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Y ¢huMckuii TOCy1apCTBEHHBIN aBUAITMOHHBI TEXHUUECKUN YHUBEPCUTET
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00O «bamkupauepro»

PAMOHUPOBAHUE TEPPUTOPUU PECIYBJIUKHU BAIIKOPTOCTAH
11O BETPOBOMY JTABJIEHUIO

Annomayusn: Knumatuueckue (GakTOpsl — OCHOBAa HCXOJIHBIX JAaHHBIX TEXHUYECKHX YCIOBUH
IIPOCKTUPOBAHUS, PAcueToB, a Takxke OJKcIulyatauud Jo0biX JIOII M KOHTaKTHBIX CeTeH.
BozneiictBue BeTpa OIpEnenseT pacyeTHbIE TIOPU30HTAIBHBIE M BEPTUKAJIbHbIE HAarpy3Kd Ha
[IOJIBEIIEHHBIE MPOBOJAA IPHU pacyerax HeoOXOAMMO YUYUTHIBATh HauOoJiee ONACHbIE COYETAHUS
HArpy30K ¥ KiIMMaTudeckux (axropoB, Kimmarnueckue (pakTopbl — OCHOBAa MCXOTHBIX JAaHHBIX
TEXHUYECKUX YCJIOBUH MPOCKTHUPOBAHUSA, PACUETOB, a Takke HKCIulyatauuu Jo0bix JIOII u
KOHTaKTHBIX ceTell. Bo3neiicTBue BeTpa olpenenseT pacueTHbIE TOPU30HTAIBHBIE U BEPTUKAIbHBIE
Harpy3ky Ha IOJBEUICHHBIE IIPOBOJA U DJIEMEHTHI JPYTHUX IOJCUCTEM KOHTAKTHBIX ceteil u JIOIL
OT Harpy3ok M COOCTBEHHOIO BEca IPOBOJIOB, PACIpPENEICHHBIX B IPOJIETE, TAKKE 3aBUCUT UX
HaTsDKeHHe. Bo3myniHple TMHUU JOKHBI paboTaTh MPH JIIOOBIX aTMOC(HEPHBIX YCIOBUAX, TIOATOMY
IIpU pacueTax HeoOXOAUMO YUUTHIBATh Haubosee ONacHble COYETaHHs HArpy30K U KIMMaTUYECKUX
(bakTOpOB, YCTAaHOBJCHHBIC ACUCTBYIOIIUMH HOpMaMH W TpaBwiaMd. OT BEIWYMHBI MPHHSATHIX
pacUeTHBIX KIMMAaTHUYECKUX HAarpy30K 3aBUCST aBAPUMHOCTb M OIKCIUIyaTallMOHHAs HAICKHOCTb
JIDII. Henoyuer kiMMaTu4ecKUX HArpy30K IpU MPOEKTUPOBAHUU MOXKET MPUBOAUTH K aBapUITHBIM
curyauusM Ha JIOII, u, kak ciencTBue, K IEpepbIBY B 3UIEKTPOCHAOXKEHUs IMOTpeOUTeNel.
Hacrosimas paboTa mocBsimieHa OJHOMY M3 BUAOB KIMMAaTHYECKUX HArpy3o0K, a IMEHHO BETPOBOM
Harpyske Ha Tepputopun PecnyOnuku bamkoprocran. PesynpraTroM MoAenMpoOBaHUsS SIBIISETCS
KJIMMAaTH4YeCKasi KapTa pPalOHMPOBAHMS IO BETPOBOMY JABICHHIO. B OCHOBY pallOHMpOBaHUsA
II0JIO’KEHBI PAaCUETHBIE BETPOBBIE HArPY3KHU IOBTOPSEMOCTBIO OJMH pa3 B 25 set 3a nepuon ¢ 2010
1o 2020 rox. Ilo 3HaueHUsIM BETPOBOrO JIaBJICHUS OIpE/EIeHbl BETpPOBbIe pailoHbl. [laHHas kapra
pa3pabarbIBaeTCsl BIEPBbIE, B OTIIMYME OT KapThl pallOHUPOBaHMsSI IO TOJIIMHE CTEHKU rojojena u
IUISICKE TpoBOJOB. IIpakTHueckoe MpHMEHEHUE KapThl 3aKJIIOYAeTCsl B OLEHKE KIMMATUYECKUX
yCJIOBUH Ha KOHKpeTHOW Teppuropuu PecnyOnuku bamkopTrocTan mpu CTpOMTENbCTBE HOBBIX U
3ameHe crapelx JIOII, 4TO MO3BOJIUT CHU3UTH ABApPUHHOCTh U TOBBICUTH AKCIUTyaTallMOHHYIO
HanexxHocTs JIDII.

I. INTRODUCTION

Knumatuueckue ycinoBus SBISIOTCS OJHUM U3 OCHOBHBIX (DaKTOPOB TMIPHU
cTpoutTesbcTBE HOBBIX JIDII. OT BeIMYMHBI MPUHATHIX PACUETHBIX KIMMATHYECKUX
Harpy3oK 3aBHUCST aBapUUHOCTh U HaaexxHocTh JIDII. Hemoyuer kamMaTHuecKUX
HArPY30K TIPH IPOCKTUPOBAHUH MOXKET IPHBOAMTD K aBAPHITHBIM cHTyarmsm o ",
Taxk, naripumep, B 2013 rogy oO6pazoBaHus JbAa IPUBEJIO K TOBpEXIeHUIO 13 onop B
Camapckoii obnactu, B 2014 romy oT JeAsiHBIX JOXKACH OOJbIIIE BCETO MOCTPaIaT
KpacHonmapckuit kpait, Obuto moBpexieHo Oosiee 50 omop JIOII, B 2020 roay B

[Ipumopckom kpae oOpa3oBaHuE JbJa HA MPOBOAAX MPHUBEIO K OOPYIIEHUIO OIOp

JIDII. Pecmy6nuka bamkoprocTaH OCOOEHHO TMOABEPKEHA TOJIOJIETHO-BETPOBBIM



Harpys3kam, Hapsany ¢ peruoHamu KaBkasa, [IpuBoimkckoro ¢eaepaibHOro OKpyra u
HaneHero Boctoka. Ilocnennsss ceppe3Has aBapusi B 3HEprocucreme bamkupuun
npousonia B Mae 2021 roma, oT yparaHHoro BeTpa oOpyumwiauchk omopsl JIOII.
Haubonee yacThiM BO3JIEHCTBUSIM TOJOJEIHO-BETPOBBIX HArpy30K IIOJBEPKEHBI
TEPPUTOPUU  IPOU3BOJACTBEHHBIX oTAeneHud benebeeBckux, Kymeprayckux,

benopenkux, Cubaiickux snekrpuueckux ceteit OO0 «bamkupsnepro» (puc. 1).

Puc. 1. Tepputopun OOO «baurkupsaaepro»

B 3THX yClOBHAX OY€Hb BaXXHO JOCTOBEPHOE PANOHMPOBAHUE TOJIOJETHO-
BETPOBBIX TEPPUTOPHUIL 812, Hannyto pabory B Pecnybnuke bamkoproctan Hauamu
npoBoAUTh ¢ 1957 roga mocne MaccoOBBIX T'OJIOJNEAHO-BETPOBBIX aBapUid, C TE€X MOP
PEryJIIpHO YTOYHSIIOTCS U pa3pabaThIBAIOTCS HOBBIE KJIMMAaTHUECKUE KapThl. Kpome
toro, u IIYD tpebyer co3maHusi W aKTyadu3alWd JaHHBIX KapT, JJs OIEHKH
KiuMatuueckux ycnoBui. Pazpaboranneie AO «bOCK» u YI'ATY kapTtel 1o
rojioneny (puc. 2), msicke MNpoBOJOB (puc. 3) MOCTOBEPHBI, HO [Jis TOJHOU
XapaKTEPUCTUKU KIMMATHYECKON 0OCTaHOBKM HEOOXOAMMAa TaKXKe KIMMaTH4ecKas

. 11
KapTa PaiOHHPOBAHIS 110 BETPOBOMY JIABICHHIO .



YcecnosHbBIE
0603HAMeHM

[ Il paiion — npuBeaeHHaA
TONLUMHA CTEHKH roaonena 15 mm

[] III paiion — 20 mm
[ IV paiion — 25 mm
Bl V paiion — 30 mm

Bl VI paiion — 35 MM
Bl VII paiion — 40 MM

Puc. 2. Kapra paiionupoBanus Tepputopun PecriyOnvku bamkopTocTan mo TOIIMHE
CTEHKH TroJIoJIe1a

YcenosHubie
oGo3HAMEeHMSI
[ ] Paiionsr ¢ uacroii

M MHTEHCHBHOI

MJIACKOIT NMpOBOIOB
[] Paiionsl ¢ ymepeHHOI1

MIACKOI NMPOBOAOB

Puc. 3. Kapra paitonnpoBanus Tepputopun Pecriybnuku bamkoproctan mo misicke
MPOBOJIOB

1. SIMULATION DETAILS

I[aBJICHI/Ie BCTpa MOXKCT BBI3BATb IIOJIOMKY M IIaACHHC OIIOp C BBIPBIBAHUCM

HCAOCTAaTOYHO ITPOYHO YKPCIIJICHHBIX B I'PYHTC (I)YH)IaMCHTOB, a TaKXXC YCHIIMBATDH

14
roJIoJe000pa3oBaHue .

B OCHOBy pallOHHpOBAaHMS TIOJIOKEHBI PACUYETHBIE BETPOBBIE HArpy3KH

MOBTOPSIEMOCTHIO OAUH pa3 B 25 et 3a nepuo ¢ 2010 mo 2020 rox. Ilo 3HaueHusiM

BETPOBOTO JIABJIEHUS ONPEAEIIEHBI BETPOBBIE PANOHBI.
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BerpoBoit  pexxum  pecnyOiaMKW  ompenensieTcs  AByMs  (paKkTopamu:
aTMOC(EpHON IUPKYJISIUEH W XapakTepOM MOJACTHIAIONICH MOBEPXHOCTU. 3UMOUN
oJl BIUSHUMEM 3amajHoro otpora CHOUPCKOTO aHTUIMKIOHA HaOIIOAaeTCs
YBEJIMYECHHUE IOr0-3alaHbIX U KKHBIX BETPOB. B 1menoM 3a rox Ha O0JbIIed 4acTH
Tepputopun PecriyOonvku HaO/IOMAIOTCS BETPHI IOr0-3alaJHOrO HAMpaBlICHUS, B
OTJIEJLHBIX pailoOHax-3aMaHOTO U I0KHOTO.

CoOpaB 3Ha4eHUST CKOPOCTEH BETPa, MPOUCXOIUT CTATUCTHIECKass 00paboTKa 1
nocrpoeHue rpaduka UMHTErpajdbHOM (QyHKIUM pacnpeneneHus. [Iposenem
CTaTHUCTUYECKYI0 OOpabOTKy psga MaKCUMalbHBIX TOJOBBIX CKOPOCTEH BeTpa ¢
ONpeaeIeHUEM KIMMAaTHYECKUX IapaMeTpPoB MO (PYHKUUU MEPBOrO MPEAEIBHOIO
pacnpeziesieHus: Ha IpUMepe MeTeocTaHMU AKcakoBo. B Tabiuiy 1 OynemM 3aHOCUTH
MaKCUMaJbHYI0 CKOPOCTh BETpa 3a Mecsl] NnepuoaoM B aeciTh jeT. Ha rpaduke
(puc. 4), 3HaYeHUs CKOPOCTEM BETpa COOTBETCTBYIOT PA3JUYHBIM IEPUOJAM

IIOBTOPACMOCTH, KOTOPHBIC IIPUBCIACHBI B Ta6J'II/II_[e 2.

Tabnuya 1
BeposTHOCTH MakCMMalIbHON CKOPOCTH BETpa 3a MEPUOAbI METEOCTAaHIIMN AKCAKOBO

Meean, 101 102 (03 |04 |05 |06 |07 |08 |09 |10 |11 |12 |Maxe
ron 3a 10/
2010 15 |12 |14 |14 |11 |12 |29 |12 |14 |12 |14 |11 |29
2011 18 |11 |14 |15 |14 |9 |15 |20 |14 |17 |23 |14 |23
2012 21 |17 |21 |14 |17 |24 |27 |24 |17 |14 |11 |26 |27
2013 12 |15 |11 |15 |14 |14 |12 |12 |21 |14 |17 |20 |21
2014 15 |14 |15 |18 |14 |15 |18 |15 |12 |12 |11 |14 |18
2015 14 |15 |14 |17 |15 |15 |18 |12 |27 |15 |18 |15 |27
2016 14 |12 |12 |17 |15 |12 |12 |12 |12 |9 |15 |15 |17
2017 14 |18 |17 |17 |14 |15 |15 |12 |12 |11 |12 |14 |18
2018 14 |12 |14 |15 |15 [15 |11 |14 |29 |17 |15 |12 |29
2019 17 |17 |15 |14 |15 |15 |14 |14 |15 |18 |14 |17 |18
2020 15 |20 |12 |14 |14 |12 |9 |15 |14 |14 |12 |12 |20




0.05 0.2 0.4 0.6 0.8 0.9 0.96

Probability

Puc. 4. I'paduk pacripenencHuss MaKCUMaIbHONW CKOPOCTH BETpa

Tabruya 2
BeposaTtHocTH MakcUMalIbHOM CKOPOCTH BETPA 32 EPUO/IBI
BeposiTHOCTb: 0,8 0,9 0,933 0,96
TosTopsiemocts 1 pas B: 5 et 10 ner 15 et 25 ner
CKOpOCTB: 27,4 31 33,1 35,7

Hanee ompenensercss BETPOBOE JaBICHHUE IO JaHHBIM  00pabOTKH
MaKCUMAJIbHBIX ~CKOPOCTEH BETpa METEOPOJIOTUYECKOW CTaHIMU AKCaKOBO.
HopmatuBHnoe BerpoBoe paBienne W, mnpuHHUMaeTcs IO JaHHBIM 00pabOTKH
MaKCHUMAJIBHBIX CKOPOCTEM BETpa METEOPOJIOTMYECKUX CTAaHIUMW MO CleayrolIeit
dhopmyite.

V2

T 16
rae V - MakcumanbHasi CKOpocTh BeTpa ¢ 10-MUHYTHBIM UHTEPBAJIOM OCPEIHEHUS Ha

Wo

BbIcOTE 10 M C BEpOSITHOCTBIO HE npeBbiiieHus 0,96.
35,72
°7 16
YTO COOTBETCTBYET [V BETpOBOMY paiioHy.

= 796,55 113,

1. SIMULATION RESULTS

[To mpumepy mereocTtaHiud AKCAaKOBO, ObUT BBITIOJHEH pacdyeT BETPOBOTO

JaBJieHUs] Ha Bcel Tteppuropuu PecnyOnuku bamikoproctan. Pesynbratom paOoTh



ABIIIETCS KapTa pailloHupoBanust PecrnyOnmuku bamkoproctan 1o BeTpoBOMY

naBiieHuto (puc. 5).

VYenosubie
(lﬁ()'l"ﬂ‘lc"llfl
[ III paiion — HOpMaTHBHOE
BETpOBOC naencHe 650 Ila (32 m/c)

[ 1V paiion — 800 Ia (36 m/c)
B V paiion — 1000 TTa (40 m/c)
Bl VI paiion — 1250 TTa (45 m/c)

Puc. 5. Kapra paitonnpoBanus tepputopuun Pecriyonuku bamkoprocran
110 BETPOBOMY JJaBJIEHUIO

Kapra cocrtaBieHa Ha THUIICOMETPUYECKOM KapTe, U30JMHUU KIMMATHUYECKUX

XApaKTCPHUCTHK IIPOBOJUIIUCH 110 U30THIICAM.

IV. CONCLUSION

[IpakTrueckoe MpUMEHEHUE KapThl pAHOHUPOBAHMS IO BETPOBOMY JABJICHUIO
3aKJIFOYAeTCsl B TOM, YTO MPHU CTPOUTENILCTBE HOBBIX M 3ameHe cTapbix JIDII Oynmer
TOYHO H3BECTHO BETPOBOE MJABJIICHHWE MO TEPPUTOPUU OYIYLIErO CTPOUTEIHCTBA.
CootBerctBeHHO JIOII OynyT mpoBepsAThCA MO JAHHOMY MapamMeTpy M €ciu MO
TEXHUKO-3KOHOMHUYECKUM MapaMeTpaMy WJIM UHBIM NPUYMHAM HEBO3MOXKHO OYJIET B
nonHo Mmepe 3aumTuth JIOII, Oynytr paspabarbiBaThCsi NPOTHUBOABAPUIHBIC
cpeactBa 13 VuurpiBas TecHyr0 B3aMMOCBS3b BETPOBBIX M TONOJTEIHBIX
Harpy30K Ha mpoBojia u rpo3otpocskl JIDII, nomomHuTEeNnsHO K pa3paboTaHHOU KapTe
pallOHUPOBAHUS IO BETPOBOMY JIABJICHUIO, HEOOXOMMO B JaJIbHEWIIEM pa3padoTaTh
KapTy paloHupoBaHusS TeppuTopuu PecnyOnuku bamkoprocTaH 10 BeTpOBOM

6,14
Harpy3ke MpH ToJoJieae , 4TO TO3BOJUT YBEIUYUTh 3()PEKTUBHOCTH yueTa

roJI0JICAHO-BECTPOBBIX SIBJICHUI.
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Makxkcyoos /I. B., @appaxoea P. A.
VY pumckuit rocy1apCcTBEHHBIM aBUAIIMOHHBIA TEXHUYECKUH YHUBEPCUTET

UCCJIEJOBAHUE BAPBEPHOI'O PA3PSIJIA
B O30HO-KATAJIUTHYECKOM YCTPOICTBE
COTOBOM CTPYKTYPBI'

Annomayus: B craTbe paccMaTpUBAETCS O30HO-KATaIMTUYECKOE YCTPOMCTBO [UI pEIICHUS
IpoOJIEMBbl XOJIOJHOTO CTapTa aBTOMOOMJIBHOIO JABMraresis. B naHHom yctpoiicTBe oOpa3zoBaHME
030Ha MPOUCXOJIUT HEMOCPEACTBEHHO BHYTPU KaTaJIUTUYECKOrO OJIOKA COTOBOW CTPYKTYpHI B
pe3yibTare 0apbepHOro pas3psaa, a pojib AUIIEKTPUUECKUX 0apbepoB BBIIOIHIIOT CTEHKU KaHAJIOB
KaTaJIMTHIECKOro OJyoka. Mcnoap30BaHNe 030HA MO3BOJISET OCYIIECTBIATH () (HEKTUBHYIO OYHCTKY
BBIXJIOIIHBIX I'a30B aBTOMOOMJIBHOI'O ABMraTels JaxKe MpH HU3KUX TeMIleparypax, Ipu KOTOPbIX
KaTaJIUTUYeCKas O4YMUCTKa Oe3 ydacTusi 030Ha Obuia Obl HeBO3MOXkHa. JlIs paccMaTpuBaeMoro
030HO-KaTaJIMTUYECKOr0 yCTpolCcTBa ObliIa pa3paboTaHa MaTeMaTHuYecKas MOJENb PacHpeeeHHs
HAMpsOPKCHHOCTU JJICKTPHUYCCKOI'O II0JIA B pa3psAAHBIX HPOMCEKYTKAX KaHaJIOB KaTAJIMTHYCCKOI'O
O6moka. Mogenb TakkKe TO3BOJSIET MONYYUTh (DYHKIHMIO 3aBUCUMOCTH Ko3(dduumenta ymapHOi
MOHM3ALMU OT NMPOCTPAHCTBEHHBIX KOOPAMHAT B INIOCKOCTU CEYEHHUs PAacCMAaTPUBAEMOIrO KaHaja
KaTAIUTHIECKOr0 OJ0Ka. DTO MO3BOJISIET MCCIENOBATH MPOCTPAHCTBEHHYIO CTPYKTYPY Pa3BHUTHS
0apbepHOIo paspsiia B ITHX KaHalax U ONPEAETUTbh BO3MOXXHOCTh (POPMHUPOBAHUS CTpUMEpa B
IIPOLIECCE  ABOJIIOLMMA  IEKTPOHHOM  JIAaBMHA. Pesynprathl uWccnenoBaHWi MOTYT  OBITH
UCIOJIb30BaHbl I ONTHMM3ALMM I1apaMETPOB PACCMATPUBAEMOIO  O30HO-KaTAJIUTUYECKOIO
YCTPONCTBA U TIOBBICUTH 3(PPEKTHBHOCTH TEHEPALIMU 030HA.

Kniouesvie cnosa: GapbepHbIii pa3psl, K03(Q(GUIHEHT yJapHOW MOHU3ALUHU, 030HOKATAIUTHYECKOE
YCTPOMCTBO, O30HATOp, NpoOJIEMa XOJOAHOTO CTapTa AaBTOMOOMJIBHOIO JIBHUraTels, O30H,
NEKTPUYECKOE IOJIE.

|. BBEJEHUE

B mnocnenHee Bpemsi OTMEUAEeTCS BO3PACTAOIIMM HAy4YHBIM WHTEpPEC K
TEXHOJIOTHSIM, CBSI3AHHBIM C TIOJIYYEHHMEM M HCIOJIb30BAHUEM O030HA, KOTOPBIM
NPUMEHSIETCA B PA3JIMYHBIX O0JACTIX YEIOBEUYECKOW NEATENbHOCTH, B TOM YHUCIE,
JUIS. OYUCTKU U 00€e33apaKMBaHUsL.

Hau6Goinee 3¢ pexTuBHBIM crTOCOOOM MOJYYEHHsI O30HA ABJISIETCS] IPUMEHEHHE
OappepHOro paspsga, B clydae KOTOporo Osarogaps PaBHOMEPHOMY
pacnpenenieHnu0  pa3psiIHOrO  MpoIecca B MPOCTPAHCTBE O0Opa3OBaHHE O30HA
MIPOUCXOIUT MPHU CPABHUTEIBHO HUZKHUX TEMIIepaTypax, YTO MO3BOJIAET N30eXKaTh €ro
HEMEJIEHHOTO Pa3JIOKEHUS B KaHAJIE pa3psija.

HccnenoBanust 0apbepHOTo paspsija MpoBOAUIKCH ¢ Hadaa XX Beka. K 50-

70-M TOmaM 3TOTO CTOJETHS CTajlo SICHO, YTO JAHHBIA Pa3psyi UMEET CIIOXKHYIO

'PaGora BeImoNHEHA IpH mOIIEpKKe Poccniickoro HayuHoro dorza, mpoekt Ne 20-79-00109.
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MIPOCTPAHCTBEHHO-BPEMEHHYIO CTPYKTYpPY U COCTOUT U3 CEpPUU MHUKPOPa3psIOB,
PaBHOMEPHO pachpeeICHHBIX 0 IUIOMAIU AUAIIEKTPUIECKoro 0aprepa. B Teuenue
KaXJ0TO TMOJIYIIEpHO/ia MPUI0KEHHOTO HAMPSIKEHUS CEPUM MUKPOPa3psIOB MOTYT
MOBTOPSATHCS HECKOJBKO pa3. Takke K ATOMY BPEMEHH OBLIO YCTaHOBJICHO, YTO
KOHIIEHTpAIMsl O30Ha  ONpEAEsAeTCs JaHHOM  IMPOCTPAHCTBEHHO-BPEMEHHOMU
CTPYKTYPOH pa3psiia U YBEIMUYMUBACTCS C POCTOM YHCIIa MUKPOPA3PSII0B 3a CAUHUILY
BPEMECHH.

COBpEeMEHHBIE AKCIEPUMEHTAJIBHBIE HCCIEIOBAaHUS TOKA3bIBAIOT TaKXKe
3aBUCUMOCTh 3(PGEKTHBHOCTH 00pa3oBaHUs O030HA OT ammumtyasl [1, 2, 3] m
yacTtoThl [3, 4] nuTammero HanpsHkeHWs. BiMsHHE IUIOTHOCTM MOIIHOCTH
OapbepHOro paspsga ObUIO IKCIIEPUMEHTAIBHO HUCCIICI0OBAaHO B [5, 6, 7]. ABTOpHI [6,
8, 9] u3yunnu BiUsHHE (QOPMBI IIIEKTPOAOB M AMDIIEKTPUUYECKOro Oaphepa Ha
KOHIICHTPAIUIO MOTYy4aeMOT0 030HA U SHEPTETUUYECKHE 3aTPaThl HA €ro 00pa3oBaHHUE.
B nybmukanmum [10] mnokazaHa 3aBHCHMOCTh  KOHIIGHTpAIlMd  030HAa  OT
MIPOCTPAHCTBEHHOT'O PACIPEICIICHUSI JIEKTPUUECKOTO TOJIS.

B mnpouecce paGoTsl 030HaTOpa 00pa30BaHUE O30HA MPOUCXOJUT BCIEICTBHE

AUCConran MOJICKYJIbI KHCJI0PO/Ja 3JICKTPOHHBIM Y1apOM.

et +0, —>20+e‘1’ R1)
W TOCHEAYIONMIeH pPEeakiMh B3aUMOJEHCTBUS OOpA30BaBIIETOCS aTOMAapHOIO
KHCJIOpOAa C JAPYro MOJEKYJIOM KHUCIOpoAa B IPUCYTCTBUM MOJIEKYJbl M
HEKOTOPOTO JPYroro BeliecTBa (HampuMep, a30Ta, BXOJSIIETO B COCTaB BO3yXa)
0+0,+M —> 0O, +M. R1)

DHeprusi, HeoOXoAUMast NIl JUCCOIMAIIMM MOJIEKYJbl Kucioponaa (5,17 3B),
HaMHOTO MEHBIIIE PHEPrUud MOHU3AIMU MoJieKyn kuciopoda (13,6 3B) wim azora
(14,5 »5B). KoauyecTBO »dJICKTPOHOB, CIIOCOOHBIX TIPUBECTH K JUCCOIHMAIINH
MOJIEKYJIbI KUCTIOpOAa ONpEAeNseTcsl TOKOM |, mpoTeKaroumM 4epe3 ra3oBylo cpery

Pa3psIIHOTO MPOMEXKYTKA MEXKIY JIEKTPOJIOM U JUIJIEKTPUUECKUM OaphepoM.

ad
I =1,.", 1)
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rne d — mupuHa pas3psTHOTO MPOMEXKYTKA, o — KOA(POUIIMEHT yIapHON HOHU3AINH
(mepBbIii ko3 dunmenT TayHceHa), paBHBIA YHUCTY MOHM3AIHMM, KOTOPBIE 3JIEKTPOH
CIOCOOEH MTPOU3BECTU HA €AMHULIE JJIMHBI €r0 MyTH.

[Tpu nmocTato4HO OOJIBIIOM PACCTOSHUU MEXKIY DJIEKTPOAAMH, OIPEAEISIEMOM
3HaYEHUEM 0., Pa3BUTHE 3JIEKTPOHHOH JIaBUHBI IPUBOIUT K 0OPa30BaHUIO CTPUMEDPA.
OpHako mpu 3TOM cleAyeT HMMETh BBUIY, 4YTO KO3(DPUIMEHT o He SBISETCA
MOCTOSIHHOW BEJIMYMHOW M TPEACTABISIET COOO0M (PYHKIMIO OT MPOCTPAHCTBEHHBIX
KOOpPAMHAT B 00BEME pa3psiAHOrO MPOMEXKYTKa. 3HaUECHUE JAaHHOTrO KoddduuueHra
3aBUCHT OT HANPSDKEHHOCTH DJJIEKTPUYECKOrO IO B  HCCIEAYEMOM TOYKE
IIPOCTPAHCTBA.

Takum o00Opa3zom, cTporoe pelieHue 3ajauu omnpenencHus 3()QPexKTUBHOCTU
OappepHOro paspsia IpH TEHEpalMu O30Ha B 00BEME pa3psAHOIO MPOMEXKYTKA
TpeOyeT pacueTa pacnpeiesieHUus] HaNpPsSHKEHHOCTH AJIEKTPUYECKOro MOJisi B JaHHOM

IIPOMCIKYTKC.

1. O30HO-KATAJIMTUYECKOE YCTPOMCTBO COTOBOU CTPYKTYPhI

HccnenyemMoe 030HO-KaTaTUTHYECKOE YCTPOMCTBO OBUIO pa3paboTaHO Ha
kadenpe snexkrpomexannku YI'ATY coBmectHo ¢ Uuctutyrom Kartammza CO PAH
JUISL OYMCTKU BBIXJIOMHBIX Ta30B aBTOTPAHCIIOPTA U PEIICHUs MPOOJIEMbI XOJIO0IHOTO
cTapTa aBToMoOMIbHOTO aBurarens [11-15]. B nepBbie MUHYTHI pabOTHI IBUTATEINS,
KOTJla BBIXJIOMHBIE Ta3bl €€ HEJOCTATOYHO MPOrpeThl W KaTalu3aToOpbl HE
CIPABIISAIOTCA C MX OYUCTKOM, B JAHHOM YCTPOWCTBE HEMOCPEICTBEHHO BHYTPHU
KaTAJIMNTUYECKOTO OJIOKAa COTOBOM CTPYKTYPBI MPOUCXOIUT 0Opa3oBaHUE 030HA, YTO
MO3BOJISIET  MPOU3BeCTH  A(PPEKTUBHYIO OUHUCTKY BBIXJIOMHBIX Ta30B  IpHU
CPaBHUTEIIBHO HU3KUX TEMIIEpaTypax.

@OpoHTAJIBHBIN BUJI 030HATOPA COTOBOM CTPYKTYPHI U €0 CXEMaA B IMPOIOIBHOM

paspese npeAcTaBiIeHbl, COOTBETCTBEHHO, HA PUCYHKax | u 2.
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Puc. 1. O30HaTOp COTOBOM CTPYKTYPHI, BUJ BO (PPOHTAIBHOM pa3pe3e

O30oHaTOp HpeacTaBiIsIET COOOM AMAIEKTPUUECKUN KaTaIUTUYECKUIl 0ok 4,
B COTOBBIE SYEWKM KOTOPOTO B IAXMAaTHOM IIOPSJKE BJIIOKEHBI JIBE TPYIIIIbI
AJIEKTPOJIOB 5, COEIMHEHHBIE C HCTOYHUKOM NUTaHHWs 7 4epe3 OOIIMe IIWHBI,
pacrojoXEeHHbIE C IMPOTHBOIIOJIOKHBIX CTOpOH Oisoka. Kartamutudeckuit 010k
IIOMEILEH B IUAJIEKTPUYECKAN KOPITYC 2 M 3aKPEIIEH U30JUPYIOIIUMH CTOUKAMH 3.

[Tp >TOM CTEHKM KaHAJIOB KaTaJUTHYECKOrO OJIOKA BBINOJHSIOT (YHKIUIO
TURIIEKTPUUYECKUX OapbepoB MEXKIY AJIEKTpoAaMu. Pa3HOCTh MOTEHIMATIOB MEXAY
JNEKTPOAAMU IPUBOJUT K MOSBJICHUIO CEPUM MHUKPOPa3psAlOB Ha KaXIOM
IIOJIYTIEPUOJE TPUIIOKEHHOTO HanpspkeHusa. Kaxnas Takas cepus NPUBOAUT K
HEKOTOPOMY CHI)KCHHUIO HAIPSDKEHHUSI U BPEMEHHOMY NPEKPALIEHUIO Pa3psIHOTrO
nporecca J0 TeX Mop, MOKa HCTOYHUK Ha TOM K€ MOJIyIepruoie He 00ECIeUnT HOBOE

IMMOBLIIICHUEC HAIIPAKCHUSA 10 HCO6XO)II/IMOI"O YPOBH:I.

1

Puc. 2. O30HaTOp COTOBOM CTPYKTYPHI B MPOJOJIBHOM pa3pese:
1 — gnanywvi; 2 — ousnekmpuueckuii kopnyc, 3 — uzoaupyrouwjue Cmouxu,
4 — OusniekmpuK-Kamanu3amop cOmogou Cmpykmypul,; 5, 6 — epynnvt 31eKMpo008 pPa3HbIX
NOMEHYUAN08, 7 — BbICOKOUACMOMHbBIN UCMOYHUK NEPEMEHHO20 MOKA
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1. MATEMATHUYECKOE MO/IEJIMPOBAHUE PACIIPEJAEJIEHIA
HAIIPSDKEHHOCTH SJIEKTPUYECKOTI'O ITIOJIS B PA3PAJHOM
ITPOMEXYTKE

Jlnst pacuera pacnpeneneHuss HalpsSKEHHOCTH 3JIEKTPUYECKOIO IOJSI BOKPYT
AJEKTPOJIa, MOMEIIEHHOTO B KaHaj KaTaJIUTHYECKOro OJoKa, MPUMEHSETCS METOJ
OTOOPaKEHUSI C y4EeTOM TPAHWYHBIX YCJIOBUN Ha IMOBEPXHOCTU paszjena cpei ¢

Pa3HBIMU 3HAUCHUSMH JUDJICKTPUIECKON MPOHUIIAEMOCTH €1 H €;.
EY=E%, ()
D"=D%
rne EY u E', — COOTBETCTBEHHO TaHTECHIMATBHEIE COCTABIISIONINE HAMPSIKEHHOCTH
>IeKTpudeckoro mons B cpene 1 m B cpeme 2, DY) m D", — HopmambHBIE
COCTABJIAIONINE BEKTOPA AJIEKTPHUECKOTO CMEIICHUS B TEepBOMl M BTOpOH cpemax
COOTBETCTBEHHO.

Kaxnplid 37eKTpoa HaXOAWTCS BHYTPH KaHaia KBAJPAaTHOTO CEUYCHHS, CO
croponoii 2h. Takum 00pa3om, 0TOOpaKEHUE €ro JIMHEWHOTO 3apsiaa (| MPOUCXOIUT
BO BCEX UYETHIPEX IUIOCKOCTSAX, COOTBETCTBYIOUIMX TUAJIEKTPUYCCKHUM CTEHKAM
KaHasa (cM. puc. 3).

Kak cienyer u3 (2), B mporecce Kaxaoro oToOpaxeHus 3apsii  yMHOXKAETCS
Ha koa(purrent <1, koTopslil onpeaensercs no Gopmysne

&8
€, +8 3
Ile €, € — OTHOCHTEJBHBIC JMAJICKTPUYECKUE MPOHUIAEMOCTH, COOTBETCTBEHHO,

JUAJICKTPUKA KaTATUTHYECKOTO OJI0KA M Ta30BOM CMECH Pa3psTHOTO MMPOMEKYTKA.

15



o’ (-2h,2h) -ag (0,2h)

I i

™ i ™ ! L
Mix, z}
L}
-aq (-2h,0) oq (2h,0)
® ® o (0.0 @
2h
N
! 2h :
g (-2h,-2h) ! -ag (0,-2h) i o’y (2h,-2h)

° Y ) x=h b

Puc. 3. Otobpakenue 3apsiaa q

Ecnu IIPUHATB, YTO paanyC JJICKTPOOa r<h, a Ha4aJI0 KOOpAHUHAT IIOMCCTUTL B
TOYKY IICPECCUCHUS OCH OIJICKTPOAa M INIOCKOCTH CCUCHHA HCCICAYCMOI'O KaHajla
KaTaJIUTUYCCKOI'O 6JIOKa, TO B COOTBCTCTBHMH C PHCYHKOM 3 BBIpAKCHUC JIA
pacupeaciCHusl HAIIPSKCHHOCTH J3JICKTPHUYCCKOIo 10JIsA B JaHHOM CCYCHHUHW MOIKCT

OBITH OTPEJIETIEHO COIJIACHO CJIETYIOUIEMY BBIPAXKEHUIO

B2 = | S S g L ,
drig,g, izz_;ojzz_w \/(X—Zjh)2+(z_2ih)2

(4)

- -12
rae € — DJIGKTpUYECKass TOCTOsIHHas, oo ~88510"p/\; x, z — KOOPJIMHATHI,
COOTBETCTBEHHO, IO OCSM aO0IlMC M OpAWHAT B IpeAeiaxX CEUSHUs HCCIECIYEeMOIO

2 2 2
KaHajia KaTaInTHYeCKOro 0J0Ka, Takue yTo X +2 >
Pacripenenenne HanmpsHKEHHOCTH DJIGKTPUYECKOTO TIOJNSA, PAacCCYUTAHHOE TI0
dopmyite (4) ains ceuenns kanana ¢ h = 0.003 m u r = 0.001 M, moka3aHo Ha PUCYHKE
4 OTHOCUTEIPHO MaKCUMAJIHbHOTO 3HAYCHHS HATPSDKEHHOCTH.
JlnuHa CcBOOOJHOrO MmpoOera 3JIEKTPOHA B HEKOEM Ta3e ONpeeiseTcs B
COOTBETCTBHUH C U3BECTHOM (HhOPMYIIOi
kT
\Endzp’
®)

- -23
rme kg — mocrostHHas Bombivana, e *13107 y/K; T —remmeparypa, K; d —

2\ =

KUHETUYECKUHN JUaMETP MOJIEKYJI, M; P — naBieHue, [1a.
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Torga munumaneHas 3pQexTuBHas JIMHA CBOOOIHOTO Mpolera mpeacTaBiIsIeT

co0o¥i crenyrontyro (yHKIUIO OT TPOCTPAHCTBEHHBIX KOOPAUHAT

E
me(x,z):—""‘* ,
E(x2) ©)

rae Ew — sHeprus MoHM3alUMM rasa, 5B.

Puc. 4. PacnpeneneHHe HAIIPSKCHHOCTH JJICKTPHUUYCCKOIO ITOJIA B IINIOCKOCTHU CCUCHUA
HCCIICAYCMOI'O KaHajla KaTaAJIMTUICCKOI'O 6.]'[01(3, 0.€.

B of0mem ciayyae, eciu B pa3psOHOM  I[POMEXKYTKE  HaXOAUTCA
MHOTOKOMIIOHEHTHass ras3oBasi cMmecb, B (5) u (6) MOryr ObITh MOJCTaBICHBI
YCPEHEHHbIE 3HAYEHMs JIi [apaMETpPOB MOJIEKYJ, KOTOpbIE BBIYHUCIISAIOTCS,

IIpUHKUMAas BO BHUMAaHHUC MOJIIPHBIC JOJIHM KOMIIOHCHTOB

E ™)
Encp = Z Eni pi !
E ®)

rje N — KOJWYECTBO BEILECTB, BXOJAIIUX B COCTaB Ta30BOM cMecH; Pj — MOJspHas
70Js I-ro BeliecTBa; i — pamuyc MOJEKyJbl I-ro BemiectBa, M; E; — sHeprus
WOHM3AIMK MOJICKYJIBI I-TO BellecTBa, 3B.

Kunernueckue nuameTpsl MOJIEKYJ] Pa3JIMYHBIX BEIIECTB M DSHEPTUS UX
WOHHU3AIIMY MPpUBeaeHbl B Tabmuie 1 [16-17].
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Tabnuya 1
[TapameTpbl MOJIEKYJI HEKOTOPBIX BEILISCTB

Kunernueckuii tuametp DHeprust MOH-UM, | DHEPrus Bo30-1,
Bei-so
MOJIEKYJI, HM 5B 5B
Kucnopon 0,346 13,61 9,1
Azor 0,364 14,53 6,1
Bona 0,265 12,62 7,6

3aBUCUMOCTh KOX(PUIIMEHTAa YIApHOM HOHU3AIMH OT MPOCTPAHCTBEHHBIX
KOOpJIMHAT B TMpeJesiax CEUEHUsS HUCCIeAyeMOro KaHaja KaTaIUTUYeCKOoro OJioka

ompenenseTcs o Gopmyie

a(x,z):%xexp s AbN
9
rpe X' +2°>1°
Pe3yabpTaThl BBIYMCIIECHHM 3aBUCMMOCTU (9) IOKa3aHbl HA PHCYHKE S5 IJIs

ceuenus kaHaga ¢ h = 0,003 m, r = 0,001 M u npunoxxennoro U = 20 xB

HaIIPpsSKCHHA.

-0.002 0 0.002

e

Puc. 5. 3aBucumocTs ko3¢ duLIeHTa yIapHOH HOHU3ALUN
OT IMPOCTPAHCTBCHHBIX KOOPJAUHAT
[Tomydyennass yHKOHS pacmupenencHus 3HadyeHUd KoddduimeHnta ymapHOi
MOHU3ALIMKA TI03BOJIAET PACCMOTPETh 3BOJIOLMIO MHUKpopaspsga B MpOLEcce €ro
MepeMENIeHNsT OT OJJIEKTPOoJa K JUAJIeKTpuueckoMy Oapbepy. OcoOblii MHTEpecC

NpeaAcCTaBIACT OIPCACIICHUC KPHUTHYCCKOI'O PaCCTOAHHUA OT JJICKTPOAd, HA KOTOPOM
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pPa3BUTHE JIEKTPOHHOU JIABUHBI MPUBOIUT K 00pa30BaHUIO CTpUMepa (KPUTHIECKOM
9 10
YHCIIO JICKTPOHOB, HEOOXO0IMMOE ISl TAKOTO Tiepexoa, coctaisier 107 —107).
3aBUCUMOCTh YHCIIa DJIEKTPOHOB B JIABUHE OT PACCTOSHUS OT AJIEKTPO/a,
MOJIyYCHHAs C yYETOM PACIpECICHHs] HANPSOKCHHOCTH JJICKTPUYECKOTO TOJIS B

IMPOCTPAHCTBC KaHalld, IIOKa3aHad HAa PUCYHKC 6.

1x10"° | |
1107 .

10 s

1x10°F i

100 n

1
1x10 > 1.1x10 ° 12410 ° 1.3x10 >

z

Puc. 6. 3aBucUMOCTD UHcIIa QJICKTPOHOB B JIABUHC OT pAaCCTOAHUA OT SJICKTPOaa

JlanHast 3aBUCHUMOCTb, IPEJCTaBICHHAs B JIOTapU(PMUUYECKOM Macumtade mo
OCHM  OpIMHAT, SBIKIETCS  HEJIWHEMHOM, 4YTO OTpPa)aeT HEOJHOPOJHOCTH
JJIEKTPUYECKOTO 10 B IPOCTPAHCTBE HCCIEAYEMOIO KaHajla KaTaJIUTHYECKOTO

OJIOKA.

V. 3AKIIIOYEHUE

B cratee Oblla mpeAcTaBiI€Ha OpUTMHAIbHAS KOHCTPYKIMS  O30HO-
KaTaJUTUYECKOTO YCTPOMCTBA, B KOTOPOM OOpa3oBaHHE O30HA IPOUCXOAUT
HENOCPEACTBEHHO B KaHallaX KaTaJUTHYECKOro OJOKa COTOBOM CTPYKTYpbl B
npoiecce OapbepHOro paspsjaa, NPUYEM B POJIM JUANEKTPUUECKUX OapbepoB
BBICTYNAOT CTEHKH JAHHBIX KAHAJIOB.

JlaHHasi KOHCTPYKLMS MO3BOJIsIET 3PPEKTUBHO peliaTh IpoOieMy XOJI0JIHOTO
cTapTa aBTOMOOUJIBHOTO JBUTATENS, OCYLIECTBIISISI OUUCTKY BBIXJIOMHBIX Ta30B JAaXKe
IIPU  CPaBHUTENbHO HHM3KUX TeMmmeparypax (okono S00C), dro sBusiercs
HEOCYIIECTBUMBIM TIPU HKCIOJb30BAHUU TOJBKO KATAUTUYECKUX peakiuil 0e3

Y4acTHsI O30HA.
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Jns paccMarpuBaeMON KOHCTPYKIIMH O30HO-KAaTAIIMTHYECKOTO YCTPOMCTBA
ObUla TMpelcTaBieHa MaTeMaTHYecKas MOJETb PpacHpeleeHus HanpsHKEHHOCTH
AJIEKTPUYECKOTO TMOJsI BHYTPH KaHAJIOB KAaTaJUTHYECKOro 0JI0Ka, B KOTOpHIE
BJIOKEHBI JJIEKTPOJIBI.

MopnenupoBaHue  pacnpelereHuss  JJIEKTPUYECKOTO  IOJsL  ITO3BOJIMIIO
onpenenuTh (YHKUUIO 3aBUCUMOCTH KO3(DUIMEHTa yAapHON HWOHM3ALMU OT
IIPOCTPAHCTBEHHBIX KOOPAMHAT B CEYEHHM HCCIELYEMOro KaHaja. JTO, B CBOIO
ouepenb, NO3BOJISET OLEHUTh KPUTHYECKOE PACCTOSHUE OT 3JIEKTPOJAA, Ha KOTOPOM
JJIEKTPOHHAsI JIaBUHA B TIIPOLIECCE CBOErO pPa3BUTHsS NPUBOIUT K 0Opa30BaHMIO
CTpUMeEpA.

JlaHHBIE HCCIIEIOBAHMS IIPEACTABIIOT HUHTEPEC C TOYKU 3PEHUS ONTUMHU3ALUU
[TApaMETPOB  030HO-KATAIUTHYECKOTO YCTPOWCTBA NPHU €ro INPOECKTUPOBAHUU IIO
KPUTEPUI0O MUHUMH3ALUU YACIbHBIX 3HEPreTUYECKUX 3aTparT Mpu O0Opa30BaHUU

O30Ha.
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Hycenxuc A. A.?

1 o o 9 o

VY dbumckuit rocy1apCcTBEHHBIA aBUAIIMOHHBIN TEXHUYECKUN YHUBEPCUTET
2

00O «Kype»

SJIEKTPUYECKHUM PA3PSIJI BBICOKOI'O HATIPSI)KEHM ST

Annomayus: B pabore aHanmM3UpyeTcs HAACKHOCTh JIMHUM  DJIEKTPOCHAOKEHHUS  IMpHU
BO3HUKHOBEHHUU KOPOHHOTO 3¢ (deKTa U 3IEKTPUUECKOro MpoOOosi Ha JIMHUU 3JIEKTpOIepeayu.
AHanusupyeTcs KapTHHA I0JI1 BOKPYT IMPOBOJAA NMPU HAIWYMHM U OTCYTCTBUHU AeeKTa IMpoBOAA,
NPUBOAATCSA 3HAUYEHUS HANpsSHKEHHOCTH AJIEKTPUYECKOro MoJsl BOKpyr aedekra. Ompexpensercs
BIIUSIHUE 030Ha 00pa3yrolierocst Ipyu KOPOHUPOBAHNWU HA BEIMYUHY IPOOMBHOTO HANPSKEHUS NPU
KOPOHUPOBAHUH Ha JIMHU 3JIEKTPOIIEPEIaUH.

Knrouesvie cnosa: Jlunus snexTpornepenadd, KOPOHUPOBAHUE, MOTEPU SJIEKTPOIHEPTHH, AEPEKT
MIPOBO/JIA, MOTOIHBINA KO3 (HUIIUEHT.

|. BBEJJEHUE

B mpouecce okcrmyartanuu JmHMM - dnekTporiepenad  (JIDII)  BaxHBIME
KpUTEPHUSIMH Ha KOTOpPBIE HEOOXOAUMO OOpaTUTh BHUMAHHUE SIBISIOTCS HAIAC)KHOCTH
JIDII, mokazartenu kadecTBa 3JeKkTposHepruu omnpexaensembie I'OCToMm, a Tak ke
MOTEepH dJEKTpodHEepruu. MakTopamu, OMPEACIISIIONMMUA TOTEPHU AICKTPOIHEPTUH
MTOMUMO KOHCTPYKTHBHBIX ITOKa3aTeJICH JIMHUH, SIBISIOTCS 3(()EKT KOPOHUPOBAHUS U

KOPOHHBIN pa3ps/l Ha JIMHUH.

'PaGora BeimoNHEHA 1pH mOIIEpKKe Poceniickoro HayuHoro dorza, mpoekt Ne 20-79-00109.
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AHanu3 SBIEHUN B KOPOHHOM pa3psifie BECbMa CIIOXKHBIA MPOLECC, ISl €ro
BOCIPUATHS TPUMEHSAIOTCS pa3IU4YHble IOAXOJbI, OCHOBAaHHbIE Ha OOUIMPHBIX
sMmrnupudeckux AaHHbIX [1]. Ilo cBoeMy xapakTepy KOpoHa Ha JIMHUM MOXET OBITh
MecTHOU U obmieit. [Ipu 3ToM MecTHas KOpOHA SBISETCS JAOMYCTUMBIM SIBICHUEM U
BO3HUKAET Ha HEPOBHOCTAX npoBoja JIDII, B Tom uuciie Ha JIOKATbHBIX JedeKkTax B
OTJIMYUE OT OOIIEeH KOPOHBI, KOTOpas BO3HUKAET MO BCEMY MEPUMETPY MPOBOJAA U
ABISIETCST HE jaonycTuMoil. KopoHa NmOMHMMO MOTEph 3JIEKTPOIHEPTUU BbI3BIBAET
PAAMONIOMEXH M aKyCTHUECKHUH 1IIyM, IPUBOJI K KOPPO3UHU IIPOBO/IA.

B pe3ko HEOTHOPOIHBIX ANMEKTPUUECKUX MOJSAX, HAIPUMEpP, BOIU3U MPOBOIOB
BBICOKOBOJIBTHBIX JIDII, BOBHUKHOBEHHE KOPOHHOTO pas3psija BO3MOXKHO, B CIy4ae
€CJId B KaKoW-1100 00JIaCTH MPOCTPAHCTBA HAMPSKEHHOCTh 3JIEKTPUUYECKOIO MOJIs
MPEBOCXOAUT KPUTUYECKOE 3HAUEHHUE, KOTOpPOE [ BO3Ayxa (MpU OOBIYHBIX
YCIIOBUAX) PaBHO Uik OoJbIe npudiausureabHo 30 kB/cm.

B 510l 00nacTu 37€KTPOHBI HAa JUCTAHIMM, PABHOM JJIMHE HUX CBOOOIHOIO
npoOera, MOTYT MPUOOPETaTh SHEPTHIO, JOCTATOYHYIO JUIsl MOHU3ALUHA HEUTPAIbHBIX
aTOMOB BO3/lyXa, 4TO 00yCIIaBIMBACT BOSHUKHOBEHHUE 3JIEKTPOHHOM J1aBUHbI. J[aHHas
JaBUHA 3aTyXaeT NIpH YAAJIEHWU OT DJIIEKTPOAa, KOIrJa HaIMpsSHKEHHOCTh IMOJIA
CTAaHOBUTCS HEAOCTAaTOYHOM JI TOTO, YTOOBI AJIEKTPOHBI MPUOOpETAId SHEPTHIO
MOHU3ALNN.

CHu3uth 3Qdekr 001ero KOPOHUPOBAHUS JIMHUM BO3MOXXHO NyTEM
YBEJIMYEHUS! PACCTOSIHUS MEXKIY MPOBOJAMH U 3eMilel 1100 MPOUYMMH 3JIEMEHTaMH,
CHM)KEHUEM TEepEeaBa€MOro HANpsLKEHHsI, a TaKXKEe MPUMEHEHUEM H30JMPOBAHHOIO
MpOBO/A, UTO OT YacTh U o0ycnaBiauBaeT npumenenue CUII-7.

Koponnblii paspsi, kak U B 1eIoM 3(PGEeKT KOPOHHUPOBAHUS 3aBUCAT OT
MHOKECTBA MMapaMETPOB U B TOM YHCJIE€ OT F€OMETPUUYECKUX MapamMeTpoOB MPOBOA.
Takum  oOpazom  00BEKTOM  HCCIEAOBAaHUS  SIBISETCS  MPOBOJ  JIMHUU
ANeKTponepeaadu, Ipyu pa3IndyHbIX HanpsbkeHusax auHuu (35, 110, 220 kB) u pazHom
cocTtosiHuM mpoBoja (¢ nedexramu u 0e3). Jlajsee BBINOJIHEHO MOJCIUPOBAHUE

QJICKTPOMArHuTHOI'O ITOJIA BOKPYT IIPOBO/JA IMPH PA3JIMIHBIX €TO COCTOSHUAX.
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1. KAPTUHA I10JIA

Kaptuna monst BOKpYr MHOTOXWJIBHOTO IpPOBOJA HE HMEIOLIEro aedexra
(puc. 1), momyueHHasi IIyTeM MOJECIUPOBAHMS B MporpaMMHOM komiuiekce Comsol
Multiphisik, moxa3piBaeT paBHOMEpPHOE pacHpeeeHHE HamnpsHKEHHOCTH BO BCE
CTOPOHBI IIPH YAAJIEHUHU OT MPOBOAA, C HEOOJBLIIMMHU IMyJIbCALUAMU HANPSKEHHOCTH
E HemocpeAacTBEHHO y caMOM NOBEPXHOCTH HPOBOJA, YTO OOYyCJIaBIMBAaeTCs
«3y0uaToi» 3a cueT KW MPOBOAAa CTPYKTYpOW MOBEpXHOCTU IpoBoza. IIpu 3Tom
HaJIMYME MYJbCAllMM TOJI1 Y HMOBEPXHOCTU IPOBOJA HAOIIOAAETCS HE3aBUCHUMO OT
TOrO0 MHOTOKHWJIBHBI BHUTOW 3TOT MPOBOJA JHOO MOJBIMA, MajJedlIue HEPOBHOCTH
IIOBEPXHOCTU BBI3BIBAIOT JIOKAJIBHBIA Yy4YacTOK H3MeHeHus mnois. Ha mnpaxrtuke
KOPOHMpPOBAaHHWE BOKPYI MpPOBOJA «oOmias KOpPOHa» C TaKUM paclpeesieHueM
HaIllpSDKEHHOCTH  BO3HUKAECT JIMIIb [PH  YXYJUIEHUU IOTOJHBIX  YCIIOBMIA,

BBI3BIBAIOIIUX PC3KOC CHHUIKCHUC IIHBJICKTpPI‘lGCKOﬁ IMPOHNIACMOCTH BO3ayXa.

x10°
0.015

w

0.01pF

%]
wu

Hamps:xennoct (kB/m)

0.005

N

-0.005

Pt

-0.01 ¢

=
]

-0.015

o

-0.02 v
-0.02 -0.01 0

Puc. 1. Kaptuna nosis BOKpyr npoBojia

MakcuMainbHasi HaNpsKeHHOCTh Eng HAa MOBEPXHOCTH MPOBOJA MOXKHO
OTIPENICTUTH UCXOMAS U3 €ro paboynx U reOMETPUUECKHUX MTapaMeTPOB

max 2\/§TESOR Kb/M, ( )
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rie R — pammyc mnpoBoma; C — €MKOCTb E€OUHHIBI JIJIUHBI JUHUH, (/M; U

HOMMHAJIbHOE HaIpsDKeHue, KB;

g, =8.85x 107 b/, (2)
24x107%
“T o ©
IR

rae Dy — paccrosHue Mexay mpoBoiaMu, M.
HauvanbHas HaANpsyKEHHOCTH KOPOHHOTO paspsia OIpENelsieTcs s IPOBOJIOB

paauycoM R mo cneayromeii popmyiie [2]

E, = 24,5xmd| 14— | @

(6R )0.38

r7ie § — INIOTHOCTh BO3AyXa; M — KO3(PPUIIUEHT rIaJKoCTU MPOBOA.

Ha nunusx snexkTporiepenad NPUMEHSIOTCS MPOBOJA, CBUTHIE U3 OOJBIIOTO
KOJIMYECTBA >KWJI U M3 PA3IUYHBIX MapoK MeTaylia, KOd(PQHUIMEHT TIIaJKOCTH HUX
pPa3IMYEH U 3a4aCTYI0 HaXOAuThCs B nuanaszone m = (0,82—0,94.

Bo3HukHoBeHue nedekTa Ha MOBEPXHOCTH MPOBOJA, B CIEACTBUU aBapUUHON
CUTyallid, KOPPO3UM MeTallla JUOO0 HAJIWYUs Mycopa MPOBOLHUPYET MOSBICHHUE
JIOKAJIbHOTO y4acTKa C PE3KUM YBEJIMUYECHHEM HAMNPsHKEHHOCTH MOJIA B JAHHOM MECTE
(puc. 2).

OmuuM U3 CIENCTBUH KOPOHHOTO pa3psija sBisSeTcs oOpa3oBaHUE O30HA.

D¢ hHeKTUBHOCTH €ro 00pa30BaHUs MPH JAHHOM THIIE pa3psaa gocturaet 4-7 r/MJIx.
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0.016
0.014
0.012

0.01
0.008
0.006
0.004
0.002

-0.002
-0.004
-0.006
-0.008

-0.01
-0.012
-0.014
-0.016

-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 m

Puc. 2. Kaptuna nosnst npu Hanu4uuu aedexra

O30H mpencraBisger coOOM  AJIOTPONMHYIO MOJIU(MUKAIUIO KHCIOPOJa,
COCTOAIIYI0 M3 TPEXaTOMHBIX MOJEKYJI, HMEIIMHUX (OpMy paBHOOCIPEHHBIX
TPEYTOJIbHUKOB, B KOTOPBIX 00€ cBsizu O—O umerot ayuny 0,1278 uM, ipu TOM, 4TO
YTOJl MEKly HUMHU paBeH 116,8°.

KoHnienTpaius 030Ha onpezensiercs 0araHncoM peakiuii ero oopazoanusi (5)

e +0, >20+e™
0+0,+M—->0,+M )
U paznoxeHus (6)

O+O3_)202! (6)
1 MOYKET OBITh HalAeHa UCXOs U3 KHHETUYECKOIO YpaBHCHHA BacunseBa-Kobo3eBa-

Epemuna

K, P
C:? 1—exp(—Kl\7j ’ (7)

1
rac Ko, K1 — KOHCTaHTBI, COOTBCTCTBCHHO, 06p330BaHI/IH H PA3JI0KCHUA O30HA, P -

MOIIIHOCTh pa3psina, Bt; V — o0beMHBIN Ta3a, MPOXOASAIIMA Yepe3 30Hy paspsaa 3a
CIMHUILY BpeMeHH, M°/c. Pacuers! mo (7) XOpPOIIO COTIACYIOTCS C Pe3yibTaTaMu

OKCIICPUMCHTAJIbHBIX HCCHGI[OB&HPII?I Ipru MaJlbIX 3HAYCHUAX YHGHBHOﬁ OHCPIun

pazpsiaa [3].
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HanpsixeHnue snexTpudyeckoro npodosi ra30Boro NpoMeKyTKa COrIacHO 3aKOHY

ITameuna
U - BPD
1)) (8)
In(APD)—In In|1-=
Y
rane P — paBmenwme rasza, Ila; D — mmpuHA Ta30BOro MPOMEXyTKa, M; A —

K03 UIIMEHT, 3aBUCALIMN OT cocTaBa rasza; B — koad¢uiueHT, 3aBUCALINN OT
DHEPTUM MOHU3AINHU Ta3a; Y — KOAPPHUIMEHT BTOPUIHON NOHU3AIIHH.

Koaddumnuentst A u B onpeaensitorces o hopmynam [4]

_ zd?
KT ©)
7Z-d 2Uion

B=—J7 (10)

riae d — muamerp MoJieKyl ra3a, M; K — moctosinHas bosibimana; T — temneparypa, K;
U, — QHEprus MOHU3AIIUU ra3a.

B cnyyae ecnu ra3 COCTOMT M3 MOJIEKYJ Pa3IMYHBIX BELIECTB yCPEIHEHHbIE
3HAUEHUS JIJISl Pa3MEPOB MOJIEKYJ U SHEPTUU UOHU3AIMHI MOTYT OBITh ONPE/IEICHBI U3

BBIPAKEHUN

daver = z pidi , (11)

Uion,aver = Z piUion,i y (12)

rzie Pi — MOJISIpHAs I0JIs I-TO0 KOMIIOHEHTA ra30Boii cMecH; di — auaMeTp MOJIeKyJI I-T0
koMmroHeHTa; U, — DHepruss HWOHHU3AIMK I-TO KOMIIOHCHTA. 3HAYCHHS O3THX

mapaMCTpOB AJIs1 OCHOBHBIX KOMITIOHCHTOB BO3/1yXa IIPUBCICHBI B Ta6J'II/II_[C I.

Tabnuya 1
[TapameTpbl OCHOBHBIX Ta30B, BXOIAIINX B COCTAaB BO3/lyXa
KommoneHT d,am u,,oB
Aszor 0,31 14,53
Kucnopon 0,36 13,61
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1 .
[Ipuaumas, yto In[l——jzl, a TaKxke ¢ yuyeToM BhIpaxkenuil (8)-(12), moxHO
Y

IMOJIYYHUTb 3aBUCUMOCTb HAIIPSAKCHHA OSJICKTPUICCKOTO HpO60$I OT KOHICHTpAaIHun

o3oHa U(p). JlanHast 3aBUCUMOCTB TIOKa3aHa Ha PUCYHKE 3.

33x10"

32x10"

3.1x10"
U(P)

3x10*

29x10"

2.8x10" ' ' '
0

Puc. 3. 3aBUcUMOCTb HAPSHKEHUS 3JIEKTPUUECKOTr0 MPoOO0si OT KOHUEHTPALUK 030Ha
JUIS1 BO3YIIIHOTO MPOMEKYTKA IMUPUHOM 1 cM

Kak BumHO M3 pucyHka 3, 3aBucumoctb U(P) mpencrapiser co0oi pacTyIIyro
dbynkuuo, ¢dopma KOTOpoll Onm3ka K JuHeHHOM. Takum o006pa3oM MOXKHO
MPEANOJIOXKNATh, YTO AaHAJOTWYHAS 3aBUCUMOCTh COXPaHUTBCA JUISI  BCEX
BBICOKOBOJIBTHBIX JIMHUW. AHAJOTHYHBIM CIIOCOOOM OyIeT YBEIWYUBATHCS W
HaIpsHKEHHOCTh ToJIsl £ mpu Hanmuuuu fedekTa, mpuyeM He3aBUCMMO OT HOMHHAJIa
nepearolieil JIMHUK, KaK y MOBEPXHOCTU MpoBoja (puc. 4) Tak ¥ NpU yIaJe€HUU OT

Hero (puc. 5).

JIunua Ha
35xB 110xB 220xB

x10° x10° x10° x10°
1.44 45 9
1.34
1.24
1.14
1.04
0.94 3 6
0.83
0.73
0.63 2 4
0.53
0.43 0.4
0.33 1 2
0.23 0.2
0.13

0.03 0 0 0

"0.015 -0.01 -0.005 0 0.005  0.01 m

Puc. 4. Kaptuna noJsist BOKpYr IpOBOJia IIPU PA3HbIX HANPSKEHUAX
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Kak MOXHO 3aMEeTUTh Ha JIMHHUAX C PAa3sHOM BEIMYMHOM IIEPEAABAEMOIO
HANPSDKEHUS. U3MEHSTHCS OYJeT JIMILb 3HAaUeHHE HAMPSKEHHOCTH, @ COOTBETCTBEHHO

" BCJIMYUHLBI ITIOTCPb U BI)Ipa6aTLIBaCMOI‘O O30Ha.

><105 T T T T T T T

450 4

Electric field norm (v/m)
—~
~
L]
1

—  — — —
0.15 0.2 0.25 0.3
Arc length (m)

Puc. 5. XapakTepucTrka HalpsyKEHHOCTH OJIS IPU YAAJIEHUU OT OBEPXHOCTH ITPOBOIA
IIPU PAa3HBIX HAIIPSKEHUAX

Ha PHC. 6 IMpCaACTaBJICHA HCKAXCHHASA XapPAKTCPHUCTHUKA HAIIPAXKCHHUA IIPU

BO3HUKHOBCHHUH KOPOHHUPOBAHUS HaA IIPOBOJC.

GRINSTEK \ \ O e

@@ 59.1788Hz

: I - =x:.7e
( ) sns 8.608s J

Puc. 6. XapakTepucTuka npu KOpOHUPOBaAaHUU

Hanuuue MHOKXECTBEHHBIX «IHUKOB» Ha XapaKTCPUCTUKE TICPEMCHHOTO

HarnpspkeHus: (puc. 6) Mpu KOPOHHUPOBAHUUU TOBOPUT O HECTAOMILHOM XapakTepe
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KaHaja paspsa, 4To COINIaCHO YPABHEHMIO ONPENCIIAIOIEMY IOTEPH HAa KOPOHY IIpH

MEPEMEHHOM HaNpsHKeHUH OyJIeT CO3/1aBaTh MoTepH [5]

P=%’1(f +25)\/§(U¢—UK)2><105, kBr/km (13)
rac 0 — OTHOCHTEIbHAS TNIOTHOCTH BO3ayXa, f— qacCToTa, FH; — paanyc OAUHOYHOI'O
IIPOBOJIA, CM; S — PACCTOSIHUE MEXIy IpoBoaaMmH, cM; Uy NelcTByrolee 3HaYeHHE
(daznoro HanpspkeHus, kB, U, — HampsikeHHe BO3HMKHOBEHHS KOpPOHBI, KB,

OIIpCACIIICMOC BbIPAKCHUCM!

U, =21,2><6><1n[§jmlm2, kV (14)
I

0
rae M; — kKod(pGUIMEHT TIIaAKOCTH TpoBojaa (IS HIealbHO TJIAIKOro IPOBOJA

m; =1, ans peanpHOro BUTOro mposoja m; = 0,850...0,92, cornacHo SMIUPUYECKUM
JAHHBIM, TIPUBEICHHBIM B [5]), M, — K03 OUITUEHT MTOTOIbI.

Ha puc. 7 xapaktepucTuka npu eJMHUYHOM ITPOOUBHOM paspsiie.

Puc. 7. XapaktepucTuka HanpsHDKSHHsI IPU €IMHUYHOM poOoTe

[TonBoast UTOTM MOXHO CKa3aTh, 4YTO NOsIBICHUE O030Ha BOKpyr JIOII B
IpoLEecce KOPOHHOTO pa3psiia BAMSIET Ha JIEKTPUUYECKYIO MPOYHOCTh OKPYKAIOILIEro
ee Bo3ayxa. B paborax [6, 7] Obuin onyOJIMKOBAaHbBI PE3YJIbTATHI HKCIIEPUMEHTATBHBIX
MCCIIEIOBaHMM, MOKa3bIBAIOIINX POCT DJEKTPUUECKON MPOYHOCTH BO3AyXa B CiIydae

IMPUCYTCTBUA O30HA.
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3aBUCUMOCTh 3JEKTPUYECKON MPOYHOCTH BO3AyXa OT KOHLEHTPAUUU MOXKET
OBITH OLIEHEHA C YYETOM PHEPruH MOHU3AIUHU U 3(PPEKTUBHBIX AUAMETPOB MOJEKYJI
BEIIECTB, BXOJIAIIUX B COCTAB ra30-BO3IYIIIHON CMECH.

PaccmarpuBaeMblil TOAX0A, MOXKET UCHOJB30BATHCS JJII OUEHKH HAJIEKHOCTH
paboThl  JIMHMM, KadecTBa IepeJaBaeMOM DHEPruu, YpOBHEH  HU3IIy4YCHHUs
TOKOHECYIIUX MpoBOAOB. OJHAKO BBUY MHOT000pa3usi (akKTOPOB KOPOHUPOBAHUS
Ha JIMHUM, OIICHKY MOXXHO TMPOM3BOAUTH YHHUBEPCAIbHO, OOOOIIEHHO IS JIMHHH,
MO0 TMPOU3BOIUTH WHIUBUIYAIBbHBIA MOAXOA MJIs KaXIOro y4acTKa YYUThIBas

MaKCHUMAJIbHOC KOJIMYCCTBO BO3MOXHBIX (1)3KTOpOB.
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Casnosa B. B.
VY pumckuit rocy1apcTBEeHHBIN aBUAIMOHHBIA TEXHUUECKUN YHUBEPCUTET

IKOJIOI'MYECKHUE ITPOBJEMbI
JEKTPOXUMUYECKOM OBPABOTKHU PA3JIMYHBIX CILJIABOB

Annomayus: ViccnenoBaHbl SKOJOTHMUECKHE MPOOJIEMBI AJIEKTPOXHMHYECKOW 00pabotku (DXO)
Pa3IMYHBIX CIUIABOB: OYMCTKA 3JeKkTponuTa mpu DXO KapormpodHbIX HUKEIh-XPOMOBBIX CILIABOB
(Tak Kak Mpu UX OOpabOTKE B pacTBOpE HAKAIUIMBACTCS TOKCHYHBIN IIECTHBAJICHTHBIA XpOM) H
YTHJIM3AMKS Pa3INYHbIX IIIAMOB. AHAIH3 TOCIEIEKTPOIU3HBIX U3MEHEHUH 3JIEKTPOJIUTOB TOCHE
AJIEKTPOXMMUYECKON pa3MepHO 00pabOTKM HUKEIb-XPOMOBOTO CIUIaBa TOKa3all, 4YTO MHpPUPOAa
JNEKTPOJIUTA BIHMSICT HAa WM3MCHCHHE OCHOBHBIX CBOWCTB JleKTpoiuToB. C  yBenHueHUEM
KOJIMYECTBA MPOMYIICHHOTO JICKTPUYECTBA YBEIUYNBACTCS KOHIICHTPAIMSI KOMIIOHEHTOB CILIaBa B
ANEKTPOJIUTE. Y CTAHOBJICHO, YTO OCHOBHAS YaCTh HUKENSI U KOOATbTAa HAXOJIUTCS B IIAME B BUJE
THJIPOKCUIOB M OCHOBHBIX COJICH, @ TOKCHYHBIN IIECTUBAJICHTHBIA XPOM HAKaIIMBACTCS B PACTBOPE
U JUISL €T0 YAAJICHHUS U3 OTPabOTAHHBIX JJIEKTPOJIUTOB PEKOMEHIYETCS peareHTHBIA MeTo . bouim
M3yUYeHBbl HEKOTOPBIC CIIOCOOBI YTHIIM3AIlMKM PA3JIMYHBIX NUTaMOB. B Hacrosimee Bpemsi Hamboliee
MIPUEMJIEMBIM PEIICHUEM MPOOJIEMbI YTUIN3AIUH IIIaMOB, o0pasyromuxcs mocie 9 XO THTaHOBBIX
CILIABOB, SIBJISICTCS MX UCIIOJIb30BAHUE B CTPOUTEIBHOM OTpaciiu.

Kniouesvie cnoea: »snexTpoxummuueckas o0paOOTKa, CIIaB, KOMIIOHEHTBI, METOIBI OYMCTKH,
AJIEKTPOJIMT, CKOPOCTh ChEMa, KOHIICHTpAllMs HMOHOB, IIUIAM, OCA&KACHUE, YTUJIH3AIHS,
CTPOUTEIILHBIC CMECH.

|. BBEIAEHUE

B coBpeMEHHOM MMpE HENpEpBIBHBIA POCT TEXHHYECKOIO Iporpecca Bce
OoJibllie yCyryOmsieT 2KoJorudeckue mpobiieMbl. PerieHne 3KoJ0THdecKux mpoodiieM
a000r0  MPOU3BOJACTBA TPEOYET CEpPhE3HBIX 3aTpaT HAa HAy4yHbIE HCCIIECJOBAHMS,
pa3pabOTKy TEXHOJIOTHM, HECTaHIApPTHBIX IMOAXOJ0B TMPU MPOCKTUPOBAHUH,
CTPOUTEIBCTBE U OKCIUTyaTaluu MNPEANPUSITHI. Tak u KHU3HECTTOCOOHOCTH
AIEKTPOXUMHUYECKON pa3sMepHO 00pabOTKM PA3IMUYHBIX METAJUIOB U CILJIABOB B
HACTOSIIIEe BPEMsI 3aBUCUT OT PEUIECHUS HKOJIOTMYECKUX MPOOIIEM.

Onextpoxumuueckas obpadorka (DXO) - BBICOKOIPPEKTUBHBIA METOJ
dbopmooOpazoBaHusl JAeTalied W3 Pa3IMYHBIX TBEPJbIX METAUIOB M CIUIABOB
(TUTAHOBBIX, JKAPOMPOUYHBIX HHUKEIbXPOMOBBIX, HHUKEIHKOOATbTOBBIX, TBEPABIX
CIUTAaBOB Ha OCHOBEe Bojibdpama) [l], KOTOpbIE IIMPOKO HCIOIB3YIOTCA TpHU
M3TOTOBJICHUH JIOMATOK Ta30TYpOUHHBIX ABUTatenel [2]. TeXHOIOrnyeckuii pacTBop
(2JIEKTPOJIUT), MPUMEHSEMBIN JIJIs1 OCYIIECTBICHUS mpoiecca IXO, XapakTepuzyercs
pasTUYHBIMA  (U3UKO-XMUMHUYECKUMHU TlapaMeTpaMH U B TIPOIECCe DIEKTPOJIn3a

MMpETCPIICBACT 3HAYUTCIIbHBIC HU3MCHCHMUS. C YBCIIMYCHUEM KOJIHN4eCTBAa
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MPOITYIIIEHHOTO JJIEKTPUYECTBA YEPE3 CUCTEMY KAaTOJl — HMHCTPYMEHT — JJIEKTPOJIHT -
aHOJ B DJICKTPOJUTE HAKAIUTUBAIOTCS TPOAYKTHI AHOJHBIX M KATOIHBIX PEaKIIUM,
mensierca pH, coctaB anektponuta. [losToMy, OAHONW M3 IKOJIOTMYECKUX MPOOIIeM
3XO sBnsieTcs pazpaboTKa crmoco00B OYUCTKH 3JIEKTPOIHUTOB [3].

Jlnst BeIOOpa METOAAa OYMCTKHM DJIEKTPOJIUTa UM OOecHedeHHs] CTAOMIbHOCTU
AIEKTPOXUMHUYECKOTO Tpoliecca, HEOOXOAUMO HCCIIENOBATh IMOCIEIEKTPOIU3HBIC
W3MEHEHHUSI B TIPOIECCE DIIEKTPOXMMHYECKOW O0OpabOTKH. AHOIHOE PacTBOPCHHE
criaBa JKCOY mpoBoauian B yCIOBUAX, HMUTHPYIOIIMX peasibHbId mpouecc IXO.
[Ipumensnace crenuanbHas YCTAHOBKA, TMPEACTABIAIONIAs COOON sUYeHKYy U3
OPTaHUYECKOTO CTEKJA, TJIe MEXKIY aHOJOM M KaTOAOM C IOMOIIbI0 HHAMKATOPA
YacOBOTO0 THUIIA YCTAHABIMBAJICS MEXAJNIEKTPOIHBIN 3a30p, 4epe3 KOTOpPhIH C
OTIPENEIICHHOW CKOPOCTBIO TPOKAYUBAJICSA JJICKTPOIUT METOAOM BBITECHEHUS
ckaThiM BO3ayxoM. HeoOxomumasi CKOpOCTh MPOKAYKH CO3/1aBajiach M3MEHEHHUEM
naBieHusi B cucteme. llepen mpoBeneHMEM SKCIEPUMEHTa MOBEPXHOCTh 00pasiioB
3auninaid. CkopocTh chemMa (W, MM/MHUH) MpU BJIEKTPOXUMUYECKOM 00paboTke
CIUTaBa B PA3JMYHBIX JJIEKTPOJIUTAX OIpPEACNIsIaCh BECOBBIM METOJIOM, KOTOPBIN
MO3BOJISIET OMPEEIATh MPAKTUIECKOE KOJIMYECTBO paCTBOPEHHOTO aHoa [4].

DIIEKTpOXUMHUYECKasi pa3MepHas 00paboTka »xaporpodHoro cruiaBa KC6Y
MPOBOAMIIACH B pa3audHbIX 3ekTponuTtax:1- 8% NaNO;; 2-15% NaNO;; 3- 15%
NaNO3z;+5% NaCl; 4-15% NaCl. KoHueHTpalu© HOHOB METAJUIOB B 3JICKTPOIMTAX
MOCJIE DJICKTPOXUMHUYECKOW 00paObOTKH OMPEIesuIA TI0 CTAaHIapTHBIM METOJIUKAM Ha
(hoTOKOTIOpUMETPE KOK-2-YXJI4.2. u Ha aTOMHO-a0COpPOIMOHHOM

cnekrpoporomerpe AA-6800 pupmbl Shimadzu ¢ muIaMeHHBIM aTOMU3ATOPOM [5].

1. OYUCTKA DJIEKTPOJIMTOB 2XO

JIitst co3manus mpueMIIeMO# KOJIOTHYeCKoi 00cTaHOBKHM Ha yuacTkax DXO [6]
U CHUXEHUS Harpy3ku Ha oOumuid oObeM CTOYHBIX BOJA MPEANPHUATHSA, BechbMa
aKTyaJIbHOUM MPOOJEMO SIBISETCS yJajdeHUE TOKCHYHOTO IIECTHUBAJICHTHOTO XpOMa

u3 anekTpoiauToB [7]. Panee Obui0 uHcciaeaoBaHO B Kakod (opMe M B KaKOM
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KOJTMYECTBE HAKAILJIMBACTCS XPOM IIPH SJIEKTPOXUMHUYECKOU pa3MepHOl oO0paboTke
criaBa JKCoOVY [8].

HccnenoBanne IWHAMUKA W3MEHEHHUs KoHIeHTparuu xpoma (VI) Ha
AIEKTPOXUMUYECKOM yd4acTKe, TJe Bemach oOpabotka gjomatok [T/l w3
KApOTIPOYHBIX HHUKEIBXPOMOBBIX CIulaBoB B 15% -wom NaCl mnokazano, mnpu
JUITATENBHON JKCIUTyaTaluu djekTposmta npu DXO HHUKEIbXPOMOBOTO CIUIaBa
koHneHTpanus xpoma (VI) nocrturaer 0,8 — 1 r/x1 (Tabmuua 1). Jlomatku nocne 9XO
00s13aTeTbHO TMPOMBIBAIOT W, KaK BUAHO W3 TaOmuibl |, B NMPOMBIBHBIX BOAaX

KOHLIEHTpauusi TokcuaHoro xpoma (VI) Takxe yBelInunuBaeTcs.

Tabnuya 1
Junamuka HakoruieHus xpoma (V1) mpu DXO Hukens-xpoMoBoro ciuiasa JKC6Y

KomnyectBo 06paboTanHBIX 1 10 20 30 50
JIONIATOK, IITYK

Konnenrtpanus xpoma (VI) B 0,002 0,028 0,041 0,065 0,108
3JIEKTPOJIUTE, T/J1

Konnenrpanus xpoma (VI) B 5,12 18,25 41,20 53,04 92,08

IIPOMBIBHBIX BOJ4X, MI/JT

CyleCTBYIOT pa3IuyHble METOJbI OYUCTKU EKTpoauToB DXPO ot Cr”, Ho
BCE 3aBUCUT OT 3aJlaud: H3TO OTPAOOTAHHBIM DJIEKTPOJUT WU DIESKTPOJIUT,
paboTtaromuii B 3aMKkHyTOH cucteme DXO. g oTpabOTaHHBIX SJEKTPOJIUTOB IS
OYHUCTKA OT TOKCHUYHOTO IIECTUBAJIEHTHOTO XpOMa PEKOMEHIYETCS peareHTHBIM
METOJ] C MPUMEHEHUEeM Cyib(uUTa HATpUS KaK BOcCTaHOBUTENS. J[aHHBIM MeTOon
oueHb A(DPEKTUBHBINA, HO pEaKIUs HAET TOJIHKO B KHCIOH Cpele, MO3TOMY, IMpHU
3aMKHYTOW CHUCTEeME pabOThl AJECKTPOIUTA OH HE MIPUMEHHMM, TaK KaK MEHSET COCTaB
pactBopa [3]. [ns paboTaromiero 3JIeKTpoJUTa pazpaboTaH crmoco0 BBEICHUS
HKBUBAJICHTHOTO KOJMYECTBA HUTpaTa Oapusl I CBS3bIBAHWS XpOMAaT — MOHOB B
MaJIOpacCTBOPUMOE COEIMHEHUEe Xpomar Oapus. s 3aMKHYTOM CHCTEMBI paOOThI
AIIEKTPOJUTA HEOOXOIMMO WCIOJIB30BaTh COCTABHBIE AJIEKTPOJUTHI C J00ABKOM
conerr 6apus B xommuectBe oT 0,5 mo 3% B 3aBUCMMOCTH OT KOJMYECTBA XpOMa B

cijiaBe. B 3aBHCHMOCTH OT TEXHOJOTMYECKOH 3aJa4d MOXHO HCIIOJb30BaTh
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anekrposutel 15% NaCl + 0,5-3% Ba(NOs),; 15% NaNO; + 0,5-3% BaCl; B
KOTOPBIX YJYUYLIAIOTCS BBIXOJHBIE MapaMeTphl aHOAHOW 00pabOTKHM U yHaisercs
TOKCUYHBIH IIECTUBATICHTHBIN XPOM.

HccnenoBanuch M3MEHEHHs KOHIEHTPAIMU HOHOB HHKEJNS, COCTaBIISIONIETO
ocHoBy cmaBa JKC6Y wm  Jjerupyromero KOMIIOHEHTa KoOambTra TIpu
AIIEKTPOXUMHUYIECKON 00paboTKe. Pe3ynpTaThl Mccleq0BaHUN PUBEICHBI B TAOJINIIS
2. YCTaHOBIEHO, YTO YeM OO0Jbllle CKOPOCTh aHOJHOTO PAaCTBOPEHUS, TeM OOJbIle
KOHIICHTpAIUsl HUKENIs W KoOambTa B DJJIEKTPOJIUTaX. BBISABICHO, YTO MpHUpOAa
AIIEKTPOJIUTA BIMAET HE TOJBKO HA BBIXOJIHBIE MapaMeTPhbl JJIEKTPOXUMUYECKON
00pabOTKM, HO U KOJMYECTBO HMOHOB METAUIOB B pacTBope. Haunbomnbias
KOHIIGHTpaIusi HUKeIs U Kobanbra oOHapyxkeHa B 15% NaCl (MoHBI MeTayIoB

CKOHLEHTPUPOBAHBI B IIUIAME).

Tabnuya 2
Ckopoctb creMa DXO cmaBa XKCOY u u3meHeHus: KOHUEHTPALUK HUKENA U KobalibTa
B PA3JIMYHBIX AIEKTPOIUTAX

DJIEKTPOJIUT N:Iif) 04 N1<’;15N0/(0)3 15%NaNO;+ 5%NaCl 15%NacCl
W, MM/MUH 0,4 0,55 0,64 0,8
C(Ni ™), r/n 0,10 0,12 0,15 0,16
(B pacTBOpE)
C(Ni %), r/n 0,6 0,84 1,01 1,2
(B muTame)
C(Co ™), r/n 0,01 0,015 0,02 0,04
(B pactBOpE)
C(Co ™), r/n 0,12 0,14 0,17 0,32
(B muTamMe)
N3BecTtHO, 4TO aHOJHOC MOBEICHUEC crjiaBa OIpeeNsaeTCs
ANEKTPO(YU3NYESCKUMU CBOMCTBAMHU TOBEPXHOCTHOWM IUICHKHU. HccnenoBanus

AJIEMEHTHOTO COCTAaB IOBEPXHOCTHBIX IUIEHOK PEHTIEHOCHEKTPAIBHBIM METOJI0M
nocine OXO cmiaBa KC6Y mnokaszano, 4TO CBOWMCTBAa IUIEHKHM NPH aHOJHOM
PacCTBOPEHHMM >KApONPOYHOrO0 CIUIAaBAa B PAa3JUYHBIX JJIEKTPOJIUTAX TaK XKe

OTIPENICIITIOTCS B OCHOBHOM HUKEJIEBOM M KOOAJITOBON KOMIIOHEHTOM [9].

34



He menee BaxHOIN 3kojorumueckor mpodnemont DXO sBisieTcs 3arps3HEHUE
atMocepsl, Tak Kak pabodyre MOTYT JbIIIATh BO3AYXOM, 3arps3HEHHBIM HapaMu
CrO;, NO;, NH; um gpyrumu ra3zamu, KOTOpbIE HCHAPSIIOTCS C 3JIEKTPOJINTA.
PesynbraTel aHanmm3a cocTaBa BO3AYIIHOM CpEIbl MO3BOJISIIOT CHENATh BBIBOJ, YTO
npu OXO HHUKEIbXPOMOBBIX CIUIABOB HE MPOUCXOIUT IMPEBBILICHUE IPEAEIbHO-

I[OHYCTHMOﬁ KOHOCHTPpAIUU HU 110 OAHOMY U3 JAHHLIX I'a30B.

[11. BOSMOXHbIE METO/bI YTUJIN3ATIN IIJTAMOB
JIEKTPOXUMUYECKOM OBPABOTKU

Mertani, cHUMaeMblii TP MEXaHUYECKOW 00paboTKe B BUJE CTPYKKH, MPHU
AJIEKTPOXMMHUYECKUX METOAax BbiaeinsieTcs B Bua nwiama [10], KoTopsli
IpesCcTaBIsieT CcoOOM PpBIXJIBIE M TOHKOJUCIEPCHBIE OCAaAKU, MEHSIOUIMECS IIO0
COCTaBy, COJEpPIKAIUE TUAPOKCH]IBI U OCHOBHBIE COJIM METAJIOB - JKeJie3a, HUKES,
KoOanbTa, amOMuHUsA, TUTaHa u Jjapyrux [11]. Tlo wMepe yBenuueHus
MPOJIOJKATEILHOCTH 3JIEKTPOXUMUYECKOH 00pabOTKH (KOJUYECTBA MPOIMYIIEHHOTO
ANIEKTPUYECTBA) BCJIEACTBUE BBIACICHHUS BOAOPOJA Ha KATOAE MPOUCXOIAUT
MIOCTEIICHHOE 3allleIauiBaHUE U HMOHBI METAJJIOB, MEPEXOAs B PAcCTBOP, TYT K€
CBA3BIBAIOTCA B HEPACTBOPHUMbBIE OCHOBHBIE COJIM WM THAPOKcUnbl. [lorTomy, eme
OJIHOM BakHOUW mpobiemont DXO sABIAIOTCS OTAEICHUE IIaMa OT pacTBOpa U €ro
yrwmsainusa. B tabnuiie 3 mpuBeAeHBl OCHOBHBIE XapaKTepucTUkH mwiaMmoB DXO.
Kak BuIHO W3 TaOaMIbl, IIUIAMBI HE SIBJIAIOTCS MOKAapPOOIMACHBIMHU, HE UMEIOT 3araxa
U cofepKar OOJNBIION CHEKTp XUMHUYECKHX syeMeHToB. [llmambl OGe3BO3BpaTHO
YHOCSIT ¢ COOOM OOJIBIITNE KOJIMYECTBA TAaKUX I[EHHBIX METAJUIOB, KaK XPOM, HUKEIb,
KOOanbT, TUTAH U JApyrue (KoOaJbT CTAHOBUTCS CTPATETMYECKHMM MAaTE€pUAJIOM: €ro

CTOMMOCTD PACTET C KaXKIbIM TOJIOM, OH YK€ JJOpoke HuKens B 1,5 paza).
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XapakrepucTuka 1miaamoB 3XO

Tabnuya 3

HIxaMeI mocJae

Hlnamel nociae 2XO

X0 laamsl nociae X0
IMoxa3arenu CIJIABOB HA OCHOBE
HHUKEJIbLXPOMOBBIX | THTAHOBBIX CIJIABOB
JKesie3a
CIIABOB
Opeanonenmuueckue TemHO-3e1eH0T0 Ceporo 118era, Byporo uBera,
(BHEITHUH BU/I, IIBET, LIBETA, 0e3 3amaxa 0e3 3amaxa
3armax) 0e3 3amaxa
Ilokazamenu onacnocmu:
1 )xitacc onacHOCTH 1) IV xnacc 1) IV knacc 1) IV knacc
2)0%apoonacHOCTh 2) He roptou, 2) He roprou, 2) He roprou, He
3)s1epHas OIacHOCTb HE B3pOOIaceH HE B3pOOIaceH B3pOOIIACEH

3) He onacen

3) He onacen

3) He onacen

Konuuecmeennwie:
DJIEMEHTHLIA COCTaB
(da3oBbIi cOCTaB

Ni, Cr, Co, V,W,
Ti, Al

Ni(OH),, Cr(OH)s,
CO(OH)2 . Ti(OH)Z,

Ti
Ti(OH),

Fe
Fe(OH)s

Al(OH)3
Oxennyamayuonnvle: Crabuies, Crabunen, yctoituus | CtabuiieH, ycTOWYMB
YCTOMUUB K K Pa3JIYHbIM BUJIAM | K pa3JIMYHBIM BUJIaM
Pa3IMYHBIM BHJAM | BHELITHHX BHEIIIHUX
BHECIITHUX BO3JIEUCTBUI BO3JICHCTBUI
BO3JICHCTBUI
Oxonomuyeckue
noxkazamenu:
1) matepuanoconepkanue | 1) Hukens, 1) Turan 1) XKeneso
(10 LIEeHHBIM K00aJIbT, XpOM
KOMITOHEHTaM) 2) Hukenb- 2) TuraH- 2) Keneso-
2)oTmycKHasi IieHa 1350000py0.; 1190000py6. 120000py®6.
metaia (1 Tonn)* Kobainpt-
2550000py6.
3) oTmyckHas IieHa IiaMa Xpowm-
(1Tomm)” 730000py0. 3) 15000-19000 py6. | 3) 5000-7000 pys.

3) 12000-17000
pyo.

*[IpencraBieHbl IIeHbl Ha MeETaibl, OTIyckaeMble 3aBogamu Poccum 3a 2022 rop
(Mndopmanus B3sita ¢ caiita http://www.infogeo.ru/metalls/price/?act=price )
**HCHBI Ha IIaMbl CPCIHUC, TAK KaK HCT CANHOI'O CTaHAAapTa MO KOHICHTPAIIUN U KaUCCTBY

orxonoB DXO
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[[Inambr 00pa3yroTCsi MPAaKTUYECKH HA BCEX KPYMHBIX MPOMBIIUICHHBIX
NPEANPUATUSIX CTpaHbl, A€ ucnoiab3yercss mMeton OXO M OHUM MNPAKTUYECKU HE
YTWIM3UPYIOTCS, a ckiaaaupyiorcd. CrnocoObl JHKBUIAUMK —IUJIAMOB  IIyTEM
3aXOPOHEHUS HE OTBEYAIOT COBPEMEHHBIM TpPEOOBAHMSIM MAJIOOTXOAHBIX U
0e30TxoaHbIX  TexHosoruil. [lpm  3axopoHeHMM [UIaMOB  0e€3  HAJEKHOU
TUAPOU3OJISIIIUN TPOUCXOAUT TAaKKE MHTECHCUBHOE 3arpsi3HEHUE TMOBEPXHOCTHBIX W
o ;3eMHBIX BoJ [12]. HakoruieHne B 3JEKTPOJIUTE IJJaMa MPUBOAUT K M3MCHCHHIO
€ro BS3KOCTH U BJEKTPONPOBOJAHOCTH, YTO YXYAIIAET KayecTBO 0O0paOOTaHHOM
MMOBEPXHOCTH, CHMXKAET TOYHOCTh M YMEHBIIAET MNPOU3BOAUTEIHLHOCTH IIpoIliecca.
[ToaTOMy, HEOOXO/IMMa OYHKCTKA JIEKTPOJIUTA OT 1IIaMa U ero yruiausanus. [namer
MOCJIE€ AJECKTPOXUMUUYECKOU 00pabOTKU PA3IMUHBIX CILUIABOB OT/AEINISIA OT PacTBOpa,
MIPOMBIBAJIH, BBICYIIIUBAJIN, onpeesn AJIEMEHTHBIN COCTaB
PEHTICHOCIIEKTPAIbHBIM METOJIOM Ha JJIEKTpOHHOM MHuKpockone JSM-64901LV
¢bupmbl JEOL (Anonwus) [5] u mpoBOAUIN UCCIIEIOBAHUS 110 UX YTHIIM3AIUU.

OmuH n3 MeToNIoB yTuiau3anuu nuiamMmoB X0 — 3TO 3NEKTPOXUMHUYECKOE
BOCCTAaHOBJICHHE, W3BJIEUEHUE OTAEIbHOr0 Mertauia. Ho mnga atoro HeoOxomaum
CIIOXKHBIM PpsJl TEXHOJIOTMYECKHI olmepauuid, KOTOpble TpeOyIoT IUIomaned u
KaluTaJOBJIOKEHUI Ha MPOMBIBKY OT cousieil [13], oTneneHue muiama OoT pacTBOpa,
PACTBOPEHME NUIAMOB, 3aTPaThl Ha AJICKTPOIHEPTUIO U 000pyJ0BaHHUE (DIEKTPOIbI,
AIEKTPOIU3Ep, JOMOJHUTEIbHBIE peareHThl). [loaTomy, Oonee 3¢ dEKTUBHBIMU
METOJaMHU SIBJISIFOTCS UCIOJIb30BaHUE NUIaMOB DX B CTPOUTENBHBIX PACTBOpax U
OeTOHKax, IPU MPOU3BOJICTBE IIEMEHTA, TPABUs, KEPAMUYECKON IJIUTKU U YEPETIUIIHI.

Haubonee mnpuemieMblM B HACTOSIIEE BpeMs pPEIICHHEM MPOOJIEMbI
YTHIM3AIUY 1IJIAMOB, 00pa3oBaHHBIX Mociie DX TUTAHOBBIX CIUIABOB, SIBISIETCS UX
WCIIOJIb30BaHUE B CTPOMTEILHOM MpOMBINIUIeHHOCTH [12]. Takoi acmekT yThiM3aiuu
u TepepaboOTKM IIUIaMOB  Hambosiee IeinecooOpa3eH, TaK Kak B OTXOJax
ANEKTPOXUMUYECKON 00paOOTKHU COMEPKATCS KOMIIOHEHTHI, KOTOPBIC MPU BBEJACHHUH
B CBIPHEBBIE CMECH JIJIsl PA3JIUYHBIX CTPOUTEIIBHBIX MaTEPUATIOB MOTYT CYIIECTBEHHO
yIydIIath MX KadecTBeHHbIe Xxapaktepuctuku [13]. VcraHoBieHo, uto Hambosee

MNEPCICKTUBHBIM MCETOAAM ABJIACTCA BBCACHHC IIIJIAMOB B OETOHHBIE pacTBOpPhLI U B
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CBIPbEBYIO MacCy NpH MNPOU3BOJCTBE Kepam3uta. B CBSI3M ¢ 3TUM NpPOBOAMINCH
pabOThI IO BOBMOKHOCTH YTUJIU3AIMHA TUTAHOBBIX ITUIAMOB B COCTaBE CTPOUTEIIBHBIX
pacTBopoB. Kakoro Obl cocTaBa muiaMbl HU ObUIHM, UX BBEJACHHUE B IIEMEHTHBIE CMECH
B koymuectBe 10 1% (B pacuere Ha CyXxo€ BEIIECTBO) OT MAacCChl ILIEMEHTa HE
yXyIIIAeT HU CBOWCTB MCXOJHOW CMECH, HM CBOMCTB KOHEYHBIX HW3JCIHI, a B
MOJIaBJIAIONIEM OOJIBIIMHCTBE clydyaeB Jaxe yiaydmaerT. Lmamer ymywmator
CBOMCTBA IIEMEHTHBIX MaTE€pUaJoOB, OyIy4Yd BBEICHHBIMH JIa’K€ B KOJIMYECTBE 10 5 -
7%. C yderoM TMOJYYEHHBIX pPE3yIbTaTOB, pa3zpaboTaHa MPUPOJAOOXpPaHHAs
TEXHOJIOTHS YTWUJIM3AallMd TUTAHOBBIX IIJIAMOB, MO3BOJISIIONIAs BBOJUTH B COCTaB
OCTOHHOM CMecH IIJIaM C TOW BIAXHOCTBHIO, C KOTOpoil oH oOpasyercs (ot 20 1o
80%) 6e3 CyliKu U TTOMOJIa, HEraTUBHO BIIUSIONIMX HA SKOJOTUYECKYIO OOCTaHOBKY
npousBoacTBa [14]. BaxubiM (akTopoM OBUIO TO, YTO YTHUIM3ALMS NUIaMa
OCYILIECTBIISIACh HETIOCPECTBEHHO Ha MIPOU3BOJCTBEHHOM 00beMHEHHE O€3 BHIBO3a
nuiamMa Ha Jpyrue NpearnpusiThs.

Jns  uwtamoB,  00pa3oBaHHBIX — mociie  OXO  MHOTOKOMITOHEHTHBIX
HUKEJIbXPOMOBBIX CIUIABOB IMpoOJjieMa yTWIM3AaIuu CcTouT Oosiee octpo. Illmam
MpEeACTaBIACT cO00M aMOp(HYI0 MacTy, ¢ KOTOPOH CI0KHO padoTaTh, COACPIKUT 10
70-75% Bnaru u 0OJIbIIOE KOJUYECTBO coiell [15], koTophie MEIIaoT U3BICYCHHUIO
MeTtasuioB. [loaToMy, miis JanbHEHIIeH yTHIM3alMd BCTA€T BOIPOC OO0 OTMBIBKE W
CyllKe nuiamMoB. Ha MalMHOCTPOMTENBHBIX 3aBOJAX HAKAIUIMBAETCS JOCTATOYHO
OOJIBITIIOE KOJTUYECTBO IUIAMOB U U3BJICUEHUE U3 HUX BCEX WJIM OCHOBHBIX METAJJIOB
(Hukens, koOanbTa, MOJIMOACHA, BOJb(pama, XpoMa) B BHJE UYHMCTBHIX SJIEMEHTOB
ABJISIETCSI BECbMa JKEJNAaTeJIbHBIM U Mbl MPOAOJKAEM BECTU JaHHBIE HCCIEIOBAHUS.
OnHako, MPaKTUYECKOE OCYIIECTBIECHUE TAKUX CXEM OCTAETCS MaJIOBEPOSITHBIM, TaK
KaK JJI1 3TOr0 NoTpedOBaNOCh Obl MOBTOPUTH CIOKHYIO TEXHOJOTHUIO MPOU3BOJICTBA
KaXXJI0TO JIEMEHTA.

OTMBITBII ¥ BBICYIIEHHBI IIUIAM MOYKHO HCIIOJb30BaTh B KAyeCTBE
KaTaJn3aTopoB JUIsi He(PTEeXMMUYECKHX MPOU3BOJACTB. [3BECTHO, YTO MHOTHE
He()TEeXUMUYECKHUE TPOIIECCHl NEPEPA0OTKH M CUHTE3a MPOUCXOAT B MPUCYTCTBUU

IETCPOrcHHLIX KaTalIM3aTOPOB, IMPCACTABIAIOIINX co0oM cMmech OKCHIOB XJIOPUI0B
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WU TUAPOKCUAOB PA3IMYHBIX METAJIOB. Hampumep, npu MoJiydeHUU alleTOHA U3
aueTWIeHa MNPOLECC HMAET Ha KaTaau3aropax, NPEICTaBIAIONIMX CMECh OKCHJIOB
TWTaHa, BaHaJus, Xpoma, Maprasiia, >eje3a, KoOaibTa, HUKENsd, MOJUOJcHa,
BoJIb(PpaMa WM XJIOPUIOB 3TUX MeTamwioB. [lo cBoeMy cocTaBy mHuiaMbl OJHM3KU K
COCTaBY JJAHHBIX KaTaJIn3aTOPOB.

DIEKTPOXMMHUUYECKOE H3BIICUCHHUE JKEJIE3a W3 JKEJIE30COAEPKAIIUX CIUJIAaBOB
SABJISICTCSI HEpEeHTAa0eNbHBIM (Tabnwia.3), MOATOMY, JaHHBIC IIJIAMBI MOYKHO
UCIOJIb30BaTh MpPH MPOU3BOJICTBE NMUIMEHTOB, B KaueCTBE MPHUCATOK K CTEKIY,
UCIIOJB30BaTh MPU MPOU3BOJICTBE CTPOUTENBHBIX MaTEpUalIoB. BOdbIION MHTEpeC
MPEACTABISIET  MCIOJb30BAaHUE  IKEJIE30COAEpKAIUMX  IUJIAaMOB B KAauecTBE
KaTaln3aTopoB Il  HEPTEXUMHUYECKUX MpOU3BOACTB. JKenesocojepkamme Hu
ATIOMUHUNCOEpKAIME OTXOJbl TaK)KE€ MOKHO MCIOJIb30BaTh MPHU MPOU3BOJICTBE
KOAryJIsIHTOB.

[Ipy aHOAHOM pPAacCTBOPEHUU TBEPJBIX BOJIbPPAM-KOOATBTOBBIX CIUIABOB THUIIA
BK-12, BK-15, BK-20 conepxanue Boibppama goxoauT 10 90% u BonbshpamoBas
KOMITIOHEHTa B BHJI€ BOJIb()paMaT-aHHOHOB MEPEXOJAUT B PACTBOP, @ MOHBI KOOAIbTa
HakKaliuBaloTcss B nulame. Tak Kak 1nuilaMa  oOpa3yercss Mallo, IpH
BBICOKOCKOPOCTHOM ~aHOJHOM PAacCTBOPEHUM TBEPJBIX BOJIb(PaM-KOOATHTOBBIX
CIUTABOB HE CTOMT 3aja4ya OTJEJICHHUS [IaMa OT pacTBOpa M €ro yTuim3aius, a oyee
OCTpPOM 2KOJIOTUYECKOU MPOOIEMON ABISICTCS HEUTpaM3alus MIEJIOYHOIO pacTBOpa

nocsie 9XO u ero ouncTka ot BoibhpamaT-HOHOB.

IV. BIAT'OAAPHOCTDH
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Anexcaxuna A., Cmenanos U., I’ paxosa E., Heanos B., Bopoukos I'., Kymayspos P.
Y pumckuit rocy1apCcTBEeHHBIM aBUAIIMOHHBIA TEXHUYECKUN YHUBEPCUTET

WHTETPAJIBHBIA ONITUYECKHN JATYUK
IJISI JETEKTUPOBAHUSI TA30B

Annomayus: B cTaThe NMpEACTAaBICH BBICOKOUYBCTBUTEIIBHBIA JTaTYUK, BBITOIHSIIOMNNA (YHKIIUU
razoananuzaropa. Llenbro ucciienoBaHus SBISIETCS pa3pabOTKa YCTPOMCTBA, ETEKTUPYIOIIETO
W3MEHEHUS TIOKa3aTellsd MPEJIOMJICHUST OKpYXKawIlel cpeapl. J[aTyuk cMojenupoBaH Ha OCHOBE
MHUKPOKOJIBLIEBOI'O pe30HaTOpa C paauycoM 11 MKM Ha MOMIOXKKE W3 CTEKJIa C 3a30pOM MEXIY
KOJILIIOM W TOJBOASIIMM BOJIHOBOJOM BenuduHOW B 250 HM Ha muiatrgopMe «KpEeMHHM-Ha-
U30JSTOpe». B oTnuume OT aHanoroB pa3pabOTaHHBIA JATYUK HE UMEET MOJMMEPHOTO MOKPBITHS.
UyBCTBUTEIBHOCTh pa3pabOTaHHOrO jaTyWka coctaBiser 100 HM Ha €IUHUIY HW3MEHCHUS
3¢ (deKkTHBHOTO MOKa3zarens mnperomiieHus. [IpennokeHHOe pelieHne MOXKET HCIIOIb30BaThCs B
IIUPOKOM CIIEKTpPE 3aja4, B TOM YHUCJIE JIJII MOHUTOPHUHTA OKPY)KAIOIIEH CPE/Ibl, OLICHKH 3/I0POBbSI
YeJIoBeKa, a TakkKe IS ONpeNeNieHUs HaJIMYusg W KOHIEHTPAIlMM Ta30B B MAacCisSHBIX
TpaHnchopmaTopax.

Knrouegvie cnosa: MUKPOKONBIEBOW pPE30HATOP; ONTUYECKUM CEHCOpP, KPEMHHH Ha H30JSTOpe
(SOI); nerekTupoBaHME ra3oB; pePpakTOMETPUUECKHI TaTYUK.

. BBEJAEHUE

AHanu3 Hanu4us ra30B U U3MEPEHHE UX KOHLUEHTPALMHU B HACTOSAILEE BPEMS
SBJISIETCA BOXKHOU 3a/1aueil B oOecriedeHur 0€30MaCHOCTHU KMJIBIX U MPOMBIIIUICHHBIX
31aHWI, B MOHUTOPUHIE COCTOSHMSI OKPYXarolleld cpeapl, Ha mpousBoiacTee. llpu
3TOM HauOoJiee YaCcTO OOBEKTOM HCCIEAOBAHUSI CTAHOBSITCS Ta3bl, PEICTABIIAIONINE
OMAacHOCTh Ui 4YeJlOoBeKa JHUOO BCIEICTBHE TOKCHUYECKHX CBOMCTB, JIMOO HX
B3PBIBOONIACHOCTH, HAIPUMEpP, YrapHbIM TIa3, aMMHaK, 3aKHCb M OKCHJ a30Ta,
TUOKCHUJ cepbl U CepHUCTHIA ra3 [1]. bauskuii Habop ra3oB paccMaTpHUBaEeTCs MpPH
MOHUTOPUHIE COCTOSIHUS 3[0POBbS YEJIOBEKAa Ha OCHOBE COCTaBa BBIJIBIXAEMBIX UM
ra3oB [2]. B cunoBoii sHepreTuke 0co00€ BHUMAHUE YAENAETCS TaKKe BOJOPOAY U
€ro COE€IMHEHUAM NP MOHUTOPHHIE COCTOSHUSA MAaCISHBIX TpaHcGopMaTopos [3, 4,
5]. OtnmensbHO HEOOXOAMMO TAaKXKE BBIICIUTH PA3BUTHE CHUCTEM MOHUTOPHUHTA
OKpYXalollel cpebl C UCIOIb30BaHUEM OECIUIIOTHBIX JIETATEIbHBIX aNmaparoB [6,
7]. Bo Bcex onMChIBAEMbBIX CUTYALUSIX TPUMEHEHUST HEOOX0AMMO 00eCieunTh HU3KHE
MaccorabapuThl ~ JAaTYUKOB,  HHU3KOE  DHEPromoTpedjJeHHe U BBICOKYIO
YyBCTBUTEIBHOCTh. [IpM MpUMEHEHHH BO B3PBIBOOMACHBIX CpEAaxX TOMOJHUTEIBHO
HEOOXOMMO MAaKCHUMAaJIbHO HCKJIIOYHUTH BO3MOXHOCTh HCKpOOOpa3oBaHuA. Takum
KPUTEPHUSIM COOTBETCTBYIOT IATYMKHU HA OCHOBE YCTPOICTB MHTEIPATIBbHON (POTOHUKH.
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1. AHAJIN3 CTPYKTYP JATUMKOB
HA MUKPOKOJIBLHEBBIX PESOHATOPAX

B paGote [8] mpeacraBieHa cxema MHUKPOKOJBIIEBOIO Pe30HATOpa C ABYMs
BOJIHOBOJIaMH, paJlycC KoJiblla cocTaBiisieT 11 MKM, BBICOTA U IIMPUHA BOJTHOBOJOB —
220 am u 500 HM COOTBETCTBEHHO, B Kauye€CTBE TIOKPBITUA MCIOIb3YETCS
noymrekcametwieHoOuryanuaua (PHMB) tommuuo#i 240 am. B paGote [9] B
Ka4yeCTBE MOJIMMEPHOTO MOKPBITHS TaK K€ ucnoiibzoBasics cinoil PHMB, onnako, on
MOKPBIBAJI HE BCIO KOHCTPYKIIMIO PAaBHOMEPHO, a TaK, 4YTOObl HaJ KaXIbIM
AJIEMEHTOM OBbLIO MOKPHITUE PABHON TOJIIIIUHBI.

AmnanornyHas cxema Oblla HCHodb3oBaHa B cratbe [10], HO 31€ch
UUKIM3UPOBAHHBIA MPO3PAYHBII ONTHYECKUN MOJUMEpP IIEN B KAYECTBE MOMJIOKKH
nepen crekioM. Kpome Toro, jyirHa BOJIHBI UCTOYHMKA M3TYyUYEHUS! ObLIa MEHBIIE —
550 HM, OJTHAaKO, TPEThE OKHO MPO3PAYHOCTHU C ITOM TOUKHU 3pEHUs SIBISIETCS OoJiee
MOAXOAIINM, TOCKOJIBKY, B CPABHEHUHU C JPYTHUMU JIJIMHAMU BOJIH, 3aTyXaHUE 3/1€Ch
OyJ1IeT MUHUMAJIbHBIM.

B crarbe [11] Obuta paccMOTpeHa cXeMa MHKPOKOJIBLIEBOIO pE30HaTOpa H
METJIEBOTO BOJHOBOJAHOTO 3€pKaja Ha OCHOBE HUTpUJA KpEMHHUS. 311eCh
BAPBbUPOBAINCH TAKUE TOKA3aTEIM, KaK paInyC KOJbIA, 3a30p MEXAY BOJTHOBOJOM U
KOJIBLIOM, PACCTOSIHUE MEXAY KOHTYPOM U KOJIBLIOM, a TAKXKE caM paJiiyCc KOHTYpa.

Heo06xonuMo OTMETUTh, UYTO HCIOJIb30BAHUE TMOKPHITUA B JaTYMKax Ha
WHTErpaIbHON (DOTOHMKE BBI3BIBAET BOIPOCHI C BO3ZMOXHOCTHIO UX MHOT'OKPATHOTO
WCIIOJB30BaHUs (TIOKPBITHE C TEYCHUEM BPEMEHH MOKET U3MEHSTh CBOMCTBA) [12].
[ToaToMy 1enecooOpa3HbIM MPEACTABISETCS HUCCIEI0BAHUE MHMKPOKOJBLEBOIO
pe3oHaTopa, HE TMOKPBHITOrO (DYHKIIMOHAIBHBIM CJIOE€M, B KadecTBE JaTdyMKa Tasa.
Takxe CTOUT OTMETUTh, YTO 0€3 (PYHKIIMOHAIBLHOIO CJIOS PE30HAHCHI Ha BBHIXOJHOM

MOPTY CTAHOBSITCS TITy0Ke, 4YTO BUJIHO Ha puc. 1-2:
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KoadbduumeHT nepenayn
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Puc. 1. 3aBucuUMOCTD nepcaadyu OT AJIMHBI BOJTHBI B MUKPOKOJIBIICBOM PE30HATOPC
C MMOJIMMCPHBIM IMOKPBITHUEM

1.2 T T T T

KoadbpunumeHT nepegayn
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Puc. 2. 3aBucuMocTb nepeaadu OT JJIUHBI BOJIHBI B MUKPOKOJIBLIEBOM PE30HATOPE
0€3 MOJUMEPHOTO MOKPHITUS

1. MOJEJIMPOBAHUWE MUKPOKOJIBLIEBOI'O PEBOHATOPA

FBBBI, MNpeACTABIAIOINEC HMHTCPEC C TOUYKM 3PCHHA IIPOBCACHHOIO BBIIIC

aHaiu3a, MpUBEICHBI B Tabyuiie 1.
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Tabnuya 1

D¢ heKTUBHBII MOKa3aTeNb MPETOMICHHS PAa3INYHBIX Ta30B

BemecTrBO ®opmyJia BemecTBa Neft
Heon Ne 1,000067
Bonopon H2 1,000132
VYraepona okuch CO 1,000334
Oxuch azora NO 1,000516
CepoBoaopon H2S 1,000641
Benzon C6H6 1,000788
[Mapsr pTyTn Hg 1,000933
Yriepos 4eThIpeXXI0PUCTHIN CCl4 1,001768

Jlist MonenupoBaHus yCTpOMCTBa ucmosb3oBaitack cpena Lumerical MODE.

Ha puc. 3 npexncraBneH 3CKU3 yCTPOWCTBA.

Puc. 3. Dckus ycrpoiicTsa

B tabnute 2 npuBeeHbI reOMETPUUYECKUE TapaMETPhl YyCTPOIMCTBA:

['eomeTprueckue napameTpsl yCTpOUCTBA

Tabnuya 2

Bequunna 3HaueHue
Bremnuii pagnyc, MKM 11
[IIupuHa BOJHOBOIA, HM 500
BricoTa Bo1HOBOAA, HM 220
Benuunna 3a3opa, HMm 250
TonmuHa MOII0KKH, HM 240
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M3 XxapakTepUCTHUKM Ta30B BUIAHO, 4YTO JATYUK JOJDKEH JAETEKTUPOBATH
u3MeHenue os¢¢ekTuBHOro mnokazarens mnpenomienus po 0,0001, mostomy B
MOJICIMPOBAaHUM ObU1 BbIOpaH Takodl ke mar wusMeHeHus. CeHcop uMeer
OTHOCUTEJIbHBIN CABUI PE30HAHCHOW JUIMHBI BOJIHBI 100 HM Ha €JUHUILY U3MEHEHUs
3¢ (eKTUBHOrO MoKazarenss mnperomiieHus (puc. 4), TO €cTb OH YJIOBJIETBOPSET
TpeOOBaHUSAM [UIsl JAETEKTHUPOBAHUS TIa3000pa3HbIX BEUIECTB, INPUBEJICHHBIX B
tabmuue 1. Crtoutr OTMETHTH, 4TO Tpaduku ObUIM SKCHOPTHPOBAHBI M3 CPEIBI

Lumerical B mporpammusbiii maket MatLab juist mydiieit BU3yain3aium.
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E 06} 1
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Jg 02+ n=1,0003 -
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[nnHa BOMHbI, HM

Puc. 4. Casur pe3onaHnca npu nokazareisx npeiaomiienus ot 1 go 1,0006

CeHcop ObUT pacCUHMTaH C UCIIOJIH30BAHUEM METO/Ja KOHEUHBIX JJIEMEHTOB H
3aTeM uUMHOoOpTUpoBaH B cpeay cucteMHoro moxaenupoBanuss INTERCONNECT.
B pesynbrate pacueToB ObLIM TOJYYEHBI 3aBUCUMOCTU KOd(PUIIMEHTa Tepeaadn
MUKPOKOJIBIIEBOTO pe30HaTOpa OT JUIMHBI BOJHBI (puc. 5) I Pa3IUdHBIX

Fa3006paSHBIX BCIICCTB, HC MMCIOIIUX 3allaxa, HO OIMACHBIX AJIA 310POBbA YCIIOBCKA.
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KoadbdmumeHT nepegaun, ob

-20

-40

-60

-80

-100

120

1554.66 1554.68 1554.7 1554.72 1554.74 1554.76 1554.78 1554.8

[rnvHa BOIHbI, HM

Puc. 5. 3aBucumocTs k03¢ duiieHTa nepeiayd MUKPOKOJIBIIEBOTO PE30HATOPA
OT JIJTUHBI BOJIHBI JJIS PA3JIMYHBIX MOKA3aTeNIe MPEeIOMIICHHS

Pe3ynbTaThl ObLIN CBEJICHBI B TA0IUITY 3.

Tabnuya 3

Hannbie, nonydaerasie mpu MoaenupoBann B LUMERICAL INTERCONNECT
JUTSL PA3JTUYHBIX BUJIOB Ta3000pa3HBIX BEIIECTB

PeszonanchHas
BemectBo Popiyna 23hd JUTMHA BOJIHBI, Kospmument
BEIECTBA o nepenayu, n1b
Heon Ne 1,000067 1554,67 -35,5626
Bonopon H2 1,000132 1554,68 -119,087
VYrnepona CO 1,000334 15547 -35,8033
OKHCH
3aKkuck a3ora NO 1,000516 1554,71 -45,8699
CepoBoiopont H2S 1,000641 1554,72 -67,032
benzon C6HG6 1,000788 1554,73 -39,1777
[Taps! pryTH Hg 1,000933 1554,74 -37,5655
VYrnepon CCl4 1,001768 1554,79 -34,9519
YETBIPEXXJIOPUCTBIN
I, 3AKJIFOYEHUE

MopnenvupoBaHue MOKa3bIBa€T, YTO JaXe B OTCYTCTBUU (PYHKUIHMOHATBHBIX

MMOKPBITUHI

CYIIIECTBEHHO

pEe30HaHCHAs

HU3MCHSICTCA

B

XapaKTEePUCTHUKA

3aBUCHUMOCTHU
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oKpyxatomeld cpenbl. [myOmHa pe3onanca coctaBiusier ot 34,9519 b ma
gyeTblpexxjopucroro yriepoga no 119,087 nb nns Bomopoma. Takum o0paszom,
OMHCaHHAsl CTPYKTypa MOXXET OBITh HCIIOJIb30BaHa B KadecTBE JaTdWKa Trasa.
Pesynbpratel MoaenupoBaHHs TOKa3bIBAIOT, YTO JAaT4yMK OOJAZaeT BBICOKOU
YYBCTBUTEIHHOCTEIO W MOXET OMPEACNATh HAIWYHE OMACHBIX Ta3000pa3HbIX
BeniecTB. OJHAKO, YCTPONCTBO CIMILIKOM YyBCTBUTEIBHO K U3MEHEHHSIM TAPaMETPOB
OKpYy>Karolen cpefpl (TeMreparype, NaBICHUIO U BIaXKHOCTH), TO3TOMY TpeOyeTcs
ero JanpHeimas MoauduKarms.

bnarogapss maneiM macce, pasMepaM U SHEPronoTpeOJICHHIO, ONMHUCHIBAEMBIN
JaTYNK MOXKET HKCIIONb30BAThCSI B CHUCTEMAaX MOHHTOPHMHTA 37I0POBBS JIOJICH, B
CUCTEMAaX MOHMTOPHMHIA OKpY)KAIOIIEW Cpelbl C HMCHOJIb30BaHUEM OECIUIOTHBIX
JIeTaTeIbHBIX amlapaToB, B MPOMBIIIJICHHOCTH, a TAK)K€ B CHIIOBOM SHEPreTHKE MpU

OIIPCACIICHUHU I'a30B B MACJISIHBIX TpaHC(l)OpMaTOan.

IV. BJIATOAAPHOCTH

HccnenoBanue BBIIOJHEHO B paMKax padOT MO roCyJapCTBEHHOMY HU3/IaHUIO
Muno6puayku Poccun nnss ®I'BOY BO «YT'ATY» (xon nayunoit tembl #FEUE-
2021-0013, cormamenue Ne 075-03-2021-014) B  MOJOIEXKHON  HAy4YHO-
uccnenonarenbekoit madboparopun HOLL «CencopHbie CUCTEMBI HA OCHOBE YCTPOMCTB

UHTETPaIbHON (DOTOHUKWY.
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3auoyanuna K. A., [lomanuyx H. K.
Y dbumckuit rocyaapcTBeHHBIN aBUAIIMOHHBIN TEXHUYECKUN YHUBEPCUTET

HOBBIIHEHHEUHPOHYCKHOFI CIIOCOBHOCTHA
BO3AYIIHBIX TUHUU SJEKTPOIIEPEJAYU IIOCPEACTBOM
IMPUMEHEHMUMS BBICOKOTEMIIEPATYPHBIX ITPOBO/1OB

Abstract: Such ways of increasing the capacity of power transmission lines as the construction of
new transmission lines and the use of high-temperature wires in the reconstruction of overhead lines
are considered and compared from the technical and economic side.

Keywords: High-temperature wires, reconstruction, power transmission lines.

|. BBEJIEHUE

B TIlocnegnue roasl MHOTHME pErHOHbl M ropoja Poccum crankuBaroTcs C
npoOsieMoil  OrpaHU4YeHHOM TpomyckHOM crocoOHoctu JIDIIL.  3HaunTenbHOE
YBEJIMYEHHUE CIPOCa Ha 3JIEKTPOIHEPruio 3a nociuennue 10 et Tpedyer mocTOsSHHOrO
pacIIMpeHusi WM OOHOBIICHUS PpACIPEACIIUTEIBHBIX CETeH HSHEProcHa0X aroumx
NPEINPUITUN. st YAOBJIIETBOPEHUS OBICTPOPACTYILUX noTpedHoOCTeH
DIIEKTPOCETEBbIE  KOMIAHWUM  BBIHY)KJIEHBI ~ IOCTOSIHHO  MOJU(DHUIIMPOBATH
CYILLIECTBYIOILLUE CETH, IPUMEHSA CICAYIOINE KIACCUUECKUE METObI:

- CTPOUTEIBCTBO AONOJHUTENbHBIX BJI;

- 3aMEHa MTPOBOJIOB Ha OOJIbIIKE MOTIEPEUHBIE CEUCHUS;

- OBBILICHHUE HAIIPSKCHUS,

- pacierienue ¢asbl.
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YKa3aHHbIE METOJBI, XOTS M NPUMEHSIOTCS B HACTOSAIIEE BpPEMS, OJHAKO
MMEKT Pl CYLWIECTBEHHBIX HENOCTAaTKOB. Tak, HampuMep, CTPOUTEIBCTBO
nonoaHUTENbHBIX BJI TpeOyeT 3HAUMTENbHBIX KalUTaJOBIOKEHUN, BPEMEHHBIX
3aTpaT W TIOJYYEHUs pa3pelleHuid Ha CTPOUTENLCTBO. BTopoe HampaBieHue
OKa3bIBAa€TCAd HE BCErJa BO3MOXKHBIM, ITOCKOJBKY CTaJECaJtOMUHEBBIA IPOBOJ
OoJpIIer0 ceueHus o0JafacT W MOBBIIIEHHON MaccoM, YTO MPH 3aJaHHBIX CTpeax
MPOBECA, BETPOBBIX M TOJOJEAHBIX BO3JCHCTBUSAX CO3JAET IMOBBIIICHHBIE HATrPy3KU
Ha DJIEMEHTHI ONOP, HA KOTOPBIE CTapble OMOPHI YaCTO HE PACCUUTAHBI, U BO3HUKAET
HEOOXOJIMMOCTh B yCTaHOBKE NOMOJHUTENbHBIX onop JIDII [1]. OgHako ycTtaHOBKa
HOBBIX OIIOP MOXET OOEpPHYThCS CEPhE3HBIMU MPOOJIEMaMH B T'YCTOHACEIECHHBIX
palioHaxX, paliOHAaX YaCTHBIX 3€MEJb, B HAIMOHAJIBHBIX ITapKax, 3allOBEAHUKAX WU
IPYTUX 30HAxX C 3alpeTOM Ha CTPOUTEIBCTBO. TpeThe W YETBEPTOE HAIPABICHUA
MOYTH BCErJa MPHUBOAIAT K TEM XKe MpodiieMaMm, 4TO M BTOPOE - BO3HUKAET
HE0OXOMMOCTD MEPECTPAUBATH BCIO JTUHUIO.

OTtcroia OSIBIISIETCS aKTyallbHasi HEOOXOAMMOCTh TMOBBIIIECHUS TIepegaBaeMoi
MOIIIHOCTH CYIIECTBYIOIIMX BO3JYIIHBIX JIMHUM, IO BO3MOXKHOCTH, H30eras
CTPOMTENBCTBA HOBBIX JIMHUM, ITOJHOW IIEPECTPOMKH CYIIECTBYIOIIUX JIMHHM,
ITOJIBECKU HOBBIX LIETIEN U T.[.

Takass mOCTaHOBKAa 3aJaydl  TOBBIIICHHS  TPOMYCKHOM  CIOCOOHOCTH
nMmeromuxcsi BJI mpuBiiekarenbHa Kak ¢ TEXHUYECKOW, TaK U C SKOHOMHUYECKOU
TOYKH 3PEHHUS] U MOXKET OBITh PACCMOTpPEHA 3a CYET NMPUMEHEHHUS CIENHaIbHBIX
BBICOKOTEMIIEPATYPHBIX TPOBOOB.

Heobxonumo paccMOTpeTbh U CPpaBHUTH ¢ TEXHUKO-PKOHOMUYECKOW CTOPOHBI
TaKue MyTH yBEJIMYEHUS IPOIMTYCKHOM criocoOHocTu BJI Kak CTpOUTETHCTBO HOBBIX U
MIPUMEHECHUE BBICOKOTEMIIEPATYPHBIX NPOBOAOB Jy1si BJI mpu peKOHCTPYKIMU JTUHUH.

B cnyuae crpourensctBa, cozganue BJI mpoucxomur ¢ camoro Havana.
Haunnass oT WHXXEHEpPHBIX W3BICKAHUHM, BHIOOPAa W OTUYXKACHUS TEPPUTOPH,
CO3/IaHUE OXPAHHBIX 30H, MPOCKTUPOBAHUS U COIJIACOBAHUS TEXHUYECKUX PEIICHUN

Y 3aKaHYMBAasi CTPOUTENBCTBOM U BBOJOM B 3KcIuTyaTanuio JIDIL.
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CrpoutenbctBo HOBbIX JIOII ¢ mnpuMeHEHHEM BBICOKOTEMIIEPATYPHBIX
IIPOBOJIOB aKTyaJIbHO, €CJIM HA YYacTKE OT MCTOYHHUKA AJIEKTPUYECKOW SHEPTUH 10
NOTpeOuTENsI HE CYIIECTBOBAJIIO HU OJHOWM JUHUU 3jekTporepenad. Ho eciu Ha
JAHHOM Yy4YaCTKE YK€ CYIIECTBYET JHHHs, TpeOyrolas yBEIWYEHHUS MPOMYCKHOU
CIIOCOOHOCTH, TO HEOOXOJUMO PAaCCMOTPETh CUTYAIMIO C 3aMEHOM CYIIECTBYIOIIUX
IPOBOJIOB HAa BBICOKOTEMIIEPATYPHBIE.

Ecnu B mepBoM ciydae NMpPOEKTUPOBAHUE HOBBIX MPOBOAOB JAaE€T CBOOOAY B
IUiaHe BBIOOpA, PACCTAHOBKU OIOpP, TO BO BTOPOM HEOOXOJIHUMO BBINIOJHUTH
MEXaHUYECKUN pacyeT MPOYHOCTH C yUeTOM (PaKTHUECKOM pacCcTaHOBKH omop. Taxxke
IIpU 3aMEHE MPOBOJAA A0OABISIOTCS 3aTpaThl Ha JEMOHTAaX M YTHIM3ALHUIO CTapoOro
IIPOBOJIA.

B o0oux ciy4asx HEOOXOJMMO y4ecThb 3aTpaThl HA BPEMEHHBII OTBOJ 3€MJIU
0]l CTPOUTEIbHBIE pa0OThI U COTJIACOBATh MPOEKT CO BCEMH 3€MJIEMIONB30BATEISIMH,
[0 TEPPUTOPUU KOTOPBIX OyneT MpoxoauTh (win npoxoaut) Tpacca BJI. B mepBom
clly4ae KpOM€ BPEMEHHOI'O OTBOJIA MO CTPOUTEIBCTBO HEOOXOAUMO MPETyCMOTPETh
3aTpaThl HAa IOCTOSIHHBIN OTBOJ IO/ OIIOPBI.

JInst mpoBeJleHUsT CPaBHUTEIBHOTO aHajdnu3a SKOHOMUYECKOH 3(()EKTUBHOCTH
CTPOUTEIBCTBA BO3AYIUHON JuHUU ¢ npoBogaMu AC M BBICOKOTEMIIEPATYPHBIMHU U
pexkoHcTpykiuu BJI ¢ 3amenoil npoBoga AC Ha BBICOKOTEMIIEPATYpPHBI MPOBOJ B

HayaJIbHOU CTaavu IMPUHUMAKOTCA NCXOAHBIC JJTaHHBIC.

Il. CPABHUTEJIbHBIN AHAJIN3

JInst mpoBeieHrs CPaBHUTENIBHOTO aHallM3a pPacCMaTPUBAETCS CYIIECTBYIOLIAs
Bo3nymHas JsmHMs dsnekrponepenayn (JIDI) benopenk — KomOunar, nens 2.
JIaHHBIN y4acTOK SIBIISIETCST MEHEE HAACKHBIM, OCOOCHHO TpU YCIOBHSIX
rojonenooOpazoBanus. K mpumepy, B 2007 romy Oblia aBapusi: mocjie IJIaBKU
rojojena jeja ynal WU MPOBOJ HATSHYJCS, BCIEACTBHE uyero oOpa3oBaiach ILUISICKA
npoBoJIoB. [Ipon3onuio mojHOEe OTKIIOYEHHE JIMHUM, TaK Kak MepBas ILenb Obuia
OTKJIFOUEHA M3-3a TUIaBKH I0JI0JIea, BTOPast LIETb Oblia MO/ HaIPSHKEHUEM.

I[J'ISI ITOBBIINICHWS HAACKHOCTHU )18.HHOI>'I JIMHWUU IpEajiararoTCAa JABa BapuaHTa:
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1)  CrpoutenbcTBo HOBOM BO3yIIHOM JIDII (aHanoruyHoM
CYILIECTBYIOIIEH );

2)  3amena npoBoja AC-150/24 Ha BEICOKOTEMITEPATYPHBIH.

Paccmorpum aBe Mapku  BbicokoTeMiiepaTypHoro mposoga: ACIIT wu
GZTACSR.

[TpoBog ACIIT HeM30aMpPOBaHHBIN U3 TEPMOCTOMKOTO AIIFOMUHHEBOTO CILJIaBA
C CEpACYHUKOM H3 CTaJbHOM IIPOBOJIOKH, IUIAKUPOBAHHOW QJIFOMUHHEM, C
MOBBIIIEHHON padoyuel TeMrepaTypoi 0T€UeCTBEHHOTO ITPOU3BOCTBA.

[InakupoBaHue — METOJ HAHECEHHsI TOHKOIO 3aIUTHOTO CJIOs METajula Ha
IIOBEPXHOCTh JPYroro MeETaJla, B JAaHHOM CIIly4ae aJIIOMHHHUS Ha CTaAIbHYIO
IIPOBOJIOKY, TEPMOMEXaHMYECKUM CIIOCOOOM. 3aKJIF0UaeTCcsi B COBMECTHOW ropsiueit
IPOKATKE WJIA BOJOYEHMH OCHOBHOIO W 3alIUTHOrO MeTauIoB. [lmaknpoBaHHYIO
CTAJIbHYIO IPOBOJIOKY H3TOTABJIMBAIOT BOJIOYEHUEM AJIOMUHUEBON TpyObl, BHYTpb
KOTOpPOM BCTaBJIEH cepaeyHuk u3 cranu. ChemieHue Mexay MeTaulaMu
OCYILIECTBIISIETCA B pe3ysibTaTe AudPy3uu MmoJ BIUSHUEM COBMECTHOU AedopManiuu
ropsiueit 3aroToBku. [lnakupoBaHHas cTajabHas MPOBOJIOKA IPUMEHSETCS B U3/IETIUAX,
TPEOYIOIIKX MOBBIIIEHHOW KOPPO3UOHHON U MEXaHUYECKOU CTOMKOCTH, B TOM YHUCIIE

MIPU BBICOKUX TEMIEPATYPHBIX Harpy3kax [2].

CTanb, NNaKMpoBaHHAA anioMIHHEM

MoBMBE NPOBONOK M3 crinasa Al-Zr

Puc. 2. Konctpykuus nposona ACIIT
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benpruiickuit  3aBox  «Lamifily mpemnmaraer mmMpokwit  accopTHMEHT
TEPMOCTOMKHUX MPOBOJIOB CO CTAJIBHBIM CEPACYHUKOM U ¢ 3a30poM Mapku GZTACSR
(Gap-type ZTal-Alloy Conductor Steel Reinforced) — mpoBoa ¢ MHOTOIIPOBOJIOYHBIM
CEpIEYHUKOM U3 OIMHKOBAHHOM BBICOKOIIPOYHOM CTalld, C 3a30pOM MEXIY
CEpJCYHUKOM M TOKOIPOBOJSILEH YacTbiO, KOTOpas BBINOJHEHA U3 CKPYYEHHBIX
KOHIEHTPUYECKUMHU TIOBHBAaMH TPANCIUEBUAHBIX W/UIM KPYIJIBIX IPOBOJIOK.
TokonpoBoasIIass 4acTh MPOBOJA COCTOMT M3 HECKOJIBKMX ITOBHMBOB AJTOMUHHUMA-
uupkoHueBoro craBa ZTAL ¢ MakcuMalibHOU TemIiepaTypoi skcruryatanuu 210°C.
JlaHHasT KOHCTPYKIMS B  COBOKYINHOCTM C TEPMOCTOMKMMH  CBOMCTBaMH
HCIIOJIB3YEMbIX MaTEpHalIOB 00ECHEeYnBACT MHUHUMAJIbHBIA MPOBUC IPOBOJA MpPH

Harpege [3].

CepaeqHm —
3 ranh E3HHIMDOEaH-
HbLX ERCOKOMNDOHHEL
CTANBHEL MOS0

TpaneyWeaMHLIE
AMOMHHHEED-

- UHpKOHMEARIE NPOSON0KH
TpaneyHeaHgHLIE

AMOMMHMEED- UHDEDHHEBEE Mpo-

EOUTORM

Kpyrieie amoMiHHEa0-
LMDKOHHEE BIE NDOS0I0KH

333op

CepnesHiE W3 raneaamd-
ZHDOBSHHELY BLICOKD-
NpCHHBLE
CTEMEHER MO0 B0

Puc. 3. Kouctpykuus nposoga GZTACSR

[TpoBog GZTACSR obnanaer ciaeayronuMu NpeuMyIecTBaMu:

1) mpoBoA MO3BOJISAET IKCILTyaTHpoBaTh BJI pu MOBBIIIIEHHOM 3HAYEHUH TOKA;

2) 3a CYeT BBICOKOW MPOYHOCTH OOECIEUUBACTCS 3HAUYMUTEIBHOE COKpAIlCHUE
TETIOBOTO MPOBHCA MPU PA3TUIYHBIX YCIOBUSX;

3) cTpenbl MpoBeca MPOBOJA COXPAHSIOTCS B MpejeiaxX JAOMYCTUMBIX TPaHHII

MIpU TIOBBIIIIEHHOM pabouel TeMieparype mpoBo/a;
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4) 3aMeHa CTaHIAPTHOTO IPOBOJA HAa TEPMOCTOWKHN IO3BOJISIET B 2 pasa
YBEJIUYUTH MPOMYCKHYIO CIOCOOHOCTH CYIIECTBYIOIIUX JTUHUI 0€3 3aMEHBI OIop.

Jns  BbIOOpa BBITOJHOTO BapHaHTa MPOBEAEM TEXHUKO-3KOHOMUYECKOE
COTIOCTaBJICHUE, OlleHNBasA 3((HEKTUBHOCTb.

Pacder KamuTalbHBIX BJIOKEHUH MO KakXJIOMy BapuaHTy mpoBeaem [IK

«I'PAHI-Cmeta». [laHHbIE Uil pacueTa MOPEACTaBICHbI B HWKEIPUBEICHHBIX

Ta0IuIax.
Tabauya 1
Benomocts (onuck) o0beMa CTpOUTEIBHBIX PA0OT HA BBHIMOJHEHUE:
cTpouTtenbcTBO HOoBOM BJI-110
Bupa pador dopmyJia noacyera En. uam. | Koa-Bo | Ilpumeyanue
1 2 3 4 5)
XXVII IT -
POCICTHO Tabnuua I13. 3aTpartel Ha
U3BICKATEIIbCKHE
aGoTHt (11 BoeX MIPOEKTHO-U3bICKATENbCKUE
i) SreKToR pabotsl o BJI KM 53,7
Y L (I13-17, nanpsoxenue -110kB.,
Poccuiickoit
MPOTSHKEHHOCTh — 53,7 KM)
denepanun)
XXVIIL P 0
aspa OTKaU Tabnuua [18. 3arpaTs! Ha
3eMJICYCTPOUTEITHHOU
pa3paboTKy U YTBEPKICHHE
JOKYMEHTAITUH U
JIIT npu npoxoxaenuu BJI no
odopmiieHre KM 53,7
SeMETLHEIX 3eMJISIM JIECHOTO (poHJIa
. (I18-17, nanpsixenwue -110kB.,
OTHOIICHUHN
NPOTSHKEHHOCTH -41-160,9 kM)
Tabmuua b7. YHII Ha BeIpyOKy
(pacmmpeHnue, pacuucTKy)
npoceku BJI (ans Beex
XXI. BJI 0,4- B P®
J10,4-750 x cyOnekToB PD) ra 107.2
(b7-01, PacuncTka KycTapHUKOB
Y MEJIKOJIECHS, BBIPYOKa
JIepeBbEB U KOpUEBKa MHEH ¢
auaMeTpom ctBodia o 11 cm)
Ta6muma JI1. YHI] BJI 0,4-750
KB Ha cTpoUTETPHO-MOHTaXHBIC
P
XXL BJI 0.4-750 kB paboThl 6€3 omop U MPOBOA ecryosmka
(JI1-04-1...4, nanpspkeHue - KM 53,7 bamkoprocta
110xB., ogHoLIETHAS, BCE TUIIBI H
OTIOp 32 UCKIIIOUEHUEM
MHOTOTPaHHBIX )
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Oxonuanue maon. 1

2

4

5

XXI. BJI 0,4-750 kB

Tabmumna JI3. YHII orop BJI 0,4-
750 xB

(JI3-04-1...4, nanpspkeHue -
110xB.): ¥-110-1 (16 mr.)

439 740 py6 /mt I1-110-5T1T
(210 mrt) 257 348 py6 / mr. I1b-
110-5 (41 mr.) 235 200 py6/ .

267

XXI. BJ1 0,4-750 kB

Tab6muma JI5. YHII npoBoga BJI
110 kB cTaneamroMuHIEBOrO

TUIIa
(JI5-04, ceuenue -150 m2.)

KM

53,7

XXI. BJI 0,4-750 kB

Tabnuua JI6. YHII 1 rpo3zoTpoca
BJI C-50
(JI6-03, nmameTp -9,1 Mm)

KM

53,7

I'po3otpoc C-50

pyo/m

50

npoox AC150/24

pyo/m

110

Tabnuya 2

BenomocTh (onuch) 00beMa pEeMOHTHO-CTPOUTEIIBHBIX Pa0OT Ha BBIMOJIHCHHE:
3ameHa rmpoBoioB BJI-110 AC-150/24 HA ACIIT-120/27

Bun pador dopmy.ia noacyera En. usm. | Kos-Bo | Ilpumeyanue
XXVIL IIpoekTtHo- Tabnuua I13. 3arpars! Ha
U3bICKATEIbCKHE PAOOTHI | MPOEKTHO-U3BICKATEIbCKHE
(U1 Bcex CyOBEKTOB paGotsl o BJI (I13-17,
Poccuiickoii HanpspkeHue -110kB., KM 53,7
®denepariyin) MPOTSKEHHOCTH - 50 KM) Pecrybnnka
bamkoprocra
H
XXI. BJ10,4-750xB Ta6muma JIS. YHI npoBona
BJI noBbI111IeHHOM
. KM 53,7
MIPOITYCKHOU CITIOCOOHOCTH
(JI18-01)
CTOUMOCTE Py6 /M 101
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Tabnuya 3

Benomocts (onrch) 00beMa peMOHTHO-CTPOUTEIIBHBIX PA0OT Ha BBIMTOJTHEHHE:
3amena nposozaos BJI-110 AC-150/24 HA ACIIT-150/24

Bupa pador dDopmyJia nojacyera En. uam. | Kosa-Bo | Ilpumeuanue
XXVIL. ITpoekTHo- Tab6numa I[13. 3arpaTs! Ha
U3BICKATEIbCKUE PA0OTHI | TPOEKTHO-U3BICKATEITHCKUE
(ms Bcex CyOBEKTOB pabotsl o BJI
Poccuiickoii (I13-17, HampsikeHHE - KM 53,7
denepanun) 110xB., npotspkeHHOCTH - 50 Pecry6uka
KM) Bamkoprocra
XXI. BJ1 0,4-750xB Ta6muma JI8. YHI] npososa i
BJI noBeIieHHOM
IPOIYCKHON CIIOCOOHOCTH KM 33,7
(J18-01)
CTOoMMOCTB py6/M 126
Tabnuya 4

BenomocTs (omuck) 00beMa peMOHTHO-CTPOUTEIBHBIX PA0OT Ha BBIITOJIHEHUE:
3ameHa npoBooB BJI-110 AC-150/24 HA ACIIT-185/24

Buna pador dopmyJia noacyera En. uam. | Koa-Bo | llpumeyanue

XXVIL IIpoekTtHo- Tabnuna I13. 3aTparsl Ha
U3BICKATENIbCKUE PA0OTHI | MPOEKTHO-U3BICKATEIHCKUE PecriyOnuka
(n7st Bcex CyOBEeKTOB pabotsr o BJI (I13-17, KM 53,7 bamkoprocta
Poccuiickoii HanpspkeHue -110kB., H
Denepaliyin) MPOTSKEHHOCTH - 50 KM)

Tabnuma JIS. YHI] npoBona
XXI. BJI 0,4-750xB BJI oBeIIEHHOM KM 53,7

MPOIYCKHOM CITIOCOOHOCTH

Croumocts pyo/m 155
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Tabnuya 5
Benomocts (onuck) 00beMa pEMOHTHO - CTPOUTEIBHBIX PA0OT HA BBHIMOJIHEHUE:
3amena mpoBojoB BJI-110 AC-150/24 HA GZTACSR-185/30

En.
Bup pa6or ®opmy.a noacyera H;;l Koa-Bo | [Ipumeuyanue
XXVIL. IIpoekTHo- Tab6numa I[13. 3arpaTs! Ha
M3BICKATEIbCKUE PA0OTHl | IPOEKTHO-U3BICKATEITHCKUE
(n1s1 Bcex cyOBEKTOB pabotsr o BJI . 537
Poccuiickoit ®enepanun) | (I13-17, HanpsokeHue - ’
Pecniybnuka
110xB., mpoTspkeHHOCTS - 50
Bbamkoprocta
KM)
H
XXI. BJI 0,4-750xB Tab6muma JIS. YHII npoBoaa
BJI i
HOBBIIH?HHOI/I o 537
MIPOITYCKHOM CITIOCOOHOCTH
CroumocThb pyo/m 169

Pacrienka npoBoautcs coryiacHo coopuuky YHI] [4]. KanuranbHblie BIOKESHUS
JUIS1 KOKJIOTO BapHaHTa:
K; = 338 537 448,00 pybuneit;
K; =7 948 440,00 py6neii;
K3 =9 599 440,00 pyOnei;
K, = 11 428 200,00 py0eii;
K5 =12 330 360,00 pyOneii.
[IpuBeneHHbIE 3aTpaThl JJIsl KaXKJIOrO0 BapuaHTa ONPEISIUM B COOTBETCTBUU C

(hopMyII0i SKBUBAJIEHTHBIX TOJIOBBIX PACX0JI0B [5]:
3=K(E+a,, +a,,)+312RC, (4)

rae K — KanmuTallbHbIC BIOXKEHHS 0 KakaoMy BapuaHnty; £y = 0,12 — HopMaTHUBHBII
K03(QGULIUEHT S(PPEKTUBHOCTH KANMUTAIBbHBIX BIOXKEHUH; O, = 6,/% —
aMOPTHU3ALIMOHHBIE OTYUCIICHHUS HAa PEHOBALMIO; 0, =80% — OTUUCIIEHHS Ha PEMOHT
u obcnyxkuBanue odopyaoBanus s BJI 35 kB u Beie; 1,; — Hanbonpmmii padouuit
TOK, A; R — conportuBieHue npoBoja, OM; T — BpeMs MaKCHMaJlbHBIX IOTEPb, U,
Co =0,02750 py6/xB1*u [6] — croumocTh 1 kKBT*4 nmoTepstHHOM 37€KTPOIHEPTHH.

BpeMH MaKCUMAJIbHBIX IIOTEPb T
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r=(0124+T, -10*)-8760

1€ Tmax - BPEMs UCIOJIB30BAaHUS MAKCUMaJIbHOM HArpy3ku, 4 (s Ypajia OpUHSTO

cuutaTh 6960 yacon).

7=(0,124+6960-10"*) -8760 = 5890,224 q.

B Tabn. 6 ykazanel xapaktepuctuku mnporogoB AC- 150/24, ACIIT [14],

GZTACSR.
Tabruya 6
Xapaktepuctuku mporogoB AC-150/24, ACIIT, GZTACSR
XaDaKTeDHCTHKI AC- ACIIT- ACIIT- ACIIT- GZTACSR-
ApAKTEPHE 150/24 | 150/24 | 120/27 | 185/24 185/30
Huametp npoBoaa, MM 17,1 17,1 15,4 18,9 17,8
Bec, xr/km 599 570 490 675 699
Onexrpudeckoe, OM/KM 0,2039 0,1803 0,2381 0,15 0,1602
Jlomycrimas Harpyskano | o 791,7 665,8 897,2 983
TOKY IpoBoja, A
Paspeisroe yerme 52279 | 53752 51186 59352 63000
npoBozaa, H
180000 4
160000 /5
‘S 140000 j//
ElZDODD //% — -
)
E100000 ..—/ // -
: ] / ///
2 0000 / -
3 /
.;% 50000 /A/ -
40000 /// )
Z
20000 ——_4

Puc. 4. T'paduk npuseneHHbIx 3atpart: 1- 4C-150/24,

o

200 400

600
Towr, A

300

1000

2-ACIIT-120/27, 3-ACIIT-150/24, 4-ACIIT-185/24, 5-GZTACSR-185/30
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[I. BBIBOZIbI 1 3AKJIIFOYEHUE

1. Ilpu 3aMeHe cCTaHOAPTHBIX TNPOBOJOB Ha BBICOKOTEMIIEpATYpPHBIE MJIs
YBEJIMYEHHS] MPOIMYCKHOM CIIOCOOHOCTH JMHUHM, CTOMMOCTh MOJEpPHH3aUuu Oynaer
3HAYNUTEIPHO MEHBIIE CTOMMOCTH COOPY’KEHHS BTOPON MNapayieIbHOW JIMHHHM CO
CTaHAAPTHBIMHU ITPOBOIAMHU.

2. I[TpoBox ACIIT-150/24 noka3piBaeT 10 695 A CBOIO BHITOAY B CpaBHEHHUE C
AC- 150/24.

3. Boicokotemnieparypubiii mpoBox ACIIT-185/24 mokasbsiBaeT BHITOAY YKe
npu 180 A. ConpoTHUBIEHHE Y HETO MEHBIIIE, OJTHAKO, OH TSKEJIEE IO BECY.

4. Tlpooxg wmapku ACIIT- 120/27 Beirognee mnpumeHatrs 1o 714 A 1o
cpaBHeHuto ¢ mnpoBojgoM AC- 150/24. ACIIT-120/27 wMeHble 1O BeCy, HO
ANIEKTpUUEcKoe conmpoTuBiieHne 1 kM mposoja 6ombire Ha 0,0342 Owm.

5. Haubonee BBICOKYIO TemIeparypy mpoBojga mokassiBaeTr AC-120/27,
HauMmenbiyto — ACIIT-185/24 u GZTACSR-185/30. Opnako mpUMEHEHUE
npoBosioB ACIIT-185/24 u GZTACSR-185/30 BhIroAHO NPUMEHSTH HPU OOJBITUX
pabounx TOKaXx.

6. Mapku GZTACSR- 185/30 moka3siBaeT BbITOLy Tipu 245 A. Y mpoBojaa
GZTACSR- 185/30 MeHblliee COMPOTUBICHUE U HU3KUE TEMIIEPATypHbIE 3HAYCHUS
P pa3anvHbIX ToKax mo cpaBHeHUto ¢ AC-150/24 u ACIIT-150/24. Henocratkamu
npoBoAa OENbruiCKOTO MNPOU3BOJACTBA SIBISIOTCA BBICOKAash CTOMMOCTb U BEC.
bnaronaps TspkenomMy Becy MpoBOa MOBBIIIAETCS Harpy3Ka Ha OMopbl U 00paszyercs
0OJIBLINIT MPOBEC MPOBO/IA, B TOM YKCJIE U MPHU TOJIOJIEE.

7.B  cpaBHenne mpoBomoB Mapku  ACIIT-150/24 u  AC-150/24
BBICOKOTEMIIEPATYPHBIN BBITOJHEE UCIIOJIB30BaTh A0 828 A. OH nerde mo Becy Ha 29

Kr Ha 1| KM mpoBOfa, a TaKkKe COMPOTUBIICHUE orHaKoBoe, 9To Y AC-150/24, uto y

ACIIT-150 /24.
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Tapacos H. I'., [1o02y306 A. A.
VY dbumckuii rocyaapcTBEeHHbIA aBUALIMOHHBINA TEXHUYECKUI YHUBEPCUTET

NCCIIIEJOBAHHUE ITYCKOBBIX ITPOLHECCOB
CUHXPOHHOI'O ABUTI'ATEJIA C HIOCTOAHHBIMA MAT'HUTAMHA
C NPSIMBIM ITYCKOM B 3ABUCUMOCTH OT TEMIEPATYPBI'

Annomayus: B 1aHHOW cTaThe paccMOTPEHbl OCOOEHHOCTH ITYCKOBBIX IPOLECCOB B CHHXPOHHBIX
JBUraTesAX ¢ HOCTOSHHBIMU MarHUTaMU C MPSIMBIM ITYCKOM IPUMEHSIEMbIX B 3JIEKTPONPUBOJIAX IS
HCIIOJIHUTCIIbHBIX MCXAaHW3MOB B JICTATCJIIBHBIX allllaparax. Hcnoap3oBanue COBPCMCHHBIX
BBICOKOKOIPLIUTUBHBIX MOCTOSIHHBIX MarHUTOB JA€T OIpee/ICHHbIE IPEUMYILECTBA U NEPCIEKTHBBI
COBPCMCHHBIM OJICKTPOABUTATCIISIM, HO H€O6XO)II/IMO YUYUTBIBATE 3aBUCUMOCTL ITOCTOSHHBIX
MarHuTOB OT TEMIIEpaTypbl, YTO CO37aeT HEyJ0O0CTBa CBSA3aHHBIE C YCJIOBUSIMH SKCIUTyaTallUuu
JTAHHBIX JJEKTPONPHUBOAOB U MCCIEJAOBAHHWE JAHHBIX IPOLECCOB HEOOXOAMMO Kak s
IIPOEKTUPOBAHMSI, TAK U UCTIOJIb30BAaHMUS JAHHBIX JJIEKTPOIBUraTENICH.

Knrouesvie cnosa: CHHXpOHHBIN JBUTaTeNb, BBICOKOKOAPLUUTHUBHBIE TOCTOSIHHBIE MATHUTHI, IPSMOM
IyCK.

BBE/IEHHE

KoHuenius moJIHOCTBIO 3IEKTPUYECKOTO CAMOJIETA YXKE [TaBHO HM3BECTHA M
ABJIIETCA JOCTATOYHO IOIYJISIPHOW U TNEPCHEKTUBHOM TEMATUKOW B HAIllE BPEMS.
CornacHO JaHHOW  KOHUEMIMH, JOKHA OBITh  TOJIHASL — DJICKTpUUKAIUS
nerarenpHoro ammapata (JIA), To ecTh mpeanosiaraeTcsi UCIOJIb30BaHUE TOJIBKO

DJICKTPUYECKOM  HdHEepruv.  Pa3BuTHE  COBPEMEHHOM  TEXHUKH  ITO3BOJISIET

'PaGora BeImoNHEHA IpH mOIIEpKKe Poccniickoro HayuHoro dorza, mpoekt Ne 20-79-00109.
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YCTaHaBJIMBAaTh Ha BCE UCIOJHUTEIbHbIE ME€XaHU3Mbl JIA 37eKTpuYECKHe MalluHBI
(OM).

['maBHOW 3amayedl CTAHOBUTCS BOMNPOC MOBBIIMICHUU 3SHEProddHEeKTUBHOCTH
OM wu o6mee KIIJ manaeix OM [1], [2], MTOCKOIBKY OHU 3aHMMAIOT OJTHU M3 CaMBIX
KJIIOUEBBIX TMO3UIMH MO YIpaBIEHUI0O U B IeJoM >ku3HeoOecneueHnuto JIA. Ha
coBpeMeHHbIX, JIA cucrtemMa TOIUIMBOCHAOXKEHHS MapIIEBbIX JBUTATeNed U
JUHAMUYECKOE BBICTABIICHHE LEHTPA MacC NpPH MUIOTHUPOBAHUU OCYIIECTBIISIETCS C
IOMOIIbIO IIEHTPOOEKHBIX HACOCOB Ha ocHOBE DM. IloBhieHue 3¢ppexTuBHOCTH U
yBennmuenne KIIJ[ cucrembr TorumBocHaOxeHus JIA  TO3BOJUT TOBBICHTH
HKOJOTUYHOCTh, MAHEBPEHHOCTh M SKOHOMUYHOCTH JKCIUIyaTallMM, YTO B LEJIOM
IIPUBEIET K CHUKEHUIO CTOMMOCTH aBUAIIMOHHBIX IIEPEBO30K.

Ha ceromusamuuii AeHb uWcnojib3yemble Ha Oopty JIA  cucreMsl
TOIIMBOCHA0KEHUS pealn30BaHbl HA KOJUIEKTOPHBIX JBUTATENSX MOCTOSSHHOTO TOKa
U aCUHXPOHHBIX JBHMraTessax mnepeMeHHoro Ttoka [3]. bonee sneproaddexTuBHBIMU
ABIISIIOTCSA ~ DJIEKTPUYECKHE  MAIMHbBl C  MOCTOSHHBIMH  MarHuTaMd H  C
KOPOTKO3aMKHYTOM OOMOTKOM Ha porope. JlaHHble MallMHBI B JBUTATEIbLHOM
peXUME MOKA3BIBAIOT MAKCUMAIBbHYIO 3((EKTUBHOCTb, TaK KaK OHHU IMPEACTABIISIIOT
cOo00 CHHXPOHHBIH 3JEKTPOABUIATEIb IEPEMEHHOIO TOKa, KOTOpPBhIE HUMEIOT
BO3MOKHOCTh 3aITyCKa NPSMbIM BKJIOYEHUEM HEIOCPEICTBEHHO B CETh, MPU ITOM
MMEIOT BBICOKMI KO3 (GULIHUEHT MOIIHOCTU U KOA(D(PUIIMEHT MOJE3HOrO NEHCTBUSA, B
OTJIMYUE OT ACHHXPOHHBIX JJIEKTPOABUIATENIEd M KOJUIEKTOPHBIX JBUTaTeNIeh
MOCTOSIHHOTO TOKa. B cpaBHEHHMU ¢ OECKOJIEKTOPHBIMU JBUTATEISIMU MOCTOSIHHOTO
TOKa, CHHXPOHHBIE JIBUTAaTEIM C MOCTOSHHBIMA MarHUTaMH U ¢ KOPOTKO3aMKHYTOM
0OMOTKOM Ha poTope, 61aroiapsi MPOCTON KOHCTPYKUUU U CIOCOOOM YIIpaBJICHUs, a
MMEHHO OTCYTCTBHUIO CIIOXHOW DJIEKTPOHHOM CHCTEMbl VYIPABJICHHUS HMEIOT
BO3MOXXHOCTh pabOTaTh B 30HAX MOBBIIIEHHBIX TEMIIEPATYp, YTO OYEHb BAXKHO AJIS
ABUALIMOHHBIX CHUCTEM. 3a CYET JTHUX JOCTOMHCTB CHUHXPOHHBIE JIBUTaTEId C
MOCTOSIHHBIMA MarHUTamMM M C KOPOTKO3aMKHYTOW OOMOTKOM Ha pOTOpE UMEIOT

MepPCIeKTUBBI 3(DPEKTUBHOIO UCIOJIb30BaHUS B aBUAITMOHHOM MPOMBITIIIICHHOCTH.
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KpoMe Bcex TOCTOMHCTB y JIaHHBIX CUHXPOHHBIX JBUTATENEH C MOCTOSHHBIMU
MarHuTaMd U C KOPOTKO3aMKHYTOH OOMOTKOW Ha pPOTOpPE WUMEIOTCS HEIOCTATKH.
OnHUMM W3 HEAOCTaTKOB JAHHBIX CUHXPOHHBIX JBUTATENICH SIBJISETCS HU3KUU
IyCKOBOM MOMEHT, BO3MOXXHOCTh BBIXOJIa MX CHHXPOHHOTO PEXHUMa, OTCYTCTBHE
BO3MOYKHOCTH TJTyOOKOTO PEryJIMpOBaHUs YaCTOThI BPAIICHUS, TaK KakK MPU MPSIMOM
BKJIIOUCHUU B CE€Th, OTCYTCTBYET BO3MOKHOCThH yIpaBieHud. s ycTpaHeHUd
JAHHBIX HEJOCTATKOB PAa3IMYHBIMU UCCIEAO0BATEILCKUMU LIEHTPAMH MPEAJaraloTcs
pa3IMYHBIE  pEHIEHHUs, a MMEHHO  pa3JU4yHble  KOHCTPYKIMHU  POTOPOB,
oOecrieunBaONIMe YIYUIICHHBIM MPOIECC 3allycKa, Mpejiaraercsi HCIOJIb30BaHUE
JIBOMHON KOPOTKO3aMKHYTOW OOMOTKH, MEpBas JJig 3aIllycKa JABUTATENs, a BTOpas JJIs
pasroHa poropa J0 TpeOyeMbIX YacTOT BpalleHHUs. B mepcrekTrBe CHHXPOHHBIC
JIBUTATENIM C TIOCTOSIHHBIMU MAarHUTaMu U KOPOTKO3aMKHYTOW OOMOTKON Ha poTOpe
MOTYT TOJY4YUTh IIUPOKOE MCIIOJIB30BAHME, B TOM UHCJIE€ B KauyeCTBE
HCIIOJTHUTEIILHOTO MEXaHHW3Ma B TOIUIMBHOW CHCTEME TaK, KaK OHH HE TpeOyroT
CEPbE3HOT0 O0CIIY)KMBaHUA M HE TPeOYIOT IiIyOOKOro peryjivpoBaHUs IO YacTOTE

BpaliCHU:.

OB30P DJIEKTPOITPMBOJIOB UCITOJIHUTEJIbBHBIX MEXAHU3MOB

HcnonuurtenbHble MEXaHU3Mbl [4], K NpUMepy TOILIMBOIEPEKAYMBAIOIIUE
Hacochl, Ha OOpTax JIETAaTEeNbHBIX AammnapaToB Ha TEKYUMd MOMEHT BpPEMEHU
MPE/ICTABJICHBl ACUHXPOHHBIMHU DJIEKTPOJBUTATENSIMU, OOJAAAIONTUMU  BBICOKOM
HAJKHOCTbIO, JMOO JBUTATENISIMH TOCTOSSHHOTO Toka. Kakaple M3 J1aHHBIX
JBUTATENIC BBIMIOJHSIOT CBOIO (YHKIMIO JIOKHBIM 00pa3zoM. OnHako Jist
KOHIICTIIIUUA 00JIee DJICKTPUUYECKOTO caMoJieTa [5] JaHHbIE TUIBI MAIIUH SBISTIOTCS
YCTapeBIIMMHU, B CBSI3U C BBICOKMM MOTPEOJICHUEM AJIEKTPOIHEPTUH MPU HE BBICOKOM
KIIJI v HU3KOM COS( Y aCHHXPOHHBIX JBUTATEICH M CIOXHOCTHIO OOCTY>KUBAHHUS Y
JIBUTATEJIEH MOCTOSIHHOTO TOKA.

WcnonHuTenbHblE MEXaHU3Mbl B aBUALIMOHHOM TEXHHUKE B OOJBIIMHCTBE
ciiydaeB 00J1aal0T MOIIHOCTBIO He Oosee 10 kBT, padotaroT Ha yactorax mo 12000

00/MHH, MUTAIOTCS OT CETH MOCTOSHHOTO ToKa 27 B, 1100 ceTu mepeMeHHOro Toka
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115/200B 400I'm. PaccMOoTpuM THIIBI SJEKTPOABHUTATENICH W3BECTHBIX O0OIIEH
MPOMBIIUICHHOCTH W TOAXOJAIIME K MPUMEHEHUIO B KadyecTBE MPHUBOJA IS
TOILJIMBOIIEpEKAYMBAI0 IIEHTPOOESIKHOTO HAcOca:

- IBUTATEIIN ITOCTOSIHHOT'O TOKA;

- ACUHXPOHHBIE JBUTATEIN ITEPEMEHHOT0 TOKA;

- CHHXPOHHBIE JIBUTATEIIN TTIEPEMEHHOTO TOKA;

- IIIarOBBIE JBUTATEIIN,

- KOJUIGKTOPHBIE JIBUTATEIIN ITEPEMEHHOT0O TOKA;

- CEpBONPUBOJIBL;

- BEHTWIbHBIE JBUTATEIH.

JIBuraTtenu TIOCTOSHHOTO TOKAa HMEIOT BBICOKYIO IPOU3BOAUTEIBHOCTD,
CJIO’)KHYIO KOHCTPYKIIMIO, TTPOCTYIO CXEMY YIPABJICHUS W MUTAHUS, HU3KUN pecypc.
Takxe 11 MPUMEHEHUS B TOILUIMBOIICPEKAYMBAIOIIMX HAcCOCAaX JaHHBIC JBUTATEIU
JOJDKHBI 00J1a71aTh B3PBIBO3AIIUIIEHHONW 000JIOYKOM, B CBS3U C HAJTMYHEM IIIETOYHO-
KOJIJIEKTOPHOTO y3J1a, C TUM K€ CBSI3aH U HU3KUU pecypc.

Tak >ke CTOMT 00paTUTh BHUMaHWE Ha KOJUICKTOPHBIC IBUTATEIN IEPEMEHHOTO
ToKa. J[aHHBIE ABUTATEIMN MO KOHCTPYKTUBY COBIAJAIOT C ABUTATEISIMU TOCTOSIHHOTO
TOKa, COOTBETCTBEHHO 001a1a10T aHAJIOTUYHBIMU XapaKTEepHUCTUKAMU.
EnUHCTBEHHBIM OTJIMYHUEM SBJISECTCS MCMHOJIb30BAaHUE POJIa UICTOYHUKA MUTAHUS, YTO
MOXET TMOBJIMITh HAa MECTO YCTAHOBKM U MPUMEHEHUs] JaHHOTO JIBUTATEIs.
IIpeumymiecTBaMu  JAaHHBIX JBUTAaTElIEH SIBIAIOTCS, MPOCTOE W JUHAMUYHOE
yIpaBJieHHE, BBICOKHE MOMEHTBI HA HU3KUX YacCTOTaX BPAIICHUS, Majias BEPOSITHOCTh
BBIXOJ/Ia W3 CTPOSl MPU HEIITATHBIX pexuMax padoThl. HemocTtaTkamu ke SBIISIIOTCS
BBICOKAsI [IEHAa U3rOTOBJICHMS M3-3a CJIOKHOTO KOHCTPYKTHBA U HU3KUM pecypc.

ACHHXpOHHBIE JBUTATEIU MEPEMEHHOT0 TOKa 00JIalat0T BBICOKUM PECYypCcoOM
32 CYET NPOCTOTHl KOHCTPYKIIMH, C BO3MOXXHOCTBIO TIyOOKOW WHTETpaluy B
TOTUTMBOTIEPEKAUYMBAIOIIUN HACOC C HEMOCPEJICTBEHHBIM TOTPY)KEHHEM paboumx
gacTed B paboO4yyr0 KUJKOCTh, 3a CUET YEro MOHO CYIIECTBEHHO ITOHU3UTh

VAEIbHYIO MacCy TaHHOTO JBHUTaTens. TakKe JaHHbIE ABUTATENN 00JIaIal0T MPOCTOM
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cxeMoi no ynpasienuto, Ho KIIJI ocTaercs CymecTBEHHO HU3KHM, 33 CUET BBICOKOTO
MOTPEOICHUS YJHEPTUU C HU3KUM BBIXOIOM IOJIE3HOW MOITHOCTH U HU3KUM COS(Q.

CoBpeMeHHbIE CUHXPOHHBIC JBUTATEIM TEPEMEHHOIO TOKa B OOJIBIIMHCTBE
CIy4aeB NpeHa3HauyeHbl il pabOThl B CUCTEMaX AaBTOMATUYECKUX YCTPOWCTB,
OOBIYHO 001a/1aI0T HEOOJIBIION MOITHOCTBIO. OCOOEHHOCTBIO JTAHHBIX JBUTATENEH
ABJISIETCSI TIOCTOSIHCTBO CKOPOCTH BpalleHHUs, BHE 3aBUCHUMOCTH OT KoJeOaHUs
HANPSOKCHUS MUTAHUS U Harpy3kd. B 3aBUCHMOCTH OT KOHCTPYKLIMU pOTOpA JaHHBIE
JIBUTATENIM JIEATCS Ha HECKOJIBKO BHJIOB: C AJIEKTPOMArHUTHBIM BO30YXICHUEM, C
MarHUTODJIEKTPUYECKAUM  BO30YXKIICGHHEM  WJIM  IOCTOSHHBIMA  MarHUTaMH,
PEAKTUBHBIE M THUCTEPE3UCHBIE. B KauecTBE HCMOJHUTEIBHBIX MEXAHU3MOB
JIBUTATENIM C DJIEKTPOMArHUTHBIM BO30YXJICHUEM MPUMEHSIOTCS KpalHE PEeaKo, B
CBSI3U CO CJIOKHOCTBIO POTOpa, HEOOXOAMMOCTH MCTOYHUKA MUTAHUS MOCTOSHHOTO
TOKa 1 TIpOo0JIeM ¢ ITycKoM. Yaiie Bcero MoXHO BCTPETUTh MPUMEHEHUE PEaKTUBHBIX
JIBUTATENICH, WX OTIMYUTEIBHON OCOOCHHOCTBIO SIBIISIETCS OTCYTCTBHE Y POTOpa
COOCTBEHHOI'0O MarHUTHOTO 1OJsi OCHOBHOM MarHUTHBIN MOTOK BO30YK/Ia€TCsl B HUX
3a cuer MJIC cTaTopa u mpe/icTaBiseT cOO0M MOTOK PEAKIIUU SKOPSI.

[IpenMyiecTBOM PEaKTUBHBIX JBUTATEIIEN SIBJISIETCS MPOCTOTA KOHCTPYKIIMHU
poTOpa, Kak W y AaCUHXPOHHBIX JABUTATENEH. 3HAYUTEIBHBIM K€ HEAOCTaTKOM
SBJISIETCS. MOLIHOCTHh HA Bally, KOTOpAasl 3HAYUTEJIbHO MEHBIIE, YEM Y JBUTATENIEH C
AJIEKTPOMArHUTHBIM U MAarHUTORJIEKTPUUECKUM BO30YKICHUEM.

B xadecTBe NpUBOJHOIO yCTPOMCTBA AJIsl UCTIOJIHUTEIIbHBIX MEXAHU3MOB CTOUT
paccMOTpPETh IIAroBble ABUTaTeNd. [[penmyIecTBOM TaHHBIX JBUTATEICH SIBIISIETCA
BBICOKAsi TOYHOCTh YCTAHOBKHM YTJIa TOJOXXEHUSI BBIXOJHOIO Bajla, YTO B PsIE
CIy4aeB SIBJSIETCS HEOOXOAWMbIM. J[laHHBIE mapamMeTpbl JIOCTUTAIOTCS 3a CUeT
OPUTHUHAIIBHOM  KOHCTPYKIMHU  BJEKTPUYECKOM  MAaIlMHbI,  OCHAIIICHHOCTHIO
BBICOKOTOYHBIMH JaTYMKaMH yTIila TOBOPOTAa pOTOpPa H CIOKHOM CHCTEMOU
YIIPaBJIEHUS JAHHOTO IBUTATEIIS.

CHUHXpOHHBIE IBUTATENIM MMEPEMEHHOTO TOKa ¢ BO30OYKJIEHUEM OT MOCTOSHHBIX
MarHuTOB SBJSIOTCS 00Jie€ HAJEKHBIMH, 3a CYET CBOEr0 KOHCTPYKTHBHOTO

HCIIOJIHCHHUA, OTO CCPBOIPHUBOALI KW BCHTHIIBHBIC [ABUTATCIINM KOHCTPYKTHBHO
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o0JaaloT BBICOKOW HAJEKHOCTBIO U pecypcoM, BbicokuM KIIJ u crabumbHOU
KECTKOM  XapaKTepUCTHKOM, YTO EeCTECTBEHHO CKa3blBaeTcsi Ha  olriee
sHepronoTpedenHre. /JlanHble TUNBI IBUTaTENEed MOTYT pabOTaTh TOJBKO COBMECTHO
c OJIOKOM YTNpaBJIEHHs, YTO OOJIETYaeT KaHaj YNpPaBJIEHUS JAHHBIMHU JIBUTaTEIsIMU
yepe3 LU(PPOBbIE CUTHAJIBI, HO 3HAUUTENBHO CKa3blBaeTcsd Ha oOLIel macce ys3ina,
IIOCKOJIbKY Macca OJ0Ka YIpaBJIeHHsl COIIOCTaBUMO C Maccoi camoro jaBuratesns. Tak
e OOJIBIIMM MUHYCOM JAHHBIX JBHUIaTeei SBISIETCS HEOOXOOUMOCTh B JAaTUYHUKAX
IOJIOKEHUSI POTOpa, 0€3 KOTOPhIX HEBO3MOXKEH CTAOMJIBHBIA 3aIlyCK U yJEp>KaHUe
HEO0OXOAMMOW XapaKTepUCTUKH. J[aHHbIE TBUraTeIN HAWIYy4lIUM 00pa3oM MOAXOIST
B KaU€CTBE MCIIOJHUTEIbHBIX MEXaHU3MOB ISl Y3JI0B, HETIOCPEACTBEHHO CBSI3aHHBIX
B CHCTEMax YIIPaBJICHUS JICTATEJbHBIM allapaToM, 3TO MPUBOJA U 3aKpbUIKA U
AJIEPOHOB, PA0OTAIOIIKUX B MOBTOPHO KPATKOBPEMEHHOM PEKUME C BJIEKTPUUYECKUM
TOPMOYKEHUEM.

Ha Oopry nerarenpHOro ammapaTa YCTaHaBIMBAIOTCS Tak K€ Psl
BCIIOMOT'aTEJIbHBIX HMCIOJHUTEIBHBIX MEXAHM3MOB JKU3HEHHO HEOOXOIUMBIX IS
caMoro oopra, 3TO CUCTEMBI KOHJULIMOHUPOBAHHUS BO3/yXa,
TOIUIMBOINIEpEKAUYMNBalONasl cHcTemMa, paldoTarolue B JUIMTEIBHOM pEXUME Ha
IIPOTSDKEHUH BCEro mosieta. B Hacrosimiee BpeMsl B JAHHBIX Y3J1aX HPUMEHSIOTCA
a1M00 aCMHXPOHHBIE JIBUTaTENM MEPEMEHHOI0 TOKa, JIMOO JBUTATENd MOCTOSHHOIO
Toka. /[l Oonee cTaOMIBHOTO W HHEProcOEPErarolero >3JIeKTPONOTPeOICHUS
HAaWIy4IluM 00pa3oM MOAXOJAT CHUHXPOHHBIE JBUTATEIM IEPEMEHHOI0 TOKa,
JAIolMe Ha BbIXOJIe OOJbIIeH MPOU3BOAUTENLHOCTH. [l TaHHBIX MCIIOJIHUTEIbHBIX
MEXaHU3MOB HETYy HEOOXOAMMOCTH B  CIOXHBIX CHCTEMAax  YIPABJICHHUS.
AnbpTepHATUBY BEHTUIBHBIM 3JIEKTPOABUIATENSIM MOYKHO UCIOJIb30BaTh CUHXPOHHBIE
naBuratenu ¢ noctossHHbIMU MarHutamu (CAIIM) ¢ KkopoTKO3aMKHYTOW OOMOTKOU U
npsiMbiM TyckoMm [6]. IlpenmyiiiecTBOM J1TaHHOW KOMIIOHOBKH SIBJISIETCSI BBICOKAas
IIPOU3BOJAMUTEIILHOCTD U PECYPC, & CAMOE IJIaBHOE OTCYTCTBUE JATYMKOB IMOJOKEHUS
poTOpa U CIOKHOM CUCTEMBI YIPABJICHMS, YTO IMO3BOJISET UCIOJIb30BAHUE JTaHHBIX
JIBUTATENIE B YCJOBHSX C 00Jiee BBICOKOM TEMIEpaTypoll OKPYKAIOMIEH CpEeIbl.

3any01< JAHHOI'O ABHUIaTCJId MPOU3BOAUTCA TaK KC, KaAK U Y aCHHXPOHHOI'O 3a CYCT
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nyckoBoi oOmoTkH. IlyckoBass oOMOTka mpencTtaBiser U3 ceOs KOJBLEBYIO
KOPOTKO3aMKHYTYI0 OOMOTKY aCMHXpPOHHOTO JABMraTens. B mpouecce yBennueHus
YacTOThl BpPAICHUS, BpallAIONIeecs MarHUTHOE I0JIE CTaTOpa B3aUMOJCHCTBYET C
MarHUTHBIM TIOJIEM TIOCTOSIHHBIX MAarHHWTOB, PACIOJOXEHHBIX Ha pPOTOpE, UTO
NPUBOAUT K BTSATUBAHUIO B CHHXPOHU3M M JIBUTATENb HAuyMHAET padoTaTh Kak
BEHTWJIbHBIN JIBUTaTelb, a IIyCKOBas KOPOTKO3aMKHyTass OOMOTKa HauyMHAeT
pabotath kKak gemndupyoomas. JlaHHas KOHCTPYKIMS  COMOCTaBHUMa IO
Maccora0apuTHBIM ~ TIOKa3aTelsiM C AaCHUHXPOHHBIMH  JIBUTATeIsIMH, a €€
MPEUMYIIECTBOM Tepe]] BEHTUJIbHBIMUA JBUTATEISIMU U CEPBOIPHUBOJIAMHU, SIBISIETCS

OTCYTCTBHC JJICKTPOHHOTO 0J10Ka YIHpaBJIICHUS.

OCOBEHHOCTH SKCIUIYATAIIUN CAIIM

B 3ABUCUMOCTH OT TEMITEPATYPbI OKPYXAIOIIEN CPE/IbI

OrnpeneneHHyo MEepClIEeKTUBY HCIOIb30BaHUSA CHHXPOHHBIX JIBUTATENSIX C
MOCTOSIHHBIMA MarHuTaMd M KOPOTKO3aMKHYTON OOMOTKOHM [JIsi MPSMOro IycKa
paccMaTpuBarOT yxke naBHO [7], [8], [9]. 3amyckn HCIOTHUTEIBHBIX MEXaHU3MOB
MOTYT MOPOXOAUTh IPHU PA3IUYHBIX TEMIIEpATypax OKpPYKAlolIeW Cpenbl U €CTh
HEOOXOJIMMOCTh TPOBECTU AaHAJIU3 IYCKOBBIX IMapaMeTpPOB BO BCEX JUalla3zoHax
TeMIIEpaTyp, HauvMHasg OT MHUHUMAJIBHO BO3MOXHOIO, J0 CaMbIX MaKCUMAaJIbHO
BO3MOKHBIX YCJIOBUM HKCILTyaTalllH.

[Iyck cHUHXpOHHOTO JBHUTaTeNsl ¢ MOCTOAHHBIMM MarHutamu (CIIIM) B
COCTaBE€ HCIOJHUTEIbHBIX MEXaHU3MOB OCYILIECTBIISIETCS MPSMBIM MOJKIIOUEHUEM K
cetu [10],[11]. 3amyck NpOUCXOIUT 32 CYHET ACUHXPOHHOTO MOMEHTA, BOZHUKAIOIIIETO
MEXAY BPalIalOIIMMCS TTOJIEM CTaTOpa C HABEJACHHBIMU TOKAMU B KOPOTKO3aMKHYTOU
MyCKOBOM OOMOTKE pOTOpa, pa3roHss 0 CKOPOCTH, ONM3KONM K cUHXpOHHOU. Cam
MyCK CHUHXPOHHOTO JIBUTATENIsl C MOCTOSHHBIMHU MarHUTaMH OCYIIECTBIACTCS TPHU
JNEUCTBYIOIIEM MAarHUTHOM IMOTOKE OT MOCTOSIHHBIX MAarHUTOB, PACIOJIOKEHHBIX Ha
poTope. B ciencTBun yero MaHHBIM MAarHUTHBIM MOTOK HAaBOAUT B OOMOTKE cTaTopa
DAC Er wsMmensiomytocs ¢ nepemenHoit gactoroit fg=(1-s) f;. Tawke B memnwu

OOMOTKH CTaTopa U UICTOYHHKA ITMTAHUA HAYUHACT IIPOTCKATh TOK IE, HBMGHHEMHﬁCH

65



C YacTOTOM, OTJIMYAIOIIHUKWCA OT YacTOTHl CETH. TaK ITyCKOBOM PEXHUM MOXKHO
IIPEACTAaBUTh, KAK CyMMY JBYX PEXHMOB: ACUHXPOHHOIO PEXHMa C CETEBBIM
HanpspkeHueM U 1 reHepaTOpHBIM (TOPMO3SIILUN) peKUMOM, BKIOUEHHBIM B CETh C
HYJIEBBIM HAIPSKEHUEM. 3allyCK MCIOJHUTEIBHOTO MEXAHH3Ma MOXKET MPOTEKaTh B
Pa3IMYHBIX KIMMAaTUYECKUX YCIOBHUAX, & MMEHHO IIPU Pa3IMYHBIX TEMIEparypax
OKpyXaromen cpeasl. IIoCcTosHHBIE MarHuThbl, INPUMEHSEMbIE B CHHXPOHHBIX
JBUTATEIAX, HEIOCPEACTBEHHO 3aBUCAT OT OKPYXAIOWIEW Cpeabl, a MMEHHO HX
OCTAaTOYHasi MHAYKIUSA U KOIpUUTUBHAsA cwia. [Ipu reHepaTtopHOM pexume ciaeayer

YUUTHIBATh JTaHHBIEC MTAPAMETPHI C YUETOM TEMIEPATYPHBIX KOAPPUIIUEHTOB:

Kn, (© -23)
B, (0) =B (1- BB, (1)
I(Hc (GBHM _23)
S, 2)

rae B,(0),H.(®) - AEHUCTBYIOIIME 3HAYEHUS OCTATOUYHOW MHAYKIMHM U KOAPIUTUBHOMN

H (0) = H (1~

cunel BIIM cootBercTBeHHO; B, Hc , — 3HaueHue OCTATOYHOM WHAYKIUU M
koopuntuBHOM cuibl  BIIM, yka3aHHble B TEXHMYECKHMX XapaKTEPUCTHUKAX
COOTBETCTBEHHO; Oy — Temmeparypa BIIM; Kg— TemmeparypHbiii koddduiuert
ocratoyHoil uHaykiuu BIIM; Ky— TemmnepaTypHblii KO3(Q@PHUIMEHT KOIPIHUTHBHOM
cuiiel BIIM.

[Ipy n3MEeHEHNH TEMITEPATYPbl OKPYKAIOIIEN Cpeabl MPSMO MPONOPLUOHAIBHO
MU3MEHAETCS OCTATOYHAsi MHAYKLUSA M KOIPLUTHMBHASA CUJa IOCTOSHHOIO MarHuTa.
MarHuTHbId IOTOK POTOpA MPSAMO 3aBUCUT OT OCTATOYHOW MHAYKIMU IOCTOSHHOTO
MarauTa [12], ycTaHOBJIEHHOTO Ha pOTOpE

D, (0) =B, (©)Sy, » ©)
rae @®,(®) - MarHuTHBIA ITOTOK POTOpPA, B 3aBUCUMOCTH OT TEMIIEPATyphl; S, -

mromans BITM.
B/1C xomocToro xo/a HaBogUMas B 0OMOTKaX CTaTopa TAKKe MPSIMO 3aBUCHT
OT MarHUTHOTO TIOTOKA.
Eo (©) = 4,44koéa)fCD0 ©) , 4)

rae E,(®) - DJC xomnocroro xoma; k, - OOMOTOYHBIM KOAI(PPUIMEHT; w - YHUCIO

BUTKOB; f - YacTOTa CETH.

66



OOmuit Tok nporekaromuid mo oomotkam craropa CHIIM cknaapiBaeTcst U3
ITyCKOBOT'O TOKA ¥ TOKA TOPMO3SLIEr0 PEKUMA P ACUHXPOHHOM ITYCKE.
=15 +12 ()
rae | — oOmmii myckoBoii TOK; |y — MycKOBO# TOK; |z — TOK TOPMO3SIIETO peKuMa.
Tok TOpMO3sIIEro pexruMa UMEET OOpaTHYIO 3aBUCUMOCTb OT TEMIIEpPaTyphbl
OKpYXaIOIllel Cpelbl, TaK MPU YMEHBIICHUH TEMIEPATYPbl OKPYKArOLIEH Cpeabl
TOKM TOPMO3HOI'O PEXHUMa OyIyT BBIIIIE, YTO MPUBEAET K OOJIbIIEH TOKOBOM HAarpy3Ke

B MOMCHT ITyCKa.

I = EO(@)(l_s)—Vrer(l—s)xq , (6)

12+ (1-5)" XX,

S

rac S- CKOJIBXXCHHC, [, - AQKTHBHOC COIPOTHUBJIICHUC, Xy X -UHAYKTHUBHBLIC

q
COINPOTHBIIEHUS 110 ocsiM d m Q.

[TyckoBoli MOMEHT Takke OyneT BBHIIIe MPH TOHIKEHHOW TeMIlepaType
OKPYXarOIIEH CpeIbl

pm, EZ(©)A-9)-1.[rZ + 1 5)2x2 | (7

D [rs2 +(1—3)% Xy X, ]2

Me(©) = -

I71€ M, (©®)- TOPMO3AIIUN TyCKOBO MOMEHT; [) — YUCJIO MOJOCOB; M; — yucio ¢a3.

CpenHuii pe3ylIbTUPYIOIIMKA MOMEHT B ACHHXPOHHOM pEXKHME pPaBEH
M, =M, +Mc(Q).

[Io MexaHHuYecKUM xapakTepucthukam (puc. 1) MOXKHO 3aMETHTh, YTO
MYCKOBBIC CBOWMCTBA OMPEICIAIOTCS HE TOJBKO COOTHOIICHUEM, HO M XapaKTEepOM
W3MEHEHHUSI JBUTATEIIbHOTO W TOPMO3HOIO MOMEHTOB. JIBUrateibHbIi MOMEHT B
ACMHXPOHHOM pEXHME, 3aBUCUT OT HAINpsHKEHUs THUTaHUS B KBaApare, €ro
MaKCHUMAaJIbHOE 3HaUYCHHUE HE 3aBUCHUT OT AKTUBHOTO COMPOTUBJIEHUSI OOMOTKH POTOpa

N UMCCT MCCTO IIPpU KPUTHUICCKOM CKOJIb’KCHHUH

Cirg (8)

SUk - 2 2 2,2 2
\/rs + X5 +C{ Xg + 2Xg XgKy + 2r5 XgK,

rae S, - KpUTHYECKOE CKOJIbKECHHUE,

X
Cl:\/rsz+(xm+xs)2/xm; Ky :1+X_S; Ke = :
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Topmo3Hoii MomeHT mnpomnopiuoHaineH kBaapary OJIC, HaBeaeHHOI
TOPMO3HBIM TOJIEM POTOPA, €r0 MAKCUMAJIbHOE 3HAYEHUE HE 3aBUCUT OT aKTUBHOTO

COIIPOTUBJICHUA OOMOTKH CTaTopa U UMCCT MCCTO IIPpU KPUTHUYICCKOM CKOJIbKCHHUHN

2
Xqg — X Xqg — X X
Sex =1_I’5\/3 @4y {3 4 d} -2, (9)
X X4

a\2 2 Xq Xq

rA€ S, - KPUTHYECKOE CKOJIbKEHNE TOPMO3HOIO MOMEHTA.
Onnako, ipu S=0 MOMEHT Mg, =M,; .

M

llpu rg>r

Puc. 1. Mexannueckas xapakrepuctuka CAIIM ¢ npsiMbIM TycKOM.

N3 KpuBBIX BHJHO, YTO TOPMO3HOM MOMEHT BBI3BIBAET MPOBAJ B ITYCKOBOMU
XapPaKTEPUCTUKE M CHIKAET KPYTU3HY PE3YyIbTUPYIOIIET0 aCHHXPOHHOTO MOMEHTA
MPU TOJCMHXPOHHOM YacTOTE BpallleHHs (B 30HE MaJbIX CKOJBXEHHI), TOATOMY B
CAIIM wMamoit MONIHOCTH JUIi OOeCIeueHHs HaASKHOTO IIyCcKa CTEIeHb
B030yxnenust CJIIIM e=FEy/U npuHuMaroT HeOOIBIIOMH.

[Iporecc BXOXKIEHUSI B CHHXPOHU3M ITPOUCXOUT B KOHIIE IMTYCKOBOTO PEKUMa
O] ICUCTBUEM CHUHXPOHHU3UPYIOIIET0 MOMEHTA B TEUCHUU KOPOTKOTO MPOMEKYTKA
BPEMEHH, COOTBETCTBYIOIIETO YAaCTH MEPUOAA MyJbCUPYIOIIEro MmomeHrta. I[Ipouecc
CUHXPOHM3AIlMM HAYMHASTCS TPHU MAaJIBIX CKOIbXKEHUAX (S,<0,2) B Haubomee
OJaronmpusTHBIE MOMEHT BpeMmeHH. ClieloBaTeIbHO, IPOIECC BXOXIACHUS B

CUHXPOHM3M 3aBHCHUT OT TEMIEPATYPbI OKPYKAKOLIEN CPELBI.

—114M{; +13M{? + 4HM g, 5,

HIM + Mg (©)+ My, (10)

BX =
ra¢ M,, - MOMCHT BXOXJICHUA B CHUHXPOHHU3M.
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Tak MOMEHT BXOKJIEHHUSI B CHHXPOHU3M HAYHETCS paHbIlIe U Jierye npu Oolee
BBICOKOM TeMIIepaType OKpYy)Karolmed cpeabl, OJHAKO MpPU MEPBUYHOM 3aITyCKe
CHIIM Ha XONOAHYIO, TIPOILIECC BXOXKIACHHUS B CUHXPOHU3M OylIeT MPOXOAUTH MpHU
0ojiee BBICOKOM CKOJNbKEHHU. OAHAKO MPOU3BOAUTEIHHOCTh HCIIOJIHUTEIHHOTO
MexaHu3Ma OyJeT Bbilie. TeMiepaTypa MOCTOSSHHBIX MAarHUTOB 3HAYUTEIBHO BIUSET
Ha TPOILIECC 3aIyCcKa JIBUTaTessi, HO 0OJIbIIOE BIMSHUE UMEET 3HAUCHUE TEMIIEPATYPhl
Ha MaKCUMAaJIbHYIO BBIXOJHYIO MOLUIHOCTb B IJTUTEIBHOM PEXUME

P, =493 ¢ Vi B, (©)H,(©) a

KyKog 1+ €

rae P - aktuBHas momHocTs C/AIIM; v, — 06bem BIIM.

[IpoananusupoBan myckoBou pexuM CUIIM ¢ npsMbIM aCUHXPOHHBIM ITyCKOM
B 3aBHCHUMOCTH OT TEMIEPATypbl OKpyXawmen cpensl. M3yueHo BiusHHE
TemIieparypsl Ha s3Hepruro BIIM poropa.

Ornpeneneno, 4To B MPOLECCE MyCKa TOPMO3SIIUNA MyCKOBOM MOMEHT 3aBUCHUT
or temreparypsl BIIM; yeMm Bellle Temieparypa, TEM Jierde IPOUCXOIUT ITYCK,
paHbllle HAYMHACTCA IIPOLIECC BXOXKICHHUS B CHHXPOHU3M, OJHAKO BBIXOJHAs

MOIIIHOCTB 3HAYUTCIIbHO HUKC.

3AKJIFOYEHUE

VYcranosneno, uto 3anyck CIIM ¢ npsiMbIM aCHHXPOHHBIM ITyCKOM 3aBUCHUT
OT TEMIIepaTypbl OKpYXaloleld Cpenbl M JaHHYI0 OCOOEHHOCTh HEO0OXOIMMO
YUYUTHIBATh, KaK B TMPOIECCE HKCIUTyaTalluM, TaK M HAa CTAaUM MPOEKTHUPOBAHUS
JAHHOrO  JBurarens. Tak sl  TMOJYyYEHUS  HMCHOJHHUTEIBHOTO  MEXaHU3Ma
OTIPE/ICICHHOM MOIIHOCTHU MpH 00Jiee BBICOKUX TEMIIepaTypax OKPY>KaroIIeH Cpesbl
notpedyercst 60JbIMi pabounii 00HEM MOCTOSHHBIX MAarHUTOB, a MPHU 00JIee HU3KUX
pabouux Temmeparypax HEoOXOJUMYIO BBIXOJIHYIO MOIIHOCTh MOXHO TMOJYYUTh U C

MEHBIIUM 00BEMOM IOCTOSIHHBIX MAarHUTOB.
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Llasxmemos /]. A., Basunos B. E.
Y pumckuit rocy1apCcTBEeHHBIM aBUAIIMOHHBIA TEXHUYECKUN YHUBEPCUTET

YMEHBIUIEHUE TEMIOEPATYPBI TOPSTUEI TOYKH
B ) KUIKOCTHOM OXJIAJUTEJIE

Annomayus: B cratbe uccieayercs npobdiieMa oXJIaKIeHUs CHJIOBOW AJIEKTPOHUKH. B yacTHOCTH,
UCCIIeyeTCs MpobieMa YCTpaHEHHUS TOpSYMX OOJIACTEH AJICKTPOHHBIX KOMIIOHEHTOB. Llenbro
UCCIIEIOBaHMs SIBJISICTCSI aHAJM3 ONTUMANbHBIX MMapaMEeTPOB OXJIaXKIEHUS Ui MOMCKa Haumbolee
3¢(deKTHBHOW KOHCTPYKIMH. HayuyHas HOBHM3HA CTaThM 3aKJIIOYAETCS B HCCICIOBAHUU
3aBHUCHUMOCTH T€OMETPHUYECKHX XapaKTEepPUCTUK OXJaauTened Ha >PQPEeKTUBHOCTH OXJaxaeHus. B
pe3ylbTaTe HCCIAeNOBaHWs ObUIM HAWJACHBI ONTHUMAIBHBIC MapaMeTphl, MO3BOJSIONIUE CHU3HTH
TEMIIEPATYpPy B TOPSIUUX 00JIACTSIX.

Knrouesvie cnosa: oxnanurenb, ropsure TOUKH, YUCIEHHOE MOIEITUPOBAaHUE.

BBEJIEHUE

JlmuTenpHas paboTa CUIIOBBIX MOJIYITPOBOJHUKOBBIX MPUOOPOB MPUBOJUT K UX
Jerpaialiii, KOTOPOE B CBOKO O4YEpellb MNPHUBOAUT K UX OTKa3y. BciencrtBue uero
BO3HHMKAET HEOOXOIMMOCTh HAXOXKJEHUS ONTHUMAJIBHBIX MapaMeTpOB OXJIAIATENS,
KOTOpPhIE B CBOIO Ouepeab MOBBICAT A(PPEKTUBHOCTL U HAJEHKHOCTH CHIIOBBIX
npubopoB. K ToMy ke MX pa3Mepbl CTAHOBSTCS C KaXJAbIM T'0JIoM MeHblie. M3-3a
YMEHBIIICHUSI Pa3MEpPOB CHJIOBBIX JJIEMEHTOB, a TAKXKE€ YBEJIWYCHUS WX MOIIHOCTH
BO3HHMKAIOT TOpPSAYUE TOYKU, OHHM MPEACTABISIIOT COOOMl JIOKaIM30BaHHbBIE 00JaCTH
OYEHb BBICOKHMX TEIUIOBBIX MOTOKOB [1]. B CBsi3uM ¢ HanmyueMm JIOKaJIbHBIX 30H C
OOJIBIIIUM TETJIOBBIM MTOTOKOM BO3HUKAIOT TPYIHOCTH C OTBOJIOM TEILJIa U3 CHUJIOBBIX
npubopoB. [loaToMy naxke eciu cpeaHss TemIeparypa He IPeBBIIAeT J0MYyCTUMYIO,
TeMIiepaTypa B TOpSYEeH TOYKE MOKET ObITh 3HAYUTEIHHO BHIIIE, YTO HETaTHBHO
BIIMSIET Ha HaJEeXHOCThb. CreqoBaTeNbHO, HEOOXOIMMO pa3paboTaTh CTpaTETHH
VOPABJICHUS TEMIEPATYPHBIM PEKUMOM, KOTOpbIE TO3BOJIMIM OBl pacceuBaTh
(hOHOBBIH TEIJIOBOM MOTOK, a TAKXKE OOPOTHCS C TOPSUYUMH TOUKAMHU.

B cratee omnmchiBaeTCs METOJ, TMO3BOJIAIONIMK CHU3UTH TEMIIEpaTypy B
o0JlaCTH TOpPAYMX TOYEK TMPU HKCIOJIB30BAHUHM KUIAKOCTHOTO OXJIQAUTENS B
onHodazHoM moToke. JlocTUraercst 3To MyTeM JOKaJbHOTO YBEIWYEHUS TJIOTHOCTH

pacmoyiokeHus: pedbep B TOpsIIMX TOYKaX. A TakyKe yMEHBIIICHUE pa3MepoB pedep B

'PaGora BeImoNHEHA IpH mOIIEpKKe Poccniickoro HayuHoro dorza, mpoekt Ne 20-79-00109.
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aTOM oOnacTu. beut mpoBeneH anamu3 3PQGEKTUBHOCTH Pa3IUYHBIX pPa3MepoB pedep

JJIAA OTBCACHUA TCILIA.

1. METOJIbI

OCHOBHBIM YPaBHCHUCM, OIIHCBIBAIOIINM ABUKCHHC BSI3KOM KUIAKOCTHU CPCObI,

aBisieTcs ypaBHeHue HaBbe-CTokca, KOTOpOE 3amMChIBAETCS CIEAYIOMNUM 00pa3oM

2].

—£@+VAU+1V—(dIVVV)=d—u;
L OX 3 oOx dt
—l@—i-VAU-i-lV—(dIV ~):d_u;
p oy oy dt
—1@+vAw+lv2(divW):d—W;
p 0z 3 oz dt

rae X,Y,Z — OpoeKIUU HaNpsKeHUsST MacCOBBIX CHJI COOTBETCTBEHHO Ha ocH X, Y, Z;
P —IJIOTHOCTh; V — KHUHEMAaTH4ecKasl BS3KOCTh; U,0,W — TIPOEKUHS CKOPOCTHU
COOTBETCTBEHHO Ha OCH X, Y, Z.

OcHoBo# Temonepenayu apisieTcs runore3a Oypbe, KOTOPHIA MPEATOT0KIII
CYIIECTBOBAHUE MPSIMON MPOMOPLUHUOHATIBHON 3aBUCHUMOCTH MEXAY IUIOTHOCTBIO
TEIUIOBOTO MOTOKA ( uepe3 M30TEPMUUYECKYI0 TOBEPXHOCTh U 3HAYCHUEM I'paJueHTa
temriepatyp gradT Ha 3TOI MOBEPXHOCTH:

g=-4gradT
bmaromaps »3TOl TruUNOTE3€ CTAHOBUTCS BO3MOXXHBIM IIPOBECTH aHAJW3

opeOpennbix noBepxHocreit. KIT/[ pedep onpenensercs Kak:

Ep — TP _Twc ;
T, T

OCH HC

rae T, — cpeHeHHTerpaibHas TemMreparypa peoep, T, — TemIeparypa >KUJIKOCTH Ha
BXoje, T — TeMmeparypa OCHOBaHUA oxjaaurtens [3].

Jns  pemieHuss TNOAOOHBIX YpPaBHEHUW MCHOJB30BAJIIOCH  MPOTPAMMHOE
obecneuenne Ansys Fluent. Kotopas mo3BossieT aHaIu3upoBaTh METOAOM KOHEUHBIX
3JIEMEHTOB IIMPOKHUH CIIEKTP 3a4a4 TUAPOra30UHAMHUKH.

TerioBo MNOTOK OXJIAXKAAETCA JKUAKOCTHBIM OXJIQAWTENIb, TOTJAa Kak B
00JIacTH TOPSYEeH TOYKM HUCIOJIB3YIOTCS pedpa C MEHBIIMM pa3MepoM. B kauecTBe

HpOKa‘IHBaeMOﬁ KHUOKOCTH HMCIIOJIB30BaJIaCh BOJA. K OXJIaAUTCIIO IIPUKPCIIICH
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MCTOYHHMK TEIUIOBOM MOLIHOCTH C CYMMAapHbIM TemuioBbieneHueM 189,2 Br, npu
3TOM TEIUIOBAsl MOIIHOCTh B ropsiueil Touke coctasisier 160 Bt. Pazmepsl ropsiyeit
TOYKH COCTaBIIAIOT 4 Ha 5 MM. B oxnagurens nogaercs Bosia co ckopoctbio 0,5 m/c.
Jns ananusza 3¢pQGEKTUBHOCTH MPOBOAWICA pacdeT W aHajiu3 C Pa3IUYHBIMU
KOHQUTYpaLMAMH OXJIQAUTENs, KOTOpbIe NpeACTaBieHbl Hike B Tabmuue 1.
N300paxeHne oXJIaauTens NpeACTaBIeHO Ha PUCYHKE 1.

OcHobisle peopa oxnadumesns [ ops4as moska

/ e
//

//

i

|
|

i
i -
\ Fedpa 8 zopaqed modke

Puc. [. BHenIHUN BUI OXJIATATENI

Tabnuya 1
Pa3mepsl 351eMeHTOB TEII00TBOAA
Ne JlnameTp OCHOBHBIX pedep, MM Juametp pebep B ropsueii
30HE, MM

1 3 2

2 3 15

3 3 1

4 2,5 2

5 2 2

Jliis aHanmM3a reOMETpUU C Pa3IMYHBIMHU pa3MepaMu pedep Oblia MmocTpoeHa

napameTpuueckas MoJiesib B KOTOpO# 3amaBanuck napametpsl B Workbench.

2. PE3VYJIbTATHI
B pesynbrare MonaenupoBaHHs ObLJIO YCTAaHOBJICHO, 4YTO HaWMEHbIIIAs
TeMmrepaTrypa ropsiueil TOYku Obljla IOCTUTHYTa B OXJIAJUTENIC, B KOTOPOM JIHAMETP
OCHOBHBIX peOep ObUT paBeH 3 MM, a B 30HE ropsiueid TOYKH 2 MM, B HEM TeMIIepaTypa

ropsiuei Touku crana pasHa 98,8 °C. OxnaauTens ¢ OJUHAKOBBIM JHAMETPOM pedep
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BO BCEM OXJIAJIUTENIE TTOKA3aJl CPEAHUE PE3yIbTaThl, €T0 PE3yJIbTAThl OBLIN B3SThI KaK
OTIOPHBIE, TO €CTh OCTAJIbHBIE PE3YyJIbTAThl CPABHUBAIIUCH C HUM.

HauGonbmas temneparypa Oblla JOCTUTHYTa TpPH HCIOJB30BAaHUU pedep
TUMeTpoM 3 U 1 MM, COOTBETCTBEHHO BO BCEM OXJIAJIUTENIC U B ropsiueil 30HE, MpH
3TOM TeMIlepaTypa ropsueil 30861 cTana pasua 113,4 °C. D10 00BACHAETCS TEM, YTO
py MajoM JAMaMeTpe pedpa MeHbIee KOJIMYECTBO TEIJla MOXKET INepelaBaThCsl B
KHUIKYI0 cpefy u3-3a uero 3¢h(eKTHMBHOCTh OXJaxkJaeHHs manaer. Ha pucynke 2
MOKa3aHo pachpe/eeHre Teria B MOTOK Ha PUCYHKE 2 O Temmeparypa pedep HuxKe,
W3-32 YEro MEXAYy XKHUJKOM CPEeIOW W OXJIAJMTENEM BO3HUKAET MEHBIIUN TEIJIOBOU
HATop, YTO W TMPUBOAMUT K CHIKEHMIO d(pdekTuBHOCTH. TO ecTh B MEepBOM cliiydae

KIIJI peGep Bblliie, 4eM BO BTOPOM Ciyyae.

o

Puc. 2. Pacnipenenenue temMneparyp B HOTOKE:
a — pebpa pazmepamu 3 u 2 Mm; 6 — pebpa pazmepamu 3 u | MM
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3AKJIFOYEHUE

B xome pabGotel Obl1 mpousBeneH aHamu3 3G(PEKTUBHOCTH OJIHO(A3HOTO
AKUJAKOCTHOTO OXJIAJIUTENS C Pa3IMYHBIMHU pa3MepaMu pedep B ropsdyeld TOYKE U B
OCHOBHOM 30HE. AHAIU3 TMPOBOAWICA C IMOMOIIBIO YHCICHHBIX METOJIOB. BbuI0
YCTAHOBJIEHO, YTO HEKOTOPOE YMEHBIIEHUE pa3MepoB pedep MO3BOJSIET CHU3HUTH
TeMIeparypy ropsueit Touku. OgHako ecnu pedpa B ropsuell 30HE CIUIIKOM Maja
3¢ ()EeKTUBHOCTh TEIJIOOTBOAA YMEHbIaeTcd. TakuM o0pa3oM MOXKHO, Kak H
yBeMUYuTh 3(G(EKTUBHOCTh OXJaAWTENeH, Tak HM CHM3UTh uX. W3-3a dero
HEOOXOMMO UCIOJIb30BaTh AaHAJIUTUYECKHE MHCTPYMEHTHI JUIsl  OMpeesieHus
ONTHUMAJIBHBIX MapaMeTPOB. BbUIO yCTAaHOBIIEHO, YTO HCIIOJIB30BAHUE ITPOTPAMMHBIX
o0OecreyeHni, HCHOJb3YIOIIUX YHCIEHHBIE METOAbl TO3BOJISIIOT — ONPEAEIIUTH
ONTUMAJbHBIE MapaMeTpbl i MAaKCUMAJIbHOTO MOBBILIEHUS 3((PEKTUBHOCTU
OXJIAXKIAEMOM NOBEpXHOCTH. (CleaoBaTENbHO, HWCHOJB30BAHUE  OXJIAJHUTEIIECH
MOJ00HOM KOHCTPYKUMHU MO3BOJSET 3P(HEKTUBHO MOHMKATH TEMIIEpATypy ropsiuen

TOYKH, YTO BCACT K ITIOBBIIICHHUIO B(b(l)eKTI/IBHOCTI/I OXJIaXKACHUA BCCTO HpI/I60pa.

CIIMCOK JIMTEPATYPLI

1. Yogendra J. Mitigating Hot Spots In Planar And Three-Dimensional (3d)
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Advances in Computational Heat Transfer — 2017. — Vol. 7.
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aBHall. TexH. yH-T. — Ya: YI'ATY, 2013. —309c.

3. Hupensman, H. M. Teopus n nmpukiaJHbIe 3a/1a4d TEIIOMacconepenoca: yaeoHoe nocobue / H.
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babukosa H. JI., [1ooeyso6 A. A.
Y pumckuit rocy1apCcTBEeHHBIM aBUAIIMOHHBIA TEXHUYECKUN YHUBEPCUTET

TEPMOJJIEKTPUYECKHUE CUCTEMbI
KAK ABTOHOMHBIE HCTOUHUKHU SJIEKTPOSHEPI A’

Aunomayusi: PaccmarpuBatores MEPCIEKTHUBBI UCIIOJIb30BAHUS  TEPMOIIIEKTPHUUECKUX
npeoOpaszoBareseil YHEpruu B Ka4yecTBE aBTOHOMHBIX MCTOYHUKOB JJIEKTPOIHEPTUU JJISl MUTAHUS
pa3IMYHbIX 00BEKTOB B YCIOBUSX «LHU(poBOi TpaHchopmaum.

Kntouesvie cnosa: TepMOANEKTpUYECKUE Te€HEpaTOphl, IpeoOpa3oBaTelid dSHEpPruu, cOop
CONYTCTBYIOILEH S3HEPTUM.

|. BBEAEHUE

HoBble 5>KOHOMHMYECKHE ¥ TEXHOJIOTMYECKUE YCIOBHUSA, CBS3aHHBIE C
«uudpoBoi  TpaHchopmaluen»  MPOMBIIUIEHHOCTH,  CEIbCKOTO,  SKUIIHUIIHO-
KOMMYHAJILHOTO XO3SMCTBA MPEABIBISIOT HOBBIC TPEOOBAHUS K CHECITHAINCTAM. JTH
TpeOOBaHMs CBA3aHbl HE TOJBKO C BBHICOKMM YpPOBHEM 3HAaHUU B CBOEM 00IacTu
Mpo(eCCHOHATTEHON NIEATeTLHOCTH, HO TaK)Ke C YMEHHEM HCIIOIh30BaTh ITU(POBHIC
YCTPONCTBA, MHCTPYMEHTHI, IPOTPaMMHOE 00€CTIeUeHNE.

CkBO3HBIE TE€XHOJOTUU (OOJBIINE JTaHHBIE, MHTEPHET BEIEH; UCKYCCTBEHHBIM
MHTEJUIEKT, TEXHOJIOTMH OEeCIpOBOJHON CBSI3M M T.A.) NIPOHUKAIOT BO BcE c(epsl
KU3ZHENIEATCIbHOCTH 4YeJIOBeKa U CIIOCOOCTBYIOT TMOBBIMIEHUIO 3(PHEKTUBHOCTH
Pa3TUYHBIX TEXHOJIOTHYECKUX MPOIIECCOB. Y MEHHE PEIIaTh 3a/1a4 1O BHITIOJIHCHUIO
KOJUICKTUBHOM MPOEKTHOM, HMCCIEA0BATENBCKOM, OPraHU3alMOHHON AEATEIIbHOCTH
JUTSL CO3JIaHUs, TIOJICPKKHA U MCIOJB30BaHUSI CUCTEM HCKYCCTBEHHOTO WHTEJICKTa
Ha OCHOBE CKBO3HBIX ITM(POBBIX TEXHOJOTHH SBISAETCS OJHOH W3 0a30BbIX
udpoBbIX KoMmmeTeHiuii. O0paboTka HHPOPMAIINK, XpAHEHHE, 3alllUTa U Mepeaayda
OoNpIIMX O00BEMOB JAHHBIX OCYIIECTBISIETCS 3a CYeT (DYHKIIMOHMPOBAHUS
YCTPOWCTB, CHCTEM MOHHUTOPWHTA, JaTYMKOB, a I WX pabOThl HeoOXoamma
AJIEKTpUUECKasi dHEprusi. Bo3MOKHOCTh HCIIONB30BAaHUS ABTOHOMHBIX HCTOYHUKOB
MATAHUS IS pealu3alliid CUCTEM JJICKTPOCHAO0XKEHUS B KOHTEKCTE «ITU(PPOBOU

TpaHchopMaIny SIBISIETCS aKTyaJIbHOU 3a/1aueil.

'PaGora BeImoNHEHA IpH mOIIEpKKe Poccniickoro HayuHoro donza, mpoekt Ne 20-79-00109.
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Oco0eHHO, eci UCHOJB3YIOTCS BBIOPOCHI (IOTEPH) COMYTCTBYIOIIEH SHEPTHUH,
BO3HUKAIOIIME B TPOU3BOJICTBEHHBIX MpOIECCaX MPU OTCYTCTBUU KaKOM-110O
pekynepanuu. TeXHOJIOTHS TEPMODJIEKTPUUECTBA B OITOM Clydyae I103BOJISIET
UCIIOJIB30BaTh OTPA0OTAaHHYIO TEIJIOBYIO SHEPIHIO JUIsl MPSMOro NMpeoOpa3oBaHHs B
aJIeKTpudecKyto [ 1-4].

TepMonsiekTpuuecke yCTpOWCTBa HE HMMEIT pabouMx BelecTB (Macia,
XJIaJJareHThl), paboTal0T MpH TOJTHOM OTCYTCTBHHM IIymMa, OOJaJaroT OOJbIION
KOMIIAKTHOCTBIO U Majoi Maccoi, peBepcuBHbIe. X Manblil Bec U 00BEM, BBICOKAs
HaJIeKHOCTh, BO3MOKHOCTh JIOKAJIBHOTO PETrYJIMPOBAHUS TEMIIEPATYphl, OTCYTCTBHE
TEIJIOHOCUTENEH W MPUTOJHOCTh JJIA YTUJIM3aUUU COpPachIBAEMOTO TeIla MOXKET

MO3BOJIUTh COKOHOMUTH 2025 % Tomusa [3, 6].

Il. TIPUMEHEHME TEPMODJIEKTPUUYECKUX ITPEOSPASOBATEJIEN
OHEPI'M B KAYECTBE ABTOHOMHOI'O UICTOYHUKA
IEKTPORHEPT MU B YCJIOBUAX IITUOPOBOM TPAHCDOOPMAIH

[locnennue AOCTWXKEHUS B 00JIACTH TEPMODJIEKTPUUYECKUX MAaTEpUaIOB H
CUCTeM  BO30OOHOBWJIM  HHTEpEC K  MOTCHIHAIBHOMY  HCIOJb30BaHUIO
TEPMOAJIEKTPUUECKUX SJIEMEHTOB i1 MPOU3BOJCTBA 3JEKTposHepruu. CBOICTBA,
MPUCYIIUE TEPMOAIIEKTPUUECKUM CHCTEMAM - MAajo€ KOJUYECTBO WJIM MOJHOE
OTCYTCTBUE JABUXKYIIUXCS YacTel, OecrrymHas paboTa U Takue XapakTEPUCTUKH, KaK
OepekHOe OTHOIIEHHE K OKPYKAIOIIeH Cpelie M BO3MOXKHOCTH BO3MEIIICHUS TOTEPh
DHEPruM - MOBBICWIM AaNbHEHMIIMK HHTEpec K 1O cucremam [7, 8]. [Ipumenenue
TEPMODJIEKTPUUYECKUX MOJYJIeH MMEET BBICOKYIO DKOHOMHUYECKYIO 3((HEKTUBHOCTD,
TaK KakK 3a4acTylo 3a CYET HUX YTWIM3UPYETCA HEUCIIOIb3yeMasl TEIIOBask YHEPTHUIO,
KoTopasi Obl MPOCTO PACTBOPWIACH B MPOCTpaHCTBE. biiarogapst 5’ToMy CBOMCTBY BO
BCEM MHpPE BEIyTCS pa3padOTKU IO TOBBIMICHUIO A(OPEKTUBHOCTH JTaHHBIX
YCTPOMCTB. B OCHOBHOM - 3TO MOMCK HOBBIX MAaTEPHUAJIOB U CILIABOB, KOTOPBIE OYIyT
UMETh BbicOkHe 3HaueHus Tepmo-OJIC u koadduimenta nodbporHoctu. B smoxy
udpoBU3aIMK JJaHHBIE MPE0OPa30BaTEIN MOTYT OBITh MCIIOJIB30BAHbI JIJISI PEIICHHUSI

TaKUX BaXXHBIX 3aJlay, KaK IOBBIIIEHUE 3HEProdhPeKTUBHOCTH 0OOpYAOBaHUS 3a
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CYeT BHEAPCHUSI CHUCTEM MOHHTOPUHTA, MCIOJIL30BAHUS MPU PadOTe KOMIIOHEHTOB
POOOTOTEXHUKH U CEHCOpHUKH [9-12].

[leapto 3TOM  paboThl  sBIAETCA MPOBEACHUE 0030pa MNPUMEHEHH
TEPMODJIEKTPUYECKUX MPeoOpa3oBaTesied JHEPrUM B KAdyeCTBE ABTOHOMHOIO
MCTOYHHKA DJIEKTPOIHEPTUU B YCIOBUSAX HUGPPOBON TpaHCHOPMAIIMK U BBISBIICHUE
NEPCHEKTUBbBI MOBBIIEHUS UX 3P(HEKTUBHOCTH.

AHanmM3 TEPMORIICKTPUUYECKHUX IMpeoOpazoBaTeneii dHEPruu, UCIOJIb3yeMbIX B
KAueCTBE aBTOHOMHBIX HMCTOYHHUKOB IUTaHHS IOKAa3al, YTO B HACTOSAILEE BpPEMs
CYHIECTBYET JOCTaTOYHO MHOIO YCTPOMCTB C  PA3JIMYHBIMUA  BapUaHTAMU
KOHCTPYKIIUH TEpMOIJIEKTpUUECKuX mpeooOpazoBareneit [13]. Mx mpumMeHneHue B
CUCTEMaxX JaeT BO3MOXKHOCTb OOECIEYUTh SKOJOTUYECKH YUCTHIMU YCTPONCTBAMU
AIEKTPONUTAHUS KOMMYHAJIbHO-OBITOBBIE OOBEKTHI, CHCTEMBI 3JICKTPOIUTAHUS
ABTOHOMHBIX JJATYMKOB, MPUOOPHI U CPEACTB aBTOMATUKHU, HE3aBUCUMBIE YCTPONCTBA
MOA3APANIKM AKKYMYJSITOPOB, JaT4yuKoB JPS-HaBUranuv, METEOKOMIUIEKCOB B
KJIMMAaTHYECKUX 30HAX C PE3KUM NEPENATOM TEMIIEPATYP B TEUECHUE BPEMEHU CYTOK -
B TOPHBIX, MyCTBIHHBIX MECTHOCTSIX, HA MOPCKUX MOOepexbsix u ap. B tadmuie 1
MPEJICTABICHBl HECKOJBKO IMOCIEeIHNX MareHTOB P®, HampaBiIeHHBIX Ha HOBBIC
KOHCTPYKTUBHBIE  PELIEHHS [0  MCIOJb30BAHUIO  TEPMODIEKTPUUYECKOTO

npeobpazoBareis (reHepaTopa) B KAYeCTBE aBTOHOMHOT'O HCTOYHUKA TTUTAHHUS.

Tabnuya 1
KoucTpykuuu tepmosnexktpuueckux reaeparopos (TOI)
Hcnoan3yemas
3aro10BoK KpaTkoe onucanue
JuTeparypa
1 2 3
Tor B paGore onucano TeXHHYECKOE pelIeHne, HalpaBJIeHHOE Ha [14]

MOBBILIEHUE HAaJIeKHOCTH padboTel TOI'. YerpoiicTBo
KOHCTPYKTHUBHO IPEJICTAaBIsAET COO0M OTPE30K KPYyTrioi
TpyOBl, BMOHTHUPOBAHHBIN B TOPU3OHTAIBHBINA TPYOOIIPOBO/,
YTO JEJAET BO3MOXHBIM €r0 UCIIOJb30BaHUE B CUCTEMAX
TEJIEMETPUH MTapaMeTPOB MAPOIIPOBOJIOB (PACXO/, AaBICHHE,
TeMIIepaTypa u Ap. MapaMeTpbl CPE/Ibl).
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Oxonuanue maboa. 1

2

3

Tor

B pabote onucano ycTpoicTBO KpYyriiOroAU4HOTO U
KPYTJI0CYTOYHOTO MPSIMOTO MPeoOpa30BaHUsI COTHEYHON
paauanuy B 3JEKTPUUYECKYIO SHEPTUIO COYETAaHUEM
(OTOANEKTPUIECKUX U TEPMOIIIEKTPHUICCKIX
npeoOpasoBarenei st o6ecreyeH s SKOJIOTHYECKH YUCTHIM
OHCPTrONMTAHUECM ABTOHOMHBIX JATYHUKOB U HpI/I60pOB.

[15]

Tor

B pabote npencraBnena koncrpykius TOT,
MpeHa3HauYeHHas 1711 aBTOHOMHOTO MUTaHUS TOCTOSTHHBIM
3IEKTPUUYECKUM TOKOM KOMILJIEKCA PaIu03JIEKTPOHHOMN
anmnapaTypsl U CPEeJICTB aBTOMATUKH U TEJIEMETPUH
ra3onpoBoJIoB (pacxo/, JaBJIeHUE, CBOMCTBA ra3a 1 T.I1.) B

HENPEPHIBHOM pekuMe (GYyHKIMOHUPOBAHUS. ABTOMATU3AIUS

peryaupoBaHUs TEMIIEPATypbl HAarpeBa U BBIXOJIHOTO
IIOCTOSIHHOT'O HaIpsDKeHUs B quana3one 3+12 B
obecnieunBaroT OecnepeboitHyIo paboTy 00BEKTOB
MarucTpaibHbIX I'a30IPOBOJIOB U ra30BbIX CETEH HU3KOTO
JaBIICHUS, BKITIOYAst CPEJICTBA TEIEMEXaHUKH, KOHTPOJIbHO-
U3MEepUTENbHbIE TPUOOPHI, OCBELIEHHE, OXPAaHHO-TI0KapHas
CUTHAJIN3ALMUS U T.JI.

[16]

Tor

B pabote onucan TOI" ucnonbzyemblit A1 OA3aPSAIKA
AKKyMYJISITOPOB aIlllapaToB CBS3U, PA3TMYHbBIX
PaarO3IEKTPOHHBIX YCTPOUCTB, OCBELICHHS ITPU aBapUITHON
00CTaHOBKE, a TAK)KE B OTJAJICHHBIX paiioHaX U B TOJEBBIX
ycnoBusx. KoHCTpyKIus coaepKUT TEPMOIJIEKTPUUECKUE
Moaynu (TOM), ycraHOBJIEHHbIE TEIJIOBOCIIPUHUMAIOIIEH
CTOPOHOI Ha OOKOBOW CTOPOHE KOPITyCa OTOMHUTEIbHOM
OBITOBOM M€YH, HAa MPOTUBOIIOJIOKHON cTopoHe TOM
YKPEIUISIETCSA BO3AYIIHBIE PAIMATOPHI C €CTECTBEHHOM
LUPKYJISIUEN BO3AyXa.

[17]

TOI ¢
MOBBIIIEH-
HbIM KIT/]

B pabote onucan cnoco0 nmosyuyeHus: HCKyCCTBEHHOTO
MOBBIILIEHUS PAa3HULIBI TEMIIEPATYP MEXKAY TOPSIYUMHU U
XOJIOJTHBIMHU CIIAasIMU TEPMOOATaApEU € LENbI0 YBETUUECHHUS
BbIpa0aTHIBAEMOM 3JIEKTPUUECKON MOLTHOCTH U
cootrBeTcTBeHHO KIIJ]

[18]

ABTOHOM-
HBIN
MOpPTaTUB-
HBIN TEPMO-
3JIEKTPHU-
YEeCKUH
WCTOYHHUK
ITUTaHUS

B pabote onucana KOHCTPYKTHBHAsI CXeMa UCTOYHHKA
NUTaHUsA (TEPMOAIIEKTPUYECKOTO YCTPOICTBA),
MO3BOJISIONIET0 o0ecreynBaTh paboTy B aBTOHOMHOM
pPEXHUME B JTHOOBIX OKPYKAIOLIUX YCIOBUSX, B YCIOBUSAX
IIOJIHOT'O OTCYTCTBUS CTAllMOHAPHBIX U CETEBBIX UCTOUHUKOB
AJIEKTPUYECTBA U JTIOOBIX IPYTMX UCTOYHUKOB SHEPTUH,
TaKuX KaK COJTHEYHBIN CBET, BETEP, IPUIIUB, TEIIOBAS
SHEPIHUsl, TEIUIO SIACPHBIX PEaKLIUil.

[19]

[Tocnennue uccnenoBaHus B OOJACTH TEPMORJICKTPUUECTBA HAIPABJICHBI HA
BBISIBJICHUE BO3MOXKHOCTU HCIIOJIB30BAHUSI TEPMOIIEKTPUUECKUX MpeoOpazoBaTeeil
B Kau€CTBE€ MCTOYHMKA aBTOHOMHOI'O muTaHus. [lanee mpencTaBiieHbl UCCIEIOBAHUS
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M0 WICTIOJB30BAHUIO TEPMODJIEKTPUIECKUX MPEeoOpa3oBaTeseii JHEPTUN U MOCTIEIHIE
JOCTIKEHUST B 00JIACTH TPUMEHEHUS TEPMODJIEKTPUUYECKUX MOIYJIEH IS CUCTEM
MOHUTOPHHTA.

TennoBast sHEprusi SABISCTCS OJHUM M3 HAWMOOJEE MIUPOKO HCIOJIb3yEeMBIX
UCTOYHUKOB NI  cOopa  CONYTCTBYIOIIEH  DHEPrUM  C  MOCJEAYIOIIUM
npeoOpa3oBaHUEM B DJEKTPUYECKYI0 BHepruto. [loaToMy pasHulla TemrepaTtyp
MEXKly TTOYBOM M BO3JIyXOM MOXET OKa3aThCs BaXKHBIM MCTOYHUKOM SHEPIUU IS
natuuka okpyxkaromed cpenbl [20]. Llenp panHON paboThl - 3TO CO3JaHUE
Oe30aTapeitHOTO JTaTIAKa OKpYXKaromen Cpenpl, HCITOJTB3YIOIIETO
TEPMOAJIEKTPUUECKYIO PHEPTUIO, M3BICKAEMYIO W3 Pa3HUIIbl TeMIepaTyp MOYBBI U
OKpyXkaroiero Bo3ayxa PabOorta mocsiieHa pa3pabOTKe CXEMbl YIpaBlIeHUs
MUTAaHUEM W MOHUTOPUHTA C MCIOJIb30BAHHEM CYIIEPKOHJICHCATOpa B KauyeCTBE
AJIEeMEHTa HaKOIUICHHS DHEPruu, 4YTO JeNaeT ero Oe30aTapelHbIM. U CO3JaHUIO
AKCIEPUMEHTAIIBHOIO MPOTOTHUIA C OLEHKON ero mpou3BoautenbHOCTH. CHctema
MOXeET cobupars B cpeareM 178,74 M/, 1 3TOro 10CTaTOYHO JJisi BBHIIOJIHEHUS HE
Menee 5 nepenady DASH7 u 100 3a1a4 30HAUpOBaHUs B JEHb.

HUccnenoBanne [21] mpoBOAUTCS C LENBIO NOAAECPKAHUS MUTAHUS CHCTEMBbI
HETMPEPHIBHOIO MOHUTOPHHTA TOA3EMHBIX TPYyOOINPOBOJOB BO H30€kKaHUE MOTEPh
DHEPTUU WU B3PHIBOB TPYOONPOBOJOB M CBEJICHUS K MUHUMYMY HETaTHBHOTO
BO3JICHCTBUSI Ha OKpyXarllylo cpeny. HaaekHOCTh HMCTOUYHMKOB TUTAaHUS
o0ecreunBaeTcss TEPMOAICKTPUUECKUMU Te€HEpaTOpaMH, OTBOJAIIMMHU TEIJIO 4Yepes
MOBEPXHOCTh TPYyOOINpoBOJa. ABTOpamMHu uccienoBanus [21] cOpoekTUpoBaH W
n3roroiieH TOI' Ha OCHOBE TJIEHKW Ha MPOU3BOJCTBEHHOU MaTdopMe pYJIOHHOTO
MPOU3BOJICTBA C HMCIIOJIB30BAHUEM HJIEKTPOTEPMUYECKOW MOAENH ISl TOCTHUKECHHUS
ONTUMHU3UPOBAHHOMN CTPYKTYPBI u MIPOU3BOJIUTEIILHOCTH YCTPOUCTRA.
Pe3ynbTupyromas mioTHOCTh BbIXOJHOW MomHocTH TOI' cocraBusier 1,26 MBT/M
npu paznuue temmnepatyp 50 °C, yTo B 2 pasza NpeBHIIIAECT 3HAUYCHHUE, YKA3aHHOE B
COBpPEMEHHOM Juteparype. [IpakTudyeckoe NpuMeHEHUEe TEXHOJIOTUH OeCTPOBOIHBIX
JATYMKOB B HACTOSIIIIEE BPEMsI CIIEPKUBAETCS TPEOOBAHUSIMH K UCTOUYHUKY MMUTAHUS U

CJIIOKHOCTSIMH, BOSHUKAIOIIWMMU IIPU 3aMCHC HUIIN O6CJ'Iy>KI/IBaHI/I$I 6aTapeﬁ JaTYHUKOB.
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B pabore [22] Ob1a CIpOEKTHPOBAaHA CHCTEMa MUTAHUS OSCIIPOBOIHOTO y3ja
Ha OCHOBE pAa3HUIIBI TEMIIEPATyp MEXIy HErNIyOOKOW TIOYBOM H BO3yXOM.
OTIMYUTENHEHBIMU  OCOOEHHOCTSIMU 3TOTO YCTPOWMCTBA SIBJISIOTCS TNPUMEHEHHE
IPaBUTALMOHHOM TEIUJIOBOW TpyObl, TepMO3ieKkTpuueckux renepatopoB (TOI),
MEIHBIX pedep W paauaTopoB IS MOTJIOIICHMS, TEpeladyd U IpeoOdpa3zoBaHUsd
TEIUIOBOM 3HEprun. B Xxone uccnenoBanus [22] m3mepsnachk NpOU3BOAUTEIBHOCTD
MpEIaraéMoro  YCTPOWCTBA HA JKCIMEPUMEHTATBHOW OTKPBITON ImiaTdopme,
pe3yabTaThl IMOKAa3bIBAKOT, YTO IPU &-4aCOBOM MOHUTOPUHIE B [I€Hb, PA3HOCTH
TEMIIEpaTyp TEPMORIEKTPUUYECKOr0 YCTpoicTBa cocTaBisuia oT 12,96 no 24,69 K,
IIMKOBOE HAIpsKEHUE ycTpouicTBa 722,13 MB u nukoBasg momHocTh 3,62 MBT npu
ONTUMAaJIbHOM BHEIIHEN HArpy3Ke MpearacéMoro yCTpoucTBa.

CnocoOGHOCTh HaMpsIMyI0 NMPeoOpPa30BhIBATH TEIIO M JICKTPUUECTBO HANCIISICT
TepMmodsiekTpuueckue (TD) marepuanbl MOTEHIMATIOM JJisi IPUMEHEHHUs B OOJacTH
MPOM3BOJICTBA JJICKTPOIHEPTUM, OXJAXKICHUS W AaTdyukoB [23]. TO-ycTtpoiicTBa
MOTYT COOMpATh IMOBCEMECTHO PACCESIHHYI0O M HHU3KOIMOTECHIMAIBHYIO TEIUIOBYIO
HHEPTUI0, U3JIYYAEMYIO COJHIIEM, MPOMBINIJIEHHBIM 000pPYI0BaHHEM, aBTOMOOMIIIMHU
WU JaXXKe YEJIOBEUECKHMM TEJIOM, U MPeoOpa3oBBIBATh TEILJIO B JIEKTpUYECTBO. 110
CpPaBHEHUIO C JAPYTMMH CrocoO0amMu mpeoOpa3oBaHusi dHEpruu mpeodpazoBanue T
uMeeT Topazno Oonee Hu3Ky 2dddexktuBHOCTE. HoO Onaromaps pa3BUTHIO
HMHTETPAJIBHBIX CXEM B MOCIEIHEe ICCATUICTUE MOSBUIOCH OOJBIIOE KOJIMYECTBO
YMHBIX HOCHUMBIX M HWMIUIAHTHPYEMBIX JJIEKTPOHHBIX YcTpoiicTB. Kpome ToroO,
texHoimoruu S5G wu  MHurepnera Bemed (IoT) mnoaraskuBaeT HOCUMBIE U
MMIUTAHTUPYEMbIE€ JJICKTPOHHBIE YCTPOMCTBA K MUHHUATIOPU3ALMHM, WHTETpAllUd U
HU3KOMY »Hepromorpednenuto [23]. B cBI3u ¢ 3TUM, TEPMODICKTPUUYSCKHUE
YCTpOMCTBA OYIyT UTPaTh BaAXKHYIO POJIb B HOCUMBIX M UMIUIAHTUPYEMbBIX CUCTEMAX,
TaKUX KaK aBTOHOMHbBIE UCTOYHUKH MUTAHUS, aKTUBHOE YMPABJICHUE TeMIIEpaTypou
U MOHHTOPUHT OKpyXKawliei cpeapl/tena. CrienyeT OTMETHUTh, YTO CO3/JIaHHE
TEPMODJIEKTPUUECKUX YCTPOMCTB C BBICOKMUMH XapaKTepUCTUKAMH Ha OCHOBE
HEJIOPOTUX U HETOKCUYHBIX MATEPUAJIOB SIBIISIETCS YPE3BBIUAMHO CIIOXKHOM 3aa4Ci.

Pabora [24] nocBsilieHa CO31aHUIO0 BBICOKOMPOU3BOAUTEILHOTO TOI' ¢ MOJHOCTHIO
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OKCUIHBIM P-N-TIEPEXOAOM, COCTOAILIErO0 M3 HEJOPOTHX, PaCIpPOCTPAHEHHBIX U
HETOKCUYHBIX MaTe€pUaJIOB, TAKMX KakK TOHKWE IieHKH ZnO n-tuna u p-tuna SnOx,
HAHECEHHBbIE Ha TMOMJIOXKKY M3 OOpOCHIMKATHOTO CTEKJA. Y CTPOMCTBO TreHEepUpyer
MaKCUMAaJIbHYI0 BBIXOJIHYI0 MOIIHOCTh ~126 MKBT/cM IIpU IIepernajae Temieparyp
160 K. BpixoHOE HampsiKEHHE M BBIXOJHOM TOK MPU MAaKCUMaJbHOW MOIIHOCTH
TOI' cocraBisoT 124 MmB 1 0,0146 MKA COOTBETCTBEHHO.

brnaronaps MukpooOpabOTKE M HAHOCTPYKTYPUPOBAHHUIO KPEMHHSI MOYKHO
YMEHBIIUTh pa3Mepbl TEPMOIJEKTPUUECKUX IMpeoOpa3oBaTesiel W MOJYYHTh
KOMIMAaKkTHbIe MUKporeHepatopsl [25]. [lpu uMeromiemMcs UCTOYHUKE TEIIa MpU
temnepatype 250 °C ObUIM JOCTUTHYTHI IUIOTHOCTH MoufHocTH 316 HBT/cM 2 B
YCIIOBHUSIX €CTECTBEHHOM KOHBEKIMH U 110 4,2 MKBT/cM 2 B yCIOBUSAX BBIHYKJEHHOM
KOHBEKIIUU.

TepMonniekTpuueckre reHeparopbl 00JalalT psaaoM npeumyniectB. OHu
Oe3BpeIHbI AJIs1 OKPYXKAIOLIEeH cpefibl, TaK KaK HE COJIEpPKaT XMMHUUECKHUX MTPOTYKTOB,
paboTaroT OECHIYMHO U3-3a OTCYTCTBUSI MEXAHUYECKMX KOHCTPYKUMM W/WIU
JBIDKYIIUXCS 4acTed, U MX MOXXHO M3IOTABJIMBAaTh HA MHOTMX THIIAX IOJJIOKEK,
TaKUX KAaK KpPEMHUU, MojauMepbl U Kepamuka. Kpome toro, TOI' He 3aBucCAT OT
MOJIO’KEHUS, UMEIOT JUIMTEIbHBIH CPOK CIIY>KObl M TOAXOAAT AJIi WHTErpanuu B
obbemHbie W THOKME ycTpoiicTBa [26]. OcBOeHHE CKBO3HBIX TEXHOJIOTHH M
o0ecreyeHrne OrpOMHOTO KOJIMYECTBA B3aMMOCBSI3aHHBIX YCTPONUCTB YCTOMYMBBIMU U
JOJITCOCPOYHBIMU ABTOHOMHBIMM HMCTOYHUKAMHM 3HEPIMH, B TOM YHUCJIE Ha OCHOBE
TEPMODJIEKTPUUYECKUX MpeoOpazoBareneil SHEpPruM, B JOJITOCPOUYHON MEpPCHEKTHUBE
MO3BOJIUT MPUHECTH MOJB3Y JIEKTPOIHEPreTUUECKON OTpaciii U SKOHOMHUKHU Poccun
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Jlobanos A. B.
Y dbumckuit rocy1apcTBEHHBINM aBUAIIMOHHBIN TEXHUYECKUN YHUBEPCUTET

NCCJIEJOBAHUE PA3PATHBIX IPOUHECCOB
B MUKPOITPOINECCOPHOU CUCTEME 3AKUT'AHUA ABTOMOBUNJIA

Aunomayus: B craThe TNPUBOAATCA pe3YylbTaThl HCCIENOBAHUS pa3psAIHBIX IPOLIECCOB B
MUKPOTIPOIIECCOPHON CHCTEME 3a)XXUTaHWs aBTOMOOWIS TMPH TMOMOIIU pa3pabOTaHHOW B MakeTe
MATLAB/Simulink cxeMOTEXHUYECKON MOJIETN PACTIPECITUTENS HAPSHKEHUS.

Knroueguvie cnosa: cucrema 3axuranusi, pa3psiAHbIe TPOLIECCHI.

Tennenuun pa3BuTus coBpeMeHHbIX JIBC CBsS3aHbl C TOBBIMIEHUEM UX
SKOHOMHMYHOCTH, CHIDKCHHEM TOKCHYHOCTH OTPaOOTaBIIMX Tra30B, YMEHBIIEHHUEM
KoJinuecTBa oOciHyxuBatromux onepanuid. [IpumeHsieMble Ha aBTOMOOHMIISX
KOHTAKTHBIE CHCTEMBbI 3aKUTAHUSI UMEIOT Pl CYIIECTBEHHBIX HEIOCTATKOB: MaJias
SHEPTUS UCKPBI, €€ 3aBUCUMOCTb OT HANPSKCHUS NMUTAHUS, U3MEHEHHUE TTapaMeTPOB
CHUCTEMBI 3aKUTAHUS W XAPAKTEPUCTUK OIEPEIKECHUA 3aKUTAHUS TPU H3HOCE
MEXAHUYECKUX JETAICH aTYMKa-pachpelesiuTes 3axuranus. Mamnas sHeprus
HCKpPBI HE TO3BOJISIET O00ECIEeUNUTh YCTOMYMBYIO pa0bOTy JABUTraTeliss Ha OOCIHEHHBIX
CMECSIX, UTO YXYIIIAET €ro NOTEHIHAIBHYI0 SKOHOMUYHOCTh. 3aBUCUMOCTh SHEPIUU

HCKPHBI OT HAIIPSIKCHUA IIMTAHUA 3HAYUTCIIBHO YXYAIIACT ITYCKOBBIC XAPAKTCPUCTHKU
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https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=56140657100&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=8542734300&zone=
https://www.scopus.com/sourceid/21100904205?origin=resultslist
https://www.scopus.com/sourceid/21100904205?origin=resultslist
https://www.scopus.com/record/display.uri?eid=2-s2.0-85111184367&origin=resultslist&sort=plf-f&src=s&st1=thermoelectricity+and+internet+of+things+and+sensors&nlo=&nlr=&nls=&sid=b1dd83d1003a39aaa0a79a9f7bfcbd2c&sot=b&sdt=cl&cluster=scopubyr%2c%222022%22%2ct%2c%222021%22%2ct%2c%222020%22%2ct&sl=67&s=TITLE-ABS-KEY%28thermoelectricity+and+internet+of+things+and+sensors%29&relpos=11&citeCnt=7&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85111184367&origin=resultslist&sort=plf-f&src=s&st1=thermoelectricity+and+internet+of+things+and+sensors&nlo=&nlr=&nls=&sid=b1dd83d1003a39aaa0a79a9f7bfcbd2c&sot=b&sdt=cl&cluster=scopubyr%2c%222022%22%2ct%2c%222021%22%2ct%2c%222020%22%2ct&sl=67&s=TITLE-ABS-KEY%28thermoelectricity+and+internet+of+things+and+sensors%29&relpos=11&citeCnt=7&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85077163445&origin=resultslist&sort=plf-f&src=s&st1=thermoelectricity+and+internet+of+things+and+sensors&nlo=&nlr=&nls=&sid=b1dd83d1003a39aaa0a79a9f7bfcbd2c&sot=b&sdt=cl&cluster=scopubyr%2c%222022%22%2ct%2c%222021%22%2ct%2c%222020%22%2ct&sl=67&s=TITLE-ABS-KEY%28thermoelectricity+and+internet+of+things+and+sensors%29&relpos=16&citeCnt=171&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85077163445&origin=resultslist&sort=plf-f&src=s&st1=thermoelectricity+and+internet+of+things+and+sensors&nlo=&nlr=&nls=&sid=b1dd83d1003a39aaa0a79a9f7bfcbd2c&sot=b&sdt=cl&cluster=scopubyr%2c%222022%22%2ct%2c%222021%22%2ct%2c%222020%22%2ct&sl=67&s=TITLE-ABS-KEY%28thermoelectricity+and+internet+of+things+and+sensors%29&relpos=16&citeCnt=171&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85124645610&origin=resultslist&sort=plf-f&src=s&st1=thermoelectricity+and+internet+of+things+and+sensors&nlo=&nlr=&nls=&sid=b1dd83d1003a39aaa0a79a9f7bfcbd2c&sot=b&sdt=cl&cluster=scopubyr%2c%222022%22%2ct%2c%222021%22%2ct%2c%222020%22%2ct&sl=67&s=TITLE-ABS-KEY%28thermoelectricity+and+internet+of+things+and+sensors%29&relpos=13&citeCnt=0&searchTerm=

JNBUTATENSl IPU HU3KUX TEMIIEPATYpaX, TaK KaK MPU IYyCKE IPU 3HAYUTEIIBHO
Pa3psHKEHHON aKKyMYJSITOPHOM Oarapee MOMHMO CHUXEHHUS 00OpOTOB BpaIICHHS
KOJIEHYaTOTO BaJia JOINOJHUTEIbHO YMEHBIIAETCS SHEpPrusi MCKphl. lIpumeHeHue
AJIEKTPOHHBIX CUCTEM 3a)KUTAHUS B 3HAYUTEIIBHOM MEpe IMO3BOJSET YCTPAHUTH ATU
HegocTaTku. OOHAKO M B CUCTEMax »DIJIEKTPOHHOTO 3aKUTaHUsl pealh3alus
3aBucuMocTeil YO3 0T 00OpOTOB M Harpy3Kd Ha JABUTATENb OCYIIECTBISETCS
MEXAHUYECKUMHU YCTPOMCTBAMM JIATUMKA-PACHPENACTUTEINS] 3aXKUTAHUS, KOTOPBIE
NOABEPKEHBI M3HOCY M U3MEHEHUIO NapaMETpPOB B IPOLECCE SKCIUTyaTaluu, YTO
TpeOyeT mpoBeAeHUs MPODUIAKTUYECKUX PETYIUPOBOK U 3aMEHbI N3HAIIMBAIOIIUXCS
31eMeHTOB. Kpome Toro, u B KJIIaCCUYECKOM, U B JIEKTPOHHOM CUCTEMaXxX 3a)KUTaAHUS
pacrupenesieHue UCKPhl 110 LWIMHAPAM IPOU3BOAUTCS ITOCPEICTBOM KOMMYTAllUU
[IENU BBICOKOTO HAINpPSDOKEHUS HA BBIXOAE €JWHCTBEHHOM KATYIIKU 3aKUTaHUA
IOCPEJICTBOM PACIIPEICIIUTENS] 3aKUTAaHUSL, KOTOPBIA SIBJISIETCS JIOMOJHUTEIBHOU
MEXAaHUYECKOM CUCTEMOM, TMOJABEPKEHHOW HW3HOCY M  BHOCAILIEH  DJIEMEHT
HEHAJEKHOCTH B CUCTEMY 3aXuraHus. Hepenako depe3 KpbILIKY pacnpeaciauTens
3aKUTaHUsl TMPOUCXOJUT YTEYKA TOKA BBICOKOTO HAIPSKEHUS, YTO IPUBOIUT K
HapyIICHUI0O HMCKPOOOpa30BaHUSI WM TIOJIHOMY OTKa3y CHCTEMBI 3a’KUTaHMUS.
BeposTHOCTh yTE€UKM 3HAUMTEIBHO MOBBILIAETCS B CHIPYIO BIAXHYIO IIOTOAY B CBSI3U
C MPOHUKAHUEM BJIATH B 3JIEMEHTHI pactpeaenurensi. OcoO0eHHO HeOIaronpusiTHbIC
YCJIOBUS pabOThI IaTUYUKA-PACTIPEACIUTEINS 3aKUTAHUSI HA aBTOMOOUJISIX, HA KOTOPBIX
JNaTUYHAK-PACIIPEICIIUTEND 3aKUTaHNS PACIIOIOKEH B HUKHEW ITPABOU NEPEIHEN YacTH
JBUTATENII B MECTE, HE 3alIUIIEHHOM OT BO3JCHCTBUSI T'psi3M W OpBI3T. 3a4acTylo
dbopcupoBaHre JOaxke HEMNIYOOKHUX JIy>)K TPUBOJUT K 3aJ]MBaHHUIO JlaTuMKa-
pacipenenuTens BOJION U MOJTHOMY MPEKPaIIEHUIO0 HCKPOOOpa30BaHMUS.

OT BBIIENIEPEUUCTCHHBIX HEJAOCTAaTKOB CBOOOJHA MHUKPOMPOIIECCOPHAs
cuctema 3axuranus (MIIC3), kotopas peanusyet 3aBucumoctd YO3 oT 000poTOB
KOJICHYATOTO BaJla ABUIATENs, HATPY3KU HA JBUTATEIb U TEMIIEPATYPhI OCPEACTBOM
aHAJIN3a CUTHAJIOB BXOSIIUX B CUCTEMY JHATYMKOB U OCYILIECTBIISET HU3KOBOJIBTHYIO
KOMMYTAILIMIO PACIpEIeICHUs] HCKpPbl 10 LUIMHIpaM, T.€. Ha KAXKIYK Mapy

MUWJIMHAPOB HCIOJB3YCTCA CBOsS JABYXBLIBOJAHASA KaTyHIKa 3aKUTaHUA. HpI/I 3TOM
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HCKpOOOpa3oBaHUE MPOU3BOJIUTCS cCpa3dy B JBYX MHIMHApax — pabodas HCKpa
MPOUCXOAUT B LIJIMHAPE, B KOTOPOM MPOUCXOTUT TaKT paboyero xoja, a xojocrtas
UCKpa - B LWIMHApPE, B KOTOPOM IIPOMCXOAMUT TAaKT BBbIIyCKa. B cucreme Her
ITOJBWKHBIX MEXAHUYECKHUX JETaled, OHA HE IMOJBEPKEHA HM3HOCY U CTAPEHHIO,
xapakTepucTuku Y O3 ONpenesstoTcss MOCTOSHHBIM 3allOMUHAIOLIUM YCTPOMCTBOM
(I13Y), mpencraBistomM coOOM MHKPOCXEMY, YCTAaHOBJIEHHYIO B CIELHUAIbHOM
rHe3/Ie-pa3beMe, KOTOPYIO JIEFKO 3aMEHUTh ISl OJydYeHHs XapakTepucTuk Y O3 s
cooTBeTcTByMomero gasurarens. B II3Y xpassrcs naHHble (Tak Ha3bIBacMble
"mpommBKKU"), onpenensronme 3aBUCUMOCTH Y O3 OT peKUMOB pabOThl JBUTATEIIS.
Hexotopeie mogenn MIIC3 nomoJIHUTENBHO MMEIOT OKTaH-KOPPEKTOP — BHELIHUU
NEepeKIIoYaTeNb, MO3BOJSIOIMI K3 cajloHa aBTOMOOWIS IHEpeKoyaTh pa3HbIe
"mpommBkK" st paOOThl, HampuMmep, € pa3HbIMU HadadbHbiIMU YO3 s
KOMIICHCAllUM JICTOHAIMM IIpU OTKJIOHEHMM OKTAaHOBOI'O YMCJIA TOIUIMBA OT
3aJJaHHOTO, TpU paboTe Ha rasze, NpPU MCIOIB30BAHUM JUHAMHYHOTO JIMOO
SKOHOMHMYHOI'O PEKUMOB JIBUKEHUS U T.[I.

C noMoIbI0 MUKPOIPOIIECCOPHON CHUCTEMBl 3a)KUTaHUs AOCTUTaercs Oosee
HSKOHOMHUYHAs pabdoTa JBUTATENs; MPU MOBBIIMIEHUHA €ro0 MOIIHOCTHBIX MOKa3aTesen
UCKJIIOYaeTcsi paboTa JABUrartesist ¢ JeTOHAlUMed U BBINOJHAIOTCS HOPMBI IO
TOKCHYHOCTH BBIXJIOIIHBIX Ta30B. JTa CHCTEMa JOJIOBEYHEE M HAJESXKHEE II0
CPaBHEHMIO C KJIACCUYECKOM CUCTEMOW 3aXXuraHus. B HeW OTCyTCTBYIOT IETaiu,
MIO/IBEPraroIIrecs U3HOCY (KpOME 3JIEKTPOIOB CBEUEH 3aKUTaHUA).

Ha puc. 1 mnpencraBiaeHa CXEMOTEXHUYECKAS MOJENIb JJIEKTPOHHOTO

pacrpeenuTess BHICOKOTo HanpshKeHus, pa3padoTanHas B nakete MATLAB.

86



%/ diplom * E]@

File Edit View Simulation Format Toolks  Help

beES L] » Mormal ] BRE B

-
Lt
oo

1 2 a0
= “oltage Measurement
9 ilg Al
Ideal Switch
Pulse Mutual Inductance
Generator
Db Voltage Sourde Parallel RLE Branch
»
» »
" ‘ ‘ =t 1 A
T :
frpra— [oltage Measurementt
Fulse Mutual Inductance1 >
Generatart
Parallel RLC Branch1
1 2 >
=
» m
Farallel RLE Branch2 -
Ideal Switchz ol
Pulse Mutual Inductance2 »
Generator2 aftage M »
1 »
; S Seoped
L at] m
I4eal Switch3 -
Fulse Mutual Inductance3 »
Generaterd I' v
» e AAA
» l aHage Measurement®
. - Parallel RLC Bransh3
— DG Volta T -
Fy .
» DC Valtage Source?
B ¢‘
DC Volthge Source2 [
T > i
4 »
wope

Ready 100% odez3th

Crp. 1 Pasa 1 11 Ha 16,6 CT 6 Kon 1 pyeckei (Po (SR

Puc. 1. CxemoTexHu4ecKass MOJIENb JIEKTPOHHOTO PACIIPEICITUTENS
BBICOKOT'O HaIPSIKEHUS

BusyanbHas yctaHoBka (puc. 1) cogepxur:

e UCTOYHMK NocTtossHHOrO HanpsbkeHnus (DC Voltage Source);

e nocinenoBarenbHas RLC-BeTBb (Series RLC branch);

e natuuk HanpspkeHus (Voltage measurement);

e ocuwuiorpad (Scope);

e reHeparop ummysbcoB (Pulse Generator)

B napamerpax Bcex 4YeTbIpeX HCTOYHUKOB MOCTOSSHHOTO HampstkeHus (DC
Voltage Source) 3anano Hanpspbkenue nutanus 12 B. Ilpu sTom 3HaueHus Toka Ha
BBIXO/I€ (Ha CBEYE) COOTBETCTBYIOT PEAIbHBIM JAHHBIM M COCTABIISIIOT IECATKU aMIIep
B €MKOCTHOM CTaJNH U IECATKN MUJUTUAMIIEP — B HHIYKTUBHOM.

XapakTepHbI€ OCHMIUIOTPaMMBbl TOKa UICKPOBOT'O pa3ps/ia IPUBEIEHBI Ha pUC. 2.

Pa3paboTanHasi cXeMOTEXHHUYECKass MOJENb TO3BOJISIET  MOJEIUPOBAThH
aBapuilHbIE CHUTYyallMM, KOTJa MPOUCXOIMUT Iepeo0OoramieHre TOIIMBOBO3IYITHON

CMECH, T.. OJIHA M3 CBEUEH 3aJlMBaeTCs TOIUIMBOM. IIpOMOKHYB, CB€4a CTaHOBHUTCS
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COBEpIICHHO HecrocoOHa K Mepeiadye MOJTHOIEHHON UCKPBL. DD (PEeKTUBHOCTD pabOThHI
TaKko#l cBeuH cHmxkaercsa. OcuusuiorpamMma paOoThl B aBApUWHOM PEKUME MPUBEACHA

Ha puc. 3 (cBeya Ne 4 3anuTa TOIIMBOM).

Puc. 2. OctminorpamMmel, TTOJIYY€HHBIE TIPY CTAHAAPTHBIX TapaMeTpax pactpeieInuTens
BBICOKOT'O HAMPSIKEHUS

Puc. 3. OciminorpaMMel paboTsl B aBapUHOM PEKUME

Pa3pa60TaHHaﬁ CXEMOTCXHHUYCCKAA  MOJCIb IIO3BOJIICT MOJICIHUPOBATH

PAa3JINIHBIC PCIKUMBbI pa60TBI SJICKTPOHHOT'O paCpCACIUTCIIAA BBICOKOI'O HAITPSAKCHUA,
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B TOM YHCII€ aBapuiiHble, 0€3 UCIIOIb30BAHUS JIAOOPATOPHBIX CTEHIOB U MPOBEACHUS
JKCIIEPUMEHTAJIBHBIX 3aITyCKOB CUCTEMbI. CXEMOTEXHUYECKAS] MOJEIb MOXKET OBITh
UCIOJIb30BaHa JJIsl OLIEHKU 3(P(HEKTUBHOCTH aBTOMOOMJIBHBIX CHUCTEM 3a)KUTaHUS Ha

sTanax ux pazpabOTKH U UCCIETOBAHMS.

CIIMCOK JIMTEPATYPEI

1. 3unun, FO.M. CucreMsl 3axxuranusi aBromoOuiei: ydeOHoe mocobue / FO.M. 3unun, O.A.
I'mzarymnun; Y pumck. roc. aBuail. TexH. yH-T. — Yda: YIATY, 2008. — 61 c.

2. Yepnsix, WM. B. MogenupoBanue dIeKTpoTexHHYecknx ycrpoiictB B MATLAB,
SimPowerSystems u Simulink. — M.: JIMK IIpecc; CII6.: [Tutep, 2008. — 288 c.: ui.

Mecponau A. B., Llabenvnux FO. A., Ilnamonoe E. A., Mepkynosa A. II,
Tanuyvina A. M.
VY dbumckuii rocyaapcTBEHHbIA aBUALIMOHHBIN TEXHUYECKHI YHUBEPCUTET

AHAJIM3 PBIHKA 3JIEKTPOMOTOPHBIX KATEPOB U AXT

Aunomayusn: B 1aHHOW cTaThe NpPUBENCHBI pPE3yJIbTaThl CTATUCTUYECKOTO aHalIM3a pbhIHKA
MaJIOMEPHBIX CYIOB Ha 3JIEKTPOJBMKEHUU B Poccum m 3a pydexxom. B xone mccnenoBanust Obun
BBISIBJICHBl OCHOBHBIE TEHICHIMHM JATbHEWINIUX HCCIEeNOBaHUI © pa3paboTok B oOnactu
ANIEKTPU(PHUKANNN CYAOB TPAKIAHCKOTO Ha3HAueHHs. AHaAIW3 pHIHKA IMOKA3al, 4YTO Ha JaHHBINA
MOMEHT HauOOJbIICH MOMYISIPHOCTHIO MOJB3YIOTCS CyJa CO CTEKJIOIUIACTUKOBBIM KOPIIYCOM U
BOJIOM3MEIIAIONIMMHA 00BOIaMH, JUTMHOW OT 7 10 8 MeTpoB, BecoM a0 3 000 Kr, U MOIIHOCTBIO
asuratens 10 260 kBT. /lnanazoH MakCUMalbHBIX CKOPOCTEN ABMKEHHSI SJIEKTPOJIOJOK HA CETO/IHs
Bapbupyertcs B npenenax ot 5,5 1o 50 y3noB (ot 10 g0 93 km/4), a 7abHOCTH X0J1a BAPBUPYETCS B
auarnazone ot 10 1o 200 mopckux Muib (0T 20 10 370 kM) B 3aBUCUMOCTH OT CKOPOCTH U pEXHUMaA
nBrokeHus. OCHOBHBIM HalpaBJICHHEM pa3pabOTOK B BOMPOCE NMEKTPUPHUKAIMH CYIOB IO CHX TTOP
OCTaeTcsi COBEPIICHCTBOBAHUE HHEPreTUYECKOH YCTAaHOBKH, M, B YAaCTHOCTH, aKKyMYJSTOPHBIX
Oarapeil ¢ 1eNIbI0 CHUKECHHUS UX Beca U YBEIIMYCHUHU UX YACTHHONH €MKOCTH, YTO B KOHEUHOM HTOTE
00yci1aBIUBaeT aBTOHOMHOCTb Cy/THA.

Kniouesvie cnosa: DnexTpoABIKEHHE B CYIOCTPOSHUH, CTATHCTUYECKUHN aHATN3, dIIEKTpUDUKaIS,
ruOpUIHbIE KaTepa, SHEPTeTUUECKUE YCTAaHOBKH, KOPITYC CY/IHA, aKKyMYJIITOpHBIE OaTapeH.

. HOMEHKIIATYPA

B xome aHamu3a pblHKa ObUIM MOAPOOHO PACCMOTPEHBI MapaMmeTpbl U
XapaKTEPUCTHKH CIEAYIOIINX CYAOB Ha siekTpoaBmwkenun: Taranor PlanetSolar,
Ecovolt, Momanus, Slider 210 br,  Pulse 63, E-Ship 1, Energy Observer,
Marilyn Bell I, Cabin Alfastreet 28, ARC One, Boesch 750 Portofino Deluxe,
Candela C-7, Duffy Sun Cruiser 22, DutchCraft DC25, Frauscher 740 Mirage,
Greenline 40, Hardy Hybrid 42, Hermes Speedster E, Hinckley Dasher,
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Magonis Wave e-550, Marian M800 Spyder, Navier N27, Nimbus 305 Coupe
E-Power, Pixii SP800, Pure Watercraft Pontoon, Q-Yachts Q30, Rand Escape 30,
SAY Carbon Yachts 29 E, Silent Yachts 60, Spirit 35 Foiler, Vita LION,
X-Shore Eelex 8000, 34 —Zin Z2R, Zodiac 450 e- jet, Delphia 11,

X-Shore Eelex 8000 u apyrue 351eKTpOJIOAKH BhITyCKaeMble BephsiMu B 18 cTpaHax.

Il. BBEJAEHUE

HakoruteHHBI OMBIT MPOSKTUPOBAHMSI M IKCILTyaTallid CYJ0B M y>KECTOUCHHE
B MHPOBOH TMPAKTUKE OKOJOTHYECKUX HOPM W  TPABWI  ONPEACISIOT
BOCTpEOOBAaHHOCTh pabOT JuIs peanu3allid  CIEAYIOUIETO dTama pa3BUTHSA
CYJIOCTPOCHHUS — IJIEKTPUPUKAIMH, CTIOCOOCTBYIOIIEH YCTpaHEHUIO psija Ipoodsiem,
CBSI3aHHBIX C WICTIOJB30BAHMEM TPAJIUIMOHHBIX JBUTATEJCH BHYTPEHHETO CTOpPAHUS.
OmHOM 13 ITaBHBIX JABMKYIIUX CHUJI 3aTyCKa AJIEKTPUUECKHUX JOJO0K B MPOU3BOJICTBO
ABJISIETCSI CTPEMJICHHE CHU3UTH 3arps3HEHUE BOJbI U MPEIOTBPATUTH NMPUUHMHEHHE
BpeZa JKocucTeMe. TpaauImoHHBIC CYAOBBIC IBUTATEIM BHYTPEHHETO CTOpPaHUS
BBIOPACHIBAIOT B aTMocdhepy MU BOJHYIO CpeAy OTpabOTaHHBIE Tras3bl, B COCTaBe
KOTOPBIX TPHUCYTCTBYIOT BpEIHBIC BEIIECTBA, TAKWE KaK MOHOOKCHJ YTJepoja,
YTIIEBOJOPOIbI, TBEPJIbIC YACTUIIBI U OKCUJIBI a30Ta. PaboTa TEMIOBBIX JBHUrareiei
COTPOBOXK/IAETCSI COMYTCTBYIOIIUM XapaKTEPHBIM IIIyMOM HaJIMYUEM BBIOPOCOB
MIPOJIYKTOB CTOpaHMs B aTMOC(Epy, UTO HE MO3BOJISET MacCaKUpaM CYJI0B B ITOTHOU
Mepe HaCJaJIUThCs MPOTYIKOM Ha BOJE, HapyIIaeT Pa3MEPEHHYIO KU3Hb (JIOPHI U
(dbayHBI BOJOEMOB U IPUOPEKHBIX 30H. DIEKTPOIBUTATENH K€, HE TpeOyeT TOIUINBA,
Macel W APYTHX XUMHYECKUX KHUIKOCTCH, MPAKTUYCCKU HE MPOM3BOIAUT ITymMa U
BBIOPOCOB OTPAa0OTAHHBIX BEIIECTB, OJarojaps 4emy MOXKET o0ecneduTh KOMGpOopT
rmaccaxupam CyAHa W TIO3BOJIMT TIEPEABUTATBCS IO BOJOEMaM JaXke Ha
MIPUPOJOOXPAHHBIX TEPPUTOPHSIX.

OOBEKTOM HCCIICIOBAHUS SBIISCTCS MAJIOMEPHOE CYIHO Ha AJICKTPOIBUKEHUU.

[{eas pabOTBI — ONpeACIICHUE MePCIIEKTUB MPUMECHEHHSI SJISKTPOIBIKCHUS Ha
MaJIOMEPHBIX CyJaX M OIICHKAa WX KOHKYPEHTOCIIOCOOHOCTH TI0 CpPaBHEHUIO C

TPpAAUIUMOHHBIMHA IBHUTaTCIISIMU BHYTPCHHET'O CrOPaHMs.
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Pe3ynbpTatel gaHHOTO aHanmu3a HEOOXOAWMBI JJis TMOCTAHOBKM 33Jad U
OTIpe/ICNICHUs] UCXOAHBIX MapaMEeTpPOB Ha MPOEKTHpPOBaHHE 3HEProdh(HEeKTUBHOTO

MAJIOMCPHOI'O CyJHA Ha 3JICKTPOJABHKCHHH.

1. AHAJIN3 PBIHKA 3JIEKTPOMOTOPHBIX KATEPOB U AXT

Cypna c siexTpoJBUraTeIsiMu Ha OOpPTY Hauaiu pa3BUBaThes eile B 60-x romax
20-ro Beka. Tak, kamudopruiickas kommaaus Duffy Electric Boat Company nadana
MaccoBO€ IPOU3BOJICTBO HEOONBIINX JJIEKTPOJOMOK emie B 1968 romy u Ha
ceroAHsmHui aeHp mpousBena 6oxee 10 000 emmnun. Katepa ¢ conmHeyHbIMU
nanensmu nosiBuiMch B 1980-x romax, Tlranor PlanetSolar — mepBoe cyano ¢
COJIHEUHbIMH OaTapesiMi, COBEpIIMBILEE KPYrOCBETHOE IUIaBaHUE, B HACTOSILEE
BpEMSI SIBIISICTCSI CaMbIM OOJIBIIIMM TPEICTABUTENEM JTaHHOTO Kjiacca B MUpE, JIJIMHA

ero coctasisieT 31 metp (puc. 1) [1].

Puc. 1. Taranor PlanetSolar

HecmoTpss Ha TO, 4TO O MNPOU3BOACTBEHHBIM TEXHOJOTHAM M KayeCTBY
MAaTEpPUaIOB MOPCKUE U PEUHBIE KaTe€pa POCCUNUCKON MPOMBIIICHHOCTA HU B YEM HE
YCTYMHaT YPOBHIO MUPOBOTO CTaHAApTa CYJIOCTPOEHUS, O0BEM DKCIIOPTAa HU3O0K, UTO
MOXET OBITh CBSI3aHO C HEXBATKOW MPOM3BOACTBEHHBIX MOIIHOCTEH, IMOJUTHYSCKOM
CUTyallM€d M HECOOTBETCTBMEM HAIIIMX CYJOB €BPOMNEHCKHWM CTaHAApTaM CHUKCHUS

BBIOPOCOB YTJIEKMCIIOTO Ta3a B Okpyxkatouryio cpeny. [Ipunsroe EC moctanoBieHue
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ot 2018 roga 00 OTCIEKMBAHWU YPOBHS BBIOPOCOB YTJIEKHCIOTO Ta3a B IMPOIECCEe
CYJIOXOJICTBA, XOTh U HE PACIPOCTPAHSIETCS HA MAJIOMEPHBIE CY/a, 33/1a€T OCHOBHYIO
TEHJICHIIMIO Pa3BUTHUS CYJOCTPOCHUS B 11eJIoM. HeManoBakHyIO0 pojiib TakKe Urpaet
BBIOOp «3EJICHOW» JHEPTrUu y TMOTpeOUTEeseH, COMEPEKUBAIOIMINX IKOJIOTHICCKOM
00CcTaHOBKE B MUPOBOM OKeaHe [2].

CornacHo CrpaTterud pa3BUTHSI CYAOCTPOUTENILHOM MPOMBIIUIEHHOCTH Ha
nepuoa 10 2035 roga, yTBEpKAEHHOW PACTIOPSIKEHUEM MPABUTEIBCTBA Pocchiickoi
Odeneparun ot 28 okTs6ps 2019 1. Ne 2553-p, oHUM U3 TPEHJIOB POCCHICKOTO
CYIOCTPOCHHUS SIBIIACTCS CO3JIaHWE CYJIOB M MOPCKON TEXHUKH, 00ECIICUMBAIOIINX
COOJIIOICHUE MEKTYHAPOHBIX SKOJIOTMUYECKHUX HOPM U MPABUJI B aKBATOPUU MOPEH U
B MOPTaxX, a TAKXKE 3alIUTy NPUPOAHOUN cpelbl ApkTuku. B pamkax deaepasibHOM
neneBor mporpammbl «PasBuTtHe rpaxmanckord mopckoit TexHukm» Ha 2009-2016
roabl W TOCYNApCTBEHHOM ImporpaMmbl Poccuiickoii @enepaunu «Pa3Butue
CYJIOCTPOCHHUS U TEXHUKH JUIsl OCBOEHUS IIEIb(OBBIX MECTOPOXKICHUN» 3a MEePUO]
2009-2019 romst Obimo BoeimosmHeHo Oonee 20 HMOKP mo paspabotke cuctem
3JIEKTPOABMKEHUS U X KOMIIOHEHTOB [3].

Ongnako, HECMOTpsI Ha OCHAIIEHHWE HEKOTOPhIX CYJOB CHCTEMaMu
ANEKTPOABUKEHHS, B KA4€CTBE OCHOBHBIX HCTOYHUKOB JJIEKTPOIHEPTHH Ha
OTEUECTBEHHBIX KOPAOJSAX U CyJaX 0 HEIaBHETO BPEMEHU MPUMEHSIINCH TU3ENb- U
razotypOoreHepaTophl, 160 aTOMHBIE HSHEPreTUYECKUE YCTaHOBKH.
AKKyMyJATOpHBIE OaTaper B OCHOBHOM MPUMEHSIIUCH B KAYECTBE BCIIOMOTaTEIIbHBIX
Y aBapUUHBIX KICTOYHUKOB NUTAHUA [4].

OmHrM W3 TEpPBBIX NPEACTABUTENIEW MOJTHOCTBIO JJIEKTPUUYECKOTO CyaHA
OTEYECTBEHHOTO MPOM3BOJICTBA cTajo 18-meTpoBoe CYJIHO Ecovolt
MacCaKUPOBMECTUMOCTBIO 70 86 4YenoBek (puc. 2), CO3JaHHOE B HHUIMATUBHOM
nopsiake — kommanued — «MopCBs3pbABTOMATHKa» W MPEACTABICHHOE  Ha
MEXKJIyHApOJAHOU BbIcTaBKe cynoctpoeHusi «Hesa-2019». CynHo mnpuBoautcs B
JBIDKEHHUE DJICKTPOMOTOpPAMHU, padOTAIOMMMK Ha OOIIeH HIMHE MOCTOSHHOTO TOKa.
HcrounnkoM  DHEpruM  BBICTYNAIOT  BBICOKODHEPTreTUYECKHe  OarapeiHbie

HaKOMUTEIU. DKCIUTyaTalus Takux cyaoB mianupyercs B Cankr-IlerepOypre [5].
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Puc. 2. Ecovolt

Cnycts ron mocie Beimycka Ecovolt, merom 2020 r., xommanus OOO
«Monnus-®@ounic» (Poccust) mnpencraBwiia mnepBblid B Poccum  manomepHblid
AJIEKTPOKaTEep, CHAOKEHHBIH MOJBOAHBIMU KPBUIbSIMHU, OTKHJIHONW aBTOMAaTHUYECKOM
KpBIIIEH, a TaKXKe CHUCTEMOM HSJIEKTPUYECKOro TMUTAaHWS W ympasiieHus (puc. 3).
DIIEeKTpOJIBUTaTENb KaTepa ¢ KpyTsamuM MmomeHToM B 130 HM criocoOeH pa3BuBath
ckopocTh 70 36 y3moB (67 km/4). [Ipy MUHUMAIBEHON pacyeTHOM CKOPOCTH CYAHO
MokeT npodtu 10 130 Mopckux Muib (241 kM), npu MakcuManbHOM — 20 MWIb
(37 xm). AkkymynsaropHasi Oarapes B cocTaBe MOJHHH MOXET BBIICPXKATh YYyTh
0oJbI1Ie 3 THICSY MOJTHBIX IIUKIIOB 3aPSAKH, IS €€ TIOTHOU 3apsAaKku TpeOyeTcst OKOJI0

Tpex 4acos [6].

Puc. 3. Dnexrpokarep MonHus
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Jlerom 2022 ronma Bepdsn Ellisabeth mnpencraBuna mnepByro B Poccun
TJIMCCUPYIONTYI0 MOTOPHYIO JIOJKY C TOJBECHBIM 3JIeKTpHueckuM MoTopom — Slider
210 br c cunoBoit ycranoBkoit orT Ellisabeth Electric (puc. 4). IloasecHoii
anektpoasuratenb B 103 kBt (140 n.c.) u akkymynstopHas Oatapes B 53 kBt/a —
MO3BOJISIIOT JIOOMThCS MakcuMajibHOW ckopocTd B 30 y3moB (56 km/4). Bpewms

TOJTHOTO 3aps/ia aKKyMYJISITOPOB COCTaBIAET 2,5 yaca [6].
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Puc. 4. Slider 210 br ¢ cunoBoit ycranoBkoit ot Ellisabeth Electric

DJIEKTPOMOTOPHBIE KaTepa U SIXThl BCTPEUAIOTCSI B PA3IUYHBIX HCIOJHEHUSX.
AHanu3 peIHKA 3JEKTPOMOTOPHBIX KAaTEPOB U SIXT MOKa3aj, YTO MPOU3BOJICTBEHHBIC
KOMIIaHUM pacnoyiokeHbl B 18 crpanax: CnoBenunn, ['epmanuu, @Ppanumw,
[IBeiapuu, IIBenun, Urtanum, bensruu, CIIA, Kanane, Poccuu, Iloptyranuu,
ABctpun, Ilombme, BemukoOpuranwu, [anuu, Vcnannm, OUHIIHINK U
Hunepnangax. Ha  ocHoBe — aHanmu3a  TPEACTaBICHHOTO  aCCOPTUMEHTA
MIPOM3BOJIUTEIICH U TUICPOB AJICKTPOMOTOPHBIX MaJIOMEPHBIX CYJIOB OBLIO BBISBJICHO
126 wmopenen pa3MUYHBIX LIEHOBBIX KAaTETOPUM M C PA3HBIMU TEXHHUYECKUMU
xapakTtepucTukaMu. CTaTUCTUYECKUN aHaIW3 BBISBWI CIEAYIOUIEE pacHpeIesiCHHUE
00BEMHOM J0JM PhIHKA 110 Ta0APUTHBIM IJUHAM: cyaa MeHee 5 meTpoB — 23,8%; ot 5
nmo 10 merpoB — 70,63%; 6onmee 10 metpoB — 4,7%. Huskoit momyJaspHOCTHIO
MOJIB3YIOTCS cyAa 6omee 10 MeTpoB, 4TO MOKET OBITH O0YCIIOBIIEHO: JOPOTOCTOSIIICH
CTOSIHKOM CYJIOB y NPUYAJIOB M HA 3UMHEM XPAHEHUHU, KOTOpask PacCUUTHIBACTCS
COTJIACHO 3aHMMAaeMbIM KBAJpPAaTHBIM METPaM; CIIOKHOCTBIO TPaHCIOPTUPOBKU
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rabapuTHBIX CYJOB Ha CYIIe; CTOUMOCTHIO OOCITY)KMBaHUS CyJHA, KOTOpas TaKXKe
PACCUMTHIBACTCS COTIACHO KBAApPAType IUIOMIAAM KOPIyca; OOJBIINM 3HAYCHHEM
TpebyeMoi TPUBOIHON MOIIHOCTH JJIs MPEOI0JICHUS COMPOTUBICHUS KOPITyca Cy/IHA
XOJly ¥ OTPAaHMYEHHOCTBHIO €MKOCTEH COBPEMEHHBIX aKKyMYJATOPHBIX Oatapei. Jlis
OoJiee JeTalbHOTO aHajau3a ObUIM ONpeNeNieHbl JOJW phIHKA JJIs CIEIYIONIUX JJIUH
MAJIOMEPHBIX CYA0B: OT 5 10 6 MeTpoB — 9,5%; oT 6 10 7 meTpoB — 18,3%; ot 7 1o 8
MetpoB — 20,6%; ot 8 mo 9 merpoB — 11,9%; ot 9 no 10 merpoB — 10,3%. B
pe3ynbTare 0osiee MOAPOOHOTO U3YyUEHHUs CYHIECTBYIOIIMX KOMMEPUYECKHX MPOEKTOB
AIEKTPOKATEPOB W IJICKTPOJOIOK BBISBICHO, YTO HaWOOJEee MOMyIIpHBIMU Y
MoTpeduTeNel cTanu cyjaa ¢ JUIMHOM Kopryca ot 7 Ao 8 merpoB. Ilpu 3Ttom Bec
KOpITyca BMECTE C CUJIOBBIMU YCTAHOBKAMH BapbUPYETCs B IMANAa30HAX: Cy/1a MEHEE
5 metpoB — oT 50 no 870 kr; ot 5 10 6 MmeTpoB — oT 590 1o 1200 xr; OoT 6 1O 7 METPOB
— ot 750 no 2000 xr; ot 7 no 8 metpoB — oT 850 mo 3000 kr; oT 8 10 9 METpPOB — OT
1600 no 2600 kr; ot 9 10 10 MeTpoB — oT 1500 10 4300 kr; 60oee 10 MmeTpoB — OosIce
4000 kr. MakcuMasIbHbIE MOIIHOCTH IIPUBOJHBIX AJIEKTPOABUTATEIECH MAJTOMEPHBIX
CyJI0B COCTaBJIAIOT: cyaa MeHee 5 meTpoB — a0 11 kBT; ot 5 no 6 merpoB — 10 25
kBT; ot 6 10 7 MetpoB — 10 100 kBT; oT 7 10 8 MeTpoB — 10 260 kBT; cyna Gonee 8
METPOB — HET JaHHBIX. OTCyTCTBHE MH(DOPMAIIUU O TIPUBOIHBIX AJEKTPOIBUTATEISIX
MOET OBITh CBSI3aHO C TE€M, YTO HEKOTOPBhIE MOJEJM TMOKa Ha CTaJuu pa3paboTKu
MPOEKTA U KOHEYHAsl MOTPeOHasi MOIITHOCTh HE M3BECTHA WJIU HE PACKPHITA.

Pacnpenenenre pbplHKA 3JIEKTPOMOTOPHBIX MAJIOMEPHBIX CYAOB MO UX
Ha3HAYEHUIO cocTaBisieT npumepHo 41% cnoptusBHble, 26% mnporynounsie, 2%
TpaHcnopTHbie U 31% pbpIOONOBHBIE, IO PEKUMY JABHKEHHUS: BOAOU3MEUIAIOUINE —
92%, rmuccupyromue — 8%. B pesynbTare CTAaTUCTHYECKOIO aHalin3a pPhIHKA
MPEJCTABICHHBIX K TPOJaKe MOJEICH SJIEeKTPOCYJOB BBISIBIIEH HauOosee
MOMYJISIPHBIA ~ TUN ~ MaJOMEPHOTO  CyJHAa  Ha  BJIEKTPOJABHKEHUHU:  CO
CTEKJIOTUIACTUKOBBIM KOPITYCOM C BOJIOM3MEIIAIOIIUMHA 00BOJaMU, JUTMHON OT 7 710 8
MeTpoB, Becom 0 3 000 xr, u MOITHOCTBIO BUTaTeNns 10 260 kBT.

O0630p CepuifHO BBITYCKAEMBIX M AKCIIEPUMEHTAIBLHBIX 00pa3I[0B MaJTOMEPHBIX

CyA0B Ha OJJICKTPOABHIKCHHHU ITOKA3BLIBACT, YTO B HACTOAIICC BPECMA HMMECT MCECTO
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WHTEHCUBHBIA POCT pa3pabOTOK TO SJIEKTPOABIKCHHUIO, IO OOECIEeYEHUIO
9HEProd(HEKTUBHOCTH CXEMHO-KOMIIOHOBOYHBIX pEIIeHUN isg  00ecTedeHus
COMOCTABUMBIX C TPAIUIMOHHBIMU SHEPTeTUYECKHUMH YCTAaHOBKAMHU XOJOBBIMU
XapaKTEPUCTHKAMU W PeaM3allii MaKCUMaJIbHO BO3MOKHOW aBTOHOMHOCTH XOJa.
O6o0masi  BBIIIEU3TIOKEHHOE, MOXKHO  BBIJCIUTH  CIEIYIOUIUE JOCTOMHCTBA
AJIIEKTPOKATEPOB U SIXT B CPABHEHHHM C CyJaMH C TPAAUIMOHHBIMU TEIIOBBIMU
JIBUTATEIISIMU:

1. Huzkuii ypoBeHb IIyMa: OTJIMYHO MOAXOMAAT JUIsi HAONIOJIEHUS 3a JIUKOU
MIPUPOION, PHIOATKY WJIM CIIOKOMHBIX BOJIHBIX MPOTYJIOK.

2. DKOJOTUYHOCTD: JICKTPUUECKHE JIOAKA HE BBIICISIOT BPEAHBIX BHIOPOCOB,
CO, nnm 3aKKcH a30Ta, a TAK)KE UCKITIOYAIOT PUCK YTEUKU Macja B BOJIOEM.

3. MTrHOBEHHBIM  KpPYTSIIMA MOMEHT: CIOCOOHBI pa3BHBaTh  OOJBIIOE
YCKOPEHHE 32 KOPOTKUH MPOMEXYTOK BPEMEHH, OTHOCUTEIIBHO OBICTPO pearupyror
Ha yTpaBJICHHUE.

4. Hu3kue  OSKCIUTyaTalldOHHBIE  PacXoibl: HE TPEOYIOT  PeryispHOTro
TEXHUYECKOTO OOCITYy>)KMBaHUS JIBUTATENsl, HE TPEOYIOT MEPUOANYECKON MPOBEPKU U
3aJIMBKHU KUJIKOCTEM.

5. Huzkue »skcrmyaTtaliiOHHBIE pacXo[bl: 3apsjika B TEYCHHE HOYM IPHU
oObryHOM MottHOCTH 110 B (GBICTpEe ¢ MOMOIIBIO OBICTPOTO 3apSTHOTO YCTPONUCTBA)
OyIeT CTOUTh BCETO HECKOIBKO J0UTAPOB 32 KAKIIBIN 3apsi.

6. HoBeilimme TexHOJIOTHH: MOAKIOUeHHEe Mo Wi-F1 1o3BosisieT BiiaaesbliaM
MIPOBEPATh YPOBEHb MOIIHOCTH M 3ayCKaTh JBUTATENIh MPH MMOMOIIM MOOHIBLHOTO
MIPUITOKEHUS.

N B TO xe BpeMs, Ha JaHHBI MOMEHT HE PEIICHBI CIEAYIOIINE MPOOJIEMBI,
COTIPOBOXKTAFOIIIHE IKCIUTYaTAIIO dJIEKTPUDUITMPOBAHHBIX CY/I0B:

1. IlepBoHaUambHAsE CTOMMOCTH: B HACTOSIIEE BpPEMS DJICKTPUYECKUE JIOIKU
OCTAIOTCSl OTHOCHUTENBHO Joporocrosimumu. OpgHako, Kak W B ClOydae C
AIIEKTPOMOOMISIMH, TIO MEPE pPOCTa UX JOJIU HA PHIHKE U PA3BUTHUS TEXHOJOTHHA IICHBI

HaYHYT CHHIKATbCA.
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2. OrpanndeHust o JaJIbHOCTH XOfa: camasi Ooubiasi mpoOjemMa 3aKiII0uaeTcst
B HEXBAaTKE 3apsAa aKKyMYJsTOpa, KOTOPBIA MOXKET HEOXUJAAHHO 3aKOHUYHUTHCS Ha
OTKpPBITON BOjie. BakHO BHUMATENbHO OTCIEKHBATh MOIIHOCTH JBUTATEIN CyJIHA U
CJIEIUTH 3a MOKa3aTeseM 3apsaa akKyMyJIsTOPOB.

3. HeoOGxomuMbl 3apsiHble CTaHIMU: HEOOXO0JMMa pa3BUTas MHGPaCTpyKTypa
3apsAIHBIX MYHKTOB HA MPUYajiaX U B MECTaX CTOSTHOK.

4. Huzkass eMKOCTh AaKKyMyJISITOPOB: B HACTOsIee BpeMs HH OIHOTO
AKKyMYJISITOpa 3JEKTPUYECKOM JIOAKM HE XBaTUT Ha JUJTUTENbHBIC MOE3JKH, YTO
UCKIIIOYaeT BO3MOXXHOCTh IMPOBEICHUS HOYHBIX TO€3I0K M TIIyOOKOBOJHBIX
HCCIICTOBAHUM.

AHanu3 XapakTEepUCTUK MEPCHEKTUBHBIX 00pPa3llOB AJEKTPOJIOJOK MO3BOJISIET
OTMETHUTBH, YTO CYIIECTBEHHOE BIUSHUE HA aBTOHOMHOCTD, Ha 3aIac X0/Ja OKa3bIBAIOT
cienymoomue (GakTopel: €MKOCTh OaTapeid, SHEproBOOPYKEHHOCTb CyJHA, THUII
KOpITyca, CKOPOCTb JBMXXCHHS, DPEXKUM JIBWKEHUS, a Takke 3()PPeKTUBHOCTD
MPUMEHSIEMBIX TBUKUTEIICH.

VYBenuueHne eMKOCTH OaTapedl MO3BOJIAET YBEJIMYUTh aBTOHOMHOCTH CY/HA,
OJTHAKO TPU ITOM HEOOXOAMMO YYHUTHIBATh, YTO YBEJIHMUYEHHE EMKOCTH OaTapeit
OPUBOJUT K CYHUIECTBEHHOMY pOCTY MacChl KOMIUIEKCa Ul —pean3aluu
AJIEKTPOJIBUIKEHUS, YTO, B CBOIO OYEpPE]b, YBEIMYMBACT OCAJKYy KOpIyca CyAHa U
MOJKET MPUBECTH K HEBO3MOKHOCTH IKCIUTyaTaIlH CyJHA B TIIMCCUPYIOIIEM PEKUME
U. Kak CJIEACTBHE, K IIOBBIIICHHOMY CONPOTHBJICHHUIO KOpITyca CyAHa IMpU €ro
IBWKCHUH. Pe3ynbTaThl MPHUBEACHHOTO 0030pa MOKa3bIBalOT, YTO ABTOHOMHOCTH
X0JIa MaJJOMEPHBIX CY/I0B Ha AJIEKTPOABIKEHUN BapbUpyeTcs B Auamna3one ot 10 mo
200 mopckux mMuib (oT 20 mo 370 kM) B 3aBUCHMOCTH OT CKOPOCTH U PEKHMMA
aBwkeHns. OYeBHIHO, YTO TIO ITOMY TMOKa3aTeNllo peajn3alus SICKTPOABIKCHUS
CYUIECTBEHHO MPOUTPHIBAECT TPAJAWLMOHHBIM SHEPreTUYECKHUM YCTAaHOBKAM M JJIst
MOBBILICHUS] TPUBJIEKATEIHHOCTH MOTPEOUTETBCKUX XapPaKTEPUCTUK CYAOB C
DJIEKTPOJIBIKEHHEM HEOOXOAMMO TPOBOAMUTH JOMOJHUTENBHBIE HCCIICIOBAHMUS,

HAIpaBJICHHBIE Ha TMOBBINICHHE YJEIbHOM E€MKOCTH aKKyMYJISTOPHBIX OaTaped u
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COBEpIICHCTBOBAHNWE pPa0OYMX TMPOLIECCOB CYAOBBIX CHUCTEM [UJISl TIOBBIIICHUS
9HEPTrod(h(HEKTUBHOCTH MEPCIIEKTUBHBIX 00Pa3I0B MOI00HON TEXHUKH.

Crnenyromum Ba)KHBIM dakTopom, OTIPEIEISIONTUM B 1EeJI0M
KOHKYPEHTHOCIIOCOOHOCTb, IPHUBJIEKATEIbHOCTh W  BOCTPEOOBAHHOCTH CYyJHA,
ABJISIETCSL THUI KOpITyca, TIOCKOJbKY HWMEHHO KOPIYC CO3JaeT CONPOTHUBIICHHUE
JBMYKEHUIO M OT HETO 3aBUCAT XOJOBbIE XapaKTEPUCTUKU CyJHA. Tum Kopiyca cy/iHa
ONpENENsIeT YPOBEHb CONPOTUBIIEHUS MPU JABMKEHUH CyJIHA B BOJOM3MEILIAIOIIEM U
TJIUCCUPYIOUIEM PEKUME JBUKEHUS, OCTOMYMBOCTH, CKOPOCTh M HHBIE XOJOBBIC
XapaKTEPUCTHKU CYyJIHA.

CKOpOCTh ~ ABMXKEHHUSI CyJAHA OIpENENsIeTCS  COrJacoBaHUEM  padOThI
HHEPreTUUECKUX YyCcTaHOBOK (DY), nBwxkuteneid ¢ yderoM crneuu@uka oOBOAOB
KOopIlyca, Beca, 3arpyKeHHocTH, AuddepeHTa CyaHa, PEKUMOM €ro JIBHKCHUS.
O030p CyILIECTBYIOIIMX U MEPCIEKTUBHBIX AJIEKTPOJIOIOK [TOKA3bIBAET, UTO AUANA30H
MaKCUMaJIbHBIX CKOPOCTEW JBHKEHHS BapbupyeTcs B mpenenax or 5,5 no 50 y3nos
(or 10 o 93 km/4), mpuU 3TOM Ha KPEHCEPCKUX PEKMUMAX JBHKEHUS CKOPOCTH
ANIEKTPOJI0A0K He TpeBbiaeT 40 y310B (74,4 kM/4) naxe 171 CHOPTUBHBIX MOJEIIEH.

PexxuM JBW)KEHHS CyJHA 3aBUCUT OT MHOIMX (DaKTOPOB U MOXKET
ONPENENAThCA HE TOJIBKO THUIIOM KOpITyCca, CIPOEKTHPOBAHHOIO IOJ KOHKPETHBIE
yCIOBUSL ~ OKCIUTyaTalldd, HO M  €ro  3arpy3kd, JHEproo0ecre4eHHOCTH,
COrJacoBaHHOCTH PAa0OThl DY, NBIXKHUTENEH C y4E€TOM KPHUBOW COMPOTUBIEHUS
KOpIyca Ha pa3IMYHbIX pPEXHMaxX [ABWKEHUS CyJHAa B YCJIOBHUSX pEalbHOU
JKCIUTyaTallMd W T.1. [JUCCHUPYIOIIMIA pPEXHUM TMO3BOJSET CHHU3UThH IUIOIIA/b
CMOYEHHOM MOBEPXHOCTU, KaK CIEACTBUE — CHU3HUTH CONPOTUBJIECHUE IBUKEHUIO
KOpITyca, OJIHAaKO sIBJIseTCA HanboJiee 3Hepro3arparHbiM. Bogonsmenaronuii pesxxum
XapaKTEpPEeH CPaBHUTEIBHO HU3KUMU CKOPOCTSIMH BCJIEICTBUE OONBIION IUIOUIAAH
CMOYEHHOW MOBEPXHOCTHU CyIHA U O0Jiee 3HAYUTENIbHOM, YeM B MPEbIIYIIEM ClIydae,
OCAJIKOM, YTO TOXKE€ CYIIECTBEHHO BJIMSET HAa CONPOTUBIIEHWE IBHKEHHUIO KOpIyca
cynHa. O030p CyIIECTBYIOIIUX CXEMHO-KOMIIOHOBOYHBIX pPEIIEHUH CyJOB Ha
AJIEKTPOJIBM)KEHUH TOKa3bIBA€T, YTO HAMOOJbIEE PACHPOCTPAHEHUE HAXOIAT CyAa,

CIIPOCKTUPOBAHHLIC HA BOHOH3MCIH3IOHlHﬁ PEKUM OABUIKCHUS.
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O(}exkTUBHOCT NPUMEHSEMBIX JBUKHUTEICH ONPEACNIeTCS THIIOM H
KOJIMYECTBOM JIBIDKHUTENICH, 00€CTIeUeHUEeM pexuMa WX paboThl B 00JACTH BBICOKHX
3Hauenuit KI1/I, cormacoBaHHOCTBIO pexuMa pabOThl ABUKUTENSI U MOIIHOCTU DY,
T.e. o0ecriedyeHrue MOTPEOHOW MOITHOCTH MPUBOJA ABWXKHUTENCH OT DY Ha pa3HbIX
pexumax padoTel. HecornmacoBaHHOCTh pPEXUMOB pabOThl JBIKHUTENEH U DY
HETaTUBHO CKa3bIBAeTCs HA YHEProd((HEeKTUBHOCTHU Cy/IHA B IEJIOM, KpOME TOTO, OHA
MOKET MIPUBOJNTH K TIEPETPY3Ke U, KaK CJICICTBHE, K IEPETPEBY U BBIXOAY U3 CTPOS
JY, mibo x HedrhPekTUBHON pabdoTe caMoro ABMXKHUTEISA, YTO MOXKET, K TOMY K€,
COTIPOBOXK/IAThCSI BO3HUKHOBEHHEM KABUTAIIMOHHBIX SIBJICHHUM, MPUBOIANIAX K
MPAKTUYECKA JIBYKPATHOMY CHIDKCHHIO TATH W K OPO3UM KOHCTPYKIIMOHHBIX
MarepuanoB nBwkuteneil. [lpuBenenHble B 0030pe MaTepHalibl MOKa3bIBAIOT, YTO
HanOOJIbIIIee PACTIPOCTPAHCHUE B KAUCCTBE JABMKUTEICH HAaXOMAT TPeOHBIC BUHTHI.
[Ipu 5TOM HaIO OTMETUTH, UYTO TpeOHbIE BHUHTHI, MNPUMEHSIEMBIE B CyJax C
AJIEKTPOJBUKEHHUEM, W3HAYAJIbHO, KaK IMPABHIIO, MPOEKTUPOBAIKUCH MOJ PaboTy ¢
JIBC, KOTOpBIC IMEIOT CYIIECTBEHHBIC OTIMYHS 110 XapaKTEPy BHEIIHUX CKOPOCTHBIX
XapaKTEPUCTUK OT DJIEKTPUUYECKUX MAIIUH, YTO MPENOINpeaeisieT HeoOXOAUMOCTh
KOPPEKIIMH TEOMETPHUM NBIDKHTENICH MpH padoTe OT DICKTPUUYCCKUX MAIWH IS
oOecrieueHns COBEPIICHCTBA KadecTBa padodero mpolecca JBIKUTENS H. Kak

CJIEJICTBHE U LIETb — pean3aius UX MaKCUMaJIbHON SHEPTrod((HEeKTUBHOCTH.

V. 3AKJIIIOYEHUE

O060011as1 BBIIECU3JIOKEHHOE, HEOOXOAUMO OTMETHUTB, YTO JJISI OOCCIICUECHHS
KOHKYPEHTOCTIOCOOHOCTH MAaJIOMEPHOTO CyJIHAa Ha DSJEKTPOABIKCHUH CyJaM C
tpaguiinoHHbiMu JIBC, HE0OXOaMMO YIensATh NMPHUCTAIbHOS BHHUMAHHUE BOIIPOCAM
MOJCIIUPOBAHUS W ONTHUMH3AIMH PaOdOYUX TIPOIECCOB CYyIHA W €ro CHCTEM,
OTBEYAIOIIMX 32 AaBTOHOMHOCTH JBIDKCHHS M  XOJIOBBIC XapaKTEPUCTHKH.
CyIiecTBEHHYIO POJb B 3TOM HUMEET KOPPEKTHOE MOJICTUPOBAHKUE U UCCIICIOBAHUC
paboThl TPONMYJbCHUBHOTO KOMIUIEKCA CY/JHA, BKIIIOYAIOIIETO, COOCTBEHHO cCaM
KOPIyC, DJHEPreTUYECKHUE YCTAHOBKH, JBWKHUTEIH, TOCKOJIBKY HWMEHHO OT

coriiaCcoBanusa pPEKHNMOB HX pa6OTBI 3aBUCUT TUAPOAMHAMHUYCCKOC COBCPHICHCTBO
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cymHa # ero JHeprodddEeKTUBHOCTh, YTO, B KOHEYHOM CUETE OIpEaeIseT
KOHKYPEHTOCTIOCOOHOCTh CyJHA Ha AJICKTPOJBIKEHWU U TEPCIEKTHBBI BBIXO/A HA
POCCUNCKUH U TJI00aTbHBIN PHIHKHU.

Pemenne mocTaBieHHBIX BBIMIC 3a7a4, CBI3AHHBIX C 3HEProd()PeKTUBHOCTHIO
pabo4mMx MpOIECCOB TMEPCHEKTUBHBIX TPEOHBIX BHUHTOB W WHBIX JABM)KUTEIICH,
o0ecrieueHreM  ONTHUMAJbHBIX  3HAUYCHWUH  TPOMYJIbCHBHBIX  XapaKTCPUCTHK,
MIPOCKTUPOBAHWEM  KOPIYCOB  CY/OB, MaKCHUMaJlbHO  NPUOJIKEHHBIX K
THIPOJUHAMUYECKOMY COBEPIICHCTBY IMpPEAJiaraéMbIX CXEMHO-KOMIIOHOBOYHBIX
pemeHnii, 0e3ycIOBHO  00€CmeYnT  KOHKYPEHTOCIOCOOHOCTh  CyJOB  Ha
ANEKTPOJBIKEHUN 110 OTHOIICHWIO K CyJaM C TpPaJAIHOHHBIMU TEIJIOBBIMH

ABUTI'aTCIIsIMU.

CIIMCOK JIMTEPATYPLI

1. Fondation PlanetSolar - Promotion de 1'énergie solaire. URL: https://www.planetsolar.swiss/en/
(date of access: 21.09.2022).

2. Why electric boats are good for the environment URL.: https://www.rselectricboats.com/why-
electric-boats-are-good-for-the-environment/ (date of the access: 20.09.2022).

3. New development: crewless hydrographic boat. URL:
https://www.korabel.ru/news/comments/novaya_razrabotka bezekipazhnyy gidrograficheskiy kate
r.html (date of access: 24.09.2022).

4. Battery powered boats - the future of shipping?. URL.: https://portnews.ru/comments/2852/ (date
of access: 22.09.2022).

5. Ecovolt. Russian double-deck river electric catamaran at the Neva-2019 exhibition. URL:
https://habr.com/ru/news/t/470201/ (date of access: 18/09/2022)

6. Russian shipping. Industry Portal. "Nordic Engineering” project of a powered ferry for the line
Baltiysk - Baltic Spit. URL: https://rus-shipping.ru/ru/shipbuilding/news/?id =43139 (date of
access: 24.09.2022).

7. Science and technology. URL.: https://naukatehnika.com/dizel-elektricheskie-podvodnyie-lodki-
evolyucziya.html (date of access: 20.09.2022)

8. Best electric boats: A-Z of the top hybrid and all-electric models. URL:
https://www.mby.com/features/best-electric-boats-116768 (date of access: 09/20/2022)

9. Electric Boats: The Wave of the Future? Going Green With Electric Boating. URL:
https://vanislemarina.com/electric-boats-the-wave-of-the-future/ (date of access: 22.09.2022).

100



Tuzsamynnun @. A., Canuxos P. M., ' abuoyniuna 3. I
VY pumckuit rocy1apcTBEHHBIN aBUAIIMOHHBIA TEXHUUYECKUH YHUBEPCUTET

3KCHEPUMEHTAJIbHBINA CTEH/ 110 UCCJEJIOBAHUIO
XAPAKTEPUCTUK EMKOCTHOM CUCTEMBI 3AXKUTAHUS
CIIMTAHMEM OT CETHU IIEPEMEHHOI'O TOKA

Annomayus: IlpencraBieH  pa3paOOTaHHBIA — IKCIIEPUMEHTAIBHBIM  CTEHJ,  IO3BOJISIONIUIN
UCCIIEIOBAaTh OCHOBHBIE 3aKOHOMEPHOCTH pabOYMX MPOIECCOB B EMKOCTHOM CHCTEME 3aKUTaHUs C
MUTAaHUEM OT CeTU TEPEeMEHHOr0 TOKa TpH HW3MEHEHUU MapaMeTpoB, OMPEACIISIONINX
3¢ (HEeKTHBHOCTH CHCTEMBI 3Q)KUTaHUSI.

Knouegvie cnosa: EMKOCTHasi cucTteMa 3aXHTaHWsl, HEMarHUTHBIA SKpaH, [OBBIIAIOIIUN
TpaHcopmMaTop, CXemMa YABOCHUS HANPSDKCHUS, PE30HAHCHBIC SIBIICHUS.

EMKOCTHBIE CUCTEMBI 3a)KUTaHUsl C MUTAHUEM OT CETH MEPEMEHHOI0 TOKa
HaxXoAsAT MPUMEHEHHE B CiIy4yae Haluuusg Ha OOpTy JeTaTeJlbHOro armapara
HMCTOYHUKA IEPEMEHHOI0 HANPSKEHUS MIPU 3ammycke asurarens | 1,2].

[IpeuMyIIecTBO TakOM CHCTEMBI 3aXKUIAHMSI 10 CPAaBHEHUIO C CHCTEMOH,
MUTAKOIIEHCS OT UCTOYHUKA MOCTOSHHOIO TOKAa, COCTOUT B TOM, YTO OHA HE MMEET
KOMMYTAllMOHHBIX WM TOJYyNPOBOAHUKOBBIX IMpeoOpa3oBaTesei, 4YTO IOBBIIIAET
HaJIe)KHOCTb, @ B HEKOTOPBIX CIIydasX yMEHbIIaeT Bec U radbapursl. Kpome toro, npu
MUTaHUM OT CETU NEPEMEHHOro TOoKa OoJyiee cTaOWiIbHA OJHA W3 OCHOBHBIX
XapaKTEPUCTUK CHUCTEMbI 3aKUTaHUSI — YaCTOTa pa3psA/loB B CBEYE, UTO O0YCIOBIEHO
CTaOMJILHOCTBIO MAapaMeTpPOB CETU MepeMeHHoro Toka. HampspkeHue u yactora B
CEeTH NEPEMEHHOI0 TOKa M3MEHstoTca He Oosnee ueM Ha 10 %, B TO BpeMs Kak
HaNpsDKEHUE MCTOYHHMKA MOCTOSHHOTO TOKAa — aKKYMYJIATOPHOM Oaraper — MOXKeT
u3MeHsaTecs oT 14 no 30 B.

[IpyHiunuanbHas CcxemMa CHUCTEMbl 3aXHIraHusg C T[HUTaHUEM OT CETH
IIEPEMEHHOI0 TOKa IpuBeIeHa Ha puc. |. MCTOYHMKOM BBICOKOTO HAIpPSKEHUS
ABJISIETCSl MOBBIIAIOMIMK  TpaHchopMaTop, padoTalomUMi Ha BBIIPIMUTEIBHYIO
Harpy3ky [3].

Cucrema 3axkuranusi paboTaeT B peXHUME 3apsA-pa3psl HaKOMUTEIbHOTO
KOHJIEHCaTopa. 3apsl HAKONMTENBHOTO KOHAeHcaTtopa () OCYILIECTBISETCA

TpaHchOPMATOPOM Uepe3 CXEMY IMOCIEAOBATEILHOTO yABOCHM, KOTOpas padoTraer
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cienyromuM obpasoM. [Ipu BKIIOUEHHH MUTAIOMIEro HampsikeHus (dpa3y B MOMEHT
BKJIFOYEHUS] NPUHMMAEM paBHOW Hymo0) yepe3 auon VD; HaumHaercs 3apsia
KoHieHcaTopa ynBoenus Ci. [Ipu qocTikeHn MaKCMMyMa MTUTAIOIIEr0 HAMPSKEHUS
Tok 4epe3 VD; mpekpamiaercsi, ¥ Npyu yMEHBIICHUN HAIMpPSHDKCHUS TOSBISETCS TOK
yepe3 auoa VD, u xonaencarop C,. Konaencarop C; paspsbkaercs, 3apsbkas Ipu
ATOM HakomuTelbHbI KoHAeHcatop C2. Tok uepe3 VD, mporekaer B uMHTEpBaie
BPEMEHH OT TMOJOXHUTEIBHOTO JO OTPHUIATEIbHOTO MaKCUMyMa MHUTAIOIIETo
HanpspkeHus. [locine mpekpamieHuss Toka dyepes VD, Tok B 1enu NUTaHUS
MpeKpalaeTcss 10 MOMEHTa, TOKa HalpsDKeHWE NHUTaHUA HE YMEHBIIHUTCS (10
abcomoTHON BenmuuuHe) A0 HampspbkeHus Ha C;. B mporiecce OTAETBHBIX IHKIOB
3apsija HaKOIMUTEIbHOrO KOHACHCATOpa HANpsKEHHE Ha HeM OyneT Bo3pacTaTs. [lpu
HanpspkeHuu Ha Cs, JOCTATOYHOM TSl Po0O0s pa3psIHUKA, TOCIEAHII MpoOruBaeTcs
U TPOUCXOAMUT pa3psii HAKONMUTEIBHOTO KOHJEHCAaTopa Ha MOJIyNPOBOJHUKOBYIO
CBEYy.

[lorepu wu paccessHME TOBBIIIAIOIIETO TpaHCchHOpMAaTOpa, 3aBUCSIIME OT
pacrnojoXkeHus: TpaHcpopmaTopa Cpeid METAUIMYECKMX 4YacTedl  CHCTEMBI
3a)KUTaHMS, OKa3bIBAIOT CYIIECTBEHHOE BIMSHHUE Ha IMPOLIECC 3apsiaa KOHJEHCATOopa.
JUis  Toro d4roObl cjAenaTh HE3aBUCMMBIMM IapaMeTpbl TpaHcdopMaropa oOT
CJIy4allHbIX XapaKTEpUCTHK, TpaHC(HOpPMATOp 3aKIHOYAalOT B HEMArHUTHBIM 3KpaH.
OKpaH TpEeACTaBIsieT COOOH BCMOMOTATENBbHYI0 METAUTMUECKYI0 KOHCTPYKIIUIO,
OXBaTHIBAIOIIYI0 00€ O0OMOTKH TpaHchoOpMaTopa M PACIOJOXKEHHYI0 Ha MYTHU
MOTOKOB PACCESHUS.

BnusiHue skpana Ha mapameTpsl TpaHchopMaTopa MPOUCXOAWT CIEAYIOUUM
oOpazom. Ilotoku paccesHus Tpanchopmaropa HaBOIAT B 3KPAHE BUXPEBHIE TOKHU,
MOJIsE KOTOPBIX MPOTHBOACHCTBYIOT N3MEHEHHIO TIOTOKOB PACCESTHHSL.

OKpaH CIyXHUT TaKxke AeMIdepoM, OorpaHUYMBasi CBEPXTOKH, BO3HUKAIOIINE
OpU NEpexXoHbIX pexumax. OIHAKO SKpaH BBOJIUT JOMOJHUTEIbHBIE MOTEPU B

CXeMy, IPUYEM 3TU OTEPU TEM OOJIbIIE, YEM BBIIIE YaCTOTA TOKA B OOMOTKAX.
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J; uepe3 BeIpsAMUTEIND, HanpskeHus: U, Ha koHaeHcarope Cl OT 4acTOThI MUTAKOLIETO
Hanpspkenus f u emxoctu CI (cm. puc.2).

[Ipu ompeneneHHbIX COYETAHUSIX XapaKTEPUCTHK 3JIEMEHTOB B CXEME MOXKET
HaOmI0AaThCs (peppope3oHaHC TOKOB. Ero mposiBieHHe OTpa3miioch Ha 3aBUCHMOCTH
Toka J; oT yactothl f, re uMeercs MuHUMYM (cM. pHC. 2, a). Deppope30HaHC TOKOB B
paccMaTpuBaeMOl CXeME€ BO3HMKAeT BCIEACTBUE MApAJUIEIbHOTO  BKJIFOUEHUS
HEJIMHEHHON MHIYKTUBHOCTH HaMarHMYMBaHUs TpaHC(HopMaTopa U eMKOCTH YIBOCHHS
C1. @eppope30HaHC TOKOB MPOSBIIETCS U B KPUBOM 3aBUCUMOCTH NEPBUYHOIO TOKA Jq
oT HanpsibkeHust nutanus U; (cm. puc. 3).

[TpuHIMIHANIbHAS AIEKTPUYECKAs CXeMa pa3pad0TaHHOTO 3KCIEPUMEHTAIBHOIO
CTeHJa ImpuBeneHa Ha pucyHke 4. Ilomaua HanpsbKeHUsl OCYLIECTBIISETCS
BBIKITIOYATENSIMHA S; U S,. BenmunHa BXOTHOTO HANPSKEHUST W3MEHSETCS C MOMOIIBIO
aBTOTpaHcopmaTopa. [lepexiitoueHne 371eMEHTOB CXEMbl IPOU3BOAUTCS KIIFOYAMHU Sy-
S;1. HoBbrmaroumii TpancopMaTop €O CMEHHBIMU SKpPaHAMHU Pa3IMYHON TOJIIMHBI
BBIHECEH Ha MaHeNb cTeHAa. YacTtoTa ciefpoBaHus pa3psoB B IMOIYTPOBOAHUKOBOM
CBEYE U3MEPSETCS YaCTOTOMEPOM C UCIIOJIb30BAHUEM JAaTUMKa TOKA — U3MEPUTEIIBHOTO
Tpancpopmaropa Toka. IlapamienbHo  HakomuTenbHOMY — KoHuaeHcaTopy C,
MOJIKJIIOYEHA 11eTlb, COCTOSINAs U3 pe3rcTtopa R; M KHONKY Sz U MpeaHa3HAuYCHHAs JUIs
paspsa HaKOIMUTEIBHOTO KOHIEHCATOpa Nepe]l MEPEKITIOUEHUSIMU B CXEME.

BHemnuii BU1 pa3pabOoTaHHOTO 3KCIEPUMEHTAIBHOTO CTEH 1A TIOKa3aH Ha puUC. 5.
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Puc. 4. Dnexrpruyeckas cxeMa 3KCIIEPUMEHTAIbHOIO CTEH/1A
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Puc. 5. BHenamii B SKCIEPUMEHTAIBHOTO CTEeH/ 1A

PazpaGoTanublii  AKCHIEPUMEHTAIBHBIA  CTEHNI  TMO3BOJSIET  HCCIIEAOBAThH
0COOEHHOCTH TIpollecca 3apsijia HAKOMUTEILHOTO KOHJIEHCATOpa CO CXEMOW YJIBOCHUS
HaTNpsDKCHUS, BIMSHUEC OKpaHa Ha TapaMeTphl TOBBIMIAIONIETO TpaHchopMaropa,
3aKOHOMEPHOCTH pE30HaHca HampsHKeHUH u  (eppope3oHaHca TOKOB B CHCTEME
3Q)KUTaHMsI, BIUSHUE TOJIIIMHBI PKpaHa Ha BEJIUYMHY MOTPEOSIEMOro TOKA U MOXKET
OBITH UCTIONB30BAH B XO€ JOBOIKH CYIIECTBYIOIINX CUCTEM 3aKUTAHHSI, HCCIICOBAHNH,

000CHOBaHHS HOBBIX TEXHUYECKUX pemeHHﬁ.
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Ucmazeunos @. P., Apanacwves IO. B., FOwxosa O. A., Basunos B. E., [lawanu /. IO.
VY pumckuit rocy1apcTBEHHBIN aBUAIIMOHHBIA TEXHUUYECKUH YHUBEPCUTET

CTEH/JIbI 1151 UCTIBITAHUN BBICOKOCKOPOCTHBIX
SJEKTPUYECKUX MAILIUH'

Annomayusn: B pabote mpoBeleH 0030p Hay4dHO-TEXHUYECKOW JHMTEpaTypbl MO CTEHIaM JUIs
WCIIBITAHUN BBICOKOCKOPOCTHBIX JJICKTPUYECKUX MAIIWH 3apyOeKHOIO0 W  OTEUYECTBEHHOIO
MIPOU3BOJICTBA. BBISBICHBI WX JOCTOMHCTBA M HEAOCTAaTKH, a TaKXe TEHACHLUUU pa3BUTHUS
UCIBITATEIFHOTO 000pyAoBaHus B IenoM. OO003HA4YeHBI MPOOJIIEMBI peaan3aluu  yKa3aHHBIX
CTEHJIOB.

Kniouesvie  cnosa:  BBICOKOCKOPOCTHas — 3JIEKTpUYECKas  MallMHA, CTEHJ, HUCIbITAHUE,
U3MEpUTENIbHOE 000PYI0BaHHE.

|. BBEAEHUE

TpebGoBanus K anekTpudeckum mamuHaMm (M) COBpEeMEHHBIX TPAaHCIIOPTHBIX
CUCTEM COCTOAT B TIOBBIINICHUHU: VYACIBHOM  MOIIMHOCTH, SHEPreTUYECKOU
3 (PEKTUBHOCTH W HAJEKHOCTH, a TaKXKE B CHIDKEHUH MaccorabapuUTHBIX
nokasatesieid. DT TpeOOBAHMS PEATU3YIOTCS ITyTEM IMOBBIIIIEHUS YACTOTHI BPAIICHHUS
OM. Ilpexne uem BbICOKOCKOpOCTHhie OM (BOM), B uyacTHOCTH € YacTOTaMu
BpamieHusi ot 20 Tbic. 00/MUH U Oosiee, OyJIyT YCTAaHOBIIEHBI B TPAHCIIOPTHYIO
CUCTEMY, HEOOXOJIHMMO TPOBECTH IMKJI HCHBITAHUN COTJIACHO HOPMATHUBHO-
TexHudyeckoil aokymentanuu [1, 2]. Pa3pabotka crenmoB mns ucneitanuit (CH),
00ecreunBalIINX BCE HEOOXOAMMBbIC TPOBEPKHM B 3aJaHHBIX JUANa3oHaX U
YCJIOBUSIX, SIBISETCS aKTyaJdbHOM HAy4YHO-TIPAKTUYECKOM 3ajadeil, OCOOEHHO B
YCJIOBUSIX MMIIOPTOHE3aBUCUMOCTUA. B 4MCIO TakuMX HCOBITaHUM, NPOBOJIMMBIX Ha
CH, BxoasT:

— HUCIBITAHUSI TPHU XOJOCTOM XOJI€ B JUAIa30HE YacTOT BpallleHUsT poTopa
BOM or 20 TBIC. 00/MHH;

— TEXHOJIOTUYECKHE WCIBITaHUS pOTOpa Ha TMpeaMeT MEXaHHYECKOUH
MPOYHOCTH M OIIEHKM KPUTHUYECKHUX YacCTOT BpallEHUsS, B TOM 4YHUCIE OIECHKA

XapakTepa BUOPOTIEpEeMEICHUS POTOPa;

'PaGora BeImoNHEHA IpH mOIIEpKKe Poccniickoro HayuHoro dorza, mpoekt Ne 20-79-00109.
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— WCHOBITAaHHWS B CTapTEPHOM PEKHUME, UMUTUPYIOIIUM PEAIbHBIA PEKUM
3alycKa aBUAlMOHHOIO JIBUTATENs, C MUTAHUEM OT BHEIIHETO MCTOYHHUKA (B Cllydae
cTapTepa WM cTapTep-TeHepaTopa);

— UCTIBITAHUS CHCTEMBI OXJIAXKICHHS H3JICIIHIA ¢ OIIEHKOH e 2 (HEeKTUBHOCTH.

Il.  OB30P CTEH/IOB MCIIBITAHNI BEICOKOCKOPOCTHBIX
DJIEKTPUYECKUX MAIIINH

Jnst onpeneneHus TEXHUYECKOTO YPOBHSI COBPEMEHHBIX pa3padOTOK MPOBENICH
0030p nH(pOpMaIUK O CYHIECTBYIOIINX CTEHAAX 7S UcTibITaHuid BOM.

N3Becten CH  BBICOKOCKOpPOCTHOrO TreHepatopa kommanuu Staley Co
(npousBoactBo CIIIA) moxens D39076 [3], B cocTaB KOTOPOrO BXOJAT: MPUBOHOM
JBUTATENIb MOITHOCTHIO 184 kBT 1 wacToToi Bpamienus 62,5 Tbic. 00/MUH; YCTPOUCTBO
AKTUBHOW/PEAKTUBHOM HArpy3Kd; CHUCTEMa OXJIAXKICHUS W CMa3KUd HCIBITHIBAEMOTO
reHeparopa. B CH ucnonb30BaHbl BBICOKOYYBCTBUTENBHBIE TATYUKUA U MPOrPAMMHOE
obecnieuenue LabView, KOTOpble TMO3BOJISIIOT CHUMaTh W 0OpabaThIBaTh JIaHHBIC
M3MEPEHMI C BBICOKOM TOUHOCTBIO U OBICTPOIEHCTBUEM.

Crenn LMP300 kommnannu TEST-FUCHS GmbH [4] (mpou3BoacTBo I'epmanms)
JUIsl UCTIBITAHUSl CTapTEpP-TEHEpPaTOpPOB IMOCTOSTHHOTO M TEPEMEHHOT0 TOKa ¢
BO3AYIIHBIM M MACISIHBIM OXJIQXKACHUEM MOIIHOCThIO 10 425 kBA wu wactoToi
BpamieHuss poropa 30 Teic. 06/mMuH. B coctaB CU BXxomdr: NpUBOIHOM OJIOK;
TUJIPaBINYECKU CHJIOBOM OJIOK; W3MEpUTENbHBIM OJIOK; Harpy304HbId  OJIOK;
CUCTEMHBIH OJI0K U OJIOK yIpaBJIeHHS IBUTATEIIEM; PACTIPECIIMTENbHBIN Kad U MyJIbT
ynpaneHus. s ramenust kone6aHuii MPUBOIHOTO JBUTATENS M 3y04aToi mepeaadu
YCTaHOBJICH MHEBMATHUYECKUN aMopTuzaTop. MakcuMmalibHas TeMmIeparypa Cpelbl
uctbITaduii coctapisier 150°C. OtaenpHas cucTeMa OXJIaKISHUS TPUCIIOCOOIeHa TS
OXJIQXKJICHUS CPEJIbl UCTIBITAHUM, TPAHCMUCCUOHHOTO Maciia, MPUBOHOTO JBUTATEINS U
UCIIBITYEMbIX MOAyJiel. BcTpoeHHass cuctemMa NOpPOAYBKM TIO3BOJIIET HCKIIIOUUTH
HaJM4he BO3AyXa B TuApaBiudyeckor cucreme. HemoctatkoM KOHCTpYKIMM [4]
ABJIIETCS OTHOCUTENBLHO HU3Kas yacTtoTa BpauieHus: potopa 30 000 o6/muH, BbICOKas

CTONMMOCTB 1 3apy6e>I<H0e IIPOU3BOACTBO.
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N3Becten CU [S] BOM cpenneii momHocT (0T 30 KBT ¢ BbIIIE) U 4acCTOTOM
BpameHus Oonee 100 Teic. 00/MUH, OCOOEHHOCTSIMM KOHCTPYKLHUH SIBIISTFOTCS
BO3MOKHOCTh TMPSIMOIO HM3MEPEHMsI KpyTslero MoMmeHTa (i ckopoctd) BOM u
HAJIMYUE YIPABIIEMON CHUCTEMBI OXJIXKICHUS NI OOCCIICUeHUs 3aJaHHBIX Pa0OUnX
temriepatyp Bo Bpems wusMepenuil. Koncrpykuus CHM coctour u3: BOM ¢
MHBEPTOPHBIM JIBUTaTEJIEM B KQUECTBE HATPY3KH; MYJIbTHILUIMKATOPA JUJISl JOCTUKEHUS
CBEPXBBICOKOM CKOPOCTHM W M3MEPUTEIN BpalllalOIer0 MOMEHTA; CIEIHUAIBLHO
pa3pabOTaHHOTO Ui 3TOrO YpOBHSI 4acToThl BpamieHusi. CtpykrypHas cxema CU
npencranieHa Ha puc. 1. Harpy3ka CHU [S] cOCTOMT U3 YeThIPEXKBAJIPAHTHON CHUJIOBOM
AJNIEKTPOHUKH, obecreunBaronie padory BOM, umeronieil MakCUMaldbHYIO 4YacTOTY
BpaieHust 25 teic. 00/MuH. MIHBepTOp paboTaet ¢ yactoroi nepexitoueHust 16 k' u
MaKCHMaJIbHOM MOLIHOCTBIO 52 KBA. MynbTUIIIMKATOP 00ECIIEYMBAET COOTHOLICHMSL:
1:1, 1:3 u 1:9. MakcumanpHasi 4acToTa BpallleHHs, oOecreunBaeMasi IOCIIeTHEN
CTyIneHbto orpannyeHa 180 Teic. MUH-1, 3TO CBSI3aHO C TEM, YTO BBICOKOCKOPOCTHOM
MOJIIMITHUK TpeOyeT Mojiaui Macja MoJl JaBJICHUEM W Ha BBIXOJI€ MYJIbTHUIUIMKATOPa

HE CIIOCOOEH BBIJICPIKATb 00Jiee BLICOKMX YaCTOT BpallICHM:A.
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Puc. 1. CtpykTypHas cxema CTeHJia
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B CHU [5] BBeneH nsMepuTenbHbINA OJOK 11 M3MEPEHHUS BPAIIAOIIET0 MOMEHTA
M YacTOTHl BPAIEHUS, KOTOPBIA CIIOCOOCH BBIJCPXKATh MAKCHMAJIBHYIO YacTOTy
BpaieHusi 140 Tbic. 00/MUH, MIPU STOM MOIIUITHUKUA 3TOTO JIEMEHTa CHA0XKAIOTCS U3
BHEIIIHET0 MAaCJISTHOTO pe3epByapa. ITOT MOABOJ] Maciia OTIUYAECTCSI OT TOr0, KOTOPBIN
UCIIOJIB3YeTCd  JJIE  BBICOKOCKOPOCTHOTO  MOAIIMITHMKA  MYJIbTUIUIMKATOpA.
[IporpaMMHBIif  ApaliBep Ui CUMTHIBAHMS 3HAYEHUM KPYTAIIETO MOMEHTa ObLI
peaim3oBaH ¢ TOMOIBI0 TporpammHoro makera LabView. CU Taxxke ocHaiieH
CPEICTBOM JIJIsl KOHTPOJIUPYEMOTO SKUIKOCTHOTO OXJIAXKACHUS UCTIBITYEMBIX O0BEKTOB,
C MapaMeTpaMH: MaKCUMallbHas MOIIHOCTh OXJaxaeHus 13 kBT, KOHTposmpyeMblii
pacxon 10 60 J/MUH U KOHTpOJHMpyeMash TeMIiepaTypa OXJIaXIArouleh XUIKOCTH B
obomactu -10...+90° C. CH couepXuT HU3MEpUTENbHbIE TPUOOpHI, TaKHEe Kak
u3MepuTens MomHoctd Yokogawa Precision Power Meter mnmm Torquemeter —
M3MEPUTENH BPAILIAIOIIET0O MOMEHTA.

Hoctounctea CH: mpsMoe H3MEpPEHUE BpAILAIOIIET0O MOMEHTAa M YacTOTHI
BpallleHUs] Ha BBICOKOCKOPOCTHOM Bajly; BBIXOJHBIC XapaKTEPUCTHKU (MakCUMasbHas
yacTtoTa BpameHus 140 Teic. 00/MHUH, MaKCUMaJIbHBIA Bpararonmi MoMeHT 30 HxXm u
MakcuMaiibHas MoOIIHOCTH 39 KBT). OCHOBHBIM HEIOCTAaTKOM CTEHAA SIBIISIETCS
HaJM4KUe MYJIbTUILIMKATOPA.

W3Bectubl  ucnbiTatensubie  craniun  MC  (tect-cuctembr  AX-cepun)
npousBojacTBa kommanuu Testek [6] (CHIA) nmis ucnbITaHUs BBICOKOCKOPOCTHBIX
TeHEepaTOpOB — CHCTEMbl HOBOTO TOKOJIECHHUSA, 3aMEHSONMe Takue 3((GEKTUBHBIC
tectoBble cucTeMbl Kak Avtron K838AT & K938. Cucrembr AX-cepun HCIIOIB3YIOTCS
B OCHOBHOM JUJIs1 UCIIBITAHUM TIpH Ipou3BoJicTBe BOM u BBoze ux B 3kcruryaranuto. C
nomombto UC [6] MOXKHO UCHBITBIBATH IIMPOKUK criektp BOM, B TOoM umcre:
TE€HEPaTOPOB OCHOBHBIX M BCIIOMOTATENbHBIX CHUJIOBBIX YCTAHOBOK; T'€HEPATOPOB CO
BCTPOCHHBIM  NPHUBOJIOM; TMPUBOJOB C MOCTOSIHHOM  YacTOTOM  BpallCHUS;
BBICOKOYACTOTHBIX TE€HEPATOpPOB M CTapTEp/TEHEPATOPOB; AIEKTPUUECKUX MAIluH

noctostHHOro Toka. IC xommnanuu Testek [6] comepxkut:
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— MyJbT YIpaBJICHUs omneparopa € NEPCOHATBHBIM KOMIIBIOTEPOM, IAHEIb
yIpaBjieHUs] UM YHUBEPCANbHBIA WHTEpQEHCHBI amanTep Ui MOAKIIOYEHUs OJioKa
YIPABIICHUSA K UCTIBITYyeMOor BOM;

— TMPUBOAHOM MEXAHU3M, KOTOPBIA COCTOUT W3: MEPBUYHOTO JABUTATENS
(MoTOpa), TaxoMmeTpa, KOpOOKW mepenad (MyJbTUILIMKATOpA) JJIS TOBBIIMICHUS U
MU3MEHEHHSI YaCTOTHI BPAILICHUS], MACJIOCUCTEMBI;

— OJIOK KOHTPOJISl MPUBOAA TIEPEMEHHOTO TOKa 00ECIEeUMBAET TOYHBIN KOHTPOJIb
YaCTOTY BPALLEHUS JBUTATEISI IEPEMEHHOTO TOKA;

— CHCTEMHBIN OJIOK, 00ECTeYHBAIOIIMN SJICKTPONUTAHUEM OOBEKT KOHTPOJIS,
cucteMy cOopa JJaHHBIX, CUCTEMY KOHTPOJIS U paCIpeIeIICHUs JIEKTPOIHEPTHH;

— OJIOK KOHTPOJIA Macja TUAPOCUCTEMBI, 00€CTICUMBAIOIINI KOHTPOJIb 1aBJICHHUS,
TEeMIIepaTyphl U PacXoj] Maclia B UCIILITYEMOM U3JIEINH;

— Harpy3o4HbIii OJIOK, OOCCIECUMBAIOIIMN H3/e/IMe aKTUBHOW M PEaKTUBHOU
Harpy3Komu.

NC [6] wuMmeer BO3MOXHOCTh TMEPEKIIOYEHUS HA  ABTOMATHYECKHUH,
MOJTyaBTOMaTHYECKUA M PYYHON PEXHMMBI padOThl. JlMara3oH MOIIHOCTEH CHCTEMBI
37+1100 kBT, ruanazoH 4acToT BpalleHUs] IPUBOAHOrO MexaHu3ma — 30 Thic. 00/MUH.
Cucrema yHMBEpPCaJIbHAa UM HCHOJB3YETCS HJIs MPOBEIACHUS HSKCIUTYyaTallMOHHBIX
UCIIBITAHUH U MTPOBEPKAX B IMOCIEPEMOHTHOM ITUKJIE PH TEXHUUECKOM OOCITY>KHBaHWUH,
BOM mNOCTOSSHHOTO M NMEPEMEHHOI0 TOKa M CTapTEpOB/TE€HEPATOPOB TPAHCHOPTHBIX
cucteM. UC K838 AT mnpennasnaueHa njsi WCIBITAHUNA CTapTEPOB/TEHEPATOPOB
IIEPEMEHHOTO U MOCTOSHHOTO TOKa — auana3zoH momHocrer 37+110 kBr. MC K938
MOAXOIUT JJIA UcTibITaHud MOIHbIX BOM 257+110 kBr. Jlnana3on 4acToT BpaleHus
BOM cocraBnser 15 000+30 000 o6/mMuH. Takas CpaBHUTENBHO HM3Kash 4acTOTa
BpaIICHUS SBJISIETCS €€ OCHOBHBIM HEJIOCTATKOM.

Nzecren CU wommanuu Burgi Engineers LLC [7] (CHIA) mis ucnbitaHus
BOM wmomHocThio 710 220 KBT, ero 0coOeHHOCTSAMHU SIBJIIETCS TO, YTO:

— B KauecTBe IMPHUBOJA MCIOJb30BaH BBICOKOI(D(PEKTUBHBIN JBUTATEIb
MEPEMEHHOTO TOKAa C JKHJIKOCTHBIM (MACIIIHBIM) OXJIGKJEHUEM M YaCTOTHBIM

YIPaBJICHHUEM;
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— KOpoOka rmepenady — MYJIbTUIUIMKATOP C MEpeAaToyHbIM uucioMm S:1 ¢
MaKCHUMAaJIbHOM BBIXOHOM 4acToToi BpaieHus 60 Thic. 00/MUH;

— CHJIOBOM MPeoOpa3oBaTeib YaCTOThl, CUCTEMY PELUPKYIALUN OXIaKAAIOLIETO
MacJa, MaHesb YIPABICHUS U MaHEIb KOHTPOJISI HEUCIIPABHOCTEN.

N3Becten CH BbicokockopocTHbIXx OM Manoir momuoctd MICRO DYNE
MpOM3BOACTBa KoMmaHnuu Magtrol [8], KOTOpbIi HE UMEeT aHAJIOTrOB MPH UCHBITAHUU
BOM wmomHOCTRIO 10 4 BarT n wacrotoit Bpamenus 1o 100 Teic. 06/muH. Ha crenae
MOKHO HCIIBITBIBaTh MAaJOMHEPLMOHHBIE MHHHA- W MHUKPO OM €O clenyrouymu
TEXHUYECKUMHU XapAKTEPUCTHKAMU: KPYTSIIUKA MOMEHT oT 2+4 MHXwm; ¢ vacroroi

BparieHus 10 100 Teic. 06/MUH; MOIITHOCTH 4 BT.

30,eKTPOHHDbIN GN0K:
ponnep 4 Pa

-BATTMETP NOCT. TOKa

-pene BKNKWYeHNA

-USB-uHtepperc

OuHamomeTp
U3MepUTenb
MOLLUHOCTH

shipping bolt
knob

Ban

UcnbiTbiBa
- eMblif
nBHraTenb
BXO4HblIE
Knemubl
CHrHana
BbIXOAHble MOWHOCTH
KneMubl

CHIrHana

MOWHOCTH

KpenexHnan
nexTa

erne)«ubu“l KneMubl

yisn y Kneumubl BOJTOKOHHO- AaTHyHKa

MUTaAHHA i HanpAaXeHHAa
\ nBHratena ONTHYeCKHH I

Buutel 3D
No3HUHOHHPOBAHHA

AAaTHHK
ymoBoH

BHHTbI CKOpPOCTH

MNO3HUHOHHPO-
BaHHA cTONna

Puc. 2. Crenn muia ucnisiTannii komnanuu Magtrol

N3Bectuel CU npounsBoacTBa kommnanuu Stuska (PowerTest INC), SuperFlow
[9] mO3BONAOIMMX BECTH WCTBITAHUS, COOTBETCTBCHHO, Ha YAaCTOTAaX BpAIICHHUS OT
12+30 TBIC. 006/MUH.

HenoctaTkoM Bcex BBINICTIEPEYHCIICHHBIX KOHCTPYKIIMM SBJISCTCS BBICOKAS
1eHa U 3apyOeKHOe MTPOU3BOJICTBO, B COBPEMEHHBIX YCIIOBHUSAX
UMITOPTOHE3aBUCUMOCTH UX MMPUMEHEHUE HEXKENATEIHHO UM HETTPUEMIIEMO.

N3BectHb! oTeuecTtBeHHbie CU miist BOM npousBoactea HITO «OPT'A» [10], Ha

6a3e BoicoKOdphekTuBHBIX DM BOJIMA. Ot CU mocTaBisitoTCS B KOMILIEKTE C
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npeodpazoBaTesieM YaCTOThl M CUCTEMOH ympaBJieHHsl, HAOOpOM JaT4YUKOB Il cOopa
TeeMeTpun W cucteMor ypaneHHoro wmonutopuHra REMOS. HIIO «3PT'A»
NPOBOJUT CTEH/IOBBIE UCIBITAHUS HE TOJBKO BBICOKOOOOPOTHBIX F€HEPATOPOB, HO U
OECKOHTAKTHBIX MOAIIUITHUKOBBIX OMOp, ¢ YacToToi BpameHus 10 100 Teic. 06/MUH.
CH no3BosiieT NpOBOAUTH HMCHBITAHUS BBICOKOOOOPOTHBIX CHCTEM, BKIIOYAIOLIUX
razoTypOuHHbii auratens (I'TH).

B T'HI[ ®TI'VII «lentp Kengpima» cozman CU [11], npegHa3zHaueHHBIA IS
UCIIBITAHUA  MOIIHBIX BBICOKOOOOPOTHBIX arperaroB B COCTaBE 3aMKHYTOU
ra3oTypOMHHON YCTaHOBKH.

[lepenoBble HMH()OPMAIMOHHBIE TEXHOJOTMH KaK 3apyOeKHbIX, TaK U
POCCUICKUX Pa3pabOTUYMKOB HMCIBITATEIBHOIO O0OpPY/IOBaHMS OMHUPAIOTCS Ha CPEJibl
rpaduueckoro nporpammupoBanus, Takue kak LabView, SCADA ZETVIEW wu np.,
O0BEIMHSAIONINE MEXIy COOOM H3MepHUTEIbHbIE MPUOOPHI M KaHAJbl YNpaBICHUS
IIPOLIECCOM UCIBITAHUNA. B OTHENBHBIX CIlydasX HCIOJNb3YETCs CIELMAIN3UPOBAHHOE
MIPOrpaMMHOE OOECIIEYeHHE, HATMCAHHOE Ha SI3bIKaX MPOrpaMMHUPOBAHUS BBICOKOTO
YPOBHSI 1101 KOHKPETHOE MCIIBITATEIbHOE U IPUOOPHOE 000PYAOBaHUE.

W3BecTHBI pa3nuyHble MOIYJIM M YCTPOMCTBA, NMPEANPUATHS «DIECKTPOHHBIE
TexHoJorun u Merposiorndeckue cucremb» (OTMC) (komnanusi ZETLAB), nHa
OCHOBE KOTOPBIX CO3MAIOTCSI CHUCTEMbI cOopa © 00paboTKH WHGOOPMAIIIH.
[Ipennpusitue ocHoBano B 1992 rogy Ha 6aze CKb OI'YII BHUUOTPU [12].
[Tponykuuss ZETLAB npou3BoauTcsi 1o mporpaMMe MMIOPTO3aMeElleHUs. biio4yHo-
MOAYJIbHBIA MPUHLIUI TOCTPOCHUS UCTIBITATEIbHBIX CUCTEM MO3BOJIIET (POPMUPOBATH
pa3IuYHbIE MPOTrPaMMHO-aINAPaTHbIE KOMIUIEKCHI, PACIIMPATh BO3MOXKHOCTH MyTEM
3aMEHbl CTapblX U J00aBJCHHS HOBBIX MOAYJEH, ylydllaTb TEXHUYECKHE
XapaKTepUCTUKH 000PYJOBaHUS 32 CUET 3aMEHbI OTJEbHBIX CBSI3YIOUIMX 3JIEMEHTOB.
['MOKOCTH MOAYNBHBIX CHUCTEM JAeT BO3MOXHOCTh MOJIYYUTb HMEHHO Ty
(GYHKIIMOHAIBHOCTh, KOTOpasi TpeOyeTcs Ui BBINOJHEHHs MOCTABJICHHOM 3aJayM.
AccoptumenTt cocrtaBisioT Oosniee 100 BuptyansHbix npudopoB ZETLAB, cpena
rpaduueckoro mporpammupoBanus SCADA ZETVIEW, cpeactBa paspaboTunka
ZETLAB STUDIO.
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00O «Hayuno-nipousBoacteenHoe npeanpustiue «MEPAy [13] — poccutickuit
pa3paboTunk u moctaBmuk 60pToBhIX MC, ynpasnstomux u UC 11t mpOMBIIIICHHBIX
CH ucnonb3yeT crienuain3upoBaHHOE MPOrpaMMHOE OOecliedeHe, HallMCaHHOE Ha
S3bIKaxX MPOTPAMMHUPOBAHUS BBICOKOTO YPOBHSI IOJ KOHKPETHOE HCIBITATEIIbHOE
0o0opy10BaHME.

N3BectHbl CU pazpabotku kadeapsl snekrpomexanukn YIATY:

— ISl TIOCJIEPEMOHTHBIX McnbITaHui craptep-reneparopoB I'C12000CT go 9
TBIC. 00/MUH.;

— IS CepUIHBIX ucnbITaHui BOM ot 3+15 ThIC. 00/MUH.;

— CTeHJ i1 WCHBITAHUS  CHUCTEMbl TE€HEPUPOBAHUS HA  OCHOBE
AIEKTPOMEXaHUYECKOro Mpeo0pa3oBaTesisi HSHEPTUU C  BBICOKOKOIPIIUTHUBHBIMU
MOCTOSSHHBIMMA MAarHuTaMd MOIIHOCTBIO 50 kBT m wacrtorod BpamieHus 12 TeIC.
00/MUH.

OCHOBHBIM HEIOCTATKOM OTEUECTBEHHBIX DPa3pabOTOK SIBIISIETCS OTCYTCTBHE
YHUBEPCAJILHOCTH, TaK KaK BCE yKa3aHHBbIE MpOU3BOAUTENM paspadarbiBaroT CU mon
omnpezenennble  BOM, paznuuaromiuecs: TPUHIMIIOM paldoThl; KOHCTPYKIIMEH;
MaccorabapuTHBIMU MMOKA3aTEIIMU U MOUTHOCTHBIMH XapaKTEPUCTUKAMH.

[IpencraBnennsie CU moaxonmar mjisi OOCITYyKUBaHUS DJIEKTPOMEXaHUYECKOTO
000OpyZOBaHMs TEPCHEKTUBHBIX TPAHCIOPTHBIX CHCTEM, TaKUX Kak OECTIHIIOTHBIC
JeTaTebHbIE amnmapaTbl, JETaTeJIbHBIC ammaparbl (PEerHOHANBHBIE CaAMOJIETHI,
HEOOJBIIINE U MIUPOKO(DIO3ETSHKHBIE CaMOJIEThI), AJIEKTPOTPAHCIIOPT, B TOM YHUCIIE
AIEKTPOMOOUIIN U T.1.

Kaxk npaBuiio, mpu mpoBeACHUHU U UCTIBITAHUM U3MEPSIOTCS, PACCUUTHIBAIOTCS U
OLICHUBAIOTCSl CIIEAYIOLIME BEJIMYMHBI: HAMNPSHKEHUE HA BBIXOJE, BBIXOJHOM TOK,
MOIITHOCTh Ha BXOJI€ U Ha BbIX0J€, KOAIPOUIIMEHT MOITHOCTH, YacTOTa BpalllCHHUS,
BUOPOYCKOPEHHE pOTOpa, KPYTAIMi MoMeHT, Temrieparypa, KIIJ[ umcmeiryemoro
u3nenusi, oTpaboTKa 3aJaHHBIX IMKIOB MO0 UX MPOAODKUTEILHOCTH, BEIUYMHE

Harpy3ku 4 T.1.
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Jna komruiektauun CU m3MmepuTensHbIM 000pYAOBaHUEM OTEUYECTBEHHOTO
MPOU3BOJACTBA, MO3BOJIAIOIIMUM OOECIEUUTh OBICTPOJECHCTBHE M TOYHOCTH MpPH
UCTIBITAHUSAX, MPEJIaracTcs CIETYIONINMN epevyeHb.

Cucrema aHanu3za BUOpanui, cocTosIias W3 AaHAJOTOBOIO  JlaTYMKa
Bubponepememienuii  [IBA-301M  (AO HIIII «ConXA») [14]. Cucrema
npeHa3HaueHa JJisi KOHTPOJIS BUOpAllMM B CUCTEMaxX OJIOKUPOBKU arperatoB MpH
JKCIUTyaTallud B HOPMAJIbHBIX W  B3PBIBOOMACHBIX cpeAax. Mcmosib3oBaHue
aHAJIOrOBOI'O JaTyMKa IO3BOJSET IMOBBICUTH OBICTPOACHCTBHE CHUCTEM OOpPabOTKU
COOTBETCTBYIOIIMX CHUTHAJIOB WU YCKOPUTh AaBAPUKMHOE OTKIOYEHHE W3JIEIUl U
HEHCIpaBHbIX AemMeHToB CH.

s u3MepeHus TemnepaTrypbl HaXOAAT TPUMEHEHHUE:

— TepmoconpoTuBieHus, Harpumep, ATC324 pupmbl «OBen» [15], nmeronmx
y10OHOE BHHTOBOE KpEIUIEHHE K KOPIYCy HCIbITyeMoro wuznaenus. M3mepenue
TEMIIEPATYpbl B CHCTEMax JKUIAKOCTHOro oxiaxnaenus CH, mnpegycmaTpuBaer
HaJIM4YMe HE MEHEE TPEX KaHAJIOB.

— MHKPODJIEKTPOHHBIE JATUYMKU TEMIIEpAaTyp Ha OCHOBE JIETMPOBAHHBIX
cunternyeckux anmazoB JIT-20 (mpousBoacteo AO HUHN®OU, r. Ilepms) [16],
uMerole MUHHUaTIOpHble pa3mepbl (12,6 Mwm), ObicTpomeiicTBue ot 18 mc
(6eckopmycupie) g0 0,5 (kopmycHbIe) auama3oH u3MepeHuir ot -196 mo 500°C,
norpemHocTs ot 0,1-1°C.

JInst KOHTpOJISl AaBJIEHUS B THAPABIMYECKUX CHUCTEMAX CMa3KU M OXJIaXICHUS
HCIIOIB3YIOTCS MHUKPOMPOLIeCCOpHbIe aaTuvku aaBieHuss AWP-20/M2-MB (HIIII
«JIEMEP» [17] ¢ mpotokorom Modbus RTU nHa ocnHoBe unHTepdeiica RS-485.
[Torpemnocts n3mepenus ot 0,1%.

M3mepeHre BBICOKMX YacTOT BpAILLEHUS MPOU3BOJUTCA C HCIOJIb30BAHUEM
OCCKOHTAaKTHBIX JIATYUKOB, B YaCTHOCTH oONTHYecKuX, Hampumep, BC 401
(poccmiickoit kommannu ZETLAB) [3] koTopwie obecrneunBaroT (popmMupoBaHue
UMITyJIbCOB, TIPU O3TOM  YacTOTa TMOBTOPEHHUS MPOIMOpPLMOHATIbHA  YacTOTe

MMPOXOXKJICHUSI TAXOMETPUUYECKOW METKHM, YCTAHOBJICHHOW Ha BaJly BpallaroIIEeTroCs
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00BbeKTa, B MpeAeNax Auana3oHa YyBCTBUTEIBHOCTH JaTunka. HemoctaTkom naTumka
MO’KHO CYUTATh OTPaHUYEHHE YacTOThI 10 50 ThIC. 00/MUH.

W3mepenue »IeKTpUYECKUX MapamMeTpoB Harpy3ku BOM mpu  BBICOKHX
TpeOOBaHMIX K TOYHOCTH IpH yactote cBeime 400 [ (Hampumep, mpu peaau3aliuu
KOHIENIUU «00Jee JIEKTPUYECKOTO CaMOJIeTa») SIBIISIETCS CIOKHOM 3anmayeit. s
npoMbIIIeHHOW YacToThl 50-60 ['1] mpUMEHSIIOTCSl 0TeUeCTBEHHbIE MPUOOPHI, TaKKE,
KaK aHanu3aTtop kadectBa 3ekTposHeprun AKD-824 (AKUII) [18], oHu mo3BoJstOT
U3MEPATh TMEpPEMEHHBbIE HAMNpsHXKEHUS M TOK, YacTOTy, MOIIHOCTh (aKTHBHYIO,
PEaKTUBHYIO, TIOJIHYIO), KO3(PPHUIIMEHT MOLUTHOCTH H T.JI.

M3BecTeH  yHUBEpCalbHBIA  TaXOMETP-4aCTOTOMEP-CUETUHK  BPEMEHU
Hapabotku creHga, BEXA-T [19] mnpousBojacTBa POCCHIMCKOW — KOMIAHHUH
«TepaunBecT» 11 H3MEpEHHs] U OTOOPAKEHUS YAaCTOThl BpalICHUs Baia
npeodpazoBaTelisi, ((UKCUPOBAHUE HATPY3KH, YACTOTHI U BPEMEHU paOOThI U3/IEIHSI BO
BCEX pEeXUMax M IuUKIaXx. MakcHMMalbHbIM npeaen u3MepeHus 4dactoTsl 100 TeIC.
00/MUH.

B orpaHn4eHHOM KOJIMYECTBE HA POCCUHCKOM PBIHKE, IIPEICTABICHBI JaTYNKU
KpYTSIIEr0 MOMEHTa Ha YacTOThl BpameHus A0 50 ThIC. 00/MUH. BKIIOYUTENBHO.
W3BectHsl nmatumku cepur TM kommanum Magtrol [8], KOTOpbIe OTIMYAIOTCS
M3MEPEHUEM BBICOKMX YaCTOT BPAILEHUS, TOYHOCTBIO W3MEPEHUN, HAAEKHOCTBIO U
MPOCTOTOM  yCTaHOBKH. (OCHOBHBIM TMPEUMYLIECTBOM  SIBJIIETCS  OTCYTCTBHE
AIEKTPOHHBIX KOMIIOHEHTOB Ha BpAIAIOIIMXCS YacTAX JaTydKa, [OKa3aHUs
CHUMAIOTCA MHIAYKTUBHBIM criocoOoM, npeaensl uamepenus ot 0,1+10000 Hxm.

M3pectubl pmatunku cepu BUKM [20] OO0 «®IIK Kocmoc-Hedtb-T"a3»,
KOTOPBIE PACCYMTAHBI HAa JOIYCTUMYIO YacTOTy BPALLEHHsI pOTOPHOM yacTtu 10 S0 ThIC.
00/MuH. JlaTyMKK BBINNOJHEHBI IO COBPEMEHHBIM TEXHOJOTHSIM H3MEPHUTEIbHBIX
npeoOpa3oBaresell MEXaHUYeCKUX BEJIMYUH (CKOPOCTEH, YCKOPEHUH, MepeMEIICHU) 1
TEXHOJIOTUM WHTETPAIBHBIX CXEM, IO3BOJSIIOLIMM CO3[aBaTh B €IMHOM KOpIyce
AIIEKTPOMEXAHNYECKYIO U3MEPUTENBHYIO U AJIEKTPOHHYIO MTPeoOpa3oBaTeIbHyIO YaCTH.
JlaTanK cO BCTPOCHHBIM MHKPOIPOIIECCOPOM, OepeT Ha cedst GYHKIMU: KOTUPOBAHHS

uHbOpMAIIMM O YacTOTE€ WIM MepeMenieHnd; oO0paboTKu 3ToM HH(OpMalMU 1o
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3aJJaHHBIM QJITOPUTMaM C IETbI0 MUHUMH3AIMHA TOTPEITHOCTEH; MacIITaOupOBaHHS
CUTHAJIOB W Tiepenady WHGOpMAI B KOHTPOJUIED ABIDKEHHUS IO CTaHAAPTHOMY
npoToKoiy. KOHCTPYKTUBHBIMU OCOOEHHOCTSIMH SIBJISIFOTCS: KOHCTPYKTHBHAS MTPUBSI3Ka
K 00BEKTY 3aKa34yMKa; YBEJIMUEHHBIN 3a30p MEXAY POTOPOM U CTaTOpoM (0T 4 MM J0 8
mMm). [IpeumymectBamu natunkoB BUUKM sBIsIOTCS: BO3MOXKHOCTH SKCIUTyaTallud B
KECTKUX YCIOBUSX (MacisiHasg cpela, MOBBIIICHHAsT TeMIleparypa MU BJIaXKHOCTB);
VIOPOIIEHHBIA MOHT&XK Ha OOBEKTE 3a CYET YHU(PHUKAIMM KOHCTPYKIIMH CTaTopa,
MOTPEITHOCTh U3MEpPEHUsT KpyTsiiero MmomeHtra — ot 0,5%; UHIUKAIMs pe3ysbTaToB B
(U3MYECKUX eMWHUIAX; BBIXOJHBIC CUTHAIBI: TOKOBBIM 4-20 MA, mudpoBoii RS-232,
RS-485; nmamazon paboumx Temmeparyp — oT -50 mo +85 °C; Bpems HempepbIBHON

paboThI HE OTPAHUYEHO.

3AKJIIOUEHUE

[IpoBeneHHble  HCCIENOBaHMA  MOKa3ajid, 4YTO  pa3paboTKa  CTEHIOB
MHOTI'OLICJIEBOTO HA3HAYEHHsI HCOBITaHUM BOM sBIsIeTCS aKTyaJbHOM HAy4HO-
TEXHUYECKOM 3aaaueil. ABTOpamu ObUIM MPOBEACHBI NMATEHTHHIE HCCIIEOBAHUS B
o0nacTi pa3pabOTKH KCIBITATEIbHOTO 000pPYA0BAHUS, KOTOPbIE MO3BOJIUIN BBISIBUTH
ONpeJIeTICHHbIE TEHACHIIMN B PA3BUTUU KOHCTPYKIUWA CTEHIOB JUIsl UCTIBITaHU BOM:

— HWCIIOJIb30BaHUE  OBICTPOAEUCTBYIOIIMX  JATYMKOB, BBINOJHEHHBIX IO
MEPENOBBIM TEXHOJOTHSM, JJIS IPOBEACHHS BBICOKOTOUHBIX UCIIBITAHUN U MOJyYEHUS
JOCTOBEpHOM HMH(OpMALIMK, a TaKXKe paclIMpeHHe [apaMeTpoOB H3MEPEHUN MpH
gactotax 400 I'm HAa AaBTOHOMHBIX M3JEIUAX, HAIPUMEpP, NEPCIEKTUBHBIX
TPAHCIIOPTHBIX CUCTEMAX;

— obecrieyeHne ya00CTBA YCTAaHOBKHM HCIIBITYEMOTO HM3JCTHUS, a Takke
yHUUKALUS CTeH/Ia 7Sl POBEACHUS UcTbiTaHuit BOM, uMeronux pasHble rabapuThl,
¢ 00s13aTeNTbHBIM UCKIIFOUEHUEM JCHEHTPOBKU U OCTIa0IEeHUs KPETICHU;

— COKpallleHHe UIMTEIbHOCTH HCIBITAaHUH Ha pabOTOCHOCOOHOCTH 3a CYET
MPUMEHEHUS CHEMAIbHOTO IPOIPaMMHOI0 00ecrieyeHs! U IUPPOBBIX TEXHOJIOTUH;

— YMEHbILIEHUE MACChl U Ta0apuTOB;

— OTKa3 OT MYJIbTUIINIMKATOPOB U MCXaHUYCCKUX II€pEaay,
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— TOBBILLIEHHE »JHepreTnyecko dPQexTuBHOCTH HUchbiTanuii BOM B
JUHAMUYECKOM PEXUME U PEKyINIEPALIMS IPU PECYPCHBIX UCIIBITAHUSX;

— TIOCTPOEHHE MPOrpaMM U UHWKIJIOB HCIBITAHUM C YYETOM MHUHUMU3AIUU
HHEPreTUYECKUX 3aTpaT, MCIOJIb30BAHHME MPEABIAYIINX PEXKUMOB JUJISI MOATOTOBKH
MOCJIETYIOIINX;

— TIOBBILICHUE HAJEKHOCTH CTEHJIOB 3a CYET IPUMEHEHUS
MHTEJUIEKTYaIN3aluy CUCTEM TUarHOCTUKH U CAMOJMATHOCTHKM;

— NIPOBEIECHUE BCEro LMKJIA HCIBITAHWUW B IIMPOKOM JHANa30HE WU3MEHEHUS
Harpys3oxK;

— obecrnieyeHne MpOCTOThI, OBICTPOACHCTBUS cOOpa W aHalu3a pe3yJIbTaTOB
M3MEPEHUI U MCHBITAaHUM 71 oreparopa MpH MOMOIIM yI0OHOH MOJIb30BaTENbCKON
MaHEIW YIpPaBJICHHUS U 3a CUET pa3pabOTKHM HOBOTO MPOTPAMMHOI0O OOECHEYEeHHs U
T.J.

AHallM3 Hay4YHO-TEXHUYECKOW JIMTEepaTypbl MOKa3zal, 4To B Poccuiickoi
®denepanuu MPOU3BOAUTENN pa3pabAThIBAIOT CTEHJIbI JJI UCHBITAHUNH KOHKPETHBIX
KOHCTpyKIMii BOM, KOTOpblE CYIIECTBEHHO pa3/IM4yaroTCsA: KOHCTPYKLMEM,
HYHEPreTUYECKUMHU, MEXAaHUYECKUMH 1 MacCOradapuTHBIMU MOKa3aTeNIMU, PEXKUMAMHU
pa®oThl, LUKIMYHOCTHIO, YEPEIOBAHUEM DPEKMMOB M MEXAaHHYECKMMU (PaKkTOpamH
BO3JECHUCTBUS arperara u OKpy>Xarouen cpespl.

HaydHbIM KOJUIEKTMBOM, MPU y4YacTUU aBTOPOB, pa3padOTaHa KOHCTPYKIIMS
CTEHJa MHOTOLEJIEBOIO0 HAa3HAYEHUsl Uil MCHOBITAHWN 1o [2], B CTapTEPHOM H
TEHEPATOPHOM PEKHUMaX BBICOKOCKOPOCTHBIX AJEKTPUUYECKHX CTapTEP-TEHEPATOPOB

MonTHOCThIO 710 150 kBA u yactoToit Bpamenust 10 70 Tbic. 00/MUH.
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Jlobanos A. B.
VY pumckuit rocy1apCcTBEHHBIM aBUAIIMOHHBIA TEXHUYECKUH YHUBEPCUTET

CXEMOTEXHHUYECKASA MOJEJIb YMHOKUTEJIA HATIPAKEHU S
B COCTABE EMKOCTHOM CUCTEMBI 3AXKUT' AHUSI

Annomayus: B cTatbe MPUBOIATCS PE3yIbTaThl MOJCTUPOBAHMS MIPOIIECCOB B CXEME YMHOKHTEIS
HamnpsDKEHUs Ha 4 B COCTaBe €MKOCTHOW cucTembl 3axxuranusi B makete MATLAB/Simulink.
[TokazaHo, 4TO paccMaTpuBaeMasi CXeMa YYETBEPEHHUS HANpPSHKCHUS SIBISETCS ONTHUMAJIbHOM C
TOYKH 3PCHHUS pa3MEepPOB KOHCTPYKIIUU U KOJIMYECTBA SJIEMEHTOB.

Knrouesvie cnosa: Cucrema 3auranus, yMHOXKUTEIb HAIPSKEHUS.

B HACTOAIICC BPCMA HMHUPOKOEC PACIIPOCTPAHCHUC IIOJIYHYHINM CMKOCTHBIC
CUCTEMBl  3a)XUT'aHUSI  C  MOJYIIPOBOJHHKOBBIMU CBEYaMHU. Pazpsn B
IIOJIYIIPOBOJHHUKOBBIX CB€Uax C€MKOCTHBIX CUCTEM O6J'IaI[aeT BBICOKOM
sHEepreTuyeckoi 3 HEKTUBHOCTHIO U MIMPOKO mipumensiercs B ['T/I.

AKTyaibHa pa3pabOTKa EMKOCTHBIX CHCTEM 3aXWTaHWsS Ha OCHOBE
HCIIOJIB30BaHUA PA3JIMYHBIX THIIOB 3(1)(1)€KTI/IBHI>IX HpCO6p&30BElT€J'ICI>i, B TOM 4YHCIJIC
KOMOMHUPOBAHHBIX, BKIIOUAIOIIUX B €05l KaK MPOMEKYTOUHBIE Y3JIbl MTOBBIIIIEHHON
YaCTOTHI, TaK U Y3JIbl YMHOKCHHUS HANIPSHKEHUS.

Cxema ITIOBBIIIAOIICTO TpaHC(bopMaTopa C YCTpOﬁCTBOM ITOCJICAOBATCIBHOI'O

YABOCHUS HAIPsKCHUS B LCIN 3apsijia HAKOIMUTCIBbHOIO KOHACHCATOpa €MKOCTHOM

CUCTCMBI 3AKUTI'aHU:A ITIOKa3aHa Ha PHUC. 1.

VD2

PazpagH.
EDHTYE

Clr

TV1

Puc. 1. Cxema noBbIIaromniero TpaicGopmaropa ¢ yCTpOMCTBOM MOCIIEI0BATEIHHOTO
YABOCHUS HAMPSHKEHUSI B IIETNH 3apsi/ia HAKOMMUTEIHHOTO KOHEHCATOPa
€MKOCTHOW CUCTEMBI 3)KUTaHUS

VYerpoiictBo  yaBoeHuss paboTaerT ciedyronmuM obpazoM. Ilpu momaue
MUATAIONIEro HanpsbkeHus ((aza B MOMEHT BKJIIOUEHUS TIPUHUMACTCSI paBHOW HYIIIO)
yepe3 nquoa VDI naunnaetcs 3apsia konaeHcaTtopa yasoenust Cl. Ilpu noctruxenun

MaKCHMyMa [HTAKOLWIEr0 HamnpsbkeHuss TOK dvepe3 VD1 mnpekpamaercs u mnpu
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YMEHBIIICHUN HaNpsDKEHUs MOsBIsAETCS TOK 4depe3 auon VD2 u konaencatop C2.
Konnencatop C1 pazpsixaercs, 3apspkas MpU 3TOM HAKONMUTEIBHBIA KOHIEHCATOP
C2. Tok uepe3 VD2 mnporekaeT B HHTEPBAJIE BPEMEHU OT MOJIOKUTEIBHOIO O
OTPULATEIIBHOTO MaKCMMyMa MUTaromero HanpsbkeHus. [locie nmpekpaiieHus Toka
yepe3 VD2 Tok B 1enu NUTaHUs MPEKPAIIAETCS 10 MOMEHTA, MOKa HAIPSKEHUS
NUTaHUS HE yMeHbIIaeTcs (Mo aOCcoNIOTHOWM BenuuuHe) a0 HampsikeHust Ha Cl. B
IIPOLIECCE OTACNIBHBIX LIUKJIOB 3apsa HAKOIMTEIBHOTO KOHJEHCATOpPA HAIPSIKEHHE
Ha HEM OyJeT BO3pacTaTh.

Jns orpaHMueHMs TOKa, INpoTekaromero udepes auoasl VD1 m VD2 npu
paspsie HaAKOIUTENIBHOro KoHAeHcaropa C2 yepe3 pas3psaHbli KOHTYp, B UX LEIb
BKJItO4aeTcs apoccenb L u pesuctop [1].

JIOCTOMHCTBAMU TaKOM CXEMbI ABJISETCS MPOCTOTA, MAJIask Macca 3JIEMEHTOB,
BXOJSIIIUX B COCTaB MpeoOpazoBaTens. biaromapss MCMOIB30BAHUIO YMHOKHUTEIS
HaIPSKEHUS! CHUKAIOTCS TAaK)Ke U rabapuThl arperara 3aKUraHusl.

OnHako cxema yJIBOCHUS HAIpPSHKEHUS HE TO3BOJISIET JIOCTATOYHO CHU3UTH
Maccy U rabaputhbl YCTPOUCTBA, TaK KaK pa3Mepbl TpaHcPopMaTopa, UCIOIb3yeMOTro
B CXEME, OCTalTCi JOCTaTOYHO OONBIIMMH, YTO TO3BOJIIET 3aAyMarbcsi 00
WCIIOJb30BAaHUM WHOM CXEMbl YMHOXXEHUS HamnpsiKeHusa. Takxke CyIeCTBEHHO
CHU3UTHh pa3Mepbl TpaHc(hopmMaTOpa TMO3BOJUT HCIOIB30BAHUE TPAH3UCTOPHOTO
npeodpazoBarens [ 1, 2].

Tak Kak €MKOCTHBIE CHCTEMBI 3aKHTaHUS HEOOXOIMMO COBEPIICHCTBOBATH,
CHIDKasi Maccy W ra0apuThl arperatoB 3aKUTaHus, TO B HACTOSIIEE BpeMs
MEePCIIEKTUBON YJYUIIICHUS CUCTEM 3a)KUTaHUsl SBJISIETCS pa3paboTKa KOMOWHAIIUU
CXEMOTEXHUYECKUX PEIICHUN YMHOXHUTEIEH HANpsHKEHUST U TPAH3UCTOPHBIX
npeoOpa3oBareneil A 3aps/ia €MKOCTHBIX HAKOMMTENIEed B COCTAaBE EMKOCTHBIX
CUCTEM 3aXKUTAHUS.

[IpakTHuecKkn 4aile BCETO UCHOJIB3YIOT CXEMbI C YJIBOEHUEM HaIPSLKEHUSI, HO
MIPUHIUIHATBLHO BO3MOXKHA JIF00ast KpaTHOCTh YMHOXKEHUS.

Ha puc. 2 mokazana mpuHIMIHUAIbHAS cXema pa3pabOTaHHOW EMKOCTHOMN

CHUCTCMBbI 3a)KUTaHUA Ha OCHOBC YUCTBCPHUTCIIA HAIIPSIKCHMAA.
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Puc. 2. [lppuHiMnuanbpHas cxemMa EMKOCTHOM CHCTEMBI 3KUTaHUS
Ha OCHOBE YUCTBEPHTEIISl HAIPSHKCHHS

JlaHHO€ yCTPOMCTBO MOKHO Pa3IelINTh HA HECKOJIBKO OCHOBHBIX YaCTEH:

- renepatop (ILIUM-kouTposiep TL494);

- CUJIOBBIE KJIIOYH;

- Tpanchopmartop;

- YMHOUTEIIb HAITPSKCHUS.

['eHepatop — co3maer ynpaBiSIONIME HMITYJIbCHl ONPENCICHHOM YacTOThl U
CKBAYKHOCTH ISl CUJIOBBIX KIIFOUEH.

CuoBbIE KJIIOYM — BKIIOYAKOT WK OTKIIOYAIOT I0Jayy HANpPSKECHUS Ha
0OMOTKH TpaHc(hopMaTopa MO/ YIPABJICHUEM YIIPABIISIOMIUX UMITYJIHCOB.

Tpanchopmarop — B AaHHOM cliydae MpeoOpa3yeT HU3KOE TMEPBUYHOE
HarpspkeHue (aMIUTUTyIHOe 3HaueHne — 27 B) B BbICOKOE BTOpPUYHOE (AMIUIUTYHOE
sHaueHue — 700 B).

YMHOXKUTENIb HANPSKEHUS — BBIIPAMISIET W YYETBEPSET 3HAUCHUE
nanpspxenus (700 B AC -> 2800 B DC).

s 3aUThl CXEMBI OT MEPENOIOCOBKM HA BXOAE CXEMbI CTOMT Auona. Cxema
yOpaBJIEHUs] YIPaABISICT CUJIOBBIMU Kitouamu. HMmymnbcebl, chopMuUpOBaHHBIE
KJII0OYaMH, TIOAArOTCs Ha Tpancpopmarop. Hampsbkenue ¢ Tpancdopmaropa
MOCTYIAET Ha YMHOXKUTENb, MTOCII€ YETO — HA HArPY3KYy.

Cxema mpezacTaBisieT cOOOM JBYXTaKTHBIM MpeoOpa3oBaTeilb HaNpPsHKEHMUS,
BBINOJIHEHHBIN C UCIOJb30BaHueM crieruaibHoro IIMM koHTposiepa (MUKpocxemMa

TL494). B kauectBe cuioBbix kimtouedl (VT1 m VT2) ucnonb30BaHbl MOJIEBbIE
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Tpan3uctopsl. JnemeHTel Cl m R3 3amaroT wactoTy mnpeoOpasoBarens, KOTOpas
BBIYHCIISIETCS TI0 U3BECTHOU hopMmyIie.

Ha puc. 3 npuBeneHa Mozellb y4eTBEPUTENS HANPSKEHUS, UCIIOIb3YEMOTO B
paccMmarpuBaeMoii cxeme. ['eneparop, CuIoBbIe KIFOYH U TpaHC(HOPMAaTOp 3aMEICHbI
UCTOYHUKOM TIlepeMeHHOro HanpspkeHuss TV  yacroron 10 k[, DOiemeHTHI
COOCTBEHHO yMHOXHUTeNsT Ha 4 i yAoOCTBa HCCIEAOBAHUS HMMEIOT TE K€
pacnoJioKeHUe U 0003HAYEHHUE, YTO U B IPUHLIUIIHAIIEHON CXEME Ha puc. 2.

OcuwmorpaMMbl  HampsDKEHUST HAa  BXOJE€ U BBIXOAE  YUYETBEPHUTEI,

IMOJIYYCHHBIC B PC3YJIbTATC MOACIIUPOBAHNA, ITIOKAa3aHbl HA PHC. 4,
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Puc. 3. Monens ydeTBepuTenss HapsHKEHUS

Puc. 4. OcupiinorpaMmsel Ha BXOJIE ¥ BBIXOJI€ YUETBEPUTEIISI HANIPSKEHUS

Kaxk BuaHO u3 puc. 4, ammntyiHoe Hanpsbkenue Bennunnor 700 B Ha Bbixoze

TpaHchopmaTopa BeIIpAMIIAETCS U YMHOXaeTcs Ha 4 (amruutyzaa 2800 B).
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Hcnone3yemass  kpaTHOCTh yMHOXeHus (B 4 pasza) oOycioBieHa
KOHCTPYKTUBHBIMH  OCOOCHHOCTSIMH. CXeMbl C YMHOXEHHEM  HalpsDKEHUs
HO3BOJIAIOT ~ YMEHBIIUTh  pa3Mepbl  TpaHcopMaropa M HAKONUTEJBbHBIX
KOHJICHCATOPOB, UCMOJIb3yeMbIX B cxeMe. Yem MeHbIle TpaHnchopmaTop, TeM cxema
YMHOXEHHS J0JKHA UMETh 00Jiee BBICOKYIO CTEIEHb YMHOXEHMs HamnpsbkeHus. Ho
cxeMa C OOJbIIMM KOJMYECTBOM DJIEMEHTOB CHJIBHO YBEJIMYMBAET pa3Mephbl
KOHCTPYKLMHU M KOJUYECTBO AJIEMEHTOB. TeM caMbIM, ONTUMANbHBIN OajJaHC MEXIy
pazMepamMu TpaHcpopMaTopa M CXEMOH YMHOXKEHHS I03BOJISIET JIOCTHYb CXEMa

Y4ETBEpEHUS HaNpsLKeHUs [3].
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DC/DC CONVERTER WITH BIPOLAR OUTPUT VOLTAGE
FOR GRID-CONNECTED SOLAR PHOTOVOLTAIC SYSTEM

Abstract: Converter DC/DC with the output bipolar voltage for grid-connected solar photovoltaic
system is presented. This converter is meant for power supply of a three-level output converter
DC/AC. Proposed power circuit of the input DC/DC converter has one power choke which has a
current frequency two times higher than the switching frequency of power transistors. Thus, the
selected input converter has a comparatively low mass and cost. The disadvantage of the concerned
converter is that unbalanced bipolar load is the cause of the appearance of an output asymmetrical
bipolar voltage. In some operating modes, a three-level DC/AC output power converter can become
such a load. The mathematical description of the proposed converter is developed for an unbalanced
bipolar load. For this case, an operation algorithm of switching power transistors is proposed. The
test results of the converter DC/DC prototype with output bipolar voltage are presented. The
prototype has a bipolar voltage £270 V and an output power 21 kW. The article is of interest for
electrical engineering specialists who develop input DC/DC converter for grid solar photovoltaic
systems.

Keywords: converter DC/DC, bipolar voltage, solar photovoltaic systems, unbalanced bipolar load.
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I. INTRODUCTION

Since the beginning of the 21st century, interest in alternative energy has been
constantly growing. First of all, this is associated with grid-connected solar
photovoltaic system (SPS), wind farm and small hydro. For example, US Department
of Energy expects an increase in the market of SPS to 20-30 billion dollars by 2030.
There is also support of renewable energy sources in Russia confirmed in [1]-[3].
According to CIS Electric Power Council, the total installed capacity of the renewable
energy in Russia is 55 190 MW [1], [2], [4]. It concludes the total capacity of SPS,
wind power plants, small hydro, geothermal power stations, geothermal and solar heat
supply [11, [2], [4]-[9]

SPS are advanced renewable energy sources which have by human reckoning
exhaustless energy source (more than 5 billion years). Due to the constructive
simplicity, the possibility of installing photovoltaic panel (PV) on the roofs of
detached houses, public facilities, easy maintenance, SPS will be widely used in
electric power engineering. They can operate anywhere in the world both at the
equator and in Antarctica. At the same time, ambient temperature and the availability
of water resources do not make any difference for the operation of SPS. Only PV
access to sunlight is necessary.

In a generic form SPS contains PV, the input converters DC/DC, energy storage
system (ESS) and the output converters DC/AC.

PV provides the conversion of solar energy into DC electrical energy. The input
converter DC/DC completes two tasks. The first task is to convert the DC electrical
energy generated by PV into the electrical energy with stabilized DC voltage value.
The second task is related to the requirement to obtain the maximum possible power
from the PV, which depends on the amount of available sunlight, shading, solar panel
temperature and the load's electrical characteristics. As these conditions vary, the load
characteristic (impedance) that gives the highest power transfer from PV changes. The
second task is completed by using the well-known maximum power point tracking
(MPPT) for the applied PV [10]-[12].
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ESS accumulates the electrical energy when the solar energy is “overflowed” or
transmits the electrical energy under unfavorable climate conditions (for example,
when PV is shading) or stabilize the electrical grid by leveling out peak loads.
Usually, ESS contains a chemical electrical energy storage (battery) and a
charge/discharge controller, as the varying voltage and current from the PV array
requires constant adjustment to prevent damage from overcharging.

The output DC/AC converter provides the transmission of electrical energy to a
three-phase AC grid. There are a lot of power circuits of such output converters [13]-
[18]. Among them, single-level DC/AC output converters are widely used in SPS
(Fig. 1), where A1-DC is the input converter DC/DC, A2-AC is the output single-level
converter DC/AC.

Fig. 1. SPS with a single-level DC/AC output converter

The advantage of the single-level A2-AC converter is a simplicity of the power
circuit and of the control system. The disadvantage of the converter is a relatively high
total harmonic distortion (THD) of the output voltage.

Three-level output DC/AC converters can also be used in SPS, as show Fig. 2.
Such A2-AC converters compared to single-level converters have lower THD what is
one of the main advantages. Furthermore, power IGBT with a lower operating voltage
can be used in a three-level converter. Despite the complicated power circuit and
control system, such output DC/AC converters, taking into account these benefits,
may be preferred.
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Fig. 2.SPS with a three-level output DC/AC converter

For SPS showed in Fig. 2 the input A1-DC converter must have bipolar output
voltage. For this case a power circuit is proposed which is presented in Fig. 3 where
Rp and Ry are generalized loads of the power circuit of the three-level output A1-AC
converter and ESS. The advantage of such a power circuit is a one power choke L1
which has a current frequency 2 times higher than a switching frequency of power
transistors. Due to what, the proposed input A1-DC converter has a low mass and

cost.

Fig. 3. The proposed power circuit of the input A1-DC converter

The drawback of the proposed power circuit is that an unbalanced bipolar load
causes the appearance of an asymmetrical bipolar output voltage on C1 and C2
capacitors. Such a case may occur in several operating modes of the three-level output
A2-AC converter. For this reason, in this article, a mathematical description of the
considered input A1-DC converter is developed for the unbalanced bipolar load.
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Il. DEVELOPMENT OF CONVERTER MATHEMATICAL MODEL

We assumed the use of ideal power transistors (VT1, VT2) and diodes (VD1,
VD2) that is:
- the forward drop when transistors and diodes are ON is equal to zero;
- the current flowing through the OFF transistor and diodes is equal to zero;
- the switching time of transistors and diodes is equal to zero.
For the proposed power circuit of converter A1-DC (Fig.3) we have compiled a

system of differential equations according to Kirchhoff's laws [19]-[21] for the vector

of the state variable x; = (iy uc¢ ue)’:

(e = Lﬂ + Ryip + dyrucy + dyraUcs
J ipdy = CEE 4 T2 i By g ()
P N

I( i,dy = chfl c‘”‘“ e v
where R; is active resistance of the choke Ll wmdmg

0,iyry #1 . . o :
i — ¢ Is inverse switching function VT1;

dyry =1—dyry = {1, iy
0, iVTZ .—,t 1

dyr, =1 —dyry = { : is inverse switching function VT2;
dvr2 VT2 =1, iyp, =0 9
ds = dyrq + dyr, IS inverse resulting switching function;

d, = dyr, — dyr, is inverse difference switching function;

+ . - .
A = 258772 js quxiliary variable.
Rpn

Then we passed on to state variables vector:

) Xy = giL Upc  Bupc)’, _ (2)
where up: = ucq + ucy 1S summarized output voltage of C1 and C2 capacitors;

Aup. = ucq — ug, 1S difference of the output voltages of C1 and C2

capacitors.
After several changings (1) we obtained:

e :Ld_iL+RL'L+ﬂd_2+AuDCa

iLd_Z = C duDC + DCBl + AchBZ + uDC (3)
L iLdA = ch”DC +upcB2 + AuDCBl
Ry+R
where B1 = 2P and B2 = 2X==P are auxiliary variables.
2RNRp ZRNRP

After setting x, < x5 (if upc 0)T in (3) we obtained the system of

equations in the steady-state mode:
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T + RN*+Rp

WDy = Unc o pyg, 4)
» _ .+« RN—Rp

i1Dp = upc

P
where i;  and up, are value of current of L1 choke and A1-DC output voltage in

the steady-state operation mode.

The system of equations (4) is a mathematical model of the proposed A1-DC
taking into account the connection to the output bipolar voltage of unbalanced load
(Rw # Rp).

As a result, we defined:

v 1 u*ClZ u*CZZ . uZ‘)CZ RN+Rp
ly =—-|—/—/+—= —

- ’ (5)
E\ Rp Ry 2E 2RpNRp

Inserting (5) into the second and the third equation of the system (4), we
obtained the pulse duty factor VT1 and VT2 (the ratio of the duration, when transistor
Is on-state, to the period) at which the voltages equality on the output C1 and C2

capacitors is achieved:

—1__E RN—Rp

D1=1 " (1+ gmgp)’ (6)
-1 __= _ NTRP

D2=1-= (1 RN+RP), (7)

where D1 =1 — D_z;—m is pulse duty factor of VT1;

Dz—Dp
2

D2=1-

is pulse duty factor of VT2;

Up 1S required output voltage value.
Obtained (6) and (7) at load unbalance Ry and Rp allow to determine the
required duration values of the on-state VT1 and VT2. In case of balanced load (Ry =
Rp), the transistors VT1 and VT2 have the same on-state duration, since (6) and (7)

are the following form:

D1=D2=1—%C. (8)
Additionally, we insert output voltage rise coefficient:
B = % ©)
and a load unbalance coefficient:
R
U= Rp’ (10)
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where R = Ry + Rp is generalized load resistance at nominal converter output power
is provided. In this case, m can take values from 1 to co.

It should be noted that at symmetrical loads (Ry = Rp n) coefficient is equal
to 2.

Taking into account (10) the load resistance of the converter can be expressed

by the following equations:

Rp = R/pu, (11)
RN=R—RP=“T‘1R. (12)
After substitution (9), (11) and (12) in (6) and (7) we obtained:
D1=1—%(,u—1). (13)
p2=1-—, (14)

u
It is known that pulse duty factors D1 and D2 cannot be less than zero. In this

respect we rewrote (13) and (14) as:

D1=1—%(,u—1)>0. (15)

D2=1—%>0; (16)
After mathematical transformations we got:
2 2

Inequation (17) determines boundary values of u, where it is possible to
contribute the equality of voltages on the output capacitors C1 and C2 by regulation of
VT1 and VT2 on-state. Upon that the analysis of (17) shows that when >2 the
equality of the output voltages on capacitors C1 and C2 is ensured for any values of u.

Therefore, to stabilize the output bipolar voltage at unbalanced bipolar load
(Ry # Rp), we propose calculating pulse duty factors D1 and D2 according to the
(13) and (14). At the same time, we must check that (17) is fulfilled.

1. PROTOTYPE TEST RESULTS

The obtained calculation equations and the proposed operation algorithm with
the use of (13), (14) and (17) were tested on a prototype of the converter A1-DC. The
developed prototype has the input voltage 301-470 V DC, the output bipolar voltage
+270 VDC and the output power 21 kW.
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In the power circuit we used SIC transistors of FF6M12KML1 type and driver of
EVAL-FFXMR12KM1DR type. We selected the switching frequency of transistors
VT1 and VT2 equals 25 kHz.

As C1 and C2, we used capacitors with a capacity of 0,77 mF. Each capacitor
has discharge resistors. After the switching off the power circuit, they ensure a
guaranteed discharging of the output capacitors C1 and C2 to a safe voltage 42 V for
60 sec. At the same time, light indicators signal the presence of dangerous voltage on
the output capacitors C1 and C2.

A choke L1 has a E-shaped core. A magnetic core of the choke is made of
electrical steel belt 0.8 mm thick. The choke has the inductance equals to 0.05 mH. It
should be noted that according to the principle of operation of the proposed power
circuit, the operating frequency of the choke L1 is 50 kHz which exceeds twice the
switching frequency of the power transistors VT1 and VT2,

The prototype was tested at input voltages as 310, 370 and 470 V and at
different values of u. As an example, there is an oscillogram of the output bipolar
voltage at u = 0.7 in Fig. 4, where upper curve is output voltage on the capacitor C1
and lower curve is output voltage on the capacitor C2. The tests showed that at
different values of u, the output voltages on the capacitors C1 and C2 differ by no

more than 3%.

I 100v/ 2 100W/ 0.0s 100.0%/

2

Fig. 4. The oscillogram of the output bipolar voltage
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Fig. 5 shows the oscillogram of the output voltage on the capacitor C1 at load-
on and at u = 0,7. As can be seen from the presented oscillogram, the output voltage

takes a steady-state mode after 5 msec.

1 800w 2 -853.68 5000/

Fig. 5. The oscillogram of the output voltage at load-on

Therefore, the tests of the prototype acknowledged the correctness of the

obtained calculation equations and the efficiency of the proposed operation algorithm.

I11. CONCLUSION

The equations are obtained for calculating the pulse duty factor of the power
transistors VT1 and VT2 at which equal values of the output voltages are achieved on
the capacitors C1 and C2 depending on the bipolar load unbalance. The conditions
under which the equal values of the output voltages on the capacitors C1 and C2 could
be achieved are determined.

The tests of the prototype acknowledged the correctness of the obtained
calculation equations and the efficiency of the proposed operation algorithm. At the
same time, the output voltages on the capacitors C1 and C2 differ by no more than 3%
at different values of the bipolar load unbalance.

The obtained results are of interest to electrical engineering specialists who

develop the input converters DC/DC for network photovoltaic conversion systems.
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REMOTE LABORATORY FOR SYNCHRONOUS MOTOR RESEARCH

Abstract: Laboratory experiments is an integral part of the training of specialists in technical areas.
With the development of Internet technologies, new opportunities have appeared for the
organization of laboratories for laboratory work. In addition to traditional laboratories, virtual
laboratories and remote laboratories can be distinguished. In this paper, the brief overview of
existing solutions for the virtual and remote electric machine’s laboratories was presented. Based on
it, we propose our solution for the remote laboratory on electrical machines. The created laboratory
allows conducting experiment on the study of a synchronous machine operating in parallel with the
network. The paper describes the structure of the laboratory bench, as well as the technologies used
to create a control interface for the laboratory bench.

Keywords: electrical machines, engineering studies, 10T, remote laboratory.

I. INTRODUCTION

The course of electric machines is one of the main courses in the field of the
electrical engineering. At the end of the course, students must get theoretical and
practical skills in working with electric machines. Students gain theoretical knowledge
by attending seminars and lectures. To gain practical experience and get acquainted
with the equipment students are able attend laboratory classes in which they study the
main characteristics of machines and investigate various modes of operation of
machines on a laboratory bench.

With the development of Internet technologies, it became possible to transfer
educational activities to online format. This format of study has a lot of advantages,
the main is the access to the learning process from anywhere in the world. This gives
students more flexibility in planning their studies, and also allows to save money for
students living in another city or country. However, that approach has a significant
drawback associated with the organization of practical classes. Unlike theoretical
classes for which all educational material can be presented in the format of video clips
or textbooks, practical classes require interaction with physical equipment. It is
Impossible to get such experience in the conditions of online learning. In order to
bring the experience gained when working with physical stands various virtual

laboratories and laboratories with remote control are being developed.
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Virtual laboratories are software—based laboratories that allow conducting
experiments on mathematical models of the objects under study. Access to such
laboratories can be arranged via the Internet for general use. The virtual laboratory is
distinguished by its versatility and flexibility, since it is based on software. The main
tools for creating virtual laboratories are Matlab or LabView [1,2]. These laboratories
do not provide valuable practical experience, but allow for a deeper study of the
physical phenomena occurring in the object under study. It is also noted that virtual
laboratories improve the perception of the material studied and have more interest
among students compared to physical laboratories [3].

The paper [4,5] presents virtual laboratories based on Matlab and LabVIEW
software. In [4], the authors created a mathematical model of a synchronous machine
connected to the grid. In the article [5], models of induction motors were created for
various modes of their operation.

In the paper [6], the authors developed a virtual laboratory using virtual reality.
The laboratory is designed for the study of electrical machines and transformers. The
virtual laboratory is based on the V-Lab program, which manages hardware and
software resources. The user's interaction with the virtual laboratory is carried out
through a virtual reality headset, which uses sensors to determine the position of the
head and body and transmits this information to a computer for further processing and
visualization. As the authors note, this technology has great interest to students. One
of the main disadvantages of this technology is the large number of wires that need to
be connected from the headset to the computer.

Remote laboratories combine a physical equipment and a computer with
servers running on it. Users get access to the stand via the Internet. When developing
such laboratories, special attention is paid to the software that manages the laboratory
bench. The main task of such software is not only to execute commands received from
the user, but also to monitor the state of the equipment. Matlab or LabView are mostly
used for these purposes[1,3]. These programs also allow you to use them as a

laboratory server. An important aspect in such cases is the design of the user interface
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and the provision of graphical information about the work of the stand[7]. To create a
web application, such software as JavaScript, PHP, HTML is used.

An important feature of the laboratory with remote control is the ability to
integrate them into a single system. In this case, some educational universities would
be able to gain remote access to the equipment of other educational universities. The
task of such unified systems is controlled access to remote equipment and data
storage[8,9].

In the paper [10], the authors developed a laboratory bench with remote control
for the study of electrical machines. Interaction with the bench takes place via the web
interface. Students have the opportunity to adjust the rotation speed of the DC
machine and the excitation current of the synchronous machine. A webcam was used
to visually monitor the operation of the stand.

In addition to the described laboratories, there are hybrid laboratories in which
different types of laboratory work can be combined. As an example of such a
laboratory, an paper [11] can be proposed, in which the authors use Lab-Volt's
software created by Festo Didactic specifically for their experimental equipment. This
software contains an image of laboratory equipment that students must interact with
using a computer. Students can choose the necessary equipment and conduct
experiments on a virtual model. In the future, having mastered the virtual model,
students can conduct the same experiments on a real stand and compare the data
obtained. This approach reduces the risk of damage to expensive laboratory
equipment.

This paper describes the creation of a laboratory to study the characteristics of a
synchronous machine working in parallel with the network. Chapter 2 will describe
the physical part of the laboratory and what the laboratory bench consists of. Chapter
3 will describe the solutions used to organize the control of the bench and carrying out
the experiments. In conclusion, the results are summarized and the experiment results

are given.
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Il.  STRUCTURE OF THE LABORATORY BENCH

The structure of the laboratory stand can be divided into the following
functional units: a personal computer, a control panel, a control box and experiment
hardware consisting of synchronous machine combined with induction motor. The

block diagram of the laboratory bench is shown in (fig. 1).
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Fig. 1. Block diagram of the laboratory bench

An induction motor is used as an actuator device for a synchronous machine in
a laboratory bench. The speed control of the induction motor is carried out by means
of a frequency converter. The frequency converter supports two operating modes:
manual control and Modbus control. For the organization of remote control, Modbus
control was used.

Measuring instruments are present in the control box to control the electrical
parameters of the machines. The devices allow measuring the RMS value of the
current and voltage of each phase for synchronous and induction machines, active,
reactive and full power, as well as the excitation current of the synchronous machine.
All measuring instruments support the Modbus protocol, which will allow
transmitting this data to a computer for further processing and displaying it on web

pages.
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The control panel is used to select the control mode of the stand. Two control
modes are possible: manual and automatic mode. In manual mode, the stand is
controlled using switches located on the control panel. If the automatic control mode
Is selected, the control of the stand goes under the control of the personal computer.
This mode of operation allows the computer to control the stand remotely. The

computer and the control cabinet interact via an OPC server.

[1l.  LABORATORY MANAGEMENT INTERFACE

To be able to control the laboratory bench via the Internet, a control algorithm
was developed. The structure diagram of the algorithm is shown in (fig. 2). The main
element of the control interface is a laboratory PC running an HTTP server and
Matlab.

Laboratory PC
HTTP-server (Web-interface (Apache))

Data
form

Diagram, Commands
experience results
'

) Matlab Web-socket
Experience server
parameters

Forming a set
Data-base| of commands to
Database toalbox perform the experience

Data acquisition

‘Commands

Data

Laboratory bench

Fig. 2. Laboratory management interface

The interaction of users with the laboratory stand is carried out through the
website. The site contains a list of available laboratory work, the necessary
theoretical information for performing laboratory work, as well as the experimental
part. As an assessment of knowledge in the course of laboratory work, students will

need to perform tests of the task before the actual experiment.
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Fig. 3. Matlab model of a synchronous machine connected to the grid

To access the work, the student must go through the registration process. After
registration, a personal account page will be created for him where he will be able to
track the progress of his work. The results of laboratory work are stored in the
database. If desired, a student or a leading teacher can receive data on the result of
laboratory work.

When creating a Web site, the following technologies were used: HTML for the
design of web pages, PHP for organizing the interaction of a Web site with a database,
JavaScript for creating interactive elements, as well as for connecting a web page with
a laboratory stand via the web-socket protocol.

Matlab is the link between the web server and the physical stand. It is connected
to the server via the web-socket protocol and receives commands from it. Based on
the received command, Matlab generates its own commands, which are sent via the
OPC server to the laboratory bench. After carrying out the experiment, Matlab
receives measured signals from the stand to transmit them to the database, which are

then displayed on the user's page.

138



IV. RESULTS

Fig. 4 shows a laboratory bench used for remote laboratory work. The stand
allows you to carry out the laboratory work on the study of a synchronous machine

operating in parallel with the network.

Fig. 4. Laboratory bench for the study of synchronous machines

Laboratory work is carried out using a web interface with the ability to access
from the Internet. Structurally, the laboratory work is divided into several stages. At
first stage, the student is invited to familiarize with the theoretical material. Then,
based on the theoretical material, the student performs assessment tests. After the
theoretical part, the student should familiarize with the methodology of working with
a physical stand on the example of a computer model (fig. 5). On this model, the
student can perform an algorithm for synchronizing the machine with the network and
obtain the V-curve characteristics of the SM. Data of V-curve characteristics are

stored on a Web server in tabular form.
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Fig. 5. Computer model of a laboratory bench

To obtain the table, a Matlab model of a synchronous machine running in
parallel with the network was used (fig. 3). The model consists of the machine under
study, a synchronization system and a control system. The control system allows you
to adjust the rotation speed of the synchronous machine, as well as adjust the electrical
power supplied by the machine to the network. The parameters of the synchronous
machine were taken from the passport data of the Mecc Alte S16W-130 machine [12],
which is installed in the laboratory. Based on the obtained model, families of V-curve

characteristics were removed, which are used in computer model laboratory work.

V-curve

\1//

Enter the excitation current of the synchranous machine as a percentage, separated by a space (0 100%%)

Connection: ON

Fig. 6. V-curve characteristic of synchronous machine
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In the final part of the laboratory work, experiments are carried out to obtain the
V-curve characteristic of a real synchronous machine (fig. 6). To do this, the student
specifies several excitation currents for which he wants to receive the stator current
and sends them. The data gets into Matlab, on the basis of which Matlab performs an
experiment to obtain the V-curve characteristic. At the end of the experiment, Matlab
sends the measured data to a Web page where they are displayed as a graph. Based on
the obtained graph, the student is asked to compare the characteristics of a real
machine and the characteristics of a computer model of a synchronous machine
(fig. 7).

V. CONCLUSIONS

This paper discusses modern technologies used to create laboratories for the
study of electric machines, and also presents its own laboratory for the study of
synchronous machines using Internet technologies. The created laboratory with
remote control is considered as an alternative to traditional laboratories and is offered
to students who do not have the opportunity to conduct laboratory work on a physical
stand. It is also worth noting that the use of Internet technologies expands the
possibilities of providing material in comparison with traditional manuals and

textbooks, because it allows you to use an interactive interface and animation.
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CHANGES IN THREE-PHASE RECTIFIER VOLTAGE
OF AN AUTOMOBILE ALTERNATOR WHILE SIMULATING DIODE
DISCONNECTION

Abstract: The failure of rectified module diodes is one of the key causes of automobile alternator
malfunctions. Assessing the rectifier technical condition for the presence or development stage of
malfunctions based on the monitoring parameters is a relevant problem. The authors develop
analytical expressions for the voltage of a three-phase bridge rectifier when one or more diodes are
disconnected. The article provides a modeling procedure for the diode disconnection in a three-
phase bridge rectifier. It is established that the output voltage of the rectifier is determined by the
number of operating diodes. The authors build a generalized voltage model for a three-phase bridge
rectifier. This model shall help determine the number and location of faulty diodes by comparing
the input and output voltage of the rectifier.

Keywords: Automotive alternator, three-phase rectifier, diode open circuit, fault modeling,
analytical voltage model.

l. INTRODUCTION

The automobile alternator is a synchronous alternating-current electrical
machine; however, most on-board power consumers use direct current. The rectifier
module converts the three-phase alternating current of the stator winding into the
direct current (unidirectional pulsating current, to be more precise) at the automobile
alternator output [1, 2, 3, 4].

The rectifier diode features unidirectional conduction because its resistance
during the direct connection is smaller than during the reverse connection. It passes
the current directly when the voltage reaches a specific value only. For silicon-based
semiconductor diodes that are widely applied in automobile alternators, this voltage
level is about 0.6-0.8 V [5, 6, 7, 8].

Another specific characteristic of diodes is that their in-situ resistance is not
constant; in contrast, it varies depending on the current passing through them. Fig. 1
shows the graphs characterizing the resistance impact on the output parameters of the
rectifier. The chart on the left shows the dependency for an ideal diode. It shows that,
when the voltage level U, is achieved, the diode breakdown occurs, and the current

level does not affect the resistance anymore. The chart on the right shows the
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dependency for a real diode. It shows that after the point where the current starts
passing through the diode, a greater voltage is required to maintain a higher current

level, while the resistance is reducing [9, 10].

Id A Id, A

Up

Va Vg U Va

Y

Ig v
Fig. 1. The diode voltage-current diagram (ideal diode on the left, real diode on the right)

During the reverse connection, the ideal and real diodes behave differently as
well. For instance, the ideal diode does not pass the current under reverse connection
irrespective of the applied voltage value. The real diode has a small reverse current.
When the reverse voltage reaches the breakdown voltage value U,, the reverse
current, which is several hundred-fold smaller than the direct current, increases
dramatically.

The rectifier has several diodes connected in series and/or shunts. The rectifier
module of an automobile alternator may comprise six to twelve diodes or more.

The purpose of this article is to study the voltage changes in a three-phase
bridge rectifier of an automobile alternator during the diode disconnection modeling.

The three-phase bridge rectifier comprises six diodes divided into groups (two
diodes in each group) and connected in series. The output voltage of this rectifier U,
can be described using expression (1) [11, 12, 13, 14]

Uy =U2-=3Uy—Z2I; 1y (1)
where Uy is the output voltage of the rectifier, V; U2 is the alternating voltage at the
rectifier input, V; U, is the threshold voltage of the diode, V; I, is the rectifier

current, A; r, is the ohmic resistance of the diode in the forward direction, Q.
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Il.THE ANALYTICAL MODEL OF A THREE-PHASE RECTIFIER DURING
DIODE DISCONNECTION

Consider a case of the disconnection of one of the diodes in a three-phase
bridge rectifier. Analytically, when one of the diodes is faulty the rectifier voltage can
be expressed as a sum of components corresponding to four periods of the rectifier

operation (Fig. 2).

0 e
t1 12 13 t4 t5 t6

Fig. 2. The voltage generation in a three-phase rectifier when one of the diodes
Is completely non-functional
(the unengaged part of linear voltage is shown with a dashed line)

Each of the periods has its own effective linear voltage value. During the
period tl1-t3, diodes VD3,4 operate to rectify linear voltage Uyy,. Over the
semiperiod, the rectifier voltage shall reach (+/2/m) - U2, while the voltage for this
entire period will be (3v2/4m)-U2. At t3, diodes VD3,6 start to rectify linear
voltage Uy,,. During this period, the rectifier voltage amounts to (2v2/4m) - U2. The
same rectifier voltage is maintained by diodes VD5,6 during the period t4. Finally,
during t5-t6, the rectifier voltage equals (3v2/4m) - U2 again.

The voltage drop in the diode can be determined by the threshold voltage AU
and the losses in the internal ohmic resistance of the diode. The first component
depends on the number of newly connected diodes during each of the periods. Within

t1-t3, two diodes are connected, and the threshold voltage amounts to 2AU. During
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other periods, only one new diode is connected, therefore the threshold voltage
reaches AU.

The ohmic losses in the diode depend on the fraction of the current passing
through the diode. If the diode is active during several periods, its total resistance is
divided by the number of the periods.

Taking the abovementioned into account, expression (2) describes the rectifier

voltage during each period and expression (3) describes the total rectifier voltage.

(Uézﬂ-UZ—ZAU—rd-I—d—I—d-r—d
4m 3 3 2
Uézﬂ.UZ_AU_r_d.I_d_r_d.l_d
) 4 2 3 2 3 o)
3 _2V2 rqg Ig T4 lg
Uj=—-U2-AU—-—-———-=
4m 2 3 2 3
4 _ N2 o A _Td la_ . la
kUd—M U2 - AU e s
Uy =22. 02 —5AU — 57, - 12 @)

2T

Review the cases of simultaneous disconnection of two diodes in a three-phase
rectifier. This can occur in three situations: one of the positive and one of the
negative diodes linked with different alternator phases are disconnected (the Diagonal
option); two diodes linked to one alternator phase are disconnected (the Line option);
and two positive/negative diodes linked to different alternator phases are
disconnected (the Column option).

A.  Diagonal option
Analytically, when one of the positive and one of the negative diodes

connected to different alternator phases are faulty (only four diodes are operational)
the rectifier voltage can be represented as a sum of components corresponding to

three periods of rectifier operation (Fig. 3).

<+ © ©
8388
> > >

0
t1 t2 13 4 t5 16

Fig. 3. The generation of a three-phase rectifier voltage when four diodes are operational
(the Diagonal option)
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During the period t1, there is no voltage at the rectifier output. During the
period t2-t3, diodes VD3,4 rectify linear voltage Uy, . The rectifier voltage for this
period is (3v2/4m) - U2. At t4, diodes VD3,6 start to rectify linear voltage Uyy .
During this period, the rectifier voltage amounts to (2v2/4m) - U2. Finally, during
t5-t6, the rectifier voltage equals (3v2/4m) - U2 again.

Expression (4) describes the rectifier voltage during each period and expression

(5) describes a total rectifier voltage.

Ul—ﬂ-UZ—ZAU—r a_2rq la

d ™ 4m d 3 3 3
Uozl:ii.Uz_AU_r_d.I_d_r_d.I_d (4)

I 41T 3 3 3 3

(U3 =22.p2-pay-22.la_p e
Uy =22 U2 ~ 48U — 4r, - 5)

B.  Column option

Analytically, when two diodes connected to one alternator phase are faulty
(three diodes are operational) the rectifier voltage can be expressed as a sum of
components corresponding to two periods of the rectifier operation (Fig. 4). The

negative diode VD2 cannot pass the current as it does not have a positive counterpart.

b Uy
< ©
[ lse)
[aga]
1 /:ix
0

1 t2 (3 t4 t5 t6

Fig. 4. The generation of a three-phase rectifier voltage when three diodes are operational

During the period t1-t2, there is no voltage at the rectifier output. During the
period t3-t4, diodes VD3,4 rectify linear voltageUy,. The rectifier voltage for this

period is (3v2/4m)-U2. During the period t5-t6, diodes VD3,6 start to operate

rectifying linear voltage Uy, . During this period, the rectifier voltage also amounts to

(3V2/4m) - U2.
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Thus, expression (6) describes the rectifier voltage during each period and
expression (7) describes a total rectifier voltage

vi=22 vz -2av -1 g, 0

3v2 Iq Iqg Ta (6)
Ud__ U2—-AU —r, '?—?'2
Uy =22 U2~ 30U - 31, - )

C.  Line option
Analytically, the rectifier voltage when both diodes connected to one alternator
phase are faulty (four diodes are operational) can be expressed as a sum of

components corresponding to two periods of the rectifier operation (Fig. 5).

Uyn

0
t1 (2 13 4 t5 (6

Fig. 5. The generation of a three-phase rectifier voltage when four diodes are operational
(the Line option)

During the period t1-t3, diodes VD3,4 operate to rectify linear voltage Uy, .
The voltage for this period is (v/2/m) - U2. During t4-t6, diodes VD5,2 start to rectify

linear voltage Uy, again. During this period, the voltage also amounts to (v2/m) -
U2. In other words, this diode fault option is equivalent to the the conversion of the
three-phase rectifier into a single-phase double-semiperiod one.

Expression (8) describes the rectifier voltage during each period and expression

(9) describes a total rectifier voltage

2
8
v2=L.y2 20U -2r, -2

i

{UézQ-UZ—ZAU—Zrd-I—d

Ug =22 U2 — 4AU — 4rg -2 (9)
Review the cases of simultaneous disconnection of three diodes in a three-

phase rectifier. For this situation, there are three options possible: chequer-wise
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disconnection (e.g., Positive in phase v, and two negatives in phases u and w); the
disconnection of three positive or three negative diodes; and the disconnection of two
diodes connected to one alternator phase and one diode connected to another phase
(the Elbow option).

If three diodes are disconnected chequer-wise, the situation is similar to the
Column option reviewed above. When three positive or three negative diodes are
disconnected, there is no voltage at the rectifier output because the remaining diodes
do not have an operable counterpart.

D. Elbow option

Analytically, when two diodes connected to one alternator phase and one diode
connected to another phase are faulty (two diodes are operational) (Fig. 6) the
rectifier voltage can be represented using expression (10). The positive diode VD3

cannot pass the current as it does not have a negative counterpart.

Uy =202 - 200 - 214 1, (10)

During the period t1-t3, diodes VVD2,5 rectify linear voltage Uy, . The rectifier
voltage for this period is (v2/m) - U2. During the period t4-t6, there is no voltage in
the rectifier. This diode fault option is equivalent to the conversion of the three-phase

rectifier into a single-phase single-semi period one.
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Fig. 6. The generation of a three-phase rectifier voltage when two diodes are operational

Review the cases of simultaneous disconnection of four diodes in a three-phase
rectifier. There are two options available: if the remaining diodes in operation have

different polarities, we refer to the Elbow option; if three of the diodes are
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positive/negative, there is no voltage in the rectifier. The last option is also valid for

the simultaneous disconnection of five or six rectifier diodes.

1.  MODELING PROCEDURE FOR THE DIODE DISCONNECTION
IN A THREE-PHASE BRIDGE RECTIFIER

The experiment was carried out with a specialized stand. The rotor winding of
the alternator (14 V, 90 A) was connected to an external in-lab power source used to
adjust the current value. The alternator rotor speed was adjusted with the help of a
frequency converter controlling the operation of a three-phase asynchronous motor
(380 V, 2.2 kW) [19, 20].

The voltage was measured at the rectifier input U2 (the linear voltage of the
stator winding phases) and at the rectifier output U, [15, 16, 17, 18]. The rectifier
current I; was adjusted using the voltage drop assessment at the current shunt
connected to the load circuit.

The alternator connection diagram for the metering equipment used during the

experiment is shown in Fig. 7.

Fig. 7. The equipment connection diagram for the alternator using a three-phase rectifier
A1-A43 is the Bluetooth OWON B41T+ multimeter; E£1 is the MAISHENG MP3020D direct
current power source; M1 is the electric drive motor; L1 is the alternator rotor winding;
QF1 is the automatic switch; R1 is the loading rheostat; S1 is the load-breaker; VD1-VD6 is
the rectifier
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Fig. 8 shows a BIT105 three-phase automobile alternator rectifier comprising
two aluminum heat-removal plates with pressed-in diodes (three positive and three
negative ones). Two more ports in the heatsinks are vacant as modern alternators do
not have powerup diodes for the rectification of the third harmonic of alternating

voltage.

Negative diodes
Heatsinks

Stator winding

Fig. 8. The three-phase rectifier design for an automobile alternator

The disconnection of one or more diodes was modeled by their physical
disconnection from the rectifier circuit. This was achieved by cutting the link
connecting the phases of stator winding to a pair of rectifier diodes (Fig. 9).

Fig. 10 shows the experimental load characteristics points for an operable
rectifier and rectifiers with one or more faulty diodes. Solid lines show the solutions
calculated with the formulae (3), (5), (7), (9) and (10). The discrepancies between the
calculated and experimental data do not exceed 2%.

The generalized model of a three-phase rectifier can be represented with the

following expression:

Uyj="2.y2—k-au-L.r,.1a (11)

27T m n

where k is the number of operable rectifier diodes; m is the number of parallel
branches in one phase; 1/n is the maximum current fraction per diode over a semi

period.
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’ @

Fig. 9. The physical modeling of diode disconnection for a three-phase rectifier

of an automobile alternator

a) operable rectifier (six diodes); b) one faulty diode; ¢) two faulty diodes in different
phases; d) three faulty diodes (in each of the phases); e) two faulty diodes in one phase
(phase disconnection); f) four faulty diodes (one phase disconnected + one of the diodes

vd (V)

Rectifier voltage

faulty in other phases)

(O Experimental values

— (Calculated values

Three-phase rectifier

Three faulty diodes

G gt
RO s -
006
O~C—0 0

Recurﬁ er current Id (A)

Fig. 10. The load characteristics of a three-phase rectifier

IV. CONCLUSIONS

The failure of rectified module diodes is one the key causes of automobile

alternator malfunctions. Thus, the problem of determining the technical condition of

the rectifier based on the assessment of its output voltage is a relevant one.
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Analytically, when one or more diodes are faulty the rectifier voltage can be
expressed as a sum of components corresponding to the respective periods of the
rectifier operation. Each of the periods has its own effective linear voltage value. The
voltage drop in the diode can be determined by the threshold voltage AU and the
losses in the diode’s internal ohmic resistance. The first component depends on the
number of newly connected diodes during each of the periods. The ohmic losses in
the diode depend on the current fraction passing through the diode. If the diode is
active during several periods, its total resistance is divided by the number of the
periods.

The authors present a modeling procedure for the diode disconnection in a
three-phase bridge rectifier. The disconnection of one or more diodes was modeled
by their physical disconnection from the rectifier circuit. This was achieved by
cutting the link connecting the stator winding phases to a pair of rectifier diodes.

It is established that the output voltage of the rectifier is determined by the
number of operating diodes. The authors provide a generalized voltage model for a
three-phase bridge rectifier. This model shall help determine the number and location
of faulty diodes by comparing the input and output voltage of the rectifier.

The developed model will form the basis of an onboard device, which will

allow to quickly identify the cause of faults in the power supply system of vehicles.
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PRESSURE SENSOR CHIP WITH NEW ELECTRICAL CIRCUIT
FOR 10 KPA RANGE

Abstract: Characteristics of high sensitivity MEMS pressure sensor chip for 10 kPa utilizing a novel
electrical circuit are presented. The electrical circuit uses piezosensitive differential amplifier with
negative feedback loop (PDA-NFL) based on two bipolar-junction transistors (BJT). The BJT has a
vertical structure of n-p-n type (V-NPN) formed on a non-deformable chip area. The circuit
contains eight piezoresistors located on a profiled membrane in the areas of maximum mechanical
stresses. The experimental results prove that pressure sensor chip PDA-NFL with 4.0x4.0 mm? chip
area has sensitivity S = 10.1 + 2.3 mV/V/kPa with nonlinearity of 2Ky_. = 0.26 = 0.12 %/FS
(pressure is applied from the back side of pressure sensor chip).

Keywords: Pressure sensor, differential amplifier, negative feedback loop, temperature
compensation.

1. INTRODUCTION

Large percentage of measurements in INDUSTRIAL applications (automotive,
process control, aviation, space, medical, power plants) and in R&D (fluid
mechanics, robots, biophysics, acoustics, geophysics and others), are linked to
measurements of pressure, flow, level, consumption of fluid and made with help of
pressure sensors. The pressure sensor market (after first-level packaging) is currently
growing with CAGR of 3.8% and will reach $2.0B in 2023 (vs $1.6B in 2016) [1].
Majority of pressure sensors utilize either piezoresistive or capacitive principle of
operation. Growing demand for pressure sensors stimulates development of novel
types of MEMS pressure sensor chips with improved performance, including higher
sensitivity, better accuracy, and smaller die size. The chip area is “main price” which
determines sensor output characteristics and its cost. Often piezoresistive pressure
sensors assume a similar kind of circuit - this is the Wheatstone bridge. The most
influential geometric size of membrane is thickness of thinned membrane part, which
will be reduced to a certain limit [2]. Many developments consider the possibility of
MS increase in piezoresistor (PR) areas by combinations of mechanical concentrator
in the form of rigid islands (RIs) or complex shaped mechanical structures [3-10].
Such mechanical structures are created by using deep reactive ion etching (DRIE) of

both back and top side of pressure sensor chip. The use of DRIE is rather expensive
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process in mass production. Another option for improving pressure sensitivity is
related to introducing active elements as transistors to electrical circuit formed on
pressure sensor chip. The proof of this method will be presented below for

differential pressure range of 10 kPa.

2. STRUCTURE AND MODELING

This research shows us, that sensitivity can be increased due to the use of new
electrical circuit utilizing bipolar junction transistor (BJT) at MEMS pressure sensor
chip operating for pressure range of -10...+10 kPa. The pressure sensor chip utilizes
electrical circuit with BJT-based piezosensitive differential amplifier with negative
feedback loop (PDA-NFL) [11-17]. Advantage of the selected electrical circuit
relative to classic Wheatstone bridge circuit is in the possibility of combining of a
larger number of PRs (8 instead of 4) because BJTs are three-pole devices (Fig. 1).
The certain combination of nominal values of PRs and their dependence on
mechanical stress allows for larger changes of BJT collector potential. The difference
between these potentials is used as the circuit output signal. The NFL in electrical
circuit allows for reduction of the temperature dependence of the BJT base potential
so temperature dependence of the output signal can be reduced. The circuit works at
the same supply voltage Usup = 5.0 V as it usually uses for Wheatstone bridge.

4 1 4
L

Fig. 1. Pressure sensor chip PDA-NFL:
a — electrical circuit with indicators of change direction for PRs when pressure is applied
from the back side of chip; b — top view of chip
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At the design phase, electrical circuits were studied using both analytical
methods and modelling in NI Multisim software (Fig.2). Dependence of die output
signal on pressure AU(AP) was derived based on known values of piezoresistive
coefficients, data on mechanical stress distribution obtained with ANSYS (Fig. 3) and
results of modelling of I-V characteristic obtained in Synopsys TCAD software
(Fig. 4).
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Fig. 2. Values of electrical circuit components for PDA-NFL chip loaded by pressure
and temperature from NI Multisim software
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It is necessary to define some input parameters for analysis of BJT, because the
operation point of BJT for developed circuit must found. Geometrical parameters of
membrane are shown in Fig. 3 and Table 1. Target values of piezoresistors and
operating points of BJTs are listed in Table 2.

NI Multisim software was used for a detailed analysis of circuit parameters.
The circuit was modelled by combining discrete elements with predetermined
parameters. Gummel-Poon model was used for BJT description. Reverse current of
collector junction was calculated based on analysis of a stand-alone transistor with a

requirement of getting base current of I, = 0.3 pA at a given emitter-base voltage Uy-

56,046
50441
44,837
39,232
3362
28,023
2418
16,314
11,209
5,6046
1,0815e-5 Min

a

Fig. 3. Back view of pressure sensor chip PDA-NFL and schematic image for cut of chip
mechanical part with geometrical indicators and distribution of the mechanical stress
(von Mises by ANSYS) between rigid islands (RI)
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Fig. 4. Structure of BJT V-NPN transistor (a) and dependence of gain § on base current (b)
in Synopsys TCAD software

Modelling results for electrical circuit when sensor chip is loaded by AP = 10
kPa (Fig. 2a) pressure and temperature AT = 10 °C (Fig. 2b) is presented. To
illustrate temperature dependence of circuit parameters, left side of the circuit is
shown with parameters affected by temperature increase by 10 °C (T, = 37 °C) while

the right side shows circuit parameters at temperature Toom = 27 °C.

Table 1
Geometrical Parameters of Pressure Sensor Chip PDA-NFL
Geometrical Parameter Size, pm

Chip side L (square) 4000

Thickness of tinned membrane part W 12
Thickness of thickened membrane part H 410
Membrane side A 2280

Groove width between RIs or RI and chip frame D 28
Length of Rl edge Z 680
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Table 2
Parameters of PDA-NFL Circuit

Parameters Value
Base current Iy, A 4.6
inolar i . Gain B 145
Blpfr:; SJiL;:Ocrtlon Emitter-base voltage drop Uem-n, V 0.80
Collector-base voltage drop Uc.p, V 0.80
Collector potential U, V 2.79
Rbll, b21, KOhm 4.5
Resistors Rozz, b2z, KONM 30
Rc]_’ c2, KOhm 3.3
Reml, em2; KOhm 1.8

3. FABRICATION PROCESS

Pressure sensor chips were manufactured using (100) p-type Si wafers
(diameter 3 inches) with n-type epitaxial layer. It is necessary for separating the BJT
regions on chip area. Isolation diffusion areas (p*) extending through full thickness of
epi-layer are used to electrically isolate BJTs and PRs. P-type substrate is connected
to ground. PRs contain high-doped p*-type regions (Ng+ = 7.4-10"° cm?, Xjp+ = 3.6
um, Rgpe = 17 Ohm/cm?) connecting the bond pads located on the frame with low-
doped p-type regions described early. The closest metallization region of aluminum
with thickness of 0.8 um is located at minimum distance of 80 um from the thinned
part boundary of membrane. It is necessary to reduce negative properties, which were
associated with a significant difference between the linear coefficients of temperature
expansion for silicon and aluminum. Although this type of substrates allows for
electrochemical etching with etch stop and p-n junction, that option was not used for
membrane fabrication. Membranes formed using timed wet etching had significant
thickness variation. Consequently, output parameters also had large variation. In
further studies, preferably, mechanical structure should have membranes formed
using micromachining process with etch stop — either DRIE or wet stop etching [18-
22]. Technological route for processing pressure sensor wafers: 1. Oxidation; 2. The
sequence of cleaning, photolithography and doping steps, including: a. boron for

isolation areas and creating contact to the substrate, b. boron for high-doped PR
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regions, c. boron for low-doped PR regions and BJT base areas, d. phosphorous for
BJT emitter and collector areas; 3. SisN4 deposition as protection layer for membrane
etching; 4. Cavity photolithography on the back side of the wafer; 5. Wet anisotropic
etching of membrane in 30% KOH aqueous solution at T = 85 °C; 6. Wet isotropic
etching of membrane in a mixture of HF : HNO; : CH3;COOH (2:9:4); 7. Removal of
SizN,4 layer; 8. Photolithography and etching to open contacts; 9. Sputtering of Al-Si
(1.5%); 10. Photolithography and metal etching to define metal lines and bond pads;
11. Dicing. Pressure sensor chip PDA-NFL was bonded to a silicon support and

placed on Kovar case (Fig. 5) for testing of its characteristics.

Fig. 5. Assembly of pressure sensor PDA-NFL

The silicon support consists of an inter-mediate element and a pedestal, which
are connected by low-temperature glass. The sensor assembly allows for measuring
differential pressure. All samples were exposed to temperature and pressure cycling

to remove residual assembly stress before functional testing [23-28].

4. COMPARATIVE ANALYSIS

18 samples of pressure sensors with PDA-NFL chip were compared with
similar products utilizing Wheatstone bridge circuit having the same pressure range
of 10 kPa. As an analogue, a pressure sensor chip with an area of 6.15x6.15 mm? is
used, which is 2.36 times more than in the proposed development. This analogue is

produced on the same technological line as the PDA-NFL chip. Sensitivity and
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related parameters reported from measurements where pressure was applied from the
both sides. The values of the zero output signal, sensitivity and nonlinearity are

presented in Table 3.

Table 3
Parameters of Zero Output Signal, Sensitivity and Nonlinearity
The circuit of Chip Wheatstone
Parameters Symbol Units PDA-NFL bridge

Sensitivity Change of signal AUjg mV 505.5+115.6 87.0 +14.7

(pressure f_rom Relative value S mV/V/kPa 10.11 +£2.31 1.74 £ 0.29
the back side)

Sensitivity Change of signal AUjg mV 513.9+115.6 88.8+15.0

(pressure from Relative value S mV/V/kPa 10.28 £2.31 1.78 £ 0.30

the front side)

pressure from the 0.27 £ 0.13 0.04 £ 0.02

Nonlinearity rests)iftl: fsrlgr?] the 2KnL %/10 kPa
P ! 025+0.12 | 0.03+0.02
front side
Limit of zero output signal Uo mV/V <3 <6

Temperature characteristics were measured in two temperature ranges: from -
55 °C to +25 °C and from +25 °C to + 55 °C for temperature hysteresis; from +5 °C
to +25 °C and from +25 °C to + 45 °C for temperature coefficient of zero signal or

sensitivity (see Table 4).
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Parameters of Temperature Characteristics

Table 4

Parameterl-he el ChlF;,ymbol Units PDA-NFL Wtk])i?(;ztg "
nysereasof rero | he back ide 0092004 | 0074007
s | o | o,
ryseret of ero | the back side 0122005 | 004003
125, 45°C ?&2?%?{!%? o | 12005 | 004400
I;ggi;iugl‘j Ii’r:zs;z;i sri(()jr: 0.11+£0.08 | 0.28:+0.05
“aasoc E’éisfr%ft:!%? e 011007 | 029004
Isgt](frzrsiuc;? li’;eesgzgi Srl‘(’;: 0.10£0.08 | 0.28:+0.06
1251359 | the rontside 0102009 | 027004
coeiciont of sero |_the back sice 016+005 | 0142013
signal ~ +5...425 pressurefrpm 0.15 + 0.05 0.14 +0.13

°C the frontfsrl(;j; TCZ
CO(;rfzr;_E(ra\:ag?rzeero ?rr]zsgz::f( side 0.12+0.06 0-10=0.09
| hetonsn
eyl [
il e,
12545°C | e frontside 216049 | 203+003

Overload pressure (proof pressure) testing was done from both sides at 60 kPa.

Stability of output signal was tested for 9 hours (see Table 5).
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Parameters of Stability and Influence of Overload Pressure

Table 5

The circuit of Chip Wheatstone
Parameters Symbol Units PDA-NFL bridge
Stability of zero pressure from
output signal the back side dUs:, 0.02+0.02 0.02+0.01
- e pressure from
Stability of sensitivity the back side dUsts " 0.03 +£0.03 0.03 £0.02
pressure from
Influence of overload the back side du 0.01+0.01 0.04+0.04
over
pressure pressure from 0.01+0.01 | 0.02+0.02
the front side

The output signal noise was estimated as RMS value of output voltage

fluctuation for 5 minutes (see Fig. 6, measurements each 1 second).

15

10

Noise AU, e, pvV
o 5]

'
(1]

-10

-15

o LI #hy LI"'

m “1 # MU” I lu

1 2 3 4 5
Time t, min

Fig. 6. Noise of output signal for pressure sensor PDA-NFL

S. REFERENCES

The development of new type of pressure sensor chip using the original

electrical circuit PDA-NFL with bipolar transistor V-NPN is presented. Based on the

constructed theoretical

model the pressure sensor chip was technologically

implemented to measure the differential pressure range of 10 kPa. The results of

comparative analysis for the development and analogue with Wheatstone bridge
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proved advantages while maintaining the supply voltage for the electrical circuit (5V)
and the range of measured pressure (10 kPa):

1. Sensitivity is increased by 5.8 times;

2. Chip area is reduced by 2.4 times;

3. All parameters of temperature characteristics have the same low range of
values. 0.3% for hysteresis and 0.3%/10°C for coefficient;

4. Stability for 9 hours is the same for two types of chips up to 0.05%;

5. The influence of overload pressure is not more than 0.05% for two types.

6. The ratio between signal to noise is more than 3.5x10* in two cases.

There are minor disadvantages in terms of nonlinearity error and zero

output signal, but it is significantly critical for the current situation among the

performance of other pressure sensor chips [29-38].
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Nesterov S. A., Kazakov Yu. B., Morozov N. A.
Ivanovo State Power University

RESEARCH OF MAGNETORHEOLOGICAL DAMPER
WITH MAGNETIC SPRING EFFECT

Abstract: The magnetic spring effect exists in all electromechanical devices with the limited
dimensions of poles. Change of magnetic conductance of the system under the relative poles
movement causes the appearance of magnetic tension forces. These forces have their original
features in magnetorheological dampers which allows you to change the power characteristic of the
damper.

Keywords: Magnetorheological fluid, magnetorheological damper, magnetorheological suspension,
poles, viscosity, magnetic forces.

I. INTRODUCTION

The magnetic spring effect is known. It is expressed in the appearance of the
forces counteracting the appliance of device’s elements, if the magnetic conductance
Is changing [1-4]. For instance, the forces appear when the permanent magnets of the
same polarity approach and two magnetoconducting details have lateral movement.
The appearance of the magnetic spring effect in magnetorheological devices is
possible under the displacement of non-magnetic element in a gap with
magnetorheological (MR) fluid. MR dampers [5-9] with a magnetic spring effect

should have the alternate areas with high or low magnetic conductance. The piston’s
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displacement should change the magnetic conductance of the system and, as a result,
the magnetic spring force appears.

The features of a magnetic spring effect in MR damper and the possibilities of
its usage for the increase of MR dampers work efficiency should be found out. The
MR fluid influence on the magnitude of appearing forces, the nature of their change,
the combination of magnetic forces’ actions and viscous resistance to the piston’s
movement in the magnetic field of the device need to be valued. The effects of a
magnetic spring in statics, when the piston is slowly displacing and when the piston is

in harmonic motion should be brought out.

II. LABORATORY FACILITY

The model of investigated MR damper (Fig. 1) [10] consists of two rectangular
non-magnetic walls, that both have two steel poles divided by non-magnetic insert.
MR dampers ends are closed by non-magnetic sidewalls, a cover and a bottom. The
piston with ferromagnetic elements consists of two ferromagnetic prisms (10x10x30
mm), which are divided by non-magnetic insert (10x10x30 mm). The total height of
the piston is 30 mm. The non-magnetic piston is solid and has a height of 30 mm and
a thickness of 10 mm. The gaps between the piston and the body’s surfaces are 2 mm
on each side. The scale of the gaps between the piston and the body is defined by

guideways on the piston’s sides that are moving in grooves of the piston’s sidewalls.
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Fig. 1. MR damper with magnetic spring effect:
Initial piston’s positions during oscillations: a — position 1; b — position 2

The research of a magnetic spring effect was held in static and dynamic modes.
A steady external magnetic field that held the model was provided by the poles’ ends
of the magnetizing device (diameter is 120 mm) (Fig. 2). The force on the piston was
measured by resistor strain-gauge YZC-516C. The strain-gauge’s signal was
translated to the computer’s input through the input-output board PCI 6023E. The
strain-gauge’s positive signal corresponds to a tension, negative — t0 a compression.
A measure of the magnetic induction was held by teslameter WT10A. Its probe was
placed between the damper’s body and the electromagnet’s pole. The induction inside
the damper was defined on basis of previously detected dependence inside and outside
the damper. The piston’s oscillation motion was created by a crank mechanism from

the engine with regulated rotation frequency.
r
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Fig. 2. Scheme of the research device
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1. THEORETICAL FOUNDATION

When the piston moves, the buffer space between the poles is filled with the
MR fluid. Without taking into account fringing fluxes, the total conductance with a

magnetic piston with infinite magnetic permeability is determined by the following

expression:
bL xL a

G = Mol — — Hgh = ———— 1
M = Holt 25 HoHt 25 (a+20) (1)

and with a non-magnetic piston:

bL xL xL

Gy = - - 2
H = ol s TR s MM s (2)

where b — width of the pole, a — thickness of the piston, x — displacement of the piston,
o — gap between the pole and the piston, p — relative magnetic permeability of the MR
fluid, L — dimension along the third coordinate position (across the piston movement).

The forces effecting on the piston during its displacement are proportional to
the derivative of the total magnetic conductance between the poles. The derivatives of

the piston displacement x are determined by the following expressions:

4Gy, L 1

ax M5 s 2574) ] (3)
dGy, L p—1
ax MR W 28/a)(n+25/a) “)

These expressions show that the force is inversely proportional to the gaps
between the piston and the poles effects on it against the movement and aims to return
the piston to its original position if the piston is made of a magnetic material. The
force is inversely proportional to the thickness of a non-magnetic element and helps to
push it out of the gap between the poles if the piston is made of a non-magnetic
material. The ratio of the forces with a magnetic piston FM and a non-magnetic one
FH:

P _ a (n+25/a) |
Fi 20 (n-D) M
It is obvious that the force of a magnetic spring depends on the piston size, its

magnetic properties and the gaps.
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IV. MATERIALS AND METHODS

The research of the magnetic spring forces was held with the usage of MR fluid
on basis of PES-4. Carbonyl iron of the average dispersion (2.1 pm) and magnetite
(10 nm) were added to the fluid base in equal proportion. The total volume fraction of
magnetic phase is 0.2. The rheological dependences of MR fluid are shown in Fig. 3.
The relative magnetic conductance reduces from 2.1 on the initial part of the

magnetization curve to 1.4 when the magnetic induction is 0.5 T.
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Fig. 3. Rheological curves of MR fluid used in model

Static power characteristic of the damper was originally taken without MR fluid
that allowed to take into account friction forces and warp forces of the mobile piston
with and without magnetic field. Under the magnetic field the friction force increases
because of one-sided tension that becomes apparent in the piston with magnetically
conductive poles. Then, the power characteristic of the model with MR fluid was
taken with and without a transverse magnetic field from 0.00 to 0.40 T. MR fluid
filled all the model’s volume: a work area and buffer spaces on the top and bottom.

The piston moved on 2 mm every 5 minutes in the static mode. The value of the
force on the piston was fixed. The motion was realized from the down position up 40
mm. Then, the piston moved down to the initial position with the same step. The
piston’s motion in statics is two times as much than its movement in dynamics to

involve all range of possible piston’s positions.
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The model’s resistance force without a magnetic field was subtracted from the
received forces on the piston in the presence of MR fluid and a magnetic field. The
force dependences resulting from a magnetic spring effect and a yield stress of MR
fluid were received as a result. The difference in the forces’ modules needed for the
pole’s movement up and down is equal to the double value of magnetic spring force
with the sign ‘-, if the positive forces’ value is upward direction. The modules’ sum
of motion forces is equal to the double value of the forces appearing due to structuring
of MR fluid in a magnetic field. This force has always the opposite direction towards
the piston’s shift in any side.

Dynamic research for each piston’s variation was held with the oscillation
frequencies equal to 0.2-0.4-0.6-0.8-1.0 Hz and magnetic induction 0-0.05-0.10—
0.15-0.20-0.30-0.40 T. The experiments were held with the amplitude of 10 mm
from two initial positions (Fig. 1) at room temperature. Transitional processes weren’t

taken into account.

V. ANALYSIS OF THE RESULTS

The curves of the forces’ change on the piston with and without MR fluid under
the change of a magnetic field are shown in Fig. 4. The appropriate positions of the
piston are shown under X-axis, and the direction of the motion is marked with arrows.
Mechanical resistance forces in all taken curves are equal that allows to take them into

account during the analysis of the experimental results.
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Fig. 5. Dependence of static resistance force of damper

When the piston is moved upward, its ferromagnetic part leaves the gap

between the poles and a restoring force is appeared. During the further piston’s

movement both of its ferromagnetic parts begin to interact with the poles of the body

and the forces grow. It is necessary to hold the piston in the right position, which gives

negative values of the strain-gauge. When the piston is in a symmetrical position with

the poles, the magnetic spring force decreases to zero. During the further upward

movement a significant force is appeared firstly, but by the end of the movement it
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decreases to zero. Moving the piston down gives similar results. Filling the MR fluid
model leads to a smoothing of the magnetic spring effect (Fig. 5).

The MR fluid yield stress in a magnetic field increases, and the signal of strain-
gauge remains positive when the piston is from -10 to 0 mm. However the change of
the magnetic spring force remains the same: firstly it is directed downward and
increases the driving force, then it changes the direction (the resultant force
decreases), after zero position the downward force increases and decreases to zero
gradually. Viscous forces decrease when the length of the gap decreases.

It is possible to separate the magnetic spring forces and the MR fluid shear
stress for different values of magnetic induction in the external magnetic field. The

curves for the piston with ferromagnetic elements are shown in Fig. 6, 7.
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Fig. 6. Magnetic spring forces in magnetic piston
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Fig. 7. Forces appearing because of MR fluid yield stress

The forces connected with the MR fluid yield stress in a magnetic field are
more than the forces from the magnetic spring effect. This is especially noticeable

during weak magnetic fields where the magnetic spring effect is weak. The MR fluid
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yield stress is maximum when the piston is in a symmetrical position with the poles
(the magnetic spring forces are practically zero).

During the research of MR damper in dynamics the piston’s harmonic
oscillations were in two initial positions (Fig. 1). The upper and lower edge of the
piston coincide with the edges of the body’s poles in “position 1 (Fig. 1a). The
piston’s upper edge coincides with the lower edge of the body’s upper pole in
“position 2” (Fig. 1b). The harmonic oscillations of the piston were up and down
relative to these positions with the amplitude of 10 mm.

When a non-magnetic piston moves, the hydrodynamic resistance grows during
increasing shear rate in the gap (Fig. 8). At high values of magnetic induction in the
working area (0.3 T and more) hydrodynamic resistance plays a major role in the
formation of the power characteristics in the damper with a nonmagnetic piston. The
magnetic spring effect affects the displacement of the maximum force to the region of
the piston’s penetration into the gap between the poles (curve 2).

During harmonic oscillation of the piston with ferromagnetic elements the
change of force depends on the average position (Fig. 9).
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Fig. 8. Resistance forces of damper during oscillation motion
B = 0.4 T for non-magnetic piston: 1 — “position 1”’; 2 — “position 2"
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The piston starts to move upward at the moment of the maximum magnetic
spring force from “position 1”. The both piston’s ferromagnetic elements make this
force. The speed of movement is still low and the magnetic force directed against the
hydrodynamic force is expressed in the reduction of the resultant resistance force.
Then, the magnetic force decreases rapidly, and the hydrodynamic force increases.
After the piston passes the middle position the speed of motion decreases, but the
magnetic force changes its direction, and the resultant force decreases slowly. When
the position reaches its upper position, its speed decreases.

Moreover, the magnetic force decreases too when the piston’s ferromagnetic
elements leave the gap between the poles. The downward movement of the piston
proceeds in the same way as the upward movement.

In the second case, the upward movement of the piston begins from “position
2”, where the magnetic force is made by only one ferromagnetic element, but it is
directed downward against the movement of the piston, and the resistance force
increases. When the movement speed increases, the share of the hydrodynamic force
increases too. When the piston passage the middle position, a maximum magnetic
force appears, but it is directed upward. The change in the direction of the magnetic

force is expressed in a decrease of the resultant force, despite the fact that the length of
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the piston section located in the area of maximum inductions increases. After the
ferromagnetic parts of the piston partially enter the gap between the poles, the
magnetic force decreases to zero, and the resultant resistance force decreases sharply.
The downward movement of the piston is characterized by a sharp increase of
the magnetic force at the moment when the ferromagnetic parts of the piston leave the
gaps between the poles. The resistance force increases in a peak-like way because of
the opposite direction of the magnetic force. Then the magnetic force becomes co-
directed with the driving one, and the resultant force decreases by almost 20 N in
comparison to the upward piston’s movement. The achievement of the lowest position

Is characterized by a sharp decrease of the force.
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Fig. 10. Dependence of maximum resistance force of damper on magnetic induction.
Non-magnetic piston: a — upward movement; b — downward movement

The dependences of the maximum resistance force on the magnetic induction
(Fig. 10) are plotted according to the time-force oscillograms. It is seen that the
maximum force depends on the magnetic induction and almost does not depend on the
oscillation frequency. However, when the induction increases the dependence of the
maximum resistance force on the oscillation frequency increases. The activation of

MR fluid is not observed at low values of magnetic induction. It becomes possible to
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influence on |[MR fluid with an external magnetic field only after reaching the values
of 0.1 T and more. When the external field is 0.4 T, the force controlled by the

magnetic field is 68 %. The minimum uncontrolled resistance force is about 32 %.
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Fig. 11. Dependence of maximum resistance force of damper on magnetic induction.
Piston with ferromagnetic elements: a — upward movement (position 1); b — downward
movement (position 1); ¢ — upward movement (position 2); d — downward movement
(position 2)

In the area of large magnetic fields the influence of the MR fluid flow velocity
becomes more noticeable. The piston with ferromagnetic elements increases the
efforts against the piston’s movement in comparison to a non-magnetic piston, by 20
% when it moves upward and by 38% when it moves downward from the initial
“position 2” (Fig. 11). The proportion of the force controlled by the magnetic field
increases from 71 % (upward movement) to 75 % (downward movement). At low
piston speeds the ratio of the magnetic spring and magnetic viscosity forces depends

on the initial position of the oscillation process.

VI. CONCLUSION

Thus, the obtained experimental data show that the usage of the damper with

alternating areas of high and low magnetic conductivity expands the possibilities for
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forming the resistance force in the MR damper. The increase of the magnetic field to
0.4 T causes the increase of the resistance force in the damper by 4 times. The
proportion of the resistance force to the piston’s movement is 75 % of the total force.

The piston made of a non-magnetic material causes a weak effect of the
magnetic spring forces in comparison to the magneto-viscous forces. The magnetic
spring effect is expressed more strongly in a piston with ferromagnetic elements.
However, the non-magnetic piston provides self-centering relative to the body and
reduces friction forces. It can be important when designing the MR damper for small
energy oscillations.

At low piston speeds the viscous forces are small and the magnetic spring
forces and the yield stress of MR fluid in a magnetic field are important. This will be
especially evident when the values of magnetic induction are more than 0.5 T (the
possibility of MR fluid structuring will run out, and the magnetic spring effect will
increase). Its usage will improve the efficiency of damping at small oscillation
amplitudes and frequencies.

It is possible to obtain an asymmetrical force characteristic by changing the
initial piston’s position: to increase the rebound force and reduce the compression
force. Previously it was achieved by using valves and spools. The rejection of moving
parts increases the reliability of the damper.

The existence of a large number of pole pairs on the piston and the body
increases the magnetic spring forces. The value of the resistance force will be
determined by the minimum number of pole pairs on the body or the piston. In
addition, the length of the working area must be commensurable with the poles. If the
oscillation amplitude is high, then the existence of the working area of the same size
can increase the MR dampers size to inadmissible limits. Therefore, the MR dampers

design should take into account a lot of different factors and requirements.
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MANAGEMENT OF STREET LIGHTING INSTALLATIONS
IN CHANGING ENVIRONMENTAL CONDITIONS

Abstract: A comparative analysis of existing street lighting installation (SLI) control algorithms has
shown that modern implementation of energy-efficient control algorithms doesn’t take in account
the requirements of regulatory documents to ensure the normative level of illumination of the road
surface. Existing control algorithms based on deterministic methods, which does not provide a high
level of energy efficiency in changing environmental conditions (weather, natural light) and
uncertain initial data (traffic intensity). So, the work proposes to use the mathematical apparatus of
artificial neural networks for the implementation of control algorithms with independent or united
accounting of two input variables: natural luminosity and forecast of traffic intensity. The
developed algorithms for energy-efficient control of the SLI are tested on a simulation model of a
SLI control system created in the MATLAB software. The results of modeling are following: the
implementation of the control algorithm allows to reduce energy consumption of the SLI by 35.9%
due to dimming of the light flux in hours with low traffic intensity, which confirms the energy-
efficient functioning of the SLI, controlled by developed algorithm.

Keywords: Street lighting installations, control algorithm, energy efficiency
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I. INTRODUCTION

One of the focus areas of the development of the electric power industry is the
development of energy-efficient electrical facilities, systems, and complexes. Due to
the fact that the consumption of electric energy by street lighting installations (SLI)
can reach from 15 to 30 % of the total energy consumption of the city (according to
REA report for 2020), the topic of the study is relevant and significant.

The analysis of scientific publications and technical solutions in the field of SLI
design has shown that currently two approaches are mainly used to improve their
energy-efficient functioning: replacement of light sources with more efficient ones
and development of algorithms for energy-efficient SLI management. By the energy-
efficient SLI functioning the ensuring the normative level of illumination of the road
pavement with the lowest electricity SLI consumption is meant, and by the algorithm
of energy-efficient management — a consistent set of operational actions that ensure
the energy-efficient SLI functioning.

The replacement of light sources with more efficient ones is studied in detail in
the research papers of Eisenberg [1], Ovcharova [2], Bondareva [3, 4], Galushchak
[5], and Vagina, Malafeeva [6, 7]. Based on the comparative analysis of light sources
currently used for street lighting, it is concluded that when developing lighting control
systems, it is necessary to focus on LED light sources, since they allow increasing
energy efficiency not only due to higher luminous efficiency, but also by reducing
losses in lighting networks. It is also worth mentioning that LED light sources have
extensive capabilities for regulating power consumption and luminous flux, which is a
significant advantage when used with modern control SLI systems. In connection with
these advantages, when developing energy-efficient control algorithms, the regulation
of the luminous flux specifically for LED light sources was considered.

The issues of the introduction of automated control SLI systems are considered
in the studies of Kazarinov, Barbasova [8-10], Schneider, Vstavskaya [11, 12], and
Sapronov, Nikulichev [13, 14]. In spite of the indisputable value of the conducted

research, it should be noted that the mathematical software used by the authors is
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based on deterministic and stochastic methods, which in changing environmental
conditions (weather, natural illumination) and uncertain initial data (traffic intensity)
does not provide a high level of energy efficiency of the functioning of the street
lighting system.

In the studies of Yarushkina, Yakhyaeva, and Matveyev [15, 16] it is noted that
in problems with changing and uncertain input data it is advisable to use neural
network and fuzzy logic technologies. The use of the fuzzy logic apparatus in the
control SLI systems is considered by Krasnokutsky [17], but the proposed models and
algorithms take into account only the values of natural illumination, without
considering moving objects. The high efficiency of the use of artificial neural
networks in the control algorithms of SLI is noted in the studies of foreign authors
Lavric, Pizzuti, and Moretti [18, 19]. However, the developed models and algorithms
do not take into account the requirements for ensuring the normative level of
illumination of the road pavement.

Based on the aforesaid, the scope of the study is developing an algorithm for
energy-efficient SLI management by two variables: external illumination and traffic
intensity based on neural network (NN) technologies, taking into account regulatory
requirements for road illumination.

First, the implementation of energy-efficient SLI management for each variable

separately as part of a pilot experimental study will be considered.

Il THE ALGORITHM OF ENERGY-EFFICIENT SLI MANAGEMENT
BY THE VALUE OF EXTERNAL (NATURAL) ILLUMINATION
The main purpose of this algorithm is to determine the value of the power
consumption of electric energy by street lighting installations P, which provides the
normative value of the illumination of the road surface Env, taking into account the
natural illumination Eni. It is proposed in the study to determine the SLI power by
means of artificial neural networks (ANN), which have the ability not only to process

large amounts of information, but also to self-adjust and self-learn [20].
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Designed in the study, ANN is implemented in two modes: training and control
of street lighting installations. A three-layer direct propagation network with one
neuron in the input and output layers and 10 neurons in the hidden layer was chosen as
ANN architecture [21]. The binary sigmoidal function was used as the activation

function:

1
1+e” (1)

NN Training. The main task of ANN training was to experimentally determine

f(x)=

the set of training pairs from the population of vectors of input values of natural
illumination {E1, E2, ..., En} and the corresponding output values of the power
consumed by street lighting installations {P1, P2, ..., P}, which ensures energy-
efficient SLI functioning. The ANN training was carried out by the method of error
back propagation, consisting of the following operations:

1. Initialization of the neural network: the input value of natural illumination E
is arrived at the ANN input, for which the values at the output of each of the neurons

of the network are determined as:
a
Y = f(sz,i Y ) ()
k=1

where Kk is the number of the neuron in the previous layer;
I is the number of the neuron in the current layer;
w is the weight of the corresponding link;
Y. IS the value at the output of the neuron of the previous layer;
a is the number of neurons in the current layer.
At the output of the network, a vector of output values of the SLI power Pout is
formed.
2. Adjustment of the SLI power.
In accordance with the condition of deviation of the illumination of the road

pavement by no more than 5 % from the standard:

0.95-E, o <E, , <1.05- Eqormn, (3)

norm = br.p. =

where E, o 1S the normalized illumination, lux;
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Er.p. is the illumination on the road pavement, lux;

the vector of the desired power values P is formed, corresponding to the SLI
power necessary to ensure the illumination of the road pavement with a given natural
illumination E.

3. Adjusting the weights of the neurons connections w. This action is proposed
to be carried out by the gradient descent method. First, the error gradient is
determined:

dPout

Sy = (P —P)-
out ( out ) dS )

4

Next, the values of the change in the weights connecting the neurons are

calculated
AWi, out =11~ 5out 'Yi 5 (5)

where 1 is the learning rate coefficient, 0 <n < 1.
The weights of the connections of neurons are adjusted according to the formula:
W =W AW (5)
where t is the number of the training iteration.

4. End of training. The error of the network is the deviation of the value
obtained in item 1 from the desired value of P for each pair of {Em, Pu}. Training
stops when a predetermined learning error is reached, or when it stops decreasing.

The block diagram of the ANN learning algorithm is shown in Figure 1. The
software implementation of the algorithm is using C# programming language.

Graphically, the function that determines the value of the criterion K1 is shown
in Fig. 1. The average illumination as a percentage relative to the normalized

illumination is shown in the abscissa axis.
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Fig. 1. Block diagram of the operation of the street lighting control system in training mode

The operation of the neural network in the SLI control mode. The main task of
ANN in the SLI control mode is to determine the pairs {Em, Prn} at which the
illumination value of the pavement will meet regulatory requirements.

In this mode, the ANN operation consists of the following actions:

1. Determination of the current values of the natural illumination Eni. Natural
illumination is determined by reading these values from the corresponding sensor.

2. Determination of the SLI power value. This action is carried out with the help
of a trained neural network, at the output of which the SLI power value is formed, at
which its energy-efficient functioning is ensured.

3. Change in the SLI electric power consumption.
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The found desired power value P is fed to the control unit, for example, to a
driver with pulse-width modulation (PWM), which allows for a smooth change in the

power and luminous flux of SLI. The control scheme is shown in Figure 2.

Signal from
the control system

~220v | Driver |P™"M ®

signal

Fig. 2. The power control scheme of SLI

I1l. THE ALGORITHM FOR ADJUSTING THE SLI POWER
BY PREDICTING THE INTENSITY OF TRAFFIC

In accordance with regulatory documents [22], the regulated value of the
illumination of the road pavement can be significantly reduced at low traffic intensity.
In this regard, it is proposed in the study to adjust the value of the SLI power
according to the second input variable — the value of traffic intensity.

In view of the fact that the value of traffic intensity depends on the parameters
of the external environment: day of the week, time of day, type of street, emergency
situations, etc., it is proposed in the study to adjust the SLI power by predicting traffic
intensity based on ANN [23].

To adjust the SLI power, the following sequence of operations is proposed:

1. Determination of the traffic intensity value using motion sensors during the
day. It is proposed to use microwave sensors that have a high range and allow taking
into account the number of moving objects both on the roadway and on the sidewalk
as motion sensors. As a result, a database is formed on the number of vehicles per unit
of time.

2. Forecasting traffic intensity.

2.1 The optimal prediction parameters were determined using NN of direct

propagation consisting of an input layer with a number of neurons equal to the value
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of the prediction depth, one hidden layer with 35 neurons, and an output layer with

three neurons. The hyperbolic tangent function was used as the activation function:

propagation [26].

combinations of forecasting parameters "forecasting depth",

2X
e -1
F00=

+1

(7

NN training was carried out in MATLAB, using the method of error back

The percentages of erroneous forecasting with variable

forecasting interval”,

provided that the "forecasting horizon" was equal to 1, are shown in Table 1.

Table 1

Percentage of Erroneous Forecasts for Variable Combinations of Forecasting Parameters

Prediction depth
4 hours 8 hours 12 hours 24 hours
S T 5 min 5.945 % 6.354 % 6.57 % 4.977 %
= & | 10min 5.081 % 4.896 % 5.235 % 4.051 %
£<  [15min 4.878 % 5.156 % 4.647 % 5.035 %

It follows from Table 1 that the greatest accuracy in predicting traffic intensity,
corresponding to the minimum number of erroneous forecasts, corresponds to a
combination of the forecasting depth of "24 hours™ and the forecasting interval of "10
minutes".

2.2. Determination of the forecast value of traffic intensity (Aprog). Traffic
intensity values are read from the database every 10 minutes during the previous 24
hours, which are submitted to the input of a pre-trained ANN. At the output of the
neural network, a forecast value of traffic intensity for the next 10 minutes is formed.

3. Adjustment of the SLI power. It is proposed to adjust the power of street
lighting installations in accordance with the regulated rules of CS 52.13330.2016. The
formalization of the regulated rules is presented in the form of a system of equations
(8):

Po. if 0.33- Ayax < Aprog < Amax
P=10.66-Ry, if 0.2-Ayax < Aprog <0.33- Ayiax .
Aprog < 0.2 Apax
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The adjusted value of the SLI electric power consumption is fed to the SLI

power control circuit, Figure 2.

VII. THE ALGORITHM OF ENERGY-EFFICIENT SLI CONTROL BY
ILLUMINATION AND TRAFFIC INTENSITY
By combining algorithms for determining the SLI power by the value of natural
illumination and adjusting the power by the value of traffic intensity, an integrative
algorithm for energy-efficient SLI control in changing external conditions is obtained,
Figure 3. Here the dotted line highlights the algorithm for adjusting the power by the

predicted value of traffic intensity.

Start
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s the neural networl
trained?

No

Determine the SLI power value Determine the optimal SLI

corresponding to the most energy — power using a neural network
efficient mode using the model _,,,,,,,,,,,,,,,,,,,,,i,,,,,,,,,,,,,,,,,,,,,,_‘
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Fig. 3. Block diagram of energy-efficient SLI management in changing external conditions
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V. COMPARISON OF THE DEVELOPED ALGORITHMS

The presented algorithm is tested on a simulation model of the SLI control
system, developed in MATLAB and described in detail in [25]. By means of a
simulation model, a comparison of the proposed algorithms for energy-efficient
control of SLI in terms of illumination and/or traffic intensity forecast is carried out
with the most currently used in the Russian Federation algorithm for SLI controlling
according to a schedule, which provides SLI switching on/off according to a
predetermined schedule, depending on the time of sunset and sunrise.

Figure 4 shows plots of changes in the power consumed by SLI with various
control algorithms: according to the schedule; by illumination; by illumination and
traffic intensity for the period from 07/25/2020 to 07/29/2020.
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Fig. 4. Change in the electric power consumption of SLI with different control algorithms

The analysis of the obtained plots showed that the algorithm of energy-efficient
control in terms of illumination and traffic intensity allows reducing the energy
consumption of SLI by 2890.6 kWh (35.9 %) by dimming the luminous flux during
hours with low traffic intensity.

The estimated savings in Orenburg from the implementation of the proposed
algorithm for energy-efficient SLI management, taking into account external
illumination and traffic intensity, will be 5,708 MWh of electric energy or 16.78

million rubles per year.
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Taking into account the experience of developing and implementing street
lighting control systems described in [26, 27], the further objectives of the study are
the practical implementation of the developed algorithms, taking into account the
peculiarities of the road and street network of Russian cities, as well as algorithms for
diagnosing elements of the street lighting system and ways of communication between

them.

CONCLUSION

1. The analysis of scientific publications and technical solutions in the field of
improving the energy efficiency of the functioning of SLI allowed substantiating that
the most promising and least studied direction is the development of algorithms for
energy-efficient SLI management using artificial neural networks.

2. The following control algorithms have been developed:

- algorithm for energy-efficient control of SLI by the value of external
illumination, implemented using the mathematical apparatus of artificial neural
networks;

- algorithm for adjusting the electric power consumption by means of neural
network forecasting of traffic intensity in changing external conditions;

- integrative algorithm for energy-efficient SLI management by two variables,
combining algorithms for energy-efficient SLI management by the value of natural
illumination and adjusting the electric power consumption of SLI by the predicted
value of traffic intensity in conditions of ensuring regulatory requirements for the
illumination of the road pavement.

3. The results of the simulation of the proposed algorithm for energy-efficient
SLI control by two variables in MATLAB showed that its implementation in the
automated control system of SLI will reduce the energy consumption by up to 35.9 %.
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APPLICATION FEATURES OF FLUXGATE GRADIOMETER
WITH VARIABLE BASE COMBINED WITH UAV

Abstract: The application issues of a fluxgate gradiometer with a program-controlled base in
combination with a UAV are considered. The results of experimental field studies are presented,
which showed that the gradiometer is capable to determine the ferromagnetic objects underground
location with a sufficiently high selectivity.

Keywords: fluxgate three-component gradiometer, program-controlled base, three-axis fluxgate
transducers.

A fluxgate three-component magnetometric gradiometer is an information-
measuring system containing two or more three-component magnetically sensitive
fluxgate transducers located on the same axis at a certain distance, called the base,
and designed to measure magnetic field inhomogeneities when measuring
projections, and the modulus of the magnetic field induction vector. The gradiometer
can be used to measure the parameters of the inhomogeneity of the magnetic field in
a certain area above the Earth's surface. Magnetic field inhomogeneities can occur for
various reasons, one of which is the presence of ferromagnetic materials in the

sensitivity region of the sensors.
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Particularly, the gradiometer is used to search for locations of main pipelines,
as well as to determine the places of sharp drops in the magnetic induction vector
modulus, characterizing the presence of various defects or violation of the integrity of
the pipeline insulation. When the natural geomagnetic field is distorted in the
presence of an additional field of a ferromagnetic object, the magnitude of the
magnetic field induction vector in the zone of the fluxgate sensitive element changes

its magnitude and direction. This means the presence of a ferromagnetic object.

1. DESIGN OF THE GRADIOMETER

The fluxgate gradiometer with a software-controlled base presented in this
paper makes it possible to obtain measurement data at various bases (distances
between groups of orthogonal fluxgate sensors), since the size of the gradiometer
base affects the measurements resolution [1, 2]. The smaller gradiometer base, the
smaller defects can be detected and analyzed, but these defects can be felt only at
small distances from the object. The large base of the gradiometer reflects the integral
(total) characteristics of the object, which can be seen from large distances.

There are various construction options and design of gradiometers with
fluxgate sensors [2-6].

When developing and manufacturing a three-element three-component fluxgate
gradiometer, the following requirements were taken into account:

— the designed gradiometer must be able to work both with a portable (on
foot) survey, and have a suspension for attaching to an unmanned aerial vehicle
(UAV) and/or other carrier (tug);

— must have sufficient strength to maintain the integrity of the hull and
internal equipment in working order in case of possible impacts on branches, tree
trunks, earth, stones, which can occur in the event of an incorrect choice of height or
flight path of the UAV (carrier);

— the gradiometer must remain operational in a wide range of ambient

temperatures, as well as under various atmospheric phenomena (rain, fog, snow).
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The body of the gradiometer is made of a cylindrical shape, which for the most
part is devoid of disadvantages regarding aerodynamic drag. Turbulent eddies of the
medium are created only from the side opposite to the movement or direction of the
wind (the sum of the vectors of its own speed and wind speed). In this case, the
mathematical model used does not imply the selection of a separate component of the
magnetic induction vector: the square root of the sum of the squares of the horizontal
components is used. The vertical component can in any case be oriented with great
precision. If spatial orientation is necessary along axes parallel to the horizontal on
the case, marks can be applied using paint, engraving, or in another way that does not
create magnetic interference (for example, by fusing plastic ribs).

The signals measured by the gradiometer are the projections of X, Y and Z on
the sensitivity axes of three-component fluxgate sensors. The relationship equations
for the measured projections and the angles of the gradiometer body spatial
orientation are determined by the following relationships:

Ty cosOcos@—Ty cosOsin@+T; sinO =cosocos3-T
Ty sine+Ty cose=—sinacos3-T ,
—Ty sinBcos@+Ty sinBsin@+T; cos®=sinS-T

where Ty, Ty and T are the measured projections of the T Earth's magnetic induction
vector; @, 6 and a are the apsidal, zenith and azimuth angles of the gradiometer body
spatial orientation respectively; 9 is the angle of magnetic inclination for a specific
latitude of the area being researched.

An important parameter to be determined by each three-component fluxgate
transducer of the gradiometer, is the modulus of the magnetic induction vector |T|:

T =TT
which does not depend on the angles of the gradiometer body spatial orientation.

The current state of the gradiometer base is displayed on the form of the
service program (Fig. 1): up - is large base when the topmost three-component
transducer is connected, dwn — is small base when the middle three-component
transducer is connected The user has the ability to evaluate the change in signals from

the gradiometer and, depending on the situation, quickly change base.
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Fig. 1. The service program fragment

Channel switching is carried out using a four-channel analog key. To control
the switching, 3 signals are used, which allow you to switch separately 3 channels of
flux-gate transducers of two three-component transducers located along the X, Y and

Z axes.

2. EXPERIMENTAL STUDIES

Experimental studies of the developed block of fluxgate sensors have shown
that measurements with all sensors enabled are performed at a rate of 5 measurements
per second, but when used a fixed base, the measurement rate becomes to 10
measurements per second. The primary rate-limiting element is the AD7734 sigma-
delta ADC, which filters the signal with a built-in 50/60 Hz digital filter.

Measurements of the magnetic field induction vector projections are carried out
with the following possible modes, determined by the operator when starting the
UAV with a gradiometer, presented below.

1) Fixed base mode. The gradiometer base is assigned by the operator and does
not change during the measurement flight. The measurements are carried out by a
fixed pair of fluxgate sensors groups.

2) The mode of automatic cyclic base change. The gradiometer base changes
cyclically automatically. The mode allows obtaining data for desk analysis of varying
detail degrees, but on a single (fixed) flight path. The selection of data for analysis
obtained with a smaller base, for areas having suspected insulation defects, is
subsequently carried out by software or by a specialist interpreter in the organization.
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3) Operator-controlled base mode. The gradiometer base is assigned (changed)
by the operator when local anomalies are detected during the flight (clearly visible;
according to the field graphs obtained from the magnetometer and visualized on the
operator's computer). The reciprocating flight of the UAV over the anomalous zone
can be carried out under the control of the operator repeatedly with different
gradiometer bases at different heights in order to collect complete measuring material
for subsequent more reliable interpretation in the organization.

4) Automatically controlled base mode. The base of the gradiometer and the
height of the reciprocating flights of the UAV over the anomalous zone (as well as
the position of the anomalous zone) is automatically determined by the software
based on a preliminary express analysis of the measurement data when local
anomalies are detected during the flight in order to collect complete measurement
material for subsequent more reliable interpretation in the organization. Express data
analysis is performed by the on-board computer of the UAV.

Base 1 (sensor groups TFT-2 and TFT-1dw) is 150 mm, base 2 (sensor groups
TFT-2 and TFT-1up) is 1590 mm (fig. 2). The distance from the bottom plug of the
magnetic gradiometer to the group of TFT-2 sensors is 116 mm. As the
magnetometer moves away from the pipe, the modulus amplitude of the magnetic
induction vector decreases. The modulus of the magnetic induction vector and the
gradient of the magnetic induction vector modulus at a distance of one meter for
pipes of small diameters (less than 100 mm) practically does not highlight
inhomogeneity when measuring on a large base (base 2). When measuring on a small
measurement base (base 1), the gradiometer is more sensitive than measurements on
a large base (base 2).

Field tests of the developed gradiometer were carried out over the main
pipeline with a diameter of 325 mm with a wall thickness of 10 mm., the main
pipeline depth was about 1.2 m. (diameter and thickness were determined from a pipe
fragment at the site of its replacement, the depth of occurrence - from a pipe fragment

at an open area / ravine crossing). The experiments were carried out at different
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heights of the magnetometric system sensors movement above the ground, with
different measuring bases of the gradiometer.

The object of full-scale tests was a section of the product pipeline running
along the highway in the Ishimbai region of Bashkortostan. The diagram of
performed measurements trajectory is shown in Fig. 2. The layout of the gradiometer
sensors in a vertical position, is shown in fig. 3. The height h of the gradiometer
location above the ground is the distance from the ground to the bottom plug of the
gradiometer. TFT-2 indicates a group of fluxgate sensors, which is involved in
measurements when specifying any base. If base No. 1 (15 cm) is fixed during
measurements, then measurements of the magnetic field components are made on the
lower group of sensors - TFT-1dw. If base No. 2 (159 cm) is fixed during
measurements, then measurements of the magnetic field components, except for the

TFT-2 group, are made on the upper group of sensors - TFT-1up.
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Fig. 2. Scheme of gradiometer location above the object of study
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Fig. 3. Scheme of gradiometer movement over the object of study
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Several experiments have been made.

1 Experiment 1: fixed base No 1; height h=0.5 m, forward.

2 Experiment 2: fixed base No 1; height h=1.0 m, in the opposite direction.

3 Experiment 3: fixed base No 2; height h=0.5 m, forward.

4 Experiment 4: fixed base No 2; height h=1.0 m, in the opposite direction.

The measured projections (X, Y, Z) of the observation points for the first
experiment are shown in Figure 4 as an example. The measurements of the magnetic
field components obtained for points having the same projections X and Y were
averaged. The blue color (Fig. 4) indicates the graphs of the field components
corresponding to the variable sensors group TFT-1dw of the gradiometer, the red
color indicates the graphs of the field components for the sensors group TFT-2, the
gray color indicates the graphs of the field components for the sensors group TFT-
lup. Fig. 5 shows the graphs of the magnetic induction vector modules gradient
obtained according to the data of TFT-1up, TFT-1dw and TFT-2 sensors.
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Fig. 5. Changing the magnetic induction vector modules

The observed pronounced bursts in the values of the magnetic field induction
modulus correspond to the crossing of the pipeline route by the gradiometer.

Fig. 6 shows the surface of the magnetic induction vector modulus (nT) TFT-
lup, and fig. Figure 7 shows the gradient surfaces along the z-axis of the magnetic
induction vector modulus (nT/m) according to the data of the TFT-1up and TFT-2
sensors. On the graphs, the maxima of the magnetic induction modulus and the
maxima of the gradient in z of the modulus of the magnetic induction vector on the
motion trajectory correspond to points showing the underground location of the

pipeline route.
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Fig. 7. Gradient along the z-axis of the magnetic induction vector modulus (n'T/m)
according to the data of the TFT-1up and TFT-2 sensors

CONCLUSION

As a result of the experiment on measuring the parameters of the magnetic
field above the investigated pipeline with a diameter of 325 mm and a wall thickness
of 10 mm, it was found that the gradiometer when measuring on a small measurement
base (base 1) has a greater sensitivity in relation to measurements on a large base
(base 2).
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COMPARATIVE ANALYSIS OF T-TYPE 3-LEVEL INVERTER
OPERATION IN ACTIVE FRONT END AND VIENNA RECTIFIER MODES

Abstract: The article is devoted to the analysis of 3-level converter in active front-end (AFE) and
Vienna rectifier modes. This paper describes a universal control system for two mentioned above
modes and neutral point voltage balancing technique. Using designed control system, it is also
possible to estimate the value of the power losses of the converter and choose the optimal operation
mode. Simulation results obtained from a Simulink model and experimental results obtained from a
14 kW, 12krpm aircraft starter generator test rig proves the proposed method eliminates the neutral
point voltage imbalance and uses the function of switching between modes in case of emergency
situations. The resulting power losses for the main modes of operation of the converter were
approximately equal, that allows it to be used with the same efficiency both in the active front-end
and Vienna rectifier mode.

Keywords: Electric Starter Generator, Three Level, Neutral Point Balancing, Active Front-End
Rectifier, Vienna Rectifier.

I. INTRODUCTION

Recently, 3L-converters have been increasingly used in uninterruptible power
supplies (UPS) and renewable energy power plants, because of high requirements for
efficiency and the quality of the output signal of these devices [1].

The main advantage of the 3-level circuit with Neutral Point Clamped (3L-
NPC) is the low harmonic coefficient of the output current, which allows to
significantly simplify the output filter or completely abandon it. The transistors and
diodes of the 3L converter operate at half voltage of the DC bus, so it can be built on
switches of a smaller voltage class (for example, 600 V instead of 1200 V),
characterized by a low loss level and a higher current density [2]. Due to this, the use
of the 3L-NPC topology makes it possible to significantly increase the conversion
efficiency at high frequencies.

The harmonic distortion level reduction is achieved by increasing the switching
frequency fg, which in turn leads to an increase in dynamic losses [3]. The multi-
level scheme allows to solve this problem at a relatively low value fy, and, in
addition, reducing the requirements for a sinusoidal filter, dimensions and cost of

which make a significant contribution to the performance of the entire product.
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Another advantage of the 3L-topology is the low level of emitted electromagnetic
noise, which is especially important for applications such as UPS.

For this topology of converters, the following circuit implementations are
possible: with a connection to the neutral point via diodes and with a T-shaped
bridge. The difference between the two designs is that in a module with a T-shaped
bridge, the 0 V power line is connected to the module output by transistors. It results
in greater flexibility in PWM implementation, and the ability to close all the keys
connecting the power lines to the load at the same time is useful for emergency
shutdown.

The advantages of this topology did not pass by the eyes of researchers, who
began to actively use it as a bidirectional converter for the starter-generator system,

as shown in Fig. 1 [4].

| Generating Operation

Mechanical Electrical
Energy < Starting Operation | LnRergy

@J N @g L e

Power Converter

Aircraft Engine

Fig. 1. Diagram of the target starter generator system

The electric starter-generator (ESG) system consists of a Permanent Magnet
Synchronous Machine (PMSM) and a bi-directional power converter, as shown in
Fig. 2. The machine connected to the engine shaft and the converter operates as an
interface between the ESG machine and a 270 V DC bus. During the engine start-up
process, the ESG accelerates the engine up to the ignition speed. In generation mode,
the ESG extracts power from the engine shaft and supplies various onboard electrical
loads through an AC/DC converter.

The inverter in this scheme works as a step-up converter. By controlling the

amplitude and phase of the machine winding current, it maintains a set voltage Vdc in
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the DC link. It is worth noting that the converter can operate in 2 rectification modes:
active and Vienna rectifier.

The main difference for these modes is the number of working switches: in the

active front-end rectifier mode work all 4 IGBT in the T-bridge (Q1-Q4), and in the
Vienna rectifier work only 2 IGBT (Q2—Q3), as shown in Figure 3.

Ql Qs Qo
L, hEEE

Q2L ALQ3
<7
L s Hao
< ™ ;
—— Q4 A PMSG
| G . |
Q4 Q8 Q12

b)
Fig. 3. Circuit design of a T-shaped bridge:
a — in AFE Rectifier mode; b — in Vienna Rectifier mode

The results of comparing the advantages and disadvantages of these modes are
presented in Table 1.
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Table 1
Main Parameters for 3L-TNPC Mode

Parameter Active Front End Mode Vienna Rectifier Mode
Energy flow direction bidirectional: the energy is direct: energy is transferred from
transferred from the network to the the network to the load
load or in the opposite direction
Number of controlled 12 6
IGBT
Number of diodes 12 (in one set with transistors)
Voltage on the Vnom/2
capacitors
Control system Space Vector control with various PWM technique modifications

As can be seen from the table, the use of the Vienna rectifier allows us to
reduce the chokes value, improve the weight and size indicators, and simplify the
control system by reducing the number of working switches. However, as the
converter power increases, the capacitance of the DC Link and its cost increases.
Also important is the fact of the power losses estimation in the modules for these
operation modes.

In this study, both the problems of controlling a 3L-TNPC converter in the
rectifier mode and the problems of voltage balance on DC link capacitors are
considered. For the solution, it was proposed to apply a classical Space Vector
control system for 2 main operation modes, as well as PWM with DC link voltage
imbalance compensation. Using the designed universal control system for this
converter, an analysis of power losses was performed, which will allow us to choose

the optimal operation mode.

1. PROPOSED CONTROL SYSTEM

Similar to the classic active front-end rectifier, the following expression can be

written for the circuit shown in Fig. 3:

Vl:V2+IR+L%, 1)

where R is the stator winding resistance of the generator;

L is the stator winding inductance of the generator.
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For the dq rotating coordinate system associated with the voltage vector of the

input grid, it can be written as

V, =V, +1,R+ L%"—muq
2)

0=V, +I,R+ L%‘*erud |
where ® =2nf=100x (for 50 Hz) is the grid angular frequency;
l4 is the input current active component;
I, is the input current reactive component.
In order for the inverter currents nature to be active, it is necessary to maintain
I, equal to zero.
In addition, the circuit must maintain the set value of Vg regardless of the load

current. The power inverter control system performing these functions is shown in

Fig. 4:

PI Controller
v,
—»
PI Controller 4 dq o b (G
‘E : 1y ABC|Ve —
Vm-__rb -
Uy 1
I, ,,(0 S « !, ,
7 q P dq -
-« »

Fig. 4. Block diagram of the 3L-TNPC control system

This control system is double-loop. It contains an external voltage loop and an
internal current loop (current vector loop).

The signal from the voltage controller output is applied to the inverter d-
component current reference, and the g-component current reference is assumed to be
0. This ensures maintenance of the set V. and the active nature of inverter current in
relation to the grid.

The circuit has three distinctive features:
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e An unusual construction of subtracting units at the input of current
controller. The current reference subtracted from the feedback signal, and not vice
versa as usually. This is due to the fact that during coordinate transformations the
phase current flowing from the voltage source is considered positive. For ABC to dq
conversion, the source is the grid, and for dq to ABC reverse conversion, the source is
the inverter. Since the phase currents are opposite in terms of the grid and the
inverter, it is necessary to invert the setting and the feedback in the current loop,
which is implemented in the structure of subtracting units at the input of current
controllers.

e The compensation for cross-connections in the current loops is implemented
with account for expressions (2) and the inversion resulting from the "first distinctive
feature™.

e To improve the dynamic properties of the system, feedforward control is
used. To achieve this, the values of input voltages are converted into dg axis and
summed with the output of the current controllers.

This control system is suitable for both AFE and Vienna rectifiers with just one
small distinctive feature. As will be shown later, the only difference is the number of

operating converter switches.

I1l.  PROPOSED PWM STRATEGY AND VOLTAGE BALANCE

A. Calculation of duty cycles

Various methods of PWM formation are possible for a 3L-TNPC converter —
from a Sinusoidal to a classical Space Vector PWM [5].

Space Vector PWM makes full use of the DC link voltage margin, so it can
produce about 15% higher output voltage than Sinusoidal PWM. Despite the fact that
dynamic losses in the inverter are reduced, it cannot be the key to success because of
one significant drawback. It is impossible to implement the set vectors at the sector

boundaries due to the influence of "dead" time [6].
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This disadvantage of Space Vector PWM is noticed at small voltage
amplitudes and is associated with small duty cycles, which is to be excluded in the
new method of voltage generation.

The developed method is based on the analysis of phase potentials between
negative and positive DC link bus. Phase potentials are obtained by converting the
voltage vector from polar coordinates to a three-phase system or in Space Vector
control systems during reverse phase transformations from a two-phase system to a
three-phase one. If a constant is added to or subtracted from all the obtained values of
phase potentials, the linear voltages values remain unchanged, since they represent
the phase potentials difference. The necessary adding is calculated based on the
maximum potential difference between the phases:

Pp =0, +0,

Py =Py + 9,

P, =, +¢, (3)
Vdc

P =7

where Vg is the total voltage of DC link.

The obtained potentials are converted into duty cycles along inverter racks

according to the expression:

0.5-¢
Vdc_l
= / @)
0.5-(¢/ =V,
(o Vs _I)+O.5,(p/ >V,
Vdcfh B

where Vg j and V. , are the voltages of lower and upper DC link capacitors.

v(P/ <V i

This PWM method has the same efficiency as the vector PWM in terms of
using the DC link voltage; however, all inverter switches are switched over one
period. It increases dynamic losses in switches, but the system gains certain
advantages.

Voltage vectors with an amplitude close to zero are implemented at a duty
cycle of 50%, which provides linear relationship between duty cycles and the motor
linear voltages. As in the case of Sinusoidal and Space Vector PWM, nonlinearity

only occurs under the phase current sign change, as a result of the "dead" time
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influence. This effect can be handled either at the software level, by analyzing the
current sign, or at the hardware level, by using FPGA to analyze the difference
between the reference-input signal and the signal reproduced by the inverter.

B. Rules for 3L-TNPC switching
This study considers the traditional method of forming a PWM signal for 3L-

TNPC based on comparing the principal sinusoidal voltage and the reference high-
frequency voltage of a triangular shape. The difference of 3-level control is the use of
two triangular signals shifted in relation to zero potential.

Therefore, the following PWM algorithm and set of rules that must be executed
at any time during operation in the active front-end rectifier mode have been
determined:

e no more than two switches are switched at the same time;

e only two adjacent transistors can be switched on at the same time;

e IGBTs Q1 and Q3, as well as Q2 and Q4 are switched in the inverse mode.

A more in-depth analysis of the situation is ensured by two more rules:

e the beginning of a working cycle: internal transistors (Q2 or Q3) are turned
on first, external ones are turned on after (Q1 or Q4);

e the end of a working cycle: external transistors (Q1 or Q4) are turned off
first, internal ones (Q2 or Q3) are turned off after.

In contrast, no special rules are required for the Vienna rectifier mode, since
Q1 and Q4 are permanently closed.

Although some restrictions do not make any sense at first sight (for example,
turning on of an IGBT in the absence of circuit conduction), their implementation is
necessary for the unification of the control algorithm in the technical documentation
[7].

C. Voltage balance control
One disadvantage of the topology is the potential voltage imbalance of two

capacitors at the dc-link, i.e. neutral point imbalance between the upper and lower
capacitor voltages. This is typically induced by imperfections (i.e. capacitance

mismatch, non-linear loads etc.) within the converter or/and the load. On the DC side,
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such imbalance would significantly increase the voltage stress placed on capacitors.
On the DC side, the increased voltage stress can potentially cause capacitor or
semiconductor device failures. On the AC side, a continuous DC imbalance will
result in even order current harmonics. These induced harmonics can potentially
aggravate the voltage imbalance, reduce the power quality and machine performance.
There are many methods to eliminate the imbalance; however, the most
common one is to use a neutral point potential (NPP) controller built into the PWM
unit.
In this paper, a proportional controller is used, which affects the developed
PWM algorithm in the following way:
0y =P, + 0,
Py =Py T,

P, =0, + 9, (5)

P, = \%_ Kp '(Vdc_h _Vdc_l)

where K, is the proportional coefficient of the controller.

IV. SIMULATIONS RESULTS

The proposed algorithm was tested in MATLAB/Simulink for AFE rectifier
and Vienna rectifier modes. For quality control of the system, the initial voltage
imbalance of the capacitors Vq.; and Vg, was established 50 and 100 V,
respectively.

An explicit pole generator with permanent magnets with the following

parameters, presented in Table 2, was studied.
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Table 2
Starter Generator System Parameters

Parameter Value Units
Poles number 6
Nominal power 14 kwW
Stator resistance 0.03 Ohm
d-axis stator inductance 47.7 uH
g-axis stator inductance 46.6 uH
Rated RMS current 300 A
Permanent magnet flux linkage 0.047 Wb
Moment of inertia 0.179 kg m?
Maximum speed 12367 rpm
Minimum speed 8885 rpm
DC link voltage 270 \Y
Capacitor DC link 1500 uF
PWM frequency 6400 Hz

When synthesizing the converter control system, the current loop was adjusted

to the technical optimum, and the voltage loop of DC link was adjusted to the

symmetrical optimum.
The simulation results are shown in Fig. 5 and Fig. 6.
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Fig. 5. Transients for the Vienna rectifier mode

As can be seen from the graphs, the system charges and balances DC link
capacitors for up to 0.17 seconds, after which it sets the rated load current of 40 A.

It is also worth noting that as a result of the estimation of power losses for the
ideal case (cos ¢ = 1), transistors that are not present in the Vienna rectifier do not

conduct current. Therefore, the losses for both modes will be the same. However,
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there is need to understand that Vienna rectifier will not allow the system to go into

local generator mode and in reality, the losses will be less.
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Fig. 6. Transients for the active front end rectifier mode

The system works almost identically for the active front-end rectifier and
Vienna rectifier operating modes, which allows to use the function of switching

between modes in case of emergency situations seamlessly for the object.
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V. CONCLUSION

This paper presents a comprehensive study on the control system and DC-link
capacitor neutral point balancing for 3L TNPC converter in aircraft ESG systems, the
conclusions are applicable to all 3L NPC converters used in high-speed drives.

Simulation results obtained from ESG prototype demonstrate the proposed
control system and PWM technique deliver superior performance in terms of

balancing and output current THD under load condition.

REFERENCES

1. D. H. Do and A. Anuchin, "An Improved SVPWM Strategy for Three-Level Neutral Point
Clamped Converter Capacitor Voltage Balancing,” 2020 27th International Workshop on Electric
Drives: MPEI Department of Electric Drives 90th Anniversary (IWED), 2020, pp. 1-6, doi:
10.1109/IWED48848.2020.9069550.

2. Y. Kazemirova, A. Anuchin, D. Shpak and Y. Safonov, "Analytical Solution to Voltage Balance
Control in a 3-Level Neutral-Point-Clamped Inverter,” 2018 IEEE 59th International Scientific
Conference on Power and Electrical Engineering of Riga Technical University (RTUCON), 2018,
pp. 1-4, doi: 10.1109/RTUCON.2018.8659856.

3. A. Anuchin, D. Shpak, M. Gulyaeva, D. Aliamkin, A. Zharkov and Y. Vagapov, "A PWM
Strategy for the Minimisation of Losses in a 3-level T-type Voltage Source Inverter,” 2018
International Symposium on Power Electronics, Electrical Drives, Automation and Motion
(SPEEDAM), 2018, pp. 703-708, doi: 10.1109/SPEEDAM.2018.8445367.

4. C. Li et al., "A Modified Neutral Point Balancing Space Vector Modulation for Three-Level
Neutral Point Clamped Converters in High-Speed Drives,” in IEEE Transactions on Industrial
Electronics, vol. 66, no. 2, pp. 910-921, Feb. 2019, doi: 10.1109/TIE.2018.2835372.

5. J. Chivite-Zabalza, P. lzurza-Moreno, D. Madariaga, G. Calvo and M. A. Rodriguez, "Voltage
Balancing control in 3-Level Neutral-Point Clamped Inverters Using Triangular Carrier PWM
Modulation for FACTS Applications,” in IEEE Transactions on Power Electronics, vol. 28, no. 10,
pp. 4473-4484, Oct. 2013, doi: 10.1109/TPEL.2012.2237415.

6. V. Guennegues, B. Gollentz, F. Meibody-Tabar, S. Rael and L. Leclere, "A converter topology
for high speed motor drive applications,” 2009 13th European Conference on Power Electronics and
Applications, 2009, pp. 1-8.

7. F. Sebaaly, H. Vahedi, H. Y. Kanaan, N. Moubayed and K. Al-Haddad, "Design and
Implementation of Space Vector Modulation-Based Sliding Mode Control for Grid-Connected 3L-
NPC Inverter,” in IEEE Transactions on Industrial Electronics, vol. 63, no. 12, pp. 7854-7863, Dec.
2016, doi: 10.1109/T1E.2016.2563381.

214



Rahman Md. Nafeez, Farrakhov D. R., Vavilov V. E.
Ufa State Aviation Technical University

ANALYSIS OF PROPULSION ENERGY REQUIREMENTS
FOR HTS MOTORS IN ELECTRIC AIRCRAFT?

Abstract: Studies show that the burning of 1 ton of aviation kerosene in an airplane engine produces
3.15 metric tons of carbon dioxide (CO2), which has a negative impact on the environment and
contributes to the greenhouse effect and climate change. One of the major sectors here that bears
responsibility is the aviation one. One of the most well-known domestic aircraft in the Russian
Federation, the YAK-40, was used for the first electric flying lab test in an effort to minimize
carbon emissions. During the MAKS event in 2021, it was primarily tested for electric propulsion
using a single 500KW HTS motor in addition to conventional engine driving. However, the major
objective has shifted to advancing the technology such that it can run entirely on electricity without
the help of a secondary fuel engine. The research investigations will outline the battery energy
needs for the motors that will be required for propulsion throughout various operating modes and
use SIMULINK model simulation to simulate the performance of the proposed model.

Keywords: Battery pack to weight ratio, range, state of health, state of charge, HTS motor.

l. INTRODUCTION

The main objective of the research was to overcome the range and weight
limiting problems analytically in domestic commercial aircraft within the available
resources that are already implemented in similar projects. As climate change issues
are getting severe, the necessity of building electric aircraft would become essential.
The total amount of CO2 emission from commercial aircrafts was shown in the figure
1[5]:

'PaGora BeImoNHEHA IpH mOIIEpKKe Poccniickoro HayuHoro dorza, mpoekt Ne 20-79-00109.
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Fig. 1. CO2 emission from commercial aircraft worldwide [5]

The total amount of CO2 here (figure 1) is in million metric tons and it is
increasing significantly after post COVID period. However, some effective measures
are already being taken to reduce the emission caused by conventional aircraft fuel

but those are still not cost effective for all [6].

I[I. METHODOLOGY

Boundary conditions were set as per YAK-40, domestic aircraft standards [2].
The flight distance has estimated approximately from UFA to Moscow (1166KM).
The 500KW HTS motor specifications was implemented and battery specifications

were formulated as per propulsion power needed in different times of flight [4].
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Enter: Target range, cruise distance, take-off and climb distance
descent hold and landing distance,
lift to drag ratio, overall efficiency. MTOW, battery specific capacity

L

Total battery weight= (Range*9.81*MTOW)/(Specific
capacity*overall efficiency*lift to drag ratio)

AL

Total optimised battery capacity= Total
battery weight / Battery specific capacity

/Enter PropulsionVoltage/

v

Discharge current= Total optimised battery capacity /
Propulsion voltage

|

C rate= Discharge current /Capacity

Ratio= Weight of
the battery/ MTOW

Accepted

NO

if SoH == 80%
and
if SoC >= 90%

Target range will be
covered

Simulations were

performed through

proposed model in
SIMULINK

|

1. Output curves of torque and speed of
the designed motor were observed
2. Output curve of SoC profile was observed

95 kilogram extra battery

weight need to be added for
each

kilometer

during flight

Total optimized battery capacity, C rate pattern and SoH were analyzed as per

required number of motors. Next, the ratio of total battery weight to MTOW was
calculated for the target distance of the flight.

Finally, overall performances were tested for the selected motor speed and
torque through proposed model in figure 6. The total required 6 number of motor

were considered as one single motor of 3MW to reduce the complexity of the design.
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Table 1

Boundary Conditions

Target Range 1200 kilometres (approx.)

Cruise distance 980 kilometres

Take-off and climb distance 85 kilometres

Descent, hold and landing distance 135 kilometres

Lift to Drag ratio 17

Overall efficiency 97%

MTOW 15000 kilograms

Battery specific capacity 2000 Wh/kilogram [1]
I1l. EQUATIONS

Total weight of battery [3]:

R x g Xx MTOW
Wb =
L
Cspec X I X D
Where,
R= Range (km)
g= 9.81m/s*

MTOW= Maximum take-off weight (kg)
C spec= Specific capacity (Wh/Kg)

Il = Overall efficiency

L

- = Lift to drag ratio

IV. REQUIRED ENERGY AND WEIGHT CALCULATION

The total flight timing was considered to be 135 minutes from Ufa to Moscow.
The flight profiles are differentiated individually as per time taken in the table 2 and

battery pack capacity, mass and ratio with MTOW were calculated at table 3:

Table 2
Timing Table for Flight Profiles
Flight Modes Time taken (min)
Total flight 135.06
Cruise 103.76
Take off and climb 16
Descent, hold and landing 15.3
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BATTERY ENERGY AND WEIGHT

Table 3

Toct:zzl Zil;t:ery Specific Energy | Mass of Battery MTOW (kg) Ratio
(k‘iNh)y (Whkg) Wb (kg) g (Wb:MTOW)
8440 2000 4220 15000 0.28

The system voltage was considered 8000V for propulsion. Thus, propulsion

energy was calculated for different events during the flight at table 4:

Propulsion Energy Requirements

Table 4

Events Propulsion Energy (kWh)
Take off and Climb 463

Cruise 2617

Descent, hold and landing 217

The overall propulsion energy share (%) are shown in the figure 2:

Propulsion Energy (kWh)

)
Take off and Climb
Cruise
Desqent, hold and
landing

Fig. 2. Percentage share of propulsion energy in different phase

V. PERFORMANCE PARAMETERS CALCULATION

Battery discharge current mostly depends on the energy required for the

propulsion in different situations during flight. Figure 3 was showing, the maximum

discharge will be required during cruise whereas the minimum will be during descent

and landing time. Likewise, C rates will vary based on current drawn at certain period

of time as per calculation. The figure 3 shows the relation between discharge current
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and C-rate for 3 different situations (i.e. take off and climb, cruise, descent and
landing):

Discharge Current vs C rate
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0O
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OcHOBHOI
Oc
Oc
Oc

CHOBHOM

Discharge Current (A)

OcnoBuoli OcHoBHOII OcHOBHOW OcHOBHOM OCHOBHOM

C rate

Fig. 3. Discharge rate vs C rate

Battery will start to degrade in less number of years if more number of

discharge happens every day. The results were shown in the figure 4:

Degradation vs Discharge cycle

N
= N 01 W

Degradation (years)
(6]

o
o w

0 2 4 6 8
Cycles/day

Fig. 4. Degradation vs Discharge cycle

Finally, the target range will get severely affected if the state of health (SoH)

degrade rapidly. The results were shown in the following figure 5:
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Range vs SoH
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SoH

Fig. 5. Range vs SoH
V1. PROPOSED SIMULINK MODEL

A six step voltage inverter was supplied power to a three-phase motor with a
rating of 3 MW (6 nos. of 500kW), 8000 Vdc, and 2500 rpm. A MOSFET bridge
from the Specialized Power Systems library was made up the inverter. To regulate
the voltage on the DC bus, a speed regulator was employed. The Hall effect signals
from the motor were decoded to create the inverter gates signals. The inverter's three-
phase output was applied to the stator windings of the PMSM block. Att =1 s, the
load torque delivered to the machine's shaft steps up to its nominal value (2000 N.m)
from a starting value of 0.

There were two control loops employed. The inner loop was synchronizing the
electromotive force signals with the inverter gate signals. The DC bus voltage was

changed by the outer loop to regulate the motor's speed.
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Fig. 6. SIMULINK model to analyze the speed and torque of HTS motor and SoC profile of
the proposed battery

VII. SIMULATION RESULTS AND ANALYSIS

1. Battery:

Initially the state of charge (SoC) was dropped significantly due to large
current requirement for initiating substantial torque during take-off and climb phase.
Later, it became more stable decrement due to almost constant torque requirement

during cruising phase (figure 7).
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Fig. 7. State of Charge (%SoC) profile
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2. HTS Motor:
The selected motor was gradually speeding up to the targeted 2500 RPM from

the initial stage. A little fluctuation in speed curve was observed due to high current

discharge in rotor coils at initial stage (figure 8).
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Fig. 8. Rotor speed profile(RPM)

As the power of the motor was constant and speed was increased at the initial
phase quite rapidly. Thus, it was observed that the electromagnetic torque was

decreased quite sharply at the beginning. Afterwards, it was getting stable as to

maintain the nominal speed during cruise (figure 9).
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VIIl. CONCLUSIONS

To cover the intended approx. 1200 km, the optimized battery pack’s energy
consumption was calculated at 8440 kWh, with a total battery weight of 4220 kg
(excluding wiring and other components). Additionally, 0.28 was estimated as the
battery weight to MTOW ratio. By using a 3MW HTS motor (6 motors of 500KW
are coupled together) and analysing the motor performances (speed and torque) in
SIMULINK, battery discharge patterns and motor performance were examined. With
a C rate of 0.32C, it was found that the battery discharged more steadily at nominal
speed. On the other hand, it was also discovered that if the cycle discharges each day
for the battery pack is not correctly maintained, the state of health (SoH) as well as
target range will be significantly harmed. The next study areas might cover things
like recycling the battery pack for use in medium and low-voltage appliances after its
first life cycle and optimizing thermal cooling in battery packs to maintain the

nominal operating temperature range.
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SIMULATION AND MODELING OF SWITCHED RELUCTANCE MOTORS
WITH VARIOUS MAGNETIC SYSTEM TOPOLOGY USING ARTIFICIAL
INTELLIGENCE METHODS AND TECHNIQUES!

Abstract: The paper deals with the models of switched reluctance motor with a various magnetic
system topology which created in the MATLAB/Simulink environment using methods and
techniques of the artificial intelligence theory. The Simulink model structure is the same for various
topologies. The differences are implemented by changing Look-Up Table blocks and the MATLAB
Function task block. For a model with a fuzzy control system, all topologies can use the same fuzzy
inference system rules file. For a model with a neural network management system, each topology
requires creating its own file for a training example. Based on the verification results of the created
models the possibilities to study the switched reluctance motors with various magnetic system
topology are shown. Errors in the calculation of current, torque and angular speed are estimated.
Keywords: Computer simulation, design, magnetic system topology, traction drive, switched
reluctance motor, fuzzy logic, neural network.

l. INTRODUCTION

The prospects of a switched reluctance motor (SRM) using to public
transportation, where its advantages are obvious [1]-[7], also are limited by the
imperfection of its design procedure. The inclusion in the design procedure of typical
mathematical blocks of visually-oriented modeling MATLAB matrix system with the
Simulink and SimPowerSystems extension packages opens up additional
opportunities for effective design [8]-[12].

Currently, models and methods based on the theory of fuzzy sets, hybrid and
neural networks are widely used, including for controlling electric drives [13]-[19].
Methods of practical implementation of fuzzy and neural systems are possible in
MATLAB application software packages.

This paper presents models of switched reluctance drive control created in the
Matlab/Simulink environment using methods and techniques of artificial intelligence
theory for various magnetic system topology of the motor.

Verification of the created models in various modes of a wide range of motor

speed control was performed and it was found that the selected methods and

The work was carried out with the financial support of the RFBR grant, project No. 20-08-00386.
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characteristics of artificial intelligence controllers make it possible to successfully

simulate the switched reluctance drive.

1.  MATERIALS AND METHODS

The objects of the study are switched reluctance motors with different topology
of the magnetic system:

e Electric motor SRM-1.5-1130 (laboratory model) with topology 6/4 (Ns=6
poles of the stator and N,=4 teeth of the rotor).

e Traction electric motor SRM-180-1500 for trolleybus with topology 12/8
(Ns=12 poles of the stator and N,=8 teeth of the rotor).

e Traction electric motor SRM-14-615 for mine electric locomotive with
topology 8/6 (Ns=8 poles of the stator and N,=6 teeth of the rotor).

The SRM development is based on the principles of block-modular motor
design, which ensure a minimum of production and financial costs [12]. The block-
modular design of new motor means that a basic industry-developed motor prototype
Is selected and all necessary components and parts (housing, shaft, bearings, shields,
etc.) are saved, with the exception of the developed stator coils, stator and rotor
packages, as well as a small shaft revision. Thus, in block-modular motor design, the
constraints are the outer diameter of the stator package and the inner diameter of the
rotor package, the dimensions of which must be saved when designing the stator and
rotor iron sheets. The SRM basic data are presented in Table I.

To be included in the SRM design procedure, three types of models have been
developed in the MATLAB matrix system with Simulink and SimPowerSystems
expansion packages for the topology of the motor magnetic system 6/4, 12/8 and 8/6.
The model of speed control developed in the MATLAB/Simulink environment with
current limitation is shown in Fig. 1.

The motor speed o is determined after solving the equation of motion. The
specified parameters are: voltage U, current limit I, load torque Teag, moment of
inertia J, switching on 6,, and off 6.4 angles. The block diagram of each phase of this

model is preserved when creating two new models developed in the
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MATLAB/Simulink environment to regulate the SRM using methods and techniques

of artificial intelligence theory.

Table 1
Parameters of SRM
SRM- SRM-
Parameters 1,5-1130 SRM-180-1500 14-615
Number of stator winding phases 3 3 4
Stator poles number 6 12 8
Rotor poles number 4 8 6
External stator diameter, mm 191 520 396
Rotor diameter, mm 98 360 261
Stator package length, mm 100 420 215
Air gap, mm 1.0 0.6 1.0
Coil turns number 156 10 23.5
Phase inductance, mH 29.0 16.5 1.7
Torque at 1=1,, Nm 5.5 1033 86.5
Torque at 1=21,, Nm 16.3 2113 200.0

In the Look-Up Table block, the phase current data are recorded in the form of
a 2-dimensional table, depending on the discrete values of flux linkage and
misalignment angles i=¢(y,0). Flux linkage data obtained by finite element method
(2-D FEM) in the form of a 2-dimensional table depending on the discrete values of
phase currents and misalignment angles y=f(i,0) have been converted.

In the Look-Up Table 1 block, the torque data is recorded depending on the
phase current and the misalignment angle. The problem is also solved by creating a
MATLAB m-file, in which the co-energy is found by the dependence y=f(i,0) and its
gradient is determined.

The MATLAB Function 2 block, using the rem function (remainder after
division), converts a continuous rotor angle function into a rotation angle function in
the range from O to n/2 for the topology of the magnetic system 6/4, in the range from
0 to w/4 for the topology of the magnetic system 12/8, in the range from 0 to «/3 for
topology of the magnetic system 8/6.

The MATLAB Function 7 block, using the created m-file for each phase,

converts the values of the rotation angle from the range obtained by the rem function
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to the range for which the two-dimensional tables of the Look-Up Table and Look-Up
Table 1 blocks are written, namely from the range 0-n/4 to the range 0—n/8 for
topology 6/4, from the range 0-n/4 to the range 0-=/8 for topology 12/8, from the
range O—m/3 to the range 0—n/6 for topology 8/6.
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Fig. 1. Simulation SRM-180-1500 block diagram for speed control with current limitation

The MATLAB Function block uses an m-file for each phase to switch signals
in the multiport switch according to expression:
on —
uj = _Udc’ 6off <0< eent’

u,=0,0>6
j ’ ent?
where 0 is the misalignment angle of the rotor and stator position, u; is the phase

Uj=UdC,9 <9S90ﬁ,

1)

voltage depending on the angle 6.

To be able to observe the processes during simulation, a measuring device —
Scope oscilloscope — was used. With the help of mathematical signal processing
units, the operating values of the phase current and the average value of the motor
torque are determined, which are displayed on the virtual display screen. For further
analysis, phase current, flux linkage, and torque data are stored in the workspace
using Simout blocks.

228



1. INVESTIGATION RESULTS

Based on the model of SRM energy converter for the study of motor speed
control by current limitation (Fig. 1), models of speed control using methods and
techniques of artificial intelligence theory, namely a model with a fuzzy control
system and a model with a neural network control system, have been developed for
various magnetic motor topology.

The model with a fuzzy control system is developed interactively in the Fuzzy
Logic Toolbox package. A fragment of Fig. 2a was added to the simulation block
diagram of speed control with current limitation (Fig. 1) for creation of a block
diagram of speed control with fuzzy logic. The connection points of the fragments are
shown in Fig. 1 and Fig. 2a. Methods and characteristics of the blocks Fuzzy logic
controller and Model References Control were selected, when a successful simulation
result has been ensured.

A fuzzy inference system of the Sugeno type has two input variables — the
angular rotation frequency o and its deviation from the specified one Aow=w—wy are
selected. Each variable is characterized by 5 membership functions, the type of which
can be selected from the functions built into the editor. For both variables, triangular
functions of the type trimf are selected (S2, S1, CE, B1, B2), which are shown in Fig.
3. For membership functions, 25 rules of the fuzzy inference system are written in the
form: “If (x1 is S2) and (x2 is S2) then (y is S2)”. The adopted rules are presented in
Table 2.

Table 2
Rules of the Fuzzy Inference System
o/Ao S2 S1 CE Bl B2
S2 S2 S2 S2 S1 CE
S1 S2 S1 S1 CE Bl
CE S2 S1 CE Bl B2
Bl S1 CE Bl Bl B2
B2 CE Bl B2 B2 B2
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The method of algebraic product (prod) is chosen for performing logical
conjunction under fuzzy rules, and the method of algebraic sum (probor) is chosen

for performing logical disjunction.

1,0 S2 S1 CE B1 B2

0.1 0.3 0.5 0.7 0.9 1

Fig. 2. Membership functions for variables ® u A®
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- | ‘ »> -
v o
a b

Fig. 3. Fragments for creating a simulation block diagram SRM for speed control with

fuzzy logic (a) and with a neural network (b)

To make a logical conclusion in each of the fuzzy rules, the minimum value
(min) method is selected, and for aggregating values, the maximum value (max)
method is selected. To perform de-fuzzification of output variables in the Sugeno
fuzzy inference system, the weighted average method (wtaver) is adopted. According
to the selected conditions, the SRModfuzzylogic file is created, which is written to the
Fuzzy logic controller with Ruleviever Simulink block for any SRM topology.

The comparison of the simulation results obtained on the reference model and
the model with a fuzzy control system was made according to the main parameters of

the mode under study — the effective value of the phase current I, the angular
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frequency of rotation o, the average value of the rotating electromagnetic torque
Tmean, the coefficient of the torque ripple Kyr. The results of the comparison are
presented in Table 11l (o — speed limitation (Fig. 1), oFL — fuzzy logic (Fig. 2a).

In almost all modes on the model based on fuzzy logic, results adequate to the
standard were obtained for all topologies, only in the maximum speed mode there is
an error in angular speed of 8.1% (topology 6/4), and for topology 8/6 there is an
error in current, which is practically absent in the other two topologies.

The model with a neural network management system is developed in the
Neural Network Toolbox package. A fragment of Fig. 2b was added to the simulation
block diagram of speed control with current limitation (Fig. 1) to create a block
diagram of speed control using a neural network. The connection points of the
fragments are shown in Fig. 1 and Fig. 2b. Methods and characteristics were selected,
the introduction of which into the Model References Control blocks provided a
successful simulation result.

The controller based on the reference model — Model References Controller —
Is selected as the control system.

The Simulink files srm_nNN_64, srm_nNN_128, srm_nNN_86 created by
Simulink are introduced which contains the controller (Fig. 2b), and base64.mat,
base64.mat, base64.mat training example files are set; the number of variables
(35070, 15750, 102600), minimum (0) and maximum () values, maximum (0.001)
and minimum (0.0001) interval values.

The Model References Control window also permits to select data: the number
of hidden layers — 10, delayed inputs of the reference model — 2, delayed outputs of
the controller — 1, delayed outputs of the object — 2.

To identify the object model (Plant indetification), the following parameters
are set: the number of hidden layers — 10, delayed inputs of the object model — 2,
delayed outputs of the object model — 2.

When training the network according to the specified number of iterations and
training the controller, we get data, after the final acceptance of which the Simulink
files srm_nNN_64, srm_nNN_128, srm_nNN_86 are ready for modeling.
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The comparison of the simulation results obtained on the reference model and
the model with the neural network control system was performed according to the
main parameters of the studied mode and is presented in Table IV (o — speed
limitation (Fig. 1), ®NN — neural network (Fig. 2b).

In almost all modes, on a model with a neural network control system, results
adequate to the standard were obtained for all topologies. The error in angular
rotation speed is maximum (1.6%) for topology 8/6. The current error is also
presented in topologies 6/4 (4.4%) and 12.8 (3.5%), which was absent when

modeling with a fuzzy logic control system.

Table 3

Comparison of Simulation Results for the Model with a Fuzzy Control System

Operation mode Scheme | Simulation results

I ref M 0 Irms o M Kpm

A Nm rad A rad/sec Nm %

SRM-3,5-1130 (topology 6/4)

30 \ 15 \ /5 ® 18.27 178.50 15.24 30.10
oFL 18.01 182.30 14.64 30.30

20 \ 10 \ /5 o 15.84 234.90 9.55 20.70
oFL 16.24 254.00 9.76 29.30

20 \ 10 \ /30 ) 18.19 267.60 10.53 28.80
oFL 18.19 285.40 10.47 30.40

SRM-180-1500 (topology 12/8)

360 \ 1200 \ /10 ® 185.00 127.50 1202.40 | 55.00
oFL 185.00 127.30 1202.40 | 53.60

300 \ 800 \ /10 ® 177.80 140.00 828.80 61.10
oFL 177.80 139.90 828.80 61.00

SRM-14-615 (topology 8/6)

200 \ 216 \ /8 ® 71.10 68.60 215.60 25.60
oFL 81.70 68.60 213.70 24.00

200 \ 33 \ /8 ® 31.10 116.00 42.90 46.50
oFL 34.50 112.40 44.80 42.40
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Table 4

Comparison of Simulation Results for the Model with the Neural Network Control System

Operation mode Scheme | Simulation results

e M 0 lrms ® M KpM

A Nm rad A rad/sec Nm %

SRM-3,5-1130 (topology 6/4)

30 \ 15 \ /5 ® 18.27 178.50 15.24 30.10
oNN 18.27 178.50 15.22 30.30

20 \ 10 \ /5 ® 15.84 234.90 9.55 20.70
oNN 16.00 232.70 10.30 32.30

20 \ 10 \ Tr/30 ® 18.19 267.60 10.53 28.80
oNN 17.38 267.70 10.26 26.90

SRM-180-1500(topology 12/8)

360 \ 1200 \ /10 ® 185.00 127.50 1202.40 | 55.00
oNN 185.00 127.50 1202.00 | 54.90

300 \ 800 \ /10 ® 177.80 140.00 828.80 61.10
oNN 171.50 139.90 828.80 53.60

SRM-14-615 (topology 8/6)

200 \ 216 \ /8 o 71.10 68.60 215.60 25.60
oNN 80.40 68.40 221.40 23.40

200 \ 33 \ /8 ® 31.10 116.00 32.90 46.50
oNN 37.50 114.10 32.60 48.20

IVV. CONCLUSION

1. To study the operating modes of switched reluctance motors in the
MATLAB/Simulink environment, two type of models have been developed that are
applicable to various magnetic system topologies: a model with a fuzzy control
system in the Fuzzy Logic Toolbox package and a model with a neural network
control system in the Neural Network Toolbox package.

2. As the initial data for the verification of the developed models, the effective
current value, the angular frequency of rotation and the value of the electromagnetic
torque obtained on the Simulink model of motor speed control by current limitation
are taken.

3. Based on the results of verification of the created models in various modes it
has been found that the seected methods and characteristics of artificial intelligence

controllers allow us to simulate successfully the Switched Reluctance drive.
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4. For a model with a fuzzy control system, all topologies can use the same
fuzzy inference system rules file. The maximum modeling error was 14.0% in current
(topology 8/6), 8.1% in angular speed (topology 6/4), 4.4% in torque (topology 8/6).

5. For a model with a neural network management system, each topology
requires creating its own file for a training example. The maximum modeling error
was 20.0% in current (topology 8/6), 1.6% in angular speed (topology 8/6), and 7.8%
in torque (topology 6/4).
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Davydov A., Pankrats Yu., Ivanov I., Bayanov E., Chipurnov S.
Novosibirsk State Technical University

ANALYSIS OF THE APPLICATION OF TRACTION ENGINES
IN UNMANNED AERIAL VEHICLES

Abstract: In this work, the research and development of an electric drive for unmanned aerial
vehicles of small and medium range, with a flight range of up to 300 km and an expected payload of
100 to 500 kg, was carried out.

Keywords: Unmanned aerial vehicles, permanent magnet synchronous motor, mathematical
modeling, frequency converter, increasing efficiency.

l. NOMENCLATURE

Q1 - Q8 — N-channel MOSFET transistors;

R, — the active resistances of the stator;

Lsq, Lsa— the stator windings inductance on the axis [d, q];
Mem — torque;

Z, — number of pole pairs of the machine;

Usq, Usq— the stator winding supply voltage on the axis [d, q];
Isq 1sa — projections of the stator current on the axis [d, q];

Y¢ — machine rotor flux linkage;

e — Stator field rotation speed;
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U — DC Voltage;

W — Active power;

Hz — Frequency of modeling AC voltage;
Rpm — Rotate per minute;

M, — Basic moment;

R, — Basic resistance;

U, — Basic voltage;

I, — Basic current;

Y, — Basic flux linkage;

t — Time of modeling;

p — the number of pairs of motor poles;
J — (moment) inertia of the electromechanical system;
W, — speed loop transfer function;

W, — speed controller transfer function;
W, — current loop transfer function;

W, — motor torque transfer function;
W,, — flux controller transfer function;
n — efficiency;

I, — nominal current;

U, — nominal voltage;

M, — nominal torque;

m — weight.

[1.  INTRODUCTION

The use of an electric drive in unmanned aerial vehicles is expanding its scope,
which is associated with the development of lithium-ion and lithium-polymer
batteries, which have better weight and size parameters [1]. On the one hand, an
increase in flight duration is directly proportional to the capacity of the battery, on the
other hand, this leads to an increase in the ballast mass of the aircraft.

Unmanned aerial vehicles with an internal combustion engine have advantages
when used in heavier aircraft to increase the flight range, however, they have a
number of disadvantages that are not present in the electric drive.

However, the most efficient scheme is a hybrid installation, which includes an

electric generator driven by an internal combustion engine and traction motors.
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1. THE PROPOSED ELECTRIC CIRCUIT

The electric motor control system is made on traditional elements, such as a
control controller, an inverter, and a permanent magnet synchronous motor (PMSM)
Is also used.

PMSM were used due to the fact that they have the highest energy
performance, and also do not have rubbing moving contacts, in connection with
which the reliability of the entire system is greatly increased. However, these engines
still allow them to be controlled in the second zone, which leads to a high energy
efficiency of the system, which will reduce weight or increase the flight range.

To simplify the calculation, the system dq was chosen and the block diagrams
of the electric drive were drawn up along the axes of current g and current d
separately. Structural diagrams are shown in Fig. 1 and Fig. 2.

wn Ws Wi Wm

w

— ;
vb,h PI >?» Lo [ e o P

Fig. 1. Structural schematic of the electric drive along the current axis g

wn Ws Wi Wi Wm

Fig. 2. Structural schematic of the electric drive along the current axis d

The block diagram in Fig. 1 describes the operation of the control system along
the current axis g, and in Fig. 2 the control system along the current axis d, which
control one of the engines of the aircraft drive system. The diagram in Fig. 1 shows
from right to left: setting the required motor speed, resultant speed feedback, speed
controller, current circuit, load circuit and resultant speed. From right to left, the
diagram in Fig. 2 shows: setting the required motor speed, resultant speed feedback,
speed controller, flux linkage feedback, flux linkage controller, current loop, load

loop, and resulting speed.
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The mathematical model of the PMSM control system in dq coordinates is
shown in Fig. 3.

v
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Fig. 3. Mathematical model of the engine control system

The task of this mathematical model is to calculate the ability to control the
necessary engines for aircraft in the second zone. The calculation of work in the
second zone is necessary due to the fact that when regulating the motor flux linkage,
a change in cos¢ occurs, which allows, while maintaining the motor power, to
increase the rotor speed. The advantage for unmanned aerial vehicles is increased

energy efficiency, which has a positive effect on flight duration.
IV. MATHEMATICAL DESCRIPTION
The generalized system of equations was used to describe PMSM operation:

( 1
plsq = E (Usq — Rslsq + weLgqlsq)

A

pISq = E (USq - RSISq + Welsalsq — llufwe)

3Z,
\ Mg, = T (ISquUf - ISdISq (Lsa — LSq))
where R;: the active resistances of the stator;

Lsq, Lsa: the stator windings inductance on the axis [d, q];
Mem: tOrque;

Z,: number of pole pairs of the machine;

Usq, Usq: the stator winding supply voltage on the axis [d, q];
Isq, 1sa: projections of the stator current on the axis [d, q[];

¥; : machine rotor flux linkage;

we . Stator field rotation speed;

238



In these equations, all the variables are relative, obtained as a result of dividing
the real values by the base ones and all the coefficients are also dimensionless,
obtained in the same way.

The mathematical description of the speed loop for the current velocity q in

Fig. 1 is shown below:

Ws=Wrs-Wi-Wm-]_LS
where W;: speed loop transfer function
W,s: speed controller transfer function
Wi;: current loop transfer function
W.,: motor torque transfer function
J: (moment) inertia of the electromechanical system;

The mathematical description for the transfer function of the current loop:
1

T RIS +1

The mathematical description for the motor torque transfer function:

Wi

3
The mathematical description for the transfer function of the speed controller:

Wrs =

Wi-Wm
The mathematical description of the speed loop for current d in Fig. 2 is

distinguished by the presence of a flux linkage controller:

_ 1
Ws =Wrs-Wiy-Wi-Wm ]_S
where W,,: flux controller transfer function;
Thus, the obtained equations allow us to simulate the operation of a permanent
magnet synchronous motor in various modes and allow us to check the efficiency of

the control system.

V. SIMULATION RESULT

Based on the above, the operation of the control circuit in the SimInTech

environment was simulated using two speeds, nominal and increased.
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For the simulation, the parameters of the motor with the power of 2200 watts
were used. Figure 4 shows the motor parameters required for the simulation.

Parameters of induction motor presented in table 1:

Table 1
PARAMETERS MACHINE

Parameter of motor Value
Power (kW) 2,2
Synchronous angular velocity (rpm) 1500
n(%) 90,5
Cos @ 0,99
I, (A) 4,5
M, (N°m) 14
Uy (V) 315
Mim1os1 (KQ) 23,5

Figures 4 show the results of the simulation. The graph shows the results of
modeling the speed of rotation of the engine

Figure 4 shows a graph of the engine accelerates to the nominal rotation speed
in 0.55 seconds, and from the moment the transition to an increased speed begins, it
takes 0.7 seconds to reach the steady state.

Figures 5 show the results of the simulation. Figure 5 shows a graph the
simulation results of the motor current at the moment of transition to increased speed.
It can be seen from the graph that when switching to an increased speed, the motor

current decreases by 2 amperes.

Fig. 4. Speed of rotation of the engine
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Fig. 5. The motor current at the moment of transition to increased speed

Figures 4 and 5 show that the developed control system works and allows the
engine to switch to an increased speed while maintaining engine power.
This control system will allow unmanned aerial vehicles to increase the flight

range, while maintaining weight and size indicators.

VI. CONCLUSION

The frequency converter for a permanent magnet synchronous motor is
designed for use in the electric drive of unmanned aerial vehicles. Due to the absence
of large loads in the system, mathematical modeling of the nominal and increased
speed of operation was performed. Mathematical modeling was carried out in the
SimInTech mathematical modeling system. This simulation showed the possibility of
using the developed frequency converter in the control system of the electric drive of

unmanned aerial vehicles.
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Honyanosuu H. K., [[y6s2co M. H.
HOxHBIM denepanbHbIN TOCYIAPCTBEHHBIM YHUBEPCUTET

HEPCIIEKTUBBI IIPUMEHEHUA HEﬁPOCETEBI;IX TEXHOJIOT U1
B 3AJAYAX OHEHKMU ITPOITYCKHOHU CITOCOBHOCTHA
CUJIOBBIX KABEJIbHBIX CETEN

Annomayus: PaccmaTpuBaeTcsi HEMPOKOMIIBIOTEpHAs CUCTEMa JUIsl NPOTHO3MPOBAHMS pecypca
cunoBoii kabenpHOM JmHMM (CKJI) ¢ wuCHoib30BaHMEM HEUPOCETEBBIX TeXHOJOTHM. st
IIPOrHO3UpOBaHus TemneparypHbix pexxumoB CKJI Oblna pa3paboTaHa MCKYCCTBEHHAs HEHPOCETh
(MHC) nns ompeneneHus TEKYIIETO TEMIIEpaTypHOTO pekuma i TokoBemymien >kuiibl CKIJI,
MO3BOJISIOMIMKA  TPOBOJIUTH JIOJNTOCPOUHBIA mporuo3 temmeparyp CKJI 0e3 yBemuueHus
MOTPEUIHOCTH MPU YBEJIMYEHHUH JAJIbHOCTH NMPOrHo3a. [IpemioxkeHHblil HeMpOoCceTeBOM alIrOpUTM,
BBITIOJHSIOLIMI POTHO3UPOBAHUE XapaKTEPUCTHK AiekTpudecko m3omsuuu CKJI, ocHoBaHHBIN
Ha METOJAE CKOJb34IIEero OKHa. IIpoBeneHbl HKCIIEpUMEHTAIIBHBIE HCCIEIOBAHUS, 4 HMEHHO
pa3paboTaH aJanTHUBHBIA AITOPUTM U BBIOJHEHO NMPOTHO3WPOBAHUE TEPMUYECKHUX IIPOILIECCOB B
m3omsimu CKJI ot Toka nHarpysku. [lokazano, 4to paspabarbiBaeMble METOIbl M AITOPUTMBI
SBJIAIOTCSL AJIEMEHTAMU KOMIUIEKCHOM CHCTEMBbl YIPABIEHUS 3HEProCeThio, a pa3paboTaHHas
agantuBHags HK Mozjenb noO3BONSET HPOBOAUTH OLEHKY TEKYIIErO COCTOSIHUS HW30JSLUUU U
MIPOTHO3UPOBATH OcTaTOuHBIN pecypc CKIL.

Knwouesvie cnosa: KabenbHble TUHUHM OSIEKTpoOIepeladd, HEUPOCETh, AIIEKTPOU3OISAIUS,
IIPOITYCKHAs CIIOCOOHOCTb, TPOTrHO3UPOBAHUE.

l. BCTVYIIVIEHUE

B cBs3M ¢ HEyCTOMYMBOCTHIO PabOT HPHEProCeTH B MPOIECCe H3MEHEHHS
PEXKUMOB pabOThl MPOTHO3MpPOBaHUE MpomnyckHoW crnocodHoctn CKJI craHoBUTCS
TpyJIHOpealn3yeMor 3agadeil. PemieHueM mpoOJIeMbl SIBISETCS OCYIIECTBICHHE
MOHUTOpPUHTA TeMIEpaTyphl Kabemns BO BpeMsi paboThl. Takoli MOHUTOPUHT TpeOyeT
Pa3BUTHUS CYIIECTBYIOIIUX METOJIOB IMATHOCTUKU TaKUM 00pa3oM, 4TOObI OHU MOTJIU
ObITb ~ peaJiM30BaHbl B YCJOBHUSIX  HEOIPEICICHHOCTH. IIpeononenue
HEONPEJIEICHHOCTH, OOYCIOBJICHHON HETOYHOCTSIMU MOJEIHA TEeMIEePaTypHOIo
HarpeBa W JICMCTBUEM BO3MYIICHWH, BO3MOXHO 32 CYET HCMOJb30BaHUS
MHTEIJIEKTYJIbHBIX TEXHOJIOTUH.

[lenbto paboThl  siBsieTCST  pa3paboTKa METOJIOB  HMHTEIIEKTYaJIbHOTO
nporHo3upoBaHusi Temmeparypsl kbl CKJI nns mimanupoBaHus pekuMOB PabOTHI
AIIEKTPOCETH C IETBI0 TOBBIMICHUS HAJEKHOCTH U dHEProd(PpPeKTUBHOCTU 3a CUET

IMPUMCHCHUA Cl'IeI_[I/IaJII/ISI/IpOBaHHOﬁ CUCTCMbI MOHHTOpHHTA COCTOSHHUA H30JISALHNU

CKIL
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1.  METOJbI ITPOTHO3NPOBAHUA TEPMNYECKHUX ITPOLHECCOB

[Ipn mpoTexkaHWM TOKa MO >KWJIE MaKCUMalibHas TeMIliepaTypa BO3HUKAeT B
CIOSIX H30JSIIMM, HEMOCPEACTBEHHO MNpWIEraromux K xuie. TemnoBoe mnose KJI

onuchiBaeTcs nudpepeHralbHbIM ypaBHEHUEM TETUIONPOBOIHOCTH (1).

= = div(y * grad(T)) +2 (1)

B ocHOBe METOAMKHM OLIEHKH TEIJIOBBIX cTanuoHapHbIX pexkumoB KJI IEC
60287 [2] nexxut moaens Heliepa-MakI pada [3], koTOopyro pa3BUiid U MPUMEHUIHN K
pazimmunbiM KJI npyrue aBtopwl [4, 5]. Cyrs meromuku IEC 60287 cBomutcs K

OIIPCACIICHNUIO BCIIMYHNHBI JOITYCTUMOI'O TOKA HAT'PY3KHU Kabesen

I _ Toon—To—Qa(0.5RT1+RT2+RT3+RT4) (2)
don R, RT1+Rye(14+A1)RTo+Roe (1441 +47) (R73 +Rr4)

B [6, 7] mnsa npenoTBpalleHHMsT TOKOBBIX IIEPETPY30K IMPOTHO3UPOBAIH
TEMIIEpaTypy JKWJ KalOenedl B pEKUMME pPEaJbHOIO BPEMEHH, OJHAKO pPEIICHHUE
MOJIyHYar0TCs TPOMO3JIKMMU U coJiepKaT uinHapudeckue Gynkuu. Xomaoansii C. /1.
[8] pewan 3a1auy pacuera HarpeBa oJHO(Pa3HOro Kabess, MPOJIOKEHHOTO B TPYHTE, U
JUTSI TPAaHUIBI MEKy KaOeJieM U TPyHTOM 3allMCaHO YpaBHEHUE TEIJIOBOro OajaHca:

=21 AT Z_: = Ok ©)

Jlns pacuera TeMmrepaTypbl B MPOU3BOJBHON TOUYKE TpyHTa (opmysia UMeEeT
BUJL:

T(t) = 2% |in ——fooh(x) o) e

dx 4)
Cuuras xabennb 6eCK0Hequ TOHKUM JIMHCWHBIM UCTOYHUKOM TEIljIa, PEIICHHE
ypaBHEeHUs (2) O3BOJISET ONPEALISTH TEMIIEPATYPY Ha TOBEPXHOCTH Kabes
, we™?
—El(—X) = fx Tdv (5)
dopMynna s TEMIepaTypbl Ha TOBEPXHOCTH OJWHOYHOTO  Kabers,

MPOJIOKEHHOTO Ha riTyOuHe h B rpyHTE, UMEET CAeIyrOIIni BUI:

_ 1 [ ..(_ Di . (h?
Tie(8) = To + Qi 21, [ ki ( 16at) +El (at)] (6)
Pacyer  Temmeparypbl Ha  TIOBEpXHOCTH  Kabels ¢  IMOMONIBIO

AKCIIOHEHIMAJIBHOTO MHTETpaja peann3oBaHO B [9], a mepenan temmnepaTyp MExXIy
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MOBEPXHOCTHIO Ka0eNsl U TOBEPXHOCTHIO TPYHTA PACCUUTHIBAIIU C MTOMOIIBIO TEOPHH
[10].

[lepenan TemnepaTypbl MEXAY KMIION U BHEITHEW 000JI0YKOM pacCUUTHIBAIM C
MTOMOILBIO TEMIOBOM cXeMbl 3ameltenus [11], raoe pacueT ee napaMeTpoB BBIIOJHSIIOT
¢ nomolupo mMerona BaH-Bopmepa. YuutbiBasg, 4To TEIUIOBas BOJIHA OT KHUIIBI U

9KpaHa He cpa3y JOCTHracT MOBEPXHOCTU Kabes, To BBeneH koddduimeHt a(t)

_ AT (®)
O = i) ()
dopMmyIia pacyeTa TeMIIepaTyphbl KUkl 01HO(DAZHOTO Kabels UMEeeT BUJI:
T,e(t) = AT, + a(®)T(t) + a(O) Tinn (8) (8)

Pacuer TemmepaTypbl KWIbI B PEKHUME PEAITBHOTO BPEMEHUM HA OCHOBE
TOKOBOW Harpy3KH >KWJIbl M TEMIIEPATYpPbl B 3KpaHe BhINOJHEH B [12]. IIpm stom
BJIMSIHUE CTYINEHYAThIX CKaykoB Toka kuibl (ADlx = bkl — Ix0) u Temmnepatypsl
skpaHa AT» Ha U3MEHEHHE TeMIIepaTyphl KUJIbl IPOU3BOAIN 1O (popmyie:

1, 1,

(Toe = T.)¢e = QyeoRru + AQ,c0Rry (1 — €€1RTu’) + +AT, (1 — e€1Rru’) ©

C yderoM U3MEHSIOIMXCS TOKa JKWJIBl M TEMIIEpaTypbl 3KpaHa, pacdeT
BenuuuHbl (Tx - T3) B [13] mpencraBuiam ux B BUAE CTyINEHYaToro rpaduka.
BiusgHne KaxxI0ro ckayka TOKa M TeMIlepaTyphbl SKpaHa YUYUTHIBAIM C MOMOUIBIO
dbopmyinel (9). B [14] ¢ moMoIIbpl0 TaKOro K€ METOAa BBIYHCIISIOT IPEBBIIICHUE
TeMIrepaTypbl TOBEPXHOCTH Kalesel HaJl TEMIIEpaTypou OKpYKaroIIeH Cpe/bl.

Pa3Butne Teopuu, a TakkKe HOBBIX MH(POPMAIIMOHHBIX TEXHOJIOTUN MO3BOJIUIIO
peuleHre 3aJa4yd [POTHO3MPOBAHUS HETPAIAWLHMOHHBIMU METOJAMH, a HMEHHO

HCMOJIb30BaHUEM MOJIENIC HAa OCHOBE CEUAIBHBIX 3KcnepTHBIX cucteM 1 UHC [1].

I1l.  AJICOPUTM HEMPOKOMIIBIOTEPHOM CUCTEMBI

B pabGore wucnosib30BaHbl METOALI MATEMaTUYECKOTO MOJEIUPOBaHUS,
nporpammuoe obecnieuenre MatLAB Simulink. Jlnsg pemenns 3aqaun mocpencTBoM
HCIIOJIb30BaHUS HEMPOKOMIIBIOTEPHOM CUCTEMBI IPOTHO3UPOBaHUS, OBLT pa3paboTaH
QITOpPUTM pabOTHl AJANTHUBHOM CHUCTEMBI MPOTHO3MpoBaHus Temmeparypbl CKIL.
AnroputM pabOThl ananTUBHOW CHUCTEMbI MPOTrHO3MpoBaHus Temmeparypbl CKII

npuBeaeH Ha puc. 1. ApantuBHbli  anroput™m pabotet HK - cucrtemsl
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nporHo3upoBanust temmeparypsl CKJI  mostamno  (6moxl —  Omok  12).
K nocrounctBam manHoro anropurma o0ydeHuss UHC MoxHO oTHECTH OBICTPOTY

OoOy4eHHS ¥ IOCTATOYHO HU3KYIO CPETHEKBAIPATUYECKYIO OIIHOKY.

s S

Count — Komuectso co3ma-
BBoj 6a3el JaHHBIX .
BAEMBIX CeTeH
o 06y e Nh - KonmdecTBo CKpBITBIX
v @— CIIOEB CETH
Count = x; Nn — KommyecTBo HelipoHoB
Nh =y; B CKPBITHIX CIIOSIX
Nn=1z; Ft — OynKIMs aKTHBALMH
Ft=w; HelipoHoB
Tf, a Tf — Anroput™ obydeHus
¢ o — Jlomycrumas norper-

3 QOCTI: MpOrHo3a
[Ton6op onTManbH Ol

ApPXUTEKTyphl HelipoceTn

bnox amantammm HC

[Tpouenypa mondopa,
aHaM3a M BEIOOpa
ONTHMAIIEHOTO KOJH-
4ecTBA CKPBITHIX CIIOEB
CeTH, KONMYECTBA
HEPOHOB B CKPBITBIX
CIOAX M QYHKINH
aKTHBALMU HEH POHOB
CeTH.

OGyuuenue ceTH, OLEHKa
TIPOM 3BOTUTEIBHOCTH U TOYHOCTH
TIPOrHO3UP OB AHMS

If Morpemocts > 5%

BrIBO/ TaHHBIX O OTYYEHHBIX APXUTEKTYPax
ceTeil 1 BhIOOp HanboJee MPOM3BOIUTENBHOM CETH

OKOHYAHUE

Puc. 1. AnropuT™ nporHO3UpPOBaHUS TEMIEPATYPHI Kbl Kabens (0x)
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V. OSKCIHEPUMEHTAIJIBHBIE UCCIIEJOBAHUA

A.  Ilpoenosuposanue mepmuyeckux npoyeccos 8 CKJI

[TpoBeneHo mccnenoBaHne MPOTEKAHUS TEPMOQIIYKTYyallUOHHBIX MPOIECCOB B
CUJIOBOM KaOese M pa3paboTaHHOM HEHPOHHOW MOJIENM IS MporHo3a. JlaHHbIe 1Mo
temriepatype 03.0, 00.c —3amUTHON 000JIOYKH, OKpYXKAIOIIEH Cpeibl, MOITYYEHBI B
X0Jle paboThl ¢ pealbHBIMU OoOpa3iamu cmioBoro kadens Alls Ily r-1x30/25-10.
Jliist coctaBieHus: ooyyaroieit Beioopku Opanoch mo 2000 Touek temmepaTtypsl 03.0,
0o.c. Pesynbrarhl mporHO3UpOBaHUS TepMOQUIYKTyallHOHHBIX mporieccoB B CKIJI
(Tabu.1) mokaszanau, 4YTO CpeIHss ONIMOKA MPOrHO3a TeMIEpaTyphl KUJIbl Kademns 0x
OpU pa3IUYHbIX TOKax OKWIbl HE mpeBblmaer 3 %, 4YTO CBUICTEIBCTBYET O
BO3MOXHOCTM npumeHeHuss wmeroga WMHC nmma  wmemedt  mpOrHo3upoBaHus

TEeMITepaTyphl XKUIIbI KaOeJIs 1o TeMIepaType Ha moBepxHocTH 03.0.

Tabnuya 1
[TorpemHOCTh MPOTrHO3UPOBAHUS HEHPOCETH
No uccredyemozo oopasua _ Cpeonasn owiubdrka npocHosa .
g, °C, g, %
O6pa3er kabeab Ne 7 1,34 2,79 %
O6pazen kabenn No 8 1,29 1,82 %
O6paserr kabenp No 11 1,08 1,93 %
O6pasern kabenn No 12 1,47 1,68 %
B.  Ilposepxa memooa na cocmapennwix oopasyax CKJI

JIns NONHOLIEHHOW MpOBEpKH I(P(EKTUBHOCTH HCMIOJIB30BAHMUS METOJa
CKOJB3AIIEr0 OKHAa JUI1 IPOTHO3MpPOBaHUsA TepMuyeckux mpoueccos CKIJI
HEO0OXOJAMMO TMPOBECTU MPOTHO3UPOBAHUE HE TOJIBKO JIJIi UCHpPAaBHBIX, HO W AJIA
coctapeHHbix 00pa3noB CKIJI. Pe3ynbrarbl MpOrHO3WpPOBaHUA [Js1 COCTapEHHBIX

o6pasmoB CKJI* npuBeaeHsl B TabmuIe 2.
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Tabnuya 2

Drarbl NPOTHO3UPOBaHUs TepMuyeckux mnporeccoB B CKJI

Bpems CpeaHsisi TeMIepaTypa sKHJibl Oumbka nporxosa
Ne uccsenyemoro Kadeas
cTapeHust TeMIIEepPaTyphbl,
o0pa3ua kadeust JKCIepUMeNT, IIporuos, o
t, yac t°C
t°C t°C
I oman ~ - 33,97 34,32 0,35
HOGbLIL Kabenb
2 man —
cocmapenHblil 8 35,65 38,62 2,96
Kaobenp

*Tox »xuibel kabend Ix = 480, A

Uccnenyemble o00pasiibl Kabenis HMCKYCCTBEHHO COCTApUBAIUCH COTJIACHO
I'OCT. TI'padbuku wu3MeHeHUs TeMIiepaTyp Kabens (SKCHEPUMEHTAIbHBIX U

MPOTHO3UpPYeMBbIX), A0 (1 3Tam) U mocie cocrapuBaHus (2 ATam) MPUBEACHBI HA

puc. 2.

65

®daxrruecknii (aram 1)

Iporuosueiii (3tan 1)
55 A

-
-,
PP

— — — Qakruueckuil (31 2)

ITporHo3HsIit (9Tan 2) ==

Temmeparypa, C
w AN
(92 o ol

w
o

N
(8]

N
o

50 200 250 300 350 400

Puc. 2. 'papuku u3MeHeHHs TeMIiepaTyp

AHanu3 pe3ylbTaToOB TOKa3all, YTO 4YeM OOJIbIlIe BpPEMS COCTAPUBAHUA, TEM
0oJibllle PA3HOCTb TEMIIEPATYpP MEXKIY MCXOJHBIM M COCTapEHHBIM O0Opa3IoM.
[TomyyeHHass 3aBUCUMOCTBH SIBJISIETCSI JAUArHOCTHUYECKMM IIapaMeTPOB pecypca

m3oJianonHoro marepuana CKIL
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3AKJIFOYEHUE

[TpoBeneH cpaBHUTENBHBIH 0030p CYLIECTBYIOIIMX HAa JAHHBIA MOMEHT
TPAOULAOHHBIX  HEPA3PYLIAIOIIMX METOAOB INPOTHO3WPOBAHMS  TEPMHUYECKHUX
IPOLIECCOB B CHJIOBBIX KAaOENbHBIX JIMHUAX. I peleHus 3a1a4i MpOTrHO3UPOBAHUS
pemieHo: — wucnonb3oBarth HK cuctemy mnporHo3upoBaHusi, Oasupyromuecss Ha
MeTonax HcKyccTBeHHbIX HelpoHHbIX cereil (MHC); — Beiopana HC ¢ mnpsimbiM
pacnpoCTpaHEHHMEM  JIaHHbIX W OOpaTHOrO  paclpoCTpaHEHHs  OLIMOKH,
MIPEACTABIISIONIas COOOW MHOTOCIOWHBIN MEPCENTPOH; — BbIOpAaHAa aKTHUBALIMOHHAS
¢GyHKIUS B BHJAE TUNEPOOIMUYECKOTO TaHreHca. PaspaboraH ajiroput™m padoThl
agantuBHOoi HK cucrembl nporHozupoBanus tepmuueckux npoueccoB CKIIL,
ITO3BOJISIIOIINN TOCPEACTBOM AJANTUBHOIO METOJA MPOTHO3UPOBAHUS: — ONPENAEIATH
KOJIMYECTBO BXOJHBIX M BBIXOAHBIX 3jeMeHTOB MHC, ompeneneHo KOIMYECTBO
ckpbIThIX cinoeB MHC; — paccuuThiBaTh KOJIMYECTBO HEUPOHOB B CKPBITHIX CIIOSIX,
MIPOBEICHO CpPaBHEHHE M BBHIOOP aKTUBALMOHHBIX (QyHKUMKA HeiipoHoB WMHC.
Paspaborana ¢ynkunonaneHas wmozens HK  cucrembl nans  onpeneneHus

TeMIEPaTypPHBIX PEKUMOM TOKOBEIYIIIECH Kbl CUIIOBON KaOEJIbHOU JIMHUM.
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Ivanov N. S., Akhunov M. T.
Moscow Aviation Institute

DEVELOPMENT OF A POWER SUPPLY SYSTEM
IN THE MATLAB/SIMULINK ENVIRONMENT IN ORDER TO VERIFY
CALCULATION METHODS AND THEIR DESIGN

Abstract: This paper presents the results of modeling the DC generation channel. The solutions
were obtained by harmonic analysis of magnetic fields in the active zones of an electric machine.
The problem of verification of the obtained values by analytical and test method is solved. The task
of optimizing the created model of the generation channel in order to unify the model for further
development in this area of research has been completed. The resulting solution allows simulations
of the DC generation channel with different parameters of input and output devices.

Keywords: modeling of a superconducting generation channel, modeling optimization methods,
verification of the results obtained.

I. INTRODUCTION

The creation of such complex systems as power supply and electric propulsion
systems based on superconducting devices requires verification of their calculation
and design methods. In this paper, it is planned to use the Matlab/Simulink
environment for a system demonstrator based on HTS devices for this purpose. The
system will include: a VTSP generator, a semiconductor rectifier with a power factor

corrector function and cryogenic cooling, a VTSP DC cable, an energy storage
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system, a cryogenic support system. GOST R 54073-2017 "Power supply systems for
airplanes and helicopters" was used as the main regulatory document for the
development of the system. General requirements and standards of electricity
quality”. At the same time, the requirements for 270V DC power supply systems
were taken into account.

System Features:

1 Qutput power — up to 100 kW,

[1 the temperature of the HTS devices is no higher than 77 K, which
corresponds to the temperature of liquid nitrogen and allows you to conduct
laboratory experiments quickly and at minimal cost;

[1 the output voltage of the system is 540V, which corresponds to the voltage
level of advanced power supply and electric propulsion systems of aircraft and other
vehicles;

[1 the output voltage of the system is stabilized by a rectifier, which is a step-
up, i.e. the voltage at its input can

vary over a wide range;

[ type of cryosystem — open type with nitrogen circulation;

[1the use of a rectifier (power factor corrector) with cryogenic cooling.

The block diagram of the system demonstrator is shown in Figure 1[1].

COOLING SYSTEM

Primary HTS generator AC/DC HTS cable Load
source 90 kW, 6000 rpm rectifier 100 kw

Storage
10 kw

Management and control system

Fig. 1. Block diagram of the system demonstrator
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Il. CREATION OF MODEL ELEMENTS OF THE 270V DC GENERATION
CHANNEL DEMONSTRATOR

The obtained results of modeling the system will allow us to proceed to the
creation of devices, as well as verification of methods for calculating and designing
these devices and systems based on them.

[THTSP generator drive Model (Primary Source)

To create a model of the generator drive, the Mechanical library was used,

which includes sources that set the mechanical torque on the generator shaft (Fig.2)

2].

Ideal Torque Source1

Mechanical v
Rotational Reference1 nl O -
9000 —pi> & RJ W (]

&

Ideal Rotational
Motion Sensor1

Fig. 2. Block diagram of the HTSP generator drive model

It is necessary to fulfill the initial conditions adopted in the analytical
calculation and ensure a constant generator speed of 6000 rpm. For this purpose,
indicators are installed showing the output of the generator at the set rpm (Fig.3).

Matlab Simulink allows you to see the values in rad / s.

Fig. 3. Rotations of the generator drive model

[THTSP Generator Model
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When creating a model of the HTS generator, it is necessary to use the
Electrical library, the standard synchronous Machine SI was taken as a basis, which

allows you to set the necessary values from the analytical calculation (Fig.4):

fix)=0 b ,_..E

v—‘ ‘ »_L,[:}

Fig. 4. Structural model of the HTS generator

The electrical part of the machine model is described by a system of equations

related to the rotor:

i 1 R_+Ld{ e .
qele T ue Tt L, poa i (L1}

d 1 R Lg ) Apeay
E[q = Eu,q. —L—qaq +E{pmr1d}— I

C (1.2)
q

T, = 15p[aiy + (Ly — Ly Jigig)e (13%
Lq, L - stator inductance along the d and q axes;

R — active resistance of the stator winding;

i, Ig — stator current projections on the d and q axes;

Ug, Uq - Stator voltage projections on the d and q axes;

], — angular rotation frequency of the rotor;

A - the magnetic flux of permanent magnets coupled to the stator winding;
p - the number of pairs of poles;

Te — electromagnetic moment

The mechanical part of the model is described by the following equations:
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d 1

Emr = J_r(Te - -F["-;'J' - ijl:i {:1'4')
d
HE = wr’h

Where J is the total moment of inertia of the rotor and the load; F is the
coefficient of friction; 0 is the angle of the rotor position; Tm is the moment of
resistance. The simulation results of the HTS generator are presented below (Fig.5,
Fig.6).

Fig. 5. Output current at rated load of the HTS generator

Fig. 6. Output voltage at rated load of the HTS generator

Also, when creating a model, it is necessary to take into account that the
accuracy and speed of calculating the model in Matlab Simulink SimPowerSystem
can be affected in many ways, including the structure of the model and its parameters.
As a rule, the model of an electrical installation includes not only models from the
SimPowerSystem library, but also blocks of the main Simulink library and others

discussed above[3].
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Therefore, the following solvers were used to model the generation channel
demonstrator:

0de23s - is a one—step method using a modified Rosenbrock formula of the 2nd
order.

0de23t - is a trapezoid method with interpolation[4].

These solvers allow the most accurate modeling of the entire generation channel
with high accuracy of the final result.

The proposed model of a 270V DC generation channel demonstrator (Fig. 7)

can be used for further studies of various operating modes of the demonstrator.

[
|
|

i
L=
{
I
{

i

]

1Y
|
}

——{ Diode3 .

Rosstor?

Fig. 7. Model of a 270V DC generation channel demonstrator

For optimization and the possibility of further use of this system as a model for
similar systems, the possibility of Matlab Simulink was used in writing program code
in which the corresponding variables and basic equations for calculating the currents
and voltages of circuits were set for the main blocks and nodes of the generation
channel demonstrator system.

If it is necessary to change the initial conditions, as well as the main parameters
of the nodes of the system elements, adjustments will be required a program code that
will allow you to change the values in the basic calculation equations of the generation

channel model[5,6].
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CONCLUSION

Models of the main nodes of the system demonstrator have been developed.
The proposed structure is a model of a direct current generation channel, which is
promising for high-power power supply and electric propulsion systems.

The main solvers for Matlab Simulink libraries used for modeling the
generation channel in order to reduce the calculation time and increase the accuracy of
the results obtained are analyzed.

A program code has been developed to optimize the calculations of the
demonstrator generation channel system.

The obtained model of the demonstrator of the 270V DC generation channel

will allow verifying the values obtained during analytical calculations and testing.
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STUDY OF THE COMBINED ELECTRIC MACHINES SYSTEM
IN THE MATLAB SOFTWARE PACKAGE

Abstract: In the article, in the Matlab software package, simulation modeling of a system of
combined electrical machines was carried out, which is a cascade of an even number of electrical
machine modules of the same dimensions located on the same shaft. This system provides
transportability and ease of maintenance compared to traditional hydro generators. The simulation
result is a confirmation of the operability and efficiency of the system under study.

Keywords: Combined electrical machines system, cascade synchronous-asynchronous generator,
simulation modeling.

l. INTRODUCTION

The development and research of electromechanical systems, consisting of
several electrical machines on one shaft, has been quite intensively carried out since
the beginning of the 20th century [1-3]. This technical solution provides new
opportunities for the use of traditional electrical machines, for example, for frequency
conversion, DC and AC power amplification, the creation of motors with an
adjustable number of revolutions, the exciter of a synchronous generator, potential
regulators without slip rings, non-contact servo systems (selsyns).

In the early 2000s professors V. A. Kulinich and S. V. Shapiro proposed the
idea of combined electrical machines that can successfully replace low-speed
synchronous generators at hydroelectric power plants [1-3].

Low-speed synchronous generators used at HPPs have large weight and size
indicators. For example, the total mass of the generator at the Sayano-Shushenskaya
HPP is 1,860 tons, and the outer diameter of the stator is 14,800 mm. The total
weight of the generator at the Boguchanskaya HPP is 1,633 tons, and at the
Saratovskaya HPP, the generator stator with a diameter of 15 meters weighs over 230
tons, and the rotor weighs over 485 tons.

When using «traditional» hydrogenerators, a number of problems arise: the
complexity of controlling the turbine speed, ensuring reliable operation of bearings,

the bulky design and transportability of the hydrogenerator as a whole.
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For several years, the Ufa State Aviation Technical University has been solving
these problems. The idea is as follows: to replace the bulky and low-transportable
traditional synchronous generator with a much more technologically advanced
cascade synchronous-asynchronous generator, which is a system of combined
electrical machines. The main advantages of the proposed device are: transportability
and ease of maintenance.

In connection with the modernization of industrial enterprises in our country,
the possibility of replacing hydrogenerators developed in the middle of the last
century with a modern system of combined electric machines is an urgent task.

The purpose of this article is to confirm the operability and efficiency of the
system of combined electric machines. To achieve the intended goal, simulation
modeling of a cascade synchronous-asynchronous generator was carried out in the

Matlab software package.

Il.  STATE OF THE ISSUE OF DEVELOPMENT AND DESIGN
OF COMBINED ELECTRICAL MACHINES

The system of combined electric machines (SSEM) is a cascade of an even
number of electric machine modules of the same dimensions, located on the same
shaft. The device, principle of operation and justification of the main advantages of
the SSEM are given in [1-8].

The first stage of the cascade is an inverted synchronous generator, the
excitation poles of which are located on the stator, and the three-phase armature
winding is on the rotor. This winding feeds the rotor winding of the second stage of
the cascade - an electromechanical converter, which is an asynchronous machine with
a phase rotor in the brake mode. The magnetic field created by the rotor winding of
this machine rotates in the same direction as the rotor itself, therefore, an EMF of
total frequency is induced in its three-phase stator winding.

This stator winding feeds the stator winding of the next, third stage of the

cascade - exactly the same asynchronous machine operating in brake mode. So, from
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step to step, the frequency of the generated EMF increases. At the same time, the
output power of each stage increases proportionally.

The total number of poles of all stages of the cascade is equal to the number of
poles of the replaced hydrogenerator. The consequence of this is the same
consumption of active materials and losses as the original generator (at the same rated
power and speed).

The main advantages of SSEM:

- complete absence of sliding contacts;

— a significant decrease in the excitation power;

- increasing the stability of the structure by replacing the thrust bearing with
several bearings;

- a significant improvement in the hydraulic conditions of the drive turbine,
which allows you to increase the rotor speed;

- exclusion of additional structural details and, as a result, a reduction in overall
volume.

There are also certain technological advantages:

— each stage of the cascade generator is not much different from the design of
the turbogenerator of the corresponding power;

— eliminates the need for dismantling the structure during transportation and
subsequent re-assembly at the facility.

The article [3] provides a description, principle of operation and results of
theoretical and experimental studies of a synchronous-asynchronous cascade
generator. The results of testing a pilot plant, consisting of four six-pole units, one of
which was used as an inverted implicit-pole synchronous generator, confirmed the
operability of such a cascade and made it possible to clarify a number of
dependencies necessary for design. These dependences are confirmed by the study of
a multistage equivalent circuit. It is shown that the use of capacitors that compensate
for the reactive power at the output of the second and fourth stages is necessary to
obtain the rated power at the cascade output. At the same time, the efficiency

generator equals 75.5%.
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In [4], a cascade synchronous-asynchronous generator with counter-rotation of
the stator is considered. The description of the device and principle of operation of a
cascade synchronous-asynchronous low-speed generator with counter-rotation of the
stator of the intermediate stages is given. It is shown that with counter-rotation of the
stator and rotor of an asynchronous machine, a significant saving of active materials
Is achieved — winding wire and electrical steel. The main reason for such savings is a
decrease in the number of pole pairs due to a significant increase in the angular
velocity of rotation of the magnetic field in the gap relative to the stator. In this case,
the stator of the first and last stages of the cascade remain stationary, and therefore
there is no need for sliding contacts. A gear transmission device is considered, which
makes it possible to carry out counter-rotation of the stator when mechanical energy
Is supplied to it from one drive. This transmission allows you to smoothly vary the
output frequency of the cascade, which is necessary when using low-speed generators
in wind power plants.

The proposed design is convenient in that the drive of rotating stators is
performed in a common way. It can be done either by using a second turbine located
on the opposite side of the shaft, or by a special gear transmission.

The use of a counter-rotating stator cascade in the intermediate stages makes it
possible to obtain another advantage of such generators over multi-pole ones —the
ability to control the output frequency, which is necessary, in particular, in wind
turbines. To do this, instead of a gear, you should use a friction with a variable gear
ratio — a variator.

The work [5] describes the device and principle of operation of a cascade
asynchronous-synchronous motor, which, due to the improvement of the design, is
capable of generating reactive power, i.e. work like a conventional synchronous,
while it does not have sliding contacts. In addition, the consumption of active
materials - winding wire and electrical steel - and, accordingly, the losses of a
cascade motor are almost the same as those of an asynchronous motor for the same

power and speed. Calculations show that if the number of pole pairs of electrical

261



machines included in the cascade is equal, the mass and losses of the cascade
asynchronous-synchronous motor should exceed the asynchronous motor by 19%.

The patent [6] is devoted to a cascade synchronous-asynchronous
electromechanical system with a squirrel-cage rotor. The technical result consists in
increasing the manufacturability of the rotor and increasing its reliability. The rotor
winding of each stage of the cascade is made in the form of a multi-phase star, closed
from one of the ends of the stage. The opposite ends of both stars are connected
crosswise so that their phase sequence is opposite.

In a cascade synchronous-asynchronous generator with several stages [7], the
first of which is an inverted synchronous generator, and all the rest are asynchronous
converters operating in the brake mode, according to this invention, the intermediate
stators of all stages, except for the last one, are made rotatable in the side opposite to
the rotation of the rotors, and the stator of the last stage is fixed and its stator winding
Is connected to the output terminals of the generator, and the number of stages is
even. As a result of this technical solution, a reduction in the consumption of active
materials for a cascade electric generator with a low rotor speed is achieved while
maintaining the rated power of this generator and the number of revolutions per
minute.

In [8], it is proposed to use an inverted synchronous generator connected by a
common shaft and several asynchronous frequency converters, the rotor and stator
windings of which are connected in pairs in turn to each other so that the converters
operate in the brake mode. The technical problem, in this case, is to reduce the cost of
the design of a low-speed synchronous generator through the use of a multi-stage
synchronous-asynchronous cascade.

The reviewed articles and patents present the results of research on combined
electric machines. For such systems, counter-rotating synchronous generators and
electromechanical converters are selected - asynchronous motors with a phase rotor.

Such generators are easy to maintain and transportable.
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1.  MODEL OF A SYSTEM OF COMBINED ELECTRIC MACHINES
IN THE MATLAB SOFTWARE PACKAGE

Figure 1 shows a simulation model of combined electrical machines. Unit 6
Synchronous Machine SI1 is a salient-pole synchronous electric machine with a

number of pole pairs p=2 operating in generator mode. The rotational speed of the

turbine driving unit 6 is set by the Constant block with a value of 15.71 rad/s (150
rpm). The choice of rotation speed affects the value of the output voltage and output
frequency of machine Ne 6 and the entire cascade as a whole. The output ends of the
windings of the electrical machine 6 are connected to the unit 5 — Asynchronous
Machine SI5, which is an asynchronous frequency converter with a phase rotor with
the number of pairs of poles ,-4, n=1s0 rpm, (v=1571 rad/s). The following units are
the same asynchronous electrical machines as unit 5, with the reverse phase sequence
of the primary winding. Due to this, the magnetic field of the rotor of the unit 6
rotates in the same direction as the rotor itself. The speed of crossing the stator
windings of unit 6 by the magnetic lines of force of the rotor is equal to the arithmetic
sum of the speeds of the rotor and its magnetic field. The load is a Three-Phase

Series RLC Load connected to stage 1 of the cascade.
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Fig. 1. Model of combined electrical machines
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Figures 2-3 present the parameters of the Constant block.

Block Parameters: Constantl

Constant

Output the constant specified by the 'Constant value' parameter. If
'‘Constant value' is a vector and 'Interpret vector parameters as 1-D' is on,
treat the constant value as a 1-D array. Otherwise, output a matrix with the
same dimensions as the constant value.

Main  Signal Attributes
Constant value:

[15.71 IE

Interpret vector parameters as 1-D
Sample time:
[inf IE

J Cancel Help Apply

Fig. 2. Parameters of the Constant block

Block Parameters: Constant

Constant

Output the constant specified by the 'Constant value' parameter. If
'Constant value' is a vector and 'Interpret vector parameters as 1-D' is on,
treat the constant value as a 1-D array. Otherwise, output a matrix with the

same dimensions as the constant value.

Main  Signal Attributes
Constant value:
30

Interpret vector parameters as 1-D
Sample time:

|inf

‘)- Cancel Help Apply

Fig. 3. Parameters of the Constant block

Figures 4-6 show the parameters of the Synchronous Machine Sl block.

265



Block Parameters: Synchronous Machine S

Synchronous Machine (mask) (link)

Implements a 3-phase synchronous machine modelled in the dq rotor reference frame. Stator windings are
connected in wye to an internal neutral point.

Configuration ~ Parameters  Load Flow

Preset model: 01: 50Hz 400V 8.1kVA 1500RPM
Mechanical input: | Speed w

Rotor type: Salient-pole

Measurement output

Use signal names to identify bus labels

Cancel Help Apply

Fig. 4. Synchronous Machine Sl block parameters

Block Parameters: Synchronous Machine 5l

Synchronous Machine (mask) (link)

Implements a 3-phase synchronous machine medelled in the dq rotor reference frame. Stator windings are
connected in wye to an internal neutral point.

Configuration ~ Parameters  Load Flow
Nominal power, voltage, frequency, field current [ Pn(VA) vn(Vrms) fn(Hz) ifn(A) ]: [8100 400 50]

stator [ Rs(ehm) Ll,Lmd,Lmg(H) (Le(H)) ]: [[1.62 0.004527 0.1086 0.05175] [E

Feld [ RF(ohm) Lifd'(H) ]: [1.208 0.01132]

Dampers [ Rkd',Likd' Rkql',Lkql' ] (R=ohm,L=H): [3.142 0.007334 4.772 0.01015]

Pole pairs: |2 | B

Initial conditions [ dw(%) th({deg) ia,ib,ic(A) pha,phb,phc{deg) Vf(V) ]: |[ 00D0000D0DO0O0] |

[ simulate saturation Plot

[ ifd(A) ; VH{VLL rms)]: 1293.6,1430.2,1583.7;9660,10623,12243,13063,13757,14437,15180,15890, 16567]

Cancel Help Apply

Fig. 5. Synchronous Machine SI block parameters

Block Parameters: Synchronous Machine 5

Synchronous Machine (mask) (link)

Implements a 3-phase synchronous machine modelled in the dq rotor reference frame. Stator windings are
connected in wye to an internal neutral point.

Configuration Parameters  Load Flow
Generator type [PV

Active power generation P (W) |0 | B

Minimum reactive power Qmin (var) ‘-inf | B

Maximum reactive power Qmax (var) |mf | B

Cancel Help Apply

Fig. 6. Synchronous Machine SI block parameters
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Figures 7-9 show the parameters of the Asynchronous Machine SI block.

Block Parameters: Asynchronous Machine 5l e
Asynchronous Machine (mask) (link) o)

Implements a three-phase asynchronous machine (wound rotor, squirrel cage or double squirrel cage)
modeled in a selectable dq reference frame (rotor, stator, or synchronous). Stator and rotor windings
are connected in wye to an internal neutral point.

Configuration Parameters  Load Flow
Rotor type: Wound i

Preset parameters

Squirrel-cage preset model:  No -
Double squirrel-cage preset model: Open parameter estimator
Mechanical input: | Speed w -
Reference frame: | Rotor v

Measurement output

[ use signal names to identify bus labels

< >

Cancel Help Apply

Fig. 7. Parameters of the Asynchronous Machine Sl block

Block Parameters: Asynchrenous Machine 5l b4
Asynchronous Machine (mask) (link) ~

Implements a three-phase asynchronous machine (wound rotor, squirrel cage or double squirrel cage)
modeled in a selectable dq reference frame (rotor, stator, or synchronous). Stator and rotor windings are
connected in wye to an internal neutral point.

Configuration ~ Parameters  Load Flow

Nominal power, voltage (line-line), and frequency [ Pn(VA),vn{Vrms),fn(Hz) ]: |[ 37000, 380, 50 ]

Vrotor/Vstator voltage ratio |1

Stator resistance and inductance[ Rs{ohm) Lis(H) ]: |[ 0.026 0.063 ]

Mutual inductance Lm (H): |2.?

|

|
Rotor resistance and inductance [ Rr'(chm) LIF(H) ]: |[ 0.024 0.078 ] | g

|

|

Pole pairs p (): |4

Initial conditions
[slip, th(deg), ia,ib,ic{A), pha,phb,phc(deqg), iar,ibr,icr(A), phar,phbr,phcr{deg)]:
[[ooooo000] [

[ simulate saturation Plot

[ i(Arms) ; v(VLL rms)]: 51, 302.0841135, 428.7778367 ; 230, 322, 414, 460, 506, 552, 598, 644, 690]

Cancel Help Apply

Fig. 8. Parameters of the Asynchronous Machine SI block
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Block Parameters: Asynchronous Machine 5l

Asynchronous Machine (mask) (link)

Implements a three-phase asynchronous machine (wound rotor, squirrel cage or double squirrel cage)

modeled in a selectable dq reference frame (rotor, stator, or synchronous). Stator and rotor windings are
connected in wye to an internal neutral point.

Configuration ~ Parameters  Load Flow

Mechanical power (W) ‘1.4929+006

Cancel Help

Apply

Fig. 9. Parameters of the Asynchronous Machine Sl block

Figures 10-11 show the parameters of the Synchronous Machine SI block.

Block Parameters: Three-Phase Series RLC Load >
Three-Phase Series RLC Load (mask) (link)

Implements a three-phase series RLC load.

Parameters Load Flow

Configuration | Y (grounded)

Nominal phase-to-phase voltage Vn (Vrms) |100[} | g

MNominal frequency fn (Hz): |50

[] specify PQ powers for each phase

Active power P (W): |1093 :

Inductive reactive power QL (positive var): |0 | :

Capacitive reactive power Qc (negative var): |0 | :

Measurements  MNone

Cancel Help

Apply

Fig. 10. Parameters of the Three-Phase Series RLC Load block
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Block Parameters: Three-Phase Series RLC Load x
Three-Phase Series RLC Load (mask) (link)

Implements a three-phase series RLC load.

Parameters Load Flow

Load type: |constant Z -

Cancel Help Apply

Fig. 11. Parameters of the Three-Phase Series RLC Load block

The measuring part of the model is carried out by the block Subsystem (Figure

12). Blocks Subsystem , ..., Subsystem2 are identical to each other.

«Rolor speed wm (radis)>

m | | <Electramagnetic tarque Te (N'm)>
Al
:‘ 4
A
Rt
Bi
{2 5
B
R2
c1
LD ]
c

j

%F
]

—

Fig. 12. Subsystem block
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V. RESULTS OF MODELING THE SYSTEM OF COMBINED ELECTRIC
MACHINES

Figures 13-18 show the oscillograms of the linear output voltages of all units of

the system.

100

50

-50

-100
o o1 02 03 04 05 06 07 08 09 I

Fig. 13. Oscillogram of linear voltages Ug' Yge Yea synchronous generator

after turning on the excitation winding

150
100

50

-50

-100

-150
0 0,1 0,2 0,3 04 0,5 0,6 0,7 0,8 0,9 |

Fig. 14. Oscillogram of line voltages u , on the 5rd unit

8’ Ysc' Yca

0 0,1 0,2 0,3 0.4 0.5 0,6 0,7 0.8 0.9 1

Fig. 15. Oscillogram of line voltages u , U, ON the 4rd unit

8’ Ysc
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-200
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Fig. 16. Oscillogram of line voltages u on the 3rd unit

AB’lJBC’ UCA

300
200
100

-100
-200
-300

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

Fig. 17. Oscillogram of line voltages Ung' Uper YUgp ON the 2nd unit

400
300
200
100

-100
-200
-300
-400

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

Fig. 18. Oscillogram of line voltages u , on the 1st unit

8’ Ysc' Yca

As can be seen from Figures 13-18, when six electric machines were combined
on one shaft, the voltage frequency at the output unit No. 1 increased by 8.27 times,
and the voltage - by 3.67 times.

V. CONCLUSIONS

In this paper, a system of combined electric machines is investigated. The results
of simulation modeling in the Matlab software package confirmed the operability of
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the SSEM. The system under study makes it possible to obtain the output voltage of
the required frequency - the voltage frequency at the output unit No. 1 increased by
8.27 times, and the voltage - by 3.67 times.
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Casxos U. ©., Basunos B. E.
VY dbumckuii rocyaapcTBEeHHbIA aBUALIMOHHBIN TEXHUYECKU YHUBEPCUTET

QJEMEHTBI METOAUKHU TPOEKTUPOBAHUA
JIMCKOBBIX SJIEKTPHUYECKHX MAIIIMH"

Annomayus: OIHUMU U3 TUIIOB MIEKTPUYECKUX MAIIMH BBICOKMMH YAEIBHBIMH ITOKa3aTEIIMHU
SBJIAIOTCSI BEHTUJIbHBIE JMCKOBBIE JBHraTeslud. Takol THUN 3JE€KTPUYECKOM MalllMHbI 00jagaer
MajJOi OCEBOM [UIMHOW, BBICOKMM YACIBHBIM MOMEHTOM, a TakKKe II03BOJSET CO3/1aBaTh
KOHCTPYKIUH ¢ MUHUMAJIBHON MacCoM.

Kniouesvie cnosa: JInckoBblil BeHTUIBHBIN IBUTATENb, O€3KeNe3HbINH CTaTOop.

l. BBEJIEHUE

JocTtkeHust B 00JIaCTU CHJIOBOM DJIEKTPOHUKH U YJIy4YlIEHUWE CBOMCTB
MAaTEpUAJIOB OTKPBIBAIOT IIMPOKUE BO3MOKHOCTH ISl KOHCTPYKIUM JJIEKTPUUECKUX

MallkMH C BBICOKMMU YACJIIbBHBIMHU IIOKA3aTCIIAAMU. OI[HI/IMI/I Hn3 TaKHMX THIIOB

'PaGora BeImoNHEHA IpH mOIIEpKKe Poccniickoro HayuHoro dorza, mpoekt Ne 20-79-00109.
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JIEKTPUICCKUX MAIIMH SBJISIIOTCS BCHTHJIbHBIC JHCKOBBIE nBurarenu [1-3].
CymecTByeT OOJIBIIIOE KOJMMYECTBO KOHCTPYKIIMH JHCKOBBIX JBHUTATENEd, HO
Hanboyiee BBICOKYIO YICIBbHYIO MOITHOCTh ITOKa3bIBAIOT KOHCTPYKIIMH JTHCKOBBIX
JBUTATENCH Oe3 cepaeuHunka craropa [4-5].

B TakoM THIe IUCKOBOTO JBUTATENsi OOMOTKA CTaTopa Ha HEMAarHUTHOM
OCHOBaHUH PACIIOIaracTcsl B BO3AYITHOM 3a30p€ MEXKAY ABYMsI pOTOpaMH JUCKOBOTO
TUTIA, TIPA ITOM TOBBIMACTCS I(P(HEKTUBHOCTH JBUTATENS BCIICICTBHE OTCYTCTBHUS
NOTeph B CTAIM CEPACUYHUKA CTATOpA.

JluckoBbIE SIEKTPUYCCKAE MAIIMHBI TPUMEHSIOTCS B KauyecTBE NPHUBOJIA
BO3JYITHOTO BHHTAa Ui OO0Jee JIIEKTPUYECKOTO camojieTa, B THOPUAHBIX
AIIEKTPUUECKUX CHUCTEMax OeCHUJIOTHBIX JIETAaTEIbHBIX ammapaTroB, a TaKXkKe B

Ka4yeCcTBE JBHUraTelIs/TeHEpaTopa KoJIeC MIaccu.

1.  YPABHEHUS JUCKOBOI'O IBUI'ATEJIA

[lepBbIM 11arom npu pa3paboTKe AUCKOBOTO ABUTATEINS SIBISIETCS ONPEAEICHUE
BHEIIHUX W BHYTPEHHHUX JauaMeTpoB. [lo yCIOBMSM MEXaHMUYECKOW NPOYHOCTH

ONPENEIIETCS MAKCUMAIIBHBIA HAPYKHBIN n1uameTp poropa ¢ 1IM:

60 |og
Dout = —|——
zn'\l pky
rie § - YCKOpeHHE CBOOOJHOIrO TaJieHHs; ¢ — mpeaen npouHoctu IIM Ha

pacTshkeHue; p - IUIOTHOCTh Matepuana [IM; C; - pacyerHsiii ko3P duimeHt
(c1=60/7); Ky - KO3 duIMeHT 3amaca MPOYHOCTH MaTepHalia Mpo MpeAesy TeKydeCTH
(ka=1,1-1,5); n - wactora BparieHus: poropa. Jlasee HapyKHBIA THAMETP YTOUHIETCS

IO BBEIXOJHOI MOIIIHOCTH:

D, = | Po

out 3 TC3
a5 | KakyBy A, (1-KZ)(1+K,)

rae Poyt - BBIXOAHAs MOIIHOCTH JMCKOBOTO JIBHUrarteins, K, - koddduuueHT Gpopmsl

moJIst, JUIS MAarHUTHBIX cOOpok Xaymbaxa M JUCKOBBIX MAaIllMH, HMMEIOIIUX
TpamneneuagbHoe pacnpeneneHue MarautHoro moms Ky = 1,25-1,29, rme Ky

obmoTouHbli Ko3pduiment, f - vacrora nHampsbkenus, B, - cpenHee 3HaueHue
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WHAYKUMW B BO3AYIIHOM 3a3ope, Tin, A — nelcTByrollee 3HAYEHUE JIMHEHHON
TOKOBO# Harpysku, A/M. Tak Kak BBIXOJHAS MOIIHOCTH TPOMOpIHOHaTbHA D, To ¢
POCTOM BBIXOJHOW MOIIHOCTH BHEUIHUHM IHWAaMETpP pacTeT MEMJICHHEE, U MallWHBI
MaJjoil MOITHOCTH MMEIOT OTHOCHUTENIBHO OojbIive auaMeTphl. [loaToMy AMCKOBBIE
AJIEKTPUYECKUE MAIMHBl 1LEJeCO00pa3HO MPUMEHATh JJs MalllUH CpeaHed u
00sb1I0N MOImHOCTH. OTHOIIEHWE BHYTPEHHETO JUaMeTpa JHCKa poTopa K

BHCHIHCMY ITPHUHUMACTCS:

D 1

5%

Cpennee 3Ha4eHUE UHAYKIIMU B BO3YILIHOM 3a30p€:

k

T 2

riae Byae — MaKCHMaJbHOE 3HAYCHUE WHIYKIMHA B BO3IYIIHOM 3a3zope, T, o -
COOTHOIIICHHE MEXKIY IIIaroM KaTYIIKH U IAaroM MOJIOCHOTO JICJICHHMS.

MakcuMaiibHasl JIMHEWHAs TOKOBas Harpy3ka pacCUMTBIBACTCS CIICTYIOIIAM
obpazom:

42N,
Doyt (1+kq )

rae m - guciao ¢a3 N - guciio BUTKOB B ¢ase crarTopa, I, =4/|§d +12; — CHIIa TOKa B
(ase craropa, A, 1,q B lyg - HOTPEOIIEMBIA TOK IO HPOAOJIBLHOM U MOIEPEUHON

OCSIM.
Toku B 0OMOTKE cTaTopa 1Mo MpoJ0JbHON U MOMEPEYHON OCSIM OMPEAEIISIOTCS

COOTBCTCTBCHHO!

U (qu cosO—Rsin 6)— EXq

|ad = 2

U (RcosB—Xgq sin6)—ER

rae R - aKTUBHOE CONPOTHUBIIEHHE OOMOTKH CTAaTOPA, Xgg M Xgq - CHHXPOHHOE

PEaKTUBHOE COMPOTHUBIICHHUE IO MPOJOJHHOM U MOMEPEUYHON OCSIM COOTBETCTBEHHO,
U- HanpspKeHUe NMUTAHUS, 6 - yroJl Mexly nuTaromum Hamnpsbkennem (U) u npotuso-

BJIC dassl craropa (E).
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BXOI[Haﬂ QJICKTPUICCKASA MOIMHOCTL JUCKOBOI'O IBHUI'aTCJIA:

Fin =muU (Iaq cos0— 4 sine)
BaxneiM  3Tanom pacdu€rta AMUCKOBOTIO  ABUTATCIIA  SABJIACTCA  OLICHKA
pa3BUBACMOI'O KpyTAIiero MOMCHTAa 110 €ro OCHOBHBIM pasMepam u
ANEKTPOMArHUTHBIM napaMerpaMm KpyTsammnii MOMEHT IBUTarTelsd ¢ ABYXCTOPOHHHUM

OCCBBIM MAIrHUTHBIM ITIOTOKOM PACCUYHUTBIBACTCA CIICAYIOIIUM 06p330M:

Tq zana\,Am( f(kd —kg’)

ypaBHeHI/IH 0OMOTOYHBIX JaHHBIX, a TaKXKXC IIOTCPb B MCIHW aAHAJIOTMYHBbI

Dout
2

YPaBHEHUSM DJICKTPUICCKUX MAIUH C pagraibHBIM MarHUTHBIM MTOTOKOM. [Ipn aTOM
W3-32 OTCYTCTBHSI CEpJICYHHMKA CTaTOopa Ha IMEPBBIM IUIAH BBIXOJAT IOTEPU HA
BHUXPEBBIC TOKH B 0OOMOTKE CTaTOpa M B IIOCTOSTHHBIX MarHUTAX OT BBICIIUX FapMOHUK
0OMOTKH cTaTopa.

[Torepun B MOCTOSTHHBIX MarHuTax 00yCITOBJICHBI BBICIIUMU

HpOCTpaHCTBeHHBIMI/I FapMOHI/IKaMI/I MAr"gmTHOI'O IIOJIA CTaTopa nu HpOBOI[I/IMOCTBIO
I1IM:

2
|O‘v|2 Bep k

Ho ) opm

rae aR=%\/\/4+(B/k)4+(B/k)2 - pacyerHblii kodpduument, k - KodPPHULHUEHT,

Pev = 0.5aRk; Spm

YUYUTHIBAIOIIMN 3JIEKTPUUYECKYI0 MPOBOAUMOCT M OTHOCHUTEIBHYI) MArHUTHYIO
nponuiaeMoctb [IM, p=n/t - pacueTHbiil KO3DPUIMEHT, « - TOIIOCHOE JIeTICHUE, a,
- KOA(h(OUIIMEHT BBICHIMX MPOCTPAHCTBEHHBIX TAPMOHHK, opy - DJIEKTpUYECKas
poBoUMOCTh [IM, k, - K03 UIIMEHT, YIUTHIBAIOIINN BIUSIHUE BUXPEBBIX TOKOB B
IIM, Spy - akTHBHAS TOBEPXHOCTH [IM, 1y - MarHuTHasi MPOHUIIAEMOCTh BAKyyMa.

B IUCKOBBIX DJIEKTPUYECKMX MalllMHaX ©Oe€3 cepaeuyHuKa, OoOMOTKa cTaropa
MOJABEPraeTcss BO3JACHCTBUI0O MArHUTHOTO TOJIS BO3AYyIIHOrO 3a3opa. Ilpu 3ToM B
JOTIOJIHEHUE K  KOMIIOHEHTY  OCEBOr0  MAarHMTHOTO  MOJig  J100aBIsSeTCS
TaHT€HIIMAJIbHOE MarHuTHoOe mojie. [loTepu Ha BUXpeBbIE TOKM B OOMOTKE cTaTtopa

MOJHO NPpEACTABUTD B CJICAYIOIMICM BUJIC!
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o (2,2 2 2 2
Peuxzzgf d mnp(Bmz"'Bmt)nd

rac d - AUaMCTpP IMPOBOJHHKA, o - JJICKTPHUYCCKAA IIPOBOAUMOCTL IIPOBOAHHUKA, p -

IJIOTHOCTH MPOBOJHMKA, m,, - Macca MPOBOJHUKOB OOMOTKH CTaTOpa, By, U By -

np
MaKCUMaJIbHOE 3HAY€HUE AaKCHAJbHOM W  TAHICHUUAIBHOW  COCTABIISIOLIUX
MarHUTHOTO T0JIsI COOTBETCTBEHHO, KOA((HULIUEHT UCKAXKEHHUS.

[loTepn mpu BpamieHWH COCTOAT W3 NOTEPh HA TPEHUE B IOAIIMIHUKAX U
a’poavHaMuYecKux norepb. CymecTByeT 00JIbHOE YHUCIO SMIMPUUECKUX YPAaBHEHUMN
pacyera MmoTepb Ha TPEHHE B NOAIIMIHUKAX. /[ 2JIEKTpUYECKHMX MAIlVH JTaHHBIC
MOTEPU MOT'YT OBITh OLIEHEHBI CIEAYIOIINM BhIPAKEHUEM:

Bup =0.06k gsm,.n
rae kg - KO3QUIHEHT, KOTOPBIM MPUHUMAETCS paBHBIM OT 1 110 3 M°/c?, my - Macca
pOTOpa € y4eTOM Baja.

BONBIIMHCTBO  OUCKOBBIX  JJEKTPUYECKUX MAIIMH  IPOCKTUPYIOTCS  C

BO3AYIIHBIM OXJIAKJICHHUEM. ASPOJIMHAMUYECKHUE TTOTEPH JIJIsi TUCKOBOTO POTOpA:

Paind = 0.50 pair (27n)° (( Dout /2)° —(Dshat/ Z)SJ

rie ¢t =3.87/JRe - KOA(h(UIIMEHT CONMPOTUBICHUS JUIsl TypOYJEHTHOTO IOTOKA,

2 o
Re = 2nnpDgyt / 4u - gyucno PeitHOMBACA /UTSI BpAIIArOIIETOCs TUCKA, pyjy - YASTbHAS
IUIOTHOCTh OXJIAXKAAIOIIEro BO3Ayxa, " - TUHAMUYECKas BSI3KOCTb BO3IYXa, Dgnaf -
JUaMETp Baia.

[TomHbIE TIOTEPHM B AUCKOBOW JJIEKTPUYECKOM MAIIMHE COCTABISIOT CYMMY

OTEPh:

Rosses = Foan + Py + Foux + Pmp +P yind
rac P,s, - IOTCPU B 00OMOTKE c¢raropa, onpcaAcCIAOTCA 110 U3BCCTHBIM YPABHCHHAM Ha

OCHOBe 3akoHa Oma.

I[anee YTOYHACTCA BCIIMYNHA BBIXOI[HOﬁ MOIIHOCTHU AMCKOBOI'O ABHUT'aTCIIA.

F)out = I:)ln - F1osses
HpeI[CTaBJ'IeHHBIe YPaBHCHHSA IIO3BOJIAIOT IIPOU3BECTH IPECABAPUTCIILHBIC

pacde€Tbl JUCKOBOI'O ABUIAaTCIIA IIpUM  YCIOBHH 3aJdHHBIX J3JICKTPOMAIrHUTHBIX
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Harpysok. bonee TounHbIe pacdCThbl IIOJIYYAIOTCA IIPU MCIIOJB30BAHWMH MCTO/0B

KOHCYHBIX 3JICMCHTOB.

1. 3AKJIITOYEHUE

B pa60Te pacCMaTpuBarOTCA 3JICMCHTBI MCTOAUKU ITPOCKTHPOBAHUA JUCKOBOI'O
ABUTI'aTCJIA oe3 CCPACYHHKA Ha CTATOPC C CCTCCTBCHHBLIM BO3YIIHBIM OXJIAKICHUCM.
HpI/IBeI[CHBI BBIPAKCHUA JJI OIIPpCACIICHUA OCHOBHBIX pasMcpoB u

QJICKTPOMAIrHUTHLBIX I1apaMCTPOB.
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Zaynutdinova L. Kh., llyichev V. G., Dzhambekov R. G.
Science and educational center “Alternative energetics” Astrakhan State University

EXPERIMENTAL STUDY OF APHOTOVOLTAIC MODULE THERMAL
MODES IN THE CLIMATIC CONDITIONS OF ASTRAKHAN OBLAST

Abstract: The objective of this paper is to study the dependence of photovoltaic modules
characteristics on temperature in real operating conditions in regions with high ambient
temperatures. We carry out research into temperature distribution on the back side of the
photovoltaic module. The temperature changes of current-voltage characteristic for the
micromorphic "Pramac-125" photovoltaic module have been evaluated. The influence of the load
on the temperature increase of the back side in the photovoltaic module has been shown. The results
obtained can be applied to develop cooling systems for photovoltaic modules and in the prediction
of electricity generation.

Keywords: Solar energy, photovoltaic module, insolation, temperature of the back side of the
photovoltaic module, current-voltage characteristic

INTRODUCTION

Solar energy remains a globally and rapidly developing energy technology.
Solar photovoltaic systems are also used in various projects of Astrakhan oblast in
Russia [1,2,3]. The disadvantage of solar photovoltaic systems is the high dependence
of electricity generation on weather factors [4, 5]. The issues of reducing the
efficiency of solar panels in a hot climate are widely discussed [6]. However, in
general, the questions of photovoltaic modules thermal regimes have not been
sufficiently investigated yet. Research community lacks scientifically based
recommendations for the construction of cooling systems for photovoltaic modules.

The objective of this paper is to study the dependence of photovoltaic modules
characteristics on temperature in real operating conditions in regions with high
ambient temperatures.

The present study of photovoltaic modules is carried out in Astrakhan State
University using information and measurement system for long-term monitoring of
the characteristics of photovoltaic modules described in our articles [7, 8].

The system is provided with measuring equipment (sensors) to estimate solar
radiation (silicon photodetector, SP Lite 2), the temperature of the back side of the

module and the environment (temperature sensors, DS18B20).
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The key operational characteristics of the investigated photovoltaic module
Pramac -125 are:

Rated power 125 W

Efficiency 8.74%

Surface area 1.43 ™

Weight 20 kg

1. Research into temperature distribution of the back side
of the photovoltaic module

We consider the temperature of the upper, middle and lower sections of the

photovoltaic module. The placement of temperature sensors on the module is shown

in Figure 1.
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Fig. 1. Layout of the temperature sensors on the back of Pramac 125 module

Temperature readings from different areas of the module (6 sensors) and
ambient temperature were taken on 06/18/2021, in the period from 11h. 54 min. to
12h.49 min. The interval for reading parameters is 5 minutes. The results of

temperature measurements are shown in Table 1 and Figure 2.
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Table 1

Temperature of Different Areas of the Module

time dl d2 d3 denv

11:54 50.63 48.88 49.75 34.86
11:59 50.56 48.94 50 35.17
12:04 51.69 50.25 51.06 36.36
12:09 49.56 48.63 50.31 36.25
12:14 49.31 48.44 49.94 36.67
12:19 49.75 48.94 50.25 37.18
12:24 49.56 48.44 49.31 36.67
12:29 49.38 48.31 50.25 36.56
12:34 50.13 48.88 49.19 36.36
12:39 50.06 48.88 49.88 35.56
12:44 50.81 49.31 50.06 36.36
12:49 49.63 48.75 50.31 36.07
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Time

Fig. 2. The temperature of the back side of Pramac 125 module and the ambient temperature
(Ambient temperature — light blue; Temperature in the upper area of the module — yellow;
Temperature in the middle of the module — blue; Temperature in the lower area of the
module — green)

The conducted experimental study showed that

1. The readings of the sensors located on the back of the upper, middle and
lower parts of the module differ by no more than 2 %, which can be explained by the
measurement error of the sensors.

2. The temperature of the back side of the module operating under load
exceeds the ambient temperature by (13-15) ° C (=43%).
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2. Evaluation of the temperature changes in current-voltage characteristic
for «Pramac-125» micromorphic photovoltaic module

The current-voltage characteristic was obtained at the temperature of the back
side of the module 50° C and insolation In = 1006 W/™ The experiment was
conducted on May 4, 2022 in Astrakhan. The following equipment was used

RIGOL DM3061 multimeter as an ammeter

Mastech MY61 multimeter as a voltmeter

RPSH-5 slider rheostat with 5A roller contacts with a resistance range of (0-30)
ohms

The measurement results are shown in Table 2 and Figure 3.

Table 2
Current-Voltage Characteristic

Ne U (B) I(A) Ne U(B) I(A)
1 61.8 0 17 41 2.354
2 56.9 1.128 18 40 2.376
3 56 1.273 19 39.2 2.388
4 55 1.422 20 38 2.410
5 54 1.555 21 37 2.429
6 53 1.667 22 36 2.444
7 52 1.774 23 35 2.455
8 51 1.864 24 34 2.471
9 50 1.942 25 33 2.480
10 49 2.023 26 32 2.484
11 47 2.134 27 30.3 2.495
12 46 2.193 28 29 2.505
13 45 2.227 29 28.1 2511
14 44 2.261 30 26 2517
15 43 2.295 31 25 2.521
16 42 2.325 32 23.1 2.525

The maximum power point is green-highlighted. The resistance of the load
resistor at the point of maximum power was 22.648 ohms.

Figure 3 shows a comparison of the passport and actual current-voltage
characteristics obtained with almost the same insolation, but at different module
temperatures. This makes it possible to compare the calculated and actual values of
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the no-load voltage U , voltage U p, and current | ,,, at the point of maximum

power when the module temperature increases to 50 °C.

Current Volt
3.0 -

age Curve "pramac-125"
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Fig. 3. Current-Voltage Characteristic of "Pramac-125" module

The passport characteristic under standard conditions (temperature 25 °C and

insolation 1000 W/™) is shown in red.

The experimental characteristic at almost the same insolation (1006 W/™), but

at a 50 ° C temperature of the back side of the module is shown in blue.

The electrical characteristics from the module passport [9] are given in Table 3.

They are determined under standard test
module temperature t =25 ° C
insolation In = 1000 W/™

conditions:

Table 3

Current-Voltage Characteristic of "Pramac-125" Module

No-load voltage (U o) 74.1 (B)
Short-circuit current (I s 5.) 2.71 (A)
Current at maximum power point (I mppl mpp) 2.21 (A)
Voltage at maximum power point (U mpp) 56,6 (B)

The manufacturer also provides the passport data with temperature coefficients.
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Table 4
Temperature Coefficients of "Pramac-125" Module

ay, (%/°C) -0.39
a,.  (%/°C) +0.06
a, ~ (%/°C) +0.06
ay,, (%/°C) -0.41

Using the passport data of "Pramac-125" module and the above temperature
coefficients, values of the no-load voltage, voltage and current at maximum power
point can be calculated.

The estimated value of the no-load voltage at t =50 ° C:

ay,, 25 % 0,39

Uoc(50) = Uoc(zs)(1 —@25-t)—F/~=741(1- 100

h ) = 66,87 (B)

The measured actual value (Table 2) of the no-load voltage at t =50 ° C is 61.8

Discrepancy between calculated and actual values of U os0)Upc(s0y IS about

7.6%

The calculated value of the voltage at maximum power point at t = 50 ° C:

LT 25%0

41
Unpp(s0) = Umpp(zs) (1 = (25 — 1) 557 = 56:6(1 = —75—) = 50,799 (B)

The measured actual value of the voltage at maximum power point at t =50 ° C

Is 46 V. Discrepancy between calculated and actual values of U oc(50) is about 9.4%

The calculated value of the voltage at maximum power point at t =50 ° C:

ALpp 25 % 0,06
Impp(SO) = mpp(ZS)(l — (25— t)w =2,21(1+ W) = 2,243 (A)

The measured actual value of the voltage at maximum power point at t =50 ° C
is2.193 V.

Discrepancy between the calculated and actual values of the current at
maximum power point is about 2.229%.

Thus, it is shown that the discrepancies between the calculated (determined
through temperature coefficients) and the actual (measured) parameters of the current-
voltage characteristics can reach 9%, which can play a significant role in predicting

electricity generation and designing cooling systems for photovoltaic modules.

283



3. The effect of the load on the temperature of the module

Two sunny cloudless days with similar values of solar radiation were taken for
the study, namely 28.05.2022 (module under load) and 29.05.2022 (module without
load).

Figure 4 shows a graph of the temperature change in the back side of the loaded
module during the day in comparison with the graph of the change in ambient

temperature.
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Time
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Fig. 4. 2022-05-28 "B" —Temperature of the back side of the module under load (red),
ambient temperature (light blue)

In the evening and at night, the temperature of the back side of the module is
~17°C, while the ambient temperature is =12-13 °C

During daytime, the temperature of the back side of the loaded module is
significantly higher than the ambient temperature and exceeds 50 °C.

Figure 5 shows a graph of the temperature change in the back side of the
unloaded module during the day in comparison with the graph of the change in
ambient temperature.
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Fig. 5. 2022-05-29 "B" —Temperature of the back side of the module without loading
(green), ambient temperature (light blue)

In the evening and at night, the temperature of the back side of the module is
~16°C, while the ambient temperature is ~12-13 °C

During the daytime, the temperature of the back side of the unloaded module
reaches 43 °C. Despite no-load, the temperature of the module exceeds the ambient
temperature by 15 °C.

Figure 6 shows graphs of the temperature change in the back side of the loaded

and unloaded module during the day.

Temperature [*C]
o

T1[C] 28.05

T1[C] 29.05

Fig. 6. 2022-05-28(29) "G" is the temperature of the back side of the module under load
(red). Temperature of the back side of the module without load (green)

In the evening and at night, the temperature of the back side of the module
under load and the temperature of the back side of the module with no-load have

approximately the same values =12-15 °C.

285



During the daytime, the temperature of the back side of the loaded module
significantly (by 10 degrees) exceeds the temperature of the unloaded module.
Thus, when designing cooling systems for photovoltaic modules, it is necessary

to make an adjustment taking into account the magnitude of the load.

CONCLUSION

Having studied the temperature distribution of the back side of the photovoltaic
module, we revealed that the readings of the sensors located on the upper, middle and
lower parts of the module differ by no more than 2 %.

The temperature changes in current-voltage characteristic for "Pramac-125"
micromorphic photovoltaic module have been evaluated. Thus, it is shown that the
discrepancies between the calculated (determined through temperature coefficients)
and the actual (measured) parameters of the current-voltage characteristics can reach
9%, which can play a significant role in predicting electricity generation and
designing cooling systems for photovoltaic modules.

The influence of the load on the temperature of the photovoltaic module has
been studied. It is shown that even under no-load conditions, the temperature of the
module in the daytime exceeds the ambient temperature (by 15 degrees).

During the daytime, the temperature of the back side of the loaded module
significantly exceeds the temperature of the unloaded module (by 10 degrees).

The results obtained are to be used by the authors in the design of an automatic

cooling system for photovoltaic modules.
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Filinkov L. I., Likhter A. M.
Astrakhan State University

DEVELOPMENT OF A DECISION SUPPORT SYSTEM
FOR BOILER MANAGEMENT TO REDUCE EMISSIONS
TO THE ATMOSPHERE

Abstract: The paper points out the general shortcomings of existing decision support systems and
proposes an original criterion for assessing the state of combustion, linking both environmental and
economic parameters. This criterion makes it possible to improve the methodology for evaluating
the operation of a boiler unit, taking into account environmental and economic indicators (the
composition and concentration of harmful substances in flue gases, the legally established fee for
emissions of harmful substances, etc.). An experiment was carried out on an operating boiler unit to
measure the main parameters of the boiler operation, including those included in the formula of this
criterion. The analysis of the values of this criterion is carried out, the optimal and inadmissible
values of the criterion are determined. Based on this criterion, an algorithm for the operation of
decision support systems is proposed. A fragment of the knowledge base is given, which the system
accesses in order to offer the boiler operator the correct actions to regulate the boiler unit. The
conclusion is made about the fundamental possibility of evaluating the operation of the boiler unit
on the basis of the proposed criterion and the possibility of using this criterion in decision support
systems.

Keywords: Decision support system, criterion, algorithm, control, knowledge base, boiler unit.
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I. INTRODUCTION

To ensure the operation of a heat producing unit at power utilities, observing not
only economic, but also ecological standards, is an important production task.
Automatic control systems of boiler units regulate the process parameters within the
permissible range of characteristics. An energy boiler is difficult to regulate, therefore,
a decision support system (hereinafter referred to as DSS) is introduced to provide

assistance to the boiler operator (decision maker). Ease of Use.

1. EXPERIMENT

An experiment on recording the main technological parameters of the boiler
unit #1 was carried out at CHPP-1 power plant in Ulyanovsk in January 2021. These
parameters included: natural gas consumption rate, oxygen concentration in flue
gases, concentration of nitrogen oxide in flue gases, steam capacity of boilers and flue
gas temperature ty, behind the water economizer. Data was recorded automatically
every 60 seconds during the working day.

The data was saved as XLS format. The table consists of two thousand rows. A

chunk of data is given in table 1.
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Part of Parameter Values Recorded during the Experiment

Table 1

Concentration of

Natural gas | Concentration of . Steam Flue gas
Date | consumptio NOXx in flue 02 in flue gases, consumption temperature,
n gases on the left, behind the boiler Tyx
casing A
m3/hr % % TPH °C
10/01 | 35170.01 84.86 1.73 449.866 321.1
121
0:00
10/01 | 35169.17 84.93 1.63 448.367 321.2
21
0:01
10/01 | 35168.33 85.01 1.71 448.367 321.2
121
0:02
10/01 | 35167.49 85.09 1.68 449.06 321.3
121
0:03
10/01 | 35166.65 85.17 1.67 444.107 321.4
121
0:04

Some of the recorded dependencies are shown in Figure 1 and 2. Figures

illustrate that the boiler unit efficiency decreases linearly with an increase in oxygen

concentration in flue gases. Hence, it follows that it is economically advantageous to

keep the oxygen concentration in the flue gases at minimum values. However, the

decrease in oxygen concentration in the flue gases may lead to an increase in toxicity

of emissions. This raises the urgent question of finding the optimal value of oxygen

concentration in flue gases.
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Fig. 1. Dependence of efficiency on oxygen concentration in flue gases

In this regard, the question of development of a DSS is relevant. Based on the

graph above, it can be suggested that if oxygen concentration exceeds 4%, the

following message should appear on the monitor screen to notify the decision maker:

“Oxygen concentration in flue gases is exceeded”. It is also possible to form a

knowledge base on the correct adjustment of a particular parameter of the boiler unit.

A fragment of the knowledge base is presented in table 2.

Table 2

Fragment of the Knowledge Base on Possible Causes and Methods
for Eliminating the Excess of Parameters

Controlled parameter

Deviation of a parameter

Possible causes of

Corrective actions of

gases

2. Natural gas
consumption per
boiler is higher than
estimated

3. Heat liberation
rate of the boiler
furnace is exceeded

from the normal mode exceeding the operator
parameters
Concentration of Excess 1. High oxygen value | 1. Increase airflow
nitrogen oxide in flue in flue gases rate per boiler

2. Reduce natural gas
consumption

3. Reduce natural gas
consumption
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Fig. 2. Dependence of the concentration of nitrogen oxides in flue gases on steam capacity

A clear dependence of the concentration of nitrogen oxides on steam capacity is
shown on Fig. 2. This is due to the increase in the combustion rate, which contributes
to a more active process of nitrogen-oxygen binding and the formation of thermal
nitrogen oxides. If the concentration of flue gases exceeds 100 mg/Nm3 [1] the
operator receives the following message: "The concentration of nitrogen oxides is
exceeded” and the information from the knowledge base corresponding to this
message to help him make the correct decision. Moreover, a method for reducing
thermal nitrogen oxides by reducing the burning rate in the boiler furnace [2] is very
common.

The graphs show the connection between technological and environmental
parameters that may form the basis for the formation of a DSS. As it was mentioned
before, a decision-maker is most interested in the economic parameter as well as in
regulating the technological process in an environment of minimization of emission
charges.

A complete list of harmful substances and payment rates for emissions into air
from the point sources is given in the RF Government Resolution [3].

In the meantime, the operation of the boiler unit must meet a number of
requirements, including mandatory ones. These requirements should be taken into
account in the proposed DSS.

A set of input data must be defined for the DSS. A number of requirements may

apply to this data, which can be categorized and ranked.
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I. Restrictions and requirements that are mandatory for execution in accordance
with regulatory documents.

Normative and technical documentation regulates the carbon monoxide
concentration in flue gases of no more than 119 pg/Nm3 [4].

According to the Sanitary Regulations and Norms approved on March 1, 2021 -
SanPiN 1.2.3685-21 “Hygienic standards and requirements to ensure safety and (or)
harmlessness of human habitat factors”, the maximum permissible concentration of
nitrogen dioxide NO2 (concentration ensuring allowed (acceptable) risk levels during
24 hours of operation at least — daily mean) is 0.1 mg/Nm3.

The number of operating hours of the boiler unit per year may also be limited
due to maintenance periods.

I1. Requirements and limitations, determined by their importance from the point
of view of the experts — operators of the combustion process.

For example, operators are aware of the technical condition of the duct gates
and can give their expert opinion on how to increase airflow rate in the most efficient
way on a particular boiler unit — with the help of an induced-draft fan or by using a
forced draft blower. Another example of the application of this requirement is as
follows. The operator knows if a certain boiler for any technological reasons cannot be
used at maximum capacity and cover peak loads, but should only be used to carry base
loads. Thus, with the help of experts, it is possible to rank options for the
implementation of any parameter or action.

I1l.  Requirements that increase economic efficiency.

Example: maximize the efficiency of the boiler house.

Ryou(x)—1

. . N
Formalization: 3 7} Zp: R (X—1)+1

n - — max , where N, — number of boilers

in the boiler house; R, (n) — number of boiler units used in the heat load operation
onacertain Xday 1 < x < Np,.

IV. Requirements and limitations that serve as guidelines.

Example: meteorological requirements. It is well known that under certain
weather conditions (windless and foggy conditions) air pollution from boiler houses is
extremely harmful to people around. These conditions can be easily formalized using
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fuzzy logic [1]. Formation of the rule base of the fuzzy logic system takes the form of
a well-ordered consistent list of fuzzy production rules of the “IF A, THEN B” type,
where A is the wind speed, fog presence, etc. Parameter A can be obtained using the
API request from the URL.: https://openweathermap.org/. As a result, we have a
recommendation of the possibility/impossibility of further operation of the boiler
house without reduction of power.

V. Metrological requirements and limitations.

The authors [5] have created a neural network which can quickly identify the
presence of failed sensors in the automation system. The neural network is trained on
a learning sample of the parameters of a particular boiler, based on the fact that all
sensors are calibrated and operate correctly. Then, the neural network generates a
warning message on the malfunction of a certain sensor in operation. The neural
network is patented. The output signal from the neural network is also a limitation for
the decision support system.

The value 0 is the neural network output corresponding to the correct operation

of all sensors.

[1l. CRITERIA DEVELOPMENT

As it was mentioned above, a decision-maker is most interested in the
economic parameter as well as in regulating the technological process in an
environment of minimization of emission charges.

For this purpose, we propose to introduce the criterion “Total ecological and
economic workload of the power generation facility”, which we suggest to determine

by the following formula:

C Cj * Vcr * BP
F=) T+ 2— —,
; MAC(av.dly.)
where F — total ecological and economic workload of the power generation facility
(in arbitrary units); T; — pollutant emissions tariff, RUB000’s./t.; ¢; — mass pollutant
concentration j in dry flue gases, mg/Nm?® measured by stationary devices; V.. —

volume of dry flue gases produced by complete combustion of 1 kg (1INm3) of fuel,
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when a, = 1,4 Nm3/kg of fuel (Nm*/Nm? of fuel); Bp — fuel design consumption;
when determining emissions in grams per second, Bp is indicated in thsnd/Hr
(thousand Nm3/hour); when determining emissions in tons per year, Bp is indicated
in thsnd/year (thousand Nma3/year); MAC;,y g1y). — maximum allowed concentration
of pollutants j (mg/Nm?®) over a defined period of time.

Figure 3 shows the graph of the dependence of the total ecological and

economic workload of the power generation facility on steam capacity.
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Fig. 3. Dependence of the total and economic workload of the power generation facility on
steam capacity

Using MS Excel, an approximating equation of a set of points, which has the
form: y = 0,0005*x® + 0,4807*x” - 300,1*x + 40347, with the root-mean-square error
R? = 10,9746 was found.

Derrivative of the parameter of the total ecological
arb.units and economic workload of the generation facility
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Fig. 4. Derrivative of the ecological and economic characteristics of the power generation
facility in relation to steam capacity
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Analysis of Figure 4 suggests that according to the criterion of the total
ecological and economic characteristics, the most advantageous is the mode of
operation of the boiler at steam capacity of 250 thsnds/hr, which is 50% of the rated

load.

V. CONCLUSIONS

The existing methods of environmental impact assessment have a number of
disadvantages that make the calculated parameters inconvenient to use in the DSS.
The article proposes the concept of «Total ecological and economic workload of the
power generation facility», which conveniently combines both environmental and
economic characteristics of the fuel combustion process. The concept is applicable to
any type of fuel and the criterion for minimizing this parameter can be the basis for
the selection of the most successful implementation of the DSS. The article provides
an analysis of values of this criterion as applied to the operating boiler unit and makes

conclusion on the most advantageous steam capacity interval.
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INTELLIGENT 3D PRINTING QUALITY CONTROL ALGORITHMS
FOR THE ENERGY INDUSTRY"

Abstract: The article proposes the structure of a quality control system for 3D printing of
components and parts of industrial enterprises using machine learning methods. The analysis of the
problem of automation of control is carried out, the classification of defects in the additive
manufacturing process "material extrusion™ is introduced. A neural network model has been
developed to classify 3D printing defects. A data set for training and testing an intelligent control
system has been created, and the software implementation of the proposed algorithms has been
completed. Experimental studies have been carried out. The final defect detection accuracy score
was 49%, and the F1-measure score is 0.63, which will allow detecting printing defects in the early
stages of the technological process.

Keywords: 3D printing, control system, 3D printing defects.

l. INTRODUCTION

The rapid development of industry within the paradigm of digital
transformation Industry 4.0 requires [1] the modernization of existing technologies
and of course the creation of new ones. Today Russian industry is expanding the use
of additive technologies (AT) — processes for creating finished products using 3D
printing. The construction of the product occurs by adding material in contrast to
formative or subtractive methods [2]. Demand for AT in recent years shows a sharp
increase, so by 2020 the global market for 3D printing has reached almost 12 billion
dollars. In February 2020, Rosatom Corporation developed and submitted for
approval to the Government of the Russian Federation a plan for the development of
AT until 2030 [3].

The use of 3D printing technologies in the energy sector [4-7] is of particular
interest, since the equipment usually uses expensive advanced materials such as
ceramics or composites, which have serious limitations in form and function when
processed by classical manufacturing methods. The application of 3D printing in the
energy industry can be divided into three main areas:

e prototyping and production of devices with high added value;

e customization of devices and parts at lower prices;

The reported study was funded by RFBR according to the research project No. 20-08-01172.
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e 3D printing in the development of new devices.

Domestic and foreign experts have proposed a number of technologies [8, 9]
for the production of material scale models of power and secondary equipment for the
electric power industry in order to improve the quality of the educational process and
modeling [10] of electric power facilities. Laser scanning technologies [11] are
actively used to improve the quality of the initial data necessary for creating three-
dimensional drawings of equipment models for electric power systems, creating scale
models on their basis and their further 3D printing.

The following key innovative projects in the energy industry with the use of
additive technologies are distinguished:

1. Solar cells, batteries and power plants [12] — 3D printing allows solar panels
to be 20% more efficient at a 50% reduction in production cost, opening new
prospects for renewable energy. China plans [13] to build a hydroelectric dam in the
Tibetan Plateau using a specialized large-scale 3D printer.

2. Wind turbines of a new generation — additive technologies make it possible
to create new types of wind turbines: microturbines and print some large-sized parts
for high-rise wind farms at the place of their installation.

3. Graphene and liquid batteries with 3D printing are becoming more
productive and environmentally friendly

4.3D printing in the gas sector: turbine blades — Siemens UK engineers
proposed using 3D printing to produce gas turbine blades, which speeds up
production by 90%.

The problem of even wider use of additive technologies is the shortcomings of
modern design and software solutions associated with inaccurate calibration of 3D
printers or incorrect setting of 3D printing parameters by the operator, which leads to
defects on products during the printing process. The presence of defects, in turn,
leads to a waste of time and expensive raw materials, as well as electricity, that is, to
economic losses in production.

The aim of the study is to improve the efficiency of the 3D printing quality
control process based on the application of the video data mining method.
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II.  ANALYSIS OF THE PROBLEM OF AUTOMATION OF QUALITY
CONTROL OF 3D PRINTING BASED ON VIDEO DATA PROCESSING

The joint study by the European Aeronautic Defense and Space Company and
the EOS Innovation Center showed that savings in raw materials when using additive
technologies in production can reach 75% [14]. But to obtain such a result, it is
extremely important to develop effective tools for quality control of the 3D printing
process.

Since additive technologies cover wide range of areas, including aircraft,
aerospace, shipbuilding, electronics and microelectronics, the presence of defects on
the product should be minimized. Therefore, it is very important to develop a solution
to the problem of quality control of 3D printing.

To date, there are no full-fledged domestic automated solutions for quality
control of 3D printing. And foreign developments of such systems have several
disadvantages: the difficulty of application, the complete lack of localization, low
stability, and security of the connection.

The most used non-destructive quality control methods are presented in Table 1.

Table 1
Non-destructive Testing Methods
Non-destructive quality control Restrictions
method
Visual and measuring control » Can only be used for quality control of finished

products

» Expensive highly specialized equipment (3D-
scanning, CT)

Industrial computed tomography » Almost impossible to automate the control of the 3D
printing process

3D scanning

The listed quality control methods are used to evaluate already completed
parts. 3D scanning and industrial computed tomography methods require highly
specialized equipment, which makes these solutions expensive.

To improve the efficiency of the 3D printing quality control process, it is
proposed to use video data mining methods aimed at detecting surface defects of such

a type of additive technological processes as material extrusion.
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To build a quality control system for 3D printing based on video data analysis,

it iIs necessary to introduce a classification of surface defects that can occur on

products manufactured by such a type of additive manufacturing process as material

extrusion (Table 2).

Table 2
Classification of 3D Printing Defects

Type of surface

Description

defect

Pimple The defect manifests itself in the form of streaks or drops due to excessive
extrusion of plastic, which is noticeable on the surface of the product.

Bundle The defect is characterized by the presence of cracks on the product that

were not originally foreseen. That is, the product is exfoliated into pieces.

Skipping a layer

The defect manifests itself in the fact that cracks form on the product due
to the complete or partial skipping of the layer.

Wobbling

The defect appears on the product in the form of vertical waves.

Ripples

The defect manifests itself in the form of waves traveling horizontally.

Bending corner

The defect is manifested by the fact that several layers of the model
adhered to the substrate properly, and later the model begins to peel off in
places, twist and bend.

Re — extrusion

Overextrusion is manifested by the fact that an excess amount of material
appears on the surface of the model.

Shifting layers

The defect is manifested by the fact that the layers are displaced relative
to each other during printing.

"Hairs"

The "hairs" defect is manifested by the fact that a certain amount of
material is observed on the product, which stretches from the printing
nozzle.

Underextrusion

Underextrusion occurs when too little filament is extruded during
printing. This may result in gaps, small dots or holes.

Extrusion into air

The defect is characterized by extrusion of a certain amount of plastic into
an empty space due to a critical 3D printer error or unpredictable material
properties.

Recess

The defect manifests itself in the form of recesses and depressions on the
surface of the product.

The classification includes the most common 3D printing defects, based on

which a custom data set will be developed.

Quality control methods using intelligent video data analysis are presented in

Table 3.
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Table 3
Control Methods Using Intelligent Analysis

Quiality control method Restrictions
Designed by W. Delly and S. Chang [15] » Lack of software localization
The work of D. Straub [16] » Restriction on types of defects
The Spaghetti Detective Service [17] » Closed projects

The group of methods shown in Table 3 are projects under development. Their
use allows for automated control but imposes some restrictions: there is no software
localization, types of defects are limited, projects are closed.

Thus, the review showed that today there are no full-fledged domestic
automated solutions for quality control of 3D printing, and the introduction of foreign

developments of such systems is limited.

1. DEVELOPMENT OF A QUALITY CONTROL SYSTEM FOR 3D
PRINTING BASED ON TECHNOLOGIES OF INTELLIGENT ANALYSIS
OF VIDEO SURVEILLANCE DATA

The block diagram of the 3D printing quality control system includes: video
capture block, frame preprocessing block, primary feature coding block, data
accumulation block, defect detection and segmentation block (Fig. 1).

A video capture block required for subsequent transmission of a sequence of
frames to a preprocessing block. The frame preprocessing block is necessary for
scaling, normalizing frames and bringing them to grayscale. In the coding block of
primary features, the search and work with important features of frames takes place.
The data accumulation block is used to collect the information necessary for the
operation of the Mask R-CNN neural network model. Using the human-machine
interface, the selection of parameters for the operation of the Mask R-CNN model is
carried out. In the defect detection and segmentation block, the Mask R-CNN model
trained on the labeled data set works. At the output, an image with a defect must
contain a defect outline frame, a mask applied to the defect, and the type of defect (its
class). Using the human-machine interface, the operator receives information about

the defect and decides on how to deal with it.
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Fig. 1. Structural diagram of a 3D printing quality control system

A.  Development of data preparation algorithm

The main steps of the algorithm for preparing and analyzing video data are
presented in the form of a flowchart (Fig. 2). The input file for training a model of a
3D printing quality control system contains marks associated with video data (area

attributes, which are the coordinates of the marking polygon x,y).

/ Data input /

v

Data scaling

v

Transformation
data in Grayscale

v

Extraction of ROI

Training the Mask
R-CNN Model

Scale adjustment

Fig. 2. Block diagram of the algorithm for working with video surveillance data
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The preprocessing process involves scaling, which results in a reduction in the
size of the data. The image size is controlled by the settings of the NS model
parameters and will be "512x256". Next, the image is converted from the RGB color
model to the Grayscale color mode, which is displayed in shades of gray. This
operation is needed to reduce the number of noisy pixels, as well as to improve the
accuracy of the results. Then it is necessary to define regions of interest (ROI) where
objects can be located. Before that, you should set the scale parameters and the aspect
ratio of the sliding search window. The result of this step is to obtain the bounding
boxes of the likely positions of the objects. The next step is training the neural
network model for further analysis of video data. If the analysis shows low training
accuracy and incorrect detection of defects, you should edit the weights and check
other adjustable parameters, and then restart the model training process.

B.  Development of a neural network model

A neural network model for classifying 3D printing defects is designed to
highlight defects in an image and determine the corresponding class of the selected
defect using an approach known as instance segmentation. Instance segmentation
combines an object class detection task with bounding box prediction and a semantic
segmentation task that classifies each pixel into predefined categories [18-20] using a
Convolutional Neural Network (NN) Mask R-CNN. The structure of the NN Mask R-
CNN model is shown in Fig. 3.

i |
)
.
2l " ==

Stage 1 7

Stage 2 4
ResNet 101

Input image
(512, 256, 1)

Qutput image

(-

Fig. 3. Mask R-CNN Structure
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At the first stage, the Mask R-CNN model makes assumptions about the areas
of the image where the object of interest may be. Initially, the scaled image is input to
the base convolutional neural network. SNS Resnet101 [21] is used as a backbone.
Next, it is necessary to generate hypotheses based on the obtained feature map, that
Is, to determine the approximate coordinates and the presence of a class object. A
separate NN, the Region Proposal Network (RPN) [22], is used to generate
hypotheses. The RPN input is a feature map obtained after the backbone, and the
output is proposals for regions with an object of interest (regions).

The second stage starts with the Region of Interest (ROI) Align layer. The
main task of the ROI Align layer is to match the coordinates of the assumption areas
with the corresponding coordinates of the feature map. Since each estimated area can
have a different size, and a vector of a fixed size is required for the subsequent input
of a fully connected layer, at this step, the feature vector of the area of interest of
arbitrary size is converted from the original image into a feature vector of a fixed
dimension.

Next, the output of the ROI Align layer is passed to a separate branch to
generate a mask, which consists of 2 convolution layers. A pixel-by-pixel mask is
generated for each region of interest. Also, in parallel with the mask, two fully
connected layers form class labels and bounding box locations for each assumption.

The mask is a rectangular binary matrix, in which 1 at some position means
that the corresponding pixel belongs to an object of a given class, 0 means that the

pixel does not belong to the object.

V. EXPERIMENTAL INVESTIGATIONS

A. Create a dataset to train and test the model
The input dataset and the Mask R-CNN NN model are being developed step by
step (Fig. 4).
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Fig. 4. Flowchart of the training sample development process

The first stage is the collection, search and analysis of frames obtained in the
process of video recording of 3D printer printing defects. Thus, 834 images were
collected. At the second stage, images were distributed into 12 classes of defects and
1 class of reference printing: sagging, delamination, layer skipping, wobling, ripples,
curly corners, overextrusion, underextrusion, "hairs", underextrusion, extrusion into
air, displacement of layers, reference.

The third stage is the primary image processing: removal of unnecessary
information depicted on the background (mechanisms of a 3D printer, operator’s
hands, reflections, and so on); image compression; converting data to one graphical
format.

At the fourth stage, manual markup (annotation) of the data set was carried out,

during which metadata are attached to the original image — certain tags that carry
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information about the specific properties of an object. Such labels are: file name, file
size, coordinates of the marked area and the name of the selected class. Some of the
defects shown in the pictures have non-standard shapes and polygonal annotation is
needed to mark such defects (Fig. 5). To mark up images with and without defects,

the software product VGG Image Annotator (VIA).

Fig. 5. Marking up an image with polygons

The fifth stage is the process of training the model on the created input dataset.
In case of unsatisfactory results, it is necessary to return to the previous stages and

check the quality of image processing and marking.
To assess the quality of defect classification, the following metrics will be

used: accuracy, error matrix, precision, recall, F-measure (Table 4).

Table 4
Metrics for Quality Assessment
Metric Formula Result
Accuracy accuracy (@, X)=%g[a(><ﬁ)= Y] 49%
. . -, TP
Precision precision(a, X ) = ==~ 48%
TP
Recall recall(a, X )= TPrEN 93%
_ 2-precision - recall
F-measure F= precision+recall 0.63
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In the error matrix, the rows correspond to the actual class, the columns
correspond to the predicted class. The error matrix is well visualized using a table
(Table 5).

Table 5
Error Matrix
Expert review
e S Class recognized Class not recognized
*Sai E Class recognized 336 439
» g Class not recognized 0 0

From the error matrix shown in Table 5, it can be seen that the constructed
neural network model correctly identifies 336 areas, but does not classify 439 areas
of defective or reference printing.

The neural network model was trained in 64 iterations. With each iteration, the
error value during model training decreased, but when the model was tested on the

validation data set, the error value took on a jumpy character (Fig. 6).

valid loss

train mask loss

061 b

0s

03

)
Fig. 6. The value of training error and model validation at a) highlighting an area of interest

with a bounding box, b) determining the class to which a particular defect belongs,
c) applying a mask to a selected area of interest

o 10 n 40 50 &0
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From the graphs shown in Fig. 6, it can be seen that overfitting is observed. In
order to avoid this, it is necessary to adjust the pace of adding training parameters,
otherwise their number will be too large.

For a visual assessment of the quality of the model, it is proposed to familiarize
yourself with the results of the classification and segmentation of defects using

example images (Fig. 7-9).

Fig. 7. Wobling detection and isolation on the product

Fig. 7 shows that the wobble area is well visualized with the help of
superimposed masks. The model realized that this defect manifests itself in the form
of stripes running vertically.

In Fig. 8, ripples are clearly visible in the form of stripes running horizontally.

And the NN model singled out exactly the problem area. Of course, some

places with ripples remained unselected, but there are not many of them.

Fig. 8. Detection and selection of ripples on the product
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Fig. 9 shows the area of the reference print, characterized by even stacking of

material layers.

Fig. 9. Selection of a reference area on a part

The above images with the results of the work show that the model determines
the type (class) of the defect with a fairly high accuracy, the mask is superimposed on
areas that reflect obvious signs of the problem, but inaccuracies are still present.
These inaccuracies indicate that it is necessary to label the training sample more
carefully at the stage of data preparation. You also need to classify defects more

accurately, since 3D products in the photo can be located at different angles.

V. CONCLUSION

The paper analyzes the problem of automating the quality control of 3D
printing based on video data processing. The analysis showed the almost complete
absence of domestic automated software solutions for quality control of 3D printing.

A classification of defects in the process of additive "material extrusion” is
introduced, which is necessary for building a control system.

In the process of developing a structural model of the system, the main tasks of
the quality control system were identified, and the control process was divided into
separate steps.

The main steps to create an input data set have been completed, a software
implementation of a 3D printing quality control system has been implemented.

Experimental studies have been carried out. The final defect detection accuracy
score was 49%, and the F1-measure score is 0.63, which will allow detecting printing

defects in the early stages of the technological process. Despite the retraining and the
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relatively low accuracy of defect classification, it should be noted that the proposed
solution at the current implementation level already makes it possible to identify half
of the cases of violation of the correct printing process. Further improvement of the
system will significantly improve the efficiency of 3D printing control.

The proposed solution is aimed at:

e facilitating the process of controlling 3D printing by the operator, since he
will be able to rely on the conclusions of the developed system;

e reduction of time costs; saving money;

e reduction of material costs;

e reduced wear of 3D printer elements.
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Eganos B. H., Myghazzanos /[. @.
VY dbumckuii rocyaapcTBEHHbI aBHALIMOHHBINA TEXHUYECKUI YHUBEPCUTET

OBECIIEYEHHUE POBACTHOCTHU CUCTEM YIIPABJIEHUA
COJIHEYHBIM TPEKEPOM B YCJOBUAX BETPOBBIX BO3MYIIIEHUI

Aunomayusn:  PaccMoTpeHa  mpo0OsieMa  TOBBILIEHMS  SHEProd(Q@EKTUBHOCTH  COJIHEUHBIX
EKTPOCTAHLIMN 3@ CYET MHCIIOJIB30BAHMS COJHEUHBIX TpeKepoB. OTMEYEHO, YTO HAa TOYHOCTh
CIIEKEHUS BIMSIET OOJBIIOE KOJWYECTBO BHEHIHMX (DAKTOPOB, CPEAM KOTOPBIX BEIYIEE MECTO
3aHUMaeT BETpOBas Harpy3ka. B cBs3u ¢ 3TuM Oonbloe 3HaYeHHE UMeeT pa3paboTKa aJropuTMa
pabOTBl KOHTpOJUIEpPA CIEKEHUS 3a COJHLEM M OJ0Ka YIpPaBIEHUS 3JIEKTPOMEXAHWUYECKHMU
MCTIOJHUTEIbHBIMUA MEXaHU3MaMH, TIO3BOJISIIOILET0 MOAJIEPKUBATh TPEOYEMYI0 TOUHOCTh CIEKEHUS
B 33JlaHHOM JMana3oHe BETPOBbIX Harpy3ok. [Ipemmaraercs meron poOacTHOM craOuiau3anuu
CUCTEM YIIPABJICHHUs COJHEYHBIMM TPEKEpaMHU, OCHOBAaHHBIM Ha KOHUEMNIMH CBEPXYCTONYMBOCTH
auHaMudeckux cucreM. IlokazaHo, 4To Mcnonb3oBaHue TeopeMbl OCTPOBCKOIO IS JOKaIU3aluu
XapaKTEPUCTUUECKHUX YHMCEl 3aMKHYTOM CHUCTEMBI MO3BOJIAET CBECTU 33Jady CHUHTE3a K PELICHUIO
CHUCTEMBI aﬂre6panquKI/Ix HCPAaBCHCTB OTHOCHUTCIIBHO HCU3BCCTHBIX IIapaMCTPOB ynpaBJm}omeﬁ
YaCTU CUCTEMBI.

Kniouesvie cnosa: ConHEUHBIN Tpekep, CUCTEMa yNpaBIICHUs, BETPOBas Harpys3Kka, yCTOWYHMBOCTb,
cuHTE3, TeopeMa OCTPOBCKOTO.
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. BBEJAEHUE

Hcnonb3oBaHre BO30OHOBIISIEMBIX UCTOYHUKOB PHEPTUU CTAHOBUTCS OJTHUM U3
OCHOBHBIX HapaBJICHUN Pa3BUTHUSI COBpEMEHHOU anekTposnepretuku [1] - [3]. [Ipu
STOM BEAYUIYIO pOJb WIPalOT HCTOYHUKU COJHEYHOW »sHepruu. Ceroans
HOIMYJISIPHOCTh  COJHEYHBIX CHCTEM OBICTPO PACTET, IOCKOJIbKY OHH MOTYT
YIOBJIETBOPUTH MOTPEOHOCTH YenoBeka B uucToil sHeprun. [lokpsitue Bcero 0,16%
noBepxHocTH 3emuid cosHeyHbIMUA TaHessiMu ¢ KIIJ[ 10% oGecnieunno Ob1 20 TBT
SHEPTUH, YTO IMOYTH BABOE OOJIbLIE, YEM NOTPEOJICHNE UCKONTAEMOU SHEPTUH B MUPE.

OpHako TOJIOKUTETbHBIE KayecTBA W MPEUMYINECTBa 3TOr0  METoAa
MPOU3BOJICTBA  DJEKTPOIHEPTUU CYIIECTBEHHO 3aBUCAT OT psana (HakTopos,
onpenensomux 3PpHEeKTUBHOCTh COJIHEUHBbIX cucTteM. K 3TuM ¢akTopaM OTHOCATCS:
KJIIMMAaTUYECKUE YCJIOBUS; TEKYIIEE OCBEIICHUE; W3MEHEHUE TEMIIEPATyPHOIrO
peXHMa; BO3MOYKHOE 3arpsi3HEHUE; YroJl HakJIOHa >JeMeHTOB. YTo Kacaercs
KJIIUMaTUYE€CKUX YCIIOBUM, TO OHM B MEHBILIECU CTENEHH 3aBUCAT OT KOHCTPYKIIMH
COJIHEYHBIX TMaHeJIeH U B OCHOBHOM OIPEACIISIOTCS reorpaduyeckKuM MOJIOKEHHUEM.
Ho npyrue daxTopbl HanmpsiMyro 3aBUCSAT OT KOHCTPYKIMU U MPABUJ AKCILTyaTalluu
CoJHEYHBIX Oarapeil. OCHOBHBIM HEJOCTATKOM OAJIEKTPOCTAHIIMI C COJIHEYHBIMU
MaHEeIsIMH, OCOOCHHO aBTOHOMHBIX (DOTODIEKTPUUECKUX CTAHIIMMA, SIBISIETCS MX
Huszkuil KIIJI. [lns Gonee 3ppekTHBHOIO MCIONB30BAHUSL COJIHEYHBIX 3JIEMEHTOB Ha
COJIHEUHBIX 3JIEKTPOCTAHLIMAX HMCIHOJIB3YIOTCS PAa3IMYHbIE METOJbl TMOBBIIICHUS UX
sHeprodddexkTuBHOCTH. B mepByro odepenb HTO CBSI3aHO C HCIOJIb30BAaHUEM
doTodekTpruecKux npeodpaszosaresieii ¢ mosbimenasiM KI1/ [4] - [6].

BONBIIMHCTBO CYIIECTBYIOIIMX KPEMHHUEBBIX COJHEYHBIX 3JIEMEHTOB HMEIOT
cnemyroruii - KIT/[: amopdrple — 6-8%, momukpuctammmaeckue — 12-15%,
MoHOKpuctaumueckue — 17-23%. OmHako mepCreKTUBHBIC COJHEYHbIE OaTapeu C
reTepOCTPYKTYPHBIM apCEeHUIOM rajuids 00ecreunBaloT npeodpa3oBaHue Naaaromiei
coJiHeuHOM sHepruu B anektpuueckyro ¢ KIIJ B 35-40%, a Tpexcioiinbie 6aTapeun Ha
ocHoBe apceHuaa raus umeroT KIT no 45%.

BaxHyto posib B TOBBIIIEHUU  SHEProdPGHEKTUBHOCTH  COITHEUHBIX
ANEKTPOCTAHIIMN WIPAeT CHCTEMAa PEryJUPOBAHUS MAaKCUMAaJIbHONW MOUIHOCTH 10
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BOJIBT-aMIIEPHOM XapaKTEPUCTHKE CONMHEUHOM Oatapen [7]. OTcineXWBaHUE TOUYKH
MakcuMaiibHoM MomHocT (MPPT) BbimonHsieTCss ¢ MOMONIBIO  CHIEIHATBHBIX
koHTposiepoB MPPT, BCTpOEGHHBIX B CXE€MbI COJIHEYHBIX MHBEPTOpPOB. CyTh 3TOTO
METO/Ia 3aKJI0YaeTcs B TOM, YTO KOHTPOJUIEP MCCIEAYET BOJIbT-aMIIEPHYIO
XapaKTepUCTUKY COJTHEHYHOM Oarapeu Jyisl MOMCKa ONTUMAIILHOTO pexkuma padboTel. B
ONTUMAJILHOM TOYKE CBETOBOM MOTOK T'€HEPUPYET MAKCUMAIbHYIO AJIEKTPUUYECKYIO
sHepruto. M3MeHeHue TeMIIepaTypHOro peKHMMa TaKkKe CYIIECTBEHHO BIMSET Ha
paboTocniocoOHOCTh maHened. M3-3a BBICOKHX TeMIlepaTyp 3JIE€MEHThI HE TOJBKO
TEPSIIOT pabOTOCIIOCOOHOCTh, HO U MOTYT BBIMTH U3 CTPOSI.

st 3TOro HEOOXOAMMO, YTOOBI COJIHEYHBIE JTy4d Najaid Ha (POTORIEMEHTHI
MaHeu oA NPSAMBIM YrioM. Mcrnoiap30BaHUE COJTHEYHOTO TPEKEpa, OCHAIIEHHOTO
JIBYXKOOPJMHATHON cHucTeMor ciexeHus 3a CoyiHueM, 00ecreyrMBaeT MOBBILICHUE
sHeprodpdexktuHoctTh He MeHee uyem Ha 30-50% 1o cpaBHEHHIO C
AJIEKTPOCTAHIUSAMHE, HE UMEIOIIUMU cucTeM ciexenus 3a Comnmem [8] - [10].

OpHako HauMOOJBIIMI BBIMIPHIII B MOBBILIEHUHA 3HEProd(PPeKTUBHOCTH
COJIHEUHBIX 3JIEKTPOCTAHIMUKA JOCTUTAETCS 3a CYET HCIOJIb30BaHUS COJIHEUHBIX
TpekepoB. COJHEYHBIA TPEKEP - 3TO YCTPOMCTBO, KOTOPOE IMO3BOJISIET OTCIEKUBATH
JIBMKEHUE COJHIIA TI0 HEOy M TepeMelaTh COJIHEYHYIO TaHelb B TOJIOKEHUE, B
KOTOpOM OHa HamOoJiee 3PHEeKTUBHO MOTIIOMIAET COTHEYHBIC JTYUH.

[IpuHuun pa®oThl yCTPOMCTBAa OCHOBaH Ha pacuere nojiokeHust CoJiHIIa U
HACTPOWKE a3MMYTaJIbHOTO W 3E€HUTHOTO YIJIOB TOBOpPOTAa PabodYeil MOBEPXHOCTH
COJIHEUHOM maHenu yisi opueHTanuu Ha ComHie. VICXOOHbIMU NaHHBIMH IS
pacyeToB SIBIIAIOTCS TOYHBIE Treorpauueckue KOOpAMHATBI MECTOHAXOXKIACHUS
TpeKepa, a TakKe TeKylue nata u Bpems. i onpenesneHuss KOOpAUHAT U BPEMEHU
Tpekep ocHamaetcs npueMankoMm ['JIOHACC / GPS. B 3aBucumMocT# OT MOTyYEHHBIX
CUTHAJIOB CIIYTHUKOBOI HABUTAlIUOHHON CUCTEMBI, KOHTPOJIJIEP CUCTEMBI YIIPABIICHHUS
JIaeT CEePBOMPHUBOAY KOMAHAY Ha MEpEeMEIleHUe COMHEYHbIX OaTapeii. CepBONpUBOA
BKJIIOUYAET B c€0s JIEKTPOJBUTATEh, CHOCOOHBIN M3MEHATh HAMNpaBJICHUE BpaIleHUs

BaJia, 4YTO IMO3BOJEACT ITAHCINU IICPEMCIIATHCA B PA3HBIX HAIIPABJICHHAX.
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ConHeuHble TpeKepbl UMEIOT HECKOIBKO KOH(UTYypalHii, UCIOIB3YIOT pPa3HbIe
QITOPUTMBl OpPUEHTALlMM Ha COJIHIIE M OCHAIIAKOTCA pPa3sHbIMM IPUBOJAHBIMU
mexaHu3MaMu. HecMoTpss Ha 3T pasnuuusi, TpeOOBaHMSI K COJIHEYHBIM TpeKepaMm
OJIMHAKOBBI:

- HU3KOE YHEPronoTpeOsIeHuE;

- BO3MOXKHOCTb aBTOHOMHOH pa0OTbl B TEUYEHHE JJIMUTEIBHOTO CpOKa
JKCIUTyaTalnH;

- HENpPEepbIBHOCTh BBICOKOTOYHOI'O COIPOBOXKIEHUS HEOECHOIO OOBEKTa B
YCIIOBHSX €r0 ONITUYECKON HEHAOII0JTaEMOCTH.

[Tocnennee TpeOOBaHME OKa3bIBACTCS OCOOCHHO BAXKHBIM C TOYKH 3PECHUS
obecrieueHus MaKCUMAaJIbHON 3 PeKTUBHOCTU COJIHEYHBIX JIEMEHTOB.
OTtHocuTenpHas BeIMUMHA OTeph 3Heprud AE B 3aBUCHMOCTH OT OIIMOOK CIEKEHUS
0 a3UMYTY U YIIIy MECTa OIpeeNsIeTcs o Cleayoel popmyIe:

AE =1—cosAa-CcosSAS ,
riae Ao — ommOKa ciaeKeHus 3a a3uMyToM; AP — omnOKa OTCIEKMBAaHUS BBICOTHI.

B Tabnuie 1 mokazaHbl MOTEPH SHEPTHHM OT COJHEYHBIX OaTapeil Mmpu pa3Hoi

TOYHOCTH ciieskeHud 3a CoTHIIEM.

Tabnuya 1

[ToTeps sHEprUU OT COMHEUHON OaTapeu ¢ pa3IuIHON TOYHOCTHIO OTCICKUBAHUS

OmmoKa clIeKeHUs 3a COTHIIEM,
rpaayc

[ToTeps sHEepruu Npu OTCIEKUBAHUH,
%

0,5 1 2 3 4 5

0,0076 0,03 0,12 0,27 0,48 0,76

Takum o06pa3om, uTOOBI TaHENb yhaBiuBanga Oojee 99% nsHeprum HPSIMBIX
ayueir u 100% paccesHHOro cBeTa, TpeKep MIOJDKEH oTciexuBaTh ColHIE C
TOYHOCTBIO = 5 °. B TO ke BpeMs Ha TOYHOCTH OTCJICKWBAHHUS BIUSET MHOMKECTBO
BHemHUX ¢akrtopoB. Cpenu 3Tux (HAKTOPOB BEAyIlee MECTO 3aHUMAET BETPOBas
Harpy3ka. BerpoBas Harpy3ka CyIIECTBEHHO BIMSCT Ha MOMEHT Harpys3KH,
MPWIOKCHHBIA K BaJly 3JICKTPOMEXaHWYECKOTO TIPHBOJIA COJIHEYHOTO TpeKepa.

bonbime BCTPOBBIC HAI'PY3KHW HC ITO3BOJIAIOT COJIHEUHOU paMC OTCIICKNBATL COJIHIC
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Y, B XYJIIEM CIy4yae, MOT'yT MOBPEAUTh UCIOJHUTENBHBIA MEXaHNU3M ciexxeHus. [1pu
3TOM pacyeT BETPOBOM HArpy3KHW JJIi KOHKPETHOW YCTAHOBKH - CJIOXHAs 3aJada, TaKk
KaKk HeO0OXOJMMO YYHUTBHIBATH HE TOJIBKO METEOpPOJIOTHUECKHE OCOOEHHOCTU
MECTHOCTH, I'/I€ INTAHUPYETCS YCTAHOBKA, HO TAK)KE HAJIMYWE 3/1aHUN U COOPYKEHUI B
HEMOCPEACTBEHHOM OJM30CTU OT COJHEYHOM DJIEKTPOCTAHILIUU, UCKYCCTBEHHBIE U
€CTECTBEHHbBIC MPEMATCTBUS, BIUSHUE JeTalled U KOHCTPYKTUBHBIX JIEMEHTOB CaMO
YCTAaHOBKM [UIsl PACHpENENIeHHs BETPOBOro MoToka. Ilo3aToMy oudeHb BakHa
pa3paboTka anroputMa pabOThl KOHTpOJUIEpa CIEKEHUS 3a COJHIIEM M OJioKa
YIPABJICHUS ANEKTPOMEXaHUYECKUMU UCIIOJIHUTETbHBIMU MEXaHU3MaMH,
00€eCIEeYNBAIOIIEr0 COXPaHEHWE TPeOyeMON TOYHOCTH CJEKEHUS I 33JaHHOTO
JMara3oHa BETPOBBIX HArpy30K B BBIOPAHHBIX YCJIOBUSX. Takod MOAXoJ MO3BOJISIET

YIPOCTUTH pacyeThl 0€3 yueTra 0COOEHHOCTEH MECTHOCTH U BAPUAHTOB YCTAHOBKH.

Il. MCCIENOBAHME CTPYKTVYPbI CUCTEMBI YITPABJIEHISI
COJIHEYHbBIM TPEKEPOM C YUETOM BJIMAHKWA BETPOBOU HAI'PY3KHU

PaccMoTpuM (yHKIMOHAJIBHYIO CXEMY CHCTEMbI YIPABIECHUS COJIHEYHBIM
TpEeKepoM, IpeJICTaBIECHHYIO Ha puc. 1.

Ha pnanHO#il (yHKUMOHANBHOW CXeM€ OOBEKTOM YIPABICHUSA SBISETCS
JNBYXKOOPJIVWHATHBIA HCIIOJHUTEIBHBIM MEXaHWU3M JUIA TNEPEMEICHUS paMbl C
coJlHeuHOM Oarapeeii. B  KadecTBe HCHOJHHUTEIBHOIO MEXaHH3Ma  4acTo
HCTIOJIB3YIOTCS AJIEKTPONPUBOABI C IIArOBBIMU JABUTATENSIMU. B MIAaroBbIX IBUTATEsAX
HET TPYLIMUXCH JeTajeil. DTO OIpenensieT UX BBICOKYIO HAJEKHOCTb M JUIMTEJIbHBIN
Cpok ciyxObl. Emie oaHO mNpeuMyllnecTBO IIAroBbIX JBUraTesiell - OTCYTCTBHE

CIICOHUAJIBHOI'O AaTYHKa ITI0JIOXKCHHUA.
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Controller

Inverter

Puc. 1. (DYHKHI/IOHaJ'ILHaH CXCMa CUCTCMBI YIIPABJICHHUA COJIHCUHBIM TPCKCPOM

VYrpasisoomas 4acTh CUCTEMbI COACPKUT 3aJAl0IIee YCTPOHCTBO M CHUCTEMY
VOpaBJICHUS. 3ajaroliee YCTPOHCTBO peanm3oBaH Ha KoHTpoiuiepe UST-SPA,
KOTOPBIM PACCUUTHIBACT TOJIOKEHUE COJIHIIA Yepe3 OINPENICICHHBIC MPOMEKYTKH
BpeMeHu. Vcnonb3yst BHyTpEHHHE Yachl YCTpolicTBa, nporpamma SPA (Solar Position
Algorithm) BelYmCIAeT 3CHUTHBIA W a3UMyTaldbHBIA yriel CONHIA C yYeTOM
MECTOTIOJIOKEHUS Tpekepa (IUpoTa, A0JIroTa, BeicoTa). MHbOpMaLusa 0 MOJI0KEHUH
COJIHI[A OTHPABIISCTCS B CUCTEMY YIPABJICHHS, KOTOPas TCHEPUPYET YIPABISIONINC
BO3JICUCTBUS HA MCHOJHUTEIbHBIA MEXaHU3M, 00€CICUMBAIOIIUN MEPECOPUCHTALIUIO
COJIHEYHBIX TaHEeJIeH B pACUETHOE MOJIOKEHHE.

Kpome TOoro, B cucTeMmy YIIpaBICHHS COJHCUYHBIM TPEKEPOM BXOMISAT: AATUMK
BETpa, MHBEPTOP M CUCTEMA YAAJCHHOTO JOCTYIIA.

JlaTyuK BETpa MO3BOJISIET PACCUMTAThH BEIMYHUHY JOMOJHHUTEIHPHOIO MOMEHTA OT
BETPOBOM HArpy3KH, ACHCTBYIOIIEH HAa paMy C COJTHEUHOU OaTapeei.

WuBepTop npeobdpa3yeT MOCTOSHHOE HANPSKEHUE, TOCTYIAKOIIee OT MOJIe3HOM
HArpy3Kd Tpekepa, B MEPeMEHHOE U TepeIacT ero MoTPeOUTEII0 WM Ha TPUEMHYIO
CTaHIINIO, a TAK)KE 00ECIIeUNBACT IIUTAHUE CAMOTO TPEKepa.

CucreMbl YIaJCHHOTO JOCTya BKJIIOYAIOT BeO-OJIOK W MapHIpyTH3aTop,
KOTOPBIE MCIOJB3YIOTCS ISl OpPraHu3allii yAaJeHHOT0O MOHUTOPHHTA U YIIPAaBICHHS

CUCTEMOM.
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CucremMa ynpaBi€HUS COJHEYHBIM TPEKEPOM TO3BOJIIET OCYLIECTBIIATH
HenpepbIBHOE crekeHue 3a COMHIIEM pa3IMYHBIMUA CIIOCOOAMHU:

— MPOrpaMMHOE YIpaBieHHUE (CIEKEHHE) OT MUKPOKOHTpOJUIEpa MO 3apaHee
3aJIaHHBIM KOOpAMHATAM (110 a3UMYTY U YIIIy MECTa);

— B PEeXHME IOCTOSHHOTO IMOMCKAa MakKCUMyMa JHEpPIHH, BbIpaOaThiBaeMOU
COJIHEUHOM OaTapeeii;

— C HCIIOJIb30BaHWEM  JaTYMKOB mojioxkeHus ConHma W cleasumx
AJNEKTPOINPUBOJIOB, OCYIIECTBISIONMIUX PEXUM HENPEPHIBHOIO CISKEHUS (WU
HENPEPBIBHO-TUCKPETHOr0) 3a COJHLEM.

[Ipn HCcnoOaB30BaHUM NPOTPAMMHOIO YIPABIECHUS CIEKEHHE OCYIIECTBISETCS
[0 3apaHee 3aJaHHOMY IpearnosiaraeMomMy mnojoxeHuto ConHua Ha HeOOCBOJE.
[Ipuuem nepemenieHre MPOUCXOAMUT JaXe TOT/1a, KOT/ia IJIOTHOCTh OOJaKOB BbICOKA U
TOYHOE ciexeHre 3a COJHIIEM HE 1aeT BBIMIPHIIIA B TEHEPUPYEMOM dHEpruu. B aTom
cllydyac BO3HMKAaeT JOIOJHHUTEIBHBIM  pacxoj dSJEKTPUYECKOM DJHEpPIUH B
AJIIEKTPOINPUBOJIAX HA MEPEMEIICHUE PaMbl C COJTHEUHOU OaTapeei.

B pexume MOCTOSHHOTO IOMCKa MaKCMMyMa 3JHEpPIruH, BbIpabaThIBaeMOM
COJIHEYHOW Oarapeeil, MPOUCXOIUT €€ HEMPEPBIBHOE IMEPEMEIICHHE IO a3UMYTy U
yray mecta. [Ipu 3ToM nBUTaTeny noTpedstoT OOJBIIOE KOJMUYECTBO IHEPIUH, AXKe
KOorja cojHeyHass OaTapes HaxoAuTcss B TeHM. Ellle OJHUM HEJOCTaTKOM 3TOTrO
cnocoba CJHEXEHUsI SBISIETCS HETOYHOCTh CIIEKEHUS M3-32 HEJIMHEHHOCTH
BOJIbTAMIIEPHOM XapaKTEPUCTUKU COTHEYHON OaTapeu.

Hcnonb3oBaHre  HOBBIX  JAaT4YUKOB  mosiokeHust  CoiHOa,  KOTOpbIE
00€eCcIeYnBaroT BBICOKYIO TOYHOCTD clexeHHsl 32 COJTHIEM U BBICOKYIO HaJI€KHOCTD B
paboTre, MPUBOAUT K TOMY, YTO OSTOT CIOCOO CIIEKEHHUS CTAaHOBUTCA Hambosee
MPEANOYTUTEIbHBIM.

B cucreme ynpaBieHHs COJTHEYHBIM TPEKEPOM IIPU JIEWCTBHUM BETPOBOM
Harpy3ku HEOO0XOIuMO JIMOO BBOJUTH JOTIOJHUTEIBHBIN KOHTYp YMpPAaBICHUS IS
KOMIICHCAllMM  BJIMSHUST MOMEHTa OT JIeWCTBHUS BETPOBOW HArpys3ku, JuOo

MCIOJIb30BaTh aJITOPUTM PAOOTHI KOHTpoyuiepa ciexkeHus 3a CoHIeM, KOTOPBIMA
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o0ecIeunBaeT COXpPaHEHHE YCTOMYMBOCTH W KAadeCTBa IMPOIECCOB YIPABJICHUS TIPU
HaJIMUMU BHEIIHUX BO3JCHCTBUM.

B mepBom cimydae B cocTaB CHCTEMBbl YIIpaBJICeHHUsS HEOOXOAMMO BBECTH
TEH30METPUYECKUM  JAaTYMK, KOTOPBIA  TO3BOJIUT  PACCUUATATh  BEIUYUHY
JOTIOJTHUTEIILHOTO MOMEHTA B AJIEKTPOMEXAHUYECKOM YaCTH C IIaroBbIM JBUTATENIEM
OT JIeWCTBHUS BETPOBOM HArpy3ku, W pa3paboTaTh ajroOpuTM ISl COTJIACOBAHHOM
paboTel  KoHTpoJuiepa ciuexeHus 3a ComHIeM ©  OJIoOKa  yIpaBICHUS
AIICKTPOMEXAaHUYECKUMH HCIIOJHUTEILHBIMU MEXaHU3MaMH, KOTOPBIM oOecrieunBaeT
KOMIICHCAIIMI0 MOMEHTA BETPOBOM HATPY3KHU.

Bce 3T0 CylecTBEHHO YCHOKHSET CTPYKTYPY CUCTEMBI YIIpaBlIeHUs. B cBA3M C
ATUM B JIaHHOM paboOTe MBI pacCCMOTPUM BTOPOH MOJXOJ K MOCTPOSHUIO poOacTHOM

CHUCTCMBbI YIIPABJICHUS COJIHCYHBIM TPCKCPOM.

I11. POBACTHAS CTABUIN3ALIUA CUCTEMbI YITPABJIEHUA
COJIHEYHBIM TPEKEPOM HA OCHOBE KOHIIEIINN
CBEPXYCTONYMBOCTU IMHAMUWYECKNUX CUCTEM

Henuueiinas cucTemMa CIIC)KCHUS 3a ConHiieM, BKJIFOYAIOIIAs

CHEIUATU3UPOBAHHBIN KOHTPOJUIEP CIEKEHHUS, IarOBbINA JBUTATEIb I 00eCTieUeHUs
3aJaHHOTO TIepeMeIleHUus B 00euX KOOpAMHATaX, CHJIOBBbIE IPUBOJBI IIaroBOrO
JBUTATENsl, KOTOpPbIE MOTYT YIpPaBJsATh aMIUIMTYIAOW TOKAa WU PEryjaupoBaTh LIar
JBUKEHHUSI, YEPBSYHBIE PEIYKTOPHI B COYETAHUU C UUIMHAPUYECKUMU PEyKTOpaMU
Ui obecrniedeHrs TpeOyeMOoro KpyTSIero MOMEHTa BpallleHHUs paMbl C COJHEYHOM
Oarapeelt, a TakKe IS yJEp:KaHUS pambl TOJ JACHCTBHEM BETPOBOM HArpy3KH MpHU
BBIKJIFOUEHHOM  JIBUTATelie,  OMUCHIBACTCS  COBOKYIMHOCTBHIO  OOBIKHOBEHHBIX
g depeHuanbHbIX YpaBHEHUH CIEyIOUIEro Buaa

X(t)= f(x.u);

y(t)=o(x), (D

C BEKTOpaMH xeR",ueR', yeR™MEPEMEHHBIX COCTOSIHUS, YIPABJICHHUS W BBHIXOIHBIMH

KOOpArnHaTaMH, COOTBCTCTBCHHO. HpI/I 9TOM TIICPCMCHHBLIC COCTOAHUA ABJIAIOTCA
BCIIMYMHAMH, KOTOPBIC OIIMCBIBAIOT JJICKTPOMAIHHUTHBIC M JJICKTPOMCXAHHUYICCKHC

MIPOLIECCHI B TPEKEPE, YIPABISAIOUIUNE BO3ICHCTBUS 331at0T MOJI0KEHHE MEXaHHu3Ma 110
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a3uUMyTy M YIJIy MECTa, a BBIXOJHBIE KOOPIMHATHI - 3TO (PAKTHUECKOE MOJIOKEHHE
ME€XaHU3Ma 10 a3UMYTy U YIIIy MECTa.

[Totpebyem, uToObl cucteMa (1) coxpaHsiyia S5KCOHEHIIMATbHYIO YCTOMYHUBOCTh
B CJIEYIOLIEH 00IaCTH MPOCTPAHCTBA COCTOSTHUI

pi<x <gj, i=Ln. (2)
JI71s1 5TOro NMPOBEAEM JIMHEAPHU3AIMIO €€ MaTEMATUYECKON MOJIENIU B BEPIIMHAX

napajuieNieriuneia, OrpaHu4eHHoro ycioBusimu (2). B pesynbrare mnoiydaem
CIEAYIOIINN CIIEKTP JIMHEAPU30BAHHBIX MOJIEIIEN
X(t)= Acx(tBiu(t Xy (x,u), X (0,) =0,k =1,2,...2", 3)
rae Xy (x,u) — COBOKYINHOCTHb TOJbKO HEJIIMHEHWHBIX YICHOB psifia BBIIIE IEPBOIrO
nopsiaka Masioctu otHocuteasHo (X(t), u(t)).
JIns  OueHKM YCTOMYMBOCTH JIMHEAPU30BAaHHBIX CHUCTEM BOCIIOJIB3YEMCS
MOHSTUEM CBEPXYCTOMYMBOCTH, BBeJACHHBIM B padotax 11] - [12]. CornmacHo »Tum

paboTaM cucTeMa SBIAETCA CBEPXYCTOMYMBOM, €CIM ISl €€ MaTpHIbl A=l |

nxn

BBIIIOJIHACTCA yCJIOBUC

o(A)=min {— 3 - YJay U >0 “4)

i j=i
[Ipu 5TOM HEMOCPEACTBEHHOE MpPUMEHEHUE YCIoBHsS (4) K COBOKYIHOCTU
Mozenen (3) mpuBOAUT K TaK HazbIBaeMou (n, p) CI0KHOM mpobiieMe, T.K. KOJIUYECTBO
MmaTpull A B (3) pacTeT 1o 3KCIOHEHIIUAIBHOM 3aBUCUMOCTH OT MOPsIJIKa cUcTeMBL. B
CBS3M C 3TUM BOCHOJIb3yeMcs cieAyromumM npueMoM. Ha ocHoBe (3) chopmupyem

VHTEPBAIBHYIO MATPUI AeM,(I(R)), A=[5;] , e Myy(I(R) - MHOKECTBO MaTpwiL,

nxn

DJIEMEHTaMH  KOTOPBIX SBJIAIOTCS BEIIECTBCHHBIE HMHTEPBANBI I(R); & =|a;: & -

MHTEPBAJIbHBIE 3JIEMEHTHI 3TOW MATpPHUIIbl, HWKHUE W BEPXHHE TPAHULIBI KOTOPBIX
BBIYUCIISIOTCS  ClieAyronuM oOpa3oM. B ciywae, korma QyHkuum fi(x,u), f;(x,u)
SBJISFOTCS. MOHOTOHHBIMH B oOnactu (2) WM, YTO TOXE camMoe, (PyHKIHUH
fr(x,u), fy,(x,u) fl(x,u) SABISIOTCS 3HAKOOMIPEACICHHBIMU B 3TOH 00JIacTH, TOTIa

—minaX: 3 — k.
aj; =minay; a,J_mkaxa,J, (%)

DI(S :[ai'}an, k=12,...2", i,j=Ln.
B npotuBHOM cityuae
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aj= min fi(x0) &= max f(x0). ((6)
Pi<Xi<q; Pi<X <0
TIE i,j=1n.
BBenennas matpuia no3BoiisieT chopMyIupoBaTh CIEAYIOLIEE YTBEPKICHHUE.
YrBepaxaenne. O0nacts (2) mpocTpaHCTBa COCTOSIHUM cucTeMbl (1) siBisieTcst

06HaCTBIO YCTOﬁqHBOCTH, cClin
o(A)=min (— & — (sum1)*(sum 2)1’0‘)> 0, (7)
i

n n J—

rac suml= Zlmax{gji‘; |§ji|}, sum?2 = Zlmax{gij‘;|5ij|}, 0<a<l, i=Ln.
= ]=
};ﬁi J#i

Jloka3aTeJIbCTBO 3TOrO YTBEP)KJIEHUS OCHOBaHO Ha Teopeme OCTpOBCKOTro
[13]. CornmacHo 3TON Teopeme, €Cld AJiI HEKOTOPOM MaTpuilbl A BBITOIHSIOTCS

COOTHOIICHUA

a I-a

eal>| Zfeu| | | Lol | - 1=Tm, ®
EIlE

TO detA=0. B camoMm gene, myctb detA=0. Torma ypaBHEHHE Ax=0 HMeEET

HETPUBHUAIBHOE PELIEHUE X ™, T.€.

OTclona  crleayer, 4To |aii|-‘xf‘s ) |aij|-‘x’}‘ M TIOCKONbKY IIPeJIIosaraercs
B
BBITIOTHEHHE (8), TO
o 1I-a
n n L l-o| =
Sagl | | las]| || < o[l i) ©)
=1 =1 =1
};ti };ti };ti

rIae i=1n.
Bocnons3yemcst Tenepb HepaBeHCTBOM ['enbliepa NMPUMEHUTENIHHO K JABYM

HEOTpHUlaTeIbHBIM N-BekTOpam V u W

1-a

S < (an(vi )l/u]a(é(wi )1/(1_(1)}

i-1 i-1
[IpuMeHsist 3TO HEpaBEHCTBO K IPaBoil yactu (9), moayuum
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a l-a

n n
Slay|| | Sl | ] <
=1 j=1
17 j#i
[04 L
> “ 1/ L 1| * 1/(1_(1)
< Z(|aij| j Z(|aij| X j _
) P
I J#i
a Ll
—a| * 1(-a)
= i|au| anij |1 X j
AV
Ortcionia cienyet
i|aj|| .‘Xi*r/(l_a) < i|a”| X,}. 1/(1—0() .
i =

J#i J#i

[IpocymmupyeM 3TH HEpaBEHCTBA IO | M Y4TEM, YTO XOTS OBl JUIS OIHOTO

cJaracmMoro 3To HEpaBCHCTBO CTPOIocC. Torma IMoJIy4nm

v «/(-a)
Xj Xj

ni n —a) hn

> > fagil |- <2 X ayl

i=lf j=1 i=1j=1 i=1
J#i J#i i#]

[TockoNBKY MBI TPHILIA K MPOTUBOPEYMIO, 3TO M JIOKA3bIBACT, YTO €CIIH
BeITIONTHAETCS (7), TO JAOMYIIEHHUE O det A=0 SIBJISICTCS HEBEpHBIM. 1 HaoOopoT, eciu
det A=0, TO (7) HE BBIMIOJHSIETCS, @ TO 3HAUYUT

o 1-a

|aii|S Zn:|a”| i|a1,| y |=1,_n (10)
It

[IpomomxkuM  JOKa3aTeIbCTBO  CIEAYIOIUM  oOpazoM. st KaKaoro
COOCTBEHHOTO YHMCJa /4 CIPABEIJIMBO PABEHCTBO det(4l,—A)=0. Torma ais MaTpuilsl
(41, - A) BeImoJtHsIFOTCS yeaoBus (10), T.e.

o 1-a

n n J—
|ki—aii|£ Z|a,]| Z|aj,| , I=1n.

= =

J#i J#i

Takum 00pa3omM, Kaxkaoe COOCTBEHHOE YMCIIO 4 TNPUHAMICKUT K 00JIacTH,

OTPAaHUYECHHOM OKPYHOCTBIO C LIEHTPOM B TOUKE a; U PAIAYCOM
o 1-a

n

Ri: Z|a,]| Z|a“| , 1=L4LNn.
j=1 =
J#i J#i
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CnenoBatenbHO,

1 JIOKaAJIM3allu COOCTBEHHOI'O YHCJIa

J; B JIEBOH

HOJYIUIOCKOCTH KOMILUIEKCHOM IJIOCKOCTU TpeOyeTcsl, 4TOObl pacCTOSIHUE -g; OT

MHHUMOM OCH JI0 IIEHTpa Kpyra ObLI0 O0JIbIIIe ero paanyca, T.€.

Ecin momobHoe HepaBeHCTBO OYIET BBIMONHATHCA IS

BCJIMYMHBI

o 1-a
n n
—ajj > Z|au| Z|aj,| , AN
=l =l
J# J#
a 1-a
n n
—ajj — Z|au| Z|aj,| >0.
=1 =l
J#i J#i

o 1-a

G(A)I miin —ajj — £:1|aij| i1|aji| >0, (11)
1= J=

J#=i J#=i

TO B OCTAJIBHBIX CJIIY4asaX OHO 6y,ZICT BBIITOJIHATBECA 3aBCIOMO.

B

MHUHHUMAJILHON

CBOIO 04YCpPCIOb, YyTOOBl aHAJIOTHYHBIC YCJIOBHA  BBIIIOJIHAIUCE  JIA

MHTEPBAJIBHON MaTPUIIBl A, TOCTATOYHO MOTPEeOOBATh BbINOJHEHUS ycinoBus (10) ms

MHUHHUMAJIBHOI'O pPAaCCTOAHUSA OT MHHUMOM OCH A0 ILOCHTPaA Kpyra aﬁ =gq; MW A

MAaKCHUMAaJIbHO BO3MOJKHOTI'O paauyca

a 1-a

n
Ri=| 2
i=l
J# J#

* n * -
aij‘ Zaji‘ y I=1,n,
j=l

TJIE &) = maX{éij ‘? |5ij |}

Yro 3aBeplIaeT JOKa3aTEIbCTBO YTBEPKACHNUS.

Bocnonb3yemcst Tenepb JOKa3aHHBIM YTBEPXKIEHUEM JJII CUHTE3a poOAacCTHOMN

CHUCTCMBI YIIPABJICHHA COJTHCUHBIM TPCKCPOM.

COJIHEYHBIM TPEKEPOM

IV. CHUHTE3 POBACTHOI CUCTEMBI YITPABJIEHW

OOBEeKTOM yTpaBieHUSI B JTOM CHUCTEME SBISIETCS MEXAaTPOHHBIM MOIYJb, B

CoCTaB KOTOPOro BXOIAT IIaroBbIN ABUTIaTCiib N HUCIOJHUTEIILHBIM  MEXaHU3M

(mmardhopma ¢ YCTaHOBIEHHOW Ha HEW CONMHEYHOM OaTapeeii W yCTPOMCTBOM

ciexxeHus1). MexaTpoHHBIM MOJyJIb TEepeMeIlaeTcsl Ha 3aJaHHbId yrojl MOBOpPOTa
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m1atGopMbl O TO KOMaHAaM OT OJioka YIpaBieHus. OJTOT OJOK oOecreynBaeT
MOCJIEIOBATEIbHOE U CHUHXPOHHOE BpAalllEHUE MEXAaTPOHHOIO MOJYJSl C MOMOIIbIO
II1arOBOTO JIBUTATEJIS.

JIB>keHHE 11aroBOro JBUTAaTeIss B COOTBETCTBUM C [14] omumceiBaeTcs
ypaBHEHHEM HEJIMHEMHOT0 KOHCEPBATUBHOTO 3BEHA:

I d20 o
%F_MLM:MSTSIH(’Y —9) (12)

3neck Jruy - CyMMapHbIii MOMEHT MHEpPLHHU, P - KOJUYECTBO Map IOJIOCOB
IaroBOro Jjpuratens, O - yrom moBopoTa poTopa ImaroBoro asurareis, Miy -
CyMMapHbli MOMEHT MEXaHMYECKOW HAarpy3Kd, M¢r - 3aJaHHasg aMIUIMTYJa
CUHXPOHHU3UPYIOIIETO MOMEHTA, Y * - 3aIaHHbII YroJl BEKTOpa TOKA.

B cBOow odepenp, HEIMHEHHOE YpPaBHEHUE JBW)KCHHSI HCIIOJIHUTEIBHOTO

MEXaHM3Ma UMECT BUJ

do,

‘JSPd_tOL:MSP(MSTve)» (13)

rac Jsp - MOMCHT HMHCPHIHUH HCIIOJIHHUTCIIbHOI'O MCXAHH3Ma, (0, - YITIOBad CKOPOCTb

BpalllCHUSI HCIIOJIHUTEIBHOTO MexaHm3Mma, Msp(Mst, 0) - KpyTsamuii MoMeHT
WCIIOJTHUTEIBHOTO MeXaHu3Ma, Msr - CHHXPOHM3UPYIOUIMH MOMEHT I1aroBOTO
JIBUTATEJIA.

[Totpebyem, d4TOOBI  00JacCTh  YCTOMYMBOCTH  CHUCTEMBl  YNPABJICHUS
YIOBJIETBOPSIIIA CIIETYIOIINM OTPAaHUYEHUSIM

0<a <314 pal., 0<w, <5 pPai./c, 0<wy <5 pai./c.
[IpoBenem nuueapuzauuio ypaBHeHUH (12) u (13) B IpaHUYHBIX TOYKax

3alaHHOM  00JacTM  NpPOCTpAaHCTBA  COCTOSIHMM. B pesynpTaTte  mosiyuum
JMHEAPHU30BaHHYIO HHTEPBAJILHYIO MOJIEIh O0OBEKTa YIIPaBICHUS CIICIYIOMIETO BUIA
x(t)= Ax(t)+Buft) .
31ech x(t)=[xa(t) Xep, (1) X, (t)}r - BEKTOp TEPEMEHHBIX  COCTOSIHHS,
u(t):[uMST (t) uy(t)]r - BEKTOp YHOPABJISIIOIIUX BO3JICUCTBUN. DJIEMEHTbl MHTEPBAIBHBIX
MAaTpPHII

11 %2 A3
21 a2 a3 |;
az] dzp asz

MCHAIOTCA B CIICAYIOIIHNX IPEACIax

[N

Q)

,&:

!

w

I
o Flo
Flo o
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8y, =[-207;-156]; &, =[0;0]; &3=[-1-1];
8y =[-158 95|, 8y =[-67,-4:82], 8y=[-043-0,41],
a3,=[-5,76, 4,3, a3,=[-0,037, -0,0058],

ags=[-0,22,-016],

by =[-30,7;-19,0]; b, =[-318;-2,26].
Vupapnsiomuye BO3AEHCTBHSA s IIATOBOrO JBUTaTens OyJeM HCKaTh B

CJIETYIOLIEM BUJE

U, (£) = KiaXg (t)+ KioXg, ()+KigX,, (t)
uy(t): K21Xg (t)+ K22Xa)a (t)+ K23Xa)9 (t)
I/ICHOHBBYH IIpaBuia HHTepBaJIBHOﬁ apI/I(bMeTI/IKI/I, paccuuTacM HHTCPBAJIbHBIC
SHAYCHUA 3JICMCHTOB MaTPUIIbI 3aMKHYTOﬁ CHUCTEMBI
|t G G
C=A+BK= 621 622 623 y
631 632 E33
rac

oy =[-2,07,-156]; &, =[0;0]; a3 =[-1-1];
Co1 =[158-30,7Ky1; -9,519,0Ky, | ;
Cop =|-6,7-80,7Ky5; 4,82-19,0K;, ] ;
Cog=[-043-30,7Ky3; -0,41-19,0Ky3];
C3194-5,76-318K 51; —4,3-2,26K 5, [;
C3p=[-0,037-318K »,; -0,0058-2,26K 5, ] ;
Cag=[-0,22-318K 53; -0,16 —2,26K 55 ].
Ota mpobiemMa MOXKET ObITh pellleHa B PaMKax KJIACCMUYECKOW MHTEPBaJIbHOM

apu(METUKHU C UCIIOJIH30BAaHUEM alITeOpanyeCKUX CBOMCTB MHTEPBAJIBHBIX OMNEpaIIHil.
B TO xe BpeMs HCHOJIB30BAHWE MPHU BBINOJHEHUU HHTEPBAIBHBIX BBIYMCICHUM
MOJIHOM MHTEPBAIbHON apudMeTuku, Hanpumep, apupmetuku Kayxepa, rapantupyer
MOJyYEHUE MUHHUMAJIbHBIX BHEIIHUX OLEHOK i1 COOTBETCTBYIOIIMX MHTEPBAIBHBIX
3HAYEHUN.

Teneps chopMUpyeM COBOKYITHOCTh DJIEMEHTOB «HAUXYIICH C TOUKH 3PEHUS
YCTOMYMBOCTH MaTpUIlbl C*

11 =—156 ¢ =(-4,82-19,0Ky5); caz=(-016-2,26K,3);
(17 =0} c13=1; cp =158+30,7Ky1; o3 =043+30,7Ky3;
31 =576+ 318K, ; c3p =0,037+318K ;.
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s obecrieuenus ycnoBusi (7) CBEpXYCTOWYMBOCTH HCCIIEAYEMOM CHUCTEMBI

TpeOyeTCs BHITIOTHEHUE CIICAYIOIIEH COBOKYITHOCTA HEPABEHCTB
01(C)=156-1=056>0;
o,(C)=4,82419,0K;, —15,8-30,7K; —0,43-30,7K ;3 =
= —11,41+19,0K12— 30,7 Kll -30,7 K13 >0;

03(C)=0,16+2,26K 53 —5,76- 318K 5; —0,037-3,18K 5, =
= 5,637 +2,26K 53— 318K »;— 318K 5, > 0.

[IpeoOpa3yst 3Ty cucTeMy HEPABEHCTB, MOIy4aeM

—30,7 Kll +19,0K12—30,7Kl3 > 11,4],
—318K1+2,26K 53— 318K ,, > 5,637.
Let us set in the first inequality Ky; = Ky3 = 1, then Ky, > 3.83. Similarly for the

second inequality Ky = Ky, = 1, then Ky3 > 5.31.
3amaaumM B niepBoM HepaBeHCTBe Ky = Ki3 = 1, Tornma K, > 3,83. AHamoruuHo

TUTs BTOporo HepaBeHcTBa K71 =K5,=1, Torma Ky > 5,31.
Jns mapaMmeTpoB yHpaBISIONICH YacTH, YJIOBIETBOPSIOMIUX IMOJTYYEHHBIM

YCIIOBUSIM, HaIIPUMED,

(1,00 1,00 6,00

_{1,00 3,90 1,00}
OCymI€CCTBUM MOACIIMPOBAHHUC CHHT63Hp0BaHHOﬁ CHUCTEMBbI B TOYKax SaI[aHHOﬁ

00J1aCTH, COOTBETCTBYIOIIUX MpaBbIM (pUC. 2, a) U JieBbIM (puc. 2, 0) rpaHulaM

HHTCPBAJIBHBIX 3JICMCHTOB MAaTPHUIIbI SaMKHYTOﬁ CHUCTCMBI.

1.0 .

0.5 ol

0

-0.5 X

10 1 I L 1 L 1
( 5 4.0 6.0 8.0 10,0 120 140 160

a)

L | I—
8,0 10,0 12,0

I c

L 1L
0 2.0 4,0 6.0

0)

Puc. 2. Pe3ynbTaThl MOJAEIUPOBAHUS CUCTEMBI YIIPABICHUS COJIHEUHBIM TPEKEPOM
JUTSI TIpaBoii (a) u J1eBo# (0) TpaHUI] MHTEPBAIBLHBIX AJIEMEHTOB MAaTPHUIILI 3aMKHYTON
CHUCTEMBI

Kak moka3pIBaroT pPE3YyIbTAaTbl MOJACIHUPOBAHUA, KaAa4YCCTBO MCPEXOJIHBIX

IIPOLCCCOB COXpPAHACTCA BO BCCM [JHAIIA30HC HN3MCHCHHA IIapaMCTPOB CHCTCMBI

yIpaBJIEHUSL.
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V. 3AKJITOYEHUE

AHanu3 TEHJCHIMN Pa3BUTHUS COBPEMEHHOMN 3JICKTPOIHEPTETUKH PACKPHIBACT
ITUPOKUE TIEPCTICKTUBLI HCIIOIB30BAHUS BO30OHOBIISIEMBIX HCTOYHHUKOB DHEPTHUHU.
CrpemsieHHE€ YMEHBIIUTh BHIOPOCHI MAPHUKOBBIX Ta30B JAcT OOJIBIION HUMITYJIBC K
JTAJbHEUIIIEMY YBEJIMYECHHUIO HCMOJBb30BAHUS COJHEYHOM SHEPreTUKHU. EKeromHblii
MPUPOCT YCTAHOBJICHHOW MOITHOCTA COJIHEUHBIX (DOTODIEKTPUICCKUX CTAHIIHA
nocturaer okojjo 100 T'Bt/rom. Takoit poct BO MHOroM OOBSCHSICTCS
WCTIOJIb30BAHUEM BJIEKTPOIHEPTETUUECKUX CHUCTEM HOBOTO IMOKOJICHUS, OCHOBAHHBIX
Ha WHHOBAITMOHHBIX MPUHIIUIIAX OPTAaHU3ALMK U YIPaBICHUS (PYHKIIMOHUPOBAHUEM U
pa3BUTHEM. OTH  CHCTeMbl  oOecrneunBalOT A(O(PEKTUBHOE  HCIOJIb30BAHHE
BO300HOBJISIEMBIX MPUPOIHBIX PECYPCOB JJISI HAJEKHOTO OOecreueHus norpedureneit
BBICOKOKAYE€CTBEHHOM JJIEKTpUUeCKoW sHepruen. IIpexnae Bcero, 310 CBA3aHO C
MOBBIIIEHUEM 3(PPEKTUBHOCTH HSHEPrOyCTAHOBOK C COJHEYHBIMU OaTapesimMi,
OCOOCHHO  aBTOHOMHBIX  (DOTORJIEKTPUYECKUX  DHEPrOyCTAHOBOK, 32  CYET
HCIIOJIb30BAHUSI CHCTEMBI HENPEPHIBHOTO ABTOMATHYECKOIO CIIEKEHHUS COJTHEYHBIX
Oatapeit 3a ConHIEM.

Opnako  cymiecTByeT  psn  (aKTOpoB,  CYIIECTBEHHO  CHIDKAIOIIUX
MIPOU3BOIUTEILHOCTh COJTHEUHBIX OaTtapeil B HEOIaronpusATHBIX MOTOAHBIX YCIOBUSX,
YTO SIBJIAETCS HauOoJiee 3HAUYMUTENIbHBIM NPEHSTCTBUEM ISl MEepexojaa K 3eleHOM
SHepreTrke. B 4acTHOCTH, CHUXKEHHE MNPOU3BOAMTEIBHOCTH CBA3aHO C BIIHMSHUEM
BETPOBOM HArpy3KH Ha TOYHOCTh MO3UIIMOHUPOBAHUSI COJIHEUHBIX OaTapei, a Takke C
CIWJIBHBIM PAcCEsTHUEM COJIHEYHBIX Jydyed oOJlakaMu B TACMypPHYIO TIOTOJY.
AnanTanuys  CHUCTEMbl  yOpaBJIEHUS  COJHEUYHBIM  TPEKEPOM K  Pa3IMYHbIM
METEOPOJIOTHUECKUM (DAKTOpaM SIBJISIETCS CJIOKHOW 3a/iaueild, MOCKOJbKY TpeOyeT
pacdeTra BETPOBOM HArpy3kd W IIOTOKa COJIHEYHOM HHEPrUM, MOCTYIAIOIICH Ha
MOBEPXHOCTh (POTOIIEKTPUUECKUX YCTAHOBOK IPU CHUIILHON 00JIAYHOCTH, C YYETOM
OCOOCHHOCTH MECTHOCTH, TJ¢ TUIAaHUPYETCS pa3MEIICHHE YCTAaHOBKH. YKa3aHHBIC
00cTOATENbCTBA 00YCIIABIMBAIOT AKTYAIBHOCTh 3314l 00€CIIeYeHNs YCTOMYUBOCTH U
KauecTBa TIPOILIECCOB YIPABJICHUS B YCIOBHUSIX HEMOJHOM wuWHOOpMAIUU O
XapaKTEPUCTUKAX OKPYKAIOIIEH Cpe/lbl, €€ HEONPEIETEHHOCTH U U3MEHYUBOCTH, UTO
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SBIISICTCS XapaKTEePHBIM s peayibHOM AKCIUTyaTalluu COJTHEUHBIX
AIIEKTPOIHEPTETHUECKUX CUCTEM.

PaccMOTpeHHBIH B cTaThe METOJ CHHTE3a pOOACTHOTO YIIPABICHUS B YCIOBHUSX
WHTEPBAJIbHON HEOMPEICIIEHHOCTH TMPEACTaBIsIeT CYUIECTBEHHBIM WHTEpeC JUis
IIMPOKOTO KJIACCa COJIHEYHBIX OJJIEKTPOCTAHIMKA, B TOM YHCJE HCHOJIB3YIONIINX
COJHEYHbIe Tpekepbl. [IpemnoskeHHbI MaTeMaTU4eCKUi armapaT, OCHOBAHHBIA Ha
UCIIOJIb30BaHUM TeopeMbl OCTPOBCKOIO, YCTaHABJIMBAET HENOCPEICTBEHHYIO CBS3b
MEXIY IOKa3aTeNsiMH POOACTHOCTH M KadecTBa YIPABICHUS, XapaKTEPH3YIOIIUMHU
JMHAMUYECKHUE MPOLIECCHI B UCCIEAYEMBIX CUCTEMAaxX, YTO 00ECIEUNBAET COXpaHEHHUE
paboTOCIOCOOHOCTH CUCTEMBI MPU HAJIMYUKA HEONPEIETICHHBIX NapaMeTPUUECKUX
Bo3MyIleHuil. Iloka3aHo, 4TO METOA JIOKAIM3allUd XapaKTEPUCTUYECKUX YHUCEIl
3aMKHYTOW CHCTEMBI MO3BOJIIET CBECTH 3a/Jady CHHTE3a K PEIICHUIO CHUCTEMBI
anreOpauyeckux  HEPABEHCTB  OTHOCHTEIBHO  HEM3BECTHBIX  IapaMeTpOB

ynpaBHHIOHIGﬁ 9aCTHu CUCTCMEI.
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llonosyes B., [lampaxos FO., [{lemkosuu B.
VYpanbckuii penepaibHbIi YHUBEPCUTET

MOIEJUPOBAHUE I'A3OAUHAMHUYECKHUX ITPOLIHECCOB
HPU OTKVIIOYEHHUHA 3JIEI’'A30BOI'O BBIKJITIOYATEJIA

Aunnomayus: B craThe MOJENUPYIOTCS Ta30AMHAMHUYECKUE IPOLECCHl, NPOUCXOIAIUX B
JyroracuTelbHOM Kamepe aierazoBoro Bbikitouatens 110 kB mpu ero xommyrauuu. Beinonxnen
AQHAJIMTUYECKMM  pacyeT Tra30JMHAMUYECKMX  XapaKTEepUCTHK  3JIEra30BOr0  KOJIOHKOBOTO
BBICOKOBOJIBTHOTO BbIKIIO4arens BI'T-110 mo merogmke Uynuxmua A.A. 0e3 ydera JyroBbIX
IPOLIECCOB. BbIJIO MPOM3BENEHO YHMCIEHHOE MOJAEIMPOBAHUE Ta30JUHAMUKU IPH IOCTAHOBKE
3aJlauM C MOJBMXKHOM ceTKoM 0e3 yuyeTa TeruiooOMeHa ¢ ayroi. [IpoBeneH cpaBHUTEIbHBIA aHAN3
MIOJIYYEHHBIX PE3yJIbTaTOB aHAIMUTUUYECKOTO U YUCIIEHHOIO PacyeTOB.

Knrouesvie cnosa: Dnera3oBblii BBICOKOBOJBTHBIM BBIKIIIOYATENb, TalllEHUE JyTd, YUCIECHHBIN
pacuer ra3oJuHaMUKH, TypOyJIEHTHOCTD, 1yra OTKIIOUYEHUS, TOIBUKHAS CeTKa.
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BB BBICOKOBOJIBTHBIN BBIKJIFOYATEIb
99C DNEKTPOIHEPreTUYECKAs CUCTEMA
[TAO ®CK [Ty0nnuHoe akioHepHoe o0miecTBo «PeepanbHas ceTeBast KOMIIAHUS»
Ary JyroracurenbHoe yCTpOHCTBO
TK3 TOK KOPOTKOTO 3aMBIKAHMS
ABH Ammapat BBICOKOTO HallpsDKEHUS
MKII MeKKOHTAaKTHBIN IPOMEKYTOK
oIl DIIEKTPUYECKOE MOJIE
JAI'K [yroracurenbHas kamepa
SM ONEKTPOMarHuT
I'1 ["a3o/ruapoannaMuka
MI'[] MaruauTHas ruIpoAMHaMHKa
XX X010CTON X0
IK [IporpamMMHBII1 KOMILIEKC
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II. BBEJIEHHUE

VYBenuuenue mnoTpednsiemoit wmomuoctd B EHOC Poccum Hapsany c
paciMpeHHeM TEXHHUYECKON M HOPMAaTHBHOM 0a3bl MOJApa3yMeBaeT KOJIMUECTBEHHOE
YBEJIMUEHHUE HCIIOJIB3yeMOro O0OpyAOBaHMS WM €ro 3ameHy. BB kak onun u3
HamOoJiee BaKHBIX 37eMeHTOB DIC, obecrieunBaroOluil €e HaJeKHOCTh, Hanbosee
OCTpPO pearupyer Ha POCT ANEKTPOMOTPEOTICHUS] C TOUKU 3PEHUS MPEIbSIBICHHUS K
HEMY OCOOEHHO KECTKUX TPeOOBaHUI 110 KOMMYTAIIMOHHON crTOcOOHOCTH [1].

B oTeuecTBEHHON MNPAKTHUKE OCOOBIA HAYYHBI HHTEpPEC MPOSIBISETCS K
anera3y, Kak JyroracuTesbHoOi cpeae B BB HecMOTps Ha TO, 4TO pacdeT Impoiiecca
AyTroraiieHus B 3jeraze TpeOyeT OrpOMHYIO0 BBIYMCIUTENbHYIO MOIIHOCTh. VHTEpec
K arnera3oBeiM BB mogkperusercs HopMmatuBHBIMH JOKyMeHTamu [IAO «PCK-
Poccetn» (monoxenune «O €OUHOM TEXHUYECKOM IOJUTHUKE B 3JIEKTPOCETEBOM
KOMILJIEKCE»), B KOTOPBIX 3aKPEIJIEHO PEIICHUE O MPEUMYIIECTBEHHOM NPUMEHEHHH
AJNETA30BbIX BBIKIIOUaTeneld Ha kiacc HampsbkeHus 110 kB um Bpime. CormnacHo
uudposoit nonutuke kommnaHuu I[MAO «DCK-Poccetn» (konuenmms «lludponas
tpancopmaruss 2030»), OOHUM U3 JYYIIMX CIHOCOOOB TOYHO KOHTPOJIUPOBATH
paboTy 3JeKTpOoOOOPYAOBAHUS SBJISETCS NpUMEHEHHE 3(P(OEKTUBHOW CHCTEMBI
MoHMTOpUHTa. Takum 00pa3zom, pacyeT U MOJAETUPOBAHUE BHYTPEHHUX IMPOLECCOB,
npoucxoasmux B JAI'Y BB npeacraBisier ocoOblii HAyYHBIM MHTEpEC KaKk B 00J1acTu
SKCIUTyaTallul  OOOpyJOBaHMs, Tak M B O0JAacTH  BBIKIIOYATEJIECTPOCHMUS.
Heob6xonumocts B co3manuu nudposoit moaenu BB, a Tounee ero JI'Y Takxke
nuktyercs poctoM TK3 B cerax 110 kB u Boimie [2], [3] B CBSI3U ¢ 4eM OJHUM U3
BapUaHTOB MOBBILICHUS] KOMMYTAI[MOHHOM CIIOCOOHOCTH BBIKJIIOYATENECH SIBISETCA
ONTHUMM3ALUA UX KOHCTPYKIIMH JIUOO CO3/1aHKHE HOBBIX anmaparoB [4].

Opnnako, pa3paboTka M KOHCTpyHMpoBaHHE KOMMYyTauuoHHBIX ABH sBnsercs
JOPOTOCTOSIINM MEPONPUATUEM, T.K. TpedyeT MHOTOYUCIIEHHBIX
HKCIIEPUMEHTAJIbHBIX B3bICKAHMM KaK Ha (PU3MYECKUX MOJENSIX, TaK U Ha OMBITHBIX
oOpasnax. Kpome TOro, BO3HHMKAaeT HEOOXOAMMOCTh B YYeTe€ MNPOTUBOPEUUBBIX
TpeOoBaHMi, TpeabsaBisgeMbix K JII'Y BbIKIIOYaTEAs C TOYKH 3PEHHUS €ro
KOMMYTAllUOHHOW  CIMOCOOHOCTH,  MEXaHHYECKHX  XapaKTePUCTHK,  YPOBHS
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AIIEKTPUYECKOW M30JSIUMU U T.A., HAa UYTO TaKke TpeOYyloTCS BpPEMEHHBIE H
¢bunaHcoBbie 3aTpathl. [l03TOMY YKJIOH CTOMT JAenaTh B pPa3BUTHE IOAXOJOB K
MOJICJINPOBAHUIO CJIOXKHBIX MYJIbTU(PUZUYECKUX (razo-, TEpPMO- "
ANEKTPOJMHAMUAYECKHX) TMPOLIECCOB, BO3HHUKAKOIIMX Mpu KommyTtauuun BB ¢

BO3MOKHOCTBIO Bepu(uKaIuy moixyuyeHHon moaenu [1], [5].

1.  TIOCTAHOBKA 3AJJAYN 'A3OIMHAMUKHU

[Ipy TpPOEKTUPOBAHUU DJIEra30BOT0O BBHIKIIOYATENS OCOOYIO0 POJIb YACHSIOT
pacuery Tra3oQMHAMUYECKHX MPOILECCOB, T.K. HA CKOPOCTh BOCCTAaHOBJICHUSA
anektpuyeckol npoyHoctn B MKII npu orkmouenun TK3 BausgeT HE TOIBKO
ANMEKTPO(PU3NYECKUE apaMeTphl JyroraCUTEIbHOM CPe/ibl, HO M OCTAaTOYHOE BIIUSHUE
MOHW3UPOBAHHOTO Tra3a Iocje mnoracaHus Ayru. Bcece ycwims xoHcTpykTopa BB
JIOJKHBI OBITH HAIPaBJIEHBI HE TOJLKO HA CKOpeEiiiliee moracaHue Ayru (GKeJaTeabHO
MOCJIe TMEpPBOTO Mepexoja uepe3 HyJb TOKAa OTKIIOYEHHUs), HO M Ha HUCKIIOYEHHUE
MOBTOPHOTO 3aXWT'aHUA JyTW B Hadyaje HOBOro mnonynepuoaa. Jma srtoro
HEO0OXOJAMMO, YTOOBI OCTATOYHBIA CTBOJI JIYTM MAaKCHUMAaJIbHO OBICTPO OXJIaJMUIICA
CXaTbIM 7JJIera3oM W JeoHusupoBaica [6]. OgHako, B pealbHOCTH OCTaTOYHBIC
MOHM3AIIMOHHBIE TTPOIECChl OKA3bIBAIOT BiIMsHUE Ha pacnpeaencHue I11 8 MKII [7].
[ToaToMy ra3ouHaAMHAYECKHE MTPOLECCHI, TPEAIIECTBYIOIINE CTAJUN BOCCTAHOBJICHUS
anexktpuuecko mpouHoctd B MKII HeoOxomumo wuccieaoBaTh Kak i U
MUHHUMM3AIMA BO3HUKHOBEHHUS JJIEKTPUYECKOTO MPOOOs, TaK W JJIsi YTOYHEHUS
MPEANOCHUIOK K BO3BHUKHOBEHUIO TEIJIOBOI'O MPOOO0s B MEPBOM CTAJANU AyTOTAIICHHUS.

OneIT  KOHCTpYyMpOBaHUS dyerazoBbix BB mokaseiBaer, 4To mpouecc
JNyTOTallleHUsl CUJIBHO 3aBUCUT OT F'€OMETPUYECKUX MapaMeTpoB diieMeHToB [I'Y —
ero JI'K. HeoOGxomumo paccuuThiBaTh CEUEHHUS MPOTOYHBIX DJIEMEHTOB TaKUM
oOpa3oM, dYTOOBI CKOPOCTh H JJIUTEIHHOCTh OOTyBA€MOTO IIOTOKA, a TaKKe
oOayBaeMasl TUIONMIAb AYyTW OBUIA JOCTATOYHBI NIl 00ECTIEUEeHUsS] BOCCTAHOBIICHUS
anektprueckoit npouyHoctu MKII. B monosHeHMM HY>KHO YYUThIBaTh BO3HUKHOBEHHE
obOnacTeit 0OpaTHBIX MOTOKOB, B KOTOPBIX OYAET 3aJep>KUBATHCS TOPSUYUM Ta3 aJis

HCKJIIOYEHUS BOBHUKHOBEHUSI TEPMOJIMHAMUYECKON 3aKyIIOPKH coruia [8].
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A Vpasuenus cazoounamuru (yucienHwlli paciuent)

O¢ddexTuBHBIM MOAXOAOM K YHCICHHOMY PEIICHUIO 3a7a4 Ta30JuHAMUKH
ABJISIETCS] UCTIOJIb30BaHNUEe cucTeMbl ypaBHeHU HaBbe-CTokca, BKIIIOUaroiiel B ceos
3aKOH COXPAHEHUsS MAacChl, 3aKOH COXPAaHCHHS HMITyJIbca W 3aKOH COXPaHCHHSI
DHEPTUM I OMHCAHMUS TEUEHUS JKHIKOCTH. ECIU TedeHne HecTallMoHapHOe, TO

CHCTCMa ypaBHeHI/Iﬁ JJIA BSI3KOM U CKUMAaeMOM KHUIAKOCTH 3aIIMCBhIBACTCA B BHJC [9],

[10]:

9]
pa—ltl+p(u-V)u=V-[—pI+K]+F,
dp (1)
E+V-(pu)=0.

r7ie p = const — MOCTOsIHHAs IJIOTHOCTB; TA€ U — CKOPOCTh MOTOKA M/C; t — Bpems, C;

p — naBienue, Ila; K - MHoxutenu Jlarpanka, KOTOpbBIE HCIONB3YIOTCS IS
. 3.

peanuzanuu TpaHUYHOro ycioBusi; F - Bexkrop oO0vemMHOM cuibl, H/M™;, [ —

NHTEeHCUBHOCTH TypOyJIEHTHOCTH.

2 2
K=+ pr)(Vu+ (V)7) = 3 (u+ pr) (V- )l = < pkl )

rne T — rtemmeparypa, K; p — ko3pduumeHT auHamuyeckoe BA3KOCTH; Up —
KO3 GULIMEHT KUHEMATUYECKOU (TypOyJI€HTHON) BSI3KOCTH.
TypOynenTHas KnHEMaTHUYeCcKast BI3KOCTb uy onpenensercs [10]:

Jis mogenm k—e:

kZ
pur = pCy <’ )
rle € — CKOPOCTh TYpOYIEHTHOrO paccemBaHms (IECCHIAmus), M/c’; C, —

koddduiment TypOynentHoit Mmoxaenu k —¢&; k — TypOylneHTHas KWHETHYECKas
2,2
SHEPTHUs, M“/C
s mogenn k—wm:

k
.. 4
Hr=p— 4)

I O — yAeJIbHask CKOPOCTh AUCCUIIANM, [ 1I.

PesynbTupyromue BbipaxkeHus s k — & MOJENU HUMEIOT CICIYIOIIUA BHUJT
[11]:

YpaBHeHue nepeHoca Juist TypOyJIeHTHOW KHHETHUECKON 3Hepruu K:
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ok
E+p(u-V)k=V-[(u+uT)Vk]+Pk—pe, )

rac oy — napamMcTp MOJCJIN, KOHCTAHTA.

YpaBHEHHE IEpeHOCcA 1T TUCCUTIALUY &
de &2 6
pat+p(u Ve=V [(,u+—) Vs] +Cg ngp? (6)
IJie 0, — [apaMeTp MOJIeiH, KOHCTaHTa, Cgq, Cey — KOHCTAHTHI HHTETPUPOBAHMUS.

Pesynbrupyromue BoipakeHUst kK — w MOJENNU UMEIOT CIEIYIOIUNA BUT;

YpaBHeHUE NepeHoca i TypOyJIeHTHONH KHHETUYECKOM sHepruu K:

ok
. 7
ERTICREE [(u+ Z1) VK| + P — B pwk, 7
rjae [ — napaMeTp MOJACIH:
B = 0,091z, (8)
14+ 70x, ©)
71+ 80y,
7€ X, — IapaMeTp HACTPONKU MOABUKHOCTH, (M:CYKT:
Q4 Qe Ski
_ 10
Xo = [70,090)3|" (10)
I7ie, B CBOIO 0YEPEIb, {);; — TEH30D CpEHEN CKOPOCTH BPAIICHHUSL:
b ax] axi ’ )
¥ S;j — TEH30p CPEIHEN CKOPOCTH AehopMalMK;
b 2 (')x] (')xi ’ )
VYpaBHeHHE IepeHOca I YIEIbHOM CKOPOCTH AUCCUTIALIUN W:
ow
= 13
pat+p(u Viw = [(,u+ )Va)]+052kPk Bpw?, (13)
rae
B = 0,104f;,
[Tpu 3TOM KOMITOHEHT CKOpPOCTH JeopMmaruu Py, BeraucisieTcs kak [11]:
2 2
P, = ur [Vu: (Vu+ (Vu)T) — 3 (V- u)z] - Eka ‘u (14)
B. Vpasnenus cazoounamuxu (anarumuyeckuil pacuem)

AHaTUTUYECKU pacyeT BEAETCA IO METOAWKE YyKazaHHou B [8], [12].
OCHOBBIBasICh HA METOJIUKE, TPUHUMAIOTCS CIEIYIOIINE OCHOBHbBIC JTOMYIICHUS:
1) Her mogBOoJa W OTBOAA TEIla NPH HCTEUCHHH rasa (agnabaTHYeCKHi
poI1iecc);
2) TMPOIECC UCTEUEHHS ra3a MMeeT YCTAaHOBUBIIHMICS XapaKTep;
331



3) moTepu Ha TpEHHE OTCYTCTBYIOT;,

4) ra3 cuuTacTCs UACaIbHBIM,;

Bce OCHOBHBIE COOTHOIIEHHsS, HEOOXOAMMBIE I pacuyera B3sAThl m3 [11].
Brok-cxeMy aHaIMTHYECKOTO pacdyeTa MOXHO NPEACTaBUTh CICAYIOIIMM 00pa3oM —

Puc. 1:

BEIGop HaYaNEHEX YCIOBHR

§=f(0iv = (1) Sor lmazes Par Ka
tu
PacteT HaYATHHEIX SHATEHHI IapaMeTPOB
E IQANQDIIHEEQN 0dBeMe
Vo, Mo, Yo

¢

Brifop KoTHIeCTEA IMAr0E pacieTa i c

YHETOM OPHHATOTO Lya,

¢

PacteT napaMeTpoR Mo MOPIIHEM

Vipuvi

V

¥ <
‘—xp< [IpoeepKa pe:xHMa HCTEYEHHA Ta3a }ﬂpl

Pacwer pacxoaa Pacwer pacxoaa

rasa npH rasa pe
HaJEPHTHYECKOM NOAKPHTHIECKOM

HCTEHEHHH HCTEHIEHHH

I—" Pacter yOBLTH MACCHI a3 0T HOPITHEM |¢—,

Puc. 1. biiok-cxema aHAIUTUYECKOTO pacyera

OCHOBHOH 1IEJIBIO pacyeTa ABJSETCS OMPEICICHUS MapaMeTPOB MOPIIHEBOIO
YCTPOMCTBA M €r0 CKOPOCTH, YTOOBI MOJIYIUTh Tepena JaBICHUH 00eCTIeYMBarOITNI
HAIKPUTUYCKAN PEXKUM HMCTEUEHMsS rasza. JlJisi ompeneneHus pexrma UCTEUCHUS
paccMaTpUBaeTCs OTHOIICHHME AAaBJICHUS IO ITOPIIHEM Po/P; Tae | — Iar pacdera, po

— Ha4vaJIbHOC JaBJICHHUC B HOJIHOleHCBOfI 00J1acTH.
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V. PACYET 'A30OAMHAMMUKU ITPU KOMMYTALNN BBIKJIFOYATEJIA

B kauecTtBe o0OBEKTAa WCCICAOBAaHMUS [UIsI pacdyera Ta30JIdHAMHUYECKUX
mporeccoB  ObT  BeIOpaH OakoOBBIM  dyera3oBbId  BeIKIIOUaTenh BOb-110

(npousBonctBo YOTM) — Puc. 2.

Puc. 2. Ilyte nporexanus rasa B /II' K 1ByXcTOpOHHETO IyTh:
M3 — «mepmeasn» 3ona; B— MKII

A. Tlocmanoeka 3a0auu 2a300UHAMUKU C NOOBUNCHOU CEMKOU

OCOOCHHOCTBIO ~ JAaHHOTO  HWCCJICAOBAHMS  SBISACTCS  MOJICITUPOBAHHE
ra3oJJMHaMHYECKUX ITPOIIECCOB C Y4YETOM JABMIKCHMs TMOJIBIXKHBIX dacTed oObeKTa
uccinenoBanus. Jis obecriedeHUs JIBWKEHHUS TIOPIIHS W IOABM)KHOTO KOHTAaKTa
UCTIOJIB3YyeTCs pacueTHbI Moayie Moving Mesh.

VYuer nBwkeHus B (PU3MKe ra3oJMHAMHUKE MPOUCXOJUT 3a CUET J10OABIICHHS
MapaMeTpoOB CKOPOCTH [Jii TPaHMI] PAacUETHOM oOJacTU. YCJIOBHUS IS TPAHUIL

BBIJISAT ciaeayronmm oopazom [10]:

U'n=u,-n, (15)
Ur
K-n= _pu_+urel,tang ) (16)
Uper = U — Ugy, 17)
Ureltang = Urel — (Upe " )1, (18)
Vk-n=0, (19)
k
— 20
C T P ks 0
_ Cuk (21)
* T Pkoon

r1€ N — TrpaHUYHas HOpMalb, C HANpaBJICHHEM 3a MpeAesibl 00JacTH;, Uy —
MOCTYMNAaTeNbHasl CKOPOCTh CTEHKHU, M/C; Uyo; = U — Uy — OTHOCUTEIIbHAS CKOPOCTH,

M/C; Upeltang — OTHOCHTEINbHAS TaHTEHIMaNbHas CKOpocTh, VK n = 0 — Vcnosue
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Heiimana; u* — TaHreHIMAaNbLHOM CKOPOCTH BOJIM3U CTEHOK; Uy = +/ Ty, /P — CKOPOCTh
TPEHUs, KOTOpas PACCUUTHIBAETCS 110 HANPSDKEHHIO CABUTA CTEHKU Ty, O, —
pPacCTOsSIHUE 10 CTEHKH.

B xome pacdera m3-3a IBIKEHHUS TPAaHUIl OOBEKTa CETKa pacueTHOW o0iacTu
CIJIBHO Je(pOpPMHUPYETCS, YTO yMEHbBIIAET €€ KAaueCTBO M NPUBOIUT K OIIMOKaM
(pa3peIBBI, HECXOAUMOCTH YpaBHEHHUH | T.7.). C 1eTbI0 yCTpaHEHUS JaHHBIX OMIHOOK
OBUIO NPHHATO HCIOJAL30BaTh GyHKIu0 Automatic Remeshing, xkoropas
NepecTpanBacT PpACUYETHYI0 CETKY NpHU JOCTHKEHHUS €€ KPUTHUYECKH HHU3ZKOTO
Ka4yecTBa.

B.  Auanumuueckuii pacuem

JUis aHaTUTHUYECKOro pacuera ra3oJMHAaMUKU HEOOXOAUMBI CIEIyIOoIINe
JAHHBIC: TIOJNHBIM X0 TOpIIHS (KOHTAaKTOB), CEYEHHE TOPIIHS, a TaKKe
XapaKTEPUCTUKU 3aBUCHUMOCTH CEYEHHSI BBIXOJA dJieraza OT XOJa KOHTaKToOB S =
f (). Bce mapameTpbl, HEOOXOAUMEBIC NI aHaIUTHYeckoro pacuera (Tabmmma I)
B3SATHl M3 MPHUOMMKEHHBIX TeomeTpuyeckux pasmepoB JAI'Y BB B3b-110,

IIpCACTAaBJICHHBIX Ha Puc. 2.

Tabnuya 1
[TapaMeTppl aHAIUTHYECKOTO pacyeTa
Onucanue napamerpa Hapawmer
Obo3nauenue 3nauenue
[TonHBINM X0 KOHTAKTOB Lmax 120 mMm
X0/l KOHTAaKTOB JI0 HaYaia JyThs Lesix 18 Mm
Ceuenue nopuHs S 9 MM’
TemmnepaTypa okpy>karo1en cpeasl 9 40°C
JlaBnenue cpenbl BHYTpPH armapara Po 0,42 MIla
Kosdpuuuent pacxona u 0,9
[Toka3arens aguabats! (31eras) Ka 1,086

Ha Puc. 3 u 4 u3o0paxeHbl 3aBUCUMOCTh CEUEHHUS BBIXOJa dJiera3a OT Xoja

nopuiHs S = f (1) 1 3aBUCUMOCTbH CKOPOCTH JABMKEeHUsI opiuHs oT xoxa V = f(1).
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8,E-04
6,E-04
4,E-04
v3 2,E-04

0,E+00
0,00 0,02 0,04 0,06 0,08 010 0,12
I, m

MM?

Puc. 3. 3aBUCHUMOCTD CCUCHUS BbIXOJa 3JICra3a OT ABUKCHHA ITOPIIHA

6,00
5,00
4,00
3,00
2,00
1,00
0,00

V m/c

0 002 004 006 008 01 0,12
I, m

Puc. 4. 3aBUCUMOCTb CE€YEHUS BBIXO/IA 3JIETa3a OT ABUKECHUS MTOPIIHSA

PesynbraraMy aHaJMTHYECKOTO pacuera SBISIOTCA TIpaQUKd H3MEHEHUs
JaBJI€HUS B MOJAMOPUIHEBOM OOBEME M MAacCOBOTO CEKYHJHOTO pacxoja B
3aBUCHMOCTH OT XO/1a KOHTAKTa BBIKIIFOYATEIIA.

C. Yucnennwlu pacuem

B kayecTtBe pacueTHOM MOJENM Ui YHUCJIEHHOIO pacyera HCIOJIb30BaHa
ynpomenHas 'K amerasoBoro  Beikimowarens  BOb-110 mMakcnmanbHO
npubImKeHHass K peanbHbIM  paszmepam. CoctaBubie snemeHtol 'K, He

yuacTByromue B pacuetax /] ynanensr Puc. 5.

T ) :". (7 W e I:—l
/
1

NG
\VARERY/
1 2 3 4

Puc. 5. Pacuetnas ocecummetpuuHas mojensb JIT'K:
1 — ocHOBHOE U MaJioe Comia, 2 — MOABUKHBINA U HEMTOABUKHBIN KOHTAKT,
3 — U30JIAIIMOHHAS TATa, 4 — DIIEMEHTHI MTOPIITHS
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Kpome Toro, mns peanusandyd YUCIEHHOTO pacdeTra ¢ MHOABHKHOM CETKOM
HEeoOX0MMO 3HaTh He CTOdabkO 3aBucumoctd S = f(l) m V = f(l) ckonbko

3aBUCUMOCTBb XOJa HO,HBH)KHOfI 9aCTu OT BPCMCHH, KOTOpaAa ObLIa B3sITA U3 [4] -

Puc. 6.

120F -

110F —

1001 b

90+ f

80+ =

70F B

40f 1

301 E

201 b

0 .

| 1 1 1 I ] i, C
0 0.01 0.02 0.03 0.04 0.05

Puc. 6. I'paduk 3aBUCUMOCTH X0/1a TIOJIBUYKHOM YaCTH OT BPEMEHU

Heob6xoaumbie MOCTOSTHHBIE U TTapaMeTPhI JJIs1 YUCICHHOTO pacyeTa MPUBEICHbI

B Ta0mure 2.
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Tabnuya 2

3nauenue

0,42 MIla

0 M/c
313K
1,44

1,92

0,09

1,3
0,41

ITapameTp

Cel

CeZ

O

O¢

(V)

U pacueTHOM

AV SV AVAVZ VA AV AV
<uu>w>1b‘l1}4"""’4

Oobo3nauenue

[TapaMeTpbl YUCIIEHHOTO pacueTa

JlaBiieHue Cpe/ibl BHYTPH armapara
[Mapamerp k—e Monenu (— CKOpOCTh

TypOyJIEHTHOTO pacCenBaHUs)

Koncranra unrerpupoBanus 2 (k—¢
[ocrostanas ¢pon Kapmana

Koncranra unrerpupoBanus 1 (k—¢
MOJIEIb)

Temmneparypa okpyxaromieil cpeabl
MOJIEIb)

(TypOyneHTHas KHHETHYECKAs

Koadduument TypOynenTHOM
SHEPrHsl

HauanbHas ckopocTh IOTOKA
Mozenn K—¢

Onucanue napamerpa
[MapameTp k—e monenu

%
%
<P
>

Vé
7
/NN

NNININININININININININTSINININININININININININININININININININININ
ININININININININININININTNINININININININININININININININININININININ
DNINININININININININININNININININININININININININININININININININE
)VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV S|
\VAVAVAVAVAVAVAVAVAVAVAVAVAVAVANA Y4\ 444 44 YAV, NAVAVAVAY o
VYAV AVA A P a Pa O Va Va Va NV VavAVy
SO OVAVAVAVAVAVAVAVAVAV, oY

\/\/
Y
/N
TAVAVAVAY

5

A /N/N\/
VAVAVAVAVAV
VAV,

o

ONNINININ

o

INININININ

S

INININININ/NI N
ININININININININT

AVAVAY

ON
VAV
L\
W\
AV

<)
V4

N7
Pa¥

PAVAN

C OCJIBIO YIIPOIICHUA 3adaHWA TI'PaHHUYHBIX YCJ'IOBHﬁ B YHCJIICHHOM pacudcTC

pacueTHass oOnacth He orpanuuuBaerca Toibko JII'K. Cerka Bce

obnactu npejcrasieHa Ha Puc. 7.

Puc. 7. Cetka pacuetHoit obnactu (a) u cetka [{['K (6)
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Bpewmsi pacuer ycranoBieHo paBHbiM 0,045 c (moiaHOE BpeMsi pacxXoKACHUS

5
KOHTAaKTOB) ¢ uHTepBajoM B 107 c.

V. PE3VJIbTATHI PACHETOB

Ha Puc. 8 u 9 npezacrasiensl rpa@uuecku mojie CKOPOCTEH U IMOJe TaBJICHUS
ra3a Mpy pa3HbIX TMOJOKCHUSIX IMOABHUKHOW YaCTH JJISI MOJEIH TypOyIeHTHOCTH K-€.

Ha Puc. 8 BuaHO, 4TO B HEKOTOPbIE MOMEHTBI CKOPOCTh ra3a BHYTPU MOJIOCTH
MOJIBM)KHOTO KOHTAKTa MPEBBIIIAET CKOPOCTh raza B comie. Ho naxe B 3ToM citydae
OCHOBHOM 00BEM rasza BBITEKAeT Yepe3 COILIO, T.K. IUIOMIAlb CEUYEHUs COIuIa OOJbIle

Iomaan CCUYCHUA BHYTPH ITOJABHKHOI'O KOHTAKTA.
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Puc. 8. Ilone ckopocteit (CHU3y — X0/1 KOHTaKTOB)
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Puc. 9. Tlone naBnenus raza (CHU3y — X0/1 KOHTaKTOB)
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CpaBHUTENBHBII aHadu3 YMCIEHHOIO pacyera MpPOBEIEM C PE3YJIbTaTaMU
aHAJIUTHYECKOro pacyera. T.K. BBIYHMCIEHUWE CKOPOCTH IOTOKA ra3a B COIUIE IS
aHAJIUTUYECKOTO pacyera HE MPEeJyCMOTPEHO, TO CPaBHEHHE OCYIIECTBISETCS IO
napaMeTpam JaBJIeHUS] U MaccOBOro noroka. CoBMenieHHbIe TpadUuKy MPEACTaBICHBI

Ha Puc. 10u 11.

=0,

=08

o
0,7
0,6
05
0,4

0,3
0,00 0,05 0,10

I, m
k-¢ k-o AHaIATHYECKU '

Puc. 10. I'padpux n3MeHeHUs JaBiIeHUs B OAMOPLUIHEBOM 00bEME

Bo3pacranue paBieHHs] MpU aHAIMUTHUYECKOM pacyeTe MPOUCXOJUT ObICTpee
4YeM I[P YUCIEHHOM, IIPU 3TOM MAKCHMAJIBHOE [aBJIICHUE JOCTUIACTCA II03KE U
ABJISIETCST OONMBIIMM, YeM IMpU YHUCIEHHOM pacyere. CyllecTBEHHbIE pPa3IHuUs

HaCTyIIarOT B MOMCHT TOPMOZKCHHA ITIOABUKHBIX YacTeu.

0,00 0,02 0,04 0,06 0,08 0,10 0,12

k-¢ k-o AHaJlUTHYECKA I, m

Puc. 11. I'papux maccoBoro pacxona

IToutn BO BCEX TOYKA MAaCCOBBIM pacxoaq B YHCICHHOM MOACIMPOBAHNHU

OoJpIlle, YeM B aHATUTHYECKOM, HO TP 3TOM OH mMOBTOpsieT ¢dopmy Trpaduka
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AHAIIMTUYECKOTO pacyeTa, KOTopas ClieayeT U3 U3MEHEHHUU TUIOIIAAN UCTEUEHU ras3a,
XOTb U HE TaKYK0 BBIPAXKECHHYIO.

BrimenepeunciieHHbIE pazauuud OOBSACHSIOTCS HEeJ0CTaTKaMU
AHAJIMTUYECKOTO pacueTa: Majioe KojlnuecTBo maroB (20); HE y4yuThIBaeTCs mnepenajn
JABJICHUS;  MHOXKECTBO  Jpyrux  ynpoiueHuil. Taxke rpaduk  ckopocTtH
AHAJIMTUYECKOTO pacueTa MOCTPOEH HEAOCTATOYHO TOYHO, U3-3a YETO BPEMSI ITOJTHOTO
pacxoxaeHusi koHTakToB 3aHuMaer 0,047 ¢, B TO BpeMs Kak B YHUCIECHHOM

MOJIETMPOBAHUU BPEMS pacXO0dKJIeHUs puHuMaeTrcs paBHbiM 0,045 c.

VI. 3AKJIIOYEHUE

B pamkax paOoTbl uccCleIOBaNINCh Ta30AMHAMUYECKHE IPOLECCHl IMpHU
KOMMYTallMd aBTOKOMIIPECCMOHHOIO 3JIETa30BOro 0akoBoro BbikiItouaTens 110 kB.
bpumn paccunTanbl ra30JMHAMUYECKUAE XAPAKTEPUCTUKH ITpU KoMMmyTanmu BB Ha XX
aHAJIMTUYECKUM criocoboM. B nononmnenuu, B paboTe co3laHa pacdyeTHas MOJEINb
JNI'K BbIOpaHHOro OOBEKTa HCCIENOBAaHUS, Ha KOTOPOM IMPOM3BENEHBI PACUETHI
razonuHamukn B IIK uymcnennoro wmognenupoBanuss Comsol Multiphysics.
OC0OEHHOCTBIO YacTH MOJEIMPOBAHUS SABIISIETCS MMOCTAHOBKA 33Ja4d C MOJBMXKHOU
ceTkoi (yuer aBwkeHus Bcex noaBuKHbIX dacted JII'K). CHsaTbie 3aBucHMOCTH
M3MEHEHUs JaBJICHUs B MOAMNOPIIHEBON 00JacTH U CKOPOCTH TEUEHHS Ta3a OT X0ja
MOPIIHA ¥ OT BPEMEHUM KOMMYTAIMU ObUIM CpaBHEHbI MexIy coOoi. CrenaHsbl
BBIBOABI O PA3HOCTHBIX MPHHIMIAX pPACUYETA YUCICHHBIM M AHAIATUYECKUM
CIIOCOOOM.

B kayecTBe manpHEWIINX MNEPCHEKTUB MCCIEAOBAHUSA CJIEAYET OTMETHUTH
CIIEAYIOLIUE HAIIPABIICHUS:

1. VYuer Bo3neicTBUd Ayru (HarpeB MOTOoKa rasza) - cozganne MI'Jl wnm
KMHETUYECKOW MOJIENU TyTH IS MTOJIHOIIEHHOTO y4yeTa TeIioo0MeHa ¢ Hel.

2. YTOUYHEHHE TE€OMETPUYECKON MOjenu Ajig BepHOTro TeueHus raza B MKII
MpU KOMMYTAaI1H.

3. Bo3MokHas Bepu(HUKanus pacyeTHOM MOJENHM Ha SKCIEPUMEHTAIbHBIX

JAHHBIX JIJI1 BBIOPAHHOTO 00BEKTA UCCIICI0BaHUS.
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4. Pa3BuTHE BBIYMCIMTEIBHBIX METOJOB pacuera ra3oAuHaAMUKH (pElIeHUs
HECTAIlMOHAPHOM  cHUCTeMBbl  JAU(QPepeHInanbHbIX  ypaBHEHUH B  YaCTHBIX

npousBoaHbIX HaBbe-CTOKCa) B 11X YCKOPEHHUS PaCYeTOB.
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