHOM COBETCKOM cTpate-
rudeckoit pakers! P-7) [13]. C 1953 r. Havancst «ucxom»
o0pycepmux HeMerkux pakeryukos n3 CCCP. Kak roso-
PHUTBCS, «MaBp CJeNall CBOE JIEN0, MaBp MOXET YAAIUTh-
csi». Kak ¥ 1MoJo)keHO pyKOBOIMTEIIO, MOCIEIHUM TOKH-
Hyn CCCP I'. I'pertpym. V3BecTHBIN COBETCKUI paKeTINK
Yeprok b.E. B cBoux MeMyapax OTMEYAET, YTO HA BOK3aJIE
IIPY MIPOBOJAX 3TOTO HEMIIA-PAKETUNKA «OH OM cmbloa He
Mmoe cmompemy 1. [ pemmpyny 6 enasay [13, 14].

4. OcuoBubie noctuxenusi C.II. Koposesa B pa-
KeTHO-KOCMHYeCKOii TeXHHKe B IOCJIeBOCHHBIN MepHu-
o1 ero pa6orsl (1946-1966 rr.). Haunem c toro, uto 13
Mas 1946 r. Beiuio 3akpseitoe Ilocranosnenne CM CCCP
Ne 1017-419 cc «Bormpockl peakTHBHOTO BOOPY>KEHHSD (B
HacToslIee BpEeMs OHO PAacCEKpPEeUYeHO), HalpaBlIeHHOE Ha
coznanue B CCCP HOBOI BOeHHOI oTpaciy 1o pa3padot-

K€ M MPOM3BOACTBY PAKETHOTO BOOPY>KEHHUS CTpaTerHye-
CKOro HazHaueHus [6]. B coOTBETCTBUU C 3TUM AHPEK-
TUBHBIM JOKyMEeHTOM B aBrycte 1946 r. Kopomes C.II.
OBLI Ha3HaYeH HayaJdbHUKOM oTxeina Ne3d CrnenmaibHOTo
koHCcTpyKTOpckoro Oopo (CKB) mpn HUM-88 mo paspa-
00TKe OATUCTHYECKUX PaKeT CPETHETO W JAbHEro pa-
nuyca neiictus. [lepBonauanbHoi 3amayeit g Kopoe-
Ba C.II., mocraBnennoi nepenq HUM-88 immuno N.B. Cra-
JIMHBIM, OblUIa pa3paboTKa M CO3J[aHHUE OTEYECTBEHHOTO
aHajora HemeukoW Oajumcrhyeckoi pakersl «Day-2»,
nosyuuBiero HazBanue «Mznenue Nely (pakera P-1) [6].
B oktsa6pe 1948 r. Koponer C.II. (puc. 3) HaunHaeT JeT-
HO-KOHCTPYKTOPCKHE HCIIBITAHUSI COBETCKOW OaTHCTH-
4ecKOW omHocTyneH4darol pakersl P-1 (anamora «®ay-
2») u B 1950 r. ycnemHo crmaetr ee Ha Boopyxernue Co-
BeTckoit Apmuu [20].

Puc. 3. CoBeTckuii KOHCTPYKTOp pakeTHOU TexHHKU Kopoes
C.II. Ha nONEBBIX UCHIBITAHUAX CO3JAHHOM IO/ €r0 HA4aJIOM
GamcTraeckoii pakeTs! (1948 r., nonmuron Kanycrun Sp) [4]

Ora pakera ¢ jganbHOCThiO aedctBus B 300 kM oT
HeMelkol pakeTsl «®Pay-2» oTIMYaNach 3HAYMTENHHO
OoJbIIeH HaJIeKHOCTRIO B XpaHeHHH u padote [20]. [a-
nee nox HadanoMm Koponesa C.II. Oputa co3mana Gammm-
cThueckas pakera P-2 ¢ mampHOCTRIO Tonera B 600 kM
[20]. Pakera P-2 ¢ JKP]/] mMena HecymuWil TOTUTUBHBIN
6ak, 6osiee yIOOHYIO I SKCIUTyaTallii B BOMHCKHX Yac-
TAX KOMIIOHOBKY M OTIENSIONIYIOCS B IOJIETe OOEBYIO
TOJIOBHYIO 4acTh. HoBas cucrema aBTOHOMHOTO yTIpaBiie-
HUs pakeThl P-2 oGnanana BiBoe Ooiiblieid, O CpaBHe-
HUIO ¢ pakeToii P-1, TOYHOCTBIO CTpenbObI 1o 1iessiM [20].

K navamy 1950 r. pamku otnena Ne3 B HU-88 cra-
JIM TECHBI JIIsI OBICTPO PacTyIIEro KOJUIEKTHBA KOHCTPYK-
TOpPOB-paKeTuuKoB, pykoBoauMeix Koponessmmv C.II. 30
anpenst 1950 r. Beiuen npuka3 MHUHHCTpa BOOPY>KEHHIM
CCCP renepan-nonkoBHuKa YcrtuHoBa [I.d. o mpeobpa-
3oBannu CKBb HNU-88 B Ocoboe KOHCTPYKTOPCKOE O0pO
Nel (OKB-1) mpu HUM-88 mo pa3paboTke Oaimctide-
ckux paket ¢ JKPJ] nanpHero neiictBus, kotopoe ¢ 1956
I. CTAHOBUTCS CaMOCTOSATENBHBIM IpeamnpustueMm, a Ko-
poneB C.II. Ha3HauaeTCs €ro HA4YaJbHUKOM W | JaBHBIM
KoHCTpykTopoM (r. Kamumuunrpan, MockoBckast 00d1.,
ueiae 1. Kopones) [6]. Hanee B 1953 r. nocnenosana pea-
JM3anus mpoekta dayuimcTuieckor pakersl P-3A Oeccra-
OMITU3aTOPHOM CXEMBI C AaTbHOCTBIO Tojera B 1200 kM
[6]. B Teuenne 1954 r. OKB-1 Koponesa C.I1. Ha Ga3e
3TOM pakeThl 3aKOHYMJIO PaboTy HaJ pa3paboTKoil pake-
1Bl P-5M ¢ manpHOCTRIO AeiicTBus mo 1200 kM, Hecymei
SIIEPHBIA 00eBOU 3apsn [6]. YcIemHbIe JTeTHBIE HCITBITa-
Hus Ha CemunanaruackoM nomurone CCCP  (FOro-
Bocrounsiii Kazaxcran) 3Tod pakeTsl Jald OCHOBaHHWE
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Muno6oponst CCCP npunsts ee B 1956 r. Ha Boopyxe-
HUe. OTo OblIa mepBas OTEYECTBEHHas CTpaTerHyecKas
pakeTa, CTaBIIash OCHOBOW DPAKETHO-SAECPHOTO «ILUTA»
Hamrelt ctpanel [5]. Ha ocnoBe paketrsr P-11 Kopones
C.I1. pazpaboTan u cnam Ha BoopyxkeHue CoBeTCKOH Ap-
Mud B 1957 1. cTpaTernueckyro GaluIMCTHUECKYIO PaKeTy
P-11M c simepHOit 60€BOI YacThIO, TPAHCTIOPTUPYEMYIO B
3ampaBiieHHOM BHae Ha TaHnkoBoM mmaccu [20]. ITocie
OIpeJIeTICHHON MOAW(UKALMY 3TOW PaKeThl K MOPCKHM
YCIIOBUSIM OOEBOTO IEKYPCTBA COBETCKUX aTOMHBIX IOJ-
BoaHbIx Jogok (AILJI) B OKB-1 Koponesa C.I1. 6buta
cozfaHa Oamnmuctudeckas pakera P-110OM mopckoro Oa-
3upoBanus [20]. [Ipu sToM naHHas pakera ObLIa OCHAILE-
Ha HOBOW CHCTEMOH yNpaBJIeHUs U NMpUIleIUBaHus, obec-
MICYMBAIONIEH BO3MOXHOCTh BEICHUS CTPENIbOBI MPH HO-
BOJIHO CHJIBHOM BOJIHEHHH MODS C Ha/IBOJHOTO IOJIOXKE-
aust AITJL. Jlns oxkOHYATENBHOM JOBOAKUA 3TOH OOeBOM
MAaIIMHBl TOKyMeHTanus Ha Hee Opuia mepenaHa B CKb-
385 (r. Muacc, Yensbunckas 06:1.). Bmecrte ¢ pakeroit P-
11®M B 3TOT Teneph BCEMUPHO M3BECTHBIA POCCUHCKHIA
Hentp mo pa3paboTke OAUIMCTUYECKUX PAKET MOPCKOTO
0a3upoBaHus ObUT HANpaBJEeH Ha IOCTOSIHHYIO pabdoTy U
TaJIaHTJIUBBIA KOHCTpykTOop Makees B.I1., cTaBmuii Bro-
cienctsun ero I'maBHeIM KoHcTpykTopoMm [20, 21]. B
9TOH CBSI3M MOXKHO TroBOpHUTH 0 ToM, uTto Kopones C.II.
3aJI0KWJI OCHOBBI JIJISI CTAHOBJICHHSI Ha Y pajie 3TOro yHU-
kampHOTO B CCCP Ilentpa pakeroctpoernns. CoBeTckue
XKHUJKOCTHbIE OAJUIMCTHIECKUE PAKETHI MO Py HapamerT-
POB TPOWTPHIBAIM aAMEPUKAHCKUM TBEPIOTOIUIMBHBIM
paketam. [Tostomy B OKB-1 nmox pykoBoacrsom Kopoure-
Ba C.II. ObuH pa3pabOTaHbl IKCICPUMEHTAIBHBIC OaJLTH-
ctuaeckue paketsl PT-1 u PT-2 Ha TBepmom Tommuse [5].
BaMeTI/IM, YTO COBPEMCHHLIC PAKCTHBIC KOMIIJIEKCHI B OC-
HOBHOM OCHAIarOTCA TBEPAOTOIVIMBHBIMU MCKKOHTUHCH-
TalbHBIME OayutncTuueckumu pakeramu (MBP), B ocHOBe
koTopbix Haxonutcs MBP PT-2, co3nannast ewe ['aBHbIM
xoHcTpykTopoM OKB-1 Koponessmm C.II. [5, 6].

OCHOBHBIM HANpaBJICHHEM B HAyYHO-TEXHUYECKOH
nestenpHOcTH akamemuka AH CCCP Koponesa C.II. B 06-
JACTA PaKETHOM TEXHWKH ObUTa pa3padoTKa W CO3IaHHe
MBP, patorarormux Ha XKP/I [1]. Ocoboe mecto B psimy doc-
Tiwkernit OKb-1 u ero I'maBHoro KOHCTpykTOpa Koponesa
C.II 3aHmMaer pa3paboTKa W CO3IaHWE IBYXCTYICHYATOH
MBEP tumna P-7 (8K71) ¢ XKPJI. B 1956 r. nanHas ctpareru-
yeckass MBP Obiia paspaborana. OHa uMena OTACIIIOILYIO-
Csl TOJIOBHYIO 4acTh (OoeroyioBky Ha 5 Mr) mMaccoii 10 5,5 T
Y TATBHOCTB ToJieTa B 8 ThIC. KM (puc. 4) [1, 20].

Orta pakeTa Ipolllla ycHelHble UcnbITanus B 1957 r.
Ha CIIENHAIBLHO TIOCTPOSHHOM JUISl TUX LieJied pakeTHOM
nosmrone Ne5 (FOro-3anannsiit Kazaxcran), Gonee n3secrt-
HOM LIMPOKOMY YMTATEIO KaK I0XHbII KocMoapoM «baii-
KoHyp» (BOMm3m T. JlenmHck) [1, 15]. Ykaxkem u TO, 4TO
st 6oeBoro nexxypcerBa 3tux MBP B CCCP Opmma mo-
CTpOEHA CTapTOBasi CTaHIHs (00BEKT «AHrapa») B pailoHe
moc. Ilmecenk (ApxaHrennckas 00J1.), W3BECTHas B Ha-
cTosiliee BpeMsi Kak ceBepHbIil kocMmoapoM «llmecer»
(Poccust) [1, 16]. OrmeruM, yro monudukanus AaHHOU
MBEP c¢ nazpanuem P-7A (8K74) obnanana 60erosioBkoit Ha
3 Mr maccoit 3 T U JaNbHOCTBIO TosieTa B 12 ThIC. KM [1,
22]. MBP tuna P-7A Haxoaunack Ha BOOPYXXEHUH paKeT-
HBIX BOiick cTparermdyeckoro HazHaueHus (PBCH) CCCP B
nepuoa 1960-1968 rr. [1, 15]. B panpneitmem B OKbB-1
Obuta paspaborana OoJiee COBEpIICHHAS KOHCTPYKIIHS
meyxcrynerdaror MBP ¢ JKP/I tuma P-9, 3amyckaemas c

OTKpPBITOI cTapToBOi mo3urmu (I JTaBHBI KOHCTPYKTOp —
Koponer C.I1.) [20]. B 3Toii pakere B Ka4eCTBE OKUCITUTE-
JIl CTaJl UCIIOJIb30BaThCs MEPEOXJIAKIECHHBIN KUIKUNA KU-
ciopon. B 1962 r. na Boopyxenne PBCH CCCP nocrymm-
nma momudukarms 3Toi paketbl P-9A, 3amyckaemas c 3a-
KPBITOM CTapTOBOW MO3WIMK (maxTHBIA BapuaHT MBP)
[20]. Ha stom OKB-1, pyxoBogmmoe Koponesm C.II.,
MePECTAI0 3aHUMAThCSI OOCBOM PAKETHOM TEMATHKOW |
COCPEIOTOUMIIO CBOM KOHCTPYKTOPCKHE CHIIBI U TBOpYE-
CKHE BO3MOXKHOCTH Ha pa3paboTKe M CO3JaHHU PaKEeTOHO-
cuTelend u CHUCTEM, MPEAHA3HAYCHHBIX IJII MHUPHOIO OC-
BOCHUSI OJIVDKHETO M JaJIbHETO KOCMOCA.
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Puc. 4. Coserckas MBP P-7 u ee ocHOBHBIE 251eMeHTHI [22]

Ha puc. 5 u 6 npusenens! o6mme Buasl XKPJI coot-
BerctBeHHO Trma PJI-107 u P/I-108 (I'maBHBIH KOHCTPYK-
top — akagemMuk AH CCCP I'mymxko B.II. [23]), ycraHOB-
JICHHBIC B KOJMYECTBE 4 IIT. HA MEPBOM cTyneHH (OOKO-
BbI€ OJIOKH, CM. puc. 4) ¥ B KonuecTBe 1 mrt. (1o LeHTpy
MBP) Ha BTOpOI#i ctynenn coerckoit MBP P-7 (c uanex-
com 8K71) [20, 22].

3amerum, yTO pakera P-7 ObLIa BBINONHEHA C Ta-
paJUIeTBHBIM JeNieHneM cTyreHei. OHa cocTosma U3 OJ-
HOTO HEHTPAILHOTO M YeTHIpeX OOKOBBIX paKeTHBIX OJ0-
koB. Ilpu ee crapre aurarenbHble ycTaHOBKH — KPJ]
BCEX IMATH OJOKOB PaKeThl 3allyCKaJHCh OJHOBPEMEHHO.
Takas cxema Oblma XapakTepHoW st mepBbix MBP
CCCP. ns ynpasnenus asmkenneM MBP P-7 (crapro-
Basi macca — 280 T) B ee KOHCTPYKLMH OBUIM BIIEPBbIE
HCIIOJIb30BaHbl HE Ta30BBIE PYIIH, a PyJIEBbIE pEaKTHBHBIC
neurarenu (PPJT). Ilpu aToM Ha Kaka0M M3 4eThipex 00-
KOBBIX 0JIOKOB P-7 OBIIO yCTaHOBJIEHO IO JBa OJHOKa-
MmepHbIX PPJl, a Ha eIMHCTBEHHOM LIEHTPAJIBbHOM OJIOKE —
getbipe moao0HsIx PPJI (cM. puc. 5 u 6) [20, 22].

B 1955 1. 3agonro 10 OKOHYaHUs Pa3pabOTKH U JIeT-
HBIX ucnbrrannii MBP P-7 ai.-kopp. AH CCCP (c 1953 1.)
Kopones C.II., akamemunk AH CCCP Kemmemm M.B. u
n.1.H. TuxonpaBoB M.K. «BsIiimny ¢ npemioxxennem B CM
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Puc. 5. Yersipexkamepnsiii XKP/] tuna P/1-107, ucnons3oBas-
HBIIT Ha epBoii cTynenu coBerckoid MBP tuna P-7 (8K71) [22]

Puc. 6. Yetsipexkamepnsiii JKP/] tuna P/I-108, ncnons3oBan-
HBII Ha BTOPOii cTynenn coperckoid MBP Tuma P-7 (8K71) [22]

CCCP o BeBezeHnu B KocMoc ¢ nomorneio MBP coset-
ckoro uckyccrBerHoro cimytauka 3emum (MC3) [20]. Co-
BETCKOE MPaBHUTENIBCTBO, BO3IIaBIsieMoe XpymiessiM H.C.,
noanepxano jganHoe mnpemioxenue, cynusiiee CCCP B
cilydae ycriexa OoJbLIMe TOJUTHYECKUe TUBUAeH b [1o-
cie co3nanusg B 1956 r. B CCCP HamexHOro pakeTHO-
SIIEPHOTO «IIUTa» (TepMosiaepHoii 6oMObl Tuma PJIC-6¢
[24] u cpencTBa ee JOCTaBKH B JIIOOYIO TOYKY IUIAHETHI B
Buze MBP tuna P-7), criocoOHOro HayduTth ymy-pazymy
BOMHCTBEHHBIX aMEPUKAHCKHX «ICTPEOOB», MOXKHO OBLIO
JUIS IEMOHCTpALMK COBETCKOM PaKeTHOM MOILY 3aHATHCS U
KocMocoM. I peanmm3aniyl 3TUX BayKHBIX MHPHBIX IDTa-
HOB B OKbB-1 B mepuon 1957-1966 rr. mog pyKOBOICTBOM
I'naBHOro xoHctpykTopa Koponesa C.I1. 6bu10 pazpadora-
HO IIEJIO€ CEMEWMCTBO HOBBIX PAaKETOHOCHTENEH, Oa3mpyro-
mmxcst Ha MBP P-7 (puc. 7) [22].

4 okts16ps 1957 r. CCCP ¢ momMoIisio MoaudUImpo-
BanHoit MBP tuna P-7 ¢ unnexcom 8K71PS (cm. puc. 7),
crapToBaBlIeil ¢ KocmonupoMma «baikoHyp», BrepBble B
MUpE BBIBEIl HA OKOJIO3EMHYIO0 KOCMUYECKyto opouty MC3,
uMeBumid maccy 83,6 kr [20, 25]. IlepBbiii coBeTCKHiA

NC3, nponeras Haj mIaHeTON 3eMilsi, HEIPEPHIBHO U3IY-
YaJ B OKpY)Kalollee ero KOCMHYECKOe ITPOCTPAHCTBO HJIEK-
TPOMarHWTHBIE CHUTHAJIBI, IPHHUMACMBIE PaIHOIIO0NTENs-
MH Bcex cTpaH mupa. Ha puc. 8 moka3an oOmmuit B Co-
Betckoit MBP tuma P-7 (8K71PS), 3amycrTuBiei B KocMoc
niepBoiii B Mupe IC3, B mepuos ee mpeacTapToBOi TOAT0-
TOBKH Ha kKocMopome «baiikoryp» [22].
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R-7 (8K71)

BKT1PS KT2ZK 11A57 11A511
Test vehiela Sputnik (PS}launcher  Vostok (3KA] launcher  Voskhod (3KV) launcher  Soyuz (TH-OK) launche:
1987 1867 1960 1963 1986

Puc. 7. CemetictBo paketonocureneii, co3ganusix B OKb-1 mox
pykosoncteoM Koponesa C.II. Ha 6aze MBP P-7 (8K71) [22]

b

Puc. 8. Coserckast MBP tuna P-7 (8K71PS), BeiBuBIIas B 1957 1.
Ha OKOJI03eMHYI0 opouty nepsriii B Mupe MC3, Ha crapToBOM
croiie kocMozipoMa «balikoHyp» BO BpeMs €€ IOATOTOBKHU K
3amycky (I'maBHblii koHCTpyKTOp — Kopones C.I1., 1957 r.) [22]
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3anyck u noner nepsoro coBerckoro MC3 umen B
MHpE OLICTOMIISIOINN ycreX. AMEpUKaHCKUE PaKeTYHKN
u pykooactBo CIHIA Osum B HacTOsIIeM MIOKe. Bes
MHPOBasi OOLIIECTBEHHOCTh BOCTOPrajach 3THM HPOPBIBOM
CCCP B xocmoc. ITozxe Kopomes C.II., pykoBoauBIIHiA
Bcemu padoramu B CCCP mno 3amycky aroro UC3, roeo-
pui [1]: «...On 6vin man, smom camvlii nepaviti UCKYCCM-
6EHHBII CHYMHUK HaWwiell CMapou niaHemyl, HO €20 360H-
Kile NO3bi6Hble PASHECTUCL NO 6CeM MAMeEPUKam U cpeou
6cex HaApooos KaK 6OnIoujeHue Oep3HOBEHHOU Meumbl
yenoseyecmeéa». B OKb-1 nmon naganom Koponesa C.II.
MapaJuIeNbHO C MOATOTOBKOM PAaKETHOW TEXHUKH K IHIIO-
THUPYEMBIM I10JIETaM B KOCMUYECKOE€ IIPOCTPAHCTBO B 3TOT
MIepUO] aKTUBHO TPOOJDKAINCH PAaOOTHI HAJ| CITyTHHKa-
MH Hay4YHOTO, HapOJHOXO3SHCTBEHHOTO W OOOPOHHOTO
HazHaueHUs. B 1958 . pa3pabarbiBaroTcs M BHIBOIITCS B
KOCMOC COBETCKHE TI'€O(HM3HUIECKHE CITyTHHKH, NpEeaHa-
3HAYEHHbIC AT U3yUYCHUS] PaJHalliOHHBIX NT0SICOB 3eMIIH.

B 1959 1. B CCCP mox pyxoBoactBom Koposesa
C.I1. coznarotes u 3amyckarores K JlyHe Tpu aBTOMaTHde-
ckue craniuu (AC). Ipu atom [1]: AC «JIyna-1» npoie-
tena BOM3K noBepxHoctH JIyHbl; AC «JlyHa-2» cuMBo-
JUYecKu roctaBuia Ha cnyTHUK 3emiu Bbimmen CCCP,
MIPEBPATHBIINCH TIPH yAape 00 ee IOBEpXHOCTh B IUIA3MY;
AC «Jlyna-3» BrepBble B Mupe BbInosiHMIa (oTorpadu-
poBaHue oOpaTHO# (HeBUIMMOI ¢ 3emin) cTopoHb! Jly-
HBL. B coBerckom OKB-1 ¢ 1960 r. mpuctynmmm K paspa-
00TKE HOBOTO KOCMHYECKOTO ammapara, MpeaHa3HauCH-
HOTO JJIsl MATKOHM ITOCAIKM Ha IOBEPXHOCTH JIyHBI M Tie-
penaun Ha 3eMITIO C €ro MOMOIIBIO TyHHONW ITaHOPAMBI.

12 ampens 1961 1. Koponer C.I1. u Bo3riaBisieMblid UM
OONBIION  KOWIEKTMB  COBETCKMX  KOHCTPYKTOPOB-
PaKeTYNKOB CHOBA IOpa)KaeT MHUPOBYIO OOIIECTBEHHOCTb
[1]: B CCCP ¢ moMoltipio nepBoro MUjoTUPYEMOTO KOCMH-
yeckoro kopabis «Bocrok-1» u pakeroHocurens P-7
(8K72K) (cM. puc. 7) oCyIIecTBISICTCS TIEPBEIA B MUPE TIO-
JIET YeJIOBEKa B KOCMUYECKOM IIPOCTPAHCTBE BOKPYT 3eMIIH
(xopabie «Boctok-1» coBepmmt 3a 108 MUH. OJJMH BUTOK
BOKPYT HAIIICH IUIAHETH M BO3BPATWIICS Ha 3eMIT0). DTHM
JIETEHJAPHBIM YEJIOBEKOM-KOCMOHABTOM CTall TPAKIaHWH
CCCP Opuit Anexceesmd ['arapuH (puc. 9).

. : z
Puc. 9. I'naBuslit koHCTpYKTOp OKB-1, akanemux AH CCCP
Koponesr C.II. u nepsblii B Mupe kocMoHaBT ["arapun 10.A. [4]

B 1962 r. Kopones C.II. BBIMOJHUI MOATOTOBKY U
IPOBEJI TPYIIOBOM MOJIET BOKPYT 3eMJIM NHJIOTUPYEMBIX
KOCMHYECKHX Kopabiueit «Boctok-3» u «Bocrok-4». B
aToM ke rogy oH u ero OKB-1 yuacTBoBanu B 3amycke
MeXIutaneTHou cranuuu «Mapc-1» [2]. B 1963 r. B OKb-

1 Obu1 pa3paboTaH NPOEKT pakeToHOcHTens Tuma P-7
(1TAS57) (cm. puc. 7) 1 MHIOTHPYEMOTO KOCMHYECKOTO
kopadist «Bocxomy. B 1965 r. pykoBomun paboramu 1o
KOCMHYECKOMY TOJIeTy Kopabist «Bocxon-2», B Xoae Ko-
TOPOr0 COBETCKMH KOCMOHaBT JIleoHOB A.A. BIEpBBIC B
UCTOPUH MHPOBOH KOCMOHABTHKH BBIIIENI B OTKPBITHINA
KocMoc (mpuMepHo Ha 12 MuH.) [2]. YyacTBOBaJ CO CBO-
UM KOJIJIEKTUBOM YYEHBIX M CIICIMAIUCTOB B PAKETHBIX
3amyckax coBeTckux AC «Jlyna-5», «JlyHa-6», «JlyHa-7»,
«JIyna-8», «Benepa-2», «Benepa-3», KOCMHYECKOro am-
naparta «30HA-3» U CIyTHHUKA cBa3u «MonHus-1» [2]. B
1966 r. B OKB-1 mox pykosoactsom Koponesa C.I1. 6b11
pa3paboraH HpoekT pakeToHocuTens Tuma P-7 (11A511)
(cM. puc. 7) ans NUIOTHPYEMOTO0 KOCMHYECKOTO Kopaoiis
HOBOro mokoyieHust «Coro3» [2]. Akamemuk AH CCCP
Kopomes C.I1. npuHUMan HEMOCPEICTBEHHOE yJacTHE HE
TOJIBKO B KOHCTPYKTOPCKHX pa3pabOTKax COBETCKOW pa-
KETHO-KOCMHYECKON TeXHUKH. OH OBUT aBTOPOM M COaB-
TopoMm Oonee 250 HayuyHbIX craTed u u3oOpereHuit [4].
Koponer C.II. 6b11 aBakab! skeHaT. [lepBriii pa3 oH ke-
Huwics B 1931 1. Ha cBoeil onHoxnaccaune Kcennn Bun-
neHtuHu. B 1935 r. B aToM Opake pojuiach ero IuHCT-
BCHHaA A04Yb HaTaJ'l])H, cTraBlias B ﬂaﬂbHeﬁIﬂeM Bpa4dom,
JI.M.H. 1 nipodeccopom. B 1948 r. cembst Koponesa C.I1.
pacnanace [5]. Bropas ero xena (c 1949 r.) — Huna lBa-
HoBHa Kotenkosa (1920 r. — 1999 r.) pabGorana mepeBo-
IUHLeii B paHee ykazaHHOM Hamu 3akpeitom HUM-88 [5].
Konctpykrop Kopones C.II. eme ¢ 1950-x romos
«BBIHAIIMBAID» MJCIO 3amycka denoBeka Ha JIyny. Coot-
BeTcTBYyIOIIass kocmudeckas nporpamma CCCP paspaba-
ThIBaJIaCb IIPU NOAACPIKKE I'IaBbl COBETCKOI'O IPaBUTCIIb-
ctBa Xpymesa H.C. [1]. Cuagana nporpamma CCCP no
ocBoeHUIO JIyHBI OCYyIIECTBIISUIACH C IIOMOIIBIO OecIH-
JIOTHBIX KOCMHYecKux kopabiuei. ITepsrie mombiTkn Ko-
poneBa C.I1. mo co3maHUI0 HOBOIO MOIIHOTO PaKeTOHO-
cutens (mpoekt paketsl H-1) mns mocraBku Ha JlyHYy mu-
JOTHPYEMOTO KOCMHYECKOTO KOpadJisi OKa3aJiucCh He-
ymaunbvi [ 17, 20]. [IpexxaeBpemenHas cMepthb [ maBHOTO
koHCcTpykTopa OKB-1 Koponesa C.II. mpepBana TBOpuUe-
CKHH TIOJNIET €ro MBICIACH B O0JIACTH peaau3alui COBET-
ckoil JIyHHoil mporpammel. Ero npeemMHuky MuimHy
B.II. B cxaTble CPOKM CO34aTh JIYHHBIH KOCMHYECKUMN
KOMIUIEKC TaKKe HE YJaJoCh. B 3TOH CBsI3U NIpaBUTEIIb-
ctBo CCCP npuHsuIo peuieHrne 0 3aKphITHH ATOH Mpo-
rpammel. Kak MbI 3HaeM, ycnexa B 1969 r. B Beicaake Ha
Jlyny uenoBexa nobuimcy CILA Gnaromapsi co3naHHIO
MOIIHOTO pakeroHocuTens «CaTypH-5» 10J pPYKOBO-
JICTBOM BBIAIOIIETOCS HEMELKO-aMEPHKAHCKOTO KOHCT-
pykTopa paketHol TexHUKH BepHepa ¢on bpayna [10].
W3BecTHBIN yueHBbIH-MaTEMATUK U MEXaHUK, [1pe3u-
nent u akagemuk AH CCCP Kenppimmr M.B. cnemyromum
00pa3oM XapakTepH30Ball «OTIa» OTEUYECTBEHHOT'O paKe-
TOCTPOEHHS M MPAKTHYECKOH KOCMOHABTHKH, aKaJeMHKa
AH CCCP Koponesa C.II. [5]: «..[Ipedannocms Oeny,
HeoObIUHbLI MAAHM YYEHO20 U KOHCIMPYKMOpA, 20pA4as
6epa 6 ceou uoeu, Kunyuas dHepaus U 6bl0arouuecs opaa-
Huzamopckue cnocodonocmu. OH 061adan 2pomMaoHviM
0apoM U CMeNOCMbIO0 HAYYHOR0 U MEXHUUECK020 npeosu-
OeHUs, a 2Mo Ccnocobcmeosano npemeopeHuio 8 HCusHb
CHLOJNCHEUUWUX HAYYHO-MEXHUYECKUX 3amblclosy. 14 sHBa-
pst 1966 r. Kopones C.II. ckoHuancs Bo BpeMsl CIOXKHON
XUPYPrHYEeCcKOi omnepanuy Ha KHUIIeYHHKe (y HEro BO
BpeMsl Olepanuu ObpUIa OOHAapy>KeHa capKoMma MpsSIMOM
KHIIKK). YpHA C ero mpaxoM HaxomuTcst B KpemieBckoit
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crene Ha Kpachoit minomamu r. Mocksbl (Poccus) [4].
ITocne ero yxoma u3 »xu3Hu Temnsl pa3sutus B CCCP
KOCMHYECKUX MpOorpaMM CHU3WINCH [5]. U mo cel meHB
U B Poccun, Hu B CIIIA, xak Hanboiee pa3BUTHIX «KOC-
MHYECKHX» CTpaH MHpa, HE MOosiBUiICs paBHBIH Koponesy
C.I1. mo macmTaly JTHYHOCTH M TapOBaHHS YEJIOBEK, CII0-
COOHBII K IPOPBIBHBIM YCIIEXaM B OCBOCHHH KOCMOCA.

5. Harpaapl, 3HaKu OT/IMYUSl U NPU3HAHUSA 3a-
cayr C.II. KopoaeBa. DTOT BENHKHII KOHCTPYKTOp B
obnactu pakeroctpoeHrss CCCP u y4eHbIH-IpakTHK ObLT
HarpaxJeH CJIEIYIOIMMH COBETCKHMMH TOCYIapCTBEHHbI-
MU Harpajamu U yJI0CTOEH TaKuX MMOYETHBIX 3BaHui [1]:

e 1Byms 3010ThiMU Megansamu [epost Tpyna «Cepn u
Momnot» (1956 1.,1961 r.);

e Tpems opaeHamu JleHmHa n opmeHoM «3Hak [loue-
Ta» (1956 ., 1961 1., 1965 1., 1945 1.);

e naypeart Jleaunckoit nmpemun (1957 1.);

o akagemuk AH CCCP (1958 r.);

e 30j0TOM Menmanbio umeHu K.O. I{uonkoBckoro AH
CCCP (1958 r.);

e MenamsaMHu «3a TPYIOBYIO Ao0iectb» u «Jlobnect-
Hbli Tpyx B BOB 1941-1945 rr.» (1945 1.);

e 1oyeTHBIN TpaxnanuH r. Koposes (nmepermeHoBaH-
HOro B 1996 T. 10 MHHIIMATHBE POCCHIICKOM OOIIECTBEH-
HOCTH NoAMOCKoBHOTO T. Kanuauarpan) u r. Kamyru.

B 1966 . AH CCCP yupeamuna 30II0TyI0 Meaajib
nmvenn C.I1. KoponeBa «3a BeImarommuecs 3aciyTd B 00-
JIACTH PAKETHO-KOCMHUUYECKOM TeXHUKW». B r. JKutomupe
u r. MOCKBEe €My YCTaHOBJIEHBI ITAMSTHUKH, @ HA KOCMO-
npome «baiikonyp» u B 1. Kazanmm Ha 3mammu OAO
«KMIIO» (6wBmiero aBmazaBoma Nel6 m OKB-16) — me-
MopHaibHble Tocku-ropeibeds! (puc. 10). Ero nums «Ho-
cat» CaMapCKuii a’pOKOCMUYECKHH yHUBepCHTET (ObIB-
it KyHOBIeBCKUil aBUAIHOHHBIA MHCTUTYT), HAYYHO-
nccienoBaTenbckuii kopabinb Poccum, Poccmiickas pa-
KETHO-KOCMHYEcKasi Kopriopauusi «Heprus» (mpaBonpe-
emHu1a jgerenaapaoro OKb-1), ynauisl roponos ObiBiie-
ro CCCP, Bxmowast u ropona Ykpaunsl: r. Opeccy, T.
Kues, r. uemnp, r. Yepkaccsr, 1. Ykropon [20]. Ero nme-
HEM Ha3BaHBI BBHICOKOTOpHBIN muK Ha [lamupe («Kpsimie
MHpPa») ¥ TOPHBIN mepeBai Ha 3a00magHoM Tsaab-111ane.

A0S EANAFIA 16 HYLL HOMEPTM
JARCGIHAN ATHK TORFHED
KORCTPYRTORIBIK SIOPOCKINTA (RMBT
KOCMOSMARTHEATA HHTED CANYIM, PAKTTa
~HOEMWE CHETEMAT AR RONCTFY KTOR,
CEPTEW MAHEA YAkl KOPOAEH - ¥007- 1086 -

o, A !

HA JABOIT wib B JAK]
L ONTRITHOM ROHCTFYKTORCKOM  ER
FAEOTAL 0 MCOEAME R KTHY O
g WO KOHCTFYETOr

- .D
MOKEANTHER,

i PAKTTTH0 - KM WS
| CEPTEW MABAORMY KOPOAER
b L B07- 58 - F

Puc. 10. MemopuanbHas 10cKa B 4ECTh BBIAAIOLIETOCS COBET-
CKOT'0 KOHCTPYKTOpa pakeTHO-KOCMHUECKOi TexHnku Koponesa
C.I1., ycranoenennas Ha 3nannu OKB-16 OwiBuiero Kaszanckoro
aBnasaBoza Nel6, B kotopoM oH B iepuox 1942-1945 rr. pa6o-

Tax Hax ycoBepuieHcTBoBaHHEeM JIA (1. Kazans, Poccns) [11]

BbiBoapl. C mMeHEM BBIIAIOMIETOCS KOHCTPYKTOPa
paketHo-kocMuueckoit Texauku C.I1. Koponesa cBsizaHbl
coznanue B CCCP B konne 1950-x To710B pakeTHOTO BOO-
PYKCHHS CTPATETHYECKOr0 Ha3HAYCHHMS, CTABIIETO OCHO-
BOH COBETCKOT0 PAaKETHO-AACPHOIO «IIUTA», 3alyCK B
kocMoc mepBoro B mupe MC3 u 3amyck Ha OKOJIO3EMHYIO
KOCMHYECKYI0 OpOHTY MEePBOrO B UCTOPUU UYCIOBCUCCTBA
YenoBeKa-KocMOHaBTa. OH SBHIICS TEPBOMPOXOALEM B
CCCP B obnmacTi MHOTHX HalpaBICHUN CO3IAaHUSA M pas-
BUTHS OTEYECTBEHHOTO PAaKETHO-SAIEPHOTO BOOPYKEHHS H
PaKeTHO-KOCMUYECKON TEXHUKH ISl MAPHOTO OCBOCHUS
KocMm4eckoro mpocTtpanctBa. OH, Kak THpeacenaTenb
Cogerta I'maBabpIx KOoHCTpYKTOpoB CCCP (1950-1966 T.),
OCYIIIECTRIISIT KOOPMHAIIUIO BCEX BAXKHEHIIIUX COBETCKUX
paboT B 00acTu pa3pabOTKKU U CO3JaHUS PAKCTHOM TEX-
HUKU BOCHHOT'O U T'PAXIAHCKOTO Ha3HAYCHUS. EMy 6bIJ'II/I
MPUCYIIY KOHCTPYKTOPCKUH TaJlaHT M TallaHT OpraHU3a-
TOpa HAYYHO-TEXHUYECKUX PabOT KPYIMHOTO MacIiTada.
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An anthology of the distinguished achievements in science
and technique. Part 51: Rocket-space technology designer
Sergey Korolev and his accomplishments in missile design.
Purpose. Preparation of short scientifically-historical essay about
one of founders of domestic rocket production and practical cos-
monautics, distinguished Soviet designer of space-rocket technol-
ogy Sergey Pavlovich Korolev. Methodology. Known scientific
methods of collection, analysis and analytical treatment of scien-
tific and technical information, touching becoming and develop-
ment in the world of space-rocket technique and resulted in scien-
tific monographs, journals and internet-reports. Results. A short
scientifically-historical essay is presented about the distinguished
Soviet designer of space-rocket technique S.P. Korolev, becoming
one of founders of domestic rocket production and practical cos-
monautics. The important deposit of former German people, cre-
ating rockets, workings in the USSR after completion of the World
War Il is marked, in development of the first Soviet ballistic rock-
ets. Basic scientific and technical achievements of talented and
purposeful scientist and practical worker, becoming in 1950 a
Chief Designer of the Special Design Bureau No. 1 (SDB-1), S.P.
Korolev in area of creation of Soviet strategic rocket weapon
(rocket-nuclear «shield») and modern space-rocket technique for
mastering of near and distant space tellurians. It is pointed out
that under the direction of the Chief Designer of SDB-1 S.P.
Korolev in the USSR was developed and accepted on the arma-
ment of Soviet Army consisting of two stages intercontinental
ballistic rocket (ICBR) of type P-7 (1956, military index 8K71, by
power of thermonuclear war-head in 5 Mt and distance of its
flight in 8 thousands km) with the liquid rocket engines (LRE) of
type P/I-107 and P/-108 of design of distinguished Soviet de-
signer in area of rocket engines V.P. Glushko. It is indicated that
the Chief Designer S.P. Korolev is the «fathery of domestic space-
rocket technique, providing by powerful launch vehicles, created
in the USSR on the basis of ICBR with LRE of P/[-7 type (military
index 8K71), start of first in the world of Soviet space satellite (on
Octobers, 4, 1957) and start on the circumterrestrial space orbit
of the first in history humanity of Soviet cosmonaut Yu.A. Gagarin
(on April, 12, 1961). Originality. Certain systematization is exe-
cuted of known from mass medias of scientific and technical mate-
rials, touching becoming and development in the USSR of rocket
production, at the sources of which the talented scientist-practical
worker and distinguished Soviet designer of space-rocket tech-
nique S.P. Korolev. Practical value. Scientific popularization and
deepening for the students of higher school, engineer and techni-
cal and scientific workers of physical and technical knowledge in
area of history of becoming and development in the former USSR
of modern rocket production, extending their scientific and tech-
nical range of interests and further development of scientific and
technical progress in society. References 25, figures 10.

Key words: space-rocket technology, distinguished Soviet
designer of space-rocket technology Sergey Korolev,
achievements in modern rocket production, cosmonautics,
scientifically-historical essay.
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PECULIARITIES OF CALCULATING STATIONARY HEATING OF WINDINGS
OPERATING IN COMPLEX FORCED CONTROL SYSTEMS
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Introduction.
International Standards suggest that electromechanical

improper operation, and not to structural defects.
Therefore, the vast majority of electromechanical

switching devices can operate in such rated duties: eight-
hour duty, uninterrupted duty, intermittent duty,
temporary duty, and periodic duty. For the coils of such
apparatus, the most hard mode in terms of heating their
windings (the coil may contain one or more windings) is
uninterrupted duty. Therefore, the basic Standard IEC
60947-1:1999, Low-voltage switchgear and controlgear —
Part 1: General rules indicates that «coils and
electromagnets shall be tested ... for a sufficient time for
the temperature-rise to reach a steady-state value» (IEC
60947-1, 8.3.3.3.6). At the same time, that Standard
makes a reservation that «coils and electromagnets of
equipment intended for intermittent duty shall be tested as
prescribed in the relevant product standard».
Manufacturers rarely use this feature, because if the
device is designed to operate in intermittent duty, but
operates, for example, in eight-hour duty or in
uninterrupted duty, then its coil will necessarily overheat
and will be damaged. In this case, it will be difficult for
the manufacturer to prove that the damage is due to

switching devices are oriented to operate in continuous
modes (eight-hour or uninterrupted duty), which means to
ensure operability in these modes, including in steady
state, when the temperature of the windings reaches its
maximum value.

The use of forced electromagnetic systems (FEMS) in
electromechanical switching devices [1] not only allows
to increase their speed, but also to significantly reduce the
size, mass and energy losses in an electromagnet.

When designing a switching devices with FEMS, it is
necessary to take into account the specific features of heat
release in the windings and, possibly, in the magnetic core
of the drive electromagnet associated with the pulsations
of currents in the windings, as well as the features of heat
exchange between the windings and the features of heat
transfer from the windings to the magnetic core and to the
environment.

Although there are a large number of publications
devoted to methods for calculating the heating of
electromagnets, some of which are given in References
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[1-9]. In the authors’ opinion, insufficient attention has
been paid to the processes of heating the windings while
taking into account the above features, taking into account
the wide variety of existing FEMS and some peculiarities
of the operation of forced electromagnets in switching
devices. At first glance, the task of calculating the
stationary heating of the electromagnet windings may
seem quite simple, however, for forced systems,
especially in cases where the control device is supplied
from an AC voltage source through a rectifier, this task is
greatly complicated, taking into account the complex
harmonic composition of currents in windings and
magnetic core.

The goal of this work is the description of
a mathematical model of the process of stationary heating
of the windings of electromagnets operating in the FEMS.
This model has to take into account the features of heat
exchange between the windings, heat transfer from the
windings to the magnetic core and the environment,
taking into account the ripple currents, and other features
of the operation of electro-magnets in FEMC. The
algorithm for calculating the temperature distribution in
the windings of these electromagnets is focused on using
the Maple computing environment, which greatly
simplifies the programming process.

The geometric model.

The coils of forced electromagnets, in most cases, are
located on cores having a cylindrical shape and are axi-
symmetrical, even when the electromagnet itself does not
have axial symmetry. Thus, the thermal calculation can be
performed in a cylindrical coordinate system. A sketch of
a coil and a fragment of a magnetic core of a forced
electromagnet is shown in Fig. 1. The coil of such an
electromagnet can have one or two windings: booster and
holding ones, and, most often, the booster winding is
wound first, and the holding one is wound on top of it.
The axial size [, of the coil winding space, as a rule, far
exceeds its radial size. Therefore, with a high degree of
adequacy, the temperature field in it can be considered as
ID one, which is greatly facilitated by the insulating
cheeks of the coil frame.

Heat transfer from the external surface of the second
(holding) winding into the environment (air) is carried out
through the thickness of the shell from its external surface
(Fig. 2), whose area is S,:

Se=2-T 1 Ly, @)
where 7, is the radius of the external surface of the shell of
the coil.

The heat flux P, dissipated into the surrounding air
from the external surface of the coil is equal to:
Pe:ke'Se'ee: (2)
where k. is the coefficient of heat transfer to the ambient
air from the external surface of the shell of the coil; 8, is
the temperature rise of the external surface of the shell of
the coil:
0= 9.— S, (€)
% is the temperature of the external surface of the shell of
the coil, °C; 9, is the ambient air temperature.

Expression (2) can be considered as the heat equivalent
of Ohm law, in which the role of the electric current is
played by the heat flux (power), and the role of voltage is

played by the temperature rise. Then the product k. - S, is
the thermal conductivity Gy, i.€., the reciprocal of the
thermal resistance Rg.:

Roe=1/Goe=1/(ke"Se). 4)
Thus, expression (2) can be represented as follows:
P.= 0./ Rq.. ©)
| ,,r,,@n:’?? ,,,,,,,,,,
[ keh [
o dp - A
—: ’ dc R bt
HH FHAE
- 1| —>
i - =
l kdn = ky I'c JT T 1
2R
2 R
o
Ve -~

Fig. 1. Sketch of a coil and a fragment of a magnetic core
of a forced electromagnet

Heat transfer from the internal surface of the first
(booster) winding to the environment is carried out through
the thickness of the tubular part of the insulating frame to
the core, from it to other parts of the magnetic core, from
the external parts of which to the surrounding air.

The heat flux dissipated into the environment from the

down part of the magnetic core Py, is:
Pdn: kdn . Sdn : gc = Hc/Redn . (6)
where kg, is the coefficient of heat transfer to the
surrounding air from the down part of the magnetic core.
San 18 the cooling surface area from the down part of the
magnetic core; 6, is the temperature rise of the core and
adjacent parts of the magnetic core — the yoke, the pole
piece and the armature above the temperature 9, of the
ambient air; Ryq, is the thermal resistance to cooling from
the down part of the magnetic core.

P 6=0, Ot=60p Ov=6n Oh=0s 0s=0
Ps=Pe
PC [TTTTTT
frame booster holding  shell
Rec winding winding Ree

9=9.(6=0)

Fig. 2. Equivalent circuit showing the process of heat transfer
from the windings of a forced electromagnet to the environment
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In particular, for double-rod electromagnets, as the area
of the cooling surface from the bottom part of the
magnetic core, with a certain margin in the direction of
heating of the windings, we can take:

San=by- 1y, /2, @)
where by, [, are the breadth and the length of the yoke
(piece), respectively.

The heat flux dissipated into the environment from the

upper part of the magnetic core Py, is:
Pup: kup : Sup : ec: ec/ROupa (8)
where k,, is the coefficient of heat transfer to the
surrounding air from the upper part of the magnetic core;
Syp 1s the cooling surface area from the upper part of the
magnetic core; Rg,, is the thermal resistance to cooling
from the upper part of the magnetic core.

If the electromagnet operated and its armature is pulled
to the fixed part of the magnetic core, then as S, for two-
rod electromagnets, we can take:

SuP:ba' lap/27 (9)
where b, , [, are the breadth and the length of the
armature (piece), respectively.

If the electromagnet did not operate and its armature is
in the released position, then the area of the pole tip S,
can be taken as S
S,=m-d, /4,
where dj, is the diameter of the pole tip.

The heat flux P, dissipated into the environment from
the entire cooling surface of the magnetic circuit is equal
to the sum of Py, and Py
Pc: 9(: /Redn +90 /Reup: ec : (ROdn+ Reup)/(RGdn : ROup) =

=0./Ro.=0: - k. -S, (11)
where Rg. is the resulting thermal resistance to cooling
from the surface of the magnetic core; S is the area of an
arbitrary surface; k. is the equivalent heat transfer
coefficient from the surface of the magnetic core reduced
to surface S:
kc: ((Redn+R9up)/(R9dn . Reup))/S: (kdn 'Sdn+kup Sup)/S

Heat transfer coefficients.

The heat transfer coefficients & from the solid’s surface
are usually represented as a sum of the convective (k) and
radiant (k;) heat transfer coefficients. A technique of the
determination of these coefficients used at this problem
solution is considered below.

The radiant heat transfer coefficient may be in principle
determined from the Stefan-Boltzmann law for each point of
the radiating surface if the temperature ¢ of this point, the
temperature .9, of the region to which the energy is radiated,
and the emissivity ¢ of the radiating surface are known:

= k¢ l(m 3, +273]4 _(93 +273j4] ’
12 100 100

where k| = kg- 108 =5.67 W-m>K™* is the coefficient of
radiation of the absolutely black body, kg is the Stefan-
Boltzmann constant — kg = 5.67 - 10 W-m'z-K'4, ¢ 1s the
emissivity (in the calculations we took &= 0.5) @ is the
temperature rise (0= 9 — 3,).

Convective heat transfer coefficient depends on many
factors, but its value adapted to the operating conditions of
electrical apparatus can be determined by the formula [2]:

(10)

(12)

(13)

ke =k-(0/D)%%, (14)

where k is the empirical coefficient equal to 1.33 for
vertical surfaces, with 1.33 - 1.3 = 1.73 for a flat surface
that radiates heat upward, and 1.33 - 0.7 = 0.93 for a flat
surface that radiates heat down; / is the determining size,
for which the vertical size is taken for vertical surfaces,
therefore, for the external surface of the shell / = [; for
horizontal rectangular surfaces, / is taken to be smaller,
and for round surfaces the diameter is taken, therefore, to
calculate the convective heat transfer coefficient from the
yoke surface / = by, from the armature surface /= b, (if the
electromagnet operated) otherwise /= d,

Thus, the heat transfer coefficients can be calculated by
the formulas:

4 4
ke _ 5967.‘9‘ 9e+‘9a +273 _ L9a+273 +1,33'(96/1W)0’253(15)
6. 100 100

4 4
kdn=5’67'g~ (0€+9a+273j _[9a+273j T30, /by)0’25,(16)
. 100 100

4 4
kup=5’67'g~ (9c+9a+273j _[9a+273J +093-(G,/1°3.(17)
6. 100 100

In expression (17), the value of / is taken equal to b, if
the electromagnet operated, otherwise / =d,

Thermal conductivity.

Methods for calculating the equivalent thermal conductivity
Ay of windings were considered in the works of a number of
authors in the 30s - 60s of the last century [10-12]. In those
works, empirical formulas are presented that were obtained by
processing experimental data for impregnated windings.
Among them there is a formula used in our calculations:

A= -0,5-[1,45 (d7a)" + (d/A)O’67], (18)

where d is the diameter of the winding wire, A is the thickness
of the insulation of the wire. ; is the thermal conductivity of
internal insulation, depending on the average temperature:

A =Aig -+ a0 Fay) = Aia - (I+ 235 - Ony) 19)

where A, A, are the thermal conductivities of the internal
insulation, respectively, at temperature of 0°C and at ambient
temperature $; 9, A, is the temperature coefficient of
thermal conductivity of the internal insulation, assigned
respectively to temperature 0°C and to ambient temperature:
A =Aio (M4 a9 )i ap=ay/(I+az-9,).  (19)

In this work, when calculating the equivalent thermal
conductivities of the booster and holding windings, the same
insulation characteristics were taken: 4,=0.32 W/(m-K),
oo = 0.0018 1/K (at temperature 3, = 35°C we have
42=0,33, &, = 0.0017). However, since wires of different
diameters are used in these windings (¢, = 0.28 mm,
A, = 0.025 mm, d, = 0.18 mm, 4, = 0.015 mm) and, in
addition, they differ from each other by average
temperatures, the equivalent heat conductivities of these
windings will also differ from each other, for the calculation
of which the following formulas are used:
Ay =2,35-(140,0017 - 6,,,) ,

A =1,98-(1+0,0017 - Oy,

(20)
1)
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Differential equations and density of heat sources.

The system of differential equations, which is used to
solve the problem of calculating the stationary
temperature field 9 in an electromagnet, consists of n (in
the number of subdomains) Poisson (for subdomains with
internal heat sources) and Laplace (for subdomains
without internal sources) differential heat transfer
equations. This system looks like this [2, 14, 15]:

—div(4,, -grad$) =¢q

for subdomains with internal heat sources (windings) with
number & and thermal conductivity A, and

div(4, -grad9) =0 (23)

for subdomains without internal heat sources, where g is
the volumetric density of internal heat sources; A is the
thermal conductivity of the material of the subdomain
with number £.

In our problem, four subdomains are considered — the
frame and the shell (without internal heat sources) and
two windings — the booster and holding (both with
internal heat sources). In the iterative process of
calculating the stationary thermal field, at each iteration
the rms currents /;, /; which pass sequentially through all
the turns of the corresponding windings are determined. It
should be borne in mind that although the current density
in all turns is the same the turns will be heated differently,
since the specific resistance
of the conductor material
depends on temperature (in
the temperature range from
0°C to 200°C this depen-
dence has an almost linear
character), in coils with
higher temperature more
energy will be released than
in coils with lower
temperature.

In the general case, the
density of sources is defined
as the derivative in volume of the power loss. This
derivative can be replaced by the ratio of small quantities
— the power losses in the turn AP and the volume
occupied by the turn, taking into account the insulation of
the conductor and the internal insulation of the winding
AV

(22)

Fig. 3. To the determination
of volumetric density
of heat sources

_dP AP
T ar

Since shunt windings contain a large number of turns,
the volume occupied by one turn and the power dissipated
in one turn can be considered with a high degree of
certainty as small quantities:

AP=1%py-(I+ay-9)-1/S,,, (25)
AV =1-8=1-8g ke, (26)
where [ is the rms current in the winding (and in the turn); oy
is the specific resistance of the material of the winding wire
at 0°C (for copper p = 1.586 - 10* Qm); « is the
temperature coefficient of resistivity, referred to the

temperature of 0°C (for copper o = 0.00423 1/K); [ is the
length of the turn; S, is the cross-sectional area of the

24

winding wire; S is the cross-sectional area occupied by the
cross-section of the turn, taking into account the insulation of
the conductor and the internal insulation of the winding; & is
the fill factor of the winding space with copper.

Substituting (14) and (15) into (13), we obtain:

q=J% ki py-(+ay-H=qy-(U+ay-9), 27)
where J is the rms current density in the conductor:

J=1/S,, (28)
q0=J k¢ - py. (29)

The density of the heat sources can be expressed not
through the temperature 9, but through the temperature
rise dover the ambient temperature 9,

q=Gq, (1+a,-0), (30)
where

qa:qO'(1+aO'lga)» (3D
o, =oy/(l+ay-9,) . (32)

The system of equations in 1D formulation of the

problem of calculating the temperature field.

As noted above, in this problem, four adjacent subdomains
are considered, the axial section of each of which has a
rectangular shape: the frame, the booster winding, the
holding winding as well as the shell of the coil. The letters in
bold are used hereinafter as markers denoting the belonging
of a particular physical quantity to the corresponding
subdomain. The axial dimensions of the cross-sections of
these domains far exceed their radial dimensions, which gives
reason to solve this problem in 1D formulation. The
corresponding  differential  equations  describing  the
distribution of temperature rise in these subdomains in a
cylindrical coordinate system take the following form:

(Z_H;%.%:o; (33)
ir—g;’%-%:—%-m%-eb); (34)
d;—i‘w%.%:—%-(uaa-eh); (35)
a0, 146, _ (36)
dr2 r dr

The general solutions of these equations have the
following form:

O =C1+Cy-In(r); (37)
Hb:C3'J0[ Gab % 'FJ+C4'Y0( 9ab % -rJ—i; (38)
| % a,

. . 1
¢ :CS'JO[FMX‘*}PC«Y{FT-r]—aa; (39)
b5 = C7+Cg-In(r), (40)

where Jy, Y, are the zero-order Bessel functions of the
first and second kind.
Calculation of the distribution of temperature rises,
based on the conditions of uniqueness of the solution.
Equations (33) — (36) are second-order equations, the
general solution of each of them (38) — (40) includes two
arbitrary constants — a total of eight constants. To determine
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them under specific heat transfer conditions, it is necessary to
compose eight equations that determine the uniqueness of
the solution. The joint solution of these equations will make
it possible to determine the values of the indicated arbitrary
constants and to obtain particular solutions, that is, to find the
temperature distribution in the subdomains that correspond
to the formulated uniqueness conditions.

Six of the eight conditions mentioned are the conditions of
continuity — at the points of conjugation of the subdomains
the values of the temperature rises and heat fluxes should be
continuous (should not change stepwise):

O¢(rp) =0y (rp)5 (41)

Op (1) =0y (1) (42)

On(m)=05(m)> (43)

;{f.def :ﬂb.% : (44)
dr dr =t

lb.%—lh.dgh} ; (45)

| dr dr r=ry

2,490 :ﬂs.dﬂ . (46)

L dr dr J,_,,

The remaining two conditions are determined from the
boundary conditions — on the external surface of the shell
of the coil and on the internal surface of the tubular part
of the frame. The boundary condition on the external
surface of the shell of the coil is obtained on the basis of
the equality of the heat flux approaching the external
surface of the shell from its thickness and the heat flux
passing into the surrounding air. The first of them is
determined based on the Fourier law:

dé,
P, =—45-(grad,,6) r=r, Se =4y rs r=

d
where S, is calculated by (1).
Heat flow to ambient air is determined based on
Newton formula:
&:ke'ge'se:ke'gs(re)"ge- (48)

Equating the right sides of (47) and (48), we obtain the
boundary condition on the external surface of the coil
shell:

s

LS. (47)

€

(49)
r=t,
The boundary condition on the internal surface of the
tubular part of the frame is determined based on the
balance of heat fluxes on this surface (Fig. 2):
Py + P;=P.. (50)
Heat flux approaching the internal surface of the frame
from its thickness is determined based on the Fourier law:

B =g (a0 S =g S Se 6D)

where Sy is the area of the internal surface of the tubular

part of the frame:

Se=2-1 1. Ly, (52)
In expression (51), in contrast to (47), the sign is

missing after the second equal sign, since the direction of

the external normal to the surface S; is opposite to the
direction of the r axis.

n_n

The heat flux P, dissipated into the environment from
the entire cooling surface of the magnetic circuit can be
calculated based on (11), in which the surface S; is taken
as an arbitrary surface S:

PCZHC 'kc'Sf: gf(rc)'kc'Sf- (53)
In this case, the equivalent heat transfer coefficient

from the surface of the magnetic core reduced to the

surface St is equal to:

kc: (kdn 'Sdn+kup Sup)/S f (54)
Substituting (53) and (51) into (50), we obtain the

boundary condition on the internal surface of the tubular

part of the frame:

{ﬂf~%=kc-ef—l3m/sf} (55)
dr r=r,

RMS currents in the windings. Power losses in the

magnetic core.

The procedure for calculating the currents in the windings
and the losses in the magnetic core is determined by the
connection circuit of the windings to the power source and
its type (DC voltage source or AC voltage source with a
rectifier). In this paper, as an example, we consider the
control device that is most often used in contactors (Fig. 4).
The calculation circuit differs from the circuit diagram by the
presence of scattering inductances L and Lqy; due to fluxes
not passing through the sections of the magnetic core.

In previous works [16, 17], the features of the operation of
this device were analyzed in detail, and a methodology for
calculating the dynamic characteristics of an electromagnet,
including the currents in its booster and holding windings,
was considered. This technique is based on the joint solution
of the equations of the electric circuit (Fig. 40) and the
magnetic circuit (Fig. 5b).

K%
ges

a
Fig. 4. Circuit diagram (a) and calculation circuit (b) of the
forced control system, which is used in low and medium voltage
vacuum contactors and in some SF6 medium voltage contactors
[16]; u is the instantaneous value of the nominative voltage of the
control circuit; u is the voltage at the output of the diode bridge

This electrical circuit is too complicated for programming.
Its description will be much simpler if the parallel connection
of the capacitor C with the auxiliary control contact KM:,
which is closed when the coordinate s of the armature stroke
does not exceed the value of the opening stroke of this
contact s,, is replaced by one capacitor, whose capacitance is
assumed to be very large — Cy for s <'s,, and for s > s, the
capacitance of this capacitor becomes equal to its nominal
value Cy:

Cy at s<s,;
C= (56)
C, at s>s,.
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In this case, we obtain the following differential
equations:

d 4o,
g =2Ry iy +2- Loy -%uwb. dto tuc;  (57)

di da,
e =2-Ry iy +2- Loy -%+2~Nh ~d—t0+ud(ih); (58)

c.due ;i
de

where N, NV, are the number of turns of the booster (b) and

holding (h) windings, respectively.

In [16] various variants of magnetic circuit equivalent
circuits were considered, including a relatively simple
two-contour circuit with a concentrated scattering flux
(Fig. 5b).

The equations compiled for two contours with magnetic
fluxes @, and @, have the following form:

(59)

do 2-D
—G, —2 = H(®y/S,) Iy + =L —(D D) Agge;  (60)
dt A
ddy
240y Np+2-ip -Ng—-2-G. +G,) — =
b Np hH(cy)dt 61)
:H((DI/Sy)'ly+2'H((Dl/SC)'ZC+(®1_(D0)/A0fe
The designations of the quantities in (57)~(61)

correspond to the designations given in Fig. 4b, 5. Here,
the MMF F,, is the sum of the MMFs of the booster and
the holding windings:
Foy =iy Ny +ip Ny . (62)
In addition, in (60), (61) it is indicated: G., G,, Gy are the
electrical conductivities in the path of eddy currents in the
core, armature, and yoke. The values of these quantities can
be determined by the following formulas [1]:

Ge=1./(8- 1 pg); (63)
Gay =lay /(16 py - (hy y/ by y + by )/ 1y ) (64)
where [, is the length of the core; py is the specific resistance

of the material of the magnetic core (steel); 4, is the height of
the armature part; 4, is the height of the yoke part.

[ armature (a)

As |

Dy *Fmy

Fig. 5. Sketch of the double-rod electromagnet magnetic
circuit and its simplified equivalent circuit used in calculations
of transients

If this device is powered from a source with DC
voltage value U, then the calculation of currents in the
windings in stationary mode does not cause difficulties.
For the circuit shown in Fig. 4a, the corresponding
formulas look like this. If the electromagnet operated,
then all the windings turn on in series and there are also
three diodes in this circuit — two diodes of the rectifier
bridge VD1 and a «locking» diode VD2, therefore:

L=5L=U-3-Uy) /2 (R, + Rp)). (65)

If the electromagnet did not operate and the contact
KM: did not open, then the holding windings remain
shorted by the contact KM: and the current does not flow
in them. The booster windings remain connected in series
and there are two diodes of the rectifier bridge VDI in
their circuit, therefore:

L=(U-2-Ug)/(2-Ry); I=0. (66)

The voltage drop on the diode is small — about 1 V, but
when powered by an ultra-low voltage source, three
diodes give a significant decrease in current in the
windings.

Since there are no current pulsations in the windings
when powered from a DC voltage source in the stationary
mode, there are no pulsations of the magnetic flux in the
magnetic core, and therefore losses in it:

Pn=0. (67)

If this device is powered by an AC voltage source, for
example, with frequency of 50 Hz, then a two-half-period
rectified voltage is formed at the output of the diode
bridge — a periodic curve with frequency of the
fundamental harmonic of the variable component equal to
100 Hz. The presence of nonlinear elements in the electric
and magnetic circuits leads to the appearance of higher
harmonics, which greatly complicates the calculation of
such circuits.

In [16] an algorithm focused on the use of the Maple
computing environment was considered, developed to
calculate the dynamics of electromagnets operating in
complex forced control systems, for example, in the
forced control device circuit shown in Fig. 4a.
Comparison of the calculation results by this algorithm
with experimental data [16] showed that even a simplified
representation of the magnetic circuit in the form of a
two-contour equivalent circuit provides good agreement
between the results of mathematical and field
experiments. This holds, even when the control device is
powered from an AC voltage source, when complex
shapes of current curves in windings are observed.

Calculations and experiments also show that the stable
shape of currents curves in the booster and holding
windings occurs almost immediately after the completion
of the movement of the armature. For an electromagnet,
the dimensions of which are given in [16], the response
time ranges from 50 ms (with supply voltage equal to the
rated voltage of the control circuit 220 V) to 80 ms (with
a supply voltage equal to 180 V). At low voltage (150 V
or less), the electromagnet did not operate, but the shape
of the current curves stabilized no later than after 100 ms.
Figure 6 shows the curves of changes in currents in the
windings during two periods — from 150 ms to 170 ms
after the beginning of the transient.

A
0,20 -
U [ 1 ib/10
0,15~ lin Ib\lb N 0,15 A
0,10 —>2<T—} > 0,10
0,05 It [ 0,05 )
0 - O i NN lh_
0246 8101214164ms 0 2 4 6 8 10121416 £, ms
a b

Fig. 6. Curves of current changes in the forced electromagnet
windings: a — at supply voltage in the control circuit of 220 V
(the electromagnet operated); b — at supply voltage of 150 V
(the electromagnet did not operate)
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Apparently, in both modes (the electromagnet operated /
did not operate), the transient almost ends quickly enough —
in 150 ms, that is, after seven to eight periods T of voltage
change in the grid of 50 Hz). Consequently, there is no
need to build a special iterative technique for calculation of
currents in stationary mode. It is enough to use a well-
tested methodology for calculating dynamics, setting a
knowingly large finite value of time #, to record in the
computer memory the instantaneous values 7, and i, of
currents in the windings during the last period 7" and using
one of the known numerical integration methods calculate
the rms currents [, and 7,

0,5

1
Iy = % J]S[ib,h(f)]z'd’

T

(68)

As a result of the joint solution of the equations of the
electric and magnetic circuits, it is possible to calculate
the magnetic fluxes in the armature, core and yoke, as
well as their time derivatives. These derivatives can be
considered as EMF in single-turn contours equivalent in
losses in the armature, core and yoke and calculate the
instantaneous values of currents i, i, and i, in these
circuits in transient mode. Having fixed these
instantaneous values during the last period of the
calculation of the transient in the computer memory,
using one of the known numerical integration methods
using a formula similar to (68), it is possible to calculate
the rms currents 7, , I, I, and losses in the magnetic core:
Pn=1'1G,+17/G.+1}/G, (69)

An iterative algorithm for calculating the temperature

distribution in the windings of forced electromagnets

using the Maple computing environment.

In order to calculate the rms currents in the windings, it is
necessary to know their resistances, which depend on the
average temperature values of the corresponding windings.
In order to calculate the temperatures of the windings, it is
necessary to know the rms currents in the windings. This
problem can be solved using the iteration method:

0) to set arbitrary average values of the temperature rises

of the windings €= Gavo and Gravi= Chavo;
1) to calculate the winding resistances:

Ry =Ryq (140t - Gay) and Ry = Ryy (142, - bhay) s (70)
2) to calculate the rms currents in the windings and the
power losses in the magnetic core according to the
technique described in the corresponding section of this
paper;

3) to calculate the distribution of temperature rises in the
booster and holding windings &, () and &, (r) according
to the procedure described in the corresponding section of
this paper;

4) to calculate the volumetric average temperature rises in
the booster and holding windings:

2 B
By = ﬁ'Iﬂb(r)-r-dJ’ , (71)
o 71F ]
2 b
bhay =| 55— [Oh (r)-r-dr |- (72)
_rh —Tp 7, )

4) if the obtained values of temperature rises significantly
differ from the values of &, and 8., that is, the
following conditions are not satisfied:

|(abavi' abav)/ abavi I <eg and |(a1avi' alav)/ alavi| < g, (73)
where € is a small predetermined positive number, then
6.y and 6@, are assigned the values of 6, and &,
respectively, and the calculations are repeated starting
from step 1) for new values of 6,,,; and &,

The described calculation cycle is repeated until
condition (73) is satisfied.

The experience of calculations shows that this iteration
process converges quite quickly (the number of iterations
n usually does not exceed 12), and the use of the Maple
computing environment significantly simplifies the
programming of this very cumbersome task.

Calculation results and comparison with

experimental data.

In order to verify the operability of the above technique
and algorithm for calculating, the thermal field of
electromagnets operating in complex forced control
systems, the authors performed test calculations of
heating of the electromagnet windings of the serial
vacuum contactor KBTH-250/1,14 [16], in which the
forced control system the circuit of which is shown in Fig.
4 is used, intended for operation in control networks with
a nominal voltage of 220 V. The -calculations are
performed in accordance with the initial data indicated in
[16], with the additions given below (if the corresponding
data are not given in the text of this paper): . = 13 mm;
re =15 mm; r, = 19 mm; r, = 27.5 mm; r.=29.5 mm;
lpy=75mm; [,=75mm; [,=64mm; b,=50mm;
by=70mm. The designations of the initial data
correspond to the designations that are used in the text of
this paper. The calculation results are presented in Table
1, which also shows the experimental data indicated to the
right of the slashes. As it can be seen, the calculation
results are slightly different from the experimental data:
the difference does not exceed 10%, which can be
considered acceptable for thermal calculations.

Table 1
Results of calculations and experimental data
Uuv 220DC 220AC 80DC 80AC
4, K 62,8/61,7 | 55,5/57,9 | 121,9/126 |114,1/122,5
4, K 63,9/66,9 | 56,4/59,6 |117,8/112,7|110,6/105,9
4, K 54,6/57,3 | 48,6/47,0 |111,5/112,3|104,6/103,4
Gnaxs K 64,2 (h) 56,6 (h) 122 (b) 114,0 (b)
Ry, Q 79/82 77/81 91/99 90/98
Ry, Q 1115/1047 | 1090/1023 | 1295/1193 | 1271/1171
Iy, A 0,092/0,093 |0,097/0,098 | 0,49/0,50 |0,463/0,475
I, A 0,092/0,093 | 0,086/0,088 0/0 0,025/0,025
P, W 0 0,10 0 0,15
I, A 0 24,2 0 16,3
n 6 8 12 12
Notes:

1. At U=220 V (AC and DC), the electromagnet clearly operated,
and at U= 80 V (AC and DC) the electromagnet did not operate.
2. The experimental determination of temperature rise was carried
out using the resistance method (IEC 60947-1, 8.3.3.3.2)
Calculations show that despite significant current ripples
in the booster winding (Fig. 7), the eddy currents in the
magnetic core do not reach such values at which the
magnetic core would be a heat source: as can be seen from
Table 1, the power of losses in it is at the level of 1 —2 W.
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This means that the magnetic &
core of the electromagnet in 40| / N yAvA
such forced control systems can [/
be considered as a kind of radia- J

tor contributing to a decrease in -10f / Nt/ \

20] / .
the heating of the windings or, _§8 /
while maintaining the tempera- -40f \ \

-5 .
?50 155 160 165 t, ms

ture of their heating, to a decrease
in the consumption of the win-
ding wire. Such an effect can be
achieved with certain structural
and technological solutions: the coil frame should be made
of insulating material with large thermal conductivity, and its
tubular part should be as small as possible in thickness and it
should be tightly pressed on to the core.
Conclusions.

1. The multiphysics model of stationary heating of the
windings presented in the paper allows to take into account
the peculiarities of the operation of electromagnets in
complex forced control systems, in particular, ripple currents
in the windings and losses in the magnetic core when
powered by a rectified voltage source.

2.The algorithm developed by the authors for
calculating the thermal field of electromagnets operating
in forced control systems is a complex iterative cycle. Its
implementation is significantly simplified by using the
Maple computing environment, which allows to speed up
the modeling process, perform cumbersome transfor-
mations, and obtain computer simulation results in
a convenient tabular and/or graphical form.

3. The adequacy of the developed mathematical model and
algorithm for complex shapes of current curves in windings
is confirmed by experimental data.

4. The magnetic core of an electromagnet in such forced
control systems, not only when powered from DC voltage
sources, but when powered from AC voltage sources through
a rectifier, can be considered as a kind of radiator that
reduces the heating temperature of the windings or, while
maintaining their heating temperature, allowing to reduce the
consumption of winding wire.

Fig. 7. Currents in the booster
winding #, and in the magnetic
core i, at U=80V AC
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Peculiarities of calculating stationary heating of windings
operating in complex forced control systems.
General description of the research topic. A technique and an
algorithm for calculating the thermal field of electromagnets
operating in complex forced systems proposed by authors are
considered. The widespread use of such devices in
electromechanical switching devices allows not only to increase
their speed but also significantly reduce the size, mass and energy
losses, which indicates the relevance of this topic. The mathematical
model of heating the windings of forced electromagnets proposed by
the authors is a system of 1D differential equations of stationary
heat transfer in a cylindrical coordinate system, supplemented by
equations of electrical and magnetic circuits. This model allows to
take into account the ripple of the currents in the windings and the
losses in the magnetic core due to these ripples, contains certain
signs of scientific novelty and represents the goal of the paper. The
algorithm developed by the authors for calculating the thermal field
of electromagnets operating in forced control systems is a complex
iterative cycle. Its implementation is greatly simplified by using the
Maple computing environment which allows to realize complicated
and cumbersome mathematical transformations, automates the
process of computations, and obtain results of numerical simulation
in a convenient tabular and/or graphic form, which indicates the
practical significance of this works. The results of comparison of
computation results with experimental data presented in the paper
indicate the adequacy of the model and algorithm proposed.
References 17, tables 1, figures 7.
Key words: electromagnets, thermal field, forced control,
switching devices, Maple computing environment, computer
simulation.
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IMPOT'PAMMHBII KOMILIEKC MOTORSOLVE: BEPU®HUKAILIVSA TIAPAMETPOB 1
XAPAKTEPUCTHUK BEHTUJIBHOI'O ABUT'ATEJIA C IIOCTOSAHHBIMHA
MAT'HUTAMU

Poszenanymo oeaki moxcnueocmi npozpamnozo komniaexcy MotorSolve ons moodentoeannsn i ananizy 6eHMUIbHUX OGUSYHIG 3 NO-
cmiitnumu maznimamu. Haeedeno pesynomamu po3paxynKy napamempie i XapakmepucmukK 6eHmMUIbHO20 0GUZYHA 3 i00MUMU
2eomempuyHuMu po3mipamu i Oanumu 00Momku cmamopa. Pesynomamu po3paxyuy 3icmaeneni 3 pe3yibmamamu eKcnepume-
HmanvHux 0ocaioxicens. bioi. 4, tabin. 2, puc. 10.

Knrouoei cnosa: BeHTWIbHUM ABUTYH 3 MOCTiHHUMHU MarHiraMmu, 00MOTKOBI JaHi cTaToOpa, eKCIIepUMEHTAJbHI 10CTiI)KeHHS.

Paccmompenst HeKOmMopble 803MONCHOCHIU RPOZPAMMHO20 Komnekca MotorSolve 0ns modenuposanus u ananu3a 6eHMUIbHbIX
oguzameneii ¢ nocmoanusimu maznumamu. Ilpedcmasnenst pezynomamel pacuema napamempos u XapaKmepucmux 6eHmMub-
HO020 0euzamens ¢ U3BECIMHBLIMU 2EOMEMPUUECKUMU PAIMEPAMU U 00MOMOUHBIMU OAHHbIMU cmamopa. Pezynemamut pacuema
CONOCMAGNEHDL C PE3YTbMaAmMaAmMu IKCHEPUMEHMANbHBIX uccedosanui. bubi. 4, tabdn. 2, puc. 10.

Kniouesvle cnosa: BEeHTHWILHBIN IBUTATEb ¢ TOCTOSHHBIMA MATHUTAMH, 00MOTOYHbIE IaHHbIE CTATOPA, IKCIIEPUMEHTAJIbHbIE

HCCIeA0BaHUSA.

BBenenne. OmHON W3 TEPEIOBBIX KOMIBIOTEPHBIX
CHCTEM JUIA TPOCKTHPOBAHUS M aHAIHM3a 3JIEKTPUYECKUX
MalluH sBisieTcs cucrteMa MotorSolve komnanun Mentor
Siemens, mpeacTaBisAONas CO00M MPOrpaMMHBIA KOM-
IUIEKC, KOTOPBIH MO3BOJIET MOJEIUPOBATh U PACCUUTHI-
BaTh MapaMeTPhl U XapaKTEPUCTUKH DJIEKTPUUYECKUX Ma-
muH pasnugHoro Tuma [1]. Mcmonp3oBaHHE CHUCTEMBI
MotorSolve cymecTBEHHO yCKOPSIET MPOLECC MTPOEKTUPO-
BaHMS 3a CYET HAJMYMSI TOTOBBIX Ia0JIOHOB Pa3HOBHIIHO-
CTeH KOHCTPYKTUBHBIX HCIOJIHEHUII CTaTOPOB U POTOPOB
ACHHXPOHHBIX MAIllMH, KOJUIEKTOPHBIX MAIIWH IOCTOSH-
HOTO TOKa, BEHTHJIbHO-PEAKTHBHBIX MAIIWH M BEHTHIIb-
HBIX MaIlldH C IIOCTOSHHBIMH MarHUTamH, a TaKxe 00-
IIMpHOI OMOJIMOTEKHM MaTepuasoB, NPHUMEHSIEMBIX B
EKTPUYECKUX MAIIUHAX.

MopenupoBaHue 3JIEKTPUYECKON MAaIIMHBI B TIPO-
rpamme MotorSolve, a Takke ornpezeseHue ee Iapamer-
POB U XapaKTEPUCTUK MPOM3BOIUTCA HAa OCHOBE IIETIHO-
nosieBoi monenu. IIpu 3TOM MarHUTHOE MOJie MalluHbI
PacCUUTHIBACTCA METOAOM KOHEYHBIX 3JIEMEHTOB, TaKXKe
Kak 1 B oOmiem3BectHOM nporpamme FEMM. Opnako
nporpamma FEMM He mpucniocoOsieHa ajisi HEHOCPEACT-
BEHHOT'O pacdera IapaMeTpoB M XapaKTEPHCTHK IPOEK-
THUPYEMBIX JIEKTPUUECKUX MAIINH O€3 TOTOIHUTEIBHBIX
BBIYHMCIICHUH 332 paMKaMU IIPOTPAMMBI.

B Hacrosiiiee BpeMsi HOMYJIAPHBIM THIIOM 3JIEKTPU-
YECKUX MAIIWH AJISI CHEeUAIbHBIX IPUMEHEHHH SBIISIOTCA
BCHTUJIbHBIC AIBUIAaTCJIM C IIOCTOSIHHBIMU MarHuTaMu
(BAIIM). CymecTtByer psia IMyOiaMKal¥i, MOCBSIIEHHBIX
TeopeTudeckuM uccnenoBanusaM BJITIM B nporpaMMHOM
komrutekce MotorSolve, Hanpumep [2, 3]. OxHako my0-
JIMKALUH, TOCBAIIEHHBIX BepU(HUKALUK PE3yIbTaTOB pac-
yeTa TakuX MamuH B MotorSolve ¢ pe3yibpratamu 3KcIie-
pHUMeHTa KpaiHe MaJlo U 3TO, B OCHOBHOM, Pa3pO3HEHHbIE
Marepuanbl B cetn MHTEepHEeT. Bepudukanms npencras-
JII€T UHTEPEC €1I€ U MMOTOMY, YTO MOJCIIU U AJITOPUTMBI,
3aJ0KeHHble B mporpamme MotorSolve, 3akpbIThl UIst
MI0JIb30BATENs], YTO HE AAeT BO3MOXHOCTH OLEHHUTH TOY-
HOCTb PE€3yJIbTaTOB, IOJIy4aeMbIX IIPU pacyeTe.

B cBs3u ¢ 3THM, HeJbI0 CTATbU SBISETCS COIOC-
TaBJICHWE PE3YyJIbTAaTOB pacyeTa B JIMIEH3MOHHOM IIPO-

rpaMMHOM KoMmruiekce MotorSolve BEeHTHIIBHOTO IBUTa-
TeJIsI, IMEIOIIET0 M3BECTHBIC TEOMETPUIECKHIE pa3MepPhbl U
0OMOTOUHBIE JAHHBIE, C PE3YJIbTATAMH YKCIIEPUMEHTA.
O0bekT uccaenosanusi. OOLEKTOM HUCCIEAOBAHUS
seisieTcss BJIIIM, kotopsiit Obu1 cipoekTrpoBan B OO0
«Onexrporexurnka — HoBele Texnonorun» (. Onecca) u B
HACTOsIIee BpeMs BBITyCKaeTcs cepuitHo (puc. 1).

i

Puc. 1. Bremnuit Bun uccnenyemoro B/IIIM

st paboThl OT 0HO(A3HOM CEeTH TIEPEMEHHOTO TO-
ka 220B 50I'm BAIIM ocHaiieH AaT4uKOM TOJIOXKEHUS
pOTOpa W 3JEKTPOHHBIM MpeoOpa3oBaTeeM, IMPEICTaB-
JISIOIIUM COOOH yIpaBIIsieMbIid 3J€KTPOHHBIH KOMMYyTa-
TOp H BBIIPSIMUTEIHFHOE YCTPOWCTBO. ONEKTPOHHBIN
KOMMYTaTOp 10 CHTHAJaM JaTduKa MOJIOXKEHHS pOTopa
obecnieunBaer paboty BJIIIM B pexknme OECKOIUIEKTOp-
HOTO JIBUTATeNsl TOCTOSHHOTO TokKa co 120-rpamycHoit
KOMMYyTAaIuen ¢as.

I'eomeTpuueckue pa3Mepbl aKTHUBHOM 4acTH HcCCle-
nyemoro B/ITIM u ero oOMOTOYHbBIC JTAaHHBIC MTPUBEICHBI
B Ta0I. 1.

© B.B. Peivmra, M1.H. Pagumos, M.B. I'yuerii, 1.B. Mepkyios
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Tabnuua 1
I'eomerpuyeckue pa3Mepsl 1 00MoTOUHBIe HaHHbIe B/ITIM
Haumenosanue 3HadyeHue
Bremnuii quamerp craropa, MM 82
BHyTpenHMii fuamMeTp cTaropa, MM 50
Yucio pas m 3
Uwucno na3zoB craropa Z 12
Yucno momtocoB poropa 2P 10
3a30p MEXIY CTaTOPOM U POTOPOM, MM 0,25
JlnuHa makera craTopa, MM 42
BricoTa MarauToB, MM 2,5
[[MupuHa MarHuToB, MM 12
Mapka maruura N38SH
Cxema CoeTMHeHUs] 0OMOTKI Y
Yucno BUTKOB B KaTyIIKe 80
JuameTp npoBona, MM 0,5

Co3nanue monesu BJIIIM B mporpaMMHOM KOM-
niiexce MotorSolve. Ha puc. 2 npencrasieHo mnomneped-
HOE CEYeHUEe aKTUBHOM dyactu wucciepyemoro BJIIM,
MOJTyYeHHOE B ITPOrpaMMHOM KomIutekce MotorSolve.

Puc. 2. Ilonepeunoe ceuenne aktuHOM yactu BAIIM

Jns yMeHbIIeHUs] MacChl 1 MOMEHTa MHEpPLUH PO-
top BJIIIM BbINOJHEH B BHJE KOJIECA CO COULAMHU U Ma-
noit BeicoTol sipma. Cratop BJIIIM wmMeeT OTKpBITHIE
ma3el ¥ 0OMOTKY C IPOOHBIM YHCIIOM I1a30B Ha IIOIIOC U

2 i E . TlomrocHoe

_— = JCJIICHUC:
2p-m 10-3 5

dasy: ¢ =

z’=m-q=3-£=11. Torma mar oOMOTKM paBeH 1 u
5 5
KaxIasi U3 KaTyleK OXBaThlBaeT OJMH 3yOel. B artom
cllyyae KaTylIeYHasi CTaTOpHasi 0OMOTKa UMEET KOPOTKHE
JI0OOOBBIE YACTH, YTO YJY4YIIAeT TEMIIEPATYPHBIA PEXUM
OOMOTKH M, KPOME TOTO, CHH)KAeT BO3MOXKHOCTB €€ IMpO-
00s1 13-32 OTCYTCTBUS NMEPEKpbITHs (a3 B 30HE JOOOBBIX
yacteil. CxemMa 0OMOTKH CTaTopa MpUBE/IcHA Ha PUC. 3.
HcxoaHbpIME JaHHBIMU IS TpOUeaypbl Gpopmupo-
BaHUsI OOMOTKH B iporpamme MotorSolve siBnsitores ee
THIl ¥ CXeMa COEJMHEHHs, JuaMeTp HpPOBOJA, YHCIO
napajulesIbHBIX BETBEH M YWCIO BUTKOB B KaTyIIKe
0OMOTKH.

T2 3 4 5 6 7 & 98 w n w2

A

NAYRTAYAYAY

A 8 s a b c
Puc. 3. Cxema o6motku ctatopa BJATIM

[Tocne 3amaHust TEOMETPHYECKUX Pa3MepoB, BEIOOpa
AKTHBHBIX W KOHCTPYKTHBHBIX MAaTE€pPHAJIOB, a TaKXkKe
(opmupoBaHusl 0OMOTKH, NpOrpaMMa I03BOJISIET BH3ya-
JIM3UPOBATh MATHUTHOE TIOJI€ B BU/IE CHJIOBBIX JIMHUHM JIJIsI
BBIOPaHHOTO TIOJIOXKEHHMS poTopa ABHrarens (puc. 4).

Puc. 4. Cunossie muHuM MarHuTHOTO 1osst BJIITM

AHanu3 pacnpesieneHuss MarHUTHOTO TIOJIsL IBUraTe-
JI TIO3BOJISIET TMpou3BecTH MpoBepky moxaenu BJIIIM Ha
oTcyTcTBUE OomMOOK npu ee (opmupoBanuu. U3 puc. 4
BUJIHO, YTO paclpeeJIeHHe MarHUTHOTO TIOJISI COOTBETCT-
ByeT (hM3MKe Mpoliecca, MPOTEKAIOIIEro B 3JIEKTPHIECKUX
MaIllHaX.

Ilocne co3manus wmoxpenun BJIIM  nporpamma
MotorSolve mpou3BOAMT pacdeT Macc aKTHBHBIX Mare-
pHanoB M OOmIel Macchl JBUTaTeNs, CONPOTUBICHUS €TO0
OOMOTKH, MOMEHTa HHEPLH POTOpa, a TaKkKe psama Ipy-
T'MX BEJIWYHH.

Cpenu pe3yiabTaToB pacueTa MMEETCSl PEKOMEH/a-
musi 0 11e1ecoo0pa3HOCTH BBINOJIIHEHUST ckoca (skew)
MarHUTONPOBOAA CTAaTOpa Uil YCTpaHEHHs 3yOI0BOTO
peakTHBHOTO MOMEHTa (cogging torque). J{ns paccmarpu-
Baemoro BJI[IM pexkomMeHIOBaH CKOC MarHUTONPOBOAA
craropa Ha yron 0,2 3yOLOBBIX JeNCHUs WK Ha 6 Mexa-
HUYeckux TpamycoB (30 s rpax.). 3mech HEOOXOIMMO
OTMETHUTb, YTO TaKas K€ BEIWYMHA CKoca OblIa ompene-
JIeHa Ha OCHOBAaHMHM IIOJEBBIX PACYETOB B IPOTpPAMME
FEMM npu npoekrupoBanuu cepuiinoro B/IIIM u 3a-
JIOXKEHa B KOHCTPYKTOPCKYIO IOKYMEHTALMIO Ha JJIEK-
TpoaBuratenb. Kak mokasana mpakTHKa, B CEPHUHHO BbI-
IyCKAaeMBbIX AJIEKTPOJBHUraTeNsiX 3yOIOBBIH pPEaKTUBHBIN
MOMEHT IPaKTU4YECKH OTCYTCTBYET.

Bepudukanus mnapamMerpoB, KOHCTPYKTHBHBIX
NMOCTOSHHBIX M xapakTepuctuk BJIIM. PesynbraTs
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pacdera MapaMeTpoB M IIOCTOSHHBIX HMCCIELYEMOTO
BJIIM B mporpamme MotorSolve mnpezncraBieHbl Ha
puc. 5.

Prototype Design,
Ke (peak line-line Back-EMF over speed) (V/krpm) |116
Kt (derived from Ke) (N-m/A) 1.36
Ld (d-axis inductance) (mH) 6.55
Lq (g-axis inductance) (mH) 8.76
Liimin (minimum line-line inductance) (mH) 13.1
Lilmax (maximum line-line inductance) (mH) 17.5
Rs (stator phase resistance) () 3.27
Rll (stator line-line resistance) (Q) 6.54
Phi_m (magnet d-axis flux linkage) (Wb) 0.123

Puc. 5. Otger nporpammel MotorSolve nocne pacyera
napamerpos BAIIM

Bepuogukanuto napamerpos B/IIIM nenecoobpazno
HayaTh C MHAYKTHBHOCTEH, 3HAUEHMs KOTOPBIX HE00Xo-
VMBI IIPH PacdeTax IIePEXOAHBIX IPOIECCOB, 3JIEKTPO-
MarHUTHOM MOCTOSIHHOM BPEMEHHU U PEAKTUBHOW COCTAB-
JISFOILEH NIEKTPOMArHUTHOTO MOMEHTA.

Ha puc. 5: Lil,;, (minimum line-line inductance) —
HUHIYKTUBHOCTh OOMOTKH CTaTopa IO MPOAOJIBHON (d)
ocH, a Ll (maximum line-line inductance) — uHIyK-
THUBHOCTH OOMOTKHM CTaTOpa Io rornepevHol (g) ocu. 3Ha-
YEeHUs 3THX MHIYKTHBHOCTEH B Ba pa3a OoJibllie 3Haue-
HUU WHIYKTHBHOCTEH (pa3pl OOMOTKH CTaTtopa, 00O3Ha-
YEHHBIX Ha puC. 5 kak L; u L, COOTBETCTBEHHO
(L”min = 2'Ld, Lllmax = 2'qu).

IIpoBeneM cpaBHEHHE Pe3yNbTATOB pacdera C IKC-
NIEPUMEHTAIBHBIMU JIaHHBIMU. VI3MEepeHns MHIYKTHBHO-
cteit cepuitnoro BJITIM mpoBoaunucs ¢ nomornso LCR-
merpa DT-9935 u mexaHH4YecKOoro YCTpOWCTBa, MO3BO-
JISIFOILIETO TTOBEPHYTH BaJl JIBUraTeNs Ha 33aHHBIM yroJl.
PesynbraTel cpaBHEHHST HMHIYKTHBHOCTEH CBEICHBI B
Talm. 2.

Tabnuna 2
WNunyxrusnoctu B/IIIM
Benuunna Pacuer DKCIIEpUMEHT
LIl 0, MTH 13,1 13,8
Ll oy, M[H 17,5 18,1

W3 tabn. 2 BHIHO, YTO pe3yJbTaThl pacdyera U JKC-
MEPUMEHTa MMEIOT XOPOIIYyI CXOauMocTh. Kpome Toro,
KaK U3BECTHO, 0coOeHHOCThI0 BJIIIM (B oTiIM4He OT CHH-
XPOHHBIX JIBUrateieil ¢ 3JIeKTPOMAarHUTHBIM BO30YXkIe-
HUEM) SIBJISIETCS TO, YTO WHIYKTUBHOCTh OOMOTKH CTaTO-
pa 1mo ocu d MEHbIIIe, YeM WHAYKTHBHOCTH OOMOTKH CTa-
TOpa 110 OCU ¢, YTO U IOATBEPKAACTCS JaHHBIMU PUC. 5 U
Tabm. 2.

PaccMOTpuM COOTBETCTBHE pPACUCTHBIX M IKCICPH-
MEHTAJIbHBIX JAaHHBIX MOTOKOCIUEIUICHHSI OOMOTKH CTaTo-
pa ABUTATENs, BEIMYMHA KOTOPOrO BXOJHUT B YpaBHECHHUE
JUTsl pacdeTa akTUBHOHN (OCHOBHOM) COCTABJISIFOIICH K-
TpomarauTHoro momenra B/IIIM [4]. B pesynprare pac-
yera B MotorSolve mosy4eHo 3HaueHHE MOTOKOCIIEILIe-
HUs (a3bl OOMOTKM IPU €€ OpUeHTalMu 1o ocu d (Ha
puc. 5 — Phi_m) ¥;= 0,123 B6. B atom ciy4yae umeer
MECTO MaKCHMAJIBHOE CIICTICHHE (a3bl OOMOTKH C TOTO-
KOM, CO3/IaHHBIM ITOCTOSTHHEIMH MarHUTaMu potopa. [Ipu
COC/IMHEHUH OOMOTKM O cXeMe «Y» JBe MOCieaoBa-
TENBHO BKIIIOYCHHBIE (D)a3bl OOMOTKH CMEIICHBI B Mar-
HUTHOM II0JI€ TOCTOSIHHBIX MarHUTOB Ha yroa 60 o

rpan. B stom Ciiydya€ 3HA4YC€HHE ITOTOKOCHEIICHUSA 00-

MOTKH OOJIbIIIE IIOTOKOCHLCIIJIICHUA (1)331:1 B \/3 pas, T.C.
Yy =3¥, = 0,213 BG.

Jlist BKCTIEpUMEHTANIbHOIO ONpPENENeHNsT MOTOKOC-
nerieHns oOOMOTKH cTaTopa poTop cepuitHoro BJIIM
Bpallaics ¢ MOCTOSHHOW CKOPOCTBIO OT TOHHOT'O 3JIeK-
TpoxBurarens (pexuM reHeparopa 0e3 NPUCOCTMHEHHS
Harpy3ku). [Ipu aTom, ¢ moMouipio UGPOBOro OCHUILIO-
rpaga ADS1062CM, Obua 3adMKCHpOBaHA OCLHILIO-
rpamma u3MeHeHus: nuHeiHOW DJIC 0OMOTKHM cTaropa
BJIIIM ot Bpemenu e = f{¢) (puc.6).

4 PydHoR

Tun

[T OUHME

Puc. 6. DxcnepumenTanbHas ocIyLIorpamMma e = f{t)

Macmrabbl Ha OCHMJUIOTpPaMMe: 0 BEPTHKAIA —
50 B/men., no ropusoHTa iy — 2,5 Mc/aei.

Kaxk BuzHO u3 puc. 6, nuneiinas 9/1C umeer dhopmy,
ONMM3Kyl0 K cuHycoupaaibHoW. Ha ocHoBaHmm mpezacras-
JICHHOM 3KCIIEpUMEHTAIILHON OCLUJUIOIPaMMBbl PaCCUUTa-
€M NoToKocLerienne 00MoTku craropa BIIIM:

iy, < Emax AT _ 118,5-107°
2 2r
rae En. — ammumrynHoe 3Hadenne DJC; AT — mepuon
n3menenus DJ1C.

Takum 00pa3oM, NOATBEPXKIAETCS IPAKTHYECKOE
COBMNAJICHUE C pe3yJbTaTOM pacdera MOTOKOCIEIUICHHS
OOMOTKH CTaToOpa, IOJY4YEHHOE B IIPOIPAMMHOM KOM-
miekce MotorSolve ¥s= 0,213 BO.

3Has MOTOKOCLEIJIEHHE, MOKHO ONPENEIUTh MOCTO-
aaayo DJIC anextpoasurarenst K, M HMOCTOSHHYIO MO-
MEHTa aJeKTponsurarens K, JlaHHbIe NOCTOSHHBIE Xa-
PaKTEepHU3yIOT DJIEKTPOMEXaHUYECKOe Ipeodpa3oBaHue
OHEPrun B OJICKTPUYCCKUX MallWuHax. OHHM YHUCIIEHHO
PaBHBI JApYr Ipyry NpHU NPUMEHEHWH €IMHOW CHUCTEMBI
€/IMHHLI.

ocrostaras DAC K, paBHa NMPOU3BEACHUIO YHCIA
rap MOJIOCOB p Ha NMOTOKOCIEIUICHHE OOMOTKH CTaTopa.
Ilo gaHHBIM 3KCHEpUMEHTA MOCTOSIHHAsS K, MpU pacuere
Yyepe3 MOTOKOCUEIUICHHUE:

K,=p ¥ =5-0,211=1,055 B, 2)
a rmoJry4eHHast B mporpamme MotorSolve:
K,=p - ¥ys=5-0213=1,065 B-c. 3)

C 1pyroif CTOpPOHBI, COTIIACHO PHUC. S5, TOCTOSHHAS
9,55
1000

=0,211B6, (1)

K,=116 B/1000 mun ', wm K, =116- =1107B-c.
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Takum 06pa3oM, pacxoKICHHE MEXIY HMOCTOSHHON
O/IC K., nonydeHHON IBYyMs Croco0aMH Ha OCHOBaHUH
pacyeTHbIX AaHHBIX MotorSolve, npuBeIeHHBIX Ha pHC. 5,
cocrasisieT 3,9 %. Takoe oTauuue, cKkopee BCEro, cBsiza-
HO C morpemHocThio Bbruuciennii B MotorSolve D/IC,
momygaeMoil myteM auddepeHInpoBaHUS TOTOKOCIIETI-
neHnst oOMOTKHM cratopa. K cokalieHnio, B Iporpamme
MotorSolve oTCyTCTBYEeT BO3MOXKHOCTD OLIGHHTH CTETICHb
COOTBETCTBHS CHHycOHAe (HOPMBI MOTOKOCLEIUIEHUs 00-
MOTKH CTaTopa.

[TocrosiHHasg momeHTa K,, YUCIEHHO paBHas MOCTO-
ssaHOM OJIC K., KOTOpasi paccuuTaHa yepe3 MOTOKOCLEN-
neHne oOMOTKH M3 mporpammsl MotorSolve, cocrasmser
K,=1,065 H-m/A.

Yto KacaeTcs mocTosHHON MomeHTa K, = 1,36 H-M/A,
NIPUBEICHHON Ha pUC. 5, TO OHA ONpEAENseTCS UCKYCCT-

BeHHO m3 noctostHHON DJIC K, myTeM aeneHus Ha ﬁ /2,

U 1mo3ToMy He sBisiercst napamerpom BIIIM. B to xe
BpeMsl yKa3aHHbBIC BBIIIE IPYrHe MapameTpshl, MOTydeH-
HBIE PaCUETHBIM ITyTeM B mporpamme MotorSolve, umeror
XOPOILIYIO CXOAUMOCTD C 9KCIIEPUMEHTOM.

[IpencTaBisier HHTEPEC CPABHUTH PACUETHBIE U IKC-
NIepUMEHTAJIbHBIE MEXaHWYECKHE XapaKTEPUCTHKU HC-
cinenyemoro BJIIIM, a Takxe n3MEHEHUE TOKA JBUTATENs
BO BPEMEHHM IIPH 33JaHHOI Harpyske Ha Baily. DKCIEpH-
MEHTAJIHOE OIpEeNICHNe MEXaHMIECKOH XapaKTepHCTH-
KM NIPOM3BOAMIIOCH HA CTEHAE C THCTEPE3UCHBIM ANHAMO-
metpom AHD-603, ¢ moMOIIBpI0 KOTOPOTO OCYIIECTBIIS-
nace Harpyska BJITIM (puc. 7).

PacueTbl 1M 3KCIIEpUMEHTAJIBHOE ONpE/EICHHE Xa-
PaKTEpUCTHK NPOBOAWINCH NPU HEM3MEHHOM («riaj-
KOM») HanpsDKEHHHM B 3BEHE ITOCTOSHHOIO TOKa O3JIeK-
TPOHHOTO KOMMYyTaropa 270 B 11s MCcKIIroueHns BIUSHAS
cXeMmbl BBIIpsiMIIEHUsT Ha Xxapakrtepuctuku BJIIIM. Ha
puc. 8 nmpuBeacHbI pacyeTHas (B MotorSolve) u skcrepu-
MEHTaJIbHasl «ECTECTBEHHBIE) MEXaHHUYECKUE XapaKTepH-
ctuku ucciexyemoro BJIIIM, monmyuyeHHbIe mpu padboTe
JBuraresss 0e3 peryjaupoBaHUsl 4acTOTHI BpalleHus (3a-
noiHeHue curnana [1IMM pasro 1).

[IpencraBneHHbIE MEXaHWYECKHE XapaKTEPHUCTHKH
MTOKA3bIBAIOT MPUEMIIEMYIO CXOANMOCTD pacdera C 3KCIe-
puMeHTOM. YacToTa BpamieHHs] XOJIOCTOTO XO/a pacder-
HOW XapaKTEepUCTUKH MEHBIIE YaCTOTHI BPAIIEHHS XOJIO-
CTOTO XOAa, MOJ[y4YeHHOH 3KCIIEPUMEHTAIbHBIM IIyTEM, Ha
3,3 %. B 1O ke BpeMs *KECTKOCTh PaCUeTHOH MeXaHHue-
CKOW XapaKTEPUCTHKU HECKOJIBKO OOJIbIE IKECTKOCTH
9KCIIEPUMEHTAILHON MEXaHUYECKOH XapaKTePHUCTHKH.

Ha puc. 9 u 10 mpuBeneHs! COOTBETCTBEHHO pac-
YETHBIE M IKCIIEPUMEHTAIBHbBIE OCIUILIOTPaMMBbI (ha3HOTO
toka B/IIIM mpu ero paboTe ¢ MpPOTHBOAEHCTBYIOIINM
MOMEHTOM Harpy3ku Ha Baimy 1 H-m.

PacueTHas xapakTepuCTHKa OMpPEAEIAIach Mpy Jac-
tore Bpamenus 2270 06/mun. IIpu sToM cpeaHee 3HaUe-
HHE ToKa cocTaBisiio 1,04 A.

CpaBHeHnue ociiorpamMm Ha puc. 9 u 10 mo3Boss-
€T clleJIaTh BBIBOJ O TOM, YTO PacUeTHBIC U SKCHEPHMEH-
TaJIbHBIE 3HAYEHHS TOKOB COOTBETCTBYIOT (DM3UUECKHM
MIPEACTABICHUSAM O IEPEXOAHBIX MPOIECCAX MPH KOMMY-
tarmu (a3 0OMOTKH CTaTopa, KOPPEeNupyroTcs mo Gopme
U aMIUTUTYJIE, @ TAKKe €IIe pa3 MOATBEPIKAAIOT aJeKBaT-

HOCTb pacueta mnapamerpoB BJIIIM B mnporpamMmmHOM
komIutekce MotorSolve.

T

Puc. 7. O0muit BUJ 5KCIEPUMEHTAIBHOTO CTEHAA

n, 00/MHH

Dkcneppment

2500

11711 [ EEU SO

1500 o-eeesaemnnnnizeens

1000

SO0 fesisrsarns SR

a1
th
in

1] 0.25 0.5 0,75 ]

2
M, Hum
Puc. 8. «kEctecTBeHHBIE» MEXaHHYECCKHE XapaKTECPUCTUKU
BJIIIM

|

[ |
' |

\\M_ﬁ = ||'
NN

S ——— : b :

Puc. 9. Pacuernas ocummiorpamma ¢aznoro Toka BJIIIM
npu padore BAIIM c narpyskoit 1 H-m

Puc. 10. DxcniepuMeHTaNIBHAS OCIIILIOrpaMMa (ha3HOTO TOKa
npu padore BAIIM c narpyskoit 1 H-m
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DKCHepuMeHTAIbHAS OCITIIIIOrpaMMa (pazHoro Toka
MOJy4YeHa C MOMOINBI0 IU(PPOBOro  OcCIHuIorpada
ADS1062CM npu HCIOIB30BAHUU JaTYMKA TOKa Ha pe-
sucrope ¢ conporuicHueM 0,1 OM. MacmraObl Ha JKc-
MEPUMEHTAIFHON OCIIULIOrpaMMe: 1O BEpPTUKAIH —
0,5 A/men., mo ropmsontamu — 0,5 mc/men. B skcnepu-

MeHTe yactora BpaweHuss BJIIM  cocraBisiia
2330 0o6/muH, a cpenHee 3HaYeHue Toka — 1,1 A.
BruiBoasbl.

1. C moMoIipi0 mporpaMMHOT0 KoMiuiekca MotorSolve
MPOBE/IEH pacyeT MapaMeTpPOB U XapaKTEPUCTUK CEPUHHO
Beiyckaemoro BZIIIM. Pesynbrarel pacuera UMEOT He-
3HAYUTEIBHOE OTIMYHME OT JaHHBIX, NOJYYEHHBIX 3KCIIe-
PUMEHTAIBHO, YTO IOATBEPXKIAET BHICOKYIO 3(EKTHB-
HOCTB IPOTpaMMHOT0 KomIuiekca MotorSolve.

2. B ornmume OT OOMmIEW3BECTHBIX IPOTpaMM pacueTa
MarHutHoro mossi, Hampumep FEMM, nporpamMMmHbIi
KoMmIuteke MotorSolve moJHOCThIO 00eCIeYnBaeT pacuer
apaMeTpoB, MEPEXOTHBIX IPOLECCOB U XapaKTEPUCTHK
3J1€KTpPI'-IeCKOI71 MallluHbI 663 HUCIIOJIb30BAaHUA OOIIOJIHU-
TEJILHOTO MPOTrPaMMHOTO 00€CIIeYECHUS.
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MotorSolve software package: verification of parameters and
characteristics of the brushless permanent magnet motor.
Purpose. The purpose of this paper is to include comparison of
results of the modeling and calculation in the Mentor Siemens
software MotorSolve and experiment of the brushless permanent
magnet motor. Methodology. Numerical investigation using
licensed software MotorSolve is performed. Calculations of
motor parameters and characteristics are made using Finite
Element Method. The experimental investigations were made on
the hysteresis dynamometer AHD-603. Results. The results of
the investigations show that the calculations of the parameters
and characteristics of the motor in MotorSolve software almost
match with the results of the experiments. Practical value. The
high efficiency of the MotorSolve software for the modeling,
calculation and research of the brushless permanent magnet
motors are confirmed. References 4, tables 2, figures 10.

Key words: brushless permanent magnet motor, stator wind-
ing data, experimental investigations.
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EnekmpomexHi4yHi Komriiekcu ma cucmemu. Cunoea eJsIeKmpoHika
VJIK 621.314

doi: 10.20998/2074-272X.2019.5.04

I'.T". XKemepos, [1.C. Kpsuios, A.B. Mamypa

HEPI'O®PEKTUBHOCTDb CUCTEMBbI JIEKTPOCHABXEHUSA
METPOIOJIMTEHA C PEKYIEPAIIMEA SJIEKTPOSHEPT MU TPU TOPMOKEHUA

Mema. Memoto cmammi € oyinka KK/I cucmemu enekmponocmauanns memponoiimeny, 6 AKill 6UKOPUCHOBYEMBCA YOMU-
DbOXKEAOPAHMHUIL NPUBIO ROCMITINO20 CIPYMY 3 PEKYREPAUIEIO eHepeil 8 MePecy HCUBIEHHA 8 pedcuMi 2anbmysanns. Memo-
ouka. /{na npoeedennsn 00cnioriceny sUKOPUCHOGYEANIACA MEOPIia eNeKMPUUHUX Kill, Mamemamuune mooeat06anns ¢ naKemi
Matlab. Pe3ynomamu. Ompumana meopemuuna 3anexcnicmy KKJ/[ CE 3 0séonanpasnenum nomorkom enepeii 6i0 koegivicnma
Pe3UCMUBHO20 KOPOMKO20 3AMUKAHHA HA Kiemax Hasanmaycennsn. Teopemuunuit pesynivmam nepesipenuii MoOenI06anHAM.
Hayxosa nosusna. Pospodnena exeéiganenmna cxema cucmemu eeKmponoCcmaiyania Memponoimeny 3 40mupboxKeaopanm-
HUM RPUGOOOM NOCHMIIHO20 CIMPYMY | MOMCIUGICINIO PEKynepayii eHepzii @ mepesrcy HCUGNEHHA 6 PeHCUMI 2aIbMYBAHHA, GU3HA-
ueni it napamempu, 3a0anuii zpagix pyxy enexkmponoizoa. Ilpakmuune 3snauenna. Bukopucmanna ompumanux 3anexcnocmei i
pe3yibmamie MoOent06aHHA 003607 1UMb GUHAYUMU HANPAMOK NEPCNEKMUBHO20 PO3GUMKY CUCHIEMU e1eKMPONOCMAauants
MempononimeHy, onmumizyeamu it enepzoegpexmuenicms. bion. 8, tadmn. 1, puc. 5.

Kniouosi cnosa: cucreMa eJIeKTPONOCTAYAHHSA, eHepris, koedilnicHT noBepHeHHs eHeprii, koedinieHT KOPUCHOI Ail, pexynepa-
nis eHeprii.

Lens. Lenvio cmamovu aenaemca oyenka KII/[ cucmemol 3nekmpocnuadicenus Memponoiumena, 6 KOmopoii ucnoib3yemcs
4emvlpEXKEaAOPANMHBLI RPUBOO NOCMOAHHO20 MOKA ¢ PeKynepayuell Inepzuu 6 RUMAIOWYI0 Cenb 6 pexcume MopMONCeHUs.
Memoouxka. /[ns npoeedenusn ucciedo8anuii UCROIb30641ACH MeEOPUsL IIEKMPULECKUX Yenell, MameMamuiecKkoe Mooeaupo-
eéanue ¢ naxkeme Matlab. Pesynomamut. Ilonyuena meopemuueckasn zasucumocmos KII/[ CI c ogynanpagnennvim nomokom
IHepeuu om Koduyuenma pe3ucmuenozo KOpomkozo 3amulKanus Ha kiemmax Hazpysku. Teopemuueckuit pesynivmam
nposepen mooenuposanuem. Hayunan nosusna. Pazpabomana IKeueaneHmnas cxema cucmemsl 31eKmMpoCHadIcenus mem-
pononumena ¢ 4emulpEéXKeAOPAHMHLIM NPUGCOOOM ROCHOAHHO20 MOKA U 803MONCHOCIbIO PEKynepayul IHepeul 8 RUmaro-
Wiy cemp 6 pexcume mopmodcenus, onpeodenensvt eé napamempnlt, 3a0an 2pagux osuxcenusn rnekmponoesoa. Illpakmuueckoe
3nauenue. Hcnonv3oeanue noayuennolxX 3a86UCUMOCHeEN U Pe3ylbmamos mooeauposanus no360aum onpeoenums Hanpagie-
HUe NePCREeKMUBHO20 PA3GUMUS CUCIEMB] IIEKMPOCHADIHCEHUA MEMPORONUMEHA, ONMUMUIUPOBAMY eé IHeP2oIPhexkmue-
Hocmp. bubn. 8, Tabn. 1, puc. 5.

Kniouesvlie criosa: cucTeMa 3J1eKTPOCHAOKEHNsI, JHePrusl, K03 GHIHeHT BO3BPaTa IHEPruu, KOI(Q(PUIHEHT MOJIe3HOro JeiicT-

BHSl, peKynepamnus JHeprum.

Beenenne. OyHKIMOHUPOBaHHE TPAHCIOPTHOM
CHCTEMBI COBPEMEHHOTO KPYITHOTO TOpoJa HEBO3MOXKHO
0e3 HCIONIB30BaHUS METPOIIOIUTEHA, 00ECIeUNBAIOIIEerO
3HAYUTENBHYI0 YacTh MACCAXUPCKUX TEepeBo3oK. Ero
BBICOKAsl HAJEKHOCTh COYETAETCA C HE CAMOM BBICOKOM
3HEeprodPeKTUBHOCTHIO, YTO OOYCIOBIEHO HMPUMEHEHH-
€M KOJJICKTOPHOTO JJIEKTPONPUBOJA MOCTOSHHOTO TOKa
NIOCJIE/IOBATENILHOTO  BO30YxK/IeHHss 0e3 BO3MOXKHOCTH
BO3BpaTa SHEPruv B IMUTAIOUIYIO CCTh. IloBbIIIEHHIO KO-
a¢¢unmenta noaesnoro aevicteus (KI1/1) cucremsr smek-
TPOCHAOXEHUsI METPOIOJINTEHA MTOCBAIIEHO MHOTO Hay4-
HBIX TpyJOB [1-3]. OxHuM U3 pemeHuii npoOieMbl SHep-
rocOepekeHus SBISICTCS HCIOJIB30BAHNE YETHIPEXKBA/I-
PAHTHOTO 3JIEKTPONPUBOA TMOCTOSHHOTO TOKA, YTO HAET
BO3MOKHOCTh OpPTaHHM30BaTh JBYHAIPABICHHBIA IOTOK
SIEKTPHYECKON IHEPTUH MEXAY MCTOYHHKOM U HArpys-
KOH. DTO MO3BOJHT BHIBOAUTH HAKOIUICHHYIO B JIBIKY-
meMcs COCTaBe SHEPrui0 OOpaTHO B MPOMBIIIICHHYIO
ceTh TpEX(a3zHOTO MEPEMEHHOT0 TOKa, YTO, B CBOIO OYe-
pens, nomwkHo moBbicuTh KIIJI Bcelt cuctemsl amexTpo-
cHaOxeHust MeTpononuTeHa. OHaKo, Kak Moka3aHo B [3],
3¢ dexT IHeprocOEepeKeHUss OT HCIOIH30BAHUS PEKYyIIe-
paTHBHOTO TOPMOXKEHHUSI He Bcerna oueBujeH. OH 3aBU-
CHUT OT KOH(UTypaluy UCIIOJIb3yeMON CUCTEMBI JIEKTPO-
CHaOKEHUS M PEKUMOB PadOTHI 3neKTpornpuBona. [Ipu
OTIPEeNIeIEHHBIX YCIOBUSAX BO3MOXKEH d(PQPEKT CHIKCHUS
cymmapnoro KIIJ] cuctemsbl BciieACTBUE BO3ZHUKHOBEHUS
JOTIOTHUTEBHBIX TOTEPh IPH BO3BpATE YHEPTHUH B CETh.

Heabo padorsl sBisercs oneHka KIIJ cucrembr
3IEKTPOCHAOKEHNS METPOIIONINTEHA, B KOTOPOH HCIIOIb-

3yeTcs 4eThIPEXKBAPAHTHBIN MPUBOJ MOCTOSIHHOTO TOKA
C peKymnepanueil 3HEprHy B MHTAIONIYIO CETh B PEKUME
TOPMO>KEHHSI.

CTpyKTypa TAroBod moacTaHuuM. TpaguiroHHAS
TATOBas MOJCTAHLUS AJSI MPeoOPa3oBaHUsSI TIEPEMEHHOTO
HaNpsDKEHUS. B MOCTOSTHHOE HCIIONIB3YET HEyIpaBisieMble
JIMO/IHBIE BBHINPSIMUTENH, YTO HE TTO3BOJISIET OCYLIECTBUTH
BO3BpaT 3HEPrUM B MMTAIOIIYyI0 ceTh. [l peanu3anuu
BO3MOJXKHOT'O TIOBBIIIEHHS 3 (HEKTUBHOCTH CXEMbI BMECTO
JIMO/IHBIX MOCTOB HEOOXOJIMMO HCIOJb30BaTh YEThIPEX-
KBaJIpaHTHBII THPHCTOPHBIA BBIIPSIMHUTEINb, MPEACTaB-
JICHHBI Ha puc. 1.

Cetp 6(10) kV mpencraBiena TpexdpasHOW CHM-
METPUYHOW CHUCTEMOW CHUHYCOMAAIBbHBIX HaNpPSKEHUI
Usq, Usp, Usc. IlapaMeTpsl ceTH y4TEHBI aKTUBHBIM CO-
npotuBiieHueM Ry. IlapameTpsl JuHUHU, COeAUHAIOLIEH
TATOBYIO IOACTAaHIUIO U IPEeoOpa3oBaTENbHBIM TpeX-
¢dasusiii Tpanchopmarop 6(10) £V / 0.71 kV, oupene-
JSIOTCSL aKTUBHBIM cornpotuBieHueM R;. CereBble 00-
MOTKH TpaHcopmaropa 7| NOAKIIOYAIOTCS K CETH
6(10) £V, a BeHTWJIbHBIE — K IIECTHUITYJICHOMY YEThI-
pPEXKBaJIpaHTHOMY MOCTOBOMY BblIpsMurento VS1 —
VS12. Tlotepu B TUPUCTOPHOM MOCTE HPEACTABIEHBI
9KBUBAJICHTHBIM UCTOYHUKOM HpoTuBo-O/[C ypoBHs 1
V' B mpssMOM M 0OpaTHOM HAINpaBJICHUAX U IEPEHECEHBI
B IeNb IIOCTOSHHOTO ToKa. IlapaMerpsl JIWHUM OT
TpaHcdopmaropa 7; 40 BBIIPSIMHUTEIBHBIX MOCTOB CO-
OTBETCTBYIOT aKTUBHBIM CONPOTHUBIEHUEM R,. Harpys-
Ka MpejcTaBieHa JBUraTeaeM moctossHHoro toka (AI1T)
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C HE3aBUCHMBIM BO30YyKaeHHeM. [lapaMeTphl JIMHUU OT
yopasisiemoro Beimpsmutens (YB) mo gBuratens mo-
CTOSIHHOTO TOKa y4YTEHBbI CONPOTUBIECHUEM KOHTaKTHO-
ro penbca Rgg. MHAYKTUBHOCTM B JIMHUM NUTaHUs,

IPUCYTCTBYIOIIUME TaM MO (akTy, HE Y4YacTBYIOT B
(opMHpOBaHMU TIOTEPH INPHU Iepenade IHEPruH, I0-
9TOMY OHU IIE€PEHECEHBI B HATPY3KY U B 3KBUBAJIECHTHON
CXeMe OHM He MOKa3aHBHI.

I | | | 4

I T 1| Tpancdopmarop | Jtmma 2 |

| = : —+1__ 1+
VS8 G7VS104:VS12 —
ASRAVAGHA Re ™
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o s hns SRS | PP
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Puc. 1. OxBuBanentHas cxema CO MII ¢ yeTbipexkBapaHTHEIM YB

Jns amexkBaTHOW OUEHKHA 3HEProd(h(HEeKTHUBHOCTH
CUCTEMBI ANeKTpocHabxkeHuss metporonutena (C3 MII)
HE00X0IUMO 3HATh TPadyK ABMKEHUS MTOE3/I0B, KOTOPHIH,
coryacHO [1-3] comepXUT clieAylomue WHTEpBaIbl: HH-
TepBaJl pa3roHa OT HyJEBOH O HOMMHAIBHOM CKOPOCTH
(Bpems t,.) B cpennem cocrasiser 20-30 s; BpeMs Top-
MO’KEHHS OT HOMHHAJIBHOHN 10 HyJIEBOH CKOPOCTH (#5) B
cpenneM paBHo 40-50 s; nHTEpBaN CTOSHKHM Ioe3/a (Bpe-
M t;) OOBIYHO paBeH 25 s, MHTEPBaJl ABHXECHUSI C HOMH-
HaJIHON CKOpPOCTBIO (f,,,,) coctaBisier 110-130 5. Yum-
TBIBAs, YTO BPEMS JBIDKCHHUS MOJBIKHOTO COCTaBa MEX-
Jly AByMS CTaHIMAMH B CPEIHEM COCTaBIISICT TP MUHYTHI
[1], B cooTrBeTcTBHHE C [3] IpUMeM CIIEqyIOUIHE 3HAYCHUS
WHTEPBAIOB JABWKEHUS: f,e = 25 S, tyoy = 115 5, 8, =45 s,
ty=25s.

I'paduk H3MEHEHUS TOKA, HANPSHKEHUS 1 MOIHOCTH
Harpysku Jjid YKa3aHHBIX MHTCPBAJIOB JABMKCHUA COCTaBa
B paccmaTtpuBaemoit CO MII moxer umeTs BHUI, Npea-
CTaBJICHHBIHN Ha pHC. 2.
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Puc. 2. I'paduk ABHKEHUS cOCTaBa MEXKIY CTAHIIUSMHE

B nHTEpBane pasrona noesna f,. CUCTeMa aBTOMATH-
YECKOT0 PEryJIMpOBAaHUs JHHEHHO HW3MEHSET CKOPOCTb
COCTaBa OT HYJIEBOW 1O HOMMHAJIBHOMW, 4TO, PU HE3ABU-

cumoM Bo30yxneHnn MIIT, cooTBeTCTBYyeT IHHEHHOMY
POCTY HaIpsDKEHHS HATPY3KU OT HYJIEBOTO IO HOMHHAIIb-
HOTO 3Ha4YeHHA. TOK Harpy3Kd IpU 3TOM OTPaHUINBACTCS
Ha HOMUHAJBFHOM ypoBHE. Pa3BuBaemas Ha 3TOM 3Tare
MOUIHOCTh TaK)XX€ JIMHEWHO HapacTaeT JI0 HOMUHAJIBHOTO
3HaueHus. B mHTepBasie ABWXEHUSA f,,, C HOMHHAILHON
CKOPOCTBIO, K Harpy3ke OyAeT MPUII0KEHO HOMHUHAIBHOE
HalpspKeHUe, a 1oe3]l IPeooieBaeT T000BOE COIPOTHB-
JICHHE BO3/yXa U Cuily TpeHus, pazsuBas a0 30-50 % or
HOMHHAJIBHOW MoOIMHOCTH. Ha 3ToM ke ypoBHE OyneT
HAXOJAWUTHCS U MOTPeOIAeMbIil Harpy3Kkoil ToK. B pexxume
TOPMOKEHHS CHCTEMa aBTOMATHYECKOTO PETryJIHPOBaHUSL
obecrieynBaeT IUTABHOE IMHEWHOE CHIDKEHUE CKOPOCTH
JIO HYJIEBOTO YPOBHS 3a BpeMs ;.. HampspkeHne Harpy3ku
TakKe OyAeT JMHEHHO CHMXXATHCS IO HYJIEBOTO YPOBHS.
ITpu 3ToM a5t oOecrieueHns BO3BpaTa B MUTAIOIIYIO CETh
3anac€HHOM M0e3/I0M KHHETHYEeCKOW JHEpruH, HeoOXo-
JIUMO 00OECIICUUTh CMEHY IOJIIPHOCTA TOKA HArPY3KH C
OrpaHUYCHUEM €T0 Ha YPOBHE, HC IPCBLIIIAIONICM HOMU-
HanbHOTO 3HauyeHus. C HayaloM peKylepauuu TOK Ha-
TPY3KH MEPEXOIUT HA PEBEPCHBHYIO BEHTHIBHYIO IPYIITY
U TIOJLIEPKUBACTCS OTPULATENLHBIM BIUIOTH 10 MOMEHTA
JIOCTYOKEHUST PaBEHCTBA BO3BpAIIaeMON M TMOTpeOIsieMoit
COCTaBOM JHEPTHH Ha dTare TopMokeHHs. Ilocie 3Toro
M3MEHSIOMAsACS M0 JIMHEHHOMY 3aKOHY MOIIHOCTH Ha-
TPy3KH CHOBa CTaHET IMOJIOKHUTEIHHOH, a TOK Harpy3KH
MEPEXOAUT Ha TIOJOXKUTEIBbHYI0O BEHTWIBHYIO TPYMIY B
pe3yJibTare NMepeKItoYeHrs] MOCTOB BhIIpsAMUTENSA. B uH-
TepBaJie CTOSHKHU f,;, 3JIEKTPONPUBOJI MOE31a HEPTUH He
norpedisier. Ha Bcex sTamax JBMXKEHUS! COCTaB MOTPEO-
JISIET SHEPTHI0 COOCTBEHHBIX HYXK[, KOTOpasi pacxoayeTcs
Ha 000rpeB, OCBEIIEHHE W BEHTWISILMIO BaroHOB, €€ Be-
JIMYMHA MOXET A0X0auTh 10 10 % oT HOMHHANIBHOU. DTO
y4TeHO Ha rpaduKax, IpeACTaBICHHBIX Ha PHUC. 2.
PasBuBaemMas Ha dTamax IBIDKEHHS MOIIHOCTH 3aBU-
CHUT OT (PU3UUECKUX MAPaMETPOB MOE3/1a, OT €r0 CKOPOCTH
U Macchl. Macca TMOABIKHOTO COCTaBa OIpPEeseTCs
YHCJIOM BaroHOB U KOJIMYECTBOM ITACCAXKUPOB B KaXKIOM
Barone. B cootrBercTBum ¢ [4], TI0€31 COCTOUT U3 MATH
BaroHoB Maccoil 33 ¢ xaxplii. B Baron momemaercs ot
200 mo 300 maccaxupoB co cpemHum Becom 60-70 kg.
TakuM 00pa3oM, MOXKHO CUHTATh, YTO Macca IMoe3ja co-
crapisier 200-250 ¢. HomuHaneHasi CKOPOCTh JIBHXKEHUS
paBHa 25 m/s wim 90 km/h. Cornacuo [4], neficTByromme
Ha JIMHUAX METPOIOJINTEHA MOe31a OCHAIIEHBI JJIEKTPO-
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MPUBOJIOM HOMHHAJILHOW MOIIHOCTHIO 10 2 MW. B sKkBH-
B&JICHTHOW cXxeMe JUIsl JalbHEHIINX pacy&ToB U MOJEIIHU-
poBanus ObUT BBIOpaH apurateis Tumna NPSOOKS ¢ Homu-
HabHON MOIIHOCTBIO 2.013 MW 1 HOMUHANBHBIM TOKOM
3053 A. MOMEHTBI CONpPOTHUBJICHUS W HHEPIUHU TOE3]a
MIPUBEJICHBI K €T0 POTOPY.

Jis pacu€ra SHEpruM MOTEPh NP JABYHAIPABIICH-
HOM IOTOKE HEOOXOJMMO 3a/JaThCs MapaMEeTPaMU CXEMbI
CD MII, npuBenennor Ha puc. 1. XapaKTepUCTHKH IH-
TAIONICH CETH ONPEACIIIOTCS mapamerpamu TpExdasHOro
Tpanchopmaropa mnuraronield mojacraHuuyd tana TMH
4000/35/6 [1], mIst KOTOPOrO CONMPOTHBICHHE (Ha3bl
Ry =0.1 Q [1]. [Tapamerps! muuuu 1 (cM. puc.l) onpene-
JISIOTCA PACCTOSIHUEM MEXIY TITOBOW NOJACTAHLUEN U
mpeoOpa3oBaTeNbHEIM  TPAHC(HOPMATOPOM, KOTOpOE, B
cpenHeM, coctarisieT oT 1 o 3 km [1]. Ucnonb3yemblii B
JMHUM | QIIOMHHUEBBIA TPEX>KWIbHBIN KaOenb HMeeT
BEJIMYUHY CONPOTHBIIEHUS (a3sl R, paBHoe 0.3 Vkm, a
€ro Ce4eHUe BHIOUPACTCS MO TOKY, KOTOPBIA MOXKET I10-
TPeOSITh paccMaTpPUBAEMBbIil DIIEKTPONPUBOJ, M PAaBHO
95 mm* [1]. TIpeoGpazoBatebHbIil TpaHCHOPMATOP CEPUH
TC3I1-2500/10Y3 6(10)/0.71 kV umeer HOMUHAIBHYIO
MOIIHOCTE 2.509 MW wm motepu KOPOTKOTO 3aMBIKaHHS
20 kW. CyMmmapHOE 3KBUBAJICHTHOE COIIPOTHBIICHHE €T0
¢dasel Ryy it Hero Oynet paBHO 2 mC). [lapameTps! u-
HUH 2 ONPENeNIOTCS PacCTOSIHHEM MEeXITy IpeoOpa3oBa-
TENBHBIM TpaHC(hopMaTopoM 1) W BEIIPSMHUTENEM, KOTO-
poe npuHsATO paBHbIM 50 m. [Ipu 3TOM ceueHre MeTHOTO
kabens O6yzmer pasHo 1000 mm’, BelMM4YMHA COMPOTHBIIC-
Hue Qassl Ry — 0.9 mQ. CTambHON KOHTAKTHBIN peibe Rip
MMEeT CTaHIapTHOE cedeHue 6600 mm’ M COMPOTHBIIC-
Hue, paBHoe 9 mQ/km. Ero mmuHa MOXET U3MEHSTHCS B
nuanasoHe ot 1 70 3 km, B 3aBUCHMOCTH OT PacIiOIOxKe-
HUS T0€3/1a Ha MPOTOHE MEXAY CTaHIUSAMH. AKTHBHOE
COIIPOTHUBIICHNE BHIOPAHHON paHee MAIIWHBI MTOCTOSTHHO-
ro toka (MIIT) R, paBHo 8 mQ.

KIIJI CO MII ¢ AByHampaBJieHHBIM NOTOKOM
snepruu. Ounennm KIIJ[ cuctembl 37eKTpOCHAOKEHHUS,
npeactapieHHol Ha puc. 1. CornacHo [3], MakcuManbHO
Bo3MoxHbI KIIJ[ CO ¢ aByHampaBIeHHBIM IOTOKOM
SHEPIHH OTIpeIeIIeTCs 1Mo (popmyie:

[— _1 [—
Mimaxcs = TTmax— (2 ’7max<—) kE , (1)
1—kg

T Tfmax—s X Mmaxe. — MAKCUMAJILHO BO3MO)KHOE 3HaUCHHE
KIIZA tpexdaznoii C3 B mpsMoM M 0OpaTHOM MOTOKax
SHEPIMH COOTBETCTBEHHO; kz — KOX(HIMEHT BO3BpaTa

SHEPrHH W3 HArPy3KH B HCTOYHHUK, OINPEICISICMBIA IO
BBIpaXKeHUto U3 [3]:

0<kp= Fse , )
P S—
rae Ps. u Pg, — MOUTHOCTh UCTOYHUKA B MPSIMOM U 00-
paTHOM MOTOKaX 3HEPTMU COOTBETCTBEHHO.
BennuuHy MakcHMMaabHO BO3MOKHOIO 3HAUYEHHUS
KIII C3 MII B npsIMOM MOTOKE SHEPTUHU yax_s OTIPEIC-
JII€TCS TIO BBIpaXkeHuto [3]:

3)

rae ksc — KodhHUIMEHT KOPOTKOTO 3aMBIKaHUs, OTpeie-
JSIEMBIH OTHOLICHWEM MOITHOCTH KOPOTKOTO 3aMBIKaHUS
Ha KJIE€MMax Harpy3kd K IOJI€3HOW aKTUBHOW MOILIHOCTH
Harpy3KHu:

ksc = f:SC : 4)
usf
rae Pgc — MOIIHOCTh PE3MCTHBHOIO KOPOTKOTO 3aMbIKa-
nusg CO MII npu oTKIIOYEHHOM Harpyske; P, — cpennee
3HAUEHUE I0JIEC3HOM AKTMBHOM MOINHOCTU Harpys3ku B
MHTEpBaje IOBTOPSIEMOCTH Ipaduka ABIKEHHUS I0e37a
COTJIACHO PHUC. 2.
3navyeHust P,y ¥ kg 3aBUCAT OT Tpaduka JBHKEHHS
0€e3/1a, MHTEPBAJIOB 3a1aHusl, CKOPOCTEH pa3roHa M TOp-
MOKEHHs T0oe37a. MOIIHOCTh PE3UCTUBHOIO KOPOTKOTO
3aMblkaHust Pge 3aBucuT ot KoHpurypaumu CO MII u
MOXET OBITh ONPEEIICHA U3 COOTHOIICHHS:

_3U3,
2Ry’
rae Uy, — aMIUTTyJa CHHYCOMIAIBEHOTO (Da3HOro HarpsiKe-
HHS MCTOYHHMKA JJIEKTPONUTAHUS; Ry — SKBHUBAJIEHTHOE aK-
TtuBHOE comporusieHre CO MII, npuBeaeHHoH Ha puc. 1.
BennunHa akTHBHOTO SKBHUBAJIEHTHOIO CONPOTHB-

JICHUSI CHCTEMBI 3JIEKTPOCHAOXEHHsI, COTJIACHO puc. 1,
BKJIFOUAET B ce0sl CIIEIYIOIHEe COCTABIISIOIINE:

®)

Psc

RZ:R(')+Ri+RTV+R2+RRF+RKR+RJ’ (6)

rae Ry — compoTuBiieHUE (a3bl HCTOUHMKA IEPEMEHHOTO

HanpspkeHust 6(10) kV, npuBeneHHoe K BTOPHYHOM 00-
MOTKe mpeoOpaszoBaTenpHoro Ttpanchopmaropa (I1T);

R, — comporuieHue ¢a3bl yuacTka JIMHUM 1, IpUBEIEH-

HOe KO BTOpm4HO# oOMotke IIT; Ry — cymmapHoe co-
npotusienue ¢asel [1T; R, — conporuBieHue ¢a3sl yya-
CTKa JHHHH 2 OT TpaHchopMmaropa 0 BBIIPSIMHUTEIS,
Rpr — compoTHBIEHHE YIPaBIAEMOTO BBIIPIMUTEIS;
Rypr — conpoTHBICHUE KOHTAKTHOTO peiibca; R; — COmpo-
TuBjieHue sikopHoit nenu JIIT.

BenmnunHa MakcHMajabHO BO3MOMKHOTO —3HAYCHHS
KIIZ C5 MII B 00paTHOM HOTOKE SHEPTUH fnaxe. MOKET
OBITH OIpeIeTIeHa IO CJIEAYIOIEMY BhIpakeHuIo [3]:

1
1+ kjkge

Haiiném Bemmumay MakcuManbHO Bo3MoxHOoro KIT/{
CD ¢ AByHampaBIeHHBIM TTOTOKOM SHEPTHU U OTPEAEIIIM
BO3MOJKHBIN JTHAITa30H €r0 M3MCHEHWH, UCIONB3Ys IpH-
BEJICHHBIC BBIIIIE BHIPAYKEHUSI.

Hus ompenenenus ko3¢ @UIMEHTa BO3BpaTa dHEp-
THH W3 Harpy3kud B UCTOYHMK kg, corylacHO (2), HeoOXo-
uMo 3HaTh Pg. u Ps,. IX 3HaueHus MOKHO ONPENENUTh
U3 TpaduKa JBIKEHUS TOe3/1a, IPUBEICHHOTO HA pUC. 2.
BbIunciuB 1wiomaaM mojx KpUBOW Tpaduka H3MEHEHHS
MOIITHOCTH JUIS IIPSIMOTO U 0OPaTHOIO MOTOKOB 3HEPTHUH,
nostyuuM 3Hadenust Ps , = 50.3 MW, Ps. = 108.7 MW u,
B cooTBeTcTBUH C (2), k= 0.5.

CpenHee 3Ha4YeHHE TMOJIE3HONH aKTUBHOW MOIIHOCTH
HATPY3KH HaiEM HHTETPHPOBAHUEM TpadyKa MIHOBCH-
HOM MOMIIHOCTH B MHTEPBAJIC NMOBTOPAECMOCTU ABUKCHUA
noesnaa. [lonyunnu snavenue P,y =1.44 MW.

)

NMmaxe =
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JI1s1 HaxOXKJAeHMsI MOIITHOCTH PE3UCTUBHOTO KOPOT-
KOTO 3aMBIKaHusl Pgc OMpenenuM COCTaBIISIONINE YKBUBA-
JICHTHOI'O aKTHUBHOI'O COHpOTl/IBJ'leHI/IH CUCTEMBI SHeKTpO-
nuTanus Rs 1 BO3MOKHBIN JUana30H UX U3MCHEHHH.

COFﬂaCHO nepe'mcneHHmM BBIIIC JTaHHBIM, anBe-

JACHHOC COIIPOTUBJICHUC (1)33[:1 HCTOYHHKA RO MOXET

6]>ITI> BBIYUCJICHO 110 BBIPAKCHUIO:
Ry =kRy, (8)

rae k = 1/k,> — Ko>pGHUUEEHT NPUBENCHNS NAPAMETPOB
AJIEMEHTOB TIEPBUYHOW OOMOTKH IPeoOpa3oBaTEIHHOTO
TpaHchopmaTropa kKo BTOopudHOH, paBHbIH 0.014. 3Hade-

HUE conpoTuBieHus R pasHo 1.4 mQ.
AHANOrM4YHO BBIYUCIISETCS MPUBEACHHOE COMPOTUB-

nenue ¢aspl uHUK 1 Ry

Ry =kR, . 9)

OcTanbHble COCTABISIONIME BhIpaKeHUs (6) U BO3-
MOXKHBIA JIAANa30H WX HM3MCHEHHUs OBLUTH OIpEICICHEI
BEIIIIC, 3HAYCHUS MTApPaMETPOB CBEICHBI B Ta0I. 1, B cOOT-

Al
BETCTBHH C KOTOPOIl COIPOTUBICHHE R| JIEXKUT B AHara-

30He OT 4.2 m€2 10 12.6 mQ). AXTUBHOE 3KBUBAJIEHTHOE
conporusieHne CO Ry, npuBeNeHHON Ha puc. 1, Oyzaer
MMETH 3HaYEHUS B Auana3one ot 27 mQ no 44 mQ.

Tabnuua 1
Conpotusinenus cxembl CO MII u 1uana3zon ux u3sMeHeHUH
[Napamertp 3HaueHne
Ry, mQ2 14
1000 m 4.2
Rl' . mQ 2000 m 8.4
3000 m 12.6
Ry, mQ 3
R,, mQ 1
Rrp, m€) 1
1000 m 9
Rig, mQ 2000 m 13.5
3000 m 18
R, mQ 8

MoutHOCTh KOPOTKOTO 3aMblKaHUsl Pgc, paccuuTaH-
Has 1o (5), B 3aBUCHMOCTH OT MTapaMeTPOB CXEMbI, HIMEET
3HaueHue ot 34 no 56 MW. KosdouuneHT KOpOTKOro
3aMBIKaHHs, PacCYMTaHHBIA 1O (4), B 3aBUCHMOCTH OT
AKTUBHOT'O JKBUBAJICHTHOI'O COIIPOTUBJICHUA, JICKUT B
nMarnasoHe ot 25 mo 40.

B peanpHON cucteme 3JIEKTPOCHAOKEHHS MOTYT
MIPUCYTCTBOBATH JIOTIOJHHUTEINBHBIE TIOTEPH AIIEKTPOIHEP-
T'MH, KOTOPbIE MOXKHO Y9YECTh B TEOPETHUECKHX pacdérax
BBellcHHEM K03((PUIIMeHTa TOTIOMHUTENBHBIX TOTEPh Kyyy-
B atom cayuae, KIT1JT C3 MII moxer ObITh paccunTaHO
u3 [3] Mo BRIpaXKEHHUIO:

2.-1
1-kgksckada

-1
1+ (o.sﬂlo.zs—kglcj 1 kgt

I'paduk 3aBucumoctu peansaoro KIIJ CO ¢ nByHa-
NpaBJICHHBIM ITOTOKOM SHEPruu OT Kod(duimenta xo-
POTKOTO 3aMBIKaHHsI Ha KJIEeMMaxX Harpysku k. IpHBEICH
Ha puC. 3 MyHKTUPHON JTUHHUEH.

100

90

80 B

_kE

(10)

Nreal<» =

P

70
60
50
40
30
20 -
= = =-—TCOpHA
10 — IKCNEPHMEHT
0 ksc
25 27,5 30 32,5 35 37,5 40
Puc. 3. KIIJ{ CD MII

MopemnpoBanne CI3 MII ¢ aByHanmpaBJeHHBIM
NMOTOKOM 3HepruM. i sKCEepUMEHTaIbHOW MPOBEPKU
TEOPETHYECKHUX Pe3yJbTaToB Oblia pa3zpadborana MatLab-
mozaenb CO MII ¢ 4eThIpexKBaJipaHTHBIM YIPaBISEMbIM
BBITNIPAMUTEIIEM, UMUTUPYIOIIAA CXEMY, IIPUBCACHHYIO Ha
puc. 1. MatLab-monens n3o0paxkeHa Ha puc. 4. OHa co-
CTOUT M3 CJICIYIOUIMX OJOKOR:
cuoBas cxema — 0moku 1, 3,4, 5, 7, 8, 10;
cHcTeMa yIpaBJieHUs] THPUCTOPHBIME Y B — 6110k 6;
PeryIsITOpEI MOMEHTA, TOKa ¥ CKOPOCTH — O1oku 9, 13;
JaTYMK TOKA U HANPSDKEHHs — OJIOK 2;
pacdeTduk — 6mok 11;

MHOT'0JTy4€BO# ocruuorpad — 6ok 12.
Haznauenne OJ0KOB CHIIOBOI CXeMBI: | — MPOMBIII-
JICHHasi ceTh; 3 — KalenH, COSOUHSIOUICH TATOBYIO IMOJ-
CTaHIMIO U MpeoOpazoBaTeNbHbIN Tpex(ha3Hblii TpaHchop-
Mmatop 6(10) £V / 0.71 kV, xotopslii 0603HaYeH OJI0KOM 4;
5 — xabenu, uaynwe ot TpaHcdopmaropa 4 10 BBIIPIMH-
TENBHBIX MOCTOB 7; 8 — CTaJIbHON KOHTaKTHBIN peNbC, CO-
enuHAoNMHA YB ¢ nBurareieM nocTostHHOro Toka 10.

ITapameTpbl 37€MEHTOB CHJIOBOM LENU B MOJAEIH
ObUTM 3a7aHBl B CTPOTOM COOTBETCTBUH C JaHHBIMH CO
MII, npuBeneHHbIMU paHee. [laHHbIE MOJENN JBUTATENS
MIOCTOSTHHOTO TOKa COOTBETCTBYIO TAKOBBIM JIJISI MALLIMHBI
tuna NPS8OOKS. MexaHndeckass 4acTh JJIEKTPONPUBOIA
ObuIa MpHBEIEHa K POTOPY MALIMHBI IIOCTOSIHHOTO TOKa, a
KMHETHUYEeCKasl SHEPIus, 3amacaeMas COCTaBOM IIPU JBH-
JKEHMM — K JHEPTrUM 3KBHBAJICHTHOIO MaxOBHKa. 3aja-
Baemas B O6sioke 9 Harpyska MIIT yunThIBaeT Kak moTepu
COOCTBEHHBIX HYXIl, TaK M TIOTEPH HA TPEHUE U JI0OOBOE
COIIPOTHUBIICHHE BO3/yXa JBIKYIIEMYCSl COCTaBY.

Cucrema ynpapieHus BBIIPSIMUATEIIEM OCTPOEHA MO
BEPTUKAJIBbHOMY MPHHIUIY ¥ MMEET apKKOCHHYCOMIAIb-
HYI0 XapaKTEepPHUCTHKY (ha30CMEIIAIONIEr0 yCTPOHCTBA.
Jlornka mepeKIoueHHsT MOCTOB OTCIIEKHBAET CUTHAI
3aJaHuAa C BbIXOJa peryjsitopa 1 MrHOBCHHYIO BEJIMYUHY
TOKa Harpy3Kku, IPUHUMAs PEIICHHE Ha IIEPEBOJ UMITYJIb-
COB B 3aBUCUMOCTHU OT UX CYNCPIIO3ULNU.
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Puc. 4. MatLab —mozaens CD MIT

CucrtemMa aBTOPETyJIMPOBAHMS BBITIOJIHEHA 10 3aMK-
HYTOMY HNPpUHOUITY C HUCIIOJIBb30BAHUEM IBYXKOHTYPHOT'O
MOJUMHEHHOTO PETYJISTOpa TOKa-CKOPOCTH, HACTPOSHHO-
IO Ha TEXHUYECKUH ONTHMYM. DTO 00ECHedHIIo KadecT-
BEHHOE MOJIep)KaHNe 3a/laHHOW CKOPOCTH B COOTBETCT-
BUH C TpadUKOM JIBHKEHHUS M0e3/1a.

B pe3sysbprate MOIEIHPOBAaHHS HOJIYYEHBI: OCLILIO-
rpaMMbl U3MEHEHHsI TOKa, HANPSDKEHUSI U CKOPOCTH I10-
TOKA DHEPIUM JUI MHTEPBAJIOB JBIKEHUS COCTaBa B pac-
cmatpuBaemori CD MII, mpuBenennsie Ha puc. 5. Ilo-
ctpoeH rpaduk 3aBucumoctu peanbroro KI1JI C3 ¢ ny-
HarpaBjeHHBIM MMOTOKOM JHEPrHH OT KoddduuueHTa ko-
POTKOTO 3aMBbIKaHHMsl Ha KJIEMMax Harpys3Kd, KOTOpBIH,
JUTS HATTISIHOCTH, OBLI TIPUBEICH HA PHC. 3, COBMECTHO C
TEOPETHYECKUM IPapUKOM.

1000 4 st V.
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G -

400 {--

200

0}
-HFI’J* -
Al

4000 1-

2000 -

0t

=2000 -

020 40 60 &0 100 120 140 160 180 20

Puc. 5. OcuuuiorpaMMel paboOTEI CXEMBI
BeiBoabl.

1. Pa3zpaboTaHa >KBUBaJICHTHAs CXEMa CHCTEMBI DIICK-
TPOCHAOXKEHHUsI METPOIIOJINTEHA C YETHIPEXKBAAPAHTHBIM

MPUBOJIOM TOCTOSIHHOTO TOKa M BO3MOXKHOCTBIO PEKYyIIe-
paluy SHEPruu B NUTAOINYIO CETb B PEIKMUME TOPMOKE-
HUSI, OTpeJeNieHbl e€ MmapaMeTpsl, 3alaH TpaduK JBIKe-
HUSL JIEKTPOIIOE3/1a.

2. C ucrnoap30BaHAEM M3BECTHBIX (OPMYJ Ul pas3pa-
0OTaHHOI CHCTEMBI IIEKTPOCHAOKEHHS TIOTYUIECHA Teope-
tnueckas 3asucumocts KIIJI CO ¢ nByHampaBieHHBIM
MMOTOKOM JSHEpPTUd OT KO3(PPHUIMEHTa PE3HUCTUBHOTO KO-
POTKOTO 3aMbIKaHHsI Ha KJIEMMax Harpy3Ku.

3. Moctpoena MatLab-monens C3 MII ¢ derbipex-
KBaJIpaHTHBIM 3JIEKTPOIPUBOAOM IIOCTOSHHOIO TOKa Ha
0a3e IEeCTUIYJILCHOTO MOCTOBOT'O YIIPABJISIEMOIO BBINPSI-
MUTENS ¢ BO3MOXKHOCTBIO PEalIM3allii JIByHAIPaBJICHHO-
'O MOTOKA AIIEKTPUUECKON SHEPTUH MEKITY UCTOUHHKOM U
Harpy3Kou.

4. C ucnons3oBanueM MatLab-monenn cHsiTa peajb-
Has 3aBucuMocTh KIIJI CO ¢ nByHampaBICHHBIM IIOTO-
KOM DHEPTrUH OT KOd(QQHIHEHTa KOPOTKOTO 3aMBIKAHHS
Ha KJIEMMax HarpyskH, IMOBTOPSIOIIAs AWHAMUKY Teope-
THYECKOHN KpuBoi. HekoTopoe pacxoxaeHne Mexy Teo-
pPETUYECKOH KPUBOM M JAHHBIMU IMOJYYEHHOH MOJENH
MOXET OBITh OOBSICHEHO YIETOM B MOJEIH ONOTHUTEIb-
HBIX ITOTEPb JJIEKTPOIHEPIUH, TAKUX, KaK TPEHHE, COIpO-
TUBJICHUSA BO3J1yXa, KOMMYTAallMOHHBIC TOTEPH U T.1.
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Energy efficiency of the subway electrical supply system
with electrical energy recovery at braking.

Purpose. The purpose of the paper is to assess the efficiency of the
subway power supply system, which uses a four-quadrant DC
drive with energy recovery in the supply network in the braking
mode. Methodology. We have applied the theory of electrical
circuits and mathematical simulation in Matlab package. Results.
The theoretical dependence of the efficiency of the electrical sup-
ply system with a bidirectional flow of energy on the coefficient of
resistive short circuit at the load terminals has been obtained. The
theoretical result is verified by modeling. Originality. The equiva-
lent circuit of the subway power supply system with a four-
quadrant DC drive and the possibility of energy recovery to the
supply network in braking mode is developed, its parameters are
determined, and the schedule of the electric train movement was
set. Practical value. The use of the obtained dependencies and
simulation results will allow to determine the direction of the
future development of the subway power supply system and opti-
mize its energy efficiency. References 8, tables 1, figures 5.

Key words: power supply system, energy, energy return coef-
ficient, efficiency, energy recovery.
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TeopemuyHa esleKmpomexHika ma ennekmpodiszuka
VK 621.315

M.M. Pe3nnkuna

PACYET 2JIEKTPOMATI'HUTHBIX HOHEﬁ B HEOJHOPO/JHBIX CPEJJAX
JJI51 BBIBOPA 3AINUTHBIX TOKPBITUHN

Onucanuii Memoo po3paxyHKy e1eKmpoMaZHIMHUX NOJ@ 6 HeOOHOPIOHUX CepedosUUIAX, BUKOHANHUIL 8 MePMIHax MOOUPIKosanozo
MAZHIMH020 nomeHyiany npu nooini n10cKoi enekmpomazuimuoi xeuni na naoaiouy i 6iooumy. /[na smeHuieHHA zadapumis po3paxyn-
K060¥ obnacmi na iy panuyax eeedeni 000amKosi 00HOsICHe i0eanbHo NOTUHAIOYL wiapu, wio 3a0e3neuyioms ueuoKe i 6e36ioougne
3azacannsa nanpyycenocmeit enekmpomaznimuux nonie (EMII). Ocoodnugicmio maxux wiapie € euoip ix erekmpuunux napamempis
maxumu, w00 3ade3neuumu HAA6HICMb 6 HUX He MINbKU Pe3UCMUBHUX, ane | maznimuux empam. Mamemamuyune MoOet08aHHA
npouecie npu nadinni EMII na npogione cepedosuuie, neped AKum nomiuieHi ROKpUmmsa 3 noOiOHUMU 61ACIMUCOCIAMU NOKA3ATIO
Modcnugicms ehpexkmuenozo 3azacannn ¢ hux EMII padiouacmomnozo dianazony. B pesynomami nposedenux 0ocnioyiceny oopani
napamempu ROKpummie, wio 3a0e3neuyroms MiHimanbHe gi0dumMms nadarouux enekmpomazHimuux xeéuns. biomn. 11, puc. 3.

Knrouosi cnosa: enekmpomaznimne none, HeOOHOPIOHI cepedosuuia, MoOUpIKosanuii 6eKMOPpHUIl MazHimMHuil nomenyia, me-
Mmoo KiHWee020 inmezpyeanHs, i0eanbHo Y3200ceHi NO2IUHAIOUL ZPAHUYHI Wiapu.
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Onucan memood pacuema INeKMPOMAZHUMHBIX NOJIE 6 HEOOHOPOOHBIX CPEOax, GbINOIHEHHbLIL 6 MEPMUHAX MOOUDUUUPOsaH-
HO20 MAZHUMHO20 NOMEHYUANA NPU PA30ENEeHUN NIOCKOU INEKMPOMAZHUMHOI 60JIHbL HA NAOAIOWYI0 U ompaxcennyio. /ns
YMeHbeHUA 2a0apumos paciemuoil 001acmu Ha ee ZPanuyax 66e0eHbvl 00ONOJIHUMEIbHbLE 00HOOCHO U0eANbHO NO2NIouaIowue
cnou, obecneuusaroujue dvicmpoe u 6e3ompaxcamenbHoe 3amyxanue HaAnPA3ceHHocmell r1eKkmpomaznumnoix noneit (IMII).
Ocobennocmopio maKux cioee ANAemca mo, Ymo ux r1eKmpuiecKue napamempsl 6blOpansl MaKumu, ¥moodvl obecneyums Ha-
nudUe 6 HUX He MOJIbKO PE3UCHMUBHBIX, HO U MAZHUMHBIX nomepb. Mamemamuyueckoe Mooenupoeanue npoyeccoé npu nadeHuu
IOMII na npoeooauiyio cpedy, neped KOmopoii nomeujeHsl HOKPbIMUA ¢ ROOOOHBIMU CEOUCMEAMU, NOKA3AILO0 603MOMNCHOCHb
appexmusnozo 3amyxanua ¢ nux IMII padououacmomnozo ouanazona. B pesynomame nposedeHHbIX UCCe006aNHULl 6bIOPAHL
napamempul ROKpbIMUl, 00€CReYUBAIOUUX MUHUMATbHOE OMPAXCEHUE NAOAIOWUX ITIEKMPOMAZHUMHbIX ¢0an. bubn. 11, puc. 3.
Kniouesvie crosa: 371eKTPOMarHUTHOE 10J1€, HEOAHOPOAHbIE cpeAbl, MOAH(HINPOBAHHBIN BeKTOPHBI MATHUTHBII NMOTEHIH-

aJl, METOA KOHEYHOI'0 HHTErpUpPOBaAHUSA, U1€AJTBbHO COIVIACOBAHHBIC MOIVIOMIAI0IIHE 'PAHUYHBIE CJIOU.

Beenenmne. [Ipu pemenun psiga mpoOieM TeopeTH-
YECKOH AJIEKTPOTEXHUKH M AJIEKTPO(PU3NKH BO3ZHHKAIOT
3aJja4y pacyera dIEKTpOMarHuTHeIX noseit (OMII), B Tom
YUCJIC NpU NMaAC€HUH BOJIHBI HAa HCOJHOPOAHBLIC CPEIbI C
IJIOCKMMU I'paHUIaMU paszaeiia. Takue 3agavur NpuxoauT-
Csl pemath, HaIpuMep, IpU BbIOOpE MapaMeTpoOB 3allUT-
HBIX PAJHMOTOTJIONIAIONINX MOKPBITHH TMPOTSHKEHHBIX
MIPOBOIAMINX OOBEKTOB OT BEICOKOYACTOTHBIX M3ITYICHUH.
[TockoNBKYy B 3TOM CiIy4ae NMPUMEHEHHE aHaTHTHICCKUX
MeToJI0B [1] HEBO3MOXXHO, HEOOXOIUMO Pa3BUTHE YHUC-
JIEHHBIX METOAOB. YUMTHIBAs IUIOCKYIO T€OMETPHIO pac-
CMaTpUBAECMbIX CUCTEeM, Haubojee 3()(HEKTUBHBIM Mpe/-
CTaBJISAETCS. MCIOJIB30BAaHUE KOHEYHO-PAa3HOCTHBIX METO-
noB (cMm. Hanpumep [2, 3]). s cHIbKeHUs mopsiaka pe-
[1aeMOI CHCTEMBI YPaBHEHUI MOXET OBITh UCIIOIb30BaHa
ITOCTAaHOBKA 3aJjauyd B TEPMUHAX MOAH(DHUIIMPOBAHHOTO
BEKTOPHOTO MarHWTHOTO IOoTeHImana [4]. B omnmume ot
TPaTUIIMOHHON MOCTAaHOBKH Yepe3 HampsbkeHHocTH DMIT
TaKOW MOAXOJ IO3BOJSIET YMEHBUIUTH TPeOyeMble KOM-
MBIOTEPHBIE PECYPCHL 33 CUET TOT0, YTO MPHU pacueTe He-
W3BECTHBIMH SIBIISIOTCS 3 KOMIIOHEHTEI MOJIl/Iq)I/IIJ,I/IPOBaH-
HOT'O BEKTOPHOTO MarHMTHOIO NOTEHIMajia, a He 3 KOM-
MTOHEHTHl HAIMPSDKEHHOCTH JJIEKTPUYECKOTO IMons W 3
KOMITOHEHTBI HAMPSHKEHHOCTH MarHUTHOTO MoJtst [4].

[Tpu HaMMYUU HECKONBKUX TPAHMI[ pasfeiia cpel C
IUIOCKAMH TpaHUIIaMHu paszfena 3()(eKTHBHBIM IpeacTaB-
JII€TCS. UCMONB30BAaHUE YHCICHHOTO METOAAa KOHEYHOI'O
narerpupoBanus (MKI) [5]. Cyts maHHOrO Mertona co-
CTOMT B HAJIOXXEHHU Ha paccCMaTpHBAaEeMylO 00JacTh Ips-
MOYI'OJIbHOM pacyeTHOM CETKU U MHTErPUPOBAHUM YpaB-
HeHWH MakcBenna mo oobeMaM WM TPaHsSIM €€ sueekK.
Takum oOpazom, pemraeMple YpaBHEHHs IONYYalOT C TO-
MOIIBI0 3aKOHOB coxpaHeHws. [IpmdeM, (opMymmpoBka
3aa4d pacdyera C IMOMOIIBI0 METOJa KOHEYHOTO WHTET-
pUpOBaHMS B TEPMUHAX MOAM(HUIHMPOBAHHOTO BEKTOPHO-
IO MarHUTHOTO TIOTEHIMaNa NP CIIELHAIEHOM BBIOOpE
pacyeTHOM ceTku o0ecreynBaeT aBTOMaTH4YECKOE BBIOJI-
HEHHE YCIIOBUH Ha IpaHUIIAX pas3jesa cpej JUlsl BEKTOPOB
HanpspkeHHocTel n naaykuuit SMII [6, 7].

Jli1st orpaHudeHus] pacueTHOM 30HBI NIPU OIPEESICHUN
OMII B OTKPBITBIX 00MacTAX npu (HOPMYJIUPOBKE 334U C

TIOMOIIIBIO HarpspkeHHOCTeH OMIT HCnonb3yroTes Tak Hasbl-
Baemble UPML (0JJHOOCHO MEIHLHO COTJIACOBAHHBIE CIIOM)
[8]. Hnst perieHust 3aqay, CBA3aHHBIX C paclpOCTpaHEHHEM
BBICOKOYACTOTHBIX KOJIeOaHMH B HEOMHOPOAHBIX Cpelax C
HOTEPSIMHU, NPEICTABIAECTCS BaXXHbIM passutue UPML npu-
MEHHUTENBHO K (POPMYJIMPOBKE 3a1a4 B TEPMUHAX MOIU(H-
LIUPOBAHHOTO BEKTOPHOI'O MArHUTHOTO MOTEHIIUANA.

Heabio padoThl ABISIETCS pa3paboTKa METOAa pac-
geTa BhICOKOYacTOTHRIX DOMII B cpemax ¢ moTepsmMu npu
UCTIONIb30BaHNH MOJU(HUIIMPOBAHHOTO BEKTOPHOTO TI0-
TeHumama u UPML.

IocTanoBKa 3aa4yu pacyera mpouecca najaeHust
IUIOCKOHM 3JIEKTPOMATHMTHOH BOJIHBI HAa CJIOHMCThIE
cpenbl. /Iyt TOro 4TOOBI YMEHBUIMTH YHCIIO ypaBHEHHN
npu peureHnH 3agaun pacuera DOMII Oynem ncnons3o-
BaTh TaK HAa3bIBaeMbIi MOAMGMHUINPOBAHHBIN BEKTOPHBIN
MarHUTHBIN moTeHran A [4].

B orcyTcTBHE CTOPOHHUX HMCTOYHHKOB JJIEKTpHUE-
CKOTO 3apsifia JOIOJHUTEIBHBIM YCIIOBHEM IIPU paboTe co
CKQJIIPHBIM JJIEKTPUYECKHM (@) U BEKTOPHBIM MarHUT-
HBIM (A) TMoTeHnManaMyu BMECTO HaNpsHKEHHOCTEH 3JIek-
tpudeckoro (E) u marautHoro (H) mosst MOKHO BBIOpaTh
ycioBre HOpMupoBkH ¢ = 0 (cm. Hampumep [1]). Torma
BEKTOpPbl MAarHUTHOW MHAYKIUMU B U HanpsKeHHOCTU
3JIEKTpUUECKOro ot E BeIpaxaroTcs dyepes3 A B BUIE:

B =rot A= puyH ; )
04

=——. 2

o 2

Jns Toro, 4ToObl NpH MAJACHUM HA PaIHoIOIIo-
IIaloIIee IMOKPBITHE IPOUCXOAMIO Oe30TpakaTeIbHOe
3aryxanue OMII, HeoOXoIMMO 00ecIIeYnTh HAINYUE T10-
Tepb HE TOJIBKO CBSI3aHHBIX C AKTMBHOM MPOBOJUMOCTBIO
CpeJibl, HO U MarHUTHBIX MOTEPb.

Bropoe ypaBHeHue MakcBemia ¢ y4eTOM MarHuT-
HBIX TIOTEPh UMeeT BHT [9, c. 69]:

OB
rotE =—| —+y,H |, 3
o Tk 3)

IJIe J, — SKBUBAJIEHTHbIE MArHUTHBIE MOTEpH [€Y/m].
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YuuteiBas (1), mepenuiieM npaByto gacTs (3) B BUzE:
B A
a—+ 7 H = rota—-i-}/—ﬂro‘rA .
ot ot uuy
Torna (3) 3amumieM kKak
0A
rotE = —rot— —y—”rotA s
ot g
OTKyZa U1 KyCOYHO-OTHOPOTHBIX CPEJl MOXKHO BBIPA3HUThH
E 4gepe3 A cnenyromum oopa3om:

E:_a_A_y_ﬂ ) 4)

ot g
IIpu sTOM nepBoe ypaBHeHue MakcBena

rotH =yE +a—D,
ot

rae D — uHAYKUUS 3JEKTPUUECKOrO MOJsl; ¥ — yIelbHas
AIEKTPOIIPOBOTHOCTE MPHOOPETAET BUI:
rot4 o4 %4 1y L utot o4

rot =—y—-&)¢ .
Hido Yo, Hpy Ot

ot 512 ®)

IIJ'IH TMOJIYUCHUSA YUCJICHHOTI'O PCIICHUA IJI1 BEKTOP-
HOrO TMOTEHI[MAlla paccMaTpuBacMas 00JacTh pa30uBa-
Jlach Ha siIeHKH-Tapayenenunean (puc. 1) Tak, 4ToObI
y3JIBI pacYeTHOM ceTKH (i, j, k) Iexanu Ha rpaHUIax pas-
nena cpen. Ilonmaranmoch, YTO 3MEKTPUUECKHE CBOWCTBA
CpeIbl B Ipeienax KaKIon U3 T9eeK OTHOPOIHBL.

. DXi
nlyky o
SN T W S
(I Sy, i | ¢ |DYj
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E a’:‘:"j'l('éi"i' !—--_
' " ' Zk
/Z N Sx Y
X
Sz Vizjkz [%fokx Z

Puc. 1. Sueiika pacueTHOH CXEMBI

Pemaemoe ypaBHeHHE ObIIO MOTYYEHO B pe3yIbTaTe
MHTErpupoBaHus (5) MO CEYEeHHSIM, MEPHeHIUKYJISIPHBIM
KOOpIMHATHBIM OcsiM. Torna ypaBHEHUs JUIsi KOMIIOHEHT
BEKTOpa A MOXHO 3alucarh B pe3yjbTaTe MHTErPUPOBa-
HUsA (5) 1o ceueHusM S,, S,, S. (cM. puc. 1) 1 ucrnonp3oBa-
Hus teopeMbl Ctokca. Tak mns A, — y-0if KOMIIOHEHTBI
BEKTOpa A — MOJIy4nM:

04 0%4
§ﬂd1: J‘(_J,_Y_gog Y _
Hido ot or?
Iy Sy (6)
&go& 04
_)/VﬂAy_yyO y)dS,
yor gy Ot

rae [, — KOHTyp, OXBaThIBAIOIIMI MIIOWAAKY S).

B pesynbrare mHTErpHpoBaHUs (5) IO COOTBETCTBYIO-
M TUIoImamKam: S, st A, u S, mig A, (cm. puc. 1), aramo-
THYHBIC BBIPKCHHUS 3AIUCHIBAIOTCS ISl OCTATBHBIX KOMITO-
HEHT BEKTOpHOro mnoreHuuana. llepeiast kK pa3HOCTHOM
(hopMe 3ammcH, MOTYYHM CUCTEMY PEIIaeMbIX YPaBHEHUH.

Oco0ennocTu yucjaeHHoro pacdera IMII ¢ mo-
MOIIbI0 MOAM(UIMPOBAHHOIO BEKTOPHOTO MATHHUT-
HOro moteHumuana. Ilpu pacdere >IEKTPOMATHUTHBIX
MPOIIECCOB MPH MaIeHUU HAa OOBEKTHI TUIOCKOH DJIEKTPO-
MarHATHOH BOJHBI, MMEIOMICH KOHEUHYIO JUIMHY W Tap-
MOHHYECKOE 3allOJIHCHUEe, BO3HUKACT MpobieMa 3amaHus
yCIIOBUHM Ui HampsbKeHHOCTed u moteHnuana OMII Ha

TpaHHUIax pacueTHOH obmactu. s orpaHuUdYeHUs pac-
YEeTHON 00JacTH MpU MPUMEHEHWH KOHEYHO-Pa3HOCTHBIX
METOJIOB YHCJIEHHOTO pacdeTa OOBIYHO HCIIOIb3YeTCs
BBE/ICHNE Ha BHELIHNX I'PaHMIAX PACUETHOHW 00IACTH Tak
Ha3bIBAEMBIX OJHOOCHBIX MJEAIbHO COIJIACOBAHHBIX CIIO-
eB (UPML), oGecrieunBaronx ObICTpoe M 0Oe30Tpaka-
TenbHOE 3aTyxanue OMII. OnmHako mpu 3TOM Ansl pac-
CMaTpUBaeMOll IIOCTAaHOBKHM 3a/Jayd HENb3s 33JaTh Ha
BHeIHUX rpanuuax UPML HyneBble IpaHUYHbIE YCIOBUS
JUISl TOTeHIIMAIOB B HanpspkeHHocTedr OMII. Jlemo B ToMm,
YTO KPOME OTPaKEHHOW BOJHBI, KOTOPYIO AEMCTBUTEIBHO
MOJKHO I0JIaraTh paBHOM HYJIIO HA JOCTaTOYHOM YyJalle-
HHUM OT BBI3BIBAIOIIETO €€ 00BEKTa, CYIIECTBYET eule na-
Jlarolias BOJIHA, KOTOpash MOXET C TEUYCHHEM BPEMEHU
OBITH HE PaBHOW HYNIO M Ha JOCTATOYHOM YJallEeHUH OT
oObekra. [lyist pereHus JaHHOW POOIEMBbI UCTIONb3YETCs
IIPEICTABIEHHE DIIEKTPOMATHUTHON BOJIHBI B BUZE CYMMBI
MajaroIie 1 oTpakKeHHOH BoJH. PacipocTpaHeHue ooenx
9TUX BOJH OINHUCBIBAETCSl ONHUMH U TEMU K€ YPABHEHUS-
Mu Maxkcsemna. Ilpu sToM pacdeTHas OONacTh TaKXKe
pasnensiercss Ha aBe 30HBI nepBylo (I), BHyTpeHHIOIO, B
KOTOPOH pacIoioKeH HccieayeMblii 00beKT, 1 BTopyto (1I)
— HapyXHYH0, PACHOJIOKEHHYIO MEXAy TIpaHuliamMu 1-it
obnactu u BHyTpeHHUMH rpanutamu UPML. Tlpu 3ToMm B
30He | paccunThIBaeTCs pacnpocTpaHEHHE CYMMAapHOU
BOJIHBL, COZEpKallel U Majaolylo, 1 OTPaKEHHYIO BOJI-
Hbl. B 30He I paccuntbiBaeTcst pacrpocTpaHeHHE TOIbKO
oTpaxeHHOU BoJiHbL. Ha rpanunax 30H I u Il yunTeiBaer-
cs mepexoi OT pacdera TOJIBKO OTPaKEHHOW W MOJIHOU
cyMMapHoil BoiHbl. [Ipy 5TOM Ha BHEWIHMX TIpaHHLAX
UPML moryT OBITh HCIIOJIb30BaHbl HYJIEBBIE YCIOBUS JUIs
MOTEHIMAJIOB U HanpskeHHocTel OMII, nmockoiabKy oHU
OTHOCSTCS TOJIBKO K OTPayKEHHOM BOJIHE.

B [9] npuBomuTcs pemieHue 3a1aud pacpocTpaHe-
HUA 1 OTPAKCHHUA IJICKTPOMArHUTHBIX BOJIH C TOMOUIBIO
OMHCAaHHOTO NOAXOJa MHPU HCIONB30BaHUM AITOPUTMA
Yee s pacueTa KOMIIOHEHT HaNpsKEHHOCTH 3JIEKTpH-
YECKOTr0 M MarHUTHOTO MoJsL. JJaHHBIN moaxo ObUT IpH-
MEHEH JJIs PEUICHUs 3a1a4H, CHOPMYIHMPOBAHHON B Tep-
MHHaX MOJM(UIMPOBAHHOTO BEKTOPHOTO IMOTEHIHAIa C
MOMOIIIBI0 MEeTOJa KOHEYHOro uHTerpupoBanusd. [lpu
9TOM B Pa3HOCTHBIX CX€MaX MOSBISIOTCA ClIaraeMsble, CO-
JiepKallue U3BECTHBbIE 3HAU€HHs] BEKTOPHOTO MOTEHIIMA-
Jla, COOTBETCTBYIOIIME Tanaromieid BomHe. [IpubaBieHne
WA BBIYUTAHUC JAHHBIX CJIara€MbIX ITIPpU 3allMCU pellac-
MBIX YPAaBHEHHUH Ul y3JI0B, MPUIETAIOIIUX K TPaHUIe
pasnena nogobnacreit [ u 11, mo3Bosmn peanu3oBaTh OMH-
CaHHBI BbllIe NoAX0A. [IockoNbKy BEIMYHMHBI NAAAOMEH
BOJIHBI B KaXJIblii MOMEHT BPEMEHHU U Ul KaXKIOTO y3Ja
pacueTHON CXEMBbI U3BECTHBI, OHU NEPEHOCATCS B MIPaBbIe
gacTH ypaBHeHHH. Takwe cmaraemple NPHOABIAIOTCA K
MpPaBbIM YacTM PA3HOCTHBIX YpPaBHEHWH, 3alMCaHHBIX
JUTS y3JIOB, JIEKAIINX Ha rpaHunax noxodnacreit I u II, u
BBIUUTAIOTCA U3 MPaBbIX YaCTEHl Pa3sHOCTHBIX YpPaBHEHUIL,
3alMCaHHBIX UL y3IJIOB, pacloyiokeHHbIX B II B muocko-
cTsX mepea rpanunamMu nmogodnacreit [ u I1.

Beenenue UPML tnpu pacuere pacnpoCTpaHEHUS
9JIEKTPOMArHUTHOH BOJIHBI B TEPMHMHAX MOAWUGDHINPO-
BaHHOIO0 BEKTOPHOT'O MarHUTHOTO IOTEHIHala TpeOyer
HWHOI'0 moaxo/ja, 4€M Mpu peIICHUU 4Y€pe3 HAIPSAKCHHO-
CTH 3JIEKTPUYECKOT0 M MarHUTHOTO IOJsL. DTO CBSA3AHO C
TEM, YTO HAPaAMETP S,

Tu
)
Jouug
KOTOPBI BEIOHPAIOT PABHBIM S

sﬂ:1+

(7

32 ISSN 2074-272X. Enexmpomexuixa i Enexmpomexanixa. 2019. N5



Y
—, ®)
Jjowes
npu QopmynupoBke 3anaun yepe3 A oka3bIBaeTCs B 3Ha-
MeHaTeJe pemaeMoro ypasaeHus. [loatomy ero npeodpa-
30BaHHE NPH IEepexojie U3 YacTOTHOW 00JacTH BO Bpe-
MEHHYI0 HeBO3MOHO. [yt mcnons3oBanus UPML npu
TaKOH IMOCTAHOBKE TNPEIOKEHO HCIOJIB30BATh B KAadecCT-
BE IMOITOUIAIOIUX CIOEB Cpely, Y KOTOpPOH &w WU ['@
HAMHOT'O MEHBIIE, YEM ) H Y, COOTBETCTBEHHO. [ 0bec-
MIEYEHUs] YCIOBHS HEM3MEHHOCTH CKOPOCTH PaclpocTpa-
HEHHs 3JeKTPOMArHUTHBIX BOJH M OTCYTCTBHUS OTpake-
Hui npu nagennn OMII na UPML — cnoun, HeoOXoaumMo
COOJIFO/ICHHE PABEHCTBA § 1= S Ipu pro <<y, u ew<<y:
e
SgR——, 9
Jjowes
v
yr—t (10)
J R
Torma u3 (9, 10) momyumnm:
Tw _ 7
Hitg &€&
Otcroa COOTHOIIEHNE MEKIY ) H .

sg =1+
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=720 £ 0.142-10% 2 [Q/m]. (1)
&80 £
Bripaxernus g OMII B UPML — cnosix MOIy4nM,
3anucaB (6) yepe3 KOMIUICKChI (0003HAUEHBI MTOTYCPKOM
COOTBETCTBYIOIIEH BETMYUHBI) U yauThiBas (7, 8):
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Pa3znenuB o0e YacTH MOJYYEHHOTO BBIPAXKEHUS Ha

/1 , 3alIUIICM

§ rotA

I(ja)) gogA s.dS .
/u()lus,u

s,

C yquOM (9), (10) mpeobpazyem mocieqHee BBIpa-
JKEHUE K BULY:

A
s,

3atem nepem{eM B ITOCJICTHEM BBIPAXKEHHU OT KOM-

TUIEKCHOH (OpMBI 3armucH K QYHKINSM BPEMEHH:
_ 04,
J' 7ods. (12)
t

v

§rot[<?A/ﬁt] -
"

YycneHHOE pelleHre MONTyYeHO B pe3yJbTaTe 3allu-
cu ypaBHeHu# Buaa (6) u (12) mis y31moB pacdeTHOH ceT-
KA M 3aMeHbl audQepeHIraIbHbIX ONepaTopoB B HUX
Pa3HOCTHBIMU aHajoramu. Jljis peueHus NOoJy4eHHOMN

CHCTEMbl YpPaBHEHUH HCIIOIB30BAICA METOJ] NPOTOHKH
(moapobuee cm. [6, 7]).

Hnst oueHkr 3()(HEKTUBHOCTH MPEIIOKEHHOTO Me-
Tona BBeneHuss UPML npoBeeHbl YUCIEHHBIE KCIIEPH-
MEHTBI 10 pacdeTy 3JIEeKTPOMArHUTHBIX ITIPOLECCOB IPH
NaJICHUH TUIOCKOM AJIEKTPOMAarHUTHOM BOJIHBI Ha HJ€allb-
HO npoBojsamuil nuct. IIpu 3TomM nonaranocs, uto SMII
¢ |[El=1 V/m ¢ MmomeHTa BpemeHnu ¢ = () majaeT B Hampag-
JICHUHN OCH OZ, Ha HpOBO}IHIJ_lI/lﬁ JIUCT, TOJIIIMHA KOTOPOIo
d = 3-A (rne A — mar no npocrpatcty). [Tonaraercs, uro
JIAaHHBIH JINCT PACIIONOXKEH B IUIOCKOCTHU z = const U UMe-
€T pa3Mepbl 10 KOOPAMHATAM X U Y Ha MHOTO HOPSAIKOB
Ooxpmrue mMHB BOHEI magatoriero OMIL. Tlpu pacuere
Ha TpaHUIAX PACUETHON OONACTH B HANPABICHHSX OCEH
Ox, Oy n Oz uCNONb30BAINCh HYJIEBBIE YCIOBUS JUI BEK-
TOPHOTO IIOTEHIMAlla OTPa)KEHHbIX BOJH. Yacrora ma-
natormero OMII nomnaranace pasroit 10 I'T. Hpn pacue-
Tax miar mo BpeMeHu mnouyarayicsi paBHbiM A, = 7/200,

= ¢7/200 (¢ = 3-10° m/c). apamerpst UPML 6bin
cnez[y}onMH: qucio ciaoeB — N=10, y U3MEHSIIOCH TIO
MOKa3aTeIbHOMY 3aKOHY ¢ TokazaresneM 3 [8] or 35 Cv/m
Ha BHyTpeHHel rpanune UPML y, n3MeHANnach B 3aBUCH-
MOCTH OT y B cooTBeTcTBHH C (11). Fa6apHTLI pacueTHOI
obnactu B HanpasiaeHun ocu Oz — Zy,x = 0.5-4 (rme A —
JUIMHA BOJIHBI), YUCJIO LIaroB B 30He oTpaxkeHus 11 — 10.

Ha puc. 2 npeacraBneHsl pacCYMTaHHBIE BPEMEHHBIE
Pa3sBEpPTKH HANPSKEHHOCTH OTPAKEHHOTO 3JIEKTPUUIECKO-
ro noJist |Eg.,| npyu najgeHun miocKol 31eKTpOMarHUTHOU
BOJIHBI Ha NPOBOAAIIMH JUCT. Kak BUIHO U3 pHUCYHKa,
BCJICZICTBHE TOTO, YTO HA I'paHMIAX pacdeTHOH oOmacTtu
pasmeiieHsl UPML ciiou ¢ ONMCaHHBIMU BBILLIE ITapaMeT-
paMu, OTHOCHTEJIbHAsI NMOTPEIIHOCTh pacdeTa HalpsDKEH-
HocTH |Eg| He mpeBblmaer 3 %, HECMOTpsl HA CYIIECT-
BEHHOE yCeueHHe JUTMHBI pacyeTHOM 001acTH.

Takum oOpa3zoM, omucaHa METOIMKa pacyera pac-
MPOCTPAaHEHUs] 3IEKTPOMAarHUTHOW BOJHBI B CpeAax ¢
MarHUTHBIMH NIOTEPSIMH B TEPMHHAX MOIU(UIIMPOBAHHO-
ro BEKTOPHOIO MarHUTHOTO NoTeHnuana. [lpm 3Tom
obecnieunBaercss BBeaeHne UPML Ha TpaHUIAX pacyer-
HOH 00acTH, 4To OBLIO BO3MOXKHO paHee TOJBKO MpHU
(hopMyIHPOBKE 33a/1a9u Yepe3 HanpspkeHHOCTH DOMIT.
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Puc. 2. Paccunrtannsie 3aBUCUMOCTH |E.,|(f) 1151 y3710B, pacmo-

JIOXKEHHBIX Ha Pa3IUYHBIX PACCTOSHUSX (Z) OT MPOBOISIIIECTO
aucra: z=A(—),—=z=051(-—-),=z=0(—-—-— )

MaTtemaTH4ecKkoe MOAeJINPOBAHHE MPOIECCOB
nagenusi JMII Ha cioucTble MOKPHITUS C AUITEKTPU-
YeCKHMH M MArHUTHBIMHM NoOTepsiMH. B kadectBe 3a-
IIATHBIX TTOKPBITHH OT BBICOKOYACTOTHOTO H3IIyYCHHS B
psiie ciay4aeB HUCHOJB3YIOTCS PAa3TUIHBIC TUIJICKTPUKH C
HU3KHMHU 3HAYCHUAMHU KO3(PPUIMEHTAa OTPAKECHUS U BHI-
COKMMH 3HAaYCHHsMHU Ko3(duimenta mnoriomeHus pa-
nuoBosH. OONAacTH NPUMEHCHHS PaIUOIOTIOMIAIOIIIX
MOKPBITUH pa3nuuHbl. Tak, OHM HCMOJB3YIOTCS JJISL CO3-
JIaHWS OSKPaHOB PAJUONPHUEMHBIX YCTPOWCTB, 3alllUTHI
OHMOJIOrMYECKUX OOBEKTOB OT 3JIEKTPOMATHUTHOTO H3ITY-
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YEHUs, OCHAINEHHS CHELHAIbHBIX HCCIENOBATEIbCKUX
Kamep u Ap. /laHHOMY BONpOCY MOCBSILEHO OOIBIIOE
gmcio padot (cM., Hanpumep [10, 11]), onrako nmpoGiema
BEIOOpa TIApaMeTPOB TOKPBITHH OCTaeTCsl aKTyalbHOMH,
MTOCKOJIBKY BOIIPOC CYIIECTBEHHOT'O CHIKEHHS aMILTUTY-
JIbl OTPa)KEHHOW OT NMPOBOJSIINX OOBEKTOB BOJH IOJHO-
CTBIO HE peIlIEH.

Ha puc. 3 npencraBieHs! pacCUMTaHHbIE BPEMEHHBIE
Pa3BEepPTKH HANPSHKEHHOCTH BIIEKTPHUYECKOTO IO IpU
MaJICHUH TUIOCKOM 3JIEKTPOMArHUTHOM BOJIHBI Ha IPOBO-
JSIIUHA JINCT, TIepes KOTOPBIM IOMEIIEHO PagHOIIOIIIO-
LIAoUIee MOKPBITHE CO CIACAYIOLIMMU NapaMmerpamu: 1-i
cyroit (Onmkalmmii K npoBoasiieMy Jucty) — € = 1 = 300,
y = 315 S/m, crenyrommii cinoit — ¢ = u = 100, y = 275
S/m, mocnemuuii cioit — ¢ = 4 = 60, y = 17.5 S/m
(y, M3MeHAack B 3aBUCMMOCTH OT y B COOTBETCTBHU C (11)).
Kak BHIHO W3 pHCYHKa, BCIEICTBHE 3aTyXaHHs JIIEKTPO-
MarHUTHOW BOJIHBI B CJIOSIX TIOKPBITHS OTPaXXEHHUE OT IPO-
BOJIAIIIETO JIUCTA B YCTAHOBUBILEMCS PEKUME HE TIPEBOCXO-
1uT 10 % OT ImepBOHAYATIEHOTO YPOBHS OTPaXKEHHSL.

| : - -
E.Vim - SN SN . o
(8 . . . [ R S . Loy . . .

O A P
0.4 . . [P . ! . . !
02 ; ;

0 IFIN-L0) 20109 F10°¢-10) A0
Puc. 3. Paccuntannsie 3aBUCUMOCTH |E.,|(f) mpu Hammanu
Hepes MPOBOJAILETO JMCTOM PaIHONOTIONIAONIEro OKPBITHS
UL Y37I0B, PACTIONIOKEHHBIX Ha Pa3IMYHbBIX PACCTOSHUSAX (2) OT

MPOBOJSILETO JIUCTA:

=0 (—),2=05A(——-),—2=0(—-—-— )

BbiBoaBI.

1. Ilpeanoxken W ampoOWPOBaH IIyTeM CpPaBHEHHS C
AHATUTHYECKAM DPEIICHHEM METOJ pacyera pacrpocTpa-
HEHUsI 3JIEKTPOMATHUTHOW BOJHBI B CpeHax C MOTEPSMH,
PACIIOIOKEHHBIX B OTKPBITBIX 00JACTAX, PU (HOPMYITH-
POBKE 3a/laud B TEPMUHAX MOIU(PHIMPOBAHHOTO BEKTOP-
HOr0 MarHUTHOTO MOTEHIMaaa U ucnoabs3oBanun UPML,
peajm3anysa KOTOPOTO IO3BOJIAECT YMCHBIIUTL 3aTpaThbl
NaMsITH U BPEMEHH CYCTOB 10 CPaBHEHHIO ¢ (HOpMYJIH-
POBKO# 3a1auu uepe3 HanpspkeHHocTH OMIT.

2. [IpennoxeHHBI METOJT pacdera SBJISETCS TEOPETH-
YeCKOW OCHOBOHW IS pa3pa0OTKH METOAWKH BBIOOpA Ia-
paMeTpoB paJMOTIOTIONIAIONINX MOKPHITHI C 3IEKTpUIe-
CKUMU ¥ MAaTHUTHBIMU TIOTEPSMU, HAHECEHUE KOTOPHIX Ha
MPOBOMANINE OOBEKTH 00CCIIEYNBACT CYIICCTBCHHOE
CHMIKCHHUEC aMIJIUTYAbl OTPAXKCHHBIX PaJUOBOJIH.
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Calculation of electromagnetic fields in inhomogeneous
media for selection of protective coatings.

The aim of the work is to develop a method for high-frequency
EMFs calculation in terms of the modified vector potential and
to use it for choice of the parameters of the layered absorbing
coatings that provide effective absorption of radio wave radia-
tion. Methodology. A method for calculation of electromagnetic
fields in inhomogeneous media is described. It is performed in
terms of the modified magnetic potential at presented a plane
electromagnetic wave as an incident and reflected one. To re-
duce the computational domain size, additional uniaxially per-
fectly matched layers ensuring fast and non-reflective attenua-
tion of electromagnetic field (EMF) strengths are used at its
boundaries. It is supposed that electrical parameters of such
layers have not only resistive, but also magnetic losses. Results.
Modification of the known methods for dividing the wave into
the incident and reflected, as well as introducing uniaxially
perfectly matched layers at the domain boundaries and formula-
tion of the problem in terms of the modified vector potential,
provide a possibility to solve the problem of the electromagnetic
wave incidence onto heterogeneous media at reduced memory
and counting time compared to the formulation tasks through
the EMF strengths. Practical value. The described method was
used to select parameters of radio-absorbing coatings, applica-
tion of which on conductive bodies reduces the reflections from
them of the incident electromagnetic waves. This provides a
possibility to choose the electrical parameters of layered coat-
ings with active losses, as well as magnetic losses, which pro-
vide a decrease of the reflected waves amplitude by an order of
magnitude or more. Originality. For the first time, the problem
of calculating the incidence of an electromagnetic wave on an
inhomogeneous medium with active electrical and magnetic
losses was formulated in terms of the modified vector potential.
The parameters of a multilayer lossy coating, which ensures
decrease of the reflected EMF wave strengths by an order of
magnitude or more are determined. References 11, figures 3.
Key words: electromagnetic field, inhomogeneous media,
modified vector magnetic potential, finite integration meth-
od, uniaxially perfectly matched layers.
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TexHika cunbHUX eJIleKMPUYHUX Ma Ma2HimHux nonie. KabenbHa mexHika
VK 621.3.022: 621.315.3: 537.311.8 doi: 10.20998/2074-272X.2019.5.06

M.U. bapanos

BbIBOP KPUTUYECKHUX CEUYEHWUI DJEKTPHUYECKHX ITPOBOIOB I/!’KABEJIEI‘/JI
B CHJIOBBIX LHEITAX JIEKTPOOBOPYAOBAHMUS ITPOMBIIIJIEHHOU
IJIEKTPOSHEPI'ETUKHU

Haoani pe3ynomamu po3poonenozo en1ekmpomexniunozo nioxooy 00 po3paxyHKoeozo eudopy no ymoei en1eKmpudHozo euoyxy
(EB) cmpymonpogionux uacmun KadeabHO-nposioHUK080I npoOyKyii Kpumuunux nepepizie Sc; Hei301b06anux opomie, a ma-
Ko i301b08anux Opomie i kadenie 3 nonigininxnopuonoio (I1BX), cymosoro (I') i noniemunenoeoro (ILET) izonayicio 3 mionumu
(antominiceumu) sxcunamu (00010HKAMU), NO AKUX 8 CUTOBUX KOJIAX €/IEKMPOOOIAOHAHHA 3A2A/IbHONPOMUCT08020 NPUSHAYUEHHS
6 asapiiinomy pescumi npomikae cmpym iy(t) kopomkozo 3amuxanna (K3) i3 3a0anumu amnnimyono-uacosumu napamempamu
(A41I). Ha niocmagi 0anozo nioxody 30ilicHeHUil peanbHuili UOIp KpumuuHux nepepizieé S¢; 0n1a eKazanux opomie (Kabeinig)
CUTIOBUX KiJl eIeKMPOO0OIAOHAHHA, W0 po32nadacmuvcs. Bukonana po3paxynkoea uucenvna oyinka Kpumu4Hux amnaimyo wins-
Hocmeit d¢; cmpymy ii(t) K3 i3 3a0anumu AYII 6 opomax i kabensax cunogux Kii 6Kazanozo eaekmpooonaonanus. Ompumani
Oani cnpusamumyms 3a6e3neuerHnio mepmiunoi Cmilikocmi eneKmpuiHux Hei30Nb06aHux Opomis, a makoxc opomie i Kaoenie 3
IIBX, I' i IIET i30nauicro, AKi WiupoKo 3acmocogyiomsca é CUnNosux Koaax eeKmpooonaoHanisa 3a2anbHoOnpOMUCi08020 npu-
3nauenns. bion. 8, Tadm. 5.

Knrouoei cnosa: npoMHCJIOBA eJIEKTPOEHEPreTHKA, eJIEKTPO00IaIHAHHS, eJIEKTPUYHI IpoTH i Kabdei Kin ejiekTpoodaa HaAHHS,
Po3paxyHKoBMii BUOIp KpUTHYHMX Nepepi3iB ApoTiB i kadeiB B KoJI1aX eJIEKTPOOOIaHAHHS.

Ilpusedenst pe3yn1omamst pazpadomaniozo INeKmpomexHuuecKozo no0xXo0a K pacuemnomy 6bl00py no yciosuio I1eKmpuiecKo-
20 e3pviea (IB) moxonecyuwjux uwacmeil KabeabHO-NPOBOOHUKOBOU NPOOYKUUU KPUMUUECKUX CeYeHUll S¢; HeUu30aupo8antvlx
npo6000s, a maxice U30IAUPOBAHHBIX NPOB000E U Kabdenei ¢ nonusunuaxiopuonou (IBX), pezunoeoii (P) u noarurmunenogoii
(II12T) uzonayueii ¢ meOHbIMU (AIIOMUHUEBLIMU) HCUNAMU (000104KAMU), RO KOMODBIM 6 CUTIOBBIX UENAX IJIEKMPO0HOpy0osa-
HUA 00UenPOMBIUTIEHHO20 HA3HAYEHUA 6 A6APUIIHOM PeXcume npomekKaem mox iy(t) kopomkozo 3amvikanus (K3) c 3aoannvimu
amnaumyono-epemennvinu napamempamu (ABII). Ha ocnosanuu 0annozo nodxooa ocyujecmener peaibHulil 6bl00p Kpumuie-
CcKux ceuenuil Sc; 014 YKA3AHHBIX NPO60006 (Kabeneil) cuiosvlx yeneii paccCMampueaemozo 31eKmpoodopyoosanus. Boinonnena
Pacuemnan YucieHHas OUeHKa KpUumuuecKux amnaumyo niommuocmeii oc; moka i(t) K3 ¢ 3aoaunvimu ABII ¢ npoeodax u Ka-
ensax cuiosvlx yeneii yKazannoz2o rnekmpoovopyoosanusn. Ilonyuennvie oannste 6yoym cnocodocmeosams obecnevenuro mep-
MUYECKOU CIMOUKOCMU )JIeKMPUYECKUX HEU30IUPOBAHHBIX NPOBOO08, a makice npoeodos u kaovenei ¢ IIBX, P u II3T uzonayu-
ell, WUPOKO NPUMEHAEMBIX 8 CUTL0BBIX UENAX INEKMPOoOOPYO0CAHUA 00UIenPOMBIULIEHHOZ0 Ha3HaveHus. bubn. 8, Tabm. 5.

Knrouesvie cnosa: MpoMBbIILIEHHASI 3JIEKTPOIHEPreTHKA, IeKTP0oo6opyA0BaHHe, dJIeKTpHiecKre NMPOBoAa U Kadean memeii

3JIEKTPOOOOPY10BAHMSI, PACUETHDbI BHIOOP KPUTHYECKUX CeYeHHi POBOIOB U KaleJieil B LensiX 3IeKTPooOOpy/10BaHMSI.

Bgenenue. B [1] Obutn npuBeeHBI pe3ysIbTaThl pac-
YETHO-IKCIIEPUMEHTAIBHOTO ONPEACTICHUS KPUTHICCKUX
cedeHN S¢; M KPUTUYECKUX aMIUTUTYHA IDIOTHOCTEH Jc;
TOKa UL He- W M30JMPOBAHHBIX AJIEKTPHUSCKUX IIPOBO-
IoB (kabereii), comepiKalux MeTaTMIeCcKre XHITbI (i=1)
1 000s109KH (i=2) M UCHOJB3YEMBIX B Pa3psIHBIX IIETIIX
BBICOKOBOJIbTHOM CHJIBHOTOYHOW HMMILYJIbCHOW TEXHUKH.
B ocHOBY Takoro BbIOOpa BETMYHH CEUSHUH Sc; TOKOIPO-
BOJSIIIUX KW (000JI0YEK) M aMIUIUTY]] IUIOTHOCTEH J¢;
TOKa JuIsl KabenbHO-poBoHIUKOBOM npoaykuuun (KIIIT) ¢
HMITYJICHBIM aKCHAJIbHBIM TOKOM, H3MEHSIONIMMCS B
HaHO-, MUKPO- U MWJUIMCEKYH/HOM BPEMEHHBIX JHaIa3o-
HaxX, OBUIO TOJIO’KEHO W3BECTHOE B AIIEKTPO(PU3HMKE YCIIO-
BHE dJIEKTprUIeckoro B3peBa (OB) [2, 3] mMetammmiecknx
KU (000JI0UeK) yKa3aHHBIX MPOBOIOB M KaOemnel, mpu-
BOJAIIETO K CYyOMMMAaIMU UX TOKOHECYIINX JacTel U BHI-
xoxy KIIIT u3 crpos. B obGmacte mpOMBIIIIICHHONW 3JIeK-
TPOPHEPTETHKH B aBApUHHBIX PEKUMAax pabOTHI CHIIOBBIX
Hereil ee 3JeKTPOOOOpPYIOBaHHS, COIPOBOKAAIOIINXCS
npoTtekaHueM no TokoHecyuM vactam KIIIT Toka iy(7)
kopotkoro 3ambikanust (K3) wacroroit /=50 'u u ammim-
Tyno# 1o (40-125) kA [4], npu He0OOCHOBaHHOM HCIIOJb-
30BaHMHU B CHJIOBBIX LEISIX 3JeKkTpoobopynoBanus KIIIT
TaKke BO3MOXKHBI CIIydal HAcTyIUIeHHsl sBieHus OB
MEIHBIX (aJIFOMUHHUEBHIX) XU M 00009ek (00paTHBIX
TOKOIIPOBOJIOB) WX TMPOBOAOB U kKaOeneil. Takum aBapuii-
HBIM PEXHMaM B CHJIOBBIX IEIIAX 3JIEKTPOOOOPYHTOBAHHUS
OOIIECTTPOMBINITICHHOTO Ha3HAYCHHUS C TOZOOHBIMH TSKe-

neivu nocneacTBusaMu [yt ux KIIIT snexTporexHukamu n
SHEPreTUKaMu OBIJIO y/IeIEeHO HEAOCTaTOYHOE BHUMAaHHE.
B 3T10ii CBsI3M pacueTHOE onpeneNeHne KPUTHIECKHX T10-
MIEPEYHBIX CEYCHUH S¢; AIEKTPHUECKUX MPOBOJOB (Kabe-
JIeit), UCIONIB3yEMBIX B CHIIOBBIX LIEIISIX AJIEKTPOOOOPYI0-
BaHMsA OOIIECTIPOMBIIUIEHHOTO MPUMEHEHHUS, ABISIETCS B
00JacTé SHEPreTUKY aKTyaIbHOM MIPHUKIIATHON 3a1aueii.

Leabio cTraTbM sBISETCS BBINOJHEHHE IPHOIH-
KEHHOT'0 PACYETHOrO OIpEAEICHUs KPUTHYECKHUX Ceye-
HUH S¢; M KPUTHYECKUX aMIUIMTY/]] IUIOTHOCTEH J¢; mepe-
MeHHOTo Toka yacrtorod /=50 I'l B mpoBonax u kabemsx
CHJIOBBIX LIENEH 3JIeKTPOOOOpYNOBaHMS MPOMBIIUICHHON
IIEKTPOIHEPIeTUKH, XapaKTEPU3YIOIUXCS MPOTEKaHUEM
10 HUM B aBapUHHBIX pexkuMax Toka ix(f) K3 ¢ 3amaHHbI-
MH aMIDIATYIHO-BpeMeHHbIMH mapaMeTpamu (ABIT).

1. IloctanoBka 3agauu. PaccMoTpuM wIMpPOKO HC-
MOJIb3yeMbIE B CHJIOBBIX JJIEKTPHUYECKHX LEMAX JJIEKTPO-
00opymoBaHMS OOIIECTIPOMBIIUICHHOTO Ha3HAYEHHUS HEHM30-
JIMPOBAHHBIC MCIHBIC U aJIIOMUHUECBBLIC IMPOBOJA, 4 TAKKC
M30JIMPOBAHHBIC MPOBOJA M KaOEIU ¢ MEIHBIMH (aITIOMH-
HHEBBIMH) BHYTPEHHHMH JKWJIAMU M Hapy>XKHbIMH 000JI0Y-
KaMH-TOKOIIPOBOJIaMHU C MCXOJIHOM Y/IEIbHOW 3IIEKTPOIIPO-
BOJHOCTBIO o; MX HEMarHWTHOTO MarepHaia, UMEIOIHe
nomuBuHIIXJIopuanyto (I1BX), pesnnoByto (P) m monm-
stmwieHoBYIO (I[19T) nosicayro momsmmto [4, 5. [IpuanMa-
€M, YTO IO KPYIJbIM CIUIOUIHBIM MM PacIICIUICHHBIM
MEIHBIM (aJIOMHHHAEBBIM) XHiaM (000J0YKaM) yKazaH-
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HBIX TPOBOAOB M KaOeslell CHIIOBBIX 3JIEKTPUYECKUX Iie-
el paccMaTpuBaeMoro >JIEKTPOOOOPYAOBaHHWS B aBa-
PUIHOM pEXHMME B UX IIPOJOJBLHOM HAIIPaBJICHUU IIPOTE-
KaeT Tok i(f) TpexdasHoro K3 ¢ 3amanneimu ABII. Vka-
’KeM, 4TO MMEHHO JaHHbIA Buj Toka K3 sBnsercs pac-
YETHBIM aBapHHHBIM TOKOM JUIS UCCIIEyEMOTo 3JEKTpO-
obopynoBanust [4]. Ilomaraem, 4Yro paccMaTpuBaeMbIe
MIPOBOAA M KabeIH pa3MeIleHbl B OKPY)KaloIeil BO31ymI-
HOH cpeze, TemIieparypa KOTOPOM COOTBETCTBYET KOM-
HaTtHOW u paBHOH ;=20 °C [2, 4]. /lanHO# TemmepaType
COOTBETCTBYET W IPHUBEICHHAS BEHIIIC BEIWYMHA YACIH-
HOW 3JIEKTPONPOBOJHOCTH Yy; MaTepuaa >Xmibl (000104-
ku) KIIIT. Canraem, 9To paccMarpuBaeMblie TpoBoaa (Ka-
0em) 10 BO3IEHCTBHSA Ha WX TOKOHECYIIHME YacTH TOKa
i(f) K3 ¢ 3aganapiMu ABII MoryT GBITH Kak 00€CTOYEHEL,
TaK U HAXOJHWUTbCS IOJ HOMHUHAJIbHON TOKOBOW Harpys-
KO#l. B 3T0ii CBsI3u MepBOHAYaIbHAS TeMmIeparypa O Ma-
tepuana tokonecymmx dacred KIIII B 3aBucumocTu ot
TOKOBOTO peXHMa paboThl CHJIOBBIX LIENEH 3J1eKTpoobo-
PYyIOBaHHSI MOXKET COOTBETCTBOBaTh Benmumue ;=20 °C
WIN BEJIWYHMHE JUTUTENBHO JOMyCTUMOM Temmeparype 6;;
Harpesa Mx Marepuaya. M3BecTHO, YTO [UIs He- U M30JIU-
poBaHHBIX TIpoBOJOB U kKabeneit ¢ [IBX, P u [19T uzomns-
[UeH BEIMYMHA TEMIIEPaTyphl §; 9UCIIEHHO HE MPEeBbIIIa-
€T PeTIAMEHTHPYEMBIX IeHCTBYIOIIUME TpPEeOOBaHUSIMH
ypoBHeii B 70 u 65 °C cootBeTcTBeHHO [4, 6]. cmonb3y-
€M JOMyIIeHHe O TOM, YTO akKCHaibHbIH TOK ik(f) K3
MIPAKTHYECKH PABHOMEPHO pacIpeiesieH 1Mo MOIePeIHOMY
ceueHnto S; wibl (00osoukH) TMpoBoaa (kabemns) pac-
CMaTPUBAEMOT0 3JEKTPooOopyaoBanusi. OOOCHOBaHHEM
TaKOMY JOOMYUWICHUIO ABJIACTCA TO, YTO MHUHHUMAaJIbHasd
riIyOMHA MPOHUKHOBEHMSI A; MAarHUTHOTO TOJIS (TOJIIMHA
CKHUH-CJI051) OT Toka ix(f) K3 B KxBasucraunoHapHOM INpH-
OMDKEeHNH B paccMaTpHBaeMble IPOBOJTHUKOBBIE HeMar-
HUTHBIE MaTEPHAIIbl, ONpeelsieMas U3 PacueTHOTO COOT-
HOILIEHUSI BHIA A,-:[1/(7rf,uoyo,-)]l/2 [2], tme yo; — ynempHas
AJIEKTPOIIPOBOTHOCTE MaTepuaia Kbl (00omoukn) KIITT
mpu 6,=20 °C, a /10:47r-10’7 I'a/M — MarHuTHAs TTOCTOSIH-
HAasl, YUCIIEHHO COCTABIISICT JJIs MEIU MPUMEPHO 9,3 MM, a
st amomubus — 11,8 MMm. BugHo, 4TO TpuBeneHHBIC
YHCIICHHBIC 3HAYCHUS BEJIMYMHBI A; OKa3BIBAIOTCS COM3-
MEpPUMBIMH C PEaNbHBIMH paguycamu (TOJIIUHAMHU) TO-
KOHeCyIuX ui (000J04eK) MpOBONOB M Kadeneu, uc-
HOJIB3YEMBIX B LEMSX 3JEKTPooOOpyI0BaHHs 0O0IIenpo-
MBIIIEHHOTO Ha3HaueHus. lcrmosbdyeM ycioBue anua-
0aTHYECKOTO XapakTepa IIPOTEKAIOUIMX MpPU BpeMEHax
nevictBus Toka ix(f) K3 B cHIIOBBIX mEmsX yKa3aHHOTO
anekTpoodopynoanus He O6onee 1000 Mc B marepuanax
xun (obomouek) uccnemyemoit KIIIT amexTpoTtepmmye-
CKHUX TIPOLIECCOB, MPHA KOTOPOM BIHSHHUEM TETUTOOTIAYH C
MOBEPXHOCTEH TOKOHECYIIMX YacTed, HMEIOIIHUX TEKy-
myro TeMueparypy 6c>0p, M TEIIONPOBOIHOCTH CIIOEB
€€ DJICKTPOTPOBOIALINX MATEPHUAIIOB KHIIbI (000JI0UYKN) U
M30JALMN Ha JDKOYJIEB HAarpeB TOKOHECYIIMX dYacTeit
KIIIT npenebperaem. TpeOyercst pacdeTHbIM IyTEM B
NpUOJIMKEHHOM BHJIE OINPEACIUTh KPUTUYECKUE CEUCHUS
S¢; TOKOHECYIINX YacTel Uil HeN30JMPOBAHHBIX METHBIX
(anmrOMHHHEBBIX) ITPOBOOB, a TAKXKE JIJIsI H30JIMPOBAHHBIX
MPOBOJIOB ¥ Kabeyel ¢ METHBIMU (aJTFOMHHHUCBBIMH) JKHU-
namu (o6onoukamn), [IBX, P u [TOT u3omnsaiueit, HCrmob-
3yeMBIX B CHJIOBBIX IEMSAX 3IIEKTPOOOOPYIOBaHUS OOIIe-

MPOMBIIJICHHOTO TIPIMEHEHHS W MCTIBITHIBAIOIINX B aBa-
pUHHOM pexuMe paboThl MPSAMOE BO3JCHCTBHE aKCHab-
Horo Toka i(f) K3 ¢ 3amanneiMu ABII. Kpome Toro, Ha
OCHOBaHMHU pacyeTa BEJUYMH KPUTHYECKUX CeUeHHUil S¢;
HEOOXOAUMO OIpPEEeNUTh BEIWYMHBl KPUTHYECKUX aM-
IUIMTY/L TUIOTHOCTEH J¢; TEPEMEHHOr0 TOKa YacTOTOW
/=50 T'm B TOKOHECYIIMX YaCTSX IMPOBOJOB H KaOemei
CHJIOBBIX LIENeH 3JIeKTPOOOOpYNOBaHMS MPOMBIIUICHHON
AIIEKTPOIHEPTETHKH, 10 KOTOPHIM MOXET IPOTEKaTh TOK
in(f) K3.

2. DJIeKTPOTEXHUYECKUH TMOAX0] K PACUETHOMY
BbIOOPY KPUTHYECKUX CeuyeHUuH S¢; U IJIOTHOCTel dc;
TOKa B NMPOBOJAX U KaleJsiX menei 3J1eKTpoodopya0-
BaHHUS OOIIENPOMBILLICHHOTO0 Ha3HaveHus. (11 Ha-
XOXIEHUSI KPUTHUECKUX IMONEPEeUHbIX CedeHuil S¢; TOKO-
NPOBOASALIMX KM (000JI0YEK) paccMaTpUBaeMbIX He- U
nzonupoBaHHbix ¢ [IBX, P u 19T uzonsauueit snextpu-
YEeCKMX IPOBOJIOB M KabeJel B CHIIOBBIX LEMSIX 3JIEKTPO-
o0opynoBaHus ¢ akCHaJIbHBIM TOKOM #i(f) K3 3amaHHBIX
ABII u3 ypaBHEHHUS UX TEIJIOBOTO OajaHca B agnadaTu-
YECKOM PEeKUME HKOYJIeBa HarpeBa TOKOHECYIINX dacTeit
KIIIT crrexyet cienyromiee pacdeTHOE COOTHOIIEHHE [3]:

Sci =(ei)"? 1 Dei, )]
I
rae Je= J i,g (¢)dt —wmaTerpan Jxoyns (meicTBus) s
0
ToKa ii(?) K3 ¢ IIUTeIpHOCTEIO ¢ €r0 MPOTCKAHUS 10 JKH-
nam (o6omoukam) KIIIT, A%c; Dy = (JC,-—JZ,-)”Z, A'Cl/z/Mz;
Jei — KpUTHYECKOE 3HAUEHHE MHTEerpalia ToKa JJIs MaTe-
puana xwuin (000109eK) MPOBOIOB M Kabemei memnei >ex-
TpoobopyaoBanus [2], A’c/m*; J; — 3Hauenme unTerpana
TOKa ISl MaTepuana >kxuil (000J09eK) MPOBOJOB M Kade-
JeH menen 3MeKTPooOOPYyAOBAHUS, AIUTEIHHO OMYCTH-
Masi TeMIlepaTypa HarpeBa KOTOPOr0 HOMHUHAJIBHBIM TO-
KOM COOTBETCTBYET U3BECTHOH Benmuuuue 6 [4], Axe/m*.
B (1) BenmmumHy MHTErpana Toka .J; pacCUMTHIBAEM
O CIEAYIOLEMY aHATUTUYECKOMY BhIpaskeHHIo [3]:

Jii = ¥0iBoi nlco;Boi (0 —6p) +1], 2
TIE Coi, foi — COOTBETCTBEHHO YJENbHASI TEIUIOEMKOCTB,
OTHECEHHasl K eauHHIe o0beMa Marepuana Xuibl (000-
7moYkH) TpoBoma (kabemst) W TEIIOBOM KOA(P(PHUIUCHT
YAETBHOMN 3JIEKTPONPOBOJHOCTH AaHHOro Matepuana KIIIT
I TIpoTeKaHus 1Mo Hemy Toka #(f) K3 mpu 6,=20 °C.
W3 (2) BumHO, uto TIpU 6,=0, (pexxum obecTounBa-
uus KIIIT) nckomerii uaTErpat Toka ooHymstercs (J;=0).
B Ttabn. 1 mpu 6,=20 °C mpuBeIcHBI YHNCICHHEIC
3HAYCHHS IJIS1 TAKUX OCHOBHBIX XapaKTEPHUCTHK MEIHBIX
Y aIOMHHHUEBBIX XM (000J04YeK) MpPOBOMOB (Kabeneii)
HCCIIEYEMbIX CHIIOBBIX IIEEH KaK Yy;, Coi, Poi ¥ Jci [2].
Tabmumna 1
Tenﬂo@)mnqecxne XapaKTCPUCTUKU MEIHBIX (aHIOMI/IHI/IeBI)IX)
K (0007109€K) paccMaTPHUBAEMBIX ITPOBOIOB U Kabesel Cuio-
BBIX ueneﬁ 3J'[eKTp0060py}:[0BaHI/I${ a0 BOSI[efICTBHH Ha HUX TOKa
ix(t) K3 (pu 6,=20 °C) [2]

Marepuan xu- YucienHoe 3HaYEHHE XaPAKTEPUCTUKU
761 (000TIOUKH) Cor ~
npoeoza (kabe- | Yor 1071 106.Oﬂ)K/ /’)01'3,10 > Jop 101;
7151) (Omm)” (v°C) m/x | AcwMm
Menp 5,81 3,92 1,31 1,95
AnmoMuHui 3,61 2,70 2,14 1,09
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B Tabmn. 2 ¢ yuerom ncnonb3oBaHus AaHHBIX (1), (2)
u Tabn. 1 npuBeneHbl YMCIICHHbIC 3HAYCHHs KOA(PPHIIU-
eHra Dc;, HEOOXOJUMOTO AJIsl PacyeTHOTO OIpeJeNICHUs
coriacHo (1) BeMWYHHBI KPUTUUECKOTO CeUeHUus S¢; TOKO-
MPOBOJIAINEH JKMITBI (000JI0UKH) pacCMaTPUBAEMOrO IPO-
Boza (kxabensi) B CHJIOBOM LENMHU DJIEKTPOOOOPYHOBAHUS,
MPUMEHSEMOTO B IIPOMBIIIUICHHOH 3JICKTPOIHEPTCTHKE.
Tabuma 2
UYucnennsle 3Ha4eHus Koddduunenta Dc; Ui He- U H30IUPO-
BaHHBIX IPOBOJIOB (Kabesneil) ¢ MeTHBIMH (QTIOMUHHEBBIMH)
Kunamu (0060J104KaMM) B LIETISIX 3JIEKTPOoOOpy 10BaHus 0011e-
TIPOMBIIIJIEHHOTO Ha3HAYCHUSA

Uucnennoe
Bun ms3onsaumu B mpo- |  Matepuan Kuiibl snauenue D,
BoJie (kabene) nenu | (0Oomouku) npoBoAa | 108 A-c'2/m?
JJIEKTPOYCTAHOBKH (xabest) Ji#0 | 7=0
- Menp 4,299 | 4,415
! Asmomnmuii 3,236 | 3,301
[IBX, P Menp _ 4,299 | 4,415
AnroMuHUN 3,236 | 3,301
5T Menp 4,299 | 4,415
AnroMuHUH 3,236 | 3,301

W3 nanHbIX Ta0JI. 2 BUAHO, YTO TOKOBBIA PEXUM pa-
60T1b1 paccmatpuBaemoii KIIIT (nmpoBoxa u xabenu nemneit
JIEKTPOOOOPYAOBaHUS TOJIHOCTBIO 3arpy’kKeHbl HOMHU-
HaIBHBIM TOKOM (J;7#0) mmu npu J;=0 monHOCTRI0 00ec-
TOYCHBI) HE3HAYNTEIHHO BIHSCT Ha YUCIICHHBIC 3HAUYCHUS
pacuetHoro ko3¢ ¢unuenrta D¢; (10 3 %). Ero xonngect-
BEHHBIC 3HAYCHUS ONPEAEIISIOTCS TIaBHBIM 00pa3oM BH-
JIOM TOKOTIPOBOJIAIIETO MaTepuaya >KUibl (00O0JOUKH)
nccieqyemort KIIII. Jliast Mean u amfOMHUHUS OTJIMYUE B
YUCIEHHBIX 3HAUEHUAX D¢; COCTaBISIET MpUMepHO 25 %.

U3 (1) cnemyer, 4TO NMpH HAWICHHBIX YUCICHHBIX
3HaueHusax koadunmenra D¢; (cM. Tabi. 2) onpeneneHue
KPUTHUYECKHX CEUYEeHHH S¢; MEIHBIX (JTFOMUHHEBBIX) SKUIT
(obomouek) uccnemyemoit KIIII cBoauTCS K KOJIUYECT-
BEHHOMY HaxOXJCHUIO WHTEerpaja JeucTBus Jciy TOKa
i(f) K3, mpoTekaromero B TedeHHE BPEMEHH f; IO TOKO-
HECYIINM YacTsM BRIOPaHHBIX IPOBOJOB U Kabeei.

2.1. Ilpudauxennsiii pacdyer npu K3 nnrerpana
neiictBus Jc;y aBapuiinoro toka. Kak u B [7, 8] npunu-
maeM, 4To TOK i(¢) K3 B nemsix ¢ paccmatpuBaemoit KIIIT
ONMCHIBAETCS CIEAYIOLIEH BPEMEHHON 3aBUCHMOCTBIO:

i (8) =Ly lexp(—t/T,) —cos(2m /T),)] 3)

rae 1, — aMIUIMTyJla YCTAHOBUBILETOCS B CUJIOBOM LEMU
anekTpoobopynoBanus Toka i) K3; T,, T, — cooTBeTcT-
BEHHO ITOCTOSTHHASI BPEMCHHU CIaJia alleprUOIUIeCKOi Cco-
CTaBIIAIONICH W TIEPUOJ KOJICOaHUN NEPUOJUYSCKON CO-
CTaBIIONIEH aBapuitHOTO TOKa #(¢) K3 B erm ¢ KIIII.
Torma, ucxons u3 (1) u (3), pacueTHOE BBIpaKEHHE
JUTsl MHTErpasna nericTBus Toka i(7) K3 B cuitoBbIX 1emnsx ¢
KIIIT npuHAMaeT cleayromuil aHanuTHIeckuii Buz [7]:

JCiA :I,%,k{O,Stk +O,2572'_1Tp Sin(27rtk/Tp)><

xcos(2ty. I T,) = 2T Ty (Ty +47°T7) " [exp(—t; / T,) x @

x[27T, sin(2mty /T,) =T, " cos(2mty IT,)+T,'] |+
+0,5T,[1—exp(=2t;, /T,)]}.
B tabn. 3 g coyuas 7,=50 mc (7,=20 mc) mpuse-
JACHBI PACCYHUTAHHBIC 11O (4) YUCJICHHBIC 3HAYCHUSA HUHTC-

rpana nercTBus Jeiy A Toka i(f) K3 mpu xapakTepHbIX
cormacHo TpeboBanwuii [4, 8] ammuurynax [, yCTaHOBHB-
merocst Toka K3 U AUTeNnbHOCTSX MpOTeKaHus (Bpeme-
Hax OTKJIIOUEHHS) f; €ro B CHJIOBBIX IIETISIX AJIEKTPO00O-
pyZnoBaHUsl OOIIEPOMBIIIJICHHOTO MPUMEHEHUs. 3Has
YHCIIeHHbIe 3HaYeHus ko3 uunenrta D¢; (cM. Tabi. 2) n
uHTerpana neiicteus Jciy Toka ii(f) K3 (eM. Tadn. 3), mo
(1) MoOryT OBITH CPaBHHTEIBHO JIETKO OMPEACICHBI YUC-
JICHHBIC 3HAYCHHUS KPUTHUYECKHX CEUeHHH Sc; TOKOHECY-
mmx yactedl paccmartpusaemoit KIIII B cunoBbIX Hemsx
ANIEKTPOYCTAaHOBOK OOIIEIPOMBIIIICHHOTO HazHaueHws. C
Y4eTOM MPHUHATHIX JOMYIIEHHH W3 COOTHOIICHHS BHIA
Oc~Lui/Sc; MOTYT OBITH KOJMYECTBEHHBIM 00pa3oM oOlle-
HEHBI U KPUTHYECKUE aMILUIMTYbI TUIOTHOCTEH O¢; mepe-
MEHHOI'O TOKa B Marepuajax >kui (000J0YeK) UCCleaye-
MBIX IPOBOJIOB (Kabeneit) i aBapuiiHoro pexnma K3.

Tabmuma 3
UwcreHHbIC 3HAYCHUS HHTETrpaa IeHCTBYS J;y IS TOKA ij(?)
K3, mpoTekaroniero B CHIIOBBIX HETSAX JIEKTPOOOOPYI0BAHHS
obuenpompinienHoro Hasnauenus (7,=20 mc; 7,=50 mc), pac-
CYHTAHHBIC TI0 COOTHONICHHUIO (4)

3Ha4YeHue aMIUTUTY Bl [, yCTaHO- 3HayeHUe UHTErpaia
BHBIIErocs ToKa iy(f) K3 B cuiioBoii | AedcTBus Jeiy U1 TOKA
LeIH IPOMBIIIICHHOI snekTpoyc- | ix(f) K3 1o (4), 10"-A%c
TaHOBKIH, KA 1=100 mc | =160 mc
30 6,75 9,45
50 18,75 26,25
70 36,75 51,45
100 75,00 105,00
125 117,18 164,06

2.2. Pe3yabpTaThl pacyeTHOro BbIOOpa KpUTHYe-
CKHMX CeYeHUH S¢; U II0THOCTEH J¢; TOKAa B MPOBOAAX U
kalensax weneil 3J1eKTPOOOOpPYIOBaHUSL OOLIENPO-
MBILIJIEHHOT0 Ha3HayeHusi. B Tabn. 4 mpuBeneHs pe-
3yJIBTATHI MPHOIIKEHHOTO pacyera 1o (1) ¢ ygerom maH-
HBIX TaOMI. 2 ¥ 3 KPUTHYECKUX MONEPEUYHBbIX CeYeHHH Sc;
MEIHBIX (AIFOMHUHHEBBIX) X1 (000J0YEK) HEU30JIUPO-
BaHHBIX (OTOJIEHHBIX) MTPOBOJIOB M M3OJUPOBAHHBIX MPO-
BOJIOB (kabereil) CHMIIOBBIX IIeTeH AJIEKTPOOOOpYIOBaHMUS
o6ienpoMsInieHHoro HasHadeHus (7,=20 Mc) ans ciy-
yas, korga J;#0, =100 mc u T,=50 mc, a ammuryzaa I,
ycraHoBuBIIETrocs Toka () K3 n3Mensiercs TuckpeTHo B
nmuamazoHe (30-100) xA. W3 maHHBIX Tabm. 4 crexyer, 9To
KPUTUYECKHE AaMIUTUTYIbl IUIOTHOCTEH Oc~l,/Sc; Toka
i(¥) K3 mpu BpemeHu ero mpoTrekaHus (OTKIIOYEHUS) B
CHJIOBBIX IIETIIX 3JIEKTPOYCTAaHOBOK, paBHOM #=100 mc,
AJI1 HCU3O0JMPOBAHHBIX IMPOBOJOB W H30JMPOBAHHBIX
npoBozoB (kadeneit) ¢ [IBX, P u I19T uzonsumeit ¢ men-
HBIMH (JTIOMUHHEBBIMH) JKHJIaMU (000JI0UKaMHK) B LIETISIX
3JIEKTPOOOOPYHOBaHUS OOIICIPOMBIIIJICHHOTO Ha3Haye-
Hus (7,=20 mc; 7,=50 MC) YMCIIEHHO COCTaBIISIOT MpH-
mepHo 1,57 kA/MM® 1 1,18 KA/MM® COOTBETCTBEHHO.
BaxHO OTMETHTH TO, YTO STH 3HAYEHHS KPUTHICCKUX
aMIUTUTYZ TUIOTHOCTEH J¢; Toka ix(f) K3 B mMartepmamax
TOKOHECYIINX YacTe paccMaTpHUBAEMBIX IMPOBOIOB (Ka-
Oeneif) CHIIOBBIX IIeTeil 3IeKTPooOOpyIOBaHUS HE 3aBH-
CAT OT YPOBHSA B HUX AMIUIUTYHABI [, YCTaHOBHBIIETOCS
aBapuitHoro Toka K3 nmpompinuienHoi yacToTsr 50 ',

B Tabn. 5 mpencraBiieHbl pe3yJbTaThl PacUETHOTO
onpenesnenus 1o (1) ¢ yuetoM AaHHBIX TaOI. 2 U 3 Kpu-
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TUYECKUX TONEPEYHBIX CeUEeHUH S¢; MEIHBIX (aJTIOMHIHIE-
BBIX) XWI (000J0YEeK) HEU3OJUPOBAHHBIX TMPOBOJIOB H
W30JMPOBAHHBIX TPOBOJOB (Kaleseil) CHJIOBBIX Lenen
3JIEKTPOOOOPYIOBAHUS OOIICIIPOMBIIIJICHHOTO MPHUMEHE-
nus (7,=20 mc) ana cimywas, xorga J;£0, #=160 mMc u
T,=50 mc, a ammmmaryna I, yCTaHOBHBIIETOCS TOKa I(f)
K3 m3mensercs muckperHo B nuanazone (30-100) KA.

Tabnuua 4
UucieHHbIC 3HAYCHUS] KPUTUICCKUX TONIEPEUHBIX CCUCHHHN S¢;
JUTSL HEU30JIUPOBAHHBIX IPOBOJIOB U M30JIMPOBAHHBIX TPOBOJIOB
(xabereil) ¢ MEIHBIMU M ATFOMUHHUCBBIMU XKHJIaMU (000I09Ka-
MH) B CHJIOBBIX IETSX 3JIEKTPOOOOPY TOBAHUS OOIICTIPOMBIIII-
JICHHOTO Ha3HAa4YeHUs Mpu aMIuuTyae 7, Toka iy(f) K3, nzme-
Hsatomeiics B quanazone ot 30 mo 100 kA (s 4=100 mc u

T,=50 mc)
3HaveHHE ceueHus Sg;,
Bun uzonsuuu B Marepuan MM
nposoje (kabemne) | Kbl (000-

Awmmuutyaa 1, ycraHo-

JIOUKH) MPOBO- | pprorerocs Toka K3, KA

LEIH JIEKTPOYC-

TaHOBKH na (kaberst) 30 50 70 1 100
Menn 19,11 {31,85|44,59 63,70

bes uzomnsaun —
Amomunnit (25,38 (42,31 59,24 184,63
[IBX, P Mens _ 19,11 {31,85|44,59 63,70
Amomuanit 25,38 42,31 (59,24 | 84,63
5T Menn 19,11 {31,85|44,59 63,70
Amromunnii 25,38 (42,31(59,24 (84,63

Tabnuna 5
UucieHHbIC 3HAYCHUS] KPUTUICCKUX TOMIEPEUHBIX CCUCHHH S¢;
JUTSL HEU30JIUPOBAHHBIX TIPOBOJIOB U M30JIMPOBAHHBIX TPOBOJIOB
(xabereil) ¢ MEIHBIMU M AJTFOMUHHUCBBIMU XXHJIaMU (000JI09Ka-
MH) B CHJIOBBIX IETSX 3JIEKTPOOOOPYTOBAHUS OOIICTIPOMBIIII-
JICHHOTO Ha3HAa4eHUs Mpu aMIuuTyae 7, Toka iy(f) K3, nzme-
Hsatomeiics B quanazone ot 30 mo 100 kA (s 4=160 mc u

T,=50 mc)
2
Bu msosamuy B | Marepuan | SHAYCHHE CEUCHUSA Scj, MM
npoBojie (kabene) | xuisl (000- AmruuTya L, ycraHo-
LICIH 9IEKTPOYC~ | JIOUKH) IPO- |  pupmerocs Toka K3, KA

TaHOBKH BoJIa (Kabers) 30 50 70 100
Menpb 22,61|37,68|52,76 | 75,37

be3 u3omsuuu —
Amomunnii 30,04 {50,06|70,09 [ 100,13
[IBX, P Menb _ 22,61(37,68|52,76 | 75,37
Amomunnii 30,04 50,06 70,09 [ 100,13
5T Menpb 22,61(37,68|52,76 | 75,37
Amomunnii 30,04 50,06 70,09 [100,13

W3 mamsbpIx Tabn. 5 crmemyer, 9YTO KPUTHYECKUE aM-
IUTATYJIBI TIOTHOCTEH Oc=L,i/Sc; Toka i(f) K3 mpu Bpe-
MeHu #=160 Mc ero mpotekanus (OTKIIOYEHHs) B CHIIO-
BEIX I[ENSIX PacCMaTPUBACMOTO 3IIEKTPOOOOPYIOBaHUS
JUIS HEH30JMPOBAHHBIX MPOBOJOB W HM30JMPOBAHHBIX
npoBozoB (kabeneit) ¢ I[IBX, P u I19T uzonsmeit ¢ men-
HBIMH (QTFOMUHHEBBIMH) JXUJIaMH (000JIOYKaMH) B TICTISIX
AIEKTPOOOOPYIOBaHUS OOIIEIPOMBIIIICHHOTO Ha3Haue-
Hus (7,720 mc; 7,=50 MC) YHMCJIEHHO COCTABJISAIOT MPH-
mepHo 1,33 KA/MM® 1 0,99 KA/MM®> COOTBETCTBEHHO.
[Ipruem, yka3anHble s pacdeTHOTO ciaydas (4,=160 mc;
T,=50 mMc) yncneHHbIe 3HAUYEHHUS] KPUTUIECKUX aMIUTUTY
IUIOTHOCTEH J¢; ToKa ix(f) K3 B MenHbIX (aI1IOMUHHEBBIX)
xkuiax (obosoukax) paccmartpuBaemoi KIIIT cuimoBbix
Herneil AeKTpooOopyA0BaHUs POMBIIUIEHHOH 3JIEKTPO-
SHEPreTUKH, KaK | JUIA mpeasiaymiero ciaydas (=100 mc;

T,=50 Mc), He 3aBHCAT OT KOJHMYECTBEHHBIX 3HAYCHHM
aMIuTyas! 1, yeranosusmerocs Toka K3. Kpome toro,
U3 JaHHBbIX Ta6J'I. 4us BBITCKACT, YTO KOJIMYCCTBCHHBIC
3HAYCHMS BEJIMUMH KPUTHYECKUX CEUCHUH S¢; U KpUTHUe-
CKUX aMIUTUTY] TUIOTHOCTEU J¢; IEPEMEHHOTO TOKa ix(f)
K3 nns toxonecymux yacteit uccnenyemoit KIIII, mupo-
KO HCIOJIb3YEMOH B CHJIOBBIX LETISIX AJIEKTPOOOOpYIOBa-
HUS OOMICTIPOMBINIUIEHHOTO NMPUMEHEHUS, HE 3aBHCAT OT
TOTO WIJIM WHOTO BHJA M3OJSIHA (BO3LYIIHOHW FUTH TBEp-
JIOi1), IPUMEHIEMOM B pacCMaTPUBAEMBIX AIICKTPUICCKUX
MPOBOJIaX U KaOeJIX 3IEKTPOIHEPTeTHICCKUX YCTPOHUCTB.
BoiBOABI.

1. [IpeanosxeHHBIA ANEKTPOTEXHUIECKHN IMOAXOMI IO-
3BOJISIET TI0 ycJIoBUIO OB B armocdepHOM Bo3/1yXe TOKO-
Hecymmx vacted KIIIT ocymiecTBisTh NpHOIMKEHHBINA
pacyeT KPUTHUECKHUX MOIMEPEUHbIX CeUeHUH Sc; U aMILIH-
TYJl IUIOTHOCTEH J¢; IEPEMEHHOT0 aKCHaIbHOTO TOKa JUIs
HEU30JUPOBAHHBIX IPOBOJIOB C MEIHBIMH (AJTFOMHHHE-
BEIMH) JKHJIAMH, & TAKXKe U W30JIMPOBAHHBIX MPOBOJIOB
1 kabeneil ¢ MeIHBIMHU (UTIOMHHHUEBBIMU) JKHIaMH (000-
nmoukamu), [IBX, P u [IOT wuzomsmue, mo KOTOpEIM B
aBapUUHBIX PEXHUMax PadOTHl CHIIOBOTO JJIEKTPOOOOpY-
JIOBaHUS OOIMICTIPOMBIIIJICHHOTO HAa3HAYCHUS MPOTEKAeT
nepeMeHHbI TOK #(f) K3 ¢ 3amannasiMu ABII.

2. Wcionp3yemble TpUOTIKEHHBIE pPacdYeTHBIE COOT-
HoureHus (1)-(4) mo3BoIMIM IS IBYX peasibHBIX ClydaeB
(=100 Mmc; #=160 mc) mpu 7,=50 MC YCTaHOBUTH s
JIUCKPETHOTO MU3MCHCHUS aMIUTUTYOBI 1, YCTAaHOBUBIIIC-
rocst Toka ii(f) K3 B muamazone (30-100) kA KOHKpETHBIE
BO3MOXKHOCTH  IPEIJIOKEHHOTO  DJIEKTPOTEXHUYECKOTO
MOJIX0/1a TI0 BRIOOPY KPUTHUECKUX CEUCHUH S¢; M aMILTH-
Tyl TUIOTHOCTEH J¢; TIEPEMEHHOTO TOKAa B YKa3aHHBIX
MPOBOJIaX W Ka0eNsX CHIOBBIX IIETICH 3JIEKTPOOOOpyHO-
BaHUS OOIICTIPOMBIIINIEHHOTO MPHMEHEHHS, 110 TOKOHEe-
CYIINM YacTsM KOTOPBHIX B aBAPHHHBIX peXUMax paOOTHI
paccMaTpUBaeMOro  CHJIOBOTO  AJIEKTPOOOOPYIOBAaHUS
MPOTEKAIOT 0OJIbIINE akcHabHbIe TOKH ix(f) K3.

3. PacueTHBIM IIyTe€M YCTAaHOBJIEHO, YTO KPUTHUECKUE
aMIUTUTYIBl TUIOTHOCTEH O¢~l,;/Sc; aKCHAIbHOTO TOKa
ix(1) K3 B MenHBIX (QIIOMHHHUEBBIX) JKHJIaX HEU30JIHPO-
BaHHBIX IPOBOJIOB W HM30JHMPOBAHHBIX MpOBoJax (kabe-
JITX) C MEIHBIMH (QJIFOMHHHEBBIMH) XmiiaMu (000JI0uKa-
Mmu), [IBX, P u [I9T wuzomsamueit npu 7,=50 mc mis ciy-
gas BpeMeHn oTkmouerns #=100 mc Toka i(f) K3 B cu-
JIOBBIX MLEMSAX 3JEKTPOOOOPYAOBAHHS UYMCIEHHO COCTaB-
JISIFOT COOTBETCTBEHHO mpumepHo 1,57 (1,18) kA/MM%, a
s ciydast =160 mc — 1,33 (0,99) kA/Mm>.

4. ITony4yeHHble pe3yabTaThl JUIsI KPUTHUECKUX IOTIe-
PEUHBIX CEYEHHUH Sc; M aMIUTUTY[ IUIOTHOCTEH J¢; mepe-
MEHHOT'0 aKCHaJbHOTO ToKa uacToToi /=50 I'ry (7,=20 mc)
MOTYT OBITH HCIOJIB30BaHbl B DJIEKTPOIHEPreTHYECKON
MPAKTHKE MPHU BEIOOPE TEPMUYCECKU CTOUKOM K JIEHCTBHIO
OonpnX akcuanbHBIX TOKOB ix(f) K3 KIIII ¢ MeqHpIMuU
(amoMUHUEBBIME) JKHIIaMH  (000JI0YKaMu), TpeIHa3Ha-
YEHHOH IS pabOoThI B CHIIOBBIX LEISX AIIEKTPOOOOPYIO-
BaHUS MPOMBIIIUIEHHOHN 3JIEKTPOIHEPTETUKH.
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A choice of critical sections of electric wires and cables in
power circuits of electrical equipment of power industry.
Purpose. Implementation of close calculation determination of
critical sections of S¢; and critical amplitudes of density of al-
ternating current dc; of frequency 50 Hz in wires and cables of
power circuits of electrical equipment of power industry, char-
acterized flowing in it at malfunctions of operation current iy(t)
of short circuit (SC) with set amplitude-temporal parameters
(ATP). Methodology. Scientific and technical bases of power
engineering, electrophysics bases of technique of high-voltage
and large pulsed currents, theoretical bases of the electrical
engineering. Results. The results of the developed electrical
engineering approach are resulted in a calculation choice on
the condition of electric explosion (EE) of current-carrying
parts of cable and conductor products (CCP) of critical sections
of Sci for the copper (aluminum) cores of the uninsulated wires,
and also for the insulated wires and cables with a polyvinilkhlo-
ride (PVC), rubber (R) and polyethylene (PET) insulation with
copper (aluminum) cores (shells) on which in the power circuits
of electrical equipment of the general industrial equipment in
malfunction the current of SC iyt) flows with set ATP. On the
basis of determination of sizes of the real critical sections Sc; for
the indicated wires and cables the calculation numeral estima-
tion of critical amplitudes of density o¢; of SC current ii(t) is
executed with set ATP in current-carrying parts of investigated
CCP of power circuits of the examined electrical equipment. It
is determined that in the power circuits of electric equipment of
the general industrial installations (for permanent time of slump
of T,=50 ms of aperiodic to the constituent of current of SC)
critical amplitudes of density d¢; of SC current iy(t) at time of his
disconnecting t,=100 ms in copper (aluminum) cores for the
uninsulated wires and insulated wires (cables) with copper (alu-
minum) cores (shells), PVH, R and PET it is numeral made an
insulation according to approximately 1,57 (1,18) kA/mm’. At
time of disconnecting t,=160 ms of SC current iy(t) in the power
circuits of the examined electrical equipment (T,=50 ms) criti-
cal amplitudes of density dc; of SC current iyt) for the copper
(aluminum) cores (shells) of indicated CCP become accordingly
numeral equal approximately 1,33 (0,99) kA/mm’. Originality.
First by a calculation way taking into account information for
ATP of SC current iyt) and quantitative values of time of his
disconnecting t; in the power circuits of electrical equipment of
the general industrial installations the numerical values of criti-
cal sections S¢; and critical amplitudes of density o¢; of AC SC
current iy(t) are certain for the uninsulated wires, and also insu-
lated wires and cables with copper (aluminum) cores (shells),
PVH, R and PET insulation. Practical value. Obtained results
for the critical sections Sc; and amplitudes of density d¢; of AC
SC current iy(t) of frequency 50 Hz (at the period of oscillations
of T,=20 ms for of periodic constituent of emergency current of
SC) can be utilized in power industry in practice at a choice
thermally by a bar to the action of large SC currents iyt) of
CCP with copper (aluminum) bars (shells), intended for reliable
operation in the power circuits of electrical equipment of indus-
trial power industry. References 8§, tables 5.

Key words: power industrial, electrical equipment, electric
wires and cables of circuits of electrical equipment, calcula-
tion choice of critical sections of wires and cables in the cir-
cuits of electrical equipment.
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YUCJEHHBIE ONEHKH TOKOB ¥ CIJI B IMHEHHBIX MTHCTPYMEHTAX
MATHUTHO-UMITYJIbCHOI'O IPUTHKEHUSI METAJLIJIOB.
YACTD 1: METAJUUIBI C HU3KOU YIAEJBHOMU 3JEKTPOITPOBOJHOCTBIO

Memoto cmammi € npogedenna YUCeNbHUX OUIHOK OCHOGHUX XAPAKMEPUCMUK e1eKMmPOOUHAMIYHUX NPpoyecié 6 JIHIHUX iH-
CIMpPyMeHmax MazHimHO-IMRYIbCHO20 NPUMAZAHHA NPOGIOHUKIE 3 O0OHOCHPAMOGAHUMU CIPYMAMU 8 YMOBAX IHMEHCUBHOZ0
NPOHUKHEHHA OII0YUX eNIeKMPOMAZHIMHUX NOJII6 6 MEMAIU 3 HU3LKOIO RUMOMOI0 eflekmponpogionicmio. Memoouka. /lna npo-
6e0eHNA 00UUCTIEHb GUKOPUCIMOGYBAIUCA NOTIONHCEHHA MEOoPil eNeKmpPoMazZHimnozo noas, uwio 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-IMAIYAbCHUX IH-
cmpymenmax, 0i€gicmo AKUX 3ACHOBAHA HA 30Y0)CEHHI CUl 63AEMHO20 RPUMAZAHHA RPOGIOHUKIE 3 0OHOCHPAMOBAHUMU CHPY-
Mmamu. Bnepuie 6cmanoeneno, ujo 30inbuienna cuil NPUMAZAHHA, 8 NEPULY YeP2Y, MOMCIUGO 34 PAXYHOK IHmeHcugikayii npoye-
Ci6¢ NPOHUKHEHHA NOJ1i6, U0 3A0e3neUyEmbca nepexo0om 00 00CUmMb HU3LKUX POOouux yacmom 30y0xcyrouux cmpymie. Ilpak-
muyna 3nauumicms. Buxopucmanna ompumanux pesynomamie 003601ums cmeoprosamu Ho6i 6invui epekmueni niniini in-
CmpyMeHmu MazHiMHO-IMIYIbCHO20 NPUMAZAHHA 3A0AHUX OIIAHOK TUCMOGUX MEMAie, W0 nPAyioomMs ¢ YM08ax iHMEHCUGHO-
20 NPOHUKHEHHA 30Y0xceHuUx enekmpomazuimuux noais. bioin. 10, puc. 9.

Knrouoei cnoea: JIiHIHHUIN IHCTPYMEHT YCYHEHHs] BM'ITHH B JIMCTOBUX IIPOBIIHMKAX, IHTEHCHBHE IPOHUKHEHHS 110JIS1 B METAJIH 3
HU3bKOK MUTOMOIO €J1eKTPONPOBIHICTIO, MATHITHO-IMITY/IbCHE IPUTATAHHS NPOBIIHUKIB 3 0JHOCHIPAMOBAHHM CTPYMAMH.

Ilenvro cmamou sgnsemcsn npogedenue YUCIEHHBIX OUEHOK OCHOGHBIX XAPAKMEPUCHUK INEKMPOOUHAMUYECKUX NPOUECCO8 6
JIUHEHHBIX UHCHPYMEHMAX MAZHUMHO-UMAYI6CHOZ0 NPUMSINCEHUs NPOGOOHUKOE C 0OHOHANDAGIEHHLIMU MOKAMU 6 YCII0GUAX
UHMEHCUBHO20 NPOHUKHOBEHUS OClICIEYIOUWUX IJIEKIMPOMAZHUMHBIX NOJIEH 6 MEMALIbL ¢ HU3KOIL YOENbHOI JIeKMPONPOBOOHO-
cmoto. Memoouxa. /[na npogedenusn GvluuUCEHUI UCHONB30BATIUCE NONONCEHUA MEOPUU INEKMPOMAZHUMHO20 NOAA, GblHle-
Karowue u3 ypasnenuii Makceenna, u cmanoapmusie mamemamuieckue npozpammsl u3 nakema «Wolfram Mathematica». Pe-
synomamot. C ROMOWBbIO AHATUMUYECKUX GLIPANCEHUII PACCHUMAHBL AMNIAUNYOHO-6DEMEHHbIE 3AGUCUMOCHU MOKO8 U I/1eK-
MPOOUHAMUYECKUX YCUNUIL 6 TUHEIIHBIX MAZHUMHO-UMAYAbCHBIX UHCIMPYMEHMAX, OeliCIMEEeHHOCMb KOMOPLIX OCHOBAHA HA
6030y21cOCHUU CUNL 63AUMHO20 RPUMAICEHUS NPOBOOHUKOE ¢ 00HOHARPAGIeHHbIMU MOKamu. Bnepevie ycmanoeneno, umo yee-
JUYeHUe CUTL RPUMANCEHUS, 8 NEPEYI0 0Yepedb, 603MONCHO 3a CHem UHMEHCUDUKAYUU nPOUecco8 NPOHUKHOBEHU Noell, YNo
obecneuusaenmcs nepexo0om K 0OCHIAMOYHO HUKUM padoyum uacmomam 6030yxucoaroujux moxos. Ilpakmuueckas 3nauu-
Mmocme. Henonvsosanue noiy4eHHbIX pe3yibMamos no360J1Um c030a8ams Hogble fonee Ihpekmuenole Nunenble UHCHPYMEH-
Mbl MAZHUMHO-UMNYIBCHO20 RPUMANCEHUA 3A0ANHBIX YUACMKO8 TUCINOGLIX MEMANI06, PAdOmMAaloujue 8 yciosusax UHMEHCUGg-
HO20 NPOHUKHOGEHUS 6030YHCOAEMBIX INeKmpomazhumuuix nonei. bubn. 10, puc. 9.

Kniouesvle cnosa: nMHeHHbIIi HHCTPYMEHT YCTPAHEHHsI BMATHH B JIMCTOBBIX MPOBOAHUKAX, HHTEHCHBHOE NMPOHNKHOBEHHE
M0JIsi B METAJLIBI ¢ HU3KO# y/IeJbHOii 3JIEKTPONPOBOIHOCTHI0, MATHUTHO-UMIYJIbCHOE MPUTsI)KEHUEe MPOBOTHUKOB C OIHOHA-
NpaBJEHHBIMH TOKAMH.

BBenenne. MeTonbl IPUTSDKEHUS 33/1aHHBIX y4acT-
KOB JIMCTOBBIX METa/UIOB C WCIOJIB30BAaHUEM SHEPTHH
HMITYJICHBIX MarHUTHBIX TTOJIEH JUIS pa3HOro poja odpa-
0aTHIBAIOIINX TEXHOJOTUH MPHOOPETAaOT BCE OONBIIYIO
aKTyaJlbHOCTb B Pa3IMYHBIX OTPACISAX MPOMBIIIICHHOTO
npous3BojactBa [1-3]. Ocoboe BHHMMaHHWE TPUBIEKAIOT
pa3paboTKK TEXHOJIOTHH yAaleHHs BMSTHH M BbIPDaBHU-
BaHMsI [TOBEPXHOCTEH JIMCTOBBIX METAJJIOB MPU pecTaBpa-
[[UH KOPITYCOB CAMOJIETOB U aBTOMOOMJIHHBIX Ky30BOB [4].

Kak mokassiBaeT npaxruka, 6osee 50 % noBpexe-
HUHM NPEACTaBISAIOT COOOH BMATHHBI B 30HAaX C 3aTpy-
HEHHBIM WJIM TIOJTHOCTBIO 3aKPBITHIM 00PAaTHBIM JI0CTYIIOM
[4]. B oToli cBsI3M BechbMa MPHBIEKATEIHFHBIM CIIOCOOOM
MarHUTHO-MMITYJIbCHOTO  HPHUTSHKEHUSI  TOHKOCTEHHBIX
JHMCTOBBIX METAJIOB, KOTOPBI MOXET OBITh IMOJOXKEH B
OCHOBY CO3J1aHHS 3((EKTUBHOTO MHCTPYMEHTA BHEITHEH
PHUXTOBKH aBTOMOOMIIBHBIX Ky30BOB, SIBIAETCS MPUTSIKE-
HUE JHMHEHHBIMH HHCTpyMeHTamMH. Pusmueckas cyul-
HOCTh JaHHOTO CHOCO0a 3aKiI0YaeTcss B CHJIOBOM B3au-
MOJICUCTBUM OJHOHAIIPABJICHHBIX MapauIeIbHBIX TOKOB
(3akon Ammepa [10]). IlepBblit — 3TO TOK B OCHOBHOM
TOKOIIPOBOJIE JINHEHHOTO MHCTPYMEHTa (aHAJIOT WHIYK-
TOpa, B oOmenpuHaToil TepmuHonoruu [1]). Bropoit —
9TO TOK B oOpabaTbiBaeMoM Metasuie. O0a Toka BO30yxk-
JIAfOTCS TIPH HETIOCPEICTBEHHOM IOCIIEI0BATEILHOM WIIN

Mapayie)IbGHOM TOYEYHOM MOJIKIIOYEHHH K WCTOYHUKY
MotrHOCTH. OCHOBHOW TOKOIIPOBOI — JIMHEWHBIA HHCT-
pyMeHT >kécTko 3adukcupoBaH. [IpursikeHuem aedop-
MHUpyeTcss oOpadarbiBaeMblii MeTayul. OYeBHIHBIM TIpe-
MATCTBHEM K A(G(PEKTHBHOMY BO30YXKICHHUIO JJIEKTPOJIH-
HAMHYECKUX YCHJIMA MOTYT CTaTh WHAYKIHOHHBIE 3(-
(heKThI, COOTBETCTBEHHO KOTOPHIM TOK B OCHOBHOM TOKO-
IIPOBOJIE UHYLIUPYET IPOTUBOTOK B JINCTOBOM 3arOTOBKE,
a TOK B €€ MeTajule HHIYLUPYET IPOTUBOTOK B OCHOBHOM
TOKOIIPOBOJIC JITHEHHOTO WHCTPYMEHTA.

B memnom, npuUBIEKAaTENBHOCTH JaHHOTO CIIOCO0a
00yCIIOBIICHA MPOCTOTONH TEXHHYCCKOW pean3aludl |
JIOBOJIBHO BBICOKUMH JHEPTeTHYSCKIMH IT0KA3aTEeI MU
[5, 6]. AHamu3 IEKTPOIUHAMUYECKHUX IIPOIECCOB B TIO-
OOHOW cXeMe ITO3BOJUT yCTaHOBHTH TPEOOBAHHSA, BBI-
MOJIHEHHWE KOTOPBIX OOECIEYUT HE TOIBKO IEecroco0-
HOCTb, HO ¥ 3(p(pEeKTHBHOCTh HHCTPYMEHTA Mpe/IaraeMo-
ro MPUHIINIA IUCTBUS.

CripaBeUIMBOCTH P CISAYyeT OTMETUTh, YTO IO-
nmo0OHasl 3a7ada yKe pacCMaTPUBAINCh pPaHEe aBTOPaMU
[7, 8]. OmHako, HEMOCPEACTBEHHOE HMCIOJIL30BaHUE IIO-
JYYCHHBIX (DOPMYJT U COOTHOILICHHM, MMOJYYCHHBIX B IIH-
THPYEMBIX paboTax, U POBEICHHS MPAKTUICCKUX pac-
4ETOB HE MPEICTABISACTCS BO3MOXKHBIM, BBHUILy OTpPaHU-
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YEHHOCTH HAMJIEHHBIX PE3yJbTATOB YCIOBUSIMH IOCTa-
HOBKH U PELICHUsI ITOH 3a1a4H.

Heablo padoThl SBISETCS aHAIU3 BPEMEHHBIX Xa-
PAKTEPUCTHK 3JCKTPOJUHAMUYECCKUX TPOLECCOB B JIH-
HEUHBIX MHCTPYMEHTaX MAarHUTHO-UMITYJIbCHOIO IIPUTS-
JKCHHS JICTOBBIX METAJUIOB, KOHCYHBIM pE3yJIbTaTOM
KOTOPOTO JOJDKHBI CTaTh (PU3UKO-MATEMATUICCKUE 3aBU-
CUMOCTH JUIsI BO30Y>KIa€MbIX TOKOB U CHJI B YCIIOBHUSX
WHTEHCUBHOTO MPOHUKHOBEHHS JJICKTPOMATHUTHBIX I10-
Jieli B MPOBOISIIKME JIEMEHThI HHCTPYMEHTOB.

DuU3NK0-MaTeMATHIECKAS MOIETb, TOMYIIEHUs W
NMOCTAHOBKA 3ajauu. (s aHamu3a 3JeKTPOMAarHUTHBIX
MPOIIECCOB B paccMaTpUBaeMoi cxeme oOpabOTKH MeTai-
Jla IPUMEM PacUyE€THYI0 MOJenb (puc. 1), COOTBETCTBYIO-
HIYIO MONEPEYHOMY CEUEHHIO MCCIENyeMOil dJIeKTpoMar-
HUTHOW CUCTEMBI C TOKamu J; u J; [9].

Z
(OCHOBHOIT TOKOTPOBO *
‘ 2a ‘
| |
7, .
B I JIHCTOBOI MeTamn
. h
l P J> I | v

Puc. 1. Pacuérnas monens (J; , — MpOTEKAIOIINE TOKH)

OOpabarbiBaeMasi 3aroToBKa MpEACTABISIET COOOM
JIOCTATOYHO TOHKHUH JINCTOBOM MeETa/ul TOJIMUHON d C
JIOBOJIGHO ~OONBIIMMH TIONIEPEYHBIMH ~ pa3MepaMu |
YJIEJIBHOH 3JIEKTPOIIPOBOAHOCTBIO MaTepHaa .

OCHOBHOW TOKOIIPOBOJI TaK JK€ «IPO3padeH» Ui
JIEHCTBYIOIIMX MOJEH, TaK YTO €ro METal HE OKa3bIBAET
BIUSHHASA HA TPOTEKAOIINE SIEKTPOMArHUTHBIE IPOIIEC-
cel. MimMeeT MecTo reoMeTpudecKkas CHMMETPHS CUCTEMBI
OTHOCHUTEIIbHO KOoOpAWHATHON Ttuiockoctn ZOX. Baomb
ocu abcuncc OX cucrema 067agaeT AOCTaTOYHO OOJb-
IO MPOTSHKEHHOCTHIO, TAaK YTO orneparop nuddepeHu-
poBanus — 0/0x = 0. B 0CHOBHOM TOKOIPOBO/JIE B HAIpaB-
neHnu ocu OX Teyér paBHOMEPHO paclpenenéHHBIN 10
OY BO030yXIaromuid TOK C JIMHEHHOH IUTOTHOCTBIO
JOZmjlt), TOC = In/2a — aMIUIUTyJa IIOTHOCTH TOKa
(In — MakCUMyM TOKa), a j(f) — BpeMEHHasi 3aBUCUMOCTh
TOKa.

YacToTHBIE XapaKTEPUCTHKH BO30Y)KIAIOIIEro TOKa
TaKOBBI, YTO BBINOJIHAETCS yCIOBHE KBa3HCTAIIMOHAPHO-

w
ctu 1o Jlaumay — —-b <<1 [10], rme @ — mUKIAYECKas
c

4acToTa MpoIlecca; ¢ — CKOPOCTh CBETa B BaKyyme; b —
MIPOU3BOJIbHBIN XapaKTEpHbIA pa3Mep paccMaTpUBacMOU
AIEKTPOMArHUTHOH cucTeMbl. IIycTh B crcTeMe BO30YXK-
JaeTcsl 3IEKTPOMArHUTHOE IOJie ¢ HEHYJIEBBIMH KOMIIO-
HeHTaMu Hanpsbk€nHocTu: E, # 0; H,. # 0. Tpebyerca
BBITMIOJTHUTH OLIEHKY TOKOB W CHJI B pPaccMaTpHUBAeMOil
3JIEKTPOMAarHUTHOM CHCTEME.

Pacuernbie cooTHomenus. [ nanpHelux pac-
YE€TOB BOCHOJIb3YEMCA AHAJIMTUYCCKHUMU BBIPAKCHUAMU,
MOJTyYeHHBIME aBTopamu pabotel [9]. CormacHo mHTH-
pyeMoii ImyOauKaliy, Ipy AONYIIEHHH 00 UIEHTUYHOCTH
NapajuleIbHbIX OCHOBHOIO TOKONPOBOAA M 3aJaHHOrO
ydacTka 1e)opMIpyeMOro MeTalia, BO30yKJaeMble TOKH

C y4éTOM HHIYKIHOHHBIX 3()(eKToB MOXKHO OmHCaTh
cienyrome 3aBUCUMOCTBI0. CyMMapHBIE TOK B OCHOB-
HOM TOKOIIPOBOJIE:

. a
4a 0| sm(adj
(2 2,

d ) (a”j
d (D

xe d z5k i)l 4i(0) Pk | gon

=1,

PBeall gt

rac

G(,b’k,a)= (l—cosﬂk)+ % -sin B ;

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

B

a 1
ot 05 B\ (i)
a P toyd

k=0,£1,2..; [d]’—(t)-ep"tj — CBEpPTKA (PYHKIIHI.
dt
WHrterpanbHas cuiia HPUTSHKEHUs, BO30YXIaeMmast
IIpY B3aMMOZEHCTBUU WAECHTUYHBIX OJHOHAIPABICHHBIX
NapauleNbHBIX TOKOB JUIS OJJMHAKOBBIX IPOBOJHHUKOB —
OCHOBHOT'O TOKOIIPOBOZA M 3aJIaHHOTO y4acTKa JIHCTOBO-
To MeTajula, 3anuireTcs B Bue [5]:

2
Fo 1) =§‘—;~(1§”(z)) =, @)

rae tp — MarouTHas IMOCTOSHHAA, l— JJIMHa NIPOBOJIHHKA,
h — paccTosiHHE MEXITy OCHOBHBIM TOKOIIPOBOZOM H JINC-
TOBBIM METaJLJIOM.

YucjieHHbIe OLEHKHU TIPOBEAEM U CIEAYIOMINX
HCXOIHBIX AaHHBIX. JIucroBor Mertamt — d = 0,001 wm,
y=0,4:10" (Om-M) ' (cTamp). OCHOBHOI TOKOIPOBOJ BbI-
MOJTHEH M3 TOTO K€ METajlla M TOH )K€ TOJIIWHBI, YTO U
00pabaTbIBaeMblii O0BEKT (PaccMaTPUBAETCS AIEKTPOIH-
HaMUYecKasl CUCTEMa «CTallb — cTanby). ['eomeTpust cuc-
Temel — [ = 0,06 MM, 2a = 0,01 ... 0,06 M, 2 = 0,002 M,
pabouasi 30Ha HHCTpyMeHTa — o0nacth [X(2a). OCHOBHOMN
TOKOIIPOBOJI U 3aJIaHHBIN y4acTOK 00padaThIBAEMOTO Me-
TaJia — MapajuIeIbHBI U UIACHTUYHBL, TAK YTO B IEMH Ka-
JKIOTO M3 HUX MPOTECKAFOIINE TOKH OJUHAKOBEI.

[MapaMeTpbl TOKOBBIX HMIYJIBCOB ONIPEACISIIOTCS
XapaKTEePUCTHKAMH HCTOYHHKA MOITHOCTH — MAarHHUTHO-
uMIyiIbcHOW ycraHoBkd MUY C-2 [2], pa3paboTaHHOI H
CO3/1aHHOU B JTAOOPAaTOPHH AIIEKTPOMATHUTHBIX TEXHOJIO-
ruii  XapbKOBCKOTO  HAIMOHATLHOTO  aBTOMOOUIIBHO-
JIOPOYKHOTO YHHUBEPCHUTETA.

MakcumanbHOE HalpspDKeHHEe Ha €MKOCTHOM Hako-
nutene — U = 2000 B. MakcumanbHas paboyasi 4acToTa
NIPU TOJIKITIOYEHUH K HETIOCPEICTBEHHO JIIEKTPHUECKOMY
Bbixonry MUYC-2 — fi.,x= 7000 I'i (OTHOCHUTENBHBIN KO-
a¢durmenT 3aryxanus — o/w = 0,3). Pabovas gacrora B
pa3psZHOM KOHType ycTaHoBkM — f, = 1000...1500 T'n
(otHOCHTENBHBIN KOdpduUIHEHT 3aTyXanus — o/w = 0,3)
IIpH ee TOIKITFOUEHIH Yepe3 COTIacyolee YCTPOHCTBO €
k03 uIMEeHTOM TepeJayll 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 SKCIIOHEHIIHAIBFHO 3aTyXaIOMINX
(oCHMIUTUPYIOMINX) TOKOBBIX UMITYJILCOB. BTOpO# pexum
— I€HEpUPOBAHKUE TOKOBBIX MMILYJIbCOB allepUOIUYECKOM
(yHunonsipHoit) BpemeHHO# (opmbl. CieyeT OTMETUTD,
YTO MOCJCTHUA PEXKUM SBISIETCS O0Jiee MPeIrIOYTUTEIh-
HBIM Il TIPAKTHKH, TOCKOJIBKY padoTa THPHUCTOPHBIX
KOMMYTaTOPOB YKa3aHHOW YCTAHOBKH C YHHUIIOJISPHBIMHU
CUTHAJIAMHU XapaKTepu3yeTcs 0ojiee NIUTEIbHBIM CPOKOM
WX SKCIUTyaTaIim.

BrranciieHuss mpoBOAWIIIICE ¢ TIOMOIIBIO CTaHOAPT-
HOTrO TporpammHoro maketa «Wolfram Mathematicay.
[TpubnkEHHBIA MHTEPBAT M3MEHEHUS TIEPEMEHHON WH-
terpupoBaHus o € [0; om.x] ompenemsercs (HyHKIHO-
HanbHBIM BHIOM Dypbe-o0pa3a MomepeyHoro pacrmpene-
neHns Bo30yxaromero Toka. s 3HadeHui o € [0; o]
MOIyNb (PYHKIIMH pacTpeneieHns JOJDKEeH OBITh OTIHMYEH
ot Hyss1. Kak mokasany 9uciieHHBIE OLIEHKH M0 MaKCHMY-
My — o € [0; 1]. B oOmem cinydae pacd€THyrO 3aBHCH-
MOCTb [ = fi(01) MOXKHO almmpoOKCUMUPOBATH COBOKYITHO-
CTBIO TIOCIIE/IOBATEIbHOCTH JIMHEWHBIX (QyHKIMHA. Yuc-
JICHHBIC OLICHKH ITOKa3ajiv, 4TO IJIA HpHHﬂTOﬁ reoMeTpun
OCHOBHOTO TOKOMPOBOJIa (MHAYKTOpA) BIIOJHE YOBJIE-
TBOPUTEIBHON TIPEICTABIIACTCS ammpokcumanus fi(a)

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

HecoOcTBeHHbIE MHTErpaibl U CyMMBI PsIIOB B HUX
BBIUHCISIIOTCSL C IIOMOIUBIO CTaHIAPTHBIX IIPOrpaMM
«NIntegrate» u «NSumy». CymMMupoBaHHE B pSAax BEI-
MOJHACTCSA Ul Pa3sHOro 4HCIa BBICIIMX TIapMOHHK. Mx
YYTEHHOE KOJMYECTBO IOJIATaeTCsl JOCTaTOYHBIM, €CIH
YBEJIMYCHUE NPEJEIIBHOTO 3HAYCHHs «k» Ha €IMHUILY He
NPUBOJMT K PE3YJIbTAaTy, OTIMYHOMY OT MpPEABIIYLIEro
6osiee yem Ha 5...10 %. KoppekTnpoBka MHTEpBana WH-
TerpupoBaHus a €[0; O,y ] TPOU3BOAUTCS AT IPUHSTOTO
aTnpHoOPHU YCIIOBUS 0 < G, C NOMOIIBIO CPaBHEHHS KO-
HEYHBIX pe3yJIbTaTOB BeIYMCIEHHUH. JlomyckaeTcs ux pac-
xoxgenue ~ 5...10 %.

I'paduku xapakTepHBIX PACUETHBIX 3aBUCHMOCTEH
CTPYNIIUPOBAHBl HIMXKE II0 BHIY TOKOBBIX HMITYJIECOB,
TEHEPUPYEMBIX MAarHUTHO-UMITYJIbCHOH yCTaHOBKOH.

I'padpuueckune winocrpanuu. B coorBercTBUM C
BO3MOXKHOCTSIMA MCTOYHHKA MOIIHOCTH B 4acTH T'€HEpH-
pOBaHUS TOKOBBIX CHUTHAJIOB pa3iIM4YHONM BPEMEHHOM
(OpMBI YKCIIEHHBIE OLIEHKH paccMaTpUBaeMbIX IapaMeT-
pOB OBUIM BBHINIOJHEHBI BHAualle ISl OCILMJUIMPYIOMINX
TOKOBBIX UMITYJIbCOB (pHUC. 2-5).

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

W3 pe3ynbpTaToB BEIYMCICHNH IS BBICOKHX Pabodnx
gactoT (f = 7000 I'mm) ciuemyer, 9To B pexHMe OCIIHILIH-
PYIOIINX MMITYJIBCOB BO30Y)KIAIOLIETO TOKA MAKCUMyMY
BO3MOXKHOCTEH HCTOYHHMKAa MOIIHOCTH COOTBETCTBYET
MakcuMyM cuibl npuTspkeHust ~ 1000 H. Iepexox x yHu-
HOJIIPHOMY MMITYJIBCY BO30YIK/IAIOIIET0 TOKA MPUBOIMT K
CHIDKEHUIO aMIUIMTYJbl CHIJIBI TPUTSHKEHUS [OYTH
B ~ 2 pa3a, T.e. 10 ~ 500 H.

aHAIMTHISCKOM 3aBHCHMOCTBIO:

30000 AN
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1a0ad 1 \
i \ —
i 2 4 4 g1 12
Puc. 2. Bo30Oyxnarommuii Tok
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] 2 4 f H 10 12
Puc. 3. UngynupoBaHHbIi TOK
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] X
i 2 4 [ g 10 12
Puc. 4. CymmapHBIi TOK B LIETIH KaXKIIOTO M3 B3aNMOACHCTBYIOIINX

HH""'\—\_\__,—

¢,rad

MIPOBOAHUKOB
P (9), N
&0
600 / \
L
200 / \
u/ e | ¢.rad

i 2 4 é g w12
Puc. 5. Bo30yxaaemas cuia npuTsHKEeHHs

C ¢u3ndeckoil TOYKU 3peHHs], TPUINHOW CHIKCHUS
CHJTBI TIPUTSDKEHHS TIPU allepUOIUIecKOi popme BO30Yxk-
JIAFOIIETO TOKAa MOXKHO CYMTATh YMEHBILIEHHE €ro Bpe-
MEHHOW JUIMTENHHOCTH IO CPaBHEHHIO C OCLUUIUPYIO-
UM 1 3KCIOHCHIUAJIBHO 3aTyXaroluM TapMOHHWYCCKUM
cur"aiiom (cM. puc. 2, rae ¢ € [0, (4:7)]). D10, OUEBUIHO,
MPUBOJUT K COKPAILIEHUIO BPEMEHU PAa3BUTHS IJIEKTPOIH-
HAaMUYECKUX IIPOLIECCOB B 00padaThiBaeMOM OOBEKTE.
Bce nanpHelmme BBIYMCICHUS OBUIM IPOBENECHBI JUIS
YHANOJIAPHOH (PopMBI BO30YKIAIOIIET0 TOKa, Kak Oojee
MPEANIOYTUTENLHON 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

W3 pe3ynpTaToB BBIYMCICHUH IUII HU3KUX Pabodnx
yactot (f= 1500 ['n) cnepyer, 4to:

® MakCHUMyMy BO3MOXXHOCTEH HMCTOYHHKA MOIIHOCTH
COOTBETCTBYET MaKCUMyM CHIIBI mpuTsoKeHus ~ 1800 H,
9TO MPUMEPHO B 2 pa3a MPEBBIIIAET aHAIOTHYHBIH MaK-
CUMYM i BBICOKUX 4YacToT (f = 7000 I'm) Bo30y)1aro-
IIEro TOKa;

e ¢ (U3MUECKOI TOYKHM 3pEHHMs, IPUUMHON YyBeJInye-
HUSI CHJI TIPUTSDKEHHS TIPH CHIDKEHMM paboyuX 4acToT
MOYKHO CYHTaTh HWHTEHCH(MKAIMIO IIPOIECCOB IPOHHK-
HOBEHHS BO30Y)XIAE€MBIX IOJIEH B METaJUl 3arOTOBKH U
HWHCTPYMEHT, YTO W NPHUBOAUT K YBEIUUCHHUIO HAIPSOKEH-
HOCTEM MarHMTHOTO MOJISI C BHEIIHEH CTOPOHBI MPOBOA-
HUKOB CHUCTEMBI M, COOTBETCTBEHHO, K POCTYy CHJ Mar-
HUTHOTO JIaBJICHUS HA HUX U3BHE.

BoiBOaBI.

1. PaccunTansl aMIIMTYJHO-BPEMEHHBIE 3aBUCUMOCTH
XapaKTCPUCTHUK SJICKTPOMArHuTHBIX MPOLECCOB B JIMHEH-
HbIX HWHCTPYMCHTAX MArHUTHO-UMIIYJIBCHOI'O IIPUTKEC-
HHUS JIUCTOBBIX METAJUIOB C HU3KOM YAENbHOW 3JIEKTPO-
MIPOBOIHOCTHIO MPU MHTEHCHBHOM IPOHHKHOBEHUH BO3-
Oy>kIjaeMbIX MAarHUTHBIX ITOJIEH B MPOBOISIIIE JIEMEHTHI
MHCTPYMEHTOB 1 00pabaTbiBaeMbIX OOBEKTOB.

2. YCTaHOBIIEHO, UTO MEPEX0]] K HU3KAM PadOUM Yac-
TOTaM BO30Y’KHAIOMNX TOKOB ITO3BOJIIET CYIIECTBEHHO
YBEIMYUTh aMIUTUTYbl CHJI HPHUTSHKEHUsT MeTauia (Ha-
npumep, npu f = 1,5 k' cunoBble nmokazarenu ajst odpa-
OaTpIBaeMOM CTalli BO3PACTAIOT MPUMEPHO B 2 paza 1o
CpaBHEHHIO CO ciy4yaeM, koraa f= 7 k['m).

3. IlokazaHo, 4To (PU3MYECKOH NPUUMHON yBEIHMUYCHUS
CHJI IPUTSDKEHUS IPU CHIKEHUH paboymX 4acTOT MOXKHO
CUNTATh WHTEHCH(HKALHWIO IPOLECCOB MPOHUKHOBEHHMS
BO30Yy’KaeMbIX MOJEeH CKBO3b METall WHCTPYMEHTa M
00pabaTeIBaeMO 3arOTOBKH, YTO IPHUBOAUT K POCTY CHII
MarHUTHOTO JaBJICHUS HA IPOBOJHUKU U3BHE.

Pabora mpoBoamiace kadenpoii ¢puznku XHALY B
pamkax Haydanoro mcciemoBanus «Heprocoeperaromme
MaJlo3aTpaTHbIE TEXHOJIOTUH MUTAHUS U PEMOHTA TPaHC-
mopTHBIX cpenctB» Ne08-53-19, ¢unancmpyemoro Mu-
HHUCTEPCTBOM 00pa30BaHMs U HAYKH Y KPauHbI.
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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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A.Il'. T'ypun, U.A. KoctiokoB

BJIMSITHUE AKTUBHOT'O COITPOTUBJIEHUA OBMOTOK UMITYJIbCHOT'O
TPAHC®OPMATOPA HA TAPAMETPbI ®OPMUPYEMbBIX HA EMKOCTHOU
HATI'PY3KE UMITIYJIbCOB HAITPAKEHUSA

Mema. Ananiz éniugy aKmueHozo onopy nepeuHHoi ma 6MOPUHHOT OOMOMOK IMRYILCHO20 MPAHCHOPMAmMOPY HA HANPYZy HA HA-
GAHMANCYBANbHILL EMHOCHIL HA OCHOGE PO3POONEHOT MemOOUKU AHATI3Y nepexiOnuUX nPouecie, w0 00yMoeeHi po3padom HaKonuyy-
6anvHOT emHOcmi ¢ nepsunnii oomomui. Memoouxa. Modenv 0na po3paxyHKy nepexionux npouecie po3poodnena i3 euKOpucman-
HAM nepemeopenna Jlannaca. Mooeniosanna nepexionux npouecie npogedeno ¢ npozpammuomy naxemi MATLAB. Pe3synvmamu
PO3DAXYHKY nepexionux npouecie nopieHAHo i3 ekcnepumenmanvHumu pesynomamamu. Pesynomamu. Po3pooneno memoouxy pos-
PAXYHKY nepexioHux npouecie y unpoodysaibHux yCmano6Kax 3 IMRynsCHUMU MPAHCHOPMAmMOpam, wio 0ae MOHCIUGICMb 6Paxo-
eyeamu 6mMpamu ROMYHCHOCI 6 NEPEUHHITL ma 6MOPUHHILL 0OMOMKAX HA HANPY2Y HA HABAHMANCYBANbHIN emHoCcmi. Ompumani
PO3DAXYHKOGI CRHIGBIOHOWEHHA, W0 00360AI0Mb 6PAX0GYEAMU 6NIUE AKMUGHO20 ONOPY NEPEUHHOI ma 6MOPUHHOI 0OMOMOK
mpancgopmamopy nHa Hanpyzy Ha HAGAHMANCYBANbHIN EMHOCHI, CIMPYMU Y NEPBUHHITL MA 6MOPUHHIL 00MOmMKax mpaHcghopma-
mopy, a maKoxc Ha Hanpyzy Ha iHOyKmueHocmi nepsunnoi oomomku mpancgopmamopy. Haykosa nosusna. Po3poonena mame-
Mamuyuna Mooens 015 PO3PAXYHKY RepexiOnux npoyecie 6 nepeunHill ma 6MOPUHHIN 00MOmMKaAx mpancghopmamopy iz epaxysan-
HAM @NIUGY AKMUBHO20 ONOPY 0OMOMOK NPU 1020 3MIHI 8 WIUPOKOMY diana3oni moxcausux 3nauens. Illpakmuune 3nauenns. Bu-
KOPUCMANHA PO3POOIEHOT MEMOOUKU 003601A€ GUIHAUAMU NAPAMEMPU PO3PAOHO20 KONA, NPU AKUX HA HAGAHMAMCYBAbHII EMHO-
cmi i00ysaemvcs hopmysanns imnyavcie Hanpyzu oe3 3sminu popmu hpoumy imnynscy. bion. 14, puc. 5.

Knouosi cnosa: imnyiabcHuii TpancopMaTop, EMHiCHe HABAHTAKEHHA, AKTUBHUI omNip 00MOTOK, iMIyJIb¢ BUNPOOYBAIBLHOL
HANPYTd, BUNPOOYBAHHS €JIEKTPUYHOI i301s11ii.

Iens. Ananu3s enusnus aKmMueHoO20 CONPOMUGNEHUA REPEULHON U GMOPUUHOU 0OMOMOK UMAYIbCHO20 MpPaHcpopmamopa na
Hanpsajicenue Ha HAZPY30UHOU eMKOCHIU HA OCHOBAHUU PA3PAOOMAHNOIU MEMOOUKU AHATU3A NEPEXOOHBIX NPOUECCOB, GbI36AH-
HbIX pa3pA0OM HAKORUMENbHOU eMKOcmu 8 nepguunoi oomomke. Memoouka. Moodens 0na pacuema nepexooHvix nPoOUeEccos
paspadomana ¢ npumenenuem npeoopazoeanusa Jlannaca. Modenupoganue nepexooHsviX NPoUEcco8 nPoeoOUIOCy 8 NPOZPAMM-
Hom nakeme MATLAB. Pe3ynvmamol pacuemog nepexooHvlx RPOYEccos CPAGHUBAIUCH C IKCREPUMEHMATbHBIMU Pe3)Ibmama-
mu. Pesynomamet. Pazpabomana memoouka pacuema nepexoOHsix RPOUeccos 6 UCHbIMAMENbHbIX YCMAHOBKAX C UMAYIbCHbIMU
mpancgopmamopamu, no360AAI0ULAA YHUMBIEAMb GIUANHUE NOMEPL MOWHOCINU 6 REPBUUHON U GMOPUUHON 0OMOMKAX HA HA-
npasjgcenue na Hazpy3ounoli emxkocmu. Ilonyuenst pacuemusie cOOMHOUERUSA, NO3GONAIOWUE YUUMBIGAMY GUAHUE AKINUBHO20
CONPOMuUGNEHUs NePEUUHOI U 6MOPUYHOI 00MOMOK MPAHCHOPpMAmMOpa Ha HaAnpadCeHue HA HAZPY30YHOU eMKOCHU, MOKU 6
NepeUYHOIl U 6MOPUYHOI 0OMOMKAX MPAHCHOpMamopa, a makKice Ha nAOeHUe HANPAINCEHUA HA UHOYKMUGHOCIMU REPEUUHOL
oomomku mpancgopmamopa. Hayunasn nosusna. Pazpabomana mamemamuueckan mooeisp 011 paciema nepexooHvlx npouec-
€06 6 NEPEUYHOI U GMOPUYHOI 00OMOMKAX UMRYILCHO20 MPAHCHOPMAMOPA ¢ YUemMOM GIUAHUA AKMUBHO20 CONPOMUBTIEHUS
00MOMOK NpU €20 u3MeHenulU 8 WMUPOKOM Ouanasone 603moxcnovix 3navenui. Ilpakmuueckoe 3nauenue. Henonvzosanue npeo-
JI0HCEHNOT MEMOOUKU NO380IAEH ONPEdeAMb NAPAMEMPDl PA3PAOHOI Yenu, NPU KOMOPLIX HA HAZPY3OUHOU eMKOCHU NPOUC-
X00um hopmuposanue mecmosvix UMNYIbCO8 HARPANCEHUA De3 UCKAHCEHUT (hopmbl pponma umnynwvcos. budn. 14, puc. 5.
Kniouesvle cro6a: AMIyJIbCHBIN TPaHC(OPMATOpP, EMKOCTHASI HATPY3KAa, AKTHBHOE CONMPOTHBJIEHNE 0OMOTOK, HMITYJIbC HCIBI-
TATeJILHOTO HANIPSKEHHUS1, HCIBITAHUS YJIEKTPHYECKO M30JIAINH.

BBenenne. IlpoGnemMa KOHTPOJS YCTOWYMBOCTH JAWT K OIpPEACIICHHBIM TPYAHOCTSAM, B IIEPBYIO OYepenb

M30JSIMU  DJIEKTPOIHEPreTHYecKoro 000pYyAOBaHUS 10
OTHOIICHHUIO K BBI3BAaHHBIM Pa3IMYHBIMHU NPHYUHAMH IIe-
peHanpsHKEHUSM OOBIYHO peIaeTcsl MyTeM MPUMEHEHHs
TeHepaTOpOB MMITYJIBCHBIX HaNpsDKeHUH. Takue reHepa-
TOPBI MOTYT OBITH pa3pabOTaHbl C MCIOIB30BAHUEM IIH-
POKO pacIpocTpaHeHHOU cxeMbl ApkaabeBa-Mapkca [1],
NpY IPUMEHEHUH KOTOPOH MoIpa3yMeBaeTcsl 3apsij J1eK-
TPUYECKUX KOHICHCATOPOB TPH HX TIAapauIeIbHOM CO-
€IMHEHUH C TIOCIIEAYIOUIMM pa3psaoM IpH MOCieI0Ba-
TEIBHOM COeOWHEHUH. [IpuMep TpaKkTHYecKOoro IpuMe-
HCHHS YIOMSHYTOI'O METoja it (OPMUPOBAHUS TECTO-
BBIX UMITYJIBCOB TIpUBENEH B [2], TOe JaHO OMUCAHUE Te-
HepaTopa ¢ 3amacaeMoil »Heprueil mo 0.48 MJx, mis
(hopMUpOBaHHS WMIYJIHCOB HANPSDKEHUS C aMIUIHTYIIOH
n0 3 MB. Taxkoif moxxoj mMo3BOJsieT UMUTHPOBATH HM-
ITyJTBCHI TIEPEHATIPSDKEHHS, KOTOPBIE BOSHUKAIOT BCIIEACT-
BUEC yJ1apOB MOJIHMH, a4 TaKK€ KOMMYTAIIMOHHBIC IEpCHA-
npsokeHus.  JleranbHOe  OMMCaHHWE METPOJIOTMYECKOTrO
000pyIOBaHMS, UCIOIB3YyEMOTO B MPAKTHKE (HOPMHUpPOBa-
HUSL BBICOKOBOJIBTHBIX HUMITYJIBCOB HAIPSIKCHUS, TpUBE-
neHo B [3]. XoTs mpuMeHeHue TeHepatopoB Mapkca mo-
3BOJISICT (POPMHUPOBATH UMITYJIBCHI HANPSHKEHUS C JTOCTa-
TOYHBIMH YPOBHSAMH aMIUIUTYIBl M YAOBICTBOPUTEIHHBI-
MU U TPAKTHYSCKUX IIeNeld BPEMEHHBIMH XapaKTepH-
CTHKaMH, TPAaKTHIeCKask pealn3anus TaKUX CXEM IpPUBO-

BCJIEAICTBHE HEOOXOIMMOCTH NPUMEHEHHSI 3HAUUTEIHHOTO
KOJIMYeCTBAa PA3PSIHUKOB [4].

Jpyroii MKUPOKO paclpoCTPaHEHHBIN MIOAXO0M, KOTO-
pBIil MCHONB3yeTCsl B TIPAKTUKE IIOJyYEHUS BBICOKO-
BOJIbTHBIX HMITYJIbCOB HANpPSDKEHHS, OCHOBAH Ha pealu-
3allMM Pa3JIMYHBIX CXEM, B KOTOPBIX IOApa3syMeBaeTcs
YCHJIEHHE HMITYJIbCOB HANpsHKEHUS] 10 HEOO0XOIHMMOTO
YPOBHS C MCIIOJIb30BAHUEM HMITYJILCHBIX TpaHCc(opMmaTo-
poB. THUMHYHBIM TPUMEPOM SIBIISETCS OMHCAHHBIN B [5]
UMITyJIbCHBIA TpaHC(OpMaTOp C MAarHUTHBIM CEPACYHH-
KOM, COCTOSIIIIMM M3 68-u (eppuTOBBIX CTepkKHEW. B He-
KOTOPBIX TCXHUYCCKUX TMPUITOKCHUAX ONPCACICHHBIC
npeuMymieCcTBa MOXKHO MOJYYUTH IIPpU HCIOJHb30BaAHHUU
BO3/IyLIHBIX TpaHC(OpMAaTOPOB, TaK Kak TpaHcHOpMaro-
pBl Takoro THIIA HE TPEOYIOT IOMOJHHUTENBHBIX NeHel
pa3sMarHN4MBaHUs, KOTOPbIE OOBIYHO HCIIONB3YIOTCS VIS
obecrieueHnss MakCHUMalIbHOTO pa3Maxa MarHUTHOW WH-
IYKIAW B CepACYHUKE [6].

OpHo#l m3 Hambosee pacIpoCTpaHEHHBIX MPoOIeM
JJId BBICOKOBOJIBTHBIX YCTAHOBOK C HMITYJIbCHBIMU
TpaHchopMaTOpaMu SIBISIETCS HEOOXOIUMOCTH OTIpeie-
JICHUS HaNPsKEHUS Ha HArpy304YHOHW €EMKOCTH B ILIUPOKOM
Jlhana3oHe U3MEHEHMsI ee 3HadeHui. B ciayuyae npumene-
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HUSI IMITYJIbCHBIX TPAHC(OPMATOPOB C MATHUTHBIMH CEp-
JCYHUKAMHU OTHOCHUTCIIBHO HC6OJ'II)IHI/IC 3HA4YCHUA TOKa
XOJIOCTOTO XO/1a B HEKOTOPBIX CIIydasX IO3BOJIIOT IIPO-
BOJMTh MaTeMaTHYECKHI aHaIu3 pa3psia HaKOIUTEIbHO-
ro KOHJIEHCaTopa, NpeHeOperast BeIMYNHON HHIYKTHBHO-
CTU HaMarHu4uBaHUA. Pe3yanaTb1 MATEMaTUYCCKOI'O
MOJIETUPOBAHMS PA3PSIIHBIX MPOLIECCOB HAKOIUTEIHHOTO
KOHACHCATOpa Ha MECPBUYHYIO LCTIb UMITYJIBLCHOT'O TpaHC-
(opMaTopa ¢ MArHUTHBIM CEPACYHUKOM, BHITIOJIHEHHBIE B
[4], moka3aim, 4TO yBEIHMUYCHHE BEITMYMHBI HATPY309YHOI
€MKOCTH TPHUBOJUT K YMEHBIICHUIO HANPSDKEHUS] Ha HEl.
B ciyuae npuMeHeHHs1 BO3AYIIHOTO TpaHC(hOpMaTOpa ero
aHaJIM3 YacToO NPOBOAUTCS 0e3 ydeTa akTUBHOTO CONPO-
TUBJIEHUS TIEPBUYHON ¥ BTOPUYHON 0OMOTOK. JleTanbHbIH
aHaJIM3 TEPEXOJHOro Ipolecca B UMITYJIbCHOM TpaHC-
¢dopmarope, ¢ y4eTOM BIUSHHUS HOTEPb SHEPIHU B IIep-
BUYHOW M BTOPUYHOW OOMOTKax Ha BEJIWYMHY HarpspKe-
HUS Ha Harpy3049HOI eMKOCTH, BhIoNHEH B [8]. OnmHako
pemenne auddepeHnnanbHOro ypaBHeHHsT 4 Topsika,
KOoTOpoe ompezersieT ¢GopMy TOKa B NMEPBUYHONW M BTO-
pUYHON 0OMOTKax, OBLIO IOJy4EHO B BHIE, B KOTOPOM
MOJPa3yMeBaETCs CYIIECTBOBAHUE TOJIBKO KOMIUIEKCHO-
CONPSDKEHHBIX KOPHEH XapaKTEepUCTUYECKOTO yPaBHEHHSI.
Takue THOB KOpHEH OOBIYHO MMEIOT MECTO B Ciydae
aHajM3a Lened C JIOCTaTOYHO BBICOKOH J10OPOTHOCTEHIO.
CrnenmoBarenpHO, 007acCTh TPHUMEHEHHS YIOMSHYTOTO
aHaJM3a OrpaHMYeHa KPYrom npodiieM, KOTOpble UMEIOT
MECTO B CJIydYae JAOCTATOYHO HE3HAYUTENIbHBIX IOTEPHh B
NEePBUYHON M BTOPUYHOW OOMOTKaxX. XOTs TaKoW aHaIIU3
SIBIISIETCS] IOCTATOYHBIM VIS TTOJIABIISIOIIETO OOJIBIINHCT-
Ba MNPAKTHYCCKUX CJIy4Yae€B, MOBLIIICHUC IOTEPHL B IEp-
BUYHOW M BTOPMYHON OOMOTKaX MOXKET NPHBOAUTH K
JPYrUM pPELICHUSIM XapaKTEPUCTHYECKOTO ypaBHEHHS.
O4eBHIHO, YTO TaKHE HMITyJIBCHBIE TPaHC(HOPMATOPHI
6y[lyT HUMCThb YXYAUICHHBIE TEXHUYCCKUC XapaKTCPUCTH-
KM TI0 CPaBHEHHIO C TpaHC(HOPMATOPaMH C YMEHBIIICH-
HBIMH noTepsiMH. TeM He MeHee, B ciydae He0OXOJHMO-
cTH (OPMHUPOBAHUSI MMITYJICOB HAINpsHKEHUSI C OIpelie-
JICHHBIMH TPEOOBaHUAMH K JUIMTEIBHOCTH (POHTA U Cpe-
3a UMITyJIbCa, HAIpUMep, pH (HOPMHUPOBAHUH HMITYJIECOB
HampspDkeHuss 1Mo ¢opme, ONM3KUX K arnepuoIndecKom,
LENH C YMEHBIIEHHOH TOOPOTHOCTBIO MOTYT ITpECTaB-
JISTh ONPEJCNICHHBI MHTEpEC. YBEJINYEHHE aKTHBHOTO
CONPOTHUBJICHHS TI03BOJISIET YMEHBIINTD, JINOO MOJTHOCTHIO
YCTPaHUTh UCKAXKEHHS UMITYJIbCOB HANPSDKEHNUS, KOTOpPBIE
BBI3BaHBl KOJIEOATENbHBIMHU IIPOLIECCAMH B BIIEKTpHUE-
CKHX IIEMAX C BBICOKOW MOOpOTHOCTHIO. CliemoBaTenbHO,
JUISL HEKOTOPBIX CIIydaeB MPEIIOYTHTENIFHO pa3padoTaTh
Oosilee yHUBEpCAIbHOE PEIIEHHE, KOTOPOE IO03BOJISIET
aHAJIM3MPOBATh IEPEXOIHBIC MPOLECCH B NMEPBUYHOU U
BTOPUYHOH OOMOTKAaX HMMITyJIbCHOTO TpaHchopMaropa
Uit OoJlee MIMPOKOTO JMana3oHa IOTEepb MOIIHOCTH B
obmoTtkax. Takas mpoOiemMa paccMaTpuUBaNach TaKXKe B
[9], onmHaKo NMpUBEICHHbIE PEIIEHNs, AHATOTUYHO PE3yJIb-
TaTaM [8], OMHCHIBAIOT caydail c1abo3aTyXaromux Kole-
0aHMii, KOTOpPbIE OOBIYHO UMEIOT MECTO B CIIy4ae OTHOCH-
TEJIFHO HE3HAYUTENBHBIX MOTEPh B MEPBUYHON U BTOPHY-
HOM oOMmoTkax. Kpome Toro, B [9] He 3aTparuBaroTcst BO-
IIPOCHI, CBSI3aHHBIC C OIMPEAEICHHEM HANPSDKEHHUS Ha eM-
KOCTH TECTHpyeMoro oObekTa. BwIpaxkeHue Uit Harps-
JKCHHS Ha Harpy30YHOW €MKOCTH B OIEpaTOPHOH (opme
u obrieM Buje npuBeneHo B [10]. OnHako opuruHai 3T0-
IO BBIPAXEHUS ONPENEISUICS Al €0 YNpOIeHHON (op-
MBI, B KOTOpOﬁ HE YUYHUTbIBAJIaCb BCJIMYMHA AKTUBHOI'O
corpoTuBieHUs: 00MoTOoK. [IpuBenennsie B [11] pemenns

YUYUTHIBAIOT BJIMSIHUE AKTUBHOTO CONPOTHUBIIEHHUS BTO-
PHYHOI OOMOTKHM Ha HanpshKEHHE HAa eMKOCTH BTOPHYHO-
T0 KOHTYpa, HO aHaJHN3 MMPOBOAWICS AJS CIydas BO30ykK-
JCHHUA TCPBHUYHOI'O0 KOHTYpa rapMOHUYCCKHUM HAIIPSKE-
HUeM. B maHHOW paboTe BHMMaHHWE CKOHIICHTPHPOBAHO
Ha ciyyae BO30yXK/IEHHs NEPBHUYHOTO KOHTYpa IyTeM
pa3psia HaKOIUTEIbHOM €MKOCTH. JleTanbHbIA aHamu3
YCJIOBUM TOJYYEHHUs MaKCUMaJbHBIX HAMNpsHKEHUM Ha
€MKOCTH BTOPHYHOI 11enH 0e3 ydeTa BIUSHUS aKTHBHOTO
COTIPOTHBJICHUSI OOMOTOK TIEPBUYHOM W BTOPUYHOM IIeTIeH
HA BPEMEHHBIE XapaKTEPUCTUKU HANPSIKEHUS BBINOJIHEH
B [12]. OtcyTcTBYIOT ITyOnMKanuy, B KOTOPBIX yYUTHIBA-
€TCsl 3aTyXaHHe HalpsDKeHUs Ha Harpy304HOW €MKOCTH,
CBSI3aHHOE C TapameTpamu MEePBUYHON U BTOPUYHOM ILie-
neit [13]. IlpuBenenusie B [13] cooTHOweHUs ISl Ha-
MPSDKEHUST Ha DJIEKTPUYECKOW €MKOCTH BTOPUYHOU 00-
MOTKH, TIOTy4Y€HHBbIE M10CIIE MPOBEJCHHS TAKOrO aHaJH3a,
TaKk)Ke OCHOBAaHBI Ha PACCMOTPEHUH KOJIEOATENEHOTO Ha-
npsbkeHust Ha Held. Takum oOpa3om, BOmpocs! (HOpMHUpO-
BaHHSA HA HArpy304HOW EMKOCTH HCIBITATENbHBIX HM-
MyJIbCOB HAIpPsDKEHUs!, OJIM3KUX K arnepuoudeckoi ¢op-
Me, TeCHO CBSI3aHBI C Pe3yJIbTaTaMH, IPUBEICHHBIMH B [§]
u [13]. Tem He MeHee, B ciiydae HEOOXOAUMOCTH (GOPMHU-
pOBaHMS TaKUX HMITYJIbCOB aHAIM3 CIEAYET NPOBOAMTH
IJId cliy4das 60ﬂee 3HAYUTCJIBbHBIX BCEJIWYUH AKTHUBHOI'O
COTIPOTHUBIICHUS] 0OMOTOK, KOTOPBIE MPHUBOIAT K APYTOMY
TUIYy KOpHEHl XapaKTepuCTUYECKOT0 YpaBHEHUSI.

Lenabio padoThl SBISETCS aHAIHU3 BIUSHAS aKTHB-
HOT'O COIPOTHBIICHHS TEPBUYHON M BTOPUYHOH OOMO-
TOK MMITYJIbCHOTO TpaHc(hopMaTopa Ha HaIpsDKEHHE Ha
Harpy304HOi €MKOCTH Ha OCHOBaHUHU pa3paboTaHHOU
METOJMKHU aHaNIM3a MEePEeXOAHBIX MPOLECCOB, BHI3BAH-
HBIX Pa3psioM HAKOIMUTEJIBbHONH €MKOCTH B NEPBUYHOU
oOMOTKe.

AHaIU3 cXeMbl 3aMellleHHsl MMITYJIbCHOT0 TPaHC-
¢opmaTopa. AHau3 NEPEeXOJHBIX MPOLECCOB MPOBEIEH
JUI CXeMBI 3aMelIeHHs TpaHcPopMaTopa, MPHUBEICHHON
Ha puc. 1.

Puc. 1. Cxema 3aMerieHust 1151 OIpPEASIECHIS BIHSIHIS
TECTHPYEMOTO 00BEKTa Ha TapaMeTPhl IMITyJIbCa
HaINpsDKEHHs Ha HAarpy304HOH eMKocTH (8]

Ha cxeme 3amemenus Ha puc. 1 C;, C, npeacrasns-
10T c000#1 eMKOCTH KOHAEHCATOpa B MIEPBUYHON OOMOTKE
(HaKOTIUTETFHBIN KOHACHCATOP) U HArPy30YHOH €MKOCTH
TECTHPYEMOTo 00BEKTa BO BTOPUIHOW 00MOTKE; R|, R, —
COMPOTHUBJICHUS] TIEPBUYHON W BTOpUYHOW wnenu; M —
K03 (hULMEHT B3aMMHON UHIYKIUH MEX]Y TEPBUYHON U
BTOPUYHOW OOMOTKamu; L, L, — MHIYKTHUBHOCTU IEp-
BUYHOU M BTOPUYHON OOMOTOK.

AHanu3 MpoBefeH B MPEINON0KEHUH O He3Hauu-
TEJIbHOW Mapa3UTHONM €MKOCTU MEPBUYHOW M BTOPUYHOM
00MOTOK (cM. puc. 1). B pe3oHaHCHOM pekuMe BBITOHS-
€TCsl PaBEHCTBO:

L1C1 :L2C2 . (1)
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B Takom ciydae cxema 3amemenus (puc. 1) daxtu-
YEeCKH MpPEICTaBsieT COOO0H CXeMy 3aMeIleHus TpaHC-
¢dopmaropa Tecna. Jlnst ciaydas mpeHEOPSKUTEIBLHO Ma-
JIBIX aKTUBHBIX COIIPOTUBIICHUN IIEPBUYHON U BTOPUYHOM
00OMOTOK M paHee MPHUBEICHHOTO paBeHcTBa (1), KoTopoe
OIpeNeNsieT COOTHOIICHHSI MEXIy MHIYKTHBHOCTSIMH L,
L, u emxoctsamu C;, C, HampshpKeHHE Ha Harpy304HOI
eMKocTd C) MOXKET OBITh OIPENEICHO C UCIIOIB30BaHIEM
ClIeyromIero BepaxkeHus [14]:

U, = ﬂ &[COS _% t |—cos _%

2 C 2 J1-k Vi+k

rae k — KodpUIHUEHT CBSI3U MEXAY NMEPBUYHON U BTO-

PHYHOM 0OMOTKaMH, wy — COOCTBEHHAsI 4acToTa KoJjecOa-
HU TIEPBUYHON U BTOPHYHOM 0OMOTOK [14]:

1 1

Wy == (3)
0 ne LG,

ITpumensis ipeoOpazoBanue Jlamnaca K BeIpaOKEHUSIM
JUTSL TIAJICHUS] HAlPSDKEHUSI HA 9JIEMEHTaX CXEMBbI 3aMEIICHHS
(puc. 1), MOXHO TIOTYYUTh COOTHOILIEHUS ISl OTPEISIICHUS
TOKa BO BTOPHYHOM OOMOTKE B OrepaTtopHoii opme:

| . Ue,
)ij — pMip = —, )
G p

il @)

(pL] +R1 +

(pLa+ Ry +—)ip — pMiy =0, )
rC;
TJIe U, — HAMPsDKCHUE Ha HAKOMUTEIILHOM KOHJICHCATOPE
B Ha4ajle NepexoaHOro Ipolecca.
VYuuteiBas BeipakeHus (4) u (5), MOXXKHO 3amucartb
BBIPa)KCHUS JIJIS TOKA BO BTOPHYHON OOMOTKE:

pzMucC1C2
4 3 2 ?
ap” +bp” +cp” +dp+1

I7ie TIOCTOSIHHBIE a, b, ¢, d MOTYyT OBITH ONpEREJICHBI C
HCIIO0JIb30BAHUEM CIIEIYIOIINX BBIPAYKCHUI:

ir(p)= (6)

a= L2C2L1C1 —M2C1C2, (7)
b= L2C2R1C1 + R2C2L1C1, (8)
c= L2C2 + R2C2R1C1 +L1C1, (9)

d=R2C2 +R1C1. (10)

B cootBercTBHE C OOBIYHOW CXEMOH MPUMEHEHHS

npeodpazoBanus Jlamnaca, BeIpaXXeHHE I 3aBHCUMOCTH

TOKa BO BTOPUYHOW LIEMH OT BPEMEHHU MOXKET OBITh 3aITH-
CaHo B 00IIEM BHJIE:

N(py)
(1) = ZM(pn) — bl

rae Bce N(p,) IPEACTaBISIOT COOON BEIMIMHBI YHUCTHTEIIS
B (hopmyre (6) B TOYKax, KOTOPbIE COOTBETCTBYIOT KOp-
HSM TOJIMHOMA W3 3HameHatens (6), a Bce M'(p,) mpen-
CTaBJISIOT cOOOW 3HAYEHUsI MPOMU3BOIHOM OT TMOJIMHOMA B
3HaMeHaTese BbIpakeHHs1 (6) B TOYKax, COOTBETCTBYIO-
IIMX HYJISIM 3TOTO 3HAMEHATEJISL.

Takum 00pa3om, B NPEANOIOKEHUH, YTO HATrpy304-
Hasi €MKOCTh B Hadaje MEepexoJHOro mporecca He 3apsi-
JKeHa, HallpsDKeHWe Ha Hell MOoXKeT OBITh HaiiieHO C Wc-
MTOJTE30BAaHUEM CIIEAYIOIIETO BBIpa)KeHI/IHZ

’ N(p,) ™
Hdt =— e (———).(12
C2 '([IZ() C2 nz;M(pn) ( Pn pn) ( )

(11

U, ()=

ITockonbKy mepenaya SHEPrUU U3 NEPBUYHOM LENH
BO BTOPHYHYIO IIPOM3BOAMTCS IIyTE€M HHIYKTHBHON CBS-
3H, aHAJIU3 MEPEXOHBIX MPOLECCOB HEOOXOMMO BBIIOJ-
HSTH C YYETOM 3aBUCHMOCTH OT BPEMEHH HalpsDKEHHs Ha
MHIyKTUBHOCTHU NEPBUYHOM 0OMOTKH. [IpHUMast BO BHU-
MaHue cooTHouleHus (4) u (5), BEIpakeHUe ISl TOKa B
MEPBUYHOM LIEMH MOXKET OBITh 3aIIMCAaHO B BUJIE:

u Cl(p L2C2 +pR2C2 +1)

n(p)=
ap +bp +cp +dp+1

(13)

TokM B MIEPBUYHON ¥ BTOPHYHOM LIETSAX OMPEICIITIOT-
Csl BBIPXKEHUSAMH, B KOTOPBIX 3HAMEHATENb OJMHAKOBBIN
(cpaBau (6) u (13)). ITO 0O6CTOATETHCTBO MO3BOJISET YIIPO-
CTUTHh MOJCIMPOBAHUE MEPEXOHBIX IMPOLIECCOB, BHI3BAH-
HBIX paspsgoM konaeHcaropa Ci. [Ipunumas Bo BHUMaHHe
(13), BBIpaxkeHHE I 3aBUCHUMOCTH TOKa B TEPBHYHON
06MOTKC OT BPEMCHU MOXKET 6bIT]> 3aIlMCaHO B BUJIC:

(1) = ZM((pnn)) Z2Pn) put (14)

rne W(p,) IpeAcTaBiaoT co00il BEINIUHBI YUCIUTENS U3
(13) B TOuKax, KOTOpPBIE COOTBETCTBYIOT KOPHSAM IIOJIH-
HoMa u3 3HameHarens (6) u (13).

C yuerom BeipakeHus (14), nageHne HanpsHkeHUs! Ha
WHIYKTUBHOCTH NEPBUYHONH OOMOTKHM L MOXKET OBITh Orpe-
JIEJTIEHO C MICTIOJIb30BAHUEM CIIEYIOIIETO BBIPAKEHHS:

4
W(pn) t
ur (I)ZLl ‘—p ep" . (15)
! E{M ()"
C yuerom (11) u (14) mpu yuere (4) u (5) BeIpaxke-
HUSL JUIS HalpsDKEHUH Ha Harpy3o4Hoi emxoctd (12) n
MHIyKTUBHOCTU NEpBUYHON 0OMOTKH (15) MOXKHO 3amu-
caTb B BHJE:

diy  di
ucz(t):Mi—L2%+Ri2(t), (16)
~ diy(t) oo 1¢
up, () =u, 2Ok~ { i) (17)

Beipaxenns (16) u (17) Takxke MOTyT OBITH UCIIOJb-
30BaHbl JUI1 YaCTHYHOHM NPOBEPKH paHee NPHBEIAEHHBIX
(opmyJ JUIS HampsHKEHUs] HA HAarpy304HOW €MKOCTH U
WHIyKTUBHOCTHU ITEPBUYHON OOMOTKH.

Pe3yabTaThl MOJeIMPOBaHHUS MEPEXOIHBIX NPO-
eccoB B NEPBMYHOI W BTOPHYHONH OOMOTKAX, BbI-
3BaHHBIX Pa3ps/ioM HAKONMHTEJIbHOI0 KOHAEHCATOpa.
Ha puc. 2-5 mpuBeneHs! pe3ynbTaThl pacieToB MEPEXO-
HBIX TPOLIECCOB B OIMMCAHHON MOJEIH HUMITYJIbCHOTO
TpaHcdopmaropa npH ero paboTe Ha eMKOCTHYIO Harpys-
Ky. Bce pacuersl m u3MepeHUs ObUIM NPOBEIEHBI IMPU
3HAQUEHWN B3aUMHOW WHAYKIHMH MEXIy IEepPBUYHON W
BTOPUYHOW 0OMOTKamu M = 1,133~1041 I'n. UnnykTus-
HOCTH NEPBUYHOI OOMOTKH IpUHSTa paBHO# L; = 186-10~
% I'n. MHyKTHBHOCTb BTOPHYHOI 0OMOTKH: L, = 126-107°
I'n. HecMoTps Ha TO, YTO B NMPAKTHYECKUX HMPHIIOKEHUSIX
TaKye napaMeTpsl e He 00eCTIeunBaIOT ONPECICHHBIX
MPEUMYILECTB C TOUYKH 3PEHUS] TEXHUYECKHX XapaKTepH-
CTHK, OHU MOTYT OBITh MCIOJIb30BaHBbl, KaK ISl HPOBEPKU
ONMCAHHBIX PEIICHMH, TaK ¥ IJIsl ONpEeIeleHUs] OOIuX
TEHJICHLUH NEPEXOHBIX MPOLIECCOB B MEPBUYHOI U BTO-
pHYHOIT 0OMOTKAX.
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Puc. 4. HanpsixkeHue Ha Harpy304HOM €MKOCTHU IIPH aKTUBHOM
COIMPOTHUBJICHNH NepBUIHON 00MOTKH 20,79 OM U compoTHBIIe-
HUM BropuyHOi oO6MoTkH 100,57 OM
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Puc. 5. HanpsikeHne Ha Harpy304HON €MKOCTHU IIPU aKTUBHOM
COIPOTUBIICHUH NepBUUHON 00MOTKH 20,79 OM U conpoTHBIIe-
HUH BTOPHYHOH 00MOTKH 20,57 OM

W3 mpuBeneHHBIX pe3yabTaTOB BUIHO, YTO JaXe B
cllydae peXuMa arepHoM4ecKoro paspsiia HaKOIUTEIbHO-
ro koHaeHcatopa C (pe3ynbTaThl pacuera Ha puc. 3), KOTo-
PbIii MOKET ObITh OOECIIeUeH IyTeM YBEJIMYEHHUs aKTUBHOTO
COTPOTHUBJICHUS] TIEPBUYHOM OOMOTKHM, TIPH TIPOBEICHHOM
MATEMAaTUYCCKOM MOJICIIMPOBAHUN HE YIacTCAd [lO6l/ITbCH
aTnepruoanIecKoil (OpMBI HANpPsHKEHHWS HA HATPy309HOM
eMKOCTH (pe3ynbTaTel pacyera Ha puc. 4). [Ipu 3tom npu
areproJUIECKOM PEXUME paspsiia HaKOIMTEIBHOTO KOH-
JeHcatopa He 00ecIeuHMBaeTCsl OTCYTCTBHE BBIOPOCOB, HC-
KaKalomux (opMy HalpspKEHHS! Ha Harpy304HOH €MKOCTH
TECTUPYEMOTO 00BEKTa, KOTOPbIE OTYETIIMBO BUIHBI HA PHC.
5. YcrpaHenus IpOHILTIOCTPUPOBAHHBIX NCKKEHUH MOXHO
JIOOWUTBCS IyTEM YBEIWYEHHS ITOCTOSHHON BpemeHn RC
LIETIOYKH BO BTOPHYHOM HENH TpaHchopmaropa, AeHCTBHE
KOTOPO# Ha (popMy MMITyIIbCa HANPSDKEHHUS BUTHO Ha puc. 4.

BoiBoabl.

1. OnucanHble pelIeHHs], TOJy4EHHBIE C MCIOIb30Ba-
HHeM IpeoOpasoBanus Jlaminaca, MOTYT OBITH HCHOJIB30-
BaHBI B ClIy4ae HEOOXOAUMOCTH (POPMHUPOBAHUS HA EMKO-
CTHOW Harpy3ke HMMILYJIbCOB HAalpsDKeHUs, OJM3KUX MO
dopmMe K anepruoANIEcKUM, IIyTEM PETYIUPOBAHUS BEIH-
YUHBl aKTUBHOTO CONPOTHBIICHUS! NEPBUYHON W BTOPHY-
HOI 00MOTOK TpaHchopMaTopa.

2. YBenu4eHWe aKTHUBHOTO CONPOTUBIICHHUS NEPBUYHOM
0OMOTKH TIO3BOJISIET JOOWTHCS aIlepHOANYECKOTO PEKIMa
paspsiia HaKONHUTENBHOTO KOHJeHcaropa. Tem He MeHee,
Jlaxe TPU TaKOM PEXUME paspsizia He yIaeTcst 00eCcTieunTh
areproJuYecKyto (GopMy HaIpsHKEHUs Ha Harpy304HOU
emMkocTd. OZIMH U3 BO3MOXHBIX IyTEH MOJyIeHUs] HA EMKO-
CTHOM Harpy3ke HMIIyJIbCOB HAIIPSHKCHUS,, MAaKCUMAJbHO
MPUOMKEHHBIX K allepHOIIecKoit (hopMe, 3aKIFouaeTcs B
YBCIMYCHUN aKTUBHOI'O COIIPOTUBJICHUA HepBH'—lHOﬁ O6MOT-
KA [I0 3HAYCHUH, 0OECTICUNBAIONINX ATICPUOANIECKHN pas-
pAan HaKOITUTEILHOMN €MKOCTH, C IMOCJICAYIOINM YBCIMYCHU-
€M aKTHBHOTO CONPOTHBIICHHS BTOPHYHON OOMOTKH, IS
yCTpaHEeHHs1 BBIOPOCOB, HCKAXKAIOIHMX (OPMY HAITPSHKEHUS.

3. HeraTuBHBIM CIEICTBHEM OIMCAHHOTO IIOJX0/a K
(hOpMHUPOBaHHIO WMITYJIBCOB HAIPSDKEHHS SIBISETCA 00-
CTOSITEIbCTBO, COTJIACHO KOTOPOMY YCTpaHEHHE BHIOpO-
COB, MCKaXaomuX (opMy HalpsDKEHUs, 3a CHET YBEIH-
YEHUsI aKTUBHOTO CONPOTHUBIICHNSI 0OMOTOK COIIPOBOXK /12~
eTcsl HeM30EeKHBIM YMEHBLICHHEM aMIUIUTYbl HMITyJIbCa
HAalpsDKeHUS] Ha eMKOCTHOM Harpyske.

4. Ncriosib30BaHKMe MPUBEIACHHONW METOJWKH TPOBEIe-
HUSI pacyeToB MEPEXO/IHBIX MPOIECCOB MO3BOJISIET OCYIIe-
CTBJIATH PEryJMPOBaHNE aKTUBHOT'O COIPOTHBIEHHS 00-
MOTOK C LEJIbI0 YCTpaHEeHHUs! NCKakeHnH (ppoHTa Popmu-
PYEMOTo Ha EMKOCTHOM Harpy3ke NMITyJIbCa HaIPSHKEHHS
BBICOKOYACTOTHBIMH KOJICOAHHUSMHU.
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The effect of the active resistance of the pulse transformer
windings on the parameters of voltage pulses generated on a
capacitive load.

Goal. Analysis of the influence of the active resistance of the pri-
mary and secondary windings of a pulse transformer on the voltage
at the load capacitance based on the developed methodology for the
analysis of transients caused by the discharge of the storage capaci-
tance in the primary winding. Methodology. A model for calculat-
ing transients is developed using the Laplace transform. Transient
modeling is carried out in the MATLAB sofiware package. The
results of transient calculations are compared with experimental
results. Results. A method for calculating transients in test installa-
tions with pulse transformers has been developed, which allows
taking into account the effect of power losses in the primary and
secondary windings on the voltage at the load capacitance. The
calculated relations are obtained, allowing to take into account the
influence of the active resistance of the primary and secondary
windings of the transformer on the voltage at the load capacitance,
the currents in the primary and secondary windings of the trans-
former, as well as on the voltage drop on the inductance of the pri-
mary winding of the transformer. Scientific novelty. A mathematical
model is developed for calculating transients in the primary and
secondary windings of a pulse transformer, taking into account the
influence of the active resistance of the windings when it changes
over a wide range of possible values. Practical value. Using the
proposed technique, it is possible to determine the parameters of the
discharge circuit at which test voltage pulses are formed on the load
capacitance without distorting the shape of the pulse front. Refer-
ences 14, figures. 5.

Key words: pulse transformer, capacitive load, winding ac-
tive resistance, test voltage pulse, electrical insulation test.
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B.B. lymenko, B.I'. Macnies, P.A. Hanischkuii, A.O. Maciie

3ACTOCYBAHHA MATHITOPEOJIOTTYHHUX EJIACTOMEPIB JIUIS1 KEPYBAHHS
XAPAKTEPUCTUKAMMU CUCTEM HIAPECOPIOBAHHS KOJIICHUX
TPAHCIIOPTHHUX 3ACOBIB

Memoro pooomu € 00cni0HCEHHA NIAUBY KEPYBAHHA RPYIHCHUMU MA 0eMRPIPYIOUUMU XAPAKMEPUCMUKAMU CUCeMU RiOpeco-
PDIOGAHHA HA OCHOGI UKOPUCMAHHA MAZHIMOPEON0ZIYHUX eACMOMEPI8 HA NIABHICHb X00Y KOJIICHUX MPAHCROPMHUX 3AC00i8.
Memoouxka. IlIpu 00cnidxiceHHAX UKOPUCHMAHO MemOOu: Meopii MAZHIMHO20 NOA, Meopii nidpecopro6anHA MPAHCNOPHIHUX
3acobis, meopii n1any8aHHa eKcnepumenmy, a maxosxc nakem Femm ona 00cnioscenna xapaxmepucmux MazHimHozo nona ma
MamemamuuHe MOOeNI06aAHHA PYXy KOMICHUX MPAHCHOPMHUX 3ac00ié no nepienocmam y cepedosuuyi Delphi. Pesynvmamu.
Po3poobneno, oocniodceno ma 3anamenmosano KOHCMPYKUIi RPYHCHUX WAPHIPIE eadiceie niOGICKU 3 MAZHIMOPeonoZiunumu
enacmomepamu. Busnaueno gionocni mesrci sminu moodynie npyycnocmi ma eémpam 0anux wiapripie npu 30ilCHeHHI Kepysanus
Xapakmepucmukamu niogicku 01 3a0e3ne4eHHs NIOGUWEHHA NIAGHOCMI X00y KOJICH020 mpancnopmnuoz2o 3acody. Haykoea
HosusHna. Bnepuie 00ocnidiceno 0oyinbHicms 3acmocy8ants MazHimopeonoiuHux enacmomepie 0 KepyeaHHsa NPYylHCHUMU ma
demnipyrouumu XapaKmepucmuKamu cucmem niopecoproeanHs KOJTICHUX MPAHCHOPMHUX 3Ac00ie ma GU3HAYEHO 3aKOHU Ke-
PYBaHHA, AKI 003601A10Mb NIOGUUUMU nAaeHicMb X00y dinbuie nixic na 40 %; ecmanoeneno, wio KepyGanua mMooyiem empam 6
Oinvuiiti mipi ennueac na niOGUUEHHA NAAGHOCHMI X00Y, Hixc Kepysanua mooynem npyxcuocmi. Ilpakmuuna yinnicms. Po3poo-
JIeHO KOHCMPYKUIT ma u3Haueno 8iOHOCHI Medxci 3MIH MOOYié nPY)iCHOCMI ma empam wiapHipie i3 MazHimopeonoziuHux enac-
momepie npu 30ilicHeHNI IX KepySeaHHs, W0 003601UMb POPMYNIOEAMU GUMOZU 00 eNACHIOMEPIE nPU PO3POOYI NEPCHEKMUGHUX
KOHCMPYKYIil WapHipie onsa cucmem niopecopioéants mpancnopmuux 3acoois. bion. 21, puc. 17.

Kniouogi cnosea: marsiropeoJioriyamnii ejacroMep, Kepyluye MarsiTHe moJie, MOAY.Jb IPY:KHOCTi, MOAY/b BTPAT, KOJiCHUNH
TPaHCHOPTHHI 3aci0, ccTeMa MiipecOPIOBAHHS, NPY:KHI INAPHIPH, KEPYBAHHA XapAKTePUCTHKAMM MiIBicKH.

Lenvio pabomur agnsemea uccnedosanue AUAHUA YRPAGTIEHUA YAPYSUMU U OEMAPUPYIOWUMU XAPAKMEPUCIUKAMU CUCIEMDb]
HOOPecOPINGaHHA HA OCHOGE UCHONIL306AHUA MAZHUMOPEOI0ZUYECKUX INACHOMEPOS HA NIAGHOCHb X004 KONECHbIX MPAHC-
nopmmuuix cpeocme. Memoouxa. Ilpu uccnedo6anusax ucnonb306ansl Memoosvl: meopuu MazHUmMHoz0 noas, meopuu noopecco-
PUBAHUA MPAHCROPMHBIX CPEOCME, MeOPUU RIAHUPOBAHUA IKCREpUMEHmMa, a makxyce nakem Femm ona uccnedosanun xapax-
mepucmuK MazHUMHO20 NONA U MAMEMAMUYECKOE MOOCTUPOBAHUE OBUNHCEHUA KOJIECHBIX MPAHCHOPMHBIX CPEOCIE NO HepPOos-
Hocmam e cpede Delphi. Pezynomamul. Pazpadomansl, uccinedoeansvt u 3anamenmosansl KOHCMPYKYUU YRPY2UX WIAPDHUDPOE Pbl-
4a208 NO0BECKU C MAZHUMOPEON0ZUeCKUMU Inacmomepamu. Onpedenensvt OmHOCUmMeENbHble ZPAHUUbL UIMEHEHUA MOOYeill
ynpyzocmu u nomepb OGHHBLIX WAPHUPOE NPU OCYW|ECIEIEHUU YRPAGIEHUA XAPAKMEPUCMUKAMU NO0BECKU ONA Ofecneuenusn
NnOGbIUEHUA NIAGHOCHU X00A KOJIeCHO20 MPAHCROpmMNO020 cpedcmea. Hayunan noeusna. Bnepegvie uccieoosanst yenecooopas-
HOCHMb NPUMEHEHUs MAZHUMOPEON0ZUYECKUX ITIACHOMEPO8 O YRPAGICHUA YRPYZUMU U 0eMARPUPYIOUUMU XapaKmepucmu-
Kamu cucmem noopeccopuanus KoJaecHbIX mpancHOPMHBIX CPEOCHE U OnpedeieHbl mpedoeanus K 3aKOHAM YnpaeieHus, Ko-
mopbie no3601A10M NOBbICUNL NAAGHOCMY X00a bonee yuem na 40 %; ycmanoeneno, umo ynpaenenue mooyiem nomeps é 60np-
wiell CImenenu 61usem Ha NOGblUieHUEe RIAGHOCHU X004, YeM ynpaeieHue mooynem ynpyzocmu. Ilpakmuueckas yeHnocme.
Paspabomana KOHCMPYKyua u onpedenenvl OMHOCUMENbHbIE ZPAHUYbL USMEHEHUI] MOOYIell YIPY2OCIU U ROMePb WAPHUPOE C
MAZHUMOPEOSIOUYEeCKUMU INACHOMEPAMU NPU OCYU{ECINGTIEHUN UX YNPABTIeHUA, YO NO360UmM chopmynuposams mpedosa-
HUA K 1acmomepam npu pazpadomke nepcneKmugHbIX KOHCMPYKYUIL WAPHUPO8 O CUCHIEM HOOPecCcOPUGANUA MPANHCHOPHI-
HbIx cpeocme. bubn. 21, puc. 17.

Kniouesvie cnosa: MarHUTOPeoJOTHYECKHIl 3J1aCTOMep, YIPABJISIIOIIee MATHATHOE 10JIe, MOAYJb YIIPYTOCTH, MOAYJIb NOTeph, KO-
JIecCHOe TPAHCIIOPTHOE CPEICTBO, CHCTEMA MOAPECCOPHBAHNS, yIPYTHe IAPHUPBI, YIIPaBJIeHNe XapaKTepHCTHKAMH TOABECKH.

HocTranoBka nmpo6jemu. OJHAM 3 TEPCIIEKTUBHUX
HanpsAMKIiB TOHANBIIOTO IiABHIICHHS IDIABHOCTI XOIy
TpancnoptHuX 3acob6iB (T3) mpu pyci mo mepeciuenii
MICIIEBOCTI 3 BHCOKHMHU IIBHIKOCTSIMU € 3aCTOCYBaHHS
KEpyBaHHS XapaKTEPUCTUKAMM iX CHCTEM IIiIPECOPIOBaH-
Hs (CII). OxnHak, BiioMi TpaguLiiHi pilIeHHsT KEPOBaHUX
By3nmiB CIl XapakTepu3yloThCs CKIAIHICTIO, BHCOKOIO
BapTICTIO Ta HEHAJIMHICTIO, L0 CYTTEBO CTPUMYE IX
BITPOBADKEHHS Ha cepiitHux 3paskax T3. OxHiero 3 rono-
BHUX NPUYMH IBOTO € HE3MIHHICTh (i3MKO-XIMIUYHUX BIIa-
CTHBOCTEH 1 XapaKTepUCTHK TPAIUIIIHHAX MaTepiatiB, IO
BHKOPHUCTOBYIOThCA ¥ By3nax CII B sikocti pobodoro Tina.
MosknrBe BUpILICHHS DaHOI MPOOJIEMH IOISTAE Y 3aCTO-
CYBaHHI HOBHX, QJIbTEPHATHBHUX, TAaK 3BAHUX «IHTEIEK-
TyaJmbHHX» MatepianiB (smart materials), sKi MOXYTb
3MIHIOBAaTH CBOi BIIACTHBOCTI IiJl Ai€10 30BHIIIHIX KEPYyIO-
YMX BIUIMBIB. 30KpeMa, O HUX HaJleKaThb 1 MarHiTopeo-
noriuni enacromepu (MPE), moxyini npyxHOCTi Ta BTpat
SKMX MOXYTh 3MIHIOBATHCS IiJ{ BIUIUBOM KEPYIOYOTO

MAarHITHOTO MoJisi. Po3po0Oka HOBHX TEXHIYHHX DillICHb
kepoBaHux By3miB CII 3 MeTOr0 migBUINEHHS IDIABHOCTI
xoxy T3, crpomeHHs X KOHCTPYKIIii, 3a0e3rmedyeHHs He-
00ximHO1 MBHIKOAII KepyBaHHS IIPH MOMIPHOMY €HEPro-
CHOXXHMBAHHI € aKTyaJlbHOIO HAyKOBOIO IMPOOJIeMOIo, Ha
BUDILICHHs $IKOI 1 HANpaBjeHO NpEACTaBICHI HayKOBi
JOCIIIIDKEHHS.

AHajni3 HaykoBUX myouikamiii. Y pobortax [1-3]
HaBeJIeHO TexXHoJsorito BurotosieHHs MPE: mo marpuri
(i3 3BMUAalfHOI, a00 CHJIIKOHOBOI T'yMH, MOJypeTaHy, TO-
I0), MOJAIOTh MEBHY KUTBKICTH (10 40 % 3a 00’emMoM)
HaloBHIOBa4Ya — ()EpPOMArHITHUX YAaCTHHOK, HaNpPUKIA,
KapOOHITBEHOTO 3aJ1i3a, i3 po3mipoM Bix 5 1o 40 mkm. Cy-
Milll MOJIMEpU3YyI0Th NpU Temueparypi Oimuszpko 150 °C.
Sxmo maHwWiA mporiec BigOyBaeThCS M Ii€I0 MarHITHOTO
noyst, To orpuMytots MPE i3 aHi30TponmHUMHK BiacTHBOC-
TsiMu. be3 moinst — orpumyrots i3o0TpornHuii MPE.
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YV po6oTi [4] ekciepruMEHTAIBHO JOBENCHO, 10 TP
rapMoOHIYHHUX nedopmamisx 3paskiB i3 MPE 3 wactoramu
1...50 T'm, mpukiIageHHs] MAarHITHOTO IOJIA 30UTBIIYE Y
pasu ix nemmdipyroun BIaCTHBOCTI.

VY poborti [5] mociimKeHO BILIMB MAarHiTHOTO TOJISA
Ha 3pa3ku i3 MPE npu wacrori nedopmaniit 10 I'n. dem-
ndipyro4n BIaCTHBOCTI 301IbIIYBaINCS B MeXax Bix 4 10
18 pasziB, B 3aJIe)KHOCTI BiJl po3Mipy i KOHIIEHTpAIIii Mar-
HITHAX YaCTWHOK Ta BEJIMYMHH IHAYKWii HaKJIaJeHOTO
marHiTHoro mossi. Hacuuenns MPE BinOysanocst npu
600...800 mTa.

Y poborti [6] nocmimpkeHo nemmngep, MO CTBOPEHUI
Ha ocHOBI MPE, Ta npusHaueHuii s BiOpPO3aXUCTy mpe-
nm3iHoOro obnaaHaHHA. J[oBeneHo, 0 MIBUAKOMISA M-
ndepa, sika ckiana 0,5 ¢, 3aNeXuTh Bill Yacy IMepexiaHuX
npoueciB B MPE. IlIBusikonist MoxKe perysitoBaTucs Iuis-
XOM 3MiHH CHJIH CTPYMY B KOTYIIIII KEPYBaHHS.

Y poboti [7] mpoBeneHO MOPIBHAIBHY OIIHKY pi3-
HUX TUMIB AeMi(epiB U MPEHU3iiHOT0 00NaHAHHS, Y
ToMmy umcai i Ha ocHoBi MPE, Ta moBeneHo #oro mepesa-
ru. EdextuBHicTs nemmdipyBaHHS 3pocTae i3 301IbIICH-
HsIM 00’ eMHOT KoHIIeHTpanii y MPE MarHiTHUX YacTok.

Y pobori [8] mociimkeno 3pa3ku i3 MPE, marpuiro
SIKOTO BUKOHAHO 3 HAaTYPaIbHOTO KaydyKy, a HallOBHIOBA-
yeM oOpaHo kapOoHinbHe 3amizo (11 % 3a 00’emom) i3
JacTKaMu po3MipoM 3,5 MkM. MaTpuiis nojiMepu3yBaja-
csl MM JI€10 30BHINIHBOr0 MardiTHoro moss mo 1 Ti, mis
oTpuMaHHs aHizoTponHux BiactuBocteii MPE. Takox
JIOCJIIKYBaBCs 3pa30K 3 130TPONHUMHE BIACTHBOCTSIMHU. Y
3pa3KiB 3 OUIBII aHI30TPOITHUMH BJIACTUBOCTSAMU MPHUPICT
MOJIYJS 3CYyBY IPH HakJIaJEHHI KEPyI4Oro MarHiTHOTO
nous (0...600 mTo), 30inbLIyBaBCS IIBUALLIE.

Y poborti [9] BusiBeHO 301MbIICHAS MOIYJIS 3CYBY Y
3paskax i3 MPE Ha ocHoBi HatypanbsHOi rymu 10 130 %, a
Ha OCHOBI CHJIIKOHOBOI I'yMH Habarato Oiiblue.

YV pob6ori [10] mocmimxeno 3pa3ku 3 MPE i3 BMic-
TOM KapOoHinpHOTO 3ami3a 1o 40 % (3a 00’eMoM) 3 po3-
Mipom vacTok 1...10 MxMm. JloBeneHo, 110 IpH 3pOCTaHHI
00’eMHOT KOHIIEHTpallii 4acTOK HAalOBHIOBa4Ya €()EeKTHB-
HICTh TIOTJIMHAHHS €HEpril KOJMBaHb AeMIIepoM 3poc-
tae. [linTBep/HKeHa MOJKIIMBICTH PEryJIIOBaHHS >KOPCTKO-
cti nemmndepa i3 MPE 3a 1omoMoror Kepyruoro CTpymy.

AHami3 HaBeIeHHX pOOIT MOKa3ye, IIO Mdiarna3oH
3MiH MOXyJiB IpyskHOCTi 1 Brpatr MPE mix miero marsiT-
HOTO TOJIsI HaJla€ MEPCIEeKTUBY 1X 3aCTOCYBAaHHS y CHCTE-
Max kepyBaHHA xapakrepuctukamu CII xomicaux T3, ane
IOCHIDKEHHS MAardiTHAX 1 MEXaHIYHHUX BJIACTHBOCTEHN
MPE 3HaxonsaThes 1€ Ha MOYaTKOBIN cTafii:

® JOCIHIJPKEHO 3pa3Ku B OCHOBHOMY HEBEIMKHX PO3-
MipiB Ta iX Mami Jedopmarii: OCKITBKH Ui OTPUMAaHHS
HeoOxinHoro edekTy HeoOXiIHO peayizyBaTH MarHiTHE
monie 6mu3pko 1 To, To 3pasku i3 MPE BukonyBanmcs 3
pO3MipoM y HanpsAMKY il BEKTOpa MarHITHOI iHAYKIIT HE
Oinmprre 3a 1 MM. BinmoBimHO, HOCTiIKEHHS XapaKTepUC-
THK BIJIIIOBIIAIOTH 3pa3KaM 3 TAKUMH MapaMeTpaMH;

® HEJOCTaTHBO IOCIHIIHKEHO IIBUIKOIIS IMPOIECIB Ke-
pyBaHHs, Ta ii 3aJICXKHUTH BiJ CIIBBIIHOIICHHS B’ SI3KICHIX
Ta npy>xHux Biactupocret MPE;

® HEJOCTaTHhO JOCTI/PKEHO CIHiBBITHOIIEHHS 3pOC-
TaHHS MOAYJISl IPYXKHOCTI Ta MOJYJIS BTpAT BiJ Aii MarHi-
THOT'O TTOJISL.

ToMy, MeTOX0 POOOTH € JOCTIHKEHHS BIUIUBY Kepy-
BaHHA NPYXKHUMHU Ta IEMI(ipyOYNMHU XapaKTEePUCTHKA-
mu CII Ha ocHoBi Bukopuctaniss MPE Ha ruaBHiCTh X0y
kouticaux T3.

3anaui, siki TpeGa BUPILIUTH IS JOCSTHEHHS METH:

e BurotoButu 3pasku 3 MPE 3 mapamerpamu, siki
NPUAATHI U1 JOCIiKeHb Ta Bukopucranus y CII;

® pO3pPOOHUTH Ta CTBOPUTH CTEHI UISL JOCIIIKEHBb
BIUIMBY MATHITHOTO TIOJI Ha TPYXKHI Ta AeMIipyrodn
XapaKTepUCTHKH 3pa3kis 3 MPE;

® pO3pOOHUTH Ta CTBOPUTH HAa CYy4acCHOMY DiBHI BHMi-
pIOBalIbHY amaparypy AJsl JOCIiIKCHB;

® TIPOBECTH EKCIEPUMEHTANbHI IOCTIHKEHHS B YMO-
BaxX CTEHJy BIUIMBY MarHiTHOTO IOJIsl HA CTaTU4HI Ta JH-
HaMi4yHi XapakTepucThku 3paskiB 3 MPE, y tomy uncii
Ha IIBUAKOJII0 KEPYyBaHHS Ta CIIBBIJHOIICHHS MOJYJIIB
NPY>KHOCTI 1 BTpAT NpH Aii KEPyH0Yoro MarHiTHOTO HOJIS;

® PO3pOOHTH KOHCTPYKIIIO BY3Ja i3 KEpYIOUHM IIpH-
ctpoeM Ha ocHOBI MPE mist mapwipa Baxens CIT;

® [UIIXOM KOMIT IOTEPHOTO MOJICTIOBAHHS IPOBECTH
MOPIBHSUIBHI  JTOCHIJDKEHHS TUIABHOCTI XOJY CEpiHOTO
komicHoro T3 3 TakuM, mo 00IagHAHO CHCTEMOIO Kepy-
BaHHS Ha ocHOBI Bukopuctanusi MPE y CII;

® PO3pOOUTH peKOMEH Al 1070 BuKopucTanas MPE
JUIsl KEpYBaHHS MPYXHUMHU Ta AeMI(IpyIOYNMH XapakKTe-
pucrukamu CIT komicaux T3.

MeToauka npoBeieHHsI A0CHiI:KeHb. B 3aranbHo-
My Bunaaky CII xomicHux T3 mae y cBoemy ckiazi npy-
JKHI eJIeMEHTH, NeMIIpipyrodu IpUCTPoi (aMOPTH3ATOPH)
Ta HANPaBIAIOYi TPUCTPOI Y BUTIIAAI BaXKENiB, AKi IOEN-
HYIOTH KoJjieca depe3 IMpY)KHI TYMOBI IIapHIpH i3 KOpITy-
com T3. XKopcTkicTh Ta meMIQipyrodn BIaCTHBOCTI Ja-
HUX IIAPHIPIB BIUTUBAIOTh HA XapaKTEPUCTUKH ITiJIBICKH, a
OTXKe, 1 Ha IUTaBHICTH X0y T3.

TakuMm 9MHOM, IIUTSIXOM 3aMiHH Y HIapHipax T'yMH Ha
MPE, moxxHa peainizyBaTH KepyBaHHS NPYXHHUMH 1 J1eM-
npipyrOYNMU XapaKTepPUCTHKAMHK MIBICKU Y LIIOMY.

CxeMy JBOXBaXUTbHOI MigBiCKU KoiicHoro T3 Ha-
BE/ICHO Ha puc. 1, e npyXHi mapHipu 4 BaXKeliB BUKO-
HaHo i3 MPE. 3 MeTo10 KepyBaHHS IX NMPYKHHMH Ta JIeM-
nipylOYrMA BIACTUBOCTSAMH, Ha TOPIIIX IIApHIPIB po3-
MIIIIEHO E€JIEKTPOMATHITH, SIKi CTBOPIOIOTh KEpyIOde Mar-
HITHE TI07I€.

s obumncneHHs MarHiTHOI 1HIYKINI, TOCTiIKEeHHS
PIBHOMIPHOCTI PO3MOALTY MarHiTHOTO IOJA y BTYJKax i3
MPE mapHipiB 4, Ta BHOOPY iX palioHAIBHOI KOHCTPYK-
uii, OyJso 3actocoBaHo nporpamuunii naker Femm. Kinne-
BO-€JIEMEHTHA CIiTKa CTBOpIOBANacsi y aBTOMaTHYHOMY
PEKHMI 3 MOXJIMBICTIO 11 KOpEryBaHHS JJIsl YTOUHEHHS
Pe3yIbTATIB AOCIIKEHb.

BuxigauMu qaHuMu i1 JOCIHIKCHb OyIH KpPEeCIeH-
HS TIPYKHOI BTYJNKH, (Di3WYHI XapaKTEPUCTHUKH MaTepiaiiB
CKJIAZIOBMX MArHITHOTO JIAHITIOTA Ta MarHiTOPYIIiiiHa CHIa,
III0 CTBOPIOBAJIACH CTPYMOM, SIKHH KHUBUThH KOTYIIKY. Kpu-
Bi HAMAarHIdyBaHHS IJIs1 OOpaHUX KOMEPIIHHO TOCTYIHHX
Mapok ctasnieit i MPE nHaBeneHo Ha puc. 2, 3 BiInoBigHO A0
[11,12].

3 MeTOr0 3aro00iraHHs meperpiBy OyJio BCTAHOBJICHO
0OMeKeHHSI Ha BEJIMYHMHY INUIBHOCTI CTPYMY Y APOTI KO-
Tymku < 10 A/mm?, ipu tepmini aii < 10 c.
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Bysi0 po3riisiHyTO Ta AOCHIIKEHO NeKijbKa BapiaHTIB
KOHCTpYKLIi npy>xHoro mapHipa i3 MPE, [10, 13-15]. Haii-
OUTBII paliOHAJIBHUM 3 TOYKH 30pY TEXHOJIOIii BHUIOTOB-
JICHHSI, MOXKJIMBOCTI PO3MIILEHHSI Ta PEMOHTOIPHIATHOCTI
Oy1o oOpaHo BapiaHT [15], sikuid moka3anuii Ha puc. 4.

-
a%]
(=]

Puc. 1. Cxema asoxsaxinpHol miasicku T3: 1 — koieco; 2 —
HIDKHIN BaXiJ1b; 3 — BEpXHiil Baxisb; 4 — npyXKHi LIAPHIPH i3
MPE 3 enexTpomarHiTamu KepyBaHHs; 5 — gemndipyounii npu-
CTpi#t (rigpoaMopTH3aTOp); 6 — IPYKHHUI eTIeMEHT (TOPCiOH)

B, Tn
1,6 : - : : 2
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Puc. 2. KpuBi HamarHiuyBaHHs: | — uTa craib; 2 — eJIeKTpoTe-
xnivyHa ctajipb E11; 3 — nucrosa crasb, 4 — nepmanoit
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Puc. 3. Kpusi HamarniuyBanus: 1 — MPE i3 BmicToMm 3a
06’emoM 20 % xapOoninbHOTO 3ami3a; 2 — MPE i3 BmicToM Kap-
6oninbHOTO 3ai3za 40 % 3a 06’eMoM; 3 — YHCTHII TOPOIIOK Kap-
OoHiNbHOTO 3a1i3a

PesynpraTH DOCHIIKEHHS 3 BUKOPUCTaHHSM MPO-
rpaMHoro nakery Femm, mosemu, mo mist 3a0e3nedeHHs
HaiOIbIIe PIBHOMIPHOTO PO3MOJITY MAarHiTHOI 1HIYKIIi
y TOpLEeBOMY 4 Ta pajiaJbHOMYy 6 MPYKHHX €JIEeMEHTaXx,
mo BurortosieHi i3 MPE, (puc. 4), oHy 3 NOBEpXOHb Y
KOXKHOTO 3 HUX TpeOa BUKOHATH Y BUTJISII KOHYyCA.

BapitoBaHHsS BEJIMYMHOK KYTIB HAXWJIy YTBOPIOKO-
YUX KOHYCIB JI0 OCi TOPCIOHY 7, MO3BOJIMJIO OTPUMATH X

pailioHaNbHI 3HAYEHHS, NMPH SKUX MAarHiTHAa 1HAYKIS Y
TopueBoMy 1 Ta pajiajJbHOMy 2 MPYXHHX €JIEeMEHTax i3
MPE posnopaiisiiacs 10CTaTHbO PIBHOMIPHO, a BiAXHIICH-
HS Bl CEpeHBOTO 3Ha4YCHHS B Mexkax 10 %, (puc. 5).

O

1 2 3 4 5 6 7

Puc. 4. Konctpykuis mapaipa 3 MPE: 1 — kponmureiin; 2 — 601-
TH KPIIJICHHS 10 KOPIYCY MaIlUHU; 3 — KOTYIIKa; 4 — TOpLeBuit
npy>xHuit enement i3 MPE; 5 — Baxinp miaBicku; 6 — pagiaib-
HUl npyxHu# enemeHT i3 MPE; 7 — topcion
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Puc. 5. PesynpraTn 4OCTiIKEHb PO3MOALTY MarHITHOTO TIOJIS:
4 — ropueBuii npyxuuit eaement i3 MPE, 6 — paniansauit mpy-
xHui enement i3 MPE; 7 — Topcion (Hymepanist o3HIIiH — 3Ti-

ITHO J10 puc. 4)

3a NpUIHATHUMHU rabapUTHUMH IapaMeTpaMH IapHi-
pa Ta ¥oro kotymku 3 (puc. 4), BelMYMHA IPHAITYCTUMO] (3a
HarpiBaHHsM) MarHitopyiuiiHol cunu cknaia F =1500 A.
Lle 103BOIMIIO OTPUMATH MarHiTHY 1HIYKIIIO y MPYXHUX
enemeHTax 4 i 6 B Mmexxax B =0,5...0,6 Tu, (puc. 5). 3rig-
HO 110 [18], MoayJib Npy’>KHOCTI Ta KOE(DIIIEHT )KOPCTKOC-
Ti Manu 30inbmmTHCS Ha 25 %, a koediuieHT nemngipy-
BaHHA — Ha 18 %, 1110 HEAOCTaTHBO IJI JOCATHEHHS IO-
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CTaBJEHOI METH HOCHi/KeHb. THMM HE MEHII, y IHIIUX
JUKepenax CTBEpPIKYEThCS, IO 1€ IiIBUILEHHS MOXe Oy-
TH cyTTeBO OunblnM [4, 9]. TlpuunHa naHol cynepediu-
BOCTI MOJISITAa€ B TOMY, IO BiJHOCHA MAarHiTHa MPOHHK-
nictb MPE HeBenuka: npu 40 % xapOoHiabHOTrO 3aii3a 3a
06’emom 1 B=0...0,5 T, g, = 10, aBipu B=10,5...1 Tn
BOHA III¢ 3MEHIIIYETHCSA JI0 4, = 4 (puc. 3).

VY cBoro uepry, B poboTi [19] pekoMeHI0BaHO IijI-
BHUIIYBATH MArHITHY MPOHUKHICTH Uil MPAKTHYHOIO BU-
kopuctanas MPE. TakuM 9uHOM, aHa CYNEpEewINBICTH
moTpedye peTeNnbHO] eKCIIepUMEHTATbHOI TIEPEBIPKH, SKY
1 OyJI0 TIPOBEICHO Ha CIEHiabHO PO3POOJIEHOMY CTEHII,
10 TIoKa3aHui Ha puc. 6 [16, 17].

o
Puc. 6. Crenn 11 TOCTiPKEHh MEXaHIYHUAX XapaKTEPHCTUK 3pa3KiB
i3 MPE (a) Ta By301, fie BcTanoBieHo 3pa3ku 3 MPE (6): 1 — am-
nepMerp; 2 — TEH30II ICHITIOBAY 3 aHAJIOTO-IIU(POBUM TIEPETBO-
proBaueM (ALIIT); 3 — koTymky Juist 30y PKEHHSI MarHiTHOTO
MOTOKY 4 — ocepeast KOTYIIOK; 5 — npysxHi 3pa3ku i3 MPE, o
JOCIIDKYIOTBCS; 6 — MPOTHHOMIP 3 TEH30pe3UCTOpaMu; 7 —
MAarHITONPOBIZ; 8 — )KOpPCTKa JiHiliKa; 9 — THy4YKa IJIacTHHA i3
HEMarHiTHOTro mMatepiany; 10 — TOqMHHIKOBUIT iHAUKATOD

Jlanuii cTeHn J03BOIISIE TIPOBOANTH LIMPOKHH CIIEKTP
JIOCJIJKEHb BIUTMBY MAarHiTHOTO ITOJISl HA MOAYJII MPY>KHO-
CTi, 3cyBY Ta Brpar 3paskiB 3 MPE. IIpu nipoMy mpakTuiHO
BUKJIIOYEHO BIUIMB TAKUX CTOPOHHIX (haKkTOpiB, SIK TpaBiTa-
LiifHa cjIa TSOHKIHHS Ta CHIIM TSDKIHHS €IeKTPOMArHiITiB, a
3aMKHEHWH MAarHITHUH JAHIOT i3 (epomMarHeTnkiB Oyme
301IBIIYBaTH OTOK MArHITHOI iHAYyKii, (puc. 7). s mo-

CITi/KeHb OYyJI0 BUKOPUCTAHO METO]l EJIEKTPOTEH30METPIi,
BUMIPIOBAJIbHI MPUJIAH CTBOPIOBAIMCS Ha 0a3i Cy4aCHUX
MIKPOIPOLIECOPHUX TEXHOJIOTIH (pHc 8).

>

E

Puc. 7. Cxema crenay [uist TOCiiKkeHb 3paskiB i3 MPE:
1 — MexaHIYHHIT eKCLIEHTPUKOBUIT BiOpaTOp (YacTOTHUH Jiamna-
30H 0 ... 20 I'n; amrutiTy1a kosmBaub 1 MM); 2 — Maca, 10 KO-
JIMBAETBHCA; 3 — KOTYLIKU 1St 30yDKEHHS MarHiTHOTO ITOTOKY;
4 — ocepenas KOTYIIOK; 5 — npyskHi 3pa3ku i3 MPE, o mocmi-
IDKYIOTBCS; 6 — IPOTHHOMIp 3 TeH30pe3ucTopamu (p — poOoUnid,
K —KOMTIICHCAiiHMi1); 7 — MarHITOIIPOBi; 8 — )KOpCTKA JiHIHKa;
9 — THydKa IUTaCTHHA i3 HEMAarHiTHOTO Marepiaiy

1 2 3 4 &

Puc. 8. BumiproBanbHui npuctpiit: 1 — ananorosi mixcuiosadi
CTPYMY BiJl TCH30PE3HCTOPIB; 2 — 00UHCITIOBAY; 3 — EKpaHOBa-
Huii kabenb; 4 — USB po3’em Buxoy 1n(poBaHOro CUTHAIY 110
KOMIT'I0Tepa; 5 — Kabeb >KUBJICHHS

YacroTHuil Aiama3oH BUMIpIOBaIHHOTO MPUCTPOIO, B
Me)Kax SIKOTO KOS(QIIi€HT MiICUICHHS MaB BiIXWUJICHHS y
Mmexax £ 1,5 %, ckinagas 0...20 T'u,. Cxemy BUMiprOBab-
HOTO KaHaJTy HaBEIEHO Ha pucC. 9.

P
P
™ Aun bk
K OoBM
7 :
/ / / /
1 2 B 4 5

Puc. 9. Cxema BuMiproBanbHoro kanany: 1 — TP — Ten3opesuc-
TOpH MPOTUHOMIpPY (p — poOouHii, K — KOMICHCIHNI); 2 — eK-
paHoBaHU# Kabelnp; 3 — aHaJoroBHUi TeH3omiACHIIOBaY AD
625; 4 — o6uncimroBay ATMEGA 328 3 ALII; 5 — mepcoHais-
HUI KOMIT 10Tep

HocnimxyBanucs 3pa3ku 5 (puc. 7) y dopmi Kielp
i3 30BHImHIM AiamerpoMm 20 MM, ToBmHOIO 10 MM Ta
[EHTPAIbHUM OTBOPOM 3 JiaMETPOM 6 MM, SIKi BUTOTOB-
ssutucs 13 MPE no Bigomiit TexHodorii [6].
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B sixocti marpuii MPE BukopucToByBaiacsi CHIiKoO-
HOBa ryMa. BmicT kapOoHIIBHOTO 3aii3a 3a 00’eMoM 00-
pano 40 %, po3Mip MarHiTHUX YaCTHHOK 5...10 MKM.

Junst ctBopeHHs aHizorponHoi cTpykrypu MPE no-
JiMepuU3allis MaTtepiany 3pa3KiB MPOBOJMIACH Y TEPMO-
nrai mpu 160 °C ynpomoBx 2 TOAMH Ta MPH HASBHOCTI
MarHitHoro nojist B = 0,6 Tu, BEKTOp SIKOTO CIPSIMOBYBa-
BCSl 10 TTIOBEPXOHB 3pa3KiB y TOMY X HalpsIMKY, Y SIKOMY
Oyzie cpsIMOBaHO BEKTOpP MarHiTHOI iHIYKIT KEPyrOUuoro
MarHiTHOTO TOJS JOCHIKeHHIX (3211 OTPIMAaHHS HOTO
OLTBIIOTO BILTMBY Ha XapaKTEPUCTHKH [0]).

[lepen mouaTkOM BUMIpIOBaHb Ta MICHA iX 3aBep-
IIEHHS MTPOBOAMIIACS MpsAMa KalidpoBa BUMIPIOBAIBHOTO
KaHally [IISIXOM 3MILEHHs )KOPCTKOT JIiHIHKY 8 y 0fMH Ta
IpyTuit OiK 3a TOTIOMOTOI0 HPY>KHOTO JMHAMOMETPA, IO
BUKJIMKAJIO Ne(opMyBaHHs 3pa3KiB 5, siKi BUMIpPIOBaJIHCS
rOAMHHUKOBHUM iH1MKaTopoM 10 (puc. 6). Byno otpumano
macurabuuii koedinient K = 0,067.

AmHani3 CTaTHYHHMX XapaKTEPUCTHK I0Ka3aB, IO iH-
JYKLisl Kepytodoro MarsitTHoro mnoist B = 0,6 Tn Buxiu-
Kaja 3pocTaHHs KoedimieHTy xopcTkocTti y 1,75, a koe-
¢imienta nemndipysanusa — y 4,4 pa3u (KoeQimieHT XKop-
CTKOCTi OOYHCIICHO TPU HAMOLIBINX 3HAYeHHIX F Ta X, a
koediuieHT nemndipyBaHHS — 3a IUIONMHKAMH [ETENb
ricrepesucy). OTxke, nemndipyBaHHs y 3pa3kax 3pocTalio

Maike BYETBEPO MIBUIIE, HIK X )KOPCTKicTh (puc. 10).
F.Ha R -

G0

401

0 008 0.16 0.24 032 0.4 048 X, MM

Puc. 10. Cratnuni XxapaKTepUCTUKHN HaBaHTa>KeHHS 3pa3KiB i3
MPE: 1 — 6e3 maruiTHOro 110J1s1; 2 — MarHitHe nose B = 0,6 Tn

TakuM 4MHOM, OTPUMaHI Pe3yJIbTaTH BiAPI3HAIOTHCS
BiZ HaBeneHux y [18], ayme He cymepeyarb BiJOMHM J0-
CJII/DKEHHSIM, a YTOYHIOIOTH 1X. L{e miaTBepmKye, mo Tex-
HoJiorito BurororyiieHHss MPE Ta mampsmMok mociiTkeHb
HaMH 00paHO NMPaBUILHUMH.

[Tpn npoBeneHH! ITMHAMIYHMX BUNPOOYBaHb KOJIH-
BaHHA 30y/DKyBaINCS MEXaHIYHUM BiOpaTopoMm 1, sikuid
Yyepe3 NpYXKHUHY NeperaBaB TapMOHIUYHY CHIIYy O OPCT-
KOi JiHiMKK 8 i posroiigyBaB i pa3oM i3 Macow 2 10
OTPUMAHHS PE30HAHCHHUX aMILTIITY .

Ha puc. 11, 12 HaBegeHo ocuMiiorpamMu BIACHUX KO-
JUBaHb MacH 2 Ha IPYXHUX 3pa3kax 5 i3 MPE.

AmHani3z ocuwiorpam IOKa3aB, IO IPH BKJIIOYEHHI
KEPYIUOIro MarHiTHOTO MOJIS CTajla 4acy 3MEHIIyBajacs 3
1,48 ¢ 1o 0,78 ¢, TOOTO MIBUAKICTH 3aTyXaHHS KOJUBAHb
noJinuryBanacs. [lepexigHuil mpouec NMpakTUYHO 3aBep-
uryBascst uepes 3-0,78 = 2,34 c.

ITpn poMy, criocrepiranocs 3pocTaHHs KoedilieH-
Ty JKOPCTKOCTI 3pa3KiB Oin3bKko Ha 25 %, 1110 BUKJIUKAJIO
3pOCTaHHSI YacTOTH BJIACHUX KoOJIMBaHb 3 2,5 no 2,7 I'u,
T00TO Ha 8 %. Koedimient nemmdipyBanHs 30iapIIMBCS
Ha 118 % (3 0,038 mo 0,083), TobTo0 B 4,7 pasu OinbIme 3a

koediwieHT xopcrkocTi. Lle HabmDKEHO 10 pe3yNbTariB
CTaTUYHHUX BHUNPOOYBaHb, Ta BIAOMHUMH JOCIIIKEHHSIMU
[4, 18].

d, MM
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Puc. 11. Ocumiorpama KoiauBaHb MacH 2 Ha 3pa3Kax 6 3a BilICy-
THOCTI KEpPyI04OT0 MarHiTHOTO ITOJIS

a, MM
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Puc. 12. Ocumnorpama KoJuBaHb MacH 2 Ha 3pa3kax 6 3a HasB-
HOCTI Kepyro4doro MaraitHoro moius B = 0,6 T

Ha puc. 13 HaBeneHo 3pa3ok OCHMIIOIpaMH BHUMY-
meHnx (OJM3bKHUX IO PE30HAHCHHX ) KOJIMBaHb MacH 2.
a, MM
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Puc. 13. OcuusnorpaMa BUMYyIICHUX KOJIUMBaHb Macu 2 Ha Ipyx-
HUX 3pa3kax 5 i3 MPE npu pexxumMax «BiICyTHOCTI — BKIIOUEHHI
— BIJCYTHOCTI» KEpYIO4Oro MarHiTHOTO MOJIs

3a momomororo BiOparopa 1 cucrema BBoAMIIacs y
PEKUM PE30HAHCHHUX KOJHBAaHb, a MOTIM JO KOTYIIOK 3
(puc. 7) momaBaBcs CTPyM, SKHHA CTBOPIOBAB Kepyrode
MarHiTHe none 3 iHaykmieo B = 0,6 Tn. [Ipu npomy amn-
JMTyOW KOJNHBAaHb 3MEHIIYBAJIMCS BJABiUI 3aBISKH 3011b-
HICHHIO JieMI(ipyBaHHs y IPYXKHUX 3pa3kax J i3 MPE.

ITicns BiKIIOYEHHS MAr”iTHOTO IO CHUCTEMA II0-
BepTasiacs J10 peKUMY PE30HAHCHUX KOJIHMBaHb, a IX aMmIl-
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JITY/AN 3pOCTaNy BJBiui, TOOTO JI0 NOYATKOBOI BETHMYHHH.
TpuBaIicTh IEPEXiTHKUX MPOLECIB CKIIana OJU3bKO 2,3 C.

IIJ'IH II04aJJbIIOT0 3MCHIIICHHS aMHJ’IiTy[{ KOJIMBaHb
HEoOXiTHO 301IbIIYBaTH MATHITHY iHAYKIIIO KEPYIOUOTO
nosst. 1106 3amobirTu 3pocTaHHIO BTpaT HAa HArpiBaHHS,
e JOLUIBHO 3IIMCHIOBATH HE 3a PaxyHOK IiJIBUILEHHS
CTpyMy B KOTYyIIKax, a nuisxoMm ctBoperHs MPE 3 mia-
BHIIICHOIO MAarHITHOIO MPOHUKHICTIO.

3a pesynbTaTaMu MPOBEACHHUX JOCHIHKCHb IIApHi-
piB 3 MPE orpumano 4 narentu Ykpaiuu [14, 15, 17, 20].

Jns TeopeTHYHOTO OOIPYHTYBaHHS PEKOMEHIAIiH
I0/10 TPAKTUYHOTO 3aCTOCYBAaHHS OTPHUMAHHMX pe3yibTa-
TiB, OYyJIO MPOBECHO MOPIBHSIBHI JTOCIIHKEHHS TIAaBHO-
CTi Xoxy OBOX KoiicHHX T3: cepiifHOTO i Takoro i, aue
00JIaJIHAaHOTO CHCTEMOI0 KEpPYBaHHS XapaKTepHUCTHUKaMHU
CII na ocHoBi BuKopucTanHs mapHipiB 3 MPE y Baxemnsax
minBicku (puc. 1 Ta puc. 4).

[TnaBHicTe X0y manux T3 mociimKyBaacs METO-
JIOM KOMIT IOTEPHOTO MOJIETIOBAHHS iX PyXy IO CHHYCOi-
JATbHUM JOPOXKHIM MPO(QiasiM HEPIBHOCTEH, BiAMOBIAHO
JI0 TIPUAHATO y Taly3i METOANKH, IIUIIXOM PO3PaxyHKY i
noOymoBu mBHiKicHUX xapakrepuctuk CII [21]. [ani
XapaKTePUCTUKU SBISIOTH COOOI0 3alIe)KHOCTI BUCOTH
HepiBHOCTeH /4 (mpoxigHa BHCOTA), Ky T3 3maTeH momo-
JIaTu 3 BEPTUKAJIbHUMU MMPUIIBUAUICHHAMUA Y MiC]_I)IX po3-
TallyBaHHs JIIOJei He OunbinMu 3a 3 g, (29,43 M/Cz), 110
00yMOBJIEHO €PTrOHOMIYHHMH BHMOTaMH, Bifl IIBHIKOCTI
pyxy. llIBuakicHi XapakTEpUCTUKH PO3PaxOBYIOTHCS JUIS
TPHOX JOBXKWH HepiBHocTe: 1,5L, 2L, ta 2,5L, ne L —
0a3a MaIHU.

[IBuaKiCHIM XapaKTEPUCTHKAM NPUTAMAHHI 30HU
PE30HAHCIB, KOJM YaCTOTH BJIACHUX KOJHMBaHb IiJPECO-
peHoro koprycy T3 crmiBmagaroTh 3 9acTOTOH 30ypeHb
Bi HepiBHOcTed. IIpoximHa BHcOTa HEpIBHOCTEH, IO
BIJITIOBiJ]a€ PE30HAHCY, Ma€ HAMEHIIIe 3HAYCHHS, 1 3BETh-
Cs1 MIHIMAJILHOIO TPOXITHO BUCOTOKO HepiBHOCTEH. Bif-
MOBIJJTHO IO CYYacHHWX BUMOT IOJO IUIaBHOCTI xoxy T3
BUCOKOi TPOXIJIHOCTI, pIB€Hb MIHIMAJBHHUX MHPOXIJIHUX
BHCOT HEpIBHOCTEW MOBHHEH CKJIJaTH HE MEHIIE HIX
0,19...0,24 M, B 3aNIeXHOCTI BiJl 3aJaHOT CEpeIHBOT IIBU/-
KOCTI pyXy Ha MiCIICBOCTi.

Jlist 3an00iraHHs MeperpiBy elIeKTpOMArHiTIB, Kepy-
BaHHS xapakrepuctukamu CII Oyne 3acTtocoByBaTHCS
JIUIIEe TPU TOJOJAHHI JUISHOK MICIIEBOCTI 3 Ba)KKHMHU
JIOPOXKHIMH YMOBaMH, 110 3a3BUYall MArOTh MPOTSDKHICTH
30...50 M, i Ha TTOONAHHA SKUX OyJle BUTpadaTHCS dac
He Oinbine 10 ¢, mpu 30epekeHH] IBUIKOCTI PyXYy.

Jlns npoBeneHHsI IOCHTIHKEHb OyJI0 BHUKOPHUCTAHO
eKCIIEPUMEHTAILHO TIePEBIPEHY MaTeMaTH4YHy MOJIENb
pyxy komicaoro T3 [21], sy Oymno moomnpanboBaHO Bif-
HOBIZIHO 10 3aCTOCYBaHHSI CUCTEMH KepyBaHHS, Ta peai-
30BaHoO y cepemosumi Delphi.

[TpoBeneMo OIHKY BIUIMBY XapaKTEPUCTHUK MPYK-
Hux mapHipis CII cepiiiHoro T3 Ha ruiaBHICT X0y .

3 puc. 14 BummBae HacTymHe. Y BHIIQAKY, KOJIH
MOJIyIlb BTpAT IIAPHIPiB MOPIBHIOE HYJIO, KPHBi 2, CIHO-
CTEpITaeThCS 3HIDKCHHS MIHIMATBHHUX IMPOXiTHUX BHCOT
HEpIBHOCTEH Ha yCiX PE30HAHCHUX MIBUAKOCTSX PYXY, SKi
MpHOIM3HO TOPiBHIOIOTE 6,6 M/c, 8,9 M/c Ta 11 m/c, Bin-
MOBITHO T HEepiBHOCTeW momxkuHOrO 1,51, 2L Ta 2,5L.

Jane 3HmkeHHs BinOyBaetbes 3 piBas 0,12...0,14 M no
piBas 0,09 M, TOOTO IJIaBHICTH XOAY TIIOTIPIIY€ETHCS
Ha 25...36 %.
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Puc. 14. llIBuakicHi xapakrepuctuku CII: oLiHKa BIUIUBY Tpy-
JKHAX TYMOBUX IAPHIPIiB MiIBICKH:
1 — mapHipu 3 BUXITHAMH XapaKTePUCTHKAMU;
- === 2 — MOAyJb BTPAT LIAPHIPIB IOPIBHIOE HYIIIO;
— -+ — 3 — MOAyJIb NPYXXHOCTI MIAPHIPIiB JOPIBHIOE HYJIIO

[oripmenas BigOyBaeThCsI 1 Ha JOPE30HAHCHUX
MIBUIKOCTAX JJISI yCiX JOBXHH HepiBHOcTed. Ha 3apeso-
HAHCHUX IIBUIKOCTAX IUIABHICTH PyXy HOTIPILIyETHCS HA
HEPIBHOCTSAX MOBXWHOIWO 2L 1 2,5L 1 3amuIraeTbcs He-
3MIHHOIO Ha HEPIBHOCTAX JOBXKHHOIO 1,5L.

VY cBOIO 4epry, BapiaHT «MOJYJIb IPYKHOCTI IIapHi-
piB JOpIBHIOE HYJIIO», KpPHBI 3, NMPHU3BOAWTH IO IIiJBH-
IICHHS MIHIMQJIBHUX MPOXIIHUX BHCOT HEPIBHOCTEH Ha
PE30HAHCHMX IIBUAKOCTSAX pyXy 3 piBHs 0,12...0,14 M no
piBas 0,14...0,17 M, TOOTO IUIABHICTH X0y TOKPAIIy€Th-
cs Ha 17...21 %. IIpu npoMy, Ha TOPE30HAHCHUX IIBHII-
KOCTSIX TUIABHICTh XOJy HE3HAYHO IOTIPIIYETHCS, a Ha 32
PE30HAHCHHX - MOKPALIy€eThCS, HA HEPIBHOCTIX JOBXKH-
HOM 2L 12,51, Ta noripuryerbes Ha 1,5L.

TakuM 4MHOM, XapaKTEPUCTUKH MPYKHUX LIApHIpPiB
BaxkeniB CII T3 Baromo BIIMBaKOTh Ha HOTO IUIABHICTH
XO0J1y, 1 3aCTOCYBaBILIM KEPYBaHHS 1X MOJYJISIMH BTpAaT Ta
NpPY>KHOCTI Ha OCHOBI Bukopuctanusg MPE, MmoxHa cyrtre-
BO ITiIBUIIUTH SKICTh MiPECOPIOBAHHS.

3 MEeTOI0 CKOPOYEHHS KIUJIBKOCTI KEepYyIUHX EJeKT-
POMarHiTiB Ta CIPOLIEHHS! KOHCTPYKIIT MiABICKH, y Ioja-
JBIIMX JOCIDKEHHSIX OyJIO PO3INISIHYTO 3aCTOCYBaHHS
KepyBaHHS XapakTepucTukamu mapHipieB 3 MPE mmmie
HIDKHIX BaXKeITiB MiIBiCKH, SIKi CIIOTyYeHO i3 TOPCIOHAMH.

Ha pumc. 15 HaBemeHO pe3ynmbTaTH IOCIiIKEHHS
BIUIMBY KEPYBaHHS MOIYJIEM NPY>KHOCTI JaHUX LIapHIpiB
i3 MPE. 3 rpa¢ikiB BUIUIMBaE, 10 NPHU BapiaHTI «MOIYJIb
NPY>KHOCTI JIOPIBHIOE HYIIO», KPUBI 2, Ha PE30HAHCHHUX
HMIBUAKOCTSAX PyXY MiHIMaJbHI MPOXiZHI BUCOTH HEPIBHO-
creit 30umbIIyrOThCs 3 piBHA 0,12...0,14 M g0 piBHA
0,13...0,15 m. IIpn bOMy IJIABHICTH XOJy Ha JOpE30Ha-
HCHUX HIBHJKOCTSIX NPAKTUYHO HE 3MIHIOETHCS JJIS YCiX
JIOBXXMH HEpIBHOCTEH, a Ha 3ape30HAHCHUX IIBUIKOCTSIX
IUIABHICTh X0y HE3HAYHO ITOKPALIYEThCS HAa HEPIBHOCTSIX
noBkuHOM0 2L 12,51 ta moripmryetses Ha 1,5L.

VY pasi 30iTbIIeHHS MOIYIIS MPYXKHOCTI JaHUX IIap-
HIpiB y 5 pasiB (kpuBi 3) MiHIMallbHI MPOXiJAHI BUCOTH
HEPIBHOCTEH HA PE30OHAHCHUX IIBUIKOCTAX PYXy 3MEH-
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urytotbest 3 piBas 0,12...0,14 M go piBast 0,09 m. [pu
LbOMY IUIaBHICTh XOAY Ha JOPE30HAHCHHX MIBHIKOCTSIX
30UIBIIYETHCS ISl YCiX JOBXXKUH HEPIBHOCTEH, a Ha 3ape-
30HAHCHUX LIBHJKOCTSX IOTIPUIYETHCS Ha YCIX HEPIBHOC-
TSAX, a 0c00JMBO JOBXKUHOKW 1,5L. IIpu 301IBIICHHI MO-
Ioyns npyxHocTi y /0 pa3iB (KpuBi 4) IUIaBHICTH XOIY
TOTIpPIIY€EThCS NMPAKTUYHO HA YCIX MIBHIKOCTSIX PyXy 1
JIOBXKUHAX HEPIBHOCTEH.
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Puc. 15. llIBuaxkicHi xapakrepuctuku CII: ominka BILIUBY
KepyBaHHS MOJyJIeM IpYXHOCTI mapHipis i3 MPE,
(MOZIyNb BTpaT Ma€ BHXiJHE 3HAUCHHS):

1 — BUXiJJHE 3HAUCHHS MOIYJIS;
----- 2 — MOZyJb IOPiBHIOE HYJIIO;
— -+ — - 3 — MoayIb 30iNIbIICHO Y 5 pa3iB;
— - — - 4 —Monyns 30inbmenHo y 10 pasis

Ha puc. 16 HaBemeHO pe3ynpTaTd MOCTIIKCHHS
BIUIMBY KEpyBaHHS MoxylieM BTpaT mapHipiB 3 MPE, 3
SIKHX BUIUIUBAE, IO Y pasi, KOJIM MOIYJIb BTPAT JAOPIBHIOE
HYJII0, KpUBI 2, MiHIMaJbHI TPOXiIHI BUCOTH HEPIBHOC-
Tel, Ha PE30HAHCHUX LIBUAKOCTIX PYXY 3MEHIIYIOTHCS 3
piBust 0,12...0,14 M no pisus 0,10...0,11 m. [Ipu upomy
IUIABHICTh XOJIy MOTIPIIY€ETHCS HAa YCIX MIBUAKOCTAX PYXY
1 IOB)KMHAX HEPIBHOCTEH.
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Puc. 16. llIBunxicHi xapakrepuctuku CII: omiHka BIUIUBY
KepyBaHHSI MOJYJIEM BTpAT IIAPHIPiB
(MOZyJb IPY’KHOCTI Ma€ BUXiHE 3HAYCHHS):
1 — BuUXiZHE 3HAYCHHS MOMYJIS;
= === 2 — MOZyJb JAOPiBHIOE HYIIO;
— .. — 3 — Mozynb 301IBIICHO y 5 pasiB;
— . — . 4 —Moxynb 36inbmmeno y 10 pasis

[pu 30ibIIEHHI MOYJIsl BTPAT JaHUX LIAPHIPIB Y 5
pasiB (kpuBi 3) MiHIMaJIbHI POXiAHI BUCOTH HEPIBHOCTEH
Ha PE30HAHCHUX IIBUAKOCTSAX PyXY 30UIBLIYIOTHCS 3 PiB-
wa 0,12...0,14 m mgo pieuas 0,17...0,18 ™, TOOTO Ha
28,6...41,7 %, 1110 BOPUTYJ HAOIMIKAETHCS 1O PIBHS CY-
gacHux Bumor (0,19...0,24 m). Ha nope3oHaHCHUX HIBHI-
KOCTSIX PYXY IUIaBHICTh XOIY MOKPALIyETHCS HA yCiX JO-
BXXHMHAaX HEPIBHOCTEH, a Ha 3apEe30HAHCHUX — IOKpaIlly-
€ThCS HA HEPIBHOCTAX TOBXWHOIO 2L 1 2,5 Ta HE3HAYHO
MOTiPITYEThCS HA HEPIBHOCTSX NOBKUHOKO 1,5L.

[pwu 36inemeHHi Moy BTpaT y 10 pasiB (kpuBi 4)
Ha PE30HAHCHUX HIBUAKOCTAX PyXy MiHIMalbHI MPOXiAHI
BUCOTH HEpIBHOCTEHl HE3HAYHO 3HMKYIOTHCS 3 PIBHS
0,12...0,14 m. mo pius 0,12...0,13 m. Ha nope3onaHcHUX
HMIBUAKOCTSAX PyXY IUIABHICTh XOJy ICTOTHO IOKpAIly€Th-
Csi Ha YCIX JOBXHHAX HEPIBHOCTEH, Ha 3ape30HAHCHUX
MIBUIKOCTSX IUIABHICTh X0y HE3HAYHO MOTIPIIYETHCS HA
HEpIBHOCTSX JIOBXHHOIO 2L 1 2,5L 1 CyTTEBO MOTIpIIy€ETH-
Cs1 Ha HEPIBHOCTSIX JIOBXHHOMO 1,5L.

Ha puc. 17, 18 HaBeneHO pe3yibTaTH IOCIiIHKECHHS
BIUIMBY CIIBHOTO KEPYBaHHS MOMAYJISIMH BTPAT Ta MPYXK-
HocTi mapHipiB 3 MPE HIKHIX BakeliB MigBICKH Ha IIIa-
BHicTh X0y T3.

h M
1,00
0,90
0,80
0,70
0,60
0,50
0,40
0,30
0,20
0,10
0,00

500 600 7,00 800 9,00 10,00 11,00 12,00 13,00 14,00

v, M/c

Puc. 17. IlIBunkicHi xapakrepuctuku CII: oriHka BILIUBY
CHIJIBHOTO KePyBaHHsI MOIYJISIMH BTPAT Ta MPY)KHOCTI MIApHIpIiB
HIKHIX BaXKeliB:

1 — BUXiTHE 3HAYCHHS MOJYJIIB BTPAT Ta MPYKHOCTI;
----- 2 — Mopmynb BTpar 30UIBLOICHO Y 5 pasiB, MOAYIb
HPYXXHOCTI JOPIBHIOE HYIIIO;
— .+ — . 3 —MomyJi BTpar i Mpy>KHOCTI 301IbIIEHO ¥ 5 pa3iB;
—:—:=4 — Moaynp BTpar 30UIbIIEHO Yy 5 pa3iB, MOIYJb
npyHoCTi 30inb1IeH0 y 10 pasis

Bimmosimao mo puc. 17, mus BapiaHTa «MOZYJb
BTpAT 30UTBIICHO Y 5 pa3iB, MOAYIb MPYKHOCTI JOPIBHIOE
HYJIIO», KpHUBI 2, MiHIMaJbHI MPOXiJHI BUCOTH HEPIBHOC-
Teit, mixBuinytotees 3 piBHs 0,12...0,14 M nmo piBHs
0,17...0,19 M, To6TO Ha 35,7...41,7 %, 1110 € OJU3BKHUM JI0
piBHs cydacHux Bumor (0,19...0,24 m).

BapianT «Mozyni BTpart i Mpy>KHOCTi 301JIbLICHO Y 5
pasiB» (kpuBi 3) no3Bousie cyrTeBo (10 43 %) MiABUIINTH
IUIABHICTh XO/y Ha JJOPE30HAHCHUX LIBHIKOCTSX PyXy Ha
yCiX TOBXHMHaX HEPiBHOCTEM.

Bapiant «mozayns BTpar 30inbIIeHO y 5 pasiB, Mo-
IIyIb TIPY>KHOCTI 30imbimeHo y 10 pa3iB» (kpusi 4) mpu-
3BOIMTH J0 TOTIPIICHHS TUIABHOCTI X0y B YChOMY Jiara-
30HI IIBUAKOCTEH, Ha yCiX TOBKUHAX HEPIBHOCTEH.
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3 rpadikiB, HaBeAeHUX Ha puc. 18, BUIUIMBaE, IO
3pocTanHs MoxyJst BTpat y 10 pasiB (rpadik 2) npusBo-
JUTh JI0 MOKPAIIECHHS IUIaBHOCTI XOAy Ha HEPIBHOCTSIX
JNOBXHUHOIO 1,51 Ha JOpPE30HAHCHUX IIBHJKOCTSX, Ta TMO-
TIPIICHHIO — HA 3apE30HAHCHHUX MIBUAKOCTIX pyxy. Lleit
BapiaHT 3a0e3leyye 3pOCTaHHS MiHIMAIBHHUX IPOXIJIHUX
BHUCOT HepiBHOCTeH (Ha mBHAKOCTI 9 M/c) 3 piBHA
0,12...0,14 M mume po pieas 0,13...0,14 M, ToOTO ripmie,
HIX y TIOTIEPEIHFOMY BHITAJKY.

h, m
1,00
0,90
0,80
0,70 v
0,60

0,50
0,40 2
030
0,20
0,10
0,00

500 6,00 7,00 800 9,00 10,00 11,00 12,00 13,00 14,00
v, M/C

Puc. 18. llIBuakicHi xapakrepuctuku CII: omiHKa BIUIUBY

CHIJIBHOTO KePyBaHHS MOJIYJISIMH BTPAT Ta MPY>KHOCTI LIApHIpIB
HIDKHIX BajKeIiB:

1 — BUXigHE 3HAUYEHHS MOIYIB;
2 — Mopmynb BTpatr 30inbmeHo y 10 pasiB, Momyns
MIPY>KHOCTI JIOPIBHIOE HYIIIO;
3 — Moxynp BTpar 30utbmeHo y 10 pasiB, Momyib
NIPY>KHOCTI 301IIBIIEHO Y 5 pa3iB;
— . — = 4 —Monyui BTpart i npy>xHocri 36inbmeno y 10 pasis

Bapiaatn «mMomyms BTpar 30imemeno y 10 pasis,
MOJYyITb TIPY’KHOCTI 30iibIIeHo y 5 pa3ziB» (rpadik 3) Ta
«MOJYIIi BTpAT i mpy»kHOCTI 30imbmIeHo y 10 pasiB» (rpa-
¢bik 4) AeMOHCTPYIOTh, IIO Take 30UIbIICHHS MOJYIIB
NIPU3BOAUTE 10 CYTTEBOTO IOTIPIICHHS IIABHOCTI X0y B
yChOMY Jliana3oHi MBUKOCTEW Ta HEPIBHOCTEH.

OO6roBopeHHs pe3yabTaTiB. AHami3 rpadikis, sKi
IpeJCTaBIeHO Ha pHc. 14, TOBOAUTH, IO XapaKTEPHUCTH-
KU npyxHuX mapHipiB Baxenis CII T3 Baromo BruinBa-
I0Th Ha HOTO IUIABHICTHh XOAY 1 KepyBaHHS iX MOIYJISIMU
BTpaT Ta NPYXKHOCTI JOLIJIBHO BIPOBaKyBatyu Ha T3. 3
METOI0 3HIKEHHS EHEProCHOXHMBAaHHS Ta 3aroOiraHHs
TeperpiBy By3IIiB, JaHE KepyBaHHS JOIIFHE Ha PE30HAH-
CHHUX IIBHAKOCTSX PYXY IIPH MOIONAaHHI TUISHOK MiCIle-
BOCTi 3 BaXXKUMH JOPOKHIMH YMOBaMH, 0e3 3MEHIIICHHS
LIBUIKOCTI PyXYy.

JlouinpHUM € KepyBaHHs y Ounbliidi Mipi Moaysem
BTpAT, HIXK MOJYJIEM MPYXXHOCTI, 00 30LIbIIEHHS OCTaH-
HBOT'O MOXKE HPU3BECTHU JO MOTIPLICHHS [UIABHOCTI XOIY.
HeoOxinno creoproBaru MPE i3 BiacTuBOCTSMH, IpH
SIKMX, y pa3l KepyBaHHS, 30UIbIICHHS MOAYJS BTpar He
CYIPOBOJIXKYETHCS 3pOCTAHHIM MOAYJIS IIPY>KHOCTI.

[TpoBeneHi excriepuMEHTaIbHI JOCIIKEHHS JJ03BO-
TUTH 30UTBIIUTH MOZAYJh BTpaT y 3pazkax MPE mjmme
BIIBiYi, OJJHAK PO3PAaxXyHKOBI MOCITIKCHHS TOKa3zanu Oa-
JKaHICTh HOTO S-KpaTHOTO 30imbIneHHS. BupimmTn many
podiieMy MOXIHBO ab0 LUISIXOM 30UIBIIEHHS KiJIbKOCTI
KEpOBaHUX IMAPHIPIB, BCTAHOBHMBINHK iX 1 Ha BEPXHIX Ba-

KeJsIX MigBICKHM, ab0 3aCTOCYBAaBILM IHIIY TEXHOJOTIO
BurotoBieHHss MPE, ska 3a0e3nednth 1’ sTukpaTHe 30i-
JBIICHHS. MOJYJIsl BTPAT MiJ Ai€I0 MarHiTHOro MoJjs 3 iH-
nykiieto g0 1,5 To.

OtpuMani 3HaueHHs 30UIbIIEHHS (BIJHOCHO cepiii-
Horo T3) MoxmynmiB BTpaT i NMpYyXHOCTI Ta moOymoBaHi
mBuaKicHI xapaktepuctuku CII 103BONAIOTE po3poOuTH
BUMOT'HY JI0 3aKOHIB KE€PYBaHHSI XapaKTEpPUCTUKaMHM LIap-
HipiB 3 MPE, B 3anexxHOCTI BiZl pexumy pyxy (aope3oHa-
HCHOTO, PE30HAHCHOTO 200 3apE30HAHCHOTO) Ta TOBKUHH
HepiBHOCTEH.

ChopMyroeMO 11i BUMOTH 10 3aKOHIB KepyBaHHS
XapaKTepUCTHKaMHu TpykHuX mapHipiB 3 MPE y CIT:

® KEpyBaHHsS JOLIJIBHO peali3yBaTH TUIBKM Ha pe30-
HaHCHUX MIBUAKOCTSX pyxy T3;

® 3ICHIOBATH KEpyBaHHS IOIUIBHO BUKIIOYHO MO-
nynem Brpat MPE mapnipis Baxenis CII;

e 30LIBLIYBAaTH MOJYJIb BTPAT PEKOMEHIY€EThCs HE Oi-
JBIIE, HIX Y 5 pasis;

® TIPOIIECH KepyBaHHS MOBHHHI BiIOYBaTHCS HE JTOBIIE
3a 10 ¢, Ta MaTu NPUHHATHI May3H B Yaci MK HUMH.

BucHoBkH Ta pekoMeHAANIN.

1. Briepmie BUTOTOBJIEHO 3pa3KH i3 MarHiTOPEOJIOTid-
HHUX €JIACTOMEpIB 3 IapaMeTpamMu, sIKi IpUIaTHI s BU-
KOPHUCTaHHS y MIApHIpax Ba)kKeJiB CHCTEM ITiJPeCcCOpIOBaH-
HS TPAHCIIOPTHHX 3aCO01B.

2. Po3po6ieHo opuriHajgbHUI CTEH[, Ha SIKOMY JOCHi-
JUKEHO CTAaTH4HI XapaKTEPUCTUKHU JKOPCTKOCTI Ta AEMII-
¢bipyBaHHS BHTOTOBIIEHHX 3pa3KiB. BcraHoBieHo, mio
Kepyloue MarHiTHe 1oJjie y OinbIuiii Mipi BIUTMBAa€E HA MO-
JlyJ1b BTpAT, HK Ha MOJYJIb IPYXHOCTI. Briepie noka3sa-
HO, 10 iHAYKLisA B = 0,6 T kepyl04oro MarHiTHOTO OIS
BUKITMKA€E 30UTBIICHHS KOEQili€eHTa >KOPCTKOCTI (Ta MoO-
IyJisl MPYXKHOCTI) Ha 25 %, 110 BHUKIMKAIO 3POCTAHHS
YaCTOTH BJIACHWUX KOJHWBaHb 3 2,5 mo 2,7 ', (Ha 8 %).
Koedimient nemmndipyBaHHs Npu mbOMY 30UTBIIABCI Ha
118 % (3 0,038 mo 0,083), To6TO B 4,7 pasu Oinbime 3a
Koe(DilieHT YKOPCTKOCTI.

3.V mporeci fMHaAMIYHUX BHIIPOOyBaHB Ha PO3podIe-
HOMY CTEH], 32 JJOTIOMOTOI0 BUT'OTOBJIEHOI Cy4acHOI1 BUMi-
PIOBAJIBHOI anaparypy, BIIEPILIE BUSBJICHO, 1110 IIPU BKIIIO-
YeHHI KepyIUYOro MAarHiTHOTO MOJS CTajla 4acy BUIBHHX
KOJIMBAaHb MAacH Ha INPY>KHUX €JIEMEHTaX i3 MarHiTopeoso-
rYHHUX enacToMmepiB 3MeHmiacs 3 1,48 no 0,78 c. Ilepe-
XiIHUH mpollec MpakTUYHO 3aBepuryBaBcs 3a 2,34 c. Am-
IUTITYAM PE30HAHCHUX KOJIMBaHb MacH Ha IPY)KHHUX eJie-
MEHTaxX 13 MarHiTOpEOJOriYHUX €ITacTOMEPIB MPH BKIIIO-
YeHHI Kepyro4doro Martitaoro noist B = 0,6 Ti, 3mMeHIIy-
FOThCS BIBiui 3a 2,34 c.

4. Po3po0ieHo Ta 3amaTeHTOBAaHO OPHTiHAJIBbHI KOHC-
TPYKLii KEPOBAHOTO MPYKHOTO IMIAPHIPY 3 MAarHITOPEOJIO-
TYHUX eJIaCTOMEPIB Ta NPUCTPOEM ULl CTBOPEHHS Kepy-
1090T0 MarHiTHoro mnossi. BusnaueHo mapamerpw, siki 3a-
6e3neumn piBHOMIipHUI (B Mexax 10 %) po3moain mar-
HITHOI iHAYKOii B mepepi3ax mapHipiB. s gOCSATHEHHS
MarHiTHOi iHIYKLIi y MarHiTOpeoJoriyHoMy enacToMmepi
Ha piBHi 0,6 T, BU3HAYECHO BENWYMHY MarHiTOPYIIiHHOT
cmi (15 xkA), 00paHO MIUTBHICTh CTPYMY Y KOTYIII TIPH-
ctporo < 10 A/mm?®, ipu Tepmini po6otu 10 10 c.

5. ChopmMyap0BaHO BUMOTH 1010 3aKOHIB KEPyBaHHS,
SIK1 JTO3BOJISIIOTH IMIIBUIIUTH IUIABHICTH XOJy TPaHCIIOPT-
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HUX 3aC00IB B 3aJI©KHOCTI Bl LIBHJKOCTI Ta JOBKHHU
HepiBHOCTe# Oinbine Hixk Ha 40 %.

6. Briepmie BCTaHOBIIEHO, L0 KepyBaHHS MOJIYJIEM
BTPAT MIAPHIPIB 3 MArHITOPEOJOTIYHUX €JIACTOMEPIB Mij-
BICKM TPaHCIIOPTHUX 3aco0iB B OUIBILII Mipi BIUIMBa€E Ha
ITiIBUIIEHHS TUIaBHOCTI X0y, HIXK KEpyBaHHS 1X MOJlyJIeM
TIPY>KHOCTI.

7. BuzHaueHO paiioHadbHI MEXi BiIHOCHOI 3MiHH MO-
IyJIB BTPAT IIAPHIPIB 3 MarHITOPEOJIOTIYHUX €TacTOMEPIB
(me OlnpIme HX Yy 5 pa3iB) mpH 37iICHEHH] X KEpyBaHHS;
PEKOMEH/IOBAHO 1X BHKOPHUCTOBYBATH HPH (HOpMyITtOBaH-
Hi BUMOT JI0 MarHiTOPEOJIOTIYHUX €JIaCTOMEPIB, Ta PO3PO-
Ol KOHCTPYKIiH KepOBaHMX BY3JIIB CHCTEM IIiAPECOPIO-
BaHHJL.

8.3a pesysabratamMu MPOBEICHHUX IOCHTIHKEHb Ha CIO-
ci0 kepyBaHHs, KOHCTPYKLIi MIAPHIPIB 3 MarHiTOPEOJIOri-
YHUX eNlacTOMEpiB Ta IJBICKYy OTpuMaHo 4 maTeHTH
VYkpainu.
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Application of magnetorheological elastomers for performance
control of cushioning systems for wheeled vehicles.

The purpose The aim of the work is to study the influence of the
control of the elastic and damping characteristics of the cush-
ioning system based on the use of magnetorheological elastom-
ers on the smoothness of the course of wheeled transport vehi-
cles. The technique. The research used the methods of: mag-
netic field theory, the theory of vehicle suspension, experiment
theory planning, and the FEMM code for studying magnetic
field characteristics and mathematical modeling of wheeled
vehicle movement along roughness in the Delphi environment.
Results. Designed, researched and patented designs of elastic
hinges of the suspension arms with magnetorheological elas-
tomers. The relative boundaries of changes in the elastic mod-
ules and losses of these hinges are determined when controlling
the characteristics of the suspension in order to improve the
smoothness of the wheeled vehicle. Scientific novelty. For the
first time, the feasibility of using magnetorheological elastomers
to control the elastic and damping characteristics of the cush-
ioning system of wheeled vehicles has been investigated, and the
requirements for control laws have been determined, which
make it possible to increase smoothness by more than 40 %; it is
established that the control of the loss modulus has a greater
effect on the improvement of smoothness of motion than the
control of the elastic modulus. Practical value. The design has
been developed and the relative boundaries of changes in the
modules of elasticity and loss of hinges with magnetorheological
elastomers during their control have been determined, which
will make it possible to formulate requirements for elastomers
when developing promising hinge designs for vehicle suspension
systems. References 21, figures 18.

Key words: magnetorheological elastomer, control magnetic
field, modulus of elasticity, loss modulus, wheeled vehicle,
cushioning system, elastic hinges, suspension performance
control.
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PERFORMANCE COMPARISON OF MULTICELL SERIES AND NPC MULTILEVEL
CONVERTERS FOR A STATCOM

Abstract. In this paper, we present a comparative study of the performances of the multicells series and the Neutral-Point-
Clamped (NPC) three-level converters used at synchronous static compensators (STATCOM) for the control of the voltage at a
point of the network. The analysis consists on a mathematical modeling, a pulse width modulation (PWM) control algorithm
application and a simulation using the Matlab Simulink environment. The simulation results obtained show that the STATCOM
allows the regulation of the voltage at the point of common coupling (PCC) by acting the reactive energy that it can supply or
absorb. References 22, tables 4, figures 24.

Key words: STATCOM, VSC, NPC converter, multicell series converter, modeling, control.

B cmamuve npeocmasneno cpasnumensvHoe uccne0osanue XapaKmepucmuK MHO20371eMEHMHBIX ROCIe006aAMENbHBIX U MPEXYPOGHEBHIX
npeoopazoeameneil co C6A3AHNHOI HEUMPATLHOU MOUKOIL, UCHOTBIYEMBIX 8 CUHXPOHHBIX cmamuyeckux komnencamopax (STATCOM)
O1A1 ynpaeienus HanpAxdceHuem 6 mouke cemu. AHAAU3 OCHOBAH HA MAMEMAMUYECKOM MOOETUPOSAHUN, ANIZOpUMME YRPAGIEHUA C
wupommuo-umnynochoii. mooynayueii (LLIMM) u moodenuposanuu c¢ ucnonvzoeanuem cpeovt Matlab Simulink. Ilonyuennvie
pe3ynomamul mooenuposanus nokazviearom, umo STATCOM no3eonsem pezynuposams HAnpadyceHue 6 mouxe ooujeil ceA3u
Oelicmeuem peaKmueHoll IHep2ul, KOMopyro OH CHOCOOeH nodasams uau noziowiams. budi. 22, Tadi. 4, puc. 24.

Kniouesvie cnosa: CHHXPOHHBIH CTATHYECKHMiI KOMIIEHCATOP, IPeodpa3oBaTe/lb HCTOYHNKA HANIPSKEHUs1, Ipeodpa3oBaTelb €O
CBSI3AHHOIT HEHTPaAJbHOIl TOUKOI1, MHOr03/1eMeHTHBII1 MOC/IeJ0BaTe/ILHbII Mpeodpa3oBaTe/ib, MOIeJIMPOBaHHUE, YIIPABJIEHHE.

Introduction. To improve the power quality,
Flexible AC Transmission Systems (FACTS) devices
have received widespread interest for high voltage power
systems control. They are faster and more flexible of
compared with mechanically switched control of the
transmission system [1, 2]. Among the FACTs
compensators that offer this possibility, the synchronous
static compensators «STATCOM» are connected in
parallel at sensitive points of the network. The
STATCOM is the first FACTS using the Voltage Source
Converter (VSC). It uses high power gate turn-off (GTO)
thyristors or insulated gate bipolar transistors (IGBT).
Highly efficient, this device is characterized by the robust
support of the voltage in the presence of strong
disturbances, the balancing of asymmetric and fluctuating
loads and the damping of power oscillations [3, 4]. The
design of VSC can be realized in several ways. It can be
modeled using the conventional (two-level) or multilevel
three-phase bridge converter. However, multi-level
converter offers a wide variety of advantages over
conventional converter such as lower harmonic content,
reduced stress on switches and decreased switching loss
[5]. Currently used STATCOM based on multilevel
converters are very popular in medium-voltage networks,
including flying-capacitor multilevel converters (FCMC),
diode-clamped multilevel converters (DCMC) and
cascaded H-bridge multilevel converters (CHMC) [6].

Cascaded H-Bridge Converters (CHBs) are the most
common topologies in STATCOM applications. The
advantages of CHB converters include low switching loss,
modularity and lack of holding diodes. However there
disadvantage resides is the fact that one cannot get a
negative output voltage and an isolated power supply for
each module [7, 8].

The Neutral-Point-Clamped (NPC) converters are
the first practical topology for multi-level voltage
converters. The advantage of this topology is
generalizable so as to obtain a greater number of output

voltage levels, all the phases are connected to the same
common DC bus and the number of capacitors used is
limited. The disadvantage of this structure is when the
number of levels becomes high, the balance of the
voltages across the capacitors quickly becomes complex
to control [8-10].

The multi-cell series converters or floating
capacitors is an energy conversion topology that relies on
the series setting of controlled switches. The advantage of
this topology is that it eliminates the problem of loopback
diodes present in the topologies of multi-level NPC
inverters. In addition, the voltage stresses imposed on the
power components are naturally limited. Thus, by phase,
only one DC source is needed. The disadvantage of this
structure is that the need to balance the voltages across the
floating capacitors adds complexity to the converter [11].

From the description of the different converters we
can deduce that the voltage of the output is more
sinusoidal and the harmonic distortion rate will be low if
the number of levels is high but the structure of the
converter becomes complicated. Its cost and the
complexity of its order are increased its reliability is
reduced.

The focus in this paper is on using the converters
multi-cells and NPC three level as a shunt connected
STATCOM for the regulation of the voltage profile along
the line, so as to avoid fluctuations between the voltage at
the source and the voltage at the load. For a DC input
voltage source supplied by the charged capacitor, the
converter produces a set of controllable three-phase
output voltages with the frequency of the AC power
system. These voltages on the alternating side of the
converter are in phase with that of the network so as to
exchange only the reactive energy with the latter. The
value of the current and the direction of the reactive
power exchanged are set by the value of the voltage of the
converter. The setting principle is described in the
following paragraph.

© S. Belakehal, A. Djellad, R. Chenni
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Description of the studied network. In this study,
we used a conventional three-phase network composed of
a three-phase power source that is variable in amplitude,
in phase and in frequency. It supplies three-phase electric
charges through a three-phase line. The diagram per phase
is illustrated in Fig. 1.

B2 PCC B3

Three Pl oo I h!‘e\l-‘
Phase Transmissi e Phase
Transformer| L B Load

Bay Level
T vsc

Fig. 1. Basic circuit of a STATCOM
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The other major component of the system is the
STATCOM which permits the regulation of the voltage at
the Common Connection Point (PCC) between the
network and the loads. It is composed of a continuous
energy source or a capacitor associated with a static
converter based on semiconductors of the IGBT type and
a transformer T that has always a certain leakage
reactance. The transformer plays a dual role: it transforms
the voltage and offers the reactance required by the
compensation.

The operating principle of the STATCOM is simple.
By varying the magnitude of the output voltages
produced, the reactive power exchange between the
STATCOM and the network can be adjusted [1, 12]

o if the amplitude of the voltage Vi, (K = a, b, ¢) is
greater than the amplitude of the voltage Ek, the current /x
is advance of #/2 on Ex (Fig. 2,b), the compensator
provides reactive power to the transmission line and the
compensator behaves like a huge capacitor;

o if the amplitude of the voltage Vx, is lower than the
amplitude of the voltage Ex, the current Iy is 772 behind
Ex (Fig. 2,a), the compensator absorbs reactive power at
the transmission line and the compensator behaves like an
immense inductor;

o if the amplitude of the voltage Vi, is equal to the
amplitude of the voltage Ey, (Fig. 2,c), the current I is
zero and therefore the compensation is zero.

(a) Ik ()
VK Ek | Ex VK
IK Ik=0 VK
K=ab.c
© EK

Fig. 2. STATCOM operating modes

STATCOM modeling. The equivalent circuit of the
STATCOM is shown in Fig. 3. In this power system, the
resistance r in series with the voltage source inverter
represents the sum of the transformer winding resistance
losses and the inverter conduction losses. The inductance
L represents the leakage inductance of the transformer. In
Fig. 3 the instantaneous value of system bus phase voltage
are E,, E,, E,, the instantaneous current the system inject

into the STATCOM are I, I, I., the instantaneous value
of converter’s AC side phase voltage are V,, V;, V., the
DC bus voltage is V.

Voltage Source
Converter a Tar L

Per

DC T
AC :

IVa |Ea
1 |

Nettral m—— ' ————

Fig. 3. Schematic diagram of the grid connection of a converter

Two Cell Converter Model. The two cells
converter with three voltage levels is shown in Fig. 4. It
consists of three arms, where each one consists of two
cells. Each cell consists of two switches and a voltage
source. The switches work in a complementary way,
when one is passing the other is blocked.
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gy Bl B e n | L
h(_ ¥_ r r I; I
Slc S1L- Vanl\‘hn|‘m|

Neutral — — — — — —

Fig. 4. Multi-cell series converter

To model the multi-cell converter, the following
simplifying assumptions are used: perfect switches,
perfect sources and neglected idle time [13, 15].

The converter is controlled by the switching
functions S;x whose value lies be hour 0 and 1 (K =a, b or
¢ designates the phase and i = 1 or 2 the relevant cell)
whose value lies between 0 and 1. The Table 1 shows the
different voltage levels Vo obtained according to the
control states of the switches. Each arm can release three
levels of tension.

Table 1
Switching logic and output voltage
Six Sk Vko
0 0 0
1 0 Va2
0 1 Va2
1 1 Vie

The output voltage of the converter can be expressed
according to S;x control commands:

14 —Vdcxfs (1)
KO — P iK
i=1
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The output voltages of the converter with respect to
the negative terminal (point O) of the DC bus will be:

V
Vao =5 (S1a+24); ©)
V,.
Vo :%(Slb +Sp) ; (3)
V
Veo = %(Slc +S5.). (4)

With O-neutral voltage Vo, =—(Vio + Vo + Veo)/3.

The equation which lends the voltage of the
continuous node to the voltages on the alternative side
Vens Vi and V, is:

Van 2Sla _Slb _Slc
Von :% —Sia 281 =S
Ven ~Sta —Sw 28 )
v, 282 =S =52
+T —Sa 285 S
=S =S 25

Three-level NPC converter Model. The three-level
NPC converter is shown in Fig. 5. The DC input bus is
composed of two capacitors in series (C; and C,) forming
a midpoint noted (O) which allows the inverter to access
an additional voltage level with respect to the
conventional two levels converters. The total voltage of
the DC bus is V. Under normal operating conditions, it
is uniformly distributed over the two capacitors which
have a voltage V,/2 at their terminals. Each of the three
arms of the converter is composed of four controlled
switches Six (K = a, b, c and i = 1, 2, 3, 4) and two
clamped diodes connected to the midpoint of the DC bus
[10, 16, 17].

D, D, Ds

Ci+ % SZ:! x Szh x Szc
‘ & KE : Kx
\’J‘( A a a
de N I t

r Dex
Dg [ |
g 3b S |

[ I

S-hl S-lh c I

O Neutral -__l\inﬁﬂ'l_\ﬂ

Fig. 5. Three level NPC converter

There are three possible sequences for this converter
according to the different possible states for the switches
(see Table 2).

Table 2
Switching logic and output voltage
Six Sax S3k Sax Vok
1 1 0 0 V2
0 0 1 1 Va2
0 1 1 0 0

The objective of the modeling is to find a relation
between the control variables and the electrical quantities
of the alternative and continuous part of the inverter.
Thus, the pairs of switches Sik, S;x and Sy, Sik are
controlled in a complementary manner.

The following expressions shows the relationship
between the voltages V.o, Viyo, V.o the states of the
switches and the DC voltage V,.:

V.
Vao :%(Sla +824 _1); (6)
Vv
Voo 2%(511; +S,—1); (7)
V.
Veo :%(Slc +87¢ _1). 8)

The relationships of the phase-neutral output
voltages V.., Vin, V., of the converter according to the
states of the switches S are given by the equation:

Van % 2Sla 2S2a - Slb - S2b - Slc - S2c
Vin | =2 =81y =S2a 281 25 —=Sic =Sa | O
Vcn _Sla _S2a _Slb _SZb 2Slc 2S2c

The model of STATCOM. The dynamics equations
governing the instantaneous values of the three-phase
output voltages in the AC side of the STATCOM
exchanged with the utility grid are given by:

dl,

(10)

7
Ey, =Vy, +1l), +L—“;b :
t

)

(12)

Equations (10-12) describe the system in differential
equations in abc frame. Transforming these equations to
synchronous reference frame using Park’s transformation
the equations becomes:

/4
E, :Vd+rld+de—d—a)L1q; (13)
t

(14)

The instantaneous output power of STATCOM is
given by:

dl,
E,=V,+rl, +L7+led.

P:%.(ledwaq); (15)

3
Q:E.(Vqld —Valy). (16)
Within the synchronous rotating frame V; = V; and
V, = 0, the instantaneous active and reactive power is
given by
3

P==Yala: (17)

0- —%.leq. (18)

STATCOM Control. The detailed control system

of STATCOM is shown in Fig. 6. In this system the error
signal between the rms measured and the rms AC voltage
reference values is given to a PI regulator which produces
a reference current [, ... Similarly to the AC voltage
regulator the error between the measured and the DC
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voltage reference values is given to a PI regulator that
produces a reference current /, .. The three-phase mains
currents at the PCC are transformed into dg reference
frame to create, [, and I, These currents are then
compared to the corresponding reference values to create
error signals (Alg, et Alg,) which are transmitted to the PI
controller in order to create the vectors of the reference
voltages (Vsuer and Vo). Through Park’s inverse
transformation, the voltages Vsg..rand Vg, are converted
t0 Vsares Vsorer and Ve,or that are required by the SPWM
generator [17-19].

Vde
Pulses
SPWM
I Vdref Vaberef
Inbe | abe 43X abe
A d(l Iq - PI Varef dq
Y
PLL ¢ Iqrcf PI
Vahe b ya ) v
abe 3 ac
d.q \.!q V‘! d- +\.?qz -
+
[Vacrer|

Fig. 6. STATCOM control system

The SPWM technique is one of the most popular
modulation techniques applied to multi-level NPC and
multi cells converters.

SPWM for two cells converters. The command of
this converter is quite simple (Fig. 7). Each switching cell
has its own carrier. To have a voltage of three levels, the

carriers are phase shifted by (%} and therefore by

180° in this case. If these are not out of phase, the
switches S, and S,, or S, and S,, switch at the same
time, and the voltage is only of two levels (0 and V).

7,

|—s2K]

‘ Il ‘ LT

.3 Ui

Fig. 7. Sine pulse width modulation for three two cells converter

SPWM for three level NPC converters. To
generate the PWM control pulses of the three level
voltage converter, two triangular carriers are required
(one positive and the other negative). These carriers have
the same frequency and amplitude (Fig. 8). They are then
compared to the reference signal (sinus). Each

comparison gives 1 if a carrier is greater than or equal to
the reference, 0 otherwise. Thus for the NPC case, the
control signals of the switches S;x and Sk are
complementary and the switches S,x and S, are also
complementary.

—Tri Upper
1 I i | —Tri Lower

[—siK|

—S2K |

1

I

Fig. 8. Sine pulse width modulation for three level NPC
converter

Simulation results. To demonstrate the efficiency
of the STATCOM in the field of reactive energy
compensation and voltage regulation in power grids,
simulations have been carried out using Neutral-Point-
Clamped (NPC) multilevel converters and multi-cells
series based on Pulse Width Modulation Control
(SPWM). For this, we applied two types of tests for the
considered. The first concerns the presence of a voltage
dip and a voltage drop at the source and the second the
connection of additional inductive load. The entire system
is simulated in MATLAB / Simulink with the parameters
shown in Table 3.

Table 3
System parameters
Parameter name | Symbol Value Unit
U, 110 kV
AC Source S, 2258 MVA
f 60 Hz
Transformer S 40 MVA
T1 110/26.7 kV
S 3 MVAR
T2 27.6/0.6 kV
STATCOM v 0.6 G
Vi 1.4 kV
Line 1 45 km
R 254 Q
Load L 134 H

Case 1. A voltage dip of 4 % is applied at the three-
phase source during the interval (0.15-0.25) s and then a
voltage drop of the order of 4 % during the interval (0.35-
0.45) s. The Fig. 9 and 10 show respectively the three-
phase voltages and the rms voltage per phase at the PCC
without STATCOM. The positive reaction of the
STATCOM which manages to maintain the variable
voltage to the PCC by controlling the quantity of reactive
power injected or absorbed in the network as shown in the
Fig. 11 and 12. In the interval of ¢ = (0.15-0.25) s the
STATCOM injects a quantity of reactive power
(2.075 MVAR) to maintain voltage levels in the line in
where compensator operates in the capacitive mode and in
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the interval of £ = (0.35-0.45) s the STATCOM absorbs a
quantity of reactive power (2.075 MVAR) to maintain
voltage levels in the line where the compensator operates
in the inductive mode (see Fig. 13). This reactive power
exchange is achieved through the transformer leakage
inductance which helps to smooth currents in advance or
behind the angle with the primary voltages that are
imposed on the secondary of the transformer by the
controlled voltage source as shown in the Fig. 14. As
show in Fig. 15 it is very clear that the voltage regulating
loop continues to prove its effectiveness in maintaining
constant voltage at the terminal of the capacitor. Figures
16 and 17 respectively show the output phase voltage of
the STATCOM converter and the output line to line
voltage of the STATCOM converter.

A
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Fig. 9. Three-phase voltage abc at PCC without STATCOM
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Fig. 11. Results of rms voltage phase at PCC with STATCOM
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Fig. 16. Output phase voltage of the STATCOM converter
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Fig. 17. Output line voltage of the STATCOM converter

Case 2. A balanced three-phase inductive load is
applied during the interval (0.25-0.35) s. Figures 18 and
19 shows the voltage drop caused by the inductive load at
the period ¢ = (0.25-0.35) s. The STATCOM injects the
reactive power (2.25 MVAR) into the line to maintain the
voltage at the PCC connection point as shown in Fig. 20
and 21 in this case it operates in the capacitive mode as
shown in Fig. 22. The reactive power exchange is
achieved through the transformer leakage inductance
which helps to smooth currents in advance of 90° on the
PCC common point voltages (see Fig. 23). Figure 24
shows the voltage across the dc capacitor.
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Fig. 18. Results of rms voltage phase to line at PCC without
STATCOM
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Fig. 19. Three-phase voltage abc at PCC without STATCOM
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Fig. 20. Results of rms voltage phase at PCC with STATCOM
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Case 3. A Fast Fourier Transform (FFT) analysis in
MATLAB is used to conduct the harmonic analysis for
multi-cells converter and multilevel NPC converter. It is
summarized in Table 4. Using PWM technique, the
THD% values of the three level NPC STATCOM and
three level multi-cells STATCOM can be satisfied under
IEEE Std. 519-1992 [22].

Table 4
Comparison of performance of MC-VSC and NPC-VSC

Fig. 21. Three-phase voltage abc at PCC with STATCOM Total Harmonic Distortion | Fundamental Vabc
- THD (%) Vabc at PCC at PCC
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- : : R IATCOMAFG NPC-VSC 1.12 2.54¢4
= MC-VSC 1.46 2.54¢4
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& / NPC-VSC 0.81 2.55¢4
g : \ [ 7 MC-VSC 1.44 2.55¢4
§ | / Inductive Mode
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Fig. 22. Reactive power supplied and absorbed by STATCOM
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Fig. 23. Voltage and current of phase a at the PCC
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Fig. 24. Response curves of DC voltage

Conclusion. This article presents a performance
analysis of three-level NPC and multi-cell converters used
in STATCOM applications for voltage regulation and
reactive energy compensation in an electrical grid. The
STATCOM model and the proposed control are
implemented on SIMULINK / MATLAB to check steady
state and dynamic performance. The simulation tests
carried out have shown that the STATCOM with the
proposed control is capable of supplying or absorbing the
reactive energy to maintain the stable voltage at the
common connection point (PCC) and whatever the type of
disturbance (voltage drop or voltage dip). Finally, the two
converters give almost identical output voltage values, so
the values of the reactive powers are identical. But the
voltage THD (1.12 %) is better for the NPC case. But
against the point of view components used and the cost,
the multi-cell converter is more interesting.
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REACTIVE POWER CONTROL IN MICRO-GRID NETWORKS USING ADAPTIVE
CONTROL

Purpose. Despite their economic and environmental benefits, distributed products in power systems have caused problems in
power systems. One of the most important issues in this regard is voltage fluctuations and frequencies in Micro-grids, which
depends on several factors, such as variable consumption load and errors in power systems. One of the main challenges
associated with the use of Micro-grids is power management among distributed generation sources. Power management plays a
pivotal role in numerous Micro-grids and may ensure the stable and improved performance of Micro-grids in the permanent
status of the system. The present study aimed to examine the power control in Micro-grids by proposing an adaptive control
method along with the PID controller for power management and coordination in Micro-grids. This coordination system operates
between production sources and controlling the voltage and frequency levels against the possible disturbances occurring
anywhere in the system loop. The results of the simulation of the proposed algorithm in MATLAB software environment exhibited
a high success rate (i.e., proper response to the fluctuations in the Micro-grid) and extremely low error rate (i.e., proper reactive
power in the grid). References 17, tables 3, figures 12.

Key words: Micro-grid, control parameters, online parameter setting, proportional-integral-derivative controller (PID),
adaptive control.

Ilenv. Hecmompa nHa ux IKOHOMUYECKUE U IKONO0ZUYECKUE NPeUMyu{ecmed, pacnpeoeiennsvie npooyKnuvl 6 IHEP2oCUCHeMax
npugooam K G03HUKHOGEHUI0O npodnem 6 nocineonux. OOnum u3 Haubdonee aAIHCHBIX G0ONPOCO8 6 IMOU CBA3U AGNAIOMCA
KoeOanus Hanpax)cenus u 4acmomol 6 MUKPOCEMAX, KOMOpble 3AGUCAM OM HECKOAbKUX (aKmopos, maKkux KaK nepemennas
Hazpy3ka nompeonenusa u owuoku 6 IHepzocucmemax. OOHOU U3 OCHOGHBIX NPOONEM, CEAZAHHBIX C UCHONBL306AHUEM
MuUKpocemeil, AGNACMCA IHEP2OMEHEONCMEHIN UCMOUYHUKOE PACNPEOesIeHHOll 2eHepauuu. IHepzoMeHeOHCMenm uzpaem
K/II04e8yI0 POl 60 MHOZUX MUKPOCEMAX U MOMCem Ofecneuumsp CmAadUIbHYl0 U YIyYUIEeHHYI0 PAdomy MuKpocemeii npu
nocmoannom cocmoaunuu cucmemsvl. Hacmoawiee uccnedosanue HanpasneHo Ha uccied08anue IHEPZOMEHEOHCMEHMA 6
MUKpPOCEmAX Hymem  NpPeOloNCeHUs  A0anmueHozo memooa ynpasienus emecme ¢ IIH/]-konmponnepom Ons
IHEPZOMEHEONHCMERMA U KOOPOUHAUUU 8 MUKPOCEMAX. IMa cucmema KOOPOuHauuu GyHKUuoOHuUpyem mexncoy UcmouHuKamu
nPOU3600UMOIL IHEpeUU U KOHMPOTUPYEm YPOSHU HANPAICEHUA U HACHOMbL 8 OMHOUEHUU 803MONCHBIX HOMEX, 603HUKAIOULUX
6 n1106om mecme koumypa cucmemsl. Pesynomamuvr modenuposanus npeonoinceHHoz0 anzopumma 6 NpoOPAMMHON cpede
MATLAB nokazanu 6bicOKyl0 cmenens ycnexa (mo ecmv npasuibHyl0 PeaKyuio Ha Koae0anus 6 MUKpocemu) u 4pe3evluaiiHo
HU3KYI0 4acmomy ouubox (mo ecmop Haod1eHcauiylo peakmugHylo mouwinocms ¢ cemu). budn. 17, rabmn. 3, puc. 12.

Knrouesvie cio6a: MUKpOCeTb, IapaMeTPbI YIPaBJIeHHs, OHJIAH HACTPOIiKa NapaMeTPoOB, MPONOPIHOHAILHO-UHTETPATBHO-

nuddepenuupyrommii (IIN/1) koHTpoOIEp, afaNTUBHOE YIIPaBJIeHHe.

Introduction. The structure of the power industry
consists of producers, transmission lines and electrical
equipment; the operators of this industry are still
monitoring the state of the system with delays, which is
about 10 sec behind the actual time.

The above grid should use a wide range of sensors,
communications and control techniques to improve the
performance of production, transmission and distribution
systems of electric power, and move towards a more
reliable and an optimized power system, cost effective and
eco-friendly system by providing a ground for distributed
production and using renewable sources [1]. A Micro-grid
typically consists of a set of distributed sources, a power
storage system, and loads which may be used via
connecting to the global power grid or via the island
function (independent). Distributed generation refers to
cases where electricity is produced at the same place of
consumption or near the place of consumption [2].

From the perspective of consumers, Micro-grid is
capable of providing increased reliability, improved
power quality and reduced consumption costs. From the
point of view of the power companies, the use of Micro-
grid has the potential to reduce consumption and thus
reduce the facilities required for the development of
transmission lines, and in addition to eliminating peak
consumption points, it reduces grid losses.

The topic of frequency and voltage stability is one of
the significant factors that should be taken into account in

the planning and exploitation of Micro-grid in order to
avoid the collapse of voltage and off in system. Regarding
the fact that there are not an infinite number of Micro-grid
buses, and most power supply sources have power
interfaces, the main concern in controlling Micro-grid is
the control of electronic power converters [4]. In
connected state, the Micro-grid does not have many
problems with voltage and frequency stability. This is due
to the fact that it is connected to system with far higher
inertia than itself, and if it has a shortage of production, it
will be distributed from the larger system [5]. But in the
island state, the worst problem deals with the instability of
the voltage and frequency of the Micro-grid, and in many
cases, it deals with the voltage and frequency drop. The
overall Micro-grid inertia is low, and as a result of sudden
changes in loads or faults, if there is no effective
protection and control system, Micro-grid will quickly
undergo instability and collapse.

Different structures have been developed to control
Micro-grid in recent years. But in 2012, a relatively good
initial structure for standardization was presented by Prof.
Guererro, in which a PID Controller (hierarchical control)
inspired from traditional and old power control system,
which included: local control (primary), supplemental
control (secondary) and Micro-grid power control (third)
[6]. Prof. Beaverani has improved this hierarchical
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structure by modifying the three levels and adding a new
loop to the structure. This new loop is Emergency Control
of Micro-grid [7]. In Micro-grid, both the frequency and
voltage parameters are simultaneously dependent on both
the actual power and reactive power parameters. Even to
improve this, other loops such as Loop Impedance have
been established [8].

In a PID Controller, the loop of local control
(primary) prevents the permanent drop but does not
necessarily return it to the nominal values. The secondary
control loop includes two voltage control and frequency
control units, and consists of two loops with two regular
PID controllers. The Micro-grid power control loop
(third), which is the frequency synchronization, allows the
loop to only connect the Micro-grid to the main grid when
the phase difference of both systems is less than (low), so
that the micro-grid is interrupted by transient
disturbances. The synchronization operation is performed
by the PID controllers [9].

At the island state, the third control loop can
determine the amount of power generated by each
distributed source, and in the connected state, it can take
the amount of power imported or exported from the grid
to the main grid. At the island state, the nominal values of
the grid (ex. 220 V and 50 Hz), and in connection state,
the instant values of the voltage and frequency of the
main grid will be the reference values. Among the
controversial topics, we may point to the presence of
virtual impedance and how to set these control factors.
The reason for using a comparative controller is the
simplicity of control in terms of performance as well as
implementation [10].

Materials and methods. Micro-grid is part of a
power system that includes distributed generation sources
that operate as a load or power source and must be
operational after being disconnected from the main grid.

The Micro-grid is connected to the distribution
network in normal mode. If a fault or short circuit occurs
in the distribution system, the fault detection system
commands breaker and that the Micro-grid goes to
autonomous or islanding mode. We have the highest
number of frequency instability and voltage problems in
islanding mode, and in most cases, we observe voltage
and frequency drops. The overall Micro-grid inertia is
low; therefore, sudden changes in load or faults in
absence of an effective protection and control system, the
Micro-grid experiences instant instability and collapse. In
result, we need a controller that can stabilize the system.

Controlling distributed sources in Micro-grids bears
high importance in optimizing and increasing the
reliability and stability of power network. The PID
controller is one of the most commonly used feedback
controllers that has been used in a wide range of
controlling processes such as DC motor speed control,
pressure control, and temperature control, etc. The PID
controller computes the «error» value between the process
output and the desired input value. The goal of controller
is to minimize error via adjusting process control inputs.

In fact, the PID controller is used to control the
frequency and stability of the system and thus the power
control. An example of controllers that are widely used in
controlling industrial processes is called a Proportional—

Integral-Derivative controller or PID. Figure 1 shows
block diagram of Unity Feedback System with controller.

u Y
Controller = Plant -

Fig. 1. Unity Feedback System

The transfer function of the PID controller appears
as follows
KP+&+KDS:KDSZ+KPS+K1, )
s s
where Kp — proportional gain, K; — integral gain, Kp —
derivative gain.

First, it is necessary to look at how the PID
controller works in a closed-loop system using the
schematic shown above. The variable (e) represents the
tracking error, the difference between the desired input
value (R) and the actual output (Y). This error signal (e) is
sent to the PID controller, which computes both the
derivative and the integral of this error signal. The signal
(u), just past the controller, is now equal to the
proportional gain (Kp) times the magnitude of the error
plus the integral gain (K;) times the integral of the error
plus the derivative gain (Kp) times the derivative of the
error

de
U:KP€+K]J-€dl‘+KDE. (2)

The signal (u) is sent to the plant. The new output
(Y) returns again to the sensor to find the new error signal
(e). The proportional controller (Kp) affects the on
reduction of the rise time and the integral controller (K;)
affects the elimination of the steady-state error. The
derivative control (Kp) affects the increase the stability of
the system, reduce the overshoot, and improve the
transient response. The effects of each of the Controllers
Kp, Kp, and K; on a closed-loop system are summarized in
the table below. Table 1 shows the effect of change in the
coefficient of PID Controllers on rise time and steady
state error in closed-loop system.

Table 1
Effect of PID controllers on a closed-loop system
CL Rise time |Overshoot Se_ttlmg S-S error
response time
Kp Decrease | Increase Small Decrease
change
K; Decrease | Increase | Increase | Eliminate
Kp Small Decrease | Decrease Small
change change

In the Table 1 CL is closed-loop system, overshoot
is the occurrence of a signal or function exceeding its
target, rise time is the time taken by a signal to change
from a specified low value to a specified high value,
settling time includes a propagation delay, plus the time
required for the output to slew to the vicinity of the final
value, recover from the overload condition associated
with slew, and finally settle to within the specified error,
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S-S error is: steady state error. Steady-state error is
defined as the difference between the input (command)
and the output of a system in the limit as time goes to
infinity (i.e. when the response has reached steady state).

In this section, an adaptive control is proposed in
order to determine the parameters of the PID controller to
deal with complex and uncertain conditions, which is due
to reduced computations.

It is supposed that the PID controlling method
determines the optimal optimization parameters based on
adaptive control. This method applies an adaptive control
method to find the optimal parameters. Therefore, the
quality of detecting the range of optimal domain extracted
for algorithm operation. The order of the effect of the
suggested method is in extracting the best range of values;
so that, it provides the closest PID controller values.

Adaptive control. In control of power systems, the
dynamics of the system may be fully apparent at the start
of operation, but its parameters face unpredictable
changes through the control process. Therefore, the
initially ~designed controller, which was initially
appropriate, may not be able to control the changing
system without the redesign of the controller. In general,
the main purpose of the adaptive control is to consistently
maintain the system's operation against parametric
uncertainty or their uncertain changes. Regarding that
such a parametric uncertainty and/or their variation may
occur in many practical problems, adaptive control is
useful in a number of industrial situations.

In existing adaptive methods in nonlinear systems, it
is generally required to make the planetary dynamics
linearly parametric, i.e. parametric uncertainty is
functionally expressed as a line of an uncertain set of
parameter. Linear parameterization and in result, adaptive
control cannot be reached in some cases, but resistant
control (or adaptive control with semi resistant sentences)
may be possible.

An adaptive controller differs with a regular
controller from the point that the controller parameters are
changeable in it and that there is a mechanism based on
system signals used for timely adjustment of such
parameters. In the design of non-adaptive controllers, the
structure (such as the polarity determination) is firstly
determined, and then the controller parameters are
computed based on the system parameters. In the adaptive
control, the essential difference is that the system
parameters are uncertain; so, the controller parameters
should be obtained by an adaptive law. Consequently,
adaptive control design is more complicated because of
the additional requirements of the selecting adaptation
law and proving system stability against adaptation.

The basis of adaptive control is the parameter
estimation that is a branch of system identification.
Common estimation methods include recursive least
squares and descending gradients.

In fact, adaptive control systems are often used to
control time variable parameters. The design of a
comparative controller usually involves the following
three steps:

e sclecting a control law that includes variable
parameters;

e selecting an adaption law to set these parameters;
e analyzing the properties of the convergence of the
resulting control systems.

Many distributed generation sources, such as fuel
cells, photovoltaic cells and microturbines, are connected
through a grid voltage source inverter. Therefore, in order
to control power, distributed generation sources are
connected as a DC voltage source and through the
inverter to the grid (Fig. 2).

|
|
: Inverter
|
|
|
|
|

Load
Inverter

Fig. 2. The structure of the network studied

Tiny network structure studied. Distribution
sources can be an island for some reason, such as error or
planning, to maintain their goals. In this state of
operation, the distributed generation sources have no
connection to the main grid. Therefore, the power control
strategy of this state of operation should meet the
following objectives:

e adjusting frequency;

e maintaining and adjusting voltage;

e managing the distribution of active and reactive
powers between distributed island sources;

e performing proper distribution of power between
sources when changing loads.

Figure 3 shows the controller in island state. The
controller constitutes of three main components of power
control, voltage control and current control, which are
described below.

bass

Vabe Lr s Voahe L i0ah
Ve
i
Cr TN
Inverter [ |
Vod —] Vodeer ideet, Vu i
Vg —» Powar voltags| Flow Maberef switchin
3 : low | a
i Control | Voqer [@00001] jycr i ove RS ik signals
ion = abe

Fig. 3. Controller in the island fashion

Reactive power control. In the control of reactive
power, the Droop method has been used to calculate the
active and reactive power of the inverter output using the
measured values of the current and the inverter output
voltage. It also uses a low pass filter whose off frequency
is 10 % of the nominal frequency of the system, to
eliminate oscillations and obtain essential output power
content.
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Equations (3) and (4) indicate the power
computation method.
3 oc .
Pl Vo Zoa +Voglog): 3)
3 COC
Q:E'W(Voqlod"'l/od[oq)- 4)

The Drop features are used up to the provision of a
drop in the range and frequency of the output voltage, as
follows

w=w, -mP; (5)
V=V,-nQ. (6)

Finally, the controller is designed in a way to allocate
the reference voltage, obtained by the Droop method, to the
d-axis and set the reference g to zero. These reference
values are voltage control inputs (Fig.4-6).

Vi |P=m (Vo +VoL) |_..| P |£.| W, —mP 2]
o ;
u

| S, 0 .
: ./ 7

X Q=312 (VL —v“[m]|._,.| 5= I.....I V. —nQ |.—... V.
_____________ s Zmooagn o—a V

pawer calculation Filtar Droap oq

Fig. 4. Reactive power controller in the island fashion

Fig. 6. Current controller in the island fashion

Optimization method for PID controller parameters
with adaptive control. The parameters considered in the
optimization of the coefficients are 11K, PIK, IVK, and
PVK. The optimization goal is to minimize current and
voltage errors according to the Fig. 7.

The considered Micro-grid parameters are simulated
in MATLAB software and the results of their
optimization by adoptive control method are presented in
the following Tables 2, 3.

To Workspace

Fig. 7. Optimization of controller parameters by minimizing
voltage and current errors

Table 2
Network parameters studied
Parameter Value
Source voltage Vpc 580V
Inductance filter inverter (L) 1 mH
Capricanticism filter inverter (Cy) 50 uF
Frequency switching inverter (f;) 8 kHz
DG, DG, m 625107
n 1.810°°
A 50 Hz
Va 22042
71,7, 0.424j02
Power 6 kW
Voltage effective line 2204/3
Table 2
Results obtained from optimization
Kp K[ KD
Normal PID control 0.13034 | 10.418 | 0.63969
Adaptive PID control 0.32987 | 39.962 | 1.0926

To check the performance of the controller, the load
at the instant of = 0.6 s is changed from 6 kW to 10 kW.
The following is the simulation’s output with parameters
optimized by comparative control.

According to the obtained forms:

e power is divided between units in proper mode;
o frequency drops are within permissible range.

Simulation outputs are desirable. Although there are
overshoot in outputs, but its value is ignorable. Also, the
output speed is desired. Simulation outputs with
parameters optimized by adoptive control method are also
given below. With regard to the output figures with
optimized parameters, the following results are
achievable:

e power is divided between units;
o frequency drops are in the allowed range.

Simulation outputs are desirable in terms of speed
and overshoot and there is no overshoot and undershoot in
the responses (Fig. 8).

In this Fig. 8 distributed generation (DG) is an
approach that employs small-scale technologies to
produce electricity close to the end users of power. DG
technologies often consist of modular (and sometimes
renewable-energy) generators, and they offer a number of
potential benefits.

As a result, it is notable that the optimization of the
adoptive control is done correctly and the system has
optimal response with these optimal parameters.
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Fig. 8. Output power of DGs with parameters optimized by
adaptive control

Stability analysis method for determining the
function of converting voltage and current controllers.
Block current controller diagram in island state shown in
Fig. 9, where ¥}, is the disturbance input.
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Fig. 9. Block current controller diagram in island state

The inverter conversion function is Gi(S) = 1 and

Gpi(S) is PID controller conversion function, expressed as
K

Gpi(S)=Kppp +%~ (7

Block diagram of voltage controller in island state
shown in Fig. 10, where /; is the disturbance input.

Fig.10. Block Diagram of Voltage Controller in Island State
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Gpy(S) is the PID controller conversion function, as
follows

GPV(S):KPV"'ﬂ’

< ®)
In order to obtain the voltage controller conversion
function, firstly obtain the current controller conversion
function and then, the conversion function obtained will
be considered in the voltage controller. The stability of
the controller can be checked upon obtaining the open
loop and closed loop function and having parameters. In
order to analyze the stability of the optimal comparator
control, first, the stability of the current controller and
then the stability of the voltage controller must be
checked. These analyses are performed according to the
parameters optimized by comparative control.
The current controller conversion function is

1.3123-5 +309.08

0.5-107 5% +1.3123-§ +309.08
The graph of these conversion functions is shown in
the Fig. 11, 12. Considering the Figure it is founded that
the margin of interest and the margin of the controller
phase are positive; therefore, the system is stable.
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Fig. 11. Voltage controller stage response in island state with

parameters optimized by adaptive control
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Fig. 12. Controller stage response in island state with parameters
optimized by adaptive control

Conclusion. The adoptive control method was used
to select the optimal PID controller parameters in Micro-
grid. The sample grid and the adoptive control used for
finding the most optimal response were implemented in
MATLAB software. The simulation results show the
correct control of the reactive power between the Micro-
grids distributed generation sources. These simulation
results also indicate that the optimization of the
parameters is done correctly and the system responses are
desirable. These responses were evaluated in terms of the
speed and error of the steady state.

Sustainability —analysis was performed with
optimized parameters and the stability of the systems with
bad graphs and their performance and speed were
investigated with step responses. The performance of
these systems was also investigated against step type
turbulence. The results of this thesis once again indicate
the requirement of proper selection of correct controller
coefficients, because the lack of proper selection may lead
to undesirable and oscillatory responses of the system.
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