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BBEJIEHHE

TIpepgnaraeMas BHEMAHWIO UHTATeNs KHHUTA LOCBAMEHA W3JI0KEHUIO
TEOPUHA NPUHOANUANLHOTO PYHKIMOHUPOBAHUA W OCHOBHBIX IIOTPEII-
HOCTeH HOBOTO [JAaTUMKA HHEDPIOUANLHON WHQOPMALHW, KOTOPHIA OCHO-
BaH Ha (U3WIeCKOM IPWHIUIE, PaHee He MCIOAH30BABIIEMCH IJsA II0-
JIy9eHUA HHePIUANbHON WHQOPMATuU. JTOT HOBHII UsMIeCcKUil IPUH-
OUI — HHEPTHHE CBOMCTBA YHPYTHX BOJXH. A ero moscHeHHs
ofparuMcsa K mpuMmepy GeCKOHEUHOo HATAHYTOH cTpyHH (pme. 1), KoTo-
pas medopMupoBaHa m300pa)KeHHHIM Ha PHUCYHKe obpasom, m C0006-
maM 3To# fopMe feopMamul CKOPOCTh, PABHYIO CKOPOCTH DaCIpo-
CTPaHeHWS BOJHH B CTpyHe. JTa medopMmanmsa OGymer mepeMemaTbCs
[0 CTPYHE ¢ HOCTOSHHOR CKOPOCTHIO KAK JKECTKOE Tell0, HUCKOJIBKO He
H3MEHAA CO BpeMeHeM cBoell KoHpurypanuu. Takoe sBieHHe B CIIOM-
HHX Cpefax MMOJIYyYuio Ha3BaHWE CONUTOHA, WIN YOAWHEHHOUW BOJHEL.
Omno HaGaromaerces B cpefax 6e3 JECHEPCHH, B KOTOPHX CKOPOCTDH pac-
OpPOCTPAHEHHWS CHHYCOWJANbHOII BOJIHH HE BAaBUCHT OT €€ JJIMHEHI,
aTakike W B CPeax ¢ JucHepcHeil mpW HAJIMYUA ONPEeJIeHHOTO BHIA
HeJuHeWHOCTel. B (m3uKe COMMTOHEI PACCMATPHBAIOTCA KAK MOJEIb-
HO€ BOIUIOI[EHNE KOPIYCKYIAPHO-BOIHOBOTO yanmsMa: ¢ OfHOHA cTO-
POHEI, 9T0, GE€3yCIOBHO, BOJNHA, C APYTO# CTOPOHEI, HEM3MEHHOCTH
KOHQUTypamuum NOPWBOZUT K aCCONUANHN C JACTHIEH.

Ecam 6wl Ha ABUIKEHTE CPeIBl ¢ YCKOPEHWEeM OTHOCHTENBHO WHEp-
OMaIbHOTO HPOCTPAHCTBA (B CIydae CTPYHH — 3TO ABUMKEHHE CTPY-
HE B[0JIb Hee CaMoil) CONMTOH pPearupoBall YCKOPEHHHIM [BIKEHUEM
OTHOCHTENBHO CPels, Ho B 00paTHYIO CTOPOHY (Kak BTO MMEEeT MeCTo
B ciydYae cBOGOTHON MaTepHalbHOI TOUKH, eCIAN ee JBUKeHUe HaOIio-
JaTh B HOMHEPIUANBHON CHCTeMe KOOPIUHAT), TO CXOLCTBO COJNHTOHA
¢ gacTumei 010 OBl yiKe He YMCTO BHEITHHM, 4 MMEJIO Topasmo Ooiee
TIy00KMe OCHOBAHHA.

ITomo6HEle ABIEHUS MMEIOT MECTO B PEANBHOCTH U IO3BOJAIT TO-
BOpPUTH 00 MHEPTHHX CBOIicTBax BOJMH. MBI OymeM paccMaTpuBaTh HX
Ha DpUMepe CTOSYWX BOJH B YOPYTo#l cpepe.

OcHOBHEIM 0GBEKTOM aHAAW3a B HACTOAMMEH KHWIe ABIAETCA TOH-
Koe Ympyroe KOJIbI[0, MMeioImee BO3MOKHOCTH COBEPIIATH uU3THMOHEBIE
ronebanusa B cBoeil miuockoctn. OKa3HBAeTCA, BOJIHH B DTOM KOJIBIE
o61a1a0T AHEPOUAILHEIME cBolicrBaMu. [IpexcraBmm cebe, 9T0 B HeM
BO30YMIEHL CTOAYME BOJHBI, COOTBETCTBYIOMUE K0ire0aHWAM mo mmep-
BOi1 ocHOBHOI Popme (puc. 2). VI mycTs mocie 3TOTO TEI0 KOJAbIA UPH-
BeIeHO BO BpaleHme OTHOCWTEIHLHO WHEPIMAJIBHOTO LPOCTPAHCTBA
¢ HeKoTOpoii 3aBmCAMmEll 0T BpeMeHHN YTIJIOBOH CKOpocThIO ® (t). Bos-
HIKaeT BONPOC: KaK HA 9TO JBHKEHUe KOJbIa OyfaeT pearnpoBaTh
cTossuas BoiHA? Ecnm OB MBI MMEIHM JeI0 C TBePAHIM TeJI0M, BaKpel-
JIeHHHM Ha OCHOBAaHWH (€3 TpeHus BIONH HEKOTOPOH ocm, mpoxons-
meii 9epes MeHTP Macc BTOTO Tejad, To Ha Hofo6Hoe BpameHHe OCHOBA-
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HHSL DPAaccMarpuBaeMoe TeNo, 0C-
TAaBAACH HEMOJABIKHEIM OTHOCH- _
TeILHO HHEePOUAJIBHOTO  IpO- |
CTPAaHCTBA, pearmpoBajio OH IIo-
BOPOTOM OTHOCHTEIHLHO OCHOBA-
HUSA Ha Yroia < 7

¢()=—{ 0@ adt. 1) S =z

Taxoe moBefeHne Tena mpPAMO
CBS3aHO C €r0 MHePTHEIMH CBOMCT-
BAMHE, MEKTY TeM Kak ¢ moBopo- FHC. 2
TOM CTOAYell BOJHBI IEPEHOC Ma-
Tepud HUKAK He CBA3AH, OBTOMY M OTBET Ha IIOCTA BJIEHHBIN BEIIIe BOI-
poc gamexo He odeBmfieH. I[asa orBera Ha Hero TpeGyercs o06paTuTHCA
K ypaBHEHWAM JIMHAMUKHA KOJIbIA. OTHA YPaBHEHHS B IPENON0KEHUAN
HepaCTAIKAMOCTY CPeIVHHON INHAN KOJbIa OYAyT BHBEeHs B Tiaase I
B BHJE

W — W+ 4o @) w + 20 (¢)w + wV + 20V 4 ' — ©® X
X (w'V + 3w") = 0. (2)

Ecnm 0GosHaguts uepes ¢ () yroi, KoTophiil ompefiesigeT IOM0KEHEE
oceil cTos9eii BOJHEI OTHOCHTeJILHO OCHOBAHMs, TO ypasHeHHe (2)
ompeaenseT OIePaToOP

¢ (&) =Plo @), (3)

KOTOPHI I TpebyeTcd MOXYyddTh B ABHOU Qopme. Ilo BHemHeMy BHLY
ypasHenus (2) Tpo 3TOT omepaTop TPYAHO YTO-1u00 CKa3aTh, HATMAAA
¢ TOT0, CYImEeCTBYeT JU OH BOOOI[e: Bedb CTOSYas BOJAHA B KOJBIE,
B0O30YKIeHHAS B HEM IOKA BPAIeHUs He OBLI0, IPW HOABIGHHUN BPA-
MeHnsA MOKeT mpocto paspymursca. Eenm ke BomHA He paspymmaer-
¢ u omepaTop (3) CYmECTBYeT, TO OCTA€TCH HESCHBIM, ABJISAETCA I
OH JAWHEWHHM: B ypasHeHHH (2) MMEIOTCS WIEHH ¢ HPOW3BEeHIEM
o (¢) Ha w.

Uro6s HaliTH omepaTop, CleyeT BHAYAlle PEINATh [ ypaBHe-
mua (2) HaganbHyo 3amagy Homu: rpaHmaHbe yCiI0BEA — 3TO YCIO-
BHUsI NEPUOIWIHOCTH, HAYaJIbHBIE YCIOBHA COOTBETCTBYIOT CTosueli
BOJIHE, HBOJIONAI0 KOTOPON MEI M XOTHM IPOCIEUTH.

Bymem mcraTth pemeHme 9TOTO YPABHEHWA B BHAE CYHNePHO3AIUR
(YHKOUI cieqyomero THma:

w=1z(, k)exp {i kg + o (¢, k)]}, k=23, .., (4)

KasKkgas mM3 KOTOPHX eCTh YacTHOe pemeHHe ypasHeHHA (2). 3mech
z (t, k) — mopiesxamas ompeleleHHI0 KOMIUIeKCHAs QyHROuS, £ —
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HoMep Qopmbl Konebammit (mas Qopmer, m3o0paskeHHON Ha pue. 2,
k =2), o (t, k) — BemecTBeHHasA QYHKIUS, TaK/Ke MOIJIesRAMAs OI-
Pefeenuio.

Pemenune (4) comepmur m30nTOYHEE mepeMeHHEIe. B camoM feie,
z (¢, k) exp lia (¢, k)] = y (¢, k) — raxmxe HeKoTOpasaA KOMILIEKCHAS
¢yurmumsa. ITorpeGyeM, aToGer (4) XapakTepH30BAN0 CTOAYYIO BOIHY
B HEKOTOPOH Bpamjamomeiics cucreMe KOODIWHAT (ecam, KOHEYHO, Ta-
Kasg CyImecTBYyeT), T. €. B BTOU cucreMe KOOPAMHAT PANMYCHl, HA KOTO-
PHIX DACIIOJNOMKEHH Y3Ibl W MAKCHMYMB (MEHEMYMEI) BONH, KOJKEHBI
He IepeMemaThCs.

BrimonawMm momcranoBKy pemenus (4) B ypasuerume (2). Ilocaemo-
BaTeJIbHO HAXOMUM:

w=(2 + idz) eih+®); = (Z | 2iz% + iz&k — z4?) e}(ke+);
(B 1)+ i [— 2 (k? -+ 1) c -+ 4ko] 2 + i [— (k + 1)a +
+ 2k®] —k? (k2 — 1) 4+ 0?k*(k? —3)— (k% + 1) 1® — 4k o3} =0.
()

s Toro aro6er pemmeHue (4) OUpeessano CTOAIYIO BOIHY BO Bpa-
maomeiics cucreMe KOOPAWHAT, HeoOXONMMO W JOCTaTOYHO oOpame-
HEA B HyAb KO3QQUMMEHTOB NpH MHMMBIX UacTAX B ypaBHeHmm (D).
Torpma aro ypasHenme Gyner mMeTs OpPMY, IPH KOTOPOii B peIieHAN
BO3MOKHEBI CTOS9Ue BOJHEL:

—2 (K 1) & + 4ko =0, — (B +1)& + 2o = 0.  (6)

Ilonydensr mBa COOTHOIMEHHUSA, ONpENeNAOMNE OIUHCTBEHHYIO (YHK-
nmio o (¢, k). Herpyaeo BHIETH, 4TO HepeompeneneHnas cmcrema (6)
coBMecTHA, 00a ypaBHEHHWA YIOBJETBOPAIOTCA OJHUM DPeNIeHWeM:

ot Ic)=——kgg_|l_c—1gm(t) dt. G

Ycnosme, ompefensAiomee MONOMKEHWe OYYHOCTH, HAXOOUTCA m3 (4)
B Buge ko + a (¢, k) = 0. Ilomcrasuaasa copa (7), moaysmm

o (t) = — —ké—j-r—l S o (t) dt. ®)

9To W ecTh mcKoMEIH omepaTop (3). O mpepfcrasiseT coboi TuHEHHEIR
WHTeTpalbHEIA omeparop, oTamJanmuiics oT omepartopa (1) mag
HHePTHOTO Tejaa Jumb Kospdumuentom 2/(k* 4 1) mepex muTerpamoM.

TakuM 06paszoM, CTOAYNE BOIHE B yIPYTOM KOJbIE MOTYT CIAYIKATH
MAaTIMKOM HHEPIWANbHON HHPOpMANWE, KAaK W HHEePTHOE TBEPHOe
TENo:

Sco(t)dt:— L o). 9)

‘TOT Pe3yIbTaT ABJIAETCH TOTHHIM W IOJYIeH MJIA YPABHEOHHA C Iepe-
MeHHHIMEI KO3(QQuUIHeHTAMH, TaK KaK © (f) camTaeTcA IPOW3BONBHOM
¢ymrOmeir. 9ToT PaKT M XapaKTepUsyeT TO APKoe QE3TIECKOe CBOI-
CTBO, KOTOPOE MOKHO HA3HBATH CBOUCTBOM HHEPTHOCTH YHOPYTHX BOJH
B Kouabne. CoBMeCTHOCTh ypaBHEHHIT mepeoupemeienHol cucrems (6),
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npuBeNmasa-K CyMEeCTBOBAHMIO omeparopa (8), ABIAETCA ClIeNCTBEEM
cpasy ABYX 00CTOATENBCTB: JIWHEHHBE OTHOCHTENHHO ® M O YIeHH
B ypaBHeHEHZ (2) OIpefeNA0T CHIH, HMeiomue 000GIMEHHEIA MOTEeH-
nUaj, U BCe ypaBHeHMe NOOYyCKaeT TPYNNY CABATA OO0 HE3aBHCHMOM
mepeMeHHO#X . HeBrimonHeHme OfHOTO W3 YCIOBHI IPUBOLHUT K OT-
cyrcremio 3dgdexra.

[is menelt wHepnmanbHOU HaBurammu (OMpPENeTeHNe MPOU3BOIb-
HOTO YTIJIOBOTO [BWKEHWA O0OBEKTAa OTHOCUTENBHO HHEPIHANBHOTO
IPOCTPAHCTBA) HEO0OXOMMMO MMeTh TPH YOPYTHX KOJbIA, OPHEHTHPO-
BAaHHBIX II0 TPEM B3aWMHO IePHEHAUKYIAPHEM ocAM. VudopMamms
06 yriosoM mojokeHWH 00BeKTa OyLeT IOCTYIaTh B BUAE TPeX HH-
Terpajos

k241 .
(;O)j(t)dt=———g_—(pj(t) i=1,2, 3,

9T0 COOTBETCTBYET HHPOPMANUH 0 HOJOKEHIY 06HeKTA B KBASHKOOPIH-
HATaX, T. €. COBEPIIEHHO TAK K€, KaK M B CJIy9ae Ia3epHHX THPOCKOIIOB.
CooTeeTcTByIOMme# ABAAETCA W JOTEKA 00paboTKuE aToil mHQOopPMAT(AN.
B cBssm ¢ aTuM A patumka wmHpoOpMAnWE 00 YIIOBOM [BUIKEHUH
o0BeKTa MBI NPWHAIU TEPMWH (BOJIHOBOH TBEDPAOTEIBHEN THPOCKOI.

Crnemyer oTmernth, uro Kodddumment 2/(k* 4+ 1) B dopmyne (8)
sasmeuT oT HoMmepa Qopmer koaebauuit. [lpm Bo3OymueHnnm cpasy He-
CKONBKUX (OPM BOBHEKAET HECKOJIHKO HE3aBUCUMBEIX KAHAJIOB JAyO0am-
pylomeil IpyT Apyra mHGOpMaLHH.

Has ompenmeneHums 3axkoHA KoJge6aHW OpH 3aaHHOl (opme cie-
myer mopcrasuts (7) B (5), uro maer ypasHeHme s z (¢, k):

. k2 (k2 —1)2

z+—(l§¢ﬁ(m+1+m2}z=o. (10)
Bes mecranmoHApHOCTH WCXOMHOTO ypaBHeHHA (2) Bomia B ypaBHe-
mme (10). Il1a MHOTEX YaCTHHIX W Ba)KHBIX JAJIf OPAKTHKH CIydaeB 3a-
BUCHIMOCTH ® OT Bpemernu ypapHenue (10) pemaercsa togHo, m TeM ca-
MBEIM MH BOOGIIE MO;KeM HOJYYUTh TOYHOe 00mee pelieHHe ypaBHe-
mus (2). Haopumep, cayZam MOHOTOHHOTO YOHBAHHSA W MOHOTOHHOTO
Bo3pacTaHma o (f) MOKHO pAaCCMATPHBATL HPW LOMONY yPaBHEHMS
ditpm B ¢ymrnumax Ofipu. Ecim o (I) — rapMorudeckas QyHKRIuUA
BpeMewun, TO MOJydaeTcs ypapHeHme MaTbe, 9T0 TaK;ke IIO3BOJIAET
NPOBECTH MCYEPIHIBAOIMUI TOIHER aHaxu3. B ciydae mpom3BoibHOM
3aBHCUMOCTH ® () MOKHO BOCHOJB30BATHCA TEOPEMaMd KAa4eCTBEHHO-
T0 aHaJMBa, & TAK}Ke CTPOUTH MPHOIMKeHHbIe PeHIeH:ms MeTOJ0M yC-
pemnenms. Bce 9Tm BompoCH ABIATCA HPEMETOM PacCMOTPEHUA
B8 raase I1I. B aroii ;e TaBe paccMoTpeHa AWHAMUKA PACTIIKIMOTO
KOJbIA. Y4eT PacTAKAMOCTH OPWBOAUT K YTOTHEHWIO KodPPummeHTa
2/(k* + 1) B maTerpampHOM omepatope (8), a TaKKe K YCTAHOBICHMIIO
KagecTBEHHO HOBOTO ¢arTa. B pacrTaxmMoMm Koublle HapAmy ¢ m3rmb-
HHEIMO Kone6aHMAME CYMeCcTBYIOT CBA3aHHEE C HUMEH Koje0aHus
pactsiKeHmii. B oTimume 0T HEPACTIIKEMOTO KOJBIA KaKmod dopme
KoseGaHmid COOTBETCTBYET IBe COOCTBEHHBIX 4aCTOTH Kosebanmii (ogHa
73 HUX CTPEeMUTCS K GECKOHeTHOCTH HPHU CTPEMIIeHWH IIapaMerpa pac-
TAMRAMOCTA K HYJNII0). YIOMAHYTHIA HOBBIA (AKT COCTOMT B TOM, UTO
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CTOAYMEe BOJHEI, COOTBETCTBYIOIUWE MEHBIIUM dYacToTaM (w3ruGHBIe
$OPMEL), OLIPeNIeNAI0TCA onepaTopoM (8) co cierka yTOYHEHHBIM Kodd-
(umEeHTOM, B TO BpeMsA KaK CTOAYWe BOJHEI, COOTBETCTBYIOMUEe 60Jb-
muM gacroraM ((GOPMHI PaCTSyKeHU:A), OIPENeIAIOTCS omepaTopoM (8)
¢ IPOTUBOLONOKHEIM 3HaKoM. VIHEIME CJI0BaMW, IPH NOABICHUU Bpa-
mMeHus KoJblla m3TrmOHBIe BOJHEI GEIYT IO KOJBIY B OOPATHYIO CTO-
POHY, BONHBI PaCTA}KEHHs — B CTOPOHY BpameHus Kouabma. A6co-
JIIOTHBIE 3HAYeHWsT CKOPOCTEN WpPW HTOM OSUMHAKOBHL.

PaccmoTpennsie B 9T0H ke riaaBe HelwHelHbIe 9PQEKTH MT03BOIAIOT
OIEHUTH BJIWsHOE AMIUIUTYIH KoJeGaHMA HA WCKayKeHUE OCHOBHOTO
omepatopa (8). fABnenwe 3axBara, XapaKTepHOe I Ma3ePHBIX THPO-
CKOIOB, B YOPYTOM KOJbIe He 00HADPYIKEHO.

B marom maparpage raasm 111 paccmarpuBaercs yopyras 060109-
Ka — moaycdepwdecKuil pesoHatop. [lis Hee BEIIHUCHIBAIOTCA ypaB-
vHeHnd B ¢opme B. B. HoBokmiosa m pemaercs BOIpoC 0 mOCTpoe-
HUF OIepPaTopa, aHaJOTHYHOTO omepaTropy (8) MiId yOpyroro KoJasIa.
YcranoBieHa TowHasg CTPYKTypa TAaKOTO OIepaTopa, 4eM IOKa3aHo,
970 W yOpyrHe BOJHH B HOJAyceprmIecKoM pe3oHATope Tawke o0ma-
JAI0T WHEePTHBIMU CBOWCTBAMEU B OMpeJeJeHHOM BEHIIIE CMEBICTE.

Vmeromasgca aHamoTHs MEKIY KOJBIEBBIM 7 MOJyc(HepuIecKUM
Pe30HATOPOM IO3BOJAET MHOTMe (AaKTH TeophHH KOJBIEeBOTO pPe3oHa-
TOPA PaCHpPOCTPAHUTH HA MOXycPepudaecKuit, moaToMy B raase 1V pac-
CMarpmBaeTCs JWIOb KOJBIeBO# pedoHarop. Ilpegmonaraercs, 9To BCe
Pe3yaBTATH, YCTAHOBJIEHHEIE JJIS KOJNBIIA, CIPABEIJIMBH ¢ HEKOTOPOI
TOYHOCTbIO W IJIA HOJyCdepH.

I'masa IV mocBameHa u3yueHmIo pa3imgHEIX 00CTOATENLCTB, OT-
IAYA0MAX PeaTbHOe KOJNBI0 0T PACCMOTPEHHOTO B IpeRLymel ria-
Be HJeaJbHOTO caydas. Tak, yCTaHOBIEHO, 9TO /[HWCCHIAIUA, BEHI-
3BAHHAS BHYTPEHHHM TpPeHueM (yInThiBaeMas B paMKaxX Mojejd BsA3-
Koympyroro Tena HenpeuHa—@oiixTa), HEKAK He BIWAET HA OCHOB-
HO# omeparop. B sToM pajmranbHOe OTIMIWE BOJHEL KaK MATIAKA
WHePIUANIsHON mHGOpPManuy OT TBEPHOTO Tejla. BA3Koe TpeHmWe yBJe-
KaeT TeJ0 32 OCHOBAHWEM, B TO BPeMs KaK HA IOJOMKEHHH CToAdell
BOJIHE OHO HHKaK He CKashBaeTcsa. BoiHa IWIms yMeHBIIaeTcA €O
BpeMeHeM N0 aMIUIATy[Je 0O DKCIOHEHIMAJIbHOMY 3aKoHY. B aToM
BoJTHA 00majjaeT CepnLesHbIM NPEeMMYIIeCTBOM IepPel MHePTHHIM TeJI0M.

OpmHarko Hajm4me 3aTyXaHUs OPUBONUT K HeoOXoqwuMocTu HOIfep-
JKOBATh KoJebaHus BHemHuMHu cmiamu. PaccmarpmBaloTcss fBe cxe-
MH BO30OY/RIEHUS DIEKTPUISCKUMY CHJIAMHU: MO3WIMOHHOE, KOorja Ha-
OpsyReHne MeXXIY Pe30HATOPOM W BHENTHWME 3JIEKTPOJaMH m3MeHdeT-
CA I0 3aKOHY U = U, COS 2¢ COS Al, W mapaMeTpmiecKoe, Koria Ha-
OpA/KeHWe He 3aBUCHT OT YTIAd U = UyC0S M.

Ilepsoiit Tun Bo36YsKAeHNA 06GiIamaeT TeM TOCTOMHCTBOM, 94TO Kojeba-
HOA PE30HATOPA BOSHHKAWT mpw 1060, faske W CKOJIb YTOTHO MaJoi
aMOIATYle HANPSKEeHUSA Uy. OT BeawdwHb HAOps:KeHHA OymeT 3aBH-
CeTh Wb BeINYMHA aMILIATYIH yCTAaHOBHBIEXCsA KodeGammit. Op-
HAKO 9T0 BO30Y:;KIEHUe (IPUBSZHBAETY CTOAIYIO BOJHY K OCHOBAHHIO,
CTPOTO OPUEHTHPYA ee mo «ocam» Hanpssxennd. [Ipm Takom Bo3Oyxme-
HEW KOJBIIO0 MOMKET HCIOJb30BATHCA KaK HAaTYUK YTIOBOH CKOPOCTH
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o6bexra. OHO ImpeBpamaercs B HTOM pEKUMe B PAa3HOBUIHOCTH BHO-
panuoHHOTO TupocKoma. OXHAKO OCHOBHOW 3dexT, ompemensromuit
OPUHOUNNANBHY O0COGEHHOCTH BOJHOBOTO TBEPHOTEIHHOTO THPOCKO-
ma, He coxpaHsercsa. Omeparop (8) He cymecTByeT, MOCKOIBKY B HTOM
cry4ae CuCTeMa He WHBAPWAHTHA IO OTHOIIGHWI0O K TPYIIe CABHra
oo yraiy o.

Bropoit Tmn Bo36y:rmeHms o6iamaeT HYKHOH MHBapHAHTHOCTHIO,
OH COXpaHAET OCHOBHOH »ddexT m TouHHIA BmA omeparopa (8). On-
HaKo, KaK ¥ a6oe mapameTpageckoe Bo30yskIeHne, sTo BO30YKIeHMe

06/71ajaeT 0COGEHHOCTBIO: CYI[ECTBYeT TOPOT Uy s TAKOH, 94TO ecim
HALPSREHRe Wy < Ug ', TO KoTe6aHWA pe30HATOpa He BO3GY:KIAI0T-

CH, OCIIH 3Ke Uy > Uy > TO BOBOYIKIAIOTCHA HEYCTONTIMBLE KoTeGaHms,
ITOT THI BO36YIKAEHNs MOHO WCIOIB30BATh, JMMb BBONA 0GpaTHYIO

CBSI3b 10 aMIIATYfAe KoiebaHmii, ofecmeunpaiomeil u, = us . Bee
BOIIPOCHI, CBA3AHHEIE C MUHAMUKON KOJbIA NPV HAJMIAM YKA3AHHBEIX
THOOB BO3GY)KAEHNA (MapaMeTpsl CTAMOHAPHHIX PEKUMOB, IX YCTOH-
9UBOCTH H T. I.), H8y4aiTcs B raase [V. B meil jxe paccmorpens me-
KOTOpPBle WHCTPYMEHTAJIbHHE HOTPENIHOCTH — BIAMSAHWE HEKPYIIOCTH
3JIEKTPOJla W HEKPYTJOCTH CaMOr0 pPe30HAaTOpa Ha MOJIOKeHWme CTOod-
geit BorHH. [[0Ka3aHO, 9T0 ¥ TO W APYroe NPHBOLUT K M3MEHEHMUIO II0-
JOKeHUS CTOAYeld BOJHBI, YTO MOKeT WHTePIPEeTHPOBATHCA Kak
«yXOI» 3TOTO THHA THPOCKoma. Hexpyrioctb pesoHaTopa IPUBOIUT,
KpoMe TOTO, I K TOMY, 9TO B KOJbIle OKA3HBAITCA BO3MOKHEIMU JIHNOIH
IBe CTOSAYMe BOJHHI 3aMaHHOU dopMbl (st k¥ = 2 WX 0CH pacmoxosxe-
HEl TOJX yriaoM 45° ApyT K APYTY), CTPOTO ONPENeNeHHO OPUEHTHPO-
BaHHEIEe 10 OTHOMEHUIO K KOJBIY. JacTOTH KOJIe0aHM HTUX BOJH MPHU
BTOM He coBmaganT. HexpyriocTs pesomaropa, a Tawkke m 000
Apyroil medeKT WITOTOBIEHUs (HEPEMEHHOCTH TOJIMUHEI, HEOJHOPOM-
HOCTH MaTepmaia W mp.), IMEIIIA B Pa3jI0yKeHNN [0 YIIY (¢ BTOPYIO
TapMOHUKY, HPUBOAAT K OCHOBHOMY [JS BOJHOBOTO TBEPAOTEIHHOTO
rupockona Tuny yxoxa.CompoBoykgaiomee aToT BUL AefeKTa pacmien-
JeHWe YaCTOTH KojebaHwil m0 0CHOBHOU (opMe Ha HEBPAMAIONMEMCS
OCHOBAaHUE MOKeT HUCIIOJNB30BATHCA B KadecTBe mAPopManum o Kedex-
Te C [eJbI0 ero yCTPAHEHHs.

Ocuosasm rrnasam 111 w IV mpemgmmecTByioT JiBe BCIOMOTaTeIbHEIE.
B rnase I paccmarpumBaercs BEIBOX OCHOBHEIX Ju(gepeHImanIbHEIX
ypasHenuil Koxabma. Ilpm BriBOJle NPUXOAUTCA YIATHBATE CHeyIONITe
¢axTopsi. Bo-mepBEX, HAJIWYWE YIIOBOHX CKOPOCTH HPHBOAUT K HO-
SIBJIGHUIO IIPEIBAPHUTENHHOTO HATAKEHMSA KOJbIIA, 9TO MeHAeT ImHeii-
HYI0O 9acTh omeparopa ympyroctd. [eificTBuTeabHO, 0OBYHO IPH BHI-
BOIle JIWHEHHHIX YPAaBHEHWI YIeHAMW, COJEP/KAI[AMHI HPOW3BereHUe
mefopManum Ha HArpysKy, mpexHeOperator. OmHAKO NIA HEPaCTAKH-
MOTO KOJNBIIA HArpyska He o0pamaercas B HYIb OpH obpalieHIH
B HyIb gepopMannmu (IPpEMepoM KAk pa3 W sABJIAIOTCA MEHTPOOe;KHEIe
cumbt). I[losToMy mpmxomguTcs yYMTHBATH LPOH3BENEHHA Hedopma-
IUN Ha OpeBapuTenbHoe HaTsyKeHne. Bo-BTOPHIX, IPHU PAcCMOTPEHNHA
BpameHus KoJbla ¢ IMPOU3BOJLHON yIrI0BOH CKOPOCTHIO BO3SHHUKAET
BOIIPOC O TOM, IOJ [AeHCTBMEeM KAaKUX CHJ KOJbII0 BpPaIaeTca ¢ yCKO-
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peHweM W He BIMAIOT JW 9TU CHJIH Ha m3rubHbIe KonebaHumsa. Hamboice
ACHBIM OTBET HA HTOT BOIPOC OKA3HIBAETCA IIPU OHPHMEHEHWW MJIA BEHI-
BOJa ypaBHeHwmil MeToma Jlarpamxa. Ilpm sTom Bpamenme konsia pac-
CMATPHUBAETCS B BHAe HEKOTOPO# HecTamumOHAPHOH ¢BA3m. JPPerT
TAKOH CBA3W MOJIHOCTHI0 YUUTHIBAETCH HIPH COCTABJIEHWH IIOTHOCTH
KMHETHYECKOM DHePIruyM KOJbIA, a Te CHJIH, KOTOPHE BHI3HIBAIOT YCKO-
peHHOe BpameHme, sBIAIOTCA pearnueil cBA3el, MCKIOIaeMO
B uponenype Jlarpamxa. Ilpm sxeraHwym WX MOKHO BHYHCIHUTH OT-
TeJNbHO OOBIYHBIM IS METONOB TEOPETHIECKON MEXaHUKH CIIOCOGOM.
YpaBHeHUd, mMoJydaeMbie MeToJoM JlarpamH;ka, OKa3HBAIOTCSA COBIIA-
TAIOIIEMY ¢ YPABHEHHAMM, I0JYIeHHEIMA METOLOM CII B IIPEAIOJI0Ke-
HWH, 9TO CHJIHI, BEISLIBAIOIINE YCKOPEHHOE IBIKEeHWe KOJbIa, He ydu-
THBAIOTCA COBCEeM. IHayKymeecs IpoTHBOpeYWe JETKO OO0BACHAETCH
TeM, YTO DTH CHJIH He 3aBUCAT OT JedopManmil KoJbIa WJIU OT IIOJIO-
JKEHNA TOYKH HA KOJBIE, & MOCKOJHKY B YPABHEHHAX HPUCYTCTBYIOT
JI7Mb IPOMU3BOJHEIE ATAX CUJI IO YIIAY ¢, To IPH TaKkoM Auddepenmu-
POBAHWE OHH HMCYE3aI0T.

B rnase Il mamaraiorcs ocHOBHBIE HOJIOMKEHNA METOA MPHOIMKEH-
HOTO HHTeTPWPOBAHUSA YPaBHEHWIl, WCIONB3YeMOTO B KHUTE,— Me-
Toma ycpegHenus. B cykaroit gopme (3a cuer mpeHeOpe)KeHUS BTOPO-
CTeIeHHHMHU  0GCTOATEAbCTBAMHE) PACCMATPUBAIOTCA  BaKHeimme
aCIEeKTHl METOM[a: TUOH CTAHAAaPTHEIX (OopM, IPUBEIEHME K HUM, IpoIe-
IYPH yCPeTHeHMUsI, MOCTPOEHNE BEICIIWX NPHUONIMKEHUN, ABICHHE pe-
30HAHCA, BOHOPOCH 00oCHOBaHWA. PaccMarpmpaercsA pPasHOBHIHOCTDH
MeTofma ycpeqHeHWs — MeTo[ AByX macmTaboB. Bce msmosxenme mi-
JIOCTPUPYETCA TPUMEPAMU.

Bonpocs, ceasaHubie ¢ m3ydeHueM BIWSAHWA BpaMieHAA HA YIPY-
rue KomeGaHms 0GONOUEK W KoJiel, yske paccmarpumBanumch [16, 17].
OnHEaKO B HUX CKOPOCTH BPAIEHWA CYUTAETCH MOCTOSHHOW, a OCHOB-
Ho#t 5derT BpameHms HPOSABASAETCS B H3MEHEHUH COEKTPA 9aCTOT
coGCTBEHHBIX Kosebanmil.

IIpennpuusitoe B mpefmaraeMoil KHWTe H3yJeHWE CIydIas Iepe-
MEeHHOI YTIJIOBOM CKOpPOCTH (OCYIIeCTBIEHHOE, IO-BHIUMOMY, BIEp-
BHe) IO3BOJNMJIO YCTAHOBUTH KAaYeCTBEHHO HOBOE ABJIEGHHE, MMEIOIIee
CMEICJI JIAMb [AJS IIePEeMEeHHO#l yrioBo#i cKopocTw,— ddderT mHepT-
HOCTH BOJHOBOTO TIOJIA.

Ha sroM ocmoBano m npummmnmanpHoe OTANIWE PA3IAIHBIX TH-
OB BHOPANUOHHEIX THPOCKOIIOB OT PacCMaTpPHBaeMOTO B BTO#l KHWTE,
I KOTOPOTO IPeJJIo}KeHO0, KaK CKas3aHO paHee, IMOAIePKUBAIOIIEE
5TO OTJIMYMe HA3BAaHWE — BOJHOBOW TBEPAOTENBHHIN rupockou. Cio-
BO (BOJHOBOW» YKaspBaeT Ha TOT (aKT, 9TO MCIOIB3YyeTcs He INPo-
CTO aMIIATyRa KoxebaHuii (Bmbpammii), a CBOWCTBA BOJH B IIEJIOM.
Ci0BO «TBEDOTENBHBINY MOAYIEPKUBAET (PAKT, ITO BOJHLE BOSHUKAOT
B YOPYTOM Teje B OTIMINE OT BOJH 3JIEKTPOMATHUTHOTO XapakTepa,
HCOOJNb3YEeMHX B Ja3ePHBEIX THPOCKOIAX.

M=ur nameeMcs, 9To mpenaraemMas KHura OyZeT IOJe3HOH He Tolb-
KO JIJI CHEIUAJUCTOB B 00IacTV TMPOCKONHIECKUX NPHOOPOB W WHEP-
OUaJbHEIX CHCTEM HABUTANWW, HO U [JIs JHUI, MHTePeCcyomuxcsa mpob-
jJeMaM# JIUHAMHKZ YOPYTHX CHCTEM.



Taasa I

OCHOBHLIE YPABHEHNIA
JUHAMURI KOJBIEBOI'O PE3OHATOPA

1

Brison ypaBaenmii
KOJIbIEBOI'0 Pe30HATOPA METOAOM CHII

PaccyoTpuM KoabI[0, 0OCEBasg JTUHEA KOTOPOro B HelefopPMUPOBAHHOM
COCTOAHUT MpefcTasiasgeT co6oil OKpYy:kHOCTH. llpegmomoskmm, dTo
ImoIepevYHoe CedeHMe, IPOBEIEHHOE NEePUeHAWKYJIAPHO OCeBO# mm-
HUH, He 3aBUCHUT OT MecTa cedeHus w 00iafaeT 0CbI0 CEMMeETDHHU, Jie-
/Raed B HOIOCKOCTH oceBoil nmHuum. Ilpm medopMmpoBaEmE KOIBIA
CUNTaeTCS, UYTO NepOopPMAPOBAHHAS 0CEBas IHHHUSA OCTAETCA B HMIOCKO-
CTH, OIpefeJAeMOil OKPYHKHOCTHIO HeZe(OPMHUPOBAHHOTO COCTOSHNA.

IlpenmaraemMas Teopumst 0OCHOBAHA HA TOM, 9TO Ji000e MIOCKOe HOP-
MaJbHOE K 0CeBO JUHHUY CEeYeHNe U Mocae [efopMannn 0CTAeTCA MI0C~
KAM J HOPMAJBHBIM K IPOMOJbHHEM BoJOKHAM Koxbna. Ilpm marmGe
IOIePEeYHble CEYeHUSA MM W ni HOBOPAYMBAIOTCA OTHOCHUTENBLHO HPYT
Ipyra BOKPYT OCH, MepHeHAHKYJIApPHOH mmockoctu maruba (pme. 3),
TaX YTO BOJIOKHA HA OJHON CTOPOHE WCHBITHIBAIOT DAacCTAKeHHe, Ha
apyroit — ckatme. IlyHKTHpHAs JWHHA HA PHUC. 3 €CTh CIeJ Hepe-
cedeHUs OOKOBOM TPaHM ¢ HEHTPAJHHBIM CIOEM, Ha KOTODPOM BOJOKHA
He U3MEHST AIWHH npu m3rmbe. JuAmA mepeceueHns HEUTPAIBHOTO
CeUeHMS C KAaKUM-TmG0 MOmepevHsM CeueHreM Ha3HBaeTCH HeHTpaiib-
Hoil ochio. Ocesas sauHma mpefcrasiser co0ofl mepecedeHme HeMT-
PaJbHOTO CJIOS W IIOCKOCTU 0CEBOI IMHUI.

Bosbmem orpesox S'p’, mamma KoToporo B HeXepOPMHEPOBAHHOM
cocrossrmu pasHa (R’ -+ 1) Ag, rne R’ — paguyc KPUBH3HBI 0CEBOWM
AMHWE B HeXehOPMUPOBAHHOM COCTOSHNT. B pesyibpraTe H3rnba HeHTp
kpumsu3asl 0 mepemermaerca B Toury 07, cegeHme nn MOBOpPaYUBAET-
CS OTHOCHTEeJILHO CeYeHWs mim Ha JOMOJHUTeAbHHH yrox 8Ag, orpe-
sor S’'p’ mpespamaercs B oTpesor S'p” mamust (R" + 1) (Ag +
+ 8A¢). Tarmm o6pazom, BoaoKHO S'S” HCULITHBAET OTHOCHTENb-
HOe y[JIWHEeHHe

(R"4-1) (A + 0Ag) — (R" 4 1) Ao
(R"4-1) Ag ’

Ilna TomkocTeHHEIX Koaell R’ >>[, mosToMy, IpEHAMAas BO BHH-
MaHIe ycioBme HepacTssxuMocTm oTpeska aa’ R'Agp = R’ (Ag -+
+ 6A¢@) m upemeGperas MaibIMU dYJIeHAMH, DOJIyJaeM, 9TO

e = [ 8Ag/R'Ag.

ITociienmee paBeHCTBO IEPENNMCHIBAETCA B BHTE

e = Akl (1.1)

fo—
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Pue. 3 Puec. 4

rne Ak = 8A¢/R'A¢p = — 1/R' +
4+ 1/R" npepcraBaser coboit m3MeHe-
HUe KPHBHU3HH KOJbBIA.

Ilo medopMammsaM OpoaONBHEX BO-
JIOKOH HAa OCHOBAHWHE 3aKoHa I'ykKa om-
PelensioTcss COOTBETCTBYIOIIME HampsA-
SKeHOA

o = AkEL (1.2)

rie E — MoOynb yOpPYTroCTH, IOJOKE-

TeJqbHOEe HampasieHume [ BmOupaerca Pme. 5

B HAUPaBIEGHWW YBeJIWYEHUS pagmy-

ca, HaOpsyKeHHe pacTAMKeHHA CYATAeTCA II0JOKUTEeNBHBIM.
OGosHaunM sieMeHTApHYI0 IUIOMALKY, PACIONOKEHHYI0 HA pac-

cTosiHNM [ oT HefiTpansHOR ocm, aepes AS. Ha mee meitcTByer saemen-

rapHad cmna AKEIAS. MoMeHT 9TuX CHII OTHOCHTEIHHO HEATDATbHOM

ocm BHIpa;kaercss Gopmyion

M = — AKE[ 1?dS = — ALEI. (1.3)

3mecs I — MOoMEHT WHEPIWH NONEPEUHOr0 CEYEHHs OTHOCHTEeJIHHO
HEHTPaTIbHON OCH.

Ha pue. 4 morasaHo moxoskeHme ocw KOJbIA B fefopMEPOBAHHOM
cocrosHmu. B mporecce medopmanuu cedeHme HemeopMUPOBAHHOTO
KOJIBIA, OIpefeNaeMoe YIJI0M ¢, IePeMeCTHIOCH B HATPABISHNH I[eHT-
Pa KoJiblla Ha BeJAWMYMHY W W B HANPABICHAW KACATENBHOH HA BENH-
quay v. IIpm sToM KacaTelbHas K 0CeBOY JHHUA B PaccMAaTpPUBaeMOM
ceyeHwW” moBepHyJgach Ha yroxa 0. Ilepemennsie v, w, 0, paccmaTpmBae-
MBIe Kak (YHKINE BPeMEHE W yTia ¢, XapaKkTepu3yioT GopMy KoJbLa
B meOpMHpPOBAHHOM COCTOSHUN.

Beenennrie mepeMeHHbIe CBSIBAHB MeKITY €000il pAKoOM COOTHO-
meHwuii. B cuily Hem3MeHHOCTH NJIMHBI 0CeBON JWHWH NJIWHBI MAJBIX
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orpeskos AB u A’B’ (puc. 5) pasaH, T. e.
RAp = (R — w) (Ap + 8Ag).

W3 pme. 5 BugHo, 4To m3MeHeHme yriia 8A¢ cBA3aHO ¢ pasIEIEEM
nepeMemenuii ToueKk A m B B KacarelbHOM HAIPABIEHUH, OITOMY

SAp = _(,j% Ag/R.

V3 momydeHHEIX COOTHOIIEHWH, nepexos k mpeneay mpm Ag—0,
ooxydaem

av
Fo = (1.9

B cBow ouepexs yrom moBopora KacaTeabHoll 6 cBss3am ¢ mepe-
MEHHBIMH U B W. 3[eCh IJsA BHBOLA TEOMETPHIECKUX COOTHOUICHHHA
MEKIY MaJbIMu BeqmumHAM7 O, v, w HCHOAB3YETCH JUHEeHHAS TeOpPHUs,
[OATOMY MBI MOJKEM BOCIOJB30BATHCSA NPUHIHUIOM CYIEPHO3UIINH.

OpnHa cocraBiAIOmMAs IOBOPOTAa KacaTeldbHoll 0; cBsisama ¢ mepe-
MeIIeHNeM CedeHHUSA HA BeJamuuHy v (puc. 6), oHA BHUHCasercs mo Gop-
Myie

61 == U/R.
Hpyraa cocraBigiomas HoBopoTa KacaTenbHO# 0, cBA3aHA ¢ pas-

amgmeM HepeMelNeHHA KOHIOB Maxoro oTpeska AamHil RA¢ B pamm-
anpHOM Haumpasienmm. OHa Begucasercs (pumc. 7) mo dopmyite

99_——-Ap/RL\cp_ ! g’(‘p

CrnappiBag cocrasisiomue 0; m 0,, momyTaeM CyMMapHBIH yros
HOBOpOTa KacaTeJIbHOR

0= —- <v+ 0@) (1.5)

Tak xar mpupameHue KPUBU3HEI, CBA3AHHOE C YIOPYTUM IepeMe-
meHreM, HMeeT BHUJ

90
A = 7o »

to gopmyna (1.3) ¢ yuerom coorHomenmit (1.4) m (1.5) mepenmcrBaer
cA TaK:

(1.6)

EI 0w \

Ilns BHIBOA ypaBHEHHI NBHYKEHUS KOJBIA BOCHOJB3YeMCS IPHH-
munom [lamamGepa. Bripeskem AByMA ONHSKHAME DPagHmaIbHBIME cede-
HUAMHO 3JeMEHT Koablia (pmc. 8) m paccMoTpuM ero paBHOBecHe IPH
HA/INYNN BHEIOHAX X MACCOBHIX CHII.

HanpskeHuss B mpasoM cedeHum mpusofArcsa K cmiaaM N, Q m
MoMeHTy M, B neBoM cewenunm — K N + AN, Q + AQ u M + AM.
O603HaunM OPOEKIUA YHEeAbHEIX CHJ Ha HaOpaBieHHS KacaTelIbHol
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Pume. 6 Puec. 7

71 paguyca 4epe3 p W g M HAOAIOIEM
YpaBHeHZE PABHOBECHUS CHII B IIPO-
KON Ha HAPABJICHNAE KACATOIE-
HOIi:
PRAp — N cos® -+ Qsin 0 +
+ (V- AN) cos (6 +
+ A6 + Ag) — (Q +
+ AQ) sin (8 + A6
+ Ag) =0, (1.8)
OTKyHa, canrag 0 m A0 mMagmimMm
U Tmepexond K mpefenay upun Ag —
— 0, moxyuaem numuefinoe ypas-
HeHrne BUa Pie. 8

pR + -'?%--Q:O. (1.9)

AHanormuHo, UPOEKTHPYsA CHIB HA HANPABIEHHWE pagmyca, Ha-
XOIuM

gRAG — Q cos B — N sin O + (N -+ AN) sin (0 -+ A + Ag)+
+ (Q + AQ) cos (8 + A0 + Ag) = 0, (1.10)

orkyna npx Ap — 0 BEIBOLETCA BTOpOE JIMHEHOE yPaBHEHNE PAaBHOBE-
cusn

qR + N + %=o. (1.11)

s YCI10BHA paBHOBECHS MOMEHTOB mMeeM TpeThe ypaBHEHHe pPaBHO-
BecHua

oM
Go-— QR=0. (1.12)
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OG6o3HaIMM YTIOBYIO CKODOCTH, ¢ KOTOPOH BPAMAeTCsA KOMBIO B CBO-
eit mmockocTu, gepe3 Q (t). Torga mpoexmum yoeIBHHX CHI HA HAm-
PaBIeHASA KacaTeabHOM U pafimyca 3anECHBAIOTCA B CleIyI0meit popme:

p = po — 98% + 208Qw 4 pSQ* — pSQ (R — w),

q = go — pSi — 208 — pS (R — w) Q2 — pSQv, (1.13)
3mech pg, ¢p — MPOSKOHUH YRENbHHX BHEITHUX UM (CHIa HA eMUHAIY
HOJIEHBL KOIBIA), 0 — INIOTHOCTH MaTepmaaa KoabHa, S — INIoIanb
IOMePeYHOT0 CeueHNA, TOYKA Hal OYKBOM o3HadaeT nuddepeHITpoBa-
HOe 10 BpPeMeHH.

Huddepernupys ypasrenne (1.11) mo ¢ u BeUMTaA U3 HErO ypaB-
merme (1.9), maxomgmm, gToO

9%Q g ,
or + 0+ (5% —p) R=0. (1.14)

Cmna Q ¢ ygerom coorHomenrmit (1.7) u (1.2) npeoGpasyercs K cienyio-
meMy BHOY:

Q=———%<% +%‘;). (1.15)

Hudpdepennnpys ypasuennme (1.14) mo ¢ m mekrmodas u3 Hero Q m v
mocpencTBoM coorHomeHmit (1.15) m (1.4), moxydgaeM ypaBHeHHe
B 9ACTHHIX IIPOM3BONHHEIX JJA IEePEeMeHHOH w:

Pw ow S ow 0w 04w 0w
Gor — W HARGE + 20 T (TR 250 + ) =
1 9 9po), 2 __ 4
-k (—a(pz __aq)), %2 = EI/pSR*. (1.16)

B ypasuenwm (1.16) omymeHH dWieHH, COMepIRamVe MHOKHUTEIh
Q2, m B Tex cayZasx, KOTJa yrioBas CKOPOCTH BPAmeHWS Masa, 3TO
ypaBHeHWe MOKeT MCIOJB30BATHCHA [ aHAIW3A JUHAMUKE KOJBIA.
Ecnm sxe yuer menTpo0esHEIX cui Heo0XOMMM, TO CHexaTh 3TO, WC-
moJb3Yys MOJNHEE BHpaykeHWs Aasa ymaeiapubix cmia (1.13), B pamrax
TOJBKO 9TO NPUBENEHHOTO BEIBOAA, Heab3s. Ilemo 3axmiogaeTcsa B TOM,
970 TeHTPOoGeKHASL CUla COJePKUT He 3aBUCAMYI0 HE OT KaKUX mmepe-
MeHHHX (V, W W WX TPOU3BOJHEIX) cocTaBiaAlomyio pSRQR? (mocrosn-
Hasg OO0 9TUM HepeMeHHHIM cocrasiagiomas). llpm cocraBrenmm ypas-
HeHUi paBHoBecus diaemeHTa Koibra (1.9), (1.11) m (1.12) Msr mpere-
Operaadm BCEBO3MOYKHHIMI HEJWHEHHHIME YieHAME THIA KBaZpaToB
mepeMeHHHX W CHI W uX UpomsBefeHmil. OQHAKO LIpOUBBEJEHUE IIO-
CTOSAHHOW CHIH Ha J00yI0 #3 IepeMeHHHIX eCcTh JIMHEeHHHH dYiIeH
0 3TO# MepeMeHHO#l, I B paMKaX IWHEHHOH MOmenu OH MOJKeH OHTH
yaep:xaa. Bee To ke MOYKHO CKa3aTh M IPO MOCTOSHHYI0 COCTAaBIAIO-
myio BHeNMHER yeJbHOW HATPY3KH.

Taxum o6pasom, ypasaenme (1.16) BepHO 71 Tex caydaeB, KOrja
BHEIMHSAS HaTPy3Ka He COMEP/KUT MOCTOSHHOM cocTaBiAomedl (B gacT-
HOCTH, KOTHA MOKHO IpeHe6peudb IMeHTPOOeIKHEIMEI CHIAMM).

Has mocTpoeHns ypaBHEHHH ¢ y4eTOM IOCTOSHHBIX COCTABIAIOIIAX
CHJIBI YTOYHUM ypPaBHEHWS PaBHOBECHS.
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Ilepexonss B ypasmenmsax (1.8) m (1. 10) k mpegeny Agp —0 m
COXPaHAA NPOM3BeNeHMA pacTArmBaomei cunsl N Ha HepeMeHHEIE,
monygum BMecro (1.9), (1.11) m (1.12) crenyromyro cmcremy ypasme-
HAI:

SZLA, By T + pR =0,

+N—1—NO —I—qR 0, (1.17)

aM QR —0.

BneCL N — DoCTOAHHAs COCTABIAIOMAS PACTATHBAOIIET0 YCHIHA,
o0ycroBIeHHAsA HOCTOSHHOE COCTABIAIOMEH BHEMHEHl HArpysKM.
B cayuae merTpoGexHO#E CHIB M MOCTOSHHON COCTABIAIONIEH HATPY3-
KU ¢y, 0003HaTaeMOil ¢q,,

N = pSRQ® — Rq,,. (1.18)

IToncraBassa Bupawenme (1.18) B cmeremy (1.17) m Bnmonmas, war
i paHee TpeﬁyeMHe Hp606p330BaHHH HaX0IuM

a(p3 + + SBQz(aqy& 420 aq>2 —[—w>

02w 0%q
—q°°<9cp4 t2ge )‘l'R(W - W) =0. (1.19)
Ilopcrasnaa 8 ypasuenue (1.19) Bepaskenma ans gu p B Bupe (1.13),
13 KOTODHIX YyKe WCKII0YeHA IIOCTOSHHASA COCTABIAIOMATL KaK ooy
TaK u pSRQ2 nonyqaeM
0~w

6 4

o 0_w_>__1_<ﬂ_£&)_
L <0q>4 +30cp2 T pS \ag? a9

doo [ 0w
oS (G 2 e 1)

PaccmorpuM Temeps ypaBHeHUS [UHAMUKH KOJbIa LPH OTKase OT
TIPENNONOKeHNs 0 HEPACTSKUMOCTH CpefHell JIuHEH. Y paBHEHUA
pasHoBecus (1.17) momxHEl GHTH MOmOJHEHH cooTHomeHumsamu (1.3),

(1.5) m (1.6). Opmako, moCKONBRY YycaoBume HepacTmxumoctu (1.4)
TeIleph He BEIIONHTETCH, OHO HOJIKHO OBITH 3aMEHEHO YCIOBHUEM

N = (SE/R) (v — w).} (1.20)

Omo BrIpaskaer coboii 3akon I'yka, Tak kar (v — w)/R—oTHOCHTEN b~
HOe YIJIWHeHUEe CpeJHel JWHWH.

Brimenss, xak w paEbIIe, MOCTOSHHBE cocTapiagiomue u3 NV, g,
uaw(N-—-N,+ N; w—>w, + w;, go—>qoo + qo) ¥ wucrIOUas U3
VKa3aHHOM cmcTeMHl ypaBHeHmi mepemenntie N, Q, M, 0, momygum
ypaBHeHUS [jsA OEePeMeHHBIX UV, W B BUIe

#—2Q0 + QR —w) — Qv — PV —w) — % W” + )=
2+ _(5?—03-(w'+v), (1.21)
15




W+ 290 4 Qv — Qrw — 8 (v — w) 4 u2 WV V)=
o qoo

= 25— osr W + V). (1.21)
3ech BBeeHO HOBOe 0003HAaueHHe
E
62 — oRT - (1.22)

IITpuxamu 3[ecs U Besfie Hajablne TIA COKpamenns 3anuch GyneM o6o-
sHavaTth guddepenmuposanme mo @: w = Jw/dp. B ypasHenumax
(1.21) B mOCTOAHHYI0 COCTABIAAIINYI0O HATPY3KH (,o BRIOYEHA W TIO-
CTOAHHAA COCTABIAIOMAA IeHTPoGexHON cuas. B cayuae csoGoguoro

KouabIa py = ¢o = 0, qoo = — pSRQ? u ypasHenus (1.21) npuobpe-
TalT BUJ
b —2Quw + QR —w) — &2 (V' — w') —x® W + ) +
-+ QW' =0,
W 4 20 + Qu — Q*w — 8’ — w) + % (WY + v”) —
— QW +v)=0. (1.23)

Bsemem GespasmepHoe BpeMsa T = i m 6e3pa3MepHYI0 YIIOBYIO CKO-
pocts ® = Q/x. Ypasuenus (1.23) B sTux 0603HAUEHUAX BANUIIYTCA
B dopMe

b — 20w + @ (R —w) — & (' —w) —w” — v +
+ o’w’ =0,
W+ 200 4 6v — 0?w — §§ (V' —w) + wV + V" —@? (w" + V) =0,
(1.24)

rae 8 = SR?/I. Ecim momepeduHoe CedeHHe KOJABIA IIPECTABILET
c000fi IPAMOYTOIBHUK CO CTOPOHOU NJIWHH /4 B HAIPABJIEGHUH pajiuy-
ca, To 8 =12 R*h?. [ls TOHKUX Koel, KOTOPEe PaccMaTPHBAIOTCS
mamnm, oTHomeHue h/R<€ 1. B mpomecce BHBOmAa ypaBHEHUIl WiCHEL
(h/R)? cumranmch MaAHMH mO CpaBHeHHIO ¢ eguHuneid. IIpmcyrcreme
wnenos ¢ muo;kmreseM (h/R)? B ypasueHusx (1.24) ne mpormsopeumr
MOJIeJIM TOHKOTO KONbIa, MOCKOIBKY WX CIeIyeT CPAaBHHBATH ¢ NPy~
TOMU YjeHaMH YyPaBHEHHH, a mpeHeOperKeHne IMA YiKe CBSI3aHO ¢ Ka-
9eCTBeHHEIM N3MeHEeHNEeM Mojiesn (B 9aCTHOCTH, C BEPOKIeHIeM pasMep-
mepuoctd). [[as Toro 4ToGH OCYMECTBUTH HpPeNeJbHEIA Iepexo mph
8; — oo, mpogmddepernEpyeM oOIMH pas3 Mo ¢ TepBoe ypaBHEHHe
cucremer (1.24), mBa pasa — BTOpOe ypaBHEHWe W BEYTEM MOCHE
9TOro M3 BTOPOrO ypPaBHeHWs mepBoe. B pesyibrare moxydaeMm

W — 5+ 20 @ + 0') + O 4 w') — 0 WV + v 4 2u") +
+ WV ++ wVl vV v =0, (1.25)
W+ 200 + ov — 0* (W' + w - V) +w’ V" =65 (V' — w).
Cmcrema ypasmenmit (1.25) mpm §; — co sABIsAETCA CHHTYIADHO BO3-

MymeHHOA. Ee acuMnoToTrmueckoe mHTETpPaJbHOE MHOT000pasme Ipefi-
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crasiser coboii ycaosme HepacTamumoctd v — w = 0, a nuddepen-
O@anbHbEe YypaBHEHWS HA BTOM MHOT000pasdé COBHOATAIOT C ypaBHe-
HESME HEPaCTAKEMOTO KOJBIA:

W — W+ bow 4 200" + wV + 2wV 4w — @? (WY + 3uw") =0,
(1.26)

2

BeiBop, ypaBHenmii
KOIbIEeBOro pe3onatTopa MetofoM Jlarpamka

MHorme BOmPOCH ©HpHW COCTABIEHWE YPABHEHHWHA KOJbIA METONOM
Jlarpamka permamoTca coBepmeRHO (OPMANBHO, 9TO B PAMNE CIydaes
maeT OoabIIme OPeMMYIMECTBA JAarpam;keBy (OpPMam3My Iepejy MeTo-
moMm cumx. Tak, [ocTaTouHO MPOCTO pemaeTCsa BOIPOC O ToM, KaKde Ke
CHJIBI OPHUBOMAT K BPAMEHHWIO KOAbIla ¢ yckopenmeM € (f) m Kar wx
CJIeflyeT YIWTHBATH B YPABHEHUAX ABIYKEHUSI KOJBIA. ITH CHUJII IPEf-
CTABIAT c060il PEaKMUI0 COOTBETCTBYIOIIEA HeCIaNWOHAPHOU CBA3H,
KOTOpasg W HMCKiI9aeTcs mpomenypoin Jlarpamma. Croas 3xe mpocro
pemaeTca ® BOIPOC 00 ydYere MOCTOSHHHX COCTABIAIOIIUX CHI,
B YACTHOCTH NEHTPOGEKHBIX CHI: eCHH JXHeapPW3aIui0 IPOU3BOITATH
mocJe MCHOIb30BaHWA npuHMua ['aMuinsToHA, TO BCE 9PEKTH TaKUX
CHJI Y4TYTCH aBTOMATHIECKH.

Hus cocrasnenms ypapHeHmi Jlarpama Heo0XOJUMO BHIYHCIATEH
IJIOTHOCTH KMHEOTHISCKOM DHEPIUA KOJIbIA, MIOTHOCTh MOTeHIHAIBHOR
SHePIMW ¥ BHIONCATH yPaBHEHHWe CBSA3W. Y PaBHEHHE CBsA3W B BHNE
(1.4) y:xe He TomuTCA, MOCKOIBLKY OHO IIPENCTABIAET COGOM JmHeapH-
30BaHHOe ypaBHeHEe, a B merofe Jlarpammka jgmHeapmsamms ocymie-
CTBIAETCS TOCHe COCTaBieHMH ypasHeHmii. Hammmem ToumOe ypas-
HeHNe CBA3HW B JOKAJIBbHOU (opmMe — YCI0BHE HEPACTAIKEMOCTH JIO-
00ro GECKOHEYHO MAJIOTO OTPEe3Ka CpefHell TWHHM.

Huamaa Mamoro oTpeska ocesoll AuHWE B HefeOPMEPOBAHHOM CO-
crogEnm Bhgmcaserca mo Qopmyie (As)? = (z; — z)* + (¥ — ¥)%

z=Rcosp, y=Rsing, z=Rcos(p-+ Ag),
Y1 = Rsin (9 + Ag),
OTKYJa IS MaJBX yraosB A¢g mveem
(As)* = R2 (Ag)2. (2.1)

JlnmHa TOTO JKE OTPe3Ka B Me()OPMEPOBAHHOM COCTOSHUM BBHIUHCIAET~
¢ o _opmyie
(As)? = (21— 2)* + (F1—7)%,
Z = Rcos @ — vsin ¢ — w cos @,
§ = Rsin ¢ + v cos ¢ — w sin ¢,
@, = R cos (¢ + Ag) — (v + Av) sin (¢ + A¢) == (w2 4
+ Aw) cos (¢ + Ag),
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y1 =R sin (@ + Ap) + (v + Av) cos (p + Ap) — (w +
+ Aw) sin (¢ + Ag),
OTKYy/la HAXOMUM, 9TO

(&) = [(R + v' — w) + (v + w)*] (Ag)*. (2.2)

IlpupasEmBas HIWHEL OTPe3KOB, ompefeinseviie $opMmymamm (2.1)
u (2.2), moxydaeM yCcioBWe HEPACTAREMOCTE B CIEXYIOIIEH JOKAIb-
HO# popme:

(R + v — w)? + (v + w')? = R (2.3)

Jluneapmsanus oToro ypaBHeHHWA MPHBOAMT K ycaosmio (1.4), ogHaxo,
HaK y)Ke yIOMHHAJIOCh, JIMHEAPU3ALHWIO CIefyeT HPOM3BOAHUTH IOCIE
nonyueHusa ypasHeHmir Jlarpamma. IliorHocts KmHeTHmuecko# m mo-
TeHOUAJIbHON SHEPTHH KOJbIa

T =1, 0S8R [(0 — wQ + RQ)? + (v + vQ)?2],
II = (EI/2R) (0")2.
IlnmorrocTs marpamkmaHa ¢ yueroM cooTHomeHums (1.5) BEpascaercs
dopmymoit
L =1 {{(t —wQ + RQ)? + (v + vQ)?] — 2 (W' + v")?},
(2.4)
®® = EI/pSR*.

PaccmarpmBas mepeMenHble v W w B KadecTBe 06OGIIEHHEIX KOODIH-
HAT ¢ HAJIOKEeHHO! cBA3HI0 (2.3), BOCHONB3YEeMCH MJIS BHBOLA ypaB-
HeHUIl ABWKeHuA npmammmoM |'ammisroma [2]: muTerpan ¢ ¢urcmpo-
BaHHBIME OpeJenaMn

@ty

S S[L(v, w, 0, W, V', w4 A (t, @) f(v, w, V', w)] dt de,

@y 1y
B KOTOPOM A — HEOUPEJeleHHH MHOMKHUTENIb Jlarpamsxa,

f (v, w, v, w') — ypasuenne cBasm (2.3), MOJyKeH IPHHIMATH
MUHUMAJIbHOE 3HAYEHUE.

[ MUHUMAJIBHOCTH MefcTBUA mo |aMUibTOHY Bapmanms WH-
Terpana NOJJKHA PABHATHCA HYIO:

0, 1y
oL oL oL . 0L . 0L o, , L o ,
[
MR VRO A0 PRy N AF VRS W Ay ) %6'&0] dedt=0.
HpeoﬁpasyeM YJIeHHI, COolep;Kalue BapManuud TPOW3BONHBIX IO Bpe-

MeHU WIH YTy, OOHYHHIM 00pa3oM — WHTETPHPOBAHUEM IO JACTAM,
TakuM o6paszoM HaxoamM, HAIPEMEP, ITO

TE oLw ®eor o oL o ,1%» %
SSa—wréw dcpdt:SSW—éa[éw]dcpdtz[WG ]

(G Py 1y

(1, B
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@ 1,
(92, 1)
—ngd [ ](‘Swd dt—[;—lj,(?w'] —
? w (@1 1)

Py 1y

1

d [/ aL onty  BF dz 7 oL

— [_d(P (0_w,,>3w1w ot Sgdwz<aw,,>6wd¢dt_
1 “1 ‘q’ltl

0, 1,

. a (oL

- Stg o7 ( 0w,,)6wd(pdt,
Pl

TaK KaK Bapwanuu B UKCHPOBAHHHX TOUKaX (@q, ;) @ (@,, £,) pas-
HE HYJIIO.

ITonGepem temeps MHOMumTenb A (£, ¢) Tak, 4To6H BEIpay:eHIHe,
uMelolmee COMHO;KHTenb Ov, ofpamanoch B Hyiab. Torga CoBOKyI-
HOCTh UJIEHOB, IMEIOINX COMHOKUTENeM Bapmanuio 0w, paBHA HYJI0
BBEJY IPom3BoJia He3aBmCHMOU Bapmamuum Ow. B pesyasrare M mmo-
JydaeM ypaBHeHHs Jlarpamska [is yOPYroro KoJbIa:

d oL d oL oL d af f
Tt — et A ) =0 (2.5)
dfoL  d oL oL , d [, of of

[ o A T ”%""W(’”W)— 70 =0

2f = (R +v' —w)? + @+ w)? — R* =0.

IToncraBuss cioga Qymrmmio Jlarpamxka (2.4), sanmcsiBaeM ypaBHe-
HOSA [BWKEHUs YyOPYroro KOJbIA B CAENYIOIIEM BHUMe:

2'7.-—2971')+(R—w)g_Q2v___%2(wlll+vlr)+
+ -(%,7[7»(3+v’——w)]—?»(w’§-v)=-.0,

W+ 290 + Qv + (R —w) Q2 + %2 (w'V 4 v”) +
+ go M@+ @)+ MR+ —w) =0, (2.6)

Cucrema ypasmenwit (2.6) B COBOKYIHOCTH C yPaBHEHHEM CBSI3H
(2.3) momHoCTHIO OmMCHBaET NBHKEHEE HEEANBHOTO YIPYTOTO KOJIb-
ma. OMHAKO OCHOBHBIE CBOMCTBA [ABIPKEHHS KOJBIA JOCTATOIHO IIOJ-
HO ONWCHBAIOTCA JMHEHHHIMN ypaBHeHWAMH. [ WX BEBOJA Lpen-
CTaBUM MHOJKHTENH JlarpamKa B sume A = A, + Ay, THE Ao HE BaBHECHUT
oTvmw, a Ay >0 upu v, w — 0. I[lonaras v u w paBEEIMU HYJIIO BO BTO-
poM ypasHeHmm cmctemsl (2.6), maxommm A, = —QZ, mocxe uero,
ImHeapuaupys ypasuerusa (2.6) m ypasHeHme cBasm (2.3), mMmeeM

5 —2Q + (R — w) Q —x? @ + 1) + R) + Q%' =0,
W+ 2Q0 + Qv — 2Q%w + w2 W'V + V1) + LR — Q%' = 0,

v = w.
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Vcrmounm orcrioma Ay m v. as sroro mpomudpdepeHmmpyem BTOpOE
YpaBHeHHWe IO (¢ W BHUTeM u3 mepsoro ypasHeHms. Ilorxyuennoe
YPaBHeHEE, B KOTOpOe yKe He BXOAUT A;, HpogudpdepeHINpPyeM eImme
Pa3 OO0 ¢ W HCKIIOYAM HEePEMEHHYI0 UV ¢ IOMOIIbI0 COOTHOUIEHWS
w = v’, B KoTopoe mpespamaerca cBaA3b (2.3) mocme ee nmHEapm3a-
nuu. B pesynbraTe mmeeMm qupdepenqumanrHOe ypaBHEHTE

W — w4 4Qu" 4 2Quw’ 4 %® (W' + 2wV + W) —
— Q% (wV + 3uw') = 0.
Bropmsa Gespasmepnoe Bpema T = %l @m Ge3pasMepHYI0 YIIOBYH CKO-
pocth © = Q/%, moaywaeM ypaBHeHHe, KOTOpoe OyjeT pemarbes
B JaxbpHeNmeM:
Wr — W+ dow' 4 20w + w4 20V 4 wr — ©* (WY +-
+3w") = 0. (2.7)

B mem Q cumraerca 3amannoit ynrqueir Bpemenn. COOTBETCTBEHHO M
ABJiAeTCA 3aJaHHON (QyHROume#d 6e3pa3MepHOTO BPEMeHH T.



I'nasa II

DJIEMEHTDI
METOZIA OCPETHEHIIA

3
OgHouacTOoTHBIE CHCTEMBI

B nacrosimeli KHure [Js peNIeHHsA 3a[adY JHEHAMUKEN BOJHOBOTO TBEP-
JIOTEJIFHOTO THPOCKOTA IMUPOKO WCHOIB3YETCH MEeTO[ OCPeTHEeHU.
Om oTHOCHTCA K TaK HA3HBAGMHIM JIOKQJBHEIM METONAM AHAJIHM3a pe-
meHui AudPepeHnuaibHEIX ypasHeHmit. Jlamee TPUBOMATCA OCHOB-
HBIE DOJOKEHIA MeToqa OCPeJHeHU.

ITycrs mmeerca cmerema mudepeHIMANBHEIX ypaBHEHMI

dz,
dtl =f,(t B1s . e 1 Zp) FeF; (¢ 21y .. 2me) ((=1,2,...,n). (3.1)

¢t=1,2,..., n).
Bsenem caegyomue MaTPAIE-CTOIGIEL:

21 fi Fy
22 f2 Fy
7 — y f — , F=| -
Zn fn Fp

Torma cmcrema ypasHeHmE (3.1) mepemumceiBaercs B gopme
dz
W:f(t’ z) + eF (¢, z).

Bxopamasn B ¢pyurnua f m F nmepemennas z yxaswisaer Ha ToT (akT,
9T0 TH (YHKOIMM 3aBHCAT OT COBOKYIHOCTH HEPEMEHHBIX Zi, . . .
<+« Zp; CKRAJAPHHHA mapaMeTp & CUMTACTCA MANHM H HEOTPHIATeHdb-
HBIM.

ITpenmomnossmm, 9TO BHIPOJKEHHAs CHCTEMa, B KOTOPYH IpeBpa-
maerca mexomHas cuereMa (3.1) mpme = 0, mmeer TouHoe pemeHuHe

z=g(t, C). (3.2)

B wem C — COBOKYIHOCTH 72 IPOM3BOJBHBIX HDOCTOAHHBIX WHTETPHAPO-

Banusa. CruemosarenbHo, miag ¢gyurmuua g (¢, C) mMeer mecto caemyio
mee . TOKTeCTBO:

d a
Hama 3amaga 3aki1109aeTcsa B MOCTPOSHAN C FaPAHTHPOBAHHOA TOY-
HOCTBIO peIleHHsA CHCTeMHI ypaBHeHud (3.1) ¢ yuerom wrdopmammm
O DeNIeHUN BEIPOIKIEHHON CHCTEMEL.
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Jlis permeHma mOCTABIGHHOM 3a7a9lm METONOM OCpeIHEHIUS HY/KHO
OPUBECTH MCXONHYIO CHCTEMY K CIeNHaIbHOMY BHAY, Ha3BIBAeMOMY
cTangaptHoii gopmoit. Takoe mpuWBemeHmE OCYMECTBIAETCA 3aMEHOI
IepeMeHHHX Z —X 10 (opMyie

z=G( x). (3.4)

Huddepennupys coornomenne (3.4), momyzaem
dz oG oG dx

T =7 T o

Tae
G, 0Gy
oxry " Oz
oG _ | .
6x - . . *
ac, 3G,
oxy " 6$n

IlomcTaBnAs moNyueHHHe COOTHOIIGHWS B CHCTeMY YpaBHEHMIt
(3.1) m paspemas ee orHocmTenbHO dx/dt, mmeem

d » - ,
-% = [?G—gx—xl] l{f [t G(t, x)] — %ﬁ + eF [¢, G (¢, x), 8]}.
(3.5)

W3 momydemHoro Bhipaskemma BmaHO, ato ecam G (¢, x) = g (¢, x),
TO B cmay Toskmectsa (3.3) ypasHenme (3.5) ympomaeTrcs m 3ammchi-
BaeTcs B BHJIE

dx og (t, x) 771

’HF=8|:-_6X—:| F[t, g(ty X)1 8]7 (3.6)
KpOoMe B3TOT0, KaK BHIHO W3 HOJYYeHHOU CHCTEeMHI YpaBHEHU, HOBEIE
mepeMeHHbIe Z MEIJIeHHO MEHSTCH ¢ TeYeHWeM BPEMeHW W JaHHOe
ypaBHeHHe, KOTOPoe O0HYHO 3aHUCHBAETCA B BHIE

dx -

——dt5=8}x (t, x, €), (3.7)
HOCHT Ha3BaHUE CTAHAAPTHOU GOpPMEI OFHOYACTOTHOHN cmereMbl. CMEICT
TePMHUHA (OJHOIACTOTHAs» GymeT o0bACHEH B TalbHeHmeM.

OcoGenBocTBIO cucTeMbl (3.7) SABIAETCA NPHCYTCTBHE MHOMKH-
TeJIS & mepejl BCell mpaBoil 4acThio. 3aMeTuM, 9To K BuAy (3.7) MoryT
OBITH IpuBefeHk To0re cucteMsl Bupa (3.1), ecam Toabko ofmee pe-
IMeHWe BHIPOJKIEHHON CcmcTeMbl W3BeCTHO. MeTof mpuBefeHHSA HOCHT
Ha3BaHOe MeTONa BapWamuum IPOM3BOJBHEIX HOCTOSHHHX Jlarpamsa.
3aMeTEM TaKKe, YTO K CTAHAAPTHON (opMmMe OPHWBOJHT W jJiobad 3a-
MeHa BHIA

G (6 x) =g (& x) + £q (¢, ),

rae q (¢, X) — mpomssosbHAsA AupdepeHmupyemas (QYHKIHA, KOTO-
PyI0 MOKHO BHOHpaTh ¢ LHeIb0 INpeo0bpa3oBaHHUA INPABOH YACTH
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X (2, x, &), aro6s1 moryquTs cucremy (3.7) B Buje, Golee ynoGHOM HIA
ncCleqoBaHnd.

ITpumep. BospMeM ocommasATop ¢ KyGHIecKEM neMuupoBaHHeM,
YPaBHEHHE KOTOPOTO HMEEeT BHJ

Z 4 e +2z2=0.

IT0 ypaBHeHEe JETKO HepemucrBaeTcs B gopme (3.1)

2y =2y, (2,=12), 2 = —ezy — 2. (3.8)
Pemenne suiposxmensoii (8 = 0) cmeremsr
2z, = C; cost + C, sin t,
25=—Cysint 4 Cycos ¢
ompefiensierT 3aMeHY HePEMEHHHX (Z;, 2,) —> (Z;, Zs):
2, = &y cos t + x, sin t,
Zg = — x4y 8in ¢t -+ z, cos &.
IlopcraBnsaa stu gopMyssl B cucremy ypasHenmil (3.8), moaygaem
@y €08t + @y sin t = 0,

— iy sin t + #5c08 t = —e (— x;8in £ 4 2, cos t) 3, (3.9)
OTKyJa HaXOJUM, 4TO

& =& (— xy8in t + z, cos £)3 sin ¢,

dy = —e& (— zy8int -+ z, cos t)% cos t. (3.10)

ITo ¥ eCcTh ypaBHEHWe OCOHMINATOPA B CTAHAAPTHOH PopMe. 3aMeTmm,
YTO WCXOAHOE ypaBHEHHEe BTOPOTO MOPANKA MOMKHO He IPUBONUTH
K OpPOME;KYTOYHOM cucTeMe ypaBHeHui mepsoro mopsamka (3.8),
HCIONB3YSA 3aMeny

z = x; cos ¢t + x, sin .

Opnaro mpw 3ToM Heo0X0MMO B3ATH B KA4eCTBE NOIMOIHUTENLHOTO yC-
JloBHUA TepBoe ypasHerwe u3 (3.9).

IIpuBenenme K CTaHZAPTHON (opMe — 3TO HmePBHIE HeoO0XOmUMBIi
9Tal OPUMEHEHWS MeTOJa OCPeIHeHH.

Bropoii sTan cocTout B 3aMeHe TOYHO# cmcTeMH (3.7) HeKoTopoit
npuGIWKeHHOR cHcTeMOR ypaBHeHmA. JTa 3aMeHa [[OJKHA YAOBJIeT-
BOPATH [BYM YCIOBHAM: TapaHTHPOBATH OIM30CTH COOTBETCTBYIOMZX
pemmenmii TOYHOR M DPUGIMKEHHOR CHCTeM ypaBHeHHH m HpmOImKeH-
Has cmeTeMa MOJKHA JIerKOo MOAZaBAThCA MaTeMATHIeCKOMY aHAJIHUBY.

To ympomjeHme cucTeMbl, KOTOPOe IIPOM3BOJHUTCA B MeTOJe OCpef-
HeHns, 0asmpyercs Ha CclefyloImeil mnpee pasfeleHHd IBIKeHWHA.
Ilycrs mpasas wactb cucreMir (3.7) mepmopmuHa mo ¢ ¢ mepmomom T

t
X(t+ T, X, S)Ex(ty X, 8).
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ITO IPEeNION0sKeHne HPeHCTABIAeT CoGOH KOHKPETH3AIMIO CHCTOMSI,
€CIH MepHOJMIHOCT: IO ¢ He MMeeTCs, TO OymeM moxarath I = oo.
Ilponssenem B cmcreme (3.7) samenmy BpeMeHH f —>T o dopmyie
T =¢t. Torma cmcrema mepemmckBaeTcst B BUJe

%:.:X(%,x, 3}_ (31’1)

ITpaBas wacTh 5T0il CHCTEMH TaK:Ke MEPHONHAYHA 10 T C mepuonom e T,
T. €. B Hee BXOJAT IepPUOAMIECKHe (QYHKOUW IO T, M3MEHAIOIIEECH
¢ Goxpmoit gacroroit. Tunmansiit B Kakoro-Hu0ynb 9acTHOTO pelle-
HEA 3TOi cHCTeMHl m3o6payken Ha puc. 9.

X

eT

A
T

Pnme. 9

9T0 pemeHMe MOKeT OHITH NpeJCTaBJeHO B BHOE CYMMH IJIABHO
MeHAoIelca JacTy u (T), Ha3LIBAGMON DBONIOIUEN CHCTEMEl I GHICT~
poocnmanmpylomeii actu v (t), Ha3HBAeMOR OCHUIIAIMed:

x(t) =u ) + v (v).

JTO He CIUIIKOM OLpe[e]eHHOe YTBEeP)KAeHHe YTOTHSIETCS, €CIU MO,
5BOJIIONUel HDOHMMAaTh Pe3ynbTaT AeHCTBHA Ha X (T) omepaTopa Cria-

JKHUBaHUA:
eT

u(t)= Sx(r+§)d§.
0

Lns mac mamGompmuii mHTEpeC MPeICTABAAET DBOJIOINUA CHCTe-
MBI, KOTODaA YAOBJIETBOPSET yPABHEHUIO

eT eT
d 1 dx (v48) . 1 T4 &
_“=_S—dl_—d§_~;T—SX[ - ,x(r—i—&),s]dﬁ.
0

Mir momywmiam ToYHOE CooTHOmeEHWE. IIpm WHTETPWpPOBAHWE L0 Ie-
peMeHHOR & Heo6XOAWMMO YYUTHIBATH HE TOJBKO SIBHYI0 3aBHCHMOCTH
¢yuxnun X ot &, HO m HeABHYW 3aBUCEMOCTH 0T X. OHAKO HHTEpBAX
WHTeTPHPOBAHMS MAJ W Ha HeM X Maio m3MeHsercd. llomaras x (v +
+ &) ~ u (t), ameem

eT

g = U x(E = ()
0
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Wnn, Bosppamasce & mcxogHOMY BpeMeHU ¢, moaydaeMm

M — X (u, ¢), (3.12)
|-
Ioe Xo=—1—,-5 X (¢ u, &) dt, ecim X ABIAETCA MEPUONUICCKON
) 0
DyHKIIe;

Xo=lim -]1—- S X (t, u, g)dt, ecam X He sABIfeTCA NEPHONHIECKOMH
T—o

DyHRIMEN.

B sroM m sammiouaercs OCHOBHOW HmpWeM MeTola OCpeTHEHIS—
mepexof OT ToYHOro ypaBHeHms (3.7) k ypasHeHmio (3.12) mocpen-
CTBOM OCPEIHEHWsI LIPABO# 9acTW HO ABHO BXOMAIEMY BpeMeHH I.

Baskuo 3ameTuTh, 9TO METO OCPEJHEHUS — DTO HE METOJ| IpHOIm-
JHEHHOTO pemeHns WCXOAHBIX ypasHenmir (3.1) mum (3.7), a meroq
npusefeHNs X K Ooxee ymoGHoMY mns aHanmsa Bumy (3.12).

IIpumep. IIpopmommmM paccMOTpeHHE YPAaBHEHWIT OCHUILIATOPA
¢ Kybmueckmm pemnduposanmem (3.8), KoTophie OB IIPUBEeHH!
K crangapTHOil ¢opme (3.10). OcpenHeEme ypaBHeHmI mO SABHO BXO-
AAmMeMy BpeMeHN NPHBOINT K CIELYIOMMM YDPABHEHHWAM [JIA 3BOJIO-
num:

Uy = — % eu, (U7 + us), y = — %lg euy (ui + uz). (3.13)

YpasHenus (3.13), npubamxerHo 3aMeHsaomue ypasuenus (3.10),
H OPefCTaBIAIT co60H KOHEUYHYIO LeJh MePBOTO NPUGIMMKeHUs Me-
TOZA OCpPEeSHeHHA.

Rax ypasmenus (3.10), Tax m ypasuerus (3.13) asaaworcsa menm-
ueitnpimu. Opgmako mpassle 9actu ypasHeHmil (3.13) me 3aBucAT ABHO
oT Bpemenu. Hpome TOro, OHEH TOMYCKAIT TOYHOE WHTErPUPOBAHIUE,
a 9T0 00CTOATENBCTBO HE SABJIAETCA CIEICTBUEM CIENHAILHOTO BHIA
HCXOIHO! CHCTeMBI, a TpefcTasifer coboii o6muil garT, cupasemin-
BEII 1A 1I00BX HENWHEHHHX aBTOHOMHBIX CHCTEM BTOPOTO TOPATKA.

B mamem cnyuae ypasuenmsa (3.13) serko MHTETpUPYIOTCA HOCHE
Iepexofa K HOJAPHBIM KOODPITHATAM

U = Trcos Qp, U, =rsin @, (3.14)
B KOTOPHIX OHEH NPHOGPeTaroT BUT

dr 3 4 dp

T T Y @ T

B pesynbrare mHTerpmpoOBaHHA LmOJyIaeM, dTO
r=rV 1+ sergt, ¢ = @,

Ilocnemumii, Tpermit sTam BCell mMpomeqypH COCTOHUT B BO3BpANIeHHT
K HCXONHEIM TepeMeHHHM B cmiay dopmyn (3.14), (3.8) maer mam pe-
ImeHNe [IJIA Z B ABHOM BHJE:

z2 =2z, =ryc08 (t — @)V 1 + 3ger,t. (3.15)
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IT0 m ecTh npEOAMKEHHOE o6mee penieHUe 3aKayn 00 OCHWIIATOPE
¢ RyOmueckmM feMudmpoBaHmeM. llpmbimikeHme COCTOHMT B TOM, 4TO
MEl OTOKIECTBUJIN II€peMEHHBIe (Z;, Xp), YAOBJIETBOPSAIIAE TOIHBIM
ypasueruam (3.10) c mepemenHBIMET (1q, Uy), YAOBIETBOPAOIUMEA TP~
OnmxennEM ypasHeHHAM (3.13).

4

MaremMaTnueckue 0CHOBBI
MeTOa OCPEeIHEHUs

IlpuBenennasie B mpepsiiymeM mnaparpade pacCy:KAeHUs, OCHOBAHHBIE
HA BBEJeHNN IOHATHUSA HBOJIONUU NPU HOMOIIA OLEPATOPA CLIAKUBAa-
HUA, ONOPAaBAHBAIOT PACCMOTPEOHHYI NPUOIMKEHHAYI0 TPOMELYPY,
HO He obocHOBHIBaOT ee. Memay tem moTpeGHOCTHL B 000CHOBAaHHT
AUKTYyeTCA He TOJBKO CTpeMieHmeM K (0PMATHHO-MATEMATHIECKOiE
3aBePIIEHHOCTH pemeHus. lIpm HEBHIIOJHEHWH CTPOTUX YCIOBHA
OPUMEHIMOCTH MeTOJa MOTYT BO3HHKATH HOTPEITHOCTH, T'PYy60 HCKa-
JKA0IMUe Halle IPeNCTaBleHHe O CYIeCTBE WCCIeyeMOTO SBJICHHA.
B paccMoTpeHHOM BHIIIE TPEMepe OCIUIISTOPA ¢ KyGHIECKEM JeMI-
¢upoBanmeM moayueHHoe mpubimkeHHoe pemenue (3.15) mpaBman-
HO ONMCHBAeT XapakTep B3aTyXaHwms KoJeGaHWH B CHCTEME, eCIn
€ > 0. Ecam sxe mepen mapaMeTpoM & B YPaBHEHHH OCOUIIATOPA
CTOUT 3HAK MHUHYC, To pemeHnme (3.15) B sToM ciayuae IpmHEMaeT BHUJ

z =ry cos (t — o)/} 1 —3/s eryt.

OHo yxopguT 3a KOHeYHOe BpeMs B GECKOHEYHOCTD, 9T0 HE KaIeCTBEHHO,
HE KOJINYeCTBEHHO HE COOTBETCTBYeT el CTBUTEIHHOCTH.

[TpmBogmMEle HUMe TeopeMBl YCTAHABIWBAIOT YeTKUE TIPAHUIBL
OPEMEHIMOCTH MeTOJa OCPeHEHWS W MO3BOIAIT E30eKaTh I0omo0-
HLIX HeNpUATHOCTeH.

OcHoBHO# pesynbrar Teopuu cocrasiser Teopema H. H. Boroiio-
6oBa, KoTopylo Ml cdopmymmpyem, caeays paGore [15].

Bynmyr cpasruBarhecs Be HauadbHbIe 3amadm Homm:

1 It
x=¢eX(t, X, €), u=¢eX, (u, &),

x (0) = xo, u (0) = x,.
Ha cucremy I, mpasas wacth KoTopoii ompe/enena B HeKOTOPO# obma-
¢t D m3MeHeHmA mepeMeHHON X = (Zy,. . ., Zp) ¥ aaa 0 < << oo,

HAKIA[BBAKTCA CIETYOIIEe YCI0BHI:

a) X (¢, X) — usmepumas mo ¢ YyHKIUA OpH 11060M PEKCHDPOBAH-
HOM X (B 9aCTHOCTH, KyCOYHO-HeIpepHBHAs (PYHKIUS, MHOYKECTBO
TOUEK Das3PHBA KOTOPOIl He mMeeT TOUEK CTYM[OHWS);

6) I X (¢ x) “<M(”X[|=]/;X%) mag  amoboro x m3 D

z 0 t<<oo;
& IX (¢ x) — X (¢ x) || < M| x — x'|| pna mo6ux X, X' 03 D
m0<<e ey

26



T
e) upegen X, (u, ¢)=1im —}-—S X (¢ u, )dt cymecTByer pasHO-
T—>

MepHO oTHocmTenbHO U m3 D m 0 e < &;. Ycmosue B) BEIDOIHA-
erca Beerga, ecium ¢yurnuma X (¢, X) pupdepeHmmpyema Imo X B 06-
anacrtm D. Ecanm sra GyHKINA nepmofimdHa 1o f, T0 B YCIOBHM T) Ipe-
[le]I BCerJga CYIecTByeT, OHAKO NPOBEPKA ero TpeGyeTcs W B 3TOM
caydae, Tak KaK OH MOJKET ObITh HEPABHOMEDHEIM.

Teopema 1. Ecnum pemenne u (f) mavanbrO# 3agaun Komu mias co-
crembl 11 ompemeneno miun 0<C t<< oo m mpuwHamgmeskut obmactm D
BMeCTe CO CBOel p-OKPEecTHOCTHIO, TO A J000ro Hamepe 3aJaHHOTO
gucaa L MOkHO HaiiTh €,, Takoe, 4TO

I x(t) —u(t)| < 2LV 2AM & Y/ §(e) (4.1)
npu Beex 0 <t << (L/e) m 0 e << &,

_s'
rae 0 (e) = sup sup ‘SS [X(t, x, €) — X, (x, )] dt ,H —0
0<h<L LxeD o
opu ¢ —0.
Ecam X (¢, X) — mepmopmueckas (QyHKIHA BpemeH:m ¢ mepumomoMm I,
To omeHKAa (4.1) mosker GHITH yaydmeHa:
I x (2) —u (@) || <<2TM (LM + 1) erle. (4.2)

ITonnoe morasaremscTBo Teopemsl gamo B [15].

Pacemorpum mpumenenme copmynampoBanHOil Teopemil. B mpm-
Mepe ¢ OCHWIIATOPOM ¢ KyOmuecKuM HeMOPHpoBaHMEM

X (¢, x,8) = {X;; X,} = {(— 2, sin t + x, cos t)? sin I,

— (— (z/sin t + =z, cos £)® cos t}. (4.3)
Pemenwe ocpemgmennoit cwmeremsr (3.13) ¢ HAaYaNbHEIME YCIOBUAMHE
u; (0) =0,1; uy (0) = 0 mmeer Bup

up = 0,1V 1 + 3g02t, uy, =0. (4.4)
O6xnacts D, B Koropoit onpenenena cucrema (3.10) m xoropas ¢ury-
PHEPYeT B Teopeme, COBIAJaeT CO BCEH IIOCKOCTBIO {Zy, Z,}. OmHaKo
IpPU DOCTPOEHUN OTEHOK TOYHOCTH [ UX YIYUYIIEeHHs ciefyer 0paTsh
obnacte D wrak MmosxkHo Membimeid. [locrarouHo, Hampmmep, B3ATH
JUIOb P-OKpecTHOCTH pemenus (4.4). Taras oGmracTs m3oGpajkeHa Ha
puc. 10. Bee ycamosus teopeMsl B 001aCTH BHIIOJIHEHH, CIeIYET TOIb-

KO mopicumTaTh KoHCTaHTH M m A, purypumpylomume B omeHke (4.2).
Nmeem

]|X|]=VX12—|—X§=|(—x1sint—]—x2cost)3|<
KVI04 +pp +0*P=M,

9X 9Xi\2 |, [OXi\E | [0Xs | [0Ka\®
”?x_ =]/<ax11> +(ax:) +<ax1) +<az:> -
=3 (— xysint 4 zpcost)? L 3[(0,1 + p)? 4- p*] =h.
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Ilomcrasassa supaskenus giag M mh

L2 | 2p v/
7%7—‘7_ 7/ B coorHomenue (4.2), monygaem
5 x@—u()] <

-p!/j/ Wl//jm’ﬁ L4V [0, 1+ p)R2 + 0P x

Nl X BL[(0, 14 p)? + ] +

+ 1} e3L1(0, 1+0)*+02] g

Pume. 10
Taxas omenra OymeT BepHAa, ecin

x (f) Ha paccMarpuBaeMOM HHTEpP-
Base Bpemenu [0, L/e] memur B o6nactn D. To MmakcuManbHOe 3HAade-
HUe &, TPH KOTOPOM BTO MOKHO rapaHTHPOBATh, H eCTh QUIYypUPYIo-
mee B TeopeMe &,. OgeBugHO, 0FHO MOKET OHITH HaWeHO U3 YPABHOHUA

4n V10, 1+ 0 + o P (BL[(O, 1 +p)* + p*] 4 1) X

5 eSLLO, 14914021 — o, (4.5)

Ilycers Ham Bapmar mapamerp ¢ = 0,01 m mATepBaN BpeMeHwW, Ha KOTO-
poM paccmarpmBaercs pemenme 0 < ¢ < 10%. Torga wmeno L = 102,
U3 coorHomermsa (4.5) momxywaem, aro £, = 0,99... p 4+ 0 (p?) =~ p.
CinepmoBarenbHo, Opu BhYmcaenmsax M m A pmocrarouHo Gpare p =
= 0,01. 910 maer mam M ~ 1073, A~ 3.1072, IlopmcraBuasia mX
B OIeHKY (4.2), momygaem || x (2) — u (¢) || <C 0,01 mms 0 < £ < 104

B cnygae, xorma mmeercd oTpHIaTeNbHOE KyOmdueckoe meMudm—
poBaHmWe, pemeHume u (f) He orpanwdeHo. HeorpanumueHHON OKa3bI-
Baercsa u o0macts . B meorpanmgennoit oGiaactn mpassie gactu (3.10)
Tak)Ke He OTPAHMYEHH], T.e. Teopema | OKaswBaeTcs HEIPHMEHHMOI,
Tak Kak M = oo, A = oo.

Ecnum paccmarpuBaemoe pemenue 0CPeIHEHHON CHCTEMBI aCHMOTO~
THYECKE ycToiigmBo, To omeHkm Tmoa (4.1), (4.2) owxasnearorcs
CHPAaBEJINBHIME HA GOCKOHEYHOM HWHTepPBaje BpeMeHu. IJTOT (aKT
6ern yeranosned K. Bandwm [14]. OtmernM, aro Takoit cayuail m mmeer
MeCTO B PacCMOTPEHHOM HAMHU IpHMepe.

Teopema H. H. BoromoGosa mossonser 060CHOBATH MOJIyIaeMbIe
B HACTOSIIEH KHWTe Pe3yJBTATH IO BOJHOBOMY TBEPHOTEIHHOMY I'H-
pockonmy. JHaUYeHHe MajorTo mapamerpa &, PAaBHOTO OTHOINEHWIO yT-
JI0OBOH CKOPOCTH BpPAaIIeHUs OCHOBAHHS K 9aCTOT€ COGCTBEHHEIX KO-
neGanmii pesonaropa, pasHo 107*—1075, uro oGecmeunmBaeT BHICOKYIO
TOYHOCTh HPUGIMKEHHBX Pe3yIbTaTOB.

Ham npupercs m3ygats He ToAbKO HAaYaJbHYIO 3amagy Komu, HO
¥ CTa@WOHApPHEE PEKUMEHL B cucreMax Bupaa (3.7). B atom ciaydae mpm-
XOJUTCA CPABHWBATH He JaCTHEIE DENIEHWS TOYHOU W OCPeJHEHHOH cH-
CcTeM C OJMHAKOBHIMA HAYAJIBHEIME YCIOBUAME, a CTAl[MOHAPHLIE pe-
mMeHus B 9TUX CHCTEMAaX, KOTOPHE, BOOOIe TOBOPS, YHLOBIETBOPAIOT
PAa3NIWYHEIM HAYaAbHHM ycaoBmaM. COOTBETCTBWE MEKAY TAKUMHA
pemeHHAMHE ycTaHaBamsaeT Teopema 2 [1].

Teopema 2

Nwmeroress cueremsr I m IT:

I I
x=eX(t x:;¢), uwu=2eX,(u,e).
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Iyer, T — mepumon dyurmmm X (¢, X, &) mo {, He 3aBHCAMEH oT €,
n

T

Xo (1, £) = S X (t, u, €) dt.

0
Ilyers w, = const — crTammoHapHOe pemeHme cumcreMul 1I, T. e.
X (ug, €) = 0, maa roToporo marpuna 0X ,/du HeBHPOKIeHHA. Tor-
Ia IS BCeX JOCTATOYHO MAIBIX €y CHCTeMEI | cymecTByeT nepmomudaec—
Koe pemenme ¢ mepmomoMm I, Koropoe mpm & — 0 crpemurcsa K ug.
Ecan, xpome ToT0, COGCTBEHHEIE TMCIA A 3TOH MATPHIHI, OmpeHesie-
MBIe XapaKTePHCTAYECKHM YPaBHEHUEM

det [ X0 () — 02 | =0,

WMEIOT OTPUIATeJIbHLIe BEIeCTBEHHEIe YaCTh (CTAI[HOHAPHOe PelleHne
cucremsl 1] acmMoToTMYECKEW yCTOWYWBO), TO BTO MEPUORMIECKOE pPe—
ImeHWe CUCTeMBl | aCHMITOTUYECKH YCTOWUWBO.

st cupaBeqamBoCTH TeopeMEl TPeOYyeTcs CYMeCTBOBAHME Hempe-
PHIBHEIX YaCTHHIX IPOMBBOMHHX IEPBOTO HOPAAKA IO X Yy (yHKOUX
X (¢, X, €) B OKDPECTHOCTH TOYKH X = U,, & TaK/Ke HENPEPHBHOCTDH
9TOM YHKINN 0 & K ee HempPePHBHOCTH (OCTATOYHO U M3MEPHMOCTH)
mo ¢. Takum o6GpasoM, Teopema 2 ImO3BOJAET W3 CYINECTBOBAHHUSA H
YCTOMIWBOCTH CTANMOHAPHOTO pEKEMAa B OCPeJHEHHOH CHCTeMe
(aro, ®KaK mpasmio, HmpefcTaBiasgeT COGON MOCTATOYHO LIPOCTYIO 3afa-
9y) BHIBOAWUTH CYIIECTBOBAHWE W YCTOHIMBOCTH NEPHOITIECKOTO pe-
JKIMa B TOYHOW CHCTeMe,

Ilpn wmsydenumm KosneGaTelbHBIX TPOIECCOB B CINIOIIHEIX CPeAax
OPUXOAUTCA WMETh Jej0 C YPaBHOHWSAME B 9YACTHHIX HPOU3BOJHHIX.
[Tpmmep — o6BerT, paccMaTpuBaeMulii B HacTosmell kHure. B He-
KOTOPHX CIy4aAx 3aJady yHaeTca cBecTd K ypapHeHuAM (3.7) m npm-
BeJIeHHEIE [[B6 TeOPEMEl OKA3HBAIOTCSA JOCTATOIHBIME JJIA Ieiaeir oboc-
HOBaHHsA NPUOGAMKEHHOTO MaTeMaTHYeCKoTo aHajimda. B Goigee 06-
meM ciiydae 3a7ada CBOLHUTCA K MaTpmuHOMY ypasHerumio (3.7), mmero-
meMy OeCKOHeYHOe YHCI0 KOMIOHEHT ¥ BEKTOPOB X W X:

X=(x1,...,£n,...), X=(X1,..-,Xn,...).

OxasuBaerca [6], uro ecim Bo Beex ycaoBmsax Teopemsl 1 mopm HopMoOn
MOHWMATh BHPAYKEHHE

”Xﬂ=l/élx§, "X”::‘/;EX—%"

TO TeopeMa oCTaeTcs cIpaBefImBoii m B 9ToM ciydae. Ilpm sToM Tpe-

fyeTca TpoBepATH CXONEMOCTh HAaIECAHHHX psamoB. Hampmmep, ecam

HaiijileHo pemeHue ocpegHerHO# cueTeMsI u (£) = (Uq (), - . -, Uy (£),...),

TO Tepey upuMeHeHmeM Teopemsl 1 Tpebyercs yOegmThHCA B CXO0-
o0

RuMoCTH pama O uj (i).
k=1
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5
IocTpoenne BhicINX NPUOIMKEHMIT

TounOCTB, C KOTOPOi mONyYaeTCsA pemeHne TPW IOMOIIA OMUCAHHOTO
B Opefeymax maparpadax merofa, oOBYHO GHBAET JOCTATOYHO BHI-
coroi. I Bce-rakm mpm mepexofie K OCPEIHEHHOH CmMCTeMe MCXOJHbIe
nuddepeHnmANTbHNE YPABHEHUA TePAIT YacTh CBOWCTB, KOTOPHE MO-
TYT OpefcTaBlIATh OPeIMEeT CaMOCTOATEIHHOTO HHTepeca. TeM caMeM
BO3HHKAeT BOIIPOC O TOM, HEJIb3S JIM KAK-TO YTOYHUTH HOIYICHHYIO 0C-
PeqHeHHYIO cHcTeMy. B mpmeifimoM mmame Takasg 3ajaga pemaercs
BecbMa mpocto. [lepenmmem ocHoBHYIO cmcremy (3.7) B BUIe

X X (x ) + X (6 x, ), (5.9)

rre X, (x, €), Kak @ pambmIe,— CPefiHee II0 BPEMeHW 0T QYHKIUH
X (¢ x,¢e), a X (¢, x, &) — QyHKDHUA, Faomas B cymMme ¢ X, (X, €)
mexonHylo mpasylo dacTh X (¢, x, e), T. e. X(, X, 8)=X¢(x, €) +
+ X (¢ x, &),

Ilepexopn ® ocpemaeHHoit cucreme ot cucteMsl (5.1) coorBercTByer,
TakmM ob6pasoM, orGpacwiBanmio wieHa eX (I, X, ¢), 970 U IPHUBOIAT
B pelleHME K morpemroct: Ttmna (4.2). Ecam 6m1 ypasmemme (5.1)
WMeJIO BUJ

I eXo (% ¢) + K (1 x €), (5.2)

To oTOpachBaHme Tpm ycpegHenmm uneHa €2 X (f, x, €) mpmseso G
K ToMY, 9T0 B opMyse Hias omeHKH (4.2) BMecTo & croano &2, OmeHKa
Opiia GBI BepHA Ha ToM jKe mHTepBasne Bpemenu [0, L/e].

Taxmum o6pasoMm, fis Toro 4To0B OCpegHEHMe MaBaNo HA HOPANOK
GoJjiee BEICOKYIO TOYHOCTE, JOCTATOTHO MCXOMHYIO cucreMy (9.1) mpeol-
pasosarth K BERY (5.2). [as meme#t Taxoro mpeoOpasoBaHUS BEIIOJ-
HsaercsA GIUBKAA K TOMAECTBEHHON 3aMeHA MePeMEeHHEIX

x=y + St ¥ o) (5.3)

@Oyurnmio S (¢, y, &) ciaegyer BHOpath Tak, YToOH YIOBIETBOPUTH
TpebyeMoMYy YCIOBHIO.

Oudpdepennupys coorromenme (5.3) ¢ ygerom ypasuemzma (5.1),
noJygaeMm

d oS 8S d >
%—{—Ew—i— 0y dZ"—SXg(y—i—SSa 8)+8X(ty y—l—;SS, 8)-

Paspemas sty cucremy oTHOCHTeNbHO mpoussogHoil dy/dt m mpemcTas-
afs HpaByIO 94acTh B BUE PAMlA MO CTEIEHAM &, HaXOZUM

dt Y —eXo (ys e)+e [}\(t, Yi &) ——¢ ] +e2Q(t, y, €). (5.4)

COBOKYOHOCTH MONYIUBIINXCH B CHCTEMeE II0CJIe mpeoOpa3oBaHMsa cla-
raeMbIX BTOPOTO MOPAMKA Mo & | BhIme oGo3HaueHa wepes &°Q (4, y, e).
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Hns toro aro6er oGecmednts TpeGyemoe ycloBume, KaK TO BHJHO U3
(5.4), mocrarouno S (¢, y, &) BrOpaTs Tak, ITO6H

& )
X(t, Yy, 8)—-%50,

OTKYIA
t

Sty &)={X(1,y, e)dr - C(y, ¥), (5.5)
D :
rge G (y, ¢) — npousBosibHAA TOCTOSIHHAS MHTETrPUPOBAHUA.
Taxumm o6pasom, mecxonuas rouHas cuctema (5.1) mpm momomu 3a-
MEHBI IIepeMeHHEIX mocpencTeoM opmyn (5.3), (9.5) mpuBoguTCA K CH-
cTeMe

E =Xy, 0) + Q1 v, ). (5.6)

Ilpmmenss x (5.6) mpomenypy oCpeqHEHHA, HOJNYYUM OCDPETHEHHYIO
CHCTEMY B BHIe

&Y —eXo(y &) + 2Xa (y, ©), (.7)

e

X, (s €)= lim -

T—x

Q2 y, ) dt.

ot

Pemenne ypasmenmsa (5.7) mocie momcraHoBKE B 3aMeHY (5.3) maer
pelieHnme MCXONHOM cucTeMbl (5.1) B mepmommdyecKoM clydae ¢ OIEH-
KOl BuUIa

Ix (t) —u (f) || < Be?, te 10, Llel.

HoHcranra B momskHA BEMHCAATLCA [0 MPaBEIM 9acTaM cmeTeMs! (5.6).

[ns mocTpoeEns mpom3BONBHOrO NPUOAMKEHHS MOKHO BOCHOJB-
30BATHCS METOOM MHAYKImUE. IlycTh cmecTeMa yske IpUBefieHA K BHAY,
B KOTOpOM or6pacsiBaeMble IIPH OCPeJHEHHH UIeHH HMMeIT Imops-
oK &":

% =X, (X, &) + e2X1 (X, &) +... + "X, (X, &) + enX (¢, x5 €). (9.8)
Tpebyercs 3ameHoli mepeMeHHO

X=y —]— Sns (ta Yy 8) (5'9)
npusectn cuctemy (5.8) K BHIY

%tl= eXo(y, &) 4 €2 Xy (y: &) + ... + "X, (y: &) +eQ (¢, y, &).
(5.10)

IloBTOpsAs BCe mpHWBeNeHHBIE BHKJIAKH, HaWAeM, d4TO QYHKOHA
S (¢, y, €) Beipaskaercs Toii ke dopmyioit (5.6). Ocpexnennoe ypas-
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HeHme, cooTBercreyiomee (5.10), mmeer Bmy

. i
¥ =Xy, &) + X1 (¥, €) + oo+ K (v 1))

¥ (5.11)
dem@=1mpTﬂqmymmu
=y

Pemenwe 3Toro ypasHeHHWS IOCIe MONCTAHOBKA B (OPMYNy 3aMEHE
(5.9) naer mpubnmrennoe pemenme ypasHenus (5.8), ymoBiaeTsBopsio-
mee OIeHKe

X () —u @) < Be™, 0< t< L.

6

MHOr049acTOTHBIE CHCTEMBbI.
Pe3onane

CraggaprHas gopMa MHOTOYACTOTHOW CHCTEME MOJAYYaeTcsa PopMaib-
HEIM 0600IeHneM CTaHTapTHOR (JOPMBI OJHOYACTOTHON cmeTeMsl (3.7)
B clydae IMePHOTMIECKOU mpaBoil gacTu. ITo 0600IMeRne IPOR3BORAT-
cq caegylomuM obpasom. Cucrema (3.7) MoskeT OBITH IepeIHCaHA IIOC-
Jle BBENEHWUS [ONOAHUTEIBHOU IepEeMeHHOE ¢ = of B aBTOHOMHOM

gopue

LT
d (6.1)
% =X (¢, X, &).

3mech (p — crauApHAs mepeMeHHAasd, W3MEHAIOMAsACA C TaCTOTOH ®.
Taxaa ¢gopma 3ammem U OmpeesaseT CMBICI BBEeJEHHOTO paHee MOHA-
THA OHOYACTOTHOM cmeremsl fuisa ypasHermit (6.1).

Cramgmapraas ¢opMa MHOr0YACTOTHOH CHCTEMEI OTIMIAeTCH  OT
cucremsr (6.1) Tem, 4To @, Kak m X, yKe IpefCcTaBiAeT co0oi BEKTOP-
HYI0O HepeMeHHY®0 ¢ = (¢;, ..., @,). PasMepHOCTH BeKTOpa ¢ 1
BEKTOpa X HUKAK He CBA3aHH. Hpome Toro, gomyckaercs Masnas He-
PaBHOMEDHOCTh B W3MEHEHWN BEKTODHOH mepemeHHO# ¢. B pesyns-
Tare 00muH BUL CTAHTAPTHONX (OPMEI MHOT0YACTOTHOM CHCTEMbI OKa3Hi-
BaeTCsA CIEeAYIOMUM:

%—?zm + e® (¢, x, &),
dx (6.2)
o — X (9, x, ).
ITo Bcem ¢ pyurnmu @ (¢, X, &) z X (¢, X, &) TePUOTUIHH C IEPHO-
noM 2m. B proil dopme gomycKaeTcs TaKMe 3aBUCHMOCTE BEKTODa
gacToT @ = (@, . . ., ®p) OT MeJEHHOH HepeMeHHOH X, T. €. ® =
= o (x).

K supy (6.2) moryr GbiTh HpWBEeHLE ypPaBHEHUs MHOTHX THIOB
KomeGaTenbHEIX cHCTeM. PaccMoTpmM HpEMep KBa3HIMHEHHOM Koie-
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GaTenbHON CHCTEMEL:
Ay + By = ef (ta Y, y)a (63)

Y=y ..+ Yn)y, 4 @ B — cummeTpuuecKme MaTpumsi, mpmdeMm A
HOJIOKATENBHO ompeenena, pynrnus f mepmogmana mo £.

JImneitaoit samMenoit mepeMeHHHIX B cucteMe (6.3) MoskHO mpHBECTH
Marpuny A K emwHmuHON, a MaTpuny B K guaroHanbsHOR dopme (mpm-
Bef[eHMe K HOPMaINbHHEIM KoopgmHaraMm). Bymem cumrarsh, 4To Takoe

npusefierme y:xe BEmommeHo: A = E, B = diag {03, ..., 0s).
Cmcremy (6.3) mMosxHO mepemmcaTs B BHE

gk = zkv

2y = —C')l%yk + 8fk (t’ Y1y o o oy Yns 215 o ¢ o Zn)' (64)

Brmronanym B (6.4) sameny mepemerHHX (Y, 2x) —- (@, Zx) mo dop-
Myiam
Yr = Zy Sin @, 2z = ZpWy COS Q. (6.5)

B moBHIX mepemenubix cuctema (6.4) mpuHEMaeT gopmy

. e
(Pk = (’)k J—
Zy 0y

fu (€ Tasin @y « . oy T8I0 @y 101 COS @y . ..) SID Qe
. 1
$k=8—0§-fk (...) COS Q. (6.6)

OGo3naunm mepmof TpaBHX dYacTell mo [ wepes 27/w,.1 W BBeEM
BMECTO ! MEPEMEHHYI0 @py1 = Wp4f, D0 KoTopoil ¢yHKmmm f, 2m-
mepmofmYEEl. BBemem Tarike oGosmaueHmMA

1 .

o fi (b 218in @y, . . ., 2101 €COS P1y . . .) COS Py =
k
= X.k((pl, v e ey (pmy xl, Y] xn)’

1 .
P fr (o) Singr = @ (P1r o o1 Py T2y 09 Ty)y  m=n+1.

B »1ux 0Gosmauenmax ypasmenws (6.6) mpmHEmMaloT BHA cTaHAapTHOM!
dopmer (6.2).

Jamevyanme 1. [[nsa KBaswiumHe#iHOH CHCTeMH BEKTOD 9TacTOT ®
OKAa3alCcA MOCTOAHHEIM, He 3aBHUCAIMEM OT MeIJeHHLIX IepeMeHHEX.
HesasucumocTs @ oT X sABAseTCS NPH3HAKOM KBAa3HIMHEHHOCTH HC-
xopHOI cucrems (6.3). Ciywait, B KOTOPOM ® 3aBUCHT OT X, HA3LIBAET-
Cs CYI[ECTBOHHO HENIMHEWHHM, OH HAMH B JajbHeimeM paccMaTpH-

BaTeCA He Oyjer.
dameuanne 2. B cmcreme (6.4) 3aMeHOI mepeMeHHEIX

(¥x» 21) = (Prs qx) mo dopmymam
Yr = Py C0s wxt + gy sin wl, 2 = — ppoy sin ot +
-+ g0 cos oyt

MOJKHO OBLIO mepeliTu K craHmapTHOX dopMe OFHOTACTOTHON CHCTEMEL,
IOCKOJNIBKY WMCIOTh30BAHHEIA B maparpage 3 MeToj BapHanum OpoH3-
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BOJBHBIX MOCTOSHHEIX IPAMEHUM U B[€Ch. OTO TOBOPUT O TOM, YTO IIO-
HATHA «OJHOYACTOTHASY U (MHOTOYACTOTHAAY HOCAT B HMB3BECTHON Mepe
ycIoBHEI xapakrep. JIio6yio cmcreMy ¢ oueBugHON «pusmIecKO»
MHOTOYACTOTHOCTHIO MOKHO B3aIHCATh B MaT@MATHYeCKU ONHOYACTOT-
HO# ¢opme. OgHaro dopma 3ammen (6.2) o6ragaer meabiM PAIOM Ipe-
HMYIIECTB, B 0COOEHHOCTH IpW HW3yYeHWH pE30HAHCHHEX sSBICHUH,
KaK 970 OymeT mokasaHo jalee.

Ilponenypa ocpemHeHWsi [ MHOTOYACTOTHEIX CHUCTEM COCTOHT
B mepexofe ot cucreMsl (6.2) XK mpuOIMKeHHOH CcHCTEME

fde

Tt =@ —I— 8(1)0 (X, 8),
dx X 6.7y
dt ==& O(Xy 8)
THie
1 27 27
Dy (x, &)= @ S S D (P1s.+0s Py Xy ) dpy oo Ay
0 0
1 2% 27 (6’8}
] _ eee 9 00 09 ) 9 d ...d me
Xo (% &)= i VX @1 s g % ©) .. dp

0

Oyurknun D, (x, &) n X, (X, ¢) mpemcrasiasaoT co0oil cpefHre 3HATE-
HAS IO BCEM HEPEMEHHEIM @,. . ., @, OT IPABHIX JacTeil CHCTEMER
(6.2) m HoCAT Ha3BaHME HPOCTPAHCTBEHHEIX CPENHUX.

¥Ypasuerus (6.7) sHaumrensHO mpome ypaBHeHHmi (6.2), moCKOIB-
KY YPaBHEHUS [JIA NEPEMEHHHX X OTAeNA0TCA 0T YPABHEHUH i me-
pemenusix @. [locne mHTerpEpoBaHms ypaBHEHUil AIA X HaXO0MIeHHe
IepPEeMEeHHBIX () CBOTUTCA K KBAJPATYPaM.

O6GocHOBaHMmE TOYHOCTH peIIeHWiH, moiydaeMux ms cmcremsl (6.7),
cBofgATCH K CHOPMYIHPOBAHHON BHINE A OJHOYACTOTHEIX CHCTEM
reopeme H. H. BoronwGosa, ecim B cucreme (6.2) orcyTerByer peso-
HaHC. Ecinm jxe pesoHAHC mMeeT MECTO, TO IEPEXONUTH K yPABHEHUAM
(6.7) upm momomu ¢opmyn (6.8) mempss. Ilpomexypa ocpemuenms
B DPE30HAHCHOM Ciydae paccMaTpwmpaercs Hmxe. lIpeixme Bcero mHe-
006x0uM0 JaTh OUpefeNeHne PE30HAHCA W YKa3aTh 10 KAKUM IPUBHA-
KaM MOKHO yCTaHABAMBATEL ero mammume B cucreme (6.2). ammm mus

3TOH IeJHd BCIOMOTATENBHOE OIIpe/ielIeHNe BPEMeHHOTO CpefHEero QyHK-
ouit ® m X:

@5 (%, & ©) = lim — 1

T—co

(I)((O]_t -+ 91, e @ t—}—-emy X, E)dt

7

t
X(wlt—{—el,...,w t—[—Gm,x, 8)(1

(6-9)

X5 (x, & @)= lim — 1

T—x

oz/b'ﬂ o\:/a.g

OTH BHPAyKEHHA TPENCTABIAAIT co00H CpegHEe B3HAYEHHA IIPABHIX
gacreii cmcreMsl (6.2) mo BpeMeHH, BHYUCIEHHEIE BROJIb TPAaeKTOPUD
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BEHIPO)KAeHHON cucTeMsl (¢ = 0):
x = const, ¢ = ol 4 0.

Oyuxnnm -(6.9), paccMarpumBaeMble Kak (YHKOIEEM ), MOTYT HMETh
TOUKHA paspeiBa. Te 3mageHms 7acToT @ = (@, . . ., Op), OIPA KOTO-
peix ¢yEkmuu (6.9) TepuAT pasphiB, W HA3HBAKTCA PEe30HAHCHHIMH.
PesomancHbie wacTOTH YHOBIETBOPAIOT COOTHONIEHMSAM BHAA

oM+ .o F Ay =0, A +...+2A %0, (6.10)

rie A, . . ., Ay — measte wymcna. Coormomenme (6.10) masmiBaercs
pesoHaHCHHM cooTHomenmeM B cucreme (6.2). Ilomuepkaem, uTto peso-
HAaHCHHM COOTHONIeHHeM HasuBaercd He dioboe coorHomenme (6.10)
?6 g;mbmm Ay, a JUmb TO, KOTOPOE ONpefiedseT Pas3phiB QYHKOHAA

Hpumep. Haiitm pesomaHc B cumcTeMe, OOUCHBAaeMoii ypaBHEHHEM
Marse § + v (1 —e cos2t)y = 0.

BBensa oGo3maueHHs Yy = 3zy, § = Z,, NepeOumIeM 3TO ypaBHEHHe
B HopMaxbHOX ¢opme Homm:

Zl = Z2,
2, = — w2z, -+ ev?z, cos 2t.

3aMeHOl HEepPeMEeHHBIX Z; = X Sin Q1 Z = XV C0S @y, 2t = @, 9Ta
CcHCTeMa IPUBORWTCA K CTAaHZADPTHOU dopMe:

¢; = v — gv sin%g, cos @,

¢2 = 27
X = evx sin @, cos @, COS Q. (6.11)
3necsr o, = v, @, = 2. BpemenHoe cpennee
T
Xy (x, 01, @) = lim x? S sin (o1f + 0) cos (w1 + 0) cos wof dt.
T —c0
0
Brramcassa ero, moarydgaem
0, 201 7= g,
X* x 9 ) — .
0 (% 01, @2) %0—1 sin 20, 20; = ..

Taxmm o6pasoM, B paccMaTpUBAEMOil CECTeMe MMEETCA eJUHCTBeHHBIH
PE3OHAHC, OmpeleldsaeME COOTHOmeHneM 2w, — W, = 0. Om HocmT
Ha3BaHUWe TIABHOTO IapaMeTPHIECKOTO PEe30HAHCA.

Paspris BpeMennOTO CpegHET0 MOMKET HPOUCXORUTE, KOTHLA BEKTOD
FACTOT  YAOBIETBOPSET HECKOJIBKUM JHHEOHHHEIM COOTHOMIEHHAM C Iie-
J0UACTeHHEIME KodpdumuentamMu cooTHomeHui Tuna (6.10):

(1)1}\111 + .« .. + (0m7»1m = O,

. (6.12)

ml}\/sl + o« e + (l)mhsm = O.
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Ymeno Takumx JmHEHHO HE3aBHCHMEIX COOTHOIIEHUI HA3HIBAETCH KpaT-
HOCTBIO PE30HAHCA, a CyMMa MoAyJaell Ko>PQUIHeHTOB JHHEHHO He-
3aBHCHMEIX COOTHOINEHWH Ha3HBaeTCA MOpPARKOM pesoHamca. Ouesmp-
HO, KPaTHOCTH (S) pe3oHaHCA Bcerjia CTPOTO MEHbINe IWCIAA IACTOT /M.

Paccmorpam mpomenypy ocpennenms B cmcreme (6.2) B pesonaHc-
HOM cayuae. Ilom pesoHaHCHHIM ciIydaeM IOHHMAeTCHA TOYHOE BHIIOJ-
HeHWe CooTHomeHmi (6.12), mp:m KOTOPHX BpeMeHHEE CPefHZE Tep-
OAT pasphB, aAu60 WX BHIONHEHAE C MOTPEIHOCTHI0 HOPATKA &:

Ao = A ~¢, (6.13)

rge A — mpamoyronpHas MaTpuma KosddummmenTtos cmcreMsl (6.12).
Bexropras BenmamHa A, mpemmosaraeMas B CIydae Pe30HAHCA Ma-
noii, HocuT HasBauwe paccrpoiiku. B mpomssemgenmz (6.13) ® momm-
MaeTcda KaK MaTpHUIla-cTojaberr.

Bes orpanwdenma o6GIIHOCTE MOKHO CYWTATH PAHT Marpmmsl A
PaBHEIM § W IPeICTaBUTH ee B GI0THOI dopme:

A= (Ay Ay.
Al — KBaJpaTHas HEBBHIPOKJIEeHHAA MaTpHIa, coAep;ramasa moc-

nepume s cTonbmos Marpunbkl A, a A, qomoaHser mMarpummy A; o A.
Ilepemennrie @ = (¢y, ..., Q) pPa306beM Ha OBE TPYIIEL:

@ = (P,v), tme Y =(91, - + -, P-s)s ¥ = (Prm=gs1s - - » Pm). B_coor-
BercrBum ¢ otuM ¥ = (D, . . ., D), @ = (0y,. . ., ©Op). lepen
TeM KAk mpomsBecTH ocpegHenme B cucteme (6.2), Heo6X0mWMO BBHI-
moJNHATH HpeoGpazoBaHme OBICTPHIX HEPEMEeHHBIX (Vi . .., Vs) —>
— (01, ..., 0):

0= Ag (6.14)

B cooTBercrsun ¢ BBefeHHbIME 0003HaueHmAMH (6.14) MoskHO mepenm-
cath B Bue 0 = Ajp — Ay, oTKyna B CHIy HEBBIPOKIAEHHOCTH A,

v = A7 (0 — Agp). B moBEIX mepemenmmix (6.2) mpmoGperaer Bui

f;_‘tl’= Q 1+ e¥ [, AT*(0 — Agp), x],
0 A eA® [, AT (0 — Agp), x (6.15)
X — eX [, AT (0 — Ag), x].

B cmereme (6.15) mepemennsie 0 0Ka3HBAOTCA MEIIGHHBIMEI, TaK KaK
A — Manas BeJMYMHA TOPAAKA €. 1T'eM caMBIM YHWCJIO MENJICHHBLIX IIe-
pPEeMeHHHX YBeJWIMBaeTCsa HA KPATHOCTh PE3OHAHCA S, THCIO0 OBICTPHIX
mepeMeHHHIX yMeHbImaerca Ha s. B gopme (6.15) cmcrema mepesonanc-
Had, I MOKHO IIPOU3BECTH OCPEIHEeHWEe IO OBICTPHM HepeMeHHBIM P
mo gopmyinam (6.8). Uecaemoanme pesoHAHCHOTO CIy9Ias UPHBOLAT
BCerga K OCPEIHEHHHIM cmcTeMaMm 0ojiee BHICOKOTO HOPAMKA.

Wrak, mocTpoeHa mpomexypa OCPefHEHWA MHOTOYACTOTHHIX CH-
cTeM B Pe30HAHCHOM U Hepe3oHaHCHOM ciaydaax. IlocTpoenne BriCcIImX
npubamxeHnii B 060UX CIyYasgx MPOU3BOJUTCA AHANOTHIHO OHOIA-
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cToTHOMY ciydaro. Ciegyer 3amMeTdTh, YTO C YBeIWYEHHEM MOPAAKA
OpubImKReHAs 0GBIIHO YBEININBASTCA M TUCI0 PASIAIHEIX Pe30HAHCOB.
Taxr, B paccmorpeHHOM mpmMepe ypasHeHHs MaTbe B mepBOM mpmO-
amieHnu o0Hapy:RUiIcA ORWH pedoHaHc v = 1. Marpuma A B sToM
upmmepe mMmeeT Buf A = (2, —1).

PesonaHcHH caywaii ompefenseTca yCIOBHEM

No=(2, —1)[;)=2v—2=a~c.
3ameHa mepemennnix (6.14) sammmercs B gopme
0=Ap=201— ¢y,
mocie uero ypasuenuws (6.15) mas cmeremsr (6.11) mpmoGperaror BHL

dd‘i_l = v — gv sin® ¢ cos (2¢; — 0),

—g%:A— 2ev sin? @1 cos (291 — 0), (6.16)

g—: = gvz sin @y cos @1 cos (2¢ — 0).

OcpenHenne 9THX ypaBHeHHE I0 GHICTPOH MEPEMEHHON ¢ HO3BOJIET
MONYYHTh YPABHEHUA NI MeJJIeHHBX IEePeMEHHEX B BHRE

de eV
d—t—A—I-‘TCOSe,
b g rsinb.

Ha rpaumme oGmactm ycroiigmBocT:H ypaBHeHEWe MaThe mMeeT mepHo-
OUYECKOe pelIeHre, YTO COOTBETCTBYET CTAIMOHAPHOMY PEMHUMY Ha-
IUCAHHEIX YPaBHEHTI:

A + (ev/2) cos 8 = 0, (ev/4) z sin 8 = 0,

OTKyHa Clemyer, 9TO 3TO BO3MOMKHO, ecim A = + (¢/2) v. Uanm,
memonb3ysa ob6osnaueHne A = 2 (v — 1), ¢ TOTHOCTBIO [0 €2 moMydaeM,
qro v = 1 4= ¢ /4. 910 m ecTh mepBoe NPHOIMKeHAS A TPAHAL mep-
BOil BOHBI HeycToWImBoCTH ypaBHeHmA Martsne.

Paccmorpum Temepp BTOpOe mpmONMKEHHWe JJIS CHCTEMEL ypaBHE-
mamii (6.11). us sTor0o B cooTBeTcTBEH C 0obmmell mpomenypoil ciexyeT
B ypasHenmax (6.11) BrioosHHTH 3aMeHY HepeMeHHHX (¢, P, Z) —
— (ty, Oy, ), YHUUTOKAIOMYIO B DTHX YPAaBHEHHAX IepeMeHHbIe Tie-
HE IIEPBOTO IOPAJKA MAaJOCTH:

Pr = oy +e4 (o, o, y)7 P = o,

z =1y +eB (o, a, Y).
Oyurnun A m B mogne:xar oupenenenmio. IlofcTaBusas a1y 3aMeny
B (6.11), Haxomum

. 94 9A o4 . -
al—l—amal—}—e%;%-i—s-ﬂ?y—v—-avsm (ox 4 eA) cos ag,
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. B . B . oB .
-+ Smdl—l-SaTdez—f—S'ﬁy:

1 . .
= —-&v(y + &B)sin 2 (ay + e4) cos a.
Ilockonbkry 0y ~ v, de =2, § ~¢, TO yCIOBHE YHHYTOKEHHA

HmepeMeHHHX (3aBUCAMUX OT OBICTPHIX HEPEMEHHHIX O U O,) WICHOB
CBOJUTCA K CIEAYHIUM ypaBHeHHaAM niaa A m B:

oA T 04 sin?
o oy — — Vsin’ ay cos ay,
oB oB 1 .

Voo + 2500_2 = — vy sin 2oy cos as.

JlmHeiinEie oTHOCUTENHHO A W B ypaBHEHHUS ¢ YACTHHIMA IIPOU3BOTHEI-
Mu gerko pemaworca [10]. Hanpumep, nas Haxommenus A caemyer
HafiTm wHTerpal OOHKHOBEHHHX [udepeHOUaNbHEX YPaBHOHHA
BHLA

dOﬁl - dO&z . dA
v 2 T —wsin?a;cosos °
HMeem

v
061=Toc2—|—0.

N3 ypasrenus, cBasmBatomero do, m dA, Haxogmm

A=— —g— S sin? (-;—az + C) €O0S Qg d0lg,
OTKYIA
0 v o, v [ sin (ag 4 204) sin (20,; — atg) ‘l
A= —psinog +p [ SRR 4 ST
AHAIOTHIHO HAXOJHM, ITO
. vy cos (201 - ag) cos (204 — ag) ]
B=— 8 [ v+41 + v—1 *

Vxasaumoe mpeoOpasoBamme BO3MOKHO, eciu v = 1. IlocKonsRy ME
HaMepeBaeMCsl PacCMOTPETh BTOPYI0 30HY HeycToiiwmsoct:m (mepBas
Ve W3yUeHA), TO V ~ 2, H HTO YCIAOBHe BHIOJAHEHO. Kcam OB MEI
XOTeJIHW CTPOWUTH BTOPOe NPHOIMKEHHe AJASA MepBO B30HH, TO CJIEN0-
Bauio mpeoGpasoBrBaTh He ypasHenua (6.11), a ypasuernus (6.16).

B pesyasrare yrazaHHo#t 3aMeHH cucrema ypasueHmit (6.11) mpm-
BOUTCA K BUIY

Gy = v — &2v4 sin 20, cos oy,

dz = 2,
C g B .
7y =¢*vy( A cos 20, cos oy - o sin 204 cos @y | ,

rae mepeMeHHasa 9acTh y)Ke mMeeT TOPANOK g2
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Paccmarpmsas pesomanc v — 2 = A (A = (1, —1)), sBrnonnnm
3aMeHy mepemeHHHEX (6.14):

0= Aop = a; — a,.
IlogroToBneHHEE K OCPEMHEHMIO YPABHEHHUS MMEIOT CJaeNyIOIuii BU:
d1 =v —¢g?...
sin? (3c;; — 0)

6=A—- et [0052(2061—6)—0032e+——m— +

16
+ Sinzv(ilf—e) + v211 cos 2 (a1 —0) + v21—1 cos4051],

=2V [— sin 2 (2 — 0) & sin ze+i‘142((v3:‘g—1“)‘” +

16

sin 2 (a; +

0) v . 3 .
+ 0 —1) + S —1) Sln4061—2(v2—_,1)51112(a1~—-9)]

Ilocne ocpemuennsa o o moJIy9IaeM YPaBHEHHS i MeIJIeHHEIX Iepe-
MEHHBIX

6=A— S [ ip —cos20|,  y=-lsin20,

Hax n paHbIle, HA TPaHUIE ycToﬁthocm 9Ta cucTeMa JOoJ;KHa HMEThb
HeTPpHBHAJBbHOE CTAallMOHAPHOE peIleHune

e [_"_ — cos 29] —0, sin20=0,

16 v2—1
OTKYZIa
g2v2 v
A——5- [—vm =+ 1] =0.

Samensas A = v — 2 ¢ TOYHOCTHIO [[0 BeJIMIWH IOPANKA &3, HaxXoquM,
qTo

v=2+ (5 41).

9T0 W3BECTHOE BHIPAKEHUE JIJIA TPAHUI] BTOPOil 30HH HeYCTOWINBOCTH
ypaBaeHusa Marse.

7

MeTop ocpemmeBMsA [JAs ypaBHEHMIA
¢ YaCcTHBIMH DPON3BOAEBIMU

AnropmT™M mpUMeHeHWA METOf[a OCPelHeHWS K ypaBHEHHAM B 9JacT-
HHIX TPOM3BOJHBIX, ONMMCHIBAIOIMUM Koxe0aTelbHEHE HIM BOJHOBHE
IpomeccH B CILIOITHHIX CPefax, COCTOUT B IPeABaPHTEJILHOM IIPHBE-
IeHHO 9TUX yPaBHEeHHH K 0eCKOHEYHOI cmCTeMe OOHKHOBEHHHIX AH(-
depeRmmanbHEX ypaBHeHmi, mmeomux Bux cmereM (3.7) mam (6.2)
¢ moCHefyIomuM IpPAMEHEHNeM BCeX PaHee PACCMOTPEHHEIX HMPONeRyD.
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Taxoe mpuBenenme ocymecteasercs mpm momomu Meroma Dypse.
Mu mpomemorcTpEpyeM ero Ha mpmMepe 3agaum 0 KOIEOAHUHAX CTPY-
HE (pme. 11).

[Ipennomosxmm, 910 KoseGaHWA CTPYHH ONMCHBAIOTCH ypaBHEHHEM

%u —g? 2u

= 552 + el (wt, s, ) (71)

¢ rpaHmYHbBIME yenosmamz u (¢, 0) = w (£, w) = 0.
OmpenennM mepeMeHHyI0 ¥ B BHIE

u= 12'1 Y (t)sin ks, (7.2)

Te Y — Hem3BeCTHHE (YHKINA BPEeMEeHH, IOJJIe;KaIIae olIpeedeHnIo.

u

47 &

T Puc. 11

Pacopenenennyno cmny F Tamske mpemcrasum pagoM @ypre mo
nepeMeHHOI S:

F [oot, s, O yp sin ks] = > Fy(ot, Y1, . .., Yiy - .)sin ks. (7.3)

k=14 k=1
Ioncrasasia gopmyas (7.2) u (7.3) B ypasuernme (7.1) m mpupaBEEBas
KoadpdmmuenTsr UpH Sin ks, moayvaeM CIENYIOIYI0 CHCTEMY OOBIKHO-
BEHHHIX AuPPepeHOUANbHHX YpPaBHEHMMA:

Ur + oKy’ =¢eFy (ot, yyy - F oy Yiy - 2 L), kE=1,2..

dTa cmcreMa oTiamuaeTcA OT KBasmwimHeinon cueremsr (6.3) Torbko
TeM, 94TO OHA COCTONT W3 HEOTPAHWYEHHOTO Tmcia ypapHeHmE. [lis
Hee TPUMEHWMEH BCe HPOLEAYPH, KOTOPHIe NMPUMEHSAIUCH MIA CHCTe-
MH ypaBHeHmit (6.3).

8
Merog pBYXx MacmTa®oB

9ToT MeToJ, HAIIe/[MAA MUPOKOEe IIPAMEHEHNE NJId YPABHEHNUH B 9acT-
HBIX IPOHU3BONHHX, UAEHHO OAM30K K METONY OCPeSHEHH:, OFHAKO OT-
ImYaercsa oT Hero mo ¢gopme. Mul paccMOTpEM ero Ha HPOCTHIX IpHMe-
pax. PasHooGpasmsie wacTHHe meTanm, Hem30eKHO BO3SHHKAMOIIUE
B 00meM ciydae, MOTYT OHITH ONYMEHE. BajKHO YSCHHUTH IEHTPAb-
HYI0 Hfie10, mocjie Jero MpucmocobaeHre ee K TOM UM HHOM KOHKpeT-
HOH 3ajade, KaK NPaBHUIO, HE COCTABIAET 0OIBIIOTO TPYHA.
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B xagecTBe mepBoro mpmmepa paccMOTPHM yDPABHEHEE JIHHEHHOTO
ocIJ;leIJI;ITopa ¢ MAJHM JeMIOQupoBaHmEM

d
dt3 -l—y——s—(%, (81)
6YI[6M HCKaTh ero pemeHHe B BHMAE pAIa
Yy=1Yyo(0, 7) +ey, (6, 7) + €%, 0, 1)+ ... 8.2)

3nechk mepeMeHHBIe 0 W T mpeCTaBIAOT CoGO «GHICTPOEY W «MEIeH-
HOe» BpeMs:

=14e20, +0;+ ...)¢t, T =¢et (8.3)

Henssecratie ¢yurnumm y, (0, T) m KoHCTAaHTH ©, 0yZeM HCKATh W3
YCIOBHA OTCYTCTBUA B Yy COKYIAPHBIX WIEHOB IO IMePeMeHHHM 0 m T.
ITocnemosarenbHO muddepeRTUPYA Y MO {, HAXOLEM

dy _ 6'y0 Yo Oy 2 Yo 0!/1 Y2 ) 3
q= gt e(Ge G ) e (o P ) e

d%y 9%, 9%yo %y
q — e T 8<2 2007 T oo8 ) +
2 9%yo 9%y, % 9%y, 3
+e (2"’2 a0 T om T2%0r T o )+8
IoncraBisis atu Beipaskenns B ypasueHns (8.1) m mpupasamBag Kosd-

GUIMeHTH NpM OAWHAKOBHIX CTENEHAX €, MOJYIaeM CHCTeMY ypaBHE-
HUA OJIA HAXOMMMEHHS Yoy Ygy » «

02
'a_(_)yzo— +y0=0,

yy - %Yo Yo

0 T = —2 555 90

9%y, _ %Yo %Yo %y1 Yo 9y
Zor T Y2 =— 2025 5@ 2oy T v T a0

VI3 mepBoro ypaBHEeHWS HaXOIUM, 9TO

Yo = A, (t) cos 8 4 B, (t) sin 6.
Tax Kark paccMaTpHBaeMoe ypaBHEHWE SBJIAETCS ypaBHEHWEM B 4acT-
HEIX OPOM3BONHEIX, B KOTOPHEE BXOAT OIPOM3BOJHEE TOIHKO IO mEpe-
MeHHOZ 0, To mpom3BOJLHEIE MOCTOAHHEE Ao @ B, MOTYT cumTaThCs

3aBUCAMUMA OT T W OYAYT OmpejeseHH B HaJbHeRIIeM.
TlomcraBusasa Bo BTopoe YpaBHEHEE DTO pEmeHme, MOIydaeM

2 dBy ,
o 1_(2 + Ao)sm o— (22 i+ By ) cos 6. (8.4)
OO0mee pemieHme >TOTO YPaBHEHUS WMeeT BUJ
y1==Ay(t)cos 8 + By (t)sin®—0 [(% +2 >sm6 +
/ dA A
+ (-d—r"— + 2°)cos 6] (8.5)

910 pemeHue ABIASLETCA HeOTPAHHICHHHIM II0 ImepeMeHHoH 0.
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Bech cMbict BBemeHms ABYX MacmraGoB BDEMEHH B3aKJIHIAETCH
B TOM, UTOGHI, PacIOPsAKASACH MMEIOIUMCSH IPOU3BOIOM, 00ECIEUnTh
OTCYTCTBHE CeKYJIAPHBIX UIEHOB B Yy (0, T) XKax mo OGHCTPOH, TaK ¥ HO
MeJIJIeHHOH IepeMeHHEIM.

W3 ypasmenmnsa mma y, BEAHO, 4TO AJA orpaHmYeHHocTH Y; (0, T)
mo 0 Heo6XoAMMO 7 [OCTATOYHO, 4TOOB B IPABOH YaCTH yPaBHEHHA
(8.4) orcyrcrBoBaNE wNEeHHI, mpomopHUOoHANbHEE cos O m sin 0. dTo
OPUBOJUT K COOTHOINEHEAM

dA, 1

. dB,
w =74 g =-=5b

u3 KoTopHX Haxomgares A, (t) mw By (1):
Ag (v) = Agoe™™?, By (v) = By ™2,

rae Agg, Byy — OPOE3BOIBHHEIE IOCTOSHHEIE.
B psane (8.2) ¢yurmusa y, (0, T) oxassBaeTcsa MOIHOCTHIO OIpefe-
JIeHHOM:

Yo (0, T) = €72 (A,y, cos B + B, sin 0). (8.6)
Wnm, Bo3Bpamasch K mcxomHoMy BpeMeHu ¢ mo ¢opmyram (8.3),

mojiygaeM pellleHme paccMarpuBaeMoro ypasuenms (8.1) B mepsoM
OpuOAM;KeHNN H3JIaTaeMoro MeTOfa:

y ~ e @2 (4, cost + By, sin ).

B nmepBoM npubnmiennn He BOSHUKAET HEOOXOJHMOCTH YCTPAHATH
CeRYJIADHBIE WIEHE 10 MeIJeHHOMY BPeMeHN T, OfHAKO yyKe BO BTOPOM
npubImKeHnn 9T0 TpeGyercsa caenars. I[aa BHACHEHNA, KaK 3T0 Ipo-
mcxonuT, o6paTHMCA K IOCTPOGHMIO BTOporo npumbiamxeHuA. Iloa-
crapisasa Gyurnum (8.5) m (8.6) B ypasHenme mus y, (0, T), moayIaem

aéyzz T Y= [(23)2 + i )Aooe“W-—-Z 4By BlJ cos 0 4
+ [ (20 + ) Buee 4 2 525+ 1] sine.

YcaoBrue OrpaHAICHHOCTH Y, (0, T) ™o 0, Kak u paHbIie, TIPABOMUT
K COOTHOIIEHWSAM BHIA

dB 1

d1:1 = 5 Bl + 5 (21)2 + T) Agoe™ 3,
dA 1 1 1, o
d.1:1 —_ T Al __2_.(2'1)2 + T ) Booe—f/-’

OTKYZA HAXOLIM

By = Bye™% - <2ﬂ02 + —i—) Agoe™ ™2,

l\DIel l\'l!ei

Al = Aloe—T/Z —_ (20)2 -+ %) 3006“7/2.
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Jas Toro 9T0GH B 9TOM DEIIEHWH HCYE3NH CeKYJISPHLIE 9ieHH IO T,
Heo0XOMEMO W JOCTATOYHO BHIOpaTh ®, = —1/8. Hrak, momHOCTHIO
HOCTPOEHO BTOPOe HPHOIFKeHAe W pelleHHe UCXOMHOHR 3aauu IpH-
obGperaer BmI

y~e & [A cos(l-——ﬁs—z\t—[— Bsin(i——%z)t:l.

Jameuanne. TpeGoBaHme OTCYTCTBHA CEKYJIAPHHX WIEHOB mo 0
ABJIACICA €CTeCTBEHHKEIM, B IPOTHBHOM CIy4ae MH HONYYMIE OBl DAL
(8.2) ¢ meorpanmgeHHEIME K09(QHUIMEHTAME X Ka9eCTBO IPEHCTABIIE-
HUf PeIneHnsa KOHEYHEM OTPESKOM TaKOTo pANa Oblio OH HeygoBJeT-
BOPHUTeNbHEIM. MeHee eCTeCTBEHHHM B PAaCCMOTPEHHOM IpuUMepe Mo-
JKeT MOKAa3aThcA TPeGOBAHUE OTCYTCTBHUS CEKYNAPHHIX UIEHOB IO T,
IOCKOJNBKY (QYHKOMA Te ¥ OTPpAHWYEHHAS M, Ka3aloch Obl, HeT GOJb-
moil Hy;kmH B ee ycrpamenma. OgHako 5To He Taxk. Ha mmTepBaie
Bpemenn v & [0, 1] ara dymrmma sBospacraer. Ho atomy mmTepBanxy
BPEMEHH 10 T COOTBETCTBYET ACHMITOTHYECKE GOJbIION WHTEpBaJ
BpemeH: 1o ¢: ¢ & [0, 1/e]. A Tak Kak TOYHOCTH MeTONA OCPeNHEHUS
(a Taxxe m MeToma [ABYX MacmTa0B) rapaHTHPYeTCA HMEHHO HA Ta-
KOX HHTepPBalaX BpeMeHHW, To QYHKOuA Buma f (T) = Te™T MOIIKHEL
pPaccMaTpmWBaTHCA B paMKax TAHHOTO MeTOfa KaK KadeCTBEHHO HKBH-
BajeHTHHE QyHKmuE f (1) =

B rauectse caegyiomero mpmmepa paccMOTpHM ypaBHeHme Bag-
;[ep-l'Ionﬂ

dtz + J—B(y - 1) dt . (8'7)

Pemas 10 ypasuenme B Bume psapga (8.2), miA HaX0KOeHHAA wie-
HOB 9TOTO Psa MOAyIaeM

02
_661/—20 +y0=07

%y 9%y 6yo
6921 +y1=— 09(3‘17 +( Yo— )
0%y, 0%y A3y, 2y
G T V=20 G- — - — 25 +
) 9 ray
+ { ;io y1 )(yo 1) + 2yoy1 —5- y

© o e & o ® s s e e s e o 8 o e 0 o ¢ o 8 o < o

®opmy mpencraBiaeHns o0mMero pemieHwWs IMEePBOT0 YPaBHEHHS B 3TOM
mpuMepe MH BEIOepeM WHOM, 9eM B IPeABLYIIeM:

Yo = 1o (v) sin [0 + o, (1)].

Tlogcrasassa oTo pemeHume B HPaBYI JacTh BTOPOTO ypaBHEHUs, Ha-
XOIHAM

Oy
667 —I— Y=
+ [y sin? (0 + cpo)—— 1] ro cos (0 4 o).
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Nan, memons3ysa ToxmecTsBo
. 1 1
sin? (6 + o) €03 (8 + o) = —- cos (0 + o) — ——cos 3 (0 + o),

IPUBOAUM 3TO yPaBHEHHE K CIIeIyIOmMeMy BULY:

o d re
‘5_9%1“!“.1/1: (—2 d::a —To —|-—40—) cos (0 + o) +
9o 320 in (8 0 00530
+ rOFSIH( +(P0)_TCOS ( "I"(P(]).
Venosmsa orpaHUYeHHOCTH pelieHuit mo 0 IPUBOMAT K COOTHOIIEHMAM
3
dro 1 Ty dpy
=T (T_rf')’ ar =0

9TH ypaBHeHHA HHTeTPHPYIOTCS TOYHO, ITO W IO3BOJIAET 3aMUCATH
B ABHOM BHOfie pemeHnmd mepeoro mpubiamxeHusa. B gactHocTH, cra-
IUOHADHHIA peRUM, KOTOPHII mpeficTaBisger co00# mpeIeIbHEIR
OUKJI, WIH Pe;RUM aBTOKONE0AHWH, OHmpefleldeTcA YCIOBHEM

r%/é——ro=0,

OTKyZa HEeTPHBHAJIBHOE pemeHme ro = 2.



T'nasa III

TIHAMHIKA
IEAJBHOI'0 PESOHATOPA

9

JluaamMmueckue cBoiicTBa
YIOPYIOro HepacTsKHMOr0 KOIbIA

B sToM maparpade M mpegmosiaraeM mocTpouTh 00Imee pemeHme JH-
HefHHX AuddepeHNUaIbHIX ypaBHeHW CBOGOMHBIX KojeGaHmii Bpa-
IMAoImerocs TOHKOTO KOJbIIA, OTPAKAINee KaK SBIGHWE IIPEINeCCHH
BOJIHOBOTO IOJfA, TAK W 3aKOH KojebaHmil mo xammoir ¢opme. Ilpm
9TOM CKOPOCTH BPAIEHUSA KONbIIa CINTAETCH NPOWBBOJBHON (QYHKRIH-
e BpeMeHH.

Bynem mexommrs w3 ypasmenms (2.7).

Pacemorpmm caygait o = const. Passickusas wacTHOe pemeHme
ypasuenua (2.7) B Buge wy = Aj cos (vt 4+ k¢ 4 a;) cos pt, rme
V I U — Hew3BeCTHHe KOHCTAHTH, MOAyY4aeM [Id UX OHpEeNeJeHHS
COOTHOIIEHUS

— E* (B — 1)+ (v + p?) (B + 1) —dovk — o*? (k* —3) =0,
vk +1) — 20k =0,
OTKYZa HAXOTUM

20k s k(R —1)

V=Tmrre WEmpn B 140, (9.1)

CuegmoBarensHo, obmee pemenwe ypasHeHmsa (2.7) 3ammchBaercs
TaK:

W= % {[Ay cos (vt + ko) + By sin(vt + k)] cosut +
k=2
+ [Cy cos (vt + ko) + Dy sin (vv + ko)] sin pt}, (9.2)

rne Ay, By, Cy, Dy — npowsBoibHEE NTOCTOSHHEE, OIIpeesseMbie
HAYAIBHEIMA YCIOBUAMI.

Taxmm o6pasom, MBI IPUXOAAM K TeM K€ BHBOJAM, KOTOpEE OBI-
JH CAeNaHBl BO BBeJeHHH: BO BPAIAIOMEMCH KOJbIe BO30Y:KIeHHAL
dopmMa KomeGaHmH wy MOBOPAYMBAETCS OTHOCHTEILHO KOJbIA HA YTOX
@ = — 20t/(k* + 1), oTHOCHTEIBPHO HHEPOUAIHLHOIO HPOCTPAHCTBA
sra (opMa moBopaumsaercs Ha yroa ¢, = (k* — 1) ot/(k* 4 1).
Paccmorpum Temepp o6mmit caydaii mepeMeHHOH YTIIOBOH CKOPOCTH
o (t). Jas storo GymeM pemaTh ypasHeHme (2.7) METOXOM OCpenHe-
Hus, monarag o << 1. Kpome sToro, cauraeM o (t) MeieHHO MeHAIO-
mefics yHKImeR BpeMeHH. JTo 03HAUAET CIefyiomee: max |o (t) | =
=¢ sBusgerca Manoll BeamumHoi, max|dw/dt| mmeer mopsamok &Z.

45



IIpusenem ypasHenme (2.7) K crammapTHO#l opMe 3aMeHOH mepe-
MerHbX {w (T, @), & (t, 9)} — {a (v, k), m (v, k), b (v, k), n (x, k)}
no caegyomuaM (opMyaaM:

w= ) [(acos ko + bsin k) cos y,T -+
k=2
~+ (m cos ko + n sin ko) sin yytl, (9.3)

W= vy [—(a cos ko + bsin k¢)sin y,T +
K=2
+ (m cos kg + nsin ko) cos yyT],
Y70 OPHUBOJUT K NOIONHHUTENLHOMY YCIOBHUIO
(¢ cos ke + b sin k) cos vt -+ (1 cos ko +
~+% sin k¢) sin y,t = 0. (9.4)
Huddepernupyd @ mo T, morydaem
W=— D yiwy + X v [— (dcos ke + b sin ko) sin p,v +
k=2 k=2
-+ (m cos kg - @ sin ko) cos pT]. (9.5,
Ilopcrasass Temeps coormomenmsa (9.3), (9.5) B ypasmenme (2.7),
mMeeM
) vk (B2 + Dwi + X v (B 4 1) [(d cos kp + b sin k) sin 7 —
k=2 k=2
— (m cos k@ 4 nsin k@) cos yxT] +
+ 4o ) kyg[(asin ko — b cos k¢) sin T -
k=2
+ (— msin kg + n cos ko) cos yxT] +
+ 20 D) k[(—asin kg + bcos k) cos y,T +
k=2
+ (— msin kg + n cos ko) sin yT] +
4 D) [— k2 (k2 — 1) — k2 (k2 — 3)] wy =0, (9.6)

k=2

Ilonaras vy, =k (k* — 1)/(k® + 1)'/» w npupasHUBasA B yPABHEHUAX
(9.4), (9.6) xosdpdumments: mpu sin k¢ m cos ke HyI0, moaydaem
clIeyomyoo GeCKOHETHYI0O CHCTeMY AE(PepeHIUaNbERX YpaBHEHNI,
9KBHBAJCGHTHYI0 WCXOMHOMY ypaBHeHW0 (2.7) B 9YaCTHEIX IPOM3BOJ-
HEIX:
G = 2p (b sin y,T — n cos y,T) sin yxT +
~+ 2q (@ cos Y47, m sin yyt) sin Y47 — 2rd (b cos YT + nsin y,T) X
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X sin y,T, m = — 2p (b sin y,T — 1 €OS Y4T) COS V4T —
—2q (@ cos y,T + m sin y,T) cos yxt + 2r®d (b cos y,T +
-+ n sin p;7) cos T, 9.7

b= —2p (a sin yt — m cos y;7) sin T +

+ 2q (b cos yxtv - n sin ;1) sin v - 2rd (@ cos y,v +
~+ m sin yyt) Sin T,

7% = 2p (a sin yT — m cos y;,7) cos VT — 2¢ (b cos yxT +
-+ n sin y,t) cos v — 2r® (a cos y;T -+ m sin y,T) cos VT
k=2,3,...,
rrie

2ko> @22 (k — 3) k

P=wrr ISmoery TTR@EED (5:5)

B coorBercTBUE CO CHENaHHEIMA IPEJIOIOKEHHAMI P HMEET HO-
pANOK €, a ¢ w r® — mopsfok &2, BomonnmM B ypasmemmax (9.7)
B3aMeHY, YCTPAHSIOMYI0 OBICTPOMEHSIOMAECS YIeHH I6PBOTO HOpPSIf-
®a MaJOoCTH:

a = a; — p (2y)7 (by sin 2y, — nyc08 29;7),
m = my + p (2y;)7! (nysin 2yt + bicos 2y,T), 9.9)
b= by + p 2yr) 7! (agsin 29;T — m,c0s 2y;71),
n = n; — p (2yx)7! (mysin 29,7 + a,c08 29,7).

Bsegem wmarpunmy-crontenz = (a, m, b, n)T. Torma cmcrema ypasHe-
amit (9.7) mepemmCHIBAeTCA B BHUIE MAaTPHIHOTO YpPaBHEHHA

z=plAd + B (v)l z 4 &*C (v) z;

0 010
A 0 001
=1 00 of"
0 —1 00
0 0 —c0s2y,T — sin2y,t
0 0 — sin 2y, 0s 27,,T
B (1) =] cos 29,7 sin 2y, T 0 0 ) (9.10)
sin 2y,T — OS2y, T 0 0
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caaraemoe &%C (t) mpencrasiaser cofoil Maisle WIEHH HOPAAKa &2,
JTo ypaBHeHHe B peayisTare 3amensl (9.9), 3BanmcriBaeMoil B MaTpmy-

HO#i dopme

1000
0100
Z=[E+PD(7)]21, E= 001 01
0 001
dD (7) (9.11)
T B (),
0 0 — sin 2y, T cos2y,T
Do) — 1 0 0 cos 2y, T sin 2v,7T
()= 2y, sin 2y, T — Cos 2y, 0 0 ?
— €08 2y,T — sin2y,T 0 0

€ TOYHOCTBIO /10 UWIeHOB MOPAAKA &2 mpmBomuTcsa K BHLY
[E + pD (1)) 2, + pB (t)2, = p [4 + B (¥)] [E + pD(v)lz, +
-+ &2C (x)zy,
OTKYZa B PaMKaX IPUHATOH TOYHOCTH MMeeM
z,=plE—pD (x) {— B @)+ 14 +B @) [E+
+ pD (v)} 2z, + €°C (v)z,

wm
z; = pAz, + p? [AD (t) — D (v)A + B (v) D ()] z, + &*C(v)z,.

HoMmoHeHTH HOTyYeHHOTO YPAaBHEHHS ABIAIOTCA MEIIEHHO MeHIIO-
muMucsa YEKIUAMA BpeMeHH, I09TOMY 3[ech HPHMEHIM MeTOJ ocpef-
Henma. OcpefHAM IpaBile YacTH YpaBHEHWS 0O BPEMEHHU T, CIATAL
z;, ®(t), ® (t) mocrosEHEEMEH u mpmHEMas Bo BHuUMaHEE (9.7) —
(9.11). B pesyabraTe mosyuaem ciaegyoIlyio cucTeMy Auddepenimanb-
HBIX YPaBHEHMWIA:

dy =p (v) by + g, W)m; — 10 (1) ny,

my = p () — g (Vay + 7o (1)by, (9.12)
271 = — p (V)a; + ¢, (V)ny + 76 (1) my,
iy = — p (V)my — q; (Vb — 1® (7) ay,

¢ (1) = @ (v) B (k* — 1)% [29 (B® 4 1)%17%.

9TH ypaBHEHHA OAWBKH IO CTPYKType K YPaBHEHHAM THPOKOM-
naca I'exkkenepa [5], oramwasce oT HEX aAEmMB 3aBUCAIEME OT YCKO-
peEma ® (t) wienamu. TodHO Tak e, KAk I yPaBHEHHSA THPOKOMIa-
ca 'exxexnepa, ypasuenns (9.12) momycKaoT ToYHOe WHTErPEPOBAHUE
OpH OPOM3BOJLHOM HM3MEHEHWH YII0BO# cropoctu o (tv). [Huaa aroi
IelW CoeaeM elie OJHY 3aMeHy IePeMeHHBIX

z, = Fz, (9.13)
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C DOCTOSIHHO# MaTpunei
1 0 0 1
1 0 —1 —1 0
2010 —1 1 o0}
1 0 0 —1

KoTopas obmamaer cmoiicrsamm F? = F, F = F~'. B pesyabprare Ta-
Ko#l samenni cmcrema (9.13) pacmamaeTca Ha JBe HE3aBHCHMBIC MMOJ-
CHCTEMEI:

iy = — 10 (t)ay + [p (t) — q1 (¥)]by, ty =10 (t)my +
+[p (1) + @1 (¥)] 7,

i’z = —10 (1) by — [p (t) — ¢1 (¥)]as, fhy = 10 (T)ng —
— [p (v) + ¢, (t)m.. (9.14)

ITonygeHnEEe TOMCHMCTEMBI IIyTEM BBEIEHUS KOMIIEKCHHX IePEMEH-
HHX & = ay + iby mw M = my, + in, cBOOATCA K JAWHEHHEIM mudde-
PeHIWAIbLHEIM YPAaBHEHHAM II€PBOTO HOPAMAKA, KOTOPHE JIeTKO WH-
rerpupyioresa. Otmenss HeACTBUTEONBHYI0 M MHEMYIO 9acTH MOJYYeH-
HEIX PeIIeHdil W BO3BpAMAsCh K HMCXONHKEM HDEDEMEHHEIM, MOJIydaeM
caenyiomee ob6mee pemenne cmereMsr (9.14):

ay =700 {4 cos{ [p (&) — ¢x (8)) A& -+ Bsin { [p (&) — g1 (2)] a8},

0 0

by =790 {— Asin { [p(8) — g1 (8)) 4& + B cos § [p(8) — 1 (8)) dE},
’ (9.15)

my = e {Mcos S [PE)+ @ @E))dE+ N sinS [p(E)+ a1 (8)] d§} )
0 0

T T
ny == erom {_ M sin S [p(E)+a(B)]dE+ N cosg [P(8) + 1 (8)] dE}.
0 0
3mecs A, B, M, N — mpou3BoJbHEE IOCTOSHHEIE.

Pemenne cucremer (9.12) monydaerca m3 HAIGHHOTO pemeHHA
(9.15) mo gopmynam (9.13), mocme wero mocpexcTBoM gopmya (9.9)
HaxofmTcsl pemeHwme cmcTeMbl (9.7) ¢ HOIPEIIHOCTBIO HOpPSARKa &?
Ha DHTepBasie BpeMeHH mopsagxa €~ '. VI HakoHel], IOJCTAaHOBKA 9TOTO
pemeHUs B GopMyas ocHosHol 3ameHs (9.3) maer ofmee pemenume
#mexonHoro mudepennuanbHoro ypasHeHua (2.7) ¢ TeMm ke OIeH-
KaMH TOYHOCTH.

ITpomienaeM Bce »Tw BHEKIAQKE JJaA TACTHOTO DEMIEHHS 3TOTO
YpaBHEHHA, COOTBETCTBYMOIMEro crosdeil BonHe w = C cos k¢ cos ut
B HeBpamamomemcsa Koabne. Ilomarags A = N =C/2, B=M =0
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B opmynax (9.15) m mcmonsays dopmyas (9.12), maxogmm

a1= {79 cos S [P (&) — a(®)] & + ero® cosS[p(a) +au) e},

= {e °’<f>sm§ [P () — (&) 08 — emmsmg[p@>+q1@>1d§}
(9.16)

=~

. [P(E)+a:(8)] a2},

& —errormsin § [p(5)—0u@) dE—eroto sin
0

m= 5 {e700 cos { [p() — 01(8)) a5— e cos
0

O R4 ey

) (P a1 3

Ilanee, He CHWyKad WPHWHATOW TOYHOCTH BHIUWCIEHWIT, MOMKHO IO-
J0KATH eXp ro (v) &~ 1 4 ro (v). YUuTeBag 5T0 ¥ HOACTABISAA pe-
merne (9.16) 8 dopmyns (9.9), umeem

0= c{[cos§p(§)d§][ s§q1 §)d§
|

0

—rw(t)[s1n§p )d§] squl(E)dE]}

+C 5 [sin S P d | [sin (2wt + §q1 &) de ],
0

2yk
(9.17)

m=C{—[cos S p(®de] [sin 5 a1 (8) dg | —

“

p®ds] [cos (@ az ]} —

—ra(T) [sm

TN O

2+ (@ dg)],

o3,

p(E)dg] [cos

— [SIH

01(®) & ] —ro(o) [ cos S P ()& | x

(S PR

b=C{— [sin () dg} [cos

x [sin S 0u(®) &} +

+ C—z%; [cos § p(®) d§] ‘_Sln(ZVkT + S 91 (8) d§>]

(S]]
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{[sm §p (&) d§] [sin § 71 (§) dE.J —ro(T) [cos § p(§) d§] pe
0 0 0
[cosiql( 5 dg]}—

—C— 2Yk [cos S p ) d§] [cos(Zykt -+ Sq1 &) dE]

Oyurnma (9.13) sBasoTes pelmeHHeM OCPEJHEHHON CHCTEME
ypasrennii (9.7) Bo BropoM nmpubnmxennn. Iloxcrasassa ux B gopmy-
et (9.3), momywaem, [To

w=C{[ cos (ko + Sp(ﬁ)dﬁ)] [cos (e + S 2 €)d8)) |+

+ [ 2 rco(r)] [sm(kcp—!— S (&) d§]

2vy
< [sin (e + @ ag)]}-

B cuny oGosmauenmit (9.8) p/2y;, — ro = 0, moatomy paccmar-
PUBaeMoOe 9acTHOE pelleHne 3AMUCHBAETCA B CIENYIONEM BHJe:

=C[cos(kcp+sz_%T§w(§)d§)] %

x feos HE= [+ Sm2(§>d§]}+0(ez>. (9.18)

@Dopmyna (9.18) mna mepeMermHoil YrioBoH CKOpoCTH W (HOPMYIIEL
(1.19) — (1.21) moxasmBaT, 970 TEPEMEHHOCTh CKOPOCTH BpAalleHUs
KOJBIIA C TOYHOCTHIO [0 MAJHIX BEJWIWH BTOPOTO IOPSAJKA HE mM3Me-
HAET CBONCTB BOJHOBOTO IoJs. BoiHAa mOBODAYMBAETCH OTHOCHTENb-
HO KOJBIA Ha yroa (, IPONOPIHOHAIBHHEH YINY IOBOPOTA KOJBIA
OTHOCHTeIBHO WHEPIHMAIBHOTO IPOCTPAHCTBA:

cp:_?z_i_i \o@) d. (9.19)
0

Yron moBopoTa BOJHEL (y OTHOCHTEIbHO MHEPIWAIBHOTO IPOCTPAH-
cTBa BEIpaKaercs GpopMmymoi

e =TT Sw(&) d. (9.20)
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®Dopmyna (9.19) morasmiBaer, 4To 1m0 W3MEPEHHOMY YTIAY ¢ MOKHO

T
BEUUCAATH YTOJ IOBOPOTA O0OBEKTA, paBHHﬁS(n)(g) dg. llpmmeua-

0
TelbHo, 9T0 KodpdunmenTts: B Popmynax (9.19), (9.20) saBmear Tomanp~

Ko oT HOMepa QOPMH X W He 3aBHCAT HE OT PA3MEpOB KOJIbIA, HE OT
CBOiiCTB ero Martepmana. fIBIeHHA TAKOTO pofia OBLIM BIEPBEE OTMe-
gennl B [16] ns cnyuas mocTosHHON YrioBO# CKOPOCTH.

N3 popmynsr (9.19) BugHO TaksKke, YTO NMPOMCXORWUT MAajoe M3Me-
HeHNWe 4YacTOTH KoJeOaHuWii, IPOMOPIEOHANbHOE WHTerpaiy oT o°.

10

JinramMmuecknz cBoiicTBa
YOPYrore pacta:KEMOr0 KOJBIA

HOus yuera pacrmmummocTw K ImioTHocTw Qymrmmm Jlarpamsa (2.4)
Heo0XxoamMo [00aBWTh HOPMHPOBAHHYIO IJIOTHOCTH HOTEHIUANIHLHOR
pHepruu fedopManuil pacrsaykeHus. BMecTo mpesKHEro yCIOBHUA Hepa=
crsmrnMocTa V' — w = 0, 03HAYAOMEr0 PaBEHCTBO HYJIIO OTHO-
CHTeNBHOTO YAJAWHEHHS CpegHedl JWHWH KOJbIla, HEO6X0[UMO

CBSIBATH HTO OTHOCUTENBHOE V/JIWHEHWe C YCHIUeM pPACTIIKeHAS
SE
N =—p (V' — w) == SEe. lloTennmanbuas dHEPTAS paCTAKeHASA (ILIOT-

1 SE , ,
HOCTB) paBHA —Q—NR:s::—ﬁ'(v — w)?. CiemoBaTerbHO, MIOTHOCTH

JarpaH;xmaHa B [JaHHOM cClIydJae 3aNANIeTC:

RS ,. . FET /
L— 9—2—[(v——w§2 + RQ) + (4 + vQP] — —p (' + V) —
— o O —up. (10.1)
Hopuupys ee mpomssemenumem pRS’ m BBOIA 0603HAUCHHA
. EI st &
= RIS = pRT

samumeM BMecTo (2.4) marpamskmaH B BUie

L= 5 [(6 —w + R -+ (i + vQ] — 2 (" + vy —
_ g( /__w)g‘ (10.2)

B pammoM ciyuae cBA3h OTCyTCTBYyeT W ypasHemms Jlarpamma (2.5)
mMeT 0ojee mMPOCTOR BuUN:

d oL d oL oL

T o T a0
d_oL & oL _ oL _,
dt ap do? aw” ~ ew



Y3 sTux ypasmennit B cury gopmyx (10.2) Haxommm
¥ — 20w — 82 (V' —w') — % (w” + v")=0.
W+ 200 — 8 (V' —w) + 2wV +0v")=0, o=Q/x. (10.3)

IIpegmonaras B panbHelmeM paccMaTpPUBAThH JWIIb MAJble YIJIOBEH®
CKODPOCTH @, B BTHX YpaBHEHHAX HOpeHeGperaeM wieHaMu 2 @ .
O6mee pemenne mopoykgatomeit cucreMsl (mpu o = 0) mmeer BUR

v_Z [(pcos ke + gsin k) cos uyv 4

+ (rcos kg + ssin k) sin pst] 4 (a cos ke +bsin ko) cos uot -+

+ (m cos ko + n sin ko) sin pe7}, (10.4)

w= ) {(g cos kp — psin kp) cos pyT -+ (s cos kp —
=

—rsin k) sinpyt + Gy [(bcos kp — a sin kp) cos pet +
+ (n cos kg —— m sin ko) sin ust]},

TZle 9aCTOTHL Uy W [y OIpeNeAaIoTCA COOTHOIMEeHMmEeM

P = - (x2h2 4 6) (1 + ) &

£V (L P (I B — B (2 — 1P, (10.5)

a ro3dunuentsl G, u Gy, COOTBETCTBYIONIAE KOPHAM [y B [y, TMEIOT
BU]J

— 2 k2 (2 482
Gl =M (G 1=0). (10.6)

Uro6rr m3Gesarh HM3AUIIHE TPOMO3[KAX BHIKIALOK, MBI OyJeM IOJb-
30BaThCH WHOTNA HE CAMIMH BHIDQyKEHUAMHO A Wi, Wy, Gy, Gy, a BX
ACEMIOTOTAKAME OPH GONAbIIAX §:

pie (e )8 i~ BE=le G, Gk
‘ (10.7

Jna Toro 4role pemmrs moxmylo cmeremy (10.3), Gymem paccmar-
pusath ypasHenma (10.4) B kauecTBe 3aMeHH IepeMeHHHX (v, U, w,
w) -(p, q, 1, s, a, b, m, n), HAIOKAB HA HOBEEe MePeMEeHHEIE JOLMOJI-
HATEJIHHEIE YCIOBUA:

Z {Gil [(B cos ko - sin k) cos pa T+ (7 cos ko--$ sin k) sin piv]+

=0
- (d cos ko - b sin k) cos pat + (2 cos k@ 47 sin ko) sinpet} =0
(10.8)
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N {(¢ cos kg — psin ke) cos pyT + (§ cos ke — i*sin ko) sin v -+
=0

-+ G5 [(b cos kg — d sin k¢) cos patT -

+ (v cos ko — i sin ko) sin pet]} =0.
ITopcrasnas ¢ymrnmm (10.4) B ypasmenma (10.3) m yumTeiBag coor-
momenms (10.8), monyduaem

Z {% [— (P cos k¢ —+ ¢ sin ko) sin it + (i cos kg
K=o

+ $sin k@) cos pyt] + pa [— (d cos kg 4- b sin k¢) sin ot -
—+ (m cos kg + i sin ko) cospet]} = 20 Z {w1[(— qcos ke +
k=0

+ psin k@) sin uy T 4 (s cos kg — r sin ko) cos pyt] + (10.9}
+ Gops [(— bcos ko - a sin ko) sin pat 4
+ (n cos kg — m sin k) cos pet]}s

Z {u1 [(— ¢ coske -+ psin ko) sinpit 4 (Scos ko —
k=0

— 7 sin k@) cos pu1t] - Gapz [(— b cos ke - d sin ko) sin pyt

o

+ (7 cos ko — m sin ko) cos uot]} = — 2@2 {%IT [— (pcos kip +

=0
~+ g¢sin ko) sin pyv -+ (rcos kg + ssin k) cos uyt] +
+ po [— (a cos ko + bsin k) sin pat +
+- (m cos kp + n sin ko) cos pet]}.

IIpupasrusasa B coornomennax (10.8) m (10.9) wnens upm ogHHAKOBEIX
TapMOHUKAX €o0S k¢ m sin k¢, monyamm GECKOHETIHYIO CHCTEMY OGHIK-
HOBEHHHX AU(QPepPEeHTnaibHbX yPaBHEHNH, SKBUBAJIEHTHYIO WCXO]I-
HO#l cmcTeMe B "gacTHHX mpoumssogubix (10.3):

-é;—(p €08 T —+ 78in pyt) + d cos peT + msinpar =0, (10.10)
% — psin gt + 7 cos paT) + P (— d sin pet - 72 cos pet) =

= 20 [p1 (— ¢ sin 17 4 s €os 17) -+ Gola(—b sin psT + 72 cos pat)],
P cos peT - 7 sin uyt + G, (d cos pat 4 1 sin pyt) = 0,
p1 (— psin paT -+ 7 cos y7) + Gala (— d sin paT 4 1 €oS paT) =

— 20)%11 (— ¢ sin puyT + scos pyT) + pa (— b sin pet + 7 cos paT)],
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g cos T - $sin T + Ga (b cos st +- 7 sin pyt) =0,

Ha (— ¢ sinpaT 4 $cos pyt) + Gaps (— b sin pat - 7 cos paT) =

—_.———_,J)[ P (— psin gt + r cos pat) +

—+ M2 (— a sin pet + m cos l.LzT)] ,
-—(%— (¢ cos T - § sin pyt) - b cos petT - 7 sin peT =0,

—g:— (— ¢ sinpyT + §c0s pyT) + pa (— b sin st 4 7 cos UeT) =

=20 [y (psin pav — r cos p17) + Gape (@ sin pat —
—mecospust)], k=0,1, 2,

Ilapamerpsr Wy, to, Gy, G, 3aBucsT ot k. B cucreme (10.10) mexomeiMm
asaawrea p (1, k), q (v, k), r (v, k), s (v, k), a (v, k), b (z, k), m (v, k),
n (v, k).

ITocne paspemenus cucrems (10.10) oTHOCHTENBHO IPOM3BOTHBIX
¥ OCpelHEeHNA IOJYIeHHOU CHCTeMH B CTaHRAPTHO# (opme mo Bpe-
MEeHE HaXO[UM

. 1— GG, . 1—GG,

T Ema T ama 10.11
e 1 — GG, . 1—G1G2n (10.11)
= G-6 0 T —e

. 1= GG, 1—GyG,

(=0 g—q P =T g—g @

.1 —GGy . 1—G,G,

S=wm G, — r, N=——0 G2_G1 m.

Tounsre pemenus (10.4) cmeremsr (10.3) mus caygyas o = 0 morasw
BAIOT, YTO Kaykmas opMa KomeGaHMil mpemcTaBieHa ABYMS 4acToTa-
MI: Wy I Uy, TakuMm o6pasoM, maupuMmep, OCHOBHAS BO3MYymeHHAS (op-
Ma B BHfe oBasia k = 2 MOKeT COBepmIaTh KoNe0aHMA KAK C TacTOTOH
Uy, OPAMEPHO pPABHOM 9YacToTe Koae0aHHMH 1O OCHOBHOH (opMe MJIA
clydad HepacTHKEMOTO KOJbIIa, TAK W C BEChMAa BEICOKOH 9acTOTOM
wq. HomeGamms ¢ wacroroit p, Mer Gy/em Ha3HBATH OCHOBHEIME, KOJe-
Gamusa ¢ wacToroil p, — moGounsiMa. OcHOBHBIE KoneGaHHA OMMCH-
BAIOTCA, KAK U paHbIIe, MepeMeHHHMH a, m, b, n, 1000YHKEe — Iepe-
MeHHHIMHZ D, ¢, I, §

B ocpemmenmmmx ypasmemmax mepsoro npmbammenmsa (10.11)
MPOMCXOAAT HOJHOEe PasfelieHHe OCHOBHHIX W HOGOYHEIX KoxeGaHUi.
Otrinuwme ypasHeHmit, oOECHBAIOMUX OCHOBHEE KOJe6aHMA B paccMaT-
puBaeMoOM ciydae, OT CIAyYad HEPACTKEMOTO KOJbIA 3aKIIOYAETCA
Iump B m3MeHeHNn Kodpdunmenta npu w. Bmecro 2k/(k? + 1) B cay-
qae HepacTsyRAMoro Koabma mmeeM (I — G,G,)/(G, — Gy) B cayuae
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pacrs;KEMoro. Pesyasrar siBiseTcs KODPEKTHEIM B TOM  CMBICTe ,
12646, 2k

— —>
Ca—G1 B 1
(10.7). Tarmm oGpasom, mpemeccnsi OCHOBHOTO BOJIHOBOTO TOJIA OTHO-
CHTEJIBHO Teja KOJbIA OHpeAessercs (opMmysion

910 mpm & — oo B COOTBETCTBHH C (OPMYIaMIL

1—66, ¢
S ar ICL

0

Jlas pacTsKEMOTO KOMTBIIa paccMaTPHBAEMBId Kod((UIEEHT mpo-—
IOPIUOHAJBHOCTH OKA3KHBAETCA YK€ B3aBHCANIM He TOJBKO OT HO-
Mepa QODMEI, HO W OT PasMepPOB KOJIbIlAa M XaPAKTEPHCTHK €ro MaTe-
pmana. Ilpasma, saBmcmMocTh Ta 04eHDH caabas.

IToGounan ¢opma xomeGammit, xar ciaemyer m3 (10.11), Gymer
IPenecCHPOBATh OTHOCHTENHHO KOJIBIA C TOM K€ CKOPOCTHI0, 9TO |
OCHOBHAs, OHAKO B IPOTHBOILOJOKHYIO cTopony. OHa Gymer mepeme-
mMAaThCA BOEePel HO KOJBIY B CTOPOHY €r0 BPAIEHHs. JTOT HHTEPeC-
HHH QaKT He mMeeT MPAKTHYECKOTO 3HAYCHMSH.

3aMeTnmM, 9TO pasfeieHne KojeGaHuWil 10 9aCTOTAM HA OCHOBHEE I
no6odYHEIe HUKAK HE CBA3AHO C pasjeseHumeM HedopManmii Koaboa Ha
m3rubEEe U gefopmanum pactsskenns. Tak,mpu p =r =g =s =0
KOJIBII0O COBepIIaeT OCHOBHHE KOJeGaHWA C FACTOTOH [y, OIPA HTOM
B cooTBeTcTBEE ¢ (Popmynoir (10.4) mMeroT MecTo Kak m3rUOHEBIE Je-
dopManmm, KOTOPHE XapaKTEePH3YIOTCA NepeMemeHmeM W, TaK N
ngq)opmamm PACTSI;KEHAA, KOTOPHE XapaKTepm3yITcs KoMOmHAImenR
v — w.

Hna wosdpdummenra (1 — G1G,)/(Gy — Gy) MOKHO YCTAaHOBUTH
CAeAyOMY0 aCHMOTOTAIECKYI0 (OPMYIyY:

00 2 [1ae ] e

2 — Gy +1 K1) &
THe ToYKamMu 0003HAYEHH WICHH mopamnka x*/0*m Bwime. dta opmyia
LIOKA3BIBAET, UTO YUeT PACTI:KEMOCTH KOJbIIA IIPUBONHUT K YBeJImIe-
HE paccmaTtpmBaemoro kKosgummmenta. Ciemyer 3aMeTuTh, OHAKO,
9TO BTOT Pe3yabTaT HMeeT 3HadeHHe INIIb B pAMKaX PacCMaTPUBAEMBIX
ypasuenmit (10.3). CamMm ypaBHeHUs MONYIeHH B UPEIIOJIOKEHUH,
9TO KOJBIO TOHKOE W ujeHam: %2/62 B cyumme ¢ emHHUIEH HOTyCTHMO
mpeHe6peysn.

11

Tounsle pemienns ypaBHeHHII AMHAMMKH
YIPYIOro HepacTa:KEMOro KOIbIa

B naparpade 9 BHpakeHWe [ CKOPOCTH HIpeIeCCHH BOJHEL OT-
HOCHTEJbHO BPAIAIOMErocsa Koabla OBII0 MOAYIeHO DPHOIMKeHHEIM
MeToHoM ocpernHeHms. llpmMeHenme MeTofla OCpeJHEHHA IIO3BOJAET
DOTyYATh HE TOJbKO MHPOPMAIUWIoO 0 HPerecCHd BOJHE, HO @ obmiee
pelleHme 3aJaun IIPHE IPOM3BOJIBHON YrioBo# cxopocTm © (T) Bpame-
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HEA Koasma. Mesxoy TeM BO BBefeHmm OHLIO IOKAa3aHO, 9T0 opMyna
(9.19) sBAsieTca TOUHOW W 4TO OHA MOKET OBHITH MOJNydYeHA W (e3 mpuH-
MEeHEHHUs MeTOJa OCPEeTHeHHUsI, eCIN He CTPEMHUTHCA MOCTPOUTH 00Imee
permenwe.

B macrosmeM maparpage BOmpoC O BEIBOJE OCHOBHOM (HOPMYJIEI
(9.19) pemaerca mopmpobuee. Tarske paccMaTpuBaOTCA W T YaCTHHIE
3aKOHB BPAINeHAS KOJbIA, KOIZA yHAAeTCs HOJYIATH TOTHO W obmee
pelenme.

UcxomubiM sBugercs ypasHeHme

W' — W + bdow' + 20w + wV 4 20V + " — 02 WV +
+ 3w") =0, (11.1)

coBmajaomee ¢ ypasHeHueM (2.7). OgHarko mpuHATHE B maparpade
Y OpefmosiOsKeHHWA O MAJOCTH ® W (MEIJEHHOCTH» ee M3MEeHeHHA CO
BpPeMeHeM CHHMAIOTCH, TeM CaMbIM ® (T) CIATAeTCA IPOM3BOJIBHOMN
QyHKIHEX BpeMeH:.

Rax acro m3 maparpaga 9, ypaBHeHna KosieGaHmil M0 pasimIHEIM
$opMaM 0OKABHIBAIOTCA HE3ABHCEMBIMU, TOITOMY DPeNIEHHe II0CTaBJIeH-
HOM 3affaum MOKHO MCKATh Cpasy MJsA WHTepPecymimedl Hac (GOPMEI,
mMes B BUAY paccMoTpeHme ocHOBHOU dopMu (b = 2), 6ymem mckaTh
w B BHJE

w = o cos 2¢ - P sin 2¢. (11.2)

Bribop momKperHOTO WOMepa (GOPMEI CBA3AaH JWNOIb CO CTPEMJIEHHEM
K HECKOJBKO 00jiee KOMIOAKTHHIM BEIKJaZKaM. Bce ciepmymomee merko
noBTOpAeTCA Ous Job6oro Homepa k.

B pesymapraTe mpuxoimM K OGHKHOBEHHHIM AuddepeHmmaTbHbIM
ypasHeHHAM Iusa dysrumid o (v) w f (T) BmAa

9% — 8w (t)B — 40 (7) B + [36 + 4w?(r)]a =0,

98 4+ 8w (t) & + 4® (1) & + [36 + 4o(v)] p = 0. (11.3)
Jlo pemenma 5ToH cHCTEMBI BEINOJHMM IIPeBAPUTEILHLIL aHAIH3 ee

cBoiicts. Ypasmenume (11.1) mHBapPWAHTHO OTHOCHTEJIBHO TI'pPYIIEL
CcBUTA

P>¢—, (11.4)
Tfle Y — HeKoTopasg (UKCHPOBAHHAS IOCTOSHHAH. JaMeHa TepPeMeH-
umerx (11.2) mpmoGperaer gopmy

w=acos 2¢ + Psin2¢ = a, cos 2 (¢ — y) + Py sin 2 (¢ — ¥).

(11.5)

WNuriMm cmosavm, rpynma (11.4) mEgymupyer B mpocTpaHCTBE HIepe-
MEHHEIX O, [} OPTOTOHANBHYI0 TPYNIOY, OTHOCHTEIHHO KOTODOH OYRYT
mHBapuanTHH ypasmeHuma (11.3)

o = ay cos 29 — Py sin 2y,
p = ay sin 2y 4 B, cos 2y. (11.6)
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Bsenem o6o3mauennsa
o (¢4 0 —17
x=(s)’ y‘_'(lsl)’ E=(1 0)’
( cos2y —sin 2\7)
A= . .
sin 2y cos 2y

VYpasmenua (11.3) m samema nepememunix (11.6) mepemwmyres cae-
oyomuM o0pasom:

5% + BwEx% 4 40Ex + (36 + 49?)x=0, (11.7)
x = Ay. (11.8)

VYpasuenne (11.7) wmBapmamtao otmocmrenbuo rpymmsl (11.8). 9ro
o3HagaeT, 9YTO IOCIe 3aMeHb mepemeHHHX mo Qgopmyne (11.8) mor
OPHXOAMM K TOMY K€ CAMOMY YPaBHEHWIO:

5§ + 8wEy 4 40Ey + (36 -+ 4w?)y=0.
Beenem B paccMoTpeHme MaTpHILY

1 dA4 sin 2y cos 2y
A‘ == =l . .
—cos 2y sin 2y

Jlst pTOE MATPUITHI WMEIOT MECTO COOTHOIIEHMS
ATA=E, dA)dy==—24, A"EA=—_E,

rne AT — tpaHcUmOHWpOBaHHAS Marpmma A.

BrimorauM Temeps B ypasueHmm (11.7) sameHy mepeMeHHEIX
(x —>y) mo ¢opmyne (11.8), cumraa, 9T0 y = Yy (T) — HEKoTopasd,
OOKA HEeW3BECTHAA (YHRIMA BPEMEHU:

x = Ay + 2‘\"4’4-3"
K= Ay + 41 Ay + 27 Ay — 4y* Ay.

IlogcraBnsas otm coorHomennmsa B ypasHenme (11.7) m ymHOKag ero
camesa Ha AT, monmydaem

5§ + 4 (57 + 20) By + 2(5¢ 4 20) Ey
+ (36 + 4o? — 2072 — 1670) y =0.

Ecnm sm6parts
y=— %S@(r)dr, (11.9y

TO YJIeHHI, COIep:Kamue CAMILIEKTHIecKy Marpuily E, o6pamaiorcsa
B HYJb, a CaM0 MaTpHIHOE ypaBHEHHE TpmHEMAaeT QopMy

5y + 36 (1 + Y0y = 0.

B cmereme (11.3) ypaBHeHWs CTAaHOBATCA HE3aBHCHMEIMH:
5 1+ 361+ Yso?)a, =0,

58, + 36 (1 + /502 B, = 0.
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Jl1s HEKOTOPHIX IPeICTABIAIINX TPAKTAIECKAN HWHTEPEC THIIOB
BAaBHCEMOCTA ® (T) 9TH ypaBHEHHA MOTYT OHTH peMmeHH TOYHO. MM
COOTBETCTBYIOT CIeAyIOMuUe YACTHHE CIYYad ABHKEHWS OCHOBAHMA.

Cayuaii 1, xorza cropocTh ® (T) MOHOTOHHO Bo3pacraeT. PaccmoT-
puM caydall JAWHEHHOTO BO3pPACTaHMA BO BPEMeHH NeHTPOOeKHOMI
CHLITHL:

Y02 (1) = It (I>0). (11.11)
Torma ypasmenms (11.10) mpmummaroT BmS
& + %/5 (1 + It)a; = 0. (11.12)
Brmonnum sameny spemenm T—- 0 mo dopmyie
0 =a -+ br. (11.13)
Ypasuerme (11.12) sanmcmBaercs B opme
d2e,

36 0 la
o + g (L5 1) =0,
Ilomnarasa 361/56° =1 u 1 — la/b = 0, maxongum, 4TO
b=1/'3605, a=1/36/0P).

B pesyasrare ypasmenme (11.12) npmsogurcs k ypasrenuio Jiipu: [13]
d2a1/d62 + 9061 == 0.

‘O6mee pemmenue 5TOTO yPaBHEHNA BEHPAKAETCA Iepe3 QyHKROmA Jipm?

a; = C,Ai (—0) + C,Bi(—0). (11.14)
Suavenns Qymxmmit diipm Ai(—0) m Bi(—0) crexyromue.

0 0,00 0,25 0,5 0,75 1,0. 2,0 3,0
Ai(—0) 0,3550  0,4187  0,4757 0,5178 0,5356  0,2274 —0,3788
Bi(—0) 0,6149 0,5014  0,3804 0,2478 0,1040 —0,4123 —0,1983

0 4,0 5,0 6,0 7,0 8,0 9,0 10,0
Ai(—9) —0,0703  0,3508 —D,3291 0,1843 —9,0527  0,0221  0,0402
Bi(—8) 0,3922 —0,1384 —0,1467 0,2938 —9,3313  0,3249 —0,3147

Bupn stex ¢yERuUmI nzobpaxken ma puc. 12, 13.
IIpz Gonpmmux O ymarumma Ai (—0) u Bi (—0) mmeror cremyromee
ACHMITOTHYECKOE TPeICTABICHUE:

. 1 . 2 b
—— ~—ee S —_— 8/2 —
Ai(—0) >~ —i 51n(36 + 4>,
. 1 2 i
— e —————— —_— a/2 —_—
Bi(—0)~ Ve cos<39 + 4>.

IOna B, pemenme mpelCTAaBIAETCS AHAIOTHIHBIM 00pPasoM:
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-0,6 Puc. 12

Bif-4)

AR\/E\NVA
\2 4x6 \5/ Xoa

-02
BRI/
6l Puc. 13

O6mee pemenme ypasmenns (11.1) B coorsercremn ¢ (11.5) fust ocEos-
HOI GOopPMEI mMeeT BH

T

wz[CIAi(_e)—l-CzBi(—@)]COS2<(p—[——?)-SOJ(T) dT) +

T

+ [Ca AT (—0) +CaBi(—8)] sin 2 (g + = S o(r)dr), (11.15)

0

rie 0 Hy)XHO 3aMeHHTH B cooTBercTBmE ¢ Qopmyimroit (11.13).

Tlosnuoe obmee pemernue ypasmenmsa (11.1) momydaercsa cymmmpo-
pagmeM pemenuit Tmma (11.15) mo Bcem dopmam.

Pemennme (11.15) mokassiBaer, 9o mpemeccusi CTOAICH BOJNHEL MPH
HepeMeHHOM BPAMeHnA 0CHOBAHMsA XapakTepuayercsa gopmysoit (11.9)
TOYHO. ITOT BHBOJ mMeeT o0IIuid XxapaKTep W He 3aBHCHT OT BHAA 3a-
BHCHMOCTH CKOPOCTH OCHOBAHHA OT BPEMeHHW. ITO CJIe[yeT U3 TOTO,
aro gopmyna (11.9) 6suma momydvena Auaa o0mero ciaydas I Xapakre-
pEsyer mepexof K cumcreMe KOODAWHAT, B KOTOPOM CTOAYas BOJIHA HE
mpemeccupyer. IIp:m sToM HY)KHO EMeTh B BHAY, 9TO TaKas Bpamaro-
magcsa cHCTeMa KOOpAMHAT, «CTpofocKommpyoIasy BOJHY, CyMecT-
BYeT TOJNbKO [JIsi TAPMOHMIECKOH BOJHHI, HOCKOJIDLKY CKOPOCTH Bpa-
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MeHHA TAKOU CHCTeMbBl KOOPAMHAT 3aBUCHT 0T HOMepa (GopMul KouaeGa-
Hoii. TakmMm o0pasoM, HWKaKO# BpAMAIOMENCA CHCTEMb KOOPIAMHAT,
B KoTOpo#i ypasHenme (11.1) mpwBommioch 6B K ypPaBHEHUWIO C
MOCTOAHHLIMA KodduIimeHTaMu, He cymecTsyeT. ¥ pasuenus (11.10)
OpH 5TOM XAaPAKTePH3YIOT JHUIIH 3aKOH KojJe0aHMA CTosg9ell BOJHE
BO BpeMeHm. B ciyduae amHeitnoro Bospacramms o (T) ToYHOE pemie-
HHe Toaydaerca B QyHKmuAX mapaGoiawmdeckoro muamHipa [13].

Cxywait 2 — cayuaii MOHOTOHHOTO yOBIBaHHA YTIOBOW CKOPOCTH
BO BpEeMeHH:

05 = wif5 — It (1> 0).

910 IBMIKEHWE paccMaTPHBAETCS HA KOHEYHOM HHTEDBaJe BPeMEeHH:
2
0 < v << wy/(5)).

Ha stom maTepBane Bpemenn samenoil Tmna (11.13) ypasuenus cHoBa
OPUBOJATCA K YPaBHOHMI0 OUPHW U PEIIeHWs BHIIMCHBAIOTCA TOTHO.
Caywaii 3 — caywait BuOpmpyoOmMEro OCHOBAHHA:
o (T) = @, sin AT,
3mecs ypasuemmsi (11.10) mpmoGperaroT Bm

& -+ 36/5[(1 + 05/10) — (05/10) cos 2At] &y = O.

910 ypaBHeHWe LOCPEeJCTBOM 0003HAYCHMIA
0 =M, a=(36/5A%)(1 + wo/10), ¢ = 9033/(257»2) (11.16)

IPHUBOMUTCH K KaHOHWIeCKOH dopme ypasmemma Marse [13]:

—(il%‘- + (a — 2g cos 20) o =0. (11.17).
CrnemosareninHo, m B 9ToM caydae ypasHerme (11.1) momyckaer moa-
HHH To9HH amanu3. I'parmmsr ob6nacreit HeycTofiamBocT! B Mapamer-
pax (a, ¢) mpusenens Ha puc. 14.

IIpencrasasaoman pas wac ocobHil wWHTepec mepsBas 30HA He-
ycroitamBocTn B mapamerpax (A2, wj) m3o6paskena Ha pmc. 15. B mu-
POKMX [AMama3oHaX H3MEHEHHS A I g dTH TPAHUIE BeChMa OJIM3KHI
K IPAMOJWHEHHEIM.

Iponssonnas dwg/dA? B Touke A% = 36/5 paBHA AaA BepxHei
rpaHmIE 25/9, nna ammuein — 25/27. OTH ske MPOM3BOMHEE B mpefeae
npu A% — oo pasmsr 2,458 m 0,1389 coorsercTBeHHO.

Ecam mapamerpsr (A2, o) JesxaT BHYTPE 0o0JIacTH HeyCTOHIHBO-
cTu, TO moJioBMHA pemenmii ypasremms (11.17) Heorpammuerno BO3-
pacTaer ¢ TedeHmeM BpeMeHH. DTOT (aKT TOBOPHT O BO3MOYKHOCTIL
HCOONB30BAHAA ABICHUA MEXAHNIOCKOTO PE30HAHCA MIA BO30ysKIe-
HEA He3aTyXaolImx KoJaeGaHmii pes3oHATOpPA HAPAAY €O CIOCOGOM
BO30OY)KIeHUA KoaeGaHMA DIEKTPUISCKWMHA CHJIAME, KOTOPHIA Oyer
mogpo6Ho paccmorpen B riase V. Tax ke Kak m B caydJae mapaMer-
PUIECKOTO BO3OYMEOHMA DIEKTPHICCKUME CHIAME, AJMA MOJYIeHUST
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YCTaHOBHBIIAXCA He3aTyXawIuX
womebammit Tpebyerca BBecTm Yo |
o6paTHyl0 CBA3b, KOTOpaf mO 2V &
H3MePeHHAM aMILIATYRH Koeba-
HE# pe30HATODPA YOPABJIAET aM-
NIATYROX BHOGpANud 0CHOBAHUA. 20
B sTom coryuae mapamerps A2, g
ABTOMATUYECKI HACTPAWBAOTCS

P 15
Ha TpaHHNDy obxacTm Heycroidm-
BOCTH HW pemeHHe YPaBHEHHAS
(11.17) smpaaerca B mepmo- 10-

amieckux (QyEKOmmax — Marwe:
<ey (ea Q)9 sey (67 Q)

Caywaii 4 mnpencrasaser co- g_|
6ot Bubpamumio Ge3 pesoHaHca,
KOTfa CHeKTp BuOpammm OCHO-
BaHmA uMeeT dopmy

o o 15 2022
(O] (’L') = kél (O] sin )vk'lf. Pume. 15

<&

o0 (=) ‘
Orciona HaxommM, 4T0 @2 (T)== D) D) @4 sinA;TsinT
o =

(o)
2 1 2

¥ cpefiHee IO BPeMeHH 3HadeHHme (O (T)>=T .

=1

Ilpnvenenme & ypasmenmsaM (11.10) meroma ocpefmeHmss B Hepeso-

HaHCHOM CJIydYae IIOKA3HBAET, UTO BO3[eHCTBEe BHOpANUH B ITOM

clydae CBOJUTCH K M3MEHEHHIO cOGCTBEHHOM TacTOTH Pe30HATOPA B
COOTBETCTBAHA CO CJeNYIOmeR (QopMyJIoi:

k=1
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Paccmorpennsiii mpmem, mpmBefmmii K YCTAHOBJIEHUIO TOYHOTO BHIA
onmeparopa (11.9), ocroBammsiit Ha mpuMenernn rpynns (11.8), mpen-
cTaBiseT co6oit MaTpHIHYI0 QOPMY BEIBOJA, HPEIJIOKEHHOTO BO BBE-
JeHUHW, U 06jafjaeT TeM HPEMMYIIeCTBOM, 9TO JJisi HOCTPOGHHS eHCT-
BUTEJIEHOTO peIleHHs yi;ke He TpeOyeTcs PpaslelsaTh BeIIeCTBEHHYIO-
H MHEMYIO 9acTu. ITOT mpueM OyHeT dPPEeKTHBHO HCIOJB30BATHCA B
JalbHeWmeM IpH MCCAENOBAHME YCTOMIMBOCTH CTANMOHAPHEIX KOJe-
6aEmil mpm mapamMeTpEmYecKOM BO30GY:KAEHWH ¢ 06PATHON CBA3BIO (CM.
maparpad 17).

B sawnaouenme nmpmsegeM eme ofuH TOLXOM K YCTAHOBIGHHIIO BHUIA
omeparopa (9.19), xoroprii oramerca HaumGolee YIOGHEIM gajee IpPHI
aHaJIn3e WHEPTHHIX CBOWCTB YOPYTUX BOJH B HOJycHepuuecKoM pe-
30HaTope (cM. maparpad 13).

Bepremca k ypasmenmio (11.1), B KoTOpoM ocymmecTBEM 3aMeHY
He3aBHCHMOY mepeMeHHOH ¢ — 1 mo ¢dopmyae

o =%+ vy (1), (11.19)

e y (t) — QyExousa BpeMenm, MOAJEKAIAs ONPENENCHHI0.
VHEOHO w (T, ¢), BHPAIKEHHYIO depe3 HOBYIO mMepPeMEHHYI0 1P,
o6osHaumM w, (T, P):

w (Ta (P) = w*[Tv ¢ —7 (1")]’
w (T" (P) = w* - w;e’?7
W (Ty ) =ty — 2%ty + Wit — W, (11.20

Ilogcrasasas wx B ypasmemme (11.1), momywaem (omycrum mpm wr
3BE3T0UKY):

W — i + [(4o + 27) &' — 206"Y] 4 [— w" + 200" + w'i] +
FwV T+ 24 12— o) wlV 4 (1 —1* — 30 — dof) w' =0
(11.21)

3amerum, uro cymecrBoBanmio y ypasHenmsa (11.21) wacrmoro peme-
HAS BHAA

w = f (7) cos kp (11.22)

NPEeNsATCTBYeT HaJWdne B YPABHEHHN 3aKIIOUCHHEIX B KBaJpaTHEHE
CKOOKH WIeHOB. OTH YJEHH XapPaKTePHBYIT HECAMOCOUIPKeHHYIO
gacTh fuddepenmuansuoro omeparopa (11.21).

Ecnm ymacrca momo6pats ¢yHrmmio v (T) Tak, 9T00H 3TH YJIEHBL
o6paTuianck B HYJIb, TO 3T0 M GyHeT 03HAYAaTh, 9TO BO Bpamiaiomeiics
cmeTeMe KOOpPAMHAT, XapakrepmsyeMmoit mpeoGpasosammem (11.19),
uMmeer mMecTo crogdasa BoaHa Bumma (11.22). Ilpw mepexome ® cmcreme
KOODAWHAT, CBA3AHHON ¢ KoabioM, pemenme (11.21) Gymer ompeme-
JIATH HIPENecCAPYIOMYI0 BOJHY

w=cosklp—9y @ f{. (11.23)
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Jis o6pamenns B HyIh HecaMoCOIpAKeHAoN gacta onepaTopa(11.21)
JIOCTATOYHO BHITIONHEHHS PABEHCTB

"y — (v + 20) w" =0,
Wy — (§ + 20) w' = 0. (11.24)

Ilepeonpenemennas cucrema (11.24) ompefesnser eIWHCTBEHHYIO He-
u3BecTHY0 QyHKmmo Y (T). Ycaosma 2r nepmopmanoctw w (T, )
0 {p TPABOJAT K COOTHOIMEHHIAM

=k — (¥ + 20) =0,
—kY — (f +20) =0, k=23,

9Ta cmcTeMa COBMeCTHA H YAOBJIETBOPAETCA pelienueM
7 (1) = — oy + a So)(r) dr, (11.25)

KOTODOe BaBHCHT OT HOMepAa BOJHH %, Tak ITO HECAMOCONPSKeHHAS
gacTh omeparopa (11.21) moxxer GbrTh yHmYTOHeHA HpeobpasoBaHmeM
(11.9) TonBKO BIOJH TaPMOHMYECKON IO | BOJIHEL.

OcraBmascsa CcaMOCONPSIKeHHAA TACTh

B — %+ wV - (2 + 12— o)V + (1 — % — 302 — 4ot) v’ =0
(11.26)

ompefiesseT B3aKOH KoJeGaHmil crogdeil BOJHEI BO BpeMeHEW — f (T).
B caywae mocrosHHO# YrioBo#l CKOpOCTH ® = ®, 3aKOH Koiebammit
OKa3HBaeTcsi rapMommdeckmM: f (T) = cos pT,

PR (k2 —1)2
B= _(liTi)z)_(k”— 14 op).

Jror pe3yabrar COBIAZaeT ¢ pP23yJaAbTAaTOM, "HOJYYEHHBIM B Hmaparpa

ge 9.
12

Henuneiinsie addexrTor
B YOPYroM HepacTAKAMOM KOIbIe

Llennio maparpada sBiseTCA BHACHEHNE BIMAHES HOINHOHEIX CBOACTB
KOJbIla Ha HPemeccHI0 CTOsAYed BOJHBI B CJIyIae €r0 BPAINeHHUA.
Bynmem muas mpocrorsl mpefmosaraTh yrioBYH CKOPOCTh BpameH:s
TOCTOAHHOR. Yupyrme cBoiicTBa KOJbIA, KAk W Impe:xpe, OymeM cdam-
TaTh JHHEAHBIMH W HofumEARMuMECI 3akony ['yka. Hemmmeitmocts
HAMI CBA3BIBAETCA JHUNIb C YACTO TE€OMETPUIECKAME OOCTOSATENbCT-
BaMu.

Cravama BhiBefileM TouHHe AuddepeHNUaNbHEE YPAaBHEHHSA KOJe-
GaHmil TOHKOTO HEPACTAKIMOTO KOJbIa (e3 IPeJmoIosKe N MaJI0CTH
aMouTys xomeGammit, caemys mamoskemmio pabor [17]. Pacemorpmm
B IUIOCKOCTH I} KOJbBII0O B IPOU3BOJHHOM, Ke(OPMEPOBAHHOM COCTOSA-
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Hon (pmc. 16). B ganpmefimem Mel GyZeM HCIONB30BATH CleLyIOIIHe
mepeMeHHHE u 0003HaueHuA. HeszaBucumMan mepemMeHHAs § ompefeasaer
TOJIO}KEHTE Ha KOJBIE PACCMATPHBAEMOU TOURH M IpecTaBiseT coboi
MINHY AYTT MesKy HeKOTOPOH HadaslbHOM TOYKOM KOJBIA W paccMar-
puBaeMoit Toukoii. IlomapHbIE KOOPAMHATH 3TOW TOYKH, OIIPEIENIAIO-
mye ee IIOJOJKEHHE B ILIOCKOCTU XY W IpUHEMAaeMble 3a 0000mMeHHEe
JIaTPAHKEBH KOOPAMHATH, 00o03HadaroTcs depe3 r m 0. Yrom @ —
BCIIOMOTATEeNIBHHN yT0J, KOTODPHE moTpebyeTca B JAadbHedmeM IpH
BHUMCIEHUN HOTEHIMATHHON SHEPTHM.

YpaBuemusa [BumiKeHus yKoOHO cocTaBUTh B (QopMe ypaBHEHHWE
Jlarpamsa, faa 49ero TpeGyeTcda BHOHCATH MIOTHOCTH MOTEHONAILHOR
9HEPIWH, WJIOTHOCTh KUHETHICCKOH DHEPTMM W YpPaBHEHWE CBA3H.
BriBemem cHavana ypaBHeHme cBA3H. g 9TOTO BHYMCIAM JJIUHY
OyrE KpuWBOH, m300paykaromeil CpegHION JWHUI0 KOJBIA MEKAY TOU-
Kamm s m § + As, rne As — magoe mpupamernme. VI3 06pa3oBaHHOTO
OpEpameHAsMu TPeyroiabHUKa HA puc. 17 maxogmm

or \2 a0 \2
A = (Ar + a0y = | () + (r ) | A,
OTHYy[a ypaBHEHHEe CBA3HM HOJydaeTCcAd B BHIE
(') + (r0')? = 1. (12.1)

Huddepennuporanme mo HE3aBUCH-
MO# mepeMeHHOH, ompefensIome
mOJIO}KEeHNe TOYKA HA Koabume, O0y-
neM 00603Ha9aTH MITPAXOM.

IInoTHOCTS KEHETHYECKOH SHEp-
I'IU KOJbIA PaBHA

@ \a x T =108 [F2 + r2 (6 + Q)21,

k J (12.2)
TaKk KaK IIOCKOCTh Y, B KOTOPOH

OIpeNiesIsAeTCsI IOJIOKEeHHE KOJbIA,
BpAIaeTcs ¢ YrIoBoil CkopocThio Q.

Puc. 16 Yepes S o6o3maueHma ILIOMANb
Y
Y s*4s %
ar o
\
\
A4 s
-
r
4
x @ 6 x
Pue, 17 Puc. 18

3 3axaz N 1122



TMONepedHoro cedeHms Koapna. Yroa @ (pme. 18) ompemenser moio-
FKEeHNe HOPMAJH K OCEeBOM IHHWE KOJbIOA B PAaCCMAaTPHBAaeMON TOUKe.
IIpomsBofHAsA STOTO yIia BAOAH Aed)0PMEPOBAHHOTO KOJIbHa, 00603-
Hagaemasa depes D', xaparrepmsyer KpuBH3HY Re(OpPMIPOBAHHOTO
Koapma B 910# TouKe. Hanpsyxenns msrm6a B KOJBIIE BO3HUKAIOT IPH
H3MEHOHNN ero KPHBH3HH, ompefensemoil gopmymoit @ — @, rme
@, obosHagaer mpomsBogEylo oT O B paccMaTpmBaeMOil TOUKe g
HeJlepopPMUPOBAHHOTO Koabna. IIToTHOCTH WOTEHOWAIBLHOHR SHEPTUH
MODTOMY MOKeT OHITH 3amWCAaHA B BHU/E

IT = Y,EI (&' — @)z, (12.3)
CremoBaTenbHO, IIOTHOCTh QYHKOmE Jlarpamka BHIDa)KAETCA KaK

L©, r, #, @) ="1Y{Sp [} + r¥(p + Q)] — EI (D' — Dy)*}.
(12.4)

Ilepemernas @ He sBasercas 0GOOIEHHON KOODAMHATON W MOIKHA
OBITH BEIpasKeHA depesd r mw 0. Yroa MexIy HampapieHHEM pajgmyca-
BEeKTOpa B [aHHO! TOYKE KPWBOH M HODMAJHHO K KDHBOH B BTOH
Touke (Ha pmc. 18 — yrox @) ompemensercs Kak

1 dr
tgo=—"75 -
CiemoBareabHo,
1
® =0 — arctg (T T) . (12.5)
IlepenmcrBasg cBasep (12.1) B dopme
FO, r, 1) =502 + (') — 1] =0, (12.6)

BOCIIOJIB3YEMCS BapPMANHOHHHM NPUHOHOOM ['aMHIbTOHA IS COCTAB-
JIeHUS YPABHOHMH ABMKEHHUSA Koabia. MUHEMB3UDyeMbIi ) yHKOUOHA L
ecTh feiictsme nmo [aMmabLTOHY:
Sg T
H=S L@, r, 5 @) =27 @, r )] dt ds, (12.7)
sty
THe A — HeompefejeHHHH MHO;xkUTenb Jlarpamxa (pymrmusa § m f).
Bapunanusa '(bynmmona.na
Sy ity

6H=SS( 86+ 2= & +——6r+w

31 t1

N L. E M. STy . ar)dtds. (12.8)
Kak n B naparpa(be 2, HHTeTPHPYA IO 9acTAM, CBOFHM BapHaqam
86, &, 80, 80', &' & 80, 6D, or

Sy 1y
1= {8 (e 2t ) o0+ (S~ 2

of d of d oL ‘
—n L -é;-)) 6r — = o2 acb] dt ds. (12.9)
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Bapmanumio 8@, xoTopas me sBiAeTcs HesaBmcEMOM oT Bapmammit 50
n Or, monysaem m3 coormomenma (12.5):

. (r0")2 r

Wnnm, yaureisan ypasmenme cssism (12.1), mveem
0D = 60 — ro’6r’ - r'0’8r + rr'60’. (12.10)

Tlomerasasaa sro coornomenme B (12.9) m cHOBa mHETErpEpYyA mO Hac-
TAM IaA mcKaoueHusa Or' m 60', maxommm

Sy 1o
o= { [~ e £ )~k B

d /., d oL oL 4 oL of
G o R R

d of d , d oL ey d 6L

OTRYyJla U CJHEeAYIOT YPaBHEHHUSA JIarpaHma AAHAMHAKA TOHKOTO KOJbOa:

d oL d af d oL d , d oL
& 35w (M) T w e — W (7 ) =0 21t
d oL oL of d of d/ . d oL A1)
T~ th e —w (M)t (0 )+

e 4 0L
T =01

OTH ypaBHEHHS COBMECTHO ¢ ypasHeHmeM cBfsm (12.6) mosBoasioT
"gafitu r, 0, A Kak QyHEKROUA £ 7 S.
ITepeMennste r m O GymyT XapaKkTepm30BATH IMOJIOKEHNE B CHCTEME ZY
TOYKE KOJIBIIA, OTCTOAMEH 0T HeKOTOPOH IMOMEIEHHOM ero TOIKA Ha
paccrosiHUU S, W3MepPIeMOM BJ0Jb W30THYTOH CpelHeR JHMHAH,
B OPOM3BOJLHEIA MOMEHT Bpemern {. Hosdpdumuent A ecrp 3HadeHme
peakoun CBA3W (HATS)KEHHE B KOJBIE B TOUKE C KOOPIUHATOH § B
MOMEHT BPEMEHH ).

ITopcraBasia B ypasmemms (12.11) seipassemma (12.4) m (12.6),
moJIygaem

SP% [12 (0 + Q)] — EI (D — Do)’ + EI [rr' (D — D)’} —

—[Ar20'] =0,
Spi — Spr (§ + Q)* — EI [r0'(® — Dy)") —
— EIFe'(® — Dy)" + Ard’> — (M) = 0. (12.12)

Ypaemenus (12.12) npepcrariasioT coboif ypaBHeHHmA KojeCanmi
KOJXBIA ¢ 00AbMEME HePeMelNleHUAMH, WCXONHAS HeTXedopMEPOBAH-
Hasg gopMa KOTOpPOTO He 00s3aTelbHO mMeeT OPMY OKDPYHKHOCTH.

B panpmefimem GymeM paccM aTpEBATh KPYroBOe KOJBI0 pagaAyca
¥ i pemenus HeiamHeiimoid cmcrtemu (12.12) Bocmoabsyemca m3i0-
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MeHHHIM B maparpade 8 meromoM AByx Macmrabos. IlpenBapurensHo
BBefieM B ypasHeHEs (12.12) GespasMepHEe mepeMeHHEIe IO o pMyIaM:

s* =s/R, r* =r/R, A\ = ARYEI,
t* = V EI/(oSR%t, Q% = Q/V EI/(pSRY). (12.13)

3ameruM, 4TO §¥ COBIAJlaeT ¢ MPMHATHM BHIE 0003HATEHWEM YIJa
¢ [JIA KPYLOBOTO KOJbOa, t* ¢ T um QF ¢ w. Ypasuenus (12.12) opu-
oGperaoT BUJ

L[ (0 + 0)] — (@ — Do)’ + [rr’ (O — Do) | — [Mr%0] =0
Fer (04 0) — [0’ (D — D)l —
— 0 (D — D) + AB? — (M) = 0. (12.14)

s ympomenvs sanmenm 37ieCh W flajlee MBI ONYCTUM 3BE3[[OIKM, Of-
HaKo OOX © W A moHmMaem GespasMepHEE IepeMeHHEE.
Pemenne ypasmemmit (12.14) GymeM mckaTh B BHe DsNOB

r=14 eryo, 7y, T) + &¥r(p, o, T2) + . . -,
0 = ¢ +¢b; (9, To,Ta) + &%02(@, To, Ta) + . . -, (12.15)
A=2xy + ehy (@, Toy To) + &% (@, Tp, Ta) + ... ().

3mech, Kak m B maparpade 8, T, m T, — «GHICTPOE» W «MEJJICHHOE»
BpeMs:

T = (1 + 048 4 .. .)7, 1, = &%1.

B ypasmemmax (12.14) mpmcyrcrByer mepemennas @, xoropas ¢
yuerom cootHomenmit (12.5) m (12.15) mpefcrasasiercsa B BuMe

D=+ e(B—ri) -+ e (Ba—r5 + rurg + r460) + ... (12.16)

Ioncraaas paaer (12.15) m (12.16) B ypasmenns (12.14) u npmpasanm-
Bas KodPUIIeHTH IPA OMHAKOBEIX CTOIIHAX &, IO yIaeM yDaBHOHHSA:
ypaBHeHHe HYIEBOTO HpHOIMKEHWS, COOTBETCTBYIOIee dieHaM ¢ €°:

Ay = 02, (12.17)
YpaBHEHHUS IEPBOT0 HmPWOJNHIKEHWs, COOTBETCTBYIOIHE WIeHAM ¢ &l:
Fi— 1 4 dory T 2r1Y - — @2 (11 + 3ry) =0, (12.18)
0, = —rq, (12.19)
M o= —F — 1’ — 71 + 200, + 02 (] + 2r), (12.20)
YpaBHEHUA BTOPOTO I[plZ[6JIE)ReHHH, COOTBETCTBYyKWOIHE YWiIeHaM C 82:
Fy— g - dofy 13 T 4= 205y — @2 (13 + 3r) =
= (02 + o)V + (63 + 12)" + (Mr1)” + 2 (Mrs)” — ho(8z + o) +
+ 203(92+7“2) + (6D)" + 20 (r161)’ — @ ( e ) — (0, + 75) —
—2 (r191) (12.21)
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’ 9 1 ,2
92—[—r2=r1———2—-r1 )

Ag==— (ry— 05)"” — 1y (rs + 1) 4 (Mary + Mora) — hoBy 4
ey — hyBy — Fa + 2005 + 02 + Pry 4 20746y,
YpaBHEHHsI TPeThero HPUOJIMKEHHsI, COOTBETCTBYIOMMe dYjgeHaM C &3:
Fy — iy + 4oofy 4 ry T 4 215 Ty — 0% (13" + 3ry) =
— (054 rs)1V + (85 + r3)" — ["1 ("1 —%"f)—,m +

v om

20+ )T — [ (1 )| G+ ) —
— Do (05 4 75)" + 2 (Mm" + [ha (2 — 0)1" — (horary )" —  (12.22)
2 0’1 L g 00 "’1 — b0 L - (2010 + 20rbs + i}

+ 2wr291] + 2(0 (05 - 1‘3) — (0 + F5) — [2&)——- (ryrs) -+

e (1300) + 2 (o) + 2 (i) |

03 + rg = —riry + ryry — 1105,

Touramu 3mechr o6o3uadeno AuddepeHIUPOBAHUE IO Tg.

Hax uwsBectno, B meamueiinbix cmcreMax 3gPerT maMeHeHUA TaCTO-
THL OOBIYHO YJABJMBAETCA JUMb B TpeTheM npubiamkenwm. VmemHO
MOSTOMY MeJIJIeHHOe BpeMs B HaHHON 3ajjade BEIOPAHO B BHAE Ty =
= g2?1,. Ilo oTOlf e WpHMYMHE W BHIONCAHE HOJIHOCTLI YDPABHEHUS
TPeX TPuUOIMmIKeHn.

B mynesoMm mpulamsKeHny MBI IIOJTYYNJIH, 9YTO B COOTBETCTBUY C POP-
mymnoit (12.17) wmarsskeHwe KoJbLOA oLpefessaeTcs NeHTPOOeKHOH
CIJIOH. ITOT ke pesyiabTaT OBLI mONydYeH m B maparpade 2. B mepBoM
npuGamkennn ypasuenme (12.18) mpesmcraBiser coGoit ypaBHeHHE
JUHEVHHX KojeOaHmA KoJblla, HOXyIeHHOe y:xe B maparpadax 1, 2.
B coorsercrenm ¢ pasmomenmamu (12.15) r; — HOpMmpOBaHHOE IpH-
pamieHme pajmyca, KOTOPOe CBSA3aHO C MCHOJIb30BaHWEM paHee 0603-
HaueHumeM w: er; = —w/R. Amanormano €0, = v/R. Taxum oGpasom,
ypasmenme (12.19) mpepncrasiser co0oit ycioBwe HEPaCTREMOCTH
(1.4). Ypasuenme (12.20) mocie pemenms ypasHenus (12.18) mozso-
JIseT OMPeNeNUTh 3aKOH WM3MEHEHHSA HATAKEHUSA KOJbIA BO BpPeMEHHI
W OPOCTPAHCTBE.

B coorBeTcrBEE ¢ MeTOMOM ABYX MacmTaboB HOIydaeM pemIeHme
ypaBHeHH# mepBOTO UPHOIMIKeHWS, WOJAras IOCTOSHHEE WHTerpH-
POBAaHWUA 3aBUCAMUMHA OT MEIJEHHOTO BPeMEHH T,, B BHUJE

ry = A (7)) cos (k¢ + @170 + & (T3)) + B (72) cos (ko +
+ @57y + B (7)), (12.23)

e
01,5 = K/ + D20 = ¢ — DYVE + 1 F o?l. (12.24)
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B srux BHpameHmax coctasiaomas 2ko/(k* 4 1) xapaxrtepmayer
CKOpPOCTh Tpemeccud cTosdeil BomHsl, monyderayio B rixase III. Ilo-
npaskum o (Ty) @ P (T,) MOKHBIIOKa3aTh, KaK HCKAKAETCA TAKOe
BEIPQ/KEHWME [ CKOPOCTH C yYeTOM HeJmHeHHBIX SABJIEHHH.

Oyuarnun 4 (T,), B (Ty), @ (Ty), P (T,) mOKa HEM3BECTHHL W JOJLHK-
HE OHITH OIpefeJeHH =3 YPAaBHEHHH CIeAyOMuX NpuGImKeHni.
HoxmcraBusaa ry, 04, A, B ypasHeEEA BTOpoTo mpubimxenma (12.21),
¢ yuetom coormomermit (12.23), (12.19) = (12.20), momygyaem mam-
HeliHEle HeOIHOPOAHHE YPABHEHHA [JIA I'y, 0,, A,. YacTHOe pemcHme,
COOTBETCTBYIOIEe INCTO BHHYKASHHNM KOJe0aHHAM, HMeeT CIefyio-
myo gopmy:

re = R1A% cos 2[kp + 0,7, + o (To)] + R,AB cos [2k¢ +
+ (07 + o5)ty + & + Bl + R3dB cos [(0; — wy)Ty + a0 — Bl +
+ RuB* 0 2 (kg + 07y + P) + Rj (4° + BY,

0, = 0,42 5sin 2 (k¢ + 0,7, + @) + 0,AB sin [2kp + (0; +
+ @5)Tg + @ + Bl + 0548 sin [(0; — @5)T, + & — Bl +
4 ©,B? sin 2(kp + 0,7, - B), (12.25

Ay = AjA% cos 2 (ko + 0,T) + @) + A,AB cos [2k¢ + (0 +
+ ©5) 1o + & + Bl + A3AB cos [(0; — @p)To + @ — Bl +
~+ AyB? cos 2k 4 .7y + B) + A; (4% 4 B?).

CpoGonmmbie KoieGaHmA C IPOU3BOJLHBIMA MOCTOSHHBIMH, 3aBHCH-
IMAME OT ME[JIEHHOTO BPEMEHU, 3[eCh ONYNIeHEl, MOCKOIbKY MBI Ipefi-
moJjlaraeM OTPAHMIATHCA peIleHueM YpPaBHEHHUI TpeThero npumbim-
sxeHUA. Bopamennsa rosdpdumuenros Ry, Ry, R;, Ry, Rs, 04, 05, 04,
0., 05, Ay, Ay, A3, Ay, A, TpuBeieHH B IPUIOKEHUN K STOMY Ia-
parpady.

IIpn mopmcraHoBKe pemeHWil ypaBHeHUH mepPBOro W BTOPOTO HIpH-
OnmueHWsa B ypaBHeHHs Tperhero mpubiammendsa (12.22) mogsasiorca
craraemsie Bmpa (12.23), mpmBopmsmue K pe30HAHCY W BO3HHKHOBe-
HU B PEIIeHUN CeKYJAPHHX WICHOB, HEOTPAHHYCHHO PACTYIIAX IO
spemenn. Ilo Meromy nByx MmacmraGos TpeGyerca, 4T00H X03pdu-
THUeHTH NIPHW 9THX WIeHAX Obliu o0pameHs B HYJb, 9TO W IIPABONHUT
K YpaBHeHHAM OTHOCHTeNbHO Hem3dBecTHHX A (1,), B (1), a (T3),

B (z,)

0A dB
a,o 01:2 _—_0, 050 E:O,
d
ao-af: + oy A% Loy B2 =0, (12.26)

d
— g - - B2 - ap A1 =0,

@opMynsl T Oy, Oy, Oy, Obg IPUBEICHH B MPUIOKEHIH.

Pemenue ypasreruit (12.26) csmaereancTsyer o TOM, 9T0, KaK 3TO0
7 GHIBAET B KOHC2PBATHUBHEIX CHCTeMaXx,aMmantynsl A m B asasorca
IPOM3BOJbHHMA MOCTOSHHBIMEA, a CKOPOCTh m3MeHeHHud a3 mpmobpe-
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TaeT 3aBUCAINYI0 OT 3HAYCHHUA aMIJINTYI INOOPaBKY:

do - Oy A2 0(2 B2
dvy — o7}

B __ 2 0‘3 2
d"!,'z — OLO 4 _l_ B

Bosspamascs (<6bICTpOMy)) BPEMEHH T, IEePEINCEBAEM 3TH COOTHO-
meHusA B QopMme

a4 = —ocl/ﬁo (8A)2 — az/ao (83)27
B=—r (eA) + 2 (eB). (12.27)

B coorsercreum ¢ gopmysnamm 3amensr (12.15) sesmummried m eB
OPeCTaBIAIOT cO00M HOPMHUPOBAHHEIE HA PAJAYC KOJIbIA AMILIATY/IH
KoJebanuii KoubIa:

ed =a, &B =50.

C yueToM 5TOTO BHPAKEHHs JJsA HONPABOK K CKOPOCTAM H3MEHEHUS
¢dasz (12.27) oxoHUaTeJPHO WPHHUMAIOT BHT

. a Qg
= —2 g2 — 2 p2,
[e4] Qo

(12.28)
=-—a-2— a? 4+ -Z—i b2

VunreBag coormomenma (12.15) m (12.23), HaxoauMm pemenme mo mH-
Tepecylomel HaC mepeMeHHOH I:

r=1- acos [/t(p -+ @ﬂ——-(—%cﬂ —I—Z—: b2) r] +
%2 g2 % pe
-~ bcos [kc?+m2t+(7“0—a -+ % b)T}. (12.29)
3mech T, 3aMeHeHO HA T W He IPEJCTABJIANIINe HHTePeca HadalbHEIe

sEagerEnsa (a3 o um P ouymensl. IIpm a = b BEpakenme (12.29) mpm-
BoauTCA K (opMe, OTparkaiomei npeueccmo CTOST9eil BOJIHEIL:

r=1—|—2a[kcp+ ;<ml—|—co2—}— a2>r]x
xcos%[(col———mz—zﬂ_’_zo;—’mia>r] .

CropocTs mpemeccnm cTosSdell BOMHHEL ¢ yueroM Qopmym (12.24)
OIIPEeMIeJIAOTCA BHPAIKEHEEM

20 Qg=—01 o

C=— T — o (12.30)
Jlna mamMeHeHHOH 9acTOTH KoJeOaHW BOJHEL HONyIaeTcsa gopMymna
E(R2—1) o/ + 20 4 o
p= 2V E T o — A (12.31)
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Tadaama
Roadgpumuenr I' (w0, k) = (a3 — o)/2kotg

[0) T (0,2) I' (0,3) T (0,4) T (w,5)
0,01 2,1667-10% 7,2979.104 1,1035.1078 1,3354.10-8
0,02 4,3339.10-4 1,4597.10-3 2,2070.10-3 2,6708-10-3
0,03 6,5019 104 2,1897.10-3 3,3107.10-8 4,0064-10-3
0,04 3 6712.10-4 2,9199.10-3 4,4146.10-3 5,3421.10-2
0,05 1,0842.10-3 3,6505.10-3 5,5188-10-3 6,6781.10-2
0,06 1,3015.10-8 4,3815.103 6,6234.10-3 8,0144.10-3
0,07 1,5191.10-3 5,1129.10-3 7,7284.1073 9,3510-10-2
0,08 1,7370.10-3 5,8449.10~3 8,8339.10-3 1,0688.10-2
0,09 1,9552.1073 6,5775.10-3 9,9399.10-3 1,2026-10-2
0,1 2,1738-10-3 7,3108-10-3 1,1047.10-2 1,3364.10-2
0,2 4,3904-1073 1,4700.10-2 2,2166-10~2 2,6786.10-2
0,3 6,6920.10-3 2,2245.10~2 3,3431.10-2 4,0326.10~2
0,4 9,1199.10-3 3,0024-10-2 4,4913.10~2 5,4043.10-2
0,5 1,1714-10-2 3,8113.10-2 5,6685.10~2 6,7994.10~2
0,6 1,4513.10-2 4,6588 102 6,8818.10~2 8,2239.10~2
0,7 1,7553.10~2 5,5524.10~2 8,1384-10~2 9,6836-10-2
0,8 2,0867.10-2 6,4992.10~2 9,4454.10~2 1,1184-101
0,9 2,4487.10~2 7,5065-10-2 1,0810-101 1,2732.10-1
1 2,8440.1072 8,5812.10-2 1,2238-10-1 1,4332.10-1
2 9,0202.10-2 2,4380.10-1 3,1525.10-1 3,4468.101
3 1,9413.101 0,5255 6,4074-10"1 6,5900.1071
4 3,3015.10-1 0,950 1,1464 1,1353
5 4,8488.10-1 1,7265 1,8618 1,8144

3asacuMocTs Kodddummenta mpm a? B popmymre (12.30) or BeamamHE
yrmosoii cropoctnm ® m HOMepa GopMi k& mpmBefeEa B Tabamme.
I'paduaecku stm 3aBmemmocTa m3o6paskensr Ha pme. 19, 20.

Ipmmep. Iycrs aumanTyna komeGanuit koxsna pasua 0,01 pagmy-
ca xompma a = 0,01. VYrmosag cropocts ® =0,01 (1.e. yrio-
Basg CKOPOCTh B pasmepHOM BpeMenm (Q) cocrasmser 0,01 or » =
= VEI /(oS R*). Torga manmame HeIWHEHHOCTH IPEBEET K M3MEHOHHIO
CKODPOCTH NPENEeCcCH: BOJHE HA BEJIMINHY, PABHYIO

Os — & _
Bt @ =2,1667-10%  (k=2)

HIA B PasMepHBIX mepeMeHHHX (mpmEmMas ¥ <~ 10%1/c)

B % = 2,1667+10 %% = 4,48 °/x,

Cmerema cpeMa mHOpManmm GyleT HATEPIPOTHPOBATH KAK (YXOMY,
TO HpHWpAIeHrHe CKOPOCTH NPereccHd BOJHHL, KOTOPOE IIPOM3OHmeT
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r'(w,k) riwk)
w=3
w=2
w=1
K
T T T T
2 3 4 g

Puc. 19 Pue. 20

OpH CAydafHOM H3MEHeHHM AMIUIATYAH Kojebamuit Aa,
. O3 — Qlg) A%
A = (Za— o) a% A,
(P kOLo A

Ilpuemvan B paccmarpmeaemom mnpumMmepe Aa = 0,01 ¢, Domxyumm
ONEHKY «yXO0[a» W3-3a HAJNINA HEINHEHHOCTH W HecTaGmILHOCTH

AMILTATY/IH
Ajp = 8,96.1072 °/u.
Beepmennnie 8 gopmymax (12.25) u (12.26) rosdduumentsr BEIpamkar0T-
Cs Yepe3 MCXOJHEIE NAPAMETPHL:
R, = [2 + k?) k*(4k? — 1) + 42 (E* — 1)V, + 022 + EBDk? 4
4200,k — k?) 4+ oF (k2 — 4) ][ —64K° 1 32k% — 4k% — 2(16k4—
—12k?) — 16kow, + 403 (1 + 4k,
R, = [2(2 + K?) K2(4K* — 1) + 4K*(® — 1)(V, + N,) +
20%2+ Bk + 20(01 + 0g) £ (1 —E?) 4 (01 + 0,)*(k*/2 — 1) —
— 4w,0,][ —64k% + 32k* — 4K — w2 (16Kk* — 12k2) —
—8kw (01 + 0g) + (01 + ©g)*(1 + 44171,
Ry, = (2 —K?/2,
R, = [(2 + k?) K?(4k* — 1) + 4K*(K* — 1) N, + 022 +
+ k) K 4 200,k (1 — k?) + o3k — 4)[—64K° -
+ 32k* — 4k — 0%(16k* — 12k%) — 16kow, +
+ 4oy (14 4431,
Ry, = (2 — k?)/4, 0, = (¥* + 2 — 4R,)/8k,

@y = (B + 2 — 2R,)/4k, Oy = [(0y - w,)/k —
—o (1 4 2R3)/(0; — 0,),
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@4 == (k2 + 2 -_— 4R4)/8k,

Ay = —(2kR, + 0©,) 2k (4k* + 0?) + (1 — k) k*/2 +-
4+ N:i(1/2 — k?) + @? (R, — k%4) + of (4R, + 1/2k?) 4
+ 0w,(40, — 1/k),

Ay = —(QkR, + 6,) 2k (4k* + 07) + (1 — EHk® +
+ (V1 + No) (Y2 — B?) + 0 (R, — k%2) + (01 + 0,)*R, +
+ o (01 + ) (20, — 1/k) + 0,0,/k,

Ay = (B — DE? + o*(Rs + k2/2) + (N, + Ny)/2 4
+ (07 — 0)2R;5 4 20 (0; — 0,)05 + 0,0:/k* — 0/k (0, +
+ @,),
Ay = —(2kR, - 0,) 2k (4k* 4 ©?) + (1 — E2)k2/2 +-
+ Ny(Yy — K?) 4+ 0® (R, — k?/4) 4+ o5 (4R, - 1/2K?) -
+ 00,40, — 1/k),
Ay = (k2 — DE?/2 + 0?k2/4 4+ N,/2 + 032k + 0’R, — oo, /k,
rae
Ny = —k2 (K — 1) — 02(k* — 2) + of — 200/,
Ny = —# — 1) — 0?(k® — 2) + 05 — 200,/k,
KOHCTAHTHL Qj, Oy, Oy W O3 IMEIOT BUJ

a, = 4ok — 2(k* + Do, = —4ok + 2(k* + 1) 0,,

oy = [R, (1 — 2k¥)/2 + Ry — kO )(k* — k* + 0%k* — 20ke, +
+ of) — k(K2 — 3)/8 + (k* — 1)k*2 — k8/8 + K*N,R, +
+E (205 — A2 — B(Ay + 2A4) — K [N(Ry — 2K6,) +
+ 2N R;)2 - 0%k*4 4 2k0,0,20; — ko) — 303/2 +
+ (Ry + 2R;) 0,(2k0 — o),

a, = [Ry(1 — 2k?)/2 + Ry, — kO, 4 R/21(k* — k? + 0?2 —
—20ko; + of) —kS(k2— 3/2)/2 4 (k* — 1)k* — k8/4 +-
+ BN Ry + EY(2A5 — Ay A5)/2 — KP2A5 + Ay + As) +
+ 0?42 — E2R;N, + No(R, + Rs; — 2n0,)]/2 +
+ k(01 — ) O3(0y — 0k + 1) + k (01 + @) Op(0; —
—0k + o) — (0 + 40,0, + 01)/2 + (0k — ;) (2Rsvy +
+ Ry0y + R50,) + okoy 2Rs + Ry + Ry),
as; = [R,(1 —2k?)/2 + R; — kO,(k* — k? + 0?k® — 20k, -
+ w3) — k% (2k% — 3)/8 4+ (k* — 1)k4/2 — k%/8 + K*N,R, -+
+ E*2A; — AL)/2 + E2(Ay -F 2A;) — KN, (R, — 2kO,) -
4 2R N,1/2 + 0%k4 + 2k0,0,(20, — ko) — 303/2 +
+ (Ry 4 2R5)0, 2ko — wy).
Ecnm orpaEmIaThCA paccMOTpeHHEM TOJIBKO Hu3mel gopmbl Komeba-
HUil £ = 2 ¥ cYATaTh O BeAMIMHON MaJjoii, T. e. npeneGpedb BO Beex
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BHpaKeHIAX WIeHaMHA ¢ 02, To popmyay (12.30) mosxmo 3ammearsh:

¢ = —o (*/; + 0,0216742).
Taxum o6pasoM, Bce HeamHEHHEe dPPEKTEH B paccMaTpuBaeMoil KOH-
CePBATHBHOM cHCTeMe WMCUYCPOEBAIOTCA HOOPABKAMEH K CKOPOCTH
mpemeccH:m BOJIHBEI W YacToTe K0JeGAaHWH BOJHEI, KOTOPHE MATCH

dopmynamum (12.30) m (12.31). pyrax HeamHe#HHIX 95QdeKTOB THIA
SABJIEGHWSA (3aXBaTa» B JIa3ePHHX THPOCKOIAX 37ech HeT.

13
JIlmrampra noaycgepmdeckoro pesorarcpa

B maparpade moxasmBaeTcs, T0 CBOACTBO HHEPTHOCTH YIPYTHX BOJH,
YCTaHOBJIE HHOE NJf KOJbIEBOTO pesoHaropa B maparpade 11 m cBa-
3a@HOe ¢ cymecTBoBaHmeM omepartopa (11.24), mmeer mecTo m AuA
monycepmIecKoro Pe3soHaTOpa, MPEACTABIAAOMEro co6oi moaycde-
puueckyio 060x09Ky. 3afaBaa Ha pmc. 21 HampasieHme KOMIOHEHT
u, v, W BEKTOpa mepeMemeHnii 060109KA, BHINMEM YPABHEHHS Pe30-~
Hatopa B Qopme ypasHemmit B. B. Hopommmosa [7]:

AU 42U = —(1 — v3)IF, (8, @) + F, (0, )],
AV 4 2V = F, (0, ¢), (13.1)
A%w + 2Aw + 12(1 — V) (R¥B2)w = 12(1 + v)(R2/RAU +

+ 12(1 — v)*(R/hAF,.

B srmx YPaBHeRLAX ¢yaxmun U m V cBABAHH C MCKOMHME TepeMe=
MEHuAMA U, U, W

U——+uctg6+ Sme acp — (1 4+ v)w,
1 s (13.2)
V=" 1petg — — 0%
a0 sin® odp °
Yepes A oGosuagen omeparop Jlammaca B cepraeckux KoOpAEHATAX

2 a 1 o
A=—7m +ctgd 55 + g 597

R — pagmyc cdepbi, h — TonmmHa O060JOUKE, V — Roaq)cbnuneHT
Ilyaccoma, 0 m ¢ — cdepmiecKue KOOPTTHATHL.

Oyuxmum F(t, 0, @), F, (¢, 0, ¢), F3 (t, 0, ¢) BEpaykaroTca depes
OPOEKIUY HA OCH U, U, W ynenbﬂoﬁ marpyskm X (¢, 0, ), Y (¢, 0, ¢),

Z (¢, 0, )
R2
Fl(t, 9, q’))='E—h'Z(t, G (p),

R? Y
Fa(t 0, )= (o + X otg0 + g 7o) (13.3)

0X
Fae 0, 9)=—2(1+ ) g (G5 + ¥ ot — <5 G5
Kak n pamee, £ —wmonyas IOHra.
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£ Cmcrema (13.1) mpencrasiser coboit

cucreMy guddepeHIAATLHEX YypaBHe-

HUA B JaCTHHX IMPOM3BOTHBIX OTHOCH-

- - TeJIHHO WCKOMBIX IePeMeIIeHni IoBepXx-
¢

mocra u (¢,0,9),v (£,0,9), w (¢, 0, ¢).

K meii TpeGyercss mpuUCOE[HHEATL TIpa-

g Hrunsle yeaosma. G »Tol meabio mpH-

BemeM Tak:ke (OPMYJIHI, CBASHBAIOMEE

BHYTPEHHHE YCHJIWA A MOMEHTH C Je-

u dopMarmuaAME cpefUHHOE MOBEPXHOCTH
chepuaecKoil 060I0TKE:
] PACTATHBAIOIIAE YCHIAI

T, = Eh/(1 — v?)(gy + v&y),
Puc. 21 Ty = ER/(1 — v?)(ey + ve;) (13.4)

v -

mepepesHBAOMNe YCHINA
S, = —8; = (ER/(2(1 + v))ys, (13.9)
n3rubarome MOMEHTEI

G, = —D Iy, + Ve + (1/R)(ey + vey)l,

Gy = —D [y, + vxi + (1/R)(e; + vey)l, (13.6)
KPYTAIme MOMEHTHI '
H, = —Hy,=D (1 — )1, D = Eh3/12 (1 — v?). (13.7)

B artmx dopmynax mias chepwdecKoil 060J0YKE MCHOIH30BAHEL COOT-
HOIIEHAS

1 ou 1 1
&1 “T(W—w)’ 82:7(51119 o —|—uctg6—w)
(13.8)
OpeficTaBIAIIe JIAHeHHLIe pacu‘H}ReHua;
1 v du
s =~ ( a0 —vetgd+ g Slne ap ) (13.9)
IpeicTaBIIAIONee CABATOBYIO NedopMammio;
1 92w 1 1 ow
X1="gz (092 + ae) X2 =gz (sm29 e +ctgd 75 +
1
upefcraBafiomue warHOHEE AedopMamun;

1
T=fr (

1 w cos 0 dw ov ou
sin® 90dp  sin?0 ag + 25 S0~ —vetgd + 5 sme é‘q;)

(13.11)

mpeficTaBasgomee AepopManui0 KPYICHHA.
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Cnaur, ¢purypupytomue B (13.3), 3agarores BHpa)KeHHAMH:
X = —hp (i — 2Q ¥ cos & — Qv cos 0),
Y = —hplv + 2Q (5 sin 0 + & cos 0) — (R — w) @ sin 6 +
+ Q u cos 0],
Z = —hp (% — 2Qv sin & — Qv sin 0). (13.12)

YraoBas cropocTs BpameHdsa 0Goioukm L () cumraerca mpoms-
BOJIBHOM 3aJaHHON (YyHKIHeH BpeMeHE W HAUOPaBIEHHOH IO OCH CHM-
MeTpuA 0GOJOIKH.

Ypasuenus (13.1) ¢ yuerom coormomennit (13.12) u (13.3) sanmch-
BalTCA B opme

AU 42U = [U—l—(2+v)z'é—29Vcose+29w'—
—Q (—gg— cose—]—vcosectge——w’——u'ctge)] ,
AV L2V =

?j‘v [V—2stin9—l—29f]ccse+
+ (3 v) 2 cos 6 - 2 2% smO—I—Q(—smO—— (13.13)
—2(R—w)cos0 4 v ctgG—l—( 9 —l—uctgﬂ)cose—usm6>]
A2w+2Aw—|—12(1—v2) w__12(1+v)-h2—U
—12(1 —w?) Eh2 (@ — 295 sin & — Qo sin 6),
p= (1 —v)pR2E™L,

Ananus srofi cmcTeMH NpoBefeM CmH0co60M, NIPUMEHeHHHEIM B mapa-
rpade 11. Beimmmem mpasbie wactzm ypasHermit (13.13), paccmarpm-
BaeMele Ha Kpawo oGomxourm (0 = m/2):

I, = wl + @2 +v)iw + 2Qu’ + Qu'l,

M= 2 [V —200 42020 1 0.2 & o, (13.14)

1—w
Ty = 12 (1 4 v) o U — 12 (1 — v3) 5 (65 — 2szz}—s'2v).
Brimonavm 3aMeHy He3aBECHAMOI HepeMEHHON @ —-:

V=0 + (), (13.15)

rme vy (f) — mommeRamas OOpeeNeHNI0 (QYHKIUA BPEMeHM.
Hcnonssys oGosmauwerme U (¢, 0, ¢) = U [t, 0, ], maxommm

U=0 1T, U= 7 + ZTU' + U 4 120", (13.16)

3mecs mTpuxoM 06o3HaueHO AupepeRTEpoBaHTE IO .
Amanormuno puddepennupyores u yErmum V, u, v, w.
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Iloncrasnas (13.16) B (13.14) m omyckas s ynpomenus 3annch
BOJHY Hayn OYKBO#, HaXomuM

Ty =p[U + 210"+ 40 4 20" + (2 4 ) (& + 270’ + 1w +
+ 1%0") + 2Q (@ + ) + Lw'],

My 2 [ V4 2077 47 37— 200 )
-|-2sz((99 +T 60)4-9( u)] (13.17)

=12(1 +v) 7 121 —w) B Ehz [ + 2(w’ -+ ' +
+ 2w — 2Q (v + 1) — Ql.
Ecam 65 HaM yrmanocs o6paTuTh B HYNb BEPAKEHUS
200" 47U + 2(2 4+ v) 'i'u’z' + (2 + ¥)fu’ + 200" + Qu =0,
24V’ 4V — 2Qu + 202 +9(———u)_0 (13.18)

292" + fw' — 206 — Qu=0,
To ocraBImmascd gacts ypasHeHumit (13.13) mMema GH CaMOCOLPsIKEE=
By dopmy (comepsxana G TONBKO CHMMETPHYECKUE TIICHE):
Oy=p[U + 120" + (2 - v) 120" -+ 2Q4w"],
Iy =22 [V + 177 — 200w + 201 2], (13.19)

Mo =12 (1 + v) o U — 12(1 — %) o [4 + 120" — 2Q1v'],

a ypasmenus (13.1) momyckanm 6nl pemenms Ha rpaHmne 06ol0UYKE
B BHJIe CTOSYEeH BOJHEL:

w (¢, /2, ¥) = f () cos k. (13.20)

910 OH W 03HAYAJIO TO, ITO CTOSYAS BOJHA OTHOCUTENBHO 060J0UKH
mpemeccupyer co cxopocrsio V (i), IOCKOJBKY 3aMeHA THIA (13.15)
XapaxkTepu3yeT Hmepexof K Bpammaiomeiicsa cmcreMe KOOpAWHAT.

PaccmoTpuM BHauase mepBoe m TpeThe ypasHeHHA cucreMsl (13.18),
Jlns mX BHIIONHEHN, 0I€BUHO, JOCTATOYHO BHIIOJHEHHS ABYX IPYNI
PaBeHCTB:

I { FU + (2 + ) fw + Qo =0,

' — Qv =0,
. (13.21)
- { FU 4 (2 + v) fw + Qu=0,
fw — Qu=10,

Bocuooapsyemcsa Temepb ogHEM W3 TPAHUIHEIX ycaosmii. VI3 paBeHcTBa
HYJI0 PaCcTATHBAIONET0 HAUDSKeHHWS Ha rpaHumme 7, BEITEKaeT, 4ToO

g, +ve, =0 mpm 0= m/2.
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O6pamascs ® dopMmyram (13.8), moyyuaeM

u v
%———w—l—'va—q)'—vw—-o,

qr0 B CoBOKymHocTH ¢ dopmynamm (13.2) maer
U= (1 —v)ov/dp upm 6 = m/2.
IlopcraBasis U B mepsylo rpynny ypasHermit (13.21), momywaem
(= 4 [2 + V)7 + Qlw =0,
v — 0Q = 0.
ITH ABa ypaBHEHHUS CBOAATCA K OXHOMY:
Y2 (1 — vywr + QI[2 4+ v) v + Qlw = 0.

Ilockonbry QyHKOINA W 2n-TEPHOTAIHA TIO0 P, TO ML TOKIECTBEHHOTO
BHIIOJIHEHHUSA HTOTO PaBEHCTBA HEOOXOMWMO W HOCTATOYHO, YTOOH

—2(1 —VE + Q2 +v) 7 + Q] =0, E=2,3 .40
Orciona

t
VO = [@ W £ VT A —wF | at.
° 1322
Ypasaerus sropoi rpymuu (13.21) mpmBomATcA R BHLY
P21 —=v)w + QIR+ v i+ Qw=0.
YcaoBme mepHONMIHOCTY NPUBOAAT K YPABHEHUIO
U= FQIC+VH+Q1=0

¢ TeM sxe cameM pemenmeM (13.32). TaxmM oGpasom, mepeonpenenen-
Has cmcreMa (13.21) oxasnBaeTcs COBMECTHOM.

PacemorpuM BTOpoe ypaBmerme cumereMul (13.18), memoawsys mpy-
THe TPaHWYHEIE YCIOBHA. TaK, W3 YCIOBHSI PABEHCTBA HYIKO CIBH-
rajomero ycmang S; (cm. (13.5)) mpm 0 = n/2 momywaem g, = 0, uro
¢ yueroM cooTHomenns (13.9) mpmBommT K ypasHeHHIO

ov ou
T =0
oTKyZa ¢ yueroM Popmyn (13.2) maxommm
ou
V=—2 99 (13.23)
JTO mO3BOJIAET HAM HEepemmcaTh BTopoe ypasaeame cucreMsur (13.18) B
BHOJIE

— 4" — 200 — 2Qu - 2Q S+ (-g‘g- — u)= 0. (13.24)
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PagenctBo mymio Kpyramero momenTta H, cm. (13.7) ma xpaio oGo-
moukn (0 = m/2) mpmsomur K ycaosmio T = 0, 4TO B COBOKYHIHOCTH
¢ cootHomenmeMm (13.11) maer ypasHeHme

ow'/00 = 0.

ITockonbKy OHO IpefcTaBiAsSeT CO00H TOKAECTBO IO ¢ WM IO (@ U TaK
KaK HaC WHTePeCyIOT JHUINh BOJHE C PABHOHA HYJII0 IMOCTOAHHORA COCTAaB-
JIAIOMIEH 0 (p, TO W3 HETO CIeSYIT ypaBHEHUSA

0wloB =0, owlde =0,
mociae gero coorHomeHue (13.24) mpmEmMaer Bm
" + 2¢u” 4 2Qu + Qu = 0.

Omno pmomyckaer mmmb TpusmaiabHoe pemeHme u = 0. Ho rtakoe pe-
OIeHMe W WMeeT MECTO HAa CaMOM Jele Ha Kpaio 0GOJOYKE B Ciydae
HAYambHEIX yeaoBuit u (£, 8, @) | = 0, @ (2, 0, ¢) 1= = 0.

Wrak, moxasaHo, uTo ypaBHeHms oGoxouxm (13.13) momycraror
pemenue Ha Kpaio o6onouxm B Bupe croadeir BoamH (13.20) Bo Bpa-
IMAIOTHENCsT OTHOCUTENBHO OGOJOYKE CHCTeMe KOODAHHAT IO BaKOHY
(13.22). 970 ®m ecThr HWCKOMEI JIMHEHHHN WHTETPANBHHII omeparop,
ABIANIAACH aHAIOTOM COOTBETCTBYIOMET0 OMePaToPa B CIyd4ae Koilb-
ma, Bupazkaemoro dopmymoir (11.24).

W3 gopmyanr (13.22) Bupmo, d9TO HmONydYeHO [BAa BHAYEHHA [JIA
yria OpemecCHd BOJHEL:

t
YO =gy [C+ M+ VBT F4a—wel {e@a
(13.25)

i
V() =y (@ + 9 — VEF WP F A0— el (2@ .
0

(13.26)

ITo amanormm co ciaydaeM pacTsa:REMoro xomasma (maparpad 10) mpe-
meccmsa mepeoro Tmoa (13.25) cooTBeTcTBYeT MOGOYHBIM KoJMeGaHHAM -
¢ BBICOKO#l wacToToil, mpemeccusi Broporo rtuma (13.26) — ocHOBHEIM
kojebaHWAM ¢ HHE3KOH gacTorodl. Ilosmnenme moGowHBIX KoueOaHmiz
o0bsACHAETCA, KAaK U B CIydae KOJbIA, PACTAKUMOCTHIO 060J0TKM.
IMomcraass B dopmyny (13.26) k=2 n v = 0,17 (matepman
000/109KYM — IJTABIEHHIA KBApPI[), MOAYyIaeM
¢
v(t)=—0,312{ Q) at,
0
YTO COOTBETCTBYET HOBOPOTY OCeH KOJeGAHMH OTHOCUTENBHO 060J109-
Kz Ha yrox 28,1° mim oTHOCHTENbHO MHEPIHAIHLHOTO HIPOCTPAHCTBA
Ha yrox 61,9° npm nosopore o6onourm Ha yroa 90°. B [18] mpusomnr-
¢A DKCIEPHMEHT, Tle 00HADPY:KUBAETCA IOBOPOT oCell KoiebCaHWE B
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Tex ;e ycaosuax Ha yroa 63°. Kax Bummo, gopmyma (13.26) onmcsi~
BaeT DKCIEPUMEHTANBHEN (JAKT ¢ BHICOKOH TOYHOCTBIO. 3aMeTHM, UTO
B mpornenype, npuBeamei k ycranosieEmo gopmya (13.25) u (13.26),
mMeeTcs JIOTWYeCKHH HW3BAH. Y CIoBUE O0HYIEHHUS HECAMOCOIPSiyKeH=
HOl J9acThm omepaTopa BHOJH CTOSYeH BOJHEL eCTh YCJIOBWEe [0CTATOY-
HOe, HO He Heo6XojumMoe [Jis CYMeCTBOBAHWS CTOAYeil BOJHHEI B He-
KOTOpoil Bpamawmeiica cucreMe KoopAauHAT. VHBIMHA cioBaMm, MOKET
CYIIeCTBOBATH TaKasg CTOAYAsS BOJHA, BIOJH KOTODPOH HECAMOCOLpPs-
skeHHAA gacth (13.18) B myap He obpamaercsa. Torga coorHomenusd,
moayuennsie m3 (opmyn (13.18), 6yAyT mpPOTHBOPEUHTH pEIIEHUIO
ocraBmelica caMocoupsaskeHHol gactu ypasHeHmit. Ilposepka mempo-
THBOPEUMBOCTH W COCTOSNa OBl B PEIEHWH DTOH OCTABIIEHCS JacTH I
mopcranoske pemennit 8 (13.18). Ho mmenHO 9T0GH m36e:KaTh mMOI-
pobHOTO pemenHms BechbMa caoskHOM cmcteMsl (13.13), m 6b1 memosnn3o-
BaH mpenroyxkennsii mpueM. [IpexpacHoe coorseTcTBme Gopmy s (13.26)
DKCIEPHMEHTY MOATBEP;KAaeT 3Ty POPMYNy, HO, K COMKAIEHMIO, HAIETO
He IOKa3kBaeT. JKCOePUMEHT GbIJI MPOBeeH MiAk = 2; yme qua k = 3
cO0TBeTCTBHE € YOPMYJION MOKET OHITh IMIOXUM. JTOT 3Ke MpHUeM, TpHu-
MeHeHHHH B maparpade 11, Has HepPaCTSIKEMOTO KOJbIA SBIAETCH
COBEPINEHHO CTPOTHWM, IIOCKOIBKY B CIydae ONHON BaBWCHMOH mepe-
MeHHO#l w ofpameHme BIOJEL CTOSYEl BOJHB HECAMOCOIPAIKEHHON
YaCTW 0mepaTopa B HYJb SBISAETCA YCIOBEEM HEOOXOJUMBIM U JTO-
CTaTOYHHEIM [ CYNEeCTBOBAHWA TAKOH BOJHEL.

Yike OpEMeHeHMEe TOTO MpHeMa K PaCTAIKEMOMY KOJbBIY (mapa-
rpa¢ 10) maTanxkmBaeTca Ha YKa3aHHEE BHINE TPyHHOCTH. IlosToMy
U yCTaHOBIEHWE OCHOBHOTO 3(erTa JAId PacTAREMOTO KOJbIA OHLIO
IPOM3BENICHO METONOM OCPeNHeHWs, 00eCIeYMBAIOIIMM W3BECTHEE Ta-
PAaHTHE TOYHOCTH. ITH COOOPAKEHUSI OTHOCHTEIHHO KOJBI[A IOJCKA-
3HIBAIOT IYTh o0ocHOBanmsa pesynbrarta (13.25). IleiicTBurenpHo, ecam
u3rubHble Kose0aHusa 06ONOYKH OCYIIECTBISAITCA € NPAKTHIECKH
npeHeOPeKAMOR  PACTAKEMOCTBI0 €€ CPefHHHOW MOBEPXHOCTH, TO
Mofienb 000JOYKM IpHU TAaKUX KojebaHmAX GamsKa K Mofenm Hepac-
TAKEMOH o06osoukm Pemes, o KoTOpoil Me:XIy mepeMeHHRIMHO U, U,
W WMEIOTCA CBASH, aHANOTHIHEIE cBssH (1.4) B ciydae HEPACTAKAMOTO
koubma. Ho wmMenHo majwume CBSA3H B HEPACTS;KEMOM KOJBIE H
OPUBOAUT K 3aKOHHOCTM NPHMEHEHHOTO IPHeMa BHUYUCIEHHS CKOPO-
CTH IpenecCH: BONHOBOTO Wois. VI3BeCTHO, 4To fis HUBIMUX (OpM
Kose0aHuil MOJIeNN PACTAKEMON W HePACTAKUMOM 00010961 AeiicTBR-
TEJBHO OJU3KH.

Wsygaembie B aToM maparpade ypaBHeHEHS MOTYT GHITH PaccMOT-
PEHBL METOIOM OCPeIHEHUs, OHAKO NPOMeRypa OCPeNHEeHWS [Jjis HUX
kpaitae rpomosnka. Cmenmanmeram mo fUHaMHKe 060J09€K W3BECTHO,
9T0 HmOBefeHme Hoixychepumaeckoil 060N0IKE B KpaeBoil 001acTH BeCh-
Ma OIW3KO K TOBefeHmI0 Koabma. [lopToMy Asist MHOTHX 3ajad, CBA-
BaHHHIX C H3yYeHWeM JAWHAMHUKE TaKo#l 0GOJIOUYKH, KONBIO CIYRET
Xopomell MOTeNbl0 W MOKeT WCHOOJB30BATHCA [Js YCTAHOBIGHHS OC-
HOBHHEIX JUHAMUYECKUX CBOLCTB HOXycPepmaecKodl 060I0TKH.
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I'nasa IV

JUHAMUKA HENJEAJBHOI'O
ROJIBIIEBOI'O PE3OHATOPA

14

BryTpeHnsas guccHmanms MaTepualia
U ee BINAHNEe Ha JUHAMHKY pe30HATOpA

OpanM m3 Hambojee CYMECTBEHHHX (AKTOPOB, OTAMYAOIIAX pac-
CMOTPEHHYIO B IIPEJIBIAYINEH IiIaBe NAealbHYI0 CATYAMMIO OT PeaIbHOM,
ABJIAETCA HAJIWIWE AUCCHNATUBHHX CHJI, OPUBOAAMUX K 3aTyXAaHHIO
cBoOOHEIX Konebaumii Koabma. Eciam saryxaHwe HEBEJIHKO, a pe-
JKEM paboTH KPaTKOBPEMEHHHIH, TO CoBepmiaiomee W3TmOHBIE Kosie6a-
HAS KOJBI0 MOKHO HCIOIH30BATh B KAUeCTBe NATINKA WHEePIHAIBHON
mHEGopManuu, He npuberad HE K KaKAM CHENWAIHHGEIM MePaM IOJKep-
aHMA KoieGaHMU, T. €. B Pe;REMe (BHGeray.

Bynem mcxonmrs m3 ypasHeHmil paBHoBecus Koxasma (1.9), (1.11),
(1.12). Cpass msrubatomero MoMeHTa ¢ fedopManmei Liasg Koabna, 00-
najaomero BHYTPeHHe# Auccmmamueil, mOJyYdM, IpeAIoxaras, 4To
3aKoH I'yKa B 3TOM ciiy4ae MoKeT OHITh BHIOM3MEHEH:

o= FEe 4 E:. (14.1)
TeM caMEIM Dpefmosaraercd, 4TO HANPMKEHAA IPOIOPIHOHAIBLHEL
He TOJBKO BEIWYMHAM OTHOCHTEJBHHX AedopManumil, HO I CKOPOCTAM
WX m3MeHeHHI BO BPeMeHH, K0d(QPHUIMeHRT mpefcTasiasaer coboit anmamor
KospPuUIImeHTa TPEHNS,

Wsru6aromuit MOMEHT IPH 9TOM HPHHAMAET BHJ

EI 49 E1 90

9TO0 NPHBONHUT K CIAEIYIOMAM ypPaBHEHHAM IUHAMHKE KOJbIA:

" — i+ 4Qu 4 %2 (WY + 20V 4-w") + & (@Y1 4 20TV - 2") =0

&1 = EI/(pR"S).
Benmuuna %, Kak m panee, ompemneiserca gopmyrnoir (1.16). Unens,
coepsRampe KBaJpaTr YIJI0BOK CKOPOCTH W IPOU3BOLHYI OT Hee II0
Bpemenn Q2, Q, ONYIIeHH, HOCKOABKY B MalbHeHmeM MH OymeM yum-
THIBATH JAIMb YWIEHH IEPBOT0 MOPAMKA MAIOCTH.

Hcmonsaya samens mepemenunix (9.3), (9.4), BenmmeM ypasHe-
HEA, ONpeeisiomnue JIHAMHAKY OCHOBHON (opMH KojeOaHHH KOAbLA:

d = 8/;Q(b sin y¢ — n cos y8) sin Yt — 3%/, &; (a sin y¢ —

— m cos yt) sin yt,

m = —8/ (b sin yt — n cos yi) cos yt + /&, (a sin y¢ —
— m cos yt) cos yt,
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b = —3/,Q(a sin y¢ — m cos yi) sin yt — %/, &, (b sin yt —
— n cos yi) sin yi,
n = 8/ .Q (a sin y¢ — m cos yt) cos yt + 0/;&, (b sin yt —
— n cos yt) cos yt.
Ilocne ycpenmenma 1mo BpeMeHH 5TH yPAaBHEHHs TPHHHEMAIOT BHJ
6= —18/,Eq -+ Qb

m=-—18/5 §1m+4/59n,
6 = - 18/5 glb - 4/5 Qa, (14'2)
h= _18/5 gln—4/59m.

3amena (a, m, by, n)=(aop mo bo, no) exp(——?—&t) OpHUBOJAT
K yPaBHEHHAM YiKe PACCMOTPEHHOTO THIIA

d0=%£2(t)b0, mozéﬁ(t) o
. 4 B . 4
bo=——5—9(t)am ”0=—T9(t)m0’

JomycKaomux obmee pemeHme

t
ao=Acos-§—Sth —]—Bsin—é‘— Qdt,

bo.-_—_Bcos—g— Qdt — Asin Qdt,

SL I O
o o
N o O

mo=M cos —g— Qdt - Nsin

|

Q0+

t
§Qdm
t

o

no=2N cos Qdt — M sin

o] o
o

{oat.
0
YunTeBas BHIOJHEHHbIE BaMEHH, NJIsS YACTHOTO CIydas CTOSUeH
BonHE (B = M = N = () monysuM BHpaKeHHe, XapaKTepH3yIOIee
' ee DBOXIOIHIO:
18 t

-5 &t 4
w=Ae cos(2q> +5 S Q1) dt) cos yt. (14.3)

0

o

9To BHPayKEHHE MOKAa3HBAET, 9T0 OCHOBHON MCTOYHNK WHEPIHAITb-
HOUl mHPOPMAIHH — IOJOKEHIe Y3JI0B CTOSYEH BOJHE OTHOCHTEIHHO
KONbI[a HUKAKNX W3MEeHeHW#l He mperepmexa. lmccmmamusa npuBommT
TONBKO K YMEHBIICHMIO CO BpPeMeHeM aMIIUTYIH CTOAYeidl BOJHEL.
Bpema T yMeHBIeHHA aMIUIMTYJH B € Pa3 MOKET CIAYMMHTH NI
HKCIEePUMEHTAILHOTO OIpefeeHns KodpuimeHTa TpeHdd &:

& = 10R*/(3h*T), rne h — TOJIMUHA KOJBIA.
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15

Ilosunuonuoe BO30Y:KAEeHTE
KoJe0aHmii KOIbIA

Jlas mommep:KaHMA He3aTYXAIIUX KOJe0aHmi KOXbIa HCIONB3YIOT-
¢ TmepeMeHHHEe JJeKTPUIEeCKHme CHIH, JJISI 9eTo K CaMOMy KOJbIY,
a TaKKe K BHEIIHAM IO OTHOIIEHMIO K HEMY 9JIeKTPOIPOBOMAINUM
saeMeHTaM (9JEKTPOJaM) MOABOJAUTCA IepPeMeHHoe HampssxeHume. Pe-
JRUM TIOBUIUOHHOTO BO3OYKIEHHUSA XapaKTepua3yeTcs TeM, 9YT0 CHIOBOe
moje, Co3[aBaeMoe 3JIEKTPOJaMd, HEM3MEHHO OPHEHTHPOBAHO OTHO-
CHTeJIbHO OCHOBAHHA, a pacupeflelneHHe CHJIL IO YIJIY COOTBETCTBYET
BO30y:KIeHUI0 HY:KHOM dopMmu KosnebGaumii. Taroe Bo3GY)KIeHEE MO-
sKeT HCHOJB30BATHCA IS CO3JAHMNA HAYAIbHO CTOSTel BOJHE B KOMb-
me (B mpomecce m3MepeHHmI BO3GY/KIEHWE OTKIOYAETCH).

DNeKTPUIECKHUE CHIIH, [EeACTBYIOMUIe Ha KOJBI0 CO CTOPOHE DIEKT-
pora, IPeACTAaBIAIT Co00Of BHEINIHIO pacIpeleleHHYI0 HarpysKy,
I03TOMY ypaBHeHHe AWHAMHKHE KOJIbIA € yIeTOM JUCCUIAIUE U BO3-
Oy:xpeHna B coorsercTsuE ¢ (1.16) mpuHmMaer Bup

W' — @+ 4Qu + & (VT - 2007V + w") 4 w2 (V4 20V 4 w')=
= (1/0S) (4 — Po): (15.1)

THe ¢y, Po — TPOGKIUHA YAENbHON IIOTHOCTE (CHIa HA eIUHHNY MJIH-
HHI) BJIEKTPAYECKHUX CHJ Ha HANpaBjeHWE K IeHTPY W Ha HaIpaBJIeHHe
KacaTeJbHON COOTBETCTBEHHO.

s BEIGUCIEHHS 9THX ILUIOTHOCTEH BOCHOJIbL3yeMCA BEIPaKeHHeM
IS IJIOTHOCTH 3J6KTPHIecKUX CHJ, HelCTBYIIMNX Ha 00KIAfKA II0C-
KoTo KoHmencartopa [12]:

s g [V \2

f=—2-<—d-> , (15.2)
3nech V — pasHOCTH HOTEHOUATIOB MEKAY 00KIagKamMu, d — paccTod-
HUe MEKIYy HEUMH, €  — KOHCTAHTA, BXOAAMAS B MHOKHETENIDL IPOIOP-
IMUOHAMIBHOCTH, (UTYPHPYOIMUA B 3aKoHe HymoHa:

1 0142
F= 4iteg r2

YuuTHBAasg, 9TO PACCTOSHAES MEKIY DIEKTPOAOM H KOIBIOM MHOTO
MEeHBIEe PAgmyca KOJbHA, MOKHO CUHTATh, 9TO IJIOTHOCTH 3JEKTpH-
qeCKHX Cui, JeACTBYIOIMUX HA KOJIBIO, ONpefeadeTcs BHPaKeHHeM
(15.2), opu sroMm mepeMeHHHEe V U d 3aBHCAT OT BPeMeHHD H OT yria @
¥ OUpEeNeNsioT JTOKAIbHEE BHAUCHWS PA3HOCTH HOTEHOHWANOB W pac-
CTOSHIAA MeY KOJBIOM W DIEKTPONOM B TOUKe (!

V=V( ¢, d=d,+ w (15.3)

Uepes d, 00603HAUEHO paccTosAHEmE MEKAY Hene@opPMEDPOBAHHEIM
KOJBIIOM U DIEKTPONOM.
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OGo3magas mupHHY B3IEKTPOKA
gepe3 L (pmc. 22), monydaeM BHpa-
sKeHme [ yoelbHOM IIOTHOCTH CIJIE

f_ SoL V \2
- 2 d :

IIpm aTom cmma mpegmosaraercs
HaIlpaBJeHHOX Ho HoOpMaIdm K [e-
(OPMHEPOBAHAOMY KOJBIY. ¥ IUTHI-

Basd TaKKe, 9YTO J9TO BCerga cCumjia
OPUTAKEeHU, mMeeM

BoL 7 \2
fo="—"73 (_d‘) ’
. SOL V \2 .
po="5"(5) 0=

=g (w Ve o 159

OTH BHPAKEHUA CUOPABSIJIMBH IJIf JMI060TO THIA BO36Y:KAeHWIA,
oHA GyAyT WCIOTB30BATHCA B CaeAylomux maparpadax.

[Tosunmumonnoe BO30GYy:mHeHME NIpeTHAZHAUEHO A PACKAYXBAHUA
nepBoii GopMH KoxebaHWit KOIbIA;

Pme. 22

V="V,cos —%"-tcos Q. (15.9)

B cootsercreum ¢ Qopmyaois (15.1) mo Brpamenmam (15.4) meol-
XORMMO HafiTm ¢ W pg; mojaras TpubImKeHHO d ~ d,, HAXONHEM

4 2
” S‘s L 2 SOLV }\1 2
Go=—""2-(V"* +VV")= — cos? %o 4 cos 2¢.}

d2 2 2 ’

0 0

CoxpaHsAs TOT ’Ke YPOBEHb TOYHOCTH, 9TO W IIPH BEIIUCIEHHHT (o,

B pe3yimbTaTe BHYMCIAEHHA mosydaeM, 9ro py = 0. YpasHeHnue
(15.1) mpu_ TOM 3aUMIIETCS TaK:

W — B+ AQ(0) 0+ 8 (@ + 2017 ) +

2
2 (), VI vy Vo ok
+ %2 (wVE - 20V L w") = = c0S? ——
pSd; 2

£ cos 2. (15.6)

3ameny nepemenusx (w, w)— (a, m, b, n) BHIOEpaeM 0 AHAIOTHH
¢ (9.3), (9.4), yumtsiBas, oHAKO, YTO 1O OCHOBHON ¢opme KomebaHmA
SYLYT NPOMCXOMUTE C IaCTOTON BHEIMTHEH CHIIEI

w==(a cos 2¢ + b sin 2¢) cos ot - (m cos 2¢ -+ n sin 2¢) sin At -

+ kE [(a cos kg -+ bsin ko) cos yi +-
s
+ (m cos k¢ + n sin ko) sin y1],
W =M [— (a cos 2¢ + b sin 2¢) sin Aot 4 (m cos 2¢ -+ (15.7)
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+ nsin 2) cos At] - D) y[— (@ cos ko -+ b sin ko) sin y¢
k=3
+ (m cos ko + n sin ko) cos yt].

3mecs a, b, m, n — QyHKkUEA BpeMeHu H HOMepa QOpMH, y =
=k (k* — 1) (k* + 1)"*/x. Ilpomssomsa 3aMeHy NOPEeMEHHHX H pas-
measas (GOpPMBI, IONyYaeM OCPe[HEHHbe yPABHEHHSA, ONUCHBAIOIIAE
OVHAMUKY OCHOBHOH (OPMHI, B BHIE

. A 4 1

a=—Tm+TQb_T8E1a7

A 4 18 oLV}

me—a -+ —Un— —tm — ——, 15.8
7 ¢T3 5 & 2005y (15.8)

. A 4 18

b=——2—n —Tga—Tglb,

. A 4 18 36%2

n_Tb—TQn’L——TElm A:-}\/o——s'?r.

PacemorpuM BHauane ycramosmBmmeca KoleGaHmS KOIBIA B CIy-
gae mHemomBwkHOTO ocHOBaHmA (Q2=0).CragmoHapHL# peKEM ompe-
JexseTcsa 3 ypaBHeHUN

A 18 . A 18 alVy
—zme 5 =0 ge——tm - =0,
R P S SR

OTKYHa HaxoIuMm
a = 5e,LVEA/20SdN [(36E,)® - 25A%], b = 0,
m — —18e,LV2E,/0Sd2ho [(36,)2 4 25A%], n = 0 (15.9)

Hampasienne Bo36y:KIeHHNX KojaeGaHAN COBIIAJIaeT ¢ HAIPABICHHEM
BO30y:KIeHNsa, a oTcraBannme (ass Kojgebammilt oT Passl BO3OYRIEHHES
u aMILIATyAa Kojgebaumii ompemensiorca GopMyraMu

tgp = 36E,/5A,
€0LV(2)
2082,V (36€1)2 - 2542

A=Va +m? = (15.10)

3asmcmmocts A (A), mpencrasnenHas ¢opmymoir (15.10), asaserca
AMILIATYIHO-9aCTOTHON XapaKTePUCTHKON BHIHY:KAEHHEIX KojeGanmit
KOJIBI(A.

PaccmoTpuM cayuaii spamenuma ocuosanms (2 == 0) mpm Toumoit
Hacrpoiitke B pesoHanc (A = 0).
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Bomonamm B (15.8) 3ameny nepemenusx (a, m, b, n) — (ay, Mg,
by, 1) mo QopMymam
a = aoe—18/5E1t7 b = boe“18/5§1t’

90&1 _18/ %
m=— ———L g | mye s,
T 1
(18%,)° - 1602 (15.11)
200

?0LV2
= gy F1eer ¢ T e :

n ———
2008d2h,

18/ 5§lt ) q —

¢ TOYHOCTBHIO [0 BEJMIUH BTOPOTO MOPAAKA MAJOCTH IOJyIaeM CHCTe-
My (14.2). Hoxcrasuas obmee pemenme 9TOM cmcTeMH B ()OPMYJIIH 3a-
mensr (15.11), maxogmM o0Imee pelmeHWe 3afaYd B PacCMaTPHBAEMOM
crydae. Hsasmcrammomapuoe pemenme, mosydemnoe m3 (15.11) ot1-
GpacoiBaHWeM 3aTyXalMnX YJIeHOB, IPABOLATCA K BHIY
— — 90E, - 20Qq
a=b=0, m=— gy ieor & "= gy e

ITo pemeHne MOKA3HIBAET, YTO IPU BPANEHAN OCHOBAHHUA HAIIPaB-
JIeHme KojneGaHuWil KONbIa HE COBHAJAaeT C HalpaBieHWeM BO30yrKIe-
HES A OTCTaeT OT HEero Ha YTOJ (,, OOPeAeIaeMblii I3 BHPAKeHAI

tg 9 = 29 (2)/(9E,). (15.12)

IIpm sroM ammiauryfa Kome6aHmi TAK)Ke 3aBHCAT OT CKOPOCTH Bpamie=
HEASA OCHOBAHMUA:

A = Vm® T n® = 5q/) (18E;) + 1692 (1)-

HoneGanmss wosnbma B DTOM Cayiae B COOTBETCTBUH ¢ (PopMyaaMa
(15.7) mpomexomAT mo 3aKOHY
SoLV% .
w= ——————— 05 (2 + @) sin Aet.

8pSdZho 1/ (18E1)% + 16Q2
Tanrenc yria oTcraBaHWsa HAUPABICHAA K0j1e0aHWA OT HAIPABJICHHUS
BO30Y/KMeHUsA NPOMOPIUOHANEH YIJIOBOW CKOPOCTH  OCHOBAHHA
(15.12). JrtoT pesyabTAT NMOKABHIBAET, 9YTO B PEKUME IIO3HIUOHHOTO
BO30Y/KIeHUS BOJHOBON TBEPAOTEIHHEI THPOCKON MOJKET HCIOIH30-
BaThCA KaK JATYIMK YTI0BOM CKOPOCTH.

16

IMapameTpuaeckoe BO3OY:KeHHE
KoJeOaHUil KOIbIA

Ilapamerpudecroe B030Yy:KAeHAEe BBOMUTCA NI NOAJEP/RAHHA KO=
JebaHui KONbIA € COXPAaHeHHMeM WHTerpmpyiomero s¢QeKra, He mpu-
BABHBASA BO30y:KIeHNEe K BPAMIAIIEMYCS OCHOBAHMIO.

Huis aroro mampswenme Bo3Oy:fenms V He HOMKHO 3aBHCETH OT
yria @:

V = V, cos Ayt.
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B ornmame or mosmmmomHoTo BO3OY:KAeHHA (15.5) 3mech wacToTa
BO30yHIeHUA GepeTcsa BABOe Goabileil, MOCKOABKY, KaK CTAHET ACHO
U3 manbHeiimero, sgdert mapacranma Koje0aHWiT B 3TOM CAyIae HO-
CHT HDapaMeTPHYeCKHH XapaxTep.

BocmoansoBasmuchk gopmymamu (15.4) m ocraBisa 4ieHH ofmHA-
KOBOTO IOPANKA MAJOCTH, HOJIYIaeM

” ’ S(]va " SoLVZ‘

Jo— Po= z W’ -— 2R (w" +v'). (16.1)

Kpome Toro, Gymem mpeme6peraTs BeimumHO# do/R To CpaBHEHmIO
C eWHHEIE, YTO [jaeT OCHOBAHIE HAM COXPAHHTH B BHpaykeHHZ (16.1)
TOJNBKO IepPBHU wieH. YpasHeHHme (15.1) mpm 5TOM HepenmCHBAETCSE
B BHjIE

W — W+ 4Q" + & (VT - 20TV + @)

i eoLV2
-+ w?(wV + 2ulV 4+ w")= cos? Aotw”. (16.2)y

0
pSd3

Brimosnasas B HeM 3aMeHY mepeMeHHEX Ho gopmymaMm (15.7) m ocpen-
HAA I0JYYeHHbe YPABHEHHA [0 BPeMEHH, HAXOAUM YPaBHEHUA IId
OCHOBHOZ (POPMEL:

. 185 ( A &LV ) 4Q
d=——F—2a —_——— | m+4+ —=0b
5 + 2 10p8d31, T3
) A 3e LV ) 18¢, 4Q
m=\— — a — m —nN
( z 10pSdh, st
fe 49, 18 b_(_A_ el Vg )
=75 5 2 10pSd3ho )’
16.3
pe 40 m+(A eV} >b—- 186 (16.3)
8 2 10pSdho 5

PaccmoTpuM BHavaje mapamerpumueckoe Bo30Oy:IeHHWe B cilydae
HemoBmRHOTO ocHoBammA (Q = 0). Ypasuenua (16.3) mpm sTom pac-
MaJaloTCA HA [(Be HE3aBUCHUMBIX W OJMHAKOBHX CHCTEMBI OTHOCHTEb-
HO TePeMEeHHHX ¢, m U b, n. ITH cucTeMH XapaKTepuayoT PasBuTue
nmapaMeTpUIecKux KojeGaHWA B ciygae TIaBHOTO pe3oHaHca. I'parmma
yeToumBOCTH TpUBHAAbHOTro pemenmsa cucrembl (16.3) ompenmemnsercs
W3 YCIOBUA

18 A SOLVg
S S 7 v
A 3?0LV% 18 o
=z + 10p8d3hg 5 A
nIan
185 |2 (A _SeelVs )(A L ):0 (16.4)
( 5 ) Tz 10pSd3, /\ 2 T 10pSd3h ' '
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Ypasrernue (16.4) B mapamerpax
(A, V3) m3obpaskeno Ha puc. 23, Ha
KOTOPOM 00JacTh HeyCcTOHYmBO-
CTH BaIITPUXOBAHA.

Ecim  mapamerpst  cicTeMb

OpUHALIeRAT 06JacTH yCTON9H-
80CTH, TO N1060€ pelIeHme KCIO-
HeHIWAJIbHO 3aTyXaeT N0 HYJS.
B o6mactu meycrofiampocT:m pe-
OIeHHA DKCIOHEHIMAJIbHO Hapa-
craior. Taxmm o6pasom, mapa-
MeTpH4IecKoe BO30y:kmeHMe 06ia-
laeT TeM CBOMCTBOM, YTO €CJIH
aMIIIATYRA BO30yKAeHUS HemNo- Pue. 23
craroara (V<< Vi mia), To Koneba-
HUS He BO30Y:KIAIOTCA; eCIH sKe aMIUINTYIAa BO30YKIeHU JOoCTaTOTHA,
TO BO30yKmaloTesa Heycroliunsre Kosuebannsa. I3 ckazanHoro ciaegyer,
9TO HCIOIH30BAHUE MAPAMETPUYECKOTO BO3OY/KIEHHSI B HEMPEPHBHOM
pe:raMe Ge3 KaKMX-Im60 JOMOJHHUTEIBHBIX Mep I0 OTPAHHICHWIO aM-
IIATYAH HeBo3MOkHO. OrpammueHme KojeOaHTHE MOKET OHITH HOCTHUT-
HYTO BBeJeHAeM 00PAaTHOH CBSI3W, KOTOPOe MBI PACCMOTPHM HECKOJIBKO
Io3[IHee.

Haiinem smawenus (Amin, Vomin), COOTBETCTBYIOIEE TOYKE MH-
HEMYyMa TpaHdnsl obmacTd ycroiigmBocTd Ha puc. 23. Beems oGosHa-
9eHmsA

p = 185/5, 1 = e,L/(10pSd3hy), (16.5)

mepenmmeM ypasHenme rpanuns (16.4) B Bmme
p* + (A/2 + 31VY) (A/2 4 1V) = 0.
Paccmarpmsast 570 ypaBHeHHe KaK KBaJpPaTHOe ypaBHEHWE OTHOCH-

TexbHO A, HaxommMm Beamumay Vgmi, B3 ycaoBums obpameHus B HYJIb
IACKPEMUHAHTA KBaJpPaTHOTO YPABHEHOA:

Vomia = V p/. \‘ (16.6)

Ucmonwsys cBsA3b BpeMeHu 3aTyXaHAA aMILIATYAH KojeCaHuR B e pas
¢ BenmauHo# p: p = 1/T, a tawme oGosuagzenme-gus ! (16.5), BMecTo
(16.6) maiimem

Vomin=6-105 V suphdih/T. (16.7)

Jdra dopMyna ompefenser MUHEMAIBHO BOSMOKHOe HALPIKEHTE

BO30YKIOHAA.

Hpumep. R = 7,5-107% w, h =103 wu, E =17,-10" m/m?
p=2,5-10° me*/m?, dy =103 m, p =10"2 ¢, Ay~86/)5,
% = (hW/R? V3E/5p = 7,3-102 ¢, I = &,/(10phdihe) = 4,4-
107¢ > ¢ 1.B72,  Vymw =} p/l = 48 B.

(roapdpumment 3aryxamma p ~ 1072 ¢~! cooTsBercTByeT BpeMeHH 3a-
TyXaHASA AaMIOJIUTYOH B [OBa pasa ~ 1 mmm).
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CoOTBETCTBYIOIEE HTOMY MHHUMAJIBHOMY HANPAMKEHNI0 3HAYeHHE
pacerpoiiku Ay, mmeer Bup

Amin = — 4p = — 4/T. (16.8)

PaccmorpuM Temepr mo-mpeskHeMYy A CaAy4aAs HETOABU;KHOTO
ocHoBaHmA (2 = 0) ofpaTHy0 CBA3H, HPEIHASHAUCHHYIO [JIA TOJ-
Iep:KaHusA DOCTOAHHON aMOJAHUTYAH KoJeOaHWI.

Hna oroli Ienm HampsyKEeHHWE KoJbIeBOTO Bo3Oyxmemms V,
B ypaBHeHuAX (16.3) Gymem perynmpoBarth mo BaKOHY

Vo=v —Fk (r —ry). (16.9)

31ech v — BeJAWIMHA HANPSIKEHUS, KOTOPAsS IPHU BEIOPAHHOH BeJININHE
paccTpoiikm A COOTBETCTBYeT TOUKe Ha TpaHmie 06JacTH YCTONIH-
BocTu. MTHOBEeHHAS aMIUIOTYHa Kojebammii r = Va2 + m? +02 + n?,
r, — TpebyeMas aMIIUTyRa CTAMHOHAPHHIX KojebaHumil, k — ®osddu-
IHeHT mpomopmumoHanbHOcTU. [lomcrasisas V, B cucreMy ypaBHeHumit
(16.3) w orpaHmUMBAACH JWHEHHKIME wieHaMu 1o (r — 7g), HOIYIAEM

i =—pa-+lg +f(r—r)lm,

m = — gy +fy r — o)l a — pm,
b= —pb+lg +f(r—roln, (16.10)
= — gy +fy (r —ro)l b — pn,
Tfie MJis KPaTKOCTH 3aNMCH NPWHATH Cilefyiomue o003HAYeHAA:

. A goLv? . A 3eoLv?
BT T Tpsa, 0 BT T T T Topsag,

__ eolk _ 3elLk (16.11)
h=fosar, ' "= Ssan

Hafimem crammomapubie pesxuMbl B HenmHeiHO# cumcTeMe (16.10),
mpupaBHHBAsg HYJNO ee IpaBbie dacTh. Kcam r = ry, T0, 0YeBHIHO,
cUCTeMa WMeeT JHUIMb TPHBUAIbHOe pemeHme ¢ = m = b = n = 0.
B cayuae r = r, m3 yCaoBHUSA HACTPOWKE Ha TPAHANY 00JaacTH yCTOH-
gmsoctu (p? + g:g, = 0) caeémyer Haamdme [ABYXHapaMeTPHAIECKOTO
ceMelicTBa CTAIMOHAPHBIX PemeHui

a=(g/p)m, b= (g/p)n, (16.12)
Tie M W N IPOU3BOJIBHEL.

9T pemieHusi, OMHAKO, CBA3AHEL yCIOBHEM ]/az +m?* b2+ n?P=
=ry, aT0 ocTasysaeT B cueTeme (16.10) ommomapamerpmaeckoe cemMeircTso.

9to cemelicTBo M GymeM cTpomTh ciegyiomuM obpasoM. Ilpexme
Bcero 3ameruM, uro ypasHeHus (16.3)m (16.10) momyckaror ogHOmapa-
MEeTPHYECKYI0 TPYNNY JTWHEHHHKX mpeoOpa3oBaHMiA:

a cos 2a 0 sin 2o 0 ay
m 0 cos 20 0 sin 2a my
b |~ ||— sin 2 0 cos2x 0 by | (16.13)
n 0 — sin 2 0 c0s 20 ny

rae o — mapaMeTp rpyunsbl.



CrasaHHOe 03HAUAET, 9TO €CIU B HeIWHeiHHX ypasHenmax (16.10)
BHIOONHETH 3aMeny (16.3), To B HOBEIX IePEeMEHHHIX a;, My, by, Py
YpaBHeHHsA oCTaHyTca B TogHOocTH TeMmm ke. Orcioma ciemyer, 4To
€CJH MH mMeeM XOTs OBl OfHO YacTHoe pemenwme cumcremir (16.10), To,
mofiBeprHyB ero mpeo6pasoBaHuio (16.13), moxyuum ommomapamerpm-
9eCKoe ceMelicTBO TacTHLIX pemenuil. [[0aTOMy Ams mocTpoerma m aHA-
Jm3a Ha mpeaMeT YCTOHYMBOCTH CeMeHCTBAa CTAHOHAPHBIX pemeHnit
DOCTATOYHO PacCMOTPeTh Karkoe-a1mGo OfHO pemieHme ceMelicTsa.

JImmeitnoe mpeo6pasosanume (16.13) xapakrepusyer CHBET MO YIIAY
@ Ha OOCTOSHHSI Yroa 2%, T. e, HOBOPOT KAPTAHLI BOJHOBOTO IO
Ha MOOCTOAHHBIA yTOIL.

Ypaseeaasa (16.10) momycranT dacrdoe pemenime

ao=gro)/V p* + g mo=(pro)/V P* F g, bo=no=0. (16.14)

9T0 pemieHme XapaKTepE3yeT CTOAYYI0 BOJMAY, T. e. KOJTebaHWmS
¢ ammmoTmieckoit dopmoit medopMmManmum Koibila, HapaBileHHe IJaB-
HHIX IOoJyocel KoTopoil coBmagaer ¢ ocsAME KoopamHaT. Takoe e pe-
fnerme OBLIO MONYYEHO IJIA CAYYas TOSUIUOHHOTO BO3OY:KAeHUA CM.
(15.9). Omrako B ToM ciyuae opmeHTAamEsA KoaebaHmii 6rlTa CBA3AHA
¢ opmeHTanmeil Bo36ymeHus u pemeHme (15.9) Gbino egmECTBEHHHIM
U YyCTOWIWBEIM.

B caxywae ke xonpmeBoro Bo30Y:KIEHHSA yKasaHHAS OPUEHTAT[UA
ABIAETCA CIYIaHONX W OTpasKaeT JHIMEL ONHO JACTHOE peIIeHHe U3
ceMeficTBa. Y CTOMYMBOCTH DTOTO DENICHHWA W IPHU3BAHA 00eCHeudTh
obparmas cesasp (16.9), BImAHEe KOTOPOH Ha AWHAMHKY pe3oHATOpa
m3y4aeTcs B ciaefyomeM maparpadge.

17

Yerofiausozrh Cramud 1ap 461K PRRAVOB
Kox20aauii KoIBIA
OpM HAMAIAW HAPAMATPHICKOTO BO3O YR 2HUA
¢ 00paTdoii cBi3b10

Ias mecmemosanms yeroitamBocTd yacTHOTo pemenus (16.4) cocraBmm
nas ypasueruit (16.10) ypaBHenud B Bapuaquax OTHOCHTEJHHO TOTO
gacTHOTo pemeHns. CoxpaHAs A KPAaTKOCTE 3ammcd 0GO3HAYeHHA
caMmX IepeMeHHHX [ Bapuamuil mepeMeHHHX (BMecTo Oa GymeM mm-
caTh @ ¥ T. &.), AMeeM ,

d=—‘<l5—];—: aomo)d -+ (gl—l— fl:% )m,

r

2
m= — (gz + szo ) a —(p +—fr2—ao'na>m,
b =—pb+ an, (17.1)
n = — g,b — pn.
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Cucrema ypasHeHmit (17.1) pacmazacs Ha [Be HE3aBHCHMEIE HONCHCTE-
MEL [JIs TEPEMEHHHX @, m W JJd HepeMeHHHX b, n.
Hauwmnaem ¢ aHanmsa mepBoil W3 YKAa3aHHEIX IIOJ[CHCTEM.
AcCUMOTOTHIECKAS YCTOMYUTBOCTG HTOH IOACHCTEMH TapaHTHPYeT-
Cs TP BHIOJIHEHWUN [ABYX HEPABEHCTB:

2p+ L aom >0,

) >o.
(17.2)

(p—f—zaomo)(p +f—jaomo)+<g + fl K ) (g2+

PaccmorpmM mepBoe m3 HepaBeHCTB. B cmay ecrecTBeHHO# mmccmma-
nuu p > 0; B cuny oGosmagenuit (16.11) (f, — f1) > 0, m gns semon-
HeHHUs mepsoro m3 HepaseHcrs (17.2) mocratouHo mMeTh ¢y >0 w
mo > 0. Iomosxureabuocts m, ouemmua u3 (16.4), momosxmrenn—
HOCTD K€ @, CIEyeT U3 IOJIORUTEIHHOCTH gy. [ ycTaHoBIeHAsA Mo~
JIO}KUTEIBHOCTH g, CIeyeT IPHHATH BOo BHUMAHNE YPABHEeHHE TPAHUIEE
ob6ractm ycroitgmsoctu p? + g.g, = 0, oTryma caemyer g4, << O.
ITockonpry pmusa rpammmbt A << 0, To m3 ¢dopmyn (16.11) ememyer

> 0.

Taxum o6pasom, mepBoe m3 HepaseHCTB (17.2) BHmomHAeTcA mpm
n0GEX mapamMerpax 3ajadn.

Bropoe HepasemcrBo ¢ yuetom ¢opmyxn (16.14) m ¢ yzerom ToOTO,
a0 fy = 3fy, 8182 = — p?, W IPENIONOKEHHS O TOM, ITO HACTPOUKA
OCYMIeCTBIAETCA HA TOYKY MUHHMYMa TPAHHOH 00GJACTH YCTOUIWBO—
ct® (U = Vomin, A = Anin), Moser GHITH IMepemUCAHO B BHJE

2gip® + 3g1 — p* >0,

OTKYy/a
g > 37'p (17.3)
Iockonbsry m3 dopmyn (16.6) m (16.8) cmegyer, uTo
A L
gr=— G — e Vimn=2p — p=p,

10pSd3h,

To HepaseHcTBo (17.3) mpmoGperaer Bug p? > 37'p?, caemoBaTenpHO,
OHO BCETHA BBIIOJHAETCAH.

TaxuM o00pazoM acCHMITOTHIECKAA YCTOMYHBOCTH NEPBHX MOBYX
ypaBHeHmit cucreMbr (17.1) moxasama.

XapaKTepHCTHIECKUe KOPHE BTOPOU HmapH yPaBHEHMI MMEIOT BHL,

hy=10, A= —2p)

Onue 73 KopHeH BeI[eCTBeHHbI U OTPUIATENbHHH, BTOPOX — HY-
aeBoifi. Hanmame omHOro HyneBOro KOpPHS, CBA3aHHOE C CYIIECTBOBA-
HEeM JIOIyCKaeMO# CHCTeMOH I'PYNNEl, IPUBOLHT K TOMY, 9YTO BMeCTO
ACHMIOTOTHYECKOM yCTOMYMBOCTH WCCIEAYyEeMOe 9acTHOe pelieHme OKa-—
3E[BAETCA IIPOCTO YCTOMIMBHIM.
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Wrak, HaMu yCTaHOBIEHO, 9TO HA HEIOABI/KHOM OCHOBAHHHW Hapa-
MeTpHYeCKoe BO3GYKIeHHE B COCTOAHEA 00eCIHeUNTHh yCTOMUMBHIE CTA-
MHOHADHEE® KO0JAeGAaHHA KOXbOA C HPOUSBOIBHO OPMEHTHPOBAHHEIMI
(He cBABAHHHIME C OCHOBAHHEM) IVIABHEIME OCSMH.

Ocraerca paccMoTpeTh BpalleHEHe OCHOBAaHWA. BepHeMces K mCXO0M-
HEIM ypaBHeHmsM (16.3), KoTopbie JIA KPATKOCTH 3aNMIIEM B MATPWI-
HOM BHJE:

x=A(@, |x])x, (17.4)

roe x = (a, m, b, n); A — marpunma cucrems (16.3), saBucamasn
or BpeMeHHm wm3-3a mnepeMmemHocTEH Q (f) m oT Momyma |x | =
=17 a® -+ b ++ m? + n® = r npum Haamuma o6patHoit cBasm (16.9).
BrimonamM B cucreme (17.4) 3aMeHY mepeMeHHHIX X—-X; 0 HopMy-
ae (16.13), koTopyo Takke 3amumieM B COKPAIIEHHOM BHJE:

x = Sxq, (17.5)

rae S — marpuna 3amentr (16.13), B KoTopoil Tenmeps GymeM cauTaTh O
dyErnmeii Bpemenm. llogcraBnsaa dopmynnt (17.5) B ypasmenme
(17.4), monyuaem

%p==STLA (L, | Sx1]) Sx1 — 71851 (17.6)

YunTHBasA y)Ke OTMEUEHHYIO BHIIe WHBAPHAHTHOCTH cucTembr (16.3)
mo oTHOmeHWO K rpyume (16.13), mmeem

STHA (@ S ) S =4, |x .

3aBHCEMOCTH ¢ OT BPEMEHU IPHBOAHUT K IOSABICHNI0 MoCie Hpeofpa-
80BAHHA JOUOIHUTEIHHEX CIATAEMEX C MAaTpHUIei

00 —1 0

00 0 —1

1 0 0 of*

01 0 0

S§718 =26,

CaemoBatensuo, ypasuenusa (17.6) mpmoGperaroT BHL

. 18, A el V3 ) ( 40 )
-— (S 0 Y - (22426 8y,
a1 5 ay ( 9 '109Sdg}\10 1 + 5 + @ b!-

s A 3€0LV% > 1851 40 )
my = ("2‘ + —10950337»0 ay——5—m + (-5— -+ 20c>n1, (17.7)

. 4Q ) 18¢, A gLV}
b=—(—- 2) — b—(——-l————-—
! 5 *)T T TNT T Thgpsan, )

L[ 4Q . A 3e,LVy ) 18¢
i == — | —— 2 )m -5 - L -
7y ( 5 + 20 )my -l-( 5+ 10pSd%he by =1
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W3 ypasrennsa (17.7) sugHO, 910 ecam BeIOpaTh ot(f) TaK, 9T00H BHITION-
HATOCH TOKTECTBEHHO

Y5 Q(8) + 24 () = 0,

TO CHCTeMAa CBOJHTCA K CIYYal0 HEMOABIKHOTO OCHOBAHHSH, PACCMOT-
penHOMY paHee. IIERME ciaoBaMud, B cmcTeMe KOOPAMHAT, BpAaIAiomeii-
CA OTHOCHTEIBHO KOJbIA II0 3aKOHY

¢

oc=—%S Q1) dt, (17.8)

0

KOJIBIIO BefleT ce0A KAk HeBpamaolmeecsa. Bech aHanIus, IpoBeNeHHEIH
masa caydas Q = 0, momHOCTHIO mepeHocmTCs Ha caydair Q (2) == 0.
Taxum o6pasoM, mapamerpmuecKoe Bo30y:KeHIe HOIKAK He BIMAET Ha
OCHOBHOE€ CBOMCTBO ympyroro Kouabna. Hak m B ciyZae CBOOGOIHOTO
KOJbIa, eT0 BOTHOBOE II0JIe II0BOPAYABAETCA OTHOCATENHHO Tela KOJIb-
Ija 0 TOMY e caMoMy 3akoHY (17.8), a mammdaue Bo30Y:KAeHHAA U 00-
parHas CBA3h HAKAKIX HMCKAKEHNH He BHOCHAT.

18

Rom0nanpoBannoz BO30OY:KIeHUeE.
«Yxopm» rupockoma

HoMm6umHEpoBaHHOe BO30Y:HeHHe BOSHHKAET B DPe3YIbTaTe OJHOBpE-
MEHHOTO [[eHCTBUA BO30Y:KIeHUA MapaMeTPHIecKOro W MO3UIHOHHOTO
Tuna. IIpmMenerme Takoro BO3GYIKEeHHA IO CYINECTBY He IIPEACTaB-
JseT co6oil IPaKTHIECKOTO MHTEpeca, 0OHAKO MOKeT BOSHHKHYTE KaK
mapasuTHOe ABJIeHHe NpPH MapaMeTpmdecKoM Bo3Oy:xmeHmu. B srom
Cciiydae OPerecChs CTOSYedl BOJHEI BO3HUKAET W IJIA HEIOJBUH{HOIO
B IPOCTPAHCTBE KOJbIA U Ipejicrasiser coboil, TakuM o6pasoMm, aHa-
JIOT yXO0Ja STOT0 THUIA THPOCKOMIA.

Urax, 6yneM paccMaTpuBaTh KOJAbIeBoe BO30OYKIeHNE, BHIIOIHEH-
Hoe ¢ morpemuocraMu. OHA U3 MOTPEMHOCTEH COCTOUT B TOM, ITO Ha-
OpsUKeHNe NUTAHWSA, 3aBHCANIEe OT BPEMEHH NePUOJMYeCKH, COLep-
JRAT TAK)KEe M HEKOTOPYI0 IOCTOSHHYI CcocTaBiafomylo V = u -
+ V, cos Ayt. IIpyras morpemHOCTH CBA3aHA ¢ HEMOCTOSHCTBOM 3a-
30pa MEXAY DIEKTPOXOM W KoabImoM d = d, -+ e cos 2¢ + w, 37ech
€ XapakTepu3yeT oTamIue (OPMEL HIEKTPOA OT KPYTOBOi.

ITorpemuocTs gopME paccMaTpuBaeTCs B IPOCTeRmeM BHIe, IIPH-
HEMaeTcd BO BHEMAHUe JUIIb OCHOBHAS FapMOHUKA, HAIMYAE BEICIIAX
TapMOHHUK HOTPEITHOCTe# (OPME MpHBENET JAWIIb K MOABIEHHIO Koje-
Gammit Do BHCMAM (opMaM, He BAHXAKIIUM B IEPBOM NpHOIMKeHAN
Ha mosefieHme oCHOBHO# ¢opmsi. Tawske ciemyeT 3aMeTHTD, 9TO 3aBH-
CHEMOCTD 3230Pa OT YIIa BO3HMKAET He TOJBKO 0T MOTPEIIHOCTE POPMEI
BIEKTPORA, HO B OT HorpemHocTH (PopMEl camoro Koxpma. OgHako
C DOTPEHIHOCTHI0 (OPMHBI KOJIbIA CBABAHH MOMOJHAUTEIbHEE MeXaHH-
geckme dPPeRTH, KOTOpPHe GYAYT paccMOTPEeHH B CJAefYIOIIX Iapa-
rpajdax.
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IInoTHOCTD 9IEKTPHIECKAX CHI, MPHIOKEHHNX K KOJABIY B COOT-
BeTCTBHE ¢ opmyioi (15.4), nmeer BHS

— SoL ( u —I— Vo cOos xot )2 .
P=—"3"\"GFeoos2prw )
BoL

(- Vo cos hot)? (do — 2e €08 2 — 2w 4. . .).

d32
Huddepennupys ee mBaskgel mO ¢, MOAYyUaeM BHPaKeHHe

(W' — 4ecos 2¢).

IIN el
Go=—3
0

IIpene6peras MajJbIME TPeTHETO LOPSARKA OTHOCHTENBHO U, W H €,
moJyqaem

” oLV
Go=—— d?” uV e cos 2¢ cos Aot - w” cos? Aot 4
o d
2 480L
3

o€ cos 2 cos? Aot.

uVOw” c0s Aot —
0 0

IlepBiie mBa wieHa BTOTO BHPKEHHUS XaPAKTEPHU3YIOT COOTBET-
CTBEHHO IO3WITHOHHOE W KOJbIEBOE BO3OY:KIEHEE yiKe paccMOTpeH-
HOTO paHee BUJA. OTH WICHH IPH Ay, OJAMBKOM K 9aCTOTE COOCTBEHHBIX
Kosebanuit mo ocHOBHON dopme, 00eCIeInBAIOT PE30HAHCHOE BO36YIK-
meHme. J[Ba mocaegHUX WieHA XapaKTePH3YIOT TAKIKE MOSHUIUOHHOE W
mapaMerpmdecKoe Bo36y:IeHHS HEPE3OHAHCHOTO THIA, Il0CKOIBKY
IpH OCPefHEeHAN DTH WICHE IIPOHALYT, TO MHl CPa3y ke HX HCKIIYaeM
3 paccMoTpenus. MTax, ypaBHEeHH KOJbOA B CIyIae KOMOMHEPOBaH=
HOTO BO30Y/KIeHUS NPWHAMAIOT BHJ

W' — W -+ 4Qu" - Ey (VT + 20TV + w") 4 %2 (wVI o 201V L w") =
= k1 08 2¢ cos Aol -+ ksw” cos? Aot

+

rae
) goLV?
kl —_ 880Lu;70e k2 — 0 30
pSdy pSdy

IToce 3amensr mepeMeHHBIX 0 opMynaMm (15.7) m ycpemmenus umeeM
.4 A ks 18
a —~—5-Qb-—<—+—1w>m—ﬁ§1¢l’

- 3k 18 ko
m—?gn+( + o7, ) — 5 &m — g
: 4 18
b=— 500 —(7+ ’W)n ——5 &b,
. 4 3k 18
——T9m+( + o ) b — 5~ ban.
Yunroieasg o6osrauenusn (16.11) m BBoma HoBhie o0603HadgeHHA
8eLue _ 8eoLuek

K1 — Ko =—
YT oS 27 T10npSaE
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rae k — woadpdumument oGparmoit cessm (16.9), mnsa caygas Hemope
BIKHOTO OCHOBAHWUS MOJydaeM

i = —pa+lg +f; (r — ro)l m, (18.1)
m= — g+ fy (r—ro)l a— pm +n, — %y (r — 1oy

b= —pb+lg +fi(r—ryn,

i=—lg+ 1o (r—ro)l b — pn,

OTKYZla HAXONWM CTANMOHAPHEIE PeKIMEL
—pa+ lg +f1 (r —ro)l m =0,
—lgs+fo(r—ro)la— pm + %y — %y (r — 1) =0,
—pb+ g+ fi r—rg)ln=0,
— g +fo(r—rg))l b — pn =0,
r=7Vya+ m®*+ b + n2
ITocronpry aTa cmerema HeomHopoaHas (%, == 0), To oma mMmeer
HeTPUBHATHHOE DeMeHme, eCiAU €€ OIPeNedAdTelh OTIAMICH OT HYIA.
Jas mociemHuX KBYX ypaBHeHumit 510 maer b = n = 0. U3 mepsux
IBYX YPABHEHUH HAXOMUM
0 — — 81 (r—ro)] [2 (r1 — o) =]
PPt [g2+Fo (r —ro)] [81+ f1 (r —10)]
(18.2)
P [%e (r —10) — %]
PP [ga+fa(r—ro)]l [g1+ F1(r —70)]
Yaurasas, 110 r? = a? + m?, moayvaeM COOTHOIIEHUE JJIsS HAXOMKIO
HAA T

s (r — ro) — b (lgy + 13 (0 — ) + %) = 1 (e +
+ &f1) (r—ro) + fufs (r — 1)1

Hpﬂ OOJYYEeHHUH I3TOT0 ypaBHEHUHA OBLIO YV4TeHO COOTHOIIEeHne

2 —
p® + g8 = 0.
Pemaﬂ 9TO ypaBHeHne OTHOCHUTEJBHO I, IMeeM

%1 V—gi—l"l’z
r=rot To (§1f2 - 8af1) +e

Touramn 0G03HAUEHE WICHH IOPAMKA X3, X

Haiinernoe mus r pemenme mOKa3bHBAET, YTO B CHCTEMe BO3MOKHH
[ABa CTAOWOHAPHHEIX PEKMMA: OJHH C AMIUIATYROIl, BeIMIMHA KOTOPOH
Gonbmme r,, APYToil € AMIIUTYHOl, BeJIMIMHA KOTOPOHX MEHBINE I'.
IlepBriii pekEM cOOTBeTCTBYeT KoJe0aHWMAM, KOIA IO3HINUOHHOE
7 KoJabIeBoe Bo30y:xmeHms paGoraioT B ()ase, ycmampasA APYT ADPyTa.
Bropoit pemnM cooTBeTcTBYeT caydaio, Korfa o0a BO3OYKIEHHA IIPO-
THBO(A3HE W, 0CIAGIAIT APYT Apyra.

m=—
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Vaursisas gopmyant (16.5), (16.6), (16.8), (16.11), mommo mepe-
OUCAaTh BHIPAKEHWE JJIS I' B BUE

r = rod4=u,/(2) 2rykl). (18.3)

AHanms yCTOMYMBOCTH DTUX PEKUMOB IOKA3HBAeT, 9T yCTONIM-
BOMY PeKUMY COOTBETCTBYeT 3HaK miic B gopmyre (18.3), a meycroii-
quBoMy — muHyC. DopMyas ¢ ygeroM cooTHomenus (18.3) morass-
BAIOT, 9TO B NMEPBOM MPUGIUIKEHIN

a=r,V2, m=r/y2.

O6pamasch Temepb & Gopmymnam (15.7), uMeeM penienme
w = (ry/)'2) (cos Ayt -+ sin A,t) cos 2 .

C TedeHmeM BpeMeHH BOJHA yCTaHABIMBAETCA IO HANPABIEHUIO HO-
SUIUOHHOTO BO3OYKIeHNA, KAKUM OBl MaJbIM OHO HHE H00aBISAIOCH
K IIapaMeTpuaecKoMY.

OneHuM BeIMYWHY CKOPOCTH IIPEIIeCCHU CTOAYell BOJHEI B 3TOM
mososKkeHnn. [IycTh HawadbHBEIE YCIOBHSA TAKOBHEL, 4TO

w|— = (ro/!/§) (cos Aot - sin Ayi) sin 2¢.
dto coorpercTByer B cucreme (18.1) HawanbHBIM yCIOBUAM
a(0) =m (0) =0, b (0) = n (0) = o/} 2.

Pemum coorsercrBynomyio HaganrbHyo 3agagy Homu pas sToi
HeJINHEeWHON CHCTEeMEHI.

Iusa pemennms GymeM WCIOAB30BATH TOT AKT, 9TO B CHIY HMeIO-
melica o6paTHOR CBABH PasHOCTb I' — I'y MAJIO MEHAETCA C TeIeHmeM
BpeMeH:. I[09TOMY 3Ty Pa3HOCTH B MEPBOM HPHOIMKEHHU MOMKHO CIH-
TaTh MOCTOSHHOH, a ypasHenusa (18.1) paccMarpuBaTh Kaxk auHeHEIe.
IMogcraBusasa B r — r, pemeHme HepBoro OpuUOIMKEHWS, TmOJIydaeM
IJIsT BTOPOTO HPUOIMKEHUsA CHOBA JWHEHHBIE HEOTHODONHBIE ypaBHe-
HUS C M3BECTHBHIMI NPAaBBIMU YacTAMHU. JTOT HPONECC, KOTOPHIH MOKET
OBITh KaK YTOQHO [JajieKo HPOMOJIKEH, CXONUTCA, W ero IpeflelIoM AB-
JageTcsAs TOYHOE pelneHue.

IMepeiimem k mocTpoenmio mepeoro mpumbiamwwxeHnd. B manpHelimem
6ynyT ymo6HE (opMysHl, KoTophle moxyumMm, mcmoabsdys (16.5),
(16.6), (16.8) m (16.11):

g1=D 8= —D, E&fs+ &f1 = 4pkl.

IIpm mocrosmroM r — r, cuctema (18.1) pacmagaercs ma mBe HesaBm-
CHMble TOMCHCTeMBI C OJHUM M TEM jKe XapPaKTePHCTHIeCKHM ypaBHEe-
HEEM

%af1
—A—p &1+~ _
9 rokl
vz ~h2g 2p e VE g
_ ___%Jz—_ A — To
517U rokl P

4 Saxas N\ 1122 97



¢ KOPHAME
Mo —2p, Ay~ — %y/(r) 2).

CoorBercrenno obmee pemenue cuctemsl (18.1) samnceBaercsa B Buse
a = C1e72P! -Coetulr VDt /Y 2,

m = — C1e2P' + Coetu/rVDt L r(/)/ 2,
b = Cae2P! + C e-tu/nVat,
n o= — Cye " | Chen/n V2,

Yuauresas 3aJJaHHbIe HAYAaJbHEBIE YCJIOBUA, IOJydaeM

Ay t _

—y e 0 Ve — 0 Ve
a_._m__]/2_ (1—e 2, b—n—Vz_e 2
COOTBETCTBEHHO pelmeHume

_ %l _ At
W= ]/r_‘;_ [(1—e ™ v Yeos2p e V2 gin 2¢] cos Aot +-
%yt _ Ayt
V2 g yeos2p e V2 sin2¢]sin Aot =
= Fo () sin 2 (¢ + @) (cos Aot -+ sin Agt), (18.4)
e

_ 2%t

Fo(t)— 7“,]/2 )2+e T9V2
A

T :—;—arc tg(e ™ —1).

Ilonyguennas gopMyaa moKa3HBaeT, 9TO MPEI[ECCHA BOJIHEI K CTAMO-
HAPHOMY TOJIOKEHMI0 MPOUCXOAUT CO CKOPOCTHIO
it

N e V3

p=—0=— P
2VZrolt 4 (" "? —1)

Haiimem marcuManbHOe BHAUeHHe MOAYJA BTOM ckopoctd. A sTOTO
TpebyeTcs HANTH MaKCEMYM QYHKIHH

P
f(T)—__ 1—'-'(61—1)2 :

On mocturaercs mpm €'= ]/5 u BEHpaskaerca opMyioin
max f (t) = ¥V 2/(1 + (Y 2— 1)21.
CrnemoBaTenbHO, MAKCHMATbHOE 3HAUEHHE YXOIa HMeeT BUJ
max | ¢ | = %/2r [1 + () 2—1)%] < =,/(2ro),
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nin, BO3Bpamasach K HCXOOHBIM O603Ha‘IeHH}IM, omojayd4aeM, 49TO
max | ¢ | == 2egeuv/(5hy phdyr), (18.5)

roe &, — abCcomloTHAA  JIEKTPHUECKAA  IOCTOSHHAA BaKkyyMa
(1/4neq = 9-10° am2-Ka~2): e — aMIWiInTyJla OBAABHOCTH KOJIBHEBOTO
DIEKTPOa; U — HAOPA/KEHHe IePeMeHHOTO BJIeKTPHIECKOTO IIOJA,
BO30Y;KIAIOMET0 KOJAbIO; U — HapasSHTHAS IOCTOSHHAA COCTaBJILAIO-
mas 3TOTO jKe MOoJA; A, — dJacroTa BO30Yy:KmeHms, Oam3Kas K cober-
BEHHO# 9acToTe KOJbIA HJIA OCHOBHOHN (POPMHI KosebaHuil; p — IJIOT-
HOCTh MaTepmaja KoJXbHa; A — TONIAHA KOJBIA; dy — 3a30p MEKIY
KOJNBIOM W DIEKTPOLOM; I'y — aMILIUTYAA KoJeGaHmii KoabIa IO OC-
HOBHO# ¢opme.

YcraHoBIeHHEN THI yXofAa, Kak ciaegyer w3 gopmynsr (18.5),
TeM (oJsibIme, yeM BEHINE HANPSIKeHWe MUTAHUS U, IMO3TOMY 3TO HAIPSI-
JKEHME CJIeyeT BHOUPATh KAK MOYKHO 0JIMKe K IOPOTOBOMY 3HAYEHUIO,
oupepensemomy (opmynoit (16.6). llogcraBisa moporosoe 3HaYeHHE
B ¢opmyny (18.5), moxyuaem

2eu )
9

max | ¢ | = 5oz, hod?

(18.6)

roe R — pagmyc Koabha, & — KodPUOWEHT BHYTPEHHEro0 TPEHUSI
KOJNbI(A.
YunreBag, 9To gacrora KojgebaHmir A, O6am3ka K coOCTBeHHON

Ao = 6%/ ]/ 5, HaxoMuUM OKOHYATEJIHHO, TTO

max ¢|go,8—"“——]/ wE (18.7)

Rropa/‘E a dg

®opmyna (18.7) BEIpaskaeT CKOPOCTh YXOfia depe3 He3aBUCHMbIe Hapa-
meTpsl. U3 Hee ciegyer, 9TO0 CKOPOCTH YXO0JAa PACTeT C YBeJIXIeHHEM
morpemHocTeil Bo30yKaeHAA e, 1 X Kod(QuUImeHTa BHYTPEHHETO Tpe-
mus §. Ilas yMeHbmieHWs yXofa CieyeT YBeIW4UBATH PANUYC KOIb-
na R, amonuryny Koxmebaumit r,, BeJwdnHy 3a3opa d, H XapaxkTepH-
3ylomue MaTephaJ BeJwduwHH p U E.

Ipnmep. Bribupaem Te sie mapaMeTpsl, Y70 I B OpeIRAyIeM LPH-
mepe: dy = 1073 M, h =10"3 M, p = 2,5-1073 m-c*M™%, Ay = 7,3+
-10%¢71. Kpome Ttoro, BeiGepem ¢ = 1075 M, v = 50 B > Vo min,

u=20,01 B, r,=40"*twm

ITo ¢opmyane (18.5) monyaum max | ¢ | ~ 0,02°4. Haupasnernne
yxoma 3aBmcuT oT ¢aBEra Gas MemAy Koie0aHUAMEI KOJNbIla B HAYAIb-
HH MOMEHT BpeMeHH U Bo30y;kmenweM. Tax, Hampumep, ecaiu B Ha-
YaIBHBIA MOMEHT BPeMeHN BHOpPaTh

w|t=0=—(r0/]/§)/(cos Aot + sin Agyt) sin 2¢,
TO yXof GymeT TPOWCXOAATh B ILPOTHBOIOJOKHYIO CTOPOHY.
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19
CoOcTBeHHBIE Y4acTOTHI KOJBIEBOTO pe30HATOpa
¢ 3aBHCAUIAMHI OT YyTIJa napaMerpamu

B mpemgmipymux maparpadax sToi IIaBH pacCMAaTPUBAIUCH TAKUE OT-
KJIOHEHHA OT HMIeaJbHON CXeMbI, KOTOPHE HEe CBA3AHH C JefeKTaMmm
TeoMeTPHT CaMOT0 KOJbIla Wil ¢ lefeKTaMu ero Marepmarna. Pacemor-
peHHme 3TOr0 BUAA HEWJEanbHOCTH yHo0Hee BCero HAJaTh C aHAIU3A
BIMAHWAA Ha [WHAMUKY KOJBIA, OKABHBAEMOT0 HEPABHOMEDPHOCTHIO
OJOTHOCTH MaTepHana, T. €. CO Ciaydas, KoTJa 0 3aBHCHUT OT yria ¢.
IroT cayuail Hambosee MPOCTO WOAETCH AHAIMBY, HOCKOIBRY QYHK-
nma Jlarpamxa (10.1) ocraerca mpm srom Ges mamenenus. Ilpm mo-
CcTpoeHWN ypaBHeHnmi Jlarpamxa nuddepeHITPoBaTh HO (p MIOTHOCTH O
He IPHUXOAUTCS, YPABHEHUA IBUIKEHUA KOJbIIa HOJNYJAIOTCA TeMHU JKe
cM. (10.3), HO TOomBKO B HEX 8% m %% OKA3HBAIOTCS BaBUCAMUME OT
yraia @.

daMeTmM, 9TO CAyuail MEPeMEHHOM MJIOTHOCTH IIPECTABISIET CO-
Oofi m GONBINON MPAKTWICCKWH WHTEpPEC, MOCKOJBKY pacupefeleHneM
IJIOTHOCTH JOCTATOYHO JIETKO YUOPABIATH, 4T00b H06UTHCA B mpubope
TpebyeMBIX cBofictB. IIpmMep Kosba C HMepeMeHHOI MJIOTHOCTBIO O
npuseneH Ha puc. 22. flcHo, 9T0 eciu 3y0moB Ha KOJbIe TOCTATOIHO
MHOTO0, TO OHM OPAKTHIECKH He BIAUAIT HA €T0 JReCTKOCTh, KoTopasd 6y-
IeT OmPefiedAaThCA KaK JJIs KOJbIa MOCTOSHHOTO CedeHusd mupuaol L.
OnHEako mOCKONBKY Maccy 3y0mMoB HeNb3s HE yIATHBATH, IIOTHOCTH
MaTepHmajxa KOJBIA CTAHOBUTCA HePeMeHHOM.

BribupaeM pns mioTHOCTH Kosdblla CHENYIOMUE 3aKOH:

170 = (yx/p) cos 2¢ + 1/p,. (19.1)
3mecs MBI BHIOPANU [IA aHAJIW3A JUINTH BTOPYI0 TAPMOHHKY pasiiosKe-
HOs 06paTHOR BeamawHsl WIoTHOCTE B Psag Dypre mo yriay. ¢, IOCKOIb-
Ky Hambosee HPEHIWNAANLHOE BIUMAHKE HA JUHAMAKY OCHOBHOH dop-
MBI OKAa3HIBAeT MMEHHO OHA.

Ypasuenus gmmkenws xoasna (10.3) npmoGperaoT Buf

b—2Qw — &V —w) —x W +V) =y [8 v —w) +

+ %2 (W” + v")] cos 20, (19.2)

W+ 200 — 82 (V —w) + 2 (WY 4 V") =

=y [6% (v — w) —%* (W'Y + v”")] cos 2.
HQuasa ypasmenmii (19.2) mocTaBmm 3a7ady BHSICHHTH, KaKoe BIHTHHE
meeKT ) OKasHBAaeT HAa YaCTOTy COGCTBEHHBIX KOJe0aHWHA II0 OCHOB-
HO# ¢opMe, cYUTAas OCHOBAHHe HENMOJBW;KHEIM. 3aMeTnM, 4TO H3
dopmya (10.5) m (10.6) caegyer, aro Gy= — 1/G,. OGosnavas G, = G,
pemenne (19.2) 6ymem mexars B coorserctsuu ¢ (10.4) B Bmpe

v= % [(Gz + &) cos ko 4 (Gy + B) sin ko],

=

=1

(19.3)
D [(—y + GP)cos kp + (z — Ga) sin ko]

=0

w

|

-5
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THe x, Y, o, p — HemsBecTHHIe QYHKIHE HOMepa kX U BpeMeHH.
Beemem o6Go3Bauerms:

F(z,y, o B, ¢)= 5 [6 (" —w') + %> W” 4 V)] cos 2¢, (19.4)
D@ y a P, ¢)=yI[8 @V —w) — % (WY 4+ v")] cos 20,

TZie B OpaBble YacTH CefyeT HOfcTaBUTh Popmyis (19.3).

IMockonbry cefiuac HAC WHTEPECYIOT JUMb KOJEeGAHUA KONBIA IO
0CHOBHOW (popme, a wermsie rapMoHEuKE B (19.3) B cuxy (19.2) oxasm-
BAWTCA HEKAK HE CBA3aHHBIMU C HEUETHBIMH, TO Jajiee MBI GymeM pac-
CMaTPHWBATH JIUNIb YETHHIE TAPMOHHUKI.

Qurypupyiomue 8 (19.4) xomOuHAMUE HmoCTe HONCTAHOBKA B HUX
(19.3) mpemcraBusioTes pAgaMH

oo

(V" —w')cos 20 = — —2‘2 {[(F — 2) Yi-2Yi-2 + (k 4 2) Vrso¥rs2] X

k=

X sin k@ + [(k — 2) Ye—aZk_a + (K + 2) Vrs2Trsa] cOs k@),  (19.5)

[N

1

(" + 5 3 ([ — 2 (Vesims — prosotis) +
=}
+ (& -+ 2)? (VhsoThie — Ok+2%k 12) ] COS ko +[(k— 2)2 (Vi-oli— —

— Pk -2[5k-2) + (& + 2)? (Visolre2 — Pk+2|3k+2)] sin ko},

U") cos 2 = —

, 1\
(v — w) cos 2¢ = yo cos 2¢ + - Z [Vi—2lk-2 + ViioYk+o) COS k@ -~
k=0

— (V-2 + YVksorro) sin kel

(1 + ") c0s 29 = 3 {[(k — 2)° (Ve-aha — Prostns) +
k=0
+ (k4 2)® (VisoZhso — Ok+20k+2)] Sin k@ — [(k — 2)3 (Vi_oYg—p —-
— Ok-oPr-2) + (% 4 2)* (VkroYk+a — Ok+2Pr42)] COS K},

2k, k>0, B2+1, >0,
Vk={ Yk={

0, k<0, 0, k<0,
B—1, k>0,

pk:{ 0, k<0,

zr=u1xk)...

IMocne mopmcranosk: Bhpaskenuit (19.3) B ypasrernus (19.2) u pas-
JeleHnsa 0o opMaM TOTYIHM 6eOI{OHe‘IHy10 cucTeMy OOBIKHOBEHHBIX
muddepeHnUaIbEEX yPaBHEHWA BTOPOTO MOPSAAKA OTHOCHTEILHO MHe-
pemerEHX z (¢, k), y (¢, k), o (¢, k), P (¢, k), Kotropas B cmry Buma pas-
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nosermit (19.5) Gymer WMeTh XapaKTePHCTHICCKHH OIPEENUTENE
THIa

D,0 0 0
0 D,0 0
00 DO X 0 0 :
000 D
D,0 0 0
0 D,0 0
* 00 DO * 0
000 D
D,0 0 0 (19.6)
0 D0 0
0 * 00 D0 t
000 D
D;0 0 0
0 D 0 0
0 0 x 0 0 DO
0 00 D
s s P

Bmecr Dj = A* + pi (k); Dy = M + pj (k); pi, 15 — (10.7); Gyx-
BOH % 0003HaueHHI 6JIOKHW, BCE HIEMEHTH KOTOPHIX HMEIOT MOPANOK Y.
Beckonegnsiit onpenenurens (19.6) mocie ero HopMupoBaHHmA Ha

roodunmentsr Dy u Dy cxommres [8]. IIpupasHuBas ero HYy XI0,
IONYyYNM XapPaKTePUCTHYECKOE yPaBHEHHE, PeIleHure KOTOPOTo I HuCT
COGCTBEHHEIe TACTOTH KOJBI[A.

IlocraBuM 3amauy HaWTH TONBKO [BA KOPHSA 9TOT0 ypaBHEHHS,
KoTopsie mpu 7 — 0 cTpeMATCA K ABOMHOMY KODHIO

(D3)? = [A* + 3 (2)12 = 0.
9TOT ABOMHON KOPEHH KaK pa3 W XapakTepumayer COOCTBEHHYIO UACTO-
Ty KonebaHmit mo ocHOBHON dopme. Bosee Toro, orpaHAINMCS BHIYMC-
JeHHeM 3THX KOpPHeH ¢ TogHOoCTHIO 70 %% IlocKOJBKY ompememmrTesnn
(19.6) mmeer Bupm 60YHOTO AKOGHEBOTO ONPENEeHNs, TO, KAK CIeNyeT
m3 [4], mua BHUmCIEHHA YKA3aHHHEIX KODHEH C 3aJaHHOW TOYHOCTHIO
ZOCTaTOYHO OTPAHWYMUTELCS BEIMmMCIeHHmeM oTMedeHHOro B (19.6) rmas-

HOTO pAMATOHAIBHOrO MmHOpa. JHEME cioBaMHu, [JIA BHYHCIEHUSA
co0CTBEHHOR YaCTOTH KoJIe6aHIiT KOIbIIa ¢ PACCMATPUBAEMBIM TepeKTOM
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¢ TOYHOCTBHIO [0 ¥* MOCTATOYHO PACCMOTPETH JIUIIH HYJNEBYI, BTOPYIO
¥ d9eTBepTyI0 (PopMbl KoseGaHHH.

YuureiBasg 3T0, MOJNydaeM ClefyoIue BEIPKEHUSA Hiaa Kodhdum-
MUeHTOB IOPHW CHHYCaxX M KocmHycax QyHrmmi (19.4):

Fo=1y(— 562z + 6x%cty), Dy =y, (°/26%y2 — 12%2P),

Fg =y (— 348%z4 - 120%%a,), @5 =1 [(yo + 17/2ya) 82 —480%2p,],

Fi =y (—348%, + 120x2p,), @y =1 [—17/28%x, -+ 480%2a,],

Fi=1y (— 5825 -+ 6x%s), D; =1, (*/28%y2 — 12%2p,),

Fi =1y (— 58% - 6%2p2), D =1y (— ¥/28%zy 1 12%2as,). .
(19.7)

IToncranoska ¢dopmyn (19.3) B ypasmerma (19.2) ¢ pasmemeHmeM
mo dopmaM KojsebaHmWil IPUBOAUT K CIEAYIOMEeN 0eCKOHETHOH cmcTeMe
nuddepeRTUaTbHENX YpaBHEHUMH:

i+ 3 (k) 2 = o (GF% + DY),
Jet B0 =gy GFL— D0, p_o,1,2,... (19
b+ 1 () o = g (P — GOY),
B+ 13 () By = g (P + G,

YuuthiBasg BCe NpPUBENEHHLIE BHIME COOOPAKEHUS, a TAKiKe COOTHO-
menns (19.7), moxyuaeM Aiasi BHYUCIEHHS FACTOT OCHOBHOHN (OPMEI
¢ TogHOCTRI0 0 Y u3 cmeTemsr (19.8) yKopoueHHyI0 cmcTeMy

Oy == X (— 562.112 + 6%2052),

(Z‘g —'—- 562.1‘2 == %( —_— -—1-3—362.’[4 + 720%2064),

[+ 356_%2% = L (—178%, — 840x%0s),

Za + 1762.’134 == % ( — 42—5 62$2 + 36%2052) )

8+ P (4) s = o (58%s — 420¢%z),

( bo+ Oyo=—1y <'2— 8%y — 12%2(32> ,

o -+ 98%ys = _S)L (——~ 82yp — % 8%y, - 720x2{34) ,
1§ By + 2 3y — - (2620 — 176%; — 840x2P,),
o+ 178 = ( — 5 8%s -+ 36%)

B+ 3 (4) B = 75 (5672 — 42%Po).
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YpaBHeHHA pacmaluch Ha [Be He CBA3aHHBE APYT C APYIOM CH-
cremer 1 m II.

B mopcucreme I mepBoe ypaBHeHmE OTHENAETCH, & XapaKTePHCTH-
YECKUH OIMPE[eNUTeNh OCTABIIUXCSA YPABHEHHUH HMeeT BHT

15
AZ 4 502 0 -% x82  — 14dyn?
36 7
0 Az + = % 1? %62 168y n2
45 36 =0. (19.9)
3% %62 — 7 A 178? 0
5 42
v C 0 A4 p3 (4)

OnpemennM KOPEHb BTOH CHCTEME, COOTBETCTBYIOMWHA IacTOTE OCHOB-
HOHX (OpMHE B BHIE

M= D A 4 (19.10)

ITopcraBaas aTo mpexncraBieHme B ompemenurend (19.9) m mpeneGpe-
ras BeIMYMHAME THIOA %%, eCiu OHU CTOAT B cymMMe C 8%, a Takske BEI-
HOCH 00Ie MEOKUTENH U3 CTPOK U CTOXOIOB, MMeeM

5 0 0 0
17
0 4 = 168
36 =0,
-1 17 0
42 16-225 36
0 1w 0 T —7F
OTKyJa HaxoaguM
36 42-168
h=—smt—ms wmy. (19.11)
( 7 _—5‘)17

XaparTtepucTudaecKuit onpefenurens cucremsl 11 — maroro nopsara.
IlopxcraBissa B Hero mpefcTaBieHUE

7\,%1 = —(36/5) %2 —|— AIIX2%2 + [N (1912)
U OpoaeariBasd aHAJOTHMYHBIE BBIKJIAOKH, IIOJdYy4YaeM
36 42,168 24
Ar=—7% + TEms 36) 5 (19.13)
( 75 )17

TaxuMm o6pasom, pasHOCTH KBALPaTOB TAaCTOT
M1 — M = 24/5y%2,
OTKy[na
M — M = — i/)'5) yx. (19.14)

104



Pue. 24

Haifinennsie pesyabTaTsl MOKa3bIBAIOT, 9TO CTOSYAs BOJNHA, COOTBET-
CTBYIOINAsi OCHOBHO# (opMe KoieGaHWH, mMeeT Pa3IMIHbIE TACTOTHI
B 3aBHCHMOCTH OT OPUEHTANNH ee myIHOCTeil. VI3 3aMeHBl mepeMeHHEIX
(19.3) BHiTerawT ABa CayYas OPHEHTANUHU CTOAYEHl BOJHH C ONHHCT-
BEHHOHX dYacToToH KojebaHTi

w=rcos (| M\ |t i) sin ke, w=rcos (| Az | t+
+ t,) cos ko.

ITepBBiit ciy4aii COOTBETCTBYET IOJOKEHWIO CTOAYEH BOJHEI, KOTHA
€e OCH PAaCIIOJOKEHBI HOJ YIJIOM 45° K 0CAM AMarpaMMBl pacipepe-
JIeHUs WIOTHOCTH . BTopoit ciygail mMeeT MecTo, €CJIW TiaBHBIE OCH
$OopMBL COBHATAIOT ¢ IIABHEIME OCAME AHATPAMMEI IioTHOCTH. Ha
puc. 24, 6, 6 n306paskeHs 9TH [OBA THOA CTOSYMX BoXH. J[marpamma
pacmpeqenieHus IIOTHOCTH NMOKasaHA ITPUXOBKOW HA puc. 24, a.

U B mepBoM m BO BTOPOM CIIyd4ae IPOUCXOMHUT YMEHLINEHHWE IACTO-
THL KoJieGaHui HA OCHOBHOX (opPMe IO CPABHEHHUIO C MeajJbHBIM KOJb-
moM. OfHAKO BO BTOPOM CiyYae CHEJKEHHE YaCTOTHl 0OJbIne, 4eM B
uepBoM. [Ipum mpousBosbHOE OpWEHTANWE CTOAYEH BOJHEL CBOGOMXHEIE
KoJIe0aHUA IPOMCXOAAT OXHOBPEMEHHO HA ABYX HAWIEHHHIX 4aCTOTAX,
9TO OPHUBOAHUT K SABIEHASAM THOA OHEHEH ¢ pPABHOCTHIO YACTOT
(2/V'5) x®. Paccmorpuy aror caydai mompobree. Ilycrs ogHOUACTOT-
HOe pemeHme cucTeMsl 1 mo o, mMeeT BHUJ

a2=AGOS|7VIlt+BSin|}\/]|t.
Amanoruunoe ogHOUacTOTHOE pemeHue cuctemsl 11 mo f,
B2=CCOSl}»][|t+DSiH|}»U|t.

O6osmauuB muasa kKpartkoctd |A1 | = ©, | M1 ]| = A 4+ ® m momeras-
asa B 3ameny (19.3), maiimem
w=2[(Ccos (0-+ A)t+ D sin (0 + A) ) cos 2¢ —
— (4 cos wt + B sin t) sin 2¢].
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TaroBo obmee pemenne mcxomHO 3amaum mo OCHOBEOH (opite Koie-
SaHmi. PaccMorpmMm sBomronmio crogueit BONHBI, B MOMeHT f = 0

OPHEHTUPOBAHHON IO GHCCEKTpHCE MKy HANPABACHHAMHE CTOSIHX
BOJIH € 9aCTOTaMHU A;, U Agp:

w = A [sin (@ 4 A) t cos 2¢ -+ sin ot sin 2¢].
ATy GopMyITy MOKHO TpPeoOpazoBaTh K BHAY
. At At .
w=2A4 sm(% — T)cos(Zcp +5 — —Z‘—)smmt +
+- A sin At cos (ot — 2¢).

IlepBoe ciaraemoe XapakTepmayerT CTOAYYI) BOJHY C MEQJIEHHO Me-
HAWme#cs ammaarymoit 24 sin (/4 — At/2), BTOpoe — Gerymymo
BOJHY, TaKKe C Me[JEHHO MeHsmomelica ammiurymoit — A4 sin At.
MepsieEHO MEHAIUMCS OKA3HBAETCA W HOJOKEHHE NYYHOCTH CTOSM-
geit BomHHE 2¢ + At/2 — m/4. D10 obGcroATenseTBo TpefyeT ydera
B aaropuTrMe o0paboTkm mHdopMamum, B MPOTHBHOM CIydae M3MeHe-
HUWE [OJOKEeHHA OYIHOCTH OyAeT BOCHPUHUMATHCH KaK «YXOm» ¢ =
= —A/4. TlocnegHee 3aMeuaHune nMeeT OTHOINEHME K CIY4ai0 CBOGOM-
HOrOo (Ge3 BO3OY:REEHHSA) KOJIBIA.

3amedanne 1. K ycraHoBIeHHI0 HOJYYeHHOTO BHINE Pe3yJabTaTa
MOJKHO GBIJI0 GBI MOMONTH MCXOMAS W3 MOZEJSH HEPacTAKHMOTo KOJbIA.
Oynknusa Jlarpamka B cilydae HeBPAm[alOmerccA KOJbIla MMeeT BHJ

RpS . . El ” ’
L= —=(2* + 1?) — 55 (W' + V')

Ypasuenune cBsA3U
fW,wy=v —w=0.

Ypasrerusa Jlarpamxa

d oL d oL d (. of \__
5+ T g (P ar) =0
d oL a oL of

L o T de? aw? T " aw

OPUBOJAT K YPABHEHAAM NHHAMUKE HEPACTAKUMOTO KOIbIIA HePeMeH=
HOA INIOTHOCTH

pii — EI (SRHY™ w” +v") + A" =0,
o + EI (SRH™ (w'V 4+ v") + A =0, v = w.
Wnu, mexiaodas W3 HAX HEPeMEHHYI0 A, HaXOZHUM

5) 1’ .. EI "
[ (Pt;) ] — SRS WV + 20V + w') —
Elp’

— o WY+ 207" - w) =0,

Tlpenmonarast, 970 MIOTHOCTH 3aBUCHT OT YIJIa ¢ B COOTBETCTBUHE ¢ op-
mynoir (19.1), ¢ TOUYHOCTBIO [0 BEAWIUH BTOPOTO MOPATKA MATOCTH
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OTHOCHTEIBHO Y, HOJYIHM
B — % + %2 WV + 20V + ') =
= — 4y (cos 2¢ — y cos &) W — (2 sin 2¢ — y sin 4o) " —
— x2 (wVT + 2wV 4 w") cos 29 + 22 (WY 4 2w” + w') sin 2¢.

Has mpoBepkm Toro (akTa, UTO HANMCAHHOE yDPABHEHHE MOJKET
OHITh MOJYY€HO TPAMEM IpPEZeJbHBEIM mepexomoM mpu 6% —oco u3
ypasuenuit (19.2), cnenyer maiitu 8% (v' — w) U3 BTOpOTO ypaBHEHHA
cucremnt (19.2), yaep:kusas wieHH ¢ %2, ¥ HOACTABUTH MOJYYEHHOE
BHIDQJKEHME B II€PBOe yPABHEHWE DTOH CHUCTEMHI, IOCIe 4ero OTOoK-
mecTBieHWe V' = w W HPHUBOAUT K BHIINCAHHOMY BHIIE ypPAaBHEHUIO.
JT0 ypaBHEHHE OIHUCHBAET CHCTEMY C MEHBINUM YHCJIOM CTeleHei
cBoGompr mo KaykOO# gopme, gem cuereMma (19.2), omraro npasne yacTn
CYIIECTBEHHO CJIOYKHEe W COJepsKaT WIeHH PAa3HBIX HOPAIKOB IO .
IlosToMy [t KOPPEKTHOTO aHAJAW3a YPABHEHUs Yike HELOCTATOYHO
OTPAaHUYIUBATHCA HYJAEBOH, BTOPOHX M deTBepToil dopMamm KosjebaHHUIA,
Kak B CIydae pacTAKEMOTO Koxbna. Tpebyercs Tak:xe ydUTHIBATH
peicimme opmbl. [109TOMY MCIONB30BAHUE YCIOBUS HEPACTARUMOCTH
B HaHHOH 3amade K yOpPOIEHUSM He IPWBOMNHT.

Jameuanue 2. [lonyuennas Brime QopMyna IJis PasHOCTH JaCTOT

(2/V'5) ¥*x cBszama ¢ THOOM 3aBUCHMOCTHE IUIOTHOCTH OT yTia (,
KoTOpas [Js YOPOI(eHWS BHIKJAANOK Obna BeiOpana B Bmme (19.1).
Ecanm 651 sra B3aBmcmMocTh OblTa BHIOpaHA B BuHEe P = P, (1 +
+ o cos 2¢), pesyabrarT moxyumics OB yKe HeCKOJIbKO mHO#. Pas-
jgunaume 00BSACHSETCS TeM, 9TO Ha HCKOMYH PasHOCTh YACTOT B IPHUHSA-
TOM OpEOAMKEHNN BIHAET He TOABKO BTOPAsS TAPMOHHKA Pa3OKeHUs
miotHOCTE B pan Dypbe mo yriay ¢, Ho I ueTBepras Tak:;xe. IlocKoab-
Ky PasHOCTHh 9YACTOT 3aBHCHT OT CIYIAHHOTO COYETAHHA ITHUX TapMO-
HUK B PEAJTHHOM KOJbI[e, TO OCHOBHYIO II6HHOCTH IIPEACTABAACT HE CaM

roaddunument 2/)/5, a AL ero MOPAMOK.

3amevanne 3. PaccMorpeHme mpoYux AeEeKTOB KoJabLa, TAKHX,
KaK  OBAJbBHOCTH, pPA3HOTOJMWHHOCTH, HEOTHOPOZHOCTH YOPYTEX
CBOICTB Marepuaia, MPUBOJUT K YPABHEHUSM, BIOJHE AHAJIOTHYHBIM
(19.2), nump ¢ HECKOABKO W3MEHEHHOW CTPYKTYPOH mpaBoil 9wacTH.
Bce mpumrnumb mpuBemeHHOro aHAIM3A COXPAHAKTCH. 3ABHCUMOCTH
Pa3HOCTH 9aCTOT OT AMILIUTYIH BTOPOH TapPMOHUKHE TOT0 HJIM HHOTO
nederTa mMeeT TAKOM ke HOPAAOK, KaK U B CIydyae NEePEeMEHHOR ILIOT-
HO T — Y. 3[ech Y — OTHOCHTEJIbHAS aMILIATYHA BTOPOM TrapMo-
HEUKZ paccMaTpuBaeMoro pedexra. B cayuae opampHOCTH KOJBIA
v = AR/R, B cnyuae pasHoTonmuHHOCTH ¥, = Ah/h 7 T. m.
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20

Oco0eHHOCTH NMapaMeTPHMIECKOro BO3GY:KIEHH
CTOAYUX BOJIH B KOJIbIE
¢ /IBYMA 4YaCTOTaMH HA OCHOBHOII (opme

Paccmorpernyio B mpefsigymem maparpade Momenb, B KOTOPOR CTOsA-
4asgd BOJHA, COOTBETCTBYOI[as OCHOBHOH (opme KosiebaHWE pe3oHa-
TOpa, IPEeRCTaBIAET CO60M CyMMy ABYX CTOSIMX BOJH C OTINIAOI{AMIE-
ca 4acroTaMu, OymeM m3ydarh ¢ y4eTOM BHYTPEHHeH AucCHIANUA U
IapaMeTpPAIeCKOro BO3OYRIEHUSA.

YpaBHEHUS NBUKEHHUS TAKOTO KOJNbIA WMEIOT BUJ

5 — 82 (v"—- W) — w2 (W4 V") — &y (" + 3") — Eg (87— )= :_§ +
5 3 (W 4 V) + ¢ [8* (v —w') + %2 (" + v")] cos 2q,

W — 8% (V'— w) 4% (W' 4 ") + &t (W14 0") — & (8 —0)= quo— —

- pg‘}; W' + V) + % [6° (V' — w) — %* (w'V + v")] cos 2¢. (20.1)

B coorsercrBum ¢ (15.4) Harpyska, mpuiaoseHHAsS K KOJBIY, B CIyYae
TapaMeTpudecKoro Bo30YKIEeHUA 3ammchiBaeTca B Qopme

. l-’r)L Vo CO0s }\,0t €0L VO COS }\,ot 2 ,
p=p0—2_R‘< d0—|—-w0+w>(w+v)'— 2R< do’—I-—on >(w —'—v)’
(20.2)
_ fi[; VocosAot \2
1= 2 < do+ w4+ w )
BBII[GJIHH B ¢ cpeJHee 3HAYeHHUEe, mMOJydaeMm
~ E‘[)LV2 80LV2
=TT D= T g S
?oLVg 2
+ m w cos? Aot (20.3)

Toacrasasas stu coorHomenusd B ypasueHms (20.1), Haxommm

5 — 62 (1 —w') — %2 W V") — E (7 4 D) — B (5" — 1) =

;isdz (1 +v) c0s Zhat 4 1 [8% (v" — w') + %2 (w"-+ V)] cos 2,
(20.4)
W — 8% (1 — ) - %2 (WIV L ") + &y (B1V + 57) — By (5 — 1) =
80LV2

= Sdf’? w cos? Aot + 5 [6% (v — w) — %2 (w'V 4 V)] cos 2.
podg

B mepsoM m3 ypasmeruii (20.4) mpomsomiio COKpameHue MOCTOAHHOMR
COCTABAAIONEA HArpysKW, BO BTOPOM OOYIIEHH [BAa  WieHa:
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e oLV3(4pSd3)™ cos 2\t m & LVy (4pSRd3)™* (w» + v'). Ilepswit us
STUX YWIEHOB OIYINeH 0 NPAYMHE €ro HEPe3OHAHCHOCTH, IO3TOMY IIPH
H3ydYeHUN B NajbHeHImeM mapaMeTpHIecKOTo Pe30HAHCA B YPABHEHUAX
(20.4) meromoM ycpemHeHHUs 9TOT WieH o0paTmics 6 B Hyab. Bropoi
ONYIIeH ImOTOMY, UTO OH CTOHT B CyMME€ C WIEHOM TAKOTO K€ THIA

£,LVy (0Sd3)™* w cos? Ayt m MeHBIe ero B R/d, pas.

Hus ypasmennit (20.4) craBuTca 3afada MOCTPOEHHUA TPaHHUI 00-
JacTeit ycroitgmsoctu. ITH ypaBHeHHA 3aMeHod (19.3) mpumBopaTca
k Bupy (19.8). Jlna souumciaenws mpaBex gacreit ypasmermir (19.8)
B paccMmarpuBaeMoM ciaydae Bmecto (19.4) Hy:kHO HMeTh B BUAY

Fe=y[6 () —w) + %2 (w"” + v”)] cos 2(P +

B (07 4 87) 80— ) Jche (0 v) cos 2hety (20.5)
O =y [82(v) — w) —n* (WY + v”’)] cos 2fp —

— B ) 8 )

0 1w cos? Aot.

Hark m B npepmimymem maparpade, s KOPPEKTHOTO PacCMOTPEHUA
3afagn TOCTATOYHO YIUTHBATH HYJIEBYIO, BTOPYI0 U 4YeTBEpTy ¢op-
MHE KosebaHmU. Y9UTHBASI 3TO, MOJYIaeM Jisd Ke3QPUIueHToB IpH
cuHycax u Kocmmycax ¢ymrnmir (20.5) BHpamkeHus

80LV2

—W oy COS 2}\40t —!— % (—' 562.132 —I— 6%2052)

0=

F2 = '12%1‘12 —_— 10&21‘2 —I— (4.1,'2 3a2) COoS 2}\/0t —-I—

40SR d2
+ x (— 3482z, -+ 120w2%ay),

- 12§1B2 —_ 10§2y2 —I— 20 SRd2 (4y2 3!32) Cos 2}\01‘ —+-

+ % (— 348%y, + 120%%0,),

gLV V2
FC = 240%1‘14 —_ 60§2$4 + Zp SRZ?z (81'4 -— 15@4) CcoS 2}\40t +

+ % (— 98%xs 4 6x2as),
= 240884 — 6881 + ———
+ % (— 58y, + 6%3Py),

goLV?2

Dy = Eslffp — ——l
0 = &alo deg

4pSRd2 (8!/4 — 15f4) cos 2hot +-

Yo cos? Aot + ¥, (% 8%y, — 12%2{52) )
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. . _ Ly
Dy = — 2488y + 5E27)5 + ?OS ;

+x [(yo + = y4\62 — 480%264] ,

(— 2 + 2Ps) cos® Aot +

V
Sd3 (xz 2015) cos? Aot -+

+ [ — = 0% + 480wta |,

(Dz == 24&1’12 — 5§ox2 +

. . Lv?
@ = — 960E,B, + 1787 + "ZS_d; (— ya -+ 4Bs) cos? Aot -
0
bt [ 8% — 1262,

LV2
@4 - 9602114 - 1. /gox‘l + %

(x4 — 4ou4) cos? Aot +

—|— X(— .—2'6212 + 12%2062) ,
gl g
glzm’ gzzm.

ITH COOTHONIEHUA CIeyeT MOJACTABUTL B IPABbIEe YACTH ypaBHe-
Hui (19.8), orpanmumBas »Ty GeCKOHEUHYI CHCTEMY YKa3aHHBIMH
tpemsa Gopmamm. B pesynbrare mpmxomuM K ypaBHEHHAM

2

SOLV
0 {C’io o9 €0S 2hot + ¥ (— 8%zs + 6%%a),

VpS Rd?
iy | 582z, = §1a2 5By — 1, (— 82, — 144u2a4> +
flVy 9a13) C0S? hot
-+ —E’png-(xg— ot2) €0S2 Aot
da + 2 w0 = — Sy — (4 0%, - 168470 ) —
2eOLV§ 9 2)
N — 5083 (73 — 2a,) cos? Aot
s+ 176%, = [192O§1a4 2898 i— (75 822, — 36%2a2>+
de3 (x4 — 4oy) cos? kotJ
o+ pd (4) ot = | — 36008 + 7 (58%s — 420tz) —
480LV0 y 2 }\I ;
L 7 s (s == Aau) cos® ho ] (20.6)
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. o 5 \ €0LV2
\ 0
o + 8%yo = — E2lo — (-—2 §%yo— 12%2[52/ + 53 Yo €08> Aot

.. 48 o 4 . 15
o+ 58%ys= 5 Eaa—Staa—1 (-1 8% + - yo— 144xBy ) +

EoLVg 2
-+ 50533 (y2 — 2P2) cos? Aot,
B -+ 5 wiPo=— - Bba— 1 (- 84 — - %o+ 168x%By ) —
280LV2
IT | — W (Y2 — 2PB2) cos? Aot

ia + 178%u— 7 [ 192088,— 289%u4— 1 (-5 62— 36x2Bs) +
sOLVz
pSd3

+ (_/4 — 4[54) cos? hot]

Ba 4 13 (4) By = 7 [ — 360088 +- 3, (562, — 42x3s) —

4eoLV?
— e et costie ]

IIpn monyueHNH 9THX ypaLBHEHMI OPUHEMANOCh, KAk U paHee, G~k
7 BCIONY IIpeHe6peranoch BeImInHOR dy/R 10 cpaBHeHMIO ¢ eTWHUIEIl.

Ypasmenns (20.6) pacmanmch Ha TPH HE3aBHCUMbIE ITOJCHCTEMEL:
0, I u II. ITogcucrema I B coorBercTBEm ¢ 3amenoit (19.3) onmcriBaer
mapaMerpuiecKoe Bo30Y:KIeHHE CTOAYeHl BOJHBI, OPHEHTHPOBAHHON
IOJ, yTI0M 45° K TIIaBHBIM OCAM AUATDAMMEL pacIpefejeHHsA ILIOTHO-
ctr Koubra. llogemcrema Il ommcriBaer mapamerpmueckoe Bo3GysRie-
HIEe CTosYell BONHEL ¢ 0CAMH, COBIATAIOIAMH ¢ 0CAMI JUATPAMMEI ILIOT-
Hoctu. IIpm sToM B 060omX ciaydasgx HapAmy ¢ OCHOBHOW (OPMOI Koue-
Gammit Bo30ykgawTcsa u Bce weTHHe ¢opMmei. B ypasmemmax (20.6)
YUATHIBAIOTCSA JHUOIh [B€ TONOJHHUTEIBHEIE (OPMEL.

PacemorpuM BHAavame mapameTpmyecKme Kojge0aHUHA B IMOMCHUCTE-
Mme 1. 9ra mogcmereMa BOCHMOTO HOPAAKA, W B IEPBOM HpHOIMKEHAN
MeTofia YCPeIHEHHUsT B Hell BO3MOKHBI YeTHIpe IAPaMeTPUIECKEX Pe3o-
HaHCA:

Ao~ 58, A~/ M ~178 m A~ 161"?25%2.

Mu Gymem paccMaTpwBaTh JIMIID PE30HAHC IO OCHOBHOM (opme
A = Ly — 38/5 (4¥/hg) ~ L. (20.7)
MansiM mapaMeTpoM CYHTAETCsA BeINIHHA

L = 2, LV3/(5pSd),

XapaKkTepu3ymas IIOTHOCTh OIEKTPHUECKUX CHI BO3GYKIEHHA.
OcragpHEME HDapaMerpaMmu pacHnopsamgmMcs tak. Bymem cuwmrarsh, 9TO
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Koa(purmentsr guccunamum &, u &, mmeror mopsmox . Ilapamerp 1y,
XapaKTepU3yoIuil HepaBHOMEPHOCTh ILUIOTHOCTH (MJIH B COOTBETCT-
BUH ¢ 3aMedaHmeM 3 maparpada 19 sror mapamerp MokeT xapakKrepu-
30BaTh OBAJIHHOCTH, PA3HOTOJIZHHOCTH De30HATOpa # T. I.), Gymem
CYHTATh WMEIEM TOpsAAoK )/ {. DTo Npenmonoskerme 06 OTHOCH-
TeIbHO 60abImUX AedeKTax MO3BOJSAET YIOCTH UX BIUSHHUE YiKE B IEP-

BOM OPHUOJIMKEHAN METOHA OCPEeTHEeHH.
B coorsercreum co crasammmiM momcmerema ((20.6), I) B oxpecrt-
HOCcTH pedoHaHca (20.7) Ge3 CHW;KEHHS TOYHOCTH MOKET OBITH mmepe-

nmcasEa B BHUJe
58%zy = — x( 153 8224 — 144%2054)

&g + —3- %2052 —= —3— glig — X(_E)- 62.1'4 + 168%%&4) —_
— g ($2 — 2@2) cos? 7\401:,
1 45 -
176% = — 7 1 (- 8%es — 36x%0s )

16.225 36
(-—T -5 )a4 = 17 X(562xn-—' 42%20L2)

31ech, KAk U BCIONY paHee, BeIWYMHA %% cuuTaercs mpeHeOpeRuMo Ma-

Joit mo cpasHeHHO ¢ 0%
U3 sroit cmcrembl, cOXpaHAs JUINE WIEHH HOPAAKA §, moayzaem

Bo - 35—6 w200 == — %E Eid -+ Ary®n2as - 200, cos? Aot (20.8)

rme A1 — xosuIueHT, COBIANANIUA ¢ BHYUCICHHEM paHee Ko3g-
¢unmentom (19.2). B ypasmenmm (20.8) BHOOXHUM 3aMeHy IepeMeH-

HEIX
o = b cosht + nrsin ht, dy = Ao (—D sin Aot -+ n cos Agt).

dTa 3aMeHA IEPEeMEHHHIX COOTBETCTBYeT 3ameHe mo (opmymam (15.7)

(mepemeHHEIE b I n mMeOT TOT 3Ke cMbIci). Ilocie BHIOIHEHWA 3aMEeHEL
7 OCPEeTHEHWS IO SBHOMY BpPeMeHH i mMeeM

. A 2 18
b= —(—2 + ——430 4+ Apyg? —;7»0 )77,——5 £1b,
. (A3 w2 18

== (—2 -+ wiv + Apy? v )b———5 Ein.

Kax u pamee (cm. (16.4)), ypaBHeHME [UIA TPAHUILEI obmactu Heyc-
ToiguBOCTH B mapaMerpax A, ¢ Beipaskaercsa ¢opMyion

(Fa)f +(F+ 5+ 5) (5 + 25+ 4 5m) =0.

I'paguueckoe m306paKeHnme TpaHMIB NPUBENEHO Ha pmc. 25. ITa
IrPAHAIA IOJYIAeTCsA U3 IPaHUNEl 06JacTH HEYCTOHIUBOCTH HJIA CIY-

(20.9)
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9as oTcyTcTBHA MefeKToB pedoHaTOpa (cM. pmc. 23) mMapasielbHEM
IePeHoCcoM BIOJb OCH A B OTPHIATEIHFHOM ee HAUpaBJIeHHH Ha Beju-
qury A2/ A,

IMepeiimem x paccmorpenmio mopcueremsl (20.6, I1). Kak m moa-
cucremMa I, oHa Ge3 CHU)KEHUS TOYHOCTH B OKPECTHOCTH paccMaTpH-
BAEMOTO Pe30HAHCA NPUBORUTCSI K BHXY

Sty — — o, (-g_ 82yy — 12%‘~’ﬁ2>,
582y = — 1, ( 153 Ua + yo — 144%2[34)

e + 2 2y — — —393132 —

—y (_ 82ys — - %o -+ 168x2ﬁ4) — L (52 — 2B2) cos? Aot
1780y = — - (5 s — 36x2s)

16.225
(5= — _) w2y = 2 (56%: — 422Bs).

Pemas a1y cucremy 0OTHOCHTEIBHO IEPEMEHHOI Py, moTyUaeMm

B2 + ®Pp= — = §1f32 + Ary*#*P2 4 28P2 cos® Aot (20.10)
rae KosgdunmerT Ay coBIAfaeT ¢ PaHee HANEHHEIM K03()PUIEEHTOM
9.3).

Ypasuerme (20.10) oramgaercsa or ypasHeHus (20.8) ammp Kod¢-
¢unumentom Ar;. B KadecTBe 3aMeHEI IEPEMEHHEIX B HEM B COOTBETCT-
Buu ¢ gopmynamu (15.7) Gepercs 3ameHa

By = a cos Ayt + m sin Ay, By = Ao (—a sin Ayt +
+ m cos Ayl).

YpaBHeHme TpaHUIB 00JACTH HEYCTONIMBOCTH TPaPUUECKH HMeeT
n3o0paskeHHBI Ha puc. 25 Bup ¢ 3ameHod Ar Ha Agj.

Tenepsr 3amernm, uro o0e cTOSYWE BOJHEI BO3OYKETAIOTCA OTHO-
BPeMeHHO, TaK 9To o6racTh HEYCTOHYMBOCTH OCHOBHOW (GopPMEBI Koie-
faHmil mpencrasiaser coboil o00bLeqWHEHWE 00acTell HEYCTOWYUBOCTH
ana nopcuctem 1 m 11, m3oGpaskennoe ra puc. 26. CymecTByer egumcT-
BEHHAS TOYKA, COOTBETCTBYWOIASA Agpr, B KOTOPOH 06Ge rmmepGoJbl
IepeceKaloTCsa W IPU HACTPOHKe Ha KOTOPYIO CHCTEMbI BO30Y:KIEHUA
moffiep:XuBaThcsl OymyT obe croAume BOJHBI OCHOBHOHM Qopmbl. [Ipm
C/IBUTE JaCTOTH BO30YIEHUS BOPABO CTOSYass BOJHA, COOTBETCTBYIO-
man nopcucreme 11, 3aTyxHeT W OCTAHETCS AUIND BOJIHA C OCAMH, Pac-
HDOJIOKEHHHIMI WO, yTiaoM 45° K 0CAM AMArPaMMbl IJIOTHOCTH. Ecam
gacToTa BO3OYKEHHUS COBHUTAETCS BIEBO, TO 3aTyXaeT BOJHA, OpUEH-
THPOBAHHAA 10 OCAM AuarpaMmsel miotHocTH. Ofa ciydas HCKa:KaloT
HOKAa3aHNA THPOCKONA W MOTYT MHTePIPETHPOBATHCA KAaK ero yXof.
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Pue. 25 Puc. 26

Hax m B cayuae pesonaropa Ge3 qedeKToB, HaCTPOMKA BO3OYRIE-
HUS Ha Aony HOIKHA CONPOBOKOATHCSI BBeLEeHHEM O00paTHoil cBaA3Hm
Buga (16.9). UccremoBamme ycTOMYMBOCTH CTANHOHAPHOTO DeKUMA
He OTJIWYAEeTCSA OT IIPOBENEeHHOro MIjia pe3oHaTopa 0e3 medeKTos.

Haiimem yxom rmpockoma gaa caydas, rorga A = Agpy. Bymem
[JIA ONPEeNeNeHHOCTH CY4UTATh, 9T0 A << Agy, (0T 3HAKA 3TOro Hepa-
BeHCTBA Oy[eT 3aBUCeTH JHUOIb BHAK yXo0#a). B cooTBeTcTBMEm ¢ gmar-
paMMoil ycTodgmBOCTH HA puc. 26 3TO 03HAYAeT, UTO HePHOfHIECKOe
pemreHme BO3MOMKHO TOABKO A cucreMsl 11. B cmcreme 1 Gymer ma6-
JIIONATHCA 9KCOOHEHNUANIbHOE 3aryxamme pemeHus. Ham 1pebyercs
HAWTH IIOKA3aTelb COOTBETCTBYIOIMIEH DKCIUHEHTHI.

BrramenmM BHa9aje KOOPOMHATH TOYKH IepecedeHHs IpaHUN yc-
TOHYMBOCTH HA Ppuc. 26, COOTBETCTBYIOMMEH ONTHMAIBHOMY BO30Y:K-
IneHH0. BBemeM A COKpaImeHUA BHIKJIANOK BpeMeHHEe 0003HAYEHNUA:

A/2 = T, C/([_‘:}\«()) =Y, A1X2(%2/2A10) = ay,
A y® (%*/2h) = a,.
Kpome Toro, GymeM mpmEmMarh BO BHEHMaHWe oGosHauenma (16.5).

Hoopmnmueatsl Toukm mepeceuenmss rumepGosa (z*, y*) MOIKHB yHOB-
JIeTBOPHUTH [BYM YPAaBHEHHAM TPAaHUI[:

P+@E+tyt+a)@+3y+a)=0 pP+EE+y+
+ a,) (® 4+ 3y + a,) = 0.
Pemenne aTo# cmcTeMmbl, jieskamee B WHTePeCyOI[eM HAC KBaJpaHTe,
mMeeT BUJ
z* = —1, (ay + ay) — 2V p* + (a1 — ay)%/4, (20.11)
y* = Vp* + (@ — a))4,
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9TO COOTBETCTBYET B MCXOOHBIX NEPEMEHHBIX BBIPDaKEHUAM

2 4 24
Aom=——x2{,;(x41+An)-2‘/4pz—|-x4 I

4 /24 \2
Lomr = 2o ‘/4572 -+ X4 Z;% (T) .

ITycre Temeps (z°, y°) — ToUKa, COOTBETCTBYIOMIAA PACCMATPHBAEMO-
My Bo3Oy:rmenmio ¢ A << Agny. Torma sra Touka mpmHAEIeKHUT Tpa-
Hunme obmactu ycroigmBocTrm cmcrembr 11

pPPF @+ Y+ a) @+ 3 +ay) =0. (20.13)

CooTBercTByIOmEe BHIpAXKEHWE [ MEPBOM MOACUCTEMEl He ofpamaer-
CA B HYJB:

PP+ @+ +a) @+ 3 +a) =J=*0. (20.14)
IlepenucriBas coormomenus (20.13) m (20.14) B Bume

p* A+ (@ + y°) (@ + 3y°) + @y (22° + 4°) + a3 = 0,

PP @ ) @ 3Y°) 4 ag (22° + 4y°) + o =[]

4 BBIYHTAadA A3 BTOPOTO HepBoOe, mojJydaeMm

(20.12)

[] = (a; — ay) (22° + 4y° + a; + a,). (20.15)
Mycts 2° = z* + Az, y°*=1y* - —j—i— o ? Az = y* + y'Az. Ilop-
craBusAsg ot coorHomernus B (20.15), maxomum

(] =2 (a; — a)) Az (1 4 2y'). (20.16)

IIpomssonryio y'{raigem, tudpdepernupys (20.13) kak HegBHYIO QYHK-
oo

L+y)@+3y+a)+(@+y+a)l+3y)=0,
OTKYHA

y' = — (z + 2y + a,)/(2x + 3y + 2a,).
IMopcrasuss B atry popmyny smagenme (20.11), yGexmaemcsa, uro y’
WMeeT MOPAMOK ay; — a, u B dopmyine (20.16) s1oT wnen momer GHITH

OmymeH.
B pesyasrare maxommm

24 %2
D—_—_szﬂ Az, (20.17)
XaparrepucTrueckoe ypasHeHne cucremsl (20.9) mmeer dopmy
—h—p —@+y+an) 0
2743y 4 a, —A—p

unu A* 4 2ph + p? 4 (2° + 3y° + ay) (2° 4 y° 4 ;) = 0.
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Yuauresan coorHomenue (20.14), moayuaem

A2 4 2ph +[]=0.
Hoprm sT0T0 ypaBHEeHHA

T C
M=—p+VP—O=—%,

Ay = —p — i/ p? 4+ [] =~ —2p.
B pesyxnsrare obmee pemenue cucremsr (20.9) 3anmcHBaeTcsa B BUIE

e o i N BV R

M+p
n = Cle’”lt + Cze"'zt,

K i W ¥
A+ D

rie C, m C, — mpou3BONbHBIE HNOCTOSHHbE WHTETPHPOBAHUA.
OrpammamBasich paccMoTpeHHmeM caydas p << y?, NpUOImKeHHO
3T0 o0mmee pelleHWEe 3AMWUMIETCS B BUIE

b ~ Ciett — Cyer, n = CieMt 4 Cyeled.

CrnenoBarennHo, pemenue ypasuerus (20.8) B paccMaTpuBaeMoM CIy-
4ae #mMeeT BUJ

oy = (CieMt — Cyert) cos Ayt + (Ciet! 4 Cyert) sin Agl.

g BEYUCIEHTA «YyX0qa» MOJOKHUM, 9T0 B HAYANHHEHA MOMEHT BpeMe-
HA BO30YKIEeHA CTOSY9aA BOJHA C OCAMH, PACIOJOKEHHBIME IIOf yT-
a0M 45° K 0CAM QHATDAMMEI ILTOTHOCTH (MW KaKOT0-I1@G0 APYTOTO fe-
¢exra):

w li—g = (ro/V 2) sin 2¢; % ly—p = (roho)/V 2 sin 2¢.
Yuauresas, aro B cmiy dopmya (19.3)
w =~ 2 (By cos 2¢ — a, sin 2¢), W~ 2 (B, cos 2¢ —
— dy sin 2¢),
OOJy9NM HAYAJIBHBIE YCIOBHS IO Oy T Pyl

B2 (0) = B2 (0) =0, @y (0) = —r/(2V2), 4,(0) =
= _—}\’Orﬂ/(2‘/2)7
OTKyAa HaXofuM HalalbHHE yCIOBHA 1O a, m, b, n: a (0) =m (0) =0,
b (0) = —ry/(2)/'2), n(0) = —ry/(2) 2). Yacrnoe pemenme mo o,

C 9TEMH HAYAIBHEIMA YCIOBUAMHE WMEET BUJL
oy = —1o/(2)/ 2) eMt (cos Aot + sin Agt).

ITocae 3aTyXaHuUA J3TOT'0 YaCTHOI0 pPemeHus, XapaKTepusylomero
HAYaJbHYI0 CTOAYYI0 BOJHY, YCTAaHABJIUBAEeTCA CTOAYAA BOJHA C OCA-
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MHA IO OCAM pmmarpaMMmbl fedexTa, MIA KOTOpPoH o, = 0, P, =

=1y/(2)/ 2) (cos Aot -+ sin Ayt). YumTsisas, qaro o6paTHAs CBA3H MONI-
Iep:KUBaeT aMILIATYAY IOCTOSHHOHM, II0 AHAJOTHE C COOTHOLIEHHEM

(18.4) momygwaem, uwro max | ¢ | =~ | M| () 2/2). Umm, yumrsiBas
BHPaKeHHme [aAA Ay, mMeeM @ ~ y*%x2Az/(phy).OtHOmennme Ax/A, xa-
paxTepu3yer OTHOCHTEIHHYI0 IOTPEIMHOCTH HACTPOMKM YaCTOTHI BO3-
Oy:xmeHus A. VI3 npusenernoil popMyIBl MOMKHO OILEHUTH TpeGoBaHUSA
K CTa0WIBHOCTA 9acTOTH BO30OY:KIEHUA,

IIpamep. IIycrs cayqaitasiii yxox ¢ =~ 1072 °/a, uorpemnocrs B pa-
muyce AR = 107% M, gns pagmyca R = 7,5-107%2 M sT10 maer y =
= AR/R = 1,3-1075, % = 2,72.10% ¢!, Ay = 7,3-10% ¢}, p =
= 1072 ¢! (ocrambHBIE HMCXOQHEE [aHHBE 0EPYT M3 IPeALTYIAX
TIIPEMEPOB).

CrabmnsHOCTh "acToTsl Bo3Oymmenus Axz/A, = 0,4-1074,



IIPAJIOKEHNE

Ilepeuens ocHOBHBIX OPMYN U Pe3YIBTATOB TEOPUHU KOJBIEBHX W I0-
aycdepuIecKUX PE3OHATOPOB.

1. YactoTsr cBOGOMHBIX Kode6aHM TOHKOTO HEPACTMKUMOTO Y-
pyroro HeBpamamoIerocs koxbma (cm. maparpadsr 1, 9)

k(R —1) ]/T B
h=mr V pvm I k=23,

roe k& — HoMmep ¢opMmbl KosebaHuil (paBHBH IIOJIOBWHE YHCIA Y3JI0B
Ha Koubre), £ — momyns IOHTA, p — MIOTHOCTH MaTepmaia KOJbIA,
S — mmomame HDOMEPEYHOr0 CEYEHHWST KOJbIa, A — pagmyc Koabma
mo cpepHeil amHAW, /| — MOMEHT WHEPIUHW MOIEPEYHOTO CedeHHUS (ec-
JU TONepPeYHoe CeYeHme — MPAMOYTLOJIbHHK €O cropoHamm kA u L,
rme & — ToamuHA KONbNa, a L — ero mupura, To [ = Lh3/12).

2. Yacrora cBoOomueIX KoneGaHHI TOTO K€ KOJBIA B CIydae ero
BpameHns ¢ MOCTOSIHHON yTioBO# cKopocTsio L (cM. maparpadsr 1, 9)

bk —1 El
n= 2n( CEE 1)) ]/ (k* + 1) 55 + & I

3. ¥Yroa moBopoTa CTOAYEH BOJHL B YIPYTOM HEPACTAKAMOM KOJb-
e OTHOCHTEJIBHO CaMOTO KOJbIA B CIydae BPAImeHHS €ro ¢ IepeMeH-
HO#t ckopocthio Q () (cMm. BBemenme, maparpadsr 11, 9)

t
(P(t)=_" kz—l—i §Q<t)dt

4. Yacrora mo6o9HEX KoxeGaHmil ympyroro pacTAaKEMOTO KOJLIA
(cm. maparpad 10

1 E
”=2TR]/F(1 k%) I'n,

5. Hacrora cBoGomubix KosgebaHmil mOTyc(epAIECKOTO pPe3oHa-
Topa

h —E
w=1(k)5pm ]/3(1 Ty I

rme [ (2) = 2,62, [(3), =7,363, I[(4) = 14,231,
h — rTonmumEa cdepmueckoir o omou , R — ee pagmyc, v — Kodd-
¢mnmenT Ilyaccora (gns munasaenoro ksapma v = 0,17).

dra opmymna Goima monyuena Pemeem [3, 9, 11].

118



6. Yrom moBopoTa CTOAYed BOJHEI BO BPAMMAIOIMEMCS ¢ IEPeMeH-
HO# cKopocThio Q () moaycdepmaeckoM pe3soHATOPe OTHOCHTENBHO Ca-
Moro pesoHaropa (cMm. maparpad 13)

4
o) = [C+0) — VBT T 20 —wRl {20 dt.

7. Narmbaromuii MOMEHT B ced4eHHE Koibmna (cM. maparpad 1)
02w
M= ( 597 )

roe w — medopMmanusa KoJablla B HAOPABIEHHH pagmyca.

Eciam ¢popma roneGanmit mmeer Bug w = aR cos 2¢, rme a — Ges-
pasMepHas aMIUTATY[A KOaIeGaHmil KoibLa, TO MaKCHMAJIbHOE 3HATe-
HUe m3Tm0aImero MOMEeHTa

3EI
Mmax = T a.

Ins Koapma MPAMOYTOIBHOTO CEUEHHS MAKCHMAJILHEIA m3rmbaro-
muii MOMEHT HPUBOAUT K MaKCHMAJTHHOMY HANPSIKEHHI0 B CEUCHUH

3En 1 TE T
Gmax:W ‘:—Z‘QHR V'15pE.

MaxkcumanpHOe HAUPSA/KEHWE IIPONOPIHOHATIBHO NPOW3BENEHEIO
aMILTATYH Kosrebanui aR Ha gacrory KRouxebanmit p. Taxum oGpasoMm,
aMILTETY/IA ¥ 9acTOTa Kosre6aHmA KoabIeBoro Pe30HaTopa 0 OCHOBHOMR
$opMe TOJKHEL BHIOMPATHCA U3 YCIOBHUS

apR << 20max/) 15pE.

8. Yacrora KonebaHUl KOabIla HA OCHOBHOH (opme k = 2 mpH yrio-
Boli BuOpamum OCHOBAHUA BOKPYT ocu Koibma (cm. maparpad 11)

6 2
M= s 1/ psE T 0 ZQ e

roe ; mpefcTaBasIOT c060H AMIIUTYRE Kole0aHMH yIioBoil CKOPOCTH
KOJXBIAa B PasMepHOM BPEMEHH:

Q)= D) Q;sinhgt.
j=1
9. CropocTh mpemeccHd BOJHE B YOPYTOM HEDACTAKAMOM KOJIbIE
¢ y4eToM HeamHeWHEIX 3perToB (cM. maparpad 12)

El

I‘(co,k)a W.

= k2+1
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3nauenns rosdpunuenta I' (o, k) samatorcs tabaumneii. [Ipm stom
® — 0espa3MepHasaA CKOPOCTh BPAMEHHS OCHOBAHUA

o = Q/V EI/(pSRY), nnsa caysas k = 2 n Maabx o (o << 0,1)

rospunuent I' (o, k) mosxer 6rrTs mpencrasier popuynoi I' (o, k) =
= 0,02167 ®, 9T0 B 3TOM YACTHOM CIyUae IO3BOJSIET HEPEOHcaTh Gop-
MYJy AJs Openeccur BoaHbl B Bume ¢ = —(3/, 4+ 0,021674%) Q. 3necs
@ — HOPDMUPOBAHH4sA HA PAfHyC KOJBIA aMIUIATYAA KoaeGaHmit Ha
OCHOBHOiI fopme.

10. HecrabmnsrOCTH CKOpOCTH Tpeneccuu BOJHE (AQ), cBA3ammas
¢ HecTaOWIBHOCTBI0 aMmAMTYAb Kojebamuit (Aa) (cMm. maparpad 12)

Ap = 0,04334a- Aa.

Jro BBIPpAKEHNEe ompeneysdaeT «yXoa» rmpocKrona, OleeJle.TIHeMHﬁ Hean-
HEIHHOCTHI0 MOJean pe3oHnartopa.

11. Mopmens Henpsuma—@oiixTa ympyroBs3KOTO Teja B ciiyuae
mpocTeiimero HATPYKEHHS OLpPeNeisieTcsi COOTHOIIEHWEM

o =¢ckE + &,

ITe 0 — HANDPSKeHWE B MaTepmale, &€ — OTHOCUTEIbHAA HedopManus,
£ — KodPPUIMEAT BASKOCTH.

12. Bpems saryxaHusa cBoGOIHHX KoieGaHWH B KONBIE B € pas
(cn. maparpad 14)

T = 50R4S/(18LI) = 1/p

(p — morasaresb BaTYXaHUA)

13. AMmimTyna ycTaHOBUBIIEUXCS KojeOaHWil KOXbIA IpHU AeicT-
BUH MOBUIMEOHHOTO BO30y:KmeHus. Ecam MeKTY KOJBIOM W BHEIIHH-
MU 3JIeKTPOLAMY IPUIQKEHO HANPSKEHNEe, N3MEHSIOMEeecs M0 3aKOHY
V = V, cos (Ay/2) t cos @, tne Vy — aMIanTyfa HAUPSKEHAS B BONb-
Tax, Ay/2 — wacroTa, TO Takoe BO30YiIeHNe HA3HIBAETCS IO3UI[MOH-
HEIM, & aMILTETyJa KoaeGaHumit Konbma mMeeT B (cM. maparpad 15)

FOLV?)

) T 3661 \2 .
2082, ]/(?34—5) 4 25A2

r7e € , — KOHCTAHTA, BXOAAIMAS B MHOMKUTEIb IPOIOPIUOHAIHHOCTH,
¢urypupylomuii B 3axone Hymnoma mis {ByX To4euHHIX 3apsafoB F =
= qq5/4mne or?, dy — 3a30p MeKAY KOMBIOM U dAEKTpofoM, L — mm-
pHHA BJIEKTpPoAa, paccTpoiika gactor A = A, — 36E1/(ShepSR*) xa-
paKTepu3yeT Pa3HOCTh MEMKAY YABOHHON 4acTOTOH BO3OYIKIEHHA A,
¥ OTHOIIeHMEeM KBAafpaTa dYacTOTH COOCTBEHHHX KoJeOaHmHA K ga-
CTOTE Ag-

aR=
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14. Yron mesmmy mampasieHneM KojeCaHWH (HampaBieHZe IiaB-
HOHL ocW 0CHOBHO# (BopMBI KoJebaHWH) W HampapieHUEM MO3WIUOHHO-
TO BO3OYKmeHHUsA (Ompeessiercs MOJNOKEHWEM DIEKTPONA € MAaKCH-
MallbHOX aMINIUTYMOH HAOPSKEHHWS) B CIyIae BPAIMEHUS OCHOBAHUA
mMeeT BHUf (cM. maparpad 195)

2Q0RS

Qo = arctg —oET -

15. MurnManbpHOE HAUDPS;KEHWE MapaMeTPUIeCKOTo BO3OYKIeHN.
Ecrn manpsyxenme nuTaHmSa MEKAY KOJBIOOM U DIEKTPOAOM H3MEHHA-
erca mo 3aKoHY V = V, cos Ay, T0o TaKkoe BO30OY:KIeHHE HABHLIBACTCSH
ImapaMeTpuIecKuM, a MUHIMAJIbHOe 3HaYeHWe aMILIATYAH V,, Opd Ko-
TOPOM BO3MOKHO BO30Y:KOeHHE KoJe0aHWil KOJbIa, ONpefesdercs
¢dopmynoi (cm. maparpad 16)

nhd3\,
Vomn=6‘ 105 V—TLO_,

e dy, — 3a30p MEKIY KOJBIIOM U DIEKTPOLOM.

16. OnoTmManpHAsA 9aCTOTA NUTAHWUS HPHU NAPAMETPUIECKOM BO3-
Oy:xpeHnn (4acrora, ONpENENAIIAsS MHHEMYM aMILIATYHAH BO30Y:K-
nemma V) (cm. maparpad 16)

A . _86EI 4~6]/‘E1 4
0= BAoSRE T T e pSR* T °

17. OGpaTtHas cBA3H IPH IMAPAMETPHIECKOM BO3OY)KIEHHH, YII-
paBIAKImMas HaupsiKeHneM Bo30y:kmeHus V,, B 3aBHCHMOCTH OT OT-
HOCHTEeJIBHON aMmnutydasl KoiebaHuit a (cM. maparpad 16),

Vo= Voumin — k (a — a,),

Toe a, — TpebyeMas aMIIMTyHa KoiebaHmil.

18. Ilpemeccus cTosueil BOJHEI B HEBPAIMAOIIEMCA KOJbIe, 00yc-
JIOBJeHHAS HOTPEMIHOCTIME IMapaMeTPHIECKOT0 BO3OYKIEHHA W Xa-
pakTepusyomas «yxomy rupockoma (cM. maparpad 18),

| ¢ | = (2& jeuV o/ (5AophdgRa),
Tle U — OOCTOSIHHAS COCTaBjisAiomas Haopskenusa, V = u -+
+ Vy cos Ayt, e — aMIIUTya 0BAJTHHOCTH KOJBIEBOTO DJIEKTPOMA.

19. Pasmocts wacToT KoseGaHMil CTOSYEH BOJIHH B [BYX HAIpaBJe-
HUAX, OTIMYAIMAXCA HA 45°, B cIyYae KOJBIIA ¢ IJIOTHOCTHIO, 3aBU-
cAamein or yraa. PacemarpuBaercs BTopas rapMOHUKA pacHpefeieHus
MO0 YTy BeJXWYWHH 0GPaTHOHW IMIOTHOCTH

1/p = 1/po + (x/po) cos 2¢.

{naBHBIE moNyoCH mMArpaMMEl IIOTHOCTH COOTBEICTBYIOT YIaM ¢ =
= 0 u ¢ = /2. B TakoM KoJbIe cTOSIAS BOJTHA ¢ IUCTHIM TOHOM BO3-
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MOKHA B JABYX CIydYasgX: OEPBHI, KOI7a Y3JHl CTOSYeH BOJHEI Je:KaT
Ha 0CHW AUarpaMMHl IIOTHOCTH (JacToTa KojeGaHWU TaKoH GOpPMEI L),
BTOpO# caywaill, KOrga Ha OCAX AWATPAMME IIOTHOCTH JeKaT Iyd-
HOCTH CTOS9ell BONHEI (Yacrora KoaeGaHmit Taxkofl GopMH W,). Pas-
HOCTH 7acroT (cM. maparpad 19)

AM—MI““M2—(2/V—5)X ]/ SSRE*

20. Takas jKe Pa3HOCTH YAaCTOT BO3HHKAET W B CiIydae APYTUX
nederToB:

Ay~ 1y ]/pSR4 ’

Ifie ¥, — OTHOCHTeIbHAS aMIIATYAa BTOPOi TapMOHUKH Pa3josKeHUd
paccmarpmBaeMoro mapamerpa B psax Dypee mo yray ;

R = Ry, (1 + y cos 2¢) — pagmyc KoubIa,

h="hy (1 + y cos 2¢) — TonmmuHa KOIBIA,

E = E, (1 4 y cos 29) — momyas IOmra.

21. Ilpemeccmsa crosued BOJHH B HEBPAMAKIIEMCA KOJabIe, 00yc-

JOBJIeHHAA ero AedeKTaMH U OUpemeisionas «yXom» TEmpockoma (cM.
maparpa¢ 20),
, Y2TET
b~ 57y, Ao

rme AAhy, — HecTaGWIBHOCTH TACTOTH BO30y:kmeHHUs. Ita Gopmyra
COpaBefJMBa IPH noc'raTquo MaJgbIX mederrax, T. €. ecau

% , EI Axo
5 X osR T, ST T2 .

Ecnm ke »To ycloBme He BHIIOJHAETCSA, TO BEpasKeHme Mg | ¢ |
ompenenserca QOpPMYyJIon

, 1 % , EI Ak, 1
01~V 77+ 50 gsme e — T
22. OcHoBHBE ypaBHeHHS KoaeGaHU! PE30HATOPOB:
ympyroe HepacTﬂmnMoe Koubmo (cM. maparpad 22)

W — W 4 4Qu —|—

34 (wVT + 2wV 4 w")=0;
YOpYToe PaCTAKUMOE KOJIBI[0 (CM maparpad 10)
.o . E " us

¥ — 20w — e (v —uw')— pR4S (w” +v")=0,

.. o E ’ (4
w—f—ZQv———pﬁ(v w) + R4S W'V +v") =0,

TIe v — OepeMelleHNe PACCMATPHBAEMOH TOYKH KOJBIA IO KacaTelb-
HOX K HeZeOopPMHPOBAHHON HEATpPANHHOHN JUHUM.
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IMonycdeprnuecknii, HeBpamaoOMUACa Pe3OHATOD
Ehp3 02

Eh
WAMW—FWA -{—phmAw=01

sgeck A — omeparop Jlammaca B cepmuecKoil cmcTeMe KOOPLEHAT
1 a a 1 a2
sinB® | 40 a0 sin® g2 | *
rie O — yrom Bmonb MepufumaHa IONycPEePUIECKOR 0GONOIKE, OT-
CUUTHIBAEMBIA OT €e BepPITWHEL.
Ilpm 3ajaHum TPAaHWYHBIX YCIOBHE CIeIyeT HOIb30BATHCA COOT-
HOINEHHSIMH, CBA3HBANIUMY BHYTPeHHENE YCHINA I MOMEHTH ¢ medop=-

MAOUAME CPEAUMHHON MOBEPXHOCTH, IPHBENEeHHEIME B maparpade 13.
IIpuBenenHOE ypaBHeHHWE MOKHO HAaiTH B cmpaBounuke [9].
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B unzpgatenscTBe «Hayka»
BBIIIIIA B CBeT KHUTA

Kauwmos JI. M. MaepuuaibpHas HaBHTamms #Ha Mope.— 9 .

Wzaaraercsa Teopds HHEPUUWAILHBIX CHCTEM, OPUMEHAEMBIX NJIA
HaBuranuu Kopabmedl. JlaloTcs cXeMbl W yYPaBHEHHS (DYHKIUOHH-
POBAHMA WHEPOUANLHBIX CHCTeM HABUTAIUM HA MODE, MCCIexyIoT-
€A UX TOrPEIIHOCTH C HCIOJb30BAHHEM annapaTa KEHEMAaTHKE
TBEPAOTO Tejia ¢ OJHON HENONBHKHOH TOUKOI. AHAIM3UPYIOTCS
BOIIPOCHI /IeMO(MPOBAHNA W OIEHUBAHUA NapaMeTPOB WHEPIUATb-
HBIX CHCTEM MeTOJaMu OUTHMAJbHOH (mibrpamuu. Paccmarpusaer-
¢ TeopHs HEeBO3MYINAaeMblX T'MPOCKOOMIECKHUX CHCTEM, I03BOJIAIO-
IMUX TOCTPOWTHL BePTHKAIL HA Kopabme. IlpuBomaTcA dYmCIOBLIE
npuMepsl pacdeToB Ha IBM.

Jlna cnemmanmcToB B 06NAacTH NPHKIAJHOH MATEMATHKE X YI-
PaBIEHUA MOABIKHBIMEU 00BEKTAMU.

B nzparennctBe «Haykan
FOTOBHTCsI K Ne9aTH KHHUTa

Hopuxor JI. 3, Ilatamor M 0. Mexanuka amHaAMAYECKH
HACTPaMBaeMBIX IHPOCKOnoB.— 20 I

B kHHTe paccMOTpPEHA MEXaHWKA HOBBIX THIOB YYBCTBHTEILHBIX
9JIEMEHTOB — CXeMBl JHHAMHYECKH HACTPAMBAEMBIX THPOCKOIIOB,
BKJIIOYAOINUE THPOCKOIBI ¢ OJHOOCHBIM YIOPYTHM IIONBECOM «BH-
6parop», HeCHMMETPHIHBEIM POTOPOM, YIPYTEM BPAIAIOMIAMCS IO~
BECOM I IOCJIeJ0BATeNbHBIM COeUHEHHEeM HECKOIbKHX Kodem. IIpm
UCCIIe/[OBAHNY HCIONB3YeTCS TOYHOE PeIleHNe yDAaBHEHMH IBHKe-
HEsL, METOJ| OCPefHEHWS W MEeTONBI, OCHOBAHHbIC HA IPHMEHEHWH
Teopemsl Pesand K ONpPENENeHWI0 YXONOB AUHAMUYECKH HACTpam-
BAEMOTO THPOCKONA.

faa cuenmanmcToB B 06macTm PaspaGOTKE THPOCKONHIECKEX
CHCTEM H CHCTEM HMHEPHUATHHON HABUTAIMI,
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pa, 84;

Ryii6bimes, npocnexkt JleHn-
Ha, 2 («KHUra — no4Toit»);
Jlenunrpan, Jiute#inbit Opo-
cnekr, 57;
JleHuHrpan,
nep., 2;

Tamomennbt

«HHHATa — N04TOi»
uan 8 Onmkafimnl MArasMH «AKaJleMKHATa», umelomuaid

196034 JIenHurpan,

220012

Cesepo-3anagHoii KOHTODKY

B/O, 9 nmuHuA,
16;

Munck, JIGHHHCKHH upos
coexr, 72 («KHHra — mods«
Tofk» );

103009 Mocksa, ya. ['opbxoro, 19ay
117312 Mocksa, yi. Basnnosa, 55/7§
630076 HoBocuOGupck, KpacHuIi npoe

630090

coexr, bi;

HoBocHGHPCK, AKaneMropos
IOK, Mopcko#t mpocmext, 22
(«Kuura — noqroit» )

142292 IIymmuno, MoCKOBCKaa 0031,

620151

MP, «B», {;

CBepasoBCK, Yya. Mamunas
Cubunpara, 137 («KHura —
no4TOR» )}

700029 Tamkenr, yia. JleHnHa, 73}

700100

TamkeHT, yia. IIlora Pycras
sesH, 43;

700187 TamkeHT, yi. JpymOb Ha-

634050
450059

450025

ponoB, 6 («KHHra — 009
TOM#N )}
Tomck, Hal. pexn Vmatixm,

18;

Yéda, ya. P, 3opre, 10
(«KHura — oo4rolt» )}

Yéda, yn. HommyHHCTHYE: -
cKan, 49;

720001 ®pynse, Gyabsap J3ep:KuH<

310078

ckoro, 42 («Kuura — 1noqs
TOMN» )}
XapskoB, Vi, YepHbIlIEeB-

ckoro, 87 («KHHra — oo«
TOM» ).
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