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HIAHOBHI YHTAYI!
Haykoeo-npaxmuunuii scypnan «Enekmpomexnixka i Enekmpomexanikay — nepeoniamme 6uOAHHA.
Bapmicmo nepeonnamu na 2019 pix — 644,94 epn., na oea micayi — 107,49 epn., na womupu micauyi —
214,98 2pn., na wiicme micayie — 322,47 zpn., na gicim micauie — 429,96 zpn., na decamo micauie — 537,45 epn.
Ilepeonnamnuii indexc y kamano3i IIAT «YkpIlowmay: 01216.

IHITAHOBHI ABTOPH KYPHAJIY!
IHlocmanoeoro npes3udiit BAK Ykpainu 6io 15 ciuna 2003 p. Ne 1-08/5 naykoeo-npaxkmuunuil jcyphan
«Enekmpomexnixka i Enexkmpomexanika» eneceno 0o Ilepeniky naykoseux gaxoeux eudanv Ykpainu,
6 AKUX MOXHCYMb NYONIKy8amuca pe3yibmamu Oucepmauiiinux pooim Ha 3000ymmsa HAYKOBUX CHYNEHie
odoxmopa i kanouoama Hayk ma nepepeccmposano Haxazom MOH Ykpainu Ne 1328 6i0 21 zpyous 2015 p.
Kypnan 3apeccmposano ak gpaxoeuit 3 No 1 2002 poky.

32iono pimennsa excnepmuoi paou MOH Ykpainu 6io 28 nucmonaoda 2018 p. naykoso-npaxmuunuii sncy-
puan «Enexmpomexnika i Enekmpomexanikay exinioueno 0o kamezopii «A» Ilepeniky ¢paxosux eudamns
Yxpainu 3 mexniunux nayk.

Houunarouu 3 2005 poky 32ioH0o 3 002060pom mixc pedakuicto ycypuany «Enexkmpomexnixa i Enexmpo-
Mexanika» ma Bcepocilicokum incmumymom Haykoeoi ma mexuiunoi ingpopmauii Pociiicokoi akademii nayk
(BUHUTH PAH), inghopmauia npo cmammi 3 sncypuany 3a 6iooopom excnepmie BUHHTH pozmiugyemobcsa
y Pecpepamuenomy scypuani (P’K) ma bazax oanux (b/]) BUHHTH.

Houunaiouu 3 Nel 3a 2006 p. 32iono 3 Haxazom MOH Ykpainu No688 eio 01.12.2005 p. scypnan
Haocunacmocsa 0o YkpIHTEL

Enexmponna xonia scypuany «Enexmpomexnika i Enexmpomexanixay, 3apeccmposanomy y Misicnapoonii
cucmemi peecmpayii nepiooudHux UOans nio cmanoapmuzosanum kooom ISSN 2074-272X, naocunacmeo-
ca 0o Hauionanvnoi oioniomexu Ykpainu im. B.1. Bepuaocvkozo i, nouunarwuu 3 2005 p., npeocmaenena
Ha caiimi Gioniomexu (http://nbuv.gov.ua/) ¢ po3oini «Haykosa nepioouxa Ykpainu», a maxosic na ogiyiii-
Homy caitmi scypuany (http://eie.khpi.edu.ua/).

Houunaiouu 3 Nel 3a 2016 p. yci cmammi na caiitmi 00cmynHi Ha 080X MOBAX — 0006'A3K080 AHZNIIICLKOIO,
a makosic pociiicekoro ado ykpaincokoro. Taxooc KoxcHiii cmammi @ HcypHAli NPUCCOIOEMBCA YHIKATbHUTL
uudghposuii ioenmugbixamop DOI (Digital Object ldentifier) 6io opeanizauii Crossref (http://crossref.org/).

Kypnan «Enexmpomexnixa i Enekmpomexanika» exniouenuil y 008i0Huk nepioouunux euodansv Ulrich’s
Periodical Directory, npedcmasnenuii y 3azanvnodeprcaeniii pecpepamueniit 6azi oanux « Ykpainika Haykoeay,
pepepamusnomy scypnani «/cepeno», inoexcyemocsa y naykomempuunii 6azi oanux Web of Science Core
Collection: Emerging Sources Citation Index (ESCI), wio pekomenoosana MOH Ykpainu, a maxosc y maxux
Mmixcnapoonux oazax oanux: Index Copernicus (ICV 2017: 100.00), Poccuiickuiit Hnoexc Hayunozo Llumupo-
eanus — PUHI] (ELIBRARY), i 6xoouma 0o 6a3 oanux EBSCO, ProQuest, GALE, DOAJ mouwo.
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3eepmacmo ysazy asmopie Ha HeoOXiOHicmb oghopmnenna pykonucie cmameii 6ionogiono 0o Bumoe, axi
HaeeoeHi Ha oghiyitinomy caiimi yncypuany (http://eie.khpi.edu.ua/), posminienomy na nnamepopmi «Haykosa
nepioouxa Ykpainuy (http://journals.uran.ua/). Cmammi, ogpopmneni 32iono 3 Bumozamu, 6yoyme nyosniky-
samucsa y nepuiy uepzy.
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EnekmpomexHika. BusHa4yHi nodii. CnasemHi imeHa
VK 621.3: 537.8:910.4

doi: 10.20998/2074-272X.2018.6.01

M.U. Bapanos

AHTOJIOT A BBIJTAIOIIAXCA JOCTUKEHUM B HAYKE Y TEXHUKE. YACTb 46:
TEPMOSAJAEPHAS DQHEPTETUKA. TEPMOAJEPHBIE PEAKTOPBI U
SJEKTPOCTAHIIMA: PETPOCHEKTUBA UCCJEJOBAHUI YIIPABJISIEMOI'O
TEPMOSAJEPHOI'O CUHTE3A, UX COBPEMEHHOE COCTOSAHHME U BYIYIIEE

Haegeoeno naykogo-mexuniunuil 02110 npo pempocneKkmugy 00Ciioncenb 8 nPOGIOHUX KPAinax ceimy Kepoeanozo mepmosdepHo-
20 cunme3y (KTC) nezkux sadep, cyuacuuit cman po3poooK i MOHCAUGE NEPCHEKMUBU CGIMOGO20 PO3GUMKY HAYKOEMHOT MEXHIKU 6
oonacmi mepmondepnoi enepzemuxu. Ilpusedeni adepno-ghizuuni ocnosu npoyecy npomixkanna KTC e cymiwi neckux saoep.
Ilpeocmaeneni oani npo pe3ynromamu ROYAMKOE020 i CyuaAcH020 emanie 0ocnidxcens ¢ oonacmi KTC. Onucani ocnoeni Konc-
mpyKuit i mexuniuni xapakmepucmuxu mepmosadepuux peakmopie (TAP), wo euxopucmogyrome maznimue i inepuyiiine ympu-
Manna zapayvoi nnasmu. Ilpoananizoeanuii ceimosuii npozpec 6 oonacmi po3pooKu, CIMEOPeHHA i O0CIOHCEHHA eKCnepUMeHma-
avuux TAP, wio b6asyromsca Ha cucmemax ympumaHHa 2apaydoi naasmu ¢ mopoioanbHux MAazHiMHUX «RACMKAax» (YCmaHoeKu-
moxkamaxu i cmenapamopu) i iHepUIHUX CUCMEMAX 1a3ePHO-IMIYIbCHOT MEXH0102ii MIKPOGUOYXie Miuleneli-Kancyi mepmo-
A0epno2o nanuea. Ilpusedeni 0ani npo 0CHOBHI UOU MEPMOADEPHO20 RAIUEA, AKE MOIHCE 3ACHOCOBYBAMUC 8 POOOUUX UYUKIAX
TAP, i 6e3nexy TAP. Bkazani ocnosni npoonemu ¢ oonacmi KTC ona excnepumenmanvuux TAP i cmeopennsn 6 maiuoymusomy
mepmosaoepnux enexkmpuunux cmanyii (TAEC). Biomiuena eéaxcnusa ponv TAEC i mepmosndepnoi enepzemuku 6 3ade3neuenni
A100Cmea 8 00620CMPOKO6Ii nepcnekmugi enekmpoenepeiero. bioi. 29, tabmn. 2, puc. 16.

Kniouosi cnosa: TepMosiiepHMii CHHTE3 i peakTop, TepMosiiepHA eHepreTHKAa, TOKAMAaK, CTeJapaTop, Ja3epHo-iMIyJibCHUM
peakTop, 0e3meKka TEPMOSIIEPHOTO PeaKTopa, TePMOsiIePHA eJIeKTPHYHA CTaHLiA Maii0yTHLOr0, MPo0JIeMH i MOKJIUBI nepc-
NEeKTHBH PO3BUTKY CBITOBOI TepMOsIIePHOI eHepreTHKH.

Ilpuseoen nayuno-mexnuueckuii 0030p 0 pempocnekmuge Uccied08anuil 8 6e0yWiUX CMPAHAX MUPA YRPAGIAEMO20 MEPMO-
a0epnozo cunmesa (YTC) nezkux aoep, cO8peMeHHOM COCHOAHUYU PA3PAOOMOK U 803MONCHBIX NEPCREKMUBAX MUPOBO20 PA3GU-
musa HAYKOeMKOUl mexXHUKU 6 001acmu mepmoaoepnoit nepzemuku. Ilpugedenst adepuo-gusuueckue ocnogvl npoyecca npome-
kanua YTC 6 cmecu nezkux aoep. IIpedcmaenenst oannsie 0 pe3yibmamax HAYAIbHO20 U COBPEMEHHOZ0 IMAN0E UCCIE008aAHUIL
6 oonacmu YTC. Onucanvl 0CHOGHble KOHCMPYKUUU U MEXHUYECKUEe XAPAKMEPUCIMUKU mepmoadepHbix peakmopos (TAP),
UCNONIL3YIOWIUX MAZHUMHOE U UHEPUUOHHOe yoepicanue zopayeli naazmol. IIpoananusuposan mupogoii npozpecc é odnacmu
paspadomku, co30anus u ucciedosanusn Ikcnepumenmanwvuvix TAP, 6azupyowuxca na cucmemax yoepicanusn 20paveil nias-
Mbl 6 MOPOUOATILHBIX MAZHUMHBIX 108YUIKAX (YCMAHOBKU-MOKAMAKY U CIENNAPAmMopbl) 1 UHEPUUOHHDIX CUCHEMAX la3ep-
HO-UMRYIbCHOU MEXHOI02UU MUKPOB3PbIE08 MUUIEHEI-KANCYl mepmoadepnozo monauea. Ilpusedenvl dannvie 06 0cHosHbIX
BUOAX MEPMOAOEPHO20 MONIUBA, KOMOPOE MOdcem npumeHamsca 6 padouux yuxnax TAP, u 6ezonacnocmu TAP. Ykazanwt
ocHoeHble npodnemol ¢ oonacmu YTC ona skcnepumenmanvuovix TAP u co30anusn ¢ oyoyuiem mepmoaoepusix 31eKmpuiecKux
cmanyuii (TAIC). Ommeuena earxcnaa ponv TAIC u mepmoadepnoii Inepzemuru ¢ odecneueHuu yenoeeuecmeda é 00120Cpoy-
HOUl nepcnekmuee rnekmpoirnepzueii. butin. 29, tabmn. 2, puc. 16.

Kniouesvie cnosa: TepMoOsiiepHbIi CHHTe3 M pPeakTop, TepMoOsiiepHasl JHepreTHka, TOKAMAaK, CTe1apaTop, Jia3epHo-
HMIYJILCHBII PeaKkTop, 6€30MacHOCTh TePMOSIAEPHOr0 peaKkTopa, TepMosiiepHasl dJIeKTPUUYecKasi CTAHIMs Oyaylero, mpo-
0J1eMbI H BO3MOKHbIE NlepPCIeKTHBBI PA3BUTHSI MUPOBOii TepMOsiiepHOI SJHePreTHKH.

BBegenune. M3 BCeMUpHOH HCTOpUM pa3BUTHS Ha
IUTaHeTe 3eMisl COBPEMEHHOW NMBWIIM3AIMU SIBCTBYET,
YTO MHOTPEOHOCTH 4YENIOBEYECTBA B PA3IMYHBIX BHIAX
SHEPruu W3 rojia B roj HEYKJIOHHO BO3pacraroT. B sToi
CBSI3H, Iepe/l 3eMIITHAMU OOBEKTHBHO BCTAIOT OOIerJa-
HETapHbBIE BOIPOCHI: KaK yIOBJIETBOPSTH C BO3pacTaHUEM
HapoJIOHACEJICHNsI BCE BO3pACTAIOIUe MOTPEOHOCTH JII0-
Jel U MpPOU3BOACTB BCEr0 MUpPA B PHEPrHUM U Ha KaKUX
MIPUHIMIAX CO3/aBaTh Jajiee HOBBIE MOIIHBIE Oe3orac-
HbI€ MCKYCCTBEHHBIE MCTOUHHMKH »Hepruu? BoT yxke He-
CKOJIBKO CTOJIETHH OCHOBHBIM HCTOYHHMKOM KakK TEIUIO-
BOH, TaK M 3JEKTPUUECKON SHEPTUN IS JKUTEIeH 3eMin
SIBIISIETCS] MCTIOJIB30BAaHUE (KaK MPaBHIIO, CKUTAHUE) IITa-
HETapHBIX 3aI1acoB NMPHUPOAHOIO OPTraHUYECKOTrO TOIIMBA
— JIpEBECUHBI, KAMEHHOTO YIJIsl, He()TH U rasza. 3BecTHO,
YTO 3amachl JJAHHOTO TOIUIMBA Ha HalleH IIaHETe BEChMa
orpanudeHsl. Cuutaercs, yto k 2050 r. mpOM3BOICTBO
SHEPrMM B MHUpPE BO3paCTeT NMPUMEPHO B TPU pasza IO
CpaBHCHUIO C €€ HBIHCIIHUM YPOBHEM U COCTABUT OKOJIO
10" Jl/rox [1]. TlosToMy B 0603pHMOM GyLyIieM TaKoi
HCTOYHMK PHEPrUM KaK OPraHUYECKOEe TOILTUBO MPHUAETCS
3eMJISIHAM 3aMEHUTh Ha JPYrue HUCTOYHHMKH SHEPTHU U
COOTBETCTBEHHO HAa JApYrHe BHUIBI €€ MPOMU3BOJCTBA.

B 510l cBA3M ye B HacTosilliee BpeMs slIepHasl SHepre-
THKa [2] ¥ ajgpTepHATUBHAsI PHEPTEeTHKA C €€ BO30OHOB-
JITEMBIMH UCTOYHUKAMU dHEPTuu [3] cTamu akTHBHO BHE-
NIPATbCST B TPOU3BOJICTBO TEIUIOBOM U 3JIEKTPUYECKOU
9HEpruu INo BceMy Mupy. 1o MHEHMIO aBTOPUTETHBIX
CHELUAIMCTOB-3HEPI€TUKOB alIbTEPHATHBHAS SHEPreTHKa
CHOCOOHA yJIOBJIETBOPUTH SHEPreTUYECKUE MOTPEOHOCTH
YeJOBEUeCTBA JIMIIb B CPABHUTENBHO HE3HAYUTEIHHOU
JIOJIM 9HepruM (ceifuac 3Ta A0Js B MUPE HE NPEBBIIIACT
10 % [3]). IlosToMy OOBEKTHBHO SiAE€pHAsl HYHEPreTHKa
OCTaeTcs U1 HaC OCHOBHBIM KaHAWIATOM JUIS 3HEPTreTH-
ku Ommxaiimero Oymymero [1]. B Hacrosimee Bpems B
3TOM CJIOKHOM SHEPreTHYECKOM CEKTOpE B ITPOMBIIUICH-
HOM MacmrTabe (pu3uKaMu-sAepIIuKaMid U HHKEHEPAMHU-
SHEPreTUKaMH OCBOEHBI JIUIIb AJCPHbIC PEAKIINHU JICIICHNS
TSDKENBIX fAAep PAda HM30TONOB TaKHX PaJHOAKTUBHBIX
XUMHUYECKUX OJJIEMEHTOB KaK YypaHa 0 U, LIy TOHUS
o *Pu u ToOpust 00> *Th [2]. DTH peaKUMH LIHPOKO HC-
MOJIL3YIOTCA Ha COBPEMCHHBLIX MOMIIHBIX aTOMHBIX 3JICK-
Tprdeckux craHumsax (ADC), O6azupyronmxcs Ha IpuMe-
HEHUHU B UX TEXHOJOTMYECKOM LUKIIE S0EPHbIX pPeaKmo-
pog (SIP), paboTaromux Ha MEIJICHHBIX WIH OBICTPBIX
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HelitpoHax [2, 4]. CymecTBeHHBIM HemocTaTkoMm SIP sB-
JISIETCS] HAJIMYUE OT UX pabOoThl TOJITOKHUBYIIUX PaJHOaK-
THUBHBIX OTXOIOB B 0O0JIBIIOM KOJIMYECTBE, IPCACTaB-
JISIIOIUX OTPOMHYIO MHUpOBYIO mpobsiemy. Ha yrtmimsa-
U0 1 0e30MacHOe XpaHeHHEe JNAHHBIX OTXOJOB B MHUpE
3aTpavynBaIOTCsl OrPOMHBIE (PHMHAHCOBBIE cpeacTBa. Kpome
TOTO, 3TH OTXOZBI B T€UEHHE IECATKOB THICSY JICT Npel-
CTaBIISIIOT CEPBE3HYI0 DKOJIOTMUYECKYIO YIpo3y Ul BCEro
JKUBOTO Ha 3emiie. YUHTHIBas 3TH OCOOCHHOCTH (PyHK-
nuonupoBanus AP ma ADC, QU3MKH-ANEPIIUKU eIIe C
1950-x romoB oOpaTwim CBOe BHHMaHHE Ha PEaKIHH
TEPMOSIAEPHOTO CHHTE3a, MPOTEKAIOLINE B mepmosadep-
uoix peaxmopax (TSP). OCHOBHBIM M TPHHIUIIAATHHBIM
OTJIMYMEM 3TUX peakiuil cuHTe3a B TAP ot siaepHbIx pe-
akuuid nenenust B SIP sBisiercss oTcyTcTBHE OT pabOTHI
TSP nonroxuBymux paguoakTHUBHBIX OTX0x0B. Cuura-
ercsi, uTo mnocje ocraHoBku TSP HaBeneHHas pamunoax-
THUBHOCThH TYTOIUIAaBKUX CTEHOK 3aIlMTHOro OiaHkera (OT
aHri. ciosa «blanket» — «odeano») B ero aKTUBHOH 30HE
OyZmeT CHWXaThCsl BO BPEMEHH /10 O€30IacHBIX YPOBHEH B
teuenue ~30 et [1]. Kpome Toro, mis ocymiecTBIeHAS B
TSP TepmosimepHBIX peaknnii CHHTe3a Ha 3eMiIe UMEIOTCS
HencueprnaeMble 3amackl TorumBa. HecmoTps Ha Bce
CIIOXHOCTU ocylecTBieHus B TSP ynpasiasiemoro tep-
mosimepHoro cuHTe3a (YTC) nerkux XUMHYECKHX dJie-
MEHTOB (HaIpUMep, TAKKX H30TONOB Boopoaa 'H (mpo-
ist) kak geiirepus D — *H u tpurus T — °H [4]), yka-
3aHHBIE NMPHYHMHBI MOOYAWIH B cepeanHe 1950-x ronos
BeIylIMe aaepHble cTpaHbl Mupa, Bkatodas CCCP, CIIA,
BenukoOpurtannio n @paHumio, HayaTh LIMPOKOMAC-
mrabHble uccnenoanus no YTC [1, 5, 6]. JobaBum k
BEIIIIEYKa3aHHOMY TO, 4TO K 3Tomy BpemeHu B CIIA u
CCCP B BOCHHBIX HEJSIX OBUTH TIPOBEACHBI YCIIEIIHBIC
UCIIBITAaHHUS TIEPBBIX MOIIHBIX BOJOPOAHBIX 3apsAAoB U
60M0 [1, 7], UCIIOJIB30BABIINX TEPMOSIEPHBIE PEAKIIUU
B3pPBIBHOTO THINA M TMOATBEPAMBINUX MPUHIUIHAIBHYIO
BO3MOXHOCTb OCYHICCTBJICHHA B 3€MHBIX YCJIOBUSAX TEp-
MOsIepHOro cuHTe3a aeirepus D u tpurusa T.

Heablo craTby SBISETCS COCTaBICHHE HAy4YHO-
TEXHUYECKOTO 0030pa O PETPOCIEKTHBE HCCIIEIOBAHUH,
COBPEMEHHOM COCTOSIHMH, Mpo0JieMax ¥ BO3MOXHBIX Hep-
CIIEKTHBaX Pa3BUTHUS B MUPE TEPMOSIICPHON SHEPIeTHKH.

1. KpaTkmue OCHOBBI (PM3HKH TepMoOsiAEPHOIO
cuHTe3a Jerkux sigep B TSAP. Haunem c Toro, uro yka-
xeM, uto YTC — 3TO HEB3pBIBHON B MakpooObeMax Be-
LIECTBA CHHTE3 0oJIee TSKEJIbIX aTOMHBIX SIIEp M3 MEHee
JIETKHX SIAEP C LETBI0 MOXy4eHus 3Heprud [4, 6]. B coot-
BETCTBHM C 3aKOHAMH SJIepHOW (PU3MKM SHEprus npu
YTC Bolpensercs 3a cuer nedeKkra Macc y4acTBYIOIIUX B
HEM 4A€p — Macca NoJIyda€MbIX IIPHU 3TOM SAACP U YaCTUI]
OKa3bIBAETCSl MEHBIIIE MacChl MEPBOHAYANBHBIX sijep [4].
IMpumenuB k YTC 3akoH coxpaHeHHs] PHEPTUU U DUH-
IITEH{HOBCKUH NPUHIUIT SKBUBAJICHTHOCTH MACChl M SHEP-
THH, MBI MOXKEM yOEIUTHCS B IOCTOBEPHOCTH (hH3HUECKO-
ro ¢akra BeiaeneHus npu Y TC sHeprun CHIBHOTO B3au-
mozeicTBus. Tak, Al siAEpHON peakUuu CUHTE3a JeiTe-
pust D u tputns T (puc. 1), mpoTekaronieii o cxeme BuIa

%H+%H—>§He+01n+l7,6 M>sB , (1)

JUIL K@KIOTO aKTa CHHTe3a (CIMSHUS) yKa3aHHbBIX Sep
BBIZICIISIETCS SHEPTHs, paBHas okoio 17,6 MaB [1, 4, 6]. B
pe3yabTare 3TOW SAEPHOM peakUuu «POKAAETCS TaKoi

XUMHUYECKHUH 3JIEMEHT KaK T'eJIUil C ero siApoM 24He, o0ma-
JTAlOIUM KHHETHYEeCKOW 3Hepruer 3,5 MbdB, u ObicTphIii
BBICOKOSHEPI€TUUECKUN HEUTPOH Oln, 0o0agaromuil Ku-
HeTHueckoi »Heprueil B 14,1 MaB. Crnenyer HalOMHUTH
YUTATENI0 M3BECTHBIE [aHHbBIE, YTO MHCIOJb3yeMas B
sanepHoil (usnmke BHeCHCTEMHas €IUHULA JHEPrHH
1 5B = 1,602:10"" I (oauH 31€KTPOHBOIBT — 3TO SHEP-
THs, KOTOPYIO IPHOOPETaeT IEKTPOH, PEO0I0IECBAOIINHA
B JIEKTPUYECKOM IIOJI€ PA3HOCTh IOTEHIMAIOB B OJHH
BOJIBT) MPAKTHYECKN SKBUBAJICHTHA JISI MHKPOBEILECTBA
ero abcomrotHoi Temmepatype 11600 K [4]. JobaBum,
9TO COTJIACHO 3aKOHAM MOJIEKYJISIpHON (pr3ukm abCcomioT-
Has TemmepaTypa ras3a (TIa3Mbl) SIBISIETCSI MEpoil cpen-
Hell KHHETHYECKON SHEepruM ero MoJeKya (aTOMHBIX
snep) [4]. Kpome Toro, otMeTuM, 4to JUIst NPOTEKAHUS 110
(1) peakiun tuna D—T B axtuBHOU 30HEe TSP momxHa
T0JIIepKUBATECS TeMiepaTypa He Menee 100-10° K [4, 5,
8]. [IpyunHOI TOMY SIBIISI€TCS TO, UTO AJS CIAMSHUS JIBYX
saep B OXHO TpeOyercsl cHadana WX cOJM3HTH Ha pac-
CTOSTHHE JEWCTBHSA MEXIY HHMH CHJ CHJIBHOTO B3aHMO-
JIEUCTBHA, TPEOIOJIEBAs KyJOHOBCKOE OTTAJIKMBAaHHE HX
MTOJIOKHUTETHHO 3aPsDKSHHBIX MPOTOHOB (M3 sSACpHON (H-
3UKH H3BECTHO, YTO AJSI BCEX SiEp CHIIBI NMPUTSDKEHUS
CUJIBHOI'O B3aUMOJICHCTBUSI UMEIOT paJuyC JEHCTBUS 3HA-
YUTEIBHO MEHBILE, YeM IUISi CHI HMX KYJIOHOBCKOTO OT-
tankuBanus [4]). Jnsa TSP enuncTBEHHBIM CrIOCOOOM
MIPEOJIONEHNs] YKa3aHHBIX KYJIOHOBCKHX CHJI SIBISETCS HC-
MOJIb30BaHKE SHEPTUH TEIIOBOTO IBMkKEHUs siiep [4-8].
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Puc. 1. Cxemarmdeckoe n300paskeHre NEPCIEKTUBHON TepMO-

snepHol peakuuu cunresa B TSP nefitepus D u tputus T [6]

B xome MHOroneTHux uccieoBaHUN (QHU3MKaAMU-
SOepIIMKaMi BEAYIINX Hay4HBIX LEHTPOB MHpa ObLIO
YCTaHOBJIEHO, YTO ISl HajaexxHoro mnpotekanuss YTC B
BBICOKOTEMIIEPATypHOH IU1a3Me (CMecH HCIOIb3YEeMbIX
nerkux sipep) TSP ogHOBpeMEHHO NOKHBI BEITIOIHATHCS
KaK MUHIMYM CJIeIyIOIINe TPH OCHOBHBIX ycIIOBHA [5, 8]:

® CKOpPOCTh COyJapeHus sifep B IUIa3Me JOJDKHA COOT-
BETCTBOBATH ee Temnepatype T, B kamepe TSP (mpu sTOM
ans peakuuu tuna D—T temneparypa 7, >10* K);

e xpurepuii JloycoHa, (bopMym/lpyeMbH/l JUIg TEpMO-
sinepHor peakuuu tuna D—T B Buze ciepyromero mare-
MaTHYEeCKOTO COOTHOmenus: 1,7,>10'* em™-c, re ny, 7, —
COOTBETCTBEHHO IUIOTHOCTb U BPEMs yAEP:KaHHS BBICOKO-
TeMIepaTypHOH M1a3Mbl B akTUBHOMU 30He TAP;

® KPUTEPUH «3aKUTaHUSD CMECH JIETKHX sep.

3neck HaM TpeOyeTcs 3aMETUTh, YTO BEJIHYUHA T, —
3TO HE BpeMs, B TeueHue kotoporo B TAP nmopnepxupa-
€Tcsl ropsiyasi IasMa ¢ yKa3aHHOH BBIILIE TeMIIEpaTypou
T,. Cnenyer ykasaTb TO, YTO BpPeMs 7, YAEP:KaHHs ILJIa3-
Mbl B TSP paBHO OTHOIIEHUIO 3alIaCEHHOM B paccMaTpu-
BaeMoOi IJa3Me TEIJIOBOM SHEPruu K MOIIHOCTH MOTEPh
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aToit »Hepruu [9]. s srydimero moHWMaHHS 3TOTO CIie-
[MaJHHOTO MaTepuayia U3 00JacTH (U3UKH BBICOKOTEM-
nepaTrypHoil IJIa3Mbl YKa)XK€M, YTO COTJIACHO KPHUTEPHUIO
Jloycona npu temmneparype I, cmecu aeitepus D u tpu-
tuss T B aktuBHO# 30He TSP, paBHoit 10 k9B (mpumepHO
116:10° K [4]), ans npoTexanus B Heii (31oit 30me) YTC
HYXHO noiayuutsh B TSP mpoussenenue uucia 1, 4acTHIL
YKa3aHHOTO TEPMOSIEPHOrO TOILINBA B 1 M’ Ha Bpems T,
WX yaepxaHus (B CeKyHIIaX), YACIEHHO paBHOE HE MEHee
10" cv-c. TTpu 5TOM OKa3BIBACTCS HEBAXKHBIM TOT DaKT,
gyT0 Oyzner y Hac B TSP mma3Ma ¢ KOHIIEHTpauei mopsi-
Kka 1,=10'* M u Bpemenem ee ynepkanus 7,~1 ¢ uH ¢
KOHIIEHTpamuen np=1023 CM ° H BpEMEHEM ee yAepKaHUI
7,=1 Hc [9]. IIpunaro cuurarth, uyTo Kputepuil Jloycona
oTBedaeT 3a nojyueHue B TSP sHepreTuuecku BHITOAHON
TEPMOSIEPHON peaKklMy CHHTE3a B CMECHU JIETKUX S/ep.
BrinonHeHue ke KpUTEpHs «3aKUTaHWS» IUIa3Mbl UL
TSP o3HavaeT, 4TO TOM NOIM TEPMOSACPHOW 3HEPTHH,
KOTOpasi OCTaeTcs B IUIa3Me, XBaTaeT I ITOIepKaHus B
Hell HeoOXoAMMOH Temrepatypsl 1), U JONOJIHUTEIEHOIO
HarpeBa I1a3Mel u3 Jerkux saep B TSP ve Tpedyercs [9].

2. HavaJabHbIH 3Tan uccjie0BaHUl ynpaBJisieMo-
ro TepMosiiepHoro cuure3a. B 1950 1. mo npemiosxxeHuo
akanemnka AH CCCP KypuatoBa U.B. (1903-1960 rr.)
qr.-kopp. AH CCCP Aprmumosna JI.A. (1909-1973 1r.)
obu1 HasHaueH [Ipencematenem CM CCCP CranuHbiM
N.B. Hay4yHbIM pYKOBOJUTEJIEM COBETCKHUX 3KCIIEPHUMEH-
tanbHbIX uccnegaoBanui mo YTC [10]. C storo Bpemenu
1 Hadanuch uccnenoBanus B mupe YTC. Ilpunsaro cum-
TaTh, 4TO IIEpPBOHAYAIbHAs HIEs W IepBas cXema IIo-
CTPOEHHS JIAOOPATOPHOH yCTaHOBKY Jursl noirydenust Y TC
ObpuTH TpeuIokeHB! B 1950 T. TadaHTIMBBEIM COBETCKHM
(PM3UKOM-CaMOYYKOH, HMPOXOAMBIINM TOTZla B KauecTBE
CepXXaHTa CPOYHYIO BOEHHYIO ciyx0y Ha JlampHem Boc-
Toke cTpanbl, JlaBpenTtbeBbiM O.A. (1926-2011 rr.), MHO-
THe roAbl IPOPabOTABIINM IOCIIE MEPEIOMHOTO ISl HETO
u Bcero CCCP 1953 r. (Bpemenu cmeptu Cranuna U.B.,
pacctpena bepus JL.IL. u pakTUIecKOi «BBICBUIKI» 3TOTO
¢u3mKa ero HejoOpOXKENATEIIMU-YUSHBIMU U3 T'. MoOCK-
Bbl) B YKpPauHCKOM (PM3MKO-TEXHHYECKOM WHCTHUTYTE
(YOTU, w©eiHe HamuonanabHOM  Hay4HOM — LEHTpe
«XOTHU» HAHY, r. XapbkoB) M CTaBIIMM BHauaie
K.p.-m.H. B CCCP 1 3arem n.¢.-M.H. B HE3aBHCUMOH YK-
paune [7, 11, 12]. YauBuTenbHBIM (aKTOM SBISETCS TO,
YTO NpEJIOKEHHAst B MOJHOW M3oisiuuu Ha octpoBe Ca-
XallMH Ka3ajuoch Obl (u3ukoM-Henpodeccuonamom Jlas-
penTbeBbIM O.A. cXeMa yCTaHOBKH AJISI OCYIIECTBICHHUS
YTC B 1951 r. Obutla pgopaborana (u3HKaMu-
npodeccronanamu torna emie K.d.-m.H. Caxapobsim A./Jl.
(1921-1989 rr.) u un.-kopp. AH CCCP Tammom WN.E.
(1895-1971 rr.), paboTaBuiumu B PU3NUECKOM HHCTHUTY-
te um. I1.H. Jlebenesa AH CCCP u oba craBmmmMu BIio-
CJIC/ICTBHMH 3a BBLAAIOIIMECS PE3YJbTaThl paboT mo AToM-
HOoMy mipoekty CCCP akamemukamu AH CCCP u I'epos-
mu Tpyna, ¥ moiy4mia B KOHIE KOHIIOB IINPOKO M3BECT-
HOoe B HayyHoM mupe Ha3BaHme «TOKAMAK)» [11-14].
Jannas aGOpeBmaTypa YHCTO COBETCKOTO IPOHMCXOXKIIE-
Hus pacmudpoBeiBaeTcs Kak «TOpoumansHas KAwmepa ¢
MAruuTHRIME Katymkammy [5, 9]. Tak ¢ 1950-x rogoB B
obnactn YTC u Havanach B Hay4yHOM (PU3NYECKOM MHUpE
9pa yCTaHOBOK-TOKAMAaKOB, ITPOIOJDKAIOIIASICS U TOHBIHE.
IToguepkHeM TO, 4TO TEXHUYECKHE MpennokeHus Jlas-

pentheBa O.A. o YTC, u3noxeHHbIE UM B PsJIE ITHCEM B
LIK BKII(6) u nuuno Cranuny U.B., mociyxunu cBoeoo-
pa3HbBIM «katanu3atopom» ais nossieHus B CCCP mpa-
BUTEJILCTBEHHOM mporpaMmel uccienoBanuit YTC [15].
Tak, 5 mas 1951 r. CranuaeiM U.B. ObLIO yTBEpIKACHO
3akpbiToe [locranosnenne CM CCCP Nel463-732cc/on
«O nposedenuu HAYYHO-UCCIEO08AMENLCKUX U IKCHEPU-
MEHMANLHBIX PAOOM NO BLIACHEHUID 803MONCHOCIU OCY-
Wecmenenus MAacHUMHO20 MePMOSIOEPHO20 PeaKmopa
(ceifuac oHO paccekpedeHo) [15]. DTOT JOKyMEHT SBHICS
nepBbIM He Tolbko B CCCP, HO 1 TIepBEIM B MHpE IpaBH-
TEJILCTBEHHBIM aKTOM, CBMJETEILCTBYIOLUIMM O Hadaie
MOUCKOBBIX pabot ¢usukoB mo YTC. MHTEepecHO 3ame-
TUTb, YTO aBTOPY MO ciyxeOHbIM aenam B 2000-e ros
MOCYACTIMBWIOCH JIMYHO I000LIATHCS C JIET€HAAPHBIM
¢usuxom JlaBpentheBbiM O.A., OCTaBHBIIMM B OTEYECT-
BEHHOW aTOMHOW HayKe M TEXHHKE, HECMOTpS Ha BCE He-
B3rOJIbl ¥ TIOTPSICEHUSI B €r0 HACHINIEHHONW TBOPYECTBOM
JKM3HH, 3aMETHBIH «ciea». 3HaKOMSCh C MaTepuallaMy
cepequnbl 1950-x rogoB mo YTC [12, 15], npemmoxen-
HBIMH B OMHOYKY Ha TIyxoM kpato CCCP stum tamaHT-
JIMBBIM YEJIOBEKOM-CaMOPOAKOM C CEMHKIIACCHBIM 00pa-
30BaHHMEM, BMECTE C JAPYIMMH YYCHBIMH IOPa)KaclIbCs
€r0 UHTYHLIUH U CIOCOOHOCTSIM.

2.1. TepmosizepHble YCTAaHOBKH-TOKamMaku. Ha
puc. 2 B 00LIEeM BUjIE NIPUBENIEHA CXeMa IIOCTPOCHUS Tep-
MosiiepHoit yctanoBku « TOKAMAKY, ucnons3oBaBias-
cs1 HA TIepBOHAaYanbHOM dTane uccnepoanuit YTC [9-14].

D
- I renumn
= e ’ § —>
nemepmw\ TPUTUI i
v
,-_.-@M

MarHuTbl nnasma -

Puc. 2. Cxemarnyeckoe n300pakeHUE TEPMOSAECPHON yCTAaHOBKU
«TOKAMAK» co cBepXIpOBOISAIIUMH KaTYIIKaMi TOPOUIATb-
HOT'O MarHUTHOTO T10JIs1, UCTIONIB3YIOLIEH B CBOEH BaKyyMHOMN
TOPOUIATIBHON KaMepe BEICOKOTEMIIEPATYPHYIO IIa3My U3
cMecH B3aumoeicTByromux siaep aeiirepust D u tputust T [9]

YkaxeM, uto ¢ 1951 1. Teopernueckue ucciaenoBa-
Hus no npobieme YTC B CCCP Bo3rmaBun Oymymiwid
akageMuk AH CCCP JleontoBuu M.A. (1903-1981 rr.)
[12]. BaxxHO oT™MeTHTH, uTO B 1956 T. O cnenuanbHOMY
pacnopsixenuto [pencenarens CM CCCP Xpymesa H.C.
pab6otel mo YTC B CCCP ObuIH MOTHOCTBIO pacceKkpeve-
Hel [10]. Oto mo3Bonmuno akagemuky AH CCCP Kypua-
toBy M.B. B ToM ke 1956 r. npu ero noesaxe B AHITIHIO B
COCTaBE MPABUTEILCTBEHHOM Jenerauuu cuenarb B bpu-
TAHCKOM SJepHOM LeHTpe (T. XapysIul) JOKIaa O TIEePBBIX
pesynpratax uccienoBanuii Y TC, MOMYYCHHBIX COBET-
CKUMHU (U3UKaMH. DTO CcOObITHE A 3amama CTaao Ha-
crosamei cencamuer (cobctBeHnplie paboter mo YTC y
HUX OBITM TalHOIO «3a CEMBbIO TedaTsMu»). M3 puc. 2
BUIHO, YTO KOJIbHEBBIMH CBEPXITPOBOAANINMU KATyIIKaMH,
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OXJIAXKIAEMbIMU KHUJKAM TE€JIMEM, B TOKaMaKe CO3JAaeTcCs
TOPOUJAILHOE MAarHUTHOE II0JI€, U30JMPYIOLIEE BBICOKO-
temnepaTrypHyto D—T mia3My OT CTEHOK €€ TOpOUJAIIbHOM
Kamepsl [5, 8]. B 3T0i1 CBsI3M BBICOKOTEMIIEpaTypHas Ij1a3-
Mma B TSP ynepxuBaercs He CTEHKaMU TOPOUIAIBHON Ka-
MepHbI C TYrOIUIaBKMM OJaHKETOM, KOTOPHIH HE CIOcoOeH
BBIIEPKMBATh €€ TEMIIEPaTypy B COTHU MUJUIMIOHOB Tpajy-
COB, a CIEIHAIbHO CO3/JaBAEMBIMH CKPELIECHHBIMU Mar-
HUTHBIMH TIOJIIMH: TOPOUIAITEHBIM H TTOJIOUIAITBHBIM (PHC.
3). Ocobennocthio K TOKAMAKAY cTajno ucnois30BaHue
KOJIBLIEBOTO 3JEKTPUUECKOrO TOKA, MPOTEKAIOLIEro HEIo-
cpencteeHHo uepe3 DT mnasmy u npeaHa3HadyeHHOro Kak
Ul €€ OMMUYECKOr0 HarpeBa, TaK M CO3JaHMsl BOKPYT IIHY-
pa ropsueil miuasMbl a3sUMyTalbHOIO MarHUTHOTO OJ,
HEOOXOIMMOro Ul €€ JOMNOJIHUTEIBHOIO pagralbHOro
CKaTHsI U HaJIe)KHOTO yAEPIKaHUS.

KaTyuu(a TI0JIOMJAJIBHOTO I10JIA

I —

O6MoTKa
TOPOHJATIBHOTO
noJist

—y

[TononmansHOE
moJie ;

TopounainsHoe
nose
CymmapHoe Tok B rutazme
I ———
e S
o "

KaTyIHKa TIOJIOUJAJIBHOTO ITOJIA
Puc. 3. YcoBepieHCTBOBaHHAsI cXeMa MOCTPOCHUS TEPMOsIIep-
Ho#i yctanoBku « TOKAMAKY, copeprkaiuasi cBepXIpoBOIsIINe
KaTyILKH TOPOUAAIBHOTO U MOJIOUAAIFHOTO MArHUTHBIX TOJIEH,
a TaKKe CUCTeMy BO30Y)KIEHHS B IUIa3Me KOJIbLEBOro Toka [1, 5]

CornacHO JaHHBIM PHC. 3 CHJIOBBIC JIMHUM CyMMap-
HOTO MAarHWTHOTO IIOJSI B YCTaHOBKE-TOKAMAaK HMEIOT
¢dopMy crnmpayiei, OXBaTBIBAIOIIUX IEHTPAIBHYIO KOJb-
LIEBYIO OCh IUTa3MEHHOTO TOpPa, B KOTOPOM JIOJKHBI ITPO-
ncxoauts peakuun YTC. Cuna Jlopenua, aelcTByromas
Ha 3apsDKEHHBIC YaCTULBI TOPsUeii M1a3Mbl (HOHBI U DJIEK-
TPOHBI) B MAarHUTHOM I10JI€, 3aCTaBISIET UX BPALIaThCs 10
TaK Ha3bIBAEMBIM JIAPMOPOBCKUM OKPY)KHOCTSIM BOKpYT
YKa3aHHBIX CIHMpPajel-CUIIOBBIX JIMHUH CyMMapHOTO Mar-
HUTHOTO NOJI1 B TOPOUAANBHOM LIHYpe Iua3Mel [4]. Tem
Oynmer OosbIlle MarHUTHasE MHAYKIHS B TOpsded IIia3Me
TOKaMaka, TeM OyJeT MEHbIIE JapMOPOBCKHH paauyc
9THX YaCTHI] B CMECH PEarnpyeMBIX siiep TEPMOSAEPHOTO
TOIUINBA. DTO 0OCTOSATENBCTBO OYAET BOCHPEIATCTBOBATh
pasneTy miIa3Mbl MONEPEK CyMMapHOTO MarHUTHOTO TIOJIS
B €€ TOpouJaabHOM HIHype. CleyeT OTMETHTh, YTO BME-
CT€ C YaCTHLAMH IUIa3Mbl pacCMaTpPHUBAEMOE MAarHUTHOE
noJie Tokamaxa OyJIeT yiepKHBaTh B CBOEH «JIOBYILIKE» U
3apsKeHHBIE MTPOAYKTHI TEPMOSAEPHON peakuuu. B ciy-
yae npumenennss D—T cmecn 3TMu npogykTamu OynyT
sapa reiust 5 He (anba-gacTuipl ¢ sueprueit 3,5 MaB)
[7]. Oxnaxnasch OpHU KYJOHOBCKHX CTOJKHOBEHHUSIX C
YaCcTUIIAMH TUTa3MBI, 3TH MpoaykTel D—T peakumii 6ymayT
NepeiaBaTh CBOIO SHEPTUH IuIa3Me. DTO SBICHUE OTKPHI-

BacT BO3MOXHOCTh MOJYYEHHS B TOKAMakaxX PEKUMa C
CaMOTIOICPKUBAIOIIIMMCS TEPMOSIEPHBIM TopeHueM [1].

B 1968 r. rpynre coBeTckuX (hM3UKOB 110 HAYYHBIM
pyxoBoactBoM akagemuka AH CCCP Aprumosunua JLA.
Ha ycraHoBke « TOKAMAK-3» (puc. 4) ynanocs BriepBbie
B MHpE 3aperiucTpUpOBATh «TEPMOSIEPHBICY» HEUTPOHBI,
«POXIAIOIIMECs» B pe3ylbTaTe MNPOTEKAHMs SACPHOU
peakuu YTC B cmecu sanep neidtepuss D u tputus T
[10]. JocturHyTas B 3TOT MEPHUO HAUOONBIIAS TEMITEpa-
Typa D—T mia3mbl B 3aMKHYTOM MAarHUTHOW CHCTEME
(«JI0BYyIIKE») TOPOUIATBFHOTO THIIA COBETCKOH YCTaHOB-
Ku-Tokamaka 1-ro moxosienus tuna « TOKAMAK-3» co-
craBmsuia okono 0,5 kB (5,8:10° K) [1, 16]. Ipuamum
MarHUTHOTO YZAEp>KaHus TOpsiueil Iia3Mbl PU OCYLIECT-
Biaenun YTC, peanu3oBaHHBIH B CXeMe Ha pHC. 3, ObUI
WCIIOJIb30BaH TaKke W mpu co3fgaHuu B 1970-e ronel B
CCCP ycTaHOBOK-TOKaMakoB 2-ro nokoyienus (tumna T-7,
T-10 u T-11) [1]. Ykaxem, uto YOTU-XDPTU AH YCCP
(r. XaprkoB) 0bu1 B ObiBIeM CCCP omHUM U3 BeayIux
HaY4YHBIX IICHTPOB IO pa3paboTKe, CO3aHMI0 U HCCIIEI0-
BaHMIO HKCIIEPUMEHTAIBHBIX TEPMOSAEPHBIX YCTAaHOBOK.

e o

Puc. 4. O0muii BU1 ofHON U3 MEPBBIX B MUPE YCTaHOBOK-
tokamakoB THna « TOKAMAK-3», coopy>KeHHOI COBETCKUMHU
Gbu3MKaMK M MH)KEHEPaMU-3JIEKTPHKaMU B IHCTUTYTE aTOMHOI
sHepruu uM. U.B. Kypuarosa (1968 r., . Mocksa, CCCP) [11]

Tak, B XOTU AH YCCP B 1978 r. Obuia 3amyiieHa
KpYIHasi HMCCIICOBATEIIbCKAs TEPMOsACPHAs yCTaHOBKA
«TOKAMAK-7» [7, 17]. Kpome TOro, 3TOT HpHUHIMI
MMOCTPOCHHS TOKAaMaKOB OBbLIT IIPUMEHEH TaK)Ke U MPU CO3-
JTAaHUH 32 PyOEKOM MOTOOHBIX TEPMOSICPHBIX YCTAHOBOK
(mampumep, Tuma PLT u DIII-D B CIIA, tuma ASDEX B
I'epmannn, TER Bo @panmmu u JET-2 B Anonun) [1]. Ha
YCTaHOBKaX-TOKaMakaxX 2-TO TMOKOJICHHS YPOBHU TeMIIe-
paTyp B TEpMOSIEPHOU IUIa3M€ IOCTUTAIM HECKOJIBKHX
K3B (HECKONBKMX [ECSATKOB MHJUTMOHOB TPaaycoB), a
IUIOTHOCTb 71, TOPAYEH MIa3Mbl COCTABIIsIA ~10% M2 [1].
B 1980 e roasl B Mupe npou3onuio JajbHEnIee pa3BUTre
YCTaHOBOK-TOKaMaKOB 3-TO TIOKOJIEHUsI C OOJBIIUM pa-
JINYCOM TOPOUJANBHON KaMepbl 10 2-3 M U IJIa3MEHHBIM
KOJIBLIEBBIM TOKOM B HECKOJBKO Meraamiiep (Hampumep,
tuna JET u TORUS-SUPRA B Espone, JT60-U B Amo-
wun, TFTR B CHIA u T-15 B CCCP) [1, 18]. Ha puc. 5
npuBeneH oomuit Bux ycraHoBkH « TOKAMAK-15» [18].

B T1abn. 1 mpencraBieHbl OCHOBHBIE TEXHUYECKHE
XapaKTEPUCTUKH YKa3aHHBIX BBINIC YKCIEPUMECHTAIBHBIX
TOKAaMakoB 3-TrO TIOKOJIEHHS, B KOTOPBIX Iapamerp
Or = Pyyn/Peost, TIE Pyyn, Peost — COOTBETCTBEHHO 3HAYEHUSI
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MOMIHOCTH TEPMOSAACPHOI0 CHHTC3a U UCIHOJIb3YCMbIX
3aTpar, YUCIIEHHO He MpeBHIman exuHuts [1, 18].
OTMCTI/IM, 4YTO BO BCEX TCPMOAJACPHBIX TOKaMakKax,
ITOCTPOEHHBIX 0 cOCcTOsTHMIO HA 2017 1. B pAae MPOMBIIII-
JIeHHO pa3BuUTHIX crpaH mupa (Poccum, Ykpanne, CIIA,
BenmmnkoOpuranuu, ['epmannn, Opanmun, Anonnu, Kurae,
Kazaxcrane u ap.) B obmiem kosmudectBe 10 300 mITyK,
KOJIBLIEBOM MeraaMIEpHBIN TOK, MPOTEKAIOIIUN B UX BBI-
COKOTEMIIEpPaTypHOH Iua3Me, o0ecreurBaeT ee InepBoHa-
YaNBHbIHA pa3orpes umb 10 mpumepro 30-10° K [5, 14].
JanbHelHnuii HarpeB ropsyeil mia3Mbl B 3TUX YCTaHOB-
Kax MPOM3BOANTCS MHBIMU (pr3ndecKkuMu criocobamu [S].

Puc. 5. O6wmuit Bua KpymHEUIIeH COBETCKOW HUCCIIe0BATEIb-

CKOM TEpMOSIICpPHOH YCTaHOBKH-TOKaMaKa 3-ro IIOKOJICHUS THIA
«TOKAMAK-15» (1980-e roxs1, . Mocksa, CCCP) [18]

Tabmmma 1
OCHOBHBIE TEXHUUECKUE XaPAKTEPUCTUKU KPYITHEHUIINX B MHPE
TOKaMakoB 3-ro nokosueHus [1, 18]

Tun ycranoBku- JET | JT60-U | T-15 | TFTR |[TORUS-
TOKaMaKa SUPRA
Bonbmioit pagiyc 3 33 2.4 2,6 2,4
KaMepbl, M ’ . i ’
Mauslit paguyc 1 1 0,7 0,9 0,8
KaMepbl, M ’ i ’
Tok B masme, MA 7 3 2,5 3 2
IMo1HOCTh HarpeBa 30 30 20 50 15
mia3Mel, MBT

MarHuTHas HHIYKIHS 35 4 3,5 6 4

B mwia3me, T

Ha puc. 6 npuBenen oOmmuii BII MOIIHOH 3apy0ex-
Hoit ycraHoBku-Tokamaka JET (Joint European Torus)
3-ro mokoneHus, co3gaHHoil B 1991 r. MexayHapOmHOM
opranuzanuer «EBparom» B BenmkoOpuranuu [13, 18].

B Tokamake tuma JET OpLT MCIONIB30BaH KOMOHWHU-
poBanHbIii Harpes ero D—T masmsl o6semom B 100 M° 10
temnepatypsl 150-10° K 3a cueT MHKEKIHH B aKTHBHYIO
30HY OBICTpPBIX HeWTpanbHbIX yacTul (20 MBT) u npume-
HEHHs 3JeKTPOMAarHUTHBIX BOMH (32 MBT) ¢ wacroToi,
COBIIQJIAIOIIEH C YacTOTOM BpallleHUs BOKPYT MarHUTHBIX
CHJIOBBIX JIHUI B Kamepe TSP snekTpoHOB u MOHOB (pe-
JKMM  3JIEKTPOHHO-MOHHOTO LMKJIOTPOHHOTO PpE30HaHCa)
[13]. B urore mmst aToro Tokamaka kpurepuii JIoycoHa oka-
3aJICs JIMIIB B 4-5 pa3 HUKE YPOBHSI PEAKIUH «3a)KUTAHUSD)
CMECH HCIIONb3YeMbIX B HeM Jerkux suep [13, 19]. Yka-
keMm, 4To Ha Tokamakax tumna JET (BemmkoOpuranus) u
TFTR (Test Fusion Tokamak Reactor, CIIIA) 6butu BIiep-
BbIE TOJy4YeHH! OOJBIINE 3HAYEHHS Pa3BUBAEMOM TepMO-
SIIEPHON MOIIHOCTH B IUIa3ME IIPU pPEaKLUsIX CHHTE3a B
D-T cmecu: 11 MBt B TFTR 1 16 MBT B JET [1, 13].

Puc. 6. O0wuii Buj KpyIMHEHIIIEro B MUPE ICHCTBYFOIIETO TEp-
mosiaepHoro Tokamaka JET, cozgannoro «EBpaTtom» M pacro-
JI0KeHHOTO BOJTH3H T. OKCOPA B HAYUHOM SACPHOM LICHTPE
«Culham Laby (1997 r., r. Abunraon, Benmuko6putanus) [18]

B Hactosiiee Bpemsi Tokamak tuna JET ycnemHo
MIPOJOIDKAET CBOIO paboTy M HAa HEM JAOCTHTHYTa PEKOPI-
Hast Temnepatypa miasmbl 300-10° K npu amurensrocTH
ee ynepxanus 7,<1,2 ¢ [11]. Ha Hem 3aneiictBoBaHO 110
350 Begymux eBpOIEHCKUX (U3MKOB M CHELUAIHCTOB.
[To MHEHUIO DKCIEPTOB, HBIHEIIHUN OPEKCHUT M BO3MOXK-
HBII BbIXO/ BenukoOpuranun u3 «EBparom» (EBpormeii-
CKOTO COOOLIECTBA MO aTOMHOM SHEPruH, OTBEYAIOLIETO
3a 06e30I1acHOe HCIIOJIb30BAHUE SAEPHON YHEPrHM) CyIle-
CTBEHHO OCJIOXKHUT JAJIbHEHIIYI0 SKCIUTyaTalHI0 KpyIl-
Heimero B mupe Tokamaka tuna JET [13]. Kpome Toro,
CHSITME ycTaHOBKU-TOKamaka tumna JET ¢ skcmyarauuu
npUBENET K 00pa3zoBaHuio 0komo 3000 M’ pagHoaKTHB-
HBIX OTXOJZIOB, YTHJIM3ALUS KOTOPHIX OyAET CTOUTH €BPO-
neiickoMy Hasorormareiabuuky 10 360 M. SUSA [13].

BaxxHoli mpoGremMoii Uil yCTaHOBOK-TOKAMAKOB JOJI-
roe Bpems Oblila HEOOXOIUMOCTh CO3TIAHUS B TOpSUEH TI1a3-
Me KOJbIIEBOro Toka. C 3TOH 1eNnbi0 BHYTPH MX TOpa ycTa-
HABJIMBAIM MACCHUBHBIA MAarHUTONpoBoa (cM. puc. 3-6),
MarHuTHBII MMOTOK KOTOPOTO HEMPEPHIBHO U3MEHSIICS BO
BpeMeHH [9]. 3MeHeHne 3TOro MmoToka COTJacHO 3aKO-
HaM 3JIEKTPOJMHAMHUKH TIPUBOIUT K CO3JaHHIO B pac-
CMaTpHUBaeMOM 00JIaCTH BUXPEBOTO 3JIEKTPUUECKOTO I10-
7S, HABOIAIICTO B IDIA3MEHHOM IITHYPE COOTBETCTBYIO-
mwid TOK. JIaHHBINA TOK OJDKEH OBLI IMPOTEKATh B IIa3Me
HETPEepHIBHO B OJHOM HAIPaBJICHWH, YTO €CTECTBEHHO
peanu3oBaTh OBUIO HEBO3MOXKHO. [loaTomy Tpebyembrit
TOK B IUTa3Me MOAICPKUBAJICS JIUIIb OTPaHUYEHHOE Bpe-
Msi, ©3MEpSEMOe J0JISIMH CEKYH/bI, a B Ipejielie HECKOJIb-
KUMH ceKkyHIamu [9]. B xoxne uccrnenoBaHuii Ha yCTaHOB-
Kax-TOKaMakax 3JIeKTpO(pH3MKaMU ObUT OOHApYKEH Tak
Ha3bIBaEMBIH OYyTCTpPEN-TOK, KOTOPBII BO3HUKAJ B IIJIa3Me
0e3 BIMSHMS BHEIIHETO BHUXPEBOTO 3JIEKTPUYECKOTO I10-
1. Kpome Ttoro, Obumn paspaboTaHbl METOIBI LIMKIIO-
TPOHHOTO HAarpeBa YacTHUI[ IUIA3MBI, OJHOBPEMEHHO BBI-
3BIBAIOMIETO B HEH MpOTEeKaHHe HEOOXOAUMOTO KOJIBIIEBO-
ro Toka. Bce 3T0 BMecTe AaBajo MOTEHIMAIBHYIO BO3-
MOJKHOCTB JUIS JIUTEIHHOTO MOAJCPKAHUSA B BAKYyMHOM
Kamepe skcnepuMmeHTanbHoro TAP ropsueit miasmel. Ha
JTAHHBI MOMEHT PEKOpJ MPUHAAICKUT KPYIMHOMY TOKa-
Maky tuna «Tore Supra» (saepHsiit neHtp B r. Kagapam,
Opannust), B KOTOpOM I11a3ma «ropesa» 1o 360 c [9, 19].

YuuteiBas IpUBEACHHBIE CBEICHUS, MOKHO KOHCTA-
TUPOBATh, YTO M300pPETEHNE U HCCIIEIOBAHIE TOKAaMAaKOB,
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moTpeboBIee NPUBJICYEHHUS B PSAE CTPaH MUPA OTPOM-
HBIX TBOPYECKHX CWJI JIOJCH M (PMHAHCOBBIX CPENCTB,
MIO3BOJIMJIO YEJIOBEUECTBY BCE )K€ NMPHOJIM3UTHCS K MpaK-
THYECKOMY OCBOEHHIO TAaKOTO HEOTPAaHWYEHHOI'O 110 CBO-
UM BO3MOXXHOCTSIM UCTOYHHKA 3Heprun kak YTC [5, 14].

2.2. TepMosiiepHble YCTAHOBKH-CTEJJIAPATOPHI.
B miazMeHHOM TOpe TOKaMaKOB PO3KHUI IUIa3Mbl IPOUC-
XOJHUT 3a CUeT 00pa30BaHMsI B HEM KOJIBLEBOTO AJIEKTPH-
YEeCKOro TOKa MeraamIlepHOro JuamnasoHa (cM. puc. 3 u
tabn. 1). M3-3a sToro B Tope («OyOiMKe») yCTaHOBKH-
TOKaMaKa BO3HHKAIOT JBM)KYIIHECS JJIEKTPOHBI M HOHBI,
o0pa3zyromnye a3uMyTaIbHbIE MarHUTHBIC TIOMSA. JTH TIOJIS
HOPOBST Pa3pylINTh OCHOBHOE TOPOHIAIbHOE MAarHUTHOE
II0JIE YCTAHOBKH W AECTAOMIM3MPOBATh €€ ILIa3MEHHBIN
HYp. Ba)KHO OTMETHUTB, YTO KOJIBLEBOW TOK B ILIA3ME B
COBPEMCHHBIX TOKaMaKax IMOJAEPKUBAETCS CBEPXBBICO-
KOYaCTOTHBIM 3JIEKTPHUYECKUM II0JIEM, CO3/1aBAEMbIM Iep-
BUYHOH OOMOTKOW HMHAYKTOpPa, Pa3MEIIEHHOrO B LEH-
TpanbHOW 00JIacTH TOpPOMNAIBHON Kamepbl. [Ipu 3ToM
IUTa3MEHHBIA IIHYp BHYTPU KaMepbl MIpaeT pojb BTO-
PUYHOM OJHOBHUTKOBOH OOMOTKH IOHM)KAIOIIETO0 TPaHC-
¢dopmaropa. KOHCTpyKIMIO TEpMOSAEPHON YCTaHOBKH-
CTelutapaTopa BIEpBbIE B MHUpe Tpetoxmn B 1951 T.
amepukaunckuii ¢usuk JI. Crouruep [20]. CBoe Ha3BaHme
3TOT THII HCCIIEI0BATEIBCKOTO TEPMOSAEPHOTO PEeaKTOpa
MOJIY4MJI OT JIATUHCKOTO ciioBa «stella» — «36ez0a» [21].
Benp nnanupyemslil ypoBeHb TEMIIEPATYPbl B aKTMBHOM
30HE STOW TEPMOSICPHON YCTAaHOBKU JOJDKEH OBUI Tpe-
BhIIATh Temmepatypy (~15-10° K) BHyTpu sapa Taxoit
3Be3ab!l kak ComnHue. B otnuyne ot TepmosiaepHoil ycra-
HOBKH-TOKaMaka B JTOH TEPMOSJEPHOH yCTaHOBKE-
cTeJiapaTope IiasMy U3 CMecH JIETKHX sifep (Hampumep,
n3 D-T cmecH), BO3HHKAIOUIYI0 B TOPOMNAIBLHON BaKy-
YMHOW KaMepe, HarpeBaloT U YAEP>KUBAIOT TOJIBKO BHEII-
HUE 3JIEKTPUIECKUE TOKH U MarHUTHEIE o (puc. 7) [9].

TOPOWMOATBHBIE
KATYLUKK

MIA3MA

ENVKOMOAMb-

HBIE KATYLLUKK

BAKYYMHAS KAMEPA
Puc. 7. IlpunnunuanbHas cxema HOCTPOEHUSI UCCIIEI0BATEb-
CKOH TepMOSIIEpPHOH YCTaHOBKH-CTEIUIapaTopa, coaepskamnieit
TOPOHJAJBHYIO BAKyYMHYIO KaMepy C IUIa3MOH JIETKHX sAep,
reJMKOUAANbHbBIE U TOPOUAANbHBIE CBEPXIIPOBOASIINE KaTyIIKH
U OPMUPOBAHUS MATHUTHOTO TTOJIS CIOXKHOU (popMeI [9]

B 510 CBSI3M B KOHCTPYKLMH CTEIapaTopa MnoTpe-
60BaOCh MPHUMEHEHUE CBEPXIPOBOSMINX TeINKOUIATb-
HBIX KaTyIIeK CJI0XKHOI Gopmbl (cM. puc. 7). [Tonckosie
HCCIIE0BAaHMS IEKTPOPHU3NKOB IOKA3AIH, YTO APYTHM
BO3MOXHBIM ITyTE€M CO3IaHUS TEPMOSAECPHON YCTaHOBKH-
cTeliaparopa MOXET ObITh PUMEHEHHE BaKyyMHOW Ka-
MepHl C ropsdeil Iuia3Moil He B BHIE KPYTJIOro KOJbIa
(Topa) xak Ha puc. 7, a B BHIE «BOCBMEPKW» WM €Ile
6outee citokHOI hopMbI — «mMsaTOTO OYOIHMKa» (puc. 8) [9].

BHemHee MarHMTHOE MOJI€ B TAKUX KOHCTPYKIHSX
cTelutaparopa QopMmupyercs «XUTpoi» (OpPMBI, YTO

obecrnieuynBaeT CTaOMIBLHOCTh TEHEPUPYEMOI B €ro BaKy-
YMHO Kamepe Iuiasmbl. [Io cpaBHEHHIO € TOKaMaKoM
TaKasi KOHCTPYKLHSI CTeNIapaTropa sBIseTCs: Ooyiee CIoxk-
HOW ¥ TpeOyIoleil Ui pacueTa reOMEeTPUH €ro MarHuT-
HOTO TI0JIS1 IOCTATOYHO CJIOKHBIX YHUCIICHHBIX PACYETOB.

Puc. 8. O6mwmit Bu paboyueil BaKyyMHOW METaJUIMIECKOH KaMephl
¢ ropsidel I1a3MoH AKCIIEPUMEHTAIIbHOU TepMOsIEpHOI
YCTaHOBKHU-CTEJIAPATOPa, N30THYTOM B BHJE CIIOXKHOMN
TPEXMEPHOH 3MeeBUTHOM KOHPHUTYpaLmH («msToro Oyomkay) [9]

Bo Bropoii nooBuHe 1950-X TOAOB M0 MHULINATHBE
Hay4qHOTO pykoBomutens AtomHoro npoekra CCCP, aka-
nemrka AH CCCP Kypuarosa U.B. 8 YOTU (cTaBmum
stomy Bpemenu OTU) AH YCCP Obuin HavaThl uccie-
JIOBaHHS 110 HOBOMY HAy4YHOMY HAIpPaBJICHHIO, CBS3aH-
HOMY C HM3y4Y€HHEM BBICOKOTEMIIEPATypHON MJIa3Mbl U
YTC [17, 22]. Hay4HbIM pyKOBOIHUTENEM TEPMOSIECPHBIX
uccnenosanuii B ®TU AH YCCP (r. XapbkoB) Obul Ha-
sHadyeH akanemMuk AH YCCP CunensaukoB K. (1901-
1966 rr.) [22]. Anoreem 3THX pabOT CTall0 CO3/IaHUC B
1968 r. B yka3aHHOM YKpaMHCKOM HMHCTHTYT€ MOIIHOH
ONBITHOM TEPMOSIIEPHONW YCTAaHOBKH CO CBEPXIPOBOJS-
IIMMY MarHUTaMu Tuma «Yparas-2» (puc. 9) [22 23]

‘ .

Puc. 9. O6muii B MOITHOM TEPMOSAEPHON YCTAaHOBKH THIIA
«Yparan-2» paspadorku @TU AH YCCP (cneBa-HamnpaBo: u3-
BecTHBIE XappkoBckue Gusuku B.A. Cynpynenko, A.U. Axue-
3ep ¥ B.T. Tonok; 1968 r.; ®TU AH YCCP; r. Xapskos) [22]

YkaxeM u 1o, 4yTo B 1980-€ roasl B paMKax sKcIie-
pumenTanbHbix uccinegoBanuii CCCP nmo YTC B XOTU
AH YCCP (r. XapbkoB) ObUI CO3/1aH CBEPXITPOBOISIIHN
TOpCATpPOH cTeirapaTopHoro tuma «Kpucramr-2» ¢ mar-
HUTHOW MHAyKuuel no 5 Tn u 3amacaeMoil MarHUTHOM
sHepruer 1o 1 MIx B ero BakyyMHOU Kamepe CIOKHOH
reoOMEeTPHUECKOM (HOpMBI ¢ Topsuei iasmoii [7, 24]. Ha
puc. 10 mpuBemeH OOMIMH BHI COBPEMEHHOW OJKCIICPH-
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MEHTaJIbHOW TEPMOSAJEPHON YCTaHOBKU-CTEIIAPATOPA C
KaMepoH, N3TOTOBJICHHOH B BHIE «MSTOTO OyOmmka» [6].

k &,
it - A
Puc. 10. Bremnnit Bux oxHO# 13 1a60paTOPHBIX KOHCTPYKIMHA

HCCIIEZI0BATENBCKOTO TEPMOSIEPHOTO CTEIIapaTopa, ColepsKa-
LIIero BaKyyMHYI0 KaMepy B BHJE «MsToro 0yonukay [6, 13]

HecmoTps Ha TO, 4TO Ha CEroAHA B YCTaHOBKaX-
cTe/ylaparopax BpeMs YJICpKaHHs TOpsiuei IuIa3Mbl
MCHbIIC, a CTOMMOCTb HUX COOPYKCHHSA BbBIIIC, YEM JJIA
YCTaHOBOK-TOKaMaKOB, MCCIIEIOBaHMsI B MUPE MTOJJOOHOTO
tuna TAP axtuBHO mpopoikarotcs [1, 20]. OgHolt u3
MPUYUH TOMY SIBISICTCS TO, YTO MOBEICHUE BHICOKOTEM-
MepaTypHOH UIa3MbI B HUX 0OJiee CIIOKOWHOE W YCTOHYH-
BOe. DTO IPUBOIUT K OoJiee BRICOKOMY pabodeMy pecyp-
Cy BHYTPEHHEH CTEHKM BAaKyyMHOW KaMmepbl ¢ Topsuei
mia3moit. [Tpu xommeprmammzanuun YTC 3T0T TexHUUe-
CKHUI ()aKT MOXKET UrpaTh ONPEACIISIONIYIO POJIb MPH BbI-
6ope xoHCcTpyKIuu TAP, Tak oH OyAeT onmpenensiTs CPoK
€ro JKCIUTyaTallid B COCTaBE TEPMOSIIEPHOM 3JIIEKTPO-
cranimu (TSADC). B aroli cBsizu, coznaBaemMble B HACTOSI-
1ee BpeMsl KOHCTPYKIIMH MOIIHBIX TEPMOSIAEPHBIX CTEJI-
JIapaTopoB OBUTM CYIIECTBEHHO ympolueHbl. OT UX Baky-
YMHBIX Kamep B BHJIE «MATBHIX OYOJIMKOBY» MPHUIILIOCH OT-
kazarbcs. OHU CTaJIM BHEITHE MOX0XH HAa TOKamMakH [9].

3. CoBpeMeHHBIHl 3Tanm HccIeI0BAHMII yNpaB-
JISIeMOro TepMosiiepHoOro cuHTe3a. Kak ObII0 OTMEUEHO
BEIIE B Tojpasfene 2.1 B HacTosmiee BpeMs B paMKax
nporpammbel «EBpaToM» aKTHBHO NMPOIOIKAIOTCSI OIBIT-
Hble uccienoBanus mo YTC Ha kpymHeiiei Tepmosaep-
HOM yctanoBke-Tokamake tuna JET [1, 13]. IIpu goctur-
HYTOM BPEMEHH <CKU3HI» ropsdel Iia3Mbl B BAKYYMHOM
kamepe Tokamaka tuna JET no 1,2 ¢ ero sHepreTndyeckuit
napametp Qg uncnenno cocrasun 0,65 [12]. Buano, uro
eBporneiickue (Qu3uKu-sAepIukd Ha Tokamake tuna JET
BIUIOTHYIO TTOJOILIH K «IIOPOTY», 32 KOTOPhIM HAYHMHACT-
Cs1 TIOJIOXKUTENFHBIN OaTaHC SHEPTHH MIPH OCYIIECTBICHUH
YTC. [omyuennsie Ha 3ToM TSP ombITHBIE MaHHEBIE IO
TepMosiIepHOW MoLIHOCTU U Temreparype B D—T cmecu
(cootBerctBeHHO 10 16 MBT 1 300 muH. TpamycoB K [1,
13]) BcensOT B Hac OINpEIeNICHHYIO HaIeKAy Ha pealb-
HOCTh co3fianusi B 21-oM Beke mpomebluieHHoro TSP u
NPaKTHYECKOTro nosrydenus suepruu ot YTC (Op>1).

B T'epmanun B MHcTHTYTE GU3MKH TUIA3Mbl HM.
Makca Ilnanka (r. IpaiidcBanbn) 10 mexabps 2015 r.
ObLTa YCIICUTHO 3aITyll[eHa B CBOK) OIBITHYIO 3KCILTyaTa-
U0 KpYMHEHIIass B MHPE TepPMOsAcpHas YCTaHOBKA-

cretaparop tuna «Wendelstein 7-X» (puc. 11), crous-
mrast HeMenkomy rocynapctsy 1,06 mummapaa espo [20].

A

Puc. 11. O0mmii BUI CTPOHIIIOMIAAKA B MOMEHT 3aBEPILAIOIICH
cOOPKH YHHKAIBHBIX IeKTPOPH3NIECKUX yCTPOHCTB KPYII-
Helmel B MUpe SKCIIEPUMEHTAIBHON TEPMOSICPHON yCTaHOB-
ku-cremtaparopa « Wendelstein 7-X» (2015 r., MUactuTyT duzu-
ki 1asmbel uM. M. [Tnanka, r. [paiidcBansa, 'epmanus) [20]

B atoM cremaparope OOJBIION paguyc BaKyyMHOM
KaMephbl ¢ TUIa3MOM COCTaBIISIET 5,5 M, a ee MaJbIii pajinyc —
0,53 M. O6beM ero ropsueii miasmsl paer 30 M°, a ee
II0THOCTH GyseT mocturath yposHs 3-10% M~ [20]. dan-
Hbli 3kcrnepuMeHTanbHbll TSP comepxur 50 mTyk
CBEPXITPOBOAAIINX HHOOMH-THTAHOBBIX KAaTYIIEK BBICO-
TOH 3,5 M, CyMMapHBI BeC KOTOPBIX COCTaBISET OKOJIO
425 ToHH. MarHuTHas MHIYKIWS B pabodyeil BaKyyMHOM
kamepe TAP mocturaer 3 Tun, a temmeparypa yaepKu-
BaeMOM TaKUM MarHUTHBIM IOJIEM ILIa3MbI OyJIET COCTaB-
nate 10 130-10° K [20]. Best KOHCTPYKIMS YKa3aHHOTO
KpPYIHEHILEro B MUpe CTejuiapaTopa OKpy>KeHa KpHuocTa-
TOM (TIPOYHOH TEIUIOM3O0JIHPYIONIEH 000JI0YKO) THaMeT-
pom no 16 M. Bonbmioit TexHuueckoil mpobieMoi mpu
BO3BeJICHNH creiuiapaTopa Thna « Wendelstein 7-X» Obuta
HEXBaTKa CBEPXIIPOBOASALIMX MAarHUTOB, UMEIOLIMX CIie-
UAJIBHYI0 T€OMETPHUIO U OXJIAKAAEMBIX JKUIKUM TelIeM
[20]. B 2003 r. B xoxe ucnbitanuii 10 30 % MarHuTOB
OpUTH 320paKOBaHBI 1 BO3BPALICHBI MOCTAaBIIUKY. [IpoeKkT
k 2007 1. ObUT HA TpaHU 3aKpBITHS. JloNTrOCTpOii MPUBEN K
MOBBIIICHUIO 3aIUIAHUPOBAHHOW CTOMMOCTH CTEJIapaTo-
pa npaktuyecku B 2 pa3za (¢ 500 go 1060 muH. eBpo) [20].

B mepBbIX SkcnepuMeHTax Ha CTeJUIapaTtope THIa
«Wendelstein 7-X» ¢u3ukaM ynanocs Ipu IMOMOIIN MHK-
POBOJIHOBOTO BHEIIIHETO 3JIEKTPOMAarHUTHOTO HMITYJIbCa
MomHocThio 1,3 MBT Harpers B ero kamepe oJuH MHII-
JUTPaMM Ta3000pa3HOTO TelUs 10 TEMIIepaTyphl 1-10° K
U YAEpKUBATH MOJYYEHHYIO TOPSUYIO IUIa3My B TE€UEHHE
0,1 c [20]. brmxkadimumu TTaHamMu paboT Ha ATOH ycTa-
HOBKE SIBJII€TCS ITOCTETIEHHOE HApAIIMBAaHWE MOIIHOCTH
WCTOYHMKA 3JIEKTPOMATHUTHOTO H3JIyYCHUS W IIOBBIIIC-
HHUE TeMIepaTypbl HccenyeMol B kKamepe mia3msl [20].

Hemeukuit uccnenoBatensckuit TSAP-crennapartop
«Wendelstein 7-X» He siBJIseTCS KOHKYPEHTOM CTpOSIIIE-
rocs B Hactosiiee BpeMs Bo @paHuuu (SAEPHBIA LIEHT) T.
Kanapam) xpynueitmero B mupe Tokamaka tuna [TER
(International Thermonuclear Experimental Reactor), o
KOTOPOM pedb MoijeT Huxe B pasgene 7. OnHol u3 ne-
nell Hemenkoro npoekra B obnact YTC sBisiercst oTpa-
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00TKa pexuma yaepKaHus ropsaeid BOZOPOIHON IIa3MBI
70 TIoJIydaca W JOBEAEHHE IapameTpa [, paBHOIO OTHO-
IMEHUIO AaBJICHUA IJIa3Mbl K JaBJICHUIO YACPKHUBAIOUICTO
ee MarautHOTO T10J1s, 110 (0,04-0,05). [pyroii nenpoo 310-
r0 B&KHOTO HAYKOEMKOI'O IIPOEKTa SIBJISETCS OTpaboTKa
psaa NepCHeKTUBHBIX TEPMOAJEPHBIX TexHoIorui [20].

B cepenune 1960-x rogoB kak anbTepHAaTHUBAa Mar-
HUTHOMY YZIEP)KaHUIO ropsdell rrasmel B odmactu YTC
MTOSIBUJICS. TIPUHIUITHAIBLHO HOBBIN MMOJIXO0J — €€ MHEepPLH-
OHHOE yZIepKaHHe, OCHOBAaHHOE Ha MPUMEHEHUH MOIIHBIX
J1a3epoB — HMCTOYHMKOB HAINPABIEHHOTO CBEPXKOPOTKO-
BOJIHOBOTO 3JIEKTPOMAarHuTHoro minydenus [4, 9]. Ilpu
JAHHOM TIOAXOZAE MNEPBOHAYAIBHO HCIOJIb30BAINCH Ma-
JIECHbKME MUULICHU-IIAPUKU U3 3aMopoxeHHoro D—T rton-
JIMBa, PAaBHOMEPHO 00JIyuaeMble CO BCEX CTOPOH MHOXKe-
CTBOM JIa3epHbIX Jyueil. HepaBHOMepHOCTh Harpesa Ta-
KOTO TEPMOSIEPHOTO TOIUIMBA MOTpeOOBaa CyIIECTBEH-
HOI0 M3MEHEHHUs KOHCTPYKLUUM MHIIEeHU-Iapuka [5]. B
HACTOsIIee BPeMsl YKa3aHHbIE MUILEHH TEPMOSAEPHOTO
TOIUTMBA Pa3MENIA0TCS BHYTPH MOJOH chepudecKon Ka-
MepHI-XoJbpayMa (0T HeM. clioBa «hohlraumy» — «nycmo-
may») ¢ OTBEPCTHAMH, Yepe3 KOTOpbIe BHYTpPh HEe Iola-
JIar0T Ja3epHble Tydu. Kpome Toro, npu 3ToM B JIa3epHO-
“MIyasCcHOM TexHonorun YTC cranm ucrnoias30BaTh Kpu-
CTaJIbl, TpeoOpa3yoiue (KOHBEPTUPYIOLIKE) Jia3epHOe
n3iTydeHne MH(ppaKpacHOro AMana3oHa B yibTpaduolie-
TOBOE H3NMydeHHe. OT0 YD-U3IydeHHe MOTJIO0IIAeTCs
TOHKHUM CJIOEM Mare€puaja XOJjibpaymMa MHUIICHH, Harpe-
BaeMbIM JI0 OTPOMHOM TEMITEPaTypbl U M3Iy4aeMbIM MST-
KO€ peHTreHoBcKoe u3nydenue [9]. JanHoe P-uznyuenue
TIOTJIONIAETCS TOHYANIIUM CII0EM KaIlCyJIbl TEPMOSICPHO-
TO TOIUIMBA, YTO M MPUBOJNT K IpoTekaHuio B HeM Y TC.

Ha puc. 12 npuBenen oOmmii BUA TepMOsIICpHOI yc-
TAHOBKM, HcHosp3yromied B cBoeM TSP jasepHo-
HMITYJIbCHYO TEXHOJIOTUI0 MUKPOB3PBIBOB TEPMOSIIEPHOTO
TOIUIMBA, 3aKTI0YEHHOTO B OTAEIbHBIE Karcydsl [9, 18].

Puc. 12. O6mmit Bun sxcriepumentasHoro TSP coBpeMeHHO
TEpPMOSIIEpHON YCTaHOBKHU, UCTIOJIB3YIOIIEH U1l MUKPOB3PBHIBOB
karicys1 D-T toruiBa s1a3epHO-UMITYJILCHYIO TeXHOJIOruIo [5, 18]

B Hacrosmiee Bpems 3Ta MEpPCIEKTHBHAS TEXHOJIO-
rust ocymectieHns Y TC 3a c4eT CHHXPOHHOTO 00BbeM-
HOTO  BO3JeHcTBUSI Ha  CEepHUECKHE  MMHIICHU-
MHUKPOKAIICYJIBl 3aMOPOXKEHHOro TepMosiaepHoro D-T
TOIJIMBA MOIIHBIX JIa3€PHBIX HUMIIYJIbCOB HAXOAWUTCS Ha
CTaJMU IPOBEJICHUS] Ja0OPATOPHBIX DKCIIEPUMEHTOB [9,
25]. Ilpu 3TOM MOXHO OTMETHTH, YTO 3a IMOCJIEIHHE Jie-
CSITh JIET MPOU3OIIEN KAUECTBEHHBI CKAYOK B Pa3BUTHUU
MUPOBOH Ja3epHON TeXHHUKH, cyMmeBlIed moBbicUTh KII[]

MOIIIHBIX JIa3epoB B AeciaTh pa3 [9]. Ilpuyem, mx Mor-
HOCTh TIPH 3TOM YAAJOCHh IOBBICHTH B COTHH M TBHICIYH
pas [9]. IloaToMy MO>XHO TOBOPUTH O TOM, YTO MHEPIIH-
oHHbIM BapuanT YTC B Mupe HE «CTOMT» Ha MecCTe, a
YCHENIHOo pa3BuBaetcs [5, 18, 25].

B 2006 r. B Kurae ObuTH TIpOBEIEHBI MEPBEIC YC-
NEMIHbIE HCTBITAaHUS HKCIIEPUMEHTAIFHOTO YCOBEpILIEH-
CTBOBAaHHOT'O CBEPXIpOBOAsLIero Tokamaka tuna EAST
(Experimental Advanced Superconducting Tokamak),
oOmmii BUI KOTOpOro mpuBeneH Ha puc. 13 [5, 18]. Ha
JIAaHHOM MOIIIHOM YCTaHOBKE-TOKAMAaKe C UCIIOJIb30BAHUEM
D-T tomnmBa B 2007 r. ObIT MPOBENEH MEPBLIH B MHUpE
«0e3yoprrounsiity YTC, xapakTepu3yIOIIHMNACS MapaMerT-
pom Oy = 1,25, paBHBIM OTHOILEHUIO MOJYYEHHOH B TO-
poUIaTBEHON KaMepe 3TOTO PeaKkTopa, SBISIOIIErocs IiIy-
OOKOI MOJIepHH3aLMeH KOHCTPYKIMH POCCHUICKOTO TOKa-
Maka tuna HT-7, TepmosaepHOil SHEprun K 3aTpayeHHOU
HA TOJyYCHHE U KOMOMHUPOBAHHEIA HAIPEB IO CBEPXBHI-
cokoii Temneparypsl (opsaka 100-10° K) mma3merHOro
IIHypa W3 3JCKTPOHOB M CPaBHUTEIBHO JIETKHX HOHOB
TSDKEIIOTO M CBEPXTSIKEIOT0 H30TOIMOB Bonopona (smep
neiirepust D u tputua T) [5]. B Ommkaiimem Oymymmem
KATalicKue (QU3UKHU-IOCPIIUKA TIOTBITAIOTCA JOBECTH
napametp Oy 10 3HadeHus1, pasHoro ~50 [5]. B nacros-
mee BpeMsi dkcnepuMeHTanbHbId TAP trma EAST wmc-

MOJIL3YCTCA TAaKKE B paMKaxX BbIIIOJIHCHUA HUCCICI0BaA-
TENBCKHUX PabOT, CBA3aHHBIX C Pa3pabOTKON U CO3MaHUEM
0oJ1ee MOIITHOTO MEXTyHapogHOro Tokamaka tuna ITER.

Puc. 13. O0umii BH MOIIHOTO 3KcniepuMeHTanbaoro TSP tuna
EAST, coznannoro no cxeme Tokamaka B Kuraiickoit Haponnoii
Pecny6nuke (2006 ., UuctutyT dusuku mia3mel Kuraiickoit
aKaJeMuu Hayk, r. X3¢, mpoBuHuus Aupxoi) [5, 18]

4. OcHoBHbIe TpodJeMbl npu co3aanuu TAP u
Hegocrtatku THP. OctaHoBuMcs B JajibHEHIIEM Ha Ta-
KOI HanOoJsee MCCIIeIOBAaHHON U MPOABUHYTOHN ceidac B
mupe xkoHcTpykimn TSP kak «TOKAMAK»Y [5, 14]. dns
YCTaHOBOK-TOKAMAaKOB, B KOTOPBIX TEPMOSIIEPHOE TOTLIH-
BO C MIOTHOCTHIO 10 107 M~ HE0OXO0IMMO HarpeBath J0
TeMIepaTypbl (100-300)-10° K, OCHOBHBIMH HEIOCTAaTKa-
MU W MpobjeMaMH TpH CO3[JaHUM HA WX OCHOBE MpO-
MmbleHHbIx TSP sBisiercs cnenytomee [5, 19, 26]:

® HECTaOWIBHOCTh TOpsYel IuIa3Mbl (TUIA3MEHHBIN
IIHYp B TOPOMAATNBHOH KaMepe HOPOBHUT THe-TO OBITH
TOHBIIIE, TJIC-TO TOJIIIEC WX TJIe-TO BOOOIIE MPEPBaThCs C
MpeKpalleHNeM IPOTeKaHUS KOJIBIIEBOTO METaaMIIEpPHOTO
TOKa). BO3MOXHBIMM TPOBEpEHHBIMH IMYTSAMHU IOBBIIIE-
HUS CTaOWIBPHOCTH TOPEHHS TUIA3MBI CTAJO TPHMEHEHHE
MOJIOUJATIBHOTO MarHUTHOTO Mo (CM. pUC. 3) U yBenu-
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YEHHUE T'EOMETPUYECKHX pa3MEpPOB BaKyyMHOH KaMephbl.
[oBbImeHnto yka3aHHOH CTaOMIBHOCTH OyAeT crocoocT-
BOBATh TAKXKE OTKPBITBIA (U3UKAMH PEKHUM YITydIIEHHO-
rO yJepKaHHs IIa3Mbl, KOTAa MpH OOJNBIION MOIIHOCTH
ee JIONOJHUTENBHOTO HAarpeBa MOTepH ropsyei 1miazMoit
SHEPruM Pe3Ko yMeHbInaroTes (B ABa u 6oinee pas) [20];

® IJIABHOM HAy4YHOH mpoOyieMOd [Jsl yCTaHOBOK-
TOKaMaKOB SIBJISIETCS TO, YTO IPH IOBBILICHUN ABICHHS
B ropsiuei IIa3Me B HEW BO3HUKAIOT CIIOJKHBIE U ONIACHBIE
HEYCTOIYMBOCTH, TIPUBOASIINE K HECTAOMIBHOMY PEXKH-
My pabotsl TAP (pu3ukam maHHEIA TyTh B 0043aTETFHOM
MOpSiAKE MPOXOAUTH MPUIETCH, TaK KaK CKOPOCTh CIIHSI-
HUSI JIETKUX SiA€p HPH 3aJaHHON TeMIeparype IUIa3Mbl
IpsSMO MPOMOPIMOHATIBHA KBAJIpaTy €€ TaBJICHuUs);

e JI0pOTOBH3HA TPUTHSA |"H — CBEPXTAKENOr0 Pajmo-
aKTHBHOTO H30TOIa BOAOPOAa | H ¢ meproioM momypac-
maga B 12,3 net [1, 4] (1 xr 3TOro BemiecTBa CTOWII TIO
cocrostnio Ha 2010 r. okomno 30 muu. $§ USA [27]). B
2014 r. MupoBO# 3amac TPUTHSA COCTABISLT OKOJO 20 KT
IPU €r0 TOJIOBOM MOTPEOJICHUH B MUPE — MPUMEPHO 7 KT
[27]. Ans 6ymymero 3amycka Bo OpaHIK COOPYKAEMOTO
tokamaka turna ITER nonamoGurcs okono 3 Kr TpuTHs
JUISL 3apSAKA BCEX €r0 TPUTHEBBIX ITOJCHCTEM, a TaKkKe
HNPUMEpHO | KI TPUTHS Ha KX roj ero padots [27];

e MHUHHUMAaJIbHAsg MOIIHOCTH TSP momkHa cOCTaBIISTH
COTHHU U ThICAYU MEraBaTrT (OCHOBH])IMI/I npuyuHaMu TOMY
SIBIISIETCSL TO, YTO Topsiyas IUla3Ma B PEAaKTOpE TepsieT
MHOI'0 SHEpPIUU Ha 3JEKTPOMAarHUTHOE M3Iy4YEHHUE, a ero
BaKyyMHasi Kamepa JJisi 00ecHeyeHUs] CTaOMIbHOCTH T10-
BEACHUsI B HEW IIa3MEHHOIO IIHypa IOJDKHA HMETh
CPaBHHTEILHO OOJIBIINE T€OMETPUIECKUE PA3MEPHI);

e noporopu3Ha TSP TokamakoBckoro Twma (Hampwu-
Mep, cozganue 3xcnepuMeHTanbHoro TSP tuma ITER c
TepMosiiepHoit MormHOCTEI0 B 1500 MBT 06ofinercs yda-
CTHMKAM MEXIYHapOAHOIO IPOEKTa HpUMEpHO B 15
MJIPA. €BPO, YTO HEMPHEMJIEMO Ha CErOJHS Ul MPOMBIII-
nenHoro peakropa YTC, ycranasnusaemoro Ha TS9C);

e Hajinuue B TSP MOUIHOrO HEMTPOHHOIO U3IIY4EHHS,
OTPHUIATEJIFHO BIHMSIOIIETO0 HA €ro pabounii pecypc (s
CPaBHEHMs YKA)KE€M, 4YTO HEUTpOoHHBIM noTOK B TAP no
JIECSITA pa3 MOIIHee momgoOHoro motoka B SIP). B atoit
CBSI3M OXKHIAeMBIN cpok ciryxkObr TSP MoxeT cocTaBisTh
He Oonee 5 et BMecTo 50 set, XxapakTtepHbIX 11 SP;

® y CIIEIMAJIIICTOB HET YBEPEHHOCTH B PabOTOCIIOCO0-
HOCTU npoMbllnuleHHbIX TSP Ha ocHOBe MX mocTpoeHUs
[0 MPUHIOWIY TOKamMaka (0 HACTOSIIETO BPEMEHH HHU
OJIMH TOKaMak He paboTan Jake B TEUEHHE HECKOJIBKUX
4acoB, HE TOBOPS yX€ O T0/aX, XapaKTepHbBIX IJIS peak-
TOPOB MPOMBIIUICHHOI'O0 Ha3HA4YCHUA; OTCYTCTBYCT YBC-
PEHHOCTh B TOM, YTO MaTepHajibl OJaHKETa BHYTpPEHHEH
CTEHKH BaKyyMHOW KaMepbl peakTopa CIIOCOOHBI JJIH-
TEJILHO BBIZCPKUBATH BO3JCHCTBHE ropsveil Ii1a3mbl; HET
TaKX€ YBEPEHHOCTHM B TEPMHUYECKOM U MEXaHWYECKOU
CTOMKOCTH M psAla APYTHX KOHCTPYKIMOHHBIX MaTepHha-
JIOB p€aKTOpa, UCIBITbIBAIOIIUX MJIUTCIIBHOC BOSHeﬂCTBHe
MHTEHCHBHOTO IIOTOKA OBICTPBIX BBICOKOIHEPI€THUHBIX
HeﬁTpOHOB U MOIIIHOI'O IMOTOKa J3JICKTPOMArHUTHOI'O U3-
Jy4EHHs YaCTHI] €r0 BHICOKOTEMIIEPATYPHOH IIIa3MBbl);

e xoHcTpykius TP, Oaszupyrommascs Ha cxeMe ToKa-
Maka, Ha CETrOJHS SBISETCS AOCTATOYHO CIOXKHOH (TM0-
TOMy Tiepel (PU3UKAMU-SIIEPIIMKAMH U HUHXCHEPaMHU-
SHEpPreTUKaMU CTOUT MPOoOJIeMHasl 3a1a4a 0COO0H BaXKHO-
cTH — obecrieueHre BBICOKON HAJEKHOCTH AKCILTyaTalluu

B coctaBe TADC ee TSP; 3amaum mMpOEKTHUPOBaHUS W
crpoutenberBa TADC TpeOyIOT OT HUX HEYKOCHUTEIBHO-
IO pELICHUs IIEJ0r0 KOMIUIEKCa Pa3HOOOPa3HBIX CIIOXK-
HBIX TEXHOJIOTHYECKHX 33124 U3 psijia OTpaciell 3HaHUMH).

5. TepmosiiepHoe TOIUIUBO M OCHOBHbIE€ BHJbI
siiepHbIX peakuuii, npumensiembix B TSP. Kak us-
BECTHO, Topsyas miuazMa B TSP, ucrnonb3yromux Maraur-
HOE yJepKaHHe MCXOIHBIX MponaykToB YTC, umeer HU3-
Kyt0 TI0THOCTH (mopsaka 10%° v [1, 5]). Jlanuas miot-
HOCTh ropsueil mmasMbl mpuMepHo B 10° pas MmeHslme
IUIOTHOCTH aTOMOB M MOJICKYJ B BO3yX€ IPH HOpMallb-
HBIX aTMoc(epHbIX ycioBusix [4]. B aToif cBsi3u kpute-
puit JIoycoHa sl TOKAMakOB JIOCTUTAeTCs 3a CUET XOPO-
IIEro yJCpKaHMs TEIIOBON PHEPIMU B MX KaMepe M Co-
OTBETCTBEHHO OOJIBIIOTO 3HEPreTHYECKOTO BPEMEHH
«OKU3HW» UX ropsaeil mia3mel. [loatomy mmst pabotsr TSP
TpeOyeTcss CpaBHUTEIHHO HEOOIBIIOE KOJHMYECTBO Tep-
MosiiepHOro TomiauBa. Hampumep, 11 KpynHeWIuero
TSP-rokamaka tuna ITER npu yka3aHHOU IUIOTHOCTH
TEPMOSJIEPHOIl ra30BOM CMECU B €r0 KaMepe JJis Hadallb-
Horo TepmosiiepHoro mukia YTC Tpebyercss HCXOAHOTO
torumBa Beero sk (0,5-1) r [5, 19]. CnpaBoyHo 3ame-
TUM, 4TO JUIi Harpesa 0,5 T 0OBIYHOTO BOJIOPOAA-TIPOTHS
1'H 1o Temneparyps B 100-10° K Heo6xoauMo 3aTpaTuth
CTOJIBKO SHEPTHH, CKOJBKO €€ MoTpedyeTcs Uil Harpesa
o0brgHON Bogbl H,O o6beMom 186 11 1o Temriepatypsl ee
kunenus B 100 °C [19]. Ha ceroiHss OCHOBHBIMHU BUIaMHU
snepHBIX peakiuit mpu YTC, ompenensiomuMu BEIOOP
TEPMOSIEPHOTO TOIUINBA, SBILIIOTCA ciemytomme [1, 5, 8]:

e D+ T —,'He (3,5 MaB) + ('n (14,1 MaB);

e D+ D — ,’He (0,82 MaB) + ¢'n (2,45 MaB);

e D+D — T (1,01 M3B) +,'p (3,02 M3B);

e D +,’He — ,'He (3,6 MaB) +,'p (14,7 MaB);

e °Li+,'n—,"He+T+4,8 MaB.

B mpuBeseHHBIX BBINIE SIEPHBIX PEAKLMSIX C yda-
crueMm nenrtepus D u tputusa T, mpeAcTaBiIsSIOUIUX ONpe-
nenennblit uatepec s Y TC, cumBoiom ,’He 06o3HaueH
JIETKUHA HM30TOIl OOBIYHOTO T'eus 24He, o'n — OBICTPBIN
HeHTPOH, ;°Li — Jerkuii H30TON IPUPOAHOrO IUTHS 3 Li, a
\'p — cTabuabHbIA TIPOTOH [4]. U3 JAHHBIX SIEPHBIX pe-
aKLIl/Iﬂ BUAHO, YTO BCC OHH MNPOUCXOIAT C BBIACICHHUEM
SHEPTHH B BHE KUHETHYECKOH HEPIHU Pas3leTAIOMINXCS
BO BCE CTOPOHBI aKTMBHOW 30HBI TSP mponykroB 3THX
peakmmii. [Tocnenmuss saepHas peakiysi UTpaeT 0coOyro
pors nipu YTC. Ona ucnone3yercs Npu NPOMBIIUIEHHOM
MIPOM3BO/ICTBE HECTAOMIBHOTO TPUTHS T (B CHKIKCHHOM
COCTOSIHUHM TpUTHH B 6 pa3 nerde Boas! H,O [4]), koTopo-
TO B NPHPOAE B CBOOOJHOM COCTOSHHH HE CYIIECTBYET
(13-32 CBOEr0 CPaBHMUTENBHO OBICTPOrO PaJMOAKTHBHOTO
B-pacmama [5]). V3 aHamm3a yka3aHHBIX SICPHBIX peak-
il cnexyer, uto nepsas peakuus tuna (D + T) sBnsercs
Hanbosee «IErKoi» sl CBOEr0 OCYIIECTBICHUS (I ee
npoTekanus B padoueii kamepe TSP tpebyercs cosmanue
TemnepaTypsl npumepro B 100 muH. rpagycos K) [19].
st peakuuii cunresa tumna (D + D) tpebyrores npumep-
HO TaKHe K€ CBEPXBBICOKHE TEMIIEpaTypbl, HO OHH IpO-
TekaroT nmpuMmepHo B 100 pa3 MemneHHee peakiyid THIa
(D + T). Kpome Toro, u Hepruu IpH HUX MPOTEKAHHU
BBIZICTISICTCSl 3HAYMTEILHO MEHbINe (MMPUMEPHO B 5 pas),
4eM IpU AEUTepUil-TpUTUEBON peakuuu cuHTe3a. Snep-
Hble peaxupn tuma (D + ,°He) uayT ObIcTpee, 4YeM KOHKY-
pupytomue ¢ HuMu peakuuu tana (D + D). Onnako, s
X peanmsanuu Tpebyercs B pabodel Kamepe MOIIHOTO
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TSP co3maBate mpenenbHBIE TeMOepaTypsl — mopsaka |
miapa. rpagycos K [19]. [TosToMy MOXKHO 3aKJIFOUUTh, UTO
JUISL IPOMBIIIIIEHHOTO Ucnionb3oBaHus Y TC Tombko anep-
Hble peakuuu cuHTe3a Tmna (D + T) xoTst 661 oTHaIeHHO
JOCTYIIHBI YEJIOBEYECTBY IIPH BCEX MX HEAOCTaTKax (Ha-
MIpUMeEp, TPYAHOCTSAX MOJyYEHHs C IOMOIIbIO IPUBEAECH-
HOW MSATOW SIIGPHOM peaklMu PAaAUOAKTUBHOTO TPUTHUS
’H 1 HaBeJICHHOM GBICTPHIMU HEHTPOHAMH OT HX IPOTE-
KaHUs paJMOaKTUBHOCTBIO B NMPUMEHAEMBIX B KOHCTPYK-
nusiX akTUBHBIX 30H TP marepuanax) [19]. B aToii cBsizu

OKHMJIAeTCsl, UYTO B ONFpKadIme AecSITHIETHS (BO3MOXKHO
W CTOJIETHS) NPU NPOMBIIUIEHHOM npuMeHeHnn YTC B
MOIIHbIX TSP TOH MM MHOM KOHCTPYKLMH B KauecTBE
TEPMOSIZIEPHOTO TOIUIMBA OY/ET MCIIOIb30BAThCS JIMIIb
cMech Tspkeroro (aeitrepust 1°H) U CBepXTsIKeIoro (Tpu-
s ;°H) usoronos Bogopoxa ' H (npotus) [5, 14, 19].

Ha puc. 14 nokazana npUHIWMHATBHAS cCXeMa MPO-
n3BoACTBa AnekTposHeprun Ha TADC Oymymero, uc-
noJip3yrouel B ceoeM mouiHoM TSP paccmarpuBaemblit
YTC B cmecu nerkux saep aedtepust D u tputus T [1].

DMEKTH OMH TAHH £ TEHER aT0pa SMERTP 03 EPTHA
E CETE
’ = ITap
—_— Typborerepatop

0D+T
CMHCTEA -
TOILHEA 0T Bomga
He ot ‘_C Tenna
T & D+T+He ClEmamgeHEe
EIIaHEEeTa
Li® Li® +T
: [TogmsTE:
T Brimenenme Li® AT
E0Ooi
TPHTHA
D D

Puc. 14. Cxema npombIIeHHOTO pon3BoacTBa Ha TADC aekTpudeckoi 3Hepriy ¢ MpUMEHEHneM B KpymHorabaputaom TSP
YIPaBIIEMOTO TEPMOSICPHOTO CHHTE3a JIeTKUX siaep Aerrepust D u tputns T [1, 5]

CornacHO JaHHOM CXeMe JHEeprusi TepMOSIEPHBIX
peaxiyii, NPOUCXOASIINX B JeUTEpUN-TPUTUEBON IIIa3Me
kameps! TSIP, B OCHOBHOM 3a CUeT MHTEHCHBHOTO IIOTOKa
BBICOKODHEPreTHUHBIX HEHTPOHOB o'/ BEIHOCHTCS M3 aK-
THUBHOM 30HBI PEAKTOpa M IOTJIOIAETCS MAacCHUBHBIM TY-
TOIUTAaBKUM OJTaHKeTOM (TONIIMHOHM a0 1 M) Kopmyca Ba-
KyyMHOIl Kamepsl. Bblmensemast TeruioBas SHeprust B
osmankere TSP cHUMaeTcs meperpeTsiM TEIJIOHOCUTENEM
(manpumep, aucTHUIMpoBaHHOW Bojoi H,O) mepBoro
KOHTYpa OXJIQXKJICHHUS PEaKTopa, OTAAOLINM CBOE TEIIO B
naporeHepaTope XHUJIKOMY TEMJIOHOCUTENo (HampuMmep,
TON >ke ouMileHHOW oT mpumeceit Bojge H,O) BTOpOro
KOHTypa peakTopa. Jlanee 1o Kjraccuueckoi cxeme pado-
TBI SHEPIEeTUYECKUX YCTPOWCTB TEIUIOBOH 3JIEKTPUIECKON
crannuu wim ADC 00pa3oBaBIIUIiCS BO BTOPOM KOHTYpE
TSP neperpeTslii nap HalpaBisieTcs Ha JONATKU MapoOBOH
TypOHHBI, BpaIlaoNIeld MaCCHBHBIN CTaJbHON Bal-pOTOP
CHHXPOHHOTO TypOOTeHepaTopa, BEIpaOaTHIBAIONIETO B
0OMOTKax CBOETO CTaTopa COOTBETCTBYIOLIYIO 3JIEKTPO-
JBIKYIILYIOCS CHIIy M COOTBETCTBEHHO 3JIEKTPO3HEPTHIO.

[Ipusenennsiii Ha puc. 14 TAP tpebyer cHabxeHus
CBOEH aKTUBHOH 30HBI feiirepueM D u tputuem T. [leii-
Tepuii D mosry4yaroT MpoMBIIUICHHBIM ITyTEM M3 OOBIYHON
npupoanoit Boasl HO (B Helt conepxurca oxono 0,015
% 3TOro TSAKEIOro U30TONA BOLOPOJA B BHUJIC TKEIOH
Boxel DO [1, 25]). Uro kacaercs tputust T, To ero mua-
HUpYeTCsl HONydYaTh C IOMOIIBI0 H30TOma IuTHs 3°Li,
BBOAMMOTO B COCTaB OmaHkera kamepol TSP — maccus-
HOW 000JIOYKH, OKPYXKAMOILIEH ropsayro miazmy [1, 27].
U3oron mutus °Li, BCTynas COrNacHO MPHBEICHHOH BbI-
e MATON AK30TEPMHUYECKOHN (BBIIEISAIONICH YHEPTHI0 U
COOTBETCTBEHHO TEIIIOTY) SAEPHON PEakiMu ¢ OBICTPBIMU

BHICOKODHEPreTHUHBIMH HEHTPOHAMH o'7 (C MX KHHETHYe-
ckoii aHeprueit 1o 14,1 MaB [1, 14]), Oyzer B pe3yibrare
CBOETO SIIEPHOTO pacHaja AaBaTh HOHBI Tenus , He u
Tputus T. PaccMmarpuBaemblii M30TOI BOJOPOJA, MOCIHE
CBOETO BBIJCIICHUS U3 MPOAYKTOB YKA3aHHOTO SIEPHOTO
B3aMMOJICHCTBHSA, TIOAAETCS B CMECHTENh TEPMOSIIEPHOTO
TOIJIMBA, U3 KoToporo Aeitepuit D u tputuii T nuckper-
HO TIOCTYHAIOT B 3aMOPOKEHHOM COCTOSIHUH HETIOCPE/ICT-
BeHHO B Kamepy TSP. OGpasyrommecss B akTUBHON 30HE
peaxTopa siipa remus ,'He (aab(a-4acTHIel) BHIBOIATCS
n3 paboueii kamepsl TSP, nenoHN3UPYIOTCS, OUMILAIOTCS
OT TEPMOSAEPHOIO TOILIMBA M 3aKAYUBAIOTCS B €MKOCTH
JUISL CBOEr0 JAJbHEHINEro TEXHUUYECKOro NPUMEHEHUS
(cm. puc. 14). [ToaToMy MOKHO TOBOPHTH O TOM, YTO IS
cxembl noctpoerus TADC ¢ TSP, nokasaHHOW Ha puc.
14, TorMBOM cIyXuT Aeiitepuit D u m3oTomn muTHs 3°Li.
3ameTuM, 9TO MPH NOIYIeHUH TpuTus T BMecTo m3oToma
aurus ;°Li B 6naHkere K&MéPLI TSP MOXeT HCIIOIB30-
BaThCsl U MPUPOAHBIN uTHH 3 Li. [Ipu 3TOM B pe3ysbrare
€ro SHAOTEPMHUYECKOTrO (C IOTJIOMIEHHEM SHEPTUH U CO-
OTBETCTBEHHO TEIUIOTHI) SIIEPHOTO B3aWMOJICHCTBHSA C
OBICTPBIMH BHICOKOYHEPreTHUHBIME HEHTPOHAMH '1 00-
pa3yroTcs sapa reiaus »'He, TpuThs T WM OAMH OIOJIHU-
TenbHbIA HelTpoH o'n [1, 18]. Criemyer oTMETHTH, YTO
M30TOIBl JIHTHS 3'Li U 3/Li, CHOCOGHBIE MIPOU3BOJIUTH
HeoOxoaumeid TADC u ee TAP tputuit T, gocrarodno
IIPOKO PacIpOCTPaHEHbI B OKPY’KaroleH npupoze (mpu
CBOEM IIPOIEHTHOM OTHOIIEHWH Kak 7,5/92,5 [1, 4]). o
OLIEHKaM 3KcHepToB oguH TSP snexkTpuueckoil MOILIHO-
cteio B 1000 MBT OyneT coxuraTh B CBOCH aKTHUBHOW 30HE
B rox okojio 100 xr gewrepust D u 300 kr n3oToma JIUTUS
1°Li [1]. Ecim mpesmonosxkuts, 4to B 21-0M cromeTHn
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TSDC Beero Mupa GyayT IPOM3BOUTH IPUMEPHO 5-107°
Jbx/ron (monoBuHy Oyaymmnx MoTpeOHOCTEH desoBedyecT-
Ba B DIIEKTPOIHEPTHH), TO TOJOBOE MOTpeOICHUE IeiTe-
pust D u u3oToma nutus ;3 Li Ha HEX COCTaBUT COOTBETCT-
BeHHO Bcero 1500 m 4500 T [1]. IIpm TakoM MHpPOBOM
TOJIOBOM MOTpeOneHnn neitepus D u u3oTomna JIUTUS S8Li
Ha Oynynmx TADC naHHBIX MOJE3HBIX MCKOMAEMBIX Ha
mIa”eTe 3eMJIis XBaTUT Ha MHOTHE MUJITHOHEI JieT [ 1, 5].

6. Pagnanuonnas 6esomacHocts THAP u TAIC.
[onnepxanue nonoxurenapHOro Oananca sHepruu B TSP
tna «TOKAMAK)» TpeOyer MOCTOSIHHOTO W IEUKATHOTO
YIIPaBJIEHUS TIPOLIECCOM «TOPEHUSD) IIA3MBI, a TAKKe CTPO-
IO CHHXPOHHM3MPOBAHHOW pabOTBI BCEX OCHOBHBIX CHCTEM
Takoro peakropa. B TP, nocTtpoeHHOM Ha OCHOBE ycCTa-
HOBKH-TOKaMaka, OTKa3 B paboTe 000 M3 ero cucrem
MPUBOJUT MO0 K MOTEpE YCTOMYMBOCTH B LIHYpPE IUIA3MBbI,
MO0 K ee 3arpsi3HCHUIO0 MPUMECSMHU C TIOCIESIYIONHUM OX-
JIAXKIEHUEM TIIa3Mbl U B KOHIIE KOHLIOB K CPBIBY €€ «Trope-
Hus» [1]. B 3T10if cBS3M TpyAHOCTH B 0OECIIEYeHNH yCTOM-
quBOTO TpoTeKanus B Takux TSP mpomecca YTC wmrparor
TIOJIOKUTEITBHYFO POITh 11l Oe3omacHocTu camoro TSP. Ipu
9TOM B J000M THIIE KOHCTpYKImid TSP pesxum HeKoHTpo-
JIMPYEMOTO HapacTaHWs €ro MOIIHOCTH HcKirodaercs. Ot-
crymwieHue B TSP or pexxuma ycTOMYMBOrO NpPOTEKAHUS B
ero cmecH Jierkux syaep Y TC B 1100yr0 CTOpOHY He3aMeI-
TETbHO TPUBOJUT K CPBIBY «TOPEHHUs» IIa3MEHHOTO ITHypa
U NPEKPALIEHUIO B HeM siepHbIX peakiuid. [Toatomy TSP ¢
MarHuTHBIM yZIEPKaHUEM IUIa3Mbl TIPUCYINA BHYTPEHHSI
6e3omacHocTs [1]. B mporiecce paboter TSP B ero akTuBHOIM
30HE HAKAIUIMBAIOTCS PaJHOAKTUBHBIE JIEMEHTHI, KOTOPbIE
MOTYT MPEJCTaBIATh ONPEETICHHYIO PAIUAlMOHHYIO OIac-
HOCTh 11 OOCIY’>KHBAIOLIEr0 €ro IepcoHana, HACENICHHs
ommanexamux Bokpyr TSADC teppuTopHii 1 OKpyIKaromen
cpensl. CiemyeT OTMETHTh, YTO Hcnoik3yemoe B TSP torm-
JIMBO B Buze Aeirepusa D u u3otona iutus 5°Li snstercs He
paaroakTUBHBIM. He paanoakTHBEH M KOHEYHBIX HPOILYKT
or YTC B TSP — renuii 24He. B TAP, ucnonssyromem D—T
SIIEPHBIE PEaKIMK, OCHOBHBIMU MCTOYHHKAMH PAANOAKTHB-
HOCTH SABJISIIOTCS: BO-TIEPBBIX, TPUTHH T, KOTOPHIN y4acTBy-
€T B TOIUIMBHOM IIMKJIE PEAKTOpPA; BO-BTOPBIX, HABEACHHAS
OBICTPBIMH  BBICOKOSHEPI€TUUHBIMK HEWTpOHaMH, 00Opa-
syronMucs B miporecce YTC B ero kamepe, paaroaKTHB-
HOCTb B KOHCTPYKIIMOHHBIX MaTepuaiax peakropa (0coOeH-
HO B CTEGHKE OJIaHKETa KaMepbl, KOHTAaKTHPYIOLIEH depes
MarHuTHoe mone ¢ mia3moit) [1, 5]. [lnga ymeHbIueHus uc-
KyCCTBEHHOH Pa/JIMOaKTHBHOCTH CTEHKM OJaHKeTa IUIs Hee
TpebyeTcs BEIOMPATh CIIeUabHBIE CTOMKHE K HEUTPOHHON
paauaniy Marepuaibl. Pe3yabTaTsl IpoBEIeHHBIX HCCIIeNo-
BaHUI [TOKA3bIBAIOT, YTO B CJIy4ae U3TOTOBJIEHUS YKa3aHHOU
CTEHKH OJIaHKeTa W3 BaHaMH-THTaHOBOTO CIUIABA MM Kap-
Onga KpeMHHS OHa (CTEHKa) IOCJIE OCTaHOBKH PEaKTopa
TEepsieT CBOIO PAANOAKTHBHOCTh JI0 YPOBHS aKTHBHOCTU PY-
II61 TIPEPOTHOTO ypaHa 08U npumepro 3a 30 ner [1]. He
creqyeT 3a0bIBaTh M O PaJHOAKTUBHBIX HPOIYKTaX KOPPO-
30H, MIPUCYTCTBYIOMINX B KUIKOM TEIUIOHOCHTENE TIEPBOTO
KOHTYpa OXJIaXKJIEHHs1 Kopiryca peakTopa. Ilo cpaBHeHHIO ¢
SIP neneHus TSDKENBIX sIEp, UCIONB3YEMBIMHM ce€iluac Ha
MotHbix ADC, TSP obnanator 3HauMTENBEHO OOMNBLICH pa-
JMAIMOHHOM Oe30macHOCThIO [ 1, 5].

7. Pa3paboTka U co31aHHe ME:KAYHAPOIHOIO Tep-
MOSIAEPHOTO JKCNEPHMEHTAIBHOIO PeaKkTopa THIA
HUTIP. B 1985 r. psmom Benymmx crpan mupa (CCCP,
CIIA, ®panmmeti, BenukoOpurtanneit, Anonueit u ap.)
ObUT HaYaT MPOEKT MO pa3paboTke KpynHeinero Mexmy-

HapogHoro TepMmosiiepHOro DKCIIepUMEHTATbLHOTO Peak-
topa (UTOP) snekrpuueckoir MomHOCTEO 0 1500 MBT
[1, 25-27]. 3a ocHoBy Takoro UTOP Benymmmu y4eHbI-
MU-ZIEPIIMKAMH MHpa M Hay4YHO-aJIMUHHCTPATUBHBIMU
PYKOBOAUTEISIMUA 3TOTO MEXIYHAPOJHOTO MPOEKTa Oblia
NPUHSTA TIYOOKO YCOBEpIIEHCTBOBAHHAs KOHCTPYKIIUS
MOIITHON TepMosiiepHoil ycraHoBku Ttrna « TOKAMAKY
[1, 27]. TAP tuna UTOP (B aHrMIICKOH TpaHCKPHUITLUH
tuna ITER) miaHupyercs 3amyCcTUTh B ONBITHYIO 3KC-
myaramuio B 2025 1. [1, 25-27]. Ha puc. 15 npusenex
o0mmid CXeMaTHYHBIA BUI 3TOTO KPYIHEUIIEro B MHpE
TP, ucnonb3yrouero cxemy MOCTPOEHUsI ONMCAHHOTO B
monpasnene 2.1 Tiy0oKo yCOBEpUIICHCTBOBAHHOTO KIIAC-
cu4eckoro Tokamaka [ 14, 27].

Puc. 15. Cxemarnuecknii 00beMHBII BUA B pa3pese MexayHa-
poxnnoro TepmosinepHoro DxkcnepuMeHTaIbHOro Peakropa tumna
UTOP (International Thermonuclear Experimental Reactor —
ITER), coopy»aeMoro B HacCTOSILEEe BPeMsl B paMKax KpyTHeH-
IIEr0 MEXyHapOAHOTO HAyYHO-TEXHUUECKOTO IIPOEKTa COBPE-
MEHHOCTH (CTOMMOCTBIO IO COCTOSTHUIO Ha 2017 T. mpuMepHO B
15 munnmmapnos eBpo) Ha tore @pannun (mpoBuHIus [IpoBaHc)
B FICCJICIOBATENNBCKOM siiepHOM IieHTpe I. Kagapam (B 60 kM ot
r. Mapcemns) [14, 27]

Ha puc. 16 nzobpaxen obmuii Bua pabodei TOpou-
JTATBHOW KaMephl 3TOTO MOIIHOTO 3KCIIEPUMEHTAIHHOTO
peaktopa-Tokamaka [14, 27].

i ==ax
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Puc. 16. O0muii BUI H3HYTPH MaKkeTa TOPOUNAIBHON BaKyyM-
HOM KaMepbl ¢ TYTOIUIaBKUM MacCHBHBIM OJIAHKETOM CTpOsIIIe-

rocst B0 @pannun kpynHoradapurHoro TSP tuna ITER [14, 27]
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B cocraB TSP tuna UTOP (ITER) Oynyt BXOIUTH
CJIelyIolIre OCHOBHBIE CUCTEMBI U YCTpoOiicTBa [26, 27]:

e MarHUTHAsl CUCTEMa PeaKTopa, conepxamias 18 cBepx-
TIPOBOISIIIMX KAaTyIIEK TOPOUIATIEHOTO 1O (TIPOBOIHUKH —
Nbs;Sn; Tox — 68 KA; maAyKIwa — 11,8 Ti; HakormeHHas
noniem sHeprust — 41 I'Ix; macca — 6540 T; croumocTts — 323
MJH. €BpO), 6 CBEpXIPOBOMAIINX KATyIIEK IMOJIOWAAIBEHOTO
niosist (poBoanukd — NbTi; Tok — 52 KA; nungykums — 6 T,
HakoruienHas nojeM aneprusi — 4 I'J[x; macca — 2163 T
CTOMMOCTh — 122 MJH. €BpO) M LEHTPaJbHBIN COJCHOMM
(mpoBomurku — NbySn; Tok — 46 kA; unmykims — 13 To;
HakoruieHHas nosieM sHeprus — 6,4 I'/x; macca — 974 T;
CTOMMOCTB — 135 MIIH. €Bpo);

® BaKyyMHas TOpOHWJaJbHas Kamepa C JBOWHOW CTEeH-
KO (BBITONTHSIETCS M3 HEP)KABEIOIIEH CTalll, IMEIOIIEH B
aMepHKaHCKOM copTameHTe Mapky 316LN, a B poccuii-
ckoM — 03X16H15M3; Gonpimoit pagnyc kamepsl — 6,2 M;
MAaJTBIid pagyc Kamepsl — 2 M; BBICOTa KaMepbl — 10 11 wm;
0o0BeM mosoctu kamepsl — 10 1400 M ; Macca — 10 5000 T;
JUIS yIaBIuBaHUA MpoayKToB Y TC M OYNCTKHU IUIa3MBI OT
3arpsA3HEeHUil KaMepa CHU3Y OCHallleHa JAWBEPTOPOM; I
OXJIAXKIECHUS KaMepbl MEXKIY €€ CTEHKaMU LUPKYJIUPYET
JUCTUUIMPOBAaHHAasA BOJa; BHYTPCHHAA CTCHKAa KaMEpPbl
JUISL 3aLUTHI OT MOIIHOTO TEIUIOBOTO M HEMTPOHHOTO M3-
JIy4eHH OCHalIeHa OJIaHKETOM);

e OJIaHKET BaKyyMHOH Kamepbl aisi ynobctBa B 00-
ciyxuBaHUH conepxutT 440 KacceT (TpH KacceThl couep-
Kat m3oton ymths s°Li jis momydenus tputus °H), Ka-
XKJasi U3 KOTOPBIX MMEET OOpAalICHHYIO K IUIa3ME ChEM-
HYIO CT€HKY W3 OepriuIus TOMIIHHOM 10 10 MM 1 MeIHBII
KOPITyC, YIIPOYHEHHBIH HEP)KaBEIOMIEH CTalbIo (pa3Mephl
KaXJIOH KacceThl cocTaBisiioT 1 x 1,5 M, a Bec — 10 4,6 T);

® 13JIEKTPOHHO-LIMKJIOTPOHHBIM PE30HAHCHBII Harpepa-
tenb masmbl Tunia ECRH (Electron Cyclotron Resonance
Heating), npeaHa3HayeHHBIN /151 IEPBOHAYAIBHOTO Pa30-
rpeBa CMECH Ta30B, MOCTYMNAIOIINX B KaMepy; B KauecTBe
HCTOYHHMKOB 3JIEKTPOMArHUTHOW SHEPIHU NPUMEHEHBI 24
THPOTPOHA KaXkplil MoiHOCThI0 1 MBT, paboueii yacro-
toit 170 I'T ¥ mIUTENBHOCTEI0 (POPMHUPYEMOTO HMITYITh-
ca 10 500 c; s BBOJA SHEPTUM OT THPOTPOHOB B KaMepy
HMEIOTCS CIIENNAIbHBIE «OKHa», BBIIIOJIHEHHbBIE U3 MOJH-
KPHCTAJUIMYECKOTO HCKYCCTBEHHOIO anmasa (auamerp
KXJIOTO aJIMa3HOTO AucKa ToiamuHor 1,1 MM — 80 Mm);
BBIOOp anmasa ObuT OOYCIIOBICH TEM, YTO OH MPO3payeH
st CBUY-uznydenus, mpodeH, paJMallMOHHO CTOEK U
00J1a/1aeT TEIJIONPOBOAHOCTBIO B ISITh pa3 BBIIIE, YEM Y
MeIy; 4epe3 KakJoe aliMa3HOe «OKHO» Kamephl Oyzaer
MPOXOJAUTH MOLIHOCTH 710 500 MBT/™m?;

® MOHHO-IIMKJIOTPOHHBI PE30HAHCHBIH HarpeBaTelb
mia3mel Tana ICRH (Ion Cyclotron Resonance Heating),
MIpeAHA3HAYCHHBIN I pa30rpeBa MOHOB IUIA3Mbl; B Ka-
yecTBe mcrouHMKa BYU-m3mydeHus (¢ gactotoit mo 55
MI'1) ncnoip3yeTcsi MOLTHBIN PaJllOYacTOTHBIM TeHepa-
TOp Ha TETPOAAX, MEPENAIONINH Yepe3 BOIHOBOABI U aH-
TEHHBI 3JIEKTPOMAarHuTHY0 3Hepruto B kamepy TSP;

® UHXKCKTOP HeﬁTpaﬂbHI)IX aTOMOB, «BBICTPCIINBAIO-
LIMiD» B IJIA3MEHHBIN IIHYp PEaKTOpa MOILHBIN IIy4OK U3
aToOMOB Jeutepus D, npenBapuTebHO MOHU3UPOBAHHBIX
(haKTHYECKH /10 CBOMX sIJIep M YCKOPEHHBIX B IIUKJIOTPOHE
JI0 KMHeTHueckod sHepru B 1 M»1B; mepen nonaueil B
kamepy TAP yckopennsle sapa geditepus D nemoHusu-
PYIOTCS B sTYEKaX, 3aIIOJTHEHHBIX Ta30M (37IeCh OHH 3aXBa-
TBIBAIOT 3JIEKTPOHBI Y MOJICKYJ ra3a U PeKOMOMHUPYIOT;
TIOCIIE ATUX SYEeK HE yCIEBIINE PEKOMOMHMPOBATH sIpa

neiitepust D OTKIOHSIOTCS MArHUTHBIM TIOJIEM M OTBOJISIT-
sl Ha CIellMalibHbIe MUILICHH ISl TOPMOXKEHHUsI); Ha peak-
tope ITER mnanupyercs yCTaHOBUTH J1Ba MOLIHBIX HH-
JKEKTOpa HEHTPaJbHBIX aTOMOB (TIPH CyMMapHOM IIO-
TpeOJICHUN MU AIIEKTPOIHEPTUH B 55 MBT), Kax b1l u3
KOTOPBIX CIIOCOOEH BBOIUTH B TOPSIUYIO MJIa3My BaKyyM-
HOM Kamepbl peaktopa 10 16 MBT TemnoBoii sHEpruH;

® KpHOCTAT, SIBJISIOIIMNCS CaMbIM OOJBIIMM TI0 pa3zMe-
paM yCTpoiCTBOM peakTopa (MMeeT 00O0JOUKy M3 Hepika-
Berowell craimn oGbemMoMm 16000 w, BbICOTY 29,3 M, nua-
Mmetp 28,6 M u Maccy 3850 T); KpHOCTAT BBIMOJIHSAET KpOMe
YUCTO MEXaHWYeCKHX (yHKIMH (omopa Ui 3JIEMEHTOB
peakTopa M MX 3allUTa OT IOBPEXICHUH) M TEPMOH30II-
IIMOHHYIO (DYHKLHIO, CBOJSIIYIOCS K POJM BaKyyMHOTO
«repMoca» U Oapsepa MeXIy BHyTpeHHEH monocTio TAP u
BHEITHEW Cpelod; KPUOCTAT Ui CHIDKEHHS MaryOHOTO
BIMSIHUSL Ha OKPY)KAIOUIyI0 CpeAy WHTEHCHBHOTO HEH-
TPOHHOTO M3Iy4YCHHUsI pPEaKkTopa OyHeT CHapyXH OKPY>KCH
«OZIESUIOM» M3 CIEILMAIbLHOr0 O€TOHA TOJIIMHONM 2 M, BBI-
MOJIHSIOIINM PoJib Ono3anutel (Bioshield) TP,

® TOIUIMBHasg CHUCTEMaA, IOCTaBJIANONIAsd B aAKTHBHYIO
30HY Kamepbl peakTtopa, umeroueid kpurepuid Jloycona
n,7,>10°° M™c, cmech u30TONOB BOZIOpONA — MeiiTepus D
u tputust T; B Hauase pabotsl TSP sTa cMech B ra3000-
Pa3sHOM COCTOSIHHM C TIOMOIIBIO CHCTEMBI BIPBICKA I10]T
HHU3KUM [aBJICHHEM IIOCTYIIaeT B OTBaKyyMHPOBAHHYIO
Kamepy, I'7le OHa HarpeBaeTCs, HOHN3UPYETCSI M MpeBpa-
aeTcs B IJIa3My; Jajiee sl BBOJA B IUIa3MEHHBIA IIHYD
JIOTIOJTHUTEIBHOTO JAEHTEPUH-TPUTHEBOTO TOIUIMBA WC-
MOJB3YETCs «WIEAsHas» IyIIKa, MMIYJIbCHBIM 00pa3zoM
BBICTPEJIMBAIONIAS B 3TOT IIHYP MOJ AABIEHHEM CO CKO-
poctbio ~1000 m/c 3amoporxkenHble rpanyiasl D—T cMecu;
B KaXKJbIl TEKYLIMI MOMEHT BPEMEHU B KaMepe peakTopa
JIOJDKHO HaXOAMUTHCS He Oosiee 1 T yka3aHHOTO TOTIINBA;

® BAaKyyMHas CUCTEMa, IIpeAHA3HA4YEHHas [ BaKyy-
MHUPOBaHHS MOJIOCTH KaMephl (JaBJICHHE B HEH HE JOJIK-
HO mpeBbIaTh ypoBHa 10’ 0T HOpMaNBHOrO aTMocdep-
HOTO MaBJEHUs) W WHBIX eMeHToB TSP (Hampumep,
JVHUHA nepenad B KaMepy MHKPOBOJIHOBOTO 3JIEKTPOMAr-
HUTHOTO W3JIyYCHHS, CHCTEM MHXKCKIIMM B KaMepy MOII-
HBIX IOTOKOB HEUTPAJILHBIX aTOMOB U JIp.); IIIAHUPYETCH,
9TO AJSI BAKYyMHON MOJTOTOBKH BCEX IOJCHCTEM pEak-
TOpa MOJA0OHOH CHUCTeMe MOHAI00UTCs OKOJIO 48 U;

® KpPHOTEHHAas CHCTEMa, CIIyKamas Ul OXJIaKICHUS
JIO CBEPXIIPOBOJSIIIIETO COCTOSIHUSI TOKOHECYIIMX YacTel
MarHUTHOM CHCTEMBI DPEaKTOpa; COCTOMT M3 a30THOIO
(obecnieunBaeT TermoBy0 Harpy3ky B 1300 kBt npu tem-
neparype kursniero azora B 80 K) u renmeBoro (obecre-
YHMBAaeT TEIUIOBYIO HArpy3Kky B 65 kBT npu notpedisiemoit
MOIIHOCTH XOJOAMJIBHBIX MamuH B 16 MBT) KOHTYpOB;
3amac Tellis B CHCTEME COCTaBIIIET 25 T, KOTOPBIH Xpa-
HUTCA B XUAKOM (mipu Temneparype 4 K) u razoobpazHom
(npu temmepatype B 80 K) Bume B crenmanbHBIX «TaH-
Kax»; 00Ias JyInHa KPUOJIUHUI paBHA ~3 KM;

® cucTema 3JeKTPONUTAHUS PEaKTOpa, MOAKIIoYaeMast
JIDIT mymHo# 1 kM K paHIly3CKOM MTPOMBIIUIEHHONW CETH
HanpsbkeHueM 400 kB; mig BHyTpenHux Hyxa TSP non-
BOJIMMOE CETEeBOE HAmpsDKEHUE MOHMKaeTcs 10 22 u 66
KB; nmeercs 1Be BHYTpEHHHUE CETH JIEKTPOITUTAHHS 000-
pynoBanusi TSP: nepsas tuma SSEN (Steady State
Electrical Network) — ceTb mocTossHHOH MOIIHOCTH (ee
noTpeOuTeT He TPEOYIOT «OPOCKOB» MOIIHOCTH; HMEET
4eThIpe TpaHchopMaTopa npHu Bece Kaxaoro B 90 T); BTO-
pas tunia PPEN (Pulsed Power Electrical Network) — cetsb
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NepEMEHHON MOIIHOCTH (€€ MOTpeOuTenH TPeOYIoT Or-
POMHOH MOIIIHOCTH B MOMEHT «32)KUTaHMSD) IUIa3Mbl B
TopounansHOl kKamepe TSAP; k ee morpeburensiM OTHO-
CSITCS LEHTPAJIBbHBIA COJICHOW] MarHUTHOW CHCTEMBI pe-
aKTOpa, CUCTEMBbI IIMKJIOTPOHHOTO HarpeBa IUIa3Mbl, CHC-
TeMbl ynpasiieHus: U KoHTpoissi TSP; B coctaB 310l cetu
BXOJAT TpH TparcopmaTopa 1mo 240 T BECOM KaXKIbIii);

® BOJISIHAs CUCTEMa OXJIAXKICHHS PEaKTopa, IpeJHa3Ha-
YCHHas 11 OTBOJA 1/136blTKa TCIJ1Ia OT MAaCCUBHBLIX CTCHOK
OnaHKeTa W JMBEPTOpa KaMephbl; 10 3KCIEPTHBIM OIIEHKaM
B MOMEHT 32)KMTaHUsl TEPMOSJIEPHON peakuuu B Kamepe
(mpn muke mommHocty B 1,1 I'BT) crenka Gnankera Oyner
HarpeBatbest 10 240 °C, a Bonb(pamMoBasi CTEHKA IUBEPTO-
pa — 1o 2000 °C; 3ta cucteMa OyIeT HCIOIB30BAThCS TaK-
XKE TIPH OXJKICHUM PaJHOYacTOTHOTO HarpeBaTess
mra3mel Tania ICRH, kproreHHON cHCTEMBI | Ap.

B Tabn. 2 npuBeneHp! BEIOpaHHBIC B MIPOIECCE MHO-

TOJIETHUX Pa3pabOTOK OCHOBHBIE TEXHHUYECKHE XapaKTe-
pucTtuku 3xcnepuMentanpaoro TSP tuna ITER [26, 27].

Ta6nuna 2
OTKOpPPEKTHPOBAHHBIE B XO/I€ BBIMOIHEHHUS Pa00OT OCHOBHBIE
TEeXHUIECKHE XapaKTEePUCTHKH COOpyxkaeMoro Bo Opanium B
paMKax MeXIyHapOJHOIO IPOEKTa KpynHeiiero B mupe TSP
tuna ITER [26, 27]

1 |TTonHbIN pasiyCc KOHCTPYKIHH PEAKTOPa, M 10,7
2 |BbicOTa KOHCTPYKIUH PEaKkTopa, M 30
3 |Bounboii paguyc BaKyyMHOM KaMepbl, M 6,2
4 |Mauslit pagiyc BakyyMHOH KaMephbl, M 2
5 |O6bem ropsiueii MIa3Mel B PEakTope, M° 837
6 |MaruuTHas HHIYKUMs B Kamepe, Tit 5,3
7 |Cuna Toka B Iia3MeHHOM IHype, MA 15
8 |MorHOCTh BHEIIHETO HarpeBa ria3Msl, MBT 73
9 |CpenHsist TepMOsIIEpHAsi MOIIHOCTh B MMITYJIBCE 32 500
onuH pabounii iukia, MBT
10|ITuxoBas TepMosiiepHast MOLTHOCTh B UMITYJIBCE 32 1100
onuH pabounit nuka, MBT
11|Kos¢duureHt ycuieHus MOIHOCTH 10
12|Cpennsist TemMniepaTypa ropsiueii miasmsi, K 150-10°
13|TIpOA0IKUTENEHOCTD MMITYJIbCA B LIUKIIE, C >400

I'mrantusm coopyxaemoro TSP tuma ITER mnog-
YEepKUBAET €T MOJIHBIH BeC — 0KOJIO 23 ThIC. T (IS CpaB-
HEHHUs yKakeM, 4To Bec DiieneBoit 6anmau B T. [lapmke
cocTaBisieT npuMepHo 7,3 Teic. T) [27, 28]. aHHbIHA pe-
aKTOp HE SIBIAETCA CaMbIM KPYNHBIM 10 (DUHAHCOBBIM
3arpaTaM MEXAYHAapOAHBIM HpoekToM. Tak, pa3paboTka,
COOpYXEHHE U MojjepxKaHue B pabodeM cocTostHun Me-
KITyHApOTHONH KocMmuyeckod cTaHium (mpoekT «MKCy»)
00XOIUTCS CTpaHaM-JOHOPaM B TIOJITOPa pa3a HOPOXKeE,
yem pabotel no npoekty ITER ¢ ux opueHTHpoBOUHON
CTOMMOCTBIO B 15 Mipa. eBpo [27, 28]. ITlnanupyercs, uto
nepBas (aza sxkcniepuMmenToB Ha peaktope ITER nomxna
3aBEPIIUTECS yJEpXKaHUEM B €ro KaMmepe ropsdei mias-
MbI, HarpeToii 10 Temmepatypst B 150-10° K, 10 17 mMun
npu napamerpe (/10 u BBIENSEMON TEPMOSIEPHOM
mouHocty He MeHee 500 MBT [27]. Bropas ¢as3a skcre-
pumenToB Ha ITER nomiHa 3aBeplIMTBCS HENPEPHIBHBIM
pexxuMoM paboTsl 3Toro Tokamaka. [Ipoext ITER momken
MIPOAEMOHCTPHUPOBaTh Bo3MOxHOCTH Y TC M moMoup uc-
CJIEIOBATh TEPMOSIIEPHBIE TEXHOJOTHU ATl UX AalbHEH-
LIETO HCIOJIb30BAaHUSA B MHUPHBIX KOMMEPUECKHX LENAX.
PesynpraTsl sKcnepuMeHTanbHBIX pabor Ha TAP Tuma
ITER momKHBI TPUBECTH CIICIHATUCTOB K pa3paboTKe
npomeinuienHoro TSP, cnocobnoro padorats Ha TSADC.

8. Bo3mokHBIC NEepCNEKTHBBI NPH CO3JAHUHU
npombinieHHoro TAP, TSAIC u B pa3BUTHH MHPOBOIi
TepMoOsiiepHOl 3HepreTukH. lMeromuecs Ha CEroOmHs
KPUTHUYECKHE OLEHKH IKCIIEPTOB YHEPIreTHYECKOTO PhIHKA
YKa3bIBaIOT Ha TO, YTO Bompoc o pentabensHOoCcTH YTC B
MIPOMBIIIICHHBIX YCIOBHSIX SIBJISIETCS ITOKA OTKPBITHIM [5].
Kpome Toro, nmerorcst u 6onee pagukaabHbIe aBTOPUTET-
HBle MHEHHUSI O BO3MOXKHOM Oyaymiem tepmosia. Tak, B
2006 r. akagemuk PAH Tpyrtaes FO.A. (mepBrlii 3amec-
tutens pykopoautens POSAL-BHUMD®, r. Capos), oT-
Beyasl Ha BONpOC 0 mepcrekTuBax npodiemsr YTC, cka-
3an cieayromiee [29]: «... 4 amoti npobremoii we 3anuma-
1och u He eepio 6 nee. Cyumaio, ymo 6ce 3mu pabomoi —
9mo yodosenemeopenue yueHviMu ceoeli a0b03HamenbHo-
cmu 3a cuem 2ocyoapcmea. Hccnedosanus 6 obaacmu
mepmoada celinac npoooNlCaOmcs, HO A He 6epio, 4mo
MepMOs0 CmaHem UCMOYHUKOM IHepeuu oadce 6 He-
CKOILKO 0omoaneHHom Oyoyujem». SnepHast SHepreTHka,
Oazupylomasics Ha peaKkuusIX AEICHHUsS TSDKENbIX szep
MEIJICHHBIMU HUJIN 6I)ICTp])lMI/I HeﬂTpOHaMH, Ipu BCEX €€
HEJIOCTaTKaX SBIISIETCS] CEPhE3HON aNbTEpHATHUBOI TEPMO-
snepHoit sHepretuke [1, 2]. Croponnuku YTC nonarator,
YTO OKOHYATENbHOW (ha30i SKCIEPUMEHTANBHBIX PadoT
Ha peakrope-tokamake tuna ITER nomxkna crate paspa-
00TKa TPOTOTHIIA TPOMBIIIJICHHOTO pEeakTopa THIIA
DEMO, Ha k0oTOpOM OyAeT NpoJeMOHCTPUPOBaHA IMpaK-
THUYECKask IPUTOJHOCTh NMPUMEHEHHBIX B HEM pEIICHHUH U
KOHCTPYKIIMOHHBIX MarepuanoB. Hanbonee ontumucTud-
HBIE TIPOTHO3BI 110 BPEMEHH 3aBeplieHus (a3pl padoT Ha
TSP tuma DEMO — 2045 1. [5, 28]. Benen 3a mpoektom
DEMO MoXeT HadaTbCs M MPOEKTHPOBAHUE IMPOMBIII-
nerHoro obpasma TSP. IIpenmonaraercs, 94To MEpPBYIO B
Mupe npomsinuieHHyo TADC moryt coszgate k 2055 T.
[5, 27]. CnenmanucTsl nonaratoT, uro TAIC ¢ anmekTpu-
yeckoil MomHocThio 1000 MBT B mnaHe paananvoHHOU
OMAacHOCTH OyJeT SKBUBAJICHTHA PEAKTOPY NEICHUS Ti-
KEJIBIX s7ep B IPUPOIHOM ypaHe o, U, CofiepiKarieM Ha
emuHUIy Beca 1o 0,71 % nensmerocs memHbIM 00pa3oM
TEIUIOBBIMU (MEVICHHBIMH) HEHTPOHaMHU H30TOIA ypaHa
0:°°U [4], momHocTsio 1 KBT (3TO THIHYHEIA mpEMep
YHHUBEPCUTETCKOTO0 nccienosarenasckoro AP) [5, 11]. [lpn
Bcel cBoel mpuBiekarensHocTH TADC Bompoc 00 mx
MPOMBINUICHHOM HNPHUMCHEHUU IMPOACHUTCA B MHPC, Ha-
BEpHOE, JIULIb K cepeanne 21-ro Beka. K sTomy BpeMeHu
OyIyT U3ydeHBI €Ille He PEIICHHBIC TPOOIEMbI U3 (PU3UKH
BBICOKOTEMIEPATypHOIl TIa3Mbl TOKaMAaKOB M TOSBATCS
HCOMNPOBEPIKMUMBIC OIIBITHBIC OJaHHBIC O BO3MOXKHOCTU
co3/1aHus TMpOMEIIIIeHHOTo oOpasna TAP, 6e3 xotoporo
HEBO3MOXXHO IIOHUMaHue mepcrnekTuB pazButus YTC,
coznanus TADC u TepMoSaepHON YHEPTETHKH B LIEIOM.

BoiBOaBI.

1. 3 BBINOJIHEHHOTIO KPAaTKOI'O HAay4YHO-TEXHUYECKOTO
0030pa MO MCCIENOBAHUSM B BEAYIIUX CTpaHaX MHpa B
obmact YTC, aktuBHO mpoBoauMbIX ¢ 1950-x romoB, u
TEPMOSZIEPHON SHEPreTUKe OTAAIEHHOTO OyIyIIero cie-
nyet, yro YTC nerkux sinep (Hanpumep, Takux U30TOINOB
Bojopona Kak neirepust D u tputus T) sBisercs npus-
HUITAAJIIBHO BO3MOKHBIM B 3C€MHBIX YCJIOBUSX. MoxHO
KOHCTaTUpPOBATh, YTO 110 COCTOSHUIO Ha KoHer 2017 T.
BEAyIIMMH CTpaHaMHM MHpa IPOBEJECH OIPOMHBIN KOM-
IUIEKC  sIJIEpHO-(PU3NYECKUX MCClIeoBaHnil B oOmactu
VYTC. Co3maHBI U SKCIEPUMEHTAIBHO HCCIECIOBAHEI pa3-
JIM4HblE KOHCTPYKUUU TSP ¢ MarHuTHBIM U MHEPLUOH-
HBIM yIep>KaHHEM Topsiueil miaa3Mbl. JJoOCTUTHYTBIE B DKC-
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nepuMeHTanbHbIX TSP pexopaHble ypoBHU TeMmepaTyphl
U BpEMEHHU yjepxaHusa ropsuedl miasMel B D-T cmecu
coctamu 300-10° K i 6 mun. TIpi 5TOM OCHOBHO# Tex-
HUYECKOM 3amadeil BO BceM wHpe I (DU3HKOB-
SIIEPIIMKOB M MHXXEHEPOB-IHEPIETUKOB SIBIISICTCS pa3pa-
00TKa W co3IaHue MPOMBIIUIEHHOTO oOpasma TSP, koTo-
PBIi OBI CyMen SKOHOMUYECKHM 00pa3oM KOHKYPHPOBATh
C M3BECTHBIMU UEJIOBEYECTBY MHBIMH MOIIHBIMH HCTOY-
HukaMmu sHepruu. Ha ceronns takoi koHcTpykuuu TSP B
MHpe MoKa He cyiectByeT. /s ero pa3paboTKu MpoBO-
JIUTCSI KOMIUIEKC TIOMCKOBBIX DKCIIEPUMEHTAIIBHBIX PadoT,
amoreeM KOTOPBIX JOJDKEH CTaTh KPyHNHEWIIMH B MuUpe
TAP-toxamak tuna ITER, coopyxaeMslil ceiiuac B pam-
Kax MEXAyHapOJHOrO MpOoeKTa Ha rore OpaHnuu.

2. B onwxkaiimiedt nepcrnektuBe (Bo3mMoxxHO, K 2030 r.)
CHEIHANUCTHl MOTYT ToxyunTh Ha TAP (Hampumep, Ha
ToM ke Tokamake tuna ITER) ero snepreruyeckuii moka-
satens Oy = 10 (nmonayyaemast B peakTope TepMosiiepHas
sHeprug B 10 pa3 mpeBbIIIaeT YHEPTHUIO, 3aTPAYNBAEMYIO
Ha TIOATOTOBKY U yAepKaHue ropsueil mia3msl). HecmoT-
psl Ha 3TO JIOCTHIKEHHUE, MEPBbIE IPOMBIIIICHHBIE 00pa3-
sl TSP OynyT HamMHOTO JOpOKe, 4eM ypaHoBble SIP Toi
K€ MOIIHOCTH (W3-3a 0Oojiee CIOXKHOM CBOEH KOHCTPYK-
LUH, KPYMHOTaDapUTHOCTH, NPHMEHEHHS CBEPXIPOBO-
JSIIUX 3JIEKTPOMAarHuToB U 0ojiee KOPOTKOIO CPOKa CBO-
eit cimyx0s1). [ToaTomy B 21-0M cTONETHH HABPA[ JIU OHU
OyZmyT crOCOOHBI BBIMTPaTh KOHKYpeHIHIo y SIP, ucroms-
3YIOIIMX PEaKUUHU JAENEeHUS HEUTPOHAMM TSKEINBIX saep
H30TOIOB ypaHa 9223 SU, LIy TOHMSI 94244Pu U TOpHUs 90232Th.

3. Ha moi#i B3rmsj, Kak y4eHOro-aJeKTpodH3HKa, He-
CMOTpS Ha CTOJIb CKPOMHBIE NEPCHEKTUBBI IIPAKTUIECKO-
ro npumeHeHuss YTC B HBbIHEIIHEM CTOJIETHH, YeJIOBEUe-
CTBO C YYETOM CBOETO HEYKJIOHHOTO Pa3BHUTHS B TPETHEM
TBICSIYCJICTHN W OBJIQJICHUS HOBBIMH 0o0Jiee BBHICOKUMH
3HAaHWAMH B (DyHAAMEHTAJILHOI HayKe M TEXHUKE 0053aHO
B MHTEpECcax Mporpecca HaCTOWYHMBO MPOIOIDKATH PAOOTHI
B 00JIACTH MUPHOTO OCBOCHHS TEPMOSICPHON IHEPTHH.
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An anthology of the distinguished achievements in science
and technique. Part 46: Thermonuclear power engineering.
Thermonuclear reactors and power plants: retrospective
view of investigations of the controlled thermonuclear
synthesis, their state-of-the-art and future.

Purpose. Preparation of brief scientific and technical review
about the retrospective view of investigations, state-of-the art,
problems and possible prospects of development in the world of
thermonuclear power engineering. Methodology. Known scien-
tific methods of collection, analysis and analytical treatment of the
opened scientific and technical information of world level in area
of the controlled thermonuclear synthesis (CTS) and thermonu-
clear power engineering, resulted in scientific monographs, jour-
nals and internet reports. Results. A brief analytical scientific and
technical review is resulted about the retrospective view of re-
searches, modern state, basic achievements, existent problems
and possible prospects of development of thermonuclear power
engineering in the leading countries of the world. Nuclear physi-
cal bases of process of flowing of CTS are resulted in mixture of
light nuclei. Information is presented about the results of the ini-
tial and modern stages of world researches in area of CTS. Basic
constructions and technical descriptions of thermonuclear reac-
tors (TNR), utilizing the magnetic and inertia withholding of hot
plasma are described. World progress is analyzed in area of de-
velopment, creation and research of experimental TNR, being
based on the systems of withholding of hot plasma in toroidal
magnetic «traps» (options: tokamaks and stellarators) and inertia
systems of laser-impulse technology of microscopic explosions of
targets-capsules of thermonuclear fuel. Information is resulted
about the basic types of thermonuclear fuel, which can be used in
the duty cycles of TNR, and safety of TNR. The basic systems and
devices of the largest in the world of experimental TNR-tokamak
of ITER type (with a reference cost of EUR 15 billion and term of
putting into an experimental operation in 2025), erected now
within the framework of international project in France are de-
scribed. Basic problems are indicated in area of CTS in experi-
mental TNR and creations in the future of the thermonuclear
power plants (TNPP). The important role of TNPP and thermonu-
clear power engineering is marked on the whole in providing of
humanity in a long-term prospect electric energy. Originality.
Certain systematization of the scientific and technical materials
touching the problem of CTS of light nuclei and practical applica-
tion in the peaceful aims of thermonuclear energy known from the
sources opened in outer informative space is executed. It is shown
on the basis of approach of the systems, that, in spite of row of
existent technical problems in area of creation of industrial TNR
and practical commercial capture thermonuclear energy, thermo-
nuclear power engineering has an important value for providing
in remote future electric energy of all of humanity. Practical
value. Scientific popularization and deepening for the students of
technical universities, engineering, technical and scientific work-
ers, working in the power sector of economy, scientific and tech-
nical knowledge in area of CTS and thermonuclear power engi-
neering, extending their scientific range of interests and further
development of scientific and technical progress in society. Refer-
ences 29, figures 16, tables 2.

Key words: thermonuclear synthesis and reactor, thermonu-
clear power engineering, tokamak, stellarator, laser-impulse
reactor, safety of thermonuclear reactor, thermonuclear
power plant of the future, problems and possible prospects
of development of world thermonuclear power engineering.
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EnekmpuyHi MawuHu ma anapamu
VJIK 621.313:536.2.24:539.2

doi: 10.20998/2074-272X.2018.6.02
B.®. bomrox, U.C. Ulykun

OINTUMM3AIIMOHHBIN MOJAXOJ K BEIEOPY TIAPAMETPOB JIMHEHHOT' O
MMITYJIBCHOI'O HHAYKIUOHHOI'O 3JIEKTPOMEXAHHYECKOI'O
INPEOBPA3OBATEJIA

Po3poonenuii onmumizayiinuii nioxio 0o eudopy napamempie JAiHiliHO20 IMNYILCHO20 THOYKUIIIHO20 e1eKMPOMEXAHIUHOZ0 nepe-
meoprosaua (JIIIEII) 3 6azamoeumkosum KOpomrko3amKkueHum akopem. Bin nonsazae y 3naxooscenni maxcumymy inmezpanbHozo
Kpumepito ehekmueHocmi, AKUil 6paxo6ye MAKCUMAIbHY WEUOKICIYb Ma KiHemuuHy eHepzilo 6 nepemeoprosaui uieUOKiCHO20
npU3HaAYenns, amMnaimyoy ma iMnyasC e1eKmpoOuHAMIYHUX 3YCUIbL 6 NEPEMEOPIVBAUi CUN06020 NPUSHAYEHHA NPU MIHIMATLHUX
3HAUEHHAX CIMPYMY [HOYKMOpaA, nepesuuieHaAx memnepamyp ma maci akmuenux enemenmie. Ilpu yvomy euxopucmogyemucs
JIAHUI02084 MAMEMAMUYHA MOO0eTb, AKA 8PAXOCYE 63AEMONO0G’A3ZAHI eNeKMPUYHI, MACHIMHI, Meni0si ma mexaniuni npouecu
JIIIEII Po3pobnena memoouka nouwiyKy mMakcumymy inmezpanvnozo kpumepiio epexkmuenocmi JIIIEII ¢ nouiykoeomy npocmopi 3
GUKOPUCMAHHAM 27100a1bH020 MA JIOKATbHO20 Memoodie onmumizayii. B akocmi 2nobanvhozo memoody 6UKOpUCno8yIomyca 2eHe-
muyni anzopummu, a 8 AKocmi 10KanbHo20 — memoo Henoepa-Mioa. Busnaueni enekmpuuni napamempu eMHICHO20 HAKONUYY-
eaua enepeii ma ceomempuuni napamempu JIIEII, saki 3a6e3neuyroms Hallfinbui 3HaueHHA iHMeZpanbHozo Kpumepir eghexmue-
Hocmi 6 3anexcHocmi 6i0 nPuiiHAmMOzo eapianmy cmpamezii ouinKu egpekmuenocmi. B onmumizoeanux nepemeoprosauax wieuo-
KiCH020 ma cuno6020 npu3navenns inmezpanbhi Kpumepii epexmuenocmi 6 cepeonvomy 6 2,2 pasu euuie, nisne y JIIEII ocnhoeno-
20 euxonanns. bion. 14, radn. 6, puc. 2.

Knouosi cnosa: ninivinmii iMmnyabcHuii iHAyKuiiiHUil eleKTpOoMexaHidYHMIA IepeTBOPIOBAY, JAHIIOTOBA MaTeMaTHYHA MO/IeJb,
iHTerpanbHuii KpuTepiii epekTUBHOCTI, ONITHMI3aNiliHMIl MiAXiN, reHeTH4Hi aaropurmu, meroa Hengepa-Mina.

Pazpaboman onmumuzayuonHlii n00X00 K 66100py Napamempog TUHEHHO20 UMNRYTbCHOZ0 UHOYKUUOHHO20 3/1IEKMPOMEXAHUYECKO-
20 npeoopazosamensa (JINUDIII) ¢ MHO206UMKOELIM KOPOMKOZAMKHYMbIM AKOpem. On cocmoum 8 HaxoMcOeHuu MaKcumyma un-
mezpanvHo20 Kpumepusa IQpexmusnocmu, yuumoléauiezo makcumanvrylo ckopocmo u KIIJI npeobpazosamena ckopocmmnozo
HA3HaueHus, AMIIUMYOy U UMRYIbLC IEKMPOOUHAMUYECKUX YCUNUIL 6 npeofpazosamene Cui06020 HAZHAYEHUA NPU MUHUMATIb-
HBIX NPEGLIUIEHUAX MEMNEPAIMYP, MACCE AKMUBHBIX ITIEMEHMO6 U moKe unoykmopa. Ilpu smom ucnonszyemca yennaa mamema-
muueckan Mooeis, KOmopas yHumsleéaen 63aumMoCceéa3aHHble INeKmpuiecKue, MazHUMHble, Menjioeble U MeXAHUUECKIE NPOUECChL
JIMHUDII. Paszpabomana memoouka nOUCKa MAKCUMyMa UHMezpanbHozo kpumepus ¢ppexmusnocmu JIHUDIII ¢ nouckosom npo-
cmpancmee ¢ UCNOb306aHUeM 2100 IbHO20 U IOKATIBHO20 MEeMo00e onmumusayuu. B kauecmee znobanvnozo memooa ucnonwsy-
10mcs 2enemuiecKue anzopummsl, a 6 Kauecmee n0KanbHo20 — memoo Henoepa-Muoda. Ycmanoenenvt snekmpuueckue napament-
Dbl eMKOCHIHO020 HaKonumens IHepzuu u ceomempuueckue napamempol IHUIII, obecnevusaroujue Haubonvbuiue 3HaUeHUA UHME-
2panbHO20 Kpumepusa I hexmuenocmu ¢ 3a6UcUMOCU OM NPUHANO20 6APUAHMA cMpameuu oyeHku Ipgpexkmusnocmu. B on-
MUMU3UPOBAHHBIX NPEOOPA3OBAMENAX CKOPOCHIHO20 U CUNO0GO20 HAZHAYEHUA UHMEZPATIbHble Kpumepuu Ihgpekmusrnocmu ¢ cpeo-
Hem 6 2,2 pa3a eviue, uem 6 IHUIII ocnoenozo ucnonnenus. bubin. 14, radn. 6, puc. 2.

Kniouesvie cnosa: IMHEeHbIH UMITYJIbCHBINA HHIYKIHOHHBIN 3JIEKTPOMeXaHNYeCKHii Mpeodpa3oBaTeb, LleMHAs MaTeMaTH4e-
cKasi MoJeJib, HHTerpaJbHbIN KpUTepuil 3¢ (PeKTUBHOCTH, ONTUMHU3ALUOHHBIN NOJX0/, FeHeTHYeCKHe AJTrOPUTMbI, METO/
Heapnepa-Mupa.

BBenenne. JluHeiiHble MMITYJIbCHBIE 3JEKTPOMEXaA-
HUYECKHe NpeoOpa3oBaTeId LIMPOKO HCIOJIB3YIOTCS ISt
pasroHa MCIOJHHUTENbHOTO 31eMeHTa (M3J) no BbIcOKOM
CKOPOCTH Ha KOPOTKOM AaKTUBHOM Y4YacCTKE l/I/l/IJ'll/I JJIA
CO3/JJaHUSI MOIIHBIX CHJIOBBIX HMITYJICOB Ha OOBEKT BO3-
JEWCTBHS TIPH HE3HAYHUTENHbHOM HepeMelieHun M3, BbI-
MTOJTHEHHOT 0, HampuMep, B Bune Ooiika [1-4]. Takue mpe-
o0pa3oBaTeny CKOPOCTHOTO M CHJIOBOTO HAa3HAYCHHUS
HCIIOJIB3YIOTCSl BO MHOTHX OTpacisiX HAYKH M TEXHHKH B
Ka4eCTBE JIEKTPOMEXAHUUECKUX YCKOPHUTENEH U yaapHO-
CHJIOBBIX YCTPOHCTB [5].

Hawnbonee mmpoko mpuMEHSIOTCS MpeoOpa3oBaTen
WHAYKIOUOHHOT'O THUIIA, KOTOPBIC HMMCHOT KOAKCHAJIbHYIO
JMCKOBYIO KOH(urypauuto. Takue JMHEHHbIE HWMITYJIbC-
Hble WHIYKLIMOHHBIE 3JIEKTpOMEXaHHYecKHe Mpeodpaso-
Batenu (JIMMUOII) comepkar yCKOpsIeMBIH 3JIEKTPOIPO-
BOJSIIIMI SIKOPb, KOTOPBIM MarHWTHO B3aUMOJAEHCTBYET C
HETOABW)XHBIM HMHAYKTOpoM [6-8]. Ilpm B030Oyxnexun
WHAYKTOpa OT eMKocTHOro Hakonwurens sHeprun (EHD) B
JIEKTPONIPOBOISIIEM SIKOPE MHAYIHPYIOTCS TOK. Bzam-
MOJICHCTBHE MAarHUTHOTO IIOJISI MHAYKTOpa C MHAYIUPO-
BaHHBIM TOKOM NIPUBOJIUT K BOSHUKHOBEHUIO 3JIEKTPOJIH-
Hamuueckux ycwnuid (3/1Y), BBI3BIBAIOIINX aKCHAIBHOE
nepemerenue skops ¢ MD. [Ipu 3ToM cuutaercs meneco-

00pa3HBIM BO30YXIaTh MHIYKTOP MOJSIPHBIM arlepuoIu-
YECKUM HUMITYJIbCOM, YTO MO3BOJISIET HCIOJIB30BaTh LIS
EHD anexrponutnyeckue KOHIEHCATOPHI C MOBBIIICHHbI-
MU YAEJTbHBIMH SHEPreTHYeCKUMH IoKazaTessaMu [S].

OpHako mpu pabote ¢ OBICTPHIM U3MCHEHUEM DJICK-
TPOMArHUTHBIX, MEXaHUYECKUX U TEIUIOBBIX MAapaMETPOB
3} PEKTUBHOCTh CHJIOBBIX M CKOPOCTHBIX ITOKa3aTeJen
JIMUDII mepocratouHo BBIcOKa. OTHUM M3 MyTeHl MOBHI-
IICHUSl YKa3aHHBIX TOKa3aTeled SBIAETCS HCIIONB30Ba-
HHE ONTHUMH3AIMOHHOTO ITOJX0Aa K BBHIOOPY OCHOBHBIX
napamerpoB JIMMUDII. Tlpu Takom BEIOOpE Iemecooopas-
HO HCIIOJIb30BaTh HHTEIPAIbHBIA KPUTEPHUil d3PPEKTHUBHO-
CTH, KOTOPBIH JTOJKEH BKIIOYAaTh OCHOBHBIC CKOPOCTHEIC
i cunoBble nokazatenu JIMUDII mpu yyere ero siek-
TPUYECKHUX, TEIUIOBBIX U MAaCCOTa0apUTHBIX MTOKa3aTeIeH.

Lenbio cTaThm sBISCTCS BHIOOP OCHOBHBIX Tapa-
MeTpoB JIMMSII ckopoCTHOTO M CHUIIOBOTO Ha3HAUYEHUS C
HCTOJIh30BaHUEM ONTHMH3AIMOHHOTO IMOAX0Ja, obecre-
YUBAIOIIETO TOBBIMICHHE CKOPOCTHBIX M CHJIOBBIX TOKa-
3arenell mpyu OTPaHUIEHHBIX YJIEKTPUICCKUX, TEIUIOBBIX H
MaccorabapuTHBIX TOKA3aTeNsX.

s yBenmmueHUs OBICTPOACHCTBHS PacueTHOTO ajl-
ropurMa OyZeM HCIIOB30BaTh IEMHYI0 MAaTEMaTHYECKYIO
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mozens JIMUDII, B KOTOpO#l MCHONB3YIOTCS COCPEAOTO-
YeHHbIE apaMeTpsl HHAYKTopa u sikops [9, 10]. Ykazan-
Hasi MOJIENIb YUUTHIBAET B3aMMOCBS3aHHBIE DJIEKTpUYEC-
KH€, MarHUTHbIE, TEIUIOBBIE U MEXaHHUYECKHE TPOIIECCHI.
YroObl HCKJIIOYUTH BIUSHHE MOBEPXHOCTHOrO 3ddeKra
OyZaeM paccMaTpuBaTh SKOpPb, BBIIOJHCHHBIA B BUJIEC
KOPOTKO3aMKHYTOH MHOTOBHUTKOBOH OOMOTKH, IUIOTHO
HaMOTaHHOW OTHOCUTEILHO TOHKUM MEIHBIM MPOBOJIOM.
Mapamerpsl u moka3ateaun JIMUIIIL. I[Ipomecc
ONTHUMM3AIMK COCTOUT B HAXOXICHUH COBOKYIHOCTH
apaMeTpoB, 00ECTICYNBAIOIINX MAaKCUMAJIbHBIE 3HAUCHHS
CKopocTH M KuHeTHdeckoi sHeprun B JIMUIII cxopoct-
HOTO HAa3HAYCHWSI U MaKCHMAIIbHbIC 3HAYCHHS aMILTUTY-
el 1 umnyiasca DAY B JIMUIII cunoBoro HazHavYeHUS.
YkazaHHBIE TIOKa3aTeNd MOJDKHBI OOECIICYMBATHCS IIPH
MHUHUMAaJIbHBIX MPEBBILICHUSAX TEMIIEPATyp U Macce #-bIX
AKTHUBHBIX 2JIeMEHTOB (7 = 1, 2 — UHJEKCHl HHIIYKTOpa U
SAKOPSI COOTBETCTBEHHO) M MHHHMAIIBHOM TOKE MHIYKTO-
Pa, 4TO BaXKHO JIJISl CUCTEMBI YIIPABJICHUSL.
OcHogHbie apametpsl JIMUIII
Onexmpuyeckue napamempol EHD:
o Uy, W, —Hanpshxerne u sHeprus EHD coorBerct-
BEHHO.
Teomempuueckue napamempor JIMUIII nyis n-oro
AKTUBHOTO 3JIEMEHTA.
® W, — KOJIMYECTBO BUTKOB MPOBOJIA;
e d, — AMaMeTp IPOBOAA KPYTJIOTO CEUCHHUS,
® /., h, — BBICOTA U MIHAPHUHA MPOBOJA TPIMOYTOJb-
HOT'O CEUEHHUSI;
® D n Diy y — Hapy>KHBI U BHYTPEHHUH AUAMETPBI;
e [/, — akcuajbHas BBICOTA.
JononanurensHbie napamerpsl JUUII:
® m,, m,— Macca skopst © D cooTBETCTBEHHO;
o Az = O,5-(H1 +H2)+ Ay — HaYanbHOE aKCHAJIbHOE

CMEIICHHE MEXAY LEHTPAMH /-bIX aKTHBHBIX 3JIEMEHTOB,
e Ay — HaYaJIBHBIN 3330p MEX/y aKTUBHBIMU 3JIEMEHTaMU;

e (opma npeoOpazoBaTens: AUCKOBAs WIN IWIHHIAPUYC-
CKas IPOXOHAsI (SIKOPh BHYTPH WHIYKTOpA U HA000POT);

e TUIl sSKOps (MHOTOBHUTKOBBIH, MacCHUBHBIH, KOMOH-
HUPOBAaHHBIN);

e cxema (OpPMHPOBAHMSA TOKOBOI'O HMMIIyJIbCa B HH-
JQyKTOpe 1pH Bo30yxaeHnn ot EHO;

e HauanbHas Temneparypa Ty, 7-Oro aKTHBHOTO dJie-
MEHTa;

e MexaHW4eckne (akTopbl: CHIBI TPOTHBOACHCTBUS
JIBWXEHUIO KOPs, TPEHUA U AP.;

e napamMeTpbl MOJABOJSIIMX IPOBOJOB U COEIUHU-
TENBHBIX 3JIEMEHTOB.

Ha »Tu mapameTpsl Hak/IaabIBalOTCsl MapameTpuye-

CKHe U (DYHKLHOHAIbHbIE OTpPaHUYEHHUS:

JUISl UICTOYHUKA SHEPIHUU
Uy £Upmax — N0 Hanpsbkenuio EHO;

Womin <0,5-C- Ug <Wymax — 1o suepruu EHD,
rae C =2W,Us? — emxocts EHD;

T HAarpys3Ku

0<m, <m, . — 10 Macce yckopsiemoro M3;

fcmin < fc < fcmax

BYIOIIIUM CUJIAM;

— II0 TOPMO3HBIM M IPOTUBOJEHCT-

JUIA DJIEKTPOHHOM CHCTEMBI YIPABJICHHS
i <i]max — OTPaHUYEHUE 10 aMILIUTYJIe TOKA BO30YkKIle-

HUSI HTHIYKTOPA;
JUIs TEOMETPUUYECKUX NapaMeTpPoB

1<w, < End| 05 2exn = Dinn | g, [ Mo -

h,, +2h hyy +2hy
yuciia BHUTKOB HpOBOﬂa HpﬂMOyFOHbHOFO CCUCHUA, T1C
Ent(f) — Haubodbliee 1enoe 4yucio, He IpeBocxosiiiee f;
hg — TONMIIMHA W30JIALIUHU POBOJHAKA OOMOTKH;

Dinn

1< Ent O,SDEX#
h,,, +2hg

CJIOCB HpOBOZla HpﬂMOerHBHOrO CCUCHMU,
0< Az SO,S'(Hl +H2)§ 0<Djy2 < Diyomax 5
Dy +2-(hyy +2-hg)< Dyyy < Dy — Ay — AN HITHEL-

PUYECKOTO NIPOXOAHOTO Tpeobpazosatens, Tae D;,; omax —

ISt

<K, pmax — I8 KOINYECTBA

MaKCHMAIILHOE 3HAYCHHE BHYTPCHHETO UAMETPa SIKOPSL;

[Ipu ucnosib30BaHUK MPOBOJA KPYIJIOTO CEUSHHsS B
apaMeTPUIECKUX OTPAHWICHUSAX BMECTO A,, U /., HEoO-
XOJIUMO HCIIOJIL30BaTh €ro IUameTp do,;

. dM
i (1)iy (2) dz”

BYIOIIMX BIOJb OCH Zz; THe i,(f) — TOK 1n-0r0 aKTHBHOTO
aneMeHTa, M|, — B3aMMOUHIYKTUBHOCTh MEX/IY aKTHB-

(2) £ fzpmax — 10 ammurtyne D1V, neiict-

lp
HBIMH dJIEMEHTaMu; [ .0 > Ifzdt 2 F, . — 1O 3Hade-
0

HuI0 uMmnynsca DJY, rue #, — AIMTENbHOCTH AEHCTBHS
. 2
DIY; Wiinmin 20,5+ (my +m, V5 = Wiy max — 110 KuHe-

TUYECKOH DHEPIuM, rae V¥, — CKOpOCTh SIKOPSL B KOHIE
pabodero mpomecca; Vyin 2v2Vy.x — O CKOPOCTH

nepemerieHus sikops ¢ U3; 6, <6, .. — MO Makcu-

MaJbHO JIOIYCTUMOMY MPEBBILIEHUIO TEMIIEPATYPbI 1-0r0
aKTHUBHOI'O 3JICMEHTA.

JIMUDII ocHOBHOro ucnoJjiHeHUsl. B kauecTBe oc-
HOBHOTo ucnoyHenus paccmorpum JIMUIII co cnenyro-
MMy napamerpamu [11]:

Hnoykmop: Buemnuii nuametp D,,1=100 MM, BHYT-
pennuit quamerp D;,;=10 MM, Bbicota H; = 10 mm. Un-
JYKTOp BBIIIOJIHEH B BHJIE JBYXCIOWHOW OOMOTKH C
BHEITHUMHU JJIEKTPHUECKUMHU BBIBOJIAMH; CEUECHUE MPOBO-
Jla IPSIMOYTOJIEHOTO CeueHus . %h,;=1,8x4,8 MM2, KOJIU-
4EeCTBO BUTKOB NPOBOJA W= 46 MIT.

Axope: BuemHmiA nuamerp D,,=100 MM, BHyTpeH-
HU#l muametp D;,,=6 MM, BbicoTa H,=2,5 MM. SIKOpH BHI-
MOJIHCH B BHJIE MHOTOCJIOWHOW KOPOTKO3aMKHYTOH 00-
MOTKH, CEYEHHE MEIHOTO IIPOBOJA MPSIMOYTOIBEHOTO
ceueHus M., xh,,=1,0x1,2 MM2, KOJIMYECTBO BHUTKOB TIPO-
BoJa W= 80 mIT.

EH?J: emxoctb Cy=3 m®, Hanpspkenne Uy=0,4 kB.

HcxomHoe paccTOsHHE MEXITy WHIYKTOPOM H SKO-
pem Ap=1 mm.

B JIMUDII ckopocTHOro Ha3HaueHHs: KOdpdureHT
YOpyrocTd Bo3BpaTHOH mpyxuHB Kp =50 xkH/M. Macca
U3 m,~0,5 kr. Ilonaraem, uro B JIMMDII cunoBoro Ha-
3HAUEHHUs MPOTHUBOJCHCTBYIOIIAS CHUJIa 3HAYUTENbHA H
nepememieHne 3 oTcyTcTByeT.
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B JIMNDIT 0CHOBHOTO MCIIOJHEHHUSI CKOPOCTHOTO Ha-
3HAUECHUsI PEaNM3yIOTCs CIEAYIONINE ITOKa3aTeNlu: aMILIU-
TyJa TOKa MHIYKTOpa i1,=2,57 KA, MakCUMalbHas ILIOT-
HOCTh TOKa B INIPOBOAHUKE HHIYKTOpA j1,~297,5 A/MMZ,
MaKCHMaJbHas TJIOTHOCTh TOKA B SIKOPE J»,~764,56 A,
ammmaryna OAY f,=13,983 kH, 3nauenue umyibca
QY F,=5,674 Hc, makcumalibHas CKOPOCTb SIKOpS C
nHaykropom V,=8,43 m/c, KIIJl # = 10,32 %, npebIe-
HUe TeMneparypsl uHaykTopa 6,=0,37 °C, nmpesbliieHHe
TemrepaTypsl skops 6, = 0,97 °C. Macca Mequ B UHIYK-
tope m; = 0,69 xr, Macca meau B sikope m, = 0,17 Kr.

B JIMUDII oCHOBHOrO MCHOJIHEHHUS CHUJIOBOIO Ha-
3HAYEHUS PeaIu3yI0TCs CIEAYIOIINe MOKa3aTeIn: aMILIU-
Tyla TOKa WHAyKTOpa i, = 2,953 KA, MakcumaibHas
IUIOTHOCTb TOKA B TIPOBOJIHHKE MHIAYKTOPA /1, =341,78 A/MM,
MaKCHMaJIbHas TUIOTHOCTh TOKa B SKOPE j,—893,51 A,
ammatyna IOV f£.,=20,171 kH, 3HadeHue wummynbca
SY F=9,076 Hc, npeBrllieHre TeMIiepaTypbl HHIYKTOpa
6,=0,4 °C, npeBsbIieHre TeMneparypsl skops 0,=1,45 °C.

HUnrerpanbublii kputepuii 3¢ppexruBHoctu. [lo-
ckonbky 3¢ dextuBHOCTE padote JIMUDIII ckopocTHOTO
WIN CUJIOBOTO Ha3HAYEHUs XapaKTepPHU3YeTCs PSAAOM pas-
HOCTOPDOHHUX II0KAa3aTeJIel, BBEJAEM UHTEIPAJIbHBIIA KpHU-
Tepuii 3(pPeKTUBHOCTH, KOTOPHIH YYHUTHIBAET MAaKCHU-
MaJIbHBIE CKOPOCTHBIE WM CHJIOBBIE MOKa3zaTeldd Ipu
MUHUMAJIBHBIX 3HAYCHUAX aMIUIUTYAbl TOKa WMHAYKTOpaA,
MIPEBBILICHHSIX TEMIIEPATYp U CyMMapHOH Macce MEIHOTO
MIPOBO/Ia aKTHUBHBIX 3JEMEHTOB. B Oe3pazmepHOM Buje
€ro MOYKHO 3aIiCaTh CJIEIYIOLUIMM 00pa3oM

J

K=Bipd v ps + Lo s Lo g,
iim 6 6 my 5
rae f; — BecoBble KOI(QOHIMEHTH COOTBETCTBYIOIIETO
nokazareyst; J = 6 — KoJu4ecTBO ()YHKIIMOHAJIBHBIX MTOKa-
3areniell, HOPMHPOBAHHBIX oTHOcHTenbHO JIMUDII oc-
HOBHOT'O HCITOJTHCHUS (OTMEUCHBI 3BE3/J0YKAMH);
2
ms = 0,57y c, Z(Dexn + Dy )hrnhznwn
n=1

Macca MEIHOTO ITPOBOJIA B /1-bIX AaKTUBHBIX AJIEMEHTAX,
TZIe Y¢, — ITIOTHOCTh MEIHOTO IPOBO/IA;

A=f.,,, B=F, — s JIAUIII cunoBoro Ha3Ha4YeHU;
A=V, B=n — s JINMUIII ckopocTHOTO Ha3HAUCHUS;
fom — ammumatyna D1V

V.m — MaKkcuManbHas CKOpOCTh sikopst ¢ 13;
(m2 + me)vg + KPA22
CoUs
3amerum, uto y JIMWDII OCHOBHOTO HCIIONHEHHS

CKOPOCTHOTO WJIM CHJIOBOI'O Ha3HAYEHMS K'=1. Omru-
MaJbHBIM OyAeT MpeoOpa3oBareib € MaKCUMAIbHBIM
3HadeHneM K, OKa3bIBasi BO CKOJBKO pa3 OH (B MEKTHB-
Hee JIMMDII 0CHOBHOTO MCTIOTHEHHS.

Meroauka nmoMcKa MaKCHUMyMa LeleBOil (PyHK-
M. Materpansueiii kputepuit a¢gdexrusroctu JIMUIIT
K" mpencraBmusier coboii 1eneByl0 (YHKIHIO ONTHMH3A-
IMOHHOTO Tiporiecca. CTpaTerusi HaX0XKICHUSI MaKCUMyMa
neneBoil QyHKUMHM 7 TIEPEMEHHBIX B IMOWUCKOBOM MpO-
CTPaHCTBE 3aKJIFOYAETCS B COBMECTHOM HCIIOJIE30BAHUH
rJ100aJIbHOTO METO/a ONTHMHU3ALMHU, OCYIIECTBIISIONIETO
cinydaiiHbiii mouck mapameTtpoB JIMWUIII B 3amanHOM

cyMMapHas

n =100 ,% — KT JIMWDIL.

MIPOCTPAHCTBE, MPEAOTBpalIas MONaJaHue B JIOKAJIbHBINA
SKCTPEMYM, M JIOKAJBHOTO METOZa, 00ECIIeUHBAIOLIETO
CTSTHBAaHUE O0JIACTH MAapaMETPOB C III00ATBHBIM SKCTpe-
MYMOM JI0 MUHUMAJIbHBIX Pa3MEpPOB.

B kadecTBe r700aMbHOTO METOAA ONTHMHU3AINH HC-
MOJIb3yeM TEHETHUECKHE aJrOPHTMBI, OCHOBaHHBIE Ha
MexaHu3Max nomyssinuoHHo renetuku [12, 13]. Tlo
JAHHOMY METOIy KakKIoMy aTpuOyTy oO0BeKTa B (peHOTH-
IIe COOTBETCTBYET OJWH I'€H B T'€HOTHIIC, MPE/ICTABIISIO-
mui coboif OMTOBYIO CTPOKY (MKCHPOBAaHHOW MJIMHBI.
[IpusHak pazOuBaercs Ha TeTpaibl, mpeoOpasyemble Mo
kony I'pes. Ilpu kommpoBanum OMHApHOH CTPOKOH M3 1
OMTOB TIEPEMEHHOW X, KOTOpas MPHUHAIUIE)KUT OTPE3KY
[Xmins Xmax], K&XKIast CTPOKA S; BBIpa)KAET 3HAUCHHE TIepe-
MEHHOM X;:

Xk = Xmin T Sk(xmax - xmin)/zl 5
TZie S, — 3Ha4eHHue OMHApHOTO YHCIIa, KOAUPYEMOTO 3TOH
CTPOKOH.

Omnepupyst COBOKYITHOCTBIO (TIOMYJIALNEI) BO3MOXK-

HBIX pELICHUH P=(x1,...,xm), oOpabatsiBaeTcsa Habop

MapamMeTpoB X;, CTPYKTYPUPOBAHHBIA OMpPEIeICHHBIM
00pa3oM B BHJIE IICTIOYKH KOHEYHOH JUIMHBI, a IOCIe-
JyIOLIME ITIOKOJICHUS MOIYJISILUY PELICHUNA TeHEPUPYIOTCS
C TIOMOIIBI0 TEHETHYSCKUX OMepaTropoB. Takum oOpaszom
peamu3yercsi CIyYaiHBIM IOMCK C IIEHTPaTH30BaHHBIM
yIpaBJeHUEM, HMCHOJIB3YIONMA OTOOp M TEHETHYECKHe
MEXaHU3MbI BOCIIPOM3BOJCTBA, MPH IPOHM3BOJIBHOM BBI-
0ope ToueK MPHUIOKEHHS ONIEPATOPOB.

I'eHeTudeckne aNrOpUTMBI MOXHO TIPEICTaBHUTH
CIIeIyonM 00pa3oM:

GA:(PO,m,l,S,Q,l,f),

rue P0=(a10,...,a,(,),) — HCXOAHAs IIOIMYJIALUS; a? -

peleHre 3aJauk B BUAE XPOMOCOMBI, i =1,m ; m — pa3-
Mep MOMYJISIIUK: [ — JIMHA KaXKJ0H XPOMOCOMBI MOITYJIsI-
un; S — omepatop orbopa; O — oToOpa)xKeHue, orpee-
Jsronee  peKoMOMHAIMI0 (KpOCCOBep, MyTalms); ! —
(hYHKIMA ONITUMAIIBHOCTH;, ¢ — KPUTEPHH OCTAHOBA.
PaboTa TEeHEeTHYECKHX AalrOPUTMOB IIPEACTABISCT
WTEPALMOHHBIA TpoLEecC, KOTOPbIH MNPOJOIDKAETCS [0
BBITIOJIHEHHSI 32IAHHOTO YCIIOBUSI, HAIPUMED 3aMe ICHHs
pocra kpurepus shdexrnBrocTH K =1 10 3a1aHHOrO

suauerms. P’ snsercs CIIy4ailHO CreHEPUPOBAaHHOMU
HavyaJibHOM mnomyisiuued. Ha kaxaoM LuKiIe uTepauuu
peanu3yrTcs omepaTropel 0TOOpa, KpoccoBepa W MyTa-
un. Oneparop oTOopa S MOPOKAAET MPOMEKYTOUHYIO

nonynsuuio R’ u3 nomysiuy P! ITOCPEICTBOM OTOOpa
Y F€Hepaluy HOBBIX KOIUHN 3JIEMEHTOB P':R =8 (Pt) .

DYHKIUSA ONITUMAIBFHOCTH 1, 00ecrieunBaromas o0paTHyIo
CBSI3b OT PE3yJbTAaTOB ONTHMHU3ALMK B TEYCHHUE IMOKOJIE-
HUS {, UCTIOJIB3YETCS [T 0TOOpa UHIUBUAYYMOB TOIYJIs-
. OTOOp MPOM3BOANTCS HA OCHOBAHHM BEPOSTHOCTEH

Ps (af) , BBIYHCIICHHBIX [T KaXXI0TO WHANBHIA:

ua})

m

> i(a))

j=1

ps(aj) =
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[Tocne 3aBepmieHust oTOOpa IEMEHTY af eR' B

6upaercs mapTHep U3 R’ U1 peKOMOMHALIMM ¥ CTPOMTCS
HOBasi XpOMOCOMa.
KpoccoBep ¢ BEpOSTHOCTBIO P BBIIOIHAETCS Clle-

Ayromum O6pa30M:
L4 Cﬂy‘{aﬁHLIf/'I BBI60p MapTHEPOB 1A CKPCIIUBAHUA
t t.
ap = (ClL] . ..al,l) eR , dp = ((12’1 .. .azal) eR N

e CIy4ailHbIN BBEIOOD

xefl,...,[-1};
e (OPMHUPOBAHKE IBYX HOBBIX MHIMBUILYYMOB
’
ap=(ayy...ayx @ x41---G21) »

TOYKH KpoccoBepa

ay =(ay)...ap x Gy x41---G1) -
MyTanus mpeacTaBisieT coOoi cirydaifHOe M3MEHe-
HUE OUTHI XPOMOCOMBI:
® CiIydaiiHBI BBIOOpP C BEPOSTHOCTBIO p;, IIO3MLHUI

ST 8 Nl | WO

a=(a...q)) € R’ , IOJIBEP’KEHHOH MyTallny;

BHYTpH OouTOBOM CTPOKH

¢ (hopmupoBaHKE HOBOTO HHIMBHIYYMa
a=(ay...ay |y Ay 410y | Ay, Ay qq...07), ((=1k).
B kadecTBe MeTOda JIOKAIBLHONH ONTHMM3ALIUUA IS
*
MMOWCKa MaKcUMyMma KpuTepus ontuMansHOocTH K (X)
B /I-MEPHOM EBKJIMIOBOM IIpocTpaHcTae R”
* k
max K (X)=K (X*), XekR
ucnonbpdyercs meron Henpepa-Muna, ocylecTBiIstoInM
HM3MEHEHHE TeKyIIero cumIniekca [ 14].
B pesynbrare orpaxkeHus k-il BEpLUIMHBI CHMILIEKCA

C KOOpAMHATAMHM BEPIIMH X ,i€ [1, n+ 1] , obpasyercs
CHUMIIJIEKC ¢ KOOPAWHATaMH BEepIIUH
r+l1 roo. . r+l1 r r
x=x!iel,n+1) ik xpT =2x0 - X],
n+l
e X¢=— ZX /' — BEKTOp KOODJMHAT LIEHTPA TSKE-
i=lizk
CTH OCTaJIbHBIX BEPIINH CUMILIEKCA.
B pe3ynbraTe BBINOIHEHHS PEAYKLUUHN BEPIIUH CHM-

naeKca X K BepuuHe X; MOTydaeM CHMILIEKC C KOOp-
JIMHATAMU BEPIINH

XM= x7 +y(X{ —X{‘) iell,n+1] izk X[ =x],
rae y €(0,1), ¥ =0,5 — ko3 duruent penykuuu.

ITocne Orepanuru CKatugd CUMILICKCA X{ B HallpaB-

nennn (Xj — X () MOMy4aeM CHMILIEKC C KOOPAMHATAMH
BEpLIMH

X xrieln+1]izk X5 = X5 +ﬂ(X,§ —Xg),
rne f<(0,1), f=0,4—0,6 — kodpPuIHEHT CKATHUS.

B pesynbraTe pacTskeHHs CHMIUIEKCA X B Ha-

npasnennn (Xj — X () TOdy4aeM CHMIUIEKC C KOODPH-
HATaMH BEPIIMH

XM= xl e, n+1} iz k X7 = x5 +a(X; —Xg),
rae a ~2,8-3,0 — ko duimeHT pacTspKeHusl.

[Mockonbky mpoueaypa aehopMali MHOTOKPATHO
MOBTOPSIETCS, TO MHOTOTPAHHUK aalITUPYETCS K JIOKAIIb-

HOMY pelnbedy LeneBoll pyHKIUU U CKUMAETCs], obecrie-
YHMBasi CXOAUMOCTb QITOPUTMA B JIOKAIbHOM MAaKCUMYyMe,
MO3BOJISIS IO pa3MepaM MHOTOTPAHHHUKA G; CyIUTh O CTa-
JIUH TIOMCKA ITapaMeTpoB MpeoOpa3oBaTes.

Peanuzaumsa  3agaum  BbIOOpa  nmapaMeTpoB
JIMUDII. Paccmotpum JIMUDII nuckoBoii KoHpUTyparun
C MHOTOBHUTKOBBIM SIKOPEM, KOTOPBIH BO30Y>KHAeTcCs II0-
JSIPHBIM arepuoandeckuM umiyiabcoM (EHD mynTupoBan
oOpaTHBIM J1M0/I0M). B KadecTBe HE3aBHCHMBIX II€pEeMEH-
HBIX, BXOJSIIUX B BEKTOP HNEPEMEHHBIX MPOEKTHPOBAHUS
JIMNDII, ucnonb3yroTes: HapyKHBIH D, U BHYTPEHHUH
D,,, nmameTpsl, BeicoTa H,,, 9MCIIO BUTKOB W, BEICOTA /1, U
HIUpUHA /1, TIPOBOZA TIPSIMOYTOJNIBHOTO CEUYCHUSI 1-OTO
aKTUBHOTO dJIeMEHTa; HanpsbkeHue U, u sHeprus Wy EHO.
OrpaHnueHnsl Ha 3TH MapaMeTPbl HAKIAAbIBAIOT I'PAHHILIBI
MMOMCKOBOTO MpocTpancTsa (Tab. 1).

Tabmumna 1
OyHKIIMOHATBHBIC U [TAPAMETPUICCKUE OTPAHUYCHHS
napamerpoB JIMUDII
ITapamerp 3HayeHue
Oneprusg EHD W, Ix 150...500
Hanpsokenne EHD Uy, B 150...500
BHenrnuit quaMeTp n-bIX aKTUBHBIX DIIEMEHTOB D, 50100
MM
Buytpennuii nuamerp unaykropa Dy, MM 10...20
BuyTtpennuii guametp skops D, MM 2...20
BricoTta uanykropa Hy, MM 5..22
Bricota sikopst Hp, MM 1...10
KonunuecTBo cinoeB nnaykropa K, 1, WT. 2
Yucio BUTKOB HHIYKTOpa Wi, IIT. 30...75
BricoTa mpoBosia MHAYKTOPA /.1, MM 1...2
Tupuna npoBoa HHAYKTOPA /4,1, MM 2...10
KomnnuecTBo cinoes sikops K,,p, T 1...8
Yuciio BUTKOB SIKOPS W, IIT. 20...200
BricoTa npoBoja sikopst 4., MM 0,5...1,5
upuna npoBoaa sIKOps 4,, MM 1,0...3,0
TonuHa 30K TpoBoAa iy, MM 0,1
HavanbHsIit 3230p MEXy 7-BIMH aKTHBHBIMHU 10
dJIEMEHTAaMU A, MM ’

Jnsi oNTHMH3alUOHHBIX PacyeToB ObUI NMPUMEHEH
BBIYHMCIIUTENLHBIH aITOPUTM, KOTOPBIH BKJIIOYAaeT B ceds
cienyrouye sramnsi [7].

1. 3agaercs reHeTUUECKOE MPEICTABICHUE MHOTOIPaH-
HHMKa HabopoMm N+1 mapameTpoB — BEKTOpPaMH IEpPEMEHHBIX
MIPOEKTUPOBAHUS PO = xlo,...,x?VH , X(Xp,ee0 Xy ) € ®V.

2. U3 K

Pl-o = (xgl,...,ngH), i=1,...,K cnydyaitaeiv obpazoM ¢op-

HCXOOHBIX MHOTI'OI'paHHHUKOB

MHUpyeTCs nonysuus D; (PI-O )

3. K KaxxaoMy MHOTOTPaHHUKY Pl-0 TIPUMEHSIFOTCS
OTepaTophl OTPAKEHUS, PACTSHKCHUS, CKATUS U PEIYKITUH
JUTSL OCYIIIECTBIICHHUS 33JaHHOTO YHCIIA IIAToOB § B MIOMCKO-
BOM IIPOCTPAHCTBE.

4. OrmpenensioTcss 3HAUEHHWE IEIEBON (PyHKIHH

F'! xf,j i=1.K,j=1.N+1 B Kaxa0i BepUIMHE MHOTO-
TpaHHMKA U €r0 «JTydllash BEepIIMHA xf poi=1.K.

5. OcymecTBiseTcsl paHXHUPOBAHUE MHOTOIPAaHHU-
KOB OTHOCHUTEIBHO 3HAYEHHS LENCBON (PYHKINH UX JTyd-

HIMX BEPIIMH Fbt (xf’b )i =L.K.
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6. VckmogaeTcs MHOTOTPaHHUK C HAUXYILINMU Ia-
pameTpamu.

7. MopMHpyeTCsi HOBBIi MHOTOTDAaHHMK Pf IyTem
NPUMEHEHUs] TeHeTHYECKUX OIepaTopoB KpOCCOBEpa U My-
TalWH, JEUCTBYIOIIMX C BEPOSTHOCTBIO Op,¢ » K ABYM CIIy-

YaifHO BBIOpAaHHBIM MHOTOIPaHHHKaM 13 ocTaBmxcs (K—1).
8. OmnpexensieTcss 3Ha4YeHUe UeENeBOM (QYHKIMH

F (x% jJ j=L..N+1 n «iydmas» BeplIMHAa MHOTOIpaH-

HUKa PIQ.
9. OcymecTBiseTcs PaHXUPOBAHWE MHOTOTPaHHU-
t AP

koB P mo pasmepy ol\P li=1,..K .

10. OmpenenseTcst MOPOroBoe 3HAYCHUE o' st mo-
MalaHns B TPYIHITy MTOWCKA 110 pa3Mepy /-Oi MOIMyIsSnn
U(P;f .

11. K (K—h) monmynsuusm MpUMEHSIOTCS OTIepaTOphI
OTpPaXKEHUsI, PACTSKEHHUsI, CKATUS U PEAYKIHU.

12. OcymecTBiseTcs BO3BpaT K 3tamy 4.

PesyabsTatsl BeiGOpa mapamerpoB JIMUDII cko-
POCTHOTr0 Ha3Ha4veHMsl. BbIOOp mapamMeTpoB BO MHOTOM
OIIpEeIeTISIETCS] IPUHATHIM BapUaHTOM CTPATETHH OLCHKH
spdexruBnoctn JIMNUIII. PaccmoTpum yeTbipe BapuaHTa
crpareruu (Tad. 2).

Tabnuua 2

BecoBbie K03((DHILIHEHTH BAPHAHTOB CTPATETHH OLICHKU
addexrunoctu JIMNIIL, o.e.

oo | B | B2 | By | Ba | Bs | B
I 02 | 02020101 02
11 0,1 031031010, 0,1
111 0,05 (050210101 | 0,05
I\ 0,05 (0205|0101 ]| 0,05

B Bapuanre I Bce nokazarenu JIMUOGII onexnnBaroT-
Csl paBHO3HAYHO (CyMMapHOE 3Hauy€HHE IOKa3aTelsl Ipe-
BEIIIIEHUH Temriepatyp paBHa 0,2). B Bapuanre 11 Hanbo-
Jiee BBICOKO W PaBHO3HAYHO OLIEHHBAIOTCS MaKCHMalbHast
ckopocts V,, u KIIJI  mpeobpazosarensa. B Bapuante 111
HanboJee BHICOKO OILEHWBAETCSI MAaKCHMAaJIbHAS CKOPOCTh
V., a B Bapuante IV — KII 1 #.

B pesynbrarte pacueToB Ul KaKIOTO M3 BapHaHTOB
CTpaTerny OLUEHKH YP(PEeKTHBHOCTH TOIy9IEeHBI OTHOCHUTEIb-
Hele mapameTpsl JIMUOII ckopocTHOrO Ha3HauUECHUS: SHEp-
Tus WO*, HanpsHKEHHE Uo* u emkocts C EHD; HapyxHbIi
D,y m BHyTpeHHMI D,,,1 JTUAMETPBI, BBICOTA Hl*, 9HCIIO
BUTKOB Wi ¥, TONIIHHA hy n IMpHHA TPOBO/IA hy HAHAYK-
TOpa; HAPYXKHbIH Dy, 1 Dy, BHYTPEHHHIT JIHAMETPEI, Bbi-
coTa Hz*, YHCJIO BUTKOB W, * M KOJIMYECTBO CIOEB sz*, TOJI-
mwHa /i, W MIApHHA TIPOBOA hy sikopst (Tadm. 3).

Pa6ota JIMUDII oreHnBaercst ClieqyrOnMMHA OTHOCH-
TEIbHBIMU TOKa3aTe/sIMU: aMIUIMTYJIOM TOKa HHIYKTOpa
i1n > MAKCHMAITBHO# TUIOTHOCTBIO TOKA B MPOBOIHHKAX MH-
JLyKTOPA ji,, ¥ AKOPS Js,, , MAKCHMATBHOM CKOPOCTBIO V), 1
KIIJT #’, NMpeBBIICHUSIMH TeMIEpaTypbl MHIyKTOpa 6 H
siopst 6, B KoHre paboudero mporecca, cyMMapHon Maccoit
1poBoia My ¥ KpuTepreM dddextuBHocTr K (Tabm. 4).

B Tabn. 3 u 1abn. 4 npencTaBiIeHbl U yCpPEIHEHHbIE
3Ha4YeHHs mapameTpoB u mokazarenerr JIMUIII ckopocr-
HOTO Ha3HAYCHMSI.

Tabnuna 3
OrtHocutenbHbie napamerpbl JIMUOIT ckopocTHOro Ha3HAYECHUS

BapuanTs! cTpaTeruu oueHku VepenuerHoe
ITapamerp s¢pdexrusrocTr JIMNOIIT SHAUCHIE

I 11 111 v
Do 1,0 1,0 1,0 1,0 1,0
Dint 1,1 1,0 1,0 1,0 1,0
H 0,62 | 062 | 082 | 0,66 0,68
Wi 1,63 | 1,39 | 087 | 095 1,21
hy 0,55 | 0,67 | 1,11 | 1,11 0,86
Iy 0,625 | 0,625 | 0,830 | 0,662 0,686
Doy 1,0 1,0 1,0 1,0 1,0
Dip 1,2 1,3 1,1 1,0 1,15
H, 438 6,8 1,6 2,52 3,93
Wy 2,2 2,1 1,2 1,5 1,75
K> 2,0 2,0 1,0 1,5 1,63
b 1,0 1,0 1,0 1,0 1,0
by 2,08 | 3,33 1,5 1,66 2,14

Ha ocHoBaHumu mMONMy4YeHHBIX PE3YABTATOB MOXKHO
caenath cneaytomue BeiBoabl. Uuaykrop JIMNUIII nomken
AMETh MaKCUMaJIbHBIA BHEIHUH D, ;=0,1 M 1 MUHUMAJIb-
HbII BHyTpeHHUl D;,;=0,01 M nuamerpsl. Skopb nomkeH
MMETb MakCUMaJbHBIM BHEIHUN auamerp D,»,=0,1 M, a
TONIIMHA €ro TIPOBOJA JOJDKHA OBITh MHHHMAIBEHON
h,=1 MM. DOTH mapaMmeTpsl NPHUHAMAIOT IIpeelbHEIC
(hyHKIMOHANBHEIE OorpaHmdYeHns (Tabn. 1) U COOTBETCTBY-
tfoT nmapamerpam JIMMOIT ocHOBHOTO MCTIONHEHUS BO BCEX
BapHaHTaX CTPaTeruu OleHKH Y(PHEeKTUBHOCTH.

Bricota mHIyKTOpa HODKHA OBITH MEHBINE, YeM Yy
JIMMBII OCHOBHOTO HWCIIOJIHEHHUS M, B 3aBUCUMOCTH OT
BapHaHTa CTPAaTeruu, COCTABIAET B cpenHeM H,=6,8 mM.
[Tpu 3TOM YHUCIIO BUTKOB UHYKTOpa B BapuaHTax cTpare-
run [ u I momkHE! OBITE OombIne, a B BapuanTax 11l u IV
Menbile, yeM y JIMMOII oCHOBHOrO HCHONHEHUS, CO-
CTaBJsil B cpeHEM W ;=56 BUTKOB IPOBOJA CEUYECHUEM
h.1%xh,=1,5%3,3 MM, Skoph ONTHMHU3UPOBAHHOTO MPEOO-
pa3oBarens MOJDKEH OBITh BBITIONHEH C OONBIIAM BHYT-
peHHIM nuameTpoM D;,,=7 MM H CYIIECTBEHHO OOJBIIECH
BeICOTOM H,=9,8 MM, ¢ OOJBIIMMH KOJUYECTBOM BUTKOB
w,=140 u mupuHO# poBoaa /,,=2,6 MM.

Tabnuua 4
OrtHocutenbHbie nokazatenu JIMUIII ckopocTHOro Ha3HaYeHUs

BapuanTsl cTpaterun oueHKH d¢-
Higﬁa- ¢extuBHocTH JIMMIIT yc;;;%::{iioe
i i 11 v
Wy | 0,729 | 0,937 | 2,08 | 1,458 1,301
Uy 0,437 | 0,562 | 125 | 1,25 0,875
C 3.8 296 | 1,33 | 0,933 2,256
i 0,345 | 0,565 | 1,553 1,3 0,941
Jim | 0,992 | 1,268 | 1,677 | 1,754 1,423
o | 0,141 | 0,12 | 0,958 | 0,568 0,447
v,. 10449 | 0,516 | 1,592 | 1,257 0,965
n 0,537 | 0,727 | 1,403 | 1,573 1,061
0, 1,953 | 2,834 | 4.1 3,712 3,15
0, 0,053 | 0,037 | 0,86 | 0,34 0,323
ny 1,456 | 1,856 | 0,976 | 1,03 1,33
K 2,858 | 3,331 1,3 | 1,376 2,216

EHD omrrumansroro JIMUOIT moimmkeH MMETh MEHB-
LIYIO SHEPTHIO B BapuaHTtax crpareru I u Il B To Bpemst kak
ee cperHee 3HaYeHHE JOJDKHO OBITh BbIe, yeM y JIMWUOIT
OCHOBHOTO HCIIOJHEHHUS U cocTaBATh Wy=312 [x. Hamps-
xenne EHD B Bapuanrax ctpateruu I u Il HeBbicOKOE U
cocranisieT B cpenneM Uy=200 B, a B Bapuanrax Il u IV
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— makcumanbHoe Uy=500 B. VYcpenneHHble 3HaUeHUS
MaKCHMAJIbHBIX IUIOTHOCTEH TOKOB MO CpPaBHEHHUIO C
JIMUDIII 0CHOBHOTO MCIIONHEHHs B MPOBOAHUKAX MHIYK-
TOpa YBEIWYEHBI N0 ji,=423 A/MM, a B MIPOBOJHUKAX
SKOPST YMEHBIICHBI JI0 2, =342 A/MM’.

MaxkcumanbHasg ckopocTs U KITJI cHIbKeHBI B Bapu-
antax crtpareruu I u II u yBenuuens! B Bapuanrax III u
IV. Tak B Bapumanrte ctpareruu III makcumanbHas cko-
pocts V,=13.4 m/c, a KIIJ1 B BapuanTe IV KII/] cocras-
mstet 7=16,2 %.

ITo cpaBrenuto ¢ JIMNDII 0CHOBHOTO HCIIONHEHHS B
ONTHUMU3UPOBAHHBIX IIpeoOpa3oBaTesisiX MpEBBIIICHHUE
TEeMIIepaTypbl MHAYKTOpa BO3pPAcTacT, a SKOPsI — YMEHb-
nraercsi, coctasisisa B cpeaneMm 6,=1,17 °C u 6,=0,31 °C.
Macca MenHOro mpoBOJa BO3pAacTaeT B CpPEAHEM [0
mys =1,14 xr. Ilo cpaBuenuro ¢ JIMUIII ocHOBHOTO HC-
MIOJTHEHUS HMHTETPAJIbHBIE KpUTEpUH 3(PPEKTUBHOCTH
ONITHMHU3UPOBAHHBIX IpeoOpa3oBarenell BO3pacTaloT B
CpeaHEM 10 3HAYCHUS K*:2,2.

Ha puc.l nmokaszansl 37€KTpOMEXaHMUYECKUE XapaK-
tepuctukn JIMUDII ckopocTHOrO Ha3HAYEHUS, OIITH-
MaJbHOTO B BapmaHTe cTparteruni IV. OcoOEHHOCTHIO
9TUX XapaKTEPUCTHK SIBIETCS TO, YTO MaKCHMalbHbIE
3Ha4eHMs IUIOTHOCTEH TOKOB B OOMOTKaxX HMHIYKTOpa U
AKOpsl BO3HHUKAIOT IIPAaKTUYECKH OJHOBPEMEHHO, 4TO
oOycnaBnuBaeT u xapakrep usmeHenus D1V f.. [lepeme-
meHue sikops ¢ MO Haumnaercs uepes 0,2 Mc mocne Ha-
Yajia pabodero mporecca.

PesyabTatsl BeiOOpa napamerpos JIMUIII cuiio-
BOT0 Ha3Ha4YeHUs1. PaccMoTpuM 4yeThIpe BapraHTa cTpare-
run oueHkn 3¢ pexrusnoctn JINNIII cunoBoro Ha3Haue-
Hus (Tabn. 2). B Bapuanre Il Hanboiee BRICOKO U paBHO-
3HAYHO OIICHWBAIOTCS aMIUTUTYIA f, U uMmynbc F, D/1Y.
B Bapuanre I1I Hanbosee BBICOKO OIIEHUBAETCS aMILTUTY 1A
BV f.,. B Bapuante IV HanOonee BBICOKO OLIEHUBAETCS
nmiynsc DY F..

Jo A w, BAz, ww v, it
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=400
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Puc. 1. DnexTpoMexaHU4YeCKHe XapaKTePUCTHKU ONTUMAIIBHOTO
JIMUDII ckopocTHOTO Ha3HAYEHHA (BapHaHT cTpaTerun [V)

B Tabn. 5 m Tabn. 6 mpencTaBieHBl yCpeIHEHHBIE
3Ha4YeHUs napaMeTpoB U nokasateneit JIMMIII cunoBoro
Ha3HAYCHUSL.

Tabnuna 5
OtHocutenbHbie napameTpbl JINUDII cunoBoro HazHaueHUs

BapuanTs! cTpaTeruu OLeHKU
I;IA?;?)' s dexruBHOCTH JIMNIIT VZI:{Z{[{I::Z};IIZ%
i il 111 IV
Dot 1,0 1,0 1,0 1,0 1,0
Dot 1,1 1,0 1,0 1,0 1,0
H, 1,04 | 1,04 | 1,06 | 086 1,0
wi* | 087 | 1,39 | 1,09 | 091 1,07
hy 1,11 0,66 | 0,89 1,11 0,94
By 1,04 1,04 | 1,06 | 0,88 1,01
Doy 1,0 1,0 1,0 1,0 1,0
Dio 1,2 1,2 1,3 1,4 1,275
H, 5,0 5,0 6,0 3,84 4,96
Wwy* 2,1 2,3 2,2 2.2 2,2
Ko 2 2 2 2 2
b 1,0 1,0 1,0 1,0 1,0
B 2,5 2,5 2,9 1,92 2,46
Tabmuma 6

OtHocutenpHble Toka3arenn JIMMUIII cunoBoro HazHaueHHS

BapI/IaHTLI CTpaTEruu OLCHKU
H(T)(I;z;za- s¢pextusrocT JIMUIII y?i;il;ii:;oe

i il 111 v
Wy | 0,625 ] 2,08 [ 1,875 ] 2,08 1,665
Uy, 0375 ] 125 [ 1,125 | 1.2 0,988
C" | 4444 [ 1333 ] 1,481 | 145 2,177
i, | 0,818 [ 0993 | 1,234 | 1,616 1,165
Jim 10,703 [ 1,43 [ 1,333 | 1,662 1,282
Jom | 0,146 | 0,288 | 0,243 | 0,428 0,276
fom ] 0382 ] 1.47 [ 2,018 | 1,361 1,308
F. [ 0891 | 3,147 [ 2,918 | 3.318 2,568
0, | 1,062 [ 3.382 [ 3,181 | 4,198 2,956
0, 0051 [ 019 [0125] 0291 0,164
my | 1,832 | 1.832 | 2,032 | 1,456 1,788
K | 2,664 | 2147 [ 2,159 | 2,047 2,254

BricoTta mHIYKTOpa 3TOrO IIpeoldpa3oBaTels JODKHA
OBITh MpaKTHYeCKH Takoi xe, kak y JIMWIII ocHOBHOTO
UCTIONHEHUS, U COCTaBIATh B cpexaHeM H =10 mm. [lpu
3TOM YHUCIIO BUTKOB WHIYKTOPa B BapHaHTaX CTpaTteruu |
n IV nomkHel OBITH MEHBIIIE, @ B BapuaHTax crpareruu Il
u III 6onerre, yem y JIMMUDII 0CHOBHOI'O HCIIONHEHHUS,
cocraBisisg B cpenHeM w;=50 BuTkoB. IIpakTuuecku Tta-
KM J>K€ JOJDKHO OBITh CEYCHHE MpPOBOJA HHAYKTOpA
h1xh,=1,7x4,8 MM Slkope momkeH OBITH BBITIONHEH C
HECKOJIFKO OOIIBIINM BHYTPEHHUM AUaMETpoM D;,p=7,6 MM
U CYIIECTBEHHO OoubIei BeicoToi Hr=12,4 mM. Y 3TOTO
SIKOPSI IOJDKHO OBITH OOJIbIIee KOJTHMYECTBO BUTKOB IIPO-
BoJia W,=176, KOTOpbIE JOJKHBI OBITh YJIOXKEHBI B 4 CIIOS,
u OospIIas MmupuHA IpoBoza 4,,=3,0 MM.

EHD JIMUDII cunoBoro HazHaueHHUs JOKEH UMETh
MEHBIIYIO 3HEPTUI0 TOJBKO B BapHaHTE CTpaTeruu I, B
KOTOpPOM BCE€ TMOKa3zaTeld OILIEHHWBAIOTCS PaBHO3HAYHO.
Cpennee 3Hauenue sHepruu EHD nomkHa OBITH BEINIE,
yeM y JIMUDII OCHOBHOrO HCIOJHEHUS U COCTABIATH
Wy=400 I>x. Hanpsoxenne EHD B Bapuante crpareruu |
MOHMKEeHHOe U coctaBisieT Uy=150 B, a B ocTalbHBIX
BapHaHTaX NOBBIMIEHHOe u cocTtaBiier U;=450-500 B.
Emixocts EHD Bo3pacTaer Bo Bcex BapHaHTax CTPaTEeTHH,
cocraBisisa B cpenaeM C=6530 Mx®.

VYcpenHeHHble 3HAYEHHWS MAaKCHMANbHBIX IUIOTHO-
cTeil TokoB 1o cpaBHeHuto ¢ JINNUOII ocHoBHOTO HMCTION-
HEHHS B MPOBOJHUKAX MHIYKTOPA B CPEAHEM YBEINYCHBI
10 j1,=438 A/MM’, a B IPOBOJHHKAX AKOPS yMEHBIICHEI
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10 j2, =246 A/MM’. AMmmiryna u ummymnsc DJIY yBemn-
YyeHbl 3a WCKIIOYeHueM BapuaHta crpareruu I. Tak B
Bapuante crpateruu Il ammmuryma DY cocraBnser
fom = 40,7 kH, a B Bapuanre crpareruu IV 3HaueHne um-
nynsca DY cocrasnser F, =30,11 H-c. Bo Bcex BapuaH-
Tax cTparerud no cpasHeHuto ¢ JIMHUDII ocHoBHOrO
WCIIOJIHEHUSI TIPEBBIIIEHUE TeMIlepaTypsl HHIYKTOpa
BO3pACTaeT, a SIKOPsl — YMEHbIIAETCS, COCTABIISASA B Cpell-
HeM 0,=1,18 °C u 6,=0,24 °C cootBeTcTBeHHO. Macca Meq-
HOTO TIPOBOZIa YBEIMYUBACTCS B CpemHeM a0 my =1,54 k.
Io cpaBrennro ¢ JIMNIIT 0oCHOBHOTO MCTIONHEHHS MHTE-
rpajbHble KpUTEPUH APPEKTHBHOCTH ONTHMHU3UPOBAH-
HBIX IIpeoOpa3oBaTeliell CUIOBOrO Ha3HAUYEHMs BO3pacTa-
IOT B CPEJTHEM JI0 3HAYEHUS K*=2,25.

Ha puc. 2 noka3aHsl 31eKTpOJUHAMUYECKHE XapaK-
tepuctuk JINWIII cunoBoro Ha3Ha4YeHUs!, ONTHMAJIBHO-
ro B Bapuante crpareruu IV. ITo cpasuenuto ¢ JIMUOII
CKOPOCTHOTO Ha3HaueHWs B IaHHOM IIpeoOpaszoBareiie
IEKTPOJMHAMHYECKHUE TIPOIECCHI IPOTEKAIOT C OOIBIINM
3aTSTUBAaHMEM BO BPEMEHH, C OONBIIMMH aMIUIUTYyJaMU
IDIOTHOCTEH TOKOB B HHAYKTOpE | SIKOpe, a Tarke DY
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Puc. 2. DnexrpoanHaMuuecKie XapaKTepUCTUKH ONTHMAIbHOTO
JIMUDII cunoBoro Ha3HaueHus (BapuaHT crpateruu IV)

BoiBoabI

1. Pa3zpaboTan ONTUMH3AIMOHHBIA TOAXOJ K BBIOOPY
napameTpoB JIMMDII ¢ MHOTOBUTKOBBIM KOPOTKO3aMK-
HYTBIM SIKOpeM, KOTOPBIA COCTOUT B HAXOXKICHUU MaKCH-
MyMa MHTETpaIbHOTO KpuTepus 3(PpPeKTUBHOCTH, YUUTHI-
BAIOIIET0 MaKCHUMabHYIO ckopocTh u KIIJ mpeobpaso-
BaTeJsl CKOPOCTHOTO Ha3HAUYCHHS, aMIUTUTYTy ¥ UMITYJIbC
DY npeobpa3zoBaTesnsi CHIOBOTO HAa3HAYCHUS MPH MHU-
HUMAITLHBIX TIPEBBIICHUAX TEMIEPaTyp, Macce aKTUBHBIX
AJIEMEHTOB U TOKE MHAYKTOpa. [Ipn onTtumu3anuy ucmo-
JB3yeTCs MeMHasi MaTeMaTHIecKast MOJIENb, KOTOpast Y9IH-
THIBACT B3aMMOCBS3aHHBIC JIIEKTPUYCCKHE, MAarHUTHBIE,
TEIUIOBBIE B MexaHudeckue nporeccsl JIMUDIII.

2. Pazpaborana MeToayKa MMOWCKAa MaKCHMyMa WHTET-
pansHOTO KpHutepus 3¢ dexrusHoctr JIMUIII B moucko-
BOM IIPOCTPAHCTBE C HMCIIOJIb30BAaHHEM IJI00aJIBHOTO Me-
TOAA ONTHMHU3ALMH, OCYIIECTBISAIOUIET0 CIy4YalHbIN
TIOWCK MTapaMeTpoB, PEOTBpAIIas MONaIaHie B JTOKAb-
HBIA MaKCUMYM, H JIOKAJIbHOT'O METO/1a, 00CCIICYHBAIOIIC-

IO CTATHBAaHHE 00JIaCTH MapaMeTpoB C INTOOANBHBIM MaK-
CUMyMOM JI0 MHHHMMAJIbHBIX pa3MepoB. B kadecTBe rio-
0aJbHOrO METO/a ONTHMH3ALUK HCIIOJIB3YIOTCSl TEHETH-
YEeCKHE aITOPUTMBI, a B KaueCTBE JIOKAJBHOIO — METOJ
Hennepa-Muna.

3. YcTaHOBJIEHBI 3HAUCHHS JIICKTPHUYECKHUX I1apamer-
POB EMKOCTHOTO HaKOIUTEINS SHEPTHUH U T€OMETPHUUECKHE
napametpsl JIMUDII, obecneunBatomue HauOoJbIINE
3HAYCHUSI HWHTETPATBHOTO KpuTepusi 3()(HEeKTHBHOCTH B
3aBUCHMOCTH OT IIPUHITOTO BapHAHTA CTPATETHH OLEHKH
s dexTnBHOCTH. B onTmMm3mpoBaHHEIX MpeoOpa3oBare-
JISIX CKOPOCTHOTO U CHJIOBOTO Ha3HAUCHUSI MHTETrpaJIbHbIC
Kputepuu 3(pPeKTHBHOCTH B cpelHeM B 2,2 pa3a BBIIIE,
yeM B JIMMDII 0cCHOBHOTO HCHIOTHEHUS.
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An optimization approach to the choice of parameters of
linear pulse induction electromechanical converter.

Purpose. The purpose of the paper is to select the main parame-
ters of the linear pulse induction electromechanical converters
(LPIEC) for high-speed and power use with the use of the opti-
mization approach, which provides an increase in speed and
power indicators with limited electric, thermal and mass-
dimensions. Methodology. A technique for finding the maximum
of the integral efficiency criterion of LPIEC in the search space
using a global optimization method that randomly searches for
parameters, preventing entry into a local maximum, and a local
method ensuring the contraction of the range of parameters with
a global maximum to minimum dimensions is developed. As a
global optimization method, genetic algorithms are used, and
the Nelder-Mead method is used as the local method. Results.
The LPIEC inductor should have a maximum external and
minimum internal diameter, and its height should be less than
that of the LPIEC of the basic design. The armature should have
a maximum outer diameter, and the thickness of its wire should
be minimal. The armature should be made with a significantly
higher height, a greater number of turns and a wider wire. The
height of the LPIEC inductor for power purposes should be
almost the same as that of the LPIEC of the basic design. In this
case, the number of turns of the inductor and the cross section of
its wire should be approximately the same. The armature should
be made with a slightly larger inner diameter and a significantly
higher height. This armature should have a larger number of
turns of wire, which must be stacked in 4 layers, and a large
width of the wire. The average energy value and voltage of the
capacitive energy storage for the LPIEC for high-speed and
power applications should be higher than for the LPIEC of the
basic design. Originality. An optimization approach to the
choice of LPIEC parameters with a multi-turn squirrel arm is
developed, which consists in finding the maximum of an integral
efficiency criterion that takes into account the maximum speed
and efficiency in a high-speed converter, the amplitude and
magnitude of the electrodynamic force pulse in a power con-
verter, with minimum temperature excesses, the mass of active
elements and current of the inductor. The optimization uses a
chain mathematical model that takes into account the intercon-
nected electrical, magnetic, thermal and mechanical processes
of the LPIEC. Practical value. The electric parameters of the
capacitive energy storage device and the geometric parameters
of the LPIEC are determined, which ensure the largest values of
the integral efficiency criterion depending on the adopted ver-
sion of the efficiency evaluation strategy. In optimized speed and
power transfer converters, the integral efficiency criteria are 2.2
times higher on average than in the basic performance of the
LPIEC. References 14, tables 6, figures 2.

Key words: linear pulse induction electromechanical con-
verter, chain mathematical model, integral efficiency crite-
rion, optimization approach, genetic algorithms, Nelder-
Mead method.
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EnekmpomexHi4yHi komrniiekcu ma cucmemu. Cunoea eJsIeKmpoHika
VJIK 621.314

doi: 10.20998/2074-272X.2018.6.03
I'.T". Xemepog, J1.C. Kpruto

KOHIIENIINA IOCTPOEHUS CUJIOBBIX HEITEM MHOTOYPOBHEBOI'O _
MOAYJIBHOI'O TPEOBPA3OBATEJIA U EI'O TPAH3UCTOPHbBIX MOAYJIEN

Mema. Memorw cmammi € 00Ci0HCeHHA 0codIUBOCMENl NOOYO0BU CUOBUX KTl HA2AMOPIEHE8020 MOOYILHO20 nepemeoprosaia
(MMC) enexmpoenepeii 0na niniii enekmponepeoaui NOCMIHO20 cMPyMy, 00CIONHCEHHA 1020 NPUHYURIE POOOmMU | OCHOBHUX Xa-
pakmepucmuk. Memoouka. /s npoeedeHHs 00CIOIHCEHb BUKOPUCIMOGYBANACA MeOpia eNeKMPUYHUX Kill, Mamemamuine mooe-
nroeannn ¢ nakemi Matlab. Pesynomamu. Ilodyooeana Matlab-moodens cunoeoi cxemu MMC 3 wiynmyeannam ycix nieueii oxcepe-
aamu cmpymy, wo 003601una nepesipumu KOPeKmHicmoy Gopmyn Ona Xxapaxmepucmuk 3anpononoganux cxem. Hayxoea nosusna.
3anpononosano eapianmu cunosux cxem MMC 3 wiynmyeannsm ycix nieueil nepemeopiosaua oxcepeiramu cmpymy. Crnadeno
maénuyi cmanie HB i FB modynie npu npamomy i 360pomuomy Hanpamy cmpymie naeueil. Ilpakmuune 3nauenna. Buxkopucman-
HA 3anPONOHOGaAHOT CIPYKMYPU CUI060I CXeMU NePemaoploeaa i anzopummie pooomu cuioeux mpan3ucmopuux mooynie 00360-
JIumy GU3HAYUmMU cghepy ix 3acmocysanns, 00nOModice 8 CUHME3l CUCIEMU YRPAGIIHHA | AHANIZ] MONCTUGUX ABAPINIHUX PeHCUMIE
MMC. Bi6n. 8, Tabmn. 8, puc. 9.

Knrouosi cnosa: cucteMa elleKTponocTavanHsi, 6araTopiBHeBHi MOAY/ILHUI NepPeTBOPIOBAY, TPAH3HUCTOPHHI MOIYJIb, CTPYMH
wieveii, Matlab-mopnens Tpudaznoro MMC, ctaH BeHTHIIB.

Llens. Llenvto cmamobu A614€MCA UCCIEO06AHUE OCOOEHHOCMEN NOCMPOEHUS CUNOBBIX Ueneil MHO20YPOEHE8020 MOOYIbHO20
npeobpazosamena (MMC) rnekmpornepzuu 0na TUHUIL INEeKMPOnepeoauu HOCHOAHHO20 MOKA, UCCIe008aHUe €20 NPUHUUNOE
pabomul u ocnoenvix xapakmepucmuk. Memoouka. /{na npogedenusn ucciedosanuil ucnoab306anact mMeopus INeKmpuiecKux
yeneil, mamemamuueckoe mooeauposanue ¢ nakeme Matlab. Pezynomamot. Ilocmpoena Matlab-wooens cunoeoii cxemor MMC
C WYHMUPOBAHUEM 6CeX NeY UCHOYHUKAMU MOKA, NO360IUGMIAS NPOGEPUMb KOPPEKMHOCMb (POpMYN 01 XapaKmepucmux
npeonoxcennvix cxem. Hayunaa nosusna. Ilpeonoscenst eapuanmet cunogvix cxem MMC ¢ wiynmupoganuem écex nieu npeoo-
pazoeamena ucmouynuxamu moka. Cocmaenenvt maoauywvt cocmoanuii HB u FB moodyneii npu npamom u oépamnom nanpaeie-
Huu mokoe naeu. llpaxmuueckoe 3nauenue. Hcnonvzoeanue npeonoxcennoil cmpykmypol CUNO80U CXeMbl npeodpasosamens u
anzopummos padomul CunNO8bIX MPAHIUCHOPHBIX MOOYTIell NO360IUN ONPEde UMb Chepy UX NPUMEHEHUS, ROMOXHCEM 6 CUHMEe3e
cucmemvl ynpasieHus u AHAIu3e 603MOHCHbIX asapuiinblx pexcumoe MMC. bubn. 8, Tadn. 8, puc. 9.

Kniouesvie cnosa: cucrema 3/1eKTPOCHAOKEHHs, MHOTOYPOBHEBBINH MOAY/IbHBIN Npeodpa3oBaTe/lb, TPAH3UCTOPHBIH MOAYJIb,
TokH nJe4, Matlab-monenan Tpexgaznoro MMC, cocTosiHue BeHTHIIEl.

Beenenne. B nocnennue rojapl MUPOKOE MPOMBIII-
JICHHOE TIPUMEHEHHUE TTOJTyYHIIN MOIIHbIE TTOIYITPOBOIHH-
KOBBIE MpeoOpa3oBaTeId HOBOTO THIA — MOJYJIbHBIC

NIEKTPONEepeAay MOCTOSHHOTO TOKA, UCCIEIOBAHUE €r0
MPUHIOUIIOB pa0OTHI M OCHOBHBIX XapAaKTEPUCTHK.

MHOIOYpPOBHEBbIE TIpeoOpasoBarenu (modular multilevel Tabnuua 1
converters), BIEpBbIE NpeIoKeHHbIe B pabotax [1, 2]  Odd-LopHbie BeTpoBEIC ICKTPOCTAHLMH C IpuMeHeHHeM MMC
R. Marquarratt u A. Lesnicar B 2001, 2003 romax. B |Berpo- Mom- | Hanps- |[mma
MHOTOYHCIICHHBIX TyOIuKanusax [3-8] mpuMennrensHo Kk |[BAAL [0 | e | xage- | Acmomin- | Cocros-
3THM TIpeobpazoBaTessM HMCIOJb3yeTcs yeroiunsoe co- | S0 | () V) |nn,dm| TS |mmepabor
kpameHne — MMC. HeoOX0quM0O OTMETHTh OBICTPOTY, C HLeIlejin Tlefictayer
koTopoit MMC Obun pa3paboTaHbl, N3TOTOBJICHBI U BBE- ] 576 +£250 | 130 | Siemens |"° 2013};.
JICHbI B MIPOMBIIUICHHYIO 3KCIUTyaTalUI0 B JIMHHUAX DJIEK- Vonbia-
Tponepeaaun nocrosHHoro Toka (HVDC). Ilepsas HVDC | Dolwin 800 1640 165 ABB s
cucreMa ¢ MMC, pa3pabortanHas ¢upMmoi Siemens, co- 1 82013 1.
enuamia ropoga [IurrcOypr u Can-Opanmucko B Kamu- Borwi Hcnbrra-
¢opuun, CILA [7] B HOs16pe 2010 roga. Kabemnp mocro- ngm 800 +300 | 200 | Siemens HUst
SHHOTO TOKa paccunTal Ha 400 MW, £200 kV. 82013 1.
B Tennet Off-Shore Wind Farm Complex, pactiono- | Sviwin| o, +£320 | 205 | Siemens |PEHCTBYET
sxeHHoM B CeBepHOM Mope BOMM3M mobepexbs Iepma- I c2014r.
HHM, pealu3yeTest cpasy Heckolbko npoektos HVDC nia  |Powin| oo £640 | 135 4pp  |Metictsyer
BETPOBBIX 3JIEKTPOCTAHIMH ¢ ucnosnb3oBanueM MMC. B 2 - c2013r.
Dolwin Her
Tab. 1 mpUBeEHBI XapaKTEPUCTHKH ITUX NPOEKTOB [8]. 3 900 +320 162 ABB JIAHHBIX

B [7] mpuBenena uHboOpManys O peann3aluu He-

CKOJIbKUX JIpYTMX IPOEKTOB ¢ ucrnoiib3oBaHueM MMC, CusioBasi cxema M npuHuun aeiicreuss MMC. Ha

pacnonoxeHHbIx B EBponie u Kurae dupmoii Siemens.

OpHako, HECMOTPsSI Ha aKTHBHOE BHEJPEHHE B MU-
pOBOIl 3HEPreTUKe, B OTEUECTBEHHOW JUTEpaType Npak-
TUYECKH MOJHOCTBIO OTCYTCTBYET Kakas Tubo mHpopMma-
LSl O JaHHOM HOBOM THIIE TIpeoOpa3oBaTesi, MPUHIMIIAX
€ro nocTpoeHwus, chepe MpUMEHEHUSL.

Leabio cTaTby SBISIETCS UCCIIEOBAaHHE OCOOEHHO-
CTEH MOCTPOECHUSI CUIIOBBIX LIENIE MHOIOYPOBHEBOI'O MO-
JYJIBHOTO NpeoOpa3oBaTessl SJIEKTPOIHEPIHU ISl JTMHHMA

puc. 1 mpencTaBiCHBl CHIIOBBIE CXEMbI COOTBETCTBEHHO
omHodaszHoro u tTpéxdaznoro MMC. Kak Buano u3 puc. 1,
CHJIOBasl cxeMa IpeoOpa3oBaTessl MUTAETCsl OT JIBYX HC-
TOYHUKOB MOCTOSHHOTO HampspkeHus. Tpéxdaszubiit MMC
cocrout u3 Tpéx omHodasueix MMC, paboTaromux Hes3a-
BUCHMO ApYr oT apyra. OO0uye TO4YKH MCTOYHHUKOB Ha-
NpsDKEHUs ¥ Harpy3KH, Z;, o0benuHeHsl. [lneun cumoBoi
cxembl MMC, — nBa mie4a B ogHo(]a3HOW M IIECTh Iuiey

©T.I'. XKemepos, I1.C. Kpsuto
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B Tpéx(}a3zHOH, — MpeacTaBisAioT co0Ol MOCieN0BaTeNb-
Hoe coenuHeHne N moimymocToBbIX (half-bridge) HB mo-
IyJel, umu MocToBBIX (full-bridge) FB momynei, moka-
3aHHBIX Ha puC. 1.

Puc. 1. Cunossie cxembsl MMC

B kaxxnoe mie4o cxembl BKIIIOYEH YPaBHUTEIBHBINA pe-
akTop L,. PerynupoBanue HanpspkeHUsl Ha Harpy3Ke ocylie-
CTBJIICTCS IyTEM BKJIFOUCHHS 3aJAHHOTO KOJIMYECTBA MOJY-
JIel ¥ 33JaHHOTO AJITOpUTMa MX paboThl. B ycraHOBuBIIIEM-
cst pexxume paborel MMC B 110001 MOMEHT BpEMEHH TPO-
BOJIIT TOK BCE HIECTh KJIFOYEH, MpHU 3TOM CyMMapHOe Ha-
NPSDKEHNE B 3aMKHYTBHIX KOHTYpax, MMOKa3aHHBIX Ha puc.l,a
MyHKTUPOM, TPU HYJIEBOM YPAaBHUTEIHHOM TOKE JIOJDKHO
OBITH paBHO HYIO. ['paduKu HAIPSDKCHWIA TUICY MPEACTaB-
JICHBI Ha PHC. 2, UM COOTBETCTBYIOT cooTHOIIeHus (1), (2):

Ud Ud

U =—%+-yv.—4.g5in4, 1

al > > ()
U, U,; .

U,y =—++v-—4.sin 9, 2

a2 > B ()

rne ¢ =27aft — 6e3pazMepHOe BpeMs; f — yacToTa Harpsi-
JKEHISI Ha BBIXOJIE MPeoOpa3oBaTensi; ¥ — OTHOCHTEIBHOES
3HAYCHNE HATIPSHKCHHUS Ha Harpy3Ke

V= Ulmax ) (3)
U, 2

Uyl +ua2 = Ud

=

s N|&Q

e

Puc. 2. Hanpspxenus mneu MMC

Hnsa tpéxdaznoro MMC HanpsKeHHS TUIed oTpeie-
JISIFOTCA U3 COOTHOILIEHUH:

u, Uy . 2
up =—%+—v-—%gin| $-—|, 4
b= > ( 3 j “4)

U, U; . 2r
=—%+y.—%.5inf §——|, 5
Up2 == ) ( 3 ) (5)

Ud Ud . 4z
=—4—y.—%.5inf §-——|, 6
Ue ) B ( 3) ()

U, U; . 4z
y=—t4y-—£. -——. 7
Upy 5 v 5 sm[ 3) @)

PaccMoTpuM 3aBUCHMOCTD HANpsKEHUS HA HArpy3Ke
Uy, OT HATIPSDKECHUH MJIeY U,) U Uyp.

Jns 1ByX 3aMKHYTBIX KOHTYPOB, ITOKa3aHHBIX Ha
puc.1l,a MyHKTHPOM, CTIpaBEAIMBEI COOTHOLICHHS:

iL04D = lal —la2 - 3
J1st mepBoro KoHTypa:

-y —L —%“—u; =0, 9

) al™*~a dt L ( )

1381051
di U
u; =—u—L, —l 4 =4 10
L al™*a dt > ( )

st BTOporo KoHTypa:

Uy di,,
Zd g Zal 2, 11
) a2™ta dt L ( )
50105
di U
up =t gy+L, — =4 12
L a2™ta dt > ( )

IIpocyMMupoOBaB JIeBbIE U IIPABBIC YACTH YPaBHEHUI
(10) u (12), momyunm

2u; :uaz—ual—La@. (13)
t
YunTeBas (8), mpeodpazyem (13):
uy = Ya2 Ml +La diroap ’ (14)
2 2 dt
nin
uy = a2 Mal oLy dipoap ’ (15)

2 2 d$§
B cootnommenusix (14), (15) umeet MecTo HEpPaBEHCTBO
Troap @ Ly <<UpL max s (16)
4TO, MIPU ONPEIEIEHHBIX YCIOBUSX, TO3BOJISIET YIPOCTUTD
cootHonrexue (15)

ug :uaZ—;uall (17)
B cxeme no puc. 1,a
U,
UL max =V (18)

Homyctus, uto u; onpexnensercs no (17), ¢ yuérom
(1) u (2) momygum:

U—d+v&sin8—ﬁ+v%sin3
- 2 2 2 _
L 2 (19)
:VU—dsing.
2

Ha puc. 3 noka3aHbl B3aUMHBIE PACHOJIOKESHUS KPH-
BBIX HAMPSOKCHUH TUICY U HArpy3KH ¢a3el a. HampsokeHus
a3 b u ¢ noBropstOT MO popme HanpspkeHus (aswl @ U
OTCTAIOT OT HEr0 COOTBETCTBEHHO Ha YIJIbl 277/3 u 477/3.

B omnodaznom MMC TokHM TUIEd UMEIOT JIBE CO-
CTaBJISIIOLINE — ITOCTOSIHHBIN TOK /; U IEPEMEHHBIM CUHY-
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COMJAIbHBIA TOK C aMIUIMTYIOH, PaBHOM IIOJOBUHE aM-
IUTATYABI TOKa Harpy3ku Iy .. . COOTHOmEHHS OIS TO-

KOB IIJICY UMCIOT BHUI:

. 1 .
iq =14 +51Lmax'sm(‘9_¢)n (20)

e2y)

T€ @ — Yroi CIBUTa MEXAY HalpshKeHHEM B TOKOM
Harpysku.

. 1 .
la2 :[d _EILmax ~sm(9—(p),

U‘!}‘al s U > Uy
d a2 0<v<l F—— M
/// Ud \\\ // Ud \\\
Ul” ¢ 2 N/ 2 N/
2 \\\ /// \\ /// \\\
A XNu N ///
) e al T U 9
T U 2m
\Y
uLa 2

Puc. 3. I'paduxu Toka 1 HanpspkeHUi Bassl a

B tpéxdaznom MMC mocTosHHas COCTaBISIOMIAS
TOKa TIeya OyAeT COCTaBISITh TPETh OT TOKA /.

OtMmeTuM, 4TO 3HaueHue Toka /; npu U, = const of-
HO3HAYHO OTpeleNseT CKOPOCTh IMepenadyd >HEpPTuu OT
HUCTOYHMKA K Harpyske. [Ipu sToM cpenHee 3a mepuon
MTOBTOPSIEMOCTH 3HAUEHHE CyMMAapHOH JHEPrHH B KOH-
JieHcaTopax MoJyJiel 0cTaéTcsl HEM3MEHHOM.

Ha puc. 4 npuBeneHs! rpadyuKi HAPSDKEHHA W TO-
KOB IUIeY M Harpy3kd B TepUOjie MOBTOpseMOocTH. 3
puc. 4 cuemyer, 9YTO aMIUIUTyIa TOKa Harpy3KH IOJDKHA
OBITh MEHBIIIC TOKA 1

I max <14, (22)
a aMIUIMTyJa HampshkeHHs Ha Harpyske, Up na.x, HE

JIOJKHA mpeBbImats Uy/2:

U,
UL max <= (23)
A
uLa l
[L max b
0 > 21 '2
% 0§ IL max
A i
I 2 lul
[d v L max/
N A
3 ///“\\\w L 25
0 b n J

| o

Puc. 4. I'padyixy HaNpsHKEHUH ¥ TOKOB TIEY U HArpy3KH
B IIEPHO/IC TIOBTOPSIEMOCTH

[Ipu maneHEHmeM aHaMU3e yI0OHO MEePEerTH K OTHO-
CHUTEIBHBIM BETMYMHAM HATIPSDKSHHN W TOKOB.

basucHble BeNUYMHBI HAMPSKCHUH, TOKOB M AKTUB-
HOW MOIIHOCTH TPEX(Ha3HOTO Mpeodpa3oBaTes:

Upase =Uq /2 > (24)
2
Thase :Eld» (25)

Frase =Uq 14 - (26)
U3 cootHommenntt (3), (24) HaXOAMM OTHOCHTEIEHOE
3HAYCHUE aMIDIATYIbl CHHYCOWIBI HANpsDKCHUS Ha Ha-
Tpy3Ke:
UL max 2UL max

UL max* = = =V,
Ubase Ud

U ¢ y4eToM (25) — OTHOCHUTENIbHOE 3HAUYCHNE aMIUTUTYIbI
TOKa (a3pl HATPY3KU:

@7

31
Ihmﬁzz_f?izm. (28)

Cnenas ponyuenue, uto norepu B MMC 0TCyTCTBY-
10T, MOKEM 3aIlicaTh COOTHOIICHUE I CPEIHEH aKTHB-
HOU MOIITHOCTHU Ha BXOJI¢ ¥ BEIXoze Tpéxdaznoro MMC:

Ug-14 :EIL maxUL max COS@ . (29)

Ioncrasus B (29) Uy nax U3 27) 1 I} pnax 13 (28),

TTOJTYIVIM:

2=v-m-cosq. 30)

CootrHomenne (30) cBsI3bIBAaCT OTHOCUTENIbHBIE 3HA-
YCHUS HATIPSDKEHHST V U aMILTUTY bl TOKA HATPY3KH 711.

B [3] pexoMeHmyeTcsl ycTaHaBIUBATh OUAMA30H H3-

MEHEHHA V B IIpEACiax

o<p<t, (31)
TP UCTIONIb30BaHUU HB-Moayneit u B mpeaenax
0<v<42, (32)

IIPU UCIIOJIB30BaHUH FB-MOynen.

OTy peKOMEHAAINI0 MOXXHO OOBSICHUTH IOIYIICHH-
€M YIUIOUICHUS KPUBOW HAIIPSHKEHHS Ha BBIXOJE B O0Jac-
TH aMIUUTYObl. 3HAK MOAYyNsA v B cooTHomeHusx (31),
(32) He uMeeT cMbICiIa, TaKk Kak B COOTBETCTBUU C (27)
BEJIMYMHA v BCET/IA TTOJIOXKUTEIbHA.

Pexomennyemoe 3HaueHue mapamerpa m [3]:

|m| >2,
Ut 0OOMX THUTIOB MOJTYJICH.

Bo3MoxHBIE TEOpETHUECKUE 3HAYCHUS Tapamerpa

m, pacCuMTaHHbIC B (QYHKIIMU IapaMeTPOB VU COS ¢, IO

(33)

BeIpakeHuto (30), mpuBeaeHE! B Ta0M. 2.

MaremaTuyeckoe MoaenpoBanue. C Iebi0 poBep-
KM TIOTyYeHHBIX BBIIIE PE3y/IbTaTOB B MPOrPaMMHOI cperie
MatLab/Simulink ObU1a cO31aHa MaTeMarTH4ecKas MOZIEIb
TpéxazHoro MMC, COOTBETCTBYIOLIETO IO CBOEH CTPYKTYpe
puc. 1,b. BHelHMi BAI MOJICIH TIPUBE/ICH Ha PHC. 5.

Mozesnb COCTOUT M3 UCTOYHHKA MUTAIOLIETO HaIps-
s)xenust Uy, emkoctHoro paenutens Cy—Cp, K cpeaHei
TOYKE KOTOPOTO MOAKIIOYEH OO BBIBOA TpéXdazHon
AKTUBHO-UHIYKTUBHOM Harpy3ku L A, L B, L C, coenu-
HEHHOW B 3Be3ay. HampspkeHus 1uied 3aJaroTcsl peryJiu-
PYEMBIMH HMCTOYHHKAaMH TIEPEMEHHOTO  HANpsDKCHUS
UiUyp, Up—Uyp,, U,-U, mna xaxpoit u3z TpéX ¢as.
®DopMBbI TOKOB IIJIEY 3a1aI0TCS PETYIUPYEMBIMH UCTOUHH-
Kamu 11, Ipi—1I2, 1.1—I.2 C TIOAKIIOYEHHBIMM Iapajl-
JIETbHO MM 3JIEMEHTaMM, MOJECIUPYIOUIMMHU aKTUBHOE U
HHAYKTHUBHOE conpotusienus mieu MMC. baok Invertor
BbIpa0aThIBaeT YIpaBisiollee 3aJaHue il SJIEMEHTOB
cxeMbl. MHOTro4HCIIeHHbIe ocuuutiorpadsl U LUPPOBEIE
JIICIUIEN TIO3BOJIAIOT KOHTPOJHMPOBAaTh BCE MapaMeTphl
paboThI MOsIENH.
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Ta6nuua 2

3HaveHus mapamerpa m B QYHKIUH ApaMETPOB V, COS ¢,

COS (0,
1.0 0.9 0.8 0.7 0.5 0.4 0.3 0.2 0.1
|4
1.0 2.00 2.22 2.50 2.86 3.33 4.00 5.00 6.67 10.00 20.00
0.9 2.22 2.47 2.78 3.17 3.70 4.44 5.56 7.41 11.11 22.22
0.8 2.50 2.78 3.13 3.57 4.17 5.00 6.25 7.14 12.50 25.00
0.7 2.86 3.17 3.57 4.08 4.76 5.71 7.14 9.52 14.29 28.57
0.6 3.33 3.70 4.17 4.76 5.56 6.67 8.33 11.11 16.67 33.33
0.5 4.00 4.44 5.00 5.71 6.67 8.00 10.00 13.33 20.00 40.00
0.4 5.00 5.56 6.25 7.14 8.33 10.00 12.50 16.67 25.00 50.00
0.3 6.67 7.41 7.14 9.52 11.11 13.33 16.67 22.22 33.33 66.67
0.2 10.00 11.11 12.50 14.29 16.67 20.00 25.00 33.33 50.00 100.0
0.1 20.00 22.22 25.00 28.57 33.33 40.00 50.00 66.67 100.0 200.0
—[B PR
: Uz1, Uz2, Un
powergui
[
In, In&Un, lc
L ud In_a, |_La, Id
. Istalord
Cd_2
= ERgy—
VAN

RMS
(discrete)

Puc. 5. MatLab monens tpéxdasnoro MMC

VYnpapneHue UCTOYHHKAMH TOKa W HANpPSDKEHUS B
MOJIENT OCYLIECTBIISIETCS. B TOYHOM COOTBETCTBHH C ajl-
roputMoM pabotet MMC, onvcanHbIM Bbille. Takas KOH-
LIETIHS TIOCTPOSHHUST MOZEIH MTO3BOJISIET IPOBEPHUTH CIIpa-
BEJIMBOCTH paHee JIOMYyMICHHBIX MPEIIIOJIOKEHUH O
B3aMMOCBSI3M OCHOBHBIX I1apaMeTPOB B paboTe cxeMbl 0e3
HCIIOJIb30BAHUS MOJIENICH KOHKPETHBIX CHIIOBBIX MOJyJIeH
1 TIOCTPOEHHMS CIIOKHOM CHCTEMBI X YIIPABICHHUS U aBTO-
peryaupoBaHusl.

IIpn nomydyeHuyn MalIMHOTPaMM M 3aBUCHUMOCTEH B
MOJIENTH OBUIM MPHHATHI CIEAYIOLINE 3HAUEHHs: CpeIHee
3HAYEHHE NHTAIOIIEr0 HANpPsDKEHUST M BXOIHOTO TOKa
cootrBerctBeHHo U, = 1000 V, I; = 1000 4; akTuBHOE U
WHAYKTUBHOE compoTuBieHue mieda 1 mQ2u 10 uH; ax-
TUBHOE CONpoTHUBIeHHE Harpy3ku — 0.632 (2 EMKOCTh
KOHJIeHcaTopa Jenurens — S mkF.

Ha puc. 6 npuBeneHbl MAaIIMHOTPaMMBI HalPSHKEHHS
UcTOYHMKA nuTanus U, v HanpspkeHus roied gaszsl C s

pexxuMa paboThl v =1, YTO MOIHOCTBIO COOTBETCTBYET
TEOPETHUYECKIM TpaduKam, MIPUBEICHHBIM Ha PHUC. 2.

Ha puc. 7 npuBeaeHbl MaIIMHOIPAMMBbl HANIPSIKEHUS
Harpy3ku (azel C 1 GopMHUPYIOIINX €ro HAPSDKEHUH [UIst
pexxuma padotsl v = (.8, YTO MOJHOCTBIO COOTBETCTBYET
TEOPETHUYECKIM TpaduKam, MIPUBEICHHBIM Ha pHUC. 3.

Ha puc. 8 mpuBeneHbl MalIMHOTPaMMBI TOKa Ha-
rpy3ku u mied ¢assl C s pexxuma padotsr v = 0.8.
CpaBHenue puc. 8 u puc. 4 1aét BO3MOKHOCTh YOCTUTHCS
B CHPaBEUIMBOCTH MPUHATHIX paHee TEOPETUIECKUX
TIPEATIOCHIIOK.

Taroke, MOZIENTs pUC. 5 TIO3BONMNIA TIPOBEPHUTH PadbOTy
MMC npu pa3snUYHBIX COYETAHMSAX MApaMeTpoB 7, V U
COS(», TIOATBEP/NB CIIPABEIINBOCTh 3HAUCHHUH, NPUBEICH-
HBIX B Ta0JI. 2 ¢ TOYHOCTHIO JIO IBYX 3HAKOB TIOCTIE 3aIISTOM.

XapakTepucTHKHU CWIOBBIX Moay.Jeii. [Ipumenenue
TOTO WJIM WHOTO THIIA CHJIOBOTO TPaH3UCTOPHOTO MOZIYJIA
HE CKa3blBaeTcss Ha oOwei kouuenuuu padotsl MMC,
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500
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_5000 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Puc. 7. Hanpsbxenue Harpy3ku ¢assl ¢
i, A
C
Le’
100 | T
L 3
200 / \
/ e \
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- M 5 / \\
00 AK\_/J
600 Ls
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018  0.02
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cl,2 — 161
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300 — e -; . E— —— =
200h<t—1t [ /3 i ;
1,/3 N,
100 ] ]
: : ts
v ‘ ‘ >
00 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Puc. 8. Tox Harpy3ku u mied ¢assl ¢

OJTHAKO BIMSET HA OCOOEHHOCTH IIOCTPOCHHUSI CHUCTEMBI
YTIPaBICHUSI ¥ aBTOPETYIMPOBAHMS a TAK)KE OMpEnersieT
BO3MOJKHBIE aBapUilHBIE PEKUMBI B pabore cxemsl. [lo-
3TOMY PAaCCMOTPHM HX paboTy nmoapodHee.

a) Ilonymocmosou HB modyns. CxeMa MOIyMOCTO-
Boro HB monyns mpezacraBieHa Ha puc.9,a. Tok uepes
MOZyJIb OT UCTOYHUKA MUTAHHUS MOXXET OBITh KakK IT0JIO-
JKUTEIbHBIM (HaIllpaBieHUE MOJIOKUTEIBHOTO TOKa yKa3a-
HO Ha puc. 9,a), Tak U oTpHLATEIbHEIM. HanpspkeHne Ha
koHzaeHcaTope C Bcerja MON0XKHUTENBHO, MOTOMY IMpHU
pabote momyns TpaH3ucTopel 7/ u 72 He MOTYT OBITh

OTKPBITEI OJHOBpEMEHHO. C yd4éTOM STOro BO3MOKHEI
TpH KOMOHMHAIMN BKIIOUYEHHBIX COCTOSHUH TPaH3UCTOPOB
MIPY Ka’KIOM HAaIIPaBJICHUH TOKa i

e 00a TpaH3UCTOpA 3aKPHITHI;

e BKJIIOYEH TpaHsucrop 71/, Tpansucrop 72 3anepr;

e BKJIIOYEH TpaH3uctop 72, Tpansucrop 717 3amepr.

PaccMoTpuM TyTH TPOTEKaHUSI TOKa, HAINpPsHKCHHUE

Ha KOHIEHCATOpPE W BEIMYMHY HANPSDKEHWS HA BXOJE
MOJyJIs, COOTBETCTBYIOIIME YKa3aHHBIM BBIIIE KOMOWHA-
LUSIM TIPU MOJIOXKUTEIIBHOM U OTPHLIATETIBHOM TOKE, CBE-
ISl pe3ynbTat B Tabm. 3 u 4.

30
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l ¢ D, ’& D, T,
in C Cle
u, Q =
off |Yc
JEE Bk
i
v Al Tl
b)
Puc. 9. CxeMsr cunoBeix Mmoxyneir MMC
Ta6muua 3

Hamnpsixenue Ha Bxozie ¥ Ha KoHAeHcaTope HB Moxys
HPH MONOKUTEITBHOM TOKE i>()

Ne Bxi. | Ilyts Hanpsoxenue Hanpsoxenue Ha
KOMO. | Tp-pBl | TOKa | KOHJEHcaTopa BXOJI€ MOJyJIs
in, DI, _
1.1 - C off 3apsn U =Uc
1.2 Tl ”Cl’, [o)]; 3apsn Uiy =Uc
in, T1, _
1.3 T2 off HE U3MECHACTCS u;,=0
Tabmuna 4

Hampsokenue Ha Bxozie U Ha KoHAeHcaTtope HB Moy s
TP OTPULIATEITEHOM TOKe i<()

Ne Bxi. | Ilyts Hanpsxenue Hanpsokenue Ha
KOMO. | Tp-pbl | TOKa | KOHJEHCATopa BXO0J1€ MOJTYJIs
2.1 - Off’l_nDZ’ HE U3MEHSIETCS Uiy =Uc
off, C, _
2.2 Tl Tl in paspsan Ui =Uc
2.3 T2 off,irl?Z, HE U3MCHACTCS u;, =0

Tabnuna 5
Hamnpsbkenue Ha BXoJzie U Ha KOHJIeHcaTope FB Momyis
MIPU HOJIOKUTEIBHOM TOKeE >0

Kg;_ Bxiu. | Ilyts Hanpsoxenue | Hanpsoxenue Ha
Gy, | TP-PEI TOKa KOHJIEHCATOpa | BXOZIE MO
in, DI, C, _
3.1 - Di,off 3apsn U =Uc
32 T1,T4 ngloﬁ,C 3apsn Uiy =Uc
33 72,73 m},;%);’ paspsn Up= - Uc
34 | TI1, T3 17}33 Z?JJIT HE U3MEHSIETCS u;, =0
35 | T2, T4 34 Y;’Zﬁf HE U3MEHSETCS u;, =0
36 | TI ’”bf ](; ; sapsn 4=t
in, T2, _
3.7 T2 D4, off HE M3MEHSIETCS u;,=0
3.8 T3 1;13 [3)2[ HE U3MEHSETCS u;, =0
39 | T4 ’”bf ](; ; sapsn 4=t

Paccmorpum ciyuaif, korga i<0. 13 tabn. 6 cnemy-
eT, yro npu i<0 nuie oJHa KOMOHMHAIMs 00ecreunBaeT
pa3psia KOHJeHcaTopa NpH u;,= +uc , 4eThlpe KOMOWHa-
MK 00EeCTIeunBaIOT 3apsi/l KOHJIEHcaTopa NpH U= —lc ,
emé Jersipe KOMOMHAIMN 00ecreunBar0T HEM3MEHHOCTh
HaMpsDKEHUs. Ha KOHAeHcarope npu u;,= 0. /laHHble aHa-
JIM3a IpUBEJICHBI B Ta0I. 7, 8.

Tabmuna 6
Hanpspkenue Ha Bxozae 1 Ha KoHaeHcaTope F'B Mmomyst
MIPY OTPHULATEIEHOM TOKe i<0

W3 anamm3za Tabxn. 3, 4 cnemyer, 4To 3apsAOUTh KOH-
JICHCAaTOp MOXKHO TOJIBKO TPH MOJIOKUTEIBHOM TOKE MO-
IyJisl, a paspsiuTh — TOJIBKO MPU OTPULATEIHHOM TOKE
moxyst. [Ipuuém cymecTByeT ABe KOMOMHaLMK, odecre-
YHMBaIOIINE 3apsi]] KOHIEHCATOpa M TOJBKO OJHa KOMOH-
Halysl, COOTBETCTBYIOLIAS Pa3psy.

6) Mocmosoii FB mo0yib.

B cxeme MOCTOBOTO MOy s, MPEACTABIECHHOTO Ha
puc. 9,b, He MOTYT OBITh OTHOBPEMEHHO BKIIFOUEHBI ITaphI
tparsuctopoB 71, T2 u T3, T4. IlosTOMy BO3MOXHEI Jie-
BATh KOMOMHAIMI BKJIFOUEHHBIX TPAH3UCTOPOB MPH Kax-
JIOM M3 JBYX HaIlpaBJICHUH TOKa i.

e BCe TPAH3UCTOPHI 3aMEPTHI;

e BKJIIOUEHA Napa TpaH3ucTtopoB 717, 12;
BKJIIOYEHa Napa TpaH3ucTopoB 12, 73;
BKJIIOYEHBI TpaH3UCTOpBI T/, T3;

BKIIIOYEHBI TPAH3UCTOPBI 12, T4;

BKJIFOUCH TPaH3UCTOP 7/, OCTAIbHBIE 3aKPHITHI;
BKJIFOUCH TPAH3HUCTOP 772, OCTAIbHBIE 3aKPHITHI;
BKJIFOUCH TPAH3UCTOP 73, OCTAIBHBIE 3aKPHITHI;
BKJIFOYEH TPAH3UCTOP 14, OCTaJIbHBIE 3aKPBITHI.
Paccmorpum paboTy cXeMbI IPH HOJOKHTEIBHOM
Toke (i>0). Pe3ynbraT aHanuza cBenéM B TalII. 5.

B cootBercTBUM ¢ Tabm. 5, B ciaydae, eciu >0, JHIIb
0JJHa KOMOMHAIMS BKJIIOUEHHUS] TPAH3UCTOPOB 00ecreunBa-
eT pa3psizl KOHJEeHcaTopa NpH u;,= —uc. YeTsipe KoMOnHa-
MK 00ECTICUMBAIOT 3apsii KOHAEHCATopa, emié YeThlpe —
HEM3MEHHOCTh HalpsDKEHHs Ha KOHZIEHCaTope.

Kgf;_ Bxn. | Ilyte Hanpsixenue Hanpsxenue Ha
Gup. | TPPEI | TOKA KOHJIEHCaTOpa BXOJIC MOYJIA
off, D3,
4.1 - C D2, 3apsig U= —Uc
in
off, T4, _
42 | T1, T4 C Tl in paspan U =Uc
off, D3, _
43 T2, T3 C 12 in 3apsig U= —Uc
44 | TI, T3 Oj;f} l?: HE U3MEHSIETCS u;,=0
45 | 12, T4 ogfé ];fz HE U3MEHSETCS u;, =0
4.6 TI 0]79.3 D,j HE M3MCHSIETCS u;,=0
off, D3,
4.7 72 C, D2, 3apsg U= —Uc
in
off, D3,
4.8 T3 C, D2, 3apsig Ujy=—Uc
in
4.9 T4 (gfé YZ HE U3MEHSETCS u;, =0

Hannble Tabn. 3-8 MOTyT OBITH HCIOJB30BaHbI MPH
CUHTE3€ CHUCTEMbI YIIPABICHHUSA M JUI aHaJINM3a BO3MOXK-
HBIX aBapUUHBIX PEKUMOB B MoIyJisix MMC.

ITockonbKy TOK i F€HEepHpYeTCsl UCTOYHHKOM TOKa,
HanOosee ormaceH OOpBIB IENMH TOKa BHYTpPH Moayis. B
HB monynax (puc. 9,a) pu 3aKkpbIToM TpaH3ucTtope 712
0OpBIB B KOHTYpE NMPOTEKAHMSI TOKA i MPUBEIET K BO3HHUK-
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HOBEHHIO IIyT'H, IEpeHANPsHDKEHUI0 Ha TpaH3uctope 72 u
nuoze D2 ¢ mocneayonmm mpodoeM 0THOTO U3 HUX.

8. Perez M.A., Bernet S., Rodriguez J., Kouro S., Lizana R.
Circuit Topologies, Modeling, Control Schemes, and Applica-
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Tabmnuma 7
Homepa BapuanToB pexxuma pabotsl FB Moxy:s npu i>0 10.1109/tpel.2014.2310127.
3HaK HaNpsHKEHHS Ha BBIXOZE U, + - 0
3apsa 3.1,3.2, werl  mer
(pacrér) 3.6,3.9 1. Marquardt R.
Hamnpsxenne Ha paspszn wer 1331 mer
KOHZICHCAaTOpe (yMeHbLIaeTCs)
HE U3MEHSIETCS HET |HEeT 3.4,3.5,
3.7,3.8
doi: 10.1109/PTC.2003.1304403.
Tabnuma 8
Howmepa BapuanToB pexunma pabotel FB Moayis mpu i<0
3HaK HaINpsDKEHUS Ha BBIXOJE U;, | + — 0
3apan 4.1,43, 4. Alstom. HVDC
(pactér) || 47,48 | "7
Hampsoxenne na paspan 42| mer Her
KOHJIICHCATOPE (YMeHbIIIaeTCs)
4.4,45, 5. ABB. HVDC
HE U3MEHSACTCS |[HET| HeT 4649

[Ipu omHOBpEeMEHHOM BKITIOYEHHWH TPaH3HUCTOPOB 717,
T2, Ha HUX pa3pspkaercsa xkoHnencartop C. Tok paspsma mo-
JKET TIPUBECTH K BBITOPAHUIO MPOBOJHUKOB (JOPOMKEK)
BHYTPU TPaH3UCTOPOB, BO3HUKHOBEHHIO IYTM U BBIOpOCY
TUIa3MBL.

BriBoabI.

1. PaccMoTpeHa KOHLIEMIMS MOCTPOEHUS MHOI'OYPOB-
HEBOT'0 MOJYJIbHOTO mpeodpasoBaresst (MMC) nns muHuii
JIEKTPOIIEPEIaul TIOCTOSIHHOTO TOKa B JHEPreTHKE W
MOIITHOM YaCTOTHO PETyJIMPYEMOM 3JIEKTPOIIPHBOJIE.

2. MaTteMaTHYeCKOe MOJEIUPOBAHHE B IPOTrPAMMHON
cpene MatLab/Simulink TONTBEPIIIIO CIIPABEITHBOCTD
paccMoTpeHHOTO anroputMma pabotsl MMC u KOppeKT-
HOCTh MAaTEMaTH4ECKHUX COOTHOIIEHWH, OMMCBHIBAIOIIUX
MIPOLIECCHI B YCTAHOBUBIIEMCSI PEXHUME PaOOTHI.

3. [IpuBeneHs! XapakTepUCTUKH IIOJHOTO HAbopa KOM-
OMHaNWi COCTOSHUN TPaH3UCTOPOB MOJIYMOCTOBOTO, HB,
(mwectp cocTOsIHMSI) W MOCTOBOrO, FB, (BoceMHaanarb
COCTOSIHHMH) CHJIOBBIX MOJYJIEH, KOTOpBIE CIEeIyeT y4H-
TBIBATh TIPU CHHTE3€ CHCTEMBI YNPABJICHUS W aHAIN3e
ABapHHHBIX PEKUMOB.
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Concept of construction of power circuits of a multilevel
modular converter and its transistor modules.

Goal. The goal of the paper is to study the peculiarities of building
power circuits of a modular multilevel converter (MMC) of electri-
cal energy for DC transmission lines, to investigate its operating
principles and basic characteristics. Methodology. We have applied
the theory of electrical circuits and mathematical simulation in
Matlab package. Results. A Matlab-model of the MMC power cir-
cuit was constructed with shunting of all the shoulders by current
sources, which made it possible to check the correctness of the for-
mulas for the characteristics of the proposed circuits. Originality.
Variants of power circuits of MMC with shunting of all shoulders of
the converter by current sources are offered. The tables of states of
HB and FB modules for forward and backward direction of the
current of the shoulders are made. Practical value. The use of the
proposed structure of the converter power circuit and the algo-
rithms of operation of the power transistor modules will help to
determine the scope of their application, will help in the synthesis of
the control system and analysis of possible emergency modes of the
MMC. References 8, tables 8, figures 9.

Key words: power supply system, multilevel modular con-
verter, transistor module, shoulder currents, Matlab model
of three-phase MMC, state of valves.
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IMPROVING OF ELECTROMECHANICAL SERVO SYSTEMS ACCURACY

Aim. Improving of accuracy parameters and reducing of sensitivity to changes of plant parameters of nonlinear robust
electromechanical servo systems of guidance and stabilization of lightly armored vehicle weapons based on multiobjective
synthesis. Methodology. The method of multicriterion synthesis of nonlinear robust controllers for controlling by nonlinear
multimass electromechanical servo systems with parametric uncertainty based on the choice of the target vector of robust control
by solving the corresponding multicriterion nonlinear programming problem in which the calculation of the vectors of the
objective function and constraints is algorithmic and associated with synthesis of nonlinear robust controllers and modeling of
the synthesized system for various modes of operation of the system, with different input signals and for various values of the
plant parameters. Synthesis of nonlinear robust controllers and non-linear robust observers reduces to solving the system of
Hamilton-Jacobi-Isaacs equations. Results. The results of the synthesis of a nonlinear robust electromechanical servo system for
the guidance and stabilization of lightly armored vehicle weapons are presented. Comparison of the dynamic characteristics of
the synthesized servo electromechanical system showed that the use of synthesized nonlinear robust controllers allowed to
improve the accuracy parameters and reduce the sensitivity of the system to changes of plant parameters in comparison with the
existing system. Originality. For the first time carried out the multiobjective synthesis of nonlinear robust electromechanical servo
systems of guidance and stabilization of lightly armored vehicle weapons. Practical value. Practical recommendations are given
on reasonable choice of the gain matrix for the nonlinear feedbacks of the regulator and the nonlinear observer of the servo
electromechanical system, which allows improving the dynamic characteristics and reducing the sensitivity of the system to plant
parameters changing in comparison with the existing system. References 12, figures 1.

Key words: electromechanical servo systems of guidance and stabilization of lightly armored vehicle weapon, nonlinear robust
system, multiobjective synthesis, dynamic characteristics.

ILlens. Ilosvuuenue napamempos mMOYHOCHU U YMEHblUUEHUE YYBCMEUIMETbHOCHU CUCMEMbl K UMEHEHUAM RAPAMEmpPOs
00beKma ynpagnenus HeaUHenHol pPoOdAcmHOll INEKMPOMEXAHUUECKOU Ccledaujeil CUCmemMbl HAGeOeHUA U CMAadunu3ayuu
6OOpYICEHUA  T1e2KOOPOHUPOBAHHON MAWIUKBL HA OCHO6e MHO20Kpumepuanvhozo cunmesa. Memodonozus. Memoo
MHO20KPUMEPUATbHO20 CUHME3A HETUHEIIHBIX POGACMHBIX PezYlamopos 0/ YRPAGieHus HeAUHEUHbIMU MHOZ0OMACCOBbIMU
INEKMPOMEXAHUYECKUMU CAEOAUUMU CUCHEMAMU C NAPAMEMPUYECKON HeOnpedeleHHOCbI0 OCHO8AH HA 6blOOpe 8eKmopa
yenu poOACMHOZO YNPAGNEHUsT NYyMeM peuwleHuss COOMEemcmeylowell 3a0auu  MHOZOKPUMEPUAIbHOZ0 HETUHEHUHO20
HPOZPAMMUDPOGAHUSl, 6 KOMOPOU GbIYUC/IEHUE GEKMOPO8 UeNe6oll (YHKUUU U O2PAHUYEHUI HOCUM ANZOpUMMUYECKUL
Xapakmep u CéA3aHO ¢ CUHME3IOM HeUHENUHbIX POOACIMHBIX PECYIAMOPOG U MOOETUPOBAHUEM CUHMEIUPOGANHOU CUCHEMbL 0/1A
PA3IUUHBIX PENHCUMOE PAOOmMbBL CUCMEMbl, NPU PAZIUUHBIX 6XOOHBIX CUCHANAX U ONA PA3TUYHBIX 3HAYEHUI NaApamempos
oovexma ynpaenenus. Cunme3s HeIUHEIHBIX POOACHHBIX Pe2YNIAMOPO8 U HETUHEUHBIX POOACMHBIX HabaI00ameneil c600Umcs K
peutenuro cucmemwl ypasnenuii Iamunomona — HAxoou — Aiizexca. Pesynomamol. Ilpueooamcsa pe3ynomamol cunmesa
HeNUHEeNHOol pPOoOACMHOU  INNEKMPOMEXAHUYECKOU  cledaulell  CUCMeEMbl HAGEOeHUA U CMAOUIUZAUUU  BOOPYHCEHUA
1e2KOOPOHUPOBAHHON  MAWIUHBL. Cpasnenue  OUHAMUYECKUX  XAPAKMEPUCMUK  CUHME3UPOGAHHOU  cledauieil
NEKMPOMEXAHUYECKOU CUCIEMbl NOKA3A10, YMO RPUMEHEHUe CUHME3UPOGAHHLIX HENUHEHHbIX POOACMHBIX Peyisamopos
N0360]151€M NOGLICUNb NAPAMEMPL MOYHOCIU U CHUUMb YYECHEUMETbHOCHb CUCEMbL K USMEHEHUIO RAPAMEMPO8 00beKma
YRpAaenenus no CpagHeHuio ¢ cyujecmeylouwjeil cucmemoui. Opuzunanvnocms. Bnepevie npogeden mmnozoxpumepuanvhbiii
cunme3s HeNUHENHOU POOACMHOU INIeKMPOMEXAHUUECKOU cNedauell cucmemvl HAGEOCHUA U CHMAOUNUIAUUU BOODPYIHCEHUS
nezkooponuposannoti mawunst. Ipakmuueckan uyennocms. Ilpusoosames npakmuueckue pekomeHoayuu no 0060CHOBAHHOMY
6b100pY mampuy Koduuyuenmos ycuneHus HeIUHEUHBIX OOPAMHBIX CGA3CU PeyIAmopa U HEeIUHEHHO020 Hadawoamens
cneoauieli INeKMpPOMEXanu4ecKol cucmemsl, 4Ymo NO360JsAem YIYYuiums OUHAMUYECKUE XAPAKMEPUCIMUKU U CHU3UMD
Y4YECMEUMENbHOCID CUCHIEMbL K U3MEHEHUIO NAPAMEMPO8 0GbeKma yRpasienus no CPAGHEHUIO ¢ CYUeCmeyIouieil CUCIeMOll.
bu6n. 12, puc. 1.

Kniouesvie  crnosa:  3lieKTpoMexaHH4yecKasi — cjeasimjas  cucreMa
JIerKOOPOHMPOBAHHON MAaIIMHBI, HeJHHeiiHasi podacTHasi cucTeMa,
XapaKTepPUCTHKH.

HaBeJleHUsT W CTadWJIu3anuu
MHOTOKPHTEPUAJbHBIH CHHTE3,

BOOPY:KEeHHS
JMHAMMYECKHe

Introduction. Lightly armored wheeled and tracked
vehicles produced in Ukraine have high tactical and
technical characteristics and successfully compete with
foreign weapons [1]. The basis of combat in modern
conditions is firing off at a high speed and maneuvering
movement of the machine, so all modern lightly armored
vehicles in the world equipped with weapons stabilizers,
allowing to guide the target fire on the move. The
probability of fire engagement of the target at maximum
speeds, high maneuverability and effective evasion of the
machine against the enemy's fire damage is largely
determined by the accuracy of maintaining the specified
direction of the combat module on the target with intense
perturbations on the machine's side. Increasing the

accuracy has an important economic component. For
example, the practice of using the Protector combat
module in Kongsberg's Crows 1l version based on actual
operation data in 2007 made it possible to reduce the
consumption of 12.7-mm cartridges by 70 % due to a
sharp increase in the accuracy of the hit from the first
shot. Therefore, the issues of further improving the
accuracy of weapons stabilization are an urgent problem,
both in the development of new weapons systems and in
the modernization of existing systems in service.

To systems of guidance and stabilization of lightly
armored vehicles weapons, sufficiently stringent
requirements are set for the performance indicators in
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various modes. We bring a part of such requirements for
the light-armored vehicle presented to the guidance and
stabilization system [1]: time of working out of a given
angle of error; acceleration time to rated speed and
deceleration time to full stop; an error in working out a
harmonic signal of a specified amplitude and frequency;
stabilization error when moving along a normalized path
with a random profile change with a given speed;
maximum speed of guidance; minimum speed of
guidance; failure of guidance at minimum speed.
Naturally, this should take into account the voltage and
current limitations of the anchor chain of the drive motor,
as well as the speed of rotation of the drive motor.

The goal of this work is to improve of the accuracy
parameters and reduce of sensitivity to changes of plant
parameters for electromechanical servo system guidance
and stabilization of lightly armored vehicle weapons
based on multiobjective synthesis of nonlinear robust
control.

Problem statement. Stabilizers of armored vehicles
weapons in a vertical and horizontal plane are built
according to the same type of scheme [1-4]. With the help
of an optical sight, the sight mirror is mounted in the
direction of the target, respectively in the horizontal and
vertical planes. The specified direction is compared with
the actual direction of the armament block and the
voltages proportional to the discrepancy signals between
the specified directions of the shot lines and the axis of
the bore channel are fed to the inputs of the turret drives
in the horizontal guidance channel and the arming unit in
the vertical guidance channel. In addition, the absolute
speed of rotation of the turret in the horizontal plane and
the combat module in the vertical plane are measured
with the aid of gyroscopic angular velocity sensors
mounted on the arms block and used to develop control.

The turret in the horizontal plane and the combat
module in the vertical plane are driven by DC motors
driven from permanent magnets, whose armature circuits
are powered by pulse-width converters. The rotational
speed of the motors that drive the turret and the combat
module is measured using tachogenerators. The currents
of the motor armature anchors are measured by shunts
included in the motor armature circuits, converted and
also used for control purposes

The presence in the electromechanical servo systems
of elastic elements between the drive motor and the
operating element, the uncertainty of the parameters of
the control objects, the change in mass-inertial
characteristics, complex cinematic schemes, unknown
external and internal disturbances do not allow to obtain
potentially high dynamic characteristics inherent in
modern electromechanical systems with standard
regulators [2, 3]. The use of state control by complex
electromechanical systems containing nonlinear and
elastic elements allows obtaining acceptable quality
indicators. To reduce the sensitivity of synthesized
systems to changing the parameters and structure of the
control object and external influences, robust control is
used as the state control. Consider the design of such
system.

Let us consider the nonlinear model of a discrete
plant of robust control of a multimass system with a state

vector x; in the form of a difference state equation in the
standard form

Xpat = S (st @1 ) M
where u; is the control vector, @, and 7, are the vectors of
the external signal and parametric perturbations [5, 6], f'is
a nonlinear function.

The mathematical model (1) takes into account the
nonlinear frictional dependencies on the shafts of the
drive motor, the rotating parts of the reducer and the
operating element, the play between the teeth of the
driving and driven gears, the control constraints, current,
torque and engine speed, as well as the moment of inertia
of the plant.

Method of synthesis. The task of synthesis is the
determination of such a regulator [7, 8] which, based on
the measured output of the initial system

Vi =Y(xg, 0, up) )
forming control u; using a dynamic system described by
the difference state equation and output

3

&1 = f(Eup 0,1 )+ Y Giyg — ..
i-1

~Y (&, o1y ));

3
up =3 Uil&r-4)- )
i=1
where i is the order of the forms G; and U..
The synthesis of the regulator (4) is reduced to
determining the matrix of the forms of the regulator gain
U; by minimizing the norm of the target vector

3)

4
2o wiesmic)= D Zilwe e 1) ®)
i=2
on control vector of u;, and maximization of the same
norm on a of plant uncertain vector 7, for the worst case
disturbance.

The synthesis of the observer (3) is reduced to
determining the observer gain coefficients G; by
minimization of the error vector of the recovery of the
state vector x; of the initial system and maximization of
the same norm of the error vector along the plant
uncertainty vector 7, and the vector of external signal
influences @y, which also corresponds to the worst case
disturbance.

Matrices of the regulator U; and observer G; gain
coefficients are found from approximate solutions of the
Hamilton-Jacobi-Isaacs equations [7, 8], in which the
matrices of linear forms being found from the four Riccati
equations solutions. This approach corresponds to the
standard 4-Riccati approach to the synthesis of linear
robust or anisotropic regulators [9].

To determine the regulator (4) for plant (1) with
target vector (5) consider Hamiltonian function

H (oo uge 1) = 2w i )+
T
+ V¢ (oot ) (o 11 )
where V, are partial derivatives with respect to the state

vector x; of the infinite-horizon performance functional
(Lyapunov function)

(6)
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To determine the robust regulator (4) it is necessary
to find the minimum norm of the target vector (5) along
the control vector u; and the maximum of this norm in
the external perturbations vector 7, which reduces to
solving the minimax extremal problem of Hamiltonian
function [7]
H*(xk):minmax{H(xk,uk,iyk)}. (8)
u, dy
The necessary conditions for the extremum of the
Hamiltonian function (8) both in the control vector u; and
in the external perturbation vector 7, are these equations

Hy b (e br™ ()= 0 ©)

Hy e (e )y ()= 0, (10)
which are Hamilton-Jacobi-Isaacs equations. Here H, and
H,, are the partial derivatives of the Hamiltonian function
with respect to the control vector u; and with respect to
the external perturbations vector 7.

Note that these equations (9) — (10) are also
necessary conditions for optimizing a dynamic game, in
which the first player —the regulator which minimizes the
target vector, and the second player — external
disturbances which maximizes the same target vector.

The difficulty of obtaining a nonlinear discrete
control law is due to the fact that the difference Hamilton-
Jacobi-Isaacs equations (9) — (10) is a nonlinear algebraic
equation, while the Hamilton-Jacobi-Isaacs equations for
a continuous system is a partial differential equation.
Therefore, the difference  Hamilton-Jacobi-Isaacs
equations is not a quadratic equations in the control and
perturbation.

In this paper we use an approximate solution of the
Hamilton-Jacobi-Isaacs equation (9) — (10) assuming the
analytical dependences of the nonlinearities of the
original system (1), (2), (5) in the form of the
corresponding series [8]. Then the linear approximation of
the Hamilton-Jacobi-Isaac equation (9), (10) are the
algebraic Riccati equations

P=ATPA+R-|4"PB ATPE|..

-1
1+8'PB BTPE BTpal- (D
| ETp4a  ETPE-4%1| |ETP4

Here, the matrices A and B in (11) are the
corresponding matrices of the linear system obtained by
linearizing the original nonlinear system (1), (2), (5).

Similarly matrices of the observer G; gain
coefficients (3) are found from approximate solutions of
the Hamilton-Jacobi-Isaacs equations type (9) — (10).

With this approach the strategy that is best for one of
the players is at the same time the worst for the other
player. This is the so-called saddle point principle, which
corresponds to the condition of equilibrium: the minimum
guaranteed loss of the first player is equal to the
maximum guaranteed win of the second, so that none of
the players is interested in changing the optimal strategy
of behavior.

According to the modern concept of guaranteed
result, a mathematical model of uncertainty is constructed
on the basis of the hypothesis of the «worst» behavior of
perturbing factors. The essence of this hypothesis,
overcoming the uncertainty in the control problem,
consists in interpreting uncontrolled perturbing factors as
some hypothetical deterministic perturbation, of which
only the ranges of its change are known. This perturbation
is introduced into the model of the dynamics of the
control object with the assumption of its most unfavorable
(extreme) effect on the control process. In other words, it
is considered that in the a priori a given range of
perturbation change, those values are realized that ensure
the lowest quality of the control process.

It should be noted that the perturbation introduced
into the study admits a very broad interpretation and does
not appear as a physical, but as an abstract mathematical
concept, symbolizing the influence of disturbing factors.
Thus, not only the «external» perturbations applied to the
object from the side of the environment, but also all sorts
of «internaly disturbances (for example, noise and
measurement errors) can be attributed to it. It is also
possible to include here also uncertain factors related to
the inaccuracy of the mathematical description of the
object: unknown parameters of the object, unaccounted
inertial and nonlinear links, errors in linearization and
discretization of the object model.

Robust control target vector choice. A synthesized
system including a nonlinear plant (1) that is closed by a
robust controller (3) — (4) has certain dynamic
characteristics that are determined by the control system
model of the system (1), the parameters of the measuring
devices (2), the target vector (5).

The most important stage in the formalization of the
problem of optimal control is the choice of the quality
criterion, determined both by the functional purpose of
the control object and by the capabilities of the
mathematical apparatus used.

The problem of a reasonable choice of the quality
criterion, despite its relevance, is still unresolved. The
choice of the quality criterion is a very complex,
ambiguous and, often, contradictory task. It is known [7]
that any asymptotically stable control system even with
unsatisfactory quality of transient processes is optimal in
the sense of some criterion of this type.

From the engineering point of view, it seems natural
to construct optimal criteria that directly take into account
the direct indicators of the quality of the management
process, such as steady errors, regulation time, overshoot,
magnitude of oscillations, etc., which are physically most
clear and have clear limits of permissible values, based on
a rich experience in the design of systems. However, in
methods of designing control systems, indirect quality
indicators are more widely used, which, as a rule, are
easier to calculate and more convenient in analytical
research.

For the correct definition of the target vector (7), we
introduce the vector of the unknown parameters y =
= {Z(xy, uy, 1)}, the components of which are the
required weight matrices of the norm Z(x;, u, m). We
introduce the vector target function
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F(z)=[F(x).F(2)-F (2)] (10)

in which the components of the vector target function
Fi(y) are direct quality indicators that are presented to the
system in various modes of its operation such as the time
of the first matching, the time of regulation, overshooting,
etc. To calculate the vectors objective function (10) and
constraints on state variables and control, the initial
nonlinear system (1), (2) is modeled by a closed
synthesized nonlinear regulator (3), (4) in various modes
of operation, with different input signals and for various
values of the plant parameters [10, 11]. This
multiobjective nonlinear programming problem is solved
on the basis of multi-swarm stochastic multi-agent
optimization algorithms [12].

Computer simulation results. We present the
results of research of dynamic characteristics and
sensitivity to the plant parameters change of a nonlinear
two-mass electromechanical servo system of lightly
armored vehicle weapons [1] with synthesized nonlinear
robust regulators. In the existing system, PD regulators
are used, which are realized with the aid of a gyroscopic
angle sensor and a gyroscopic angular velocity sensor.
The introduction of the integral control law leads to the
emergence of undamped oscillations in the mode of
working out the given angles of the combat module
position, due to the presence of dry friction on the shafts
of the drive motor and the working member. With the
help of robust controllers it was possible to ensure a stable
operation of the system taking into account all the
essential nonlinearities inherent in the elements of this
system when two integrating links are introduced into the
control loop.

As an example, Fig.1 shows the transient processes of
state variables: a) the combat module angle; ) the combat
module speed; ¢) the elasticity moment and ) motor speed
in the guidance mode with a low speed 0.5 grad/s in the
synthesized system. As can be seen from Fig.1,b and
Fig.1,d, the drive motor and the combat module are
moving in a «stick-slipy mode. As can be seen from
Fig.1,a, the established error in the processing of the
linearly changing driving force of the gun barrel angle of
the combat module of a lightly armored machine is
practically zero.

Such system with second-order astatism, taking into
account all the non-linearities and the moment of inertia
of the working element that changes during operation,
made it possible to improve the smoothness of the motion
of the control object by more than 3.7 times when
hovering at low speeds. We note that this indicator largely
determines the potential accuracy of the operation of the
electromechanical servo system in one of the most
important modes of its operation.

The use of synthesized nonlinear robust controllers
has also made it possible to reduce the time of transient
processes in the regime of working out small angles by
more than 5.3 times in comparison with the existing
system. Moreover, when the moment of inertia of the
working mechanism changes within the given limits, the
transient processes change insignificantly and satisfy the
technical requirements imposed on the system.
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Fig. 1. Transient processes of state variables:
a) the combat module angle and ») combat module speed;
¢) elasticity moment and d) the motor rotation speed in the
guidance mode at a rate of 0.5 grad/s

The synthesized system also allowed to increase the
accuracy of working out harmonic influences of a given
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range of frequencies in 2.7 — 3.3 times, which increased
the efficiency of the system installed on a mobile base
moving along an uneven road at a given speed and given
parameters of road irregularities.

Experimental researches results. For carrying out
of experimental researches the model of a two-mass
electromechanical system is developed. The layout
consists of two electric machines, the shafts of which are
connected by an elastic element whose parameters are
chosen so that the natural frequencies of the mechanical
elastic vibrations of the layout coincide with the
experimentally obtained oscillations of the real system.
Experimental research of model of electromechanical
servo system confirmed the correctness of computer
simulation results and experimental research.

Conclusions.

1. For the first time the multiobjective synthesis of
nonlinear robust regulators for controlling by non-linear
multi-mass electromechanical servo systems of lightly
armored vehicles weapons with parametric uncertainty
based on the choice of the target vector of robust control by
solving the corresponding multiobjective nonlinear
programming problem. Calculation of the vectors of the
objective  function and constraints of nonlinear
programming problem are algorithmic character and are
connected with synthesis of nonlinear robust controllers
and modeling of the synthesized system for various
operating modes of the system, with different input signals
and for different values of the plant parameters is given.

2. Synthesis of nonlinear robust regulators and
nonlinear robust observers reduces to solving the system
of Hamilton-Jacobi-Isaacs equations.

3. Based on the analysis of the dynamic characteristics
of the synthesized servo electromechanical system of
lightly armored vehicles weapons have shown that the use
of synthesized nonlinear robust controllers has allowed to
improve the accuracy parameters and to reduce the
sensitivity to plant parameters changes in comparison
with the existing system.

4. Further increase of accuracy can be obtained by
restoring, with the observer of plant parametric
uncertainty vector and of external signal disturbances
vector and basis on their design of feed forward control
system. In addition, to further improve accuracy, it is
expedient to replace the DC drive motor with a high-
torque motor and realize a gearless drive with separate
stabilization of the aiming and aiming lines.
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OIITUMAJIBHOE YIIPABJIEHUE I'PEGHBIMMU 3JIEKTPOJABUT'ATEJIAMMU
IJIEKTPOXO/10B ITPU PEBEPCUPOBAHUU

Memoro pobomu € nouwtyk onmumanbHuX 3aKonie ynpaenintua zpeonumu enekmpoosuzynamu (I'E/]) cyoen 3 enekmpopyxom. Kpumepi-
AMU ONMUMATILHOCI 00PAHI NOKA3HUKU, W0 XAPAKMEPU3YIoms Maneepeni enacmusocmi enekmpoxooie. Memoouxa. Ilponopuiiinuii
3akon ynpaeninna I'E/] ne 3abe3neuye nompioni maneepeti énacmueocmi einekmpoxooie. Onmumanwti 3axonu ynpaeninna I'E/], wio
Maromo 3abe3neuumu HAUKpawii Manespeni XapaKmepucmuKku e1eKmpoxoo0ie, Moicyms dymu 3Haii0eHi npu CRIIbHOMY PO321:0i 2peo-
HOT eNleKmpoeHepzemuuHol YyCmanoeKu, 2peGHuUxX 26unmis i kopnycy cyona. Pezynomamu. 3anpononoseano noeuii cnocio gpopmyeanns
ONMUMAILHUX 3AKOHI6 ynpaeinnus. Buseneno xapaxmep yinvosux pynkuiii i po3pooneno memoo onmumizayii. Ilposedeno onmumi-
3ayitini po3paxynKu i 3Hai0eHi ONMUMANbHI 3aKOHU YRPAGTIHHA ZPEOHUMU eTIeKMPOOBUZYHAMU PU pesepci eleKmpoxooie. Onmumi-
3auin npoeedena 3a Kpumepiamu MiHIMymy 2anbMieHo2o winaxy i minimymy eumpam enepeii. Ilpoiniocmposano eghexmugnicmo 6uxo-
PUCMAHHA 3aNPONOHOGAHUX 3aKoHie ynpasninna. Haykoea nosusna. Memoo noutyky onmumanbHux 3aKonie Kepysannsa nooyooeano
3a cucmemuum npunyunom. Lle 0036015¢€ 3naxooumu 3aKOHU ynpaeinnA 2PEOHUMU eeKMPOOSUSYHAMU 3 KIHYEeGUM Pe3yTIbmamom
— 3a noxkazHukamu cyoua. Ilpaxmuuna 3navumicme. 3anpononoeani peKoMeHOAUii MOIHCymy UKOPUCHIOBYBAMUCA AK NPU NPOEKmY-
BAHHI 2PEOHUX eNIeKMPOCHEPZEMUYHUX YCIMAN0B0K, maK i npu ix excniayamauii. /[na KOHKPemMHo20 eneKkmpoxooy, 6 3anexicnocmi 6io
NOKA3HUKIE AKOCMI MAHEGPYBAHHA, MOdHce Oymu 00pano (i3 3anponoHoeanux) i 3aKna0eHo 6 cucmemy KepyeaHHa HAuKpaujuii 3aKoH
YnpasninHa zpeonumu enekmpoosuzynamu. bion. 9, rabn. 4, puc. 3.

Kniouosi cnosa: ynpapiaiHHA Ipe0OHHMM eJeKTPOABHIYHAMHU €J1eKTPOXOAiB Ha MaHeBpax, MeToJl ONTUMi3auii, oNTUMAJbHI
3aKOHH YNPAaBJIiHHA.

Llenvto pabomot AenAemMcA NOUCK ORMUMATBHBIX 3AKOHO08 YNPasieHus zpeonvimu Inexkmpoodsuzamenamu (I'3/1) cyooe ¢ anexmpo-
oswicenuem. Kpumepuamu onmumansnocmu 6b10panst noKazamenu, XapaKmepusyouiue ManeepeHnble C60lCmea 1eKmpoxooos.
Memoouxa. Ilponopyuonansustii 3axon ynpaenenua I'3/] ne obecneuueaem HyscHbvle MaAHeSPEHHbBIE CEOUCMEA INEKMPOXOOAM.
Onmumanvhvle 3akonwl ynpaenenusn I'3/], obecneuusarowjue naumyuuiue ManespeHnble XapaKmepucmuKu 1eKmpoxo006 mozym
Oblmb HALIOEHbL NPU COBMECHIHOM PACCMOMPEHUY ZPEOHOI INEKMPOINEP2EMUUECKOTL YCIMAHOBKU, 2PEOHBIX GUHMOE U KOpRyca Cyo-
Ha. Pesynemamut. Ilpeonosicen Hogwiii cnocod hopmuposanus onmumaibHbiX 3aKOH0E ynpasienus. Boiasnen xapakmep yenesvix
¢ynkyuit u pazpavoman memoo onmumuzayuu. Ilposedenvt onmumuzayuonnsle paciemsvl U HAUOEHbl ONMUMATIBHBIE 3AKOHbBL
Ynpasienus ZpedHbIMU IIEKMPoosuzamenaAMu npu peeepce INeKmpoxo006. Onmumuzayua npoeeoena no Kpumepuam MUHUMYMA
MOpPMO3H020 nymu u MuHuMyma pacxooa uepzuu. Ilpounniocmpupogana r¢hpexmugnocms ucnonb306anus npednazaemsvix 3aKo-
Hoe ynpagnenusa. Hayunaa nosusna. Memoo noucka onmumansHelx 3aKOHO6 YRPAGIEHUSA NOCIMPOCH NO CUCIEMHOMY NPUHUUNY.
Omo nos3eonsem HaxoOumv 3aKOHbL YRPAGIEHUA PEOHBIMU ITNEKMPOOGUZAMENAMU NO KOHEUHOMY PE3YIbmanty — N0 NOKA3AMenam
cyona. Ilpakmuueckasa snauumocmo. Ilpeonoscennvle peKkoMeHOAUUL MOZYM UCHOIb306AMbCA KAK NPU NPOEKMUPOBAHUL 2PEOHBIX
INEKMPOIHEPZEMUUECKUX YCHIAHOGOK, MAK U NpU ux skcnayamavuu. /na KOHKpemuozo 31eKmpoxooa, é 3agUcCUMOCmuU Om noKa-
3ameneil Ka1ecmea MaHeepUPOSanus, moxcem Ovimo 6b10pan (U3 NPEONONHCCHHDIX) U 3A10)CEH 6 CUCHIEMY PecyiupoSanus Hau-
Jyuuiuil 3aKOH YNpaeieHus pednvimu snekmpoosuzamenamu. buodn. 9, tabin. 4, puc. 3.

Kniouesvie cnosa: ynpapienne rpe0OHbIMH 3J1¢KTPOABHIaTeAsIMH JIEKTPOX0J0B HA MaHEBpPaX, MeTOJ ONTHMU3ALUM, ONTH-
MaJIbHble 3AKOHBI YIIPABJICHHS.

AKTyanbHOCTh 3aAa4yd. OTIUUNTENFHOW 0COOEH-
HOCTBIO CYHOB C 3JICKTPOIBMKEHHEM SIBISCTCA TO, HYTO
MaHEBPEHHBIE PEXXHMBI — Pa3sroOH, TOPMOXKEHUE, PEBEPC,
BBIXOJI HAa HUPKYJSIIUIO — SBJISIOTCS JIs1 HUX OCHOBHBIMH
AKCIUTYaTallMOHHBIMU PEXUMaMi paboThl. Bricokas Ma-
HEBPEHHOCTb 3JIEKTPOXOJO0B ABISETCA OJHUM W3 OCHOB-
HBIX Ka4dCCTB, 06yCHOBI/IBHll/IX IPpUYUHY CTOJIb BBICOKOI'O
HHTepeca K MPUMEHEHHIO COBPEMEHHBIX CHCTEM DIIEKTPO-
JBIDKCHUS HA CylaxX U 00eBBIX Kopabmsx. HeynuButens-
HO IIPYU 9TOM, YTO BOINPOCAM HAJIEKHOCTH M Oe30MacHO-
CTH BBIIIOJIHEHMSI MAaHEBPEHHBIX OINEpalnil yAemseTcs
oco0oe BHUMaHHUe.

Pe3ynpTaThl CpaBHUTENBHOTO aHAIN3a ITOKA3bIBAIOT,
YTO CyJa C JEKTPOABIKCHHEM OONaJar0T CYIIECTBEHHO
JTYYIIAMH MaHEBPCHHBIMH XapaKTepUCTHKAMH, 9eM CyJa
C TpaAMUOUOHHBIMU THUIIAMU SHECPICTUYCCKUX YCTaHOBOK.
Baxuelmmum MaHeBpOM JIJIsl 3JIEKTPOXOJOB SIBIISETCS pe-
BepCc TPeOHBIX SJeKTponBurateneil. B wacTHOCTH, Iy
OOJIBIIMHCTBA CYAOB, OOJAJAIONIIMX JSHEPreTUYECKUMHU
YCTaHOBKaMH € HENOCPEICTBEHHOM Ieperadyeil Bpallaro-
Iero MOMEHTA TIePBUYHBIX JABHUTaTeJIei Ha TpeOHbIe BUH-
ThI, IPOLIECC PEBEPCUPOBAHUS HOCUT 3aTSLDKHOM XapakTep

U TponoipKaeTcst 1-2 MuHYTHL. [IpomoIKHTENBHOCTD XKe
peBepca rpebHbIxX anekTpoasurarenei (') peaxo mpe-
BeimaeT 15-20 cex (Hanpumep, U1t aTOMHOTO 3JIEKTPOXO-
Ja «ApKTHKa» BpeMs peBepca C «IIOJHOTO BIIEped» Ha
«IIOJNHBIA Ha3ax», MPU TOJ0KEHUH OTPAHWIUTENS MOIII-
Hoctu Ha 100 %, cocrausier okoio 30 c). Cama mporre-
Jlypa peBEepCUpPOBAaHUS JBUraTeNeil BHYTPEHHEro Cropa-
HUSI HECOM3MEPHMO CIIOJKHEE [0 CPABHEHUIO C PEBEPCOM
I'S/1. Kpome TOoro, He KaxIblii peBEepC MOXKET OBITH ycC-
MEeIMHBIM. A MMEHHO H3-3a 3al03JaJIOr0 MaHEBPHUpPOBa-
HUS, BEAYIIETO K JOMOJHUTEIBHOMY BBIOETY Cy/AHA, MPo-
ucxoaut a0 40 % cronkHoBeHUI cynoB. Takum o0pazom,
JlaKe TaKoe KpaTKoe CpaBHEHHE MOKasbIBaeT, 4TO Iped-
HBIe ayeKkTpuyeckne ycraHoBku (I'DY) obecmeumBaroT
0oJjiee BBICOKYIO HAIEC)KHOCTh W OE30MACHOCTH BHITIONIHE-
HUSI MAaHEBPEHHBIX OIEPaLUii.

OmHUM W3 NEepCHEeKTHBHBIX BAPHAHTOB MOCTPOCHUS
I'DY saBnsercs cucreMa dIEKTPOABMKCHHSI Ha 0a3e acHH-
XPOHHBIX YaCTOTHO-YIPABJISIEMBIX IPEOHBIX IJIEKTPOJBH-
rateneil. B cBsA3u ¢ 3TUM, BecbMa aKTyaJlbHbIMH SBJISIIOT-
sl BOIIPOCHI COBEPLICHCTBOBAHUS YIIPABJICHUs TPEOHBIMU
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anekTpoasurarensimMu ['0Y Ha maneBpax. [Ipuuem, HE0O-
XOIMMOCTh B OIICHKE MaHEBPEHHBIX CBOMCTB AJIEKTPOXO-
JIOB ¥ B TIOMCKE HAWIYYIIHUX 3aKOHOB yIMpaBliCHHs Tpeod-
HBIMHU BJICKTPOJABUIAaTCIIAMU HAa MAaHEBpPax BO3HUKACT KaK
Ha HAYaJIbHBIX CTaUAX HX IPOCKTUPOBAHUA, TaK U B
IIPOLIECCe IKCILTyaTalllH CyJI0B.

IIpu nmoucke HauIy4ImIUX 3aKOHOB ynpasieHus ['D]]
B KauyecTBE KPHUTEPUEB UX OLIGHKU CIIEAYET, B TEPBYIO
ouepeilb, BHIOMPATh IMOKA3aTeNH, OleHuBaromue 3ddek-
TUBHOCTH Pa0OTBI CaMOr0 CyllHA, KaK «CTapIiei» cucTe-
Mbl. TONIBKO Tak MOXKET OBITH O0ECIEYeH CHUCTCMHBIH
MMOIXOA K BBHIOOPY ONTHMAJBHBIX 3aKOHOB YIIPAaBJICHUS
TpeOHBIMH AIIEKTPOABUTATEIIMHA HAa MaHEBPaX.

CocTosiHHe paccMaTpuBaeMoro Bompoca. [Ipume-
HUTEIBHO K TPEOHBIM AJIEKTPOIHEPTETHYECKIM YCTaHOB-
KaM C dYacTOTHO-peryinupyeMbiMu [D]] TpaaumnoHHO
MpeJyIaraeTcsl ONTUMABHBIA 3aKOH YIIPABICHHS, 3aHMCT-
BOBaHHBII U3 TEOPUH YaCTOTHOTO YTIPABIICHHS OOIIEIIpo-
MBIIUIEHHBIMU 3JIeKTponpuBogamMu (/¢ = const). 3mech
y — OTHOCHTENbHOE Hampspkenue y = U/U,, a — oTHOCH-
TenbHas yacrora o = fIf,. OmHaKo, CleayeT IIOMHHUTD, 9TO
PEKOMEHIyeMBbI  MPONOPIMOHATBHBIN  ONTUMAIILHBINA
3aKOH YIIpaBJICHUA IIOJYUYCH MNPHUMCHUTCIIBHO K «3JICK-
TPUYECKUM» MTOKA3aTeIsIM KauecTBa PabOTHI 3JIEKTPOIBHU-
rareneid. [Ipu cucTeMHOM >Xe TOIXOJNE ITU IMOKAa3aTeIH
OTXOJISIT Ha BTOPOM IUIaH. BO3HHKaeT HEOOXOIUMOCTH B
MMOWCKAaxX TEX 3aKOHOB YIIPABJICHHSA, KOTOphIe obecreyaT
HAWTydIiie 3HAUCHUs IOKa3aTeled KadecTBa MaHEBpH-
pOBaHHs 3JEKTPOXOJa, C KOHTPOJIUPYEMBIMH IPH ITOM
(c 3amaHHBIMH JOIMyCKaMH) IOKa3aTelsMH paboTel H
TpeOHOM MEKTPHUUECKON YCTAaHOBKH.

B cooTBeTcTBUM C MOCTaBIEHHOHN 3ajaueid, aHanu3
PaboTHI TPEOHBIX BINEKTPUUECKIX YCTAHOBOK HAa MaHEBPAxX
CIIelyeT TPOBOIUTH B EOUHCTBE CO BCEMH COCTaBHBIMH
YacTSAMH  TIPOMYJIGCHBHOTO  KOMIUIEKCA  DJIICKTPOXOJa,
BKJIIOYAIOIIETO B Ce0sl CYIOBYIO DIIEKTPOIHEPIeTHYECKYIO
YCTaHOBKY (TIEPBUYHBIC JBUTATENHN, TEHEPATOPHI 3JIEKTPHU-
YECKOr0 TOKa, MpeoOpa3oBaTesld 3JIEKTPO3HEPTHH, Iped-
HBIC 3JIEKTPOJBUraTENIN), TPEOHBIC BUHTHI, PYJIb U KOPITYC
cyaHa. JIumpb B Takod IMOCTAHOBKE MOXHO IPOBECTH 00-
CTOSTENBHBIN aHANW3 MaHEBPEHHBIX PEXKHMOB PaOOTEHI,
OLICHUTh MAaHEBPEHHbIE CBOMCTBA 3JIEKTPOXOJla M HAWTH
ONITHMAaNbHBIE 3aKOHBI ympasieHus ['D]], obecreunBaro-
e HaMTy4Illie MaHEBPEHHBIC XapaKTePUCTUKH CyTHA.

B pa6ore [1] mpeAnpHHSATHI TMOMBITKA OTHICKATh OTI-
TUMAaJIbHBIE 3aKOHBI YIPAaBJICHUS TPEOHBIMHU 3JIEKTPOJIBHU-
raTesIMH 3JCKTPOXOOB IPH BHITOIHEHHHA MaHEBPEHHBIX
omepanuii. s 3Toro Obuia pa3paboTaHa MaTeMaTHye-
CKasg MOJENb TEPEXOJIHBIX PEKUMOB PaOOTHI TPeOHOH
AIEKTPHYECKON YCTAaHOBKH B COCTaBE €IUHOTO CYIOBOTO
MPOMYJIBCHBHOTO KOMIUIEKca. Ha OCHOBaHWUM MOmenIn
pa3paboTaHbl AITOPUTMBI pacyeTa NePeXOHbIX PEKUMOB
W TPEUIOKEH METOJl TOWCKAa ONTHUMAIBHBIX 3aKOHOB
ynpasneHus. OgHako:

® [IpU OIHMCAaHHU IMTPOUECCOB, NPOUCXOAAIINX B TCILIO-
BBIX JBUTATENIIX IPeOHOM 3IIEKTPOIHEPTreTHYECKON ycTa-
HOBKH, OBUI TIPUHST PsAJ] JOMYIICHUH, HE MO3BOJISIOIINX
KOHTPOJIMPOBATH AMHAMUYCCKUE MTOKA3aTCIIN PCIKUMOB UX
paboTHI;

e MaTeMaTH4YeCKOe OIHCaHWE IPOIECCOB, MPOMCXO-
JUIIMX B CHHXPOHHBIX T€HepaTropax, ObLJIO MOCTPOCHO Ha

OCHOBE BEKTOPHOW OUAarpaMMBI T€HEepaTopa, YTO TaKxKe
HE J]aBaJio BO3MOYKHOCTH B TIOJTHOM Mepe OIEHUTh UX JTU-
HaMUKY, U IIPUBOJMIIO K ONPE/IEIEHHBIM MTOTPEIIHOCTAM
TIpH OlleHKE JMHAMHYECKUX MoKa3aTenei pabotel [ DY

® TIPEAJIOKCHHBIA BHJ 3aKOHOB YIIPABICHHS IO Ha-
NPSDKEHUIO, KaK TTOKa3bIBAIOT Pe3yJbTaThl aHallM3a, HE B
MIOJTHOW Mepe yJOBJIETBOPSIET [TOCTABJICHHBIM 3aauaM.

s momcka 3aKOHOB YTIPaBICHUS TPEOHBIMU DIICK-
TPOJBHUIaTEIIMH, OOECIICUMBAIOIINX C OIHOW CTOPOHBI —
HaWTy4llie 3Ha4YeHHsl NoKa3aTesell KayecTBa MaHEBPHPO-
BaHMsA, C JPYTrod — JOMYyCTUMBIE TUHAMHYECKHE HArpy3KH
Ha TpeOHYIO 3JIEKTPHYECKYI0 YCTaHOBKY M Ha TeETUIOBHIE
JIBUTATEIN CYIIOBOW SJIEKTPOCTaHIMH, HEOOXOIMMO YCO-
BEPIICHCTBOBATH MAaTEMAaTHYECKYIO MOJIEIb, YTOUHUTH BUJ
U TIPOIIEAYpPy TOUCKA ONTUMAIBHBIX 3aKOHOB YIIPABJICHUSL.
OCHOBHBIMH TIOKa3aTEIsIMH KadyecTBa MaHEBPUPOBAHUA
IpeaaraeTcs MPHHATH (KaK IMPHMEp PemIeHUs HOA00HBIX
3a7a4) MHUHAMYM TOPMO3HOTO ITyTH CYAHA WM MHHIMYM
3aTpar SHEepruu (3aTpaT TOIUIMBA) Ha BHINOJIHEHNE MaHEB-
pa. Bribop mokaszarens ompenensercs IMOCTaBICHHBIMHU
LEISIMH ¥ YCIIOBUSIMHI BBITIOJTHEHUS] MAaHEBPA.

[esab 7aHHOM €TATHM — HANTU ONTUMAJIBHBIE 3aKOHBI
YIIpaBiaeHHUs] TPEOHBIMH DJIEKTPOIBHUIATEIISIMU, OOeCIeyH-
BAIOIIE BEICOKHE MAaHEBPECHHBIC CBOMCTBA AIIEKTPOXOIOB.

Metona pemenust 3axaumn. B pabore [2] npemoxe-
Ha YTOYHCHHas1 MareéMaThudeCckKasa MOJICJIb NEPEXOAHBIX
PEXUMOB TPEOHBIX 3IEKTPOIHEPTETUUECKUX YCTAHOBOK
3JIEKTPOXO0B B COCTAaBE CYIOBBIX NPOIYJIBECHUBHBIX KOM-
IJIEKCOB. B Hel:

® B KaueCTBE PETYJISTOPOB CKOPOCTH BPALICHUS TEIl-
JIOBBIX JBUTATENCHl pPacCMOTPEHBI H30JPOMHBIE BCepe-
JKUMHBIE PETYJIATOPbl HENPSAMOIO IEHUCTBUS; B KaueCTBE
PETYNATOPOB HAIPSDKEHHUST CHHXPOHHBIX T'€HEPaTOpOB
paccMaTpuBarOTCs KOMOMHHPOBAaHHBIE (TI0 YIIPaBIISIOIIe-
MY BO3/IEHCTBHUIO U IT0 OTKJIOHEHUIO PEryJIUpyeMOi BelH-
YHHBI) PETYISITOPHL;

® TIEpEXOIHBIE TPOIECCH B PETYISATOPaxX CKOPOCTH
BpALIEHNsI TEIUIOBBIX JBUTaTelICii ONMMCaHBI C yYETOM JKe-
CTKOM W TMOKOW OOpaTHBIX CBs3€H, U C y4yeToM paboThI
CHCTEMBI pacrpeieicHHs] aKTUBHOW MOIIMHOCTH (TIpH Tia-
paJutesIbHO paboTalOIIMX I'eHEPATOPHBIX arperarax);

® [IEPCXOAHBIC MPOUCCChl B CHHXPOHHBIX I'€HEPATOPAX
npexacrasieHbl ypaBHeHussMu [lapka-I'opesa;

® B cocTaB KOMOMHMPOBAHHOW CHCTEMbI aBTOMaTH4e-
CKOT'0 PEeryJupoBaHus HANPSHKEHUS CUHXPOHHBIX T€HEpa-
TOPOB BKJIIOYEH KOHTYP PErYIHPOBAaHUS pacIlpeleleHus
PEaKTHBHON MOIIHOCTH (TIpW HapaiuiebHO pabOTaOIIIX
TeHEepaTOPHBIX arperarax).

Jis mpumanusi OOLTHOCTH pe3ysIbTaTaM pPacdeToB
MOJIeNIb TIPUBEIeHa K OTHOCHUTENBHBIM eIquHUIaM. B pe-
3yJIbTaTe — BBISIBICHBI KPUTEPUH AMHAMHYECKOTO I10/10-
Omst (Oe3pa3mMepHBIE MapaMeTphl) MPOIYJIGCHBHBIX KOM-
TUIEKCOB «TETUTOBBIE IBUTATENHN — TpeOHAs dIEKTpUIecKas
YCTAHOBKA — JIBIDKUTENN — PyJib — KOpITyc cyaHa». Haii-
JCHBbI BO3MOJXHBIC JHaIla30Hbl U3MEHCHUS HUX 3HAYECHUH.
VIMeHHO 3TH mMapaMeTphl ONPEAeISIIOT TEKYIIHE, TI0 XOIy
BBITIOJITHEHHMSI MaHEBpPa, 3HAUCHMS PEKUMHBIX I1OKa3aTe-
Jell BCeX COCTAaBHBIX YacTed KOMIUIEKCa W HAalpsMYyIo
BIIMSIIOT HA YMCIICHHBIC 3HAYEHHUS IOKa3aTeJel KadecTBa
MaHeBpupoBaHus. s pacyera MaHEBPEHHBIX PEXHMOB
pa3paboTaH MakKeT NPUKIAAHBIX IMporpamm. ba3oBoit

ISSN 2074-272X. Enexmpomexnixa i Enexkmpomexanixa. 2018. Ne6 39



ABJISICTCSI TIPOrpPaMMa, MO3BOJISIIONIAST PACCUUTHIBATH TEKY-
II1€ 3HAYCHHUS OTHOCUTEIILHBIX PEKUMHBIX ITOKa3aTENeH.
Taxoit moxo/ Mo3BOJISET MPHUAATH OOITHOCTH MOJY-
YaeMbIM pe3yJIbTaTaM — 3JIEKTPOXOJbI C PaBHBIMH 3Haue-
HUSMH Oe3pa3MepHBIX MapaMeTpoB OYyIyT HMETh COOT-
BETCTBEHHO OJIMHAKOBBIE 3HAYEHUsS (B OTHOCHTEIIBHBIX
eIMHMIIAX ) MTOKa3aTeel KauecTBa MAaHEBPUPOBAHNS.
B cocTaB 351€KTpOIHEPreTUYECKOM yCTAHOBKU BXO-
JUT HECKOJIIBKO CHIJIOBBIX KOHTYPOB (10 KOJHYECTBY
rpeOHBIX 3MeKkTpoaBurareneii). OOBIYHO WX JBa — TPH.
VYnpaieHrue KaxasIM KOHTypoM (kaxasiM I'O]1) ocyme-
CTBJIACTCA HE3aBUCUMO OT JPYIHUX C IMOCTa YHIPABJICHUSA
(ITY), pacnonoxenHoro Ha Moctuke. IIpu 3Tom Ha mpe-
o0pa3zoBaTesb 4acTOTh (POPMUPYIOTCS J[BA YIPABIISIOIINX
CHTHAJIa: IO OTHOCUTEIBGHON YacTOTE ¢ M 10 OTHOCUTEIb-
HOMY HalpsDKEHUIO ).
[Tpennaraercst GOpMUPOBATH YNPABISIONINE CHUTHA-
JIBI 10 OTHOCHUTENbHOW 4yacToTe o = a(7) ¥ 1O OTHOCH-
TEIBHOMY HAIPsDKEHHIO Y = y(a) B BUAE:
O = Oprim +K1 (1 7exp(7 KS D)s (1)
Y= Kz(l + K30€2 + K4 063 +(1 *Kz — K3 — K4) 0[4, (2)
TI€ Oy — HAYAJILHOE 3HAYEHHE OTHOCHTENLHON YaCTOThI

Vot
mutaromero ['D/] nanpsoxerus; T’ :% — Oe3pa3mepHoe

BpEMSI; Vo) — CKOPOCTh IBIKCHUS CyJHA B YCTAHOBUBILIEM-
csl pexxume; L — nuHa cyqHa; ¢ — Tekyuee Bpems; K, Ko,
K;, Ky, K5 — ontumuzupyembie K03 GHUIUSHTHI.
Heo6XoauMoCTh B Ha4aJIbHOH HEHYJIEBOH 0y, CTAHO-
BUTCsI OYEBUIHON W3 cpaBHeHUs (puc. 1) peBepcuBHOHN Xa-
PaKTEpPUCTHKU IpeOHOr0 BUHTA (KpHBast 2) C MEXaHHYECKHU-
MM XapaKTepuCTHKaMu acMHXpoHHoro I'D/] mpu obOpatHOM
HaIpaBJIeHUH BPAIIEHUs] MArHUTHOTO 10711 (KpuBBIE 1).

W)y @ M p=f{v,@,,)

x My
a

_—_‘-_--_--_-_-____-__'-—————
------_—-_-_-_-—-___'_—-——-_
-----_--_-_-_-_-_-_____'—-—-
\S prim

2

Puc. 1. PeBepcuBHas xapakTepucTHKa IPeOHOIO BUHTA U MeXa-
HUUYECKHE XapakTepuctuku ['D/]

OnTumu3anyst 3aKOHOB YIIPaBJIEHHS [OJDKHA OCy-
LIECTBIISITHCS 10 TEMITy W3MEHEHHs OTHOCUTEIBHON 4Yac-
TOTHI (B 3aBUCHMOCTH OT Nepekaaku pykostku I1Y) u mo
OTHOCHUTEIIEHOMY HaIPSHKEHHIO ¥ = y(a).

B xauecTBe KpUTEpHEB ONTUMAIBLHOCTH BBHIOPAHBI:

® MUHHMMYM TOPMO3HOTO ITyTH — L finin;
® MUHHMMYM 3aTpaT SHEPIHH Ha BBINOJHEHUE MaHEBpa
- Wmin~

Pemraembie 3agaun OTHOCSTCS K O0JIAaCTH HENMHEH-
HOTO IPOrpaMMHPOBAHUS U 3aKIIOYAIOTCS B OTBICKAHUU
9KCTPEMYMOB 1I€JIEBOI (YHKIMHU f{X) MpH 3allaHHBIX OT-
paHMYeHUsX gj(x) B BuJe HepaBeHCTB. MHBIMU cioBamuy,
HEOOXOJMMO MHHHUMHM3HMPOBATh HEKOTOPYIO LEJIEBYIO
¢byHKIHIO

fx),x € E" 3)
NPHU p JTMHEHHBIX OTPAHUYCHHUSAX B BUJIC HEPABCHCTB
g(x)=0,j=1,...,p, 4)
rae E" — nomyctumast 061acTh 72 — MEPHOTO MPOCTPAHCTRA.

OnrtuMasbHBIM pelIeHHeM OyleT SBISIThCS mapa x*
u f{x*), cocTosinas W3 ONTUMAIBHONW TOYKH x* = [x ¥,
Xo*,..., X,*] ¥ COOTBETCTBYIOIIETO €i 3HAYCHHS IICTICBOU
dyskum f(x*).

OOBEKTUBHBIN BBIOOP ONTUMAJIBHOTO BAPHAHTA pe-
HIeHHH TpeOyeT NPUMEHEHUs] KOJMYECTBEHHOTO KOM-
TUIEKCHOTO KPUTEPUSI, YUUTHIBAIOILIETO M0 KAKIOMY BapH-
aHTYy CYIOBOH JIEKTPO3HEPIeTUYECKOM YCTAaHOBKU COBO-
KyIIHOCTh Pa3HOPOJHBIX TIOKa3areneil kadectBa (yHK-
[HOHMPOBAHUS M COOTBETCTBYIOIIMX 3aTPar.

B X0A€ ONTUMHU3AaUOHHBIX PACYETOB MOI'YT pE-
MIAThCS 3a/1a4U KaK OJHOKPUTEPUATIbHOM, TaK ¥ MHOTO-
KpUTEpUAIILHOM onTuMu3anuu. B mepBoM ciiydyae B Kaue-
CTBE LIEIeBOU (DYHKIMK BBICTYMAET OJMH U3 MOKa3aTenen
kadecTBa. Bo BTopoM ciiyuae — 1esneBas GyHKIHs CTPO-

UTCA Kak
fx) = 5 myfi),
I7ie /m; — BECOBOM KOI((PUIMEHT j -TO MOKa3aTeNs KauecTBa.

B cooTBeTcTBUHM ¢ MOCTaBIECHHLIMH B CTaThe oeis-
MU, B KaUeCTBE KPUTEPHEB ONTHMAILHOCTH MPUHSTHI WIN
MHHHAMYM TOPMO3HOT'O ITyTH CyHA — L 7yin, WM MUHAMYM
3aTpaT SHEPruu Ha BBIOJHEHHME MaHeBpa — Wo,. Bce
OCTaJIbHbIE KPUTEPUN OTXOAAT Ha 3a/JHUH IJIaH U yUUTHI-
BalOTCs B BHJE orpanndeHwii (4). Takum oOpa3om, B I1aH-
HOHM paboTe pemannch 3aadd OJHOKPUTEPHUATBHON OII-
TuMu3anui. HeoOXOaMMOCTH B OIICHKE BECOBBIX KO3(-
(puLMEeHTOB HeT.

IIpouenypsl noucka ONTUMAIbHBIX PELIEHUN CTPOU-
JIMCh UCXOJS M3 BBISIBJIEHHOT'O XapakTepa LeJIeBbIX (PyHK-
muid. Kak rmokasany MHOTOYMCIICHHBIE PACUeThl, OHH SIB-
JISIFOTCS. MHOTO3KCTPEMAaJIbHBIMHU, C HEW3BECTHBIM KOJIH-
YECTBOM TOYEK JOKAIBHBIX MHHUMYMOB. IloaToMy B oc-
HOBY aJITOPUTMOB ITOMCKA ONTUMAIBHBIX PEIICHNUH ObLIN
TMIOJI0’KEHBI METO/IbI TTI00aTbHONH ONTHMH3ALIUH.

W3BecTHO, 4TO U1 pelleHHs pealbHbIX MPAKTHYe-
CKUX ONTHMH3ALUOHHBIX 3a/1a4, CyIIECTBYIOIINE KIACCH-
YEeCKHE METOJbl ONTHMHu3anuu [4-6], kKak mpaBuio, He
noaxonsr. Hy)KHbl CliCAJIbHbIE METO/Ibl, YYUTBIBAIOIIUE
creuuduKy U XapakTep LeJleBbIX (QYHKIHH.

3HaueHus f{xX) OTBICKMBAIOTCS B pe3yJIbTare pacue-
TOB MaHEBPOB, ONUCHIBAEMBIX CJIOXKHOW CUCTEMOH aireo-
pandeckux U aAn¢depeHInaIbHbIX YpPaBHEHHH C MHOTO-
YHCJICHHBIMH OTPaHWYEHHUAMH B BUAe HepaBeHCTB. Cra-
BUTH 3ajlady IOWCKA MEPBOU U, TeM OoJjee, BTOPOU Tpo-
M3BOAHBIX LIEJIEBBIX (DYHKIMI IIPOCTO HEPEANBHO.

Bornbioe KoNMYECTBO MpEIBAapUTENbHBIX PAcUETOB
W UX aHajM3 I0Ka3ajlo, 4TO LeJieBble (YHKIHU HUMEIOT
BUJ KPYTBIX M BBITAHYTHIX OBParoB. AHaJIN3 CYIIECT-
BYIOIIIMX METOJIOB IOMCKA TJI00ANBHBIX ONTHMYMOB I10-
JIOOHBIX IIEJEBBIX (YHKIMH, ajl OCHOBAHHUS 3aJI0KHUTH B
OCHOBY pa3pa0OTaHHBIX AJITOPUTMOB TIO0ATBHON OITH-
MU3aIIH U3BECTHBIN, XOPOIIO 3apeKOMEHIOBABIIHI ce0s,
MeTOJ] IOOATBHOTO CIy4alHOT'O TOWCKAa — CIyYaifHBIH
MYJBTUCTAPT.

B urcToM Buje Cly4aiHbI MYJIBTHCTAPT HEIPPEK-
TUBCH HU3-3a BO3MOKHBIX MOBTOPHBIX CIIYCKOB K TOYKaM
JIOKaJIBHBIX MHUHUMYMOB. [loToMy B airoputm riodaib-
HOH ONTHMHU3AIMK ObUIa 3aJI0’)KeHa KOMOMHAIMS OJHOTO
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U3 NACCUBHBIX METOJOB IOKPBITUM — METOJa CIydyallHOU
CETKU — C MOI[I/I(I)I/ILII/IPOBaHH])IM METOAOM TYHHECJIBHOT'O
anroputMa [1].

[Tpu pa3paboTke METONOB IMOWCKA JIOKAIBHBIX MU-
HUMYMOB (BHYTPEHHHX IPOLEAYpP TIOOATBHON ONTHMU-
3anuu) OBUIO OMSATH XKE YYTCHO, YTO IICNICBBIC (PYHKIUH
HMMEIOT SIBHO BEIPQ)KCHHBIH OBPaXKHBIN xapakrtep. Mcxons
W3 DTOTO, AITOPUTMBI TMOUCKA JIOKANBHBIX ONTHMYMOB
CO3IaBaAJINCh Ha 0a3e KOMOMHAIIMKM METOHOB JIOKAJIBLHOTO
CIycka W cmoco0OoB oBpakHOTro mowcka. Hambomee 3¢-
(eKTUBHBIMH JJIsI pelIeHHs MMOMO00HBIX 3aad OKa3alKCh
metonsl [laysmna u Hennepa-Muna [7].

OBpakKHBIH MMOKUCK JIOKAIEHOTO ONTUMYMa OCYILECT-
BJLSUICS CHIEAYOMMM 00pa3oM. OpraHu30BBIBAIMCH JIBa
JIOKAJIbHBIX CITyCKa M3 GHMSHC)KE[H_II/IX Ha4daJbHbIX TOYCK.
W3 kaxmoi TOYKH OCYIIECTBISLIUCH MOWCKU TPOMEXKY-
TOYHBIX JIOKAIBHBIX MUHHUMYMOB fi*(x;*) u f£,*(x,*). 3a-
TEM HaXOJWIOCh HOBOE HampaBieHue so(*), mpoBeIcHHOE
m3 x,* B x,* (wim Ha00OPOT, B 3aBUCHMOCTH OT TOTO, KO-
TOPBIA W3 HAWIEHHBIX MPOMEXKYTOYHBIX MHHUMYMOB
fi1¥(x*) mmm fr*(x,*) OornbIe), M BOONH HETO OTHICKHBA-
JI0Ch MHHHUMAJIGHOE 3HAYEeHUE QYHKIHUHU fop o (™), KOTO-
POe€ | ABJSUIOCH JOKAIBHBIM OIITHMYMOM.

Jna pemenns 3agad MUHUMH3ALIWN HCIIONB3yEeMbIe
METOAbI OIITUMHU3AIIUNU COYETAJIUCh C METOJO0M ]_H’I'pa(l)HI)IX
¢byHKMi [8], 4TO MO3BOIMIIO CBECTH 3a/1a4y HEIMHEHHO-
To nporpaMMuUpoBaHus C OrpaHUYCHUAMU K OKBUBAJICHT-
HOW MOCJIeTOBATEIBHOCTH 33/1a4 0€3 OrpaHIYCHHIH.

[Touck onTHMAaIBHBIX 3aKOHOB YIIPABICHHS OCYIIC-
CTBIIICTCS CieAyronmmM obOpaszom. Kaxnieiii pas, mocie
3a/laHusl CIy4yalHOM HayalbHOW TOYKH, MPOU3BOAMTCSA
pacdeT MCCIeayeMOro MaHeBpa W HAaXOZISTCS COOTBETCT-
BYIOIIME 3HAYCHUS KPUTEPUEB ONTHUMAIBHOCTH (B YacT-
HOCTH — TOPMO3HOTO IIyTH WJIM 3aTpaT SHEPTHH Ha BBI-
MOJIHEHWE MaHeBpa). 3aTeM, B COOTBETCTBHH C OIMCAH-
HOM NpOLENYyPON IBUXKECHHS K ONTUMYMY, PacCUUTHIBA-
KOTCA HOBBIC HCXOAHBIC ITaHHBIC (HOBI)Ie 3HAQUYCHUSA OIITHU-
MHU3UPYEMBIX I1apaMeTpOB), BHOBb PAaCCUUTHIBACTCS Ma-
HEBpP M HaXOISITCSA COOTBETCTBYIOIIUE 3HAUCHUS KPUTCPH-
€B ONTHUMAIIFHOCTH. Pacuer 3akaHUMBACTCS IO JOCTHXKE-
HUIO TI00aJFHOTO ONTHMYMA.

PazpaboranHBIii MaTeMaTHYECKHil ammapar IT03BO-
JSeT HAXOAWUTh ONTHMAaJbHBIC 3aKOHBI YIIPaBICHUS Tpeod-
HBIMH DJICKTPOJIBATATEIISIMA Ha MAaHEBpaX.

Hmke paccMoTpeH MOWCK ONTHUMAJBHBIX 3aKOHOB
yOpaBIeHUS TPEOHBIMU SIEKTPOIBUTATEISIMUA AIIEKTPO-
X0JI0B TIpH peBepce. bruto oTMedeHo, uyTo BEIOOP MoKa3a-
TeJed KayecTBa U COOTBETCTBEHHO BHJ IEJICBOW (DyHK-
MU ONTUMHU3ALMOHHOIO TMpollecca OMpenemsieTcss TMo-
CTaBJICHHBIMU LEJISIMA U YCIIOBUSAMU BBIINTOJIHCHHUSA MAaHCB-
pa. Ilpu paboTe B CTECHEHHBIX YCIIOBHSIX peBepc (KayecT-
BO PEBEPCHPOBAHUS) HAMPSIMYIO BIHICT Ha OC30MACHOCTh
BEITIOJTHEHUSI MAaHEBPCHHBIX omeparuii. B sTom ciyuae
OCHOBHBIM KPHUTEPHUEM ONTHUMAIbHOCTH SBISCTCS MUHH-
MyM TOPMO3HOTO IyTH 3JEKTPOX0la Lry,. Eciin mMaHeB-
PHpPOBAaHNE OCYMIECTBISETCA B «CIIOKOMHBIX» YCIIOBHSAX,
MOOIM30CTH HET APYTHX CYAOB WIIM MHBIX OOBEKTOB, Be-
JIUYMHA TOPMO3HOTO ITyTH 3JIEKTPOXO/a OTXOAWUT Ha BTO-
poil miaH. B 3ToM cilydae, B KayecTBE KpPUTEPHs OITH-
MaJIbBHOCTH HMEET CMBICI INPUHATH MHHHUMYM 3aTpar
SHEpPruM Ha BHINOJIHEHUE MaHeBpa — Wi, I B oqHOM, U B
JIPYTOM Ccllydae pedb OyJIeT MATH O 33aJadax OJHOKPHTE-

puanbHON onTuMuzanuu. OcTainbHBIE MOKa3aTeNM Kade-
CTBa MaHEBPHUPOBAHUS YUHUTHIBAIOTCSA B BHIE OTpaHHUC-
HUHl (BMecTe ¢ yCTaBKaMM CHCTEM 3alllUT U OrpaHHue-
HUSIMH, 00€CICUYNBAIOIIMMYA HOPMAJIbHOE (PYHKIIHOHUPO-
BaHHUE MPOIMYJILCUBHOIO KOMIUIEKCA). DTO B MOJHON Mepe
COOTBETCTBYET ITPUHIIMIIAM CHCTEMHOTO roaxona [3].

VY 3JeKTpOX0JI0B 4aCTOTHO-YIPABISIEMbIil dTall pe-
Bepca TpeOHBIX 3JIEKTpOJBUTaTe]eld HAaYMHAETCS C MO-
MEHTa BPEMEHH, KOT/Ia YIJI0Basi CKOpocTh BpameHus ['9/]
MepEeXOIUT Yepe3 HyJIeBOe 3HaYeHUe. DTOT ITaIl XapaKTe-
pu3yeTrcss WHTECHCUBHBIM TOPMOXKEHHEM 3JIEKTPOXOJa.
Crnenyer uMeTh B BHAY, YTO I'PEOHBIC 3JIEKTPOIBUTATEIN
IIPU 3TOM pabOTaIOT B OYEHb TSKEIIOM PEXHUME, HCIBITHI-
Basi OOIIBIIION MOMEHT COTIPOTHBIICHHUS CO CTOPOHBI TPped-
HBIX BHHTOB, CYIIECTBEHHO yBEJIMYMBAs TEM CaMbIM Ha-
IPY3Ky Ha BCE COCTaBHBIE YaCTH IPEOHON INIEKTPOIHEPTeE-
TUYECKOHN YCTaHOBKHU.

Jnst KaXI0ro KOHKPETHOTO 3JIEKTPOXoJa TpH BbI-
MOJITHEHUU MAaHCBPCHHBIX onepauuﬁ OIITUMAJIbBHBIC 3aKO-
HBI yIpaBieHust OyayT pasHeIMH. B TO ke Bpems, mpen-
JIO)KEHHBI MaTeMaTHYEeCKUH amnmnapaT JaeT BO3MOKHOCTb
HaWTH ONTHMaNbHBIC 3aKOHBI YIIPABICHUS ISl JOCTATOY-
HO 00JBIIOrO Kilacca cynoB. s 3Toro HeoOXOIMMO BEI-
SIBUTH T€ Oe3pa3MepHbIC MapaMeTpbl KOMITIEKCa, KOTOPbIE
HanboJee 3HAaYMMO BIIMSIFOT Ha 3aKOHBI YIIPABICHUS, Hall-
TH JHUana3oHbl W3MEHEHHMs MX 3HA4eHHH (OXBaTUB IpU
3TOM KaK MOXXHO OOJBINNI KJIaCC CyIOB) W, IPOBEAS He-
00XoIUMbIE TPOLELYPHl ONTHMU3AIMM, HAWTH ONTH-
MaJIbHBIC 3aKOHBI YIIPAaBJICHUA AJIA pa3/IMYHbIX BAPUAHTOB
COYETAHUS ITHX MapaMeTpoB. HBIMH clloBaMH — HaWTH
3aKOHBI YIPABJIEHUS IS LIEJIOTO KJ1acca Cy/I0B.

PesynbraThl aHann3a BIMSHHUS HAYAIBHBIX YCJIOBHH
BBHITIOJIHEHMsSI MaHeBpa M 0e3pa3MepHBIX I1apaMeTpoB
KOMIUIEKCA Ha KPUTEPUU Lryin, ¥ Wiy, NMPOBEICHHOTO
METOJaMH aKTUBHOTO IUTAHUPOBAHHS SKCIIEPUMEHTOB [9],
JIAI0T OCHOBAHMSI paccMaTpWBaTh B KadyeCTBE 3HAYNMO
BIIMSIOIINX IAPaMETPOB CIIEIYIOMINE:

® V., — Ha4allbHas CKOPOCTh CyJHA;
e Ny— 5HEProBOOPY>KEHHOCTh IEKTPOXOa

LY KpiPyo .
PN
(m+41)vy

(6))

o Cuns, Cyno — Oe3pa3MepHbIc mapaMeTpbl 4aCTOTHO-
ynpasisiemoro I'9]]
2

M2
Chig == ; (©)
D m
w
Chrao =12, @)
Mn

rae P, n Kp; — none3Hblid ynop rpeGHOro BMHTA U €ro
JIONIST B CYMMapHOM YIIOpe COOTBETCTBEHHO; M — Macca
CylHa; A — NPUCOCIMHEHHbIE K CYIHY MAacChl BOJIbI
BJIOJb €Tr0 TPOIOJIBHON OCH; ) — YIJIOBas CKOPOCTH
BpameHus I'9/1; @y, — yriioBas 94acToTa BpalleHUs Mar-
HUTHOTO ToJist cratopa I'D/1; 7’5y — NpuUBEeEHHOE aKTHUB-
Hoe comnporusiieHne poropa I'DJl; ¢y, = xgp 7y — 1O-

CTOSIHHBIA KOHCTPYKTHBHBIA KO()(UIIMEHT YacCTOTHO-
ynpasisieMoro acuHxpoHHoro ['J/1.

PesyabTaThl padoTsl. Hinke, B Tabn.1, mpuBeneHs!
pe3yIbTaThl IIOMCKOB ONTHMAIIBHBIX 3aKOHOB yIIPaBICHUS
IPEOHBIMH  3JICKTPOJBUTATEIISIMU,  O0CCIICUMBAIOIINX
MHUHUMAJIbHBIM TOPMO3HON MYTh 3JEKTPOXOAa — Lrzpin.
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(MuHUMAaTBHBI TOPMO3HOH IIyTh CHOCOOCTBYeT 0Oe30-
MIACHOCTH BBITIOJIHEHHSI MAHEBPEHHBIX ONIEPALHIA).
Cepuy ONITUMHU3ALIMOHHBIX PacyeToB ObUIH MPOBEACHBI

JUIL pa3fIMYHBIX COYETAHWHA 3HAYCHWH 3HAYMMBIX Oe3pas-
MEpHBIX MapamMeTpoB. PasHble coueTaHus mapameTpoB 3TO,
TI0 CYTH JIeNa, HE 9TO MHOE, KaK Pa3HbIE ANEKTPOXOIbL.

Tabmuma 1
Coueranus 3HAYMMBIX TAPAMETPOB M HAKICHHBIE ONTUMANIBHBIC PEIICHHS 110 KDUTEPHIO Lzimin (TIPH Vypi = 0,3)
3HauCHUS 3HAYMMBIX [TAPAMET- o T L R —
pos Dddek-
Bapuant LTS”Z"”’ ypaBHeHHs LOT "2“’ TUBHOCTh
Ny Cuns Cino a=a(T) ypaBHeHUs y = y(a) %
K, K K, K; K,

1 0,12 15,7 0,88 0,43 0,57 7,03 0,99 0,26 1,35 0,36 16,3
2 0,165 15,7 0,88 0,403 0,57 7,59 1,17 0,22 1,28 0,33 18,1
3 0,21 15,7 0,88 0,365 0,56 6,75 1,02 0,27 1,32 0,31 15,1
4 0,12 43,9 0,38 0,437 0,57 6,98 1,32 -0,19 1,33 0,35 19,9

5 0,165 43,9 0,88 0,406 - - - - - - -

6 0,21 43,9 0,88 0,369 0,57 6,22 1,34 -0,19 1,3 0,31 16
7 0,12 72 0,88 0,444 0,6 6,89 1,19 0,2 0,89 0,35 21,2
8 0,165 72 0,88 0,412 0,57 7,14 1,35 0,106 1,3 0,33 19,9
9 0,21 72 0,88 0,373 0,6 6,2 1,2 0,2 0,87 0,3 19,6
10 0,12 15,7 0,925 0,403 0,6 6,28 1,2 0,2 0,99 0,32 20,6
11 0,165 15,7 0,925 0,378 0,6 6,12 1,85 0,24 1,33 0,3 20,6
12 0,21 15,7 0,925 0,345 0,6 6,6 1,17 0,26 1,35 0,28 18,8
13 0,12 43,9 0,925 0,407 0,62 6,14 1,2 0,19 0,74 0,32 21,4
14 0,165 43,9 0,925 0,381 0,619 6,56 1,28 0,2 1,38 0,3 21,3
15 0,21 43,9 0,925 0,348 0,61 6,6 1,18 0,22 1,05 0,28 19,5
16 0,12 72 0,925 0,412 0,63 7,54 1,19 0,21 0,95 0,31 24,8
17 0,165 72 0,925 0,385 0,63 6,49 1,2 0,2 0,93 0,3 22,1
18 0,21 72 0,925 0,351 0,63 6,43 1,2 0,2 0,93 0,28 20,2
19 0,12 15,7 0,97 0,38 0,64 6,46 1,19 0,2 0,86 0,28 26,3
20 0,165 15,7 0,97 0,358 0,63 6,48 0,96 0,26 1,33 0,26 27,4
21 0,21 15,7 0,97 0,328 0,639 6,487 0,968 0,263 1,332 0,261 20,4
22 0,12 43,9 0,97 0,382 0,64 6,57 1,18 0,22 1,05 0,28 26,7
23 0,165 43,9 0,97 0,361 0,65 6,47 1,2 0,2 0,86 0,27 252
24 0,21 43,9 0,97 0,33 0,65 6,17 1,19 0,2 0,85 0,26 21,2
25 0,12 72 0,97 0,386 0,65 5,82 1,36 0,2 0,76 0,29 24,9
26 0,165 72 0,97 0,364 0,65 5,81 1,36 0,195 0,74 0,28 23,1
27 0,21 72 0,97 0,332 0,656 5,886 1,365 0,192 0,745 0,258 22,3

B tabn. 1 npuBenena HeOombmIas yacTh (A TPH-
Mepa) BO3MOXKHBIX COYETaHHMH TMapameTpoB. Bapbupona-
HUE 0 KaXJOMY IIapaMeTpy IPOBOIMIIOCH HA TpeX (MH-
HUMAaJIbHOM, CPEIHEM M MAaKCHMalbHOM) YpOBHsX. Jlys
BCEX COYETAHHH OTBHICKMUBAJIHMCH ONTHUMAJbHBIE 3aKOHBI
YIOpaBJICHHUS 0 alTOPUTMY, onrcaHHOMY BhImre. (ITomo6-
HBIE TaOJIUIIBI COCTAaBIICHBI U JUIS APYTUX HadaJIbHBIX 3Ha-
YEHUH CKOPOCTH ABMIKEHUS CYIHA V. IS HUX TaKke
HalJIeHbl ONITUMAJIbHBIE PELICHHS).

3nechk ke, B TaOim.1, mis oneHku 3PQPEeKTHBHOCTH
MIPOBEJICHHBIX ONTHMHU3AIMOHHBIX PacyeTOB, NMPHBEICHBI
3HA4YEHUSA KPUTEPHSI Lyyin, TOITYyUSHHBIC NIPHU YIIPABICHUU
I'S/] no TpagvLIMOHHO PEKOMEHAYEeMOMY sl TpeOHBIX
JIEKTPONIPHUBOJIOB «KJIACCHIECKOMY» 3aKOHY y / o =const.
310 — rpada Lr.i.. CpaBHEHHE MOJYYCHHBIX pE3yJibTa-
TOB (CM. mocneaHow rpady Tadn.l) HarIIHO AEMOHCT-
pupyeT 3(h(GEeKTHBHOCTh HCIOJB30BaHUS PACCUUTAHHBIX
3aKOHOB ONITUMAJIBHOTO YIIPABICHHS.

Pe3ym>TaT1>1 OIITUMU3AIIUN yI[06HO MnpeACTaBUTL B
rpadpudeckoM BuAe. B kadectBe mpmmepa, Ha puc.2

npuBeneHsl 3aBucuMoctd o = oT), y = y(T) u y = y(a) mis
MEPBBIX TPEX BApHAHTOB COYETAHHS HapaMeTPOB (s
TPEX JIIEKTPOXOJIOB). AHAIU3 Pe3yIbTaTOB PACUCTOB IO-
Ka3bIBaeT, 4YTO TMEPeX0J K ONTHMAIBHOMY (MO L)
YIPAaBJICHUIO TPEOHBIMU JCKTPOIBUTATEIISIMU TIO3BOJISICT
CYLIECTBEHHO COKPAaTUTh TOPMO3HOW IMyTh 3JIEKTPOXO/A.
B 3aBHCHMOCTH OT KOHKPETHOTO CyAHA (OT KOHKPETHBIX
COYCTAHWH MMapaMeTPOB KOMIUIEKCA) 3TO COKpAIlCHHE
HaxoauTcs B AuanazoHe ot 15 % no 27 %.

[Mony4eHHbIe pe3ysbTaThl (B aHAIUTHYECKOM BUIC —
KOX((QUIMEHTH ONTHMAaIbHBIX 3aKOHOB YIIPABICHHS
a=a(T)uy=y()BTadn 1 u B rpapuueckoll HHTEPIPE-
TallMd — PpUC. 2) TO3BOJIAIOT JJIsl JIIOOOTO AJIEKTPOXOaa
paccMaTpuBaeMOro Kjacca Ha3HAa4YHUTh 3aKOHbBI yIpaBlie-
Hus [D]], obecrieunBaroiye BHITOJHEHUE MaHEBpa «pe-
BEpC» C MHHUMAaJbHBIM TOPMO3HBIM myTeMm. Eciu 0e3-
pa3MepHbIe MapaMeTpbl JIIEKTPOXO/a OTINYAITCS OT
MPUBEJICHHBIX B TaOJHIIaX, MOXHO BOCIOJIB30BAThCS JIHO-
OBIM METOJIOM WHTEPIIOJISIINH.
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Puc. 2. OnrumainbHbIe 3aKOHBI yIPABICHUS 110 KPUTEPHIO Lrinin (V prim = 0,3)

a—a,y=A1),06-y=fa)

Ecnm MaHeBpHpoOBaHNE OCYIIECTBISCTCSI B HECTECHEH-
HOM aKBaTOpWH, NPU OTCYTCTBHU TNOOJIM3OCTH APYTHX CY-
JIOB, B Ka4eCTBE KPUTEPHsl ONTHMAIBHOCTH MMEET CMBICI
IPUHATD MUHHUMYM 3aTpaT SHEPrur Ha BLINIOJTHCHUE MAHCB-
pa — Whin. BeposTHee Bcero, 3aK0HbI yIpaBiIeHHUs [IPU 3TOM
OyIyT UHBIMH. MBI TIOTIBITAJIKCH UX OTHICKATh.

B cooTBeTcTBHY C ITPOBEACHHBIMH HCCIIEJOBAHUSIMH,
pe3ysIbTaThl KOTOPHIX MpUBENEHH! B [9], 3HAUMMO BIIHAIO-
MMM TIapaMeTpaMu U IO 3TOMY KPHTEPHIO ONTHMAIIBHO-
¢ty (c ypoBHEM BKnajga — He MeHee 10 %) ABIAIOTCA Vi,
Ny, Cyng, Cypo. YacTh BapHaHTOB COYETAHWH STHX Mapa-
MCTPOB 1 Haﬁ[leHHbIe ONITUMAJIbHBIC PEIICHUA (I/I 3HAYCHUA
W classic, IOTyHEHHBIE TIPH KIIACCHYECKOM y / 0. = const 3aKo-
HE YIpaBJIeHUs — 711 OLEHKU 3((EeKTHBHOCTH ONTHMHU3a-
LIMH) IPUBEACHHI B TA0II. 2.

OTH 3aKOHBI YIIPaBIECHUS TaKKe MOTYT OBITH Tpadu-
YEeCKH MPOMJUIIOCTPUPOBAHBI aHAJOTMYHO TOMY, KaK 3TO
ObUIO BBIMNOIHEHO IIPUMEHUTENBHO K ONTHMAIbHOMY

YIPABICHHUIO 10 KPUTEPHUIO MUHUMYMa TOPMO3HOTO MYTH.
O¢ddexTuBHOCT (110 3aTpaTaM SHEPIHH) MPEIAraeMOro
YIpaBieHUS HAXOIUTCS B quana3oHe 14 — 34 %.

[Mony4eHHble pe3ysbTaThl MOTYT OBITH HOJIE3HBIMH
HA CaMbIX HAYaJbHBIX CTAJUSIX MPOCKTUPOBAHUS TPEOHBIX
AIIEKTPOIHEPIreTHYECKUX YCTaHOBOK. [losiBisieTcss BO3-
MOYKHOCTB YK€ Ha 3THX 3Tarax OLICHHMBATh MaHEBPEHHBIC
XapaKTePUCTHKU OYyIyIIUX 3IEKTPOXOJ0B. I[lone3HbiMu
OHH MOTYT OBITH W JJISi CYJIOB HAXOJSIIUXCSA B IKCIUTya-
Taluu. Hﬂﬂ KOHKPETHOTI'O 3JICKTPOXO/Ja, B COOTBETCTBUU C
MOCTABJICHHBIMH LEIISIMH MOXET ObITh BBIOPAH U 3aJI0KEH
B CHUCTEMY DPETYJIHPOBAaHUS HAWIYYIIUI 3aKOH YIpaBlie-
HUsL Fpe6HI>IMl/I QJICKTPOABUTATCIISIMU.

B kavectBe mpumMepa pacCMOTPUM MPOEKT KOHKpET-
HOTo 351eKTpoxoa. OCHOBHBIE €ro XapaKTepHUCTHUKH, HE00-
XOOUMBIC JJIs pacdy€Ta 3HAYMMO BJIUAIOIINX 6e3pa3MepH131x
napaMeTpoB Ny, Cyng, Cino, IPUBEIEHBI B TAO0I. 3.
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Ta6nuua 2

Coueranus 3HaUMMBIX IAPAMETPOB U HAKIEHHbIE ONTUMAJIbHBIE PEIECHHUS 110 KPUTEPHIO Winin (Vi = 0,3)

SHAUCHHS SHATHMBIX OnTHManbpHbIe PEICHHs
rapaMeTpoB, o.€.
W etassics Wiin, | Dexr,
Bapuant oc. ypaBHEHUs ypasrerus 7 = () o.c. %
Nx Cung Cino o= a(T)
K, Ks K, K K,
1 0,12 15,7 0,88 4,235 0,601 4,745 1,245 -0,075 0,092 3,583 15,4
2 0,165 15,7 0,88 3,527 0,590 1,052 1,117 0,092 0,721 2,993 15,1
3 0,21 15,7 0,88 2,92 0,576 6,149 1,231 0,014 1,351 2,522 13,6
4 0,12 43,9 0,88 4,41 0,591 1,432 1,363 0,147 1,451 3,549 19,5
5 0,165 43,9 0,88 3,573 0,526 4 1,31 0,378 2,07 2,774 22,4
6 0,21 43,9 0,88 3,063 0,526 4,33 1,31 0,378 2,07 2,36 23
7 0,12 72 0,88 4,59 0,569 4,5 1,397 0,199 1,106 3,492 23,9
8 0,165 72 0,88 3,74 0,575 4,507 1,367 0,193 1,092 2,937 21,5
9 0,21 72 0,88 3,1 0,53 5,1 1,31 0,38 2,07 2,36 23,9
10 0,12 15,7 0,925 4,083 0,615 5,97 1,239 | -0,0007 | 0,738 3,372 17,4
11 0,165 15,7 0,925 3,416 0,662 1,421 1,304 0,154 1,468 2,824 17,3
12 0,21 15,7 0,925 2,836 0,5 5,31 1,216 0,4 2,9 2,29 19,3
13 0,12 43,9 0,925 4,247 0,631 1,433 1,375 0,159 1,448 3,335 21,5
14 0,165 43,9 0,925 3,458 0,53 3,98 1,31 0,328 2,17 2,3 335
15 0,21 43,9 0,925 2,97 0,53 4,43 1,31 0,38 2,07 2,3 22,6
16 0,12 72 0,925 4,417 0,635 6,181 1,334 0,131 1,251 3,273 25,9
17 0,165 72 0,925 3,62 0,633 6,74 1,249 0,005 1,323 2,764 23,6
18 0,21 72 0,925 3,00 0,636 6,669 1,36 0,131 1,161 2,354 21,5
19 0,12 15,7 0,97 3,93 0,633 3,976 1,276 0,058 1,529 3,199 18,6
20 0,165 15,7 0,97 3,31 0,642 2,696 1,224 0,011 1,251 2,696 18,5
21 0,21 15,7 0,97 2,843 0,62 4,87 1,22 0,28 1,56 2,27 20,2
22 0,12 43,9 0,97 4,08 0,658 8,523 1,053 —-0,006 1,48 3,189 21,8
23 0,165 43,9 0,97 3,35 0,666 5,426 1,285 0,036 0,56 2,677 20,1
24 0,21 43,9 0,97 2,873 0,57 4,45 1,3 0,586 1,03 2,24 22
25 0,12 72 0,97 4,235 0,666 4,546 1,417 -0,028 0,775 3,16 25,4
26 0,165 72 0,97 3,492 0,56 4 1,31 0,33 2,17 2,61 25,3
27 0,21 72 0,97 291 0,47 3,16 1,38 0,46 2,48 2,16 25,8
Ta6nuua 3 Tabmuua 4
OCHOBHBIE XapaKTEPUCTHKH dIIEKTPOXO/a 3HadyeHus Oe3pa3sMepHBIX MapaMeTPOB AMEKTPOXoaa
JlnuHa cyHa no BarepiinHuM, L 160 m ITapametrp YucneHHble 3HaUCHNs IapaMeTpOB
CKOpOCTB Cy/IHA B yCTAHOBUBIIEMCS PEKUME, Vg 22 y3na Ny 0,21
Macca cynua, m 33540 T Cus 43,9
CymMapHEIif yriop BUHTOB, Y K,,P,jq ff;gz Cano 057
- Jns aroro coueraHuss mapameTpoB — JUIsl 3TOTO
PHCOCAMHCHIEIC K Cy Iy MACCEI BOIB! BAOIE 0,11 m JJICKTPOXOJa — ONTHUMAJIbHBIM 3aKOHOM YIPaBJICHUS
€TO MPOAOILHOH ocH, 1y TPEeOHBIMH DIICKTPOJBHUTATEIISIMH, 00CCIICUNBAIOIINM MHU-
Vrsosas cropocts spamerns TOIL, wy 120 HUMAJIBHBIH TOPMO3HOH YT L7y, OyeT BapuaHT 24 u3
00/MuH 1abm. 1. A UMeHHO:
YrioBas yactora BpaleHNs MATHUTHOTO OIS 124 a=0,1+0,65(1—exp(-6,17 1));
craropa I'DJ1, @1y 06/MuH y=1,19a+0,2 o> +0,.850>— 124 o
MeHHO 3TU 3aKOHBI YIPAaBIEHUS OTHOCUTENIBHOM
[TocTosIHHBII KOHCTPYKTHBHBINA KO3PPUIHUCHT, ¢j; | 0,423 Om YaCTOTOM G U OTHOCUTEJIbHBIM HANpPSKEHUEM Y PEKOMEH-
JIyeTCsl 3aKJIa[(bIBaTh B CHCTEMY YIPABJICHUS TPeOHBIMU
IIprBeIeHHOE aKTHBHOE COTPOTHBIICHAE POTOPa 0.0639 Om AJIEKTPOJABUraTeIISIMK, €CIH HEOOXOIMMO O00CCICUUTh
IO/, r'on ' MHHHMAJIBHBIH TOPMO3HO# TyTh 2M€KTPOXO0/Ia TIPH peBep-

YucneHHble 3HAYEHHUS 3HAYMMBIX [APaMETPOB, pac-
CYHTAHHBIC [0 MPHUBEICHHBIM BBIIIC COOTHOIICHUSIM,
MpHUBEICHBI B Ta0II. 4.

ce. I[Ipu 3ToM oH cocraBut 0,26 [UMH CyHA, HIH B a0CO-
JIFOTHBIX eauHuax — 41,6 m.

Ecnu ke npuMeHsATh TPaAULMOHHBIA MPOMOPLHO-
HaJbHBIA 3aKOH YIpPaBJI€HUsS, TO TOPMO3HOH MyTh COCTa-
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ButT 0,33 mnuH cyaHa, WM B aOCONIOTHBIX €IUHHUIAX —
52,8 M. Takum o6pa3zoMm, 3(GGHEKTHBHOCTh MPUMEHCHHS
PEKOMEHyeMOIr0 ONTHMAJIbHOTO 3aKOHA YIPABJICHUS
cocrasiser 21,2 %.

[onydeHHbIC pe3ybTaThl MOTYT OBITh MPOUJLIIOCT-
pupoBanbl rpadudecku. Ha puc. 3 mpuBeneHbl KpUBbBIE
HU3MEHEHUsI BO BpPEMEHH OTHOCHTENbHON yacToThl a = f(T),

u oTHocuTenbHoro HanpspkeHus y = f(T) (puc. 3,a), a
TaKKe 3aBUCHUMOCTH (pUC. 3,0) ONTHMAaIbHOTO 3aKOHA
ynpasienus y = fla) npu peBepcupoBanuu [ D]] anekrpo-
X072, JMBWKYILIEroCs Ha MajoM Xoay (Ipu HadalbHOM
CKOPOCTH V iy = 0,3) ¥ NpONOpIUHMOHANIBHBIN (171 CpaB-
HEHUS ¢ ONITHUMAJILHBIM) 3aKOH yIpaBieHus yy = fla).

_-\-"\_=0,2| . (".'\-I] 8:43,9 . (,‘;‘I 120‘:0’9?
2y 4
0,8
0,6/
04" |
—o=1)
0,2} — =D .
0 0.2 0.4 0.6 018 7,DU
a
A = - =, Q- =} C
, "\X 0,21 ; C.-‘Lﬂs 439, CMZO 0,97

0,2

E

Puc. 3. OnruManbHble 3aKOHBI YIIPABICHHUS (17151 IPOEKTa SJIEKTPOXO/IA) 1O KPUTEPUIO Lmin (IPH V iy =

7

0,6

0,3):

a=a,y=f(1),0-y=1()

Ecnu peBepcupoBaHHE OCYIICCTBISICTCS B HECTEC-
HCHHBIX YCJIOBHSAX U IEJIECO00pPa3HO 00ECICUUTh MHHU-
MyM pacxojia SHEPTHHY, TO ONTHMAILHBEIM 3aKOHOM YIIPaB-
JICHUS IAHHOTO AJICKTPOX0a OyAET TOT Ke BapuaHT 24, HO
yKe U3 Ta0I. 2. 3aKOHBI YIPABJICHHS B 3TOM CIIydac:

a=0,1+0,57 (1 —exp(—4,45 7)),
y=13a+0,586 a’ + 1,03 a’ - 1,916 o,

[Tpu ynpaBieHNH 1O STHM 3aKOHAM PacXOJ SHEPTHH
COKpAIAETCs M0 CPABHEHUIO KJIACCHUYECKUM BapHAHTOM C
2,873 10 2,24 OTHOCUTEILHBIX SIUHMII.

[Tpu HEOOXOAUMOCTH 3aKOHBI MOTYT OBITH yTOYHE-
HBI. I[J'lﬂ 3TOro HeO6XOﬂI/lM0 IIOACTaBUTh B MaTeMaTU4e-
CKYI0 MOJICNIb YHCJICHHBIC 3HAueHHs Oe3pa3MEepHBIX Ma-
paMeTpOB KOMILICKCA U PACCUUTATh C MOMOIIBIO pa3pa-
OOTaHHOTO METOJIa ONTUMAIFHBIA 3aKOH YIPaBICHHUS
(Tereph ye YTOYHECHHBINA) MPU COOTBETCTBYIOIIEM KpH-
Tepud ontUMambHOCTH. OHAKO, 3TO IIeJIeco00pa3Ho Jie-
JaTth ye Ha Oollee MO3THMX JTamax MPOSKTHPOBAHUS,
MIpH HATMYWAK OoJiee MOJMHON WH(pOPMAIMU O TPOEKTH-
pyeMoM CyIHE.

BbiBoaBI.

1. YcTaHoBIEHO, YTO TPATUIIMOHHBIE MPUHITUIBI T0-
CTPOCHUSA ONTUMAJIBHBIX 3aKOHOB YIIPABJICHUSA YaCTOTHO-

YIPaBIsIEeMbIMH  aCHHXPOHHBIMH  3JIEKTPOJBUTATEISIMU
JIEKTPOXOA0B HE MO3BOJISIOT MOJYYHUTh MaKCUMAaJbHOM
OTJa4y¥ OT IpeOHON IIIEKTPOIHEPIreTUIECKON YCTaHOBKH.
[MpennoxeH HOBBIH croco0 (OPMUPOBAHUS ONTUMAIIb-
HBIX 32KOHOB, B OCHOBE KOTOPOT'O 3aJ0KE€H CHUCTEMHBIN
TPUHLHIL.

2. BeisiBiieH xapakrtep meieBbIX (GYHKIHH, pa3paboTaH
MeToJl onTUMHM3auuy. [IpemoxxeHa npouenypa ONTHMH-
3aIJMOHHBIX PACUETOB.

3. IIpoBeneHbI ONTUMH3ALMOHHBIE PACUYEThl U HalIeHbI
OINITHMAJIbHBIE 3aKOHBI YIPAaBIEHHS I'PEOHBIMH DIIEKTPO-
JIBUTATEJISIMU TIPU peBepce AIIeKTPoxonoB. OnTuMu3anms
MPOBEJICHA 110 KPUTEPUSIM MUHUMYMa TOPMO3HOTO ITyTH U
MHHHAMYMa pacxo/ia SHEPTUH.

4. IlpowntroctpupoBaHa 3QQEKTUBHOCTH HCHOJIb30Ba-
HUSI Ipe/IIaraeMbIX 3aKOHOB YIIPABIICHHUSL.
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Optimal control of the electric ships’ propulsion motors
during reversal.

Introduction. Reliability and safety of electric ships’ maneuver-
ability depends on the maneuvering characteristics of their pro-
pulsion motors (PM). Therefore, the issues of improving the
process of controlling propulsion motors at maneuvers are topi-
cal. The aim of this paper is to find the optimal laws of control.
The indicators estimating electric ships’ maneuvering properties
are chosen as criteria of optimality. Methodology. A propor-
tional control law is traditionally used in electrical propelling
plants with frequency-controlled PM. However, it does not pro-
vide the necessary maneuvering characteristics to the electric
ships, since it does not take into account the process of the ves-
sel's movement. To search for the optimal control laws of pro-
pulsion motors at maneuvers, the electrical propulsion plant is
considered in unity with all the components of the ship’s propul-
sion complex. The dimensionless parameters of the complex are
revealed from the mathematical model of the transient modes of
its operation. They determine the numerical values of the opti-
mality criteria. Control signals are formed by frequency and
voltage. A method for the formation of optimal control laws is
proposed. The nature of the target functions is revealed and a
special optimization method is developed. A minimum of the
braking distance and a minimum of energy spent on maneuver-
ing are taken as criteria of optimality. Results. The parameters
of the complexes that significantly affect the optimality criteria
are revealed. For various combinations of the values of these
parameters, optimization calculations have been carried out and
the optimal control laws of the propulsion motors during elec-
tric ships’ reversal have been found. Optimization is carried out
by the criterion of the minimum of the braking distance and by
the criterion of minimum energy consumption. The results are
presented in an analytical form and in a graphical form. The
effectiveness of the proposed control laws is illustrated. Scien-
tific novelty. The method of searching for the optimal control
laws of the propulsion motors is constructed according to the
system principle. This allows us to find the control laws of the
propulsion motors on the final result — on the indicators of elec-
tric ships’ maneuverability. The proposed recommendations
cover a wide class of vessels with electric motion. Practical
value. The proposed optimal control laws for propulsion motors
can be used both in the design of propulsion power plants and in
their operation. The best control law can be selected and incor-
porated into the control system for any particular electric ship
of the considered class, depending on the quality of maneuver-
ing. In particular, the optimal control law for propulsion motors
during reversal providing electric ship’s minimum braking dis-
tance or minimum energy consumption for maneuvering can be
chosen. References 9, tables 4, figures 3.

Key words: control of propulsion motors during electric
ships’ maneuvers, optimization method, optimal control
laws.
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N.L Suprunovska, M.A. Shcherba

APPLICATION OF VYSHNEGRADKY'S DIAGRAMS FOR TRANSIENT ANALYSIS
IN ELECTRIC DISCHARGE INSTALLATIONS WITH STOCHASTIC LOAD

Purpose. To analyze the transient processes in the discharge circuit of reservoir capacitor of electric discharge installations at a
change in the circuit configuration during the discharge as well as to determine the appropriate circuit parameters for which the
discharge process described by the third-order differential equation remains a damped oscillatory process. Methodology. We have
applied the concepts of theoretical electrical engineering, the principles of theory of electrical circuits, theory of automatic control
systems and mathematical simulation in the software package MathCAD 12. Results. We have obtained the analytical expressions
and graphical dependencies that allow us to determine a relationship between the value of the element parameters of the
discharge circuit of installations with an additional active-inductive chain and the character of the transient discharge process
without solving a third-order differential equation. Originality. Using Vyshnegradsky's criteria and their graphical
representations in the form of diagrams, we have proposed the procedure for determining the inductance value in additional
chain shunting the capacitor of electric discharge installation in order to avoid the undesirable aperiodic discharge transient
process in the stochastic load. Practical value. The use of this approach makes it possible to determine the ranges of the expedient
change in the additional inductance at different load resistances for the realization of transient process required by the
technology — the oscillatory discharge of the reservoir capacitor trough the load. References 10, tables 1, figures 3.

Key words: electric discharge installation, capacitor discharge, transients, Vyshnegradsky's diagram, stochastic load.

Llens. Ienvio cmamvu AenAemca aHAAU3 NEPEXOOHBIX NPOUECCOE 6 pPA3PAOHOI UEenu HAKORUMENbHO20 KOHOeHCamopa
INEKMPOPA3PAOHBIX YCMAHOGOK NPU UIMEHEHUU ee KOHQPUypauuu 60 6pema paspaoa u onpeoeiieHue uenecoo0pasHbix
napamempoeé uenu, npu KomopwlX npoyecc paspaod, OnRUcbIeaemuvlil OughepenyuanbHviM ypasHeHuem mpemvezo nopAoKa,
ocmaemcs 3amyxaowum Koiedamenvhovim npoyeccom. Memoouka. /Ina npoeedenusn uccie008anuii UCHONb308AIUCH HAYUHbIE
RONOMCEHUA Meopemuueckoii  INeKmpoOmexnuKu, meopus INeKMPUYecKux uyeneii, mMeopus Ccucmem aGMOMAMUYECKOZ0
pezynuposanus u mamemamuueckoe mooeauposanue ¢ npozpammuom naxeme MathCAD 12. Pesynemamul. Ilonyuenst
AHATIUMUYECKUE GbIPAMNCEHUA U 2pauuecKue 3a6UCUMOCHIU, YCHIAHAGIUGAIOWUE C6A3L MeMcOY 3HAYEHUAMU NApAMempos
9/1eMEHMO08 PA3PAOHOI Uenu YCMAHOG0K ¢ OONOIHUMENbHOU AKMUBHO-UHOYKMUGHOU UENOYKOH U XapaKmepom nepexooHozo
npouecca paspaoa Konoencamopa 0e3 pewienus Oougpghepenuyuansnozo ypasnenus mpemovezo nopsaoka. Hayunasa noeusna.
Hcnonv3ya kpumepuu Boluinezpaockozo u ux zpaguueckue u3zodpajrcenus 6 e6ude Ouazpamm, HpeonoHceHa MemoouKa
onpeoesleHUs 3HAYEHUA UHOYKMUGHOCMU OONOJIHUMEIbHOU UENnOoYKU, UWIYHmMUpylouwieil KOHOeHCaAmop 3IJ1eKmpopaspaoHoil
YCMAHOGKU, ONAA UCKIIOUEHUS €20 HEeMCeNamesbH020 anepuooutecKozo papaoa na cmoxacmuydeckyto Hazpysky. Ilpakmuueckoe
3Hauenue. Hcnonvzoeanue 0aHH020 n00X00a nO3601:em onpedenums OUANA30HbL Uenecoo0pa3HO20 USMEHEHUA OONOTHUMENbHOU
UHOYKMUBHOCMU NPU PA3IUYHBIX CONPOMUGNEHUAX HAZPY3KU ONA Peanu3auyuu HeodXo0UMo20 ONA MeXHON02UU NepexoOH020
npouecca — KonebamenvHozo pazpada HAKONUMENbHO20 KOHOeHcamopa na nazpysky. butmn. 10, tabn. 1, puc. 3.
Kniouesvie  cnosa: dieKTpopaspsigHasi yCTAaHOBKA, pa3psil KOHAEHCATOpa, TIepexoJHble MPOIeCCHI,
BbilIHerpaackoro, cToxacTu4eckas Harpy3Ka.

auarpaMma

Introduction. In the electric discharge installations
(EDI) with reservoir capacitors, in particular in the
semiconductor (thyristor) installations for volumetric
electro-spark dispersion (VESD) of the metals, the
oscillatory discharge of capacitor with a small reverse
recharge (less than 30 % in voltage) is the most efficient
technologically and energetically mode of discharge
through electric spark load [1-6]. In this case, there is a
fast natural locking of the discharge semiconductor
switch, which makes it possible to quickly carry out the
subsequent charge of the capacitor and further its
discharge trough the load [1, 4-6]. Thus, we can realize a
high frequency of charge-discharge cycles and stability of
the duration of discharge currents in the EDI load.

At the same time the resistance of such load as a
metal granular layer can stochastically increase several
times during discharge. As a result, a so-called idle
discharge trough the load, i.e., a long-term discharge with
a low current without sparking can occur [1, 4, 6-8]. Since
the increase in active resistance of load decreases the
QO-factor of the discharge circuit, then the oscillatory
capacitor discharge transient can become aperiodic one,
and discharge duration can increase many times. Because
of such long capacitor discharges, we can not to realize

high frequency and stability of charge-discharge cycles,
and thus the yield of spark-eroded powders.

To reduce the discharge pulse duration in such EDI,
we have proposed to connect an additional shunt chain
VT,-L,-R, in parallel to the capacitor at a certain time ¢, as
shown in Fig. 1. The parameters of the additional chain
must be chosen from the condition for avoiding of
aperiodic capacitor discharge.

i VT,
vr R R b, ,l\
—
i VT,
i
sDV c—— zl L, Rlaad[]
L R, L,

Fig. 1. Electric schematic diagram of EDI with additional
RL-chain shunting the capacitor

The purpose of this paper is to analyze the transient
processes in the discharge circuit of reservoir capacitor of
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electric discharge installations at a change in the circuit
configuration during the discharge as well as to determine
the appropriate circuit parameters for which the discharge
process described by third-order differential equation
remains a damped oscillatory process.

Transient analysis of capacitor discharge through
the load when the capacitor is shunted by the
RL-chain. As an example, we have performed the
transient analysis of the capacitor discharge trough the
load in the thyristor installation for VESD with an
additional parallel active-inductive chain. In the
installation for VESD, whose electrical circuit is shown in
Fig. 1, the capacitor C is charged to a voltage U, from a
shaper of direct voltage (SDV). Then, after switching on
the discharge thyristor V7, the capacitor C is discharged
through the load with the resistance R,,; and discharge
circuit inductance L, which is usually 1-5 pH.

We have assumed that the resistance R, (that take
into account not only the resistance of the electric spark
load, but the active resistance of the circuit wires) remains
unchanged during the discharge, but could change
discontinuously between the discharges. It has been also
assumed that the thyristor V7T, was locked until the time
t1, and the discharge process was aperiodic, that is, the O-
factor of the C-VT}-R;,.4-L1-C discharge circuit O <0.5.

During the discharge transient analysis, we have
believed that the thyristors V7; and V7T, were ideal
switches, that is, the commutation occurred
instantaneously and without power loss.

Expressions for the voltage of the capacitor u(¢) and
the current i(?) in the discharge circuit are [10]:

”C(f)=Uo(P1€p2t —Pzeplt)/(l?l -p2). (D

i(t):Uo(eplt—epzt)/Ll(pl —pz), (2)
where U, is the initial capacitor voltage; p; and p, are the
roots of the characteristic equation of this circuit:

2 2
pi=-R,_ |21, +\/Rmd /4L1 ~1/L,C,

2 2
pr=-R, 2L —\/RM / ar?-/L,.C.

At point in time ¢ = ¢;, when the current in the circuit
is equal to a certain value i(#;) = /;, and the capacitor
voltage has a certain value uc(t,) = Uj, the thyristor V7,
unlocks and an additional L,R,-chain is connected to the
circuit, that is, the circuit changes its configuration.

In new transient process, which started at # > ¢, in the
circuit with the changed configuration, the following
system of equations is valid according to the second
Kirchhoff's law:

3)

Uc +ML2 +UR2 =0;
uc tup tug, =0.
As ulq =L1di1/dt,uLZ =L2di2/dt,uR1 d:Rloadil’
up, = Ryiy, then system (3) can be written as:

Uc +L2 diz/dt+R2i2 =0;
“)
Uc +L1 dll /df +R10adi1 =0.
Since according to first Kirchhoff's law i = i1+i,, and
the current i flowing through the capacitor is

i=Cduc/dt, we can write the following expression:
duc[dt =i /C+iy[C. (5)
Let us perform the differentiation of the system (4):
duc dt+ Ly d%iy [ dt® + Ry diy /dt =0

(6)
duc dt+ Ly d*iy Jdty + Ryyyq diy [dt =0.

After substituting (5) in (6) and performing the
transformations, we obtain the system:
i| =—CL, d*iy [ dt* — CRy di | dt —is; -
iz = —CLl dzil/dtz - CRload dll /dt _il‘
Let us perform the differentiation of second equation
of system (7) once, and then twice:

diy [dt =—CL, d°i; [dt® = CRyyyy d%iy [ di* —diy Jdt,  (8)
d%iy [ dt* =—CLd% [ di* - CRy, g d’iy [ df —d%iy [di . (9)
Substituting (8), (9) and the second equation of

system (7) into the first equation of this system and
performing the transformations, we get

CL1L2 d4il /dt4 + C(Lle +L2Rload)d3il /dt3 +

+ (Ll + L2 + CRloadR2)d2i1 /dt2 + (Rload + RZ)dll /dt =0.

After integrating this expression, we have

CL1L2 d3i1/dl‘3 +C(L1R2 +L2Rload)d2il/dt2 + (10)

+ (Ll +L2 + CRloadRZ)dil /d[ + (Rload + Rz)i] + Ai =0,
where 4; is a constant of integration, which we define
from the final conditions.

Since at ¢ = oo the capacitor is discharged to zero and
all currents in the circuit (as well as their derivatives) are
0, then 4; = 0, and equation (10) takes the form

CLiLy d*iy[df® + C(LiRy + LyRyyyg ) d iy [ de* + o
+ (Ll + Lz + CRloadR2)di1 /dt + (Rload + R2 )ll =0.

Thus, we have obtained a third-order differential

equation whose characteristic equation can be written as

a0p3+a1p2+a2p+a3:0, (12)
a1 = C(L1Ry + LyRypuq )

a, = Ll +L2 + CRloadR29

where ay =CL|L,,
a3 = Rjpq + Ry.

For delimitation of areas with different types of
transients, which are described by the third-order
differential equations, in many cases it is expedient to use
Vyshnegradsky's  diagrams [10].  Vyshnegradsky's
criterion and its graphic representation in the form of
diagrams allow us to judge the influence of parameters of
third-order system on its stability without solving the
differential equation.

Bringing the equation (12) to a normalized form and
introducing a new variable

q=p-3ag/az , (13)
we obtain, as a result, the normalized equation
q> +Ag* +Bg+1=0, (14)

where 4= a1/31/a3a§ and B = az/%laoaf coefficients

are called the Vyshnegradsky's parameters.
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On the plane of 4 and B parameters we can plot a
Vyshnegradsky's diagram that display the regions of
stable and unstable operation of the system described by a
third-order differential equation whose characteristic
equation has the form (12).

The stability conditions for the third-order system,
formulated by Vyshnegradsky, are

A>0, B>0, and AB>1.
The equation for oscillatory stability threshold is
AB=1 at A>0 and B> 0.

This is an equilateral hyperbola, for which the
coordinate axes are the asymptotes (Fig. 2). The region of
system stability according to conditions (15) lies above
this curve.

B)r

(15)

E

I - aperiodic discharge

0 > 4
0 1 2 3 4 5 6 7

Fig. 2. Vyshnegradsky's diagram for the system, described by
third-order differential equation

The stability region can be divided into separate
parts corresponding to different combinations of the roots
of the characteristic equation. It should be noted that at
the point D, where 4 = 3 and B = 3, the characteristic
equation (14) takes the form (¢ + 1)’ = 0. Consequently,
at this point all three roots are equal ¢, = ¢, =¢; =—1. In
this case, for the initial equation (13), we obtain

P1=P2=P3=—@%/%~

In the general case, two options are possible: 1) all
three roots are real; 2) one root is real and two are
complex. The boundary between these two cases is
determined by the vanishing discriminant of the third-
degree equation (14), which can be received, for example,
from the Cardano's formula for solving the cubic
equation:

A28 443 + B J+184B-27 =0,

This equation gives two curves in the plane of the 4
and B parameters: DE-curve and DF-one (Fig. 2). Inside
of EDF region, the discriminant is positive.
Consequently, in this region there are three real roots
(region I). In the remaining part of the plane, the
discriminant is negative, which corresponds to the
presence of a pair of complex roots (region II).

In region I, where all roots are real, an aperiodic
transient process takes place, and in region II, where there
are one real and two complex roots, the transient process
is oscillatory.

Calculating the value of Vyshnegradsky's parameters
at changing the parameters of the discharge circuit
(parameters of R,L, -chain connected to the capacitor), we
can immediately conclude whether they are in the stability
region of the system and if this is the case, then in which
part of the region they are located (aperiodic discharge
region I or oscillatory one II).

Hence, when the load resistance increases
stochastically during the discharge of the capacitor we can
easy choose the necessary parameters R,L,-chain for
connecting to the capacitor in order to prevent a long-term
discharge with a low current without sparking in the load.

The investigations carried out in the installation for the
volumetric electro-spark dispersion of aluminum in water
with the following parameters: L; = 5 pH, C = 100 pF,
showed that resistance of the load, which is a layer of
aluminum granules located between the electrodes, can
vary within Rj,,; = 0.2 — 5 Ohm. Therefore, the Q-factor
of the discharge circuit C-VT|-R}y,4-L1-C: Q; can be in the
range of 1.118 — 0.045. That is, the discharge of the
capacitor with certain changes in the load resistance can
be aperiodic (Q; <0.5). That's why, it is necessary to
connect an additional active-inductive chain in order to
change the nature of the discharge process. The resistance
R, of such a chain takes into account the active resistances
of both the wires of the inductive coil L,, and the wires
connecting this coil to the discharge circuit. This value is
about 0.001 Ohm.

Fig. 3 shows the values of the Vyshnegradsky's
parameters calculated using the software package Mathcad
12 for the discharge circuit C-VTi-Rj.~L1-C with the
parameters C = 10* F, L; = 5:10° H, Ry = 5 Ohm,
2.5 Ohm, and 1 Ohm. The initial Q-factors are,
respectively, O; = 0.045, 0.089, and 0.224, i.e. the capacitor
discharge is aperiodic and for changing the discharge
character it is necessary to connect an additional active-
inductive chain. The resistance of the additional chain was
assumed to be R, = 0,001 Ohm, and the inductance value
varied in the range L, = 10 = 14-10* H.

According to Fig. 2 in zones defined by conditions,
A>1 {A >6

or
1<B<3 1<B<5

the capacitor when the additional active-inductive circuit
is connected becomes an oscillatory. Further, according
to the dependences shown in Fig. 3, the inductance values
L, satisfying the above conditions are determined.

The results of the analysis of the value ranges of the
additional inductance L,, which are required for the
realization of the oscillatory discharge of the capacitor in
the circuit with different load resistance, are given in
Table. 1.

According  to the  proposed  procedure,
Vyshnegradsky's diagrams can be used to estimate the
transient processes in the circuits of electrical discharge
installations with different parameters and configuration.

Since the oscillatory discharge duration is
proportional to the circuit inductance value, then in order
to ensure short-term discharges, the appropriate values of
L, should be minimum values from corresponding ranges:
103 pH, 48 uH, 15 pH.

for example { , the discharge of
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A, B,ru. at

L,=510°H, C=10*F. R, = 0.001 Ohm,
Ripua=5.2.5,1 Ohm.
52 - - 52
1.0710 5.6710
at Rj,zq = 5 Ohm
39 39

A at R;ngd = 2.5 Ohm

A at R‘Jm.d =1 Ohm

26

13

a-".'-:::::::::/: \
i o

=0
1107 350030"  700030°  olotos 00014
B L, H
at Rjpag = 2.5 Ohm B

at R;,,ﬂd =5 Ohm
Fig. 3. The calculated values of the Vyshnegradsky's parameters
for a discharge circuit with L;=5- 10°H, C=10"F,
Rjpea=5 Ohm, 2.5 Ohm, 1 Ohm

Table 1
Value ranges of additional inductance L, for different load
resistance R;,qq

L, pH at Ly, puH at
Ripas, Ohm A>1 A>6
1<B<3 1<B<5
5 103 — 567 103 — 1240
2.5 48 — 281 48 — 617
1 15-109 55-242
Conclusions.

1. In the discharge circuit of the capacitor of electric
discharge installations whose load resistance can increase
randomly, a low-current discharge (so-called idle
discharge) through the load may occur. In order to
transfer such a discharge into the required high-current
and quickly damped discharge, we have connected the
additional inductance to the discharge circuit.

2. To determine the value of the additional inductance,
it is advisable to apply Vyshnegradsky's criteria and their
graphic representations in the form of diagrams. This
approach allows us to determine the range of values of
such inductance for various load resistances in order to
transfer aperiodic long-term capacitor discharge through
the load in a short-term oscillatory discharge without
solving a third-order differential equation.

3. As an example, we have performed a transient
analysis in the discharge circuit of installation for
volumetric electro-spark dispersion of the metals in a
liquid with parameters C = 10* F, L, = 510° H,
R, = 0.001 Ohm. We have calculated the

Vyshnegradsky's parameters for load resistance of the
installation R,y = 5 Ohm, 2.5 Ohm, and 1 Ohm. Using
the Vyshnegradsky's diagram, we have determined the
ranges of the values of the additional inductance L, for the
realization of the oscillatory discharge of capacitor of the
installation with a change in its stochastic load resistance.
Appropriate values of L, are the minimum values
from the corresponding ranges: 103 puH, 48 uH, 15 pH.

REFERENCES
1. Shcherba A.A. Printsipy postroeniia i stabilizatsii parametrov
poluprovodnikovyh  elektroimpulsnyh  sistem  elektroiskrovogo

dispergirovaniia sloia tokoprovodiashchih materialov. Stabilizatsiia
parametrov elektricheskoi energii. [Principles of the construction
and stabilization of the parameters of semiconductor electro-pulse
systems of electro-spark dispersion of a layer of conductive
materials. Stabilization of electrical energy parameters]. Kyiv,
Institute of Electrodynamics of Academy of Sciences of Ukraine
Publ., 1991, pp. 12-30. (Rus).

2. Casanueva R., Azcondo F.J., Branas C., Bracho S. Analysis,
Design and Experimental Results of a High-Frequency Power
Supply for Spark Erosion. /EEE Transactions on Power
Electronics, 2005, vol.20, mno.2, pp. 361-369. doi:
10.1109/tpel.2004.842992.

3. Sen B., Kiyawat N., Singh P.K., Mitra S., Ye J.H., Purkait P.
Developments in electric power supply configurations for
electrical-discharge-machining (EDM). The Fifth International
Conference on Power Electronics and Drive Systems PEDS
2003. Singapore, 17-20 November 2003, vol.1, pp. 659-664.
doi: 10.1109/PEDS.2003.1282955.

4. Ivashchenko D.S., Shcherba A.A., Suprunovska N.I
Analyzing probabilistic properties of electrical characteristics in
the circuits containing stochastic load. Proceedings IEEE
International Conference on Intelligent Energy and Power
Systems (IEPS-2016), June 7-11, 2016, Kyiv, Ukraine, pp. 45-
48. doi: 10.1109/TEPS.2016.7521887.

5. Nguyen P.-K., Jin S., Berkowitz A. E. MnBi particles with high
energy density made by spark erosion. Journal of Applied Physics,
2014, vol.115,no.17, p. 17A756. doi: 10.1063/1.4868330.

6. Shcherba A.A., Suprunovska N.I. Study features of
transients in the circuits of semiconductor discharge pulses
generators with nonlinear electro-spark load. Proceedings IEEE
International Conference on Intelligent Energy and Power
Systems (IEPS-2014), June 2-6, 2014, Kyiv, Ukraine, pp. 50-54.
doi: 10.1109/TEPS.2014.6874200.

7. Shydlovska N.A., Zakharchenko S.M., Cherkasky O.P. Physical
prerequisites for constructing mathematical models of electrical
resistance of plasma-erosion loadings. Technical electrodynamics,
2017, n0.2. pp. 5-12. (Ukr). doi: 10.15407/techned2017.02.005.

8. Shcherba A.A., Suprunovska N.I., Ivashchenko D.S.
Modeling of nonlinear resistance of electro-spark load taking
into account its changes during discharge current flowing in the
load and at zero current in it. Technical electrodynamics, 2014,
no.5, pp. 23-25. (Rus).

9. Besekersky V.A., Popov Ye.P. Teoriia sistem
avtomaticheskogo regulirovaniia [Theory of automatic control
systems]. Moscow, Nauka Publ., 1975. 768 p. (Rus).

10. Demirchian K.S., Neiman L.R., Korovkin N.V., Chechurin
V.L. Teoreticheskie osnovy elektrotekhniki [Theory of Electrical
Engineering]. St. Petersburg, Piter Publ., 2009. 512 p. (Rus).

Received 21.07.2018

N.L Suprunovskal, Doctor of Technical Science,

MA. Shcherbal, Candidate of Technical Science,

! The Institute of Electrodynamics of the NAS of Ukraine,
56, prospekt Peremogy, Kiev, 03057, Ukraine,

phone +380 44 3662493,

e-mail: iednatl @gmail.com, m.shcherba@gmail.com

50 ISSN 2074-272X. Enexmpomexuika i Enekmpomexanika. 2018. No6



YK 621.3 doi: 10.20998/2074-272X.2018.6.07
K.B. Uynuxun

O BJIMSIHUHM YPOBHA BHELIHEI'O MA'HUTHOTI'O IIOJIA U IJIMHBI
HA MATHUTHBIM MOMEHT HWJINHAPUYECKUX CEPAEYHUKOB

Poszenanymo maznimocmamuune none HeOOHOPIOHO HAMAZHEYEHO20 6 0OHOPIOHOMY MAZHIMHOMY RO 0082020 YUIIHOPUYHOZO
ocepos eNeKmpoMazHimy cucmemu KepyeanHa KOCMiuHum anapamom. /Ansa po3paxyHKy yb020 nons 3anponoHO8AHI nepemeo-
PeHHA IHmMezpanvHo2o PIGHAHHA GIOHOCHO ZYCMUHU (QIKMUSHUX MAZHIMHUX 3apA0ie, a MAKOXC imepayiiinuil anzopumm iiozo
YUCENbHO20 PO36°A3aHHA. 3pOOaEeHO aHaniz enaugy 006xcunu ocepoa 3 nepmanoito S0H y ecvomy dianazoni Kpueoi namazmniuy-
6aHHA | PI6HA 306HIUIHBO20 MAZHIMHO20 NONA HA 0CbOBY NPOEKUII0 MAZHIMHO20 MOMEHMY 0CEPOA, A MAKOHC HAOAHI NPAKMUYHI
PeKomenoauii uj000 pieHsa 306HIUHBO20 NOJIA, CMEOPIOEAHO20 KOMYUIKOIO eeKMPOMAzZHimy, i 30i1beHHA MAZHIMHO20 MOMEH-
my 6 eunaokax doezux ocepos. bioin. 14, Ta6n. 1, puc. 5.

Kniouosei cnosa: ejieKTpOMArHit, cucreMa KepyBaHHA KOCMIYHHM anapaToM, HEOJHOPiIHO HAMAarHe4YeHe Ocep/si, iIHTerpajbHe
piBHAHHSA, QiKTUBHMII MarHiTHHIi 3apsa], KPpUBa HAMATHIYyBAHHS, MATHITHHI MOMEHT Oocepas.

Paccmompeno maznumocmamuyeckoe noje HeOOHOPOOHO HAMAZHUYEHHO20 8 0OHOPOOHOM MAZHUNHOM NOJIe OTUHHOZ0 WUTIUH-
0pUYECK020 cepOeunuUKa INeKMPOMAZHUMA CUCEMbL YRPAGIEHUA KOCMUYECKUM annapamom. /[na pacuema 3mozo nons npeo-
J10JICeHbl RPeodpazosanue UHMeZPAiIbHO20 YPAGHEHUsT OMHOCUMENbHO NIOMHOCIU (UKMUEHBIX MAZHUMHBIX 3APA006, A MAK-
Jice UMEPAUUOHHBLIL AI20PUMM €20 HUCeHNH020 pewienus. Coenan ananus enuanus Onunvl cepoedynura uz nepmannos 50H 6o
6cem Ouanazone Kpugoil HAMAZHUYUGANUA U YPOGHA GHEUIHEZ0 MACHUMHO20 NOIA HA 0CEBYI0 NPOEKYUI0 MAZHUMHO20 MOMEHMA
cepoeunuKa, a makice 0aHyl NPAKMUYECKUE PEKOMEHOAUUU OMHOCUMENbHO YPOGHA GHEUIHEZ0 RO, CO30a6AeMO20 KAMYUKOIL
INEKMPOMAZHUMA, U YEEIUYCHUS MACHUMHO20 MOMEHMA 8 CIYUAAX ONUHHBIX cepoeunuxos. bubn. 14, tabdn. 1, puc. 5.

Kniouesvie crosa: 3MeKTPOMArHuUT, CHCTEMa YNPaBJEeHHS KOCMHYECKHM anmapaToM, HEOJHOPOJHO HaMarHWYeHHBIH
cepieYHHK, MHTerpajbHOe ypaBHeHHe, (PMKTHBHBI MATHUTHBINH 3apsii, KpUBasi HAMATHHYMBAHHS, MATHUTHBIA MOMEHT
cepAevHHKA.

Beenenue. [l ynpaBieHHs KOCMUYECKMMH anmna-  JUIMHOM b paamyca R, pacriojioXKEHHBIH B HEOrpaHUYCH-
paramH UCIOJB3YIOT 3JIEKTPOMArHUThl MOCTOSHHOTO TO-  HOM HEMAarHUTHOM M HENPOBOJSILIEM MPOCTPAHCTBE CO-
Ka, COCTOSIIIIME U3 KaTyIIKH U JJIMHHOTO IIMJIMHAPHYECKO-  OCHO C BHEIIHUM ITOCTOSIHHBIM OJJHOPOJHBIM MarHUTHBIM
TO Cep/ievHHKa M3 MaTepuana ¢ BBICOKOH MArHUTHOH  popem manpsskennoctsio Hy (puc. 1).
npoHuIaeMocTsio [1]. Pa3mepbl, 0OMOTOYHBIE NaHHBIE U
MaTepHanbl MOTyT OBITh OTPEIEICHBI U BBIOPAHBI Ha OC- . A
HOBE pacueTa MarHUTHOTO TIOJIS, CO3/IaBaEMOI0 3JIEKTPO- Hy 2
MarHuToM. TakoH 3JeKTPOMArHUT AOJDKSH 00JamaTh OIl- — = { ng by
pPEeACJICHHBIM MAarHuTHbBIM MOMCHTOM, OCHOBHYIO 4YaCTb Y T
KOTOporo obecrieunBaer cepaevyHuK [2]. B u3BecTHBIX
paborax Juisi pacyera MarHMTOCTATUYECKOTO IOJISI Cep-
JICYHUKOB TOJIyYMJIM Pa3BUTHE METOABI KO(PPHUIMESHTOB
pasMarauuMBaHus [2, 3] ¥ MHTErpanbHBIX ypaBHEHUN b2 b2
[1, 4, 5]. na onpenenenus Kod3QPUIMEHTOB pa3MarHu- - = > - >
YUBaHHU HEOOXOANMO NMPOBOJNTH SKCIEPUMEHTEHI, a YNC-
JICHHBIC PEIICHUs] HHTErPAbHBIX YpaBHEHHH ObUTH TONy-  Puc. 1. MepuauaHHoe cedeHHe IUINHAPUIECKOTO CEPACUHNUKA
YEeHBbl MPU JOMYLIEHUH MOCTOSHHON MarHUTHOW IPOHU-
1IaeMOCTH MaTepuana cepaednuka [1, 4]. B pabote [5] HanpsikeHHOCT  pe3y IbTHPYIOIIEro  MarHHTHOTO
pacueThl OBUTH BBHITIOTHEHB! TPU YCIOBHH OTHOCHTENHHO  I10JIS IPECTaBisieM B Buae [6, 7]:

HEOOJIBIIMX HW3MEHEHUH MAarHUTHOH IPOHULIAEMOCTH IIO H= HO + ]f]m , (1)
00BbEMY CeplICYHHUKA. -

AXTyanbpHOCTh JaHHOW CTaThbU 3aKiroyaercs B Tom, LAC H,, — HanpsykeHHOCTh MArHHTHOTO IOJIs, 00YCIIOB-

YTO B M3BECTHHIX pabOTax HEJIOCTATOYHO HCCIENOBAHO  JIGHHOTO MAarHWTHBIMH CBOWCTBAMH CEpIEYHHMKA («pa3-
HaMarHW4MBaHUE [UIMHAPUYECKUX CEPJCYHHKOB B YCIO-  MarHMYHMBAIOIIEro» mous [2]).
BUSIX OOJIBIINX W3MEHEHUH MarHUTHOM NMPOHUIIAEMOCTH U MarnutHoe mone H SBISETCS IUIOCKOMEPHAHAH-
YPOBHEH BHEIIHETO MarHUTHOTO TIOJIS, YTO 3aTPyIHSET
MIPOEKTUPOBAHNE IEKTPOMArHUTOB CHUCTEM YIPaBIICHUS
KOCMHUYECKHUMH armapaTamMi.

Henbio naHHOH pabOThI ABISAETCA aHAIU3 HEOJHO- H, =—grad g, . )
POAHOTO HAMAarHWYMBAHUS MJIMHHBIX LWJIMHIPUYECKUX
cepaeyHrKoB u3 nepMamios SOH oqHOPOIHBIM MOCTOSH-

A
A

R

I{! 1 5] Ha ,”.\"0
—

Ch 4

HbIM, a II0JIC BCKTOpa Hm MNOTCHIHAJIBPHO U CBsA3aHO CO
CKaJIIPHBIM IOTECHIHUAJIOM (0, COOTHOLICHUEM

Hcnonb3ys 37eKTpOCTaTHUECKYIO aHanoruio [6, 8],
MpeacTaBisieM ¢, B TakoM Buze [9, 10]:

HBIM MArHUTHBIM TIIOJIEM W BIUSHHS JJIMHBI, a TaKKe
o 1 (M )y K ()
YPOBHS T0JI HA UX MAarHUTHBII MOMEHT. on\Q)=— dly, , (3)
IIpeoGpa3oBaHue MCXOOHOTO HHTErPAJbLHOIO o \/ (ZQ —zy )2 + (FQ + rM)z
YPaBHEHMS C YYE€TOM 0COOEHHOCTeil HaMarHnYuBaHUsI
cepaevYHnKa. PaccMOTpUM HWIMHAPUYCCKUH CeplIeTHUK © K.B. Uynnxun
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rae I, dly — KOHTYp MEepUAMaHHOTO CEYCHHS W ero Jiie-
MEHT C IeHTpPOoM B Touke M; O, M € | — Touka HaOmroIe-
HUS M TOYKA C TEKYIIUMH KOOpAMHATaMH; o,,(M) — mo-
BCPXHOCTHAA IJIOTHOCTbH (l)I/IKTl/IBHI)IX MAarHmMTHBIX 3aps-
JIOB; U — MarHuTHas nocrosiHaas; K(k) — noiHeId dyunn-
THUYECKHI MHTETpaJl IepBoro pojaa moayis k [11];

VQ?‘M
(R O

o, v ¥ Zg, Zy — PAIMATIbHBIE M OCEBBIE IMINHAPUYECKUE
KOOpAWHATHI Touek O u M.
ITockonbKy MaTepuan CepAe4HHKa sBIETCS H30-

k=2

TPOIHBIM, CBSA3b MEXIY H ¥ HAMArHUYECHHOCTBIO J
OIIpEeIENAETCs] U3BECTHON 3aBUCHMOCTBIO

J = [u (i -1J “
rne u,(H) — oTHOCHTeNbHAS MarHUTHAS TPOHUIIAEMOCTb.
Jist ydera HEOIHOPOJHOCTH HaMarHWYMBaHHS 3a-
MEHHMM HEJIMHEIHYI0 HaMarHW4MBaeMylo cCpeiny cepied-
HUKa Ha KyCOYHO-OJHOPOIHYIO, KOTOpasi COCTOHT U3 2N,
OTHOPOJHBIX IIIIMHAPHIECKUX IIEMEHTOB C a0CONFOTHOM
MarHUTHON TPOHHIIAEMOCTBIO [y,
NO
UMHY by, mpudyeM Zbk =b/2 (puc. 1). Takas 3ameHa
k=1
MO3BOJISIET TIPEeHeOpedbh O0BEMHBIMU (PUKTUBHBIMH Mar-
HUTHBIMH 3apsiIaMH U OTPAHUYHUTHCS ONPENCICHUEM Oy,.
B Takom cityyae nHTerpajgbHOE ypaBHEHHE OTHOCUTEIBHO
0,, IpUHUMaeT Buf [12]:

2 [, st m)-

= 2#0/7‘/1H0n (Q)’

rae / — KOHTYp MEpPHIMAaHHOTO CEYEHHUs! CepjCYHUKa B

MEPBOI YeTBEPTU KOOPAMHATHOM TutockocTH zOr; [ = [} +

+ I, + L5; [, — KOHTYp OOKOBOW M TOPIEBOW ITOBEPXHO-
N,-1

2% c c

creil; 5 = Z I} , l{ —rpanuna mexnay k u k + 1 nuus-
k=1

JIPUYIECKIMH 3JIEMEHTaMH B pacdeTHoU obmactu; Hy,(Q) —

k=1,N, N, , uMeromux

S(0.M")ldly, =
(%)

HopMaubHas npoekuust H, ms O € [

(e = 10) /(s + o), O ey Uy
(et = 1)ty + 1), Q €3

M’ — To4ka, CHUMMETpHYHasl TOYKe M OTHOCUTEIIBHO OCH 7.
[Tpu Q € [, mepBoe ciaraemoe gapa ypaBHEHHUs (5)

1 I"M+VQ 2
K(k)+—| 22252 1 |E(x)|,
2 kel 20 o)

Ay =

S(QM)—
rQ

ZQ—ZM k3

2
41lr§rM k

k' — TOJNHBIA JJUIMITUYECKHH WHTErpajl BTOPOro poja
MOyJid k nu JIOHOHHI/ITCHbH])lﬁ MOAYJIb MOJIHBIX 3JUIMIITH-

YECKUX HHTErPajioB, K =V1-k> [11]. Bropoe cnarae-

Moe paccMmarpuBaeMoro sapa S(Q, M) onpexnensiercs 1o
TakuM ke (opmynam, kak u S(Q, M), eciiu B HUX 3aMme-
HUTh KOOPJAMHATHI TOUKU M Ha M.

mpuQ e Lul— S(O.M)= E(k), rne E(k),

3aMeHa HEOJHOPOIHO HAMATHUYMBAEMOTO Cepicd-
HUKa COBOKYITHOCTBIO OJHOPOJHO HaMarHMYMBaEMbIX
MUIHHIPUYECKUX DJIEMEHTOB CJeJlaHa Ha OCHOBAaHHMHU
HpeHBapl/ITeﬂbelX pacquOB, CorjiaCHO KOTOpI)IM HpI/l

b/R > 16 oceBas npoekuust H B NONEPEYHBIX CEYCHUSIX
CepAeYHNKa M0 BCEH ero JjMHe, 3a HCKIIOYEHHEM He-
OOJBIINX YYaCTKOB BOJH3H TOPIIOB, paclpeeseHa Mpak-
THYECKH PAaBHOMEPHO. YUHTHIBAasl 3Ty OCOOEHHOCTH, a
TaKk)Ke W3BECTHOE TPAHWYHOE YCIIOBHE O CKadKe HOP-
MaJlbHOW NpoeKuMu H,, Ha rpaHule MEXIy IByMs Ha-
MarHW4MBaeMbIMU cpemamu [13], mpuHHMaeMm morrymie-
HHE O HEM3MEHHOCTH 0,, Ha BCEX /[ . YIpPOLIEHHOE TIpH

MOMOIIM 3TOT0 JOMYyLICHUS ypaBHeHHE (5) NpHUHHMAeT
TaKoil BUJ:

5(0)- "2 [, (41)5(0.)- (0.t -
—*—“Nz o, ()[[50M)-S@M iy = ©)

T
k=1 lk

= 2;uOﬂ',u]_IOn (Q)

Cucrema anreOpandecKux ypaBHEHUH, TpYU MOMOIIN
KOTOpOW pEIIAOT WHTErpajbHbIE yYpaBHEHHMS, JUIS ypaB-
HeHus (6) IMeeT 3HAYNTEIHHO MEHBIIIHN TOPSITIOK.

Hrepauuonnslii aJrOpuT™M YHCIEHHOTO pPelIeHHst
Nnpeodpa3oBAHHOI0 MHTErpaJIbHOr0 ypaBHeHus. [{uxn
UTEPALMOHHOTO AJITOPUTMAa COCTOUT U3 CIEAYIOIIUX OC-
HOBHEIX OJIOKOB. B mepBoM Oioke mpu HEKOTOPHIX Ha-
YATBHBIX 3HAYEHUAX 11, pelllaeM HHTErpaNbHOE YpaBHe-
Hue (6). Jms 9TOro OHO TpU TIOMOIIM KBaJIpaTypHOH
(hopMyIBI TIPSIMOYTOJIBHHUKOB OBUIO TpeoOpa3oBaHO B
cucrteMy anreOpanyeckux ypaBHeHHMH mopsinka N (N —
o0I1Iee YMCII0 y3JI0B MPOCTPAHCTBEHHOM ceTku, N = N +
+ N, + N3, N —uucno y3noB Ha 1, N, —Ha b, N; —Ha 5,
N; = N, —1). Ilpu BRIYHCICHUN KKIOTO MHTETpajia CyM-
MBI B TPEThEM CJIaraeMoM JieBoi yacTu (6) ObLIO MPHUHSITO
100 y3moB, a mug ydera KpaeBoro 3¢¢exra Ha Topuax
MIIMHPA UCIIONB30BAA HEPAaBHOMEPHYIO ceTKy. [lomy-
YeHHas cucTeMa anredpanvyecKkux ypaBHEHHH Oblia pe-
IIeHa MPSMBIM METOIOM, OCHOBAaHHBIM Ha OOpalieHuH
MAaTPUIIBI JIEBBIX YacTeH M JalbHEHIIeM YMHOXEHHUH 00-
paTHOI MaTpHUIEI HAa BEKTOP-CTOJIOEI] TPABBIX YacTeH.

Bo BropoM 0j10KE HaXOIUM paHalbHYIO U OCEBYIO

npoeximn H

S, (0, M)dly; . 7

H,(0)=H,+ on(M)S,(Q,M)dly, ,  (8)

27

a 3aTeM 1 MOIyIb H B Ka10ii TOUKe BHYTPH CEepJCUHHUKA.

B dopmyax (7) u (8) dynxunn S(Q, M) u S0, M)
OMPENCISIFOTCS MPU TIOMOIIM TAKUX JKE BBIPAKCHUH, KaK U
SIIPO MHTETPAbHOTO ypaBHEHUS (5) COOTBETCTBEHHO NPH
OQeliuQehul.

B TpeTtheM OioKe ompenenseM CpeaHHue 1Mo o0beMy
KQXIOTO IWIHHIPUIECKOTO 3JIEMEHTa OTHOCHTEIBHYIO U
a0COJIFOTHYFO MarHUTHBIC TPOHUIIAEMOCTH
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—()
Higr

=) =)
Uy =ty 59, 10)

jl’ M Hy (M )dSM >
Sk
rae Sy — IIOoIaah MEPUIUAHHOTO CEYCHUS K-TO IHIHH/I-
PUYECKOTO 3JIEMEHTA; j — HOMEP UTEpAIUH.
Jst ompenenenust w, UCHONB3yeM KpPUBYIO Hamar-
HuyuBaHus nepmasios SOH [2]
J(H)=aH/(H+ ¢), (11)
1“3 KOTOPOW MPU NMOMOIIM M3BECTHOW CBSI3U MeXay B,

R,

H u J Ha OCHOBE MOJENM HAMAarHUYMBAHUSA MOJIEKY-
J'IHpH])lMI/I TOKaMHU HAXO0OAuM

uH) =1+ al(H+ c). (12)
B 3aBucumoctsix (11), (12), nokazaHHbIX B Jiorapucg-

MHYECKOM Macitabe Ha puc. 2 (a, b), J, H — momynu J S

fI; a, ¢ — nocrosiHube, a = 1,25:10° A/m, ¢ = 40 A/m.

3aTeM NMpUHUMaeM ,u]Ej ) = ,u;]) 1 BO3BpaIaeMcs K Imep-

BOMY 6J10Ky ajropurma. I/ITepaan mpoaoJKaeM 10 BbI-
TIOJTHEHUSA yCIIOBUA

|,uk(1)7/uk(1-l)|<As]: 1923--'3 o k:LNo’ (13)
Tac A— 3aJaHHOC PACXOXKIACHUEC, 1;; — YUCIIO HTepaHHf”I.

107,
Alm ‘\

1

0.8

10 50 100 500 1000 EA.\!

‘A
25000

20000
15000
10000

5000

0

10 50 100 500 1000 H.A/m

Puc. 2. Kpussie 3aBucumocreii J(H) — a u y,(H) — b mns
nepmaios SOH

Y CTaHOBIICHO, YTO UTEPALIMOHHBIH MPOIECC CXOIUT-
¢ K HEKOTOPBIM BEIIMYUHAM yk(i') JUIsl JTFOOBIX yk(o), npu
KOTOPBIX UMeeM 4HclieHHOe penieHue (6). Kak moscHser-
Csl HW)KE, MAarHUTHBIH MOMEHT CEPJICYHUKA ONPECIIACTCS
oceBoii mpoekuuel HamarandeHHoctu J,. [locne omnpene-
JEeHUs 0, 3Ta TPOCKIUS MOXKET OBITh pacCYUTaHa IIPHU
momommn Gopmytst (4) ¢ yaeroMm (8) u (12). CxomumocTs
WTEpaAIii WILUTIOCTPUPYETCSI KPUBBIMH PHC. 3, TIOCTPOCH-
HBIX JJIS CIICAYIOUINX UCXOMHBIX NAaHHBIX: R = 5 MM (3TOT
pa3Mep IPUHAT TaKUM K€ U B IOCIEAYIOMNX pacueTax);
b = 330 mm; z* = z/b. 3nauenus b, 3/ech U nanee MPUHS-

THl OIMHAKOBBIMH. Buanm, 9to ¢ yBemmueHueM N, pac-
npeneneHus J, cxoaarcs. Ilpu HeoOX0aAUMOCTH YTOYHEHHS
BIMSHUS KpacBbIX 3()(HEKTOB MWIMHIPAICCKUE IJICMEHTHI
Ha KpasX CeplIeYHHKAa MOTYT OBbITh 3aMEHCHBI COBOKYITHO-
CTBIO KOJIBLICBBIX 3JIEMCHTOB. 3aMETHM, 4TO B pabore [5]
MPU YHCJICHHOM pEIICHHH WHTErPAbHOTO YPaBHEHUS OT-
HOCHUTEJIEHON KacaTebHON NMPOSKIINH HAMAarHHICHHOCTH B
COOTBETCTBUU € peKoMeHAauusiMu [14] Ha KoJbLEBBIE
AIIEMEHTHI pa30UBaIl BECh 00bEM CepACUHUKA.

107,
Alm

0.8

0.6

0 0.1 02 03 0.4 05 =*
Puc. 3. Pacripenenenus oceBoil MpOeKIUH HAMAarHMYEHHOCTH
BJIOJIb OCH CEpAEUHHKA TIPpH pasHbIX N, mist Hy = 1646,66 A/m
(xpussie 1-4) u Hy = 6586,62 A/m (kpuBsble 5-8); Il KPUBBIX
1us5,2u6,3u7,4u 8 3Hauenus N, COOTBETCTBEHHO PaBHbI
1,8, 15,25

BiusiHne ypoBHsl BHEIIHEr0 MArHUTHOIO TOJISI H
JAJIMHBI CepleYHHMKA HA €ro MAarHHTHbIH MOMEHT.
BcnenctBue oceBoil CHMMETPHUHM OIS BEKTOP MAarHUTHOIO

MoMeHTa M pACCMATPHBAEMOTO CEpIeYHHMKA HMEET B
LJIMHPUYECKUX KOOPIMHATaX TOIBKO OCEBYIO IPOCKIUIO
M, =4z [y (M)dSy , (14)
N
rac S — gacTh iomaan MEpUuauaHHOTo CEYCHHU B I1OJIO-
JKUTETIBHOM MOJTyTIIIOCKOCTH z > 0.

B Tabn. 1 npuBeaeHsl 3HaueHUsT M, ¥ OTHOCHUTEIIb-
HBle pacxoxienus ¢ mexny M, npu N, = 25 (ycioBHO
TOYHbIE 3Ha4eHNs) U M, npu MeHbX N,. VI3 nmpuBenen-
HBIX JJaHHBIX CIIE/IyeT, 4To [yt obecnieuenus & <1 % s
BCEX paccMaTpHBAaEeMBIX YpoBHeH H, u 3HaueHmid b = 80,
165 u 330 MM cnemyer MpUHATH N, PaBHBIM COOTBETCT-
BeHHO 4, 8 u 8. 3ameTnM, 4TO U1 CepIeYHHKA ITHHOW
80 MM npu N, = | BemmuuHa ¢ = (1 + 6) % (oueBHIHO,
YTO 3TO CHPABEUINBO M AJSI CEPICYHIKOB HE CHIIBHO OT-
JTUYAFOIICHCS JJTAHBI).

Ha puc. 4 u 5 moka3aHo BAMSHHE YPOBHS BHEITHETO
NOJISL ¥ JUTMHBI CepJeYHNKA Ha BeIW4YUHYy M, (TOUYKaMu Ha
ocu abenucc puc. 4 oTMedeHbl 3HadeHusI Hj, a Ha KPUBBIX
— COOTBETCTBYIOIINE UM 3HaueHus M,). PacueTsl mokasbl-
BAIOT, YTO B KaXKJ0# TOYKE cepAeuHHKa ¢ pocToMm H Ha-
NPSPKEHHOCTh Pe3yJIbTHPYIOIIEro IMoJisi BCera Bo3pacra-
€T, HO HAMarHu4¢HHOCTb 3aBHCHUT OT TOI'O, Ha Kakou Yyua-
CTOK KpPHMBOI HamarHW4YMBaHUs npuxoautcs H, (puc. 2).
Ha yvactke a xpusoit u,(H) (puc. 2,b) MarHuTHas npo-
HHUIAEMOCTh MaKCHMajlbHa, YTO IPHBOAUT K OOJIBIIMM
3Ha4YeHHUsIM H,, 1, Kak CIIEACTBHE, MaJdbIM 3HAUYeHUSIM H.
Ha Takom e yyacTke MCXOIHON KpHMBOM HaMarHU4YMBa-
HUs (pUC. 2,a) TIOCIEOHAM COOTBETCTBYET Malble 3Hade-
Hus J. Ilpu b = 80 MM 3TO MPUBOAMUT K OTHOCHUTEIHHO
HEOOJIBIIMM MarHUTHBIM MoMmeHTaMm M, = 0,5 + 2,8 Am®
(puc. 4, xpusas 1; puc. 5).
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Tabnuua 1
3HaueHus npH pasHsix b, Hy, N,

b, mm; Hy, A/m
N,
b/R 1646,66 | 3293,31 | 6586,62 | 9879,93
25 0,500 0,989 1,937 2,845
8 0,4998 | 0,9886 | 1,9342 | 2.8396
&% | 00392 | 0,0742 | 0,1348 | 0,1863
80;16 | 4 0,499 0,986 1,926 2,822
&% | 0,150 0,294 0,562 0,803
1 0,495 0,970 1,862 2,686
& % 1,006 1,985 3,838 5,587
25 3,090 5,927 10,839 | 13,043
15 3,088 5,921 10,825 | 13,026
&% | 0,050 0,094 0,135 0,127
165;33| 8 3,083 5,904 10,776 | 12,972
E% | 0213 0,396 0,585 0,540
1 2,963 5,486 9,537 12,591
E% | 4,084 7,445 12,019 3,462
25 17,863 | 25330 | 28,394 | 29,546
15 17,834 | 25288 | 28,342 | 29,481
E% | 0,164 0,166 0,182 0,220
330; 66| 8 17,765 | 25,186 | 28,202 | 29,331
&% | 0,551 0,568 0,677 0,728
1 15,796 | 24,538 | 31,252 | 31,964
E% | 11,571 3,126 10,067 8,184
M-,
A-\i‘“
25
2
1.5 !
1
0,5
1000 3000 5000 7000 9000 Hy, Alm
M=
A’
25 3
20
15
10 2
5
0 :
1000 3000 5000 7000 9000 Hy. Alm

Puc. 4. Kpussie 3aBucumocreii M (H,) npu N, = 25:
kpuBast 1 — b =80 MM, 2 — 165 mm, 3 — 330 mm

ITpn yBenmuueHHMH [UIMHBI CepACYHMKA HAOIIONacM
3HAYNTEIBHOE yBEINICHUE MarHUTHOIO MOMEHTa (puc. 4,
KpHBBIE 2, 3; pHC. 5), IOCKOJIBKY TOYKH CEpJeYHUKA Ha-
MarHM4MBalOTCS WIN Ha BCEX Y4acTKaxX KPUBOM HaMarHu-
yuBauus (b = 165 MM), win Ha ydactkax 6, 2 (b = 330 mm)
IIPY 3HAUUTENbHO Oonbimx J (puc. 2,a). OgHako poct M,
Cep/IeYHUKOB OoJbllel JUIMHBI TpW yBeawdeHun H

3aMeIIsIeTCsl, MOCKOJIbKY BCe OOIbIlasl 4acTh MX HaXO-
JIUTCSL B COCTOSIHMM HachllieHus. M3 puc. 5 caepyert, uto
npu b/R = (33 + 66) mst moctimkenust M. < 18 A-m? oc-
tatouno Hy = 1646,66 A/M. Jlist Gonbunx 3HaueHuit M,
BILIOTH 10 25 AM, notpebyercst Hy=3293,31 A/m.
M.,
Al

IR

15 20 30 40 50 60

Puc. 5. Kpussie 3aBucumocteit M, (b/R) pu N, = 25:
kpuBas 1 — Hy = 1646,66 A/M, 2 —3293,31 A/m,
3 -6586,62 A/M, 4 —9879,93 A/m

BbiBoaBI.

1. Beibop pa3mepoB MMIMHAPHYECKUX CEPACTYHUKOB
JJIEKTPOMAarHUTOB CHUCTEM YIPABICHUS KOCMHYECKUMU
ammapaTaMd HEO0O0XOAWMO OCYIIECTBIISITH HAa OCHOBE 3a-
JIAHHOTO MAaKCHMAajbHOI'O 3HA4YE€HHUS OCEBOM IPOEKLMH
MarHuTHOIO MOMEHTa M, U KpPUBOW HaMarHUYMBaHUS
MaTepHala cepeqHuKa.

2. Katymika 3JeKTpOMarHura IOJDKHA OOECIeYHBaTh
TaKhe YpOBHU BHEUIHETO MarHUTHOTO TOJISL, TPU KOTOPBIX
HaMpsLDKEHHOCTb PE3YJIbTUPYIOIIET0 MAarHUTHOTO TMOJISI Ha
npeoOamaroneil YacTH CepACYHUKA HAXOAUTCS BHE 00-
JIACTH HACBILEHUS KPUBOW HAMAarHWYMBAaHUS U COOTBET-
cTByeT OoIbIIei i HAMArHUYEHHOCTH.

3.1lpu R = 5 MM ceplIeYHUKH, UMEIOIIHE OTHOCUTEIb-
Hylo wmHy b/R < 33, obecneunBaror M. < 13 A-Mm%.
B cnyuasix b/R > 33 yBenuuenue M, MOXKET ObITh JOCTHT-
HYTO yBeJIM4YeHHWeM b/R Tpu OIpeAeeHHbIX YPOBHIX
BHEITHETO MAarHUTHOTO MOJIs, HE TMPUBOJSAIIMX K HACHI-
HIEHUIO 3HAYUTEILHON YacTu ceplieyHuka (puc. 4, 5).
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On the influence of the level of an external magnetic field
and the length on the magnetic moment of cylindrical cores.
Purpose. Analysis of inhomogeneous magnetization of long
cylindrical permalloy 50N cores by a uniform constant magnetic
field and the influence of length and field level on their magnetic
moment. Methodology. The magnetostatic field of a non-
uniformly magnetized in a uniform magnetic field long cylindri-
cal core of an electromagnet of a spacecraft control system is
considered. To calculate this field, a transformation of the inte-
gral equation with respect to the density of fictitious magnetic
charges, as well as an iterative algorithm for its numerical solu-
tion, are proposed. Results. The convergence of the algorithm
and the fact that the magnetic moment of the core depends heav-
ily on its length and the level of the external magnetic field is
shown. We have made an analysis of the influence of the length
of a permalloy 50N core in the entire range of the magnetization
curve and the level of a uniform external magnetic field on the
axial projection of the magnetic moment of the core. Originality.
The use of an almost equal distribution of the axial projection of
the resulting magnetic field in the cross sections of the greater
part of the cylindrical core and its division into cylindrical ele-
ments can significantly reduce the order of the system of alge-
braic equations approximating the integral equation for the
surface density of fictitious magnetic charges for its numerical
solution. Practical value. Recommendations regarding the level
of the external field created by the electromagnet coil, the in-
crease of the magnetic moment in cases of long cores and the
choice of the number of cylindrical elements depending on the
length of the core are given. References 14, tables 1, figures 5.
Key words: electromagnet, spacecraft control system, non-
uniformly magnetized core, integral equation, fictitious
magnetic charge, magnetization curve, magnetic moment of
the core.
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TexHika cunbHUX eJIeKMPUYHUX Ma Ma2HimHux nonie. KabenbHa mexHika
VK 621.3.022: 621.315.3: 537.311.8 doi: 10.20998/2074-272X.2018.6.08

M.U. bapanos

BBIBOP CEUEHUI SJIEKTPUUYECKHUX ITPOBOJIOB U KABEJIEN B IIEITSIX
YCTPOUCTB BBICOKOBOJIbTHON CHJIBHOTOYHONW UMITYJIbCHOM TEXHUKHU

Haoani pezynomamu po3poonenozo y3azanpbHeHo20 e1eKmpPomexHiuHozo nioxooy 00 po3paxynKoeozo eubopy no ymoei mepmiu-
HOI cmiliKocmi 2panu4Ho 0onycmumux nepepizie Scj eeKmpuuHuUX Hei30/1b08aHUX NPOBOOI6, @ MAKOIIC i30]1b06AHUX NPOBOJIE |
kabenie 3 nonigininxnopuonorw (I1BX), cymoeow (I) i noniemunenosoro (IIET) izonauicio 3 mionumu (aniominiceumu) yxeunamu
(0b0n10HKAMU), RO AKUM 8 KONAX BUCOKOBOIbMHOT CUNbHOCMPYMHOT imnyabchol mexniku (BCIT) npomikae axcianvnuii imnyip-
cHuit cmpym iy(t) 3 dosinbhumu amniimyono-uacosumu napavempamu (A4II). Ha niocmasi 0anozo nioxody npooemoncmposa-
HI pe3ynbmamu KOHKPEMHo20 6udopy nepepizie Sc; 014 6Ka3anux ea1eKmpuuHuUx npoeodie (kaovenig) cunosux xin BCIT 3 imny-
avcuum cmpymom, AYII axozo 3 annnimyoamu I,,=(0,1-1000) KA 3mini0l0moca no anepioduunomy 3aKomny ado 3aKony amyxa-
1040l cunycoiou 6 Hano-, MiKpo- i miniceKynoHomy uacoeux odianasonax. Ilpeocmaeneni pezynvmamu po3paxynkoeoi ouinku
2panuuno 0onycmumoi winbHocmi d i IMRYIbCHOZ0 CIMPYMY iy(t) uacosux popm, wio po32nadaiomscs, y 6KA3aHUX e1eKMPULHUX
npoeoodax i xabenax cunogux kin BCIT. Ompumani pezynomamu cnpuamumyms niO8UWEHHIO eJIeKMPOmMepMiuHoi cmitkocmi
eNeKMPUYHUX Hei3071b06aHUX NPO60JI8, & MAKOIIC i301b08anux npoeodie i kaovenie 3 IIBX, I' i ITET i3onauicto, aKi wiupoxo 3a-
cmocosyromsca ¢ cunosux konax BCIT. bi6in. 13, Tabn. 11, puc. 2.

Kniouogi cnoéa: BUCOKOBOJIbTHA CHJIBHOCTPYMHA iMIIYJIbCHA TeXHika, eJeKTPH4YHi ApoTH i Kalesi, po3paxyHkoBuii BuGip
TPaHUYHO IONYCTUMUX Mepepi3iB NpoBoAiB i kadeaiB B KoJ1axX iMITYJIbCHOI TeXHIKHU.

Ilpugedenwt pezynvmamsl pazpabomannozo 0600ueHHO20 INEKMPOMEXHUUECKO20 ROOX00A K PACUENIHOMY 6blOOPY O YC06UI0
mepmuuecKoll CmoiiKkocmu npedenbHo 00NYCMUMbBIX cedeHuil Scy I1eEKMPUYecKuX Heu3onuposanHvix npoeoodos, a makxyice u3o-
JIUPOBGAHHBIX NPOB0O08 U Kabeneii ¢ nonueununxaopuonoii (I1BX), pezunosoii (P) u nonusmunenosoii (I137T) uzonayueii ¢ meo-
HBIMU (anIOMUHUESLIMU) Hcunamu (000104KaAMU), O KOMOPLIM 8 YENAX GbICOKOGOILIMHOU CUNbHOMOUHOI UMAYbCHOIL MEXHU-
ku (BCHT) npomexaem axcuanbHblit UMNYIbCHBUL MOK Iy(1) ¢ NPOU3EOLHBIMU AMNIAUMYOHO-6DEMEHHBIMU NAPAMENPAMU
(ABII). Ha ocnosanuu 0anno2o nooxo0a npooemMoHCmpuposansl pe3yibmamsl KOHKPEnHo2o 6bloopa ceuenuii Scy 07138 yKA3aH-
HBIX IIeKmpuueckux npoeooos (kabeneii) cunosvix yeneit BCHT ¢ umnynscuvim morkom, ABII komopozo ¢ amnaumyoamu
L,,=(0,1-1000) KA uzmenaomca no anepuoOUecKoMy 3aKOHy Ul 3AKORY 3amyxaloujeil CUHYCOUuObl 6 HAHO-, MUKPO- U MULU-
CeKyHOHOMY épemennbix ouanazonax. Ilpeocmasnenvl pe3yivmamol pacuemuoii oyeHKu npedeibHo 00nyCmUMbIX RIOMHOCmell
Ocit UMRYIbCHO20 MOKA iy(1) paccmampusaemslx 6PEMEeHHbIX (POPM 6 YKAZAHHBLX INEKMPUUECKUX NPOCOOAX U KADENAX CUNOEBIX
ueneit BCHT. Ilonyuennsie pesynvmamul 6y0ym cnocofocmeosams nogbluieHUIO 11eKMpomepmMuiecKoil Cmoiikocmu 31eKmpu-
YecKux Heu3ONUPOBAHHBIX NPOBO008, A MAKICE U30NUPOBAHHBIX nP060006 u Kabenen ¢ IIBX, P u II3T uzonayueil, wiupoko
npumensemuix é cunosvix yenax BCUT. bubn. 13, tabn. 11, puc. 2.

Kniouesvie crnosa: BBICOKOBOJIBTHASI CHJIBHOTOYHASI HMITYJIbCHAsI TEXHHKA, JIeKTPUIECKHe NMPOBOAA W KabesH, pacueTHBIH
BbIOOP Npee/IbHO JONYCTHMBIX CeYeHHUIT POBOJOB U KaleJlell B HensAX UMY JIbCHOM TeXHHKH.

BBenenne. OqHoit 13 IpoOIEMHBIX 331324 B 00JIACTH
BBICOKOBOJIBTHOW CHJIBHOTOYHOW HUMIIYJbCHOW TEXHUKHU
(BCUT) sBmsercs 0OOCHOBaHHBEIA BBIOOP MOIMEPEUHBIX
CeueHH S¢ NCIOIB3yEMBIX B HEH AIEKTPUUECKHIX ITPOBO-
JIOB M Kabeneid. 3BeCTHO, UTO 10 MpoBOJIaM 1 KabessiMm B
obmactu BCUT moryT mporekats B HOpMaJIbHBIX M aBa-
PHUHHBIX pexuMax paboThl MOAOOHOW TEXHUKH HUMITYJIbC-
HBIE TOKHM i,(f) C Pa3AMYHBIMU aMILIUTYIHO-BPEMEHHBIMU
napamerpamu (ABII). Tlpu aToM amnnutynel /,, JaHHBIX
TOKOB MOTYT M3MEHSTHCS B JIMania30He OT COTEH aMIep JI0
ThICAY KHUJIOAMIIEP, & UX JUIUTENIBHOCTH T, — OT JIECATKOB
HAHOCEKYH] 10 COTeH MIUmceKyHn [1, 2]. M3BecTHBII
TTOJIXOJ TT0 BEIOOPY CeUeHUH S TMEKTPUIESCKUX ITPOBOIOB
(xabeneif) mIsi KPaTKOBPEMEHHBIX PEKUMOB WX PabOTHI,
HCIIOJIb3YEMBIN ceiiuac B TPAAULMOHHOMN MTPOMBIIIIEHHON
3JIEKTPOIHEPTeTHKE, 0a3upyeTrcs Ha TEPMHUYECKOU CTOM-
KOCTH KabenpHO-poBogHMKOBON mpoxykuuu (KIIII) B
YCI10BUAX [leflCTBHﬂ Ha HEC TOKa KOPOTKOI'O 3aMbIKaHHS
(K3) ¢ 3anannsiMu ABII [3]. B aToM cnyuae TepMudeckas
CTOMKOCTb 3JIEKTPHUECKUX MPOBOAOB U Kabenel TUMUTH-
pyeTcs IpenesbHO JIOMYCTUMONW KPAaTKOBPEMEHHON TeM-
nepatypoii 6,y HarpeBa uyacteil mpoBoJoOB (Kabesnei) mpu
K3. B Tabmn. 1, coriacHo pe3ynbTaTtoB u3 [3], mpuBeaeHs
YHCIICHHBIC 3HAYCHUS TeMIIepaTypsl ;s HarpeBa Ui OcC-
HOBHBIX IMPOBOJHUKOBEIX W HM3OJSAIHMOHHBIX MaTepHAlIOB
AIEKTPHUECKUX MPOBOIOB 1 Kabeneit mpu K3. M3 maHHBIX

Tabn. 1 BUAHO, 4TO 3HaYeHHE )y HE NOJDKHA IIPEBHIIATH
JUIS. ACTIONB3YEMBIX B CHJIOBBIX 3JICKTPOIHEPTETUICCKUX
LEMsAX C TOKOM MPOMBIIIIEHHON yacToThl 50 'l Henzonu-
POBAaHHBIX MEIHBIX U AJIOMHHHEBBIX IIHH (IIPOBOIOB) B
pexxume K3 mambomsimero yposas B 250 °C u 200 °C, a
s kabened (M30JUpOBaHHBIX MPOBOJOB) C MEAHBIMU H
amomuaueBbiME XwiaMu U [IBX (P), [I9T uzomnsiumeii —
cooTBeTcTBEeHHO YpoBHSA B 150 °C u 120 °C [3].

Tabmumna 1
3HaueHHs npeacibHO Z[OHyCTHMOﬁ KpaTKOBpeMeHHOﬁ TEMIICpa-
TYpPbI 9[5' Harpesa AJist OCHOBHBIX IPOBOJJHUKOBBIX U U30JIALIN-
OHHBIX MaTEPHAIOB NPOBOJOB (Kabeneil) MPOMBIIIICHHBIX
3JIEKTPOIHEPreTHUECKHX Lener npu neiictsun Toka K3 [3]

0,
Ne HanmenoBanue gactu nposoa (kabest) OICS’
1 |IIuna (>kwuina) MexHas HEU30JIUPOBAHHAS 250
npH TokeHuax menee 20 H/vm®
2 |Illuna (>xuna) anrOMUHUEBAst HEU30JIMPOBAaHHAS 200

npu TskeHnax meree 10 H/vv®

3 |Kabenp 1 M30IMpOBaHHBIN MPOBOJ C MEAHBIMHU
(QTIOMIHUEBBIMH ) )KAJIAMH U TIOJIMBUHIWIXJIOPUIHOK | 150
(IIBX) miu pesunoBoii (P) n3omsmueit

4 |Kabep 1 M30JIMPOBAHHBIH IIPOBOJ C METHBIMU
(aJIFOMMHUEBBIMU) )KWJIAMU U TTOJIM3TUIICHOBOM 120
(IT13T) u3onsiument

5 |AnroMHUHHEBAs YACTh CTANICATIOMUHUEBBIX TPOBOIOB
JIMHUM 2JeKTponepenadun

200
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YkaxeM, 4TO B TPOMBILIIICHHOMN 3JIEKTPOIHEPTETHKE
JUIMTENIBHO JIONyCTUMas TemIiepaTypa 6 HarpeBa TOKO-
HNPOBOJAIIMX M HU3OJSALUOHHBIX YacTeH 3JIEKTPHUECKUX
NPOBOJIOB M KaleJseil IMMUTHPYETCS YCIOBUSIMH HAIEXK-
HOM paboOThl 3JEKTPUYECKUX KOHTAKTOB M KOHTaKTHBIX
COEIMHEHUH MM yCIIOBUSMH paOOTHI X u3ossiuuu [3]. B
Tabn. 2, COrNIaCHO NAHHBIX [3], MpPUBEIEHBI WU3BECTHHIC
YHCIJICHHBIE 3HAYEHHsI TeMIIepaTypsl ¢ HarpeBa Uil OC-
HOBHBIX BHJIOB JICKTPHYECKUX MPOBOJOB M KaOele, mpu-
MEHSIEMBIX B 00JIaCTH COBPEMEHHOU 3JIEKTPOIHEPT € THKH.

Ta6nuna 2
3Ha4YeHMs JUIMTEIBHO AOIYCTUMOM TeMIeparypsl 6 Ui OCHOB-
HBIX BHJIOB JICKTPHYECKHX MTPOBOJOB (kademneit) [3]

No HaumenoBaHnme npoBoia (kabes) WK MHBL Gy, °C

1 |IIpoBoza (IIMHEI) HEU30IMPOBAHHEIE C JTIOOBIMU 70
TOKOHECYIIMMH YXHIaMH (YacTsIMH)

2 |KaGenu (mpoBojia) ¢ MeIHBIMHE (aTFOMUHHUCBBIMHU) 65
skrtamu, [IBX, P u [I9T usosnsiuei

3 |Kabenu ¢ n3onsmueit 3 NpOMUTaHHON KaOeTbHOM 65
Oymaru Ha HanpsbkeHue 10 6 kB

4 |Kabenu ¢ u30Isied U3 MPOIMUTAHHOW KaOenbHOU 50
Oymaru Ha HanpsbkeHue 1o 35 kB

W3 nmanepIx Tabn. 2 ciemyeT, YTO MakKCHMajbHAs
JUIUTENIBHO JIONyCTUMasi TeMmIepatypa 0 HarpeBa Juist
HEH30JIMPOBAaHHBIX MPOBOI0OB U Kabeneit ¢ [IBX, [I19T u P
U30JIAIMeH, HaXOAAIIMXCS MOJ TOKOBOH Harpys3koil B
IMPOMBIINUICHHBIX  JJICKTPOOHEPTECTUYCCKUX  LCIAX, HE
JOJDKHA TIPEBBIIATh COOTBETCTBEHHO YpoBHA B 70 °C m
65 °C. YunureiBas ganHsie Ta0u. 1 u 2, a Taxke TO ycIo-
BHUE, YTO MPOBOJ (Kabellb) 10 UMITYJIbCHOTO BO3ICHCTBUS
Ha Hero Toka K3 ObUI MOJIHOCTBIO 3JIEKTPHUCSCKU 3arpy-
KEH W UMel Temreparypy 6y, a npu K3 oH Harpencs 1o
TemrepaTypsl s, B [3] a1t BBIOOpa MUHUMAIIBHO JIOIYC-
TUMOTO CEUCHHUS Sy, HEKTPUUECKOTO MpoBoAa (kabes)
PEKOMEHIyeTCs CIIeyIoee PacIeTHOE COOTHOIIICHHE:

S min =B/£/2/Ck, (1

Tk
rae Bi= J."I%( nde — uETerpan Jukoyoist (me#icTBuA) TOKA iK(?)
0
K3 ¢ pnurensHOCTEIO ¢ (METOAMKA pacdeTa B, n3loKeHa
B [3]), A*c; C — koabdurment (A-c"*/mm?), uncieHHbIe
3HAYEHUs] KOTOPOTO MPUBEACHBI HIDKE B Ta0II. 3.
Tabnuua 3
3HaueHus Koa(b(bnunema Ck JUIs1 OCHOBHBIX BUJIOB DJICKTPUYC-

CKHX MPOBOJIOB M Kabelei MPOMBIIUICHHBIX 3JIEKTPOIHEPTeTH-
YecKHx Lene npu aevicteun Toka K3 [3]

Cp
Ne| HaumenoBanue npoBofa (kabeis) U MIKUHBI At
1 |IIpoBozaa (1IMHBI) MEeJHbIE HEM30IUPOBAHHBIE 170
[IpoBoxa (MIMHEL) aTFOMHHUEBBIE HEH30IUPO- 90
BaHHBIE
3 |Kabenu (m3ompoBanHbie poBosa) ¢ [IBX 120
" P n3omdmuei 1 MeJHBIMH KAJIaMU
4 |Kabenu (u3onupoBanHsle mposona) ¢ [IBX u P 75
U30MIAIMEN U aTIOMHUHUEBBIMH XKUJIAMU
5 |Kabenu (u3onupoBanHsie npoBoaa) ¢ [19T 103
W30JAIIEH U MEIHBIMHU JKHIAMHU
6 |Kabenu (m3ompoBannsie poBoja) ¢ [I9T 65
W30JIAIHEH U ATIOMIHUEBBIMH XKIJIAMA

[Mpuanmas Bo BHEMaHUE TO, uT0 ABII mMITy TECHBIX
TOKOB i,(t), ucnonb3yembix B oonactu BCUT, o0b14HO He
cootBercTBYI0T ABII Toka K3 B MmpOMBINUICHHOHN 311€K-

TpuvecKor ceTH, npuMmeHenne (1) u gaHHbIX TaOmI. 3 i
pPacUeTHOTO OIpEeNeNeHus] CeUeHHH Sc IEKTPUIECKUX
npoBonoB (kabeneit) B nemsix BCUT sBisieTcst mpuHIU-
[HAJIbHO HEBO3MOXKHBIM TEXHUYECKMM IyTeM. B 3roi
CBSI3U TIPUOJIMIKEHHBIH pacyeT cedyeHHd Sc dIeKTpuye-
ckux npoBonoB u kabeneit BCUT mnst paznuunsix ABIT
HPOTEKAIOIIETO 110 HUM MMITYJILCHOTO TOKA #,(f) ABIseTCS
aKTyaJIbHOH NMPHUKJIATHON HayUYHO-TEXHUUECKON 3a1aueil.

Heapio cTaTbu SBISETCS BBHIIIOJHEHHE PACUCTHOTO
BEIOOpA cedeHU S¢ ANMEKTPHIECKIX MIPOBOIOB U Kabeme
B nemsx ycrporicte BCUT, xapakTepu3yomuxcs mpoTe-
KaHUEM UMITyJIbCHOTO TOKa iy(f) ¢ pasnuuHbiMu ABIIL

1. IlocTaHoBKa 3aga4yu. PaccMOTpUM IIHUPOKO HC-
noJjp3yeMble B anekTpudeckux nensx BCUT nenzonupo-
BaHHBIC MCJIHBIC U aJIFOMUHHUEBBLIC IMTPOBOAA, 4 TAKKE U30-
JIUPOBAHHBIC TPOBOJIA U Ka0OCIU ¢ MEIHBIMH (aJIFOMUHKE-
BEIMH) BHYTPCHHUMH JKWJIAMH U HApy>KHBIMH 00O0JOYKa-
mu, umeromue [1BX, P u II9T uzonsuuto [1, 2]. [punu-
MaeM, 4TO MO KPYIJIBIM CIUIOIIHBIM WJIH PAaCUICTIICHHBIM
MEIHBIM (aIFOMUHHEBBIM) JKMJIaM B 000JI0YKaM yKa3aH-
HBIX TIPOBOZOB U Kabeneit anekrpuueckux nener BCUT B
UX TIPOJOJIFHOM HANpAaBICHUH IPOTEKAIOT UMITYJIbCHBIC
TOKH i,(t), ABII KOTOPBIX COOTBETCTBYIOT HAHO-, MUKPO-
WIH MWUINCEKYHAHOMY BPEMEHHBIM IHMAalla30HaM C aM-
IUIMTY 1aMH 1,,,, U3MEHSIOIMMUCS B LIMPOKOM JHaNa3oHe
ot 0,1 kA 1o 1 MA. Tlonaraem, 4To HccieayeMble POBO-
Ja ¥ Kabenw pa3MeIleHbl B OKPY)KAIOIICH BO3IYIITHON
cpene, Temneparypa kotopoii cocrasisier §,=20 °C. Uc-
MOJIb3YEeM JIOMYLIEHHE O TOM, YTO B MEPBOM IPUOIIIIKE-
HHMH MMITYJIbCHBIH TOK i,(f) NMpPaKTHYECKH DPaBHOMEPHO
pacmpezeneH 10 IOoNepeyHoMYy CEYEHHIO S¢; Kbl (i=1)
n obonouku (i=2) nposoaa (kademnst). OZHUM n3 000CHO-
BaHUIl TaKOTO JOIMYIICHHS SBISACTCS TO, YTO, HAIIPHMED,
JUTS UMITYJIbCA TOKa KOPOTKOTO TPO30BOTO paspsia Bpe-
MeHHOH popMmbl 7//7,=10 MKc/350 MKC (75 7, — COOTBETCT-
BEHHO JUIMTENBHOCTh (ponTa Ha yposue (0,1-0,9)1,, n
JJIMTENBLHOCTh MMITyJIbCa TOKa Ha ypoBHE 0,57,,) riryOuna
MPOHUKHOBEHHUS A; a3UMyTaJbHOTO MAarHHTHOTO TIOJIS
YKa3aHHOTO TOKa MCKYCCTBEHHOW MOJIHMM B HCCIEIye-
MbIe He()epPOMArHUTHBIC MaTepUaNbl MPoBoaa (Kadess)
cocTaBisieT A Meau npuMepHo 0,65 MM U A7s amoMu-
Hus — 0,82 MM [4]. DTH YUCIIEHHbIE 3HAYEHUS BEJIMYMHbI
A; Ha TIPaKTUKE MOTYT OBITH COM3MEPUMBI C PEaTbHBIMHU
paanycaMu KBl U TOJIIUHAMK CTEHKH OOOJIOYKH TIPO-
BoJa (kabens). s MMITYJIbCOB TOKA I,(f), OTHOCALIMXCS K
MHJUIICEKYHIHOMY BpPEMEHHOMY IHANa30HYy (KaK [Uis
TokoB K3 B Iemnsx 3HEProoObhEKTOB), UCIIOIH30BAHHUE TTO-
JIOOHOTO JTOTYIIEHUs TIPH pacueTax CeYeHuil S¢; MPOBO-
noB (kabeneil) cTaHOBHTCA emie Oojiee MPaBOMEPHBIM.
Bocronb3yemest ycroBueM anuadaTHdecKoro xapakrepa
[IPOTEKAIOIIUX IIPU BPEMEHAX JAEHCTBUS HMIIYJIbCHOIO
TOKa i,(f) He 6onmee 1000 Mc B MaTepuanax xui (06010-
yek) uccaemyemoit KIIII aiekTpoTepMHYECKUX IPOIEC-
COB, IIPU KOTOPOM BJIMSHHEM TEIJIOOT/Aa4d C MOBEPXHO-
CTell MX TOKOHECYIINX YacTel, UMEIOIINX TEKYIIYIO TeM-
neparypy 0ci>0y, ¥ TEIUIONPOBOJHOCTH HX JJIEKTPOIPO-
BOJANINX MaTEepHaNoOB M HM30JAIMU Ha J[KOyleB Harpes
TOKOHECYIINX 4acTeid xXui (000104eK) mpoBoaoB (kabe-
neit) mpeHeOperaem. CuurtaeMm, 4TO TepMHUYECKas CTOM-
KOCTh IPOBOIOB (Kabeseit) anekrpudueckux merneii BCUT
IpH BO3JEHCTBMU Ha HUX HMMITYJILCHOTO TOKA () JIMMH-
TUPYETCS UX NPEAETHHO JOMYCTUMONH KPaTKOBPEMEHHOU
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TEMIIEpaTypoii HarpeBa Oc;s, 3aBUCSAIICH OT CTEIIEHH CHU-
JKCHHS MEXaHW4YeCKOH MPOYHOCTH MaTepuaia >KHIIBI
(000JIOYKHM) M TEIUIOBBIX YCIOBUH pPaOOTHI H3OJSIHUU
KIIII B pexxume ee KpaTKOBPEMEHHOTO HarpeBa MMITYJIb-
COM TOKa HaHO-, MUKPO- WJIM MUJTUCEKYHIHOU JUTUTENb-
HOCTH, TIPOTEKAIOIIAM I10 MX TOKOHeCyIIMM dacTsim. Kak
U B [4] mpuHIMaeM, 4TO 3HAUYCHHE TeMIepaTypsl Hc;s COOT-
BETCTBYET U3BECTHOM U3 [3] NpenensbHo OMyCTUMON Kpart-
KOBPEMEHHOH TemriepaType O;s HarpeBa IpoBOJIOB U Kabe-
nert Tokamu K3 mpompIinieHHO#H gacToTsl (cM. Tabdm. 1).
Torna B COOTBETCTBUM C NAaHHBIME Ta0x. 1 1y HEM30IH-
POBaHHBIX MEIHBIX (AITIOMUHHEBBIX) IPOBOAOB IEMeEi
BCUT 3Hauenue 6O OyAeT COCTaBISATH MPHUMEPHO
250 °C (200 °C), ans ¥X U30JIMPOBAHHBIX MPOBOJOB (Ka-
Oerneii) ¢ MEIHBIMU M aTIOMUHUEBBIME XUJIaMH (000J104-
kamu) u [IBX (P) m3omsmueit — Oc;~150 °C, a mnnsg ux
KIIIT ¢ yka3anubiMu sxunamu (obonoukamu) u [19T uzo-
nsiueit — Oc;s=120 °C. TpeOyeTcs pacueTHBIM MyTEM B
NpUOIMKEHHOM BHJIE ONPENSNIUTh MPEIeIbHO JIOMYCTH-
Mble CeueHUsl Sc; TOKOHECYIIUX YacTed JUisi HEM30JIUpPO-
BaHHBIX MEIHBIX (AJIFOMHHHMEBBIX) IPOBOIOB, a TAKXKE IS
M30JIMPOBAHHBIX NPOBOJIOB M Kabenel ¢ MeIHbIMU (ajiro-
MHUHHEBBIMM) kminamu (obonoukamu) u [IBX (P), II9T
n3onauuel, ucnonsdyeMelx B nemsx BCUT u ucnsITh-
BAOIIUX NPSMOE BO3ICHCTBUE aKCHATHHOTO MMITYIIHCHO-
rO TOKA i,(f) pa3sNu4YHbIX aMIUTUTY] /,, B HAHO-, MUKDPO- U
MUJUTUCEKYHIHOM BPEMEHHBIX THaa30Hax.

2. O600mIeHHBIH MOAX0 K BBIOOPY cedyeHUil Scy
JJIEKTPUYeCKUX MNPoBOAOB (kaleneil) B obaacTu
BCHT. [Ing npeaensHO IOMyCTUMBIX CEYEHUH S¢; TOKO-
HEeCYIIHX XuJ (000I09€K) paccMaTpUBAEMBIX JIEKTpHUe-
CKHX TPOBOJOB M KaOeyiell ¢ aKCHaJIbHBIM HMITYJIbCHBIM
TOKOM i,(t) npou3BonbHbIX ABII u3 ypaBHEHHUs UX TeIIO-
BOro OajilaHca B aJina0aTHYECKOM PEKUME CIEAYeT Clie-
JyIolIee MPUOJIMKEHHOE PACYETHOE COOTHOIIEHHE [5]:

Scir =)' 1€, )

Tp

rae Joy = Jiﬁ (t)dt — wHTETpan NeMcTBUS MMITYyITECHOTO
0

TOKa #,(f) ¢ JUIMTENBLHOCTBIO IPOTEKAHMS T, U 3aJaHHBIMU
ABH, AZ'C; C[ = (JCIS - JC[[)I/Z, A'Cl/z/Mz; JCIS: JC[[ — COOT-
BETCTBEHHO HWHTETPAJbl TOKa I TOKOHECYIIMX KM
(000sI04€K) HCCIEIYEMBIX JJIEKTPHUYSCKUX IMPOBOJOB H
kabeneit cunoBbix neneit BCUT, npenensHo pomycrumast
KpaTKOBpeMeHHaH U JJIUTCIIBHO JIOHyCTl/IMaH TeMnepaTy—
pBI HarpeBa Marepuana KOTOPhIX COOTBETCTBYIOT 3HaYe-
HUM G5 (cm. Tabm. 1) u 6, (cm. Tabm. 2), Axc/m*.

JI1s1 HaxOXKACHHUS YMCIICHHBIX 3HAYEHUH BXOSIINX
B (2) mHTErpasioB ToKa Jeys 1 Joi MOTYT OBITH MCIIONB30-
BaHBI CIICAYIONINE aHATUTHYECKIE BEIpakeHus [2, 51:

Jeis = YoiBoi nleoiBoi (s — ) +1]; (3)

Jeu = roioi IleoiBoi @y =) +1], (@)
THC Yoi, Coi» Poi — COOTBETCTBEHHO YIENbHAS JIEKTPOIIPO-
BOAHOCTb, yJelbHas 00beMHasl TEIUIOEMKOCTh M TEIUIO-
BOM KOI(QUIMEHT yJEeIbHOH 3JIEKTPOIPOBOJHOCTH Ma-
Tepuana Xuisl (000J0YKM) mpoBoaa (Kabemst) ucciemye-
Moit anektpudeckoit nenu BCUT 10 Bo3neldcTBUS Ha HUX
UMITYJILCHOTO TOKA #,(¥) ¢ mpon3BosibHbIMUA ABII.
B Ta0i1. 4 mpuBeICHBI YKMCICHHBIC 3HAYCHUS BEJIMYHH
Yoi» Coi M Po; IPU Temriepatype, pasHoit 6,=20 °C [2, 6].

Tabmuna 4
OcHOBHBIE TEIUIOYU3NYECKUE XapPAKTEPUCTUKH MaTepHaa To-
KOHECYLTHX M (00071049€K) 3JEKTPUIECKUX HEH30IHPOBAHHBIX
MPOBOJIOB M M30JIMPOBAHHBIX IIPOBOJIOB U Kalelnei CHIIOBBIX
ueneit BCUT npu 6,=20 °C [2, 6]

Matepuan xKuisl
(060m04KH) TIpO 3Ha4YeHUs ), | SHAUCHUSA Cg;, | SHAUCHUS [y,
-1 107 51106, 3.0 9.3
Bojta (kabens) 10-(Omm)™ [10° Tx/(m-°C)| 107"/ Dk
Menn 5,81 3,92 1,31
AJroMuHUR 3,61 2,70 2,14

UTto KacaeTcs pacdeTHOTO ompeaeicHus B (2) UHTe-
rpana aeicTBus Jey MMITYJIBCHOTO TOKa iy(f) C NpowW3-
BosibHBIMU ABII, To nns ciydast ero U3MEHEHUsI BO Bpe-
MEHHU £ I10 allepuoIMuecKoMy 3aKOHY BHIa

i () = kil [exp(-ant) —exp(-aat)],  (5)
rae a;=0,76/t,, 0,~2,37/t — COOTBETCTBEHHO KOIPdHIH-
SHTBI (POPMBI AMEPUOTUICCKOTO UMITYJIbCa TOKA C 3aJiaH-
HeiMH ABII, nporekaromero B 3IEKTPHUECKONW LENH
BCUT; ki =[(o1/on)" — (o1/0n)"]" — Hopmupyrommii ko-
saddurment; m=u/(0p,—0,); n=0,/(0—a,); pacueTHOE BHI-
pakeHUe U MHTErpaia ACUCTBUS Jcy MPOTEKAIOIIETO B
neny BCUT ummnynbsca Toka i,(f) NPUHUMAET CIIEAyOLHIA
YIOOHBIN aHATUTHYECKHA BU [7]:

T ~ K12, [0.6587, -0,6337 ], ©)

IJIE Tj; T, — COOTBETCTBEHHO JUIMTENBHOCTH (PPOHTA H JNIHU-
TEJIBHOCTb T0JIyCIaja HMITYJIbCA TOKA iy(%).

B ciiydyae u3MeHeHUs1 BO BPEMEHM ! BO3JIEHCTBYIO-
mero Ha Martepuansl nposoaa (xkabdemss) BCUT mmirysc-
HOTO TOKA i,(f) 10 3aKOHY 3aTyXaroleil CHHYCOH/Ibl BUJIA

i, (t) =k ol exp(=dt)sin(ar), @)
rae 0=A,/T, — ko> unuenT 3aTyxanus Toka; w=2m/T, —
KpyroBas uyacToTa Konebanuii Toka; 7, — mepuos koneba-
Huit Toka; A,=In(/,,/l,,3) — norapubMudecKkuil mekpe-
MEHT KOJleOaHHil HMMITYIbCHOIO TOKAa C TMEPBOH I,, U
Tperbe 1,3 ammuurygmamu B uemu  BCUT;
kp2=[exp(—Ap/27r~arcctgAp/Zﬂ)-sin(arcctgAp/27r)]’1 — HOp-
MUpYIOMHUH KO3()(UIMEHT Ui 3aTyXarollero CHHYCOH-
JIATBHOTO TOKA; pacyeTHOE BBIPAXEHHE JUIS HHTETpaja
neiictBus Je;y mporekatomero B nenn BCUT mmimynbeca
TOKA i,(f) NPUHUMAET CJIEAYIOIMIA NPOCTOH aHaIMTHYe-
ckwmii BHI [5]:

Jcia = ;2721311;1[Tp(4Ap)_1 _Apr(4A2p +167r2)‘1J. (®)

U3 (4) BunHO, uto nipu 6,=6,=20 °C (npoBona u Ka-
Oenmm obecTodeHbl) 3HaUeHHE MHTETpajia Toka Jo=0, 4To
OyZIeT mpuBOAUTH 110 (2) K YMEHBIIEHUIO CEYCHUS Scjy.

3Has W3 HOPMATHBHBIX JOKYMEHTOB FIUIH JKCIICPH-
MEHTaJIbHBIX JIaHHBIX YHCJICHHbBIE 3HAUYEHHUS BETMYUH I,
7 Tp, Ay, T, C yHIETOM OLEHKH 3HAYEHUH HOPMHUPYIOIIUX
k03 PuIIeHToB k,; u ky no (2)-(8) a1 yka3aHHBIX Bpe-
MEHHBIX ()OPM M3MEHEHHUS UMITYTECHOTO TOKA Iy(f) MOTYT
OBITh B MPHUOJIMKEHHOM BHUJIE (C MOTPEIIHOCTHIO 10 5 %)
paccuMTaHbl NPEJENbHO JOMYyCTUMbIE CeYeHUS Scj; TOKO-
MPOBOIAIIMX JKWI (000J0YEK) MPOBOJOB U KaOenei,
npuMmeHsieMblx B anektpuueckux uensax BCUT. Haiins
3HAYCHUS CCUCHHUU Scj, C YUCTOM NMPHUHATHIX TOMYIICHUHA
MOTYT OBITh B MEPBOM NPUOIMKEHUH W3 COOTHOIICHHS
BUJA O¢i~,yp/Sciy ONIpeaeNensl U NPENENbHO 0Ty CTUMbIE
IJIOTHOCTH UMITyJIbCHOTO TOKA i,() TON MM HHOH (GopMBI
B DJIGKTPUYECKUX MpoBoaax (kadensx) neneid BCUT.
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3. Bo10op ceuenuii Sc; 3JeKTpUYECKUX POBOI0B
(kaleJieil) A1 HAHOCEKYHJIHBIX MMIIYJIbCOB TOKa B
ooiactu BCUT. Buauane ocraHOBHMCs Ha BBIOOpE Ce-
4yeHul Sc; paccMaTpUBaeMBIX MPOBOJOB (Kabeinei), mo
MeIHBIM (IIOMHHUEBBIM) KWiaM (000J109KaM) KOTOPBIX
npu ycnoBusix Jo;=0 wnm Jo#0 nporekaeT akcuadbHbIN
arlepuoMUeCKUi UMITyJIbC TOKa BpPEMEHHOH (opmbl
7/7,=5 Hc/200 He [8]. 3amMeTuM, 4TO B CBOE BpeMs JIaHHBII
HAHOCEKYHJHBII UMITyJIbC TOKA i,(f) 00€uX MOJAPHOCTEH
TIPUMEHSUICS TIPH UMUTANNU B pa3paaHbix nemsx BCUT c
HEOOXOAMMBIMU BO3AYIIHBIMUA CHCTEMaMH II0JIe00pa3o-
BaHUSA ¥ COOTBETCTBEHHO B MX Pa0OYMX BO3LYIIHBIX 00B-
€Max C UCIBITBIBAEMbIMU TEXHUYECKUMH OOBEKTAMH Pa3-
JIMYHBIX Ta0apUTHBIX Pa3MEPOB MOIIHOIO 3JIEKTpOMar-
HUTHOTO nMnyibca (OMMU) BBEICOTHOTO SIIEPHOTO B3phIBA
(BAB) [9, 10]. U3 (5) Haxoaum, 4TO AJIs JAHHOTO pac-
YETHOTO city4ast KOOQPUIHEHTH! (OPMBI 0 ¥ (ty UMITYJIb-
ca TOKa i,(f) NPMHUMAIOT CJIEIYIOLIME YUCIIEHHbIE 3HaYe-
HUSL: on:3»,8~106 c"; <>c2:4,7-108 ¢l IIpu sTom asnst aToro
MMITyJIbCa TOKA HOPMHUPYIOIUH K03 duIueHT k,; OKasbl-
BaeTcs MPUMEPHO PaBHBIM k,1<1,049. B Tabm. 5 mo (6)
MIPEACTaBICHbl YMCIICHHBIC 3HAYEHHs HHTETpana JIeHcT-
Busl Jeiy OIS Psa 3HAYEHUH aMIUTMTYABI 1, paccMaTpu-
Ba€MOT0 MOIIHOTO HAHOCEKYHJHOTO MMITyJIbCa TOKA Bpe-
MeHHOH (opmbr 5 HC/200 HC, HCIHOJIB30BABIICTOCS MPH
UCIBITAHUAX TEXHUYCCKHUX O6’I)CKTOB BOCHHOI'O U I'pax-
JIAHCKOTO Ha3zHaueHus Ha cToikocTh kK OMU BSIB [9, 10].

CEeKYH/IHbI UMITYJIbC TOKa BpeMeHHO# (opmbr 5 HE/200 He
C aMIUIMTY 104 1,,,,, paBHOii 10, 50, 100 1 500 xA.

Tabmuua 6
3nauenus ko3 duipenta C; 1751 HEU30JIUPOBAHHBIX IPOBOJIOB,
M30JTUPOBAaHHBIX POBOIOB (Kabeneit) ¢ MeIHBIMU (ATIOMUHHE-
BBIMH) xmiiamu (o6onoukamn) B nersix BCUT ¢ Hano-, MUKpO-

Y MIJUTUCEKYHIHBIMH UMITYJIbCAMH TOKa

Buj nsonsuuy B po- | MaTepuait Kuibl 3ngeHI’llg Cg
Bosie (kabene) cuoBoii| (0Gomouku) mposoaa |10~ AC /™

uenu BCUT (xabens) Jar0 | Jo#0

Bes msossiiu Mens 1,860 | 1,563

i Amiomurnii 1,096 | 0,880

[IBX, P Menp " 1,506 | 1,160

AnromMuHUT 0,972 | 0,745

5T Mem 1355 | 0,957

ANTOMHHHUI 0,877 | 0,616

Tabnuma 7

3HaueHUs NPEIETbHO AOMYCTUMBIX CEUEeHUH Sy JUIs TPOBOIOB

(xaberneit) ¢ MeIHBIMU (QTFOMUHHUEBBIMH ) )KIJIaMH (000I0UKa-

mu) B nemsix BCUT ¢ HaHOCEKyHIHBIM UMITYJIECOM TOKa (hOPMBI

5 1c/200 HC, aMIITUTYJa KOTOPOTO H3MEHSIETCS B IMHPOKOM
nuamnasoHe ot 10 kA 1o 500 kA

3HaueHUst cetziem«m Scin

Buj uzonsiyun
B TIpoBoze (Ka-
Oee) CUI0BOM

Matepuan xuisl MM
(060m04KH) TIPO- Awmnnutyna 1,,, imITyIbCA
Boza (kabers) Toxa 5 Hc/200 He, KA

Ta6maua 5 wenn BCUT 10 | 50 | 100 | 500
3HaueHust UHTErpasia AeucTBus Je; A1 HAHOCEKYHTHOTO are- Meb 0,020 (0,101 /0,202 {1,010
PUOJMYECKOTO UMITYJIbCa TOKa (hopMbl 5 HC/200 HC Bes nzonsmun Amovummii | 0,034 |0.171 0,342 | 1,714
3HaYeHUE aMIUTUTY b Impv 3HayeHue HHTerpaaa IeHcTBUSL Mes 0,025 0,125 [0.250 | 1,250
HMITyJIbCa TOKA BPEMEHHO# | J;4 MMITyTbca Toka 5 ue/200 He, IIBX, P —
bopmst 5 HE/200 He, KA Al Anromunuii - |0,039(0,193 0,386 (1,933
1 0,141 T Menn 0,028 (0,138 {0,278 | 1,386
10 14,13 Amomunnii 0,043 (0,214 (0,428 (2,142
30 1,27:10
50 3,53-107 W3 nanHbIX TaO). 7 BBITEKAET, YTO OIICHOYHAS Ipe-
70 6,92-10? JIEIIBHO JIOIyCTUMAs! INIOTHOCTh 5C,«121mp/SC,-, HAHOCEKYH-
100 1,41-10° HOTO MMITyJibca ToKa (GopMmer 5 HC/200 HC I HEU3OIU-
200 5,65-10° POBaHHBIX IIPOBOJOB C MEAHLIMU M QJIFOMHUHUEBBIMU KH-
500 3,53:10° JIAMH COCTABIISeT IPUMEpHO 495 KA/MM” 1 293 KA/MM?, a
1000 1,41-10° s xkabenmel ¢ MeOHBIMHM (QIFOMHHHEBEIMHU) IKHJIAMH

B Tabn. 6 mpuBeneHsl paccuuTaHHbIE MO (2) Yuc-
JIeHHBIC 3HaYeHusT Koddduiuenta C; 1T HEH30JHUPOBaH-
HBIX MPOBOJIOB C MEIHBIMHU (JTFOMHHHEBBIMH) KHUIIAMH U
M30JMPOBAHHBIX MPOBOJOB (Kabeneil) ¢ MeaHBIMH (ato-
MHHHUEBBIMH) kuiamu (obosnoukamu) ¢ [1BX, P u I[I9T
M30JIALUCH IS CIlydacB WX IPEIBAPUTEILHOW TOKOBOM
3arpy3ku (J¢;#0) wu moHoro obecrounBanus (Jc;=0).

CpaBHeHHE NAHHBIX TaOl. 3 W 6 yKa3bIBaeT Ha ToO,
YTO YHCIIEHHBIE 3HadeHns KodddurmmentoB C, u C; mis
paccMaTpruBaeMBIX MPOBONIOB U Kabenei B cirydae, Koraa
Jo0 1 3HaueHWe 3TOro MHTErpaja ToKa OIpenessieTcst
u3 popmyisl (4), oTmuyaroTes B mpenenax ot 3 1o 8 %. B
ciry4ae, koraa Jo=0 (tpamummonnsiit st BCUT ciygait),
9TH OTJIMYHS BO3PACTAIOT U COCTABILIOT OT 9 1o 26 %. B
Tabn. 7 Ha OocHOBE (2) M pPacueTHBIX JaHHBIX TaON. 5 u 6
npu Jo=0 (mpoBoga u kabenu B cuioBoil nenu BCUT
HaxozsTcsi 0Oe3 TNpenBapUTENbHONW TOKOBOH 3arpyskH)
MIPUBEICHBI PE3YJIBTATHI BEIOOPA MPEICITBHO Oy CTUMBIX
ceyeHUi Sc; U HCCIelyeMbIX NPOBOJOB (Kabenel) B
uensix BCUT, Boonbs KOTOPHIX MpOTEKaeT MOUIHBINA HAaHO-

(0o6omouxamn) u [TIT usomsumeit — 361 (233) KA/MM?.

4. Boi0op ceuenuii Sc; 3JeKTPUYECKUX NPOBOI0OB
(xaleneil) A1 MHKPOCEKYHIHBIX HUMIYJIbCOB TOKa B
odsactu BCUT. Ha puc. |1 npuBeneHa TUIMYHAS OCITHII-
JlorpaMma UMITYJIbCHOM A- KOMIIOHEHTBhI TOKa HCKYCCT-
BEHHOM MOJIHMH, BOCIPOM3BOJMMON B pa3psAHOW LENu
MOLIHOTO TeHeparopa Toka MojHuu (I'TM) st ucrnbita-
HUH OOBEKTOB aBUALIMOHHON M PaKETHO-KOCMHYECKOW
TEXHUKH Ha MOJIHUECTOMKOCTH 110 TpeOOBaHUSIM HOpMa-
TuBHbIX JOKyMeHTOB CIIIA SAE ARP 5412: 2013 [11] u
SAE ARP 5416: 2013 [12]. Bunno, 4To yKa3aHHas KOM-
HIOHEHTA UMITYJIbCHOTO TOKa i,(f) HMUTUPYEMOHl B J1ab0-
PaTOPHBIX YCIOBUSIX MOJHHM BO BPEMEHH ! H3MEHSETCA
10 3aKOHY 3aTyxaromei cuHyconapl. OCyIIecTBUM BBEIOOD
ceYeHH Sc; TIPOBOAOB M Kabenei i pa3psiiHOi 1enu
I'TM npHMEHHTENBHO K JaHHOMY UMITYJIbCY TOKA ip(?).

N3 OKCIICPUMCHTAJIbHBIX JaHHBIX, MPCACTABJICHHBIX
Ha pHC. 1, HaX0AMUM, YTO JUIS HCIOJIb3YEMOI0 B pacdyerax
ceueHuil S¢; OWIONIAPHOTO KOJIEOATEIBHOIO HMMITYJIbCA
Toka A,=In(Z,,1/1,,,3)=2,505. Toraa mo (7) ans 3T0ro ToKa
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kod(pdunment k,=1,731. B Tabn. 8 npuseneHsl paccuu-
TaHHBIE 110 (8) YMCIICHHbBIE 3HAYCHHS HHTErpaia NeHCTBUS
Jciq ATIs1 JaHHOTO MUKPOCEKYHTHOTO UMITynbca Toka [13],
U3MEHSIOIIEr0cs 110 3aKOHY 3aTyXarolei CHHYCOUIBI.
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Puc. 1. Tunuyzas ocpuIorpaMMa MUKPOCEKYHIHOM UMITyIbCHON
A- KOMIIOHEHTBI TOKa UCKYCCTBEHHON MOJIHHMY, IPOTEKArOLICH B
paspsIHON Henu BeIcOKOBONBTHOTO I'TM (,,,=—207 KA,
L,,,5=-16,9 kA; T,~185 MKc; MacmTal 1o BEpTUKAIIM —

56,3 kA/nenenne; Macmrad ro ropusoHTtany — 50 Mxc/nenenue) [13]

Tabmuma 8
3HaueHus UHTErpana neHcTBus Jeiy A1 UMITyIIbCa TOKA iy(7),
M3MEHSIOLIEr0Cs B MUKPOCEKYHIHOM BPEMEHHOM J[HAIIa30HE 110
3aKOHY 3aryXxaroleii curaycousnl Buaa (7)

3HaueHUE NEPBOH aMIUTMTY b 1,1 3HaueHue UHTerpaia
3aTYyXaloIIEro CHHyCOUAAILHOTO | IEHCTBUS J;y UMITYJIbCA
UMILyJIbCa TOKA, KA toxa Buza (7), A%c
10 4,77:10°
30 4,29-10°
50 1,19-10°
70 2,34-10°
100 4,77-10°
207 2,05:10°
300 4,29-10°
500 11,92:10°
700 23,4-10°
1000 47,7-10°

Bocnonp30BaBIIMCh pacYeTHBIMU JTAHHBIME IS KO-
s¢punmenta C;, npuBeJeHHBIME B Ta0. 6, (2) 1 cBeneH-
HBIMH B Ta0Jl. § pe3yiabTaTaMH OIPEICICHUS HHTErpaja
neiictBus Jciy, HAXOMUM TPENEThbHO IOIyCTUMBIE cede-
HUS Scy AN McCIeyeMbIX TIPOBOAOB (Kabenel) B IMersix
BCHUT, B KOTOPBIX MPOTEKAET MUKPOCEKYHIHBII UMITYIIHC
Toka Buaa (7) ¢ ABIIL, cOOTBETCTBYIONINMH TaHHBIM, Xa-
pakTepHbIM Juig puc. 1. B tabn. 9 npu J=0 npencrasie-
HBI Pe3yJIbTaThl TAKOTO ONPEAETICHHS MPENEeNIbHO JOIyC-
TUMBIX CEUeHUH Sc; AN paccMaTpUBAaeMbIX MPOBOJIOB U
KabeJel, NpUMeHsieMbIX B pa3psaHbix 1ensx BCUT.

W3 npuBeneHHBIX B Ta0N. 9 pacyeTHBIX JTaHHBIX CIIc-
JIyeT, 4YTO OIIEHOYHAs MPEICIHbHO OMyCTUMAs IIOTHOCTh
OciFLp1/Scit MUKPOCEKYHJTHOTO MMITyJIbCHOTO TOKa i,(f) €
ABII, cOOTBETCTBYIOIUMMHU AAHHBIM pUC. 1, ISl HEU30-
JUPOBAHHBIX IPOBOJOB C MEIHBIMH H AIFOMUHUEBBIMHU
KITAMH COCTaBJISIET MPUMEPHO 26 KA/MM” i 15 KA/MM?,
a s kabenedl ¢ MeAHBIMU (ATIOMHHUEBBIME) SKHJIAMHU
(o6omoukamu) u [T msomsmmeii — 19 (12) KA/MM>.

Tabmuma 9
3HaueHMs MPeIEIBHO JOIYCTUMBIX CeUCHHH Scy TS TPOBOIOB
(xabereit) ¢ MeIHBIMU (AJTFOMHUHHUEBBIMH ) )KHIaMHU (000JI0UYKaMH )
B nermsix BCUT ¢ MEKpOCeKyHIHBIM UMITYJIECOM ToKa Buaa (7),
nepBas aMIUIUTY A 1,,,) KOTOPOrO H3MEHAETCS B IMUPOKOM JHa-
nasoHe oT 30 kA 1o 207 kA

By H30/IA0HH 3HAUCHIS CEUCHHS Sy, MM

B IIpoBOJIE (Ka-
Oene) cuoBoi

Marepuan xuisl
(060mouKH) Tpo- ITepBas ammuryna /,,) uM-
Boza (kabess) myJsisca Toka Buga (7), KA

nenu BCUT 30 | 50 | 100 | 207
R Memn 1,113[1,854 (3,713 [ 7,698
Amomurnit | 1,889 |3,147 (6,301 | 13,06

HBX. P Mem,  [1,375]2,2904,586[9,507
Amomummit |2,131 3,549 7,105 [ 14,73

T Meb 1,528 2,546 5,097 | 10,57
Amomurnit | 2,362 (3,933 7,875 16,32

5. Boidop ceudenmii Sy IEKTPUUECKUX MPOBOAOB
(kabeJieil) 111 MMJUIMCEKYHIHBIX UMITYJILCOB TOKA B 00-
gactu BCUT. Ha puc. 2 mokazaHa THITUYHAsT OCITHILIO-
rpamMma JUIITENbHONM C- KOMIIOHEHTHI TOKAa MCKYCCTBEHHOM
MOJIHUH, TeHepupyemoii o TpeboBanusiM [11, 12] B paspsia-
Hot e ['TM 114 1ienelt onbITHOrO ONpeeeHus] MOJIHUE-
CTOMKOCTH OOBEKTOB a9POKOCMHUYECKOI TEXHUKHU B YCIIOBHSIX
UX T0JIeTa B BO3/LyIIHOW arMocdepe. BuiHo, uTo aneproau-
YECKUI UMITYJIEC TOKA i,(f) OTPHIIATENBHOMN MONSPHOCTH 3TOM
KOMITOHEHTHI B COCTaBE ITOJTHOTO TOKA MCKYCCTBEHHOTO TPO-
30BOTO pa3psiaa M3MEHSAETCS B MIJDTMCEKYHIHOM BPEMEHHOM
Juanasone. Ero ammmryma 1,,, KOTOpOW COOTBETCTBYET
BpeMs £,,~11 mc, cocranser okono 835 A. Ilpu sTom am-
TENBHOCTh (PPOHTA HCHBITATENFHOTO TOKOBOTO HMITYJIbCa
COCTaBJISIET TIPUMEPHO 7/~7 MC, 4 €ro JUIMTENIBHOCTh Ha
yposHe 0,57, — 7,160 mc. IlonHas 1IMTENHLHOCTH MPOTE-
KaHMS YKa3aHHOM KOMIIOHEHThI HMITYJIbCa TOKAa HCKYCCT-
BEHHOW MOJIHMM B TOKOIIPOBOZAX Pa3psiIHON LEMHU MOLITHOTO
BbICOKOBONBTHOTO ['TM 10 TpeboBanusm [11, 12] moctura-
et okosio 1000 mc. Ha ocHOBaHuM mpeiaraeMoro 3JaeKTpo-
TEXHUYECKOTO TIOJXO/la BBINOJIHAM BBIOOp ceyeHHi Scy
mpoBoNOB (kabeneit) mia paspsagaodt nermm ['TM, ydgact-
BYIOILIEH B FeHEPUPOBAHHH YKA3aHHOTO UMITYJIbCA TOKA f(1).
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Puc. 2. Tunu4Has OCLUIIOrpaMMa MIJUTMCEKYHTHON UTHTEb-
HO# C- KOMIIOHEHTBI TOKa HCKYCCTBEHHOM MOJIHHH, IPOTEKAI0-
LIEHN B pa3psIHON LEMH MOILHOTO BBICOKOBOJIbTHOrO I'TM
(£y==835 A; =7 Mc; 1,160 Mc; MacmTab 10 BEPTUKAIIH —
282 A/nenenue; maciutad no ropmontamu — 100 mc/nenenue) [13]

Mz (5) HpI/I rf~7 MC ¥ 7,160 Mc Haxomum, uto 0o~4,75 ¢!
a 0,~3,38:10* ¢’. Torxa HOPMHPYOIIHI Koad)d)HuHeHT
k,1 TIpUHUMAaeT YHCIEHHOE 3HAYE€HHE, PABHOE MPHUMEPHO
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k,1=1,077. Vcnone3ys (5) ¥ BapbHUpys 3HAYEHUEM TOKO-
BOM aMIUIUTYABI 1, MOKHO PACCUMTATh YUCJIEHHBIE I10-
Ka3aTesd MHTerpaina qeicTBus Je;y s pacCMaTpUBAEMO-
ro MHUJUIMCEKYHHOIO MMITyJbCca TOKa i,(f). B Tabm. 10
MIPUBE/ICHBl YHCJICHHBIE 3HAYEHWS BEIUYUHBI Jyy UIA
pAaa aMILIMTYA /,,, JAHHOTO HMITYJILCHOTO TOKA (7).

Tabmuna 10
3HaueHus! MHTerpaia AeucTBus Je;y A1 YHUIIOJISPHOTO
UMITYJIbCA TOKA f,(f), U3MEHSIOMIET0Cs B MUJITUCEKYHITHOM
BPEMEHHOM JMana30He M0 alepHoANYECKOMY 3aKOHY

3HauyeHne aMILIUTY bl [, yHUIO- | 3HAYE€HHE MHTErpaia Jei-
HHpHOFO MI/IHHI/ICGK)’HI[HOFO arie- CTBUA JCiA MPIJ'[J'II/ICCKyHL[-
pI/IO,I[I/I‘ICCKOFO I/IMHyJ'ILC‘c'l TOKa HOTO I/IMHyJIbca TOKa
7 mMc/160 mc, A 7 mMc/160 mc, A%c

100 1,17-10°

200 4,6810°

300 1,05-10*

500 2,92-10*

700 5,73-10*

835 8,15-10*

1000 1,17-10°

Hamee, mpuaumasi, uro Jo;=0 (mpoBoma u xabenn B
paspsaanoii nemn BCUT npeaBapuTenbHO 00ECTOYEHEI),
BOCIIOJNIb3YEMCsl Pe3yJIbTaTaMy MPUOIMKEHHOTO pacuera
koapdunmenta C;, cBegeHHBIMH B Tabn. 6. C yderom
9THX YHMCIIEHHBIX 3HaYeHui C; u ganHpIx Tadi. 10 mo (2) B
NPHHATOM TPHOJIDKEHUH MOXKHO HAWTH NpeNesbHO JI0-
IyCTUMBIE Ce4eHUs Scy VIl HEU30JIMPOBAHHBIX M W30JIUPO-
BaHHBIX NPOBOJIOB M Kalenel ¢ MeIHBIMU (TIOMUHHEBBI-
Mmu) xuinamu (o6omoukamu) ¢ [IBX, P u I19T nzomnsuued,
WCTIBITHIBAIOIINX BO3/ICHCTBHE aKCHAJIBHOIO MHUJLIHCE-
KYHJJHOTO alepHOJMYEeCKOro UMITyJbca TOKa i), ABII
KOTOPOTO COOTBETCTBYIOT IaHHEIM puc. 2. B tabdxn. 11 npu-
BEICHBl YMCICHHBIC 3HAYCHUS IPEAEITBHO JOIYCTUMBIX
ceueHu Scy I YKa3aHHBIX MPOBOJOB (Kabenei) ¢ MuI-
JIMCEKYHIHBIM all€pPUOJMYECKUM HMITYJILCOM TOKA iy(%),
HalJCHHBIX ONMCAaHHBIM BbIIIEe IMyTeM. Mcxoas u3 coot-
HOILIEHUS BUIA O¢i~d,,/Sci, NaHHbIe Tabn. 11 mo3BonsroT
OLICHUTh YHCJICHHbIE 3HAYEHHS MPEAEIBbHO JOIYCTUMBIX
IUIOTHOCTEH Jcy B MpoBoJax (kKademsix), Mo KOTOPhIM B
IIPOJIOJIbHOM HAIIpPaBJIeHUH MPOTEKAET MWLIMCEKYHIHBINH
anepuoJNYECKUH UMITYJIbC TOKA i,(f) ¢ aMIUIMTYIOH 1,
m3MeHsttonielics B nuamazone (100-1000) A.

Tabnmma 11
3HaueHNUS MPE/IENIBHO JOIYCTUMBIX CEUEHHUH Scy AT HEU30JIH-
POBaHHBIX IIPOBOJIOB U M30JIMPOBAHHBIX IIPOBOJOB (Kabeneil) ¢

MEIHBIMH (ATFOMIHUEBBIMHE) JKMWIIaMH (000JI0UKaMH) B LIETISIX
BCHUT ¢ MUUIMCEKYHAHBIM allepUOJUYECKUM UMITYJIbCOM TOKA
7 mc/160 Mc, amnuTyaa 1, KOTOPOro M3MEHsAETCS B THANa30He

ot 100 A mo 1000 A

By M30JIsI0UH 3HaueHus ceuenns Scy, MM
Matepuan xKuibl

B IPOBOZIE (Ka: (060104KH) Tpo- | AMIUIMTY A 1), HMITyTBCA
Gee) cuI0BOI Boza (kabes) Toka 7 mc/160 mc, A

memz BCHT 100 | 500 | 835 [ 1000

Bes msonsun Menp 0,184 10,919 (1,535|1,839

Amomummii 0,312 | 1,559 [2,605 |3,121

[BX. P Mens 0,227 1,135 (1,896 (2,271

’ Amomunut 0,352 (1,758 (2,937 3,519

5T Mes 0,252 1,261 [2,107|2,524

Anromuanit 0,390 | 1,948 3,255(3,900

W3 npuBeneHHbix B Tabn. 11 naHHBIX cieayer, 4To
OLIEHOYHAsI MPEJENIbHO IOMYyCTHUMAasi IUNIOTHOCTb J¢j MUJI-

JIMCEKYH/IHOTO aNepHOJIUYECKOr0 MMITyJIbca TOKa i,(f) ¢
ABII, cOOTBETCTBYIOUMMH JaHHBIM PHC. 2, IS HEHU30-
JTMPOBAHHEIX MPOBOJOB C MEJHBIMM M AIOMHHHCBLIMIL
JKIJIAMH COCTABIISIET TIPHMEpHO 543 A/Mm* 1 320 A/mm?,
a s kabenmed ¢ MEIHBIMU (QJIIOMUHUEBBIMH) KHJIAMHU
(o6omoukamn) u ITIT m3omstumeii — 396 (256) A/Mm>.
PesynbraThl 3KCNEPUMEHTAIbHBIX HCCIENOBAaHUN B
paspaaueix nensx BCUT ¢ umnynabcHBIME TOKaMM i,(f)
MHKPO- ¥ MIJUTHCEKYHIHOH IJIMTETBHOCTH JIIEKTPOTEp-
MHYECKOH CTOWKOCTH OMBITHBIX OOpAa3llOB HEU30JIUPO-
BaHHBIX IIPOBOOB, N30JIMPOBAHHEIX ITPOBOIOB U Kabeme
¢ MeanbiMu xuiamu (obosoukamu) ¢ [IBX u 19T wu3o-
JSAIHeN, mpeicTaBIeHHbIe aBTopoM B [5, 13], momTBep-
K0T IPAaBOMEPHOCTb OCHOBHBIX PACUETHBIX JAHHBIX MO
BEIOOpY cedeHuit S¢;, IpUBEACHHBIX B Tabm. 9 m 11.
BoiBOABI.

1. IlpencraBieHHblii  0OOOIIEHHBIA 3JIEKTPOTEXHHYE-
CKMM IIOIXOJ TO3BOJSET M0 YCIOBHIO TEPMHYECKOH
croiikoctr KIIIT ocymiecTBiaTs NpUOIMIKEHHBIA pacdeT-
HBIA BBIOOp TIPENENbHO JOIMYCTHMEIX IOTIEPEYHBIX cede-
HUHA Sy HEM30JMPOBAHHBIX IPOBOJOB, M30JMPOBAHHBIX
MIPOBOJIOB M Kabenel ¢ MeAHBIMU (UTFOMHUHHUEBBIMH) JKH-
namu (o6onoukam) ¢ I[1BX, P u [IDT usonsmueli, TokoHe-
CyIIIe YacTH KOTOPBIX HCIIBITHIBAIOT BO3JACHCTBUE aKCH-
aJIbHOTO MMIyJbca ToKa i,(f), ABII kotoporo ¢ pasmuy-
HBIMH aMIUIMTY IaMH 1,,,, MOTYT U3MEHATECSA B HAHO-, MUK-
PO- U MIJIJIMCEKYHHOM BPEMEHHBIX JIMala30Hax.

2. Ha npumepax M3MEHEHHUs] BO BPEMEHHU ! IPOTEKAr0-
IIEro 10 yKa3aHHBIM NPOBOJaM (Kabessix) UMITYJIbCHOTO
TOKa i,(f) N0 anepUOAUHECKOMY 3aKOHY HIIM 3aKOHY 3aTy-
Xarouield CHHYCOHMJIBI MPOJEMOHCTPUPOBAHBI BO3MOXHO-
CTH TIPEIUIOKEHHOTO AJIEKTPOTEXHHMYECKOTO IMOJIX0Aa IO
KOHKPETHOMY BBIOOPY NpEAENBHO JOIMYCTUMBIX CEYEHHH
Sciy A7 paCCMOTPEHHBIX BHIOB HEH3OJIUPOBAHHBIX IIPO-
BOJIOB, M30JIMPOBAHHBIX IPOBOJOB M KabOeneH, MIMPOKO
MIPUMEHIEMBIX B pa3psaaabix nemsx BCUT.

3. Tloka3aHo, 4TO B IEPBOM NPHOIMKEHUU MPEAEITHLHO
JOIyCTUMBIE TUIOTHOCTH  O¢i~,y/Scii  PACCMOTPEHHBIX
BPEMEHHBIX (OPM HMITyJIbCHOTO TOKA i,(f) B MEIHBIX
(aFOMUHHEBBIX) JKMIAX HEHW30JMPOBAHHBIX MPOBOJOB
ZULsl HAHOCEKYHIIHOTO JHANa3’oHa HCIICHHO COCTABIIAIOT
oxoio 495 (293) KA/MM JUI. MUKPOCEKYHIIHOTO Juarna-
30Ha — 26 (15) KA/MM® 1 Ut MUJUTUCEKYHIHOTO Juara-
30Ha — 543 (320) A/MM>. JI1st H30/IMPOBAHHEIX IIPOBOIOB
(kxaberneii) ¢ MeaHBIMU (QJIFOMUHUEBBIMH) XKWiIaMu (000-
nmoukamu) U [19T wu3onsnuelt drcieHHbIe 3HAUYCHUS Tpe-
JIEIBHO JIOMTyCTUMBIX IUIOTHOCTEH Oy PacCMOTPEHHBIX
UMITyJIbCHBIX TOKOB 7,(f) s HaHOCEKYHJIHOTO AnanasoHa
COCTaBISIIOT OKoJo 361 (233) KA/MM JUIsl MHKpOCe-
KyHaHOro muamazoHa — 19 (12) KA/MM M I MAJUIHCE-
KYHIHOTO AHanasoHa — 396 (256) A/Mm>.
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A choice of sections of electric wires and cables in circuits of
devices of high-voltage high-current impulse technique.
Purpose. Implementation of calculation choice of sections of elec-
tric wires and cables in circuits of devices of high-voltage high-
current impulse technique (HHIT), characterized flowing of pulsed
current i,(t) with different amplitude-temporal parameters (ATP).
Methodology. Electrophysics bases of technique of high-voltage
and high pulsed currents, theoretical bases of the electrical engi-
neering, bases of electrical power engineering, technique of high
electric and magnetic fields, and also measuring technique. Results.
The results of the developed generalized electrical engineering
investigations are resulted in a calculation choice on the condition
of thermal resistibility of cable products of boundary permissible
sections Scy of the electric uninsulated wires, and also insulated
wires and cables with copper (aluminum) cores (shells) with polyvi-
nyl chloride (PVC), rubber (R) and polyethylene (PET) insulation,
on which in the circuits of HHIT the axial-flow of pulsed current
iy(t) flows with arbitrary ATP. On the basis of this approach the
results of concrete choice of sections Scy are presented for the indi-
cated electric wires (cables) of power circuits of HHIT with pulsed
current, ATP of which with amplitudes of 1,,,=(0.1-1000) xA change
on an aperiodic law or law of damped sinusoid in nano-, micro- and
millisecond temporal ranges. The results of calculation estimation
present maximum permissible approximations of dcy of pulsed cur-
rent i,(t) of the examined temporal shapes in the indicated electric
wires and cables of power circuits of HHIT. It is shown that the
values of current approximations of dcy for the uninsulated copper
(aluminum) wires in the nanosecond temporal jrange of ATP of
pulsed currents iy(t) are about 495 (293) kA/mn?’, in the microsec-
ond temporal range — 26 (15) kA/mm’ and in a mzllzsecond tempo-
ral range — 543 (320) A/mm™ By a calculation it is set that for the
insulated wires (cables) with copper (aluminum) cores (shells) and
PET with insulation the indicated current approximation of 5sz is
approximately: for the nanosecond range — 361 (233) kA/mm’; for
the microsecond range - 19 (12) kA/mm ; for the millisecond range
— 396 (256) A/mm’. Originality. Firstly by a calculation for the
concrete temporal shapes of pulses of current iy(t) in the discharge
circuits of HHIT, changing in the wide range of the amplitudes 1,
on a aperiodic law or law of damped sinusoid, the numeral values
of cross-sections Scy and current approximations of d¢y are ob-
tained for the uninsulated wires, insulated wires and cables with
copper (aluminum) cores (shells) with PVC, R and PET insulation.
Practical value. Application in practice of model tests of objects of
electrical power engineering, aviation and space-rocket technique
on resistibility to direct action of pulsed currents i,(t) with different
ATP of natural (currents of lightning) and artificial (discharge cur-
rents of HHIT) origin to increase electro-thermal resistibility of the
electric uninsulated wires, and also the insulated wires and cables
with PVC, R and PET insulation of HHIT widely applied in power
circuits. References 13, tables 11, figures 2.

Key words: high-voltage high-current impulse technique,
electric wires and cables, calculation choice of boundary
permissible sections of wires and cables in the circuit of im-
pulse technique.

62 ISSN 2074-272X. Enexmpomexuixa i Enexmpomexanixa. 2018. Ne6



YK 621.319 doi: 10.20998/2074-272X.2018.6.09

A.B. becnipo3Bannbix, A.H. boiiko, A.B. Porunckuii

BJIMAHUE JTUIJEKTPUYECKOI'O BAPBEPA HA PACITPEJAEJIEHUE
SJEKTPUYECKOT' O ITOJISI B BBICOKOBOJIbTHOM KOMIIO3UTHOM U30JIAIINNA
AJNIEKTPUYECKHUX MAIIIUH

Ilpeocmasneni pezyromamu po3nooiny eneKmpuinozo noas 6 6UCOKOBOIbMHIN KOMRO3ZUMHIN [3071AYil HA OCHOBI 3anNPONOHO6A-
HOI Mamemamuyunoi Mooesli HAKONUYEHH NOBEPXHEB020 3apAYy HaA MeXci po30iny nionoxcka — oap'ep. B cmanomy pexycumi na-
npysrcenicmo en1eKmpuiHo20 noas 6 dieneKmpuunomy bap’epi mosice nepesuuiysamu cepeone 3uavenua na 50 % 6 sanexcnocmi
6i0 enekmpoghizuunux xapakmepucmuk ma mosuwyunu Komnonenumie. Iloxazano, wio ¢ odracmi nouamky nepexionozo npouecy
Ha Xapakmep po3nooiny e1eKmpuiHozo oA 6nauearOms 6i0HOCHA OleleKMmPUYHA RPOHUKHICIb Ma MOBUWIUHA JieIeKMPUYUHO20
oap'epy. Excnepumenmanvna nepegipka 6uKOHAHA 071 n'AMU MUNOPO3MIPI6 CKNOCNI00IiHIMO60T cmpiuku no 5-mv maxemie 6
Kodicnin. Becmanoeneno, wjo komnozumna izonayia 3 ni0suweHuM 6Micmom cii00UHImo8020 oap'epy i CKloOmMKAHUHOIO MEHUOT
mosuyunu mae na (8-16) % euwyi 3nauenna mpueanoi enekmpuunoi miynocmi. biox. 9, puc. 5.

Kniouogi cnosa: BUCOKOBOJBTHA KOMIIO3UTHA i30/1511i51, AiesieKTpUYHUI 6ap'ep, CKIOBOJIOKHHUCTA MiVI0KKA, MikK(pa3Ha 11015-
pu3anisi, po3noJiJ eJICKTPHYHOIO0 M0J151, TPUBAJIA eJIEKTPHMYHA MILHICTD.

Ilpeocmasnenst pe3ynvmamsl pacnpedenenusn 1eKmMpuLecKozo noas 6 6biCOK0BOIbMHOL KOMNOZUMHOU U30JAUUU HA OCHOBE
npeonodHcennoil Mamemamu4eckoil MoOeau HAKONJIEHUA NO8EPXHOCIMHO20 3apA0a Ha panuye pazoena noonoxyicka — oapvep. B
YCHIAHOGUBWIEMCA PENHCUME HANPANCEHHOCMD ITIEKMPUUECKO20 NOAA 8 OUINEKMPUYECKOM Oapbepe Modicem npesvluiams cpeo-
Hee 3nauenue nHa 50 % 6 3asucumocmu om 31eKMPoOPu3ULECKUX XAPAKMEPUCMUK U MONUWUNL KoMnoHenmos. [lokazano, umo 6
odnacmu manvix epemen nepexooH0z0 npouecca Ha XapakKmep pacnpeoenenHus INeKmpudecKkoz0 noA 6auUAIOmM KAK OMHOCU-
menbvHaa OulIeKmpuiecKan nPOHUYAeMOCMb, MAK U MOTWUHA OUIIEKMPULECKO20 Oapbepa. DKcnepumenmanvhas npoeepka
6bINOIHEHA OJIA NAMU MUROPAZMEPOE CIEKIOCTIO000YMANHCHOT IeHMbL RO 5-Mb MAKEMO08 6 Kaxcooil. Ycmanoeneno, 4mo Kom-
NO3UMHAA U3ONAYUA C NOBLIULEHHBIM COOEPIHCAHUEM CTIOOUHUMO06020 Oapbepa U CMeKIOMKAHbIO MeHbUiel MOSIUHbL UMeem
Ha (8-16) % bonee svicoKue 3nauenus ONUmMenNbHOI IneKkmpuyeckoii npounocmu. buobn. 9, puc. 5.

Kniouesvle cno6a: BHICOKOBOJbTHASI KOMIIO3UTHAsl W30JSAINS, THIJIEKTPUUECKUH Oapbep, CTEKJIOBOJIOKHHCTAs MOMJIO0KKA,

Mex«bazﬂaﬂ MOoJIIpU3anus, pacnpenejaeHue 3JICKTPUICCKOro moJis, JJIUTEIbHAsA JICKTPUYIEeCKasA MPOYHOCTD.

Bgenenne. CoBpeMeHHbIE BHICOKOBOJIBTHBIE CHCTEMBI
KOMITO3UTHON M30JISIIAN IEKTPHUYCSCKUX MAIIMH COCTOSIT U3
JICHTOYHBIX CTEKJIOCITIOOOYMAXKHBIX MAaTEpUaioB (CyXUX
WM TpeIBapuTeNbHO TpormTaHHeix) [1, 2]. OcHOBHOI
(yHKIHEH TaKo¥ M30JLSIIUN SBISICTCS COXPAaHEHHE JTATETb-
HOM DJIEKTPUYECKOM IPOYHOCTU B YCIOBMAX IPOJIOJDKHU-
TENTPHO JEHCTBYIOMIMX TEIUIOBBIX, MEXaHHIECKUX W TEPMO-
MEXaHMYECKUX BO3IEHCTBUIA. BBICOKOBOJIbTHAS H30JIALMSA
JIOJDKHA Takxke 00J1aaTh HEOOXOMMBIM YPOBHEM TEXHOJIO-
THYHOCTHU U JOCTATOYHO HU3KOM CTOMMOCTBIO Ipu CoxXpaHe-
HHH BBICOKHX TEXHUKO-OKCILTYaTallAOHHBIX XapaKTCPUCTHK.

[IpumeHeHre B KauecTBE JUAICKTPUICCKOTO Oaphepa
CIFOI00yMaru SIBISCTCS DKOHOMHUYCCKH BBITOIHBIM, TaK
KaK OHA M3rOTAaBIUBACTCS M3 OTXOMOB JC(HHUIMTHOW U JTOC-
TaTOYHO Aoporoi menanoi cmoasl [1]. Ilo cpaBHEeHHIO C
MaTepHalaMi Ha OCHOBE IICMAHOW CITFOJIBI CITFOIHHUTOBBIE
W CIIOOTUIACTOBBIE OyMarm oO0NamaroT OOINBINEH paBHO-
MEpHOCTBIO TI0 TOJIIIMHE, MOBHIMICHHOW W 0oiee paBHO-
MEpHOH D3JeKTpUYecKoil mpouyHOCThI0. CoueTaHue XOopo-
IIEH AIACTUYHOCTH U MEXaHWYECKOM IPOYHOCTH IO3BOJISI-
I0T 00eCNeunTh MOTy4YeHHe IMJIOTHOW, MOHOJIMTHOI TepMo-
peaktuBHOM u3ossunu [2]. [lnockue cironsiHbie YacTHIIbI
00pasyroT AUICKTPUYCCKUN Oaphep M, B 3aBUCHMOCTH OT
YCIIOBUIA, CBS3BIBAFOTCS PA3IMYHBIMH IIPOMUTHIBAIOIIIMU
COCTaBaMH U TOJT0XKaMu. CBS3YIOIee MOXKET OBITh BBE-
JICHO B COCTaB JICHTHI JIOO 3apaHee, TOTa JICHTA Ha3bIBa-
ercsi mpenBaputensHO mpormTanHoi (Resin Rich), mi6o
BBOJUTCS B CyXHe JICHTHI TIOCIIe UX 00paboTKH B mporiecce
BaKyyM-HarHeTaTelbHON mponuTKy [1].

B kagecTBe CBS3YIOLIETO HCIIONB3YIOTCS SMOKCH-
HBIE CMOJIBI (JJMaHOBBIC, [IUKIOATN(PATUIECKIE U STIOKCH-
HOBOJ’Ia‘iHbIe), KOTOPbIC UMCIOT BBICOKHMC MEXAHUYECKUC
CBOMCTBA, XOPOIIYIO a[re31I0 K Pa3INyHBIM MaTepHajam,
JIOCTaTOYHYI0 HarpeBocToiikocTh (knacc B u F) u kopo-

HOCTOMKOCTb, 00JIa/Ial0T HE3HAYUTEIBHBIM KO3(h(huIreH-
ToM ycanku (3-5) % [2].

MexaHH4ecKyl0 MPOYHOCTh O0ECHeYrBaeT CTEKJIO-
TKaHeBasl MOJUIOXKKA, KOTOpas SBIAETCS apMHUPYIOLIUM
MaTepuajioM B TakoW cucreme. Takke B HEH HaXOIUTCS
OoJpIIas 4acTh CBSA3YIOIIETO COCTaBa B CIydae IMPOIH-
TaHHOHN JeHTH.. KOMIO3HIIMOHHAS W30S, BBHIIIOTHEH-
Hasi ¢ NPUMEHEHHEM CTEKJIOBOJOKHUCTBIX MaTEepUalOB,
MMeEET ITOBBIIIEHHBIN Npeacii NpoYHOCTU MPHU PaACTIKE-
HHUU U I/I3FI/166. CTEeKI0BOJIOKHHUCTHIE MartepuaJibl OTJIM4a-
IOTCS BBICOKOHM TepMHUYECKOH yCTOHUMBOCTHIO [1, 2].

ONEeKTpUYECKUEe XapaKTePUCTHKH MHOTOCIOMHON
KOMIIO3UTHON M30JSLIMOHHON CHUCTEMBI OIpEAEISIOTCS
KaK JIOJIEBBIM COJEPKAHUEM OTAEIbHBIX KOMIIOHEHTOB,
TaK ¥ UX 3JICKTPOPU3HIECKIMH CBOWCTBAMH.

IMocranoBka mpodaembl. PeanpHas mexdasHas rpa-
HUIIA pa3/iena MoJI0KKa — IIISKTPUIECKH Oapsep IMeeT
MOBEPXHOCTHBIM CJIOM KOHEYHOM TOJILMHBL, B Tpezenax
KOTOPOTO TEPMOJMHAMUYECKUE MapaMeTphl (KOHLICHTPaIus
KOMITOHEHTOB, JaBJICHHE U TEMIIEPaTypa) UCIBITHIBAIOT Pe3-
kue u3MeHeHuH. [1oBepXHOCTHBIE ciion Kaxaoi (asbl Toj-
muHOM Ookoji0 0,5 HM HMEIOT 0coOble CBOMCTBA, TaK Kak
HaxoAATCA B MOJIe JEHCTBHSA MONEKYISPHBIX CHJI coceqHei
¢azbl (Tak Ha3bIBaeMbli d(dext Pedunnepa) [3].

CrpeMieHre TeTepOreHHOM CHCTEMBI K yMEHBbIIe-
HUIO TIOBEPXHOCTHOW 3HEPIUU BBI3BIBAET COOTBETCTBYIO-
LIy OPUEHTALMIO MOJIAPHBIX MOJIEKYJ, MOHOB M DJIEK-
TPOHOB B I'PAaHUYHOM CJIOE, B PE3YyJbTaTe YEro CONpHKa-
catoruecs: (ha3pl MPHOOPETAIOT 3apPSIbl MPOTUBOIOJIONK-
HOTO 3HaKa, HO paBHbIe N0 3Ha4yeHuto. Ha rpanuue pasnena
MOJIOKKA — JIUANIEKTPUYECKHH Oapbep, Kak Ha Mexdas-
HBIX IOBEPXHOCTSX, BO3HUKAET JBOWHOW 3JICKTPUYECKUMN
CJIOW B pe3yJibTaTe B3aUMOJEICTBHUS CONPUKACAIOIIMXCS
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(a3 u3-3a M30BITOYHOM MOBEPXHOCTHOW dHepruu [4] ¢
COOTBETCTBYIOINM DJIEKTPUYECKAM ITOTEHIIHAJIOM, IIO-
BEPXHOCTHOM TUIOTHOCTBIO 3apsijia, eMKOCTBIO [5-7].

Leabio cTaThbu SBISETCS aHANIN3 BIMSHUS DJIEK-
TPOPHU3NYECKUX XaPAKTEPUCTHK W TOJIIMHBI ([10JEBOTO
COZIEp’KaHMUs) JTMIJIEKTPUIECKOro Oapbepa Ha pacrpere-
JICHWE D3JEKTPUYECKOr0 MOJS B KOMIIO3UTHOH BBICOKO-
BOJIETHOW M3OJISAIMA JIIEKTPUICCKUX MAIIIHH.

MaremaTuyeckasi MoJedb HAKOIUIEHHS] TOBepX-
HOCTHOTO 3apsiia HA IUIOCKOI rpaHUIe pa3aena ABYX
OHIJIEKTPUKOB. BBICOKOBONBTHAsT ~ TepMOpEaKTHBHAS
KOMIIO3HUTHAS HM30JIALHUS 3JIEKTPUISCKAX MAIIiHA MOXKET
OBITH TpenCTaBlieHa B BHJE IBYX CIIOEB IWAJIEKTPHUKA:
CTEKJIOBOJIOKHUCTON MOJIOKKH (1) ¢ MPOMUTOYHBIM CO-
ctaBoM (3) U Cir0100yMaXKHOH JICHTHI (2) B Ka4eCcTBE -
3JIEKTPUUECKOTO Oaphepa (puc. 1). AHU30TPOIHS CBOHCTB
CJIFOJTBI B TAHHOM CITydae c1a00 BhIpajkeHa.

o o
TS R <
S
Sl
BRI

Puc. 1. CxematnuHoe npeacTaBieHue TPEXKOMIIOHEHTHON
M30JISILMU ABYXCIIOMHOM JIEHTON

Haubonee pacnpocTpaHeHHBIH TOAXO MPH MOACIH-
POBaHMH HAKOILUICHHUS HOBEPXHOCTHOTO 3apsjia Ha IPAHUIIE
paszena ABYX AMAJIEKTPUUECKUX CPell OCHOBAH HA TEOPHHU
Makcgeiuia — Baraepa st MmexdasHoi nossipusanuu [8].

lunorerndeckass KOH(UTypauysi TPaHULBl  pasiena
JIBYX TUIOCKHUX H30TPOIHBIX AMAIEKTPUKOB C 3JIEKTPOIAMU
TIpeZICTaBIsieTcsl KoHeHcaTopoM Makcerua (puc. 2). B Ta-
KOH CHCTEMe CBOWCTBA M3OJISIIMM M3MEHSIOTCS B 3aBUCHMO-
CTH OT CTYIIeH4YaTo! (PyHKIMH Ha TpaHUIIe pa3nena cpen [8].
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Puc. 2. HpeZ[CTaB.HeHI/Ie HAaKOIUICHUS MOBEPXHOCTHBIX 3apsiI0OB
Ha rpaHUIC pa3aeciia ABYX U30TPONHBIX JUIJICKTPUKOB IIPpU
BKJIFOYEHHU 1101 TIOCTOAHHOC HAIIPSIXKEHUE U

Ha moBepxHOCTH pasnena IUIICKTPUKOB IHAIICK-
TpHUYecKasi IPOHUIIAEMOCTh & (WA BEKTOP IMOJIIPH3ALINH)
u3MeHseTcsi ckaukooopasHo [8, 9]. Ckauyok HOpMaIbLHOU
COCTABJISIIOIIEH BEKTOpPa AJIEKTPUUECKOTO cmelleHust D
PaBeH MOBEPXHOCTHOHN IJIOTHOCTH O 3JIEKTPHUYECKUX 3a-
psamoB. TaHreHIManpHasl COCTAaBIIAIONIAs BEKTOpa Hamps-
JKCHHOCTH DJICKTPUYCCKOTO TOJIsI HeMIPEephIBHA HA JFO00#
MIOBEPXHOCTH pa3zzenia cpell.

Dyy =Dy =0, Ey =Ey, M
rne D,,, Dy, HOPMAJIBHBIE COCTABISIOLIME BEKTOpA
3IIEKTPUUECKOTO CMEILEHUSL: Dy, =&9&rEy,,

Dy, =¢&p&1Eqy, » €0 = 8,85-10'2 ®/m — smexTpHyecKas mo-
CTOSIHHAS; €|, & — AUIICKTPUYECKUE IIPOHULIAEMOCTH JIH-
QJICKTPUKOB, 0 — MNOBCPXHOCTHAsA INUIOTHOCTL JJICKTPUYC-
CKuX 3apsiaos; Ey,, E,, — HopmanbHble, Ey,, £y — TaHreH-
[UATFHBIC COCTABISIONIME BEKTOpa HAIPSIKEHHOCTH
ANEKTPHYECKOTO TOJSI IEPBOTO M BTOPOTO JAMAICKTPHKOB
COOTBETCTBEHHO.

B MOMeHT BKJIFOUEHHS KOHIEHCATOpa K MCTOYHUKY
HanpspkeHns1 U TIOBEPXHOCTHAS TUIOTHOCTH ¢ AJIEKTpHYe-
CKHX 3apsAI0B paBHA HYJIO, B PE3yJIbTaTe B COOTBETCTBUH
¢ (1) HampsDKEHHOCTh DJEKTPHUECKOTO TOJS B CIOSX
MIPOIIOPIIMOHANIEHA AUAIEKTPUIECKON MPOHUIIAEMOCTH [§]

Eip &1 = Eppér . 2)

B crnenyromuii MOMEHT BpeMEHH Ha pacIpeelicHIe
ANEKTPUUYECKOTO TOJSA B CJIOSX HAYWHACT BIHATH TOK
[IPOBOJUMOCTHU C COOTBETCTBYIOLEH TNIOTHOCTHIO J

S=nk, Jry=1k, 3)
A€ Y1 U P — YAEIbHBIE MPOBOAUMOCTH KaKI0T0 M3 JU-
ANMEKTPUKOB, CM/M.

Tak Kak IIOTHOCTH TOKOB HE PAaBHEI (ICKTPOPH3H-
YECKHE CBOWCTBA UAJICKTPUKOB pa3HbIC), TO HA TPAHUIIC
paszena TUAICKTPUKOB HAKaIUTMBACTCS IMPOCTPAHCTBEH-
HbI 3apsia. IlepexoaHblil mpolecc 3akaHYMBAETCS MpU
YpaBHOBEIIMBAHUU TOKOB J| 1 J,, a TakKe CTaOMIH3alnu
MTOBEPXHOCTHOTO 3apsia Ha TPaHUIle pa3jesa JU3JIeKTPH-
KOB. J[nsT ycTaHOBHBIIETOCS peXHMa HAINPSDKEHHOCTD
ANEKTPHUYECKOTO TOJIS B CIOSAX IMPOIOPLIHUOHANBHA YACTb-
HOM IIPOBOJIUMOCTH

Nk =rk;. “)

C HavaJ pbHOTO MOMEHTA U JAOCTIKCHHS YCTaHOBHB-
IIETOCS COCTOSHHS OOIIMH TOK B TIEPBOM M BTOPOM [TH-
ANEKTPUKAX OJAWHAKOB M MMEET JBE COCTABIIAIOIIME: aK-
TUBHYIO, KOTOpas OOyCIIOBIIEHA TOKOM IIPOBOJUMOCTH
(TOKOM YTEUKH), U PEaKTUBHYIO, O0YCJIOBJICHHAS TOKOM
cMmereHust (TokoMm abcopOium). Takum 00pa3om, IIIOT-
HOCTB OOIIEro TOKA ONPEACIATCS

dE, dE,
J=nE +eps —=yrEy + &7 —=. 5
nkrtéoe — m=rky T éoe )

CyMMma mafeHusi HalpsDKEHWS Ha KaXIOM U3 CIIOEB
paBHa IPHUIIOKEHHOMY HaNpsHKEHHIO HA TTOCTOSIHHOM TOKE
El hl +E2h2 =U . (6)
rae hy, h, — TONIKHA TUIIICKTPUKOB.
[Ipu ob6veauuenun (5) u (6) muddepenunansHOE
ypaBHEHHE OTHOCHUTENILHO £ nMeeT BUJ

dE
—Leg (eyhy + &)+ E\(nhy + o) =1U . (7)

dr
PEUICHUEC KOTOPOT'O UIETCA B BUAC
_( yih 72 Iy IJ
E(t)=de @Rty T2 g

(i +72h)
r7ie A — OCTOSIHHAsT MHTETPUPOBAHKS, KOTOPasi C yYETOM
HavdaJIbHBIX YCIOBHH B MOMEHT BpeMmeHH ¢ = 0 u (2), (6)
OTIpeIeTsIeTCsl KaK

& 72 . 9)

A=U -
sihy—&xhy il +yahy
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ITocne moacranoBku (9) B (8) HANPSKEHHOCTH AJIEK-
TPUYECKOTO TI0JIST B IEPBOM CJIO€ JBYXCIOHHOTO AMAIICK-
TPHKa CO BpeMeHeM u3MeHsieTcst B cootBeTcTBHU € (10)

h - (&y71— &
N+l (e +ehy )-(yihy + o)
BO BTOPOM — B cooTBeTcTBUH ¢ (11)
Ey, =U 4 dy-(&172= 1) 7 (1)
ndy+ydp (&dy+édy )-(nday + 72dy)
IJie T — MOCTOSTHHAS BPEMEHH, C
hy +&yh
R B (12)
rihy +y2hy

[TnoTHOCTH OOLIEr0 TOKA, KOTOpast COCTOUT M3 TOKa
abcopOUMK U YTEUYKH, OOYCJIOBICHHOTO HATMYUEM CBO-
00/IHBIX 3apsJI0B, onpenessiercs o ¢popmyie (13)

hhy(&1y,—¢€

J(6)=U 1/ ( 17’22 )

(e1hy+&2 )" (11 + y2hy)

xexp(—t/7t)+U _nrn abs T cond-
7ihy + 72l
HSMQHGHI/IQ BO BpeMeHI/I IIJIOTHOCTHU HOBerHOCTHBIX
3apsnoB o(f) HA TPaHHIE paslena JBYX JUDIEKTPUKOB
MOXKET 6BITB 3aI1MCaHoO B BUIC

(13)

arn-—é&an _U(l_e—t/f) .
nhy+r2hy

Bausinue 3j1eKTpodu3HYeCKHX XapaKTEPUCTHK U
TOJIIIMHBI AM3JIeKTPUYecKoro dapbepa Ha pacnpene-
JIeHHe JJIeKTPUYEeCKOT0 MOJsi B BBICOKOBOJIBTHOM
KOMMO3UTHOI m3oasuuu. Ha puc. 3 npencraBieHs! pe-
3yJIbTaThl MOAETHPOBAHMUS IS ABYX CIydaeB: KpUBbIE 1 —
UJICHTUYHOCTH  DJIEKTPOPHU3MYECKUX  XapaKTEPUCTHUK
Oaprepa U IOUIOKKA: & = & = 4,5; 11 =)= 21071 Cm/Mm;
KpuBble 2, 2' — pasHbIX: & = 4,5; & = 3,8, » = 2:107%
CM/M, 7 = 2-10""> Cm/m. MHzexchl | oTHOCATCS K Gapbe-
Py, 2 — k nommoxke. Tonmaa qTU3IeKTPUIecKoro dapbe-
pa paBHa /#; = 0,1 MM, CTEKJIOBOJIOKHUCTOM IMOJITIOKKH —
hy = 0,05 mM. KpuBast 2 cOOTBETCTBYET pacmpeeliCHHIO
AJIEKTPUYECKOTO MOJIs B Oapbepe, KpuBas 2' — B TIOJUIOKKE
(puc. 3,0). PacueTs! BHITOIHEHB! IS CPETHEH HATIPSIKEH-
HOCTH 3JIeKTpu4eckoro nonus E,; = 15 kB/MM B xomrio-
3UTHOM U30IAIIAH.

[Ipy MAEHTHYHOCTH ANEKTPOPU3NUECKHX XapaKTepH-
CTHK TTOBEPXHOCTHBIC 3apsi/ibl HE HAKAIUTMBAIOTCS HA TPAHU-
e paszena JudeKTpudeckux cpen (kpusas 1 puc. 3,a) u
HaNpsDKEHHOCTh 3JIEKTPUYECKOTO TIONIS PaBHA CPEIHEMY
sHayenuto: £ = E,;; = 15 xB/Mm (kpuBas 1 puc. 3,0).
ITepexoanslii mporecc — OTCYTCTBYET.

B cimy4ae pa3HbIX XapaKTepHCTHK HaOIrOJaeTcs Ie-
PEXOAHBIA MpoLecC AMUTENbHOCTBIO mHopsiaka 10 c. B
YCTaHOBHBILIEMCSI PEKHME IOBEPXHOCTHAsl IUIOTHOCTb
3aps0B cocrasiser 0,85 MKn/m” (kpuBast 2 Ha puc. 3,a),
HaNpsDKEHHOCTh  JIEKTPUYECKOTO MOJISl B AMIEKTpUUeE-
CKOM Oapbepe IpeBbIIaeT cpegHee 3HaueHune Ha 50 %
(xpuBas 2 Ha puc. 3,6), B MOUIOKKE — HHYTOXKHO Majia
(xpuBas 2’ Ha puc. 3,0).

Ha puc. 4 nokasana guHaMuKa U3MEHEHHS BO Bpe-
MEHH paclpeAeieHus 3JeKTPUIECKOro IOl IPH Bapbu-
pOBaHUM YIENbHONH NPOBOAMMOCTH, OTHOCUTEIBHOW IH-
JIEKTPUYECKON NMPOHUIAEMOCTH U TOJIIUHEI JUAJICKTPH-
4ecKoro 6apnepa.

()= &, (14)

1)(10'3 abs (ot )
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Puc. 3. Pacnpenienenue IOTHOCTH IIOBEPXHOCTHEIX 3apsioB (a)
W HaIPsDKEHHOCTH JICKTPHIECKOTo MO (6) Ha IpaHuUIe
pazjena IoUI0KKa — AUDJIEKTPUUECKUI Oapbep

Ha puc. 4,a,6 xpuBsie 1 1 2 cOOTBETCTBYIOT: &=4,5,
&=3,8, 1 = 2:10"° Cm/m, %= 2:10"2 Cm/n KpuBble 1’ u
2’ — =45 638, 1=210"Cu/M, 5=2-10" Cw/m
COOTBETCTBEHHO. TOJNIIMHA TUIJICKTPUIESCKOTr0 Oapbepa
npuHsTa paBHo# 4; = 0,1 MM, ook — Ay = 0,05 Mm.
JloneBoe comepkaHHe CIIOABI B TAHHOM CIIy4ae COCTaB-
nsieT 67 % oT 00miero 00beMa KOMITO3UTHOH H30JISIINH.

BrusHEe Ha pacrpenereHue AIeKTPHISCKOrO O
OTHOCUTENIBHOM JIMANEKTPUYECKON MPOHMLAEMOCTH U
TONIIMHBEI Oapbepa Mmoka3aHo Ha puc. 4,6. Kpusse 1 u 2
COOTBETCTBYIOT XapakTepuctukaM: &=4,5, £=3,8, 5 =
=210 Cm/m, 5=2-10"2 Cw/m, iy = 0,1 mm, A, = 0,05 M.
Kpussie 17 1 2°: £=3,8, &=4,5, n = 2-10"° Cm/m,pp =
=2-10" Cm/™m; hy = 0,1 Mm, /1, = 0,05 Mm. Kpussie 17’ u
27 6=4,5, &=3,8, 1 = 2:10"° Cm/M, = 2-10"2 Cm/m,
hy = 0,05 MM, /1, = 0,1 MM.

B obnactn ManmbeIx BpeMeH IMEpeXOIHOTo IIporecca
(10 mc — 1 ¢) Ha XapakTep pacrpeneIeHus MeKTPUIECKO-
IO TOJS CYIIECTBEHHOE BIMSHHE OKa3bIBa€T COOTHOIIE-
HUE MEXIY TUIEKTPUIECKUMHU MTPOHUIIAEMOCTAMHU Oaph-
epa M MOIJIOKKYU MPU WX HEU3MEHHOW ToimuHe. B ciy-
qae, Korja & < &, HalPsDKEHHOCTh AJIEKTPUYECKOTO I10-
751 B Oaphepe MpeBbIIacT cpeaHee 3HaueHue B 1,05, B To
BpeMsi Kak B MOAJOXKe — B 1,1 pa3a COOTBETCTBEHHO
(cpaBuu kpuBsie 1’ u 2 puc. 4,6). JlaHubIil pakT 0COOCHHO
Ba)XCH IPU padOTe MOJ MEPEMCHHBIM HANPSHKCHUEM: -
ANEKTPHUYCCKUI Oapbep 00ecIeUnBaeT JUIUTSIBHYIO JICK-
TPUUYECKYIO MTPOYHOCTH KOMITO3UTHOHN H30JISIINH.

YMeHbIIIeHHE TONMIHUHBI TUJIEKTPUIECKOTO Oapbepa
(moneBoro conepkaHus) MPH YCIOBUH, UTO & > &, MPU-
BOJUT K TOBBIMICHUIO HATPSHKCHHOCTH 3JIEKTPHUIECKOTO
TOJIS, XOTS M «Pasrpy’KaeT» B IJICKTPUIESCKOM OTHOIIE-
HUH MTOIOXKKY (cpaBHM KpuBble 17 1 1° puc. 4,8).
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6 — ToJTyJIorapuGMUICCKHii MaciTad
Puc. 4. BnusiHue Ha pacnpeieseHue JIeKTPUIECKOro MoJis
IEKTPOPU3NICCKUX XAPAKTECPUCTHK U TOJIIUHBI KOMIIOHCHTOB
Ha IpaHUIe pa3Jesia MOoI0KKa — INDJIeKTpUIecKuil 6apbep

IKcNepUMeHTAJIbLHAs NPOBEPKA BINSHMSA 10J1eBO-
r0 CO/IePKAHUA CJII0I00YMA’KHOW JIEHTBI HAa JUIUTelIb-
HYI0 JJIEKTPUYEeCKYI0 MPOYHOCTH 00pa3l0B KOMIIO3UT-
HOIi BHICOKOBOJIbTHOW H30/1s1MH. J[71s1 OIpOoOOBaHUS JICHT
B OTBEP’KICHHOM COCTOSTHUM M3TOTOBJICHO IO 5 MAakeToB ¢
KaKJIOH CTEKJIOCIIO00YMaKHOH JICHTOH Pa3HON TOJIIMHBI
pa3sbIx mponsBoauteneit: 1 — 4 = 0,15 mm, 2 — h = 0,14 mm,
3-h=0,14mm,4—-h=0,18 Mm, 5—4=0,18 Mm.

MakeTsl TpeNCTaBIAIOT MEAHBIE IIHHBI Pa3MEpoOM
6x30%x800 MM, KOTOpBIE H30JUPOBAHBI Ha JICHTOM30JIUPO-
BouyHOM cTtaHke JIMCII-4 ¢ mogorpeBoM JIEHTHI 10 TEMIIe-
patypsl 50-60 °C u HatspkenueM 40-60H. Makertsl, 3a-
KPBITBIE TTAHKAMH M0 MIMPOKHM T'PaHsSM, OIPECCOBAHBI
THIPOCTAaTHYECKUM crocoboM. JlmuTenpHas 3JeKTpUue-
CKasl IPOYHOCTh TOTOBBIX MAaKeTOB ONpejesieHa IpH He-
MIPEPLIBHONM BBIAEPKKE MOJ HAMpPSIKEHHEM M3 pacuera
15 kB/MM pOMBIIIIIEHHO YaCTOTHI.

KoppekTHOCTh aleKBaTHOCTH PE3YNbTaTOB MOJIEIH-
pOBaHMS Ha IIOCTOSHHOM TOKE OSKCHEPHMEHTAIEHBIMU
HCCIIEIOBaHUAMHU Ha IIEPEMEHHOM JOIyCTUMa, T.K. B 00-
JIACTH MaJIbIX BPEMEH IEPEXO0HOT0 MPOIecca MPOsBISET-
Csl BIUSHUE, KaK OJIEKTPOPUIMUECKUX XapaKTEPHCTHUK,
TaK W JIOJEBOTO COJAEPXKAHUS AUIIICKTPHUECKOTO Oapbepa

Ha pacrpeeNicHne YIEKTPHIECKOTO IO B KOMITO3UTHOM
n30JAUH (cM. puc. 4,a-6¢) [[UIATENIbHAS DIICKTpUYCCKas
MIPOYHOCTH Ha MepeMeHHOM Toke JacToThl 50 ['11 MmeHbmIIe
B CPaBHEHUM C IIOCTOSIHHBIM 32 CYET OOJBIIUX MOTEPb,
00yCIIOBIICHHBIX TPOLIECCOM TOISIPU3ALINH |.

Ha puc. 5 npuBeneHs! pe3yiabTaTbl UCIIBITAHUN JJIU-
TEJIbHOW 3JIEKTPUYECKOW MPOYHOCTH MAKETOB B 3aBHUCH-
MOCTH OT TOJIIMHBI KOMIIO3UTHOM wu3oiauuu. HWHre-
rpajibHble (DYHKUMHM pacupesieNeHus UTUTEIbHON 3JIeK-
TPUUYECKOH MPOYHOCTU MPUBEICHBI HA PHC. 5,a, CpeHUE
3HaYeHUs — Ha puc. 5,0.

Normal Probability Plot
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Puc. 5. Biusiaue ciitoqMHATOBOTO Oapbepa Ha ATUTENbHYIO
IEKTPUYECKYO0 IPOUYHOCTh KOMIIO3UTHOM BBICOKOBOJIBTHOH
H30JISLMU 3JIEKTPUUECKUX MAIUH

hymm 0.18

Haumenpmmmii pa3dpoc 3HaueHW TPOOWBHOM 3JIEK-
TPUYECKOH MPOYHOCTH UMEIOT CUCTEMBI N3OSN TOJIIIIH-
HOH & = 0,14 MM (kpuBas 3 puc. 5,a), 4TO MOXKeT OBITH
CBsI3aHO ¢ OoJiee PABHOMEPHOM TOJIILMHOW CTEKJIOCIIONO-
OyMa)kKHOH JICHTBI 32 CYET IPIMEHEHHUS APYTOro THUIA CBS-
3yroutero. Hakion uHTerpansHoil (yHKIMH pacripejere-
HUS JIEKTPUYECKON MIPOYHOCTH MAKETOB C JaHHOW CHCTe-
MOH M30JISIIIMU CYIIECTBEHHO OTIMYAETCS OT OCTAIBHBIX
(cpaBHU KpuBYIO 3 ¢ KpuBBIMH 1, 2, 4, 5 Ha puc. 5,a).

Juis oOpasna TONIHWHOW KOMITO3UTHOM HW3OISINH
h = 0,15 mm (xpuBas 1 puc. 5,a) HaOrONAaETCA HAMOOIB-
niee 3HaYeHUE JINTENbHOM 3JIEKTPUYECKON NPOYHOCTH:
Ha ypoBHE 50 % BepOSITHOCTH CpelHEe 3HAUCHUE PAaBHO
28,75 kB/MMm (puc. 5,0). B nanHOM MmakeTe NmpHMeHEHa
JICHTAa C IMOBBIIICHHBIM COACPKAHUEM CIHOAUHUTOBOI'O
Oapbepa U CTEKIIOTKaHb MEHBIIECH TONIUHEI (B COOTBET-
CTBHMH C TEXHUYECKUM OIMCAHUEM Ha JICHTY).

BuiBoapl. Brepsble monydeHO pacripezereHue
JIEKTPUYECKOTO MO B BHICOKOBOJBTHOW KOMIIO3UTHOM
M30JIIMHN  HIIEKTPUUECKUX MAIIMH Ha OCHOBE IPEIUIO-
JKEHHOM MaTeMaTH4yecKOM MOJENM HAKOIUIEHHs MOBEpX-
HOCTHOTO 3apsfa Ha IUIOCKOM I'paHuIle paszena MOII0XK-
Ka — IIRJICKTPUUECcKuil 6apbep.
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YCTaHOBJIEHO, YTO B yCTaHOBHMBIIEMCS PEXHME Ha-
TIPSDKEHHOCTH JIEKTPHYECKOT0 TOJIS B Oaphepe MPEBBIIIAeT
cpennee 3HaueHne HA 50 % B 3aBHCHMOCTH OT 3JIE€KTPOpH-
3UYECKHX XapaKTEPUCTHK M TOJIIMHBI KOMIIOHCHTOB.

B o6nacTn ManbIX BpeMeH IEepeXOJHOr0 Iporecca
(mo 1 c¢) cymecTBeHHOE BIMSHHE Ha XapakTep pacipene-
JICHUS DJIEKTPUYECKOTO IOJsI B KOMIIO3UTHOH H30JIILUH
OKa3bIBaeT OTHOCHTEJbHAs AWDJIEKTpUYecKas MpOHHLae-
MocTh Oapbepa. [IpuMeHeHue TU3NEeKTpUIECKOro dapbepa
¢ OonplIel AUAIEKTPUUECKONH IPOHUIIAEMOCTBIO U J10JIe-
BBIM COJIEp)KaHUEM B CPaBHEHHHU C MOJJIOKKON MPUBOJIUT
K YBEJIMYEHUIO Ha 5 % HanpsHKeHHOCTH 3JIEKTPUYECKOTO
T10JIs1 OTHOCUTENBHO CPETHETO 3HAYCHUSI.

OKcneprMEeHTaNbHbIE HCCIEIOBAaHUS JUIMTEIIHLHOM
JNIEKTPUYECKOH MPOYHOCTH MAKETOB CTEKIOCIION00YXK-
HBIX JICHT B OTBEPXKICHHOM (TePMOpPEaKTUBHOM) COCTOSI-
HHH COTJIACYIOTCS C Pe3yJIbTaTaMH MOACIUPOBAHUSL.

KomnosutHas M30JMS HAa OCHOBE CTEKJIOCIIOIH-
HHUTOBOW JICHTHI C IOBBIIIEHHBIM COASPIKAHUEM CITFOIH-
HHUTOBOTO 0aphepa W CTEKIOTKaHbIO MEHBLICH TOJIIMHBI
umeeT Ha (8 — 16) % Oonee BHICOKME 3HAUCHUS UIUTEIb-
HOH 2JIEKTPUYECKON MPOYHOCTH.
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Effect of a dielectric barrier on the electric field distribution in
high-voltage composite insulation of electric machines.
Introduction. Modern high-voltage systems for composite insula-
tion of electrical machines consist of tape glass mica paper materi-
als (dry or pre-impregnated). The electrical characteristics of a
multilayer composite insulation system are determined by both the
fractional content of the individual components and their electro-
physical properties. Purpose. The analysis of the influence of elec-
trophysical characteristics and thickness (fraction) of the dielectric
barrier on the distribution of the electric field in the composite high-
voltage insulation of electrical machines. Methodology. Simulation
of surface charge accumulation at the interface between the sub-
strate and the dielectric barrier is based on the Maxwell-Wagner
theory for interfacial polarization. Practical value. The influence of
the electrophysical characteristics and thickness of the dielectric
barrier on the distribution of the electric field has been established.
In the steady state, the electric field strength in the dielectric barrier
exceeds the average value by 50 %. In the region of small transition
times (up to 1 s), the relative dielectric constant of the barrier has a
significant effect on the distribution of the electric field. The use of a
dielectric barrier with a higher dielectric constant and fractional
content in comparison with the substrate leads to an increase in
electric field strength by 5 % relative to the average value in com-
posite insulation. Experimental studies of the long-term electrical
strength of glass mica-belt ribbons in the cured (thermosetting) state
are consistent with the simulation results. Composite insulation
based on glass fiber mica tape with a high content of the mica bar-
rier and fiberglass of smaller thickness has (8-16) % higher values
of long-term electric strength. References 9, figures 5.

Key words: high-voltage composite insulation, dielectric bar-
rier, fiberglass substrate, interfacial polarization, electric
field distribution, long-term electrical strength.
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SPRING SEARCH ALGORITHM FOR SIMULTANEOUS PLACEMENT
OF DISTRIBUTED GENERATION AND CAPACITORS

Purpose. In this paper, for simultaneous placement of distributed generation (DG) and capacitors, a new approach based on
Spring Search Algorithm (SSA), is presented. This method is contained two stages using two sensitive index Sv and Ss. Sv and Ss
are calculated according to nominal voltage and network losses. In the first stage, candidate buses are determined for installation
DG and capacitors according to Sv and Ss, Then in the second stage, placement and sizing of distributed generation and
capacitors are specified using SSA. The spring search algorithm is among the optimization algorithms developed by the idea of
laws of nature and the search factors are a set of objects. The proposed algorithm is tested on 33-bus and 69-bus radial
distribution networks. The test results indicate good performance of the proposed method. References 30, tables 4, figures 4.

Key words: DG placement, capacitor placement, distribution network, SSA, sensitive index, two-stage simultaneous placement.

Llenv. B cmamobe 0na 00HO8PEMEHHO20 pa3mMeUuieHUA PACHPEOeSIeHHOI 2eHepayun U KOHOEHCAmopoe npedCcmasien Hoeblil no0xoo,
OCHOBAHHBLIL HA «NPYHCUHHOM) anzopumme noucka (Spring Search Algorithm, SSA). /[annviii memoo cocmoum u3z 06yx 3manog c
ucnonvsoeanuem 06yx nokasameneii wyecmeumenvrocmu Sv u Ss. Iokazamenu uyecmeumensnocmu Sv u Ss paccuumoléaiomcs 6
coomeemcmeun ¢ HOMUHANLHLIM Hanpsaxcenuem u nomepamu 6 cemu. Ha nepeom smane onpedensiomca wiunvl-kanouoamst ons
YCMAHOGKU PACNPEOeNieHHOU 2CHEPAYUU U KOHOCHCAMOpog co2nacHo Sv u Ss. 3amem, Ha 6mopom mane pazmewjenue u Kanuoposka
pacnpeoenennoil 2eHepayuu U KOHOCHCAMOPOE6 6bINOTHAIOMCA ¢ UCnONb306anuem anzopumma SSA. «llpyscunnvlivy anzopumm noucka
6X00UM 6 YUCTIO ANZOPUMMO8 ONMUMUZAUUL, PA3PAOOMAHHBIX HA OCHOGE UOeHl 3AKOHO08 NPUPOObl, A YaKmopsl NHOUCKA NPEOCMABAIOM
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Introduction. Lately, electricity trading and
connecting distributed generation (DG) to the distribution
network has been placed under private investors’ scope of
interest. Besides, placing capacitators within medium
voltage networks is a paramount factor, which is noticed
highly by distribution companies. Noticeably since the
DG and capacitor are related to each other as sources of
active and reactive power, performing their placement at
the same time makes more optimal solution found.

Placement of DGs. The distribution system planning
requires DGs to be placed properly within the distribution
system. In definition, DG known as a small generator is
responsible of generating Stand Alone and On Grid
electricity [1].

In placing DGs, some methods can be used. [2, 3]
refers to the sizing and analytical method by which DGs
can be placed and sized properly. The objective function
of the mentioned reference is minimizing the loss. In [4],
DGs are placed by considering some objective functions
known as increasing the spinning reserve, improving the
voltage profile, decreasing the load flow and decreasing
the transmission loss. In [5], based on the fuzzy logic the
algorithm known as Bellman-zadeh is used for DGs
placement. Reference [6], uses the load flow method by
applying the voltage profile and the power loss such that
it computes some objective function optimal paramount
factors first, then decreases the transmission loss and
finally improves the voltage profile. The method of DGs
placement in [7], is based on the voltage stability analysis
known as a security measure. It is proper to mention that
energy efficiency can be improved by applying two
strategies known as conservation voltage reduction (CVR)
and DG integration. In [8], CVR and DG placement are
studied to find their interaction in minimizing the load

consumption of distribution networks. It is noted that the
afore-mentioned process is performed by keeping the
lowest voltage level within the predefined range. [9],
refers highly to the economic and network-driven DG
placement planning. Its viewpoint is from the local
distribution company (DISCO) considering reliability
level and the electrical distribution network power loss.

Placement of Capacitor. Capacitators have long
been applied within the industrial plants and commercial
establishments for the purpose of a power factor (PF)
improvement. Besides, electric utilities use capacitator to
control the feeder voltage and to improve the distribution
system efficiency. Based on studies conducted in recent
decades [10-22], there are different models and
mathematical solution techniques for the capacitator
placement. More elaborately, Schmill [19], applied a
uniform characteristics feeder comprising a uniform load
distribution. He used the two-thirds rule that is he used a
single capacitor along with the two-thirds of the feeder
length. In [12], dynamic programming (DP) was used by
Duran to arrive at the optimal solution.

However, the application of a uniform load and a
fixed conductor size was abolished by Grainger and Lee
[16], who searched to find the optimal solution by
dividing the problem into three sub problems known as
size, switching time, and location. Noticeably, these
phases were successively solved. In [18], load data were
gathered from the distribution feeder by Rembert and
Rinker who used a reactive current recorder to compute
the instantaneous apparent and reactive currents.
Moreover, in order to find the optimal solution
Sundhararajan [21], applied a directed grid search method
to decrease the number of candidate nodes such that by
rejecting other nodes, the top two or three nodes in each
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lateral branch were merely used. Xu [22], in his method
of capacitor banks placement could reduce the power loss.
Indeed, the low-side of transformers was considered a
proper location for the capacitor bank. Some other
important factors were taken into account by Kaur [15],
like cost, size and location of capacitor bank. Ultimately,
he could compensate the reactive power demand by using
the load. An integrated optimization method enjoying a
sequential strategy and multi objectives was proposed and
then applied by Su [20], who could optimally place and
then control the delta-connected switched capacitors.

Simultaneous placement of DGs and Capacitors. A
more optimal solution can be achieved if DGs and
capacitators are placed properly at the same time. This
ideal motivated many researchers to seek its performing
procedure such that in [23], this ideal was sought within
the radial distribution network with different load levels.
The same investigation was done in [24], In this study
through the simultaneous placement of DG and capacitor
in a radial distribution network, researchers aimed to
arrive at the optimal quantity, placement, and sizing. To
fulfil this aim, researchers chose a new manner as the
multi  objective  optimization  problem,  which
encompassed the DG units', and capacitors' costs, power
losses, and voltage stability margins. This problem
performing process was to apply a developed genetic
algorithm as the first stage in the proposed hierarchical
optimization strategy. The other type of simultaneous
capacitor banks and distributed generation allocation
comprising the stochastic nature of DG was done in [25],
in which the Tabu -search and genetic algorithms-based
efficient hybrid method was proposed.

Likewise, in the present paper, a new method is
suggested to simultaneously allocate DGs and Capacitors
in distribution systems. Accordingly, concerning the
nominal voltage of buses and network losses, two new
sensitivity indexes are introduced. The first index is called
the sensitivity index of voltage (Sv) which is based on the
buses nominal voltage. The second one is the sensitivity
index of losses network, which is related to the network
losses. The present methodology operates within two
stages; in the first one, candidate buses are chosen to
install DG and capacitators concerning both sensitivity
indexes of Sv and Ss; though, in the second stage, DG and
capacitators placement and sizing are done by applying
SSA. It is proper to mention that, the present study is
indeed a case study using IEEE 33-bus of [7] and 69-bus
of [25] and results are reported as well.

Problem Formulation. Minimizing the overall
system loss and improving the system voltage profile are
indeed two principal objectives of DGs optimal sizing and
placement. Noticeably, in this process the bus and branch
number must be minutely adjusted to find the answer of
the load flow distribution (Fig. 1).

The process of branch numbering is as follows:

e choosing the root, swing or the slack bus when the
main source is connected;

e ordering layers from the first layer of tree in which
all branches connected to root bus;

e labelling the second layer of tree, which is connected
to the first layer receiving end bus and so on.
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Fig.1. IEEE 33-bus distribution network (a);
IEEE 69-bus distribution network ()

In an assumed IT model of the network in which I
branch is attached to & bus in one hand and to the m bus
on the other hand, & bus is closer to the root bus that is the
net power goes from k to m bus. Fig. 2 represents the
power flow through the series impedance of the branch.
These flows are represented in (1) and (2), elaborately.

Pl +0} PL + Q"
e - -
P+, PetjQ
i | —
— — —> P + 0,
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L | :nl Yi Yi
i+ 2 2| Ph+idk
Fig. 2. IT model of a network
P=pP:+pPl-Pl, (1)
! L F 1 2 )i
0, =0,+0n —0n -V, =, 2)

m

2
where L, F' and [ subscripts represents the load, the flow
and the injection respectively. Branch i let the power flow
near bus k. This passage can be formulated as

pop—per Bt 3)
VZ
" + Y:
0=0; -Vf ”’ g+ x, O Q’ V;?Z’ )
m

In order to calculate the power flow quantity in each
branch of tree, it is computed recursively in a
backward/anti clock-wise direction. Thus, the bus m
complex voltage is computed as

1- &)

v :|:Vk _hR ZQ;‘%]_{PI' X _*QiRl
Vi Vi

The strategy of finding the magnitude and angle of
all buses voltages of the tree is to compute this complex
voltage in a forward direction.
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This computation is done iteratively again and again
till the voltage difference at loop breaking points
(breaking points of the tree) is placed within the
acceptable limit. Hence the branch 7 active power loss
(Py,) and reactive power loss (Q;;) are measured as

" ! P.'2 + QV2
Pi=F -F =R———, (6)
Vn’l
o
" ' P-+ Q
QLi:Qi_Qi:Xi%~ (7
Vm

Accordingly, quantities of the system net active,
reactive and apparent power loss are

N

PL :ZPLi N (8)
i=1
N

01 =201 ©)

i=1
1
s, = P2+ 2], (10)
where S; is the distribution system apparent power loss.

As mentioned, the major objective of the present
problem is to minimize the net power loss and modify the
voltage profile of the system. It is proper to re-mention that
the present paper seecks some other minor objectives like
optimal sizing and placement of DGs and capacitators.

SSA or the spring search Algorithm optimization
technique is known as a robust and a very few user
dependent parameter which has a very good convergence
characteristic. Besides, it doesn’t stagnate at the local
minima. This characteristic is the major reason of
selecting SSA to minimize the system the net power loss
and to modify the voltage profile.

Methodology. In this study, stimulatory placement
and sizing of DG and Capacitors are determined in two
stages base on two sensitivity indexes.

Sensitivity indexes Sv and Ss are defined as

~ NB
Sv/ =S -1, (11)
i=1
Ss/ =&, (12)
ST

where Sv/ is the sensitivity index of voltage in perchance
Capacitor in Bus j, NB is the number of buses, Ss” is the
sensitivity index of loss power in perchance DG in bus j,

Si is the apparent power loss in perchance DG in bus j,

and Sf is the apparent power loss in base case.

First stage. DGs and capacitors must be installed at
the appropriate position. This position must have an
acceptable impact on the characteristics of the network.
So it is important to identify a suitable location for
installing DGs and capacitors. In the first stage, candidate
locations are determined. For this purpose Sv and Sv for
all buses are calculated. Then, priorities of each bus for
installing DG and capacitor are identified according to the
Sv and Ss.

Second stage. In the first stage, priorities of buses
are determined. Prioritization of Buses makes the search

space reduces and also increase accuracy. Now size and
place of DGs and capacitors should be determined. For
this purpose SSA is used. The objective function
introduces as

objective function =k Ss" +kySv" ,
kl + k2 =1,

(13)
(14)

where k; and k, is the weight factors, Sv" and Ss” are
the normalized sensitivity indexes.

The Spring Force Optimization [26, 27].
Optimization algorithms have been used in many
applications in electrical engineering [28] such as
operation of electrical energy [29] and energy
management [30].

The SSA algorithm is explained in two phases:
1 — making an artificial system with the discrete time in
the problem atmosphere, the initial positioning of objects,
determining the governing laws and principles, and
arranging parameters, 2 — passing the time until arriving
at the stop time.

Forming system, determining the laws, and
adjustment of the parameter. In the first step, the system
atmosphere is determined. This atmosphere includes a
multi- dimensional coordinates within the problem
definition atmosphere. Any point in the space is the
answer to the problem. Searching factors are a set of
objects, which are attached to each other by springs.
Indeed, each object is attached to any other objects by
means of spring, and each object has the characteristics of
the springs’ position and stiffness coefficient attached to
it. The object position is a point in the space where it is a
solution of the problem. The springs’ stiffness coefficients
can be determined concerning the suitability of any two
objects attached to one another.

After making the system, its governing laws are
determined. It is supposed that the governing laws are
merely the spring law and the motion law. The general
schematic of these laws are approximately similar to the
nature laws and it is defined as below:

The spring force law (Hook law). In physics,
mechanics and the elastic material science, the spring
force law is an approximate which shows that a material
length change has a linear relationship with its imposed
force. Most materials follow this rule with a good
(acceptable) approximate till the imposed force is lower
than their elastic ability. Any deviation from the Hook
law can be increased by increasing deformations such that
in many deformations when the material trespasses the
linear elastic domain, the Hook law loses its applicability
[23, 24]. In the present article, it is supposed that the
Hook law is always satisfied.

The motion laws. The present movement of each
object equals to the coefficient sum of the object last
position and its dislocation. Any object dislocation can be
determined concerning the spring force law [23].

Now assume the system as a set of m objects. The
position of each object is a point in the space where it can
be the answer to the optimization problem. In equation

(15), the d position of 7 object is shown with xld

1 d n
Xi = (xi geres Xj peeny X )

(15)
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At first, the objects position is defined within the
problem definition atmosphere randomly. These objects
pave the way to arrive at the balance point (solution)
concerning forces imposed to each other by spring.

In order to compute the spring stiffness, equation
(16) is used

K; ;=K |Fa —F max(F,;',an ) (16)
where Kj; is the spring stiffness between i and j objects,
Kn.x represents the maximum quantity of the spring

stiffness which is determined regarding the problem type,

max

F, shows the normalised objective function, and F,f,Fnj

are the normalised objective functions of i and j objects.
In order to normalise the objective function,
equations (17) and (18) are used:

i
F'l' _ fobj . (17)
n . )
min fobj
Fi= min(F,;" )xi , (18)
Fl

n
where f,; is the objective function and foibj is the

objective function quantity of object i.

In a problem with m variables, it is possible to
suppose that the problem has m dimensions; hence, it is
possible to define a coordinate for each dimension; thus, it
is plausible to depict the equivalent of any system
variable on the related coordinate. On each coordinate, the
robust/strong points of the right side and left side of the
object are determined concerning the comparison of the
objective function quantity. The robust/strong points of
each object are indeed those objects, which are in fact in a
more optimal position, rather than the object itself.
Therefore, on each coordinate, two total sum forces are
imposed to the object: the right side sum forces and the
left side sum forces. In order to compute these forces,
there are

d
R
Jd Coxd
FtotalR _ZKI,Jxl,J > (19)
i=1
j,d nZI d
J> —
FtotalL _ZKl,jxl,j > (20)
I=1

and Fj’d

are the resultant
totaly

. Jd
where, respectively, FtotalR

force imposed to object j from the right and left side at the
dimension d; »§ and n?are respectively the number of

right and left robust/strong points of dth dimension; Kj;
and K;; show the spring stiffness connected to j object on
one hand and the strong points on the other hand.
Now by applying the Hook law in dth dimension,
there are
J.d
totalp
J
equalp
Jd
total;
J
equaly

dx i = : 1)

dx {4 = , (22)

where dX Ije.’d and dX ]{’d are respectively the j object

dislocation to the right and to the left in the dth
dimension.
Therefore, there is

dx /4 =ax 4 v axi, (23)
where dX"is the j object ultimate dislocation along with
the d dimension.

This dislocation quantity can be positive or negative
concerning equation (23). Now, there is

X0 = x4y xdx (24)

where X is related to the new balance point place and
time of the j object in the d dimension; X({’d is the j

object initial balance point along with the d dimension.
Here, there is a random number with a constant
distribution within [0,1] time span which is used to keep
the random mode of the search.

The passing of time and the parameter updating. At
the beginning of the system formation, any object is
randomly placed in a point in the space where it is the
answer to the problem. At each moment of the time,
objects are assessed and then their dislocations are
computed after calculating equations (16) to (23). At the
later time, the object holds a place at that position. The
present used parameter is the spring stiffness coefficient
which is updated at each level based on equation (16).
The stop point can be determined after passing a definite
time. The spring force algorithm different steps are shown
as below:

1. Determining the system atmosphere and the
allocating the initial quantities;

2. The initial positioning of objects;

3. Assessing and normalising the objects suitability;

4. The k parameter updating;

5. Forming the spring force and motion laws for each
object;

6. Computing the values of objects dislocations;

7. Updating the objects positions/locations;

8. Repeating steps 3 to 7 till the stop point is satisfied;

9. Ending.

Simulation result. In order to simulate the proposed
problem, the IEEE 33-bus and IEEE 69-bus radial
network is used. The networks data, including the
resistance and reactance of the lines and the loads
connected to nodes, were presented in [7, 25]. In order to
show the importance of studying the simultaneous
placement and sizing of the DG units and the capacitors,
first, for the proposed networks, placement, and sizes of
the DG units and the capacitors are presented separately,
and finally, the simultaneous placement and sizing of the
DGs and capacitors is determined and the results are
compared.

Placement and sizing of DG. In this section,
placement and sizing of DG units regarding the minimum
value of the problem objective function are defined. The
results for this case are shown in Table 1.

Placement and sizing of Capacitor. In this section,
placement and sizing of capacitors regarding the
minimum value of the problem objective function are
defined. The results for this case are shown in Table 2.
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Table 1
Placement and sizing of DGs
Network Capacity (kW) Bus No.
1987.1971 14
33-bus 656.4803 30
203.0234 31
958.3215 60
69-bus 245.2561 61
260.4957 62
Table 2
Placement and sizing of Capacitors
Network Capacity (kVAr) Bus No.
551.1281 14
33-bus 986.8425 30
746.4401 64
69-bus 6543891 65

Simultaneous placement and sizing of DG and
Capacitors. In this section, placement and sizing of DG
units and capacitors regarding the minimum value of the
problem objective function are defined. The results for
this case are shown in Table 3.

Table 3
Placement and sizing of DGs and capacitors
Network | Capacity (kW) | Bus No. | Capacity (kVAr) | Bus No.
504.8423 14 892.5297 12
33-bus 489.5621 16 344.2624 30
750.3225 32 - -
893.2986 60 786.5941 24
69-bus 221.2428 61 702.4423 25
857.5422 62 — -

Losses and Sv of the system different case of study
are shown in Table 4. The voltages profile of network
before and after the installation of the DGs and capacitors

are shown in Fig. 3 and Fig. 4.
Table 4
Losses and Sv of the network

Network Case study Power losses (kVA) | Sv
Base 243.6003 1.7009
IEEE DG 106.5249 0.5301
33-Bus CAPACITOR 155.1845 0.7368
DG and CAPACITOR 78.6582 0.2162
Base 247.0873 1.8367
IEEE DG 83.7836 0.5513
69-Bus CAP 158.5726 0.7068
DG and CAPACITOR 29.6673 0.1278

Discussion. According to the above simulation
results, the operation from the network that is in the
presence of DG provided better conditions than the
operation in the presence of the capacitors, which shows
that the role of DG is more effective than that of the
capacitors. Also, the simulation results show that the
optimal operation of the network occurs in the
simultaneous expansion planning of DGs and capacitors.
Comparing the results, it is obvious that optimal operation
from the network is obtained by the simultaneous
placement of DG units and capacitors.

Conclusions. In this paper, we have presented a new
approach for simultaneous placement and sizing of
distributed generation and capacitors. Two sensitive
indexes has been defined based on voltage profile and

power loss of the network. Proposed methodology has
been implemented in two stages. In the first stage, the
candidate buses for installation DG and capacitors has
been determined. Then in the second stage, the places and
sizes of the DGs and Capacitors have been located using
SSA. The proposed algorithm is tested on IEEE-33 bus
and IEEE-69 bus distribution system. The voltage profile
and power loss of the system has improved to acceptable
limit.
Voltage Profile
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