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JOKTOPJIUK JTUCCEPTAIIUACHU AHHOTALIUACHU

JAuccepranuss MaB3yCHHMHI J0j3ap0Jauru Ba 3apypusatu. Kymma
MaiJJOHJIap MEXaHUKACH MyaMMOJIApUJIaH XUCOOJIaHTaH 3JIEKTPOMArHUTOSIaCTHK-
JMK Macajapura OyiaraH KU3MKHUIIap MIUIad YMKAPUILIHUHT TYPIIA coXajapuaaru
3aMOHaBHM TEXHHUK Kapa€Hiap Tanabiapyd Ba HWHHOBALIMOH TEXHOJOTHSUIApHU
apatuill XTuéxinapuaal kenub uukanu. [llyam amoxuma kaiig 3TUO YTuin
JIO3UMKH, JIEKTPOMArHuT 3P dexTiapHu XucoOra ojiraH Xojja TyTall MyXUTJIap
XapaKaTUHU YpraHuil Macajajapd, YMyMaH 3aMOHaBH MeEXaHHMKaJa, XyCyCaH
KyIlIMa MalJOHJIap MEXaHUKACUIA MYXUM YPUHHHU drajllaiIiu.

V3 naB6aTHaa, KyIIMa MaiiIoHIap HA3apHsACHHY PUBOMKIAHTHPHII, XYCYCaH,
nedopMalMsUIaHyBYaH MYXHMT OWIaH 3JIEKTPOMAarHuT 3QQEKTIapHUHT  Y3apo
TabCHUP HA3aPHSICH 3aMOHABHI KATTHK >KUCM MEXaHUKACH PUBOKIAHUIIIMHUHT OO
WyHanunuiapugan Oupu XucoOsaHagu. DJIEKTPOMArHUT MaloHU OWJIaH DJIACTHK
MYXUTHUHT ¥3ap0 TabCUP MEXAHU3MU Xap Xui OYiaub, KapanaérraH >KUCMHHUHT
Tr€OMETPUK XYCYCUATIApU Ba (U3MKABUN Xoccajapura Oornmukaup. XycycaH, Oy
TabCUP MEXaHU3MHMHM TAJKHK 3THUII MYyaMMOJHM MacanajapaaH Oupu cudaruna
AHU30TPOIl BJIEKTP YTKA3yBUAHJIMK IONKA IUIACTMHKA Ba KOOWKIapra HucOaTaH
KapajraHja Oup KaHua Maxcyc XycycusTiiapra sra oynasiu.

3aMoHaBUI TeXHUKaJa ONTHMAaJl KOHCTPYKIUSUTAPHU SIPATHII YH3UKIN OYI1-
MaraH KOHYHUAT OWJIaH y3rapaéTraH TabCUPHU XMCOOIa OJraH XoJijia IoTMKa Iiac-
TUHKa Ba KOOWKIAp IIAKIWJArd KOHCTPYKTHUB DJIEMEHTIAPHUHT KEHT paBHUIIA
unuiad YuMKapuiia KYJUTaHWIHAIIA J0J3ap0 XucoOnaHaau. byHjaa MarHut Maii-
JOHMHHMHT KOOMK Ba IJACTUHKA OWJIaH y3apo Tabcupu Ty(ailiu naiino Oynaauran
ANEKTpOMarHuT dPpdeKkTiap calMoKIu YpUH drauiaiiin. DIeKTPOMArHUT MailJIoH
OWyaH 2JeKTp YTKa3yBUW KHUCMJIAPHUHT JUHAMHK Ba MEXaHUK KYUWILIAPUHUHT
Ooormukiuk ddextnapu nonaepomoTop JlopeHIy Kyunapu oOpKaiau amanra
omnpwianu. JlopeHu Kyunapu YTKazyBUM TyTalll MyXUT 3JIEMEHTIAPUHUHT Xapa-
KaTW TE3JUTY Ba TAlIKW MarHUT MaWJIOHW, TalllKd MarHUT MalJoHWTa HUCOAaTaH
VYTKa3MIll TOKMHUHT HYHaIWIIM Ba MUKIOpiapura Oornuk Oynanu. Mmnynbcnu
MarHiT MaiIOH Ba TOK TalllyBYH dJIEMEHTIAp, KYUUIIIap aMILUTUTYJaCHHUHT KaTTa
KUMaTIapuaard IOKOPH 4acToTalu TeOpaHUIUIApU Y4YyH MOHIEPOMOTOP Y3apo
Tabcup dpdextnapu xxyaa cezunapiau 6ynanu. LyHUHr yuyyH OupuHuM HaBOaTIa
MAarHUTORJACTUKIMKHUHI MAaT€MAaTUK aCOCIApUHU Ba aJlOXHMJa OJMHITaH CHH(
MacalaJapuH{ CUUIIHWHT aMaluil yCyJUIapUHH PHUBOXKJIAHTHPHUII HUXOST
napaxana non3zap0 Ba myxumaup. bynpai cuH(] Macanamapu kKaTtopuaa Kydiu
TallKd MarHUT MaWJOHWTa >KOMIAIITHUPWITAH IONMKAa TOK TallyBYM aHU30TPOI
IUIACTMHKA Ba KOOWKJIAp Macanajapd, IIYHUHTAEK MAarHuT MaiJoHuIa IONKa
ANIEMEHTJIAPHUHT YM3UKJIM OYJIMaraH MarHWTORJACTUK TeOpaHULUIApU XaKUaaru
Macajanapy ajJoxuaa TabKUIJAHUIIN JO3ZUMIUD.

Yuszukiau 6yamaraH OOFIaHMIIZArM Macajajgap TaAKUK KUJIMHTAaHJAa Maxcyc
MarHuTO3JacTUK 3 exTiap naitgo 6ynumm xucodra ojiMHCa, HOCTAIIMOHAP MeXa-
HUK Ba JJIGKTPOMAarHuT IOKJAHUIUIAp TabcHpuJa OYiraH IomnkKa TOK TallyBYd
AHU30TPOIl BJIEKTP YTKAa3yBUAHJIMKIM, aHU30TPOI IUIACTUHKA Ba KOOMKIap OOF-
JUKIM MarHUTORJIACTUKIUIM MacajlacallapuHi €4YdIl YCYJUIAPUHU PHUBOXKJIAH-
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TUpUII A073ap0 XucobOsaHagu. Yusuknu OynMaraH OOFJIaHMUIIZArM MarHUTO-
DNACTUKIMK MacaJlaJlapUHU  YPraHWIIa AaHU30TPON DJIEKTP YTKa3yBUYAHIIMK,
MarHuT Ba JUAJIEKTPUK CUHTIMPYBUYAHJIMKIAPHU XHMCOOTa OJraH XoJijia y3rapys-
YaH MEXaHMK Ba 3JEKTPOMArHUT MaWJoOHJIAp TabCcuUpHaa OYJIraH TOK TallyBYd
IUIACTMHKA Ba KOOMKJIAPHUHI Ky4JIaHTaHJIHMK-IeQOopMalusJaHTaHJIUK —XOJaT-
JApUHM aHUKJIAll WIMHH JKUXATAaH CaJIMOKJIM XHCOOJiaHaau. 3aMOHaBUM
TEXHUKaJa KOHCTPYKTHUB 3JieMeHTIap cudarujia Kywid MarHUT MailIoHu TabCUPU
ocTHaa OYyiraH IONKa IUIACTUHKA Ba KOOWKJIAPHUHI KEHI paBUIIAa WIILIA0
YUKapHILJIa KyJulalm aMainui axaMusT kacO stanu. LyHUHreK, Ky4wid MarHuTiu
KypWIMaJapHUHT TalIKM MaWJOHWHU JKPaHJAll YYyH TAlIYBUM DJIEMEHTIAP E€KU
Tycuknap cudaruna OyHIal KOHCTPYKUMSUIADHUHT MIUIATHIIMIOKA XaMm cabal
oynaau. Illy Owunan Oupramukaa, 3aMOHaBHHM VyiIyarud TU3MMIIAPHU MILIA0
YUKUIIIA, XMCOOJIall TEXHUKACH KypuiaMalapuaa, KaTTta MaiJoH (GoHuAa KyucH3
MMIIYJIBCIIM MaWJOHHM Yi4alja, JIEKTPOMArHUT MaWJIO0H TabCUPUIA XU3MAT
KWJIYBYM XOJMMJIAPHM XUMOSI KWIMII MacalajJlapyHd uiuiad 4YuKuIaa Ba
OolIKanapaa 3JIEKTPOMAarHUT MOCJIaHYBYAHJIMK MacallaJJapuHM €YUl 3apypHsITH
XaM yuioy oMuiap KaTopura Kapaiu.

JHuccepraniys MaB3ycH J0J13apOJIUTY Ba 3apypusiTU “DIEKTPOMArHUT MOcCia-
HYBYAHJIMKHH TabMUHIAm™ TYFPUCHIArM Y30EKMCTOH PecryGiukacu KOHYH-
napura (1999 i., 1 pakamun, 16 6ana; 2003 i., 5 pakamiu, 67 6ana; 2013 i., Ne 18
pakamii, 233 0aHa) MOC paBHINIa MyaMMOJAPHUHT KYWWIHIIM Ba YJIAPHU CUU-
JuimK  OujlaH U30XJaHaAu. AHU30TPON ANEKTP YTKa3yBUaH aHU30TPOI IIACTHHKA
Ba KOOUKJIAp 3JIEKTPOMATrHUTORJIACTUKIUTY OOFJIUKIM Macajacaiapyu 3aMOHaBUU
WIMHI KU3UKUIUIAP YUFOTaAu. AHU30TPON BJEKTP YTKa3yBUaH IOMKA aHU30TPOII
KUCMIIapa )KMCM MaTepUAIMHUHT Oapua (u3nKa-MeXaHUKaBUM MapamMeTpliapuHu
BapUalMsuIall OPKaJIu MAarHUTORJIACTUKIMKHHUHI ONTHMal MacaIaJIApUHUA E€YMII
MYMKHUH. XyCyCUH X0JIJla MEXaHHUK Ba TEOMETPUK MapaMeTpiap JOUMUMN OYyiranma,
(dakaT aHU30TPOI BJEKTPOJAMHAMHUK MapaMeTpIapHU Y3rapTUpuil Epaamuaa
cudatian SIHTM MEXaHUK XyCYCHSITra »3ra OYiraH KOHCTPYKTHB 3JIEMEHTIApHU
apatuil MyMKHH. CYHruM Wwmoapaa sSHCH JJIEKTPOMAarHuT XycycusTiapra sra
OynraH sHrU mMaTepuaiap sipatwirad. byHgalh marepuannap 3aMOHaBUNW TEXHU-
KaHUHT TYpJIM COXaJapuaa SHIM TEXHOJIOTHSUIAPHU MILIA0 YMKMILIA camapaiu
WIUTATUIMIIA MYMKHH.

TagKMKOTHHHT Y36ekncToH Pecny6iamkacn (aH Ba TeXHOJIOTHSIAD
TAPAKKHETHHHHT YCTYBOpP HyHanuuuiapura mocaurn. Juccepranus Y36eknc-
ToH Pecnybnukacu ¢an Ba TexHojorusiap Tapakku€étTuHuHr ®4 «MatemaTuka,
MEeXaHUKa U MH()OpMATHKa» YCTYBOp WYHAIUIIMIa MOC paBHIlia OaxapuiraH.

Juccepranus MaB3ycH OyiMYa XaJKapo WIMHI TAAKUKOTJIAp IIAPXH.
AKUI, I'epmanus, fAnonus, YkpanHa, ApMaHMCTOH Ba OOLIKa JaBlIaTJIapHUHT
WIMHI MapkasjapH, OJIMil TabJuM Myaccacajapuja KoOOMKJIap Ba IUJIAaCTUHKAJIAp
MAarHUTORJACTUKIUIY Ha3apusylapy MyaMMOJapd e4uil Oyinua, IIYHUHIZEK
Anrnusa, ®@pannusa, Poccust Ba Oomika jaBiaTiap/ia KOOUKIAp Ha3apUsSICUHUHT
TrEOMETPUK YM3UKIMMAC KyHUITaH MacaiajlapyuHu €YHIIa COHJIM yCYyJIJIapHU KYJI-
jamra AOUp WIMHU-TaJKUKOT MUUIApU OJuO OOpMIMOKAA. 3aMOHABHI TEXHUKa-
HUHT PUBOKJIAHUIIM, YHUHI Xap XWI (PU3UK OMUUIAPHUHT ¥3ap0O TabCUPU HATHU-
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KacuJa Mypakkad IOKIaHMII [ApOUTHIA KYJUIAHWIMIIM 3JACTUK KUCMIIapaa
KyIIMa MalJIoHIap Ha3apUsCUHU SPAaTHUIL 3apypUSATHHUA Taynald 3Taju. §’3apo
TabCUP MyaMMOJIAPU MarHUTOSJACTUKIMK Macaiajapyja Ba MarHuT MaloHH]A
ANACTUK JlepopMalusAIaHyBUM IJEKTP YTKA3yBUM KUCM XapakaTh Macajanapujia
acoc xucobnananu. JlepopmanuusnanyByaH KaTTHK )KHCM MEXaHUKACHIA HJIEKTPO-
MarHuT MaiJoH OWJIaH MEXaHMK MalJIOHJapHUHT ¥3apo TabCUpH dPPEeKTIapuHu
Yprauui 1013ap0 Macajia XucoOJiaHaau.

MyaMMOHMHI YpPraHWIraHJuK aapaxkacu. [lnactuHka Ba KOOUK IIaKiu-
Jarv IOMNKa 3JIEMEHTIAPHUHI 3JEKTPOMArHUT MaWJoHM OujaH Mypakkad y3apo
TQbCUP MyaMMOJIAPUHU HIIIA0 YUKUII KYIuiad TaaKUKOTiIap oiaud Oopuiras-
JUTUra KapaMacjaH TyrajulaHMIIJaH y30KIup Ba Oy coxajnaru OyHJIaH KEeWHHIU
om0 OopuianuraH TaJAKUKOTIAp, anbarra sHru 3¢QQEeKTIapHU OJIMII HMKO-
HUATHHU spaTajgu. DJIACTUK XKUCMHHMHT SJIEKTPOMAarHUT MaljoHW OwsiaH y3apo
TabCUpH OYiinua Oa)kapwiiraH MILJIAPHUHT KYMYWINTKM Macajla YM3UKIW KYHui-
rasjia KapairaH 0ynu0, aHM30TPOII AIEKTP YTKA3yBUAHIUK, MATHUT Ba IUDJIEKTPUK
CUHTIUPYBYAHJIMKIIAp XHcOOra oJuHMaraH. Arap yTKa3yBud 3JacTHK dKUCMHUHT
MaTepraid aHU3O0TPON AEKTP YTKa3yBUAHIMK, MAarHUT Ba JHUAJIEKTPUK CHHIIU-
pYBUYAHJIMK XOccajlapura sra Oyica, y XoJjijga MaWJOHJApHUHT ¥Y3apo TabCUPU
ce3uyiapiiv paBuuiaa Mypakkaodnamaau. UIyHMHr ydyH aHU30TpoOm 3JEKTp YTKa-
3YBUYAHJIMK, MarHuT Ba JUAJIEKTPUK CUHIIMPYBYAHIUKIAPHU XUCOOTa OJIraH XoJiaa
MarHuTORJACTUK Y3ap0O TabCHp YM3UKJIM OYIMaraH Ha3apusCHHM SpaTHIL KaXOH
MUKECUIArK WIMHA MyamMMO xXucoOjaHaiau. MaBxyA HWIUIAPHUHT TaxXJIWJIWJAH
KeJMO YMKUO alTUI )KOWHU3KH, aHM30TPOIN ANEKTP YTKa3yBUAHIIMK, MAarHUT Ba JU-
ANEKTPUK CUHTIUPYBUYAHIIMKIAPHU XUCOOra oJiraH XO0JiJla TOK TallyBu4d KOOHUKJIAp
MAarHUTORJACTUKIUTUHUHT OOFIMKIM YM3UKIM OyiamaraH macajanapu XO3Upru
KyHrada Xaj 3Tuimarad. byHra Oounutanfuy OOFJIMKIM MAarHMWTORJIACTUK XYCYCUU
xocwianu nuddepeHnran TeHraMaiap CUCTEMAaCUHUHT MypakkaOiuru, OyHjan
MacajaJlapHy €YUl yCyJulapy Ba alrOPUTMIIApH MaBXKy/l IMACIUru cabadbaup.

J{UccepTauMAHUHT MJIMMH-TAIKUKOT HILUIAPH  pexanapu OuiaH
OOFIMKJIMIM KyWUJaru jJoiuxanapaa y3 akCUHU TOITaH:

bynnamentan unmuid jouuxanap: OA-O8-DO9- «Yu ynuamnam AUHAMHUK
ANACTUKIMK Ha3apusCH Joupacuja IUIaCTUHKAa Ba KOOWK IIAKIMAArd KOHCTPYK-
ousaap KywIaHTaHJIMK-AepOopMalMsIaHTaHINK X0JdaTIapuHu Xuco0all Ha3apui
acociaapunu unuiad gukum (2007-201 11, ); ©4-DK-0-11951-D4-024 - «AHu30-
TPOI 3JEKTP YTKAa3yBUAHJIMKHHM XHCOOra OJIraH XOJJa TOK TallyB4M aHU30TPOI
KOOUKJIAp 3JEKTPOMArHUTOANACTUKINIY OOFIMKIA YU3MKIMMAac MacajlallapuHu
CUUII METOJIUKACH, AJITOPUTMHU Ba JNACTypUi TabMUHOTHHH spatumn» (2012-
2016iti1.); Y36exucron Pecriy6inkacn ®aunnap akagemMuscu GpyHIaMEHTAI TaiKy-
KOTJIapHU KYJIIa0-KyBBaTIall >kamrapmacu uinmMuii jornxacu Ne 48-08 - «Dnactuk
acoc OunaH y3apo Tabcupjia OyiaraH aHU30TPOIl IUIACTMHKA Ba KOOWKJIAPHUHT
KyWIaHTaHJIUK-AehOpMALMSUIAHTAHINK XOJATIApUHU TaJAKUK KUJUII YCYJUIApUHU
unurad gukui» (2008-2009iii1.).

TaagKNMKOTHUHI MaKCAAH aHU3O0TPOII dJIEKTP YTKa3yBUAHIINKIN aHU30TPOI
TOK TAlllyBYM >KUCMJIAD YM3UKIMMAC MArHUTOXIACTUKIMIU HA3apUSICUHU PUBOXK-



JAHTUPHUILL, OPTOTPON aijaHMa KOOMK MarHUTOANIACTUKIMKHUHI MacajallapuHu
MaTeMaTUK MOJEJUIAIITUPHUIL BA YIApHU €UHUII.

Makcaara 3pyIInI y4yH KyHuaard TaIKMKOT Basupanapu Kyuuiras:

AHU30TPOIl JIEKTP YTKA3YBUAHIMK MArHUT Ba JUAJIEKTPUK CUHTIUPYBYAH-
JMKJIAPHU XMCOOTa OJraH X0JIJa TOK TallyBYM aHU30TPOI KUCMIAPHUHT MarHUTO-
AMAacTUK AedOpMAlMUIAHUIIMHA MAaTeMAaTHUK MOJEIUIAIITUPUII Ba (UMK XOJaT-
JApUHU IAKJUTaHTUPHULL;

HOCTAIIMOHAP MEXaHUK Ba 3JEKTPOMArHUT IOKJIAHMILIAD TAbCUPH OCTUAA
OynraH aHU30TPOI OHJIEKTP YTKAa3yBUAHIMKIM IONKA TOK TallyBYM KOOUMKJIAp
nedopMalMsUIAHUILIK HA3apUSICMHUHT aMalluid yCcyJulapu Ba MAaTeMaTHK acoc-
JApUHU SAPATUIL;

HOCTAIIMOHAP MEXaHUK Ba AJIEKTPOMATHUT Kydlap TabCHUpPU OCTUAA OYIraH
OpPTOTPON 3JIEKTP YTKA3YBUAHJIMKIM OUKUPJIMTH UKKH KOOpJAMHATA WYHAIMIINIA
y3rapyB4yaH OYJraH TOK TalllyBud aijlaHMa KOOWK YM3UKIW OYJIMaraH MarHuTo-
ANACTUKJINIM  YerapaBUil  MacalajapuHu TakpuOMil eduil  yCIyOUsITUHU
PUBOXJIAHTUPUILI;

HOCTAllMOHAP TabCHUpJAP OCTHAA KOMIAIITaH OPTOTPOM IEKTP YTKA3yBUYaH-
JMKJIM IONKA TOK TalllyBYM OPTOTPON aijaHMa KOOMKHUHI MarHUTORJIACTUKIIUTU
XaJl KWIyBYM OOFJIMKJIM CUCTEMAacu YM3uKiInMac auddepeHuran TeHriaMmalapuiu
ApaTUIL;

OpTOTpOI aijgaHMa KOOWK MArHUTOAJACTUKIIUTK YU3UKJIMUMAC KyHWIraH
OOFNMKJIM AMHAMUK MacajallapyHu caMapalyd COHJIM €YMII YCYJ/UIApUHU HIIIA0
YUKUIII;

IOKOpUJa KypcaTWIraH >XUCMJIAPHUHT T€OMETPUK, MEXHUK Ba 3JIEKTPO-
MarHuT NapaMeTpiapyuHU KEHI Juana3oHja y3rapTupull EpaamMuaa KywIiaH-
raHJIvK-1eopManusIaHraHIMK X0JaTH Ba JJIEKTPOMArHuT 3>@Q¢eKTiap TaxJu-
JMHU acocnab oepui;

TaagkukoT 00beKkTH cudaTHIa AHU30TPOI JIEKTP YTKAa3yBUAHIUK, MArHUT
Ba JIUAJIEKTPUK CHHIIUPYBUAHIMKIAPHU XHCOOra oJiraH XojijJa TOK TalllyBud
AHU30TPOI KUCMJIIAP OJINHTaH.

TagKuKOT mpeaMeTH - aHU30TPON DJEKTP YTKA3yBUAHJIUK, MArHuT Ba
JIURJIEKTPUK CHUHTIUPYBUAHIMKIAPHU XUCOOra ojraH Xojja 3JeKTpYTKazyBuYaH
KUCMIIApJa MEXaHUK Ba 3JEKTPOMATHUT Yy3apo TabCHpP MYyaMMOJApUHHU TaJKHK
KWJIMII Y4yH MAarHMTOAJIACTHKIMK MacajlaJlapuHd MaTeMaTHK MOJEeUIapuHu
PUBOXKJIAHTUPUII Ba €UUIL YCYJUIAPUHU UITA0 YUKHUIL.

Taagkukor ycyjuiapu. TagkukoT xapa€Hu1a YN3HKIUIALITUPULL Ba TYPFYH
OYnraH IUCKpPET OPTOTOHAUIAIUTUPUIL YCYIIApH KYJIJTaHUITaH.

JAuccepranus TAAKUKOTMHUHI MJIMHH SIHTWIMIM KyWuJarwiapiaH
ubopar:

WIK MapoTaba aHU30TPOIl IIEKTP YTKa3yBUAHJIMK, MAarHUT Ba JHUAJIEKTPUK
CUHTIUPYBYAHJIUKIIAPDHU, LIYHUHIJEK, T€OMETPUK YU3MKIMMACIMKHU XucoOra
OJITaH XOJIJ1a, TOK TallyBYM KOOWKJIAP MArHUTOAIACTHKIMIU OOFIMKIN TUHAMUK
MacajJaJlapuHUHT MaTeMATUK KYHUIUIIN [IAKIUTAHTUPUIITaH;



WIK MapoTaba 4YeKIH OpPTOTPOI BJEKTp YTKa3yBUYAHJIUK, MarHuUT Ba AU-
ANEKTPUK CUHTIMPYBUAHJIMKIAPHU XUCOOra oJiraH Xo0JiJa, TOK TallyBYd OPTOTPOI
KOOMKJIap MarHUTORJIACTUKIIMIY YU3UKJIUMAC UKKH YI4aMJId MOJEIIN SpaTUIIraH,;

HOCTAIIMOHAP MEXAHMK Ba JIEKTPOMArHUT Ky4dJjap TabCUPHU OCTUAA OYira,
OpPTOTPOMN 3JEKTP YTKA3YBUAHJIMKIIM, OMKUPJIUIA UKKH KOOPAMHATA HYHAIMIINIA
y3rapyB4aH, IONKa TOKYTKa3yBuUM aljlaHMa KOOWKHUHT CHUMMETPUK OYIMaran
nedopMalMsUIaHUIIMHN Udoanaiiurad xajil KUIyBYM CUCTEMAcCH OJIMHTaH;

OpPTOTPOI 3JIEKTP YTKAa3yBYAHJIMK, MATHUT Ba JIHUAJIEKTPUK CHHIIUPYBYaH-
JUKJIApHU XUcoOra OJraH X0J1/1a HOCTallMOHAp MEXaHHUK Ba 3JEKTPOMArHUT IOKJIa-
HUIIAD TAabCHUPJIAPU OCTUIA JKOWIAIUTaH, UXTUEPUM MEPUIUAHIIM IONKA TOK
TallyBYM OPTOTPOI ailaHMa KOOMKHUHT JAedopManusiaHUIIMEN udoaanaiiiuran
MarHUTORJIACTUKIMKHUHT YU3UKIUMAC JuddepeHnnan TeHraamagapu OOFIUKIN
XaJI KWIYBYU CUCTEMACH OJIMHTaH;

WIK MapoTaba OpTOTPOMN 3JEKTP YTKa3yBUAHJIMK, MAarHUT Ba JUIIEKTPHUK
CUHTIUPYBYAHJIIMKIIADHU XUcoOra oJiraH XOJJa OpTOTpON ailllaHMa KOOWK
MAarHUTORJACTUKIUTH OOFIMKIN YU3UKIUMAC KYHWIraH MacajlajJapuHH €4uIl
yCIIyOUSITH Ba alrOpPUTMIIApHU SpaTHIITaH;

YEKJIM OPTOTPOIl BJEKTP YTKA3yBUAHJIMK, MATHUT Ba JUAJIEKTPUK CHHIIU-
PYBUYAHJIMKIIAPHU XMCOOra OJITaH XO0J/a, MJIEKTPOMArHuT MaijoHu Owiad aedop-
MalUSHUHT MEXaHUK MalJIOHU OOFIMKJIUTY SHTY 3P (DEKTIIapu aHUKJIAHTaH;

OpPTOTPON 3JEKTP YTKAa3yBUAHJIMKHU XHcoOra ojraH XoJija, TallKu OeroHa
TOKHUHT WYHAIMIIW Ba 3UWIMTH MUKIOPUHM TaHJIa0 OPTOTPOI TOK TallyBUd KO-
OMKHUHT Ky4JaHTaHJIUK-e(popMalusIaHTaHIMK X0JIaTH ONTUMAJUIAIITUPUIITaH.

TagKNKOTHUHT aMaJInil HATHKAJIAPH KyHuaruiapaad noopar:

ANACTUK JKUCMHHMHI JJIEKTPOMAarHUT MalAoH OWiaH ¥3apo TabCUPUHUHT
aHru 3 dekTnapu oiuHrad, 0y s¢dexTinapHu Xxucodra OJuIl SHIM TEXHUKAaHUHT
Xap XWI COXajapuaard KyIrvHa aMaliii MacalajapHU €Yulla KYyJUIAaHWIUIIU
MYMKUH;

OJIMHTaH TEHIJIaMaJlapra acocJIaHuO, MIJa MIIA0 YMKWITaH ycnyOusTAaH
¢doiinananran xojija XaM MaTepUATHUHT AHM3OTPONMUSICMHU XaMJa KOOMK HYKHU
ANEKTPOMArHUT MalJIOHUHUHT AHU30TPONMICUHU XUCOOra OJIMII HMKOHUSITU
sapatuiiaay, 0y 3ca YTKa3WiraH UITHUHT aMalliii KHAMaTu XucoOaaHaIu;

KyWIaHTaHJIMK-Ae(POpMALMSUIAHTaHINK XOJIATUHUHT XapakKTepiau (yHKIHs-
Japu KMMMAaTIapy 2JIEKTPOMArHuT MapaMeTpiiap, XycycaH, OpTOTPOI AJIEKTP YTKa-
3yBUAHJIMK Ba MaTE€pPUAJIHUHI OPTOTPOIl XOccanapura OOFJIMK, MaillJOHIapHHUHT
¥3apo OOFNMKIWK TahCUPUHHU aMalu€riia 0axojiall UMKOHMHM OepajauraH Ooria-
HUILLJIAP SIPATUIITaH.

OaMHraH HaTHKAJTAPHUHI HWIHNOHYIMJIMIM YETapaBUd MacaJlaHUHI KOp-
PEKT KYHWIMILIN, KENTUPUO YUKAPUITaH MaTeMaTUK U(OoJaJapHUHT KaThUNINIH,
acoCJIaHTaH evuIll ycyJulapuaad ¢oiiiallaHuIl Ba €YUMIAPHUHT aHUKJIUTUHU 0aX0-
jJanuiap xamja OOlIKa MaTeMaTWK KYHWIraH MacajaJapHUHT edumiiapu OujiaH
TaKKocJaluiap €paamMuaa acociIaHalu.

TagKUKOT HaTHKAJAPUHUHI Ha3apuili Ba aMaJuMl  aXaMMATH.
TankukoTAa OJIMHraH HATWKAJIAPHUHT Ha3apuil axaMHsITH IONKa KOOHWKJap



Ha3apusICH Ba YM3UKJIMMAC MAarHUTOXIACTUKIMK HAa3apUsJIADUHHUHI PUBOKIAHU-
[IMra CaIMOKJIM XMCCca KYIIUIIIaH noopar.

TaIKAKOT HIIWHUHT aMaJIUK aXaMUSITAHUA 3Ca, HOCTAllMOHAp Kydiap Ba
ANEKTPOMArHUT MailIOHN TabCUpJapU OCTUIA OYiIraH, OpTOTPON SJEKTP YTKa3yB-
YaHJIMKJIA FONIKA TOKTAIyBYM OPTOTPON aillaHMa KOOMKHUHI T€OMETPUK, MEXAHUK
Ba DJJICKTPOMArHUT NapaMeTplapyHU KEHI JAWana3oHJa y3rapTHpull EpAaMuja,
LIYHWHTIEK, Xap XWI IOKJIaHUIUIap Ba MaxKaMJIAHMII TypJjapuaa KydJlaHTaHJIUK-
nedopMalMsUIAHTaHIMK XOJIATUHU ONTUMAJUIAIITUPUIT Ba XucoOjanuiap y4yH
UIUIa0 YUKWITaH YCIyOusT Ba aJlrOpUTMIAp TAIIKWI 3Taau. MarHuT MHIAYKIUsACH
Ba KUPKYBYM KyWIAPDHUHI y3apO TabCUPU OKCTPEMAJ KUMMATIAPHUHI Maia0
OymumuHN KeATupud yukapaau. Ontu rpagycra TeHr OYiraH KOHYCIUK Oypyaru
TaH1a0 OJIMHraH HOKJIAHULUIApJA T€OMETPUK YM3UKIW OYyiIMaraH Haszapus y4yH
KPUTHUK 3KaHJIUTH aHUKJIaHTaH. by OypuakHM siHaJja KaMaUTUPHIL TaHJIa0 OJIMHIaH
IOKJIaHUIIIap/ia KOOMKHUHT TYpFYHJIUTUHU HyKoTuinura oaubd kemanu. Konycnuk
OypUarMHUHI KaMalMIlMd OWJIaH KY4YMII Ba MEXaHUK Ky4JaHUUI, SJIEKTP MaiOHU
KyWIaHTaHJIWIH Ba MarHUT MHAYKUUACH a0COJIIOT KMMMATIApUHUHT YCUII KOHY-
HUATU YpHATUITraH. by namui 3JIeKTpOMarHuT Ba MEXaHUK MaWIOHJIAPHUHT Y3apo
OOFNIMKJIMIMHYA HAMOMMII Kuiaaau. MexaHHuK IOKJIaHUIIap Ba TAllKW MarHUT Mai-
JOHUHMHT MapaMeTpliapyu aHUK OyiraHjaa TallKd OeroHa 3JeKTp TOKMUHUHI OpTO-
TPOI KOOMKHUHT KyWJIaHTaHIUK-Ae(hOpMAalMsUIAHTaHINK X0JaTUIra TabCUpHU 0axo-
nanrad. OpToTpon KT YTKA3yBUAHIMKHU XUCOOra OJraH X0Jij1a, TallKu Oerona
ANEKTP TOKMHUHT MYHAIMIIHM Ba 3UYWIMIA MUKJIOPUHHU TaHJIAIl OPKajJyd HOCTALHO-
Hap MEXaHHUK Ba 3JEKTPOMArHUT MalJIOHIap TabCUPU OCTHUJA OYJIraH KOOMKHHUHT
KyWIaHTaHJIMK XOJIATHHU ONTUMAJUIAIITUPUII MYMKUHIIUTH KYpPCAaTHJITaH.

TagKUKOT HATW/KAJAPHUHUHI KOPUN KMUJIMHUIIM. TaakukoTaa OJIMHIAaH
Hazapuil HaTwxkanap Qynaamentan wimMui jgoiuxa OA-O8-DO89 - «Yu ymuamnu
JUHAMUK D3JIACTUKIMK HA3apusCHU JIOMpAacHa IMJIACTUHKA Ba KOOWK IIAKIHMJIAru
KOHCTPYKIUSUIAp KyWJIAHTaHJIHUK-Ae(POpMalUsJIaHTaHIMK XOJATIApUHUA XHUCOOIaln
Hazapuii acocaapuHu nab ynkuu (Y36exnucron Pecry6mukacu ®annap akase-
Muscu MexaHuKa Ba MHIIOOTJIAP CEUCMHMK MYCTaXKaMJINTH MHCTUTYTHA Oaxka-
punran. Y36ekucron PecryGmukacu Basupmap Maxkamacu Xysypunarn daH Ba
TE€XHOJIOTUSJIAPHU PUBOXKIIAHTUPUIIIHU MYBO(QUKIAIITUPUIL KYMUTACH XyJIOCACU
26.06.2007i1.); xampa 48-08- «Omactuk acoc OunaH y3apo Tabcupaa Oynrax
aHU30TPOIl TUIACTUHKA Ba KOOWMKJIAPHUHT Ky4JAHTaHJIMK-IePOopMalusIaHTaHIUK
XOJNATIAPUHK TAJKUK KHIHII yCyJUTapuHy nnab yukuuns (Y36exkucton Pecry6-
nukacu Pannap akageMmusicu MexaHHKa Ba MHIIOOTIAp CEMCMUK MYCTaXKaMJIMTH
VHCTUTYTH/Ia OaxkapwiraH. Y30ekucToH Pecrny6imkacn ®annap akajeMuscu
byHIaMeHTall TaJIKUKOTJIApHU KYJ1aO-KyBBaTIalll KaMFapMacu KeHralu Kapopu
18.01.2008i1.) moirxanapaa HOCTAMOHAP MEXaHUK Ba AJICKTPOMArHUAT FOKJIAHMIII-
Jap TabCHUpPU OCTHUJA OYJIraH aHU30TPOI IUIACTUHKA Ba KOOMKJIApHUHI aedop-
MalMsJIAHUIIN YU3UKIMMAC Ha3apusJIapUHU pPUBOXKIIAHTHpULIAA (OiTaaHUITaH.

Nmaunr anpodammsicn. TagkKUKOT HaTwxkamapu 25 Ta WIMHA-amanui
aHXyManjap, 1y katopaa 20 Ta xaJkapo aHXyMaHiapJa anpoOauusiiad yTKazui-
ran, xymwrangad: The 5 th Interational Conference on «European Science and
Technology» (Munich, 2013); «®yngameHTan Ba aMajivil TaaKUKOTIAp, FOKOPH
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CaBUSJIM TEXHOJOTUSJIAPHU SpATHUII Ba YJIAPHUHI CaHOATAa KYyJIaHWiIMim» XI-
xankapo wimuii-amanuii amkyman (Cankt-IlerepOypr, 2011); «CyvacHi mpo0-
JIEMU MPUPOJHUYUX HAayK Ta MpoOJeMH MiAroTOBKH (paxiBIiB B 11k ramy3i» XI Ba
X1l - unmwmii-amanuii amkyman (Huxomnaes, 2007, 2009); «dedopmanusianyBun
KATTUK OKUCM XHUCOOJall MEXaHHKach» XaJlKapo WIMUNU-TEXHUK aHXyMaH
(Mocksa, 2006) Ba Gorkaap.

Jluccepranys MIUMHUHT aCOCUM HaTWXKajapyd KyWuJard WIMHM CeMUHap-
napja Mabpy3a KWiMHAM Ba Myxokama stunau: T.I.IlleBuenko Homuparu Kues
Mumnii yauBepcutet «TyTam MyxuTiap MexaHUKacu» kadeapacu ceMuHap-
napunga (Kuwes, 2006-2009); C.I1.Tumornenko HoMujaarun YkpauHa Musuni
@dannap akaaemusicu MexaHUKa MHCTUTYTH TEPMOAIACTUKIMK OYIMUMH WIMHUI
cemunapuna (Kues, 2009); V36exucron Pecny6mmkacu daHnap akajeMHsACH
Mexanuka Ba HHILOOTIIAP CEUCMUK MYCTaXKaMJIUIU UHCTUTYTU «Pa30BUM TU3UM-
Jap JUHaAMHKacHy jaboparopusicu uinMuid cemunapiapuaa (Tomkent, 2005-2011);
V36exucron Mummii yHuBepcuteTn «Hazapuii Ba amanuii MexaHuka» kadeapacu
unmuid cemunapuaa (Tomkent, 2010); M.VYayr6ek Homuaaru CamapkaHj JaBiat
apXUTEKTYypa-Kypuull HMHCTUTYTH Kowmmaaru «JledpopmanusuianyBuaH KAaTTHK
KUCM MEXaHuKach» Oupnamrad maxap wimuil cemunapuaa (Camapkana, 2008);
TomkeHT ax60poT TexHodorusnapu yHuBepcutetn Camapkann guinanu «Ax0o-
pot TtexHosorusnapy», «Kommbiorep Tuzumiiapu», «Tabumit dannap» kadenpa-
mapuHUHr Oupnamradn wimuil cemuHapuga (Camapkann, 2013); AOy Paiixon
bepynuit HoMuaaru TOIIKEHT JaBJIaT TEXHUKA YHUBEPCUTETU Xamza V36exucron
Munnuit  yauBepcuretn xysypuaaru 16.07.2013.T/FM.02.02. pakamnu Wnmuit
kenram kKomuaaru 01.02.04 - «JlepopmanusinanyByaH KATTHK KUCM MEXaHUKACH
MyTaxaccUcCIuru oyinua unmuii cemunapuaa (Tomkent, 2014).

HatwkagapHuHT 3BbJOH KWIMHTaHJIWrM. Juccepranus map3ycu Oyiinua
51 Ta nnmui um, Kymiiagad, 12 Ta WIMHME MakoJia XaJkapo JKypHaJulapAa 4om
STHIITaH.

JluccepTauMsAHUHT TY3WIHIIA Ba XakMH. Jluccepranusi WIIM KUPHIL,
Oemra 600, 253 Ta HOMJIaH ubopaT Qoiinananwirad agadbuérnap pyixatu Ba 9 ta
uioBajaH noopart. JuccepranusHunr ymymuil xaxmu 200 0etnan ubopar 6ynuo,
110 Ta pacwm, 5 Ta )KaABaJHU 3 UUUTA OJA/IH.

JINCCEPTAIIUSIHUHT ACOCHUM MA3MYHH

Kupum kucmuaa nucceprauus TaAKMKOTUHUHT J10J13apOJIUTH Ba SXTHEKU
acocJlaHraH, TaJKUKOT Makcaau Ba Basudanapu, Xxamaa oObEKT Ba MpeaMeTIapu
IIAKJUIAHTHPWITAH, Y30eKkncTon PecryGmukach (aH Ba TEXHOJOTHSCH Tapak-
KUETUHUHT YCTYBOP MYHAJIMIUIAPUTa MOCJIWIHA KYpCAaTWITaH, TAaAKUKOT WIMHUHI
SHTWJINTA Ba aMaliuidi HaTwxkanapu Oa€H KWJIMHTaH, OJMHITAaH HaTHXKaJapHUHT
Hazapuil Ba aMalui axaMHsITH o4uO OepuiraH, TaAKUKOT HAaTHXKaJapUHH KOPUU
KWJIMII pYWXaTH, Halp HTWIrTaH HIUIap Ba JUCCEpTalMs Ty3WIMIIM Oyiinya
MabJIyMOTJIap KEJITUPUJITAH.

JucceprauussHUHT OMPUHYM 000MIa 3JIEKTPOMArHUT MalJOHUHUHT Aedop-
MalMsAJIaHyBYM MYXUT OWJIaH y3apo TabCUPU MyaMMOJapH, IJIACTUHKA Ba KOOMK-
Jap Ha3apusCH MarHUOXJIACTHKIUIM T€OMETPUK YM3HMKIMMAac KyHuiaraH macana-
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JApUHM eyuiIra €H01yB MyaMMoJiapura OaruiuIaHral XaJikapo WiIMUN TaAKUKOT
MIUIapH MIAPXU KEITUPUIITaH.

DNEeKTPOMArHUTORIACTUKIMKHUHT MabiyM Oup HyHaIUIUIapu PHUBOKIIAHU-
mura C.A. Am6apuymss, AWM. Axuesep, I'.E. bargocapsin, M.B. beny6eksn, S.1.
bypak, K.b. Bnacos, A.C. Bonemup, b.I1. I'anaman, A.P. I'aukeBuu, b.M. ['nuzen,
B.T. I'punuenko, JI.A. Unetomun, b.1. Kononuii, B.®.Konapar, A.U. Jlonymanc-
kuii, B.3. [lapton, JI.JA. Jlannay, E.M. Jlubmmuu, A.C. Ilogcrpurau, JI.U.Cenos,
A.H. TI'y3p, ®.I'" Maxopt, N.T. Cene3zo, A.®. Ynurko, C.A. Kanoepos, B.I'.
Kapnayxos, M.P. Koporkuna, b.A. Kyapssues, B. HoBanckui, JI.1. bapnsoxkac,
IT.A. Mkprusta, K.B. Kaszapsn, C.O. Capkucsa, W.F. Brown, L. Knopoff, J.W.
Dunkin, A.C. Eringen, Mc. Carthy, S. Chattopadhyay, S. Kaliski, P. Chadwick,
J.C. Baumhaner, H.F. Ticrsten, A.E. Green, P.M. Naghdi, F.C. Moon, G.A.
Maugin, R.A. Toupin, H. Parkus Ba Gorikanap caaMoK/Iu Xucca KyIITraH.

[InacTuHka Ba KOOMKJIAp HA3apUACHUHUHI YU3UKIMMAC MArHUTORJIACTUKIIUTU
MyaMMoJapuHu Taakuk kuiumra .M. bypak, A.P. I'aukeBuy, JI.B. MonpueHko,
B.U. [pecBsunukos, SA.U. Jlonymanckuid, @.I'. Maxopt, O.H. Ilerpumes, A.JL
PagoBunckwmii, P.III. Mummamuuos, K. Hiroyuki, N. Kikuo, I. Yoshio, T.
Nobukazu, G. Nariboli, B.L. Juneja Ba OoliKalapHUHT WMUUIApU OaFUILIAHTaH.
KoGuknap Ha3apusCHHMHI TE€OMETPUK YH3MKIMMAac KYWWIraH MacajalapuHu
eyniga Colyim ycymiapHu Kyiuamra H.B. Bamumsunu, J.M. ['puropenko Ba
yHuHT worupanapu, A.B. Kapmumun, M.C. Kopuumun, B.A. IloctHOB Ba 6011Ka-
JApHUHT UIUIapU OaruIlIaHTaH.

DnacTUK KUCMHUHT 3J€KTPOMArHUT MalJOHU OWjaH y3apo Tabcupu Oyiinua
Oa)xapwiraH MIUIAPHUHT KYMUWIUTH aHU30TPOIl ANEKTP YTKAa3yBUAHIMK, MarHUT
Ba JAURJIEKTPUK CUHTIMPYBUAHIMKIAPHU XMcCOOra olMaral xojja KapajiraH. Arap
YTKa3yBUM D3JIACTHK >KUCMHHUHI MaTE€pUajJyd aHU30TPON DJIEKTP YTKa3yBUYAHIIUK,
MarHuT Ba JUAJIEKTPUK CUHTIMPYBYAHIIMK XOccajapura sra Oyica, y Xojijga Maii-
JOHJIADHUHT ¥3ap0 TabCUpPU Ce3WIapiau paBullga MypakkaOnamaau. IlyHunr
Y4YH aHHU30TPOIl DJIEKTP YTKAa3yBYAHJIMK, MarHUT Ba JUDJIEKTPUK CUHIAUPYBYAH-
JUKJIApHU XMCOOra OJIraH MAarHUTOANACTHK y3apo TabCUP YMU3UKIMMAC Ha3apus-
CUHU SIpaTHII Ha3apus Ba aMaJIMET HYyKTaW HazapjapuaaH MYXUM HIMHA KH3U-
KMIIUIap YWFOTaau. AHM30TPON JJEKTP YTKA3yBUAHJIMK, MAarHUT Ba JIHUDJIEKTPHUK
CUHIIUPYBYAHJIMKIIADHU XMCOOra OJiraH X0JiJa TOKTAIlyBYM KOOMKJIap MarHuTo-
ANACTUKJIMKHUHT OOFIMKIN YM3UKIMMAC Macajajiapy e4uIMarad SKaHJIUTUHU Kell-
TUPWITaH MapXJaH Kenud yukaau. byHra 6omuanFuy OOFIMKIN MarHMTOAIACTHK
Xycycuil xocunanu auddepeHuuan TeHraaManap CUCTEMaCUMHUHT MYpaKKaOJIUrHy,
OyHIall MacanajapHd €uYdll YCyJUIapd Ba aJrOPUTMIIApU MAaBXKYyJA SMaciIuru
cababaup, Oy aca AuccepTalys UK MaKCaIUHU aHUKJIAll UIMKOHUHU Oep/au.

JluccepTallsHUHT MKKHHYM 000MJa aHM30TpON JJEKTP YTKa3yBUYaHIIUK,
MarHuT Ba JUAJIEKTPUK CUHIIMPYBUYAHIUKIAPHM XUCOOra oJiraH XoJjija, TOK
TallyBYM KOOMKJIAD YM3UKIMMAC MArHUTORJIACTUKIMIMHUHI Macaia y4 yiadamiiu
KyHuiarangara OouuiaHFud (U3MK Ba MaTeMaTHK XoJaTiapd, MyHocabaTiapu
HIaKJUTaHTUpWITrad. Macananu Oup KUHMaTIM €YUl Y4yH 3apyp Oynarad OoriaH-
FUY Ba 4YerapaBuil IIapTiap KyWWIraH. AHHM30TPOIl 3JEKTP YTKA3yBUAHJIUKHU
XHcOoOra oJiraH XO0Jia, TOKTAIIyBYM >KUCMJIAP MAarHUTOSJACTUKIUTU OOFIUKIN
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YU3UKJIAMAC Macajajgapy dWiIep Ba JIarpaHX KypUHUIUIApUAA MyXOKaMma KWJIMH-
rad. DJIEKTPOJAMHAMMKA TEHIJIAMAIApU/IA JIATPAHXK y3rapyBUMIIapUra yTUII aMaira
OIIMPHUIITAH.

dapa3 KWIAWIMK XUCM JJIEKTP TOKM JKUCMHHUHI Y3UJa XOCHWJI KWJIAJUTaH
MarHuT MaWJOHM Ba >KUCMJAH TallKapuaaru mMaHOa XOCWJ KWJIQJWraH MarHUT
MalJIOHJIapyu TabCUPHU OCTUAA >KoinamraH OyncuH. LIlyHUHrAex >KucM >3JeKTp
TOKWHU YTKA3MII YUYH YTKA3ruy (TOKTALIYBYM >KUCM) OYiIuO Xxu3mat Kujiaau aed
KaOyn KuiaMu3. By TOK KucM cupTura Tamku MaHOajgaH KenTupuiagu. berona
ANIEKTP TOKHM YUFOHMAaraH xoJlaTja >KUCM OYyiimda TeKUC TaKCUMJIAHTaH (TOK 3MY-
JIUTU KOOpJMHATAJIapJiaH OOFNuK sMac) neb dapa3 kunamus. XKucMm yeksia 31eKTp
VTKa3yBUAHJIMK XOCCacura 3ra Ba IMOJApU3ALMSIAHUII XaMJa HaMarHUTJIAHUII
xoccajapura sra sMac.

DJEeKTpOMarHuT MalJIoHM MYXWTHUHU TaBcU(IailiMraH TEHIJIaMallapHu &3a-
MM3 Ba MUKIOpJapHU aHuKIanMu3. dapa3 KWIAMIUK KUCMHUHT JJIEKTPOMATrHUT
MaiJOHU 3iJIep KOOpAMHATANAp CUCTEMAcKa € AIEKTP MANAOHU Ky4YJIaHTaHJIWUTH
BEKTOpH, h MAarHMT MaliJlOHM Ky4JIaHTaHIUIH BEKTOPH, d 3JIEKTp MHAYKLUACH
BEKTOpY, D MAarHMT MHAYKUMACH BEKTOpJIApU OMIaH TaBCU(DIAHCUH, JTarpaHK
KOOpAMHATANAp CUCTEMACHA d¢ca Moc Xonaa E,H,D Ba B GuiaH TaBCU(IAHCHH.

Olep KOOpAWHATAIAp CUCTEMACH X JaH JlarpaHX KOOpAWHATajlap CHUCTe-

Macy & Ta YTUIIHM KyHuAard GOFIaHunuIap EpAaMuaa aMara OIMPaMHu3:;
p=Ip"; E=F'6; H=F'h;

D=IF*d; B=IF'b; Tp=PF"; (1)
P, =Pii,;R, =Ip,;J=TF*j
X oX, . .
OyHma F:detg, F =¥ (1,J=123). By xonga aHWU30TPOI XXHCM Y4yH
j

MarHMTORJIaCTUKIMK TEHIVIaMaJlapu JIarpaHX y3rapyBuUMiapuia >XHCM drajiad
TypraH coxaja (M4KH coxa) Kyiuaarnya €3uiaam:
- 0B T -
roth—E;rotH=J+Jcm;dlv B=0,div D=0; (2)

pg—‘:=p(F+FA)+diva (3)

Oyaga J, — OeroHa SJIEKTP TOKM 3UWIWTH, f — Xakmui Kyd, f

A

— XaKMHUU

JlopeHn Kyus, J — 3JIE€KTP TOKM 3U4IMIH, & — YK Ky4JIaHHII TEH30DPH.

KydnaHraHnmk BEKTOpIApUHU DJJIEKTPOMArHUT MAaWIOHM WHAYKIHSIAPH
OwiaH OOFJIOBUM MyHOca0OaTiap, MIYHUHIIEK XapaKaTJaHyBYM MYXUTIA YTKa3ruy
TOKMHU aHUKJaiiauran OM KOHYHH OWJIaH MarHUTORJIACTUKIMK TEHTJIaMajap
CHUCTeMAacHHHU ENUIN 3apyp. Arap aHH30TPOI >KUCM MarHuT Ba DJIEKTPUK XOcCca-
Japura HucOaTaH YM3MKIM Oyica, y XOjAa dJIEeKTPOMAarHUT XapakTepHuCTUKajap
YUyH aHHKJIOBYM TEHrJamaliap Ba JIEKTPYTKa3yBYAHIUK YIyH KMHEMAaTHK MYHO-
ca0atyap, NyHMHIIeK J  OeroHa TOKHU xucobra onran xonaa JIopeHir Kyuu yuyH
udonanap jarpaHx y3rapyBuwiapuja MOC XOJiJa Kylujgarudya KYpUHHIIIIA
é3mnaau:
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B=u,H, D=¢ E, (4)

ij
J=0o, TF'F[3,, +E+0xB|, 5)
pl?A=F71F71[jcmx|§+0ij(|§+5xl§)xl§] : (6)
By epna o,;,&;, 1;; — MOC X0N1a YM3UKIN aHU30TPOII TOKTANIYBYH KUCMHUHT

DNEKTP YTKAa3yBUYAHIMK, OUAJIEKTPUK Ba MArHUT CUHIAUPYBYAHJIMK TEH30pJIapu
(i,j=12,3). Ynap Oup >KHHCIM aHU30TPOIl MYXHUTJIAP YYyH CHMMETPHK MKKHHYH
paHriu TeHsopiap xucodnanaau. Llynmain kwmo, (2), (3) myHocabatnap (4)—(6)
OwilaH OMpranmkaa, JarpaHx MaKIuaa aHU30TPOI JIEKTPYTKAa3yBUAHINUK, MarHUT
Ba JMDJIEKTP CHUHIJIMPYBYAHJIMKIAPHU XHCOOra OJITaH XOJiJla aHU30TPOIl TOK
TallyBYM HKUCMHHMHI MArHUTORJACTUKIMIU YH3UKIMMAC TEHIVIAMANApU EMHK
CUCTEMACUHU TAIIKWJI dTau.

JluccepTalMssHUHT YYMHYHM 000MIAa OPTOTPON DBJEKTP YTKAa3yBYAHIMK, Mar-
HUT Ba JAMAJIEKTPUK CHUHTIUPYBUAHIMKIAPHU XMCOOra OJiIraH X0J1/1a, TOK TallyBYd
KOOMKJIap UKKH YI4aMJId Ha3apUSCUHUHT T€OMETPUK YU3UKIMMAC MOJIETH SIpaTHJI-
rad. byHna yekiu yTkazyBuaH, IONKAa TOKTAIIYBYM KAIMHIIUTU Y3rapyBuaH KOOWK
MOJIAPU3ALMUIAHUILI Ba HAMAarHUTIAAHUII 3()QEKTIapuHU, IIYHUHI/CK, TeMIlepa-
Typa KyWwIaHUIIMHM XMCOOTa ojmarad XoJsjaa kKapainagu. KoOuKk MarepuanvuHUHT
ANACTUKIIMK XOCCACH OPTOTPON XucoOsiaHaau, OyHAa 3JIaCTUKIMKHUHT OOl iyHa-
JUIUIAPK MOC KOOpAMHATa YM3UKIAPUHUHT HYHaIuuuiapy OWiaH yCTMa-ycT
tymanu. Koouk martepuanu ymymnamrad ['yk kKoHyHura OVHCyHaau Ba YeKIU
ANEKTPYTKAa3yBUaHAUP. TOK TallyBYu KOOUK MaT€pUATMHUHT 3JIEKTPOMArHuT X0C-
calapu o,;; ODIJIEKTp YTKa3yBYaHIIMK, f;; MarHUT CUHIJMPYBYAHIIMK Ba &

(i, j =1,2,3) IUDJIEKTPHK CHHTIMPYBYAHIMK TEH30pIapy OuilaH TaBCH(IIAHAIH.

bynna, kpucramiodusukanaH Kenud YUKKaH XO0JIJa, KpHUCTal TY3WJIHIIN
poMOMK OyIran Kapaiara yTKa3yBU4d MYyXHTIAp CUHOU Y49yH o, u;;,&;; TCH30D-
Jap AUaroHall KYpUHUIIHU KaOyn Kuiaau ne0 xucobsanran. Kobuk ypra cuprtu-
HUHT KOOPJMHAT YM3HUKIapu OOII ATPUIIMK YM3UKJIApU OWIIaH yCTMA-yCT TYyILaau
ne6 xuco01ad, aedopMalMsilaHMaral XoJarja TOK TalulyBYM OPTOTPON KOOMK-
HUHT KOOPJMHAT CUPTUTA ¢, 3,Z 3TPU YU3UKIU OPTOrOHAJ KOOpAMHATANIAP CUCTE-
MAacCHHH KYSIMU3.

Kupxrog-JIsB Ba yHra Mmoc Oyiiran 3JeKTpOMarHuT runote3ajgapuian ¢oiina-
7naHuO, BUPTYyasd Kyuyuuuwiap €paaMujia, OpTOTPOI JIEKTP YTKA3yBUAHIUK, MAarHUT
Ba JUAJIEKTPUK CHUHTJIMPYBUAHJIMKIAPHU XHMCOOTa OJIraH XOJjAa, TOK TallyBud
OpTOTPON KOOMKJIAP MAarHUTOAIACTUKIUTMHUHT OOFIUKIN YHU3UKIMMAC TeHrjama-
Japu TakpuOWN HWKKH Ya4aMiud CHUCTeMacu XOCWJl KWwinHrad. by onuHran
CUCTEMAHUHI €YMMUHHU MAaCaJJaHUHT MOXHUATUIAH KEIUO YMKKaH XOJ/1a, BAKyM
YUYH 3JIEKTPOJMHAMUKA TEHTJIaMajlapy OuJiaH OUprajivkaa u3jiail 3apypaup, SbHU
TAalIKM MacajaHu €Yyull Kepak. by MyamMMmo macana Yu3UMKIMMac KyWWITaHaa
XO3UPrd BakKTraya JesApid eduiamaraH. AHUK XoJUulapAa TaJKUK KWIMHAETTaH
Macajanap Xap XWwil COIJANAIlITUPUIMIIN MyMKHUH. OpTOTpon KOOMK CHpTHIA
MarHuT MalJIOHUHUHT BaKT OyilMya y3rapuiliyd Ba TAKCUMJIAHUII TaBCU(PUHU aHUK
ne6 xucobaab, hakaT MUKK Maca-JIaHU Kapall OuiaH YeKJIaHUIT MyMKHH.
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AHM30TpPON TUIACTUHKA Ba KOOMKJIAp MarHUTOANIACTHKIMIU TUIOTE3alapu
cudaruga KyiuaaruaapHu TaHJIaiMu3:
ou
2 1
B, —

E, =E,(a,B.1); E, =E,(a, B,1);E; = ot at 27
Jy=dy(a,B,1); I, =d,(a, B,1); J5=0; (7)

H, :%(Hf + Hl)+%(Hf —H;);

au,

1., N 2y _
H, =E(H2 +H, )+H(H2 “H, ); Hy = H, (e, B,1).
Oy epna U; — KOOMK HyKTajapu KYy4ulId BEKTOPU KOMIIOHEHTanapu; E,, H, — KOOHK
DJIEKTP Ba MAarHUT MaWJOHJApU KyWIaHTAHJIUK BEKTOpJapyd KOMIOHEHTAalIapH;
J. — yropmaBuil TOK KOMIOHEHTanapu; H;” —KOOMK CHUPTH MAarHUT MailloHU Ky4-

JAHTaHJINTH TaHTeHIMAaN Ty3yBumiapu; h— koOuk kammamuru. KoOuk cuprugaru
yerapaBuil IapTiap, XOCWJ KWJIMHIaH TUNoTe3ajapAaH Ba OOIUIAHFUY CTATHK
MacajJaHUHT eyumuaaH Qoiiananud, opToTpon KOOMK CHUPTUAA TAIIKH MarHuT
MalJJOHUHUHT TAaKpUOUN TaKCUMJIAHUIIN aHUKJIAHTaH:

Boci = Bocoi + Bao _<BZO - BZ )006; Bﬂi - Bﬂ(’i + Bﬂ(’ _<BZO B BZ )eﬂ (8)

+ + ) )
by epma B,,", By, —Tamku Oerona Tok maiao Kuaaguran OOLLIAHFUY XYCYCHUMH

MarHuT MaWJOHM MarHMT MHAYKIHUACH KoMmoHeHTanapu; B _,B, ,B, —craruk

ao? T Bo!
MacCaJlaHUu SYUIIAaH XOCHJI KUJIMHTaH TAalllKU MAarHuT MaﬁIIOHH KOMITIOHCHTAJIapH,
B, — KOOMK MarHuT MHIYKUMACH HOPMAJ Ty3yBYMCH; € Ba 6, —ap HOPMaJHUHT

Oypwinin Oypuaknapu. Keinnuanuk, (8) yerapaBuil maptiapiaan ¢oiinananuo,
OpPTOTPOMN 3JIEKTp YTKa3yBUaH OPTOTPOI KOOWK CHUPTHAA MArHUT MalIOHMHUHT
KYWIaHTaHJIUIH Y3rapvIIUHA YHUHT JedopManusiaHUIIn kapaéHuaa xucoOra
OJIUIIl UMKOHUSITUTA dTra OYyIIamMus.

OprtoTponn  3JeKTp  YTKa3yBUaHJIMK,  MarHuT  Ba  JUAJIEKTPHUK
CUHIITUPYBYAHJIMKIIAPHU XUCOOTra OJraH X0Jj/a, TOK TalllyBu4d OPTOTPON KOOUKJIAp
MarHUTODJIACTUKIUTHHUHT XO3UPTH WKKH YI9aMIId MOJEIH KBaapaTUK SKWUH-
Jamuiga Kypuirat, JlopeHn kyun yuyH udojanapaa sca KyOUK YM3UKIUMACITUK
xucoOra onuHrad. by nedopmaruss deknu Oynaran OyHaall Macananapja
yu3ukiauMac 3¢p@QexTiap acocuil XuUCcoOJlaHWIIM OuiaH TYIIYHTUPWIAIA Ba
ANEKTPOMArHUT MAaMIOHUHUHT Jedopmanusi MailloHura TabCUPU acoCaH aHa Iy
Kywiap opkaiu coaup OVmaau. bBypunum Oypuarm Ba JgeopMariussHUHT
KUYUKIUTH TYyFpucuaaru ¢apasgan QoiiganaHud, siyiep Ba JarpaHx KypUHHUII-
Japujia 31eKTPOMArHUT MUKJIOPJIAPHUHT TEHIJIUTU KYPCATHIITaH.

Xocuil KWIMHTaH TEHIJIamMallap MKKU YadamiM cucTteMacH, aedopmarusi-
JaHMaraH cUpTra HucOaTaH, y3rapyBuyaH KO3(QQUIMEHTIM YHUHYM TapTUOIU
runepoosa-napadouK TUIAArd OOFIMKIM YU3UKIUMac auddepeHian TeHra-
Majap CUCTEMACHHM TALIKWUJII ATA/IH.

OnuHran HaTW)Kajapra acocjiaHuO, TOK TallyBUYM OPTOTPON KOOUKJIAPHUHT
KyWIaHTaHJIMK-AehOpMALMSUIAHTaHINK X0JATUHU U(POIaToBUM OOLIJIAHFUY MYHO-
cabatnap cudaruga Kyhugara €nuK OOFIUKIN TEHIJIaMallap CUCTEMAaCHHHU KaOyJl
KUJIAMU3:
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XdpakaT TCHIJ1aMaJIapu

0 B 10 o(AH) 1 06A  AB n o%u.
~ (BN )=-N, = A =g+ +AB(p, +n, + pf, |]= ABph —-;
6a( a) ﬂ6a+A6ﬂ( S) ﬁﬂ( JJF B R, —Q, (p P ) 1Y 2

O (an,)-N, 2L i(st)+ﬂ(BH} + 2By

—H+—Q,+
op “of B da oa\ R, R, Oa R,

+AB(p, +n, +pf,)= ABph5 V.

2 (60)+ 20, )-ne| 1

Nﬂ A OZW_
o5 = J+AB(pZ+nz+pfz)_ABph?, 9)

] B
li(A2H)+i(|3|\/| )-Lwm, - aBQ, -AB[N, -1 M, |o,-
Aop oa oa R,
~ ABS®, —Asz—z%,

2 0%,
L2 87H)+ 2 (am,)- P m, - ABQ, - AB[N, -2 M, |0,-ABSO, =ABp " 8.
B da op op R, 12 at?

QJICKTpOAMHAMUKA TCHIJIaMaJlapu

@ 1 () de)

ot AB| oa 0B

B(H!-H,
{E Y —05‘3—""(Bﬁ+|3;)}=l oH, _ (H; ﬁ); (10)
ot 0 B| op h
E,-YB, 052" (B +B)|= L - X +A(H“_H“) ;
ot ot Al Oa h
Kyuunuiap Ba aedopmanusiiap ypracuaaru MmyHocabdariap
lou 1 0A w 1, 1lov 1 0B w 1,
v — U+ — 40, Ep=——F————U+t—+_0;
“Ada ABOS R, 2 BoBp ABoa R, 2
1 89 1 oA 0
gaﬁ:Aa[)+B d [ )+0 0 Zaa__ 9,5 Zﬂﬂ li—i_iaiB a; (11)
Bog\A) Ada A Oa AB op Baﬂ AB da

2, -1 100 A (R By L1m 1) 1(100 LA
“> ANda B oa ABlop “ R BB ABda R
B

6 Ia @ =_£a_W+L; =_£%+L.,
T “ Ada R, " BB R,
ANACTUKIIMK MyHOcabaTiapu
e, h ( e;h
=2 £, TV € ); N 7(8 +vagaa)
1-v,v, PR ey v, U
3
S=g,he,: H=g, ;‘2 2% s (12)
e h’ e,h® .
(Y + M,=— /" ;
a 12(1 v Vﬂ)(%aa Vﬂ%ﬂﬂ) B lz(l_vavﬂ)(%ﬂﬂ +Va%aa)

Oynma v, =V, V,=V,,; €v,=¢e,v,. by epna N,, N, —nap a =const Ba
B=const Kecumiapjard HOpPMaJl TaHTEHIMAT 3YPUKUILIAP; S — CHIDKUTYBYU
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sypukumnap, Q,,Q, —xecyBun 3ypuxkuuuiap; M,, M, —oryBun momentnap;
H —OypoBun MOMEHT; u, Vv, W—Ky4HuIil BEKTOPH KOMIIOHEHTAJIAPH;
ppr €45 —UYSWIMII  BAa  CHJDKMII  TaHI€HIMAN  JeopMarus-apu,
Xaar Xppr Xap — FTWIHLI nedopmanusiapu Ba Oypanwuir, €, €,—Jap MocC XxoJiaa

& &

aal

o ,p-#ynamuuuiap Oyiimya osmacTUkIMK Moxpymwtapu; R,, R, —map srpummmk
panuycnapu; A,B-nap Jlame xoddduuuentnapu; v,,v, —nap Ilyaccon xosddu-
uuentiapu; h=h(a, f)—KOOUK KanuHIUTH, o, ,0,,0, —J1ap COJUIITHPMA JJIEKTP-
YTKa3yBUaHIMK TEH30pH Ooml KoMmoHeHTamapu. pf,, pf,, pf, —map  opkanu

KOOpJMHATa YKJIapura noHAEpOMOTOp KyWIApHUHT MPOCKIUsIapU KMMMaTIapuHu
udoaanaimus:

pfaA:_hJﬁCTBZ+Glh{EﬂBZ+O.5%(B;+B B, —Z—‘:Bf+

66” [o 25(8; + B, (B + B;)+%(B; -B,)(B; -B,)-(B; + B[;)BZ}+

h 26,
D (e ), (a5; 5.5, )
pf[;:—hJaCTBZ+02h{—EﬂB 05‘2—‘:’(B;+B;)— (13)

0 . . 1 o
a’:{Buos(B +B; )BZ+o.25(Bﬁ+Bﬁ)ZBZ+E(Bﬁ—Bﬁ)Z}+

1hz 6; (B: -B; )8, _(Bﬁ —By )Z]};

pt)=05h|-3,c (By +B;)+ e (B +B,)]+o,n{05E,(B; +B;)-05E, (B +B;)-
oW N N _\2 1 N _\ 1 N _\2
—at[ozs(s +B,) +0.25(B; +B;) +E(B -B,) +E(Ba —Ba)}+

B B

ou ov

80,
+056—(B*+B)B +056—(B*+B) 2 d

h 26 B,+——-(B; -B,)B, }
12 ot 12 ot

(9)-(13) Tenrnamanap cuctemMacH, KOOMK CHUPTHIa MarHUT MaWJOHH Kyd4IaH-
TaHJINTU TaKCUMJIAHUIIM MabJIyM J€raH IIapTAa, OPTOTPOIN BJIEKTP YTKa3yBuUaH-
JUK, MarHuT Ba JAWDJEKTPUK CUHITIUPYBUYAHJIMKIAPHU XUCOOra ojiraH XoJija,
TOKTAIIyBYM OPTOTPON KOOMK MAarHMTOAIACTHKIMIU YM3UKIUMAC TuddepeHuman
TEHIrJaMajnapu TYIUK €MUK OOFIMKIM CHUCTEMAaCHHM Tallkui 3Taau. by Tenrna-
Majap CUCTEMACHMHM XOCWJI KWJIMILJA AJIEKTPOMAarHUT MaiJOHM Ba TalllKd OeroHa
TOKHUHT Jepopmanusi maiiionura tTabcupu JlopeHu Ky opkaiu conup Oynanu
ne6 KaOyn KuiIuMHTraH. MarHuTosacTUK TeHrjamanap €nuK cuctemacu aedop-
MalusJlaHMaral ypra cupTra HucOaTaH, OTPOrOHAJl ATPU YM3UKIU KOOpAUHATANIAp
cUCTeMacua JIarpaHx y3rapyBuniapuia XOCHJ KUJIMHTaH.

JluccepTalssHUHT TYPTHHYM 000MAa HOCTAllMOHAp TabCUPJIAP OCTHAA KOM-
Jalrad OpTOTPON 3JEKTPYTKA3yBUAHIM TOKTAIIYBYM OPTOTPON ailjlaHMa KOOUWK-
Jap Ha3apusACH YM3MKIMMAC MArHUTOXJIaCTUKIMIH 4YerapaBUil MacajalapuHu
eyl ycnyouaru OaéH kunuHradH. KoOukiap Hazapuscu MarHUTOSJACTHUKIUTHU
YU3UKJIMMACc MacajlaJapuHU COHJIM €UUIl y4yH Takiaud HTHIaéTraH €HAOLIYB

(8. -
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4yeKiIM aiinpmanu HbploMapk cxemacu, YM3HKIHJIAIITHPUIL Ba JUCKPET OPTOrOHA-
JAITUPUII YCYJUIADUHU KETMa-KeT KYJUTaHWJWIIUra acociaHrad. Kemrtupunran
MyHocabaTiiap Ba MOC THMOTe3ajJapra acocianu0, OUKUPIUTA WKKA KOOpAWHATA
HyHanumuaa y3rapyBdyaH Oyirad, orKa TOKTAIlyBYM OPTOTPON ailaHMa KOOMK
KyWIaHTaHJIMK-Ae(POpMALMSUIAHTAaHINK XOJaTUHU EPUTYBYM, Yy3rapyBuaH KOd(d-
buuueHTM, Yu3uKIuMac aud@epeHnnan TEHIVIaMaJlapHUHT  Xaldl KWIyBYH
OOFNMKIM CcHCTEMAacu KenTupud uukapwirad. HocranuoHap MexaHUK Ba
ANEKTPOMArHUT Ky4ap TabCUPU OCTHJIAa KOMJIallraH, OPTOTPOI 3IEKTPYTKa3yB-
YaHIM, OUKHUPIUTU WUKKH KOOpJAMHATA WYHAIUINWJA Y3rapyBuaH OYiraH, OMKa
TOKTAllyBYM OPTOTPON aillaHMa KOOMKHMHI JWHAMHUK Macajacu YHU3UKIMMac
MKKHM YJIYaMJIM YeTapaBUN Macajiara KeJITUPWITaH.

Tenrnamanap TynuK cucremacuaan (oiiananud, OpTOroHaI STPU YUUKIU
KOOpJIMHATalap CHUCTEMacHujia OpTOTPOIl aijlaHMa KOOWMK MAarHUTORJIACTUKIIUTU
YU3UKJIMMAC MKKU YI4amiil MOJEIMHM MAaTeMaTHK €3Wll MMKOHUSTUHU Oepaau-
raH, HOCTaIl[MOHAp MEXAHHMK Ba 3JIEKTPOMArHUT Ky4djap TabCUPHU OCTUAA >KOMalll-
raH, OPTOTPOIl AMEKTPYTKA3yBUAHIMK, MArHUT Ba JUAJIEKTPUK CUHTAUPYBUYAHIIUK-
JapHU XUcoOra oJIraH X0J1/1a, UXTUEPUM MEPHUIMAHIIH I0TIKA TOKTAIIYBYM OPTOTPOI
allllaHMa KOOMK MAarHMTO3JIACTUKIWIH YU3UKIUMAc Au@depeHnuan TeHrjiama-
JApUHHUHT XaJl KUJTYyBYM OOFJIMKJIM CUCTEMACHU KENTUPHUO YMKapuwiral. SlcoBuucu
Oyitnad y3rapyBuaH KaJIMHJIMKIA OPTOTPOI ailjlaHMa KOOWMKHUHI Xal KUJTyBYU
TEHIJIaMaJlap CHCTEMACHUHHM KYypHIJa, 3JaCTUK Ba MarHUTOMEXaHUK TaBcH(ap
napamien Oyinad Vy3rapmaiinu ne0d XucoOnaHaau NIYHUHTIEK, SJEKTPOMArHuT
MalJOHU Ba KY4YMIUIAp MAaWJOHJAPUHUHI TEHIVIAMajapra KUpaauraH Xamma
u3NaHaéTraH KOMIIOHEHTanmapu 6 koopAawHaTagaH OOFIMK 3Mac ne0 dapa3
KunuHaau. Mxtuépuil maknaaru aijgaHMa opTOTPON KOOMKHUHT Ky4JAHTaHJIMK-
nedopMalMsUIAHTaHIMK XOJMATUHU TaAKUK KWIMILAA Kylujaard (QukpiamniapiaH
KenuO 4YukKaMu3. bupuHuMzaH, H3mMaHA€TTaH TEHIJIaMajap CUCTEMAacu Xamma
allmanMa KOOMKJIap CUH(DHUHM, UIUIUHIAPUK KOOMK Ba IOMPABUI IUIACTUHKAHU XaM
¥3 WuMra OJUIIM KepaK, MKKUHYMIAH, MAacaJlaHd COHJIM €YMIl YYyH KyJal
KYpUHMIIZA KYpCAaTUIMIIM KEpaK, YYMHUUJAH, YerapaBui ILIAPTIApHU 3YPUKMILI,
MOMEHT, Ky4YuIl Ba apajaiml KypuHuluiapaa udopanaml UMKOHUSTUHUA OepHIln
Kkepak. Ba Huxost, auddepenuuan TeHriamanap cucteMacu myHaan GyHkuusap-
ra HucOaTaH €3WIMILN KEPAKKH, SbHU Xap XU KOOMKIAp KYIMIMAIHUK apTIapuHU
OIMM XOJJa amalira OLIMPUIl MYMKUH OYyncuH. By ¢ukpnanuapgan kenu6
YUKKAH XO0JIJ1a, XaJl KUIyBYM QyHKUUATIAp cudaTuaa KyWuaaruiapHd TaHIaiMu3:

u,,u,,0,N,N,M_,E, B, (14)
OyHzma U, ,U, —map paguan Ba yK Oyina® xyuumuiap; N ,N, — Jap pagual Ba YK
Oyinab sypukumiap; E, B, —Iap JJNEKTP MalWIOHM Ky4WIAHIaHIUTH Ba MArHUT
MauJIOHU UHIYKUUSACUAUD, ynap U,W kyuumap Ba N ,Q, 3ypuKuuiap opKaiu
Kyhugaruya ndoganaHaam:
N, =N, cosp+Q,sing; N, = N, singp—Q, cose; (15)
U, =Ucos@+Wwsing; u, =using —wcose .

OyHJa ¢ —KOOPAMHAT CUPTU HOPMaJu Ba allaHUII VKU YpTacuaaru Oypyax.
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(14), (15) napam xucobra oyin0, OMp KaHYa aJIMAITHPUIILIAPAAH KEWHH
KyWHaard 4usukiuMac qudepeHian TeHraaMaaapHuHT OOFIUKIN CHCTEMACHHI
Komm maknuaa Xxocuin Kujiamus:

- : : cos
aausx 1 eVShVQ (cosg N, +smquZ)COSgo+muX +RiuZ —sing O ——¢0§;
s S
ou, 1l-vyv : : v, sin 1 sin
> f=— ‘ (COSgoNX+S|ng0NZ)SIng0+‘9—¢uX—R—uZ+COSg0 0, ->—202;
S e, r s
00, 12(1-v,v,) V, COSQ .
s~ et T Os;
N v, sin h
oN, :M(vse—e—lleJ{iJrM]Nﬁeez cosp U, —
0s r e s r r
: o%u
—COS(D(PS+pFS’\)—SIn(0(PC+pFCA)+ph ?;;
N : “u, .
aasz =—COrS(DNZ —F::NX —smgo(PS +pFSA)+ COSQ (Pg +ngA)+ ph 5atljz : (16)
S
3 2
aMS:COS(D(VSEH—1)MS+69hCoszq)es—cosw N, +sing N+
0s r e, 12 r
: [ h? [ .
+(COS§0NX+S|n§0NZ)6?S—Vse—”MMSGS—eH coswzsmgoesz,
s 12 r
0B B, — B,
874:_02#3 H_M_
S wh
ou, . ou ou ou, .
-0 0.5 —*sinp ——*cosy |(Bs + Bg J]-| —>cosgp +—=sing B, |;
2#3{ (8'[ ¢ ot (P]( S s) (8'[ ¢ ot (P] g}

0E, 0B, _cosg
0s ot r
ITonpepomotop JIopeHIl Kydu KOMIIOHEHTAIApU KyWHAaru KypUHHUILTA 3ra:

9 -

pF, =-hJ,,B, +o,h[E,B, +

ot ot
pF, =05hJ

+0.5{6UX sing — 6;; coscoj B, (B: + Bg)_{aautx cos ¢ + ou, .- (/’j Bg];
(Bs+ + B;)+ o,h{-05 EG(B; + Bg)—

_(a;’tx sin(p—%COS(p][O.ZS(B; +B; ) +é(B§ - BS)Z} +

Ocm

(17)

ou ou, .
+0.5| —*cosp+—=sing |B,(Bs +Bs ).
( ot @ ot @j cj( S s )}
By epna B —neranna Bg =Bg, + By, — B, (0 + B,6; dKaHIMIMHM TyllyHaMu3, OyHzaa
B;, — TAllIKU AJIEKTP TOKHM Mail0 KWiaauraH, OOUUIAHFUY XYCYCHHl MarHuT mai-

JOHUHHUHI MarHuT HWHAYKIOUSACKU KOMIIOHCHTAJIApH, BSO — CTaTuKa MacaJlaCHuHU

€YMIIAH XOCWI KWIMHTaH TallKd MarHuT MalJOHM KOMIIOHEHTaJapH;
B, — KOOMKHHHI' MarHUT WHAYKIMSCH HOPMAJ TAlKKUII 3TYBYUCH; h= h(s)—ko6uK-
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HUHT KQJIWHJIWCKA. XOCHJ KWIMHTaH CakKu3MHUM TapTuOnu (16) yusukimmac
muddepeHuran TeHryaManap OOFJIUKIM XaJl KWIYBYM CHCTEMacH, OpPTOTPOI
ANEKTp YTKa3yBUAHIMK, MATHUT Ba JUANEKTPUK CUHIAMPYBUAHIMKIAPHU XUcoOra
OJITAaH XOJIa, UXTUEPUM MEPUAUAHIIN IONKA TOK TallyBUYd OPTOTPOIl aWIaHMa
KOOMKHUHI  KyWIaHTaHJIUK-Ae(OpMAalMsIaHTaHIMK —~ XOJATUHU — udoganaiau.
JlopeH1| Kyuu Ty3yBumiapu KOOMK AedopMalusIaHUIIN TE3TUTH, TallKd MarHUT
MalJJOHH, TAallKW MarHUT MaiJIoHUTra HUcOaTaH YTKa3WIl TOKU Ky4JIaHTaHJIUTH Ba
MUKJIOpJIapUHU XUcoOra ojaau. XapakaT TeHIVIamMalapuia YU3UKIMMACIUKHU
XMCOOra OJUII MOHJEPOMOTOP Ky4Jla YU3UKIMMACIUKHU Maig0 KUJIagu. XOCHII
KWJIMHTaH cucTemara OOLUIaHFUY Ba YerapaBUil MIapTiapHU KYIIMO yderapaBuid
MacaJlaHu XOCHJI KuiamMu3. UHM3MKIMMac yerapaBuid MacajlaHd BEKTOP MIAKIIIA
KyWuaaru KypuHuIga €3u MyMKHH:
XapakaT TEeHIJ1aMajaapu

e LR N b (19)

yerapaBuu mapriap
0.(N(s, )=, 5.(N(s,.1)=b., (19)
OOLUTaHFUY IIApTIAP
N=0, oN/ot=0, npu t=0. (20)

By epma N = {u,w, 0s,Ns,Qs, Mg, E,, B, }T—I/ISJIaHaéTFaH (GyHKIUSIAp YCTYH BEK-

topu; F,§,,d,,b’ ,62* —yMyMHH XOJIJa YM3UKIUMAC BEKTOp (yHKUHUIAP.
MarHuTo3JIaCTUKIIMKHUHT YerapaBuil MacajlajlapyvHU €YHIl CE3WIApJIM Japakaia
XucoOman KuHMHYWIMKIapu Ownan Oornukaup. by sca (16) xan kwiyBum
CUCTEMA, CAKKM3UHYM TapTHOIM TuUnepOosia-napaboauK THUIUIM Y3rapyB-yaH
koahpunmentnu auddepeHuran TeHrjaMagap CHUCTEMacH OJKaHJWTU OujlaH
TylryHTupwiagu. Hoctanmonap MexaHuk Ba MarHUT TabCHUpJiapu OCTUAA OyiraH,
Kapana€TraH KOOMKJIAPHUHT Ky4WIaHTaHJIUK-Ie(hopManusIaHraHIuK X0JaTIapuHu
anuimam  Macananapuaa (18), (19) derapaBwii Macaia (QUKCUpPJIAHTaH BakKT
MOMEHTJIApY YYYyH eumwiaau. Bakt koopauHartacu Oyiuya Xycycwil xocuianap
HproMapkHUHT aHMKMAac cXeMacu 4eKiu avupmanu udonanapu OusiaH anmpok-
cuManusiIaHaan Ba Oy cxema KyJUIaHWITaHJlaH KeHUH YU3UKIuMac oaaui nudde-
peHLMan TEeHIVIaMajlap CUCTEMAacH Y4YyH 4erapaBuil MacallaHu KyHuaaru
KYpHUHUIIZA XOCUJT KWIAMU3:

dN -/ o
— =F|(s,N), 21
T =FlsN) (21)
Ba MOC 4erapaBuy LIapTiap
DIN‘S:SO :dl; DzN‘s:sN :dz- (22)

Umsukmwnamrupuin  ycynu Epnamuaa (15), (16) derapaBuii macana YHU3UKIH
yerapaBui Macajlajap KeTMA-KeTJIUIMIa KeNTUPWIAAW Ba YJIapHU KHCKada
KyWuaaru KypuHUIaa €3u MyMKHH:

dN*" 6 (R N ), (23)

N
B, (N )N (s, )=b, (N* ) B, (N* JN**(s, )=, (N* ), (k=0,1,2..), (24)




oymma N ={u,w,6,,Ng,Q,, M, E, B, {'; N*' Ba N* —map moc xomma k +1-un Ba
K —4gu wrepanmsiiapgard edummiap; G (Nk+1, N )—TeHrnaMaJIap CUCTEMAacCH YHT
ToMoHn BekTOpH; B, (N*) B,(N*), b (N*), b, (N*)- map moc xomma wyerapasmii
miapmiap YHr kKucMu Marpunanapu. Oxupru Oockuuma (23), (24) uusukiu
yerapaBuil MacaJalapHUHT Xap OUpHU JUCKPET OPTOrOHALIAIITUPUIL YCYJIH OUIaH
eunsiagu. by ycyn anmoxuna onMHraH uHTEerpauiaml HykKranapuaa Komu macanacu
BEKTOp €YMMJIADUHU OPTOTOHAUIAIITUPUINA TYpFyH XucoOJjaml >KapEéHUHU
tabMuHNaiau. FOnKa TOKTalyBYM OpTOTPON ailllaHMa KOOWMK MarHUTO3JIACTHK-
JIUTH YM3UKIMMAC YerapaBUil MacajgacMHHU €4MIl aJIFTOPUTMU Ba JAACTYPUHU E3UIL
Oepuiras.

OpTtoTpon 3JIeKTp YTKa3yBYaHIUK, MAarHUT Ba AUDJIEKTPUK CHUHTAUPYBYAH-
JUKJIApHU XHcoOra oOJiraH XoJia, TOK TallyBYd OPTOTPOI ailllaHMa KOOMK
MAarHUTORJACTUKIUTH SIHTU CHUH(] MacalaJapyuHU €4ull Y4YyH MIIad YHUKWITaH
aNropuT™M, KOOMKHUHI T€OMETPUK MapaMeTpiiapy, MATepUATHUHI MEXaHUK TaB-
cudaapy, CUPT Ba KOHTYpP IOKJIAHULUIAPU, YerapaBuil KOHTYPHUHI MaxKaMJIaHUII
TypJapH, 3JIEKTPOMAarHUT MaiJIOHU MapaMeTpiapuHU KEHI JMaro30Hja y3rap-
TUpUII EplaMKIa €YUMHHU OJIMII UMKOHHUATHHM Oepaau. ANroput™m UIIyHJau
KYpWITaHKH, ’/bHU Y OUp TOMOHJaH, (PU3MK IaKUTAHTUPUII MabHOCUA eTapinya
YMYMHIUIUKKA 3ra, OOIIKa TOMOHAAH 3Ca, Xap XWI THUIUIM KOOWKIAap y4yH
MacajajapHy €4MIlia XaM YMYMMUIIMKKA sraaup. flHa y myHzaal xoccara 3raku,
SbHA YHUHT TY3WIMIIMHU OoOIlIKa KOOWKJIAp Ha3apuscH TaHJIAHTaHJa XaM
unuiatiil MyMkuH. HIyHUHTZIEK, TeHrjaamanap CUCTEMAacUHUHI YHI KUCMUHU
XucoOanapia xap Xuia HHTEPIOISUOH popMyJiajapHu XaM HIUIaTHIIra pyxcaT
oepunaan. Mmuad yukunran anroput™m HIOXM yuyH Buszyan ¢opTpan tuiamaa
JACTyp KYpUHHUIIWAA >KOpPUW KWIMHraH. JlacTyp MOAYJUIM TY3WJIMILIa OJra.
Xucobnam >kapa€HUHUHT MablIyM KUCMUHHU SKOPUM KWIYBUM  MOZIYJUIAPHUHT
KaTTa KUCMHM CTaHAapT XxucoOnananu. Takpubuii onuvHraH euyumiap Oyiinua
MacajaHUHI €YUl >KapaéHu SKUHJAIIUIIMHK Oaxojiall, Xamja MacaJlaHWHT
MaTeMaTuK Kyhuiuiid Oomikaya OyiaraHaa eduMIIapHHU TaKKocianuiap €paamuja
OJIMHTaH HAaTWKAJIAPHUHT WIIOHUYIWIMIU TaXJIWIM yTkazuiarad. Mnuiad yukuiran
yCIIyOMsITra acocilaHTaH XO0JiJla, MEXaHUK Kyujap, Tallku OeroHa TOK Ba TaIlIKU
MarHuT MalJOHJIapu TabCHUPJIAPU OCTHUJIA >KOMJIAIlraH, M30TPON TOK TallyBUd
XaJIKABUH MJIACTUHKA Ba KOHYCCUMOH KOOMKHUHT Ky4JIaHTaHJIUK-IepopMalusiiaH-
TaHJIMK XoJlaTiiapu XucoOu yTkaswiarad. Bakr Oyiinua KaJjaMHUHT KaMmaluIu Ba
TabCUP 3TYBUM Kyusap JABOMMIJIMTMHUHT YCUIIM OWMJIaH, Xap XWi Kajgamjapia
KY4MII Ba Ky4wlaHUII KUWMaTiapu ypracujaard (apKHUHI ce3wiapiu OyiMaraH
Japakaja YCUIIM HaTWXKalapHHU TakKKoclauulapaaH keiauld uukaau. TYpTUHYM Ba
OemMHYM TaKpUOWN OJIMHTaH COHJIM MabJIYMOTJAp AP yCTMA-yCT Tyliaau, Oy
3ca, UTEPAUMOH >Kapa€H SKUHJIAIIMII IIAPTUHUHT KAHOATIATUPWIMILKA XaKuJa
ryBoxJuk Oepaau. M3orpon xonga Oomika myamnudiap oiaraH MabiymMoTIIap
OWwiaH TakKKoCHalliap HaTHXalapu TakKIu( STWIraH EHIOUIYBHHHI OPTOTPOI
ANEKTP YTKa3yBUAHJIMKHU XuUcoOra OJiraH Xo0JiJa, IOMKa TOK TallyBYHM OPTOTPOI
aillanMa KOOWMKHHMHI Ky4WIaHTaHJIUK-Ie()opMalUsIaHTaHIMK XOJATUHU TaTKHUK
KWJIMIIIA KYJUTAaHWIMIIA MYMKUHIIUTUHU KYpcaTaiu.
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JucceprauusgHUHI OemiMHYM 000MAa Macajlia YM3UKIMMAc KyHuiIrasaa
OpPTOTPOI AJIEKTPYTKa3yBUAHIMKHU XUCOOTa OJraH X0J1/a, HOCTAlMOHAP MarHuT
MalJJOHU/Ia KOWJAIITaH, TOK TalllyBYM OpPTOTPON KOHYCCHMOH aiiaHMa KOOWK
Y4yH MAarHWTO?JacTUKIMK  Macajajgapu KapajraH. MexaHuK  FOKJIQHMII
P, =5-10%sinwt H/m® TabcHpH OCTHAA XOMIAIIraH, GOPOATIOMUHHITIAH SICAIraH,

4 o

h=5.10"m ¥3rapmMac KaJMHJIMKIH, FOMKA OPTOTPON KOHYCCUMOH KOOWKHUHT
KyWIaHTaHIUK-AePOpMALMSUIAaHTAaHINK ~ XOJIaTH  TaJAKUK  KuiuHrad. KoOuk
Bso =0.177 TamKkM MarHuT ManJOHUIA OKOWJIAIraH Ba yHra  TallKu

Jyer =-5-10"sinwt A/ m® Gerona >7eKTp TOKHM 3UWIMIM  KENTHPWIAAUM XaMmaa
KOOUK 4eKIH o (o,,0,,0,) OPTOTPOI IEKTPYTKa3yBYaHIUKKa dra. Kapamnaérran

X0J/Ia COJMINTAPMA DJICKTPUK KAPIIWIMK aHU30TPONHSICH 1),/7m, = 2.27 TEHT.

OpToTpon KOOMKHUHT YU3UKIMMAC XOJATUra KOHYCIUKHUHT TahCUPUHHU XHCOOTa
OJIMII Kapairad. Macaiia Kyluaaru dyerapaBuii mapmiapia e4uirad: S =S, KH4UK

panuyc kKoHTypu Qg KecyBuM 3YpHKUII OWJIAaH IOKJIAHTaH Ba HOpPMaJ WYHATUIIIA
SPKUH Ba BakT Oyinya y3rapysdyan B, =0.3sinw t maranT nunaykuusacu o6epunany,
OyHza o —JOMPaBMH 4YacTOTAa, MAarHUT UHAYKUMACH B, =0 Oynranga, MKKMHYM

S =S, KOHTYp KaTTHK MaxkKaMjaHTraH. MarHuT MHOYKIUSACH Ba KECyBYM Kydjap-

HUHT y3ap0 TabCUPU KYUHII Ba MEXaHUK KyWIAHUII, DJIEKTP MAaWIOHUA Ky4dJIaHTaH-
JUTH Ba MAarHuT UHAYKUWSACU SKCTpUMAal KUMNMATIApUHU NMaia0 KWINAIIA aHUK-
JaHradH. MarHuT HMHIOYKUUSACH Ba KECYBUM Kyd KOOMKHMHI 4Yall KOHTypHJa
Oepunaau (yerapaBuii mwapTtiap), OyHna Q, KeCyBUM 3YPUKHUII Ba MarHUT WHIYK-

LUACUHUHT B, HOpMaJl TalIKWI OTYBUYACH KapaMa-Kaplli WYHAJITaHJIUTUHU

¢
TabkuAnad yramus. Konycnuk OypyarnHUHT KaMauiy OuiiaH KY4uIl Ba MEXaHUK
KyWIaHHII, SJEKTp MalJOHM KyWJIaHTAHJIUTH Ba MAarHUT HMHIYKIMSICH a0OCOIIOT
KMMMATIApUHUHT YCUII KOHYHUSTH YpHATWIraH. ¢ = 7/30 O0ynranna Oy QpyHKuus-
JApHUHT MaKCHUMaJl KUAMAaTiIapyu KoJiraH Oypuakiap Y4yH MakCUMall MUKAOpJIapu
OunaH Takkocianulap Oyinda ce3wjapiu ycaau Ba S, ra Kapad cwpkuiiau. by

JaNnuil  DJIEKTPOMAarHUT Ba MEXAHMK MAaWJOHJIAPHUHT ¥3apo OOFIMKJIUTUHU
Hamolum Kunaau. OnTu rpagycra TEHI KOHYCJIHMK Oypyaru KapajiraH reOMEeTpUK
YU3UKJIMMac KOOWK YYyH TaHJa0 OJMHTaH HOKJIAHUWLUIApJA KPUTUK SKaHIUTU
anuknanrad. Illynunraek, (¢ <z/30) Oypuak sHaja Kamaitupuica, KOOMK

TYPFYHJIUTUHU WYKoTaau. ONMHraH HaTWkajgapiaH KenauOd yukuO, ¢ OypyaKHUHT

KOHYC aCOCHUHHMHI OypuarnHu 90°ravya TYJIAMPUIIMHU XUCOOTa OJITaH XOJja,
KOHYCIIMK OypYaruHUHT OPTOTPON KOOWK Ky4WIaHTaHJIUK-AehopMalusIaHTaHIHK
XOJIaThTa TabCHpPU XakKuaa (PUKp IOPUTHIIMMU3 MYMKHH. MarHut MaigoHuma
YKOMIalran OpTOTPOI AIAEKTPYTKa3yBUaAHIU KOOUKIA coup OYynaauran TeOpaHuiil
Kapa€H-TapuHUHT cOp) MEXaHUK KHUCMHU, MEXaHWK IOKJIAHWII TabCUPH OCTHJA
JKOWaIran KoOMKaaru TedpaHuil xkapa€Hinapy OuIad MOC TYIIUIIMHA TabKUAJ1a0
yramu3. By nsca, TaHjmaHraH ycoyOMSITHUHT TYFPWIATH Ba XOCHJ KHUJIMHTaH
TEHTTIaMasiap KOPPEKT SKAHIUTHHUHT sSTHA OWp TacIUFU XUCOOIaHA/IH.
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Maruut MaiJoHI1a KOMJIarad TOKTallyB4d OPTOTPON KOOMKHUHT XOJIaTh-
ra YU3MKJIMMACIUKHUHT TabCUPUHU XUCOOTA OJIMII Macanach TagKWK KUJIMHTaH.
OprtoTponn  KOHYCCUMOH  KOOMKHHUHI  Ky4JIaHTaHJIMK-IeQopMalusIaHTaHIUK
X0JaTUTa YM3UKJIMMACIMKHUHT TAbCUPUHUA XUCOOTa OJIMIIHU TaXJIWJI KUJIUII Y9yH
Macajga YA3UKIM Ba YA3UKIUMAC KYHUIITAHIA OJIMHIAH €4UMMIIAp TaKKOCJIAHIaH.
Macaia Kyiinaaru yerapaBuil lapTjiapja e4nirad: S =S, KUYMK paguyc KOHTYpU
Qs KecyBuM 3YpUKHII OWJIaH IOKJIAHTaH Ba HOpMaJl MYHANMINJIa SPKUH Ba BakT
Oyiwua ¥ysrapysuan B, =0.3sinwt wmarauT uHAykouacu Oepwiaau, OyHna
@ — IOUPaBMI 4aCTOTa, MArHUT UHAYKUMACH B, =0 OynaraHga, MKKUHYH S =S,

KOHTYP KaTTHK MaXKaMJIaHT'aH. MarHutocTaThka MacaJlaCuHU KaHOATJIaH-TUPYBYH

B,, HMHI KWiMaTH 4YHM3MKIAMAC Macaja CYMMIIAPUHUHT Ypradya KUAMaTH

cudarua Tanmanrad Ba B, =-0,79-107 T TeHr ne6 Kabys1 KUIHHIaH.
KOOMKHUHT TalllKy CUPTUAArd o, ailaHMa MEXaHWK KyWIaHWII, W KY9HII,
MarHuT MaiJOHM MHAYKIMACHMHMHT B, HOpMaJ TallKWI 3TyBYMCH, JIOpeHI Ky4u
F/ MepHuIMOHaNl TAIIKWI STyBUMJIApU KUHUMATIapu S JAaH OOFJIHMK pPaBHIIAA
¢ =130, 7/15 Oypuakjap y4yH macaja YM3UKJIM Ba UYMU3UKIUMAC KYyHWITaHaa
TakKocJaHraH. DyHKIMsJIAPHUHT KuiiMaTiapu t=5-10°c OynraHma OJWHraH,
OyHna Oy (QyHKuusuiap MakcuMman Kuiimatiapra spumiagu. DOyHKIusIapHUHT
@=r/130 Oypyak y4YyH KuUWMaTiapuHu Kapal, HKKUTa Hazapus Oyiinua Oy
GyHKUMATApHUHT MakcuMman KuilmMaTiapu ¢(apku Kylujgaruda OYIraHJIUTHHM,

SABHU S =S, KOHTypAa W KY4YMIIHUHI MakcuMall Kuil-matiaapu ¢apku 27%; o,

yuyt S =0,08x6ynranna 6y dapx 97%; B, yuyn s=0,04n Gynranna Oy dapk
41%; s=s, xkoHTypaa F HMHr Makcuman KMMMatTiaapu Aespiau TEHT Ba Oy ¢apk
0,3% TalmKWI STraHJUrMHU TabKUAIad Yramus. @OYHKUMSUIADHUHT ¢ =7 /15
Oypuyak y4yyH KMMMaTJIapMHU KaparaH X0Jj/1a, YU3UKJIU Ba YU3UKIMMAc Hazapusiap
Oyiinua, Oy (QYHKUMSUTAQpHUHT MakcUMal KuUWMaTiapyd HaTWwKalapu MOC
TYIITAHJIUTUHA TabKUIIA0 yTamu3. ¢ OypyakHUHI Kamalumu OujaH macaia
YU3UKJIM Ba YM3UKJIUMAC KYHWIraHjga OJUHIAH edumiiap ypracujaard (papKHUHT

Veumm  KoHyHusITH — ypHatwirad. [lly Owran  Oupranukaa, KOOMKHUHT
(s=0.28;0.32; 0.36 m ) YHT €H CUPTHA KyWIAHHII, MArHUT HHIYKIUACH Ba JIOpeHII
KywIapy YYyH YH3UKIM Ba YM3UKIUMAC Hazapusuiap Oyiimdya myxuMm dapk
OopnuruHu Tabkuanad yrum 3apypaup. ONMHraH HaTHXKAJIApHU TaxJIMI KUIUO,
YU3UKJIW Ha3apus OuiaH TakKocjaraHia OpTOTPON KOOMKHUHI Ky4JaHTaHJIMK-
nedopMalMsUIAHTaHIMK ~ XOJaTUra TEeOMETPUK UYM3UKIUMACIUKHUHT TabCUPU
XaKuaa (GUKp IOPUTUIIUMU3 MYMKHH.

Tok TamyBum OepuyuiMiiiaH sicalral OTPOTPOI KOHYC Ba TOK TallyBUU
ANIOMUHUIAAH scaliraH U30TPOIl KOHYC XaMJa MarHuT MailJIoHN Ba TallKU OeroHa
TOK MaBxXyJ] OyIMaranja aliOMUHUNAAH sicajraH MU30TPON KOHYCJAp y4yH OJIMH-
raH €4YMMJIAPHMHI HATW)KAJIAPUHU TaKKOCJAIl acoCuJa Macalla YU3HUKJIUMac
KYHWIranja, onka KOOMKIapHUHT KyWIaHTaHJIUK-Ae(OopMalUsUIaHTaHIuK X0JIaTh
TaJKUK KWJIMHTaH. Y4Yajla XOJJa XaM KYYMIUIAPHWHT TaKCUMJIAHWIIW YHU3UKIIH-
Macaup Ba yjJap MakCHUMaJl KUiiMaTiapra KOOMKHUHT Yar KOHTYpUAa dpUIIaguiap.
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ynunraek, OepwiuiMiiaH sicairaH OpPTOTPON KOHYC Ba MAarHUT MalJOHUHU
XHcoOra oaub anrOMUHURAAH SCaITraH U30TPON KOHYCIIap TaKKOCIAaHTaHAa, KY4HIl
MakcuMall KuiMmaTiapu Jespiau UKk maprara ¢dapk kuiaau. Konyc wmzorpomn
O0ynu0, MarHUT Ba AJIEKTP MaNJOHIAPHU TabCUPJIapU OYIMaraH Xoja, Ky4uIIHUHT
eTapivua OIMIIK aHukjaHran (w/h,=4). by aca, KOOMKKa TabCUp KUIYyBUYU

ANIEKTP MalJAOHU MaBXyn Oyiamaranjaa 4yy3yBud Kywiap, S’bHU MarHuT MalJoHU
UHAYKIMsAcH ( BY) TaHTeHIMan Tamkuil 3TyBuucy Ba Jlopeni kyun ( pF') TaHTeH-

1Maa TallKW 3TYBYMWJIAPU HOJITA TEHT 3KAHJIUTU OWIIaH TyllyHTUpuiaau. by xon-
1a KOOWK SrujvIIra HucOaTaH sHaJla MOWMIIPOK Ba tonka Oynanu. MarHut maii-
JNOHUHUHT (B, =0) MaBXy1 OYIMaCIMIU XaM KYYUIIHUHT OPTUILUTA OJHO KeNaiu.

OpTOoTpOon KOHYCCUMOH KOOWMKHHMHT KYyWJIaHTaHIUK-AehopMalusiiaHTaHIuK
XOJIaTUra KAIMHIUKHUHT Y3rapuil TabCUPH TAAKUK KuduHraH. KoOWK KOHTYp-
JApUHMHI MaxXKaMJIaHWII IIApTIapd KyHuJaruda TAHJIAHTAH: S=S, KUYHUK

pajyciu KOHTYp MApHUPIN MaXKaMJIAaHT'aH Ba BakT Oyinua y3rapysuan B, mar-
HUT UHAYKUUsACH Oepuiaay, UKKMHYM S =S, KOHTYp 3Ca, MarHUT WUHAYKLHUACU

HyJIra TEHr OynraHja MepuauoHan WyHanmuiga 3pkuH. KOOWK KaauHIUTUHUHT
V3rapumyjan OOFIUK paBHUIIAA OPTOTPON KOOMKHUHT XOJIATH TAJKUK KUJIMHTaH.

§’3rapquaH KanTuHIMKId h=5-10"(1-« % ) Oepwumiinan sicanraH OpPTOTPOI
N

KOHYC VyYyH Macajga MEPUAMOHANT WYHAIMIIAA KAJWHIMKHUHT Y3rapuIIuHU
TchmpnaﬁnHraH a:{0.2;0.3;0.4;0.5} MApaMETPHUHI Xap XWI KUUMaTiapuaa
XUCOONaHTaH. ¢ TMapamMeTp KMAMaTUHUHT OIIMIIYU KY4Yulll, KOOUK o.,(S) ailnanma
KyWwIaHuluiapu, T,,(S) MaKCBEJUT Ky4dJaHUIUIApW Ba OOLIKAJIAPHUHT OIIMILIWTA
ONIM0 KeIWIIM KOHYHUATH VpHaTwiraH. KaquHIMKHUHT Y3rapumu KOOMKHUHT
KyWIaHTaHIUK-Ae(hOpMALMSUIAHTAHINK XO0JaTUTra CE3WIapii TabCUp KYpCcaTUIIU
Ba OyHM aManuil MacajajapHu xucoOjanuiapja xucoOra oMl 3apypiurd OJIMH-
raH HaTHXajap/aH KYpuHaIu.

Ko6uk xkoHTypiapu mMaxkaMJIaHUIIM Xap XWi OyiaraHaa, y3rapyByaH KaJlWH-
JUKIY, OepwMigaH sicayifraH IONKA TOKTAllyBYM OPTOTPON KOHYCHHHT
KyWIaHTaHJIMK-AepOpMALMSUIAaHTaHINK X0JIaTH TaJKUK KWIMHraH. KoOMK KOHTYp-
JApUHUHT MaxKaMJIaHWILI YerapaBuil MIapTiapy Kyduiliap, KeCyBUd Kyusap Ba
ATYBYM MOMEHTIIap, JIopeHll Kyunapu, MarHUT UHAYKLMSCH Ba 3JIEKTP MailloHU
KyWIaHTaHJIMKIapy KUWMatjiapura Ba TaKCUMJIAHUIUIApUTa MYXHUM TabCUP
KypCaTUIIM OJIMHTaH HaTwkKajapAaH KypuHaau. Kyuuin Ba sryBuM MOMEHTIIAp,
JlopeH1] Ky4japu, MarHdT UHAYKOUSCH Ba JJIEKTP MAWIOHU KyWIaHTaHJIMK-
JAPUHUHI MakKcuMal KUKWMATJIapH ‘‘CHpIIaHyBUM-ILIAPHUP~ YEeTrapaBUM IIapTia
naijgo Oynuiu aHukiganrad. KoOWK KOHTypiapu HIapHUPIW MaxXKaMJIaHUO, yarl
KOHTYpJla MAarHuT WHAYKUUSACH Ba 3JEKTP MaWJOHM KyWIaHTaHJIUTU OepuiraH
X0J1/1a COHJIM e4umiIap ojduHrad. KOOMKHHUHT Yan KOHTYypUJa MarHuT UHAYKIUSACH
O0op Oynran xoija Kyuuiuiap, STyBYM MomeHTaap, JIopeHIl Kywiapu, MarHuT
MHAYKIUSCH, 3JEKTp MalWJOHM KyWIaHTaHJIUKIapu KUKWMatTiapy 4Yam KOHTypJa
ANIEKTP MaWoHU Oop OYnranmaru Xon OWJIaH TaKKOCJAHTaH/a CEe3UJIapiik KaTTa
OynuImM KOHYHMSTH YpHatwirad. OJIMHraH HaTWKajdapJaH KenauOd YMKKaH XOJi/a,
yerapaBuil WIAPTIIADHUHI MEXAaHWK Ba JJIEKTPOMArHUT ManJOHJIAPUHMHI y3apo-
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OOFNIMKJIMIUra TabCUPU XakuJa (UKp IOPUTHILIMMU3 MYMKUH. Macana reoMeTpuk
YU3UKJIMMAC KYHHITaHaa OpTOTPOoI KOOUK KyUJaHTaHJIMK X0JIaTUra Tallkyd MarHuT
MHAYKIUSCUHUHT TabCUPU TAaXJIWJI KWIMHTAH. Y3rapyBYaH KaJIMHIUKIA Oepui-

NMMAAH SACAaNraH OPTOTPOIN KECHK KOHYCCHMMOH KOOWK P, =5-10°sin wt H / m?

MexaHuK Kyd, J,c; =5-10°sinwt 4/ m® Tamkm Gerona snmextp Toku Ba By, =0.1Tx

TallKd MarHUT MalJIOHUW TabCHUpJapu OCTHA KOWJAIITraH xamaa KOOUK YeKIu
o(o,,0,,0,) OPTOTPOI INEKTPYTKA3yBUAHJIUK XOccacura sra. by xonma xoOukka

MOHAEPOMOTOpP JIOpeHI Ky4yH, TAlIKM MarHuT Mai-JOHM Ba MEXaHUK KydJapAaH
TalIKWJ TONraH OWprajukiard HOKJIAHUII TabCcUp Kuwiaad. Macana Kyiluparu

yerapaBuy IIapriaapaa e4wiran: S =S, KWYHUK paJuyCiad KOHTYp LIAPHUPIU
MaxKaMJIQaHTaH Ba BakT Oyiimua y3rapysuan B, marmut mmnyknmscu Oepumiany,
UKKMHYM S=S, KOHTYp 3Ca, MarHuT HWHAYKIMICH HOJIra TEHr Oyiaranja
MCpHUIMOHANT HWyHaNWIIAa OSpKWH. Tamky MarHuT HMHIYKIMICH B,, HOpMal

TAlIKWJ 3TYBUUCHUHMHI Y3rapHuIluJaH OOFJMK paBUIIZA OPTOTPON KOOMKHHUHT
XO0JIATU TaAKUK KUIMHIaH. MarHuT MHIYKUUACU TAlIKA HOPMaJs TallKWJI dTYBYM-
CUHUHT y3rapuily OujiaH, KOOMK Ky4JAHTaHJIMK XOJATH Ba YHUHT AJIEKTPOMAarHuT
MaiJJIOHU/Ia MyXUM Y3rapuiiap coaup Oyaumm kypcaTwirad. MarHuT MHAYKIUS -
CUHUHT OIIUIIY OWUJIaH KOOMKHUHT ATWIMILK OLUMIIN aHUKJIaHraH. Talky MarHuT
MalJJOHU MHAYKUUSICUHUHT OMIMIIA KOOWMK MEXaHMK KyWia-HUIIU MUKIOPUHHHT
omumura oaud kenaau. KoOMK nuku MarHuT MailoOHd UHIYKUUSACH MUKJIOPUHUHT
Y3rapuiIly, TallKU MarHUT MaiJIOHUHUHT y3rapullyd Ba OPTOTPOII DJIEKTPYTKa3yB-
YaHJIMKJIapAaH OOFJIMK paBMILJA TaJAKUK KWIMHraH. Tallkd MarHuT MalgoHu
MHAYKUUACH OLIMPWITaHAa HWYKM MAarHUT MauJOHU WHIYKLUACH XaM OLIWIIH
KOHYHUATH YpHatuiraH. by nsca, xkoOukna comup OViaauran XakukKuil (Qusmk
xapa€Hiapra MoC Kelaad Ba Y3 HaBOaTUJIa OJMHTaH HaTWXKaJAPHUHT
WIIOHYINIUTMHU TaCAUKIanIu.

V3rapyBuaH KaIMHIMKIH OPTOTPOI KOHYCCHMOH KOOMKHMHT Ky4JIaHTaHJINK-
nedopMalMsUIAHTaHIMK XOJIAaTH TallKM OeroHa TOKHUHI Y3rapuIlMIaH OOFIHMK
paBuMIIIa TaJKUK KUIMHIaH. bepumiinan scanran Koouk P, = 5.10°sinwt H / m*

MeXaHUK Ky4, J,cr = Jper SiNot A/ m? (J,o; =5-10°, 5107, —8-10°, —1.10°) Tamkm
OeroHa fyekTp Tokiapu Ba By, =0.177 Tamku MarHutT MalWJoOHU TabCHUpIIApU
OCTHJIa KOMJIallraH, XaMm/1a KOOUK 4eKiIu o (o,,0,,0;) OPTOTPOM AJIEKTPYTKA3YB-
YaHJIUK Xoccacura sra. Kapanaérran xonaa OEpWILTMHHUHT COJNMILTHPMA DJIEKTP
KapIIWIMIY aHU3OTPONUSACU 1,/n, =4.07 TteHr. Macana Kylujgaru derapaBui
miapriaapia €4wiraH: S =S; KUYMK pajuyclid KOHTYp LIaPHHUPIM MaXKaMJIAHTaH
Ba BaKT Oyiinua y3rapyBuaH B, MarHuT MHAYKUMACH O€pUIAIH, MKKHHYM S =S,
KOHTYp 3Ca, MarHUT MHAYKIUSCU HOJITA TEHr OYNraHaa MepuauoHan MyHaauIa
3pkuH. OPTOTPOI ANEKTPYTKA3YBUAHIUKHH XUCOOTa 0110, TallKu O€roHa TOKHUHT
MYHAIUIIM Ba 3UWINTM MUKJIOPUHHU TaHJIaraH X0JIJ1a HOCTAlMOHAP AJEKTPOMArHuT
Ba MEXaHUK MalJOHJAp TabCUPJApH OCTHUJIA KOIIalmradH KOOMKHUHT Ky4JIaHTaH-
JUK XOJATHUHM ONTHUMAJUIAIITUPUII MYMKHUHJIMIM Kypcatunrad. Tamku Oerona
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ANEKTP TOKM KUWMATHHHMHI OIIMIIM KOOMKHUHI KyWIaHWIIW Ba Kyuuiu, JlopeHn
Ky4d HOpMaJl Ba TAHTEHIMA] TAIIKWI 3TYBUYWJIADH KUMMATIAPUHUHT OILIMIINIra
OJIM0 KeNWIIW aHWKIaHTaH. Tamku 0eroHa TOKHUHT WYHAIMILK Y3rapTUPHITaHja,
MOHJAEPOMOTOP KYYHUHI WYHAJWIIM MEXAaHWK HOKJIAHUII HOpPMajl TAIIKWJ JTYB-
YUCH WYHAIUIIM OMiIaH MOC Tyliaau, Oy 3ca KOOMKHUHT Ky4JIaHUIIHM Ba KY4YHWIIH,
XaMm/la 3JEKTPOMArHUT MaWJOHM MapaMeTpIapUHUHT COH Ba cudar Yy3rapuii-
napura onub kenanu. [lynnait kunuO, Tamku OeroHa SJAEKTP TOKUHUHT 3UWINTH
MUKJIOPHU Ba MYHaTUIIMHU TaHJa0, KOOMKIA Ky4JaHUII Ba KY4MILI KMMMaTIapuHU
MUHUMAJUTAIITAPUINTa SpUIIAI MyMKUH. Kentupuiran xucoOnamap HaTH»Ka-
JApUHU TaxJIMJ KWJIUO, ylap 3JIEKTPOMAarHUT Ba MEXaHUK TabCHUpJAp OCTH]IA
XKoitamran KoOukKIa coaup OynaauraH MeXaHUK Ba (PU3MK Kapa€Hiap TYFpUCH-
Jarv TacaBBypJiapra KapaMa-KapIiiv 3MaclIUTMHU TabKU1a0 yTamus.

XVYJIOCA

1. AHU30TpOII ANEKTpP YTKa3yBUAHIIUK, MAaTHUT Ba TUAIEKTPUK CUHTAMPYyBYaH-
JUKJIApHU XUCOOTa OJraH XoJiJla, TOK TallyBYM KOOMKIap MarHUTORJIACTUKIIMIU
OOFJIMKJIM IMHAMUK MacalaJlapuHUHT MaTeMaTUK KYHMWIUIIN [AKIJIaHTUPUIITaH.

2. Macana reoMeTpUK YM3HKIUMAC KyMHITaHAa OPTOTPOIl IJIEKTP YTKA3YB-
YaHJIMK, MAarHUT Ba JUAJIEKTPUK CUHIIHUPYBYAHIMKIAPHU XHcoOra OJraH XoJija,
TOK TAalllyBYd OPTOTPON KOOWKJIAp MAarHUTOANACTUKIMIMHUHT MKKH YiI4aMiu
YU3UKJIMMAc MOJENM sipaTwirad. byHaa KOOMK MaTepuamuHUHI OPTOTPOIUIMK
xoccacu Ooml WyHaNMMILIapyu MOC KOOpAMHATAa YKIApUHUHI MyHanuuuiapu OuiiaH
MOC TylIaAu, IIyHUHTJEK, OPTOTPON YKUCM MAarHuT Ba JJIEKTPUK XOCCAJIapura
HUcOaTaH YM3uKIU 1e6 (apa3 KUIUHTaH.

3. [InacTuHka Ba KOOMKIap r€OMETPUK YM3UKIMMAC HA3aPUSCUHUHI KBaApa-
THUK BapUaHTU acOCUAA, OPTOTPOII JIEKTP YTKA3yBUAHIIUK, MArHUT Ba JIUDJIEKTPUK
CUHTIUPYBYAHJIMKIIADHU XMCOOra OJraH XoJja, HOCTAallMOHAp MEXaHHWK Ba
JJIEKTPOMArHuT IOKJIAHULLIAD TabCUpJIApU OCTUAA OKOMJAILUraH, WUXTUEPUU
MEpUAMAHIIA IONKA TOK TallyBYM OPTOTPON ailllaHMa KOOMKHUHI Jedopmanus-
JAHUIIMHA udoJanaluraH MarHUTORJACTUKIMKHUHT 4Yu3ukiumac auddepen-
1yaji TeHriaamManapy OOFIUKIN Xajl KUITyBYM CUCTEMACH XOCHI KHUJIMHTaH.

4. Macana 4M3MKJIMMac KyMWIraHaa OpTOTPOIN AIEKTP YTKa3yBUaHIIHK, Mar-
HUT Ba JAMAJIEKTPUK CUHTIUPYBUAHIMKIAPHU XMCOOra OJiIraH X0J1/1a, TOK TallyBYd
OpPTOTPOMN ailjlaHMa KOOMKHHUHI KyWJIaHTaHJIUK-Ae(POpMalUsIAHTaHINK XOJIaTHHU
TaJKUK KWIAII MUMKOHUHHM O€pajuraH MarHUTORJIACTUKIMKHUHT OOFIMKIU SHIU
cuH( MacalaJapyuHU COHJIM €YUl YCIYOUSITU Ba alrOPUTMIIAPU MILTA0 YMKUIITaH.
Nnuiab yukuiarad ycayOusaTra acocliaHral XoJja, MEXaHUK Kywiap, TalllKyu OeroHa
TOK Ba TAIlIKM MarHUT MAlJOHJIApY TABCUPJIAPHU OCTHIA XKOMIAILTaH, U30TPON TOK
TAallyBYM XaJIKAaBUM TIJJACTUHKA Ba KOHYCCHUMOH KOOMKHMHI KY4WIAHTaHJIUK-
nedopMalMsUIaHTaHJIMK X0JaTiapu Xucoou yTkazwirad. Bakt O6yiinda KagaMHUHT
KaMalMIlKd Ba TabCUP ATYBUM KYUIAPHUHI JABOMUMIMIMHHUHT YCUIIM OWJIaH, Xap
XWJI KaJamjiapa Kyduil Ba KyWwIaHMIIAp KuWMatiapu ypracuaaru (apKHUHT
cesuyapid Oyiamarad Japakaja YCHUIIM HaTHKaJlapHU TaKKociapJAaH Keiauo
yuKagu. TYpTUHYM Ba OCIMHYM TaKpUOUM OJMHTAH COHJIM MabIyMoOTjap Aespiu
yCTMa-yCT TylIaau, Oy 3ca UTepaluoH *apa€H SKUHJIAIIWII MapTUHUHT KaHOAaT-
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JAHTUPWIUIIN XaKuJa TyBOXJHUK Oepaau. M3orpon xomnma OGomika myamnudiiap
OJiIraH MabJIyMOTJIap OWiaH TakKocHalulap HAaTWXKajdapu Takiaug STUIraH EHO-
IIYBHUHI OPTOTPOI 3JEKTP YTKA3yBUAHJIMKHM XMCOOra OJITaH XOJiJa, OMKa TOK
TallyBYM OPTOTPON ailllaHMa KOOMKHHHI KyWIaHTaHJIUK-Ae(hOpMalMsIaHTaHIUK
XOJIATUHU TAJAKUK KAJIUIIAA KYJUIAHWIUIIN MyMKUHIUTHHA KypcaTaay.

5. OproTpon KOOMKHMHI YM3UKIMMAC XOJaTHra KOHYCIUKHHHI TabCUPUHU
XHcoOra oMl Macajacu Kapajirad. MarHuT UHAYKIUSACH Ba KECYBYM Ky4YJIapHUHT
y3ap0 TAabCHUPHU KYYHII BA MEXAHUK KYyUWIAHWUI, JJIEKTP MAWJOHU KYy4JIAHTAHJIWTH
Ba MArHUT MHAYKIUSACH JKCTpUMAaJ KUWMATIAPUHU NaiA0 KWIMIIM AHUKJIAHTaH.
MaruuT MHAYKIMICH Ba KECYBUM Ky4 KOOMKHHUHI Yall KOHTypuia Oepuianu (dera-
paBuil mwapmiap), OyHJa KECyBUM 3YPUKUII Ba MAarHUT UHAYKIUSICUHUHT HOpMal
TAlIKWJI 3TYBYMCH Kapama-Kapiu WyHairad. Konycnuk OypuyariHUHT KaMalMIn
OWJIaH KY4YHIll Ba MEXaHUK KY4WIaHHIL, 3J€KTP MalOHN Ky4JIaHTaHJIWUTH Ba MarHuT
MHAYKIUSACH a0COMI0T KMMUMATIAPUHUHT YCUII KOHYHUATH YpHaTwirad. by nanun
ANEKTPOMAarHUT Ba MEXaHUK MaWJAOHJApPHUHI ¥3apo OOFIMKIMIMHU HaMOWHII
kunagu. OnTu rpajaycra TeHI KOHYCJIHMK Oypyarv KapajiaraH T€OMETpPUK YM3UKIIU-
Mac KOOMK y4yH TaHja0 OJMHIaH IOKJIaHUIUIApAA KPUTHK SKAHJIUTU aHUKJIAHTaH.
Konycnuk OypuaruHu sHaja KamMalTHpuil KOOMK TYPFYHJIMTMHU HYKOTHUILIWTA
0JIu0 Keyaau.

6. TokramyBun OepwUIMIIaH scajraH OTPOTPON KOHYC Ba TOKTAIyBYU
ANIOMUHUIAAH fcaliraH U30TPOIl KOHYC XaMJa MarHuT MailJIoHM Ba TalIKU OeroHa
TOK MaBXyJa OyiamaraHaa ajalOMUHUKAJAH sicaliralH HM30TPON KOHYCJap Y4YyH
OJIMHFaH €YuMJIap HATW)XKaJapUHU TAKKOCHIAIl acoCHa Macajla YU3HKIUMac
KYHWIranja, onka KOOMKIapHUHT KyWIaHTaHJIUK-Ae(OopMalUsUIaHTaHIuK X0JaTh
TaJKUK KWIMHTaH. Y4ajla X0JI/1a XaM KyYMIIUIAPHUHT TAKCUMJIAHUIIN YU3UKIMMAC-
IUp Ba yJap Makcuman KuiMariapra KOOMKHUHI 4all KOHTYpPHUAA 3pUIIaJuiap.
ynunraek, OepuiuiMiiaH sicalraH OpPTOTPON KOHYC Ba MAarHUT MalJOHUHU
XHcoOra oaub anrOMUHURAAH ScalIraH U30TPON KOHYCJIap TaKKOCIAHTaHAa, KYUHIl
MakcuMall KuiMmaTiapu Jespiaud UKk maprara ¢dapk kuiaau. Konyc wmzorpomn
O0ynu0, MarHUT Ba AJIEKTP MaNJOHIAPHU TabCUPJIapU OYIMaraH Xoija, Ky4uIIHUHT
Ce3ujiapjii OIIMIIM aHUKJIaHraH. by 53ca, KOOMKKa TabCUp KWIYBUU 3JIEKTP
MaiJJOHU MaBXKyJ OYyiamaranjaa 4y3yBUM Kywsiap, SbHA MarHuT MailJIoHd UH]yK-
LMACU TAaHT€HIMAJI TAIUKWI 3TyBYMCH Ba JIOpEHI] Kyun TaHT€HUMaJ TAIIKWI dTYB-
YUJIapyd HOJIFA TEHI S3KaHJIUrd OuilaH TymyHTHpuiaau. Macana 4u3uMKId Ba
YU3UKJIUMAC KyHWITaHJa OJMHIAaH €4uMJiap HaTWXkajdapu TakkociaHraH. Konyc-
UK OypUyardiHUHT KamMaluiiy OWJiaH Macana YM3UKIU Ba YM3UKJIMMAc KyHUIrasjaa
OJIMHTaH e4yuMJiap HaTWXalapu ypracujaard (GpapKHUHT YCUIIM KOHYHUSITH YpHa-
tuiarad. OJMHTaH HaTH KaJIapHU TaxJIWi KWIMO, YM3UKIW Ha3apus OWslaH TaKKoC-
Jara’jia OpToTpon KOOMKHHHI Ky4JIaHTaHJIUK-Ie(opMalusIaHTaHIUK XOJaThra
reOMETPUK YU3UKIMMACIUKHUHT TAbCUPHU XaKUJa (UKD IOPUTUIIUMU3 MYMKHH.

/. Kanuunauknauru ¥y3rapyBuyaH OyiraH OepWJUIMIIaH scajraH OpTOTPOI
KOHYC Y4YyH MEpPUAMOHAN HYHanuIaa KaJIWMHJIMKHUHT Y3rapulluHUA TaBcuiiaii-
auradl “«” mapaMeTpHUHI Xap XWJl KUMMatiiapuja COHJIM HaTW)Kajlap OJIMHTaH.
“a” mapameTp KMWMAaTHHHUHT OIIMIIM KY4YUIl, KOOWK ailllaHMa Ky4WwIaHWIILIapH,
MaKCBEJUI KyWwIaHHUILJIapy Ba OOIIKa MUKJIOPJAPHUHI OLIMIIMIa OJIKO KEeNHIIN
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KOHYHUATH YpHatuiarad. KanuHIMKHUHT Y3rapuild KOOMKHUHI Ky4JaHTaHJIHMK-
nedopMalMsUIaHTaHIMK X0JIaThra ce3usapiii TabCUp KYpcaTUIlu Ba OyHU aMaluii
MacaJiajlapHu XpcoOJamniapaa Xucoora oull 3apypiuru OJIMHIaH HaTUXKallapJaH
kypuHaau. KoOMK KOHTYpIapMHMHI MaxKamJIaHWIIW Xap XWI OYiraHja COHJIU
HaTwKaynap onuHrad. KoOWK KOHTYpJIapUHUHI MaxKaMJaHWII YerapaBUil IIapT-
Japu Kyduuuiap, KeCyBYM Kydwjap Ba 3ryBUM MoMmeHTiIap, JlopeHu Kyuiapu,
MarHuT UHAYKUOUSACH Ba AJIEKTP MAWJOHM KyWIAHTaHJIMKIapU KUWMatiapura Ba
TaKCUMJIAHUIIIAPUTa MYXUM TabCHpP KYPCATUIIM OJMHIAH HATIOKaJNapAaH Kypu-
Haau. Makcuman Ky4yunuiap Ba 3IyBYd MOMEHTIap, JIOpeHI Kydiapu, Mar-HUT
MHIYKIMICU Ba DJIEKTP MAWIOHU KYWIAHTAHJIMKIAPHU “‘CHUpPIIAHYBYM-IIAPHUD  Ye-
rapaBuil maptaa naiigo Oynumm aHukiaanrad. KOOMKHUHT 4an KOHTYpHia MarHuT
UHIYKIMsICH O0p OYJran Xojja Kyuduiiap, SryB4M MOMEHTIap, JIopeHIl Kkywiapu,
MarHuT MHAYKIHUSACH, 3JIEKTp MaWJOHM KyWIAHTaHJIMKIapU KUUMaTIapu yval
KOHTYpJa 3JEKTp MalgoHu Oop Oyiranjgard Xoi OuiaH TaKKOCJIaHraHJa KYMpoK
KarTa OYIuIIM KOHYHUSATH YpHatwirad. OJuMHTaH HaTHKalapAaH Keaud YuMKKaH
X0J1/1a, YerapaBuil IIAPTIAPHUHT MEXaHUK Ba AJIEKTPOMArHUT MaillIOHIapUHHUHT
V¥3apoOOFIMKIIUTUTa TAbCUPHU XaKuAa QUKD IOPUTUILIMIMU3 MYMKHH.

8. MarHuT MHAYKUMSCUHUHT OLIUIIA OWIaH KOOMKHUHT 3TUJIUIIM Ba Ky4Jia-
HUIIM OLIMIIM KOHYHUMSITH aHUKJIaHraH. Tallku MarHUT MaiJIoHd UHAYKUIUSCU
OLIMPWITaHJa WYKU MAarHUT MalJJOHU MHAYKIHUACHA XaM OLIWIIN KOHYHUATH YpHa-
tunrad. by aca, koOukaa coaup OynamuraH Xakukuil (Qu3mk >xkapaéniapra Moc
KeJlaJy Ba ¥3 HaBOATUAa OJUMHIaH HATHXKAJAPHUHT WIIOHWIMJIMTUHU TaCAUKIANIN.
OpToTpon HNEKTPYTKa3yBUAHIMKHU XucoOra onub, Tamkd OeroHa TOKHUHT
HYHAIMIIM Ba 3UYWIUTH MUKJIOPUHM TaHJIAaraH X0J/1a HOCTallMOHAP AJIEKTPOMArHUT
Ba MEXaHUK MalJOHJAp TabCUPJApH OCTHUJIA KOIIalmradH KOOMKHUHT Ky4JIaHTaH-
JUK XOJATHUHM ONTHUMAJUIAITUPUII MYMKHUHJIMIM Kypcatuirad. Tamku Oerona
ANEKTP TOKM KUUMATUHUHI OWIMIIM KOOMKHMHI KyWJaHWIIM Ba KY4YUIUIApH,
JlopeH1] Ky4d HOpMajd Ba TAaHT€HLMAJ] TAUIKWI 3TyBUMJIApU KUHMATIApUHUHT
omumura oaud kenumu aHukiadrad. lllynpaii xkunuO, Tamiku OeroHa 3JEKTP
TOKMHUHT 3UWIMNTA MHUKIOPU Ba WYHAIMIIMHM TaHjia0, KOOWKIAa KywIaHWII Ba
KY4MII KUMMATIapUHA MUHUMAJJIAIITUPULITA SPULIUIIT MYMKHH.

9. Kapasiran macananapjaa KydJaHTaHIUK-AePopMalusaHTaHIuK XOJaTUHU
taBcuGI0BYN (YHKIUSTIAD KUUMATIapU SJEKTPOMArHUT mapamMerpiaapiaaH, Xycy-
CaH OPTOTPOMN AMEKTPYTKa3yBUAHJIMK Ba MATEPUAIHUHI OPTOTPON XoccajlapuaaH
OofrnuK Oyirad, MalJOHJIAPHUHT Y3apo OOFIMKINK TabCUPJIApUHU 0axoJiail UMKO-
HUHU OepajauraH OOFJIaHMIUIAp KypWIraH. XOCWJI KWIMHTAH OpTOTPOIl aijgaHma
KOOMK MAarHUTORJIACTUKIIUTY OOFJIMKIM TEHramanaapu cucTeMacHuaaH (Qoiiiananun,
Macajga NeOMETPUK YU3UKIMMAC KyWWIraHaa OPTOTPOIl JJIEKTPYTKa3yBYaHIUKHU
XMCOOTa OJIraH X0J1/1a, TOKTAIlyBYM KOOMKJIAp HA3apUSICUHUHT HOCTALIMOHAP Maca-
JaJapuHU €4Yull Y4YyH HIUIa0d YUKWITaH yCIyOMsT SIHTM CHUH(] MacajanapuHu
€4MIll UMKOHUATUHM Oepanu. byHaa KOHCTPYKTUB 3J€MEHTIAPHUHT XaKUKHMA WII-
Janl MapTJiapyd Ba MaTePUATHUHT OPTOTPON AJIEKTPYTKA3yBUAHJIUTH, MAarHUT Ba
JUAJIEKTPUK CUHTIUPYBYAHIMKIIAPU TYIAPOK XHUcoOra oinuHa U, Oy 3ca KOHCTPYK-
UUSJAPHUHT MOUTAIl MYCTaXKaMJIMTMHHU OLIMPHILI Y4yH T€OMETPUK, MEXaHUK Ba
ANIEKTPOMArHUT NapaMeTpiaapHH pallMoHall TaHJall MMKOHUSTUHU Oepau.
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HAYUYHBIN COBET IO MPUCY KAEHUIO YYEHON CTEIIEHN
NTOKTOPA HAVYK 16.07.2013 T/FM.02.02 ITPU TAIIKEHTCKOM
TOCYJIAPCTBEHHOM TEXHUYECKOM YHUBEPCUTETE U

HAIIMOHAJBHOM YHUBEPCUTETE Y3BEKHCTAHA

MHUHUCTEPCTBO BBICHIEI'O U CPEJHEI'O CIIEIUAJIBHOT'O
OBPA3OBAHUA PECITYBJIMKHA Y3BEKUCTAH

TAIIKEHTCKHHA TOCYJAPCTBEHHBIA TEXHUYECKHAN YHUBEPCUTET

NHINAMHNWHOB PABHIAH IIYKYPOBUY

PA3ZBUTHUE TEOPUU MAT'HUTOYIIPYI'OCTH
TOKOHECYHIUX OBOJIOYEK BPAIIEHUA C YYHETOM
OPTOTPOITHOM DJIEKTPOIIPOBOJHOCTH

01.02.04 — Mexanuka ae)opMHUPYeMOro TBEPIAOro Teja

(pu3uko-MaTeMaTHYECKHE HAYKH)

ABTOPE®EPAT JOKTOPCKOWM IUCCEPTAIINN

Tamkent — 2014
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Tema TOKTOPCKOM AUCCEPTANMHU 3apPerHCTPHUPOBaHa B Bpicmieil aTTeCTAIHOHHON KOMHCCHU
npu Kadunere MununcrtpoB Pecnyoinku Y3oexkucran 3a Ne 20.02.2014/B2013.1.FML1.

JlokTOpcKast auccepranys BbIIOAHEHA B MHCTUTYTE€ MEXAHUKU U CEHCMOCTOMKOCTU COOPYXKEHUI
Axagemun Hayk PecnyOnukn Y30exkuctan n CamapkanackoM ¢unuane TamkeHTCKOro yHWBEPCHTETa
WH(POPMAITMOHHBIX TEXHOIOTHH.

[ToyHbIiA TEKCT JOKTOPCKOM JUCCEPTAIMM pa3MEIIeH Ha BEO-CTPAHMIIE HAyYyHOrO COBETa
16.07.2013.T/FM.02.02 mnpu TamKeHTCKOM TOCyJapCTBEHHOM TEXHHYECKOM YHHBEPCHTETE U
HaronansHoM yHHBepcuTeTe Y30eKkucrana mo aapecy Www.tdtu.uz/tadgigitchi/dis_matn.htm.

Atopedepar auccepranuu Ha Tpex s3bikax (y30eKCKHi, pyCCKUH, aHTJIMHCKHIA) pa3MeIléH Ha BeO-
cTpanmile o azapecy Www.tdtu.uz/tadgigitchi/avr_matn.htm wu HubopmanronHo-00pa3oBaTeNbHOM
noprane «ZI'YONET» no axgpecy Www.ziyonet.uz

Hayunere IupunkyaoB Tammnyaar HIupuHKyJI0BHY
KOHCYJIbTAHTHI:

AOKTOP TCXHUYCCKHUX HAYK, aKaJICMUK

Moabuenko Jleonna BacuiabeBuu
JOKTOp (PU3UKO-MATEeMATUYECKUX HAYK, MPodeccop

O¢punuaabubie MappaonoB borup:xan MapaoHoBuY
ONIOHEHTHI: TOKTOP (PU3UKO-MaTEMAaTUYECKUX HayK, podeccop

Cadapos Ucmona UoparumoBuu
JTOKTOp (PU3NKO-MATEeMAaTUYECKUX HAYK, MPodeccop

Kapunayxos Bacuimii I'appuiioBuu
JTOKTOp (PU3UKO-MATEeMAaTUYECKUX HAYK, MMpodeccop

Beaymas TamKeHTCKUI HHCTUTYT HHKEHEPOB KEJIE3HOAOPOKHOTO TPAHCIIOPTA
OpraHu3anus:
3ammuTa COCTOMTCA «_ » 2014 1. B «_» 4YacoB Ha 3aceJaHMM HAy4HOI'O COBETa

16.07.2013.T/FM.02.02 mnpu TamkeHTCKOM roCylapCTBEHHOM TEXHHYECKOM YHHUBEPCUTETE U
HarmonansHoM yHuBepcutere Y30ekucrana mno aapecy: 100095, r. TamkeHt, yia. YHuUBepcUTETCKas. 2.
Ten./dpaxc: (99871) 227-10-32, e-mail: tadgigitchi@tdtu.uz.

JlokTOpckass — auccepTalusl  3aperucTpupoBana B VHQPOpPMamMOHHO-pECYpPCHOM  IIEHTpE
TamkeHTCKOro ToCyIapCTBEHHOTO TeXHHYeckoro yHuBepcuTera 3a Ne 01, ¢ KOTOpol MOXKHO
ozHakomuthes B UPI] (100095, r.TamkenT, yin. YHuBepcuterckas, 2. Ten. (99871 227-10-32).

ABTopedepar quccepTaivy pa3ociaH «__ » 2014 rona
(mporokon pacchuiku Ne oT 2014 rona).

K.A. Kapumos
IIpencenarens Hay4YHOTO COBETA 110 IPUCYKICHUIO
YUYEHOI! cTeleH JOKTOpa HayK [.T.H., Ipogeccop

H./x. Typaxoxxaes
VY4éHblil ceKpeTapb HAYYHOT'O COBETA IO NMPUCYKICHUIO
YYEHOU CTEIEHU JIOKTOpa HayK K.T.H., JOLIEHT

M.M. Mupcaunos

[pencenaTens HAYYHOTO CEMHHApPa MPU HAYYHOM COBETE
M0 IPUCYKICHUIO YUCHON CTEIICHHU JIOKTOpa HAYK

1.T.H., podeccop
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AHHOTALMSA JTOKTOPCKOW JTUCCEPTALIMM

AKTYaJIbHOCTH M BOCTPEOOBAHHOCTH TeMbl AuccepTannu. [[0BBIIEHHBIN
UHTEpEC K MpoOjeMaM MEXaHUKW CBSA3aHHBIX IOJEeH, B MEpPBYIO ouepeab K
ANEKTPOMArHUTOYIPYTrOCTH, OOYCJIOBJIEH NOTPEOHOCTAMH COBPEMEHHOTO TEXHU-
YECKOT0 MpOrpecca B PA3IMYHBIX OTPACISAX MPOMBIIUIEHHOCTH TMPHU pa3paboTKe
VHHOBALIMOHHBIX TEXHOJIOTMU. Ba)KHOE MECTO B MEXAHUKE CONPSKEHHBIX IOJIEH
3aHUMAIOT BOIIPOCHI M3YYEHUS JIBUKEHUS CIUIOIIHOM CpEeIbl C Y4ETOM DJIEKTPO-
MarHuTHBIX 3P (HEKTOB.

PazButue teopuu CONPSIKEHHBIX MOJIEM U, B YaCTHOCTU, TEOPHUM DIIEKTPO-
MAarHUTHOTO B3aMMOJEUCTBUA C N€POPMUPYEMON CpEIOil CUMTAETCS OAHUM M3
[JIABHBIX HAINpPABJICHUN PA3BUTUS COBPEMEHHOM MEXAHUKH TBEPAOrO Tea.
MexaHu3M B3aUMOJEUCTBUS YIPYTOW Cpelbl ¢ 3JIEKTPOMArHUTHBIM IOJIEM Pa3HO-
oOpa3zeH U OOYCJIOBJIEH T€OMETPUYECKHUMHU XapaKTEPUCTUKAMHU U (PU3HUYECKUMU
CBOWMCTBAMHU PACCMATPUBAEMOIO Teja. B 4acTHOCTH, 3TOT MEXaHU3M IOJIYyYaroT
HEKOTOpble creuuduyeckue OCOOCHHOCTH, KOTJa paccMaTpuBaeM MpoOJIeMbl
OTHOCUTEIBHO TOHKUX IUIACTUH H O0O0JOYEK, OO0JaJarolMX aHU30TPOMHON
JIEKTPOIPOBOIHOCTBIO.

Co3nanue onTUMaNbHBIX KOHCTPYKIMH B COBPEMEHHON TEXHHMKE CBS3aHO C
BOIIPOCAMHU  IIMPOKOTO HCIOJB30BAaHUS KOHCTPYKTHBHBIX JJIEMEHTOB THIIA
TOHKOCTEHHBIX 000JI0YEK M IJIACTUH C YYETOM HEIMHEHMHOro B3auUMOJICUCTBHUS, B
KOTOPBIX 3JEKTPOMArHUTHbIE 3P(PEKTbl MarHUTHBIX MOJEH C TeJIOM OOOJOYKU U
IUTACTHHBI OKA3bIBAIOTCA BEChbMa CYUIECTBEHHBIMU. DP(HEKTbl CBI3aHHOCTU JUHA-
MHYECKUX U MEXAHUYECKUX MEPEMELIEHNN AIIEKTPONPOBOIHBIX TEN € DJIEKTPOMAr-
HUTHBIM T10JIEM OOYCIIOBJIEHBI MOHAEPOMOTOPHBIMU cuiamu Jlopenua. Ilocneanue
3aBUCAT OT CKOPOCTH JIBUKEHUS 3JIEMEHTOB IPOBOJSIIEH CIUIOIIHOW CpEnbl U
BHEIIHETO MAarHWTHOIO TOJIA, OT BEJIMYWHBI U OPUEHTALMHU TOKA MPOBOAUMOCTHU
OTHOCHUTEJIBHOTO BHEUTHETO0 MAarHUTHOIO MOJIs. 3HAYUTENIbHbIE () PEKTHI MOHAEPO-
MOTOPHOT'O B3aMMOJIEUCTBHSI UMEIOT MECTO JJIsi BBICOKOYACTOTHBIX KOJIeOaHU npu
OOJIBIIMX 3HAYEHUSX aMIUIUTY]l EepPEMEIEHUNA, UMIYJIbCHBIX MArHUTHBIX MOJIEH U
TOKOHECYIIIUX JJIEMEHTOB.

NMeHHO 1 3THX YCIOBUH B NEPBYI OYepelb HEOOXOAMMO pa3BUTHE
MaTeMaTHYECKUX OCHOB MAarHUTOYNPYTrOCTH M NPHUKIATHBIX METONOB PELICHUS
OTZEJIbHBIX KJIaccoB 3aaad. Cpenn 3THX KJAcCOB 3ajJad, MPEekKIe BCEro, OTMETUM
3a/layu JUIsli TOHKOCTEHHBIX TOKOHECYUIMX aHU30TPOIHBIX MJIACTUH U O00OJIOYEK,
IIOMEIIEHHBIX B CHJIBHOE BHEIIHEE MATHUTHOE MOJIE, & TAKXKE 3a/1a4d O HEJIMHEU-
HBIX MarHUTOYIPYTUX KOJIEOAHUSAX TOHKOCTEHHBIX 3JIEMEHTOB B MATHUTHOM TIOJIE.

VYuurtsiBas, 4to cneuupuyeckrue MarHUuToynpyrue 3QQGeKTsl MpPOsIBIASIOTCS
IIPU UCCIIEIOBAHUY CBSI3aHHBIX 33/1a4 B HEJIMHEMHOM MTOCTAHOBKE, MPEICTABIISIETCS
aKTyaJbHBIM DPa3BUTHE YMCIECHHBIX NOAXOAOB K PEIICHUIO CBSI3aHHBIX 3a]a4
MAarHUTOYIPYrocTH TMOKUX TOKOHECYIIMX aHU30TPOMHBIX MJIACTUH U 00O0JIOYEK
o0JafaronMX aHU30TPOIHON 3JIEKTPONPOBOAHOCTHIO, HAXOIALIMXCS IMOJ JEHUCT-
BHEM HECTALMOHAPHBIX JJIEKTPOMArHUTHBIX W MEXaHWYECKUX Harpy3ok. Ilpum
MU3y4YEHUU BOIIPOCOB HEJIMHEWHOM MarHUTOYIIPYTOCTH 3HAYUTEIIBHBIA HAay4YHBIN
MHTEPEC MPECTABISAET ONpeeIeHUE HAPSKEHHO-1e()OPMUPOBAHHOTO COCTOSIHUS
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TOKOHECYIIUX IJIACTUH M O00OJOYEK C yYeTOM aHU30TPOMHOW 3JIEKTPONPOBOA-
HOCTH, MarHUTHOM W AUDJIEKTPUYECKOW MPOHULAEMOCTH, MOJBEPrarOIINXCS BO3-
JEUCTBHIO IEPEMEHHBIX IJIEKTPOMAarHUTHBIX U MEXaHUYECKUX MOJIEH.

BocTpeOoBaHHOCTh 3TUX 3a/lady U HHTEpPEC K HUM OOYCIIOBJIEH IIMPOKUM
IIPUMEHEHUEM B COBPEMEHHOM TEXHHUKE B KAUECTBE KOHCTPYKTHBHBIX JJIEMEHTOB
TOHKOCTEHHBIX O0OJIOYEK W IUIACTHH, HAXOASIIMXCA TOJ JIEHCTBHEM CHJIBHBIX
MAarHATHBIX MOJENd. DTHU 3a/1a4d BO3HUKAIOT B COBPEMEHHOW TEXHUKE, € TAKHE
KOHCTPYKIIMHM HCTOJIB3YIOTCS B KAUECTBE OTPaXKAAIOIINX WA HECYIIUX AJIEMEHTOB
JUIsl KpaHUPOBAHUSI BHEIIHUX MOJIe CUIBHOMArHUTHOTO OOOpYIOBaHUSA. DTOT
UHTEpEeC O0YCIIOBIIEH TakkKe HEOOXOJMMOCThIO U BOCTPEOOBAHHOCTBIO PEIICHUS
3a/lay  3JIEKTPOMAarHUTHOW COBMECTHMMOCTH TMpH pa3paboTKax COBPEMEHHBIX
U3MEPUTENBHBIX CUCTEM, YCTPOMCTB BBIYMCIMUTEIBHON TEXHUKH, NP U3MEPEHUAX
cna0bIX UMIYJIbCHBIX TOJIEH Ha (poHe OOJIBIIMX MOJEH, MPU pa3paboTKe BOIPOCOB
3aIUThI OOCITYKUBAIOILIETO MEPCOHANA OT JIEKTPOMAarHUTHOTO BO3JAEHCTBUS U AP.

AKTYyaJbHOCTh M BOCCTPEOOBAHHOCTb TEMBI JIUCCEPTALMU 3aKIIOYaeTCs B
MIOCTAHOBKE M pEUIEHUU NpoOseM B COOTBETCTBUM ¢ 3akoHoM PecnyOnuku
V36ekuctan «O0 oOecredeHUH IEKTPOMArHuTHOM coBMecTUMocTh» (1999 r., No
1, cr. 16; 2003 1., Ne 5, ct. 67; 2013 1., Ne 18, crt. 233).

CBsi3aHHBIE 3a/1a4M DJIEKTPOMArHUTOYNPYTOCTH AHU3OTPOITHBIX IJIACTUH M
o0osioyek 00JaaroIMX aHU30TPOIHON 3JIEKTPONPOBOAHOCTHIO MPEJCTABISAET
Hay4HbI UHTEpPEC COBPEMEHHOCTHU. B ciydyae TOHKMX aHU30TPONHBIX TEJI C aHU30-
TPOMHOM AJIEKTPONPOBOJTHOCTHI0 MOYKHO PEIIAaTh ONTHUMAJbHBIE 331a4d MarHuTO-
YOPYroCcTH MyTEM BapualliM BceX (PU3MKO-MEXaHWYECKHX MapaMeTpoB MaTepHalia
Tena. B yacTHOCTH, PU MOCTOSIHHBIX MEXaHUYECKUX U T€OMETPUUYECKUX MTapaMeT-
pax 3a1a4u, C MOMOUIBIO U3MEHEHHS] aHU30TPOIIHBIX JIEKTPOJANHAMUYECKUX Hapa-
METPOB MOKHO IOJYYUTh KOHCTPYKTHUBHBIE 3JIEMEHTBI C KAaYECTBEHHO HOBBIM
MEXaHWYECKUM IOBECHUEM. B mociienHee Bpemsi CO3[aHbl MaTepUaibl ¢ HOBBIMU
ANEKTPOMAarHUTHBIMM ~ CBOMCTBaMU. JTH Marepuaibl MOTryT 3(G(EeKTUBHO
MCIIOJIb30BAaThCSl B PA3IMYHBIX 00JIACTAX HOBOM TEXHUKH MpPHU pa3pabOTKE HOBBIX
TEXHOJIOT U H.

CooTBeTcTBHE MCCJICIOBAHUA NMPUOPUTETHBIM HANPABJICHUAM Pa3BUTHA
HAyKHU U TexHouoruii Pecnybauku Y30ekucran. Hactosias paboTa BelnoigHEeHa
B COOTBETCTBUU C NPUOPUTETHBIMHU HAIIPABICHUSMH PAa3BUTUS HAYKU U TEXHOJO-
ruil PecnyOnuku Y30ekuctan Ne @4 «MaremaTnka, MexaHuKa U UHHOPMATHKAY.

0030p MexKTYHAPOAHBIX HAYYHBIX MCCJIEAOBAHMI MO TeMe IUCCePTALUM.
B HayuyHBIX LIEHTpax, BbICIIUX 0Opa3oBaTenbHbIX yupexaeHusx CILIA, ['epmanun,
Snonun, YkpauHbl, ADMEHMH WM JAPYTHX BEAYTCS HAYYHO-HCCIIEIOBATEIIBCKUE
paboThl MO PElICHUIO NPOo0JIeM HEMHEHHON MarHUTOYNPYrocTH TEOPHUH IJIACTUH
1 000JI04EK, & MO0 MPUMEHEHHIO YUCJIEHHBIX METOJO0B K PELICHUIO 3a7a4 TeOpUu
000JI0YEK B F€OMETPUYECKH HEIMHEHHOW MOCTAHOBKE BEAYTCS MCCIIEIOBAHUS BO
®panuuu, BenukoOputanuu, Poccun u Ipyrux crpaHax Mupa.

Pa3BuTue HOBEHILIEN COBPEMEHHOW TEXHUKH, JKCIUTyaTallusi KOTOPOW IpO-
TEKAET B CJIOXKHBIX YCIOBUSAX HArpy>KEHUs IIPU B3aUMOICHCTBUS Pa3IMUHbIX (PU3H-
YecKuX (hakTOpoB, CTUMYJIMPOBAa CO3JaHUE U pa3pabOTKy TEOPUU CONMPSKEHHBIX
noJiel B ynpyrux tenax. [IpoOGiaembl B3auMoAeCTBUS SIBISIIOTCS OCHOBOIIOJIOral0-
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OIMMU B 33Ja4aX MarHUTOYOPYroCTH M B 3ajayax ABWXKEHUS yHpyrux aedop-
MUPYEMBIX 3JEKTPONPOBOASAIIMX TEJI B MarHUTHOM moje. B mexanuke aedop-
MHPYEMOI'0 TBEpPAOro Teja TMOJIYyYWUIM 3HAYUTENIbHO PAa3BUTHUE BOIPOCHI 110
n3yueHutro 3(G(PEeKToB B3aUMOJCUCTBUS MEXaHMYECKUX TMoyiel nedopmanuii ¢
ANEKTPOMArHUTHBIMH MOJSIMHU.

Crenenp wu3yuyeHHOCTH mpoOJembl. HecmoTps Ha OojblIoe YHCIO
MIPOBEJICHHBIX HUCCIENIOBAHUM pa3paboOTKa CIOKHON MpoOJeMbl B3aUMOAECUCTBUS
TOHKOCTEHHBIX 3JIEMEHTOB THMa OOO0JOYEK M IUIACTUH C 3JEKTPOMArHUTHBIM
MOJIEM €11Ie JaieKa OT 3aBEepPILICHUS.

B OonbmmHcTBE pabOT B3aMMOJEWUCTBHE YNPYTroro Teja ¢ 3JIEKTPOMAarHuT-
HBIM TI0JIEM PacCMaTpPHUBAETCS B JIMHEWHOW MOCTAHOBKE 0€3 yueTa aHW30TPOIHOU
ANEKTPONPOBOJHOCTH, MAarHMTHOM W JUAJEKTpUueckoi npoHunaemoctu. Korna
Marepual TPOBOJLIErO YNPYroro Tena o00JiaJaeT CBOWCTBOM aHU30TPOIHON
ANEKTPONPOBOJHOCTH, MATrHUTHOM © AWDJIEKTPUYECKOM MPOHULIAEMOCTH, TO
KapTUHA B3aUMOJEICTBUS MOJIEH 3HAUMTEIbHO ychoxkHseTcs. [loaToMy co3znanue
HEJIMHENHON TEOPUU MAarHUTOYIPYroro B3aUMOACHCTBUSA C YYETOM aHU30TPOITHOU
ANEKTPONPOBOJHOCTH, MArHUTHOM M JUAJNEKTPUYECKOW  NPOHULIAEMOCTHU
MPEICTABIIAECT HAYYHBIA UHTEPEC.

Hcxonst u3 ananmu3a CyHIECTBYIOIIUX palbOT, HEOOXOAMMO OTMETHUTh, UTO
pelIeHHEe HEIMHEHHBIX CBA3aHHBIX 337a4 MAarHUTOYIPYTrOCTH TOKOHECYIIMX
o0osoYeK 00MaaIMUX aHU30TPONMHON 3JIEKTPONPOBOJIHOCTHIO, MAarHUTHOW U
JTURJIEKTPUYECKON MPOHULAEMOCTBIO MPAKTUYECKH OTCYTCTBYET. DTO OOYCIIOB-
JIEHO CJIOKHOCTBIO CBSI3AHHOW MCXOJHOM CHUCTEMbl MarHUTOynpyrux auddepen-
IUaJIbHBIX YpaBHEHUH B YaCTHBIX MPOU3BOAHBIX, OTCYTCTBHEM MOJIXOJI0B U
QITOPUTMOB PELICHUS TAKUX 3aad.

CBsi3b JMCCEPTAIMOHHOIO HMCCJAEJ0BAHUS C IUIAHAMH  HAY4HO-
HCCJIeI0BATEJIBbCKHX PA00T OTpakeHa B CJIEIYIOIINX MPOCKTaX:

(byHnaMmeHTanbHble HaydHble MPoeKThl: DA-D-DPO89 - «Pa3zpaboTka Teope-
TUYECKHUX OCHOB pacydeTa HalpsKEeHHO-Ie(QOPMUPOBAHHOTO COCTOSHUS IUIACTHH-
YyaTblX U 00OJOYEYHBIX KOHCTPYKUUWA M B3aMMOJEHUCTBYIOLIMX Cpel B paMKax
TpeXMEepHOl JHHaMuueckol Teopuu ynpyroctw» (2007-2011rr.); ®4-OK-0-
11951- «Pa3paboTka METOIMKH, alIrOpuTMa M MPOTPAMMHBIX CPEJICTB pELICHUS
HEJIMHEHHBIX CBSI3aHHBIX 33Ja4 AJIEKTPOMArHUTOYMPYTrOCTH TOKOHECYIIUX aHU30-
TPOIHBIX 00OJIOUEK C Y4E€TOM aHU30TPOIMHOHN 3JeKkTponpoBogHocTH» (2012-2016
IT.); Hay4Hblid TpoeKT Ne 48-08- «Pa3paboTka METOAOB MCCIEAOBAHMS HAIIPSKEH-
HO-J1€()OPMUPOBAHHOI'O COCTOSIHUSI aHU30TPOIHBIX IJIACTUH U 000JIOYEK, B3aUMO-
JNEUCTBYIOIIMX C YNPYTMM OCHOBaHHEM» (OHAA MOAIEPXKKH (DyHIaMEHTaIbHBIX
uccnenoBanuii Axkagemun Hayk Pecnnyonuku Y30ekucran (2008-2000rr.).

Heabo uccienoBaHus SBISETCS pa3BUTHE TEOPUU HEJIMHEWHOW MarHuUTO-
YOPYrOCTH TOKOHECYIIMX aHU30TPOIHBIX TeJl oOJajaronieil aHu30TPOIHON
ANEKTPONPOBOJHOCTBIO, MATEMAaTUYECKOE MOJEIMPOBAHUE M pEIICHHE 3aaad
MarHUTOYIpYrocTH OPTOTPOIMHBIX 000JI0UEK BpallleHHUs,

Jlist nocTrkeHus ey chopMyaupoBaHbl CIEAYIONIME 3a4a9H UCCIeJ0OBAHUS
bopmynupoBaHue (QU3NYECKUX MOJOKEHUH U MATEMATUUYECKOTO MOJEINu-
pPOBaHUSI MarHUTOYNPYroro Ae(OpMHUPOBAHMS TOKOHECYIIUX AHU3OTPOIHBIX Tell,
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o0JaaroMX aHU30TPOIHON 3JIEKTPONPOBOJHOCTBIO, MArHUTHOM U JTUAJIEKTPH-
YECKOU IIPOHULIAEMOCTHIO;

pa3paboTKa MaTeMaTHYECKUX OCHOB M MPHUKIAJAHBIX METOJOB T€OpUH aedop-
MUpPOBaHMs, THOKUX TOKOHECYIIUMX 000JI0YeK, O0JaJaommuX aHU30TPOIHON
ANEKTPONPOBOIHOCTBIO, HAXOJAIIMXCA IOJ BO3JCHMCTBHEM HECTAIMOHAPHBIX
AIIEKTPOMArHUTHBIX MOJEW U MEXAaHUYECKUX HArpy30K;

pa3BUTHE METOJUKH MPUOIHMKEHHOI'O PElICHUS] HEIMHEHMHBIX KpPaeBbIX 3a7ay
MarHUTOYIPYroCTH TOKOHECYUIMX 000JIOUEK BpAILlEHUs, 001aJatoluX OpPTOTPOII-
HOHM DJIEKTPONPOBOJHOCTHIO, IEPEMEHHON B JIBYX KOOPJAMHATHBIX HAMNPABICHUAX
KECTKOCTBIO, HAXOIAIIMXCS IOJ BO3JIECUCTBUEM HECTALMOHAPHBIX KaK JJIEKTPO-
MAarHUTHBIX, TAK U MEXaHUYECKUX CHUJI;

MOJIyYEHHE CBSA3aHHBIX pa3pelalouux CHUCTeM HeIUMHEHHBbIX auddepen-
IUAJIbHBIX YPABHEHUI MarHUTOYNPYrOCTH TMOKUX TOKOHECYUIUX OPTOTPOIHBIX
0o00JIOYEeK BpallleHHs, OOJAJAIOIUMX OPTOTPOMHON  BJIEKTPONPOBOJHOCTHIO,
HaxOISIIMXCs MOJI HECTAIMOHAPHBIM BO3JEUCTBUEM;

pa3paboTka 3P(HEeKTUBHOrO MOAXOJa K YHCICHHOMY PEIICHHUIO CBSI3aHHBIX
JUHAMUYECKUX 3a7a4 MarHUTOYNPYrOCTH OPTOTPOIHBIX O0OJOYEK BpalleHUs B
HEJIMHEMHOMN ITIOCTAHOBKE;

MPOBEJICHUE aHaIu3a 3JIEKTPOMATHUTHBIX 3(PPEKTOB U HANpPsHKEHHO-AehOop-
MHPOBAaHHOI'O COCTOSIHUS YKAa3aHHBIX TeJ B MIAPOKOM JHMAaNa30HE HW3MEHEHUS
F€OMETPUUECKNX, MEXaHUYECKUX U DJIEKTPOMArHUTHBIX [TapaMETPOB.

O0beKTOM HCCJIeIOBAHUA SBISIETCS MAarHUTOYIPYro€ MOBEAEHUE TOKOHE-
CYLIMX aHU3O0TPOIHBIX TeJl, 00Jaa0IUX aHU30TPOITHON 3JEKTPONPOBOAHOCTHIO,
MAarHUTHOM U JUDJIEKTPUUYECKON IMPOHULIAEMOCTBIO.

IIpeamer ucciaenoBaHMs - PA3BUTHE MATEMATHYECKUX MOJEIEH U METOHOB
peneHns 3aad MarHUTOYNPYrOCTH Il UCCIIEN0BaHUS B3aUMOCBS3M MEXaHUYEC-
KUX W 3JEKTPOMATHUTHBIX MOJEH B 3JIEKTPONPOBOASIIMX Teiax, 00JaJaromux
AHU30TPOMHOM BJIEKTPONPOBOJHOCTBI), MATHUTHOU M AUDIIEKTPUYECKOU IMPOHU-
L[aEMOCTBIO.

Mertoasl uMccienoBanuil. B mpouecce ucciaenoBaHus IPUMEHEHBI METOJbI
JVMHEapu3alud MW YCTOMYMBOIO YHUCJIEHHOIO METOJA JIHCKPETHOM OpPTOrOHAJIN-
3a1uu.

Hayynast HOBHM3HA [HCCEPTAlIMOHHOTO WCCIIECIOBAHMS 3aKIIOYACTCS B
CIEAYIOLEM:

BIIEpBbIE C(HOPMYITUPOBAHA MaTEMATHUECKasi TOCTAHOBKA CBA3aHHOM IMHAMHU-
YEeCKOM 3a/1ayl MarHUTOYNMPYroCTH TOKOHECYIIUX 000J0UEK C YUYETOM aHU30TPOIl-
HOU DJJIEKTPOIPOBOJHOCTH, MAarHUTHOM M JIMAJIEKTPUYECKON IIPOHUIIAEMOCTH B
reOMETPUYECKON HEJIMHEUHOW IIOCTAHOBKE;

BIIEPBBIE TNIOCTPOEHA HEJIMHEWHAsT IABYMEpPHAas MOJENb MAarHUTOYIPYTrOCTH
TOKOHECYIIUX OPTOTPOMHBIX OOOJOYEK € YYE€TOM KOHEYHOW OpTOTPOIHOMU
ANEKTPONPOBOIHOCTH, MATHUTHOW U TUDJIEKTPUYECKON TPOHULAEMOCTH;

MIOJIyYEHA pa3pelIaronas CUCTEMa YpaBHEHUM, ONUCHIBAIOIIAs HECUMMETPUY-
Hyl0 JAedopmainuio THOKHX MTPOBOJALIMX OOO0JIOYEK BpaIlEHUs O00JaJaromux
OPTOTPONHOM AJNEKTPONPOBOJHOCTBIO, MNEPEMEHHONM B JBYX KOOPAWHATHBIX
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HaIPABJICHUAX JKECTKOCTBIO, HAXOMALIUXCS MOJ BO3JECHCTBUEM HECTALlMOHAPHBIX
Kak DJICKTPOMAarHUTHBIX, TAK U MEXaHUYECKUX CUII,

MOJIy4eHa CBs3aHHas paspeuiaronias cucremMa HeIuHeHHbIX auddepen-
IUAJIbHBIX YPaBHEHUI MarHUTOYNPYTOCTH TMOKHUX TOKOHECYIIUMX OPTOTPOIHBIX
000JIOYEK BpalleHUs MPOU3BOJBHOIO MEpUAMAHA, C YYETOM OPTOTPOIMHOMN
AJIEKTPOINPOBOJIHOCTH, MArHUTHOW M AUIJIEKTPUYECKON NMPOHULAEMOCTH, HaXOIs-
LIUXCS [10J] HECTALIMOHAPHBIM BO3AECUCTBUEM;

BIIEpPBbIE pa3pabOTaHbl METOAMKA U AJITOPUTM PEILIECHUS CBSI3aHHBIX JTUHAMHU-
YEeCKUX 3aJad MarHUTOYIPYroCTH OPTOTPONHBIX 00OJOUYEK BpalllCHHsI C Y4YETOM
KOHEYHON OPTOTPOITHOW DJIEKTPOIIPOBOJHOCTH, MAarHUTHOM U IUIEKTPUUYECKOU
[IPOHULIAEMOCTH B HEJIMHEHHOW IIOCTAaHOBKE;

BBISIBJIEHBI HOBbIE 3(P(EKTh, 0O0YCIOBIEHHbBIE CBI3AHHOCTHIO MEXaHHUYECKHX
nosied nedopmanuil ¢ ANEKTPOMArHUTHBIMU TOJIIMH C YYETOM KOHEYHOW OpTO-
TPOIHOM BJIEKTPONPOBOJHOCTH, MArHUTHOM U TURJIEKTPUUECKON ITPOHUIIAEMOCTH;

ONTUMHU3UPOBAHO HAMPSHKEHHO-AE()OPMUPOBAHHOE COCTOSIHUE TOKOHECYUIEH
OPTOTPONHOM 0O00JIOUKH, BBIOMpPAs HANPABICHHOCTh W BEJIWYMHY IUIOTHOCTH
CTOPOHHETO JIEKTPUUECKOI'0 TOKA C Y4€TOM OPTOTPOITHOU DJIEKTPOIIPOBOJHOCTH.

IIpakTH4eckue pe3yjbTaThbl HCCIEA0BAHUSA 3aKIIOYAIOTCS B CICAYIOLIEM:

MOJIy4eHbl HOBbIE 3(P(HEKThl B3aMMOJEHUCTBUS MPOBOJALIMX YIOPYTHX TENl C
ANEKTPOMAarHUTHBIMU TOJSIMU, YYET KOTOPBIX OYJEeT MOJie3eH MpU pEelIeHUU
MHOTOYHCIIEHHBIX MPAKTUYECKUX 3a/1a4 B PA3JIMYHBIX 00JACTAX HOBOW TEXHUKH;

Ha OCHOBAHMM MOJYUYEHHBIX YPaBHEHUH, C UCIIOJIb30BaHUEM pa3paOOTaHHOU B
paboTe METOJIMKHM TMOJYyYMM BO3MOXKHOCTh YUYUTBHIBATH KaK aHU30TPOIUIO
Marepuana, TaK W aHU30TPOIHUI0 BHYTPEHHETO DJIEKTPOMAarHUTHOTO  IOJIA
000JIOYKH, YTO SABJSAETCA MPAKTUYECKUM 3HaYE€HUEM MTPOBEIECHHON PabOThI;

MOCTPOEHbI 3aBUCHUMOCTH 3HAYEHHUH XapakTepHbIX (YHKUHMH HampsHKEeHHO-
1e(OpPMUPOBAHHOTO COCTOSIHUSI OT AJIEKTPOMATrHUTHBIX MMapaMeTpPoOB, B YACTHOCTHU
OT OPTOTPOIHOM DJIEKTPOIPOBOAHOCTH U OT OPTOTPOIMU CBOWCTB MaTepuala,
IIO3BOJISFOIIME HA IIPAKTUKE OLICHUTH BIUSHUE B3aMMOCBI3aHHOCTH I10JIEH.

JloCTOBEPHOCTh TMOJYYEHHBIX Pe3yJbTATOB OOOCHOBBIBAETCS KOPPEKT-
HOCTBIO IIOCTAHOBKH KPAaeBBbIX 3aJay, CTPOIrOCTHI0 MATEMATHYECKUX BBIKIIAJOK,
MCIIOJIb30BaHUEM OOOCHOBAaHHBIX METOJIOB PELIEHUS M OLIEHKHM TOYHOCTH pellie-
HHM, COMOCTABIIEHUEM C PEIICHUEM 3aa4 B IPYTrOM MaTEMAaTUYECKONW TOCTaHOBKE.

Teopernyeckass U NpPaKTHYecKas 3HAYMMOCTb Pe3yJabTATOB MCCJIEN0-
BaHusd. TeopeTnuyeckas 3HAYMMOCTb IIOJYYEHHBIX PE3YJIbTaTOB MCCIEAOBAHUSA
paboThl COCTOMT B TOM, YTO OHUM BHOCAT BaXKHbIA BKJAJ B Pa3BUTHE TEOPUU
HEJIMHEHHOW MarHUuTOYNPYTrOCTH, TEOPUU TOHKUX 000JIOUEK.

[IpakTnyeckass LEHHOCTh PabOTHI 3aKIIOYAETCS B TOM, YTO pa3pabOTaHbI
METO/IMKA U aJITOPUTM JJIsl pacdyeTa U ONTUMU3ALNH HaNPsKeHHO-1e(pOpMUPOBaH-
HOT'O COCTOSIHUS, THOKMX TOKOHECYLIUX OPTOTPOMHBIX 000JOYEK BpallleHus 00Jia-
JAIOIIUX JJIEKTPOIPOBOJIHOCTHIO B IIUPOKOM JHANA30HE U3MEHEHUS UX IapaMeT-
POB IIPU PA3JIUYHBIX YCIOBUAX 3aKPEIUICHUSA UX KPAacB, HAXOISIIUXCA IOJ IEUCT-
BHEM HECTALMOHAPHBIX CUJIOBBIX M DJIEKTPOMAarHUTHBIX IOJeH. B3aumonelncTeue
MAarHUTHON MHAYKLUMU U NEPEPE3bIBAIOIICH CUIIbl BBI3BIBACT IOSBJICHUE DKCTpE-
MaJIBHBIX 3HAYEHUN. BBIABIECHO, UTO yros pacTBOpa KOHyca paBHBIM LIECTH Ipaay-
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caM OKasaJICsi KPUTHUYECKUM JUIsI pacCMaTpUBAEMON I'€OMETPUYECKU HEIMHENHOU
000JI0YKHK TpU NMOAOOpaHHBIX Harpy3kax. JlanbHelee yMeHbIIEHUE MPUBOAUT K
MOTepe YCTOMUMBOCTU 00OJIOUKHU. Y CTAHOBJIEHO, YTO C YMEHBILIEHUEM YIJIa KOHYC-
HOCTH aOCOJIOTHBIE BEJIWYUHBI NMPOruda W MEXaHWYECKMX HAIpSKEHUN, Hamps-
KEHHOCTHU 3JIEKTPUYECKOI0 MOJS U MAarHUTHOM MHIYKLUUU BO3PACTAIOT. DTOT (PaKT
WTIOCTPUPYET B3aUMOCBA3b ANEKTPOMArHUTHBIX U MEXaHUYECKUX MOJeH.

[IpousBeneHa OlLEHKA BIUSHUS CTOPOHHErO JJIEKTPUYECKOrO0 TOKa Ha
HaIpsHDKEHHO-Ae(OPMUPOBAHHOE  COCTOSIHUE  OPTOTPONHOM  OOOJIOYKH  TpHU
M3BECTHBIX MapaMeTpax BHEIIHEr0 MAarHUTHOTO MOJISI U MOBEPXHOCTHON MeXaHU-
yeckoil Harpy3ku. IlokazaHo, 4ro, mojaOupasi BEIUYMHY IJIOTHOCTH W HaIpaB-
JIEHHOCTH CTOPOHHEI0 TOKA C YYETOM OPTOTPONHOM 3JEKTPONPOBOAHOCTH MOKHO
ONTUMU3UPOBATH HANPSIKEHHOE COCTOSIHUE OOOJIOUKHM, HAaXOMASIIEHCs oA
BO3/IECTBUEM HECTALIMOHAPHBIX AIEKTPOMArHUTHBIX U MEXaHUYECKUX MOJEH.

BHenpenune pe3yabTaToB muccjenoBaHus. l[lonyyeHHble TeopeTHYECKUE
pe3yNbTaThl MCMOIB30BAJIUCh MPU PA3BUTUU HEIUMHEWHON Teopuu aepopMupo-
BaHUS AHM3OTPONHBIX IJIACTUH M OOO0JIOYEK, HAXOJALIMXCS MOJ BO3IECUCTBHEM
HECTAllMOHAPHBIX JJIEKTPOMArHUTHBIX W MEXaHMYECKHX HAarpy3oK B paMKax
Hay4dHbIX MpoekToB: DA-D8-D089- «Pa3zpaboTka TeopeTHYECKUX OCHOB pacyera
HaIpsHKEHHO-A€(OPMHUPOBAHHOIO COCTOSIHUSL IJIACTUHYATBIX M 000J0YEYHBIX
KOHCTPYKLIMM U B3aUMOJECHCTBYIOLINUX CPE B paMKax TPEXMEPHON TMHAMUYECKOU
TEOPUU YIPYTrOCTH» BBIMOJHEHHBIX B HCTUTYTE MEXaHUKH M CEMCMOCTOMKOCTU
coopyxeHut Akanemuun Hayk PecnyOnuku Y306ekuctan (3axmouenue Komwutera
M0 KOOPJIMHALIUM DPA3BUTHUSI Hayku U TexHosoruil npu KabGunere MuHHCTpPOB
Pecny6siuku Y36ekuctan ot 26.06.2007r.); Ne 48-08 «Pa3paboTka MeTOA0B HCCIie-
JOBaHUS HAIpPSKEHHO-€(OPMUPOBAHHOIO COCTOSIHUS aHU3OTPOIHBIX TUIACTHH U
000JI0YeK, B3aUMOJACHCTBYIOIIMX C YNPYTMM OCHOBAHMEM) BBINOJHEHHBIX B
NHCTUTYyTE MEXaHUKH U CEMCMOCTOMKOCTU coopyxeHul Akanemuun Hayk Pecrny0-
muku  Y30ekuctan (Pemenus coera ®donpa mnopmepkku (QyHIaMEHTaIbHBIX
uccienoBannii Akagemun Hayk PecniyOnuku Y36ekucran ot 18.01.2 008 r.).

Anpobauus padorsl. Pe3ynbTaTel HCCIENOBAHUSA JOJIOKEHBI HA 25 HAy4HO-
MPaKTUYECKUX KOHPEpEHUUAX, B TOM yucie 20 MexAyHAPOIHbIX KOH(PEpEeHIIHIX:

The 5 th Interational Conference on «European Science and Technology»
(Munich, 2013); XI-MexnyHapoHas Hay4HO-TIpakTH4YecKas KoHpepernuus «DyH-
JaMEHTaIbHbIE U MPUKIAJHBIE UCCIEA0BAHMS, pa3paboTKa U MPUMEHEHUE BBICO-
KUX TeXHOJOrud B mpombinuieHHocTu» (Cankr-IletepOypr, 2011); Xl u XII -
MexayHapoIHbIX Hay4HbIX KOH(pepeHimsx «CydacHl mpoOIeMHu TPHPOTHHYUX
HayK Ta mpoOsiemu miarotoBku ¢axisuis B miid ramysi» (Hukomaes, 2007, 2009);
MexayHapoiHas Hay4dyHO-TEXHUYECKas KoH(epeHuus «BbpruaucnurenpHas mexa-
HuKa nedopmupyemoro tBepaoro tena» (Mocksa, 2006) u ap.

OcCHOBHBIE PE3yNbTATHl TUCCEPTAMOHHONW PabOThI JOKIAAbIBATIACh U 00CYXK-
Janach Ha Hay4YHBIX CeMHHapax: Kadeapbl «MeXaHUKH CIUIOMIHBIX cpea» Kuenc-
koro HammonaneHoro ynusepcutera um. T.I.IleBuenko (Kues, 2006-2009);
otaena tepMmoynpyroctu Mucturyra mexanuku um. C.ILTumomenko Hanwmo-
HanpHOM Akagemun Hayk Ykpaudbl (Kues, 2009); nmabGopatopuu «Jlunamuka
IIPOCTPAHCTBEHHBIX CUCTEM» MHCTUTYyTa MEXaHUKU U CEUCMOCTOMKOCTHU COPY-
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keHui Akanemuu Hayk Peciyonuku V306ekucran (Tamkent, 2005-2011); oobeau-
HEHHOM TOpPOJICKOM Hay4yHOM ceMuHape «MexaHuku neopmMupyeMoro TBepaoro
tena» npu CamapkaHACKOTO TOCYJApCTBEHHOIO ApPXUTEKTYPHO CTPOUTEIBHOIO
uM. M.Vnyr6eka (Camapkanpa, 2008); kadeapsl TEOPEeTHUECKOW W TPUKIATHON
Mexanuku HanuonanbHoro YuuBepcutera Y3o6ekuctana (Tamkent, 2010); Ha
00BEJMHEHHOM HayyHOM ceMuHape kKadeap «MHbopmanmoHHBIE TEXHOJOTHM,
«KommnbrorepHsie cucteMbl», «EctecTBeHHble Haykn» CamapkaHjackoro ¢uiuana
TamkeHTCKOro yHuBepcuTeTa HHPOpMalMOHHbIX TexHoJorui (Camapkana, 2013);
Ha Hay4HOM cemuHape no cneruaibHocTu 01.02.04 - «Mexanuka nedopmupye-
Moro TBepaoro Ttena» npu Hayunom cosere 16.07.2013.T/FM.02.02. npu
TalmkeHTCKOM ToCyIapCTBEHHOM TEXHUYECKOM yHuBepcutere uMm. AOy Paiixana
bepynu u Hantmonanenom YHuBepcutete Y30ekucrana (Tamkent, 2014).

Ony0anKoBaHHOCTH pe3yabTaToB. [lo Teme auccepranuu onyO0IMKOBaHO
51 HayyHBIX TpYZOB, B TOM 4HCIE€ |2 HayyHbIX CTaTe€d B MEKIyHAPOIHBIX
KypHaax.

CrpykTypa m 00bem auccepraumu. Juccepramusi COCTOUT U3 BBEACHUS,
IIATH TJaB, 3aKJIKOYEHUs, CIUCKA JUTEPATyphl, 9 mpunoxenui n compepxut 200
CTpaHUI] TeKCTa, BKIto4aeT 110 pucyHkos, 5 Tabmuuil.

OCHOBHOE COJEPKAHUE JUCCEPTALIMM

Bo BBegeHnMH O0OOCHOBBIBAETCS AKTYyaJIbHOCTh U BOCTPEOOBAHHOCTH TEMBbI
aucceprauuu, (GOpMyIUpYIOTCS LeNb M 3aJadyM, a TakkKe OOBEKT M MpeaMeT
UCCIICIOBAHUsI, TPUBOJUTCS COOTBETCTBUE HCCIEHOBAHUS  INPUOPUTETHBIM
HalpaBJICHUsIM pa3BUTHS Hayku M TexHonorud PecnyOnuku VY30ekucraH,
M3JIaraloTCsl Hay4Has HOBU3HA M TNPAKTUYECKUE PE3YJIbTaThl HCCIEIOBAHUSA,
00OCHOBBIBAE€TCSI  JIOCTOBEPHOCTh TOJYYEHHBIX PE3YJIbTATOB, PACKPHIBAECTCS
TEOPETUYECKAS U NMPAKTUYECKAS 3HAYMMOCTD MTOJYYEHHBIX PE3yJbTATOB, IPUBEICH
CIIMCOK BHEAPEHUW B NPAKTHKY pE3yJbTAaTOB HCCIEIOBAHUSA, CBEACHUSA 10
OIMyOJIMKOBAaHHBIM pabOTaM U CTPYKTYpPE AUCCEPTAIIH.

B nepBoii riaBe quccepTali NPUBOJUTCA MEXKIYHAPOAHBIA 0030p Hayu-
HBIX MCCIIEJOBAaHUN MO TEeMe AUCCEPTallMM, MOCBIIICHHBIX MpoOjeMe B3auMO-
JEUCTBUSL DJIEKTPOMAarHUTHOrO TOJs ¢ AedOpMHpPYEMOM cpefoi, moaxoaam K
PELICHHIO 337a4 MarHUTOYNPYIrOCTH TEOPUU IUIACTUH U 00O0JI0YEK B F€OMETPUHU-
YECKU HEJIMHEWHOM MOCTAHOBKE.

3HAYUTENbHBIN BKJIAJ B Pa3BUTHE ONPEACICHHBIX HAIPABICHUN 3JIEKTPO-
marauToynpyroctu BHecian C.A. AmOapuymsH, A.WU. Axuesep, I'.E. bargocapss,
M.B. beny6exksn, S.1. bypak, K.b. Bnacos, A.C. Bonsmup, b.I1. T"ananan, A.P.
l'aukeBuua, b.M. I'nugeu, B.T. I'punuenko, JI.A.Mnsrommn, b.1. Konoauii, B.®.
Konnpar, A.U. Jlonymanckuii, B.3. Tlapton, JI.J{. Jlannay, E.M. Jludummn, 5.C.
[Tonctpurau, JI.N.Cenos, A.H. I'y3p, @.I'. Maxopt, 1. T. Cene3os, A.®. Ynutko,
C.A. Kanoepos, B.I'. KapnayxoB, M.P. Koporkuna, b.A. Kynpssues, B.
Hogarickuit, /.. bapnzoxkac, I1.A. Mxptusin, K.B. Kazapsan, C.O. Capxucsan, W.F.
Brown, L. Knopoff, J.W. Dunkin, A.C. Eringen, Mc. Carthy, S. Chattopadhyay, S.
Kaliski, P. Chadwick, J.C. Baumhaner, H.F. Ticrsten, A.E. Green, P.M. Naghdi,
F.C. Moon, G.A. Maugin, R.A. Toupin, H. Parkus, u np.
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[IpoGnemam HeIMHEHHOW MarHUTOYNPYrOCTH TEOPUM IUIACTHH M 00O0JI0YEK
nocBsinieHsl pabotel .M. Bypaka, A.P. I'aukeBuua, JI.B. Monbuenxo, P.I1.
Wuanamunosa, K. Hiroyuki, N. Kikuo, I. Yoshio, T. Nobukazu, G. Nariboli, B.L.
Juneja u gap. TIpUMEHEHUIO YHCICHHBIX METOJOB K PEIICHUIO 3a7ad TEOPUHU
000JI0YeK B T€OMETPUUYECKH HEJTMHEHHON MOCTaHOBKE MOcBsieHbl padorsl H.B.
BaymmBunmm, .M. I'puropenko m ero yueHukoB, A.B. Kapmummna, M.C.
Kopuaumuna, B.A. [locTHOBa 1 MHOTHE JIpyTHE.

B OonbimmHCcTBE pabOT B3aMMOJEWUCTBHE YNPYTroro Tejaa ¢ 3JIEKTPOMAarHuT-
HBIM TIOJIEM paccMaTpuBaeTcs 0e3 yuyeTa aHU30TPOIMHON 3JIEKTPONPOBOIHOCTH,
MAarHATHOM U JMDJIEKTPUYECKON NMpoHunaemoctd. Koraa mMarepran npoBOASIIETO
yOpyroro Tejia o0yajzaer CBOWCTBOM AaHU30TPOMHOM 3JIEKTPONPOBOJIHOCTH, Mar-
HUTHOM U AUDJIEKTPUYECKOU NMPOHULIAEMOCTH, TO KapTUHA B3aUMOJECHUCTBUS MOJIEH
3HAYUTEIBHO YCIOXHSIETCS M II0OTOMY CO3JAaHHME YHIPOILUEHHOM, HEIMHEHHOU
TEOPUU MATHUTOYIIPYTOrO0 B3aUMOJEHCTBUS C YYETOM aHM3OTPOIHOM JIIEKTPO-
IIPOBOJTHOCTH, MAarHUTHOM W JUAJEKTPUYECKOM MPOHULAEMOCTH NPEACTABISET
Hay4YHbIM MHTEPEC, KaK C TOUKHU 3PEHUS TEOPUH, TAK U MIPUIIOKEHHUM.

N3 o030pa creayer, UYTO pelIeHUWEe HEeIUMHEHHBIX CBA3aHHBIX 3ajJad
MarHUTOYIPYroCTH TOKOHECYIIMX 000Jo4YeK 00JIaJaloluX aHU30TPOIHON
ANEKTPONPOBOJHOCTBI), MArHUTHOM MW JAUDJIEKTPUYECKOW MPOHUIAEMOCTHIO
MIPAKTUYECKU OTCYTCTBYET.

D10 00YyCJIOBIIEHO CJIOKHOCTHIO CBSI3aHHOW HMCXOJHOM CHCTEMBI MAarHuUTO-
yapyrux audepeHuuanbHbIX YpaBHEHU B YACTHBIX MPOU3BOJIHBIX, OTCYTCTBUEM
MOAXOA0B W QJITOPUTMOB pELIEHHs TaKMX 3a7ad, 4TO M ONPEAENNI0 UEb
HACTOSIIIEN THCCepTAMOHHONW PabOThI.

Bo BTOpOIi r1aBe guccepranuu GOpMyIHPYIOTCS UCXOAHBIE (QU3HUECKHE U
MaTeMaTH4YECKHE TOJIOKEHHUSI M COOTHOLIEHUS HEIMHEMHONM MAarHUTOyInpyrocTu
TOKOHECYIIUX 000JI04eK 00Jaaroeil aHU30TPOMHON 3JIEKTPOIMPOBOJIHOCTHIO,
MAarHUTHOM M JIUDJIEKTPUUYECKON IMPOHULAEMOCTAMU B TPEXMEPHOM IOCTAHOBKE.
[locTaBneHsl HaYaNbHbIE U TPAHUYHBIE YCIOBUS, HEOOXOAUMBIE JIJIs1 OJTHO3HAYHOTO
pemenus 3agaud. OOCYKIal0TCAd HEJIMHEHHbIE CBSI3aHHbBIE 33Ja4d MarHUTOYIIPY-
rOCTH TOKOHECYIIMX aHU30TPOIMHBIX TEd 00JAaJaloIMUX AHU30TPOMHOM AJIEKTPO-
IIPOBOJTHOCTBIO B DHJIEPOBOM U JIArPAHKEBOM MpeacTaBiIeHUuAX. OCylIeCTBISETCS
MEPEXO0/] B YPABHEHUAX IEKTPOJIUMHAMUKY K JIArPAHKEBBIM [TEPEMEHHBIM.

IlycTp TENO HaXOAUTCA B MAarHUTHOM IIOJIE, CO3JABAEMBIM KaK JJIEKTpHYEC-
KMM TOKOM B CaMOM TeJ€, TaK U UCTOYHUKOM, HAXOISIIMMCS BIAJIM OT Tea.
[IpyumeM Takke, 4TO TEJNO CIAYKHUT HMPOBOAHUKOM 3JIEKTPUUYECKOTO TOKA (TOKOHE-
Cyllee Teno), KOTOpPhIM MOJBOAUTCS K TOpLAM Tejla OT BHEUIHEr0 HCTOYHMKA.
IIpennonaraercsi, 4T0 CTOPOHHUM  JJIEKTPUYECKUM TOK B HEBO3MYIICHHOM
COCTOSIHUM PAaBHOMEPHO paclpeiesieH Mo Teday (IIOTHOCTh TOKAa HE 3aBUCUT OT
koopauHat). Teno o0jagaeT KOHEUYHOM 3JIEKTPONMPOBOJHOCTHIO M HE oOJagaer
CBOMCTBOM CaMOBOJIbHOM MOJIIPU3allMd U HAMarHU4MBAEMOCTH.

OnpenenuM BEIWYUHBI U 3alMIIEM YpPaBHEHUS, KOTOPBIE XaPaKTEPU3YIOT
Cpeabl DJJIEKTpOMarHuTHble moJie. IlyCTh 3JIEKTpOMarHuTHOE II0J€ TeEja B
DUJIEPOBOM CHUCTEME KOOPAMHAT XapaKTEPU3YETCS BEKTOPOM HANPSKEHHOCTHU
5JIEKTPUYECKOTO MONS €, BEKTOPOM HANPSKEHHOCTH MArHUTHOTrO mons h,
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BEKTOPOM DIIEKTPHYECKOM MHAYKIMU d ¥ BEKTOPOM MArHUTHOW MHAYKUMH b, a B
JIarpaHKeBOM CHUCTEME KOOPAMHAT XapaKTEepU3yeTCs COOTBETCTBEHHO E,H,D u
B. OcymiecTBuUM MEpeXo]i OT SUIEPOBOM CUCTEMBI KOOPAMHAT X K JIATPAHKEBOMU

& € TTOMOUIBIO 3aBUCUMOCTEN
p=Ip"; E=F'& H=FTh;
D=TF'd; B=TF'b; Tp=PF"; 1)
P, =Pfig;R,=Tp,; J =TF ']

X
rane [ =det|=
é

y F =—= (Il J :11213) .
o<,

B sToMm ciyuae, ypaBHEHHS MarHUTOYNPYTOCTH JUIS aHM30TPONHBIX TET B
JarpaHXeBbIX TEPEMEHHBIX, B 00JIACTH, 3aHUMAeMOH TeIOM (BHYTPEHHSA
00J1aCTh), 3aIUIITYTCS CIEAYIOIIMM 00pa3oM:

rotﬁz—%;rotﬁzj+j ; div B=0,div D=0; (2)

cm 1

paa—lizp(l?+]?A)+div 3 (3)

rae J, — IIIOTHOCTH CTOPOHHETO 3JIEKTPUYECKOrO TOKa, f — 0ObeMHas cuna, f°

— ob0bemuas cwia JlopeHna, J — IIIOTHOCTH DJIEKTPHYECKOTO TOKA, & — TEH30P
BHYTPEHHUX HaNPSKECHUM.

CucreMy ypaBHEHUH MAarHUTOYNPYTrOCTH HEOOXOAMMO 3aMKHYT COOTHO-
LICHUSMHM, CBS3BIBAIOIIUM BEKTOPbl HAIPSUKEHHOCTH W MHAYKLUMHU DJIEKTPO-
MarHATHOIO TOJIA, a Takxke 3akoHaM OMa, ONpeaensioMM IJIOTHOCTh TOKa
IIPOBOAMMOCTH B MOABMKHOU cpeze. Eciu aHu30TpOIHOE TENOo JIMHEWHO OTHOCU-
TEJIbBHO MarHUTHBIX U JJIEKTPUYECKUX CBOUCTB, TO ONPEACIAIOIINE YPABHEHUS IS
JJIEKTPOMArHUTHBIX XapPaKTEPUCTUK IMOJISI M KHUHEMAaTHUYECKUE YPaBHEHUE LIS
JIEKTPOIPOBOIUMOCTH, a TAKXKE BbIpaXkeHUs 11 cuil JIopeHua, ¢ y4eToM CTOpOH-
HEro ToKa J,, B IepeMeHHbIX Jlarpanska 3aluinyTcs COOTBETCTBEHHO B BUIE:

B=u;;H, D=¢E, 4)
j:GijFFTF_l[jcm+E+5X§], 5)
p " =F71F71[jcmx|§+0'ij(|§+5x I§)>< I§] : (6)

30€Ch 0;;,&;;, t;; — COOTBETCTBEHHO TEH30PBI DJIEKTPUUECKOM TPOBOAUMOCTH,

JOUDJICKTPUYECKON U MarHUTHOM NMPOHULIAEMOCTH JIMHEWHO aHU30TPOITHOI'O TOKO-
Hecyiero tena (i, j=1,2,3). s oAHOPOIHBIX aHU30TPOIHBIX CPEJl OHU ABJIAIOTCS
CUMMETPUYHBIMU TEH30pPAMU BTOPOr'0 PaHra.

Takum o6pazom, (2), (3) Bmecte ¢ cootHomieHusmMu (4)—(6) cocraBiser
3aMKHYTYI0 CUCTEMY HEJIIMHEHWHBIX YPaBHEHUW MArHUTOYIPYTOCTH TOKOHECYIIMX
AHU30TPOIHBIX TEJ, 001a1a0IIMX aHU30TPOIHON NEKTPOIPOBOIHOCTHIO, MATHUT-
HOM U TUAIEKTPUUECKON MPOHUIIAEMOCTBIO B JIATrPAHXKEBON (OPMYITHPOBKE.

B Tpertbeill riase auccepraudy NOCTPOCHO IE€OMETPUYECKU HEIUHENHOU
MOJIe] JBYMEPHOW TEOpPUH TOKOHECYIIMX O000JI0ueK 00Jialaromiell opTOTPOIHON
JJIEKTPOINPOBOJAHOCTBIO, MArHUTHOM U JMAJIEKTPUUYECKOM IPOHUIAEMOCTIMH.
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PaccmarpuBaroTcsi THOKME TOKOHEcyliHe OOOJOYKM NEPEMEHHOW TOJIIMHBI,
KOHEYHOM MPOBOAMMOCTH, 0€3 yuera 3(pPeKToB Nojaspu3alud U HaMarHU4uBaHus,
a TaK)Ke TeMIIepaTypHbIX HAMpsDKEHW. YTIpyrue cBOMCTBa maTepuana 000J0YKHU
CUUTAIOTCSI OPTOTPONHBIMH, TJIABHBIE HANPABJIEHUS YNPYTOCTH KOTOPOrO COBHA-
JAI0T C HANpaBJIEHUSMH COOTBETCTBYIOIIMX KOOPJAWHATHBIX JIMHWM. Marepuan
noA4YMHSETCS 0000IIeHHOMY 3akOoHY ['yka, U MMEET KOHEUYHYIO 3JIEKTPOIMPOBOJ-
HOCTh. DJICKTPOMAarHUTHbIE CBOMCTBA MaTepualia TOKOHECYIel 000J0UKH Xapak-
TEPU3YIOTCS TEH30PaMH DJIEKTPUYECKON MPOBOAMMOCTH O ;, MarHUTHON MPOHU-
LAEMOCTH 4, AWIICKTPHYCCKON mpoHHIaeMoctd & (i, j=12,3). Ipu stom,
UCXOJS U3 KPUCTAITOPU3HUKH, JUIsl pacCMaTPUBAEMOro Kiacca IPOBOISALIUX CPE C
POMOMYECKOM KPUCTAIIMYECKON CTPYKTYPOH CUMTATIOCh, YTO TEH30DPBL O, L, & |

MIPUHUMAIOT JUArOHAJIbHBIA BUA. KOOpAMHATHYIO MOBEPXHOCTH TOKOHECYLIEH
OpPTOTPONHOM 00070YKH B HEeAeHOPMHPOBAHHOM COCTOSIHUM OTHECEM K KPHUBO-
JIMHEMHON OPTOTOHAJIBLHOM CHUCTEME KOOpAWHAT «,[3,Z, CUUTas, 4TO KOOpAMUHAT-
HbI€ JINHUU CPEIUHHON MOBEPXHOCTH OOOJOYKH COBMANAIOT C JIMHUSIMU TJIaBHBIX
KPUBU3H.

Ucnonwsysa runotedy Kupxroda-JIsBa u agekBaTHbIE €l AIEKTPOMArHUTHBIE
TUIIOTE3bl, IOJIy4eHa C IIOMOLIBI0 MPUHLHUNA BUPTYAJIbHBIX [EPEMEIICHUN
npuOIMKEHHas JBYMEpHas CUCTEMa CBSA3aHHBIX HEJIMHEWHBIX YpaBHEHUU
MarHUTOYIPYroCcTH OPTOTPOMHBIX TOKOHECYUIMX O0OJIOYEK C y4eTOM OpTOTPOIl-
HOU DJIEKTPOIIPOBOJHOCTH, MAarHUTHOW U JUDJIEKTPUYECKOW IPOHULIAEMOCTH.
Pemenue naHHOM cUCTEMBI, UCXOAS W3 creuu(UKU 3a1ad, HeOOXOJMMO HMCKaTh
COBMECTHO C YpPaBHEHMSAMM JJIEKTPOAMHAMUKU JJI1 Bakyyma, T.. pellaTh
BHELIHIOKO 3a/1a4y.

JlanHass mnpoOseMa B HEJIMHEHHOM TIOCTAaHOBKE B HACTOSILEE Bpems
[IPAKTUUYECKU HepaspelnMa. B KOHKpEeTHBIX cily4asx uccileayemas 3a1ada MOKET
JOMYCKaTh pa3iuyHble ynpouieHus. CunTas U3BECTHBIM XapaKTep pacupeacsicHus
U W3MEHEHMs BO BPEMEHUM MArHUTHOIO IOJII HAa MOBEPXHOCTIX OPTOTPOI-HOU
000JIOYKH, MOKHO OIPaHUYUTBHCS PACCMOTPEHUEM TOJILKO BHYTpEHHEW 3aiauu. B
KauecTBE THMIOTE€3 MArHUTOYNPYrOCTH aHU3OTPOIHBIX IJIACTUH M 000JIOYEK
BBIOMpaeM:

ou ou
E1 = El(a’ﬁ’t); Ez = Ez(a’ﬁ’t); Es Z#Bl _Ele;

Ji=di(a, B1); I, =3,(x, B,1); 35 =0; (7)
H, =%(Hf +H1’)+ﬁ(Hf ~H;); H, :%(H;+H2‘)+%(H;—H2‘); H, = H,(a, B.1).

rae U; — KOMIIOHEHThI BEKTOpa MepeMelleHui Toyek o0o0siouku; E,, H, — KoMIio-
HEHThl BEKTOPOB HAIPSKEHHOCTH D3JEKTPUYECKOIO W MArHUTHOrO ToJeil
000JI04KH; J, —KOMIIOHEHTbl BHUXPEBOTO TOKA; H; —TaHI€HLUAIbHBIE COCTaB-
JSIOIME HANpSOKEHHOCTHM MAarHUTHOTO TMOJIsl Ha TOBEPXHOCTSIX OO0OJOYKHU;
h — TonmuHa 06010YKH.

B nanpHelimeM, HCNONb3ys TpaHUYHbIE YCJIOBHS Ha IOBEPXHOCTH
000JIOUKH, MOJIyYeHHbIE THUIOTE3bl M PEIIEHHWE HayalbHOW CTAaTUYECKOM 3a/ayu,

40



OINpEJIEICHO MNPUOIMKEHHOE paclpeiesieHHe BHEIIHEro MarHUTHOrO TOJid Ha
MOBEPXHOCTSX OPTOTPOITHONU 0OOJIOUKH:

B,*=B,"+B, —(BZO—BZ)ea;B;=Bﬁj+Bﬁo—(Bzo—Bz)9ﬂ. (8)

. .
3necyr uepes B B, = —o00o03HaueHbl KOMIIOHEHTHI MarHMTHOW WHAYKIIAU
po

ao !
HAYaJbHOTO COOCTBEHHOTO MArHUTHOTO TIOJIS, OOYCIOBJEHHBIE CTOPOHHUM
JIEKTPUYECKUM TOKOM; B ,B, ,B, —KOMIIOHEHTHI BHEIIHEIO MAarHUTHOTO IIOJIS,

ao ! ~ o
NOJIyYEHHBIE U3 PEIICHUsS 3a]a4M CTaTUKU; B, —HOpMallbHas COCTaBIAIOLIAs Mar-
HUTHOW MHAYKIUH 000104KH; 6 U 6, — yIJibl IOBOPOTA HOPMAIIH.

Hcnonb3ys rpaHuyHble ycioBus (8), B AaJbHEHIIEM MOTyd4aeM BO3MOXKHOCTb,
YUYUTHIBATh W3MEHEHHE HANPSHKEHHOCTM MATHUTHOIO TMOJII HAa TOBEPXHOCTAX
OpPTOTPONHOM 000J0YKH, 00JANAIOIMHUX OPTOTPONMHON 3JIEKTPONPOBOJHOCTHIO B
npoiiecce e€ neopMupoBaHus.

Hacrtosimas aBymepHass MojJelb MarHUTOYNPYTrOCTH TOHKUX OOO0JIOYEK
o0Jaiarolieil OpTOTPOITHON AIEKTPOIPOBOAHOCTHIO, MATHUTHOM U JUDJICKTpUYEC-
KOM MPOHUIAEMOCTSIMU TOCTPOEHA B KBaJApaTUUYHOM MNPUOIMKEHHH, a B BbIpa-
KEHUSX i cuil JlopeHla yuyuTeIBaeTcsi KyOuyeckass HelMMHEHHOCTh. JTO 00bsC-
HSE€TCA TeM, YTO B TaKMX 3a/Jadax NpU KOHEUYHBIX Jedopmaiusix HEJTWHEWHbIe
3G (eKThl ABIAIOTCS ONPEACISIONUMMU U ACHCTBUE 3JIEKTPOMArHUTHOTO MOJS Ha
noJsie neopmManuii MPOUCXOAUT B OCHOBHOM IOCPEACTBOM 3TUX cuil. Hcronb3ys
JOMYIIEHHE O MaJOCTH JAepopMaluii U YIiIoB MOBOPOTA, MOKA3aHO PaBEHCTBO
AJIEKTPOMArHUTHBIX BEJIMYMH B SWUJIEPOBOM M JIATPAHKEBOM NPEACTABICHUSX.
[lonyyeHHass AByMEpHas CHUCTEMa YpaBHEHUM MpPEACTABISIET COOOM CBA3AHHYIO
HeJIUHEeHy0 cucreMy au@depenuanbHblX YpaBHEHUW JECATOro  MOpsijiKa
runep0010-napadoInyecKoro TUMa ¢ NepeMEHHbIMH KO3 (PULIMEHTaMU, OTHECEH-
Hasg K HeAaehOpMHpPOBAHHON MOBEpXHOCTH. Ha OCHOBaHMM TOJYYEHHBIX
PE3YyABTAaTOB, B KAUECTBE MCXOJIHBIX COOTHOLICHHM, ONMMCHIBAIOIINX HANPKEHHO-
ne(OpMUPOBAHHOE COCTOSIHHE TOKOHECYLIUX OPTOTPOMHBIX 000JI0UEK YKa3aHHOTO
KJIacca, IPUHUMAEM CJIEYIOIYIO 3aMKHYTYIO CBSA3aHHYIO CUCTEMY YPABHEHHMIA:

YPAaBHEHHUSI IBUKEHHUS

0 B 10 O(AH) 1 0A, AB d%u
_ AH |, 1 oA AB(p, +n, +pf )= ABph < ;
~(BN,)-N, = Aaﬁ(AS) 8ﬁ( J 5 B rR (P, +n, +pf, )= ABp "
8 A 10 o(BH) 1B, AB \ 0%
aﬁ( )N, “o5 Baa(B S)+aa[RJ+R H+ RﬂQ[,+AB(p[,+n[,+pfﬁ) ABpN
N, N, o*w
(BQ) ﬂ(AQﬁ) AB[R—a+ RJ+AB(pZ+n +pfl)= ABON (9)

h® 020,
12 8t2’

2 9%,
19 (on)e 2 (am,)- P m, - ABQ, - AB[ N, -2 M, |0,-ABSO, =ABp "0
B o B op R 12 at?

YpaBHEHUS JIEKTPOJUHAMUKHU

_@ZL(B(BEﬁ)_amEa >}

ot AB| oda op

ii(AZH)+i(BM )-Bm,-aBQ, -AB|N, -2 M, |o,-ABSH, = AB
A op oa oa R,

a
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B

a{Eaati—!:Bz—O.SaW(B*aLB;)}—1[8HZ B(H;_Hg)} (10)

ot "Bl g h

H AH? —HO)).

oo E, 2", 1052 % (B: +B;) =L - Py (H; -H.) ;
ot ot Al oa h

CBSI3b MEXKy ehOpMallUSIMU U TIEpEMEIICHUSIMU

l1ou 1 OA w 1, l1ov 1 0B w 1,
Con = T t——=—V +-0,, €p8 =——+——U +_+_0ﬁ’
Ada AB B R, 2 B o AB oa R, 2
106 1 oA 0
Saﬁ =£j+£uj+0a0ﬁ; Koo =— a+__9ﬁ;l/3/3 :li_,_iaiBg ; (11)
Bop\A) Aodal\B A oda ABOIS BoB ABOa

_ 100, 1086, 1 (oA, B 1(lou 1 o8B 1(1ov 1 6A )

Zlaﬁ_ + —_— 0a+_0ﬁ (I ) O [ S ;
Ada B oa AB\op ox R, \BdB ABda R,\Ada AB OB
e g, — LM, U, LW v .

ﬁ .
Ada R, Bof R,

COOTHOIIICHUS YIIPYIrOCTH
e .h

N =i(€ +V & ) N :#(g +V o ); S:g hg ; H:g 732% ;
a 1— v, V[; aa BE BB B 1_ VaVﬁ BB a®aa af af op 12 o
e hd . e h® )
M ="« M, = ; 12
“ 12(1_Vavﬂ)(xw V2 My = (l_vavﬂ)(%w VL) (12)

THE V, =V Vi =V, €V, =€,V,.
3mece N, N, —HOpMasbHbIE TaHTCHIMATBHBIE YCUIIHS B CEYECHUSIX o =CONSt u
B =const, S —casuraromee  ycunue;  Q,,Q, —IEpepe3bIBAIONINE  YCHIINS;
M,, M, —usrubaromue MoMenThl; H — Cckpy4nBarommii MOMEHT; U, V, W — KOMIIO-
g

HCHTBI BCKTOpPa HepeMemeHI/Iﬁ; & & B —TaHIrCHIIUAJIbHBIC IIG(l)OpMaI_[I/II/I

BB Ca
YIUIMHEHUS. ¥ CIBUTA; X, .y X551 X, s — U3TUOHBIE EOPMAIINK U KPYUCHHE; €,,€,—

aal

MOJyJIi yINPYTrOCTH TI0 HANMpPaBICHUAM « , [ —COOTBETCTBEHHO, R, R, —paanychl
KpuBM3H, A, B-koddduuuenter Jlame;, V,,V,—kodbdumuentsr Ilyaccona;
h=h(a, f)—Tonmuua o6o0y0YKH, O, ,0,,0, —TJIaBHbIE KOMIIOHEHThI TEH30pa
yIenbHOI anekTponpoBogHoctr. Yepes p f,, p f;, p f, mpencranens: 3Hadenus
MIPOEKIUI ITOHAEPOMOTOPHON CUJIBI HA KOOPJAUHATHBIE OCHU:

ow ou

pf, =—hJ ;. B, +Glh{EﬂBZ +0.55(B; + B;)BZ —EBZZ +

O oasle: 5o <o) 1 o -8 -8 48y, |+
hoo, (. Y
o (B -8)8 (B8, 8.8, )

R oW (., _
pfy =—hd,¢;B, +02h{— E,B, +0.5E(Bﬂ +B,)-

—68—1:[822+0.5(B;+Ba)82+O.25(B;+Bﬁ)ZBZ+%(B;—Bﬁ)2}+
% fs s -,
E? (Ba Ba )Bz (Bﬁ Bﬁ ) ' (13)
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p 1 =05h|-3,c (B; +8B,)+3,cr (B) +B,)]+0,n {05E,(B; +B,)-05E, (B, +B;)-

oW N _\2 N _\2 1 N _\2 1 N _\2
—m[0.25(5ﬂ+5ﬂ) +0.25(B; +B;) +E(Bﬂ—5ﬂ) +E(Ba -B;) }r
ouy_ . _ ov (., _ 159(1 + _n- Laeﬁ + n-
+055(B, +B,)B, +05 7 (B; +B,)B, + 1, ¢ (B:-8.)8,+—"(8;-8,)8, }

Cucremsl ypaBHenuit (9)-(13), npu yclioBHH, YTO U3BECTHO pacIpeesieHue
HaNpsDKEHHOCTH MAarHUTHOTO TIOJIE HAa MOBEPXHOCTSAX OOOJOYKH, COCTaBIISIOT
MOJIHYIO 3AMKHYTYIO CB3aHHYIO CUCTEMY HEJIMHEUHBIX Tu(dPepeHIInaNbHbIX YpaB-
HEHUH MarHUTOYNPYrOCTH TOKOHECYIOLEH OpTOTPONHON 000J0YKH 00Jiagaromen
OPTOTPONIHOM 3JIEKTPONPOBOJHOCTHIO, MAarHUTHOM W JUABJIEKTPUUECKOM ITPOHHU-
naemoctsaMu. Ilpu nomydyeHuM CHUCTEMBI ypAaBHEHUM IPUHATO, 4YTO JEUCTBUE
ANIEKTPOMArHUTHOTO MOJISl U CTOPOHHETO TOKa Ha moJie AedopMaliii MpOUCXOUT
nocpeAcTBoM cui JlopeHna. 3aMKHyTas CUCTEMa YpaBHEHMW MAarHUTOYIPYTrOCTH
MOJIy4eHa B JIarPaH)KEBbIX IMEPEMEHHBIX, OTHECEHHBIX K HeaehOpMHUPOBAHHON
CPEAMHHOM MOBEPXHOCTU OPTOTPOIHON 000JIOUYKH B OPTOTOHAIHLHOM KPUBOJIMHEN-
HOW CHUCTEME KOOPJIUHAT.

B 4erBepToM rijaBe quccepTalydM U3JIOKEHA METOAWKA PELICHUS KPaeBbIX
3a7a4 HEJIMHEHHOM MAarHUTOYIPYIrOCTH TEOPUM TOKOHECYIIUX OPTOTPOIHBIX
o0oyioyeKk BpauieHus: O00JaJaloUUX  OPTOTPOMHOW  BJIEKTPONPOBOJAHOCTHIO
HaxXOJAILIMUXCS II0J HECTAaUMOHApHBIM Bo3xeWcTBueM. [lpemmaraembiii moaxon K
YUCJIICHHOMY PELICHUI0 HEJTMHEHHBIX 3a/1ad MarHUTOYIPYTrOCTH TEOPUH 000JI0UEK
OCHOBAaH Ha IIOCJIEIOBATEIIBHOM IPUMEHEHUU KOHEYHOPA3HOCTHOW CXEMBI
Heromapka, meTona nuHeapu3anuy U JTUCKPETHOU OPTOrOHAIU3ALIUY.

Ha ocHOBe mpuBEOEHHBIX COOTHOLICHUHW M COOTBETCTBYIOIIMX THMIIOTE3
BBIBOJIUTCS pa3pellaroas CBs3aHHasl CUCTEMa HENMHEHHbIX AuQdepeHIranbHbIX
YpaBHEHUI B YaCTHBIX MPOU3BOAHBIX C MEPEMEHHBIMH KO3 (ULIMEHTAMU,
OIMMCHIBAIOIIAS HAMPSKEHHO 1e(hOPMUPOBAHHOE COCTOSHUE THOKUX TOKOHECYIIHX
0o00JIOYEeK BpalleHUs MEPEMEHHOW B JBYX KOOPJAMHATHBIX HaIpPaBIEHUSAX
KECTKOCTH. 3aJlayd JAMHAMUKH THUOKMX TOKOHECYIIMX O00O0JI0OYEeK BpalleHUs
o0JaaronMX OPTOTPOIHOM 3JIEKTPONPOBOJAHOCTHIO, IEPEMEHHOW B JBYX KOOP-
OVHATHBIX HAIIPABJICHUAX JKECTKOCTBK) HAaXOMAIIUMXCSA IOJ  BO3JACHCTBUEM
HECTAllMOHAPHBIX MEXaHUYECKUX M JJIEKTPOMArHUTHBIX CHJI, CBEIEHO K HEIM-
HEWHON NBYMEPHOM KpaeBOU 3axade. MCrosb3ys MOJHYK CUCTEMY YPaBHEHUH, B
KPUBOJIMHEWHON OPTOTOHAJIBHOM CHUCTEME KOOPAMHAT IMO3BOJIAIOLIYIO MaTeMaTH-
YECKU ONMUCATh HEJIMHEHHYIO JBYMEPHYI0 MOJEJIb MArHUTOYIPYTOCTH OPTOTPOII-
HbIX 000J0YEK BpaleHUs, BBIBOJAMTCS CBs3aHHAs pa3pellarolas cucTeMa Helu-
HeHHBIX TU(PEepeHINATbHBIX YPAaBHEHUI MarHUTOYNPYTOCTH TMOKHUX TOKOHECY-
IIMX OPTOTPOMHBIX O00OJOUYEK BpaIICHHs] MPOM3BOJIBHOTO MEPHUAMAHA, C YYETOM
OPTOTPOIIHOM 3JEKTPOIPOBOJHOCTH, MATHUTHON U JUBJICKTPUYECKON NPOHHUIIAE-
MOCTH, HAaXOIAIIMXCSA IIOJ HECTallMOHApHBIM Bo3achcTBUeM. lIpu moctpoenun
paspeliapnieil  CUCTeMy ypaBHEHUM OPTOTPOMHON  0O0OJIOUKM  BpalleHUs
MEPEMEHHOM TOJIIMHBI BJOJb O0pa3yrouled, YYMTHIBAE€TCA, YTO YNpPyrue u
MAarHUTOMEXaHUYECKUE XapaKTEPUCTUKU HE U3MEHACTCA BIOJIb IapaJlICIIH,
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MPEANOoIaraeTcs, YTo BCe€ HCKOMbIE KOMIIOHEHTHI 3JIEKTPOMArHMTHOTO MOJIS ¥ OIS
nepeMeIIeHIH, BXOAIINE B YPaBHEHHsI, HE 3aBHCSIT OT KOOPAUHATHI 6 .

B cnyuae uccnenoBanusi Hanps>KeHHO-AE(OPMUPOBAHHOTO COCTOSIHUSL  OPTO-
TPOIMHBIX OOOJIOYEK BpAIEHUS MPOU3BOJBHON (GOpMBbI, OyneM HCXOAUTb U3
cleaymux coodbpaxeHud. Bo-mepBbix, MCKOMasi CHUCTEMa YpaBHEHUM IOJKHA
ONMKCHIBATh BECh Kjacc 000JOYeK BpalleHUs, BKIKOYAs LUIUHAPUYECKYIO
000JIOUKY M KPYTAYyIO IJIACTUHY, BO-BTOPBIX, OHA JIOJKHA OBITh, IPE/ICTABIICHA B
BUJIE, YAOOHOM JJisi YUCIEHHOTO PELIEeHUs 3aJlaui, B-TPEThUX, JOJDKHA JIONMYCKaTh
(GOpMYITUPOBKY T'PaHUYHBIX YCIOBUM B YCHUJIMSIX, MOMEHTaX, NEPEMEILICHUSIX U B
cmemianHoM Buje. Hakonen, cuctema nud@epeHnranbHbIX ypaBHEHHM JOJKHA
OBITh, 3aMMCaHAa OTHOCUTENIBHO TaKUX (DYHKIMM, YTOOBI MOKHO OBLJIO MPOCTEHIINM
00pa3oM OCYHIECTBUTH YCJIOBHSI COMNPSKEHMs pa3nuyHbIX oOonouek. Mcxons us
ATUX COOOpaXeHMi, BBIOMpaeM B KaUueCTBE pa3peliatoninX CaeAyomue QyHKIIu:

u,u,, 0,N,N,M,E, B, (14)
rae U ,U, — paguanbHoe u oceBoe nepememienus; N N, — panunansHOe U oceBoe
yeunus; E,,B, — HANPSHKEHHOCTh JJIEKTPUYECKOTO M UHAYKIMS MArHUTHOTO
nojei, KOTOpble BBIpaXKAIOTCS uepe3 mnepememeHus U,W u ycuimus N_,Q,

CJIeIyIOIIMM 00pa3oM

N, =N, cosp+Q,sing; N, =N, sinp—Q, cose; (15)
U, =UCOS® + WSin ¢; u, =Uusin ¢ — Wcose.
TZie (@ —yroll MeX1y HOPMAJIbIO K KOOPIMHATHOM MOBEPXHOCTH U OCHIO BPAIICHHUS.
[Tocne HexoTOpbIX mMpeoOpazoBanuii ¢ yueroM (14), (15) monyuaem cleayronryo
CBA3aHHYIO CHCTEMY HENIMHEHHBIX au(QepeHuaNbHbIX YpaBHEHUW B (dopme

Kortu:

ou, 1l-v,v, . V, COS@ 1 . COSQ .

x="—2"%(cospN, +sinpN, )cosp + *——u, +—u, —sing 6, — 0;;
o esh(cox ¢ N, )cosp Ut sing 0y =0
ou, 1-vyv, . . v, sing 1 sing
—t=—""(cosepN, +singN, )sing + *——u, ——u, + C0sp O, ————0q;
s~ eh (cose N, )sing+=2= R ¢ 0 ——-0;
00, 12(1-v,v,) V, COSQ . .

= 3 M - 0 5

0s e, h
ON e Vv, sin e, h

L0590 Vo2 —1|N + i+9—(p N, + —=—-cosp u, —

0s r e R r r

. o%u

—COoSQ (PS+pFSA)—SIng0(PC+pFCA)+ph ?ZX;
ON COSQ 1 . o’u .

t=——N, ——N, -sing (P, + pF, )+cose \P. + pF/ )+ ph—*%,
e 0P+ pFy)+cosp (P + pF )+ ph =
oM h® cos® .

s _ £05¢ vse—e—l M, & COSZ(DQS —cosep N, +sing N, + (16)
0s r e, 12 r

- 3 -

+(cospN_ +singN, )6, —vse—”—smqoMSQS _&h COS¢f|n¢ 0;

e, r 12 r

0B _ & (Bi-B)u

as 2#3 0 I[llh
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ot
0E, 0B, cosg
S E, .
0s ot r
KoMmnoHeHTsl NOH1EpOMOTOpHOM cHiibl JIOpEHIIa UMEOT BUA

pF, =-hJ, B, +o;h[E,B, + o.5[aautx singo—aautzcosgoj B, (B; +B; )-

ou, . ou ou ou, .
- 0.5 Xsinp——=coso |(BS +B: |- Xcosp+—=2sing |B
Gz,u{ ( o ot @j( S s) (at o ot @j gi|

ot
pF/ =05hJ

ou .
—[ X.Cos go+aautZ smgoj Bj];

(B +B;)+o,hi-05 E, (BS +B; )- (17)

Ocm

ou, au, . L
_(5;; sin(p—_a;tz COS(PJ|:0.25(B; JrB;)2 +é(8§ —BS)Z} +0.5( p Cos ¢ + = sin (pj Bg(Bs + BS)}.

3necy nmox By —monuMaeM Bg =Bg,+Bg, —B,,0; +B.0s, I€ Bg, — KOMIIOHEHTHI

MarHMTHOM HHAYKOWHA HAa4aJIbHOTO CcOOCTBEHHOI'O MAarHUTHOTO I10JIA, O6YCJIOBJI€H'
HBIC CTOPOHHHUM OJJICKTPHUYCCKHUM TOKOM; BSO — KOMITIOHCHTBI BHCIIHETO MAarHuT-

HOr'0o 110JId, IMOJYYCHHBLIC M3 PCIICHUA 3ala4uu CTATHUKH, B — HOpMaJibHasa COCTaB-

¢
JIAFONIAs MATHUTHON MHYKIMU 060104KH, h = h(s)—TonmmHaa 060104KHy.

ITonyuenHast cBsi3aHHAs pas3pelIarollas CUCTEMa HEIUMHEHHBIX auddepen-
LUAJIBHBIX YPaBHEHMH BOCBMOro mnopsiaka (16) omucbiBaeT HanpsKeHHO-AEop-
MHUPOBAaHHOE COCTOSIHUE T'MOKMX TOKOHECYIHMX OPTOTPOIHBIX 00OJOYEK Bpalle-
HUS C MPOU3BOJIBHOM (hopMoOil MepuanaHa, 00JaJaroleil OPTOTPOIHON IIEKTPO-
IIPOBOJHOCTBIO, MATHUTHOM M DJIEKTPUYECKOW NpoHMnaeMoctu. CocTaBistoniue
cwibl JIopeHLla Y4YMTBIBAIOT CKOPOCTh A€(POPMHUPOBAHUS OOOJIOYKU, BHEIIHEE
MarHuTHOE I0JI€, BEJIMYNHY U HAIIPSKEHHOCTh TOKA IIPOBOAMMOCTU OTHOCHUTEIIBHO
BHEIIHEIO0 MATrHUTHOTO IIOJS. Y4YET HENMHEHMHOCTH B YPAaBHCHUAX JABUKCHUS
BBI3bIBAET HEJIMHEHHOCTh B IMOHAEPOMOTOPHON cumie. [lo0aBUB K MOIy4YeHHOU
CUCTEME YpPAaBHECHHMM HA4YaJbHbIE M TIPAHUYHBIC YCIIOBHSA, IIOIYyYUM KpAEBYIO
3amauy. B BEKTOpHOM BHJIe HEJTMHENHAS KpaeBasl 3aja4a UMEET BU:

YPaBHEHUS ABUXKCHUSA

aNzﬁ[S,t,N,aN,azN} [SOSSSSN’J, (18)
ot ot

t, <t<t,

61(N (So1t))= b1*1 gz (N (SN 1t))= bz* ' (19)

HaYyaJIbHbIE YCIOBUSA

S oN
N =0, E:o, npu t=0. (20)
3meck: N ={u,w,6,,Ng,Qq,M,E, B, |"~BEKTOp CTONOCL HCKOMBIX (yHKIMIL;
F,d,,0,,b ,52* — B 00IIIeM CiTy4yae HeJTMHEWHbIC BEKTOP (DYHKITUH.

Pemenue kpaeBbIX 3ajjad MarHUTOYNPYTOCTH CBSA3aHO C CYIECTBEHHBIMU
BBIYUCIUTEIBHBIMU TPYJHOCTSMHU. OTO OOBSACHAETCA TEM, YTO pa3peliaronas
cuctema ypaBHeHuil (16) siBisierca cuctemoil auddepeHuuanbHbIX ypaBHEHUN
runep0osa-napadoInvuecKkoro TMIa BOCbMOr0 MOpsAJiKa ¢ MepeMEeHHbIMU Ko3(hdu-
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LHMEHTaMU. 3aJlayd OIpeAeNIeHUs HaIpsKEHHO-1e(OPMUPOBAHHOTO COCTOSTHUS
paccMaTpUBaeMbIX 000J0UYEK MPU HECTAMOHAPHBIX MEXAHMYECKUX U MAarHUTHBIX
BO3JIEUCTBUSIX, KpaeBas 3aaa4a (18), (19) pematorcs nins GUKCUPOBAHHBIX MOMEH-
TOB BpeMeHHU. YacTHble MPOU3BOAHBIE 1O BPEMEHHOW KOOPAMHATE arMpOKCUMHU-
PYIOTCSI KOHEUHOPA3HOCTHBIMH BBIPAXEHUSAMM HesIBHOU cxeMbl HbroMapka, mocie
MPUMEHEHUS, KOTOPOM MONy4aeM KpaeByl0 3ajady sl CUCTEMbl HEIMHEHHBIX
OOBIKHOBEHHBIX (D PepeHIabHBIX YPABHEHUN B BUJIE

dN =/ =
—_ =F S, N , (21)
o =FlsN)
M COOTBETCTBYIOIIKUEC I'PAHUYHBIC YCIIOBHA
DlN‘S:SO :dl ; DZN‘S:SN :dz , (22)

C momomiplo MeTOa KBa3WIMHeapu3aluu Kpaesas 3anaya (21), (22) coautcs k
MOCJIEIOBATENILHOCTH JIMHEWHBIX KPAEeBbIX 3aJlay, KOTOPYI COKPALIEHHO MOKHO
3amucaTh B BUJE
N k+L
dN™ (R, ), (23)
ds

B, (N* JN**(s,)=b,(N* ) B, (N* JN** (s, )=b,(N*), (k=01,2...), (24)
rae N ={u,w,0,,Ng,Qs,M;,E,,B, f; N u N*-pemeHust COOTBETCTBEHHO Ha

o

k+1-# uw K-—# wurepanusx; G(Nk”, N )—BeKTop IIPaBOM 4YacTU CHUCTEMBI
ypasnennit; B, (N*),B,(N*),b,(N*),b,(N*)- cooTBETCTBEHHO MaTpHIbl M MpaBbIe
YacTH IPaHUYHBIX ycioBuidl. Ha mocienneM stane kaxnaasi U3 JMHEHHBIX KPaeBbIX
3amad (23), (24) pemaeTcs METOAOM AUCKPETHOM OpPTOTOHAIM3AIUU, oOecreuu-
BAIOIIUM YCTOMYMBBIA BBIUUCIUTENBHBIN Tpoliecc Onarojapss Mpoueaype
OpPTOrOHAJIM3aLMU BEKTOPOB-pelieHnH 3a1a4y Komu B OTAENbHBIX TOYEK UHTETPHU-
poBaHus. J[aHO omMcaHWe anropuTMa M MPOTPaMMBbl PELIECHUS HETUHEHHBIX
KpaeBbIX 3371a4 MAarHUTOYNPYTOCTH THOKUX TOKOHECYIINX OPTOTPOIHBIX 000JI0UEK
BpallCHMS.

Pa3paboTaHHblii alrOpUTM pelIeHHUs HOBOrO Kiacca 3aJad MarHUTOYIpy-
rOCTU TOKOHECYIIUX OPTOTPOMHBIX 000JIOYEK BpalleHUs: 00JadarolIuX OpTOTPOII-
HOU 3JIEKTPOIPOBOJAHOCTHI), MAarHUTHOM MU JIHUDJIEKTPUUYECKOU IMPOHUIIAEMOCTBIO
MO3BOJISIET MOJIyYaTh PEHIEHUS B IIMPOKOM AMAaNa3oHE MU3MEHEHUs T'eoMeTphyec-
KHX NapamMeTpoB 00OJIOYKH, MEXaHMYECKUX XAPAaKTEPUCTUK MaTepuasa, MoBepX-
HOCTHBIX M KOHTYPHBIX Harpy3oK, BHJa 3aKpeIUIeHUs TPAHUYHBIX KOHTYPOB,
NapamMeTpoB 3JEKTPOMATHUTHOIO TMOJs. AJITOPUTM CTPOUTCS TakUM 0O0pa3om,
9TOOBbI, C OJIHOW CTOPOHBI, OH OO0JIaan JOCTATOYHOM OOIIHOCTHIO B CMBICIIEC
¢bu3nueckoil QOPMYIHPOBKH, C JAPYTrOdM CTOPOHBI, 00Ja/al yHUBEPCAIbHOCTHIO
NpU PElIeHUH 3a/ad JJIsl pa3InuHbIX TUIOB 00ojouek. OH Takxke o0namaer Tem
CBOMCTBOM, YTO €ro CTPYKTYpy MOXHO HCHOJb30BaTh B ciy4yae BblOOpa Jpyroi
Teopun 000JsI0ueK. Takke JOMyCKAeTCsl HCIOJIb30BAHUE PA3IMYHBIX WHTEPIOJIS-
HMOHHBIX (OpMYN TpH BBIYMCICHUHM NPABOM YACTH CUCTEMbl YpaBHEHUM.
Pa3paboTaHHblii anropuT™M peajn3oBaH B BHUJAE MPOTrpaMMbl Ha S3bIKE BU3Yall
¢doptpan mis [IDBM. [Iporpamma nmeeT MOIyJIbHYIO CTPYKTYpY. bonbinas yacTh
MOJAYJEH, peaau3yIoluX OINpeACNICHHbIE YacTH BBIUMCIUTENBHOIO Mpolecca
ABIIAIOTCS CTaHAApTHbIMU. IIpoBeneH aHanM3 JOCTOBEPHOCTH MONYYEHHBIX,
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pe3yJbTaTOB COCTOSIIMM B OLICHKE CXOIMMOCTH IIpolecca pelIeHUs 3aJadyu 10
NpUOIMKEHUSIM, a TAaKXKE COMOCTaBICHUEM pELIEHUM 3a7ad B JPyrol MareMartu-
yeckol moctaHoBKe. Ha ocHoBe pa3paboTaHHON METOAMKUA TMPOU3BEACH pacuet
HaIpsHKEHHO-Ae(OPMHUPOBAHHOIO COCTOSIHUSI M30TPONMHON TOKOHECYHIEH KOJIblie-
BOM TJIACTUHBI U KOHMYECKON 000JOUKH, HAXOSAIIHNECS MO BO3JCUCTBUEM MeXa-
HUYECKON CWIBI, CTOPOHHETO DJIEKTPUYECKOIO0 TOKAa M BHELIHEr0 MAarHUTHOIO
nonst. Kak cinenyer 3 pe3ysbTaToB CPaBHEHUW, C YBEIIMUYEHUEM MNPOJOJIKUTEIb-
HOCTHU JEUCTBUS CWJI U YMEHBIICHUEM IlIara 1o BPEMEHU, pa3jInyue MeX1y 3Haue-
HUSMU TIPOTUOOB U HAIMPSHKEHUM TTPU Pa3IUYHBIX IIarax He3HAYUTEIbHO YBEJIUYU-
Baercd. [lonydyeHHbIe YMCIIEHHbIE JaHHBIE HA YETBEPTOM M ISITOM MPUOJIMKEHUAX
MPAKTUYECKU COBMAJAIOT, YTO CBHUJIETEIBCTBYET 00 YJIOBIETBOPUTEIBLHON CXOJU-
MOCTH MTEPALlMOHHOIO Ipouecca. Pe3ynprarsl cpaBHEHUN B MU30TPONHOM IIOCTA-
HOBKE C IOJYYECHHBIMHM JaHHBIMHM JPYTHX AaBTOPOB MOKAa3bIBAIOT O BO3MOXKHOCTHU
IIPUMEHEHMST [PEJIOKEHHOIO IOAXOAa Ul HCCIENOBAaHUS  HAIPSIKEHHO-
1e(OpPMUPOBAHHOTO COCTOSIHUSI TMOKMX TOKOHECYIIMX OPTOTPONHBIX 000JI0YEK
BpalleHus, 001aat0IIMX OPTOTPOITHOMN 3JEKTPOIPOBOIHOCTHIO.

B nsAToO# ri1aBe nuccepranuy pacCMOTPEHBI 3aa4ld MAarHUTOYIPYTOCTH JJIs
TOKOHECYIIUX OPTOTPOIHBIX KOHUYECKUX OOO0JIOYEK BPALIECHUSA C YYETOM OpTO-
TPOIHOM JJIEKTPONPOBOJAHOCTH B HEIMHEWHOM MOCTAHOBKE, HAXOISAIIUXCS B
HECTAallMUOHApDHOM MarHuTHOM Imone. IIpoBeneHo ucciienoBaHuE HaIPSIKEHHO-
1e(OPMUPOBAHHOTO COCTOSIHUSI TMOKON OPTOTPOMHON KOHWYECKOW OOO0JOUYKH U3

OOpOATIOMUHUST TIOCTOSIHHOW TOJIIIAHBI h=5-10" &, Haxomsmieiics Mmoa aeicT-
BHEM MEXaHH4YeCKON Harpysku P, =5-10°sinet H/x*. OGo0nouka HaXOAUTCS BO

BHEIIHEM MAarHuTHOM ImoJie By, =0.177 1 K HEW NOABOAUTCA CTOPOHHUM DJIEKTPU-

o 4 2
YeCKHH TOK IIOTHOCTH Jycr =—9-10"sinwt A/ m°, a Taxke o0omodyka umeer
KOHEYHYIO OPTOTPOIHYIO 3JIEKTPONPOBOJHOCTh o (0,,0,,0;). OTMETUM, 4YTO B

paccMaTpMBaeMOM CJIy4a€ aHU3O0TPOIIHS YAEJIBHOIO JJIEKTPHYECKOIO COIPOTHUB-
JeHust paBHa 1, /n, =2.27.

PaccMOTpeH yd4eT BIMSAHUS KOHYCHOCTU Ha HEJIMHENHOE IIOBEJACHUE OpTO-
TPOMHOM 000JI04KH. 3a7aya pelagach Npyu rPaHUYHBIX YCIOBUAX: KOHTYpP Majoro
panuyca S=S, 3arpyXeH Mepepe3blBalOIUM yCUIneM Qg U CBOOOJEH B HOp-
MaJbHOM HaIlpaBJICHUU U 3a1a€TCS IEpEMEHHAA 110 BPEMEHU MarHUTHAsI HHAYKIUAS
B, =03sinwt, rie o — Kpyrosas 4acToTa; BTOPOM KOHTYP S =S, JKECTKO 3aKper-

JICH MpU MarHUTHOW WHIYKIUH PaBHOW Hyii0 B, =0. BbIABICHO, YTO B3aMMO-

JEHUCTBUE MAarHUTHOW MHAYKLWU W NE€pepe3bIBAONIC CHIIbI BbI3bIBAET MOSIBJICHUE
AKCTpEMabHBIX 3HAYEHUN Nporuda M MEXaHWYECKUX HANpPsHKEHHM, HaIpsKeH-
HOCTH 3JIEKTPUYECKOIO MOJsl U MarHUTHOM MHAYKUMH. OTMETHM, YTO MarHUTHas
MHAYKIUS W Tepepe3blBalollasl Cujla 3aJaloTcs Ha JIEBOM KOHTYpEe OOO0JIOUKHU
(rpaHMYHbBIE YCIIOBUSI) U IIPHU 3TOM IMepepe3blBaollee yCcuine Q, W HOpMalbHas

COCTaBJIAIOIasa MarHuTHOM UHAYKIIUU Bg IMPOTHUBOIIOJIOKHO  HaIIPaBJICHLI.

yCTaHOBHeHO, 4TO € YMCHBIICHUCM YyrIJla KOHYCHOCTH a0COIIOTHBIC BEJIMYMUHBI
nporn6a U MCXaHHUYCCKHUX H&Hpﬂ)KGHHﬁ, HAMpAKCHHOCTH 3JICKTPUYICCKOI'O IMOJISI U
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MAarHUTHOM MHAYKIUH Bo3pacTaroT. IIpu ¢ = 7/30 MakcuMalibHbIE 3HAUYEHUS ITHX

(GyHKUMHA CYHIECTBEHHO BO3pACTalOT, MO CPABHEHHUIO C MAKCHUMAJIbHBIMU BEJIMYU-
HaMHU U1 OCTalbHBIX YIVIOB M CABHUIalTCAd K S,. DTOT (aKkT HIUIIOCTPUPYET

B3aMMOCBS3b 3JIEKTPOMArHUTHBIX U MEXaHUYECKUX Mojeil. BrisiBIeHO, 4TO yroi
pacTBOpa KOHYyca paBHBIM IIECTH TpajgycaM OKa3aJicd KPUTUYECKUM s
paccMaTpuBaeMON TeOMETPUUYECKH HEJIMHEHHON OO0O0JIOUKH TpHU IMOJI00pPaHHBIX
Harpy3kax. /laneHeiiniee ymenbinenue yria (¢ = 7 /30) TpUBOAUT K OTEPE yCTOM-
YUBOCTH 000J04KH. Vcxoass M3 NOJNYyYEHHBIX PpE3yJbTAaTOB, MOXEM CYIHUTh O
BJIUSHUU YIJIa KOHYCHOCTU Ha HaNpsiKEHHO-Ie()OPMUPOBAHHOE COCTOSIHUE OPTO-
TPOMHOM OOOJOYKH, YUUTHIBAsl, YTO Yrojd ¢ JIONOJHSAET Yroi HpH OCHOBAaHUU
KoHyca 10 90°. OTmeTHM, 4YTO KoJieOaTeabHBIC MPOIECCHI, MPOUCXOMASIINE B
o0osiouke 00Jamamiell OPTOTPONMHON 3IEKTPONPOBOJHOCTHIO HAXOMASIIEHCS B
MAarHUTHOM I10JI€, COOTBETCTBYIOT B CBOEH YHMCTO MEXAHMYECKOW 4YacTH KoJieOa-
TEJIBHBIM IpolieccaM 000JOYKH, HAXOJALIENHCs MO BO3JEHCTBUEM TOJBKO Mexa-
HUYECKON Harpy3ku. DTO SIBJISETCS €lle OAHUM MOATBEP>KICHUEM MPAaBUIBHOCTU
BbIOOpA METOJIUKH U KOPPEKTHOCTHIO MOTYYEHHBIX YPaBHEHUIA.

HccnenoBaHo BIMSHUE ydeTa HENMHEHHOCTH HA IOBEACHUE TOKOHECYLIEH
OpPTOTPONHOM 000JIOYKH B MarHUTHOM mose. Jyig aHanu3a ydera BIMSHUS HEJU-
HEHHOCTH Ha HaIpPSKEHHO-1e(OPMUPOBAHHOE COCTOSIHME OPTOTPOIMHONW KOHHUYEC-
KO 000JI0YKH MPOBEJEHO CPAaBHEHHUE PELICHUMN, TOJIYYEHHBIX B TMHEHHON U HEJU-
HEWHOM NIOCTaHOBKax. 3ajada pemanach NpH TI'PAHUYHBIX YCIOBHUSX: KOHTYP
MaJIoro pajuyca S=S, 3arpy’keH Iepepe3blBalolINM yCUIMEM Qg U CBOOOJEH B

HOPMAJIbHOM HAlIpaBJICHUHM U 3aJa€TCs IMEPEMEHHas 110 BPEMEHU MarHUTHAas
uHaykuus B, =0.3sinet, roe o — Kpyropas 4yacToTa; BTOPOH KOHTYp S=S§
)KECTKO 3aKpPEIUICH NPU MAarHUTHOM MHIYKIMU paBHOM Hymro B, =0. 3HauyeHue
B.,, yaoBieTBOpsfOIIEe 3a/[a4e MarHUTOCTATUKH, BBIOMPAJIOCH KaK Cpe/IHee 3Have-
HHE U3 PEIICHHUs HCIIMHEWHON 3a/1a4i U MPUHUMAJIOCh paBHbIM B, = —0,79 10T

CpaBHEHbI 3HaYeHUs] TPOruda W, OKPY>KHOTO MEXaHWYECKOI'O HaIpsHKEHUs
o, Ha BHEIIHEHW MOBEPXHOCTU 00OJOYKH, HOPMAIBHON COCTABIIAIONIEH MHIYKLIMH
MarHuTHOTO TOJIA B, W MEpUAMOHAIBHOW COCTaBIstOIIEH cuibl Jlopenma F|° B

3aBUCUMOCTH OT S IS YIVIOB ¢ =7 /30, /15 B JIMHEHHOW M HEJIMHEHHOW IOCTa-
HOBKaX. 3HaueHus (QYHKIUH B3ATH Ipu t=5-10"c, IJIe OHU JOCTHralOT MaKCH-
MaJIbHBIX 3HaueHui. PaccmarpuBast 3naueHust GyHKUM 17s yraa ¢ = /30, oTMe-
yaeM, YTO pa3jiMuhe MaKCHUMaJbHBIX 3HAYeHUU mporuda W MO ABYM TEOPUSIM

(koHTYp S =S5,), cocraBuster 27%; nias o, npu S=0,08m mocruraer 97%; B,

npu s=0,04u nocturaroth 41%; F" mpu S =S, mpakTU4ecKu paBHBI, pa3Iuyuue
coctasiser 0,3%. PaccmaTpuBas yron ¢ = 7/15, oTMe4aeM COBIIAJICHUE PE3YJIbTa-
TOB, KaK 10 JIUHEHHOMW, TaK U II0 HEJIUHEHMHON TEOPUAM IPU UX MAKCUMAIBHBIX
3HAYEHUAX. Y CTAHOBJIEHO, YTO Pa3IM4YMe MEXIY PELICHUSAMU B JUHEWHOW U HEJIH-
HEHHON TeopHsiX BO3pacTalOT C YMEHbIIEHHEM yria ¢ (yBEJIMYEHHEM yria

pacTBOpa KoHyca). B Toxxe BpeMsi HEOOXOUMO OTMETHUTD CYIIECTBEHHOE pa3iInuue
10 JIMHEWHON U HEJIMHENHON TEOPUAM JIsl HANPSKEHUs, MATHUTHOW MHIAYKIUU U
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cwibl JIopeHIla nmpu mojaxojie K mpaBoMy Topity o0osouku (s =0.28;0.32; 0.36.x).
AHanu3upys MOJYYEHHBIC Pe3yJbTaThl, MOXKEM CYJIUTh O BIHUSHUH T'€OMETpPUYEC-
KON HEJIMHEHHOCTH Ha HAnpsHKEHHO-AE()OPMHUPOBAHHOE COCTOSHHE OPTOTPOIMHBIX
000JI0YEeK B CPAaBHEHUHU C JTUHEHHOM TeopHeil.

Ha ocHOBe cpaBHEHHsI pe3yJbTaTOB PELICHUN, MOJYYEHHBIX JJI1 TOKOHECY-
IIEr0 OPTOTPOIMHOr0 KOHyca U3 OepUIUIUs U TOKOHECYILEr0 U30TPOMHOro KOHyca
U3 aJIOMUHUS, a TaKKe JUIsl M30TPOIHOTO KOHYCa M3 allfOMUHUS MIPH OTCYTCTBUU
MarHUTHOTO TOJIE U CTOPOHHETO TOKa MCCIIeI0BaHbl HANPsHKEHHO-Ae()OpMHUPOBaH-
HBbIE COCTOSIHMSI TMOKHMX OO0O0JIOYEK B HENMHEWHOW mocTaHoBKe. Bo Bcex Tpex
CllydasiX pacrpejesieHue Mnporubda HeJIMHEHHOe M MX MaKCHUMallbHbIE 3HAUYCHMS
BO3HUKAIOT B JIEBOM KOHType o0Oosiouku. Ilpu 3TOM, B cilydae OpTOTPOIHOTO
KOHYyca U3 Oepuiiig U U30TPOIHOIO KOHYCa U3 aJlOMHUHMUS, C Y4€TOM MAarHUTHOTO
MoJiE MaKCUMajbHble 3HAYEHHs Mporuda OTIMYAIOTCS MPUMEPHO B JBa pasa.
BrIsiBIIeHO, YTO B Cilyyae M30TPONHOrO KOHyca, 0e3 BO3JAEHCTBUS MAarHUTHOTO U
AIEKTPUUYECKOTO TMOJIeH, MPOrud CyIecTBEeHHO Bo3pactaeT (W/h, =4). 1o 00bsic-

HSETCS T€M, UTO MPHU OTCYTCTBUU DJICKTPUYECKOTO MOJIsA, JACHCTBYIOIIETO HA 000-
JIOYKY, PACTATHUBAIOLINE CHUJIbl TAHTCHIMAIBHOM  COCTABJISIOLIEM MAarHUTHOU
uHayknud ( BY) ¥ TaHreHIManabpHOM cocTaBisomei cuibl Jloperna ( pF,) paBHBI

HyT10. B 3TOM ciyyae oOonouka cTaHOBUTCS Oojiee MOAATIMBOW, T.€. THOKOU
OTHOCHTENILHO Tporuba. OTCyTCTBME MarHUTHOTO MOJIA (B, =0) TAKKE MPUBOAUT

K YBEJIMYEHUIO Tporuda. B 3aBUCMMOCTH OT M3MEHEHUs TOJIIMHBI O0O0JOYKHU
MCCJIEI0BAHO MOBEJEHUE OPTOTPOMHON OOOJOUYKH. Y CIIOBUS 3aKpPEIJICHUS! KOHTY-
pPOB 000JI0UYKH BBIOPAHBI CIEAYIOIUE: KOHTYp Majoro paauyca S=S, MIAPHUPHO

3aKperyieH W 3a7acTCsl MEpPEeMCEHHasl MO0 BPCMCHHM MAarHWTHas WHIYKIWs B,, a
BTOpPOIl KOHTYp S =S, CBOOOJEH B MEPUIMOHAIBHOM HANPABICHUM NP MArHUT-
HOM WMHIYKIIMU paBHOW HyNI0. 3ajaya JJisi OPTOTPOIHOIO KOHyca U3 Oepuiuius
NEPEeMEeHHON TOMIUHBI h=5-10"(1-« %N) paccuuTaHa IpHU Pa3IMYHBIX 3HA4Ye-

HUSX MapaMeTpa a:{0.2;0.3;0.4;0.5} XapaKTEePU3YyIOMIETO0 NEPEMEHHOCTh TOJI-
LIMHBI B MEPUIUOHAIBHOM HAIIPABJIICHUU. Y CTAHOBJICHO, YTO YBEJIWYECHUE 3HAUE-
HUSl TIapaMeTpa o MNPUBOAMT K YBEJIMYEHHUIO MPOTH0a, OKPYKHBIX HANpPSKEHUU
0,,(S) 00070YKH, HANPSDKEHUH MakcBelta T,,(s) u Ap. Kak BUAHO U3 MOTYyYEHHBIX
pe3yJIbTaTOB, NEPEMEHHOCTH TOJIIIMHBI OKa3bIBAa€T 3HAYUTEIBHOE BIIUSHUE Ha
HaNpsHDKEHHO-Ae(OPMUPOBAHHOE  COCTOSHME  OOOJIOYKH, YTO  HEOOXOIUMO
YYUTBIBATH IIPU NPAKTUYECKUX pacyeTax.

[Ipy pasznuuHbIX BUAAX 3aKPEIUICHUS KOHTYpPOB OOOJIOYKH HCCIEI0BAHO
HaMpsHKEHHO-Ae(OPMHUPOBAHHOE COCTOSIHUE THOKOrO0 TOKOHECYIIEro OpTOTPOI-
HOTO KOHyca U3 Oepuiuivs MepEeMEHHON TONIIMHBL. W3 MOJydyeHHBIX pe3yjbTaToOB
BUJIHO, YTO KpaeBbl€ YCIIOBUSA 3aKPEIUICHUS KOHTYPOB OOOJIOYKH CYIIECTBEHHO
BIUSIOT HAa 3HAYEHUS W paclpeliesieHusi MporudoB, MEpepe3bIBAIONINX CHI U
M3rudarolMx MOMEHTOB, cui JIopeHIla, MAarHUTHON MHAYKIMU U HANPS>KEHHOCTU
ANEKTPUYECKOro Mouist. BhIABIEHO, UTO MakCUMalbHbIE MPOTrUObl U U3rMdarouIne
MOMEHTBI, CWIbl JIOpeHIla, MarHUTHAasE UHAYKLUUA U HAIPSHKEHHOCTD JJIEKTpUYEC-
KOIO TOJISI BO3HMKAIOT IIPU «IIAPHUPHO-CKOJIB3AIIEM» TPAHUYHBIX YCIOBHUSIX.
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IlonydeHbl YHCIIEHHBIE PE3yJNbTaThl NPU IHIAPHUPHOM 3aKPEIUICHHMH KOHTYPOB
000JIOUKH /JI CIy4YaeB, KOI/la Ha JEBOM KOHTYpE 3aJaeTCsl MarHUTHAsT MHTYKLIMS
U HANPSHKEHHOCTB JJIEKTPUYECKOTO MOJIA. YCTAHOBJIEHO, YTO IPHU HAJIUYMM Ha
JIEBOM KOHTYpe 00OJOYKM MarHUTHOW MHAYKIMU 3HAYE€HHs MPOruOOB, M3rnbaro-
IIMX MOMEHTOB, cui JIopeHa, MarHuTHOM MHAYKLWN U HAINPS)KEHHOCTH JJIEKTPHU-
YEeCKOT'0 MOJIi HAMHOT'O 0OJIbIIE IO CPABHEHMIO C HAIMYUEM AIIEKTPUUECKOTO MOJIS.
Hcxons, U3 TMONYYEHHBIX PE3YJIBTATOB MOXKHO CYIHWTh O BIUSHUM TI'PAHUYHBIX
YCJIIOBUHM Ha B3aMMOCBSI3aHHOCTh MEXaHUUYECKUX U JIEKTPOMArHUTHBIX MOJIEH.

[Ipoanamu3upoOBaHO BIMSHUE BHEIIHEW MAarHUTHOW UHIAYKUHMHU HA HAIPSKEH-
HOE COCTOSIHUE OPTOTPOMHON OOOJOYKM B TE€OMETPUYECKHM HEIWHEWHOW mocTta-
HOBKE. Y CEUeHHasi OpTOTPOIHAsE KOHUYECKass 000JI04Ka U3 OepUILIUs EpEMEHHON
TOJIIIAHBI HaXOJIUTCS oA BO3JIEVICTBUEM MEXaHHYECKOMN CHUJIBI
P. =5-10°sinwt H /m*, CTOPOHHET0 3IEKTPUYECKOro TOKa J,cy =5-10°sinwt A4/’

Y BHEIIHEro MarHuTHOro nojist By, =0.177, a Takke 00010YKa UMEET KOHEUYHYIO
OPTOTPOIHYIO 3JIEKTPONPOBOIHOCTh o (0, ,0,,0;). B 3TOM ciyuae Ha 000JIOUKY

JIEUCTBYET KOMOMHUPOBAHHOE HArpy>KE€HHE, COCTOSIIEE W3 TMOHJIEPOMOTOPHOM
cuibl JlopeHnla BHEIIHEr0 MAarHUTHOIO MOJsS W MEXaHMYECKOM CHibl. 3ajaya
pelanach Npy rpaHUYHBIX YCIOBHAX: KOHTYpP MAJIOTO paauyca S =S, IIAPHUPHO

3aKPEIUICH W 3a/1acTCs IEPEMEHHAs 10 BPEMEHHM MarHMTHas WHIyKUus B, a

BTOPON KOHTYp S =S, CcBOOOJEH B MEPUAMOHAJIHLHOM HANpPaBJICHUH NMPU MArHUT-

HOM MHIYKIIMU paBHOU HYJ0. MccnenoBano nmoBeieHUE OPTOTPONHON 000JIOUKH B
3aBUCUMOCTA OT M3MEHEHMsS BHEIIHEr0 HOPMAJIBHOI'O COCTaBIIAIOLIEIO MarHUT-
HOrO HWHIyKnuu B,,. IlokasaHo, 910 ¢ W3MEHCHHEM BHCIIHEH HOPMAaIbHOM

COCTaBJIAIOIIE MArHUTHOW WHAYKIHMH, INPOUCXOAUT CYHIECTBEHHOE H3MEHEHHUE
HaIpPsHKEHHOTO COCTOSIHUSL O0O0JIOUKM U €€ 3JIEKTPOMAarHUTHOro moJisi. BelsiBieHo,
YTO C YBEJIMYEHHUEM MArHUTHOM HMHAYKIMM TPOrud OOOJIOYKM YBEIMUYMBAETCS.
VYBennueHne WHIYKIMU BHEINIHEr0 MAarHUTHOTO IOJS NPUBOAUT K YBEJIMYECHHIO
BEJMYMHBl MEXaHMYECKUX HamnpsbkeHuil oOonouku. VccienoBaHo u3MeHEeHUE
BEJIMYMHBI UHAYKIUU BHYTPEHHETO MArHUTHOTO MOJII OOOJOYKH B 3aBUCHUMOCTHU
OT W3MEHEHHMS BHEIIHET0 MAarHUTHOTO MOJS U OT OPTOTPONHOM 3JIEKTPONPOBOJI-
HOCTH. YCTaHOBJICHO, YTO IPU YBEIWYEHWH HHAYKIUM BHEIIHETO MAarHUTHOTO
IOJIsI MHAYKLUHMS BHYTPEHHETO MATrHUTHOTO IIOJISI TOXKE YBEJIMYUBAETCS. OITO
COOTBETCTBYET peaIbHbIM (DU3UUECKUM MPOLIECCaM, MPOUCXOASIIIMM B 000JI0UKE, U
B CBOIO O4epe/b TOATBEPKIAAET JOCTOBEPHOCTD MOJIYYEHHBIX PE3YyJIbTATOB.

B 3aBrcuMoOCTH OT U3MEHEHUSI CTOPOHHETO AIEKTPUYECKOIO TOKA MPOBEIECHO
MCCJIeIOBAHUE HAIPSKEHHO-e(OPMUPOBAHHOTO COCTOSIHUSL OPTOTPOIHOM KOHU-
4eCcKOl 000JI09KU EPEMEHHOM TouHbL. O00I04Ka U3 OEpUILINs HAXOJUTCS MO
BO3CHCTBHEM MeXaHHYecKo# cuibl P, =5-10°sinwt H/m®, CTOPOHHEro 3MeKTpH-

4eCKOro Toka J,o; = J,oq Sinwt A/ m* (J,e; =5-10°, 5-10°, —5-107, —8-10°, —1.10°) u
BHEIIHEI0 MAarHUTHOro mojs B, =0.17z, a Takke 000JI0YKa MMEET KOHEUYHYIO
OPTOTPOIHYIO 3JEKTPOIPOBOAHOCTE O (0, ,0,,0;). B paccMarpuBaeMoM cirydae
AHU30TPOIHUS YAEJIBHOIO JJIEKTPUYECKOTO COMPOTUBICHUSA OEpwius paBHA
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n,/n, =4.07. 3amaya pemanach NpU TPAHUYHBIX YCIOBHSIX: KOHTYpP MAaJIOTO
paguyca S=S; IIAPHUPHO 3aKPEIUIEH U 3aJa€TCA IMEPEMEHHAas II0 BPEMEHH
MarHuTHas MHIYKUHsS B, a BTOPOM KOHTYp S =Sy CBOOOJEH B MEPHUAMOHATILHOM

HaIPaBJICHUU IIPU MATHUTHON MHAYKLUHA PABHOU HYIIIO.

[lokazaHo, yTo moaOUpas BEJIUYUHY TJIOTHOCTU W HANpPaBIEHHOCTb CTOPOH-
HEro TOKa C y4€TOM OPTOTPOIHOMU BJIEKTPOIPOBOSHOCTH MOXKHO ONTUMU3UPOBATH
HaIpsHDKEHHOE COCTOSIHME 00O0JIOUKH, HaXOAUIEHCs M0/l BO3/IEHCTBUEM HECTAIMO-
HApHBIX DJICKTPOMAarHUTHBIX U MEXaHUYECKUX M0JIeH. BBIABIEHO, YTO YBEIUYEHUE
3HAYEHUsI CTOPOHHETO JIEKTPUYECKOI0 TOKA IPUBOAUT K YBEIUYEHUIO 3HAUYCHUS
NpPOruOOB M HANPSIKEHUH OO0OJOYKH, TAHTCHLMAJIBHBIX M HOPMAaJIbHUX COCTaB-
aaromux cwi Jlopenna. [Ipn u3MeHeHun HalpaBlIeHUs CTOPOHHEIO TOKA HallpaBs-
JICHUsI JEUCTBUM IIOHACPOMOTOPHBIX CHJI COBIIQJAIOT C HAIpPaBJICHUEM HOP-
MQJIBHOM COCTaBIIAIOLIEH MEXaHWYECKOM Harpy3Kd, 4TO IIPOBOJUT K Kayect-
BEHHOMY M KOJIMYECTBEHHOMY M3MEHEHMIO MPOTrM0 M HANpsLDKeHHM 000JI0uKH, a
TaK)Ke MapamMeTpoOB ANEKTPOMAarHuTHOro nojis. Takum oOpa3om, BeIOMpas HaIpaB-
JICHHOCTb M BEJIIMYMHY IUIOTHOCTU CTOPOHHETO JJIEKTPUYECKOIO TOKA MOYKHO
N0OUTHCS MHUHUMAJIBHOIO 3HAYEHUs Mporuda U HampsHKEeHUH B 00OJIOUKE.
AHanmu3upysi TpPUBEICHHBIE pPE3YyJbTaThl pPAcyeTOB, OTMETHM, YTO OHHU HE
MIPOTUBOPEYAT MEXAHUYECKOMY M (PU3MYECKOMY MIPEACTaBICHUAM O Mpolieccax,
MPOUCXOAIIUX B 0007I0UYKE, HAXOASIIEHCS MO JJIEKTPOMAarHUTHBIM U MEXaHUYeC-
KUM BO3JEHUCTBUEM.

3AKJITIOYEHHUE

1. ChopmynupoBaHa MaTemMaTHuecKasi MOCTAHOBKA CBSI3aHHON JUHAMUYECKON
3a/layd MarHUTOYNPYroCTH TOKOHECYIIMX OO0OJOYEeK C Yy4YeTOM aHU30TPOIHOMU
AJIEKTPOIPOBOIHOCTH, MATHUTHOM U TUDJIEKTPUUECKON IPOHULAEMOCTH.

2. IlocTtpoeHa HenuHeWHas JABYMEpHas MOJEIb MarHUTOYNPYTrOCTH
TOKOHECYIIIUX OPTOTPOMHBIX 000JI0YEK B T€OMETPUUECKH HETMHEMHOW MOCTAaHOBKE
C YYETOM OPTOTPOITHOM BJIEKTPONPOBOAHOCTH, MArHUTHOM W IUIJIEKTPUUYECKOU
MpOHULIAEMOCTH. IIpyu 3TOM MNPHUHATO, YTO IJIaBHBIE HANPABICHUS OPTOTPONUHU
CBOICTB MaTepuasia 000JOYKH COBIMAJAIOT C HANPABJICHUSIMHU COOTBETCTBYIOLIHMX
KOOPAMHATHBIX OCEH, a TaKKe OPTOTPOIIHOE TEI0 JIMHEWHO OTHOCUTEIBHO
MAarHUTHBIX U JIEKTPUYECKUX CBOMCTB.

3. Ha ocHOBe KBaJpaTWYHOIO BapUaHTa I'€OMETPUYECKH HEJIMHENHOU Teo-
puu 000JI0YEK U IJIACTUH, MOJTYYEHa CBSI3aHHAs pa3peliaronias CucTeMa HelMHeu-
HBbIX TUu(dPepeHInaNbHbIX YPAaBHEHU MarHUTOYNPYrOCTH, ONMUCHIBAIOLIAs HAIpPs-
AKEHHO-I1€(h)OPMUPOBAHHOE COCTOSHUE TMOKUX TOKOHECYLIUX OPTOTPOMHBIX 000JI0-
YEK BpAILCHUs IPOU3BOJBHOIO MEpPUIMAHA HAXOMALIUXCS II0J BO3JACHCTBUEM
HECTAllMOHAPHBIX MEXAHUYECKUX U JJIEKTPOMArHUTHBIX HATPY30K C YYETOM OPTO-
TPOITHOU DJIEKTPOIIPOBOJHOCTH, MArHUTHOU U AUBIEKTPUYECKON IPOHUIIAEMOCTH.

4. PazpaboTaHa METOJIMKAa M QJTOPUTM YHUCIEHHOI'O PEHIEHUS HOBBIX KJIACC
CBSI3aHHBIX JUHAMUYECKUX 3aa4 MarHUTOYIIPYTOCTH, [O3BOJIAIOLIAE UCCIIEN0BATh
HaIpsHKEHHO-Ae(OPMHUPOBAHHOE COCTOSIHUE TOKOHECYIIMX OPTOTPOIHBIX 000JI0-
YeK BpallCHHUs C YYETOM OPTOTPOIHOM JJIEKTPONPOBOJHOCTH, MArHUTHOM H
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JIUDJIEKTPUYECKON IMPOHULIAEMOCTH B TI'€OMETPUYECKU HEJIMHEHWHOW IIOCTAaHOBKE.
Ha ocHoBe pa3paOoTaHHOW METOJUMKH MPOU3BENECH pacyeT HanpsKeHHO-
1e(OPMUPOBAHHOTO COCTOSIHUSI M30TPOIMHOM TOKOHECYIIEH KOJbIIEBOM MIACTUHBI
1 KOHUYECKOW 000JIOUKH, HAXOASIIUECS O] BO3IEUCTBUEM MEXaHUUECKON CHUIIBI,
CTOPOHHETO AJIEKTPUYECKOTO TOKAa M BHEIIHETO MarHUTHOro noss. Kak cienyer n3
pe3yJIbTaTOB CPAaBHEHUM, C YBEIWYEHHUEM MPOJOJDKUTEIBHOCTU JCHCTBUSA CUI U
YMEHBIIEHUEM LIara Mo BPEMEHH, PA3IM4YMe MEXAY 3HAUYCHHSIMU MPOTrMOOB U
HaIpsDKEHUM MPU pa3IMYHbIX [1arax HE3HAYNTEIbHO YBEIUYUBACTCS.

[lonyyeHHble YUCIIEHHBbIE JAHHBIE HA YETBEPTOM M MSATOM NPUOIMIKEHHSIX
MPAKTUYECKH COBMIAAAIOT, YTO CBUIETEIBCTBYET 00 yIOBIETBOPUTEIbHON
CXOIMMOCTH WMTEPALlMOHHOIO Mpoliecca. Pe3yinbraTel CpaBHEHHM B U30TPOITHOU
IIOCTAHOBKE C TIIOJIYYEHHBIMH [JaHHBIMHU JPYyTUX AaBTOPOB IIOKAa3bIBAIOT O
BO3MOXXHOCTH IIPUMEHEHMS IIPEJIOKEHHOTO IOAXOJAa Ul MCCIIEIOBaHUs
HaIpsHKEHHO-Ae(OPMHUPOBAHHOIO COCTOSIHUS TMOKMX TOKOHECYIIMX OPTOTPOITHBIX
000J104eK BpalieHusi, 00JaAat0IMX OPTOTPOIHOM AJIEKTPOIPOBOIHOCTHIO.

5. PaccMOTpeH yd4eT BIIMSHUS KOHYCHOCTM Ha HEJIIMHEHHOE IOBEIECHUE OPTO-
TPOMHOUN 000704YKHU. BEIsIBIEHO, YTO B3aUMOJCHCTBHE MArHUTHOW HHAYKIUUA U
nepepe3bIBAIOIICH CUIIbI BBI3BIBAET MOSABICHHUE SKCTPEMAJIbHBIX 3HAUEHUH Mporuda
M MEXaHWYECKUX HaNpsDKEHUW, HANpsSKEHHOCTH JJIEKTPUYECKOTO IOds U
MAarHATHOM MHAYKUMWA. MarauTHas MHAYKLIMS U TIEPEPE3bIBAIOIIAs CUIIA 3a1ar0TCS
Ha JIEBOM KOHTYpe 000JI0UKH (IpaHUYHBIC YCIOBUSI) U TIPU STOM Iepepe3bIBaIoiee
YCUJIME Y HOpPMajbHasi COCTABJIAIOLIAS MAarHUTHOW HMHAYKIMU MPOTHUBOIOJIOKHO
HaIPaBJICHBI.

VYCTaHOBIEHO, YTO C YMEHBIIEHHWEM YIJla KOHYCHOCTH aOCOJIOTHbBIE
BEJIMYMHBI MPOrnda M MEeXaHMYECKUX HANpPsHKEHHM, HANPS)KEHHOCTH 3JIEKTpUYec-
KOro MOJs M MAarHUTHOM HWHAYKIMU BO3pACTaloT. OTOT (aKT HIUTIOCTPUPYET
B3aUMOCBA3b JJICKTPOMATHUTHBIX U MEXAHUYECKUX I0JIeH. BBIABICHO, YTO yrou
pacTBOpa KOHyCa paBHBIM IIECTH TIpajycaM OKas3ajcCsi KPUTUYECKUM I
paccMaTpuBaeMON TeOMETPUUYECKH HEIMHEHHON OO0O0JIOUKH TpU MOJI00paHHBIX
Harpy3kax. JlanpHeulee yMEHBIICHUE YIJla KOHYCHOCTH IMPUBOAUT K IIOTEpE
YCTOMYMBOCTU 0OOJIOUKH.

6. Ha ocHOBe cpaBHEHUs pe3yJbTATOB PELICHUM, IMOJYYEHHBIX JISI TOKO-
HECYILEr0 OPTOTPONHOr0 KOHyca W3 OepuuIMs UM TOKOHECYIIEro H30TPOMHOTO
KOHyCa W3 aIOMHUHHS, a TaKXe U1 HU30TPOIHOI0 KOHYCa U3 QJIIOMHUHUS IPHU
OTCYTCTBUM MAarHUTHOTO TIIOJII M CTOPOHHErO0 TOKa IMPOAaHAIU3UPOBAHBI
HaIpsHKEHHO-Ae(OPMHUPOBAHHBIE COCTOSIHUS THOKHX O000JOYEK B HEJIMHEWHOU
nocTaHoBke. Bo Bcex Tpex ciydasx pacrnpenesieHue nporuda HeIMHEeHHOe M HUX
MaKCUMaJlbHblE 3HAYEHUS BO3HUKAIOT B JIEBOM KOHType oOoisiouku. Ilpu 3ToM, B
clly4ae OpTOTPOMHOr0 KOHyca M3 OepUIUINs U U30TPOITHOTO KOHYCA U3 aIFOMUHUS,
C YYE€TOM MArHUTHOTO IMOJIsI MaKCHUMallbHble 3HAUEHHUS MpOruda OTIMYaIOTCS
NpUMEPHO B JIBa pa3a. BpIsABIEHO, YTO B cCily4ae H30TPOIHOTO KOHyca, Oe3
BO3JICUCTBHUSI MAarHUTHOI'O M DJIEKTPUYECKOrO TMOjeil, Nporud CyHeCTBEHHO
BO3pacTaeT. JTO OOBICHAETCS TEM, YTO MPH OTCYTCTBUHU JIJIEKTPUUECKOrO MOJIS,
JEHCTBYIOIIET0 Ha O0OJIOUKY, PAacTATMBAIONIME CHJIbl TaHTE€HIMATBHOM COCTaB-
JIAIOLIEN MAarHUTHOM UHAYKLIHMHU U TAHT€HUMAIBbHOW COCTABIISIOIEN CUJIbl JIopeHna
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PaBHBI HYJIIO.

CpaBHEHBI pe3yibTaThl PEUICHUMN, MOJYYEHHbIC B JUHEWHOW W HEJIMHEWHOUN
[IOCTAHOBKAaX. YCTaHOBJICHO, YTO pa3jIM4ue MEXIYy pPE3yJbTaTaMU pELICHUN B
JIMHEMHON W HEJIMHEWHOW IIOCTAaHOBKAaX BO3PacTarldT € YMEHBIICHUEM yIUla
KOHYCHOCTH. AHAJIM3UPYs IOJYYEHHBIE PE3YyJbTAaThl, MOKHO CYAUTH O BIHUSHUU
reOMETPUYECKON HENMHEMHOCTH Ha HaNpsKEHHO-Ie(QOPMUPOBAHHOE COCTOSHUE
OpPTOTPONHBIX 000JIOYEK B CPABHEHHH C IMHEHHOM TeopHeil.

7. Ilomy4eHbl YHUCIEHHBIE peE3yJbTAThl JIsI OPTOTPONHOIO KOHYyCa U3
OepusuiMsl TIEPEMEHHON TOJIIMHBI TPU Pa3IUYHbIX 3HAYCHHUSX Mapamerpa ’

“q
XApAKTEPU3YIOUIETO MEPEMEHHOCTh TOJIIIMHBI B MEPUANOHAIBHOM HalpPaBJIEHUU.
VY CTaHOBIIEHO, UTO YBEJIIMYECHHUE 3HAYEHUs Napamerpa “‘a’ NPUBOAUT K yBEJIHYE-
HUIO MPOruda, OKPYKHBIX HANPSLDKEHUM 000J0YKH, HAMPSYKEHU MakCBeJia U JIp.
Kak BUIHO M3 NONYYEHHBIX DPE3YJIBTATOB, NMEPEMEHHOCTH TOJIIMHBI OKa3bIBACT
3HAYUTEIBHOE BIUSHUE HAa HANPSXKEHHO-1€(POPMUPOBAHHOE COCTOSIHUE 00O0JIOUKH,
YTO HEOOXOJAMMO YUUTHIBATH MPU MPAKTUYECKUX PACUETaX.

IlonmydeHbl YHCIIEHHBIE PE3YJIbTaThl NPHU PA3JIMYHBIX BHJAX 3aKPEIUICHUS
KOHTYpOB 0007104kH. M3 MOTyYEHHBIX Pe3ylbTaTOB BUIHO, YTO KPA€BbI€ YCIOBHS
3aKpeIJIEHUs KOHTYPOB OOOJIOYKM CYIIECTBEHHO BIHMAIOT Ha 3HAYEHUS U
pacnpeneneHuss TporuooB, Nepepe3bIBAIOIINX CUII U U3TMOAIOUIUX MOMEHTOB, CHJI
JlopeHIIa, MarHUTHOM WHAYKIUM W HANOPSKEHHOCTHU DSJIEKTPUYECKOTO MOJIS.
BbIsiBIEHO, 4YTO MakCUMajbHble MNPOTHObI M H3THOAIOIIME MOMEHTBI,  CHJIbI
JlopeHnla, MarHuTHasg WHAYKOHUS W HAOPSDKEHHOCTh DJEKTPUYECKOTO MOJIA
BO3HHMKAIOT NPH «IIAPHUPHO-CKOJIB3AIIEM» TPAHUYHBIX YCIOBHUSX. Y CTAHOBIIEHO,
YTO MpU HAJIMYHUU HA JIEBOM KOHTYpE OOOJIOUKM MArHUTHOM MHAYKIIMU 3HAYCHUS
NporuOoB, K3ruOaIIMX MOMEHTOB, cWi JIOpeHIla, MarHUTHOM MHIYKUUH U
HaAMpsDKEHHOCTH  AJIEKTPUYECKOr0 TMOJIsI HAMHOrO OOJIbIIE MO CpPaBHEHUIO C
HaJIMYUEM DJIEKTpUUECKOro noiist. Mcxons, U3 moy4eHHbIX pe3yJbTaTOB MOYKHO
CYIUTh O BJIMSIHUW FPAHUYHBIX YCIOBUN HA B3aMMOCBSI3aHHOCTH MEXaHMYECKUX U
BJIEKTPOMATHUTHBIX TOJIEN.

8. BbIsBIEHO, YTO C yBEJIMYEHWEM MArHUTHOM MHIYKUMHU MPOrud U Hamps-
KEHUI 000JIOUKM YBEJIMYMBAETCS. Y CTAaHOBJIEHO, YTO MPU YBEIUYECHUH MHIYKIUN
BHEIIHETO MAarHUTHOTO TOJII WMHAYKIMUS BHYTPEHHErO MAarHUTHOTO IIOJSL TOXKE
YBEIMYMUBAETCS. DTO COOTBETCTBYET peasibHbIM (PU3MYECKUM MpOLieccaM, MPOUC-
XOJSUIUM B 000JI0UKE, U B CBOIO OYEpE/b MOATBEPKIAET JOCTOBEPHOCTD MOJTYUEH-
HBIX pE3yJbTATOB.

[lokazaHo, 4to mnoaOMpas BEJIUYMHY IUIOTHOCTH U HANpPaBICEHHOCTb
CTOPOHHETO TOKAa C Y4YETOM OPTOTPONHOM 3JEKTPOIPOBOJAHOCTH MOXKHO ONTH-
MU3UPOBATh HAMNPSIKEHHOE COCTOSIHUE OOOJIOYKHM, HaXOASIIeHcss TMoa BO3-
JNENCTBUEM HECTAIMOHAPHBIX JIEKTPOMArHUTHBIX U MEXAHUYECKUX IOJIEH.

BbIABIEHO, YTO YBEJIMYEHHME 3HAYEHUS CTOPOHHETO JJIEKTPUYECKOrO TOKa
MPUBOJIUT K YBEJTUUYEHHUIO 3HAUYEHHUS NMPOTruOOB U HANPSHKEHUH 00O0JO0UKH, TaHTEH-
LAAJIBHBIX 1 HOPMAJIBHUX COCTABIAIOMMX cuil JIopeHna.

Takum oOpa3zoMm, BbIOMpas HampaBIEHHOCTb W BEJIUYMHY IUIOTHOCTH
CTOPOHHEr0 3JEKTPUYECKOr0 TOKAa MOXKHO JOOMTHCS MUHUMAJIBHOTO 3HAYEHHUS
nporuda v HanpsKeHU B 000JI0UKe.
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9. B paccMOTpeHHBIX 3aJladyax MOCTPOEHBI 3aBUCMMOCTU 3HAYEHUHN XapaKTep-
HBIX (PYHKUUH HaNpsKEHHO-I€(POPMUPOBAHHOTO COCTOSIHHSI OT AJIEKTPOMArHUT-
HBIX IIapaMeTpPOB, B YACTHOCTU OT OPTOTPOITHOW 3JIEKTPHPOBOJHOCTH M OT OPTO-
TPONMHU CBOWCTB MaTepuana, MO3BOJSAIOIIME OLCHUTh BIUSHUE B3aUMOCBSI3aH-
HOCTHU MoJiel. lcronb30BaHUE ITOIYYEHHOUW CHUCTEMbI CBS3aHHBIX YpPaBHEHUU
MarHUTOYIPYroCcTH OPTOTPOIHBIX 000J0UEK BpallleHUs, pa3pabOTaHHBIX METOIUK
pELICHUsT HECTAllMOHAPHBIX 3aJad TEOPUH TOKOHECYLIUX OO0OJOYEK C Y4ETOM
OPTOTPOITHOW DJIEKTPOIIPOBOAHOCTH B I€OMETPUUYECKU HEJIMHEHHOW IIOCTAaHOBKE
JaeT BO3MOXHOCTh pellaThb HOBBIM Kiacc 3amad. llpu sTOoM Oonee mMOJIHO
YUYUTBIBAETCA BIUSHUE OPTOTPONHOM JJIEKTPOIPOBOJHOCTH, MAarHUTHOM H
JIURJIEKTPUYECKON MPOHUIIAEMOCTH Marepuana M peajbHble YCIOBHS pabOThI
AJIEMEHTOB KOHCTPYKILIMI, YTO TMO3BOJAET JieJlaTh BbIOOp paluOHAIBHBIX
F€OMETPUYECKNX, MEXAHUYECKMX M DJJEKTPOMArHUTHBIX MapameTpoB s
MOBBILIEHUS HAJIEXXHOCTH pabOThl KOHCTPYKIIUH.
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ANNOTATION OF DOCTORAL DISSERTATION

Topicality and demand of the subject of dissertation. Increased
interest in the problems of mechanics of coupled fields, primarily to electro-
magnetoelasticity, caused by the needs of today's technological advances in
various industries and the development of innovation technologies. The issues of
motion of a continuum with electromagnetic effects fill a highly important place in
the mechanics of coupled fields.

One of the main directions of development of modern solid mechanics is a
development of the theory of conjugate fields and, in particular, the theory of the
electromagnetic interaction with deformable medium.

The mechanism of interaction of an elastic medium with the electromagnetic
field is diverse and depends on the geometrical characteristics and physical
properties of the body under consideration.

In particular, this mechanism gets some specifics when considering the
problems of thin plates and shells having anisotropic conductivity.

In creating optimal structures in modern engineering, widespread use is
made of thin-walled shells and plates as structural elements in which effects of
nonlinear electromagnetic interaction with magnetic fields are significant.

Effects of the coupling of mechanical displacements of conductive bodies
with the electromagnetic field are conditioned by the Lorentz ponderomotive
forces. The Lorentz forces depend on the speed of the conductive elements of a
continuous medium and the external magnetic field, the magnitude and orientation
of the conduction current in reference to external magnetic field. Significant effects
of ponderomotive interactions occur for high-frequency oscillations at large
amplitudes of displacements, pulsed magnetic fields and current-carrying elements.
It is for these conditions are first necessary to develop mathematical foundations of
magnetoelasticity and applied methods for solving certain classes of problems.
Among these classes of problems, first of all, we note the problem for current-
carrying thin anisotropic plates and shells placed in a strong external magnetic
field, as well as the problem of nonlinear magnetoelastic vibrations of thin-walled
elements in a magnetic field.

On the basis that specific magnetoelastic effects found in the study of
nonlinear coupled problems, it seems urgent development of numerical approaches
to solving problems related to the magneto-anisotropic flexible current-carrying
plates and shells having anisotropic conductivity under the influence of non-
stationary electromagnetic and mechanical stresses. In studies of nonlinear
magnetoelasticity problems of special interest is determination of the stress-strain
state of current-carrying plates and shells on exposure to variable electromagnetic
and mechanical fields with regard to anisotropic electroconductivity, magnetic and
dielectric permittivity.

Demand of these problems and interest in ones is conditioned by wide
application in modern engineering as constructive elements of thin shells and
plates, which are exposed to strong magnetic fields. These problems occur in
modern technology, where such structures are used as protecting or bearing
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elements for shielding external fields of strong magnetic equipment. This interest
Is conditioned by the need to solve problems of electromagnetic compatibility with
the development of modern measuring systems, computer devices, measurements
of weak pulsed fields on the background of large fields, the development of the
protection of personnel from electromagnetic effects, etc.

Topicality and demand of the subject of dissertation in the formulation
and solution of problems in accordanse with the Law of the Republic of
Uzbekistan “On providing an electromagnetic compatibility” (1999, Neo 1,
art.16, 2003, Ne 5, art. 67, 2013, Ne 18, art. 233).

The electromagnetoelasticity coupled problems of anisotropic plates and
shells having anisotropic conductivity are of scientific interest in terms of both
theory and applications. The matter is that in the case of thin anisotropic bodies
having anisotropic conductivity it is possible to solve optimal problems of
magnetoelasticity by the variation of all physical-mechanical material parameters
of body.

In particular, when mechanical and geometric parameters of the problem are
constant, using variation of anisotropic electrodynamic parameters it is possible to
obtain constructive elements with qualitatively new mechanical behavior. It should
be noted, that recently the materials with new electromagnetic properties were
created. These materials can be use in different areas of new appliances at creation
of new technologies.

Conformity of research to priority directions of development of
science and technologies of the Republic of Uzbekistan. The present work
Is carried out according to priority directions of development of science and
technology of the Republic of Uzbekistan Ne F4 "Mathematics, Mechanics and
Computer Science."

International review of scientific researches on the dissertation subject.

The scientific research are focusing on the problems of nonlinear theory of
magnetoelasticity of plates and shells is carried out in research centers and higher
educational institutions of the USA, Germany, Great Britain, France and Japan,
Ukraine, Armenia, Russia etc.

The latest development of modern technology, operation of which occurs in
difficult loading conditions under the interaction of various physical factors,
stimulated the creation and development of the theory of conjugate fields in elastic
bodies. It is also of fundamental importance for magneto elasticity (motion of
elastic conductive bodies in a magnetic field). At the present time the solid
mechanics issues received considerable attention for the study of the interaction
between mechanical deformation fields with electromagnetic fields.

Degree of study of problem. Despite the large number of studies, the
development of the complex problem of the interaction of thin-walled elements
such as shells and plates with the electromagnetic field is far from complete, and
further research in this area will certainly help discover new effects. In most
studies the interaction of an elastic body with the electromagnetic field is
considered in the linear formulation, excluding the anisotropic electrical
conductivity, magnetic and dielectric constant.
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When the material of the conductive elastic body has the property of
anisotropic electrical conductivity, magnetic and dielectric permeability, the nature
of the interaction fields is much more complicated. Therefore the creation of
nonlinear theory of magnetoelastic interaction with regard to anisotropic
electroconductivity, magnetic and dielectric permittivities is of scientific interest,
as from the point of view the theory as well as applications. It must be underscored
that the solutions of nonlinear magnetoelasticity coupled problems of current-
carrying shells, having anisotropic conductivity, magnetic and dielectric
permittivity are practical absent in the available literature. This is due to the
complexity of the original system coupled magnetoelastic partial differential
equations, a lack of approaches and algorithms for solving such problems, which
determined the objective of this thesis.

Connection of dissertational research with the plans of scientific-
research works is reflected in following projects:

State fundamental programs: topic FA-F8-F089 — Development of theoretical
bases for design of stress-strain state of plate-like and shell structures and
interacting medium within the limits of three-dimensional dynamic theory of
elasticity (2007-2011); F4-FC-0-11951-F4-024- «Development of methods and
algorithms, programs for the numerical solution nonlinear electromagnetoelasticity
current-carrying anisotropic bodies having anisotropic electroconductivity » (2012-
2016) and the work was performed under the support of the Fund for fundamental
investigations of the Academy of Sciences of the Republic of Uzbekistan on
scientific project No 48-08 — Development of the methods of investigation of
stress-strain state of anisotropic plates and shells, interacting with elastic
foundation (2008-2009).

Purpose of research is the development of the theory of nonlinear
magnetoelasticity current-carrying anisotropic bodies having anisotropic electro-
conductivity, mathematical modeling and the decisions of the new class of
magnetoelasticity, which will explore the stress-strain state and analyze the electro-
magnetic effects in orthotropic shells of revolution with the ultimate orthotropic
conductivity, magnetic and dielectric permittivities.

To achieve this goal the following tasks of research are solved:

to formulate the physical principles and mathematical models of the magneto-
elastic deformation anisotropic current-carrying bodies with anisotropic electrical
conductivity, magnetic and dielectric permittivities;

the advancement of mathematical foundations and applications of the theory
of deformation of flexible current-carrying shells having anisotropic conductivity
under the influence of non-stationary electromagnetic fields and mechanical
stresses;

the development of methods for the approximate solution of nonlinear
boundary value problems of magnetoelasticity for current-carrying shells of
revolution having orthotropic conductivity, rigidity which is varied in two
coordinate directions, and are subjected to the unsteady electromagnetic and
mechanical forces;
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the derivation of the coupled governing systems of nonlinear differential
equations of magnetoelasticity of current-carrying flexible orthotropic shells of
revolution having orthotropic conductivity under the nonstationary effects;

the development of an effective approach to the numerical solution of the
coupled dynamic problems of magnetoelasticity of orthotropic shells of revolution
in nonlinear formulation;

the analysis of electromagnetic effects and stress-strain state of the
aforementioned bodies in a wide range of geometrical, mechanical and electro-
magnetic parameters.

Object of research is the behavior of the current-carrying magnetoelastic
isotropic and anisotropic bodies with anisotropic electrical conductivity,
permittivity and magnetic.

Subject of research - the development of mathematical models and methods
for solving the magnetoelasticity problems to explore the relationship of
mechanical and electromagnetic fields in conductive bodies having anisotropic
conductivity, magnetic and dielectric permittivity.

Methods of research. The methods of linearization and steady numerical
method of discrete orthogonalization were used in the study.

Scientific novelty of dissertational research consists in the following:

there was first formulated the geometric nonlinear statement of the conjugate
dynamic problem of magnetoelasticity to the current-carrying shells taking into
account the anisotropic electrical conductivity, magnetic and dielectric
permittivity;

the nonlinear two-dimensional magnetoelastic model for the current-carrying
orthotropic shells with finite orthotropic conductivity, magnetic and dielectric
permittivity was first obtained,;

resolving system of equations which describes nonsymmetrical deformation
of flexible conductive shells of rotation, which have orthotropic electro-
conductivity variable in two coordinate directions of hardness impacted by the
nonstationary electromagnetic as well as mechanical forces was obtained;

coupled resolving nonlinear differential equations system of magneto-
elasticity of flexible current-carrying orthotropic shells of rotation of arbitrary
meridian due to orthotropic electroconductivity, magnetic and dielectric
permeability, under the nonstationar impact was obtained,;

the methods and algorithms for solution of coupled dynamic problems for
magnetoelsticity of orthotropic shells of rotation subject to finite orthotropic
conductivity, magnetic permeability and dielectric permittivity in nonlinear
statement are for the first time developed;

new effects caused by connection of mechanical deformation fields with
electromagnetic fields due to final orthotropic electroconductivity, magnetic and
electrical permeability were discovered;

the stress-strain state of a current-carrying orthotropic shell with orthotropic
conductivity was optimized for the selected direction and magnitude of a foreign
current density.
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Practical results of research consist in the following:

new effects of interaction between conductive elastic bodies with electro-
magnetic fields were discovered. Taking into account these effects could be useful
in the solving of a lot of practical problems in different fields of new technology;

on the base of the obtained equations and using the method proposed in the
dissertation one can consider anisotropy of the material as well as anisotropy of
inner electromagnetic field of the shell, that is practical value of the carried-out
work;

in the reviewed problems dependences of the stress-strain state functions
values from electromagnetic parameters, particularly from orthotropic electro-
conductivity and orthotropic properties of material were built. These dependences
allows one to evaluate influence of the field interconnection.

Reliability of obtained results proved by a correctness of the boundary
problems setting, rigor of mathematical calculations, using of well-grounded
methods of solving and evaluation of the accuracy of the results, comparison with
the problem solving in the different mathematical setting.

Theoretical and practical value of results of research. Theoretical
values obtained in the work make an important contribution in the nonlinear
magnetoelasticity theory, thin shells theory development.

Practical significance of the work is that the method and algorithm for
calculation and optimization stress-strain state, flexible current-carrying
orthotropic shells of rotation having electroconductivity in the wide range of its
parameters change at different conditions of the edge fixing, which impacted by
nonstationary mechanical and electromagnetical fields were developed. Interaction
of magnetic induction and cutting force induces appearance of extreme values.
Cone’s opening angle equals to six degrees appears to be critical for the
geometrically nonlinear theory with selected loadings. Further decreasing leads to
the loss of the shell stability. It was found that a decrease in the cone angle leads to
absolute values of deflection and stresses, electric field and magnetic flux density
increase. This fact illustrates the interconnection of electromagnetic and
mechanical fields. The problem of external electric current influence on stress-
strain state of orthotropic shell at known values of external magnetic field
parameters and surface mechanical stress was studied. It was shown that picking of
density value and external current direction due to orthotropic electroconductivity,
optimization of stress state of the shell which is under impact of nonstationar
electromagnetic and mechanical fields could be done.

Realization of results of researches. Obtained theoretical results used in
the development of the nonlinear theory deformations of anisotropic shells and
plates under the influence of nonstationary mechanical and electromagnetic fields
in the framework of research projects: FA-F8-F089 “Development of theoretical
bases for design of stress-strain state of plate-like and shell structures and
interacting medium within the limits of three-dimensional dynamic theory of
elasticity” is carried out at the Institute of Mechanics and seismic stability of
structures of the Academy of sciences of the Republic of Uzbekistan (Conclusion
Committee for coordination science and technology development under Cabinet of
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Ministers of Uzbekistan from 26.06.2007); Ne 48-08 “Development of the methods
of investigation of stress-strain state of anisotropic plates and shells, interacting
with elastic foundation” is carried out at the Institute of Mechanics and seismic
stability of structures of the Academy of sciences of the Republic of Uzbekistan
(Council decisions Funds for fundamental investigations of the Academy of
Sciences of the Republic of Uzbekistan from 18.01.2008).

Approbation of work. Results of the research were reported at 25 scientific
conferences, including 20 international conferences: The 5 th Interational
Conference on «European Science and Technology» (Munich, 2013); XI
International scientific and practical conference "Basic and Applied Researches,
Development and Application of High Technologies in the Industry” (St.
Petersburg, 2011); Abstracts of reports of The XII and X1 All Ukrainian scientific-
methodological conferences "Modern problems of natural sciences and a problem
of training of specialists in these fields" (Nikolaev, 2007, 2009); International
scientific and technical conference "Computing Mechanics of a Deformable Solid
Body" (Moscow, 2006) and others.

The main results of the thesis discussed at scientific seminars: department of
continuum mechanics, Taras Shevchenko National University of Kyiv (Kyiv,
2006-2009); department of thermoelasticity at Institute of Mechanics named by
S.P. Tymoshenko of National Academy of Sciences of Ukraine (Kyiv, 2009);
laboratory of “Space systems dynamics” Institute of Mechanics and Seismic
Stability of Structures of the Academy of Sciences of the Republic of Uzbekistan
(Tashkent, 2005-2011); united city scientific seminar «Mechanics of deformable
solid» at Samarkand State Architect Institute named by M.Uglugbek (Samarkand,
2008); department of theoretical and applied mechanics, National University of
Uzbekistan (Tashkent, 2010); at the joint scientific seminars at "Information
Technologies”, "Computer Systems”, "Natural Sciences" department of the
Samarkand branch of Tashkent University of Information Technologies
(Samarkand, 2013); at a scientific seminar on the specialty 01.02.04 - "Deformable
solids mechanics" with Scientific council 16.07.2013.T/FM.02.02. Tashkent State
Technical University named by Abu Raihan Beruni and National University of
Uzbekistan (Tashkent, 2014).

Publication of results. 51 scientific works were published on the topic of the
dissertation. 12 scientific articles of these were published in international journals.

Structure and volume of dissertation. Dissertation consist of Introduction,
five chapters, conclusion, list of publications consisting of 253 names, 9
applications and contain 200 pages of typescript, including 110 pictures and 5
tables.

MAIN CONTENTS of DISSERTATION

In the introduction the urgency and demand of the theme of dissertation is
proved, the purpose and problems, and also object and an object of research are
formulated, conformity of research to priority directions of development of science
and technologies in the Republic of Uzbekistan is stated, scientific novelty and
practical results of research are stated, reliability of obtained results is proved, the
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theoretical and practical importance of obtained results is reveals, the list of
introductions in practice of research results, data on published works and
dissertation structure are given.

In the first chapter of the dissertation an overview of international research
on the topic of the thesis on the problems of the interaction of electromagnetic
fields with a deformable medium. In this chapter the approaches to the problems of
magnetoelasticity of the theory of plates and shells in geometrically nonlinear
formulation are described.

The significant contribution to the development of certain areas of
electromagnitoelasticity was made by S.A. Ambartsumyan, A.l. Akhiyezer, G.E.
Bagdosaryan, M.V. Belubekyan, Y.l. Burak, K.B. Vlasov, A.S. Volmir, B. P.
Galapats, A.R. Gachkevich, B. M. Gnidets, V.T. Grinchenko, L.A. llyushin, B.I.
Kolody, V.F. Kondrat, Y.l. Lopushansky, V.Z. Parton, L.D. Landau, E.M. Lifshits,
Y.S. Podstrigach, L.I.Sedov, A.N. Guz, F.G. Makhort, I.T. Selezov, A.F. Ulitko,
S.A. Kaloyerov, V. G. Karnaukhov, M.P. Korotkina, B.A. Kudryavtsev, V.
Novatssky, D.l. Bardzokas, P.A. Mkrtchyan, K.V. Kazaryan, S.O. Sarkisyan, W.F.
Brown, L. Knopoff, J.W. Dunkin, A.C. Eringen, Mc. Carthy, S. Chattopadhyay, S.
Kaliski, P. Chadwick, J.C. Baumhaner, H.F. Ticrsten, A.E. Green, P.M. Naghdi,
F.C. Moon, G.A. Maugin, R.A. Toupin, H. Parkus and others.

The works of Y.l. Burak and A.R. Gachkevich, L.V. Molchenko, V.I.
Dresvyannikova, Y.l. Lopushansky, F.G. Makhortykh, A.F. Snail, O.N.
Petrischeva, A.L. Radovinskogo, R.Sh. Indiaminova, K.Hiroyuki, N. Kikuo,
I.Yoshio, T.Nobukazu, G.Nariboli, B.L. Juneja and others are focusing on the
problems of nonlinear theory of magnetoelasticity of plates and shells. Application
of numerical methods to solve problems in the theory of shells in geometrically
nonlinear formulation studied by N.V. Valishvili, Y.M. Grigorenko and A.P.
Mukoeda, Y.M. Grigorenko and N.N. Kryukov, A.V. Karmishina, V.A.
Lyaskovtsa, V.l. Myachenkova and A.N. Frolova, S.A. Kapustin and A. Latukhina,
V.E. Shaman, M.S. Kornishina, V.A. Postnova and many others.

In most studies the interaction of an elastic body with the electromagnetic
field is considered without taking into account the anisotropic electrical
conductivity, magnetic and dielectric permittivity. When the material of the
conductive elastic body has the property of anisotropic electrical conductivity,
magnetic and dielectric permittivity, the picture of the field’s interaction becomes
much more complicated and therefore a simplified nonlinear theory of
magnetoelastic interaction due to the anisotropic electrical conductivity, magnetic
and dielectric permittivity is of scientific interest both in terms of theory and
applications.

Also one can see from the review that the solution of nonlinear problems in
magnetoelasticity of current-carrying shells having anisotropic electrical
conductivity, magnetic and dielectric permittivity is practically absent. This is due
to the complexity of the original coupled system of magnetoelasticity partial
differential equations, the lack of approaches and algorithms for solving such
problems. The above review allows us to determine and formulate the objective of
this dissertation.
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In the second chapter of the dissertation the initial physical and
mathematical terms and ratios of nonlinear magnetoelasticity of current-carrying
shells having anisotropic electrical conductivity, magnetic and dielectric
permittivity in the three-dimensional setting are formulated. The initial and
boundary conditions necessary for unique solution are set. Nonlinear coupled
problems of magnetoelasticity of current carrying anisotropic bodies having
anisotropic electrical conductivity in the Eulerian and Lagrangian representations
are discussed. The transitions in the equations of electrodynamics to Lagrangian
variables are performed.

Let a body be in a magnetic field created both an electric current in the body
and a source beyond it. Assume that the body is an electric conductor (a current-
carrying body). The current from the external source is conveyed to its ends. In the
unperturbed state, the foreign electric current is uniformly distributed over the
body (current density is independent of the coordinates). The body has finite
conductivity and cannot spontaneously polarize and magnetize.

Let us define quantities and write equations that describe the electromagnetic
field. In an Eulerian coordinate system, the electromagnetic field of the body is
characterized by electric-field intensity &, magnetic-field intensity h, electric-flux
density d, and magnetic- flux density b. In Lagrangian coordinate system, the
respective quantities a denoted E,H,D and B. A vector x is carried from the
Eulerian coordinate system to & in the Lagrangian system by the relations:

p=Ip’; E=F'6; H=F"h;
D=TFd; B=TF'b; [p=PF"; (1)
P, =Piiy;R, =Tp,; J =TF ]
where r:deti, F:SX?i (i,]=123).
J

In this case, the equations of magnetoelasticity for anisotropic bodies in
Lagrangian coordinate in the region occupied by the body (the interior of the
region) can be written as follows:

cm 1

rotﬁz—%s;rotlflzj+j ; div B=0,div D=0; (2)

paa—‘:zp(hﬂ)miv 3 (3)

where J_, — a density of foreign current, f - a volume force, f* — a Lorentz

volume force, J —a density of current, & — an internal stress tensor.

System of equations must be closed magnetoelasticity relations linking the
vectors of the electromagnetic field and induction, as well as Ohm's law defining
the conduction current density in a movable medium. If the body is linear with
respect to the anisotropic magnetic and electrical properties, the constitutive
equations for the electromagnetic field characteristics and kinematic equations for
the electrical conductivity, as well as expressions for the Lorentz forces, taking

into account the external current J into the Lagrangian variables are written
respectively as:
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Bz,uijﬁ D ijE, (4)
J=o,, TFTF[3,, +E+5xB], (5)
pfr=T"F" [J XB+G (E+u><B) ] (6)

Here o,,,¢,,1,; are the tensors of elektrical conductivity, dielectric and

ij?
magnetic permittivities of linear current-carrying anisotropic body (i, j=1,2,3)
respectively. For homogeneous anisotropic media, they are symmetric second-rank
tensors. Thus, equations (2) and (3) together with (4) - (6) are a closed system of
nonlinear equations of magnetoelasticity for anisotropic current-carrying bodies
with anisotropic electrical conductivity, magnetic and dielectric permittivities in
the Lagrangian formulation.

The third chapter of the dissertation is devoted to the construction of
geometrically nonlinear model of two-dimensional theory of current-carrying
shells having orthotropic electrical conductivity, magnetic and dielectric
permittivity. Flexible current-carrying shells of variable thickness, finite
conductivity, excluding the effects of polarization and magnetization and thermal
stresses are considered. Elastic properties of the shell are considered orthotropic,
which main directions of elasticity coincide with the directions of the
corresponding coordinate lines. Material obeys the generalized Hooke's law and
has a finite conductivity. Electromagnetic properties of the material of the current-
carrying shell are characterized by tensors of electrical conductivity o, ;, magnetic

permeability ., and dielectric permittivity¢;; (i, j=12,3). At the same time due to

the crystallophysics for the considered class of conducting media with rhombic
crystal structure it was considered that the tensors o, 1, ¢;; take a diagonal form.

Coordinate surface of current-carrying orthotropic shell in the undeformed state we
assign to curvilinear orthogonal coordinate system «,f,z, assuming that the
coordinate lines of the middle surface of the shell coincide with the lines of main
curvatures.

Using Kirchhoff-Love hypothesis, its adequate electromagnetic hypotheses
and the principle of virtual displacements approximate two-dimensional system of
coupled nonlinear equations of magnetoelasticity of current-carrying orthotropic
shells with respect to orthotropic electrical conductivity, magnetic and dielectric
permittivity was obtained. Due to the problems specific solution of this system is
necessary to look together with the equations of electrodynamics for vacuum, i.e.
solve the external problem. This problem is nonlinear formulation is now almost
unsolvable. In specific cases, the problem under consideration may allow various
simplifications. Considering the known character of the distribution and variation
in time of the magnetic field on the surface of orthotropic shell we can consider
only the internal problem. As hypotheses of magnetoelasticity of anisotropic plates
and shells we choose:

E g U Ou
El_El(aiﬁit)’ Ez —Ez(a’ﬁ’t)’Es = at B, ot 21
3, =3, (@, B.0); 3, =3,(. 1) 3, =0; (7)
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HI:%(HJ+H1’)+%(H1*—H1’); H, =%(H§ +H£)+§(H§ ~H, )i Hy = Hy(a, B.0).

Where U; —the components of the shell points displacement vector; E,, H, —vector
components of the electric and magnetic fields intensity of the shell; J, —vortex
current components; H. —the tangential components of the magnetic field on the

surface of the shell; h—the shell thickness. Further, using the boundary conditions
on the surface of the shell derived hypotheses and solution of the initial static
problem we define an approximate distribution of the external magnetic field on
the surface of orthotropic shell:

BonL :Baoi+Bao_(B _Bl)ea; Bﬁi :Bﬁ0i+BﬁO_(BZO_BZ)9ﬁ' (8)

Here B,,", B,,” —are the components of magnetic induction of primary intrinsic

magnetic field caused by the external electric current; B, ,B, ,B,, — components

of the external magnetic field which were obtained by solving the problem of
statics; B, —normal component of the magnetic induction of the shell; 6, and

6, —are the angles of rotation of the normal.

Using the boundary conditions (8), further we obtain the ability to take into
account the variation of the magnetic field on the surfaces of orthotropic shell
having orthotropic conductivity during its deformation.

Current two-dimensional model of the magnetoelasticity of thin shells
having orthotropic electrical conductivity, magnetic and dielectric permittivity
built in the quadratic approximation and also cubic nonlinearity is taken into
account for the expressions for the Lorentz force. This is because in such problems
at finite deformations nonlinear effects are defining and action of the
electromagnetic field on the deformation field occurs mainly by these forces.
Using the assumption of small deformation and rotation angles it was shown the
equality of electromagnetic quantities in the Eulerian and Lagrangian
representations.

The resulting two-dimensional system of equations is a system of coupled
nonlinear differential equations of tenth-order hyperbolic- parabolic type with
variable coefficients and referred to the undeformed surface. Based on obtained
results, as initial relations describing the stress-strain state of the current-carrying
orthotropic shells of the considered class, we take the following closed coupled
system of equations:

The equations of motion

E(BNQ)—N[;@+££(AZS)+£ AH +i%H+ABQa+
oa o0 Ao B\R, ) R g7 R

Zo

a

2
+ AB(p, +n, +pf, )= ABph Zt—‘;;

(N, )N, By L 0 (geg), OB, 1B AB,
ap 3 B oa oa\R, | R, da R,

2
+AB(pﬂ+nﬂ+pf/;)=ABphgtl;;
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The equations of electrodynamics
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ot  AB\ oa op
_B(H,-H,
o|E +%VB, 05@(Bﬁ+B;) 1foH, B(H; ”); (10)
ot ot o h
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The connection between deformations and displacements
1 0u 1 0A w 1, l1ov 1 0B w 1,
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> Bop\A) Ada\B “ Ada ABOS o Kan = Bop ABoa

00, 00, A
106, 1 1(6 24

Where 911 :_ia_W_FL; 9[5' :_ia_W_i_L.
oa R, Bop R,

Elasticity relations

e h _¢h Co :
Ne T1-vy, .. +Vﬂ8”) N 1-vy, (gﬂﬂ +"a‘9aa)’ $=0,,N¢,,:

h? e h’ . e,h’
H = 20 M, = ;M + (12)

Jorgp XM T 00—y v )< iy M, T120-vy )(%” V)

herev, =v, ; v, =v

5 ev,=e,\v, .

B aﬂ’ a’ B B

Here N_, N, —normal tangential forces in sections «=const and g =const;
S —shear force; Q,,Q, —cutting forces, M, M ; —curving moment, H —twisting
moment, u,v,w-—the components of the displacement vector;
551 €45 —tangential deformation of elongation and shear deformation;

& &

aal

Xaar Xsp1 Xap —bENding and torsion; e, e,~the elastic modules due to the
directions «, B —correspondingly; R,,R;—the radiuses of curvature; A, B-
Lame coefficients; v,,v,— Poisson coefficients; h=h(a,p)-shell thickness;
o, ,0,,0, —main components of the specific conductivity tensor.
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The values of the projections of the ponderomotive force on the coordinate
axes are presentedas pf,, pf;, pf,

pf =-hd, .. B, +o,h {E[, B, +0.5 aa—‘i"(B; +B;)B, —aa—‘: B? +

+‘;‘t’ [0.25 (B: +B)(B; + Bﬂ)+ll2 (B -B;)B; -B,)-(B; + Bﬂ)BZ} +

Do (B -8 ).+ (38, - 8.8, )] )

pf =-hl B, +o,h {— E,B, +0.5 %\:’(B; +B,)-

_aalt) [Bf +05(B; +B;)B, +0.25(B; + B, B, +112 (B; - B/,)Z} (13)
LY SR

pf =05h [—JaCT (B; + B/;)+‘]/3CT (B; + B;)]
+0,h{05E,(B; +B,)-05E,(B; +B;)-

oW . _\ . V) i + p-Y i + p-Y
—at[o.zs(BﬁB[,) +0.25(B; +B;) +12(B[, B,) +12(Ba Ba)}t
8 ] o (L. o h 60, (n. o h 00 (hn oo
+0.5 a‘:(B; +B;)B, +0.5a—‘:(5ﬂ +B,)B, +EW(B“ -8, )8, +Ea—f(8ﬂ -B;)B, }

If it is known the distribution of the magnetic field on the surface of the shell
than systems of equations (9)-(13) form a complete closed coupled system of
nonlinear differential equations of magnetoelasticity of current-carrying
orthotropic shell having orthotropic electrical conductivity, magnetic and dielectric
permittivity. Upon obtaining of the systems of equations it is assumed that the
effect of the electromagnetic field and the external current on the deformation field
occurs through the Lorentz forces. Closed system of magnetoelasticity equations
obtained in the Lagrangian variables related to the undeformed middle surface of
the orthotropic shell in an orthogonal curvilinear coordinate system.

In the fourth chapter of the dissertation the methodology for solving
boundary value problems of nonlinear magnetoelasticity of the therory of current-
carrying orthotropic shells of revolution having orthotropic conductivity under the
nonstationar influence. The proposed approach to the numerical solution of
nonlinear problems in magnetoelasticity of shell theory is based on the successive
application of the finite-difference scheme of Newmark, the linearization method
and discrete orthogonalization. Based on these relationships and related hypotheses
resolution coupled system of nonlinear partial differential equations derived with
variable coefficients describing the stress strain behavior of flexible current-
carrying shell variable rotation in two coordinate directions stiffness.

Problems of the dynamics of flexible current-carrying shells of rotation
having orthotropic conductivity, rigidity variable in two coordinate directions
under the influence of nonstationar mechanical and electromagnetic forces,
reduced to a two-dimensional nonlinear boundary value problem. Using the
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complete system of equations in curvilinear orthogonal coordinate system which
allows to mathematically describe the nonlinear two-dimensional model of the
magnetoelasticity of orthotropic shells of rotation, associated resolving system of
nonlinear differential equations magnetoelasticity of flexible current-carrying
orthotropic shells of rotation of arbitrary meridian can be deduced with respect to
orthotropic conductivity, magnetic and dielectric permittivity under nonstationary
exposure. In constructing the allowing system of equations of orthotropic shell of
rotation of variable thickness along the generator is taken into account that the
elastic and magnetomechanical characteristics does not change along the parallel.
It is assumed that all the required components of the electromagnetic field and the
displacement field in the equations do not depend on the coordinate 6. In the case
of study of the stress- strain state of orthotropic shells of rotation of arbitrary shape
we will proceed from the following considerations. First, the required system of
equations should describe the entire class of shells of revolution including a
cylindrical shell and a circular plate, and secondly, it must be presented in a form
suitable for numerical solution of the problem, thirdly, it must allow the
formulation of the boundary conditions in the terms of forces, moments and
movements and in a mixed form. Finally, the system of differential equations must
be written with respect to those functions that the simplest way to implement the
conditions of the coupling of different shells could be realized. Due to the above
considerations we choose next functions as allowed:

u,,u,60,N,N,,M,E,, B, (14)
where u_,u, —the radial and axial movement; N ,N, —radial and axial force;

E,,B, —the electric and magnetic induction fields, which are expressed in terms of

displacement u,w and N_,Q, force the following way

N, =N,cosp+Q,sing; N, =N_singp —Q, cosg;
U, =Uucos@+Wwsin @;u, =usin g — wcos ¢. (15)
where ¢ —the angle between the normal to the coordinate surface and the
rotational axis. After some transformations and taking into account (14), (15) we
obtain the following coupled system of nonlinear differential equations in the
Cauchy form:

ou  1l-vyv . Vv, COS 1 .
=2V Vo (cosp N +sing N, Jeosg + 2“2y 4~y —sing 6, - 22?2,
0s e h R,
ou, 1l-vy, : : v, sing 1 sing
=" "(cospN, +singpN_ )sing + -2 u, ——u, +cose 0, ———062;
o esh(wx ¢N, Jsing TR U +o0sp 6, -0,
00, _12(1—v5v9)M _V,C089 ) -
s e h’ ° ro°
ON, _cosp vse—"—l N, + i+_ves|ngo Nﬁ@coswux—
0s r € R r r

o°u

o5 (F, + pFy )-sing (. + pF2 )+ ph
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Components of ponderomotive Lorentz force are

pF; =-hJ, B, +o,h[E,B, +0.5[aa“tx sing aa“tz COS(D) B, (B: +B;)-

0E, 0B, cose
=< E, .

ot
pF,=05hJ,, (B +B;)+o,h{~05E,(B; +B;)-
1

aux. _auz N ¥, Y (p+ _Rn-}
- Srsine - — 003¢j[0.25(BS+BS) +12(BS BS)}r

_| 94 CoS ¢ + a;[z Sinqo) B; ];
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ou ou, .
+0.5 xcosp+—=sing (B, (B, +B_ ).
[Pecos s Lesing o 6 +8,)
Here B —means B =B, + By, — B, .0, +B.6;, where B;, —the components of

the magnetic induction of the initial intrinsic magnetic field caused by the electric
current; B,,—components of the external magnetic field obtained by solving the

problem of statics; B, —normal component of the magnetic induction of the shell;

h=h(s)-the shell thickness.

Obtained coupled allowing system of nonlinear differential equations of
order eight (16) describes the stress-strain state of flexible current-carrying
orthotropic shells of rotation with an arbitrary meridian shape having orthotropic
electrical conductivity, magnetic and electrical permittivity. Components of the
Lorentz force consider the speed of shell deformation, an external magnetic field,
the size and intensity of the conduction current relatively to the external magnetic
field.

Accounting for nonlinearity in the equations of motion causes nonlinearity
in the ponderomotive force. Adding to the resulting system of equations initial and
boundary conditions we obtain the boundary value problem. In the vector form
nonlinear boundary value problem is:

equations of movement

m:ﬁ(s,t,ﬂ,m,azN], (SOSSSSN’], (18)




boundary conditions

6.(NGs, 1)=5", 4,(N(s,.t)=b,", (19)
initial conditions

NzO, aaNtzo, npu t=0. (20)
Here: N ={u,w,6,,N;,Q,,M,E,,B, |T-column vector of the unknown

functions; F,d,,§,,b",b; — in general case nonlinear vector functions.

Solving of magnetoelasticity boundary values problems associated with the
essential computational difficulties. This is because the resolution of the system of
equations (16) is a system of differential equations of hyperbolic-parabolic type of
eighth-order with variable coefficients. The problems of determining the stress-
strain state of investigated shells at nonstationar mechanical and magnetic impacts,
the boundary value problem (18), (19) are solved for a fixed moments of time.
Partial derivatives by time coordinate are approximated by finite expressions of
Newmark implicit scheme, after application of which we obtain the boundary
value problem for a system of nonlinear ordinary differential equations in the form

0|\ .
dS—F(s,N), (21)
and corresponding boundary conditions
D1N ‘s:so = al ; DZN‘S=SN = dz ! (22)

Using the method of quasi-linearization boundary value problem (21), (22) is
reduced to a sequence of linear boundary value problems, which can be written in
abbreviated form

dgs G (N NY), (23)
B,(N* )N (s, )=b,(N* ), B,(N* )N** (s, )=b,(N*), (k=0,12...), (24)
where N ={u,w,0;,N, QS M,E,,B, ['; N* and N*- solutions on k+1-t and

k —th iterations correspondlngly, G(NM, Nk)-vector of the right part of the
equations system; 8,(N*),8,(N*),b,(N*),b,(N* )- matrices and right parts of the
boundary conditions correspondingly. At the last stage each of linear boundary
value problems (23), (24) is solved by discrete orthogonalization method which
ensures stable computational process due to orthogonalization procedure for
vectors-solutions of the Cauchy problem in the individual integration points. A
description of the algorithm and program for solving nonlinear boundary value
problems of magnetoelasticity of flexible current-carrying orthotropic shells of
rotation is given.

Developed algorithm for solving a new class of magnetoelasticity problems
for current-carrying orthotropic shells of rotation having orthotropic electrical
conductivity, magnetic and dielectric permittivity, allows to obtain solutions in a
wide range of geometrical parameters of the shell, the mechanical characteristics of
the material, surface and contour stresses, the boundary contours fixing type,
electromagnetic field parameters. The algorithm is constructed in such a way that
on the one hand he has enough common sense in the context of physical

71



formulation and on the other hand has the versatility to solve problems for
different types of shells. It also has the property that its structure can be used in the
case of selecting a different theory of shells. Also it allows one use of different
interpolation formulas for calculating the right side of the system of equations. The
developed algorithm is implemented as a software program in Visual Fortran for
PC. The program has a modular structure. Most of the modules that implement
certain parts of the computational process are standard. The analysis of the
reliability of the obtained results was performed which consisted of the evaluation
of convergence of problem-solving process by approximations as well as a
comparison of the solutions of the problems in different mathematical formulation.
On the basis of the developed method the stress-strain state of isotropic current-
carrying circle plate and a conical shell under the influence of mechanical force, an
external electric current and an external magnetic field were calculated. As follows
from the results of comparisons with the increase of forces action duration and a
decrease of the time-step the difference between the values of deflection and stress
in various steps increases slightly. The obtained numerical data for the fourth and
fifth approximations practically coincides indicating a satisfactory convergence of
the iterative process. Results of the comparisons in the isotropic setting with the
findings of other authors show the possibility of using the proposed approach for
the study of stress-strain state of flexible current-carrying orthotropic shells of
rotation having orthotropic conductivity.

The fifth chapter is devoted to the analysis of electromagnetic effects and
stress-strain state of flexible current-carrying orthotropic shells of rotation due to
orthotropic electrical conductivity in a nonlinear formulation, which are in time-
dependent magnetic field. A study of the stress-strain state of flexible orthotropic
conical shell of boroaluminum of constant thickness h=5-10" », under mechanical

stress P, =5-10%sinwt H/x* was performed. The shell is in an external magnetic
field B,,=0.17z and is applied by the external electrical current of
Joer =—5-10%sinwt A/ 1%, density. The shell has a finite orthotropic conductivity
o(o,,0,,05). Note that in this case the anisotropy of specific electrical resistivity is
n,/n, =2.27. The influence of taper on the nonlinear behavior of orthotropic shell

Is considered. The problem was solved with such boundary conditions: small-
radius contour s=s, is stressed by shear force Q, and is free in the normal

direction; the time-variable magnetic induction is given by B, =0.3sinew t, where
o —the angular frequency; the second contour s=s, is rigidly fixed at zero
magnetic induction B, =0. It was revealed that the interaction of magnetic

induction and shear force causes appearing of extreme values of deflection and
stresses, the electric field intensity and the magnetic induction. Note that the
magnetic induction and the shear force are given on the left contour of the shell
(boundary conditions) and at the same time shear force Q. and the normal

component of the magnetic induction B, are in the opposite directions. It was
founded that a decrease of the cone angle leads to the absolute values of deflection
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and mechanical stresses, electric field and magnetic induction intensities
increasing. At ¢=7/30 the maximum values of these functions significantly
increases as compared with the maximum values for other angles and shifted to s,.
This fact illustrates the interconnection between electromagnetic and mechanical
fields. It was revealed that the cone opening angle equals to six degrees proved
critical for the considered geometrically nonlinear shell at selected loadings.
Further reduction of the angle (¢ =7/30) leads to buckling of the shell. Based on
the results we can consider the influence of the cone angle on the stress- strain state
of orthotropic shell, taking into account that the angle ¢ complements angle at the
base of the cone to 90°. Note that the oscillatory processes occurring in the shell
having orthotropic conductivity in a magnetic field in its mechanical meaning
correspond to vibrational processes of a shell which is under the influence of
mechanical stress only. This is yet another confirmation of the right choice of the
method and the correctness of the obtained equations.

The influence of nonlinearity accounting on the behavior of the current-
carrying orthotropic shell in a magnetic field was investigated. To analyze the non-
linearity impact accounting on the stress-strain state of orthotropic conical shell
comparison of the solutions obtained in the linear and nonlinear formulations is
made. The problem was solved with such boundary conditions: small-radius
contour s=s, stressed by shear force Q, and is free in the normal direction; the

time-variable magnetic induction is B, =0.3sinet, where ®— the angular
frequency; the second contour s=s, is rigidly fixed at zero magnetic induction
B, =0. The value of B, satisfying the magnetostatic problem was chosen as the
average value of the solutions of the nonlinear problem and assumed to be equal
B,, =-0,79-10°Tx. A comparison was made of the value of deflectionw,
peripheral mechanical strain o; on the outer surface of the shell, the normal
component of the magnetic field induction B, and the meridional component of
the Lorentz forceF,, depending from s for angles ¢ =7/30,7/15 in linear and

nonlinear formulations. The values of functions were taken at t=5-10"c, where
they reach maximum values. Considering the values of the functions for the angle
o =130, note that the difference between the maximum values of deflection w in

two theories (contour s=s,) is 27 %; for o, at s=0,08u reaches 97%; B, at

s=0,04m reaches 41%; F" at s=s, are almost equal, the difference is 0.3 %.

Considering the angle ¢ =~z/15, we could mention the coincidence of the results
both for the linear and nonlinear theories at their maximum values. It was found
that the difference between the solutions of linear and nonlinear theories increasing
with decreasing of the angle @ (increasing the angle of the cone). At the same
time it should be noted a significant difference in the linear and nonlinear theories
for stress, magnetic induction and the Lorentz force when approaching to the right
side of the shell (s=0.28;0.32;0.36.x). Analyzing the results obtained we can
consider the influence of geometric nonlinearity on the stress-strain state of
orthotropic shells in comparison with the linear theory. It was investigated the
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stress-strain states of flexible shells in nonlinear formulation based on comparison
of the solutions obtained for the current-carrying orthotropic cone of beryllium and
current-carrying isotropic cone of aluminum, as well as for the isotropic cone of
aluminum in the absence of a magnetic field and the external current. In all three
cases the distribution of the deflection is non-linear and its maximum values occur
in the left contour of the shell. Thus, in the case of beryllium orthotropic cone and
the cone of isotropic alumina, considering the maximum value of the magnetic
field deflection differs by about two times. It was revealed that in the case of the
isotropic cone without influence of the magnetic and electric fields the deflection
increases significantly (w/h, =4). This is because in the absence of an electric field

acting on the shell the tensile strength of the tangential component of the magnetic
induction (B;) and the tangential component of the Lorentz force ( pFs") is equals

to zero. In this case the shell becomes more ductile, i.e. flexible with respect to the
deflection. The absence of a magnetic field (B, =0) also leads to an increase in

deflection. The influence of the change in thickness on the stress- strain state of
orthotropic conical shell was investigated. The following conditions of the shell
contours fixing are chosen: the contour of small radius s=s; hinged and time-

variable magnetic induction B, , is setting, and the second contour s=s is free in

the meridional direction at the zero magnetic induction. The behavior of
orthotropic shell depending on the variation of the thickness of the shell was
investigated. The task for orthotropic beryllium cone of variable thickness
h=5-10’4(1—a%N) is calculated for different values of the parameter

a={02;0.3;0.4;0.5} characterizing the thickness variability in the meridional
direction. It was found that increasing of the parameter « value leads to increasing
of the deflection, peripheral shell stresses o,(s), Maxwell stresses T,,(s) etc. As
can be seen from the obtained results variability of thickness has a significant
effect on the stress-strain state of the shell, which needed to be mentioned in
practical calculations.

The stress-strain state of a current-carrying flexible orthotropic beryllium
cone of variable thickness for different types of fixing the contours of the shell was
investigated. From these results it is clear that the boundary conditions of shell
contours fixing significantly affect the value and distribution of deflections, shear
forces and bending moments, Lorentz force, the magnetic induction and electric
field intensity. It was revealed that the maximum deflections and bending
moments, the Lorentz force, the magnetic induction and electric field intensity
arise during "hinge- sliding" boundary conditions. Numerical results are obtained
with a hinged shell contours fixing for the cases when magnetic induction and
electric field intensity set on the left contour. It was found that in the presence of
the magnetic induction in the left contour of the shell the values of deflections,
bending moments, Lorentz force, the magnetic induction and the electric field
intensity is much higher compared to the presence of an electric field. Due to
results we can conclude about the influence of boundary conditions on the
interrelatedness of mechanical and electromagnetic fields.
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It was analyzed the influence of external magnetic induction on the stress
state of orthotropic shell in the geometrically nonlinear formulation. Orthotropic
truncated conical shell of beryllium of variable thickness is influenced by the
mechanical force P, =5-10°sinwt H/x*, of an external electric current

Jyer =5-10°sinwt A/ »*, and the external magnetic field By, =0.17z,and the shell
has a finite orthotropic electrical conductivity o(o,,0,,0,). In this case the

combined stress consisting of a ponderomotive Lorentz force of external magnetic
field and mechanical strength act on the shell. The problem was solved with such
boundary conditions: the circuit of small radius s=s, hinged and is given by the

time-variable magnetic induction B,, and the second contour s=s, is free in the

meridional direction at the zero magnetic induction.
It was investigated the behavior of orthotropic shell depending on changes in
the external normal component of the magnetic induction B,,. It is shown that a

change in the normal component of the external magnetic induction significantly
changes the stress state of the shell and its electromagnetic field. It is found that
with increasing of magnetic induction deflection of the shell increases. Increasing
of the external magnetic field increases the magnitude of the mechanical stress of
the shell. The change of the magnitude of the internal magnetic field induction of
the shell depending on the external magnetic field and the orthotropic electrical
conductivity was investigated.

It is established that an increase in external magnetic field induction also
increases induction of the internal magnetic field. This corresponds to a real
physical processes occurring in the shell and, in turn, confirms the accuracy of the
obtained results.

A study of the stress-strain state of orthotropic conical shell of variable
thickness depending on variation of an external electric current was performed.
Shell of beryllium is exposed to mechanical force P, =5-10°sin ot H/xn*, the
external magnetic field B,,=017z, an external electric current
Jocr = Jyer Sinot A/ m? (J,.; =5-10°, 5107, —5-107, —8-10°, —1.10°), and the shell
has a finite orthotropic electrical conductivity o(o,,0,,0,). In this case the
anisotropy of specific electrical resistivity of beryllium is n,/n, =4.07. Problem
was solved with such boundary conditions: small-radius contour s=s, pivoted and
the time-variable magnetic induction B, , is given, and the second contour s=s, is
free in the meridional direction at the zero magnetic induction.

It was shown that by choosing the value of the density and orientation of the
external current taking into account orthotropic conductivity it is possible to
optimize the stress state of the shell being under the influence of non-stationary
electromagnetic and mechanical fields. It was revealed that the increase in the
value of an external electric current leads to an increase in the values of deflections
and stresses of shell, tangential and normal components of the Lorentz forces.

When the direction of the external current changes the direction of
ponderomotive forces action coincide with the direction of the normal component
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of the mechanical stress which leads to qualitative and quantitative change in the
deflection and stresses of the shell , as well as electromagnetic field parameters.
Thus choosing the direction and magnitude of density of outer electric current one
can achieve minimum deflection and stresses in the shell.

Analyzing the results of the presented calculations we should note that they
do not contradict the mechanical and physical representation of the processes
occurring in the shell under the electromagnetic and mechanical influence.

CONCLUSION

1. The mathematical formulation of the problem of the nonlinear coupled
dynamic magnetoelasticity of current-carrying shells taking into account the
anisotropic electrical conductivity, magnetic and dielectric permittivity was made.

2. A nonlinear two-dimensional model of current-carrying magnetoelasticity
orthotropic shells with respect to orthotropic conductivity and magnetic
permittivity in the geometrically nonlinear formulation was made. It was assumed
that the main directions of orthotropic material properties of the shell coincide with
the directions of the corresponding coordinate axes, as well as orthotropic body is
linear relatively to the magnetic and electrical properties.

3. On the basis of the quadratic version of geometrically nonlinear theory of
shells and plates, coupled allowing system of nonlinear differential equations of
magnetoelasticity was built. This system describes the stress-strain state of flexible
current-carrying orthotropic shells of rotation of arbitrary meridian under the
influence of time-dependent mechanical and electromagnetic stresses due to
orthotropic electrical conductivity, magnetic and dielectric permittivity.

4. The development of the technique and algorithm for numerical solution of
new class of coupled dynamic problems of magnetoelasticity which allows us to
investigate the stress-strain state of the current-carrying orthotropic shells of
rotation with regard to orthotropic electrical conductivity and magnetic permittivity
in geometrically nonlinear formulation. On the basis of the developed method the
stress-strain state of isotropic current-carrying circle plate and a conical shell under
the influence of mechanical force, an external electric current and an external
magnetic field was performed. As follows from the results of comparisons with the
increase of duration of forces action and a decrease of the time step the difference
between the values of deflections and stresses in various steps increases slightly.
The numerical data obtained for the fourth and fifth approximations practically
coincide indicating a satisfactory convergence of the iterative process. Results of
the comparisons in the isotropic setting with the data of other authors show the
possibility of using the proposed approach for the study of stress-strain state of
flexible current-carrying orthotropic shells of rotation having orthotropic
conductivity.

5. The influence of taper on the nonlinear behavior of orthotropic shell was
considered. It was revealed that the interaction of magnetic induction and shear
force causes extreme values of deflection and stresses, electric field and magnetic
induction intensity. Note that the magnetic induction and the shear force are given
on the left contour of the shell (boundary conditions) and at the same time shear
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force and the normal component of the magnetic induction are in opposite
directions. It was found that a decrease in the cone angle leads to absolute values
of deflection and stresses, electric field and magnetic flux density increase. This
fact illustrates the interconnection of electromagnetic and mechanical fields. It was
revealed that the cone angle equal to six degrees proved to be critical for the
considered geometrically nonlinear shell at the selected loadings. Further reduction
of the angle leads to buckling of the shell.

6. The stress-strain state of flexible shells in nonlinear formulation based on
comparison of the solutions obtained for the current-carrying orthotropic cone of
beryllium and current-carrying isotropic cone of aluminum, as well as for the
isotropic cone of aluminum in the absence of a magnetic field and the external
current was investigated. In all three cases the distribution of the non-linear
deflection and its maximum values occur in the left contour of the shell. At the
same time in the case of beryllium orthotropic cone and the isotropic cone of
aluminum, considering the magnetic field maximum values of deflection differ by
about two times. It was revealed that in the case of the isotropic cone without
influence of the magnetic and electric fields, the deflection increases significantly.
This is because in the absence of an electric field acting on the shell, the tensile
strength of the tangential component of the magnetic induction, and the tangential
component of the Lorentz force equals to zero. The results of decisions received in
linear and nonlinear statements are compared. It was found that the difference
between the results of solutions of linear and nonlinear formulations increase with
decreasing of angle of the cone. Analyzing the results obtained it is possible to
consider the influence of the geometric nonlinearity on the stress- strain state of
orthotropic shells in comparison with the linear theory.

7. Numerical results for orthotropic beryllium cone of variable thickness for
different values of “«”, parameter characterizing variability of thickness in the
meridional direction were obtained. It was found that increasing the value of “«a”
increases the deflection, peripheral stresses of the shell, Maxwell stresses, etc. As
can be seen from the results variability of thickness has a significant effect on the
stress-strain state of the shell, which should be taken into account in practical
calculations. The stress-strain state of a current-carrying flexible orthotropic
beryllium cone of variable thickness for different types of the contours fixing of
the shell was investigated. From these results it is clear that the boundary
conditions of the shell contours fixing significantly affect the value and
distribution of deflections, shear forces and bending moments, Lorentz forces, the
magnetic induction and electric field intensity.

It was revealed that the maximum deflections and bending moments,
Lorentz forces, the magnetic induction and electric field intensity arise at "hinge-
sliding" boundary conditions. It was found that in the presence of magnetic
induction on the left contour of the shell the values of deflections, bending
moments , Lorentz forces, the magnetic induction and the electric field intensity is
much higher compared to the presence of an electric field. Due to these results we
can consider the influence of boundary conditions on the interconnectedness of
mechanical and electromagnetic fields.
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8. It was found that with increasing of magnetic induction the deflection and
stress of the shell also increases. It was established that an increase in external
magnetic field induction also increases induction of the internal magnetic field.
This corresponds to a real physical processes occurring in the shell and in turn
confirms the accuracy of the results.

It was shown that by choosing the value of the density and orientation of the
external current due to orthotropic conductivity it is possible to optimize the stress
state of the shell which is under the influence of non-stationary electromagnetic
and mechanical fields. It was revealed that the increase in the value of an external
electric current leads to an increase in the values of deflections and stresses of the
shell, tangential and normal components of the Lorentz forces. Thus choosing the
direction and magnitude of the electric current density one can achieve minimum
deflection and stresses in the shell.

9. In the considered problems the dependences of values for characteristic
functions of the stress-strain state of the electromagnetic parameters, in particular
from the orthotropic electrical conductivity and of orthotropic of material
properties which allows one to evaluate the impact of the interconnection of fields
were made. Using the resulting system of coupled equations of magnetoelasticity
of orthotropic shells of rotation, developed techniques for solving problems in the
theory of non-stationary current-carrying shells considering orthotropic electrical
conductivity in geometrically nonlinear formulation allows one to solve a new
class of problems. At the same time the influence of orthotropic electrical
conductivity, magnetic and dielectric permittivity of the material and the actual
working conditions of structural elements are taken into account more fully that
allows one to make a choice of rational geometrical, mechanical and
electromagnetic parameters to improve the reliability of the construction.
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