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nPEAI,ICJtOB14E

Cpeaa co3AanHbrx B Hacroflrrlee BpeMfl npra6opon n ycrpoficrB
Bu6pauf ioHnof i  rexHuxlr  gaMerHoe Mecro 3aHLIMaror  eu6paqaouuue
npeo6p aeoearer'rr.r ABrz)r{eHr.rfl - nn 6poArurared'rr{. fI pHHqnn t,tx Aeft -

cTB14rr ocHoBaH Ha IIpeo6pa3oBaHr.rH BbrcoKorracToTHblx BoJrHoBbrx
KoJre6aHHfi BxoAHofo SBeHa B HarrpaBJreHHoe uaroBoe r.rJrH paBHo-

MepHoe ABI.r)KeHrre BbrxoAHoro sBeHa [pr{ rroMolrl i l  MexaHr4qecKoro
B3anMoAeftcrBr.rr Me)KAy 3BeHbrMr.r no HeKoropofi qacrr.r Hx noBepx-
HOCTeft.

Br.r6po4nurare,'ru 3rraqureJrbHo lpeBocxoAqr Apyrlte Lr3BecrHbre
Tunbr ABr4rare.ner? rro roqHocrrr n03r.rqlroHr.rpoBaHr.rq, ycrofiuunocru

K BHe[rHr.rM BOSAeftCTBr.rstr,r n O6naAaroT MeHbrrrlaMH ra6apuruuur.r
pagMepaMr.r. OHU saxoAqr rxr.rpoKoe npuMeHeHr.re B npeullsuorrHofi

TexHuKe, po6ororexullKe, HcnoJlb3yrorcr rlprl co3AaHLILI JIeHTo[po-
Tf lX(HbIX MeXaHI ' t3MOB, fHpOCKOTIOB Ll  r .  I I ,

OAHaro Ao HacroflIqero BpeMeHu nu1poasnrareJrr{ uccJreAoBaHbr

HeAOCTaTOqHO. BSTCOXOqaCTOTHbTe BOJIHOBbIe IIpOqeCCbI rr Cyqe-

CTBCHHO HCJII , IHCf iHOC KOHTAKTHOC SSAUNIOACftCTBHC B KOHTAKTHbIX

f lapax su6po4anrare;reft npunoAflT K pflAy ffBJleHuri, se Ha6JrnAas-

uI,IXCfl B MeXaHHqecKLIX cHCTeMaX paHee.

B sacrosueft KHHre pacqer na6poAsnrarelefi ocyilIecrBJreg flpu

floMouln MeroAa KoHetrHblx sJreMeHToB. o6qereoperr.rqecKr.re [peA-

trocblJlKr{ flplrMeHeHr{g MeroAa KoHeqHbIx SJIeMeHToB K orrEcaHr.no

AllHaMlrKrr nu6po4anrareneft no3BoflqIor pagpa6orarb [porpaMMHoe

o6ecneqeHle 3BM rnts, Lrx pacrlera I.I aBroMarllgapoBanHoro upoeK-

THpOBaHLIq.
Bce orgnsH H no)KeJraHr.rrr lto Aassofi pa6ore [pocr.IM HanpaB-

Jrrrb B aApec r{sAareJrbcrBa: 191065, .I leunurpa4, yn. f l,sepxnn-
cKoro, 10.

Bapaycrac P. A. n ap.
F24 Pac.rer a rpoeKrr-rpoBaHrre nn6po4nr.rrare;refi/p. A. Ba.

paycKac, f. lI. Ky"'rtBerllc, K. M. Pary.ntcrkc -'JI.: Mauu-
Hocrpoeuze, JIeHuHrp. orA-HHe, 1984.- l0 l  c. ,  ua.-(E-xa nn-
x(eHepa. Ba6pauuosgas rexHHKa; Bun. 2)

35 x.
B 6pourope paccMorpeHbl Bonpocbr pacqera fl npoeKTnpoBan's Bn6poABnrarenet

Ha ocHoBe MeroAa KoHecHbrx sn-euesros.._flpeAcraBJeHbr arfopnrMbr 4;ir pacrera H
npoeKTflpoBarrHg BHopoABr.rrarerefi sa 3BM. flp[BeAeHbr aaHHbre tro pacvery t upoex.
trrpoBaHHK) Has6oree nepcneKrrBHbrx aa6po4ai.lrareleft c y,u.apuuv u tbprixquosHrru
B3aHMoAeftcrBr.reM B KoHTaKtHblx Iapax.

Epournpa npeAnasHaqeHa Anq nHxe{epso-rexHnqecK}rx pa6orHsKoB HI4I4 o K6.
9aB!|MaIOUIHXCS COSAaHUeM npeqH3HOHHbtX MaITIHH U MeXaHU3MOB.
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Frasa I

METO.II .  KOHEII HbIX SJIEMEHTOB
B NPI4MEHEHI , I [ I  K  PACqETY
B I, I  EPO I PEO6PA3OBATEJI EH

OcHosHori qacrbr,o nu6po4nurareJrfl flBJrrercr au6ponpeo6paso-
Bare,'lb, noA sosAeficrBr.reM BblcoKoqacrorHoro greKTpr.IqecKoro Ha-
trpfl]KeHlrs coBeplxarcu1llrl eHcoxoqacrorHble MexaHr.rqecKue xone6a-
ur.ra. flpauqltn Aefrcrsra nu6ponpeo6pasoeareJrfl Mo]Ker 6urt ocno-
BaH Ha 9JIeKTpOCTp[Kr{HOHHOM, MarHr{Tocrpr4KIIr.rOHHOM, [beSOgJreK-
rpfiqecKoM lt Apyfux eQQerrax. OcraHosr.rN4cg noApo6so Jrr.rrxb Ha
nbesoKepaMr{qecKr{x su6ponpeo6pa3oBareJrsx (n 4a.trueftrueu 6y-
AeM vx Ha3brBarb r rpocro ntesolpeo6paeoearelarun) ,  TaK KaK
ypaBHeHar, onucbrBaroilI[e fl BJreHr{s B pasfl r.rrrHbrx sa6ponpeo6paso-
BareJrflx, Bo MHofux cayqaffx anadrofr{qHbl ypaBHeHuflM nnesoeQ-
Qexra.

!,eficrane nresonpeo6pa3oBareJrefi xar BxoAHbrx, TaK r.r BbrxoA-
Hblx 3BeHbee nn6po4eurare,refi ocnoBaHo na nos6yxAeHltlr B Hr.Ix
BoJrHoBbrx xone6asnfi rpu noMorqu o6parHoro nleaoeQQerra. f lpu-
MeHeHI{e MeroAa KoHeqHbIX ed'teMeHroB MKO x pacqery xo.ne6asaft
nbe3oKepaMlrqecKnx npeo6pasoearenefi no3Borrrer [poBoAIITb r{x
eSQerrnaHoe uccJreAoBaHr.re H rrpoeKrr.rpoBaulre. Bonpocu reopuu
u [paKrllqecrofi peann3allrrn MKO noapo6uo onncaHbr B MoHorpa-
Qnxx [3] n [271. B Hacroquee BpeMrr r.rMeercfl raKxe o6rnnpuar
6n6.'rnorpaQua pa6or lto BonpocaM pacqera nlesonpeo6pa3oBare-
.neft. Cneayer orMerr{m pa6ory [31], nocnxqeHHyro npuMeHenr.rrro
MKO x arailklsy r{ cr4Hre3y gJreKrpoMexaHrrtrecKax cr{creM. B neft
npHBeAeHa KoHeqHo9JreMeHrHas QopMyJrr.rpoBKa 3aAaqH TeopilI l
rrbe3o3JreKrpr{qecrBa B AByMepHoM cryrrae. f locraHosxa o6qefi sa-
Aarra orreKrporepMoynpyfocrn rrpeAcraBJreHa e [36]. B pa6ore [24]
MK3 npnrr,renflercfl K pacl{ery KoJIbIIeBbIx, qI.uIHHApHrIecKLIx I.t KoM-
rro3rrTHblx [,'raCTr.rHIIaTUX npeO6paSOnareleri, ucrroJrb3yeMblx B Ka-
gecrBe BxoAHbrx gBeHbeB nv6pognurare.neri.

B sacrosqefi r.lase npr{BoArrrcfl ocHoBbr MKO upuueur..rreJrbHo
K pacrrery nbe3oKepaMurlecKux npeo6pasonare.teft. B o6qervr c.rry-
uae npeo6pasoBareJra onr.rcbrBalorcrr MeroAaMr.r reopnu repMonbe3o-
gJIeKTpI{qecTBa Ha ocHoBe o6qeft Teopr.rH ltoBeAeHag cnloUruoft
cpeAbr.

B n. 1.1 npuno4urcs o,'reMeHrapuuft BbrBoA eupaxeHuft crpyK-
rypHbrx Marpr.ru nresonpeo6pa3oBareJrfl, a B rrn. 1.2 u 1.3 cQop-
MyJrrlpoBaHa o6ulaq 3aAaqa pacrrera nbeSonpeo6pa3oBareJrfl B Ko-
HeqHooJIeMeHruoft lrocraHoBKe.

llpu paccuorpeHr.rfi BbrcoKoqacrornbrx rone6asufi nteaoupeo6-
pa3oBareJlefi e pqae cryrlaeB Bo3MOxHbI HeKoropble yflPoulesNa.
Tax, o6rtuHo repMr.rqecKr.{e [poqeccbr flporeKaror ropa3Ao MeAJIeH-
Hee MexaHlirlecKux I.t greKTpflqecKr.rx, rlogToMy 6es 3uagrreJlbHoft

4

f iorpeuHocT14 N{o}I{r lo onYcTHrb q.ncl lbl ,  oTpa>i{ani l I I Ie cBtl3aHHOCTb

Te\tnepaTl,pHolo no, ' l t{  c \ Iexarl i lqectiuN'l  l l  SJeKTpIlt ]ccKllN'I ,  a TaK)Ke

[Igepu11oHHbre q, ' IeHbI Te[,TonpoBoAHocrl{ '  Kpon' le roro, Bo MHorl ix

npaKTr.rqecKr.rx cryi laf lx feHepaTop IIepeMeHHofo g"IeKTpHr{ecKoro

Hanpfl)Kel lUfl '  I IOAK,lI IOqeHHbIi l  K 3,rIeKTpOAaM nbe3OnpeOOpa3OBa'

T€r91, f lB,rrfercf l  Aocraroql{o MollrI IbIM, qro6rt nepeMeHHbIe IIorel{-

q1a, 'ra Ha 3JIeKTpoAax nbe3ol(epaMI{KII N' lo) l(Ho 6u'ro cqlt taTb 3a-

naHHbrMr . r .  B  n .  1 .4  nsroeAeHbi  cooTHor lennq MK3 A. r r r r  c ro r lc rb rx

KoMIto3r.rTHbIX nbe3ofipeo6p aeoe are,r ei i .  Ans OITICa H rl  t l  c Bfl  3lI  M e)l(Ay

geQopNIaqufMr4 Lr nepeMeqeHl' l t lMu TaKI' lx KoHeqHbIX a,reueHron K3

rrcnoJrb3ylorcr coort ' toueHll f l  Teopun crepxueii  n o6o, ' Ior leK.

L l .  MATPI , IUbI  KOHEqHOTO eJ IEMEHTA
NPEOEPA3OBATEJI '

f lpH pacvere AHHaMI'IKlr nbe3onpeo6pasoeareneli  s or; ' l r Ir IHC or

pacqera ArlHaMvKH MexaHI,IqecKI' lx cl icreM ueo6xoAll l ' to yqI ' l rblBarb

npoficxoAflI l l ize MexaHLIqecKI,Ie I , I  3, ' leKTpHqecKI4e t lBi l leHHfl,  a TaK]Ke

cBr3b Me)KAy HLIMI,T. l loarorray e MK3 cocroffFl l le xaxAoii  roqxn KO

(pnc.  1.1)  Mox{Ho rpeAcraBl ' l rb
3Har{eHI'tflMri y3,'IOBbIX IIepeMeIlIe-
n u f t u H n o r e H u t t a J l a q .

flpu onacannlr K3 nepeuleqe'
Hl4fl U rroTeHIII,laJI nrc6ofi ero TorI-
Kr.r Bbipa)KaloTcf qepe3 llx y3JIOBbIe
3HAqCHI, I ' I  B BI . ]AC

u :  [A / ]U , ;
q :  l L l a " ,

rae [N] ^ lLl- e o6,u{eN'r cnyuae $yuxunu 
- x

noJloxeHHfl,  a U" H (D" - y3r ' loBble nepeMe- pnc. l . l .  KoHeqHoaneMeHtHaq Auc-
lIIeHI.tfl l{ noreH[uaJlb] coorBercrBeHHo. Kperr.{3aqurr nbe3oKepaMHeecxoii o6.

Ecnu [3BecrHbl nepeMeureHatl "Iacrl l
Bo  Bcex  ToqKax I (3 ,  uoxHo,  t l c -

no ! ' rb3yr  ypaBHeuHt t  reoput l  y rpyrocr l ' I  us  ( l . l ) ,  no , ryu t l rb  Bb lpa-

xenae 4eQopruaurzri e rlo6ofi roqre KO B BI{Ae

s :  [B ]U ' .  ( 1 .3 )

Tax xax cBfl3b HanpttxeHHocrl ' l  S"leKTpocrarllrIecKoro lo"rg E

c TIoTeHIIH a,'IOM BbIp a )K aerctl coorHo[IeHH eM

E : _ g r a d q ,

BeJrr{qr.IHa E c nottoqln (1.2) s nru6ofi roqre KO n'roxer 6urb

npeAcraBJreHa,  aHa! ' loruvuo (1.3) ,  a  eu4e

E -  - lBr lo " .  (1 .4 )

Vp anHeHIra IIbe3o3,' I  eKTp[qecKof o eSSexra /{d' i t l  3, ' IeMeHTap Horo

o6reua Bblpa)Karcrcf l  B BIIAe

(1 .5 )

5

!

( l . l )
(  1 . 2 )

o :fcEle - [e] E; I
D :Le f  e  *  [ es ]  E .  J
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fAe d - MexaHfiqecKfle HanpsxeHnr; D - eexrop oJleKTpnqecKoro cMeqeHr.rt;
[cE] - reusop )KecrKocrri npu norrorrHHor,r 3!'reKrpilqecKoM noae; [e] - reH3op
nbeso9Jre,KTpuqecKHx KoHcTaHT; [3.J - TeH3op aH9r'reKTpgqecKr.Ix KoucTaHT npr.i no-
croqHHoft Ae0opMaur.ru.

f lo4crannrn (1.3)  u ( l .a)  e (1.5) ,4; rn 11060r: r  roqKr. r  Kg no-
nyqr{M

o :  [ c r ]  [B ]U ,  ]  [ e l lBe l cD" ;
D  :  [ e ] r  IB ]  Ue  -  l e t ]  [Bu lO" .

flycrl n xaxAofi roqxe KO 3aAaHa pacrpeAeJreHHafl BHerrrHflff
crlJra f, a Ha noBepxHocrlr KO o4un il,'rr.r HecKoJrbKo ys,rroB cBrr3aHbr
c gr'reKTpoAan,rn. B orrzx y3Jrax npr.tJrox{eHbr y3JroBble 3apflAbI, npeA-
craB.rrrreMb,re_ BeKTopoM y3JroBbrx 3apqAoB Qe. VpanHeHHq paBHoBe-
cr4fl AJrfl. KO rvroxuo rroJryqr{rb ttpnpaBHr{Bar pa6oru nnyrpenHlrx
MexaHI,IqecKI{x I{ o,rIeKTpoMexaHI,IqecKI4x CI.IJI pa6ore BHeIIIHI,IX CI{JI
[pr{ coBepueHr.rrr roqKauu KO Br.rpryaJrbHoro [epeMer{enns 6u u
BHpryaJrbHoro r{3MeHeHr.rfl . noreHrlr{ana 6q. flpu erorra Br.rpryarbHbre
HsMeHeHuq Ae$opMarluii u a.rrexrp[qecKoro noJrr paBHbr coorBer-
CTBEHHO

6s :  [B ]6U, ;
6E :  _ [BE]6(D".

Pa6ora, coBepuael,rafl BHyrpeHHr{Mr.r c}rJraM u Eltn gJIeMeHTap-
Horo o6reua nuyrpr-l I(3,

pa6ora BHerrrHr{x cnr 
6eo * 6BrD'

6urf  ,

a pa6ora oJreKrpocrarnqecKr.rx cr4il HaA y3JroBbtMr.r sapa4auu Q,
rrprz Br.rpryaJlbHoru H3MeHeHr.rur rroreHqnaJloB ygJloBbrx roqer 6O"

6OerQe.

flepexo4r K ysJroBbrM nepeMeHHbrM, ocyqecrBJrfffl r.rHTerpupo-
BaHr.re no o6reuy oJreMeHra V" n npnpaBHnBar pa6oru BHyrpeH-
HI.IX H BHeIIHIIX CI,I,I, nOJIyqI,IM

|  . -  ^  c  _
\  (oero + 6ED)dY * 6O'q': \  6Urfdl/;

v2w

\ t(6u')r (tBl'[cE] [B] U" * [Blr [e] [Bs] tD') - (6oe)? ([B ef le]r [B] U'-
ye

- lB uY [es] [Bu]o";l dv + 6 o'?Q" :

B ypanneunnx (1.7) Marpuqbl KO rNlenr sI ' IA:
MATPHIIA }KECTKOCTI, I

lK"l : I tal' tr'l lBl dv,

3,'reKTpoMex aHI4qecKafl M aTpI{qa

eMKOCTHafl MarpI{ua

a BeKTOp MeXaHUrrecKr{X y3,'rOBbIX yCUnUfi F" ebI,ILIcJlgerCA nO QOp'

MyJIe

Ir"l : i trl 'trl IB El dv ,
V e

ls"l : t taul' lasllBsldv,
ve

F": t  INr MV.
Ve

Tar xax 6U" tt 6@" troxHo cqnTarb npou3BoJrbHbrMt4, ypaBHe-
nue (1.6)  pacl laAaercr  Ha ABa ypaBHeHr.r r :

CU;rlt, O[peAeJI geMble HaqaJIbHbIMIr AeQop M aIIItf MI'l I] Ha rlp x]Ke'

HLIf lMI4, paclpeAeJIeHHbIMI'I  I IOBepxHocTHbIMI'I  cIIJIaMI', I '  a TaKlKe 14Hep-

IIHOHHbIMI.I LI AIiCC[rraTLIBHbIMI4 cI iJIaMIt, npu6aelnrcTcfl  K nepBoMy

ypaBHeHLIrc (1.7) raxuu xe o6paeou' KaK I ' l  npu pacrlere oobMHblx

MexaHuqecKux cncrerra [13] .
Kax nuAuo, n (1.7) HeII3BecrHbIx 6ofl lue, qeM ypaBHeHVr4' raK

r<ax e o6u.erur c.nyuie 3apflAbr y3JroBbrx rorreK He,n3Becr'bl. floerolty
geo6xoAr.rl'to Ao6-asHrl fpaHtrrHbre ycJIOBr{fl. MexanuqecKlle rpaHI,Iq-

HbIe ycJroBHf AOCTaTOqHO flCHbI LI BBeAeHIIe ux B ypaBH_eiHfl IIO-

apo6uo o[ucaHo B coorBercreyrourefi nl 'Ireparype no MK3, gner-

TprrqecKLIe xe f paHuqHble ycJIoBI'If l  rpe6yror 6onee AeraJIbHoro

;;;;;;;p;""". 
g'o6urer', '- c.tryqae oH.I{ pacCrtrarpnnalorc' e nn' l '2

ir t.S. Hanp'Mep, ecJIIl KO Ha ceoeli rosepxHocrl.r He I 'IMeer 3JI.K-

TpoAa, To |paHI,IIIHbIM ycJIoBI,Ieu A'rlf e|o y3JIoB flBJI'IeTcfl Hy;reooft

sipna. f lpu-noaneaeHlll i  K gJIeKrpoAaM HarpflxeHl'If l  n3 AocraroqHo

uo1qgoro ' I cToqHI . {Ka I I I , ITa r I14 f l I I acToMo)KHocq I , ITaTb3aAaHHbIMI , I
rroreHqnaJIbI Ha ysJIax K3. Vqer raKoro poAa rpaHn'tHltx ycnonnfi

IIo3BoJIfleT cAeJIaTb tll,Icflo HeI]SBecTHbIx paBHbIM tluc,'Iy ypanHelrafr

u peurr.rrr (L7).'TarN<e 'cJleAyer 
orMerlzrb' r{ro lpu nocrpoegau crpyKTypublx

*utp"U KO neo-6xoAliMo yqnrblBarb opl4enraql{Io ocefi xpucra1lltu-

.Iecxbir cri M M erp r{u M arep'a Jr a nreson p eo 6p a3oB areJl s or'ocl'ITe,rbHo

OCefi lOxa,ntHOfi CncreMbl KOOpAI'IHaT vI, B CJIyIIae I{X HeCOBnaAe-

Hvtfl., ocyulecrBl'Irb coorBercrBylotqyIo rpauc$optuaqnrc ren3opoB

xecTKOCTr{, IIbesoSJIeKTp14qecKI'IX lI AIISJIeKTpI{qecKI',IX KOUCTaHT.

t  tou') ' tN)tdv. (1.6)
ve

[K ' ]U"  + lT" lo ' :F" i l
IT"lrLJ" - [S']O": Q'. J

(r.7)



I .2 .  BAPI, IAI IHOHHA' NOCTAHOBKA
3AAAqH TEPMO NbE3OSJI EKTPUq ECTBA

B MATPI4IIHOM BI,TtrE

Pacclaorpuu nbe3oKepaMr{qecKoe re,'ro B TpexMepHoM npocrpaH-
crBe, 3aHr,rMaloulee o6reria 7 n orpaHr.rqeHHoe rrd'toxlaAbro noBepx-
socru S. f l"rou-(aAl noBepxHocru S pas4e,rena Ha qacra Su U So :
: S,p[JSo : SsUSa - S rax, uro SyflSo : Sq0S, : Se0S,r : 0, 3
n flBJrflercfl sHelruefi HopMa,'rbro K noBepxHocra. f lycrt B o6.beMe,
3aHr.rMaeMoM nbe3oKepaMr.rqecKr4M Ter'IoM, 4eficreyer BeKTop o6.beM-
r-rbrx cuJr t : (X, Y, Z)r, rAe X, Y, Z - KoMloHeHTbr BeKTopa o6.leu-
Hbix cHJr B HanpaB!'reHr.rflx AeKaproeoii cHcreMbr o_cefi NoopAilHar.

lX,\
Ha So 3aAaH BeKrop roBepxHocrHbrx cnd,r sr: l  f ,  

f  ,  
sa Sy-

\2" /
/u'r\

BeKrop flepeMeqeHr.rft u" : I ur, I B HarpaBJreszsx oceri KoopAH-

\"''l
sar. Asa,rorr4qHo Ha So, So 3aAaHbr 3aprA gs v noreHr{uzJr rps, 3
sa sn, ss-Ten,rrosofi noroN u5 r{ r€Mrr€parypa 05 coorB€rcrBeHHo.
BeeIeNa BeKropbr HarpqlKeHr.rfi o, Ae$opuaqv ii. s, nepeMerrleupr r? u
9,'IeKTpr{qecKofo rto,Tq E, alexrpzuecKoro cMei]IeHzfl D rz reu.loeoro
uorora h:

o?:  (ot ,  C.2,  Cs,  T2s,  T13r tp, ) ;  xT:(e1,  a2,  og,  yr3,  yr r ,  y tz) ;

r r r : ( i l r ,  u2,  e) ;  Er : (Et ,  Ez,  E) ;  D?:(Dr,  Dz,  Dr) ;

hr : (hv hz,  hr) ,

a raKxe rroreHrrr4a,r q, orKJroHeHrre reMneparypbr 0 or Heroropoii
f io, 'roxr.rreJrbHori remnepaTypbr oTcqeTa 06 rr [,4oTHocTb 3Hrpon[v q.
B Aa,rrueriueu 6yAelr acrrod'rb3oBart 4r.rS$epeHqv ad'rbHbre bnep aro-
pbI - MarpI{I{bI orep au}rfi auSSepeuqrpoBaHrfl :

t ,4l :

H Marpuubr HanpaB,'rf loullrx KocI{HycoB BHe[IHeft uoplra,ru
BepxHocTr4:

n K n 0 "

0
.0

cos (n, z)
0

cos (n, y)

cos (n, x) |

3anuueu ypaBHeHr.rfl reopur{ repMonbeso3JreKrpr.rqecrBa B Mar-
pHrrHoM BHAe [36] A"rq o6reNta V:

( t .B )

e : [A ]u ,  eV ;
[ , :  -  fa lq ,  eV;
tu :  -  [ k l [ a10 ,  eV ,

( l .e )

o : lcu|(e - eo) - [e] E - [ l ]e * oo, €

D: le  l .  ( "  -  eo)  *  [gs]E + t / ]0 ,  e  7;

T : [ ^ ] r ( e -eo )  +U f  E f  o0 ,  e7 ,

rae [f t ]  -  reH3op KoHcraHr rerrJ'rorpoBoAHocru; [cE] - reH3op xor$$ntneuron
)KecrKocTH nplr nocToffHHoM 3J'ler(TpriqecKollr rro"re; [9.] - TeH3op ansJreKTpHqecKlix
KoucraHr npr.{ nocroffHHori 4eQopMalluu; lel-reH3op nbe3osrrexrpuqecKr.rx KoH-
cranr; [i,] - reH3op KoHcraHr reMneparypHbrx Hanpr)KeHvfi; U] - reH3op n]rpo-
g,'IeKTpnqecrltr KoHcraHT; c[ - KoHcraHTa MarepxaJra (o : pcu06 t, ll..e cv -

yAe,rbFraq renflora npu locroflHHov o6reue); p - n,'rorHocrb Marepua,ra; !r - Ko-
ao$uqueHr 4eunQuponaHvfl MaTepvaila, 80, oo - Haqa,'rbHbre .4e$oprvraquu a Ha-
npslKeHr.trr cooTBeTcTBeHHo.

f p auuvuul,tll ycrToBufl MI,I, oltp eAe,'Ifl eMbI MIz [oBepxHocrHbIMH cH-
JIAMil, IIepeMerrleHvfl.Mu, 3 ap fl IaMw, rIoTeHuI,t aJraMr{, TeM rrep aTyp a Mn
I{ Terrd'roBblM noToKoM qepe3 [oBepxHocTb Ha qacTqx uIoIrIaAr4 r lo-
BepxHocr t l  So ,  Su,  ,So,  S , r ,  Sa ,  SeeS,  sAec l  coorBercrBeHHo f iB-
JIfl}OTCfl

[ 1 " ] :

cos (n, x) 0
0 cos (n, y)
00

cos (n, y) cos (n, x)
0 cos (n, z)

cos (n, z) 0

; as : [-::: i:, ;i]

lA)' o *f :pu * uti, e tz; ' l
[a ] r  D  :0 ,  e l l ;  

I
[a ] r  h :  -  00 i1 ,  e7 ,  )

' '  

]  

(1 ro)

; a:L$l
goo
ox

o4o
d a

0 0g
dz

d d':- -- uoa ox

^ d ou --- -:-'
oz ou

d o d
d z " d x

[ / s ] r o : g s ,  G S o i  
]

U :  U 5 ,  G  S a ,  )

[ a r ] t D : q s ,  c S o ;  
]

Q:  rp5,  G Sq,  )

f o r ] t h :  u5 ,  =  Sa ;  
I

0 : 0 5 ,  =  S g .  )

( 1 . 1 1 )

( 1 . 1 2 )

( 1 . 1 3 )
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IIpnueHue $oprr,ry.iru r.rHTefptlpoBaHr.rt no rlacrflM Ir reopeMy
laycca - OcrporpaAcKoro, HerpyAHo rroKa3arb, qro AJrr paccMor-
peHHbrx Bbr[re oneparopoB [A1, tal, npor{3BoJrbHblx BeKropon I :
:  (Er ,  €2,  €e)  ,  x :  (x ' t ,  xr ,  xs,  x4,  xs,  xa\  c  KoMIIoHeHTaMH -  Syux '
rlnflMr.r KoopAr.rHar r{ cKa,'rqpHofi SyHxquH KoopAr4Har (, onpeAeleH-
HbIX BcroAy s V u Ha fpaHI4I{e S, cnpaneA,rr{Bbr coorHoueHllt

I ttatcr x dv : I €'ta"r x d.s - \E' Inl' * av,
v s v

-  \e l" l 'eav .
V

( 1 . 1 4 )

I , lcnomsya (1.14) ,  ypaBHeHLrf l  (1.8)- (1.13)  npeacraBl ' IM B BLIAe
aHTerp aJrbHbrx TolKAecTB.

IrlcruHHue BeJII,IqLIHbI (t, I, tl, D, E, e, rl, h, 0, T. e. yAoBJIerBo-
prrorque ypaBHeHr.r f fM (1.8)  -  ( l . l0)  I {  rpaHLI . IHbIM ycr IoBHRM
(l . l  l ) -  (1.13) ,  r . rMelor  eALIHcrBeHHbIe 3HaqeHl{ l  Ha ocHoBaHIt I , t  reo-
peMbr eAnHcrBeHHocrr . r  perxeHlr f l  cncTMg (1.8)- (1.13) .  O6pasyeu

KJraccbr Br.{pryaJrbHbrx BeJITTqLIH o, D, h, rl, yAOBJIeTBOpflIOuIIIX ypaB-
Henr.rflM (1.8) 14 rpaHLIqHbIM ycJIoBLIlM, t ' t BL.IpryaJlbHblx BeJILIqHH

4* u-', E*, ,p", 6*, yAosrerBopflFourux ypaBHeHVflM (1.9) n fpaHLIq-
HbrM yc r roBaan .  Oop t r . t ynu  ( l .B ) ,  ( 1 .9 )  a  ( l . l l ) - ( 1 .13 )  He  onpe -
AeJrsror Br.rpryaJlbHblx BeJIilqI4H eAI4HcrBeHHuu o6pasoM, a LIcrItH-
HbIe BeJIEtIIiHbI' OqeBHAHO, IIpllHaA!'IeXaT 3TI'IM KJIaCCaM.

14cnomsya ro)KAecrBa (1.14) ,  ypaBHeHI. I f l  ( l .B) ,  (1.9)  n fpa-
HrqHbre ycJroBLIr  ( l . l l ) - (1.13) ,  Mo)KHo noKasarb,  qro AJIR BLrpry-
aJIbHbIX BeJIHqI'IH BbIIIOJIHflIOTCfl cJleAyl0que IIHTerpa,'IbHble TOx(Ae-
CTBA:

( 1 .15 )
qs [as]? D dS;

0 (Oort) dY.

flo.nox<uu

He 6yaeu 3apaHee cqnTarb o, D, h, I, i i , u TICTHHHbIMH fI f lycrb
oHrr  Jrzrr rb yAoBJlerBopf l Ior  ro)KAecrBaM (1.16) .  f lpnueHue (1.14)
HenocpeAcrBeHHo K reeoft qacrfi (1.16) Il f loryrleHHble roxAe-
crea o6reAnnt4B c (1.16) ,  [oJIyquM

floAcras.nqn arrl Be"'ILItIfiurt n (1.15) lr
q r o  0 u : 0  u a  S , ,  6 t p : 0  s a  S , r ,  6 0 : 0
rlllllbl Ta K)Ke yAOB,'IeTBOp fiIOT yp a BHeHI'Ifl M
qr{oHFrbre ypaBHeHLrf l

- piyav;

(  1 .16 )

: 0 ;

3aueruu, rITo B cr.IJry [por.r3BoJrbHocrr{ 6u, 6cp, 60 nocneAuee
coorHorxeHue HaJraraer Ha o, D, h, 11 rpe6oBatvs, o BbrrroJrHeHnn
ypanueHnft  (1.8)  u fpaHI, IqHbIx yc, ronuf t  Ha Ss,So,Sa.  Taxunt  o6-
pa3oM, crrcreMa (1.16)  coaepx( I ' I r  B ce6e ypanneHua (1.8)  u fpa-
Hr.rtrHbre ycJIoBI.If l Ha 56, So, Sn. !,o6asun x groti cncreMe ypaBHe-
Hr r f l  ( 1 .10 )  n  rpaHr l {Hb le  yc r IoBL Is  (1 .11 ) - (1 .13 )  Ha  S , ,  Sq ,  Ss ,
Ilplrxo,{,r.rM K rrocTaHoBKe 3aAaql{ TepMonbe3o3r'IeKTpLIqecTBa B nepe-
MerqeHr.rflx, noreHIII{a,rax r.r TeMleparypax. B pesy,'lrrare, ecJII{ u,
rp, 0 y4oa,rerBopflror rpaHI.IqHbIM ycJIoBI.rf lM ( 1.1 I ) - ( l.13) H.a S",
Sr, SO, a TaK)Ke I'IHTerpaJIbHbIM TOXAeCTBaM

npr i l I I IN la t r  Bo Br l ] l \1a i l I le ,
Ha s6 ,  a  L ICTHHHbIe  Be. rn -

(  l . l 5 )  ,  r o a y q H M  B a p r . r a -

I  t tot ef E dv :t 6 taslr Eds
v s

t o'.o dv : t uu.*rds + 5 our(t - pii
y s6 v

t oe.n dv : - 
t oqq5 ds;

v s p

i  ou'11ar1.o -es)rt - 
I  6ur([A]ro+ r - pi - t  i)av

s o v

t oq (ta"f o - 4s) dS - t u* (tol" D) dv :0;
s p v

I t tat 6u)r ([cE] [A] u * [e] [a] q

-| 
t ou" (pii + pu) ov : \6urg5 ds
y s o

r  -  -  l ' -  P  -

\  
e.ro: 

\  
u-tg" dS + \  

us [1s]r  o dS *
/ s o s u

+ \ u.t(f - pu. - 1t"u.) dV;' J
tf

\n - rodV: -  \0 .ar rs -  \
Y S D S q

t ttolo-ifi dv : I 6.r" ds + Iy sh v

t ttoloe[r' dv : t oer, ds - oo I oe1 arz.
y sh v

t oo 11ar1?tr - us) dS - I oe ([a]th * osrt) dll :0.
s h v

+ i ttat du)r [cE] eodv - 
t t tat 6u)rosdv;

v

f i : g ,  D : D ,  T : T l ,

E. :E+6E,  E:h ,  I

O' : e * 6q, 6- : 0 * 60,

i l . :  e * 6e,
* : u *0u ,
: , :
U  : l l ,  U : U ,

-v"10)dv +

+ I ou"tar+ (  r .  r7)

r,(e 6, e, u, D, E, g, I, h, 0 - nctuHHue Be,'tllquHbl, T. e' yAoB,'lerBoptrcune BceM
ypaBHerrr i f lM reopHl. r  "  f  r l tonbe3o3, ' IeKrpi lqec' rRa (1.8)-( l  l0)  r i  rpauHur lbtM yc,ro-
iusrr  (1.11)-(1.13);  0 -  Bapr4aqtru ncrnHnbrx Be, ' I r lqr . tu,  $s :  [ ,4]0u,  0E =-
:  - [a]oe.

l0
l l



( r .  r7)

-UY Ia10 * o0) dV : 60o, d$,

TO OHr{ yAOBAeTBOpSTOT BCeM ypaBHeH[flM reopr{H repMorrbe3o3JreK-
Tpr{qecTBa u rpaHI4qHbIM ycr'IoBL.IgM, T. e. f lBJIflIOTC' aCTHHHbIMH
nepeMerrleHr4flMn, rroreHur{aJraMri H TeM[eparypaMrz. [Io,ryueuuue
I ' IHTCTP AJ' IbHbIC TO)KACCTBA CJIY}KAT OCHOBOII  AdI f l  BbI ' IBJICH Af COOTHO.
ruesuft MKO e rrpuMeHeHr.rr K pacrrery ntesonpeo6pasonare,left.

I .3 .  OCHOBHbIE COOTHOIIJEHI, I f l  MK3
B NPI 'MEHEHI, I I , I  K PACTIETY TIbE3OTIPEOEPA3OBATEJIEfr

flycrs o6lacts, 3aHnMaeMafl rrbe3oKepaMr.rqecKr4M TeJroM, pas-
6ura sa KoHeqHbIe gJreMeHrbr. Paccruorpuu o6relr 7r, saHr.rNaael4srfi
K3 c ysnaN{u i, j , m . . ., orpaHr4,reHnufi rrd'roqaAbro noeepxuocra S".
Cocrosnne xaxAoft ToqKu KA oltncbrBaercr f lepeMeuleHHqMu

/  ur \
t tu: l  uz l ,  noreHuuaJroM p u reMneparypof i  0.  Cor.nacHo o6ufef i
t l

\ u ,  /
cxeMe MK3, 3HaqeHzrr y3JroBbrx flapaMerpoB u, e, 0 s .11106or? ToqKe
KO nupasuM qepes sHaqeHnr y3JroBblx BeJraqr{H

t(x,  A,  e)  :  [1 / ] [ | .e  :  [Ni ,  N 1,  N  ̂

e ( x ,  U ,  z ) : [ L l 0 l e  : f L i ,  L 1 , ( 1 .18 )

/  U t t \

rae [//], Wl, [Pl- QyHxuuu gopi,rsr; u,:l U)i )- ,rno"o,. nepeMeueHnr
\uu /

(D, - yglosble noTeHIII'laflbI; Er - y3,rloBble reMfleparypbl.

Als o6nerqeHufl AadrbHeftlrux BbIKJIaAox cAe,raeM o6osHa,Ienl.rg
lB l :  IAI  tNl ,  lBr l  : Ia l  LLl ,  [8. ]  : la l  lP).  f loAcrasun (1.18)
a r4HrefpaJrbHbre ro)KAecrna ( l  .17) u yqr. trblBaff ,  qro 6u:[A/]  6U,,
6q : [ t ]6 tD" ,  60 : [P ]08 ' ,  u  q ro  ro )KAecrna (1 .17)  cnpaneAJruBbr
A,rq rro6Hx 6u, 69, 60, sHaunr, il AIrn ;rp6ux 0u", 6(D', 0E", npn-
xoAr.rM K cr{cTeMe ypaeueunfi

IM"l'ij" + [c'l 0" + [("] u" + [r'] Q" - [v"] E" : F";
IT"I'U" - [S"] Q" + [W"]8": Q',;

[H']fr'* 0o [7"]r i" -Oo1tttr" 1<ir" + [C"] E" - 2".

B eroft cucreMe Marplrr{br KO onpeaeJlfltorcn coorBercrBeHHo
B Br. rAe Marpuu Macc,  AeMrrSupoeaHun,  )KecrKocrn,  ,3JreKTpoylpyfo-
crr4, eM KOCTu, Tep MOyIIpyrOCTr.r, Tep MO3r'r eKTp H qeCKOrz, Tenron poBoA-
HOCTI,I I] TCN''IOCMKOCT].I :

I t tol or)' uelr [A]u - [ss] [a] q * Itle) dv :

: 5 urn" ds + I ([a]oq)? lelr esdv;
s o v

I t tol oo)' lk)fale dv + 0ol oo 1 1rl' tA!il -
V V

,lvjl
l:l

-5
Sft

lM" l :

[c' l :

[K ' ] :

[7" ] :

[s']:

lv" l :

[ ' l("1:

TG"I :

lH" l :

( r .  le)

' I,r

" Ic '

' Ie' '

lt [,

"[r

lr t,
I  f '

l ' I

l ' I

vl'

3l'

3lt

3ul

3l'

3ul

3rl

tPl

, 
[li

, IB

, IB

, IB

, [B

lB

, [B
c -
I  t ,

ve

I
v€

\
v

\
J

r t€

I
v"

t

l
t t€

5
5

ve

(

INY plNldV;

IBI'IcEllBl dV;

V;

v.

s t l .u Y  )

dvi

nl dl

TV;

dV;

.1dv

ldv ;

B ldv

tEldv

lBnl ,

, ldv ;

P ldv

Br ld

lN lc

u l lB

l lBr l

)sl F

I tPI

tltPl

hl[B

I tB

esl

,l tF

ill]

1t

(

, l l

t l

hl

I

I

ftl,

(D
(D

o

-

H

I

I
IL^ ,  . . l l
I(
t
I
I

P^. . . t |

I
t

PJdv)aoo,

12
!q
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a BeKTopbr F", Q", Z? oflpeAe,'rflrorcrr B Br{Ae

F':  t l ru l 'esa5+ t lNf tdv+ l t r f  [cE]eodv -
sE ve v"

f lonepxuocrHbre HHrefpaJrbr B ( 1.20) , oqeBr.rr,Ho, HeHyJreBbtMH
Mofyr 6url .taut B roM cryqae, KorAa KO conpzxacaercrr c rpa-
unqeft rrbe3oKepaMlrrrecKofo re.ta. f loc,re cocraB!TeHr.rs crpVKrvp-
HbIX Marptzrl aucaM6.[q, ocyuecrBdrfleMoro o6lr,{Hrr[,r o6pasoM, tr.r-
creMa ypanneuufi Mox{er 6lrrl lpe4craBJreHa e xoMnaxrioft $opnae

Q " : frl? qs dS * lBnl'Ielr eodVi
(  r .20)

Z1:  -

( 1 .21 )

B cnyuae [pr4Jloxeur4s K ysJraM cocpeAororreHHbrx cr.rJr out4 AoJr)KHbI
6url [pllcyMMr.rpoBaHHbr K coorBercrByloqlrM gJreMeHTaM BeK-
ropa F.

Ha nparrnKe rpaH[rrHble ycJroBr.rr renJroBoro floroKa qacro ga-
AatoTcfl B BI4Ae

o s : p ( 0 * 0 - * 0 0 ) ,

rAe p- xoe$QuureHr^ rentoo6ueua c oKpyxarcueft cpeAofi; 0* -reuneparypa
oKpyxaloulell cPeAbIi Uo - reMneparypa orcqera.

B raxou cryrlae HerpyAuo [oKagarb, rrro Marpr.Iqa relJlonpo-
BOAHOCTT.T KO ir seKrOp 291 npuur.rMaer BVA

lPr [P]ds;

z?:- t t r l . teo-o*)ds.
J Y

n

fIpN coenaAeHHLI TeMneparypbr orctrera c TeMreparypor? oxpy,
Nanlrlerl cpeAbr 0*Zu7 : Q.

B c,uyuae seo6xoAlzmocrr.r yqera BilLts,Ht4fr, qacrorbl xo,re6asufi
nlesorpeo6pa3oBareJrs Ha Berr.rrruuy xoe$suurreHra 4enau$r.rpona-
Hrlfi !.r,, Marpr{qa 4elrn$upoaauua IC] npr.rHr.rMaercfl B Br{Ae

lc l  :  ar lMl+ a,2lKl , ( t .22)

rA9 at, a2 - xoeQQuqfleHTb,I nponopulloHa,'rL,Hocrr.i, o[peAeJrreMbre no Be,'rHqnr.raM
4o6poruocrn xo,re6are.ryrnorl cucrelru Ha AByx pa3JruqHblx qacrorax, nu6o gxc-
nepHMeHTaJrbHo.

Bo MHorux npaKTlrqecKu x cJryqarx, ornocflulr.rxcfl K pacr{ery
BblcoKoq acrorHbrx xone6 auufi. nlesonpeo6p agoB are,'reit, 6es 3H arrr{-
re.rlsorZ flofperxuocrr.r B c[creMe (1.21) naoxHo onycrr.rrb qJreHbr

cBrr3aHHocru )o[Vl t t ,  .  0o lw1r6,  a raKx(e r . rHepuaoHHbre qJreHbr

re[JrorrpoBoAr]ocrr{ [r?] E. B raxori KBa3r.rcrarrrqecNor? HecBfl3aH-
Holi nocrasoBKe rrpouecc peuleHr.rq pa3AeJrflercfl Ha oripeAed'reHrre
TeMrrepaTypHofo flod'rfl rro yp aBHeHr.rro Tell,'ronpoBoAHocTH Z perxeHr.{e
3 aAaqil nbe3osJreKTp r.rqecTBa.

flresonpeo6pa3oBareJrb B KaqecrBe BXoAHoro 3seHa nn6po4nn-
fareJrl rlBJlflerct ar'IeMeHToM areKTp[qecNoft qenu BblcoKollacror-
HOrO [epeMeHHOfO TOKA, 14 OnpeAeJreHr.re ero gJreKTpr4qecKr.rx xapaK-
Tepucrt4x fipeAcraB,Tfler 3HaqrrredTtHuit uHrepec. l lpune4eM ocHoB-
HbIe coorHo[IeHllf l MKO a,rs oilpeAeJreHarr raKHX xapaKTepr4crr{K.
He napyruaq o6xlHocru, onycrraM TepMoMexaHr{qecKrie, TepMosJreK-
TpuqecKne v Lrccvnarr.rBHbre qJreHbr e (1.21).

l lpranaeu MexaHriqecKlre rpaHurrHbre ycJroBrif l Ha Su HyJIeBbrMH,
r. e. Us:0 u BeKrop yg,T_oBb_rx ycunufi F:0, z onycrr4M B Marpr{-
l1ax xecrKocrr.r Macc t(], IM) r{ gJreKrpoMexaHr,rqecKor? vlarpa-
qe tIl crpoKr.r H cro.n6qu, coorBercrByroque saKpelJrenHbrM rro
ycJIoBI.Irc Us : 0 crerleHflM ceo6oArt KoHeqHo3rTelreHrHori MoLeJIlr
nreeonpeo6pa3oBareJrs. Koiranonenrbr BeKropoe O la Q neperpynnra-

/o , \  /o ,  \
p y e M  B  B r r A  ( D : l ; ' 1 ,  O : (  : ' 1 ,  r A e  r { H A e K c  < < l > >  c o o r e e r -

\ r a Z /  \ V Z l

crByer ygJIoBbIM TogKaM Ha gJreKTpoAax, a rlHAeKc <<2>>- ocrad'rb-
HbIM y3JIOBbIM TOTIKaM, BKr'IIOqalOqHNt e ce6q TaK)Ke y3JIOBbIe TOqKLI
lJrolqaAlr rloBepxHocru So. 3apaAH Qz Ha He noxpuroii sJreKrpo-
LaMV qacTlr nr,esonpeo6pa3oBaTer'rq MoxHo IIpHHf Tb HyJreBbrMr.r,
ecJII.t TOJIbKO CHd'IOBbIe ilLrHr4t4 3r'IeKTpHqecKOfO IIO,'tfl He I]OKI.IAaFOT
BerqecrBa nnesonpeo6pagoBare!'rrr, qro r.rMeer Mecro e 6onlur.rHcrne
cryqaeB. l leperpynnupoBaB coorBercrByrorqriM o6pasoiu crpoKr.{ tr
cron6qu crpyKrypnbrx Marplrq h npxts,B xone6aHv,fl. nlesonpeo6-
pa3oBareJrfl rapMoHr4qecNsMz U": U cos of, noryqr-rM

K - a 2 M  T l

rT - Srr
rl -sil

( l .23)

l 5

-  l t r r  oodv;
vt

I [P]? os ds.
.qe- h

. [3i,t-,,'',"]
f rl(g):g)

o': t lBrlrlkl]Brldv +u t
ve seh

I
ve

I

tsssl
.[l

U
@ +

U

6

:*j(n):(?)



BxoAsuluf i  B rpaByro qacrb (1.23) 3?psa Qr Ha e.qeKrpoAax
s o6u{e[4 cdlyrlae He u3BecreH. OAuaxo B 3aAar{ax, cBf3aHHbIx c
npu MeHeHr.reM rrbe3orrp eo6p ason arenerl e eu6p o4eurare,'rf l x, o6H.rHo
r.r3BecTHbr rroTeHrlr{a,'rbr (D1 r.r {vc"{o Her.r3BecTHbrx B (1.23) crauo-
Br4TCf paBHbIM rrHcry ypanueuar?. B c,'ryqae, KofAa @1 Her'rb3rr
cqI{TaTb HeI43BeCTFrbrM, A,'rf l nepeMeHr-roro ct4HycoHAa,'IbHofo BXoA-
HorO Hanpfl)KeHHfl 3apfA Qr CBfl3aH C O1 CO0THOIUeHLIeM

jc'rQr : IY6] (D1 : I1,

rae [Yu] : IAul- Marplrqa Kax(yull{xcfi BxoAHbrx npoeoAur,rocreri.

(1 .24)

Aarb KaK l,r3rl i6Hbre, TaK u npoAo,.rbHble Kor're6aHur 14 npilrarb Koil-
Tai{THbIN{ 3d{eMeHTaM BHopOABI{faTe.rrfl, npr.IKpen,rleHItbtx,r' K i lbe3o-
npeo6pasonare,'rro, )Ke,'taeMyrro rpaeKTopflro ABlrx(eHr,rfl. Anq pac-
qera TaKUx n5esonpeo6pasoBareJrer l  no MK3 Mo)KHo zcnontsoBar l
cooTHorxeHIrrr, IIpuBeAeHHbre paHee. oAuaxo s 6onluIr.rHcTBe c,'ry-
qaeB rix ro,'rr{t ltra sHarrure,rbLro Mer.tbue ocra,rlbt.rb]x u3MepeHHr?, cJ'Ie-
AOBaTe, ' lbHO, TO.r I I I { l i l {HbIe

AeipopMaqHLr Mofyr  6 l t r l
He yqreHbr. l loarouy BBeAe-
HI'le TO/'II{UI.IHbIX y3,tOB He-

qe,.Iecoo6p a3Ho, 6ortee np l I-
eM,'reMbrM IIpeAcTaBJIf leTcff
BOCnOT'rb3OBarbcfl  ypaBHe-

HI,{'I M I4 II,'I ACTITH 14 O6O,'IOIICK
coBMecrHo c ypaBHeHI{f lMI' l

TeOP I '114 nbe303,leKTP Hr{eCT-

Ba A,rf l  orrr.rcaHHr K3. Apy-,
fr4e B03MOXHbIe ynpoue-

Hkrfl, o6yc,'IoB,leHli raKItMIl

OCO6CHHOCTqMI,I KAK HA-
npaBIeHHocTb octl  nor'r f lpIt-
3aLU4r1 IIO TO,lI]{nHe, II3O-
rporrHocrb MaTepua,ra B
rrJrocKocrr. l  nresonpeo6pa-
3OBare, ' i f ,  npeHe6pelKr.IMo
MAilAfl  I IACTb TIOBCPXHOCTIZ,
He rroKpbrraf l  3JreKrpoAaMLI
H T. TI.

6r,rnropftnuft aclrMMe-
rpnqHblft KO s leyn/tePHofi
cr.rcreMe KoopAr{Har. Ko-
HeqHbrrZ gJreMeHr 6rauopS-
HO|O aclrMMeTpllqHofo

o) ,

I(ax4aa KoMrroHeHTa uii fBJrffercrr Kaxyqerlcf f lepexoAHofi
npoBoAriMocrbro MelKAy y3r'raMrz i u j, a I:(i;)-BeKrop g,'reKrprr-
!Iecxr4-x_ ToKoB, TeKylqr4x B cooTBeTcrByrollHe y3,'rbr. fl BHoe BF,rpalKe-
uue {Yr] f ioJryqaercs npfi pe[reHlru coBMecrHo ypaBHeHrrfr i l .2g)u (r .24):

, 7
t-

t /tfr ,o
/ !

-s''l lo -ri'* - 3, ]-' t .tfilj,rrut-* {- rr,,ragrl i

Baxnofi xapaKTepr{crurori nlesonpeo6pa3oBare,'reri ssrsrorcq
trx co6creeHHbre qacrorbr H MoA,br ro,le6aHuii B c,qyqae KoporKo
3aMKHyrbrx ((Dr :0) LrJrn pa3oMKHyrbrx (Q1 : 0) enerrpo4on
(coomercteeHHo pe3oHaHcbt r{ aHTr.rpe3oHaucu). XapaKTepncrrzqe-
cKr.re ypaBHeHHn Ailtr onpeAeJreHHrl 3Tux qacToT rj MoA nor'rv.raroTcf
us (1.23)  rpr  yc" IoBLI tx  !D1 :0 l l  Qr  :0 cooreercrseHHo:

a) roporxo 3aMKHyrbre gJreKrpoAbr (Or : 0):

aet {[K * TzsiztT[] - '' 1,u1] : s;
6) pasour<uyrbre o,'reKrpoau (Qr :0) :

det ( [(] + [r] [S-'] lTl, - a2M) - 0.
f lpu pesoHaHcHbrx co6crneusltx qacrorax Ar.rHaMuqecKarr [po-

BoAr.rMocrb nlesonpeo6pa3oBareJrfl 6ecxoHequa (cm. eropor? u.rreH
B Bbrpaxe-Hrr{ (l.25) Marp}rrlbr BXoAHbrx npoeo4n nnocreft [yrl ).
f lpa r<o.rre6aHr.rgx Ha erltx co6creeHHbrx rracrorax BxoArlarr npoBoAr4-
Mocrb paBHa HyJrro, T. e. ToK B rlenu nresonpeo6pa3oBared'rb-r{c-
ToqHr{K paBeH HyJrro.

I .4 .  KOHEqHbIE 9JIEMEHTbI KOMNO3HTHbIX CTEPXHEBbIX
I,I OBOTOq Eq HbIX NbE3ONPEO6PA3OBATEJI E['

B npuueHeHLrLr K nz6po4erarareJlflM qacro llc[or'rb3yrorcfl KoM-
no3r.rrHble nresonpeo6pa3oBare.nu, BbIrIou'rHeHHbIe B Br4Ae npLIKpe[-
JreHHbrx Apyf K Apyfy AByx nbe3oKepaMfiqecKHx rrJracruHoK c IIpo-
THBorro,rolKHbIMH HanpaBJIeHI{qMH ocert no.ttpular\Hr4, nu6o aciv.-
Merpwrnbre 6ulropSuue ntesonpeo6pasoBare,'ru, cocrosrrlue r,rs rrplt-
KpeureHHbrx Apyr K Apyry nbe3oKepaMra,{ecxorl r.r MeraJr,ruqecrori
flJracrrrnoK. Taxas, KoncrpyKrLuf no3BoJrfler e$@exrnnHo nos6y>K-

l6

Pnc. 1.2. Koueqstrii e!'leMeHr 6znopcfnoro
acr.iNr Merpr.rqHoro nr,esonpeo6p a3oBareJfl B ABy-
ltepuoft (a) u npocrpaHcrseHHofi (6) cucreue
KoopAHHar: I  u b-Anuua u rxnpr.rHa [be3o-

npeo6paaoeare,'rfl corBercrBeHHo

11besonpeoopa3oBaTeJlf B
4nyruepuoft czcreMe KoopAI4Har puc. 1.2, a. Bepxuafi eto c,rori nbe3o-
Kep aMr.rqecKuii ronlrtlH ofi. lq, a v,ux<uvtft. - Mera,'t,ruqecxuii ronqN-
l ior i  hz.  Paccuorpvu ro, re6asag nresonpeo6pa3oBare,ns ro ero
AJir.rHe, a pacllpeAer'reHl,ie claeuleuut? flo IIIHpI{He IrpIlMes{ flocToflHFIbIM.
Iloxa.rruyro cl4creMy KoopAI4Har ntt6eperra TaKLIM o6paeou, qro6u

rrJrocKocrb xO y 6una uel?rp a,rlHoii n,rocrocrlrc, p accrofl I{14fl Me)KAy
ToqKaMI,l xoropoii npl.i Ma,' lbIX nporu6ax KO ue ugNteusrcrcq. Ha-
qaJro clrcreMbr KoopAI.{Har nu6epeM coBiIa.trarculuM c KpaeM K3, a
paccrorHue Me)KAy IIelZrpa,'IbHotl nnocxocrblo l '{ HH)KHefi rpaulrc

nsesonr acrnuxn o6osH auurrr hs. flp znne Be,'l uq IlHt'I 3,'leKTp I'{qecKoro

cMexleHl4tl Il IIO,'IS Ds X Ee IIOCTOqHH1IMII [O TO,'IU{7Hg, OCHOBHbIS

ypaBHeHLIs nlesoeSSexra npeAcraBIIM B BI{Ae

(1 .26)

t7

',,/,L-*'
' ,/ ,/,

o r (x ,  z \ :  -  h t rDsk)  *  c? tEt (x ,  z ) ;  
\

Dr\x1 :  e^8,(x) f  of ,  El ]  (x).  )



lAe isr : retlufs, a E1,:x) - cpeAllttt ae$opuauun fibe3on,lacrfiHxti no io,lrt lnne
B HanpaB,rleHLIU OCt, x.

f le$opuauua e1(x,z\  Ha Bbrcore z Hag HeriTpaJlbHofi  nonepx-
Hocrbro xO g onp egeJrrercq r.r3BecrHbrM yp a tsHeHr.reM

e1@, 2) :-  zd2utf  dx'  *  du1/ dx, ( t .27)

r,qe ar (x), us@) - cMeuleHHs roqxn .r nresonpeo6pa3oBare, ' l f l  B HanpaBJreHlrrx
oceit x n z coorBercrBeHHo.

Toua

hrh^
l ( . l

61(x )  : - - - : -  \  e ,  ( x ,  z )dz :  *  ; ( h ,  - 2ho )d24 ldx2  {  } t L r l dx .  ( 1 .28 )
h ,  ,  z  '

ha

MexagnqecKoe HaflpRxe HH€ op1 B Merad'IJl lrqecxofi  nr ' tacrnHKe
oflpeAe,'Iflercrl B Br{Ae

6nr:  I  ( -  zdug/dx2 {  0u1/dx) , (  l .2e)

rAe "/ - MoAy.rIb lOsra lrera.n,ra.

Bupaxeuna rroreHqr{a,1rbHoft uexaut,tqecKofi, e.nextpuuecnofi s
KrrHerllqecKofi 3HeprI,Il? U", H. *t T" Atts, KO coorsercrBeHHo I{MeIroT
BI{.[,

bh,c! '  ,  k?,bh,c2
s, : -i- lhi - sh fto + Bh6) (, - ztto)2 *

+ Y*(nf;+ znrnr+ snf);

s, : (r - a!r) tclrn, I bhrt;

s,, : (r - d!r) nn,cfl &L - 2h0) + rbh2(h, * 2hs);

p,: 
+ (h1 - 2hs) hftqy;

P t :  -  b h & u ,

(r .33)

\1 :hsrerlfcfl- xoa$SuqueHr 3r'IeKrpotrlexaHuqecxofi cBt3t4 nbe3onJlacrnllKl.L

Belnquua gd'reKTpHqecKoro noJIrI E3 Mo)K€T 6uru eltqncJreHa rro
Qoprr,ry.ne Es : I pf h1, rAQ V e - pa3Hocrb noTeHIIIIaJIoB Ha eJIeK-
TpoAax nbe3o[Jr acrr.rH KLI.

A;rs onpeAeJreHHfl HeH3BecTHoft se,'Il1lqu:Hal ho Boc[oJrb3yeMcfl
paBeHcrBoM usru6atouax MoMeHToB no o6e cropoHbr ueftrpa.nruoft
nJrocKocrr.r npz usnu6e K3:

ht -ho  o  -ho

,  \  z 6 t ( x ,  z ) d z : b  \  z o 1 @ ,  z ) d z  { b  I  r o o ,  @ , 2 ) d z ,  ( 1 . 3 4 )
J " J J ' " "
0 -ho -(h6*hil

floAcrasnss Bbrpax{eHr.rrr or (x), oa(x) n (1.3a), rror'ryqaeM
ypaBHeHr.re, no KoropoMy rotlHoe olpeAeJleHlie fta nectua cJroxHo.
3Ha,reHr.re hs 3aBt4cvtr or coorgorxeuun (]u1ldx)l(d24/dx2) u or
I}eJIIITII,IHbI .E3, T. E. HC NOCTOgHHO NO AJII,IHC K3. O4UAXO AJ'Ifl npaK-

THqecKr.rx pacqeToB Mo)KHo orpaHIigLITbcfl 3HaqeHHeM hs, rroryqeH-
HbrM B cJryqae du1/0x:0. TorAa ypaBHenr{e (1.34) repexoAr{r
B ypaBHeHr,re AJIfl orlpeAereHplff fto:

zls + sE, ( r - n?, - , +) + 3E( | - k?, +, +) - r +
\  

- -  cT t /  \  
- '  c f i l

E I

*  ]  k | t *  x ' - : t : g ,  ( 1 .35 )
4 " c i r

r , u e [ , : h s l h 1 , x : h z l h '

l lepefi4eru He[ocpeAcrBeHHo x SoputtpoBaHltlo Marpl4l{ xecrKo-

crr.r r.r Macc K3. BexropoM y3JIoBbIx [epeMelrleguft ssnfl,ercs, lJ" -

/U , \
: l  ; '  l ,  r ,u,e UI:(Ur(0),  Us(0),  (15*(0)) ,  UT:VtQ),  Ur( t ) ,

\ u r , /
u5-Q)).

flepeueueuus, mo6oit rorIKH x K9 sHpaslrM c rloMou{blo ysJlo-
BbIx nepeMeulesuft:

q ( x ) : U  y O 1 @ )  *  U  F q ( x ) ;  I
ue@):tJp32@) * utqLc@) |  tJ pLs@) {  u pLa(f l ,  I  

( l '36)

uZ:+(( ' ' !o ' ,  (x ,  z)ey@, z)dzr 
- i  

le l ' - ,  z)ar \ar ;
- 

ou \ -"no -@o+hr\ /

( l .30)

(1 .3  l )

(1 .32)

I  hy- ho

rr3: + I I \(x) Ds(x) dz dx;
o -ho

b

r",:+(0,ft, * prl.;,lrarr* t'Ia*.

rAe pl, p2 - n,'roTHocTlt MaTepItaJIoB nbe3o- 14 MeTatJ'rHqecKofi nractusor.

I,Ia ypaenentzft ( 1.26) - ( l.3l ) nocrre BblrroJrHeHr.rs npeo6pasona-
nnfi nolyul.ltu

UZ_
. /  . !

H",: +l s, \ 1a,j,)'- \  
o "

I

*  PsEr\ut { -dx
0

dx f S, irrr-l'd.r f s,, ( r,i-ui-rr) *
o u ' /

I

I  PrEs\u'r*dx -| efrh,blE!,
0

l9
1 8



rAe B KaqecrBe SyHKuI{ i i  Qopuu 3,(x):1,6 Hcno, ' t l3ylorcr Syut<'
uuu Spuura Hy,'IeBoro H rlepBoro nopflAKa:

T r ( x ) : l  - + ;  , r ( i ) -  I  -  g v z l 1 2  l 2 x T l t s l

es@): x - 2x2ll a x3ll2; 3a@): v11' )s(x):3x2l12 - 2x3ll3;

3 6 ( x ) : - x 2 l l * x t l l ' .

f l oAcrasrs  (1 .36)  n  (1 .32)  u  (1 .33) ,  no , ' I yquM

uZ- H'" :+u" [ t< ' lu '  +u'rF'Er;

7", :+u'r  [M\i" ,

.n. IK'] : lni, l, lM'l: l^"r,1 
- Marpurrbr xecrKocrr'r u vacc K3 coorBercr-

seuHo; F ' : f i -  BeKrop y3JIoBux ycu, ' t t ' t f t  K3,  o6yc,roe, le l rHux npu, ' Io)KeHHbl l {

gJreKTpHqecKHM noneM Es : l.

Bupaxeuua 3reMeHroB Marpl{q I 'I BeKTopa LIMeIor BHA

i ,  i :  l ,  4 i

i ,  i  : 2 ,  3 ,  5 ,  6 ;

i : 2 , 3 ,5 ,6 ,  i : 1 , 4 ;

I

mii - b (0,h, * orhr) 
J 

r,,r, 3,(x) dx, i ,  i : 1 , 4 ;

i ,  i : 2 ,  3 ,  5 ,  6 ;

i - 2 , 3 ,  5 ,  6 ;

i : 1 , 4 ,

noJlyqr.rM clrcreMy ypanueHuft AuHaMLIqecKofo paBHoBecufl paccMaT'
puBaeMoro I(e, xoropag B Marpt{qnofi uorau,un l{Meer BIIA

lM"lu"+ [("] [Je: - F" ++ R',
rAe R' - Ri" - serrop BHeIxHttx ygJIoBbIx ctt.tt, sosAefictBytoulux Ha
qaer g ce6s raKxe u Mexy3,iloBble cunu aucau6;tg K3).

Marpnqa 4erranQrponasus KO Mo)Ker 6ntr nonyueHa

K3 (er,rrc'

no Qop-

floAcrasue BbIpalKeHI.Ifl (1.37) u (1.38) n ypaBHeHI.Ie .IIarpaH>xa
I I  poaa

d  a T j  d ( U " - H " \
, , . . . ,_+_# :R i ,  l : 1 ,6 ,

d t  d U i  d u i

?9

uyne (1.22)  .
flpr.r 4ocraroqHo MaJIoM BHyrpeHHeM conporIrBJIeHHH noAKJItcl-

qeHHoro K SJIeKTpOAaM HCTOqHI{Ka nI{TaHI'If l  I{anpfX(eHI'le Ila 3JIeK-
TpoAax l/e Mox{Ho cqI{TaTb I-I3BecTIlbIM. BHnOnHue o6uqslte onepa-
qr,ru rpanc$opMauun crpyKrypHblx Marpl{q KO x r,ro6aJIbHbIM Ko-
opAr.rHaraM lr cocraBuB crpyKrypHble MarpI'IIIbI aucau6nR, Mo)KHo
peur.rrb 3aAarry o xo.ne6asufix f lbe3onpeo6pasonarerq B [epeMeIIIe-
gnsx. B nporl'IBonoJlox(HoM cryrlae ueo6xoAt'ttr'to onpeAeJII'rrb lrpo-
BoAriMocrb Ka)KAoro K3 rax gJIeMeHra sreKTpltqecrofi qenn. 3a-
psA Ha gJleKrpoAax KO onpeaenflercq cfleAyloqltM o6pasou:

Cnnycon4anrHufi nepeuenuufi roK, nporexanuufi uepes Ko
nresonpeo6p a3oBareJIr,

I, : iaQ' 
- fel/ t, ( r .40)

rAe Ie - npoaoAun,tocrr K3.

I4s ypaenenuft (1.39) u (1.40) rorlyql'IM

y' : i re(n"u:aDlefe),

rAe U'- BeKTop y3JloBbrx aMnJIuryA xone6aHufi npu Ve: coflst'

EnuopSHufi acnMMerprqnufi K3 B npocrpaHcrseHHoft cl{creMe
KOOpAnHar. B npocrpancrseHHoft cucTeMe KoopAl.rHar paccMorp_I'I-\.I
;;;?t";;; npo.tbft (9 o6orouKlt - nJtocKnfi nparuoyrorrusrfi K3
u."**"ipruiroro 6unnop$noro nrcsorpeo6pa3oBareJlq. Taxofi KO
o6.nalaei cy11epn03r.rqueh csoficre KO r{sr1,16aeMOIi 11"Iacrl,lHbI Ll

ueu6paHHoro K3.
flbr'recrurra KO s florarbHylo cncreMy KoopAlrHar raK' qroobl Ha-

r{aJIo KoopAI4HaT coBnaJIo c elo HI' lx{HHM d'IeBbIM yf{gM' a Hel4TpaJIb-

Hafl nJrocKocrb - c r,rocKocrbn xog (puc. 1.2,6). flpeano.tlaraercq,
; ;o  t t+  hzK l ,  h*hzKb.  Paccrosune Me)KAy Hef i rpanrHof t
1JTOCKOCTbTO u Huxnefi rpaHblo nbe3O[JIaCTUtIWU ho npn6,itgXeuHO

Bbrrrr{cJrr.rM r.t3 ypaBHegua (1.35) . l lplrHne BeKropbl eleKrpnqecKoro

cMerrleHlrff n noJIfl IIOCTOflHHbIMH nO TOJIUII'IHe IIbe3o[JIaCTI',IHKI',I' a

( l  .37)

( l  .38)

t  h - h s  I

o" : ( \  o^d" d.x: - 
) 4ph,(ht - 2ho)\ ui- dx *-  J  J  -  z - '  

o0  - h o  

:

* bh,err\ui-dx I blesrrV u. (1.39)
0

I

h1i:  s, l  el t" l  3 ' i@)dx,
0

t e  n  I  n t t ,  '  n t t  r  ,  ,
&l j : 5e  

J  
J ,  t t )  J i  \ x )dx ,

0

I

hit : ki,: * s,, \ e'i @) 3" (x1 dx,
0

fti"i t : b (o rh, * orhr) t e, tr) 3, (x) dx,
0

I

t",: Pr\ e'i {4 ar,
0

f i :  P, \  e ' , { i  a* ,
0

3 3aK. 903



nbe3oMarepuar'-tl3orponHbrM B n/'rocxocTr.t xOA, npeAcraBl.rM
yp aBHeHr.r fi nresoeQQex r a l.Jrfl rrbe3orr,'r acrr.r H Kr.r B BLIAe
or(x, A, z): - hrrDu(x, d * c?pr(x, U, z) * c?rer(x, A, z);

or(tc, a, z): - hrrDr(x, a) * c?zer(x, u, z) * c?rer(x, u, z\;

rrr(x, g, z\: c!6\p(x, a, z);

Dr(x, U):zttEt@, U) * e,rEr(x, /) * efrE, (x, U).

( 1 .41 )

fleQopuaqur.r Ha Bbrcore z HaA Hefirpa.rnHoft nnocxocrrn xOg
onpeAeJr fl roTcfl yp aBHeHr.rf Mr.r :

er(x, A,z):-r##+#,
ez(x,  A,  z) : - t#+#,

\n(x, U, z):22ff i+#**,
a cpeAHLIe ,qe$opuaqufi no roJlurune, aHa,'IorurlHo
HH'IMI{ :

VqgrHsas (1.41 ) -  (1.44) ' ,  noryr l l ' IM

6tr,"-76":i f (o,, ff+p,o#*Ps*ffi+
0 0

* Pes #) da dx *+ j j (r,,,, (#)* sesec (#)' *

* se,gy (# W) * ss.,ss*s (#)'* sr,r, (#)' +

*szuza(#)" *sr,zy (##)*srsz, (##) +

{- sa,r' (##) + s,*,(#"r) * s,n,.($#t #) +
* sayzs (##)* ss"yry (ffi -#) *

* sexysr (# Y)) o, or -'"\uo' u',,

FAe s3,3, : sey3y : * r?ro,(nl, - en,no+ 3/ril - f, t?ru\, 1n, - znof n, +

+ 3#q (n?, + ziin, + zn?1;); ss,3y : *'?rn, (nl - sn,nr+ safr) -

- * ,?,u3, 1n, - znof n, + #2k (nl + snonr+ s{); sr,r, : szszv -

: c?th t(r - a3,) + ft , s k2a : s tuz*: 2 (c,Prn, - cltn rdlr) + z #d or,

s3,r, : s3'2u :- ,?, (1 - k?r) n, (ht - 2ho)+ 1*p hr(hr* 2hg); s3,2s:

: s3sr, : - (r?r- ,P,p3,) ht(ht - ,oo1 + S hr(hr*2hs); statn: sr*2*-

: 
* ,rnr, : ,Daaht+ Z# hzi szxara: s3ryrx : + (n, Pt - 2ho) c|u6 +

*b (hz*2ho)# ) ;S , *o , r ' o :+ (c !un , (n , ,_3hLh0+enf r )+

+qffi(nr+Mohz+ safr)) ; Pex- Pss ht (\ - zho) e^lz; Pt* :

-  Pru :  -ouht '

flepeiraeu r QoprrarapoBaHllrc Marpl{u K9' BemopoM y3JIoBbIx

nepeMeureHzfi gsrsercg

(1 .42)

(  1 .28)  ,  ypaBHe-

Pagsocrr MexaHuqecxofi noreuqnantnorl r,r oJreKrpaqecrori enep-
rHft KO 3anr.rcblBaercq B Br.rAe

,  !  !  /h i -h"
ol t '  - f f ie-+ 

\  \ t  \  (o , ' , *  ozeztyprn)dz*
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(1 .43)

HanprxeHua a uetalnprqecroft IrJracrnHKe onpeAeJIffIorct

(1 .45)

Er@, s):-  +@t-2ho)# + X?, l
6r(x,u):-+@t-2hd#*# I

":llll
-!' \

+ \  
(o,rer * 6,zez* rnn\n) dz 

Jdg 
dx,

_(hsfhz)

a Kl-rHeTuqecKafl gHeprr.rr KO s nfiae

.  l ,  
a b

,":;1o,hr* orh,) I I tr l + "A+ rr!)ds dx,
0 0
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(1 .46)
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3Aecr KoM[oHeHTaMr BeKTopa qBJrrrrorcfl

t) l  -@r(0,0), u2(0, o), a3(0, 0), 3-#9, - dus-(g' 0) , 0,(0, 0));

UT: (a1 (0, b), u2(0, b), . . .);

lJ f , :@r(a,  b) ,  ur (a,  b) ,  , . . ) ;

U l :1u r (a ,  0 ) ,  u r (a ,  0 ) ,  . . . ) ,

rAe 0, o6ogHa,rarcr raHreHc yrJra noBopora BoKpyf ocu Oz s no-
xa;rrHoft cricreMe KoopAHHar. Ha srofi cral.vw 0, uoxno [peHe-
6peuu, TaK KaK oH He BxoAr.rr B gr.rcdro y3r'IoBbrx napaMerpoB, o[pe-
AeJrsroqnx 4eQoprraaqnr. OAsaxo qe.necoo6pasuo yxe cefiqac
yrrecrb gTor rroBopor r.r cBr3arb ero c SnxrueuuM MoMeHToM, TaK
KaK 3Ta crerreHb ceo6oAH B KaxAoM ysne Heo6xoAr.rMa rrpu cocraB.
JreHris aucaM6,rq r.Is HeKoMnJranapHbrx K3. Tor $arr, uro 0, He
i'r lacrByer B rrpoqecce Mr{H14MH3auuu QyHxunoHa,'ra 3HepfI{u, yqr{-
TbrBaercfl BKJrroqeHr4eM coorBercrByrotuero Ko,'rr{qecrBa Hynefi B
MaTpEqy x{ecrKocrr{.

f lepeueqeHilq rro6oft roqKr.r (.r, y) KO Bbrpa3uM rrepes sHaqe-
Hr.rfl y3JroBbrx nepenrelqeHuft :

u i (x ,  u ) : I
t

U 1 3 1 @ ,  g ) ,  j : 1 , 2 , 3 , (r .47)

np[rreM rrHAeKcbr cyMMr.rpoBaHua i 6epyrcs cJleAyroqnruu: upl,r i:lj : 1 , 7 ,  13 ,  l 9 ;  npu  / ' : 2  i - 1 ,$ ,  14 ,20 ;  r pu  i : 3  i : 3 , 4 ,5 ,9 ,
10,  1  1,  15,  16,  17,21,22,23.

Houepa r{HAeKcoB B cyMMax I o6ycnon.neHbl noprrAKoM pacflo-
Jro)KeHr.rfl y3JroBbrx rrepeMeuleH]rfi s eertope ygJroBbrx rrepeMeIIIe-
t t u i ' t  U " .  3Aec l  3 t : 32 ,  3s :  3+ ,  9u :9a ,  9 t : 3e  gB f l q ro rc f l

.u,ByMepHbrMu Syur<unauu Sptrrura HyJIeBoro nopsAKa r{ ucnoJrb3y-
rorcff A,'rff uHreprroJrffrllur veu6panuux nepeMOfueHafi snyrplr I(3,
a Syuxuuu Spnrura c uHAexcauu, coorBercrByrour.rMrr [oc/reAHeft
cyMMe, * AByMepHbrMr4 Syuxqualtn Spuara repBofo nopflAKa H
HCIIOJIb3yrorcfl I.Jrfl r{HrepnoJrsu,t'IH nsru6Hnx nepeMerrleHufi. g.s-

Hbre Bbrpa)KeHr{s err{x @yur<unfi 6yayr fipr.rBe,uenbr s cneAyroqefi
TJIABC.

f loAcraeue Q.a7) z (1.a5) n (1.46),  ro, ' IyqLIM

au" - lge - *u", [r] u" + {u"} n rr;

"": iu"lM"lu,,

Bupaxenar g,reMeHToB Marplru u BeKTopa rrMeror BHA

a b  a b

^  C  C  ̂ r ,  ^ r ,  f  |  . n  - t l
&it : Ss"e*] 

\9'i'xx?'ixxda 
dx * Sauzu 

\ \ 
3 iorg jrn au ax

'  0 0  0 0

- 3'lr"aua* * ssxuexu

m"t,: (pt4 * pzhz)

h"t!: szvzu

h"11: kfr

a b
I  c c

*7Sa"sv \  J
0 0

d b .
f c
\  \  9 ' 3 ' d A d x ;  i ,  i : 3 , 4 , 5 ,  9 ,  1 0 ,  l l ,  1 5 ,  1 6 ,
J J
0 0

a b  a b
C f  f  C  '  '

h'i!: St*tr 
\ \ 

elrr;" dsdx I Sryry 
] \ 

31oO 'nda dx;

0 0  0 0

a b  a b
r c  f  C  t  t

\ \ 
,irr;, ds dx t sz,z, J \3',*3'1*da 

dx;
o 0  o o

d  i x t -

\\ei.oei-n 
au a*;

0 0

a b
f ( '

ml1: (Pt\ * pzhz) 
\ \ 

3,3 ,dv dx;
0 0

i ,  i  : t '  7' 13' le;

17,2t ,22,  23;

d b
f r

ml1: (01\ + Pzh2) \ \ 
eP, du dtc;

0 0

i '  i :2 '  8 '  14 '  20;
d b  a b

t f C , t I f I
: i Sr,rn \ \ 

e',*e',naa dx I V s'r* 
J )

0 0  0 0

i :  l ,  7 ,  13,  19;  i :2 ,  8,  14,  20: '
a b  a b

e'rre',r dv d.x;

(r .48)

(1.4e)

hli:  k' i i :  * sr*,,  \ \  
t ir , t ' ,r  ds dtt + t tun,*\\ t iont ' ,-ds dx {

0 0  0 0

a b
I  l t  , ,  ,

* | S w s r s \ \ u i r - t ' , o d s d x ; i : 3 , 4 , 5 ,  e ,  1 0 ,  1 1 '  l 5 '  1 6 '  1 7 ' 2 t , 2 2 , 2 3 ;
0 0

j :  l ,  7 '  1 3 ,  l 9 ;

d b  4 b

h",i : k"ti : i s*ro\\ t' i.*u',' ds dx ! | troro 
\\ 

u'ioot', ' ds dx *
d o  o o

d b

- l ^ l ( ^ r ^ r
l i  t r * r r * \ \3 ' i , cu0 ' tu  ds  dx ;  i :3 ,4 ,5 ,  9 ,  10 ,  l l '  15 ,  16 ,  17 ,21 ,22 ,23 ;

0 0

j :2 ,  8 ,  14,  20i

.ae [K"] :lnitl, lu'l:l*ii- Marpr.rubr xecrKocrn n Macc KO coorsetcrsen-
Ho, a Fe: {ft} 

- BeKrop ysrroBurx ycunufi, o6ycnoeneuunx rrpLIJrox{e}IHbIM sflel(i
rpuqecKulvl no"reu E3 : Vdhy
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a b  d b
f c  , ,  r ?  , ,

["i: Pt*\ 
\ 

?',*,au dx a er, 
] \ 

7'iooas dx: i :3, 4, b, 9,
00 

2 i
t | :  Pr*\  

\  
r ; ,  ds dx, t :  t ,  T,  ts,

'oou

t ' r :  Pz, \  \  el"  dg dx, i :2,  8,  14,. C  
J  J  

L Y  '

0 0

f loAcraere (1.48) _a- (1.a9) e ypaBHeHur ,r laHrpauxa I I  po4a,
rlo!'ryquM cricreMy aas$epeHrlr]a!'rbHbrx ypaelreHr.rfi AJrfl KOHeqHOfO
gJreMeHTa. c r{erlbro npeoAor'reHr.lq BbrqEcr'rHTe/'rbr.ibIX rpy4uocreft,
cBrr3aHHbrx c Har'rr.rqneM HyJreBbrx crpoK r.r cro,r6uoe B crpyKTypHblx
MarpLIuax K3, eeeAer\,{ xoaS$zqlreurrr x{ecrKocrr.r, coorBercrBy-
roulue yrJraM rro-Bop_ora BoKpyr .tora,rruori ocu oz, cor,racHo c p-e-
KoMeHAaurrfua [13] :

h"i t : 0,08 (c!rh, * c!,hr) I (h, I hr) ab;
f f i " t t :0,03 (p,fu,  *  prhr) l@, I  hr)ab, i :6,  12, lB, 24;

h i i : - 0 , 0 1 k " i ;  m l t : - 0 , 0 1 m " 1 i ,  i : 6 ,  1 2 ,  1 8 , 2 4 ,  i  +  i .
Analoruqno AByMepHoMy K3, Mo)Ker 6urr onpeged,reHa npoBo.

Ar.rMocrb KO rar gJreMeHTa g,reKrprrqecrori qenz:

ye: ja(p"u:4 aba$),
tAe U'- Berrop ygJroBblx aMn,'lr.lTyA xo,re6anufi npu Vs: cos crl/.

l-naea 2

KOHETI HOSJIEMEHTHbIE MOAEJII , I  BI, I6POABI,I | 'ATEJIEN

Bu6po4nzrareJrflMH Ha3brBarorc' MexaHr.r3Mbr, trpeBpalqarculue
BbICOKOqaCTOTHbIe rO"re6arilrg BXoAHoto SBeHa B [IafoBoe nJIH He-
npepbrBHoe ABHIr{eHlre BbrxoAHoro 3BeHa. flpuHqr.rn Hx Aerlcrenq
ocHoBaH Ha npoqecce cyqecrBeHHo se,ruHeiiHoro yAapHofo r{JrH
QpzxquoHHoro KoHTaKTHoro B3auMoAeficrsus BxoAHoro H Bbrxo,q,-
Horo 3BelJbeB' no3ToMy Ilcc,'IeAoBaI'IPIe HX AI{HaMI{KIt MoxHo nDoBo-
AHrb B.paMKax cyulecrByroqeri reopuu eu6ponepelrerrleHarr I4-, 221.

Bu6poanurare.tu o6nagaror psAoM oCo6eHHocreii, sar'pyaHn_
rcullrx HenocpeAcrBeHHoe fipr.rMeHer{ue reopalr nu6ponepenreqeHltfl
AJrrr r{x arralrvga. Aun.turyAsr xo,re6aHuii BxoArrbrx sserilee ua6po.
Anrzrareneft o6uquo malu (Ao FrecKo,'rbKr.rx MrrKpoMerpoe), a uac-
toru 6o.nluue (Aecnrr<r.r Kr.rJrofepu), noerovy B rrpoqecce Bsar.rMo-
Aeftcrsur, BXoAHoro sBeHa c floBepxHocrbro BbrxoAHoro 3BeHa Ba>K-
Hylo poJrb r.rrpaer noBepxHocrHarr yrlpyfocrb KoHraKrHbrx rIap.
flparrnuecx' BpeMff Ko'raKrr.rpoBaHvfl cocrae,'rqer 6dlturyrc uacrr
nepuoAa xole6auuft, qacro flepexoAfl B pexuM 6esorpunHofo KoH-
TaKTHpoBaHus. CfleAoeareJlbHo, crepeoMexanr.tqecKaff MoAeJrb yAa.

2g

pa, xapaKTepu3yeMafi xooS$raquerrroM BoccraHoB!'IeHI.If l cKopocTIt
Ir npeAnod'rafaroulas MlHoBeHHyro npoAoJr)Kr.ITelrbHocTb yAapa, BO
MHofr.rx cdryrraflx HerrpllfoAHa A,'1fl orrficaHrin I]poqeccoB KoHTaKTU-
poBaHr.If l n nu6po4eurareJrflx, TaK KaK npv groM Heo6xo4tttr,ro yutl-
TbI B a T b d'I O K a,'I b II bl e K O H T a KT H bI e fl B JI e I{ I'I fl .

l l lupoxuft o6sop pa6or no reopertlqecKoMy n eKcrreplrMeHraJlb-
HoMy r.rcc,'reAoBarrr4ro nu6pogerrare,reii Mox(Ho nafirn n pa6ore [37] .
!,.na no"ryueHflf l aAeKBarHbIx MareMartlqecKttx MoAe,{eft nt6po4au-
rarenefi KaK nprr aHar'IHTI{qecKoM lrccdteAoBaHI{t{, TaK H npH rlucr'teH-
FIOM MOAeJIHpoBal l l I l I  BalKHOe 3Har leHue l lMeeT npasu,r l t t t ' t i i  nu6op
MoAeJrLr  KoHTaKrupoBaHLIf l  BXoAIIofo I , I  BblxoAHoro 3Bet tbeB.  B pa-
6ore [15]  npneelesnr  uaH6o.nee npnHf l rb le B Hacrolxree BpeMn reo-
plru AHHaMuqecKoro KoI{TaKTHoro B3ar MoAeHcTBI,lt l  rBepAblX TeJI
HapflAy c o6uqHut'tn crepeoMexaHllrlecKnMu MoAeJIflMI{ npeAcraB-
JIeHbr BOJTHOBafl. Vr JrOKaJIbHafl TeOpnu yAapa, a raK)Ke reopIlI i, IIo-
crpoeHHbre Ha ocHoBe vx xorut6uHarlzu. f lpu oIIVcaHHI{ nu6po.4nu-
rarenefi Hau6o,ree npueMJIeMbIM npeAcraBJIflercn ucrIoJIb3oBaHI,te
TUIIOTe3bI ynpyfOBf l3KO|O I IOBepXHOCTHOIO C"IOf l  u, ' IH peo,r lOf  HqeCKI. IX

uoAe.nefi nonepxHocreii ssal{raoAelicreyroqnx re!'I. B pa6ore l25l
na eroft ocHoBe HccJIeAoBaHu er.r6poyAapHble cHcreMbl, a n pa6o-
re [7] oHr4 lrpIiMeHslorcfl Ar'I l  l .tcc,'IeAoBaHLIfl ABH]KeHI'If l nu6po4eIl '
rare,'rf l, npeAcraBr'reHHoro MareMarl,Irlecxoii uoAelhto c cocpeAoro'
qeHHbIMrr  napa Merp aMrI .

I4cno.rrgos auae M K3 A,'Ifi LIccJIeAoB aHLIs AuHaMvKu nn 6po4en-
rare,reft no3Bodrfler Ll3yqarb eu6po4eurareJllt co c,roxgoft xouSzry'
paqueil BxoAHofo H BblxoAHofo 3BeHbeB, a raKlKe yqI'ITtIBarb Ha'
Jrr{que nr,esoa$$er<Ta Bo BXOAIIOM 3BeHe nbe3ogd'leKTplrqecKoro BIr-
6po4eurare.[q. 3Aect B nepBylo oqepeAb seo6xoAulr,to KparKo ocra-
HoBHTbcfl Ha pa6orax, orHocttull{xcfl K onl{caHI'lrc KoHTaKTHoro
esa[[aoAeftcrBng reJI np]I rloMouln MK3.

A.ns onucaHrrfl yAapHofo 83allMoAeftcre.nq reJI oAHITM I,I3 noA'
XOAOB fBJIflCTCfl I,ICTO/'Ib3OBAHIIE ITCNXOft CCTKI,T KOHC'IFIOETCN'ICHTHOft

ALTCKpeTI.{3alII4I'I u OTO}KAeCrB,'IeHI.re HOpMa,'lbHbIX nepeMell{eHUft yS-

ros o6o[x reJI Ha Nouraxruoft noBepxHocru. Taxas, MoAeJIb, no cy-
IrlecrBy, f lBr'rffercf aHa,'roroM sorHoeoft Teopnfi yAapa ll 60lee lpu-
eM.rreMa B cryqae MaccHBIIbIx coyAapflIouuxcx red'I. B pa6ore [30] ,
HapflAy c KoHeI{HoS,reueHrHofi AIzcKpert43aqzefi o6oux KoHTaKTI{-
pyroulr4x reJI, I{cro,'Ib3yercr f t4ttore3a o6 ynpyrou rtof paHuqHoM
c,'Ioe B goHe KoHTaxta. Taxoe npeAcraB!'IeHI'te lrpIieMJIeMo raKx{e
B c,' lyqae onucaHun eu6po4aurate.left, lrpor,ecc KoHTaKTI'tpoBaHvfl '
B KoropbIX o6yc,roeneH MI.rKpolepeMeIrIeHI'ItMI'I nonepxuocret?.

B nu6poanfifarerlx HaprAy c 4eSopuaqzefi noeepxHocrHoro
cJron raKxe cr'IeAyer yqurblBarb e$Sexr KoHTaKTLtpoBaHvfl 3BeHbeB
noA Aeftcrel{eM cr.IJI cyxofo rpeHlif l. [e@oprraaunefi nonepxuocrHoro
cloa o6ycnoB,'reHo [pHB0AI.IMOe H aMI'I nOAp a3AeJ]eH He_ H a BI'IOpOABI'I-
rareJrrr c He[pepbIBHbIM I4 AIzcKperHbIM KoHTaKToM' B nv6po4nrzra'
TeJIrrx c Ar.IcKperllbIM KOHTaKTOM rIOApa3yMeBaeTcfi Bo3Mo)KHocTb
KOHTaKTr.rpoBaHrrfl 3BeHbeB JI14ll lb B At'ICKperHbIX TOqKaX BXOAHOTQ
SBeHa rrpn rloMolqu npI'IKpeIIJIeHFIbIX K HeMy Ma"IbIX KOHTaKTHbIX

10, l l ,  15, t7,2r,22,23;
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3JIEMEHTOB. .IIOXA.IIHUC KOHTAKTI]bIC qB.IICHI,I 'I MOiiHO CqIITATb HC3A.
BI{cLrMbrMr.r e xaxAor? TorIKe KoHTaKTHpoBaHufl .

Eo.ree c,'roxHbl c roqKrl BpeHHfl MareMarr.rqecKoro onucarvtfl tI
f locrpoeHrrfl npofpaMM MoAeJrripoBaHun nn6poABr.rrareJlr c HeIIpe'
pbIBHbrM KoHTaKTOM, KOHTaKTnpoBaHI,Ie B KOTOpbIX npol,IcxoAl.rT no
oIIpeAeJIeHHofi qacru IIoBepxHocrl, l 3BeHbeB. !,uuauuxa KoHeqHo-
aJreMeHrHbrx uoAeneft su6poAnurarenefi c HenpepbIBHbIM Lt AI{cKper'
HbrM KoHTaKroM ttpa noMoIqH MKO paccMarpI.IBaercfl B [9, 10,
I  l ,  l 4 l .

B sacrosuleft rltaee npr.rBoAllrcfl Qopltynuposxa o6uefi 3aAaqu
o ABilxeHr.ru KoHerrHog;reuesruoft MoAeJItt nu6po4nurareJIfl B Ma-
Jrblx IIepeMeIqeHLIflx u ee uo4uQHKaIII,If B Cr'Iyqae )KecrKoro q[,'II'IH-

ApHrrecKoro, c$epuvecxono LIJIII npruo.lIrHefrHoro BblxoAHoro 3BeHa
Afi fl KoHeqHbrx ero nepeMelqeuI't fi . 

- 
Ooplly,rrzposxa sa1a't t4 o ABI{xe'

Hrlu nu6po4Br{rareJrfl c Ar.IcKperHbIM KoHTaKToM TaKxe npI'IBoAI'ITct
AJrs cJryqar a6co,nmuo xecrKoro BblxoAHoro 3BeHa. B n. 2.4 npu'
BeAeHbI ocHoBHbIe BeJII{IILIHbI, xap aKrepl'I3yloque p a6ory nu6po4nn-
fareJrfl s uaronoN,r pexI.IMe (pexnu KoHeqHbIx nepeMexleHuli eH.-
xoAHoro .3BeHa rlpLI nos6yxg,eHI't LI BXOAHOTO 3BeHa OTAe,'lbHbIMI', l
r.IMrryJrbcaMrr LrJrLl ux [aKeTaMu) Lr B pex{LIMe HerlpepblBHoro Bpa-
rqeHuff npu nos6yxAeHl4a BxoAHoro eneua nn6poABllfareJlt nepuo-
Ar.rqecKHM gJIeKTpHqeCKI.IM CI{f HaJIOM.

2.1. N P O CT E N III [I E MOA EJI I,I B II E P OA B I4 NAT EJI E N

Bu6poAsnrareJrb c oAHofi creneHblo cno6o4u BblxoAHoro 3BeHa.
Ha pnc. 2.1 [pLIBeAeHa cxeMa en6po4nnrare,'If l , cocroxxrero LI3
BXoAHoro 3BeHa-nbe3oKepaMLIqecKofo nn6ponpeo6pa3oBaredTfl I.I
BbIXOAHOTO sBeHa - pOTopa, MexaHI{lIecKoe KoHTaKTI.IpoBaHIle Me}K-
Ay KoropbrMu ocyurecrBJlnercr B ror{Ke i. /Jns npocrorbl rIpLIMeM,
qro Ber rroBepxHocrl su6ponpeo6pasoeareJlr HaxoAnrcfl noA gJIeK-

rpoAaMII r{ npr4 gToM nepeMeHHble noTeHqI4a,'IbI Ha 3lTeKTpoAax 3a-
AaHbr. TorAa ypaBneHuff, orl l4cblBaloullte [pIrBeAeHHy]o MoAenn su6-
poABLIraTeJIfl, 3aII[CbIBaIOTCfl B BI'IAe

tMlir + Iclir + [,t] u : F (r) * Fi;
' . . .  '  l  :/U+bU:Mn i

rae F(l) - BeKrop y3JroBbrx ycunHfi nos6yx4eHaa Bc,leAcrBue noaK"rrcqenHoro
srreKrprqecKoro HanpflxeHur; lMl, tcl ,  t /( ]-Marpurrbr uacc, 4eunQupoBaHufi r .r
xecrKocrn KoHerrHogJ'reMeHrsofi lroAe'rn BXpAHOTO Sneua; u - nerrop-ys,roBhlx ne-
penaeuleHurl Bxo4Horo aneua; $ -,y^ron noBopora Bbrxo,(Horo gseia; M* - Kpy"
rquuri r\4ol,reHr nu6poAnurarenn; Fif - ctila raHreHur.{ar'rbuoro sosAerlcrsfir BxoA-
HOrO 3BeHa Ha BbIXOAHOe B TOqKe KOHTaKII.IpOBaHHs; Fi- BeKTOp y3JrOBbrX KOH-
TaliTHbIx ycu,nr.rft; i*, ir- HoMepa creneuefi cso6oArr KoHeqlrog,'reMeHruofr troAe,ru
BbrxoAHofo 3BeHa, coorBercrByroluse HopMarbHoMy r.i TaHfeHuuaJrbHoMy HalpaBJre-
Hr4flM B ToqKe KoHTaKTr.tpoBaHr-tr; &" - xoetbrbuqueHT cyxoro rpeHr.rr croJrb)KeHr.rt;
I u R- MoMeHr lruepunu H paAr.ryc BbrxoAuoro
sBeua coorBercrBeHHo; B - xoa$$uufieuT Br3Ko-
to conpoTI.tBJreHHB Bpau{eHHrc Bbtxo,4Horo 3Be-
Ha i  l (U tn \ -  eauHiquan $5 'uxqur ,  xapaKrept l ''  \  " ' . /
syloulaq HaJrt{que KoHTaKTa.

B cnyuae Hailv'tr4fl 6o,rruero quc,'ra
KoHTaKTr.rpyrcrqnx y3JroBbrx roqeK i, B no-
cJreAHeM ypaBrreHHr.r crrcreMbr (2.1) uaao
6pam cyMMy no BceM KoHraKrr-rpyrcrrluM
roqKaM l. He.nxnefiHocrb cucreuu (2.1)
o6ycnonnena cyxr.rM TpeHrieM cKoJrb)Ke-
HWfl, U BO3MOXHOCTbIO HapylxeHHq KOH-
TaKTa Me)KAy sBeHbflMr,r B roqKe i. Ocra-
Jracb neonpe4e.neHuoft cr4ila HopMaJrb-
Horo B3ariMoAeftcrBr4r F!ft . D,ns ee
oqeHKI.I Moryr 6t'ttr ucno.nb3oBaHbr pa3-
JIr.IqHbre cloco6br, [oApo6Ho onrcaHHbre
B .rr, 2.2. OAuutr,t LIB Bo3Moxnblx Bapr4aH-

roB orreHKH Ffi ssnsercf rpr.rMeHeHr.re rpeArro,'roxeHuq o6 ynpynou
[oBepxHocTHoM cJroe B soHe KoHTaKrr.rpoBaHr.rs:

2m+ l

F!fr :  kpiLT + cpi|2 sign (A); m= {0, l ,  2, .  .  . \ ,

rAe A: [)pi{I}w; Upr-nepeMeUeHHe ToqKn rroBepxHocrHoro crror; 'kpi,  cpi-
roer!$urlueHrbr xecrKocrr.r r.r Br3Kofo rpeHr.rr coorBercrBeuHo.

Bn6po4nurareJrb c HecKoJrbKr,rMI,I  creneHsMn cno6o4u BblxoAHoro
gBeHa. Stor ran nn6po4nurareJrf l  [o3BoJlger [oJryqr4Tb ABlrxeHrre
BbIXOAHOfO 3BCHA IIO HECKOJIbKI,IM HC3ABI,ICHIVIbIM KOOPAI'HATAM,
npr,rMeHr.rB oAHo r{ To x{e BXoAHoe 3BeHo - on6ponpeo6pasonare,rt.
3ro 6onrruoe npeuMyrqecrBo AaHHux nu6poAnurare.nefi ro cpaBHe-
Hr.rlo c ApyflrMr.I.

Cucreua au$$epeHllr.IaJrbHbrx ypanHeurlfi eu6po,4nzrareJrfl c He.
CKOJIbKII MI,I CTCN CH g M I,I CBO6OAbI I,I M CET B I,IA

tMlu + [c] u + [K] u :F(r) * Fr;
I/ l{, t} + t61{1i,}: M*i

F (l) :  - [r]@ (t),

r,le Ul, [b] - uarpuuu; rp - eexrop, upeAcraB,'rrlourzfi Asnxenr.re Bbrxo4Hofo
sBena no HecKoJrbKuM He3aulrclrMbIM KoopAuuaraMl Q - oexrop lroreHrlrraJroB BxoA-
HO|O 3BeHa.

F i :

c A B_ r  
i N

F A B- f i ^

U*: n'Fff ;
Fff : - k"F i.sigrr (Rlil - U ry)

F?i
.BA
f i T

:

(2 .1 )

Puc. 2.1. Cxerraa ru6po4aura-
re.[q c oAHofi creneHbro cBo-

6oAn sHxoIgoro 3BeHa

(2.2)

I (u,")'



Ocra,rrsue coorHo[IeHnff Mofyr 6urs no.nyueHsl aHaJrofrlrlHo
Bblrxer.r3,rox{eHHblM, oAHaKo sAecs 6o,'ree cJro}KHbrM r4 TpyAoeMKHM
qBJlrrercrr Bblquc,'reHr.re c6,ruxesuii KoHTaKTn pyrcrunx reJr r{ onpeAe-
JIeHHe pa3Hlrrlbr cxopocreft B Tor{Kax KoHTaKTrrpoBaHvfl.

Bn6poqnunarelr c JroKaJrr,r3oBaHHbrMr,t soHaMu nos6yx4eunn
BxoAHoro 3BeHa. B erou c,'Iyqae He Bcfl loBepxHocrl nH6ponpeo6-
pa3oBaTeJlfl HaxoAriTcfl rroA 3,'reKTpoAoM, H AJrf orrr4caHr.rfl ABr{xeHHfl
nu6poAezrare,rn He,'rb3fl cpasy npuMeHrrrb Sopnaynn (2.1) vilLr
(2 .2 ) ,  r ax  KaK  B  coo rHou leH l4n  F ( l ) :  - [ f lO ( l )  He  Bce  y3J ' ro -
BbIe [oreHIIr{a,'IbI I]3Becrgu. C qe,'rbro Iix otrpeAe,reHLrr ocyulecrBHM
lrepeHyMepaqurc creneseri cno6oAu KoHeqHog,{emeHrsori MoAeJr}t
aHa,'roruqHo n. .1 .2 u npeAcraBI.IM BeKTopbI ygJroBblx 3apflAoB r.I no-

/u , \  /Q, \  /o , \
reuuua. r roB B Br r . {e  U: l  U ' r ) ,Q: Ie ,  ) "  * : I r r , )  ,  . r .  

" " -
Aexc <<l>> coorBercrByer y3,'IoBbIM ToqKaM Ha 3r'reKTpoAax, a <2>> -

ocTaJrbHbrM y3JIoBbIM TorIKaM. 3apx4u Qz Ha He noKpbrroii e,rex-
TpoAaMr.r  uacru nn6ponpeo6pasoBareJln MolKno npuHrrb HyJIeBbrMH,
a y3JroBble noTeHIIr{a,'IbI or - 3aAaHFIbIMIi. TOrAa ypaBHeHils Ir4Ha-
rr,I l lxn nu6ponpeo6pasoaareJlfl Moxllo npeAcraBllrb B BLIAe

B xoAe HecJrox{Hbrx npeo6pasoeaHufi ue nocJreAHr.rx AByx ypaB-
seslrft crrcreMbr (2.3) ucxnrcqalorcn HeLIsBecrHbIe ysJloBbre sapflAbr
u (02, u fiepBoe ypaBHeHIIe Mo)Ker 6strl npe4craBdrleHo B BuAe

Izralu + (l f t+ [r,] [sr]- ' lrr l ' )u + tcl iJ:F(r) * Fi, e.4)
TAC

.  F i ry :  (1rr1 [srr ]-r  ls,r lT -  [?, ])(D,.  (2.5\

3apr4 Ha 3,'reKrpoaax {Qr} npz ueo6xoAr.rMocrr.r uoxer 6urr
Bbrrrr{cJreH no Qoprr.lyne

er : ( [r,]r - [srr] [srrl-' [rr]t) u +
* ( [s,r][srr]-' [s,r]t - [s,r]t),D,.

tefia, f i Ha3oBeM ero BxoAHbIM gBelroM nu6po4nurare,rn. f lpune4ena
Qoprul'.rrrzpoBKy 3aAarIa. B Ma./Ib-rx nepeMeureHHsx, T. e. rIpuMeM, qro
aMnJrr.rryAa xone6aHrzrl nro60ri ro'rxH BXOAHOTO uJru BbrxoAHoro
3BeHa, a raKlKe nepeMellreHue 1rc60fi TOqKr4 Bbrxo,ItHoro 3BeHa 3a
cqer efo ABH)KeHr1rr xax a6co.urorHo )KecrKoro TeJra 3HaqHTeJrbHo
MeHb[Ie Me)Ky3JIOBbrx paccroflHufi xoHeqHoe,telteursoft MoAenI{.

Puc. 2.2.  Cxeua nu6po4Burarenr c HenpepbrBr ibrM KorI-
TaKTOM C .MaJrbrMI.I nepeMemeHUflMIt BbrxoAHoro 3BeHa
(a) n c o4nofi cleneHr,rc ceo6oArt BbrxoaHoro 3BeHa aJrfl

KoHeqHbrx nepelreueHuft  (6)

t lacrr [JIouIaAr.r [oBepxHocTn, no Koropofi noeuoxr]o KoHTaK-
TLIpoBaHue MelKAy 3BeHbgMH, o6osHa.Ifir,r S a 6y4eru cqurarb ee
HenpepbrBHofi. f lpeanono)KeHue o HelpepbrBHocra S He yMeHbrxaer
o6u{uocru [ocraHoBKr.r 3a4a'e.u, TaK KaK B rrpoTLIBorroJIo>KHoM cJry-
qae Bo3MoxHo BBeAeur.le KoHeqHoro qHcJIa TaKr.rx noeepxuocreft,
A/'rfi Kax(Aoli us roropux cnpaBeAJrr.rBbr npr.IBoArIMbre Hrr)Ke paccyx.
,4,eHH.g.

o)

tMlU + tcl  u + t ,( lu + [7r]rD, * lr l  (Dz:F; )
[ I , ] tU - [S , , ]O r - [S , r ]@z :Qr l  I  t Z .a l
[rr] .  u - [s,r].  @, - [srrJoz:0. )

(2.6)

f loAcraef lsq (2.4)-(2.6) n cucreMbl (2.1) utvr (2.2),  nonytu*r
cHcreMbr At,tQSepeHqHa,'rbHbrx ypanueuufi ABr.r]Ker{r'rfl nu6po4aara-
TCJIfl.

2.2.  BI , IBPOIIBI , I IATEJIb C HENPEPbIBHbIM KOHTAKTOM

KoneqnoereMeHTHaq MoAeJrb Arc Marbrx flepeMeqeHufi eHxoll-
Horo BBeHa. Paccuorpurra au6po4Br4fare,rrb KaK cr{creMy AByx KoH-
TaKrr.rpyrou[x no nexoropoft qacrn cBonx rroBepxHocreft rer A n B
(pvtc. 2.2,a) . llycrr re.no B r't Meer oAHy r.rJrr{ HecKoJrbKo crenesefi
ceo6oAH ABI,I)xeHr{fl xax a6co.rynrHo xecrKoe reJlo, HasoBeM ero
BbrxoAHbrM 3BeHoM nH6po4nzrarena. f lpu gToM TeJIo A npuueu
3aKpelJreHHbrM, T. e. He lrMeroil{rrM creneuefi ceo6o4bl }KecrKofq
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I(oHraxrupoBaHne e Narxrroii ToqKe nJroil laAtr noBepxnocru S
a npoaenonruuf i  MoMeHT BpeMeHH ueo6r3arerr , r ro,  oAHaKo Bo3-
Mo>KHo BcJIeAcrBLre Ma,'rbrx nepeueuleHuft noBepxHocrHbrx roqeK
3BeHbeB eu6po4nurareJrfl, rro3ToMy n ynorpe6nqercs [oHrrr.Ie <<Bo3-
MoxHoe KoHTaKTr.rpoBaHr.re>>. OnpeAe.ruv Ha noBepxHocru S Qysx-
qurc g(x, g,z), osuar{arcuyn HaqaJrbrroe paccrorrHr{e Mex(Ay rro-
BepxHocrHbrMfi ToqKaMr4 3BeHbeB rrpa orcyrcrezlr xore6auurl. 3tra-
qeHr. r f l  lg@,a,2) l  AoJr lKHbr 6nrr  eerr . r . ruHaMu roro xe f lopsAKa,
IITO I.I nepeMel]IeHI'If l , T. e. 3HaqI{Te"IbHO MeHbIIIe MeX{y3JIOBbIX paC-
crosnrfi. f loarouy Mo)KHo cqnTarb, trro KoHeqHog,'reMeHTHafl Anc-
Kperr.{3aqr.rf l Bblrro,'rHeHa raKIzM o6pasou, tITo noBepxHocrHbre y3,'ro-
BbIe rorIKI,I o6oux 3BeHbeB, coorBercrByloxl[e S, cognaAalor, I{ Ko-
HCqHO9JICMEHTHAfl  MOACJIb HC MCHgCTCg BO BPCMEHI. I  BCJICI,CTBI4C

M a JIOCTI'I ne De t',l eUIeH n fi .

3arelr paccMorpr.rM MexaHriqecKrzri xouraxr Me)KAy 3BeHbrrMn.
SnenrpouexaHr.rrlecKlle cI{JIbI, Aeft crByFoIIIue Ha 3BeHbfl , BbIp a)KaeM
npn noMouru BeKropoB ys,IIoBbIx ycunwft F/, FB. B rarolr cryrlae
AT,IHaMUKa KOHeqHOS,'reUesrHoft MoAeJIrr eu6po4ezrareJlfl ofi lrcblBa-
ercs clicreMorl ypanueunft

E B A
I

(2.7)

,qOCTAIOIUI,IMII qJICHAMU tl YPABHEHI,IfMN AIJATOT[IqIIO BbIll lCIIDHBC.
AeHHOMy.

3anernlr, qro cHcreMy (2.7) He,rb3s pe[rurt,, He onpeAeJrHB
B€KTopoB ygJroBbrx cHJr KoHTaKTHofo 83anMoAericrBr.rf l FAB H FBA.
floarouy seo6xoAznio r{ccJreAoBarb ycJroBr.rfl paBHoBeczq Ha rro-
.BepxHocra KoHTaKTT{poBaHufl. C r{e,'rt}o yrrera roKaJrbHbrx KoHTaKT-
HbIx qBreHurl npuueu runoresy o cyqecrBoBaHur4 Bfl3xoynpyforo
[oBepxHocrHoro croq Me)KAy KOHTaKrr.rpyrcqr]Mr.r rroBepxHocrsMH
o6oux ren. B c,'ryqae HnrrroxHo ua.no.fi ToJrlqr.rHbI gToro cJrorr MolKHo
fipr{HflTb, rITo cyMMa 4eftcrnyrcu1xx Ha loBepxHocrrt cwl AoJIXHa
6urt uyneeor?, T. e.

f l B f l B e : 0 ,

rAe f/8, fBA - oexropu, Ko_MnoHeHTaMu Koropbrx tBJlflKlrct KoHTaKTHbIe Hanptxe.
Hr.rt B HanpaBJreHusx oceft xoopAlruar (rau4excu ,48 ogHa'rarcr, vrg cu.nsi geft-
cTByr,oT oT TOTTKH rena A x roure rena B).

O6osHaquNa
f  : ; a e : - l / 8 ,  e s .

3areu paccMorpnM i-rc noAnoeepxHocrb S; G S, o6pasooauHyro
coltpr.rKacarcuruMrtcs rpaHrMrr 4nyx I(3, npr]HAaJrexaqux pagrlrq-
HbIr\{ gBeubrrrr,r. flpuueu, qro grr{ KO cor.nacoBaHbr, rrogTonry Qynr-qua Qopun Ha cottplrKacarculnxcr fpaHflx AoJrlKHbr 6url paeHu
MexAy co6oii Anq o6oux K3:

[ N A ] ; :  [ N u ] , :  U / l i ,  e S i .

3Aect uuxsuft HHAeKc <<i>> ogilaqaer, qro HMerorcfl B BLrAy Qynr.
qta Qopuu Ha noBepxHocra nJror{a4trc S;. TorAa BKJraAbr FAB u
FBA n.noulaAr.r [OA[oBepxHocrr.r S; B BeKropbr ygJroBbrx ycunuit FAB,
FB/ ganucuBarcTcfl B Br.r.rle

-Ffu: Ffu : (2.8)

Tax nar npH ABr.rlKeuuu eu6poABr.rf areJrs r.rMeer Mecro ttpo-
cKaJrbsbrBaHr{e MexAy BxoAHbIM r.r BbrxoAHbIM ero 3neulaun, neo6-
XOAI.IMO TaKX(e IIOABepraTb aHaJII.I3y ABLI)KeHLIe norpaHI{qHOrO CJIOfl,
xoropuft B cr.rJly KoHeqHocrLI noBepxHocrlr KoHTaKTr.rpoBaHHs
HeJIb3rr npeAcraBr.rrb B BlrAe o6sllHort peod'rofllqecroft rrnoAe,ru c co-
cpeAoroqHbrMr.r napaMerpaMn. Ann r.r3yqeHnfl ABn)KeHafl TaKoro
florpaHr{quofo cr'ros qe.recoo6pa3Ho efo raK)Ke orrucarb B Br.rAe
KOHeqHO3JreMeHTHOii MOAeJrrr, O6raAauqefi XeCrXOCrbrO r.r Bfl3KAM
TpeHIieM B HOpMa,'lbHOM I'I TaHreHI{I 'Ia,'Ibl-IOM Ha[paBd'IeHI4flX' npl1qeM
nepeMeilreHnq s rlo6oN,{ ag HanpaBJIeHuft o6H.IHo rlpt'I Hr.rMarorcfl
HCSABHCI, IMbIMI4.

flnoqaAl noAnoBepxHocta Si nyrenoft ToJIIIIITHbI 6yAerr.r cqlzTaTb
i-ru KO nofpaur.rrrHor-o crorl. B xaxAoti roqK€ Si eu6epeu JroKaJrb-
Hylo lprrMoyroJlbHyn cHcreMy KoopALIHar (er ,ez,e3) ,  Tperbq ocb
roropoir nepneHAHKy,'If ipHa S; Ir Ha[paBJIeHa or geeua A r sneuy B.
fleperraeuleuus e arofi roxa.l luoft cucreMe KoopAl,rHar o6ogna.r[N4

lMu)uu + [cA] 0, + [(r ]u/:  FA *

lMBli iB + [Cu] UB + [KB]UB: FB *

0
0

0

FA8
t tntltas.

s .

rae IMA\, [co], [(o], [M"], |Cul, [(8] - crpyxrypHble MarpurlH Macc, 4erran$upo-
BaHilfl u xecrKocru BxoAltoro I.t BblxoAHoro 3BeHbeB coorBercrBeHno; UA, UB -
BeKTopbr ysr'roBbrx nepeneuleuufi, Fn, FB - BeKTopbr y3JroBbrx ycunuh, o6yc,roueu-
HbIe BCeMI S,leKTpOrvreXaHr.rqecKHMH CfiJraMr.r, ,qefictnynulutull Ha 3BeHbfl, KpoMe crul
KoHTaK?Horo ssauMoAeficrsua; FAB, FBA - nexropu y3JroBbrx ycuttuil, o6ycnonneu-
H bte cHfl a MI-I KoHTaKTHoTo n g aH N.r o,nefi crsu g.

3anucr Bropbrx cJraraeMbrx n npanofi  cropoHe cl. IcreMbr ypaB-
neuufi  (2.7) 03Haqaer, lrro KoMrroHeHrbr FA8, FBA pacnpeAeJreHbr
no eceii A,rlr,rHe DeKTopa y3JtoBbrx ycn.rnii tsxo,4t-tofo I{d'ILt BblxoAHofo
3BeHa corJracHo HyMepauulr y3JroB. Heyuer gJleKTplaqecKux H Terr-
JIoBbrx Ber'rn\rr.rH B cr4creMe (2.7) ue HMeer orHoueHaq K rrpr.rBoAfi-
MoMy Hrrxe BbrBoAy ypanHeuufi MexaHxqeckoro Bsar.rMoAeficrBr.rr,
n npn seo6xoAulrocrr{ cl{creMa (2.7) Moxer 6lrrr AonorHeHa He-
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lAl la l  [ t r ] ,  u rcl lo lb3ytt  Qopuynu (1.19),  sa-
Marprzubr )KecrKocrr't l-ro K3 ltofpaHuqHoro

[,('], : I tatl totlBli ds,
S r

f ipfirreM lrHTefpIlpoBanr.re BbrrroJrHflercfl e rno6aflruofi cncrene xoop-
.II,HHAT.

O6osuaqrs

r,4,€ lrsr 
" 

: i-, 3 - xoaS$uuHeHrbl 4erranQuponaHnfl nofpaHI,ItIHoro
crorr B HanpaBJreHr.rrx roKaJlbHbtx oceli, 3arlf itr leM BbIpa)KeHI.re Mar-
pauu 4el ln$r lponauur I (3:

lc"l,: I l,vtl lol'In)[a][.v]r ds.
s't

f lo,ryueuuue noc,'re cocraBJreHLIq Marp14tr aHcaru6rq MarpLrIrbI
MecrKocrn n aevn$upoBaHI.If l [orpaHLIrIHoro c,ron o6osHarlnN{
[^K'] u IC"] . Bepnemcr rerrepb K onpeAe,'IeHLIIo KoHraKrHL'IX Ha-
npax<euuft f u coorsercrByroq[x BeKropoB ysJIoBbIx ycunnft. Onsrt
paccMorpr.rM ry xe rapy K3, o6pasyrcilryrc KO flofpaHllqnofo
cflos s;, e xaxAofr ToqKe KoToporo o[peAeJleHa JroKa,' lbHafl cHcTeMa
KoopAI{Har (e1, e2, es).

Kosrarrsue Hanprrx{eHLIfl p r.I ltepeMeIqeHI.Is ttoBepxHocrHbIx
ToqeK BXoAHoro Lr BbrxoAHoro 3BeHL,eB 04, 68 B JroKaJIbHofi ctlcrerue
KoopAraHar cBfl3aHbr c coorBercrByIoIqI.IMLI BeruquHaMu g rno6arr-
gofi cucrerrae KoopAI.rH ar coornolrenltrMLI

p  : l a l f ;  0 A  :  [ a ] U o ;  6 a :  [ a ] U B .

B cnyuae KoHraKTnpoBaHhfl. nepeMerrleHue nrc6oft ToqKH flofpa-
Hr.rqHoro cJrofl B HopM aJrbHoM HalrpaB!'reHlIN o6ycnonneHo 83aLIMHIIM
nepeMelqeHr.reM cooTBeTcTByIoulnx ToqeK BxoAFIofo II BbIXoAHoro
3BeHbeB B HopMaJrbHoM Ha[paBJreuuu. E4uHLIr{Hylo $yHxqurc, onpe-
Ae,'IfIOIqyn HaJII{rII{e Ii,'IH OTCyTCTBI'Ie KOHTaKTI.IpOBaHHfl B TOqKe nO-
BepxHocru S, uoxuo 3anllcarb B BLtAe

I  (uA, uB, uo, g,ps):  { : 'npa 
( [a]e(uLua -  u")+g<0)0 ks < 0);

(  u ,  B r rporHBHoM cJlyqae,

rAe 0 - JroruqecKaq Ar.I36rogKrrr.rs.

TorAa AJrs [JrouraAr{ noBepxHocrr4 KoHTaKrI4poBaHrfl S Ao.nxHu
BbIIIO,'IHfl TbCfl yp aBHeHI,Ifl

t  1gr ,  uB,  un,  g ,  p i {a ls(uu -  ue -  un)  *  g) :0 ;  (2 .1 l )

pg:  |  (uA,  uu,  un,  pa)(U"ds *  t j "pr ) .  (2 .12)

'[H'|:tf ;' ;]

/o i \
-  l  - l
6" - l  6i  

I ,  
u nVcrl  oHH cBfl3aHbr c nepeMerr leHuflMr.r  s rno6anr.

\o l  / / r r i \
t l

sofi cncreue KoopALIHar un : I al I cootHoureHuerr,t
t l

\ r I  /
6 n  :  [ a ] u n ,

r,qe [a] - Marplrua HanpaBnqloulfix KocnHycott-

,I l,e$opuauau e [ofpaHI'IIIHoro cJlotl B nrc6oii roqKe KO s ro'
xalrsori cr{ creM e KoopAI.I H ar np eAcraB }t M coorHoIII eHI'I s M I'I

/er,t l+ o ol
l*l: l  o g o lo", (2.e)
\,;/ | : u:, 

; II -U  U

a Hatipf lxeHI, l f f  -  cooTHoIIIeHI{f MIt

/ o t \  f d ,  0  0 l
o : l o r l : l  o  d2  o l e : [D ]e ,  ( 2 .10 )

\ ' ; /  Lo o d,)
rAe z/" - roe$Qnuueur xecrxocrn florpaul{qHoro cJlot, s : 

-t, 
3.

Mu ue paccMarplrBaerra 4e$opuauufi I.I HanpqlKeHIaii cAsura

B [OrpaHI. IqHoM C, ' IOe ] rs ,  Trs,  f ,  S:1,3,  tax KaK Ha [paKTI. IKe AJI f l
yqera ynpytl.rx csorlcrB rloBepxHocrHoro cnoq o6HtIHo AocrarorlHo
coorHoueHuft (2.9) n (2.10). I( rouy xe, onpeAed'IeHLIe peaJrbHblx
Be!'rnrryrH g,'reMerrroB lDl qacro Bo3MoxHo JILIurl npu6raxeHuo.
OAsaro B cf lyqae seo6xoAuuocru n (2,9)  a (2.10)  MoxHo BBecrH
B paccMorpeHue cABr.rfoBbre Hanpfl)KeHr.rx u 4eQopuaqr{H, a raK}Ke
coorBercrByroql,te xosQSzqueHrbl )KecrKocrLI.

!, la uHrepnoJrsqIzu Me]Kys,IIoBbIx sHaqeHlar? nepeMexleuvfi no-
rpaHnrrHoro cJrofl Lrcrod'rb3yeM re xe SyHr<qua Qopnau [//] ;:

u " :  [N l  ;Un ,  e  S i .

Tax xar $yHxr1r.rr.r $opuu 3aAaHbI n rlo6a;ltsoii cncreue roop-
ArrHar, s AarlHefiueu yAo6Ho Marpl{qy gu$QepeuqrpoBaur{fl rr3
(2.9) raxxe npeAcraBllrt e rro6artHblx nepeMeHHbIX:

lu,,**u"*+b** o oJ
[ / ]  : f  ^-+b", ! -+h,,+ I
t"r 

; o brti, , .. dlJ .' dz o 
I'II  o  o  l l

il.le bu, i, i : lr 3 senarctcR e,'IeMeHraMI't Ntarpnqu [b] : 141-t.
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3aecr Ia]3 osHauaer rperbro cropoHy rr larpuqu Ia].
fIpnHRn, rrro [pH rrpocKar'rb3brBatrln noaepxuocreft 4eficrnyrcr

Jrarrrb. criJrbr cyxofo rpeHfifl c KogQQuupreHToM ft", sanr.rureM Bbrpa-
MeHHrr AJrfl TaHfeHrluaJrbHbrx Hanpfl)r{eHr4fr pr, pz:

p r :  psk"s ign  (d"B -  0 j  -  OJ) ,  
"  

:  l ,  2 .  (2 .13  )
Vqer cu.u Brr3Kofo rpeHr.rfl cKoJrbxeHr.rfl rrpu rroMoullr Aononna-

rerbHoro qd,reHa ft"p, (d/ - 0f - 6J) 
" 

npaeoft qacrr.r (2. l3) He
M eHr er cyrll H ocrr.t Aa;l nHe ri urero r.r3JrolK eH H rr.

3anarueu- ypaBHeHr.rs (2.11)-(2.13) e i -r? ysnoeof i  roqKe no-
BepxHocru. Vsnoeoe 3HaqeHr.re Qynxrlur g o6osuaurzu uepes Gl,
BeKTopbI y3r'roBblx nepeMeuleuuft ysna uepes Un i, UAi, UBi, BeK-
Topbr y3d'roBbrx euaqeultft KoHTaKrHbrx Ha[pfl]KeHr.rft uepes pi :

/  p i \
t l

: I Pi I rt sHaueHue MarprIIbI [a] z j-fr ys.noeofi rosKe - qepe3
t l

\PJ  /
[a] i .  Tor,qa ypaBneHnfl  (2.11)-(2.13) coorBercrBeHHo rpeo6paey-
IOTCfl B Cr'reAyrou[e:

I (Uur, U1/, gn/, Gt, p!)([o]j(uur -t)Ai- uni) * Gi) - o;
Ptr:1a1l1tl"ld, * Unrp.) I (uui, uA/, Un/, Gt, p!\;
P ! :P lk "s ien( ta l j (uBt  - i JAt -  u i ) ) ,  s :  l ,  2 .

Kourarrsue Hanpflx(eHuq e .lt106or? roqKe norepxnocru I(O

{f}: [tr], [c!;] P,. (2.14)
3,qecr [ai;] nurercn 6ro,rnoft rraarpuqeft nn4a

rAe ys , t lb l  ieSr  k  e51,  leSs , y3,1OBbrx nanpaxeunfi

KO Sr.
floAcras,'rqs (2.1a) s (2.8), no.ny.ru,,

Fir: \ t,vtl ttrlr taiilds,p,.
s';

O6ogHaqHM

Herpy4no gaMerlrrb, qfo nocJre cocraB,,reHr.r, r.rs Marprzq [?r];MarpHrrbr aucau6.irs Ir"] Ars ecefi KoHeqHos,rreueursoft Mo,4e,rH
[orpaHHqHOrO CJrOs cnpaBeAJ[rBO paBeHcrBo

[ f " ]  P  :  fBA '

3anuureu [oryrreHHyro crrcreMy anQQepeuqr{aJrbHbrx ypaoueHuft
ABlrxenr-rr KoHeqnogJreuesrnoft MoAeJrH nn6po4anratela:

IMA]uA + [C,4] u,l + [/(e] ue: n", I
. l

;l
* FA;

Iualiiu + [cB]uB + t(Bl UB:

0

EAB
I

0

[c']u" + [K"][Jn -paA.
FBA:  -  F '48 :  [ In ]  P ,

14 AJre. Kax{Aoro ysna i € s, AOilXHbr BbrrroJrHrTbcfl ycfloBHq:

1(u8t,  ur i ,  go/ ,  GJ, pi)k l leut  - tJAt -unr)*G/) :0;
pi:1cfi1u"tdr+ U"/pr) I (Uu/, Ue/, gn/, Ct, p$;
p!: ptk" sign ([a]j (u Bt - uAt - u"/)), s : t, 2.

flonyvenHaff crrcreMa azQ$epeHrlr4aJrbnbrx ypanueHzft, flBJrflerct
cyqecrBeHHo se;luHeftsoft, n ee perrJeHr,rr o6uqHo He yAaercfl nafiru
ApyrHM rryreM, KpoMe qr{cJreuHoro r-rHTerpupoBauur. floc.rre rroJry-
qenr.rfl perxeur.rr cr{creMbr (2.15)-(2.16) a xax4uft MoMeHr Bpe-
MeHri B Br{Ae BeKTOpOB y3JroBbrx fiepeMerqeHafi ocraercfl BbrAeJrrjTb
cocraBJlffr,oqyro ABr.rxeHufl BblxoAHofo SBeHa xax a6co.ltrorHo x(ecr-
Koro reJra._ 3ro uerpylHo cAeJrarb nyreM npeAcraBJreunff efo repe-
MeuleHr,rq UE n roopAtHarax co6crseHHux BeKropoB, T. €. B Br.rAe

u B :  I L B I Z B ,

r.qe LA"l - Marpr.rqa, coAepx(auaq co6crseruue BeKropbr BbrxoAHoro sseHa I no
cToiloqaM, noflyr{eHHafl npx pelueHllu SaAarr[ o co6ctseHur,rx 3HaqeHErx

detl [(8] - o2[I48] | : 0. eJ?)

(2 .15)

* FB;

t"i,r: 
[lor t' ,,i,],
a P;:( i i )-Be*rop

I
81

] , ,  
,u,

[ I n ] i : lrll Iruli [a!,]as.
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flepnue ln cron6uos Marpr.IIIbI [AB] o6osHa,Iura 7r, Vz, ... V*,
npr4qeM m paBlra qr.rc,'ry crenerreri ceo6o4u BbrxoAHoro 3BeHa KaK
a6co,rmso )KecrKoro re,ra. O,resnAuo, I { m ( 6. tr4cnortsyfl ro
o6croqrenscrBo, rITo coorBercrByloulne BeKropbl B [Au] HopMltpo-
BaHbI, T, e.

ILBY lMBl [AB] : Ul ,
rAe U] o6osuaqaer eAHHnr{Hy}o Marpliqy, roJlyqnM

z-  lLBrLMIBUB.
TorAa cocraBJrfrorqaff ABuxieHLItt BbIXoAHofo 3BeHa no A-fi cte'

neuI.r cso6o4sr a6co,rrcTuo xecrKoro redrla Mo)Ker 6url npeAcraa.

JIeHa v a]l.$e Y6zBp, a CyMMaplloe erO <<)KeCTKOe>) ABI{)K€HLI€-
B BIIAC

ui: ft,z|Yn,
ve zf; - E-fi e,rreuesr nexropa ZB.

K rouy xe Hyx<Ho orMerl{Tb, t lro HeT ueo6xog,nuocTll f iBHo pe-
uar[, saAarry (2.17), raK KaK nepBble m co6crseuHblx BeKTopa
Mofyr 6um cSopuupoBaHbr r.rcKyccrBeHHo, T. e. c [oMoIIIbIo coor-
Houresvft aHa,'ruTlrtlecrofi reoueTpr4r.r rlyreM BbIqHcJIeHHff BeKTopoB,
IrpeAcTaBJrfl roIIIHx nepeMerrleHr{f , nap aJIJIeJIbHbIe OCfl M KOOpAIIHaT,
n loBoporbr BoKpyf oceft roopAuHar 6es 4eSopuaqull reJla.

Tax rar Haqa,'IbHble ycJIoBLIfl o6nt.{Ho BblqucJlflIorcr I,I3 cucreMbl
KoHerrHoaJreMeHTHbrx ypanHeHI.rii, otrI{cblBaIoltl{x crarllqecKoe Ae-
$opruupoeanHoe cocrorrHlre 3BeHbeB, LrHorAa Bo3HI4Karor garpyAHe-

Hrrfl, Bbr3BaHHbre BbIpoxAeHHocTblo MaTpI.IIlbI xecTKocTl.l He3aKpefl-
JreHHofo BbrxoAHoro gBeHa. floerouy B TaKI,tx cryrlaflx IlpnxoAlircfl
TeM r.rJrn r4HbrM cnoco6onn npeueHHo I,IcKJIIoqI{Tb creneHn cso6oAH
ABLI>KeHHI )KecrKoro reJIa, HarlplrMep rlyreM BBeAeHI'Is Szrtunuux
gaKpefiJleHrift e roqxax, HeIIoABI4)KHocrb Koropblx orleBllAna no $n-
3IIIECKOMY CMbICJIY HJII,I TIYTCM IICPCXOAA B KOOPAI'HATbI HOPMI{PO.
BaHHbrx co6creeuurrx BeKTopoB Lr I{cKrIoqeHI{eM I{g paccMorpeul,In
MOA, npeACTaBJIflrOIqrIX ABlr)Ker{[e BbIXOAHOTO SBeHa KaK aOCOJIIOTHO
)KCCTKOIO TCJIA.

Cncreuy ypanueunfi (2.15)-(2.16) yaaercs pettrl lrb c yAoBJIer-
Boprrred'rbuofi ro.ruocrrlo, ec,tIz 3HaqeHHl NoeQ$uqueHToB )KecrKo-
crfi B [D] ue clrrrrrrKoM BeJII4KLI (npaxrnvecKl4 MaKcI{MaJIbHo BoB-
MoxHoe coorHo[reufie r]x c npI.rBeAeHHbIvr r<oeQSnqileHroM xecr-
Kocrr{ caMoro 4eQopullpyeMoro re,'Ia B TolIKe KoHTaKTI{poBaHnfl
o6ycnonneuo KoJrHqecrBoM 3Haqaqax uuQp B MaHrl4cce Ma[ILIHHoro
cJroBa 3BM u npoAoJrxr.ITeJlbnocrbto HHrepBaJIa BpeMeHn, B Koro-
pol.r lleo6xoAllMo [oJlyrlurb peureHlle). B cryrlae 60.nlruvx SHarIe.
trnfi xoeQ $nq[eHroB ]I(ecrKocrt'I u,enecoo6p a3Ho rIoJIo)KIlrb

U n  / : 0 ,

t. e. oTKaSaTbcrI oT rr.InoTe3bl noBepxHocTHofo cJIofl Ll BBoAfl TeM
caMbrM orpaurqeuuf l  B c l {creMy (2.15)- (2.16) .  Oupegeneuue orpa.

a8

UUqCHNft  B CIYII -AC NNOCXOII  NOBCPXHOCTII  KOFITAKTIZPOBAHH'I  HC TIPCA.
craBrTfler co60r1 sarpyArreHHii, o4uaxo A,rrfl Kpr.rBbrx nosepxuocreii
oHo Mo)Ker oKa3arbcr BecbMa c,'roxubrM. He 6yaerrn Aad,ree ocra-
HaBJIHBarbcfl Ha 3ToM Bonpoce, tev 6o,ree, rITo B gaAar{ax o AByx{e-
uuu _ eu6po lsurare,'r efi f Hrrore3 a nof p aHHqHofo croq He Lrcnorb3yercq.

KoHe'rHoareMenTHafl MoAe.nr, Aflf l KoHeqHbrx flepeMerqennh nu-
xoAHoro 3BeHa. Paccuorpnna xapar(repHbrfi qacrsuft c.nyuaft rocra.
HOBKA 3A4aqn o ABr.rxeHr.ru nu6po4nurareJrq, B KoropoM BbIXOAHOe
3BeHo npeAnoJraraercs rre4eSopvrr.tpyeMbrM, n Sopnre qr.uruHApuqe.
cKoro poropa, Bpaqarcruerocfl BoKpyf ceoeri ocu (puc. 2.2,6), uro
qACTO BCTPCIIACTCfl  HA TIPAKTI, IKC. BC,TCACTNPIE HCI, I3MCHHOCTI '  KOOP.
.u,tlHaT IIOBepXHOCTI.I BbrxoAHoro 38eHa np14 efo BpaxleHr.ra TaKas,
MoAeJrb nz6po4errareJrfl rrpuro l.,Ha v Arq KoHeqHux nepenaeqerrur?
BbrxoAHoro 3BeHa.

flouecrzr'r_ na6po4nurareJrb B npfl Moyro,'rbHylo crrcreMy KoopAr.r -
Har raKItM o6pasolr, qro6u ocb BpaueHlrfl BbrxoAHoro seeHa 6br,,ra
6u napa.n.ne.rrbHa ocu Og. Pa4rayc poropa o6osnaqz\a r(g), r. e.
NPHMCM CTO IEPCMCHHbIM B HAI]PABTCHI. IV OAl BPAII ICHI. I f l .  TAX XAX
BbrxoAHoe 3BeHO B HaCTOSUIeM Cryqae HeAeQopuzpyeMo, r{cK,'rrcqr.{M
rz3 paccMorpeHr.rfl Marpr.rrlbr IMul, [Cul, [r(r]. Vro"l rroBopora Bbr-
XOAHOIO SECHA O6OAHAUNTT  rP IE I IPI , IMCM 3A TIOJIOXHTCJIbFIOC HATIPAB.
JreHrre ero BparqeHr.rfl rrporr.rB qacoeoii crpeJrKn.

Tor4a cricreMy auQ$epeHurraJrbHbrx ypanneunft, onucbrBaroqyro
ABH>r{eHr're raKofo al l6poAnurared'I f l ,  Mo)KHO 3aIII{Carb Ha ocHoBe
(2.15)-(2.21), yqr.rrbrBas, rrro B raxAori ysnoeoli roqKe noBepx-
HOCTIZ

rae R/ - sHaqeHne paArryca
uorpaHIiqHOrO CJrOs,

BbrxoAHoro 3BeHa, coorBercrByrouee ysaonofi roure /

Kpoiue roro, K cr.rcreMe seo6xoAl.rl,ro Ao6aenrt eqe oAHo ypaB-
HeHI{e' oflI{cblBaloqee ABI'IXQHI'Ie BbIXoAHoro SBeHa KaK xecrKororera: 

r,p + rt.i,) ---- M"* M*,
rAe /-MoMeHr uuepqus BbrxoAnoro 3BeHa BoKpyf ocrl-BpaureHnfi;  c(rp) _Synx-
tlus, ofiIlcblBaloulas 3aKoH conporlrB,'leHufl BpauIeHI-Irc; M" - lron,teur conDorr.rBJre.
II[s BpaIIIeHI.rrc BbIXOAHOTO SBena; Mn - xpyrsulnfi MoMeHT, Sr,rqzcrsel4ufi no $op-Myne

t r tall fds.
S;

(2 .18)

.- _Cyrurr,rq n (2.18) 6eperca rro BceM Kg SieS. IloacraBJrflfl
(2.14) s (2.18),  noryr{HM

( Rt.D ]
tJBt  : ( td l t ) - ' {  0  f ,

to )

Mn:f t  rP,as: I
t S l  t

| 0 
r[al1lN]1t43;l asns)'

44'
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KpyraItlufi MoMeHr
pa3uTb rlepeS y3fioBbre

6es gHaqure.ntuofi norperxHocrlr
3H ATICHI,Ifl KOHTAKTHbIX CI{JI

rAe cyMMa 6epercr no BceM y3JraM j e S.

x

Psc. 2.3. Cxelra ruuefisoro sl,t6poael,trarem

OxouqarenoHo noryqaeM cr.rcreMy aa$Qepeuqr{aJrbubrx ypaB.
nesuil

IMAliiA + tc,4lu, + tl1rl ue: FA *

(2.1e)

[c'l u'+ [,<'] un: FBA;
FBA -  -  F ,4B:  [ In ]  P ;

f,i, + ,(,1,) - - M"+ 
,!" R/ [o]{F"t,

u ,.Itfi KaxAoro yena j e S Ao.rrxsbr Bbl[oJrHrrbcfl ycfloBllq

l  (0, uAt, uut,  Gt, p0(-[o] i(uo/+ u")4ct):o;
pJ:talj(u"tds*untpr) I (0, uAi, uu', G', pl)l

pl: ptk"sign(R/rb -Ial (uu, + u",));
pl: ptn"sign (- loll(tot+ U"i)).

AHalornquo MoxHo npeAcraBr.rrb r.r cr{creMy auQQepeurlrraJrb-
Hbrx ypaBgeunft, onzcbrBaroulyrc nuHefisufi urbpoa,iziareJrb, Bbr_
xoAHoe SBeHO KOTOpOTO r.rMee-T OAHy CTerrenr cso6bAH npruonuueft-
Horc repeMerrleHr.rfl (puc. 2.S) . B raxou cryqae e xa)i{lofi roqKe
KOH.TAKTI,IPOBAHI{fl JIOKAJIbHAg CI{CTCMA KOOPAI.IHAT AO.NXUA 6UrI
eu6paua raKaM o6pasou, qro6u ocr Oe1 6atia 6u nupuro.nin, 

"u.rtpaBJreHHro ABU)KeHr{fl BblxoAHoro 3BeHa. flnr onr-caHnq ABII>Ke_
HHq raK.oro^nu6p-o4nvrareJrfl MOXer 6trrl rarxe r4crIoJIbSoBaHa cI{_
::.^*,r_!219) 

-(220), noAcraBr{B BMecro rp nunefiuo. n.p.*"uru-
HI'Ie /, rlpup aBHflB R/ : l, i e S u rperbe yp aBHenrze cncrerr,ru (2.1b-_)
SAMEHHB HA

mi +  c ( i ) -  -  Fc+ L [o ] { rou t ,
I

t[e n- Macca Bblxoil'oro gBeHa; F"-cuna conporl.IBr're'as rBnxe',nlo Bbrxo,(-HOfo 3BeHa,

2.3. BIIEPOABUTATEJIb C AI,ICKPETHbIM KOHTAKTOM
Paccuorpuvr nu6po4anrareJrb, KoHraKrrrpoBaHr,re MexAV sBeHbfl-

MI,I KOTOpOfO OCyUIecTBrqeTcq B Ar,ICKpeTHbrx ToqKax 
"exoaHoro

BBeHa flpn noMorJ_Ir{ MaJrbrx KoHTaKrHbrx oJreMeHroB (pnc. 2.4) . Or-
JIHqHTeJIbHOft oco6eHgocrbro IIp14 0rrr.rcaHr4H TaKr.rx eu6poaeurare-

Pnc. 2.4. Bu6poAsvrareJrb c ArrcKperHbrM KoHraKroM

.neft, no cpaBHeHr'rrc c an6po4nurareJrqMr{ c He[pepbrBHbIM KOHTZIK.
ToM, flBJrqercfl He3aBLIcr.IMocrb KoHraKTHbrx qeneHlrft s raxAor? fig
TOqeK r(oHTaKTr{poBaHr.rfl. floerouy npv ofiprcaHrzr.r [oBeAeHnfl rro.
BepxuocrHoro cJrofl oKpecrnocru raxAoft TorrKr,I Mo>Ker 6urr npe4-
craBJrena peofiorI.Iqecxoli uoAe.nuo Kocoro yAapa c cocpeAoroqeH-
HbIMil IlapaMerpaMr.r. !,.na eroro Mo]KHO r4C[OJrb3oBarb paSfiHrrHble
peororarrecKue MoAeJrr{ [25]. Bu6epeM MoAeJrb, cocroflrrlyrc us 11d.
paJrJreJrbHo coeAr.rHeHHbrx npy)Kr.rHbr tt 4eun$epa n noprua.rrbHoM r{
TAHfCHIIHAJIbHOM HANPABJIEHI,INX. IIPUUCM TAK)KC, qTO BbIXOI,HOE

Rt lallF'" ',

MO)KHO BbI.

M** I
/ e s

FBA

0
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3BeHo HeAeSopuupyeuo H lrMeer Soprury rlr{JrriHApa, paAuyc Koro-
poro Mo)r{er 6utr nepeueHHbrM B HalpaBJrenr.ra ocr{ BparqeHr{fl.

He yueururag o6ursocra, Mo)KHo npr.rHqrb KoHeqHoaJreMeHTHyro
Ar.tcKperr.I3alluto BxoAHoro SBeHa Bbrno,'rHeHHori raxnu o6pasou, vro
MeCTa Kpe[d'IeHHg KOHTaKTHbIX 3,'IeMeHTOB COBIaAaIOT C ySJIOBbIMII
ToirKaMr{. B xax4oil l-r? 4ncxperHoft roqre KoHraKTr.rpoBaHr.rfl BBe-

AeM JroKaJIbHylo rrpflMoyroJrbuyro cucreMy KoopAr'r Har (tl, tt, ,'r)
raKaM o6pasovr, qro6sr ocr O'el 6ura nepneHAr.rKyJrspHa KoHraK-
Tr.rpyrcxrriM [oBepxHocrflM rr Ha[paBJIeHa or BXoAHoro seeua A
K BbrxoAHoMy sBeHy B, a ocn O'eL- napaJIJIeJrr,Ha ocl,t Bpau1eHzq
BbIXOAHO|O 3BeHa.

Marpnun r<oe$SnqzeHroB )KecrKocra r,r BffsKoro rpennq peoJro-
rnqecroft MoAeJrr.r B roqKe I n HanpanJreHrrflx ocert aoranlnofi cu-
creMbr KoopAr.rnar o6osuaquN,r :

TorAa JIoKaJIbHbIe nepeMerrleur.rr peoJrorlqecroft MoAeJrr{ 6nt-

yAoBJreTB0p fl lor yp aBHer"rr4 ro

[D]0" '+  [ f l tJ  6n ' :  pBAr,

MoxHo 3aIIUcaTb cJleAyroqne cooTHorxeHuff:

6n '  :  [a ] '  Uo ' ;

64' - [o] 'uu';
FaB' - Io]t Puut;

Fadl  :  [o ] '  puo' .

,, . EAusnqsas Syurqua, olr.rcbrBaroqafl Hailr4qr4e
t-H TOqKe, HMeer BI.t,rI

I  (of ' ;  6I ' ,  c ' ,  pi l : , {  l '  npx (-of ' -  6It+ ct< o)
( 0, s [porr.rBHoM cJryqae.

TorAa B KoHTaKTHofi roqxe I Ao,lrxHu BbrfloJrHsrbcfl

t (oft, 6$,, c,, p0(_ ofr _ ol, * G,): o;
pl: (o5'di + 65,el) I (0f,, 01,,, c,, pj);

pl: pik. sign (R,.i, _ of, _ oi,);
p'z- plsk"sign (- of, - ol,).

Bpaqenne BblxoAnoro sBena KaK xecrKoro reJraypaBHeHneM

/$ +, (,i,): -,u" + T R,rfu,,

rD':ri * ;,1 rf/':|j:';l

KOHTAKTA B

n (pi < o);

ycJroBr{rI

ont{cHBaeTcfi

:l:;i
r,u,e PBAi :

Erlrx JroKaJIbHux ocefi, a napa I'tHAeKcoB o3uaqaer' qro cltra aos4eficrnyet or
ssega jl sa saeuo 4.

Cqurag AJrrrHy KoHraKTHoro gileMeHTa AocrarorlHo tuanofi, ys.tro-

BbIe c[JIbI B TorIKe I ltoxgo cgl{Tarb

PBAi  -  _  PABi .

flycrr crpyKrypHble Marpuubl BxoAHofo zseua AlMAl, ICol,
l[K'], BeKropbl y3JIoBbIX repeMexreHufrt i-ft ysnosoft roqKn B]oAsoro
sBeHa r.r coorBercreyrouleft l-ft peo.toru'IecKoft MoAeJII{ n uo6alrsoft
cl{creMe KoopAr{Har -UAi, Uni, 3 B r'IoKaJIbHofi cptcreue-64i, 0ri,
paCCTOflHI'Ie Me)KAy. KOHTaKTHbIM 9,'IeM0HTOM 14 nOBepxHOCTbIO BbI-
xoAHofo 3BeHa n l-ft ysnoeofi roqKe - G', nertopbl KoHTaKTHbIx
ysJroBbrx cuJt - paai, feai, O6osHaqus qepe3 lal ' Marpl{qy Ha'
lrpaBJrsrou1ux KocI]Hycon, rpauc$opMHpyloulylo KoopAltHarbl BeK'

ropa a3 .noxa;llsoil crcreMbl (t i, eL, tL) s rno6anlHyto (x,g,z),

42

oi'r l
p?o'| - KoMnoHerrrbr Ko'rarrHbrx cun s f-ft rorrKe B HarpaBJre.

,?o'l
rAe / - MoMeHT r'rHeD',uu, Bbrxo.q,Horo sneua; c (rir) - Qyur<qr.ra colporrrBJre'r.rsBpaqeHl.ro; Mc - uol.r'enr coflporr-lBJreHr.ra 

"paurequro, 
a cyMMa r npanofi cropoHe

91y1qa er cyru ua p H nr? r<pyrarqufi MoMeHr, obyc.,io".,ru"*,t' ;; 
";.;u;'u;;;"*, 

^on_TaKTHbIMI.I CT.IJIaMU so scex ToqKax rpen.nenr,ra KoHTaKTHblx SJIeMeHTOB.

_ ̂  _ ̂ C_r_.l"* u 4ra S Qep eHrlrz a JrbHbrx yp anueHzli ABr4 )KeHLr r on 6po4n H _
raTeJIfl C AACKpeTHbTM KOHTaKTOM UMeeT BrzA:

0

:
paetIMAIUA+ tcel u, + t(rl ud : F, * I

U

ABi/0 + r(0) : - rl,I"signri, + I R' p
I

(2.2t)



u AJI' KaxAofo KoHTaKTHoro gJIeMeHTa I .qo;lxsu BbIrIo,'IHgTbct
ycJroBIis:

[o']  l" '  + [s' ]  6n' :  PUA';

FBA i  _  _FAB i  : l a l pBA i ;

t (of', 6I', c', pil(- tol3(u'') - oi + G'): o
pi : (05'ai -p oi'ai) I (of', o5', G', pi);

pi: P|k"sign (R'.i, -lalltJAt - oi');

Pi: Plk.sign (- IalluAt- 6i').

3Har cyuutt z'(2.21) osHauaer cyMMIrpoBaHI.Ie no BceM KoH-
TAKTHbIM SJICMCHTAM. 4

3auernl,r, r{ro npnBeAeHHafl cr{creMa ypanHeul'rfi (2.21) - (2.22)
npI{rOAHa TaK]Ke Ad'Ifl OllIcaHI'Ifl KOHeqHbIX nOBOpOTOB BbIXOAHOTO
SBeHa B Cr.rJIy Her{3MeHHOCTr4 KOOpALIHaT IOBepXHOCTLI BbIXOAHOTO
3BeHa IIpu efo noBopore.

IIpn uuoreuHoM pelxeH[rz crlcreMbl HcroJIbsoBaHHbIe n (2.22)

Qynnuun sign nuor4a He rlosBodtqrcr floryqllrb yAoBJIerBopIIreJIb-
nofi cxoAnrvrocrr.r npoqecca qlIcJIeHHoro HHrerpupoBaHlan. floarouy
qenecoo6pasuo npLIBecrLI cJleAylouufi, eur, ypanueHvfi AJIfl onl{ca'
Hr4fi CLrJr TaHreHUI,IaJrbHOrO BSaIiN'IOAefiCrSZq, yqI{TbIBaIOIqnfi XUHe'
Marr,rtrecKylo cBfl3b MexAy nepMeureHLIflMLI peofioruqecr<oft uoAenlt
B TaHreHqnaJrbHoM HanpaBJIeHI.II.I I{ nepeMeIIIeHI'IeM IIOBepXHOCTL
BblxoAlroro sBeHa npu AocraroqHo 6o.nuunx HopMaJIbHbIX ycLIJILIflx.
Hanpnrrlep, flsroe ycJloBue cIIcreMbI (2.22) rtroxer 6url 3aMeHeHo
cJreAyrox{rM o6p aeovl :

R'd,.i, - lalt, auA' : d6li, np" lri | < B"Pf"';
Pl: k.P{Bt sign Pi ' ,

npuHaMafl B MoMeHT HaqaJIa cKoJIb>KeHIIt l

pi' : Pllat o6-rrr 6sAt :66tt,

nAe Beprl.rraJrbHafl qepra o3Haqaer <BblqucJteHo npu ycJIoBIIll>, a d osuauaer au$'

Qepeuuuar.
Auanornqno npeAbIAyI{eMy naparpaQy, B cfl_yqae cJIITIIIKoM

6o.nrrunx sHa.reHl.Ifi rooQQzqr,reHToB xecrKocu [D] , Mox(Ho orKa'
garbcfl or paccMorpeHHs peod'IorutlecKnx MoAeJIeil n no.noxurb AJIq
scex  i  

on ' :  o '

teM caMbIM BBoAfl B cllcreMy (2.21)-(2,22) orpanfiqeHne

lal lu'< o' '

B sarilroqeulle orMerLIM, uro B onpeAeJleguoft creneHll npI'IMH'
ll lsnbrm, Ho sarlacrylo BecbMa eQQerrueuuu cuoco6oM oKa3bIBa'
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ETCfl I{CIOJIb3OBAHHC MOACJIII C AI.ICKPCTHbIM KOHTAKTOM AJI'I OINCA.
uun nz6pogsurarereft c HerrpepbrBndu xouraxronr. !,auulrft noAxo,q
OCI-IOBbIBACTC'I HA NPCATIOJIO)KCHI.II,I, IITO KOHTAKTHT,IC HAIIP,)KCHI,Ig
4et?croyrcr B y3,'IoBbrx ror{Kax, KaK cocpeAoroqeHHble cr4,rbr, T. e.
CTPOIITC'I MOACJIb C AHCKPCTHbIM KOHTAKTOM B XAXAOJ1 YSTONOft
ToqKe rroBepxHocrll KoHTaKTr.rpoBaHr.rr. T axag, MoAe,,rb sHaq[re,rtHo
yAo6Hee A,rff nporpaMrrrrpoBaHug, oco6eHHo B c!'ryqae Kpr.rBbrx KoH-
TaKrHbrx noBepxHocrefi,, w npu HaAJrexaqeu no46ope napauerpon
p eorof uqecKr.rx MoAeJr eri Aa er yAoB JrerBoprrre,r bHbre p esy,'rbrarbr.

2.4. XA PA KT E P I,I CT II K IT PA E OT bI B I,I 6 POA B I,I TAT E JI E N

Als oqesrri KaqecrBa pa6oru nz6po4nzrare.neii ueo6xoAuMo
I {CI IOJIb3OBAHI]C I ]X AI . IHAMHIICCKUX XAP AKTCPIICTIIK.  O6H'IHO PACIICTeu6poAanrare,refi ocyluecrBd'rrercrr AJrr oltpeAeJreHtzfl xapaKrepr{-
CTIIK B ABYX PA3/I I { I IHbIX PC)KI{MAX_HCIIPCPbIBHOTO ABI, IX(CHI. I f l  I I
[IaroBoro. lIoA peNzuoM HelpepbrBHoro ABr.r]KeHvr nu6po4nura-
TeJrfl rroHr.rMaercfl ABH)r{eHrze BbrxoAHofo 3BeHa er.r6poAszrarenq,
BXOAHOe SBeHO KOTOpOTO nOS6yxAaercfl IIepnoAr.rqecKr{M 3reKrpr,rqe-
CKHM CIITHAJIOM - I . IMIYJIbCHbIM ILJI IT IAPMOHI{qCCXINA. PA6O'IUC I IAC.
Torbr BXoAHbIx 3BeHbeB no46zparcrcs 6,rusxunrn K pesoHaHcHbIM,
TaK KaK o6uqHo ro,'rbKo raKzM o6pasolr Mox(Ho no.lyqrirb Aocra.
TorrHyro BeJrr.rqnHy aM flJrr{ryAbr rone6 asnfi . fllaroetrrl pe)Kr.rM nu6po-
.4Br.rraTeJrfl - 9TO pe)KrrM KOHeIIHOTO flepeMerr{eHnfl BbrxoAHofo 3BeHa
rroA nogAerZcrnueu Ha BxoAHoe sBeHo 3JreKTpHqecKofo crtrHaJra
B BIIAe flMflyd'Ibca, naKeTa_ I{MTIyJIbCOB I{r'I[ HeCKOJIbKLIX [epHOAOB
rapMoHr.rqecKofo crirHaJra. 3Ha.rureJbHyro poJrb Hrp aror nepeioAuue
flpoqeccbr n nu6po4nurare/'re, Koropbre B saBncr4Mocru or [apaMer-
pon au6poaBurareJrfl u nos6yx4aroruux crrfHad'roB Moryr lrrueir xar
[oJlo)Kr.rreJrbHoe, TaK r.r orpl{rlareJrbHoe sosAeftcrel,te ua KaqecrBo
ero pa6oru.

CeNleficrsa BeJrr{rrHH, xapaKrepr.r3yrou1ne pa6ory av6pogeura.
reJrf, MoryT [peAcraBJrflTb ocpeAHeHHbre xapaKTepr{crriKr{ ABrrxe-
Hlrf, KoHcrpyKTr.rBHbIe oco6esuocra nu6po4eufareJlfl, gKcnJryarar{u,
oHHbre efo KagecrBa pr r. n. O4Haxo 3Aecb lzcnoJrb3yeM xapaKTe-
pvcrltKT4, npeAcraBJrfl roulue ABr4)KeHr.re nu6po4eurareJrfl KaK Mare-
uarngecroli MoAeJIn pr Bbrrrr.rcJrreMbre [yreM alailHsa peruennft cn-
creMbr aHS$epeHrir{aJrbHbrx ypaeueuurl ABfi xeHr.rff nn6po4aurarenn.

flpu nuuucilenrrr xapaKTepucrux pa6oru an6po4nzrareJrr B pe-
)Kr.rMe He[pepblBHoro ABLrxeHnfl gnaqeHtar BbrxoAHbrx ne.nltqrn 6e-
pyrcfl B ycraHoBr.rBrueMcs pe)Kr.rMe BbrHyxAeHHux xone6auur? nocne
rroJrHoro saryxaHr.rfl [epexoAHbrx [poqeccoB. @opnrynu [pnBoAflTcff
Ana nn6po4Brirare,'rf l c AHcKperHbrM Kor{raKroM c oAsor2 crelreHbro
ceo6oAu BbrxoAHoro sneHa (clr. n. 2.3). l lpa 6onrueu qncd're cre-
neneft cno6o4u xapaKTepr{crlrKn Bbrqxcd'rflrorcfl rroKoMrroHeHTHo AJrfi
raxAoft cocraBJrflroxler? AeurxeHr.rrr BbrxoAnoro 3BeHa, a B cJryrlae
KOHTaKTr4pOBaHr.rrr 3BeHbeB nO [, 'rOUIaAlr HeKOTOpOTi nOsepxuocrv s,
B [pI,tBoAIlMrIX HLI)Ke $opuy,rlax c.rleAyer Bblgl{c,[r.rTb nosepxHocr- i
HbIe nHTefpa,ru no S,

(2.22)
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XaparrepncruKaMr4 pa6oru nu6po4nurareJrs B pex(HMe Henpe.
p bIBH'O|O ABI{XeHH ff fl BJr fl }OTCrr CJr eAyroxlue.

L Cpeanar cKopocrb ABr.rx{eHr,rrr BbrxoAHoro sBeHa
T

= l t ' .

t" :7 
J tll al'
u

rA9 Q ; KoopA[Hara ABr.rxeHut BblxoAHoro sneHa; I - nepuo,[ BbrHyxleHHbrx Ko-
IeoaHvr.r BxoaHoro 3BeHa.

2. HepannoMepHocrb cKopocrr.r ABr{x{eHr{fl. 3aecs uoryr 6uru
rlcno,'rb3oBaHbr cpeAHnfi rz cpe4uexeaAparuufi xoaQQuquegrbr He-
paBHoMepHocrr.r :  

r
6.i,":l.i,/,i,"; 61b.*:+ i (t 

- 
#)'rt.

0

f lporuexyroK BpeMeHu r.r3MepeHr4q AeBr.rauHr.r Ar[l naoNer 6rrrl
paBHbrM oAHoMy nepuoAy xorg6auuii BXoAHoro sBeHa. OAuaxo ra-
rofi npouexyroK r.rcrror'rb3yercfl BecbMa peAKo, TaK KaK o6uqgo
Arp an.rrercs naanori eenzquHori 6o.nee BbrcoKoro flopffAKa no cpaB-
HeHriro c Qc r.r ror4a 6rp=0. Eo.nee qacro [poMe)KyroK BpeMeHE
6epercx gHaqHTeJrbHo npeBbrurarcrqlrM 7 u eHqr.rcrflercfl AeBzalurr
cpe4nefi cKopocrr.r ABr{)KeHlrfl Arp", roropar Moxer 6urt o6ycloe-
JleHa, H afiplrMep, KoHcrpyKTIIBHbrMn HecoBep LueHcrB aMrI ea6po4nn-
rareJrrr. OAHaxo B groM c,ryqae oueHKa 6rp. no ttarelraruqecroft
KoHeqHogfleuesrgoft MoAeJrr{ Moxer oKa3arbcfl sarpyAHare.nlnoft.

3. Cpeauufi xpyrnqnfi MoMeHr g.na nu6poABr.rrareJrfl Bparqa.
TEJIbHOIO ABI,IXCHfig

M x , c :

cpeAusff ABr{)Kyrrlafl crrJra AJrr,ruuefinoro nu6po4nnrarear
T

^  \ a  I  [ ^ e n tF.: Li  \  Pi" ' ,  dt.
i 0

4. Cpeauqq crilra esalllaoAeficrsllR BxoAHofo r.r BblxoAHoro
sBeHbeB B HOpMaJTbHOM HanpaBJIeHItIi, XapaKTepr.r3yloqafl CpeAHroro
cr.rJry fiprr)KaTr.rfl BxoAHoro 3BeHa K BbIXoAHoMy B soHe KoHTaKTa:

N":+
e i-fi KoHraxrnot? roqKe.

5. flonesnan pa6ora, coBep[IaeMan au6poAel,trareJleM sa oAIIH
nepuoA xo.ne6asufi BXoAHoro 3BeHa, l,rs su6polBllFareJls BPaula-
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TeJIbHOfo ABnxeHr,rf,
T
a -

,{n - \ M*."ridt,
d

a E\Irn .nuneftgoro ou6poAnurareJrrr BMecro M*..
craBr.rrb F" w l,

6. Pa6ora, coBepIxaeMafl TaHfeHuHaJrbH[,IMlI
Aeftcreng oa oAr.rH fiepuoA r<o.ue6aHzr? BXoAHoro
ABH raTeJrr Bp arrlaTeJrbHoro ABr.rlKeHr{f

T

,, - t (pi'' (R'ri, - 0i' - [a]i uo,) - pgo, (ol, + Iolluo,)) at,
0

a !ltfl .nuueftnoro nr6po4nurareJrs BMecro R,,1, cJreAyer rroAcra_
sura l.

7. KoeQ0uqlreHr rroJresHoro Aeficrnun zu6poaBr{rareJrfl
r l :  A"/  (Ao+ A, + A",  * ,4,up"),

l11j:l_l-16ora eneKrpnqecKr.rx cnrr; .4."p*_rer.rroBbre noreps npn pa6ore Brt.opoABr.rraTenff.

Puc.2,5. I( onpe4enenurc xapaKreprrcrux pa6oru ru6po-
ABr-faTeJIt B Cltr'toBOM peXIIMe

llpa ucc,reAoBaHr'rH MareMarHrrecroft rr,ro4enu su6poABr.rfareJrtqacro Hclo,lb3yercfl KIIA c yrreroM MexaHgqecKzx ba6or. r. e.
B BIiAC

Tt:  A"/  (A" * A,) .

nnq oueHrr{ uaroBoro pe)Kr.rMa [10] nneaena cJreAy]oqve 6espas-
MepHbre xapaKrepr{cruxn (puc. 2.5) :

11:tp^u*rf  A*;  12:T^u*rts;  /3: l i33I l ,
l l P p  I

r4e tp-ux - MaKcLIMaJlbHtIfi yro.n noBopora BbrxolHoro 3BeHa; l.u" - BpeMr ABlr-
xeHl.rfi BblxoAHoro 3BeHa B noJIoxI-ITerbHoM HanpaBneHI.IIt Ao nepnoft ero ocra_
EOBKI'I; {rmax - MaKcI'IMaJIbHag cKopocrb, Aocrl.IraeMaq BbIxoAHbIM 3BeHoM B noJ,ro-
x{Iire.tlbHoM HanpaBneHItI{; lpp - MaKcrMatbuag cKopocrb, AocrltfaeMafl BbIxoAHbIM
SBeHOM S O6parUOU salpaBreHHH, O6yClOnaeHHafl [apa3r.rrHbrM BJTTISHUeM neDe-
xoAHoro npoqecca; o0 - coocrBer{Har qacrora xone6annfi BXoAHOTO SSeHa; ,4a,-
CMEIIICHIIC BXO,{HOIO 3BCHA B TOqK.C KPEflfiCHNg KOHTAKTHOTO SJIEMEHTA NPI! CTAT}I.qecKoM eos.4eftcrpr.u Ha BxoaHoe sneuo a,nerrpuqecxr.rM nor,IeM BeJruqnnoii, panHoii
aMnnHTyAe uMlryJlbca, AeicrBytoqero Ha BxoAHoe eeeno npu uaroBoM pexr.rMe.

H Q cfieAyer roA-

CHJIAMI{ B3AI, IMO-
sBeHa, Ala nr6po-

, T

I+ \efu'at;
t 0

\ r t " 'at
0
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I

F.rasa 3

Iyl ETO,[bl I,l AJI tO P I4TMbl tl P H M E H E H l,l tl lvl Ka
K PACq ETAM BI4 EPO,U.BII I'ATEJI EI4

flpnueneuue MK3 K pacqery ArrHaMuKH nu6po4eurate;refi, no
cpaBHeHLIrc C KJTaCC[qeCKr{Mr{ 3aAarlaMn reop}1}r ynpyrocTI.I, LIMeer
pa4 oco6eusocreli. B nepeyrc oqepeAb sro orHocr'rrcfl K KorltqecrBy
Marpr{q KoHeqHbrx gJrer\{eHroB. C yuetona nlesoaSSerra AJrfl oltnca-
Hlrq KoHequofo 3JreMenra rpe6yercr rrflrb Marprrq. Xorr no,nyuenne
grrzx Marpr{rl He rrpeAcraBJrfler MareMarriqecKlrx cJro)Knocreft, tpe-
6yerca BbrnoJrHurb 6o.ulruoft o6reu qrrcro rexHnqecxorlr pa6otu,
IITO IpI'IBOAI'IT K AOIOJIHI'ITedIr'HbIM 3aTpaTaM Ha COCTaBJIeHI'IO !I OT-

JraAKy rrpofpaMM.
Ba6po4nurarenv flBJrflrorcr pe3o-HaHcI{bIMI.I ycrpoftcrnarvrn,

BCJreACTBr.re qefo peueH[e SaAaqr{ pasor4BaeTcf, Ha LBa ocHoBHbIx
gTana. flepeurl - oilpeAeJreu[e co6creeHHbrx qacror npeo6pasooa-
TeJrt, locJle r{ero Mo)KHo nprrcTyrrr.rTb Ko BTopoMy - qucIeHHoMy
r{HTerp[poBaHrrro cr{creMbr HeJrr.rneft uux 4r.rQSepeHIIu aJIbHbIx ypaB-
geHvfi ABr.rxeHr4r caMoro nz6po4narare;rn.

flpeo6pasoBareJru eu6po4eararefleft, e oco6eHHocrr{ nbe3oKepa-
MuqecKrre, pa6orarcr Ha qacrorax, rpeBbnlranulr{x o6rrqHue A.[q
MexaHI,IqecKI.Ix KoHcrpyrqufi ua oAI.IH-ABa IIopflAKa, rITo [pLIBoA[T
K TpyAHOCTflM pead'IH3al{I{u r{I4c"IeHHOro I4HTerpLIpOBaH[fl. B Cessn
c arHM )KeJrareJrbHo pa3MecruTb Marpr,rl lbl aHcau6.ns e onepatunuofi
naMflTrr 9BM. 3ra saAa,ra BnoJIHe peaJlbHa, TaK KaK AJrfl r{ccJle-
AOBaHr.rfl AIiHaMr{Krl MON{HO HCIIOJIb3OBaTb MeHbIUee KOJIT.IqeCTBO
gJIeMeHToB, qeM Arrr pe[reHr.rff crarr.IqecKllx 3aAaq. !,na sroHoir,rlnt
Matu[HHofo BpeMeHr.r n perxeHr{F Bbl[IeyKa3aHuofi sa4auH r.rcnoJlb-
3oBa,lrrcb p a3pf )KeHHbIe M aTpI.Iubl.

3.I. NOJIYqEHNE CTPYKTYPHbIX MATPI,IU
KOHEqHbIX EJIEMEHTOB

B AHAJiltTT,TqECKOM BullE C nOMOIIIbtO OBM

Bosunrnyn KaK oAl4H Lr3 [pneMoB I.Icc,'IeAoBaHIaft pasuoo6pa3Hblx
KoHcrpyKrlr.rft, MK3 K HacrotlqeMy BpeMeHr [odrytIHJI nceo6ulee
lpH3HaHLIe n fipr.rMeHfleTcff Aflq ll3yqeHl4fi IxnpoKoro KJIacca SaAarI
Texnr.rKr4 w $ueurn. B sacrosulee BpeMfl paspa6orauo 6o,rtruoe xo-
JlllqecrBo pa3Hblx rrarloB KoHeqHbIx gJIeMeHToB. MeroAura floJlyqe-
Hr{fl crpyKTypnblx Marplru KoHeqHbIx 3,'teMeHroB paspa6oraua, uo
AJrfl Ka)KAOTO HOBOTO TPIna g"'IeMeHra crpyKrypHble MarpLIqbI no-
Jlyqaror, nn6o ucnonmyq rlncrleHHoe I{HTerpupoBaHIIe, rITo yxyA-
IUaeT TOIIHOCTb I'I yBeJIIlqHBaeT 3aTparbl MaUII{HHO|O npettrenu, nu6o
lyTeM aHaJlr{TliqecKolo I,IHTerpHpoBaHLIq BpyqHylo, rITo ycroxHfleT
ilpofpaMMHyFo peaJIv 3aIIHIo rIO'tyqeHLIs crpyKrypHblx MaTpIIu, a
TaKXe [O3BO,]lger I{cC,'IeAoBarb He oqeHb c,iloxrlble SJIeMeHTbL

C p asnzrneM BbIqHc!'t I,ITe,rtH oil TexHIr KI,I fiotl B l,t't a cb Bo3 Mox<Hocrb
npol{3BoAl.{Tb aHaJIIITI'IqecKI.Ie npeo6pasonaHna ua 3BM H BMecre
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c reu o6pa3oBa,'rocb 6o,rturoe r(oflr{qecTBo cacreM AJrfl [poBeAeHI.If,
TaKHx onepaqllfr. 3aNraHqHeoii rrpeAcrae,'rflercr Bo3MoxHocrb rro-
JIYqCFII , I f i  CTPYKTYPHbIX MATPIILI  KOFICqHbIX sJIEMCHTOB B AHAJIKTUqC-
cKoM Br.rAe c roMotqbro 3BM, raK KaK floryqeHr.re crpyKrypHbrx
MarpHq KoHeqFrbrx 9r'reMeHToB cBrr3ar"ro c 60nluutvt o6reuovt q[cro
TexHHqecKoir  pa6oru

flepnofi p a 6oro ri, nocBruler{ H( t fi au a nu-rw{ecKoMy r4ccJreAoBaHur,o
MarpIlu, )KecrKocrI4 TerpaSApa"rbFIbtx KoHer{HbIX 3JIeMeHToB c rIo,
Morqbro 3B,\1, f lB,'rrrercr_ cflTil _lleAe_pceua [38] , a roropori npu-
BeAeHa rpofpaMMa sa @OPMAKe. l-le,recoo6pasHocrn no.nyueHaa
MaTpHIl  X{ecTKOCTr, t  KoHeqHbrx
gJIEMCHTOB H ZCNOJIb3OBAHVIO B
3TI.IX IICJIflX CIICTCI\,I AHAJ']HTHIIC-
cKHx npeo6pasonarrnr i  nocBf l -
rueHbr coorBercrBeriHo pa6oru
[35]  u [33] .  B Hr. rx  Hcno, ' rb3oBa-
Jracb cr{creua MAKCtr4MA, ro-
TOpafl pea,'rr.{3oBaHa Ha rr3brKe
JlVCn. OAuaro nn @OPMAK.
Hu MAKCI4MA He nosBorrelor
flor'ryqaTb pe3yJrbTaTbr B BHAe,
yAo6HoM AJrr Aa,'rbHer?urero zc-
I IO! ' rb3OBaHIrg B npotpaMMaX I Io
MK3. Crrcrenaa BI4EPAH [6,20]
[o3BOr'tfl eT noJlyrr aTb pe3y,1 bTaTbI
B BHAe nepQoKapr no I IpaBH, ' raM
OOPTPAHa, xoropsre Moryr
HerlocpeAcrBer-tHo rrcfio,'Ib3oBarbcfl KaK 6 asa r,nfl, coorBercrBvtolueto
fi p orp a M M Horo ygry{r. p,VaVUre ri n porp a M M br, pearrr.r3yrourc,i tU K,e.Cucrepra BI46PAH nerseics npenpo[eccopoM fl3r,rKa
OOPTPAH A,rrfl npoBeAeHr{fl arra,'r[Tr{lrecKux BbrKJranoK c [oJr[*ro_
MaMH' paqlroHaJrbHuirnu synxqHs,Mrr, a raK)Ke rplrroHoMerpHqecKH-
MI,I  I I  KOMII . I ICKCIIbIMZ Pf lAAMI, I ,  I IPOTPAUNAA, HATII{CAI" IHAf l  HA
Btr4EPAHe, rpeAcraBJrfler co6ofi Ha'6op oreparopoB rr rioMaHA,
BbI[orHqrcurux aHaJrarHqecKr.re npeo6pasonauux, n oneparopoB
<DOPTPAHa.

B eroii uraBe roKa3ano, KaK c rroMorrlbFo BI4EpAHa noryqr.rrr,
MarpIIIrbI KoHer{HbIx gJIeMeHToB' a raKxe aBToMarl'Igt4poBarb noA'
roroBKy rrpofpaMMHr,lx uoAy.nefi anr MKO.

Marpraqu nJrocKoro KoHerrHoro gJreMeHTa B floflqpnbrx KoopAnna-
tax. Paccuorpr4M xoHequrrfi 3reMeHr n Soprr,re cer<ropa, xoropuri
ttoKasaH Ha puc. 3.1. @yui<qun Qopnru raKoro eJreMeHra Bbrpa-
xaeTcg B Br{ne

Puc. 3.1. Konequr,rfr aJreMeHT npeo6pa-
3oBareJrff n Qoplre ceKTopa

,vi:3;s]pTlL ; N,z:=&lPFJ. pi:_e*&ff,
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F :yz -y r .
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Puc 3.2. flpoueaypa na BI4BPAHE Arq ItH-
TefpvpoBaHrg Asofi Horo ItHTerpaJia

qecKr4x npeo6pa3oBaHllf i B o6ueM cryqae He peureH' raK KaK
HMeercfl 60,'rrruoe KoJIHrlecrBo pa3Hoo6pa3Hblx cIrcTeM KOOpAI.{HaT'

a raK)Ke He Bce LIHrefpaJIbI rpl'IBIiaJIbHo IrHTefpupyloTcfl.
Ha puc. 3.3-3.5 npeAcraBJIeHbI p$yJlbrarbl AJIn nepBoro gJIe'

MeHra n, Iarpuu [ rKl" ,  I r ] " ,  lMle coorBerctBel{Ho.  B srnx Sopuy.uax
3Be3AOqKa O3Haqaer onepaqurc yMHo)KellI ' If , ABe 3Be3AOqKH - OIIe-
pauHro Bo3BeAeHLIfl B crerleHb. !,ee nepnue 6yKBbI LN nepe4 nepe'
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(3 .1)
rle h- ToJIutfiHa 3JreMeHTa.

Octa,rrHue Marpr.tqbr
I{Me}OT aHaJrofr4qHbrit su]]..,
noSToMy MoxHo cocraBHTb
oAHy nporpar\{My Ha BI4-
EPAHe Ailfl roryueHl4fl
MaTpr4rIbI xecTKocTI,I, a AJIff
[OTVqCHI4fl OCTAJIbHbIX _

rrpocro BI,INOH3MEHI,ITb

HMer,oqyrccfl npofp aMMy.
Ha pvc.  3.2 roKa3aHa

IIpoueAypa, IIpoBoAI4Mafl
Ha BI4EPAHe, npe4uasua-
qeHHafl AJrfl I.rHrerpI{poB8:
Hnfr. ABOr?HOro 14HrefpaJIa
(3.1)  o rorqpHbrx KoopAI4-
Harax. HaAo nuerr B BxAy,
rrTo IIpoqecc r.rHTerpI,IpoBa-
HI.Ifl B CI{CTEMAX AHAilIdTT4.

pr

Puc. 3.4. Anaruruqecxoe Bbrpa)KeHue nepBoro 3rreMeHTa marprzqu [I ]"
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Pnc. 3.6. @parueHt rporpaMMbl arls cocraBneHllt Marpl.I[bt [M]e

METIHOft HMCIOT CMbICJI

\
Marpnq[ o6beMHoro KoHeqHoro eJreMeHra B ur.tJrr.rHApnqecKux

KoopAl{Harai. Ha pIic. 3.7 [peAcTaBJleH o6beMHbIft xoHe.rHHri ene-
MeHT C BOCbMbr,o ysJraMr,r B Ur{Jrr.rHApr4qecKlrx KoopAr.rHarax. flpn
AR : 0 rarofr, eneMegr npeAcraBrqer co6oft napaJr,'reJrennrreA B rII.t-
IIUHAP UqCCKI,TX KOOPAI4HATAX. OYHKIII,If l  QOPMbI TAKOTO 3fi CM CHTA ( NO,
flyqeHa Ha 9BM, u Lts-sa orpaHr.rr{eHHocrl4 Ha6opa ct{MBoJroB 3BM
saMeHeHbI p Ha R Lr  \ t  Ha T) :
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Puc,3.7. O6teri.rsuri K3 s uu-
I[HAplqecKr.rx KoopAuHaTax

$yHr<uuu HarypaJrbHoro JIorapHOMa.
, orBercrBr.Iu c Ha6opoM CI,IMBoJIoB

BBeAeHbI gaMeHbI: 0 : R, y: T,
: D , e N 3 .

Bpelrr pacrlera pa3rLIrIHbIx Marpl{q
Ha 3BM EC-1022 6es yrlera cBoftcrB
cHMMerpHr.r saHffJro or l0 Ao l5 Mr.rH c
npenpoqeccuefi, rpaHcJrrrqnefi Lr peAaK-
TvpoBaHr{eM B onepaIIHoHHoft cIIcTeMe
AOC/EC. flparrzuecxn Bce BpeMr yturlo
Ha pac[eqaTKy pesyJlbraroB.

Ha pnc. 3.6 npe4craBJleH QpafMeHr
rporpaMMbl Ha OOPTPAHe no cocraB'
JIeHlir,o MaTpIIIIbI MaCC KOHeIIHOTO SJIe-
MeHra B QopMe ceKropa, [cnoJIbSoBaB'
ileftcq IIpI,I pacqeTe ALIHaMI4KI{ BOJIHOBOTO
Br.r6poABr.rf areJrfl c KoJIbIIeBbIM BO36yAH-
TeJreM. 3ra no4nporpaMMa cocraBJleHa

|  d N t
p d Y

d N i

0z
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_ N t
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0

0

d N i-Ap

I  d N t
p d Y

l :  l ,  8 .

o N i
dp
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oNt
dz

d N t
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I  d N i

p; i l
d N t
0z

Ha 6a3e nepQoKapr c BbIpa)KeHvflMLr AIIfl. MarpHI{bI Macc SJIeMeHTa,
roJryqeHHbrx c rroMorqbro Btr4EPAHa.
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Coorsercrsyrcrrlue MarpIiIrbI AJIfl l-ro ysna, rIoJIyrIeHHbre c no-
MOIIIbIO BI4DPAHA' I.IMCIOT B!IA;
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Pnc.

Marpriua [BE]

C 1  1  a - I  2 t l 2 + l  t Z Z + T Z * Z - l . Z
C 7 ?  = -  R  2 /  R *  Z 2 + 2 2 + p Z  / f t r Z - ?
C 3 3  : ' F a * T ? + R r T A + R A i T - n . T ,

tr4x sneueurbr AoJrx{Hbr 6uru pas4eJreHbr Ha p (8.2).
CoorgercrseHno Marpr.rllbl AJrfl TaKoro gJreMeHTa r{Meror BHA

lKt':

TTI':

lsl":

Ha puc. 3.8 npe4craBJrerr reKcr nporleAypbr Ha BI4EPAHe Ann
Bblqr.rcJreHI{fl TpofiHbrx orlpeAer'reHr,rbrx r{HTerpaJroB B rlr.ultlHApfiqe-
cKoit cllcreMe KoopAliHar. C ee rroMorrlbro H fioflyrreHbr Marpr.rrlbr
o6beMHoro gJreMeHra. Pesy.tlrar Adrfl Marprzr{br [?j 

, noxasaH Ha
puc. 3.9 (Aonxeu 6urr yurroxeH Ha P2).

Crpyrrypuure Marpilrlbt 6uuopSHoro acr,tMMerpr,rqHoro KoHeq-
HOIO eJreMeHra B npocrpaHcrBeHHofi cncreMe KoopAr{Har. B n. 1.3
orrr{caH 6nuopQuuft acr4MMerp[qHbrri KoHeqHbril o,'reMeHr B npQ-
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Psc. 3.9, gneueHr 125 uarPlr(ur [I]'
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crpaHcrBeHHoti  crrcreMe
3,' IeMeHTa BbIp a )t{a roTcrr
tpynr<qulr 3pnrnra;
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Ha puc. 3.10 npeacraBreHa rpoqeAypa Ha Bl4 EPAHe no Bbrqnc-
.drIeH[IO ABorirrbrx olpeAererrHbrx rrHTetpaJIoB, BXOAfIqr,rx B Bblpa-

)KeHHe. c ee nououlbro rroJryqa-
d'rr.rcb MaTpr.ilIbr AaHHOTO K3.
Xors MareMarr.rqecKr.rx rpyAHo-
cTeli I.Jtf l nOIyrIeHHrr MaTpr.ru
HeT, OAHaKO B CIl"[y CI{MMeTpt t{
Hy)KHo Bblr{HCr'tI4Tb A"'rr Ka}Knofi
Marp14 rlbr 312 s,reMeHTOB, TaK
KaK pa3Mep  Marpuu  24X24 .

Ha puc.  3. l l  rpeAcraBJreHbr
aHaJIHTHqeCKLTe BbIpa)KeHI.rf AJIS
HeKOTOpbrx 3,'reMeHTOB MaTpHItbI
X{ECTKOCTI, I  KOHCqHOTO SJICMCHTA.
Ha4 nstpaxeHHqMH or leqaraHbl
AeficTBUTe,'IbHbIe I,tHAeKCbI 3JIe.
MeHTa B MaTpArle, a prAoM c
6yxeor i  -  HoMep gJreMeHra npu
xpaHeHrrn cnMMeTp r.tr{Hor7 MaTpI4-
rlbr B oAHoMepHoM MaccuBe

(xpaHHrcn BepxHr.rri rpeyroJrbHr.rK no croJr6qaM). Kar nr.rAso rag
prrcyHKa, BbrpalKeHHrr Arf 3rreMeHTOB MarpLIq x(ecTI(ocTH oIIeHb
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I {oopAri l rrr .  crpyNrypuHe MarpHubl raKofo
Qropul ' ; raurr,  B r(oropbre BXoArrr AByruepHbre

I lpocTbl, I{eKoropble t l3 I t l ' lx paBIIbl HyJ'I IO' f lO'r iyueHue MaTpHu l\{e-

T o A a M I l r l t I c J e t l H o | 0 I l I I T e | p l l p o B a H I l f l 3 a l I l l M a e T I , { 1 ] o | o N l a l I I I l l I l I o f o
BpeMel l l t ,  A .1 f f  npoBCAel tu t l  [ Ia rp l lq l lo ro  JMHOXieHl r t l  l l  cJo ] l ieH l l f

rpe6yrorcr Aofio;HHre,lbHble MarpulIbI '  Bcn Marpl1a-->xer:rKocrl i

B aHaIrzTr.rqecKoM tsf lAe nolrryqena sa I tr , lug npII B0 KLrJlo6ai iTaX
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Pqc. 3.11. 3neueHrlt  Marpul lbl xecrKocru KO

naMf l r l tHaEC- l022. , I l ,py ruecrpyKrypHbleMarp l ' I I Ib I r loJ lyqeHblaHa-
JIO| rrrtHbrM o6pa3oM npH Br{AOII3MeHeHLIII  I IMeIoUIeI{cf l  npo-

rpaMMbI .

3 . 2 . T I l I C f l E H H O E I , I H T E T P I ' P O B A H I I E H E J I H H E N H b I X C I I C T E M
trI, IOO EP E HI{I4AJI b HbIX YPABH EH N N'

NOJIYqAEMbIX B PE3YJIbTATE NPUMEHEHI ' Ig  MKE

K PACIIETY I,(LIHAMIIKKI BHEPOABUTATEJIEfI

I lptueueuue MK3 K rrcc, 'reAoBa[ww AVHaMLIqeCKI.IX 3aAaq Ha-

qa,tocb npaKT[r{ecKl ' l  c elo noflBJIeHIIeM' B gacrogi l Iee BpeMf cy'

xIecTByeT MHOII{ecrBo npofpaMM u a"IfopIiTMOB' B TOM qrcJIe I ' I  yHI' I-

Bepca;bHbIX, r lo3Bo,lt l rcxlux peuarb Jl l4l-IeI iHbIe Hecral l ' l loHaptlble 3a-

a a q u . H e B c e M e T o A b I n p f l M . o r o I l H T e | p I , l p o B a H L l f l J | A H e f i I I b I x c l I c T e M
lraQ$epeHuI' IaJIbHblx ypaBHeHIi i i  i ipl i foArlbl K l Icr loJIb3oBaFII{ lo B He-

.rrnricftr iux 3aAaqax. 
-f{ .nl 

I te'rn}1el ' iHt ' lx cncreN{' B npaBble qacru

ypuor,.nun KoropbIX IIe BXOAT-Ir npol ' l3BOAHbIe' cyqecrBylor ycroi i-

qriBbre qnc,TeHHble MeroAbI [33] :

(3 .3)
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i ,uc.3.10.  l lpoueaypa Ha Btr l6PAHe
Airr BbrqHc,'rerrHn 4noirHlrx LlurerparoB

or no!u{Hor\IoB Souura

t iU lu  + [ ( lu  :  ^F(1,  u) .



f lpu rurerpupoBaHur.r  ypaenennri  (3.3) ue rpc6yercn arnpoKcrr-
MaIil ' If l  npoll3BoAllbIx, qro IIo3Bor'lf ler AoBo"tbHo rjpoct'o no,tyqrlTb
peKyppeHTHOe COOTHOllreHrie Aalr(e nilf l  rrecr{o/'rbKrrx lrHTepBa,,roB
BpeMeHr.r  oAHoBpeMeHHo. PeKyppeHTrrbre coorrrorucHua uoryr  6r , r r l
loryqeHbr pa3Jrr{qr . rbrMra cnoco6anu.  Hanprrnrep,  Mo)Kcr  6t r ro se-
nocpeAcTBeHHO UCnO,'tb3OBaHa pa3HOCTHafl CXeMa U,r[l n,{eroa la-
!lepKHIIa. Tarcx<e IIenJIoxo 3aper(oMCIrAoBa,ltr ce6q N,rer.o,{bi, f lpeA-
d'rolKeHHbre Br.ltcouotr (O-naero4 Bu,'rtcoua) u Hr,nriapxoM (B-Me-
ro4 I{t roiuapNa [3] ). 3ru N'rcroAbr A"rrr nuaefiHbrx crrcreM cqlrra-
totca 6esyc,'roBlro cra6u,rsstrnrr. O4rraxo A,rq o6uero peuerrufl cu-
creM HeJrr.rgefrHlrx 4a$Qepeuq[a,'rbHbrx ypanHerrnri, [oryrraeMbrx B
pe3yJlbrare npI'IMeHeHI.If l MK3, 3rH MeroAbl I-Ie BcefAa rlpI.IMeIII ' IMbI.

O6uqHo ucrrod'rb3yrorcrr ABa rr.rrra Marpr{rl Macc: Ar.rafoHar,rbrrbre
LI cofJracoBauuue. !,naroHaJrbrrarr Marpr.{ua rroJryqaercr B ToM cJry-
qae, ecJIIr MaCCa 3,'reM_eHTa paBFroMepHo pacnpe/'IeIeHa I]o efo y3-
, rau.  O.  3eHxesuq [13]  cuzraer ,  qro cofJracoBaHHarr  Marpr . rqa Macc
flBilf iercfl eAIII ' ICTBeHHO IIplreMd'IeMofi npu pacrierax AHHaMi]r{ecKnx
3aAarl OAgaxo Arr afoHaJlbHyro Marpr4lly Macc MolKHo l{c[o,'It,3oBarb,
ror4a ueo6xoAr.rMo uailrz oAHy-ABe rrepBbre co6creeHHL,re qacrorbr.
I43necruo, rrro flplz r]cnoJrb3oBaHun ArraroHanssoii Marpr4ubr Macc
noJryqaercfl 3aBbrrrreHHoe 3HaqeHr.re co6crseHHofi qacrortr, a i lpu
rIpI{MeHeHI{LI cof,-IacoBaHHoli l,tarpaqbl Macc- ee 3aHH)I{eHHoe 3FIa-
rleHr4e. B zgsecrHofi nporpauvle no MK3 NASTRAN A.ns 6a,rox
nc[IoJrb3yeTcfl MarpHua Macc, f lB,'rrrou-(aflcfl cpeAHHM MelKAy Ar.rafo-
Hanrsrrr? H cofJracoBasuori. B grou cJryqae pegyJrbTr{pyForrlaf MaT-
puqa tro,'Iyqaercf HeAlIatoHad'Isttoti, l to r.ITeparr.IBHbIe MeroAbr Ha-
xo>KAeHrrfl co6creeilHL,tx qacror cxoArrcrr HecKoJtbKo ducrpee, ueu
IIpu cofJracoBaHHbrx MaTpriuax.

B 4aHHofi pa6ore npu r.rHrerpHpoBaHr{u cr4creMbr uenriHer?ssrx
4u QQepeHur4 ar'r bHbrx yp aaueHuri ttp r.rM eHrrr'rcfl MoarQHqnpoe a HHHfi
MeroA Xoy6o.rrra rperbero nopflAKa. !,onycruu, irro riMeercr Mar-
pnqHoe nennneitsoe auQ$gpe4ur4aJrbHoe ypaBHeHue, no.iryqerruoe
B pe3yJrbrare npr.rMeHeHvs MK3:

tu lU + tc lU + [K]U :F(r ,  u,  u) . (3.4)

B erHx ypaBHeHr.r rx  Marpuubr naacc [M]  n 4enansapoeanua [C]
crrrirarorcr corJracoB aHHbrMri. B up asuu BTop bre [por.rsBoAH bre- i lepe-
Ireqeszfi qepe3 [epeMerqenr4rr c [clo,'rb3oBalrueM pasuocrerl Tperbe-
fo rropffAKa:

i i  L ^ - ,Ut+rt :  16p (2Ur+.rt  -5Us i  4Ut-u -Ut-zn) l(L ' t2\ ,  (3.5)

rae S(l)-nonpaBoqubrf i  ureu, roropnii  Bblpaxaerct l  qepe3 nepeMeuleHuf, c, le-
.4ylouluM o6pasolt:

S 0) : 50 (Ur+rr-- 4Ur * 6Ur-rr -  Ut-ztt f  Ur-r rr)/(Al).

Taxan atrtrpoKcLrMatrl,tf rtpou3BoAHbIX pa3HocrsMI'I rlerBeproro

IropaAKa Iro3Bo,'Itter cttH3I{Tb ouru6ry B BbIrIt4c,teHI'Igx ne,ruuefiuttx
clrr 't, BxoAflu{r.{x B npaBylo qacrb cucreulr (3.4).

,[..rq Hen[HetiHblx IIJIeHoB F(1, U, U) BBeAeM atirlpoKcllMaqulo,
loJryqaeMyro fipil t lp[MeHeHI]I{ [epBoro q,'IeHa pa3,' lo]Kerll ' If l  B pqae

Teii,ropa:
Fr+o,  :  2Ft  -  Ft -x .  (3.7)

Ooplrynofi (3.7) rraoxuo ro,'Ib3oBarbcfl '  Koua {F} cla6o ue,ru-
gefitra 

-nO 
BpeMeHI{, T. e. B TeqeHHe BpeMeHU A/ OHa flBr' lt leTcfl JII{-

se l i t to i i .

[A]Ur+rr :  (Al)2 (2F, - Fr-rr) a [,arl  a [.42)'

"reeOi'ipeKyp-

(3.8)

f loAcrae,'IRtr Qoprr.,ry,161 (3 5)-(3.7) n (3.4) u ocraB,' irf l  B
qacrlr i lepeMerleHufl B TOqKe t + Lt, no,'IyqaeM cd'IeAylouile

DCHTIIbIC COOTIIOlxCHI4' I  :

I  A 1  -  q
t ^ l  -  -

A t
t A . l  -  - '
r " r r  6

lM l  +  l la l  [ c ] /6  *  (Ar ) ' IK ] ;

lc l  ( lBUr -  9Ur_ar + 2Ut_z!t) ;

( x - i - l ) ) ' -rAe Al - uar tro BpeMel{n.

.[,.nr nepsoil npouseo4Hori
MAIII, I f l ,  TAK KAK TIPOIISBOAHbIC
uetlgr,tx rr.r leHoB:

Ur+r r :  ( l  lU i+a r  -  l 8Ur  +

6E

rpe6yercn 6onee roqHar annpoKcr. t .
BXOAflT B rrpaBbre qacTlr B B[Ae He,'ru-

lA2l : IMI (sur - 4U t_ tt* Ur_zar),

f i nDoI{3BoAHas Bblul{cJlf lercr no Qoprray,'re (3'10)'

kar< enaHo, ypaBHeHl;le (3.8) y49qHo npl{MeHffrb rpn nocroffH'

snx A/ r,r rorAa, KorAa Marplrubl [M], [K] f i [C] He 3aBl'Icffr or

BpeMeHr.I. f lpu arou Marpl{qa [A] cocraeJlrercs oAI'IH pa3 rlepeA

u-nrerpupooatrlreM. B nporlrsuoM c,'ryqae, ecJIr.I 3TO BO3MO>KHO, HaAO

paSAeJrr.rTb ee i.Ia ABe qacTll, oAHa LI3 KOTOpbIX SaBHCITT OT BpeMeHII'

, l tpy.u" _ nocroflr{Han. flpn sroM nepe}{eHHylo qacrb Mox(Ho nepe-

ne6rn e rpaByto qacrb ypaBneuun (3.4) '

f lpousseAevr oqeHKy ocTaToqHbIX qJIeHOB, KOTOpbIe AJIq nepBol4

n nropoft 11po1r3BoAHbIx BbIpa)KaIorcfl cJIeAyIou1I,IMI'I Sopuynarrln:

+t  -+- 
,  AIU (/0) o3narraer l- to pasrrocrr Oyrlnqun U,t l : t o * i L t  n  x : ]
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1
l

l

I

t lpu tc ( lo,  tn) n n:3 ocraroqrrbre q, ' reHbl oueHrrBarorcf l  c,re.
Ay loqr.rMu cooTHoueilr.rf Mrr :

m a x
,  ___r I  utatgl l

I  R r  ( / )  I ( l ro5" ( r )  l - - - , ; -  ;
m a x

,  t  l u ( " ( i ) l
I Rr (r) |  ̂ ( | ori' (/) | ---a, -,

f4e

r[ ') 1l; : 4f a Jart2 + 2a2t + ari

r!2) {t; : t2f a 6art a 2ar;

a r : - U o * t r * t z * t s \ ;
a2: (tst2 * tots * ttt2 + trts I toty I t2t3\i

es : - (tottt2 + tot t lB + totzts I tttzts).

OAuaxo HaAo 3aMerr.rrb, qro aflnpoKc[Marlaq (8.7) coAep)Kr.rr
IOrpeuHocTb

I  Rc( r  *  A / )  l<  ln r tu*  (L  -  o 'F  -  d 'F  \ l
I  t  \ . u ,  '  

d [ J r '  a u r ) l

Aa)Ke_npu-TorIHbIX 3HaqeHlr f lx  U,  U,  T.e.  TaKaf l  , r l tueapusaqna F
no t, U rr O Aaer Jrrnxr) IrepBbrrl nopa4ox rorrHocrri. C qerr,Fo yMeHb-
uJcHHfl rpe6orauuri K Be,'n4r{une ruafa noJre3tro Bblq}rcr'reHHe .Fy161
Ira Kaiti l loM uafe r.rrepaTi.rBHo, Ipnuenr B KaqecTBe rlepBoro npu6.na-
x(urufl rreo6.lo,{ur,ro npuunrr (3.7) .

S.3.  I , ICNOJIb3OBAHHE PA3Pf lXEHHbIX MATPI, IU
B METOAE KOHEITHbIX SJIEMEHTOB

PaapaxeuuL,rMI{ Ha3brBarorcfl Marpr.rrlbr, I{Meroque se6onrruoft
nporleHT HeHy,'reBbIX gr'reMeHToB. l lp aNrnuecxr.r M arpnuy MoxHo crrrr-
Tarb pa3ptrNeuHofi, ec,'rrl quc,'to ee HetIyJIeBbIX o,reMeHToB LIMeer
ror )Ke ttopsAoK, rrro H ee pa3Meprrocrt. B pa6ore [28] npuneaesu
a"'rlopIITMbI H TeOpeMbI AJIf pa3pfl)rieHrrbrx MaTpr{u, n03Bo!'rf lrorq[e
MHHHMI.I3HpOBaTb 3arrOlrrHeHrre tr yMeHbuHTb 3aTpaTbI MaIIIHHHOfO
BpeMeI{I 't npIa peuerlI4H gaAaq ,runeifnofi a.lre6psr. PaspaxeHirue
MaTpHIl,bl I lo! 'ryqaroTcf H B pe3y/'rbTaTe nplrMer{eHHfl MeToAa KOHeII-
Hbrx gJreMeHroo. f lpan4a, MHofue aBTopbr crapaJrr.{cb trpr.rBecrr.r HX
K crrerlHar'r!-HoMy sLrAY paspfl)KeHHbrx MarpHrI - JreHroqHoMy.
B rHrzre l22l pacatorpeHbr ABa cr'ryqafl , 'reHroqHbrx Marprru: nep-
sHr"{ - JIeHToqHbte Marpr.rrlbr c nocroflHHor? uupllrior? .neHru, Bro-
pofi - c nepeueHuofi.

B xoucrpyrquxx nn6po4nurare,refi qacro rrpr.rMeHrrorcr KoJrb-
ueBbre rlrrr 'rr.rHApzqecKHe r.rd'rr{ c$epuuecxue rrbe3onpeo6p aeonarenu.
Ilo.lyueHue Har.rMeHb[Ieft urnpuntt r'te]rrbl A,'rn qi.IK,'niqecKrJx KoHcr-
pynqair - cr'rolKrraq, a Arn rpexMeplrbrx s"rreN{crrroB - npaKrr.rqecKu
HeBo3MolKlrafl sa1aLra. B rn. 5 npr.rBeAeHa Korreqrroa,rreMeHTrraR Me.
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gens an6poABlrfarer'rn c r,u,IitrrrAptiqecKl'tM eos6yAttre.uer't. furo6ant-
Hbre Marpr.rubl )r{ecrKocrll II Macc raKoro nos6yAurc,' l t l  coAepx(ar
no 36 HeHyJIeBbIX a,'IeMeHToB s KaxAofi crpoKe, a MIIIlnMaflbHafl
unpllHa ,IIeHrbI He Meuee 80. A,rq cQepltvecxux KoHcrp)rKqtli i  ero
orHorxeHue floJlyrlaercs eule 66"rtullu.

f lpaueueHlae pa3pf lx(eHHblx Marpxl l ,  B pacqerax nn6poAeufare-
neft riossorger He roJIbKo c3KotloMl'trb oneparl4BHylo i laMfirb 3B,ry!,
HO 14 yIIpOCTHTb TaKlIe onepallHLl KaK cocTaBJIeHlle I"IOoartbHblx
MaTpr4II C yrreToM rpaHr.rrrHbrx ycnoetri, aBToMaTu3I4pOBaTb pas6rre-

Hr{e cpeAbI Ha sJIeMeHTU. flpn Ilcro,' ib3oBaHXIr pa3pfl)KeHHbIX MaT-
prrrl HyMepaqun y3JIoB KoHcrpyKlll l tt MolKer 6urr npot'tsBoJlbHofi, r. e.
yAO6HOil AJIfl nor'tb3oBaTeJlq, KpoMe'I 'OpO, OTIIaAaeT HeOOxoAI'IMocTb
r.IcnoJrb3oBarb IIp of p aM M bI, onrl,IM lis Hpyloxt?le m Hp I'I Hy JIeHTbI.

Cyulecreyer HecKo,rlbKo Bo3MolKHblx ciloco6oB xpaHeHIlfl pa3pfl-

xer-rHblx MarpLIq B naMflTI,t ]BM. O6uqso HeIlyJIeBbIe 3,'IeMeHTbl
MaTpr.rl lbl xpaHflTcq B OAIIOMepHOM MaCCI{Be, a ItHAeKcbI - B Mac-

cr{Be KoHrpo,rrsoil uuSopmaquu. Paccir.lorpl'IM ABa BI'IAa xparleHHr
pa3pflxeHHblx MarpLIq.

l. B Maccr{Be KoHrpoJIbIIofi zHQopvauuu nocJIeAoBareJlbHo B
ynaKoBaHHol'r sopuare xpaHI4TCfl CHaqara Ko,'IHqecTBO HeHy,'IeBbIX
gJTeMeHTOB s KaXAOii CrpoKe, a [oToM TaKXe B ynaKOBaHHOM

Qoprraare - HoMepa cron6[os HeHy,' leBbIX 3,{eMeHTOB.- -2. 
KaxaoMy HeHy.[eBoMy 3,'teMeHry 4aHuofi paspff)KeHHoli Mar-

pI4IIbI CraBIITcfl B COOTBeTCTBI4e Ile"loe qICJIO ]vit BALa

^ " t i :  i  a  1 1 0 4 ;  a i i  * 0 ,

IAe 
" 

I - Horvrepa cTpoKlI Ir cton6qa HeHy,'IeBofo gJIeMeHTa; 4t - UeHy,reBOfi g,Ie'

MeHT Marpr ' rubl .

TaN, HanpuMep, Marpl {qa
1 0 2
2 3 0
0 0 1
0 1 0

B nepBoM c,'Iyqae 6yae1 xpaHllrbcfl B AByx MaccllBax peaJlbHoro

cuna A ll qe"Iofo rzna M:

Maccns A: 1, 2, 2, 3, I '  I

MaccHa M: 40003, 6, 20002. 10001, 10003' 10002' 30002

Taxulr  o6pasou,  B nepBoM sJIeMeHTe MaccuBa M xpat lurcn uu-

cJro cTpoK H cro,r6qon Marpuubr, Bo BTopoM - qr.rcJro HeHyr'reBbIX

SJIeMeHTOB, AaJIee B I I f lTOM nOJIyCJIOBe -  I l l IcJIo HeHy" leBbIX SdIIeMeH-

roB B fiepBofi crpoxe u r. A' f ianrure xpaHtrcfl H-oMepa cro'lt6qos

HeHyJreBbrx SJreMeHroB, B MaCCUBe M ne Ao.nxtto 6url nponycKoB.

OAszna Ir3 HeAocrarKoB yKa3allHoro Meror,a xpaHeHHfl .pa3pfl '
xeHHbIx MaTpIIU tlBJlfercfl cd'IoxHocTb AI.IHaMHIIeCKOTo ltx QopMI4'
poBaHllff, TaK KaK FIa!,o 3apaHee 3llaTb KOJII{IIeCTBO HeHy,'IeBbIX SJIe-

rueHros s xax4ofi cTpoKe Marp[ubr. oAuaxo rrx KOJIITISCTBO CTaHO-

BHTCg H3BeCTHbIM, I {aK npaB14JIO, i lOCJIe cocTaBr ' leHI ' I t  f , ' IO6aJIbHOl i

MaTplrrIbI c yqeToM fpaHIlqHbIX ycJloBI'II.I Av'If ysnoB'
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Bropori MeroA xpaHeHtrfl cso6o,4eH or yKa3aHHLIx Bbrrrre HeAo-
cTaTKOB, Tat( Kat( paclo!'Io)I{eHIIe I{eH)r.[cBbr.\ 3r,r€MCIITOB B [,1aC-
cuee A 6espas.nnuHo. 3ro 3Haqr{T, qro ec,rrr B rrepBo'r cryqae HeHy-
JICBbIE 3JIEMCHTbI XPAHflTC'  B 3ABUCI4MOCTI4 OT BCKTOPA KOIITPOJIb.
Hot l  zu$opnaar{r^r ,  To Bo BTopoM Hao6opcl r -or  paclo, {o)KeHrf l  He-
Hy,'reBbrx SJTeMeHTOB 3aBricnr crpyKTypa BeKTOpa NOl.rrpo"rruoii un-rFopuauuu.

l lepnue ABa o.rreMeHra BeKropa KoHrpoJrbnor? anQopnnaqru M
coBrraAaror A.lrs o6or.rx BLIAoB xpauerrr4rr, a ocra,,rbHbre:

Maccrs A: l, 2, l, 2, 1, g
Maccns M: 40003, 6, 40002, 10009, 10001, 20001, 30008, 20002

fIpe4cran,neHHe pa3ps>Keusorr Marpr.rrrbr BropbrM o6pason He-
oAHosFraqrro r.r saBHcr.rr or IIpeAbrcropHr4 ee QopMnponautts. Ta xe
I\,raTpnqa MolKeT XpaHrITbCg I{ TaK:

Maccrrs A: | 2, 2, t, l , a
Maccre M: 40003, 6, 10001, 20001, 10002, 40002. 80003. 20002

..Enaro4apa 6ecnopsAoqHoMy xpaHeHr.rro o,,reMeHroB pa3pfl)KeH-
uoft nrarpuqbr, HaMHoro i lpoqe ocyxlecrB,rrercfl ee SoprarzpoeaHrzeB [poqecce crrera. {.na uexoropbrx clequaJrbFrbrx cryrraeB, a raxxe
,4JI '  sKOHOMI{IZ M AII I , I  H HOrO 

-  
BP CMCH LI  NPTI BbINOJIHCHI4 I4 TPYAOCMKAX

onepaquri, Maccr.rBbr A rz M coprnpylorcfl no Bo3paCTaH[ro 3Haqe-
HHft gfier4eHton M, HaquHaff c rperr-ero, r. e. [polr3BoAHTCf vrroDr-
AoqeHr.re no Bo3pacraHr.rlo rdHAeNcon. flocne cdprHponxz LrirpHua
xpaHuTcq TaK:

Maccne A: l, 2, 2, 3, t, I
Maccas M: 40003, 6, 10001, 10002, 20001, 20002, 30003, 40002

Tenepl gJreMe*rrbr Maccr4Ba A coenaAaror c rrepBbrn,, croco6olt
xpaHeHrzs, a '\ i l f l  Corrpfl)r{eHr.rf c [epBbrM BHAOM XpaHeHr.rfl AocTa_
TorIHo BtrAor{3MeHr{Tb BeKTop KoHTpo,,rbHoir uH0opuaqvu.

Konu'recreo ''aMflrr.r A,{fl xpaHer{l.rs eceri padpoxeu"or? uarpnqrr
SaBHCr{r OT qficJra HeHyJreBbrx sJreMeHroB k n nopagxa uarpnqu 1[.
Tax, r,Jts' nepBoro. cnoco6a xpaHeHrrtff IrrrcJro Marrr4HHbrx anoi-,nr";
olpeAeJrfl ercr no Qopuy.te

N" ' :k+2+(N+h) /2 ,
a Ailn Bropofo cryqafl-

f f c ' : 2 ( k+ l ' )
u He saBr{cHr oT pa3MepHocrr4 Marpuubr.

Tax xax B Meron,e KoteqHblx 3,rreMeHToB torITI{ BcefAa noryqa.
IOTCff CI{ M MCTPI,ITIHbIC M ATPI{UbI, KOJIHqCCTBO M A [II] HHbIX CJIOB YMCHb-
ulaeTcq noqTl{ HarroJroBnHy.

c;re4yer orMerr.rrb rz on pele,r eH r r yro gKo'oMr.rro M aulr.rnHoro BDe.
MeHr.r ttpu r{crroJrb3oBaHr.rLr pa3pfl)KeFrHbrx Marpr]u. Bo uuorax a.nio-
pHTMax rraAo rrpor.{3BoAIiTb ABa Ur.rKJra: tro crpor(aM u no cro;r6qar,t
Marpl'rrlbr. vqzrHeaq pa3pfl.x{eHHocrb, rrpri nporpaMMHOfi pea.rnsa.
UNH TAKHX ONCPAqUfi 9TIZ ABA qI{KNA sAMCHflIOTCfl OAHI.IM: IIO KO.IIH.
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qecrBy IIerryJIeBbIX gd'IeNleHToB. f lplntepou Mo)Ker cr ' ly l l i l . I rb lrpo-

rpaMMa ) rMHo)r (c l l l l l  paspax ie l t t lo i l  t r ' l a rp l lub l  (A ,  l l )  Ha KoH-

c rau ry  B :

SUBROUTINE F lESMP (A ,  M ,  B )
D I M E N S I O N  A ( 1 ) ,  M ( 1 )
K : M ( 2 )
D O  l I :  I ,  K
l A ( I ) : A ( I ) * B
RETURN
END

Taxxe olieHb npocro peaJIH3yercfl a!'IropIIrM Sopltupoeauun
r,ro6a,rlrrttx MaTpg( aucau6,rg. B Maccgs A Sanucttsa1gTcfl To!'IbKo

Te Be,{uql{ubl, KoTopble Ao,t}KIIbI yqacTBoBaTb B BbII{lICJIeHI4flX' a B

BeKTop KOHTporTbHoti ultQOpuaqllu - I4HAeKCbI, CJIOBHo CoBepueHHo

He yqr{TbrBa,,rr4cb fpaHrqHbre ycd'roBHq. Ha BropoM.sTaIIe paccMaT-

pr.rBarorcs Bce 3JleMettrbl BeKTopa _K_oHTpoJIbHotl uuQopual(Izu c yqe-

iou rpaHr.ruHbrx yc,'toBrif i ys.non. Ha.{[Has c HeKoToporo I{HAeKca,

3HalreHr{rr gJreMeHrOB BeKTOpa KOHTpOlTbHOft nHQOpltaq1,1u yMeHb-

ilranrcfl Ira BerrqultY 10001'
B noc.reAHee BpeMfl ece 6o,' inure BHI'IMaHIIg yAe,'If lercn Ilrepa-

UrrOHHbrM MeroAaM peneHrifl CHCTeM a.tre6panUecxux ypaeHelruli.

B npeauayureM rlapafpaQe npegcraBJleHo peKyppenrHoe coorHo-

rxegne AJrIfl l l ttref p[poBaHI'Is cIIcreM Hentlueft uux 4u$Qepeuqna.nl-
Hbrx ypaBHeHuft. Ha KaIKAOM ll lare HaAO peIIIaTb CHCTeMy .rtusetinltx

anre6paauecKux ypaBHeuuil. v.{I,IrblBaf TOT $aKr, vro IIpII I43Me-

HeH[r] BpeMeHu Ha llraf f lHTerpnpoBaHiif l BeKTOp llepeMeuleHuir. us'

MegfleTcf MaJro, M9)KHO r.rc[o,'rb3oBaTb r.rTepaI1LIoHHufi tueroA.,II, lg

flofiyqeHr.rf perrreHrrs B roqKe t + Lt 3a Haqa,'IbHoe npu6;tn>xeuue

cJreAyeT B3flrb 3HaqeHr.Ie BeKropa llepeMeil{eHl,lq B ToqKe /. B raxou

c,rrvqae cxoAlrMOCTb no,lyqaeTcfl HaMr-rofo 6r,Icrpee n rpe6yetcl ua-

Ifiroro MeHb[Ie ueo6xoAlllr,lrtx nrep aunfi .

Kpoue roro, I,ITepaquoHHble MeroAbI JIerKo rlporpaMMl'Ipylorcg

AJrfl pa3pfl)KeHHbIx nrarpr;u. ,oco6esuo npocro I 'r aQ$errnBHo ac-

norbsyercq MeroA Haucxopeilurero crycKa c [oKoopAHHarnofi pe-

JIaKcau[efi, trpn sToM onepaql'In BbIrIoJIHtIorcfl To,'IbKo c HeHyJIe-

BbIMI{ 3,'ICM CHTAMI'I.

.[,.nn ypanuenua [/]x : b sbl'Ificrqlorcs
sux gaqalruux npu6.nuxlgn[qx x(/)3

n
+rir-  I  a "( /)t t  -  ? . " t a " a  - b t ,

R - L

HeBf3Kr{ npH saAaH-

(3.e)

rAe i -  HoMep HrePawtt l .

Bttqlrc"rgtorcfl cJIeAYIouue r { f  nepeMeHHbIX:

(tH-')'
3 H a q e H

n

v
Z-/

f(i)
t i . (3 .10)

1 7 f t

vt
/-) LJ
h - l  n : l

j { \ l+t l  -  xqt

Ah*fv)tI,
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Aanee HaxoAr4 Tcfl MaKcr.rMar'rbr-rafl rro a6conroruor? BeJrHtri l He
rrennsxa ff; '+t) u Bbrquc"'rrrercrr 3HaqeHHe x(i+2, [o cJreAyroqert Qop-
MyJre:

xg+2t : xtl+2) - [,]*r, lA ur.

Buqzc,reHue Bcex HeBqBoK no Qopru,vne (3.9) MoxtHo rrpou3Be-
crlr 3a oAI,IH III4K,'I no HeHyJIeBbIM g"rleMerrralt. Ana,rortrqHo 3a oAI,IH
III{K,'I BbrqucJisercr sHaMeHare!'rt $oplrynu (3.10). !,nt pea;lusa-
urrr.r 3Tofo MeroAa KpoMe cauor? Marprrrlbr, rpe6yercn eul,e rpri BeK-
ropa pa3MepHocrr , ro,  panuoi l  nopf fAKy nrarpuuur 4.

I'Jrasa 4

BI, IEPOABI{TATEJI14 C AHCKPETHbIM KOHTAKTOM

4,1. MATEMAT14qECKA' MOAEJIb BH6PO,IIBLITATEJI'

OnncaHue KoncrpyKrlt{n eu6po4eurarerq. Ha przc. 4. I noxasasa
cxeMa eu6po4aarare,'tg, cocrofl i l Iero Iig BXoAHofo 3BeHa - rloJ'If lpl. l-
3oBaHHoro no roJrrrlr4He crenKr.r rrbe3oKep aMrrlrecKofo nresonpeo6p a-
3oBareJrfl ,1 u sHxoAHoro 3BeHa -'poropa 3. Sner<rpoAtr 2 nteso-
npeo6pasoeare,'rf l pasAe,IleHbr Ha IIIect oAlIHaKoBbIX ceKTopoB rlo
eceft cocrae,rrrcqeii r{H,rrHHAprzqecNori noeepxHocrr{ raxau o6pa-
sol,t, uto6u noAKr'IIoqeHHoe K 3JIeKTpoAaM nepeMeHHoe o,'IeKTpI{qe-
cKoe HartpflxeHr.re Ha cMex<Hbrx ceKTopax cosAaBa,'ro 6u nporzeo-
lo,'Io)KHo HalpaB,IIeHHoe gd'IeKTprMecKoe none. C [e,'tr,rc o6ecneqe-
HLrrI 83alrMoAeficretlg BXoAHofo I,I BblxoAHoro 3BeHbeB Ko BXoAHoMy
SBerry cLIMMeTpr.rqHo rro oKpyxHocTr.r B Tpex rorrKax [pr.rKperrJreHbI
KoHTaKTHbIe gJreMeHTbr 4, ynuparctslrrecfl B porop.

Bnr6op rpex KoHTaKTHbrx s,'reMeHroB o6yc,ron,ren KoHcrpyKTHB-
HbrMH coo6palKeHr4flMr.r, TaK KaK [pr.r groM o6ecneqzeaercq paBHo.
MepHoe r.r HaAe)KHoe HX KoHTaKTlrpoBaHr.re c noBepxHocrblo BbrxoA-
Horo 3BeHa. Mecropac[oJio)I{eHue rrepBoro KoHTaKTHoro aJreMellTa
rro oKpyxHocru nsr6upaercrr r{3 pacqera orrruMarTbHoro coorHolue-
Hrlfl. pa1r4a.rruoft n raHreHrluanrsoft KoMrroHeHT aM[,rrr.rryAbr ero
KoJre6aHuft, T. e. cABLIHyro Ha o[peAeJreHuoe paccrofHr{e or Mecra
pa3AeJreHr.rg gJreKTpoAoB. Tar xax xone6aHr.Ie KoHTaKTHoro gJre-
MCHTA B AKCI ' IAJIbHOM HATIPABJICHI{ I I  HC)KEJIATCJIbHO, OHI{  PACNOJIA.
raroTcg Ha cepeAr4HHoM ceqeHr{r4 rIr.rJrHHApa, T. e. ToqKu r.rx Kpe[-
Jr eHr4 rI AeJr fl T COCTaB JI gIOUyrc r{r.rJrr.rHAp a IIOIIOJr a M.

Bu6op r.nodalrnofi cncreMbr KoopAr.rHar. Tar KaK ToJrrrIHHa
creHKr4 paccMarplrBaeMoro ntesonpeo6pa3oBareJrfl cyxlecrBeHHo
MeHbrlre Apyrflx efo r.rgMepe:awft, ann flocrpoeHurr KoHeqHogJreMeHT-
sori rrroAerz eu6paHu npflMoyroJrbHue KO o6o,noqNz (cm. n. 1.4) .
OAuaxo AJrfl npeAcraBJreHufl rpyronofi qllr'rr.rHApr4rrecroft o6onoqxn
6o.nee yAo6Ho BMecro AeKaproBbrx KoopAr{Har (x,U,z) BocrroJrb3o-
eahrcq qhJrr.rHApuqecKrzMll KoopAlrHaranz (p, v, A) .

VcraHosui\d ceqgb MexAy y3JroBbIM14 [epeMerrleHr]qMr.r oAHoro
ys.ua KO B AeKaproBoft n \unuu4pauecxoft cricreMax KoopAr{Har.
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FIycru y3,'roBblMu .repeMexlerll4flMll 
oAHoro y:,ra I(3 e 4exaproeoii

14 UIUIHHApI]qeCxOfi CucTeMax KoopAHHaT fl8,' l fIOTcs CoorBercTBeI{HO

U D :  ( u , u , a , 0 r , 0 r , 0 r ) :

Uq  :  ( 8 ,  E ,  q ,  0p ,  0a ,  0u ) .

3Haqeuus Be,r rq l rH B ypaBHeHl4xx (4.1)  u (a.2)  I Io f lcHeHbI Ha

pvc .  4 .2 .

( 4 . 1 )

(4 .2 )

Puc. 4.1. Cxeua xol lr teso'
ro uu6po4rurarena

Puc, 4.2, flparraoyro,rr,Hufi KO B qI'Ir1Ht'IApIrqe-
crofi cucreue KooPAnHar

TorAa cBfsb MelKAy BeKTopaMIl y3,toBblx flepeMelqeHIlfi KO

4exaproaofi u q[Jrr.rHApr{'recKor? crlcreMax KoopAIIHar I,IMeer BI4A

[peArIoJIarafl HyMepaql{rc
IIACOBOfi CTPCJIKE.

uD :  [ I ]Uo ,

; [ t ( o r ) l  o  o  9  f
lrr : I 

o [t (o,)] 
tr ror,lt 3 I,

L  o  o  o  [ t ( o r ) l j

i-";'l-"t" 3 3 3l
rr(o)r: l 'T' 3 

'";o .o!o 3 -.,1,1,
ll B 3 ,,loi .:J

y3,'IoB KO or ,'IeBofo HI'IxHelo yula no



1ril
I

lrii

Marpuqn )KecrKocrr r4 Macc K3 e qnrr.ru4plluecxori cricreMe
KoopAHHar of ipeAe,t f l  rorcr rro rpopuy.ranr:

[ (u ]  :  [ r ] r  [KD]  f r l  u  lMu l : [T ] r  [MEl  IT l ,
rae [('], IMol- crpyKrypHbre Marpr.rrrbr K3 n aexaprosofi cucrerue KoopAr.rHar,

I Ipeo6pasonaHue K MoAeJru c oAHr.tM KoHTaKTHbTM oJIeMeHToM.
VIs puc. 4.1 Herpyauo 3aMerr.rrb, qro KoHcrpyKrrr.rr ou6po,4nnrarena

r.{ KoHQrtrypaqus npr.rJroxeHHbrx
9,'ieKTp Hqecxux no,reft Tp r.rxAbl cr.rM-
MeTprzrrHa no oKpy)KHoCTr.l U CI{M-
Merpr.rr{Ha no ocu ur.rJrrzHApa orHo-
cr.rreJrbHo rrJrocKocTH, IIeprreHA,rIKy-
,rrpHoft K ocz v pasAer'rsrcueft ee
noloJraM. Cne4onare,rbHo, crosqag
Bo,'rHa, noa6yx4aeir,r afl, npw pa6ore
eu6po4narare,rr, o6.naAaer raxofi
x(e cauuerpueli. Vqtlrslsarr gro,
MO)KHO yMeHbrrlr.rrb pasMepHocrb
s.a!,aqv rryreM [esecrHoil rpaHc-
eopMaqr.rr4, cyrrlHocrb roropoil sa-
K,'rIoqaeTcfl B BbrAeJreHLrH OrrpeAe-
JreHHOfO.. qHC,'ia y3,'IoBbIX nepe.
ueulegut? KoHerlHoarelr,renruoti l,to-
AC,'IIZ B KAqCCTBE IJIABHbIX 14 BbI.
pax{eHr.ilr qepe3 HLrX OCTaJrbHbrx
ysnoBbrx nepelreuleuurl. l lpu ro-
MOrrlu rpaucQoprr,raqzz perxeHr.re

['i'to,t: 
L ,

l i

:l
0 0 0 0
t1 l

o  0  0 t / l
t/l tsl I/1 o

i - l  0  0  0  0  0 l
l 0 - l  0  0 0  0 l

-  lo  o  l  o  o  o l
, : l  o  oo- lo  o l '

lo  o  o  o  r  o l
l 0  0 0  0 0 - l |

Lillllll':Lillllil
Pnc. 4.3. I(oueuHosrerrae'r'ar rruc- :-i{-1:^ 

o 'IepeMeuleHl,flx eceft xo'
Kper'3arruru"oOno.J.l l iui""- HerIHOgIeMenrsOfi MOAeJIII BXOA-

f / -gucora BxoAHoro seeHa; f t r  ,  h. - ron- HO|O 3BeHa MO)KeT 6Hf l  CSeAeHO 11
u,*n" l;;i3*;fj#:::[3:?.i"y;;:,""-"- paccMorpeHr.r]o nep-eueqesprrl ero

qacrll, sHAe,'IeHHoft Ha prac. 4.3

- fI p u n a e y3rr oB br e r ep e M e rqeH # 
tai 

?1'fJfet#; ft ,r ac.r Lt rb es o n p e -
o6pasonareflf l B KaqecrBe rd'raBHbIX, BeKTop y3JroBbIX nepeMeule-
Hufi U c yrleroM cIlMMerpLIH Mo)KHo 3arrl{carb B BI,rAe

U: [ r lu,
rle [L] - Marpr'rqa rpanc$opruau]ia, onpe,(eJrreMar nprr noMouru coorHoruesufi

3Aecr n - o6uee rll4cro y3,'IoB rlo oKpyxHocrlt ; ftt' - o6qee
qr.rcJro ygJroB tlo cocraBJlqrcueti nlesonpeo6pa3oBareJls, lrpIaqeM /?

Aolxs6 6url rparHttu 3, a m-HeqerHbIM. tr4roroeHe MarpI{IrbI
xecTKocTli H Macc flpl{HliMalor BI{A

[(] : [r] r [(.] [t] ; lMl:lLlr lM'\l lLl.
Ana.norHqso Moryr 6url tpauc@optuuponaHbl BeKropbl y3JIoBbIX

ycunwft u r<oe$Suu[eHTbl xecrKocrl,I L Bs3Kofo rpeHllf l peofiortlqe'
lroft ruoaenn brpecrHocrl 'I rotIKII KoHraKrupoBaHsfl (puc. 4.4):

{Fn } : I L I ' {Fo l1 i  cu :66 ;  c r :6G k t t : 6En ;  k r :6F r ,

rne {t'A} - BeKrop y3JIoBbIx ycunuit, a e N, eT, E* Er- xoe{QlrulIeurbl Bfl3Koro

TpeHr.rfi l{ x<eCTKOcTu peOlOruueCroft M9AeJIH B llOpMaIbHoM u Tagregqga.lbrloM
HarlpaBJIeH14qX COOTBeTCTBeHHO.

Tarnu o6pasorr,r, sa/..a' la o ABIIxeHaH MoAeJIE nu6poAsaratefiR,

nso6paxeunofi sa pnc. 4. l, cBoAr{rcfl r( 3aAaqe o ABr{X(eHr,rH MOAeJILI

nn6pbAeHrarenn i oaHr.rrt l Ko'TaKTHblM 3,'reMeHroM. VpaeueHun
gonir<eH"a scefi N{oAenH ga[[IcblBa1oTctl. no MeTOAItKe, ug.noxessoft

s rn. 2. fIpH aroira B HacrofiIIIeM cryqae HerpyAHo nu6paft rlo'

6altnyrc CuCTeMy KopAsHaT, cOBIIaAaIoxIyrc C AOKaJIbHOI'I clICTe'

naofi r<oopAtl II ar rl,'Io[IaAKH KoHTa KTII p oB a H I'lr.

O6OsHatlf ie CH,tbI l lopMaJIbHOro H_ Ta HrellquaJIbHOrO SSaplIvIOAeii '

cTBr.rs B rograrrsofi roqKe Ff,u, Furo, Ffu, Furo coorBercrBeHHo, II

,.,: ilgil,
,.,: {[ 

':' 'r' 
,^ l]-

o,

- J

bb



f lptrHHMafl, qTO BbrxoAHoe 3Bei{o Bu6poABr.faTeJrfl Harpy)KeHo Mo-
MeHroM corrpoTrrB,'reHlf-f l, Mc, a rrptr BparrleHHu BbrxoAHofo 3BeHa
Aer2crByror cu,'rbr Br3Koro rpeHr.rr c KooSSfiqr.reHroM D, cncrel,la

', ---'-/ 
t'

(4.3)

Puc. 4.4. KoueqHos,'reMenTHafl MoAeJ'rb nu6po,4nuratenr B oKpecrHocrn
TOTIKH KOHTAKTIiPOBAHU'

andQepeuquaJrbHbrx ypaeHeuafi ABr.r)KeHr{fl erz6po4surareJrfl r.rMeer
BHA

[&11 ]  u+ [Cd]U+[ ( r ]U :
rAB

nABr T
* FA;

1 (U iN, oa, G, FflA; (cryd, * AryO3; :pfB;

c rdr  *  k76r :P fB '

FFo : - k"Fu*o sign (U;1 - itr - R0);

Fiu : - r1o
Ff,u : - P"*A;

| (u w, 03, G, .FfiA) (u iu - 63 - G) : Q;
f,rt ,  + f,P : M.* F"UR,

tAe lry, lr-HoMePa crenenerl ceo6oAr,r B KoHeqHoarelresrsofi MoAeJrI.t BxoAHoro
3BeHa' cooTBeTcrBylo[He HopMarbHoMy I'I TaHreHquanbHoMy nepeMeu{eHuRM l{oH-
TAI{THOIO 9,'IEMCI]TA.

4.2. pAcrtET rlHJlr,rHAp14qEcKofo nbE3oKEPAMttrtEcKoro
BXOA HOTO 3BEHA BI,I6PO,IIB H IATEJI'

Pac'rer rone6aunri BxoAHofo sneua nlr6poABr4rareJrt rpe6yet
cpauHr.rred'rbuo ue6o,rluux sarpar BpeMeHv 3BM. Mex4y reM tto
efo pesyJrbTaTaM Mox(Ho npeAcKa3arb HeKoTopbre xapar(TepucTwKkr
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ro, re6auur l  n  pa6oueu pex{r . rMe nu6poy4apuoro 83aHMoAef icr lus
3BeHbeB. l l resoxepaulrqecKr{e npeo6pa:onare, t t ' t ,  ucno, ' rb3yeMbre B
KaqecrBe BXoAHbrx 3BeHbeB eu6poAenrareflefi, o6rtqHo o6,raAaror
n l rcoxof t  4o6poluocrbro,  r .  e .  ocrpof i  pe3oHaHcHof i  xpunor?.  f Io-
groMy KaK B cno6o4uotr ,  TaK H n pa6oueu pe)K[Max eos6y;n71euue
ocyulecrB,'rrercfl Ha qacrore, 1nusxofi K pe3oHaHcuoii. XapaNrep
nepeMeIIIeHz ti ys,ronux roqeK, onpeAerqiou ui,t awn nuryAH crofl .rer:i
Bo,'IHbr, B pe)KHMe 6esyAapHux xo.re6asufi
raK)r{e 6rIlsox K xapaKrepy nepeueuleHr.rfi
pa6ouero pelKHMa.

! ,nuau nxa roHKocrerrHoro r rbe3oKepaMu-
qecKoto qh,' luuApa, KoHeqHoS,leMeHTHafl
MoAe,'rb Koroporo npeAcraB.rrena na puc. 4.3,
3AeCb Onr.{cblBaeTcrr B paMKax TeopHH ToH-
KocreHHblx o6onouex, tt, ecrecrBeHHo, co6-
crBenHble ero rone6aHuq or,'ruqarorcq lra-
JrvqrzeM nper.rMyulecrBeHHo paAHar'rbHbrx,
TaHleHIIHa, ' lbHbIX, aKCHar ' lbHbIX MOA KO,Ie-

6asutt. flpr BbrHy)KAeHHbrx KoJre6aHHrrx
nresonpeo6pa3oBare/'rq e ueu aos6y)KAalor-
cfl  cTogqHe B0J'IHbI, npLrrreM oAHoBpeMeHHo
Moryr nos 6yx4arrcf l  Bo, 'r  Hbr, onpeAe,'r f l  eM bre
lepeMeuleHIlfMn ToqeK B paAl4ar'rbHoM, TaH-
reHI{l taJIbHoM H aKcr{4, ' IbHoM HanpaB,' teHu-
f lx; y3J'rbl Bo,rH trpn groM B o6qeu cryr{ae
He coBrraAarcr. f loarolty 6ylena paccMarpH-
Barb  nos6yx4eure  n  n lesonpeo6pa3oBa-
Te,' Ie paALra, 'rbHbIX, TaHfeHrIHaJIbHblx pt aK-
CI,IAJIbHbIX BO,'IH I, I  3ABI{CAMOCTI{ I IX AM[' ' IU.
ryA or rapaMerpoB nnesonpeo6p a3oBare/'rrr.

Huxe npnBoArrrcr pe3y!'rr,rarbr pacqera
co6crseHrrsrx r.r BbrHyxAeHHbrx r<o"re6aHufi
BxoAHoro gBeHa - lresolpeo6pa3oBareJrrr,
creHKa Koropofo rrB/'rflercq 6nuopcpHofi, co-

l,J 1,8 z,J 2.8 H/r

cToflulelI  LIs paALIa, 'rbHo IIOr' tgpH3OBaHHOfO nLe3OKepaNrUqeCKOtO
cJrofl To,'tuluuoto h\ H MeTa,'IJII.{qecKoro cJIofl To,IIlIuuolo h2. Pa-
cqerbl BbIrIo,'rHeHbI A,'Ifl c,'IoeB I,t3 Ilbe3oKepaMLrKrt rnTaHara 6apux
H a, ' I ioMHHHfl.  Zcno,r lgogaHrt c, ' IeAyloulHe KoHcraHTbr rrbe3oMare-

puata ' .  s f r  :8 ,55  X l0 - t2  Mz/H;  sErz :2 ,6  I  X  10-12 l t2 /H;  soEo:

:8 ,93  X l0 - ' '  v2 f l1 ;  e31:  -  13 ,3  K f  v ,2 ;k r t :0 ,208;  p :5700 r<r /u3 .
Ha przc. 4.5 npe4craBJreHbr saBr4cr4Mocrrr rrepBbrx uerrrpex co6-

crBeHHbIx qacror, coorBercrByloqxx MoAaM, o6,uaAanulnM Bblue-
ynouxHyroit cunluerpzeii, or Bbrcortt H u roJnllzHbr creHxr.r ft1
nresonpeo6pa3oBareJlr  B c, ' Iyqae hz:0. f lpn nucorax, MeHbrur.rx
0,5r (s4ecr r - cpe1uwiz paAnyc qIznnu4pa), pacqer cJreAyer rrpo-
BoAlrrb B AByMepHofi  c lrcreMe KoopAr.rHar (p, v),  TaK KaK npo-
crparrcrBeHHarr MoAe,'rh R sroM c,'ryqae o6na4aer nnoxoii cxoAH-
MOCTbtO,

1 l t , I

a),
f.t?T rq

cl-,.41-f.{N[
ffi

5

0

,I

4a
^ t 1l rT
0u
0,05

Psc. 4.5. 3aeuon' locr '
co6crnenstrx qacror lU.ir'rriH-
Apul{ecKoro nu6ponpeo6-
pa3oBare,'ra or H lr rtpn
fulr :  0,21 (a) n or l t l l r

upu Hlr :  2,46 (6);
1 - n e p B a q  a K c u a r b H a s  M o a a ;
2 - T p e a b f l  p a l u a r b H a x  M o l a i
J - B T o p a f l  a K c u a n b H a f l  M o A a ;
4 - T p e r h f i  T a H r e n { n a J I b H a f l

MO.[,4
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f lo  saeacnl4ocr f lM raKoro runa MoxHo no4o6parb f lapaMerpbr,
n03Bor'rrIolr1l,te o6ecnequrt pa6ouyro qacrory nn6po4nnrare"ra B
)Ke, ' raeMoM Al tana3oHe. Hanpuuep,  qacro xerareJrbHo paSovyro
rlacrory nu6po4nnrareJrrr noAAepx{I4Barb B npeAeJrax 30-100 xfq,
TaK KaK npra 6o.nee BbrcoKr.rx lracrorax rpyAHo sos6yArzrr aMrrJrr.I-
ryAu xone6anuri Aocraro.rHoft Be,'Iuq[Hbr u3-3a Auccr]narlun gHepfnu
3a cqeT BHyTpeHHero TpeHI.Ig, a flpu cJIrrrrrKoM FrH3Kr4x qacToTax

O L
0,,t

OL
q5 '1,0 4[ 2,0 2,[ k,/r

[,5 2,0 2,5 H/r

na6po4eurare,rr  pa6oraer c aKycruqecKriM
ruyMoM, cJIbIIxHMF,TM yxoM qe!'IoBeKa. Pe-
3yJrbTaTbr pacrreTa noKaSbIBaroT, qTo rrpr.l
xore6asasx Ha co6crseuiloii qacrore
TpeTbefi, npeHMyUIecTBeHHo TaHTeHIII{a,'rb-
uofi, uoArt aMnJIHTyAa croqqefi BoJrHbt B
TanfeHIII4a/'tbHoM IrattpaB,']ennu npu6,'m3H-
Te,.'rblro n 3 paaa 6onuue aMn,'rr. iryAbt B pa-
AHaJrbHoM HatrpaBreHr.ru. f lpn Ko,'re6aHr.tf lx
ua rperrer? pa4ua,rsHoi i  co6crBeHHor i  qacro-
Te TaHreHIIHa,' lbHafl aMn,'IHTyAa npn6,'tUSU-
reJrbno n 3 pasa MeHblre pa4ualrHor?.  Tar
xax e 6o"'rruriHcrBe cJryqaeB rpyrrulnli uo-
MeHT, co3AaBaeMbrfi nH6po4nr{rarer'reM, H
cKopocTb ABr.r>KeHHrr BbrxoAHoro 3BeHa B
ocHoBHo M orrp eAe,'r tlorcfl a M n,'t HTy,u,ori TaH-
f eHIIr. i a,r r,r{ blx xo,r e6anaii, H a u6o"l ee [oAXo-
Aflueri AJrs nctrorrbgoBagus n nu6po4nara-
TeJIe qBr'rtreTcfi Tperbfl, npeHMylrlecTBeHHo
TaHfeHrrr . raJ lbuag,  MoAa.  OAHaxo,  KaK [oKa-
3brBaer aHaJraB 3aBacuMocrel i  ua puc.  4.5,
co6creeHHste qacTorbl TaHreHI{ua,'rbHblx
lroA o6uqHo BblcoKr.r (a 3-4 pa3a Bbrue
co6crneHsnx qacror paAr.rarbHbIx trro4), Lr
B pea, ' rbHbrx nbe3onpeo6pasonarenqx no-
,'IyrIeHI'Ie AOCTaTOqHO OO,'lbllII-IX aMIIJII4TyA

xore6asuft sarpyAHnreJrbHo. floerouy n
cryl{ae rlarr.rHApuqecKrr x nlesonpeo6pasonare.nefi c n,ta.[oli eH-
corot i  (H /r  10,5) qe,recoo6pasuo HcnoJtb3oBaHr.re rperbef i  pa-
Aua,rrrrofi MoAbr, nos6yx4aenaofi npu rroMotqa BBeAeHr4fl MeraJrJrr{.
qecKoro cJIofl.

t lpu H /r > 0,5 Bo3Mox(Ho ucilo,'rb3oBauue rperleii raHreHquaJrb-
Hoii MoAbI, TaK KaK ee co6crBeHnas qacrora c yBe,'r[qeuueira H cy-
ulecrBeHHo clrulr{aercfl. Ha puc. 4.6 npune4eubr 3aBr.rcuMocrr4 aM-
fl, ' II{TyA CrOqqeri BO,'iHbr rrpfl Bbrrry}r(AeHr'rbrx xo.re6arrusx npocrpat{-
crBeuHofi MoAe,'ru nresonpeo6pasoBareJrr, rpuqeM aMnJrrrryAbr Boa-
HbI paccMaTpI,IBaioTcf B ceqeH14r.I rII4r'rLrHApa, Ae,rfluleM cocTaB!'Iq-
lot{Yn roIIoJIaM, T. e. no JruHt4u Kpe[,'IeFIufl KOHTaKTHbIX 9,'teMer-tToB,
tlacrorn nos6yx4euufl nplr f loryrleHnlr 3aBllcuMocrefi I u 2 r'pu-
HflTbI paBHbrMU CO6CrSeHHbrM qaCTOTaM COOTBeTCTByTOTTIHX MOA KO-
.ire6aHuri. l4s sastrcnN,rocreli Ha puc. 4.6, a c,'IeAyer, qro cyulecrByer
rpKo Bbrpa)r(errHoe orlrrrMa,'rbHoe oTHoueHHe BbtcoTbr Ir paAr4yca
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IltrJrrrrrApa H /r x l, rtprt r(oropoM Hau6o,lec of i|lexrrrnno nos6yx-
Aarorcrr raHfeH[r laJrbHbre Ko,rre6arruq. Hau6o,rree :$Qerir f l  Brroe Bo3-
6yx4eune paAl.{a,'ibHbrx xone6anwfr Ha6nIoAaercnnpu H: (1 ,5:2)r,
TIOSTOMy pa6Ora rresonpeo6pa3oBare,'Irl B KailecrBe BXoAHofo 3BeHa
on6po4nrararena oQQer<rHBHa npu H: ( l  + 1,5)r.

I4s sasr4crzl4ocreri ee,'][quH cocraB,'IffIoulux aMnrHTyAbI rone6a-
uufl or rod'rrqr.rHbr creHKu nle:orpeo6pa3oBareJls (pzc. 4.6, 6) c;re-
Ayer, qro xo.ne6aHus sau6onturefi aun.rruryArt nos6yxgarcTcs ltpu
To"rltr,Hr-re creHKr.r fu x 0,2r.

llpu peurernu Bonpocoe o srt6ope Mecr pacno,'to)I{eHutt KoH'
TaKTHbrx g,'reMeHroB IIa BXoAHoM sneHe nu6poABl.{fareJlfl u o nlt6ope
TOTIeK 3aKpen,reHrr f l  BxoAHoro 3BeHa Heo6xoAl into paccMarpHBarb
83 aU M HOe p a CnO,'IO)i{e}lUe y3JIOB blx TOqeK CTO'IqUX BO'IIH p aAIl a,'IbH bIX

-)o
t

Pttc. 4.7. @oprrltr pa4ua,ltuofi a rat{fellqtta!'Itltoii eontt n
N{eCTOpaCnO,IOXeHHe KOHTaKTHbIX SJIeMeHToB } I  Toqel(  3a-

KpenJlerrut

n raHreHIIHa, ' rbHbIx xone6asui i  no oKpyxHocrn.  Ha puc.  4.7 nyHr<'
rupuoft nnsneft [oKa3aHbI aMlJIIiryAbI xone6asufi B TaHreHIlHa!rb-
HoM, a cn.ronuofr - B paAl.rallbHoM HaIIpaBJIeHIlf lx roqeK oKpylKHo-
crr.r f lbe3onpeo6pasonare.ls uanofi Bblcorbl H<r npu eoe6yxAeHul't
B HeM crotqux nonH (oxpyxnocrb Ha puc. 4.7 noxasara pa3Bep-
Hyrof t  e  npnuyrc) .

Vsru pa4ua,rlnol? I4 TaHfeHIII{a,l lHofi Bo/' lH cMeureHbl orFlocu-
Te,lbHO Apyf Apyfa Hu '/n A"rIlHbI BO,'IH, nOSTOMy IIO OKpy)I{HOCTI'{
Her Hn oAHoft HerIoABI.Ix{Hofi roqru. f lpa erou y3Jlbl paAl'ra.nlsoti
cocraensrculeti coBnaAalor c MecraMu pa3Ae"IellHtl 3,IIel{TpoAoB.
CAnur MexAy MecropacnoJIolKeHHflMI{ y3"loBbIX TotIeK paAua,ryuuoil
LI TagreHuHa,ntgofi Bor'II{ oflpeAe,' lfer rl ' lnbl Bo3Mo}l(l lblx 3aKpenJIe-
suil raxoro nlesonpeo6pa3oBareJlfl, Koropble Ao,lxllbl 3aKpe[!'Irrb
JIHIItb IIO OAHOMy HanpaB,'leHI.Ilo (paAI{a,'IblloMy ,'Ixoo raHreHll, l ' , IaJIb-
HOUy) . !,OnyCxaeTcfl TaK)Ke I{CnO/'Ib3oBaHue yfipyfux sarpen,reHnfi.
B c,iy,rae qrln[nAp [.IecKoro rlbe3onpeo6p ason arer'It l  B blcor at H )>0,5 r

BOIIpOC 3aKpen!'IeHI'If l  peUaercfl npoqe' TaK KaK SAecb CyU{eCTByIoT
ys,ronue TOqKrr no BceM cocTaBJIgFou{r.IM aMnJIIITyAU rO,re6anuft, n

KOTODbTX BO3 MO>KHO )KecTKOe 3 aKpeIIJIeHIle l lbe3onpeoop a3oB aTeJIfl .

I l iec"opacno,'ro)KeHlre KoHTaKTHbrx gJreMeHToB nu6upaercn uex-

Ay yS.rIaMH paAua,rtHOii lr TaHfeHr{r{alsgofi KoMnoHeHT c IIeJIbIO

O6eCneqeUurr Kocofo Hx COyAapeHI{tl c nOBepxrlocTbIO BbIXOAHOTO

sBeHa. VrO,r coyAapelfls 3aBIICI.IT OT BeJIIIqnHbI A/ CMeg1eH11s KOH-

,t0

Puc. 4.6. 3anlrctzrrrocru al,r-
nJ'II ' lTyA CTOflqHX BOr'lH Bbl-
HyxAeHHbrx  xo , re6ar rn f i  o r
Hlr  npu hy l r :0 ,21  (a )
n  o r  l t l f r  npu H l r  :2 ,46

( 6 ) ;
- -aMt rnnTyAbt  paar r -

aJ lbHb lx  BonH,  - - -  - -aMt rnn-
?yAb l  TaHreHr l t ra rbHHx BorH.

J -TpeTbf i  TaHfeH4na, lbRaf l
MoAa;  2 - rperbq paAt ranbHat

MOAa
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TaKTIIO|O SJIeMCHTa OT y3,'Ia pa/UtaJIbHOri BOJ'IHbI, T. e. OT COOTI'IO-
tIIeHprri cocTaBr'If iIoI[tIX aMnd'I"t lTyAbt Korle6aHllf i r ioHTa]iTHofo 3,1e-
MeHTa. O4Haxo,  xax 6yAer r roxa3aHo e ,u,antHer lueM, 3ro coor t {o-
[ IeHue n pa6oueu pe]Kr. rMe eu6poAnurareJr f l  Moxer cyulecrBeHrro
MeHfrbcf l  B gaBucrrMocr lJ  or  f roBepxHocruof i  >recrxocru BblxoaHofo
3BeHa, cr l ' rb I  Haqa, ' Ibuofo HopMaJrbHoro 83auMo.q,ef icreul  Me)KAy
3Benbf lMr4 (Harnra)  r r  or  HeKoropbrx Apyfnx t tapaMerpoB, no3roMy
ltpu paccMorperrr.ru Bonpoca o noa6ope orrrr{MarbHori seraqr.rHnt Al
H eo6xoArt uo I.tccrTeAoB a HHe AIt Ii a M HKt't sfi6poAelaf aTe!'Ifl B IIed'toM.

4.3.  PACrr  ET BT46POAB[rATEJrt
NPi l  BO3BYXAEHI, IH BXOAHOTO 3BEHA

OT,IIEJI bH bIM N MNYJIbCOM

P accuorpz l,r nep exoAnbre npoueccbt ABH)KeHr{fl nu 6poAeararenR,
fio,ryqeHHbre p erxeHr.ieM au$ Qepeuu[ad'r bHbrx yp a nHeHar? ABr.i)KeHHfl
rpu nos6yxAeHr4r{ BXoAHofo 3BeHa orAedrbHbrM r.rMny!'rbcoM Qopuu
cr.rHycoHAa,'rbHoii i lo,ryBor'rHbr (pasHonnAHocrl uaroBoro pe)r(r. iMa
pa6oru eu6poanurarena) .

A,Tfl CpaBHeHUfl )KeCTKOCTHbTX XapaKTepr{CTr.IK BXOAHOTO n I1O-
BepxHOCTr.l BbTXOAHOTO 3BeHbeB yAO6HO BBeCTr.r xOeQ$uqUeHT )r{eCT-
r{ccTH BXOAHOTO 3BeHa ku nO HanpaBJIeHUIO HOpi\{aIH K IL'rOU,{aAKe
rioHTa KTHpo BaHLlr, q Hc,Terr Ho pa eHu fi Ber I,tqH He cnd'rbt, np i l,toNeu Hoil
K BXOAI{OMy 38eHy B IlOpMa,'tt,HOM r{anpaBr'teHH[1 B TOqKe Kpen,'teHHfl
xoHTaKTHofo 9,'reMenra H o6ecrtequearcueft ennHI,rrIHoe cMelueHue
elori roqxn.

flpr lrcc,'reAoBaHurr ABr.r]KeHHfl eu6poAnv rare.rn noA eosAeft-
crBlreN{ oAHof o HMnyJrbca BBeAeM ne,rauHy 6a, o6oauauarcqyrc
cMeuteHr,re KouTaKTHofo 3,'reMeHTa oT noJIo)KeHr,rfl paBHoBecr.rfl B
HOpMaIbHOM I'taIIpaB,' leHlln npn rroAK,'IroqeHHI,t K SrTeKTpoAaM nbe3o-
npeo6paaoeareJrfl nocronHHoro g,'teKTpl{qecKofo Hanpfl }r{eHnr Be,'tLI-
qI{HbI, paeuotl aMnJrlrryAe nMrryd'rbca. B Haqa,rrgoM no,iro)Kenzu, T. e.
B c.[yqae orcyrcrBl,rr xone6asufi, BxoAHoe 3BeHo ynupaercfl B rro-
BepxHocrb BbrxoAHoro 3BeHa H HaxoAr. r rc f l  B AeqlopMrrpoBaHHo[, t
cocrosHr.u4, 3a cqer uero o6pasyercn HaqaJrbHar cu,ra ssaHN{oAefa-
crBr4fl MexAy 3BeHbRMr.r, r4Jra Hartrc. Xapaxrepncrzxoil TaKoro Ha-
Tflra c,'rylKrir Be,'rr.Iqr,rHa HopMa,'rbHoro cMeilIeHufl G xouraxurpy-
rou1eri ToitKI,I BXoAHoro 3BeHa or ee nod'rolKetllf B cd'ryqae tie4e$op-
MHpOBaHHOfO COCTOf lH I , t f  BXOAHOfO 3BeHa .

HuxenpunoAuMbre  3aBr , rc r rMocr r . r  nocrpoeHbr  c  ucno, ' rb3oBaHVeM
cr'Ie!.yrculHx 6e:paauepubrx Be! 'rr{quH: BpeMerrn t :  tao, rrpoAo,'r}Kr.r-
Te, ' IE,HOCTI,I 14Mny,r lbca t :  t tr lo; XapaKTepl{CTHKI,I f lpeABapHTeJibHOrO
Har f l fa  G -  G /6N.  cMe[LeHuf l  KonraKTHofo  g , ' reMeHTa B I IopMad ' rb -
IIOM HaIIpaBr' leHHH 0;1,1 : L)iN/6N', Cl ' l rrbl HOpMaJIbHOfO nSaUtUOaet?-

; B A  F B A  /  A
crerrq Fi , . i  :  f  i f r l6xku;  MoMeHra HHepuHH BblxoAl loro 3Bei la  t  -

: taSl t*kuR.
Ha puc. 4.8 npnne4eH npo_qecc lr3MeHeHufl HopMaJrbnofo cMexle-

rrHfl K0HTaKTHOfO gJreMegra ut,v B TeqeHlte BpeMeHI] o.u,Horo coyAa-
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peHrrn rr  coorBercrnyroulrrr i  npouccc ncpeAarln rropMa, ' IbrIofo Ha-

trpaB,rreHr{ofo HMny, ' rbca f  - \  pf iat  B reqenre BpeMeH[ coyAape-
.Y

Hr{fl npn pa3,'rr.rqHbrx xapaKrep}.rcTuKax peo,'rofHqecKoii MOAeJIIT no-
BepxHocTi l  BbrxoArrofo 3BeHa. conocrasneHr{e KpLIBF,rx I  u  2 noxa-
gbIBacr, qro )KecrKocrb peo,roruuecNot2 MoAe,'In ltpaKTHqecKu He
BJrHfer Ha Be,'ruquHy nMnyrbca, oAHaKo npu 6o.rlurer? >Kecrxocrt.I
6o,ree aKTr.rBHo Bo36vx(aar.orcfl BblcuHe rapMoH14KIl t<o,re6aHnii
BXoAuofo 3BeHa. Vee,r r4qeHHe xoaQQuqr. r -
eHTa Bf l3Koro rpeHHq peo,rornuecxoi i
MOAe,{pI C,y CIiH}K2€T Be"lHqHHy HMny.[bCa
(xpunaa 3) .  f lpnueuenne a6co, ' r rorHo
xecrr<ori itAea,'u43arruu loBepxHocrlt BbI-
xoArrofo 38eHa ilpr.rBoAr.rr K pesy,'rbTa-
TaM, CB[AeTe,' lbCTBy]OTILIM O 3aHLIXeH-
HbIX 3HarIer{UflX nepeAaBaelv{ofo HMny!'rb-
ca ,  HecMoTps Ha oTcyTcTBIze  B MaTeMa-
ruqecxoti MoAe,'ILt Aonor'IHrire,'lbHblx At{c-
cur ia r r {BHbrx  sJ ' reMeHroB ( rpunar  4 ) .  I1o-
,ryueuurtr l  pe3y/-rbrar o6ycnonneH TeM,
t]TO IIPU OTCYTCTBI,TU B MOACTI,I KOI]TAKT.
Hor i  ynpyrocrH npouecc  yAapa Mox{er
6url npegcraB,rreu B BHAe 6ecxone.{Hoii
I Ioc, ' IeAoBaTe,lbHocTrl yAapoB c yMeHb-
ri lalouluMcfl npoMe)KyTKoM N{exAy HHMH.
3ro s,'reqer sa co6oft yqacrr4e B rrpo-
uecce  coyAapeHHf l  6ecxoHeq t ro ro ' JHc ! ' r a
MoA None6aHHii coyAapq!ouuxcr re!,r.
Kax r3Becrr{o,  KoHeqHo3reMelr rHaf l
MoAe,rb cnoco6ua f lpeAcraB,rr rb, ' ra lub
sroMy cyMMapHoe 3HaqeHHe yAapHoro

U LIl

Puc. 4.8. Bpeuenu6re 3aBnctr-
MOCTI. I  ABLi)KeHHt KOHTaKTHOTO
SrleMeHTa B HOpNlar ' IbHOM Ha-
[paBJ'reHHr]  H nepeAaql l  yAap-
HO|O HMnyrbca Bo Bpej \ { f l  o.1-
HO|O COyAapeHHq KOHTaKTrrbrx
nap  eH6po4e l r r a r c . tH :  G  :  0 ;

|  - k N l k u : 2 0 0  l  c t v , : 0 ;
2 - k N / h U : 2 0 0 0  n  c , y : 0 ;
3 - h N l k U : 2 0 0 0  r  c N t o f k N :
:0,0133; 4-  a6conbTHo )r(ecrKaf l

n o B e p x H o c T b  B H x o a u o f o  3 B e t I a

KOHeqHOe q[C, ' IO I {OA, I IO-

riMnvrbca nor'rvqaercg 3a-
I I i i }KEHHbIM.

Creneul 3aupr)I{eHHocrll onpeAe,rnercfl tII.IcJroM MoA, lrpeAcraB-
,'If leMblx KoHeqHoaJleMeHTltoli MoAe,'tbto, nogroMy yBed'If iqeHlle tIIIcJ'ta

K3 e MoAe,rrn cHHlKaer norpelxuocrb Bblqlrc,'reHI4q. OrcroAa cd're-
AYET,  L ITO  XAPAKTEPHb IM CBOf tCTBOM MATCMATHI IECKOi1  MOACIH  A6CO.

.rr roTHo )KecrKor l  t roBepxHocTH BblxoAHofo SBeHa f lB" l f lercf i  3al l l {x{e-

I I i {e Ber ' l I4r{HI ' lb l  yAapl lOlO uMny, ' Ibca I {  TeM CaMbIM TIOTpeIxHOCTH B

pe3yr'rbraTax B brr{uc,rr eHu Ii. f loerou y npu p acqeTax rlp eArloqruTe,tbH a
MOAe,'rb c peororueii noBepxHocrH B 3oHe KoHTaKrl'IpoBaLrLtfl
3BerrbeB. l lpr rueuet lue a6cor lorHo x{ecrKol l  MoAeJiu onpaBAal lo
JIHIUb B C!' IYqAflX, KOIAA 60, ' ]bluAfl  PA3H[II{A B TIOPflAKAX BEJII]qI, IH

roasQnqueHroB ku, f t ,v TIPUBOATIT K 3arpyAlleHI' l f lM tI I4C,' IeHHOTO I ' lH'

Tef p r ipoB a i l  f i  f l  cH creM bI 4l.rQ$ep elrul4 a"lbrlblx yp a au eHr i i .

Ha puc. 4.9 npe4craBJIeHbt 3aBIlcI4Mocrl.r  xapaKTepvcrlrr ABLI-
)KeFIlIq en6po4eurare, ' I f l  B uaroBoM pextl ' lMe or npoAoJ' l l l { l l re, ' lbHocrl i

r .rMnyJrbca eo:6yrx4euufl  npeABapl ' lTe, ' lbHofo HaTsf a. 34ecr napa'

Merpbr f iMny,rbca Bo36y)KAeHI'I f l  TIOA6I{parcTCfl TaK, qro npu yBe,r}I-

0
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t leHllrr nPolonxrtrre,rbHocrtt T aMnrHTyAa yMeHbtxaercfl HacToJIbKo,
,lTo6lr n.rtoilIaAb Itx,ri ly, 'Ibca, T. e. npou:]BeAeHIle efo A,,IuHbt u aM-
IId'ILIT)/AbI, ocraBa/'tacb nocrogHuofi, a caM LIMny,,Ibc nue"rr {)opmy

Puc. 4.9. 3aBucnN{ocru xapaKrepucrHx pa6orur ar.r6po.ueu-
la re,r n ot- n p oAo,'r)KIITerbH ocrtr r.r M nyJ'rbca nos 6yx<4erilr r n pn
0 : 17.8 .(a) n or Berr.rquHbr naiara npu ?: O,gO (b)

n p u  h 1 1 l h u : 2 0 ,  J : 0 , 1 7 8  \  l 0 : s , . c , r , : 0 ,  i : b , B O  
'

ctrHycouAa,rbrlot i  f io, ' IyBod'rHbr. Zs npnee4eHnbrx 3aBr.rcr4Nrocrefi  cf le-
AyeT BbrBoA, qTo xapaKTepr.IcTr.rKa BH6poABr.rrarena 13 HMeeT MaKCH.
MarrbHble SHaqeH?If l  npH orrpeAereH-
I lb lx  Be, lHqHHaX ?  U G,  a  MeXAy
TeM 3aBLIct{MocTI.I  l t ,  lz oT Tex )I{e
r rapaMeTpoB HocfT  MoHoTOHHbI f r  Xa-
paKrep (xapaxrepncrHKri  h- ls
olncaubl B rJt .  2).  Hau6o,uee 6,ra-
ronpLIf lTHafl A,r i l lHa l lMrryJrbca Bo3-
6yx4enrza Ai l f l  no,ryqeHnr Kaqe-
cTBeHHOTO l l laTOBOTO pex<r{Ma co-
CTaB, ' rseT 0 ,8-0 ,9  nepHoAa co6 '

't0 ,t[ 20 kt /k,

KocTb noBepxHocTr.i. f lpu He4ocraroqr{oii ee xecrKocrH BbrxoAHoe
3BeHO nJroxo IIpr]HlrMaer ABrr]Kyl{ee no:4eficrene Kocoro yLapa,
TaK KaK OHO He CI IOCO6HO OKa3arb OXIyTHMOe O6paruOe BO3Aef i -
crBr.re BxoAHoMy 3BeHy. flpra 6olnurnx xecrKocrnx BbIXoAHoro
3BeHa CU,'tr,Ho B036y)KAaIOTCt BblClIIUe MOAbI, B pe3y,'IbTaTe qer0

BO3Hr.rKaroilIee 6o,'Iburoe qHc,ro yAapHblx HMnyr'It,coB repfleT cBolo
HanpaBd'reHHocrb B cpeAHeM a He o6ecfieql.lBaer yAoB,TerBopuredTb-
Hoti pa6orbl eu6pognurare,' i9 B IIIafoBoM pe>KLIMe.

Ha pnc.  4. l l  npe4craBJleHbt  npeueuni te saBact4Mocru l tMr ly ' tbca
eos6yx4alourero ysr'IoBoro yclr 'I l i l  B ToItKe KperlreHHl KoHraKT-

HOrO gJieMema Fiy (/), ust\leueHus HopMa,'I lsoft u raureHulla,rltroti
KOOpAI.THaT KOHTaKTHOTO SIeN'leHTa U in, U ir, CUr'l HOpMa,lbHOfO I{ TaH'

reHur.raJrbHofo 83ar.rMoAeiicrBLIr p?i, e1f r cKopocrn ABIIiKeHLifl
BbIXOAI]OTO Sneua rjr '  3asrtcfi\4ocrH nol{a3blBalor, qro <<uaf>> nz6po'

ABr. r fared ' r r  Qopmupyercf l  3a Bce BpeMf l  nepexoAHoro-npouecca B pe '
3y,'rbrare HanpaB"rrell l loro B cpeAHeM B3al{MoAeI{cTBI'lf MexAy
3BeHbsMr.r Bl't6poABIlrare,tf l .

4.4. PACq ET BI,I6PO]IBI,I TATEJIfl
co  CTEPXHEBbIM BXOIHb IM 3BEHOM

B PEXI4ME HENPEPbIBHOTO ABHXEHl4 f l  Bb IXOAHOTO 3BEHA

B Hacrorx1eM pa3AeJIe npHBoAttrcR pe3yJlbrarbl pacqera no
MKO nn6poABufare,rtt co creplKHeBbIM nL,e3oKepaMI{IIecKI' lM BXoA-
HbIM 3BCHOM A I , I  BbIXOAHbIM

s B e H o M - p o r o p o M  B  l 2 4 l
(puc. 4.12).  Tax rax KoHraKrH-
poBaHHe Me)KAy SBeHbt lMu BH-
6poAnurare,rn 3Aecb ocYUrecr-
Br fercg  B eAHHCTBeHt to i t  ro t lKc ,
HeTpyAHo 3aMerl. lrb, qro TaKaf
MO.IIC,'Ib ONI,ICbIBACTCfl CI,ICTEMOiI
(4 .3 ) .  Pacqer  rpoBeAeH r . r l f l
Bn6poABHrare . ts ,  o6 , raAatou le ro
c,'IeAyIotql.IMa )KecTKocrllblMH Il
SJIeKTpOM eX a IIUqec KH M U X a p aKrep I lcT?l K a MrI :

c f l : 0 , 8 2 6  X  l 0 r r  H / M 2 ;  d e t : 1 1 3  X  l 0 - ' ' K / F I ;

a l a  : 8 , 8 5  y  l o - e  @ / u ;  h s t : 0 , 3 4 ;  h u : 1 , 2 2  X  1 0 1  f I / M ;

h w : h r : 1 , 7  X  1 0 6  H / u ;  c x : c r : 0 '

. [ , , rn pacuera nu6pogeurarera B pe)l{uMe I IerpcpbIBIIoro ABI ' l '
xeHl{q BbIXoAHoro geella Heo6xoAlrMo quc! ' IeHHoe nl lrefpnpoBaHue

4uQSepeuur4ar' IbHt' IX ypannenufi  KoHeqtlo3, ' Iel teu'r l iol i  MoAena eu6-

poABr.rraTed'If l  Ha npoMe)KyTKe BpeMeHI'I ,  AOCTaTOTIHOM AJIB 3aTyx,a-

nng nepexoAHbIX IIpoueccoB. B 3aBHCI', lMOCTl4 OT 4O6pOTUOCTU

nbe3or rpeo6pa3OBareJ ' l f l ,  oTOT f ip 'OMe)KyToK.  MOX(eT OKa3aTbCf l  BO

Muoro pae 6onture [epnoAa eo:6y>x4ettua' floerouy B raKI'lx c"Iy-

trr

,t00,6

Pnc.  4 .12 .  Cxeua n t6po, le t t ra re , r l  co
CTEP)KHCBIJ \ I  BXOAI IL I I I  3BCI IOI {

PHc. 4.10. 3asucl iMocru xapaxre- puc. 4.11. I , lsMelreHr;e Bo BpeMe-pucrux pa.6orlt  nn6po4ruiarenr nrlBe,luqriH,onucbrBarou-l l .rxDa6o-
or xoa$QuqHerrra )KecrKocrr ry nu6poauriaier, 

"-ruui*o*peo,roruuecxori MoAe,rl t  . \p! I  :  pexnrue' npn hxlhu : ZO, 
- i :

:  0 ,178 x  l0 - : ,  G :^ t7 ,8 ,  c ru :  :  0 ,178 x '10_5;  
'e " :  

i , i ; ,  i ::  0 ,  i :  0 , 8 6  :  O , S O ,  c u  : 0 ' - '

crBeHHorZ qacrorbl xone6asufi  rperoei i  raHfer{quaJrL,Hor? MoAbr
BXOIHOTO 3BeHa.

3aeucuN4ocru lt vr 12 or orFrorreHH.fl KogQOuqueHroB ku/ku
(pnc. 4.10_) noKa3brBaror, qro Ann nau6otee 6,raronprzflTHoro pe-
ir(rrMa pa60rbr n[6po4eularenr Heo6xoAr.rMa olpeAeJreHHafl xecr-
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ii',
r larx npHxoArrrcf i  3Haqerrr {e xoaQQuuueHra 4euncpupoBauug t l tare-
pilar'Ia BXOAHO|O 3Berla' UCI]O,'Ib3yeMOlO npI,I n0d'lyqeHI']U MaTpl' lt lbl
4eunQuponaHun  [C ] ,  ucKycc rBeHHo npuuHMarb  3aBb tueHHL, IM ,
qro6br cor(parrrrb BpeMfl saryxaFILIr nepexoAllt lx IIpoUeccoB 14 no-
, ryq i { rb npr . r6nn>reuHue cBeAeHut l  o  xapaKrepe AHIIaMLIqecl (ux
ceolicrn pear-rbrrofo nn6po4onrare"rn.

B gaencur,rocrrr or !racrorbl rone6asnti, cu,'IbI uarfra tt IIeKoro-
pbrx Apyr l rx  $axropon Bo3Mo]KHa pa6ora et t6po4nl t rarer t t  KaK B
ocrroBHoM (oAi lo KoHTaKTr. rpoBaHIIe Mex{Ay 3BeHbt lMLI  3a oAI IH I Ie-
puo4 eos6yN4euun) ,  raK LI  s  NoNa6raHupoBanHbtx pe>xuvax.  Lnx
o(eHKu pelKvMa pa6oru nu6po4eurarenn BBoAttrcfl cJIeIytouIHe
r<oa$$uuueHru:

A -  ,q , l  lA ;  ho : l a  -  a i l l a ;

s

hr :  l ' lF i !  -  FB, i -  . .  I  t ;BA-  
2 , 1 '  

N ^ a x  - '  d , n u * l  
l /  

r  N * u * '

s s s
I  S - r  I  s l  I  \ r ^ n a

r . u , e  J : - - -  )  A t , a : - - : ,  )  a , , F o * ' "  : - - - - - - - - - T  )  r - t i '  - o 6 q e e'  
S - l  / - )  '  S - l  / - r  "  " m a x  S - I  / - )  " m a x , .

i : l  i : l  i : l

qHc.rro nepuoAon sos6yxaerr l r r ,  B TeqeHHe Koropblx I r r r refp!rpyrorcs ypaBHeHrq
ABHx{eHuq eu6poAer.rrarena; l- qltc"'Io nepr{oAos xo,'Ie6aHuii, ueo6xoluuux Aas
3aryxarrr{ r r  nepexoAHbrx npo[eccoB (npeAno,raraercn I  1 s) ;  A;-MaKcuNraJrbHoc
3HaqeHr.re orK, loHerrr . rg rouraxrsof t  ToqKu or no,roxeHI-r t  paBHoBecnq sa i - i i  ne-
pHoA; a, - Nlr-tHfiMaJ'rbHoe oTK!'loHeHHe B HOpMa"IbHoM HanpaB"IeHlru t<ourarrsofi

' ' -R4 -MaKcIrMa,'IE,Hoe 3HaqeHr.re uopua,rruoii cHJrbI B3alnr{o-TOqr{ i l  3a r-H nep}toA, 
" fo,nu* i

4ci l rcrenR :a i - r i  ncpr. ro4,

tr4cnonrsoeaHr.re srr.rx Kog0Sr.rqHeHroB lt03Bo,'rfier $opualrHo
noJryqHTb o6,'racr[ cyulecTBoBaHl{fl ocHoBHoro pex(vMa. !,,rn eroro
AOCTaTOqHO noTpe6oBaTb, qTo6bl zx 3HaqeHvg He f lpeBbr[raJln HeKO-
TOpOro 3aAaHHOrO sHalleHufl,  HarIpIIMep npaKTI{qeCKH AOCTaTOqHO
ha ,  ko ,  A t  (  0 ,1 .

B ce uuxenprzBeAeHHble 3 aBIicI.IMocrH nod'IyqeHbl'rn IUb B o6r acut
cyqecrBoBaHuf ocHoBHoro pe>KI{Ma. flpra I.Ix [ocrpoeHr.rH ricno.rlb-
3OBaHbI CJTeAyIOU[e 6espasmepHble Be,'II{qLIHbI:

G :Glao; 
-M 

n: M,,./(Rh ual); ff : N 
"l(kuas\; 

ril : ril"R/(tooo);

<o : to/tooi a: ale.o,

l t - .  t  l - 7 .  ,
r1e  a :  N n 'u  *  a i ,  ao :  N a 'u ,+  a io  ;  o0  -  co6creet l t ta f l  ) ' r . ' i oBaf l  qacrora .  Ko.

"rc6aHufi BxoAHoro gBcrra B 6ecrouraxruoM pe)KnMe (r 'perr,ef i  raHrerrqr.ra,rsrroi i
I\roAbI B HaCTOtXleNf c,'ryuae) i oo - yr,'IoBatl qacToTa noa6yxtreltHr; o No, oTo-

aMn,'rlrryAu ro,re6auufi xoHtaxtuofi ToqKI.I BxoAHoro 3Berla n 6ecroHraxrHoN{ pe-
XHMe Ha qaCTOTe (06 B HOpMa"' lbHONI L TaHIel lUHaJIbl lOl I  I IanpaB, ' le l lUqX COOTBeT-
CTBeHHO; dN, dr - aMnJIHTy.UbI rO.ne6artuft rouraxrsoft Toql{H B pa6ouelt pc)Klllre
Ha qacrore ai M*", N" - cpeanuft rpyrauuil MoMeHT I.r cpe,[Hfls crl!'ra I{oHTaKT-
Horo 83ar{Moacf icrnug 3a oAuH nepuoA xone6aut l f i .

Bos6yx<Aeuue
MoAbI Ko, ' Ie6aHlI i i ,

70

ocyqecTBr'rseTcrr Ha qacTore rrepBofi npoAoJrbHoii
npf iqeM I ICTOII I I I I (  f lB?' I f leTCf l  I IaCTO"IbKO MOUIHbIM,

qro g" [exTpr]qecr ioe no. [c  r ra eccx K3 Mo)r ino cqnrarb 3aAartnbrN{.
! ,e t t ; 'xenr tc  BbrxoAuoro 3Bel ta npurrrnraercrr  paBrro l {epubr}r ,  r .  e .

rpnunN,raercr  r l r :0 .  Ha puc.  4.13 npuneaeHbr aMn, lHryAHo-qacror-
Hbte xapaKTepr.rcrrrr(u xo,re6auuii xonraNrsori TorIKlr BxoAr-rofo 3Be-

94 0,98 ,t,02 '1,06 '1,,1 o 0,9+ 0,s8 ,1,02 '1,06

PHc. 4.13.  Aun,rurynHo-uacrorHbre xapaKTepr.rcrr . rx l r  r<o,re6anuf i

rot t raxrrot l  ToqKH BxoAHoro 3BeHa npu t l l :  0 e r ropMa"rrbHol t
(a)  u ranrenqf ia, ' rbHoM (6) nanpan, lenuax:

/ - rapnourvexHe Ko, le6aMq B 6ecKGTaKTHou psHMe; 2-E:3,37;
J -  G  : 6 , 7 3 :  4 - G : 1 0 , 1 :  5 - c :  1 3 , 5 ;  6 - G :  1 6 , 8

Ha, T. e. y3"'roBor.i ToqKr.r cBo6oAHofo KoHua crepx(Hfl npr.r pa3r'ruq-
I {bIX BCJII , ITIT4HAX HAqA"TIbHOIO HAT'TA H 3ATOPMO)I(EHHOM BI, IXOAHOT,I

3BeHe, T.  e.  l rpu r !  :0 .  l lo  cpaeueHl1rc c aMn" l l ryAHo-r lacroruoi i
xapar(repHcruxofi 6ecrosraxr-
} IbIX KO, ' IE6AFII ' IJ i  B HOPMAIbHOM

rrarlpaB,reuHr.i IIpu yBe"rnr{eHv H
rrarfra G yne, ' ruuunaercf l  pe3o-
r{aHcHafl qacTora Ko,'Ie6aHI.rfi.
Maxcul,ra,rnHaq aMn,'ruITyAa Ko-

" ' re6aHui i  B HopMarbHoM HanpaB-
/'reHlIH rrprr STOM H3Mellfercfl He-
3HarIIiTe.{bHO' a IIp H yBeJ'II'IqeHI'Ifl

Harflfa 6o,ree Kpyroil craHoBI,lT-
cs / ' reBaf l  cTopoHa xapaKTepl ic-
Tr.rK. AMn,'1ITyAHO-qaCTOTIIatl Xa-
paKTepI' ICTHKa T&Hf€HIIHzr' I t 'HL'IX
KoTe6aH14Il KOHTAKTHOfi TOIIKII
HOCnr 60,!ee c, 'rolKHbli l  xapaKTep.
f luru raufeHrluartbHbrx xapaK-
TepI.ICTrlK He COBIIaAaIOT C COOT-
BeTCTBylol l l r . iMrr I I I . iKaMu Hop-

,1,02 '1,,10 ,1,,18

MarbHblx xapaKTepl.rcr l4K, rr rx Puc. 4.14. O6"rracrr c![ lecrBoBsHur oc'

cABI,tr or rio,'IoxeHllfl rrvKa xa' HoBHofo pexuMa

paKTepHcTLIKU fapMoHLIqecKI' lx
Kore6aHx i l  He uMeer  oqeBl rAHoi i  3aKoHoMepuocru .  CaMH xapaKTe-
pItcrHKH npr.r yBe,luqeHl4H Hargfa cTaHoBtTcf 6or' Iee I lor ' loruMl{.

Ha puc .  4 .14  npeAcraBr ' Iena qacrb  o6Jracr r r  cyx{ecrBoBaHr . I f i

ocHoBHOro pe)rir .rMa pa6oru BH6poABLIfareJrf l  (oAHo coyAapeHne 3a

s
T
./J

s
, \'1 I
t u A -  / )  |

. 7 7

:,1,
&'

s+



OAI{H ilepuoA Bo36yx{Aennfl), rAe Salrrpr.rxoBaHHarr 3ona npeACTaB-
nRer co6ori o6nacrl, n xoroporl xoe0Qurlueqrbr ho, hs, ky ) 0,1,
r. e. pexr.rM rBJrflercfl cy6rapuoHuqecKnM .nu6o rolr6unr.rpoBaHHbrM.
CnrourHue ilvHrrr4 flBrrrrorcrr Jrr,rHlrrrMr{ ypoBHg noBepxnocru, H3o-
6paxarcu1eft sasncilNaocrb KpyrflI l lero MoMeHTa M*_ttpn saropMo-

xeHHoM BbrxoAHoM Sneue ez6poABlrfaTer'rf l, T. €. ri : O. Maxcll-
MaJrbHoe 3HaqeHHe P Aocruraercs npu 13 1G 114 u 1,08 <
( ro ( l, l , npuuettr lr3MeHeHLIe Harflra G lr.nu yMeHbIrIeHLre qac-
TOTbt ero pe3Ko yMeHbualoT.

Puc. 4.15. XapaxtepacruKr.r <Kpyrflrrlffi mo:lresr - cKopocrb
ABHxeHufl> (cnnorunaa lnHua) u 3aBr-rcr.rMocru (fl,{, (nyux.

rr.rpHafl lunnr) npu o : 1,03 u co : l , l2 (6):

I --G : 3,37 t 2 -A : 6,7 st, 3 - f, : t o, t ; 4 - d : ts,si 5- f;: tO,a

KoeSQnUneHr noJresHoro 4eftcrnnff Br.r6poABr.rrareJrfl BbrqucJrfl-
ercfl no Qopnry.ire 1: An/ (,4' + 41) . Ero 3HaqeHI4e HerlocroffHHo,
oHo 3aBr.rcuT oT pa3Hbrx sarropon, B ToM lrr.IcJre oT cKopocTH ABLI-
>KeHr.rf BbrxoAHoro 3BeHa. Ha pnc. 4.14 l,ns xaxAoft lapbr sHarle-
Hraft (G,ri) paccrr,rarpHBaerci MaKcHMaJrbHoe 3HaqeHr.re q, Koropoe

MOlr(HO [Oryrrurb [pu r.r3MeHeHr,r]r t. flyHxtnpHafl, JrlllHklfl orpaHr.r-
gr{Baer o6flacrb, B Koropori 3HarreHI.Ie Kll!, npenblrxaer 0,5, 'rro
3Haqr{reJrbHo cyxaer o6racrb sSQexrunHbrx pe)Kr.rMoe pa6oru nn6-
poABlrrareJrs. 3asflcul,roctu KflA l,I Kpyrqlqefo MoMeHTa or cKo-
poCTI.I ABxxeHIrf BblxoAHoro sBeHa npIIBoAfTcf Ha pl{c. 4. l5 nyur<-
TLrpHbtMlI U CnJrOlrIHbrMt4 JIr.rHr4gMI{ COOTBeTCTBeHHO. c.ne4yer Orrr{e-
rui l ,  uro s o6nacrr sua.IeH[ft 13,5_< G< 16,8, r i=l, l  KnA sa-
MerHo Bospacraer rrpx cKopocrax rp, 6nfisxl.rx K MaKcIiMaabuo Ao-
crr.r)KrlMbrM A.rIq erofi napbr SHarleuHnrra (G, ro). hs 3Tr{x 33Bncr4Mo-
crefi n r.r3 rracroruo-cKopocrHblx xapaKrepacrlrK (puc. 4.16) TaKXe

7E

cJreAyeT, rrTo MaKcriMaJrbHbre _cKopocTr.r BpalrleHrrs poTopa AocTr.I-
rar,orcfl f ipu cpaBHrireJrbHo se60rrurux Harflrax (G < loi H HMeror
TeHAeHrlr{!o K yBeJrr.rqeHr.rn no uepe npu6nu)KeHHrr K fpaHr.rqe o6,ra-
crr'r cyulecrBoBaHr.rrr ocHoBFrOfO pelKHMa. Ha puc. 4.16',racru xapaK-
Te_pzcraK, o6ognaqeHHue nynrrupHoli Jtuuuefi, He npr.rHaAJreMar
o6racru cyqecrBoBaHlrq ocHoBHoro pexlrMa.

B gaxrroqeHl{e cJleAyer cAeJrarb HecKor'rbKo gaueqasufi no no-
BOAY MCJIKOCTII KOHCqHO9JICMCHTHOft 4ACXPCTU3AIT4LT H IIJAIA AHTE.
rplrpoBaHr'rf l. B npuHr-1lz[e gTor Bonpoc He flBJrflercfl cJro)KHbrM r{ no-
craroqHo rxtrpoKo ocBerrleH B Jrr.rreparype no npznreHeuzrc MI(O
K AI.IHaMr.IrIecKr.rM 3aAaqa,M. OAHaxo, yqr.rrblBafl cneqr$nxy AuQSe-
peHrlHaJrbHbrx ypaBHeHr.rfi Aer.rNeHua eu6po4aufare,,rf l, MoxHo or_
MeTI.ITb CJIeAyloII{ee,

'l,oz ./,06 410 u

Prc. 4.16, 9acrorHue cKopocrHbre xapaxTepr.rcrr.rxu nn6po.(eurareJ' npu
IIocrorHHoM KpyTrri l IeN{ MoMeHre npu P:0,66 (a) u p: l ,gg (6):

r -G :s,s7 t z-V : e34 3- A-: 10, I ; 4-f - ra,s; 5-G: 16,8

Kax 6uao noKa3aHo B npeAbrAyrrleM .pa3AeJre Ha npuMepe rpo-
qecca oAHoro coyAapeHrfl, f ipu se,luueliHou KoHTaKTHOM SeauN{o-
Aeficrsuu 38eHbeB nra6po4eurare,'rf l Mox(er nos6yx4arucq 6o,,rruloe
qHcJIo 

lapMoHI'IK BxoAHoro 3BeHa, Bbrc[J]Ie I{3 Koropbrx nu6o He
uoryr 6uTb IIpeAcraBJreHbI KOHeqHOSJreUesrgofi trooAunoro, nvt60
Moryr 6urr <<or$uJrbrpoBaHbr>> B c,'ryqae no46opa cnrzurxon 6o.ryl-
uoro uafa ncrror'rb3yeMbrx HerrBHbrx 6esyc.nonHo cra6z.nrHbrx cxeM
qrzcJIeHHofo t4 HTerpupoBaHHq. 3ro B HeKoropbrx cJryqafix Mo)Ker
npHBecrr.t K HeKoppeKrlrbrM pe3y,'rbraraM pacrrera. f loerouy nepeA
npoBeAeHHeM pacqeroB ueo6xoAnuo yAocroBepr.rrbcfl B Aocrarorr-
HocrII nu6pauHorl Ar.rcKperr43a\vrr n [rafa r.rHTerpapoB aHilfl AJrrI
paccMarpr.rBaeMoro AnatrasoHa rrapaMerpoB nn6po4nurareflq. 3ro
npoue Bcero cAeJrarb flyreM HccJreAoBaHVff BJtLrfrHwfl t]ncna KO
KoueqHogreueurgor? MoAe,ru r{ rrrara rrHTerpupoB a*nfr Ha floJrygae-
MbIe p$yJrbTaTbr.

Ha pwc. 4.17 [pHBeAeHbr saBr4cr,Mocrr.r Bbrqr{cJrsenrux sHaqeHlrrl
HopManbHoft (cu;rorunaF. nunux), r{ TaHfeHrlnaJrbHorl (lyHKTapuaa

0)
qg+ 0,98 ,1,02 ,1,06 4f0 a
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Puc. 4.17. 3asucur\4ocrI.t Bbrquc,'IteMbrx
3H aqeHHfi CpeAHr.rx aMnJrr.rTy.rl Kore6aHl.ril
KoHTaKrHori ToqKH Ir3 qI.rcJIa K3 {t : 0,
t o : I , l ;  G : 1 3 , 5  u  u a r a x  L r H r e r p n -
poBaHun,  paBHbrx  l /50  (X) ,  l /100  (A)

n l/30 (tr) neplroAa Ro36y)KAeHrrr

JIHHriff) cocraBrqlolllEx cpeAHefi aMnJrr.rryAbl Kore6aHr.rfi or qncJra
K9 npn pasrr,rrlHblx uarax HHTefpupoBaur.rr. BuAHo, trro AJrfl coor-
HorueHl.Ifl xecTKocTefi k,t/ku: 100 npu uafe uHrerplrpoBaHrifl, paB.

HoM l/50 nepfioAa Bo36ylKAeHnfl,
pe3yJrbTaTbr nor'ryqaloTcs Blo,'IHe
ynoB,'reTBop r.rTeJr bH br M a.

Tax KaK qr{c,'ro KO nu6po-
IIpeo6pa3oBareJrfl HenocpeA-
CTBeHHO CBfl3aHO C qHCJIOM npeA-
cTaB,'rfeMbrx MoAeJrbro MoA Ko-
ile'a\Hfr, Mox<Ho 3aMerr4Tb, qro
A,'rq AaHHbrx I]apaMerpoB Bn6po-
ABl'rraTer'rg B pexr{Me HenpepblB-
HOrO ABr,rXeHUg BbTXOAHO|O 3Be-
Ha Bbrcrilne rapMoHr.rKH He l{rpa.
ror perxarcqeri po,'ru, H yxe rpa
qucr ' re I (3,  pannou l0-15,  r<a-
qecTBeHHbIe pe3yr'IbTaTbr gBJIff-

roTcg yAoB,' IeTBopLITe/ ' IbHbIMA, HeCMOTpf Ha HeJIHHefiHOCTI4 XapaKTe-
pr.rcrttKH KoHTaKTHofo 83aHMoAe hcrshrg.

l 'nasa 5

BOJI HO B bl E B lI 6POAB I{ TATEJI 14

Br.r6po4nnrareJlr{, r.rcrroJrb3yrou[e Qpurqtouttoe 83aI{MoAeiicre[e
BOJIHOBO|O ABLI>KeHI'Ifl ynpyroro TeJIa n npLIBoAHMoro B ABIixeHI.Ie
o6beKTa, HagblBalorcfl BoJrHoBbIMI.L BorHoBbIe BlI6poABI.IrareJIH fl B-
flqloTcrr sau6o.nee yH[BepcaJIbHbIMI{, B HHx JIerKo peaJll{3yeTcs pe-
Bepc[poBaHrie ABlrxeHHfl, OHH MOryT pa6OraTb B pa3rI.IrIHbIX pexn-
Max. B rlacrHocrlit, ux pa6ora e 6ecxoHraKTHoM pe)KHMe, KorAa
MexAy KoJre6rrcufiMcfl gJIeMeHToM H TIOBepXHOCTbn BeAOMO|O TeJIa
CO3AaeTCfl C>KI'IMaeMafl BO3AyIIHaff nJIeHKa' IIO3BO"IfleT I'ICIIOJIb3O-

BaTb r,rx B TaKrix ycTpoficrBax, rAe He MoxeT AeQopMHpoBarbcfl
Be.rLoMblr? o6terr.

B AaHsofi tJIaBe I{gJIo>KeHa MeroAItKa I.I pe3yJlbrarbl I4ccJIeAo'
BaHW'. AI{HaMI{KL BO,'IHOBbIX nU6pO4nUrare.neft c Ko,'IbueBblMI'l H III'I'
rr4HAp [qecKr{ Mr,r npeo 6p a3oB are,'I qM I,I. Ko.n lueeble rp eo6p a3oB areJl I'I
paccMarpr,rBaeMblx nu6po,4nurareJIefi cHa6)KeHbI aKrI'tBI't3HpoBaH-
HbIMI,I BOJIHOBbIMI] OTP A}KATCJIfl MH, TITO NOSBO,IIIJdIO P CllII,ITb NP O6,TCUY

r{x 3aKpenJreHr.rfl npH MHofosa3HoM BblcoKoqacrorHoM Bo36y)KAeHuu
flpeo6pasoBareJlf. Oco6yro IIeHHocrb n nu6pO4nnrareJltlx c UHJILIH-
ApI,IqecKI.iMLI [peo6pa3oBaTer'If lMH npeAcraBJlfer ro, rITo HecMoTpfl
Ha BoJrHoBbre Ae$opMaqru qI{JILIHApnqecrufi ttpeo6pa3oBareJIb
LrMeeT y3JrOBbIe TOIIKH, HaXOA'IqHecff B cpeAHHHoI\'I paAI'IaJIbHoM
pa3pese qr{Jrr.rHApa. 3arpenneuue npeo6pa3oBareJleft B raKl' lx ros'
Kax rBrqercfi ecrecrBeHHblM LI He IIpI{BOAIIT K HapyUeHI'IflM TpaeK'
rop r{fi ABr{XeHHs KOHra Krl.Ipyrc lrl,I4x roqeK'
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- nns pacqera BoJIHoBblx BI.r6poABLrrarelefi c Kod,I[,rIeBF,rMH nDe-
o6p-a3oBarerflMH r{crroJrb3oBaJrcfl MeroA,IIfI-nozcxa 

-a;; 
;;",,;;

Co6onn),  xopouo 3apeKoMeHAoaaeuuf i  ce6a npa p.r i i " r" '3aAaq
orrrr.rMaJrbHoro [poeKrr.rpoBaHr4s [19]. I-lpH pacqere eonHonr,rx su6-
poABrzfare,'refi c qu.nusApfiqecKr.rMH npeo6pasosareJrflMr.r rpuMeHfl-
f lucb Oo:beMHbre KOHeqHbre  JreMeHTbr, IITO yBeJluquro [OpaAOK MaT-
puq' HaxoxAeHHe onruMar'rbHbrx [apaMerpoB raKoro ycrpoiicrna
npr.rBoAr.rr x 6ontruu u 3arparaM Ma[Ir.rHHoro BpeMeHI{, no:rouy
pacrrer [por.r3BoAuJrcs [o AByM granau. H_a nepBoM grane peua-
Jr acb 3 aAaqa co6crseHHsrx xo.ne6 aHafi np eo6p aso-e are,t R, rrocdTe qero
no xoeQQuqr{eHraM nper.rMyuecrBeHHocrtr eu6upa,rucl ero rrapa-
MerpbI, Ha BTopoM - paccqurblBaJracb ,q,I{HaM}tKa caMofo er.r6po-
ABI{raTeJrfl.

5 . I .  KOHEIIHOSJI  EMEHTHA' MOAEJIb
BOJI HOBOTO BH6POIBHTATEf l  q

C KOJIbUEBbIM NPEOEPA3OBATEJIEM I,I AJITOPI4TM PACIIETA

Ha puc. 5.1 npune4eHa KoHeqHo3JreMeHrHaf MoAeJrb BoJrHoBoro
nu6poAnurareJlfl c KoJIbIIeBbIM npeo6pasoeareJreM. Kontqenor? nre-
soKepaMr.rqecxufi npeo6pa3oBareJrb pas6yr Ha ABaArIarb KoHeqHbrx
gJreMeHroB n sopue ceKropa. f lpeo6pasonareJrb, asrnorueHHslri
B BI,IAe KOJIeCa CO CnHIIaMH, BCeII
sHeuuefi oxpyxuofi noBepx-
HOCrbro KoHraKrr4pyer c poro-
poM I,I Csa6Xes BoJTHoBbIMI.I OT-
paxaTe,rIgMr.r, KoTopbIe BbrnoJI-
Henbr r.rs rori x{e KepaMr.rKr.t lr
cxoAflrcfl B paAr{aJrbHoM HanpaB-
JIeHI.Ifl K qeHTpy Ko,'rbqa. !,nr.rHa
lo OTpalKareJreri panna AJraHe
aos6yx4aeuoft oxpyxHofi BoJr-
Hsr. Ha paccrorHr4r.r l" or vuy-
TpeHnero paAr.ryca KoJrbrla Rr Ha
cTep)KHr.r HaHeceH sJreKrpoA Ta-
KHM o6pasou,  qro6st  Ha Hero
IroAaBaJrOCb TO X(e Hanpfl)KeHrae,
gTo r{ Ha SJIeKTpOA 3r'reMeHTa,
HaxoAflrrlerocfl BbrIrIe cTep)KHg
B_ paAr-raJrbHoM HanpaBJreHran.
Bos6yxgaeMar B npeb6pasona-
TeJre oKpylrHaq 6eryuaa BoJrHa nonaAaer Ha aKrlrBu3r-rpoBalr-
Hbre BoJrHoBbre orpaxareJru K BogBpalqaercs s rori xe $ase, vto
ycrpaHger B03Mo>Nnocrb noflBJIeur.rs ygJIoB. AxruszstrpoBaHHbre
BoJrHoBbIe orpax{areJrrr HanMeHburl{ir,r o6pasou HgMeHsFor ABr.rxe-
Hne roqeK, HaxoAslquxct Ha crbrKe orpa)Karenefi u KoJrbrla. B ceq-
glt c BbrIxeu3JIo)KeHHbrM craHoBurcs scnofi Bo3MoxHocrb xecrKoro
saKpend'reHng cso6oAnlrx KoHuoB orpaxareJreft. l lpu [oAaqe Bbrco-
KoqacrorHoro MHofo0a3Horo gJreKTpnqecKoro Haflpff]KeHr.rr c qacro-
roft , p annofi Bropoii qacrore co6crBeHHbrx paAr.raJrbHbrx KoJle6aHr.rr?,

Puc. 5.1. Cxe[ra sornoaor.o au6po4nr.
TATCJI'



KaxAas TolrKa Bo36yAHTeJrf ABH)KeTCq I]O 3aMKHyrOft TpaeKToplrn
B TIJ'IOCKOCTIi. TPACXTOPUT ABI.I)KEHAg 6JII4SXA K 9JIJII,INTI,IqCCiOfi.
B uecrax KoHTaKTa Bo3Hr{Karor cnJrbr cyxofo rpeHr{fl (nos6yazrelr
c poropoM npaKTrzrrecKH HaxoAr.tTcq B [ocToffHHOM KOHTaKTe, BCJTeA-
crBr{e qero porop Haq[Haer Bparqarbcr. Porop eHnorHeH ru6o
B B44e KoJrbrla, rn6o e Br.rAe rlu"'rr4HApa c MoMeHToM uHepuan "f.

VpanHeuur, olrrcbrBaroulre AHHaMuKy raKoro nu6po4eurarela,
ttpu yqere KogeqHogJreueurHofi Ar.rcKperrr3aunu aos6yAilTeJrfl, npn.
Hl,tMaror creAylotr1nfi sr,rA:

tMI i i+ tKl  u+[c] i j :P(r ) f  F; ;  ]
l$+ar i l :Mr,  )

Hoqano

/ 86o0 ,tutrtnrn_ /
/ tquxcn 7annorx /

LP 'R (FES)

KoHeqfA.e [M], t1(], tC] - coorBercrBeHHo Marplrubr Macc, xecrKocru n 4eunSupoBaHrr;
P (l) - BeKTOp MeXaHHqeCKr.lx Cu-n; Fa - BeKTOp cu,'r B3ar{MoAei4Creufl,' poropa u
noa6yAurenr nu6po4nurarens: - l  -  MoMeirr . .uiepqur.r;  D - r<oa$Quuuerir conpo.
THBJreHufl Bpar{eHuro poropa; Mr - Kp}Trru1r.rfi rrror'reur nu6po4suiarenr.

Bexrop MexaHriqecxrzx cr.rJr P (l) art" KaxAoro KoneqHofo sre-
Meura o6pasyerca raKr.rM o6pasovl,  KaK B n. l . l .  Tax KaK Ko BceM
ySJIOBbIM TOqKaM nOS6yAureng [pr{JrO}KeHO BHeIIrHee Hanprr)KeHtre,
To ypaBHeHwn (1.7) pac[aAarorcrr Ha ABe He3aBncr.rMbre crrcreMbr.

flepnoe ypaBHeHr.re cricreMbr (5. 1) onzcuBaer ABr,rxeune nos6y-
AfireJrfl, Bropoe - poropa. KaxAas cocraBd'rflrou{ar nepeueuleuufi
BOS6yAr,rreJls cocror.rr n3 AByx KoMrroHeHT:

(5 .1 )

3HaqeHHg 2 ,  4 ,  6 ,  . . . ,  24 .
BbrpalKaeTcs B cJreAyrouleM

Asalornqso i-s cocrasnflIoularr BeKTopa cr.rJr cocro(T ng AByx
KOMTIOHCHTOB:

B o6osx ypaBHeHuqx I  npuHauaer
Kpyrqtlt.uft MoMeHr nn6poAnurarens. Mr
BI,I,U.C:

24

Mr: -R,  I fQ, ,
i : 2

rAe f - roer[$uluenr cyxofo TpeHnti Rr - erreruHr4fi paAHyc KoJrbqa,

Qi  :  Nr  s ign  ($Rz -  U is )dr  (U,p) .  (b .2 )

Hoptvranruas peaxqr{f B ToqKax KoI{TaKTa HMeer Br.IA
2rn+ |

N i  :  c t  (L, * U,o)T : ci  (Lt * U tp) ' t ' ,

rAe Ai-c6.nuxesue npeo6paeorarerl H poropa B paAI{aJIbHoM uaupanlenun i-fi
TOqKI.I BCJIeACTBLIe HaI[qIIg yCIaJI]lt npeABapI'rTe,'IbHOro HaTflra; C, - KosoolrqlreHT
xecrKocrlr KoHTaKTa ifi rouxu; tn--BeilfiviLtHa ttptlreraulls, B paccMarpfiBaeMolr
cnyqae paBHa 4ayu; i-HoMep ysJloBofi  roqxu.

82

u,: ( ' r ' , :)

o, : (i;:)

Pas0ue nue tla ane

oema6revue nanpii
cacneMbt ' t

./acmom 6oa0y0unena

Eot,tucnetue npa6otx
meqbt npu uMngnhcH0M

HAe p gx<e Huu
Eorqucnenue npa6otx
meu cu?meMot npu eut

8tt,t ucn enue xpun epue6

Koue4 FEE

P uc, 5.2, B.nox-cxeua adrroprrrilra



B ypanHeHr.re
qro ,ru6o AaHHafl
raKT HapyrueH:

(5.2) nxoaur $yuxrlna 6r(qr 'p),  Koroparl
y3JIOBafi TOqKa HaXOAI.{TCrr B KOHTaKTe,

.IIro6oe npoeKTr.rpoBaHHe onrr.rMa!'rbHoro rexHr4rrecKoro o6rexra
ttpeAcraBJrfler co6ofi MHofoKpHrepr.raJrbHyro 3aAarry. paHee raKHe
g a4aqv H a np aKTr.rKe cBoAr.rJrr4cb K HeJrz H efi uorray M areM arr4qecKoMy
nporpaMMr.rpoBaHr{ro: orrrr.rMr.r3r4 poBaltcn oAr.rH r43 Hau6o;lee Ba)KH[,Ix
Kpr.rrepr.reB (Bo3Mox{Ho, KoMrrpoMr.rccHurl), a ocraJrbHbre-fiepe_
BoAlrJIr4cb B orpaHr.rqeHr.rfl. OAsau vs HeAocrarKoB raKofo Me-
TOAa flBr'rqeTce HeBo3MOXHOCTb BM€IIIr.rBarbcf B npoqecc onTr.r-
MH3aIIr4Ir. Ecla aMeercfl 4ltcn.nelluoe ocHaureHLIe BbrqHcd,rHTedrrb-
gOft V A IIIII HbI, MO)KHO NO,'Ib3OBATbCS AI,,IAJIOIOBbI MH CI{CTCM A M 14 TIIII A
Ivrco l2tl.

l lpu pa6ore c IZCO rrorrb3oBareJrb rzMeer Bo3Mo]r(Hocrb saAa-
Barb MeroA onrrzMH3arlf iu. Haqa.llHtrri gran MoxHo paccqHrbrBarr)
oAHrrM MeroAoM, a Aa,'ree ucnor'rb3oBarl 4pyrori. f lpn arou rpe-
6yerca He roJrbKo 3HaHue grr.rx MeroAon, ub'u 6o,rrrrorl onbrr rrx
rrpHMeHeHufl K pasJrr.rqHbrM 3aAalraM, B rrporrzBHoM c,,ryqae ILICO
HCno,'rb3yerca uee$SeNTHBHO. oC,'IOXHeHr.rfl B03Hr.rKalor raK)Ke, ecJrr.r
KprlrepI4a!'rbHafl QyHxrlu'I e o6,'racru napaMerpoB rre fiBJrffercfl
cJpnrrKoM rna4xorl. K coxa,rennro, B AI4CO Her Ht,t MeroAa cJry-
.rariuoro nor{cKa, HLr MeroAa ,IIfI-noucra, Koropbre Morvr 6uit
ycnelxHo rrpI4MeHeHbI, OCO6eUHO B Haqa,'tbFlblx granax onral,Iusaqaa.
KorAa Hy)KHo _<<o6crpe,larb>> czcreMy. OnrzNrzsaqrlr rrapaMerpoB
Bo.nHoBoro eu6po4nnrareJrfl rrpo14 3BoAr.rd'racb MeroAoM .IIh-noucra
(no rouxau Co6o. i ln) .

JIII-noucr< flBd'rrercfl AerepMr.rHHpoBaHlrbrM aHad,roroM c,ryuari-
Horo [oricKa. floKasaHo, qro no cpaBHeHr.rro co cnyuar?Hsru noprcKoM
Jlfl-noucx no3BoJlrer noryrrr.rrb ry lxe roqHocrl npu B 4-6 pas
MeHb[IeM qlrc,le npo6HUX TOqeK. B Orru.If ie or c.ryuafiHofo [orrcKa,
HyxHoe I{crIbITaHI4 e MO)KHO TTOBTOpHTb - qr,tc,Ta flB,'IflroTcfl AeTep-
MtrHHpoBaHHbrMr.r, AocraroqHo gHarb roJrbKo HoMep roqKr4 Co6o,rn.
Sror lreroA FIa[Ied'r lurrpoxoe rrpaMeHeHHe B rrpaKTr]Ke onrfiMaJIb-
Horo npoeKTltpoBaHvr r.r KoHcrpyrrpoBaHnfl. Kpoue roro, B 3aAaqax
npOeKTHpoBaHLtfl IIapaMeTpbI OITLIMvrcalfrn lIaCTo flBdrflroTcf a ee
Kpr.rrepr.rflMtl.

f lapavrerpaMlr onrr.rMr.rgarlrrr{ f lBJlflrorcs. I u b, Rt v Rr, h, f, L,
c, 1", ls. B xatrecree Kpr.rrepr{eB onrr.rMr{3arlun nu6paHu MaKc}rMa,,rb-
Hafl CpeAHflfl CKopOcTb BpaIUeHI.If LI MLIHLTMaJTIHOe 3HaqeHre KOe6-
9-"uueHra HepaBHoMepHocrr4 ABH)KeHHn poropa on6po4aurare,rR.
IIpu pacuerax Jrpu.Hrro,-,uro nos6yAr.rre,'rb Bbrno.[HeH H3 flbe3oKepa-
Itnxu Pb (Ts,a6Zs,52)Os [34] , cnoural*ar, ocb rroJrrprlsaurzr.r Koro-
pofi HanpaBJ'reHa neprreHAr.rKyJrltpHo rrr'rocKocrr.r pzcyHKa. flror-
Hoc-Tb- - Ma'Tep^r.ra,'ra, r.r3 Koroporo r.r3foroBd'reH nos6yAure.nl, p -
:7200 H/rur t ,  r<oaSQrqaeHr 3aryxaHrrr  pr :  0 ,2 H/Ml ,c ,  aMnJrr . r -
ryAa_ HanprxeHHocru ed'reKrpocrarr.rqecKoro tons.E : 800 000 B/u.

Kpareprzu onrllMu3aqau paccqurbrBaJrHcb no c,'reAyroquu $bp-
MyJraM:

03HaqaeT,
Jrr.r60 KoH-

(5.3)

Boe4,eHue Syurunfi (5.3) noseonser re6exarb ocraHoBa npo-
fpaMMbr, TaK KaK Moxer noflBr.rrbcfl 3asop Me)KAy Bo36yAr.rreJreM
n poropoM au6po4nnrareJrff B i-fi ye;roeofi roqKe.

Cocraensnurr4e cr.rJr, BxoAflIrltlx B ypaBHeHr.ra (5.1), Huem cle-
Ayrotquit sHA:

(  (  N '6 '

o,:(i::):{ 'lo'
r \3)

f  ,  i : 2 ,  4 ,  6 ,  . . .  ,  24 i

,  i +2 ,4 ,6 , , . . , 24 .

Vsroeble rorlKrrt 32-39 cqr{Talorcrr )KecrKo saKpenJIeHHbIMr.r B
o6otrx HanpaBJreHngx, T. e. ornocr.rreJlbHo Itx ypaBHeHr{fl He cocraB-
JIflIOTCfl, TAK KAK AJIS HI{X IICPCMCUICHI,Ifl CqI{TAI,OTCfl NOCTOflHHbIMI,I

H paBHbrMrr HyJrK).
blox-cxeua ocHosHor? [porpaMMbr r.r noArpofpaMMbr FEC npea-

craBJreHa Ha pr{c. 5.2. OcrosHar [porpaMMa BBoAr{r HeHsMeHs-
ro[Ir{ecq [apaMeTpbl r{ Bbr3brBaeT [pofpaMMy onTr{Mu3arl[Lr MeTo-
AoM Jl|I-noucxa, HasbrBaroiltyrccr LPSR [9] , Koropafl 3aAaer
roqKr Co6ons. !,anee B noA[porpaMMe FEC H npor.r3BoAflrcn
OCHOBHbIC BbIIII{CJICHI{g.

5.2. ONTNMAJIbHOE NPOEKT}IPOBAHI,I E
BOJI HOBbTX BTT6POABU rATEfl En

C KOJI bUEBbIMN NPEO6PA3O BATEJI'MII
METOAOI|! Jrn-nonCKA

OnruIvrtzsaqnfl napaMerpoB BoJrHoeoro nz6poABr{fareJrfl npolrg-
BoAr,rrcfl rrpn noAKJrIoqeHHoM K gJreKrpoAaru npeo6pa3oBareJrfl qe-
ru p ex$ as HoM BblcoKoq acrorHoM afl eKTp uq_ecKoM H a rrpr)KeHr.rr.r. Cqn -
raercfl, rrro Ha 3,'reKTpoAbr gJreMeHroB 1-3 (cu. pnc. 5. l) no4aercr
cr.rHycoHAaJrbHoe HarrpflxeHr4e, Ha s./reKTpoAbr gJreMeHros 4-6 - Ko-
cnHyconAa,'rbHoe, Ha gJreKTpoAbI g,reMeHToB 7-9 n l0-12 -coor-
BeTcTBeHHO TaKr.Ie )Ke HanprrxeH14 fl, TOJIbKo r{HBeprnpoBaHHble.
Ven:'l 32-iB c.rfirarcTcr xecrKo BaKpenJreHHbrMr4 B paAr{aJrbnoM
r.r TaHreHur{aJIbHoM HaIIpaBJIeHI.lflx. Ha S,leKTpOAbI gJIeMeHTOB
13-16 rroAaercfl TaKoe xe Hanpflx{enue, KaK r.r Ha o,'reKrpoAbr gd're-
MeHToB 2, 5, 8, 11. C6nn>xeHlre KoJIeII BcJIeAcrBr.Ie Hailvrrtrfl ycr.rJrr.rfl
npeABapr.rre,rbHoro HaTsra u roesQnul{eHTbr }KecTKocTrI gennseft-
HbIX CIIJI IIPI,IH'ITbI AJIfl BCCX TOqCK OAUHAKOBbIMTI: r1r'

' i s t : . - l

{,: i Lfri; 6rp : (rpn,ax -- rp.r")/(2rD).
t : r

(5.5)

PF
84

A i :  A ,  C i :  g  : 1 , 1 , 6 , , . , ,  2 4 . (5.4)
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Ha puc.  5.5 npeaeraBreHbr 3aBHcLIMocrn cpeAIJef  o 3Hat IeHHR
I(pyrru lero NroMeHTa, cpe4Her i  cKopocrr t  BpaueHItR [ I  HepaBl toN{ep-
Hocrr.I ,[,Br.rx{eHr4fl poropa or AJI[Hbl gJTeI(TpoAHoii qacru BoJIHoBF,IX

odl*r

Kax 6ir"no cKa3aHo Bblrrre, B paALraJrbHtrx xole6anr.rflx y3!'roBbr,x
ToqeK I,t cKopocrr4 BpaqeHurr poropa Ha6.lrcAarcrcrr BbrcoKorracror-
HbIe cocraBJrgtoulue. Bc,re4creue groro 6sr.rro [poH3BeAeHo pa3!'ro.
xeHLIe B PsA <Dypre c yr{eroM ro,'rbKo 40 qneHoe:

40

F:00 * I  o,  cos i tol  f  B; s in icof.
t : t

Ha pnc. 5.6, a npe4craBJreHbr pe3yJrF,Tarbr pa3d'roxeHrrq cKopo-
cra BparrleHr{fl poropa, ua rpaQuxax orJroxeHbr roa$Sr.rqaeHrbr fipu
KOClrHyCaX, C[HyCaX Il [O,'rHbIe aMlJrI.rTyAbI cooTBeTcTByrorr{Hx fap-
Mour.rqecKr.rx cocraB,'rqloxlux nplr rrapaMerpe nos6yx4enas a:0,04.

Ha puc. 5.6,6 u 6 npeAcraBJreHbr pe3y,'rbrarbr fapMoHr{qecKoro
auailLrca coorBercrBeHHo paAr.rar'rbubrx Lt raHfeurlrzaJrrHttx xo.ne6a-
uzft nropofi ye,ronofi roqKx. 3ro nossorser npeAcraBr.rrb rpaeKro-
prrro, Koropyo coBeprxaer roqKa B nJrocKocrr.r (xOa).

5.3. AI,I HAM I,I KA BOJI HO BO TO B I,I 6 POAB I,I TATEJI'
C YIIETOM TEOMETPI,IqECKI,IX NOTPEUIHOCTEN I,I3TOTOBJIEHt,I '

feorraerpuuecKue nofperlrHocra H3roroBJreHr.rq usAenufi B03HH-
Kalor npr{ o6pa6orr<e BcJreAcrBr{e HaJro)KeHarr xo.ne6asvii craHKa,
npucnoco6leuua, rr HcrpyMer{ra. l lpoSunu Ko,'req B paAHar'rbHoM
Ha[paBJIeHr,Ir.I MON(HO CTIIIITaTb nepilOAr.rqecxuuu QyHt<utrfMr,t nod'Ifp-
Hbrx yrJroB c nepuoAoM 2n. Tor1a feoMerprrqecxufi npoQzJrb BHyr-
peHuero paAr.ryca poropa 6yaer 3aBucerb or oAHofo yrJra B paAu-
a,rrHoft rrJrocKocrlr. l lpoSnnr BHerrrHefo paAr.ryca nos6yAnre;rn 6y-
AeM Cqr.rTaTb vAea,'rbHbrnr. Taxoe Ao[yqeHr4e He ri3MeHfer o6uluocrpt
sa[aqw, TaK KaK, BO-nepBbIx, H3MeHeHI{e KOOpAr.rHaT y3JIOBbIX TO!IeK
MaJro no cpaBHeHr4ro c paAr4ycoM KoJrbqa, T. e. r.r3MeHeHr.rf KoopAH-
HaT y3JrOBbrX TOqeK COLI3MepHMbI C BbIr{}rCJrr.rTeJrbHbrMr.t norpelxHo-
crflMLI MaIIrIrHbI, It l,r3MeHeHrift s gerfiqaHax qJIeHoB Marpnq Macc
r,r >KecrKocreft ne npoueoft4et, Bo-Bropbrx, lpo$nnt BHeuHero pa-
Auyca nos6yAurels B BhAe KoHellHofo pqAa Oypbe softAer B Bbr-
palKeHl{e A.ng c6nuxeulrfl KoJreu BcJreAcrB}re HaJrv,t.vfl, ycr.ldrr{fl [peA-
Bapr,rreJrbHoro Harflra BMecre c npoSrzreM BHyrpeHHefo paArryca
poropa c roft xe gaBl,rcr'tMocrbro or rroJrflpHoro yr.lra, qro flpr.rBeAer
K ToMy xre pqAy <Dypre roJrbKo c Apyfr.rMa sHarreHrzsMr.r xoe$Su-
qIteHToB rrp n rap M oHl4qecKl,rx cocT a B Jr grcqfi x.

C.[eAoearerbHo, c6ruxeHr.re poropa n nos6yArirredrrr BcJrer,crBrie
HailVFrxfl, ycI4ltr4s. npeABaprrTeJrbHoro HaTfra Bo Bcex y3IoBbrx Toq-
Kax cqr.rraercfl IreoAr.rHaKoBbrM r.r nepBoe paBeHcrBo (5.4) s AaHHoM
cilyrlae He Bbrno"'rlrferca. Bupa)KeHHe gnn c1nu>xeHfiq Kor'req BcJreA-
CTBI,le H a,'Inl{Idfl y CUJIUfl npeABapI'ITed'IbHOf O HaTgla MO)KHO BbIp a3l'rTb
cJreAyFolqr.rM o6pa3oM :

r4e A - c6,ruxesue poropa z aos6yAvre,ur BcJ'reAcrBrle Hailwillfl ycr4Jtun npe.IBa-
pureJrbHoro Farsra B uAea"'IbHoM pu6poAenrarene; 0-nolnpnuli  l ron; i i ,  tp;-

B )
d/dti0x

:Mar-,

5

A/4ru

Fffi@,tiu o.BV:, o r t'ttwr t 9' 
I

0,8

0,6

0,8

0,6
nh

0,?

Puc. 5.6. Pesynrraru rapMoHr.rqecKoro aHar'rr.rsa npu a : 0,04:
c- cpeAuefi  cKopocrn Bpar[eHr. ir ;  6- pa4uanlHux xo,re6asufi
ye,ronofi ToqKli; 6-Taurenrrlla,lsHux xone6aHuft nropofi yano-

eofi ro.rxr.r. Bce naparaerpbr - no 337 ucnnranuro

orpaxareJrerl eu6po4rnfareJrfl. 3Tu sasucnMocrr,r cxo)Kr.r c npr,rBe-
AeHHbrMr{ e n. 5. l. OAHaro 3oHa r.r3Menettfl 1", n xoropoft xoeQ-
$uqneur HepaBHoMepHocra ABI.IxeHHfl poropa rpr{HrlMaer Mr.rHH-
MaJrbHoe SHaqeHHe, HaMHoro nnpe, qeM B cryr{ae clrHycol.IAaJrbHoro
aos6yxgeurn.

9 0

0.8
0,6
0,+

0,+
012

n

A(o) :A + I. Ei sin (io * qi),

9 l

f 10,/f 20 i



aMnrHryAa v Qa3a f-ri cocrar,rroulefi rapuoHnriecxoro pa3,'ro;xeHHfl npoSH,'refi
BIIeIuHero pary4yca eoa6yAure;ra [r BHyrpeHHero paanyca poropa coorBercrBeHHo;
11 - KO,'rUqecTBO rapMoHHqecKI.ix cocTaB"'rriloqux. flpE pacqeTax npuHfiTo 4 : 5.

B AansHeriureM I,rcc,'IeAoBaJlocb B,'II,IfHI,Ie Be,'rHrII,tH aMnrr.ITyA or-
AeJrbHbrx fapMoHr4qecKr.rx cocraBJrflrorqtx Bbrpa)KeHr.rrr (5.7) ua au-.
Harvrr4Ky Bo,'rHoBbrx eu6po4enrarer'reft npH cr.rHycouAa,'rbHoM v uM-
rly,'rbcHoM nlrrarox1eM HanpflKeHlru. @asrt rapMoHar{ecKux cocraB-
JIrrroulux npr.rHflrbr oAuHaKoBbrML.I lr paBHbIMrl HyJr]o. 3a saqanrHoe

I1r.reHT HepaBr.roN,{epHocrrr ABrJ)r{eHHr poropa Bo,,rHoBofo err6pornH-
f  are. r r f l  nprr  c l rH) 'corrAaJrbHoM nos6yx<4eHnl i  f lperepnenaer 60.r lurre
r{sMeHeHufl. 3Haqesue ero r.r3MeHfercfl B 4-6 pas B 3aBr{cr.rMocrrl
or aMndTI:tryA tapMoHr.rqecKHx cocraBJIflIOIUHX. Taxnnt o6pasoNa. sH6-
POABHTATCJIb, I{A 9dIICKTPOAbI B036YAVTCJTfl KOTOPOIO IIOAACTCfl I , IM.
l ly"r lbcl loe Harlpf l)KeHLIe, MeHee qyBcrBHTe,' IeH K teoMerpuqecKllM no-
rpeu Hocrfi M LI3tOTOB,'teHI,t fl .

5.4.  COECTBEHHbIE KOJIE6AHI,T '
uHJl i l  HAp |,|q ECKOTO BO3By,qHTEJrfl

BOJI HOBOIO BLt 5POtrBr4 TATEJI'

Bo"[Hoetre nn6po4eurare.[r.r f lBr'rf l lorcfl pe3or.raHcHbrl,ru ycrpofi-
crBaMIi B ToM cMbIC,re, qro 6o,ututuHcrBo rl3 Hzx pa6oraer Ha on_
Hoii pesoHaHcsofi qacrore. fIpH 4pyrux qacrorax 

-na6po4ev 
r.are,ru

raKoro ru la o6uquo repf l IoT pa6orocnoco6HocTb.  Tax,  
-acc.ne4onau-

Hbre B n. 5.3 Bo,'rHoBbre nn6po4eurarenz pa6oraror nplr qacrore
noa6yx4eur.rfl, coBrraAaroulefi c qacroror? co6crBeHHbrx xo.te6aHnft,
coorBercrByroqerZ nropofi Qopue paAr.rarbrrbrx r<o"re6auuli no:6y-
.III]TCJIfl.

Aua,roruqHo eonHoeorT nu6po4nurare,l l c (n,'rr.rHApxqecKr.rMtr
nos6yArlrelf lMu B saBvcr.rMocrrz or KoHcrpyKrlr4r.r 6yaer pa6orart
Ha rracToTe nos6yx4eHufl, coBrraAar.ouefi c oAsofi us co6creeuHHx
qacror IIrrJrr.rHApa. OAuaxo or rrepeMeulesnli roqex u*I"[rzHApa B raH-
f  eHIIHa, ' tbt joM H aKcuaJIbHbtx HaIIpaB, ' IeHLIf lX 3aBLICI, IT He TOd' tbKo
cKopocrb Bpauer{Hr poropa,  Ho a pa6orocnoco6Hocr l  nu6po4eara-
red'rr B rIeJroM. !,"ra aroro rpe6yerca, qro6u paccroflHne rro ocpr
qACTOT MC)KAY CO6CTBCHHbIMI4 PAAHA,IbHbIMI,I,  TAHICHIIHAJIbHbIMIT I, I
aKcHad'rbHbIMLI qacroraMlt 6u"ro MLIHI4Mad'IbHo. HaAo 3aMerLITb, qro

A,'r f  raKoro nos6y4zre.l f  B r.rHTepecyForrleM Hac Ar.raIIa3oHe qacToT
HaxoAr.rrcr AoBod'rbHo MHoro co6creeHHHx qacror. f lpeAcraereHne
o paclpeAeJreHHr.r qacroT aaer QyHxrlxf l  paclpeAed'IeHrrf l  cooTBeT-
crBeHHbrx  uacror  [7 ] :

f f ( r o ) :  I  q ( o - o E ) ,
olp(rrl

(5.7)

rae 11 (ol) - eAr.rHlrqHas QyHruas Xeeucaft4a.

flnorHocrt co6crseHHHx qacror rrpelcraBJrfler co6ori npor43.
BoAHyro or Qyuxqun 1/(ro):

v (o) : dN (a) /da.

Tar xar lrpn uccJreAoBatuLr co6crBeHHbrx rone6aur.rri nos6yAvt.
TeJrrr i lcnoJrb3oBaJlcfl MK3, To Mo)KHo rrocTpor,rTb ToJrbKo gMfiflpurre-
cxyrc $yuxuu Io pacnpeAe,'reHr{fl co6crBeHHbrx qacror rz coorBer.
CTBeHHO rrJrOrHOCTb paclpeAeJreHufl , KOTOpafl BBOAurCrr cJreAyroxlrrM
o6n  asoM:

\ , ( t ) :  N ( A o ) -  N ( Q u - r )  / @ u -  Q r - r ) ,

rAe Qr - rouxlr pas6ueHHr crreKTpa qacTo?.

2
a)

t fro
6
z

0

Mf
fl'M
q6
q+

0

M-
H.'ii
t,0

6,j,'14
I

+

6

7

n

Puc. 5.7. 3asucfirt4ocru cpeAHero 3uaqeHr.It KpyrflI{efo MoMeHra, cpeAuefi
cKopocrl,I BpaqeHnfl I.I HepaBHoMepHocTr4 ABr]xeHr'Ig poropa coorBeTcr-
BeHHo or nepbofi [1, Bropofi fz LI l.perleii fa. arranaur][ fapMoHl.iqecKl-Ix
cocTaB"lqtoulnx feoMeTpHqecKHx nof perxHocTer,I Ir3roToB ileEvfi'. d - clrHy-

cor.rAaJrbHoe nos6yxg,eur.re; 6 - uuny.nrcuoe uos6yx,4enue

3HaqeHI ' Ie Ber ' I I l t I I lH aMn, l I I ' ITyA [pI{Ht lTbI  CJIeAyIOq[e SUaUeHHI:  l1 :

: 3  u x t ' r ;  E z : 2  u x m ;  1 3 :  I  n r u ;  E + : 0 , 5  u x v t ;  € s : 0 , 2 5  u x n .
Bce 4pyrne napaMerpbr eu6poAenrare,'Ieft coorBercrBylor 337 uc-
IbITAHI, IT I IO TOTIKAM CO6O,TS.

Ha puc.  5.7 a u 6 npe4crae, ' reHa 3aBrrc l {Mocrb cpeAHero 3Ha-
rreHHrr  Kpyr f lu{efo MoMeHTa, cpeaHef i  cKopocrH Bpau- ieHHt l  u xos$-

Szqueura HepaBHoMepHocrri ABLt)KeHflr poropa or Be"IItqttHbI aM-
nJrr.ITyAbr IIepBoft rapMOHI.IKIr cooTBeTcTBeHHo Ad'Ifl ct4HycovAar'lb-
HOrO H r.n{nyJrbcHoro cayqaeB Bo36y)KAeHLIq. vCraHOnr'IeHO, lITo Be-
JII{!IIIHbI aMII"IIzTyA f apM'OHI'{qeCKHx COCTaBJIfl}OIIII{X MaJIO BJIIIflIOT

Ha r.r3MeHeHue cpe4Heft cKopocrtl BpaIrIeHI.If l poropa LI Ha cpeAHIoIo
Ber'rr{qr.rny Kpyrfl xrero MoMeHra nIl6po4nurareJls. OAHaKo KogQSI{-

.9? 93



flpn nocrpoeHuu rpa$zKa oMruprqecxoii n,rorHocrfl co6crsen-
Hbrx qacror ero BIIA 3aBucI.IT or cnoco6a pas6neuHa ocu qacror,
t IoSTOMy C UedIIbtO f iO, lyqeHI lg qr{C, ' la UHTepBadroB qaCTOT BOCIIOJTb-

3yeMcg MeroAaMr.r N{areMarr.rqecxoii crarscrr.rKrr AJIq nocrpoeHr.rfl
rr.rcrorp aMM. KorlrqecrBo rrHTepB a,rroB 3aBr4cr.rr or Be!'rr4qruu npo6u

S:113 ,3219U,
rAe S - Ko,'rllqecrBo lrHTepBa,'roB; U - ro,ruqectBo Bbrqr.rcJreHHnx co6ctseaublx qa-
CTOT.

Tax rax Ka)KAaff TorrKa nos6y4Izrenfl Moxer [epeMeularbcfl B
Tpex Ha[paB,'reHHfx, cyuecTByeT TpyAHocrb oflpeAeJreHlrfl rrpenMy-
ulecrBeHHocr[ l lacTorbr xone6anuii I i  ee cBfl3r{ c ApyrI.rMH qacro-
raMr.r [o co6creeHHum Qoprraau. Sror uero4 npnroAeH npr] ncnoJrb-
BoBaHfiLr MK3. !,onycruu, rrro Bbrq[cr'reHbr co6crBeHHbre qacrorbl n
BeKTopbt cricreMbr. nnn n-fi co6crBeHuofi qacrorrl cocraBr.rM cyMMy

e ? - r : llk,

rae & - Kor'IuqecrBo crenHefi cso6oAn ysna; l-Kor'ruqecrBo y3JroBbrx roqeK; ,,-
pa3MepHocrb BeKropa Qopnau a;ra ft-fr

KoopAl{Harbr; AlU - suauewre l-ro e,re-
MeHTa BeKTopa co6crgesutrx rpoprr,t.

0,5 ,1,0 R1,cM o,f ,1,0 R1,cM

!,a"uee o6pasyeu cJreAyroqre
OTHOlxCHI{ ' I :

rn' fp:S?lSf, i+n.
I(oe$QuqneHrlr rper.rMy-

ulecrBeHHocru m'fn orrpeAeJrfleM
lI3 Bblpa)KeHlitfl

m\t : l fm ia ,k+ i .

fIo sHaqeHI{ro Kog00fiqLIeHToB ttpeLIMyllrecrBeHHocrI't Mo)KHo
cAeJrarb cd'reAyroxlull BbIBoA: eclIn n-fl co6crBeHHaq qacrora gBrff-

ercq nperiMyqecrBeHHo i-ft u coorBercrByer HoMepy paALIaJIbHofi,
TaHreHrdr{a,IIbHOft I{ Apyrz X rOOpAZHar), ro

tlt'fp: e, (5.8)

tAe € - Berl{quHa, xapaKTepu3yrorlat cBt3aHHocTb qacToT, KoTopag B 3aBucr.rMo-
cru or rpe6onasuft urr.reet cr'leAytouue 3HaqeHrq:

l g e : 1 , 2 . . . .

C Qusnuecxoft TorIKLr 3peHLIr erla QopruyJIbI 3KBLIBaJIeHTFbT or-

HOUCHI'I}O CO6CTBCHHbIX KO,'IC6AHI.If i, T, C. BC,'IHTII,IHbI Sf NPONOPqHO.
HaJrbHbr gHeprnH codcrBeHHblx Kor'Ie6aHnft no n-fi qacroTe s ft-M Ha-
npaB,'IeHr.tn, a mia - orHoueHl{f co6crBeHHblx eneprufi Ko,' le6aHr.rfi

nilfl n-fi qacrorbl.
Ha pnc. 5.8 upe.qcraBJlenbl 3aBHcI{MocrI4 KosQQfiuI.IeHroB fipe-

IrMyIIIecrBeHHoCrIl ft l tz LI trls oT BHyTpeHHero paAHyca II ' IJIIIHApa,

9{

Hu4exc <<l>> o6osHarraer paAr.raJrbHoe HarrpaB,,reHr.re, <<2>> n <<3>>_
coorBercrBeHHo raHreHrrr{aJrbHoe w aKcrailb[oe HanpaBJrenus. 3a-
Br.rcr.rMocrr't lrpeAcraB,'reHbr AJrff qacrorbl, coorBercrByroqefi eropori
pa4aa,rtuoft Sopue co6crBeHHbrx KoJre6aHr.rfi qr.rnuuaba.

5.5.  pAC'{ET BOJIHOBOTO Bn6poABnrATEJI f l
C NbE3OKEPAMI4I{ECKI,IM III,IJII,IHAPN'IECK14M BO3BYAI'TEJIEM

Ha pr.rc. 5.9 npueeaeHa Ar{HaMr.rqecxafl KoHeqHo3JreMeHTHa, Mo-
Aedrlb Bo,llHonoro ez6poABl4rarer'tf l  c rlbe3oKepaMI,tqecKI,IM ulr,rl.rHApH-
qecKuM nos6yAtre"reu. Porop er6po4nrzrareJifl npeAcraBrqrol' ABa
xecTKo cKpeureHHbrx KoHyca,_KoHTaKTHpyr.O[U4e 6oxosori noBepx_
HOCTbTO C BO36yAr.rTe.[eM. BOS6yAnTe,'rb pae6ut Ha KOHerrHbre 3!'re-
MeHTbI, KaK 3TO I,I3Oopa)Ke-
Ho B BepxHer i  uacru puc.
5.9. Ha erempo4n Bepx-
Hefi rracrr4 rlr.rrr.rHApa [oAa-
ercr uerupexQasuoe Ha-
[prrxeHHe c qacToroft, co-
orBercrByroqefi nropoft pa-
I.uan:ortot' co6crBeHHofi qa-
cToTe. Ha 3/rreKTpoAbr
Hr.rxHefi qacrn rrlurrzHApa
noAaeTcs raKoe x{e Hanpq-
xeHHe, ToJIbKO CABI4HyTOe
no Qase na n/2 oruocr-
reJrbHo nepxHeft [oJroBHHbr

(5.e)

| (A7),,

+0

20

0

Zm+/
N=cu-Zn-
il=azsinr-/f 60s tr

Pac. 5.9. KoHe,rHoareMeHrHas MoAeJto nrz6po-
NBITIATCJIfl

Psc. 5.8. 3aeucltrtocrr ros$Quuuenron
lpelrMyulecrBeHHocTH ff42 (a) u m1s
(6\ ans rropofi pa4uanruofi qacrorbl or
BHyrpeHHero paAlyca npu Rz - Rr :

_  o  r f r f .

ru.rJrHHApa.
B ,rro6oft MoMeHT BpeMeHr4 Bepxnee r.r Hu>l<uee paAnaJrbHbre ce-

qeHLIr 6yAyr [peAcraBJrflrl co6ofi gJrJrrzrrcbr, ocr] Koropbrx rroBep-
HyTbI orHoclire!'tbHo Apyr Apyra ua n/2. B cpeAuuuoM paAr.raJrbHoM
ceqeHrrH o6pasyrcrca y3Jrbr, T. e. TogKH AaHHOTO CeqeHHfl [paKTuqe-
CKA HC TO,TC6NrcTCg, qTO CBf l3AHO C BbIIUCYIIOMf HVTbIM TIO,I I ,Kd' IK] .
qeHHeM nr.rraro[Iefo Hanpflx{eHr.t s. f loerouy e ri^oNa ceqeHua,
HecMoTps Ha BoJrHoBOft Xapaxrep efo AeQopMarIUrz, nosBr,rfleTcrr
Bo3Moxnocrb 3aKpeureHaa eos6yAHreJrfl. VpanHeuaa, xapaKrepu-
gyloIt1lle AriHaMrzKy AaHHoro nu6poAearareJis c yqeroM KoHer{Ho-
eneMeHrHOfi AI{CKpeTa3aII[g, MO]KHO 3anprcaTb B C,'IeAvrOUeM Bnne:

tut U + rctu + [(]u: P (r) + (i : :), ]
2IQ: Mr - 2bA. )

Moueur r4Hepu,ulz Ko]Iyca

I  :  npk/  ( t0 te l )  [  ( ro  *  tgr r )u -  rB)  ] ,
rAe.. pr - nJ'IorHocrb Marepl.rara, u3 Koroporo H3roroBJreH KoHyc poropai rc - M3.
,ruir paaulc Korryca poropa; L- Bbrcora Kouyca poropa; y-yio.n, iroropsrf i  co.
craB,rrrer 6oxosas. noBepxHocrb KoHyca c ocrro npaureHuni [ Ivi l ,  [Cl,  [( l  -  uar.
pIrrIH Macc, r,eunQup<xaHrrfl u xecrxocru oos6y4arens goorsercrneHHo,



Ka>xAafl cocraB"tfl lolqas {Ui) BeKropa nepeMeulelluii ye"roeux

roqeK eog6yAgre"lf l I.{Meer rpI{ cretteHI'I cBo6oAbI, T. e. TpI{ COCTaB'

"'lfll,OUIUe:

Ber<rop P(l) coornercrByer rlepeBoAy rl l ' lraloulero Hanpfl)KeHIItl
B MexaHLIqecKI{e cI{, ' IbI, KaK 3To H3JIo)KeHo e rn. I '  Berrop cloH-

rauuofi no,'rnpll3auau rlbe3oKepaMHKI'I B AaHI{OM Cd'Iyqae HanpaB,teH
p3[rr3;'rbHO, r. e. sJIeKrpoAbI pacnod'Io]KeHbI no 6oxonofi rIoBepxHo-
crr4 Ilvr'pIHApa IlHyrpI'I I{ cHapy]KI'I. B raxou c,lyqae Bce y3,'IoBbIe

TOrrKrI naxoArrrcfl rr0A 3,'IeKTpoAaMIr 14 ypaBHeHI]n (1.7) pa3Ae,ltt-

rorcf. TorAa Be,'IuqLIHa Kpyrflulefo MoMelITa Mr uMe€T BHA

ftg

Mr: - , ! , t * '  *u ip

cu.rrr, 4ericrnyrcqfie Fra Ka]KAyro y3.rroByro rorrKy coorBercrBe'-
Ho Ar'rn eepxHefi r.r nuxuefi qacrefi qa,rr.rr{Apa, unreror no ,o" ^o*-
noHer rTa :

f  N " ;6o ;  cos  y  )  (  1V , , , d , , , cosv  r
I  I  I  " /  ' r r _  " r  I

{F"u}:J . .  !0,, .  f ;  {F,,a}: j  fo,,  t
L 1 y ' " i 6 u i  s i n  y J  ( 1 / , , i t i , , i , i n  v J

I{a nepeoHt graIIe IIcc!'IeAoBa,'Iacb Aur.rallruKa Bo,lnonoro ulr6Do-
ABl,trarer'rn c qlrd'Ir.rHApI{qecKHM eos6y,qure",rey 6es yrrera reoMerpr.r_
qecKux ttorpeuHocrefi rrsroroR,rrerrr.rf l. Ha r.lcrroeauulr pc3v.rrr,T?ToB.
f ioryqei lHbtx npi l  i lcc, leJ.oBarr f i  i l  co6crserr r rbrx r io , re6ar i r r i r "  nucsoxe-
p a Mr4qecKof o ur.rJrr.rHAp a, nu 6p ault c, 'reAyroquc f eoMerpnqecKr,re 11a-
paMerpb r  eos6y4u re .nq :  R r  : 7  uu ;  Rz  -  R1  :4  r rau ;  L :45  vv .

A,rropurtt pacqera aHa,'roruqeH ucno,'rb3oBaBrueMvcfl n r,r. 4.
Ha nepnoira grarre paccqr,rrblBaJrilcb co6crscrrrrn" qacrorrr paAr{ar'rb-
sux xo,re6auur i  qunuuApa,  a Aaf lee f ipou3BoArr i rocb r . rHrerpupoBa,
Hr.re ypaBHeuuri (5.9) rr pacqer KprrrepueB. Hcx.rro,rerruel,r qnn,rocr,
TO, r{TO HCCJreAOBaHlre OCyIIIeCTBJrfirOCb rO.1br(o i lprr crrrr} 'corrAa,'rb-
Hou nos6yxAeHun nos6y4rrre;rfl r,r roqKr.r Co6o.rq rrcno.Tb3oBa,'rrrcb
noxoopAnHarHo AJt f l  noryqeHur 3aBucrrMocrei r  cpel r re i r  cKopocrr l
Bpai l IeHHf l  n roaQSuquerrra nepaBHoMepHocrt r  ABrr ; r ie luu poropa
or ocr-roBHblx trapaMerpon na6po4el{rare/'rrr. Orrul,rueaqufl rre npo-
BoArr, 'racb lts-ga 6onruorl pasuepuocrr.r cxcreMbr, BC,'reAcrBue r]ero
qpe3MepHo yBe, lxqf l , Iocb MalxuHHoe BpeMf l .

!,a"ree ucc,'IeAoBaJIacb Ar.rHaM14Ka Bo,'rrroBoro nu6po4erzrare,rl
6es yuera feoMerpfiqecKlrx trorpeursocreii rrsroroBirerlrirg. Ha ero-
poM 3Tane reoMeTpuqecKHe rrofpel]jHocTu rj3foToBr'leHl,rg yql]TblBa-
Jrr{cb B Br.IAe flep[oAr{irecKr.rx $yHxqrzri iroJrflprroro yf,Ta.

C6.raxeuue poropa n nos6yAure,'rf Bc,'reAcrBI,te Ha,'IHqr,rf ycn-
JII{f l rrpeABapr{Ter'rbr'roro HaTqfa c yqeroM reoMerpHliecKHX nofpeu-
nocrell r43roroB,'IeHLrfl BbI D a x<alorcfl :

A" (0) :4,0 a

A o  ( e ) : A p o  *

(Dyuxqnu, xap aKTepu3Vrorque rra.[rrrrrrc KoHTaKTa :
"  (  l ,  ( A , r  * U ) s i n y )  ( A p i  * u ; o ) c o s y ;ou, :1.  

o,  (A"i  I  u i")  s in y (  ior,  *  u,p) cos 1;( t. _ (A,; * u ,,\ > (Aoi * uio) 
"tg n,o"r:  

t  o,  -  (1, ,  *  U i ) (  (Api  l  uro)ctg v.",:(;:i)

\ir

* lg vUi,) f  F"t - Z (Rr +
j : 3

U i o - I g y U i , \ f F 4 ,

I,40 na, nH - KO"'IIqeCTBO y3"rOBblX TOqeK, HaXOAqr{UXCtl B KOHTaKTe B BepxHeH H

r{uxHef i  qacrf lx  I I [ , ' tuH,n,pa;-Rr-eHyrpeuur ' r i l  paAl lyc q l ] ! ' l l ' IHApa; f  -xoeQQIlUueur

cyxoro rpeHllfl.

ZnAexcr t  i  u  j  npHrruMalor  coorBercrBeuHo 3Haqel{ I {s  1,5,9,  . . .
. . . ,  29  u  3 ,7 ,11 ,  . . . ,  31 .

Cri,rlt sgar.rnaoAeftcrsnR BXoAHofo It BbIXoAHoro 3BeIIbeB coor-
BeTCTBeT IHO paBHb I

Fu ;  :  Nu ;  s i gn (AV ; )0 " ; i  Fn i  :  N ' i  s i gn (AV i )6 ' 7 ,

A7;  :q  (Rr  *  U;p *  Ie \Ui)  -  U ia ;

Ayl : r i l  (Rr * uip I tg,!u 1) - u rc.

Hoplr a.rlr,uue peaKIII,IIl BbIr{lIcJIrIorcq B c,'IeAyIouIeM BI'IAe:

2n+ l

Nu: c,[J"tT : trf-l '": l t;
2tn+ l

f  I  o n
l t l  s1 :  CiU y1 :  CiU uj  ,

l1e m :2c1; c1, c1 - r<oeQQuUueHTbl xtecTKocTl{ KoHTaKTa.

C6a'IH)K€III I ' I  U"i u Usi MolKHo CoOTBerCrBeHllo npeAcraBl ' Irb

Uo i :  (A , ,  *  q ; , )  s in  y  -  (Ap;  *  4 io )  cos  \ , ;

(J nj:  -  (A"r * q i ,)  sin y - (Ap, * 4;o) cos y,

rAe A"i I Lr1 - c6,ltr>reul.te B aKctlaill,lloN{ IIanpaB.lellllu AJ'lr FIHxHeii n nepxHeil
no, 'roBlrrr t lu, l l i l r . Ipa coorBcTcTBellHo; A p7 t l  Ap; - c6luxettuc B paAua,lbHoM Ha'
rrpaB,'reHuu .(.ls tu.tNuefi u nepxuefi noJIoBHH ull'luHApa coorBercrBeHHo.
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rAe Aro ff Apo -c6,uxesne poropa n nos6yAurean BcJIeAcrBHe Hal:.l ' lutttr yclrJtutl
rrpeABapr.ire,'lbHoro Harqra B lrAea'rbrloM nu6po4nurarc,'rc; ,4;-' tt Alp-ar'rrl.nnr1',1t't
fa l l i \ to i l i l r tccr i l I - \  cocraB., l f l rout I {x fcoMcr l l l tqccKi lx  nofpcnrrro(  Te i i  l l3rorol l . r lc l l l l t l  I l

aKclrarlbr-ro},r 14 paAllarbllo:!I IIailpaB,IeIIIJAX; 0 - lo"rl'rpril,tii yf o.]I; , - HOMcp f ap-

l rorrrgccr<of t  cocraBJI r loutc l l .

i ,o , ,s in io; ) .  
(b ro)

f ,u ,or in  o,  J

o a



f lpu ucc.rreAoBaHrli l.t AnHaMriKlr ea6poAsuraTe,' lf c yqeToM reo'

MeTpr.rqecKllx nofperxHocreti usroroB,leHr{fl aMIIJIHTyAbl, rap MoHl4qe'

cKr{x cocraBdtg}oul[x I ' IMe,' lH cJleAyFolque 3HaqeHt{f: Atz : b uxttl;

i r ; ' : i  i i * , ,  Otr :2  r r , rxn;  A4"  -  I  uxu;  Atp:  l0  uxu;  Azp -
- 7  M K M :  A s P - 5  u x u ;  A + P - 2  u x l t .

c6.nuxenue poTopa u noe6yAureJlf l  BC!' IeACTBIIe Ha,' l l iqi ln ycu'

Jrr{f l  npeABapI{TeIbHotO HaTflra B I ' IAea,tbHOrra eu6po4nuraTeJle: B pa-

Ar4a.r lbHoM HanpaB'teHI4Il  Apo: - l0 uxM; B aKcI ' Iar ' IbHO-M HarlpaBJIe'

i ""  nro:5,2' l txu; [ I ' I raroulee Hanpq)KeH[e U :45 B'
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Pnc'  5.10.  3aaucl l t r locru cpe, [Hef i  cKopocr l l  BpaueHHq

n HepaBHoMepHocrt'r ABI{}KeHI'Itt. poropa BH9p91lHI3'

Te,'lt or c6;tuxenus 3BeHbeB L: a- I'IAeaJlbHblH Bz-

6po4,eIlrate.no; 6-sra6poaBl{rarer'lb c yqerolvl reo'

MerpuqecKl.rx norpellHocrefi H3roroBJIeHug

Ha pnc, 5.10, a npI'IBeAeHbI 3aB[cl'IMocrli cpeAHefi cKopocrt4 Bpa-

uie;;; 
'u 

xoe$Qllql4eHra HepaBHoMepHocrI'I ABI' l lKeHI'It porop a Bn6-

iloa""tut.ns 
'oi 

c6;ruxeHI'I; poropa n Bo36yAI'Ire"Ifl BcJI€AcrB14e

Ha,luqlifl ycrrJrlrfl npeABapli-TeJlbHofo HaTflfa' c6nuxeuue A supa-

xeHO B coorBercrBl'{H c (5'8) i
A : A i : A z s i l l Y - A P c o s l '

B Qoprr,ry,re npr.rHqTo L":L"0, Ap:Apo, a fapMoHI'MeCKI4e CO'

cTaBJI tl to[Il4e noJIfl p Horo yrfl a He yqI4TbIB ar'II{Cb'- - 
Hu pnc. 5. l0,b npegcranJleHbl re )Ke saBI'IcHMocrl ' l  c yqeroM

f eoMerp ilqean"* norp dr nocreir LI3roroBreHpIfl , yql'ITbIB ar'Icfl nor l{bIfi

p f lA B ;HPaxeHI ' Iu  (5.10) .' 
C"rreaoeareJlbHo, cpeAHnn cKopocrb BpaureHntl poropa I'IAeaJIb'

Horo BLr6poABIlf areJl; [o,'Iyqaercfl 6o'l lrue npu Bcex 3flageH]rflx

xapaKrepllcrHKu Harflfa e nccreA{"Y9Y Al4ana3oHe' KoeoQuurleHr

u e p a e r - r o l l e p H O C T l l B p a u e H I ' , I f l B b I X o A l l o r o 3 B e l l a I l p l l s T O M H a p e '
,nlno* nu'6po4enraie.ne crasoBl' lrcfl cyuecrBeHHo MeHee qyBcrBl' l-

Te,tbHbIM K I43MeHeHlrIo 
", '".u. 

3ro nosBon'IeT I, lcnoJIb3oBaTb Bu6po.

AB I { | aTe , l uB l . x l , l poKoMAl , t anaSoHeBeJ I I I q l I } l y c l ' | J | u f lHaT f l | aMe)KAy
SBeHbflMrl H npH rloMolqt{ efo H3MeHeHHtl nJlaBilo pefy"rlIIpoBaTb I(aK

*p)/tourra MOMeHT' raK I1 cKopocTb Bpail leHflf l BbIxoAHOfo 3BeHa'
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