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1.MpocTon npumep

PaccMoTpuMm KonebaTenbHYI0 CHCTEMY C OJIHOM
CTeNeHbI0 CBOOONBI. Teno Macchl m COENUHSAETCS C
HEMOJBW)XKHBIM ~ OCHOBAaHHEM IIOCPEACTBOM  YIPYrou
NpyKUHBI. ET0 IBH)KEHHE MPOUCXOIUT B CPEIE C BI3KUM
CONPOTHUBIICHUEM IO JIEUCTBUEM BHEUIHEH CHIIbI (pHC.
1.1.). [Jns Ha4YaqIbHOTO MOMEHTa BPEMEHH 3a/IaHbl
MOJIOKEHUE TeJla B MPOCTPAHCTBE M €ro HavalbHas
CKOpOCTh. TpedyeTcst 11 KaXJA0ro MOMEHTa BPEMEHH B
AHTEpBAJIE OT fy MO tyouey ONPEACIUTH IEPEMEIICHUE,
CKOPOCTb M YCKOPEHUE TEJA.

O\

HE00X0 MO

Puc. 1.1

IIPOWIIIIOCTPUPOBATH

X X ITockombky
pelieHue HeMMHeWHON 3a/1auu, Oy/IeM CYUTaTh, YTO CHJIa
a) 5)

BSI3KOTO COMPOTHBIICHUSI TPOMOPIHOHANIBHA KBaJpaTy
OTHOCUTEILHON CKOPOCTH KOHIIOB Jnemriidepa (puc.

FC Q sin gj t 1.2.6). Cuna ynpyrocTd Npy>KUHBI JTUHEWHO 3aBUCHT OT
T cmenieHust (puc. 1.2.a), BO3IEWUCTBYIOIIAsl CUJa HWMEET
¢ CHUHYCOMIAJIbHBIN Xapaktep (puc. 1.2.8).
T
B)
Puc. 1.2

3aBUCUMOCTH,IO3BOJISIONINE TONYyUUTh AU(epeHnaIbHOoe ypaBHEHHUE IBUXKEHUS, B

COOTBCTCTBUH CO BTOPBIM 3aKOHOM HrroToHa nMeroT BUA:



ma=F°+FY+F® (1.1
N
FC+FY+F®+F"=0, (1.2)
dl
I7Ie C y4eTOM BBIOpAaHHBIX HAaINpaBICHUN F y =

(puc.1.3): C
FC=Qsin2T—”t _IB%> m I
F ==kx F g ® E%

F'=—p vyl (13)
F'=-ma X
3mecb X, V M @ - COOTBETCTBEHHO,
IIEPEMEILEHUE, CKOPOCTh M YCKOPEHHUE TENA. Puc. 1.3.

[Toacranoska cootnomenuit (1.3) B ypaBuenue (1.2) naert:

—kx = vjv| - ma+Qsin?|_—"t =0

(1.4)
V4uTeIBas, 94To

dx d?x

dt  u dat” | (1.5)
noiy4daeM auddepeHnnanbHoe ypaBHEHHE IBIKEHUS Tena:
2
kx+pd—Xd—X d—)z(—QsinZ—”t=0

dt | dt dt T (1.6)

Hcnonp3oBanme YMCICHHOTO TOAX0/1a K HHTETPUPOBAHUIO ypaBHeHUs (1.6) mpenmonaraer
HAXO0XJICHWE NPUOIIKEHHOTO pEeHIeHUs [UIsl ONpPENEICHHBIX MOMEHTOB BpEMEHH, T.€.,
BPEMEHHAsl OCh TMPEJCTABISAETCS COBOKYITHOCTBIO TOYeK fy, ty, ty, ... &, tixy, ... ty (puc. 1.4), B
Ka)KI0W U3 KOTOPBIX UINETCs MPUOIIKEHHOE penieHre ypaBHeHusi(1.6).

Puc. 1.4.

WuTerpupoBanue OCyIECTBISETCS MOCIEA0BATENFHO, BEIOOP BETMYUHBI OUEPETHOTO I1ara
At; 3aBUCUT KakK OT TpeOyeMbIX IOKa3aTeslel TOYHOCTHU, TaK U OT PE3yJbTaTOB MHTETPUPOBAHUS
MO0 YK€ MPOUIEHHBIM BPEMEHHBIM TOUKAM.

Takum 00pa3oM, HMCHOJIB30BAHME YHWCIECHHOTO MOJXO0Jla K pelieHuio ypaBHeHHs (1.6)
MO3BOJIAET MEPEUTH OT HETIPEPHIBHBIX 3HAYEHUH X, V, 8 Ha BCEM MPOMEXYTKEe BpeMeHH oT t=0 10



t=tyoney, K COBOKYITHOCTH JUCKPETHBIX 3HAYCHUH X; , V;, & ISl ONPEACTICHHBIX MOMEHTOB BPEMEHHU
ti. IIpu sToM anreGpanyeckue ¢GopMysbl BBIOPAaHHOI'O METOJA HHTEIPUPOBAHMS 3aMEHSIOT
muddepennmanbabie cooTHomenus (1.5). Tak, ¢GopMynbl HESIBHOrO OJHOIIATOBOTO METO/A
HITepmepa ycTaHAaBIMBAIOT CIEAYIOLIYIO 3aBUCUMOCTb JJIsl IEPEMEHHBIX X; , Vi 10 U3BECTHBIM C
NpeAbLIYIIEro 1mara 3Ha4eHusIM X1, Viq [1]:

At?

(1.7)

Vi =V +aAL

e At =t, —ti_l’ I=1,n

tp - HAaYaJIbHOE BpeMs,

Xg,Vo - HAUaJIbHbIE 3HAYEHHS [IEPEMELLEHNS U CKOPOCTH,
t, - KOHEYHOE BpeMs.

JUisi HayaJbHOTO MOMEHTa BpEMEHM t) 3Ha4eHUs X, U V, JOJDKHBI OBITh HM3BECTHBI.
OcraBisisi moka B CTOPOHE BOIIPOC BbIOOpa BEIMYMHBI IIara MHTEIPUPOBaHUSA i, ONpeneanum
3HauYeHUs Xy, Vq, & JUJII MOMEHTA BpeMeHH t; = ty +A t;.

VYpaBuenue (1.4) 111 MOMEHTa BpeMeHHU tj UMeeT BU:

kx; + [V |v; |+ ma; —Qsinz—"ti =0
T (1.8)
JlonoJHsieM 3TO COOTHOILIeHHEe (GOpPMyIaMu BBIOpaHHOTO MeToja uHTerpupoBanus (1.7) u
HOJy4aeM JJIi MOMEHTa BPEMEHHU 1} 3aMKHYTYIO CUCTEMY YPaBHEHUI:
kX + vy |v; [+ ma; =Q sin?l_—"t1 =0
2
X1 = Xg + VoAt + alﬂ
2 (1.9)
v, =V, +a,Aty
[TpuBenemM MoOJy4YEHHYIO CUCTEMY K OJHOMY YPaBHEHHIO, BbIpAa3UB HEU3BECTHBIE X; U &
qyepes Vy:
Vi~V

a,=—+—2
YA

VotV
2

(1.10)

[Tonmygaem:

K(xo+ 2 VL ALY + vy |+ m 2 Y0 _Qn 2T, = 0
2 At, T (1.11)
['pynmupysi COMHOXXHTEIU TPU OJMHAKOBBIX CTEIEHSIX HEU3BECTHOTO V;, COOTHOIICHHE
(1.11) MOXxHO 3anucaTh B BHJIC:
a viv[+B v +y=0 (1.12)
med = H

kAt, LM

A= At,

(1.12a)



VolAt; — mv, e SinZ_ntl
2 At T

3ametum, uTo cooTHouieHue (1.12) coxpansier cBoil BuA AJs 1I0OOr0 MOMEHTA BPEMEHHU i
IPY COOTBETCTBYIOILIEH 3aMeHe MOACTPOUHbIX MHIeKcoB (1 Ha i, O Ha i-1).

Wtak, wucrmonb3oBaHue QOpMyJT MeEToJa WHTETPUPOBAHUS TIO3BOJSIET YHTH  OT
Qg QepeHIMaIbHBIX COOTHOIEHHH TI0 BpeMEHH U Mpeodpa3yeT UCXoqHoe TuddepeHIaIbHoe
ypaBHeHue (1.6) k HenuHelWHOMY ypaBHeHHIO Buja (1.12),koTopoe HY>KHO peuiaTh Ha KaxXI0M
11are 1o BpEMeHH.

VYpaBuenne (1.12) pemaercs wmetomom Hetotona. Ilo3Boaum cebe HAMOMHHTH
M0CJIEI0BATEIbHOCTD ACUCTBUI MPH PEeIlICHUH HEIMHEHHOT0 ypaBHEeHUs MeTo oM HpioTOHA.

PaccmarpuBaercst ypaBHEHUE BHIIA!

f(2)=0 (1.13)
rne f(2) - nenuneiiHas GyHKIMS OTHOCUTEIIEHO HEU3BECTHOTO Z.

y = kxy+k

AHFOpI/ITM YUCJICHHOI'O PpPEIICHHA BKIIHOYACT f(Z)

CJICYIOLIHE IIarH:
1) BeIOOp HAYaJIBHOTO NPHOIMKEHUS K I
pELICHUIO - BEIMYUHBI Z0; '/A".

2)opranusanys IociIe0BaTeIbHOCTU UTEPALKi, tg 0= (20) f(Zi)/
Ha K3,)KI[0171 N3 KOTOPBIX YTOYHSCTCS IMOJYYCHHOC Ha 81)

IpeabIAyIeldl uTepaluy 3HaYeHue Z 1o cxeme (puc. L,
1.5.a): . ~ ' S
- TouHOe
/=777 + A7/ (114) pellleHe =

pi o 1) o
- £ (2™ Puc. 1.5

>

rae f(zi1) - 3nauenue Gynkuu f(2) npu z=z-1, f'(zi'1) - 3HAYeHHE Tponu3BOAHON f(z)/dz mpu
IpUu z=7i-1;

3) nmpoBepKa Ha KKI0H UTepalliy YCIOBHS NpeKpalieHus urepanuii (puc.1.5.0):

' -27|=|azl|< g, (1.15)

\f(zi)\saf

o .
rae ! - gomycTHMasi HeBsi3Ka (OTKJIOHEHHE OT HyJIs) mpaBoi yactu ypaBHenus (1.13);

o

Z - IOIMyCTUMas BEJIIMYHMHA OTINYMA PCIICHU Ha IBYX COCCIHUX UTCPALUAX,

4) npoBepKa OrpaHUYEHUS HA MAKCUMAJILHO JIOITYCTUMOE KOJIMYECTBO UTEPALIHIA:
]S Jmax (1.16)

I'eomerpuuecku pemenue ypaBHenust (1.13) cBOAMUTCS K OTBICKAHUIO aOCIMCCHI TOYKH
nepecedeHus ¢ ochio Z kpuBoit f(z). Ha xaxxmoit j-it urepanuu metona HeloToHa pemieHne 3Toi
3a/1a4yl 3aMEHSETCS OTHICKAaHMEM TOYKH MepeceueHus KacaTenbHoi K kpuBoH f(2) ¢ ocklo z, mpu
3TOM KacaTelabHast CTPOUTCH UL Z=Zi-1.



BozBpanaemcs k unciaeHHOMY penieHnto ypaBHeHus (1.12). O0o3HauuB z=v,, umeem:

a Zz+Bz+y=0 (1.17)
win

f(z)=0,

rac

f(z)=a Z7+Bz+y (1.18)

Jia pemenuss ypaBHeHus (1.17) metonom HproToHa Ham notpedyeTcsi BhIpa)KEHHE IS
npou3BoaHON PyHKINH f(2):

f'(z) =2a |7+ (1.19)

3agaauMcst ICXOHBIMU JaHHBIMH, YTOOBI MTOJICUYUTATh 3HAYEeHUs K03 UIneHToB a, B, y
ypaBHenus (1.17):

Kk = 20000 H/m,
2
u = 1000 ¢
M 2
m = 0.1 Kr,

Q=1000, T =0.27z F=1000sin 10t,
HavanbpHble yCI0BUSA U LA UHTETPUPOBAHMUSL:

Xo=0, v, =0, At, =0.001 ¢

Torna, cornacHo (1.12)

a =1000
B= 20000[D.001+ 01 _ 110
2 0.001
y = 20000010+ ZOOOODOEDéOO]' - 8](')5? —-1000sin0.01=-10

Takum o6pazom,

f(2) =1000z/7 + 110z~ 10 (1.20)

f'(2) :2000|Z|+110 (1.21)

3aganumM 3HAYCHUS JOMYCTUMBIX MMOTPEITHOCTEH It TPOoBEpKHU ycioBuid (1.15):



3, =0.001

;=01 (1.22)

MakcumanbHO TOIyCTUMOE KOJIMYECTBO UTEPALMI IPUMEM PAaBHBIM 5.

HauanbHoe npuOiamkeHne K pelieHnto BpioepeM

7z0=0
IlepBas nrepanus.
' =22+ A
0 -
Al = — f(z 0) —_ 1000010+ 110000-10 = 0.09091
f'(2°) 2000000 +110
z' =0+ 0.09091 = 0.09091
IIpoBepka 3aBepLIECHUs UTEPALIUNA:
‘Azl‘ > 4,
f( 21) = 1000ED.09091E‘O. 09091| +110000.09091-10=18.26
\ f( zl)\ > &,
[lepexo Ha CleyIOLIYIO UTEPALIHIO.
Bropas urepanus.
7 =7+ A7
1
a2=-1(2) __ 8.26 = -0.02831

f' () 200000.09091+ 110

7% = 0.09091 - 0.02831 = 0.06260

IIpoBepka 3aBepILEeHNs UTEPALIANA:
‘Azz‘ > g,
f(2%) = 1000[]0.0626[10.0626| +110000.0626—-10=0.80
\ f( zz)\ > J,

Ilepexon Ha CIEAYIOIIYIO UTEPALIHKIO.

TpeTbs urepanus.

AZ® = -0.00341



7% =0.05918
‘Az3‘ > g,

|£(2%)| = 0.012<8;
Yereepras urepanusl.

Az* = -0.00005

z* =0.05913

‘Az“‘ <9,

|£(2*)| = 0.0006<5;

O6a ycnoBusi (1.15) ynosnerBopensl, orpanuueHue (1.16) He mpeBbimieHo. Perenue
JOCTUTHYTO. MBI BEIYMCIIWIIN 3HAYEHUE CKOPOCTH JJIsi MOMEHTA BPEMEHH 1y, MOJTy4nB

v; =0.05913 m/ ¢

Bocnonb3oBasmncs Gopmynamu (1.10), onpenenum 3HaueHUs] YCKOPEHUS U TEpEeMEICHUs
JUISL 3TOTO K€ MOMEHTA BPEMEHH.

_008913-0_

T 0001 O MC
0+0.05913

X, =0+ [.001=296 ¢=5

Pemenne s MOMeHTa BpeMeHH #; mosrydeHo. CrenaeM emie OJWH HIar 1Mo BPEMEHH UL
TOT0, 4TOOBI MPOWJLIIOCTPUPOBATh TENeph BHIOOP BEMWUMHBI Iara. YpasHeHus (1.9) - (1.12)
CTpaBeUIMBBl I JIIOOOr0 MOMEHTa BPEMEHH C YYETOM COOTBETCTBYIOUIEH 3aMEHBI
HOJCTPOYHBIX UHAEKCOB. [[1s 2-ro 1mara mo BpeMeH!u UMeeM:

. 2m
kx,+ U vz‘v2‘+ma2 —QsmTt2 =0

2
t
X, =x +vAt, +a, —=

2 1 TNAL T (1.23)

v, =v, +a,0t,

Tak K€, KaK W Ha IMEpBOM MIare, MnMpUBOJUM I3TYy CHCTEMY K OJHOMY YpPaBHCHHIO
OTHOCHUTCIIBHO CKOPOCTH:

a "2“’2"":8 vty =0



rac

a=pu
g = kit Lm
2 A (1.24)
vAt, my, .2
= iy /P i S S -
y = kx,+k 5 Ar, O sin T t,

[IpenBaputenbHo BenuuuHy mara At, npunumaem paBHoul Af;, T.e. 0.001 ¢. Torma, c
Y4€TOM HCXOJHBIX JAHHBIX M IOJY4EHHOIO Ha MEPBOM LIare pPEIICHHs, MOKHO MOJCYUTATh
KodppuueHTeI A , B, V:

a = 1000

20000CD.001 . 0.1
2 0.001

=110

0.0591300.001  0.1CD.05913

= 200002.96¢ -5 +20000
4 ¢ 2 0.001
.Ha2m
-1000 sm@i ED.002@= —24.7
27T
OnsTh MMEEeM HEJTMHEWMHOE YpaBHEHUE:
10000, |v,| + 110w, ~247=0, (125)

KOTOpOe pemraeM MeTooM HeroToHa.

B sTOM MecTe miaBHBIM MOBTOp HAIIMX BBIKJIAAOK HEOOXOIMMO TpepBaTh W OOpaTUTH
ocoboe BHMMaHHE Ha BHIOOp HAYAJIBHOTO MPHONMKEHHS K PEIICHUIO B alrOpUTME METOoJa
Herorona.

3a HayanpHOE MPHONMKEHHE K PELICHUIO NMPHMEM TaKOoe 3Haue€HUE CKOPOCTH, KOTOpPOE
TEJI0 UMENI0 Obl B MOMEHT BPEMEHH f,, €clu Obl YCKOPEHHE Telia C MOMEHTAa BPEMEHHU f, He
U3MEHHUIIOCH, T.€., CAUTAEM, YTO

V] = v, +a,At, (1.26)

OTO Tak Ha3bIBAeMBbIil SBHBIN IIar (MU IPOTHO3), KOTa B (GOpMYITy JUIsl CKOPOCTH BXOAUT
y)K€ W3BECTHOE YyCKOpeHHME. BenmuumHa CKOPOCTH, TIONyYEeHHAas SIBHBIM IIarom, Oyjaer
HUCIIOJIB30BaHA HAMH HE TOJIBKO KaK Ha4YaJIbHOC HpI/I6JII/DK€HI/I€ B MCTOJC HI)IOTOHa, HO U IIpH
OIICHKE BEJIMYMHBI BRIOPAHHOTO I1ara 1o BPeMEHH.

Nrak, HauansHOE puOIMKEHUE (TIPOTHO3):

vy =0.05913 +59.1300.001 = 0.11826
Omyckast moapoOHbIe BHIKIAAKKA (OHW aHAJIOTHYHBI MPHUBEACHHBIM ISl TIEPBOTO IIIara 1o

BpeMeHI/I), I/ITepaL[I/II/I MeToaga HBIOTOHa HpI/IBO,Z[SIT K C.IIGI[yIOH.[Cﬁ ITIOCJICAOBATCIbHOCTHU
3HAYCHUIL:



0 —
HavyaJIbHOE NMPUOIMKEHHE: v, =0.11826
vy =0.11172

v; =0.11159

IepBasd uTcpanus:

BTOpasl UTEPALIUS: , PEILIEHNE JOCTUTHYTO.
MBe1 nonyuninu, uto npu BeanyuHe mara Az,=0.001, CKOPOCTh 7151 MOMEHTa BPEMEHH £,
v, =0.11159 m/c

[Tpuino Bpems OLIEHUTh OTPEIHOCTD CACIAHHOTO 11ara o BpEMEHHU.
[TorpemHoCT, Me€TOAA MHTEIPUPOBAaHUS HA i-M Iare, Ha3bIBAEMYK JOKAJIbHOU
HOTIPEIIHOCTBI0, OyI€M OLIEHUBATH 110 cieayouei Gpopmyie:

Iy, = vl —vf
/4 2

: (1.27)

rac vy - SIBHBIA IIPOTHO3 BCJIMYNHBI CKOPOCTHU HaA i-M mare, onpenenﬂeMHﬁ q)OpMYHOﬁ

l

vi =vigta A (1.28)

Vi€ - 3HaUE€HUE CKOPOCTU, KOTOPOE MBI MOJIYYHIIU B PE3YJIbTaTEe UTEPALIMOHHOTO PEILICHUS,
UCTIONB3Ys HESIBHYIO (hOPMYITY

vi =vi tal, (1.29)

3ametuM, uyTo cooTHomeHue (1.28) yxe
OPUMEHSJIOCh HaMH TpHU BBIOOpE HaYaIbHOTO
NpUOIMKEHUS K PEIICHHUIO B aJlTOPUTME METO/IA
Hprorona (cmoTpu 3aBucumMocTh (1.26)).

Breruncnenne ckopocteit mo ¢opmynam
(1.28) m (1.29) m CyTh OIIEHKH JIOKaJbHON
norpemHoctd 1o ¢opmyne (1.27) mosicHsier
puc. 1.6.

B MoMeHT BpeMeHHu f;; Mbl HaxOJUMCS B
TOUYKE v;;. ECIM 171 BBIYUCIICHUS 3HAYEHUS V;
MBI BOCIIOJTB3yeMcs siBHOU (opmyioit (1.28), To
TOYKa v;=vp OyIeT JNexaTb Ha KacaTeIbHOM,
MPOBEJICHHOM K KpPUBOW V() B TOYKE f; 4,
MOCKOJIBKY @;.; €CTh TAHTEHC yTJIa HaKJIOHA 3TOM
KacaTelbHOU K OCH abcIucce.

[Ipy BbIUKCICHUH V; C HCIOJIB30BaHUEM
dopmynber (1.29) Ham TpeOyercs 3HaYeHWE «;, T.€. TAHTEHCA yrja HAKJIOHA KacaTelIbHOM,
MPOBEJICHHON K KPUBOMU V(%) yKe B TOUKE #;. Tak Kak B MOMEHT BPEMEHH #;,; Mbl HUYETO HE 3HaeM
0 TIOBEJICHUW (DYHKIIMH V(2) TIPH 1=t; U KaCaTEIBHYIO K KPUBOU V(?) B TOUKE #; TOXKE MTPOBECTU HE
MOJKE€M, TO Mbl BBIYHCIEM V; =y He HemocpeAcTBeHHO 1o dopmyne (1.29), a mytem
COBMECTHOI'O pelleHMs] cucTteMbl ypaBHeHui (1.7), kyna Bxoaut u cootHouenue (1.29). Ilpu

10



3TOM HaM IPUXOJIUTCS MOCIEI0BATEIBHO NPUOIMKATHCS K PELIEHUIO (T.€., K V) 32 HECKOJIBKO
HproTOHOBCKHMX UTEpAIUH.

Pucynok 1.6. moka3pIBaeT, 4TO SIBHBII IPOrHO3 VP U CKOPPEKTUPOBAHHOE DPELICHUE V¢
JIeKaT 10 pa3Hble CTOPOHBI OT KPUBOH v(2), POXOIAIICH yepe3 TOUKy #;,. Uem Oosbllie pa3HuLa
MEXIY V¢ ¥ v, TEM CHIIbHEE Ha TEeKYIIEM IIare OTINYaeTcsi TpaduK CKOPOCTH OT MPSIMOM U TeM
BbIIlIE TOTPEUIHOCTh MHTErPUPOBAHMS Ha miare. PUCYHOK Takke IO3BOJSIET MOHSTH, YTO
YMEHBILIEHUE BEJIMYMHBI Ilara #; NPUBOAUT K YMEHBIIEHUIO JIOKAJIBbHOM MOIPELIHOCTH,
orieHuBaeMou 1o ¢opmysie (1.27), MOCKOJIbKY YMEHBIIAETCS PACXOXKICHUE 3HAUCHUN VP U V£.

Pacuer 510KaNbHOM MOTPENIHOCTH BaXEH HAM HE CTOJBKO caM IO cede, CKOJIBKO Kak
CPEIICTBO, TO3BOJIAIONIEE OLEHUTh MPUEMIIEMOCTh CIIEIAHHOTO Ilara IO BpEeMEHU U
PEKOMEH/10BaTh BEIMUUHY CJIEAYIOLIETO 1Iara.

MexaHu3M omnpeesieHus] BETUYUHBI I1ara, UCXOAs U3 KPUTEPHs JIOKAJIbHOM MOTPElIHOCTH,
JIOCTaTOYHO IPOCT. 3aJaeTcs 3HAYEHUE MPEAEIbHO JOIYCTUMOW JIOKAJbHOW MOTPEIIHOCTH Ha

are MHTErpUpPOBAHUS 0. o pe3yJibTaTaM OYE€peIHOro i-ro mara CpaBHUBAIOTCSA 3HAYEHUS

JIOITy CTUMOH (61 )1 (haKTUYEeCKH TOTYYESHHOM JIOKATBHOM HOFpeHIHOCTI/I(lpi). Ecm i S0, , TO
CIETaHHBIM 1Iar mpu3Haercsl ycnemHbM. OcCylecTBIseTCs NMepexoj] Ha CIeayroIui Iar 1o
BPEMEHM; BEJIUYMHA €ro /Ul OJHOIIAroBBIX METOJIOB HMHTEIPUPOBAHMS IEPBOrO TMOpsAKa
TOYHOCTH, KOTOPBIM COOTBETCTBYIOT HCIHOJb3yeMble Hamu ¢opmynsl (1.7), BeIOupaeTcs 1o
3aBHCUMOCTH:

: (1.30)

rze At; - BeMunHa COBEPIIEHHOIO 111ara Mo BpeMeHH,
Atj+1 - pekoOMeHyeMoe 3HaUeHUe CIIeAYIOIIEro 1ara,
¢ - TIONPaBOYHBINA K03 Puuenr, ¢ < 1.
Ecn ke Pi >0 , TO 3HAYCHHE C/ICTAHHOTO mara Af; CIIMIIKOM BEJIUKO B HE 00eCTIeYrBaET
Tpebyemoii TouHoCTH. [103TOMY HEOOXOIUMO MPOBECTH PACUET Ha i-M IIare eiie pa3, UCIoJb3ys
C YMeHbIlIeHHbIM 3HaueHueM Ar;. B aToM ciydae ais BbIOOpa BeanuuHbl Af; TakkKe HCIOIb3YETCs
dopmyna (1.30), TONBKO MOTyYaeMoe 10 Hell 3HAYCHHE IIara UCIOJIb3YeTCs He JIJIS CIISYFOIIEro
(i+1) -ro mara, a A7 HOBTOPHOTO pacueTa Ha TEKYIIEM i-M Iare.
BosBpamasice k pa3OupaeMoMy TpuUMEpy UHWCIEHHOrO pemieHus ypaBHeHus (1.6),
IpOBEEM /sl 2-T0 11ara MHTErPUPOBAHUS OLIEHKY JIOKAJIbHON MOrPEIIHOCTH ¥ BEJIMYUHBI 11ara.
B xoze pacuera Mbl OTYYHIN 3HAYCHHS:

vy =0.11826

v$ = 011159

JlokannHas IMOrpCIIHOCTh Ha IIare:

0.11826-0.11159|
5 =0.00333

II’2=|

[IpuHsB 1ONMyCTUMYO NOTPEMIHOCTD HA IIAre:
0 ,=0.001
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MBI BBIHYKJIEHbl KOHCTaTUPOBAaTh, YTO Ip, > 51, T.€. BBIMOJHEHHBIN IIar co 3HaueHueMm A
1,=0.001 ¢ He obecneunBaeT TpeOyeMON TOYHOCTH pE3yJbTaTOB M HEOOXOIUMO IMOBTOPUTH

pacdyerT Ha 2-M IIare ¢ yMeHbIEHHbIM 3HaueHueM Ar, Pexkomenmyemoe 3Hauenue Ar, s
MOBTOPHOT'O pacueTa onpeneanm ¢ momonisio hopmysl (1.30), ucronssys koadpduruent ¢=0.8:

/ 0.001
Ar, = 0.800.001 W =(0.438¢-3

Pesynbrarel noBropHoro pacuera ¢ marom At, = 0.438¢-3 ¢ naroT ciaeAyoomKe 3HaYCHUS
MPOTHO3a CKOPOCTH, CKOPPEKTUPOBAHHOTO PEIICHUS U JTIOKAJIBHOW MOTPEIIHOCTH:

vy =0.08505
v; =0.08509

0.08505 - 0.08509)|
Ip, = | > = 0.00002

[TockonbKy NOJy4EeHHOE TEneph 3HAYCHUE Ip, <51, TO BTOpPOM MIar MOKHO CYUMTATh
YCIICMIHBIM € TOYKH 3PCHUA SajlaHHOI\/’I TOYHOCTHU PCIICHHA. Tenepb JOITIOJIHUM BBIYHCJICHHOC
3HayeHue ckopoctu v,=0.08509 wm/c 3HAUYCHUAMH YCKOPEHHMS @, UM IIEPEMEIUCHUS X,
BOCITOJIB30BaBIINCH (popmysiamu cBsizu (1.7):

v, —v, _ 0.08509-0.05913
A, — 0.438¢-3

2

At
x, =x, +v,At, +a, TZ =2.96e-5 + 0.05913[D.438¢ -3 +

a, = =59.21 m/c*

(0.438¢-3)*
+59'21f =6.12¢—-5 m
K HaCTOSIH_[eMy MOMeHTy MBI HOHy‘II/IJII/I YHUCJIICHHOC pGH_ICHI/Ie JUJI IIByX TOUYCK BpeMeHHOﬁ
OCH.

0. 0.001 0.001438 t,c
° ® ® .
Xy= X;=2.96 e=5 M Xy= 612 e—5 M
Ve=0 v=005913 u/c  V5=0.08509 u/c

a= 59.13 M[/C ay= 59.21 M/C

Puc. 1.7

Crnenys npuBeICHHOMY aJIrOPUTMY, MOYKHO MPOJOJIKUThH PacueT U MOIYUYUTh PEIICHUE s
BCETO MHTEpBaa BPEMEHH, KOTOPbI HHTEPECYET UCCIEAO0BATENIA.

[Ipexxne 4yem TOMBOAWTH TEPBBIE WTOTH, XOTENOCh OBl BEpHYThCS K puc. 1.6. s
HEKOTOPBIX MOSICHEHUI. B MOMEHT BpEMEHH #;.; Mbl HAXOJAUMCSA B TOUKE v; ;. Uepe3 Hee MPOXOaUT
KpuBas v(¢). OHa mpeacTaBisgeT cOO0N TaKk HA3BIBAEMYIO0 MHTETPAIBHYIO KPUBYIO Ui MOMEHTA

BPEMEHH 1, T.€., TPaUK CKOPOCTHU, COOTBETCTBYIOIUN TOUYHOMY peuleHuto ypaBHeHUs (1.6)
IIPY Ha4aJIbHOM YCJIOBHH
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Av

v| = =Viq YucIeHHoe
t_ti—l t
pellleHue

(131) Vieg[— — — — —

ITockonbKy ypasHerue (1.6) Mbl pemmaem i+l

CeMeriCTBO
IpHUOIKEHHO, TO (PAaKTUYSCKU Ha KaXIOM i-M Vil - HMHTerpanbHEX
miare  YUCJICHHOTO  WHTCTPUPOBAHUSA  I10 KPUBEHIX

BPEMEHU MBI MepexoauM c OoJTHOH |
MHTETPaJbHOW KPUBOW, YIOBJIETBOPSAIONICH | | |
HavyanpHOMY Yyciosuio (1.31), Ha gpyryro ' Tt
UHTETPAIIbHYI0  KPUBYIO,  KOTOpas  yke ! il i

t
>

N Puc. 1.8
MMpEaACTaBJIACT coboi TOYHOC pemicHuc
ypaBHeHus (1.6) mpu HaYaILHOM YCIIOBUHU

Hesy, =i (1.32)

(aa puc. 1.6. uHTErpaNBHAS KPUBAs IS =t; 0003HAUCHA TYHKTHPHOW JTMHUECH).

[TosTOMy pe3ynbTaTOM YHCIEHHOTO PEUICHUS CIY)KUT JIOMaHHas, MPOXOAAIIas depes3
COBOKYIIHOCTb HHTCIPAJIBHBIX KPHUBBIX, KaXJdad HU3 KOTOPLIX MABJIACTCA TOYHBIM PCUHICHUCM
ypaBHeHus (1.6) mpu HaYaNBHBIX YCIOBUSX, ONPEACIIEMBIX YHCICHHBIM PEIICHUEM Ha TEKYyIeM
miare (puc. 1.8).

[ToapITOXXMM OCHOBHBIE MOMEHTBHI, CYIIECTBEHHBIE C TOUKU 3PEHHUS YHCICHHOTO aHaJIM3a
PaccCMOTPEHHOTO IIpUMepa.

[TocenoBaTenbHOCTD HAIIMX ACHCTBUI CBOAMIACH K CIIEAYIOIIEMY:
1. ChopmupoBanu muddepeHraibHOe YpaBHECHHE, OMMUCHIBAIOIIECE MIOBECHIE CUCTEMBI:

kx + ﬂ—+ ﬁ— _2_71t_0
TH )T a Q sin—p-t =

[Tpu GpopmupoBaHUM ypaBHEHHS HCIIONIB30BAIN 2-i 3aKOH HBIOTOHA, SIBISIONIMIACS OIHUM
U3 CIIOCOOOB 3aMUCH YCIIOBUS TUHAMUYECKOT'O PABHOBECHSI.

2. [IlpeacraBuimu ToNydyeHHOE ypaBHeHHEe B (opme, He cojaepkamiell SBHO
b depeHIMaTbHBIX COOTHOUICHHH, 3aMKicaB MOCIEIHIE OTAETBHO:

L 2m
kx+ u v|v|+ma—QsmTt=0

_dx
V= dr
dv  d*x
a:—:—
dt  dr?

3. 3amenmnu quddepeHInaTbHYI0 CBSI3b MEXKIY X, v U @ alredpandecKuMu ypaBHEHUSIMHU
CBSI3U, CIIPABEUIMBBIMU JIJIsl BEIOPAHHOTO METO/a MHTETPUPOBAHUSA, CBEIS TEM CaMbIM 3ajady
MIOJTyYSHHsI pPEIICHUS] B BHJE HENPEPHIBHBIX (PYHKIUI K 3amadye OTHICKAHUS COBOKYITHOCTH
3HaYeHUH HEeU3BECTHOM (DYHKIIMU B OTACIbHBIX TOUYKAX BPEMEHHOM OCH:
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.2
+tma; —Qsin—t; =0

kx. + .
x;+ U v, P

\¢i

2
X; = X;_; +V;_,At; +a %

V, =v,_; +a,At,
rze At; - BenyuHa i-To mara 1o BpeMeH!
Dti=ti-t-1);

Xj, Vi, aj - 3HA4YCHU4 X, v U a 1IpU 1=t;.

4. TlonmydeHHYI0 CHCTEMY NIPUBEIU K OJHOMY ypaBHEHUIO, BEIPA3UB X;, @; UEPE3 V;:

aviy;|+B vity =0
Takum 06pa3oM, Ha KaKJIOM IIIare 10 BPEMEHU PACUET CBOIMIICS K PEIIEHHUIO HEJTUHEIHOTO

anreOpanveckoro ypaBHeHUs BUa f(z)=0, rae z=v;.

5. Pemienue HeMMHENHOTO ypaBHEHMs IPOBOANIN MeTOAOM HbroTOHA. DTO UTEpallMOHHBIH
YUCICHHbIM MeTOo]| (pelleHne Moy4yaeM HMPUOJIMKEHHOE, C 3apaHee 3aJJaHHOM TOYHOCTBIO, 3a
HECKOJIBKO MPOX0JI0B). [l moydeHus: pemeHnst Ha KaxXI0M IMpoXo/ie He00X0AUMO BBIUYUCIISATh
3HaueHus (PYHKIUU f(z7) U ee mpousBoaHOU df(z)/dz. HadanpHoe mpuOIMIKEHHE K PEIICHUIO
oTpenieNsieM, UCIOIb3ys (OpMyITy IBHOTO IPOTHO3A.

6. TOYHOCTP YHUCIEHHOTO HWHTETPUPOBAHUS IO BPEMEHH OLICHUBAIU ITyTEM KOHTPOJS
JIOKQJIbHOM MOTPEIIHOCTH Ha IIare WHTETPUPOBAHUS, 3aBUCSIIEH OT Pa3HOCTH SBHOIO M
HEABHOro pemieHus. Ilpy HEynOBIETBOPUTEIBHOW BEIUYMHE JIOKAJBHOM IOIPEIIHOCTH
IOBTOPSUIM pacueT Ha TEKYIIEM IIare ¢ yMEHbIIEHHBIM 3HaUCHUEM Luara Af;.

7. Ecnu noKaJibHas MOTPEIIHOCTh HA LIare Jekajga B IpeJesiax JOIYyCTUMOM, TO CUUTAIH
niar yCIeUIHbIM M, UCIIOJb3Ysl BBIYMCIICHHOE 3HAYEHHE CKOPOCTH V;, MOJCYUTHIBAIIA YCKOPEHUE
a; W TIepeMelIeHUe X; [0 YPAaBHEHUSIM CBSA3M, CIPABEAJUBBIM JJIs BBIOPAHHOIO METOza
UHTEIPUPOBAHUS.

8. BemuuuHy ouepeqHOro mara MO BpPEMEHHM BbIOMpPAIM, HCXOIA M3 COOTHOLICHHUS
JOMyCTUMONW M (PAaKTHYECKH TMOJyYCHHOM JIOKAJbHOW TOTPEIIHOCTH Ha TEKYyIIeM Iiare
MHTETPUPOBAHUS.

Ha stom MpoCTOM MPUMEPC MblI XOTCIU AOCTATOYHO KPYIIHBIMU Ma3KaMU 0003HaYUTH
KaHBY YHCJICHHOTO pEILEHUsl, KOTOPOU MPUIEP>KUBACTCS aJTOPUTM BBIYUCIUTEIBHOTO sipa
PRADIS. EcTecTBEeHHO, YTO Macca BaXXHBIX BOIIPOCOB OCTallach BHE obOnactu paccmorperus. Ko
MHOTUM U3 HUX Mbl BEpPHEMCS II03[HEE, pa3bsCHEHUS MO APYrHMM Jyylle IOJY4YUTh B
CHEIHMAILHON JINTEepaType, CCHUIKKM Ha KOTOPYIO MPU KKIOM YAOOHOM ciiydae MbI Oyaem
PUBOIUTD.

Mbl HageeMcs, YTO MPUBEACHHBIA NPUMEP MO3BOJSAET IMOHATh CYHIHOCTb YHUCJIEHHOIO
pemienus audQepeHnanbHOro ypaBHEeHHs IBMKEHUS Tella, ChOpMUPOBAHHOTO B COOTBETCTBUU
C TpHUHATONH pacueTHOW cxemoil. OgHAKO ClEeIyeT 3aMeTHTh, 4YTO caMO (HOPMHpPOBAHHE
muddepeHIIMaTbHOT0 ypaBHEHUS NPOBOAMIOCH "BpYy4HYIO' U HEKOTOPbIE BOIPOCHI B XOJ€
pacueTa TOXe pemanuch HeGopManbHO (HampuUMep, AaHAIUTUYECKOE ONpeAeiieHHE BHUA
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GyHKIMH, ABISIONICHCS MPOU3BOIHON df(z)/dz B anroputme Mmerona HeioTona). IlosToMy MBI
MPOAOJKAEM PACCMOTPEHUE METOJOB M alroputMoB PRADIS c BBISICHEHUS TPUHIIMIIOB
aBTOMATUYECKOI0 OPMHUPOBAHUSA  CHCTEeMBbl  au(p(PepeHInaNbHBIX  ypaBHEHWH (a7
paccMaTpuUBaeMOro MpuMepa - OJHOTO YPaBHEHHMsI), OMUCHIBAIOIIMX IOBEJCHHE HCCIETyEeMOro

00BEKTA.
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2. MexaHu3sMm bopmMuUpoBaHUA MaTEMaATNYECKOMU
Moaenu

BepHemcs k paccMOTpeHuUIo cuctemsl Ha puc.1.1.

Ilepenuiem enie pa3 ypaBHEHHE paBHOBECHS:

c A4 6 U —
F-+F +F'+F'=0 2.1)

ITockonbKy NIpM YUCIEHHOM HHTEIPUPOBAHMM MBI IOJIY4YaeM pELIEHHE B OTIENbHBIX
TOYKaX BPEMEHHOMN OCH, TO JUIsl KaXJI0Tr0 i-r0 MOMEHTa BpeMeHH ypaBHEeHUE (2.1) MoxkeT ObITh
3aMMcaHo B BUJIE:

FE+F +F +F'=0 2.2)
rac

7 =—0an™™;
S smT

9

F.V
F =
E

(2.3)

U

kx;
Uv
T =ma

CuunraeM Takxe, 4TO ISl i-TO MOMEHTA BPEMEHU 3HAYEHUS X, V;, @; CBSI3aHbl YPABHEHUSIMU
(1.7), xoTopble BBHUJYy WX HMCIOJIb30BaHUS B HAIIMX JATbHEHIIMX BBIKJIAJKaX BOCIPOU3BEAEM

CaIc pas:

2
Xi = Xj_1 Vi AL + & &y

(2.4)
Vi =Vig Ha AL

OOpaTuTe BHMMaHME, YTO ypaBHEHHs (2.3) OTIIMYAIOTCS OT AHAJIOIMYHBIX BBIPAKEHHH
(1.3) 3nakom. D10 cBsA3aHO C TeM, uTo B PRADIS npu pacCMOTPEHUH YCJIOBHH paBHOBECHUS
CYMMHpPYIOTCSl yCUJIUS, NEHCTBYIOIIME CO CTOPOHBI CHCTEMBl HAa DJIEMEHTBI, a HE YCHUJIUS CO
CTOPOHBI JIEMEHTOB, KaK 3TO ObUIO MPUHATO HAMU IIPU BBIOOPE MOJIOKUTEILHOTO HAIIPABICHUS
JUISL CWJT B COOTBETCTBHH C pHuc. 1.3.

[ToncranoBkoii (2.3) B (2.2) MoxkHO ObUTO OBl MONYy4YHTHh ypaBHeHHE Buaa (1.8), HO MbI
3TOro Jenarb He OyleM, IIOCKOJIbKY HaM HyXHO (opMupoBaTh M aHAJIU3UPOBAThH
MaTEMaTHYECKyl0 MOJEIb 10 YHHMBEPCAIbHOMY ainropurmy. Mrak, umeem 1nocraTouHO
YHUBEpPCAJIbHOE YpaBHEHHE paBHOBECHUS BUJa (2.2), crpaBeaauBO€ IJs KaKIOro i-ro MOMEHTa
BpEMEHHU. 3aMeTUM, YTO MEpPEeXo]] OT 3alUCH ypaBHEHUs paBHoBecus B (opme (2.1) k 3amucu B
dbopme (2.2) o3HamMeHOBad COOOM KAYEeCTBEHHOE W3MEHEHWE THMNa ypaBHeHUs. Ecmm
cooTHomieHue (2.1) mnpexacraBiaser coboi auddepennuanbHoe ypaBHEHHE (TIOCKOJBKY
BXOJSIIME B HEro 3aBUCUMOCTU JUISI CHJI HCIOJIb3YIOT IMPOU3BOAHBIE MEPEMELIECHUS IO
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BPEMEHH), TO COOTHOIIEHHE (2.2) eCTh YXe MPOCTO ANredpanvdeckoe HEIMHEHHOE ypaBHEHHUE
(TIOCKOJIBKY CBSI3b MEXIY X; V;, @; ONPENEsIeTCsl anreOpandeckuMu ypaBHeHusMu (2.4)). A ¢

HEJIMHEWHBIM ypaBHeHHEM B ¢opMme (2.2) MOXKHO TOCTyNaTh TakkKe, KaK Mbl MOCTYHaeM C
ypaBHeHueM (1.12), a uMeHHO: pemath ero MeTo oM HeroToHa.

Nmeem

f(2) =0, (2.5)

rae
f()=FE+E +F+E

[lepemeHHO# z MBI MOXEM 0003HAYUTH JTIOOYIO U3 KOMIOHEHT X;, V; WIH dj, TOCKOJIbKY
OHH B3aMMOCBSI3aHbI COOTHOIIEHUsIMU (2.4). [IpuMeM, Kak U paHblie, Z=Vv;.

Ha xaxoii utepamnuu, B cooTBeTcTBUU ¢ Gpopmynamu (1.14), Ham He0OOXOAMMO BBIYHCIUTD
3HauyeHue f(z) u ee npousBoiHou df(z)/dz.

Boruncnenue f{z) cBOAMTCS K CyYMMHPOBAaHUIO TEKYIIMX 3HAYEHUH CHJI NPU TEKYLIUX
3HAUEHUSIX X; V; @; (i - HOMEp mIara 1Mo BPEMEHH, j - HoMmep urepauuu no HeroTony).
daKkTUYECKH, BBIYMCISIEMOE 3Hau€HHUE f(z) NpencTaBisieT co00il MOrpemHOCTh BbIMOIHEHUS
YCJIOBHSI PaBHOBECHS, KOTOPYH0 HBIOTOHOBCKMMH WTEpalldsIMH HeoOXoaumo '3arHate" B
JIOTIYCTUMBIE TIPEIEIBI.

Teneps pacnuiiem npousBoaHyto df(z)/dz.

df(z) _AE+E+E+E| 4 dE dE dE'
dz dz dz dz dz dz (2.6)

JIeicTBysl CTpOro Mo HayKe, KAy M3 MPOU3BOJHBIX B BBIpAXKEHUU (2.6) MBI JTOJKHBI
MIPEICTaBUTh KaK MPOU3BOJIHYIO CIIOKHON (QYHKITUH.

oK 0K OE
dFf_ dx; " v, VT da, ai_&l*}”dxi+0l*}”dvi+0Ffdai
dz dz " dx;, dz v, dz da; dr

Tak kak z=v;, TO

dFf _dFS 0 F dx; 0 F dv, +0"'Ff da;
dz ~ dv,

l

= +
dx; dv, dv;dv; 0a; dv, (2.7)
AHAJIOTHYHO:

l

= + +
dz dv; 0dx;dv, 0dv, dv; 0da; dv,

1l

dFf _dF O F dx; O F dv, 0 F da,

dFf dF’ 0 F’ dx; +dF,’-“ dv; +dF,T“ da;
d; ~ dv;, dx; dv; v, dv; Ja; dv, (2.72)

l

dF;"_dF;”_ﬁF,?"dxi+dF;"dvi+a"'F}"dai
d; ~ dv;,  dx, dv, v, dv, 0 a; dv,

1
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Hcnonb3yeM ypaBHeHUS CBs3U (2.4) UIsl TOy4YEeHUS 3aBUCUMOCTEH @; U X; OT V;:

Vi ~Vim1

a, =———
& (2.8)
_ vitvig
Xi =X 2
[Mpomuddepenumpyem Boipaxenus (2.8) mo v;

dx; _ A,
dv, 2
dv; ;
dv; (2.9)
da; _ 1
dv, I,

l 1

Teneps BBIYMCIUM 4YacTHBIE TMPOW3BOJHBIE B BhIpaXeHUsX (2.7), (2.7a), monb3ysch
3aBUCUMOCTSIMH (2.3):

Jlia cuibl Fie:

Jd Ff
Ix; "

Xi (F;¢ He 3aBUCHUT OT NIEpPEMEIICHUS Tela)
Jd Ff
g, "

Vi (F;¢ HE 3aBUCUT OT CKOPOCTH TENa) (2.10)
Jd Ff
da, "

a; (F;¢ He 3aBUCUT OT YCKOPEHUS TeNa)

[l cunpl Fp:
o F
=k

dx
dF
dv, "

Vi (Fp ue 3aBucHT OT ckopocTu Tena) (2.11)
o F

=0

da

i (Fp HE 3aBUCHUT OT YCKOPEHUS TeJa)
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Jlisa cunel Fs:

Jlia cuiel Fu:

(F# He 3aBUCHUT OT IIEPEMEIICHHUS Tella)

(2.12)

(F# HE 3aBUCUT OT YCKOpPEHUS Teja)

(F# HE 3aBUCHUT OT MEPEMEILCHUS TEJIA)

(F# He 3aBUCHUT OT ckopocTu Tena) (2.13)

[TomcraBnsieM IMOJIyYCHHBIC 3HAYCHHWS YACTHBIX TPOW3BOJHBIX OT YCWJIMA W 3HAYCHHS
koaduimenToB (2.9) B popmysi (2.7), (2.7a):

CymmupyeMm cnaraembie Gopmyisl (2.6):

d Ff
dz

v

E.V
2z

Q
=

Qv
=

d fix) _ kb,

2z

=0

2

+2Uu

\Z

i

m
+—
At

1

(2.14)

(2.15)
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CpaBHuBasi pe3yibTarT C paHee mnonydeHHo dopmynoit (1.19), mis KoTopoii
ko3 urmeHTrr 0epyTcst u3 cooTHomeHu (1.12), MO)KHO KOHCTAaTHPOBATh, YTO OHU ITOXOXKHU.

Tenepb, uMMess BO3MOXXHOCTb BBIYUCIATH f(7) u df(z)/dz, TponoKuTh pacyer IO
OMKMCAaHHOMY paHee aIrOPUTMY He MpejacTapiseT Tpynaa. OnHaKo, KaKk TOBOPUI OJIMH MX T'€pOEeB
TonkueHa, "cuTyaluss B HACTOSIIMA MOMEHT MOET IMPEACTABISATHCS TPEOYIOMIEH HEKOTOPHIX
paszwbscHenuit ". IlpoapaBminch dYepe3 YacTOKOJA TMOJMHBIX M YaCTHBIX IPOU3BOJIHBIX, MbI
MOJTYYMJIH TOT K€ Pe3ysibTaT, YTO U PaHee, HO TEPIICHUS y YUTATENsl 3TH BHIKJIAJIKH HaBEpPHSIKA
u3psAHo noyoaBmin. Kakumu e npuoOpeTeHUs MU OKYTIAtOTCs 3TU TPYA03aTpaThl?

1. IuddepennunanbHoe ypaBHEHNE ABMXKEHUS BHITUCHIBATH BOOOIIE HE MTPUIILIOCH.

2. PazBepuyras ¢opma HenmHeiHOTro ypaBHeHus Buua (1.12), K pemieHH0 KOTOPOro
CBOJIUTCS pacueT Ha Ka)KJIOM LIare 1o BpEMEHH, TOXKE 0Ka3ajlach HEBOCTPEOOBAHHOM.

3. OyHKIMOHATBHAS 3aBUCUMOCTS JJIsI TPOU3BOIHOM df(z)/dz He moHanoOmiIacs.

Ecmu BHUMATEIBHO | Bospencrane

IPOCMOTPETh HaIIH
paccyxieHus, TO MBIl -

UCIIOJIb30BAIIH CIICTYFOIIY IO pyzriHa * Macca
UHPOPMAIIHIO (TIPUBO MBIt
HIDKE CIMCOK HEOOXOIUMOM [Uist

(opmupoBaHus MaTeMaTUYECKOH y
Mozaenu  uHpopMmManuu  Oynem e —

Janee Ha3bIBaTh "nepeunem"): Puc. 2.1

1. CBeneHus 0 CTBIKOBKE JIEMEHTOB CXeMbl (puc. 2.1).

2. YcioBue paBHOBECHS CHII, 3alIUCAHHOE IS i-TO MOMEHTA BPEMEHH, U MPECTABIISIONICEe
co00i1 HeNMHEeHOe anredpanyeckoe ypaBHEHHE OTHOCUTENBHO X, V;, @; BUJIA!

4
EY =0
k; , (2.16)

rae 4 - KOMUYECTBO CHJI, CXOMISIIUXCS B Yy3JI€ CTHIKOBKU (KOJUYECTBO CTBHIKYFOIIHMXCS
BETBEH DJIEMEHTOB).

VYpaBHenune (2.16) eimie Ha3bIBAIOT MIONOJI02UYECKUM, TIOCKOJIBKY OHO OIpEAENseTCs
TOIOJIOTHEH, T.€., CTPYKTYpPOH CBSI3€Hl B CXEME.

3. BI)Ipa)KeHI/ISI, MO3BOJIAIOIMHUE ONPCACIUTE YCUIIUA B KaXXIOM JJICMCHTC KaK (bYHKHI/IIO
NepeMeuICHusl, CKOpOCTH, YCKOPCHUA U BPECMCHHU - (23) DTO Tak Ha3bIBacMbIC KOMHOHEHMHbLE

YpaBHCHU:, OIMUCBIBAIOIIUE ITOBEACHUC OT}IGJ’IBHOfI KOMIIOHCHTbBI (SHGMGHTa) CXCEMBI.

4. BelpaxkeHMs JUIsI YaCTHBIX IPOM3BOAHBIX OT YCWIMM, NEUCTBYIOIIMX B AJIEMEHTE, IO
NepEeMEeIIeHUI0, CKOPOCTH, YCKOPEHHIO - ¢M. 3aBucuMocTtH (2.10)-(2.14).

5. Anrebpanueckue ypaBHEHHS CBS3M X , V , @ JIS TEKyLIIETO MOMEHTa BpPEMEHH -
¢dbopMyIbl MeTo1a HHTErpupoBanus (2.4).
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6. Yka3aHue, OTHOCUTEIBHO KaKOH W3 IIEPEMEHHBIX - X, V WM @ - BECTH PELICHUE
HEJIMHEHHOTO ypaBHEHHs, T.€., YTO BHIOMpAeTCs B KauyecTBE NepeMeHHOW g (QyHKuuu f(z) B

dopmyie (2.5).

[lepeuncienHoit wHPOPMAIUK JOCTATOYHO [UIS pEAM3allii MAIlUHHBIX aJTOPUTMOB
(bopMHpPOBaHUS MAaTEMaTHUECKOM MOJICIIN OOBEKTA.

YroObl y 4yWTaTellss HE OCTAIOCh TEMHBIX MECT M OCJIbIX MSATEH, MBI emie pa3 Oojee
JICTAJIbHO MPOUIEMCS 10 YK€ HEOJHOKPATHO Pa300paHHOMY B 3TOM JIOKYMEHTE [TPUMEPY.

Wrak, mycTh MMeETCsl TEXHUYECKas CHCTEMa, IPOIECChl B KOTOPOW TPEOYIOT aHaiu3a.
Pacuernas cxema cootBetrcTByeT puc.l.1.

CucteMy HEOOXOIMMO TPEJICTABUTH B BUJIC COBOKYITHOCTH 3JIEMEHTOB,CTBIKYIOIIHXCS TIO
o0muM crereHsM cBoOoabl (y3imam). KomumdecTBo cremeHeid cBOOOIbI (Y3JI0B) Y KaKIOTO
AJIEMEHTA OTIPEICISIETCS] Pa3HOBUIHOCTBIO dJIeMeHTa (puc. 2.2).

CyiectByeT TOHATHE modenu 1 2
anemenma. Ilonp3oBarens coOupaer modess ._/\/\/\/_. [Ipy>xuna
cucmempl U3 MOJIeNIe OTIEIbHBIX JIEMEHTOB,
KaK UTPYIIKY B JETCKOM KOHCTpyKTOpe. Ero
(monp3oBaTeNsl) JOJDKHA 3a00TUTH  TOJBKO | 2

NPaBUIBHOCTh COOPKH, OCTaJbHBIE BOIPOCHI .—j—' Iemngep
dbopMupoBaHHUS MaTEeMaTHUYECKOH MOJEIU -

roJoBHasi 00J1b pa3pabOTYMKOB MPOTPAMMHOTO 1
obecnieuenus. Mmes mepen co0Goil pacueTHYIO @ Toueunas
cxemy (puc. 1.1) u BbIWIEHHB U3 Hee Macca
aseMeHThl (puc. 2.2), MOoJIb30BaTeNbh HAXOOUT | 2
MOJICJIA  COOTBETCTBYIOIIUX 3JEMCHTOB B Q@-@— —P-@ CocpenoToueHHad
ouomorexe MoJenen 3JIEMEHTOB (CIII/IIJ)II/EIIK NanmBaeTed
OpOrpaMMHOI0 KOMHJzeKca U OIIMCBIBACT MEXN y IBYyMs
CTPYKTYPY HCCIETyEMOM CXEMBI. TOYKaMu

Puc. 2.2

Omnwucanue CTPYKTYpbl 3aKIIIOYaeTcs B
COCJIMHEHUH 3JICMEHTOB MO OOIIMM CTEMEHSM CBOOOBI M yKa3aHUM 3aKPEIUICHHBIX Y3JIOB.
JIyis TIOJIHOTHI KapTHHBI MPHBEAEM KYCOK TEKCTa OIMMCAHHUS CTPYKTYPhI Ha BXOJHOM SI3BIKE
PRADIS:

$ FRAGMENT: [pumep
# BASE: 1

# STRUCTURE:

Ipyxmra' K (1 2; KosdpdmumeHnT xecTrocTm)

Hesmmuenusnt gemnpep ' MUNL (1 2; KoadpduimeHT BABKOCTH)
Macca ' M (2; Macca Tena)

BospeticTeue ' FSIN (2 1; Q, T, HauvanbHass daszBa)

[ToaroTroBkOW NPHUBEACHHOTO OMHUCAHUS TIOJB30BATENb  COOOIIMI  MPOTPAMMHOMY
KoMIuiekcy PRADIS Bcio HEOOXOIUMYIO0 HH(POPMAIUIO TIO0 CTBIKOBKE JIEMEHTOB CXEMBI (CM.
nyHKT 1 mepeuyHss HeoOXoauMoi mHpopmanuu s GOpMUPOBAHUS MATEMATHYECKOW MOJENH
o0nekTa). [Tonb3oBarens, BO-NEPBBIX, MOI00paT MOJIETH JIEMEHTOB U3 OMOIHOTEKHN MOJENEH -
sto moxaenu K, MUNL, M, FSIN. Bo-BTOpbIX, COETMHIIT UX HAJUICKAIUM 00pa3oM, IPHIIOKUB
BO3JICHICTBHE K Macce B y3i1€ 2, K KOTOpOMY TakKe MPUCOSIUHIII KOHIIBI MPY>KUHBI U AeMiidepa.
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Hakonen, ommcan y3en 1 Kak HEMOJIBIIKHBIM, 3aKPENUB TEM CaMbIM CBOOOJHBIC KOHIIBI
HpY>KUHBI U femidepa.

PaCCMOTpI/IM TCIICPb TC HeﬁCTBHH IIporpaMmsal, KOTOPBIC MMO3BOJIAIOT B LICJIOM IIPCACTABUTH
MEXaHNU3M pabOThl BEIYMCIUTEIHFHOTO aJrOpUTMA.

B mpomecce 00pabOTKM ONHUCAHUS CTPYKTYPbl MOJENU OIpPENEseTCss Pa3MEpHOCTb
CHCTEMbl YPAaBHEHHH, T.€., KOJIWYECTBO Y3JIOB, B KOTOPBHIX IOJDKHBI BBIIOJHATHCS YCIOBHUS
paBHOBecusi. B paccmarpuBaeMoM npumepe J1Ba y3i1a, OAWH U3 KOTOPBIX 3aKpervieH. Ha craaun
GopMupOBaHUS MAaTEMAaTHYECKOH MOJAEIHM CTPYKTypa IAHHBIX OyIeT TOTOBUTBhCA MO 00OMM
y3JlaM, OJHAKO Ha JTale pacdyera YpaBHEHHME, COOTBETCTBYIOLIEE 3aKPEIUIEHHOMY Y3IIy,
UCKIIIOYAeTCA U3 PACCMOTPEHUS, U BCE KMHEMATHUECKHE XapaKTEPUCTUKU 3aKPEIUIEHHOTO y3i1a
(nepemerenue, CKOpOCTb, YCKOPEHUE) YCTaHABIUBAETCS B HOJIb.

DTan 4UCIEHHOTO MHTETPUPOBAHUS MPEICTABISIET COOOM MOCIeI0BaTeIbHOCTD IIaroB IO
BpPCMCHHU, Ka)K,HBIﬁ N3 KOTOPBIX CBOAUTCA K PCUHICHUIO HEJIMHEHHOT O YpaBHCHUA pPaBHOBCCHUS
Buza (2.16). Jlnsa pemenus 3Toro ypaBHeHHs HeoOXoanMa MHpOpMAIMs, IPUBEIACHHAs BBIIIEC B
NyHKTax 3-6 nepeuns.

Ceituac camoe Bpemsi 0OpaTHTh BHUMaHHE HA MOJICIU AJIEMEHTOB M BBIICHHTH, KAKOBA MX
POJIb B BBIYUCIIMTCIBHOM aJITOPUTMC. BXOI[HBIMI/I JaHHBIMU JJIA JII000H MOACIN J3JICMCHTA
SBIISIFOTCSI:

- HEMU3MEHHBIN CIIUCOK nmapaMeTpoB MOACIIHU IJICMCHTA,

- TeKyIIMe 3HAaYCHHsI IEpEMEIICHNUN, CKOPOCTEH M YCKOPEHHI TeX Y3JI0B, C KOTOPBIMU 3TOT
AJIEMEHT COEJMHEH.

IIo »>TumMm JaHHBIM MOJCJIb JJICMCHTA 00s13aHa A4 TCKymero MOMCHTa BpPCMCHU
BBIYUCJINUTB:

1) ycwiusi, KOTOpbIE IEHCTBYIOT CO CTOPOHBI CUCTEMBI Ha DJIEMEHTEHI, T.€., BEKTOP YCHIIHN
aJieMeHTa (CM. MYHKT 3 nepeuns);

2) dYacTHBIC TPOU3BOIHBIC BBIYHCISAEMBIX YCHWIHA TIO TICPEMEHICHHSIM, CKOPOCTSIM U
YCKOPEHHUSM Y3JI0B 3JIEMEHTA, T.C., TAK Ha3bIBaeMylo MaTpuily SkoOu (sxoOuaH) sneMeHTa (CM.
NYHKT 4 nepeuns).

Ecau anement umeet NV cteneHet cBOOOIbI, TO JIMHA BEKTOPA YCHIIUNA 3JIEMEHTa Takxke IV,
a IKOOMaH AJIeMeHTa UMeeT JuHYy N *N*3.

Kak ato Beirmsaut? Hampumep, pa3paboTdmk k
JIBYXY3JIOBOM MOJIETTM OJHOMEpPHOM Oe3pa3mMepHoOit Iy . Fg
OC3MHEPIMOHHOW HJCaIbHO YHPYrod NpyKuHb, ——F @— \/—®
K
OTOPYIO MBI UCTIOJIB3YEM B CBOEM MPUMEPE, § X, vy, 8 Xy, W, 8,
peanu3oBal cleayrolnue 3aBUCUMOCTH JIISl YCHITHMA ’ re

u sikoObnana seMeHnTa (puc. 2.3):
Ezﬂﬁ_%L

F = k{x, - x,) (2.17) Puc. 2.3
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E

OF _, OF __,

ﬁxl ’dxz (218)
oK __, OF _

dx, k é'xz_k

IF, _0F _0F _0F_
OR_0K_0K_0K_,

5 a, 0 a, ﬁ a, 0 a, (220)

B cooTBeTcTBMM ¢ MPHUBEACHHBIMH 3aBHCHUMOCTSMH, JUIS JIFOOOIO MOMEHTAa BpEMEHHU
MOJIeTIb DJIEMEHTA MO TIePeJaHHBIM B HEE TEKYIIUM 3HAYCHUSM MEPEeMEIICHUN, CKOPOCTeH H
YCKOPEHHUH (XOTS JJI pacCMaTPUBACMOT0 3JICMCHTA Ba)KHBI TOJBKO MEPEMEIICHHS) BEIYUCIISACT
3HAUEHUS YCUIIUH, NEHCTBYIOIIMX HA KOHIIBI MPYKUHBI, U 3HAUYECHUSI YaCTHBIX MPOU3BOHBIX OT
YCWIMH TT0 TIEPEMEIICHHUSIM, CKOPOCTSIM M YCKOPSHHSIM 000X y3J10B. BekTop ycwimi cOCTOUT
UX 2 3JIEMEHTOB, IKOOHaH - u3 12.

[TockoJIbKy B paccMaTpuBaeMO#l pacyeTHOH cxeMe 00BbeKTa y3ed 1 MPY)KUHBI 3aKpeIlicH,
TO B JIaHHOM KOHKPETHOM clilyuyae M3 Bcedl WHGPOpMAIUU, BBIYUCIAEMON MOJEIBI0 H
nepegaBaeMoi "HaBepx'", BOCTpeOyeTcs TOJIBKO Ta YacTh, KOTOpas CBsi3aHA C HE3aKPEIUICHHBIM
BTOPBIM Y3JIOM:

B =K x,~x] 2.21)
FE
d x; (2.22)
dF OdF
= =0

Ota uH(OpManus MO3BOISIET YYECTh BKJIAJ MNPYKHUHBI NPU PEIICHUH HEIWHEWHOTO
ypaBHEHHs BUJA (2.5) MO aJIropuTMy, U3JI0KEHHOMY IPU BbIBOJIE COOTHOLIEHHMH (2.6)-(2.15).
Bkman ocranpHBIX 3€MEHTOB (memriep, Macca, BHEIIHEE BO3JCHCTBUE) YUYUTHIBACTCS
AQHAJIOTMYHBIM 00pa3zoMm.

YroObl KOHKPETH3MPOBATh CKa3aHHOE, MPOJOJDKMM paHee HauyaToe€ WHTErpUpOBaHHE
npuMepa, clenaB odepeqHod 3- mar no BpeMeHu. llpu 3TOM Oyaem HCHonb30BaTh
(dopManbHBIN aNropuT™, 0a3UPYIOIIMNCSA Ha MOCIEI0BATEIbHOCTH BBIYMCICHUN 10 (opMysam

(2.5)-52'1}'2))1\;IHI/IM, YTO I10 pe3yJibTaTaM 2-To 1ara 1o Bpemenu (npu ¢,=1.438¢-3 ¢) Mbl oTydmm
CJIEIyIOIINE 3HAUEHUS HEU3BECTHBIX:

X, =6.12¢e—=5m

v, =0.08509 m / ¢

a,=59.21 m/c?
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Benuuunna mara paBusuiach At,=0.438 e-3 ¢, monyyeHHOE Ha I1Iare 3HAYEHHE JOKAJIbHOU
norpemHocT coctasuio Ip,=0.000018.

Pexomenayemoe 3nauenue Af; Ans ciaeayrouiero mara ompeaensem no gopmyne (1.30) ¢
yuerom ¢=0.8 u 6, = 0.001:

Janpmie neicTByeM Mo cXeme, MPEACTaBICHHON Ha pucyHkax 2.4a-2.4B. U3 puc. 2.4.a
CJIEyeT, YTO MePe]] i-M 1IaroM 1o BPEMEHH JIOJIKHBI ObITh U3BECTHBI 3HAYCHHUS ti_1, Xi1y Vits i1y
At;, MoxHO yOenuTbes, YTO MEpe] HayajioM 3-TO Iara Mbl JIEWCTBUTENBHO PpacCIoJiaracM
uHpopMaIen 0 3HAYCHUSX Ty, X), Vs, Ay, AL;.

[TonpoOHOCTH anropyuT™Ma BBIMOIHEHUS OTAEIBHOTO [Iara noyeprnHeM us3 puc. 2.4.6.

dx;/0 z 0v,;[0 z

1. OnpenensieM 3HaueHUs: KO3(GGUIMEHTOB NPUBEJICHU sIKOOMaHa -

da;/d z (cM. dopmynsl (2.7), (2.7a)), 3aBucAmME OT BEAMYMHBI Imara. IIOCKOJNBKY IIpU
pacueTax Ha IEepBBIX JBYX Ilarax 3a 0a3uCHYIO IEPEMEHHYIO Mbl y>K€ IPUHSUIN CKOPOCTh (T.€.,
Z=v;), TO CyMMHpOBaHHE sIKOOMaHa mpoBoauTca 1o ¢dopmynam (2.7), (2.7a), Ans KOTOPBIX
K03(h(HULIMEHTHI TPUBEACHUS BBIYUCISIOTCS IO 3aBUCUMOCTSM (2.9):

dx, D, 2.63¢-3

= =131e-3
dv, 2 2 ¢
d
D3 _y
dv,
da, 1
= =380.2

dv, Dt, 2.63¢-3

Hanomuum, uro cootHomenus (2.9) onpenenstorcs GopMyaMu METOAa HHTETPUPOBAHHS
(2.4).

2.BeraucisieM HadallbHOE MPUOIMIKCHHIE K PEIICHHUIO 110 opMyJie SBHOTO mporHo3a (1.28):

vl = v, +a,At, = 0.08509 +59.21[2.63¢ — 3 = 0.24081

OOpatuTe BHHMaHUEe, 4YTO B KAaueCTBE HAYaJIbHOTO MPUOIMKEHHUS] MJOKHO OBITh
BBIUMCIIEHO HE TOJBKO 3HaueHHe vy, HO M 3HaueHus X7, a;), HeoOXonMMBbIE JUIs pacyera B
MOJIEJISAX HIEMEHTOB.

[Toaromy:

al =a,=59.21

Atz
x) =x, +v,At, +a, 73 =6.12¢—-5 +0.08509[R2.63¢ -3 +

(2.63¢-3)*
+ 5921# =46.5¢-5

3. YCTaHOBUB CYETUMK HWTEpalUid paBHBIM 1, peanusyeM MOCIeqOBaTENIbHOCTh JEHCTBUN
Ha 1-it urepanuu HeroToHa (cMm. puc. 2.4B).

4. OOparmieHue K MOJEISAM SJIEMEHTOB. BEIUHCIIEHHEe BEKTOpa CHJ M SIKOOMaHa Ka)oro
3JIEMEHTA IO TEKYIIUM 3HAYEHUAM X390, v30, a30.

B macTosimmii  MOMEHT  OTpaHMYUMCS  aHAIW30M  HWHGOPMAIUU  TOJBKO  TIO
HE3aKPEIUICHHOMY Y3I11Yy:
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5= tig. AL

/ Xid Vit Bip

Y
i-A maer oo
BpeMeHH
Ipopepxa:
HCYEPOEHO JH
BpeMS HHTErpHpOBAHHT 7
oa
HEeT
i=i+1
= v Samep:
At j=atpex i
pacaeT
Y CTAHOBHTE
PEECMEeHI Y EMOe
sHAYeHHE
CIENYIOIIeTo
IIATA

Puc. 2.4a
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[ I-# IOar II0 BpeMeHH

e e S li-l.' ﬁti

/1 i1 Viels *j=1

i=i+t

x), vl al
1 1 1

Mposepia:

HBEOTOHOBCEHX
HTEpATHA ?

NposepEa:
KOIHYeCTBO

WeHBIIE
mpenensEoTe 7

OueHKa
MOEAIBHORA

NOTpeIITHOCTH

Pacuet
PEEOMEHT FEMOTD
IHAYCHHA [Iara

At :ﬂtpgx =1

|
MMpopepira:
TOEANEHAT
HET | MOrpellENC T
B npeneam.::
| monycTHEMOR ?
oa |
|

Puc. 2.40
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j~8 WTepalmsa MeTona //”’::_ xg‘ 3

HeoTOHA

oId KaXIOoro 3eMeHTa

OSpaimeHne K MOOe/aM SIeMeHTOR :
BHYHCIIEHHe BeKTOpa CHI H sSxobHaHA

l

CyuMMmEpoBaHHe CHJI H KOMIOHEHT

AKOOHAHOB B COOTBETCTBHH CO
CTPYKTYPOH CBI3¢H SIIeMEHTOB.

Pacuer f(z) m df(z)/dz

Ompenenenne odepenHOrO
OpHpalneHus z!

BHuYHCc/IeHHE O4YepenHOoro
OpHOTHIKEeHHS E PEIIeHHID

gl =gty 7

'

Zz j TEEYIIHX SH&UCHHA Z'i]:, V‘ii, a'}

PacgeT 0 mONydYeHHOMY SHAYECHHD

Puc. 2.48
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IIpyxuHa:
F’ = kx =20000C46.5¢—5=9.3

o F

=k =20000
d x
6Fy_ﬁFy_0
dv da

ﬂeMthep:
F* =y vly|=100000.2408170.24081| = 58.0

Jd F°
=0

D Q
W

=24 |v|=2010000]0.24081| = 481.6

a v
é'Fy_O
da

Toueynast Mmacca:

F"' =ma =0.159.21=5.9_

0F”_8F“_0
dx O0v
d F"
=m=0.1
7 4 m=0

HIZI/IKHaZ!HBaeMaH CHJIA:

2w
F =0 sinTt =-1000 sin

27
1.438¢ -3 +2.63¢—3) = —40.
0.2"( 38¢—3 +2.63¢-3) 0.6

o"F"_o"F"_o"F"_0
dx dv da

5. Cy'MMI/IpyeM CHJIbI, BBIYHUCJICHHBIC B MOJICIIAX JJIECMCHTOB W CXOOAIIHUECA B

HE3aKPCIIJICHHOM Y3JIC

D F=F +F +F'+F =—40.6+9.3+58.0+59=326

[TonyuyenHass cymma siBIsieTcs 3HaueHHeM (GYHKIMU f(z) Ha Tekylied wurepauuu (CMm.

BEIpakeHue (2.5)).
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Boeruucioum Teneps df{(z)/dz, ncnonb3ys cootHomenus (2.6), (2.7), (2.7a):

(o) _dE  dE  dE | dE
d;  d; di  dy df

dF°
d_z =0.31e—3+ 001 +0CB80.2=0

F.V
d_z =2000000.31¢—3+ 0C1 + 0CB80.2 = 26.2
dF°
I =001.31e—3+481.6[1 + 0CB80.2 = 481.6

v4

J F"

P =0.31¢—3+ 001 +0.1[B80.2 = 38.0
d
% =0+26.2+481.6+38.0 = 545.8

v4

1
6.0npenensieM npupaiieHue Az,

0
32.6
At =L o320 405973
(%) " 5458
7. Beraucnasgem 04YCpeaHoC HpI/IGJII/I)KeHI/Ie K pCIICHHIO

7' =7+ Az' =0.24081-0.05973 = 0.18108

1
8. I1o mony4yeHHOMY 3HAYEHHIO & YTOUYHSEM TEKYIIWE 3HAUCHHUS X3l, v3l, a;l, ucronb3ys
dopmysl (2.81):

v; =z' =0.18108
. _v3=v, _0.18108-0.08509 _

BE AL T 263e-3 0D
3 .
. v,y 0.08509 + 0.18108
xX;=x,+ At,=6.12¢—5+ 5 [2.63¢—3=41.1e—-5

Brruucnenus Ha nepBoil urepannu HproTOHA 3aKOHYEHBI.

9. IlpoBepsieM ycioBHS 3aBEpILIEHUS] HBIOTOHOBCKUX UTepanuii. HanoMHuM, 4yTO paHee Mbl
IPUHSIIN CJIEAYIOIINE 3HAaYEHUsSI 1Oy CTUMBIX TIOTPEIIHOCTEN AJIs NPOBEpKHU ycinoBuil (1.15):

5,=0.001
3 ,=0.1
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Hcxonsa 3 5TUX 3HAUYCHUH, 3aKII0YaeM, YTO

7)),
az']>3,

TakuM 00pa3oM, HBIOTOHOBCKHE UTEpALlMU HAa TEKYIIEM Ilare 1o BPEMEHH HEOO0XOAUMO
IIPOJIOJIKUTb.

10. Ilpexne, yeM MepedTH Ha CIEAYIOILYI0 HUTEpaldio, MPOBEpseM, HE HMCUYEpHaHO JIU
IPEJEIbHOE KOJINYECTBO UTEPALIA:

J=1<jmax =3
11. YBenuuuBaeM CYETUHK HOMEpPA UTEPALIUIA:
j=j+1=1+1=2

12. IIpoBepsiem nocieI0BaTENbHOCTD IEUCTBUM Ha pUC. 2.4B JUIsl BTOPOI UTEpallMi METOIa
Herotona. OTH nefcTBUS IPUBEYT HAC K CIEIYIOIIEMY PELICHUIO:

f(')=) F=-36
Az* = -0.00858
x2=39.8¢—4

v; =0.17250

a; =332

[IpoBepka ycinoBui OKOHYaHMS UTEPALAN MOKAXKET, YTO UTEPALUH €ILIEC HE 3aKOHUYECHBI:
1
UEPILLy
A>3,

IIposepxka:
J=2<Jmax=3
YCTpaHsET MOCIEIHNE IPErpaipl ¢ MyTH BBIIIOIHEHNS OYEPEAHOMN, TPEThEN UTEpPALIUH.

13. Tpetbs uTepanus okaxercs nociaenHeil. byaer nomyden cneayromumii pe3ynbTar:

£(2*)|=1~0.07<8,
|A3|=|-0.00018/ <5 ,

x; =39.8¢—4
v; =0.17232
a’ =332
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14. B coorBerctBUM €O cXxeMoil 2.40, mocie yCIELIHOrO 3aBEPLIEHUS HBIOTOHOBCKHX
UTepaluii He0OX0IUMO OLIEHUTh BEJIMUNHY JIOKAIbHOM MOrPEIHOCTH Ha I1are HHTErpPUPOBaHMS

2 —v¢| 10.24081-0.17232|
=0.034

1173-‘2‘| 5

15. Berauciasem PCKOMEHAYCMOC II0 KPUTCPHUIO JIOKaJIbHOM MOrpeITHOCTU 3HAYCHHUC
ciacayromero mara.

3n1ech cienyeT BCTaBUTh OJHY pemapky. Ilpaktuka pacueroB mokaszana, 4uto Qopmyia
(1.30) npuemsiema TOJBKO B OINpPENEICHHOM JAMAana3oHe COoTHomeHui 6/ / Ip;, a uMeHHO -
BONM3M enuHUIbl. [lpu 3HAYUTENBbHBIX OTHUUMSX O/ / Ip; OT eAWHMIBI PEKOMEHIyeMOe
dbopmymnoit (1.30) 3HayeHue mIara, Kak TPaBWIO, 3aBBIIICHO W MPUBOIUT K HEOMPABIAHHOU
[oTepe IIaroB M3-3a HEYJOBJIETBOPEHUS TPeOOBaHUAM TOYHOCTH MHTETPUPOBaHUA. B 3TOM MBI
ybenumcsi yxKe ceidac, MOCKOJIbKY JJisi BbIOOpa BEJIMYMHBI TEKYIIEro Iara MCIoJIb30Balld
dopmyny (1.30) mpu cootnomenuu 6/ / Ipi = 0.001/0.000018 = 55.5. Kak cneacrsue 3Toro,
CICTAaHHBIN mIar ¢ peKkoMeHayeMbiM dopmyrioii (1.30) 3naueHuem mara Az;=2.63e-3 npuBen Hac
K pe3yibTary, Korjga cpaBHeHHe (akTtudyecku mnosyuyeHHoH (Ip; = 0.034) u mnpexnenbHO
nomyctumoi (6/=0.001) JIoKaTbHBIX TOTPENTHOCTEH OMpeAesseT HEOOXOIUMOCTh MOBTOPEHUS
pacdeToB Ha 3-M IIare ¢ yMEHbIIEHHBIM 3HAYECHUEM IIIara.

CKOppeKkTUpyeM MpaBUIIO BhIOOpa Iara 1o KPUTEPUIO JIOKaJIbHOW morpemHoctu. OHO
BBITJISIINT CIICTYIOIIAM 00pa3oM:

a3, )
kOAr,—+  npu -+ < 025
O lpl lpi
O o 5
At,, . .=Ue t4/ L npu —L > 025
O
O o,
B cUAy, npu 0255T57
Ip; Pi (2.23)

Torma, mpomoimkasi OOCYKJICHHE alropuTMa C IPEPBAHHOTO MECTa, PEKOMEHIyeMOe
3HAYCHHME I1ara JJis MOBTOPHOrO pacyeTa Ha 3-M IIare onpeaeauM ¢ yaetom (2.23):

[Tockomnbky 6!/ Ip; < 0.25, TO

_ o, 0.001
Atp”—CDAt3Dl— 0.8[2.63¢ — 3% 0.061e—-3 ¢

16. YcranasnuBaem Atz;= 0.061*e-3 ¢ 1 noBTOpsiEM BBIUMCIICHHS Ha 3-M ILIare, Ha4MHas C
IyHKTa 1.
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[ToBTOpHBIN pacyeT ¢ 3TUM 3HAYEHUEM IlIara MPUBOJUT K CICAYIOIIUM pPE3yJibTaTaMm Jis
MOMEHTa BpeMEHHU t;=t,+ t; = 1.499 *¢-3 c:

X3 =6.64¢—=5Mm
v; =0.08862 m/c
a,=581m/c’

JlokanpHast MOTPENTHOCTH B MIpeJiesiaX HOPMBI. PekoMeHTyemMoe 3HaueHHe JIs CIIeAYIOIETO
wara At,,,=0.264*e-3c.

Pacuer Ha TPEThEM LIAare 1o BpeMCHHU 3aKOHYCH.

OcHOBHOE, Ha YTO XOTeJIOCh Obl 0OPAaTUTh BHUMAHHKE 110 3aBEPLICHUH pa3bopa npumepa, -
9TO pazzaeneHue (GpyHKIUH MKy COOCTBEHHO MPOTPaMMOI MHTETPUPOBAHMS M MPOTpaMMaMH
peanuzanu MoJenei 3eMeHToB. [IporpaMMe MHTETpHpOBaHHMS, pabOTaIOMIEH MO aIrOPUTMY
puc. 2.4a-2.4B, BooO11e roBops, Bc€ paBHO, KaKHe MPOILIECCHl UHTETpUpoBaTh. Ee 3aBUCUMOCTh
OT MOJIETICH JIEMEHTOB CBOJAUTCS TOJIBKO K CBOCBPEMEHHOMY IMOJIYYEHHUIO OT HUX BEKTOPOB CHII
U MaTpUIl SKOOMAaHOB. A KaKHe CBOWCTBAa OTIENFHBIX AJIEMEHTOB 3Ta WHPOpPMANHUs OTpa)kaer,
IporpaMMy HHTETPHPOBAHHS 3TO KacaThCs HE JOJDKHO. MOJETIH 3JIEMEHTOB, B CBOIO OYepelb,
UMEIOT CBOH YpOBEHb HE3aBHCHMOCTH WH(OPMALMU TPU BIOJIHE OYEPUEHHBIX OOS3aHHOCTSIX
nepen "Bepxamu'". To ecTh, (PU3NUECKHE CBOMCTBA OTIEIBLHOTO JIEMEHTa 00BEKTa OTPAKAIOTCS
B KOMIIOHEHTHBIX ypaBHEHHMSX Ha YPOBHE MOJENM DJIEMEHTa, a MpOrpaMMa WHTETPUPOBAHUS
paboTaeT Ha ypOBHE ypaBHEHHI paBHOBECHS ITOTOKOB, HE KacasCh, M0 KaKUM COOTHOLICHUSIM
COCTABJIAIONINE STHX IOTOKOB BBIYHMCISIIOTCA. Takoe pasrpaHuyeHue (YHKIUN ONpenesnseT
YHHMBEPCAJIbHOCTh BBIYUCIUTENBHOTO sifipa PRADIS, T.e. NPUHIMINAIBHYIO BO3MOKHOCTh
pacueta JOOBIX OOBEKTOB, MPOLECCHl B KOTOPBIX IMOMYMHSAIOTCS 3aKOHAM pPaBHOBECHS
TIOTOKOBBIX TEPEMEHHBIX (paBHOBECHE CHJI, JEKTPHYECKUX M TEIUIOBBIX MOTOKOB, PacXoJOB
YKUJKOCTH U Ta3a).
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3. KpaTtko 06 yrnoBbIX cTeneHsaXx cBo6oAbl,
MUCMNOJib3yeMbIX B MPOCTPAHCTBEHHbIX 3fIeMeHTax
PRADIS

W3BecTHO, UTO TBEPIOE TEIIO U3 OJHOTO YTIOBOTO IMOJIOKCHHSI B JPYTrOe MOKHO TIEPEeBECTH
OJTHUM ITOBOPOTOM BOKPYI' HEKOTOPO# OCH, Ha3bIBAEMOW OChIO KOHEYHOTO BpallleHHs (Teopema
Ditnepa). O06o3HauuM el, €2, e3 - HampaBIsgIONMe KOCUHYChl OCH KOHEUHOTo BparieHus, Fi -
yrojl KOHEYHOTO BpaieHus. Torma MOXXHO BBECTH YEThIpe KHHEMAaTHYECKHUX MapaMeTpa,
OTMCHIBAIOIIUX YTJIOBOE ABMXKEHUE TBepAoro tena [1,2]:

x1 =el * sin(Fi/2),

x2 =e2 * sin(Fi/2), (1)
x3 =e3 * sin(Fi/2),

x4 = cos(Fi/2),

Y OJTHO YPaBHEHUE CBSI3U LIS OTHX ITapaMETPOB:
x1*x1 + x2*x2 + x3*x3 + x4*x4 = 1 (2)

B otnunuune ot 11000 COBOKYNHOCTH TpeX KMHEMaTHYECKHX MapaMeTpoB (B YAaCTHOCTH -
yriaoB Oiinepa) yka3zaHHbIE YEThIpe MapaMeTpa HE BBIPOXKAAIOTCA MPH JIOOOM TOJI0KEHUU
TBEPAOro Tena, (T.e. He oOpamarTcs B OECKOHEYHOCTh HU CaMHU MapaMeTpbl, HU CKOPOCTU HUX
VM3MEHEHUS).

VYrnoBele creneHu CBOOOMBI, NPUHATHIE B MPOCTPAHCTBEHHBIX 3yeMeHTax PRADIS,
BBIPA)XKAIOTCS uepe3 KMHeMaTHueckue napameTpsl (1) cneayrommm o6pazom:

ql =x1 * Lq,
q2=x2 * Lq, 3)
g3 =x3 * Lq,
g4 =x4* Lq,
rae
Lq = sqrt(ql*ql+q2*q2+q3*q3+q4*q4). 4

IlepBbie Tpu cTeneHu cBOOObI SIBJISIFOTCS BHEIIHUMU JUIsl MOJIEJIEH 3JIEMEHTOB, YETBEpTAast
- BHYTpPEHHSS, CKpBITasi OT MoJb30BaTens. HauanbHOE 3HaueHUE MOTEHIUATbHON MEePEeMEHHOM,
COOTBETCTBYIOIIEH BHYTPEHHEH CTENEHM CBOOOJIbI, YCTAHABJIMBAETCA B MOJEISAX 3JIEMEHTOB
paBHbIM 1.

[ToTOKOBBIMHM IEPEMEHHBIMHU JIJIS1 IEPBBIX TPEX CTEHEHEN CBOOOIbI ABISIOTCS MOMEHTHI 110
rnobansHbiM ocsiM X, Y, Z. UerBepras (BHYTpEHHSS1) MOTOKOBAas MEPEMEHHas CICP>KUBAET
W3MEHEHUE BO BpeMeHU BennunHbl Lq (4):

i4 = Mu * d(Lq)/dT, (5)

rae Mu - ko3 GUIIUEHT MPOMOPIUOHAIEHOCTH, OJMHAKOBBIN JIJISl BCEX CTETICHEH CBOOOIBI
TAKOT'O POJia ¥ MPUHUMAEMBI B MOJIEIISIX AJIEMEHTOB PaBHBIM

Mu = DABSU/sqrt(MSHEPS). (6)
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Kakue omepamuu, ¢ TOYKM 3peHHUs] TOJ30BATENs, KOPPEKTHBI MpU padoTe ¢ Tpems
BHEIIHUMH YTJIOBBIMU CTENEHAMU CBOOOABI Mojened snemeHToB ? IlouTwm Bce mpuemsl,
XapakTepHbIC JIs TOCTYNATEIbHOTO ABUKEHUS, OCTAIOTCS CIIPABEJIMBBIMU U B 3TOM CIIyvae.

B vactHOCTH:

. MOJKHO 3ampemiats (6a3upysi COOTBETCTBYIOIINE y3JIbl) JABIKEHHE MO BHIOPAHHBIM
VIJIOBBIM CTETEHSIM CBOOOJIBI, YTO PABHOCHJIBHO COKPAIICHHIO pPa3MEpPHOCTH
BEKTOpA, HAIPABJICHHOTO MO OCH KOHEYHOIO BpalleHHs (HampuMmep, MpH ABYX
3aKpEIUICHHBIX YTJIOBBIX CTEMEHSIX CBOOOJbI, TOYKA MOXET BpPAIIAThCS TOJBKO
BOKPYT OCH, COOTBETCTBYIOIIEH HE3aKPEIUICHHOMY Y311Y);

® CBiA3b II0 BpAIICHHUIO MCKIY TOYKaMU CTBIKYCMBIX 3J3JIEMCHTOB TOXKC MOXHO
OCYHICCTBJIATH (GCJ'II/I 9TO HeO6XOI[I/IMO) HC 110 BCCM TPECM CTCIICHAM CBO60)IH, a
TOJIBKO I1I0 BBI6paHHBIM.

C ueM HyXHO OBITH OocTOpOkHEe? B oTinumMe OT MIOCKOro BpallleHus, IepBas U BTOpas
IPOM3BOJIHbIE OT MOTEHLUUANBHBIX NepeMeHHbIX (3) He OyIyT SBIATHCS YIVIOBOH CKOPOCTHIO M
YIJIOBBIM YCKOPEHHEM COOTBETCTBEHHO. [103TOMY, HarpuMep, HadaJIbHBIE YCIOBUS, 3a/1aBaCMble
monensto VN, He OyayT, B oOLIeM ciydae, ONpeNeNisTh HaudalbHYI YIJIOBYIO CKOpPOCTb.
EcrectBenno, uro u [IPBII tTuma V u A OyayT BBIBOOUTH HE YIJIOBYIO CKOPOCTh, a TEKYIIIHE
3HAUEHUS IEPBOM M BTOPOW NPOU3BOAHON OT IMOTEHIUAIBHOM NEPEMEHHON. 3HAYEHUS JKe
YTJIOBBIX CKOPOCTEM M YCKOPEHHMH JOCTYNHBI U3 pabodyero BEKTOpa HEKOTOPBIX MOjeei
9JIEMEHTOB, B yacTHOCTH J3O.
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4. Jlutepatypa:

l. Burren6ypr W. J[uHaMuKa cHCTeM TBEpABIX Tell. - M.: Mup, 1980.

35



	1.Простой пример
	2.Механизм формирования математической модели
	3.Кратко об угловых степенях свободы, используемых в пространственных элементах PRADIS
	4.Литература:

