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E-mail: ivanovatonya@tpu.ru

B Hacrosmielt pabote HcCIEOyIOTCS TeMIepaTypHbIE PEXXHMBI JIEH-
TOYHOW HAMOTKM MOMEHTHOI'O JIBUraTeis, KOTOpas IpeICTaBIseT
co00i1 HOBBII BapUAHT aKTHBHOTO JJIEMEHTa WCIIOJHHUTENBHBIX YCT-
poiicTB. MccnenoBanus NpoBOAWINCH C 1I€JIbIO BBISICHEHUS BIUSHUS
BEJINYMHBI U JJIUTEIFHOCTH NPOTEKAaHHUS TOKa HAa TEMIIEpPAaTypHBIC U
MOMEHTHBIE XapaKTEPUCTUKH MOMEHTHOTO JIBUTaTeNs, paboTaromero
B HMITyJIbCHOM pexkumMe. MccienmoBaHns HOCSAT aHAIMTHYECKUH Xa-
paKTep ¥ BBINOJIHEHHI C IIOMOIIBIO MPOTPAMMHOIO TIPOAYKTa
COMSOL Multiphysics. B pesynbrare ucciieoBaHUi MOTyYeH Xa-
paKTep pacmpeeNieHns] TEMIIEPAaTyPHBIX M0JIEH B JIEHTOYHOH HAMOTKE
MOMEHTHOT'O JIBUraTels MPU pPa3MuHbIX BapHaHTaX YCTaHOBKH Ha-
MOTKH B JBHIaTellb, & TAK)KE NPU BBIMOJHEHUH JOIOJHHUTEIBHBIX
BBIPE30B, HEOOXOMUMBIX Uil (DOPMUPOBAHUS 3aJaHHOW (QYHKIHO-
HaJIbHOM 3aBHCHUMOCTH MOMEHTHOW XapaKTEepUCTUKHU apurareis. Jis
BCEX CJIy4aeB KOHCTPYKTUBHOT'O HCIIOJIHEHHUSI PACCMOTPEHO BIIHSHHE
BEJINYMHBI U JUTUTEIBHOCTH MTPOTEKAHHsI TOKA HA CHUIIOBYIO (MOMEHT-
HYIO) XapaKTepUCTHKY IBUraTeis. [IpomeMOHCTpHpOBaHBI BO3MOXK-
HOCTH TIPUMEHEHHS IPEIJIOKEHHON METOIWKH HCCIENOBAHUS IIPH
pacdere u MPOCKTHPOBAHUH MOJOOHBIX IBUIATEIICH.

KiroueBble ciioBa:

QJICKTPOMEXAHUYECKUX DJICMCH-

v JleHTOuHasd HaMOTKa, MOMEHTHBIH JIBUTATENlb, AaHAIUTHUYECKUE
TOB IPUOOPHBIX YCTPOMCTB.

uccinenopanuss, COMSOL, temnepaTypHBIH pEXUM, CHIOBas
I XapaKTECpuCTHUKa, TCIIJIOOTBO.
|

OnHUM U3 SKCIUTYyaTalMOHHBIX NPEUMYIIECTB MOMEHT-
HOT'O JBUTATENIl C JICHTOYHOM HAMOTKOH SIBJISIETCA BO3MOX-
HOCTb IPOITyCKaHMsI 1O MOCJCAHEH A0CTATOYHO 0O0JbIIoro Toka. HeoOXoauMelil XxapakTep MmpoTeKa-
HHS 110 HAMOTKE TOKa 00YCJIOBJICH HaJIM4neM OOKOBBIX BbIpe3oB [1]. B MecTax, r/ie BbIIOJIHEHBI TaKHe
BBIPE3bl, IPOUCXOJUT PE3KOE YBEIMUYEHHUE IJIOTHOCTU TOKAa M UHTEHCHUBHOE BblJENEeHHUE TeIuia. [1oBbI-
HIEHHas] TOKOBasi HAarpy3ka paccMaTpUBaeMOro JBUTATENS OOBACHSIETCS TeM, YTO BOJHM3H 30H TOBBI-
HIEHHOTO TETUTOBBIICCHUS HAXOATCS 00JIacTH, B KOTOPBIX ATO TEIUIO TOTJIOMIAETCS H PACCENBACTCSI.
Ha nepBoHa4YapbHOM 3Tarie MPOBEICHUS IKCIIEPUMEHTAIBHBIX MCCIIeI0BaHu [2] Ha OJMHOYHBIX JJ1e-
MEHTaX HaMOTKU (IUIaCTWHAX) MOJyYeHbl AAaHHBIE, IMOKA3bIBAIOLIME, YTO AAXKE NMPH 3HAYMTEIBHBIX
IJIOTHOCTSIX TOKA B MECTax CY>KE€HHUS JICHTbI TEMIIEPATYPA €€ OTIEIbHBIX YUYACTKOB HE IPEBBILIAET J10-
MYCTUMBIX 3HaUY€HHH, TOA KOTOPBIMH MPEANONarajich BEIUYUHBI, COOTBETCTBYIOMINE OOJBIINHCTBY
M3OJIALIMOHHBIX MIEKTPOTEXHUUECKUX MAaTEPUATIOB.

Crnenmyrommii 3Tamn 3aKJIIOYaeTCsl B MPOBEJCHUH aHAJUTUYECKUX HCCIENOBAaHUM TeMIiepaTyp-
HOTO MOJs HAMOTKH. ITociieIHIOI0 MOXHO B KOHCTPYKTHBHOM IUIAHE IIPEACTaBUTh COCTOSIIEH U3 MO-
CJIEZIOBATEIILHO PACIIONIOKEHHBIX BJIOJb OKPY)KHOCTH OTIENIBHBIX MAaKEeTOB IJIACTHH, OO0JIaJalonIux
WJCHTUYHBIMU XapakTepUCTUKaMu. [103TOMy 1OCTaTOYHO PaCCMOTPETH TEIJIOBBIE NIPOLIECCHI B OJTHOM
MaKeTe ¥ IMOJlydYeHHBIE Pe3yNbTaThl PACTIPOCTPAHUTE HA JAPYTHe 3JeMEeHTH HaMOTKH. C LeIbio yIpo-
IICHHA 33/1a4dl IPUHUMAeM IUIOCKYI0 T€OMETpHIo naketa. CuMTaeM TakXkKe, 4TO TOKOBBIC JIMHHH OT-
JeNIBHBIX CJIOEB MakeTa (OTHENbHBIX IUIACTHH) HE MEPeXOsiT M3 OAHOro cios B Apyroi. Ilpu stom
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HPEAOJIOKEHUN H30JIALUEeNH MEX Iy IJIaCTUHAMU IIpeHeOperaeM, U B MaTeMaTH4eCKOM MOJEIH MaKeT
NpEeACTaBIseT COO0H CIUIOMIHYI0 CTPYKTYPY C OIHOPOAHBIMH (DU3NYECKUMH XapaKTEepUCTUKAMH, K
KOTOPBIM B TIEPBYIO OYepelb CJEeAyeT OTHECTH TEeIUIONPOBOIHOCTh. [laHHOE NpeAsioKEeHUE BIIOJIHE
JOITyCTUMO, €CIIH CUUTATh, YTO IEKTPUUIECKAsl N30JIALMS IIJIACTUH IPEACTABIACT COO0M TOHKHM CI0i
OKHCJIa MeTajla, U3 KOTOPOr'O BBIMOJIHEHBI 3TH IUIACTUHBI; NMPH PELICHWH MOCTaBIECHHON 3agauu
MPEAIoIaraeTcst UCTIONb30BaTh ME/Ib.

AHanuTHYECKHE HCCIIEN0BAaHUs NMPOBOMWINCH C HMCIOJIB30BAHHEM IIPOIPAMMHOIO IPOIYKTa
COMSOL Multiphysics B MyabTuGH3HYHOM peXHME C HCIONb30BaHHeM Mmoxysst Heat Transfer —
Joule Heating. TIpeamonaranoch, 4T0 paccMaTpUBAeMBbIi MakeT cOoCcTOMT M3 100 MIaCTHH TOMIIHHON
0,1 MM, mmao# 100 MM 1 BeIcOoTO# 50 MM. Tlo KaXkI0¥ TIIACTHHE TPOITyCKAaeTCsl HAYaIbHBIH TOK Be-
manHo# 50 A, a cymmapso 1o makety miacTaH — 5000 A. Tak kak 01HO W3 BO3MOYKHBIX TPIMEHEHUH
MOMEHTHOTO JABHTaTeNs — UMITYJIbCHBI MaxOBHK, TO BpeMs MPOTEKaHHUA TOKa IO MaKeTy 3aJaBajioch
He Oonee 1 c. B mpouecce nccnenoBannii paccMaTpUBaIUCh Pa3IMuHble BAPUAHTHI YCTAHOBKU B JIBH-
raTenb JEHTOYHON HaMOTKH M, COOTBETCTBEHHO, CIIOCOOBI 3akperureHus makera (puc. 1-4). Ha yka-
3aHHBIX PUCYHKAaX ITOKa3aHbl TEMIICPATYPHBIC II0JIA IMAKETOB IIJIACTUH IIOCJIC MNPOIMYyCKaHUA IO HUM
TOKa B TEUEHHE MPOMEKYTKa BpeMeHu 1 c. PaccMoTpeHsl ciydam, KOTAa TEMIO0TBOJ OTCYTCTBYET
(puc. 1); makeT ycTaHOBJIEH HA MaCCHBHOM TEILUIOOTBOME (pHC. 2); MAKET 3aKpervieH Ha TEIIOOTBOIE
T-o0pasHoro ceueHusi, Macca KOTOpPOro paBHa Macce MacCHBHOro TerwioorBoza (puc. 3). Ha puc. 4
IMIPCACTABJICHA KapTUHA TEMIICPATYPHOI'O IIOJIA IMaKeTa C JOIMOJIHUTCIIbHBIMU BBIPE3aMU, HCO6XO)II/IMI)IMI/I
1u1st GOPMHUPOBAHHUS 33 JAHHOM (YHKIIMOHAIBHOW 3aBUCHMOCTH MOMEHTHOM XapakTeprCTHKH [3].

AHanu3upys TeMIepaTypy 10 OKOHYaHUH UKJIa IPOTEKaHHUs TOKa, CIIEAYyEeT OTMETHTh, YTO €€
MaKkcHUMalbHOE 3HaueHue He npesbimaeT 80 °C, 4To A yCIOBUM SKCIUTyaTallii YIOMSHYTOT'O BBIIIE
MaxOBHKa HE ABJISICTCA CCPLE3HBIM MPCIIATCTBUCM.

Surface: Temperature (K)
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Puc. 1. Pactipesienienrie TeMriepaTypHOTO TOJIS B TAKeTE TUIACTHH MIPH OTCYTCTBHH TETNIOOTBOIA
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Time=1 Surface: Temperature (K)
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Puc. 2. Pacnpenenenue TeMnepaTypHOro moJisg B HaKeTe MJIACTHH, YCTAHOBJIEHHOM Ha MacCHUBHOM
TEIUIOOTBOE

Time=1 Surface: Temperature (K]
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Puc. 3. Pacnipesienenue TeMnepaTypHOro MoJisi B MaKeTe MIACTHH, 3aKPETICHHOM Ha TertooTBoje T-
00pa3HOro ceYeHus
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Time=1 Surface: Temperature (K)
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Puc. 4. Pacipeienienie TeMiepaTypHOTro MoJisl B MaKeTe IUIACTHH C JOTIOJHUTEIbHBIMU BBIPE3aMU IIPU
OTCYTCTBUH TEIJIOOTBOJIA

B mpormiecce mpoTekaHus TOKa MJIACTHHBI HATPEBAIOTCS, MEHAIOTCS UX OMHUYECKOE COIMPOTHUB-
JIeHWe, BEIMYMHA TOKA, 2 B KOHEYHOM HTOTE W CHJIa, pa3BUBaeMasi MEKAYy TOKaMHU B TIAKETE U MCTOY-
HHUKOM MaraHuTHOro moToka [3]. C 1enbio BhISCHEHHS BIMSHUS HarpeBa Ha BEJIWYMHY Pa3BUBACMOI
CHUITBI OBLIT TIPOBEICH pacueT MOCIeTHEH B HCXOTHOM («XOJOJHOM») COCTOSTHUH U TTOCIIE IIHKJIA MTPOTe-
KaHus Toka. Ha puc. 5 moka3zaHa 3aKOHOMEPHOCTh M3MEHEHUS CHIIBI TIO JUUTMHE MMaKeTa B MCXOIHOM
COCTOSTHHM (PacCMaTpPUBAOTCS MAKEThl 0€3 JIOTMIOTHUTEIBHBIX BBIPE30B).
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Puc. 5. XapaKTep HU3MCHCHUS CHUJIBI 110 AJIMHE IMaKe€Ta B HCXOJHOM COCTOSHHHU

Ha puc. 6 npoeMOHCTPUPOBaHbI 3aBUCUMOCTH OTHOCUTENLHBIX W3MeHeHuid f cuibl B koHIE
1uKiIa nporekanus Toka. [lapamerp f onpenensercs cnenyronmm o6pasom:

f = Fri — Fi
| Fri ,

rue FHi, FK — 3HAYEHHs PAa3BMBAEMBIX CHJI B TOUKE | I10 JUIMHE MAKETa B Ha4ajle [UKIJIA IPOTCKAHMUS

TOKa U NPH ero OKOH4YaHWH cooTBercTBeHHO. [lapamerp f, orHocuTCs K makery ruiactu Ge3
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TeroorBona, f, — k makery Ha MaccuBHOM TemmooTBoze, f, — k makeTy, KOTOpBIil ycTaHOBICH Ha

TETI00TBOAE ¢ T-00pa3HBIM CEUYCHUEM.
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Puc. 6. OTHOCUTENBHBIE H3MEHEHHUS paSBI/IBaeMOf/'I CHJIBI B KOHIIC LIMKJIAa IPOTECKAHUA TOKA

AHaJorn4HbIC MCCIIE0BAaHU OBUIM MPOBEACHBI U IS TAKeTa C JOTOJHUTEIHHBIMA OOKOBBI-
MU BeIpe3amMu. Ha puc. 7 mokasaHbl 3aBUCUMOCTH Pa3BHBAaEMOM CHJIBI B Hayalle LUKJIA MPOTEKAHUS

TOKa FH " IIpH €TI0 OKOHYaHHUU FK . I[aHHI:Ie 3aBUCUMOCTH OTHOCATCH K CIIydar0 UCCICAOBAHMs IMaKe-

Ta 0€e3 TEIIO0TBOA.
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Puc. 7. 3aBUCUMOCTH H3MEHCHUS pa3BHBaCMOﬁ CUJIBI IMaKETOM C IOIIOJHUTEJIIbHBIMU BBIPpE3aMU B
HavaJi€ 1 OKOHYaHUHW LUKJIA IIPOTEKaHUA TOKa

rpa(bI/IKI/I OTHOCHUTCJIbHOT'O U3MCHCHU CUJIBI IIPHU MCIIOJIB30BAHHUU TCIJIOOTBOAOB IPUBEICHDBL
Ha puc. 8. O603HaueHus U1 3TUX IpaKOB aHAJIOTMYHbI IPUBEICHHBIM Ha pHUC. 6.
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Puc. 8. OtHOCHTEIbHBIC U3MEHEHHS PA3BUBACMOM CHIIbI B KOHIIC IIMKJIA TPOTEKAHUS TOKA JIJIS IaKeTa

C JOIIOJIHUTCIbHBIMU BbIpE3aMU
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OmnpeneneHHBIl WHTEPEC MPEACTABISIET 3aKOHOMEPHOCTh pPAaCHpeleieHrs] TeMIepaTypsl o
TOJIIMHE MAKeTa B HauOoJsiee ero TeIUIOHATPSDKEHHON 30HE — B paiioHe paciojoskeHus 1ekTpona. Ha
puc. 9 moka3aHbl TOYKH, B KOTOPBIX PACCUUTHIBAIACH TEMIICpATypa MakeTa MOCie MUKIA TPOTCKAHUS

TOKa.
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Puc. 9. Touku uzmepeHus TeMIIepaTypbl OKOJIOAIEKTPOJIHOTO POCTPAHCTBA TAKETa

XapakTep U3MEHEHHsI TeMIlepaTypsl npeacTasiieH rpadukamu puc. 10, KoTopblie npencTaBis-
10T CO00I1 3aBUCUMOCTH B CIIydae NMPUMEHEHHUS MaCCHBHOTO TEIJIO0TBoAa (KprBas 1) u TemnooTBoaa ¢
T-00pa3HbIM ceueHneM (KpuBasi 2). YKa3aHHbIE XapaKTEPUCTHKH OTHOCSATCS K MCCIIEOBAHMIO TTaKeTa
0e3 JIONOJTHHUTENLHBIX BBIPe30B. KoopanHata A OTCUHMTBHIBAETCS BAOJb TONIIMHBI TTAKETa OT IIOCKO-

CTHU COIMMPUKOCHOBCHUS C TCIIJIOOTBOJOM.
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Puc. 10. 3aBucumoctu pacnpeacjaCcHud TCMIICPATYPhI B OKOJIO3JICKTPOAHOM IMPOCTPAHCTBE MMAKETaA 0e3

JOIIOJIHUTECIIbHBIX BBIPE30B
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AHaNOTHYHBIC UCCIIEIOBAHUS MPOBEACHBI U /U MaKeTa ¢ JONOJIHUTEIFHBIMH BBIPE3aMHU; pe-
3yJbTaThl 0TOOpaXkeHsbl rpadukamu puc. 11.
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Puc. 11. 3aBucuMocTH pacipeqefieHus TEMIEPaTypbl B OKOJIOAIEKTPOAHOM MPOCTPAHCTBE MaKeTa
JIOTIOTHUTENBHBIMU BBIPE3aMHU

OO6paTuM BHUMaHWE Ha HAYAIBHBINA MEPHOJT BPEMEHHU MPOTEKAHUSI TOKA B OKOJIOAJIEKTPOIHON
30HE TUIACTHHBL. B MOMEHT moiaun ToKa pactpeaeieHue 1o MIaCTHHE 3JIEMEHTapHBIX TOKOBBIX JTMHUHN
OyzeT COOTBETCTBOBATH PEIICHHUIO 3a/laud B CIy4ae, KOrJa BIMSHME BBIACICHUS JUKOYJIEBa Telja He
yuutbiBaercs. [Ipu 3Tom Gosblias MIOTHOCTH TOKAa HAONIONAETCS Y T€X TOKOBBIX JIMHHUM, KOTOpBIE
MPOXOJIAT MO y4acTKaM C MEHBIIUM OMHYECKHM CONpPOTHBIeHUEM. [Iponcxonsmuii ¢ TedeHneM Bpe-
MEHH HarpeB 3THX YYacTKOB M, COOTBETCTBEHHO, YBEIMUYCHHE X COINPOTUBIICHHUS NMPHUBEAYT K TOMY,
YTO TOKOBBIE JINHUU U3MEHST CBOE HAIIPABJICHUE, CTPEMSICh IIPOITH IO y4acTKaM, I/Ie CONPOTUBIICHNE
Oyzer meHblle. M3MeHeHHE TPAaeKTOPHUH MPOTEKAaHUS 3JIEMEHTAPHBIX TOKOB MOKHO OIICHUTH IO Xa-
pakTepy M3MEHEHHUS] MHTETpaia MONEPEYHBIX KOMIOHEHT IOJIHOTO TOKa, B3STOTO IO MOBEPXHOCTH,
OrPaHUYCHHOM 30HOH POXOXKICHHS Yepe3 IIIACTHHY MAarHUTHOTO MOTOKa [2].

B namewm ciryuae 5Ta 30Ha BbIOpaHa B BHJE OKOJIOJIEKTPOIHOTO MPOCTPAHCTBA, B KOTOPOM
KpYTH3Ha TPAEKTOPUIl TOKOBBIX JIMHUI HanOonbmas. OJHAKO OTMETHM, YTO OIIEHKAa BapuaIlfid TpaeK-
TOPHUM TOKOBBIX JIMHUH TOJIBKO 110 XapaKTepy U3MEHEHHS BbIIICYIIOMSHYTOI'O HHTErpajia MOMNEPEeYHbIX
KOMITOHEHT IOJIHOTO TOKa OyJeT HEBEPHOM, TaK KaK caM IOJIHBINA TOK 3aBHCUT OT CONPOTHBIICHUS I0-
CTENEHHO HarpeBaoUIelCs IIACTUHBI. YUUTHIBAs MOCIEAHEe, MpeIaraeTcss UCIoIb30BaTh AJIs aHa-
n3a 6e3pa3MepHbIid K03 OUIEeHT

= PUyxY)
- 1
I 7
rae D(],,X,Y) — Bemmunua unTerpana momepedHsX KOMMOHEHT noiHoro Toka [3]; |, — mommsrit

TOK, MPOTEKAIOIUH Yepe3 JIEKTPO/L IUIACTHUHBI.
ITonuslii Tok |, onpenensiercs MHTErpHPOBaHUEM HOPMAJIbHBIX KOMIIOHEHT TOKA Ha MOBEPX-

HOCTH 3JIeKTposia. Bo Bcex ciydasx npennonaraercsi HeM3MEHHOCTb M0JJaBaeMOT0 K JIEKTPOJaM Iia-
CTHHBI HANPSHKEHUSI TUTAHUSL.

Pe3ynpTaThl IpOBEACHHBIX aHATUTUYECKUX HCCIIEAOBAHUN C MOMOIIBI0 MPOrPaMMHOIO MPO-
nykra COMSOL Multiphysics npeacrasiens! B Buae rpagukoB Ha puc. 12. Kaxnapiii rpaduk cooT-
BETCTBYET OIPE/CIICHHOMY T€OMETPHUECKOMY MTapaMeTpy IIaCTHHBI

V= 9,
a
rae a — jauHa iacTuHel; b — ee mmpuna.
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Puc. 12. K onenke xapakrepa U3MEHEHHS TPAeKTOPHH TOKOBBIX JIMHUHA B HAYAJIbHBIN MEPHOJT UK
MIPOTEKaHUs TOKa

Ananus IMOJYYCHHBIX AJAaHHBIX CBHUIACTCIBCTBYET O TOM, 4YTO HaI/I6OJIee OTYCTIIUBO
OITMCHIBAEMBI BBIIIE TpoIiecC HAOMOAaeTCs B IUIACTHHAX, BHIIOIHEHHBIX YAJTHHECHHBIMH, Y KOTOPBIX
B OKOJIODJIEKTPOIHOM IPOCTPAHCTBE KPYTH3HA TOKOBBIX JMHUH HE CTONH 3HauuTeNbHA. [Ipu OGoiee
AJIUTCIIBHOM MPOTCKAHUHN TOKa MPOUCXOAUT YCPCAHCHHUE TEMIICPATYpPhl IJIACTHUHBI, TOKOBBIC JIMHUH
3aHUMAIOT CTaOMIIHHOE TTOJ0KEHHE, O YeM CBUIETEIhCTBYET rpad vk, MpuBeneHHBIH Ha puc. 13.
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Puc. 13. K onenke xapakrepa M3MEHHUs TPACKTOPUI TOKOBBIX JIMHUM TPU JUIUTEIHHOM TEPHOJIE
MIPOTEKAHUs TOKa

[IpoBeneHHbIe MUCCIETOBAaHUS 1Al BO3MOXXHOCTh OLIEHUTh TEMIIEPAaTypHBIE XapaKTePUCTHUKH
paspabarbiBaeMOro MakeTa MOMEHTHOIO JBWTaTelii C JIGHTOYHOM HaMOTKOM U  MOJYYHTh
HE0OXOIUMbIE PEKOMEHJAINH C LEJIbI0 ONTHMHU3AINHA KOHCTPYKIMN MaKeTa.

Hccnedosanue evinonneno npu (unancosoi noooepoicke PO®U ¢ pamxax nayunoeo npoexma No 14-
08-31068 mon_a.
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