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M.U. Bapanos

AHTOJIOT A BBIJTAIOIIAXCA JOCTUKEHUM B HAYKE Y TEXHUKE. YACTb 41:
KOMIIO3UIIUOHHBIE MATEPHAJIBI: UX KJTIACCUDPUKALUA, TEXHOJIOI'NN
W3TrOTOBJIEHUS, CBOMCTBA Y OBJIACTA TIPUMEHEHHMSA B COBPEMEHHOM
TEXHUKE

Hagedeno naykogo-mexniuHuil 02110 npo CmMaH, 00CAZHEHHA | NEPCNEKMUBU PO3ZGUMKY POOIm IMUUZHAHUX | 3apYOIyHCHUX 6Ue-
HUX-Mamepianoeeoie 6 2any3i po3poOKU i CMEOPEHHA KOMNOZUUINHUX Mamepiaie, wio 60100il0my 6 NOPIGHAHHI 3 MPpaouyiliHu-
MU 0OHOPIOHUMU MAMEPIATIAMU CYMMEBO BUUUMU I3UKO-MeXaHIuHUMU Xapakmepucmuxkamu. Onucani ocnoeni Knacugikauii,
MEXHON02IT] OMPUMAHHS, 61ACIMUBOCHI § 2aJ1Y3i 3ACMOCYS8AHHA NOJIOHUX Mamepianie-Komno3umie ¢ mexniyi. bion. 22, puc. 6.
Kniouoei crosa: xoMno3uuiiiHi MmaTepiain, OCHOBHI T€XHOJIOTii 0OTPHMAHHSA KOMIIO3HUTIB, IepeBArd KOMIO3UTIB nepe/ Tpaau-
HillHUMHU MaTepianaMu, CBiTOBI JOCATHEHHS B CTBOPEHHI KOMIIO3HTIB.

ITIpuseden nayuno-mexnuyeckuii 0630p 0 COCMOAHUU, OOCMUNCEHUAX U NEPCREKMUEAX PA3CUMUS PAOOM OMeYeCmEeHHbIX U
3apyOescHbIX YUEeHbIX-Mamepuanogedos ¢ ooacmu paspadomKu u co30aHUA KOMROZUYUOHHBIX MAMEPUALO8, 001A0al0uuUx no
CPABHEHUI0 ¢ MPAOUYUOHHBIMU OOHOPOOHBIMU MAMEPUANAMU CYULECINEEHHO (0]1ee 8bICOKUMU (PUUKO-MEXAHUUECKUMU Xa-
paxkmepucmuramu. Onucansl 0CHOGHbIE KNACCUDUKAUUU, MEXHOI02UNU NOSYUEHUsA, C6OIICMEA U 001acmu RPUMEHEHUA N0000-
HbIX MAMEPUAIOE-KOMNO3UmMos 6 mexuuke. buodi. 22, puc. 6.

Kniouesvie crosa: KOMNO3NIMOHHBIE MATEPHAJIbI, OCHOBHBbIE TeXHOJOTHHU MOJIYYeHHUS] KOMIIO3UTOB, MPEHMYIIECTBA KOMIIO3H-

TOB Iepea TPAAUHHOHHBIMU MaTepUajlaMiu, MUPOBbIE€ JOCTHKCHUA B CO3AAHUHU KOMIIO3UTOB.

Beenenne. /lanbHeiiliee NporpecCUBHOE Pa3BUTHE B
MUPE COBPEMEHHOM TEXHUKH B MAIUIUHOCTPOUTEIIBHOH,
JIEKTPOTEXHUUYECKOH, 3JIEKTPOIHEPreTHYECKOH, IMprubo-
POCTPOUTENBHOM, aBHa- U PaKETOCTPOUTEIBHOMN OTPACIIX
MIPOMBIIIUICHHOCTH TpeOyeT CcOo3laHusi MHOTr0OOpasHbIX
HOBBIX MaTEpHaJiOB C MX Bce Ooyiee BHICOKUMH IKCILIya-
Tal[IOHHBIMH CBOMCTBAaMH. YU€HBIE WM CIIEHUAIUCTHI U3
MHOTHX CTpPaH MHpa, 3aHMMAIOLIMecs B 00JIacTH Mare-
pPHAIIOBEICHHA HMCCIECIOBAHUEM IOBEIEHHUS U DKCIEPH-
MEHTAJIbHBIM YCTaHOBJICHHEM (DU3MKO-TEXHUYECKUX Xa-
PAKTEPUCTHK Pa3NMYHBIX METAJZIOB U CIUIABOB, JIOCTa-
TOYHO JJABHO MPUIILIHM K 3aKIIOUEHHUIO O TOM, YTO CO3Ja-
HHE HEOJAHOPOJIHBIX TBEPBIX KOMIIO3UIMH NP MPABUIb-
HOM BBIOOpE MX MCXOJHBIX KOMIIOHEHTOB MOET IPUBO-
JUTH K TOIy4YE€HUIO HOBBIX MaTepPHAJIOB C UX CYILIECTBEH-
HO YJIyUYIIEHHBIMU [0 CPaBHEHUIO C U3BECTHBIMU OIHO-
POJIHBIMU MaTepUalaMU MEXaHUYECKUMHU XapaKTEpUCTU-
kamu. ITonoOHBIE MaTepHanbl B MaTepHAIOBEICHUHU I10-
JTy49WIn Ha3BaHHE KOMITO3HMIIMOHHBIX. COIIacHO coBpe-
MEHHBIM TPEJICTABICHUSIM KOMHOSUYUOHHbIL MAmepua
(KM) — 3T0 HCKyCCTBEHHO CO3JaHHBIA HEOTHOPOIHBIN
CIUTOIIHOW MaTepHall, COCTOSAIMMN W3 OBYX WiIn Oojee
KOMIIOHEHTOB C YETKOHM I'paHULICH pa3jena MeX1y HUMU
[1]. OnauM U3 «IpeBHEHIINX» U MOHBIHE UCIIOJIB3YEMbIM
BO BceM mupe KM siBisieTcst «6ynamy, colepkaiinii ToH-
yaiimme cion (MHOT/Ia HUTH) BBICOKOYTJIEPOANCTOH cTa-
JIM, KOTOPBIE «CKJICCHBD» (COCAMHEHBI) MEXLy COOOH M-
KMM HU3KOYIIIEpOoAUCThIM kene3oM [1]. Tlocne Toro, kak
B METAIOBEICHHH M (HU3UKE METAIOB OBIIM HAaydHO
OOBSCHEHBI NMPUYMHBI WX IUIACTHYHOCTH, YIPYTOCTH M
MIPOYHOCTH, a TAKXKE JOCTOBEPHO YCTAHOBIIEHBI OCHOBHBIE
(GU3MKO-XMUYECKUE ITyTH 3aMETHOrO yBenndeHus (ycu-
JICHHsI) TOKaszarejae 3TuX (U3UYECKUX CBOMCTB [2], B
BEAYIIUX MaTEpPHAIOBEIUECKUX J1a00paTOpusX MUpa Ha-
YaJIMCh UHTEHCUBHBIE CHCTEMHBIE Pa3pabOTKH HOBBIX He-
U METAJUIMYECKUX MaTepPHUaloB C UX 3HAYUTEIHHO IOBBI-
HICHHBIMU (PU3UKO-MEXaHHUYECKUMH XapaKTEPUCTUKAMH.
B mnocnepgHue pecATUETHs MaTe€pUANOBEAbl IPOMBIII-
JIEHHO Pa3BUTBIX CTPAaH MHUpA aKTUBHO 3aHMMAIOTCS Ha-

YUYHO-TCXHUYCCKUM ITOUCKOM HOBBIX KM, ejicHarpaB-
JICHHBIM CO3J]aHueM HanboJiee MePCIEeKTUBHBIX [0 CBOMM
(hM3MKO-MEXaHMYECKUM CBOMCTBAM JuIsl psda OypHO pas-
BUBAIOLIMXCSI 001acTell COBPEMEHHON TEXHUKU M CPaBHU-
TEJILHO JIeIIeBBIX B pou3BoacTBe KM (KOMIIO3HUTOB).
IlesabIo cTaThH SIBISIETCS] COCTABIEHHE KPATKOTO Ha-
YYHO-TEXHHYECKOTO 0030pa O COCTOSIHHM, IOCTIKEHUSIX
U TIEPCHEKTHBAaX Pa3BUTHSA B MHUpe pabOT MaTepHaoBe-
JIOB B 00J1aCTH Pa3pabOTKH M U3TOTOBIIEHUS KOMIIO3HUTOB.
1. Knaccudpukanus koMno3uToB. B OoibIIMHCTBE

KM, siBnsiroImuxcsi, KaK MpaBujio, MHOTOKOMIOHEHTHBIMU
MaTtepuajiaMu, HCIOJIb3YEMbIE B HUX KOMIIOHCHTBI (CO-
CTaBHBIC YACTH) MOXKHO pa3CiUTh Ha MAaTpHIly (Hempe-
pBIBHYIO 10 BceMy 00beMy KM miacTUUHYIO OCHOBY) U
BKJIIOUCHHBIE B HEE€ apMHPYIOIIUE JIEMEHTHI (TIPEepHIBH-
ctble 1o 00beMy KM ynpouHHTENTN-HAIOITHUTENH), KOTO-
pble 00JIaIal0T BBICOKOH IPOYHOCTBIO, )KECTKOCTBIO, TEp-
MOCTOMKOCTBIO M IPYTUMH (PU3WYECKHIMH CBOWCTBAMHU
[1-3]. 3ameTrnMm, gTo Marpuma KM oGecreunBaeT MOHO-
JUTHOCTH CO3[1aBaEMOI0 MaTepHaia, IpuIaeT TpeOyeMyro
¢dopMy co3iaBaeMOMY M3AEIHIO, OCYIIECTBISET epeaady
MEXaHUYIECKOTO HAIPSKEHUsI OT OJHOM 4acTH CPeAbl Ha-
IIOJIHUTENS K APYTOH, 3allUIIaeT apMaTypy-yIIpOYHUTEIb
OT MEXaHUYCCKOT'O IMOBPEKIACHUA U o6ecneqHBaeT McEXxa-
HUYECKYI0 M HHYIO CTOHKOCTh KM B L1eloM K pa3indHbIM
BHEIITHUM CHJIOBBIM BO3ZeHCTBUAM. CrienuaaucTsl (Mate-
pHaoBebl U TEXHOJOTH), BapbUpPysl COCTaBaMU MaTPHIL
W HaIlOJHUTEJEH, UX MPOIEHTHHIM COOTHOIIEHHEM H MPO-
CTPaHCTBEHHOH OpWEHTAalNell apMaTyphl-HAIIOIHUTENS B
ooveme KM, B HacTosmIee BpeMst MOTYT MOIy4aTh BeChbMa
mmpokuid crekTp KM ¢ TpebyempiM HaOOpOM WX CBOMCTB
[1-3]. B 3T0#1 cBs3M BCe KOMIO3HTHI MO0 BUAY MPUMEHSE-
moiif B KM matpuiis! ceifuac knaccuduiupyrores Ha [1]:

® KOMIIO3UTHI C MOJIUMEPHON MaTpHUILIeH;

® KOMIIO3UThI C METAJTINYECKON MaTpULEH;

® KOMIIO3UTBI C KEPAMUUYECKON MATPULIEH;

® KOMIIO3UTHI C CUCTEMOH THIIa «OKCUA-OKCHD).
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[To Buny mcmompzyemoro B KM Hamomnutens (ap-
MHpYIOLIEH KOMITOHEHTHI) CYIIECTBYIOIINE U BHOBH CO3-
JlaBacMbIe KOMIIO3UTHI Kiaccuuimpyrores Ha [1]:

® KOMIIO3UTHl BOJOKHHCTBIC (apMHUPYIOLIHE KOMIIO-
HEHTBI — BOJIOKHHCTBIE CTPYKTYPBI U3 HE- H METAJUIOB);

® KOMIIO3UTHI CIIOMCTBIE (apMHPYIOIINE KOMIIOHEHTHI
— OTJEJIbHBIE CIIOUCTBIE CTPYKTYPHI, puc. 1);

® KOMIIO3HUTHI THIIA «HAITOJHEHHBIEC IIACTHKI» (apMu-
pyIoIIre KOMIIOHEHTHI — HAHO- ¥ MHUKPOYaCTHIIBI);

e KOMITO3UTHI HACBHIMHbIE, MMEIOIINEe TOMOTEHHbIE
JHMCIEPTUPOBAHHBIE HE- M METANIMYECKUE CTPYKTYPBI;

® KOMIIO3UTHI CKEJIETHBIE, B KOTOPBIX MCXOJHBIE
CTPYKTYPBI HAallOJTHEHBI CBA3YIOIIUM MaTepHajIoM.

Puc. 1. Cxema pacronoxxeHus oTAeabHbIX ci10eB B KM [1]

[To Tumy ynpouyHHTENS-HAIIOJHUTEISI BOJIOKHHUCTHIC
KM xnaccupummpyrorcs Ha CIeayore Tpymms [2]:
® CTEKJIOBOJIOKHUTHI CO CTEKJSIHHBIMH BOJIOKHAMH;
e KapOOBOJIOKHHUTHI C YTJIEPOHBIMU BOJIOKHAMH;
e OOPOBOJIOKHHUTHI ¢ OOPHBIMH BOJIOKHAMH;
® OPraHOBOJIOKHHUTHI C CHHTETHYECKIMHA HUTSAMHU.
Kpome Toro, KM mo reomerpuu BXOISIIETO B UX
COCTaB apMHPYIOLIETO 3JIEMEHTA-HAIIOMHUTEIS MOIpa3-
JIEISTIOTCS Ha CIIEAYIOIINE OCHOBHEIE TpyMITHI [4, 5]:
® C HYJbMCPHBIMU HAMOJHUTEISIMH (YIPOYHUTEIIIMHU
CTPYKTYpBI), pa3Mepsl KOTOPHIX B TPEX HPOCTPAHCTBEH-
HBIX H3MEPEHHUAX UMEIOT OIHH U TOT XK€ MOPSAOK;
® C OJHOMEPHBIMH HAIOJIHUTENISIMH, OJWH M3 pa3Me-
POB KOTOPBIX 3HAYMTENILHO IIPEBBIIIACT JIBA JPYTHX;
® C JBYXMEpHBIMH HAIIOJHUTEISIMH, J1Ba JIFOOBIX paz-
Mepa KOTOPBIX 3HAYNTEIHHO MPEBBIMIAIOT TPETHH.
ITo cxeme pacnonoxeHHs: apMUPYIOLIETO JIeMEeHTa-
HanoxauTenss KM noapa3aensroTcs Ha Takue Tpynis! [4]:
® C OJIHOOCHBIM (JIMHEHHBIM) PACIOJIOKEHUEM YITPOU-
HUTEJIS-HATIOJIHUTENS B MaTpUIe B BUJE MapalielbHBIX
BOJIOKOH, HUTEH ¥ HUTEBUIHBIX MOHOKPHCTAIIIOB;
® C IBYXOCHBIM (IUIOCKOCTHBIM) PACIIOJIOKEHHEM ap-
MUPYIOLIETO YIIPOYHHUTEINS-HAOJIHUTENS, MaTOB U3 HHUTE-
BUJIHBIX MOHOKPHUCTAIJIOB M MeTAUTMYeCKUX (oibr B
MaTpHIIE ¢ TapaIUICTBFHBIM pa3MelIeHHeM UX TUIOCKOCTEH;
® C TPEXOCHBIM (OOBEMHBIM) PACHOJIOKECHUEM apMH-
PYIOIIEro YHPOYHUTENS-HAMOIHUTENS. W OTCYTCTBUEM
MIPEUMYIIECTBEHHOTO HAMPABIICHHS B €r0 PACIIONI0KECHHUH.
[To ¢usmueckoii mpupoae CBOUX KOMIIOHEHTOB KM
TOJIPA3/ICIIAIOTCS Ha CIICAYIOIIHNE OOJIbIKe TPy [4, 5]:
® KOMITO3UTHI, CO/IEPKAIIAe B CBOEM COCTaBE€ KOMIIO-
HEHTHI U3 Pa3IMYHBIX METAJIIOB HJIH CIUIABOB;

® KOMIIO3UTHI, COZAEPXKAIINE BHYTPU ce€0sI KOMIIOHEH-
THI U3 Pa3JIMYHBIX HEOPTaHMYECKUX COEANHEHUH (Hampu-
Mep, OKCHIIOB, KapOUI0B, HUTPUIOB U IIP.);
® KOMIIO3UTBI, COJEpIKallhe KOMIIOHEHTbI U3 HEMe-
TAJUTMYECKUX AIIEMEHTOB (BKITIOYAs yriiepon, 0op u ap.);
® KOMIIO3UTBHI, COJEep)KAIINEe KOMIIOHEHTH! U3 OpPTaHH-
YeCKMX COEIUHEHHM (Hampumep, SMOKCHUAHBIE, IOJH-
a¢upHBIe, PEHOIFHBIC CMOJIBI U MHBIE XUMCOCINHECHN ).
Kak Bugum, KM uMERT J0OCTaTOYHO OOUMIMPHYIO
knaccudukanuo. B nanpHeliem Oosee moapoOHO ocra-
HOBUMCS Ha HEKOTOPBIX U3 TIEPEUUCICHHBIX KOMIIO3UTOB.
2. OcHOBHBIEC TEXHOJOTHH MOJIYYeHHs KOMIIO3H-
TOB. PaCCMOTpl/lM pAd KOMIIO3UTOB, IPUBEACHHDBIX BBILIC.
2.1. BojgoknucTble KOMMO3MTBHI. MexaHuueckue
xapakTepuctuku Takux KM ompenensitorcsi cBoicTBaMu
UCIIONIB3YEMBIX B HMX COCTaBe OOJIBIIOrO YHCia I1apaj-
JIENbHBIX HENPEPBIBHBIX BOJIOKOH. B kaxxpom cioe KM
BOJIOKHa MOI'yT 6])IT]) Ipyu 3TOM COTKaHbI B TKaHb, KOTO-
pas mpencraBiser co0OH HCXOmHyIO (opMy, pasMepsl
KOTOpPO#l COOTBETCTBYIOT I'€OMETPUYECKUM IapameTpam
KOHEeUHOro matepuana [1-5]. Marpuna Takoro koMmno3ura
JIOJDKHA TIEPEpacTpeieNiiTh MEXaHHUECKHE HaIPSHKEHMS
MEXAy apMHUPYIOUIMMH BoJloKHaMu. [ToaTomMy mpoyHOCTB
U MOJIyJb yNIPYTOCTH IPUMEHSEMBIX B TAKOM KOMIIO3UTE
BOJIOKOH JIOJKHBI OBITH 3HAUUTENBHO OOJbIIE, YeM IpOoY-
HOCTb M MOJIYJb YNPYrocTH MatTpuisl. JKecTkue apmu-
pYIOIINE BOJIOKHA BOCIIPHHUMAIOT MEXaHUYECKUE Harpsi-
KEHUsI, BOSHUKAIOIINE B KOMIIO3UTE NPH €0 CHIOBOM
Harpy’>KeHuH, a TaKXKe MPHUIAI0T € MPOYHOCTh M KECT-
KOCTh B HAalpaBJICHUM OPHUEHTAIMU BOJOKOH. Hampumep,
JUIl YIPOYHEHHs aJIIOMHHHMS, MarHusi U HMX CIUIaBOB B
3TOM Ciy4ae NMPUMEHSIOT OOpHBIC BOJIOKHA, a TaKXKe BO-
JIOKHAa W3 TYTOIUIABKMX COEIMHEHHMH (Harmpumep, KapOu-
JIOB, HUTPUJIOB, OOPUIOB U OKCHJIOB), UMEIOILIHUX BBICOKHE
MIPOYHOCTH U MOXYJIb YIpyroctu. Hepenko ucnonbs3yor B
Ka4eCTBE BOJIOKOH IIPOBOJIOKY M3 BBICOKOIPOYHBIX CTa-
neit [1-5]. dns paccmaTtpuBaembix KM npu apmupoBaHun
TUTaHA U €r0 CIUIABOB IPUMEHSIOT MOJHOAEHOBYIO IMPO-
BOJIOKY, BOJIOKHA cardupa, kapOuna KpeMHus u Oopuaa
TuTaHa. [loBBIIIEHHE >KapONPOYHOCTH HMKENEBBIX CIUIa-
BOB JIOCTHTaeTCsl apMUPOBAHUEM HX BOJIb()PAMOBOH MM
MOJUOIEHOBOW TpoBOOKOH [1-5]. Merammmueckue Bo-
JIOKHa HMCIIOJIB3YIOT M B TeX Ciy4asX, Korja Ajsl co3ja-
BAaEMOr0 KOMIIO3UTA TPEOYIOTCS BBICOKHE ITOKa3aTeln
TEIUIONPOBOJHOCTH M 3JIEKTPONPOBOAHOCTH. [lepcrek-
TUBHBIMH YTIPOYHHUTEISIMH-HAITOTHUTEISIMA JISI BBICOKO-
MMPOYHBIX U BBICOKOMOAYJBbHBIX BOJIOKHHUCTBIX KM sBng-
IOTCSI HUTEBHIHBIE KPHCTAUIBI M3 OKCHAAa W HUTPUIAA
ANIOMHHUS, KapOua U HUTpUIA KpeMHUs, Kapouna 6opa
u 1p. [1-5]. KoMmo3uter Ha MeTaTH4ecKoil OCHOBE 00-
JIaJIaf0T BHICOKOW MPOYHOCTBIO U KapONPOYHOCTHIO. B TO
JKe BpeMsI OHM Majo IUIacTW4Hbl. ORHAKO apMHUpYIOIIHe
BoJiokHa B KM yMEHBIIAIOT CKOPOCTh PaclpoOCTPaHEHHs
Mo HeMy (KOMITO3HTY) TPEIINH, 3apOKIAIONINXCS B MaT-
puLe. DTO MPaKTHYECKH MOJHOCTHIO MCKIIOYAET BHE3aIl-
HoOe Xpymkoe paspymenne KM. OTimanrensHoi ocoOeH-
HOCTBIO BOJIOKHUCTBIX OHOOCHBIX KM SIBIISIFOTCS] MIX aHH-
30TPONHS MEXaHHYECKHX CBOWCTB BJIOJIb M MOMNEPEK BO-
JIOKOH W Majas YyBCTBHTEIBHOCTh K KOHILIEHTPATOpaM
MEXaHWYECKOrO HaNpsDKEHHWsS. AHHM30TPOIHMS CBOMCTB
BOOKHUCBIX KOMNO3UMOE YIUTHIBAETCS MPU KOHCTPYH-
POBaHMHU M3 HHX JETaJIeil MaluH (anmnapaToB) JJIsl ONTH-
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Mu3aiun cBoiictB KM myTeM coriacoBaHus IO CONPO-
TUBJICHHUA C MOJSIMH MEXaHWYECKHX HAIPSHKEHUH B HEM.
Bbulo ycTaHOBIEHO, YTO apMUPOBaHHME AJIOMHHUEBBIX,
MarHMeBbIX U TUTAHOBBIX CIUIABOB HEIPEPHIBHBIMH TYTO-
IUIABKUMH BOJIOKHaMK 0opa, KapOuga KpeMHUs, Oopuaa
TUTaHA W OKCHJA aJIOMUHHS 3HAYUTEIHbHO MOBBIIIAET HX
XKaponpoyHocTh [1-5]. Tak, cruiaBel anfOMUHUS, apMUpPO-
BaHHbIC BOJIOKHAMH 0Opa, MOXKHO HaJeKHO 3KCILTyaTH-
poBathk mpu Temmeparypax 1m0 (450-500) °C Bmecto
(250-300) °C [1-5]. OCHOBHBIM HEIOCTATKOM KOMITO3H-
TOB C OJJHO- U IByXMEPHBIM apMHUPOBAHUEM HX BOJIOKHA-
MU SIBISIETCSl HU3Koe conpotuBiieHne KM mexcnoitHoMy
CIBUT'Y M TIONEPEYHOMY OOPBIBY. DTOrO JIMILEHBI MaTe-
pHaibl ¢ 00bEMHBIM apMHUPOBaHUEM MX BOJIOKHaMH [1-5].

2.2. lucnepcHO-yNpOYHEHHbIe KOMMIO3UThI. B 0T-
nuure oT BONOKHUCTBIX KM B ducnepcno-ynpounennuvix
KOMNo3umax MaTpHULa SIBISETCS OCHOBHBIM JIIEMEHTOM,
HECYIM BHEIIHIOI CHJIOBYIO Harpys3Ky, a X HAIOJIHH-
TeNU (AMCIEPCHBIE YaCTUIIBI) TOPMO3ST ABHKEHUE B Hel
(matpuue) aucnokanuid. B takux KM Bbicokas mpou-
HOCTh JIOCTUTaeTCs HpU pa3Mepe AUCHEPCHBIX YacCTHIL
(10-500) HM, a TaxkKe IPH CPEIHEM PACCTOSHUU MEXIY
HumH (100-500) HM 1 paBHOMEPHOM paclpeieIeHUH UX B
martpuie [1-5]. B aTux komMnosuTax mNpoyHOCTb U Kapo-
MIPOYHOCTh B 3aBUCHMOCTH OT OOBEMHOTO COZICpKaHMS
YIPOYHAOIMKX (a3 B UX MAaTpHUIE HE TOAUMHAIOTCS 3aKO-
Hy azauTuBHOCTH. ONTHManbHOE colep)KaHHe BTOPOH
¢a3pl B MaTpuue Ui Pa3INYHbIX METAJUIOB B YKa3aHHBIX
KM neoxnnakoBo, HO 00BIYHO He mpeBbimaet (5-10) %
oT obbema Martepuana matpuibl [1]. Wcmonb3oBanue B
KauyecTBe YIPOUHSIOMMX (a3 CTaOMIBHBIX TYTOIUIABKUX
COE/IMHEHUI (HampuMep, OKCHUAOB TOpHUs, TapHHS, UT-
TpPUS, CIIOKHBIX COEANHEHUI OKCHIOB M PEKO3EMENBHBIX
METaJJIOB), HE PAcTBOPSIONIMXCS B MaTPUYHOM MeTallie
KOMITIO3MTA, MO3BOJISIET COXPAHHUTh BBICOKYIO HMPOYHOCTH
Matepuana KM 1o Temmeparyp, mpuOmMmKaromuxcs K
TeMIepaType IUIaBJIeHUsT MeTaia MaTpunsl [1]. B cBs3u
¢ otuM Takue KM wuamie BCero NMpuUMEHSIOT Kak Kapo-
MIPOYHBIE MaTepHaibl. JJUCTIepCHO-YIPOYHEHHbBIE KOMIIO-
3UTBl MOTYT OBITH MONy4Y€HbI HAa OCHOBE OOJBIIMHCTBA
MIPUMEHSAEMBIX B HACTOSAIIEE BPEMsI B TEXHHKE METaJJIOB
U CIUIaBOB (HaIpUMep, AIIOMHUHUS, MarHus, HUKEIs, Men
u ap.) [1-5]. Haubosnee mmpoko B KayecTBE MOJOOHBIX
KM wucnons3yoT craBel Ha ocHOBe amoMuHus — CAIL
(crieueHHBIH aMOMHHHUEBBIH MOPOIIOK ¢ okcuaoM Al,Os)
[1]. [InoTHOCTH 3THX KM mpakTuuecku paBHa MIOTHOCTH
amomuHus. OHM He YCTyNalT eMy 10 KOPPO3MOHHOH
CTOMKOCTH M A€ MOTYT 3aMEHATh TUTaH U KOPPO3HOH-
HO-CTOWKHE CTaJIM MpH paboTe B MHTEpBAJEC TEMIIEPaTyp
(250-500) °C. Ilo mmMTENbHONW MPOYHOCTH OHHU IIPEBOC-
XomaT naedopMUpyEeMble alIOMHUHHEBBIE CIUIaBbl. Tak,
JUTTeNbHas Tpo4yHocTh st crutaBoB tuma CAII-1 u
CAII-2 mpu 500 °C cocraBmser (45-55) Mlla [1]. Ilo
MHEHHUIO MaTepHaIOBE0B, OOJbIINE IEPCIIEKTUBbl y HH-
KEJIEBBIX JAUCIEPCHO-YIPOYHEHHBIX MarepuanoB. Mmu
OBUIO YCTAHOBJIEHO, YTO HauboJee BHICOKYIO YKapoIpoy-
HOCTh MMEIOT CIUIaBbl Ha OCHOBe Hukend ¢ (2-3) % nBy-
okcuaa Topus i nByokcuna raduus [1-5]. Iupokoe
IIpUMEHEHHEe cpenu paccmarpuBaeMblx KM momyunnm
criaBbl THHa BJIY-1 (HUKenb, yIpOYHEHHBIH TBYOKHCHIO
Topus), Tuna BJIY-2 (Hukens, ynpoYHEHHBIH 1BYOKHCHIO
rapamsa) u tuna BAY-3 (Marpuma u3 Hukens Ni IDIroc

20 % 1o obvemy xpoma Cr, yIpoYHEHHAs! OKHUCHIO TOPHS
ThO). Dtu cmiaBel 001amaI0T BBICOKOH KapOMPOYHO-
cteto. CrieryeT OTMETUTH TO, YTO BBeAeHHe B 3TH KM
(5-10) % apMHpYMOIIUX HAMOJHUTENICH (TYroIIaBKUX
OKCHJIOB, HUTPHJIOB, OOPHIOB U KapOHIOB) HMPUBOIUT K
MOBBIIICHHUIO COMTPOTHUBIIEMOCTH X METAJUIMIECKON MaT-
pHLBI CHIIOBBIM Harpyskam. Ilpu stom addexT yBemmue-
HUSI TIPOYHOCTH MaTepHaia CpaBHUTENBHO HeBeluk. Of-
HAaKO, IIEHHBIM 3]IECh SIBIIICTCS YBEITMUCHHE KAPOIIPOTHO-
CTH TIOJTY9aeMOTO KOMITO3HUTA 110 CPAaBHEHHUIO C UCXOIHOM
Marpuueil. Tak, BBEI€HHUE B >KapONPOUYHBIH XPOMOHHUKE-
JIEBBIH CIUIaB TOHKOAMCIEPCHBIX ITOPOIIKOB OKCHIA TO-
U WM OKCHAA IIUPKOHMUS MO3BOJISIET YBEIMUUTH TEMIIe-
parypy, IpH KOTOPOW HM3IeJIUsl U3 3TOTO CIUIaBa CHOCO0-
HBI K JJIUTEIbHOMN padote, ¢ 1000 mo 1200 °C [1-5]. Vka-
KEM, 4YTO AUCHCPCHO-YINPOYHCHHBIC METANIMYCCKUEC
KOMITO3HTHI MTOJIYYalOT IyTEM BBEIEHUS IOPOIIKa HAIO-
HUTEJS B PAcIUIABICHHBIA MeETall WM METOAaMH I10-
poukoBoi Metannyprud [1-5]. JlucnepcHo-ynpo4HEeHHbIE
KM, taxke Kak U BOJOKHHCTBIC KOMIIO3UTBI, CTOMKH K
pPa3yIpOYHEHUIO C TIOBBILIEHHEM BO3JIEHUCTBYIOLIEH Ha
HUX TEMIEPaTyphl U K JITUTEITHHOCTH BBIICP)KKH CHIIOBO-
ro HarpyxeHus [1-5].

2.3. CTeKJIOBOJIOKHMTBI. J[aHHBIA KOMITO3UT Mpe/-
cTaBisieT coOOOW KOMIIO3HUIIMIO, COCTOSIIYIO U3 CHHTETH-
YECKOW CMOJIBI, SIBIISIIOIICHCS CBSI3YIOLIMM, M CTEKJIOBO-
JIOKHUCTOI'O HaIoJIHUTEN-ynpounurens. IIpu stom B
Ka4yeCTBE HAIOJIHUTENSI OOBIYHO NPHUMEHSIOT HENpepbIB-
HOE WJIM KOPOTKO€ CTEKIOBOJIOKHO [1, 2]. bbuto ycTanos-
JICHO, YTO TIPOYHOCTH CTEKIIOBOJIOKHA PE3KO BO3PACTaeT ¢
yMeHbIIeHHEM ero anameTpa. OOBiICHIETCS 3Ta 0COOCH-
HOCTh YCTpaHCHHEM BIIMSHUS HAa MPOYHOCTHBIE CBOHCTBA
TOHKHX CTEKJIOBOJIOKOH HEOIHOPOJHOCTEH M TpeIluH,
BO3HHKAIOIINX B TOJCTHIX (C OOJIBIINM IONEPEYHBIM Ce-
YeHHEM) CTEKJIOBOJIOKHAX. OTMETHM, YTO CBOHCTBA CTEK-
JIOBOJIOKHA 3aBHUCAT TAaKXKe OT COAEP)KAaHUS B €T0 COCTaBe
menoun. Jlydmime NMpoYHOCTHBIE TOKaszarenu y Oecie-
JIOYHBIX CTEKOJ aTOMOOOPOCHIMKATHOrO cocTtaBa [1-5].
CTeKJIIHHBIE BOJIOKHA O6I)I‘~IHO BBIIIOJIHAKTCS B BUJIC HU-
TEH, )XryTOB (POBUHIOB), CTEKJIIOTKaHEH (pHC. 2), CTEKIIO-
MaToB M pyOieHbIX BosokoH [1]. Ceszyromum B aTux KM
ABIsIIOTCST  osmddupHble,  (eHono-GopmanbaeruHbIe,
SMOKCHIHBIE U KPEMHHHOPTaHNIECKHAE CMOJIBI, TOJTMAMU-
ITBL, au(paTHYECKIE OTMAMUIBI, TOUKAPOOHATHI U Jp.

! L
Puc. 2. O6mwmit Bux hparMeHTa OpUrHHATEHONM CTEKIIOTKAHH THITA
Parabeam 3D Glass fabric, cocrosimieii u3 AByX COTKaHHBIX TOPH-
30HTAIbHO Pa3MEIICHHBIX ApaICIbHbIX CTCKIIOIUIACTHH, CBSI-
3aHHBIX JIPYT C IPYTOM BEPTUKAIBHBIM CTEKJIOBOPCOM, U 00pa-
3yIOILEH TaK Ha3bIBAEMYIO «COHJBUY-CTEKIIOCTPYKTYpPY» [6]
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Heopuenmupogannvie cmekio8o10KHUMbI COAEPKAT
B Ka4eCTBE HAIMOJHUTEINS KOPOTKOE CTEKJIOBOJIOKHO. JTO
MI03BOJISIET TPECCOBATh JETAM CIIOKHOH (DOPMBI, BKIIIO-
qarolye U MetTauyeckyto apmatypy [1]. KM npu atom
MOJIY4Ya€eTCsA ¢ U3OTPOIHBIMU NIPOYHOCTHBIMU XapaKTepu-
CTHKaMH, KOTOPbIE SIBIISIOTCS HAMHOTO 00Jiee BHICOKUMH,
YeM y Mpecc-NopomKoB. M3BecTHRIMH NpEeICTaBUTEISIMA
TaKOrO KOMIIO3HMTA SBIISIOTCS CTEKJIOBOJIOKHHTHI THIIA
AT-4B, a Taxke tuma JJCB (mo3upyrommecs CTEKIOBO-
TOKHUTHI) [1-6]. VIX mIMpOKO MPUMEHSIOT ISl U3TOTOBIIE-
HUSI CHJIOBBIX JIEKTPOTEXHHUYECKHX JeTaled W AeTaieh
MAaIIMHOCTPOUTENBHBIX W3JCIUA (HampuMep, 30JI0THU-
KOB, YIDIOTHEHUH 3JIEKTPOHACOCOB U Ap.). IIpu ucmons3o-
BaHHMHU B 3THX CTEKJIOBOJIOKHHTaX B KauecTBE CBA3YIOLIE-
ro HEeNpeneNbHBIX IMOJM3(QUPOB MOIYYalOT HPEMHKCHI
tuna [ICK (macrooOpasubie) u mpenpern tuma All u
I[IIIM (ma ocHoBe crekisiHHOTO Mata) [1]. Ilpemperu
MOYKHO IIPUMEHSTH ISl U3TOTOBJICHHS JIETKUX KPYIHOTa-
0GapuUTHBIX M3AEIUH NPOCTHIX (HopM (Harpumep, Ky30BOB
ABTOMAIIIH, KOPITYCOB JIOJIOK | psia mpudopos) [1-6].

Opuenmupogannvle CMEKI0B0I0KHUMbL COAEPHKAT
HAaIlOJIHUTEb-YIIPOYHNTEIb B BHIC UTMHHBIX CTEKJIOBO-
JIOKOH, pacnojararommxcs B KM opueHTupoBaHHO OT-
JETbHBIMU HPSASAMHU U TIIATEIBHO CKICHBAOIINXCS CBSI-
3YIOIIUM BEIIECTBOM. Takas TEXHOJOTHS MX H3TOTOBIIC-
HHS 00€CTIeYrBaeT 110 CPAaBHEHUIO C HEOPUEHTHPOBAHHBI-
MU CTCKJIIOBOJIOKHHUTaAMU 60.]'166 BBICOKYIO ITPOYHOCTH I10-
Jyyaemoro creknomiactuka [1-6]. Otu KM moryr Ha-
JISKHO paboTaTh NPU BO3JEHCTBYIOMINX HA HUX TeMIlepa-
Typax oT «muHyc» 60 °C no «mmoc» 200 °C. Onu cno-
COOHBI BBIJICP)KUBATh TPONHMYECKUE aTMOC(EpHBIE YCIo-
BHA U OOJBIINE MHEPIIMOHHEIE reperpy3ku [1]. M3BecTHO,
YTO TPOHMKAIOIINE HOHU3UPYIOUINE W3IY4YEHHS MaJo
BIMAIOT HAa UX MEXaHUYIECKUE U IJIEKTPUIECKUE CBONCTBA.

2.4. Kap60BOJIOKHMTBI. DTOT BHJ KOMIIO3HUTa CO-
JEPXKUT CBS3YIOILYIO MOJMMEPHYIO MaTpHIly (Ha OCHOBE
(eHonpopManbIeruJHON WK UHOM CMOJIBI) U YIIPOYHH-
TeJb-HAMOJIHUTENb B BUIE yriiepoaHoro BojokHa (Carbon
fiber) [1-6]. YriepogHoe BOJIOKHO SIBJISICTCS HOBBIM Ma-
TEpUajIOM, COCTOSIIINM M3 TOHKUX HUTEH TUaMeTpoM oT 3
J0 15 MkM, 00pa30BaHHBIX IPEUMYLIECTBEHHO aTOMaMu
yriepona. AToMBI yriiepoja (carbon) B yka3aHHBIX HUTSIX
O00BEANHEHBl B MHUKPOCKOIIMYECKHE KPHCTAJUIbI, BBIPOB-
HEHHBIE TapayieNbHO ApYT ApyTry. BelpaBHMBaHWE naH-
HBIX KPHUCTAJUIOB NPHUAET YIIEPOAHOMY BOJOKHY OOJIb-
LIy MIPOYHOCTh HA PACTSHKEHHE. YTJIEPOAHBIE BOJIOKHA
XapaKTepU3YIOTCsl BBICOKOW CWJION HATSKEHUS, HU3KUM
yIETIBHBIM BECOM, HU3KUM KO3 (UIIMEHTOM TemIepartyp-
HOTO PacUIMpPEHUs] U XMMHUYECKOW WHEPTHOCThIO [7]. VT-
JIEpOJHbIE BOJOKHA TOJyYarOT U3 CUHTETUYECKUX H IPH-
POZHBIX BOJIOKOH Ha OCHOBE IIEJUTIONIO3bI, COTIOJIMMEPOB U
axkpunonutpuna [1, 7]. IIpu ux U3roTOBIEHUU UCHOIB3Y-
eTcsl TepMuyeckasi ooOpadorka BosokHa. [IpoBoanTcs ona,
KaK TpaBWIIO, B TpH dTama [7]: 1 sTam — OKUCIIEHUE MPH
temneparype 220 °C; 2 stan — kapOOHH3aUUS MIPH TEM-
meparypax (1000-1500) °C; 3 stam — rpadpuTH3anms Mpu
temneparypax (1800-3000) °C). Taxast TeXHOIOTHS TPH-
BOIUT K OOpa3OBaHMIO BOJIOKOH, XapaKTEPU3YIOMINXCS
BBICOKHMM COJZIEpKaHWEM B HHX yriepona (mo 99,5 % mo
Macce). Beicokas 3Heprusi cBsi3M aTOMOB B YTJIEPOJHBIX
BOJIOKHAX II03BOJISIET UM COXPAHSATh CBOIO MPOYHOCTD MPU
OueHb BBICOKMX TeMIlepaTypax (B HEMTpaJabHOH cpene 10

2200 °C), a Taxxe U pu HU3KUX Temmeparypax [1-7]. Ot
OKHCIICHUS TIOBEPXHOCTH YTJIIEPOIHBIE BOJIOKHA IPEIo-
XpaHAIOT 3allUTHBIMU TMUPOJIUTUYCCKUMU TMOKPBITUAMMU.
B oTinyme OT CTEKJISIHHBIX BOJIOKOH KapOOBOJIOKHA H3-3a
HU3KUX II0Ka3aTelIed CBOEW IIOBEPXHOCTHOM OJHEPruu
IUIOXO0 CMAuYUBAIOTCS MPUMCHSIEMBIM B TEXHOJOTHSX WX
M3TOTOBIICHHS CBs3ytomuM (MaTpuiei). [loatomy sTH
BOJIOKHA TEPe]] X 3AIUBKOH CBSI3YIONIUM ITOJIBEPTAIOTCS
TpasneHuio [1, 7]. IIpm 3ToM yBenn4mBaeTcs CTEICHb
aKTUBUPOBAHUS YTIIEPOAHBIX BOJOKOH IO COJNEPIKAHHIO
KapOOKCUIFHOW TPYMITBI HA UX HAPYKHOH MOBEPXHOCTH.
N3-3a 3TOr0 MexcioiHas MPOYHOCTb NPHU CABUTE IS
YIJIeIIacTUKOB yBennunBaeTcs B 1,6-2,5 paza [1]. Kpome
TOT0, NPU U3TOTOBJIEHUH paccMaTpuBaeMbix KM mpume-
HACTCA BUCKECpHU3alUA HUTCBUAHBIX KPUCTAJJIOB YIJi€poaa
okcuzom Turana TiO, 4ro obOecrieynBaeT yBeNUYEHHE
MEKCJIOWHON JKECTKOCTH YIJICILIACTUKOB JI0 JBYX pa3 |
MPOYHOCTU MouTH B 2,8 pasza [1]. YacTo npu u3rorosie-
HUU  KapbosorokHumog (yeneniacmos) TPUMEHSIIOTCS
MIPOCTPAaHCTBEHHO-apMUPOBAHHBIE CTPYKTYphl. B 3TOM
ciIydae CBSI3YIOIIMMH (MaTpUIlaMH) CIyXKaT CHHTETHYE-
CKHe TIONIUMEPHI, 4T0 00yCIIaBIMBaeT W HA3BaHUE IIONY-
YaeMBIX IPH 3TOM KOMITO3UTOB — IOJIMMEPHBIE KapOOBO-
JOKHHTHL. B ciydae, koraa B mporecce u3rotosieans KM
CHHTETHUYECKHE MOJMMEPHI MMOABEPraloTCs MUPOIH3Y II0-
JIy4ac€MbI€ KOMIIO3UTHI HA3bIBAOTCA KOKCOBAHHBIMH Kap-
6OBOHOKHI/ITaMl/I. le/l HUCIIOJIb30BAHUU B TEXHOJIOI'MHU
MPOM3BOJICTBA PACCMATPUBAEMBIX KOMIIO3UTOB IMHPOIIH-
THUYECKOTO YIJIeposia IojlydaeMble ¢ ero momoinsio KM
HOCSAT Ha3BaHHUE MUPOYTICPOTHBIX KapOOBOJIOKHUTOB [7].

OnokcudeHoIbHbIE KapOOBOJIOKHUTBI THIA
KMYVY-1n Moryt mmTensHO paboTaTh MPHU TeMIEpaType
mo 200 °C. Kap6osomokuutel tTuna KMY-3 u KMVY-2n
MOJY4aI0T HAa OCHOBE SIIOKCHAHIIMHO(DOPMAITbIETHIHOTO
CBSI3YIOIIETO, BBHIOJIHSIIOIIETO POJIb IMTOIUMEPHOW MaTpH-
IBI. OTH KOMITO3UTHI CUHTAIOTCS HamOoJiee TeXHOJIOTHY-
HBIMH KapOOBOJIOKHUTaMH. X MOXXHO HaJeXHO JKC-
IuTyaTupoBaTh 1pu Temmeparypax g0 100 °C. KapGoso-
nokHUTE THHA KMVY-2 1 KMVY-311 Ha 0CHOBE MOJIMaMH/I-
HOTO CBSI3YIOIIET0 MOXHO MPUMEHSTH IIPU TEMIIepaTypax
1o 300 °C. KapOOBOJIOKHHUTBI OTIIMYAKOTCS BBICOKHM CTa-
TUCTHYCCKUM U JUHAMHUYECKHM COIPOTHBICHUEM YyCTa-
smoctd. OHH COXPAHSIOT 3TO CBOWCTBO MPHU HOPMAIBHON U
HU3KOW TeMmmeparypax (BBICOKas TEIUIONPOBOIHOCTH BO-
JIOKHA TIpeoTBpamaer camopasorpeB KM 3a cuer BHYT-
peHrero TpeHus). OHH SBISIOTCS BOAO- M XUMHUYECKH
croiikumu. [lociie BO3AeNCTBYSI Ha BO3AYXE PEHTICHOBCKO-
TO M3JIy9EHHs UX CBOMCTBA MOYTH HE M3MeHsroTes [1-7].

B Hacrosimee BpeMsi OlHUM W3 HallpaBJEHUN B MO-
nyueHnr HoBbIX KM sBiisieTcsi M3roToBiieHHE KapOOBO-
JIOKHUTOB € yriaepoaHoi marpuuei. IIpu temneparypax
(800-1500) °C obpazyrorcsi KapOOHH3MPOBAHHBIE, & MPU
(2500-3000) °C — rpadutHpoBaHHBIE KapOOBOIOKHHTEI
[1, 7]. Ana momydeHUS MUPOYTIEPOAHBIX MaTEPHUAIOB
YOpPOUYHUTENh BHIKJIAABIBACTCA IO (pOpMe H3IeNus H TO-
MeIIaeTcs B Medb, Yepe3 atMochepy KOTOpOi MpoIrycKa-
eTcst ra3o00pasHbiii yrieBogopon (06braHO Metan CHy).
IIpu ompenenennom pexume (temmeparype 1100 °C u
octatrouHoM naaBieHuH 2660 Ila) meran pasnmaraercs u
00pa3yIOMIMIACS TMHPOJUTUICCKUNA YIIIEPOA OCaXKIACTCs
Ha BOJIOKHaxX YIIPOYHUTCIIA, CBA3bIBAsA UX. OTMGTI/IM, 4qTo
00pazyrouuicst TPy MHUPOJIN3E CBS3YIOIIEr0 KOKC MMEET
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BBICOKYIO IIPOYHOCTh CLEIUICHUSI C YIJIEPOJHBIM BOJIOK-
HOM. B cBs3u ¢ 3TuM momyuaemsrit Takum mytem KM o06-
JlJaga€T BBICOKMMH MEXAaHHUYECKHMMU H a6J'IHIJ,l/IOHH])lMI/I
CBOICTBaMH, a TAaK)K€ BBICOKOM CTOHMKOCTBIO K T€pMHUUE-
ckoMmy yaapy. KapOOBOJIOKHUT ¢ YIJIEpOJHON MaTpuilen
tuna KVYII-BM no 3HaueHMsM NPOYHOCTH U yAApHOM
BSA3KOCTH B 5-10 pa3 mpeBOCXOAWT crienuanbHble rpadu-
Tol [1, 7, 8]. [Ipu HarpeBe B mHepTHOU aTMocdepe U Ba-
KyyM€ OH COXpaHseT CBOIO IPOYHOCTH 10 TEMIIEPaTyp
okono 2200 °C. Ha Bo3ngyxe OH OKHCIISIETCS, HadMHAS C
temnepatyp 450 °C, u Tpedyer 3alUTHOTO OKPBITHS.

OCHOBHBIMH TIPEUMYIIECTBAMHU KapOOBOJIOKHHUTOB
nepesl CTEKIOBOJIOKHUTAMHU SIBJIAETCS UX Oolee HHU3Kas
IUIOTHOCTh W 00Jiee BBICOKHMI MOIYJIb YIpyroctu [7].
YrinenmacTel JICTKH, OPOYHbBI U HUMCIOT IPAKTUYCCKU
HyJieBoil ko3 duuueHT nuHelHOro pacmmpeHus. Bee
TUIBI YIJIEIUIACTUKOB XOPOIIO IIPOBOJAT depe3 ceds
9JIeKTpu4ecTBO. M3 yriemnacToB [eiaroT BBICOKOTEM-
NepaTypHble y3IJIbl JABUraTeleldl pakeTHOW TEXHUKH W
BBICOKOCKOPOCTHBIX CaMOJIETOB, TOPMO3HBIE KOJOJKU U
JUCKU ISl PEaKkTUBHBIX CAMOJIETOB M MHOTOPA30BBIX
KOCMHYECKHX KOpaOyiel M y3JIbl 3JIEKTPOTEPMHUECKOTO
obopynoBanus [8].

2.5. bopoBosaokHuThl. Jlanaeiii KM mpencraBiseT
c000i1 KOMMO3UINIO, BBHIMOJHEHHYI0 U3 IOJIMMEPHOIO
CBA3YIOIIEro (MaTpHIlbl) U OOPHBIX BOJIOKOH (HAIOJHUTE-
ns1). boposonoknumer (boponiacmuxu nim 6oponiacmuol)
OTJIMYAIOTCSI BHICOKOM MPOYHOCTBHIO IIPU CKATHUU, CABUTC
U cpese, HU3KOH MOJI3Y4ecThl0, BEHICOKMMH MOKa3aTesIMU
TBEPAOCTH M MOJYJIS YIPYTrOCTH, a TaKXKe TEIUIONPOBOI-
HOCTH W 3JeKTporpoBogHoctu [1-8]. SAueuncras mukpo-
CTPYKTypa OOpHBIX BOJIOKOH OOECIIEYMBAET BBICOKYIO
npoyHocTs KM npu ciBUre Ha rpaHule UX pas3jesa ¢ ero
Marpulei. B TEXHOJIOIMH U3rOTOBJIEHUS 3TOI0 KOMIIO3H-
Ta IIOMHMMO HETIPEPBIBHOTO OOPHOTO BOJIOKHA MPUMEHSIOT
TaK)K€ KOMIIJIEKCHBIE OOPOCTEKIOHMTHI, B KOTOPBHIX He-
CKOJIbKO MapauleNIbHbIX OOPHBIX BOJOKOH OIUIETAIOTCS
CTEKJIOHHTBIO, Tpejaaroleii uM (HOpMOYCTOHUYUBOCTS.
[Ipumenenune GopocTeknoHnTel 00IeryaeT TeXHOIOruye-
CKHI Tpollecc M3roToBieHus paccmarpuBaemoro KM. B
Ka4yecTBE MaTpHIl Ul MOJIyYeHHs OOPOBOJIOKHHTOB HC-
MOJIB3YIOT MOAM(MHUIMPOBAHHBIC JIIOKCHIHbIE M IIOJIH-
amuaHble cBs3yromue. bopoBonokHutsel THa KMb-1 u
KMB-1x mpenra3HadeHbl A IIATSIBHONH PaOOTHI TP
temneparype a0 200 °C, a tuma KMb-3 u KMB-3k He
TpeOyIOT BBICOKOTO JaBJIEHHS MPHU MepepaboTKe U MOTYT
paborats npu Temmeparype He Bbime 100 °C. boposo-
nokuut trna KMb-2k padotocniocoben mpu remmeparype
1m0 300 °C [1-8]. BopoBOJIOKHUTEI 00J1a1al0T BHICOKUMH
NOKa3aTesIMA CONPOTUBIIEHHsT ycTanocTH. OHU CTOMKH K
BO3JECHCTBUIO IIPOHUKAIOLICH pagualuy, BOJbL, OPIaHU-
YECKUX PACTBOPUTEIICH U Pa3InuHBIX FOPIOYe-CMa30uHbIX
MarepuanoB. Kpome Toro, st GOpOBOJOKHHTOB IpOY-
HOCTB IIPH CXKaTHH B 2-2,5 pa3za Oonblie, ueM i Kapoo-
BOJIOKHUTOB [1]. B TOXe Bpems BBICOKast XpYyHKOCTH 00-
pOIIacTOB 3aTpyHHSET MX OOpabOTKy M HaKJIaIbIBacT
orpaHudeHus Ha GopMy M3Ienui, HoJydaeMbIX U3 6opo-
BOJIOKHUTOB. TEXHOIOTHYECKOH OCOOCHHOCTHIO TOJTyYe-
HUsI OOpPHBIX BOJIOKOH SIBIISIETCSI TO, YTO HEOOXOJUMBIN
00p UIsl HUX OCAXIAIOT M3 XJIopHaa 6opa Ha BOJIbGpaMo-
BYI0O MAaTpHIY-IIOJUIOXKKY, CTOMMOCTb KOTOPOH MOMXKET
nocturath 10 30 % OT CTOMMOCTH MOJIy4aeMoro OOpHOTO

BosiokHa [1, 8]. B cBsi3m ¢ yeM cTomMocTh OOPHOTO BO-
JIOKHA Ha ceroaHs Beicoka u gocrturaeTr 400 SUSA/kr [8].
2.6. OpranososnokHuThl. Ot KM npeacraBisioT
cO0OI KOMIIO3UTBI, COCTOSIIHE M3 IOJMMEPHOTO CBs-
3YIOLIEro (MaTpHIlbl) U YIPOUHUTENECH (HAMOJHUTENEH) B
BUJI€ CUHTETHYECKUX BOJIOKOH. Op2ano8010KHUmsl 00Ia-
JIAf0T Majoii Maccod, CPaBHHUTEIHFHO BBICOKMMH ITOKa3a-
TEJIIMH  yJIENIBHOM ITPOYHOCTH M kecTkocTH. OHHM cra-
OWIBHBI TIPH JEHCTBUU 3HAKOIIEPEMEHHBIX HArpy30K H
pe3koit cMeHsl Temiiepatypsl [ 1-8]. B opranoBomokHUTAX
3HAYCHUSI MOMAYINSA YIPYTOCTH M TEMIIEPATYPHBIX KO-
(DUIIMEHTOB JTMHEWHOTO PaCIIUpPEHHs] YIPOUYHUTENS (CHH-
TETHYECKUX BOJIOKOH) W CBS3YIOWIETO (MOJMMEPHBIX CO-
€/IMHEHUI Ha OCHOBE SMOKCUIIHBIX M JPYTHX CMOJI) OJIH3-
ku. [ToaToMy 1pH MX U3rOTOBJIEHUH TPOUCXOIUT Mupdy-
3Hs1 KOMIIOHEHTOB CBS3YIOILIETO B UCIIOJIb3yEeMOE BOJIOKHO
U XUMHUYECKOEe B3auMoJielicTBre Mex 1y HUMHU. CTpyKTypa
MOJIy4aeMOT0 CHHTETHYECKOr0 Marepualla OKa3bIBaeTcs
npaktiudeckn OesnedextHoit [1, 7]. Ee nmopucrocts He
npeBbimaet (1-3) %. dns cpaBHEHHWsS 3aMETHM, YTO B
npyrux KM nopuctocts pocturaer 3Hauenuit (10-20) %
[1, 7]. YnapHas BA3KOCTh Y OPraHOBOJOKHUTOB BBICOKAs
u paBHas okoio (400-700) ITa-c [1, 7]. Orcioga u BbITE-
KaeT CTabWIbHOCTh MEXaHHYECKHX CBOICTB OPraHOBO-
JIOKHUTOB TIPH PE3KOM Iepernajie TeMIIepaTyp, BO3AEHCT-
BUM yJIapHBIX ¥ LUKJINYECKUX CHIOBBIX Harpy3ok. Opra-
HOBOJIOKHUTBI YCTOMYMBBI K JEHCTBHIO arpecCUBHBIX
CpeA ¥ BJIAXKHOTO TPOIMYECKOTro Kiumara. J(uanexrpuue-
CKHE CBOWCTBA MX BBHICOKHE, & TEIIONPOBOIHOCTD HU3KAs.
BoNBIIMHCTBO  OpPraHOBOJIOKHUTOB MOXKET JJTMTENIBHO
paborare npu Temneparypax (100-150) °C. Ha ocnose
MOJMAMHTHOTO CBS3YIOMIETO W TOJIHOKCAANA30IBbHBIX
BOJIOKOH OHH CIIOCOOHBI HAJIS)KHO (PYHKIIHOHHUPOBATH IIPH
temnepatypax (200-300) °C [1, 7]. Hemoctatkom 3THX
KOMIIO3UTOB SIBJISIETCS UX CPAaBHUTEIBHO HHU3KAsi MEXaHU-
gecKast MPOYHOCTh IPH CKATHU M BHICOKAS TIOJI3y4eCTb.
2.7. MloaimMepHbIe HAHOKOMIIO3UTHI. J[aHHBIN BU
KM mnpeacraBnser coboil monuMepsl, HANlOJHEHHbIE Ha-
HOYACTULAMH, B3aUMOJCHUCTBYIOUIMMHU C IOJUMEPHOU
MaTpHLei He Ha MakpoypoBHeE (Kak B CIy4ae ¢ OOBIYHBI-
MH KOMIIO3UTaMH), a Ha MOJIEKyJIsipHOM ypoBHe [9]. bna-
rofapsi TAaKOMy B3aMMOJIEHCTBHIO 00Opa3yeTcsi KOMIIO3HUT,
o0yamaromuii BEICOKOH alre3MOHHON MPOYHOCTHIO MTOIH-
MEpHOW MaTpullbl K HaHoyacTulaMm. Kak u3BecTHO, HaHO-
YaCTHUIBI UMCIOT JIMHEIHBIE pa3Mmepsl He Oonee 100 HM B
OJIHOM W3 TpeX MPOCTPAaHCTBEHHBIX u3MepeHuit [10].
AHanu3 TPOBEACHHBIX B MOCJIETHHE TOABI OTCUECTBEH-
HBIX U 3apyOeXHBIX paboT CBUAETENBCTBYET O BBICOKOU
MEPCIIEKTUBHOCTH MCCIEAOBAHUI B 00JIACTU HOAUMEPHBIX
Hanoxomnozumuwvix mamepuanos [9]. K coxanenuro, atu
paboThl collepKaT MHOTO TEXHOJIOTHYECKHX «HOY-Xay» U
JIOCTYTI K HUM B HAacTOsIILEe BpeMsl KpalfHe OrpaHuyeH [2].
2.8. UnrepMmeramiuabl. Takoe Ha3BaHHE B MaTe-
pHUATOBEICHAN TTONYYMIIA HOBBIE XUMHUYECKHE COCIMHE-
HUS HAa OCHOBE KOMITO3WIHN THUIA «THUTAH-aJIOMUHHID),
«HHUKETh-aTIOMUHUI» U Ap. [9]. Cunraercs, 9T0 IMEHHO
uHmepMemannuosvl, Kak HOBBIM KJIACC KOHCTPYKIIMOHHBIX
MaTepHalioB, CIIOCOOHBI NPUBECTH K PEBOJIOLHOHHBIM
pemeHnsIM pHu pa3paboTKe W CO3TaHUM TEPCIEKTUBHBIX
M3IIEN JJI1 paKeTHO-KOCMHYECKON TEXHHUKH. JTHU KOM-
MO3UTHl MMEIOT CPAaBHHUTEIBHO HU3KYIO IUIOTHOCTH — OT
3,7 10 6,0 r/cM’ 1 061a1AIOT BBICOKOI HKAPOMPOIHOCTHIO
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(mo 1200 °C) [9]. Kpome Toro, OHH XapaKTepHU3YIOTCA
BBICOKMMH TI0Ka3aTeIsIMA KOPPO3UOHHOM CTOMKOCTH,
’)KapOCTOMKOCTH W HM3HOCOCTOMKOCTH. HMHTepmeramnui-
Hbl€ CIUIaBbl HA OCHOBE THTaHa MOT'YT pa0oOTaTh 10 TEM-
nepatypbl 850 °C 06e3 3amUTHBIX TOKPbITHIA. CIUIaBbI ke
Ha ocHoBe Hukens — g0 1500 °C [9]. [lo mHeHuto crie-
LUAJIMCTOB HCIOJIb30BaHNE WHTEPMETAJUIMIOB B JIBUra-
TENIBHBIX YCTaHOBKAxX (HampHuMep, JUIl poTopa, cTaTropa,
KPBUIBYATKH, KJIAMIAaHHOW TPYMIIBI, HEOXJIAKAAEMbIX CO-
TIeNT ¥ JIp.) TIO3BOJIUT TIOBBICUTH YIEJIBHYIO TATY ABHTATE-
neit Ha (25-30) %, a Taxke 00eCIeYUTh CHUKEHHUE MaCChI
KOHCTPYKIMH IBUTATENBHBIX YCTaHOBOK 110 40 % [2, 9].
2.9. IBTEKTHYECKHE KOMMO3UTHI. DTOT BUL KM
SIBJISIETCSI CIJIABOM JBTEKTHYECKOTO WM OJIM3KOTO K 3B-
TEKTHYECKOMY COCTaBa, B KOTOPOM B KadecTBE YIpOuY-
HsOLIeH (a3bl BBHICTYNAIOT OPUCHTHPOBAHHBIE KPUCTA-
761, 0Opa3yromyecs: B MPOLEecce HalpaBIeHHOH KpHCTal-
mu3aiyn [8]. B omimume ot o0braHBIX KM, 26mexmuue-
CKUe KOMNOo3umbl TOIY4aloT 33 OAHY TEXHOJIOTHUYECKYIO
ornepanmio. HampaBneHHass OpHEHTHPOBAaHHas KpUCTal-
JIU4ecKasi CTPYKTypa MOXKET OBITh IMOTy4eHa Ha (prHaib-
HOW cTajuM BBINTyCKa M3fenus. ['eomerpudeckas ¢opma
00pa3yrommxcs IpH  BBIIOJIHEHUH COOTBETCTBYIOLICH
olepalyu KpUCTaJUIOB MOXKET OBITh B BUIE BOJIOKOH WIIN
mwiactuH. CriocobaMu HANpaBiIeHHON KpPUCTAJUIN3AIIIH
YK€ MOJYYalOT KOMIIO3MTHl Ha OCHOBE QJIIOMHHUS, Mar-
HUS, MU, KOOaJbTa, THTaHA, HUOOHS U JPYTHX XUMHYE-
ckux 31eMeHToB [8]. IloaToMy 3THM KOMHIO3HMTBI MOTYT
HCIIOJIb30BAThCS B IIMPOKOM MHTEpBalle TemriepaTyp [2].
2.10. KoMno3uThbl HA OCHOBEe KepaMUKH. ApMHUPO-
BaHHE KepaMHUYECKUX MaTepHalIOB (MaTpPHUI[) BOJIOKHAMH,
a TaKKe METAUINYECKUMHM U KEPAMHUUYECKHMH ANCIIEpC-
HBIMH YacCTHIIAMHU IO3BOJISIET TOJy4aTh BHICOKOIPOYHBIE
KoMNo3uTh! [§8]. B kadecTBe ynmpouHHUTEISI-HAIOIHUTEIS
IIPY 3TOM 3a4acTyl0 NMPUMEHSAIOT METAUINYECKUE BOJIOK-
Ha. B 3TOM cityuae conmpoTHBIIEHHE PACTSDKEHHIO PACTET
HE3HAYUTENIFHO, HO 3aTO CYIIECTBEHHO MOBBIIIAETCS CO-
MIPOTUBIIEHHE TEIUIOBBIM yzapam. M3-3a dero kepammue-
CKHH MaTepuall MEHbIE PacTPEeCKHBAETCS IPH CBOEM
HarpeBaHuu. CBoMcTBa moiydaeMoro TakuMm mytem KM
OyzeT 3aBHCETh OT COOTHOIIEHHS KoddduimeHToB Tep-
MHYECKOTO PACIIMPEHUS €r0 MaTPUIbl M HAMOJIHUTEIS.
ApMHpOBaHHE KEpaMUKH AMCIEPCHBIMH METaJUINYECKH-
MH 4YacTHIAMH OOECIeYHMBaeT IOJIyYeHHEe HOBOTO BHUIA
MaTepuana — Kepmema, 00IaJarolIero HOBBIIIEHHON Me-
XaHUYECKOH CTOHKOCTBIO, TEIUIONPOBOJHOCTBIO M yCTOM-
YHBOCTBIO K TEIUIOBBIM yaapam [8, 11]. B atux oGoux
Cllydasx KepamuiecKue KOMRO3umyl TOIy4aoT METOJOM
TOpsYero mpeccoBaHus (TaONETHPOBaHHWE C TIOCIEAYIO-
MM CIIEKaHHEM T10/1 JaBJICHUEM) WIIM METOJIOM IIIUKEp-
HOTO JINTbS (BOJIOKHA HAIIOJHUTENS 3aIMBAIOTCS CYCIICH-
3Meil MaTpUYHOTO Marepuanga, KOTopas IOCie CYIIKH
MTOJIBEPracTCs CIICKAHUIO B CICIUANBHBIX mevax) [2, 11].
2.11. ®OYHKUUOHAJILHO-TPAJMEHTHbIC MAaTepHa-
Jabl. Takie HOBbIE BUJIbI KOMIIO3UTOB KaK (DYHKYUOHAIb-
Ho-epaouenmuble mamepuanvt (PI'M) sBISIFOTCS CIUaBa-
MH, COCTOSIILIMMHU U3 TBEPABIX 3epeH KapOUI0B, HUTPUIOB
1 OOpHIOB IEPEXOIHBIX METAJUIOB (HAIpHMep, KapOuI
BoJIb(pama, KapOuJl THTaHa, KapOOHUTPHI TUTaHA, TN00-
pHI THTaHa U Jp.), 00pa3yIoMNX NPOYHbIH HETPEPHIBHBIN
Kapkac (MaTpuily), 1 METAJUTYECKON CBI3KH (M3 KOOaIb-

Ta, HUKENS, TUTAHA, IIOMUHUSA U 1p.), COAEPKaHUE KO-
TOpOH HETMPEpPHIBHO HM3MEHsETCs B o0beme Takoro KM
[12]. IlpakTudeckas peaJu3anusl CIOUCTON CTPYKTYpPBI
®I'M obecrieurBaeTcsi MOCIOHHBIM PECCOBAHUEM TBEp-
JIOCIIaBHBIX MPECC-TIOPOLIKOB C Pa3IMYHBIM CO/IEPKAHU-
€M yKa3aHHOHW BBIIIE METAJUIMYECKOH CBSI3KM M pPa3jInd-
HBIM pa3MepoM 3epHa TBepIoW (aszbl ¢ HOCIeAyHOIM
BaKyyMHBIM crekanueM. IIpum 3ToM B paccMaTpuBaeMoMm
KM Oynmer HaOmIOOAaThCS MAacCOMEPEHOC METaUTHIeCKON
CBSI3KU B XOJI€ )KUAKO(HA3HOTO CIIEKaHHs U3 CII0s ¢ 00JIb-
IIMM Pa3MEpPOM 3€pHA B CIIOH C MEHBIINM Pa3MEpPOM 3ep-
Ha, IPUBOALINN K TPAIUEHTy COIACP)KaHHS €€ B CILIABE.
Taxkas TexHonorus n3rorosieHns KM maeT BO3MOXXHOCTH
YIPaBISATh IPAJUEHTOM B CUCTEME «KapKac-CBS3Ka» JUIs
paccMaTpuBaeMOro KOMIIO3UTa MPU MOMOIIN W3MEHEHHs
ee (METaJUIMUECKON CBS3KM) KOHIIEHTpALUMH B Ipeccye-
MbIX cinosix @I'M. B pesynbrare ®I'M obnanatoT cBOHCT-
BaMM Kak TBEpJOro cIulaBa, Tak W Mertauia. [lostomy
TaKHe KOMITO3UTHI HUMEIOT BBICOKYIO TBEPIOCTh, TEpMHIYE-
CKYIO CTOMKOCTH 1 OOJIBIIYIO YIApHYIO BA3KOCTH [2, 12].

3. OcHOBHBIE CBOIiCTBA M TEXHHYECKHE XapaKTe-
PUCTHKHM KOMMNO3UTOB. OCTaHOBUMCSI Ha NMPEUMYIIECT-
Bax, CBOMCTBAX M HEJOCTATKaxX psaa ykazaHHbIX KM.

3.1. IlpenmymecTBa KOMIIO3UTOB. [J1aBHOE mpe-
umyiectso KM mnepen TpalIullMOHHBIMU KOHCTPYKITUOH-
HBIMH MaTE€pHaJIaMH COCTOUT B TOM, YTO B IpoOLEcCe H3-
TOTOBJICHUA TOI'O WJIM MHOT'O KOMIIO3UTAa MaT€pUual U KOH-
CTPYKLHMS M3AENusl co3hatoTcsi ofqHoBpeMeHHo [1-5]. KM
CrHeLraaicTaMi BCETr/la CO3AaeTcsl MO KOHKPETHBIE TeX-
HHUYECKHE 3aJaull ¥ JJIsl KOHKpeTHOoro m3znenus. [lostomy
KOMITO3HT TI0 CBOEH CYTH HE MOXET OBITh BCETa arpHo-
pH JIydiie TPaaWIOHHOTO Marepuaia Bo BceM. OCHOB-
HBIMH JIOCTOMHCTBaMH OOJBIIMHCTBA U3BECTHBIX B MHPE
KOMIIO3HUTOB SIBJSIFOTCA MX CIEAyIome cBoicTra [1-9]:

® BBICOKAas MEXaHH4eCKas MPOYHOCTh (IIPU BPEMEH-
HOM corpotuieHun 10 3500 MITa);

® BBICOKas MeXaHM4ecKasi JKECTKOCTh (IIpH Momylie
ynpyroctu ot 130 o 240 I'Tla);

® BBICOKas KOPPO3MOHHAs CTOMKOCTh B arpecCHUBHBIX
cpelax U U3HOCOCTOMKOCTh KOHCTpyKuuit n3 KM;

® BBICOKAs yCTAJIOCTHASI MEXaHHYECKasl IIPOYHOCTD;

® BBICOKAs TEIUIO- M KapOCTOUKOCTH (10 1650 °C);

e BELICOKHE TEII03alIuTHEIE cBolicTBa KM;

® HU3KHUK KO3()(PHUIMEHT TETIOBOTO PACIIMPEHHUS;

® HU3KHE IOKA3aTelIM IJIOTHOCTH M BECOBBIX (Macco-
BBIX) XapaKTEPUCTHK, 00yCIaBIMBAIOIINE JIETKOCTh KOH-
CTPYKIIMIA, U3TOTOBJICHHBIX ¢ TpuMeHeHneM KM;

® BO3MOXHOCTh u3rotoBiieHuss u3 KM pasmepocra-
OMJIBHBIX KOHCTPYKIMH pa3IMuHOrO Ha3HAYCHUSI.

3.2. Hekortopsle cBoiictBa GopomnacTukos. Of-
HUMH U3 HanbOosee nepcrekTuBHBIX KM B obnactu camo-
JIETO- W PAaKETOCTPOCHUS SIBIISIOTCS OOPOBOJIOKHHTHI, BbI-
MOJTHEHHbIE C MPUMEHEHHWEM apMHUpPYIOLETo OOpHOTro
BOJIOKHa ¥ 3MOKCHIHBIX Matpun [13]. Tlo pesymbraTam
3apyOeXHBIX HCCICIOBAaHWN HCIIOJIB30BAaHUE OOpoIuIa-
CTOB T03BOJISIET YMEHBIINTh BEC T'OTOBOM KOHCTPYKIHH
nerarensHoro anmapata (JIA) aa (20-40) %, 3HaYHTEIHHO
YBECJIMYUTE €€ JKCCTKOCTH M HOBBICUTH 3KCILTyaTalluUOH-
HYI0 HaJeXHOCTh u3nenus B nenaoM [13]. CooTHomeHus
YAGNBHBIX IPOYHOCTEH OOpOoIIacTOB U, Hampumep,
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AMIOMHMHHEBBIX CIUIABOB [UISI PACTSDKEHHS COCTABIIIIOT
1,3-1,9, s cxxatust — 1,5, s casura — 1,2, a 111 CMATHS —
2,2 [13]. Kpome TOro, OOpOIIaCTUKH COXPAHSIOT CBOM Ka-
4ecTBa B uarna3one temmnepatyp ot —60 mo +177 °C [2, 13].

3.3. HexoTopnble cBOMCTBa YIJIeNJACTHKOB. 13-
BECTHO, 4YTO YIJICIUIACTHKH XapaKTEPU3YIOTCS CPaBHU-
TENBHO MaJIbIM yeIbHBIM BecoM (110 1,5 r/cM’, Toraa Kak
IUIOTHOCTh AJIOMUHHMEBBIX CIUIABOB COCTABISIET OKOJIO
2,8 r/cM’, a TuTaHOBBIX cruiaBoB — 4,5 r/em” [13]), BBICO-
KAMH 3HAYCHUSMH JKECTKOCTH, BUOPOIPOYHOCTH U yCTa-
noctHOM TipovHOCcTH [1-9]. CornacHo manubeM [13] mexa-
HUYECKasg MPOYHOCTh M KECTKOCTh YTJICIUIACTHKOB IIPHU-
MEpHO B IIECTh pa3 BBIIIE, YeM Y OCHOBHBIX COPTOB CTallH,
UCTIONB3YeMbIX B KOHCTpYKLMsX JIA. Yriemactel paguo-
NpO3pavHbl (XOPOIIO MPOIYCKAIOT CKBO3b CE0S AIIEKTPO-
MarHutHble BonHbI) [1-9]. KapOoBonoKHUTEI (yrieriacTy-
K1) ¢ YIIepoxHoi Marpuiei (pu ynenbHOM Bece 1o 1,4
r/cM’) 06MIaJar0T BHICOKHMH TEILIO3AIMTHBIMK CBOMCTBA-
MH M CIOCOOHOCTBIO COXPAHSATh CBOM HMPOYHOCTHBIE Xa-
paxkTepuCTHKH IpH Temneparypax no 2500 °C [7, 13].

3.4. Hekortopble cBoiicTBa Oopoadiomunus. B
stoM KM ¢ mMatpuieil u3 amoMUHUEBBIX CILIAaBOB B Kaye-
CTBE apMHPYIOLIETO HATIOJHHUTENS UCHOIB3YIOTCS BOJIOK-
Ha Oopa (MHOT/Ia ¢ MOKpBITHEM K3 Kapouaa kpemaus SiC)
[13]. bopoamtomunuii B 3,5 pa3za Jierde alFlOMUHIS U B 1B
pa3a mpodYHee €ro, 4TO IMO3BOJIET MOTydYaTh 3HAUYUTEIb-
HYI0 BECOBYIO JKOHOMHIO IJISl psfa KOHCTpyKimil JIA.
Kpome Ttoro, mpu Bbicokux Temrieparypax (mo 430 °C)
0OpOATIOMUHMEBBI KOMIIO3UT MMEET B JiBa pa3a 00Jjb-
M€ 3HAYCHUS MEXAaHHUYECKOH NPOYHOCTH W YKECTKOCTH
o cpaBHeHUIO ¢ TutaHoM [13]. IlosTomy GopoanroMuHuUi
MOJKET COCTaBUTh KOHKYPEHIUIO TUTAaHY IIPH €ro UCTIOJb-
30BaHUM B CBEPX3BYKOBBIX CaMOJIIETOB CO CKOPOCTSMH
IoJIeTa OKOJIO TpeX umcen Maxa (B Hacrosiee BpeMs B
KadecTBe KOHCTPYKIIMOHHOTO MaTepuana B Takux JIA
HCIOJB3YIOTCS HCKIIOYUTENBHO TUTAHOBBIE CIIIaBhl) [13].

3.5. HepocTaTkH KOMMIO3UTOB. Bce mM3BecTHRIE Ha
ceronHs B Mupe KM HMEIOT psia CYIIECTBEHHBIX HEIOC-
TaTKOB, CIEPKUBAIOLINX MX 00Jiee MUPOKOE TPUMEHEHHE
B Pa3JIMYHBIX 00JIACTAX COBPEMEHHON TexXHUKH [1-9]:

® BBICOKasl CTOMMOCTb, KOTOpasi 0OycJOBJIEHa BBICO-
KOl HaykoeMKocThlo mpousBoicTBa KM, HeoOxomumo-
CTBIO ITPUMEHEHHS B TEXHOJIOTUH H3rotosieHuss KM cre-
UAEHOTO JOPOTOCTOSIIET0 000PYAOBAaHUS U CHIPBS;

® AaHW3OTPOIHS CBOMCTB, MPUBOISINIAS K 3aBHCUMOCTH
¢usnko-MexaHnIecknx xapakrepuctuk KM oT BBIOOpa
HaIPaBJICHUS X H3MEPEHHS B TOTOBOM U3JIEIUH;

e HH3Kas yJapHas BS3KOCThb, O0OYCIIaBIMBAOLIAsl BBI-
00p IS M3IeNKs MOBBIIIEHHOrO Ko3(dduimenra 3amaca
IMMPOYHOCTU U KaK CJICACTBUE ITOI0 — MOBBINIEHHBIN pac-
xop poporocrosimiero KM u mOBBIIIIEHHas BEPOATHOCTH
BO3HUKHOBCHHS B U3JICTIMU CKPBITBIX [le(l)eKTOB;

® BBICOKHIA yeNbHBIH 00beM KM B n3fenuu, KOTOpbIit
HEJIOMyCTUM B OOJIACTSAX C JKECTKMM OrpaHHYEHHEM 3a-
HUMaeMoro o0beMa (HarpuMep, IPH CO3JaHUH CBEPX3BY-
KOBBIX CaMOJIETOB, Ui KOTOPBIX Aa)K€ HE3HAYHTEIHHOE
YBENIMYEHHE 00BEMa DIIEMEHTOB TNPUBOIUT K PE3KOMY
POCTY BOJTHOBOTO a3POANHAMHYECKOTO COIIPOTHBIICHHS);

® TUTPOCKOIHMYHOCTh, OOYCIIOBIIEHHAS HECIUIOIIHO-
CTBIO BHyTpeHHeW CcTpyKTypsl KM # COOTBETCTBEHHO
CKJIOHHOCTBIO K BIIMTBIBAaHHIO aTMOC(HEPHOH Biaru;

® TOKCHYHOCTh, OOYCIIOBIEHHasl BBIICICHUEM W3
crpykrypsl KM B mpouecce MX AJUTENBHOM 3KCILTyaTa-
UM BPEIHBIX JUISI 3[I0POBbBsI YSIIOBEKA TOKCHYHBIX MApPOB;
e HH3Kas JKCIUTyaTallHOHHAS TEeXHOJOTHYHOCTH, MpPHU-
BOJAMIAsT K HU3KOH PEMOHTOIPUTOJHOCTH KOMIIO3UTOB H
BBICOKOM CTOMMOCTH JKCIUTyaTallill W3JICIUil, B KOHCT-
PYKIHMAX AeTanei KOTopbIx npumensorcs KM.
4. OcHOBHBIE 00/12CTH TPUMEHEHUS] KOMIIO3UTOB
B TexHuke. OOnactu ucnons3oBanus KM He orpanmue-
Hbl. BHenpeHue KOMIIO3UTOB B COBPEMEHHYHK) TEXHUKY
obecrieynBaeT HOBBI KaYECTBEHHBIH CKAa4OK B yBEJHYeE-
HUHM MOIIHOCTH IBHUTaTENCH, SHEPreTUICCKUX YCTAHOBOK
U TPAaHCHOPTHBIX CPEACTB, YMEHBIIEHHH Beca (Macchl)
MamuH 1 npubopoB. [Ipakrtudeckoe mpumenenne KM B
COBPEMEHHOW TEXHUKE PACCMOTPUM Ha Psific TPUMEPOB.
4.1. ABHAIMOHHAS M PAKETHO-KOCMUYecKasi Tex-
Huka. KM ¢ mMeTamindeckod MaTpuIleil, apMUPOBaHHbIE
HUTECBHIHBIMH MOHOKpPHUCTAIUIaMH («ycaMmn»), OBUTH CO3-
nanel B Hadane 1970-X romoB LeNEHANpaBiICHHO s
aBUAIMOHHBIX U KOcMHUYecKuX KoHCTpykuumit JIA [8]. Hu-
TEBUAHBIC KPUCTAIUIBI ISl KOMIIO3UTOB MOIYYalOT METO-
JIOM TIPOTSATHBAaHUS COOTBETCTBYIOIIETO paciliaBa depe3
¢wibepsl. s yKa3aHHBIX TEXHUYECKHMX LEJIeH HCIOJb-
3yIOTCS «ychl» candupa (okcuma amromuHus Al,O;) u
Oepwntvst, KapOUI0B OOpa U KPEMHUS, a TAKIKE HUTPHJIOB
AIIOMUHUA, KPEMHUA U APYTIUX XUMHUUYCCKUX 3JIEMECHTOB
nmuaor (0,3-15) MM u muamerpom (1-30) mxm [8, 11].
ApMHpOBaHHE «yCaMH» MHOTHX METAJIOB IIO3BOJISET
3HAYUTCJIIbHO YBCJIHNYUTH MPOYHOCTH CO3/1aBACMOI'0 MaTe-
puYalna v MOBBICUTH €ro >KapocTorkocTh. Tak, mpenen Te-
KydecTH KOMIIO3MTa u3 cepebpa, coxepxamero 24 %
«yCOB» U3 OKcuia amoMuHus, B 30 pa3 mpeBbIIIaeT mpe-
JIeN TeKydecTu cepebpa u B 11Ba pasa apyrux KM Ha oc-
HOBe cepebpa [11]. ApmupoBaHUe «ycamm» W3 OKCHOA
TFOMHHUST KOMIIO3HUTOB Ha OCHOBE TYTOIUIABKHX MeETall-
JOB BOJb(pamMa M MONUOICHA BIBOEC YBEIMYMBACT HX
MEXaHHYECKYI0 TMPOYHOCTh NPH TeMIepaType padoueit
cpenbl g0 1650 °C [11]. DT0 MO3BOJMIO UCIOJIB30BAThH
JaHHble >kapoctoiikue KM ¢ MeTamnuiyeckol MaTpuilen
MPU M3TOTOBJICHUU JKAPOCTOMKHUX comesl OONBIIMHCTBA
JKUJIKOCTHBIX M TBEPAOTOIUIMBHBIX PAKETHBIX JIBUTATCIICH
JUIsl PAKETOHOCUTEJIe MUPHOTO M BOGHHOTO Ha3HAYEHUSI.
IIpumeneHne GOPOIIACTHKOB B COBPEMEHHOW TeX-
HUKE OTPaHUYMBACTCS, MPEXKIE BCETO, BRICOKOH CTOMMO-
CThIO IIPOU3BOACTBA UCIIOJIb3YEMbBIX B HUX 60prIX BOJIO-
koH (o 400 SUSA/xr [8]). B 3T0#i cBsI3M OHM HCHOJNB3Y-
FOTCS TJIaBHBIM 00pa3oM B M3AEIHSIX aBHALMOHHOW U pa-
KETHO-KOCMUYECKOM TEXHUKU B ACTANIAX W y3J1ax, moa-
BEPTraloMINXCs JIUTEIHHBIM CHIIOBBIM Harpy3kam B YCIIO-
BUSX BO3JCHCTBUS arpeccuBHOi cpensl [8]. Brmaromaps
yKa3aHHBIM paHee kadectBaM (cM. mm. 2.4 u 3.3) yrie-
IUTACTHKN CYUTAIOTCS BECbMa MEPCHEKTHBHBIMU IS W3-
TOTOBJICHUS TEX JETalell W Yy3JIOB CaMOJIETOB, KOTOPHIE
paboTarOT B YCIOBUAX BRICOKHAX TEMIIEPATYP, a TAKKE JIIS
TEIUIO3aIMTHBIX SKpaHoB JIA U, mpexae Bcero, KOCMH-
geckux kopabmieit [13]. OTmernm, 9TO IepBOHAYAIBHO (B
1970-e Toxmpl) UCTIONB30BAaHKUE YIVIEIUIACTOB B KOHCTPYK-
LUSIX CaMOJIETOB OBbLIO HE3HAYMTENILHBIM (M3-32 BHICOKOW
CTOMMOCTH YTJIEPOIJHOTO BOJIOKHA, COCTABISIOMIECH 10
900 $USA/kr) [13]. B nauane 21-ro crojetust 3ta CTOU-
MOCTh cocTaBisiia yxe okono 150 $USA/kr. o mporuo-
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3aM aMEPHKAHCKUX CHENUAINCTOB CKOPO CTOMMOCTH YT-
JIEPOJIHOTO BOJIOKHA Oyzaer cocraBisaTh a0 80 $USA/kr.
Hcxons m3 npuBeneHHbIX B 1. 3.4 cBexeHuid, Oopoalo-
MHUHHH TaKK€ MOXKHO CUMTATh OJHHUM U3 NEPCIEKTUBHBIX
KM, npumeHeHrne KOTOporo B CaMOJIETOCTPOEHUN MOXKET
nath 10 50 % skoHomuM Beca koHcTpykuwmii JIA [11, 13].
Ha puc. 3 npuBeseH oOuuii BUI poccuiickoro cpen-
HEMarucTPaJibHOTO MacCa)KUPCKOro camosiera tuma Ty-
204, B KOHCTPYKIMAX JeTanel (y3j10B) KOTOPOTO Ha Ha-
yano XXI Beka gonst KM cocrasmisuia 1o 25 % [14]. Yka-
KEM, 4TO JOJS HCIOIb30BaHHA KOMIIO3UTOB Ha HOBOM
poccuiickom camoiiere tuna MC-21, pa3zpabarsiBaeMOoM
kopnopauuend «pkyt», Oyner coctaBisirs yxe 1o 37 %.

Puc. 3. O0mwuii BHJ cpeHEMarucTpaJIbHOTO aCCAXKUPCKOTO
camonera tana Ty-204 (PD, 1990-e roxst), B koTopoM 10 25 %
BCEX JieTaliell I1aHepa ObLIO BHIOJIHEHO U3 KOMIIO3UTOB [ 14]

MupoBsie JHIEPHl CaMOJIETOCTPOCHHUS — KOpIopa-
uuu Airbus n Boeing Takke akKTUBHO MPUMEHSIOT B KOH-
cTpykmmsix cBonx JIA kommosutsl. Ecnu B ux camornerax
tuna A-340 u B-777 B 2000 1. OBUIO MCIIOJIE30BAHO JIHITH
(10-15) % KM ot Beca maiinepa, To yxe B 2015 r. aTa
nudpa cocrasmuia He Mmenee 50 % [14]. Ha puc. 4 nokaszan
BHEIIHUH BWJI aMEPHKAHCKOIO MarucTpajbHOI0 Iacca-
XKHUpcKoro camosnera tuna Boeing 787 Dreamliner, B ko-
topom 1ot KM o macce (Becy) npesbimaet 50 % [14].

Puc. 4. O0mmii B MarucTpaibHOTO MACCAKUPCKOTO caMoieTa
tuna Boeing 787 Dreamliner (CILA, 2015 r.), ¢pro3esbx U Kpbl-
J1bs1 KOTOPOTO Ha 90 % OBLIM U3TOTOBIICHBI U3 KOMITO3UTOB [ 14]

W3BecTHO, 4TO HcHoNb30BaHHE MNoauMepHbIx KM
MIPH TIPOM3BOJICTBE aBUAIIMOHHON W KOCMHUYECKOH TEXHU-
KH T03BOJISICT CHU3UTH OT 5 110 50 % Bec (maccy) JIA [11,
13]. Ipm 3TOM OTMETHM, YTO CHIDKCHHE Beca (Macchl),
HanpuMep, UCKYCCTBEHHOTO CIYTHHKA 3E€MJIH TPH €ro
BBIBOJIC HAa OKOJIO3EMHYIO OpOUTY Ha | KI' MPHUBOIUT K
DKOHOMHUH JeHEKHBIX cpeiacts go 1000 SUSA [11]. B
STOW CBS3WM 3aJ1a4dl TpakTUdeckoro npumeneHus KM B
00BEKTaX PAKETHO-KOCMHYECCKOW TEXHUKHU SIBIISIOTCS Ha
CETOHS HE TPOCTO AKTYaTbHBIMH M MEPCHEKTHBHBIMH,

a ONpEeNeNSAIOINMH M CTPAaTErHYECKUMH 3afadaMu JUls
pa3pabOTYUKOB M CO3AATENEH ITOM HAYKOEMKON TEXHHKH.

Ucnons3ys mupooit onbIT npumenenuss KM B kon-
CTPYKLMSX TPAXIAHCKUX W BOCHHBIX CaMOJIETOB M y4H-
TBHIBasi BBICOKHE MEXaHHYECKHE W TEIUIO3alUTHBIC CBOH-
ctBa momuMepHeIx KM, cnenmamuctel CHIA mpunmm k
BBIBOJLy 00 HCIIOJIB30BAaHUH YTJIEBOJIOKHHCTBHIX KOMITO3H-
TOB C YIJIEPOAHOM MATPHULEN MPH HU3rOTOBIEHUM T'OJIOB-
HBIX YacTel pakeT cTpareruiyeckoro HazHaueHus [13, 15].

OTMeTHM, YTO M3 YIVIEIUIACTUKOB B COYETAHUH C
AJIOMUHUEBOM COTOBOM KOHCTPYKLIMEH YXKE U3TOTOBIISIET-
CA psAl OTBETCTBECHHBIX z[eTanef/'I HNCKYCCTBCHHBIX CITYTHH-
KOB 3eMuin (Hampumep, KapKachl MX psiia paJnOaHTEHH)
[11, 15]. IToguepkHeM TO, YTO B HACTOAIIEE BpeMs U3-3a
0c000 Ba)XHOCTH W HAaJIMYM MHOTHX TEXHOJOTHYECKHX
«HOY-Xay» TEXHOJIOTHH TIOJIyYeHUS! B MUPE BBICOKOKaye-
CTBEHHOT'O YIJIEPOJHOTO BOJIOKHA M COOTBETCTBEHHO TEX-
HOJIOTUH M3TOTOBJICHUS C €T0 IOMOIIBIO PA3INYHBIX Y-
JIETUTACTHKOB 3aKPbITHI «3a CEMblo 3amKamm». [lo MHe-
HUIO aBTOPUTETHBIX YUEHBIX ce€iuac B MUPE TAaKUMH TEX-
HOJIOTHSIMH BJIAJICIOT He Oosiee ABYX-Tpex crtpaH [16].
Kynuts ux myTeM nproOpeTeHus] COOTBETCTBYIOIIUX JIH-
LeH3Ui y pa3paboTyrka HEBO3MOXKHO. [loaToMy MHOrHe
3aMHTEPECOBaHHbIC (UPMBI, pabOTaIOIIKEe OCOOCHHO B
00J1acTi a3POKOCMHUYECKON TEXHUKH, CTOST TEpea JH-
nemmoit [16]: «/Iubo mul noxynaew» 2omogoe uzdenue
(Hanpumep, camonem, 8 KOMOPOM yeNleniacmuk Ucnob-
3yemcs 6 ude oemarnetr). JIubo HeoOXOOUMYHO MEXHON0-
2ul0 Ol NPOU3BOOCMEA XOPOULe20 yeneniacmuKa paspa-
bamwisail cam».

Ha puc. 5 mpuBenen o0t BuI OpOUTAIBHOTO OT-
CeKa HOBOTO aMEPUKAHCKOTO KOCMHYECKOTro Kopaliist
Liberty uis niepeBo3ky acTpOHABTOB M HAy4HOI'O 00OpY-
JIOBaHHUSA Ha MEXIYHapOIHYI0 KOCMHYECKYIO CTaHIIMIO
(MKC) [17]. Jlerkuit kopnyc oTceka ObLI M3rOTOBJICH U3
nosmMepHsix KM Ha ocHOBe yriepoaHoro BoyiokHa [17].

Puc. 5. O6mmit Bug opOUTANBEHOTO OTCEKa HOBOT'O KOCMHYECKO-
ro xopa6us Liberty (CILIA), BemmonsaerHoro Ha 90 % u3 nonu-
MEPHBIX KOMIIO3UTOB U IIPEAHA3HAUYCHHOTO ISl MHOTOPa30BOH
JOCTAaBKH aCTPOHABTOB U Hay4HBIX rpy3oB Ha 6opT MKC [17]

Vxaxem, uro B HUIIKU «Momausa» HTY «XII1» B
nociuenHue roasl coBMecTHO ¢ I'TI «AHTOHOBY», MHCTHTY-
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TOM TipobsieM MatepuanoBenenus uM. M.H. ®pannesuda
HAH VYkpauns! u kopropaiieit Boeing ObIu mpoBeaeHb
cepTH(UKAIMOHHBIE HCIBITAHUS OIBITHBIX JINCTOBBIX
o0pa3uoB ¢ pasmepamu B 1uiaHe 500x500 mm psga KM,
MIpeAHA3HAYCHHBIX /TSI U3TOTOBJICHUS! KOMITO3MIIMOHHBIX
OOIIMBOK OTEYECTBEHHBIX U 3apyOe)KHBIX MACCAKUPCKUX
caMoJIeTOB (B TOM YHUCJIE U JUIS camoJjieTa Tuma Boeing 787
Dreamliner [14]), Ha CTOWKOCTD K TMPSIMOMY BO3JIEHCTBHIO
Ha HUX MMITYJIbCHOTO TOKa MCKYCCTBEHHON MonHuu [18].
JlaHHBIE MCOBITaHUS OBLIM BBHIOJHEHBI Ha pa3paboTaH-
HOM ¥ CO3JaHHOM B HameM WHCTUTyTe (B oTaene Ned
«OJEKTPOMAarHUTHBIX HCCIICAOBAHUI») YHUKAIBHOM TIe-
HepaTope TOKa HCKyccTBeHHON MonHNH Truna YU TOM-1,
(hopMUpyFOIIEM Ha HCIBITHIBAEMOM TEXHUYECKOM OOBEK-
TE UMITYJIBCHYIO A- M AIUTeNbHYI0 C- KOMIIOHEHTHI TOKa
UMHUTHPOBAHHOTO TPO30BOT0 BO3IYLIHOTO pa3psana ¢
HOPMHPOBAHHBIMH aMIUIUTYAHO-BPEMEHHBIMHU TTapaMeT-
pamu (ABII) [19]. Kpome Toro, ykazaHHbIE CHIBHOTOY-
HbIC BBICOKOBOJIbTHBIC HCIIBITAHUSA 6I)IJ'II/I IPOBCIACHBI B
COOTBETCTBHH C KECTKUMHU TPEOOBAHUSIMHU JCHCTBYIOIINX
HopMaTuBHBIX AoKyMeHTOB CIIIA SAE ARP 5412 u SAE
ARP 5416 [20, 21]. B pe3ynbraTe MJINTENBHBIX HCIIBITA-
HUH (Tipy OOIIEM YHCIIe MCTIBITAHHBIX Ha pabodeM cToJie
reaeparopa tuna YUTOM-1 pasznudHBIX IO COCTaBy M
UACHTUYHBIX IO TC€OMETPHUYCCKUM pasMEpaM OINBbITHBIX
00pa3IoB JTUCTOBBIX KOMIIO3UTOB He MeHee 250 1mT.) Obl-
Ju omnpezaeneHsl croiikue KM k npsMoMy BO3AEHCTBHIO
HAa HHUX YKa3aHHBIX HOPMHpOBaHHbIX 1o [20, 21] xommo-
HEHT UMITYJIbCHOTO TOKa MCKYCCTBEHHOW MOJIHHM C TIpe-
nenmeHbiMH  ABIT (mpm  ammmuryne [,4, WMIOYJIBCHOM
A- KOMITOHEHTBI TOKa OTPULATEILHOM MOJIIPHOCTH C JJIH-
TeNBHOCTBI0 (poHTa <50 MKC, paBHOU (200£20) KA; nH-
Terpane NOeHCTBUS WMIYJIbCHOM A- KOMIOHEHTHI TOKa,
paBaoM (2:£0,4)-10° [I/OM; IIMTEIHOCTH MMITYIIbCHOI
A- xommoHeHThl Toka <500 Mkc; amruuryae I,c Id-
TeapbHOU C- KOMITOHEHTHI TOKa OTPUIATEILHOM MOJIIPHO-
ctu, pasHoii (0,2-0,8) kKA; nporekiieM o oOpasiy 3j1ek-
TPUUYECKOM 3apsife OT JUINTeNbHOW C- KOMIIOHEHTHI TOKa,
paBHoM (200+40) Kir; AmUTENbHOCTH MPOTEKAHMS JJTH-
TenbHOM C- KOMITOHEHTHI TOKa, paBHO# (0,25-1) ¢ [18]).

Ha puc. 6 npuBeneH BHEUIHUM BUI OKPYITION 30HBI
noBpexaeHus: (muamerpom 10 100 MM) OMBITHOTO JIHC-
TOBOTO 00pasna KOMHO3WIHMOHHOW oOmmBKu JIA TONI-
muHOM 3 MM (mpu ero pasmepax B mrane 500x500 mwm)
MIPU BO3JEHCTBUH HA HETO JIMIIb WUMITYJIbCHON A- KOM-
MTOHEHTHI TOKa MCKYCCTBEHHOW MOJHHUH C aMIUIUTYIOH,
paBHO# [,4,~—212 xA [18]. MHOrOCIOHHBIN KOMIO3UT
JaHHOTO o0pasna NMpH 3TOM B CBOEM COCTAaBE HMeEI
CJIOM CTEKJIOIIACTHKA C SMOKCUIHONW MaTpUIEH, CIOU
yTJeIUIacTHKa C 3MOKCH(EHOIBHON MaTpulei u cion
TOHKHX METAJNIMYECKHX CETOYEK, BBHIMOIHSIOMUX POJIb
ynpounutens [7, 18].

4.2. MammuHocTpoeHue. B MammHOCTpoUTENBHON
orpaciii KM mMpoKo NpUMEHSIIOTCS [UIsl CO3aHMs TBEP-
JIBIX TIOKPBITHH Ha PEXyIIEeM MHCTPYMEHTE M 3allUTHBIX
MOKPBITHA HAa METAUIMYECKUX IOBEPXHOCTSX C WHTEH-
CHBHBIM TPEHHEM, @ TAKXKE€ AJISI U3TOTOBICHHS PA3IMYHbBIX
JeTajeil JBUTaTeNiell BHYTPEHHETo CropaHus (HampuMmep,
MOpIITHEH, maTtyHoB u 1p.) [1-9, 22]. IIpu sTom 1 co3-
JlaHUSI U3HOCOCTOMKMX IOKPBITUM Ha PEXYILEM HHCTPY-
MEHTE NPUMEHSIOTCSl TBEPAbIE CTPYKTYpPhI KapOuaa Tuta-

Ha TiC [22], a asst 3alIUTHBIX MOKPBITHA MOTYT HCIIOJb-
30BaThCS Pl QYHKIMOHAIBHO OTJIMYAIOUINXCS MaTepHa-
noB [2, 11]: Heopranuyeckue mMaTepuaibl (MOAUGUINPO-
BaHHbIEC Pa3IMYHBIMU JOOABKAMU CHIIMKATHI MarHus, yKe-
Je3a ¥ alOMHUHUS); TOJIMMEPHbIE MaTepHaibl (TOJUTET-
padropaTuneHsl, MoANGHUIMPOBAHHBIE YIbTPAIHCIEPC-
HBIMH aIMa30rpaUTOBBIMU TOPOIIKAMH M YJIBTPaIUC-
NEPCHBIMU TOPOLIKAMU MSTKHUX METAJUIOB); METAJIIO0p-
TaHWYECKHE MaTepHAalbl, COAEpIKaIlie MOBBIMIEHHOE KO-
JUYECTBO KUCIOTHBIX (DPYHKIMOHANBHBIX TPYII. 3a cYeT
(hopMupOBaHHS Ha 3aIIUIIAEMBIX ITOBEPXHOCTAX BBICOKO-
MPOYHBIX METAIOKEPAMHYECKHX, IOJUTETPaPTOPITHIIC-
HOBBIX M METAJUIOOPTaHUYECKUX CIIOEB B JIOKAJFHON 30HE
BBICOKHMX CHJIOBBIX Harpy3ok (u3-3a (a3oBbIX NEpexoj0B
U MPOIECCOB MIACTU(PHUIIMPOBAHUS) 00pa3yeMbIe 3allUT-
HbIE€ KOMITO3ULIMOHHBIE IIOKPBITUS XapaKTEepU3YIOTCS Clie-
IyIOIIMMH cBoiicTBaMu [1-9]: BbICOKOM aare3uei K mo-
BEPXHOCTH 3aIllMIAEMOr0 METajlla; BBICOKOM UYMUCTOTON
paboueli moBepxHoCcTH (0 9 Kiacca); HU3KOM IOPUCTO-
CTBIO (TIpH pa3Mepax Mmop 0 3 MKM H TOJIIUHE MTOKPHITHS
1o 100 mxm); HE3KUM KodddrmmerToM tperns (o 0,01).

Puc. 6. PeaynbraTsl 1eiicTBUS UMITyJIbca TOKA UCKYCCTBEHHOM
monHud (/,,4~—212 KA) Ha ONBITHBIN 00pa3en OOIUBKU caMo-
JIeTa, BBIIOJIHEHHBIN 13 MHOTOCTOMHOr0O KM ¢ Hcnonb30BaHHEM
CTEKJIOBOJIOKHUTA, yIJIerjacTa U MeTaLIN4ecKux cerouek [18]

4.3. Cneunobsactu TexHuku. M3 BeICOKOTeMIepa-
TYpPHBIX KEPMETOB B HACTOsIICE BPEMsl JIENAIOT IeTalu
JUIL PEAKTHBHBIX CAMOJIETOB M KOCMHYECKOW TEXHHUKH,
ra3oBbIX TypOWH, a TaKkXkKe pasjIMuHyl0 apMaTypy d3JeK-
Tponeueit [11]. TBepable M3HOCOCTOMKHE KEPMETHI HC-
MOJIB3YIOT IJId U3rOTOBJICHHUA PEKYHIUX HWHCTPYMCHTOB.
Kpome TOro, KepMEThl MPUMEHSIOT B CHEIHATBHBIX 00-
JACTAX TEXHUKHU NPU H3TOTOBJICHUU TEIUIOBBIICIISIONINX
3JIEMEHTOB aTOMHBIX PEaKTOPOB HAa OCHOBE OKCHJA MpPHU-
POIHOTO ypaHa ¢ U, (GPUKLHOHHBIX MATEPHANIOB s
TOPMO3HBIX CHCTEM pPa3IMYHBIX yCTPOUCTB U ap. [11].

OI'M moryT 3hGEeKTHBHO HCIOJIB30BAThCS B Clie-
JIYIOIIUX TEXHUYECKHX o0nacTax [12]: B BOGHHON TeXHHU-
Ke (M3roToBJIeHHE OPOHEKMJIETOB M 3aIllUThl TAHKOB U
BEPTOJIETOB OT IIyJIEBOTO M OCKOJIOYHOTO MOPAXKEHUs);
MpU METAJI000pa0bOoTKE (M3TOTOBJICHUE PE3LOB s 00-
paboOTKH TPyIHOOOpaOATHIBAEMBIX CTAJICH M CIUIABOB); B
TOPHOJOOBIBAIONICH IPOMBINUICHHOCTH —(M3TOTOBJICHUE
pEe31OB Ui OYpEeHUs CKALHBIX MOPON); B mepepadaThi-
BaIOUICH TPOMBIIUICHHOCTH (BBIIOJIHEHUE OOJUIIOBKH
M3MeIbUUTENCH IS pa3MOJjia TBEPbIX BEIIECTB) U JIP.

ISSN 2074-272X. Enexmpomexnixa i Enexkmpomexanixa. 2017, Ne6 11



JlucriepcHoHHO-yIIPOYHEHHBIE KOMIIO3UTHI HA OCHO-
Be crmeueHHOro amomuHueBoro ciwiaBa CAII mcmonb3y-
JOTCSL TIPH W3TOTOBJICHHUH JIOTIATOK MOIIHBIX KOMIIPECCOo-
POB, BEHTWJIATOPOB U napoBbix TypOuH [11]. KM, conep-
JKaIlie apMHUPOBAHHBIE HUTEBHIHBIE MOHOKPHCTAILIHI,
HallUTM TPUMEHCHHUE ITPU MMPOU3BOACTBE JIONATOK Ira30BbIX
Typ6l/IH, KOTOPbIC U3IrOTaBJIMBAIOTCA U3 HUKCJICBLIX CILjIa-
BOB, apMHUPOBAHHBIX KPUCTATIIMYECCKUMU HUTAMU can(bn—
pa (oxcuna amromunus Al,O;) [7, 9]. Oto no3Bosier 3Ha-
YUTEIHHO IMOBBICUTH TEMIIEPATYPy MEPEerpeToro mapa Ha
BXOJIe B TypOUHY (3aMETHM, YTO TpEAe MPOYHOCTHU Call-
(UPOBBIX MOHOKPHCTAIDIOB Ipu Temmepatype 1680 °C
cocraisieT He MeHee 700 MIla [11-17]) u cooTBeTCTBEH-
HO TTOBBICUTH €€ KOA(OHUIMEHT ITOJIE3HOTO JeHCTBHUS.

Takue nzBecTHBIE emie ¢ cepeaArHbl 20-TO CTOJETHS
KOMIIO3HUTHI KaK Pa3iIW4HbIE THUIBI TEKCTOIHUTOB (B ITHUX
KM B kadecTBe HANOJIHWUTENS HCIONB3YIOTCA TKaHU W3
Ppa3HOOOpa3HBIX BOJOKOH — XJIOMKOBBIX, CHHTETHUYCCKHUX,
CTCKIIIHHBIX, YTJICPOAHBIX, aC6eCTOBle, 683aJ'II)TOB])IX u
ap. [2]) ¥ ApeBECHO-CIOUCThIC IUIACTUKKA Ha OCHOBE (e-
HOJI(OPMAITLACTHUIHOW CMOJIBI HAIIUTA IPUMECHEHHUE B BEI-
COKOBOJIbTHOHM CHIIBHOTOYHOH 3JICKTPOTEXHHUKE IPH H3T0-
TOBJICHIH CUJIOBBIX y3JIOB M HECYIIMX 3JEMEHTOB U30JIs-
OUOHHBIX KOHCTPYKIMHA MOIIHBIX 3JIEKTPOPUINIECKAX
YCTaHOBOK JJISl HAYYHBIX M TEXHOJOTHYECKUX 1enei [ 18].

BbiBOaBI.

1. Merannmyeckue W HEMETAJUIMYECKHE KOMIIO3UTHI
13-32 CBOMX BBICOKHMX (PU3MKO-MEXaHUYECKUX XapaKTEPH-
CTHK Y€ HallUTd BEChbMa IIMPOKOE MPAKTHIECKOE IPH-
MEHEHHE BO MHOTHX O0JIaCTSIX COBPEMEHHOW TEXHUKH (B
aBHaIJ,PIOHHOfI TCXHHUKC [JI1 BBICOKOHAIpY>KCHHBIX A€Ta-
JIEH caMOJIETOB U UX JIBUTATENel; B KOCMHUYECKOW TeXHU-
Ke A y3JI0B CWIOBBIX KOHCTpykuuil JIA, moxaseprato-
[IMXCS HHTEHCHBHOMY HarpeBy M OOJBIIUM IEeperpy3Kam,
9JIEMEHTOB ECTKOCTU U TEIUIOBOH 3amuThl JIA; B peak-
TOPOCTPOCHHUU ISl ATOMHBIX AJIEKTPOCTAHIINI, B MaIlld-
HOCTPOSHHH TPH CO3JAaHUHM TBEPIBIX WM 3alIUTHBIX IIO-
KPBITUH U JIp.; B CYAO- U aBTOMOOHJICCTPOSHHUH ISl TIPO-
M3BOZCTBA IPEOHBIX BUHTOB M OOJIETYCHHUSI KY30BOB, paMm,
aBTOIAaHeNie U Ap.; B TypOMHOCTPOSHUU JUIS CO3IAHMUS
JIOTIATOK; B XMMHUYECKON MPOMBIIIJICHHOCTH I aBTOKJIA-
BOB U LIMCTEPH JJISl XpAaHEHUs U MEPEeBO3KU XUM- U Hed-
TENPONYKTOB; B TOPHOIOOBIBAOIICH MPOMBINIUICHHOCTH
IpU HU3rOTOBJICHWH OYpOBOTO HMHCTPYMEHTa, JeTaied
MMOJI3EMHBIX KOMOAWHOB W JIp.; B TPaXKTAHCKOM CTPOH-
TEJNBCTBE NP BHIMOJIHECHUH MTPOJIETOB MOCTOB, JICMCHTOB
COOPHBIX KOHCTPYKIUI BBICOTHBIX COOPYXKCHHU W Jp.; B
BBICOKOBOJIBTHOM HMMITYJIBCHON TEXHHKE I W3TOTOBIIE-
HUSl TaKUX YCWICHHBIX HM30JSIIAOHHBIX MaTEePHaJoB Kak
CTEKJIOTEKCTOJIUT, APEBECHO-CIOUCTHIN IIACTUK MapKH
JCIIB-3, 6akenuT, bakenu3upoBaHHas (haHepa u Ip.).

2. CnoXHOM HayYHO-TEeXHHYECKON 3aa4eil, CTosmel B
MHpE TepeA NPOM3BOIUTEISIMA KOMIIO3UTOB, SBIISIETCS
pa3paboTka HOBBIX TEXHOJIOTHI UX M3TOTOBJICHUs ¢ DoJee
HU3KHMH 3aTparamu, KoTopble caenanu 061 KM KoHKy-
PEHTOCTIOCOOHBIMHM 10 OTHOIICHHUIO K TPaJUIHOHHBIM
METaJUTaM | CIUIaBaM, TOXKE YYacCTBYIOIIUM B OoprOe 3a
BEAYILYIO POJIb B POU3BOJCTBE OyMylel TEXHUKH.

3. KoMo3uTel MOTYT CTaTh Ul Y€JIOBEUECTBA KOHCT-
PYKIHOHHBIME MaTepHallaMH OJlKalmiero OymyIiero.
VIMeHHO B ATHX CHHTETHYECKHX MaTepHalaX yIadHO CO-
YEeTaloTCsl BEICOKAsi MEXaHUYeCKasi MPOYHOCT C MX BBICO-
KHM MOJYJIEM yIIPYTOCTH U HEOOJIBIIOH TNIOTHOCTHIO.
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An anthology of the distinguished achievements in science
and technique. Part 41: Composite materials: their classifi-
cation, technologies of making, properties and application
domains in modern technique.

Purpose. Preparation of brief scientific and technical review about
the state, achievements and prospects of development of works do-
mestic and foreign scientists-specialists on materials and technolo-
gists in area of development and creation of composite materials
(compos). Methodology. Scientific methods of collection, analysis
and analytical treatment of the opened scientific and technical in-
formation of world level in area of studies about materials, related
to development of basic technologies of making of new perspective
compos and their application in a modern technique. Results. A
state-of-the-art scientific and technical review is resulted about the
state, achievements and prospects on the future in the world of re-
searches on development and creation of new metallic and non-
metal compos, possessing as compared to traditional homogeneous
materials substantially more high physical and mechanical descrip-
tions. Classification of compos is executed. Technologies of making
of ‘basic types of compos, findings a practical wide use enough in an
aviation and space-rocket technique, engineering and row of the
special areas of modern technique are briefly described. Main
properties of basic types of compos and their advantage are indi-
cated before traditional metals and alloys. The basic failings and
technical application for today of different compos domains are
resulted. Considerable progress is marked in technologies of mak-
ing and volumes of the use in the front-rank areas of technique of
compos. The possible nearest prospects are indicated in the use of
compos on the future in a number of stormy developing in the whole
world technical areas. Originality. Systematization of the scientific
and technical materials, devoted the basic results of works on being
in 2016 year of domestic and foreign specialists in area of develop-
ment, making and application in the modern technique of the most
perspective types of compos, known from the sources opened in
outer informative space is executed. Practical value. Popularization
and deepening for students, engineers and technical specialists and
research workers of scientific and technical knowledges in the nec-
essary area of development, creation and application in the modern
technique of compos, extending their scientific range of interests
and further development of scientific and technical progress in hu-
man society. References 22, figures 6.

Key words: composite materials, basic technologies of receipt
of compos, advantages of compos before traditional materi-
als, world achievements in creation of compos.
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IMITATION MODEL OF A HIGH-SPEED INDUCTION MOTOR WITH FREQUENCY
CONTROL

Purpose. To develop the imitation model of the frequency converter controlled high-speed induction motor with a squirrel-cage
rotor in order to determine reasons causes electric motor vibrations and noises in starting modes. Methodology. We have applied
the mathematical simulation of electromagnetic field in transient mode and imported obtained field model as an independent
object in frequency converter circuit. We have correlated the simulated result with the experimental data obtained by means of the
PID regulator factors. Results. We have made the simulation model of the high-speed induction motor with a squirrel-cage rotor
speed control in AnsysRMxprt, Ansys Maxwell and Ansys Simplorer, approximated to their physical prototype. We have made
models modifications allows to provide high-performance computing (HPC) in dedicated server and computer cluster to reduce
the simulation time. We have obtained motor characteristics in starting and rated modes. This allows to make recommendations
on determination of high-speed electric motor optimal deign, having minimum indexes of vibrations and noises. Originality. For
the first time, we have carried out the integrated research of induction motor using simultaneously simulation models both in
Ansys Maxwell (2D field model) and in Ansys Simplorer (transient circuit model) with the control low realization for the motor
soft start. For the first time the correlation between stator and rotor slots, allows to obtain minimal vibrations and noises, was
defined. Practical value. We have tested manufactured high-speed motor based on the performed calculation. The experimental
studies have confirmed the adequacy of the model, which allows designing such motors for new high-speed construction, and
upgrade the existing ones. References 15, tables 3, figures 15.

Key words: induction motor, squirrel cage, high-speed, scalar control, ANSYS, RMxprt, Simplorer, high-performance
computing, simulation, vibration, noise.

Paspabomana umumayuonHas mooens 6blCOKOCKOPOCHIHO20 ACUHXPOHHO20 06UZAMENA ¢ KOPOMKOZAMKHYMbIM POMOPOM NpU
CKAIAPHOM YACMOMHOM ynpaenenuu é npozpammuom naxeme AnsysMaxwell&Simplorer. Ilpu modenupoeanuu na knacmepe
6bICOKORPOU3600UMETILHBIX PACYEMO8 GLINOIHEHbL NAPAIIENbHble GbINUCICHUA NOJIe60ll MOOenu IIeKmpoosuzamens
(AnsysMaxwell 2D) u moodenu, nocmpoennoii na ocHose meopuu ueneii (Ansys Simplorer), umo nozeonuno coszoams
UMUMAYUOHHbIE MOOeNU, NPUOIUNCEHHbIE K UX (u3uyecKum npomomunam. Boinonnen ananus nycKoewix Xapakmepucmuk,
ONMUMUZUPOSARbL naApamempyl neKkmpoosuzamena. Jlanvl peKomenoayuu no 6vl0opy 4UCIA NA306 CHMAMOPA U POmMopa
6bICOKOCKOPOCHIHO20 ACUHXPOHHO20 08UZAMENS, YMO NO360AUNO CYU{ECINGEHHO YMEHbUUMb GUOPAUUU U UWIYMbL 8 DedcuMe
nycka. bu6n. 15 tabn. 3, puc. 15.

Kniouesbie crosa: acHMHXPOHHBINH JBHraTellb, KOPOTKO3AMKHYTBIii POTOP, BBICOKOCKOPOCTHOIi, CKaJIsIpHOEe YINpaBJIeHHe,

ANSYS, RMxprt, Simplorer, BICOKONIPOU3BOAUTEIbHbIE BHIYNCIEHHS, MO/IeJIMPOBaHUE, BUOpaLMs, LIIYM.

Introduction. High-Speed Induction Motors
(HSIM) are induction motors working on high rotation
speeds. At an instance HSIM, controlled from frequency
converters (FC) with frequency 400 Hz, have rotation
speeds up to 30000 rev/min.

In modern HSIM the increase of high speed is
achieved without application of reducing gears and strap
transmissions due to control from the FC. HSIM are well
adjusted for a work in the weak field mode, providing the
maximum wide speed range, restricted only by their
mechanical construction.

At high rotation speed, there are considerable
vibrations and noises both at starting and during a work in
the rated mode. The high level of vibrations results in
destruction of bearing in a short time, and the level of
noises rising to a critical level. That is why a task of
vibrations and noises diminishing in HSIM is actual for
modern industrial enterprises and producers of electric
engineering industry. To solve this task Ansys Maxwell &
Simplorer software both for induction motor design and
transient simulation were used [1, 2].

There are limited amount of works devoted to speed
control of induction motor in Ansys Maxwell & Simplorer
software [3, 4]. In addition, existent works are not spared
attention to forming of motor smooth starting mode and
features for frequency control laws realization [5, 6].

In many of publications we can find only
information of motor control theory or with coupling of
Ansys software with Matlab/Simulink but without detail

description of control system realization [3, 7, 8]. In
known software products that allow the implementation
of frequency control, the mathematical models are based
on differential equations [9, 10].

A distinctive feature of the Ansys software is the
ability to connect the simulation model of the control
system (Ansys Simplorer) to the object of the electric
machine, storing the full field data (AnsysMaxwell 2D &
3D), including the state of the electromagnetic field
values (magnetic induction vector with vector magnetic
potential for 2D calculations and vector magnetic
induction with a vector of magnetic field strength for
problems in 3D formulation) in a given range of rotation
frequencies. Thus, the jointly solved field problem and the
mathematical model of frequency control increase the
accuracy of calculations due to the operation of
electromagnetic field components in space and time. The
amount of data operated by the Ansys program, reaches
20-30 GB, which requires huge computing resources.
Setting up a cluster of high-performance calculations
(HPC), implemented by the authors using parallel
computing technology, solved the problem of increasing
the processing speed of a large data set.

Works devoted to the implementation of the
described task are not elucidated in the technical literature
or partially disclosed.

In this paper the material on the induction motor
with a squirrel-cage rotor field model scalar control in
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Ansys Maxwell and Ansys Simplorer with a detailed
study of the simulation model is given for the first time.

Imitation modeling of the HSIM transient processes,
considered in this work, allows to estimate their
characteristics without making a full-scale sample, which
significantly reduces the price of electric machines
development and choosing their optimal parameters.

The aim of the paper is development and
investigation of induction motor simulation model,
controlled from the frequency converter with the using of
parallel modeling on HPC cluster.

Simulation of an asynchronous drive in Ansys
Maxwell. Now for the electric machines design and
simulation the most used programs are Matlab/Simulink,
ScilLab, wxMaxima, Mathcad, Comsol Multiphysics. The
advantage of Ansys Maxwell and Simulink package,
compared to the known programs is an imitation of
transients on mathematical models, near to their physical
prototypes. Mainly it is realized due to objective approach
in implementation of electric machines. The Ansys
package includes three software products specialized in
design and simulation of electric machines and electric
drive systems: RMxprt, Maxwell 2D/3D and Simplorer
[1]. It is possible to simulate electric drive with the motor,
calculated previously in RMxprt (engineering project) or
Maxwell 2D/3D (electromagnetic field project) [4]. The
motor of RMxprt or Maxwell 2D/3D project is inserted as
an object to the Simplorer shield and calculated
simultaneously. The program RMxprt allows to make
engineering calculation of electric machines based on the
circuit of theory. On Fig. 1 the RMxprt model of an
induction motor is shown.

Fig. 1. Induction Motor with Squirrel Cage Rotor Model
in Ansys RMxprt

Model, calculated in RMxprt, can be exported in
Maxwell 2D/3D project for the solving the field task. The
exported model is formed the task of transient simulation
fully adjusted for solving, including setting of materials
properties, border and symmetry conditions, winding
excitation and electric circuit diagram, selection of
moving object with inertia torque and motion function.
Templates of charts and output data shield are created too.
A model of induction motor example, automatically
generated in Maxwell 2D on Fig. 2 is shown.

As a result of laboratory tests of induction motors
E&A of Swiss production (four-pole, 1010 Hz) and
Ukrainian — series DAV (two-pole, 505 Hz), the presence
of vibrations during the start-up and operation of the
DAYV motor was detected.

We have made numerous calculations of
electromagnetic field of these motors in transient mode in

Ansys Maxwell 2D in order to find reasons that cause
vibrations. Ansys offer a direct integration with a number
of HPC software programs and provide parallel
processing for running advanced application programs
efficiently, reliably and quickly. We can enable queuing,
set the design type, specify the distributed memory
vendor and enable GPU for transient solves.

70 imem)

Fig. 2. Induction Motor with Squirrel Cage Rotor Model
in Ansys Maxwell 2D

All results in Ansys Maxwell&Simplorer shown in
this paper, were got in HPC cluster with ten 2-core (with
hyper-threading technology) processors Intel Core i3
2.40 GHz; 48 Gb of server RAM; 64x OS Microsoft
Windows HPC Server 2008 R2 SP2 and dedicated server
(4 cores, 8 Gb RAM). Using of this cluster allow us to
provide a way to solve complex problems in a short
amount of time. Some of simulation results of motors
with different ratio Z/Z,, and rotor slots shapes in Table 1
are shown.

As calculations have shown, the presence of
vibrations is caused by reversing brake torques that arise
with a certain combination of stator Z; and rotor Z, slots.

All motors, that have braking torque at start mode
and have high level of vibrations and noises, represented
by Torque-Time chart, shown on Fig. 3. On this picture
the mechanical torque, registered in experiment and equal
to 4.5 Nm, is shown with a dotted line. The simulation
torque, equal to 5.2 Nm, is represented by a solid curve.

All motors with positive torque at start mode and
without vibrations, represented by Torque-Time chart,
shown on Fig.4. On this picture the mechanical torque,
registered in experiment and equal to 1.2 Nm, is shown
with a dotted line. The simulation torque, equal to
1.35 Nm, is represented by a solid curve.

As we can see from Table 1, the shape and material
of rotor slots does not have any influence on the braking
torques presence and the level of vibrations and noises.

Analysis of got results have shown that in order to
eliminate magnetic vibrations, the following correlations
must be performed

Z, =2pmg*2p,

Z2 = Zl +2 D,
where g — integer, «+» is for motor mode and «—» is for
generator mode.

It is need to know, that equations (1) are true only
for high-speed motors with net frequency more than
200 Hz. For motors with net frequency 50-60 Hz
following the equations (1) will cause synchronous
braking torques from high harmonics.

(M
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Table 1
Braking torques in high-speed motors with different ration
of stator and rotor slots

No Z/ Z, Rotor slot shape Presence
" | poles and material of braking torque
24/22
1 p=2 @ Yes
Al
SECANESD No
P Al
24/26
3 p=2 U No
Al
|2l (O No
P Al
P Al
24/28
6 2p=4 @ No
Al
24/22
7 =4 @ Yes
Al
24/22 E
8 p=2 i Yes
|
Al
24/26 E
9 p=2 i No
|
Al
24/22 E
10 2p=2 i Yes
|
Cu
24/26 E
11 =2 i No
|
Cu
24/22 E
12 p=2 || Yes
|
Cu

High-speed induction motor simulation model.
Both in RMxprt project and in Maxwell 2D/3D project,
solved model can be exported as an object and becomes
accessible by reference in Simplorer working shield. In
Simplorer a complete electric supply and control system,
including electric motors, different scopes and signals
distribution are fully supported.

The design of transients in HSIM is impossible
without the imitation of control system, built on the base

of frequency converter. High-speed motors can be started
during 5-10 min for the approaching of rated speed. For
realization the law U/f = const frequency and voltage
signals will be linearly rising from 0 to the rated values in
starting time (z,) and in relative units (f, u") will be

coincide [11]:
o« |kgt, if0<t<tg
f =u = b .
1: ?ft>tsl

) 2

where k, — the rate of tempo increase, &y, = 1/¢,,.

Torque

om

Simulation

Experiment value

s ok ik 5 . ik

Fig. 3. Transient report of Maxwell 2D simulation for motor
with vibrations
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Fig. 4. Transient report of Maxwell 2D simulation for motor
without vibrations

For the acceleration of motor starting processes,
magnetizing first of all, voltage initial value u~ must be
greater than zero. In this case a voltage change law will be
the next [11]:

o u;+(l—u;)lfstt, ifo<t<t, 3
L if t>ty ’
where u”, — voltage relative value, u"o = u"(0).
On Fig. 5 voltage and frequency signals realization
in Simplorer design sheet are shown.
Below is decryption of blocks on Fig. 5:

e both STEP6 and INTEGRAL blocks forms time
function (STEP6 block has Time Step value 0, Final
Value 1 and Initial Value 1);

e GAING block scales time value to starting time 1/2,;

e LIMIT1 block limits a signal at the level +1;

e CONSTS block sets the boost voltage value (in
relative units);

e GAIN block with the label U calculates 1— u, value
by equation (3);
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e GAIN block with the label Uf has value 1 and
finalizes the equation (3);

e GAIN block with the label f has a rated frequency
value and calculates actual frequency value in Hz;

e GAIN block with the label speed converts speed
frequency value from Hz to rad/s and has value 60/p;

e Data block ICA sets the model constant parameters
values.

| b—i- 1 f—- GAN p—i- LINT b
— 1itp
STEPG INTEGRAL GAING LIMIT1
Data
CONSTS CONST SUM7
ICA
Um:=380
b A Y . < fn:=505U0:=0
> GAN | d—_/, b GAIN 1 =7
u uf
r GAIN - P GAIN
fi G0/p

f speed

Fig. 5. U/f control signals realization in Simplorer

AC voltage source in Simplorer forming the output
electric voltage with given function. If we set the
frequency signal on AC voltage input port, we will get an
error result. Instead of the expected voltage equation
U = U, sin(wt + ¢g) we will obtain U = U,,-sin(w(¢)t+¢,)
where we have a variable angular speed function w(f)
under the sinus instead of constant value w. If frequency
is linearly growing, the motor speed will be double from

the rated value. To obtain the correct frequency signal, it
is necessary to change the form of AC voltage
Sourceblock in property Simplorer from harmonic time
controlled function to EMF value. Also it is need to take
an integral from variable speed function to get the correct

angle value 6 = Iw(t)it as on Fig. 6 is shown.

GAIN > | + ’ s SINE = GAIN
SUMG
omega INTEGRAL1 i FCT_SINE1 Ua
> SINE i GAIN
SUM3
FCT_SINE2 up

CONST3

FCT_SINE3 Uc

Fig. 6. AC Voltage Source signals block diagram in Simplorer

Below is decryption ofblocks on Fig. 6:

e GAIN block with the label omega has the value 27
and calculates angular speed;

e CONST4 block has the value —27/3 and give time
shift value for phase B;

e CONST3 block has the value 27/3 and give time
shift value for phase C;

e GAIN blocks with the labels Ua, Ub and Uc with the
same value Uy converts voltage value from relative to real
(V) units;

o SINE block is standard sinus function.

The full block diagram of induction motor scalar
control in Simplorer on Fig. 7 is shown. The induction
motor model in presented block diagram is an imported
object from RMxprt project.

e

STEF1

VESI2ph_aZ
’
+
y
i\ W
. Mz
1
. - E3
J_ . UEEI
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] ( )
EC SPWMA

am3 *
S)
VM1 0
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FROT1 L®

FML_INIT1
ICA:

Kp:=1.05
Ki:=-0.05
Kd:=0

FID1
GAlNS SUmM4

GAIN —p—+

e

Fig. 7. High-speed induction motor main block diagram in Ansys Simplorer

Description of structure scheme shown on Fig. 7:

e FA, EB and EC blocks is AC Voltage source blocks
and takes values from Ua, Ub and Uc GAIN blocks
respectively;

e SPWMI is sinusoidal PWM block;

e DC Voltage source block has the value U, V2 ;

e VSI3phA2 block is Voltage Source Inverter;

e GAIN4 block converts the motor speed from
rev/min to rad/s and has a value 27/p;

e PID controller block takes parameter values from
ICA block;

e summation block SUM4 sends the output speed
value to the GAIN block with the label omega (Fig. 8);

e F ROTI and STEP1 blocks realizes the mechanical
torque value on motor shaft.
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Simulation results. Before the transient simulation
an induction motor in authors’ design Java program
[12, 13], Ansys RMxprt [14] and Ansys 2D [15] was
developed. As induction motor a high-speed motor
«DAV-22» of Ukraine production was taken.

The housing-less bipolar induction motor with a
rated power 20 kW, line voltage 380 V and frequency
505 Hz has a built-in version and serves for driving a
high-speed turbine.

The test bench was located in a vibro-acoustic
chamber. At the stand, the electric motor was tested in
idle mode, locked rotor motor and was connected to the
Altivar  (Schneider Electric production) frequency
converter. The start of the electric motor was carried out
according to the soft start program set in the frequency
converter with a discrete frequency adjustment from
10 Hz to 505 Hz. Boost voltage was set to 50 V value.

During the tests, the currents in the motor phases,
the three phases voltage of the motor and the frequency
converter, frequency converter output frequency, the
rotation speed, the noise and vibration levels, the
temperature of the stator windings, as well as the moving
torque value were registered. Summary data of the
experiment and modeling results in Table 2 is given.

Table 2
High-speed induction motor data
Parameter Value
Parameter Name - —
Model |Experiment |Deviation, %
Rated current, A 36.45 39.05 6.66
Efficiency, % 91.25 90.10 1.28
Moving speed, rev/min 30064 29994 0.23
Starting current ratio 6.84 6.2 10.33
Starting torque ratio 0.69 0.61 13.11
Braking torque ratio 3.01 2.6 15.77
Copper losses, W 378 361 4.71
Rotor losses, W 221 190 16.32
Steel looses 404 400.1 0.97
Rated torque, Nm 6.35 6.37 0.31

Comparative diagrams of the calculated parameters
and parameters obtained as a result of experimental
studies on Fig. 8-10 are shown. The symbol «M» on the
diagram columns denotes the columns relating to the
modeling, and the symbol «E» — to the experiment.

Analyzing the obtained results, the estimation error
can be divided on three categories: energy, mechanical
and power losses. In the energy category, which includes
currents in the stator windings, efficiency and the starting
current ratio, the highest convergence has the efficiency
(deviation 1.28 %) and the smallest one — the starting
current ratio (10.33 %).In the mechanical category
(moving torques and speed), the minimum deviation of
the calculated data from the experimental ones is the rated
speed (0.23 %) and the rated torque (0.31 %), and the
maximum — the braking torque (15.77 %).

In the losses category the most accurately calculated
is steel loss (deviation 0.97 %), and the greatest error in
the determination are losses in the rotor (16.32 %). The
average error based on the results of calculation and
experiment is 6.97 %.

40 645 3905

30

20

10

0
LA

Fig. 8. Diagram of calculation and experiment results:
rated current (/) and moving speed (#)

30.064  29.994

nx1000, rev/min

8
684 635 637
6
4
301 5,
2 0.69 0.61
0 M E
Is Ms Mb M, Nm

Fig. 9. Diagram of calculation and experiment results:
starting current (Is) and torque (Ms) ratio, braking (Mb) and

rated (M) torques
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Fig. 10. Diagram of calculation and experiment results:
copper (Pcu), rotor (Pr) and steel (Ps) losses and efficiency

The high discrepancies between the calculated
values of the results obtained as a result of the full-scale
experiment are due to the simplifications of the
mathematical model (the field in the zone of the frontal
parts was not calculated, the cross-section of the machine
in the field calculation was considered without taking into
account the slot skew, the properties of the steel were
determined by main magnetization curve without splitting
it into the tooth and yoke zones, did not take into account
the presence of bearing shields).

Meanwhile, integral parameters, such as efficiency,
current, rated torque, important for the evaluation of the
model, have high convergence, which indicates the
acceptability of the obtained results for engineering
calculations.

In addition, the 100 % convergence of mathematical
modeling is the fact of confirmation or absence of
increased vibrations with different combinations of the
number of stator and rotor slots.

After Ansys Maxwell & RMxprt calculation, the
motor object with the full base of field calculations was
imported in Ansys Simplorer. In simulation, as well as in
real experiment, the soft start time value was 4s and total
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simulation time was 6s. The speed vs time graph on
Fig. 11 is shown. Dash lines represented the given speed
and the solid one — actual motor speed in rev/min.
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Fig. 11. Motor moving speed, rev/min vs time

Motor currents on Fig. 12 are shown. The dashed
line (bottom graph, scaling by the time axis for steady
state) indicates the value of the motor current obtained
during the experimental studies.
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Fig. 12. Motor phase currents vs time

The graph of the one phase line voltage on Fig. 13 is
shown.

The characteristic of the motor torque for a mode
with vibrations on Fig. 14 is shown (scaled section on the
time axis). The dashed line indicates the torque magnitude
registered in experiment. This value also has good
convergence with the torque magnitude, obtained during
field calculations (Fig. 3).
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Fig. 13. Motor one phase voltage vs time
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Fig. 14. Motor torque chart (full time range) with brake values

The characteristics of the motor torque for the mode
without vibration on Fig. 15 is shown (scaled section on
the time axis). The dashed line indicates the torque
magnitude registered in experiment. This value also has
good convergence with the torque magnitude, obtained in
field calculations (Fig. 4).
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Fig. 15. Motor torque chart (scaled time range) without brake
values

Comparative characteristics of the modeling results
and experimental studies in Table 3 is given.

As follows from the given research results, the
dependences of speed and voltage correspond to the task
of equations (2) — (3) and accurately represent the set
values of the control system.

Table 3
Results of imitation modeling and experiment

Parameter Name Model|Experiment|Deviation,%
Rated current, A 39.1 39.05 0.13
Rated speed, rev/min 30064| 29994 0.23
Negative starting torque 43 45 6.67
value, Nm
Positive starting torque value, 1.3 12 .33
Nm

The results of the simulation were compared with
actual factory experiments and have a good correlation
(minimum deviation 0.13 %, maximum 8.33 %, average
error 3.84 %) with experimental data from a certified
factory laboratory.

Conclusions.

1. The simulation model of a high-speed induction
motor with scalar frequency control in Ansys & Simplorer
has been developed and investigated using parallel
modeling on a cluster of high-performance computations,
which makes it possible to create simulation models that
are close to their physical prototypes. The results of the

ISSN 2074-272X. Enexmpomexnixa i Enexkmpomexanixa. 2017, Ne6 19



simulation have good convergence with the results of
experimental studies (deviation is not more than 8.33 %).

2. Using the simulation model, the correlation between
the number of stator and rotor slots and the number of
pole pairs of a high-speed induction motor with a rated
frequency above 200 Hz is obtained for the first time and
can significantly reduce vibration and noise in the motor
start-up mode.

3. The developed simulation model of a high-speed
induction motor allows to optimize its characteristics
without using expensive actual tests and can be widely
used both in the development of induction motors and in
the educational process.
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BJIMSTHUE ITAPAMETPOB SIKOPS JMHEMHOT' O UMITYJIbCHOT'O
AJNIEKTPOMEXAHUYECKOI'O IIPEOBPA3OBATEJIA HA EI'O D®@PEKTUBHOCTD

Po3poonena mamemamuuna mooens AiniHO20 IMRYILCHO20 eeKmpomexaniunozo nepemeopiosaya (JIIEII), aka onucye wieuo-
KiCHI ma 63aEMON08’A3aHI e1eKMPOMACHIMHI ma e1eKmpomexaniuni npoyecu, wio NPOAGIAIOMbCA NPU NEPeMIiieHHI AKOPA
gionocno inoykmopa. Ilokazano, wo npu 30inbuienni ucomu eneKmponposion020, KOMyuKo6020 ma epomazHimnozo AKopie
JIIEII giodysaecmuca 30invuienna imnyascy cunu. Hainbinowa weuokicme pozeueacmuvca ¢ JIIEII ¢ komywkoeum akopem, a
Haiimenwa — ¢ JIIEII 3 enexkmponpogionum axopem. B JIIEII 3 komywkoeum ma hepomMazHimuum AKOPAMU Peani3ylomsca
NPAKMUYHO 0OHAKOGI 3HAYEHHA IMNYIbCY eNeKmPoounamiunoi ma enekmpomaznimuoi cunu, a ¢ JIIEII 3 enekmponposionum
AKopem imnyavc enekmpoounamiunoi cunu y 1,52 pazu menwuil. 3anpononosanuit inmezpansHuil NOKa3HUK eghexmuenocni,
AKUWL Y 6IOHOCHOMY 6U2NAOL 8PAXOGYE CUN0BI, WIBUOKICHI, enepzemuyHti, e1eKmpuiHi ma noavosi nokasnuxku. Buznaueno, wo
npu ycix cmpameziax oyinrosanns epekmusnocmi naidinow epekmusnum € JIIEIl ¢ komywikosum saxopem, a naimenui eqhex-
muenum ¢ JIIEII 3 pepomazuimnum axopem. bion. 11, Tabn. 3, puc. 2.

Knouosi cnosa: niHiiHu# iMIyJbCHUI ejleKTPOMeXaHIYHMI NepPeTBOPIOBaY, MaTeMaTH4YHA MOJe/b, €JeKTPONPOBiAHUIA,
KOTYIIKOBMIi Ta (hepoMarHiTHMIi sikopi, iIHTerpajibLHUIl NOKa3HUK e)eKTUBHOCTI, cTPaTerisi OLiHIOBaHHS e(eKTHBHOCTI.

Paspabomana mamemamuueckas Mooeap TUHEHHO20 UMRYTbCHOZ0 dIeKMPOMexanuueckozo npeodpasoseamensa (JIUIII), onu-
covleaouan dGvicmponpomexalouiue U 63auMOCEA3ANHbIE INEKMPOMAZHUMHbLE U INEKMPOMeXanuiecKue npoyeccol, NPoAeIAo-
uguecsa npu nepemenienuu AKopa omuocumensno unoykmopa. Ilokazano, umo npu ygenuuenuu 6bIconyl 31eKmMpPOnPosoOAULe2o,
Kamywieunoz2o u geppomaznumnozo axopeii JIHIII npoucxooum ysenuuenue umnynovca cunvl. Haubonvuwan ckopocmo pazeu-
eaemcsa ¢ JIUIII ¢ kamywieunvim saxopem, a naumenvuiasn — ¢ JIMIII ¢ snekmponpoeooauwum axopem. B JIUIII ¢ kamywieunvim
u heppomazHumMHBIM AKOPAMU PEAnU3yIOMCcA NPAKmMu4ecku 00UHAKO8ble 3HAYEHUA UMNYIAbCA INEKMPOOUHAMUYECKOT U Jl1eK-
mpomaznumnoil cunvl, a ¢ JIUIII ¢ anekmponposooauum aKopem UMnyase neKkmpoounamuyeckoil cunvl ¢ 1,52 paza menvute.
Beeoen unmezpanvhuiii noxazamens 3pghekmugnocmu, KOMopwvlii 8 OMHOCUMEILHOM 8UOE YUUMbIGAEM CUI08ble, CKOPOCHIHbIE,
IHepzemuuecKue, I1eKmpuiecKue u nojesvle noKasamenu. Ycmanosneno, 4mo npu 6cex cmpamezusx oueHKu dpghexmueno-
cmu naubonee Ipgexkmusnvin asnaemca JIUIII ¢ kamyweunvim akopem, a naumenee rhpghexkmuenvim asnsemca JIUIII ¢
deppomaznumnoim axkopem. butdn. 11, tabn. 3, puc. 2.

Knouesvle cnoga: MHeHHBbIH MMNYJIbCHBIN 3JIeKTPOMEXaHMYeCKUil nMpeodpa3oBaTe/b, MaTeMaTHYeCKasi MO/e/b, YIEKTPO-
NPOBOAAIIUN, KATYIIECYHbIA U (eppOMAarHUTHBINA KOPS, HHTErPaJbHbIi NoKa3aTesb d3(PPEeKTUBHOCTH, CTPATEIHA OLEHKH

3¢ peKTUBHOCTH.

BBenenne. OqHUMH U3 NEPCIEKTUBHBIX YCTPOMCTB
COBPEMEHHOW JJICKTPOMEXAHUKHU SBIISIOTCS JIMHEHHBIE
HMITYJIbCHBIE JIEKTPOMEXaHWYeCKue IpeodpasoBarenu
(JINDII), koTophle OOECIEYNBAIOT BBICOKYIO CKOPOCTB
HACTOJHUTENBHOTO 37eMeHTa (D) Ha KOpPOTKOM aKTHUB-
HOM YYacCTKe, W/FITH CO3AI0T MOIIHEIE CHJIOBEIC HMITYJTh-
Chbl TIPU HE3HAYUTENTHLHOM ero mnepememniennu. JIMOII
HCHOJB3YIOTCSA BO MHOTHX OTPACiIAX HAYKH M TEXHHUKH B
Ka4eCcTBE JIEKTPOMEXaHNIECKUX YCKOPHUTENIEH U yAapHO-
CHJIOBBIX yCTpOMCTB [1-4].

B CTPOUTECIILCTBE IMMPUMECHAIOTCA SJICKTPOMArHuTHbLIC
MOJIOTBI U TiephOpaTOphbl, YCTPOWCTBA IS 3a0HBaHHS
CBail ¥ aHKEPOB; B TOPHOW MPOMBIIUICHHOCTH — OyTOOOH,
pas3zienuTeny 1opoJ, BUOPATOPHI; B IeOJIOropa3BelKe —
BHOPOCEWCMOUCTOYHHUKH, B MAIIMHOCTPOCHUU — TIPUBOJIBI
CTaHOB XOJIOJHOW TPOKATKHA TpPyO, MPecchl, MOJOTHI C
OOJNBIINM THAITa30HOM SHEPTHH yAapa; B XUMHYECKOW H
MEINKO-ONOIOTHYECKOW MPOMBIIUIECHHOCTH — BUOpOCMe-
cutenu u gozaropsl. JINDII npumMeHstoTCS B MarHUTHO-
MMIYJIBCHBIX YCTPONCTBAxX ISl MPECCOBAHMS IMTOPOIIKOB
KE€paMUKH, OYUCTKHU €MKOCTEH OT HaJIuNaHus ChIIIy4YHuX
MaTepualioB, YHHUYTOXXeHHsT MH(OpMaluu Ha LU(PPOBBIX
HocuTensax U ap. Takue nmpeobpa3oBaTeny HCHIOIb3YIOTCA
B OBICTPOJCHCTBYIOIICH KIIAITAHHOW M KOMMYTAIIHOHHOM
amnmaparype, B HCIBITATSIFHBIX KOMILICKCAX JUIS MPOBEp-
KM OTBETCTBEHHBIX W3JCIHMA Ha YAapHBIC HArpy3KH, B
aBUAIlMOHHOM M KOCMHYECKON TEXHHUKE, B HCCIIeIOBa-
TENbCKUX YCTAaHOBKAaX, HANPUMEpP, UIS HCCIICHOBAHUS
MHKPOMETEOPUTHBIX YIapOB Ha KOCMHYECKHE MM OTBET-
CTBEHHBIC Ha3eMHBIE OOBEKTHL. AKTyajbHa 3amada oOec-

MEYCHUSI BBICOKOH CKOPOCTH JUIsi OBICTPOJEHCTBYIOIINX
IIEKTPUUECKHX AIIapaToB.

Ocobennoctbio paccmarpuBaeMblx JIMOII sBisetcs
TO, 9TO OHH PabOTAIOT C KOPOTKHM pPadOYMM ITMKIOM U
YIAapHON Harpy3koil, KOTOpas MHOTOKpPaTHO IpPEBBILIAET
Harpy3Ky TPaAWLMOHHBIX JIMHEHHBIX 3JE€KTpOABUTATEICH
MPOJIOJKUTENBLHOTO AeiicTBusl. Hambomnee mmpoko mpwu-
Menstores JIMDIl MHIYKIMOHHOTO, 3JIEKTPOAWHAMITYE-
CKOTO | 3JIEKTPOMarHUTHOTO TUTIOB [5]. B aTHX mpeobpa-
30BaTeNsIX IMPOMCXOAUT DJIEKTPOMArHUTHOE B3aUMOJEH-
CTBUC IMOJABHKHOTO AKOPA C HEIMOJABHUKHBIM HMHAYKTOPOM,
BOS6y)KI[aeMblM OT UMITYJIbCHOI'O MCTOYHHKA, KaK IMpaBU-
70, eMKocTHoro Hakonutens sHepruu (EHD). B ykazan-
HbIX Tunax JIMIII ocHOBHOE OTJIMYME COCTOUT B KOHCT-
PYKLMH TIOJBM)KHOTO SIKOps, KOTODBIH oOecrieunBaer
pasron 1D.

B JIMDIl WHOYKOIMOHHOTO THIIA AJIEKTPOIMPOBOIS-
mmid skopb (D51) mpencraBisier coOOW OTHOCHTEIBHO
TOHKHI MEIHBIH JHUCK, B KOTOPOM HUHIYLUPYIOTCS BUXpE-
BbI€ TOKH OT MHIYKTOpPA, BCICACTBHE YEro MEXIy HUMHU
BO3HMKAET AJIEKTPOAMHAMUYECKAs CUJIA OTTAIIKUBAHHSI.

B JIUJII »nexTpoauHAMUYECKOTO THIIA KaTyIley-
HbIi sikopb (KS1) mpencraBnser coOoll NMOABHKHYIO Ka-
TYIIKY, KOTOpasl 3JIEKTPUYECKH CBsi3aHA C HMHIYKTOPOM,
T.e. IUTACTCSI OJHUM M TEM K€ TOKOM, BCJIEICTBHE YETO
MEXAYy HHMH TaKkKe BO3HUKAET 3JIEKTPOJIMHAMHYECKas
CHJIa OTTAJIKUBAHUSI.

B JIMDII »rmekTpoMarHUTHOTO TUMNa (heppOMarHuT-
HeI sikOpb (DSI) mperncraBisier coOOW OTHOCHUTENBEHO
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TOJICTOCTEHHBII JHCK, Ha KOTOPBIA AEUCTBYET 3JIEKTPO-
MarHWTHasE CHJIa TPUTSDKEHUS CO CTOPOHBI MHAYKTOpA.
YyuTeiBas SHAYUTCIIbHYIO MHAYKIWIO MarHUTHBIX noneﬁ,
B JIUDII 1enecoobpa3HO HCIOIL30BATh HAPYKHBIH (ep-
poMarHuTHBIN 3KkpaH (PD) ¢ Mamol 3IEKTPOIPOBOIHO-
CTBIO, BBINIOJHEHHBIH JMOO W3 MarHUTOAMDIIEKTPHKA,
00 ¢ paguanbHBIMK paspe3amu [6]. Yka3aHHBIN 3KpaH
YBEIMUMBAET MarHUTHBIE MO B akTUBHOM 30He JIUIII u
YMEHBIIaeT MAaTHUTHBIC TIOJSI PACCESHIS, YTO BAYKHO IS
ONMU3KO PACHOJOXKCHHBIX OJIEKTPOHHBIX YCTPOHCTB H
00CITy’)KHBAIOIIETO IepCOHAA.

JINDII ¢ paccmaTpuBaeMbIMU THUIIAMHU SIKOps 0bec-
MIEYNBAIOT Pa3IMYHBIE CHIOBBIE M CKOPOCTHBIE TIOKa3aTe-
Jikn, co3aaBas pPas3jIMYHbIC BCIMYUHBI MHAYKHOWW MarHut-
HBIX T0JIeH paccessHus B OKpYXKaiollee MPOCTPAHCTBO.
JINDII uMeroT pa3nu4YHyI0 MacCy aKTUBHBIX JIEMEHTOB,
KOHCTPYKTHBHYIO CJIOXKHOCTb, OIIPEAEISIONIYI0 HMX Ha-
JISKHOCTh M BEIMYMHY TOKa BO30YKIEHUsS WHIYKTOpa,
YTO BaXHO JUISl O3JEKTPOHHOW CHCTEMBI YIIPABICHHUS.
BcenenctBue 3toro ans 00OCHOBaHHOTO BBIOOpa THMA
sikopst JIMDIT HEoOXOMUMO YUYHTHIBATE MHOMECTBO pas-
JMYHBIX Pa3HOPOMHBIX TIOKa3aTeleH.

3amaua BwIOOpa Tuma sikopst s JIMOII smisercs
akTyanpHoil. Tak B pabote [2] paccMarpuBaeTcsi CpaBHH-
tenpHbI aHam3 JIMOIL ¢ D4 u K4, a B padore [7] —
JINOII ¢ 24 u ¢ 5. B atux paborax aHaIM3HPYIOTCS
TOJIBKO JJIEKTpoMeXaHuuyeckue xapakrepuctuku JIMOIT
0e3 yuera HaJeKHOCTH KOHCTPYKIMHU SIKOPSI, MarHUTHBIX
MoJied paccesiHHs, B3aWMOCBSI3aHHBIX JJIEKTPHUYECKHX,
CHJIOBBIX, CKOPOCTHBIX IOKa3aTeJed M IapaMeTpoB HOA-
BIDKHOTO SIKOPS M HUIMYMS Hapy>KHOTO D).

Ucxonmsa u3 storo, s¢dexruBHocTs JIMDII meneco-
00pa3HO OIEHHUTH NMPHU MMOMOIIH WHTETPAIBHOTO IMOKa3a-
TeNsA, KOTOPBI YYHTHIBACT €r0 CHIIOBBIE, CKOpPOCTHEBIE,
SHEPreTHYecKre M AIEKTPHUYECKHE MOKA3aTelIH, a TakxkKe
HAJEKHOCTh KOHCTPYKIHH SIKOPS W MAarHUTHOE IIOJe
paccesiHusl, HETATUBHO BJIMsIONIEE Ha OJM3KO pacrolio-
JKCHHbBIE DJIEKTPOHHBIE YCTPOMCTBA W OOCITYKUBAIOLIHN
nepcoHai. OJHAKO N0 HACTOSLIErO BPEMEHU TaKHUE HC-
CJICIOBaHUsI He OBUIM INPOBENEHBI, YTO 3aTPYAHSET OCy-
LIECTBIISITH 0OOCHOBAHHBIM M BCECTOPOHHHI BBIOOD 3JIEK-
TPOTIPOBOJSIIETO, (HPEPPOMArHUTHOTO MIJIM KaTyHIEYHOTO
stopst urst JIMOII.

Heabio cTaTbH SBISIETCS OICHKA BIUSHES I1apa-
MetpoB skopst JINIII Ha ero 3G peKTHBHOCTD MIpH yUeTe
CHJIOBBIX, CKOPOCTHBIX, KOHCTPYKTHBHBIX H 3KOJOTHYE-
CKHX IIOKa3aTeleH.

MatemaTuueckas moaeas. B JINOII npu Bo30yx-
neanu oT EHD Bo3HUKAIOT OBICTPOIIPOTEKAOIINE U B3a-
HNMOCBA3aHHBIC 3JICKTPOMArHUTHBIC U 3JICKTPOMEXaHUYEC-
CKHC MPOLCCChI, IMPOABIAOMIUECA IPpU TMCPEMCUICHUN
SIKOPSI OTHOCUTEJIBHO MHAYKTOpa. Peanmisanus maremaru-
yeckoit mogenu JIMDII ¢ ucnonb30BaHUEM TEOPHUU DIIEK-
TPUYECKUX LIETNIEd HE MO3BOJISIET B MOJIHONW MEPE ONMCATh
COBOKYITHOCTh TPOCTPAHCTBEHHO-BPEMEHHBIX IIPOILIECCOB
[8]. Ucxomss m3 STOrO, MCHONB3YyeTCS MaTeMaTHdecKas
mozens JIMOII, koTopasi OCHOBaHA Ha METOJIe KOHEUHBIX
3JIEMEHTOB.

ITockoneky paccmatpuBaemsie JIMSII umeror oce-
BYI0O CHMMETPHIO, TO LeJeCOO0pa3HO HCIOJIb30BATh
JBYXMEPHYIO MaTEMaTH4ecKyl0 MOJIENIb C IPOCTPAHCT-
BEHHO-pacrpeeieHHbIMU ntapamerpamu [3]. [nst ompe-

JIeJICHHsT DJIEKTPOMAarHUTHBIX mapamerpos JIMOII B 11u-
JUHAPUIECKON CHCTeMe KOOPIUHAT {7, Z} pacCUMTHIBACT-
Cs1 BEKTOPHBII MarHUTHBIHN MOTEHINAN 4 U3 YpaBHEHUS:

o 1 o)), o 1 o4 oM
or\ ru(B) or

a\uB) oz ) o

rae ((B) — MarHWTHas TMPOHUIAEMOCTb, 3aBUCSINAS OT
MHIYKIMH MarHUTHOTO 1oyt B eppOMarHUTHOrO Mate-
puana; ¢ — 3JEeKTPOIPOBOJHOCTh SIKOPSI U HHIYKTOPA;
Jn — IJIOTHOCTh TOKA B aKTHBHOM dJieMeHTe; n = | — uH-
JIEKC MHIYKTOpa; 1 = 2 — MHAEKC KaTyIIEYHOTO SKOPSL.
Cocrapisiomye BeKTopa MarHUTHOM MHIYKLIUU Ha-
XOOATCA 11O U3BECTHBIM COOTHOILICHUSM .
p - Lold) g 04 2)
r or

" oz
I'paHWYHBIMH  YCIIOBHSIMH CHCTEMBI  BBICTYIIACT
ypaBHeHHE 1 X A = 0, TIe 7 — eANHUYHBIA BEKTOP BHEII-
Hell HopManu K moBepxHOCTH. [ (heppOMAarHUTHBIX
MaTepHalioOB HUCIIOJb3YeTCs HENMHEiHas KpuBas Hamar-
HuuuBanus B = f(H).

Toxk B MUHAYKTOpE i ONUCHIBACTCS YPABHEHUEM:

. di 1r¢. N; dA
(R, +Ry)-jy +L€%+Ej‘lldt+71£d_tldv =0;

't 3
Eéll -dt =U0,

rae R, — akTMBHOE CONPOTUBIIEHHWE BHEIIHEH uenu; R —
AaKTHUBHOE COMNPOTHUBIICHUE WHAYKTOpA; L, — WHAYKTUB-
HOCTb BHemHed nenu; U, — HanpsbkeHue 3apsga EHO;
C — emxocts EHD; N, — uucino BUTKOB HMHIYKTOpA;
§ — IUIOLIAJb MONEPEYHOI0 CEUEHUs] MHIYKTOpa, IIPOHU-
3bIBa€Masi MArHUTHBIM ITOTOKOM; A; — MPOEKLHMsI BEKTOP-
HOTO MAarHWTHOTO TNOTEHIHANTa Ha HalpaBlieHHe 00xona
KOHTYpa; V' — 00beM HHIYKTOpa.

DNEeKTPOANHAMUYECKHE WM  JAJIEKTPOMArHUTHBIC
CUJIBbI, IEHCTBYIOLIME HA SIKOPb, HAXOIATCS C UCIIOJIB30-
BaHHUEM TEH30pa HaTsHKeHHs MakcBesia:

[ = 0,5§;[H(B-n)+ B(H-n)—n(H-B)]ds , @)
N
rae S — miuomanb, OrpaHUYUBAIONIAs MOIEPEUHOE Ceue-
HUE SIKOpS; 71 — €IUHUYHBIA BEKTOp HOpMAaJld K IOBEpPX-
HOCTH SIKOpSL.
Nmnynbe cuibl, ONpeleNsitolni CUIOBOE BO3JEH-
CTBHE Ha SKOPb CO CTOPOHBI HWHIYKTOpA, OMHCHIBACTCS
BBIPaKCHUEM:

t
F.=|fdt. 5)
0

CkopocTb v, sikops ¢ D BIONb OCH z ONMHUCHIBAeTCS
ypaBHeHHEM [3]:

d
(my +m, )% = £.(2) —kpAz(t) = kv, (1) -

~ 012577, 5, Daav2 (1),
rae m, — Macca sKops; m, — Macca U9; kp — koadurm-
EHT YIpyroctu Oy(QepHOro 3jeMeHTa, HalpUMep NpYKH-
HBIL, ky — K03()(OUIIMEHT THHAMHYECKOTO COMPOTHBIICHHS,
% — TJIOTHOCTh BO31yXa; [, — KO3((UINEHT adporHa-
MHYECKOT0 CONpOTHUBNIEHUS; D,.» — BHELIHUH IAUAMETP
AKOps; Az — BeMYMHA IEPEMELICHHS SIKOPSL.

(6)
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VYpasHenust (1) — (6) omuCHIBAIOT dIEKTpOMeEXa-
Huyeckue npoueccs B JINIDII npu HawaibHBIX yCIIOBH-
ax:  uJ0)=Uy; 1(0)=0; Az(0)=0; v.(0)=0, rne
u. — HanpsbkeHue EHO.

IIpu pacuere npeamnonsaraeM OTCYTCTBHE MEXaHHYe-
CKUX TepeMeleHui (0THa4n) WHAyKTOpa, aedopMariiu
3JIEMEHTOB M CTPOr0 aKCUAJIbHOE PACHOJI0XKEHUE U Iepe-
MEILEHHUE SIKOPSI OTHOCUTENLHO UHIYKTOpA.

Pemenune cuctemsr (1) — (6) momy4yaeM ¢ HCIOIB30-
BaHMEM METOAa KOHEYHBIX 3JIEMEHTOB IIPH WHTETPHUPOBa-
HUU TI0 IPOCTPAHCTBEHHBIM IIEPEMEHHBIM U YCOBEpPIICH-
CTBOBAaHHOTO MeToAa l'Wpa mTpH HWHTETPUPOBAHHH IO
BpeMeHHU. [IpH mepeMermeHnn SKOpsS MCIONB3YyeTCs «Jie-
dbopmupyemas» cerka. s pelICHHsS IOCTABICHHOM
3aaun ObuUIa pa3paboTaHa KOMIbIOTepHAs Moaeib JIMOIT
B mporpammuoM mnakere Comsol Multiphysics, KOTOpBIii
MMO3BOJISICT AJalTUBHO W3MEHATH CETKY W KOHTPOJHPO-
BaTh OIIUOKH MpH paboTe C pa3IMYHBIMH YUCICHHBIMHU
pewarensimu [9]. PacueTHbld ar no BpeMeHU aBTOMATH-
YEeCKH BaphUPOBAJICS B 3aBUCHMOCTH OT yCJIOBHUH CXOIH-
MOCTH W TIOKa3aTellel MOTPEIIHOCTH TOTYICHHBIX pellle-
Hu. Pelenre cucteMbl ypaBHEHUN TIPOU3BOAUTCS METO-
nom BDF (backward differentiation formula) ¢ ¢dukcupo-
BaHHBIM I1aroM IO BPEMEHHM, HEPAaBHOMEPHOM CETKOW W
ucmosib3oBanueM pematens PARDISO.

OcHoBHble mnapamerpsl JIUIIL. Paccmorpum
JINDII ¢ 3neKTponpoBOJSIIMM, KaTylleuHbIM U (eppo-
MAarHUTHBIM SIKOPSIMH, YW HEU3MEHHBIMH TrabapuTamH.
JINDII mmeeT KOAKCHATBHYIO KOH(GUTYpAIMIO U COIep-
skaT PO, OXBaTbIBAIOLIUMK HWHIYKTOpP C TOPLEBOM U Ha-
PYXHOi OOKOBBIX cTOpOH [6]. SIkoph BEIITONHEH B (hopme
IUIOCKOTO TTUCKA, OJHA U3 CTOPOH KOTOpPOTO ofpaiieHa K
HHAYKTOPY, a BTopas B3anMoeiicteyer ¢ 1D. OcHOBHBIE
napametpsl JINIIT:

Hnoyxkmop: Baemnuii tnametp D, =100 MM, BHYT-
penHuii nmuametp D;,;=10 MM, ceuyeHHEe MEIHOH ITUHBI
axb=1,8x4,8 MM>, KOJIM4ECTBO BUTKOB WHHBI N = 46 1T;

@)D: BbICOTA JHCKOBOTO OCHOBaHUS H3,=8 MM,
BHEIIHUH quamMeTp odevaiku D3y, 118 MM, BHYTpeHHHIH
muametrp odeqaiku D,zp, 102 MM.

EHD: emxocts C=2850 Mx®, Hanpspxenue Uy =400 B.
DNeKTpoHHAs cucTeMa (OpPMHUPYET —amnmeproaHYEeCKUA
AMIYJIbC BO3OYKICHHS HHIYKTOpPAa C HCHOJIH30BAHUEM
obparHoro auona [5].

Macca D m=0,5 xr.

D4 BBINONIHEH B BUI€ MACCUBHOTO MCKA U3 TEXHU-
yeckord meau, a D u DS BeITOIHEHBI M3 MArHUTOIU-
JJIEKTPHUKA ¢ MarHUTHBIMU cBoiicTBamu ctaimu Ct.10. K5
U WHAYKTOP BBIMOJHEHBI C OJWHAKOBBIMH T'€OMETpHYC-
CKMMH IIapaMEeTpaMH M HAaMOTaHbl MEJHOM UIMHOM.
B T1abn. 1 mpeacraBieHb!l OTIMYAIOLIUECS IMapaMeTpsl
anemenToB JINOII, 00ycioBIeHHbIE THIIOM SIKOPSL.

Bausinue BbICOTHI sikopsi HA moka3zatean JIMOIIL.
Onexkrpomexanmdeckue xapakrepuctuku JINIII ¢ 351, KA
u © npencrasnenst B padore [10]. PaccmoTpum BrmstHuE
BEICOTHI SIKOpeH ykazaHHbIX TuroB Ha JIMOII Ha makcu-
MaJIBHYIO CKOPOCTbH V), 1 BEMUUHY UMITYJIECA 3JIEKTPOIU-
HaMUYECKOM MJIM 3JIEKTPOMArHUTHOM CHJIBI, IEHCTBYIOLIECH
Ha sIKopb. HecMOTps Ha pa3nuyHOE CTPOEHHE MOJABIKHOTO
SKOpsl B paccMaTpuBaeMbIX MpeoOpa3oBaTeNsiX, B HHUX
MOYHO PEaN30BaTh PA3IMYHYIO BBICOTY IPU COXPaHEHHU
oCTaJIbHBIX mapameTpoB. Beicota D4 u @51 onpenensercs

BBICOTOH MEIHOTO U (peppOMArHUTHOrO JTUCKOB COOTBET-
ctBeHHO. Bricota K ompenensercst mMuMpuHON MUHBI TPU
HEU3MEHHOM KOJINYECTBE €€ BUTKOB.
Tabmumna 1
OTrmuuaromuecs napamerpsl JINOIT

TTokasarens, 0003HaUEHHE, EAMHULA H3ME- Tun sixopst JINOIT

peHus K | @A | D4
Bricota unnykropa, Hy, MM 5 10 | 10
Buemnuii auamerp skops, D,,p, MM 100 | 118 | 100
BuyTtpennuit nuamerp sikops, D;,p, MM 10 0 6
Bericora sikopst, H,, MM 5 5 2,5

HauaneHoe paccTosiHie MEXAYy HHAYKTO-
pOM H sikopeM, Azy, MM

Macca sixopsi, m,, KT 0,345(0,535/0,205
Bricora obeuaiiku @D, MM Hyy, 24 | 21 | 24

1 5 1

[Ipu 3TOM cedeHne MMHBI WHAYKTOpPA OCTaeTCs He-
W3MEHHBIM. BBelmeM Oe3pa3MepHBIi TeOMETpHUUECKUN
mapameTp, XapaKTepU3YIOIINI BEICOTY SKOPS:
_H

Hy

PaccmoTpuM nnamna3oH U3MEHEHUs BBICOTHI SIKOpEH,
B KOTOPOM HaXOJAUTCSI MAaKCHUMyM CKOPOCTH sxops ¢ 1D
Vi (puc. 1). Ilpu yBenudeHUH BBICOTHI SIKOPSI BO BCEX
JIN3II npoucxoauT yBenuueHre uMIyibca cuisl F,. Ilpu
M3MEHEHUU TeomeTpuyeckoro napamerpa € KA ot 0,2 go
1,2 BenuunHa ummynbca cuisl I, Bo3pacraet B 2,03 pasa.
[Ipu m3menenun reomerpudeckoro napamerpa ¢ O or
0,4 no 1,4 Benmuuna F, Bo3pactaeT B 2,52 paza. A mpu
n3MeHeHnn napametpa ¢ 94 ot 0,1 go 0,5 BenmnumHa F,
Bo3pacrtaet B 1,94 paza. Takum obOpas3oM, mpu yBenuye-
HUW BBICOTHI paccMaTpuBaeMbIX THIOB sikope B JIMOII
BeMunHa uMmyisca DJ1Y F, Bo3pacraeTr, HO B pa3HOU
Mepe.

IIpun yBenMuYeHHH BBICOTHI SIKOPSI HPOHCXOIUT H
YBEJIMUYEHUE €ro Macchl. JTO 00yClaBIMBaeT TO, 4YTO,
MakcuMajbHasi cKopocTh sikops ¢ D V), or yka3aHHOMU
BBICOTHI MMEET Ooiee CIO0XKHYI0 3aBUCHMOCTb. Makcu-
MaJlbHbIe 3HAYEHUS CKOPOCTEH paccMaTpUBAEMbIX TUIIOB
sxopeit JIMOII peanu3yroTcst pu pa3IMYHON MX BBICOTE,
KOTOpas JUId HHUX SBJSIETCS HawOojee paldOHAIbHOM.
Hammenee HHM3KHMM, ¢ 3TOW TOYKHU 3peHHA, SBIsIeTCS D51
(Hy=2,2 M), a Haubonee BoicokuM — O (H,=10,5 mm).
B KS makcumansHast CKOPOCTh peannu3yeTcs MpH SIKOpe,
panuoHanbpHasi BEICOTa KOTOporo H,=6,1 Mm.

B Tabn. 2 npeacraBieHbl 3HAUEHUS UMITYJIbCA CHIIBI
F, 1 makcumanbHOM cKOpocTH V), IKOpsl IpU palioHaIIb-
HOW €ro BBICOTE, KOTOpask MPeJCTaBIeHA B BUJE I€OMET-
puueckoro napamerpa ¢. Kak cienyer U3 HOTy4EeHHBIX
pe3yabTaTOB, NMPH PALUOHAIBHONW BBICOTE SIKOPS HaU-
Oompmas ckopocts pazpuBaercs B JIMOII ¢ KS, a Ham-
mMenbmas — B JINOII ¢ D4. B JIUJII ¢ KA u ©A peanu-
3YIOTCS TPAKTHYECKH OJUHAKOBHIC 3HAYCHUS HMITYJIIbCA
ANEKTPOAMHAMUYECKON U 3IIEKTPOMATHUTHOW CHIIBIL, B TO
Bpems kak B JIMDII ¢ D ummynbc 3nmekTpoArHaAMIYeE-
ckoii cuitbl B 1,52 pa3a MeHbIIIe.

Ha puc. 2 nokaszaHo pacrnpezaeneHne HHIYKIMU Mar-
HUTHOTO TIOJII B MOMEHT Makcumyma cuibl B JIMOII ¢
pasnuuHbiME TUIIaMU sikoped. B JIMDII ¢ D5 naubomb-
11asi UHAYKLIUS MarHUTHOTO IIOJIE UMEET MECTO B 3a30pe
MEXJy MHIYKTOpOM U sikopeM. [Ipu 3ToM Ha Hapy>KHOH

&
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MOBEPXHOCTH SIKOPSI TOJIE MPAKTUYECKH IMOJHOCTHIO JK-
panupoBaHo. B JIMDII ¢ K wauGonbiuas HHAYKIHS
MAardvuTHOTO IOJIA MOABJIACTCA MCKAY AKOPEM U HHIAYK-
TOPOM, TI0 KOTOPBIM IPOTEKACT OJMH M TOT XK€ TOK. [Ipu
OTOM YaCTHUYHO MAruTHOC II0JIC BBIXOAWT 3a IOBCPX-

F; Hc; Vi, M/c

F, . He; Vi, M/

HocTh sikopsi. B JIMOJII ¢ @S makcumanbHas MHIYKIHS
MarHUTHOTO TIOJII BO3HUKAET BO BHYTPEHHEM LMIHHAPH-
YCCKOM cepneqHMKe, KOTOprﬁ OXBaTbIBACTCA I/IHI[yKTO-
pom. Ilpu 3TOM HAOIIOAACTCS 3HAYMTEIIBHAS WHIYKIUSL
TIOJISL PaCCEsIHHUSL.

F; He: Vi, m/c
12

12

Vi .
I)'
9 //+;><:“ S .

Vin

P
o ]

[} &}
s /
3 3 3
0 0 0
0.2 0.7 g0e. 12 04 09 goe 14 01 0,3 €, 0.8. 05
a o 8

Puc. 1. I3mMeHeHne uMItyibca CUiIbl £, 1 MaKCUMalIbHOH ckopocTH V), sikopst ¢ 1D B 3aBUCHMOCTH OT BETMUUHBI TapaMeTpa & AJIs:
KA (a), @A (6), 24 (8)

Tabmauna 2
3nauenus F, u V,, JINOII ¢ pa3nuyHbIMH TUIIAMH SIKOPEH
[IPH PallMOHAJILHOM 3HAYEHHH MapaMeTpa €

Tum sikopst e, 0.e. F., Hc Vi, M/C
251 0,22 6,1 9,32
Ks 0,61 9,3 10,32
(o) 1,05 9,3 9,75

Kak mMoka3blBaroT pacyersl, JJIEKTPOMEXaHHYECKHE
TIPOIIeCCH TpoTeKaroT Hanbonee OpicTpo B JIMDII ¢ KA, a

TOK B I/IH):lyKTOpC 158 SHCKTpOIlI/IHaMI/I‘-IeCKI/Ie CUJIbI HpI/IHI/I-
MaroT Haubombimue 3HaYeHus. B JIMOII ¢ @S snexrpome-
XaHUYECKUE TPOLECCHl MPOTEKAIOT HauOoJiee MEIJICHHO,
MPUYEM MaKCHMAITbHAS BEJTMYMHA SJICKTPOMATHUTHBIX CHII
3peck HamMeHbmast. Ckxopoctu JIMJII ¢ KA u 34, toe
JEUCTBYIOT AIIEKTPOJMHAMHYCCKUAE CHIIBI OTTAIKWBAHUA,
MOCJIE PE3KOTO HAYAIBHOTO BO3PACTAHUS MPAKTHIECKH HE
merstorces. B JIMDII ¢ @S, roe nelcTByeT aieKTpomar-

HHUTHAsl CWJIA TIPUTSDKCHUS, YKa3aHHAash CKOPOCTh MOCTOSTH-
HO pacTeT JI0 MOMEHTa coyaapenust sikops ¢ 3.

a 0

Puc. 2. Pactipenenenus naaykiuii MarautHeIx noseit B JIUDIT ¢ 94 (a), KA (6) n @4 (8) B MOMEHT MakCUMyMa CHIIbL:
1 — ungyxTop, 2 — sIKOpB, 3 — DD

Ouenka 3¢¢dexruBnoctu JIUII. [Ins oueHku
JIMDII ¢ pa3snuYHBIMA THIIAMH SKOPEW, MMEIOIINX pa-
LMOHAJIBHYIO BBICOTY, IPH KOTOPOH pa3BUBAETCS Hau-
Oonpmas ckopocTh skopsi ¢ 1D, BBegeM MHTETpaNbHBINA
nokasarens dbdexrusroctr K [11]. DToT mokasarens B
OTHOCHUTEJIbHOM BH/E YYUTHIBAET CHIOBBIE, CKOPOCTHBIE,
SHEPreTUYECKUe, HIEKTPUUECKUE M MOJEBble (MHAYKIMSA
MarHUTHOTO I10JISl PACCESIHUS ) TOKa3aTeIH:

* * * * a4 CZS
K =B ayfom + oV +3Wy, Tt )
Jim  Bex

TZ€ ji,, — MakCHUMalbHasl IUIOTHOCTh TOKA B HMHIYKTOPE,
fom — MaxkCHMalIbHOE 3HAa4Y€HHE CHJIbI, JISHCTBYIOLIEH Ha

MOJIBMKHBINA SIKOPh CO CTOPOHBI MHAYKTOpA, V;,, — MakcH-
MaJbHOE 3HaYeHHE CKOpocTH sikops ¢ U3, Wy, — kuHeTH-
gyeckas 3Heprus, pazsuBaemast JINIJII, B,, — ycpenHeHHOE
3HaYCHWE WHAYKIAHM MAarHUTHOTO TIOJSI pacCesHUs,
B — xodhduUIMEHT HaTEKHOCTH SIKOPS, & — BECOBBIE KO-
3¢ GUIMEHTH COOTBETCTBYIOMMX moKa3ateneit JIMOII,
YAOBJIETBOPSIONINE COOTHOIICHHIO:

5
Zajzl.
Jj=1

YcepenHeHHoe 3Haue€HHWEe MHAYKIMKW MarHuTHOTO I0-
sl paccesiHusl B, pacCUUTHIBAETCSI HA KOHTYPE, PacIoio-
’)KEHHOM Ha paccTosiHuu 2H| OT HIDKHEW TOpILEBOH H

&)
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OOKOBOH CTOPOH W Ha paccTosiHuH 4H| OT BEpXHEH CTO-
POHBI HHIYKTOPA.

Bce nokazatenu JIMOII HOpMHUPOBaHBI OTHOCHUTENb-
Ho JIUDII ¢ D5 u ormedeHs! 3Be309KamMu. Takum oOpa-
30M, MHTErpaJIbHbIA Tokaszarens d¢ddexrnBHocTH JIMDII
cDAK=1.

Hcnonp3yem ko3 dunuentsr HamexxHoct s DS
p=12, a2 =1, ma KA g = 0,8. IloBeimeHHas
HagexHocTh DS 00yciioBIeHa KOHCTPYKIMEH MacCHBHO-
ro geppoMarHUTHOTO AWCKa. boiee HU3Kas HAAEKHOCTH
351 obycnoBieHa MeHee YCTOHYMBOW K AJIEKTPOAMHAMHU-
YECKHM CHJIaM KOHCTPYKIIMH TOHKOCTEHHOTO MEIHOTO
mucka. Eme Gonee Hu3kas HagesxxHocTs K5 obycrnoBiena
HaJIMYMeM IOABMKHOTO KOHTaKTa MEXAY MHAYKTOPOM U
SIKOPEM, KOTOPBIA BBINIOJIHEH B BHJI€ MHOT'OBUTKOBOM
KaTyILKH, KOMIIayHAUPOBAHHOM 3MIOKCUJHONU CMOJIOH.

PaccMOTprM  HECKOJIBKO BapHaHTOB  CTPaTETHH
ouenkn 3¢pextuBHoctr JIMIII (Tadn. 3). Ipuopwurer-
HocTh nokazarens JIMOII oueHuBaeTcst BEIMYUMHON COOT-
BETCTBYIOLIET0 BECOBOI0 Kod(hduuueHra a;.

Tabmuua 3

BapuaHTbI CTpaTeriy OLCHKH U 3HAYCHUS HHTErPAIIBHOTO MOKa-
3atenst addexrrBHOCTH JIVDII ¢ S u ¢ KA, o.e.
.

Bapuanr | o 0y 03 Oy s K K

(c @A) | (c KA)

1 0210210202102 0,703 1,518

11 0.4 |0.15]0.15|0.15]0.15| 0,656 1,556

111 0,15| 0,4 |0,15/0,15]0,15| 0,676 1,335
v 0,1510,15| 0,4 [0,15]0,15| 0,720 1,474

\ 0,1510,15]0,15| 0,4 | 0,15| 0,829 1,218
VI 0,15(0,15(0,15|0,15| 0,4 0,631 2,004
VII 0,35 0,1 | 0,1 | 0,1 |0,35| 0,584 2,043
VIII 0,11035| 0,1 | 0,1 {035 0,605 1,822

B Bapuante ctpareruu VII, npu KOTOpOM HauBBIC-
UMM IPUOPUTET OTAAH AMILIUTYIE CUIIbIL, JCHCTBYIOLIEH
Ha SIKOpb, U BEJIMYMHE WHAYKIMU MarHUTHOTO MOJIsL pac-
cestaus, 3¢dexruBrocts JIMDIT ¢ ®S HammeHbimas, a
a¢pextuBHOCTh JIUIII ¢ KS — Hanbonpmas. B BapuanTe
CTpaTerul V, IPHU KOTOPOM HAWBBICIINHA HPUOPHUTET OT-
JaH BEIMYMHE WMIIyJIbCca TOKa HHIYKTOPa, 3(P(EeKTHB-
HOocTh JIUDII ¢ DA wambompmast, a 3¢p¢PEeKTUBHOCTH
JINDII ¢ K nanmeHsbIIas.

Takum 00pa3oM, MpU BCEX CTPATETHSAX OIEHKH (-
¢dexTuBHOCTH Hambonee ¢ dexTuBHBIM siBisieTcs JIMOIT
¢ K4, naxe HecMOTpst Ha €ro KOHCTPYKTHBHYIO CIOX-
HOCTb, a HanMeHee 3¢ pekTuBHBIM siBissercs JINOII ¢ DS,
XOTsI OH SIBJISIETCSl KOHCTPYKTHBHO HanOoIIee MpoCThIM.

BeiBoabI.

1. Pa3zpaborana marematumueckas monenb JINIII, omwm-
CBIBafOIIasi OBICTPOIIPOTEKAIOIINE W B3aWMOCBS3aHHEIC
AJIEKTPOMArHUTHBIE M AJIEKTPOMEXAaHMUECKUE TIPOIIECCHI,
TIPOSBIISFOIINECS] TIPU TIEPEMEIICHUN SKOPS OTHOCHUTEIb-
HO MHAYKTOpa, KOTOPBIi Bo30yxmaetrcs or EHO.

2. Iloka3aHo, 4TO MPH yBEITMYEHHH BBICOTHI 3JIEKTPO-
MIPOBOASIIETO, KATYIIEYHOTO 1 (PepPPOMArHUTHOTO SIKOpEr
JIMDII mpoucxouT yBEINYEHUE UMITYJIbCA CHIIBI.

3. Haubomnbmmas ckopocts pazsuBaercs B JINIII ¢ KA,
a HanMenbias — B JIUDII ¢ 24. B JIUDII ¢ KA u A
peanu3yroTcs MPAKTUYECKH OAMHAKOBBIE 3HAUEHHS] HM-
MyJbca JJIEKTPOAUHAMHYECKOH U  DIIEKTPOMArHUTHOU
cuibl, B To Bpems kak B JIUDII ¢ D5 umnysnbc 3maekTpo-
JMHAMU4eCKOU cuibl B 1,52 pa3a MeHbLUE.

4. C WCHOJIb30BaHWEM HWHTETPAIBHOTO TOKa3aTels
3¢ ()EKTUBHOCTH, KOTOPBIH B OTHOCHTEIBHOM BHIE
YUYUTBIBAET CHUJIOBBIE, CKOPOCTHBIE, JHEPreTHUYECKUE,
AJIEKTPUUECKHE U TOJIEBbIe MOKA3aTeNH, YCTaHOBJIEHO,
4YTO TIPU BCEX CTpPaTerusx OLEHKH Haubosee sddex-
tuBHbIM siBasieTcst JIMOII ¢ K5, naxe necMoTps Ha ero
KOHCTPYKTHBHYIO CIIO)KHOCTh, a HauMmeHee 3¢ (eKTus-
HbIM siByisiercst JIUOII ¢ @, xoTa oH sABIsSETCA KOHCT-
PYKTUBHO HanOoJiee MPOCTBIM.
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Influence of armature parameters of a linear pulse
electromechanical converter on its efficiency.

Purpose. The evaluation of the effect of armature parameters on the
efficiency of a linear pulsed electromechanical converter, taking
into account the power, speed, constructive and environmental
parameters. Methodology. First, the height of the electrically con-
ductive, coil and ferromagnetic armature of a linear pulse electro-
mechanical converter is determined, at which the highest velocity
develops. An integral efficiency index is introduced, which takes into
account, in a relative way, the power, speed, energy, electrical and
field characteristics of the converter. Variants of the efficiency
evaluation strategy are used that take into account the priority of
each indicator of a linear pulse electromechanical converter using
the appropriate weighting factor in the integral efficiency index.
Results. A mathematical model of a linear pulsed electromechanical
converter is developed. It is established that as the height of the
electroconductive, coil and ferromagnetic armature increases, the
force pulse increases. The greatest speed develops with the use of a
coil armature, and the smallest with an electroconductive armature.
In the converter with coil and ferromagnetic armature, practically
the same values of the electrodynamic and electromagnetic force
pulse are realized, while in the converter the electrodynamic force is
1.52 times smaller in the converter by the electrically conductive
armature. It is established that with all efficiency evaluation strate-
gies, the converter with a coil armature is the most effective, even in
spite of its constructive complexity, and the converter with a ferro-
magnetic armature is the least effective, although it is constructively
the simplest. Originality. For the first time, using the integral effi-
ciency index, which takes into account the power, speed, energy,
electrical and field indices in a relative way, it is established that
with all efficiency evaluation strategies, the converter with a coil
armature is the most effective, and the converter with a ferromag-
netic anchor is the least effective. Practical value. The height of the
electrically conductive, coil and ferromagnetic armature of a linear
pulse electromechanical converter is determined, at which the
highest speed develops. It is shown that when using an electrically
conductive armature, the value of the electrodynamic force pulse is
lower than when using a coil and ferromagnetic armature. It is
established that the comverter with a coil armature is the most
efficient, and the converter with a ferromagnetic armature is the
least effective. References 11, tables 3, figures 2.

Key words: linear pulse electromechanical converter,
mathematical model, electrically conductive, coil and ferro-
magnetic armature, integral efficiency index, efficiency
evaluation strategy.
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DETERMINATION OF RAILWAY ROLLING STOCK OPTIMAL MOVEMENT MODES

Purpose. To develop a methodology for simulating of an electromotive railway rolling stock in terms of power-optimal modes on a
track with a given profile and a set motion graph. Methodology. We have used combined genetic algorithm to determine optimum
modes of an electromotive railway rolling stock motion: a global search is performed by a genetic algorithm with a one-point
crossover and roulette selection. At the final stage of the optimization procedure we have used Nelder-Mead method for the
refinement of the optimum. Results. We have obtained that traction motor on a tramcar, while driving on a fixed site, has an
excessive power of the cooling system. Its using only in the considered area allows to modernize the cooling system in the way of
its power reducing, which in turn provides an opportunity to increase the overall efficiency of the electromotive railway rolling
stock. Originality. For the first time, we have obtained the train motion equation in the program-oriented form. This allows to use
it for determination of electromotive railway rolling stock optimal control laws according to the Hamilton-Jacobi-Bellman
method. Practical value. We have made the computer program to determine optimum modes of an electromotive railway rolling
stock motion. The experimental studies of program results for the track section have confirmed the adequacy of the model, which
allows to solve the traffic modes optimization problem for the tram track sections and increase the overall efficiency of the
electromotive railway rolling stock. References 19, figures 3.

Key words: electromotive railway rolling stock, genetic algorithm, cooling system, traction motor, tramcar, control laws,
optimization problem, efficiency.

Pazpabomana memoouxka MOOeIUPOBAHUA OGUIHCEHUA ACUHXPOHHO20 MA206020 O0uUzamMena Npu  OBUNCEHUU
INIEKMPONOOBUINCHO20 COCMABA NO IHEPZOONMUMANLHBIM PEHCUMAM HA YUACMKe RNymu ¢ 3a0AGHHBIM npodunem u
YCMAHOGIEHHBIM 2paPuKkom deudcenun. Onpeodesenvl ONMUMATIbHBLE PEHCUMbBL OGUNCEHUA ITIEKMPONOOBUNICHO20 COCMABA
Ha ochoge memooa I'amunvmona-AAxoou-bennmana. Onpedenenue pexcumos pabomsl mazo08020 NPuUe0Oa NPeodi0HceHO
npo6ooums 3apanee HA OCHOGAHUN PEeULeHUA 3A0aiU YCIA06HOI ORMUMUAUUL €20 pedcumos. Onpedenenue ONMUMATbHBIX
perxcumos pabomol ma206020 npugooOa ObvlIO0 NPOEEOEHO HA OCHOBE KOMOUHUPOBAHHBIX MEMOO0E8 YCIOE6HOU MUHUMUZAUUU
¢yukyuu. Henonvzoeanue npednazaemoii memoouxku nozeonaem nosvicumsy oowuit KIIJ[ snexkmponoosusxicnozo cocmasa.
bubn. 19, puc. 3.

Kniouesvie cnosa: 3MeKTPONOABUKHOI COCTAB, TeHeTHYECKUI aIrOPHTM, CHCTEMA OXJIA:KAEHMsI, TATOBBI JBUraTe/lb, BATOH
TpaMBasi, 3aKOHBI yIIPABJICHHs, IPo0IeMa ONTHMU3ALNUH, KOIPPHIHEHT N0/1e3HOr0 AeiCTBHA.

Introduction. The processes of energy conversion
in traction electromechanical converters (traction motors)
relate to constant losses in different elements of its
construction. The most of power loss are caused by
physical processes of energy conversion [1-5]. The
temperature of the traction motors design parts increases
with the operating time and may exceed the permissible
design limitations. This is especially true for the windings
insulation temperature, which is limited to the thermal
class of applied insulation [2-5]. To reduce the
temperature on traction motors, cooling systems that
increase the efficiency of the heat transfer of the motor
construction components are used.

However, cooling systems need additional costs for
their efficient work, which in turn reduces the efficiency
of the electric vehicle in general. Thus, the creation of an
efficient cooling system for electromotive vehicles is one
of the most important scientific and technical problems
solved by many leading scientists in the field of railway
transport [1-5].

The following ways are possible to solve this
problem: reduction of losses in the elements of traction
motors design and increase of efficiency of the cooling
system. Optimization of traction motors designing
processes, which is common in most enterprises of
leading electrotechnical manufacturers, allows to create
traction motors optimal by their efficiency [1].

However, the modes of their operation on the
electromotive railway rolling stock (ERRS), which moves
at different speeds and under different load conditions,
significantly reduce its overall efficiency [1, 6-12].

Determination of optimal motion modes by energy
consumption criteria can improve the efficiency of the
cooling system of traction motors [1, 6-12].

The paper considers the solution of this problem for
the most common motors in production now — an
asynchronous traction motors (ATM) on the base of
Hamilton-Jacobi-Bellman method.

The aim of the paper to improve the methodology
of an electromotive railway rolling stock simulation in
terms of power-optimal modes on a track with a given
profile and a set motion graph.

The task of optimizing of the traction drive
modes. The basic states of the simulation method for the
electromotive rolling stock in terms of power-optimum
modes at the track with a given profile and a fixed motion
graph and initial developments were described in papers
[17, 18]. In this paper we present the results of further
authors researches that were begun in previous works.

The determination of the ATM-SVI circuit
efficiency based on the approaches proposed in the works
[1, 13] is carried out, which include the following: to
solve the problem of determining the optimal modes of
the traction drive, four problems of the conditional
optimization of the parameters of the traction drive must
be solved (in acceleration modes U,, = 1, regenerative
braking mode U,, = 5, maintaining mode of a given
movement speed U,, =2.3).

The efficiency of the traction drive in a certain mode
of its work will be evaluated according to the criterion of
maximum of its efficiency, subject to compliance with the
requirements imposed by the operation modes.

© O. Petrenko, B. Liubarskiy, V. Pliugin
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Therefore, the task of determining the efficiency of
the traction drive is to find the extremum of the drive
factor function.

The efficiency of the traction drive (Fig. 1) can be
given under the next equation:

U,, =1 U,y =2
m — max,
F; — max 1
15| <A 1Fal <[l
V<Y v< vlnaX
Fd >nz)ax Fd >0
m= (1)
Up=3 |Jor™>
p 9
- s max m — max,
(Ey| < |y, 4 7
A <
max
F < 0 v< Vmax
R F; <0

where 77; — efficiency of the asynchronous traction motor

(ATM) circuit — standalone voltage inverter (SVI), U,, —
the operation mode of an electromotive railway rolling
stock (ERRS), F; — traction or braking force created by
ERRS, F; — limitation for engagement force of wheel-

rail contact, v — railway rolling stock speed, Vi —
constructive movement speed. U,, = 4 — outburst mode is
an idle mode, so it is not considered in determining of
drive efficiency.

For each of these tasks, it is necessary to consider
two modes: the use of single-time or spatial-vector pulse-
width modulation (PWM). The mode of acceleration and
regenerative braking are similar. Apply the method of
vector objective functions proposed in [1, 14]. As a target
function for the acceleration mode, we select a vector
function with the next parameters:

P 1-7; — min, 2
e —-F; > min, |

The first component is chosen in such way that when
it is minimized, the maximization of the efficiency of the
traction drive can be obtained.

For regenerative braking mode, the vector target
function has the form:

1 -7, — min,
Fas=| " 3)
y — min,

For a given speed maintaining mode we select as a
target function:

Fe3=Feq=1-m — min . )

The value of losses, and hence the efficiency of the
drive, can be determined based on the slip of the traction
motor, the motor voltage (phase or line) and the rotation
speed. Because the operating modes are determined for all
motion speeds (ATD rotation speeds), the rotation speed
is a predetermined constant given in solving problem of
finding the optimal traction drive operation mode.

Thus, the target functions to determine the traction
drive optimal operating modes were chosen, which allow
to find the optimal traction drive modes when different
PWM modes are using.

The general formulation of an optimal control in real
time in [13] is described.

Software-oriented model of the ERRS motion. As
an optimization method, a combined genetic algorithm
was chosen: a global search is performed by a genetic
algorithm with a one-point crossover and roulette
selection. At the final stage of the optimization procedure,
the refinement of the optimum by the Nelder-Mead
method is carried out [1, 13-19].

Let us consider the representation of the train motion
equation in the program-oriented form, which will allow
to use it for determination of the optimal control laws
according to the Hamilton-Jacobi-Bellman method.

In this paper, the forces and supports are calculated
as follows:

Acceleration force F4 (for one time step)

Fi=m v(t)—v(t —tstep) , 5)
tstep

where m — train weight, a conjunction;

g w(t) —V(t —tstep)

6
tstep ©)

where a — the equivalent constant acceleration, which is
subjected to a train at a speed difference W) — Ut — tstep)
in one time step, due to the assumption that for each time
step the acceleration is constant and the speed is linearly
dependent on the time for each time step.

The main resistance to rolling F,, (for one time step).

Since the velocity is linearly dependent on the time
for each transition (time step), the rolling resistance for
each time step can be calculated according to the average

speed step and is equal to:
v(t) + v(t —tstep)
Vavg = fp : (7

Thus, the main motion resistance for each time step
will be:
2
Fop =, +b vy, +¢ Vg, ®)

where a,,, b, ¢ — coefficients which for the tram car T-3
VPA with a full load 30000 kg have the following values:
1500 N, 0 N-c/m, and 1.5 N-c*/m accordingly.
As a result, the force for ERRS moving on #step:
Eot:(1+7)FA+Frr+Ev+Frk' ©
where Fy, F,;, — resistance forces from the slopes and
curves determined by the following equations:

1

F.=m , 10

s=ME 1000 (10)
c

F, = r0 ) 11

rk R_c”m ( )

where ¢y, ¢,;— constants, determined by [15]; R — radius
of the curve, i — slope, g — gravitational acceleration.

The required energy for movement on fstep,
considering the limitations and the assumption that the
velocity changes linearly over time, using [15] is listed
below.
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For the time step from the state n—1 to the state n,
from the equation of equally accelerated motion, the
traveled distance can be obtained by equations (13).

(1+7/)FA+arr+
+bvavg+
sign ¢
E= ol v, +—20 gy X
t=tstep (’71 )szgn e R_Crl
i
+mg——
1000 (12)

8 v(t)+v(t —tstep) )
2
I+ EF +a, +b*v,, +

tstep

i <

1000

c
+c*v§v +—"0 mimg
g R—Cl

.

<9.81k;m-1000

where k; — the coefficient of clutch, which for the tram

is 0.16, v,,, —average speed per step.
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, e R
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Ax,

n

Ax, =v,_1 At, +%vn At, _%Vn—l At, = (13)

1
Ax, = 5 (vn—l + Vn)Atn =
1
Xp = Xp-1= 5 (vn—l +v, ) At, =

1
Xn = Xp—1 +E (Vn—l + Vn) At .

where x, Vv, a, — position of the train, its speed and
acceleration at n step.
For one hour step we have:

(14)

where x, — final position of the train for one tstep;
X, s1ep — the initial position of the train for one #step.

1
X = X—istep +5 (Vt—tstep + v,)tstep )

Electromechanical
Output Converter Converter
3 11 o
(g
ATM

Fig. 1. The typical scheme of traction drive

Expression (14) gives the final position of the train
for transfer, when the initial position, the initial and final
velocities are known, as well as the value of the time step.

Thus, the resulting equations (12 — 14) allow to
improve the simulation method of the electromotive
rolling stock in terms of energy optimum modes.

The solution of the traffic modes optimization
problem for the track section from the tram depot
«Saltovske» to the turning circle of 602 district in
Kharkiv and in the reverse direction was carried out. The
results of solving the traction problem with tram traffic in

optimal mode on Fig. 2 are shown. According to the
results of solving the traction problem, the losses in the
elements of the traction motor design on Fig. 3 are shown.

By means of a comparative analysis of
experimentally determined and computing traction
characteristics and efficiency values, the adequacy of the
proposed mathematical model for the drive efficiency
determination of the was established.

The maximum deviation in the calculation of losses
is 7.42 %, which is quite acceptable for the carried-out
calculations.
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Fig. 2. The solution results of the traction movement task for the tramcar T-3VPA with traction motor AD931 on the track section
from the tram depot «Saltovske» to the turning circle of 602 district in Kharkiv and in the reverse direction:

1 —movement speed (), km/h ; 2 — speed limitation , km/h; 3 — traction force, (£),) kN; 4 — movement time (¢), min, 5 — losses (E), kW-h

4000 T T T T T T

2000

0 i i
0 2000 4000 6000 2000 12000 f ¢
Fig. 3. Loses in traction motor: 1 — core loss Py, W; 2 — rotor loss P,, W; 3 — copper losses in stator winding at a slot part P3, W;

4 — copper losses in stator winding at a front part P4, W; 5 — mechanical losses Ps, W

10000
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Conclusions.

1. Using the genetic algorithm and the Yakobi-
Hamilton-Belman method the calculated ratios for the
determination of the railway electromotive traction drive
efficiency are obtained. On this base the methodology of
ATM motion simulation during the movement of the
electromotive rolling stock according to the power-
optimal regimes on the track section with the given graph
and the set motion schedule is improved.

2. The adequacy of the obtained equations, which
determine the efficiency both the maximum efficiency
value of the ATM-SVI circuit in different operating
modes under the coupling constraints, and constructive
speed, is confirmed by the results of the experiment on
the section of the tramway from the depot «Saltovske» to
the turning circle of 602 district in Kharkiv. The
maximum deviation in the calculation of losses does not
exceed 7.42 %.

3. According to the results of solved traction problem,
the change in losses in the elements of the traction tram
traction design was first determined.

4. The use of advanced methodology is proposed to be
carried out in advance based on solving the problem of
work modes conditional optimization.
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B.A. fposenko, I1.C. YepHukon

METO/J PACYHETA HEPEXO/JHBIX PEZKUMOB
I'PEBHBIX 3JIEKTPOHEPI'ETHYECKHUX YCTAHOBOK 3JIEKTPOXO/10B

Memoto pooomu € po3podka memooa po3paxyHKy ReEPexiOHUX pexcumie ZpedHuUx eneKmpoeHepzemuyHux YCmanoeoK y CKuaoi
cyonosux nponyiscugnux Komniexcie. Memoouxa. Ha manespax mpueanocmi nepexioHux pe;cumis 6 el1eKmpoeHepzemudnii
ycmanosyi cymiphi 3 nepexionumu pexcumamu pooomu cyona. Tomy ananiz manespenux pexcumie it pooomu ciio npoeooumu 6
€OHocmi 3 ycima cKAadosuMu YaCMUHAMU CYOHOB020 NPONYILCUBHO20 KomnieKcy. Pesynomamu. Po3pooneni ymounena mame-
Mamu4yHa Mooeny i Memoo po3PaxyHKy nepexioHux pexcumis 6cix cKnadogux 4acmun nPonyaIbCUBHO20 KOMNIEKCY e1eKmpoxo-
0a na manegpax. 3naiioeno 6e3po3mipni napamempu Komniexcy. Bonu euznauaiomo ocnoeni nokasnuku AKOCmi Manespyeantsi.
Aoexeammuicmo mooeni i Memoody po3paxyHKy RiOmMeEeposHceHO NOPIGHAHHAM DPe3yibmamie MamemMamuiHo20 MoO0eal06anns 3
Hamyprhumu excnepumenmamu. Haykoea nosuzna. Memoo po3paxynky 00368011€ po3paxosyeamu OUHAMIUHI pexcumu pooomu
6CIX CK1A006UX YACMUH HPONYIbCUBHO20 KOMNAEKCY. 3'A6NAECMbCA MOMHCIUGICINb NPOEKMYSAHHA 2PEOHUX eNleKmpOoeHepzemuy-
HUX YCMAHOB0K NO KIHUEeOMYy pe3yibmamy — 3a ROKA3ZHUKAMu aKocmi manespysannsa cyoua. Ilpakmuune 3nauenns. Memoo
PO3DAXYHKY 00360JIA€ NPOBOOUMU BCEHIUHI 0OCTIIONCEHNS NPONYIbCUGHUX KOMNJIEKCI6 HA MAHEBPAX | 3HAXOOUMU MOHCIUCOCHIL
nioguuieHHa ManeepeHocmi earekmpoxoodie. bioin. 21, tabdmn. 2, puc. 3.

Knmiouogi cnosa: enekTpoeHepreTHYHA yCTAHOBKA €JIEKTPOX01a, MaTeMAaTHIHA MO/IeJIb IIePeXiTHUX PesKNMiB, METO PO3PaxyHKY.

Lenvio pabomot snsemcs papadomka Memooa pacuema nepexoOHbIX PENCUMO8 ZPEOHBIX IIEKMPOIHEPEMUYECKUX YCIAHO80K
6 cocmasge cy008vlX HPONYIbCUGHBIX KOMNaeKkcos. Memoouka. Ha maneepax npooonscumenbHOCHU NEPEXOOHBIX PEHCUMOE 6
INEKMPOIHEPZEMUYECKOU YCIAHOBKE COUMEPUMBL C NEPEeX0OHbIMU pexcumamu padomol cyoua. Iloamomy ananusz manespen-
HBIX pexcumos ee padomol ciedyem npoeooUms ¢ eOUHCHEE CO 6CEMU COCIMAGHLIMU YACMAMU CYO08020 NPONYIbCUBHO20 KOM-
nnexca. Pesynomameot. Paspabomansl ymouneHnas mamemamuieckas mooeis u Memoo paciema nepexoonslx peicumos 6cex
COCIAGHBIX uacmell RPOnYIbCUGHOZ0 KOMNIIEKCA JJIeKMmpPoxooa na manegpax. Haiioensl 6e3pazmepnsie napamempot Komniexca.
Onu onpeodensawom 0CHOBHbIE NOKA3ZAMENU KAYECMEA MAHeepUpPosanus. Adexeamnocms modeau u mMemooa paciema noomeep-
HCOCHBI CPAGHEHUEM PE3Y/IbIAMO6 MAMEMAMUYECKO20 MOOCTUPOSAHUs ¢ HamMYypHbIMU IKcnepumenmamu. Hayunas nosusna.
Memoo pacuema no3eonsem paccuumoléams OUHAMUYECKUE PecUMbl pabomel ecex cocmagnvlx yacmeii komnaekca. Ilosensn-
emcst 603MOICHOCHL NPOEKMUPOBARUSL ZPEOHBIX INEKMPOINEPZEMUUECKUX YCHMAHOBOK HO KOHEUHOMY Pe3ylibmanty — HO NOKA-
3amenam Kauecmea manespuposanusn cyona. Ipakmuueckoe 3snauenue. Memoo pacuema no3zeonsnem npoeooOums Uccie008anus
H0BEOCHUsL NPORYILCUBHBIX KOMNJIEKCO8 HA MAHEEPAX U OMBICKUGANMb HYMU NOGLIMEHUS MAHEEPEHHOCHMU 3J1IEKMPOXO00086.
bubn. 21, Tabn. 2, puc. 3.

Kniouesvlie crosa: 31eKTpoIHEPreTHYECKasi YCTAHOBKA 2JI€KTPOX01a, MaTeMaTHYeCKasi MO/IeJIb IIEPEXOIHbIX PesKHMOB, METO]

pacuera.

AKTyaJbHOCTB 3aJa4M. B rocinenHue roasl B MUPO-
BOM CyJOCTPOSHHH 3aMETHO IIOBBICHJICS WHTEpEC K HC-
TIOJIb30BAHUIO DIIEKTPOJABIDKEHHUS HA CyAaX TOPrOBOTO M
BOCHHO-MOPCKOro (¢uiota. 9T0 00YCIOBJICHO PSIOM HEOC-
HOPUMBIX TIPEUMYILECTB, CBOMCTBEHHBIX TaKOMY CIIOCOOY
Mepeiayd dHEPrHHd Ha TPEOHbIC BUHTBHL: BO3MOYKHOCTHIO
MIPUMEHEHHS OBICTPOXOHBIX TeIUIOBBIX apuratenei (T]I),
HCIIOJIb30BAHUEM JIBUTATEINICH YIIPOIICHHOW KOHCTPYKIIUU
(ycramaBnmBatoTcst HepeBepcuBHBIE T]I), apobieHmeM
MOJIHOW MOLIHOCTH Ha HECKOJIBKO YacTed U BO3MOXKHO-
CTBIO0 pabOTHI KaKJOTO TEIIOBOTO JBUTATENS Ha HECKOIb-
KO BHHTOB (YTO IOBBIIIAET )KUBYYECTh M THOKOCTH 3HEpre-
THUYECKON yCTaHOBKH), YMEHBIICHHEM JJIMHBI BaJIOB, IIH-
POKMM HCIOJb30BAaHUEM CHUCTEM aBTOMAaTUKU. BakHeil-
LIAM IIPEUMYILECTBOM DJIEKTPOABWIKEHUS IEpE] TpaduLin-
OHHBIM HPUBOAOM CYHOBBIX JlBl/l)Kl/ITCJ'lCﬁ SABJISICTCA BO3-
MOXHOCTb 06ecnequMﬂ BBICOKMX MaHEBPCHHBLIX CBOMCTB
CYZOB, OOOpPYIOBaHHBIX TAaKHM THIIOM 3HCPIeTHYCCKOM
ycTaHOBKH. VIMCHHO MaHEBpEHHBIC KayecTBa rpeOHON yc-
TAHOBKH OOCCIICYHMBAIOT B MIEPBYIO OoUYepe/lb OE30MacHOCTh
BEITTOJTHEHUS CyJJaMHA MaHEBPEHHBIX OTICPAITH.

CoBpeMeHHbIE TPEeOHBIC 3JIEKTPUIECKUE YCTAHOBKH
(I'DY) cTpositTcs Ha OCHOBE ACHHXPOHHBIX YaCTOTHO-
YIPaBISIEMBIX 3JIEKTPOJBUTATENEH M Ha 0a3e BEHTHIBHBIX
rpeOHBIX ANEKTpOABHTaTENeH. B To ke Bpems, B dKCIUTya-
TaIlMy HaAXOJUTCS OOJIBIIOE YUCIIO CYIOB, SHEPTETHIECKUE
YCTAaHOBKH KOTOPBIX BBIINOJTHEHBI 10 CUCTEME NTEPEMECHHO-
MIOCTOSIHHOTO TOKa. B CBsI3u ¢ 9THM, BeCcbMa aKTyalbHBIMHU
ABJIAIOTCA KaK BOIPOCHI IMPOCKTUPOBAHUA COBPEMCHHBIX

3NEKTPOXOAOB C BHICOKUMH MaHEBPEHHBIMH CBOICTBAMH,
TaK ¥ 3aJa4d COBEPIICHCTBOBAHMS yNPABICHUS TPEOHBIMU
OHCPreéTUYCCKUM YCTAaHOBKaMU CYJO0B, HaXOIALIUXCS B
sKcIUTyaTauy. [Ipuuem, HEOOXOAUMOCTh B OIICHKE MaHEB-
PEHHBIX CBOWCTB BHOBb CTPOSIIUXCS JJIEKTPOXOAOB BO3-
HHKaeT YK€ Ha Ha4YaJIbHBIX CTaANSIX UX MPOSKTHPOBaHMS, a
NOBBIICHNE (PEKTHBHOCTH BBIIOJIHEHHUS MaHEBPEHHBIX
olepanyii CyIecTBYIOIMX CYJI0B HECOMHEHHO aKTyajbHO
Ha JII000H CTaJuH X >KU3HEHHOTO LIUKJIA.

CocTosiHHe paccMaTpuBaeMoro Bompoca. OTinau-
TEJIFHOH OCOOEHHOCTBIO pabOTHI AIIEKTPOXOIOB HA MAaHEB-
pax sBIAETCS TO, YTO MPOJOJDKUTEIBHOCTH NEPEXOAHBIX
IIPOLIECCOB B CYIOBOW 3JIEKTPOIHEPIETUUECKON YCTaHOBKE
(CODY) oKa3bIBaOTCS COM3MEPUMBIMU C TIPOIOJIKHUTENb-
HOCTSIMHM NEPEXOJHBIX MPOIIECCOB BHKEHHSI CAMOr0 Cy-
Ha. HOSTOMy, TPpaAUIIMOHHBIC JONYHICHUA O MOCTOAHCTBE
YaCTOTbI BpalllCHUA I’pe6HbIX BHUHTOB IIPpU JABUKCHUH CyJIHA
Ha MaHeBpax (paBHO Kak U Ha000pOT) He pueMiieMbl. Bee
COCTaBHBIE YaCTH KOMIUIEKCA 3JIEKTPOXOJia HaXOJISITCs B
TECHOH B3anMOCBS3H. JIMIIb NPU peleHNH YacTHBIX 3a/1a4
MO3BOJINTENBHO PACCMaTpHUBaTh KakOH-TMOO SJIEMEHT elH-
HOT'O TIPOITYJIbCUBHOTO KOMIUIEKCA B OTPBIBE OT OCTallb-
HBIX. (JTO, B YaCTHOCTH, OTHOCHTCSI K yCTaHOBHBIIIEMYCS
newxeHnto). [Ipy aHanm3e jke HEYyCTAHOBHUBIIMXCS PEXH-
MOB I'pEOHBIE HIIEKTPOIHEPTETHIECKUE YCTAHOBKH CIEAYET
paccMaTpuBaTh B E€AMHCTBE CO BCEMH OCTAJIbHBIMH JJIe-
MCHTaMHU IMPOITYJIbCUBHOI'O KOMIIJICKCA, BKIIOYAIOUIETO B
ce0st CODY, rpeOHbIe BUHTHI U KOpIyC CyaHa. ToJbKO B
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TaKOH ITOCTAaHOBKE MOYKHO TPOBECTH OOCTOSATEIHHBIN aHa-
JIM3 UX MaHEBPEHHBIX PEXKUMOB PaOOTHI M OIICHUTH MaHEB-
PEHHBIE CBOWCTBA 3JIEKTPOXOIA.

AHanm3 COCTOSIHUS paccMaTpUBAEMOT0 BOIIPOCa TI0-
Ka3bIBaeT cienyrmomee. lMccnenoBaHus MEpeXOmHBIX pe-
KUMOB PaOOTHI I'PEOHBIX AIIEKTPOIHEPTeTHUECKUX yCTa-
HOBOK HMMEIOT JABHIOI0 HCTOPHIO. B MHOTOYHCIEHHBIX
HAy4YHBIX TPyJax JOCTATOYHO TIyOOKO paccMaTpUBAIOTCS
BOIIPOCHI aHAJIMTUYCCKUX U MAallIMHHBIX METOJIO0B pacucTa
OCHOBHbBIX MAaHCBPCHHBLIX PEXKUMOB — ITYCKa, OCTaHOBKH,
peBepca rpebHbIX dneKTpoaBurareneii. O1Hako U Mo Ha-
CTOsIILIEE BPEMsI BCEM MM CBOWCTBEHEH CEphEe3HbIH HEl0C-
TaToK. Ha mpaxkTrke MOx CHUCTEMOI 3JIEKTPOJBIKCHHUS
MoJpa3yMeBalii ¥ OAPa3yMeBalOT OOBIYHO TOJIBKO 3JIEK-
TPUYECKYIO YacTh TPEOHOM 3JIEKTPOIHEPTeTHIECKOM yc-
TAHOBKH (TE€HEpaTOPHI, TPEOHBIEC AIIEKTPOABHTATENH, TIpe-
o0Opa3oBaTenu, MyJIbThI, TIOCTHl YIPaBICHUA) O€3 TepBUY-
HBIX JBUraTeseld U ABMXKMUTENEH. B yacTHOCTH, 3TO 4ETKO
npeacrapieHo B pabotax [1-4]. OCHOBHOH OTIMYHTENb-
HOM 0COOEHHOCTBIO 3THUX U APYTHX OCHOBATENBHBIX paboOT
ABJACTCA TO, YTO CKOPOCTH ABWIKCHHA CyJdHaA CUUTACTCA
MOCTOSIHHOM Ha MPOTAKECHUU pPACCMATPUBACMBIX MAHCB-
poB. Takum oOpa3om, rpeOHasE JICKTPUUECKAsT YCTAHOBKA
paccMaTpuBaeTcsi B OTPBIBE OT €IMHOTO CYZOBOTO ITPO-
ITyJILCUBHOTO KOoMIuIeKkca. KoHeuHo, B pe3yibraTe Takoro
YIPOIIEHHsI CYHIECTBEHHO OOJIer4aercs aHalli3 MaHEB-
PEeHHBIX pexxuMoB pabotel DY, HO BMecTe ¢ TeM, TO4-
HOCTB TIOJYYa€MBIX Pe3yJIbTATOB CHIDKACTCS U, YTO CaMOe
TJIaBHOE, HapyIIaeTCsl CHCTEMHBIN MPHUHIMUI TOIXO0Na K
aHaIN3y PEXMMOB pabOTHI CyIOBBIX AIIEKTPOIHEPTeTHYE-
CKUX YCTaHOBOK. HeT BO3MOXXHOCTH OlLieHHMBaTh dddek-
THUBHOCTbH Pa0OThI 3JIEKTPOIHEPIeTUUECKON YCTAHOBKH I10
«KOHEYHOMY pe3yJIbTaTy» — II0 TOKa3aTelsiM KauecTBa
BBITIOJIHEHHS MaHEBPa JIEKTPOXOJIOM B LIEJIOM.

Bropoit oTnnunTensHON O0COOEHHOCTBIO TPOBE/ICH-
HBIX paHee WCCIEOBaHUH SBISIETCS TO, YTO IOJABIISIO-
mee MX OOJBIIMHCTBO BBINOJIHEHO NPHUMEHHTENIBHO K
KOHKPETHBIM 3JIEKTpoXoJaM (B Jy4lIeM cly4ae — K KOH-
KPETHBIM CEpHUSAM JJIEKTPOXOIIOB), K KOHKPETHBIM Tpeo-
HBIM 3JICKTPUYECKAM yCTaHOBKaM. Pe3ynbTaTel pacdyeros,
MONTyJaeMble C IMOMOIIBI0 STHX METOIOB, OTHOCSTCA K
KOHKpeTHBIM CO3OVY 1 He MOryT OBITh pPaclpoCTpaHEHBI
Ha JIpyTHe 3JEKTPOXOIBl. DTO HE IO3BOJISIET MPOBOIUTH
IIMPOKHX OOOCHOBAHHBIX HAYYHBIX 00O0OmeHui. Tem
CaMbIM CHHMXKACTCA Hay4dHasA LCHHOCTb PE3YJIbTATOB IIPO-
BEJICHHBIX MCCJIEI0BAHUII.

[TonbITKa YCTpaHUTh OTMEUEHHBIE HENOCTATKHU ObLIa
TIPEIPHHSATA OJHUM M3 aBTOPOB 3TOi1 CTaThu B padote [5].
Jnst aHanu3a MaHEBPEHHBIX PEXHMMOB I'pEOHBIX JIEKTPO-
SHEPreTHMYECKHX YCTAHOBOK B COCTaBE MPOITYJIECHBHBIX
KOMITJICKCOB 3JICKTPOXOIIOB MM pa3paboTaHa COOTBETCT-
BYyIOIIasi MaTeMaTmdeckass Mojenb. OHa ONFCHIBACT Iiepe-
XOIHBIE PEKUMBI Pa0OTHI BCEX COCTaBHBIX YAacTeH KOM-
miekca. Monenb yHHBEpCalbHa, OXBaTHIBACT ITONABIISIO-
miee OOJBIIMHCTBO COBPEMEHHBIX U MEPCIIEKTUBHBIX HJIEK-
TPOXOJIOB C TPAAMIIMOHHBIM TUIIOM JBHXKUTENEeH. B To ke
BpeMsl, IIPH OIMCAHHMH IIPOLIECCOB, MPOUCXOIAIINX B TEII-
JIOBBIX JBUTATENSIX, ObUT IPUHAT PsiJ JONYILEHUH, HE TO-
3BOJISIFOLIMX AHAIM3HPOBATh JUHAMHUYECKUE PEXKUMBI MX
paboTtbl. Kpome Toro, MaTreMaTiieckoe OIicaHne Iporec-
COB, TIPOHMCXOJUIIIMX B CHHXPOHHBIX T'eHEparopax, ObUIO
MIOCTPOCHO Ha OCHOBE BEKTOPHOW AMarpaMMbl FeHepaTopa,
YTO TaKXKe HE JaBajlo BO3MOXXKHOCTH B TIOJTHOM Mepe oIle-
HUTH IUHAMHYECKUE PEKUMBI X pa0oTHL. TakuMm oOpa3om,

MaTeMaTH4eCKOe OIHCAHNE MEPEXOAHBIX PEKUMOB PaOOTHI
JIM3ENb-TeHEPaTOPOB HYXKIaeTcsl B JOpabOTKe, 4To U 00Y-
CIIOBHJIO HEOOXOMIMOCTh HACTOSIIECH pabOTHL

Lenpio cTaThbu ABJIAsSETCH pa3padOTKa YTOUHEHHOM
MaTeMaTH4ecKOH MOJENN MEePEXOAHBIX PEKUMOB Tpeod-
HBIX JIEKTPOIHEPTETUIECKUX YCTAHOBOK AJIEKTPOXO0B U
METO/la pacueTa Ha €€ OCHOBE MAaHEBPEHHBIX DPEXHMOB
paboThI CyOB.

Pemenue nocraBiaeHHON 3a1a4y NIPOBENEHO MpUME-
HUTEJIBHO K HanboJjee pacipoCcTpaHEHHON CUCTEME JJIeK-
TPOABMKCHUA — Ha 6a3e JaCTOTHO-YIIPAaBJIAEMbIX aCHH-
XPOHHBIX TPEOHBIX JIEKTPOIBUTaTEICH.

Meton pemenns 3amaun. CTpyKTypHas cxema
CO3Y «TennoBoil ABUraTeNb — CHHXPOHHBIIM FeHepaTop —
npeoOpa3oBaTenb YacTOTHl — ACHHXPOHHBIN JBHUTATEIb
MPOITYJILCHBHOTO KOMITJIEKCa 3JIEKTPOX0oa MPeACTaBIeHA
Ha puc. 1. OHa COOTBETCTBYET OOMIETIPHHITOMY B TEOPHH
JNIEKTPOJBIKEHUSI BAPUAHTY KOMIIOHOBKH JJIEKTPOIHEP-
reTndeckoil ycranoBku [14, 16, 20]. B to ke Bpems, B
COOTBETCTBHUH C IIOCTABJICHHOM I1I€1bI0, 3 IMEHHO — B He-
00XOIMMOCTH COBEPILIEHCTBOBAHHS IPOCKTUPOBAHUS U
YIPaBIEHUs JJIEKTPOIHEPTETUUECKUMU YCTAHOBKAMHU II0
MoKa3aTeJIIM KadeCTBa BBINTOJIHCHUS MaHCBPCHHBLIX OIIC-
pauuii IMEHHO CYZIHOM, B HE€ JOTIOJIHUTEIHLHO BKIIOYEHBI
rpeOHBIE BUHTHI, PYJb U KOPITYC 3JIEKTPOXO0/a.

B cocraB mpomynbCHBHOTO KOMIUIEKCA BXOAST JBa
«CUJIOBBIX» KOHTYpa. 37IeCh: TEIUIOBbIE ABHTATend — D,
cuaxponrHbie TeHepatopsl (CI') — G, yacToTHBIE Ipeodpa-
30BaTeN AIEKTPOdHEpruu — SE, aCHHXPOHHBIE TPEOHEIC
anexkrpoasuratens (I'9]]) — M, rpeGHBIEe BUHTHI — P, pyib
— H u xopIiyc cyaHa.

OJeMEHTBI CUCTEMBI aBTOMaTHYECKOTO PETYINPOBa-
HUS W OCHOBHBIC MAapaMETPbl, CBA3LIBAIOIIUEC CHUJIOBBLIC
OJIOKM M YNpPaBISIONIME CUTHAJIBI: PETYJIATOPBI YacTOTHI
BpallleHus NEepBUYHOrO JBurarens — DR; aBToMmaruue-
CKHE PEeryisTopbl HalpshkeHus reseparopa — GR; Mp u
@p — BpalaoUMi MOMEHT W YIJIOBas CKOPOCTH Bparle-
HUSI TEIUIOBOTO ABMrareinsi; Mg — 31eKTpOMarHUTHBINA
MOMEHT reneparopa; Uy u U, — HanpshKeHusl TeHepaTopa
0 TIPOJOJIEHOW W TONEPEYHON OCcsIM (BHYTpEHHHE KOOp-
JMHaThl); I; U I, — TOKM TeHepaTopa N0 NPOJOILHONH M
MOTIepeyHO ocaM (BHYTpeHHHe KoopauHatel); U — Ha-
NpsKEHHE Ha BBIXOZE I'€HEPaTopa; (s, — YCTaBKa yIJIO-
BOM CKOPOCTH BpAILCHUS PETYNIATOPA CKOPOCTH; {p — XOX
pelKku TOIUTMBHOTO Hacoca; Ap — TpupalleHue Xoaa
peiiku ToruIMBHOTO Hacoca; //Typ — 3BEHO CEpBOMOTOPA;
Ky 11 K;y — k03 PUIIMEHTBI YCHUIICHUS 3BEHBEB JKECTKOW U
ruokoit (M30poMHOI) oOpatHeIX cBasei; Uy u I, — Ha-
IpsDKEHUE U TOK BO30YKAEHHsI CHHXPOHHOT'O TeHEpaTopa;
I, Iy — toxu CI' u I'D[1; o5, ¥ Vs, — OTHOCUTENBHBIE YaC-
TOTa W HampsbKeHHe IMpeoOpa3oBaTels (3adarolie 3Haue-
HUS); 00 ¥ Y — OTHOCUTEJBbHBIC YacTOTa U HANpPSDKEHHE Ha
BEIXOJIe TIpeoOpa3oBaTelns (C y4eToM OOpaTHBIX CBs3eil);
FC — ¢ynkuroHasnbHblii peoOpazoBaTesib, (HOpMHPYIO-
KA 3aKOH YacTOTHOTO ynpaesienus y = fla); Mp u Pp —
MOMEHT U YHOp TpeOHBIX BHHTOB; M), U () — Bpalaro-
I MOMEHT | yTJIoBasi CKopocTh Bpamienus ['D]1.

B kauecTBe peryssiTopoB CKOPOCTH BpaleHUs Tell-
JIOBOTO JIBUTaTeNs npuMeHstores [8, 9] usoapomusie Bce-
PEKHMHBIE PETYIATOPHI HETIPSIMOTO JeiicTBusL. B kavecT-
BE€ PETYJIATOPOB HANPSDKEHHUS CHHXPOHHBIX T'€HEPaTopoB
ucrions3ytorest [9, 10] xomOumHMpOBaHHBIE (IO ympaB-
JSFOIIIEMY BO3IECHCTBHIO M TI0 OTKJIOHEHHIO PETYJIHpYe-
MOH BEJTMYHMHBI) PETYIATOPBI.
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Puc. 1. CprKTypHaﬂ CXeMa MPOITyJIbCUBHOTI'O KOMIIJIEKCA DJIEKTPOXOoaa

CucrtemMa ypaBHEHH, OMUCBHIBAIONIMX MEPEXOJIHbIE
PEXUMBI PabOTBI AIICKTPOIHEPTETHUSCKONW YCTAHOBKU B
COCTaBe TPOMYJbCUBHOTO KOMIUIEKCA 3IIEKTPOXO0Ja,
MPEeICTaBIIcHA HUKE.

Jns mpunaHus OOIIHOCTH pe3ysibTaTaM aHaju3a
MOJIeNTh TPUBE/ICHA K OTHOCUTEIIFHBIM €IUHHIAM. B pe-
3yJNbTaTe STOTO BBIABICHB KPUTCPUH JUHAMUYIECKOTO
mo1o0usl TPOITYJIBCUBHBIX KOMIDIEKCOB. JTO — Oe3pas-
MEpHBIE IMapaMeTpPhl CHUCTEMBI «TCIUIOBBIC JBHTATEIH —
rpeOHast MEeKTPHYECKasi YCTAHOBKA — JIBIKHUTENN — KOp-
nyc cynHa». Halinensl 1uana3oHbl U3MEHEHUs 3HAUEHUN
STHX apaMeTPOB, OXBATHIBAIOIINEC OOJBIIUHCTBO CEPHit
JJIEKTPOXOZOB C TPaJULMOHHBIM IPHUBOJIOM TIPeOHBIX
BUHTOB. VIMeHHO 3TH napaMeTpbl U ONPECACIIAIOT TCKYLIUE
3HAYCHUS OTHOCHUTENBHBIX PEXUMHBIX MOKa3aTeIed BCeX
COCTaBHBIX YaCTel KOMILIECKCA U OIPEEIISIOT YHCICHHBIC
3HAYCHUS OCHOBHBIX ITOKa3aTeliel KauecTBa MaHEBPUPO-
BaHMS. Takol MOAXON TMO3BOJAET MPHOATh OOITHOCTH
MMOTy9aeMbIM pe3yJbTaTaM — 3JEKTPOXOIBl C PaBHBIMHU
3HaYCHWsIMH Oe3pa3MEepHBIX IapaMeTpoB OyIyT HMEThH
COOTBETCTBEHHO OJMHAKOBBIC 3HAYCHHS (B OTHOCHTEIH-
HBIX €IMHHUIAX) NOKa3aTeNel KaueCcTBa MaHEBPHPOBAHUSI.
[osiBisieTcs: BO3MOXXKHOCTh B OOOOLICHUH PE3yJIbTATOB
UCCIIeIOBaHUM.

OTHOCHUTENbHBIC 3HAUEHUSI PEKUMHBIX TMOKa3zaTese
OynyT 06o3Ha4yaThCcst cUMBOJIOM ¢ 4epToil. (Mupekc «0»
COOTBETCTBYET 3HAYCHUSIM PEKUMHBIX ITOKa3aTeleH, mpu
paboTe 3NEKTPOX0oJla B HOMHHAIBHOM YCTAaHOBUBIIEMCS

pexume).
Hampumep, OTHOCUTENBHBIM  3JEKTPOMArHUTHBIN
MOMEHT Te€HepaTopa:
.- Mg
Ms=—4=.
M
GO

Jns ympomieHnss BOCIpHATHS MaTepranta TepMUH
«OTHOCHUTETHHBINY» B IaJIbHEHIIIEM TEKCTE OITyIIEH.

OTHOCI/ITeﬂbHOC BpEMs ONIPEACIISACTCA HHAYE!
V
T=29¢,
L

Te vy — CKOpOCTh CyIHA, L — IJIMHA CyAHa, ¢ — TeKyIlee
BpeMs.

OkoHYaTeNbHBIN BapuaHT OOOOIIEHHON MaTeMaTH-
YECKOW MOIENH MEePEeXOIHBIX M YCTaHOBHBIIMXCS PEXKHU-
MOB Pa0OTHI IPOIYJICUBHBIX KOMIIJIEKCOB 3JIEKTPOXO/IOB
MIpeICTaBIIeH HIDKE.

TenuioBoii ABMraTe/ib U PeryJasitop CKOPOCTH €ro

BpalIeHus.
YpaBHeHHE JBIKEHUS TEIUIOBOTrO ABUraTess [5]:
dop _ v (= 77
=D Nyl -Mg), 1
T D( D G) 6]
rae
M poL
Np=—M™P0" _ ()
Jp@povo

KPUTEPHUI JTUHAMUYECKOTO 0100us, Jp — MPUBEICHHBIN K
Bajly TEIUIOBOrO JABUTATENsl MOMEHT MHEPLUHU JIBUTATENsS
Y TeHepaTopa.

Bpamaroniyii MOMEHT TEIUIOBOTO JBUTraTeNsl MOKHO
MPEICTaBUTh KaK OTHOCHUTEIBHOE IEPEMEIICHHE PEHKH
TOIUTMBHOTO Hacoca [8]:

Mp=¢Ep. 3)
MOH.[HOCTB TCIIJIOBOT'O ABUTATCIIA.
Pp=Mpop . “4)

VYpaBHEHUs TEPEXOAHBIX IMPOLECCOB B PETYISATOPE
CKOPOCTH BpAallleHHsl TEIUIOBOTO JBHrarTess, ¢ Yy4YeTOM
JKECTKOW 1 TMOKOH OOpaTHBIX CBsI3el U C yuyeToM paboThI
CHCTEMBI paclpe/esieHns] akTHBHOW MOIIHOCTH (IIpH Ta-
pajutesIbHO paboTalomuX reHepaTopHbIX arperarax (I'A)),
MOTYT OBITh TIpeACTaBIeHHI Kak [9, 10].

IIpupaienue xona pelky TOIUIMBHOTO HAcoca:
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Lo k- )

T Kp\l-\wp —Awy )= KpyAdp —KisAdp . (5)
rne Kp, Kpp, Kis — K03pPUINEHTH YCUICHHS IO PETyITH-
pyemoii BenmuurHe (M3MEHEHUIO CKOPOCTH BpAIICHHS Te-
TIJIOBOTO JABUTATEINS ), )KECTKON 0OpaTHOW CBSI3M M THOKOU
(M301pOMHOI) 0OpaTHOM CBSI3U COOTBETCTBEHHO;

t
Aoy = IUsldt - (6)
0
Pa3HOCTH YIIIOBBIX YAaCTOT BPAIICHHUS TEHEPATOPOB;
— 11
Uy = ael ae2 (7)
kael

HAOpsOKCHWE Ha cepBOABHraTene; k,, — KOI(PPHIIMEHT
YCUIICHUsI KOHTypa aBTOMATHYECKOTO pETYIUPOBAHUS
CHCTEMBI PACTIPEICIICHNsT aKTHBHON HATPY3KH;

Lot =Uplg1 +Uply, — (®)

aKTUBHas coctaBitromas Toka CI.

Jlna TemoBoro ABWUraTens BTOPOTO T€HEPaTOPHOTO
arperara ypaBHEHHs 3aIlIMCBIBAIOTCS aHAIOTHYHO.

CHHXPOHHBII TeHepaTop W CHCTeMa ABTOMATH-
YeCKOro peryJiMpoBaHusi HampspkeHusl. B orimuume or
«xnaccuueckoro» [11] onucanusa CI' 3mech He yUUTHIBaA-
IOTCSI TIPOILIECCHI, HECOM3MEPHUMBIE C MOCTOSHHBIMHU Bpe-
MEHH OCHOBHBIX COCTAaBHBIX YaCTeH MPOIMYIHCHBHOTO
KOMIUTEKCA AJIEKTPOXOAa, a UMEHHO — TpaHC(OpMaTop-
sveie DJIC B cTatopHBIX 00MOTKax [12]. B Buay mamoct
peHeOperaeM akTUBHBIM COTPOTHBICHHEM sKops [13],
B3aMMHOM HMHIYKTUBHOCTBIO, KOTOpas HECOU3MEPHUMO
Maja 10 CPaBHEHHIO C WHAYKTUBHOCTHIO OOMOTKH BO3-
OyXXIEHUsI, a TaKkkKe MOTOKOCHCIUICHHSIMU JeMI(pepHBIX
0OMOTOK.

B cocraB KOMOMHUPOBAaHHOW CHCTEMBI aBTOMaTH-
YECKOTO PEryJHPOBaHUS HANPSDKCHHUS CHUHXPOHHBIX
TEHEepPaTOPOB BKJIIOYCH KOHTYP pETYJIHPOBAaHUS pac-
MpeACIICHAs] PEaKTUBHON MOIIHOCTH (TIPY MapalIeIbHO
paboratommx I'A).

Yron koMMyTaluu:

sl
7G =arccos) 1 - K, — |, )
Vsl
rae
X 0,5(3x:1 +x;) (10)
x:, u x; — CBEpXIEePEXOHbIC WHIYKTUBHbBIE COIPOTHUB-

JICHUs TI0 OcsiM d M g.

VYron casura ¢a3 mexny Bekropamu I u Ug :

7G
=16 11
96 =7, (11)

Vron casura ¢a3 Mexay BektopamMu Eg U I :

sin g N _quc

cospg  Ugcosgg

v = arctg (12)

rjae X, — CUHXPOHHOE MHIYKTUBHOE COIPOTUBJIEHHE IO
OCH ¢.
VYron capura (a3 (Yroa Harpys3ku) MEXIy BEKTOpa-

i Eg u Ug :

06 =V G~ PG (13)

Toxku renepaTopa (BHyTpeHHHE KOOPIUHATHI d-q):
[d :—IGSiIl!//G, (14)
I, =1gcosyg. (15)

Hanpsbkerns reseparopa (BHyTpEHHHE KOOPAUHATHI
d-q):

Uy =—Kgilgcosyg, (16)
qu—quleinl//G +K(12[f’ (17)
rae I;,— Tok 0OMOTKH BO30YKJIEHHs TeHEpPaTOpa.
[puparieHue Toka BO30YKICHHS:
dl, K p1KyyUy +K 12K g 1q -
EL | |, as)
ar —Kf3KU(UG—(1—AUH1))—If
e
— L -1
AUH] — rel re2 _ (19)
krel
Pa3HOCTh HAIPSHKEHHUI TeHEPATOPOB;
Lien =Uplg1 =Ugi1ly — (20)
peaktuBHas cocrapisitorias Toka CL;
sin 6,
Kg=——"", @n
cosy
1—cosé,
Ky=—"7 (22)
siny,
Kp =1, (23)
Ugo
Ug =77 » (24)
q Ufo
1
Ky =-8%%d (25)
Uro
U
Ky =50 (26)
Uro
0e3pa3mMepHbIe TapaMeTphl;
LU
=1 _ @7
f
LfIfOVO

KpUTEPHUA JUHAMHYECKOTO NMOA00US; Ly — MHIYKTUBHOCTD
CaMOMHIYKIIMK 0OMOTKH B030ysxkaenus; Uy n Iy — Hanps-
’KEHUe U TOK 0OMOTKM Bo3OyxneHus; K,, Kp, K3 — Ko-
3 PUIMEHTHI YCHIEHHs IO OCHOBHOMY CUTHAITY, IO BO3-
MYIIAIOIIEMy BO3JICHCTBUIO M 1O OTKJIIOHCHHUIO PETYJIH-
pPyeMoii BETUYUHBI COOTBETCTBEHHO; k., — KO3 DUIIHESHT
YCWJICHHS KOHTYpa aBTOMAaTHYECKOTO pEryJIAPOBaHUSI
CUCTEMBI PacIpe/IcIICHIs PEaKTHBHOM HATPY3KH.
DJIeKTPOMArHUTHBI MOMEHT I'eHepaTopa:

M_G= —KGllé siny g cosy g +Kgal plgcosyg, (28)

rac
(Ld -L )Iéo
Kgi IM—q, 29
GO
M 441 rolGo
Koy == 200 - (30)
GO

Oe3pa3MepHble mapameTpel; L, U L, — MHIYKTUBHOCTH

ISSN 2074-272X. Enexmpomexnika i Enexmpomexanirka. 2017. No6 35



CaMOMHIYKIIH OOMOTKH SIKOpS 110 ocsiM d u q; M, — uH-
JYKTHBHOCTb B3aMMOWH/YKIIUH MO OCH d.
Cootnomenus (9) — (30) momydeHs! B [6, 7].
HanpspkeHne Ha BBIXO/IE TeHepaTopa:

Ug = /(U§+U§j. 31)
AKTHBHAs MOIIIHOCTB T€HEpaTOpa:
PG:UG[G COS Q¢ - (32)

IIpeoOpa3oBarenb 3jaekTpo3dHeprum. Paccmarpu-
Bas mpeoOpa3oBaTelb YacTOThl KaK Oe3bIHEPIMOHHBIN
«KBAHTOBATEJb» 3JIEKTPOIHEPTHU C WACAIBHBIMH BEHTH-
JIIMHU, HEC YUYHUTBIBACM IMPOTCKAIONIUE B HEM JJICKTpOoMar-
HUTHBIE TPOIECCHI, ¥ CUUTAEM, YTO TOK Ha BBIXOAE Ipe-
oOpaszoBaTelisi HENPEPBIBEH, a caM MpeoOpa3oBareib HE
BBEIXOJIUT 32 OONIaCTh HOPMAaJbHBIX Harpy3ok [14]. Tum
npeoOpaszoBaTens — YaCTOTHBII ¢ aBTOHOMHBIM HHBEPTO-
pom Hanpspkenus (UI1 ¢ AUH).

3aBUCHMOCTb BBIXOHOTO HAMPSDKEHHS OT BXOIHOTO:

U M= }/U G > (33 )
rae Uy, — nanpspkeane ['D]1.

I'pedHoii 31ekTpoaBuraresnb. B maremaruyeckoit
MoAenyd [5] mpUBEACHO MaTeMaTHYeCKOe OIMCAHHE
00006menHoro rpeGHoro siekrpoxasurarens. Kak dact-
HBIN CITydail U3 HETo, BHITEKAET MaTeMaTHUecKas MOJAEIb
aCHHXpOHHOTO 3uekTpoasurarens (AJl) npu yacToTHOM
ynpaBleHUH. B ee OCHOBE JIKUT TOYHAsl KIacCcHYecKas
cxema 3amenienust AJl, 9To u ompeznenseT HeOOXOUMBbIE
JOMyIIEeHNs ¥ ympomeHns. HampspkeHne Ha 3axuMax
CTaTOpa CUUTACTCSl CHHYCOWIAIBHBIM, HACBIIIEHHE CTaIN
MallMHbl HE YYHTHIBACTCS, paclpelelieHHe IOTOKa II0
Jyre BO3IYIIHOTO 3a30pa HPUHUMAETCS CHUHYCOHIAJIb-
HBIM, MOTEPH CTall B CTATOPE YYHUTHIBAIOTCS TNPHOIH-
JKEHHO, a B poTOope — He yuuThIBatoTes [15, 16].

VYpasuaenue nemwkenus [ D/1:

doy o
oM _ My, -Mp), 34
T M( M P) (34)
rac
M0l
Ny = _TMO= (35)
JM®@proVo
KPHUTEPHI JMHAMUYECKOTO MOA00US;
MM :KMIMCDMCOSQDM— (36)
momeHT I'D/];
1
Iy =Chroay 5 (37)
Cy17 +Cuyiga”™ +
2
Crr21 +Cuynna
(CM190! —Crr200m )Z
N Cupa
Car19@ = Cara0 0
TOK IBUTATCIIA,
. ’ X3y (CM190! - CMzoa)z Ty - (38)
Oy =Cyyosy

b/%l +c,2‘,1a2XCM19a—CM200)M +
+(d%4 +e,%4a2>2%w +

+ 2V1M72M0!(CM190! = Crra0@ns )

MarHuTHbIN oToK I'D/1;
1

cosQy = _— (39)
\/1 +Ciy26 (CM190‘ —CMzoCUM)2
KOA((PHUIIMEHT MOIITHOCTH JIBUTATEIIS;
B2
Cur7 =, (40)
v
0121/1 2
Cuis =—5 -0 » (41)
Dy
Cymio =g, (42)
w
Chro =42, (43)
Mn
Cro1 =diy (44)
Criar =€ » (45)
n
Cuzz =20y, (46)
Dy
C C C
Cr24 = [Canig +Capyg +—42h 4 =22 —MB 47
o Biro B
2 .2 2 2
(bM +eyag XCM190‘0 ~Crr20@u0) +
+ df,, +ejzua§ ﬁu +
+ 20 sy o (Crproag — C w
Caras = in 720 %(Casno 0'2 M20Pu0) . (48)
"2 Dy
sz + 5
Buro
2
Crrze ==L - (49)
M
Oe3pasMepHBIE TapaMeTpHI;
by =np (1472, ), (50)
(&4 :xOMTM, (51)
dy = rmy , 52
M our (52)
€M=1+T1M— (53)

MOCTOSTHHBIE KOA(Q(UIIMEHTH aCHHXPOHHOTO YacCTOTHO-
ynpasisiemoro I'D]1;

X
v =L, (54)
Xom
XM
DM = P (55)
XoMm
Ty =T +Tom T Tom — (56)

k03 unmeHTs paccesiHus; Jy — MOMEHT MHEPLUUH JBH-
raresnst; Ky — TIOCTOSIHHBIN KOHCTPYKTHBHBIN KO3 QHIH-
€HT; 1), — YaCTOTA BPAIIEHUS] MATHUTHOTO TIOJISI CTaTo-
pa; Fiy ¥ ¥y — aKTUBHBIE CONPOTHUBIICHUS CTaTOpa M PO-
Topa (mpuBenenHoe) AJl; xjy M X'y — WHAYKTUBHBIC
COTIPOTHUBIICHUS CTatopa M poTopa (mpuBemeHHOe) A/l;
Xoy — WHIYKTHBHOE COIPOTHBICHHWE HaMarHUYMBAHUS,
Puo — abcomotHoe ckonbxkenne poropa A/l. CooTHorie-
Hus (34) — (49) nomyuens! B [5].

YnpasiaeHue 3JIeKTPOIHEPreTHYeCKOH YCTAHOB-
KOii. YTpaBiieHHe OCYIIECTBISIETCSI C 1OCTa YIPaBICHHS
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(ITY) na moctuke. OcHOBHas 3ajada — yIpaBlieHHE IBH-
KEHHEM CyJHA B PEeXHME pealbHOro BpeMeHU. Bbixon-
HoH curHan ITY Qopmupyer nBa ynpaBistomUX BO3JEH-
CTBHsI Ha NpeoOpa3oBaTesb YacTOTHI (110 YacTOTE ¢ U 1O
HATPSKCHUIO 7).

OTHOCHUTENBbHAsA YacTOTa BBIXOAHOTO HANPSKEHUS
npeodpazoBarens yacToTsl SE [5]:

a=ogsy —Kopap —Kypy =

- Ka.ff & £~ f max )_ KaM (aM_aMmax )_ > (57)

— Koy (@ = pmax )~ Kopp (@ pp=app max )

TZIE O, — 3aJa0lIee 3HAUYCHHE OTHOCUTENBHON YacTOTHI;
op — KOPPEKTHpYIoMmas CBsA3b no momHuoctu ['3M; a, —
KOPPEKTHUPYIOIas CBsI3b 110 YIII0OBON CKOPOCTH BpaILlCHUS
I'D/1; ay — oTceuka Mo BBIXOJHOMN YacTOTE MPeoOpa3oBa-
TEJsl 9aCTOTHI; () — OTCEYKA MO BPAIIAIOIIEMYy MOMEHTY
I'DM; o; — oTceuka o Toky ctaropa ['DJ1; app — oTceuka
M0 MOIIHOCTH, OTPEOISIEMON CHCTEMOW AIIEKTPOIBHIKE-
wust; K,p, Koo, Kopy Kovty Katy, Kypp — K03 OUIIHEHTHI yCH-
JICHUS, KOTOpPBIE OIPEAENSIOTCS KOHKPETHOW CHCTEeMOM
yTIpaBJIeHuUsI.

OTHOCUTETIFHOE HAIpsDKEHWE Ha BBIXOZAE Ipeodpa-
3oBarens SE [5]:

7:7Set_Ky1(7[_7Imax)_KyU7U» (58)

TZIE Pse — 3aJarolliee 3HAUCHWE OTHOCHTEIBHOTO Harmpsi-
KEHHs IIpeoOpa3oBaTelst YacTOThl — CUTHAJ, SBILIOIINI-
csl (DyHKIMEH OTHOCHTENIFHOM YacTOTHI M MPUHSITOTO 3a-
KOHA yIpaBIEHUS HANpPsDKEHHEM; Yy — KOPPEKTUPYIOoIIas
cBs3b 10 HanpspkeHuto ['D]1; y; — oTcedka Mo ToKy cTaTo-
pa I'DJ; K, K,y — k03 GUIMEHTHI yCHIIEHUS.

B ka)xg0oM KOHKPETHOM CIIy4ae CHCTEMa aBTOMAaTH-
YEeCKOT0 YIIPaBJICHHUS UMEET CBOW «HA0OP» YIPaBIISIOIINX
CHTHAJIOB T10 K2XJIOMY KaHAJy peTyJIHpPOBaHH.

VIMeHHO 3TH ynpaBisIoUIe BO3ACHCTBUS HAIPSIMYIO
BIMAIOT Ha MOKAa3aTelIW KadecTBA BBHITOJHEHHS CYIHOM
MaHEBPEHHBIX OIlEpaLyil.

I'peGHbIe BUHTHI. [ MIpOANHAMHYECKYIO PEBEPCHB-
HYIO XapaKTEpPHUCTHKY I'peOHOr0 BHHTA, C YUETOM IBHXKE-
HUS Cy/lHA 0 KPUBOJIMHEHHON TpaeKTopuu, MpeICcTaBuM
B BHUJIe apaboyimyeckoro moymuoma [17, 18].

MowMmeHT BUHTA:

— —2 — =2 9
MP =dap|wp +b2160pl/e+021l/e +ayv ig aBev,(59)
TIe dai, by, €21 — KOIPQUIMEHTE YHUBEPCATILHON Xapak-

TCPUCTHUKHU BUHTA (HOCTOHHHLI B OINPCACIICHHBIX auaria-

30HAX U3MEPCHHS @Wp W V, ); Wp — YIJOBas CKOPOCTh

BpalleHus BUHTA, V, — CKOPOCTb HATCKaHWUA BOAbI Ha

BUHT; V — CKOPOCTb JBM)KEHMS CyIHA; d) — NOCTOSHHBIN
K03 PUIHEHT; 0,, — YTOI CKOCA IOTOKA BOJIBL.
VYnop BuHTa:

R — ) —2 -2,
Pp =ajywp +bjjwpv, +cv, +apv igTag,,, (60)

rae a, by, ¢11 — KO3PGHUIMEHTH YHUBEPCATHLHON Xapak-
TEPUCTUKH BUHTA; dp — TOCTOSHHBINA KO (HUIICHT.
Kopnyc 3sextpoxoga. PaccmarpuBaercsi ABHXKEHUE
CyZHa TI0 CBOOOJHOW IMOBEPXHOCTH BOJBI B CBSI3aHHOM C
HUM cucteMe KoopauHat GXYZ, Hadamo KOTOPOH COBIIAIaeT
¢ meHTpoM Tspkectu cymHa G. [Tnockocte GXY maparensHa
OCHOBHOM IDTIOCKOCTH CyIHA, ochb GX pa3Memiaercs B Jva-
METPAJIbHOM IJIOCKOCTH U HallpaBJieHa B HOC, ocb ZY — Ha

npaBeiii OOpT, ock GZ — BepTUKanbHO BBepx. llpucoenu-
HEHHBIM MOMEHTOM /A, ipeHeoperaem [19].

CocraBisitole CKOpOCTH JIBM)KEHHSI CyIHA BIOJb
ocelt X, Y 1 CKOpOCTh BpAILlEHUs BOKPYT OCH Z:

dVX
X CovyQy +
ar A2Vysiz
_ , (61)
_ 5 —
+ Ny 4D KpiPy—Cryfrpv’ — Ry
J
dﬂ:—LVXQZ'F
dT ~ Cj
o , (62)
Nx IS Kpa P -C 2 %y
tC D Kpja, Py —CryBrpv’ — Ry
A2 | J
dQ, No,, ——
—f =22 Cis VyVy +
ar Ny A21VxVy
ZKPJ-hijej+(MPZ—MDZ)+ , (63)
+NQ J
v 2
+Cry XrPrPV
rae
Cll Ccos lasﬁdr - C12 sin4 195ﬁdr + _
Ry = 3 Vo (64)
T
IIPOJIOJIbHAS CHJIA PYJIS;
—  |Cy;sin2f,. cos +C, sin? +|—
7o = | Corsin2fgy o8 By + Copsin™ By +{ 75 (65)
+ C23 Sil’l4 Zﬂdr
nonepeyHast cuia pyJs;
C61 sin 2ﬂd}’ + C62 sin ﬁdr +
MPZ_MDZ = +C63 Sil’l3 2ﬂd}"+ V2—
.4 — (66)
+C64SIH Zﬂd}’
—C65Q_2V2
MOMCHT HOBOpOTa;
m+
Cpp =ttt (67)
m+/111
2 A
Cﬂ,Z] _ (/122 11)’ (68)
m+/111
2
Hyix VOSC(I_V/) ( )
Cpy = , 69
2. KeiPyo
2
g SviSc(l-v)
2. KriPo
R
Cii == —, 1)
ZKPjPeJO
0,07§V8FD
Cip = ) (72)
2. KpiPo
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Cy gngD
G = S KBy (73)
0,5¢f §V§FD
= Y KpPyo ™
cy gngD
Cyp = S KB (75)
3 g"g Fp
Gy = S KpPy (76)
2my gngD
Co1 = S KpPyy (77)
2my ngFD
Co2 = S Kby (78)
2m;3 gngD
Ce3 = S KnP (79)
2my EVEF,
Ces = S Kby (80)
2{0,739 +8,7 ﬂc,f,’o gngD
Ces = S Kp P (81)
6e3pasMepHBIe TapaMeTphl;
_ LY Kpiky 82)
(m+ V5
_ Y KpiPyo ) )

207 + 2665
KPUTEPUH TUHAMUYECKOTO MOA00Hs; Xi — paccTosHHUE OT
LEHTPA CUCTEMBI KOOPAWHAT 10 PyJst; Py v Kp; — TONEe3HbIH
yrop TpeOHOr0 BHHTA W €ro 0Nl B CyMMapHOM IIOTOKE
COOTBETCTBEHHO; [ — JUIMHA CynHA; m — Macca CyJHa;
p — yIembHas TUIOTHOCTD BOIBI; A1) M Ay — IPUCOCTMHEH-
HBIE MacChl BOJBI BIONH oceld X U V; Ags — MpHUCOSTUHEH-
HBIA MOMEHT WHEPIIMU BOIBL; i, — KO3(D(HUIMEHT corpo-
THBJICHUS Tiepa PyJst; ux — Ko3(GHUIHEeHT OOKOBOW CHIIBI
pyns; y — yrox Kypea; S¢ — IpHUBeeHHas IUIomaIb mepa
pyIist; ¢4 — KOIGPUIHMEHT TPOAOIHHON MO3UIIUOHHON CHIIBI
conporuBienns Boasy; Cy, ¢;, ¢3 — KO(D(UIHEHT! CHITBI
KOpIIyca; m,, My, M3, My — KOIPOUIMEHTHI TO3UITOHHOTO
MOMEHTa COIPOTUBIICHUS, Fp — TIpUBElEHHAs IUIOIA/Ib
TIOTPY)KEHHOH YacTH AWaMeTPaIbHOHM IUIOCKOCTH CY/Ha;
Mp; v Mp; — TO3UIUOHHBIA U NeMITQUPYIOITHA MOMEHTHI
conpotusienus; C,o° — KO3pHHUIHUEHT IeMIpUpyrOIIEero
MOMEHTa CONPOTHUBIICHUS; [ — YOI Apeiida; J, — MOMEHT
WHEPIUH CyJHA TIPH BPAILEHNH BOKPYT OCH Z.

Yron ataku nepa pyJisi:

Q
Brp = KrBr - xc| arctgBy, —& TZ , (84

r1e [ — Yroi IepeKyIaiky rnepa pyis; yc — NPUBEACHHBIN
KO3 (QUIMEHT BIUAHUA KOpIyca M BHHTOB Ha pYJIb;
& — BeJIMYMHA, onpeiensieMast OTHoIeHueM [p/L (I — pac-
CTOSTHHE MEXIy pyJieM M Mujenb Immanroyrom). Coot-
HoureHus (61) — (84) nomyuensr B [5].

Pa3paboranHas maremaTHdeckass MOJENb IO3BOJISIET
BCECTOPOHHE AHAIM3HPOBATh MEPEXOAHBIE MPOLIECCHl MPO-
IyIbCUBHBIX KOMIIIEKCOB MIEKTPOXOA0B Ha MAaHEBPAX.

Jns aHanmM3a MaHEBPEHHBIX PEXHMOB pabOTHI pas-
paboTaH makeT MPUKIAJHBIX MporpamMm. ba3oBoii sBiser-
cs TporpaMma, TIO3BOJIAIONIAs PACCUUTHIBATH 3aKOHBI
U3MEHEHHS BO BPEMEHU OTHOCHUTENIBHBIX PEKXHMHBIX I10-
KazaTened, MpHU BBINOIHEHUH JJIEKTPOXOAAMHU CaMBIX
pa3nu4HBIX MaHeBpoB. [IpH 3TOM B X0/1€ aHAIN3a MaHEB-
PEHHBIX PEXHMOB:

® pacCUMTHIBAIOTCS Oe3pa3MepHble IMapamMeTphl Co-
CTaBHBIX YaCTEH KOMILIEKCA;

® Ui HMCCIIEAYEMOTO MaHEBpa BBOIATCS ITapaMeTphI
YIPaBICHUS! B COOTBETCTBHH C MOJOKEHHUSMH PYKOSTOK
MIOCTOB YIPAaBIICHUS U IIEPEKIIAIKON TIepa pyJis;

® 33]al0TCs HAYaJIbHBIC YCIIOBUS;

® COIJIaCHO BHIOpPAaHHBIM MaHeBpaM (POPMHUPYIOTCS 3a-
KOHBI YIIPABJICHUS KaXIbIM CHJIOBBIM KOHTYPOM;

® pPAcCUMTHIBAIOTCS TEKYyIME 3HAYEHHUs OCHOBHBIX pe-
JKUMHBIX TI0Ka3aTeNnell KakJoro CUIOBOTO KOHTypa IO
XOJy BBINOJIHEHHS MaHEBPA;

® OmpeneNsioTCd THAPOAWHAMHYECKHE CWJIBI U MO-
MEHTHI, JEHCTBYIOIINE Ha CYIHO; PACCUMTHIBAIOTCS Te-
KyI¥e 3Ha4€HHs TapaMeTPOB IBI)KEHHS CyJHA B CBS3aH-
HOW C HUM CHCTEME KOOPJHMHAT, a 3aTEM — B HECBSA3aHHOU
cucTeMe KOOpAMHAT.

Pewenus npencraBieHHON BBIIIE CUCTEMBI YpaBHE-
Huii (1) — (84) — ato pemenne 3agayn Komm. B xauectse
MeTOJla peIIeHUs HUCHoJdb30BaH MeTo] PyHre-KyTThl-
MepcoHa.

OxoHUaTeNnbHBIE PE3yJbTaThl PACUETOB MPEICTAB-
JISIFOTCSL B YMCIIOBOM BHJIE M B BHJIE TOTOBBIX I'PaMKOB
U3MEHEHHS BO BPEMEHHU PEXXHUMHBIX ITOKa3aTeNei:

a) TI0 K&KAOMY CHJIOBOMY KOHTYPY:

— YTJIOBOM CKOPOCTH BPALICHUS — (Wp, BPAIIAOIIETO
MOMeHTa — Mp ¥ MOIITHOCTH TEIJIOBOT'O ABUTATENS — Pp;

— HanpspKeHusl Ha Bbixoge — Ug 1 Toka — [ re”epa-
TOpa;

— TOKa BO30Y:KeHUsI TeHepaTopa — I g;

— OTHOCHUTENIFHOTO HAampsDKEHUsl YIpaBIeHUs Mpe-
oOpazoBarenem — ;

— HanpspkeHust — Uy, ¥ Toka — [, TpeOHOTO 3IIEKTPO-
JIBUTATEIS;

— BpalaroILEero MOMeHTa — M), 1 YIIIOBOM CKOPOCTH
BPAIIEHUS — )y TPEOHOTO 3IIEKTPOABUTATEIS;

0) o mapameTpam IBIDKEHHS Cy/THA:

— CKOPOCTH IBHXCHUS — V;

— COCTaBJIAIOIIEH CKOPOCTU V BIOJIb IPOJOJIBHON
ocHu X — vy U BJIOJIb IIONIEPEYHOM OCH Y — Vy;

— YIJIOBO# CKOPOCTH BpAIlleHHUs BOKPYT ocu Z — Q2 ;

— yrua apeiida — [, 1 yriia Kkypca —  CyJaHa.

[Ipr HEOOXOIUMOCTH, MOTYT PErHCTPHUPOBATHCS U
mo0ble Ipyrue, mojlydaeMble B IPOLECCE pacyeToB, pe-
JKUMHBIE [TOKa3aTeIH.

Jns monTBep)KAeHUs afeKBaTHOCTH pa3paboTaHHOM
MaTEMaTU4ECKOM MOJENH U MOCTPOCHHOIO Ha €€ OCHOBE
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METO/a pacyeTa, COMOCTABUM pe3yJbTaThl MaTeMaTHue-
CKOTO MOJENUPOBAHUS C OIyOJMKOBaHHBIMH B paboTax
[20, 21] naHHBIMH, NTOJTyYEHHBIMH B XOJI€ HATYPHBIX 3KC-
NEPUMEHTOB IPYTHMHU HCCIIEI0BATEISIMU.

Bocrmonb3yemest NpuBeIeHHBIMU B YKa3aHHBIX pado-
Tax OCHUJUIOTpaMMaMHM pa3roHa W peBepca rpeOHOMN 3Jiek-
TPOYCTAaHOBKH aTOMHOTI'O 3JIEKTPOX0Ja « APKTHUKA.

[Mepecunrannsie (Ui ymoOCTBa COMOCTABUTENHEHOTO
aHaJIN3a) B OTHOCHTEIIbHBIC BEJIMYHMHBI, 3TH OCIMIIIOTPaM-
MBI TIPUBECHBI, COOTBETCTBEHHO, HA PHC. 2, 3 CINIOIIHBIMA
JVHUAMH. 37ECh K€ IITPUXOBBIMH JIMHHSAMH HaHECEHBI
TEKyILHE 3HAUEHUs] PEKUMHBIX IOKa3aTeseH, MOTyuYeHHBIX
TIPY MOMOIIH Pa3pabOTaHHOTO METO/IA pacyeTa.

PU
2,07

01 02 03 04 05

T.DU

Puc. 2. CpaBHeHHE TeopeTHIecKoro pacueTa pasrona [OY
ATOMHOTO IEKTPOX0Ja «APKTHKA C IKCIIEPUMEHTAIBHBIMH

JaHHBIMU
PU
2,0 In
1,5

1,0 IM Irm M

0,5

Puc. 3. CpaBHeHNE TEOPETHIECKOTO pacueTa Yepe Iy omuxcs
peBepcoB I'DY aToMHOro 251eKTpoxoaa «ApKTHUKa
C OKCIIePUMEHTAIBHBIMU JTAHHBIMU

OCHOBHBIC MTAPAMETPHI MPOMYJIbCHBHOTO KOMILIEK-
ca, HeoOXOoMMbIe IS pacyeta Oe3pa3MepHBIX MapaMer-
POB M KpHTEpPHEB AUHAMHYECKOTO MOJ00Hs MpeCcTaBIie-
HbI B Ta0I. 1.

O06001meHHbIe 6e3pa3MepHbIE TTapaMeTpsl U KpHTe-
pHH TMHAMHYECKOTO IMONOOWS, PACCUNTAHHBIC MO TPHBE-
JICHHBIM BBIIIE COOTHOIICHUSIM JaHbI B TaOM. 2.

Tabmuma 1
OCHOBHBIE [TAPAMETPHI IIPOIYJILCHBHOTO KOMILIEKCA

JlnuHa cyaHa 1Mo K.B.JL. 136 m
CxkopocTb cyqHa 21 y3en
Homunanonoie napamempul mennogoix dgueameineii:
MOIITHOCTH 27 600 kBT
YacTOTa BpaIlCHUs 3500 o6/mMuH
Homunanohvie napamempul CunXpOHHbIX 2eHEPAMOpPO8:
MOIIHOCTh 9000 kBt
HanpsDKEHUE 780 B
YacTOTa BPAICHUS 3500 o6/muH
K02 PUIMEHT MOLHOCTH 0,88
00MOTOYHBIE JaHHBIE, 0.€.:
X4 0,96
X, 1,12
X"y 0,14
x", 0,16
Homunanohvie napamempul epebuvix snekmpoosuzamencii:
MOIIHOCTh 17600 kBT
TOK SIKOPS 9200 A
YacTOTa BpaIlCHUs 130 o6/mMuH
Tabmuma 2

B63pa3MepHLIe napaMeTpbl U KPUTEPUN JTUHAMHUYCCKOI'O
HOI[OGI/ISI aToMoxoJa «ApKTI/IKa»

Ky Ka K Kp Kei
1,071 1,12 0,294 1 -0,029
Ko Np Ny Ny Ny
1,684 0,641 5,6 6,06 0,2
Kc Kp Ky K; az
0,118 900 2 0,5 1,73
ap by by C21 Ci1
1,73 0,33 0,33 -1,06 -1,06

3aKOHBI YIpPaBIEHUS KaXKABIM CHJIOBBIM KOHTYpPOM
3alaHbl B MaTeMaTH4eCKOM MOJENH B COOTBETCTBUU C
OCLMJJIOTpaMMaMM HaTYpHBIX HcIbITaHui [16, 17]:

a) pu pasrone 0 <7< Ty:

UGser = 0,8(1 ey ) (85)
Uptser =15 (86)
0) ipu peBepce C mepeaHero X01a Ha 3aJHIH
T1 < Tf Tz:
UgGeor = 08— 1,5(1 — e 08K ‘Tl)), (87)
Upgoer =1- 1,5(1 - e‘Kz(T‘T1>) - (88)
I @y > 0;
Ugeor = 0,1+ 0,5(1 - e‘lﬁKz(T_Tl)), (89)
Uppser =—0,5— 0,5(1 ek (T‘Tl)) - (90)
st wy < 0;
B) IIpH PEBEPCE C 3aJHETO X04a Ha nepemmﬁ
T,<T<T;
UgGeor = 0,1+ 0,7(1 — e KT ‘Tz)), 1)
Upser = 0,5+ 0,5(1 —e K ‘Tz)) - (92)
s wy < 0;
UGeer =0,6— 1,5(1 — e 0T ‘Tz)) , (93)
Ungser = —1+ 1,5(1 e KT ‘Tz)) - (94)

st wy, > 0;

ISSN 2074-272X. Enexmpomexnixa i Enexkmpomexanixa. 2017, Ne6 39



A€ Ugser, Upser — YIPABIAIOLIME CUTHAJIBI B CUCTEMAax
Bo30yxneruss CI' u I'D]] coorBercTBeHHO; K, K>, K5 —
MIOCTOSIHHBIE BPEMEHH.

Pe3ynbraThl pacuera OCHOBHBIX (NPUBEICHHBIX Ha
OCLIJIIOTpaMMax) pPeKMMHBIX mokaszateneil (Iig, Uy, oy,
1)), BBITIOIIHEHHBIE TIO pa3pabOTaHHOMY METOXy B COOT-
BeTcTBUM ¢ cooTHomeHmsMu (18), (33), (34), (37) B make-
Te NPHUKIAAHBIX TIporpamMMm gb64, matlab, moxazaHs
IITPUXOBBIMH JTMHUSAMH Ha pHC. 2, 3.

CpaBHEHHE pe3yJIbTaTOB pacdeTa MO pa3padoTaH-
HOMY METOAY C SKCHEPHMEHTAIbHBIMHU JIAaHHBIMHU ITOKa-
3bIBAET JIOCTATOYHO XOPOIIYIO CXOJUMOCTb. TEeHIEHINU
HW3MEHEHHs PEeXHMHBIX IOKa3arenei cosmaznaroT. Ompe-
JITICHHBIE PACXOXKACHHE B HAYAIIBHBIX CTaHsIX MEPEeXo/-
HBIX IPOILIECCOB OXXHMIAEMBI, 1 OOBSICHSIOTCS HACTpOMKa-
MH ¥ KO3 (HUIMEHTAaMH YCHICHUsI CHCTEMbI aBTOMaTHYe-
CKOTO PETYJIIMPOBAaHUS, KOTOpBIE ISl KaKIOro CyaHa
HMMEIOT CBOM 3HAUCHHSI.

TakuM 00pa3oM, MPOBEAECHHbBIE HCCIIEOBAHUS IO/~
TBEPXKJAIOT MPUEMIIEMOCTh TPEUIOKEHHON MaTeMaTHde-
CKOH Mozenn M pa3pabOTaHHOTO METoJa U pacdera
MaHEBPEHHBIX PEXKUMOB pabOTHI 3JIEKTPOXOJIOB.

BoiBoabI:

1. IlpemiokeHa yTOUHEHHasi MaTeMaTHYeCcKas MOJENb
U METOJl pacyera Ha €€ OCHOBE PEXHUMOB palbOThI rped-
HBIX AJIEKTPOIHEPIETUYECKUX YCTAHOBOK B COCTaBE MpO-
MYJIbCUBHBIX KOMILJIEKCOB AJIEKTPOXOA0B. MeToa 103BO-
JISIeT PACCUUTHIBATh TEKYIME 3HAUYEHHWS OCHOBHBIX pe-
KMUMHBIX TIOKa3aTelell Kak B YCTaHOBHBIIEMCS, TaKk M B
JUHAMHYECKOM PEXHMMax 3JEKTPOIHEPreTHYECKUX ycTa-
HOBOK, OLICHMBATh MOKa3aTeIW KadecTBa pabOTHI 3IeK-
TPOXOJOB Ha MaHEBpaX.

2. AIeKBaTHOCTb pa3pa0OTaHHOTO METOoAa pacueTa
HNOATBEPXKJICHA pEe3yJIbTaTaMH HAaTypHBIX MHCIBITAaHUH,
MPOBEJICHHBIX HE3aBUCUMBIMH HCCIIEJOBATEISIMHU.

3. Vcnonb3oBanue pa3pabOTaHHOTO MeEToJla pacyera
OTKpBIBAET IIMPOKHE BO3MOXKHOCTU B UCCJIEJOBAaHHUHU Tie-
PEXOJHBIX W YCTaHOBHBIIMXCS PEXHMOB pabOTHI IpoO-
ITyJIbCUBHBIX KOMIUIEKCOB CY/IOB C JIEKTPOJIBIKCHUEM.
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A calculation method of transient modes of electric ships’
propelling electric plants.

The purpose of the work is to develop the method for calculating
the transient modes of electric ships’ propelling electric plants
during maneuver. This will allow us to evaluate and improve the
maneuverability of vessels with electric motion. Methodology. The
solution to the problems is proposed to be carried out on the basis
of mathematical modeling of maneuvering modes. The duration of
transient modes in an electric power plant at electric ships’ ma-
neuvers is commensurable with the transient operation modes of
the vessel itself. Therefore, the analysis of the electric power
plants’ maneuvering modes should be made in unity with all the
components of the ship’s propulsion complex. Results. A specified
mathematical model of transient regimes of electric ship’s propul-
sion complex, including thermal motors, synchronous generators,
electric power converters, propulsion motors, propellers, rudder,
ship’s hull is developed. The model is universal. It covers the vast
majority of modern and promising electric ships with a traditional
type of propulsors. It allows calculating the current values of the
basic mode indicators and assessing the quality indicators of
maneuvering. The model is made in relative units. Dimensionless
parameters of the complex are obtained. These parameters influ-
ence the main indicators of the quality of maneuvering. The ade-
quacy of the suggested specified mathematical model and the
developed computation method based on it were confirmed. To do
this, the results of mathematical modeling for a real electric ship
were compared with the data obtained in the course of field ex-
periments conducted by other researchers. Originality. The
mathematical description of a generator unit, as an integral part
of an indivisible ship’s propulsion complex, makes it possible to
calculate the dynamic operation modes of electric power sources
during electric vessels’ maneuvering. There is an opportunity to
design the electric ships’ propulsion power plant according to the
final result — according to the indicators characterizing the vessel
and its maneuvering properties. The use of a system of dimen-
sionless units provides a generality to the results obtained. Elec-
tric ships with equal values of dimensionless parameters will have
correspondingly the same values (in relative units) of maneuver-
ing quality indicators. Practical value. The developed mathemati-
cal model and the research method constructed on its basis allow
calculating the current values of the basic regime parameters of
all the components of the ship’s propulsion complex. A mathe-
matical apparatus for estimating the main indicators of the quality
of electric ships’ maneuvering is proposed. There is an opportu-
nity to improve the electric ships’ maneuvering characteristics by
optimizing the operation of propulsion motors. References 21,
tables 2, figures 3.

Key words: electric ship’s propelling electric plant, mathe-
matical model of transient modes, calculation method.
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TeopemuyHa esleKmpomexHika ma ennekmpodpizuka
VJIK 621.3

doi: 10.20998/2074-272X.2017.6.06

B.M. Muxaiinos, K.B. Uynuxux

TECTUPOBAHWE YNCJIEHHOTO PEIIEHUS 3AJAUM ONPEJEJIEHUAS
WCTOYHUKOB MATHUTOCTATHYECKOT O ITOJISI B HAMATHUYUBAEMOM
CPEJIE

Buxonano nepesipky npaguibHocmi inmezpanbho2o pieHAHHA OpPY2020 POOY 01 PO3PAXYHKY PO3ROOINY 0xcepen niocKkomepuodi-
AHHO20 MAZHEMOCHMAMUYHO20 NOAA HA MeHCax ROy KYCKO80-00HOPIOH020 MAZHEMOBAHO20 CEPeOOGUIYA I 11020 YUCENbHO20
Po36’°a3Ky. /[Ina ybozo euKopucmano enekmpocmamuiHy ananoziio i ananimuuHuil po3e'a30K 3a0aui npo enaue 00HOPIOHO20
eNeKMpPOCmaAmuynoz0 noNA HaA CHhepuyny dieleKMmpUyHy 000710HKY 8 KYCK080-00HOPIOHOMY dieieKmpuunomy cepedosuuyi. I1io-
meepoIHceno nPaguIbHICMb IHMEZPANbHO20 PIBHAHHA | H020 YUCENbHOZ0 PO36'A3KY 3 00ONOMOZ0I0 ANPOKCUMYIOUOT cucmemu
anzedpaiunux pieHans. 3poodaeno ananiz 6nauy MAZHEMHUX NPOHUKHOCMEN 00HOPIOHUX 0021acmell cepedosua Ha po3nooin
ikmueHux maznemuux 3apa0ie Ha NOGEPXHAX MA HANPYHCEHICHb MAZHEMHO20 NOJIA 6cepeduni cihpepuunoi ovoronku. bion. 12,
Tabn. 2, puc. 3.

Kniouosi cnosa: miaockomMepuaiaHHe MarHeTOCTATHYHE I0Jie, KYCKOBO-OJHOPiTHe MarHeToBaHe cepeIoBHIe, iHTerpajbHe
PIBHSIHHS, €JIGKTPOCTATHYHA aHAJIOTifA, (PIKTUBHUI MarHeTHU 3apsa.

Bovinonnena nposepka npasuibHocmu UHMEZPAILHOZ0 YPAGHEHUA 6MOPO20 POOA 01A paciema pacnpeoeneHus UCHIOYHUKOE
NOCKOMEPUOUAHHO20 MAZHUMOCIMAMUYECKO20 NONA HA ZPAHULAX PA30end KyCOYHO-00HOPOOHOU HAMAZHUYUBAEMOIl CPedbl U
€20 uucnennozo pewienus. /na 3mozo ucnonb306ansl I1eKMPOCMAMUYECKAA AHANO0ZUA U AHATUMUYECKOE peulenue 3a0aiu o0
6030eiicmeuu 00HOPOOHO20 INEKMPOCMAMUYECKO20 NOJIA HA CeputecKyto OUIeKmpuiecKyto 000104Ky 8 KycouHo-00HOPOOHOIL
ousnekmpuueckoil cpede. Iloomeeprcoena npagunbHOCMb UHMEZPATIBHO20 YPAGHEHUA U €20 YUCTCHHO20 PEUIeHUs NPU NOMOUU
annpokcumupyiouieil cucmemsl anzeopauueckux ypasuenui. Coenan ananus enUAHUA MAZHUMHBIX NPOHULAEMOCEN 00HOPOO-
HBIX 0Onacmeii cpedvl Ha pacnpedesieHue GUKMUEHBIX MACHUMHBIX 3aPA006 HA NOGEPXHOCMAX U HANPANCEHHOCHb MAZHUNHO20
nons eHympu chepuueckoii 06o10uku. bubin. 12, radn. 2, puc. 3.

Kniouesvie cnosa: MI10CKOMEPUAHAHHOE MAarHUTOCTaTHYecKoe I0Jie, KyCOYHO-0/JHOPOIHAsi HAMarHN4nBaeMasi cpejia, MHTe-
rpajbHOe YpaBHEeHHeE, YIeKTPoCcTaTHYecKasi AHAJIOTHS, QUKTHUBHBIA MATHUTHBIN 3apsia.

BBenenue. [ pacyeta MarHUTOCTaTUYECKUX IO-
Jeil B HEONHOPOJHBIX HaMarHMYWBAaeMBIX cpenax 3¢-
(eKTHBHO TIPUMECHEHHE WHTETPATbHBIX YpaBHEHHUI BTO-
pOro pojia OTHOCUTEIbHO IUIOTHOCTH (PUKTHBHBIX Mar-
HUTHBIX 3apsI0B B 00BbEME U Ha MMOBEPXHOCTAX pasena
ydacTkoB cpensl [1-3]. MHTerpanbHble ypaBHEHHs ai-
IPOKCUMHUPYIOT Ha NPOCTPAHCTBEHHOH CETKEe CHCTeMa-
MH ajreOpanuecKkux ypaBHEHHH BBICOKOTO IIOpSJIKa,
KOTOpBIE PEIIaloT Ha BBIYMCIMTENBHBIX MamuHax. Kak
IIPU COCTABJICHUH MHTETPaJbHBIX YPaBHEHUH, TaK U NpH
UX alIpOKCHUMAalMK MOTYT OBITH IONMYIIEHHI OIIHUOKH,
CBSI3aHHBIC, HAIPUMEpP, C HECOTIIACOBAHHOCTHIO HAIpaB-
JICHUH BEKTOPOB, MHTETPHPOBAHHEM Ha DJIEMEHTAPHOM
y4acTKe pacuyeTHOU 00iacTu ¢ 0cO0OW TOUKOH sapa WH-
TErpajJbHOr0 ypaBHEHUS.

AKTyanpHOCTh AaHHOW paboThl 00ycIOBIEHA HEOO-
XOIUMOCTBIO TIPOBEPKH IPABHIBHOCTH HCIOIB3YEMBIX
AJITOPUTMOB U TPYAOCMKHX BBIYHCIIUTECIbHBIX MPOUEAYP
IPY TIOMOIIM 3a/1a4, UMCIOIUX aHATUTUYECKUE (TOYHBIC)
pelleHust — TecTupoBaHua. Yncno Takux pelieHuil B mar-
HUTOCTaTHKE OTHOCHUTEJIBHO HEBENMKO. B M3BECTHBIX pa-
00Tax HE B TOJIHOH MEpe HCIIOJIB3YIOT TOUHBIC PEILCHHUS
3aJjay pacyeTa aHAIOTHYHBIX (M3MYECKHX ITOJIeH, OTna-
Bas MpEINoYTeHHe 0ojiee TOYHBIM, 10 MHEHHUIO aBTOPOB,
YHCIICHHBIM METOIAM.

Heabio ganHON pabOTHI SBISETCS WCIIOIH30BAHUE
3JIEKTPOCTATHYECKON aHaJOTHH IS TECTHPOBAHUS aj-
TOPUTMA YHCJICHHOTO PEIIEHUS MHTETPAIBHOTO ypaBHe-
HUSA OTHOCHUTCIIBHO HOBerHOCTHOﬂ IINIOTHOCTHU (l)l/IKTl/IB-
HbIX MAar"vTHBIX 3apgA0B Ha rpaHUllax pasjaejia OAHO-
POIHBIX O0JIaCTEH KyCOYHO-OJHOPOJHON HaMarHW4H-
BAEMOM cpezbl B clyyae MIOCKOMEPUAMAHHOTO MarHu-
TOCTATUYECKOTO MOJI.

OcHoBHbIe ypaBHeHHus U ¢opmy.sl. [IycTts TpeOy-
eTcs TECTUPOBAThH AJITOPUTM PELICHHS 3a/lauil ATl Kycod-
HO-OJHOPOJHOM Cpelbl, COCTOSLIEN U3 TPEX OJHOPOIHBIX
obnacTell ¢ pa3NUYHBIMU NOCTOSHHBIMU aO0COJIOTHBIMU

MarHUTHBIMH mpoHHIaeMoctsamu u; (k= 1,3 ). O6onouka

MPOU3BOJILHOTO MEPHUIHAHHOTO ceueHus (00nacTh 2) pas-
JIeIIsieT HeOrPaHUUSHHYI0 OKPYIKaroIIYI0 Cpely Ha obJiac-
TH | U 3 — COOTBETCTBEHHO CHapy>KH ¥ BHYTPH 000JI0YKH
(puc. 1). B yactHOM ciy4ae o61acTb 3 OTCYTCTBYET, T.C.
HNMEEeTCsl 0CECUMMETPUYHOE TEJI0 B HEOTPAaHWIEHHOH cpe-
Je, HalpuMep, CepACYHHK dJeKTpoMarHurta. Hcnomb3ys
IEKTPOCTATUYECKYIO aHAJIOTUIO paccMaTpuBaeMoil 3aj1a-
qu [1, 4-6], mpencraBiseM CKAISIPHBIA TOTCHIHAN @,
MarHUTOCTATHYECKOTO 0N, OOYCIIOBJICHHOTO MAarHUT-
HBIMH CBOWCTBaMH CpeJibl, B TaKOM Buje [3, 7, 8]:

W(0)= [ anlMKE)
i ”ﬂo'!.\/(zQ—zM +(rQ+rM)2

rae O, M € | — Touka HaONFOIEHHSI 1 TOYKA C TEKYIIUMHU
KOOpJIWHATAMH;, (o — MarHWTHas TOCTOSIHHAS, o0, (M) —
MOBEPXHOCTHAS TUJIOTHOCTh (DUKTHBHBIX MAarHUTHBIX 3a-
psnos; I, dly, — cyMMapHBIil KOHTYp MEPHUINAHHOTO cede-
HUS O0OJIOUKM M €r0 DJIEMEHT C IEHTPOM B TOuke M,
[ =1, +1, I, — BHEIIHSS U BHYTPEHHAA 4aCTU CyMMapHO-
ro KoHrtypa; K(k) — TOJIHBII DIUIMITUYECKHIA HHTErpal
1-ro pona moxyns k [9];

"o'™ .
(co—zm P+lp+m P

7o, Yar M Zg, Zyy — PAJMATIBHBIE U OCEBBIE LIUIMHIPUYECKHUE
KOoOpAHHaTHI Touek O u M.

k=2
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HanpspkeHHOCTH MarHUTHOTO OIS, 00yCIOBJIEHHO-
IO MarHUTHBIMU CBOMCTBaMHM CpENbl, U PE3yJIbTHPYIOLLE-
IO MarHUTHOTO T0JIs PaBHHI [1]

H,, =-gradg, (2)

H=Hy+H,, 3)

rae H - HanpsHKEHHOCTh BHEIIHET0 MarHUTHOTO OIS
Crnenmys unee merona [1], 3amMeTnM, 9TO IS BBITION-
HeHusi pacueToB 1o ¢opmyiam (1) - (3) HeoOxoammo

HaliTH Hew3BecTHYIO ¢QyHKuuio o,(Q), O € [ myrem pe-
LICHHS MHTETPAIBHOTO YPaBHEHUS

() /Ik JU )S(0. M)l =202 Hon(Q), (4)
rae
k 1
510.) = 610+
2 VQ k
s + 1 AN
x( ML rMQ K2 - J ) |cos(l,iip)+ )

2
() e
cosl 100t
2 r (z Q)
T,, Tz — OpTHl UWIMHIPHYECKUX KOOpAWHAT 7 U Z;

Ny — CAMHUYHAs HOPMalb K KOHTYpY / B Touke Q € [;

E(k), k' — momHpIli SnnunTHYECKUH WHTETpal BTOPOTO
poza MOIyJNs k ¥ JOIOJHUTEIbHBIH MOMYJIb HMOJHBIX 3J-

JIMIITHYECKUX HHTErpaiioB [9]; k' =+v1— k2 ;

j’k _ Hic+1 — Hi Jk=12;
Hir1 + Hy
H,,(Q) — HopManbHas poeKuus H 0-

" A

R 4

]

Puc. 1. Ocecummerprynasi 0601049Ka B KyCOYHO-0THOPOIHON
HaMarHM4MBaeMoM cpeze

YacTHblii c1yyail paccMaTpuBaeMoii 3anaun. J{is
TECTUPOBAHMS PACCMOTPUM YaCTHBIH CITydail ONHMCaHHON
BBIIIE 33714 — BO3/CHCTBHE BHEUIHErO MOCTOSHHOTO
OJHOPOJHOTO MarHUTHOTO IIOJIsI, HANpPaBJICHHOTO BIOJb
0CeBOI KOOPAWHATEHI z, HA CPEPUIECKYI0 000JIOUKY B Ky-
COYHO-OJHOPOJHONW HamarHu4dmBaemou cpene (puc. 2).
MepuauanHoe cedeHue 3TOH OOOJIOUKHM CHUMMETPUIHO
OTHOCUTEJIBHO OCH 7, TO3TOMY I Touek M u M’ ¢ Takoi
cummetpue o,,(M’) = —0,(M) u obnacTs onpenenecHus
o0,(M) ymenblaercs BiaBoe. VHTerpaibHoe ypaBHEHHE
(4) myst aTOrO Ciyvast mpeodpasyeM K TAKOMY BUY:

M)[S(Q,M)—S(Q,M') Iy =

(6)
= ZﬂoﬂkHO sin 0,
rae 6 — cheprudeckas yriioMecTHas KoopAuHaTa (puc. 2).

—_—

I Y

Hg FE;
’ M,

moag VA
1 M2t
. J153
< 6

Y s My ! ['“,_

0 Z

R

Puc. 2. Ceprueckast 0005104Ka B KyCOUHO-0JHOPOTHOM
HaMarHU4YMBaeMol cpejie

CyMMapHBIiT KOHTYp WHTETPUPOBaHUS [ B ypaBHe-

HUH (6) COCTOUT W3 JBYX CHMMETPUYHBIX OTHOCHTEIIEHO
OCH 7 TOJOBHH [; U [, Haxomsamumxcsa B obnactu z > 0.
Oyukuun S(Q, M) u S(Q, M), BXoasme B AP0 3TOTO
ypaBHeHUsl, onpezaeisieM 1o ¢opmyse (5), IpUHAB B Hel

cos(l,,nQ =coséd,

cos lz,nQ =sinf, zp=-zy,

ry =ry - KpoMe TOro, HyXHO Yy4YecTb H3MEHEHHE
Z — KOOpJIMHAT CUMMETPUYHBIX ToYeK M’ mpu BBIYHCIIE-
Hun Moxyns k. Ilocnme pemrenus ypaBHeHus (6) Hamps-
JKEHHOCTh OJJHOPOJHOTO MAarHUTHOTO IOJISt B TIPOM3BOJIb-
HoM Touke O BHYTpH 000109KH (0071aCTh 3) HAXOIUM IIPH
nomotu GpopmyJbl, kotopas cieayer u3 (1) — (3):

1
H(Q)=Hy+ [ )
7o
1 ™
e (S,=8))dly,
XrQ@( 1 l)dM
e
k3
Si=lco-2m )kTE(k) . ®)

OYHKIMIO S| B MOBIHTErPATLHOM BBIPAKEHHH BTO-
poro cimaraemoro (7) onpezaensem no gopmye (8), 3ame-
HUB B HEl, a Takke B popMyJie Ui onpeneneHus k Koop-
JOUHATY Z), HA Z)y.

[pu popmupoBanumn dyukuuit S(Q, M) u S(Q, M),
BXOJISIIIMX B siipa ypaBHeHUi (4), (6), ObUTH HCIOIB30Ba-
HBI (JOPMyJIBI JUIsSl PACYETa NPOEKLM £ IIOCKOMEpH/IH-
aHHOTO AIEKTPOCTATHIECKOTo 1oist 3 pador [3, 8]. Kon-
Typ ! OBLT pa3duT Ha N 3JIEMEHTapHBIX YIACTKOB C Y3JI0-
BBIMH TOYKaMH M B UX LIEHTpPE, KOTOpbIe 00pasyloT mpo-

CTPaHCTBEHHYIO CETKy, npuueM k =1,N; npu M; € /; n

k=N +1,N npu M, € I, (puc. 2). YpaBHenue (6) 0b110

mpeobpa3oBaHO B CHUCTEMY alreOpamyecKuX ypaBHEHHH
Ha CeTKe IPH MOMOIIU KBaJPATYpPHOU (OpMyIbl mpsiMo-
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YIOJIbHUKOB. JlHaroHanbHbIE 31€MEHTHl MaTpuubl NXN
3TOM CHCTEMbl YPaBHEHUH, COOTBETCTBYIOILKE 3JIEMEH-
TapHBIM y4acTKaM KOHTypa ¢ 0co00i TOYKOH sipa ypas-
HeHus (6), onpenesuii o0 METOMKe, OITMCaHHOI B pabo-

e [10]. Cucrema anreOpanyeckux ypaBHEHHWil Oblia pe-
[IeHa TNPsIMBIM METOJOM, OCHOBaHHBIM Ha oOOpalieHun
MaTpHLBl JIEBBIX YacTed W MOCIEIYyIONeM YMHO)XEHHH
OOpalleHHOW MaTpuIbl Ha BEKTOP-CTOJIOE IIpaBbIX
yacTeil.

AHaNUTHYECKOE pELICHUE AaHAJTOTUYHOM 3JIEKTPO-
CTaTUYECKOM 3a/1a4d O BO3JAEHCTBUU BHEILHEIO OJHOPOJI-
HOTO 3JIEKTPHYECKOr0 MOJIS Ha JUAIEKTPUIECKYIO chepH-
4yecKyto 000souky m3BecTHO [11]. Mcmons3yst 3To pemre-
HHe, roiy4yaeM (OpMyJibl AJisl pacdera paclpelesieHUs
HOBerHOCTHOﬂ IIJIOTHOCTH (bI/IKTl/IBHI)IX MAarHuTHBIX 3a-
PAAOB Ha I'paHUYHBIX MMOBECPXHOCTAX, 4 TAKIKE HAIIPSAKCH-
HOCTH OJHOPOJHOTO MarHUTHOTO MOJst H; BHyTpH Hamar-
HUYMBAEMOW 000JIOUKH:

2
Um(R1,9)=#0{F

(Bl —Bz)+ HO +A2]sin9 ) (9)
1

O'm(Rz,e):ﬂo[%-FHi—AzJSine; (10)
2

3
Hi=—9Ho/{C#1(’L:+2] 2¢, (1; ] (ﬂl 1} ,(11)

rae Ry, R, — pannychl TpaHUYHBIX TOBEpXHOCTEH (pHC. 2);

3
R
Bl =R13 H0+A2 1+Cﬂ(?2] ’BZ :c/.lR%AZ;
1

Cul =13/ 1 +2§Cy2=1—ﬂ3/ﬂ2 5Cy =Cﬂ2/Cy1;

Az :HI-C#I/:S.

3HavyeHus o, U H;, MOIydeHHbIC MPHU ITOMOIIH YHC-
JICHHOTO pEIIeHUs] MHTErpaIbHOTO ypaBHEeHHs (6) U pac-
4yetoB 1o Gopmyse (7), Oyaem Ha3bIBaTh MPHOIMKEHHBI-
MH, a ipu oMot (9) — (11) — TouHBIMHE.

B 1a6x1. 1 u 2 mpuBeneHbI 3HAYEHHUS COOTBETCTBEHHO
G =0/ (uoHy) n H'=H, |/ H, awua puc. 3 mokasaHbl
KPHBbIE M3MEHEHHs 0,, oT O [0, 7/2] HA rPAHUUHBIX TIO-
BEPXHOCTSIX 000JIOUKHU TIPH U1 = o, Ro/R; = 0,95 u Bapua-
LUK 3. JlaHHBIE B cTOnOmax 1 SIBISIIOTCS NPHOIIMIKEH-
HBIMH, 2 B CTONONAX 2 — TOYHBIMU. [IJI1 NaHHBIX, TIPUBE-
JICHHBIX B YHCJIUTENIAX CTOONOB 1 Tabx. 1, OblIo mpuHs-
to N = 80, B 3Hamenarensix — 2160. Kpussie Ha puc. 3
MTOCTPOCHHI 110 Pe3yNbTaTaM YHCICHHOTO PEUICHUsS ypaB-
HeHus (6) mpu N = 2160

W3 tabn. 1 u 2 cnexyer, 9To B OIMPOKHX JAWANIa30HAX
M3MEHEHHS MAarHWTHBIX NPOHUIIAEMOCTEH fp U Y3 TIPH
M3MEINbUeHNH 1ara MPOCTPaHCTBEHHOW CETKH abCOJIOT-
HBIC PACXOMK/ICHHS TOUHBIX 1 NPUOJIMKEHHBIX 3HAYCHUH
o, 1 H; umeror nopsagox 107, [Ipi 5TOM OTHOCHTEIbHBIE
pacxoxaenus uzmensitorcst or 0,1 % 40 HECKONbKUX
NIPOLIEHTOB 33 MCKIIIOUYEHHEM CIIy4aeB OUYCHb MajlbIX 3Ha-
YEeHUH PacCUNTHIBAEMOI BEINYNHBI.

Tabmuma 1
3HaueHMs OBEPXHOCTHOM MIOTHOCTH (DUKTUBHBIX MATHUTHBIX 3aPSIOB 0,, HA MOBEPXHOCTAX Chepuueckoil 060I0uKH
M= Soﬂo, j«l = 0,961 M3 = Uo
_ _ _ Ur= 50/1() Ur = 500/1(] Mo = 2000/1()
e TR P R I s R B
=0, =0, -=0, jo=—0961 | 7,=-0996 | J=-0999
1 2 1 2 1 2 1 2 1 2 1 2
07312 0,8288 0,8457 0,6067 0,7823 0,8048
0,2945 0,7490 0,8350 0,8498 0,6383 0,8362 0,8617
0,7483 0,8348 0,8497 0,6370 0,8339 0,8594
1,4404 1,6326 1,6658 1,1951 1,5412 1,5855
0,6086 1,4753 1,6447 1,6739 1,2573 1,6470 1,6974
1,4739 1,6443 1,6736 1,2548 1,6426 1,6928
2,0087 2,2765 2,3229 1,6668 2,1499 2,2117
Bremmsis | 0,9228 2,0572 22935 23342 1,7532 2,2967 2,3670
2,0553 2,2929 2,3338 1,7497 2,2906 2,3605
23812 2,6977 27525 1,9765 2,5502 2,6236
1,2369 2,4378 2,7178 2,7660 2,0776 2,7216 2,8049
2,4355 2,7171 2,7656 2,0735 2,7144 2,7972
2,5335 2,8539 2,9033 2,1023 2,7249 2,8047
1,5510 2,5798 2,8762 2,9272 2,1986 2,8802 2,9683
2.5774 2,.8754 2,9267 2,1943 2,.8725 2,9602
-0,0507 0,0103 0,0208 -0,1286 -0,0441 -0,0329
0,2945 0,043 0,0089 0,0181 ~0,1128 ~0,0173 ~0,0045
—-0,0446 0,0090 0,0182 -0,1134 -0,0184 —-0,0057
~0,0999 0,0203 0,0410 20,2533 ~0,0868 0,0647
0,6086 —-0,0872 0,0176 0,0357 -0,2222 —-0,0340 —-0,0089
—0,0878 0,0177 0,0359 -0,2234 -0,0362 -0,0112
-0,1393 0,0282 0,0572 -0,3530 -0,1206 —-0,0898
BuyTtpennss | 0,9228 -0,1217 0,0246 0,0497 -0,3098 -0,0474 -0,0124
0,1224 0,0247 0,0501 ~03116 20,0505 20,0156
—-0,1646 0,0334 0,0678 -0,4174 -0,1410 -0,1044
1,2369 0,1442 0,0291 0,0590 ~0,3671 0,0562 0,0147
—-0,1450 0,0293 0,0593 -0,3692 —-0,0598 -0,0185
0,1319 0,0139 0,0150 03902 ~0,0764 ~0,0349
1,5510 —0,1526 0,0308 0,0624 —0,3885 —-0,0595 -0,0155
-0,1534 0,0310 0,0627 —-0,3906 -0,0632 -0,0195
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Tabmuma 2
*
3HaueHus1 HANPSHKEHHOCTH MAarHUTHOTO MO H;
MPOHUKIIIETO BHYTPh CPEPUICCKON 000I0UKH

U = 50/10, j.[ = 0,961 U3 = Uo
= = 2= 50w Hr=500p,
N | T Ok T 00| 20961 | 4 =0.996
S T b =-0,961 | 1,=-0,996
1 2 1 2 1 2 1 2
80 | 0,2179 0,0363 0,4502 0,1507
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MOBEPXHOCTAX chepUIeCKOr 000IOUKHU: IS KPUBOi 1

2 = 1000, 13 = pto, 2 — pp = 100019, u3 = pto, 3 — pa = 1010,
3 = 5000410

[oBbIlIICHHE TOYHOCTH YHCICHHOIO PEIICHUS MO-
KeT OBbITh JOCTUTHYTO TaKXKe MPUMEHEHHeM 0oJjiee TOY-
HBIX KBaapaTypHbIX (opmyn. W3 tabn. 1 u puc. 3 creny-
€T, 4TO YHCJICHHbIC PELICHHs SIBJSIOTCS YCTOWYMBBIMU
[pH 3HAYCHUAX mapameTpa A, ommskux K £1. Takum 00-
pa3oM, TpH IOMOIIY AHAIUTHYECKOTO PELICHUS aHayo-
THYHOM 3JIEKTPOCTATHYECKOH 3aJjauu IMOATBEPIKAEHa pa-
BUJIBHOCTbH COCTAaBJICHUA HUCXOJHOI'0 HUHTErpaJibHOI'O
ypaBHeHUs (4) W aNropurMa €ro 4YMCJIEHHOTO PELICHUS.
3aMeTHM, YTO M3BECTHHI aHATUTUYECKUE PELICHUs 3a/ad
0 BO3/ICHCTBUH BHEIIHETO OJTHOPOJIHOTO 3JIEKTPOCTaTHYE-
CKOT'O TI0JISi HA MHOTOCJIOWHBIE TUAICKTPUYECKHE CepH-
yeckre 000ouku [12], KoTopsie MOTYT OBITH HCIIONB30-
BaHbl JUISl TECTUPOBAHHS AITOPUTMA PEIICHHs HWHTE-
IPaJIbHOrO YPaBHEHUsI B CIIydyae MHOTOCIONHBIX OCECHUM-
METPHUYHBIX HAMArHUYMBAEMBIX 000JIOYEK.

OcobeHHOCTH M3MeHeHHs o, u H; npu Bapua-
oMU u; B ciaydae chepuyeckoii 000104k, 3HAUCHUS
0, Ha PAaCUeTHOI YACTH KOHTYpPA BHEIIHEH OBEPXHOCTH

chepryeckoii 000104KH (z > 0) MOIOKUTEIBHBI IIPU BCEX
My VI HE3HAUNTEIBFHO M3MEHSIOTCA HpH OoNbIuX up. Ha
pacueTHONl YacTM KOHTypa BHYTpPEHHEH IIOBEPXHOCTHU
06omoukn mpu w3 < pr (Jo < 0) 3HAYCHHS 0, OTPHUIA-
TEJIbHBI, & TIPH U3 > iy (Ap > 0) nonoxurensHbl (Tadi. 1).
EcrecTBeHHO, YTO Ha CUMMETPUYHON OTHOCHUTEIBHO OCH
F YaCTH KOHTYPA, 3HAKH 0,, TIPOTHBOMONOKHBL.

Ipu Gompumux u; > 100y, obonouka 3KpaHUPYET
o0nactpb 3, CIeqCTBUEM YEro SIBIISIOTCS Majble 3HAuSHHUs
H;" v 6,,". YBemuenne 3 MPUBOIUT K JOTOTHATETHHOMY
YMEHBIICHHIO H;" (tabm. 2).

OnucaHHble 0COOCHHOCTH M3MEHEHHs 6,, U H; Mo-
I'yT OBITh MOJIE3HBI M IIPU aHAJIHM3€ MAarHUTOCTATUYECKOTO
MOJISL B CIIydae OCECHMMETPUYHBIX OOOIIOYEK U CILIONI-
HBIX TeJ pyroi Gopmbl.

BoiBOaBI.

1. TecTupoBaHUE NMPaBUIBHOCTH HHTErPajbHBIX YypPaB-
HeHU# 11 pacdera pacnpenesieHuss GUKTUBHBIX MarHUT-
HbIX 3aps0B Ha OCCCUMMETPHUYHBIX I'paHUIAX KYyCOYHO-
OJIHOPOJHOW HAMAarHW4YMBAeMOW CPEIbl U aJrOPUTMOB MX
YHCJIEHHBIX PEUICHUH MOXKET OBITH BBIINOJHEHO IIPH I10-
MOUIM aHAIMTUYECKUX PELICHUH 3a/1a4 aHaiu3a BO3JeH-
CTBHUSI OJHOPOAHOTO 3JIEKTPOCTATHYECKOTO IOJII Ha KY-
COYHO-OJTHOPOJHYIO JAMAJICKTPHUUYECKYIO Cpely C LeH-
TpaJIbHON CUMMETpHEN IpaHuIl — OAHOCIOWHBIE U MHOTO-
cioitHbIe chepryecKie 000J0UKH.

2. B ciryugae cheprueckoir 000T0UKH B MIMPOKOM JHa-
Ma30He 3HAYCHUH mapamerpa A;, B TOM YHUCIe OJM3KUX K
+1, 9nCIeHHOE pEelIeHNEe WHTETPAJbHOTO YPaBHEHHS SB-
JSETCA yCTOWYMBBIM, a MPH W3MENbYCHHWH IIara CETKH
OTHOCHUTENBHAs TOTPEIIHOCTh pacdyera IOBEPXHOCTHOU
IUIOTHOCTH (PUKTHBHBIX MAarHUTHBIX 3apsioB W Hamps-
JKEHHOCTH MAarHUTHOTO TIOJISI BHYTPH OOOJIOYKH COCTaB-
JSIET OT AECATHIX JOJIEH IMPOLEHTa JI0 HECKOJBbKHX IIPO-
LIEHTOB 32 HMCKJIOUSHHEM CIIyYyacB OYEHb MajlbIX 3Haue-
HUM 3THUX BEJIUYUH.
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Testing of numerical solution of the problem of determining
sources of magnetostatic field in magnetized medium.
Purpose. Testing of numerical solution algorithm for integral equa-
tion for calculation of plane meridian magnetostatic field source
distribution at interfaces of piecewise homogeneous magnetized
medium by means of electrostatic analogy. Methodology. The
piecewise homogeneous medium consists of three regions with dif-
ferent magnetic permeabilities: the shell of arbitrary meridian sec-
tion, external unlimited medium outside the shell, and the medium
inside the shell. For testing external homogeneous magnetic field
effect on spherical shell is considered. The analytical solution of this
problem on the basis of electrostatic analogy from the solution of
the problem uniform electrostatic field effect on dielectric shell is
obtained. We have compared results of numerical solution of inte-
gral equation with the data obtained by means of analytical solution
at the variation of magnetic permeabilities of regions of medium.
Results. Integral equation and the algorithm of its numerical solu-
tion for calculation of source field distribution at the boundaries of
piecewise homogeneous medium is validated. Testing of integral
equations correctness for calculation of fictitious magnetic charges
distribution on axisymmetric boundaries of piecewise homogeneous
magnetized medium and algorithms of their numerical solutions can
be carried out by means of analytical solutions of problems of ho-
mogeneous electrostatic field effect analysis on piecewise homoge-
neous dielectric medium with central symmetry of boundaries —
single-layer and multilayer spherical shells. In the case of spherical
shell in wide range of values of the parameter J;, including close to
+ I, numerical solution of integral equation is stable, and relative
error in calculating of fictitious magnetic charges surface density
and magnetic field intensity inside the shell is from tenths of a per-
cent up to several percent except for the cases of very small values
of these quantities. Originality. The use analytical solutions for
problems of calculation of external electrostatic field effect on
piecewise homogeneous dielectric bodies for testing integral equa-
tions of magnetostatics and algorithms for their numerical solu-
tions. Practical value. The described method of testing integral
equations of magnetostatics and their numerical solutions can be
used for calculation of magnetic fields of spacecrafi control system
electromagnets. References 12, tables 2, figures 3.

Key words: plane meridian magnetostatic field, piecewise
homogeneous magnetized medium, integral equation, elec-
trostatic analogy, fictitious magnetic charge.
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NUMERICAL SIMULATION OF THERMAL BEHAVIOR AND OPTIMIZATION
OF a-Si/a-Si/C-Si/a-Si/A-Si HIT SOLAR CELL AT HIGH TEMPERATURES

Purpose. Silicon heterostructure solar cells, particularly Heterojunction with Intrinsic Thin layer (HIT) cells, are of
recommended silicon cells in recent years that are simply fabricated at low processing temperature and have high optical and
temperature stability and better efficiency than homojunction solar cells. In this paper, at first a relatively accurate computational
model is suggested for more precise calculation of the thermal behavior of such cells. In this model, the thermal dependency of
many parameters such as mobility, thermal velocity of carriers, band gap, Urbach energy of band tails, electron affinity, relative
permittivity, and effective density of states in the valence and conduction bands are considered for all semiconductor layers. The
thermal behavior of HIT solar cells in the range of 25-75 °C is studied by using of this model. The effect of the thickness of
different layers of HIT cell on its external parameters has been investigated in this temperature range, and finally the optimal
thicknesses of HIT solar cell layers to use in wide temperature range are proposed. References 20, tables 4, figures 5.

Key words: heterojunction with intrinsic thin layer cell, high temperature, thermal behavior.

ILlenv. Kpemnuesvie zemepocmpykmyphsle colHeunble IIEMEHMbl, 6 YACIMHOCHU 2emePOnepexoobl ¢ AUEUKAMU GHYMPEHHe20
monkozo cnoa (HIT), ¢ nocnednee epemsa pekomeHOyIOmMc: 014 UCHOIb308AHUA 6 KAYeCmee KPEMHUEBHIX I/IEMEHMN 06, HOCKOIbKY
OHU J1€2KO U320MA6IUAIONCs NPU HU3KOU memnepamype 00pasomKu u umeron blCOKYI0 ORMUYECKYI0 U MEMNEePAmypHyIo
CMaoubHOCMY, 4 Makdice 6oee GblCOKUIl K.1.0., YeM COTHEeUHble INeMeHMbl HA 0CHOGe 2oMmonepexodd. B nacmoaweii pabome
6nepevle NPedNazaencs OMHOCUMENTbHO MOYHAA GLIYUCTUMENbHAA MOOEb 01 D01ee MOYHO20 PACHema Meni06020 N0GedeHUs
maxux aveex. B amoit mooenu onsn écex cioee noaynpoGoOHUKA PACCMAMPUBACICA MEMNEPAMYPHAA 3AGUCUMOCHL MHOZUX
napamempos, maKux Kak nOO8UICHOCIb, MENI06aAs CKOPOCMYb HOCUmeneil, Panuya 30Hbl, Inepeus Ypoaxa xeocmoe 30omuvl,
CPOOCHIBO INIEKMPOHO8, OMHOCUMENbHAA OUIIEKMPUUECKA NPOHUUAEMOCHb U IPdeKmusnas niomHOCHMb COCMOAHUL 6
6aneHmnoil 30ne u 6 30He npogodumocmu. C UCnOIL3IOGAHUEM OAHHOU MOOenu uccinedyemcsa mennoeoe noeedenue HIT
COJIHEUNBIX INiemenmos 6 ouanazone 25-75 °C. B Oannom Ouanazone memnepamyp UCCIE008AHO GIUAHUE MOIUUHDL
paznuunvix cnoee HIT aueiiku na ee enewinue napamempel u @ pe3yiomanie npedioiicena onmumanvhas moauwuna cioee HIT

COJIHEYHDBIX ITIEMEHMO08 Ol UCNOIb308AHUA 8 WUPOKOM ouana3one memnepamyp. bubn. 20, tabm. 4, puc. 5.
Knrouesvie cnosa: rereponepexobl ¢ sueiikaMi BHYyTPEHHEr0 TOHKOIO CJI0s1, BbICOKAsi TEMIIEPATYPA, TeNJI0BOE I0OBEIeHHE.

Introduction. The Heterojunction with Intrinsic
Thin layer (HIT) solar cells are one of the most promising
affordable photovoltaic systems to achieve clean energy.
Low process temperature and, as a result, more economic
modules [1], high open circuit voltage due to higher
bandgap of amorphous silicon [2], good efficiency due to
low recombination of carriers in the interface of
amorphous and crystalline silicon [3], good stability and
low temperature dependence [1] are of advantages of
these solar cells.

Because of developments during recent years, the
efficiency of HIT solar cells has been continuously
increased and the efficiency of 25.6 % recorded for these
cells by Panasonic company in 2014 [4]. This
performance upgrades happen due to research on various
subjects like the effect of Indium-Tin-Oxide (ITO) layer
on the behavior of the cell [5], the impact of front contact
work function [6], the effect of surface texturing of
crystalline silicon (c-Si) wafer [7], the role of Fermi state
of doped hydrogenated amorphous silicon (a-Si:H) layers
and band offsets [8], and the effect of intrinsic layer on
the cell function [9].

Dwivedi et al. (2012) optimized different structures
of HIT cells through the thickness change of a-Si:H(n)
and a-Si:H(i) front layers and c-Si wafer. The highest
efficiency achieved in that study was 27.2 % for a cell
with  ITO/a-Si:H(n)/  a-Si:H(i)/c-Si(p)/a-Si:H(i)/  a-
Si:H(p)/metal structure [10]. Jian et al. (2015) reached
theoretic efficiency of 27.2 % using simulation of HIT
solar cell with TCO/a-Si:H(n)/ a-Si:H(i)/ c-Si(p)/ a-
Si:H(p)/Ag structure by varying of thickness and doping
of layers [11].

While the modeling of a massive amount of
performed research has been done in Standard Test

Conditions (STC) and 25 °C, a limited number of them
conducted in hot weather conditions like tropical zones in
which the cell temperature rises to over to 70 °C or in the
concentrated modules which the cell temperature rises up
to 100 °C [12]. Taguchi et al. (2008) reported an
efficiency decrease with increase of temperature and
reduction of efficiency drop with increasing thickness of
a-Si:H(i) layer through examination of temperature
dependence of external parameters of the Ag/TCO/a-
Si:H(p)/a-Si:H(i)/c-Si(n)/a-Si:H(i)/a-Si:H(n)/TCO/Ag cell
[13]. In 2013, Vishkasougheh et al. studied changes of
external parameters of TCO/a-Si:H(n)/pc-Si:H(i)/c-
Si(p)/a-Si:H(p) cell influenced by increase of temperature
via simulation [14]. Agarwal and Doosan (2015)
performed similar study and investigated the effect of the
thickness of a-Si:H(i) layer on the cell’s dark saturation
current density [15]. Sachenko et al. (2016) studied
temperature dependence of a cell with
Ag/ITO/aSi:H(p)/aSi:H(i)/a-SiC/c-Si(n)/a-
SiC/aSi:H(i)/aSi:H(n)/ITO/Ag structure. The research
results showed increase of short circuit current, decrease
of open circuit voltage, reduction of fill factor and
decrease of cell efficiency in the range of 300-400 K [16].
Dramatic and abnormal increase of mobility of
amorphous silicon layer with the temperature has been
neglected in most solar cell simulation packages in spite
of its important impact on the temperature behavior of
solar cell.

The goal of the paper is to provide a relative
accurate simulation of HIT solar cells, in which, almost
all temperature-dependent layer parameters (the most
comprehensive set of parameters in the literature) have
been considered. By these simulations, the thermal
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coefficient of studied HIT cells is obtained, resulting to
optimize the thickness of the HIT layers to gain the least
temperature dependency of efficiency.

Simulation tools and method. In the current
study, the simulation core is AFORS-HET software, a
tool for one-dimensional of homojunction and
heterojunction solar cells that has necessary facilities to
observe the effect of parallel changes of various
structural and environmental parameters on the final
characteristics of the solar cell [17, 18]. This software
uses defect-pool model [19] to explain amorphous and
microcrystalline layers which is used in various types of
heterojunction cells including HIT cells, with the ability
to define and edit the exponential, Gaussian, linear, and
point defect shapes for each layer. Moreover, in order to
increase flexibility and performance of simulation, a
program was developed for defining a set of parametric
structures with the capability of changing the
temperature in the desired range and called GDMAT.
This program can define layers with regular parametric
changes, and through combination of them, it can create
structures useable by AFORS-HET software, and also
can prepare all outputs of AFORS-HET in the suitable
form to plot.

The cell under investigation is based on a p-type
silicon wafer as the absorber layer. The emitter has been
constituted from a-Si:H(n) and a-Si:H(i) thin film layers,
respectively. Two ITO layers have placed in the back and
front of cell which act as both anti-reflection layer and

band diagrams

transparent electrode. Back Surface Field (BSF) has been
formed from a-Si:H(n) and a-Si:H(i) layers in the back of
the cell. Fig. 1 shows the structure of defined cell and its
bands diagrams.

20

_ _
= 2
0

Defect Density (cm'3)

—
=
N

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Energy (eV})

Fig. 1. The defect density diagram of a-Si:H (i) layers used

in the simulation. The dashed-line curve represents the total

defect density

The defect-pool model has been used to describe
non-crystalline layers in which structural defects were
defined with exponential band tails and Gaussian—shaped
dangling bonds in the midgap. Fig. 2 shows the defect
density curves of the a-Si:H (i) layer which is used in the
structure.
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Fig. 2. The structure of simulated HIT cell (¢). Band diagram of the cell at the thermal equilibrium (b)

Table 1 contains the temperature-independent
parameters of semiconductor layers in the simulation. The
temperature-dependent parameters have been inferred
from reference [20] and summarized in Table 2. This
parameter values have been briefly recorded only at end
temperatures of 300 and 350 K. However, in our
simulations, the temperature changing step is considered
to be 5.

In the proposed model, parameters that have linear
temperature dependence are interpolated with a general
relation

¥ (T)=y (298)+y (348)-y (298)]( T -298 )

348-298

at intermediate temperatures. Other parameters, which

have exponential dependency, interpolated with relation
T-298

y(348)}(348—298j

y(298)

in which »(298) and y(348) are the values of considered
parameters at 298 K and 348 K that shown in Table 2.

y(T)=y (298){
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Table 1

Temperature-independent parameters of HIT layers in the current study

Parameter | Unit | a-Si(n) | a-Si(i) | a-Si(p) c-Si(p)

Conduction Band Tail
Electron Thermal Cross Section cm’ 7E-16 7E-16 7E-16
Hole Thermal Cross Section cnt’ 7E-16 7E-16 7E-16
Total Trap Density cm” 1.36E20 6.4E19 1.6E21
Specific Trap Density cm™ 2E21 1.8E21 2E21

Valence Band Tail
Electron Thermal Cross Section cm’ 7E-16 7E-16 7E-16
Hole Thermal Cross Section cm’ 7E-16 7E-16 7E-16
Total Trap Density cm™ 1.88E20 9.4E19 2.4E20
Specific Trap Density cm’ 2E21 1.88E21 2E21
Dangling Band Acceptor

Electron Thermal Cross Section e’ 3E-15 3E-15 3E-15
Hole Thermal Cross Section cnt’ 3E-14 3E-14 3E-14
Total Trap Density cm™ 6.9E19 SE15 6.89E19
Specific Trap Density cm™ 1.3E20 1.38E16 1.3E20
Energy of Distribution eV 0.6 0.82 1.2
Characteristic Energy eV 0.21 0.144 0.21

Dangling Band Donor Point Defect
Electron Thermal Cross Section e’ 3E-14 3E-14 3E-14 1E-14
Hole Thermal Cross Section cnt’ 3E-15 3E-15 3E-15 1E-14
Total Trap Density cm™ 6.89E19 SE15 6.89E19 1E10
Specific Trap Density cm™ 1.3E20 1.38E16 1.3E20 1E10
Energy of Distribution eV 0.7 0.92 1.1 0.56
Characteristic Energy eV 0.21 0.144 0.21

Table 2
Temperature-dependent parameters of HIT layers at 25 °C and 75 °C
Parameter Unit c-Si c-Si nip a-SiH | n.ip a-Si:H Sequence Type
@348K @298K @348K @298K

Dielectric Constant - 12.05 11.9 12.05 11.9 Linear
Electron Affinity eV 34.17 4.05 3.83 3.9 Linear
Mobility Bandgap (E,) eV 1.106 1.12 1.726 1.74 Linear
Optical Bandgap (E, ) eV 1.006 1.02 1.626 1.64 Linear
Effective Conduction Band Density of States em” | 3.57E+19 | 2.8E+19 1.24E+20 1E+20 Exponential
Effective Valence Band Density of States em™ | 1.39E+19 | 1.04E+19 | 1.24E+20 1E+20 Exponential
Electron Mobility em*/Vs 708 1040 20 5 Exponential
Hole Mobility cm*/Vs 280 412 4 1 Exponential
Electron Thermal Velocity cm/s | 1.08E+07 1E+07 1.08E+07 1E+07 Exponential
Hole Thermal Velocity cm/s | 1.08E+07 1E+07 1.08E+07 1E+07 Exponential
Urbach Energy of Conduction Band Tail meV - - 78,38,92 68,35,80 Linear
Urbach Energy of Valence Band Tail meV - - 108,57,138 | 94,50,120 Linear

Simulation steps and results. A 1000 W/cm’
AML.5 light was applied to the front surface of studied
HIT cell, and simulation process started using AFORS-
HET. Due to the large number of parameters to be swept,
GDMAT tool was employed to define various cell
structures frequently and run AFORS-HET to simulate
them as a batch process.

In the first step, the effect of the thickness of layers
on the thermal behavior of cell was investigated through
change of a-Si(n) layer thickness from 4 nm to 12 nm and
observed that increase of the thickness of this layer
decreases efficiency of cell, but improves its thermal
coefficients (TC). With selection of the minimum value of
the range, second phase of simulation was performed
through change of a-Si:H(i) layer thickness from 3 nm to

9 nm that obtained same result as the previous one.
Therefore, 3 nm thickness was recorded for this layer.
Fig. 3 shows the fill factor (FF) and efficiency diagram of
cell after this step.

In the next step, wafer thickness was swept from
100 pm to 250 um. According to the Fig. 3, this increase
leads to reduction of open circuit voltage (V,.) and
enhancement of short circuit current density (J,.) and a
peak was observed in efficiency at 200 pm. Thus, 200 um
was recorded as optimum thickness of wafer.

Decrease of V,. can be considered due increase of
recombination of carrier in thicker layer and increasing of
J. 1s as a result of enhancement of photon absorption rate
because of its prolonged pathway in the absorber layer.
Results are shown in Fig. 4.
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In the fourth step, the thickness of a-Si(i) layer was
changed from 3 nm to 9 nm. It was observed that this
change has no impact on the J;. and V,. but decreases fill
factor and consequently efficiency at temperature near to
300 K. Therefore, value of 3 nm was selected as optimal
thickness.

In the fifth and final step, the thickness of a-Si(p)
layer was swept from 4 nm to 12 nm but observed no
significant change. Summary of all steps is given in Table

3. Furthermore, optimum thickness of layers is included
in Table 4 for which open circuit voltage of 783 mV,
short circuit current density of 40.08 mA/cm?, fill factor
of 80.6 % and efficiency of 25.4 % have been obtained. In
this condition, thermal coefficient of efficiency (TC,) and
mean efficiency in the range of 25-75 °C are calculated —
0.32 %/°C and 23.38 %, respectively. Current-voltage
(I-V) curve of designed cell under light at several
temperatures has shown in Fig. 5.
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Fig. 5. The I-V Diagram of desired HIT cell in various temperatures under AM1.5 Sun light
Table 3
Summarized results of simulation steps
i L ) . TCn (%/°C)
Order Parameter Initial (nm)| Variation (nm)|7 (K)|V,. (mV)|Jsc (mA/cm”)| FF (%) |Efficiency (%) Mean 1 (%)
0
.. . 298 | 802-760 | 39.1-36.8 |[80.1-80.2| 25.1-22.4 -0.39, -0.3
! | aSiH(n Thickness 12 348 [677-675| 39.3-36.9 | 76-76.1 | 202-19.0 | 22.65,20.7
R . 298 | 803-763 | 39.08-38.45 [80.1-75.9] 25.1-22.2 |-0.39,-0.23
2 |Fronta-SiH (i) Thickness| 3 39 348 [673-673 | 39.29-38.8 |76.4-75.3] 202-19.7 |22.65,21.85
. . 298 | 817-772 | 38.4-40.3 | 79.6-81 |25-25.4-25.35]-0.29, -0.32
3 ¢-Si (p) Thickness 150 100-250 348 1731681 | 38.6:40.5 |75.5-76.9] 21.35-21.25 | 23.18,23.3
R . 298 | 783-783 | 40.08-40.08 [80.6-78.2| 25.4-24.55 |-0.32,-0.26
4 | Back a-Si:H(D) Thickness 3 39 348 [ 693-693 | 42.09-42.09 |76.4-76.4] 21.35-21.35 |21.38,22.95
.y . 298 | 783-783 | 40.08-40.08 [80.6-80.6| 25.4-25.4 |-0.32,-0.31
5 | BSFa-SiH(p) Thickness | 10 12 348 | 694-694 | 42.09-42.09 |76.4-76.4] 21.35-21.35 |23.38,23.32
Table4  The following results can be inferred from performed

Optimized values of layers thickness’ simulations:

Layer Thickness (nm) 1. In the studied cell, increase of temperature causes
a-Si:H (n) 4 linear reduction of open circuit voltage, minor increase in
a-Si:H (i) 3 short circuit current, less fill factor, and less efficiency.

c-Si (p) 200 2. Though increase of the thickness of a-Si:H(n) layer
a-Si:H 0) 3 within a few nanometers slightly improves fill factor and
a-Si:H (p) 4 thermal coefficient of efficiency but it causes significant
Conclusions. Considering a fairly complete decrease of open circuit voltage, short circuit current and

collection of structural dependencies of layers on the
temperature, a model was codified to describe the thermal
behavior of HIT cell with ITO/a-Si(n)/a-Si(i)/c-Si(p)/a-
Si(i)/a-Si(p)/ITO/Ag structure, and simulated the thermal
variations of external parameters of cell by using of the
model. Moreover, the effect of variation of the thickness
of layers on the cell’s thermal behavior was investigated.

output power. Therefore, because of the technological
limitations and to avoid the occurrence of quantum
effects, it can be chosen in the range of 3-4 nm.

3. Increase of the thickness of a-Si:H(i) layers, located
at both sides of the wafer, within a few nanometers
improves TC, since this layer participates in the
absorption process and increase in the absorption
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compensates part of the short-circuit current drop at high
temperature. On the other hand, this advantage is
disregarded because of significant reduction of open
circuit voltage, fill factor and efficiency and thus,
thickness is limited to about 3-4 nm.

4. Increase of the c-Si(p) wafer thickness, enhances
absorption and short circuit current and on the other hand,
reduces the recombination rate and consequently open
circuit voltage. These two contradictory effects make this
quantity optimal in a certain number. In this research, the
optimum amount of wafer thickness has been calculated
to be 200 um. Moreover, this layer as the only crystalline
layer, is also the only layer that increase of its thickness
doesn’t improve thermal coefficient.

5. The changes in the thickness of a-Si(p) BSF layer
within a few nanometers does not show a significant
effect on the thermal behavior of cell.

6. Selecting the optimized thicknesses for layers,
theoretical efficiency at 25 °C and mean efficiency in the
range of 25-75 °C have been obtained 254 % and
23.38 %, respectively.
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TexHika cunbHUX eJIeKMPUYHUX Ma Ma2HimHux nonie. KabenbHa mexHika
UDC 621.317.3 doi: 10.20998/2074-272X.2017.6.08

Y.L. Anokhin, V.O. Brzhezytskyi, Ya.O. Haran, .M. Masliuchenko, O.P. Protsenko, Ye.O. Trotsenko

APPLICATION OF HIGH VOLTAGE DIVIDERS FOR POWER QUALITY INDICES
MEASUREMENT

Introduction. Determination of power quality indices in high-voltage power grids allows to find the reasons for the deterioration
of the power quality. The relevant national and International Standards for power quality contain relevant norms of quality
indices and requirements for their accuracy measurement. Problem. The most complicated part in the process of measuring the
power quality indices at high voltage is the selection of the corresponding high-voltage scale voltage converters. Therefore,
comparing the requirements of IEC 61000-4-30 to high voltage scale voltage converters is an important task. Goal. Analysis of
the International Standard IEC 61000-4-30 requirements feasibility for measuring the indices of power quality in high-voltage
electrical networks using different types of high-voltage scale voltage converters. Methodology. Comparison of the requirements
of IEC 61000-4-30 Standard to high-voltage scale voltage converters, when measuring power quality indices, with the
characteristics of high voltage electromagnetic transformers used in Ukraine, and with promising developments of high-voltage
converters of other types. Results. It is shown in the study that in order to fulfill some of the requirements for class A of IEC
61000-4-30, the characteristics of electromagnetic voltage transformers should be determined in the substation conditions using
mobile calibration high-voltage laboratories. To meet all the requirements for Class A IEC 61000-4-30, it is recommended to use
broadband high-voltage dividers of resistive-capacitive type. Originality. In study it is shown firstly that all the requirements of the
1IEC 61000-4-30 Standard for high-voltage scale voltage converters can be performed on the basis of the use of broadband
resistive-capacitive damped voltage dividers. Practical value. Expositions of specific types of resistive-capacitive high-voltage
dividers are presented, their parameters are confirmed by the results of state metrological certification. References 17, figures 11.
Key words: power quality indices, high voltage, electromagnetic transformers, voltage dividers.

Llenv. Ananus eévtnonnumocmu mpebdosanuii mexcoynapoonozo cmauoapma IEC 61000-4-30 npu usmepenusax noxaszameneii
Kauecmea IJ1eKMPOIHEPUU 6  BbICOKOBONLMHBIX  INIEKMPUUECKUX CEeMAX C UCHOIb306AHUEM  PA3IUYHBLIX  MUNO0E
BbICOKOGOILIMHBIX MaACWImMadnvlx npeodpazoeameneil nHanpsaxycenus. Memoouxa. Cpaenenue mpeodosanuii cmanoapma IEC
61000-4-30 K 6bICOKOBOILMHBIM MACUIMADHBIM RPEOOPA30BAMENAM HANPACEHUA, NPU U3MEPEHUU ROKa3amesiell Kayecmea
INeKmpoInepeUU, ¢ XaAPAKMEPUCIMUKAMU INEKMPOMAZHUMHBIX MPAHCHOPMAMOPOB BbICOKO20 HANPAINCEHUS, NPUMEHACMBIX 6
Ykpaune, u c nepcnexmuenvimu papadomkamu macwimaduvlx npeoopazoeameneii 6bICOKO20 HANPANCEHUA OPY2UX MUNOS.
Pesynomamut. Iloxkazano, umo ona evinoanenus uacmu mpebosanuii no kaaccy A IEC 61000-4-30 xapaxkmepucmuku
INEKMPOMAZHUMHBIX MPAHCHOPMAMOPOE HANPANHCEHUA O0JIHCHBL OblMb ONpedeienbl 6 YCA0GUAX ROOCHAHUUU C HOMOUIBIO
MOOUNILHBIX NOBEPOUHBIX 6bICOKOBONIbMHBIX Nadopamopuil. /Ina evinonnenusn écex mpebosanuit no knaccy A IEC 61000-4-30
PEKOMEHOYemca UCnOIb306aHUe 6bICOKOBOILMHBIX WIUPOKONOOCHBIX Oeliumeniell HANPANCEHUA eMKOCIHO-OMUYECK020 munda.
Hayunas noeusna. Bnepevie noxkazano, umo éce mpeooganusn cmanoapma IEC 61000-4-30 K 8b1cOK0601bMHBIM MACUMAOHBIM
npeobpazoeamensam HANPANCEHUA MOZYHL ObliMb GLINOHEHbI HA OCHOGE UCHONL308AHUSA WIUPOKONOIOCHBIX €MKOCHHO-
omuyeckux oOemnguposannvix Oenumeneii Hanpaxycenus. Ilpakmuueckas 3nauumocms. Ilpedcmasnensvt IKcno3uyuu
KOHKDEMHbIX MUNOE eMKOCHHO-OMUYECKUX Oenumeneil 6blCOKO20 HANPANCEHUS, UX RAPAMEmpPbl, NOOMEePIHcOeHHble
pe3ynvmamamu 20cy0apcmeennoil memponozuieckoii ammecmayuu. butn. 17, puc. 11.

Kniouesvie cnosa: moka3aTesll KayecTBa 3JIEKTPOIHEPTHH, BBICOKOE HANPSKeHHE, 3J1eKTPOMATHHTHbIE TPaHc(OPMATOPHI,
JeJIUTe]IH HANPSIKEHHSI.

Introduction. The transition to free market In accordance with [1], the power quality indices are

economy in the electric power industry of Ukraine in
accordance with the recently adopted the FElectricity
Market Law, as well as the prospect of joining the
Ukrainian energy system to the European Union energy
system, posed a serious problem of increasing the
domestic power quality (PQ) level to the requirements of
European Standards. At the same time, this problem is
technically divided into two parts: first, it is necessary to
create means for measuring power quality indices and
perform their metrological certification, and then, using
these tools, to improve the power quality at specific
power facilities. To reduce the loss of time, it is advisable
to perform both tasks in parallel.

It should be noted that, in fact, the power quality at a
particular site (at a certain point of connection) is
determined only by the voltage characteristics [1], but in
order to detect sources of deterioration in the power
quality, it is also necessary to have information on the
characteristics of the current consumed by the loads
connected to this point [2].

normalized for low-voltage networks (for example,
220/380 V), as well as for voltage classes of 6-20 kV; 35
kV; 110-330 kV and separately 500-750 kV.

In accordance with [3], the power quality indices
(PQI) are normalized for voltages up to 150 kV, inclusive,
while according to [4] - up to 220 kV. For higher voltage
classes, the power quality indices are determined based on
the contractual relationship between the supplier and the
consumer of electricity.

For low-voltage electrical networks in a number of
countries (Israel, Germany, Japan and others), firms
produce certified (by the international organizations)
means of measuring the power quality indices (MM PQI)
adapted to certain power quality standards, with a range
of input nominal voltages, for example 100/N3 V, 100 V,
110 V, 220 V, 230 V, and so on. [5]. For high-voltage
electrical networks, these devices are connected to the
outputs of high-voltage measuring transducers [2], among
which the most requested are high-voltage measuring
electromagnetic voltage transformers and voltage dividers

© Y.L. Anokhin, V.O. Brzhezytskyi, Ya.O. Haran, .M. Masliuchenko, O.P. Protsenko, Ye.O. Trotsenko

ISSN 2074-272X. Enexmpomexnika i Enexmpomexanirka. 2017. No6 53



(current converters intended for the purposes of power
quality measurements are not reviewed in this paper).

The feature of the Standards, regulating methods and
means of measuring power quality indices [2, 6] is that
they establish general requirements for such facilities, and
the one who conducts the measurement of power quality
indices should select the type of MM PQL. In the existing
high-voltage electrical networks, the measurement of PQI
is carried out using high-voltage transformers involved in
substation circuits (of HOM, 3HOM, HAMU, HK®, HOT'
types) that do not meet all requirements for large-scale
voltage converters for measuring power quality [2, 6]. As
a result, they get knowingly «improved» power quality
indices that are not true. Unfortunately, this problem has
not been systematically studied in the domestic literature.

In foreign publications attention is paid to the
problem of measuring power quality in high-voltage
systems. For example, in [7] it is noted that if earlier the
main problem was power supply interruptions, nowadays
the main thing is the quality of electric power, the
registration of the power quality indices, while the use of
voltage dividers is the preferred one in the role of high-
voltage converters.

The paper [8] describes the circuit and design of the
divider for a 400 kV network, which, although called a
«resistive» voltage divider, is in fact is a resistive-
capacitive voltage divider with parallel connection of R,
C- elements. Its purpose is to measure harmonics in a 400
kV network. The height of the divider is 3.78 m, the
maximum diameter of anti-corona ring is 2.0 m.

The work [9] compares the results of measurements
of voltage harmonics in a 400 kV network using a divider
and voltage transformers. As a result of the measurement
it is shown that the total ratio of higher harmonic
components of voltage for the resistive divider and the
electromagnetic voltage transformer practically coincide,
while for the capacitive voltage transformer dramatically
different results are obtained.

In [10], the development of a pulse resistive voltage
divider is described for recording a lightning impulse up
to 500 kV. The height of the divider is 1.84 m with
maximum diameter of the anti-corona ring of 0.96 m. The
resistance of the high-voltage arm of the voltage divider is
10.3 kQ.

Low-voltage experimental studies of the frequency
characteristics of a pulsed resistive voltage divider with
nominal voltage of up to 1000 kV and a resistive-
capacitive divider with nominal voltage of up to 200 kV
have been carried out in [11]. Measurements were also
made of the reaction time of the dividers by the stepped
pulse method, while the first divider reaction time was 47
ns and the second one was 120 ns.

According to the results of the review of foreign
publications, it can be concluded that high-voltage
dividers are considered as a promising alternative to
electromagnetic voltage transformers when measuring
power quality in high-voltage systems. In this case,
resistive-capacitive voltage dividers have similar dynamic
characteristics with impulse resistive dividers.

The goal of the paper. On the basis of the analysis
of the requirements for means of measuring the power

quality parameters [2, 6], to justify the necessity of using
voltage dividers in high-voltage systems for measuring
these indices, and also to generalize the results of studies
of high-voltage broadband voltage dividers made at the
Department of High Voltage Engineering and
Electrophysics of the National Technical University of
Ukraine «Igor Sikorsky Kyiv Polytechnic Institute»
(HVEE of NTUU «KPI»). At the same time, high
voltages will be understood as voltages whose nominal
values are 110 kV, 150 kV [3] and 220 kV [4]. The
requirements for the measurement parameters will be
assigned to class A, since it is a question of the
correspondence of the real power quality to the
requirements of International Standards [2, 3, 6].

Below we will analyze only those indices that affect
the use of high-voltage measuring transducers in
determining the power quality in high-voltage networks.

The root-mean-square value of the voltage in
accordance with 5.2.1 [2] must take into account the
harmonics, interharmonics, telecontrol signals existing in
the electrical network. Its measurement uncertainty in
accordance with 5.2.2 [2] should not exceed £0.1 % of the
voltage Uy, (declared input voltage) in the range of 10-
150 % of U, with the range of disturbances according to
Table C.1 [2] is 10-200 % of Uy,

Electromagnetic voltage transformers (types HK® —
110, HK® — 150, HK® — 220, HOT" 110 — 220) used in
most cases at electric stations and substations in
accordance with the Interstate Standard [12] are capable
of withstanding in the course of 1s 200 % overvoltage of
frequency of 50 Hz, but the guaranteed area of their
accuracy class (0.2; 0.5) corresponds only to the range of
80-120 % of the nominal voltage.

Concerning the permissible uncertainty in the
measurement of 0.1 % Uy, it should be noted that the
Department of HVEE of NTUU «KPI» created a mobile
calibration laboratory [13] of classes 6-110 kV (Fig. 1)
the use of which makes it possible to determine the
tolerance of voltage transformers in substations at their
actual load, and thus, taking into account the introduction
of the corresponding adjustment, to reduce the uncertainty
of Uy, measurement to £0.03 %.

Fig. 1. A mobile calibration laboratory for classes 6-110 kV

However, taking into account the fact that
«electromagnetic voltage transducers of transformer type
have frequency and transient characteristics that are
applicable for operation at frequencies up to 1 kHz» (cited
from [2]), their use for measurements of higher harmonics
and interharmonics with order n > 20 ( and, moreover, the
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telecontrol signals) are unreasonable. Thus, high voltage
electromagnetic voltage transformers used in electric
stations and substations do not meet the requirements for
determining the rms voltage value in class A [2].

Voltage of harmonics and interharmonics. In
accordance with the above definition [2], electromagnetic
voltage transformers are not suitable for an adequate scale
conversion of harmonics and interharmonics, with an
order that exceeds 20.

The voltage asymmetry is determined by the main
voltage harmonics in three-phase networks [2, 6], which

are transformed with sufficient accuracy by
electromagnetic  voltage transformers (subject to
corrections, determined using a mobile calibration

laboratory [13]). Existing devices for measuring power
quality indices [5], as a rule, determine the line voltages
with sufficient accuracy when using the results of
measuring phase voltages.

The above power quality indices are related to
quasistatic modes of three-phase systems. Other indices,
such as flicker, voltage dips and rises, short-term
voltage interruptions, telecontrol signals in electrical
networks, voltage of transients and fast transients refer
to the dynamic modes in three-phase electrical systems
whose scale voltage transformation is not provided by
existing high-voltage electromagnetic voltage
transformers, since the characteristic value of their time
constant is 10-400 ms [14]. In this connection, it can be
concluded that a full-scale measurement of power quality
indices in high-voltage systems should be carried out
using high-voltage measuring dividers. Using the
electromagnetic voltage transformers used in high-voltage
electrical networks, it is possible to measure the
asymmetry of voltages as well as voltage interruptions.

The choice of types of high-voltage dividers for the
purposes of measuring the power quality indices has its
own specific solution. The Standard [2] states that:
«... capacitive dividers may have frequency and phase
characteristics, used to operate at frequencies up to
hundreds of kilohertz or higher; but in many applications
a resonant circuit is added, which makes the frequency
response of the capacitive divider inapplicable for
measurements at any frequency other than resonant.» The
latter refers to the so-called capacitive high-voltage
transformers. Therefore, in the above-mentioned
publication [9] it is noted that the results of measuring the
total coefficient of higher harmonic components for
voltage of 400 kV using a capacitive voltage transformer
are unacceptable. Similar measurement results for a
resistive voltage divider and an electromagnetic voltage
transformer are similar [9]. This is because the harmonics
with the order n < 20 are satisfactorily transformed [2, 6]
by electromagnetic voltage transformers, which explains
the agreement of the results of measuring the total
coefficient of higher harmonic voltage components for the
«resistive» divider and the electromagnetic voltage
transformer [9].

At the same time, as noted above, the «resistive»
voltage divider [9] is actually (according to the circuit) a
resistive-capacitive voltage divider with a parallel-series
connection of R, C- elements. «Resistive voltage dividers
can have frequency and phase characteristics that allow

operation at frequencies up to hundreds of kilohertz.
However, they can introduce other problems, for example,
the capacitive nature of the load of the measuring device
can affect the frequency and phase characteristics of the
voltage divider» (quoted by [2, 6]). With respect to the
above provisions [2, 6], it should be noted that the only
correct solution for the type of high-voltage divider for
PQI measurements in high-voltage systems is the
combination of a resistive and capacitive divider, i.e. the
use of a resistive-capacitive voltage divider, as in [9] (the
authors' development on this issue will be considered
below). This allows, in principle, to ensure the constant
amplitude-frequency response (AFR) of the voltage
divider from zero to the high-frequency region with
«zero» values of the phase-frequency response of the
divider in the same frequency range. This solution also
makes it possible to remove the question of the effect of
the capacitive load of the measuring device on the
coefficient of conversion of the voltage divider.

Developments of the Department for High
Voltage Engineering and Electrophysics of the NTUU
«lIgor Sikorsky Kyiv Polytechnic Institute» in the field
of research of high-voltage dividers. The task of
developing a high voltage divider for the measurement of
the PQI is to create a so-called wideband voltage divider
whose dividing ratio would be constant (within £0.1 % of
the nominal value) up to frequency of 10 MHz. Although
resistive-capacitive  dividers with a parallel-series
connection of R, C- elements are principally designed for
this, however, a number of complex phenomena arise in
their implementation.

1. The instability of the amplitude-frequency
response caused by the nonidentity of the values of the
R, C-elements of the high-voltage arm of the voltage
divider (VD). If we present the circuit of a high-voltage
resistive-capacitive voltage divider (of a mixed type) in
the form (Fig. 2), it can be shown [15] that for the
amplitude-frequency response (AFR) and the phase-
frequency response (PFR) of the divider, the following
expressions can be obtained:

AFR =L 4",
K
e L+y? SO
2 1P
(1+f) +;/2[1+ 5)
PFR = arctg (5_'f)}/ , (@
I+ K +7? 5+L
Tkt K-1

where K is the nominal value of the division coefficient
of the VD, at which the parameters of the low-voltage
arm are determined in the form

I’lRO CO
= . c="%(k-1), 3
: K-1 ¢ n ( ) )
1< 1<
Ry=—D>R;, Co=—2.G 7 =wRyCy
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(the dimensionless angular frequency parameter), and the
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Fig. 2. The circuit of a high-voltage divider of mixed type
according to [15] (here R;, C; are the values of resistances and

capacitances of the elements of the high-voltage divider arm,
r, c are the values of the elements of its low-voltage arm)

It should be noted that expressions (1)-(5) were
obtained [15] in the general case, without assuming the
smallness of the parameters a;, f5;, . In the absence of non-
identity of R;, C; elements, i.e. Ry, =R, = ... =R,=...=R,,
Ci=C=..=C=..=C,a,=0, =0 and from (4),
(5) we obtain = 0, 0 = 0 and, accordingly, 4” = 1 and
PFR=0.

In [16], the work [15] was further developed taking
into account the assumption of the «triangular» law of the
probability distribution of the deviation of the parameters
a;, f; from the zero value, see Fig. 3*).

Below, according to the data of [16], the dependence
of the deviation of the normalized value of the amplitude-
frequency response (4" - 1)100 %, in % and PFR (') in
angular minutes for mixed type VD on the dimensionless
frequency parameter Ig(y) is presented (see Fig. 4, 5).

-Ay “A, 0 Al f,

Fig. 3. The graph of the «triangular» probability distribution
P(a;) and P(f;)
*Note: Since the number of elements of the high-voltage arm of
the VD is usually n>>100, it is advisable to switch to the use of
the distribution functions P;(«;), P,(5;)

(A*-1)-100%
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Fig. 4. Dependence (4™-1)-100 % for mixed type VD depending
on the dimensionless frequency parameter y for fixed
4y = 0.05 when the value of 4, is changed in the range:
0.00...0.05, here the designation 1 corresponds to 4, = 0.00;
the designation 2 corresponds to 4, = 0.01; the designation 3
corresponds to 4, = 0.02; the designation 4 corresponds to
A, =0.03; the designation 5 corresponds to 4, = 0.04;
the designation 6 corresponds to 4, = 0.05

PFR()
041

02| el

s =

14 ‘
3 18 06 06 18 3 ke

Fig. 5. Phase-frequency response for mixed type VD depending
on the dimensionless frequency parameter y for fixed
4, = 0.05 when the value of 4, is changed in the range:
0.00...0.05, here the designation 1 corresponds to 4, = 0.00;
the designation 2 corresponds to 4, = 0.01; the designation 3
corresponds to 4, = 0.02; the designation 4 corresponds to
4, = 0.03; the designation 5 corresponds to 4, = 0.04;
the designation 6 corresponds to 4, = 0.05
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From the data in Fig. 4, 5 and [16], we can draw
conclusions:

e the influence of non-identity — the «scatter» of the
values of the elements (R;, C;) of the high-voltage arm of
a mixed VD leads to instability of its frequency
characteristics;

o the influence of the boundaries of the «spread» of
the active elements of the high-voltage arm up to
4, = 0.01 (£1 %) is negligible compared to the effect of a
«spread» of capacitive elements with a level
A1 =10,05 (£5 %). The «spread» of the capacitance values
of the high-voltage arm of the VD (5 %) is still
acceptable, since it leads to a range of AFR oscillations of
up to 0.05 %;

e the influence of the «spread» of capacitive elements
on the frequency characteristics is proportional to the
square of the values of its boundaries (~4,%);

e PFR instability of mixed type VD caused by the
nonidentity of its R;, C; elements of the high-voltage arm
up to 4, =0.05; 4, = 0.01, is negligible.

2. Dependence of the scale factor of the high-
voltage divider on its input voltage level.

As already stated above, the tolerance of high
voltage electromagnetic  voltage transformers is
normalized for a range of 80-120 % of their rated voltage
[13], which is due to nonlinear magnetization of their
magnetic circuit. For high-voltage dividers of mixed type,
this dependence can be significantly weakened when the
potential distribution along the internal circuit of the
lumped R, C- elements of the high-voltage arm (Fig. 2) is
consistent with the distribution of the potential in the
spatial-field circuit of the divider due to the electric field
between its high-voltage and grounded electrodes.

Fig. 6, 7 show the dependences of the tolerance of
the high-voltage divider of the «high-voltage meter of
direct and alternating voltage BBH — 0,8 — 100My,
developed by the Department of HVEE of NTUU «KPI»
(Fig. 8) according to its state metrological attestation at
the State Enterprise «Ukrmetrteststandarty (Kyiv)
processed in [17]. The tolerance of the high-voltage

K,-K

divider was determined as A= " .100% , where

n

K, is the nominal value of the divider dividing ratio (in
this case K, = 10000), and K, is its actual value,
determined by the ratio of the rms values of the input and
output voltages, averaged over the results of
10 independent observations. The load of the divider was
on the active resistance (10+0.5) MQ, on capacitance
(10+£5) pF.

The difference between the dependences 1 and 2 of
the tolerance of high-voltage dividers in Fig. 5, 6 is
explained by the appearance in the first case of a
microcoron on its R, C- elements, which leads to leakage
of the current of the high-voltage arm with an increase in
the input voltage of the divider, while the actual value of
its division factor K, increases. Thus, it is obligatory to
reconcile the distribution of the potentials of the circuit of
lumped R, C-elements and the spatial-field circuit of the
divider. In this case, the range of oscillations in the
tolerance of the voltage divider in the range 10 — 100 kV
will be an acceptable value of £0.1 %.

A, %

0.5

0.4 |

0.3 =

0.2

0.1

Ug,kV
100 110

-0.2

0 10 20 30 40 50 60 70 80 90

Fig. 6. The experimental dependence of the tolerance of the
same voltage dividers of the high voltage meter BBH — 0,8 —
100M in the range of the input DC voltage variation 10...100
kV: 1 —design of the high-voltage arm with a uniform
arrangement of R, C- elements in the height of the divider; 2 —
design of a high-voltage arm with a coordinated distribution of
potentials of the internal circuit with lumped R, C- elements and
the spatial-field circuit of the divider.
A, %
0.7
0.6
0.5
0.4 ~ .
0.3 S Bl ) 1
02 .l
0.1
O —S ===t —————__ '
-0.1 TTe=<
-0.2
-0.3

-0.4 Uy, kV

0 20 40 60 80 100
Fig. 7. The experimental dependence of the tolerance of the
same voltage dividers of the high voltage meter BBH-0,8-100M
in the range of the input AC voltage variation 10...100 kV
(frequency 50 Hz): 1 — design of the high-voltage arm with a
uniform arrangement of R, C- elements in the height of the
divider; 2 — design of a high-voltage arm with a coordinated
distribution of potentials of the internal circuit with lumped
R, C- elements and the spatial-field circuit of the divider.

Fig. 8. General view of the set for measuring high voltage
BBH-0,8-100M in the composition of a high-voltage arm,
a low-voltage arm, a specialized digital voltmeter and
connecting cables. The separate design of the low-voltage
divider arm is due to the possibility of its adjustment and
switching for the high-voltage measuring ranges 0.8-10 kV
and 10-100 kV
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3. Features of broadband voltage dividers for the
high frequency region, as well as for measuring pulse
voltages. In this case, the low-voltage divider arm should
have a low-inductance design and must be built into the
overall design of the divider. In addition, it is necessary to
use damping resistances in the circuits of the high-voltage
and low-voltage divider arms, as well as the matching
resistances in the cable connection of the oscilloscope,
Fig. 9.

Fig. 9. External view of a high-voltage broadband voltage
divider BJIH -75 designed to measure DC, AC and pulse
voltages of 110 kV class (the nominal value of the division
factor is K, = 10000)

Fig. 10 shows an oscillogram of the output voltage
of BJH — 75 when a step voltage pulse is applied to its
input.

Fig. 10. Output voltage oscillogram of a high-voltage wideband
divider BJIH — 75 when a step voltage pulse is applied to its
input (vertical scale is 10 mV per division, horizontal scale
is 20 ns per division)

Processing of this oscillogram according to the
requirements of the Standard IEC 60060-2 determines the
response time of the BJIH — 75 divider 7, ~ 25107 s,
which allows it to be used for measurement of switching,
lightning, and chopped lightning voltage impulses.

Fig. 11 is a general view of the voltage divider of the
220 kV class for measuring the power quality indices in
220 kV electric networks developed by the Department of
HVEE of NTUU «KPI» under a contract with State
Enterprise «NEC Ukrenergoy.

To test high-voltage voltage dividers in substation
conditions, it is advisable to develop the capabilities of
high-voltage mobile calibration laboratories [13] for

metrological certification, both transformers and voltage
dividers with their actual load.

Fig. 11. A high-voltage divider class 220 kV for measuring the
power quality indices (outdoor design)

Conclusions.

1.In accordance with the requirements of the
International Standard IEC 61000-4-30, electromagnetic
voltage transformers used in substations can be used to
measure such high-voltage power quality indices as
voltage asymmetry and voltage interruption (tripping),
provided they are metrologically certified on site using
mobile calibration laboratories.

2. According to the results of the research, among the
large-scale high-voltage converters of various types, high-
voltage broadband voltage dividers of resistive-capacitive
type have the most acceptable characteristics of the
accuracy of high voltage conversion in accordance with
class A of the International Standard IEC 61000-4-30.

3. Among the main scientific problems of the
development of the theory and practice of high-voltage
broadband voltage dividers, one should note the influence
of the non-identical parameters of the R, C- elements of
the high-voltage arm, the matching of the distribution of
the potentials of the circuit of lumped R, C- elements and
the spatial-field circuit of the divider, as well as the
optimal damping of its circuit connections.

4.1t is necessary to create high-voltage mobile
calibration laboratories for metrological certification of
both transformers and voltage dividers with their actual
load at the substations.
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M.U. bapanos, C.B. Pynakos

NPUBJINKEHHBII PACYET OCHOBHBIX XAPAKTEPUCTHK ILJIA3MBI ITPA
BO3YIIHOM 2JIEKTPUYECKOM B3PbIBE METAIVIMYECKOI'O IPOBO/ITHUKA

Ilpugedeni pe3ynomamu HAOIUNCEHO20 PO3PAXYHKY MAKCUMANbHUX 3navens memnepamypu T, mucky P, i wieudkocmi v,, po3-
NOBCI00MNCEHHA YOAPHOT XUJIL 8 «(MEMAesill NA3MI», W0 YHMEOPIOEMbCA NPU NOGIMPAHOMY eleKmpuunomy eudyxy (EB) monko-
20 Memaneso2o0 npogionuKa nio dicto eenuxo2o imnynvcno2o cmpymy (BIC). Ilokazano, wio npu EB ¢ ammocghepuomy nogimpi
MOHKO020 MIOHO20 NPOGIOHUKA 8 PO3PAOHOMY KOJIi 8UCOK0601bmH020 2eHepamopa BIC mikpocekynonozo uacoeozo odianazomy
Mmaxcumanvhi 3nauennn memnepamypu T,, mucky P,, i wieuoxocmi v,, ¢ n0kanvuiil 30ni it 6udyxy mosxnce 0ocazamu 6ionogioHo
0eKIbKOX 0ecaAmKie mucay zpadycié KeibeuHd, COMeHb MexHiuHux ammocgep i mucay mempie ¢ cexynoy. Cpopmynvosani
MOMCUGI WNAXU OMPUMAHHA 6 PO3PAOHOMY KO NOMY)HCHOI KOHOeHCcamopHoi damapei 8ucokoeo1bmnozo zenepamopa BIC
«pekoponux» 3nauenv memnepamypu T,, mucky P,, i weuokocmi v, bion. 14.

Kniouogi cnosa: noTyKHUi BHCOKOBOJILTHUI reHepaTop iMIyJIbCiB CTPYMY KOHIEHCATOPHOIO THILY, MeTAJIeBHil MPOBITHUK,
BeJIMKUH iMIYJIbCHMI CTPYM, eJIeKTPUYHHUIT BHOYX MPOBiIHMKA, MJIa3Ma, TeMIEPaTypa, THCK, IIBHIKICTH PO3IOBCIOIKEHHS
yAApHOI XBHJIi B IJIA3MOBHX MPOIYKTAaX BUOYXY, PO3PaXyHOK.

Ilpugedenst pe3yibmamsl RPUOIUINCEHHO20 PACYEMA MAKCUMANLHBIX 3Hauenuil memnepamyput T, dasnenus P, u ckopocmu
V;y PACRPOCMPAnEnUs YOApHOU 60IHBL 8 «(MEMANNUYECKOU NA3Me», 00PaA3YIOUelicsa nPU 6030YULHOM IIEKMPULECKOM 83Dblee
(3B) monkozo memannuueckozo npoBOOHUKA NOO eo30eiicmeuem 60abuio2o0 umnyavcrnozo moxa (BUT). Ilokazano, umo npu
IB 6 ammocpeprnom 6030yxe MOHKO20 MeOHO20 NPOBOOHUKA 8 PAIPAOHOU UENU 8bICOK0G0NbMK020 2enepamopa BUT mukpo-
CEKYHOHO020 8PEeMEHHO020 OUana3ona makcumanvnole 3nayenus memnepamypol T,, oasnenun P,, u ckopocmu v,, 6 10KanbHou
30He ee 63pblea MO2YM O0OCHIUZAMD COOMBENICHEEHNHO HECKOIbKUX O0CCAMKOE MbICAY ZPAdyCco8 KelbeUHA, COMeH mexnHuue-
cKkux ammocghep u moicay mempos 6 cekynoy. Cipopmynuposanst 603MorcHble NYMU ROIYUEHUA 6 PA3PAOHOU UYenU MOUIHOU
KOHOeHcamopHou 6amapeu b1c0K0601bmno20 cenepamopa BUT «pekoponvixy 3nauenuii memnepamypwl T, oasnenusn P, u
ckopocmu v, bubn. 14.

Kniouesvie cnosa: MOIIHBIH BHICOKOBOJIBTHBIN IeHEepaTop HMITYJIBCOB TOKA KOHAEHCATOPHOIO THNA, MeTA/UIHYECKHil Mpo-
BOJHUK, 0OJIBIIONH HMIYJILCHBIH TOK, 3JIEKTPHYECKHIl B3PHIB MPOBOIHNKA, IJIa3Ma, TeMIepPaTypa, AaBjieHne, CKOPOCTb pac-

NnpocTpaHeHust ynapHoﬁ BOJIHBI B IVIA3MEHHBIX NMPOAYKTAaX B3PbIBA, pac4eT.

BBenenne. Dnexrpudeckuii B3pbB (OB) ToHKHX Me-
TAJUINYECKUX MPOBOAHUKOB B BaKyyMe, Ia30BbIX U XKHII-
KHX CPeAax IOoJ BO3ACHCTBUEM MPOTEKAIOIIETO MO HHUM
6onpmoro umnyascHOTo TokKa (BUT) B HacTosmee Bpems
JIOCTAaTOYHO IMIMPOKO UcHoib3yercs [1-9]: B axcniepumMen-
TaJIHOM (DM3MKE NMPH M3YyYSHHH TUIA3Mbl; B aTOMHOM TeX-
HUKE MIPpHU CO3AaHUM JIOKAJIbHBIX 30H BBICOKOT'O JaBJICHUS
B BBICOKOBOJITHOH ummynbcHOW TexHuke (BUT) mpm
HCIBITAHUAX Ha MOJHHMECTOMKOCTb HApyKHOM M BHYT-
PEHHEH M30JSIIUK AIICKTPOIHEPTeTHIECKOro 000pyI0Ba-
Hus; B Texanke BUT mpu cozmanun OBICTPHIX pa3MBIKa-
TEeNeH CHIBHOTOYHBIX IIENEH; B TEXHHKE MOIIHBIX HM-
IIyJIbCHBIX HMCTOYHHKOB CBETA; B JJIEKTPOTEXHOIOTHIX
IIPY HOIyYE€HUH MUKPO- ¥ HAHOTIOPOIIKOB JJIsl IIPOU3BO/I-
CTBAa HOBBIX KOMIIO3MILMOHHBIX MAaTEpPHAIOB; B JJIEKTPO-
Pa3psAAHBIX TEXHOJIOTHAX IPH yOapHOil oOpaboTke Xun-
KocTel u TBepabIX Tes. HexenatensHoe nposeieHue OB
MeTaiuia MoxkeT HaOmonarecst B oonactu BUT u Texuuke
BUT u npu He0OOCHOBaHHOM BBIOOpE MOTIEPEUHBIX Ceue-
HUI TOKOBEIYIIUX YacTeil BHICOKOBOJIBTHBIX CHJIBHOTOU-
HBIX [eIel COOTBETCTBYIOLIEro oOopynoBaHus. Wmke-
HEPHO-TEXHHYECKOMY IIEPCOHANY, OCYIIECTBISIOMIEMY
OB TOHKHMX METATMYECKHX MPOBOJHUKOB, KaK MPABHUIIO,
B BO3AyX€ M TEXHHUYECKO#l Boxe [4, 6], mpu oTianke Tpe-
OyeMBIX pexuMOB paboTel mcmoiszyemort BUT u mpo-
THO3UPOBAHUM PA3PYLIMTENbHBIX nociaeacTsuil st BUT
OT BO3MOXHOro OB ee MeTalmIM4ecKuX IPOBOJHHKOB
HeO6XOLll/IMbI YIPOUICHHBIE U y)lO6Hl)le B IMMPAKTUYECKOM
MMPUMECHCHUN le/I6J'II/I)KeHHbIe COOTHOMICHUA IJIsA omepa-
TUBHOM pAaCUCTHOM OLICHKHM MAaKCUMAaJIbHBIX YPOBHEH
Temneparypsl 1,,, AaBiIeHus P, U CKOPOCTH V,, PacIpo-
CTpaHEHHMsI y/lapHOW BOJIHBI B oOpasyrommxcs oT ux OB

IUTa3MEHHBIX TPOOYKTaX («METaJUTMYECKOW IIIa3zMe»).
OpHako, KaK MOKa3bIBaeT aHAJIU3 JIUTEPATYPHBIX HCTOY-
HUKOB, TOJIYYCHUIO TOAOOHBIX PAaCUEeTHBIX COOTHOIICHHH
B MHpE YIENSAeTCd HENOCTATOYHOE BHHMMaHHe. B srToi
CBSI3U TOJIy4EeHHE NPHUOIMKEHHBIX COOTHOIIEHHH JUIs
OIIEHOYHOI'0 KOJIMYECTBEHHOT'O OIpEeNeNeHUs] YKa3aHHbBIX
napameTpoB 71,,, P, 1 v, ABJII€TCS aKTyalbHOU NpPUKIAJ-
HOW Hay4HO-TEXHHYECKOH 3ajadell Kak B 00JacTH 3JIeK-
TPO(U3KKH, TaK U TEIUIO(DUUKY.

Leabio cTaThbu SBISAETCS MOJIyYEHHE HPUOIMKEH-
HBIX PacueTHBIX COOTHOIIEHWH AJIS ONpeneNeHUs MaKCH-
MaJbHBIX 3HAaueHUl Temneparypsl 71, AaBieHus P, B
YAapHOI BOJHE U CKOPOCTH V,, PAaCIpOCTPAHEHUs ynap-
HOW BOJIHBI B IIa3MEHHBIX MPOLYKTAaX BO3AYIIHOIO 3JEK-
TPUYECKOI'O0 B3pbIBAa METAJUNIMYECKOTO IIPOBOJHMKA IIOA
BO37CHCTBHEM OOJIBIIOTO UMITYJIBCHOTO TOKA.

1. IlocTanoBka 3agaun. PaccMOTpUM pacHoIokKeH-
HBII B BO3JIyLIIHOM Cpejie MPH HOPMaJIbHBIX aTMOC(HEPHBIX
YCIOBUAX TOHKHM METaNIMYECKUH NPOBOIHHUK MPSAMO-
YTOJbHOW WM LWIMHIPUYECKOH TreoMeTpuueckor ¢op-
MBI, [0 KOTOPOMY B €r0 IpPOAOJIBHOM HAIIPABICHUU OT
BBICOKOBOJIbTHOI'O MMITYJIbCHOTO MCTOYHHMKA 3SHEPruu
(HanpuMep, OT MOIIHOH 3apsHKEHHOM MalOMHIYKTHBHON
KOHJIeHcaTopHOW Oatapeu) mpotekaer BUT, amruutyn-
HO-BpeMeHHbIe mapameTpbl (ABIT) koToporo mocTaToyHbl
JUISL IOCTHIKEHUS B AJIEKTPONPOBOJALIEN CTPYKTYpE Mpo-
BOJIHUKA C IPSAMOYTOJIBHBIM WJIM KPYIJIBIM TONEPEYHbIM
cedeHueM Sy YHCICHHOTO 3HAYCHHS WHTerpaja Toka Jj,
SIBJISIFOIIETOCS. KPUTHYECKUM ISl UCCIIEYEMOIO MIPOBOJ-
Huka. [lox nHTErpamom toka J; OyneM HOHMMAaTh HHTe-
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rpajl, ONpPEAEIIEMbIii BO BPEMEHH ! BBIPA)KEHHEM BHAA

Iy
Ji = Ié‘,? ()dt , tne 0,(f) — xKpuTHUYECKas TIOTHOCTH M-

0
ITyJbCHOTO TOKA B MPOBOJSIIEM MaTepHajie MPOBOIHHKA;
t, — BpeMs HacTymenus OB mpoBomauka [3-6]. st om-
PEACIICHHOCTH OTMETHUM, YTO JId MEIHOTO ITPOBOAHUKA,
HaXOJIIIETOCS B BO3MyXE IPH KOMHATHOW TeMIepaType
20 °C, KpUTHYECKOE 3HAueHHWE YKa3aHHOTO HHTerpaia
TOKa J; YHCJICHHO COCTAaBIISIET OKOJIO 1,95‘1017 Axem™
[3]. Kpome Toro, ciemyer mMeTh B BHIy, 4TO mpu OB
METAUIMYECKUX TPOBOAHUKOB OOBIYHO HCHOJB3YIOTCS
«obicTpbie» reHeparopsl BUT, ABIT KOTOPBIX H3MEHSIOT-
Cs BO BPEMEHH IO 3aKOHY 3aTyXaroIled CHHYCOWIBI
[6, 8]. [Ipu mOCTMKEHWH B TPOBOJHHUKE KPUTHIECCKOTO
3HA4YEHHs MHTErpasia ToKa J; MPOBOJSILAs CTPYKTYpa I10-
ciemHero Oyner moxasepraTbes OB, compoBoxkmaromemy-
cs1 OBICTPBIM HCIIAPEHHEM W CyOnIMMaIiei ee Marepuana
[3-6]. CuutaeM, 4TO TIOTHOCTH O(f) UMITYJIILCHOI'O TOKA
MMEET PAaBHOMEPHOE pacHpeseNieHHe M0 MONEPEUYHOMY
CEUCHHIO paccMaTpuBaeMoro mpoBonHuka [4]. [TpuanMma-
€M, YTO Ha HayaJbHOM 3Tane OB TOHKOro mpoBOaHHKA
MAaKCUMAJIBHBIC 3HAYCHUA TEMIICPATYpPhI Tm U JaBJICHUS
P, «meTtannnueckoi Iiaa3MbD» paBHOMEPHO pacrpezelie-
HBI II0 TIONEPEYHOMY CEUYEHHIO CyOIMMHpPYEMOro mare-
pHaia NpoBOJHUKA, HAXOASIIEMYCS TIOKa B IIpeesax ero
ceuenus S [3, 4]. [lonaraem, uro Temmeparypa 7, ompe-
JIeTISIETCS QJIEKTPOHHON TEMIIepaTypoi Ia3mbl, KOTopas,
B CBOIO OY€pE[b, ONPENENSETCs IIOTHOCTHIO TEIJIOBOIO
MIOTOKA g, B TOMEPEYHOM CEYEeHHH S) IMpoBoaHHUKA. Mc-
XOIHBIN BO3IYX, OKPYXKAFOIIKI MTPOBOIHUK 110 ero DB, u
«METANTMYECKYIO IUIa3My», 00pa3oBaBIIYIOCS BMECTO
TBEPAOTO TeJa UCCIEAYEMOro POBOAHUKA, IPUHIMAEM B
Ka4eCTBE HJCATbHBIX Ta30BBIX CPE, YAOBICTBOPSIOIINX
KJIACCUUECKOMY TIOHSATHIO «HACAIFHOTO ra3a» C 3aHU-
MaeMbIM MM OrpaHu4eHHBIM oO0beMoM [10]. YuurbiBas
HOpMaJTbHBIE aTMOC(EepHBIE YCIOBHS 10 OB mMpoBoIHUKA,
MOJKHO BOCTIOJIB30BaThCS CIICIYIONIMMH OCHOBHBIMHU Xa-
PpaKTepUCTUKAMHU JUIs UCXOHOTo Bo3ayxa [10]: naBieHue
BO3IyXa COCTaBIIAET P1=1,013-10° Ta; TemmepaTypa BO3-
nyxa Obuta pasHoit 77~273,15 K; mMonspHbIii 00beM BO3-
JlyXa COCTaBIIsET VM]:22,41~10'3 M/MOJTb. Orpanuunmcs
pPAcCMOTPEHNEM KBa3HUCTATHYECKOTO aAnabaTHIeCcKOro
IIpoIIecca B JIOKAIBbHON 30HE BOKPYT 3JIEKTPHIECKU B3PbI-
BAIOILIETOCSl METaJula IPOBOJHHMKA C MPOTEKAIOUIUM II0
HeMy bUT, npu KOTOpOM B 3aHMMAaeMOW 3TOH 30HOU Or-
paHHMYEeHHOM 00BeMe He OYyAyT MPOUCXOAUTH IIPOLECCHI
TEIJIOOOMEHa C OKPY)KAIOIUM IPOBOJHUK BO31yXOM
[3, 4]. Tpebyercsi ¢ y4yeTOM HPUHSITHIX JOIMYILICHHA B
MIPUOIIKEHHOM BHJE MOJIYYUTHh PAaCUETHBIE COOTHOIIE-
HUSL JUISl MH)KEHEPHOW OLIEHKM MAaKCHMAJIbHBIX 3HAYeHHH
temneparypst 7,, nasieHus P, U CKOPOCTH V, PacIpo-
CTpaHEHHs yJIapHOH BOJIHBI B IUTa3MEHHBIX MHPOIYKTax
BO3AYIIHOTO OB MeTajuim4eckoro mpoBOJIHHKA O]l BO3-
nericreuem bUT.

2. PacyeTHasi OneHKa MaKCHMAJILHOW Temmepa-
TypsI T, B «<MeTAINYEeCKOii M1a3Me» MPH BO3IYIIHOM
9B npoBoaHuka. [I[puMeHNB K paccMaTpuBaeMOM IIa3-
Mme 3akoH Credana-bonbsimana [10], nuist ee Temneparypsl
T,, 3anmiieM cieayoliee pacieTHOe COOTHOLICHHE:

T~ (n0; g%, )
rae 6,=5,67-10% Br(M*K*)"' — nocrosuuas Credana-
Bonbimana, xapakTepu3ylomias paBHOBECHOE TEIUIOBOE
U3ITy4YEeHUEe «METAJUINYECKOH MIa3Mbl» B 30He OB.

JIist HaxOXKICHMST BETMYMHBI HAHOOJNBIIEH MIOTHO-
CTH TEIUIOBOTO IOTOKAa g, B «METAJNIMUECKOH ILIa3Me»,
oOpazoBaBuielicss or OB NpoBOxHMKA, BOCIIOJIb3YyeMCs
CJIEAYIOIINM DJIEKTPO(PU3NIECKUM cooTHOIEeHneM [11]:

Em = mkUea (2)
rae Ou~lu/So — aMIUINTya KPUTHYECKOH IUIOTHOCTH
TOKa B IPOBOJHUKE NpH ero OB; [, — aMmuuTyaa npore-
KAaIOIIET0 MO NMPOBOAHUKY HUMITYIbCHOTO TOKa B MOMEHT
ero OB; U, — npusnekTpoHOe MajJieHre HANpPSDKEHUS B
KpaeBbIX 30HaX CyOIMMHUPYEMOro IPOBOIHHKA, YUCICHHO
HE MpEBbIIAONIee I €T0 OCHOBHBIX METAJIOB, IpUMe-
HsieMbix B BUT u Texuuke BUT, 3nauenns 10 B [12].

B (2) ammmmaTyga IMITyIECHOTO TOKA I, B CHJIBHO-
TOYHOM pa3psiAHOM LENM BBICOKOBOJBTHOI'O TE€HEpaTopa
BUT c uccnemyeMbIM IPOBOJHIKOM MOXET OBITH Haije-
Ha U3 CIEIYIOWIETo NMPHOIMKEHHOTO BhIpakeHus [8]:

Lok = S50, 3)
rae 1, — aMIuIMTyza pas3psaHOro TOKa B 3JIEKTPUYECKOU
nenu reseparopa bUT, u3MeHAIOMErocss BO BpPEMEHH €
KpyTrOBOM 4acTOTOM @, OIPENEIsIEMOU 3IEKTPUYECKUMU
napaMeTpamMy pa3psAIHOro KOHTYpa JaHHOTO FeHepaTopa.

Torma u3 (1)-(3) w11 MakCUMaNbHON TeMIlepaTypsl
T,, B «MeTaNIMYeCKOM MmiIa3zMe» mpu Bo3aymHoM OB ToH-
KOT0 METAJUIMYECKOr0 IMPOBOJHHMKA MOJ BO3ACHCTBUEM
nporekaromero no Hemy BUT B okoHuarenbHOM BHIIE
MOJTy4aeM Cleyromiee IpuOIMKeHHOE COOTHOIIICHHE:

T, ~ 7o 'U, (20,85 1,,0)" 3J” L@

W3 (4) cremyer, 9TO U TONXYYEHUS «PEKOPIHBIX)
(manbonpmux) Temmeparyp 7, B «METAITHYECKON IIa3-
Me», oOpa3dyeMoi npu Bo3ayuiHoM OB mpoBojaHuKa 3a
cuer Bo3aeicTBus Ha Hero BUT, matepuan nmpoBoaHHKA
ciielyeT BhIOMpaTh C HaWOOJIBIIMMH 3HAYECHUSIMHU BEJH-
yuH J; u U,, monepeyHoe ceueHue Sy NpoBOIHUKA TpeOy-
ercs OpaTh HaMMEHBLIMM, a aMIUTUTYRy [, ¥ KPYTOBYIO
Y4acTOTy @ (CKOPOCTh HapacTaHWs) UMITYJIbCHOIO TOKa B
paspsiaHoii nenu reHeparopa BUT — nanbonsmmmu. Bor
MOSTOMY IJISL JOCTIDKEHHSI BBICOKMX 3HAYCHHU TeMIepa-
TypHl T, ienecoodpa3HO HCIONB30BaTh reHepaTopsl BUT
C MaJOWHAYKTUBHBIMH W HHU3KOOMHBIMH Pa3psIHBIMH
HeISIMH M KOPOTKHMH TOHKHMH DJIEKTPUYECKH B3PHI-
BAIOLIMMHACSA MPOBOJHUKAMH, IO KOTOPBIM IIPOTEKAET
UMIIYJIbCHBIA SKCIIOHCHIIMAIFHO 3aTYXAIOUINH CHHYCOH-
JTAJIBHBIA TOK HAHOCEKYHJHOTO BPEMEHHOTO JHana3oHa.

PacyerHas omeHka mo (4) YUCIEHHOTO 3HAYCHUSA
TeMIeparypsl 7, «METaUIMYECKOM IIa3MbDy NI 3KCIIE-
PUMEHTAJILHOIO Cllydasi BO3AYHUIHOro OB TOHKOro kpyr-
JIOTO MEJHOTO MPOBOJHMKA paanycoM ry=0,1 MM u mu-
Hoit /y=110 MM o Bo3aetictBueM BUT MukpocekyHIHO-
ro BPEMEHHOIO JAWala3oHa, OMHCaHHOTO B [8]
J=1,95:10"7  A*cm™; Um10 B; Si=3,1410% w7
1,~190 kA; a):26,18-103 c'l), MOKa3bIBaET, YTO OHA B pac-
CMaTpUBaeMOM NPHOIIDKEHHH OyIeT NMPHMEPHO PaBHOM
92,67-10° K. Jl1st cpaBHEHHs 9TOH pacueTHOi TeMmepary-
ppt 7T, «METAJUIMYECKOM IUIa3Mb» C H3BECTHBIMHU
B MHUpE€ JaHHBIMH B oOyiactu Teruiopusnku OB meramia
YKaXXeM, 4YTO COIJIaCHO pe3yJbTaTaM TEOPETHYECKHUX
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HCCIeOBaHuM, TpuBeACHHBIM B [13], MakcumasbHas
TeMIIepaTypa B3phIBa B BaKyyMe JIUTHEBOTO ITPOBOTHHUKA
(2ry=0,127 mm; [(=10 MM), BKJIIOYEHHOH B pPa3psIHYIO
Lelb BBICOKOBOJIbTHOrO reHeparopa BUT c¢ 3amacaemoit
€ro KOHJEHCAaTOpaMu JJIEKTPUYECKOM OJHeprued B
100 xI>x, mpyu BpeMEHU BBEACHHUSI B IPOBOIHUK TEILIIOBOM
sHepruu B 200 HC JOCTHrana YUCIEHHOIO 3HaY€HUs OKO-
10 113,54:10° K.

Crnenmyet yka3aTh TO, 9TO B [3] IpHBEIEHBI ONBITHBIC
YHCIICHHBIC 3HAYEHUS KPUTHUYECKOTO MHTETpajia Toka Jy,
TONBKO ISl aFOMHUHHUEBBIX M METHBIX NPOBOIHUKOB. B
[14] 6buTH IpUBEACHBI JaHHBIC IJIS pacueTa BETUIHHBI J)
JUIA MHBIX HPOBOJHUKOBBIX MAaTEPHUAJIOB, WCIOIb3YEMBIX
B BUT u texnuke BUT npu OB TOHKHX MeTayu10B, KOTAa
IUIOTHOCTB J; TOKa B HUX cocTasisieT He Menee 10' A/m?.

3. PacueTHasi oeHKa MAaKCHMAJBHOTO JAaBJIeHHUS
P, B «MeTa/uIM4yecKoil mia3me» nmpu Bo3aymHom OB
npoBoaHUKa. C y4eTOM NPUHSTHIX JOMYIICHUN U ypaB-
HEHMsI COCTOSIHMS MJEaIbHOIO Ta3a, COOTBETCTBYIOLIETO
ypaBHeHno Knaitmepona-Menneneesa [10], mist omHOTO
MOJISI BO3AYIIHOM CpEeIpl, OKpYXarollel Hcciaenyembli
METaVIMYECKUH MPOBOAHUK [0 BO3IAECHCTBHSI Ha HEro
BUT, u ogHOTO MOJA «METAINIMYSCKOM IIa3MBI» B BO3-
JIyxe Tocie Bo3ayIHoro OB paccMaTpuBaeMoro mpoBo/I-
HUKa MOXHO 3aIHCaTh CIEIyOIIee ra30BOe PAaBEHCTBO:

A /Ti=BVya I Ty =R, ®)
rone R = 8,314 JIx/(K-Monp) — yHHBepcaimbHasi ra3oBas
moctostaHas [10]; Vyp — MONSApHBIH 00BeM TUTa3MEHHBIX
MPOAYKTOB B JIOKANFHOU 30He DB B Bo3myxe wmcciemye-
MOT0 MPOBOJAHUKA, BHI3BAHHOTO JeiicTBUueM Ha Hero bUT.

Hns onpenenenns B (5) BenwmuuHbI V), BOCIIONB3Y-
eMCsl CIIEeIYIONTNM MTPHOIMKEHHBIM cooTHOImeHueM [ 10]:

Vo =My +Mjy)/d,, (6)
rae My, M, — COOTBETCTBEHHO MOJISIpHAsl Macca UCXOIHO-
ro BO3IyXa W 00pa30BaBIIECWCS B HEM «METAJUTMIECKOM
IUTa3MBD) B JIOKAJIFHOW 30HE BO3aymIHOrO DB Merammnye-
CKOTO TPOBOJHHKA; d, — IJIOTHOCTH IUIa3MEHHBIX IIPO-
IYKTOB, 00pa30BABIIMXCS B BO3AYIIHOW JIOKATBHOW 30HE
nocsie OB npoBoguuka o Bo3aeiictuem BUT.

Jlnst mI0THOCTH d, TIa3MEHHBIX MPOJYKTOB IOCIE
BO3AYIIHOro OB MeTanueckoro mpoBOJHUKA B TIEPBOM
MIPUOJIMKEHNH UCTIONIb3yEeM COOTHOIICHNE BU/IA!

dyldy = (My+My)/ My, (7

roe d1=1,293 KI/M° — IUIOTHOCTB MIPUHATOTO MCXOTHOTO
BO3/yXa, OKpY>KaroIiero MpoBogHUK 10 ero DB [10].

Cornmacio (7) mpum Bo3aymHOM OB  MemHOrO
nposonuuka (M =~ di'Vyy = 28,97-10°  kr/mous:
M, = 63,5510° kr/mome [10]) BbITekaer, uToO
d, = 4,129 Kr/Me. BuaHo, 9T0 B 3TOM CiyJae IIa3MeHHBIE
IPOAYKTHl OT B3phIBa MeIW JHIIb NPUMEpPHO B 3,2 pasa
IUIOTHEE UCXOHOTO BO3IyXa.

U3 (6) u (7) mns mossipHOrO 0o0BeMa V), Tuia3MeH-
HBIX MPOAYKTOB mociie DB B BO3MyXe METalTU4eCKOro
MIPOBOJIHUKA B MPUHATOM MPHOIMKCHUY TTOJTyYaeM:

Vigs = My/dy = Vyyy =22,41-10° M’ /moms.— (8)

YuaureiBas (8), u3 (5) 119 HCKOMOW BEIIMIUHBI JaB-
JieHus P, B «METaNIn4eCKOU I1a3Me» HaXOuM:

By =RT, /T, . ©)

ITocne moacranoBku (4) B (9) a1 MakCHMaJBHOTO

naBieHust P, ynapHOW BOJIHBI B JIOKalbHOW 30He DB B

BO3yX€ METAJUIMIECKOTO MPOBOJHUKA, BEI3BAHHOTO BO3-
JIeUCTBUEM Ha ero nposoasimuii marepuan BUT, umeem:

P, ~ AT Yo U, (27,80 1,03 V4. (10)

W3 (10) mis yka3aHHOTO BBINIC B pasnelie 2 Ciydas
OB B BO3IyXe (P1ZI,013~105 IMa; T1=273,15 K) ToHKOTO
MEJIHOTO MPOBOAHUKA MUKpOceKyHAHBIM BUT (r¢=0,1 mm;
=110 mv; Si=3,14:10° M% 0,=5,67-10% Br-(M*K*)";
J=1,9510"7 A%em™; U=10 B; 1,190 KA; 0~26,18:10° ¢
CJIEJIyeT, YTO MPH 3TOM B JIOKAJILHOHM 30HE e¢ B3phIBa OY-
JIET BO3HHKATh YAapHOE Ta30JHMHAMHYECKOE [aBJICHUE
aMIUTUTYIOH 10 P,,,:343,7-105 IMa (mo 339,3 arm). Co-
rinacHo (9) u (10) mmst mody4eHus B TOKaJbHON 30HE BO3-
JIymrHoro OB MeTamnmndeckoro mpoBOJIHUKA HAUOOIBIINX
3HaYCHUH yAapHOTO AaBieHHus P, HeoOXoaumMo B Hel
(3TO0i 30HE) co37aBaTh «PEKOPAHBIE» YPOBHU abCOIIOT-
HOM Temmneparypsl 1, «METAIUIMYECKON Iutasmbly. Jlius
4ero TpedyeTcs: MCIOb30BaTh HANMEHBIIUE TONIEPEYHBIC
cedeHus Sy KOPOTKUX IPOBOJIHUKOB, a TAKXKE «OBICTPBICY
rereparopel BUT, BocmpousBomsIre HaHOOIBIIUEC aM-
TUTATY B 1, © KPYTOBBIC YaCTOTHI (0 UX Pa3pSTHOTO TOKA.

4. PacueTHasi olleHKa MaKCHMAJIbHOH CKOPOCTH
V,; YIAPHOH BOJIHBI B «METAJJIMYECKOW MJIa3Me» MpH
BO31yIIHOM JB mpoBoanuka. B anammsupyeMom 37ek-
TPO(U3NIECKOM CIIydae BBIPAXKECHHE JUII MaKCHMAaJIbHON
CKOpPOCTHU V,, PACIIPOCTPAHEHHUS yAapHOI BOJIHBI B IIIa3-
MEHHBIX NPOAYKTaxX BO3AYHIHOTO OB MeTamInueckoro
IIPOBOJIHUKA MOXKET OBITh IpeacTaBieHo B Buze [10]:

1/2
Vi = (7 RT,)Y 2, (11)

rie y, — 0e3pa3MepHblii IoKa3aTenb axuadarsl.

C yuerom (4) mpubmmxenHoe coortHomenue (11)
JUIsl MaKCHMAalbHOH CKOPOCTH V, yJapHOM NPOJOIBHOMN
BOJIHBI B «METAJUIMYECKOU Iu1azMe» oT OB B Bo3myxe
MPOBOJHUKA MPUHUMAET CIEAYIOIUNA OKOHYATEIbHBIN
BU:

v = (7aR) 2|27, 2,55 1) B[ VE L (12)

Yto kacaercs unciaeHHoro 3HadeHus B (11) u (12)
Oe3pa3MepHOro mokaszaTelns anuadarsl y,, TO IS PaBHO-
BECHOM TEIUIOM3JIy4alOIIEeH CUCTEMBI «CHJIBHOTOYHBIN
IUTa3MEHHBIN KaHaJT pa3psga — BO3AYyX» OHO OKa3bIBACTCS
NpUMEpHO paBHbIM 7,~4/3 [10]. Torna asust ucnonb3yemMo-
ro B [8] ciaydas Bo3aymHoro 9B TOHKOro MemHOro mpo-
BomamKa  (r=0,1 wmm; [=110 wmm; Sp=3,14-10% M7
U~10 B; Ji=1,95-10" A*c:m™?; 6.=5,67-10° Br-(m*K*™)
B pa3psiIHON IeNM BBICOKOBOJIETHOTO T'€HEPATOpPa MUKPO-
cexyHnubix BUT (1,~190 kA; o ~ 26,18:10° ¢') 3 (12)
HaXOJWM, YTO TPHU ITOM MaKCHMAlbHAas CKOPOCTH Vi
yAapHOH BONHBI B IUIA3MEHHBIX IPOIYKTaX B3pHIBA JOC-
TUTAeT YUCIIeHHOTO 3HadeHust okoino 4020 m/c. [Ipu pac-
4eTHBIX oneHkax mo (11), (12) MmakcuManbHBIX 3HAUYCHUH
V,, HeOOXOIUMO He 3a0BIBaTh, YTO MO MOIYJIIO 1 MOJb,
HampuMep, AT MeIu, COTJIaCHO 3aKOHAM MOJIEKYJISIPHOI
dusukn umcaenHo cocrasmser 63,55:10° kr [10] (upu
9TOM HaAO0 NOMHHTbL, YTO PasMEpPHOCTb MOJISI BXOJAUT B
YHHUBEPCAJIbHYIO Ta30BYI0 NOCTOsIHHYIO R). HecoOurone-
HHE TIPaBHJ TEOPUH Pa3MEPHOCTEH INPH NPAaKTHYECKOM
NPUMEHEHHH pacdeTHbIX cooTHomenuit (11) wm (12)
MOJKET TPUBOIUTH K HEMPAaBWIHHBIM KOJUYECTBECHHBIM
pe3ynbTaraM JUIsi MICKOMOM BEIMYMHBI CKOPOCTH V. Ilo-
myderHoe 1o (12) omeHOYHOEe YMCIIEHHOE 3HAUYCHHE MaK-
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CHUMaNbHOH ckopoctu Vv,~4020 m/c ynmapHOW rasoanHa-
MHYECKOH BOJHBI B «METAJUINYECKOHN IJIa3Me» COOTBET-
CTBYET CKOPOCTHU ﬂeTOHaHMOHHOﬁ BOJIHBI B «ME€AJICHHBIX»
TBEPJIBIX B3pBIBYATHIX BemecTax [9, 10]. B atoil cBsa3u ¢
TOYKHU 3pE€HUSA BO3MOXKHOI'O AJOCTHKCHHSA YKa3daHHBIX
BBICOKUX CKOpOCTEH V,, YAapHOH BOJIHBI B IIa3MEHHBIX
npoaykrax OB meramna mpencrasisieTcs Ienecoodpas-
HBIM UCHOJIb30BaHUE BO3AYIIHOTO OB TOHKUX MeTannu-
YECKHX IPOBOJHHUKOB B BBHICOKO3()(PEKTUBHBIX 3IEKTPO-
JeTOHATOpax.

U3 (12) BeITEKaer, 9ro Mg moiydeHus npu OB B
BO3/[yX€ pacCMaTPHUBAEMBbIX IPOBOJAHUKOB «PEKOPIHBIX)
3HAYEHUI CKOPOCTH V,, YIapHOI BOJHBI B «MeETajuIMye-
CKOM ILIa3Me» HeO6XOZ[I/lM0 HCII0JIb30BaTh MUHUMAJIBHO
BO3MOJKHBIE IMOTIEPEYHbIE CEYCHHs Sy KOPOTKHUX MeTal-
JINYECKUX IPOBOJHUKOB, a TaKXKe MaKCHUMAaJbHO BO3-
MOXHBIE JJI1 BBICOKOBOJBTHOro reHeparopa BUT 3Ha-
YEeHHs] aMIUIUTYbI /,, U KPYTOBOM 4acTOTHI @ (CKOPOCTH
HapacTaHMs) ero UMITYJIbCHOTO Pa3psiIHOTO TOKa, U3Me-
HSIOMIETOCS BO BPEMEHH { IO 3aKOHY 3aTyXalolen
CHHYCOU/IBI.

BbiBOaBI.

1. Ilomy4ensr HOBBIE cooTHOIIEHU (4), (10) u (12) co-
OTBETCTBEHHO ISl HHKEHEPHOTO PacueTa MaKCHMAabHbIX
3HaYeHUH abCONMOTHON Temreparypsl 7,,, yIapHOTO JaB-
neHus P,, 1 CKOpoCTH v,, paCIpOCTPaHEHUs yIapHOH BOJI-
HBI B «METAJUTUUCCKON IIa3Me», 00pa3yroleiicst OT BO3-
ayuHoro OB MeTamuindeckoro nMpoBOAHMKA MOJ BO3JEH-
CTBHEM IpoTekaromero no Hemy bUT.

2. Iloka3zano, uro npu OB B BO31yXe TOHKUX METaJIH-
YECKMX IPOBOJHMKOB, BKIIOUEHHBIX B Pa3psIHYIO LENb
BBICOKOBOJIbTHOrO reHeparopa BUT mukpocekyHAHOTro
BPEMEHHOTO JMana3oHa, MaKCUMaJbHbIE PACUETHBIE 3Ha-
YyeHUs TeMneparypsl 7, 1aBiaeHus P, U CKOPOCTH V,, MO-
IYyT JOCTHUTaTh YHMCIEHHBIX 3HAYEHUI COOTBETCTBEHHO B
HECKOJIBKO JIECSITKOB THICSIY IpayCoB KEIbBHHA, COTECH
TEXHUYECKHUX aTMOC(hep U ThICSY METPOB B CEKYH]IY.

3. Ha ocHOBe MOJIyueHHBIX PACYETHBIX COOTHOLICHUH
(4), (10) u (12) chopmynupoBaHbl peajbHbIE TEXHHYE-
CKUE TIPEJUIOKEHUs] MO IMOJNYyYEHHI0 ¢ Momolpo OB B
aTMOC()EpHOM BO3/lyXe TOHKHMX METAJUIMYECKUX IPOBOA-
HUKOB «PEKOPIHBIX» (HAaHMOOJIBIINX) 3HAUEHUH TeMIlepa-
Typbl 71, naBneHus P, U CKOPOCTH V,, YIapHOH BOJHBI B
JIOKaJIbHOM 30HE UX B3pbIBa nox Bo3aeiicreuem bBUT.

4. Ilonmy4ueHHbIE TIPU ONPEAEICHHBIX JOIMYIIEHUAX HO-
BbIE TEOPETUUECKHUE PE3YNbTAThl AJSI UCKOMBIX BEIMUHMH
teMmmeparypsl 7,,, naBiaeHus P, 1 CKOpPOCTH V,, NO3BOJIS-
0T YIIIyOUTh Hamy (U3UIECKUe TIPEeICTaBICHUs B o0ac-
TH CHUJIBHOTOYHOH 3JIEKTPO(U3UKU M BBICOKOTEMIIEpa-
TYPHOM TerOGU3UKK JUIsl SIBJICHHs BO3AYIIHOTO OB TOH-
KOTO METAJUINYEeCKOTO MPOBOJHMKA IIOJ BO3AEHCTBHEM
BUT HaHO- ¥ MUKPOCEKYHIHOH ATUTEIBHOCTH.

5. YuutsiBasi BEICOKHE PacUETHBIE 3HAYEHUSI CKOPOCTH
V), YIApHOH BOJHBI B «METALIMYECKON ILIAa3Me», MOXKHO
CZleNnaTh BBIBOJ O LIEJIECOOOPA3HOCTH MPHUKIAIHOTO TPH-
MEHEHHsI BO3IYIIHOTO OB TOHKHX KOPOTKHX METaJlThye-
CKUX MPOBOJHHUKOB B BBICOKOI((EKTUBHBIX 3IIEKTPOJC-
TOHATOpAaXx.
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Approximate calculation of basic characteristics of plasma
at the air electric explosion of metal conductor.

Purpose. Obtaining approximate calculation correlations for
determination of maximal values of temperature T,, and pressures
P, at a shock wave and speed v,, distribution of a shock wave in
the plasma products of air electric explosion (EE) of metall con-
ductor under act of large impulsive current (LIC). Methodology.
Theoretical bases of the electrical engineering, scientific and
technical bases of electrophysics, thermal physics and electro-
physics bases of powerful high-voltage impulse technique, related
to the theory and practice of the phenomenon EE metallic ex-
plorer in gas environments under action of LIC. Results. New
calculation correlations are got for approximate calculation in a
local area of EE in atmospheric air of metallic explorer of maxi-
mal values of temperature T,,, pressures P, and speeds of v,, of
shock wave in «metallic plasma» appearing from an explosion
under action of LIC of its conducting structure. It is set that nu-
meral values of the sought after sizes of temperature T,,, pres-
sures P,, and speeds v,, as it applies to air EE thin copper conduc-
tor under the action of LIC of the microsecond temporal range
can arrive at a _few ten of thousands of Kelvin, hundreds of techni-
cal atmospheres and thousands of meters in a second accordingly.
1t is shown that similar values of speed v,, of shock wave in «me-
tallic plasma» are comparable at speed of detonation wave in
hard explosives. An accent is in this connection done on expedi-
ence of application air EE thin short metallic conductors at injury
of live ammunitions with an ordinary and nuclear explosive. The
real technical suggestions are offered on a possible receipt in the
discharge circuit of powerful high-voltage generator of LIC of
condenser type of «recordy (most) values of the examined descrip-
tions of «metallic plasma» at air EE thin metallic conductors.
Comparison of the obtained results is executed for the probed
descriptions of plasma at air EE of the metal conductor with
known in the world information in area of electrophysics and
thermal physics EE metal in gas environments. Originality. The
obtained new theoretical results in area of high-current electro-
physics and high-temperature thermal physics extend our physical
views about the phenomenon of EE in atmospheric air of thin
metallic conductors under action of LIC of the nanosecond and
microsecond duration. Practical value. Application of the calcula-
tion correlations obtained in practice for the indicated descrip-
tions of «metallic plasmay will allow technicians-and-engineers in
a certain measure to accelerate and improve adjusting of difficult
electric charts of powerful high-voltage generator of LIC at a
receipt in his discharge circuit by air EE of thin metal conductors
required on protocol of lead through of heavy-current electro-
physics experiments of parameters of plasma in the local zone of
its explosion. References 14.

Key words: powerful high-voltage generator of current pulses
of condenser type, metallic conductor, high pulse current,
electric explosion of conductor, plasma, temperature, pres-
sure, speed of distribution of shock wave in the plasma
products of explosion, calculation.
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A.B. becripo3Bannsix, A.B. Porunckuit

MOHUTOPHUHI' CTABUJIBHOCTHU TEXHOJIOI'MYECKOI'O ITPOLECCA
N3I'OTOBJIEHUA DJIEKTPOU3OJALINOHHBIX CUCTEM TAI'OBBIX
AJNIEKTPUYECKHUX MAIIINMH

Ilokazano, wio onip i301aYii MOIHCIUBO 3aCMOCOBY6aAmMU 6 AKOCHMI IH(hOpMamueHo20 napamempy cmadinbHOCHI MEXHON02IUHO20
npoyecy 6uzomoeneHHsa e1eKmpoi3onNAYIHUX CUCIEeM MAZ08UX eeKmPUUHUX Mawiul. Bemanoeneno, wio onip izonayii 3naxo-
oumuca ¢ mexcax £36 6iOHOCHO cepeOHb020 3HAUEHHA KOMCHOT 6UDIpKU MPbOX eapianmie 6UKOHAHHA eNeKMpPOoi30nAUiHOT cuc-
memu. Ilpeocmaeneno Konmponsui Kapmu iHOUBIOYAILHUX 3HAYEHb MA KYMYIAMUGHUX CYM ONOpY i301ayii maznimnol cucme-
MU mA206UX e1eKmPOOsuzyHie nocmitinozo cmpymy. bion. §, tabmn. 1, puc. 4.

Knrouoei cnoea: TATOBI eJIeKTPHYHI MAaIMHY, €JICKTPOi30ALiiiHi cucTeMH, onip i30/1A1ii, KOHTPOJIbHI KAPTH KyMYJIATHUBHUX
CyM, CTaliIBbHICTH TEXHOJIOTIYHOT O MpoLeCy.

IlToxazano, umo conpomueenue u30ONAUUU MONHCEM CAYHCUMD UHPOPMAMUBHLIM NAPAMEMPOM CIAOUTILHOCIU MEXHOI02UYe-
CK020 npoyecca u320moeaeHus 1eKMmpou30IAYUOHHBIX CUCIEM MAZOBBIX INEKMPULECKUX MAWUH. YCMAH0BEHO, YMO CONpo-
muenenue U30NAYUU HAX00UMCea 6 npedenax +36 OMHOCUMeENbHO CPEOHe20 3HAUEHUA KAMCOO0Il 6bIOOPKU mpex 6apUAHNIOE UC-
RONHEHUA INEKMPOU3IONAUUORHOU cucmemsl. TIpeocmasnenvt KORmMponvhvle Kapmvl UHOUEUOYANLHBIX 3HAYEHUI U KYMYas-
MUBHBIX CYMM CORPOMUGTEHUA UZOIAYUU MAZHUMHOU CUCHEMbL MAZ0GHIX INEKMPOOsuzameneii ROCMoOAHR020 moka. bubn. 8,
Tabn. 1, puc. 4.

Knrwouegvie crosa: TATOBbIE dIEKTPUYECKHEe MAIIHHBI, JIEKTPOM30/SIHOHHbIE CHCTEMbI, CONPOTHBJIEHHE H30JSIIMH, KOH-

TPOJIbHbIE KAPThl KYMYJSATHBHBIX CYMM, CTA0UJIbHOCTH TeXHOJOrHYeCKOro mpoiecca.

BBenenme. DJEeKTPOU3OIAIUOHHBIE CHCTEMBI CO-
ctaBisitoT pumepHo 0,03 % OT Macchl TATOBBIX AJIEKTPU-
yeckux MamuH (TOM), HO HMEIOT HCKIIOUUTEIbHYIO
B2XXHOCTh M BIIUSIOT Ha BO3MOXXHOCTH KOHCTPYKTOPCKHX
pelICHU W TEXHOJIOTHH H3TOTOBJICHUS DIIEKTPHUYECKIX
MaIlIHH, B UTOTe — Ha UX YACIBHYIO MacCy U TabapuTHEIC
pa3Mepsl, Ha Hag&KHOCTH U JoiaroBedHocTs TOM. Co-
BEPIICHCTBOBAHNE DJICKTPOU3OJIAIMOHHBIX KOMIIO3UTHBIX
cucteM TOM ocCymecTBIsSeTCS IMyTeM CO3JaHHUS HOBBIX,
0oJiee POTPECCUBHBIX, MATEPHATIOB U TEXHOJIOTHUECKHX
nporueccos [1].

ConpoTuBieHne U30JIAIHH — HHTETPAJBHBIA MO-
Ka3aTeJb CTa0MJIbHOCTH TEXHOJOTHYECKOr0 mpoiecca.
MOHHUTOPHHT Ka4eCcTBa MPOIYKIMH B MPOIECCE e¢ MPOu3-
BOJICTBA BCETJIa OCTPO CTOUT Mepei IPOU3BOAUTEISIMA. B
YCIIOBHUSIX COBPEMEHHOTO IIPOM3BOJACTBA HCIIOJIB3YIOTCS
METOJVKH W TIPOLEAYpPHl, OCHOBAaHHBIE HAa CTAaTHCTHYE-
CKOM aHAJIN3e XapakTepucTuk minenuii [2-4]. Kommaect-
BEHHO TOYHOCTH TEXHOJOTHYECKHX IPOIECCOB OIICHHBA-
€TCsI C MCIOJIb30BaHueM K0 (DHUIHEeHTa

K T = 6—0- 5
T
rne T = T,, — Tipywer — AOMYCK U3ICIUS 10 KOHTPOIHPYE-
MOMY mapameTpy (pa3HOCTh MEXIy BEpXHUM U HIDKHIM
3HAYCHUEM), 0 — CPeIJHee KBaJPAaTHIECKOE OTKIIOHCHUE
KOHTPOJUPYEMOH BEJTHYUHEI.

TOYHOCTh TEXHOJIOTHUYECKOTO TMPOIECCa OIIEHUBAIOT

HCXOMS U3 CIIEAYIOMNX KPUTECPHUECB:

o 1pu K7 <0,75 — TEXHOJIOTUYECKHI TIPOIIECC TOYHBIH;

e mpu K7 = (0,75 — 0,98) — TpebyeT BHUMATEIHHOIO
HaOJII0ICHHS,

e npu K7 > 0,98 — HEeyJOBJIETBOPUTEIIBHBIN.

KpurepreM OIEHKHA COCTOSIHUS 3IICKTPOU3OJISIIHOH-
HBIX CHCTEM Ha IPOU3BOJICTBE SBISCTCS BEJIWYHHA CO-
TIPOTHUBIICHUS U30JLALIUHU R, DTO 3HAUCHHUE YKA3bIBACTCS
B HOPMAaTHBHO-TEXHUYECKOH nokymeHTanwuu [5]. Tax, mis
BBICOKOBOJIBTHBIX JIIEKTPOM3OJSIMOHHBIX cucteM TOM

COTIPOTHUBIIEHUE H3OJALUM R;,; OTHOCHUTEIbHO KOpIIyca
(HKHEE TTOPOTOBOC 3HAYCHHUE) IOJDKHO OBITh HE MEHEe
20 MOM B XOJOJHOM COCTOSHHMH JUUIS MAIMH C HOMH-
HabHBIM HampsbkeHueM cBbinie 400 B. Bepxuee 3Haue-
HHE CONPOTHBICHUSA H3OILIUN HE PETIIaMEHTHPYETCS.
ConpoTHBIeHNE W30JALUHU SBISETCS MHTETPATBHON CTa-
TUCTUYECKON XapaKTEPUCTUKON, KOTOPAs 3aBUCHUT, MPEXK-
JIe BCEro, OT JIEKTPO(PHU3UUIESCKUX CBOMCTB KOMITO3UTHON
CHUCTEMBI, U TEXHOJOTUYECKOTO IPOILECCa W3TOTOBICHUS
coopounbx enuHMIl U camoii TOM B menmom. Cremyet
OTMETUTh, YTO OCOOEHHOCTHIO TEXHOJIOIMYECKOro IpO-
11ecca U3rOTOBJICHUS H3OJSIUOHHBIX cucTeM TOM sBiis-
€TCSl BBICOKHM YPOBEHb HEMEXaHU3UPOBAHHOTO (PYYHOIO)
IIPOU3BOJCTBA.

Lenpio cTaThbU SBISCTCS MOHUTOPUHT CTAaOWMIBHO-
CTH TEXHOJIOTUYECKOTO IpOoLEecca H3rOTOBIECHHUS 3IEK-
TPOM3OIIIIUOHHBIX cucteM TOM mo pe3ynbTataM H3Me-
PEHHIA COTTPOTHBIICHHS M30JIALIUHN HA TIPOU3BOJICTBE.

MOHUTOPHHI CTAOMJIBLHOCTH TEXHOJOTHYeCKOro
npouecca M0 KOHTPOJIbHBIM KAPTaM MHAWBUIYAJIb-
HBIX 3HAYeHHWil. AHaATN3 TEXHOJOTHYECKOTO IpoIecca
BBIIIOJIHEH JUIsl TPEX BapUAHTOB KOPIIyCHOM H30JIALUU
MarHUTHON CHCTEMBI TATOBOTO 3JIEKTPOJBUTATENS TTOCTO-
SIHHOTO TOKa. B Ka)X10M M3 Tpex BapuUaHTOB KOPILyCHOU
M30JBUH — 1O 12 00pa3loB, OTIUYAIONIMXCS YUCIOM
CJIOEB U TUIIOM W3O0JIALIMOHHBIX JIeHT. V3MepeHus compo-
TUBJICHUS U30JISLMHU BBINOJIHEHBI TepaomMmeTpoM MI 2077
[P NOCTOSIHHOM HanpsbkeHuu 2500 B.

Ha puc. 1,a npencraBieHsl pe3ynbTaTbl H3MEPEHUH,
a Ha puc. 1,0 — CTaTUCTHYECKHE XaPAKTEPUCTUKU COIIPO-
TUBJICHUS M30JALWU TPEX BapUAaHTOB KOPITYCHOM H30JISI-
nuu. CTaTUCTHYECKH pa3dpoc M3MEPEHHBIX 3HAYCHUH
CcoOmpoTHBICHUs n3oisinuu (puc. 1,6) B mpeaenax Kakiao-
ro BapuaHTa M3OJSLMOHHON CHUCTEMBI CBSI3aH, MO Kpai-
Helt Mepe, ¢ nByms npuunHamu [6]. [lepBas oOycioBieHa
HEeM30SKHBIMH CITy4aiiHBIMU MOTPEIIHOCTSIMH U3MEPEHHUN
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1 HEBO3MOXKHOCTBIO a0COJIIOTHO TOYHOTO BOCIIPOHM3BEJIC-
HUS YCIIOBHH HCIIBITaHUHA. BTOpas nmpudnna — 6oree riy-
601(8.51 U COCTOUT B TOM, YTO COIIPOTUBJICHUEC H3OJIALIUN
0TOOpaKaeT MMEIOUIMECS] CTPYKTYpPHBIE U TEXHOJIOTHYe-
CKUe Je(eKThl B W3OJSILIMOHHOIM CHCTeMe, M CBs3aHa C
HEOJHOPOAHOCTBIO MaTepHana H30JSALHUH, TEXHOJIOTHYe-
CKUM 000py/ioBaHUEM, KBajH(uKalmeil nepcoxana.
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Puc. 1. BeIGOpKH CONpOTUBIECHHUS U30JSIIUU TPEX BAPHAHTOB
KOPILyCHOM U30JIIUUOHHON CUCTEMBI

s Bcex TpeX BapUAHTOB COMPOTHUBIICHUE H30JIs-
[[UM JIGKHUT B Mpefienax +30 OTHOCUTEIbHO HOMHHAIBHO-
ro (CpeaHero) 3HA4YeHUs i1 KaKIOoH BeIOOpKHU (puc. 2),
4yTO coOTBeTCTBYeT KoHuenuuu «llects curm» [7].

B ycrnoBusaxX mpoW3BOICTBEHHOTO IPOIECCa OIHUM
W3 OCHOBHBIX HMHCTPYMEHTOB MOHHTOPHHTA SIBIISIOTCS
KOHTPOJIBHBIE KapThl (MU KOHTpOJbHBIE KapThl Lllyxap-
Ta), BU3YAIN3UPYIOIINE CTATUCTHYECKUE XapaKTEPUCTHKI
HCCIIEyeMOro TexXHoJormdeckoro mporecca [4, 8]. Kon-
TPOJNBHBIE KApPTHl MHIUBUAYAIBHBIX 3HaueHHU (puc. 3)
HIO3BOJISIIOT OOHApPYXHUTh OTKJIOHEHHs (X) WM CKOJNb3S-
miero pazmaxa (MR) cOnpOTHBIICHUS U30JIALIUU, KOTOPbIE
00YCJIOBIICHBI HECTyYalHBIMHU IPHYUHAMU.

[Ipu ucnonb30BaHNM KapT WHAWBUAYAIBHBIX 3HAYC-
HUN KOHTPOJIbHBIC TPAHHUIBI PACCUUTHIBAIOT HA OCHOBE
MepbI BapHalluy, TOJYYCHHOW 1O CKOJIB3SIIUM pa3Maxam
00bgHO ABYX HaOmomeHnd. Ckomp3simuii pazmax (MR)
MIPENCTaBIsAET CcOo00 abCOMIOTHOE 3HAUCHHWE Pa3HOCTH
M3MEpEHUH B IOCIEAOBATENbHBIX Mapax (pa3HOCTh mep-
BOTO M BTOPOTO U3MEPEHHA, BTOPOTO B TPETHETO U T.1.).

Ha ocHOBe CKONB3SIIIMX pa3MaxoB BBIYHCIAIOT
CPEIHUHN CKONb3ALIUI pa3Max, KOTOPbIA UCIOJIB3YIOT IS
MOCTPOCHHST KOHTPOJIbHBIX KapT. HIDKHSSA U BEpXHssS Tpa-
HHILBI Ha KapTe (puc. 3, ITPUXIYHKTHUPHBIC JINHU) HaXO-

JIATCS HA PacCTOSSHUM 3*¢ OT CpeaHero 3HadeHus (IeH-

TpanbHast auHusA). [Ipu 3TOM He HAOIIOAAaeTCs HU CHCTe-
MATHYECKUX CMEIICHUH (TPEHIIOB), HU KaKUX-JIIMOO Jpy-
TUX NPU3HAKOB BBIXOJIa MPOLIECCa U3-TI0/I KOHTPOJIS: TOY-
Ki 00eWx KapT paBHOMEpHO (Ha OCHOBE BH3YalbHOTO
aHalm3a) KOJEONIOTCS OTHOCHTEIHHO COOTBETCTBYIOIINX
cpennux nuHui. Toukun Ha 00EMX KOHTPOJBHBIX KapTax
HAaXOJITCS BHYTPU KOHTPOJIBHBIX IPEJENoB. 3HAauYeHHE
BTOPOTO HM3MEPEHUs] HAaXOAMUTCS JIOCTATOYHO OJIM3KO K
HIOKHEMY KOHTPOJILHOMY TMIpeleiy, OJHaKko Ha (oHe
oOIeil TMOJIOKUTENIFHONH KapTHHBI 3TO HE  SIBJISETCS
TPEBOXKHBIM COOBITHEM.

Var1
Within SD: 113E3; Cp: ,3721; Cpk: ,3721
Overall SD: 126E3; Pp: ,3333; Ppk: ,3333
LSL: 653E3; Nom.: 779E3; USL: 905E3
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Var2
Within SD: 139E3; Cp: ,3429; Cpk: ,3429
Overall SD: 143E3; Pp: ,3333; Ppk: ,3333
LSL: 607E3; Nom.: 750E3; USL: 894E3
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Rins, MOm
6

Var3
Within SD: 675E2; Cp: ,6911; Cpk: ,6911
Overall SD: 140E3; Pp: ,3333; Ppk: ,3333
LSL: 581E3; Nom.: 721E3; USL: 861E3
LsL usL
-3,*S Homuuan +3,*S

Yucno usmepennin
»

Rins, MOm

6
Puc. 2. K ogHOpOogHOCTH BBIOOPOK CONPOTHUBIICHUS HU30JIALUH

Juis 3amaHus KpUTEpUEB MOWCKA CEpUH TOYEK 00-
JacTh WHIWBUAYAIFHOW KOHTPOJBHOM KapThl HAJ IICH-
TpaJbHON JIMHUEH M TIOJl HeW NETUTCS Ha TPHU «30HBI: A,
B u C [4]. Ilo ymonmuanuio 30Ha A ompeaessieTcs Kak 00-
JIaCTh, PACTIONOXKEHHAs Ha pacCTosIHUM OT 2*¢ 10 3*0 1o
00€e CTOPOHBI OT IIEHTPAILHOM JHHUHU. 30Ha B — 00nacTh,
OTCTOsAIasA OT ueHTpaanoﬁ JIMHUKU Ha pacCTOIHUH OT
1*¢ no 2*0, a 3ona C — kak o0JlacTh, pacIoOKeHHas
MEXAy LEHTPAILHOH JIMHKEH 110 00e ee CTOPOHBI U Orpa-
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HUYEHHAs] TPSIMOH, IPOBEJCHHONW Ha paccTosHuu 1*o or
LIEHTPAJILHOM JIMHUH.

KoHTponbHaA KapTa MHAMBUAYaNbHbIX 3HaYeHui X
W CKonb3AKNX pasMaxos MR; nepeMenHan: Varl
X: 7703E2 (7793E2); Sigma 1130E2 (1130E2); n: 1,

TucTorpamm 3 HeBnaa s

_________________________ 1118E3

rrrr——_ — w={ TT93E2

e o= ey ey B 4401E2

2 4 6 8 10 12

Cronb3Awue pasuax MR:
1275E2 (1275E2); Sigma: 96362, (96362,); n: 1,

TucTorpamma
KOS SR P 08

b= = e e mom e e s o= om m = = 4166E2

s
- CLA
. - ",

o 127562

- = = = = = |0,0000
2 4 6 8 10 12

TapErevcaner

Puc. 3. KonrpoispHas kapTa MHAUBUAYAIbHBIX 3HAUCHUH COIPO-
TUBJICHUS U30JSILMY U CKOJIB3SIIUX pa3MaxoB AJsd BapHaHTa |
KOPITyCHOM U30JISIHUOHHON CUCTEMBbI

B 3aBHCHMMOCTH OT KOJIMYECTBA TOYEK M MX PACIIO-
JOKEHHUS B OJHOW M3 30H KOHTPOJBHOW KapThl, yCTAHOB-
JIEHO CEMb KPUTEPHEB.

ITpu BBINOIHEHUH TOTO WJIM HHOTO KPUTEpHS B Tao-
JULE Pe3ylbTaTOB TECTUPOBAHHA CTPOKA, COOTBETCT-
ByIOI[asi ATOMY KPHUTEPHUIO, BBIJENSETCS KPAaCHBIM IIBE-
ToM, a BMecTo OK B cTONOLAX YKa3bIBAIOTCS HOMEpA TO-
YeK, MOMaBIINX B 30HY pUcKa (Tabum. 1).

PesynbraTel TecTpoBanus (Tabil. 1), BEIIOJIHEHHbIE
Jutst MR- KOHTpOIJIBHOH KapThl (pHc. 3) U JUIs ABYX JIPYTUX
BapHUaHTOB KOPITyCHOW HW3OJISILIMH, MTOKA3bIBAIOT, YTO MO
BCEM KPUTEPHAM TECTUPOBAHHS TEXHOJIOTMYECKOTO ITPO-
1ecca Mo CONMPOTUBIICHHIO M30JIAILMH UCCIIEyeMble TTOKa-
3aTeNy HaXOMATCS B CTaTUCTUYECKH YIPABIIEMOM CO-
crostany. CUTHaIa 0 HEOOXOAUMOCTH TPUHATHS MEp TIpe-
JOyNPEeXIAOIEro XapakTepa He 00OHapyKEHO.

Tabmuna 1
Pesysibrarsl TECTHPOBAHUS CTAOMIIBHOCTH
TEXHOJIOTMYECKOr0 Mporiecca

ITepemennas varl
MR-kapta
LenTpanbHas nuHUA
. %
3onb1 A/B/C: (3,0/2,0/1,0)*c 12754545 MO,
0=96361,95 MOwm
0T BBIOOPKH | K BBIOOpKE
9 Touek ¢ OJIHOH CTOOHbI OT OK OK
LECHTPAIbHOM JIMHUH
6 ToueK pocta/ CHHKEHHUS OK OK
14 Touek uepeayroTCs BBEPX OK OK
Y BHH3
2 13 3-X TOYEK B 30HE A HJIH 3a ee OK OK
npeesiaMu
4 u3 5-TH TOYEK B 30He B nnu 3a ee OK OK
npefenamMmu
15 Toyek B 30He C OK OK
8 Touek 3a npenesnamu 30Hb1 C OK OK

Bonbiield 4yBCTBUTENBHOCTBIO K BO3MYILIECHMSIM
TEXHOJIOTHYECKOT0 TIporiecca 0071agaroT KOHTPOJIbHBIE
KapThl KyMyJsSTUBHBIX cyMM (CuSum) [4] (puc. 4), koTO-
pble IPEICTaBISAIOT HAKOIJIEHHBIE CYMMBbl OTKJIOHEHWM
OTAEJBHBIX  3HAYCHUH  HAOIIOJAaeMOil  NepeMEeHHON
(compoTHBIICHUS U30JISILIMN) OT CPEJTHETO 3HAYCHUSL.

Ha puc. 4 npuBeneHbl KOHTPOJIBHBIE KAPThI KyMyJIsi-
TUBHBIX (HAaKOIUIEHHBIX) CYMM JUIsl TPEX BapHaHTOB KOp-
nycHo#t n3ossiumu. J{is apenannaroro CuSum HaOmone-
Hus (puc. 4,8) OTMEYaETCsI BHIXO/ 32 HWXKHIOIO TPaHUILy U
JUIS OJMHHAALATOIO — 3a BEPXHIOW i1 MR, 4TO MOXET
CIIy>KUTh NPU3HAKOM HAuyaBIIEHCS pa3lagKd TEXHOJIOTU-
gyeckoro npouecca. IIpu 3Tom Ans 3TOoro BapuaHTa Hpo-
SIBJSIETCSI TAKKe TPEHI BBIOOpPOYHBIX 3HaueHWd CuSum,
YTO TpeOyeT BBIICHEHHS IPUYUH €T0 MOSBICHHS.

KoHTponbHan kapTa KyMynaTHBHbIX cyMM X 1 ckonb3swmx pasmaxos MR;
variable: Var1
Mucrorpamma CuSum X:T793E2 (TT93E2); Sigma: 1130E2 (1130E2); n: 1,
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Cronbaswue pasmaxu MR:
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KoHTpoNbHaA KapTa KyMyNATUEHBLIX cyMM X W CKONb3ALWMYX pasMaxos MR;
variable: Var2
McrorpaaCuSum K: 7902E2 (7502E 2); Sigma 13ME2 (13ME2); n: 1,
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KoHTponbHaa KapTa KymynATMBHBIX CyMM X M CKONB3ALWMX pasmaxos MR;
variable: Var3

e 10MpamKa HabnoaeHn X: F213E2 (7213E2); Sigma 67514, (67514,); n: 1,
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Puc. 4. KonTponsHbIe KapThl KyMyJISATHBHBIX CYMM H CKOJIB3SI-
LIMX pa3Max0OB COINPOTUBIICHUS U30JSILUU TPEX BAPUAHTOB
KOPITyCHOU M30JIAUOHHOM CUCTEMBI
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BbiBoabl. IlocTpoeHne u aHanM3 CHEHHATBHBIX
rpaduKoB (KapT) MHAUBUAYAIBHBIX 3HAYCHUH M KyMyJIs-
THUBHBIX CYMM COMPOTHBIICHUS H30JIALUU, CKOJB3SIIEro
pa3sMaxa MR TNO3BOJISIIOT BBIAICHUTb, HAXOJUTCS JIU TEX-
HOJIOTUYECKUH MPOIIECC U3TOTOBJICHUS AJIEKTPOU3OJIALIN-
OHHBIX CHUCTEM TSATOBBIX JIEKTPUUECKUX MAIUH B CTATH-
CTUYECKH YIPABIIIEMOM COCTOSIHHUH.

[IpencraBneHHass mpoueaypa MOHUTOPUHIA MOXKET
HCIIOJIB30BAThCS I aHAJIM3a CTaOMJIBHOCTH TEXHOJIOTH-
YECKUX MPOLECCOB U3MOTOBJIECHUS 3JIEKTPOU3OISIIUOHHBIX
CHCTEM TypOO- B THAPOTECHEPATOPOB.
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The stability monitoring of the manufacturing process of
electrical insulating systems of traction electric machines.
Introduction. Electrical insulation systems make up about 0.03
% of the traction electric machines (TEM) mass, but they are of
exceptional importance and affect the design capabilities and
manufacturing techniques of electric machines, ultimately - on
their specific weight and overall dimensions, on the reliability
and durability of the TEM. Purpose. The monitoring of the sta-
bility of the manufacturing process of electrical insulating sys-
tems of the TEM based on the insulation resistance measure-
ments. Methodology. The analysis of the manufacturing process
is carried out for three versions of the case of insulation of the
magnetic system of the DC traction electric motor. Practical
value. Construction and analysis of special graphs (charts) of
individual values and cumulative sums of insulation resistance,
sliding range MR allow to find out whether the technological
process of manufacturing electric insulating systems of traction
electric machines is in a statistically controllable state. Refer-
ences 11, tables 1, figures 4.

Key words: traction electrical machines, electrical insulation
systems, insulation resistance, cumulative sum control chart,
manufacturing process stability.
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MANAGING THE LOAD SCHEDULE OF THE ADMINISTRATIVE BUILDING TAKING
INTO ACCOUNT EMERGING RISKS WHEN CONNECTING THE KINETIC ENERGY
STORAGE TO THE POWER SUPPLY SYSTEM

Purpose. The purpose of the paper is to analyze load schedules of the administrative building and develop a structural
scheme for connecting the kinetic energy storage in the power supply system of this building, which will allow using it as a
consumer regulator, as well as a theoretical study of the risks that arise. Methodology. To conduct the research, the theory
of designing internal electrical networks of buildings, the theory of plotting electric load graphs, methods of the theory of
electromechanical systems and for analyzing the risk system, the T. Saati method of hierarchies were used. Results. The
structure of kinetic energy storage (KES) connection to the power supply system of the administrative building is developed
and the structural diagram of the KES proposed for installation is given, the average daily winter and summer load
schedules are presented, a set of groups and subgroups of risks and their influence on the work of the power supply system
of the building are connected with the connection of the KES. Originality. For the first time, the application of the kinetic
energy storage in the power supply system of the building with the analysis of emerging risks is considered, which makes it
possible to improve the reliability of the developed system and the efficiency of load regulation. Practical value. The
application of the proposed scheme will make it possible to use administrative buildings as load regulators of the external
power supply system, and also effectively manage the load in the internal power supply system of the building.
References 9, tables 2, figures 4.

Key words: power supply system, Kinetic energy storage (KES), electric load schedule, risk system, consumer regulator.

Llenv. Llenvio cmamou aenaemca papadomka CMPYKMYPHOU cXembl NOOKAIOYEHUA KUHEMUUECKO20 IHEPZOHAKOnumens 6
cucmemy INEKMPOCHAOHCEHUA AOMUHUCIMPAMUGCHO20 30AHUA, UMO NO360JUM UCHOIB306AMb IMO 30aHUE 6 Kauecmee
nompeoumensa - pezynamopa, a Makxice meopemuiecKoe Uccie008anue 603HUKAIOWUX npu 3mom puckos. Memoouka. /na
npoeedeHusn uccied08anuii UCROIL30AIUCH MEOPUA NPOEKMUPOSAHUA SHYMPEHHUX IIeKMPUYeCKUX cemeil 30anuil, meopus
nOCMPOEHUA 2PAPUKOE INEKMPUUECKOU HAZPY3KU, MEMOObl MEOPUN INEKMPOMEXAHUYECKUX CUCMEM U O AHANU3A CUCHEMbL
puckoe memod uepapxuii T. Caamu. Pesynomamul. Pazpabomana cmpykmypa nooKiouenus KuHemuuecKko2o
nepzonaxkonumensa (K3H) 6 cucmemy 31eKmpocrhadiiceHus AOMUHUCMPAMUGHO20 30AHUA U NPUBEOEHbl CYMOYHblEe ZPaAuKU
Hazpy30K, UCC1e008aH HAGOP ZPYNRN U NOOZPYRN PUCKOG U UX 6AUAHUE HA PAOOMY CUCHIEMbL ITIEKMPOCHADICEHUA 30AHUA NPU
nooxknwuenuu KIH. Hayunasa nosusna. Bnepevie paccmompeno npumenenue KUHemMu4ecko20 IHeP2OHAKONUmMeN 6 cucmeme
INEKMPOCHADIHCEHUA 30AHUA C QHATUZOM BOZHUKAIOWUX DPUCKOS8, YMO HNO036071A€M RNOGLICUMb HAOEHCHOCMb padomol
paspadomannoii  cucmemvl u Ipgexmusnocmy pecynuposanua Hazpy3ku. Ilpakmuueckoe 3unauenue. Ilpumenenue
NPeoodCeHHOIl CXeMbl NO360IUNL UCHONB306ANMb AOMUHUCMPAMUGHbIE 30AHUA 6 Kayecmee peyiimopos HAZPy3Ku GHeuiHell
cucmemyl INEKMPOCHAOHCEHUA, A MAKHCE IPPeKmueHo ynpaenamo Hazpy3Koil 60 6HYmMpPEHHel cucmeme I1eKmMpoCcHadIHceHUA
30anus. bubn. 9, Tabin. 2, puc. 4.

Kniouesvie crosa: cucreMa 3JeKTPOCHAOKeHUs, KHHeTHYeckuii sHeproHakonutens (KJOH), rpadpuk siexrpuueckoii
HArpy3KH, CHCTeMa PHCKOB, IIOTPeOHTeb-PeryasiTop.

Introduction. The problem of covering non-uniform
electric load schedules is currently being solved by three
main methods [1]:

e creation of an optimal structure of generating
capacities in the power system;

¢ use of overflows with neighboring power systems;

e attracting consumers to align the load schedule.

The Ukrainian power system is not an exception
among other energy systems of the world and there is an
imbalance in the generation and consumption of
electricity. Thus, consumption during peak hours
sometimes significantly exceeds generation capacity to
cope with loads. To solve the existing problem, the
implementation of various storage devices and
accumulators in the power supply systems of consumers
and the use of these consumers as load regulators in the
power system can help.

To date, electrochemical batteries for energy
storage which have a significant shortcoming —

fragility are widely used. Therefore, at present, as an
alternative, many researchers propose the use of kinetic
energy storage (KES) [2-6]. This device is intended for
the storage of mechanical energy and its further
transformation into electrical energy which can be used
to regulate the load of the power system as a whole or
its individual links.

At the moment, there are developments on the
application of KES in autonomous power supply systems
of buildings together with alternative energy sources
[5, 6] and for energy storage in power systems [2, 4, 5].

Modern KES can store energy up to 20 MJ and
produce power of 250-350 kW, while the size of the
storage is small, and the efficiency is 85-90 % [9]. Also
KES performs additional functions when operating in the
customer's network, such as: implementation of a full
galvanic isolation from the network, ensuring the quality
of power supply, filtering distortion of harmonics and

© S.Yu. Shevchenko, N.A. Savchenko, A.V. Tretjak

ISSN 2074-272X. Enexmpomexnixa i Enexkmpomexanixa. 2017, Ne6 69



voltage peaks, eliminating current micro breakdowns of
duration less than 50 ms.

The use of KES for energy storage and load
regulation is an important step in improving the energy
efficiency of power supply systems. The stored energy
can be used during peak hours for regulation purposes in
power supply systems for administrative buildings which
is attractive from an economic point of view, but this is
due to a number of risks. The analysis of the risk system
and their minimization is an important factor in improving
the reliability of power supply systems.

The goal of the work is development of a structural
scheme for connecting the kinetic energy storage to the
power supply system of the administrative building to
regulate the load of both the building itself and its use as a
consumer — the load regulator of the power system as a
whole.

Analysis of daily schedules of the administrative
building (the 1st educational building of the Donbass
National Academy of Construction and Architecture
(DonNACA)). Daily schedules are necessary to record
changes and obtain visual information about periods of
peak load. They contain the information obtained on a
certain day of the month and the season of the year. As
the investigated object, the DonNACA educational
building with a total area of 2,250 m? is considered, which
includes classrooms and laboratories, a rector's office, a
public catering enterprise equipped with electric cookers.

Daily fluctuations in consumption schedules and
seasonal fluctuations are largely determined by
meteorological factors: ambient air temperature,
illumination, humidity, wind speed [7].

Analysis of the dynamics of electricity consumption
shows (Fig. 1) that with increasing temperature and
increasing illumination in summer, energy consumption is
reduced [7]. As can be seen from the schedules, in the
winter and summer for the object under study, we have
the morning maximum load. The peak load falls on the
period from 7.00 am to 2.00 pm. The minimum load is
observed in the evening and at night between 6 pm and
7 am.

8 —P, kW

P winters kw

Psummer’ k

t, hours

0 5 10 15 20

Fig. 1. Average daily load schedules of summer (Ps,,cr)
and winter (P,,;,.,) days for the educational building

The connection of a KES to the power supply
system of the building will give an opportunity to regulate
(equalize) the load schedule of the building, namely,
during the hours of load decay the KES will operate as an
electric power consumer, and at peak hours as a generator
that will allow the building to be used as a consumer —
load regulator.

The scheme of connecting the KES to the
power supply system of the administrative building.
The developed structural scheme of connecting the
KES to the power supply system of the administrative
building, presented in Fig. 2, consists of a control unit
(CU), kinetic energy storage (KES), load sensor (S),
and inverter (I).

The operation is carried out as follows. At low
load of the building, the value of which is controlled by
the load sensor installed on the building supply line,
automatic charging of the KES takes place. With
increasing load in the building, the control unit (CU)
switches the inverter to the generation mode
synchronously with the network, feeding the building,
after the load is reduced, the inverter turns off and the
KES charging is performed.

Standard current transformers (CT) installed in the
input node of electricity metering can serve as a current
sensor. As a control unit (CU), you can use a
programmable logic controller (PLC) with several analog
inputs and outputs. If you need to connect to energy
storage systems in other buildings or regional power
system, you can use a controller with an Ethernet control
channel.

Power y

line 0.4 kV Input cU

switchgear

\ i

A
\ i

cT g_

Yy

Consumer |«

Fig. 2. The structural scheme of connecting the KES
to the power supply system of the building

The KES consists of a storage flywheel (Fig. 3), a
charging system motor M and a generator G, it is also
possible to use a charging motor as a generator, but with a
complicated switching system.

The power of the generator and the storage capacity
of the flywheel are selected based on the value of the
building's load. The charging system of the KES consists
of an electric motor and a frequency converter (FC)
operating in a closed system (with feedback). If it is
necessary to charge the KES, the CU supplies the
corresponding FC signal for start-up and the flywheel is
accelerated with the set acceleration time parameters.
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After the flywheel is completely accelerated, the FC
maintains its stable rotation through feedback.

]
from input Encoderf
switchgear

FC
from CU
rom

to inverter

| flywheel |

Fig. 3. The KES structural scheme

The charging motor of the KES and its FC is
advisable to use of significantly less power than the
generator, because charging takes a much longer time
than discharge. This will reduce the price of the structure
as a whole. The flywheel should be installed in a specially
equipped pit near the building.

With increasing load in the building, the CU issues a
command to the inverter (I) for the start, which, in turn,
instructs the FC to stop feeding the KES. When the speed
of the KES flywheel is reduced to a critical one, or the

Compensation of risks when using KES

power consumption in the building is reduced, the
inverter turns off automatically and, if possible, recharges
the KES.

In order to increase the reliability and efficiency of
the developed scheme of connecting the KES to the
power supply system of the building, an analysis was
made of the groups and subgroups of risks arising from
the functioning of this system.

Analysis of risks in the operation of the power
supply system of the building with KES. To determine
and investigate common risks in the operation of power
supply systems with the KES of administrative buildings,
the hierarchy analysis method (HAM) developed by
T. Saati was applied.

The hierarchy analysis method (HAM) is used to
derive relationship scales from both discrete and
continuous paired comparisons in multi-level hierarchical
structures.

HAM has specific aspects related to the deviation of
judgments from consistency and the measurement of this
deviation, as well as the dependence within groups and
between groups of elements of a hierarchical structure [8].

When using HAM for modeling, it is necessary to
construct a hierarchical or network structure for the
representation of the problem, then, pairwise comparing
the elements of this structure, to obtain dominance
matrices from which the scales of relations are derived.

In general, the hierarchical structure is composed
from three levels: the first level — the goal from the point
of view of management, the second level — the criteria on
which the following levels depend, the third or the lowest
level — the list of alternatives (Fig. 4).
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Fig. 4. A model of the hierarchical structure of risk analysis
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The following notation is used in the model:

1. Purpose, or the main criterion (compensation of
risks when using KES) — a.

2. Criteria for the first level (risk groups — operational,
technological and technical, regulatory, financial) — b, c,
d,e.

3. Criteria of the second level (subgroups of risks of
the first level) — bl, b2, b3, cl, ¢2, ¢3, c4, d1, d2, d3,
el, e2.

4. Alternatives to achieving the goal (transferring risk,
reducing risk, taking risk) — A, B, C.

The second stage of the HAM is the compilation of
an algorithm for achieving the goal, namely: it is
necessary to determine the impact of risk groups on the
system as a whole. We use the technique described in [8]
which consists in the following: firstly, matrices of
pairwise comparisons of intermediate criteria with respect
to higher-level criteria are written, for comparison, a scale
of relative importance developed by T. Saati [8] is used;
secondly, the transition from matched matrices to priority
vectors is performed; thirdly, the quality of matrices of
pairwise comparisons is checked, or the consistency index
is calculated.

Expert data were used to compile the matrix of
pairwise comparisons. The results of calculations of the
matrix of pairwise comparisons of criteria for the first
level of the hierarchy are presented in Table 1. In the
same way, comparisons are made for the second level of
the hierarchy.

Table 1
Determination of the most important risk group
with a view to their compensation

= § 5 > s é) §
E|®2| 5 = 8% 38
. S S E < 5 =, > o
Risk group ] = g g2 > g
2lsZ| 2| £ | 585 |7
Q B 5 .2
cles| “ZE
Operational 1 1/3 4 1 0.2164 2
Techr}ologlcal and 3 1 5 3 05216 1
technical
Regulatory 1/4 1/5 1 1/2 0.0801 4
Financial 1 1/3 2 1 0.1820 3
Total 525| 1.86 | 12.00 | 5.50
Consistency index CI = 0,024
Consistency relation CR =0.027 =2.7 %

According to the calculations, we have CR =0.027 <0.1
which allows us to conclude that the assessments of
experts in the matrix are consistent and do not need
revision.

The main result of pairwise comparisons is the
determination of the importance of alternatives which are
given in Table 2.

Based on the results of the calculations, we have the
highest estimation of 0.4427 for the alternative «reducing
risk» — this is an opportunity to reduce the consequences
of the occurrence of risks. Risks that can not be reduced
or transferred are in second place and have the estimation
of 0.3458. Risks that can partially be compensated by

transfer to the second responsible persons have the lowest
estimation — 0.2115.

Table 2
Determination of the importance of alternatives

Alternative | Assessment of the importance of |Rang
the alternative
ljransferrmg 02115 3
risk
Reducing risk 0.4427 1
Taking risk 0.3458 2

The performed analysis of the risk system shows
that in order to increase the reliability and efficiency of
the power supply system of a building with a connected
KES, it is necessary to perform a number of
administrative and technical measures to reduce
technological, technical and operational risks, financial
risks may be partially transferred to third parties
(investors and insurance companies), and regulatory risks
should be taken into account, as the impact on them is
completely absent.

Conclusions.

1. The schedules of the load of a real building are
given and analyzed. On the basis of the analysis, a method
for regulating the load of a building and its simultaneous
use as a consumer regulator is defined.

2. The structural scheme of connection of the kinetic
energy storage to the power supply system of the building
is developed which increases the efficiency of its
operation and allows to regulate the load.

3.The analysis of the risk system at the use of
kinetic energy storage in the building energy supply
systems is carried out which will allow to minimize
them and provide increased reliability of the power
supply system.
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