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l-1ccneaOS811He aaH>KeHHS! aHTK8 C TOKOM a ~18rHHTHblX llOllS!X npeacTaanReT 60llblliOI! HHTepec 

anSI p831lli'IHblX 11pHKll8aHblX aonpQCOa cj:JH3HKH Illl83Mbl: KOrepe HTHOrO M9TOaa YCK0p9HHS! 3apS!

>KeHHbiX '18CTHU, HH>KeKuHH '18CTHU a MarHHTHbte noaywKH, CTAOHnH38UHH nnaaMeHHbtX oopaao

saHHII, EcnH a KorepeHTHOM MeToae ycKopeHHS! pe'lb HaeT o5 o6paaoeaHHRX, aaH>KYlliHXCR c 

cyry5o pellS!THBHCTCKHMH CKOpOCTS!MH, TO a OCT8llbHbiX H3 nepe'IHCn9HHbiX npo6neM CKOpOCTH 

S!allS!IOTCS! H9p9nS!THBHCTCKHMH • Y1 ccneaOB8HHIO aaH>KeHHS! OTaellbHbiX '18CTHU H KOlleU C TOKOM 

lt-61 
e HepenRTHBHCTCKOM cny'lae nocaHweH pRa paooT • HH>Ke ll1bi pacCMOTpHM noaeaeHHe 

TOHKOrO pellS!THBHCTCKO!"O 38pS!>KeHHOrO KOllbU8 C TOKOM B aayX llp8KTH'IeCKH HHTepeCHblX cny

't8SIX. npH 3TOM 6yaeM HHTepeCOB8TbCS! IlOBe.neHHeM llHlllb OOllbWOrO paauyca KOilbU8 

npeanonaraSI, 'ITO M81lbtll pauuyc R CT80HllH3HpOB8H. 

1. PaccMoTpHM BHa'tane aBH»<eHHe KOnbua a npocTpaHcTaeHHo-nepHOa H'IecKOM, aKcHanb

HO -CHMMeTpH'IHOM M8rHHTHOM none. AKCH8llbHO-CRMMeTpH'IH09 M8rHHTHOe none 011RCbJB8eTCS! 

oaHOII KOMI10H9HTOII B9KTOp-llOTeHUH8n8 , yaOBI19TBOpS!IOW911 B 11pOCTp8HCTB9, rae ReT 

npOBOaHHKOB C TOKOM, ypaBH9HHIO 

Ill 

PeweHHeM aToro ypaaHeHKSl 5yaeT Bbtpa»<eHHe 

/2/ 

D m I m ( 2~ r) Cos 2rrm z 1 

s s 

rae s - nepHOLl K3MeHeHHS! MarHHTHOrO 110/lS! B!lOllb OCH Z 

l/0 - 110CTOS!HH8R COCT 8BilS!IOW8R 110/lS!, 

I m cPYHKUH S! SeccenR M HHMOro apryMeHT8. 

Dm - llOCTOS!HHbie K03cPcPHUHeHT bl. 

B aanbHellweM orpaHH'IHMCS! e /2/ TOllbKO aeyMR nepBbiMH 'llleHaMH, T.e. paccMoTpHM 

aaH>KeHHe KOnbua e none 

/3/ + D
1 

I ( 2!!_ r ) Cos .lJL z . 
l s s 

nycTb 38pR>KeHHOe pellS!THBHCTCKOe KOllbUO C TOKOM nepeMewaeTCS! BaOnb z H apawa-

eTCS! OTHOCHTellbHO caoeft OCR, C08118a8IOWeA C OCbiO CHMMeTpHH 11011S!. Y1ccneaOB8HKe oyaeM 

npOBOaKTb 8 CHCTeMe KOOpJlHH8T, B KOTOpOII KOilbUO llOKOHTCS! B z - HanpaeneHHH. TaKHM 

00p830M, ace aanbH9AWHe paccy>KaeHHS! II COOTHOWeHMS! oyayT Cllp8B9Jl1lHBbl HM9HHO B 3TOA 

CHCTeMe KOOpaHH8T. 
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narpaH>KHaH, OnHCbJBaiOWHA aBH>KeHHe ltOJlbUa B Bblt5paHHOA CHCTOM9 ltOOpaHHaT, MO>K-

HO 38nHCaT b B BHa e : 

L ,. - M c 2 v~-{3 r + I 
2 
L 

2 c 2 

Q* 2 I <1> 
-- + - 141 
2C c 

r a e M - Macca KOnbua, I - TOK, <l> - MarHHTHbJA noTO!t 'lepea nno-

waab OrpaHH'l9HHyiO K O JlbUOM, L HHayKTHBHOCTb , a C - eMKOCTb, onpeaenHe-

Mble ¢opM yJlaMH 

L .. 4 "R (fn U - 2 ) , 
ll 

c "R /5/ 
fn 8R 

a 
Q"' - 9KBHBane HTH biA aapHa KOJlbU8, OnpeaenHeMbiA H3 cneayiOWRX CO Ot5pa>K9HHA. LlnH 

T Or O, 'IT 0 6bl n o MaJlOMY paa HyCy a eACTBYIOWHe CHJlbl 6b!JlH CltOMn9HCHpOBaHbl, He o6xoaHMO 

npe..a n o no>KRTb B K0Jlbll9 HaJlH'll!e HOHOB. V10Hbl B Bbl6p8HHOA CI!CTeMe ltOOpaHHaT C'li!T810TCH 

He liO.!l BH>K H blMH. 0TC!Oa a M bl nony '189M llJlSI 

{3¢ = ~ • 
Q 

Q* COOTHOWeHI!9 

16/ 

rae Q - nOJlH blA aaps:~a 9Jl9KTpOHOB B KOJlbU9, a {3 cf> - CKOpOCTb HX BP8W9HHSI, 

Bblpa>K9HH8H B 9 Ll i!HIHiaX CKOpOCTH CBeTa. npH BbJBO.Oe /6/ npe.nnonar8Jl0Cb, 'ITO 'laCTOTa 

o6paweHHSI 9Jl9KTpO HOB B KOJlbU9 

COOTHOW9HII9M ¢ ,. ~.!!}_ 
Q 

c/> l10CTOS!HHa no ero C9'19HHIO H CSSI38Ha C TOKOM 

C'IHT8SI nepeM9HHbl9 COC::Ta~JlS!IOW1!9 MarHHTHOrO 0011.11 

h,. h , M8Jlb!MI! B9JlH'lHHaMH no cpaBH9RHIO C Ho , B JlHH9AHOM npH6JlH>KeHHH nO 

~ = R - Ro , q = 2_ I 
Ro Ro 

Ro -paaHyC KOJlbU8 B paBHOB9CHOM COCTOS!HHI! / nony'IHM 

H3 / 4/ CJ16.0YIOWH 9 ypaBH9 HIISI 

/; + 2 l: 
~ J.l ~~ 

(U 2 B ----
l + ar ' Lf--2 

[ ( 1 + 
2 2 2 

n cu 2 Y z ) Cos fl t + ( _ a __ - ( 1 + n ) ) ~ Cos fl t-
O 2 

( 1 + a) 1 + a 

2 2 
~ ( n + ~ J q Sin n t 1 , 
n ~ 1 +a . 

/7/ 

li cu 2 a [ ncuy 2 . cu 
I • Sm n t + n y 2q Cos n t- _..__ n ' ( -- + 

n y 2 
- C-.L. ) ~ Sinflt]. 

+ay2 ~_ 2 
p 

n 2 n cu2 
I 

1 + a 

3 .!1 9Cb BB 9 !19Hbl 060 3H8 '19 HHSI: CU '" -~ , V 
I R 0 " 

-paBHOBOCHaSI CKOpOCTb a BH>K9HI!SI KOJlbUa 

B a OJlb OCH z B na 6 opaTOpHOA C H C TeM e lt00p.llHH8T; cu = .!L_c_!l 4 
E 

a 1 - 8M l111HTy 1l8 nep eM9 HHO A COCT 8 BJ1HIOW9ii M8rHHTHOro nonS! h 

E -aHeprHS!; 

• 
Ha p 8 BH O B 9 CHOM pa-

Ll HYCe, OT H9C9H H8 SI K /1 0 ; f - 2 (f n 8 !iP- 2 ) - OO !'OHH8S! HH.QyKTHBHOCTb 
a 

KOJlbU 8; 0 = 2" V" 

s' 
nepHOa H3M9H9HH.II Ma!'HHTHO!'O nonS!. 'l8CTOT8 M OLlYJl SI U HH MarHHTHOr O OOJlS!, s' ~ s / y 

2 

B Bb16p8 H HOA CI!CT9'v19 lt OOp.llH HaT, y 3HeprHH B 9 .0HHHUaX SHeprHI! OOKOSI, 

y -
• 

1 

... 1 -t3 2 . n r _r_ a~ J 
h,. ar • = RO 
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I N - nonHoe 'fHcno aneKTpOHOB a KOnbuel Hang-

9TCSI OTHOW9Hli9M CHn, paCT8nKliB8101.1.11-IX KOnbUO no 5onbWOMY p8.0IIYCY II CBSI38HHbJX C H8nH-

411eM Y KOnbU8 TOK8 li 38pl'lll8, K U9HTpC6e>KHOA Cline . EcnH Ll8HH8S! B9011411H8 Mana, TO Mbl 

nony4aeM 112 111 ypaeuoHHH O.!lH048CTI14HOro npK 5nii>KeHHH . Co5cTaenHaH •JacToTa 

58HHA CIICT9Mbl no B blp8>K89T CS'I '!9pe3 ee napaMeTpbl COOTHOWeHR9M: 

7 
v 

a' y ' 

(1 + a)(1 + ay 2 _f__.±___l_) 
f 

v Kone-

181 

npo8H80113liPYP.M YPO BH 9 HiiS'I 17 I. nepBbJII 4neH B npaaoa 'f8CTH ypaBH9HIIH 17 I .anH ~ npH-

BOLtHT npK v - fl K n p o cT OMY I HnH BHeul HeMyl pe30HaHcy . B .a aHHOM cnyqae aMnnHTy.aa 

K One5aHnl! pacT e T n p onopUHOH8nbHO BpeMeHH, 8 K09 cPcPRUB9HT npOnOpUROH8nbHOCTH p paaeH 

p .. 

n(t)'y2(1+ay2..l.±...2) • • e 
8 I (t) ( 1 + 

2 ' 1 21'""+2 + v + a y --f - a'y' 

1 + a 

XOTH BT0p b19 II Tp9Tbll 'ine Hbl B npaBbiX '18CTHX yp8BH9HHA /7 I HM910T 

191 

BTOpOft nopR.OOK 

M8nOCTH, np11 onpe.aene HHbiX ycnOBHHX OHH MOryT Krp8Tb CYW9CTBeHHYIO ponb. BTOpOA 'lneH B 

KB8Llp8THbiX CK05K8X B ypaBHeHIIII .QnH ~ npll n = 2 v OpiiBO.QHT K napaMeTpH'I9CKOMY 

pe30H8HCy. npH aTOM 8Mfini~ TY.Obl KOne5aHHA H8p8CT810T CO apeMeHeM K8K 

g 
B(t)/(1+n)-~l 

1 1 + a 

,o 2 a'r' 4,1 1 + ay _L_+_ + 
e 1 +a 

e
11 1

,r.ae 

1101 

,[lnH q - .QBH >K 9HHS! 8H8nOrB'IHbiA 'ln9H 119 npHBO.QHT K ~e30H8RCHbiM S!Bfl9HIUIM, T8K K8K 

co5cTeeKH8H '18CTOTa K o n e 5anHA e aTOM cny'lae paaKa Kyn!O. TpeTbH 'ln9Kbl a xea.apaTHbiX 

CK05K8X B ypaBK9HIIHX 17/ OTB9TCTBeHHbl 38 CBH3b q II ~ -.aBH >KQHHA. 3T8 CBSI3b Bb!T9K8-

9 T KenocpeaCTB9HHO 113 38KOH8 COXp8H9HHS! OOOKOA 9HeprHH CHCTeMbl 

Ill I 
(t) R 2 L 1 2 Q* 2 

E(1 + _ . __ o ci) + + 
C

2 2c 2 2C 
Const . 

XOTS! CKOpOCTb V
2 

K OnbU8 pe05iTHBHCTCK8S!, np11 pe30K8HC HbiX YCOOBHS!X KOflbUO MO>KeT yc

neTb 3H8'1HTellbHO p8CK8'l8TbCSI npH .anHK9 Tp8KC00pTKpy10WeA CHCT 9Mbl B H9CKOObKO .QQCS!T

KOB MeTpOB , B CBS!3H C 9THM OpH 113rOTOB09HHH CHCTeMbl IHanpHMep, 113 H860p8 COneHOH.QOB, 

pa3aeneHHblX npoMe>KyTK8MII/ Ke06XO.QHMO T8K BbJ6p8Tb CTpyKTypy, 'IT06bl p930H8HCKble SIB-
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nem.u1 He nostenHnHch. PaccMoTpHM cnen.yJOWHI\ 'IHcneHHbiA rrpHMOp npeHe5pe>~< eM co5cTeeH-

llb!MH CH118MH p8CCT811KHB8HHSI H !I0110>I<HM y 
2 

"' 3, 

g -1 g 
y 

6 
,. 10. Torn.a npH ~~ 10 eM. 

118 • 8 
110 ~ 550 a., w • 2,8.10 ceK , a p"' 1 ,4.10 a 1 

g "' 7.10 Dl • npH B911HCJHHe 

MOLl.y 11RUHIJ nonS! a 
1 

~ 0,1 H Ll.11H He CHCTeM b1 S = 30M 6y Ll.8T HMeTb pI "' 4, g I .. 2. 

2. PaCCMOTpHM Tenepb C11Y'18A Ll.BH>KeHHSI 38pst>KeHHOT'O K01lbU8 B OLl.HOpOLl HOM M8T'HHT

HOM none !IpH li811H'IHH B03MyWeHHA, npH aTOM 6y.aeM rrpen.II0118T'8Tb, 'ITO B03MYII!eHHS! 8 

none h 
2 h </> • h, 38BHCSIT OT BCeX Tpex nepe~eHHbiX ¢ z H y Ll.OB11eTBO-

pn!OT ycnOBHK> h.L "< 1 • KaK H paHbwe, saa.<.I'IY 6yn.eM pewaTb e CHCTeMe, r.ue K011bUO 
H 

nOKOKTCSI B :t -~arrpaeneHHH, H 0T'p8HH'IHMCSI B OKOH'18Te11bHbiX yp88HeHHS!X 11H Wb '111eHSMH 

nepeoro fiOPSILl.K8 M8110CTH. 

YpaBHeHHSI JlBH>KeHHSI K011bU8 B 8b!6paHHOA CKCTeMe 6y.n.yT HMeTb BHLl. 

~ - Rcf>
2
E + Q'c.i.' aL - ~ ''L-' _il_ ( _1_) + c_ Q Rjg_; + -=._ ~· 

R 0 E. 8TT 1 E
0

R
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aR 2E
0

R
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aR c E
0

R
0 

E R 
• 0 

~ ( cp R 2~ + .!J~if_ + ..!J.B~) • 0 R &' , 
dl c 2 

4TT
2 c 1 2c ¢ 

(j ~ !l:__!i_ h ' , 
E fl 

• 0 

rne E -paeHosecHaSI aHeprHSI, ll' =II + h' KOM!IOHeHTbJ aneKTpH'IecKoro nonS! cornac-
• z 0 • 

HO cPOPMY118M npeo6pa30B8HHSI noneA H3 OLIHOA CHCTeMbl K00pLIHH8T 8 .apyryJO, p88Hbl 

& ' - f3 h~, &:_ .. - f3 h' . B ypaeHeHHSIX /12/ 
r • lf..j:J '+' • r 

cpa3y cn.enaHo npeHe6pe>KeHHe '111eHa-

MH BTOpOT'O nOpS!Ll K8 M8110CTH BHL18 q h.; , { h '¢ t:h' . . 
Hel\wee p83110>KeHHe H orp8HH'IHB8SICb nepBblM !IOpS!LlKOM !IO 

11Y'II{M: 

f. r v 
2 

(: •, 
w 2 

2 f r 2 
1 raY -r· 

q' 

o' 
2 

-1 (u W
2 

a'¢+ 

2 
w 

1 I· a y 
1 L;--2 

a' 
r 

q h, 
r 

, npoBO.!lSI Ll.811b-

q H f. , OKOH'18Te11bHO IIO-

I 

(u
2

w {a'dl, 

(l+a)(l+a;t'-±2; 1
t p 

I 13 I 

rlle a 
I 

- C00TBeTCTBYIOUl8SI KOMIIOHeHT8 B03MyWeHHSI fl011SI H8 p8BHOBeCHOM p8.!1Hyce, OTHe-

CeHH8SI K lf
0 

• 0CT811bHble 0603H8'!eHHSI Te >Ke C8M ble, 'ITO H B n, }. 

EcnH pasno>KHTb a' 
I 

B .::tBOARble pstLl.bl ¢>ypbe, TO YC110BHe pe30R8HC8 38IIHWeTCSI B 

BHLl.e 

mw + 
0 

.1..!!_ v 

n = ,, 
0 

1141 

I S' -anHHa MarHHTHOA cHCTeMbt B 8bJ6paH-r.ae m , j -uellbte CJHC118. 0 0 = 

HOA CHCTeMe KOOpLlHH8TI. Be11H'IHH8 
S' 

W OnpeLieltSieT '18CTOTY 06pall.leHHSI 911eKTpOHOB KOitb-
0 

U8 B p8BHOBeCHOM COCTOSIRHH, H p8BH8 

w' 
0 

w 1 

, e + 2 
l+ay -r--
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Vf 3 COilOCTilBJleHJHI Bb!p8>K eHHlt lJilSI H BH lJ HO, 'iTO y'feT C06CTBeHHblX 110119lt KOJ'Ib-

Ull llpHBOlJ HT K .0011011HHTellbHOMy 'illeHy, KOTOpb!ll: CllOC06CTByeT cPO!tyCHpOBKe 110 ! 
neHHIO. Oa n ostanHeTCSI, ecnn y'IHT biBaTb naM e HeAHe eM KOCTH C R RA.OyKTRBHOCTH L 

KOJlbUil llpH K01le5aHHS'IX ero p8.0HYCil HllH, HHblMH CIIOBilMH, - rp8lJH9HTbl C05CTBeHHblX 11011elt 

3 HaK lllliOC B I 14 I OTHOCHTCSI K Clly'iaiO m ~ 0 , COBI18.0810 Ul9MY C p8CCM OTpeHHbJM 

a n . 1 , npH 'i eM .anSI npHaeneaaoro Bb!We npHMepa pe30HilHC 6y .aeT npH j "' 15 • .llnst K O-

JlH'!eCTBeHHbiX oueH OK .aeACTBHR p8311H'iHbiX rap.MOHH K B lJ8HHOM CIIY'i89 Tpe5yeTC R, KOHe'IHO, 

KOHKpeTHOe 38JJ.81IH9 B03My uteH!ilt 11011S! a ' 
I 

B 38KI1JO'feHHe cneuyeT OTMeTHTb, 'iTO ace paccMoTpeaHe 6a3Hpoaanocb aa pRJJ.e npe.a

nono>KeHHA: M811bJe OTKilOHeHHSI OT p8BHOBeCHOI"'O COCTOS!H HS'I, cPHKCHpOB8HHbJl! M811b1A paJJ.HyC, 

npeae(Spe>KeHHe nonRpHaauHeA: KOnbua. B cHny 3TRx o5cTOstTenbcTa nony'feHHbJe peaynbTBTbl 

HMeiOT HeCKOilbKO OpHeHTH pOBO'iHbiH X8p8KTep, T8K K8K 110CileJJ.OB8Tel1bHOe p8CCM0Tp9HH9 11p05-

IleMbl C Y'leTOM JJ. BH>K9HH SI HOHOB H H3MeH9HHlt M8110I"'O pa.OHyCa K01lbU8 MO>KeT 11pHB9CTH K 

JJ.OI1011HHT911bHblM cP8KTOp8'-!, C KOTOpb!MH He 06XOlJHMO 6y.aeT C 'IHT8TbC SI . 

AaTOpbl npH3H8TOI1bHbi B.Vl. BeKcnepy 38 BHHMaHH e K pa6oTe H M .ll . HoaHOBR'iy aa 

11110JJ.OTBOp HOe 06Cy >K .ll 9HHe 311TpOHYTb1X BOilpOCOB . 
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