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MMPEAUCJOBUE

VipaBJeHHe NOJETOM JeraTeqbHoro ammapara (JIA) 3akaiouaercss b
BbiJI€pXKHBAHIH 3a/IaHHOM TPAeKTOPHH JABHIKEH!s €ro LEHTPA Macc, OpH-
eHTALHH M cTaGHJIH3allMd OTHOCHTEJBHO LleHTpa Macc. PeileHne 3THX
sanau ofecneydBaeTcss aBTOMaTHUECKOH HJIM NMOJNyaBTOMaTHUECKOH CHC+
TeMaMHM yIpaBJeHHs, B KOTOPHIX JeTaTe/bHbIi alnapar aBjasercd 00b-
€KTOM YIIpaBJIeHHs.

B cucTeMBbl aBTOMAaTHUECKOrO yupasieHHs: JIA BXOAAT aBTONHJIOTHI
¥ THPOCKOIIBI, CHCTEMBI CAMOHaBeJCHHS H TeJeyIpaBJ/cHHA, HHepLHa/b-
Hble W IPYFHE CHCTeMHI. BCe 3TO pacCMOTPEHO B HacTOsLleM yueOHOM
nocobun, OaHa U3 CYLIECTBEHHBIX OCOOEHHOCTEH H3JI0XKEHHMS 3TOro Ma-
TepHaJa 3aKJHUaeTcs B OPHEHTALHH Ha COBPEMEHHLIC METOILl aHa/H-
33 M CHHTEe3a CHCTEM YyIpaBJeHHs, TAKHX KaK NPUHUHI MakcHMyMa
[TonTpsirnHa, MeTcl AHMHAMHYECKOrO INporpaMMupoBaHusi bennmaHa,
¢uastp Kanmana—Dbriocu u np.

OcHOBHOe BHHMaHHEe B KHUIe YIEJEHO CHCTEMHOMY IOIXOAY K NpO-
€KTHDPOBAHHIO CHCTEMBI «JIETATEJbHBLIH annapalr+ cucremMa ynpabBJeHHsI»
(JTA+CY). Taxk, B 3anaye HaBeAeHHs NPENJOKEHA CHCTEMA COMOMUH-
HEHHBIX (YHKIIMOHAJOB, MO3BOJAIONIAS BHICHHTb, KAKOE 3BEHO KOHCT-
pyupyemoii cucteMsl JIA+CY B GoJsbliuefi cTelleHH OTBETCTBEHHO 3a
NOrPEUIHOCTH B TOYHOCTH HaBeleHHs. [locTpoeHa cucTeMa YCJIO0XKHAIO-
LIMXCH MaTeMaTHYECKHX MOJejiefi DOPTOBOrO0 KOHTYpPa U CHCTEMHBI HaBe-
JEeHHUS B LEJI0M, KOTOPble MOrYT GBITbH HCIOJb30BAHBI NPDH aBTOMAaTH3U~
POBaHHOM NPOEKTHPOBAHHUH,

BaxxHoil 0cOGeHHOCTbIO H3JaraeMbiX B y4yeOHOM IOCOGHMH METOLOB
ABJAAETCA MX OpPHEHTAllMs Ha NpHMeHEHHE HU(QPOBOH BHIUHUCIHUTENbHOH
TEXHHKH KaK B Ipollecce NPOEKTHPOBAHHUA cHcTeMbl JIA+CY, Tak u B
lpouecce peanu3alMu aJIrOPHTMOB ynpaBieHHd Ha Gopry JIA. B uact-
HOCTH, AHCKpeTHBIH HuIbTp KasMara, onTHMa bHOE YilpaBJieHHE B KOH-
buuKTHOM cHTyaunH He MOryT GHITh peaJH30BaHH 6e3 NpPHUMEHEHHS
UHGPOBBIX BEIUKMCAUTEIE]].

OynnamenTanbHEIMU cBoicTBaMu cucTeMsl JIA+CY sBasiorest yu-
PaByseMocTb n HabaonaeMoctb, B yue6HOM Moco6HH BHISIBJEHO 3HAYe-
HHE€ 5TUX CBOKCTB A/ 3aau MOAAJbHOTO YNpaBJEHHS, ONTHMAaJbHOMH
CTallHOHaPHOH (UJIbTPALKH, aHAJMTHYECKOTO KOHCTPYHPOBAHHS aBTO-
MHnoToB. [logpo6HO ocselieHa B3aMMOCBA3b YIPaBAAEMOCTH H Hal-
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Jaonaemoctd. ITorsiTHe Ha6/II0JaeMOCTH CHCTEMBI CBSI3bIBAeTCS C 3afa-
ye#l BOCCTAHOBJIEHHS COCTOSIHHSI CHCTEMBl INyTeM KOHCTPYHDOBaHHSA
Ha0JI0alolero yCTpoicTBa B BHAE MOJIENH HCXOJIHOH CHCTEMHI C 00-
PATHOH CBA3LIO N0 OLIHOKE BOCCTAHOBJEHHS.

MeTo0/10rHYeCKUM NPEHMYILIECTBOM NPHHATOrO B NaHHOM Y4eOHOM
1ocobuy crnocoba H3J0KEeHHsS AUCKPETHOrO U HENpEepLIBHOrO QHIBTPOB
Kanmana—DbBrliocu sfiBisieTcs NpHBJIeYyeHHe MHHAMAJIBHOTO MaTeMaTHyde-
CKOTO anmnapara: MaTeMaTHYeCKHe OXKHAAHHS H KOBapHaluH c/aydai-
HBIX CHTHAJIOB. DTO NMO3BOJISIET OTYETJIUBO YSICHHTH NMPHHLHI ONTHMAaJb-
HOH (HIBTpAUHK KaK Hauaydllell JHHEHHON HECMELIEHFOH OLEHKH
coctossHUA. OcoOeHHOCThIO NocTpoeHus ¢unbrpa KanmMana—DbbiocH sB-
JIseTCs yueT HHePUHOHHOCTH H3MepHTens. Takol monxoi, ¢ OfHOI CTO-
POHBIL, 60Jbllle OTBeYaeT peajbHOH OOCTAHOBKE, C Ip/TOH, — NMO3BOJSIET
©060CHOBAHHO IepeiiTH K HIeaNbHOMY Ge3BIHEPIHOHHOMY H3MEPHUTEJIO.
MeTonHyecku 4eTKO NPOBEAEHO INOCTPOEHHE CTAallHOHapHOro (HJIBTPA
Kanmana—Dbbiocn gas cTalHOHapHOH CHCTEMBI, paccMaTpHBaeMO# Ha
©HEeCKOHEeUHOM IIPOMEXKYTKe BPEMEHH.

AHnanutHuecKoe KOHCTDYHDOBaHHe aBTONHJIOTOB pPacCMATPHBAETCS
KaK 3ajJlaya CHHTe3a aBTONHJIOTA, B KOTOPOH BHIGOpP ONTHMAJbHHIX 06-
DPATHHIX CBsI3efl OCyLiecTBJAsieTCS NMYyTeM MHHHMMH3alHH HHTErpajbHOro
KBaJpaTHYHOrO KPUTEPUS KAUECTBA, UTO CBS3bIBAET SAHHYK 3ajauy ¢
MOJAJIbHEIM YIpaBJieHHeM, Iie CHcTeMa OoOpaTHHIX CBfi3eil B aBTONHJIO-
Te (GOPMHUDPYET 3aJaHHBIH «ONTHMAJbHEIH» 3aKOH paclpeieseHHs Kop-
Hell 3aMKHYTOH cHcTeMbl. JL/isi CTallHOHAPHBIX CHCTEM 3a/43ta aHaJHUTH-
YeCKOro KOHCTPYHpPOBAHHMS  paccMaTpHBaeTcsi Ha  OECKOHEYHOM
yHTepBase BpeMeHH. [1IoKa3zaHo, 4TO NpH ONpefeseHHBIX AONYLIEHUAX,
OOBIYHO BHIMOJNHSIEMBIX B CHCTeMax ynpabieHus JIA, onTuMalsibHOe yII-
paBJieHHe OKa3BIBAeTCSl CTALlHOHADHBIM, a 3aMKHYTad CHCTeMa acCHMI-
TOTHYECKH ycTOHuMBOH. [IpHBOANTCA MeTOH aHA/JHTUYECKOrO KOHCTPY-
YMPOBaHHS B YCJIOBHSX CJAYJYaiHBIX BO3MYILAIOLIHX BO3AEHCTBHI.

B kuure oceelieHbl ofliyie BONPOCH MPOEKTHPOBAHHUS CHCTEM YII-
paB/ieHUsT B KOH(JIHKTHOH CHTYallHH H pelleHbl yacTHble 3afiayH npec-
JIEJOBAHUS — YKJIOHEHHS.

ABTOp  BBIpaxaerT HCKPEHHIOI0  6JarogapHoCTb  aKafeMHKY
b. H. IlerpoBy 3a peKOMeHAAUHH [0 CTPYKTYpPe H COAEePKAHHIO KHUTH
u npoceccopy A. M. DaTkoBy 3a psj LeHHBIX 3aMeuYaHHH, CAeNaHHBIX
HM NIpH pelleH3HPOBAaHHH PYKOIHCH.

ABTOp BecbMa TmTpu3HaTesed jgoueHtam B. M. Crpomusosy,
B. U. 3anuesy, B. [I. Enuceesy, JI. A. Imurpouenke, C. JI. Amuparo-
By, CTaplIeMy HayyHoMy coTpyaHuKy A. k. BocTpoBy 3a nomouup u co-
BCTHl IPH NOJTrOTOBKE PYKOIHCH K H3JaHHIO.



T'rasa 1

JIETATEJ/IbHbIV AIIITAPAT
KAK OBDBEKT
YIIPABJIEHMWA

1.1. IPOAGJIbHOE ABY)KEHHE JIA

JIBHKeHHe JIeTaTeJbHOTO alllapaTa KakK TBEPJOTO TejJa NOCTOSHHOH
Macchl ONHCHIBAeTCS CJAOXKHEOH cHcTeMOH nHddepeHIHaNbHbIX ypaBHe-
HMIi, TOPSAL0K KOTOPOH He xuxKe 12. [Ipy He3HauMTe/bHBEIX JNONYyLIEHHAX
3Ta CHCTeMa ypaBHeHHH pacnajgaercs Ha jABe cucteMbl. OfgHa H3  cHe-
TeM OMKCHIBAeT NPOAOJbHOe nBHKeHHe JIA, npyras — 6okosoe. Boko-
BOE JBHXKEHHE — 3TO [BHXKEHHe IO Kypcy U KpeHy. Paccmorpum cHa-
yaJjia npojoJbHOe JBHxKeHHe JIA.

BoiBog, ypaBHeHHit
TIPOJOJIbHOTO ABMXKeHHs JIA

[IponosbHOe HBUXKeHHE ecTb ABMKeHHe JIA B BepTHKaJbHOH IJIOCKO-
CTH, coJepiKallell BeKTOp CKOPOCTH LieHTpa Macc JIA H ero mpomoJb-
Hylo ocb X (puc. 1.1). 32 HeNmoJABHIKHYIO CHCTeMY KOODAHHAT NpHMeM
HOpMaJbHylo 3eMHylo cucteMy OoX,Y,Z, Hauaso KOTODOH coBmajzaerc
-Toyko#i crapta JIA, ocs OpY, HanpaBjeHa IO MeCcTHOH BepTHKaJH
BBepX, a ocu OpX4, OoZ, Nexat B rOPH30HTAJILHON MJOCKOCTH. B Kaye-
CTBe TNOABHXKHOM CHCTEMBl KOODAHHAT NPH H3YYeHHH JBMIKEHHS IeHTpa
macc JIA npumeM ckopoctHylo cucremy koopaunat OX.Y.Z,, Hauajo
KoTopo#i coBnagaer ¢ uentpoM Mmacc JIA. Ocy OX, HampaBJjeHa 10
BEKTODY BO3AYLIHOI CKOpocTH V meHTpa Mace JIA; oce OY, — ocb
TNObEMHOMN CHIIBL JIEXKHT B IJIOCKOCTH cHMMeTpud JIA H Hanpasjena
BBepX, nepneHauKyJaspHo V; ocb OZ, — 6okKoBass — HamnpaBJ/ieHa Tak,
4TOOE 06pa30BaTh NMPaByi0 NPSIMOYTOJNBHYIO CHCTEMY KOOD/HHAT.

YpaBHeHUs TPOAOJBHOTO ABHKEHHS IleHTpa Macc JIA B IpoeKUHH
Ha ocu OX, u OY, 3anumem B Bule

mV = —X, 4T cos a— mg sin 6; (1. 1)
mVo=Y,+T sin a— mg cos 6, (1.2)
rae m — macca; V — Bosnywmuas ckopocts JIA; o — yron ataku; 6 —
YroJl HakJIOHa BEKTOpa CKOPOCTH K FOPH30HTY; g — yCKOpeiHe CBOOOJ-

HOro nanenusi; X, — cHja J1060BOro CONpOTHRJEHHS; Y, — asponuHa-
MHueckasi nogbeMHas cusia; T — cujia TArH IBUCATENS.
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OTHOCHTE/JIbHO IIeHTpa Macc

v v s Xa OyleM paccMartpuBaTh B CBf-

YA 3aHHOH OPTOrOHAJbHOH CHCTE-

X = = Me KOOpIHHAT OXYZ, nagano

KOTOPOH COBNAAAET C LleHTPOM

A Vs Toeenmopus macc JIA, mpomoabHas oCb

nosema A OX nanpaBJeHa BIepex IO

2,2 npojoJbHoit  ocu JIA, Hop-

0 A MasbHast OCh OY nexur B

BEepPTHKAJbHOMN NJIOCKOCTH

cuMmMmerpuu JIA v HanpaBJeHa

Puc. 1.1. TpaekTopus npojaoJbHOro aBHxeHus JIA BBEpX, nonepeuHasi 0Ch oz

HampaerJeHa Tak, 4ToObl o6pa-

30BaTh NpaBYyI0 CHCTeMY KOODIHHAT. YpaBHeHHe ABHXKeHHUs JIA OTHO-

CHTEJIbHO I1eHTPa MacC OTHOCHTeNbHO ocu OZ MOXKHO HpPeNCTaBUTh
B BHJIE

/;( VpaBuennsi nsuxeHus JIA
5

[°nY

%

I3=M, (1.3)

rae J, — MoMeHT HHepuuH JIA OTHOCHTENBHO ocH Z; & — YroJ TaHra-
xka; M, — a3poJHaMHUYeCKHIl MOMEHT OTHOCHTENBLHO OCH Z.

BripakeHHs AJs a3pOJMHAMHUECKHX CHJI H MOMEHTOB, BXOASIUHUX B
ypaBHeHus asuxenus (1.1), (1.2), (1.3), oObIYHO MpeACTAB/iSIOT B cJle-
JyIOLIEM BHIE:

X,=C,4S; Y,=C,4qS; M,=mqSb, (1.4)
rae q=q0V?/2 — cKOpOoCTHOH  Hamop; Q@ — IJIOTHOCTD  BO3JYXa;
Cc,,C m, — COOTBETCTBEHHO KO3DMHUIHEHTLI CHJBI JOGOBOIO COIf~

a Yas z

pPOTHBJIEHHS, TOLABEMHOM cuJbl, MOMeHTa TaHraxa. [log S nmonumaercs
0oOBIYHO MJIOIIaJAb Kphblja HJAM MHOedss kopmyca JIA, a b — cpemusa
aspoJHHaMuyeckas Xopla Kpelia (Man amnuHa JIA).

Kosdpuunent noavemuoil cuast C, MOXKHO NPEACTaBNTb B BUAE

a 8
Cya=Cyaa—|—Cy28,,,
8
rae Cy,=0dC, jda; CyB=(?Cya/06,,; 85 — YTOJl OTKJOHEHHSI PYJS BHICOTHI.
a
IToacrasass snauenne C, B BHpaxeHHe A TOXBEMHOIl  CHJIBE
(1.4), monyuum
a 8 2 8
Ya=Cyaan—|—CyanSBB= a@ Y 23,
C yueroMm mocsienHell ¢opMyasl ypasHeHue (1.2} mpeacTtaBuM B
BHIE
. 5 )
mV8=Yga0+4Y 3,47 sinoa—mg cos .
3aech Yao u ¥V, #3,— TOABEMHbIE CHIBL, COOTBETCTBEHHO CO3/aBa-
emble JIA u pyJaeM BbICOTHL. IIpu paccMOTpPEHHM MHOCHX BOIPOCOB AH-
6



HAMHKH TIOJIeTa MOXHO TpeHeOpeub MOABEMHOM CHJIOH DY/  BBICOTHL.
B 5TOM cJyuae Ioc/elHee ypaBHeHe IPHMeT BHI

mV = 20+ T sin a— mg cos 8. (1.9)
Ko3(h(HIHEHT MOMEHTA TaHTaxa /M; MOXKHO IIPe/CTABHTh B BHJE

m, = mio -+ m_o8, + mizo, 4 Am,,

rae ms, ml®, m,z—COOTBETCTBYIOUHE HACTHbIE NIPOH3BOAHBIE OT KO3(-

¢uuuenTa m, Mo a, 8, w,=w,bV/~1; npu 3TOM ®,=7"Y— yrjaoeasi CKO-
pocts mpojosibHoi ocu JIA. IloxcraBisist m, B Bepaxenue (1.4) ams
M,, moTy4uM

M, = Mca -+ Msd,+ M2 1 AM,,
rue — . -
Mi=miqSb; Mir=mlqSb; M =m 2qSpV 1,

[MojcraBuB no/aydyeHHOe Bhipaxenue aias M, B ypaBHernue (1.3), mo-
JIYUHM

7,8 = Ma+ M2% 4+ M, 4 AM,. (1.6)

Ecau mz; < 0, to JIA oGnanaer nmpoRo/bLHON CTATHYECKOH YCTOHYHBO-
CTBIO, MOMEHT )2 HalpaBJieH Ha yMeHblleHHe yrsia ataki. Ha srom
OCHOBaHHUH 3TOT MOMEHT Ha3blBaeTCsl BOCCTAHABJHMBAIOIIHM. EciH xe
HMeeT MeCTO HepaBeHCTBO m; >0, to JIA craTHYeCKH WEyCTOHUYHB.
B stoM ciyuae mMomeHT Mz HaseiBaeTcs ONpOKUAbiBaOWHM. Omnpo-
KHIBIBAIOLWIKH MOMEHT yBesnuuBaer yros arakd. Ecau m;=0, to0 JIA
ABJAETCA HEHTPaJbHLIM.

K mosnyuyeHHBIM Bbille AHHamMuueckuM ypasHenusm (1.1), (1.5),

(1.6) HeoGxomumMo no6GaBHTh ypaBHeHHs KuHeMaTtukid. HemnocpencreeH-
HO H3 paccMoTpeHus puc. 1.1 umeem

xg=V cosb; y,=V sin; $=0-La. (1.7)

[Tonyuennas cucrema ypasuenuit (1.1), (1.5), (1.6), (1.7) omucsl-
Baer npojoJsibHOe ABMxKeHHe JIA. 3Ta cucTeMa ypaBHeHHH sBJsgeTcs
CJIOXKHOH HeJHHEHHOH cucTeMOH AHQdepeHLHANbHbIX ypaBHEHHH Ilec-
Tero mopsinka. Kpome SIBHBEIX HeJIHHeHHOCTel, B 3THX ypaBHEHHSX HMe-
IOTCSI CKPBIThIEe HEJHHEHHOCTH, a HMEHHO: aspoAHHaMuyeckHie Koadpohnu-
LUHEHTH M3MEHSIOTCA B (DYHKLUHH CKOPOCTH NOJIeTa, Yhces JHHAMHYeCcKO-
ro nogobuss M, Re, St, Fr. PaccmarpuBaemas cucreMa ypaBHEHHI He
SIBJISIETCA 3aMKHYTOH, TaK KaK YHCJIO YPaBHEHHH (1IeCTh) MEHbLIEe YHC-
J1a HeussecTHBIX V, 0, O, a, Xg, Yg, Os. 3a4aBasl 3aKOH H3MEHEHHS OTK-
JIOHCHHS PYJNsi BBICOTHI Op=05(f), NONYYUM 3aMKHYTYIO CHCTEMY ypaB-
HeHHH, ONHCHIBAIOILYIO IBHXKEHHe ylpasJaseMoro JIA B BepTHKaJbHOM
IJIOCKOCTH. 3ajaya CHeliaJucTa 1o CHCTeMaM YIpaBJeHUd 3aKJ/oua-

€TCS B CbOpMI/IpOBaHPII/l 3aKOHA yINpaBJeHHdA — B JAaHHOM cJiyyae 3aKOHa
OTKJIOHEHUd PyJisi BBICOTHI.



JInHeapusauus ypaBHeHUH
NpojoJbHOro ABMKeHud JIA

ITosyueHHbIe paHee ypaBHEHHS He MOTYT GLIThL MCIOJL30BAHLI IIPH HOp-
MHDOBaHUH GOPTOBON CHCTEMBHI YNpaBJeHHs, TaK Kak AJsI NOJAaBJSIO-
tiero 6osbliuHcTBa JIA OoHa cMIIKOM cioxHa. OOBIIHO HCIOJB3YIOTCA
ypaBHeHUs B BapHALHsiX, NOJyYalOUIHecs W3 paccMaTpUBasMOH CHCTe-
MBl IYTEM HX JiHHeapu3aluu. JInHeapu3auusi OPOBOAUTCS B OKPECTHO-
CTH HEKOTOPOrO pexHMa II0JIeTa: IoJIeTa B BEPTHKATBHOH IJIOCKOCTH
0 3aJlaHHOM TPAEKTOPHH, NPSIMOJHHEHHOI'O MOJETa B BEPTHKAaJbHON
HJIOCKOCTH, NPSAMOJHHEHHOrO TOPU30HTANbHOrO MoJIeTa U T. 1.

Jisi KOHKPETHOCTH H3JIOXKEHHSI 32 pacueTHBIl peXUM TNPHUMEM pe-
JKHUM TOPH30HTAJBHOIO IPSIMOJHHEHHOTO II0JIETa, KOTOPBIA XapaKTepH-
3yercs CJAeAYIOUINMH 3HAYEHHSIMH KOOpJHHAT:

V=V, 0=0,=0; a=ag; ¥=3%=ay =9, 6=0,=0;
Xg=Xgos Yg=Ygo> 85 = 1Bs,. (1‘8)
3HayeHUsT ITHX KOOPAMHAT MOJIXKHHI YIOBJETBOPSTHL CJeAVIOLLel
cucreMe ypaernernuit (1.1), (1.5), (1.6), (1.7):

mV o= —X 4, T cos ag— mg sin 6,
mV 8y ="Y5a,—T sin ay— mg cos b,
T 8= Mg+ MPs3,, -+ M8, -+ AM,,
8="0p+0o; Yg, =V sin b5; kgo=V0 cos ;.
PassioxuB Kaxcaplil 4ieH 3ToH cHcTeMbl ypaBHenuit B pan Tefsopa

B OKPECTHOCTH, COOTBETCTBYMOIIeH pexxumy (1.8), u yuHTHIBAas TOJLKO
YJIeHbI NIEPBOrO NOPSAJAKA MaJOCTH, IONYUYHM

md (Vo-+AV)dt=—X,, — X0 AV — Xz Ao 4T cos ag—
— T sin agAa — mg sin B, — mg cos 6,A6;
mV By mV A=V 5 0o+ a,0a T sin ag+7 cos aeha—
—mg cos 0+4mg sin 0A8;
Ty (Bo4A8) = Mg (@o+ Aa) - M3z (8o AS) 4 M= (35, A8,) - AM, ;
Yg, 8y, =V sin 0V, cos B,6;
xéo —l— Ax.g’:Vo Ccos 60 _— Vo sin GOAO
[Tpou3BOAS MOYJICHHOE BHIYMTAHHE YDAaBHEHHMII MOCAEIHLX ABYX CHC-

TeM, moJydyaeM JHHEHHBbIC VpaBHEHUS, YaCTO Ha3biBaeMbIC ypaBHCHHUA-
MK B BapHauusx:
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mAV = —Xb AV — X300 — T sin agha — mg cos 6,A6;
mV A=Y Aa-+T cos agha - mg sin 6,A6;

T, A8 = M2Aa+ Ki%sAS 4 MinAs,; (1.9)
A% =Aa -+ A8; Ay, =V cos 6,A6;
Ax'g= —V, sin 6,A8.

Ypasrenus (1.9) omuchiBaloT ABuxeHne JIA B OKpecTHOCTH, COOT-
sercTByOlell pexuMy (1.8). B mpomecce mosera 6yAyT HM3MeHATbCA
ko3 dunucHTs ypasrnenuit (1.9). Ias GpukcuposaHHOro pexuma ropu-
30HTAJLHOrO mojera Koshduuuentsl ypasHeHuit (1.9) sBasdiorcs noc-
TOSIHHBIMH BeJIMYMHaMu. PasfesnuB Bce WiIGHB NEPBOrO ypaBHEHHUS HA
m, proporo — Ha mV, u TpeTbero — Ea J; 1 BBeAd COOTBCTCTBYIOIIHE
o6o3Hauenus 118 Ko3hPHUUeHTOB ypaBHeHHUH ¢ yuetoM (1.8), monyuum

A§ -+ a,A8 4 aAa —a3As,; A6 —a,ha=0;

AY = Aa - A8; AV +-agha -+ a;AV 4 a0 =0; (1. 10)
Ayg=a5A6,
rae a1=_M;_"zJ;1; ay=—M:J7Y

a3=M:BJ;1—; ay=Yo-+T cos ay)/mV;
as=Vy; ag=(Xz,+T sinay)m™1;

G =Xom™; a;=g.

(1.11)

N —— . - g

KosdhduunenTsl a; HaspBamOTCS JHHAMHYECKMMH K03 dUIHEeHTaMU.
Kak BHIHO M3 H3JI0XKEHHOTO, OHH ONPENeJsiIOT HCXOAHBIA PEXHM H HO-
3TOMY SIBJSIIOTCS IIOCTOSIHHBIMH BeTMYHHAMH. ONHAKO, eCJH JHHeapu3a-
LSl IPOM3BOAUTCH OTHOCHTEJIBHO TPAEKTOPHH, BJOJNbL KOTOPOH H3MeEHf-
I0TCSl HEKOTOphIe MapaMeTphl (CKOpPOCTh, BHICOTA ITOJIETA U T. I.), TO 3TH
Kospodunuents 6yayr nepeMmennsiMu. Cucrema ypasrenu#t (1.10) aB-
JIsleTcsl JIMHEHHOl, HeOMHOPOJHOH U He3aMKHYTOH. 3ajaBasd 3aKOH H3-
MEHEeHMs yNpaBJAIOIIero Bo3AeHcTBHS Ady, MOJAYYHM 3aMKHYTYIO CHCTe-
My ypaBHeHHH.

Hckmiouns u3 cucremsl ypasuennit (1.10) yron Ao u omyctuB A pa-
JAH KPaTKOCTH 3aIIUCH, TOJYYHM

§4ad 4 a8 —ap—=ag,; '
I— 0 a8 —0; (1.12)
VtaV +a;V +(a5— ag) 6=0.

3Iech onyleHo mocieHee ypaBHEHHe, KOTOPOEe 4acTo Gosee yno6-
HO paccMaTpuBaTh pasfiebHO OT OCTAJbHBIX.

B rteopun ynpasisenns 4acto cuCTeMB ypaBHEHHIl 3alHCHIBAIOTCS B
HOpMauibHO# (hopMe, B KOTOPO# KaKI0€e ypaBHEHHE pa3pelleHO OTHOCH-
T€IbHO NPOM3BOAHOH M HMeeT NepBblil MOPsAA0K. BBOAS HOBHe 0603Ha-
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YeHHs1 [JIsI HE3aBHCHMBIX TEpeMEHHBIX: X;=1; Xo=10; x3=0; x,=V,
3anuueM cucteMy ypaBHeuuit (1.12) B HopMaJsbHOH (opMe:

Xy =Q1pXp; Xo= i Xy + QX+ tasXs + A5y (1.13)
X3 =03 X; + AgaXs; X=Xy F Qs Xs + Ay X,
rine Qp=1; Ay =—0a9; Apn=—0a;; Ap=20ay;
A31 =0y A33=—Qy; Ag1=-—0g; (1. 14}
ap=—(A3— Qg); Ayy=—05.
CucreMy ypaBHeHH# (1.13) MoOxHO 3amucaTh B MaTpPHuHOH ¢opMe
x=Ax-}B3,, (1. 15}

rle X — BEKTOp-cToJifen, T. €. MaTpHUa pasMepHocTH 4X1: XT=x
== (X, X2, X3, X4); B — Bekrop; B*=(0, a3, 0, 0); A — marpuua pas-
MvepHOCTH 4 X4, xapakrepusymwomas cobcTBeHHOe aBuxkeHHe JIA:

0 a, 0 O

A—] %1 Q2 A 0
a3q 0 Q33 0
ay 0 agp ay

B o6uem cnyuae Bapualus yria pyJsl BEICOTH 8z He paBHA HYJIO ¥
npexacrapgasger cobofi ynpaaJsiolllee BO3JLeHCTBHe, (OPMHDOBAHHE KO-
TOPOTO BXOJHMT B 3ajauy ynpasJenus nojerom JIA. B paccmarpuBae-
MOM cJyyae ynpaBJeHHe §, fBJseTcs cKaaspHeiM. OJ1Hako, Kak Oyner
BHUJHO M3 H3JIO¥KEHHOTO, IPH ONMHCaHHH 60KOBOro ABHxKeHH: JIA ydyact-
BYIOT [1Ba CKAJSIPHBIX YIPABJEHHS — Yroa pyJs HanpaBJeHHs O, H
3JIepOHOB §y. B 3TOM cayuae u™= (8g, O0y) €CTb BEKTOpP VIpaBJeHHS.

Ecnu paccmMatpuBath ABHkeHHe JIA € XKecTKO 3aKpenJjeHHBIM py-
JgeM, TO B ypaBHenud (1.15) BapualMs yrja OTKJOHEHHS pyJas Oyner
paBHa HyJo, T. €. §=0. B arom cayuae co6cTBeHHOe JABHKeHHe JIA
OTIHCHIBAETCS ONHOPOJIHBLIM ypaBHEHUEM

x=Ax. (1. 16)

Martpuna A mosHOCTBIO 3ajaeT AHHaAMHYecKHe cBofictBa JIA, 3Ha-
YeHHSI ee 3JEMEHTOB OJHO3HAUHO ONPENENAIOT KOPHH XapakTepHCTHUe-
CKOro ypaBHeHus cuctemsl (1.16).

XapakTepHcTHUeCKOe ypaBHeHHe cucTeMbl (1.13) MoxHO npexcra-
BUTb B BHIE

—p Qrp 0 0
A1 Qp— P Qg 0 —0 L17
ay O as—p O ' (1.17)
ay O 43 Agy— p

KopHu ypaBHeHust (1.17) Ha3pIBalOT COOCTBEHHBIMM UHCIAMH MaT-
puusl A. Ecau coGeTBeHHBIE YHCIa MATPHIBI HMEIOT OTPUIATE/bHBIE
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JefiCTBUTE/IBHBIE YACTI, TO CHCTEMa (1.13) aCHMITOTHYCCKI YCTOHUU-
Ba; a 0 MaTpullc A B TAKOM cCJayuae roBOPST, UTO OHA YCTOHUMBA.

B (puKCHPOBaHHBIE MOMEHTBI BPEMEHH COCTOSIHHE 00BeKTa 3a/laeTcs
BEKTOPOM XT= (X1, X2, X3, x4), rae x; (i=1, 2, 3, 4) — da3oBule _koop-
nuHaThl. [ToTeHIHANbHO Kax/asi YIOps1oueHHads YeTBepKa JeACTBH-
TeJbHBIX uhces (Xj, Xo, X3, X4) MOXKET ONHCHIBAThL COCTOSiHHE O00bEKTa B
HeKOTOPHIH MOMEHT BpeMeHH. [To3ToMy yn00HO BBECTH MHOXECTBO BCEX
TakuX HaGOpOB (X, X2, X3, X4), KOTOPbie HA30BeM (ha30BBIM NMPOCTPAH-
CTBOM paccMaTpHBaeMoil cucTeMbl. B ofueM cayuae, ecin 00beKT OMH-
CHIBAETCS CHCTEMOH YpaBHCHHH 71-T0 NMOPAAKA:

)&i:E aljxf’ i=1)21~'-a n, (1. 18)
j=1

cooTBeTCTBYIOIee (a3oBoe mpocTpaHcTBO OyneM odosHauaTe R™. Ta-
kUM 06pas3oM, R™ NpeacTas/seT co00il MHOXKECTBO BCeX YMOPsLOYeH-

EBIX HAa0OpOB NefCTBUTENBHBIX YHCeT (X, Xo, ..., X,). F3MeHenne Bo
BPEMEHH COCTOSIHHSI CHCTEMbl ompejlessieTcs BeKTop-pyHKuHed X (f)=
= (x,(1), ..., xn(f)), aABnsomeiica pemenueM cucreMnl (1.16), a B

Kax bl (GDMKCHPOBAHHBIH MOMeHT BpeMeHH X(f) mpexacTaBisieT co6o#
TOUKY ()a30BOrO NMPOCTPAHCTBA R™.

AHanus npoaoJibHOro
BO3MYLIEHHOr0 JBUXKEHHUSA

Ecnu B cucreme ypaBHeHu# (1.12) uau eif 5KBHBaJIeHTHOM MaTpHYHOM
ypaBHenuu (1.15) mosmoxkuth 65=0 (pyJb KXeCTKO 3aKpeIljieH), TO IO-
JYUHM VpaBHEHHsI, OMHUCHIBAIOIHE COOTBETCTBYlollee cBoGoaHOoe (1.16)
neuxenne JIA. Pemas xapakrtepucruyeckoe ypaHenue (1.17), nafinem
yeTslpe KopHA p; (i=1, 2, 3, 4), no3BoJfOllMe 3amHcaTb pelueHHe
cucremnl (1.12) B obwenpunaroir ¢popme. Kopuu p; (i=1, 2, 3, 4) mo-
TyT OHITb KaK JAeHCTBUTENbHBIMH, TAK H KOMIJIEKCHBIMH, OJHAKO HEH3-
MeHHO HabJilofaeTcs, 4TO [Ba KOPHS, HAIIDUMED pj, Ps, O aOCOTIOTHOM
BeJHUHHe CyLlecTBeHHO 6oJ/blle ABYX APYTHX KODHeH, HaUpHMeEp ps,
P4. DTO UMeeT MeCTO NPAaKTHYECKH AJs BCeX JIeTaTeNbHbIX amlapaToB.
IlpuBeneM ux sHaueHHS AJs THIOTETHYeCKOro JIA:

Pra=—19 £ 16i; p3=—0,7; p,=0,05.

I Buzxeniie, onucbiBaeMoe GOMBIIHME IO a6COMIOTHON BeJIHUHHE KOp-
HAMH p;, P, HA3LIBACTCS KOPOTKONEPHOJHUECKHM IBiKEHHEM, a ABH-
XeHHe, ONUCHIBAEMOe MaJLIMH MO abCOJIIOTHOH BeJIHUHHE KOPHAMH ps,
P4, Ha3blBaeTCs NJUHHOTEPHOIHUYECKHM, HIH (PYrOHAHBIM JABHIKEHHEM.

Ha puc. 1.2 u 1.3 npencrasiedsl nepexoQHble NPOIECCH BapHalHi
ckopoctu H yruos (V, a, &, 0) nns paccmatpuBaemoro JIA npu Bo3Mmy-
WIeHHH B BUJE eIMHHYHOro ckauka Aa=A0=5°. Itu rpaduku oryer-
JIHBO HJIJIIOCTPHPYIOT KOPOTKONEPHOIHYECKOe ABHKEeHHe, KOTOpOe Ipo-
noixkaercs 1—2 ¢, u GyrouaHoe MABHKEHHE, KOTOpPOe IJUTCA [e-
CATKH CeKyHA. B KOpOTKOIMEpHOIMUECKOM J[BHMKEHHH OYEHb Pe3KHe H3-
MeHeHHs npeTeplneBaloOT NapaMeTpH o, &, XapaKTepHSYIoHINe ABUXKEHHe
CcaMoJieTa OTHOCHTEJIBHO LleHTpa Macc. B ¢yronJHOM ABHKEHHH H3Me-
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Puc. 1.2. KpuBnle u3MeHeHHs mapamerpos JIA Puc. 1.3. KpHBble H3MeHeHHd napameTpos JIA
3a neprble AEE-TPH CEKYHMABI nojera B (YroHAHOM ABHXKEHHH

HSIOTCS napaMeTprl 0, V/, Xxapakrepusylollile MOJOXKEHHe LEHTpPa Mace
JIA. VI3 cpaBHeHHSI XapaKTepa IPOTEKaHUS MEPEXOIHLIX MPOIECCOB
BHJIHO, HACKOJBKO 6oJiee MeIJeHHO IPOTEKaeT H3MeHeHHEe KOOpIHHAT
6 u V, uem q, ¥. HelicTBUTENbHO, 32 BpeMsl, B TeUeHHE KOTOPOTO COBEp-
I1aeTcsl NepeXodHBIH Ipoilecc 110 KOOPAMHATE ¢, CKOPOCTh V H3MeHseT-
csa Toabko Ha | —2 m/c. Tak kak xopenb pys>0 XapakTepusyer AJHHHO-
NepHOAHUYECKOe IBHKEHHEe, TO I'OBOPSIT, UTO caMoJieT ob6aafaer Gpyrous-
HOHl HeyCTOHUHBOCTDIO.

IIpu paccMOTpeHHH aBTOMATH3HPOBAHHOrO MOJET, T. €. IIPH HCCJIe-
JIOBaHHH IBHXKeHHUs JIA ¢ aBTONHJIOTOM, B AajbHeflleM GYyIeM [OJb30-
BaTbCSl «yCCUEHHBIM» YpaBHEHHEM IIPOLOJBHOIO BO3MYHICHHOrO JBH-
JKEeHUus

8+ a8 + a0 —ad,=0; 6=a,0; d=a 9. (1. 19y

Hckaiouasi yros ataku q H3 IOCHefHell CHCTEMBbl ypaBHEHHH, MOJYUYiM
cHCcTeMy

§+ a8+ a9 —a0=ayp,;
§—a®+a,0=0
HJIH B HOpMaJbHOH BEKTOPHOH popMme
x=Ax-|B3,,

0 ay O
Tae X'==(X;, Xp, X3); B'=(0, a5,0); A=|qy ay ay

azy O ass3

(1.20}

3Hauenuss kK03pPUUKEHTOB a;; 3axalorcs Gopmynaamu (1.14). Ipu-
BeJCHHAS CHCTeMa ypaBHEHHI oT/HuaeTcs oT cucreMnl (1.15) Tem, uro
3lleCh BapHalUs CKOPOCTH paBHa HyJ1o. Ecan yuects, uTo BpeMs cpa-
GaTLIBaHHsI @BTOMMHJIOTA B HECKOJIbKO Pa3 MeHbIe BPEMEHH MepeXOpHO-
ro mpouecca B (yrouJHOM JBHKEHHH, TO YKa3aHHOe IpeHebOpexeHHe
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J3MeHEHHEM CKODOCTH OKax<eTcsl BIoJiHe onpasianHeM. CucreMa ypas-
wennit Tuna (1.19) menoabayercs mpu usyueHuu ABIKenHs JIA oTHoCH-
TeJIbHO IIeHTPa Macc.

[Ipu M3yYeHHUH JBHKeHHS LeHTpa Macc JIA OCBIYHO 10JIB3YIOTCS
noJiHOf cHcTeMoll ypaBHeunit B Bapuanusx (1.10). Oxuako 1npu npen-
papHTeJIbHOM DacCMOTPEHHH WHOTAA NpeHeGperaioT HWHEpLHOHHOCTHIO:
nsKenust JIA OTHOCHTeNbHO LeHTpa Macc. B sToM cayyae cucreMa
ypasHenuil (1.10) npumer Bux

Aot — azd,=0; 6 — a,0=0;
V4aqata;V 408=0; $=0-]q;
yg=a56.

1.2. BOKOBOE NBH)XEHHE JIA

BokoBoe ABuiKeHHe JIA — NBHKEHHE 110 KYPCY H KPeHY, KOTOPble MEX-
1y co60H TEeCHO CBA3aHBHI.

JlBuxKeHuEe N0 KypCy

Ecau JIA uMeeT [Be ILIOCKOCTH CHMMETPHH, TO yDasHEHHS JBHKEHHS
JIA 1o Kypcy OTJIMYaIoTCs OT COOTBETCTBYIOWMX ypaBHeHuil (1.5), (1.6)
W TpeTbero ypaBHeHHust cucTeMsl (1.7) nBuxkenus JIA mo Tanraxy or-
CYTCTBHEM CHJIBI THMKECTH:

jy¢=‘M:yq)+M;H8H+Mgp+ AMy;

(1.21)
mV doldt=ZB-+ P sin§; $=0¢-}B,

rae J, — MOMeHT HHepuuu JIA oTHOCHTeJbHO ocH Y, 5y=u>bV—1, M;’y7

8 B
My, M, Z§ — COOTBeTCTBYIONIHE NPOM3BOAHEIE OT MoMeHTa M,

N0 wy, B, 6y U 6GOKOBOH CHIB Z, mO fB; P—yroa Kypca;, p— yron
CKOJIBXKEHHS; (p — YroJ, XapaKTepU3YIOIUE HanpaBJeHHe BEKTOpa CKO-
poctu B ropusonre. ITosToMy ypaBHeHHS B BapHalHAX MO KypCy HAEH-
THYHBl ypaBHEHHSIM B BapHalHUAX AJs NpopoJbHoro neuxKenus (1.9).
He npuBoxs BeIKIanoK, aHANOTHYHEIX TeM, KOTOPble HMEJNH MeCTO TpH.
BHIBOZE ypaBHeHMH B BapHalUAX AJs NPOZOJBHOTO IBUXKEHHS, H3 CHC-
TeMbl (1.19) mosyuum ypaBHeHHsI B BapHAUMSX IJisl JABHIKEHHS 10 Kyp-
CYy, Inst yero JOCTAaTOYHO YroJ TaHraxa & 3aMeHHTb Ha yroJ Kypca 1,
YTOJl aTakd o Ha YroJ CKOJIbXKeHHs B, a yrosa 0 Ha yroa ¢:

b0+ b =bidut Moy /s (1.22)
¢—bf=Z,/mVy =08,
rae bi=—MuTy" by=—MYJGY; by= M

0y=(Z5,+ P cos By)/mV,.
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3necy J,— momentT unepuuu JIA otnocureavHo ocu Yi M,,,
MylIesus; M Y, My, M 44 —COOTBeTCTBYAOLllHe NPOH3BOLHBIE OT
MOMEHTOB 110 u)y, 8,3, 1 60K030ﬁ cusnl Z, mo 3 . Mckiouasd U3 CHCTEMBI
ypaeHeHull (1.22) yroa ckogbxerds P, IIOJZy'-H/IM (csaraemsie /VByJ_{,‘l,
Z,/mV onyuieHsl)

‘i;+b1‘l;‘{'b2‘P‘fb2<P=b33H; ‘é“b4‘¥"|—b4‘P=0- (1.23)
ITo anasoruu ¢ NOHSATHEM NPOLOJBHOH CTaTHYECKOH yc1 OHWYUBOCTH

BBOJHTCA NOHATHE yTEBOH CTATHYECKOH YCTOHUYMBOCTH (M‘ < 0) u He-
VCTOHUYHBOCTH M vy >0). Tlpu Mi=0 JIA neHTpaJseH.

Z,— ¥03-

JBMXKeHHe 0 KPeHY

3anuiieM ypaBHeHHe NIBHXKEHHsS 1O KPEHY, T. €. yPaBHeHHe JBHUIKEHHS
OTHOCHTEJNBHO NpoJoJbHOl ocu OX;, B BHIE
Jﬂ:MﬁxY—l—Mfas—]—Mx@—]—M”, (1. 24)
rie Y—yroa kpeHa; J,—MoMeHT HHepuud JIA orHOcHTesLHO OcH X
Mﬁx\?—ﬂemncpupyfouuﬁ MOMEHT; M}Ba—mmem, CO3/aBaeMblil 3.e-
poHamMu; /VI,B\»@—-MOMEHT, BO3HHKAIOIIU{ H3-32 HECUMMETPUYHOCTH 06Te-
Kauusi JIA BO3AYUIHHIM IOTOKOM; Mjs; M, ME— coorBerctByoOMwMe
NPOH3BOAHbIE OT MOMEHTA KpeHa IO YTy OTKJOHEeHH: 3JIEPOHOB &,

YIJIOBOH CKOPOCTH erHa 0y H YLIIY CKOMbxeHHs B; My — BO3MyIna-

romuit Moment. Ecin M% <0, To JIA o6aajgaer nomepeyHoil CcraTHue-
CKOH ycTofiunBOCTbIO. [IpH BBHINOJHEHHH 3TOrO YCJIOBHSI C NOSIBIEHHEM
yrja KpeHa BO3HHKaeT MOMEHT, HaNpaBJICHHBIH Ha €ro yMeHbIIEHHE.

Ilpu M:>0 JIA He Gyner 06/afaTh NONEPEYHOH CTATHYECKON YCTOl-

unBocTbI0, a pH M%=0 JIA meiitpasien. Takum 06pasoM, ABHIKCHHE
M0 KPEeHy CYIIECTBEHHO 3aBHCHT OT JBHIKECHHS IO KypCy.
Pasgenus ypaBuenne (1.24) na J,, noayuum

V4V =c38,-FcsB+ M, J5', (1.25)
tae ¢y=—MJ7Y cy=MBJTY c=MLJTY 6, =w,bV 1 (1.26)

Cuctema ypaBHeHu#H
IJ151 GOKOBOTO JBUMKEHUS

BBozns HOBLe MepeMeHHBIE: X;=1), Xo=1, X3=1, X,=Y, Xs=Y, 3alu-
LIeM CHCTeMy ypaBHeHH# OokoBoro asmxenus (1.23), (1.25) B Hop-
MaJbHOH (opMe:

X1 =Q19Xq; Xo =0y X1+ AoaXo | AoaX3+b13,;
X3=031 X 1 Q3335 Xy4=0Qy5Xs5; (1.27)

X5 = 51X, + as3x3 - assxs - b8, + Mnxj;l
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rje Ayp=1; @y=—by; Ap=—0; ay="by;
Ay =0by; Apy=—0by; a=1; a5=0C3; Asz3=—03;
ass=—cy; by=0b3; by=c,.

VYpasrenus (1.27) B MatpuuHOH popMe NIPUMYT BHJ,

x=Ax-}Bu-tCz, (1.28)
rae X=Xy, Xg, X3, Xy, X5); W=(3y, 8,); 2=M,;
"0 ap 00
ay ap 0 0
A=| a, 0 00 |5
0 0 O ag
_a5; 0 0 asx |
~0 0 7 -0
b, O 0
B={ 0 0 [; C=|0 .
0 0 0
O b2 _ _ ;l-

da3oBoe npocTpaHcTBO cHcreMbl (1.27) siBasieTcsT MATHMepHBIM RS,
B paccmaTpuBaeMOM cJaydae NepBble TPH ypaBHeHHs cucteMbl (1.27)
IpH 3aJaHHOM &y 06pa3yloT 3aMKHYTYIO CHUCTeMY: KOODAMHATHL X4, X5
He BXOJAT B IpaBble YacTH 3THX ypaBHeHHH. OTclofa clefyeT, 4To Iep-
Bble Tpu ypaBHeHus (1.27) Moryrt ObITh NPOHHTErpHPOBAaHH HE3aBHCH-
MO, TeM CaMbIM JBVKE€HHe IO HaIPaBJEHHIO, XapaKrepuayiolleecs KO-
OpAHMHATAaMHU Xi, X2, X3, HE3ABHCHMO OT ABHXKEHHS IO KPeHy, OIIHUCHIBa-
€MOr0 KOOpAHHAaTaMH X4, X5. HO IBHKeHHe IO KpPeHy 3aBHCHT OT JBH-
KEHHS 110 KYpCY: [IPH HHTEIPHPOBAHHH JABYX IIOCJHCAHHX YpaBHEHHH
cucreMbl (1.27) Heob6XONHMO MMeTb ONpeJeJeHHBIMH KOODJIHHATLI
X ¥ x3. YnpasJieuue B cucteme (1.28) mpexncramisier co6oit qByXxMep-
HBIH BekTOp UT= (8y, 85). [IpH paccMoTpeHHH APYTrUX peXUMOB IOJIETA,
TaKHX KaK, HallpMMep, KOODIHHHPOBAHHHIH Pa3BOpPOT caMujeTra (CM.
D, 3), YHCJAO CKaJSIPHBIX YNPaBJSIOIIHX BO3LEHCTBHH paclIupseTcs
o Tpex. Tak 4To BeKTOp ynpaeBjeHHsT uT= (8g, 84, Op) OXa3zbiBaeTcs
TpexMmepHBIM. Ecin 06beKT ONMUCHIBAETCS YpaBHEHHEM 71-TO NOPSAKA, a
yOpaBJeHHe OCYUIECTBJISETCS MPU IOMOIIH /M HEe3aBUCHMBIX YIpaBJsi-
IOIHX OpraHoB, TO BXOAsIMe B ypaBHeHHe (1.28) HeHn3BecTHHE H KO-

S HUIHEHTH HMEIOT 3HAueHHs: XT= (X1, ..., X,) — BeKTOp (ha30Boro
COCTOARUSA; UT= (U, ..., Uyn) — BEKTOD yIPaBJEHHS; 2 — BN3MYILEHHE;
A=la;;]l — martpuma AefCTBATENLHBLIX UHCEN PAa3MEPHOCTH AX M, Of-

penensomas co6cTBeHHOe ABHUKeHHe o6bekta; B=|b;ll, C=|lcy;ll —
MaTpuyHble KO3(QHIHEHTH YCHJIEHHS COOTBETCTBEHHO II0 YNpaBJIslio-
IeMY BO3/efiCTBHIO Pa3MEPHOCTH nXm H IO BO3MYILCHHIO DPa3MepHO-
CTH nX [, ompenensieMble KOHCTPYKTHBHBIMH ocoGeHHOCTAMH JIA.
a)KHO UMeThb B BHAY, UTO B pealbHbIX 3ajJayax yipaBJeHHs ynpas-
JI0lee BO3JeficTBHE 4 BCerga OrpaHHuUeHO mo BeauyuHe. Hampumep,
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BEJHYHHA YIJOB Op, Og, O0p YNPaABJAOMIHX NOBEPRHOCTEH OrpaHuyeHa
MeXaHHYeCKHMH VIIOpaMH; eCjad YIpaBJeHHe OCYLIeCTBJSCTCA TATrOH
JBHraTc/si, ToO OrpaHudcHie OOVCA0BJICHO KOHEUHOH MOLUIIOCTBIO JABH-
rarens u T. n. [TosroMy uesnecoo6pasHo npun (HOpMyJIHUPOBKEe 3adauy
YIPABJEHHS] B SIBHOM BHJE yKa3aTb COBOKYMHOCTL BO3MOMHBLIX 3Hauye-
HHIl yipasJjenust. MaTeMaTHUYeCKH 3TO AOCTHraeTcs BBeLeHMeM MHOXKe-
crBa U Bcex [OOMyCTHMBIX 3HaYeHHIl BeKTOpa YylpaBjeHHs UuT=
= (uy, ..., Un). MHOXKecTBO U fABASleTCH TNOAMHOXKECTBOM R™, mpejn-
cTaBJisiiolero co6oif MHOMKECTBO BCeX YHOPALOUYCHHBIX HabopoB m Jeil-
CTBUTEJILHBIX YHces. B 3ajayax ONTHMaJbHOTO YHNPaBJIEHHS NPUHIHIH-
aJbHBIM $SIBJISIETCS BOIPOC O TOM, MOXKET JH JOCTHTaTh YIpaBJeHHe
CBOHX TIPeleJbHBIX 3HAUEHHH HJIH HET, TaK KaK YaCTO 0Ka3hIBAETCS, UTO
ONTHMAJBHBIM SBJASCTCS YIpPaBJeHHe, HCIOJb3YIOIEC IpaHUHble 3Ha-
uenns. [TosToMy, ecsii, K IpUMepy, OTPAHHUYEHHE HA ylipaBJ/eHHe HMeeT
BHI Upmin<<U<Umayx, T. €. TPAHHYHBIE 3HaUeHHUA cbgacty ynpasiaenus U
He SIBJSIOTCS NONYCTHMBIMH 3HaueHHsiMH ynpaBiedusd (U -— oTkpeitas
006/1aCTh), TO MOXKET OKa3aTbhCH, YTO ONTHMAJBHBIA PCIKHM. yIPaBJIECHUSA
He peasiudyercs NPH OTKPHITOH obsacti U. Ecau xe obacts U 3aMK-
HYTA: Upin<SU<TUmax, T. €. TPAHHYHBIE 3HAUYEHHS U=Upn, U=1Unax
SIBJISIIOTCSL JONMYCTHMBIMH 3HAUCHHUSIMH YIPaBJeHHS, TO OTMEUEHHBIX BHI-
1€ 3aTPYMXHEHUI He BO3HUKAET.

C npyrofi cTOpOHBI, HMEIOTCH 3afauH, B KOTODBIX OKa3HIBaeTrcs
HECYLISeCTBEHHA  OrpPaHHYEHHOCTb  00/JacTH  BO3MOXKHBIX  3Haue-
Huil  ynpaBnenus. Tak, B 3apmauax crabunuszauuu JIA oTHo-
CHTEJbHO LeHTpa Macc 3aKOH yNpaBJeHHS MOXeT (OpPpMHUPOBATLCA
B BHJE 8,,=k58—|-k,98, rae kg, ky—Ko3(hbHIHEHTH yCHJCIHI COOTBET-
_CTBEHHO IIO YIVIOBOH CKOPOCTH TaHraxa ¥ M yrjy tasraxa 9, T. €. Teo-
PETHYECKH MOHHAMAeTcsi, UTO YNPAaBJEHHE dp MOXKET IPHHUMATH Ji06oe
3HayeH¥e B 3aBHCHMOCTH OT BeJuyuH ¥ M ¥. KoHcTpyupoBaHue Bcelt
CHCTEMbl YIpPaBJEHHSI OCYLUIEeCTBJSETCS NPH 3TOM Tak, UTO BHIXOJ YII-
paBnenus 8,=kyd | ked Ha rpaHHUHbIe 3HAYCHHA Op max, Op min C/IyYa-
eTCsl Pe/IKO M He NPUBOAMT K CYLIECTBEHHLIM OCJOKHCHHAM B ympasJe-
Huu nosetoM. Koneuro, eciu Gel 3aKon d=~F,¥ 4 ks} Obl1 B KaKOM-/TH-
60 CMBIC/Ie ONTHMAJIbHBIM, TO IPH BBIXOJE YIpaBJjeHHs Ha OrpaHuue-
HUS €ro ONTHMaJbHOCTD, €CTECTBEHHO, Hapylianach OHL.

IIpu ¢bopMupoBaHHH 3aKOHA yIpaBJeHHS BO3MOMHLI ABa MOAXOJA.
‘Ecnu ynpasieHue u 3ajaercss Kak (QyHKUHA BpeMeHH, TO FOLODAT O
TIPOrpaMMHOM ynpaBieHur (cM. 1. 7). Ecau xe ynpasicrHe u 3aza-
eTcs KaK GyHKUuA (Ha30BEIX KOOpIAMHAT, HanpuMep, u= —LX, rne L —
Matpuua mXn, T0 B KaxXIbli MOMEHT BpeMeHH yNpaBJjieHHe (pOpMHpY-
‘eTcsl B 3aBHCHMOCTH OT (Pa30BOro COCTOSIHHS  (IO3MHUHMH) CHCTEMBI B
paccMaTpuBaeMBIil MOMEHT BpeMEHH.

Cuoenyer uMeTh B BUAY, UTO IO KaKOMY Obl NpHUHLUNY HU dhopMupo-
BaJIC 3aKOH YIpAaBJEHHS, B KOHEYHOM CueTe yIpaBJeHlle OXasblBaer-
csi GyHKIHel BpeMeHH u(f) NPH KaxAOM KOHKDETHOM ABHKeHHH JIA.
YnpaBnenne MoxeT ObITh KaK HelNpephiBHOH (GyHKIHel BpeMeHH, Tak
M KyCOYHO-HeNpPepbIBHOM, T. €. IpeTepleBaTh Pa3HbIB B OTAEJbHBIX TOU-
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KaX Ha KOHeyHoe 3HaueHue. [T03TOMY NIPH TEOPETHUYECKOM OTLICKAHHI
ONTHMAJBHLIX YIpaBJeHH HeoOXOAMMO yKa3blBaTb, K KaKOMy KJjaccy
ysKILuit npaHagaexuT u(t).

IlapHupHbBIA MOMEHT

IlapHHPHBIA MOMEHT — CYMMAapHBIfl MOMEHT a3pOAHHAMHUYECKHX CHJI,
IeHCTBYIOIIHX Ha PYJAb {37€pOH) OTHOCHTENbHO €ro OCH BpAalleHHA.
[IpH CTKJIOHEHHH PYyJsd 3TOT MOMEHT HOJxeH ObiTb MPEOLOJieH MOMEH-
-TOM, Pa3BHBAEMbIM DYyJeBOH MaulMHOH. BripaxkeHue LJs IapHHDPHOIO
MOMeliTa MOKHO NPeJCTaBUTh B BHIE

My=m,Sb,q,

311eCh My — KO3 GUIHEHT WAaPHHPHOIO MOMEHTa, KOTOPHIfi COOTBETCT-
BEHHO JIsS MPOJOJBHOIO KaHa/ja, KaHaaa Kypca H KDeHa MOXKNO Ipei-
CTaBHTb B BHIIE ‘

. o . 8 5w L « 5
My, = M oG~ M2 805 My = My B MR B My = M0 -2 3,

Tle Npu yraax a, ‘B, 8z, 0s, Oy CTOAT COOTBETCTBYIONIHE NPOH3BOLAHEIE OT
IMIaPHHPHOTO MOMEHTA IO 3THM yIJaM.

[TapHupHEBIIl MOMEHT BO BpeMs IOJIeTa, KaK U Apyrue a>poAHHAMH-
YyecKHe MOMEHTHI, MOXKET H3MeHAThCA B JeciaTKH pas. OJHaKO OH MOXKeT
OLITh CYLIECTBEHHO YMEHbIIEH BIJIOTL H0 HYJsS 3a CUeT KOMIEHCAllHH,
OOBIYHO a3pOJHHAMHYECKOH. A3poAMHAMHUECKass KOMIIEHCAllHsl AOCTH-
raercs, KaK NpaBUJI0, IYTeM CMelleHHS OCH BpallleHHS yIpaBJsSIOUIero
oprasa.

Tleperpysku

ITo onpenpenennio Bekrop meperpysku n=(X}R;—G)G~1, rge X R;—
TJIaBHBIT BEKTOp BCeX CHJI, meldcTByromHX Ha JIA, G — BekTOp CHJBL
TSXKECTH.

YMHOMast BblpakeHHe ISl M Ha eLHHUYHBIH BEKTOP COOTBETCTBYIO-
tlefl ocH, HalileM IMPOEKIHIO Ieperpy3Ky Ha 3Ty ocb. [IpH H3yueHHH IH-
HaMUKH I0oJeTa OOBIUHO HHTEPeCyloTCcs INPOCKUHAMU Ieperpy3kH Ha
CKODOCTHYIO H pexKe CBA3aHHYIO CHCTeMbl KOOpIHHAT. Bocnosb3oBas-
UIMCh Y2Ke MMEIOLIUMHCH NPOEKIUAMH CHJI HA OCH CKOPOCTHOH CHCTEMBI
KOOpIUHAT [cM. IpaBble yacTH ypasHenu# (1.1), (1.2), (1.21)], nafinem
BbIpaxKeHHs [T COOTBETCTBYICUIUX Meperpy3ok:

e, =(—X,+Pcosa) a n,, =Y,+Psina) G}
nZa=(Z"§—|—P sinB)G—1L.

Yuer pausiuusa BeTpa
M TypOYJIEHTHOCTH aTMocdhephl

[Toner JIA cosepmiaeTcss B BO3MYILCHHON aTMOC(hepe: HMEKTCI TOPH-
30HTaJibHBIC BETPHI, BEPTHKAJbHLIE IE€peMellleHus] BO3LYyXa, JOKaJbHbie
SaBUXPEHUA,. MACH Bo3ayxa. [Ipu pelueHHH 3azau AHHAMHAKH TOJIeTa B
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BO3AYWIHOH aTMocdepe CyIIeCTBYIOT pas3JyiH4Hble INOIAXOABI, CO3aI0TCS
COOTBETCTBYIOLHE MaTeMaTHYeCKHe MOJEJH BO3JAeiiCTBHS BO3IyXa Ha
JHHaMHKy nosera JIA.

Ilpu paccmorpennn aBHxKeHHs UeHTpa Mace JIA Betep Moxer GHITDH
YuTeH CJIeLyIOLHM 00pa3oM: Vi=W+V, rae  Vy— BeKTOp NyTeBOH
ckopocTH, W — BeKTOp CKOPOCTH BeTpa H V — BeKTOp BO3AVIIHOH CKO-
poctu JIA. Yuer Bo3zeiicTBus BeTpa Ha JIA npuBeieT K H3MeHEHHIO
YPaBHEHHH €ro JBHKEHHS.

[1pu peuwrennn psina 3afay OMHAMHKH TOJieTa OKa3blBaetcs HeobXo-
IHMBIM yyecTb TypOyJIeHTHOe ABHXKeHHe aTMochepol. B atoM cayuae
B NIpaBble YaCTH IPHBEJEHHBIX BhHIlIE VpaBHEHHH N0GaBJSIOTCS caydai-
Hele (YHKIHH, a B OCTaJbHOM YpPaBHEHHS OCTAIOTCSl HeM3MEeHHBIMH.

1.3. NIEPEOATOYEDIE ®YHKILUHU JIA
3anumweM ypasHenus (1.19) B oneparopnoii popme:
(p2+a’lp)3(p) »-I—CZQCL (p)=a383(p); (1 29)
pi(p)—a@(p)=0; 3(p)—08(p)—a(p)=0.
Brruncasis raaBHel onpegeautens A cucreMsl (1.29), Halizem
rPt+ap a 0
A=|o —ay % =p[PP+(a1+ay) p+aa,+a],
1 —1 -1

[ToacraBasigs B ryIaBHBIHA OIpENENHTENb BMECTO IEPBOro cTo61a CTOJ-
6eu npaBbix yacreit (1.29), nonyuum

+ad, a O
0 —a, pl=a(a+pd.
0o -1 -1

BoCno/ib30BaBIIMCh MOMYYEHHBIMH BLIPAXKEHHSIMH s A, Ag, Halliem
nepenatounyo ¢pyukuno JIA Wes (p)=0(p)/6:(p):

Was () =Fs (14 Taspsp) p~ (T p2 + 2T op +1)71,
rae ky=0a5a,(ay+a,a,) 7Y
Ty=(ay+a,ay)7; £s=0,5(a;+ay) (ay+a1a,) "% —

— COOTBETCTBEHHO KO3((HUHEHT yCHJCHNSA, IIOCTOAHHAST BPEMEHH H OT-
HOCHTeJIbHBIH KO3 dHLHeHT feMndupoBanus JIA.

—1
AspomnHamuyeckasi MOCTOSIHHAS BpeMeHU 7Taspp=a4 . AHaJOTHU-
HO nosiyyaiorcs nepeaarournie pynkunn Was (p), W, (p)

Was, (p)=as/(a1a4+a5) [T§+ 28T sp+1];
W (p)=asa,/(a,a4+a,) (T30 +26Tsp+1] p.

Pasgenus mepenatounylo dynkunio Wes Ha W, , mosnyunM Belpa-
JKeHHe 1Jid mepenatouHon GyHrunun Wes (p):

Wos (p)=(Taspsp+ 1)L

Ag=
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Tonenus W Ha Wos (p), HaltneM Weo(p)=(Taspsp 4 1)/T aspsp-
BocnoJik30BaBUINCh ONpejeleHHeM HOPMAaJbHOH KHHCMaTHUeCKOM
meperpy3ku n="V0g!, naiigeM nepenaTounyio GpyHKULUIO

W (p)=n(p)/8 (p)=V pg~".

Ha puc. 1.4 mpexucraBieHa cTpykTypHas cxema JIA nis kaHazla
TaHraxa.

ATtMmocdepHble BO3MYIIEHHA MOXHO YYeCTh MyTeM BBEICHHA COOT-
BeTCTBYIOIHX BO3JeHCTBUA My, Yy B IIpaBbie TacTH YypaBHEHHN
{1.29):

(P2 +aip)$ (p)+ a0 (p)=a53,(p)+M,, (p);
P9 (p)—am(p)=Y,(p); $—08—a=0,

rae M,=M,,J;% YV,=YV m Vi

YuuTHIBasA CIPaBeJJUBOCTD NPHHIMNA CYNePIO3HIHH IS JHHEHHBIX
CHCTEM, NIPH HaXOXAEHHH NepelaTOUYHBIX (YHKLUHI MO BO3MYLIEHHIO
Wem,, Wsy, U ADYIHX BEKTOp NPaBBIX 4aCTCH MOXKHO CUHTATH NOOYe-

penHo paBubiM (a3, 0,0), (M,,,0,0), (0,Y,,0). Cymmapubii 30¢-
(eKT OT BceX BO3MYVIIEHHH NoJiyyaeTcsi MyTeM CJAOMESHHUS peakluil cuc-
TeMBbl Ha KaxJ0e BO3MYIILEHHE.

BBuay coBnazenust no ¢opMe ypaBHeHUi B BapuaUMaxX IS IBHXKe-
HUS 10 KypCY C YpaBHEHHSIMI NPOLOJILHOTO [IBHMKEUHS IlepefaTOUYHbIe
QYHKIHH 4151 Kypca OyAyT UMETh TOT 3Ke BUJ C TOYHOCTbIO LO NPHHS-
THIX 0603HAYEHHII.

[lepenatounbie QYHKIUK IS H30JIUPOBAHHOTO (De3 yuera ujieHa —
¢3f) kanajsa kpeHa (1.25) dynyt ciaegyioue:

(1.30)

Wy, (p)=k[p(Tp 4175 Wy, (P)=k(Tp+ 171 (1.31)

—1 —1
rae Ty=c1 , ky=0CyC1 — COOTBETCTBEHHO NOCTOSIHHAS BPEMEHH M KO-
a(ppuLHeHT ycuIeHus MU KaHaja KpeHa JIA.

Ecau Bosmymiamowuit MoMeHT M, NpUBECTH K éKBHBaneHTHomy
3HAQUEHHUIO YIJ/a OTKJIOHEHHSl 3JIEPOHOB 8§, ,: /Vz”_/lfl 550 TO IEpena.
TOUHYI0 (DyHKUMIO 1O BO3MYLieHHIO Wy s (p) MOKHO IPEACTaBHTH B

8 ) —
Buge Wy s  (p) =Y (p)3sn(P)=Mp2[J c1p(Trp+ )7
Ha puc. 1.5 npeacrasieHa cTpyKTypHas cxeMa kaHaja kpena JIA.

O — B g
e D e :

Puc. 14. CTpyKTypHasi cxeMa KaHajna TaHraxa JIA

Puc, 1.5, CTPYKTypHas cXema KaHana KpeHa JIA



T'arasa 2

'MPOCKOIIbI U THPOCKOITMYECKHE
YCTPOVICTBA KAK 2JIEMEHTBI
CHUCTEM YIIPABJIEHUS JIA

2.1. YPABHEHUSA THPOCKOINA

BekTopHoe ypaBHeHHe
npeneccuy rupockona

I'HpocKONEl H THPOCKONHYECKHe YCTpOHCTBA SABJAIOICA HEOOXOXHMOM
COCTaBHOH YaCTbIO ABTCIHJOTOB M HABHTAUHOHHKIX ycTpolicTB. CaMbIM
CYULeCTBEHHBIM 3JIEMEHTOM T'HPOCKONA SBJSAETCH POTOP — COOCTBEHHG
THPOCKOI, UMeIOIHi oObluHO (OpMy AHCKA, MOJSPHBIII MOMEHT HHep-
IIMH KOTOPOrO CYLIeCTBeHHO GoJblie 5KBaTopHajbHOro. [Ipu coobuie-
HUH POTOPY 3HAUMTENIBHON YIJIOBOH CKOPOCTH 7 OTHOCHTEJN5HO IOJSAP-
HOlt ocH Z (puc. 2.1) on npHoOpeTaeT CBOHCTBO COXPAHATL 110/0XEHHE
OTHOCHTEJbHO HEMNOABHKHOM CHCTeMBl KOOpAMHAT. Bpauicnue poropa
OCYLIECTBJSETCST OOBIYHO 32 CUET 3JeKTPOIHEPTHH, pexke — SHEpTHIE
cxaToro rasa a0 ckopocteit 20 ... 60 Tbic. 00/MHUH.

KuHernueckn#i  MOMeHT rupockona H BeIpasuM  ¢GopMyJoi
H=CQ} Jo, rie C 1 J— COOTBETCTBEHHO NOJSPHBIH 11 3KBAaTOPH-
aJbHBII MOMEHTHI MHEpUHH POTOpa THPOCKONa, T. €. B AAHHOM cJjydae
IPH PaCCMOTPEHMH IPELEeCCHH rupockona OyAeM npeucOperaTb HHEPUH-
OHHOCTBIO PaMOK KapJaHOBa MOABECA; o — BEKTOP aGCOJIOTHOH yriio-

BOIl CKOPOCTH ocH Z THpOcKoma; Q=r-§ npoexkuus Ha ocb Z abeo-
JIOTHOH YIJIOBOH CKOPOCTH pOTOpa THpOCKONa; F — cOOCTBEeHHAs yIJo-

Basl CKOPOCTb DOTOpAa OTHOCHTEJLHO BHYyTpeiHell paMKH; & — yraoBas
CKOPOCTh pOTOpa, 00yC/I0OBIEHHAS [BUXKEHHEM PaMOK rMpocKona H ero
OCHOBAHHsS BC/eACTBHe nepemeitenusa JIA, Bpautenns 3eMan. Tak Kax

|7 > |9], To obbruno npeHeGperaloT CKOPOCThIO ® 1 nmoaararT Q=F,

cnenosarensio H=Cr+Jo. Tak Kak craracMoe Jo HHYTOXHO IO Be-
JiuuuHe 10 cpaBHeHu1o ¢ CF, TO HarpaBJeHHe BEKTOPA KHHETHYECKOTO
MoMeHTa H portopa 6/13KO K HampapJenuto ocd Z (Bextop 7). Ilosro-

My OOBIYHO moJiaraiot, yto H =CF, U cyuTtaloT, 4To H HanpasjieH 1o
ocu Z.

IIpuMeHHTENBHO K THPOCKONY HMEET MeCTO CJAeAylollee BaxKHOe yT-
BepxJeHHe, HaspiBaeMoe TeopeMoll Pesana. Ilyers K rupockomy npH-

JIOXKCH BEKTOD BHCIUHEro MOMEHTA L. Terpa B CHJIY TeOpeMbl O KHUHE-
THYECKOM MOMEHTEe MOXHO 3alluCcaTb

dT'[ 7T ¢
=L (2.1)
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uad  Hp=L, TIe uz— Jnuefinas CKOpPOCTb KOHNA Bekropa H.
TakuM 06pa3oM, BEKTOD JHHEHHOH CKOPOCTH KHHCTHYECKOTO MOMEHTa
paBeH BEKTOPY BHEIIHErO MOMEHTa, [MPHJIOKEHHOTO K FHPOCKOINY.
B 5TOM M 3aKJ/JI0YaeTcsl CojnepikKaHue

teopeMH Pesasis. Boipasum nunefinyio X
cKOPOCTD @z B BHIE NpOHSBELEHHS: 5 r
X r
u-:m X H, rie ® — Bex10p yrio-
BOH CKODOCTH M3MeHeHHs HampasJe- ri _ _
nusi KuHeTHueckoro Momenra H. Co- . 7 & FF Q@ z
[I0CTaBJIfAsA JBe NMOCJaeAHHe (OPMYJIH, ¥ _’
[IOJYYHM BEKTODHOe YpaBHeHHe [BH- ok /
JKeHHsl THPOCKoIa / iy
@

L=oxH=o0xHz, (2.2)
rge z® — eJHHHYHBII BEKTOD OCH Z;
® — BEKTOp YIJIOBOH CKOPOCTH Ipe-
L[eCCHH THPOCKOIa, a ypaBHeHHe (2.2)
Ha3HIBAETCS YPaBHeHHeM npeleccHu rupockona. Ilox meficTBHem BHe-
Hero MomenTta L och rupockona Z B COOTBETCTBHH C ypaBHeHHeM (2.2)
Oyner mpelecCHPOBaThb K BeKTOpy L 1o KpaTyaiimeMy nyTH (CM.
puc. 2. 1).

Y

Puc. 2.1. Ocu Pe3aas XYZ

OnpenesieHHe THPOCKONMYECKOTO MOMEHTA

[Tpu npuaOKeHHH K THPOCKONY BHEUIHEr0o MOMeHTa L Oocb 'HPOCKONa B
COOTEETCTBHH C ypaBLIeHHeM' (2.2) TeoperHuyeckH MTHOBEHWO HaYHeT
IpeleccHpoBaTh MO ACHCTBHEM STOrO MOMEHTA C YIJOBOH CKOPOCTbIO
IpeleccHd ®, MOAYAb KOTOpol |o|=L/H. Jlas mpocToTsl paccyxie-
HHST 3[IeCh MOJIOXKEHO, YTO BEKTOP BHEIIHEro MoMeHTa L MepreHIHKYIs-
PeH BeKTOpY KHHeTHuecKoro mMoMeHta H. IlepenunimeM ypaRHeHHe o=
=L/H B Brie ypaBHeHHs paBHOBecHsi (cTaTHku): L—oH=0 wumm
L+L,=0, rae Bennuuna Ly= —@H Ha3bIBaeTCS THPICKOMULECKHM MO-
MEHTOM, KOTOPHIH corsiacHo MpuHUuny Jlanambepa sBIAeTCS HHepLH-
OHHBIM MOMEHTOM. DTOT MOMEHT BO3HHMKACT BCJAELCTBHE TNPUJIOXKEHUST
BHeLIHero MoMeHTa L, YTO PUBOIUT K BO3SHUKHOBEHHIO YCKOPEHHS yac-
THI, COCTABJISIOILHX POTOP THPOCKONA. YpaBHeHHe NPELecCHH THPOCKO-
na (2.2) ¢ y4eToM MNOCJIEIHEr0 COOTHOIICHHSI MOMKET ObITh iipeAcTaBie-
HO B Bune Lr=—nXHz%. B HekoTOphx 3amauax ymoOHO BBOAMUTL B
paccMoTpenHe rHpOCKONHYECKHTT MOMEHT, UTO GyIeT 110Ka3aHo NPH H3y-
YCHUH ABYXCTEMeliiblX FTHPOCKOMOB H CHIIQBLIX THPOP4M.

CK&JIHPHI:IC YpaBHeHHA NpeueccCH rupockona

B Goapmmucrse cryuacs KOHCTPYKTHBHO TPEeXCTEIEHHON (c306olmblﬁ)
THpOcKonm mpepcraBasieT coboit poTop 3, 0OBIUHO pa\,memeHHbm B Kap-
NaHoBom noxgece (puc. 2.2). Porop Bpauiacres ¢ COOCTBEHHOI YIVIOBOIT
CKOPOCTBIO 7 OTHOCHTEJNbHO KOXKyXa (BHYTpPEHHEH PaMKH) 2 3a Cuer
loxBosa Tpexgasnoro Toka wacrtoroit 400 I'm (1000 T'u). BuyTpenHss
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Puc. 2.2. KOHCTPYKTHBHAS CXeMa TPEXCTENEeHHOro rupocKona:

J—HapyXHuasi paMKa KapJaHoBa INoJBeca; 2—BHYTPeHHSIA paMKa KapoaHoBa moaBeca; J—poTop
THDPOCKONa; 4—CTaTop THPOMOTOpPa: 5—MOTEHIYHOMETP YIya Y: 6—IieTKa NOTEHLHOMeTpa yria v;
7—BbIBOJ, CpefHell TOYKH NMOTeHLHOMEeTpa yrsa Y; 8§—Kopuyc rupockoma; 9—INeTKa MOTEHIHOMEeT-
pa; I0—mnorennuomerp yraa ¥; //—noBonok

paMka 2 KapJaHOBa NOJBeca BMecTe ¢ POTOPOM MOKET BpallaThCs OT-
HOCHTeJbHO HapyxHoll pamku I. HapyxHasi pamka BMecTe C BHYT-
peHHell BpalllaloTCsi OTHOCHTENBHO KOpIyca THpocKoma &8, KOTOpHIi
JKEeCTKO yKpemseH Ha JIA, nepememaioniemcs B npocrpasctie. [1pu us-
MEeHeHHH YTJOBOTO NojoxkeHHs JIA och rupockona Z ocTaeTcs Hemof-
BHXKHOM, UTO MPUBOJHUT K NepeMellleHHIO IIeTOK 6 U 9 10 BUTKaM Io-
TeHIHOMeTpOB & H [0, ¢ KOTOPBIX CHHMAIOTCSl HANPSXKEHHS, COOTBETCT-
BEHHO NPONODPLHOHAJNBHBIE YIJIaM KPeHa vy M TaHraxa o MpH MaJjbiX
‘3HAaYeHHAX y U 0.

BBenem B paccMotpenre ocu Pesans X, Y, Z, Haua/so KOTOPHX pas-
MECTHM B L[€HTpe Macc POTOpa, och Z HANPaBHM MO OCH CHMMETDHH po-
topa. Ocu Pesans yyacTByIOT BO BCeX IBHXKEHHSX THPOCKOIA, KpoMe

-COGCTBEHHOro BpallleHHsl poropa. BeKTop » MpeicTaBHM B BHIe

o= px°+qy°, (2.3)
rIe p, ¢ — COOTBETCTBEHHO IPOEKIHH BeKTOpa alCOJIOTHOH YIJOBOH
CKOPOCTH THPOCKOIA HA OCH BpAllleHHS] BHYTPEHHEl W BHELIHEH paMOK.

IToacraBnsis BhipaxeHue (2.3) A1 © B ypaBHeHHe JBHKeHHS (2.2),
HOJTYYUM

L=[(px°+qy°) x H] = [px°4-gy°) X H2°)]. (2.4)
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yMHOXas ypaBHeHHe (2.4) ckaJsipHO Ha eQMHHYHBIA BekTOp X°, Hal-
jeM ypaBHeHHe [IBHXKEeHHS rnpocxona B npoeKuHH Ha ochb X:

L, =(x%, [(pX°+qy°) X HZ'))=H (1, (— py° —gx°)|=4qH.
IIpoeKTHDPYS TO Ke ypaBHEeHHe (2.4) Ha ochb Y, IOCJe IPOBeNeHHs

aHAJOTHYHBIX BBHIK/NAAOK noayuuM L,=—pH. O6beauHss MNocaelHHe
[[Ba ypaBHEHHUS

L,=qH; L,=—pH, (2.5)
I'[OJIy"U’IM CKaJIsspHbie€ YypaBHEHUSA IIpEUEeCCHH T'HPOCKOIIa.
mv /L7=€F V4
Fat=amv £ G
Lat=af)
£ L

Puc. 2.3. K NosicHeHHI0O MHeDLHOHHOCTH THPOCKONa

CrenaeM oxHo nobaBieHue, NOSCHSAIOIee ¢ (H3HUECKOH TOUKH 3pe-
HHS HHEPLUHOHHOCTh rHPOcKomoB. [losicHenue (HecTporoe) NmOCTPOHM Ha
COOTBETCTBYIOLLEH aHAJOTHH C NOCTYIATe bHBIM ABHKeHHeM (pHc. 2.3).
M3menuTh HanpaBJeHle ABHKeHUs Tesa (JIA, aBToMo6HNb), HMEIOILero:
6OJBIIYI0 CKOPOCTDb, He Tak Jerko. g HSMEHEeHHS HalpaBJeHHsS JBH-
JKeHHsT Ha HeKoTopblil yron e=arctg (AV/V) uyxHo, uTo6el cuna F
IeHcTBOBaJa MPONOJIKHTEIbHOE BpeMsi. AHAaJOrMUHO OOCTOMT HeJ0 U ¢
rupockonoM. UTo6bl OTKJIOHHTH KMHETHUYECKUH MOMeHT H, 1y:KHO IpH-
JIOXKUTb MOMEHT L B TeyeHHe HEKOTODOTO BpeMeHH Al, UTO TpPHBEJET K
NpUpAIEHHI0 KHHETHYECKOro MoMeHTa Ha BekTop AH =LAt w OTKJIO-
HEeHHIO ero Ha yroJ e&. B rupockonuHueckux ycTpoHcTBax yaaercs my-
TeM COBEPINEHCTBA KOHCTPYKLUHH H TEXHOJOTHH H3rOTOBJIEHHS BO3MY-
Iaiollue MOMEHTHl (TpeHue, nuc6asaHc U T. I.) cHesaTh OYeHb MaJibl-
MH, GJH3KHMI K HYJIO, TO3TOMY CKOPOCTh MX yXoaa (mpeii¢pa) He mpe-
Boimaer 0,5 ... 5 rpan/y, a B 6ojiee COBEPLUIEHHBIX T'HPOCKONHYECKHX
yerpoficrBax oHa cHuxkeHa o 0,05 rpan/u u menee. Takast He3HauH-
TeJIbHasg CKOPOCTb Apelidha MO3BOJISET HCINONB30BaTh HX B KauecTBe:
JaTYHKOB YIJ0BOro nosoxenus JIA.

2.2, TPEXCTENEHHBIE THPOCKOTbI
O6was xapakTepucTuka

Tpexcrenennble rupockons pasHoo6pasHbl MO CBOCH KOHCTPYKUHH W
Ha3HayeHHI0. B aBHalnuu UIHPOKOE HCHOJIbL30BAHHE HAXOAAT NO3HIU-
OHHLIe THPOCKOIIbI, OCh KOTOPBIX YIEPXKHBAETCS B 3a7&aHHOM HampaBJe-
HHH: Mo BepTHKaJHM MeCTa, MO 3aJaHHOMY asuMyTy u T. . [Ipu oTkiac-
Henud JIA or 3ajaHHOI OpHeHTaUUu (HANpHUMep, BEPTHKAJH MecTa) C
COOTBeTCTBYIOLIUX JAaTYHKOB, PACIOJOKCHHLIX IO OCSIM Kap1aHOBa MOJ-
Beca rupockomna (cM. mo3. I0 u 5 Ha puc. 2.2), CHUMAIOTCSI CHTCHAJIBI,
NpornopuuonabHble YIy TAHra)Ka U KpPeHa, W MOCBIIAIOTCA B aBTOIH-
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JIoT (B ciayuae aBTOMAaTHUYeCKOro pexknma mojera JiA). Curead, npo-
MOPLUKOHAJBHEIT OTKIOHeHHI0 JIA OT 3aJaHHOrO Kypca, CHHMaercs ¢
KyPCOBOTO rHpocKona. Ec/u HO3MIHOHIILIe THPOCKONL! BLUTOAHEHB JJIS
BU3VaJbHOr0 HabJojgeHus, TO OTKJIOHCHHSA JIA 1o TaHraxy H KpeHy
KHHeMaTHUYeCKH MNpeofpasyloTcss B COOTBETCTBYIOUIME MepeMelleHHs
«CaMOJIETHKa» B BH3yaJbHOM INpHOOpe, Ha3bIBAGMOM aBHATOPH3OHTOM:
TIpH KaGpUPOBAHHH HJIH MHKHPOBAHHH «CaMOCJETHK» COOTBETCTBEHHO Ie-
peMeliaercsi BBepX HJIH BHHU3, a IPH HakpeHeHHH JIA «caMo/eTHK» Kpe-
HHTCSI B COOTBCTCTBYIOIULYIO CTOPOHY. Ilo MOKa3aHHfAM aBHATOPH3OHTA
JIETYHK yTpaBJ/sieT YIJIOBBLIM MOJNOMKCHHEM caMoJieTa B NPOCTPAHCTBe.

‘CucreMbl KOppeKUuu

Ocb cBOBOLHOTO THPOCKOIA B Pe3y/bTaTe TPEHHS B NOALIMIHHMKAX Kap-
JaHoBa mojBeca, nucbananca ¥ APYrHX BO3MYIIAIOLIMX MOMEHTOB C
TeyeHHeM BpeMeHH GyJheT YXOAHTh OT 3aAaHHOIO HampasJieHHsd. MHor-
Jla THPOCKOIKYECKHE YCTPOHCTBA CHAaOKEHB! CIEeUHaJLHBIMH YCTPOMHCT-
BaMH, Ha3bIBa€MBIMU CHCTEMaM# KOPPEKUHH, KOTOPbIE HEMPEPHIBHO HJIH
IUCKPETHO BO3BPALIAIOT OCh THPOCKONA B 3afaHHOe MoJoxeHue. HacTo
‘CHCTEMBl KODPEKLHH paboTaioT Kak Cjaelsilliye CHCTEMBL. DB KauecTBe
YYBCTBUTEJIbHBIX 2JIEMEHTOB CHCTEM KOPPEKUHUH OOBIYHO HCMOJNb3YIOTCS
MasITHHKH Pa3JIHUHOH KOHCTPYKIHH M MarHHTHbIE KOMIIACHL.

PaccmorpuM paboTy CHCTEMBI KOPPEKLHH OJHOI'O H3 aBHArOPHU30H-
‘TOB. MasiTHHK XXHIKOCTHOTO THIA (puC. 2.4) YKpEmJIeH KeCTKO Ha BHYT-
PeHHell paMKe KapJIaHOBa nojseca. KOHCTPYKTHBHO MASITHUK BBIIOJ-
HeH B BHJe Yallld C YeThIPbMS IlepH(epHIHBIMH 2JeKTpojgaMu I u of-
HHM LeHTpaJbHbBIM 2. Hamia 4YacTHYHO 3aloJiHeHa TOKONPOBOJsuLefi
JKHOKOCTBIO 3 TaK, UTO HMeeTCs NMy3bIpb Bo3ayxa 4. EcH oCb I'MPOCKO-
Ila He OTKJIOHEGHZ OT BEPTHKAaJH, TO BO3AYWHEIH My3upb 4 Gyner B
LEHTPE YaIlUH M CONPOTHBJIEHHE MEXKAY KaXKABIM H3 UeThIpeX 3JeKTPO-
JIOB U LIEHTPAJIbHBIM 3JIeKTpoAoM 2 OyJeT ONMHAKOBO (cM. puc. 2.4, a).
‘OTKJIOHEeHNe OCH IHMpPOCKONa Z BMeCTe C BHYTPeHHell paMKOil U MasiTHH-
KOM OT BEPTHKAJH NPHBOLHT K IlepepacHpeleseHHI0 TOKOB MexXIy
LEHTPaJbHBIM U NepU(EepPUAHBIME 9J€KTPOLAMH, H MAasiTHHK BBHIAAET
‘CHTHAJI paccorjacoBaHMd, NPONOPUHOHAJBHOH ero OTKJoHeHHI0. [lpu
OTKJIOHEHHM MafiTHHKa OT BepTHKaJH Gosee uyeM, Hanpumep, Ha 0,5°
OJUH H3 3JEKTPOJOB IOJHOCTBIO NMOKPHIBAETCS KHAKOCTBE), @ BTOPOI,
eMy napHbIfl, — BO3LYXOM, NPUOOD BEIXOAHT HA OrpaHHueHde (CM. pHC.
2.4, 6). Cur1aJs paccoryiacosaHusl MOCTynaeT B COOTBETCTBYIOUIHH nat-
YUK JJIS1 CO3JaHUst MOMeHTa Koppekuuu. Ha puc. 2.5 nzobpaxena Hop-
MaJibHasl 3eMHast cucteMa KoopauHat OgXgY,Zg. Ochb rupockona Z oTk-
JIOHeHa oT 3ajaHHoro HampabjeHusi OgY,, BepTHKaJIH MecTa, Ha YIJIb
a U B, Jexallie BO B3aHMHO OPTOTOHAJbHBIX IIOCKOCTAX XgO0oY, u
Z'0yY. Ocu XY uanpasJsieHBl IO OCAM BpallleHHS BHYTPEHHeHd H BHell-
Hell paMOK KapJAaHoBa IHOJIBeca, Ha KOTOPHIX pa3MelleHbl AaTYHKH MO-
MEHTOB. 3TH JAaTUHKH CO3Jal0T MOMeHTH L, W L, HaNpasneHHbE Ha
‘YMeHbIIEHUE YIJIOB o H .

HanuM MateMaTHYecKoe ONHCAHHE PaBGOTHl CHCTEMBl KOPPEKIIHH.
B nnuHefiHO# 30He XapaKTEPHCTHK XKHAKOCTHHIX MAasiTHHKOB MOMEHTHI
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Y U

=

Puc. 2.4. )KHIKOCTHbIe NOMJIABKOBbHIE MasfiTHHKH CHC- Puc. 2.5. HenogeuxHas cucrema

TeMb! KOPPEKIHH FHPOCKONOB: OngYng u ocu Pesaas XYZ
I—nepudepuiinbie 3M6KTPONbl; Z—IeHTPaJbHbIH 3jeK-

TPOL; J—TOKOMPOBOASULAS JKHAKOCTb; 4—NYy3bIDb

BO3AYXa

KOppEeKIHH 6y,I[YT IIpoNoOpIHOHAJBHBI yrjJaM a H [31 Lx= —ka, Ly=

= —kPB, roe £ — Ko3duULKEHT ycuaeHHs. Bynem cuutaTh, 9TO OCHOBa=
HHE THPOCKONA HENOJBHXKHO. B 5TOM cayyae BEIpaykeHHA ISl YIJOBBIX
cKopocTeil p W g, ouyeBHAHO, Oyayt (cM. puc. 2.5) p=—B, g=
=0 cos p==a. C yueToM HafileHHBIX BBIDaXKeHUH IJ5 MOMEHTOB KOD-
PEKUHUH U COCTABJSIOIIHX YIVIOBLIX CKOpOCTell OCH (GUIYpHl THPOCKONA
Z ypaBHeHHs TpellecCHH THpockona (2.5) mpuMyT BuA: Ha=—ko;
HB=—kp, unu a+ea=0; -4+ep=0, rne e=%/H. Ilpun HavaabHBEIX yC-
JOBHSAX a=0g H P=1Pf¢ HHTEIPAJbl MOCJAEAHEH CHCTeMBI MPHMYT BHJ
a=qoexp(—ef); p=Po exp(—et) u och rupockona ~ OymeT mpelleccu-
poBath K BepTuKaau mecra OpYg. Vckirouas BpeMs f H3 NMOCJHeIHHX pe-
WeHHH, MONYyYUM ypaBHeHHe (ha30BBIX TPAEKTOPHH IpPEHeccHH OCH TH-
pockomna Z: a=ooP/Bo, KOTOPHlE NMpPeACTaBJASIOT COOCH NPH Pa3IHYHBIX
HavaJIbHbIX YCJAOBUSX (g, Bo) MpAMBIE JHHHUH, BXOISAINHE B Hayajo Ko-
opaunat. [loaToMy paccMOTpeHHBIH BHJ KODpPEKLHH Ha3bBaeTcs pa-
NHAJbHBIM.

Bubpauua 4yBCTBHTEIbHBIX 3J1€MEHTOB (MasgTHHKOB) CECTeMBI KOp-
PEKUHH OTHOCHTEJHHO CBOEr0 PaBHOBECHOTO INOJNIOXKEHHS (BEpPTHKAJH
MecTa) He IPUBOJAHT K CYLIECTBEHHBIM OLIMOKAM B IMOKa3aHWSX aBHaro-
PH30HTA, TaK KaK OH, ABJIAACh QUIBTPOM HH3KHX YaCTOT, He IPOMNyCKa-
€T BEICOKOYACTOTHEIE KOJIeGaHHsT MasiTHHKA.

JeBnanun apuaropusonTa

Paccmorpennas Bbilie chcTeMa B VCTaHOBUBLIEMCS COCTOSIRHMM He HMe-
€T CTaTHyeCKOfl OIHMOKH: COOTBETCTBYIOLLAS CUCTEMAa ypaBHEHHH o=

= —ea; B= —eP fABJAACTCA OJHOPOIHOII, YACTHOE pelIeH!e KOTODPOH
PaBHo Hysto. OfHAKO B pcasbHbBIX THPOCKOMHYECKHX YCTPOfCTBAX HMe-
IOT MecTO OMHOKH M B yCTaHOBMBIIeMCS cocTOHUM. OWHOKH IPOHCXO-
AST, B 4aCTHOCTH, H3-3a NMOJABUIKHOCTH OCHOBAHHSA, — 3TH OILHOKH Ha3Hl-
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BaloTCs AeBHalMell THPOCKONOB. B 3aBHCHMOCTH OT XapaKTepa JBHKe-
HHSI OCHOBAHHS DPa3/IMYaloT: BHPAXHYIO JeBHAlMIO, JEBHALHIO BCJEN-
CTBHe Bpallenusi 3emJju H nepemellenns JIA orTHocurespHo 3eMan;
6aJITUCTHYECKYIO JeBHAIlHIO, BRI3BAHHYIO NlepeMellleHleM NAaT(hOPMEL ¢
HEKOTOPBIM JINHEHHBEIM YCKODEHHEM.

[IpuBeseM KauecTBEHHOE ONHCAHHe INpoliecca BO3SHHKHOBEHHsS IeBH-
alMy Ha npuMepe npasusibHoro Bupaxa JIA. [1pu nosnere camosera o
HEeKOTOpPOMY paJHycy BHpaa R CO34aloTCs YCKODEHHS, OTKJIOHSIOIIHE
MAsITHHK CHCTeMbl KOPPEKLHH OT BepTHKaJu MecTa. B pesyibrare Ma-
SITHHK BBIJAeT JIOXKHble CHI'HAJIbl B MOMEHTHBIH NAaTYHK, H OCb THPOCKO-
na Z HauMHaeT NpeLecCHPOBATh B HANpPaBJEeHHH K KaXKyllefics BepTH-
KaJiH. B BbIpaKeHHSIX IJI51 YIVIOBBIX CKOPOCTEH p H ¢ MOABJISIOTCS KO-
TOJIHUTEJIbHBIE ClaraeMble, B pe3yJbTaTe YPaBHEHUS [PELECCHH THpO-
ckomna (2.5) U3 OZHOPOIHBIX CTAHYT HEOJHOPOAHBIMH, YACTHEIE pelle-
HHUSI KOTOPBIX OTJHYHBI OT HYJEBBIX. DTH YacCTHbIE PEIleHHs ONpeses-
10T JeBHAlMI0 aBuaropudoHTa. [IpuBeleM MaTeMaTHYeCcKOe OIHCaHHE
CHCTEMBI KOPpPeKIHH. HeTpynHO yCTaHOBHTD, YTO MasiTHHK CHCTEMBl KOp-
PEeKLUHH  OTKJIOHSIeTCSl OT MCTHHHOH BepTHKaJH Ha YroJq yg==
=qarctg ws V/q, npu 3TOM BBIpaXKEeHHS AJSA YIJOBBIX CKOpOCTeHl p H ¢
TIPH JIEBOM BHpaKe NPHHUMAIOT BHI P~ —f—ws0; ¢~ a—wsf, a ypas-
HeHHs1 (2.5) mpellecCHH OKa3bIBAIOTCS HEOLHOPORHBIMH o-fea—eaf =
=—=evs; Bt+ep+tean=0, rie wy — yraoBasg CKOPOCTb BHpaxa; a=
=wpH/k. IuTerpupys nocaenHiol0 CHCTEMY, HalileM

a=Aexp(—ef) sin (0t +3)— Y, (14a?)1,
B=Aexp(—cet)cos (0 f+3)+a¥,(14a?)~L

[Tocsie 3aBeplieHHs 1epeXOXHOrO NMpollecca MepBHle cjaraemble Oy-
OYT PaBHBI HYJIO H NOJIOXKEHHE OCH rHpockona Z B YCTaHOBHBLIEMCS
COCTOSIHHH OyIeT ompelessaThbcsi BTODHIMH caaraemMblMH. Tak Kak 3a
BpeMsl BHpaxa CHCTeMa KOPPEKLHH MOXeT 3HaYHTe/.bHO YBECTH THpPO-
CKOIl OT BePTHKaJH MecTa, TO NpH T1y0oKHX Bupaxkax (yz>5°) cucre-
Ma KOppPEeKLIHH aBTOMAaTHUYeCKH OTK/IYaeTcs H NOAK/I0Y4aeTcs CHOBA,
KOrZa yroJ KpeHa ys YMEHbIIMTCA. B NMpOMexXyTKe BpeMcHH Mexay
OTKJIIOUEHHEM M MOJKJ/IIOUeHHEM CHCTEMBl KOpPEKLHH THpocxon pabora-
€T KaK HeKOPPEKTHPYeMblil H HeCKOJbKO YXOAHT H3 3aJaHHOIO IMOJOXKe-
Husi. OIHAKO 3TOT YXOJ CYILLECTBEHHO MEHblle, 4yeM TO OTKJOHEHHE, KO-
TOpoe Obl10 OBl MOA JAeHCTBHEM CHCTEMBI KOPPEKUHH TMpH ABHXKEHHH
ocd rupockona Z K Kaxylilefics BepTHKaJH. B moc/ienHee BpeMs CHCTe-
Ma KOPPEKIUHH OTKJIOUAeTCs MO CHrHaJy AaT4YHKa. YIJIOBHIX CKODOCTEH.

MoXHO noKas3aTh, YTO IPH yueTe NOABHMIKHOCTH OCHOBAHHS BCJE-
cTBHe BpalleHus 3emui u nmepeMenienus JIA ormocureanso  3emuu
ypaBHeHus mpeneccHd (2.5) B mepBOM NPUOHXKEHHH NPUMYT BHJ

a-ea=o,cos K; f-fel=o0, sin K}V, /R.
HIX peleHus MOXHO MPEACTABHTD B BHJE
a=Cexp(—zt)4w; cos K /e;
B=Cyexp(—et)to;sin Kfe 4V ,/eR,
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rae Ci, Co — MOCTOSIHHbIE HHTETPHPOBAHHS; ) — FOPH3OHTa/NbHasA cOC-
rapJfIoasg YIJI0BOi cKopocTH 3eman; R — paauyc sSemay; Vi — cko-
pocTb IOJIeTa JIA ornocurenapno 3eMan; K — Kkypc. 3aech BTOphle cJa-
raeMble ONpPelessioT OTKJIOHEHHe OCH THpOCKoma Z, BbI3BaHHbBIE Bpa-
wenneM 3emun. Tperbe ciaraeMoe 06yC/I0BIEHO CKGPOCTBIO Vi

[Ipu HaMUYHH YCKOPeHHst LeHTpa Mace JIA BLOJIb HanpaB/IeHHs JBH-
JKeHHSI MasiTHHK CHCTEMbl KOPPEKLHH YCTaHaBJHBAaeTCd B NOJOXKEHHE
JOMKHOM BEpPTHKAaJH, YTO NPHBOLUT K JLeBHALMH aBHATOPH3OHTA, HA3HI-
paeMoil Gannuctuyeckod. Ilpu 3TOM ypaBHeHHA NpellecCHH THPOCKONa
(2.5) mpuo6perator caenyromuii Bua:a+ea=0; ffef=—e(V, /R.—
—V,/g), pelenne kortopbix 6yner a=C;exp(—et); f=Cyexp(—ef)—

—V/Re+V,/g. Tperuii useH BO BTOPOM BBIPa*KE€HHH — GaslJIHCTHYEC-
Kasi JeBHaLHs.

KypcoBoii rupockon

B nuiotupyemuix JIA B KdauecTBe KyPCOBOTO TMPOCKONMA OOBIUHO HC-
[OJIb3YETCS THPONOJIYKOMIAc. I HpOMONyKOMNIac fBJSICTCS TpPeXCTeleH-
HBIM I'MDOCKOIOM, BHENIHSIs paMKa KOoToporo sBasetca paboueil. Ha
OCH BHelllHell paMKM yKpelJsieTcsl BH3yasbHbIH NPHOOPHBI NATYHK, a
BHELIHSIT paMKa KypCOBOT'O TMPOCKONA MOXKEeT HMeTh NOCTOSHHYIO Ipe-
[eCCHIO JJIST KOMIEHCALUH BJAHSHHS BpalleHUsI 3eMJH.

ITonpobHoe paccMoTpeHHe paboThl KyPCOBOTO THPOCKOMNA MOKa3LIBa-
eT, 4YTo OH obsajaeT AeBHALUSAMHU, KOTOPLIE IOPOXKIAITCH MOJABUKHO-
CTbIO OCHOBaHHS (BHpa:KOM, BpalleHueM 3eMJiH, nepeMellennem JIA
OTHOCHTEJIbHO NOBEPXHOCTH 3eMJH). Kpome Toro, iMpomoJyKoMIachl
UMeoT creuudHyeckie omnbkru. B nuaorupyeMbix J1A B nokasaHusg
ruponosyxomnaca xaxasie 10...15 MHH BHOCATCS COOTBETCTBYIOIINE
NoNpaBKH (KOPPEeKLHH) B 3aaHHBIA KypC.

2.3. ABYXCTENEHHDbBIE THPOCKOIbI
JByxcTeneHHo# nuddepeHUUPYIOWHI THPOCKON

JIByXcTeneHHble THPOCKONBI ObIBAIOT NH(QepeHINpyIollHe H HHTErpH-
pylomte. IIpuHLIHNHaMBHOE HX OTJIMUYHe 0OYCJIOBJEHO HaJTUuHeM (B
duddepeHIUPYIOLIEM) HJIH OTCYT-

CTBHeM (B HHTErpHpYIOIleM) TIIpy- _ 12
Kuuel 3 (puc. 2.6, 2.7), Koropas o
IPH OTKJOHEHHH PaMKH 2 THPOCKO-

N4 OT HeHTPaJbHOIO MOJOXKEeHHS
pa3BHBaeT  MOMEHT, NPOIOPIHO-
HaJbHBIH TOMY OTKJOHeHHI0. PaM-
Ka rupockona 2 MOXET BpamfaThCst
OTHOCHTeJILHO Koplyca 5, a s ra-
LleHust KojeGaHUH paMKH HMeeTcs
demndep 4. BHyTpu paMku pasme-

ek

Puc. 2.6. TpuHuMnHaNbHAsT cxeMmMa

L noduu

paGorsl

Utaercsi potop I/, KOTOPOMY CO06-
llaercss  yryioBass CKOPOCTb [0
20...30 Tblc. 06/MHUH.

nuddepeHnupyouero rupockona:

I—poTop THpOCKoma; 2—pamKa THpOcKoma;
3—npyxuna; 4—pevndep; 5—Kopnyc THpO-
cKoma
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Puc. 2.7. KoHcTPYKTHBHas cxeMa auddepenuupyouero rupockona:

/—poTop rHpocKona; 2—paMkKa THPOCKoOMa; 3—Mpy¥XuHa; 4—memndep: 5—kopmyc nupockona; 6—
eTKa MOTEHILHOMEeTPa; 7—MNOTEHUHOMETP: 8—BBIBOJ CpelLHeil TOYKH MOTEeHIHOMeTpa

CHavasia faguM KauyeCcTBeHHOe (HECTPOTOe) ONHCcaHHe IPHHIHNA
pabotsl auddepeHnupylomero rupockona. IlycTb BexTOp yiJIOBOH CKO-
POCTH w4 HANpaBJeH MepleHHKYAAPHO MJIOCKOCTH PAMKH THPOCKOTA
B ee HEHTpaJbHOM NOJIOXKeHUH. B Hauase mManeBpa JIA ¢ yinoBo# cko-
POCTBIO @4 (CM. pHc. 2.6) Ha THPOCKON uepe3 MONLUUIHHKH paMKH
HefCTBYeT MOMEHT Lyomm, COBIAZAIONIAH 110 HANPABJEHHIO C ‘oa- Och

Z HayMHaeT NpPEeLecCHPOBaTh C YIJOBOH CKOPOCTBI Wpomm K BEKTOPY
Lpomu, CTapasch ¢ HUM COBMeCTHThCS. B pesyanrate 3Tolf mpelleccud
t

paMka Gy/eT OBOPauYHBATLCS HA yroJ B= fwnom (v)dv. ITuBopoT pam-
0

KH Ha yroJ § npupeleT K AeopManuM TPYXKHHE H BO3IHKHOBEHHIO
MOMEHTA NPYKHHBl Lpp, NPONOPUHOHAIBHOTO YTy B ! Lp|=FmpB.
Yron B 6vaer yBeqMuHBATBHCA O TeX IIOP, NOKa He pa3rpyssitca TOA-
WHIHHKHA. [IpH pasrpyxeHHbIX MOAUIMIHHKAX YroJ B NPHMET Takoe
sHauenue B*, mpu KoTopoM Wy, =L; /H =kB*/H Gyner pasua yrio-
BOH CKOPOCTH w;, Ppassopora JIA, T. e. oy, =o,=Fk 8%/ H =FkB*,
rae k=kyy/H; Takum o6pasoM, ocb Z KaK OBl IpeLeccupyer mojm AeHcT-
BHEM MOMeEHTa Lpp=Fk,f* M TeM caMbM pasrpykaer IOAUIMIHAKH
(cMm. puc. 2.6). CiedoBaTesbio, B YCTAHOBHBLIEMCS COCTGSHHHM  YrOJ
OTKJIOHCHHS DPaMKH THPOCKONa IPONOPLHOHAJEH YIJIOBOH CKOPOCTH
passopora JIA.

HanuM MareMaTHuecKoe onmucaHHe paGorel audiepeHIHPYIOUIETO
rupockona. Bocrnosb3oBaBuinch npuHIMnoM JanamGepa, 3anuuieM pas-
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HOBeCHE CYMMBI MHEPLUHOHHBIX M aKTHBHBIX MOMEHTOB OTHOCHTEJBHO
ocH BpallleHHs] paMKH THpOcKolla (OcH mpeneccHu) X:

J@‘]‘Lr—l_knpte_l_msd_‘_LwSlgn{j:O» (2 6)
rie Ly= —wo g, H — rupockonuyeckuii MOMEHT, BO3HHKAIOUIHH BCJIEX-
cTBHe BpallleHHs poTopa rupockona smecre ¢ JIA ¢ yrioso#i ckopo-
CTBIO ®;4; MP — MOMEHT, CO3aBAEMBlil AeMIGUPYIOLHM YCTPOHCT-
BOM; Lppsign p — MOMEHT TpeHHs B NOJUINNHUKAX, BeJHYNHA KOTOPO-
T0 NOCTOsAHHA, a HalpaBJeHHe ONpeAessaeTCsd 3HaKOM [3, J— 9KBaTOpH-
aJIbHBIA MOMEHT HHEPpUHUH THDPOCKOIA OTHOCHUTEJbHO OCH IIpELeCCHH
(OCH BpallleHHs] PAMKH) ; Ryp — MKECTKOCTb IIPYKUHbI.

[IpeneGperass MOMEHTOM TPEHHS, IPeACTABUM ypaBHeHHe AuddepeH-
UHpPYIOLIEro rUpOCKoNa B BH(e

64203 o2B=Hog,/J, (2.7)

rae W =ky/J; t=m/2V Jky.
O6ulee pelleHyde NpeACcTaBUM B BHIE

P=C exp(—tot) sin (vt + o)+ Hog, /Ry, (2.8)

rae v=o0}/1—&—uactora COGCTBEHHBIX KOJeGanufi rupockona; C u
¢ — [IOCTOSIHHbIC HHTET DHPOBAHHS.

U3 ypaBHeHus (2.7) u ero obuiero peuenus (2.8) caenyer, uto pa-
6ota gudpdepeHIUPYIONIEr0 IMPOCKONA ONHCHIBAETCH KOJcOHaTeIbHBIM
3BEHOM C IOCTOSIHHOH BpeMeHH I'=1/w M KO3((HUIHEHTOM OTHOCHTEb-
Horo zeMmngupoBaHus E. [lo OKOHYaHHM NepPeXOAHOro mpoiecca mep-
BBl uJieH B pelieHHH (2.8) CTAHOBHTCS PaBHBIM HYJIO, H IIPH 3TOM
umeeM B*=Hojp /Rop=~Ryr04, T. €. B yCTAHOBHBILEMCS COCTOSIHHH
YTroJl OTKJIOHEHHSI paMKH THPOCKONA NPONOPHHOHANEH ® g4-

Ecau yuuTHIBaTH MOMEHT TPEHHS, TO H3 ypaBHeHus (2.6) Haiizem
yCTaHOBMBlLIeecss 3HayeHHe yrja I[0OBOpPOTa paMKH THPOCKONA
Brp=F*—ABsign®, rae PF=rkon,; AB=L,/k,— yror 3acros
(own6xa B mokasaHHu AuddepeHIHpyIOLero rupocKona).

K onucaHHOMy THNy AuddepeHUHPYIOLEro THPOCKONa OTHOCHTCS
npubop, HasblBaeMblll yKasaTeseM IIOBOPOTA, MM HHAMKATOPOM YIJIO-
BOH CKOPOCTH pPa3BOpPOTa CaMoJleTa, KOTOPHIl BXOJUT BO BCE NHJIOTAXK-
HO-HaBUrallHOHHble KOMILJIEKCH. B 3TOM npr6ope HaK/JOH PaMKH THPO-
CKona HabJ/104aeTcsl BU3YyaJbHO.

JuddepeHuypyoluii THPOCKON YaCcTO HA3BIBAIOT CKOPOCTHBIM HJIH
nNatuynkoM yraoBo#l ckopoctd (AYC). B [A¥Cax o6s3aTesbHo ycTa-
HaBJMBAIOT JATYHK yrja IOBOPOTA PaMKH, OOBIYHO BBINOJHSEMBIA B
BHJlc NIOTEHLHOMETDA, 3KECTKO YKPelJIeHHOro Ha Kopuyce mpubopa 5
(cM. puc. 2.7). Tlo BUTKaM moOTeHUHOMETPA 7 CKOJIB3UT lueTKa 6, yK-
penjieHHas Ha paMKe rupockona. Hamnpsi:keHHe, CHUMaeMoe C MOTEHI[H-
OMeTpa, NpONOPILHOHANBHO YIVIOBOl ckopocTH JIA. O0punO Ha JIA yc-
TaHaBanuBaercsd 670k JLYCoB, cOCTOAILMII H3 TpeX I'HPOCKOMNOB COOT-
BEeTCTBEHHO JJIs KaHAJOB Takraxa, kypca H kpena. Kaxawit JJYC us-
MepsieT COCTaBJSIOIIYI0 BEKTOpA YIVIOBOH CKOPOCTH, NepNeHNHKYJsp-
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HyI0 paMke rupockona. Cocrasasiolliue yrinosoil ckopoctu JIA, Hanpas-
JIeHHBle BJOJIb OCH TpelecCHH M INapaJlile/lbHO OCH THpockoma Z, oue-
BHIHO, He MOryT ObITb H3MepeHbl. [lyTeM YCJIOXKHEHHsS KOHCTPYKLHH
JABYXCTEIEHHOro JuddepeHUHPYIOLero THPOCKONa MOXKHO H3MCPATh
OJIHOBPEMEHHO II€PBYIO ¥ BTOPYIO NMPOH3BOJAHBIEC YIJIOBOH cKopocTH JIA,
HanpuMep, C MOMOLBIO YCTAHOBKHM NOTEHUIHCOMETPHUYECKOIO H HHIYKIH-
OHHOT'O JaTYHKOB OJHOBPEMEHHO.

JIByXCTeneHHO#H MHTerpUPYIOLHil FUPOCKOM

HuddepenunanpyHoe ypaBHeHHe, OnUchBaouiee paboTy - WHTerpHpYIO-
mero rupockona (6e3 npyxuHb 3 Ha pHC. 2.6), OUeBHAHO, MOJYUHTCS
U3 ypaBHeHHs (2.6), ec/i ONYCTHTD WIEH kypf:

Jhtmp=Hop, + L, signf. (2.9)

O6iee peuwrenne ypaBHeHHs (2.9) MoxHO mpencrtaBdTh B BHAe (6e3
yueTa wieHa L.psign )

p=Cexp(—mt/J)+ Hopy/m.
IocJie 3aBepuieHHA NMePeXOAHOTO Npollecca B yCTAHOBHBMIEMCS COC-
t

TOstHUM OyzeM uveTb (== Hop,/m um $*=Hm™' {wy, (v)d1+C,
0

T. €. yrjoBas CKOpPOCTb B* paMKH NIPONOPLHOHAIBHA YIJAOBOH CKOpO-
CTH ®;5, @ YroJ IOBOPOTAa paMKH NPONOPLHOHAJEH YIJIY Pa3BOpOTa
JIA. Takum 06pa3oM, HHTErpHPYIOLIHH THPOCKON MOXKeT GbiTb HCIOJb-
30BaH KakK JAaT4HK yrsa mosopoTa JIA OTHOCHTe/BHG HEUOABHIKHOIO
IPOCTPAHCTBA. )

Ilpu yuere moMenTa TpeHHs L., Ha yuyacTke B>0 OyzeMm HMeTb
c/elylolllee YaCTHOE pelIeHHe ypaBHfHHH (2.9) B ycraHoBHBLIEMCH COC-

rostuun: AS=L /m wn AS=L m~ !\ dv=L ¢/m, 7T.e. oluubka B mO-
[} lp ¥ l'P l'p
0

KasaHuu npubopa ot L., Oyaer Bo3pacTaTh NPONOPLHOHATBHO BpeMe-
HH. s yBesHMUeHHST TOYHOCTH THPOCKONMHYECKHX YyCTPOHCTB KeJa-
TeJbHO H30aBUTHCA OT TPEHHS B MOALUMIHHKAX. DTa ilesib NPAKTHUYECKY
JLOCTHraeTcsl B NONJAABKOBLIX THPOCKONAX (CM. CTp. 34).

2.4, THPOPAMbBI

OpHoocHasi HEKOppeKTUpyeMas
CUJIOBas rupopama

[IpunoxeHnue BHELIHETO MOMEHTa K OJHO{l H3 PAMOK TPEXCTEeNeHHOro
THPOCKONIA TEOpETHYECKH He BBLI3BIBACT HHKAKOIO BpallleHHS OTHOCH-
TeJbHO 3TOH paMKH, HO B COOTBETCTBHHU C IPABHJIOM NpeLecCHH (2.2) Bbi-
3BIBAET MPEleCCHOHHOE JBHMIKEHHE OTHOCHTEJNBHO APYrOil ocH (CM. pHC.
2.1). ITosTOMy BO3HHKHOBEHHE BO3MYILAIOLIEro MoMeHTa Ly BIOJb OCH
H3MepeHHsl Y, He BLI3bIBACT BpallleHHs BHCIUHECH paMKH, a NPHBOAHT K
NpellecCHH BHYTPEHHEH paMKH OTHOCHTeJbHO ocH X, Ha3biBaeMoil B
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TeopHH CHJIOBOH CTaGH/IH3AlUH OCBHIO
TIpeLeccHH, ¢ yIJIOBOH CKOPOCTbIO =
—Ly/H (puc. 2.8). Bcnencrsue npe-
[IeCCHH BO3HHKAeT THPOCKOIHYECKHH
MOMEHT Lp=—w/{=—Ljg, paBHHI 1O
peJlMuFHe ¥ NMPOTHBOIOJOXKHBIH 1O Ha-
npabJeHnio MoMeHTy Ly. B pesysprate
BO3HIIKHOBEeHHSI Lp cHCTeMa pasrpy-
JKaeTcs OTHOCHTEJIbHO OCH M3MepeHHs
Yp, T. €. BLOJb OCH H3MEpEHHs CyMMa
AKTHBHO JEHCIBYIOUIEr0 MOMeHTa Ly
H PeakTHBHOTO Lp paBHa Hymo. ITO
COCTOSIHHE PaBHOBECHSI OTHOCHTEJBHO
OCH H3MepeHHs1 OyJeT HMeTb MeCTo,
NMOoKa COBeplIaeTcsl IpeleccHst THPO-
CKOIla OTHOCHTEJBHO OCH IpEeLEeCCHH.
OjaHaKo, ecqHd He NPHHATb COOTBETCT-
BYIOILHX Mep, KHHEeTHYeCKHH MOMEHT
H BCKOpe COBMECTHTCSI C MOMEHTOM
Ly, npelieccHsi mpeKpaTHTC M BHeI-
HsASl paMKa HayHeT BpallaTbCcs OTHOCH-
TENbHO OCH HM3MepeHH Yp Kak Herw- o - o o e s owraxmss
POCKONHYECKOE TeJO BBUAY COBIAME-  —ncnormnrensioe. yerpofictso: 5—coto-
HHS HaNpaBJleHHsl BEKTOPOB H u. Ly, Chwas neperaua: brwounac 7-nams
Cile0BaTeNbHO, OCb THPOCKONA Z He  PasTpysounuifi mpwraters: I0—ycuautens;
Gy/IeT yIepKUBAThCA B 3aJaHHOM Ha-  ooo?

npasneHuH. YTo6B 3TOr0 H36e€XKaTh,

YyCTaHaBJHBaeTCA CNelHaJdbHBIH AaTy¥k (BapuoMerp [I), BhAAOIIHH
‘CHTHAJI, NIPOMOPUHOHAJBHHA yray B (B XapakTepu3yeT HelepIeHAHKY-
JIIPHOCTb BHeWIHeH M BHyTPeHHe# pamok). CurHaj ¢ BapHomeTpa ue-
pe3. mpoMeXyTOYHbIH ycuaHTeNb [0 mocTymaeT Ha CTaGHIM3HPYIOLIUH
(pasrpysounniii) IBHraTenb 9, KOTODBIH CO371aeT MOMEHT CTaGH/IH3a-
UHH Lcp, NIPONOPUHOHAIBbHBIH yray B: Lep=%B. MoMeHT L,r Hampas-
JIEH B CTOPOHY, NPOTHBOMOJOXKHYIO BO3MyllaolleMy MOMeHTy L. Ilpu
HEKOTOpOM 3HaueHHH f=f* cTaOHIM3HPYIOLINH MOMEHT PaBeH BO3MY-
wawmeMy: Ly=Lcy=4kp*. BHyTpenHsAs paMKa OCTaHETCA OTKJIOHEH-
HOH Ha yros B* g0 Tex mop, moka He GyAeT CHAT BO3MYIIAIOUIMH MO-
MeHT Lg. IIpy MCUe3HOBEHHH BO3MYIIAIONIET0O MOMEHTa BHYTPEHHSIS
Pavka moa peifictBHeM MOMeHTa Lc, CTaGUIW3alid BEPHETCS B HCXO[-
HOe nosioxkenue §=0.

[ToBbilrensie TOYHOCTH THpPOPaMbl JLOCTHIAeTCs BCIEACTBHE Pasrpys-
KH OcH H3MepeHHs], IPH 3TOM YCJIOXKHAeTCs KOHCTPYKLHS ruponpubopa.

Onucanusniit mpudop obecrmeyuBaeT HeM3MEHHOCTD IOJIOXKEHHS DaMBbl
‘TOIBKO OTHOCHTEJIBHO OJHOI OCH — OCH Yp, KOTOpas MCIONL3YeTCs /s
H3MepeHHs; Ha OCH U3MEPEHHsT Y, pa3MellacTcs NOTCHIHOMETPHYECKHH
Jdatuuk. Yto6sl HMETh BO3MOXKHOCTb ONpeessiTh noJoxenuc JIA oTHo-
‘CHT@JIbHO ABYX H TpPeX KOOPAHHAT, HCIOJb3YIOTCA JBYXOCHBIE H TpPeX-
OCHble THpPOpaMbl, IPHHUHUI paboThl KOTOPBLIX aHaJOI'l4eH PACCMOTPEH-
HOH 0ZHOOCHOH THUpoOpaMe.

Puc. 2.8. OAHOOCHas CHJIOBas rHpopama:
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TpexocHas cunosas rupopama

Ha puc. 2.9 npuBejena KOHCTPYKTHBHAS cXeMa TPEXOCHOH THpOpaMbl.
B TpexocHo# rupopame rupockonsl A, B, C HauHHAIOT NpeLeccHpPOBATh
OTHOCHTEJIbHO CBOUX OCEll MpPELecCHH IIPH BO3HHKHOBEHHH MOMEHTOB
COOTBETCTBEHHO BJOJIb OCEii U3MEpeHHd z, v, 4. Pa3rpysounnie gBUra-
Tean M1, M2, M3 Bcrynaior B pa6oTy No curHajgaM, CHHMaeMbIM C HH-
AVKIOHOHHBIX HaTyukoB HJI, pa3MellleHHBHIX COOTBETCTBEHHO Ha OCHX
npenecciu rupockonos B, C, A.

Koppektupyemble rupopambl

OnucarHble THPOPAMBI [IPH HCHOJIb30BAHHH HX B KayeCTBE 1aTUMKOB yT-
JIOBBIX TOJI0KeHuH JIA Ha MOpAAOK TOuHee OOBIYHBIX aBHATOPH3OHTOB
H KypCOBBIX F'HpOCKONOB. UTOOBl yAep:KaTb OCb H3MEpeHHS B 3ajaH-
HOM IIOJIOXKeHHH OoJiee TOYHO H 6oJiee NPOJOJKHTEIbHOE BpeMsd, CO3-
JLal0TCSl KOPPeKTHpyeMble rHpopaMbl. [IpHHUHUNBLI IOCTPOEINS KOppek-
THPYEeMBIX THPOPaM JOCTaTOYHO Pa3HOOOPA3HBI, OHH MOTYT BBIIOJHSATH-
¢ B JHCKPETHOH H/H aHaJgoroBol ¢dopwme. 3xech 6yneT paccMOTpeHa
HenpepbLiBHAS CHCTeMa KOPDPEKIHH, YYBCTBHTEJIBHBIM 3JIEMEHTOM KOTO-
poil siBaseTcs MarHUTHHIA Komnac (cM. puc. 2.8). IlosoxeHHe MarHur-
HOIl CTPEJIKH C HOMOILbIO CeIbCHHHON CBSI3H & H HCHOJHHTENBHOIO yCT-
poiictBa 4 mpeobpasyercss B COOTBETCTBYIOLLEE MNOJIGKEHHE KOHTAKTOB
2 u 3. Ilpu OTK/JIOHEHHH BHelIHell paMKH FHPOCKONA #3 337 aHHOro IO-
JOXKEHHs] KOHTaKT I, 3KeCTKO YKpeIJIEHHbIHl Ha BHeILIHeH paMKe THpo-
paMbl, 3aMKHET OAHMH M3 KOHTakToB 2 uau J. Ilpu 3aMBIKaHUM OIHOTO
H3 KOHTAKTOB IOJKJIOUACTCS KOPPEKUHOHHBIH ABHrarejap 7, cO3JAaio-
WKt MOMeHT KoppeKUuH. [IycTb AJs Ompeje/leHHOCTH BHEJUHAS paMa
" OTKJIOHMJIACh Ha yroa Ay OT 3aJaHHOTO HamnpaBJeHHss H KOHTakT [
3aMKHYJICS Ha KOHTakT 2. B 3ToM ciydae KOppPeKLUOHHBIH ABHraTesb
7 co3zaeT MOMEHT, HalpaBJeHHbIH, KaK YKa3aHo Ha pucyHke. Iloa mef-
CTBHEM MOMEHTA KOPPEKIHH Lyop TMPOCKON H BMeCTe ¢ BHEMIHEH pau-
KOfl HayHeT IpellecCHPOBATh OTHOCIITEJIbHO OCH U3MCPEHHA C YIVIOBOH
CKOPOCTBIO ®Wxop=Lxop/f1. ITocse BriOOpa J10dTa B peaykrope & BO3-
HHKaeT MOMEHT CONPOTHBJIEeHHsI L) B pasrpy3ouHoM IBuratete 9 u mpe-
IECCHS C YTJIOBOH CKOPOCTBIO ®Wrop=Lyop/H{ npexpaturca. IToa mefict-
BHEM 9TOrO MOMEGHTA BHYTPEHHSS PaMKa HaYHET IPELEecCHPOBaTh OTHO-
CHTEJIbHO OCH TNpeleccHH Xy, UTO NPHBEJET K MOBOPOTY TUDOCKONA Ha
VIOJ B M TOSIBJEHHIO MOMeHTa Lcp=~K@ M pasIpy3Ke oCH M3MepeHHS.
CucreMa cMOXeT CBOGOLHO IPELEeCcCHPOBaTbh CO  CKOPOCTHIO  Wyop==
= Lyop/H OTHOCHTEJBHO OCH H3MepeHHs Y, [0 pa3MblKaHilsi KOHTaKTa
2. Tlpu pasmblKaHHH KOHTaKTa 2 AAaTUYHK MOMeHTa Z OyleT OTKJIUeH
M BHYTDEHHsISI paMKa IOA HeficTBHeM MOMEHTa L., BepDHeTCHd B HCXOX-
HOE II0JIOXKEHHe.

B aBuaropu3oHTe ¢ CHJIOBOJ cTaduian3alueil B KayecTBE UyBCTBi-
TEJLHBIX 3JIEMEHTOB CHCTEMBI KODPEKLHH OOBIYHO HCIOJB3VIOTCH KHA-
KOCTHBIE MasITHHKH.

B cxeme yHHBEpCaJbHOI'O MO3HIHOHHOIO NpHdOpa ¢ CHJIOBOH cTa-
Guausanuell (Hampumep, TpexocHasi ruponsnatdopma aronugaora All-
15) uyBCTBUTEJNBHBIMH 3;J1eMEHTAMH CHCTeMbLI KOPPEKLHUH SBJISIOTCH
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xuakoctHble MasgTHHKE [11 u [12. Curnansr MmagtauxoB I11 u I12 npu
BBIXOJEe TruponiaTthopMel P K3 TrOPH3OHTa NOLAIOTCS COOTBETCTBEHHO
Ha patunkd MomeHtoB JIM1 n M2 nponospHoro B u monepeuynoro C
rupockonoB. Koppekuus B asuMyTe OCYLIECTBJIAETCS 110 CHIHAJY, CHH-
MaeMOMy ¢ MarHHTHOTO KOMIaca, IyTeM CO3AaHHS MOMEHTA B KODpEK-
uuonnom jgsuratene JJM3 kypcoBoro rupockona A.

Hpeiid MO3HLHOHHEIX CHJOBHIX THpOmJIaT(opM paBeH IpPUMEpPHO
0,5 rpan/u.

HNonaaBKoBble ABYXCTENEeHHbI€ THPOCKOIbI

CyLIeCTBEHHBIM 3JIEMEHTOM IONJaBKOBLIX, KaK H OOBIYHBIX T'HPOCKO-
noB, sBJsercs OblcTpo Bpaulaowuiica potop § (puc. 2.10), xoTophiii
BMecTe ¢ paMkoil 9 rupockomna obpasyeTr rupoyses 7, NOrpVKEHHBIH B
JKHAKOCTb, IJIOTHOCTb KOTOPOH paBHA MJIOTHOCTH THPOY3Ja. [Hpoysen
HaXOJHUTCS BO B3BEILIEHHOM COCTOSTHHH, H MOMEHT TPeHHS B €r0 oropax
4 oTcyTcTBYyeT.

Puc. 2.10. TMonaaBkosbifi MHTErpH-
PYIOLIHIA THPOCKOM:

I—xopnyc: 2—CTaTOp MHKPOCHHA-
3ajlaTYHKa: J—CTaTOp THPOMOTO-
pa; 4—onopbl  paMKH; S—cTaTop
MHKDOCHIIa-LaTyHKa BBIXOJHOTO
cHriaJia; 6—poTop  MHKDOCHHa-
JaTYHKa BBIXOJLHOrO CHrHajma; 7—
KOXYXx (rupoysen); 8—poTtop ru-
pockoma; 9—paMmka THpOCKONa
(Buaka); [0—poTOpP MHKPOCHHA-
3ajlaTyHKa

N

Ha Gopty JIA nomsiiaBkoBble THPOCKOMNBI pa3MellaioTCsl B KaMmepax,
rjie NOAJACP:KIBAETCA IIOCTOSIHHAS TeMIlepaTypa, u4To obecleyHBaer IoO-
CTOSIHCTBO TJIOTHOCTH KHAKOCTH M €e BSA3KOCTb. B paboueM cocTOSTHHH
rupoy3es HMeeT HYJIEBYIO IJIaByYeCThb, NONUIHIHUKH MPAKTHUECKH I0J-
HOCTBIO Pa3rpyKeHbl, 3TO MO3BOJHJO MepeHTH OT LIapHUKOBLIX MOJUIHII-
HHKOB K TNOAIIHMHHKAM CKOJbXEHHS — KaMeHHbIM BTyJxaM. Poas
JeMngdepa 3[4ech UrpaeT KHAKOCTb, B KOTOPYIO HOTPYXXeH TIHpoy3es;
flyTeM BBHIOOpAa BEJHYMHBEI 3a30pa MeXXAy THPOY3JOM H KODIYCOM NpH-
60pa MOXKHO N0GHTbCS HEOGXOAUMOl BCJIHYHHBI AeMI(HUPYIOLIETO MO-
MeHTa.

Ilpn HemogBHKHOM OCHOBaHMHM OChb I'MpPOCKOma Z COBIafaeT C 3a-
IAHHBIM HanpaBjieHueM Zp, yroa f=0 (cM. puc. 2.16). Ocvio namepe-
HUSL THPOCKOIA SIBJSeTCS OCb Yo, MePNeHAHKYAspHAs IJOCKOCTH, CO-
nepxauedt ocd X u Zy. Ilpy BOSHHKHOBEHHH COCTaBJSOLEd 0y, YIJO-
BOH CKOPOCTH Kopnyca HIpHOOPOB, NMepPIeHIHKYJISPHOH NJIOCKOCTH, CO-
nepxaueft ocu X M Zp, rHPOY3cJ HAa4uHHAET BPAILATbCcsl OTHOCHTEIBHO
cBOei ocH BpalleHUss X H OCb THPOy3sna Z OTKJIOHSETCS Ha HEKOTOPLIH
yroJ B OT 3a/J@aHHOTO HampaBJeHHs Z, B xauectBe jgaTyuka yraa §
YICMOJIb3yeTCst MUKPOCHH, JeHCTBYIOLIHH 10 NPHHLHIY AHdepeHIupyIo-

34



uiero tTpancdopmaropa, cratop 5 MHKPOCIIHA KPENIITCA Ha KOpuyce, a
poTcp 6 — 1a oCif Tpoy3J/ia (cm. puc. 2. 10). B Mukpocdiie-gaTunke oT-
CYTCTBYIOT CKOJDL3FULHC KOMTAKTBI, UTO SBJACTCH BAKHBIM NpeHMYIe-
CTBOM IO CPABHEHHIO C HOTCHLIIOMCTPHYECKHM JaT4liKOM. MHKPOCHHBE
pafoTaloT B KHIAKOI Cpejc.

Pa6oTa HHTCTPHPYIOUWIErO I'HPOCKONA KakK JaTuika yraa IoBOpOTa
JIA OTHOCHTCJIBHO HHCDUHMAJLHOTO NIPOCTPAHCTBA NPHHUKGHAJBHO He
oTJHUaeTcH OT paGoThl OOLIUHOTO MHTErPHPYIOUIETO THPOCKONA, pac-
cmoTperHoro Boide. Ho IIOHJI&BKOBbI[‘JI’I/II-I’I‘el“pprIOlL(Hﬁ renockon 6Ja-
rojapsi BGLICOKOIl TOUHGCTH MOKCT PaboTarh Kak 3ajaTuik passopora
JIA OTHOCHTCJBRHO LEeHTpa Macc. JI1si 3THX mesell HA OCH BPULICHHS TH-
poysJia yCTAHABIHBAETCS MHKPOCHH-3aJaTUHK, POTOP /0 KOTOPOro Kpe-
MUTCS HA CCH THPOy3Ja, a ctatop 2 na Kopnyce npudopa. KoHCTPYK-
THBHO MHKDOCHH-3afaTyllK He OTJHYaeTCd OT MHKDPOCHHA-TaTYHKA.
B ynpOIICHHOM BHJE JABHXKEHHE NOILIaBKOBOIO. HHTEI PUPYIOIEro THPO-
CKOTIAa MOXHO ONWCaThb YPaBHECHHEM, 2HAJOTHUHBIM YPaBHEHHIO OOBIY-
HOTO MHTErpHpyloliero rupockona (2.9):

Tutu=r,o,+kl,, (2. 10)

rje U — BBIXOJHOE HalpsfaXKeHHe; k. — KO3 HIOHEeHNT YVCHUHJACSHUSA THDPO-
pig wu

cKona, NMPONOPUHOHANBHBIA ero KHHETHYeCKOMY MoMeHTY [1; o, —
coctaBagiolias YrjaoBoi CKOPOCTH Kopmyca npubopa, mepneHAUKYJIsIp-
‘Hasd NI0CKOCTH (ZoX); T — nocTosiHHAs BPeMEHH HHTErPHDYIOINEro rH-
pockona; [; — BeJMUMHA TOKAa MHKDOCHHA-3aJaTyHKa; - ky — Ko3dpdu-
IHeHT YCHJIEHHS MHKPOCHHA-3a1aTYHKa.

B ypabuenun (2. 10) omyuieHd uneH Lqpsign f BBHAY HHYTOXKHOCTH
CHJIBI TPEHHsl B IOMJIABKOBHIX THpockonax. IIpu OTCYyTCTBHH TOKa B 3a-
JaTyHKe B YCTAHOBHBIIEMCS COCTOSIHMH M3 IIOCJeJHEero ypasHeHHs Oy-

AEM HMeTb U=ZR_.®,,, OTKYJa HAXOIUM
K
u==k 3 vy, (T)di=Fk_0, (2. 11)
0

T. €. HapsiKeHHe Ha BBIXOJEe MHKPOCHHA-33JaTyHKa I1PONOPLHOHAJBHQ
YOIy moBOpOTa @ JIETaTeJbHOTO amnapaTta OTHOCHTEJIbHO ocH Y.

IIpn Hannunu komamawnl ynpasienuss [,550 B ycTaHOBUBLIEMCS
cocroanuu Oynem umerb u==~ko, +k/,. Ecau B c0ooiBeTCTBHH C

KOMaHnpo#t I Kopmyc rHpockoma pasBOpauMBaeTcss C YIVIOBOH CKOPO-
CTBIO W3, BEI3BAHHOH TOJNBKO TOKOM I3, TO =0, H H3 [OCJIe,HEr0 BhIpa-
HKEHHUS NOoNyYuM

kwh<b3+k,la=0. (2.12)

Perag ypaBHeHue (2.12) OTHOCHTENIBHO j, HaliiEM
o0 =—kl [k, (2. 13)
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Mnurerpupys (2.13), nonyuum
t

»

¢
a= f o(v)dv=—kk [ 1.(v)dr, (2. 14)
0 0

T. €. YyroJ NMOBOPOTa KOPIycCa IHPOCKONA NPONOPLUHOHANEH HHTerpafiy
OT TOK2 MHUKPOCHHa-3aJaTyHKa. TakuM oOpa3oM, HHTErpUpYIOUIHI TH-
pockon MoxkeT ObITb HCNIOJNL30BAH KakK 3afaTuUK pas3BopoTa JIA.

JucddepeHnupyounii NoNJIaBKOBLIH THPOCKON OrJHYaercs OT pac-
CMOTPEHHOTO MHTErpPHPYIOILEro I'HMpPOCKONa YCTAHOBKOH B HEM KaKoro-
au6o sneMeHTa, NpeJHa3HAUYCHHOrO JJI51 HaJOXKEHHS MOMe#Ta, IPOIop-
UHOHAJIBHOTO YITIY OTKJIOHEHHS THPOY3Jia® OT MCXOLHOIO IOJIOXKEHHS,
T. €. OTJIHYHE TO JKe, UTO M B OOBIYHBIX JBYXCTENEHHBIX THpockonax. Bo
MHOTMX KOHCTPYKLHSIX IOIJIaBKOBBIX THPOCKOIIOB 3TOT MOMEHT CO3/a-
eTCs NMyTeM JKeCTKOro 3aKpeIlJIEeHHS OJHOH H3 ONop MOINJIAaEKOBOTO TH-
poysJia NpH NMOMOILHU YIPYTOro CTEPXKHA — TOPCHOHA, KOTOPLIH NOABep-
raercs JedopMalHH KPyUeHHs IPH NOBOpPOTe THpoysJa. [Ipunuum pa-
60THl MOINJaBKOBOro AHG(depeHNHpPYIOUero I'MpoCKoTa HIEHTHUEH pa-
60te o6srunoro 1Y Ca.

Tuponnatdopmsl co Clels UM TIPUBOAOM

BricoKkasi TOYHOCTb HHTETrPHPYIOLIHX IONJIABKOBEIX J'HPOCKOIIOB I103BO-
JISieT HCIO0Jb30BaTh HX MU MOCTPOEHHS THPOMNIaT(opM, Iie OHH BBIMOJ-
HAT QYHKLUHH 4yBCTBHTEJbHBIX 3jeMeHTOB. Ha puc. 2.11 npencrasie- -
Ha NpUHIHNHAJbHAA cXeMa OJHOOCHOH THpOpaMbl CO CJIeASUINM IpH-
BOJOM, YIEepKHBAIOIIHM ee B 33JaHHOM IOJIOXKEHHH OTHOCHTEJbHO OCH

Puc. 2.11. OgnoocHan caepsias niaatdopma:

d—ocHoBanHe cTaGuaH3aTopa; 2—ILETKH H KOHTaKTHble KOJblla A/ CbeMa BBIXOJHOTO HampsiKe-
aust Uy TOTeHIHOMETPa HHTErpHpYIolLero rupockona; 3—IIeTKH M KOHTAaKTHble KoJblla Aans
floflayd Ha 3ajaTYHK HHTerpHpymollero IHpoCKonma TokKa J3; 4—nnatdopma oamnoocHas; S—uandsi
ocH naAaT®OPMBI; 6—HHTETPUPYIOLIHA THPOCKON; 7—YCH/IHTeNb;, S8—CTaGHAH3HDYIOUHH JABHraTeNb;
9—penyKTOp
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ysvepeHus Ypy MO CHTHAIY, CHHMAeMOMY C HHTErpHpYIOWEro rHpoCKo-
na 6. Tupockom 6 ¥eCTKO 3aKpelJieH Ha ninatdopme 4. Och H3MepeHus
Y, HHTETDHPYIOLLET0 THPOCKONA 6 NOJIXKHA COBIAAATh C OCDIO MIaTdop-
Mol Yax (cM. puc. 2.10, 2.11). Pasrpyska ocu H3MepeHHs, T. e. KOMIIEH-
callisi HexcenaTeJbHOro MoMenta M, = OCYLIECTBJSIETCS CJIeAYIOLHM
o6pa3oM. BosHuKHOBeHHe MOMeHnTa M, = NpriBeleT K paseopoTy KOp-
myca THPOCKOTA BMECTe C INIATQOPMOH OTHOCHTeIbHO OCH Yo (M. pHC.
910, 2.11). BeeacrBue BpallleHUs THPOCKONA THPOY3eJ HAYHET Bpa-
mAaThCS OTHOCHTEJbHO CBOell ocu X, Kak 3TO ONMHCaHO BhlWE [cM. (op-
myay (2.11)] u Ha BbIXOAe CeJbCHHA-NAaTYHKA B COOTBETCTBHE C HOpMY-
s08 (2.11) MOABHUTCS HAINPSIKEHHE, IPONOPLUHOHANBHOE MOBOPOTY Ii/IaT-
(OPMBI OTHOCHTE/IBHO e OCH. DTOT CHFHAJ MOC/Ie YCH/IeHHS i npeobpa-
30BaHHA NOCTYIAeT Ha cTAaOHAH3HPYIOUKI ABUraTeab §, KOTOpbli 4epes
pemykTop 9 cosnact MoMmeHT crabuansauni Moy =R, HalpABIEHHBIA B
CTOPOHY, IpoTHBONONOKHYI0 MoMenTy M, . Tlpu nHekoTopoM 3Haye-

HuM a=a* MOMeHT M¢; MocTUTHET 3HaveHuss M, ¥ OTKIOheHHe IaT-

¢opMbl OTHOCHTENIBHO OCH Yy mnpekpaTurcd. Ilpit 3ToM 3Hauenue
a=a* Oyner craTuueckoil omnbkoi rupomaar@opMui. [Ipi Hcyesnose-
uun MoMenta M, =~ cHcTeMa BepHETC B HCXOAHOe unoJsoxenne a=0.

Ecsit MOMeHT CTaGHJIH3HDPYIOILEro ABHraTels (GOPMHPOBATh 110 3aKOHY
t

Mc.rzkla—}—kgja(r) dv, To craTHYecKas omHOKa MOXKET OLITb clesnaHa
0
pasHoit Hymo npu M, =const.

Ecnu noBopoT miathopMbl OCYIECTBJSIETCS BCJIEACTBHE BpallleHHS
JIA OTHOCHTENBHO OCH Yy, TO B COOTBETCTBHH C ONYCAHHON BHIE pa-
60TOll HHTErpHpPYIOLLEr0 THPOCKORA € MHKDOCHHAa-3ajarupka Oyner
CHHMAThCSl CHIHAJ, NPONOPUHOHANBHBIH yray nosopora JIA [cMm. dop-
mMyay (2.11)]. B cooTBeTcTBHH C 3THM CHTHAJOM CJCASIAsS CHCTeMa
Gyner pasBopaunBaTh NJIaTHOPMY A0 TeX IOP, NOKA OHA HE BEPHETCH
B HCXOJHOE IIOJIOXKEHHE OTHOCHTEJIbHO HEIOJBHIKHOH CHCTEMBI KOODIH-
HaT, HO NpPH 3TOM OHA OKaXeTcs paBepHyTOH oTHocHTenbHO JIA Ha
YroJ, paBHHIH yray passopoTra JIA OTHOCHTENBHO HHEPLHAJbLHOrO IpO-
CcTpaHcTBa. Takum 06pasoM, MOJOXKeHHe MJ1aT(hOPMbl OTHOCHTEJBHO

A coorBercTByer yray passopora JIA OTHOCHTENbHO HENONBHIKHOTO
IpOCTpaHCTBA.

Brie onucana pa6ora maatdopmbl B pexuMe cTaGUIM3AIUU OTHO-
CHTE/IbHO MHeplHaJbHOrO NPOCTPAHCTBA. B pexuMe ympasieHHs Ha
MHKDOCHH-3aJaTUHK THPOCKONA IojaeTcs cHrHan [, Mukpocun cosja-
€T MOMeHT My=~F;[;, mofx NeACTBHEM KOTOPOrO THpPOY3esJ HAYMHAET
Bpamartbcs orHocHTeNbHO cBoeil ocH X. M3 ypaBHenust (2.10) mas ye-
TaHOBHBILErOCsT COCTOSIHHS TPUXOAUM K cooTHowwenusim (2.13), (2.14),
T. €. a) nnardopma OymerT pasBOpayuuBaTBCS C YIVIOBOH CKOPOCTBHIO
W3, MPONOPUMOHANBHON BeJHYHHE TOKA B MHKPOCHHE-3aLaTUHKE;

YIOJ1 passopoTta n1atdopMbl NPONOPLHOHAJEH HHTErpany OT BeJH-
YIHBL TOKA MUKPOCHHA-331aTYHKA. B OMHCHIBAEMOM DeXHMe YNpaBJe-
HHSL T1aThopMy MOMKHO HCNOMBb30BATH AJA ABYX Lejeli: 1) passopoTa
IIaThopmbl B KesaeMoe MONOKEHHE, HATIPHMED, JOBOPOT ee B IOpH-
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30HT MecTa; 2) A nporpaMMHOro passopora JIA; » aToM ciaydae Bpa-
mweHue niaatdopMul oTHOCHTEAbHO JIA [cM. dopmyny (2.14)] ucnonbay-
eTCSl KaK CHIHaJ PAaCCOrJaCOBAHHMSI MCKAY (PAaKTHUECKHM OJOXKEHHeM
JIA u TpebyembiM. 1o aToMy currasy (opMupyeTcss KOMaHJa ylnpaJe-
uus u JIA Bmecte ¢ natopMoi pasBopayHBaercs Tak, YTOOBI CBECTH
curHaJs paccorsacoBanus (2.14) k nymo. Takum o6pdsoM, 3lech niar-
dbopMa ucmosb3yercss Kak 3aJaTulK NporpaMMuOro passopora JIA.

MOKHO MOCTPOHTb ABYX- U TpexocHele muatgopMel. TpexocHas
njargopMa pasMellaeTcss B KapJaHOBOM IIOJBECE H ia Hel yCTaHaBJ/IH-
BaIOTCSI TPH HHTEIPUPYIOUIKEX rHpockona. Ocb H3MEpPEHHS KaxK/JIOoro H3
HUX COBIajaeT ¢ OJHOH H3 ocell naatdopMul. TakuM 6Opa3oM, KaKAIIH
H3 THPOCKOIIOB KOHTPOJIHDPYET INOJO0zKeHHe NaaThOpMbl OTHOCHTEJbHO
OHOH ocH. Pabora KaxKmoro rupockona HACGHTHUHA ONHCAanHON BbILIE
paboTe rupockona ¢ ofHOOCHOH maatdopmoil. TpexocHasa (IByXccHas)
niatdopma MoxkeT paboTaTh B ONHCAHHBIX BhILIE peXKHMax paboThl Of-
HOOCHOH NMiaT(OpMEl U MOXKeT ObITh HCNONb30BaHA KaK 3aJaTYUK IIPO-
cTpaiicTBexntoro passopota JIA. Ha nnatdopMe MOKHO pasmecTHTh aK-
CeJIEPOMETPHI JIMHEHHBIX YCKOPEHUH IS INOCTPOEHWUS HHePLHUAJbHBIX
cucreM ynpasJieHus JIA.



Trasa 8

CTPYKTYPHDIE CXEMBI
ABTOIIMJIOTOB

3.1. ABTONMMUJIOTBI HX HASHAYEHHUE,
COCTAB, ®YHKILHOHAJIbHAA CXEMA

ABTONHJIOT TpeICcTaBisieT co60H COBOKYNHOCTb TEXHHUECKHX CPEICTB,
06ecleynBaoIUX CTA0UIH3AIHI0 H YIPABJIEHHE YIJIOBBIM NOJIOXKEHHEM
JeTaTesIbHOro ammnapata. Ha aBTONHJIOT BO3JIOXKEHH JBe OCHOBHBIE 3a-
JayuH.

Ilepsas sapmaua 3akJioyaercs B cTaOMIH3auuud ABHKeuus JIA or-
HOCHUTEJbHO ILeHTpa Macc. [Ipu aTom cTaGuiIH3auysi OCYLUCCTBJISETCH
06LIYHO OTHOCHTEJBHO TpPeX ero cpsdaHubix occit OZ, OY, OX. Texuu-
YyeCKHe CPelCTBa, 00eclIeuruBaIOliHe CTAOHIH3AIHI0O OTHOCHTC/IBHO ITHX
oceif, Ha3bIBAIOTCS COOTBETCTBEHHO ABTOMMJOTAMH TaHra)a (IpPOiOJib-
HOTO JIBH2KEHHS), Kypca U KpeHa. Kax el U3 3THX KaHaJoB OOBIYHO B
3HAYHUTENbHON cTelneHN paboTaeT aBTOHOMHO, OLHAKO HMEIOICS HEKOTO-
phle NepeKkpecTHe CBSI3H, KOTOpBIe OyAYT PacCMOTDPEHBl HMKe. Ypas-
HeHHsl ABH:keHHS JIA OTHOCHTEJNBHO Pa3HBIX Ocell B3AHMOCBH3aHHL [CM.
ypaBhenus (1.22), (1.27)]. Bce e uMeeT cMBICJI paccMaTpHBaTh Ka-
HaJbl KpeHa, Kypca M TaHraxa Kak CaMOCTOSITe/bHblE aBTOMaTHUeCKHE
CHCTEMBI.

Bropas samaua 3ak/iouaercsl B YIPABJEHUH MIBMXKEHHeM IeHTpa
Macc JIA. Jlns opuenrtaunu JIA OTHOCHTENBHO BEKTOpPa CKOPOCTH MYTEM
OTKJIOHEHHS pyJiell BBICOTH M Kypca, a TaKiKe 3JepPOHOB CO3[aioTcs YII-
PaBJisIomHe CHIBL AJ15 NepeMellleHus lentpa mMace JIA. B merartenbHbIX
annaparax ¢ MOBOPOTHBIM KPBIJIOM HCIIOJTHHTENbHOE YCTPOHCTBO aBTO-
TTHJIOTA HEMOCPEACTBEHHO OTKJOHSET KPbIJI0, KOTOPOE CO3JaeT yIpaBJs-
I0IyI0 cHay. B KocMoce HJIH B OYEHL BBLICOKHMX CJIOSA aTMocdepsl yi-
PaBasiomiMe CHJIBI CO3AIOTCS PEaKTHUBHBIMHE ABHraTe/ siMH. ABTOMATH-
4Yeckas 6opToBasi CUCTEMa YIPaBJEHHS COBPEMEHHBIX BO3ILYLIHBIX Jai-
HEPOB ABJSECTCA OUEHL CJAOXKHOI Pa3BeTBJCHHOH CHCTEMOH M BKJIOUaeT
ABTOMAaTHYeCKYIo cTabuausanuio JIA oTHOCHTeNbHO LieHTpa Macc (cob-
CTBCHHO aBTOMMJIOT), CUCTEMY TPAeKTOPHOTO yIpaBJeHUs, ABTOMAT TH-
TH ¥ pasiHYHBIE BHIUHCIUTEIH.

B cocran aBTOmMIOTOB BXOMAAT ClEAyIOIMC TPYNNBl  yCTPOHCTB H
IpHGOpOB: HaTyMKH MEPBUYHON HB(DOPMAIKMH; PyJaeBbie MaUIHHBL (MpH-
BONIbI); BEIUMC/AMTENH, YCHJAMTENIH MOILHOCTH, Npeodpasylolue H 3a-
Aawume yerpofictea. [MPOCKOULI M THPOCKOMMYECKHE yCTPOMCTBA, SIB-
JIAIOLINECS] OCHOBHBIMHM UYBCTBHTEJIbHBIMH 3J€MEHTaMH aBTOIHJIOTA,
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paccmorpensl B Tt 2. Oc-
/A TaJbHble YACTH AaBTONHJIOTA.
H3yualTcsl B CIEUHAJbHBIX
{ Kypcax.
” o o ———— B COCTaB aBTOMNUJIOTA BXO
v | IAT:

Al | /A 1) ¢GyHKIHOHANBHO HEO6-
XOJIHMEBIE 3JIEMEHTHI: pyJieBas
MalliHa,  THPOCKONHYeCKHe
YYBCTBHTEJBbHBIE  3JIEMEHTHI,
axcejepOMeTpHI, JaTUUK CKOPOCTHOI'O HAMopa H T. I.;

2) sJeMeHTHl, KOTOPhie He SIBJAITCA (QYHKIHOHAIBHO HEOOXOIHMEI-
MH: BCEBO3MOXKHEIE KOPPEKTHPYIOUIHE LENH, BBIUHCAUTENH, Ipeobpa3sy-
IolllMe, 3alIOMHUHAIOIMeE, IIPOrpAMMHLBIE YCTPOHCcTBA. DJEMEHTH BTOPOH
Ipynnsl BKJIOYAIOTCS B COCTaB aBTONMJIOTA B IPOLECCe ero KOHCTPY-
HpOBaHHs, OTPabOTKH M HCIBITAHHS.

DyHKUMOHAJBHAS CXeMa aBTONMJIOTA NpHBeleHa Ha puc. 3.1. JIA
ABJAACTCH OOBEKTOM YIpaBJIeHHS, a TEXHHUECKHe CPEeNCTRA: AATYHKH
nepBuuHOi uudopmauuu (IATIM), cymmupyomuit yeuaureas (CY), 3a-
pawoulee ycrpoiictBo (3¥Y) U NPHBOJ — UCHOJHHTEJNLHBII MeXaHH3M
(MM) — B COBOKYNHOCTH INpeAcTaBasiior coGoil asromugor (AIT).
O6p1uHo JIA moaBepikeH CO CTOPOHBI aTMOc(hepbl HAH KOCMHUYECKOTO
IPOCTPAHCTBA Pa3JIMUHBIM CHJIOBBIM BO3LEHCTBHSAM, KOTOphle HMEIOT
KaK JeTeDMHHHPOBAHHBI, TaK U CJy4allHbIH XapakTep.

M

Puc. 3.1. dyHKIHOHANBHAA CXe€Ma aBTONMHJOTA

3.2. ABTOITUJIOTbLI KPEHA

Cucrema ypaBHeHuil ABuxeHus JIA
C aBTOMMJIOTOM KpeHa

ABTOTHJIOT KpeHa NpeJHa3HaueH Aas cTaOM/JIM3alUM U TepeopHeHTa-
nuu JIA orHocuTesabHo npopoabHoit ocu X. Ilpuemem cucremy mud-
(epeHUHaNBHBIX yDaBHEHHH, ONHUCHIBAIOIINWX ABMKeHHe JIA mo Kpeny
c ATl. ByneM cuutaTb, YTO ABHKeHHe JIA O KpeHY ONHCBHIBAaeTCs ypaB-
Henuem (1.31).

YpaBuenus: cso6ognoro rupockona (CI') u nuddepernupyiouero
rupockona ([IYC) UMelT COOTBETCTBEHEO BH]

ty=keV; (3.1)
(7% PP+2Tp+ 1) n, =k, (3.2)

rae kcr, k;— KO3(DQUIHEHTE YCHJEHHSI COOTBETCTBEHHO CBOGOIHOrO
rupockona u JIYCa; uy, u; — HanpsiKeHUs], CHHMaeMble CONTBETCTBEH-
Ho ¢ norenuuomerpos CI' u IYCa; T; — nocrosinnas spemenu [YCa.
Pynesasi MalwyHa ¢ yCHJIMTEJNEM MOILHOCTH, BXOAHBIM CYMMHPYIOLUIUM
YCHJIUTeJIEM H oOpaTHOi CBA3bIO 00pas3yloT pyJeBo#t TpakT (puc. 3.2,
koHTyp III). 3anumem cucTeMy ypaBHEHHI, ONHCHIBAIOLINX ero paboTy.
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Puc. 3.2. CTpyKkTypHas cxeMa CTATHYECKOr0 aBTOMMJIOTa yria KpeHa

Pa60oTy BXOJHOTO CYMMHPYIOIIErO YCHIUTENS, B KaUyeCTBe KOTOPOTrO
4acTO HCIOJIb3YeTCs] MATHUTHBIH YCHIHTENb, MOXKHO ONHCATh YPaBHEHH-
eM NepBOro NopsiaKa

Temyr+ 1’) Ucmy =Komylsxs (3.3)

rie Tcmy, KRcmy — TIOCTOSHHAS BpPEMEHH H KO3 (HIHMEHT YCHJIEHHS
cymmupyiollero MarauTHoro ycugaurens (CMV); ugy, cmy — CHTHa-
JIbl COOTBETCTBEHHO Ha BXOJe H BHIXOJ€ ycHauTens. ITociae BXOLHOTO
CYMMHUPYIOILEr0 YCHJHTEJNs OOBIYHO pasMellaeTcs YCHJHTSIb MOILHO-
CTH.

B nHEeBMO3/JEKTPHUYECKHX aBTONHJIOTaX OOBIMHO HCNOJb3yeTcs
cTpyitHoe peJie (HJIH 30JI0THHKOBOE YCTPOHCTBO), SABJSIOLLPECST YCHJH-
TejJeM MOUIHOCTH. Ero pa6oTy MOXKHO oIHcaTb ypaBHEHHeM BTOPOIO
nopsiika '

Tymity  + 2Ty iy w+ ym =y milemys (3.4)

rie Tym, kym, &— COOTBETCTBEHHO MOCTOSHHAsi BpeMeHH, K03 du-
UHEHT YCUJIEHHS H KO3(P(HUIMEHT OTHOCHTENbHOIO AeMI(HPOBAHHUSA YCH-
JauTenss MolHocTH (YM); uym — CHIHaJ Ha BHIXOAe YCH/JIHTeJsS MOILL-
HOCTH.

[TpuBox uacto MoxKeT GBITH ONHCAH CAELYIOIIHM YpaBHEHHEM BTOPO-
TO MOpsiKa:

TPM'éa"l"éa:kPMuYM’ (3.5)

rie Tpm, kpy — TMOCTOSIHHASL BpeMeHH H KO((GUIHEHT YCilJIEeHHSI pY-
JieBoil Mmamuue (PM). PaGora pyJsieBoit MalIMHbl OOBIYHO ONMHCHIBAETCS
YpaBHenHem GoJiee BLICOKOIO HOPSIIKA.

OrpunartesnbHyo 06paTHYIO CBSI3b OMHIUEM YCHIHTENBHBIM 3BEHOM

uo.czko.cBa' (3 6)
YpaBHeHHe 3aMBIKAHHS aBTOMMJIOTA HMeeT BHA (cM. pHC. 3.2)
Upy=—Uoc— Ur— u:["l—uf:aax_uo.cv (3 7

TAe uy — ynpapagomuil CHrHAaJ Ha BXOLE AaBTONMJIOTA; —Uy — uf—l-
*tUs=0y; — cyMMapHHI CHIHaJ Ha BXOJle aBTONHJIOTA.
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Cucrema ypassennii (1.31), (3.1)—(3.7) omnucbiBaeT OHHaMUKy
JIA ¢ aBronunoroM. Ilpu uy=uy(f) cucrema JIA+AIT paboraer B pe-
JKHMe yIpaBJieHus, a IpH uy=const, B yactHocty, ipu u;=0,-— B pe-
XKuMe crabunuszanud. B pexume ctabuau3aniy aBTONHJOT yAeDXKHBa-
et JIA Ha 3ajaHHOM pexuMe mosera (B faHHoOM cayuae AIT crabuiu-
3UpyeT yros KpeHa y), Iapupys BCEBO3MOXKHbLIe BO3MYIUCHHS, HeHcT-
BylolHe Ha JIA, B wacTHOCcTH, atMOocdepHbie. ¥Ypasuatue (1.31) ¢ yue-
TOM aTMOC(epHEIX BO2MYIIEHHH MOXKHO 3amHcaTb B CJeAylollleM BHIe
[cm. ypaBuenus (1.24), (1.25)]:

(Typ—+ 1)y =kd,+ MP55, .| M. (3.8)

Cucrema ypaBHeHuii (3.1)—(3.8) onuicbiBaeT pekuM CTabUIH3aUUH
cucremsl JIA+AIT ¢ yueTom aTMocdepHbIX BOZMYLIEiHH.

Konryp [/, 3amuikaemslil yepe3 YC, HasbBaeTcs KOHTYPOM JeMIl-
cdupcnanus (gemndepom). Ero ocHOBHOe HazHaueHHe COCTOHUT B TOM,
urclr pemndupenars kojeGauus JIA OTHOCHTeNBHO NMPOLOJBHOH OCH,
cozzaBas MOMEHT HCKYCCTBEHHOTO AeMII(pHDPOBaHHUS.

Jemndepsl KaHaJga KpeHa

Inst Hekotopbix TnnoB JIA OKa3bIBaeTCsT BO3MOXKHBIM — OTPAHHUHTBHCS
crabunusanueil napaMerpa vy, He npuberas K craCHJAH3aLHH vy, TakK
KaK BBIpa0OTKA KOMAHABI YIDPABRJICHHA H €€ HCIOJHCHUE OCYILeCTBJIS-
eTcsl B OJHON M TOH Ke CHCTeMe KOOpAMHAT — B cBgIsaHHell. OpHao
HeoOXOLHMO MMeTh B BHAY, UTO BO3HHKHOBECHHE YIJIOBOH CKOPOCTH Kpe-
Ha MPHBOAHT K B3aHMO3aBHCHMOCTH CHCTEM VpaBHEHHIl, ONKCHIBAIOUINX
nBuxeHue JIA oTHocutenvHo oceit X, Y, Z, uTO 3aTpyLHSieT CO3JaHHE
CHUCTEeM CTabHJIH3aLMH.

Jdunamuka JIA Ge3 aBronuaota. [IpenBapuTesbHO pacCMOTPUM ABH-
KeHue no kpeHy JIA c 3akpenyeHHLIM pyJaeM (Baprauus 8,=0) Ge3
aBronusora {cM. popmyay (3.8)]:

(Tp 1) =M, /M. (3.9)

[Tepexonuslii mporecc 6YIeT ONHCHIBATLCS IKCIOHEHTOH C MOCTOSH-
Holt BpeMeHH T, a yCTaHOBMBLIECCS] 3HAUEHHCE y HaiijleM H3 MoOCsenHe-
ro ypaBHeHUs, noJjarasa B Hem p=0:

\}*:Misgs_s//y]fx, (3. 10)

T. €. BO3HHKIIAS YIJI0Basi CKOPOCTb KpeHa NOJ BO3JefCTBHEM BO3MYyLUa-
R 8 o
omero Momenta My, =M 23, , OyneT Bo3pacTaTh LO TaKOH BEJHUH-

HBI y*, 4TOGLI MOMEHT €CTeCTBeHHOro Aemnduposanns M *¥* xommnen-
cUpoBaJ Bo3MyLaloluil MoMeHT My .. Hem 6ogbwe BO3MYILAOUWIK
MOMEHT, TeM GOJIbLIEro 3HauYeHHsl JOCTHIHET yIJOBas CKOPCCTb KpeHa
v¥. OIHAKO M3-32 3HAUYMTEJNLHON BeJHYHIBl y* NIPOA3OHACT CHJbHAS
B3aHMO3aBHCHMOCTb KaHasoB JIA, npu stom ypasHenune (3.8) yciox-
HHuTCH, a JIA MoxKeT MOTepATb YyCTOHYMBOCTbL IBHIKeHHS. L[5 yMmeHb-



reHHs yIJIOBOH CKOPOCTH Kpena HeoBXOANMO 3seponbl JIA OTKIOHATH
110 ONPE/ACAEHHOMY 3aKCHy npu nomoi ATl wiy Jetanka.

Junamuka JIA ¢ ujpeasibHbiM aBToNuMAOTOM. B 3TOM cCayuae Bce
3BeHbS aBTOMHJIOTA, ONHCLIBACMBIC yPaBHEHHAMH (3.2)—(3.7), Oyucwm
CYHTATh YCHJIMTCJALHBIMH, T. ¢. npeHeGperaeM LX HUCPUHOHHOCTLIO, H
aunamuka cucteMel JIA+ ATl 6yaer cnucbiBaThCsA ABYMS YPABHEHHSIMH

(Typ+ ) V=g + My, a0 d——lkpp¥,  (3.11)

rae kan — KO3(PGUUIHEHT YCHACHHS HIEaJAbHOIO aBTOIHIOTA.
M3 cucreMnl ypaBenu#i {3.11) HafijieM nepenatounyre GYHKUIHIO
Wsy (p) 3aMkHyTOM cucteMbl JIA -+ All:

WST(p)=Y(]J)/Bas(p)=k3/(T3p—|—1), (3 12)

rhe k,= Mf;/( 14~ Eyky ) Myx, Ty=T+/(14-kyky)—COOTBETCTEEHHO KO-
3 ULMEHT yCH/IeHUs] M NOCTOsIHHast BpeMeHH cucTeMs! JIA 4 ATl.

M3 cucremnl (3.11) Eaxogum aHavueHHe YIJIOBOH CKOpPOCTH KpeHa y*
B YCTQHOBHBIIEMCSI COCTOSIHUU (p=0):

o -

V* = kg0 = M35, o (14 iky ) MOx. (3.13)

CpasuuBas (3.13) c¢ (3.10), 3aMeyaeM, YTO 3a CYeT HOCTHKEHHS
JOCTaTOUHO GOJBLIOrO 3HAUEHHS KO3((PHUMEHTA YCU/ICHHS CHCTEMBI B
Pa3OMKHYTOM COCTOSIHMH Rp=FKtRai1 MOXKHO B HECKOJBKO pa3s ViMeHb-
WHTE TpebyeMoe 3HAUYEHHE YCTAHOBHBIIEHCS CKOPOCTH Kpera IJS CO3-
JaHusl 1eMIdUPYIOLLEro MOMEHTa C IeJIbI0 KOMIEHCAUHH BO3MYIEHHS,
Bri6upath BeJqHUHHY Rp LOCTATOUHO CJOXKHO: HEOOXONMMO YUHTHIBATH
YCTOHYHBOCTD CHCTEMBI, CyUaiiHbie IIYMbl H NOMEXH, LHPKVJIHPYIOLHe
B CHCTeMe H BO3ZIelCTBYIOIHE HA CHCTEMY CO CTOPOHBL OKpYxKarouleli
cpensl. [TocrosinHast BpeMenu T, ymeHnpuwiaercsl B (1+£kp) pas, T. e. 3a
cueT Bnl6oOpa JOCTAaTOYHO OOJBIIOrO KO3((UIHCHTA yCHIIEHHS CHCTEMB
B DA30OMKHYTOM COCTOSIHHH MOXKHO B HECKOJBKO Pa3 YMEHBIUUTb JIJIH-
TeJIbHOCTh NepeXOAHOro npolecca. Tak Kak yCTaHOBHBLIeecs 3HaUeHHe

v* [em. gopmyay (3.13)] otauyHO OT HyJsi, TO paccMarpuBaemblil aB-

TONUJOT ABJNACTCS CTATHUECKHM I10 OTHOUIEHHIO K KOOpPIHHaTE Yis H
[

Bosmywenuio M 23, ,=const.

Mowmenr Mx=Mi965=—Mi9kmv HA3bIBAETC MOMEHTOM HCKYC-
CTBeHHoro gemngupoanus. OH co3naeTcs NyTeM OTKJIOHEHHS 3JepoHa
Ha yron 8,=—*Fk, Y 4 HampaB/eH Ha yYMeHbIIEHHE yIJOBOK CKOpPOCTH
KpeHa. AHaJIOTHYHO CO3JaeTCsi MOMEHT HCKYCCTBEHHOrO IeMIpHpoBa-
HHA B KaHasax Kypca M TaHraxia. MOMEHT eCTeCTBEHHOro AeMI(pupo-
Bauug (cm. rsi. 1) Takxke HanpaBJeH Ha yMeHbLIEH#He YIJIGBOH CKOPO-
CTH Kpena, HO OH co3faercs JIA B LesoM.

43



CraTHuecKkui M acCTaTHYECKHH
aBTONMUJIOTHI

ITonsiTHe O CTATHYECKOM H aCTaTHYCCKOM aBTOINHJIOTAX PACCMOTPHM Ha
npuMepe KOHTypa HeMI¢upoBanus (memndepa) kaHana kpeHa. Haii-
IeM nepenartounyio GyHkuuio pynesoro tpakra (PT) B mpeamosoxe-
HYY Ge3BIHEPIIHMOHHOCTH CYMMHPYIOLIETO YCHAUTENS U YCHJHTENS MOII-
Hoctu (koHtyp III Ha puc. 3.2):

Wor (0)=2,(9)fou (D) =hor (Torp? + 2%Tprp+ 171 (3. 14)
rne kpr=rkemyky mke m/(1+ EcmyRy mBe mBo.c)s
Tor=[Tpm/(1+Ekemyky mko mko.c))'?;
§=[2Tpm (1 +kcmyky mko ko)l 71—

— COOTBCTCTBCEHO KO3((UIMEHT VCHJEHHS, TOCTOSHHAS BpEMEHH H
CTHOCHTCIBBENT Ko3¢hQUUHUEHT AeMIpHPOBAaHHA pyJeBoro Tpakra. M3
nepenaToyHoll GyHkuHH (3.14) IJd yCTaHOBHUBLIETOCS COCTOAHHA (p=
=0) naiinem

35 =Fp1aes (3. 15)

WA 3;=—kPTkW NpH 6, = —k;,Y, T. €. YrOJ OTKJIOHEHHSI 3JIePOHOB B
YCTAHOBHUBUICMCSI COCTOSIHMM INIPOMOPLMOHAJEH BXOAHOMY CHTHAJY.

Cucrema ypasuenuit (3.8), (3.14) mpu o,,=—4;y onuceiBaer pa-
6oty cucrembl JIA+4 ATl B pexume crabuausauuu 3aZaHHOH YrJ0BOil
CKODOCTH KpeHa, paBHoll Hymmwo. [Tosaras B srtoil cucreme p=0, Hafi-
JeM YCTaHOBHBIIEeCsS 3HAYCHHE YIJIOBOH CKOPOCTH KpeHa

Vo= M3, (14 gk opr) M2, (3. 16)

KOTOpO€ OTJIMYHO OT HYJIA H, CJeAOBaTeJNbHO, paccMatpuBaeMas CUCTe-

ma JIA+ ATl siBasieTcsl cTaTHYeCKOH IO OTHOIUEHHIO K KOOpAMHATE y H
BosMylenuio Mg ,=const; aBTonusoT B 3TOM c/ydyae Ha3blBaeTcs CTa-
THUECKHM.

YeraHoBuBlLIeecs HYJEBOC 3HaueHHe VIJIOBOH CKOPOCTH KpeHa
MOXHO TIONYYHTL INyTeM GOPMHPOBAHHS acTATHYeCKOH CHCTEMBI.
B uacTHOCTH, acTaTH3M B aBTONMJOTAX CO3J4€TCH IYTEM BBEJEHIs
ruOKOH OTpHLATeJbHOH 006-
patHo#i cBa3u (puc. 3. 3) B py-
JIEBOM  TpaKTe aBTONMHJIOTA:
Uo.c=Pko.c0s. IIpn aTOM mepe-
JNaToyHass QYHKLUHUS DPYJEBOro
Tpakra 6yxer (cM. puc. 3.3,
kouTyp 1)

WPT (p)=83 (p)/cax (p)=

=kemykymkem/P (Topwp +

Puc. 3.3. CTpyKTypHas cxemMa acTaTH4yecKoro aBToO- |
NHI0Ta JeMndepa YriaoBOH CKOPOCTH KpeHa “I_ lchmykyMkPMko.c)' (3 17)
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Ecau pyJsesoil npuBod (3.5) He oXBaTbIBaTh OTPHUATEJbiOH 06paT-
Holl CBSI3bIO, TO ABTOMWJOT TakxKe OyHeT acraTtHyeckum {Oes yuera
LIaDPHHPHBIX MOMEHTOB, KOTOPEIE BBIMOJIHSIOT YaCTHYHO POJIb JKECTKOH
orpuuareabHoil o6patHoii cssisn). Ho Geictponeiicraue ero Gyner He-
ZOCTATOYHBIM.

CKOpOCTh OTKJIOHEHHSI 3JIeDOHOB B YCTAHOBHBIUEMCS COCTOSTHHH!

8,* B cooTBeTcTBHH ¢ (3.17) Gyner
8o=FprOuxs (3. 18)

T. e. IPH OXBaTe PYJIeBOro TpakTa THOKOH OTpHIATRIbHO# 0OpaTHOH
CBA3BIO CKOPOCTh OTKJIOHEHHS 3/epOHOB (pyJs) NPONOPiIHOHAJNbHA
CyMMapHOMY CHTHa/ly Opy Ha BXOJe PYJIeBOro Tpakra. Brime Gbl10 mO-
Ka3aHo, 4TO TPH XKECTKOH OTPHIIATEJbHOH OOpaTHOH CBA3N B PYJIEBOM
TpaKTe Yrosl OTKJIOHEHHS 3JIEPOHOB MPOMOPIMOHAJIEH CHTHAJNy Ha ero

pxozie [cM. dopmyay (3.15)] Ipu o =—k:y—kk;V [cm.  dopmyry
(3.7)] u3 popmyust (3.18) moayuum (cM. puc. 3.3)

8o = —Fkprkyy — kprkikyy. (3.19)

ITepBoe cnaraemoe B ¢opmysne (3.19) BBomutcsa B AIl mna acratuama
CHCTEMBI, @ BTOpOE — A/ 3aMBIKAHHS CHCTEMbl W CO3JZaHHst MOMEHTa

HCKYCCTBEHHOIr0 AeMN(HPOBAHUSA Miakak-Tk'T-Y, 6e3 KOTOpOro coBpe-
MeHHbLIE JIA He o6sajgan OB JOCTAaTOYHBIM JeMIHpoBaHHeM. B acra-
THYECKHX aBTONHJIOTAX /g KaHaJOB TaHraxa M Kypca HeoOXOZUMO
BBOAHTbL B 32KOH YIPaBJIE€HUS COOTBETCTBEHHO O, 1 AJS CO3LAHUS MO~
MEHTOB HCKYCCTBEHHOro AeMN(pHupoBaHU.

Jlnsi nokasaTeJbCTBA aCTaTH3Ma CHCTEMEHI, I1PeJCTaBJeHHOH Ha pKC.
3.3, ZOCTaTOYHO COCTABHTH MEPEeNAaTOUHYI0 (DYHKIHIO B 3aAMKHYTOM CO-

crosuun Wy (p)=" (p)/Ms. (0)=" (p)/M323,5(p) ¥ TONONKHTL B Hell
L]

p=0. Ilpu stomM moayuum y*=O0 mnpu Mi389=const, T. €. CHCTeMa

SIBJIIETCS aCTATHYECKOH, a COOTBETCTBYIOUIHHA ABTOMHIOT SIRJISIETCSI ac-

TAaTHUECKHM IO OTHOILEHHIO K KOOpPAHHATE y H BO3MYILIAIOIEMY MOMEH-
Ty My x=const. Ecau 651 MoMenT 6bls1 Bo3pacraiouieil ¢pyekuuei Bpe-
MeHd, HanpuMep My ,=af, TO yCTAHOBHUBILIEECS 3HAYEHHE YIVIOBOH CKO~
poctu KpeHa ObLIO OBl OTJIHYHO OT HYJIA. PaccmanuB.aemaa_ cucrteMa
SIBJISIETCA CTATHYeCKOH IO OTHOLIEHHIO K KOODAMHATC y H BO3MYLIEHHIO
s x=at. TakuM 06pa3oM, MOHATHE «CTATH3M» H «aCTATH3M» CHCTEMBI
HYXXHO OTHOCHTb K KOHKPETHBIM BO3MYLIEHUAM M KOOPILHHATAM.

B pysneBoM TpakTe aBTONHJONTA YaCTO HCIOJb3yeTCsl M30IPOMHast
o6paTHasi cBA3b Uo.c=PRo.cIp(Tp+1)~18,. Hemocpeactsento u3 pue.
3.3 npu ugc=~ko.Tp(Tp+1)-16; Haiinem BbIDaXKeHUue [JI51 NepefaTou-
HOl QyHKUMH PYJIEBOrO TpaKTa:

Wor (p)—= 8(p) __ FomyPy mbem (T2 + 1)
OBx (p) (TPMP + 1) (Tp + 1) + kcmykyMkpMkO.CT

b
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K3 KOTOPOIi /sl YCTaHOBUBILIEIOCS COCTOSHIS Hall1eM
8 =kemyRymFom [ 11 Romyky meoro 17 u

“T. €. B YCTAHOBHBUICMCA COCTOSIHIM aBTOIMJOT C HROAPOMIOH CBSI3bIO
B DYJCBOM TpakTe Befer cebs Kak acTaTHiIcCcKHil [cpaBHHTH ¢ QopMy-
Joft (3.18)}

[IpenctaBuM nepenatoyuyio (GyEKULHIO H2oapoMuoil obpaTHOll cBa-
3H B BHAC Uo,c=Ro.cp (p+T1)~'8,, koTOpast npu T—co mpecbpasvercs
B JKECTKYI0O OTPHIATEJIbHYIO 0OPATHYIO CBSI3D Ug.o=FRq.c0s. 1 AKHM 06pa-
30M, B IIePeXO0/IHOM pexMMe aBTONMHAOT OyIeT BecTit céBa IOUTH KaK
cratuyeckuil. [To Mepe yMeHplUFeHHST ROCTOSIHHOI BpeMenn 7 CBOHCTB&
apronniora Bce 6osee O6YAYT OTANYATLCA OT CBOMCTB CTATHYECKOTO aB-
TonusoTa. kitak, aBTONMJIOT ¢ U30APOMHOH 06paTHOH CBA3LIO cOaataer
KaK CBOHCTBAMH aCTAaTHYCCKOTO, TaK M CTATHUYECKOro aBTonm/acTa. Bee
7K€ aBTOMNHJOT C H30APOMIOH 06paTHOl CBS3LIO HA3LIBAIOT acTaTHUe-
CKHM.

ABTONHJAOTHI CTAOHAM3ALHH
yraa kpena JIA

Jas GoabuinHeTBa THNOB JIA Heo6xonnMa crabuan3alisi yria KpeHa.
K crabunusauun xpeHa npuberaior, B 4aCTHOCTH, KOrJa K>MaHAa yi-
paBJieHHs] BhIpabaTbiBAe€TCs B HECBSA3aHHOH cHCTeMe KOOPAHMHAT, a HC-
NoJIHseTCs B CBA3aHHOH (cM. puc. 3.2). M0OXKHO, KOHEUHO, OCYILECTBUTD
nepecueT KOMaHJABl YIPaBJEHHS H3 ONHOH CHCTEMbl KOOPLHHAT B [PV~
TYI0; B 3TOM CJlyuae MOXHO OTKa3aThCs OT CTAOWJH3aLUK yrja KpeHa.

Cucrema ypasHenuil (3.1)—(3.8) onucbiBaer pafory CraTHYecKOro
aBTONMJIOTA YIJIa KpeHa. ACTaTHUECKHH aBTOMHJOT KpeHa MNIKHO IOCT-
POMTb NMYyTEM OCYLIEeCTBJeHUusI HOKOH oTpuuaTeabHOH obpalHOf CBA3H
B DYJIEBOM TPaKTE Uo.c=PRo.cOs. LlNs1 cO3NaHisi MCM@HTa HCKYCCTBEH-
HOro AeMI(GUPOBAHUS BBELEM B 3aKOH ynpaBJieHus y. [Ipw 3ToM ypas-
HeH}e 3aMblKaHHs aBTonuiaoTa (3.7) mpUMeT BHA

uax=—uo.c—u7—u:(——u'1.+uf' (3 20)

Cucrema ypasHenuit (3.1)—(3.5), (3.8), (3.20) u uo.c=pko.c8, omu-
ceiBaeT paboTy acTaTHYECKOTO aBTOMU/IOTA yrja Kpeha. Pabora uie-
aJIBHOTO 4CTAaTHUYECKOro aBTONnuI0Ta ¢ yuetoM (3.20) MoexKeT ObITh OmMH-
CaHa ypaBHeHKHeM '

8y=— pWkprkcrV — kprkiyV — kprkikyy. (3.21)

Yacto ypaBHeHHe pabGoOTH HAEAJIbHOIO aBTONHJIOTA HA3BIBAIT 3aKOHOM
ynpasJaeHHs1. 3akoH ynpaBJienus (3.21) obecneunBaer peryJnauposanue
0 HHTerpany (IepBoe cjaraeMmoe), N0 OTKJOHEHHIO (BTOpOe cJjarae-
MoOe) H II0 IPOM3BOLHOH (MOC/IefHee caraeMoe).

Ha pa3HbIX 3Tanax npoeKTHPOBAHHS aBTOINHJIOTA HCIOAL3YETCH CO-
OTBeTCTBYIOLIAs HAeaNH3alHsl CXeMbl, IDHBeIcHHOH Ha puc. 3.2,
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3.3. ABTONMUJIOTHI AJ1 NPOI.J3JIbLHOTO
U KYPCOBOT0O KAHAJIOB

ABTOIMHJIOTH KAHAJIOB TaHra)a ¥ Kypca NpeiHa3HadyeHbl AJd CTabuIH-
3allHM ¥ TepeopHeHTauun JIA COOTBeTCTBEHHO OTHOCHTEJNHHO CBSI3aH-
HbIx oce#t Z u Y.

3anuuieM CHCTeMY YpaBHEHHH, ONHCHIBAIOLIHX KYpPCOBOe JIBHXKeHHE
JIA ¢ aBTOIIHJIOTOM:

(pz—'_blp)q)—l_b?l =b38H+A/IBy/‘/y;

po—bB=2Z,/mVy b=0B; wy="ryd;

(75 P+ 2Typ+ Dy =Fh;

(TemyP+ 1) ey =kemyloxs

(TSP + 2Ty up+ 1) ty =y mlicmy;

Tpmp2+p) BH=kPMuyM; uo.cz‘ko.caa; Upyy=—U; o — Uy — ulp 'l"uf-
[TepBble n1Ba ypaBHeHHs OMHCHIBAIOT ABHKeHHe JIA mo kypey (1.22),

BCE OCTaJjbHble, HAaNHCaHHbIE MO aHAJOTMH C ypaBHeHHAMH (3.1) —

(3.7), oTpaxaloT JHHAMHKY Ky[PCOBOTO aBTOIIM/OTA.
Hcnoap3yst ypasHenus psixxenusi JIA (1.30), o ananoriu ¢ (3.22})

3alMLICM CHCTEMY ypaBHeHNH, ONMUCLIBAIOULYIO MPOICJbHOE JIBUMKEHHE
cucrembl JIA 4+ ATT:

(P4 a1p) ¥+ asa=agd, + M,/ ;
pP—aa=Y /mVy 3 —0—a=0; uy=~;
(Top?+2%Typ + 1)y =k9;

(Temyp+ 1) ey =komyax

(TImp?+ 2Ty p+ 1)ty =ky wlicmys;
(TPMPQ”]";D) 8laz-kPMuYM; uo.c=ko.can;
Upy=—U, — Uy— Wy~ Uy.

(3.22)

(3.23)

Curran u,.. B IpejnociefHeM ypaBHeHHH B cuctemax (3.22), (3.23)
OCYLIECTBJISIET XKECTKYIO OTPHIATENbHYIO 00paTHyio c¢Bsidb. CJjenoBa-
T@NbHO, 3TH CHCTEMBI SABJSIOTCH CTATHUECKHMH IO OTHOLIEHHIO K KOOp-
AHHATaM COOTBETCTBEHHO 1 H U H BO3MYIICHHSAM, IIOCTOSHEBIM IO Be-
JIHUHHE,

Mowmentsl Mgy, My, 1 cuinl Yy U Z; oTpaxaloT BO3JeiicTBHE aT-
Mocgeps! Ha JIA.

“Ha puc. 3.4 npuBesena cTpykrypHas cxema cucreMsl JIA+AIT ka-
Hana kypca. MieHTHuras cxeMa MMEET MeCTO H /1l KaHaja TAHTaXa.
Ora cxoma 6es 3BCHA k;p coOTBETCTBYeT cucTeMe ypasHewuid (3.22).

AcraTH3Mm B KaHaJaX Kypca W TaHraxa BBOJHTCA 3a CYeT rHGKOH
OTpHLaTenbHOl 00paTHOH CBA3M B pyJseBoM Tpakrte. [Ipu atom mpen-
lociennee ypaBHeHHe B cucreMe (3.22) IpUMET BHI Uo.o=PRo.cOn.
Hns cosnanns MOMeHTa HCKYCCTBEHHOTO AeMN(HPOBAHHA BBeJeHAa B.
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3aKOH peryJaupoBaHHA BTOpas
NPOH3BCAHAsT 1§ OT YIJOBOH Ko-
opaunatel (cM. puc. 3.4). Bro-
pas mpousBoaHas { OOLIYHO Mo-
Jiyuaercs nyteM AguddepeHnupo-
BaHnsa currajga c¢ AYCa -uau
CHSITHSI CHTHasa C ero MHAYKIH-
OHHOTO jnaTyuka. Ecan B pyJe-
BBIX TpaKTax OCYILecTBJseTcs
rubkasi OTpULATeNbHASA CBS3Db, TO
Puc. 3.4. Crpyktyphas cxema cuctemm JA+An  PA00Ta HIEANLHOrO aBTONHJIOTA
KaHana kypca COOTBETCTBEHHO MJIs1 PYyJsl BBICO-
Thl U HAaNpaBJIeHHUsS] UMEET BHJL

By =—hsd/p— k;® — k¥

Su=—hyb/p— kb — k.
SILE'CB IepBbHI€ CjaraeMble XapakTepH3yIOT acTaTH3M B CHCTeMe, BTO-
pbie — 3aMblKaHUe CHCTEMBI II0 COOTBETCTBYIOUIMM KOOpAHMHATaM, a
TPETbH — JOIIOJHHUTEJNbHOE OTKJOHEHHUE pyJass oJsd co3LaHug MOMEHTa
HCKYCCTBEHHOI0 AeMN(UPOBaHHUS.
Ecan xe B pyJeBHIX TpaKTaX OCYIIECTBJSETCS XeCTKasd OTpHILAs
TeJabHaf OGpaTHaﬂ CBA3b, TO pa60Ta HaeaJibHOro astomarta IpOAOJIb-

HOro KaHaja M KaHaja pyJis HalpaB/eHHs MoxeT OblTh ONHCaHa
ypaBHEHHUSIMH

by=—Fad — kyd; b= —Ryp— k¥

3Jiechb IlepBLI€ CJaraeMble BBEIECHHI AJ151 3aMBIKAHUS CHCTEMBI, BTOpPBIE —
JUISl CO3JaHHSI MOMEHTA HCKYCCTBEHHOTO NeMI(HPOBaHHS.

Ecnu xanas pynst HanpaBiieHuss GopMupYeTCs Kak AeMIgep, TO CUT-
HaJ Ry1p He BBOAUTCA B 3aKOH yIIPaBJIEHHUS.

Pabora craTtnueckoro uaeasbHOro aBTOMHJIOTA B pexkuMe craGH/IH-
3allH{ BEICOTHI NIOJIETA MOXKET OBITh ONIHCAHA YPABHEHUEM

8y =—(ks +kyp) ¥ — (kg +Rpyp+kpu/p) H.

Bo3MoXHasl CTPYKTYpHas cxeMa cTaOU/IH3alUUH BBHICOTH moJsera JIA
TIOKa3aHa Ha pHc. 3.5.

CurHan (kg kgp)d npennasnaven AJs crabuiausauuy JBHKEHUs JIA
OTHOCHTE/JBHO LIEHTPAa Macc, NpPH 3TOM CBOOOJAHBII THPOCKON MOKeT
OTKJIIOYaTbCsl B peXHMe CTaOHIM3alMH BLICOTH mnosera. Curaan
(Rey ko 4Ry p) H oGecnieunBaer cTaOUIA3aUUI0  BBHICOTH I10J1€Ta:
curHan kyH ocyliecTBiseT 3aMblKaHHe CHCTeMBI [O KoopiauHarte H,
curHan kyH — nemndupoBanue CHCTEMbl 10 KOOpAuHAaTe /I, a CUTHAJ
kg wH/p mpunaer cucTeMe acTaTHYeCKUe CBOHCTBA.

Jns Hexoropuix THMOB JIA Heo6XOJUMO Ha ONpejeseHHLIX ydacT-
KaxX TPaeKTOpPHH cTaGH/IH3UPOBATh CKOPOCTb NOJieTa, YHcao M u T. m.

MaHeBpupOBaHHe caMoJieTa B TODH30HTA/JIbHOH IJIOCKOCTH OGBIYHO
OCYLIeCTBJISIETCSI IyTeM CO3JaHHs yrja KpeHa. Ecim pasBopor xeuaa-
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TeJBLHO COBEPLIHTL 6e3 moTe-
pH BEICOTHI IIOJIETa, TO 3TO
OCYLLECTBACTCA CJAEAYIOUIHM
obpasom. M3 kanajga Kypca
[OCTYIldeT CHUTHAJ Y; B KaHal
KpeHa AJs CO3AaHuA Tpebye-
MOTO yIJla KpeHa M B KaHaj
TaHraxa @ JJIs yBeJUueHHS
yria arakd. Takum ofpasow,
OcymeCTBﬂﬂeTCH B3aHMOCB33b Puc, 3.5. CTpyKTypHas cxeMa aBTONMJOTA TaHraxa
BCEeX TPEX KaHaJIOB YE€PE3 aB-  co crabmausauueii BHICOTH MoneTa

TONHMJIOT. YBeJHYeHHe yriaa ‘

aTakd OPHBOAMT K YBEJHUEHUIO NOLBbEMHON CHJBI IO TAKOTO 3HAaYeHHd,
npu KOTOPOM BepTHKaJbHas Yy cocTaBjsiollass NOXLeMHOH CHJH Y,
JIOCTATOYHA JJIA TOAAEPXKAaHUS TOPH3OHTaJbHOro mojera: (=Y,=—
=Y, cosy. Benuuuna ropusoHTasbEOH Y. cocraBiasiioliell I10ABEMHON
CHJIBI TIpH 3TOM Oyner paBHa Y=Y, siny. M3 nociacaHux aByxX cooT-
HOUIGHHH HaHJeM BeJHUHHY yIpaBJisioouweil cuiasl JIA B ropusoHTanb-
HoH nJjockoctu Y= G tg vy, BeIpaxeHHYIO uepe3 CcHAY TsKecTH. I3
370l QOpPMYJIBl CAEeLYyeT, UTO MaHEBPHl B TOPH3OHTAJbHOH IJIOCKOCTH
MOTYT OCYLIECTBJATBLCA CTOJb XK€ CTPEMHUTENLHO, YTO M B BEPTHKAJb-
HO¥M mJockecTH. Hampumep, npu y=45° BesnuuHa ynpasJdmoolleil CH-
Jibl B TOPU3OHTAJLHOH TJIOCKOCTH Y JHOCTHTAeT CHJIBL TSXKECTH.

[Ipu skcunyaranuu JIA, KOrga KpeH HeJONYyCTHM, HampuMmep, MpH
reofle3NUecKHX ChbeMKaxX PasBoOpoOT BeKropa ckopoctd JIA B ropusos-
TaJ/IbHOH MJIOCKOCTH NMPHXOIMTCS OCYLIECTBJSATDH 3a CUET CO3AaHHA yria
CKOJIbXKEHHS] IyTeM OTKJOHEHHsl pPy/f HamnpasjeHHs (cM. npumep 2 B
. 7).

3.4. OBUIHE BONPOCHI MOCTPOEHHUSA
ABTONMHUJIIOTOB

Ilonsartue o pacwuupernom
00beKTe ynpaBlieHUsl

Ilpn HeKoOTOpPBHIX MeTOAAX CHHTe3a ONTUMAJbHBLIX CHCTEM VIPaBJeHHS
NPHUXOZUTCS BBOLHUTH IOHATHE «PACIIHPEHHBIH» O0GBEKT yNpaBJeHHS.

YaCTHOCTH, pacuivpeHle OObEKTa YNUPAaBJEHHS OCYLIECTAJIseTcs 3a
CYEeT BKJIOYEeHHUsI HCIONHUTENBHOTO YCTPOUCTBA, HEKOTOPHIX K3MEPHTENb-
HBIX cHCTeM, HHEPLHOHHOCTb KOTOPBIX KEJATeJbHO yUeCTb, B OOBEKT
yupasjenus. Ilpu sTOM onTHMaJbHOE YIpaBJeHHE OTHICKMBAeTCHd Kak
Ge3biHepIHOHHOE, HATPHMep, B BUAE CHCTEMBI OTPHIATEJbHHIX 06paT-
HBIX cBf3ell; Ugxy=—LX, rie X — BeKTOD COCTOSIHHS pacCIIHPEHHOrO
00bekTa, a L — Marpuunblii KO3hDHUIUEHT yCHIeHHS (CM. I 4).

IToctpoum paciuupeHublfi OGBEKT yNpaB/ieHHs Js TIPOLOJbHOTO
KaHasa, onnceiBaeMoro cucreMoi (3.23).

Hckarouas npomesxyTouHble IepeMeHHBIe B TPYINe ypaBHEHHH CHC-
TeMbr (3.23), onucHBaKOWHEX pabOTy PYJeBOrO TpaKTa |CPABHHTDL C
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ypaBHeHueM (3.14)], npeacraBum (3.23) B nmpe)nosnoxKeHHH Oe3blHEpIH-
OHHOCTH CYMMHPYVIOIIETO YCHJHTE]S M YCHJIHTEJNS MOLIHOCTH B BHJIE

(PP -a1p) 8+ a0 =agd,+ M, 1/ ,;

Po—aa=Y /mVy uy=kcrd; $—0—a=0;

(T3 P2+ 2T p+ 1y =ky §; (3. 24)
(Torp? + 2T prp+1) 8, = k1o,

O = — Uy — Uy Uy

B cucreme (3.24) npennocsnenree ypaBHeHHe ONHCEIBaeT palboTy
pPyJleBOro TpaKTa aBTOIIHJIOTA. ’

[Tpencraeum ypaBHeHue (3.24) B Bune
(PP ayp) ¥4 ayo=asd,+ M,./J;

pi—aga=Y mVy 3 —0—a=0; (3. 24a)
(Thep?+ %Tprp 1) 0, = kprityy; Up= — L X;
uy=kerd; uy =k . (3. 246)

[Tepsule ueThipe ypaBHeHHSI cHCTeMH! (3.24a) OMHCHIBAIOT pacllH-
PCHHBIH OOBEKT YNpaBJEHUS, a NOcJeJHee YpaBHEHHC 3a/aeT 3aKOH
ynpaBJieHHsI B (YHKIUHU BeKTOpa (DA30BOTO COCTOSHHSL PpACUIHPEHHOTO
obbeKra X. ¥YpaBHeHus (3.246) omuceiBaroT paboty Ge3bIHEPLHOHHOIO
uaMepurens. [Ipumep cuHTe3a aBTOMHJIOTA METONOM MOZLANBHOTO YII-
paBJICHHST H aHAJHTHYECKOrO0 KOHCTPYHPOBAHHA NpHBeAeM B Il 4 U 5.

Ilepenarounbie yucaa. OrpaHnyeHHe BeJTMYUHBI CHTHAJIOB

3HaueHHs, XapaKTePH3yIOLlHe OTHOLIEHHE B VCTAHOBHBILIEMCS COCTOS-
HHH BeJIHYHHBI yIJia OTKJOHEHHS ynpaBJ/fIolled NOBepXHOCTH K BeJHUH-
He KOODJHHAT, HanpuMmep, vy, g, &, y, ), H, H, H[p 1 1p., #aseBaiorcs
nepelaTOYHBIMH 4HMcaaMu aBTonusoTa. IIpu 3ajganHHoll CTpyKType pac-
YyeT aBTONMJIOTA CBOJHTCS B 3HAUHTE/JIbHOH CTelleHH K BBIOOPY BCJIMYHH
nepefaTOUHLIX uuces. [IpH 9TOM Bax<HBI He TOJNHKO BCJIHYHMHBI KO3(phH-
IIMEeHTOB, HO H HX B3aHMHOe cooTHolleHHe. [lofiCHUM MOC.lefHee yT-
BepuAeHHe. TIycTh O/ HEKOTOPOIOo AaBTOMMJOTA B YCTAaHOBHBIIEMCS

COCTOSIHUH nMeeM Op= —R9s0—Fk; 0. Ecin koodoua.ient £y caumkom

60/1bIION, TOTAA NPH HEKOTOPOM BO3MOXKHOM 3HaucHUM U=, BeJHYHHA
k* 0; OyzeT HACTONIBLKO BeJNHKA, YTO PYJb JSKET Ha ynop (KaHana «3a-

Out» curuajom ky), To XoTA AeMnduposaline OyAer Xopouiee, HO
pearupoBaTh aBTONHJIOT HA CHrHaJj ked He OyleT. AHAJOrIYHO, eCcJaH
NPH BOZMOXKHOM 3HAueHuH $=17 ciruaa Rsd; 6yneT HACTO.TbKO BEJHK,
4TO IOJ JeHCTBUEM TOJbKO 3TOrO CUTHaJMa PyJb JsXKeT Ha YIop, TO He
6YLCT CO3AaBaThLCSI MOMEHT HCKYCCTBGHHOTO JleMNQWpPOBaHNS, UTO MO-
JKeT TMPHBECTH K KoJeGaTeJbHOCTH ¥ 1a)Ke HCYCTOHUHMBOCTYH CHCTCMBI.
Becp n1ana3oH BO3MOXKHOTO OTKJOHEHHS PYJas HYKHO pasyMHO pac-

NpeAeNNTb MEXKAY NMO3HUHOHHBIM CHTIIa/JIoM kg@ M ciursaioM kyd, Ko-
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TOPBIH NCIOJNB3YCTCS TS CO3/IaHNsT MOMEHTA HCKYCCTBEHHOTO NeMN(pH-
posanud. IIpaBuabHoe pacnpegesenie MO:KeT GLTh ZOCTHIHYTO MyTEM
palKOHaIbHOro Beidopa cooTHOWeHN ky/ky. Ecn B 3akor ynpas:ie-
HUs BXOTIST He 1Ba, a TpH K Gosee caaraeMblX [cM., Hanpumep, GopMmy-
ay (3.21}], To pacnosiaracMpiii yrost OTKJICHCHHS PYasl BHICOTBI  COOT-
BETCTBYIOUIHM 06DpasoM paclpe/lesicTCs MEKAY BCCMH COCTABJAAIOLLH-
MM CHTHaJa, KOTOPble MOTYT HOCTYIHTL CJIHOBDEMEHIIO Ha BXOJ, pyJe-
poro Tpaxkta apronuaora. HeoSxoanMo MMeTh B BUAY, UTO DyJesoll
TpHBOA MOXSCT BOATH B aBTOKO.1€0aTeNLHBIA PexHM NpH 00JblIIX KO-
3¢ HUHEHTAX YCHACHUS H3-3a HEJHHCHEOCTH B HEM.

OnHaxo He BCerja BO3MOXKHO Ii I1es1cco06pa3Ho BLIOHPAThL KOadDdHH-
1IMeHTE!, PYKOBC/JCTBYSICh M3JioxKeHHLIM. HMHOrza :xejateanHo, uTOOLL
k03P HIHeHTH Ry M ky OLIIM JOCTATOUYHO BCJMKH, BAXKHO, Hampumep,

yTo6LI [IPK MaJIOM OTKJIOHCHMH yrig & curiiad kg® Obi1 Obl  yKe JOC-
TAaTOYHO OOJIBLINHM JJIf TAPHPOBAHNUS BO3HHKAIOIEIO BN3MYIIEHHI.
B TakoM ciayyae orpaHHuelilie MaKCHMAJbHOrO 3HAUYEHKS Clriiaja IIo
Kaxpoil cocrasasiouleii ks, ky®, ky u IpyruM MOXXHO JOCTHTHYTb
myTeM BBEJEHHS JHHEHHOro 3BeHAa C HaCblieHHeM B 3THX KaHaJjax:
TIPH MaJIbIX OTKJIOHEHHSIX KOOPAMHATH X;({=1, vy, &, [/ U T. K.) 3a cyer
BbI6OpA DOCTATOYHO GOJIBIIOr0 KO3(GhHIHEHTa aBTONHJIOTA R; MOMKHO
OLICTPO CBECTH paccorjacoBaHie MO KoopauHaTe x; K Hymo. C apy-
TOH CTOPOHB, TNpPH OOJBUINX OTKJOHEHHSX MO KOOpAHHATE X; pyJe-
BOJ TPaKT He OymeT «3abUT» CUTHANOM k;X;, TaK KaK ero Bei1MUYHHA Or-
paHuyeHa 3HaueHHeM (R;X;)max NYTEM BBEAEHHS HENUKETHOCTH THIA
Haceilenus. Takum o6pasoM, JMHeHdHBI aBTOMHJIOT, OXHZ MJIH He-
CKOJIBKO KOODJHHAT KOTOPOTO BBIIIJIH HAa OrpaHHueHHe, CTAHOBUTCS He-
JueefniM. i YIOBJETBOPEHHS TeXHUYECKHM TpeOOBaHMAM HeH3-
©O€KHO NMPHUXOAAT K TOI WJH HHO#l cXeMe aBTOMHJOTA M, B UdCTHOCTH, K
BeJIHUHHE MAaKCHMAaJIbHOTO 3HAUEHHSI CUrHaJja R x; MO KaX.[oH KOoOpIu-
Hare. [Ipu 3TOM, pasyMeercs, OYIYyT NPOBEACHBI COOTZETCTBY IOLHE pac-
YeThl CHCTEMBI HAa YCTOHUHBOCTb, KAauecTBO IIEPEXOJHOro mpolecea,
OpICTPOIEHCTBHE U T. II. C MOCACAYIOUIHM MAaTeMATHUECKHUM H HATyPHBIM
MoneanpoBanueM. B mporecce ¢GyHKIHNOHMDOBAHHS CINHCALHBIE BBILIE
JIHHCHHBIC aBTOMUJIOTHL MOTYT BHIXOAHTH HA OrPaHHUEHHS IO Yray d

OTKJIOHEHHS PYJs U ero Npou3BOAHON 6. Brixom mo koopanHate § Ha
OrpaHHyeHUe NPOUCXOJUT H3-3a OTDAHHUYEHHOH MOILHOCTH [yJIeBOH Ma-
WHHEL. 3 KOHCTPYKTHBHBEIX H a9pOJHHAMHYECKHX COO0paKeHuil mpHxo-
JHUTCS TaKyKe OTPaHHUYHBATH M YrOJ OTKJIOHEHHS YIPABJISIOLEH TOBepX-
HocTH. MIMeloT orpaHUUCHUSA H JpPYrHe 3JeMeHTH aBTONHJIOTA: YCHJIHTe-
JIM, npeo6pa3oBaTesqH MOIIHOCTH U Ap. I109TOMYy aBTOMH/IOTEI MOXKHO
CYHTATh JHHEHHBIMH TOJBKO NIPH HEKOTOPLIX 3HAUYCHUAX CHTHAJIOB YIIPaB-
JICHHS U BeJMYHH BO3MYILAIOMMUX CHJI. [IpH NpeBbllIeHHH 3THX 3HAYEHHH
HEeKOTOpBle KOODAHHATLI aBTONHJIOTA BBLIXOAAT Ha OrDaHHUYEHHS H aBTO-
THIOT CTAaHOBHTCS HEJNHHEIHBIM.

ABTONHJIOT MOXKHO IPOEKTHPOBATh H KK HEJHHEHHDI TyTeM BBee-
HHS HenuHefiHbIX 3/eMeHTOB. HesnHeliHEIe 3/1eMEHTE, B YaCTHOCTH, pe-
JIefiHble 3BeHbst B KOHTYpe AL, MOTYT CyLIECTBEHHO YJIYYII:IThb HEKOTO-
PHle nokasaresnn ero paGoThl, CAe1aTh €r0 aAANTHBHBIM.
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o) qepexone K ‘aJanTHBHLIM ABTOINUJAOTAM

CoBpeMenHble JIA seTaloT B IUKPOKOM AHANA30HE CKOPOCTEH H BHICOT,
OT KOTOPEIX B SIBHOM H HeSIBHOM BHJe 3aBHCSIT BCE AHlIaMHUSCKHE KO3(h-
¢unueHTsl. B npouecce nosera H3MeHSIOTCS TaKXKe MOMEHTEl HMHEDLH,
reoMerpust JIA, oTHesnsI0TCA 374eMeHTH KOHCTpYKUUH JIA, cyiecTBeHHO
H3MEeHSIeTCS Macca U pacrnosioxerue ueHrpa Mace JIA. Moryr, Hakouen,
OTZHeJATECA Lesble cTyneHH JIA, HO B 3TOM ciydyae OOBIUHO yNpaBJeHHe
NepexoJUT Ha ADYyrde yNpaBJsIOLIHE MOBEPXHOCTH H HCIONHHTENbHBIE
LBUraTesH; nepexod Ha paboTy APYroil CTYNMEeHH MOXKHO paccMaTPHBATh
U Kak nepexox Ha pabory apyroro apronusora. OxkasbiBaercd, HeBO3-
MOKHO He TOJIbKO YJIOBJIETBODHTH BCe TeXHHYeCKHe TpebOOBaHHSA, HN
axke 06ecreyHTbh YCTOHUHMBOCTb CHCTEMBbl B paMKaxX paccMaTpHBac-
MBIX BBILIE CTPYKTYP, €CJIH TapaMeTpsl aBTONHJI0TA CUNTATh MOCTOSHHEL-
MH. UTo6Bl aBTONMJIOTHE paboTasin YAOBJICTBOPHTENBHO HA BCEX PeXKH-
Max IoJsieTa, He0OOXOAUMO KO3 GHIHMEHTH U Laxe CTPYKTYpYy NpHBELEH-
HBIX BBIILE CXeM H3MEHATDb B IPOLIECCe 10JeTa HJH CO3AaBaTh ClelHalb-
Hble CXeMBl, crioco6HbIe TpuAaBaTh cucreMe JIA + ATl ananTusHbIC CBOH-
CTBAa B paMKaXx KECTKOH CTPYKTyphl. BrepBble mpoliecc nepeHacTpoiku
aBTONMJIOTA B MoJieTe ObLT OCYILECTBJEH MyTeM H3MeHEHHS Ko3(dHUH-
€HTa YCHJIEHHS OTPHIATeJbHOH 0O6paTHON CBSA3H ko B PY/1e30M TDaKTe
10 CHTHaJy C JaTyHKa CKOpOCTHOro Hamopa. IlepeHactpofixa ko, NpH-
BOAMUT K H3MEHGHHIO KO3(P(hHUUHEHTa VCHJIEHHS pVYJIEBUr0 TPaKTa
kpr=Fkcmy kym kpm/(1-+ kcmy kymkem &) {cm. - dopmyvay (3.14)]
1 Ko3(p(HUMEHTA YCHJIEHHUS aBTONHJIOTAa B Pa30OMKHYTOM COCTOSHHH.
Ecnn kos3dduuMeHT ycHIEHHS PYJIEBOrO TpaKTa B Pa30OMKHYTOM cOC-

TostHuu  Komy kym kem By > 1, TO kpr=~Fko, T.e. NpH H3MeHeHUI
Ro.c B HECKOJIBKO pa3 INPAKTHUECKH BO CTOJBKO K€ pa3 H3M2HsIeTcsi KO-
3 @HULHERT kpr, @ CIEL0BATENBHO, KOS(M(ULUEHT YCHJIEHUA BCCH CHC-
TeMBl JIA+AIl B pa30MKHYTOM COCTOSIHHH. 3THM METOLOM YIAaercs Cy-
LIECTBEHHO YJYUYHINTh PabOTy aBTONHJIOTA HA «BSAJEIX» pexumax (¢=
=0,50V2 — MaJji0) nyTeM yMeHbIUEHHS Ko, UYTO OIPHBOAHT K yBeJIHYe-

HHIO kpr=Foe U Ko3(ppHuLMeHTa yCU/IeHUsT aBTONU/I0Ta B PA3OMKHYTOM
cocrosiH#H. Haobopor, npu 6o/bUINX CKODOCTHBIX Hamopa: Ko3(pbu-
HHeHT ycuienus JIA pesko Bo3dpacrtaer. UTo6wl cHCTeMa ocTajach yc-
TOHYHMBOH, HEO6XOAUMO KO3(D(DHUHEHT aBTONHJIOTA YMEHbIUINTh, JIS Ue-
ro HeOOXOJIUMO KO3(D(DUUHEHT ko YBEJIHUHTh. DTOT METOJL MO3BOJSIET
3HAUYHUTEJbHO CTaOMIH3UPOBATH LHHAMHYECKHE XapaKTeDPUCTHKH CHC-
teMmbl JIA+AIl. OnHako npH H3MeHeHHH KO3(pQHIHEHTA RpT ONHOBpe-
MEHHO H-DaBHOMEDHO H3MEHSIOTCS BCe MepeAaTOUHble YHCJI2 aBTONMHJIO-
T4, T. €. OTHOIIeHHe KO3((HINEHTOB aBTONHJIOTA Ha PpasjHYdbIX pe-
}KHUMaXx ocTaercs HeH3MeHHBIM. KpoMme TOro, mocTosiHiast BpeMcHH Bcel
cucreMbl JIA+ ATl BciencTBHe H3MEHEHHS MOCTOSIHHON BpeMenu JIA
TaKKe H3MEHsIeTCs B Mpoliecce MoJeTa, a NOACTPOHKOA KO (PphULHEHT
VCHJIGHHS] HEBO3MOXKHO MOBJHATH HA 3HAUCHHUC MOCTOSIHHBIX BPEMEHH.
Bce 310 mpuBeso K HEOOXOAHMOCTH CHHTE3a aBTOMHJIOTOB, KOTOPhie OB
OJHHAKOBO Xopouo pafoTanu Ha Bcex pexumax nojera JIA. Takue
CXeMbl aBTONMJIOTOB OblJH pa3pabOTaHBl H OHU NMOJYUYHJIM Ha3BaHHE
aJlanTHBHBIX, CAMOHACTPAUBAIOIINXCH.
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3.5. PABOTA ABTOITHJIOTA

B kauecTBe npuMepa paccMoTpuM paboty aBronusora AlIT-15. Apronu-
got AIl-15 npennasHadeH AJsT aBTOMATHUYECKOrO NHJIOTHPOBAHHS Ts-
JKeJIBIX CaMOJIETOB H BBLINOJHSAET cjeiyloliive 3agaud: 1) craGuiusa-
LHIO CaMOJIETAa OTHOCHTEJBHO TpeX CBS3aHHBIX oced; 2) cTabH/IM3aLHIo
BBICOTHI TIOJIeTa; 3) BBIAEPXKMBaHME 3a/aHHONO KOMIIACHOTO Kypca;
4) ocyllecTBJeHHe KOODAHHHPOBAHHOIO pa3BopoTa, HaGopa BBICOTHI,
NJaHMPOBAHUS M HEKOTOPHIX APYrHX omepaluii.

dynkuMoOHaNbHas cXeMa aBTONMJIOTA NPEACTaBJeHa Ha pHc. 3.6.
ABTOIUJIOT SBJIAETCA MOJHOCTBIO 3JE€KTPHUCCKHM H COCTOUT U3 CJIELYIO-
KX YCTPOHCTB: rupockonuyeckoil mnatgopmel (I'I1) (cM. Takxke puc.
2.9), 6aoka memnoupyromux rupockonos (AYC), KoppekTopa BHICOTHI
(KB), ycuaurenss (Y) pynaessix Mawud (PM) u mysabra yopasieHus c
KOMIIJIEKTOM YCTPONCTB [/l BU3YaJbLHBIX HaOJIOAeHHI 3a IpaBHJbHO-
CTbIO pabOTHl aBTOMHJIOTA H 32 OpPHEHTallHel caMoJsieTa B MPOCTPAHCTBE.

ABTONUJIOT ABISETCS aCTATHYECKHM BCJEICTBHE BBEJEHHS TMOKOM
OTPHILATE/IBHOI 00PATHOMN CBA3H B PyJIEBOM TPAKTE, a I0TOMY B YCTaHO-
BUBIIEMCSL COCTOSIHMH OyneM uMeTh O=~R.x+k;x+k:x, ric x — ogHa
H3 YrJIOBHIX KoopauHat (&, ¢, yv). CHrHaJB], NMPOMOPILHOHAIbHbIE YIJIO-
BOMY OTKJIOHeHHIO camoJgera (&, ¢, y), CHUMalTCs ¢ rupoarperara —
TPEXCTENEHHOH CHJIOBOH KODPeKTHpyeMo# rHpopaMel (cM. puc. 2.9).
CHrHasbl, NPONOPLHOHAbHBLIE YIVIOBLIM CKOPOCTSIM, CHHM2:0TCS C IIO-
TEHIIMOMETPHUECKHX, & CHTHAJbI, NIPONOPLUHOHAJIbHBEIE YIJIOSHIM YCKOpe-
HHUSM, — C MHAYKUHOHHBIX JaTYHKOB JeMIQHPYIOIIUX TrUPOCKOIOB
(AYCoB). KoppeKTop BLICOTH BbIAAeT CHUTHAJ, MPONOPLIOHAJbHEIR
OTKJIOHEHHIO BEICOTHI II0JIeTa CaM0oJieTa OT 3aJaHHOM.

b
On

tamonem

|
i

:’Hc. 3.6. dynkuuoHanbHas cxema ATI-15 B pemume cTaOMIM3aUMH NPAMOJMHeHHOro FOPH3OHTaNb~
Oro mosera:

PM—pynenan MamuHa; TOOC—rubkasi orpuuaTesbHast o6paTHasi cBA3b; KB—KODDPEKTOD BLICOTHI;
J—mupyKkuuorHsii JaTIHK; Y—YCHAHTeNb pyJeBoro tpakra; ['Il—ruponaardopma
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B coorseTcTRHII CO CTPYKTYPHOIl cxoMOf, jioMeniernHol Ha puc. 3.6,
3aKOH OTKJIOHCHNHS VIPaBJAICIINX NOBEPXHOCTEH CcasMoJeTa B peKHUMe
craCuau3annn MPAMOJHHEHOr0 TOPH2OHTAMBHOrO MojeTa 3anilieM B
BHJI?

Ba=Wo (p) [y (% — 8,4y & - fey D+ Bucn (H — H)]; |
8e=Wy (P) [y (b — )+ fey b+ Ay B
8, =Wy (p) [V + k; v +k1‘&],

rie G, Py W Hy— 3afaHuble 3HaUeHIST BeJNYHH COOTBETCTRYIOUIIX KO-
opauHat;, Ws(p), We(p), Wy (p) — nepepatounsie PVHRIFE PYJIEBBIX
TPaAKTOB COOTBETCTHEHHO KaHAJOB Talraxa, Kypca, kpena; k; (i=
=KB, O, ¥ ¢ 11 Ap.) — K0IQPHIHUCHTE YCHICHIA (NMepefaTCwiLie UHC-
Jia) aBTOMHJOTA.

W3 npuBeAeHHEIX ypaBHEHHI aBTOMMJIOTA BUAHO, UTO NPH MPSMO-
JIMHEHHOM TOPHOHTAJILHOM TI0JETe KAHAJbl HE HMCIOT - CRA3H MEXKAY
co6oil U paboTalOT aBTOHOMHO.

Ynpasiaenule caMOJCTOM IO KYPCY OCVIICCTBJAACTCS TTYTCM CO3LaHIS
yraa kpeHa y. IIpH ocyuiecTrieHHU pa3BopoTa 6e3 CKOJbKEHHS H MHO-
‘Teph BBHICOTH B KaHaJ TAHrax)ka IOCLINAeTCs CHrHAJ ¢ KOppeKTopa BBI-
‘COTHl Ha yBeJHUEHUE MOABEMHON CHAB Y, A0 TaKOH BeJUYMHBI, YTOGHI
BepTHKaJbHasg COCTABJAIONAS NMOABCMHON cuibl Yg =Y, cosy ypaBHO-
BEUIHBaJa CHJIY TSXeCTH Yp=7Y, cos y=G=mg, a ropusonTaibHas —
HeHTpobexuyo cuny Y=Y, sin y=mVyw. Pasgenus mocnenHee coot-
HOLIEHHe Ha NpeAbIAylliee, HalileM

tg V=V, 0/g=Vi/Rg, (3.25)

rae Vp — nyreBas ckopocts JIA; R — panguyc Bupaxka. Ilocnennss
¢opMyJsa yCTaHAB/INBAET CBS3H MexKAY TpeOyeMBIM VIJIOM KpeHa AJs
COBEPUIEHHST BHpaxa’' ¢ YIJIOBOH CKOPOCTBIO M 3a[aHHOH CKODOCTBIO
nosiera. [Ipn KpeHe caMosieTa cHCTEMBl ypaBHEHHH, ONHCHIBZIOLIHE NTPO-
JoNnbHOe U G0KOBOe jABHKeHHe JIA, CTaHOBATCS B3aHMHO 3aBHCHMBIMH:

8y =W (p) [ (9 BAHT) cos V- g (05, —0..) + £ ]
8e=Wy (p) [y (0, — 0, )+ kpo, + ks (3+EAH) sin V];  (3.26)
3.9=WT (») [kT (Yu— Ys) + kT ’:')H_I_ kylvu]’

vae Y, Oy» Oz, oSyu, 0z, Y, —silaueHus YIJIOBOA CKOPOCTH M yCKOpe-
Huil, cvumaemele ¢ J1yCos, a 0y, Oz, Y, —3amaHHbIe YTJOBBIE CKO-
poctu u yroa. Ilpu stom o, =wcos?, o, =wsin¥, rae o—3afaHdas

yrioBasi cKopocTb pa3Bopora JIA, a ys-— coorBercrsyonice (tpebye-

Moe) 3HaueHHe yIyla KpeHa, KOTODble CBA3AHBI (YHKUHOHAJNbHOH 3aBU-

cuMocTbio (3.25), T. e. IpH KpeHe PasBoOpPOT C YIVIOBOH CKOPOCTHIO ®

l'}[}pHBOI[HT K BO3HHKHOBEH” YIJIOBBIX CKODOCTeH OTHOCHTE.BHO oOcefl
uZz.
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Puc. 3.7. ®PyHKUHOHANb-
pas CXeMa  TaHTeHCHOro
CYHCIHTES:

C—pYKOSITKa CKOPOCTH;
P—DYKOSTKa  DPa3BopoTa;
TC—TaHreHCHBIH  CUYHCJIH-
Telb P

YpaBHenusi (3.26) omuCHIBalOT KOODAMHHDOBAHHLII pa3BOPOT NpH
HEKOTOPBIX HONOJHHTENBHBEIX YCJIOBHSIX. YIpaBJeHHe KOODIHHHPOBAH-
HBIM Da3BOPOTOM OCYILECTBJSETCS PaclOJOXKeHHBIM B I'Hpoarperare
BHUPAXKHBIM MEXaHH3MOM, COCTOSIIIM H3 TaHTEHCHOTO CUHCJHTENS, KO-
OpAHHATHOTO Npeobpas3oBaTess, MagTHHKA CKOJBXCHHA H ABYX NepekK-
Jwovarenaed.

TaHreHcHBI CYHCAHTENb — 3TO Bpamawmuiics TpaHcdopmarop,
CTaTOp KOTOPOrO 3aKpellJieH HENMOJBHXKHO HAa BHPAXKHOM MeXaHH3Me,
a poTOp Ha BHeLIHeH paMKe ruponaaTdopmel (cM. puc. 2.9) H uMeer

onHy o6motky (puc. 3.7). Ha o6motky I CTatopa IOJaeTcst CHIHAN C Py-
KOSITKH pa3BopoTa P, IponopuHOHAabKBI TpeOyeMol YIIOBOH CKOPOCTH
BHpaxa w, a Ha o6MOTKY Il momaercs curuajg ¢ pykoarku ~kopoctu C,
nponopuuoxanbubit g/Vy. Ilpy stom B oOMoTKe poropa TfaHchOpPMH-
pyeTcsl HalpsixKeHHe, KOTOPOe MOCTYIAeT B PYJCBOH TPAKT KaHaJja Kpe-
Ha. CaMoJieT HauyHHAET KPEHHUTHLCS, 3HAUEHHe HHIYKNVOHHOIO TOKa B
porope onpenensierca ¢opmyaoit: [=~k(w cos y—g siny/Vy), rme
k ® cos y — 3HaucHHe TOKA, HEAYLHPOBAHHOrO MepBo#, a kg sin y/Vy —
BTOpPOil 06MOTKO# craTopa. OueBH/HO, B YCTAHOBHBUIEMCSI COCTOSIHHH
6yneM uMmeTh o cos y—g siny/Vp=0, orkyza HaxozkMm, drto tgy=
=V5w/g, T. e. TAHTeHCHBIH CYHCJIHTENb peaju3yeT 3UBHCHMOCTH
(3.25). Bo BpeMsi pa3BOpOTa OTKJIOYaeTCs KYPCOBOH TMPCCKOM M CHC-
TeMa KOppeKUuu rupopambl. OTKIIOYeHHe CHCTeMbl KOPDEKLHH BEI3Ba-
HO TeM, YTO YXOZA FHPOCKONA 33 BpPEeMST OCYLIECTBJIEHHS BkDaxa H3-3a
nucOaJjiaHca W TPEeHHUS Melblie ee yX0Aa IHOJ AeHCTBHEM CHCTEMBI KOp-
PEKLHH K JIOXKHO1 BEPTHKAJIH.

ITpy HeTOYHOM M3MepeHHH BeJHYHHBl HCTHHHOH CKODOCTH MOJeTa
Oyner BO3HHKATh CKOJIbXKEHHE, UTO BBI30OBET OTKJOHEHHe SKOpS Masrt-
HUKa CKOJIbXKEeHHsI B COOTBETCTBYIOILYIO CTOPOHY (cM. puc. 2.9, mos.
BM). CuuMaeMblii ¢ MasiTHHKa CHTHAJ [OCTYNaeT B KaHaJ KpeHa IJIst
OTKJIOHEHHS 3JIePOHOB, YTOOLI N30aBHTBLCS OT CKOJIBNKCHHS.

l'uponsnardopma siBAseTCS TPEXCTEIICHHOH KOPPEKTHPYEMOH CHJIO-
Bol. Ocu ruponaatGopmMsl U, z, U SBJAATCH ocaMmil usMeperus. Co6er-
BeHHO msaTdopma YCTaRaBIMBACTCS TOPH3OHTAILHO M €€ OCh Bpalle-
HHUST yKpenJsieHa BO BHYTPEeHHel paMKe H COBNajacT C BEPTHKAJBIO MECTa
(cM. puc. 2. 9). Ocb BHyTpeHHeH pPaMKH 4 pacloJjioXKeHa TOPU30HTAJb-
HO ¥ HampaBJieHa MepNeHIUKYJNAPHO IJIOCKOCTH CHMMETDHH CcaMoJieTa
(o cBsizanuoit ocu OZ camoJsieTa), OChb BHeEIIHeld PaMKH v mapaJesb-
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Ha TIpOJOJIBHOM OCH camoJsieTa H KDeNHTCA B KOpIyce TrHpoarperara,
Ha rupomsiargopme ycranosaeso tpu rupocxkona A, B, C, KOTOphe
HMeIOT J(B€ CTCNCHH CBOOOALI OTHOCHTEILHO TJIAaThOPMBI H BMECTe ¢
naaT@OpMOH MOryT BpallaThCs OTHOCHTEJNLHO OCefl H3MEepeHHud 2, v, u.
Ocu BpalleHHsT POTOPOB BCEX THPOCKONOB PAacCHO/OXKEHBl TOPH3OHTANb-
HO, IPH 3TOM OCH rUpocKonoB B u C B3aHMHO NMEPIEeHIUKYJISPHE], a OCh
rupockona A pacnosioxeHa 1oj yraoM 135° K Kaxk ol U3 oceit TUPOCKO-
nos B n C. Ocu npenieccun rupockonoB B u C pacoosoxeHb BepTH-
KaJbHO, a Tupockona A — ropusoHranasHo. ['Hpockon A ofecneunBaer
Pasrpy3ky OCH H3MepeHHsS 2 H KODPEKLHIO THPOpaMbl B a3HMyTe IO
curiaay c komnaca. I'npockonsl B u C craduausupytor naatdopMmy B
TOPH30NTE. ' .

Ha ocsax npeleccuu rHpoCKONOB YKpeNJieHbl UyBCTBUTE/IbHBIE 3Jle-
MEHTBI, KOTOPbIe BLIAAIOT CUT'HAJ NPH HEMepNeHANKYJIPHOCTH OCH Bpa-
IleHUsl poTopa K COOCTBEHHOH paMKe [Js Pa3TPy3KH Ocell H3MepeHHs
pasrpysouneiMu gBurarensmu M1, M2, M3. ITox neficTBeM MOMEHTOB,
BO3HHKAIOUIUX B MOMEHTHBIX NATUHKaX IO CHrHAJ/JaM, NMOCTYNAOWHUM C
KHAKOCTHBIX nepeksioyatesed I11 u I12 1 komnaca, rupopaMa yAepxH-
BAeTCs B FOPH30HTAJBHOM IOJIOXKCHHH M 3aJaHHOM a3HMyTe: THPOCKOI
A crabunusupyer niaatdopMy B a3UMYTe, T. €. CTAOHIU3UPYET OTHOCH-
TEJIbHO OCH 2, a THpPOocKons B u C cTaGuUIH3HPYIOT B TOPH3OHTAJNbHOM
IJIOCKOCTH, NPH 3TOM THPOCKoN B crabunusupyer maatdopMy OTHOCH-
‘TeJIbHO OCH v, a riupockon C — ocH u. [Iponeccr craduausauuu nsaar-
pOPMBI OTHOCHTENbHO KaxXKJOH H3 Ocell MAEHTHYHBI H B CYIIHOCTH COB-
MajamT ¢ ONUCAaHUeM pabOTH OZHOOCHOH CHJIOBOH KOPP2KTHpPyeMOH
rupopaMul (cM. pasn. 2.8). Ho npu BHpaxke paGora KaxKAo™0 KaHaja
3aBHCHT OT APYIrHUX KaHauoB [cM. cucremy (3.26)]. TIpeofipasoBarenb
koopauHar I1K ocyuiectTBisieT mepepacnpele/eHHe CUTHaJdB OT THPO-
ckonoB B u C Ha pasrpy3ounrle nsuratean M1 u M2.

Harupku JIT1, JI12, JII13, yKkpensaeHHEIe Ha OCAX H3MepeHHd v, U,
2, BBILAIOT CUTHAJBI, IPOIOPLHOHAJLHEIE YTJIOBEIM OTKJIOHEHHSIM CaMo-
JIeTa COOTBETCTBEHHO IO KPEHY vy, TaHraxy ¥ u Kypcy .



T'rasa 4

VIIPABJISSEMOCTb 1 HABJIIOJJAEMOCTb
JIMHEVMHDBIX CTALIMOHAPHBIX CMCTEM.
MOJAJIBHOE VIIPABJIEHHE

4.1, YIIPABJSEMOCTDb JIMHEHWHDIX
CTALLHOHAPHBIX CHCTEM

[ToHATHSI YOpaBJAsSeMOCTH M HAGJI0LaeMOCTH CHCTEMBl BBEJEHHI CpaB-

HUTENbHO HelaBHO, OJHAKO OHH IOJYy4YaloT Bce GOJbllee pacupocTpaHe-

uue. Hike 31 moustuss 6yAyT paccMoTpeHbl Aas cicteMul JIA 4 ATT.
PaccmorpuMm cucreMy

x=Ax-Bu, (4.1)

rae X*=(xy, ..., Xp) — BEKTOp COCTOAHHSA; UT= (4y,..., 4ym) — BeK-
TOp ympaBJjeHus; A U B — moCTOSHHBIZ MaTpHUB pPa3sMepHOCTH
nXn u nXm coorBercrBenno. Cucrema (4.1) noaroctoro ynpasisema,
ecau s J06bIX ToyeK X, x! ($a30BOro mpocTpaHcTsa R™ CyliecTByeT
orpaHuueHHoe ynpasieHue u=u(f), 0<C{<Cf), nmepeBoAsilllee CHUCTEMY
(4.1) 3a xouneunoe Bpems u3 cocrosinug X(0) =x° B cocrosune x(f) =
=x!, 1. e. pewenye x(¢), 0<Cf<<f; cucremnr (4.1) mnpn u=u(?),
0<<{<Ct) u navasnbHoM ycuoBuH X (0) =x° rakoBo, uto X (#;) =x!. Ume-
€T MeCTO CJAeNYIOLIUil Kpurepuii ynpagasemocru: cucrema (4.1) sBas-
€TCs [OJHOCTBIO YIpaBjsieMOH TOTZa ¥ TOJNBKO TOTJa, KOrja MaTpHuila

[B, AB, A’B,..., A»—1B] (4.2)

Pa3MmepHOCTH 1 X nm UMeeT PaHr n.

Paccmorpum npuMep mosHocTbio ynpasisieMoit cucreMb JIA+ AT,
KOTOpasi MOXKeT OBITh OMHMCAHA JIHHEIIHBIM CTAIlHOHADPHLIM ypaBHEHHEM
n-To nopsiaxka

n—1
2 fax" Vb g =u, (4.3)
Ille u;R! — cKaJApHOE yIpaBJIeHHe.
3anuiueM cucTeMy, SKBHBAJIEeHTHYIO YpaBHeHHIO (4.3), B caeayionieM

BHe:

Xi=Xojeees Xyo1=Xp} Xp=— QX1 —... — Q1 X, 1. 4.4)
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[Tokazkem, uto Marpuua (4.2) B IaHHOM c/aydyae HMeeT PaHr n, a
3HauuT, cucteMa (4.4) NOJHOCTHIO ynpaBisieMas. 3aMHIICM MaTPUILLL
A u B nas cucremnr (4.4)

I 0 1 0 0 7 107
0 0 1 0 0
A= . . . . | B=| .
0 0 0 1 0
L —a, —Qp 1 —Qp— ... —ay1 L1 4
Briuncnum marpunst AB, ..., AB, Bxonsmue B (4.2):
- -0 - 0
0
0
0 :
: : 0
AB= O' ; AZB=A (AB)= 0 yeers AFB = E
1
1 X
a1 :
1 | —ay+ail | |

rjie B BbIpaxeHud njsi A*B enunuua crour Ha (n—&)-oM MecTe, a
«KPeCTHKaMH» OTMeUYeHbl 3JeMEHTHl MaTPHIBl, TOYHLIE BHIPaKeHHUsS KO-
TOPHIX AJs Liesefl onpeleneHuss paHra Matpuubl (4.2) He CyLIeCTBeH-
ybl. CocraBnsisa matpuny (4.2), HafieM, YTO OHa HMeCT BUX

7O 0O 0. . 17
0 00.1X
01 x... X
11 x x ... x|

TaK YTO ee PaHT, OUEBUHO, PABEH f.

CBOHCTBO HOJIHOH YNpPaBJsSeMOCTH COXPaHSCTCS NPH JTUHCHHOM He-
BBIPOXK/ICHHOM npeobpas3oBannn nepeMeHHbX. BBeseM HOBLE MepeMeH-
upie (%, ..., Tn)=XT 10 popmyse Xx=Gx nin x=G~'x, rze G — npo-
H3BOJIbHAS HEBBIpONAeHIass Marpuua nXn. Ecin x= x(t) — pelreHue
cucreMnl (4.1), To nas x(¢) =Gx(f) nmeem

dx _ d dx -
—_— _— ——-'—_"G :-G G—l .
” = (Gx)=G — (Ax -+ Bu) (AG~x 4 Bu)

Taxum o6pasoM, B mepeMeHHBIX X cuctema (4.1) uMeeT BUL
x—=AX 4 Bu, A=GAG-!, B=GB. (4. 5)

Cucremsl (4.1) u (4.5) onmuCHIBAIOT OJHY H Ty ke (HU3HUECKVIO CHCTEMY
B pa3HbIX KOOPIHHATAX B MPOCTPAHCTBe R™ W NOTOMY OJAHOBPEMEHHO
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o6aanalor HJAH He 00/a7al0T CBOHCTBOM NOJHOH YNPaB/JseMOCTH. IT0
yTBEpAIEHHE MOKHO NMPOBEPHTH H YHCTO (opmansio, IpUMEHIIB KpHTE-
puil  yrpasJsieMOCTH (4.2). A wumenHo, AB= (GAG1)*GB=
__GAG-'GAG—! ... GAG-'GB=GAIGAI, .. IAIB=GA"B, ruge 1c-
[10J1b30BAHO f‘BOHCFBO o(,paTnon MaTpHILbI: G 1G=1 — eaunnunasa
matpuua nxn. Itosromy [B, A ., An-1B]=G[B, AB, ..., A»B]. Ho
rak xax Matpuua G — Hceblpoxmmmaﬂ, TO U3 TMOAYICHHOIC PABEHCTBA
CJACAYET, UTO MaTpPHLH [B, AR, ..., An-Bju [B, AB, ..., A*'B] umcior
OJHHAKOBBI{T pPaHTr, a 3HAYHT, creren (4.1) mn (4.5) o0Z40BpPEeMCHHO
[IOJHOCTBIO YIPaBIfgcMbl HJIH HCT.

4.2. MOOAJBHOE YIIPABJIEHHUE MPH ITOJTHOU l/lH‘bOPMAU,I/Il/I
O COCTOSiHHU CUCTEMBI

[IpuHLHN yOpaBJ/eHud 10 o6paTHOHl CBA3M JIEXKHT B OCHOB. BCeil aBTO-
MaTHKH. PaccMoTpuM JuHeliHoe ynpasiaenue u=—Lx cucremnr (4.1),
rge matpuia L BriGupaercst 4CXOASl M3 3a/faud yipaBseHus — COsia-
HHs HeoOXONHMOro 3amaca YCTOHUHBOCTH, BBIMOJHCHUS ONpeLesieHHBIX
Tpe0OBAHUE K KayecTBY IepeX0JHOro Ipouecca U T. II. 3aMKHYB CHCTe-
My (4.1} ¢ nomombio o6partHOil cBssW u=—LXx, mpugem k cucreme
Buga (puc. 4.1).

—(A —BL)x. (4.6)

‘B 3apauy cuHTe3a ynpaB/eHUS BXOJMT BbIOOD Takoi MaTpuun L,
KoTopasi obecrieunsia Obl HYXKHble CBOACTBA 3aMKHYTON cucrembl. Onun
M3 METOJIOB CHHTE€3a CHCTEMbl YIDABJEHHST 3aKJIouaeTcsi B HOAXOAS-
IIleM PacHOJIOKEHUH KOPHeH XapaKTePHCTHUECKOrO YPABHEHUS CHCTEMBbI
(4.6), 1. e. cobcTBeHHbIX 3HaueHHil matpuusl A — BL. Paccmorpum B
KauecTse mpuMepa CHCTeMy (4.4), skBUBaJNeHTHYI0 ypaBHeHHIO (4.3):
L1=Xg, ..., In1=Xn; Tn= —0nX;— ... —QXp+U;, U TONOKHM, YTO
SAKOH YNpPaBJICHHS HMECT CJICNYIOULHIT BHIL: wy=d,x,+d,_ 1x2+...—|—
+d,x,. HafileM xapaKTepHCTHUECKHH MHOTOYJIEH 3aMKHYTOH CHCTe-
Ml [IpeicTaBisia ynpaBieHHe u; B BHIE g —d, x,+d, 1%+

1 o
v +d "V u nogcrasasist B ypaBHeHHe (4.3), HafiieM YypaBHeHHe,
onuceiBarpollee nBHXKeHHe cucTeMbl JIA-4AIl B 3aMKHYTOM COCTOSIHHM:

XM (@ —d) "V ..+ (a, —d,) X, =0.
CaemoBarte/bHO, XapaKTePUCTHUECKHiI MHOrOueH ypaBHerns (4.3), a
Takxe U cucteMb (4.4) paBen A4 (2 AN 4 (g, —d,).

OCKOJILKY 3HayeHHS dy, . . ., dn MOXHO BHI-
6paTh MPOU3BONBHO, TO K09¢>¢muneHTaM
XapaKkTepHCTHYECKOTO MHOTOYJIEHa MOXKHO
Ipunarth J06ble NpeANUCAHHbIE 3HAYEHHS.

03TOMY  KODHH  XapaKTePHCTHYECKOro
YPaBHeHHsT MOTYT OBLITb PaCHOJIOXKEHBI IIPO-
H3BOJLHO HA  KOMIJIEKCHOH  IJIOCKOCTH

C OYeBHAHBLIM OIDAaHHYEHHEM, UTO KaXIo-

MYy KOMIVIEKCHOMY KOPHIO JOJIXKeH COOTBeT-

CTBOBATL ~KOMIUIEKCHO-CONIPSIKEHHBIH KO-  omey % CAPYKTYPHAR cxema 06w-



penb). OTMeueHHOe CBOHCTBO cHcTeMH (4.4) mpu OXHOM OrpaHiye-
HUH coxpaHseTcd W Hns cuctemsl (4.1) o6mero Buga. CnpaBemsnnBa
c/leyollasi TeopeMa.

Teopewma. Ilpexnonoxum, uto cucreMa x=Ax+Bu mnosHocTsIO
ynpaBJasieMasi, a ynpaBJjeHHe u Oepercsl B BHAE llenu 0OpPaTHOH CBSI3H:
u=—Lx, rxe L — nocrosinnas marpuua. Toraa xapaxTepucTHYECKHE
KODHH 3aMKHyTOl cucteMbl: X= (A — BL)X MoryTt GbITb IPOU3BOJIBHO
pasMelleHsl Ha KOMILIEKCHOH IJIOCKOCTH IpH MOAXOAsLeM BrGope
MaTpuubl L (npu orpaHnueHHH, UYTO KOMIJIEKCHBIE KODHH JOJI2KHBI
BCTPeyaThCsl KOMILIEKCHO-COTPSI2KEeHHBIMH apaMu).

dra TeopeMa CJAYXKHT OCHOBOI [Jsi TaK Ha3blBAEMOro  MOAAJbHOIO
YHpaBJ/eHKsl: MeTOA0B HOPMHUDPOBAHHUS lLieNell 0OpaTHLIX CBf3ell, NpUaa-
IOIINX 3aMKHYTOH CHCTeMe 3apaHee BEIOpAaHHOE PacClOJIOXKeHHe KOpHeH
XapaKTepHCTHYECKOTC ypaBHeHHd. B maHHOM pasjese peub HAET O MO-
JaJbHOM YIpPaBJieHHH NPH MOJHOH HHGOPMALHH O BEKTOPE X COCTOs-
HHUSI CHCTeMBbl, NIOCKOJIbKY peanu3alus 3aKOHa YIpaBjeHHs B Bule
u=Lx B03MOXKHa, KOTrJa Bce KOOPJHHAThl BEKTOPA COCTOSHHS MOTYT
OBITb TOYHO H3MEPEHHI.

XOTsl TeOpeTHYECKH KOPHH 3aMKHYTOH CHCTEMBbl MOXKHO Pa3MeCTHTb
IPOM3BOJILHO HAa KOMIJIEKCHOH ILJIOCKOCTH, T. e. ofecleyuTb Ji060e
GBICTPOJEHCTBHE CHCTEMBI, OJHAKO 3TO Hen30eXKHO IPHBEJET K YBeJHye-
HHIO aMITUTYJBl ynpasJasiollero Bo3felictBus. OnHako B J060H npak-
THYeCKOH 3ajaue aMIUIMTYJAa YIPaBJSIOILEro BO3JeHCTBHS OrpaHHye-
Ha, I03TOMY OTpaHHYeHO H Da3MellleHHe NOJIOCOB. B caenyromeit raa-
Be OyJeT pacCMOTPEH METOH IOCTPOeHHsI OOpaTHBHIX CBs3eH, ONTHMH-
3UPYIOLUMH HMHTerpasbHEIH KBaJpaTHUHBIH KPUTepH# KayecTBa, KOTO-
pBIl YYHTBHIBAaeT OLHOBPEMEHHO H CKOPOCTb IEpPeXOJHOro Ipoliecca,
H BEJIHYUHY aMIUIHTYIBl YIPAaBJISAIOIIEr0 BO3AEHCTBHS.

B xHurax mo MomasibHOMY ympaBJjeHHIo, Hanpumep, [12, 16], npexn-
JIATAlOTCsl pa3jiMyHble THIB «ONTHMAJBHOIO» pa3MelleHHs I0JI0COB
3aMKHYTON CHCTeMBl, HCCJELYeTCs KayecTBO COOTBETCTBYIOIHX Iepe-
XOAHBIX TMpolieccoB. B KayecTBe mpuMepa OTMETHM pacnpejesnnue bat-
TEepPBOPTa, IIPH KOTOPOM KODHH CHCTEMBI JIe}KaT Ha OKPY2KHOCTH B JIeBOH
NOJIOBHHE KOMIIJIEKCHO! MJIOCKOCTH H HaXOAATCH Ha OJAHHAKOBOM YIJIO-
BOM PacCTOSIHHH APYT OT Apyra

MNMpumep. CuHTe3HpOBATh 3aKOH YIpPAaBJEHHS AJs IPOJOJBHOIO KaHajma caMmoJe-
Ta (3. 24a).

Monaras B (3.24a) My, =Y, =0, ucxkmouas 6 wu anNPOKCHMHPYS ypPaBHEHHE
PYReBOro TPakTa (T;;,Tp2 + 2¢Tp + 1) by = kprldgx ANEPHOAHYECKHM 3BeHOM T'd; +
+ 85 = Rpriay, TONYUHM

$ ar&"r + aga — azd; = 0; § —a— aga = 0;
Bp + T—185 = T —lkpritoy. 4.7

Beoasi o6o3naueHns xy=10; xo=1=0; ¥3=0z; X,=0, npusefeM (4.7) K HODMaJbHOH
dopme
X1 = Xg; Xg= —a1X3 -+ azx3— agxy;

x3= — T—1x3 + kpyT—1uy; 24 = X9 — Q4X4s (4.8)



B matpuuHoil dopme cucteMa (4.8) nmeerT BuJ

X = AX + Buy, (4.9)
X1 0 1 0 0 0
X9 0 — aq as — a9 0
= ; A == “ ; B = . 4. 10
e = x 0 0 —7-1 0 kppT—1 (19
X4 01 0 — ay 0
T =0,l¢, a1 =0,737¢—1, ay = 55¢—2, a3 = —22,5¢~2, ay =084¢—1, kpy =1B—L
4. 11)

KoopauHaTE BEKTOpa X MOIYT ObITh u3Mepene: O, ﬂ—mpocxouuqecxumn nar-
yuRaMHi, O — IOTEHIOMETPHUECKHM; YroJ aTaKy — MPHOJHIKEHHO — NIPOMNOPIUHOHAJeN
cdraly, CHHMaeMOMy C JaTYHKa IONEPeYHbX YcKopeHuwid. B rTakom ciayuae ans yn-

aBJeHHS CHCTeMOH uyepe3 OGPATHYIO CBs3h MOXHO HCIOJB30BaTh 3HAUCHHS IOJIOrO
BeKTOpa COCTOSIHHS X (f):

u= —Lx,L= (ll, 12, l3, 14). (4 12)

Ucnoubayst (4. 10), (4.11) u xputepmit (4.2), Jerko mokasaTh, 4To cucrema (4.9)
{I0JHOCTBIO ympaBaseMa. Takum ofpasoM, 3a cyer BulGopa BexTopa L= (I1, s, I3, i)
MOXKHO OOECHeUHTb KeslaeMoe 3HayeHHe KOpDHeH XapaKTepUCTHYECKOrO ypaBHEHHS

3aMKHYTOH cucTeMBl X= (A — BL)X. C TOYKH 3peHHS BEIYHCJIHTEJBHOH IpoOLefyphl
yA06HO XapaKTePHCTHUECKHH MHOrOuYsNeH 3aMKHYTON CHCTeMbl NDHPABHATb KeJlaeMe-
My X2paKTepHCTHUYECKOMY MHoroudeny H(p)==p*+h p*+hop2+hsp+hs B pesynsra-
Te MOJNYYHM YypaBHeHHe

det(pI— A 4+ BL) = H (p). 4.13)

TlpoBonsi BHIYHC/IEHHE NeTePMHHAaHTa M INpHpaBHUBast KO3(DOHUHEHTH IIPH OJHHAKO-
BbIX cTeneHsx p B (4. 13), HalizeM

Iy = hyTkyt/asas; Lo =T [hy — fo— (h1— f1)(a1+ aq)] kpiaz ;
Iy =(hy— a1 — ag— T—1) Tkpf; 1y = Tkp [ — as(ha— f2) + as (a1 + ag) X
X (hy— f1) + (hs + f3) — hal f4— (@184 + a2) (k1 — f1)] a3},

e fi=a1+as+ T fo=as+aas+ (a1 +ay) T fa=(a1a4+ ax) T—1L
E‘CJ]H B KayeCTBeE XKeJaeMoro noJJHHOMAa B34AThb IIOJHHOM BaTTepBOpTa

H (p) = p* + 2,613w,p8 + 3,4140}p2 + 2,61303p + of, 4.14)

KOTODEIl OTBeYaeT YeThIPeM KODHSM, DPABHOMEPHO DACIIOJOXKEHHEIM Ha nonyoxpy)x-
HOCTH pajuyca o B JIeBOM IOJOBHHE KOMIJIEKCHOH IIIOCKOCTH, H MOJOMHTb ®o=4
To Bektop L npumer 3navenne L= (li, ly, [3, I;) = (—1,3545; 0,0708; —01177
2,6831). Ilonyuennbie 3Hauenust kospduunenros l;=1, 2, 3, 4 06ecreunBaioT Kauecr-
BO MepexoQHOr0 Npolecca B COOTBETCTBHH CO B3STHIMH Koaq;vQ)uunenTaMH JKEeJ1aeMoro
Tionuaoma bBartrepsopra.

4.3. HABJIFOOZAEMOCTb JIMHEMHbBIX
CTALLMOHAPHDBIX CUCTEM

B sanayax ynpapienus npu GopMHPOBaHHH 3aKOHa ympaBjeHHs u(f)
HCNONB3YIOT Ty WM HHYIO MHQOPMALHMIO O COCTOSHHH CHCTeMbl. Ecin
TeKynlee COCTOsSIHHE CHCTeMBI X (f) B KaXXJblH MOMEHT BpeMeHH JO-
CTynHO HemoCpeLCTBEHHOMY H3MepEeHHIO, TO CYHTAIOT, YTO HMEeTCs no/-
Raa ungopmayus o cocrosiHun cucteMbl. OGBIYHO, OJHAKO, HOCTYMHBI
H3Mepennio He BCe KOOPAHHATEHL, a JIMIIb HEKOTOPAasi X 4acCThb HJH He-
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KOTOpbie NX JIliHeHdnble KomMOIHauui. ITo10XHM, UTO H3MepsiloTCs Be-
JUUHHBL (Y1, - - ., Ym)==¥7, CBI3AHUBIE C COCTOSIHIICM CHCTCMBI JIHHel-
HBEIM a1reSpPaiyecKiiM CooTiCIICHIeM

y=EXx, (4. 15)

rae E — nekortopas mocrosmnast Mmatpuna mxn; X'= (X1, ..., X,) —
BEKTOD COCTOSIHIISL 00beKTa; Y¢*= (Y1. ..., Yym) — Habuonaemblii Bek-
top. B wactnom cayuae, xorga E=1 — epunuunas marpuiia nxn, us-
MepseTesl Kaxkaas Koopjuiara CHCTeMBl MOPO3Hb. B APYroM uaciiom
cayuae, xorga E — neBpipoxkpacennasg marpuua axXn, u3 (4. 15) mnoay-
unM x=E"'y, T. e. QaKrIuecKH H3MepsIeTCs NOJHOCTLIO BEKTOP COCTOS-
unsg cucteMi. TakuMm o06pas3oM, B 3THX CayYasix HMCETCsl IMOJIHAsS HH-
dopranisl o TeKyIeM COCTOSHHH cHcTeMbl. Ilpu m-<n HegocTawlue
KOOPAIIATHL NOAJIexaT BOCCTAIIOBJACHIIO.

Co6eTtenHoe ABHXKCHIIE CHCTEMBI 2afafHM ypanHeHHeM [CM. ypaB-
nenne (4. 1)]

x=Ax. (4. 16}

Cucrema (4.16) coBMecTHO ¢ ypaBHeHueM HaGuomeHus (4.15) Hasbi-
BaeTCsl NOAHOCTH0 HAOA00aemOLl, eCll BCe KOOPAHHATH TEKYILIErO BeK-
TOpa COCTOSIHUSL X (f) MOTyT GbITh BOCCTAHOBJIEHBI IO Pe3yJabTaTaM H3-
Mepenust y(s), s<<f. IlpuHuunuaibHasi BO3MOXKHOCTh BOCCTAHOBJICHMSE
BEKTOPA COCTOSIHHSI CHCTEMBI 110 HabJIOAeHHSM 32 BEKTOPOM Y (f) oby-
CJIOBJIEHA CJedYIOUIUM CBOHCTBOM (TpeGoBaHHeM): OJs JIOOHIX ABYX
pasyuuHelX peurenuil x!'(¢), x2(f) cucreMn (4.16) cOOTBeTCTByIOLIHE
Habawonenus y!(f), y?(f) He coBmajgalOT HH Ha KakKOM HHTepBaJe.
YuTeM, UTO Kaxjaas KoMnoHeHTa x;(f) pewenus X(f) cucremnl (4.16)
eCThb aHaJHUTHUYCCKass (QYHKUHs, KOTOpas HpeicTaBiasgeT coboil JuHel-
Hyl0 KoMGuHanuio QyHKuHi BuAa tkexp af, Toe R — lesoe HeoTpHLA-
TeJIbHOE YHCJ0, a a — KoMmiyekcHoe, CjieoBaTe/bHO, aHAJHTHISCKUMH
ABJSIOTCS U KOMIIOHEHTHI y;(!) Bektopa HabmoxeHus y(f). ITockonb-
Ky pa3/iiuHble aHaJUTHYeCKHe (QYHKLHH He MOTYT COBNafaTh HH Ha
KaKoM HHTepBaJjie, To TpeGoBaHHWe HecoBHaJeHHs HabuaroneHH# y!(f) u
y2(f) HM Ha KakOM HHTepBaje SKBHBAJEHTHO TpeboBaHHiO Y!(f)s&
s=y2(t). 3ameruB, uto X(f)=x!({) — x2(f{) ecTb pelleHHE CHCTEMBHI
(4.16) c BexkTopoM HabawogeHus y(¢)=y!({) — y?(f), MOXHO yTBep-
®Kaatb caepyiouiee. Cucrema (4.15), (4. 16) noanoctero nabarodaema
TOrAa M TOJbKO TOrAA, KOTJAAa KaxJOMy HEeTPHBHAJbHOMY peLIeHHIO
x(#) cucremsl (4.16) oTBeuaeT HeHyJeBOH BeKTOD HaOJ/IOAEHHSA
y(£)==0. _

Ecau E — HeBblpOXIeHHAss MarTpuua nXn, to cucrema (4.15),
(4. 16) nosnnocTtbio HabmomaeMa. CiedyolHi NpUMep MOKasbiBaer,
4TO ecsi HabJaIogaeTcss TOJbKO 4acTb KOOPAHMHAT BEKTOpPa COCTOSIHHS,
cHCTeMa MOXKeT OHITb NOJHOCTHIO Habaoogaema. BosbMmeMm cucremy
L1=Xo, ..., In_]=Xn, Ln=—0pX] — ...— Q1 Xn, SKBUBAJEHTHYIO YpaB-
Henno x{" +ax{""V+...4-a,=0, a ypaBuenue Ha6/i01eHNsT BO3bMeEM
B BUJe y=2x;. Ecau y(s) =x; (S) H3BecTHa Ha oTpe3ke [{ — ¢, {], €>0,
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TO MOKHC HaHTH MOCJeN0OBaTeIbHO MPOU3BOAHbIE OT X (f) U NOJTY4UTb
pech BEKTOP COCTOSHHUS I/ MOMeHTa i:

Bt) =5 0), 55 ()= 5, (B ()=

CorzracHO TeopeMe eJHHCTBEHHOCTH IJis1 JHHEHHBIX AuddepeHLH-
aJbHBIX CHCTeM CBOOOJHOe pellleHHe cHcTeMHI - (4.16) onpenessiercs
3HaueHHeM MJisi KaKoro-nu6o oJHOro MoMeHTa BpeMeHH. Iloatomy 3a-
flaua BOCCTAHOBJIEHHS TEKYLIEro COCTOsIHUS X () OLHOPOLHOI CHCTEMEBI
(4. 16) >KBHBaJeHTHAa BOCCTaHOBJIEHHIO HAYaJbHOTO COCTOAHHS CHCTe-
MH X (o).

Paccmorpum Tenepb HeoZHOPOZHYIO cucTeMy (4. 1) BMmecTe ¢ ypas-
Henuem nabmonenus (4.15). Cucrema (4.1), (4. 15) HaswBaercs nos-
HOCTb10 Habat00aemol, ecjin Tekyulee cocTosiHue X(f) MOXKeT OLITb
BOCCTaHOBJIEHO M0 pe3yJbTaTaM H3MepeHHS Yy (S), S<{{ U BeKTOpy yI-
paBJieHHs u(s), s=t.

[IpoB€puM, yto cuctema (4. 1) (4. 15)

" X—Ax+Bu, y—Ex (4.17)

TOJIHOCTBIO HaBJlofaeMa TOTAA H TOJNBKO TOTAA, KOrja MOJHOCTBbIO Ha-
6nwnaeMa cucrema (4.15), (4. 16)

x=Ax, y=Ex. (4. 18)
Ecan cucrema (4.17) mnosHocThio HaGjiogaemMa, TO H B 4aCTHOM
ciyyae, Korga u=u(t) =o0, MOXKHO BOCCTAHOBHTb BEKTOD COCTOSIHHS.
Ho npu u=o cucrema (4.17) nepexomut B cucremy (4.18), 3Hauur
cucrema (4.18) mosHocTbio Habmrofaema. [loxkaxem obGpaTHoe yTBep-
xaernue. ITycts cucrema (4. 18) nosHocThio Habaopaema u x(f) — pe-
ureHue cucrembl (4. 17), oTBeualolllee HEKOTOPOMY yNpaBJeHHIO u(f) H
HEKOTOPOMY HayaJsibHOMY ycaoBHIO X (0) =x°

)4Bu(?), y (£)=Ex(¢). 4. 19)
Tlokaxem, uto 1o HabaogeHuo y(s), s<<f, 3Hast u(s), s<<f, MOXKHO

BOCCTAHOBHUTb TekKyllee cocTosinue X(£). O6o3Haunm uepe3 x(f) pelie-
Hue cucteMbl (4.17), oTBeuawlee TOMY Ke ymnpaBJcHHIO u(f), HO Hy-
JIeBBIM Ha4aJjbHbLIM YCJIOBHAM

x4 ().

X ()= AX (8)+Bu (#), X (0)—o. (4. 20)

3uauennst x(f) B a1060f MOMEHT BpeMeHH ! B NPHHIMIE H3BCCTHBI
(oHH BEIpaXKaWOTCA yepes MaTpPHIy HUMIYJIbCHBIX TNEPEXOAHBIX (YHK-
uuit — cv. Ilpunoxenne). CienoBarenbHo, AJis KaXKJI0TO MOMEHTa Bpe-

MeHH { MOXHO CUHTaTb Hu3BeCTHHIM BekTop EX(f)=y(f{). Bruunras

(4.20) us (4.19) u monaras Xx(f)=x(t) —x(t), y(t)=y () —y(1),
nonyynm

X=AX(0), ¥ ()=EX (2), 4.21)

T e f(t)~ ABJIfieTCs pelleHHeM OXHOPOAHO¥ cucTeMbl (4.18), a BekTOp
Y(8)=Ex(¢) =E(x(t) — x(t)) — na601aeTcst, Tak Kak HaGJiofaer-
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csl BeKTOp X(f), a x(f) — u2BecTHass GyHKuus Bpemenu. 13 npeamoso-
JKeHus TOJHOH HabuogaeMocTH cHcTeMBl (4. 18) BbiTekaer, 4YTO )?(t)
BOCCTAHABJIHBAETCsl 110 3HAauUeHHsM Yy (S), s<{f. BoccraHoBHB BekTOp
X (%), BekTop X (¢) Ha#AeM no cienymouleil hopmyJe: x () =x(t) +x (1),
T. e. HalileH aJrOPHTM BOCCTAHOBJIEHHS COCTOSHHS X(f) CHCTEMHI
(4.17), cnenoBarenbHo, cucreMa (4.17) moanocThio Habuaogaema.

HNwmeer MecTo caenywomwuii kpurepuii Habat00aemMOCTi CHCTEM
(4.17), (4.18): cucremsr (4.17), (4.18) mnoaHocTblO HabJaKOLaEMBI
TOTJa M TOJIbKO TOTAa, KOra MaTpHlla

[Er, At Er, (AT2Er,..., (AT)—1 Ef] (4. 22)

HMeeT PaHr A. DTOT KPUTePHH BbITeKaeT W3 Kputepus (4.2) u caenyio-
ulefl TeopeMbl, CBsI3bIBAOLEH IOHSATHS MOJHOH YNpaBJsieMOCTH H MOJI-
HOH HabJ10JaeMOCTH.

Teopema. PaccmoTpum naBe ynpaBisieMble H Ha6JiogaeMble CH-
CTeMBI:

x=Ax-Bu; y=Ex; (4. 23)
x=A"x+Emwu; y=Brx. (4. 24)

Cuncrema (4.23) nosnHocTbio HabuwogaeMa TOTAa M TOJLKO TOTAA,
Koraa cucrema (4.24) nmoaHoCTbIO yIpaBJ/sema.

Cucrema (4.24) nasbiBaercsi ABOMCTBeHHOH K cucreme (4.23).
OueBHAHO, UTO MOHSITHE ABOMCTBEHHOH CHCTEMBI CHMMETPHUHO: CHCTe-
Ma (4.23) sBasercs ABOHCTBeHHON K cucteMe (4. 24). [Tostomy u3 Teo-
peMbl BhITeKaeT, uTo cucrema (4.24) noaHocTbio HabJiofaemMa TOrAa U
TOJIBKO TOTZAA, Korga cucrtema (4.23) MOJHOCTBIO ynpaBJjsieMa.

CdopmynupoBanHas Teopema OyaeT oKazaHa HHXKe B pasg. 4.8,
a celluac BBIBEJIEM H3 Hee BaixKHOe CielCTBHE.

Honycrtum, uto cuctema (4. 23) noasocTsio Habsonaema. Toraa cu-
creMa (4.24) mosHOCTBIO ympaBJasema. Kak oTmeuasoch Bhllle (CM.
TeopeMy pasl. 4.2), 3To rapaHTHPYeT CYIeCTBOBaHHe TAKOH MAaTpHLbI
KT, uto xapakrepucrtuueckue Kopuu wmatpulisl AT—ETKT 3annmaror
qioboe Hanepel 3ajaHHOE MOJOXKeHHE Ha KOMIJIEKCHOH IJIOCKOCTH;
B YACTHOCTH, OHH MOTYT OBbITb BCE HOMEUIEHBI B JIEBYIO MOJYIJIOCKOCTD.
[Tockonbky Matpuina A — KE, Kak TpaHCHMOHHpOBaHHash K MaTpHIle
A™—ETKT, umeer TOT e CaMbli XapaKTepHCTHUYECKHH MHOIOUJIEH, TO.
OTCIOfla BBITEKAET cjefyioulee yTBepxknueHue. Ecam cucrema (4.23)
MOJIHOCThIO HabJulogaema, To BEIGopoM MmaTpHubl K MOXHO ao0uThbes
J1060r0 pasMellieHHsi XapakTepuUcTHYecKHX KopHedl MaTtpuusl A — KE
Ha KOMILJIEKCHOH MJIOCKOCTH.

4.4 IPUHUMUIT MOCTPOEHHUS HABJIIOOAKIWEIrO YCTPOUCTBA
B BUJE MOJEJHU CUCTEMbBI C OBPATHOM CBA3bIO
Mo OIMUBKE BOCCTAHOBJIEHHUA

[TocTpouM 3/1eKTPOHHYIO MOZeNnb 06beKTa (4. 1)

x=Ax-Bu, (4. 25)
Ha BXOj KOTOpPOH MoZaguM TO Xe ymnpaBjeHne u=u(f), 4To H Ha
o6berT (4.1). Ecau HauanbHoe cocTosiHue X (fp) Mogenu (4.25) cos.-
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najaeT C HavyaJbHBIM COCTOsSHHEM X(fo) crcrembl (4. 1), To 1eopernue-
CKH BEKTOD cocTosiHHs X(f) coBmazacT ¢ X(f) npir BCcex 3HaYeHUsX L.
OAHAKO NPaKTHUECKH HavaJbHOe 3Hauelle HeBO3MOXKHO YCTaHOBHTb B
TOYHOCTY, @ B HEKOTOPLIX CJAydasiX ro I BooOlle HEBO3MOXKHO YCTaHO-
BuTh. TeM He MmeHee, ecau cucrema (4. 1) acHMNTOTHUECKH YCTOHYHBA,
T. €. COOCTBeHIIble 3HAYeHHst MATPHIbI A HMEIOT OTpHIlaTe/bHble JedCT-

BUTEJ/IbHBIE YacCTH, TO omnbKa BOCCTAHOBJEHHS X=X-—X, YHOBJIETBO-
pdrwoumasd, oueBHAHO, OAHOPOAHOMY YPaBHEHIIIO

X =AX, (4. 26)

CTPEMHTCs K HYJIIO IIPH BO3pAaCTaHHH L.

[ToIoXHM, 4TO 4acTb KOOPAHNAT cucTeMbl (4. 1) HjiH HX JUHeHHBIE
KOMOHHALHH JOCTYIIHBI HEMOCPELCTBEHIIOMY 13MepEeHHI0

y=EX; y"=(¥1,..., Y.}, m <L n. (4.27)

ITH H3MepeHHble 3HAUEHHS MOXKHO HCMOJNL30BATL A KOPPEKTHPOBKH
BOCCTAHABJHBAEMOr0 MOJHOrO BeKTOpa coctosinus X (f). B pesysabrate
nojayuaem HabJroparollee yCcTpoiicTBo B BuAe (puc. 4.2) chaenywoiuel
mozenu cucremsl (4. 1):

X =AX 1 Bu-L K (Ex () — EX (¢)) (4. 28)

c ofOpaTHOil cBs3bio mo ownbke BoccraHoBdeHus K (Ex(¢)—Ex(f)).
Briunrag ypasuernune (4.28) us ypasuenust (4. 1), noayunm, 4to ouun6-
Ka BOCCTAHOBJIeHUS AJsi Mozdenal (4. 28) yaoBJeTBOPSET CICTeMe

Xx=(A—KE)X. (4.29)

Taxknm o6pasom, ecnn naxe ynpasisieMbli OODBEKT, 3ajaBaeMblil MaT-
puueit A, HEyCTOHYMB, HO BO3MOXKHO nopobparb martpuuy K, tak urto-
6bl xapakrepucTuueckne xopun mMartpuubl A — KE nmenn oTpHuaresb-
Hble JIefiCTBHTE/IbHbIE YaCTH, TO OLIKO-

Ka BOCCTAHOBJEHHSI X B CHJIY YCTOH-
YHBOCTH cucteMbl (4.29) Oyner crpe-
MHTbC K HYJIO NIPH BO3pacTaHuu f.
Kak 6wis10 oTMeueno B pasnene 4.3,
mMarpuny K MoxHo momo6parth, ecal
cucrema (4.1), (4.27) mnosHOCTHIO
Habsironaema. B ro. 6 G6ymer moctpoe-
HO  omTHMAaJIbHOE Habs0jamwllee
yerpoiictBo Kanmana, xKorma siatpuua
K Bri6upaercs us ycioBus onrumasnb-
HO# ¢uibTpaunu caydYaiiHEIX MOMeX B
H3mepurene. [lpu 3ToM Marpuua

- KE TaK2>Ke OKa3blBaeTcsd acHMII- Puc. 4.2. CtpykTypHas cxema o6bexta
TOTHYECKH YCTOHYHBOM. Vermoneputenn 2 HaGmonawowero
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4.5. MOJAJIBHOY. YNIPABJEHHE NPH HENGJHON HHOOPMALUUH
O COCTOsiHNii CUCTEMDI

Brilie paccMaTprBasoch MOAadbHOE yrpaBJjedue JHHEHHOH CHCTeMOM
(4.1) B npennoJioxKeHHH, UTO BEKTOG] COCTOSHHS X(f) MOJHOCTLIO H3-
Mepaetca. Kak npaBHJIO, H3MEPEHHIO MOJNJIENKHT JHIIb YacTh KOOPHH-
HaT COCTOSIHHSI HJIH HEKOTOpble HX JHHeHlble KOMOWHALHH, MO3ITOMY B
obuiem cayvae K ypaBHenuwo (4.1) npobasgsiercsa ypasHeHHe HadJaio-
neunst y=Ex. Ecrectenno Temepb sakou ynpassenns (popMupoBath

70 OlleHKe X COCTOSIHHSI CHCTEMbl, faBaeMoil HabJI0OAAI0UIHM YCTPOHCT-
BoM (4.28). Ho6aBuM Kk cucteme (4.1) ypaBHeHue - HabuaiogapUero

ycTpoiictea (4.28) u BeifepeMm ynpaBsjeHne u=—Lx. Mckaiouas mepe-
MEHHYI0 Y u3 ypaBHeHu#i (4.1), (4.28), monyuyum cjefyIOMLYIO 3aMK-
HYTYIO cuctemy (puc. 4. 3):

x =Ax —BLX; Xx=[A —BL—KE] X 1 KEx. (4. 30)

HMHrepecHo mnpociefnTh, KakK H3MeHsieTCss IHHAMHKa Ipolecca
(4. 30) no cpaBHenuio ¢ cucteMoil (4.6) [Js1 ynpaBJ/eHUs NpPH IOJHOH

undopmanuu. s 3TOro 3aMeHHM TepeMeHHble X, X Ha X, X, TIne
X=X — X — BeKTOp OIUUOKH,

% =(A—BL)x+BLx, x=(A—KE)X. (4.31)

Marpuna cuctemsl (4.31) umeer Buf

[A—BL BLA] (4.32)
O A-—KE

H, CJ€0BaTe/]bHO, XapAKTEPUCTHUECKHH MHOrou/JeH paBeH HpOH3Bene-
HITI0 XapaKTepHCTHYecKUX MHorouseHoB Mmatpui A — BL, A — KE. Tak
KaK HeBBIPOXKJEHHOe npeobpas3oBa-
Hile TepeMeHHbIX He H3MeHsIleT Xa-
PaKTepHCTHYECKOTO  MHOIOYJIEHaA,
He CUMTasl MMOCTOSIHHOTO MHOXKHTe-
Jisl, TO 3TOT K€ BBIBOJA OTHOCHTCS U
k cucreMe (4.30). Takum o6pasom,
COBOKYNHOCTb XapaKTepPHCTHYECKHX
KopHe# cucteMsl (4.30) mosyuaer-
csi oObeAHHEHHEM XapaKTepHCTHYe-
ckux KopHell wMatpuny A —BL u
A — KE. MoxHo cKasaTb, 4TO OH-
HaMH4YeCKHe  CBOHCTBA Ipollecca
(4. 30) ckaaabiBarOTC M3 (QYHKLH-
OHHPOBaHHUS KOHTypa peryJupoBa-
HHS, OIpelesassieMOro  MaTpHLeH
A — BL, 1 KOHTYpa OLEHKH COCTOS-
HHS, ONpefensieMOro  MaTpuleH
A —KE. IlostoMy npH CcHHTe3e
Puc. 4.3. CTpykTypHas cxema YynpasJase- BaMKHy’I‘Oﬁ CHCTEMBl YIpaBJeHUA

Moro oGuexta L mameputean 2 M mabio  yarpuuy L o6paTHOM CBS3H M Mart-
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pHLY K Ha6Jiojatolero ycTpoHcTBa B OlpeJedeHHOM CMBbIC€ MOXKHO
HoAGHpATh HE3aBHCHMO APYT OT Apyra.

[TpeAnoM0XKHM, YTO HCXOJHAsi CHCTeMa MOJHOCTbIO Habjaroaaema.
Torxa, Kak OTMeueHO Bhille, MaTphuy K MoxHO BbI6paTbh Tak, 4TOGLI
matpuua A — KE 6bu1a ycroiiuioii. Dosiee Toro, xapakrepucTiuieckue
yucia matpuubl A — KE MoryT ObITb pasmelleHEl B KOMIJIEKCHOH MJI0-
CKOCTH TpoH3Bo/abHO. O6byHO MaTpHLa K BhiGupaeTcs Tak, 4ToOb KOP-
HH XapakrepucTHueckoro ypaBHexus |pl —A+KE|=0 pacnonara-
JHCb JeBee KODHelf XapaKTepHCTHYECKOIO0 YpaBHEHHS  CHCTEMbI
|pl —A+BL| =0.

Mpumep. CHHTe3HPOBATh 3aKOH YNpaBJeHHs AJs NPOLOJBHOTO KaHa/la CaMoJe-

ta (4.7) B NPENNOJIOXKEHHH, YTO G He H3mepsieTcs, a &, ¥, 0 uamepsiorca (cM. OpHu-
mep B pasi. 4.2). Ilpu stom martpuna E B ypaBuennn y=Ex Oyner crenyiouefi:

1000
E=]10100
10010

Jlerko yGeantbesi, uto paur matpuust  [E”, ATE", (A")2ET, (AT)3E"]  pasen 4, cre-
0BaTeJbHO, cHcTeMa OyaeT Bmosie HabJaionaeMoil. B sakoHe ynpaBienHs u=-—Lx
noaoxum L= (—1,3545; 0,6708; —0,1177; 2,6831) (cM. npumep B pa3x. 4.2). Mar-
pHuHBIH Kos(hdHiueHT ycunenHs K B nabOmopawouieM ycTpofcTse noabepeM Takuu,
yToGbl NepeXoiHble Mpouecchl B KOHTYpe Halai0AeHHs B 2—3 pasa NMpoTeKauH ObiCT-
pee, ueM B OCHOBHOM KOHType. B 3Tom cayuyae cieayeT O0XHAATb, YTO CHCTEME], CHH-
Te3MpPOBAHHbIE [IPU NOJHOA M HEIOJHOM HHQOPMAUHH O BEKTOpPe coCTosiHMA, 6yayT 06-
JMajaTbh NPHMEPHO OAHHAKOBLIMH JAHHAMHUCCKHMH IOKasaTelsMH N0 (a3oBhiM KOOP-

aunataM JIA @, 9, 8, «. Cuure3 kouTypa HalJIOAalOLIEro YCTpPOHCTBA, T. €. HaXOX-
IeHHe MaTPHUYHOro Koadduuuenta ycuieuns K, mposenem MeTonom MojajbHOro ym-
paBJIeHHs, B3sB B KayeCTBe >XeJaeMoro MOJHHOMa MoaHHoM Darrepeopra 4-ro no-
psiaka. B cooTBercTBHH ¢ cucTeMOH ypaBHeHuii (4.31) cuHTe3 KouTypa HabJjwojarens
MOXHO NpPOBOJHTb HE3aBHCHMO OT CHHTEe3a OCHOBHOrO KoHTypa. Ilast obecneuenus
HajJlexallero OblCTPOAeHCTBHA HAG./I0/1aI0LEero YCTPORCTBA BO3bMEM B MOJHHOME
Barrepsopra wo=12. Xapaxtepucrhycckuit noaunom | pl—A-+KE|  npupasusiem
noanuomy Barrepsopra (4. 14):

[p1— A + KE| = p4 + 2,6130,p3 + 34140’p2 + 2,6130ip + wf.
. 0 0. 0

MMonuiom Battepsopra (4.14) onpepensieTcs yeTHipbMsi KosadouuyeHTaM#, a B Je-
BOH yacTH nocjeaiiero ypasHenus Mmatpuua K pasmepnoctu 4X3 coaepxur 12 sxe-
MEHTOB H NOTOMY HMeeTCsl OnpejeJeHHblit MPOH3BON B BbiGOpe KO3(PPHUHEHTOB Mat-
pruwl K. Byaem nckatb matpuny K B Buze

ki1 0 O
0 kyp O
0 0 ks

kyy 0 O

Moncrapass matpuuy K B mocienmee ypasHenne  NPHPABHHBAS KOI(QMHUHEHTH OPH
ONMHaKOBLIX CTeNMeHAX p, HafileM CIelYIOUlYI0 CHCTeMY 4YeThipex HeJHHeHHhX ajre6-
PaHyeckux ypapHenmil:

kiy+ ke + k33 +ar +ag+T71=hy;
a4(ay + ky) + ag 4 (R1y + ka3 + T1) (@) + ag + koo) + kyg (Raz + T—1) = hy;
(k11 + k33 + T 1) [aq (a1 + kyg) + a2] + k11 (k33 + T—1) (a4 + a1 + koo) —
— agky; = hg;
Ry (kay + T—1) ag — agkyy (k3 + T1) + kyy (Ras + T—1) (@1 + k) G4 = by,
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rae. hy=20613m0: . =3, 414m02; hy==2,61200> Hi=wo*; wo=12; a;=0,737; a,=55;
a,=0,84; T=0,1. Pewas noayueuiyio cuictemy, HaineM Rii; Rs2; kas; k. Ecom 6wl
OKa3a/10Cb, YTO CHCTeMa [eHCTBHTEbHOrO peilleHHs] He HMeeT, TO NPHULIOCH Ol 3a-
0aThesl APYrHM BHAOM MaTpuubl K.

4.6. CTPYKTYPA CHCTEM, HE OBJIAJAIOHIHX CBOMCTBOM
MOJIHON YNIPABJISEMOCTHU

Paccmorpum npousBosibHYyIO JHHeAHY10 cuctemy Buaa (4.1), He o6aa-
JaoULy© CBOHCTBOM NOJHON ynpaBJsieMoCTH. [Tokaxem, uTO MHOXKe-
cTBO L 1ex Touek (pa3oBoro mpocTpaHcTda R", B KOTOpBlE CHCTeMa MoO-
KeT ObITh [epeBeleHAa M3 Hayaja KOOPAHHAT 3a KOHEUHHH MPOMeXy-
TOK BpeMEHH C MOMOLIbIO OTpaHHYeHHOro ynpasJenus u(f), npeacras-
JisieT coHoil HEKOTOPYIO MIOCKOCTh (MOAMPOCTPAHCTBO) B MPOCTPAHCTBE
R™. 370 3uayuT, uto AJ5 JIOOBIX ABYX BeKTOPOB X!, X2 H3 MHOMXKecTBa
L ux nuieiinas komOuHanusi ax'+ bx? npu mo6bX 3HAYEHHSIX a4 U b
TaKKe NPIHAANCKHT MHOKECTBY L.

Ilycro u'(f), u?(f) — Hexoropele ympasJaenus u x!(f), x*(f) — co-
OTBETCTBYIOIHe HM pelleHHs: cucTeMbl (4.1) c Hy/JeBHIMH HadyajbHBI-
MH ycaosuamu. [TokaxeM, uTo npu M06bIX 3HAYEHHSX ¢y, Iy, @, b Haua-
JI0 KOOPAHIIAT MOXKET 6LiTh nepeBesieHO B TOUKY ax(t1)+bx(t2) CHa-
yaja PACCMOTPUM cayuai, Korna {y="{y. B cuny (4.1) 6ymem umern

—d—t(axl(t)—[—bxz() ax'()+bX2(H)=a (AX' (¢ —|—Bul )+

Hb(AX (1) +-Bu? (1)) =A (ux! () 5 X (¢)) + B (a ! (1) +- b u? (#)

T. e. ax!({) +bx%(¢) aBasercs peuwleHHeM cucteMbl (4. 1), oTBéYalOUIUM:
ynpasaeruio au! (£) +bu?(f). Takum 06pasoM, npu J106bIX 3HAUEHHAX
{=1t,=1; HauaJO KOOPAHHAT MOXKeT OBITb IlepeBeleH0 B TOUKY
ax!'(t) +bx2(t). Paccmorpum cayua#, Korga f5=f,; mycTb MJs OIpe-
LeJIeHHOCTH [1<fy (mpu ¢ >f, paccmoTpeHue aHasoruuHo). OGosHa-
unM h=1y — {;. IlocTpouM yupaBJieHHE m ({)y=0 mpun 0O<<t<h,
u! '(f)=u'({ —h) nmpu {>h, n o6osHauuM uepes x‘(t) peleHe
cucteMbl (4. 1) ¢ HyJeBHIM ycaoBHeM H ynpasienneM u!(f). SlcHo, uTo
X' () =o npu 0<<t<Ch. Tlokaxeu, 4TO npu t>h

X! (£)=x!(t— k). (4.33)

B cuny (4.1) =Ax!'({—h)+Bu(t—n),

u npu [=h nmeem X! (/z—h)=o. CaenoBarenbro, x! ({ — &) npu (=
=h sBaserca pelenneM cucTeMbl (4.1), COOTBETCTBYyIOIMM yrpabJie-
nuio u'(f==/t) u_HyJeBOMY HayaJbHOMY YCIIOBHIO xl(h—h)=0 Ho

13 onpenesends x!(¢) BEITeKaeT, YTO IPH [>=h pelleHHe x‘(t) TaKxKe
SABJIAETCS pelIeHHeM 4.1) ¢ ynpaejieHHeM u‘(t-——h) H HaYaJbHBIM

yCJ0BHEM x1 (h) =o0. 3HauHT 3TU pellleHHs COBNAJAIOT (TeopeMa ejHH-
CTBEHHOCTH I/ JIMHEHHBIX CHCTeM AH(depeHUHaNbHBIX ypaBHEHHPl)

Hpmvumw K- ynpasJeHUsIM ul( ), w*(t) u pe].H'e‘HPIHM‘,Xl(t), x?(t)  mo-

68.

dx1(t — h)
at



JydeHHBIH paHee pe3ysibTaT, MOJYYUM, YTO NPH JN06OM 3HAUeHHH f Ha-
yas0 KOOPAHHAT MOXKeT OBITh IepeBeJeHO B TOUKY

ax'(t)+bx2(2). (4. 34)

[Tonaras B (4.34) f=t, u mnpumenss (4.33), mnoayunm ax!(f)+
+bx2(t) =ax!(ta—h)+bx2(1,) = ax' (t,—(ta—ty) ) + bx%(ty) =
=ax!(#;) +bx*(fy). Takum 06pa3om, HaYa0 KOOPAMHAT MOXKET OHITH
nepeBefileHO B TOuKy ax!(fy)-+bx2(fy), 1. e. MHOXecTBC L asoBX TO-
yeK, B KOTOpble MOXeT OBITb llepeBeJileH0 HaJyao KOODAHHAT, NPeCcTaB-
qsier coGoit JIHHeHHOe MOANPOCTPAHCTBO (INIOCKOCTb) B NMPOCTPAHCTBE
R», Tak Kak Jwo06as JuHelHasi KOMOHHAIMs BEKTOPOB M3 MHOXeCTBa

L sBasieTcs TaKXe BEKTOPOM M3 MHOXKecTBa L.

O6o3HauuM yepe3 r pa3MepHOCTb MHOXKECTBa L. Ecan r<<n, 10
MHOXKecTBO L He coBnagaer ¢ R", T. e. MHOXeCTBO TOUeK, KyJa MOXKET
GbITb IIEPEBEIEHO Hayajo KOOPAMHAT, He COBIAAAST CO BCEM NPOCTPaH-
CTBOM. DTO 3HAUHT, YTO CHCTEMA He $SIBJISeTCs MOJHOCTbIO YIPaBJsieMOH.
Eciu r=n, 1. e. L=R™, To HayajJo KOOpJAMHAT MOXKeT ObITb IepeBe-
JIleHO B JIIOOYI0 TOYKY IIPOCTPAHCTBA, T. €. CYLIECTBYeT OrpaHHYEHHOE
ynpasJeHHe u(f), mepeBOAslllee CUCTEMY H3 TOUKH O B JOOyI0 Hale-
pell 3aflaHHy10 TOYKy X&R™ MOXHO H0Ka3aTb, 4YTO B 3TOM cjydae H
IPOU3BOJIBHYIO TOUKY X°R™ MOXKHO nepeBecTH B J060e 3aJaHHOe MO-
JIOXKeHHe, T. e. cucteMa npH L=R™ sBisercsi NOJHOCTLIO YyNpaBs-
JsieMO1.

IIpeanonoxuM, uto cucreMa (4.1) He ABaAsgeTCS MOJHOCTHIO YII-
paBasiemoii. Ilpn stoM pa3MepHOCTb r myockocTH L MeHbuie n. BriGe-
peM B NpocTpaHCTBe R™ HOBYIO CHCTeMY KOOPAHHAT Zi, . . ., Tn TaK, 4TO-
Obl MJIOCKOCTb L fBAsiIach KOOPAMHATHOM M 3aJaBajiaCch B HOBBIX KO-
OpAMHATaX ypaBHEHHSAMH

X, 41=0, X, ,5=0,..., X,_1=0, x,=0. (4.35)

3anuwem cacremy (4.1) B HOBBIX KOOpAHHATAX X B BHIe X=AXx+
+Bu, rae cBA3b MaTpHIL A A, B u B shipaxaercs GpopMmysnaMu 4. 5).
Paso6rem HOBBHIH BEKTOD X COCTOSIHHS CHCTEMbl Ha BA BEKTOpa X'==
=(x1, xi1), re X{i= (T, ..., &r); Xi1=(Tr41, . .., Fn), @ MaTPHUB A
H B Ha 6moku
+_ |AvAr] = [B
A=|_"""7|, B= _1 ,
AgAg B,
rae Ay, A, As, An. By, B, — HexoTOpble MaTpHIBI COOTBETCTBEHHO
pasmeprocreft rXr, rX(n—r), (n—r)Xr, (n—r)X(n—r), rxm,

(n—r)Xm. C yuetom BBeleHHBIX 06O3HAUEHHH 3aNMIIEM CHCTEMY
(4. 1) B BHIE

X =AuX;+ Apxu+Bu; (4. 36a)
;_(II =7\21;(1 -|-322;(-1[ —I— Ezu. (4. 356)
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[To cnpenenennio miaockocTH L cucrema (4. 1) uau sxBHBaseHTHAS
ell cucreMa (4.36a, 6) npu n060OM DONMYCTHMOM YmpaBJeHUH u(f) u
HYJIeBOM HauaJIbHOM YCJOBHH He MOXKeT OBIThb BbIBEleHa 32 MpeAesbl

miockocth L. Ecau u(f) — npousBosibHOe yrpaBiaeHue, X(f) — cooT-
BETCTBYIOLee eMy pelueHHe cHcTeMbl (4.36a, 6) ¢ Hy/ieBbIM HayaJbHbIM
yesoBueM X (0) =o, To Xp1(#) =0, a caefnoBartenbo, u xi(?) =o. Toraa

u3 ypaBueHnit (4.36a, 6) mosnyunm, 4T0
X1 (t)f‘i“x[ (t)j_Blu (8); (4 37)

0 =Aqg;X1 (¢) 4 Bou (#).
Ionyctum, uto B, — Henyseast Marpuua. BriGepem BeKTOp ympabie-
HHS U(f) TOCTOSIHHBIM M TaKHM, YTOGBI MOCTOSHHEIH BeKTOp Bou(f) He
paBHsisicsa Hyato. Ho ecnu £>0 u BHIOpaHO AOCTAaTOYHO OJIM3KHM K HYy-
JII0, TO TIOCKOJIBKY X(0)=0, To H BeKTOp Xr(f) MOXeT GHITb cHesaH
CKOJIb YTOJHO GJIM3KHM K HYJIIO, UTO MPOTHBOPEUYHT BTOPOMY COOTHOILIE-
Hu1o B (4. 37): caaraemoe A_glfl(t) 6eckoHeuHo MaJsio npu t—0, a caa-
raemoe Bou(#) — moctosunoe. [TosyuenHoe MPOTHBOpeuHe MOKAa3HIBAET,
yTo By=0. Takum 06pa3oM, BTopoe cooTHoweHHe B (4.37) mpuoGpe-
TaeT BHJ ~

AgXi (£)=0. (4.38)
BhiBeleM OTCIOAA, 4TO Ag=0. [leHCTBHTENbIO, MO OnpeeJseHHIO
nnockocTH L cucTema MoXeT ObIThb NepeBeleHa H3 Hauaja KOODAHMHAT
B JI06yi0 TOYKY X ILIOCKOCTH L, T. e. Haliiercs ynpasJenue u(f) u Mo-
MEHT tl_, OpH KOTOPOM i(t1)=§, xeL. yrme[Baﬂ, YTO NPOHU3BOJIbHAS

TOYKa X Ha NJOCKOCTH L uMeeT BHI X*= (X4 ..., Tr, 0, ..., 0) [cMm.
ypaBHenue (4.35)], rme X4, ..., Tr — DpoOH3BOJbHblE, U3 (4.38) no-
JydyaeM, 4TO AgXy=o0, rje Xi™= (X, ..., X,) — INPOU3BOJBbHBIA BeK-

Ttop. Ho Torna oueBuano, uto Ay =0.
Hrak, ecau cucteMa He obJiajaeT CBOHCTBOM YIpaBJsieMOCTH, TO B
COOTBETCTBYIOIel CHCTeMe KOODPAHHAT ee MOXKHO MpeAcCTaBUTb B (op-

Me (puc. 4. 4)
)__.(1=7\:1§_1—|—K12)_(||+§1U; (4.39)
X1 =AgXn

¢ nenycrci moacucremoit koopauxar II.

U3 Buga cucremn (4.39) 3akiouaeM, uTo
npu Jilo60M HayasJbHOM COCTOSIHHH H IPH JIO-
60M [ONMYyCTHMOM YyNpaBJeHUH Trpynma Koop-
JHHAT Xy U3MEHsIeTCsl HE3aBHCHMO OT YyIpas-
JeHHus. MoxHo cka3aTb, uto moacucrema II B
cucreMe (4.39) mosHOCTBIO HeynpaBJseMmasi.
HaoGopot, eciu orpaHuyuTbCs 4yacTblo (aso-
Puc. 44. Crpykrypnas cxema BOIO MpPOCTpPaHCTBa R7", XapaKTepH3yeMOro
o6bexTa, He aBAAIOLWErocs -

NOMHOCTLIO  YNpaBAsieMBIM B yCJ0BHEM XII=0, TO noAcCHCTeMa I saBasiercsa

IR v coopAwmaT, BHABMIO-  [10]]HOCTbIO YNPaBJISEMOH.
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4.7. CTPYKTYPA CHUCTEM, HE OBJIAJAIOLIIUX CBOHNCTBOM
MOJIHON HABJIIOJAEMOCTH

[TokaxeM, 4TO ecjy cHcTeMa

x=Ax, y=Ex (4. 40)
He SIBJISIeTCA NOJIHOCTLIO HabJI0AaeMOH, TO CYLLEeCTBYeT Takoe npeobpa-
30BaHHEe KOOPAHHAT, B KOTOPbIX cucTeMy (4.40) MoxHO s3anucaTb B
caenymooueM Buae (puc. 4.5):

§1=TA11§1+X12;(11; ;11=K22)—(11, Y=T32'§u» (4.41)

rae (x0i, Xi1)— nexoTopoe pasGueHHe BEKTOpa COCTOSIHHS.

Cucrema Buza (4.41) xapakrepusyercs TeM, uTo B (OpMHpOBa-
HHH HabJl0JaeMOro BEeKTOpa y. y4acTBYeT TOJIbKO Tpynma KOOpAHHAT

X1, KOoTopasl, Kak BHAHO u3 (4.41), u3MeHseTCs HE3aBUCHMO OT TpyIi-

OBl KOOPIAMHAT X1. DTO 3HAYUT, UTO MO HAGJIOAEHHIO Y HEBO3MOXKHO
BOCCTAHOBHTb COCTOSIHHE 3TOi CHCTeMBbl. [[eHCTBUTEJNbHO, BO3bMEM Ha-

yaJbHBIE 3HAYEHUA KOODIAHHAT Xiy—O. Toma, OYE€BHAHO, U3 BTOpPOro

ypaBHeHVs cucteMbl (4.41) moayuum xp(f) =o0, a u3 TpeTbero ypaBHe-
HHUA 3TOH cHcTeMbl — Y (f) =o0. Takum o6pa3oM, mpH pPa3IUYHBIX Ha-

yaJbHBIX 3HAYEHHAX BeKTopa Xp HpH Xpy=—0 noayuum y(f)=o.

Hrak, nyctb cucrema (4.40) He sBasiercsl BHoJHe Ha6J/r0gaeMoil.
JTo 3HAUMT, UTO Haljgercsl pellleHHe X(f) =0, AJas KOTOporo y(f)==o.
PaccMmoTrpum coBokymHocTh M Bcex Takux pelreHuit {x(f)}, nmpu koto-
pHIX X(f) HeTpuBHMaJbHO, a Y(f)=Ex(f{)=o0, a Takxe MHOXecTBO Q
Bcex (pa30BBIX TOUYEK NPOCTPAHCTBa R™, yepe3 KOTOpOe MPOXOAAT Tpa-
eKTOpHH coBoKymHocTH M. ITockonbKy uepe3 Kaxaylo (pasoBYIO TOUKY
TPOXOAHT €AMHCTBEHHOe pellleHHe (TeopeMa eAHHCTBEHHOCTH OJs JIH-
HeHHBIX cHCTeM JH(GdepeHIHaJbHBIX YPaBHEHHMI), TO BCAKOe pellleHHe,
KOTOpPO€e NMPOXOIUT Uepe3 KaKylo-Ju6o TOUKy H3 MHOXKecTBa Q, NMpuHAA-
JIEXXHT COBOKyHHOCTH M, a cienoBaTenbHO, BBIIOJHEHO YCJIOBHE
y(t)=o. ITokaxeM, uTo Q ecTb HEKOTOpPas MJIOCKOCTb B IPOCTPAHCTBE
R™, T. e. BMecTe C JIOGLIMH IBYMsi $a30oBLIMH
TOYKaMu X!, X2=(Q ux JuHelHble KOMOHHAHH
ax!+bx? TakkKe NpHHamgexaT Q mpu JOObIX
cKanspax a U b. JleAcTBHTeJbHO, €CIH TOYKH
x!, x2=Q, To Hapayrcs Tpaekropuu {x'(?)},
{x2(t)} =M, Kotoprle B HEKOTOPHIE MOMEHTHI
t1 M f; IPOXOASAT COOTBETCTBEHHO Yepe3 TOYKH
x! g x2: x!(#;) =x!; x2(f;) =x2 Tak Kak cu-
CreMa (4.40) crauuoHapHa, TO BMecTe C JIO-
OuiM ee pemenueM X (f) Bektop X(f — 1) Tak-
¥Xe fABJAeTCs ee pellleHHeM IPH JOO0M IIOCTO-
SHHOM t. DTO 3HAYHUT, 4YTO B paBeHCTBaX
X! (#))=x!; x2(fy) =X2 MOXKHO NOJIOXKHTb f;=
=Ii2. Tenepp yuTeMm, YTO ecJH TpaeKITopHu PHc. 4.5. CTpyKTypHas cxema
(1), (2(N}EM, To Taxme m {ax!(f)f ey covvec 1w noepn
+0x2(¢1)}=M. Orciofa cielyer, 4YTO TOYKA HOcThio Habaionaemofl, B cuc-
ax! +bx2=ax1 (tl) +bX2(t2) EQ ';ilgec:;)ggﬁl;nar, BBISIBAAIOILEH
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[To ananorunm c pasn. 4.6 BreiGepeM HOBYIO CHCTEMY KOODAHHAT
(X1, X11), B KOTOPOH IJIOCKOCTL Q sBJSIeTCS KOOPAHHATHOH H ONHCHIBA-

eTcsd ypaBHeHHeM Xyr=o0. 3anuuem cuctemy (4.40) B HOBHIX KOOpAH-
HaTax:

X1=AuXi -+ ApXi, Xun=A~AzX:+ AswXi,

y=Exi+ Eoxu,
H mokaxeM, uto Agy;=0; E,—=0. B camoMm eile, KaK 6bLIO IOKa3aHO
BBILIe, €CJIH TPaeKTOpHs X* (£)= (X17(¢), Xi* () ) TaKoBa, 4To y(t)=o,10
OHA LeJHKOM JIEXHT B ILIOCKOCTH Q, T. e. X1 (¢) =o. Toraa xy (f) =o,
a cremoBaTenbHo, AyX((f)=0; u3 ypaBHeHHsS HaGJIOLEHHS 3aK/I0ua-
eM, uto E;xy(f)=o0. IloCKOJbKY TpPAaeKTODHH CHCTeMH (4.42) ¢
X11(?) =0 3aMOMHSAIT LEJIMKOM IIOCKOCTb Q, ToNyYaeM OTCIOAA, YTO
IS 11060r0 BeKTOpa X; 6ymer AgXi=o, EX;(1)=o0, T. e. Ay=o,
E;=0. TeM caMblM [OKa3aHO, 4TO CHCTEMA, He SIBJSIOLLASCS MOJHO-
CThI0 HabusiomaeMol, UMeeT B MOAXOAAIINX KOOpAMHATaX BuA (4.41).

Hns nanpHefiero Oyner IoJe3HO UMeThb B BHAY, 4TO cucteMa (4.41),

paccMaTpuBaeMas Ha 4acTH (a3oBOro MPOCTPAHCTBA, 3aLaBaeMOro
ypaBHEHHEM X;=—0:

(4.42)

X|1=A22X11, y=E2x”. (443)
MOJNHOCTbIO Habuswonaema. JeficTBUTeNbHO, ecan Xp(f) — HETPUBHAJb-
Hoe peleHne cucTeMbl (4.43), a Xp(f)=o0, TO NpEeANOJOKEHHE, YTO
szn(t)_o npUBOAUT K TOMY, uto y(¢) =E;x;+Esx;1(f)=0, a 310

naet, uyTo Xr1(f)=o0. ITosyyeHHOEe TPOTHBOpeuHe NOKa3bIBAaeT YTBEpIK-
JleHHeE.

4.8. CBAA3b NOHATHUN YNIPABJSAEMOCTH
W HABJIIOJAEMOCTH

B sToMm pasgene nokaxem chopMyIupOBAHHOE paHee yTBepKIeHHE,
4yTO cucTeMa (4.23) NOJHOCTBIO yIpaBJsieMa B TOM H TOJLKO TOM CJy-
yae, Korga ABOHCTBeHHas cucteMa (4. 24) noaHocTthbio HabJl0faeMa.

s foxaszatesnbcTBa NMPEANOONKHM, uTo cucTeMa (4.23) He siBas-
eTcd MOoJHOCThbIo HabaogaeMol. Toraa nocje HEKOTOPOIO HEBBIPOKIEH-

Horo mpeoGpasoBanus Xx=—Gx oHa npro6peraer BHA (4.41)

5(_1 =K11§1 + KIQ—X—H +§1U; ;u =K22)—(n + Ezui Y=E2;(-u-

3anuuieM B BHOM BHAe ¢opMy.ay nepexona (4.5):

A A
1 —1_ | A A,
E=EG'=[0, E;|; A=GAG [0 Apl

IlponsBenem Tenepb npeo6pa3oBaHHe KOOpOHHAT (PA30BOro IpoCTpaH-
ctBa no ¢opmysne x= (G~!)Tx. AHaAJOrHYHO NpeAbIAYLIEMY HalijeM
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MaTpHYHBIe KO3(h@HUHeHTh cHCTeMbl (4.24) B HOBBIX KOOpJHHA-
Tax X:

B'[(G—)]"'=(GB)"; (G~)'A"[(G~1)]'=(G~1) A"G"=[GAG[";
(G1)'E'=(EG—1)". (4.45)
[loncrasass (4.44) B (4.45), naiinem, uto cucrema (4.24) B Koop-
ANHATAX X HMeeT BN
X, =ALXp; X =ADX; +A0X,+Eu; y=BiX, +BiX,. (4.46)
Cucrema (4.46), aunefiHo 5KBHBaseHTHas cucteMe (4.24), oueBHAHO,

He 00/1ajaeT CBOMCTBOM NOJIHOH YNpaBJ/IsieMOCTH, TaK KaK rpynna Koop-

JAHHAT Xj U3MEHsEeTCs] aBTOHOMHO, HE3aBHCHUMO OT yIpaBJieHHs. 3HAYHT,
i cuctema (4.24) He o6nagaer cBoOHCTBOM yrnpaBaseMmocTd. CoBeplieH-
HO aHaJIOTHYHO [JOKa3blBaeTcs, 4TO ecaH cucTeMa (4.24) He siBasercs
[OJHOCTBIO ynpaBJsieMoil, To cucTeMa (4.23) He ABJISETCS NOJHOCTHIO
HabJ/101aeMO; NPH 3TOM HYXKHO BOCIIOJIb30BATLCS YCTAHOBJIEHHBIM B
pa3n. 4.6 cBOHCTBOM, UTO CHCTEMA, He fBJ/SIOWASICS IOJIHOCTbIO YIIpPaB-
JisieMOH, IPUBOAUTCS K BUAY (4. 39).

YcTaHOBJIeHHAsl IBOHCTBEHHOCTb IIO3BOJISIET IIEPEBECTH KPHTEpHH
ynpaBusieMocTH (4.2) Ha cBOHCTBO HaG/i0faeMOCTH: cucreMa (4.23)
ABJISIETCS NOJHOCTbIO Ha6J/0aeMOfl TOTJa H TOJBKO TOrZa, KOTAAa paHr

marpuust [EY, A'E", (A")°E’,..., (A")"7'E"] pasenn.

4.9. MOJAJIbHOE YNNPABJIEHHUE OJi1 HENOJIHOCTbIO
HABJIIOJAEMOH CUCTEMBI

Ilpennonoxum, yro cuctema (4.23) mOJHOCTBIO ynpaBsJjsieMa, HO He
NOJTHOCTBIO HabutonaeMa. I103ToMy HeBO3MOXKHO BOCCTAHOBHTbL IIOJIHO-
CTbIO BEKTOp COCTOSIHHS cHCTeMbl (4.23), a cienoBaTesNbHO, MOXKHO
ynpaBaqTb depe3 o6pPaTHYIO CBSI3b TOJNBKO IO HENOJHOMY BEKTOPY CO-
ctosinus. Kak ykaselBaJaoch paHee, IIPH HenmoJIHOH Ha6J/l04aeMOCTH CH-
crema (4.23) moxert GbiTh peobpasosaHa K BuLy (4.41)

X;=A;X; 4 Apx=Bu;

Xp=ApnX+Bou; y=Ex,
npHYeM NMOJACHCTEMAa M3 ABYX NOCJeIHHX ypaBHeHHH, paccMaTpuBaeMasi
Ha TMJIOCKOCTH X1=0, SIBJSETCS MOJHOCTbIO HabJaiogaeMmoi. 3To 3Ha-
YHT, 4TO BO3MOXKHO BOCCTAHOBHTb YaCTh BEKTOpPA COCTOSIHHUS X [CpaB-
LIeCTBJISATh ynpaBneHHe TOJIBKO 0 3TOH 4aCTH (basoBbe KOOpHHAT CH-
CTeMBbl U= —L2x11 (puc. 4.6). Beons omin6Ky Xyr=Xi — X11, IpH U=
=—Loxq; nonyuum anajoruuyHo (4.31) 3aMKHyTyiO cHCTeMY
X, =A;X;+ (Ap— B.L,) x;;+BLyx;;;
(4.47)
Xn= (A22—le~2) X1+ BoLoX s Xy =(Ag — K:Ey) X1
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Marpuua cucteMb (4.47) uMeer
BH/L

(A;;—BiLy) B/L,

0 (Ap—BiL,) B.L, ,

o o (A22—K2Ea)
H, cjeJ0BaTeJibHO, ee XapaKTepHu-
CTHYECKHI MHOTOYJieH paBeH IPOHU3-
BEIEHHIO XapaKTepHUCTHYECKHX MHO-
ro4/IeHOB, COOTBETCTBYIOIHX MaTPH-
uam Ay, (A22—'B2L2), (A22—K2E2) :
BBuny nmosHOM Habi0LaeMOCTH
MOACHCTEME], KOTODOH OTBeuaer
Ipynna KoopIAuHaT Xy ['(cM. dopmy-
ay (4.43)], xapakrepucrHueckne
yHcJaa MaTPHIIBL (Agp — K2E2) MO-
Puc. 4.6. CTpPYKTypHas cxema ynpapiaeMoH u ryT ObITDH pa3MellleHbl TPOH3BOJIbHO

u Habalopaemoit cuctembl [, He siBasiollefics N
noAHOCTBIO HabaoaaeMoil, c¢ HaGAOAAOULNM Ha KOMIIJIEKCHOH H_{IOCKOCTH nyTeM

2 3
yerpoficTeom 2 i peryaaTopon BeIGopa Matpuusl Kp. dasee xapak-
TEPUCTHYECKHE  UYHCJa MAaTPHIBL

(Age — BsLy) TakKe MOryT OBITH NPOH3BOJILHO IIOMEIIEHbl HA KOMII-
JIEeKCHOI mJ1ocKocTH. B caMoMm JHene, cucteMa

X =211§1+K12§11‘|‘§1"1

(4. 48)

X“-'=A22X“+B2u
110 YCJOBHIO BIIOJIHE yrpaBJ/sieMa, T. e. IIyTeM BbiGopa ynpasJjeHus ¢a-
30Bag TOYKA MOKET OBITh nepesenieHa U3 OLHOIO IMPOH3BOJIBHOTO MOJIO-
KEeHHdA B Apyroe 3a KOHEUHOE BpeMd. HOCKOJ'Ibe BTOpasd MOACHCTeMa
B (4.48) He 3aBHMCUT OT MepBOH, TO MOAXOASALUKM YIpPaBJEHHEM MOXKIO
nepeBeCTH 4acCTbh Xyp ¢)a3OBOI‘0 BEKTOpa X H3 OJHOIO TMPOHU3BOJLHOIO

MoJIOXKeHHsT B Apyroe. 3HAYUT NMOACHCTEMA X =AgyX ; + Bou mossocThio
ynpaBjisiema, CJeJ0BaTe/lbHO, XapaKTEPHCTHYECKHe YHCJAa MAaTPHIbI
(A22—B2L2) MOXKHO CHeJaTb JIOOBIMH Hamepel 3adaHHbIMH. Takum
06pa3oM, ecsIH MPeANOJIOXKUTD, YTO CHCTEMa He MOJHOCTbI0 HabJiofae-
Masl, Ho maTtpuua A;,, oTBeualliass HeHabJaloJaeMOH 4acTH (a30BBHIX
KOOpAHHAT, aCHMITOTHYECKH YCTOHYHBA, TO CHCTEMOH C YCIIEXOM MOX-
HO ynpaBJsiTh No HabjaogaeMol 4acTH (a30BLIX KOOPAUHAT.



T'rasa 5

OITTMMAJIbHOE YIIPABJIEHHE
JETEPMHMHMPOBAHHBIMHU
CHUCTEMAMU

5.1. AHAJTHTHYECKOE KOHCTPYHUPOBAHHE
ABTONMHUJIOTOB

MlocTaHOBKA 3aJauu
M OCHOBHbIE Pe3yJabTaThl

KauectBo mpouecca permepOBaHpm ya06HO OLEHHBATh HHTErpaJbHOMH

KBaJpaTHYHOH OWIHOKON fx’ (HQ, (£)x (¢)dt, raie Q,(f) — HekoTO-

pas HeoTPUYATEAbHO onpede/zenﬂaﬂ MaTpuuHasi QyHKLUHS, KoTOpas on-
pelensieT OWIHOKY, BHOCHMYIO OTAeNbHBIMH ()a30BHIMH KOODAHHATaMH.
[Ipu mocTpoeHny 3aKoHa ynpaBJieHHsl, 06eCcleuuBarIliero 3aJaHHy10 HH-
TerpajbHyI0 KBaJpaTHYHYIO OLIHOKY, Lesecoo6pa3H0O yuecTh OrpaHHye-
HHe Ha ynpasJsiollee Bo3felicTBue. C 3TOH Liesbi0 BBeJeM HHTerpalb-
tHoe KBaJpaTHYHOe 3HAaueHHe YyIpaBJsilollell IepeMeHHOH, T. e.
1 .

guf(t)% (Hu (¢)dt, rae BecoBas matpuua Qq(f) mpeamosaraercs
to
noaoscurerbro onpedesenrnoi. Takum o6pasoM, MOXKHO 6bl10 Obl IOCTa-
BHTb 3aJauy O HAXOXJIEHUHM 3aKOHA yINpPaBJeHHS, MHHHMH3HDYIOILEro
HHTerpajbHYyl0 KBaApPaTHYHYI0 OWHMOKY NPH 3aJaHHOM HHTErpajbHOM
KBaJpaTHYHOM 3HAUeHHM yhpapjsiollell nepemeHHoH. Takasa 3anaua
Ha YCJOBHBIH 3KCTPEMYM METOLOM MHOXHTenel JlarpaHmka CBOAMTCH,

KaK H3BECTHO, K 3ajaue Ha Ge3yCJOBHBIA 3KCTpeMyM AJst PYHKIUHOHA-
Ja

ty t
5 X7 (8) Q (¢) X () dt -\ f u (£) Qy (£) u (£) dt (5.1)
to to

C HeonpeaeJeHHBIM MHOXKHUTeJIEM A, 3HaueHHe KOTOpPOro HaxoAguTCsd B
fnpoyecce peunieHHd 3agaydu. Heckonbko HHasi MOCTaHOBKA 3ajgavuu 6y-
t

JET, eclid Ha BEJHYHHY HHTErpana iguT(z‘)Q2 (H)u(f)dt He Haknangbl-
o
BaTh OrpaHHYEHHH, 2 OTIPEETHTL ee OTHOILIeRHE K HHTerpasbHOH KBal-

paTHyHOI olHbKe 5 XT(£)Q(¢) X (£)dt. D10 MOXKHO chenath, BHIGpaB
(]

3apanee onpejeseHHOe 3HaueHHe MHOXHTead A B pyHkuuoHnase (5. 1), a

3aTeM pewaTh 3ajauyy Ha MHHHMH3alHI0 3TOro QyHKuHOHasna. BBHAY

TOro, yTo 3HayeHHe A MOXHO ydYecTb NpH BeiGope Matpulbl Qqo(f), TO

MOXKHO MOCTaBHTb CJIeLYIOUIYIO 3aJayy ONTHMAaJbHOTO peryJHpOBaHHS.
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ITycto 3amana JuHeiiHass cHcTeMa [CM. MOSICHEHHEe K YpaBHEHHIO

(4.1)]
=A(#)x1+B(5)u. (5.2)

Tpebyetcs HafiTi Takol 3aKOH ylnpaBJeHHs U(f), KOTOPHIA MHUHHMH3H-
pyeT KpUTepHi

X" () QX () + | X7 () Qs (£) X ()df+$“’(t)Q2 Bu@a,  (5.3)

rae B oranude ot (5.1) mobGaBieH usneH xT(#)Qox(%;), Qo — HeoTpHLa-
TeJbHO ONpefeseHHash MaTpPHla, onpefensiollasi B3BELIEHHYIO KBajpa-
THYHY!O TEPMHHAJBHYIO OLIHOKY PeryaupoBaHHs.

Teopema. 3akon ynpasjyeHus u(f) cucremoii (5.2), MUHHMH3H-
pyromuit Kpurepui (5.3), ectb

u(f)=—L@Ox@®), LE)=Q" (#)B"(#)S®), (5.4)

rie S(f) — pewenne MmaTtpuyHoro JuddepeHIHaNbHOTO YpaBHEHHs
Pukkarn

—$=A"(/)SSA (H)1-Q,(H)—SB () Q' (B (HS  (5.5)

C KOHeullbiM ycaoBueM B Touke £ S(t;) =Qo.

dta TeopeMma BHIPaXKaeT OCHOBHOH pe3yJ/IbTaT 3aa4u aHAJHTHYECKO-:
ro KOHCTPYHPOBaHHSl PeryJsiTopoB, pellleHHe KOTOpOH AaHo B paboTax
. M. JleroBa u P. Kanmana. [IpakTHueckoe 3HaueHHe 3TOH TeOpeMBHI
COCTOHT B CHHTe3e ONTHMAaJbHOTO YNPaBJieHHsl B BUAe JHHeHHOH obpar-
HOH cBsi3W. JIpyruM BaKHBIM CBOHCTBOM ONTHMaJIbHOTO YIIPaBJIEHHA
ABJISETCS TO, UTO AJSl CTALHOHAPHBIX CHCTEM IIPH HEKOTOPBIX OI'PaHH-
YeHHAX KO3 (HIHEeHT ONTHMalbHOH 0OpaTHOH CBSA3H NMPH {—>00 CTpe-
MHTCS K HEKOTOPOMY YCTaHOBHBIIeMYycsl 3HaueHH0. ChopMysinpyem Te-
opeMy AJs CTAllHOHAPHBIX CHCTEM.
Teopewma. [IpeanonoxuMm, yto JUHeHHAs CHCTEMA C MOCTOSIHHBI-
MH Kosbduuuentamu [cM. mosicHeHue K ypaBHeHuio (4.1)]

—Ax+Bu (5.6)

INOJIHOCTbBIO yIIpaBJsieMa, a Kpmepuﬁ KauecTBa HMeeT BUL

oo

§ X (8) Qux () u™ (#) Quu (B)] i, (5.7)

o

rae Q;, Q — MOCTOSIHHBIE IOJIOXKHUTENbHO OlpeleseHHble MaTpHIBL.
Toraa ynpasnenune u=—Lx, L=Q,~!B"S, rae S — nosnoxurenbHo omn-
pelesieHHOe pellleHlic MaTPHYHOro ajre6paHyeckoro ypaBHeHus PHK-
KaTi

A'S-LSA-4+Q,— SBQ;'B'S=0, (5.8)

pewaer 3agauy o6 ynpaBjeHHH cHcTeMoH (5.6), MHMHHMH3HpYlOllce
kputepuil (5.7). YpaBHeHue (5.8) HMeeT eAMHCTBEHHOE INOJOXKHUTEILHO
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onpeleneHHoe peuleHne. 3aMKHyTas cucrema Xx= (A — BL)x acumnro-
THUECKH yCTOHYHBA.

3ameuanne. TpeGoBaHHe NOJOXKHTENbHOH ONpeNeJeHHOCTH MaT-
pullbl Q; MOXHO 3aMEHHTb Meliee OrpaHHuHTeNbHbIM. Kaxayio Heot-
pHLATEJNbHO ONpelieJIeHHYI0 MaTpHIly paHra r MOXHO NpPeACTaBHTb B
Bune Q,=E"E, rne E — marpuua pasra r pasamepHoctd rXn. 3agagum
sapaHee MaTtpuuy Q, B Bune ETE. Toraa Bce pesyabTaThl Teopembl oc-
TaloTCd B CHJe, ecqd TpeOOBaHHe MOJOXKHTENbIOH oOnpele/eHHOCTH
MaTpHubl Q; 3ameHHTb ycaoBHeM: cucteMa X=Ax+Bu, y=Ex noano-
cThio Habaonaema.

Mpumep. TIpHBOa yNpaBiAsIOUINX NOBEPXHOCTEH MOMET ObITh OMHCAH CJAeRYIOUIHM
ypaBHeHHeM BTOpoOro mopsjaxa [cM. ypasuenue (3.5)]:

.. 1. . kpm
3+ == Uypme 5.9)
Tpm Tom M

Beoxst ¢asoBble KoopAHHATBL x3=20; Xx,=0, 3anmuiueM yDaBileHHe YNPuUBJIREMOFO

006b€KTa B BHAC
. o1 [0
X—l-o — X b uy,

rie paav KPaTKOCTH 3aMiCH IOJIOXKeHO a = T;IJ‘, b :-/ePMTP“N{, uy = tyy. Homy-
CTHM, YTO HeO6XOJAMMO OGECHeyHTb NMOCTOSTHHOC 3HAUYEHHE yria OTKJOIeNHs pYisi X, =
=x°. BBoas. HOBLIe NepeMeHHble, MOMECTHM HadaJo KOOPAHMIAT B Touky (x:° 0):
X/ =x;—x1% x'=x,. [lepeMenHble X’ y10BJIeTBOPHIOT TOH KC CHCTeMe ypasHelHH
(5.9). ITosromy, ecmn uy=1I1x,+1,x, onpeiensieT ONTHMaJbHbIA 3aKOH pery/HpoBa-
Hus cucteMolt (5.9), T. e. NMOANEpPXHBAET COCTOSIHHE CHCTeMbi BOJH3H MONOXKEHHS
x1=x=0, To ynpasaecuue Ui=I[; (x;—x,%)-+lox, obecrneunBaer HOAAEPAHBAHHE CO-
CTOSIHMS CHCTeMbl BOM3H moJgoxenusi (x,° 0).

BoiGepem kpurepuil kauecTBa B BuAe \ [xf (t) + )\uf (t)] dt, T. e. TMNOJOXKHM B
0

_ 10
(6.7) Q1=[0 0

B npeiacraBaenn Q;=ETE moxHo nosoxuts E= (1, 0). Cucrema (5.9) BmecTe ¢
ypaBHeHHeM y= Ex = x; moJsiHOCTbIO Haba012eMa: KOOPAHIIATA X, BOCCTANABIHBAET-

cs mo popmyne x2=x;. ¥YpaBHeHHe Pukkatu (5.8) npuobperacT BHI

0 0 0 1 10 01 1 i}
[1 _a]s+s[0 —a]T[O OJ_s[b]T(o 5) S == 0. (5. 10)

Iyctsb s45, i, j=1, 2, 0603HaYaeT 3/1€MEHTL MATPHUB S; YUHTLIBAH, UTO §;3==Ss;, MO-
Jqyyaem u3 (5. 10) caenyrouine anre6panyeckHe ypaBHeHHs:

], Qo = A. B nannoM cnyuae matpuma Qp Buipoxjena. OueBuano, 4to

1 — b2 —1s2y = 0; — 62~ 1519890 + S11 — @512 == 0;

— b2~ 182y + 2519 — 2asyy = 0. (3. 11)
lonoxurensito onpenenenHoe peimenne cucTemsi (5.11) Gymer caexyomee:
\0,8 T o5 205
S =" a2+ 05 S12= S = 75

A , . 2b
S2~z==b—2 —a+ a~+on—5 .
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‘CoOTBETCTBYIOWAS MaTpHua KodpdHuHeHTOs 00paTHOH CBA3H pasua
L=["%, 6-1(—a + (a2 +260705)%8),
OnTuMaibHas 3aMKIyTas CHCTeMa OMHCLIBACTCH YPaBHEHHEM

. 0 1
* ‘. — 0 (a2 + 2[’7\_0'5)0'5] X. (5. 12)
XapaKkTepHCTHUECKHE YHCIa 3aMKHYTOH cuctempl (5. 12) 6yayr
- 1 ;
- _;—(“2 + 2007090 4 — (a2 — 2007 0%)°%%,

Ecau A-—)O TO AaCHMIOTOTHYECKOE 3layeHHe KOpHeH onpenessieTcd BblpaxKEHHEM

0,5 (62~ 5)05;/2( 14i), T. e. nonyueHo pacmoJioxeHHe KopHe#i BatTepsopra mus
BTOPOTO MOPAIKA.

BoiBO# ONTUMAJBLHOrO yNIpaBJEeHHS
JAJist HECTALMOHAPHOM CHCTEMbI

Janum oueHb KpaTKHH BBIBOA ONTHMAJbHOIO 3aKOHA YIpaBJeHHS
(5.4) nmas KoHeuHOTO HHTepBasa ynpasienus. [lyctb S(f) — peuieHne
MaTpPHYHOro ypaBHeHHs (5.5) ¢ ycioBueM S(#1) =Qo.

ITokaxeM, 4TO GYyHKIHOHAM (5 3) MoxHO mpeo6pa3oBaTh K BHLY

[ =X"(t) S (fo) X (£) 1—5[“ (H)4-Qz " (#) BT (#) S (1) x (#)]"X

X Qy (#) [u ()4 Q5" (H) BT (£) S (£) X (¢)] dt. (5. 13)
J7151 3TOro BBIUHCJIHM NMPOH3BOAHYIO OT XT (t)S(t)x(t).
LOsOxH) =L s@x@+x0sn 24
4 xT(2) "s% X (). (5. 14)

Uenonbays ypaBHenus (5.2) u (5.5), 3anumeM npaBywo uacth (5.14)
B Bune

()X () +B () u ())S (£ x () +X7(£) S (£) (A () X (&) +B (£ u (#) —
—x"(¢) (AT ()S ()+S() (£)+Q, (£)—S () B(£)Qz 'B* (1) S () X (¢).

TlpuBons 3mech mogoGHBIEe YjeHH M NoAcTaBasisa B (5.14), moayuum
d

2 (xS (X () = () B' O S()X ()+X(HS () B(B)u ()—

—X"(OQAOXBO)+xTA)SHBHQ (O)BTOSHXx(£). (5. 15)
TlpoBeeM TOXAeCTBeHHble mnpeoGpasoBanus ¢ yueroM, urtoQz Q=
=Q202_1——-l H u4TO Qg H S — CHMMeTpHYHble MATPULBL:

(u(6)4Qz" ()B" (£)S (1) x ()" Qu (#) (u ()+Qz" (1) B" () S" (1) x (¢)) =
=u" () QA u@)+x (OSHB A (OB (H)S(H)x (H)+
Fu' ()BT (S () x () + X" (A)S () B(#) u (&). (5. 16)
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C yuetom (5.16) cooTtnouienuc (5.15) nprHuMaeTr BilA

%(x?(ﬂsmx(n):—u‘f(t)ozmu(t)—xf(t)al(t)x(tw
4 (u(®)+Q (OB () S(£) X (1)) Qy (A (u(£)--Qz ()BT (£)S™(£) X (£)).

(5. 17y
ITpounrterpupoBas obe yacTu (5.17) B npemenax ot fo A0 ¢y H YYHUTHI-

iy

Bas, 4To Rdit(x"'(t)S() (£) dE=X"(£)) S (£)) X (t;) — X" (£5) S (fo) X (£p)

rO
u uto S(7;) =Qop, a TakXKe HCMONb3ysl BhIpaxeHHe IJs1 KDHTepHUs Ka-
gectBa (5.3), nosiyunM Tpe6yeMoe cooTHoueHue (5.13).
ITopbiHTErpa/bHOE BHIpAXKeHHE B (5 13) wumeer: dopmy VvT(f) X
X Qq(t)v(t), rae v(t)=u () 4+ Q" () B ()S () x (8. ITockounb-
Ky Martpuna Qg(f) — mon0XKHTENLHO onpeneﬂeﬂnaa, TO s Jboro
BEKTOpa V KBaapaTHyHas ¢opma v'Qy(f)v HeorpHuaTeabua. TakHM
o6pa3oM, HHTerpasbHbil unen B (5. 13) Bcerma HeoTpHiaTeseH H, Cle-
JOBaTeNbHO, NPH J11060M ynpaBJleHHn u pynkunonaa /> X' (£)S (f) X
X X (£,). TTonoxus u()=—Q; 'B (1S (Hx(¢), nonyuum v(t) =o, a
cJlel0BaTeJbHO, HHTErpaJbHbIi !meH B (5.13) o6paturcs B Hyab. DTO
O3HauaerT, 4To ynpasJseHHe (5.4) oNTHMAJbLHO, a OTBeuaicuiee emy 3Ha-
YeHHe KPUTEPHS KauecTBa paBHO  XT (%) S (4) X (fp), uTo H TprboBajoch
YCTaHOBHTb.

BbiBOI ONTHMAJLHOrO yHpaBJeHus
IJ8 CTAKOHAPHOM CUCTCMBI

UTo6nl pellnTbh 3anayy ONTHMAJbHOTO YNpPAaBJAeHHsi Ha HuTepBane
[0, +c0), ecTecTBEHHO paccCMOTPETL MOCAENOBATENBHOCTH 32124 YIpaR-
JIeHHSl Ha HHTepBaJe [0 T) c xpurepuem

([x )Q,x (£) - ur (£) Qou (£)] dt, (5. 18)

KOrjaa rnapamerp T—-> +co. Obo3uauum uepe3s Sr(f) peuleHue ypas-
HeHus

—S=A"S+SA|Q,—SBQ;'B'S (5. 19)
C HYJIEBHIM ycnosueM B KOHEYHO!H TOYKe HHTepBa/ja yNnpaBlieHHs:
S7(T)=0. B cOOTBeTCTBHH C H3JIOKEHHBIM ONTHMAJIbHOE YNpaBJeHue
Ha HHTepBane [0, T) umeer Bugu(f)=—Q; 'B"S;(¢) X (f). OcHoBHBEIM
MOMEHTOM BCEro MOCJIEAYIOIIEro 10Ka3aTeabCTBa SIBJSETC BBIBOJ CJie-
AYIOLEero npefebHOr0 COOTHOIIEHHUS !

limS; (¢)=S npu T — +co, (5. 20)

e S — crauHOHapHoe pewehde ypaBHeHusa (5.19). CxoanmocTs ®
(5.20), kak HeTPyAHO MoKa3aTh, JKBHBAJEHTHA CXOAMMOCTH KBaapa-
THYHBIX popM bTS7(¢)b npu n06om BekTope b. [lokaxkem BHauaJe, 4To
3Ta CXOAHMOCTb HMeeT MecTo npH ¢ =0.
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Cxoaumocts b™S7 (0)b npu T—>oco. [TpoBepuM, uTO BHIpasKeHHe
b'S7(0)b ectb MOHOTOHIO BO3pacTailias I orpanuyenias GQYHKIHA
or T npn KaxiaoMm ¢UKCIIPOBAHIIOM 3HAaYeHHH b, OTKyZa MO H3BECTHOH
TeopeMe MATeMAaTHUECKOIro aHa/H3a OyAeT CaefoBaTh CYIeCTBOBAHIC
npegena b™Sr(0)b npn T—>+oco. Kak mokasano Bhillle, ONTHMAaJbHOE
3HaueHHe KPHTEePHS KaueCTBa MPH YCJOBII, UTO CHCTEMA B HAYaJbHBIA
MOMEHT HaxonHuTtcs B coctositiiin b=x(0), paBuo b*Sr(0)b. Mcnoapsys
CBOHCTBO MOJHOH ynpasasemocTn cucteMbl (5.4), NMOCTPoHM ympasie-
HHe u(f), nepeBoAslice CIICTEMY H3 COCTOsIHHSI b B HyJleBOe COCTOSIHHE
K HEKOTODOMY KOHEYHOMY MOMEHTY #, M TMOJOXKHM U(f)=o0 npu {>f.
O603HayHM uyepe3 /| COOTBCTCTBYIOIee 3TOMY VIPaBJEHHIO 3HAYEHHE
¢ynkunonana (5.18). Ouesiano, 4TO ONTHMAJbHOE 3HaueHHe QyHKIH-
oHana (5.18) npu nwdSom T>=f He MOXKeT NPEBOCXOAHUTb 3HAueHHUs I,
T. e. b*™S7(0)b<<T npu nocratouHo Go.blIHX 3HaueHusx T. ,E[oxax&eM
Tenepb MOHOTOHHOCTb NOC.1e10BaTebHOCTH b™St, (0)b:

b*S7,(0)b < b'Sy, (0)b, T, < Ty, (5.21)

T. €. C YBeJHUEHHEM HHTepBaJ/a yIpaBJeHHS ONTHMajbHOE 3HAaYeHHe
KpDUTEpHUsI KayeCcTBa MOXKET TOJIbKO yBennuuBaTbcsd. O603HAUHM yepe3
u; (£), X1 (f) u ug(f), Xo(f) onTHMasbHbBIE YNIPaBJIeHUS U TPAGKTOPHH CO-
orBetcTBeHHO Ha uutepBagax [0, T;) u [0, Tq). ITockoabpky T;<<Ts, TO
HMeeM OueBUAHOE HepaBeHCTBo

b*Sr, (0) b= Sx2 (1) QX; (£) 4 u3 (£) Quuy (£)] dt >

> | %0 Qs ()3 () Qu 0] . 5.2
0

Paccmorpum ynpasaeHue up(¢) Ha unrepadge [0, T,). [IpaBas uacts
(5.22), oueBMIHO, mpenCTaB/sieT 3HaueHHe KPHUTepHs KauecTBa, OTBe-
yalolllee 3TOMy ynpasJaeHulo. Ho nns unrepBasa [0, T;) onTHMaJIbHBIM
sBJsSeTC  ynpaBjeHHe u;(f) cO 3HAUeHHeM KPHUTEePHs KauecTBa

b'S7, (0)b. Caenosareansno, b*Sy, (0) b me mpeBocXoAMT MpaBOH yacTu

(5.22), a 3nauuT ¥ ero JieBOH yacTH, 4To KoKasmiBaeT (5.21).
Cxonnmocn MaTpHYHbIX cpyHKLum Sr(f) npu KaxKnoMm 3HayeHuH !

K HEKOTOPOii npeaenbHOil MaTpuyHOl QyHKilun S*(f): 1T1n1 S, ()=S* ().

Marpuunsie pyHkuun Sr(f) nmpn KaxjaoMm 3HaueHUH T yIOBJIETBOPSIOT
OJIHOMY U TOMY e AuddepeHuiiaibHOMy MaTPHUHOMY YpaBHEHHIO
(5.19). TlosicuuM, 4yTo MaTpHuHOe ypasHeHHe (5.19) ecTb He uTO HHOE,
KaK HopMaJibHas cucteMma n? HeqnHeHHbIX AMpdepeHUHaNnbHBIX YpaBHe-
HHHA OTHOCHTesJbHO PYHKUME s;;(f), §, j=1,...,1, 1 IO3TOMY K MAaTPHY-
HOMY ypaBHeHuwo (5.19) mpuMeHHMBbl H3BECTHBIE TEODEMbl TEOPHH AH(D-
(dhepeHUHANbHBIX ypaBHeHHE. B uacTHOCTH, MO TeopeMe eIMHCTBEHHOCTH,
BCsKOe pelueHde ypaBHeHusi (5.19) oJHO3HauHO ompejeJseTCs CBOUM
3HayeHHeM B mo6Goi MoMeHT BpeMeHH f. BosbMem pemenne Sr(¢), 0<<
<t<CT, omnpeneseHHoe YCJOBHEeM NPOXOXAEHHs uepe3 HYJb B TOUKE
t=T u BBHIYHCAUM ero 3HaueHue B Touke {=0: Sr=S7(0). B cuny us-
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JI0XKCHHOTO St (f) MOXHO ONpefesHTb, Kak TaKOe pelIeHHe ypaBHEHHS
(5.19), xotopoe B MomeHT {=0 npuuaumaer 3aHauerne Sr(0) (puc. 5.1).
BeneM pemieHHe S*(f) ypaBHeHus (5.19), ynoBierBopsiolee Hayaslb-
HoMy ycaoBu S*(0) =S, rae S=1im S¢(0) npu T—> +oo. Toraa, no-
CKOJIbLKY TOCJIe[OBATE/AbHOCTh HauaaphHbiX 3HaueHu# Sr(0) cxomutes
npi T—> 400 K nmpenesny S, HCNONb3Ysl TeOpeMy O HellpepbIBHOH 3aBU-
CHMOCTH pelleHHsl JHDPEPEeHIHANbHOrO ypaBHEHHS OT HayaJbHbIX JaH-
HBIX, BBIBOJHM, YTO IIPH KAXKAOM 3HAUYCHHUH ¢

lim Sy (#)=S*(¢) npu T — 4 oo. (5.23)

MocrosancrBo maTpuuHoit dynkuun S*(¢): S*(f) =S npu Bcex 3Ha-
yenusx ¢. [TokaxeMm, uTo npu Kaxaom A>0u t=h '

S*(#)=S*(t—h). (5.24) N . $"(t)-5

U3 (5.23) umeem npu T—
—> 400 limSy(t—h)=
=S*({t—h). C ngpyrost 7
CTODOHBI, 3aMeTHM, YTO
Sr(t—h) xak yHxuus ¢
NpH (HKCHPOBAaHHOM A fIB-
JisieTcsl pellleHHeM YpaBHe-
HUSA (5 19), ITOCKOJIbKY Puc. 5.1. KpHBble CXOAHMOCTH MATPH4HBIX GYHKUHIT
Sr(t —h) orauuyaeTcs OT  ST; () K npenenbHoii S

Sr(¢f) cHBUrOM BpeMeHH,

a ypaBHeHHe (5.19) aBTOHOMHO — mpaBble YacTH He 3aBHCAT SIBHO OT
t. Pemenne Sy (f — h) npu ¢t=T+h o6pamtaercs B uyab: Sy ((T+h) —
— h)=S87(T)=0. Ho pemenne ypaBHenus (5.19), obpamaouieecs
B MoMeHT t=T+h B HyJb, ecTb Srin(¢), T. €. St (f — h)=Sryn(?)
IpH Bcex 3HaueHusix {. [Tlepexons B mocsenHeM COOTHOIIEGHHH K Mpeje-
ay npu T—>oo i yuuThIBas, 4YTo OpH 3ToM H T +h—>00, ¢ yueTOM
(5. 23) monyunm

5, ()

limS; (¢ —h)=1imSy,, (#)=S*(¢) npu T ——-co. (5.25)

CpasnuBast ¢opmy.y (5.25) ¢ moyuesHsm pedyasratoM limS; (F—h)=
T

=S*({—~h), nonyuum (5.24). [Tonaras B (5.24) f=~h, nONyuuM, 4TO
npu Bcex ¢ uMmeem S*(¢) =S*(0) =S. HMrak, nokasano, uro S$*(¢) =S,
SIBJIAIOLLEECA peLieHHeM MaTpHuHOIO YypaBHeHHst (5.19), MOCTOsIHHO.
IIpu noacranoske S*(f)=S B ypaBHenue (5.19) seBass yacTp 06pa-
%TCH B HYJIb H, C/JI€IOBaTeJbHO, MAaTPHIA S yIOBNETBOPAET YPABHEHHIO
8).
OnTHMaJNbHOCTL ynpaBieHus u=——Lx, rae L=Q;'B"s.
ITokaskeM, 4To ec/iu ynpaB/ieHHe HMeeT BUJL

u= —Lx, L=Q;'B'S, (5. 26)
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TO 3HAueHHe KPHTepHs KauecTBa 6yner paBHO bTSb, rme b — BekTop
HauyaaLHOro moJoxeHus. [loabiHTerpanbHoe BoIpakende B (5.7), ¢ yue-
tom (£.26), npuoGperaeT BHA

(O[Q; +LT QL] x ()=xX"(H)[Q,+SBL]x ().  (5.27)

Bripasus Q; u3 ypaBHeHHst (5.8) ¥ yuHTHIBasi, yTo MaTpHlUbl Q; u S —
CHMMEeTpPHUHBIE, C HCIOJb30BaHueM (5.26) nalifem

Q= —AS—SA+SBQ; 'B'S= —A'S—SA-}-LB'S.
Hoacrasass Qi B (5.27), noxyuum
X" (¢) [—A"S—SA+4LB"S-- SBL] x (/)= — X" (£)S [[A—BL) x (¢)] —
—[x"(#) [A"—L'B")] Sx ()= — X" () SX (&) — X" (£) SX () =
= -——[x (£)Sx (8)]. (5.28)

Ilpu BriBoLe cooTHoueHHs (5.28) HCMOb30BAHO ypaBHEHHe 3aMKHYTOI
cuctembl X= (A—BL)x (naun x*=x"(A™—L*B"), xoTopoe noJsydaercs
noactanoBkoit (5.26) B (5.6). Takum o6pa3oM, MOABIHTETPAJbHOE BHI-
paxenue B (5.7) paBHO npaBoii yactu (5.28). [IponsBeneM HHTErpHpo-
BaHHE 3TOTO BbIpa)KeHUs B KOHEUHBIX Ipenenax or 0 4o HEKOTOPOTro
3Hauenus T>0 ¢ yuetom x(0) =b:

T

S[xT ) Qx(£) -+ u() Qu(f)]dt= — {

0

£)SX (¢)] dt=

&In

0
=[—xX"(£)SX ()]0 = — X" (T)Sx (T') +-bSb. (5.29)

B cuay pokasaHHOH paHee HEOTPHIIATEJALHOH ONpeeNeHHOCTH MaTpH-
ubl S Boipaxcenue XT(7)Sx(T) HeoTpHuaTesbHO Npu JI060M BeKTOpe
x(T). Tloaromy uHTerpas B JeBo#l uactu (5.29) ne mpeBocxogut b*Sh.
ITepexons k npeneny B (5.29) npu T—o0, HalieM, 4TO

I = [ X" () QX (£)+ u" (6) Qu (£)] ¢ < b7Sb, (5.30)
0

T. e. 3HaUeHHe KPUTEPHs KauecTBa [/, OTBeyalolllee ynpasieHHwo (5.26),
He NpeBocXoAuT bTSh. R

Teneps noJoxkum, uto u(¢), 0<{f< oo — NpOH3BONLHOE yNPaBJeHHE
u x(1), x(0) =b — orBeualouias emy Tpaekropus. O6o3Hauum uepes /
3HaueHHe KpUTepHs. Bo3bMeM NPOH3BOJBHBIA KHTepBaJ YyHpaBJeHHA
(0, T). OnTumManbHOe 3HAYeHHe KPHTEPHS KauyecTBa MJisi 3TOTO HHTED-
Ba/Jla B COOTBETCTBHH C NPHHITBIMH 0603HaueHusMH pasHo bTSr(0)b.
Cae10BaTesbHO,

b'S; (0) s'[x‘ 6)Q ()X (¢) +u () Q(Hu (D] dt < 1. (5.31)

0
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IMepexoas k npeaeay B (5.31) npu T—+ oo, nonyuum
b*Sb 7. (5.22)

TaxuM 06pa3oM, HH I/ KaKOro ynpamJjeHHs u(f) 3HaueHHe KPHUTEpHS
KayecTBa He MoxeT OblTb MeHblle b™Sh. C apyro#i cTOpOHBI, 4151 ynpas-
sieHust u(t), sagasaeMoro ¢opmyJoi (5.26), 10Ka3aHO HEPaBEHCTBO
(5.30). 3nauuT, ra camom Aede B (5.30) HMeeT MecTO 3HaK PaBEHCTBA,
T. €. 3HaUEHHe KPHTepHsi KauecTBa [Js YynpaBiaeHHs (5.26) paBHO
b™Sb. M3 ¢dopmyan (5.30) Tenepn caenyer, uro bT™Sh sBJAseTCs MHHH-
MaJIbHO BO3MOXKHbBIM 3HAaUCHHEM KPHTEpHs KauecTBa, T. €. 3aKOH YIpaB-
aeHus (5.26) omTumadsieH.

Hcnosnb3ys nokasaHHOe TOJIbKO YTO yTBEpKIEHHE, YTO Mpegen Jie-
Bo# yactd B (5.29) npu T—>oo0 paBen b™Sh, 3ak/ouaeM u3 (5.29), yro

lim X* (7)) $x () =0. (5. 33)

ITOT pe3ysbTaT OydeT UCMONb30BAaH MPH NOKA3aTeJbCTBe aCHMIITO-
THYECKOH YCTOMYHBOCTH CHCTeMbl (5.6), 3aMKHYTO! ONTHMAaJbHBIM YII-
paBsenueM (5.26):

x=(A—BL)x. (5.34)

YcaoBHS aCHMNTOTHYECKOH YCTOHYMBOCTH
CTALHOHAPHOM 3AMKHYTOH CHCTEMBI

CBefeHMsl U3 JIMHEHHON anreOpbl 0 MPUBENEHUU KBAAPATHYHON GOpPMbi
K KaHOHMYecKOH. PaccMoTpuM KBajapaTHuHYi0 GOpMy C HeOTpHIlaTe/b-
HO onpefeneHHoH marpuued Qi xTQux>=0. OGo3HauuM uyepe3 r<in
padr mMatpunsl Q;. M3BecTHO, YTO cyuLiecTByeT JiHHeHHOe npeo6pa3oBa-
iHe epeMeHHBbIX

yr=enxi+ ... +euXn ..., Yy=e X1+ ... +€x,

wi y=Ex, rae y'=(yy,..., y,), E=lle;l|—
MaTpuiia paHra r pasMepHOCTH r X1, YTO B KOOPAHHATAX Y, ..., Y KBA/-
paTHyHasl ¢popMa X"QX NMPUBOLHUTCSI K CyMMe KBaApPaTOB:

X" Qx=yi+... 4y (5. 35)
C npyroit cTopoHbI:
yi+...+yi=y'y=(Ex)"Ex=x"E'Ex. (5.36)
CpasnuBas cooTHolleHus (5.35) u (5.36), HaxoauM, 4TO
Q,=E'E. (5.37)

Ycaosus HeBbIpoxAeHHOCTH Matpuubi S. HMcnonbsyss wmarpuuny E,
onpeneseHHyio gopmysoi (5.37), moctpouM HabaofaeMylo M ynpasiis-
€MY10 CHCTEMY

x=Ax-}Bu; y=Ex. (5.38)
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IMoabinter panbioe Boipax»ieHHe B kputepun (5.7) ¢ yyerom (5.37) n
y=EX npeacrasum B BHIE

YE(O)y () -ur (£) Quu (2). (5.39)
[IpeanosoxuM, uTo mMaTpuia S — BbIpOXK/JAeHHas. DTO 3HAUHT, UYTO
HaleTCs HEKOTOPHI HeHyJaeBOi BeKTOp a™= (aj,..., Gn), UTO KBajapa-

THuHasi ¢opMa a™Sa=0. [Tockonbky a’™Sa mpezacras/sieT co6oi ONTH-
MaJibHOe 3hadenHe PyHKUHOHaJMa (5.7), COOTBETCTBYIOlLlee HAuaJbHOMY
COCTOSIHHIO BeKTOpa a cucTeMnl (5.6), TO mJjs ONTHMAaJbHOTO yHpasie-
HUst u(f) u Tpaekropuu X(f), x(0)=a, c yuerom (5.39), nomydum

?[yT (£)y (£)+ur(£) Quu (¢)] dt=a"Sa=0. (5.40)

0

Tak kak noabiHTerpajabHoe BripaxKeHHe B (5.40) cocTout u3 AByX He-
OTpHLATEbHBIX cJjaraemblx, To moaydum (1) yT*(f)y(¢#)=0, T. e.
y(f)=o0 u (2) uT(¢)Qou(¢)=0, 1. e. u(f) =o0, Tak Kak Qp — NOJOXKHU-
TeJbHO ONpelefeHHas Matpuua. lMrak, uMeeM HeTpHBHaJbHOoe CBOOOL-
Hoe (u(f)==o0) pemeHue ypaBHeHus (5.38), mas KoTtoporo Hab.wgae-
MBIl BEKTOp Y TOXKAECTBCHHO paBeH HYJ/I0. Takoe NOJNOXKEHHe MOXKET
MMeTb MECTO TOJIbKO B TOM CJyuae, Korja cHcTema (5.38) He sBasercs
MOJIHOCTBIO HabmogaeMoil (cM. ri. 4). Ecau maTpuua S BepoX/aeHa, TO
cuctema (5.38) He siBisieTCs MOJHOCTbI0 Habaionaemo#. Cpenaem Te-
nepp AonyuleHue, 4To cucteMa (5.38) sIBAsieTCS MOJIHOCTBIO HabJl0gae-
mo#. ITockosbky npeanoJioKCHHE, YTO MaTpHua S BBHIPOXKIAEHA, IPHBO-
IMT K HenoJsiHoil HabawogaemMocTH cHcTeMbl (5.38), TO mOJAy4YyHM, YTO
MaTpHLa S — HeBBIPOXKJEHA, T. €. C YUYeTOM ee HEOTPHLATeJNbHOH Olpe-
JeJIEHHOCTH OHa OyAeT NOJIOXKHTeJNbHO onpefeJeHHOH. B  uacTHOCTH,
eCcJH paHr mMaTpuubl Q; pasell 7, To paHr MaTpuub E TakXe paBeH 7,
1 cjeloBaTesNbHO, cHcTeMa (5.38) Oyner MOJMHOCTbIO HabJa0AaeMOH,

AcumMnToTHYECKAs] YCTOHYUBOCTb 3aMKHYTOH cucteMbl. J[lonycTum,
yto cucrema (5.38) mosHocTbio Habatonaema. Toria 13 COOTHOLIEHHA
(5.33) H MOJNIOKHTEJBHOI ONpeaeNeHHOCTH MATPHUBI S BHITEKAET, uTO
npu J1060M HayaJbHOM COCTOSSHHH cHCTeMbl (5.6) W ONTHMaJbHOM 3a-
KOHe YyrnpaBieHus (5.26) onTHMmasbHas TpaekTopus Xx(f) ob6aanxaer
cpoiictBoM X(T)—>-0 npu T—-oco, YTO H O3HAYaeT aCHMITOTHYECKYIO
ycToilunBOCTh cHcTeMbl (5.6), 3aMKHYTyIO ONTHMaJbHBIM 3aKOHOM YII-
paBaenns (5.26). eficTBHTENBHO, NPH INOJOXHTEJNbHON ONpEAeJIeHHO-
CTH MaTpHUbl S ypaBHCcHHe XTSx=¢, £¢>0 OmUCHIBaeT 3JJIHICOHAHYIO
noBepxHOCTb BOKPYT ToukH 0. [Tpu e——0 3TH NOBEPXHOCTH CTATHBAIOT-
¢ B Touky Xx=o. [lostoMy, nockoabKy BepHo (5.33), dasoBas Touka
x(T) Takxe CXOZHTCA K HYJI0 NpH T——00. DTO Ke YTBEPKACHHE MOXK-
HO mpoBepuTh W aHanutHueckH. Ecan S=CTC, rane C — HeBBIpOXK/IEH-
Hasi MaTpHua pasmepHocTd nXn [cpaBuuTh ¢ dopmynoi (5.37)] u z=
=Cx, 10 [cpaBHHTb C popMY.10il (5.35)]

X"(T)Sx(T)=z"(T)z (1\=2i(T)+... +22(T).

M3 (5.33) Bmitekaer, uto 2;(T)—0, j=1,..,n, a OTclOLa OYEBHAMO,
gto x;(T)—0, j=1, ..., n
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5.2, MIPUHLU NI MAKCUMYMA NMOHTPATHHA
[locTaHOBKa 3aaa4u

ABTOHOMHbIE CHCTeMbI (IIpaBble YaCTH He 3aBHCAT OT BpeMeHH). IlycTh
06BEKT yIIPABJIEHHS] OMHCHIBAETCS CHCTEMOH OGBIKHOBEHHBIX AHGGepeH-
[[HAJIbHBIX YDaBHEHHH NepBOro Mopsiika, pa3pelleHHBIX OTHOCHTE/NbHO
npOH3BOAHBIX

x“=f1 (xl,..-, xn, ul,..., ltm), i=1, 2,.-., n, (541)
HJIM B BEKTOPHOH opMe

X=dx/dt=1(x, u), (5.41a)

rae X*= (xy, ..., Xn) ER™ — BeKTOp (ha30BOr0 COCTOSIHHSI CHCTeMBbI; U"=
= (U1, ..., ) ER™ — BekTOp ynpasieuus; fT(x, u)= (fi(x, u), ..., fa (%,
u)) — BexTop npaBbix yacreil. [IpuBeqenHas ¢opma 3anucu guddepen-
IHaJbHEIX YpaBHEHUH HasbiBaeTcs HopMasibHOH. IlyTem BBedeHHust 10-
[OJIHUTEJNbHBIX HEH3BECTHBIX OOBIKHOBEeHHbIE NH((dEpeHIHalbHble YpaB-
HeHHst JI060r0 MopsiiKa MOTYT GbITb NPHBEJAEHH K HOPMaJbHOH dopme.
Bynem mpeamosiaraTh, 4TO yHOpaBJEHHe U 3afaeTcss Kak QYHKUHST
BpeMeHH u=1u(f), U HaJOXHM OTpaHHYeHHe, 4TOo QYHKUHs u(f) Kycou-
110 HempepbiBHA. Kpome Toro, morpebyeM, 4To6bl IpH KaXKAOM 3Haue-
HHH | ynpaB/eHHe U=U(f{) NpPHHAAEXKAJO0 HEKOTOPOMY NOIMHOXECTBY
U npoctpancrBa R™. B 3ajgauax ynpaBjeHHs HauGoJjlee Ba’KHBHIM OKa-
3bIBaeTCs CJaydal, Korjga MHOKecTBo U/ OrpaHHYeHO M 3aMKHYTO (Bbi-
XOJ pyJell Ha ynop, orpaHHYeHHass MOLIHOCTb MPHBOJAOB H T. 1.). IIpn
3TOM 4YaCTO OKa3bIBAeTCsl, YTO ONTHMaJ/bHOe ynpaBJ/eHHe U(f) NMPHHH-
MaeT 3HauyeHHs Ha rpaHuue obsactu U. Lenblo ynpaBienus 6ynem cuH-
TaTh NMEPEBOJ CHCTEMbl H3 HAUAJBHOI'O COCTOSTHHS B HEKOTOpOe 3apaHee
onpejeseHHOEe KOHEUHOe COCTOsIHHe X!, JH60 B HEKOTOPOe MHOXKEeCTBO
KOHEYHBIX COCTOSIHHE S'CR™; npu 3TOM BCe COCTOSIHHS M3 S! cumraior-
¢ PaBHO3HAYHBIMH C TOYKH 3DEHHs IeJH ynpaBieHHs. EcrecTBeHHO
OrPaHMYUTBCH TOH yacThio (ha3oBoro mpocrtpanctsa GoR™, mas KoTo-
POH Hesb yIpaBJeHHs BBIMOJHHMA: AJs JI060ro Bektopa X° ua 00.1acTh
G (x°=G) cyuecTByeT AONYCTHMOe yhpaBieHHe U(f), ty<<t<{t;, npH
KOTOpoM pelleHHe X (f) cucrembl (5.4la), orBeuatollee u=u(¢), npo-
XOIHUT B Haya/JbHbIH MOMEHT f;, uepe3 TOYKY X(fp) =X a B KOHEUYHbII
ti —uepes Touky x(f;) =x'<S'. [losoxum, uro BekTOp-PyHKIHs f
onpenesnena Ajs Jo6oro 3HaueHHss XG u usU u uyto dysxuus f(x,
U) HempepblBHA 10 X M U H HeNpepbiBHO AU (depeHunHpyeMa mo X.
KauecTBo mpouecca ynpapjieHUss BHIpa3HM KOJHYECTBEHHO B BHIE
3HayeHHs] HEKOTOPOrO HHTEeIPajbHOro QYHKIMOHAJA BHOJbL TPAaEKTODHH

X(f):

e

I=\ fo(x(8), u(#)dt, (5.42)

e fo(x, u) — HenmpepbiBHasi QYHKUMsA, KOTOpas BbIOHPAETCS H3 YCJO-
BHA o6ecneveHHst onmpejeseHHbIX TPeGOBAHHMH, NMpeAbABAAEMBIX K MPO-
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ueccy yOpaBJeHHs (MHHHMYM pacxola 3HeprHd Ha ynpaBJ/leHHe, Mak-
"CHMYM OBICTPOAEHCTBHS CHCTEMBI H T. M.). PyHKIHSA fo(X, U) MPUHALME-
AHT K TOMY e Kjaaccy GYHKUHH, 4TOo U OYHKLUHH f; (X, U) B ypABHEHH-
fx (5.41); Bpems {, He GUKCHPOBAHO.

~ ¥YnpaBneHne u=u*({) 6yleM CUHTATb ONTHMAJbHBIM, ecJH (QYHK-
uioHasa (5.42), BbIUHCAEHHBIH BAOJb COOTBETCTBYIOILEH YIpaBJ/eHHIO
u®(f) tpackropuu X*(f), NIpHHHMAaeT HauMeHblllee BO3MOXKHOe 3Haue-
nxe. Boipenem npuHuun makcumyma [ToHTpsirnHa, RalouiHil HEOGXOIH-
Mble YCJOBHA 3KCTpeMyMma. YhpaBJ/leHHe, YOOBJETBOPAOllee 3THM YcC-
JIOBHSIM, Ha3blBaeTcsl HHOTAA 3KCTpeMaJsibHBIM. KOPAa ONTHMaJbHOEe
ylpaBJieHHe CyLeCTBYyeT U HafJeHbl BCe 3KCTpeMaJibHble YIOpaBJEHHH,
TO orobpaTbh CpelHl HHX ONTHMAaJbHOe He MpEeACTaBJAsIeT TPYLHO-
crefl.

Brigennm B MHoxectBe G Ty yacts G* <G, 1151 KOTOPO# CYILECTBY-
eT ONTHMaJibHOE ynpaBJjeHHe. Bciogy B AajbHeilleMm, He OroBapuBas
3T0 0c060, He 6yneM BBIXOAHTb U3 o6sactH G*.

HeaBTOHOMHbIE CHCTEMBI (MpaBbie YaCTH IBHO 3aBHCSAT OT BPEMEHH).
BoJee o6iuit Bun cucremer (5.41), Korga npaBble 4acTH CHCTEMBI IBHO
3aBHCSAT OT BpeMeHH {, JIETKO CBECTH K pacCMaTpHBaeMOMY, IpHHUMas !
3a HOBYIO (pa3oBylo kKoopnuHaty. [lobaBass K cucreme (5.41) ypasHe-
HHe dXni:/dt=1, noay4um cucremy tHna (5.41), nopsaok KOTOpoO# Ha
CAHHHLY BBIlE.

3apauya ¢ (GpUKCHPOBAHHBLIM BPeMeHeM ymnpaBJieHusi. B HeKOTOpHIX
34alauyax ylipaBJeHH:, HANIpHMep, NpH cTabuAH3alUH, He HaKJaJblBaeT-
€l HEeNOCPEACTBCHHO OrpaHHuYeHHe Ha KOHeYHOe COCTOSIHHe CHUCTEeMBI, a
9TH OTPaHHUEHHS NMPOSABJAIOTCS KOCBCHHO yepe3 QPYHKUHOHAJ KauecTBa.
B rakux cayuasix Moxer ObITb 3allaHO BpeMsl, B TeUeHHe KOTOpPOro Be-
Jercst pouecc ynpasJjeHHs. TOT Xe npueM BBeJeHHS AOMNOJHHTENbHOH
KOOpAHHATH dXn41/df=1 cBoguT 3apmauy k cucTeMe THna (5.41).

IMepexon K pacwupeHHomy ¢pa3oBoOMy NPOCTPAaHCTBY. JJonoiHUM cHC-
TeMy (5.41) ypaBHeHHeM

).COZ,fO(x’ l.l), (5.43)

BBIPAKAIOIHM CKOPOCTh H3MeHeHHs1 GyHKUHOHAIa (5.42) BOOMB TpPaeK-
TopuH X (¢), rae fo(x, u) — moabHTErpaJbHOe BhipaxeHue B (5.42). Tak
Kak npaBble yactu (5.41), (5.43) ne 3aBHCAT OT KOODJAHHATH Xo, TO P€-
IleHHe Xo(f) ypaBHeHHs (5.43) CTAHOBHTCS H3BeCTHBIM, KaK TOJbKO
¢buKcupoBaHO ynpaB.aeHHe u(f), fo<<{t<t;, u HalifeHa Tpaekropus X (f)
cucremnl (5.41), orBeualomiast stoMy ynpasJenHio. [logcraBiass Hail-
JleHHHIe 3Hauenus X(f) u u(f) B ypaBHeHHe (5.43), Haiizem

T

%o (£)=%o (to)+ | fo(x(v), u(v)dr. (5.44)
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TeM He MeHee OKa3biBaeTcsl YAOOHBIM OOBbeIMHHTb ypaBHeHHs (5.41)
u (b.43) B OJlHY CHCTEMYy K paccMaTpHBaTh ee NOBeJeHHe B PAaCLIHpeH-
HoM ¢asoBom npocrpaHcTBe R™t! pasMeprocTtH n+1:

X =1 (X, u), (5.45)

rune x1=(x0’ xT)=(x0v KXiseoos X,,); fr':(fo’ fT)=(f0(x’ u)’ fl(x7 u))""
..o fn(X, U))—(n-+1)-MepHble BEKTOPBl COOTBETCTBEHHO COCTOSIHHS CH-
crembl (5.45) u ee mpasbix uactell. Beiogy B panbHedimeM (n+1)-
MepHble BEKTOpbl 6y/leM OTMeuaTb 4epTOH HaX CHMBOJOM: X, I, ¢, &, ...
H T. I, @ N-MepHble BeKTOpHl — 6e3 uepTHl: X, f, @, E, . . .

% x,(t,)
x(t)
X, (t)
Rg— =
~ N "
X,(to) X X!
X M x(t)
PHe. 5.2. TpaeKTOpHH B pacCIIH- Puc. 5.3. OnTHManbHas Tpaek-
peHHOM ¢a30BOM MpOCTpaHCTBe TOpHS

MpencraBnenune Tpaexktopun B ¢asosom mnpocrpancTee. Kaxiofi
Tpaektopuu x(¢) cucremsnl (5.41) coOTBeTCTByeT lesas COBOKYMHOCTH

TpaekTopuii X(f) cucremnl (5.45), oTBeuamllass pasHYHBIM HadgaJb-
HBIM 3HaYeHHSIM Xo(f) [cM. dopmyany (5.44) u puc. 5.2]. Teomerpn-
YeCKH BCe 3TH TPaeKTOPHH MOJYYAIOTCS OJHA H3 JPYrod mHapaJJelb-
HBIM TepEHOCOM BJOJb OCH Xo. [Ipupamenne (cM. puc. 5.2) xoop-
AHHATHl Xo PaBHO Xo(f1) — Xo(fp) BIOJb BCEX STHX TPAeKTOPHH OLHO M
TO Xe M paBHslercsl 3HaueHWio dyHkuuoHana (5.42) Ha TpaeKTOpHH
x(f). B uactHocTH, Aas TpaekTOpHH X () ¢ Xo(fo) =0 3HaueHue xy(?)
PaBHO HAKOIJIEHHOMY 3HaueHHI0O QyHKUHOHAa (5.42) K MOMEHTY Bpe-
MeHH L.

Npununn ontumanbHOCTH. Tak HasbiBaeMBIH MPHHIKI ONMTHMAJbHO-
CTH TJ1aCHT, 4TO JIIOOOH OTpPe3oK ONTHMAaJbHOH TpaekTopHdH X*(f) npu
V<<t<t; BMecTe ¢ ympaBieHHeM u*(t), ¢'<<t<{t, fBAsETCA ONTH-
MasnbHOH TpaekTopHed. [lelcTBHTENbHO, ec/i OB GBLIO BO3MOXKHO Ha
yyacTke NBHXKEHHsSI CHCTeMBl Nocje TOYKH X*(#') BHIOpaTh «Jayuuiee»
ynpasaenue (puc. 5. 3)

£y’
W), £ <t<h, e [ fo(x*H(H), ut () dt <

t
< [ Folx* (@), u* () dt,
)
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ty t
70 [ folx* (@), u* () dt= [ fo(x*(6), u* (1) di+

to to

+ [ Foxr @), @) de> | fo(x* (), u* (#)di+
to

X
+ [ folx** (), ur* (1)) at.
’

Taxkum obpasoM, onTHMaJjabHOe yrpasjeHue u*(t), tp<<{f<{f,, mepeso-
Asillee CHCTeMY M3 Haua/JbHOTO IOJOXKeHHS X(fp) B HEKOTOpOe KOHey-
Hoe, HaeT OGojblllee 3HaueHHe (yHKuHOHasna (5.42), yeM HeKOTOpOe
Jpyroe — COCTaBHOe yNpaBJleHHe, paBHoe u* (¢) npu fo<<fi<Cf) u u** (f)
npn #'<Ct<<t’y. TlonyyeHHOe NPOTHBOpeuHe NOKAa3biBaeT MPHUHLMI OI-
THMaJbHOCTH.

BbiBo# OCHOBHBIX Pe3yJibTaTOB

YpaBHenHe nNOBEPXHOCTH X, OAMHAKOBOW maathl. PaccMmorpum
COBOKYMHOCTb L ONTHMAJbHHEIX TpaeKTopuil x*(£), ty<<t<t;, B paciuu-
pennom ¢razoBom mpoctpaHcTBe R™*l) cymras, 4TOo HavaJbHas TOYKa
X*(ty) mpoGeraer o6aactb G*, T. e. L= {x¥(¢), tL<<t<<t: x*(t,) =G*}.
Bo Bcex mocsenyouiux MOCTPOEHUSIX BaXHOe 3HAUeHHe NMPHOOpPeTaloT
NOIMHOMECTBa Y, BCEX TOUEK TPACKTOPHil N3 COBOKYMHOCTU L, mpaBbi2

KOHLBI KOTOPBIX!HMEIOT OJHHAKOBble KOODAHHATH Xo, PaBHbIE KaKOM-
JIN6O MOCTOSIHHOH ¢ (pHC. 5. 4):

Ec=[i*(t); th<tL t, xo(t)=c).

O6osnauum W (x) ontuMasbHOe 3Hauenue QyHKUHOHana (5.42) BAOJb
TPAeKTOPHH, HAUYHHAIOLIEHCS H3 X:

.

W (x)=| fo(x*(¢), u*(¢))dt, x=X*(t).

TTokaxeM, YTO BCe TOUKH H3 Y, YAOBJETBOPSIOT ypaBHEHHIO
Xo+W (x)=c. (5.46)

N\ o
Tlycrs Touka (X, X) npuHanexnt .. [1o onpenenewnio X, Hai-
JeTcsl ONTHMaJbHas TpaekTopHsl x* (f), Takas, 4To B IPaBOM KOHILe OHA

NpHHAMAaeT 3HaueHHe C=X"({4) M TPH HEKOTOPOM 3HaYeHHH
¥ (ty<<t’<<t;) mpOXOAHT 4Yepe3 TOUKY (Xo, X):

Xo(t')=Xg; X*(¢')=X. (5.47)
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CorJlacHO NPHHUHMNY ONTHMaJbHOCTH OTPE30K ONTHMAaJbHOH TDAEKTO-
pHH x*(1), ¥<<(<{{y, caM sBJAseTCS ONTHMAJbLHOH TpaeKTOpHe# Jn#
HayasnbHOH ToukM X* (/) =x. Orciofa noayunm

W (0=W (x* ()= | Fo(x* ), u () dt = Folx*(¢),

to

.
u* (£) dt— [ fo(X* (), w* (1)) di=|xo(ty) — x5 (fo)] —
t

°

— [0 (#) = x0(8)] =50 (1) — %0 (#)=¢ — 5o,
yTO U naeT ypaBHeHue (5.46). YTmepxieHue poxa3aHo. Ilockosbky
HaX Kaxaoi Toukod xeG*cR" B cuny ypaBHenus (5.46) crpourcs
e[HHCTBeHHasi Touka Xo=c — W (x), To ypaBHEHHe (5.46) npH Kax-
JIOM 3HauYeHHH C OMNICHIBAET IIOBEPXHOCTb B npocTpaHcTBe Rntl. [lo-
BEPXHOCTH NpPH Pa3HBIX 3HAUEHHSX ¢ OTJIMYAIOTCA APYr OT Apyra na-
paJslyleJIbHBIM CABHIOM BJ0JIb OCH Xo.

CBOWCTBA NOBEPXHOCTH OJMHAKOBOM nuathl. [IoBepXHOCTH Y, HMe-
10T [Ba BaxKHbIX cBofictBa. [TepBoe, HEMOCPEACTBEHHO BHITEKAlOILlee U3
OIIpe/le IeHHsA: IOBEPXHOCTb Yy, SBJAETCH TeOMETPHYECKHM MeCTOM Ofl-
THMaJIbHBIX TPaeKTOPUi B paciiHpeHHOM INpocTpaHcTBe R™t! ¢ oxnHa-
KOBbIM 3HauedneM ¢ynkuuonana (5.42). Bropoe cocTouT B TOM, 4TO
Jqobasi TpaeKTopus B pacliHpeHHOM mpocTpaHcTBe X (f) (x(f) He moi-
XKHO BBIXOAHTb 3a mpefenbl obsactu G*) MOXKeT mepeceKaTb IOBepX-

HOCTH Y, (IpM J1060OM 3HAaYeHHH ) TONbKO B HANpaBJEHHH «CHH3Y

BBEpPX» MO OTHOIUEHHIO K KOODAHHATE Xo, T. €. ha3oBas Touka X (f) mpu
BO3pacTaHuH ¢ He MOXKET IMepexoiHTb C OJHOH IIOBEPXHOCTH

,
. HA JAPYTYIO . p» A>0, C MeHbIIMM 3HaueHHEM IIATHI.

HeficTBHTEHbHO, NPEANOJ0XKHM NPOTHBHOE: TpaekTopus X(£) c ym-
paBsenneM u(f) TakoBa, YTO B HEKOTOpoH Touke ¢ uMeeT MECTO
X (t')+W(x(t))=c, a B He-

KoTopoli Touke t”>t 6yner X
Xy W (x{t")=c—h, h>
>0. Takum of6pa3oM, TOUKaA
X (1) neXHUT Ha NOBEPXHOCTH

c—p>, W 3HAUHT, €CJH ABHIATh-
csi u3 TOYKH X(f”) mo onTH-
ManbHOH  TPAEKTOPHU  TNOJ
JelficTBHEM ONTHMAaJbHOIO VII-
paBjenus u*(t), To TpaexTo-
pus 6ynerT JexaTbh Ha MOBepX-
HOCTH X,_, M 3a BpeMs oOT
t” no momananus (asoBoi
Toukd X (¢) Ha S' PyHK-
LHoHan (5. 42) TIOJYUHT
Npupauienve ¢ — h — xo(t”).

a HHTepBaJe IBHXKE-  puc

. 5.4, TloBepXHOCTb OAMHAKUBOMA naarwm
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una [¢/, ¢”] nom nefictBmem ynpaBieHus u(f) ¢yuxuuonan (5. 42)
HMeeT npupalleHHe Xo(t”) — xo(#). Orcioga Assi COCTAaBHOIO ympas-
Jgenus u(t) npu ¢'<<t<<t” m u*(¢f) npu t>t” npupauieHue OGYHKIHO-
HaJa HayuHas OT TOuKH X (¢) u 1o KOHua paBHo [xo(t ) — xp (¢ )H— (c—
—h—x,(")|=c—h—xo(t')=(c—h)—c+W (x(#)) = W(x( ) — h.
Ho storo He moxer GBITh, Tak Kak MHHHMaJIbHO BO3MOXKHOe IpHpa-
uweHde (QyHKUHOHaMa /IS TOYKH X(!) 1o ompeleseHHI0O (QYHKUUH
W (x) paBHo W(x(#)). IlosnyueHHOe NPOTHBOpEUHe HOKA3bLIBAET YT-
BepXKIeHHeE,

leomeTpuyeckoe copepxanve npuHuMna makcumyma. OTMedeHHbIE
CBOHCTBA NOBEPXHOCTEH MO3BOJNAIOT CHOPMYJIHPOBATH NPHHIHUN Mak-

cumyma. Beesem oGosnayeHue n(x) 11 BeKTOpa HOPMaJjH K MOBEpX-
HOCTH Z, B TOYKe %= (X0, X), HANPABJEHHOTO B CTOPOHY MeHbIIHX
3HayeHHII KOOpAMHATH X, (cM. pHc. 5.4). Ilycte x*(f), fo<Si<<t —
ONTHMAaJbHas TPAaeKTODHS, LEJHKOM Jiexallas BHYTpPH (a He Ha rpa-
nuue) obaactu G*, B KaXmo#l TOuKe KOTOpoil TpaekTopus x*(f) mo-
BEDXHOCTH ), PperyJisipHa: CYIIeCTByeT KacaTeJbHash ILIOCKOCTb H
HopMaJsib. Bo3bMeM mpousBosbHOE 3HaueHHe 1/, fH<t'<f u OecKoHed-
HO Masoe §>0 u npoBapbupyeM ynpaBieHHe U*(f), IOJOXKUB ero mno-
CTOSIHHBIM H DaBHBIM IIPOHU3BOJILHOMY ueU Ha uHTepBase [t t’+6].
U3 ypasrenns (5.45) umeem X (¢ 4 38)=x*(¢') 4T (x* (¢), u(d)+o (3

CoriacHO BTOpPOMY CBOHCTBY l’IOBerHOCTH 2 Touka X (¢ +8) ;Lomx-
ua ObiTh BbIlle HJIH B KpaiiHeM c/ydae JiexaTb Ha I‘IOBerHOCTH Do

a _ 3Haudr, CKaJIsipHOe npoussenenne ( n(X*(¢)), X (¢ -4-8)—
—Xx*(#')) <0, . e mpu Bcex usU umeem
(n(x*(), T(x*(#), w)) <O. (5.48)

Tak Kak caMa ONTHMaJ/bHas TPAEKTOPHS JIEKHT Ha [OBEPXHOCTH D,
To ee KacaTesabHbl BekTop f(X*(#), u*(#’)) JnexXuUT B KacaTeJbHOH
IJIOCKOCTH K., ¥ 3HAUYHT, MepHeHAUKy/speH K BekTopy n(x*(#)):

(n(x* (@), T(x*("), u*(#'))) =0 (5. 49)

Comnocrasasisi pesyabratel (5. 48), (5.49), nmoayyum, yto s ONTH-
MaJibHOM TPAaeKTOPHH H YIpaBJeHHs

max (n(xx ), Tx* @), u)) = (n(x*@), F(x*(#), u*@#))) =0.
(5. 50)

CoorHomende (5.50) Bripaxaer co00OH CYLIHOCTb NPHHIHIA MAaKCH-
myma. Onnako B ¢opme (5.50) oH ewle He MPUrOAEH AJis NpPaKTHYe-
CKOT'0 HCIIOJIb30BAHHS, IOCKOJbKY HEH3BECTHBIM fIBJISieTCs HallpaBJleHHe
BekTopa N (x* (#')) BLOJb ONTHMAJbBHOMN TPAEKTOPHH.

AHanutHyeckas ¢opMa NpUHUMNA MaKCMMyMa. BpeneMm OZHOPOX-
Hyo cucremy aubdepeHUHANbHBIX YpaBHeHHH
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ay; Y O fi (X (), u* (¢
iz_z Fi(x*(2), u* (£)) b, j=0, 1,..., n, (5.51)
dt 0xj

=0
paccMaTpHBaeMYIO Ha HHTepBasie f,<<f<Cf,. Kak 6yneT mokasaHo Hil-
XKe, ecid HampaBsieHHe BekTopa ¥ (f) = (Yo (£), Y1 (f), ..., Yn(f)) BHI-
6paTb B HayaJibHbIl MOMEHT f, COBNMAJAIOLIHM C HAMPaBJieHHEM BEKTO-
pa n(x*(f)), To u Ha BceM HHTepBaie fo<{t{<{f, BekTOp P (f) Gymer
KOJUIHHEeapeH BEKTOpY. n(x*(t)). TeM cambim Heonpe/e/eHHOCTb B OT-

HOIIEHHH BeKTopa n(x*(£)) B (5.50) yMeHblaeTcs: OH CTAaHOBHTCA
[OJIHOCTbIO M3BECTEeH, KaK TOJbKO ONpeleJUTCs ero HayajabHOe 3Haue-
HHe HJH ero 3HayeHHe B KaKOH-HHOYAb MOMEHT BpeMeHH f, fp<Tti<{l).
CuienoBaTesbHO, MPHHUMI MAKCHMyMa MOXeT ObITb BbIpaxKeH ciely-
IoUUM 06pa3omM.

Ecnu u*(f), x*(f) — onTumasbHOe ynpaBjeHHe H TPaeKTOPHS, TO

CYyLIeCTBYeT HeHyJieBasl HenpephbiBHAs BeKTOp-GOyHKUUA P (f), sBIAsAIO-
uasicss peureHueM cHcreMbl (5.51), mJas KOTOpOH NpH BCeX 3HAYEHHSX
t, lo<<{t<Cl cpaBeUIHBO COOTHOLICHHE

max ( (&), T(x*(£), u) ) = ( b (¢), F(x*(£), u*(£))=0. (5.52)

ueU

IlpuBefeM J0Ka3aTe/bCTBO KOJJIMHEAPHOCTH BEKTOPa P(f) BekTO-
py HopMaJH n(x* (¢)) K NOBEPXHOCTH ., B TOuKe x*( ). BBenem obo-
snavenns: T3(X)— KacaTeibHas NJIOCKOCTb K MOBEPXHOCTH
TOYKe X, KOTOPYIO OGyleM NpeiCTaBJATh cefe KaK MPOCTPAHCTBO BeK-
TOPOB _‘E= (Eo, E1y .-+ En), OTKJQABIBAEMBIX OT TOYKHU X H JeKAlHX B
niaockoctn Tz(X); I1(P(¢)) — MAOCKOCTb, MepneHaNKyJ/IapHas BEKTOPY
Tp(t) H IpOXoAdllasi yepes TOYKY x*(t). donyctum, uto BekTop W (fo)
KOJIHHeapeH BEKTOPY N(x*(f,)), Tak uTo Ts (X* (t)) =11 ($ (£5)).
Tpe6yercs nokasaTh, YTO NPU BCeX 3HAYEHHSIX f, LH<TI<f

Ty (x* (£) =11 (b (#), (5. 53)

TaK KaK COBIIaJeHHe IJIOCKOCTeH MNOBJeYeT KOJJHHEAPHOCTb BEKTOPOB
HopMmaJsielf. DTO COOTHOIIeHHe OyNeT NOKa3aHO B HECKOJbKO 3TAIOB.

Iepexon ot cucremnr (5.51) k eil conpsixkeHHo#H. PaccMoTpum Ju-
HeHHYI0 ONHOPOAHYIO CHCTEMY

0
"_ef__}] fJ(X(t) O 01 n, (5.54)

i=0

conpsixkeHHyto ¢ (5.51). B cuny H3BECTHOro CBOHCTBA CONPSXKEHHBIX
CHcTeM [cM. dopmy.y (Hl7) Mpunoxenns|

( P(t), E t) y=const, £, <t <4, (5.53)

Tne Tp(t), E(#) — npousBonbHbie pewrenns cucrem (5.51) u (5. 54) co-
OTBercTBeHHO. [IpeimoNOXHM, YTO BEKTOP HAYaJbHOrO COCTOSAHHA E(fo)
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cuctembl (5.54) JMeXuT B KacaTenbHOH miockoctn 7'z (x* (%)), a Bek-
TOp HauaJbHOTO COCTOSIHHS P (%) cucremsr (5.51) BhOpaH MO Hampas-

JIEHHIO n(x(to)) Torpa uX cKaJjsipHOe INPOU3BeJeHHe, OYeBHAHO, Oyaer
PaBHO HYJII0 He TOJbKO npH t="f, (cM. puc. 5.4 1 5. 5)

qe) Bty Bt TLEG) (¥ (t0), (1)) =0, (5.56)

HO M NpPH BCeX 3HAUEHHSX ¢,
h<<t<<h

(P(t), E@))=0. (5.57)
IlpennosioXHM, UYTO BEKTOD

HauaJbHBIX 3HaueHHH E(fp)
npoGeraer BCIO  IJIOCKOCTDL
Ts(x*(4)). Ecan  ¢ukcupo-
BaTh JI000H MOMEHT BpeMeHH

t>ty, TO 3HaueHus E(f) coot-
BETCTBYIOILUX PeLIeHHH CHCTe-
MH (5.54) O6ynmyt Jexats B
cu1y coorHowenus (5.57) B8
Puc. 5.5. BeKTop HOpMaaH K MOBEPXHOCTH X, IMJIOCKOCTH, Hep]‘[eHﬂnKy,}Iﬂp-

HOlt BeKTOpY (1), TIPH 5TOM
6yAyT 3aMONHATH LEJHKOM 3Ty IJIOCKOCTb. Takum obpasom, [l (f))

LEJHKOM COCTOHT H3 BEKTOPOB E(£), KOTOpble SIBJSIOTCS peIleHHsIMU
cucreMbl (5.54) H COOTBETCTBYIOT BCEBO3MOMKHBIM HaUaJbHBIM 3Haue-

HuaM & (fo), npoGeraomum miockoetb 7z (X* (4)).

BeeneHne GecKOHeYHo MaJoii moBepxHocTH A (x*(f)). BsezeM B
paccMoTpeHHe GeCKOHEeUHO Maubiifi KycoK A (X*(f)) MOBEPXHOCTH Dy,
cogepxamuit Touky x*(f) (cM. puc. 5.5). Ouesnmno 75 (x*(4)) sB-
JISIeTCSl KacaTeNbHOH IJIOCKOCTbIO K IOBEPXHOCTH A(x*(t)) B Touke
X*(#y). TakuM 06pa3oM, BEKTOD 1), COeIHHSIOULHI HAyajo KOOPIHHAT
C TPOH3BOJILHOH TOYKOH NOBEPXHOCTH A (x* (to)), MOMXKHO mpeACTaBHTD
B BIIJE

n=x*(t,) <& (%)t o (¢), (5. 58)

rae E(tc) — COOTBETCTBYIOILHMI 3/J€MeHT  KacaTeJbHOH IJIOCKOCTH
Ty (x*(¢)). O603naunm uepes X (f, 'r]) TPaeKkTOpHH CHCTeMBl (5.45), BbI-

XOAsIlile K3 MPOHU3BOJIBHBIX TOYEK nEA(x"‘(to)) HO BCe OTBeYawllne
OJHOMY H TOMY e ynpaBjeHuio u*(f), Ly<{t<(t), onTUManbHOMY AJIS

TPAEKTOPHH, BHIXOAAILEH H3 TOUKH = X* (f,):

X(t N=FXE M), 05 (1), fo<t<t (5.59)
X (f, M)=1. (5. 60)

B cuny reopeMsl 0 HeﬂpeprBHO Jmcpq)epenunpyeMoﬁ 3aBHCHMOCTH pe-
LIGHHS CHCTeMBl AuddepeHLia bHbIX yPaBHeHUH OT HayaslbHBIX . JaH-
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HbIX QYHKIHSA x(t, ?]) npi 7 Xty X(t/5) alfety
KaxaA0M (QHKCHPOBAHHOM [= / g

=¢’ S$BJSETCS HeNpepblBHO
nnddepenupyeMoii QyHKIH-
eii mapameTpa n H B TO BpeMs,
KaK mapaMerp 1 npoberaer
ri1anxyio NOBEPXHOCTE
A(X*(t,)), Touku x (¢, q) onu- () XM 3,
CHIBAIOT TaKXe HEKOTOPYIO

[J1aJKYI0 TTOBEPXHOCTb, KOTO-

. — Puc. 5.6. [IIpeoGpa3oBaHHC OKPECTHOCTH  TOYKH
pyto 0603Ha‘-IPIM A (}* (t,) ) . A(x*(t,)) B npocrpancrtee Rn+1

OtmeruM, uto Touka x* ()&

EA(x*(#)), OCKOJIBKY

xX*(f) =x(t, ;*(to)) dT0 mosicHsercas Ha  puc. 5.6, rme mas
GoJbllel ICHOCTH n-MepHble MOBEPXHOCTH A(x (t0)) u A(Xx*(#)) npen-
CTaBJIeHbl KYyCKaMH IVIaJKHX MOBEPXHOCTEH B TPEXMEPHOM MPOCTPAHCT-
Be. 3aMETHM, 4TO NOBePXHOCTb A (X*(fy)) cocTaB/ifeT uacTh MOBEpX-
HocTH Y., a MoBepXHOCTh A (X*(#)) npn 1>, He cocraBasieT. OKa3bl-
BaeTcs, 4TO MOBEPXHOCTH A (X*(#)) u Y, UMEIOT OGIIYI0 KacaTeJbHYIO
IIOCKOCTL B MX 0GIueii Touke X*(#/). B camMoM Jese, KOHIB TPaeKTo-
pun x* (¢, 1) B MOMeHT =1y siexaT Ha TMOBEPXHOCTH >'., HO TOTAa 1o
ONHCAHHOMY paHee CBOHCTBY NMOBEPXHOCTH X\, HH B KaKoi mocsiemyio-
Ui MOMeEHT £>>%, TpaeKTOpuH X* (¢, ) He MOTYT OKa3aThCA HHIKe IO-

BepxHOCTH .. CienoBatenbHo, noBepXxHOCTh A (x*(¢)) mpu KaxkIoMm
3HaueHuu >, NeKUT BbILIE HJIH KacaeTcs MOBepxXHOCTH .. Ho ase
riafikie MOBEDXHOCTH, ONHA H3 KOTOPBIX LEJHKOM JeXHT [0 ORHY
CTOPOHY OT APYro#, UMeIOT, OUeBHIHO, OOLIYIO KacaTeJbHYIO B 3TOH 06-

mieil Togke X* (¢):

Tty (X* () =T (x*(¢')). (5.61)
Taxum o6pasom, Tenepb Heobxonumo Bmecto (5.53) mokaszath cie-
Jyolee: _ _
Tagearn(X*(E)=1T (b (). _ (5.62)
OGuwuit Buj BEKTOPa, KACATEJBHOTO K MOBEPXHOCTH A (x* (1))
Touke x*(f). Hajizem oOwmuil BUA KacaTe/lbHOrO BEKTODA K MOBEPXHO-

et A(X*(f)) B Touke x*(¢). ®opmyna Teimopa c yuerom (5.59),
(5. 58) raer, uto

X (¢, M)—X*()=X({, n) —X (¢, X*(¢ %\ldx(f T,] y
| =X*(fo)

O
S Y K, X (),
X (n;—X; () +0(e)=¢ %‘ o 5 ()0 (). (5.63)

Coorunomwenne (5.63) ‘Bupaxkaer ClAeAyoUui GakT: npu - 6eCKOHEeYHO
MaJjioM CMelleHWH N0 ToBepXHOCTH A (X*(£))-n3 Toukn X*(f) BekTOp'
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CMelIeHHs C TOYHOCTbIO OO MaJblX BHICLIEro nopsgaKa KOJNJHHEapeH

BEKTOPY
n —_ -
Eﬂbﬂlﬁgj (fo). (5. 64)
1).
7=0 7
Ho 310 osnauaer, uto BekTop (5.64) JIeXHT B KacaTeNbHOH IVIOCKOCTH
Taivty) (x*(#)), wnpu nepemeHHHX & (fo), E1(fo), . . &n(fo), Takux

4TO0 & (£)) €T x (i_* (%0))» BblpaxeHue (5.64) npaer oOwuit BUI KacaTesb-
HOro BekTopa u3 7T ac(r))(X* (£)).
Jloka3aTeJbCTBO CNpaBelJHBOCTH CooTHoweHHs (5,62). Bekrtop-

dyukuun 0x (¢, x* (t,))/0n; u3 npeacrabienus (5.64) sBIAOTCA NpH
KaXJOM j pelleHHSIMH cHcTeMBl (5.54). HeicTBUTENBHO, COOTHOLICHHS

(5.59), (5.60) sBAsIOTCA TOXKAECTBEHHBIMH IIO 17); BO3bMeM YaCTHhIe

NPOM3BOJHBIE TO Mo, M1, - - ., Nn; H3MEHSSA NMOPALOK AHddepeHIHpOBA-
HHA NO ¢ M 110 M, NOJYYHM
- — n - - -
a Ox(t,n)]: N E(x (£, w), u*(2)) dxi(tm) . (5. 65)
dt onp o0x; ong ’

i=

0X (¢, M)/OM,=(0, 0,..., 0, 1, 0,..., 0)=3,. (5. 66)

Bce koopaunaTe BeKTOpa 8p paBHBI HyJIO, KpoMe k-#f, KoTOopas paBia

enununue. Ilonaras B (5.65), (5. 66) ﬁ_:;*(to), JIETKO 3aMEeTHTh, YTO
NpH KaxXX10oM (PUKCHPOBAHHOM 3HAUeHHH K BEKTOP

9x (¢, X* () =(axo(t, () ()xn(tfx_*(to))) (5. 67)
O One One
SIBJSIETCH pellleHHeM ypaBHeHHsl (5.54) ¢ BeKTOpOM HayajJbHOrO CO-
CTOSAHHSA Op.

Bexrtop-dyukuus (5. 64) saBasercs peuieHueM cHcTeMBl (5. 54).
JlelicTBHTE/NbHO, BBHAY JHHEHHOCTH H OLHODOAHOCTH CHCTeMH (5.54)
JuHeliHble KOMOWHalUuKM pelleHH# (5.67), BhIpaxkaeMble QopMyJol
(5. 64), GynyT pelueHHAMH cHCTeMbl (5.54) C BEKTODOM HadaJbHBIX
YCJOBHH, NPeACTaBJSIOUIHX COO0H Ty Ke JHHeHHYI0 KOMOHHALHIO Bek-

n
TOPOB HayaJIbHbBIX YCJOBHH: 2 5,-2, (%) =E (£,).
- j=0

Ilpusenem xon HB.HO}KeH]Hbe Bhille paccyxaeHuil. (1). Ecau Bek-
Top % (%)) mpo6eraeT maockocts Tz (X* (4)), TO peluenue §(f) cucTeMbl
(5.54) ¢ HauanbHBIM yc/ioBHeM E(fp) TpH (HKCHPOBAHHOM 3HAYeHHH
t="t' npoberaer mnockoctb I1($(#). (2). Ecau Bexktop &(f)) mpoGe-
raet maockoctb Tx(X*(4)), TO BekTop-byHkuus (5.64) npu == mnpo-
GeraeT maockocThb T agrer))(X* (¢')). (3). Bekrop-dyukuus (5.64) spas-
eTcs peuleHHeM cHCTeMbl (5.54) ¢ Haya/lbHBIM YCJIOBHEM _§T(t0)=
= (Eo(to), E1(fo),--- En(lo)). I3 (2) u (3) BHTekaeT ciaexywolulee.
(4) Ecan Bextop §(f,) npo6eraer miockoceth Tz (X*(£)), TO pelieHe
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cucteMsl (5.54) ¢ HauanbHBIM ycaoBHeM E(fy) mpH GHKCHPOBAHHOM
3HayeHHH t=1’ mpoberaeT mIOCKOCTb I aiz*(t)) (X*(¢')). H3 comocras-
aeHus (1) u (4) caenyer cnpaBenausoctb (5. 62).

3agaya ¢ He3akpemJeHHLIMH KOHUAaMH. YCJOBME TPaHCBEePCAabHO-
cTH. [Tpex e yeM NPHUBOAHTL OKOHYATENbHYIO (OPMYJHPOBKY MPHHIH-

na MaKCHMyMa, HaAO CAeJaTb HEKOTOphblie AOIMOJHEHHS. BBe,IlEM 060-
3Ha4yeHHe

H (%, b, )= (¥, T(x, 0) =39, f;(x, u) (5.68)
j==0

H paccMOTpuM MakcumyM oyHkuuu H no nepemenHoil usU. O6osHa-

yuM u*=g(X, ) ONTHMAaJbHOE 3HAYEHHE yNpaBJeHHs], MAKCHMH3UPYIO-
Llee raMuJbToOHHaH H:

ueU
B coorBerctBux ¢ mpuHuunoM makcumyma (cM. crp. 91), utobn
HaHTH ONTHMaJbHOe yNpaBjleHHe, HAaAO0 pa3pellTb OTHOCHTEJbLHO
x(t), ¢(t), u(t) cucremy coOTHOUIEHHH

X;=f;(x, ), i=0, 1,..., n; (5. 69)
b ofi(x,u), _ .
¥, L e =0, 1y (5.70)

i=0

max H (X (£), $(£), w=H (x(¢), $(¢), g(x, ¥))=0. (5.71)

uelU

N3 cootHomenus (5.71) BHITEeKaeT, yTo
u(®)=g(x(®), $(#): (5.72)

[Moacrasass cootnowenue (5.72) B (5.69), (5.70), noayuyum
xi=Fi(x, g(x, ¥), i=0,1, ..., n; (5.73)

o \' Six g x, D) i—0,1,..., n. 5. 74
==Y b J=0, 1., (5.74)

0xj
i=0

Coornowenns (5.73), (5.74) o0pas3ylT HOpMalbHyIO CHCTEMY
InddepeHuaNbHbIX YpPaBHEHHH, U ee pellleHHe x(t), $(t) 3aBucHT OT
2(n+1) KOHCTaHT, MOAJEXAUIUX ONpefeseHdt0. UHcH0 3THX KOHCTaHT
YMeHblIaeTCsT Ha €NMHHLY, €CJH Y4YecTb, UYTO MOCKOJNBKY (yHKIMA
H(x, ¥, u) oxnHopoaHa 1o ¢, To g (X, ) =g (X, kY) mpu Jaw6oMm 3HaUC-
Huu k>0, a 3HAYUT, BEKTOP-QYHKUHIO ¢ (f) AOCTATOYHO B3ATb C TOUHO-
CTbIO [0 MHOMHTEJS. YMeHblIeHHe YHCJIa KOHCTAHT Ha eNHHHIY NpO-
HCXOLHT TaK¥Ke 32 CUET CIPaBEAJHBOCTH COOTHOILEHHS

H (X (), ¥ (t), u* () =H [X(f), ¥ (%), 8(X(f), ¥ (,)]=0. (5.75)
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Brayaje paccMOTpHM, Kak ompenessieTcss 2n KOHCTAHT B 3ajaue C
3aKpelJIeHHBIMH KOHLAMH. B 3TOM ciyyae 3afaHO HayajbHOE COCTOS-
HHe cucTeMbl X° W ee KOHEUHOe COCTOsiHHE X!, T, e. KOHEUHOE MHOTO-
ob6pasue S' Beipoxkiaercs B QukcupoBanuyio touky x'. Ho 3710 Kak
pas u ectb 2n ycnoBuil: x(4,) =x% x(t)=x!, negocrawiuye AJs onpe-
JlesieHus peuleHUst cucTteMbl ypaBHeHu# (5.73), (5.74). Kak npasu-
JIO, ONTHMAaJbHOE yNpaBJeHHe HaXOAUTCH B DPe3yJbTaTe€ COBMECT-
Horo pewreHus cootnomwenuni (5.69), (5.70), (5.71). Ecan xe yaaercs

NOJYYHTL SBHYIO 3aBHCHMOCTb U*=g (X, ¥), To B 3TOM cJayyae pemia-
ercs cucrema ypasHeHuit (5.73), (5.74), a akcTpeMaJjibHOE YyIpabJe-
HHe noJayuaercs 1o ¢opmysae (5.72):

[Tonyyennoe pewenue B obuwiem ciydae OylaeT HEOJHO3HAYHO H3-

3a HEOJHO3HAYHOCTH g (X, ), H NMOTOMY HeOOXOAHUMBIM YCJOBHSIM 3IKC-
TpeMyMa OyIyT YIOBJETBOPSATb HECKOJbKO OTHENbHBIX TPaeKTOpHH

X(f) M COOTBETCTBYIOUIMX WM YHpaBJeHHi u(f), mogoGHO TOMY Kak
ycJoBHe o0palleHusl B Hyb IPOH3BOJHON CKaasipHOH (YHKLUUH ellle He-
OJHO3HAYHO ONpeJesisgeT IOJOXeHHe 3KcTpeMyMa. Kak NpaBHJIO, 3TO
He SIBJISIeTCS NPEeNsiTCTBHEM [Jisi OTBHICKAHHsI CPelH SKCTPEeMaJsbHbIX YII-
paBJjieHHHt TOro, KOTOpOe pellaeT 3ajJadyy ONTHMAaJbHOTO YIpaBJeHHs,
€CJIH 3TO pellleHHe CYLIeCTBYeT.

IIpennosnoxuM, UTO KOHeYHoe MHoroo6pasue S! ecTb ryiafikoe MHO-
roobpasue pasMepHoCTH p<<n u u*(f), fH=Cf{<{{| — ONTHMAaJbHOE YyIi-
paBJieHHe, pellalolliee 3a4ayy O IEepPeBOJLe CHCTEMBl i3 HEKOTOPOro Ha-
YaJbHOTO COCTOSIHHSI Ha KOHeuHoe MHoroo6pasue S!, a x*(f), fp<{f<<
<! — COOTBETCTBYIOLlAsl ONTHMAaJbHasl TPaeKTopus. JIerko IOHSTb,
4YTO ynpasJieHHe u* (f) OZHOBPEMEHHO pelllaeT ONTHMAaJbHYIO 3a7auy C
3aKpelNJ/eHHbIM TpaBblM KOHIOM O IepeBOJe CHCTEMBl H3 HAYaJbHOTO
cocTosiHNs B (PHKCHpOBaHHOe KOoHeuHoe X*(f;). IToaToMy coxpaHsoTcs
NpeXHHe YCJOBHSA ONTHMAJLHOCTH, BBIpaXKaeMble COOTHOLIEHHSIMH
(5.69) — (5.71). Kak 6bli0 mokasaHo BhILIe, B CIyYae 3aKpelJeH-
HBIX KOHIOB COOTHOWIeHHs (5.69) — (5.71) mo3BOJAIT B NDHHUHIE
OnpeleNHTh ONTHMaAbHOE pellleHHe. Ho Temepb 3HaHHE TOro, uTO
x(f))=S!, coxpariaer uucao crerneHeil cBOOOABl DeMIEHHS]  CHCTEMBI
ypaBHeHu# (5.73), (5.74) 1mo n—p BMeCTO MpeXHHX n AJs 3aKpen-
JIGHHOTO NpPaBOro KoHUa. BbiBefeM Tak Ha3blBaeMOe YCJOBHE TpaHC-
BepCcalbHOCTH B KOHEwHOH Touke, K0oOGaBJsiiollee HeJOCTAIOUINE P YCJIO-
Buil. O6o3Haunm S! HUJIHHIPHUECKOE MHOXKECTBO HaJ MHoOroo6pasuem
S! Broab ocu xo (puc. 5.7): S'={(xo, x1, ..., Xn); (0, x4, ..., Xn) =S},
Ontumanbnas TpaekTopusi X*(f) JIeXHUT Ha MOBEPXHOCTH z npu He-

KOTOPOM C. PaccmoTpum nepecedenue D () St HOBerHOC’I‘eH 2eu St
T. e. Hal1eM JHHHIO nepcceqeimﬂ yKasaHHbIX noeepxHocreif. Tak Kak

Xo — KOOPAHHATBI BCEX TOUEK U3 Ac n S! U OHH ONHAKOBH H paBHEI
¢, ToO MHOTOOGpAasue 25 N St MoxHO NOJYYUTDL TapaJjijie/bHbIM Iepe-
HOCOM MHoroo6pasusi S! Booab ocH Xo Ha Beauuuny ¢. OgHaKo moay-
yeHHOE NPH 3TOM MepeHoce MHOroo6pasHe, BoobOlle roBops, He COBNa-
LAeT LENHKOM ¢ D¢ ) S!, TaK Kak He KaxKAas TOUYKA KOHEUHOrO MHOTO-
06pasis MOXKeT CJYyXKHTh KOHIIOM ONTHMaJbHOH TpaekTOpHH. Bo Bcs-
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KOM cjiyuae, eciu X*(f)) — KOHell ONTHMANbHOH TPAeKTOPHH, TO, HC-
N0JIb3YS YKa3aHHOe COOTBETCTBHe Mexay X (1 S! u S!, monyunm, urto
KacaTejbHasi p-MepHasi MIOCKocTh 7 (X*(¢;)) kK MHOrooGpasuio S! B
TouKe X*(#;), OyAyun mapaJjiielbHO IlepeHeCeHHOH BIOJb OCH X, Ha
BeJIMUMHY C, OKAa3BIBaeTcs KacaTelbHOH K MHoroo6pasmio D | S'B
TOUKe X*(f,), a 3HAUMT, BXOJHT B KacaTeJbHYIO 7-MEPHYIO MJIOCKOCTb
K TIOBEPXHOCTH > B Touke x*(¢,). Tak Kak BEKTOD P () HopMmanen K
IOBEPXHOCTH X, B TOUKe X*(f;), To BekTop §(f;) OpTOrOHa/leH p-Mep-
HOH IJIOCKOCTH T}‘,cnsl( *(4):

(B (t), 1y =0, ME€T, 5 (X*(1). (5.76)

(¥
IToCKObLKY MJIOCKOCTD Tg 5 ToNTyyaeTcs mapajliesbHEIM TepeHOCOM
c
naockoctH Ts:, a J060i BekTop H3 [s: HMeeT KOOpPAMHATY me=0, TO
yCJOBHE TPAHCBEPCAJbHOCTH MOXKHO 3aIllHCaTh B BHe

(P (#), m) =0, n=T's (X*(t)). (5.77)

Bribupass B p-MepHOHl maocKOCTH 7 s:(X™*(¢;)) JMHeliHO He3aBUCHMbIE
BEKTODBI 1y, ..., 1p H 3aNHCBIBAs JJIs HHX COOTHOIIeHHS (5.77), moJy-
UMM HeJCCTaIolHe p COOTHOLIEHUH, Ha3bBaeMble YCIOBHSIMH TPaHCBep-
CaJbLHOCTH B KOHIlE ONTHMaJbHOH TPaeKTOPHH.

Ilepeiinem K ciyuaro, KOrja Haua/jbHas TOYKA TPAeKTOPHH He (PHK-
CHPOBaHA, a JEXUT Ha HEKOTOPOM ¢-MepHOM MHoroo6pasuu S° (puc.
5.8). Ilycte x*(f) — onTHmasbHass TPaeKTODHUS paccMaTpUBaeMOM
3alaud C MOABHIKHBIM JIEBBIM KOHLOM TpaeKtopuu. IlosoxuM, yto on-
THMaabLHOe 3HaueHHe (yHKUMoHana (5.42) paBHo c:  X*(f)€ X, Ilo-
KaxeM, uTo MHoroo6pasus S° u DeN{x,=0} B obuielt TouKe x* (o)
umeloT oOulyl0 KacaTeJbHy0. I/ 3TOr0 [GOCTATOYHO TIPOBEPHTb,
yT0 MHOroo6pasue S° JeXKHT NmO ORHY CTOPOHY, OT MHOrooGpasus

2 Ts n5(%1t)

:i% 5,08’ ,
/]

c
X L'kk Tsrbect,) X

—

NN

AV AN
/

i
.5 n

X \
1
s’
Tix*(t,)
Puc. 5.7. TpaHCBepPCaAbHOCTh B NPAaBOM KOH- PHc. 5.8. TpaHcBepca/sibHOCTL B JI€BOM KOHIe Tpa-
Ue TpaekTOpHH €KTOpHH

4 1996 97



>N {xo=0)}. onycTuB NpOTHBHOE, NOJY4YHM, 4TO Ha S° Halimercs
Touka X°, Jexallas HHKe TOBEDXHOCTH Dy, T. €. X0€ X, , IpH
HekoTopoM A>>0 (cM. puc. 5.8). TpaekTopus X*(f), onTUMaJbHas AJIs
3a7auul ¢ 3aKpeMJeHHbIM JIeBBIM KOHIOM (X*(f,) =x°<=S%), Jexur Ha

NOBEPXHOCTH D4, H, CJAENOBaTeNbHO, dyHKUHOHAT (5.42) npuHHU-
MaeT 3HaueHHe ¢ — h<<c. Ho 3TO NPOTHBOPEYHT MPEeANOIONKEHHIO, UTO
CPelH BCeX TPAaeKTOpHH, HauHHaloUMXcsi Ha mnosepxHocTH SO ontu-
MaJbHas TPaeKTOPHS NPHUBOLUT K 3HaueHWI0 ¢yHKUHOHatsa (5.42),
paBHOMY c. 3HauuT, S® u X, N {X,=0) HMeioT 06IIyI0 KacaTeJbHYIO
nJa0CKocTb. 1o aHasornu co ciayuaem He3aKperJeHHOrO MPAaBOrO KOH-
I1a BHIBOAHM OTCIOJA ¢ YCJOBHH TPaHCBEPCAJbHOCTH B JIEBOM KOHIE
TPaeKTOpHH:

($(8), m;)=0 /=1, 2, .. .4, (5.78)
riae My, Mg, - - ., ¢ — JHHEHHO He3aBHCHMBIE BeKTOPHI U3 7 so (X* (£))).

Cchopmynupyem MPHHUMI MaKCHMyMa B OKOHUATeJNbHOH (opMe.

Teopema. Ecau u*(?), {,=<Ct<<f; — ynpaBJeHue, mepeBojsilee
cucremy (5.41) c HayasnbHOro MHoOroo6pasus S° Ha KoHeuHoe S! ¥ MH-
HHMH3HpYIOLlee 3HayeHHe (yHKUHOHaga (5.42) BAOJNb COOTBETCTBYIO-
el TpaekTopuu X*(f), TO CyliecTBYeT HeHyJ/ieBasi HelpepblBHAs BeK-
Top-pyHKLHA P (f), ABAsOLIasACA pelleHHeM ypaBHeHuit (5.51), u Ta-
Kasi, YTO JIJis BCeX 3HaUeHWH £, fh<Ti<|iy,

1) maL;(H(X* (£), W (&), u)=H (X*(£), b (2), u*(2));
ug

2) H (x*(£), (), u*(£))=0;

3) Po(t) =const=<<O;

4) Bexktop (¢P1(?), ..., Yn(f)) B KOHLEBBIX TOUKax {=f, U f={, Ha-
npaBJieH 110 HOpMaJli K KOHLIeBHIM MHoroo6pasusm S° u S! coorercrt-
BEHHO [CM. yCJIOBHA TpaHcBepcaabHocTH (5.77), (5.78)].

B npuBeqeHHOM [0Ka3aTeJbCTBE TEOPEMBl He OOOCHOBAaHO JHIIh
yrBepxaenune 3. Ho ypaBHenue cucrembl (5.51) mms o (f) umeer, oue-

BUAHO, BuA d¥o/dt=0, a Tak kKak BekTop {({) HanpasjeHd B CTOPOHY
OTPHIIATEJbHOM OCH Xg, TO €ro nepBas KOOpAHHaTa o (¢) << 0, 4To U Tpe-
60BaJsioCh L0Ka3aTh.

[Ipunuun makcumyma [ToHTpsArMHA HaXOOHT WIHPOKOE NPHMEHeHHe
IIPH NPOEKTHPOBAHHK CHCTeM yrpaBJeHus JIA u caensmux cucreM. Hu-
3Ke MPUBOAHTCS HECKOJIbKO NMPHMEPOB, B KOTOPHIX ONTHMAaJbHOE yHpaB-
JIeHYe M TPAeKTOPHS OThICKHBAIOTCS B KOHEUHOM BHJE.

CuHTe3 onTUMaJabHbIX
ynpagsJjenuit JIA (npumepsi)

Ilpumep 1. CunTes anropuTMa ympaBjeHHs, oGecrneyHBaioillero MepeopPHEHTAUUIO
KA 3a muHumaabHoe Bpemsi. [ BoimoJdHennss KA pasiuudbiXx 3afaHuil 4acTo BO3-
HHKaeT HeOOXOAHMMOCTb €ro NepeopHeHTalMH, HalpuMep, AJs ocCyllecTBJeHHs c6opa
HHOOpMauu{ ¢ 3aJaHHOro o6bekTa, AJs HabaoleHHs 3a H3OpaHHBIM HeGeCHLIM CBe-
THJIOM, AJs TNlepejaud H NpHeMa lieJeHalpaBJjleHHOH HHbOpMauuH, AAS NPHAAHHA HM-
IyJbCa TACH B 3aAaHHOM HANpPaBJCHHM H T. I. TakuM 00pa3soMm, pexHM NepeopHeH-
tTaunu KA OTHOCHTCS K UMCJY BaXKHedmuX. B psge cayyaeB BaXKHO BBLINOJNHHTL Ma-
HEBD OpHEHTalHWH 3a MMHHMaJbHOE BDEeMsi, HalphHMep, Npu okazaHuu mnomomu KA,
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TeprsllleMy aBapHio. B TakoM ciyyae MaHeBp ODHEHTaUMH H IepesieTa HeoGXOIHMO
COBEPIIMTL 332 MHHHMaJbHOE BpEMS,, 3KOHOMHS TOpIOYero OTXOAMT Ha BTOPOH

naaH. PaccmoTpuM 3anauy ObicTpeiimlell nepeopHeHTaund KA OTHOCHTENbHO OXHOM
H3 ocefl.

ITycts ypaBHeHue, onuchiBalollee aBHxkenne KA oTHocuTesabHO meHTpa Mace, 6y-

net JO=My+M,, rae J — moment unepunu KA; & — yrioBas koopauuara. Tak Kak
O0OBIYHO YNpPaBJAIOIKA MOMEHT Ha OIMH — JBa NoOpsaka O6oJbllle BO3MYLIAIOLIEro
(My>M3), To MomMenTOM M, MOXHO mNpeHeOpeub. YNPaBASIOUIMA MOMEHT  MOXHO
npeactaBuTh B Buae My=/Jau, rae |u|<C1— ynpasienne; a — HeKOTOpas KOHCTaH-
1a. Takum o6pasoM, ypaBieHHe ABHXKeHHS KA OTHOCHTeNIbHO LeHTpa Macc OyaeT

d=au. Beoas HOBHIe NepeMenible X; =1, X,="0, NPeCTABHM IOC/IeLHee ypaBHEHHE
B HOpMaJbHOH dopme

X1 = X9} X9 =au. (5.79)

TlocraBuM 3amauy o ObicTpeiillleM mepeBoge TOUKH (X1, X2) (5.79) H3 HCXORHOro
MOJIOXK eHU .(xl(to), X2(f0)) B Havasno koopmpuHat (0, 0),.T. e. B MOJNOXKEHHE, NIPH KO-
topoM O=10=0. ®yuxuuonas (5.42) npu 3TOM NPHUMET BHJ

£y
I={lav=1t—t, (5. 80)

t
OTKyJla HaxOAHM [JOIMOJIHHUTENbHOE YPAaBHEHHE IJI KOODIHHATHl Xo
E ]
Xo=1. (5.81)

Cucrema ypasuexu#i (5.79), (5.81) onnceiBaer gsuxeHne KA B pacuinpeHHom ¢a-
30BOM NIPOCTPAHCTBE Pa3MepHOCTH n+1=2+4+1=3.
3anucaB BhIpaxeHue AJS raMHJAbTOHHaHa (5. 68)

2
=D Gifi(x, 1) = Yo 1+ Yrx + oau, (5.82)
i=o

HalileM BCIOMOraTeNbHYI0 cHCTeMY ypaBHeHu# (5.51)
Yo = — 0H/0xg=0; b1 = —0H/0x1=0; {p = — 0H[0xg = — ;. (5.83)
Ee pemenvie npu HauanbHbix ycaoBusix [Yo(fo), Pi(fo), W2 (to)]

Yo = Yo (f0)s Y1 =1 (Fo)s b2 == — Y1 (f0) (£ — Lo) + o (fo) (5.84)

NOACTAaBUM B ramuibToHHaH (5. 82)

H =g (80) + 41 (20) x2 + [$2 (£0) — $1 (¢0) (£ — £o)] . (5.85)

B COOTBETCTBMH C NPHHIMIOM MAaKCHMyMa ONTHMalJIbHOe ynpaBJjeHHe u*(f) Ha-
XOAUTCA M3 YCJOBHS MAaKCHMyMa MO u ramuapTonuana (5.85). Ilockonbky mnepBble
nBa caaraeMbix B (5.85) He 3aBHCAT OT &, TO-u*(f) ohpegensieTcsi U3 YCJIOBHA Mak-
CHMyMa TpeTbero cjaraemoro B (5. 85)

. + 1 mpu g (Fg)—1 (o) (F—Zp) >0:

u*(¢) = sign (2 (f9) — $1 (o) (t — to) = { y
— 1 mpu §; (¢9)—1 (f0) (F—20) <0,
T. €. onTHMajbHOe ympaBJjeHHe u*(f) cooTBercTByeT pafoTe ABHraTesNss Ha MaKCH-
Masnbno#t MouiHocTH. Tak Kak QyHKuus Yo (o) —P1 (o) ({—fo) sBAsfeTCS JHHEHHOH, TO
3a Bpems nepeopHeHTauud KA 3Hak ynpaB/eHHs H3MeHHTCS He GoJiee OJHOTO pasa:

(5. 86)

Cu=+4]Hau=—] wau c u=—1 Ha u=+1.
Hurerpupyst cucremy (5.79) mpu u=+1, a 3ateM npu #=—1I1, COOTBETCTBEHHO
ToJTyyum
x9 = at + ¢9; x1=0,5af2 + ¢of + ¢y; (5. 87)
x9= —at + dy; x;= — 0,5af2 + dot + d;. (5. 88)
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Uckmouas B unTerpasnax (5.87) u (5.88) BpeMs f, sanmweM ypasHeHHa ¢(aso-

o

BbIX TPAeKTOPHIl

x1==05a—1x} + ¢, x; = —0,5a~1x% + d. (5.89)

Ilns ynpapaenuit u=+1 u u=-—1 (puc. 5.9) HanpapJeHHe ABHKEHHS 1O
napa6osnaM onpeneaseTcs BTOPHIM ypaBHeuueM (5.79): mpu u=-+1 Koopaunata X
BO3pacTaeT, a NpH u=-—1 KoopauHara x, yOuiBaer. B ofuiem cayuyae ONTHMa/bHbE

TPAeKTOPHH COCTOST M3 JABYX uacTeHl, npeicTaBisiownx cob60i OTPe3KH napabon u3
pasnnix cemeiicts (5.89). Ilepexox ¢ oanoi mapaGoael Ha APYryl0 OTBeyaeT mepe-
KJIOYeHHIO ynpaBJjeHuss ¢ +1 Ha —1 uau ¢ —1 Ha +1. Boimemum H3 cemeficTBa
(5. 89) mapaGoubl, MPOXOASILLKE Yepe3 HayaJl0 KOODPAMHAT:

Xy = 0,5a‘-1x§; X1 == ——0,5a—1xg, (5.90)

10 KOTOPbIM OCYLIECTB/SeTCA ABHXKeHHe (a30BOM TOUKH Ha 3aKJIOUMTEILHOM Y4YacT-
Ke. YUHTHIRAas HanpaBJeHHe ABMKelHs No (a3obiM Tpaekropusm (5.89), (5.90), or-
G6pocuM B (5.90) Te mosoBHHBI mapaboJ, ABHKEHHE MO KOTOPHIM HAET OT HayaJja
KOOPIAHHAT (NYLBKTHPHble KpHBBIe HA puc. 5.9). OcraBuivecss nosoBHHE napabon MO
H NO Ha3zoBeM MONajaollHMH TPaeKTOPHUAMIL. VX MOKHO ONHCAaThb C MOMOIIbIO Of-
HOTO ypaBHeHHust

X = — 0}5[1—1'\«;2 IXQl . (5 91)

Ecan ¢asoBas Touka (x;, X») Haxomurtcs Ha kpusoit MON (5.91), TO nanee
ONTHMa/bHOE JBH:(EHHE NPOMCXOAHT Ge3 MepeMeHbl 3HaKa YNpaBJeHHS, OMHCHIBAS
YYacCTOK KDHBOH OT TOYKH (i, X2) a0 Toukd (0, 0). Ecau dasosas Touka He JeXHT
Ha KpuBoH (5.91), To Mo HeoGXOAMMOCTH ONTHMaJbHas TPAGKTOPHS COCTOMT H3 ABYX
Y4aCTKOB CO CMeHO! 3Haka ynpaBJjeHHs. IIpH aToM IJ1d Touek (X, Xz), JIeKallHX BEI-
we kpuBo#t (5.91), A = x,+0,5a—x;|x2| >0, onTHMasibHOe ynpaBjeHHe pasHo —I,
a /s TO4YeK, Jexalux Jepee kpuBoit (5.91), A = x,+0,5a~1x2|x2| <0, onTuManbHOE
ynpaBJeHHe paBHO + 1. Mrak, oNTHMa/bHBIA aJropuTM YNpaBJeHHS HMeeT BH[

— 1 mpu A > 0;

w* (e, x2)={+1 upu A < 0;

a UCXOAHYIO cucTeMy (5.79), 3aMKHYTYH0 ONTHMAaJbHBIM aJrOpHTMOM yIpaBJeHHS,
NPeNCTaBHM B BHIE X, = Xz, Xz=au* (x|, Xz).

Mpumep 2. 3amaua cOGanmxkenus aByx KA 3a muuumanbHoe Bpems. CGianxe-
HHe — ofuH u3 3TanoB Bcrpeyd ABYX KA Ha opbure. Haunmnaercs cOamxeHune ¢ Mo-
Menta o6Hapyxenusi KA KOopIHHAaTOPOM HJIH KOCMOHABTOM H 3aKaHUHBAeTCs, KOTAd
OTHOCHTeJIbHOEe paccTosiiie M cKopocTH KA HacTosbKo MaJjbl, 4TO MOXHO NepedTH K
9Taly NpHYaiuBaHHsl H CTLIKOBKH. [unamuxka KA na sTame cO6/HXKeHHs ONHCHIBaeTCA
CN0XHOH cucreMoll auddepeHUUANbHBIX YDPaBHEHHH, pellleHHe KOTODHX  BO3MOXHO
TOoJNbKO Ha LIBM.

Paccmorpum cOamxenue aByx KA
B Oe3srpaBHTauHoHHOM moJje. [lpumewm,
YTO ONHH M3 KOCMHYECKHX allapaToB
naccuBeH, a Apyroil — axkTHBeH. IlycTb
OTHOCHTEJIbHOE JBHXKEHHe aKTHBHOTO
KA MOXHO  omHcaTb ypaBHEHHEeM
mz=T, rpe m — macca KA, a T — 14-
ra aBurartens. Bynem cuuTaTb, 4TO Mac-
ca KA nmocrosinna, a tiara T-—=mauy,
rae a— Koucraura; u=dm/dt. 3anu-
weM  cucteMy  auddepenuHaIbHbIX
ypaBHeHHUH, OTpe1e/sIOIHX OTHOCHTENb-
Hoe IBHXKeHHe akrupHoro KA, B Hop-
MaJbHON GopMe Xy=1Xx2; X;=au. Ecin
y4ecTb, YTO KOHEYHBIE 3HAYEHHS KOOp-

. HaT Xy H Xz AOJIXKHBI 6LITH paBHbl
Puc. 5.9. ®das3osbie TpaeKTopHH npH u;=—I AH 1
U= +1 P P P ! ! HYJI0, TO TeéM CaMbIM OAHOMepHasa 3a-
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faua cOamxkenus AByX KA 3a MHHHMaJbHOE BpeMsl CBOAHTCA K 3ajaye, PacCMaTpH-
Baemoii B mpuMepe 1. Ilo usnoxennomy rtam aaroputmy KA 3sa Bpems {,—fy=min
C OZHHM IIE€PEKJIIOYEHHEM peBepca TATH C Ups=+1 Ha —] WU Cc uy=—1 Ha +1 npu-
6aHxKaeTCH K ApyroMy KA, HMes B KOHeUHbIl MOMEHT HYJEBEHIC 3HAUEHHS OTHOCHTEIb-
HOH JManbHOCTH Z M OTHOCHTENBHOH CKOpoCcTH 2: Xo(fy)=2z(t1)=0; x({|)=
=Z(t1)=0.

Mpumep 3. 3apauwa cOoamxenus aByx KA 3a MuUHHMaAbHOE BPEMSl NPH OTCYTCT-
BUH OrpaHuyenrii ckopocTH. JIpeaAno/IOXHM, YTO H3 YCJAOBINl HpeAbifyllero npuMe-
pa HCKJIOUeHo Tpe6oBaHHe OOpallleHHS B HYJb OTHOCHTEJIbHOH CKOPOCTH aKTHBHOTO
KA, 1. e. craButcst 3ajaua’ o mepeofe GasoBofl TOUKH (X1, Xz) Ha KOOPAHHATHYIO
0Cb X3. JTO — 3ajaua C MOLBHXKHbLIM KOHLIOM, TAaK YTO HEOOXOIHMO HCIIOJb30BATh
ycl10oBHe TpaHcBepcanbHocTH (5.77). KoneuHoe MHorooGpasue siBjsercs B [JaHHOM
cayuyae NPsIMOH, a KacaTeNbHBI BSKTOp K 3Tofl mpsimoil mmeet -BHZ (0, 1M2), M25=0.
Taxkum obpasom, (5.77) naer, uto ¥ (¢;)0+Pa(t1)Me=0, T. e. P2(f1) =0. [Tockomb-
Ky [cm. popmyay (5.84)] s (t)=—P1(lp) (t—1o) +P2(%s) 0Bpawaercss B HY/Ib TOJBKO B
OJHOH TOYKe M 3Ta TOYKA, KaK TOJbKO YTO IOKa3aHo, ecTb f), TO YP»(f) coxpaHserT
3HaK BO BCe BpeMs [BHXKEHHS BIJIOTb ZO MOMEHTa BCTPeuH, T. €. ONTHMaJbHOe IO
ovicTpozeficTBHIO ynpaBacnue KA ocyutectsisiercst Ge3 peBepca TArd IPH MaKCHMallb-
HOH ee MOLLHOCTH.

Npumep 4. CunTe3 anropuTMa ynpaBJieHHsi ABUXKeHHeM JIA Ha AKTHBHOM yua-
CTKe, ofecnedMBalouiero MaKCHMaJbHYIO JajbHOCTb. [IpeneGperast aspoAMHAMHYECKH-
MH CHJIaMH, NIPEeACTaBHM YpaBHEHHs! IPOJOJBHOrO ABHXKEeHHS HeHTpa Macc JIA B mpo-
exiuHH Ha ocu Xg, Y, 3emHoii cucremnl KoopauHaT (cMm. puc. 1.1) B BHIE

mxg=Tcos¥; myg="T sin¥— mg, —m=us, (5.92)
roe m — wMmacca JIA; T=cus; ¢>0— koHcrauTa; T—cula TATH PeaKTHBHOrO [BHra-
TeJsst, AefiCTBYoIIasl BAOJIb NPoRoabHON ocH JIA; & — yroa tanraxa. [TocraBum 3aga-
yy 00 OTbICKAHHH ONTHMAaJBLHOTO 3aKOHA yNpaBJeHHs BeJuuuHoi Tsaru T M Hampas-
JenHem ¢ TATH ABHraTess, 00eCleydBaICLiero MaKCHMYM TODH3OHTAJbHOH JaJbHO-
ctd moJsera JIA npu 3azaHHOM pacxoje TomiaMBa Am M OrpaHMYEeHHOH BeJHYHHE TH-
rH. BBoasl HOBble NMepeMeHHble Xi=Xg; Xa==Yg; Xz=X1; X, =Xz, Xs=m # 0003Ha-
uuB. uy=cos ¥; u,=sin @, sanuuiem cucremy ypasHenu#t (5.92) B  HOpPMaNbHOH
dopme

X1 = X3} X9 = X4; X3 7= CUU3/X5] X4 = ClUgu3/x5— g; x5 = —u3. (5.93)
Cucrema ypasHeHuft (5.93) saBJasieTcd HeJlHHeHHOH KaK OTHOCHTeNbHO  (a30BBIX
KOOpPAMHAT, TaK H ynpasjeHdd. OrpaHuyeHHOCTb TArH [BHraTejdsi H TOIIHBA BbIpa-
3um Hepasenctamu: 0 <uz<ug™™; 0 <xf— x5 <Am. Bekrop ynpasieHus u= (u1, U,

u3) npuHuMaeT 3HaueHust W3 o6sacti U, mpexpcrasasiomeil co6oil LHIMHAD u? —l—u%:

=1, O<us<uj®™, pamuyca 1 u BbCOTH uy®* [IpeacTaB/seTcs OYEBHIHBIM, UTO AJIS

co6ecrneyeusi MaKCHMaJbHOM NaJbHOCTH HoJsieTa HeoOGXOQHMO H3pacxompoBsaTtb BeCb 3a-

nac ronansa Am. 3agaBasicb BbICOTOH X»(f;) B KOHEUHOH TOYKe HoJera, HaljeM ypas-
HeHUst KOHeYHOro MHOroo6pasus:

xg = xg(1); X5 == x5(t1) = x5(fp) — Am. _ (5.94)
TakuM oGpazom, TpeGyeTcss HaHTH JONyCTHMOe ynpasaeHHe u*(f)<U, nepesons-
wee JIA W3 HauaJbHOrO COCTOSIHHSA X(fy) B KOHEYHOe MHOroodpasme H HpHAarollee
¢yukunouany :
¢y
I = —-j x3(t)dt (5.93)
to
MHHEManbHOe 3HaueHHe. Ha 3HaueHHs KOOpAHMHAT X, X3, X; B KOHeUHOH Touke f, HH-

Kakux Ol‘paHI/I'-leHHﬁ He HaKJajablBaeTcs. B NpHHLOHIIE KaxXXAass H3 HHUX B KOHLE IoJeTa
Moxer NpHHHUMATDH moboe 3HaueHHe.

B cOOTBeTCTBHH C METOHOJIOTHEH NpPHHUHIIA MaKCHMyMa BBeleM BCIIOMOraTeJb-
HYI0 KOOpAHHATY X, [cM dopmyay (5.43)]

Xg= — X3, (5. 96)
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COCTaBHM raMHJbTOHHaH [cM.popmyay (5.68)]
¢
H (4, x, u)=u3 ‘LZ (Wsu1 + Yauo) —4’5] — Yox3 + $1x3 + Yoxg — 448 (5. 97)

H 3alHLIeM BCUOMOraTeJbHYIO CHCTeMY ypaBHeHHH [cm. ypasHenus (5.51)]
Yo =0; $1=0; §o=0; Y3 = —1; bg = — ¥;
s = ¢ (Y311 + Yaug) uxz . (5.98)

HHrerpupyst mepBble NATb ypaBHeHu#l cucrembl (5.98) M BbIpaxkas INPOH3BOJb-
Hble NOCTOSIHHble HHTErPHPOBAHHs uepe3 3HaueHHe BeKTOpa P B KOHEUHOH TOuKe, MO-
JYYHM ’

Yo (2) = 4o (£1); 41 (8) = Y1 (£1); da (£) = $a (£1);
Ys() = — (Yo (F) — $1 () (F1— &) + Y3 (1) Ya (B1) = (5.99)
= o (£1) (F1—t) + Yq (£1).

3anuulieM YCJIOBHe TpaHCBepcaJbHOCTH (5.77) B KOHEUHOH TOYKE TpPaeKTOPHH.
KacarenbHblft BEKTOD K KOHeuHOMY MHorooGpasmio (5.94) npeacraBum B BHIE
% = (M1, 0, N3, M4, 0), TAE M1, N3, M« — NPOU3BONbHBIE AeHCTBHTeNbHbIE 4Hcaa. [leit-
CTBHTEJIbHO, ypaBHeHHe (5.94) 3amaeT TpexXMepHYIO IJIOCKOCTb B IPOCTPaHCTBe (X,
X2, X3, X1, X5), KOTOpasi NIPOXOAHT 4epe3 TOUKY Xp(%1) Ha OCH X2 M TOUKY Xs(f;) Ha ocH
X5 M NapaJjjlesibHa OCAM Xi, X3, X;. YYHTbIBas, UTO B PacCMaTpPHBAaeMOM CJyyae Kaca-
TelbHas IJIOCKOCTh K MHOrooGpasHio B /0G0 ero TOuYKe COBIajaeT C CAaMHM MHOTrO-
obpasueM, nosnyuaem TpeGyeMoe yTBepxaenue. Takum oOpasoM, yCJOBHE TpaHCBEp-
cajpHocTH (5.77) maer

CP (1), 1) = 1)+ Y3 (f1) 13 4+ $a (F1) e =0, (5. 100)
OTKY/@, UCIIOMIb3Yysl [IPOM3BOJIBHOCTb 3HAUEHHH 1)1, M3, 14, HAXOLHM
$1(¢) = Y3 (¢1) = $a (£1) = 0; (5.101)

cootHouweHns (5.99) ¢ yuerom (5.101) mpumyT BHA

$o () = 4o (£1); Y1 (2) = 0; b (£) = b (£1); 3 (£) = — Yo (£1) (b1 —£);

$a () = g2 (£1) (E1— £). (5.102)
BbilelHM B TaMHJbTOHHAaHe (5.97), u/eHEH, 3aBHCALIME OT YNpaBJeHHS u:
h = uz[c (Yauy + $aus) x5 — §5). (5. 103)

Maxcumym ramuabToHuana (5.97) u soipaxenus (5. 103) moctHraercs IpH OAHHX H
TeX e 3HAaueHUsx yIpaBieHus u. Haiinem 3HayeHHs u, MPHIAIONIHE MAKCHMYM Bbipae

— ¥ *®

axenuio (5.103). Ouesumno, ecnn max [¢ (Yau1 4 YPaug) x5 I §:]1>0 u u;, Uy — 3HA-
Uy, U §

ueHHs, IPH KOTOPBIX MAKCHMYM NOCTHTAETCSsl, TO STH 3HAYEHHS BMECTE C Ly == 1§ ©

AT MakcuMmyM Bbipaxcenust (3. 103). Ecuu e oxaspiBaercs, uto max [¢ ($su; +
Us,lg

+ dgup) x5 1 — U5] < 0, T0 Makcumym Bbipaxcenus (5. 103) xocTuraetes mpu u“; =0
U paBeH Hymo. B 3TOM cayuyae TAra ABHraTelsl paBHa HYJIO M BOmpoc 06 ompejese-
HHH HalpaBJleHHsl BEeKTOpa TATH, T. €. 3HAUeHHH U, Up, oTmagaer. Takum 00pasowM,
3ajaya ONpefeJeHHs ONTHMAJbHBLIX YHpaBJeHuit ui*(f), u*(f), us*(f) cBomutca K
3ajaye UCCIEeN0BaHHS 3HAKA BEJHYHHEI
—1 /4 14
o (¢) = max [c ($3 (¢) uy + s (£) ug) x5 () — 45 (£)] (5.104)
Uyyleg

BAOJb ONTHMANbHOH TpaekTopuu X* (£). Boipawenue 3 (¢)uy + $y (£) ug MOWKHO mpex-
CTaBUTb KAaK CKajispHOe TpoH3BeleHHe BeKTOPOB (b3 (f), $4(¢)) wu (41, ug). Bektop

(41, ug) UMeeT eJHHHYHYIO IJIHHY uf + u% == 1.M IpOH3BOJBHOE HanpasiaeHHe. YToObl
NpHAATh MAKCHUMYM CKaaspHOMY mpousselenuio < (Y3 (¢), a4 (), (11, u2) ), HeoGxomH-
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MO BbI6paTb BeKTOP (41, 43) KoanuHeapHslM BekTODPY ({3 (£), V4 (£)):
uy = dg ()4 (&) + ¥ ()% w3 () = b () (B3 () + 43 (D)%%
Hcnoasaysa cootnowenus (5.102), npeo6pasyem nociennue Ase GopMyJsl K BHLY
w5 (6) = — o (1) (W (#2) + 45 (£0)) "% a5 () = b (1) (45 (42) + 43 (42)) %%

(5. 105)
IMoacrasass (5.105) B (5.104), noayunm

a(f) =c (Va(t) + Y3 ENTOP x5 () (1 — 8) — 5 (8), (5. 106)

T, e. HampaBJieHHe BEKTOpa TATH NOCTOsiHHO. [lJisi mcclefoBaHHS 3Haka o(f), HaizeM
ero IpOH3BOLHYIO IO f:

@ (t) = — ¢ (W3 (t)) + U (0)™° x5 () — e (Y5 (1) +
+ 5 ()P x5 (8) x5 () (1 — ) — b5 (). (5.107)

IlpeoGpasyem mocnenHee ciaraeMmoe — ub5 B (5. 107), mociexoBaTenbHO ucno.nbsya ns-
TO€ yPaBHEHHE CHCTEMbI (5 98) u nocaexuee ypaBHeHue cuctembl (5.93): — g =
— ¢ (Ysug + Yau) u3x5 =c (ngul - Yuuz9) xsx5 Nasee, ¢ l'[OMOHlb]O COOTHOIIEHHH

(5. 102), (5. 105), momxyunm — bs = ¢ (£, —1) (qJ%(tl) + 412 (tl))0 5 x5 x5 Takum o6pa3om,

nocjefHue ABa caaraeMbix B (5. 107) B3aWMHO YHHUTOXKAKTCS M B pe3yabTate Ioay-
uaeM

@ (f) = —c (W3 (t) + ¥ e x5 (0). (5.108)

BBuIY HEOTPHLATENbHOCTH BCeX GYHKIHH, BXOoAAWHMX B (5. 108), 6ynem umerdb a(f) <
<< 0. [TokaxeM, YTO AJS ONTHMAJbHOI TPaekTOpHH a(t)<0 npu t, <t <t. Hna sto-
ro AOCTAaTOYHO IOKa3aTh, YTO IpennoJoxeHue o(f) =0 mpuBegeT K MPOTHBOPEUHIO.
Hrak, nyers a(f) =0, torna u3 (5.108) umeem Yo(#) =12 (f1) =0, clenoBaTenbHO,
u3 (5.101), (5.102), natipgem P;(f) =0; j=0, 1, 2, 3, 4. [loacTaBnss 5TH 3HAUEHUS
3
P;(¢) B ramuibronnan (5.97), momyunm H (£) =us(¢)(— $5(¢)). Ilocxkoapxy He-
06X04¥MOe YCJIOBHE ONTHMAaJbHOCTH BKJloyaeT Tpe6oBaHue FH(¢)=0, wu yynTu-
Basi, yTo us*(f) =0, BEBOAUM, UYTO P5(f{) obOpauiaercs B HyJAb BO BCE Te MOMEHTEHI,
KOrZa TsAra OTJHYaeTcss OT Hynad. BsaB amwboli MomeHT ¢ (rme t'5=0), umeem
P; (#)=0 mpu j=0, 1, 2, 3, 4, 5, HO 3TO NPOTHBOPEUYHT OCHOBHOH TeopeMe NPHHIH-
na maxkcumyma, uro ¢ (f) — HeHyseBasi HenpepriBHas ¢yHkuusa. Mrtak, Q0KasaHo, 4TO
dyHRuHA o (f) MOHOTOHHO yObIBaeT Ha OTpe3ke [fo, #].

Ecau pomycTuts, uto a(fp) =0, To oTcioga Oyner BHITeKaTh, uTo o (f) <0 mpm
Bcex 3HaueHuax fo<t<Cf; B cuay a(f)<<0. Ho 310 o3Hayano 6bl, uTo u3*(f) =0 npu
BCeX 3HaueHHAX fo < {<Cf;, 4TOo HeBO3MOXKHO. TakuM o6pasom, a(fy)>0. Hcnoabsys
MOHOTOHHOe yOriBaHHe (YHKUMH «(f), OPHXOAMM K BEIBOAY, 4TO /60 a(f)>0 mnpu
BCeX 3HaueHHAX [p<i<|f;, qnbo a(f)>0 mpn fo <f<ta B a(f)<0 mpu t.<i< 1,
FAe MOMeHT [, HaXOJHTCS H3 YCJOBHsi TOJHOTO CrOpaHHs roprouyero f,—fy=
= Am/ug®*. B nepsom ciydae BeCh IOJET NPOHCXOAHT NIPH BK/IOYEHHOM HA MOJHYIO
MOILLHOCTbL HABMratese. B mocsiennem cayyae TpaekTopus pabuBaeTcsi Ha [Ba yuacT-
Ka: aKTHBHEIH, Ha KOTOPOM JABHraTtesb pafoTaeT Ha MOJHYIO MOLIHOCTh BIJIOTh ACG
CrOpaHHsl BCEro TOPIOYEro, M MACCHBHBIH — ¢ HepabOTAIOIHM JBHraTeleM.

Hanpasnenue TsAru ABUraTesss Ha aKTHBHOM Y4YaCTKe MOCTOSSHHO M BBEIpaXKaeTcst
dbopmynamu (5. 105), B KoTopuix Po(f1), P2 (f1) elle moasexar omnpeneiednio. B mpen-
1I0/107KEHHH, YTO IOJET COCTOHT H3 JBYX YYaCTKOB, ONHIIEM METOAHMKY HaXOXIEHHS

ONTHMAaJbHOrO HANpaBJECHHS TACH. BrinuileM 3HayeHHe raMH/IbTOHHAHA B KOHEUHOH
TOYKe, HCIOab3Ysl cooTHoweus (5. 101) u uz(f;) =0:

H (§* (11), x*(£1), u* (£1)) = — Yo (£1) x5 (¢1) + $2 (£1) x4 (£1) = 0. (5.109)
3amertnm, uto Vo(f;) %0, H60 B MPOTHBHOM Caydae B cuay Po(f)==const npuem K
3akai04eHuIo, 4t0 Yo (¢) = 0. D10 npuBogHT B cuay dopmya (5.105) k siBHO He om-
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THMaJIbHOMY ympasjenuto u;*(£) = 0, o3HayalouleMy, YTO TAra BepTHKaJbHa. B mpex-
TI0JIOXKEeHHH, 4TO Yo (¢1) 50, ypasnenue (5.109) c yyetrom (5.105) paer

¢ ¢ uy (¢1) ¢
x3(t) %t _ 2 g ¥*, 9 — arctg x3 ()
x4(t1)  $o(t1)  —uy(fy) —x4(t1)
[pn 3aganHOM O, HHTErpHPYs ypaBHeHHs ABIKeuus (5.93), HETPYZHO MOAYUYHTDH
3HayeHHss X3(#) =@ (%) u x.(41) =g(9) B dbyukuuu ©¥. OnTuMajpHOoe 3HaueHue U*
yRoBJeTBopsieT ypaBHeHHIO0 (5.110): 9*=arctg[—q(9*)/g(9*)]. OT0 ypaBHeHue mayu-

1Ie BCEro pellaThb METOJAOM IIOCJENOBATEJbHOro NpHOAHKeHHs. B Hynesom mnpuGmu-
KEeHHH MOXKHO MOJIOXKUTH & =45°,

(5. 110)

5.3. CBSi3b NPUHLIUTIA MAKCUMYMA C METOIOM
JAUHAMHYECKOIO NPOrPAMMUPOBAHHUS BEJJIMAHA

BbiBon 0CHOBHOro (PyHKLHMOHAJbHOro ypaBHeHusi beanmana. Paccmor-
puUM 3ajauy o nepeBojge cucTeMbl (5.41) M3 NPOU3BOJALHOrO Hayasb-
HOTO COCTOSIHMSI Ha HEKOTOpOe KOHeyHoe MHoroo6pasue S;, Tak 4TO
“¢ynkuuonan (5.42) npuHHMaeT MHHHMAaJbHOe 3HaueHne. Bpexem
dyukumo W (Xx) — onTumanbHOe 3Haqex-me dyuxumonana (5.42) mns

HayaJbHOTO COCTOSIHHS X: Sfo (x*(8), u*(#))dt, x*(f))=

Tlokaxkem cHauana, 4yto GQYHKIHS W/(x) B IPEANOJOXKEeHHH ABAaXKAbL
HelnpepLIBHOH AH(GhepeHIHPYyeMOCTH YAOBJIETBOPSIET OCHOBHOMY (YHK-
LIIMOHaJMbHOMY ypaBHeHHi0 BennMana

0= mm{fo (x, u) S‘ ‘W(") Fi(x, u)] (5. 111)

ugU

JleficTBUTENBHO, MYCTb TPAEKTOPHS BBIXOAHT H3 TOUKH X M B TeueHHe
MaJioro NMPOMEXYTKa BpeMeHH Af ynpasieHHe u(f) BBIGPaHO IIOCTO-
SIHHBIM U paBHBIM NpOH3BoJAbHOMY U<U. 3a BpeMmsi Af TpaeKTOpHs
cMecTHTCS Ha BekTop Ax=f(X, u)A{+0(A?). Ilpenmosoxum, UTO U3
MOJNIOXKEHHUsT X+ AX CHCTeMa JBHKETCs ONTHMaJbHO. Torna npu omucas-
.HOM CyMMapHOM IiepeMellleHHH GYHKIHOHAJ (5.42) npuMeT ciaenylo-
iliee 3HaYEHHE!

§ FolX(®) w) @t +W (x+A%)=Fo (x, w) AL+ (x)+

n
+ W Ax; o (Af).
ax,‘
i=1
ITockosrbky W (X) HMeeT MHHHMaJIbHOe 3HaueHHe dyHKuHOHana (5.42)
JJisl TPAEKTOPUH, BRIXOASALILEH U3 TOUKH X, TO

W ()< fol, ) AW (x) - 3 0B b0 (49

i
i=1

_— Folx, u)At—I—E%i")Axi—i—o(At)}O.
i=1
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IToxenus mocjefHee HePAaBEHCTBO HAa Af W MepeXxoAsl K Npefeny INpH

N oW (x) il

At—-0, noayunum fo(x, u)4 3 (X, u)>>0, rme yuTeHo
X

i=1
dx; )
—;zf (X,u).Ecan e u mepexox Ha HayasJbHOM y4acTKe 3a BpeMs
At ocyuiecTBJIsIeTCsl ¢ ONTHMAaJbHBIM yIpaBJjeHueM u*(t), To npoBOAa

aHAJTOTHYHEIE  PacCyXKIeHUS, NIOJIYYHM paBeHcTBO f (X, u™)4

‘1 ELAUE fi(x, u¥)=0,u*=u*(0). O6benunss nocneiHHe ABa&
X
t_-l

COOTHOIIERHs, NMPHJeM K (YHKUHOHAJBHOMY YypaBHeHHI0 DBeanmana
(5. 111).

BriBon u3 ypaBHeHuss Beaamana npuHuuna makcumyma IlonTps-
runa. Ilepeiinem ot pyukuuun W(x) K ¢yHKIHE o (X): o(x) =—W(x).
YwmHOXKas BbIpaXKeHHe, CTosllee B (HTYPHEIX CKOOKax ypaBHEHHd
(5.111) na —1, c yuerom o (x) =—W (X), nosyyum

0=r“x5x{—fo<x, u)+§‘—’;,“%‘)—f,- (x, u)] (5. 112)

U3 comocraBnenuss (5.112) c¢ ypaBuenuem (5.111) BriTekaer, uTo
BblpakeHHe B cKobkax B (5.112) mocTuraer MakcuMyMa, paBHOI'O HYy-
JI0, B TOUKaX ONTHMAJbHOM TpPaeKTOpHH X*(f) ¥ ONTHMAJBHOrO yIpaB-
Jgenusi u*(7). Ho Torma yacTHble HPOH3BOJHBEIE OT INOCJTENHEro BHIpa-
JKEHHS 10 X; NOJIXKHBI 06pamaThcs B HYJIb:

_0fx, ) | R 0% (%) G0 (x) af,<x fi(x, ) _
[ 0x; +21 0x;0x; Ji(x, u +2‘ 0x; ]x=x*<t)_o’

u=u*(f)
j=12, ..., n,

_0F (X (), ut () 0 do(x* (t)) dx; (t)
o Oxj +2¢3x, dt +

i=1

+S do(x* (1) Ofitx*(O)w () _o 1, 2, ..., n

Ox; Oxj

[Ipu nanucanuu moc/jeaHero COOTHOLIEHMS HCIOJb30BAHO YypaBHEHHE
Ow (x* (f))
. Oxj
$o(/)=—1 ¥ npoM3BOAS TOXKIECTBEHHHIE NPeO6Pa3OBaHHS, IPHBEAEM.
nocJjiefiee ypaBHEHHE K BUAY

dq;,(t) Eq) t)dfl(X*(t), ) 0, 1,...,n,

dx/dt=f(x, u). BBoas oGosnauenne ¢;(f)=

b; Jj=1, ..., n;
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T. €. IOJYYHJIH BCIIOMOTaTe/]bHyI0 cHcTeMy (5.51) nast onpegesneHus
BeKTopa P (f). YpaBHenne Beanmana (5:112) pmna onTiManbHOro yI-
PpaBJieHHs u TpaekTopuu (u*(¢), x*(f)) Gymer

— folx*, u*>+ﬁ %

i=1

0D 7 (x*, u¥)=0,

HJIH max H (X, ¢ (), u maxzf, (x*, u)d; (1)=0,

ugU ugU

T. €. IPHXOAHM K OCHOBHOMY pe3yJbTaTy Teopembl [loHTpsirHHA.

Tpe6oBauus xBaxiab auddepenunpyemoit ¢yHkuun W (x) 0GBIYHO
He BBINOJIHSIOTCS, H MOTOMY NPUHIHI MaKCHMyMa ocTaeTcs Gojiee YHH-
BepcaJbHEIM CPEICTBOM pelleHHs AeTePMHHHPOBAHHBIX ONTHMAJbHBEIX
3apau.



I'arasa 6

CUHTE3 JIMHEMHDBIX CUCTEM
B CTOXACTHUYECKOM
[TOCTAHOBKE

6.1. OCHOBHBIE PE3YJIBTATBI IO ONTUMAJIbHOMY
BOCCTAHOBJIEHHIO H YIIPABJIEHHIO

Asronusor paboTaer B yCAOBUAX, KOTAA, HAPSLY -C NTOJNEe3HBIMH BO3Jel-
CTBHAMH, HMeloTcsi moMexu. Ilomexu ciayyafiHOro xapakTepa HMeeT
CMBICJ Da3fesNHTb C paccMaTpuBaeMoll 31ech TOYKH 3PeHHS Ha JBa
K1acca: 1) cayyaliHble CHIHAJBl, OT KOTOPBIX JHOO B NMPHUHIINIIE HEb3s
n3baBUuThCA, JUOO COENaTh 3TO TEXHHUECKH CJOXKHO; 2) ciaydaliHble
CHUTHAJIbl, BJHSHHE KOTOPBIX MOXKHO OCAa6UTh CIeUHaJbHBIMH (UIbT-
pamu. [IpuMepoMm cHrHaJOB MEPBOro KJjacca MOTYT CIAYXKHTb Caydai-
Hble HEOAHOPOAHOCTH H TypOysneHTHOCcTh artMmochepnl. Ko Bropomy
KJ14CCy MOXHO OTHECTH IIYMBI H3MEDHUTEJBHBIX YCTPOHCTB H YCHJIHTe-
Jleil, IUyMbl HA BXOJ€e UH(POPMALHOHHLIX CHCTEM U T. M.

CuruaJsl mepBoro kjaacca, Bosfeiictysi Ha JIA, yuacTsyoT B ¢dop-
MHPOBAHHHU COCTOSIHHSL CHCTeMbl. Ha OCHOBe M3MepeHHSI COCTOSIHHSI CH-
cTeMbl 60pTOBasi amnmapatypa (POpMHpYyeT KOMaHAy YIOpaBJeHHS Tak,
YTO 3TH CHI'HAJBI BOCIHPHHHMAIOTCS aBTONMJIOTOM KaK  <«IIOJIe3HbIeY.
CurHaJsl BTOpOro Kjaacca nyteM (GUIBTPAIMH MOTYT OBITh CYLIECTBEH-
HO ‘ocjlabJieHbl, HO NOJIHOCTbIO M30aBHTBCH OT HHX He ypaercs. [laxke
nocse GUIbTPALHH LIYMBI OCTAIOTCS AOCTATOYHO MOIIHBIMH, H NPHXO-
JHTCcS oTpabaThIBaTbh LIYMBI, IOCTYHAIOLIHe Ha HCIOJHHTENbHOE YCT-
POHACTBO aBTOMHJIOTA.

OOEyHO TOJIe3Hble CHTHAJBl SIBJSIOTCS HH3KOYACTOTHBIMH, a UIy-
Mbl — BBICOKOYACTOTHBIMH HJIH BCeYacTOTHBIMH. PUIBTPOM HU3KHX Ya-
CTOT yZAaeTcsl CYILIeCTBEHHO OCJaOHTh IIYyMbl, LHPKYJIHDPYIOLIHe B KOH-
Type aBTOMHJIOTA. BHIGOP CTPYKTYpPHl M mapaMeTpoB (HUIbTpa ompeje-
JIseTcs YCJOBHEM 3aflaud H 3aYacTylo BeIOHpaeTcsl aMnupuyecku. Teo-
PeTHuecKHe OCHOBHEL BbIOOpPA ONTHUMAJILHOrO GUIbTPA IJsS YCJIOBHH,
KOrja W IMoJie3Hbiil curHas s(f) u momexa n(f) mNpeACTaBASIOT COGOH
CTallOHAPHble Mpollecchl, a BpeMs ! AUCKPeTHO, OBIIM H3JIOKEHB B
paborax A. H. Koamoroposa. H. Bunep pacmpoctpanus atu pesysb-
TaThl HA CJaydall ¢ HenpepbIBHEIM BpeMeHeM. [3/10KeHHe 3THX BONPOCOB
MOXHO HalTH B /1060M yueGHHKe IO CTATHCTHYECKOH NWHaMHKe. Pac-
CMOTPHM BaXKHBIA JJ5 NPaKTHKU caydail, korza oba mpouecca s(f) H
n(t) umeroT APoGHO-PAUMOHAJbHEIN CIEKTP (TakHe mpolecch o6pasy-
0Tc1 Ha BBIXOAE CTAllMOHADHOH JHHEHHOH CHCTEeMBl, KOTJa Ha ee BXOJ
Nocrynaer crauuoHapHBIH Oenblit wym). B 3ToM ciyuae ycTpo#cTBO,
Peanusyiollee ONTHMAJLHYI0O (QUABLTPALHIO, MaTeMaTHUYeCKH OINHCHIBA-
€Tcq cucTeMoi JIMHEeHHBIX AudepeHLNaNnbHBIX YPaBHEHHH, Ha BXOJ, ero
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nojaercA CyMMapHbId curHan s(f) +n(f), a Ha BbIXoJe MOJYYalOT OT-
¢uabTpoBaHHbi curnaJ s(t). KoadduuueHTs JUHEHHOTO ONTHMaJbLHOTO
GuIbTpa HaXOAATCA U3 pelleHHs HEKOTOPOil JuHeAHOf CHCTeMBbl aJjre6-
paHyeCKHX ypaBHeHHIH, KOTOPLIe, B CBOIO ouepeib, CTPOSTCSH HCXOAS U3
CHeKTpaJibHblX (pyHkuuii curuanoB s(f) u n(f). ONTHMaJbHOCTb OLEHKH
3aKJoyaercss B TOM, UYTO (QyHKUMOHaJ [=FE (s(f)—s(#))?=min npu-
HUMaeT MHHHMaJbHOE 3HaueHHe B KJiacce BCEX JIMHEHHBIX YCTPOHCTB,
OLIeHHBAIOLIUX CUTHAJ S(f) mo 3HaueHusiM curHaga s(t)+n(t) npu
t<f. O6o0i1eHNe NOCJAEHEr0 pe3yabrara AJisi HeCTALHOHADHBIX IpPO-
Heccos ObL10 crenaHo B paborax Kasnmana u Belocn kaxk pias gHCKpeT-
HOTO, TaK H AJs1 HENPEPBLIBHOIO BPEMEHH.

duantp Kanmana kKak ontumagbHoe HaGJojaiouiee YCTPOHCTBO B
HecTauMOHAPHOH CHCTeMe. YpaBHEHHs JHHeHHOIN HecTallHOHAaPHOH CH-
CTEMBl H ¥3MepUTeJNsi UMelOT CJeAVIOLHHA BHI:

x=A(6)x+B@uLE(@); y=E@)x+n(). (6.1)

B cootsBetcTBHH ¢ ypaBHeHusMH (6.1) B GOpMHPOBAaHHH COCTOSIHHSI X
CHCTeMbl JIOMHMO yNpasJasiollero Bo3gefcTBHA u=u({) yyacTByeT
cay4alHBId BXOAHOH cHrHaa E(f), a U3MepUTE/b NOABEPKEH BJIHIHHIO
wyMa n(Z). ITpamem, uto E(f), n(f) — He KoppeIHpOBaHHBIE MeXLY
coO6OH 1eHTPHPOBAaHHbIE BEKTOPHBIE CJydyaliHble NpOLECcCH THHa Oeqo-
ro wyma uHTeHcuBHocTell R (£) u Rq(£):

ET (=& (D)., 5 (O M A= (E)s- .., N(D);
EE" (£)=(E¢, (£),..., Et, (£) =0; En"‘() (En() o EMpy (£)=0;

o EG (0(5)- E& (05,(6) |
Eg@ee=| - - C=s (=R, 1); (6.2)
EE(05,(5). .. Eia(05(5)

EM@n(s)|=3(¢—s)Re(£); E[E(H)M*(s)]=0,

rae 8(f — s) — neabra-pynkuud; R;(f), Ro(f) — HeoTpHuaTeNbHO OmN-
pedesieHHblE MaTpPHLUB pa3MePHOCTH nXn H mXm COOTBETCTBEHHO;
E — cuMBOJI MaTeMaTHYeCKOro OXHAAHHUS, O3HAUYaloIWUH NpHUMeHeHHe
onepauHH MaTemaTququro OXKHAAHHA K KaXJIO0MYy 3J€MeHTy MaTpHIL
[EOE L @A ()], E@O ()]

3ameqanne. ITpomeccrl Tuma 6esoro 1myma XapaKTepH3YHOTCS
CBOMCTBOM, YTO MX 3HayeHHUs OT TOUKH K TOUKe He KoppenupoBaHbl. Ta-
KHe npouecch (GHU3NYeCKH HepeasH3yeMbl, TAK KaK JOJKHBl OblIH Okl
3aKa0uaTh B cebe GecKOHeUHO Gosbmyio 3Hepruio. OHH He FBJSIOTCH
OOBIYHBIMHE CAYYaHHBIMH TIpPOLECCAMH H C TOYKH 3PeHHs MaTeMaTHKH,
XOTsl BONPOC O peakUHH JHHeHHOH CHCTeMBl Ha BXOAHOH CHrHaJ THMNA
6eJioro 1iyMa HMeeT peasbHblil (u3nueckHil cMblca. CMBICJ NPHHATHIX
o6Go3Hauenu#t (¢), n(f) 6yneT pasbsiCHEH HHXKe.

Peakuusi X(f) cucTeMbl Ha BXOAHble BO3AeHCTBHs, COAepKallHe
cayyaiiHble cocTaBJsiioilne, OyIeT NMpeACTaBJAATb CJAydaiHBIE npouecc.
3ajauya BOCCTAHOBJEHHS TeKYILero COCTOAHHS X (f) mo pesy/bTaTaM
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usMmepenuit y(s), fp<{s<{f, B NMPUCYTCTBHH IWYyMOB 7 ({) Ha3bBaeTCs
3afaveli duabTpanuu. Ang pemeHus 3TOH 3aayd eCTECTBEHHO MpHMe-
HUTb HecTallioHapHOoe Ha6Jlofaiollee YCTPOHCTBO B BHAE, aHAJOTHY-
HOM paccMaTpHBaeMOMY B TIJ. 4:

x=A()x+B)ut+K@®[y—E@®x] (6.3)

B nerepmunupoBanHOH mocTaHoBke BbiGOp Koadduuuenrta K pony-
CKaeT 3HAuWTeJbHBIA MPOH3BOJ. B cTOXacTHUecKO# 3afaye BOCCTAHOB-
aenus Kosbduunent K ontumusupytor. IloctaBuM 3amady Takoro BHI-
bopa koapduunenta K(f), xoropniii oGecrmeynBaeT HeCMelleHHOCTDb

OUEHKH X(f) ¥ MHHUMYM CPeiHell KBaApaTHYHON OLIHOKH:

Ex;(t)=Ex;(#), E[(x;(t)— x;(H)P|=min, i=1,2,...,n. (6.4)
Teopewma. PaccMoTpuM 3afauy NOCTPOEHHST ONTHMAIbHOTO HabJ110-
nawuiero ycrpoiictsa (6.3) mas cucremsl (6.1), o6ecneunBamooliero
HECMElleHHOCTb OLUEHKH W MHHHMYM CpelHeH KBaJpPaTHYHOH OLIHOKH
(6.4). IMonoxuM, uto HayambHOe cocTosiHHe X(fp) cuctembr (6.1) —
cayyaiiHHH BeKTOp C MaTeMaTHYyeCKuM oxumaHueM mP=E[x(#)] u
KoBapuauuoHHo#l matpuueii Ro=E[(x(f) — mP) (x(f) — m°)T] 1 co-
cTosiHHe X (fp) He KoppeaupoBaHo ¢ mnpoueccamu g(f), n(f). HonycTum,
4TO mpouecck §(f), 1(f) He KOpPpPeIHPOBAHB M UTO MATPHIA HHTEHCHB-
HocTell wiyma Ry (#) W3MepHTesisi He BHIPOXKAEHA NPH KaXJIO0M 3HAUYEHHHU

t=t,. Torna peuleHHe 3aJaud IoJyyaeTcss nyTeM BbIGOpa MaTPHYHO-
ro koaduieHTa ycuieHus

K(#)=P () E ()R (8), >4, (6.5)

rae P () yaoBnerBopsieT MaTpuuHOMY AH(depeHIHaNbHOMY YPaBHEHHIO
Puxkari, KOTOpoe MOXKHO 3alicaTh B CJeAyIoLUeM BHIe:

P=A(/)P+PA (/)R () —PE* () R;')E(®)P  (6.6)

¢ HayasibHEIM yci0BHeM P (%) =R,. Ouenka x (), t=to, yaoBIETBODS-
er ypasHernio (6.3) npu HayanbHOM YCHOBHH X (fp) =mC. [Ipn aTOM
MaTpuila KoBapualHH BeKTopa oOIIHOKH X (f)=x(f{) —x(f) pas-
Ha P (%).

PaccmoTpeHHy!0 3afauy MOXHO CUHTATh 3ajauell ONTHMAaJbHON
GuIbTpauUHN TPH HM3BECTHOH CTPYyKType ¢uaptpa. J[elficTBHTENBHO,
GuIbTpYyIOlllee YCTPOUCTBO ObINO 3apaHee BBIOPAHO B BHAe MOJENH CH-
CTeMbl C 06paTHOH CBfA3bI0 Mo OomHOKe BoccTaHOBJaeHusl (6.3), a yxe
3aTeM pellajach 3ajaya 06 ONTHMAJbHOM BLIGOpPE MaTPHUUHOTO K03d-
¢uumenra ycusnenusi K (¢). Bosee obuias nmocranoska 3ajayd BO3HHKa-
€T, ec/u He CYNTATh CTPYKTYyPy QH/IbTPa 3apaHee 3ajaHHOI, a orpa-
HUYUTbCH JIHIIL TpeGOBaHIEM, UTO OLeHKa X(f) siBasieTcss JuHelHOH
¢yukuueli nabaogenusa y(s), fp=<<s<<f. B 3Tofi mocraHOBKe NMPHUXOAHM
K TOMY e pelleHdto. FIMeHHO onTHMasbHbIH QUIBTD HMEET CTPYKTY-
py (6.3), a xoapduuuent K (f) onpenesnen popmynon (6.5). Tounas no-

CTAHOBKA 3TOH 3ajlayd BHITASAUT OoJiee HArJASAHO 51 JHUCKPEeTHBIX
IIpoueccos.

109



HManwocrpaTuBHB# npumep. PaccMoTpuMm ckadsipHoe ypaBHeHHe xq=0
H TOJ0XKHM, UYTO HayalbHoe cocTosiue x;(0) ecThb ciayuainas BeJqHUHHA CO CPEIHHM
snauennem my° n gucnepcueit Dxy (0) =Ro. D710 osnauaer, yto R, =0, T. e. da3osoe
cocTossHHe GOPMUpPYETCH JHLIb 33 CUeT CJAYYaHHOro HadyaJbHOrO MOJIOMEHHS, a BO BCe
ocTaJbHOe BpeMs OcTaeTcsl HeH3MeHHBIM. IlycTb y;=x;+1);, rae N — CTALHOHAPHBIH
6ennbiit wym c gucrnepcueil R,. ®uabTp KanmaHna B pganHom cayyae npuobpeTaer BHJ,
1=K (t)[y1 — %], *1(0) =m,°. Cranspusii Kospduunent yeunenns K ()=P (£) Ry !,
a ypasuenne Pukkatu aas P(t) npunumaer sun P (£) == —P2(£)Ry', P(0)=
OTO ypaBHeHHe JIerKoO MOXKHO PelIHTb W B pe3yabrate noayuum P () =R.R:(R,+
+Rot) 1, Tak uto K(f) =Ro(R2+Rot)~!. Takum oGpa3oM, npu f{—>+ 0o Ko3abhduUil-
et K(f) -0 u aucnepous owunbku P(f) cTpeMsTcss K Hymo, T. €. B Ipefese

ouerka X;(f) CKOJb YroiHO TOYHO MpPHOJHIKAET 3HayeHHe COCTOsiHHA, Xi(f) =x;(0).
W pas cucremst (6.1) obumero BHAa, KOrga CAydalHblil XxapakTep TEKYLIEro COCTOS-

HHsl X(f) ompezensieTCsl TOJbKO pa3bpocoOM HayaJbHBIX HAHHBIX, a E,(t)=0, poJb
(ppmpra KasrmaHa CBOIMTCS K BOCCTAHOBJISHHIO HAYaJIbHOIO COCTOSIHUS. y‘-[P[TbIBaﬂ, 4yTo
3aMKHYTLIE CHCTEMBbI 0OBbIYHO ACHMIITOTHYECKH YCTOﬁ'-lHBbI, T. €. pOJIb HayaJbHOIO CO-
CTOSIHHSI B (DOPMHPOBAHUH BEKTOpPaA COCTOSIHHS X(f) yepe3 HEKOTOpOe BpeMs NpaKTHYe-
CKH HCUYe3aeT, AeJjlaeM BbIBOJA, UTO MPHMEHATb B JaHHOM CJaydae (pHJIpr KanmaHa He
HMeeT CMbICJaa.

HduckpeTtHotit duabpTp KanmaHa kKak ycrpoicTBO, BbiIamolee Hau-
JYYlly0 JUHEeAHYI0 HeCMelleHHYI0 OLeHKY COCTOosiHuA. PaccMoTpuMm nu-
CKpeTHHI aHaJsor cucteMnl (6. 1)

X(t+D)=a@Ox@+pAu@)+EE@); yE+1)=e@)x(#)+n@), (6.7)

rae mojaraeM BpeMs { H3MeHSIIOIIMMCSl AHCKpeTHo: ft= ..., —I1, 0, 1,
2, ... Cucremnl Tuna (6.7) Ha3nBalOT pa3HOCTHHIMH. OHU NOSIBJASIOTCS,
B YaCTHOCTH, KOTJa ynpasJseHHe noserom JIA ocyuiectBisiercs BLIBM,
TaK YTO TeKyllee COCTOSIHHE CHCTeMBI X (f) BHICTyIIaeT JIMIIb B MOMEHTHI
BpeMeHu Buaa {=Kh, rne K — uenoe uncno. Betbop B (6.7) mara
h=1 uMeer YHCTO yCJOBHOEe 3HAYEHHE: 3TOTO BCerfa MOXKHO AOOHUTbCA
H3MeHeHHeM Macuuta6a Bpemend. [Tosaraem B (6.7), uto a(f), B(f),
e(?) — maTpuuHble (QYHKUIHH COOTBETCTBYIOILHX pa3MepHocTel, E(f),
1(f) — Rekoppe/HPOBaHHble BEKTODHBIE AHCKDETHHE IIPOIeCCH THIIA
Gesioro mwyma unrencuBHoctell Ry (f), Ry () cooTBeTcTBEHHO:

Eg()]=o0; E[n(t)]=o0; E[E O]=R: ()
Em@nr@6)]=Ry(4); E[E(?) ]=0; (6.8)
E g ()& (s)]=0; E[n(f)nT(S)]=o npu ¢ £ s.

O6GosnauuMm Y,"= (y* (%), y*(fo+1), ..., y*(¢{)) — BexTOp, COCTaBJIEH-
HbIil N3 BEKTOPOB Habui0JeHHH BIIOTH A0 MOMeHTa f. IlocTaBuM 3ana-
qy HOCTpoeHHH TaKOH OLleHKH x(t) Kaxaas KoopJHHATa KOTOpOH x:(8),
i=1,..., n, aBaseTcs JUHeHHOH QyHKIUHeHl OT KOOpJAHHAT BeKTOopa YT
U IpH 5TOM BHIIOHSIOTCA YCJIOBHSL HECMELIEHHOCTH H MHHHMAaJbHOCTH
cpenuelt kBaapaTHuHo# omnOKu (6. 4).

Teopewma. IIpexnosnoxum, yto mpouecch §(f), m(f) He Koppe-
JIMPOBaHBI MeXAy coboi U ¢ X(fp) H YTO KOBapHAaLHOHHAs MaTpHILA
IyMa H3MepHTess R,(f) He BBIpOXKJEHa NpPHU BCeX 3HAUEHHAX [={o.
Torga ouenka x(f), obnanarmomas MHHUMalbHON cpelHell KBaJApaTH4-
HO# OWIHGKOHA B KJjacce JIMHEHHBIX HeCMelleHHBIX OLleHOK TeKYIIero co-
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CTOAHNS X (f) N0 pe3y/abTaTam NpeAlIecTBYOL X H3MepeHu# Y, y10B-
JIETBODAET CAelyollell pa3HOCTHO!H CHCTEME:

X(t+D)=a@OXO)+BEOu@)+KEOY(E+D—e@)Xx() (6.9)

C HayaJbHBIM ycaoBueM X (o) =mP=E[x(fy)], rae K(f) onpenensiercs
M3 CIeIyIOUHX PEKYDPEHTHBIX COOTHOLIEHHH:

K( )=a(f)P(2)e If) [8( (@) e (H+R (A7
P+ 1)=la(?) O P () ar(£)+Ry(2)
fIpH HayaJLHOM YCJIOBHH P(tg) =R0= E[i(x(t) — m®) (x(to) — m°)T].
Ilpu stom P (f) aBasiercss matpulell KoBapHaliil BeKTOpa OMIHOOK:
PH=E[X(OHX (], X{)=xX(t)—X ()
duabtp KanmaHa kak onTuMaJgbHOe HaGJiojalolee ycTpOMCTBO B
craunoHapHoil cucreme. I1peanonoxum, yto matpuusl A, Bu E B (6. 1)

He 3aBHCAT OT £, a & (), n(t) — crauuoHapHH, T. e. Ry u Ry He 3aBuCAT
or t. TlpeanonoXum TakKe, 4To HHTepBas HabgrogeHuss GeCKOHEYEH B
JIeBYI0 CTOPOHY (fp=-—o0). B sTOM ciyuyae MOXKHO OXHAATb, YTO OI-
THMaJbHBIH MaTPHYHBIH Ko3duunent ycusienus K(¢) B dunabrpe (6.3)
TaKxKe MOCTOSHeH. [l ynpoOIleHHs] 3alHCH TOJNIOXKHM JaJjee, 4TO U==
=0, T. €. COCTOsIHIIe CHCTeMbl X(#) HOPMHUPYETCs TOJNBKO NMOJ BIHSAHH-
eM Iyma €(¢). B cBow ouepems, myM (1) mpeicraBum Kak E(1)=
=Cw(?), rie W(t) — BeKTODHHIH Gesblii WyM eIMHHYHON HHTEHCHBHO-
cru; Elw(t)wr(t)]=1— enunnunas marpuua; C— HeKoTOpas MaTpH-
na. Bo3MOXKHOCTb TakOro NpejiCTaBJeHHs] BHITEKAeT M3 CHOPMYJIHDO-
BAaHHOI'O paHee pe3yJsbTarta (CM. IJ. 5), UTO BCSAKYIO HEOTPHLATENbHO
ompeneneHHylo matpuuy R; MoxHo npeacraButrs B ¢opme R;=CCT.
HeiictBuTenbHO, ecnu Matpuua C omnpepenena mocsaefHed (opmyJioH,

10 E[§(#)E7(1)]=E[Cw(2) (CW())*]=E[CW (1) W (#)Cr]= CE[w (t) X
XwT(t)]C=CCT=R,.
C y4yeTOM 3TOro pacCMOTPHM CHCTEMY
x=Ax+Cw, y=Ex-+|1 (6.11)

H TIOCTAaBUM 3aJayy ONTHMaJbHOH (QHJAbTPALHUH IO HAO/IHOAEHHIO BCEro
0OeCKOHeYHOro NPOoILIoro. ) ) .

Teopewma. [Tycts npoueccs E(?) =Cw () u n(¢) Hekoppeauposa-
Hbl ¥ KOBapHalUKOHHasi MaTpHua R, myma 1(?) HeBBIpOXKAEHa. O603Ha-

yuM X(f) JHHEHAHYIO OLEHKY cocTOsiHHST X(f) cuctembl (6.11) mo pe-
3yJabTaTaM H3MepeHHs y(s), S<{{, ABJAIOILYIOCS HeCMelleHHOH U ONTH-
MaJIbHOH B CMBICJIe CPeJHEero KBaJpPaTHYHOrO OTKJOHeHHS [cM. dopMmy-
ay (6.4)]. Ilpennosoxum, 4to cucrema

x=Ax-Cv, y=Ex (6. 12)

NOJIHOCTBIO yhpaBasieMa (IO V) M TOJHOCTbIO Habmawpaema. Toraa
(1) x(f) ynoBieTBOpsieT ypaBHEHHIO

X =AX LK (y —EX), (6. 13)
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rie K=PETR:71, P — eauHcT-
BeHHOE IMOJOXKHTEeJbHO Ompe-
JleNleHHOe pellleHue MaTpHd-
HOTO a/jre6pauyecKoro ypas-
HeHns PHkkaTu

Wi ;
i —PER;'EP=0, (6.14)
(xoTOpOE moJyyaeTcs H3 COOT-
gouenust (6.6), ecan mnoJo-
xuth P=0); (2) nadawaa-
jomee  ycrpoiicteo (6. 13)
aCUMIITOTHYECKH  YCTOHYHBO:
XapakTepHCTHUECKHE  YHCIa
matpuusl A — KE umeror or-
puuarejbHble  LeHCTBHTEb-
Hble YyacTH. AHAJOTHYHHIH pe-
Puc. 6.1. CTpykTypHasi cxema o6bekra /, Oe3blHep- SyﬂbTaT CﬂpaBeﬂﬂHB TaKxKe H

UMOHHOTO H3MepuTeas 2 u d¢uarTpa Kasmana— JJis1 CTaL[HOHaPHOﬂ CHUCTeMBhbI
Botock 3 (6.7) ¢ DUCKPETHBIM BpeMe-
HEM..

ManoctpatuBusli mpuMmep. IlycTs x,=w;, y; = x1+1;. Ypabuenne
duabTpa (6.13) B NaHHOM cllyuae NMPHHHMAeT BHI ;1_—_13(%—;1). Ins onmpenmene-
wast k& pemmM ypasuenne R;— P2R51 =0, otkyna P =1/ RiR;, Tak ut0 k=
=V RiRoR; " = R¥R;05. Tawum o6pasom, nepenarounas (yHKuus ONTHMAILHOTO
¢urbrpa pasma RISRyOP(p 4 RYPR;OP)71,

buaptp Kanmana B 3aMKHyTO# cucteMme. JlonmycTHM, 4YTO CHrHAJI
ynpaBJienus u(t) B cucreme (6.1) dopmupyeTcst no oOleHKe COCTOSHHS
X(t) B Buge u(t)=—L(#)X(t). B sToM ciyuae ypaBHeHHe ONTHMAaJb-
Horo ¢uabTpa (puc. 6.1) umeer popmy (6.3) c 3ameHnolt u Ha —L(t))?,
T. e. )

x=A ()X —B(#)L(®)X+K(#)[y—E®Xx],
roe xoacddunuent K(#) onpenensiercs coorHoweHusmu (6.5), (6.6).

JIonycTHM, 4TO OLEHKA X HCIOMb3YeTCst A/ 3aMBIKAHHS CTAIHOHap-
Hoil cucreMbl X=Ax-+Bu+Cw B Buze u=—‘Lf, rie L — mocrosinnas
MaTpuua. YyuTeiBasi, uro ¢uabtp Kanamana X= (A—BL))Z—[—KE(x—b
npeAcTasJ/sieT co60# uacTHBIH cayyal uHabJa0LaloOUIero yCcTpoHcTBa H
NpHMeHssl pe3yabTaTkl pasfh. 4.5, MOXKHO yTBepKAaThb CJAedylollee: ec-
s co6JII0leHbl YCAOBHS TpeAbplaylell TeopeMbl, a matpuila L BbiGpa-

Ha Tak, yro cucrema x= (A—BL)Xx acumnroruyecku ycroiiuusa, TO

dunbTp KanMana (a/1s1 3aMKHYTOH CHCTeMBI) TakKe aCHMNTOTHUYECKH
YCTOHYHB.

Ilpumep. YpaBHeHHe DpHBOAA YNPaBJAIOWMX MNOBEPXHOCTEe!l € yy4eTOM  WIYMOB
MOZKII0 3alHcaTh B BHje CJaefylolled cucTeMbl (CM. pa3a. 5.1):

,"=[0 1]x+[0](11,12)x+[0]iv1; y1=(1,0)x +1
0 —a 3 Y ’
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rae W;— CKaJspHbIHl OeJblfl IIyM €NMHHYHON HHTEHCHBHOCTI, 1)) — CKaJAPHBIl Ge-
Jiblit WyM ¢ pucnepcued Ro. YpaBHeHne Pukkatu (6.6) mpumer BuA

1'>=[g _;]P+P [? _2] +[g 22]_1’ lé]R{l(l,O)P
WM, C YYETOM Pio= P31, B Pa3BEPHYTOM BHIE MOJNYYUM
piu=2012— PRy P12 = pa— apin— PupP1Ry s
Py =—20py + V2 — PRy .

Jlerko MpoBepHTDb, YTO CHCTEMa

. [0 1 010 weil o
x—[o_a]x+[y]v, y=(1,0)x

TIOJIHOCTBIO yMpaBJ/sieMa H [OJHOCTbIO HabJiogaeMa, a ClIefOBaTeNbHO, pelieHie P(f)
cucTeMbl AHdPepeHuaTblbIX yDaBHEHHA CXOAUTCS NpPH f——-+00 K DCLIGHHIO CiCT2-
Mbl adre6paHyecKuX ypaBHEeHHI

2p12— PRy =0; pp—apia— pupRy =0; )
9 1 (6. 15)
—2apy + y2— PRy =0

Kosdduuuent K moxkno HaiiTu mo dopmysne

. —1
P11 P12 1 PR,
K R2 =
P21 P2 PRyt

Pewas ypaBuenne (6.15), nafigeM pi1, piz=pa1, P22, a 3aTeM MNONYUYHM
K= (e k) = (=« + [/ a2+ 2vR; %%, a2 4+ yR7% —a ]/ a2+ 2yR; %) .

duaptp KanmaHa B 3ajaye aHAJMTHYECKOTO KOHCTPYMPOBAHHUA pe-
TYJASITOPOB MpH CJaydYaiHOM BXOJHOM Bo3jaeicTBMM. B ru. 4 paccmar-

puBaJsach 3ajaya ONTHMAJbHOTO ynpaBieHuss cucreMod x=A({)x+
—+B(f)u npu moMoly 3aKOHa yIIpaBJIeHHs

u=—L(#)x. (6. 16)
OnrtumanbHoe ynpasjeHHe GopManbHO obecneunBaer JUIb TO, YTO AJH
oxHopoaHo#i samkuyTo#i cucremn x(t)=(A(t)—B(¢)L(t))x(¢), mox-
BEeprHYTO# HayuajibHBIM BO3MYUIEHHSM B BHIe §-QYHKUHH (YTO 2KBUBA-
JIEHTHO HEKOTOPOMY HayaJbHOMY HEHYJeBOMY COCTOSIHHIO CHCTEMBI),
npolecc cTaGuan3anun NPOTEKAeT ONTHMAJBHO C TOUKH .3DEHHST HHTEr-
PanbHOTO KBaJApaTHUYHOro Kpurepus kauectsa (5.3). Tak kak B peasb-
HOI 06CTaHOBKE BO3MYILEHHs, KaK MPABUJIO, AeHCTBYIOT HENPePLIBHO, TO
$axTHuecKoe 3HaueHHe 3aKoHA ympaBjeHus (6.16) BHICHSETCS JMHLIb

TIpH yuyeTe BJHSHHS HeNpepblBHO AeHCTBYIOIHX BHEIIHHX BO3AEHCTBUE.
B cBsi3n ¢ 3TUM PACCMOTPHUM CHCTEMY

=A()x+B@)u+§(), (6.17)

Ha KOTOPYIO BO3JeHCTByeT caydyaiiHoe BOo3MylueHue E(f) Tuma Gesnoro
myma ¢ uHTeHcuBHOCThIO R (7). ITocTaBUM 3amauy [OCTPOEHHST TpoO-
TPaMMHOrO yrpabJjieHHs1 u=u(?), o6ecrneynBamLUIero MUHUMYM MaTeMa-
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THYECKOTO OKHIAaHHA HHTErpajJbHOTO KBAaApPaTHYHOIO KPHUTEpHA Kade-
CTBa:

E X (000X (1) 4 | X (6) QuAX(E) + wr ()t (£] e}, (6. 18)

o

rae Qo, Q(?) — HeoTpHUATENbHO OmpeaeneHHble MaTpuus;, Qq(f) —
NOJOXHUTENLHO OnpefesneHHas matpuua. [las 3Toro cayyas OnTHManab-
HOe yIhpaBJieHHe JOCTHraeTcsi BBeJeHHeM TaKoi# ke o6paTHOH CBs3H,
4TO U B 3aJaue JeTepMUHHPOBAHHOTO YIIPABJICHHUS:

u(f)=—L#x(); L(#)=Q7'B* (1S, (6. 19)
rne S(¢) — cooTBeTcTBYyWOLlee peuleHHe ypaBHeHus: (5.5). HMurencus-
HOCTb BXOJAHOro Bo3aelicTBusi (f) He BXOZHT B (GOpMHpPOBaHHe 3aKOHA
ynpasaenus (6.19), a BiausiHHe BXOLHOI'O CHrHaJja Ha BeJHUHHY VIIPaB-
JeHHs u=u(f) NpOsIBJSETCA TOJBKO Yepe3 I[OCPEJACTBO COCTOSHHUS
x(¢) cucremnl (6.17). XoTs 3amaua yrnpaBJjeHHst CTABUTCH KaK NPOTpPaM-
MHasl, ee pellleHHe MPHBOAMUT K MO3HLHOHHOMY 3aKOHY YIpPaBJeHHS.

3axoH ympaBieHus (6.19) daxkTuuecku mpenmosiaraer, 4To MOXKeET
OBbITb H3MEPEeH TOUHO MOJHBIH BEKTOP COCTOSIHHSI CHCTeMBl X(f), T. e.
pelraeTcss 3ajgava ONTHMAaJbHOILO YNpaBJeHHs IPH NONHOH HHbopMma-
LMY O COCTOSIHMH cHCTeMBl. OOBIYHO H3MepHTeNb BBAAET JIHIIb HEKO-
Topble ()a30Bble KOODAMHATHEl HJIH HX JHHEeHHble KOMOHHALHH NMDH Ha-,

anynu wyMmoB. [TosToMy mpuMeM ypaBHeHHe H3MEPUTENS B CJAEAYIOUEM
BHIE:

=E(t)X+n (), (6. 20)

rae (%) — npouecc THna 6eJg0ro IIyMa C HEBBIPOXKIEHHOH HHTEHCHB-
HOCThIO Ry ().

[TocTaBuM 3amauy MO3MLMOHHOIO ONTHMAJBLHOTO VIpPaBJIeHUs CH-
cremoii (6.17) c xpurtepuem (6.18) u c 3akoHOM.ynpaBJeHusi, GOpMHU-
pyeMbIM mo HHbOpMaUuy, colepikKaillefics B BHIXOJHOM CHTHaje H3Me-
purteas. B atoMm ciayuae onTHMaJIbHBIH 3aKOH YNpaBJeHHs HMeeT BHIL
obpatHoil cBsi3u (6.19) npu HCMONb3OBAHMH HaH/yyllel JHHEHHOH He-

cMellleHHOH olleHKH X(f) BMeCTO 3HAUeHHs BEKTOPa COCTOSHUA X(f)

u=—L(#)X(#), LE)=Q; " (£)Br(£)S(¢). (6.21)

Ouenka nojayuaercsl Ha BeixoJe ¢uabrpa Kanmana

X=ANOX—BEOLOXLK(@E[y—E@)x], (6.22)

rae K(¢) onpenensierca u3 coorHowenuii (6.5), (6.6). Takum o6pasom,
3ajaua ynpaBJeHHs pa3OuUBaeTcs Ha [ABe He3aBHCHMble 3agauu: 1) om-
THMAJbHYI0 (HJBTPAUHIO — BOCCTAHOBJIEHHE COCTOSHHS CUCTeMbl X (1)
0 2) omnTuUMaJbHOe yIpaBJeHne 1O OLeHKe X (), KoTopasi ABJsSeTCs Kak
6Bl HCTHHHBIM 3HaueHHeM (a3oBOro coctosinusi x(?). 3To Ha3biBaeTcs
Teopemoii pazdenerus.
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6.2, IOCTPOEHHUE JUCKPETHOTO
PUJbTPA KAJIMAHA

Haunyuymas sauHeliHas HecmeuleHHas oileHKa. [lepBbili war Ha nyTH
BHIBOJA ypaBHeHHsl AMCKpeTHOro ¢uabrpa (6.9) —3T0 mnoaydeHue
¢dopMyJibl, BeIpaXKaloulell HaUMydIIylo JHHEHHYI0 HeCMelleHHYIO OleH-

Ky X(%) cocrosiHUusi cuCTeMbl X(!) uepe3 KOOpIHHATBH BeKkTOpa Y, =
=(y"(fo), y" (ot 1),..., ¥y ()))=(y:(fo), - .o ym(to), yi(to+1), ...,
Ym(fo+1), ..oy y1(8), ..., ym(f)). Lag KpaTKOCTH 3aNUCH BBELEM CJe-
AylolwHre oGo3HaueHHs: XT (1) =X"= (Xi,..., Xn); iT(rt):iT=(§1,...,
}n), Y'=y*= (41, .., Yp), p=(t — to+1)m. BuBenem BHauasne Qop-
MyJy AJs OUeHKH X; KoopAauHaThl Xi. COrJIacHO NOCTaHOBKe 3ajaun
OLleHKa X -AOJIXKHA IPEACTaBJSATh COGOM JHHEHHYIO (DYHKUMIO KOOPAH-

HaT Yi,..., Yp BeKTOpA y: X1=CiY1+...FCpyp+0b1; a KoapdHIHEHTHE

Ciy ... Cp, by HOJNXKHBEI OBITb BHIOPAHBI M3 YCJOBHS HECMELIEHHOCTH H
MHHUMyMa cpefHell KBagpaTHuHOH owubku (6.4). I[losoxkus ¢T=
=(cy,..., Cp), 3aNHUIIEM 5TH YCJAOBHS B BHIE

E[cty+b,)=Ex;; E[cty + b, — x]>=min. (6.23)

U3 nepsoro ycaoBusi (6.23) Haxomum b;=Ex;—cTEy. Hckawouas b
13 BTOpOro ycjaosusi (6.23), noaydum

E [c*y +(Ex,— CEy) — x;P=E [¢*(y — Ey) — (x, — Ex)P=min.

(6.24)
Jnst HaXoXKJIeHUs 3HaueHu# ¢;, i=1,..., p, MUHEMH3HPYIOLINX BHIpa-
KeHne (6.24), npoauddeperuupyeM ero mno ¢;, i=1, ..., p, 4 IpUpaB-

HsieM HYJIO IIPOH3BOJHbIE

P 2
d 5 A Y -
;E[ 2 ck(yk_Eyk)_(xl_bxl)] =

k=1

s
{

P
=2£ “2 2 (yk—ﬁ‘ya—(xl—fxo) (yi—Ey.->]=
k=1 /

p
=2 3 E [yp— Eyp) (4 — Ey )l — 2E [(x1— Ex1) (9, — Ey,)] =0,
k=1

i=1,...,p. (6. 25)

Bsenem o6oskauenne Ry, =E[(y—Ey)(y—Ey)T]=cov (y, y) Asas mar-

puubl KoBapuauuii Bektopa y H Ry, =FE[(x;—Ex)(y—EYy)]=

=cov (X, y) IJs BeKTOpa B3aMMHBIX KOoBapHaluud x; u y. Torga cucre-

gy p ckansapHBIX ypaBHeHHH (6.25) MOXHO 3amucaTb B MAaTPHYHOH
opMme

) P —1
R,y —Riy=0, mm c'=R Ry,
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npu ycJoBuH, 4yto matpuua Ry, HeBbipoxkaeHa. Mcnosnb3ys HaiineHHoe
BhIlIe BbIpaXKeHile A5 b), NONIyYyHM CJIeLyOIy0 GOopMyay Hauayyuei
HeCMeIeHHOH OLleHKH KOO JHHATHI Xj:

X =Cy+b=Cy+Ex;—CEy=c'(y— Ey)+Ex;=

—1 .
=R, Ry (y—Ey)+Ex,. (6.26)
AHajioruuHble BbipaxKeHHs IOJy4aloTCa AJS OLEHOK X, ..., Xn. COCTaB-
Jif U3 BEKTOP-CTPOK Riy RuyresRay MaTpuiy Ruy=

=E[(x—EX) (y—Ey)*]=cov (X, y) B3aUMHHIX KoBapHalliil BEKTOPOB X H
Yy, 3anuueM ucxons us (6.26) dopmyay Ajs OueHKH X

x=R Ry (y—Ey)+Ex. (6. 27)

O6o3nauenne X 15 OLEHKH He Bcerga ynoOHO, TaK KaK B HEM $IBHO
He OTpaxKeHa 3aBHCHMOCTb OLUEeHKH oT y. [loaToMy Hapsiny ¢ o6o3Haue-

HHeM X OyAeM ynoTpebasaTb o603HaueHne E(x|y)
E(Xly)=X=EX+R Ry (y—Ey). (6.28)

OGosnauenne E(x|y) wumeeT OGosee TIyGOKHH BepOSITHOCTHBI
CMBICJI, €CJIH IIPEANOJ0XKHUTh, UTO BENUUYHHBI X, Y, ..., Ym HMEIOT COB-'
MeCTHOe HopMaJibHOe pacnpefenenue. Ilpu stom E(X|y) siBisiercs yc-
JIOBHBIM MaTeMAaTHUYECKHM OXHAAHHEM BEJHUYHHBI X OTHOCHTEJbHO Be-
JUUHHBL Y, T. €. ABJISETCS CPeJJHUM 3HAaUeHHEM BeJHUYHHB! X, BBIUHCJIEH-
HbIM 110 €€ YCJAOBHOMY paclpeeseHHI0 OTHOCHTEJIbHO BEJHYHHBI Y.

BaxHefimue cBONCTBA HauJyyuleil JUHCHHONH HeCMeIleHHOH OlLEeHKH.
IMonoxuMm, yto b U ¢ — MOCTOSIHIIBIE BEKTOPbl, a A — IOCTOSIHHAA MaT-
puua. ITpu BbiBoAe ypaBHeHHs puabTpa KasMaHa HCIOIb3yeM clenyto-
uiie cBoficTBa onepauuu E(x|y):

(1) E(cly)=¢;
CIIPaBEJIUBOCTb 3TOI'O COOTHOLIEHHS HENOCPeACTBEHHO BEITEKaeT H3
(6.28);

(2) E(cx|y)=Cc"E (x]y);

3TO CBOHCTBO MOXKHO TPAaKTOBaTh CJeAYIOUIMM 00pasoM: HaHJIyy-
mas HecMelleHHAas JHHeHHAas OLeHKa JHHeHHOH KOMOHHAUMHM CjXx;-+

+...4cnx,=C™X paBHa JuHelHOIl kKoMmOuHAUHH GE(x|y)4 ...+
+cnE(%n|y) HamIydlIMX HeCMeUleHHBIX OIeHOK. Jl0Ka3aTesbCTBO:

E(cl‘x]y)_—_Ech-i—Rcrx,yRy‘y1 (y—Ey), 3ameuas, uyto EcT™x=c"EX,
cov(cTx, y) =cTcov(X, y), OJy4uM CBOHCTBO (2);
(3) E((x+2)ly)=E (x]y)+E£ (zly);
JIOKa3aTeJbCTBO:  MOCKOAbKY E(x+z)=Ex+Ez, cov(x+z, y)=
=cov (X, y) +cov(z, y), To npumenss (6.28), moayuum cBoicTBO (3);
(4) E(xly+b)=E(x]y);
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A0Ka3aTeJibCTBO: NpuMenuB gopmyay (6.28), monyuum
E(X|y+b)=Ex+E[x—Ex)(y+b—E(y+b)HE[(y+b—
—E(y+b)(y+b—E(y+b)) (y+b—E(y-b)=
=Ex4R Ry (y—Ey)=E (X|y);

(5) E (x|Ay)=E (x]y), |
rie A — KBaJpaTHasi HeBLIPOXKAEHHAst MaTpHua. JloKka3aTenbCTBO: MpH-
meHsist popmyay (6.28) x E(x|Ay), noayuum
E (x]Ay)=Ex-cov(x, Ay)[cov(Ay, Ay)|"1(Ay —EAy). (6.29)

[To onpepenenuto KoBapuauuu umeeM cov (X, Ay)=E[(x—EX) (Ay—
— EAy)T|=E[(x—Ex) (y—Ey)*Ar]=cov(x, y)A*=R,,AT; ananoruy-
HO Moxem nosyuuth cov(Ay, Ay)=Acov(y,y)AT=AR,,A".Tloxcras-
Jisl TIOJyYeHHBbIe BbIPaXKeHUs /151 KOBAaPHALMOHHBIX MAaTpHIL B dopmy-
ay (6.29), y6ennmcsi B COpaBeAJHBOCTH cBOHcTBA (5):

E (x]Ay)=Ex+R,,A"[AR, AT]"1A(y—Ey)=
—Ex+R,,A"(A)'R,,ATIA (Y — Ey)=

—EX+R Ry (y— Ey)=E (x]y);

(6) E(Ayly)=Ay;

(7) E(x]y)=EX, ecu x u y Hexoppeauposaisl (R

(8) E [E(xly)]|=Ex;
3TO CBOHCTBO HECMEUIEHHOCTH OILIeHKH (6; 28). [eAcTBUTENBHO, B MPEX-
HUX 0603HaueHusiX uMeeM E[E (x|y)]=Ex=EX;

(9) cov (X_E(X|Y)’ y)=0s _
C/1el0BaTe/bHO, CaydaliHble BelHUYHHB X — E(x|y) u y Hekoppeaupo-
BaHb. B cuiy csoiictBa (8) umeem E(x—E(x|y)) =0, 1. e. cayuail-

Hasg BeJHYHHa X — E(X|y) sIBAsieTcsl LLeHTPHPOBAHHOH. YUYHTHIBAasi 3TO
H popmyay (6. 28), noayuum

Xy

cov(x—E (xly), y)=E [(x—E (X]y)) (y— Ey)]=
=E{[x—Ex—R Ry, (y—EY)(y—Ey))=
E[(x—Ex)(y—Ey)]—E R, Ry (y—EY(y— Ey)]=
=R, —R R E[(y—Ey)(y—Eyy]=R,,—R,,=0;
(10) E(xly, z)=E (x|y)+E (x]2),

Tle y u z HeKoppesnupoBaHel U EXx=o0. JloKka3aTeJbCTBO: paccMaTpH:
Basf COBOKYNHOCTb BEeJHYMH Y H Z KaK HEKOTOPHIH BEKTOp WT=
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= (Y7, z") ¥ NOJIOXKHB §l=y—Ey, z°=z—Ez, v:'=w—Ew, MOJIYYHM
npu npuMeHeHuH gopmyanl (6.28) (mpu Ex=o0) x JjeBoit yactu (10)

E (X|y, 2)=E (xlw) = E (xW") [E (ww?)]~! w=

o o ° <] o —1 OT
—=E[x(y*, z7)] [E (? ) (y", z'f)J («»y, )=
Z z"

=[E(xy"), E (xz7] [EWT 2 ]_l Y)=

—[E (xy"), £ (xz7)] [<E}§")“ 9 ](Y) :
(0] (Ezz*)" 1|\ z

Ilpu BEIBOJE mocsegHell GOPMYJbl yuTeHa HEKOPPEJIHPOBAHHOCTb Z H

y:Eyzt=Ezy"=0. [Ipou3Bojs nepeMHOXKEHHS MaTpHL B moCJ/elHeli
dopmyse u Henogb3ys (6.28), noayuum cBofictBo (10);.

(10a) E (xly, 2)=—EXx+E (x|y)+E (x]2),

eciu oT6pocuTh TpeboBaHHe Ex=o0 B cBoiictBe (10). [eiicTBUTE/bHO,
nojcrasiss B cBOHCTBO (10) x—EX BMeCTO X, MOJNYYUM

E(x—EX|y, z)=E (x— EX|y)+ E (x— EX|z)
HJIH, HCIIOJIB3Ys cBoiicTBa (3) u (1), moayuum
E(xly,z)— Ex=E (x|y)— Ex+E (x]z)— EX,

OTKyZa ciaenyet cBoiictBo (10a).

B ¢opmyne (6.28) npenmosmarasoch, YTO MaTpHlla KOBapHAaUUH
Ry, HeBBIpOKaeHa. ONHAKO 3TO MPEANOJIONKEHHE He SIBJISIETCS CYLIECT-
BeHHBIM HH [/ ONpefeseHHs HaMJIyyllled HeCMelleHHOH OIeHKH
E(x|y), uu ans Boinosntesusi cBoiict (1) — (10). Herpyano nposeputh,
YTO eCJIM MaTpHLia KOBApHALHU BEKTOpPA Y SIBJAETCS BBIPOXKIEHHOH, TO
MOXKHO BBIENUTb YaCTh €ro KOOPAMHAT, KOTOPBIE COCTABJAIOT Caydaki-
HBIH BEKTOp (MeHbLIeH Pa3MEepHOCTH) C HEeBBIPOXKIEHHOH MaTpuleH Ko-
BapHallMM H Yyepe3 KOTOpPble BHIPAKAIOTCA OCTajbHble KOOPAHHATHL
BeKTOpa y. TeM caMBIM NpH IOCTPOEHHH OLIEHKH X IO BEKTOPY Yy cCle-
IyeT OTPaHHYHMTLCS TOJbKO BBIAEJNEHHOH I'PYNION KOOpAMHAT, MaTpHIa
KOBapHalUH KOTOPHIX HEBBIPOXKIEHA M, CJENOBATEJNbHO, CIIPaBeLJHBHI
dopmyas (6.28) u coiictBa (1)—(10).

MeTononorua nogxona k mocrpoeHuto ¢uabtpa. OcHoBHaAs wuued
MOCTPOEHHsT (QHUIbTPaA 3akKk/JouaeTcs B TOM, YyToOBl CHesaTb IIpo-

Lelypy OIpeJeseHHs] OLIeHOK ;(Gt)=E(x(t)|Yt) PEKYyDpEeHTHOH, T. e.
fIPU BBIYHCJEHHHU MOCJEeLOBATEJbHOCTH OLLEHOK ;((to), ;((to-l—l),...,
X(t), x(it+1) He NPOBOLHTH BHIUHCIEHHS KaxAblii Pa3 3aHOBO 10 (op-
myne (6.28), a HCHO/B30BATh [PH HAXOXKAEHHH OLEHKH ;(‘t‘g""'l) yxe

HalileHHOe 3HaueHHe olleHKH X (f). [IpUHIHNHANbHAST BO3MOXKHOCTb Ta-
KOTO CBeIEHHSI KPOeTCsl B IPHPOJAe HCXOMLHOIO HpOLecca: 3aBHCHMOCTD
HOCJIeIyIOLUIEr0 COCTOSIHUS cucTeMHl X (f-41) oT Bcelt mpeasicTopHH IO-
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BeJleHHsI CHCTEeMBbl B NPOIIJIOM 3aKJIOUeHa B BeJHYHHE ee MpeaulecTBy-
JOLLErO COCTOSTHHSA X(f) M B 3HAaUeHHSIX BHOBb IIOCTYNAIOLUHX BXOJHBIX
BosnefictBuiil. ITpumem Gosee oy dopmy ypaBHeHuit (6.7);

X (¢4 D=a®)x)—BE)MEXE+v(B) 20+ @)
y(E4+1D)=8@)y(@+e@)x()+n (),
noJsarasi TeM CamblM, 4TO O0BEKT yNPaBJsieTCsl NPH NOMOLIH JIHHEHHOH

o6paTHOH cBsA3U u=—l(t)x(t) 10 BOCCTAHOBJIEHHOMY 3HAUeHHIO CO-
CTOAHHSA M YTO Ha Hero BO3JeHCTBYeT [eTePMHHHPOBAHHbIH CHTHaJ
z(t), a u3MepuTeJbHOE YCTPOHCTBO 06JajaeT HHEPUHOHHOCTBIO. ITO
o6o0blieHHe He OCJHOKHSIeT IPOBOJUMBIX HHXKe BHIKJIAL0K, OAHAKO YA06-
HO JJIsi MPUMEHEeHUs.

dopmyna ceasu E(x(t—l—l )| Yer1) m E(x(t—[—l)[Yt) Bripaxenue
E(x(¢+1)|Y,) npencrasasier co60il HAHAYYIIYIO JHHEHHYIO HECMeUleH-
HYIO OLleHKY COCTOSIHHa X(f-+1) mo pesysnbTaTaM H3MEDPEHHH CHrHaNA
Y= (y(t), y(te+1),..., y(¢)), He BkiaoOUaoIHIM HHYOPMAUUH, CO-
nepxalleficss B IOCJIeAHEM H3MepeHHH curHana y(f+41). Bripasum B
SIBHOM BHJe Ty MONOJHUTEJbHYI0 HHPOPMALHIO O COCTOSIHHUH X(f+1),
KOTOpasi 3akJjwuaercs B cHrHaje y(f+41). OmnpemnenuMm DONOJTHHTENb-
Hyio nHdopmauHio B curHaje y(f+1).FMesi B pacnopsizkeHHH CHICHaJ
Y:, MOXHO oleHHTb curHan y (t+1): y(t+1)=E(y(t+1)|Y:).

ITonoxuB

(6. 30)

y=y(t+1)—y (1), (6.31)
MOJIyYyHM, 4TO CHrHaJ y(f+1) paBeH cymme curxasnaa ;(t-l-l), SIBJISIIO-
Lierocst JuHeiHOH (yHKLHel OT NmpejuiecTBYIOUIUX CUTHAJOB Y H BeJH-
yinbl y. OTCIO4A €CTECTBEHHO NPEANONOKHTb, UTO IONOJHHTEbHAS
HHpOpMaLHUs 0 COCTOSHHU X(f+1) B curnane y({+1) sakmiouaercs B
BeJIMUHHE Y.
[Tepesinem ot cucrembl BeauuuH Y= (Y y({41)) K cucreme
Besmunn (Y;, y). JIerko yBuZeTb, 4TO 06e 3TH CHCTEMbl CBS3AHBI JIH-
HeiiHO: cooTHoueHue (6.31) BbIpaXKaeT 3aBUCHMOCTb y H y(t+1) ApyT

yepe3 Apyra M 4epe3 CHCTeMy BeJHYHH Y, TaK KakK oueHka Yy (f}1)
ecTb JMHeHHasd QYyHKUHuA curHana Yy Takum o6pa3oMm, 3TH CHCTEMDI
CBSI3aHbl APYT C JPYTOM HEKOTODBIM JIHHEHHBIM HEBBIPOXKIEHHBIM Npe-
o6pa3oBaHHeM H MO3TOMY MOXXHO NPHMEHHTb CBOHCTBO (5).

X (1 D=E (X (¢4 DY ) =E (X (¢ DY, ¥).

Hanee, no ceofictsy (9) Bennuunn Y u S'=y(t+l)'—§(t+1) HEKOp-
penupoBans: cov(Yy, y) =0, a npumensis cBoiicto (10a), mnmoayuum
X(t4 D=E (x ¢+ DY, y)=E (x ¢+ 1Y)+

Ex(t+1)y)—Ex (¢4 1): (6.32)

IBa nocaegnux cnaraeMmblx B (6.32) mnpeob6pasyeM Ipu IOMOLIH
;(‘popMyJIbI (6.28):

E(x(¢+ DY) —E (x (t+ 1) =R,gR3Lg,
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rae yureso, uto Ey=o [cM. cBoiticTBo (8) B pasn. 6.2]. OkoHYaTe BHO
nosyyaem

X(t+1D)=E (x(¢+ 1Y) +R;R>Sy. (6.33)

®opmyna ceazu E(x(¢é+1)|Y:) u x(t) YuuTeIBasi BhIpaXKeHHe
(6.30) pmas x(¢+1), npeo6pa3yeM nepBoe cJgaraemoe B (6.33), mosb-
3ysiCb CBOHCTBaMHU (3) u (4):

E[(x(t+DIY]=E [(@@)x ) —B@OMOX (&) (&) 2(0)+& () Y]=
—a () E [x( Wﬂ—(ﬂlﬂEh ww+v n>
=a() X (&) —B(E)M ()X () + V() (6.34)

rje yuTeHo, uTo E(f) — UEeHTpHpPOBaHHAas CjyuyaiiHas BeJHYHHA, HEKOD-
peaHpoBaHHas ¢ curHanoMm Yy, a noromy E (E(¢) |Y:) =o, u npuusrto Bo

BHHMaHHe TaKxKe, 4To X(f) JIMHEAHO BbIpaxaercs uepes Yy, MO3TOMY
B cuay cBoiictBa (6) E(x(f)|Y:)=x(?). Tem caMbim dopmyna (6.33)
npeobpasyeTcs K BUAY
X(t+D=a(O)X(O—BOMOXO+VOz() +RGRT;Y,  (6.35)
W OcTaeTcs JHIIb HAHTH SIBHOe BBLIPAXKEHHe [Js MATPHU, KOBapHalui
R ~ Ryy , AN 9ero HeoOX0MMO BbIBECTH CHaYaJia yJ06HOe BHIPaKEHHE
,una y. Bripasum y yepes BEKTOP OLIHGKH X(t) =x(t)—x(t). B coor-
BETCTBHUHU C ONpejesneHHeM y W ypaBHeHHeM (6.30) Oymem umeTh
§=Y(f+1)— (YE+1Y)= f+1)—5[(6(f)Y(f)+
+e@)x(@O)+n@))|Yl=y(t+ D=8 Ely(#)|Y.]—
—e(®E[X(#)|Y,]—E[()|Y,].
Tak xak B CHy OnpejeleHHs BeluunHa v (f) UeHTPHPOBAHHAs u He-
KOppeJqHpoBaHa ¢ cHrHajom Yy TO, IpHMeHAs cBoicTBo (7), HaHeM,
uto E[n(f)|Y¢]=o0. YuursiBas Takxke, 4To y(f) BBIpaxkaeTcst JHHEHHO
yepe3 Y;= (y (%), ..., y(£)), B cuay cBoiictBa {6) 6ynem umersb E (y () |
Y:) =y(¢). C yueTom Bcex NpHUBeJEHHbIX COOTHOLICHHH, NMOJYUHM
Y=Y+ 1)—80)y)—e(®)XBO=e®)X()+n (),  (6.36)
rie mnpH nocjexHeM mepexoie B popmyne (6.36) yureHOo 3HayeHHe

(6.30) nasy(t+1).
dopmyaa pas MAaTPHUbl KOBapHaUMH R . Bocnosib3oBaBLIHCh BbI-

paxeHdHeMm (6.36) mas y(f) H yYHTBIBAs HEKOPpEJHPOBAHHOCTH x(t) u
7 (¢), HaligeM MaTpHIY

Ro==FE [(e () X (£)+n () (e () X (&) +n ()] =
=e(f)P(¢)e"(£) + Ry (), (6.37)

rie Ry () =En(t)n™(?), a P(t)=E;(t)§T(t) — KOBapHallHOHHAs MarT-
pHLa OUIHOKH.
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dPopmyna pas maTpuubl Kopapuauuu R ~. YuuTsisasi, 4to Ey=on
npUHAMas BO BHHMaHHe ypaBHeHusi (6.36), (6.30), Belunc/inM MaTpH-
uy R,

Ry =E [(x(t+1)—Ex(¢+1)y]=E [x(¢+1)y]=
=E[@@®)xO)—BEMIXO+v Bz +EE) (@)X @+ @)]=
=a(t)E[X (@)X ()] € (1)
rae 6blI0 yuTeHO, UTO C/eNyIollke Napsl BeJHYHH: X (1) H n(?), x(t) n
n(1), §(¢) mn(f), x(£) u x(¢), §(f) 1 x(¢) — HeKOppeIHPOBAHEI MEXKAY
co6oit u uto §(%), n(f), x(¢) ueHTpHpOBaHI:I CJIEILOBaTeJIbHO, MOJY9HM
Rg=am5ﬂﬂf n+an<>v)
—a(VEROX O]l ()=a () P(H)er (1), - (6.38)
TJie TaK¥Ke yuTeHa HEKOPPeJHPOBAHHOCTb CHIHAJIOB X(t) u X(¢) u uent-
PHPOBAHHOCTb X (£).
YpaBHenue puckpersoro puabtpa Kaamana. IToncraBisst sHaueHUs

(6.36), (6.37), (6.38) B dpopmyny (6.35), npuLeM K Pa3HOCTHOMY Yypas-
HEHHIO: :

X((+1)=a(®)%(O)—BOMOX O+ 2O+
Fa@POe O OP O () +R2 -t x
><[y<t+1)— Oy () —e (B2 (1), (6.39)

ABJAOILEMYC YypaBHCHHEM IHCKPETHOrO ¢)HJIpra Kanmana. Bsoas
o6o3HaueHue AJsi MaTpUYHOro Koadduuuenra ycunenus K()

K@#)=a )P (2)e () [e() P (£) e () +Re ()], (6.40)

nepenuuieM ypaBHeHue (6.39) ¢uabrtpa Kanmana B BHJE

X(E+D)=aB)XO)—BEMOXE+v(B)z )+
Oy E+1D)—8@) y () —e @)X (). (6.41)

BuiBon ypaBHenust (6.41) ocraercs CcnpaBelJHBBIM npu f=*;, €CJH
CyMTaTh, YTO HayaJbHOe 3KaueHHe X(fy) HekoppeaupoBaHo ¢ {E(f)},
{n(?)}. Ilpu atoM Hauya/bHble YCJOBHS 3aMalOTCA BBIpAXKEHHEM

x(t0)= [X (4o)lyo ( fo)]=Ex(f0), (6.42)

Tle mocsieiHee PaBEHCTBO HCMOJIb3YeT NpPeANoNoKeHHe, uTo X(4) H
¥(%;) HeKoppesupoOBaHHl [cM. cBO#CTBO (7)].

BbiBOJ, peKyppeHTHOro COOTHOINEHHS JJSi KOBEapHALMOHHOH MaTpu-
Ubl ownGKu P. BriBeneM peKyppeHTHOE COOTHOLIEHHEe [Jsi BLIYHCJEHUs
KOBapualMOHHON MaTpuubl owubku P (f), BXcAsued B omnpenejeHue
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MaTpHYHOro Kospduuuentra ycujenus (6.40). Briuuras ypaBHeHue
duabrpa (6.41) u3 ypaBHenus cucremsl (6.30), nosyuum

X(E+1) =X (t+ 1)=0(£) (X () — X (£) +E (&) —
—K@®[y¢t+1)—8()y @) —e(®x ()

3aMmeuasi, uTO BbIpaxeHHe B KBaIPaTHbIX CKOOKAax B HOCJEJHeM COOT-
HolIeHHH B cuay (6.36) pasHo & (£)x(f) +m (¢ ) Hafaem

Si(t+1)=a() XO)+EO—K@[e@)xO)+n@)]=
=[a(t)—K(t)e (O] X () &) K (&) (). (6.43)

YMHoXasi ypaBHeHHe (6.43) Ha TPaHCHOHHPOBAHHOE K HEMY H NpHME-
HfAs ONepalHI0 MaTeMaTHYeCKOTO OXHIAaHHA K 06erM 4acTAM MOJydeH-
HOT'O paBEHCTBAa, C YYETOM HEKOPPeJHPOBAHHOCTH MeXAY cO60if BeJH-

unH X (), (1), n(¢) nenyuum
P(t+D)=EX (4 1)X(t-+ 1)=(a () — K (£)e(£) P (2) (o (£) —
— K@) e (@) +Ry (6) +K () Ry (£) K* (£).
PackpriBasi ckoOKH B NOCJAEJHEM ypaBHEHHH, MOJYYUM
Pt D)=a(@®)P)ar(t)—K()e ()P (e () +R, (1) —
—oa ()P () e (K () +K () e(?) P () er () K (6) + K () Ry () K (2).
(6.44)

C yuerom dopmyant (6.40) mas K(f) nerko mokasaTb, yTo Cymma
TIOC/eHUX TpPEeX cjaraeMblx B ypaBHeHHu (6.44) paBHa HYJIO:

—a(f) e K (@) +K(@)e ()P (@) e (1)K ()+K(t)Rz(f)K’“()—
—a ()P @) et (K (2)+-K(#)[e(2) P () & () +-Ro (1)) K* ()
=—a(@)P @) (O)K* (t)fa ()P ()& (6)K (£)=0

Takum oGpasoM, ypaBHenHe (6.44) npuoGpeTaer OKOHYATENbHBIH BHI
Pt D=a(@)P@B)ar () —K(D)e@P () ar(t)+R, (5.  (6.45)

U3 Bripaxenns (6.42) HaliieM HayaJbHble YCJAOBUS IJsI PEKYPPEHT-
HOro cOoTHoOIueHHs (6.45):

P (£5)=cov (X (fo) — X (fo), X (fo) — X (£)) =R, (6.46)

yeM ¥ 3aBeplllaeTcsl MOCTPOeHHEe AUCKpeTHOro ¢puabTpa Kaamana.

6.3. NOCTPOEHHE HENPEPbLIBHOTO
$HIIbTPA KAJIMAHA—BbIOCH

JInneiinble puddepeHnnalbHble CHCTEMBI CO CAYYalHBIMH BXOJIHBIMH
CHrHanamM. PaccMOTpUM CHCTEMY

—A () X+ (), (6.47)
Tae XT= (xj,..., X¥n) — BeKTOp (pazoBoro cocrosiHus; A(f) —MaTpuua
pasmeprocTH nXn; E'((¢) =& (f),, ..., Ea(f)) — BekTOp Cay4yafHBHIX
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BXOIHBIX Bo3meHcTBHH. OO603HauHB @(f, T) MaTpULy HMIYJbCHBIX
nepexoJHBIX QYHKUHH cHcTeMBl (6.47), MOXKHO (popMasbHO 3amHUCaTh ee
pellleHHe B BHAe HHTerpana (cM. ITpunoxenue)

t
X (=@ (£ )X (to) + [ @ (¢, )& () dT. (6.48)

dopmyna (6.48) npencrasiser co6ofi cTaHIapTHOe BhIpaXKeHHE peax-
LMK JMHEHHON cHCTeMBbl Ha BXOMHOe BO3JAEHCTBHe M NMpPHMEHHMa, KOrjaa
BXOJHOE BO3/leHCTBHE ecTh UHTerpupyeMas GyHKiusa BpeMeHH. [Ipu BbI-
IIOJIHEHHHU 3TOTO YCJIOBUA HJA Ka)KAof peajusaiiuu npoitecca &(f) dop-
Mmyna (6.48) OyneT, OueBHAHO, CIpaBeldJHBa M IJIsI CAy4adHBIX BXOA-
HbIx curnanos. Onxrako ¢opmyna (6.48) He siB/IsieTCs CHpaBelJMBOM,
KOrjJa, BXOJHOe BO3/JelHCTBHE eCTh mpouecc THma OeJoro wmyma, T. €.
TaKoOJl mpollecc, y KOTOPOTO 3HAYEHHS OT TOUKH K TOUKe HEKOPpPeJHpO-
BaHbl MJIM aXKe 1e3aBUCHMBI. TPaeKTOPHH TaKHMX NMPOLECCOB NePecTaloT
ObITh DYHKIHSIMA B OOBIYHOM CMBICJIE CJIOBA, H HHTErpaJ B IpaBoOi Yac-
TH (6.48) Tpebyer yTouneHus..DBosee TOro, 3TH npouecch (HU3HUECKH
Hepeasn3yeMbl, TaK Kak JHOJXKHbl OblM Obl 3ak/aw04aTh B cebe Oecko-
HeyHO 6OJiblIyl0 3Hepruio. TeM He MeHee peaklHs JHHEHHOH CHCTEMH
Ha BXOJIHOH CHIHAJ THNa 0eJsoro IyMa HMeeT BIIOJIHe PeaJibHblil PH3H-
yeckuit cvbles. IlpeoGpasyem dopmyay (6.48) tak, uTo6bl OHa NPHOOG-
peJia TOUHBIH MaTeMaTHUYECKHH CMBICJI.

[Ipoueccel THMa GenblX LIYMOB HMEIOT BaX<HOe TeOpeTHYeCKoe 3Ha-
YyeHHe: MPOoNycKas UX uepes3 JIMHEeHHbIe cucTeMbl (hopMupyoLne HHIAbT-
pBl), MOXKHO IOJYUHTb LIMPOKHII Kjaacc NPOIECCOB, NOCTATOYHBIX IJIs
paccMOTpeHHs 3ajauy aBTOMATHUECKOrO YNpaBJEHHS M B TO K€ BpeMs
MUMEIOIIHX HarJAsAHYI0O MaTeMaTHYECKYl0 CTPYKTYPY, U4TO CYLIECTBEHHO
yIpoLIaeT aHaJ U3 MPOXOXKAEHHsT 3THX CHTHAJIOB yepe3 JHHAMHUYECKHe
CHCTEMBI.

MHorye peaJibHble BXOJHBIE BO3JEHCTBUsI, paccMaTpUBaeMble TOJb-
KO B IpejeJiax NoJOCH NPONYCKaHHs JHHEHHOH CHCTEMBI, MaJo OT/JIHYA-
I0TCS1 OT COOTBETCTBYIOLIMX OenblX 1mryMmoB. IToaToMy mpu ux uceienosa-
HHH MOXKHO IIpedNoJaraTh, 4TO BXOJHble BO3LEHCTBHS INPENCTABJSIOT
cofoi Oeqble wymel. ITpu 3TOM TeopeTHuecKHe HccJelOBAHHS OKAa3bIBa-
I0TCS1 TOpasfo 0oJee MPOCTBIMH, a HX PE3YJbTaThl (0Jiee HATJSAHBIMH.

Ilpeacrapiende O BXOAHOM CHrHaje cHcTeMbl (6.47) kak o HpoO-
necce Tdna 6eJOro IlymMa OCHOBAHO Ha INPEACTABJEHHH O MOCJeN0Ba-
Te/JbHOCTH HeNpepLIBHO C/AeLYIOUIHX APYT 32 IPYrOM HEKOppeTHPOBaH-
HBIX MMIYJ/IbCOB, BBI3bIBAIOUIKUX B COOTBETCTBHU CO CTPYKTYDOH ypaBHe-
HHs (6.47) npouecc HENpepbIBHOTO H3MEHEHHsI COCTOSIHHS CHCTEMHL.
B cooTsercTBHM ¢ 3THM Gosiee yIOGHOH OKasbiBaeTcs (opMa 3amUCH
ypaBHenus (6.47) B auddepenuuanax. [Ins sToro BBeLeM mpolecc
w () (; HEKODPEJHPOBAHHBIMH OJHODOAHBIMH NPHPALIEHHSIMH (f3>
>t>1):

Ew, (#)— @ ({)]=0; E{[w;(ty) —w, (t)P)=t—1;
E [w(t3)— w; (8)] [w; (f) — w; (£)]}=0.

Ilpu npeanonoxenny, 4to npouecc @y(#) ABAAETCA rayCCOBCKUM, OH Ha-

(6.49)
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3BIBa€TCS BUHEPOBCKHM IIPOLIECCOM HJIH MPOLECCOM 6GPOYHOBCKOrO IBH-
keHud. OnHako He OyleM AesNaTbhb HMUKAKHX INPENNOJOXKEHHH O pacipe-
JeJIeHUsIX MPOLEeccoB, TOMHMO COBOKYIHOCTH ycJaoBHi (6.49). D10 BO3-
MOXKHO, TaK KakK JaHHBe pacCyXAEHHsS He BBIXOASAT 32 PAMKHM KOppeJsi-
LHOHHOM TeOpHH, T. €. TEOPHH, OXBATHIBAIOLIEH BTOpHE MOMEHTHI pac-
npefesicHUt ¥ He MCHOJIb3YIOUIEHl MOMEHTH GoJiee BBICOKOTO MOPSLKA.
PaccmoTpuMm cnavasa cKaJjsipHOe ypaBHeHHe B NH(depeHnnasax

dx,=a (£) x,dt b () dw, (). (6. 50)

Ero cmpict cocToUT B TOM, uTO 6ECKOHEUYHO MaJjbie H3MEHEHHs COCTOA-
HUS CHCTEMHI 32 NIPOMEXYTOK BpeMeHU df NPOHCXOAAT It0[ BO3AEHCTBHU-
eM GeCKOHEUHO MaJibiX W HeKODPEeNHPOBAaHHBIX I Pa3HBIX MOMEHTOB
BpeMeHH umnyabcoB dw;(t): E(dw;(f)dwi(s))=0 npu t==s,
E (dw,(t))2=dt [cm. popmyay (6.49)].

YpaBuenue (6.50) mpuobperaer CTPOTHil CMBICJH, €CJH ONPEALJUTb
ero pewenne. Ecau conoctaButh ypaBHeHus (6.47) u (6.50), To BHAHO,
4TO AJIsi BXOJHOTO CHTHasa Tuna 6esoro wyma B (6.47) cienoBano 6bl
moNoXKUTh & =0(f)w(t). Ho Tak Kak npouecc w,(f) HE UMeeT IPOU3-
BOJIHOH, TO Takasi 3amHch sIBJAseTcss yucTo dopmanbHoH. OpHako oHa
TIOKa3bIBAET, KAK HYXKHO ONpeJeNuTb peueHHe x;(f) ypaBHeHus (6.50).
Hcnonbsysa GopMaabHoe PaBeHCTBO & (£) df=0b (1) w; (¢t) dt=0b(¢) dw, (¢),
nepenuitieM (6.48) nsst OMHON KOOPAHHATHI X|

t :
X (=2t Lo) %1 () + [ 9 (¢, ) b (v) dwy (v). (6.51)

Huaterpan B (6.51) caenyeT moHuMaTh Kak IIpeie] B CpeLHEKBa
JIPaTHYHOM ~CMBIC/IC" MHTErPaNbHBIX CYMM ¢ (£,7T,) b(T,) [w, (T,41) —
— w;(7,)] IpY CTPEM/ICHHH K HYJIO MAaKCHMyMa IJIHH HHTEpBaJOB pas-
OueHHus; TeM caMbiM dopmyne (6.51), BeIpaxKaioulei pelleHue ypaBHe-
Hus (6.50), maH CTPOro MaTeMaTHUECKHI CMBICJ.

Bce 13/103KeHHOE COXPaHSET CHJIY U IJ51 BEKTOPHOrO YDaBHEHHs

dx=A(¢t)xdt+B (¢)dw (¢), (6.52)
rae X'=(Xy,..., X,) —BeKkTop; A(f), B(f) —MaTpuLbl pasmMepHOCTH 7 X1,
a w(t)=(w(7), wy(T),..., w,(T))—IpoLecc, Kaxias KOMIOHEHTa KO-

TOPOTO §IBJIAETCS MPOLLECCOM C HEKOPPeaHPOBAHHBLIMU OJHODOJHBIMH IpH-
pallleHHsIMH, M 3TH KOMIIOMEHTHl HEKODDe/JHPOBaHbBI MeXIy co6oii
Edw(t)=o0, E(dw(t)dw(s))=0 npu t£s, E(dw(t)dw"(¢)=ldt,
rie I—eauHuuHas maTpuua pasmepHocTd nXn. Pellende ypaBHEHHS
(6.52) umeer BUL

X ()=t to) X (f) + [ @ (,7) B(v) dw (v), (6.53)

* Tloc/ieqOBaTENbHOCTh CJAy4aHHBIX BeNHYHH £, CXOOUTCA B CpefHEKBaApaTHU-
oM cmbicie K BeaHuuHe §, ecin E(§,—E)2—>0 npy 71— oo,
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t
Ecsu onpenesnuts mpouecce () dopmysoit §(t)=§B(s) dw(s), TO
fo
d&(t)=B(t)dw(¢), n ypasnenue (6.52) MOXHO 3amucaTb B BUIE
dx=A (£) xdt+dg(¢). (6.54)

3ametuM, uto EdE(f)=o0, E [dE(t)dE" (¢)|=E [B(¢)dw (¢)dw* (¢) B* (¢)]=
=B(¢)B*(¢)dt, E [dE(¢)dE"(s)]=O0 npu ¢#£s.

KoBapuauuonHass Matpulla peakuuu JHUHeiiHOH cucTeMbl Ha Geablil
wym. Paccmorpum JuHeiltnyio cucremy (6.54), rae d§ () =B (¢)dw(?),
u ee pewenue (6.53) 1npH HayaJbHOM YCJOBHU X (fp), HEKOpPeJIHPOBaH-
HOM ¢ mpoueccoM E(f). Ilomomum Ro=cov (x(%), x(f)), Ri(f) =
=B(f)B7(¢), Ttax wuro E(d%(f)d§"(f))=R.(f)dt. Kosapuanuonuas
MaTpuuyHas QYHKLHA npoliecca X(f) onpenenasieTcss kak cov (x(¢), x(t))
IPH BCEBO3MOMKHBIX 3HAUYECHHSAX f, T, OLHAKO PaCCMOTDHM ee 3HAYEHHE
npu t=1: P({) =cov(x(f), x(¢)). [IpuMeHuB onepauuio MaTeMaTHyec-
KOr0 OXKHAAHUS K 00eHM uacTsM ypaBHeHHs (6.53) u BOCHNOJIb30BaB-
wHch TeM, yTo Edw (t) =0, noayuum

Boiuuras (6.55) u3 (6.53) u yuurwmBas dE({)=B(t)dw(t), 3a-
THILEM

X (8)— EX(6)=9 (¢, 1) (X (o) — EX(t) + | @ (£, T)dE(£).  (6.56)

Pl SN

YMmHoxkasa ypaBHeHHe (6.56) Ha ypaBHeHHe, TPAHCIIOHHPOBAHHOE €MY,
1 NpHMEHsAd OlepalHi0o MaTCMaTHUECKOTO OXHAAHHS K HOJYYEHHOMY
BHIDAXKEHHUIO C YYeTOM HEKODDEJHPOBAHHOCTH X(fp) u E(f) mosyuum

P ()= (2, to) £ [(X (t) — EX (L)) (X (fg) — EX (1))"] @ (£, £o) +

t t

+{ (@6 DE @55 @] ¢ (¢ )= )Ry (4, 1) +

+ [ @ IR (V) ¢ (¢ T)ar. (6.57)

to

Hudbdepenunpys cootHomenue (6.57) mo ¢, moJay4yaM
P=q(t, £) Ro@* (£, o) + @ (¢, 1) Ro®™ (£.bo) + @ (£, £) Ry (1) @7 (£, 1)+
¢ £ ,
+{et IR @ e ¢ VaT+ (@ DR (D (4 T)dv. (6.58)
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Hcmonb3ys ypaBHeHue ﬂ((;tt—"i:A(t)cp(z‘, t), @(v, v)=I (cm. [lpu-

JIOXKEHHe), nepenuiueM Bolpaxedue (6.58) B Buze

L —A() @ (8, 1) Row* (£ )+ (£, 1) Ro* (£, 10) A" () -

¥ ¢
+A () [ IR (@@ (1) a7+ [ @t DRV " (£,7) AT (1) dT
fo o

4Ry (). (6.99)
B npaBoil yactu ypaBHeHus (6.59) mepBbIi M TPETHHl UJIEHBl ¢ YYETOM
Boipaxkenus (6.57) nas P(f) naior A(¢)P(f), ananornuHo BTOpO#i H
yerBepTHl pator P(¢)AT(t), crenoBatesnbHo, ypaBHeHHe (6.59) npuHH-
MaeT OKOHYATeJbHbIH BUL

P—=A()P4+PA:(t)+R,(2) (6.60)
npu HauaabHOM ycaoBuu P (#) =Ro.

OnrtumaJdbHasi OleHKa NMpPHU HerpepblBHOM BpeMeHH. C yueToM BBe-
JIIeHHBIX B NpeAblAyIINX pasjesax NOHATHH u o003HaueHUH U Mo aHaJo-
THH C OIUCKPeTHBIM BpeMeHeM [cM. dopmyay (6.30)] BBeeM ypaBHEHHs
CHCTEMBI U H3MepuTeJisi B caenyoleit popme (puc. 6.2):

dx=A (¢) xdt— B (¢) L (¢) X (£)dt + C(£)z(¢)dt 4 dE(2);
dy=D (t)y dt+E (¢)x dt+dn (2).

Hast Bxopsmux B (6.61) cayyaliHbIX BeKTOp-GYHKIH{ NPEANOJOXKEeHO,
4TO

(6.61)

Edg(t)=o0; Edn(t)=o0; E[d§(¢)dE" (1) =R, (¢)dt;

E [dn (t)dn® ()] =Rq (£) dt; E [dg(£)dg(v)| =0 nput=v; (6.62)

E [dn(t)dn (v)]=0 npu ¢ £ v; E[dn(¢)dg (v)]=0 npu’l
BCEX 3HAUeHUAX £ U T;

f———
N

2

PHc. 6.2. CTpyKTypHasi cxe-

Ma oGbekra /, MHEPUHOH-

__________ 4 HOro uamepureds 2, GuIb-
——————— Tpa Kaamana—Bblocu 3

r
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a A(?), B(f), C(¢), D(¢), L(¢{) — marpuuHbsle QYHKLHH COOTBETCTBYIO-
LIHX pa3MepHOCTeH; X(fp;) HMeeT H3BECTHOe MaTeMaTHYecKoe OXKHAa-
HHE M H3BEeCTHYI0 KOBapHaUHOHHYI0 mMaTpuuy Ro=cov(x (%), x(t)) #
HEKOppeJnpoBaHo ¢ npoueccamu §(¢), ().

Onpepennm Xx=X(¢{) KaK HaH/JIYyYlIyi0 HECMeLIeHHYI0 JHHEeHHYIO
OLEHKY COCTOSIHMSI X=X ({) no pe3sysabTatam HaOJIOAEHHs 3a IpoLeC-
CcOM Y (1), fh<Ct<|!, mosaras, yTo NpH Kax/A0M (HUKCHPOBAHHOM 3HAaue-

HUHU =1 oueHKa X (f;) MOXeT OLITb IpeACTaBJeHa B BUeE

ty

i(tl)z‘s‘V(tI’T)dY(r)_I_m(tl)z (6.63)

ty

rie MaTpuuHas GyHKUHMs V(f;, T) BbOHpaeTCs M3 yCJHOBHS MHHHMYMa
cpelHed KBaJApaTHYHOH OIWIHOGKM; m(f;) — BeKTOp, OOecleynBalONINH

HEeCMEILEHHOCTb OLleHKH X (f)), a HHTerpaJj NOHHMAETCSl KaK CpeJHHi
KBaJpPaTHYHBIH NIpe/les] HHTErPadbHbIX CyMM

z V(1 T [Y (Terd) — ¥ (T)]s

{cpaBHuTb ¢ popmyaoit (6.51)].
Ecnu curnan y(f) =dy/dt nogaTh Ha BXox JIMHEHHOW HeCTauHO-
HapHOH CHCTeMBbl ¢ GyHAaMeHTaabHOH MaTpHuell W (f, T), TO BHXOAHOH

CHrHaJ X (f) Takoil cMCTeMbl MOMKHO MpeACTaBHTh B ciaenyouleil Gopme:

X ={ W(t,v)y () dr+¥ (£ 1) X (t) =

W (£, 1) dy (V)Y (4 £) X (),

Sy . Ty

xotopas uMeer Bui (6.63) ¢ v(¢, v) =¥ (¢, ). Takum obpasoM, npen-
CTaBJIeHHE OLIEHKH CHrHafa B BHAe (6.63) ykasblBaer Ha TO, YTO IIO
CylllecTBY B cHcTeMe ypaBHeHHH (6.61) curHa/joMm H3MepHTEJsi, HCIIOJb-

3YMBIM [Jis1 TOCTPOEHHSI OLEHKH, SBJISETCsS He Yy, a Y.
BriGepem v (¢, s) u m(£) U3 ycaoBui
E (b (£)—b™X ()2 =min; EX ({)=EX (#), (6. 64)

rae b — 1060 BeKTOP.
ITepBoe ycaoBue (6.64), B yaCTHOCTH, 03HAYAET, UTO

E (X;(H)—X; ({)?=min; i=1,2,...,n. (6. 65)

Yrto6bt ybenuTbcsa B 3TOM, HocTaTouHo B (6.64) mosoxuts b*= (0, ...,
<y 1,...,0) c enuHHLECH Ha i-OM MecCTe.

YpaBHeHnue HenpepbiBHOTO puabtpa Kanmana — Belocu. [epeiigem
CT HenpepbiBHO# cHcTeMbl (6.61) K AHCKpeTHOH IyTeMm 3aMeHH Audpde-
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peHInanoB dx dy, dg, dn KOHe'-IHbIMH npupaueHusiMu X (f4h)— X (£),

y(t+h)— (41— nft+h)— (@):
X ({+h)= +A(t)x(t)h B(L (@) x(#)h+
+C@H)z () h—|—§(t—|—h E(0); (6. 66)

Y(t+h=y@)+D @)y Or+E@X @0+ —N(2)

PaccmarpuBas cucremy (6.66) mpu ¢, KpaTHOM £, OJTYUYHUM AUCKPET-
HYIO CHCTeMy THMa (6.30). Tak xak dg(¢) =B(f)dw (), To E(t+h)—
+h

—§(t)=S B(¢#)dw(¢), ortkyna BHAHO, 4TO CilyYailHsle QYHKUAH E(t+

t

+h) —E(t), Korna ¢ xpatHo A, 00pa3yloT IHCKDETHBI mpolecc THIA
6es10ro IyMa HHTEHCHBHOCTH

t+h t+h

E[§(+m)—5(0) G (t+n—50)y]=[ BB (Hdt={ Ri(¢)dt

i H
AHaJsorHuHOe yTBepKJeHHe BepHO Aasi mpomecca m(t+h)—mn(¢). Cae-
JOBATEJbHO, MOXKHO IPHMEHHTb H3JIOKEHHYIO AJs IHUCKPETHOro BpeMe-
HH TEOPHIO ONTHMAJbHOH (UJbTPALKH, IPH 3TOM IMOJYYHM ypaBHEHHE
¢unbTpa B BUIE

X(t+n)=X()+AOXOh—BEOLEX(E)r+CE)z(E) A+
+K(O[y(t+hr)—yO)—D@O)yOr—E(#)x(#)h].  (6.67)
OnHa u3 BO3MOXKHOCTeH MOJYUeHHsi YpaBHEHHs cpmlepa JJIs Hempe-
PBIBHOTO BPEMEHH COCTOHT B Nepexoje B ypaBHeHHH (6.67) k npeneay

npu h—-0. B pesysbrare mosy4yuMm ypaBHEeHHe ONTHMAJLHOrO (QHJIBTPZ
Kanmana—bbrrocu (cM. puc. 6.2).

dX=A )X (t)dt—B(H)L(£) xdt+C () z () dt -+

K@) [dy—D )y (t)dt —E () X (¢) dt] (6. 68)

IpPU HauaJ bHOM YCIOBUH X (fo) = EX ().

Koapduumnent ycuaenns K(¢). Hailinem onTuMajbHBII MaTpUuHBIH
ko3 oHuuuent ycunenus: K(f) ¢uabTpa B npennosokKeHHH, 4yTo CTPYK-
Typa ero M3BecTHa. BriuuTas ypaBHeHHe (6.68) M3 mepBOro ypaBHEHHS

cucteMbl (6.61), monyunm ypaBHeHHe JJIsi OWIMOKH X==X—X:
dx=A (f) Xdt +dg (1) — K (¢) [dy — D (t) ydt — E (£) Xdt] =
=(A () — K@ E )X (£)dt — K () dn () +d5 (0), (6. 69)

rie NpH IIOC/JeAHEM MepeXOle HCIIONb30BAHO ypaBHEHHE H3MEpPHUTEJA
B (6.61). IIpuMeHUB OnmepauHio MaTeMaTHUECKOTO OXKHAAHHs K ypas-

HeHHIo (6.69) u oGo3nauus Ex(t)_m(l), Hauaem
dm(t)=[A(t)—K (@) E (#)]m (¢) dt. (6.70)

YuuthiBasi, uto ypasHenue (6.70) qMHElHOE, OJHOPONHOE U YTO HayaJb-
HOe 3HaueHHe BBHUJY HECMELUEHI'OCTH OLCHKH DaBHO Hya0 (m(f,)=
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= EX (t)=EX (t,) — EX (t;)=0), noayunm, ute m(f)=o. Takum 0Gpa-
soM, E[(bx(£)— brx (£)?]= E(bx(£)?=b"E[X(£) X (#)] b=bP (£)b, rze
P ({) ob6o3Hauaer MaTpHLy KOBapHauHH BekTOopa owubku. C y4yeToM
nocaenueil GopMysbl, MPEJCTABHM yCJAOBHE ONTHMaJbHOCTH (6.64)
B BHIE

b*P (#) b=min (6.71)

npu n06oMm Bektope b'= (by,...,bn) U KaxIOM 3HAUeHHUHM {. YpaBHEHHE

(6.69) nmomo6Ho ypaBHeHuO (6.52), ecam B mocaenHeM A(f) H
B(t)dw (¢) 3amenuTb cootBercTBeHHO Ha A (1) —K (#) E (f) n K (¢)dn (t) +
+dg(t). Ucnoab3ys (6.60), moayuum cileflyiolllee ypaBHeHHe AJs KO-
BapHaLHOHHOH MaTpuupl omHOKH P (f) =cov(x(¢), x(¢)):

P=[A(#)—K@®E@#]P+P[A})—KEAOE @ +R (£)+
+K()R2()KT() (6.72)

NpH HauaIbHOM YCa0BuH P(4))==cov (X (£), X (£,)=Rg=coVv (X (£), X ())-
Crenymollee TOXKAECTBO JIETKO MPOBEPHTb, PACKPHIB B MPaBOH YaCTH
CKOOKH H HCIIOJIb30BaB CHMMETpHIO MaTpHLbl Ra(f):

KR,K —KEP — PE'K*=(K — PE'R; )R, (K — PE'R;')* — PE'R,EP.
C y4yeToM 3TOro TOXKJecTBa IpHBeleM YypaBHeHHe (6.72) x BHAY
P=AP}-PA"|-R]—PER;'EP+ (K — PER;")R,(K— PER; ).

(6.73)

YwmHoxkasi o06e uacTH ypaBHeHHs (6.73) cieBa Ha bT u cmpaBa Ha b,
B JIeBOH 4acTH mosiyuuM npousBoaHyio d(b™P (¢)b)/dt or dyHKUHOHANA
(6.71). B nmpaBoit uactu (6.73) ot xo3pduuuenra K(¢) 6ymer 3aBucerhb
aump  mocaenmee caaraemoe b7 (K—PER; )Ry (K—PER; )b,
IpHYEM 3TO BEIpAXKEHHe BBHUIY ITOJIOXKHTEJIbHOH ONpeNeseHHOCTH Mart-
punbl Ry Bcerma neorpunatenbsHo. OueBHAHO, NJs1 MHHHMH3AlHH IIPO-
ussopuoi d(bTP (¢)b)/dt nyxuo sribpats K(f) B crenymomem BHAe:

- K(6)=P (#)E*()Rs" (9) (6. 74)

an 3TOM IIOCJIeHUIl YysieH B ypaBHeHuu (6. 73) obpamjaeTcsi B HyJb H
YpaBHeHHe NpHOGpeTaeT BHJ,

P=AP | PA*| R, PER;EP. (6.75)

ITpu takom BeiGope K (¢) npoussomnas ot ¢yHkunoHnasa (6.71) B Mo-
MeHT { IPHHEMAaET MHHHMAaJbHOE 3HaYeHUe, CJAeLOBATEILHO, HMeeM MH-
HUMYM HHTErpaJa OT IPOH3BOJHOM

t
S M dt=bP ()b —bP () b.

to
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[Tockonbky P (fy) =R, ¢urcupoBaHo W He 3aBHCHT oT Bhlbopa K(#),
TO 3HaueHue (6.74) koadpduuuenra K (¢) npunaer ¢pyuxkunonany (6.71)
MHHHMaJIbHOE 3HaueHHe,

dunptp KanmaHa pasi 6e3biHepuHOHHOrO u3Meputeas. [loyoxum,
YTO B ypaBHeHHH H3MepuTess (6.61) xosdbduuument D (f) =0, Torna

dy=E({#)x (¢)dt4dn(?). (6.76)
[Tosarasi cuOTBETCTBEHHO M B ypaBHeHHH duabtpa (6.68) D () =0
NOJYUHM
dX=A ()X (£)dt—B(t)L(£)X (£)dt-+C(¢)z (1) dt+
+K (@) [dy—E @)X (¢)dH]. (6.77)

ITonenus dopmanbho ypaBHenus (6.76) u (6.77) Ha dtf, 3anuiieM ypas-
HeHHsT H3MepHTeJsl U GUIbTPA B CAedylOUleM BH/E:

y=E@®x(#)4n () (6.78)
i=Amim—Bwwaw+CU(n+K O [y—E@®x@®)] (6.79)

HJIM, 3aMeHsisl Y Ha y, NpHBelleM YyDaBHEHHUsI H3MepHTeJs H (pHabTpa
K BHLY

) x+m; (6. 80)
X=ANX({)—BEOLOXAO)+COzO+KOy—EOX@].  (6.81)
dopma 3amucu ypaBHeHHs u3Meputesas (6.76) u ypaBHeHHs (HABTPA
(6.77) npennoutuTesbHell coorBeTcTBeHHO (opMbr (6.80), (6.81) xak
C TOYKH 3pEHHs MaTeMaTHYeCKOH CTPOrOCTH, TaK H (HU3HUECKOTO CMBIC-
J1a, MOCKOJIbKY mpouece 1 (f), a cieaoBaTeNbHO, U y (¢f) dH3HUECKH HE-
peasu3yeMsl.

Urak, 3agaua ¢uabTpaunyu pelleHa NpPH AeHCTBHH Ha cHcTeMy Oe-
JabiXx wWyMoB. Ecnu Ha 06beKT AelCTBYIOT CayvyaHHble CHIHAJBI, OTJHY-
Hble OT OesibiX IIYMOB, HO KOTOpPble MOTYT OBITh NOJNYYEHBl KaK Pe3yJib-
TaT NOPOXOXJeHus 6ejoro uIymMa uepe3 JIHHEHHYI HECTalHOHApHYIO
CHCTEMY, TO JONOJIHMB (pacIUHpHB) ypaBHeHHe O0OBEKTa ypaBHEHHEM

bopMupyoLIero GuAbTPa, MOXKHO CBECTH
3ajauyy K pacCMOTPEHHOH.

CTpyKTypHOE npeobpasoBaHue
[(A- _

HaJ paccorjacoBanus B ¢uabrpe (6. 81)
BLIDAa’KaeTCsl HEMOCPEACTBEHHO Uepe3 CHr-
Puc. 6.3. NpeoGpa3oBaHHasi CTPYKTYp- Ao ’
s wpeolpasonannaZ STEYKTYP-  Hausl W3MepuTensi. Ecim ke usMmepurenn

¢uabTpa Kanamana — Bblocu, mnossoas-

lomee usbexarb AUbdepeHUHPOBAHUS
Boioct, nossoasiomas u3Gexars audg- HHEPUHOHHBIH, TO s 06pa3sOBaHUs CHUT-
¢epeHUHPOBAHUs CHTHajda B LenH 06-

CHrHaja B uenu ob6patHoiél cBa3u. Ecau
paTHOH cpRan Haja  paccoryiacoBaHus  Heo6XONHMO

u3MepHTeb Oe3blHEepIHOHHBbIH, TO, Kak
II0OKa3aHO B NPeAbIAYLIeM pasjese, CHI-
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npeaBapuTeabHo npoauddepeHIHPOBATL CHIHAJA H3MepHTeNRs [cM.
ypaBHenHe (6.68)]. Onepauus auddepeHuEpoBanis HeXKenareabHa
BBHJY BO3pacTaHUs HHTEHCHBHOCTH uIyMoB. JuddepeHunupopanus cur-
HaJa M3MepHTeNs] MOXKHO H30exaTh, MPOBOAS IPOCTHIE CTPVKTYpPHbIE
npeo6pasosanus ¢uantpa (6.68) (puc. 6.3). Onyckas B ypaBHEHHH
(6. 68) ans xkpatkocTH 3anucu uien C(¢)z(¢)dt, monmyunm

dx=[A()—B(AOL{)—KOE@)]|X () dt+K @) dy—K (D @By (¢)dt.

Beoast HOBYIO HGpEMeHHyIO V(=X —K(@®)y @), rae X(O)=v (¢)+

+K @)y (), dx (t)=av()+-K () y(£)dt-+FK(#)dy (f), u3 mnocaeaHero
yPaBHEHHS IIOJYYHM '

dv=[A £) —B(t)L(t)—K() (O] v(t)di+[A(¢)—B ()L () —
—KOEWOIK@)y#)dt—K@)y () di—K@)D @)y (#)dt,
i V=[A(t)—- OL@—K@OE@] v(5)dt+[(A ( B()L(t)—
—K@E@))KE)—K (@) —K (@)D (4)]y (¢)ds. (6.82)
Besuunna v (f) ABAsEeTCs BLIXOAHHIM CHTHajioM cuctemsbl (6.82), Ha
BXOJ KOTOPOH HOJAeTcsl ¢ HEKOTOPHIM KO3(D(QHUIHEHTOM YCHJEHHS CHI-

HaJsl u3Mmeputens y (¢). Ouenxa X(f) cBsi3aHa ¢ CHrHajoM V(f) COOTHO-
wennem X (£) =v (¢) +K (1) y(?).

6.4. MNPUMEPbBI IOCTPOEHUA ®HJIBTPA KAJIMAHA

MNpumep 1. Cunres HenpepbiBHOro ¢puiabTpa Kaamana — Bblocu aas asTonuiaora
TaHraxa. YpaBHeHHs JIBHXeHHs JIA B NpPOLOJbHON IJIOCKOCTH BO3bMEM B BHIE

[em. (3.14), (3.23)]

¥+ a1d + as = a3ds — Aglly; ¥ — 0 — @40 = aq0y,
rie o, — IPHBEJEHHOe K YIJy aTakdH BO3Myllawllee Bo3jeHcTBHe TypOyJeHTHOH at-
mocdepbl. [/l NPOCTOTH BBIKJAALOK OyIeM CUHTATb O, GEJIbIM CTALHOHAPHBIM IIYMOM
C HMHTEHCHBHOCTBIO 0%, TaK 4TO MpOLecC Oy (¢f) =0,w; (), rae w;(¢f) — crauHoHap-
Hblfl Gesblit IyM eIMHHYHOH HHTeHCHBHOCTH. [lycTh M3mepsioTcsi KoopauHaThl & H U
COOTBETCTBEHHO TpexcTeneHHbIM rupockonoM H J[YCoM, kotophle GyjeM CUHTaThb 6e3bl-
HEPIIHOHHBIMH:

Yo=3% 4+ Ys=1%+13,

TIe 12, N3 — HEKOPpeJHPOBaHHLIe Oesble CTalMOHapHBlE LIYMBl H3MEPEHHST HHTEHCHB-
HoCTelt 07, O ~COOTBETCTBEHHO. BBoxast HOBHe IepeMeHHble X =0, Xo=1, x3=1,
NpencTaBHM ypaBHeins o6beKkTa B HOpMaJbHOH dopme

X1 = —ayx] + xp— @01 (£); X3 = —asx1— A1xg + A3dy— a2°1‘w1 (£); x3=x3.
anuuiem ypapHeHHs 00beKTa M H3MEDUTENsI B BEKTOPHOH dopme
x = AX +Bu + Cwy; (6. 83)
y =Ex +1, (6. 84)

X1 —ay 1 0 0 —ay 0,
rae x=[x2:|; A=[—-—a2 —a10]; B=[a3]; C=[—a201];
X3 0 10 0 0 .
Yo 010 . .
v=[ s B=looi] =[B] e

a;=1,76 c—;, ay=4,2¢2 a3=-—7,4¢"2 a4=0,77 c—1,
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HnrencuBHocTH Ry, R mymos §=Czb,, 1 paBHb [cM. opmyay (6.54) n naxee]

—a491 aicf 04016% 0
Ri=CC'=| —ayo |[—ay1 —ap1 O] =| goap? a2%? o

0 0 0 0

g, 0
Ry — N (6. 85)

c"h
BbluHc/Isisi paHr COOTBETCTBYIOIHX MaTpuu [cm. dopmyas (4.2) u (4.22)], Herpyi-
HO ybenuThes, uTo cHcTeMa X=Ax+ Cv ympasjsiema IO V, a BMeCTe C ypaBHEHHEM
=EX nonnocTbio Habmogaema. DTo obecneunBaeT aCHMITOTHYECKYIO YCTOHYHBOCTH
¢uabrpa Kanvaua — Belock (cM. Teopemy Ha ctp. 111).
VpaBuenne ¢uabrpa Kanmana (6.3) pas cucremer (6.83) npiamer Buj

X1 —a; 10 X1 [0 {k11 ki ][ p
;2 =\ —ay —a; 0 .;2 _I_ as u + l k21 k22 [.yz]—
i 0 10| % K | 251 f3g
T x
010 ~
— [0 oill =1 (6. 86)
S
rae
kiy kg P P2 Pis[ 00 % 0
K=| ko1 k2 [=| P21 P22 P23] 10] 02 _2]=
k31 k3p L p31 ps2 p33dLO 1 1
Plzcn_,z Plac,Tf
=| prns pusy |, (6. 87)
| P32°,,—f Pssdn—f
rie lIpijll — emHHCTBeHHOE NOMNOXKHTENLHO ONpele/]eHHOe pelleHHe MATPHYHOrO a.l-

re6panyeckoro ypaBHenus Pukkartu (6.14)

—ay 1 O0q7rpu P2 Pi3 P11 P12 P13 |—a4 —a2 0
[—a2 —a 0] P21 P22 pos | +| P21 P2 Pa3 1 —ay 1]+

0 0 O0JLps p3g p33 P3t P32 p332L 0 00
a5e7  ayapet 0 P P2 P13 00
| agago? a2e® 0|—|Pu P2 pal]| 10X
0 0 O P31 P32 P33 01
°11—.2 0 010] | P11 P2 P13
X s Pa1 P2 P |=0,
0 g 001
Na D31 P32 P33

KOTOpOe BBULY CHMMETPHH MaTpHUBl P (pia=1a1, Pis==p31, Pas==Psz) SKBHBAJEHTHO
1UeCTH CKaNAPHBIM ypaBHeHHsM. Peluast oTu ypaBHeHHs npH: 0y=1,2, g5 =, =0,85,

nafizem p11=0,86; p22=2,78 ¢, p33=048; psy=pis=041 ¢; pau=p12=0,8;
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pes=ps2=>0,17, a KospduuienTs k;; NpuUMyT ciaelywoluHe 3HaueHHs [cM. dopmymy
(687]/311—081 C; k21=386 k31—023C k12—057 k22—024 C‘ k32=067

Oag 0y=12u o, =q, =0 ,3 BEJHUHHB pij U Ri; OynyT: \pu—045 pe2=1,5;
pss=0,1; pa=p21=0,24; pis=ps;=0,085; ps=ps;=0,056; k1;=2,7 c; k;2=0,94;
f€21—140 kf_)z 062 C_‘ k31—062 k33—092

OyHkuHu p;;(f), moayueHHble nmyTeM pelneHus auddepeHuHasbHOrO ypaBHEHHS
(6.75), moxasa;u, YTO AJIHTENBLHOCTb MEPEXOLHOTO NPOLEcca B NAHHOM IIpHMepe paB-
Ha 1—3 c.

[To noayueHHBIM OLeHKaM_KOOpIHHAT x,, i=1, 2, 3, MmoxHo cdopmupoBaTh yI-
paBJ/IeHHe B BHAE U= —LX=1x — lsxs — lss.

Mpumep 2. Cuntes puckpernoro ¢uabrpa Kajdmana pas aBTONHIOT2 TaHraxXa..
{Tyctb obbekT (6.83) HaxonuTcs NOA YHpaBJeHHEM AMCKPeTHOro asTomuiota. Ilo--
CTPOMM JAHCKpeTHHIH Guabtp Kanmana pgas stoft cucremel. Bynem cunmraTs, uTO H3-
meputenb (6.84) spasercs DUCKpPeTHBIM. [TOCTPOMM HHMCKPETHYIO MoJelb O6BbeKTa
(6.83) c uHTepBaJjOM AHMCKDETHOCTH aBTONH/IOTA h. YUMTHBAf, 4TO QyHIaMEHTaJb-
Hasi MaTpHLIla OZHODOLHOH cucTeMbl, coorserTcTBylowefi (6.83), mpeacrasisercs B
tdopme ¢ (¢, s)—exp{A (t—s)}, naiigem [cM. Tlpunoxenue (I15), (I16) u dopmy-
ael (6.50), (6.51)]

-~

X () =exp [A-(t— )} x(5) —i—jTeXp {(A-(t—7)}a(t)dy, (6. 88)

rie a(t)= Bu(1)+Cv'v(t) Ionarass B (6.88) s=*kh, t=(k+1)h u cuuras u{t)
Ha 1Iare JHCKPETHOCTH IIOCTOSIHHBIM, 3anuuleM HHTerpad (6.88) mas uHTepBana
[kh, (k+1)h]

(R+1)h
X((k + 1) k) =exp {Ah} x (kh) + j exp {A-[(# + 1) kA — 7]} dtBu (kh) 4+
kh

(R+1)h
+ [ exp{A:[(k+ 1)k —1]) Caw (v),
kh

Wi X ((k -+ 1) k) = apx (kk) — ByBu (kh) + & (£), (6. 89)
(B+1)h
rae E(ky= [  exp{A[(k+1)h—1]) Caw(v);
kh
(R+1)h
ap=expAh =1+ Ak + A%221+..; Bp= [ expA[(k + 1)h—1]di=
kh

h
= [exp (Ax) dx= A—1[exp (Ah) — 1] = h + AAZ/2! + A2R3/31 4 ... .
0

(mpu Bhumciennn B, Oblia NpoBeseHa 3aMeHa MEPEMEHHOrO x— (k+1)h—r.

BriunciauM koppensunonnyio Matpuuy R; curmana E(k) Ha BXOJle AHCKDETHOM
cucremnl (6. 89)

=E{(§(A)E (k) = E (E(0)E"(0)} =
h h r
=E {Mexp {A-(h—7)) Caw (v)} [fexp {A-(B—s)) Caw (s)] } =
0

hh
cj;i)exp {A-(h— 7)) CE [dw (v) dw" (5)] CTexp (A" h— s)} =

h
=j(;exp{A.(h~t)} CC"exp AT (h—7)dv,, (6. 90)
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TJe NpH [OCIefiHeM Nepexofie yuteHo, uto E[dw (v)dw'(s)]==0 mpn T+£s u

E [dw (t) dw" (t)] = ldT, Tak KaK W — Geubiil myM eIMHMYHOH HHTEeHCHBHOCTH. Pas-
Jlarasi 3KCHOHeHTHl, Bxonsmue B (6. 90), B pax, uaijnem

h
=[0I+ A(h—7) +A2(h— )2 + ...) CCT(1 + A"(h— ) +
0

4+ (AT2(h—1)2/2! +...)dv = CC"h 4 (ACC" 4- CC'A") h2/2! + ...
YuHTHIBasA, YTO OOGBIYNO CBeJEHHS O LIyMe OrpaHHYeHbl, MOXKHO OCTaBHTb uJjeH R;=
~ CC™h nepBoro nopsiika MaJjIOCTH OTHOCHTeNbHO h. JIerko NpoOBepHTb, UYTO CJY-
vaiinelft curuan ChoSv(k), rae v(k) — Genblil WyM C eIHHUYHOM HHTEHCHBHOCTBIO,
ecTb wym ¢ marpuuelt CCTA:

E {BR%Sv (k) (BR%Sv (k))") = ChYSE (v (k) v* (k)) C'h%® = CC'h.

CileqoBaTensHO, AJsL QHCKpeTHOH Mogenn cHcrembl (6.89) Bektop & (k) MOXKHO
3amucateh B Buge § (k)= Ch®%v(k).
VpaBHeHHe AHCKPETHOrO H3MepHTeNsl NMpejcTaBHM B BHAe [cM. dopmyay (6.841]
y (& + 1) k) = Ex (kh) +- 0 (k), (6.91)
rae N (k) — nuckperHell Geabllt WwWyMm ¢ KosapHauuoHHOH Mmatpuueli (6.85).
VpaBHeHHe IMCKpeTHoro ¢uabTpa Kanmana [Jst paccMaTpuBaeMol — CHCTeMBI
npuMer Buj [eM. dopmyasl (6.39), (6.40), (6.41)]

X (& -+ 1) b) = aX (kh) 4 BsBu (kh) + K[y (& 4 1) k) — X (kR)]. (6. 92)
VpaBHeHHe A/ KOBapHALHOHHOM MaTpHubl OWHOGKHM (6.45) B ycTaHOBHBLIEMCH CO-
crostiud (P=P () =P (¢{+1)) npumer BHA

P= ahPa}l—~ KEPa; + CC™h, K =asPE*[EPE" + Rp]—1. (6. 93)

Pemasi nocjentee ypaBHeHHe OTHOCHTeJbHO P, Halinem eIMHCTBEHHOe MO0 H-
TeJbHO ONpeJesNeHHOe pellleHHe, KOTOpoe obecneuydT ycToduynBocTh ¢uabrpa Kanmana.
[loncraBass HalifeHHble 3HAYEHHS p;; B BhIpaxeHde (6.93), HaligeM oNTHMAaJbHOE
3HayeHHe MaTpHuYHOro Kosdounuenra ycusaenus K cduaprpa (6.92): ky1=0,00844 c;
k12=0,00677; k31 =0,0382; k2y=0,00139 c~*!; k3;=0,00139 c¢; ks>=0,00546. Ilpu-
BeJleHHble 3HAUeHHS k;; NMOJYUEeHE! IPH

R 0
2 2 .
s =0,72 rpan2/c?, s =0,72 rpan2; Ry —[ K h]
aic? 04020'% 0
Ry =CC'h =| apaye® adsi 0|k
0 0 0
o, =1,44 rpan?; h=0,01 c. [locTaBseHHas 3ajgaua peuwena.

6.5. IBONCTBEHHOCTb 3AJAY JIMHEWHOM ®HJBTPALLUH
H ONNTUMAJIbBHOTO YIIPABJIEHHS

ITycTb maHa mpou3BoJIbHAsl HecMelleHHas ouneHka [cm. dopmyny (6.63)]
~ ty
X (t)= [ vt Ody(H)+m(t) (6.94)
t
coCTOsIHUSA cucTeMbl dX=A (f)Xdt-dg(f) B MOMEHT f=#;, IOCTpOEHHas
no Hab/I0NEeHUsIM Ha HHTepBaJIe fy <<t <t npouecca dy=E (¢)x t) dt—[—
dn(¢). Tlpu atom E[d§ ]——Rl t)dt, E[dn(¢)dn"(¢) ]—R2
cov (X (fo), X (f))=
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IMpuuem mpepnosaraercs, yTo mMatpuua Ro(f) HeBBIpOKIEHA NPH Kax-
[IOM 3HaueHHuH f.

ITonoxuM aas KpaTkocTu v (¢, t)=v(f), m(f{;)=m,. Paccmorpum
JUHEHHYIO YIPaBJISeMYI0 CHCTEMY

z=—A"(£)z+E*(Hu(t) (6.95)

C ynpaBJjieHHeM
u(f)=vr(£)b, (6. 96)
tae bT=(by, ..., bn,) — nocrosuubli BekTOp. [lycTh z (%) — pelleHHe JH-

HelHO# ynpaBaseMoi cuctembl (6.95) ¢ ynpassenneMm (6.96) Ha uHTEp-~
BaJie fo<{!<T/f) U YyCJOBHEM B KOHLEBOH TOUKE

z(t)=Dh. (6.97)

BeeneM ¢yHKLHOHAJ KauecTBa

[=27 (1)) Roz (&) [ [ ()R, ()2 () Fur (O Ry (u (8] 2. (6. 98)

to

ITocsie 3ameHbl mepemeHHol ¢ Ha (—t) cucteMa (6.95) MoxKeT OHITH
npuBefieHa K cTaHmaptHomy Buay (5.2) u mpu stom yciacsue (6.97) B
KOHILEBOH TOUKE HMHTepBajia yIpaBJeHHs IepellIeT B COOTBETCTBYloLlee
ycJOBHE B HauyaJbHOH TOYKe, BHEHHTErpPaJbHBIH 4jed B (QyHKIHMOHAJE
(6.98), oTHOCAWHKIICST K HAYaJbHOMY MOMEHTY BpEMeHH, IepeineT B CO-
OTBETCTBYIOWIMH ujieH B (5.3), OTHOCALIMICSH K KOHEYHOMY MOMEHTY UH-
TepBajia yIpaBJjieHHs, T. e. 3alada ynpaBjaeHHs (6.95)—(6.98) mpHoo6-
peTaeT cTaHAapTHBI BHA.

Honyctum, uto v(#;, t)=v({) Be6pano B (6.94) npoussoabHo, a
m (#;) ofecreynBaeT HECMEILEHHOCTD OLeHKH X (7). Torna pns KoBapH-

alHOHHOH MaTPHLbL OLIHGOK ;{(tl):x(tl)—f(tl) cIpaBelJiuBa CJjeLy-
omas gopmyJaa:

becov (X (4), X () b==2" (%) Rez (1) + | 2 (OR, ()z(1)at +

+fu R, (0 u (o) dt, (6. 99)

roe ynpasJeHHe U(f) cBs3aHno ¢ ¢ynkuuei v(¢) dopmyaon (6.96). Ot-
croja caenyeT, yTo GYHKUUu V (¢, £) =V ({) COOTBETCTBYeT yIpaBJieHHE
(6.96), mpu xoropoM dyHKuHOHAs KauecTBa (6.98) pasen bT cov(x(¢),
X(¢))b. 3naunut, ecan pemaercs 3afiada BbI6OPa TAaKOH NMaph (QYHKIHM
V(f) u my, uto bT cov(x(¢), x(¢))b=min, To Tem caMBIM pelIaeTcs H
3ajlaua HaXOKJAEHHS ONTHMAaJbHOrO ynpaBJaeHus u*(f) cucremoii
(6.95) ¢ xkpurtepuem (6.98), npuHMMAlOUUM MHHMMAaJbHOE 3HAUEHHE.
Hrax, cBOACTBO ABOMCTBEHHOCTH COCTOHT B CJIeAyIOlleM: ecan v (1) —
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ONTHMH3UDPYIOLIAA (QYHKUMS B 3ajaye OLEHKH COCTOSIHHS CHCTEMBl C
¢yuknueil m;, o6ecrneyuBaloniell HeCMElUleHHOCTb 3TOH OLEHKH, TO Y-
paBiaenne u*({)=v*({))*™h u peuwenue z*(¢) cucremnl (6.95) c 3TUM
YIpaBJCHHEM H 3HAaueHHeM B KOHUEBOH TOuke Z(f1) =h MHHHMH3UDYIOT
dyukuuonan kauectsa (6.98).

3ameyaHue. Hcrnoabsys IBOHCTBEHHOCTD, U3 pelleHHs B IJI. 5 3a-
HaYd aHaJHTHYECKOIO KOHCTPYMPOBAHHS PEryasTopa IJs CTalHOHap-
HOro o6beKTa JIerKO BBIBOLUTCS COHOPMyJaHpOBaHHBI B pas3x. 6.1 pe-
3yJabTaT 06 aCHMIITOTHYECKOH YCTOHUHBOCTHM CTAllMOHAPHOro (GHAbTPa
Kaamana.



Trasa 7

ABTOHOMHBIE CUCTEMBI
YITPABJIEHUSI

7.1. KHACCHOHUKALL KA

ABTOHOMHBIMII CHCTEMaMH yNpaBJEHHs CledyeT CUHTATb TaKHe, KOTO-
pele obecneynBaroT noset JIA mo nHdpopMaluy, 3aJ0KEHHOH NPH cTap-
Te, U KOTOpble HHKAaKOH AOMOJHHTEJNbHOII HH(OpMAUHu B Hpouecce II0-
JeTa He MOJyyaloT. JIMUlb mporpaMMHBle CHCTeMBl yNpaBJ/eHUs B IOJI-
HOH Mepe OTBeualOT TakoMy onpenesneHHio. OZHAKO K aBTOHOMHBIM
cructeMaM OOBIYHO OTHOCSIT HHeplHaJbHble M NONJAEPOBCKHE CHCTEMBL.
HHepuuasbHble CUCTeMbl YIpaBJeHHs B Ipolecce IOJeTa MNOJYy4yaroT
HHOOpMAaUHIO NMyTeM H3MepeHHs TaK Ha3bIBAeMOIO KaXKyLIerocs YCKO-
peHUsl, paBHOIO PAa3HOCTH adCOJIIOTHOrO M IPaBHTALHOHHOIO YCKOpEHHS
ueHtpa macc JIA, Ilpouecc uaMepeHHst yCKOpEHHs He CBSI3aH HH C MecC-
TOM CTapTa, HH C KaKUMH-THOO YCTPOHCTBAMH, HAXOAAIIMMUCST BHE
nannoro JIA. VHepuunajbpHble CHCTEMbl YIpaBJeHHs SBJSIOTCS NOMeXo-
3alUHIIEHHBIMH, KaK H aBTOHOMHBIE CHCTeMBl. [{ONJiepOBCKYe CHCTEeMBI
yIpaBJIeHHS B NpOLEcCce [OJeTa U3MepSAIOT BEeKTOp CKOpocTH JIA mo us-
MEHEHHIO YacTOThl OTPaXKEHHOTO CHTHaJa OT OJu3jexauled MOACTHJA-
romteit MecTHocTH. Co3faTh moMexy Ha JI060M BO3MOXKHOM HampasJe-
HUH M Ha INPOTSIXKEHHH BCero NyTH caeloBaHus JIA mnpaxkTuuecku
HeBO3MOXHO. MTaK, B aBTOHOMHBIE CHCTEMBl YIPaBJaeHH:1 GyAeM BKJIIO-
YaTh NPoSpaAmMMHbLe, UHEPULGAbHbLe U 00NAEPOBCKUe CHCTEMBI yIpaBJie-
HUs. Bce 3TH cHcTeMBbl XapakTepH3ylOTCS OOJBLION TOMEeXO3aLiuileH-
HOCTbIO OT OPraHM30BAHHBIX NOMEX: IOJIET OCYUIECTBJAETCS HOCTaTO4-
HO aBTOHOMHO B TOM CMBICJIE, UTO ¢ MOMEHTa CTapTa CBfA3b ¢ HHMH HE
OCYLIECTBJSACTCA.

HexoTopble aBTOHOMHBIe CHCTEMBI yNpaBJeHHs: HYXKIAIOTcs B Paso-
BOH HJIM CHCTeMaTH4eCKOH KoppekuuH. IIpu sTom npHOOpHble 3HAYEHHUT
KoopnuHatT JIA cpaBHHBAIOTCS C MX 3HAYCHMSMH, H3MEDEHHBIMH HIPYIH-
MH TeXHHYECKHMH CpelJCTBaMH, H BBOASITCS COOTBETCTBYIOUIHe IONPaB-
ku. I1pu 3TOM pas/nnMyarOT pagHOKOPPEKUHIO, aCTPOKOPPEKIHIO U IP.

B npoepammnoix cucremax ynpasienus B mpolecce nojera orpada-
TBIBAIOTCS NPOrpaMMbl, 3a/I0XKeHHble B MaMATb OOPTOBOIH CHCTeMbl YII-
paBJeHHus.

Muorue kiaccel JIA HayanbpHBIA yY4acCTOK [OJIETA OCYIIECTBJSIOT MO
nporpamme. Ilo mporpaMme MOIYT OCYIIECTBJSTLCS OTAeNbHble 3TAIlbL
nosiera JIA: nojieT Ha MaplieBOM yyacTKe, B3JeT, [I0calKa, pasBopoOT,
CMeHa BBICOTHI ToJieTa. B mpocTeiiliiem ciyyae NporpaMMy MOXKHO CBfl-
3aTh co BpeMmeHeM nBHxKeHHst JIA. Hampumep, 6ecnumotHbii JIA, ocy-
LIeCTBJASAIOLIHNY pacceMBaHHe IOJIe3HBIX HACEKOMBIX Ha IOJAX, MOXeT
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JIBUTaTbCA ONpe/eseHHOe BpeMsi mo 3agaHHoMy Kypcey. Ilpu mocrtixe-
HHH MECTHOCTH, NOJAJiexallell 3ace/eHkI0 T0Je3HBIMHY HAaCEeKOMBIMH, OT-
KPBbIBAIOTCS KOHTEHHEPHI ¥ MPOHU3BOAUTCST pacCenBaHHe HACEKOMBIX.

IIporpaMMHBble cHCTEMNI yIIpaBJeHHsT TPUMEHAIOTCS TaKXke B KOMOH-
HalHH ¢ cCHCTEeMaMH CaMOHaBEACHUS U TeJieylpaBJeHHA.

Honneposckue cuctemobl ynpasaextis BKJAOYAOT B CBOH COCTaB NOI-
JIEPOECKHII H3MepHTeJb IYTeBOH CKOPOCTH W yraa cHoca, Jlomaepos-
CKHH M3MEepHTeJNb H3JyYyaeT SJMeKTPOMATHUTHYIO SHEPTHIO B BUIE Y3KOTO
UTJ006pa3HOro Jiyya B CTOPOHY MOBEPXHOCTH 3eMJH. DJIEKTPOMAarHHT-
Hasi SHeprus, NOCTHIAS NMOBEPXHOCTH 3€MJIH, OTpaxaeTcsi OT Hee H
yNaBRJMBaeTCsl NPHEMHBIM YCTPOHCTBOM, HaxOoAsiuMcs Ha Gopty JIA.
YacroTa NPUHATOrO CHTHajla OyAeT OT/IHYATHCH OT YaCTOTHI M3JyYyeHHs
Ha BeJHYMHY JOIJIEPOBCKOrO CABMIa YaCTOT, KOTOPLIH mpomopuHoHajieH
IPOeKLUHH BeKTopa IyTeBOo# ckopocTd JIA Ha HampaB/ieHHe Jyda. Ita
3aBHCHMOCTb JICXKHT B OCHOBe pabOTHI [ONJEPOBCKUX H3MepHUTe/eH.
OnHonyueBble NOMJIEPOBCKHE CHCTeMbl He MpuMeHsitorcsl. s uamepe-
HHA IIyTeBOH CKOPOCTH M yrja CHOca TFOPH3OHTaJbHO JeTsuero JIA me-
06XOAMMO MMeTb ABa Jyya. YBeJHUeHHe KOJHYECTBa JIyuel OO0 Tpex-
YyeThIpEeX M palHOHAJbHAs UX OPHUEHTALHs OTHOCHTeJbHO JIA MO3BOJA-
IOT 3HAUYHTEJNbHO YMEHBIIHTL OIUHOKH ONpefeseHHsT CKOPOCTH M Yraa
CHOCA, BO3HUKAIOUIHEe H3-3a HETOYHOCTH CTAaOHIN3ALHU 11O KPEHY U TaH-
ra)<y, a TakKe H3-3a HaJH4us BEPTUKAJNBHOH COCTABJIAIOLICH CKOPOCTH.

3HaHHe IYTEeBOH CKOPOCTH M yIJla CHOCA IO3BOJIAET BBIYHCIAHTDL
MeCTOIOJIOKeHHe JIA OTHOCHTeNbHO 3eMHOM cucTeMbl KoopauHatr. Cpae-
HuBasi MpubCpHble 3HaUeHHs] KOOpAHHAT JIA ¢ TpeGyeMBIMH, NONYYaIOT
CHTHAJl paccOorJacoBaHUsl HJst (GODMHPOBAHHS KOMAaHIbl YIPaBJeHHS.

Huxe nmoapo6Ho paccMaTpPHUBAXOTCH HHepUHAJbHBle CHCTEMBI yIpaB-
JIEHHsI, TaK KaK OHM HauboJjiee pacnpoCTpaHeH:l.

7.2. MHEPUHAJIbHBIE CUCTEMBI YIIPABJIEHUS
IMpuHuMn aeicTus

[ u3MepeHHsl MPOCTPAHCTBEHHOro BeKTOpa ycKopeHHsi Ha JIA pac-
[0J1araloT TPH AKCEJepOMeTpa, OCH UYBCTBHTEJbHOCTH KOTODHIX OOBIU-
HO 06pa3yoT OPTOrOHAJBHYIO CHCTEMY
KOOpAMHAT. BrisicHHM CcHauyaJja, Kakue
A JKe YCKOpDeHHs Hu3MepsieT  aKceJe-

X )

= v5 pox:/[eTp? Ha uHepuuOHHYIO Maccy m

- T =X HefcTBYIOT cJIelyIOlHe CHJIBL
(puc. 7. 1).

LA P S 1. Cusa ynpyroit neopMauuy npy-

JKHHBI f, KOTOPYIO B YCTAHOBHBIIEMCS
COCTOSIHHH Oy/eM CUHTATh MPOMOPLHO-

T

~

HaJbHOH OTKJ/IOHEHHIO X HHEePIIHOHHOH
Puc. 7.1. TpuHuunmanvHas cxe- Macchl m OT ee HeHTPaNbHOIO I0JIOXKe-
Ma aKcesepoMerpa: Hus: f==kx, roe f— peakuusi co cto-
I—Kopnyc  akceaepomerpa; 2— POHBl KOpIlyca akxcejepoMerpa Ha
HHepUuHOTHASA Macca—yYyBCTBH-
TeJbIblil JeMEeHT aKCeJepoMeTpa: Maccy m, nepenaBaeMasi yepes Ipy-
33— . 4—II'eTK - o
etma S orenumoverp XKHHy. J{efCTBUTENbHO, €CJIH YCKOope-
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uue JIA & HampaBseHO BROJb ocH X cjieBa HampaBo (cM. puc. 7. 1), To
Macca m OTKJIOHsSeTcs BJeBO. Macca OTK/IOHseTCS B CTOPOHY, NMPOTH-
BOIIOJIOXKHYIO YCKOPEHHUIO .

2. I'paBurannonnas cuna F, obycjoBiena NpHUTSKEHHEM MacChl m
BHEIIHHMH MaTepHaJLHBIMH Tejamu: 3emJefl, ConuueM, JIyHoil, 3Be3-
JaMd U T. . [paBHTAllHOHHBIE CHJIBI NMPHJOKEHBl HEMOCPEACTBEHHO K
Macce M, Tak Xe Kak 1 K KaXJI0H MaTepHanbHOH TOUKe KOpPHyca akce-
aepoMerpa. [loa neifcTBHEM 3THX CHJI KaK Macca m, Tak U KOpPIycC akKce-
JiepoMeTpa MOJiyyaloT OJHHaKOBble yckopenus. IlosTomy medopmanus
NPYKHHBI TOA JeHCTBHEM TPABHTALHOHHBIX CHJI OTCYTCTBYeT. TaKmm
06pa3oM, ecJii 32 MOKa3aHHE aKCEJEpPOMETpa IPUHHUMATb OTKJOHEHHE
€ro MacChl OT HEHTPaJIbHOI'O IOJOMKEHHS, TO OKa3bhIBAETCS, UTO aKceJe-
pOMeTp H3MepsieT YCKOPEHHE, paBHOe Pa3HOCTH MeXKAY aOCOJIOTHBIM H
rPaBHTALHOHHBIM YCKOpEHHEM. DTO YCKOPEeHHe YaCTO Ha3bIBAIOT KaXKYy-
LHMCH.

Ecnu 6r yesioBeYeCTBO HAYUYHJIOCH YIPABJSITb T'DaBHUTALHOHHBIMH
MOJISIMH, CO3JaRaTh KX H OCYLIECTBJATh PAa3roH H TopMoxKeHHe JIA ¢
MOMOILbIO FPAaBUTALMOHHBIX NOJeH, To 3kunax u JIA morsiu 6B nepe-
HOCHUTDb JIIOOBle CKOJb YroZHo OoJbliHe TpaBHTaLlUOHHBIE YCKODEHHs
u JIA npuoGpen 6bl GOJBIIYIO CKOPOCTb 3a KOPOTKUE MPOMENKYTOK
BpEMEHH.

BhIsICHHB, KaKHe CHJIBI [efCTBYIOT Ha Maccy m, MOXHo 3amHcaTb
IuddepeHnHanbHoe ypaBHeHHe ee ABHIKEHHs B HHepUHAJ bHON (He-
NONBMKHOI) cHcTeMe KoopauHAT OXyYuZy

miy=F.+f, (7.1)

rae F,— npoeKkuuss paBHOIEHCTBYIOUIEH IPAaBHTALMOHHBIX CHJ, HPHJIO-
JKEHHBIX K Macce m, Ha ocb OXy, KOTOpas B JaHHBIH MOMEHT Halpas-
JieHa Mo OCH H3MepeHHsi akcesepomeTpa X. IIBHXKeHHe Maccel m OTHO-
CHTEeNIbHO KOpIIyca akceslepoMeTpa BIOJb APYrux oceit OYy u OZy
OrpaHHueHO CBA3sMH. B ypaBHenuu (7.1) NpUHATO, YTO HaANpaBJIeHHE
cun F, u f coBmamaer ¢ HampaB/icHHeM ocH Xy B ofiueM cayuyae 3HaK
KaxKnoff W3 HUX MOXKeT OblThb IIPOH3BOJBHEIM. B mpaByio yacTh ypaB-
Henus (7.1) caenoBasio 661 106aBUTL uJieH kX, MPONOPUHOHANBHEIH CKO-
pPOCTH & HepeMelleHHsT MacChl /M OTHOCHTEJNbHO KOpIyca aKceJepoMer-
pa. Ilpu BBefeHHH 3TOro ujeHa yMEHbLIAETCs K0JeOGaTeJbHOCThL CHCTe-
MBl M JJIMTeJBHOCTb IepexoJHoro mnpouecca. ITockosbKy HHTepec
npeAcTaB/sieT NMOKa3aHHe aKceJepoMeTpa B YCTAHOBHBIIEMCH COCTOS-
HHH, TO JAJs NPOCTOTH U3JIOXKEHHS UJeH k% MOXKHO He BBOAHTh. Pas-
pewras ypaBHeHHe (7.1) OTHOCHTENBHO CHJH f, moNyyaeMm

f=mx,—F,. (7.2)
PasnenHB JIEBYIO M IIpaBYfO 4YacCTH IIOCJHEILHEro COOTHOUIEHUYT HA m

H YYHTBIBAsl, UTO f=FkX, HalileM BbIpaxKeHHe [JIsI OTKJIOHEHHS X HHep-
IHOHHOH MaccChl OT HEHTPAJbHOI'0 NOJOKEHHS

kxm—'= fml=Xx,—F . m™, (7.3)
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T. €. aKceJepoMeTp uaMepsieT aGCOMIOTHOe YCKOpPeHHe 3a BblYeTOM Ipa-
BUTauuoHHOro F,m~!. K TakoMy Ke 3aK/JIOUEHMIO MOXKHO NPHHATH H3
YHCTO KaYeCTBCHHOIO PACCMOTPEHHst paboThl akcesepoMerpa. PaccMoT-
pHM HEKOTOpHIC YaCTHble CJAyuaW [ABHXKEHHH OOBEKTa ¢ aKcesaepo-
METPOM.

. IlycTe mop meficTBHeM IpaBHTaLlHOHHOTO NoJs 3emuau JIA wauu-
HaeT majaTh (CONMpOTHBJIEHHEM BO3JyXa Oynem mpeHebperath). Macca
m axcenepoMerpa 6yneT HCHBITHIBATH T€ XKe YCKOPEHHS, UYTO ¥ Nafalo-
niee Teso. Ilpu 3TOM rpaBHTAUHOHHAsS CHJIa 3eMJu NMPHJI0KEHa HEIo-
CpoICTBEHHO K KaXXJOH yacTHle Macchl m, KOTopas He Oyler HCOBITHI-
BATb PEaKUHHU CO CTOPOHBI MPYXKHHDLI, TaK Kak NOCJAeIHsisi OCTaeTcs B
HeHTpaNbHOM MOJIOXKEHHH, T. €. aKceJeDOMeTp He M3MepsieT YCKOPEHHs,
CO31aBaeMOro moseM 3eMJIH.

Tak KaK akceNepOMEeTPhl He H3MepsIOT IPaBUTALHOHHEX YCKOPEHHH,
TO AJs1 TOrO, YTOObI HHEpUHANbHAS CHCTEMA MOTrJa BBIYHCJASTL KOODJH-
HaThl MECTOHAXOXKJAeHHs1 00bekTa, HeO6XOAUMO KaKHM-TO 00pasoMm B
CHCTEMY CUHC/EeHHS IYTH BBOJAUTH CHI'HAJ, NPOMOPIHOHAJbHBIE BEKTO-
py TPaBHTALHOHHOTO yckopeHHs. Ho NOCKOJbKY BEKTOp IPaBHTaLHOH-
HOTO YCKODEHKS M3MeHsieT st MPH mepeMellleHHu o0beKTa H, KpoMe TOro,
€ro INOJIO}KEHHE OTHOCHTEJNbHO YYBCTBHUTEJBHEIX OCEH aKCcelepOMEeTPOB
H3MeHseTcs, TO BO3HHKAeT CJ0XKHas 3anaya CO3AaHHsA CIIeNHabHOTO
BLIUHC/IHTE/ibHOTO YCTPOHCTBa AJist BHIpAGOTKH CHIHaja, NPOMOPUHO-
HaJIbHOTO I'PaBUTALMOHHOMY YCKODEHHIO, H AJisi BBOJA €ro B COOTBETCT-
BYIOLIHE ITOKa3aHUsl aKkcenepoMeTpoB. Eciu ocH H3MepeHMs akcesnepo-
MeTpa OPHEHTHPOBaThb INEPIEHIUKYJASPHO I'PAaBUTALHOHHOMY YycKope-
HMIO, HanpHMep, IYTEM YCTAHOBKH HX Ha IHPOCTabHIH3HPOBAHHOH B
rOpH30HTE MecTa HJatdopme, TO OTNAAAeT HeOOXOAUMOCTh BBOJA IO-
IpaBKU Ba IPABUTALHOHHOE YCKOPEHHE.

2. Ilyerp JIA cTONT HemOABHXKHO Ha CTapTOBOH muollanke. B atom
cJyyae Macca (n OYeBHAHO, OYLET HAXOJUThCS B OTKJOHEHHOM COCTOSI-
nuu (Buu3). PasGepemcs, kakas cujia Bhi3Baja 3To nepeMelieHue. Kak
OTMeYajioch BhIIe (CcM. puc. 7.1), mMacca m OTKJOHSeTCs B CTOPOHY,
NPOTHUBOMOJIOKHYIO JeficTByIOLIeMy yckopeHHio /. CienoBaTesnbHO, yc-

KopeHHe HanpaBieHo BBepX. Ho BBepx neiicTByer cujia N — peakuuu

omnopsl, uucaeHHo pasHasi cuie Tsikectw G: |N|=|G|. Takum obpa-
30M, B JaHHOM CJlyyae OTKJOHEHHe Macchl m (TOKa3aHHe aKceJepo-
MeTpa) BbI3BaHO CHJION peakuuu N.

3. JleraTenbHbli ammapar CcoBeplIaeT TOPH3OHTAJLHEIA IOJET.
B stoM cayuae Macca m akcesepoMeTpa, OCh UyBCTBHTENbHOCTH KOTOPO-
ro nepreiInKyasipHa MECTHOMY FOPH3OHTY, OIYCTHTCS BHH3. YCKODeHHe
3/1cCb BHI3BAHO JeHCTBHEM IMOABEMHON CHIbL Yq, KOTOPAasi B TOPH30H-
TAJbHOM [0JIETe UHCACHHO paBHa CHJe TskecTH camodeta: |Yo| =|G].
ITpuBeaciiHble TPHMEPH JOCTATOYHO HAMISIHO HJJIIOCTPHPYIOT —TOT
(aKT, 4TO aKceJlepOMETPLl He H3MEPSIOT IPABHTALHOHHBIX YCKODEHHH.
Kaxum ke 06pa3oM No MOKa3aHHIO aKCeJIepOMETPOB OCYUIECTBJAETCHA
onpeje/nee CKOPOCTH M MECTOIOJOKeHHs JIA, T. e. KaK peuaercs
OCHOBHAf 3ajlauya HaBHTallHH?

OueBHAHO, AJsi GOPMHPOBAHHS CHTHAJA, NPOIOPLHOHAJBHOIO MOJ-

140



HOMY YCKODEHHIO ¥, He0O6XOAHMO K BeJHYHHe BBIXOLHOrO CHTHAaJa akK-
cenepomerpa (7.3) mo6aBuTh curaaj F.m~!, paBHBIH MPOEKLUHH I'DaBU-
TallMOHHOTO YCKOPEHHS Ha OCb H3MepeHHs aKceJepoMeTpa

:’.Cl=ax+Fxm_la (7.4)

rie a,=kxm=! — yckopeHue, uamepsieMoe akcejsepomerpoMm HHTerpu-
pys (7.4) nBaxKIBl, IOAYUHM

"tlnzj\ [ax (1:) —I_Fx (t) m—I] dT—I_)élO;

" _ (7.5)

= | [ (@ (0) 4 F o (v) m=] dvd v xiot o 2o,
00

rAe #ig, X1ip— NPHOOpHBIe 3HAUEHHsI aGCOJIIOTHOH CKODOCTH M NMPOHIEH-
HOrO PacCTOSIHHSA; &1, X10 — HAauaJbHOe 3HaueHHe abCOJMIOTHOH CKODOC-
TH H HauaJIbHOrO MOJIOKeHHUs1 JIA.

[na dakTHUECKOro OnpeneseHHsi MecTonosoxeHus JIA u ero cko-
pOCTH HeoOXOAHUMO 3HAThb IpaBUTALHOHHOE ycKopeHHe Fy(t)m~! B Kax-
0¥l TOUKe MPOCTPAHCTBA, Yyepe3 KOTOPYIO NMPOXOJAHT Tpaekropus JIA,
W COOTBETCTBYIOLIHM 06pa3oM BBONHTL JOMOJHUTE/bHLIH CHrHAJ CO-
raacHo ¢gopmyae (7.4).

[Ipu nepemewrenun JIA B TpexMepHOM NMpPOCTpPAHCTBe HeoOXOZMMO
EMETb TPH aKCeJepPOMeTpa, OCH UYBCTBHTEJBHOCTH KOTOPHIX OOBIYHO
pacrnoJiaraloTest nepneHAMKYJAsSpHO APYr ApPYry. B 3Tom ciaydae COOTHO-
wenus (7.4), (7.5) cnpaBedJiHBbl M I KOOPAHHAT y; u 21. llpu BHI-
YUCJIEHUH Yin, Yin, Zim, 21x HEOOXOAHMO HOPMHPOBATHL W IOLABAaThb B HH-
Terpatopbl curnananl Fy(t)m™, F,(t)m™!, yunTeBalolite COOTBETCTBY-
IOl He IPaBUTALMOHHbIE YCKOPEeHHsl B NpoeKuud Ha ocu OYy, OZ,. Tlpu
pelleliid MHOTHX 3ajJau HaBHTaliM OKa3blBaeTCsi BO3MOXKHBIM BEKTOD
TPABUTALMOHHOTO YCKOPEHHsI BBECTM B HMHTErpaTopbl 6oJiee MPOCTHIM
croco6oM: B BHJe MNOCTOSIHHOrO CHIHaJsa, paBHOrO e€ro 3HayeHHIO B TOY-
Ke crapra (Hanpumep, paBHBIM g NMPH CcTapTe ¢ 3eMJIH), HJIH B BHAE
M3BeCTHOH QYHKUHH BPeMeHH HJH KOODAMHAT.

OO6bIYHO MpeJCTaB/IseT HHTEPEC NPOHAEHHOE PACcCTOsIHUE U CKODOCTh
He B abCOJIIOTHOH, a B OTHOCHTE/bHO} CHCTeMe KoopAMHaT. Tak, mpH
JIBHIKCHHH BOJIH3M NMOBEPXHOCTH 3eMJH yNLOOHO BECTH .OTCYETHI OTHOCH-
TeJbHO HEKOTOPOH 3EGMHOfl CHUCTeMBI KOOpDIHHAT: IIHPOTA M NOJrOTa
MecTa, BBICOT2 H CKOPOCThH Il0JIeTa. B cBf3u ¢ 3THM BO3HHMKaer 3ajauya
nmepecyeTa KOOpPJAHHAT H3 aGCOJMIOTHOH CHCTEMBl B OTHOCHTEJbHYIO. [LJs
3THX LeJsiedl CO3JaeTcsi ClelHajbHOe BLIUHCJIUTENbHOE YCTPOHCTEBO.

Hwmeercss 6osblioe pasHooOpa3ne HHEPLUHAJILHBIX CHCTEM HaBHra-
uuy. OnHcaHHas BhILIe CXeMa Ha3blBaeTcs aHAaJUTHYECKOH: B 3TOH cXe-
Me UyBCTBHUTeJIbHBIE OCH akcejepomeTpoB X, Y, Z Bo Bce BpeMs IBHXKe-
HMS yJIepKHUBAIOTCS HEHU3MEHHO OpPHEHTHPOBAHHBIMH OTHOCHTCJ/IBHO
HHepLHaJbHOH cHcTeMbl KoopAuKaT OXyYyZ, (cM. puc. 7.1). B apyrux
CXeMax HHepUHaJ/ibHONH HaBHTallMM aKceJepPOMEeTPhl MmoABHKHBL OycHb
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YacTo CO3[Mal0TCs CXeMBbl, B KOTOPBIX OCH UYBCTBHTE/IbHOCTH JBYX aKce-
JIePOMETPOB YACDPXKHBAIOTCS BO BCe BPeMs OBHIKEHHS B TODH30HTe MeEC-
Ta,.a OCb TPETHErO aKcesjecpoMeTpa HaNmpaBJACTCsl MO BEPTHKAJIM MECTa.
B rakux cxemax MHepLHAJbHOH HAaBHMalMH BEIYHCJHTENbHOE yCTPOHCT-
BO MeHee IPOMO3JIKO, HO IIPH 3TOM CO3JaeTCsl Cjefsiiiasi CHCTeMa, MpH-
BOASILAS OCH aKCeJepPOMeTPOB B 3aJaHHOe MNoJoXKeHHe. B mocsienHee
BpEeMst B CBSI3M C yCHeXaMH BBIUHCAHTE/NbHOI TEXHHKH M YBEJIHUCHHCM
TOYHOCTH aKCEJePOMEeTPOB MNOSIBHJHMCH 6ecrniaTGOpMEHHbIe CHCTEMBbI
HaBHTrallHH.

Onnako B Hacrosliee BpeMst GONBLIMHCTBO HHEDLHAMbHBEIX cXeM Ha-
BHTAlLWK BKJIOYAeT B ce0si ONHO-, IBYX- MJH TPEXOCHYI0 HPONIATHOP-
MY, KOoTopasi o6ecreynBaeT HYKHYIO OPHEHTALHIO aKCeJepoMeTPOB OT-
HOCHTEeJBHO 3a0AHHOH CHCTEMBI KOOPAHHAT. ITH THpONIaTQOPMH, B
YaCTHOCTH, MOTYT YAep:KHBaTbCsl B 3aJaHHOM IIOJOXKEHHH Ha OCHOBE
AIPHHIHNA CHJIOBOH IMpPOCTAGHIM3AaLHKM HJIH NIyTeM CO3JaHHs BLICOKO-
KauyeCTBEHHOM cielsilel cucTeMbl (cM. TJI. 2). Bo MHOTHX MHepuHaJb-
HBIX CXeMaX HaBHTalHH HCIOJb3yeTCss THpomaaTdopMa ¢ Tak Ha3biBae-
MOH HHTerpaJibHOH KoppekuHel. B aTux cxemax rupomjardopma IO
CHTHAJaM C NepPBbIX HHTErpaTOpOB yAepKHBAeTCsl B NOPU3OHTE MECTa.
Huxke onmcan npuHUun paboThl TAaKOH CXeMBbl, a TaKxke PacCMOTpEHa
peasH3aiHsi HEBO3MYLIaeMOH BePTHKaJH B rHpolaTdopMax ¢ HHTEr-
paJbHON KoppexiueH.

Teouentpuyeckune yckopenus JIA

Ilpu mocTpoeHUH MHEPUHAJNBHBIX CHCTEM HABHUTAlMH HeOGXOJHMO 3HATDL
BBIPAXKEHHSI IJI51 COCTABJISIOLIHX abGCOIOTHEIX YCKODEHHH IeHTpa Macc
JIA B mpoeKUHH Ha H3MepUTeJbHble OCH aKcenepoMeTpoB. IloJsoxum,
YTO OCH H3MEDEHHsI LBYX aKCeJepoOMeTPOB (BOCTOYHOTO M CEBEPHOro)
BO BC& BpeMsi [BHIKEHHs YAepIKHUBAIOTCs B FOPU3OHTAJBHOM IIOJIOXKe-
HUH, & TPETHEr0 — II0 BEPTHKAJIH MeCTa.

BBenem nonasHxHyI0 cHcTeMy KoopauHat OXYZ. Hauano xoopaH-
uat O coBMecTHM c IeHTpoM Macc JIA, a ocb X HanpaBUM Ha ceBep,
Z — Ha BOCTOK U Y — IO reoleHTPHUECKOl BepTHKaau MecTa (pHc. 7.2).
Jna mpocTOTH BHIKJIAAOK OyleM CUHMTaTh, 4TO 3eMJisi eCTh LIap Pajuy-
ca R un uTo ee mMacca pacmpefeseHa paBHOMepHO. B atom cayyae rpa-
BHTallMOHHAs BePTHKaJb MecTa COBHAJaeT ¢ HalpaBJieHHeM paaMyca
3eMJIH B 3TOH TOUKe.,

[Ipn pemrenun 3amau AuHamMHKu noserta JIA BOJH3H INOBEPXHOCTH
‘3eMJM OKa3blBaeTCs [JOCTATOYHBIM B35Tb B KaueCTBE HHepPLUHAJbHOI
(HenoABHKHOH) 3KBAaTOPHANBHYIO cHcTeMy kKoopaunat O*X *Y *Z*,
HayaJo KOTOPOH COBMANaeT ¢ UEHTPOM Macc 3eMJH, och Z;* HampaJe-
Ha Ha ceBepHBIA moutoc 3eMJH, ocH X * u Y * Jexar B IJIOCKOCTH He-
‘6ecHOro sKBaTOpa Tak, 4To ocb X;* HampaB/eHa B TOUKy BECEHHETrO
PAaBHOJEHCTBHsL Y, a ocb Y * HampaBJ/ieHa Tak, yTo6bl 06pa3oBaTh Npa-
BYI0O CHCTEMY KOOpIHMHAT. B COOTBETCTBHM ¢ NpHBENEHHLIM OIpeJee-
HHEM B KBAaTOpHAJIbHOH CHCTeMe KOODAHHAT NMPHHUMAETCs, YTO ILEHTP
mMacc 3eMJIH HeNOABHXKEH, T, €. INpeHe6GperaeM BJHSAHHEM TOLOROIO
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JBHXKEHHS 3eMJIH OTHOCH-
TesbHO CoJTHIIA H2 JHHAMH-
Ky mojera JIA, a Takxe
aBuxenneM CoJIHEUHOH cH-
cTeMbl B 1lesioM. [TocKosbKy
3KBaTOpHaJbHAst CHCTeMa
KOODJAHHAT He yJyacTByeT B
CYTOYHOM BpalleHHH 3eM-
a1 (ogHa W3 ee oceH Ha-
IpaBjeHa B TOYKY BeCeH-
Hero paBHOAEHCTBHS Y ),
BpalleHue 3eMJH BOKDYT
CBOEH OCH  YUHTHIBaeTcs
OPH H3YYeHHH JHHAMUKH
noJsera JIA.

Ilns ompeneneHuss Ko-
opauHat Mecta JIA oTHocH-
TeJbHO MOBEPXHOCTH 3eM-
JIH BBeJleM B pacCMOTpPEHHE
reoLeHTPHUYECKYI0 IIPaByIO
OPTOTOHAJNBHYIO  CHCTEMY
KOOpAHHAT Xl,Yl/Zl, (CM' Puc. 7.2. dkBaropuaiasHas X,*Y\*Z;*, reorpaduueckas
pHC. 7. 2)‘ HayaJo KOTOpOﬁ XVYYZY wn ropusoHTanbHas XYZ cucTeMbl KOOpAMHAT
coBIajaeT C LEHTPOM 3eM-
au, ocd X,’, Y|/ jexar B MJIOCKOCTH 3KBAaTopa, NpH 3ToM ochb X,” mpo-
xonut uepes I'puHBHuckuil MepuauaH. Ilosoxenue JIA Ha TpaekTo-
pun onpepnensiercs: 1) pamuyc-BektopoMm g=R-+h, rie @ — pannyc-
BekTOop Hauana O NONBHXKHOH cHCcTeMbl KoopauHaTt; R — pamuyc 3em-
au; h—Beicora mosera JIA; 2) TreoleHTpHUeCKOH LIMPOTOH @;
3) mOATOTOH A, OTYHTHIBAEMOH OT NJIOCKOCTH I'DPHHBHUCKOIO MepHAHA-
Ha. [eonenTpuueckass cucreMa KOODIHHAT BpAIlA€TC OTHOCHTEJIBHO
3KBAaTOPHAJbHOH C YIJI0BOH CKOPOCTBIO CYTOUHOTO BpalleHHs 3eMJIH o,
a X B3aHMHOe IOJIOXeHHe oInpejessercsi yraoM Srp. AGconoTHOE
VCKOpPeHHe ju LieHTpa Macc JIA 3amaercst popmysnoit

P (dp 40 iy il 6
= (5 )+ oo x | =¥ iy i+ 2k, (7.6)
rie &, §’, ¥ — npoekunu abCONIOTHBIX ycKOpeHHi ua ocu X, Y, Z mox-
BHIKHOIl CHCTeMBI KOOpPAMHAT, a i, j, K — opTH 3THX oceH; wo— BEKTOpP
YIJIOROH CKOPOCTH NMOABHXKHOH cHcTeMbl KoopauHat OXYZ, aBastowuii-
CS TeOMEeTpPUUeCKOH CYMMOIl BEKTOpa @ YIJIOBOII CKOPOCTH CYTOUHOTO
Bpalienns 3emJH, HanpasseHHoro no ocu O*Z\*, u BeKTOpa ®y,
yrJoBoit ckopocTH JIA npu ero nepemelleHHH OTHOCHTENbHO 3eMJIH
@o=w+ao;, - B cBoIO Ouepesb, @, MOXKHO NMPEACTABHTH B BUIe ABYX
BEKTOPOB: 1|)#/g, BO3HHKAIOLIErO BCJEACTBHE MepeMelleHus JIA B ce-

BEepHOM HamnpaBJ/eHHH U 2) Z/QCOS ¢, BOSHHKAIOLIETO BCJIeACTBHE IoJe-
Ta JIA Ha BocTOK. BBOAsi enuHHuunble opTul k, ki* oceit Z u Z;*, uMeem

(eM. puc. 7.2) @0 =—x0"'k+2(o cos¢)~'k*. [ToxcraBass 3HayeHHe
@, B GOPMYNY @o=0-+@ ;5 , TPUXOLHM K CJAEAYIOLLEMY BbIpaXKeHHIO
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JUIST BEKTOPA YIJIOBOH CKOPOCTH MOJBHXKHON cHcTeMbl Koopaunat OXYZ:
wo=0-+2(g cos @) 'ki*—zg k. ITpoexTupysi BeKTOp wo HA OCH TMOE-
BH(HOH CHCTEMBl KOOPIHHAT, HAXOLHM

w,=0Ccose207 Y o,=osine+207Mge; w,=—xg7.  (7.7)

Bektop cKopocT HeHTpa Macc JIA @ MOXHO MPEACTAaBHTL B BHIE
{cm. puc. 7.2)

@=xi-hjt(ogcose+2)k, (7.8)
rie wQ COS @ — CKOPOCTb IepeMellleHHs LeHTpa macc JIA, Bbl3BaHHas
BpalleHHeM 3eMJIH BOKPYr CBOeH ocH; &, A, Z — COCTaBJISIOLLHE CKOPO-
CTH lieHTpa Macc JIA B npoexkuuu Ha ocd X, Y, Z, 06ycJOB/NeHHble Nepe-
MelieHneM JIA OTHOCHTeJNbHO TMOBEPXHOCTH 3eMn. B3sip J10Ka/bHYIO
TIPOM3BO/IHYIO OT BEKTOPa (7.8), naiinem

d (d
. (d‘:) Xi-+hj+ (24 o0g coso—wx sin g) k. (7.9)
[Tpu BHIBOAE 3TOf OPMYJIBI YYTEHO OYEBHIHOE COOTHOIIEHHE &=

=¢. Hcioassys dopmyasr (7.7), (7.8), Haiiiem BeIpaKeHHe 1/ BEK-
TOPHOTO MPOH3BENEHHUS wo X do/dt:

i . q : k
O x4e_ wcose+207! wsinefolztge —x07 1 |=
dt ' . .
X h wQ cos ¢4z

= [(wg cos ¢} 2) (0 sin 420~ tg @)+ xhg 1] i+ [— x% 1 —
— (0 cos o+ 20™1) (wg cos 9+ 2)] - [ho cos o+
4 zhg~1—wx sin ¢— zxg ! tg o] k. (7. 10)

[Topcrasasa dopmyarr (7.9), (7.10) B coorHomenue (7.6) u npu-
PaBHMBas BHpaXeHHs NPH OXUHAKOBBIX OPTaXx B 00eMX ero 4acTsx,
noay4uM GOopMyJbl AJs NPOeKUHH abCoMIOTHOrO yckopeHHs JIA:

X' = x4 xhg=14 20z sin ¢+ 0,500% sin 2¢ - 221 tg ¢;

y' =h—(x2+22) 01— 20z cos ¢ — gu? cos? ¢; (7.11)

2/ =z—xzo~ltg ¢— 2u0x sin cp—{—2cofz cos cp—l—élig_l.
HpaBbIe yactu ¢dopmya (7.11) comepskatr: 1) OTHOCHTeNbHBle YCKOpe-
HUS &, h, Z (3TH yCKOpEHHsi HeOOXOAUMO 3HAThb, YTOOI, HHTErPUPYs HX,
BBIUHCJIHTL CHayaJja CKOPOCTb, a NPH MOBTOPHOM HHTErPHPOBAHHHM —
NpPOHAEHHBIN MYTh); 2) KOPHOJIHCOBLL H IIEPEHOCHBIe YCKOPEeHHUs (Bce OC-
TaJibHble cjiaraemele). M3 sTHX ¢opMys serko MOJy4HTb BBHIPaXKEHHS

AJs1 JI06BIX YCKOpeHHH. B wacTHOCTH, pellas HX OTHOCHTeNbHO A, Aj,
A%, HalimeM

Ax=x' —::k:.:’c/ig‘l—}—sz. sin ¢ 40,5002 sin 2({9—]—-229_1 tg ¢;
Ay =y’ —y= — (X2} 2?) g1 — 202 cos ¢ —u? cas? ; (7.12)
Az—=2' — 2= — x2Q~!tg ¢ — 2u0x sin ¢} v/ cos o} zhg~1,
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KOTOpble MOXKHO Ha3BaThb MeTONMUYECKHMH omuGkamMu. Ouu noasaexar
KOMIIEHCALHH IIPH IIOCTPOEHHH HHEePLHaJbHOH CHCTEMBbl HaBHTCALHH.
YcKopeHHs &, ¥ M3MepsSIIOTCS aKCejepOMeTpPaMH, OCH YyBCTBHTEILHOCTH
KOTOPBIX BO BpeMs nepeMewienusi JIA HanpasJseHbl Ha ceBep (ocb OX)
1 BocTok (och OZ).

I'nponaardopmsbl ¢ uHTErpadbHOM
Koppekuuei

PaccmoTpum pa6oTy ruponnaThOpMbl ¢ HHTErpajbHOH KOppeKIHell s
4aCcTHOTO cJayyasi moJjera — nosera JIA Ha HeH3MEHHOH BBICOTe IO Me-
pHIHaAHY c ceBepa Ha lor (puc. 7.3).

ITpn onucanun paboTsl BepTHKAJMH GYAYT HCIOJAb30BAHBI CJedylO-
IIHe CHCTeMbl KOOpAMHAT:

1) nemonBuKHasi cHcTeMa KOoopAHHAT XuYu, Hauajo KOTOPOIi B MO-
MeHT crapra JIA coBmajgaer c IeHT-

pOM KapAaHOBOrO IOABECa THPO- Y, YAy
niarpopmer (I'IT), ocp Y, Hampas- 7] A
JIeHa 110 TeOLeHTPHYECKOH BepTHKA- [P e %

JU MecTa cTapra, a ock X — B Ha- -
npaBJjeHny ABHXKeHusa JIA u mep-
NeHAUKYJAAPHA Yy

2) noaBUKHAS CHCTeMa KOOpIH-
Hat XY, Hauaso KoTOpoit coBmaja-
eT C IIeHTPOM KapAaHOBOTO MOJABECA
ruponiaTgopMel, ocb Y HampasJse-
Ha [0 TeOlleHTPHYECKOH BepTHKaJHU 0
MecTa, a ocb X JIeXHUT B TOPU3OH-
TaJbHOH INIOCKOCTH H HalpagJeHa Puc. 7.3. Henomsmxuas OoX YV, u nomsmx-
B CTOpOHY IlB’HXu(eHHﬁ ITonaraeM, mas OXY cucrema xoopaumar
YTO B HAYaJbHbBI MOMEHT JBHXe-
HHUSI KUHEeTHYEeCKHH MOMEHT F'HPOCKO-
na H, coBmajgaer ¢ ocbhio Y, a cjie[0BaTeNbHO, H ¢ Ocbio Yy Akcenepo-
meTp (A) XKeCTKO 3aKpemnsieH Ha ruponsnardopme. Ero och uamepenus
JoJXKHa OBITh HanpasseHa 1o ock X. CBsA3b MeX Iy NPOHAEHHBIM PaccTo-
sIHHEM B YIJIOBOH \ H JHHeHHOH S Mepe Bhipaxaercsi hopmyaoii ¢ ==S/o,
riie o — paccTosiHue OT IleHTpa Macc 3eMJu A0 LeHTpa mace JIA, T. e
0 — paauyc cdepul, 110 koropoil nepememaercs JIA. [Ipu nepemernenun
JIA rupomsatdopma A0JKHA MOBOPAYHBATLCS [0 NMOJOXKEHHsT MECTHOH
TOPH30HTAJH Ha TOT ke yroa {. OfHaKo MPaKTHUECKH OHa MOBOpPAuH-
BaeTCd Ha HCKOTOPBIH (NpUOGOPHBI)  yroa g, OTAHYHLIA OT v, UTO
NPUBOANT K OHIMOKe ¢ B MOJIOXKEHHH ruponnatdopmel (a=¢—Vx).
Pasropor rupoisiat@OpMbl ¢ UHTErpaJbHOH KOppeKUHeil OcyLlecTBJIs-
eTCs CJeAyiolHM 06pa3oM. AKcesepoMeTp ¢ MepefaTouHbiM KO3 OHIL-
€HTOM K., pPaCIIOJIOJKCHHBIN Ha rupomngatdopme, uamepser abCcoOIIOTHOR
yckopenue &’. M3 mpuOOPHOrO 3HauyeHUs] YCKOPEHHsI &y BBIUHTAETCSt
METOLHYECKas MonpaBka kyAX, comeprraliasi mepeHoCcHble U KOPHOIHCO-
Ebl COCTABJISAOUIME yeKOoperus cM. dopmyant (7.11), (7.12)]: iy —AE=
=4y Jlasnee curHas #; NOCTyNaeTr Ha NepBLIl HHTerpatop (pHc. 7.4).
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Ha BeiXoée mepBOro MHTErpaTopa HMeeTCsi NPHOOPHOe 3HAUEHHe CKO-
pOCTH ABHMXKEeHHs Vy, KOTOpOe HCIOJNb3yeTcss A5 (OPMHDOBAHHs MO-
MEHTa KOPPEKUHH B MOMEHTHOM [JaTYHKe TMPOCKOINA, PacHOJIOXKeHHOTo
Ha ruponsatrpopme; My=rsVy+n, rie 1 — NOCTOSAHHBIE CHTHAJ, BEJH-
4YHHA KOTOPOro MOMJIEXKHT ONpeJe/eHHIO; k3 — MOCTOSIHHBIT KO3 QHLH-
€HT, BeJIMYHHA KOTOpOro Gyjer BbI6paHa M3 yCJAOBHs HEBO3MYILAEMOCTH

rupoBepTHKaau V, —jx,,a’t Xu— NpubOpHOe 3HAYEHHE OTHOCHTEJIbHO-

I0 yCKOPEHHs.
ITon peiictBueM MoMeHTa KoppeKunu My=Fk3Vy+n KHHeTHUECKHH
MOMEHT rupockona Ho GyleT npeueccHpoBaTh ¢ YrJOBOk (CKOPOCTBIO

‘P =M/ Hy=(kV ,+n)/H,, (7. 13)
4YTO anBeneT K MOBOPOTY FMpPOMJNAaTHOPMBI B TOPH3OHT MeCTa Ha YroJ

—ngpndt IIpu yrae a0 akcenepomerp Oyner u3MepsATh YCKODeHHE

(cm. puc. 7.3, 7.4, 7.5) ax,=4’ cos a+j’ sin ax~i’+j’a. B npuseleH-
HOM BBIpaxKeHHH jj’ sin a = jj’a sBJsSETCH COCTABJSIOLIE] YCKOpeHHs i’
B IpPOEKIHH Ha OCb H3MEpPEHHs aKcejepoMmerpa. DTa COCTaBJAOLIANA
YCKODEHHS H3MepseTCs aKCeJEPOMETPOM, UTO IPHBOLKT K OUIHOKe onpe-
JesqeHHust Mecrtonosnoxenus JIA. nst BbIGpaHHBIX YCJOBHI Nojeta C
TOYHOCTHIO 10 METOJHUYECKO!l OLIMOKH MOXHO CYUHTATh, 4YTO COCTABJISIO-
mas jj’ 4uMcJeHHO paBHa yckopeHuio g. [lpu sToM curHaj Ha BBIXOLE
akcejepoMeTpa ¢ yuyeTOM IpeAbiayuleil gopmynabl 6yner pasen (cCM,
puc. 7.5) Zp= (& cos a+g sin a) k< (i’+ga) k.. B coorBercTBHH CO
CTPYKTYpPHOH CXeMOH, NpeACTaBJeHHOl Ha pHC. 7.4, BbHIUTEM M3 H3Me-
PEHHOTO 3HAYEHHS ¥y METOLHUYECKYIO MONMPaBKy RyAk:

Xy=k,x' cosa —k Ax + kg sin a<k, X’ +k,go—
—k Ax=(s+ga)k,, (7. 14)

rae s=i&—AZ. Cursan &y, ompenessieMelt nocsenHeli GopmyJof, mo-
CTynaeT Ha NMepBHIH HHTErpaTop.

[Tonpo6yem momoOpaTh NOCTOSIHHBIE ITapaMeTPHl Rz H 1 B BHIPaXKe-
HHH IJisT MOMeHTa KOppeKUHH My=~RsVy+n TakuMHu, 4TOOHE BO BpeMsd
JIBU2KEHHS THpoIaTdopMa HaXOJUIach B MeCTHOM ropu3onte. OUeBH-
HO, MaTeMaTHUYeCKHM BbIpaxKeHHeM IIOCJeAHEro YTBEPXKJIEHHsS sBJAETCS
BHINOJIHEHHE YCa0BHS o (¢) =0.

[Ipexpe yueM pelIHTb 3TOT OCHOBHOH BONPOC, IOCMOTPHM, K KaKHM
OIHGKAaM MOXKeT NMPHBECTH HEeBBIIIOJHeHHe ycaoBHs a(f) =0. das npH-

ARk,
n @
X' a, P Xp X, 1 Va X AIEEES
* J Hop Puc. 7.4. CrpykrypHas
cxeMa rHponaatdopMel C
HHTerpaJbHOMH Koppek-
. uued
yx y‘t X
.
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Mepa mnoJsioxum, uto yron a=0,001 pan=3,4" u
BpeMsi paGoOThl MHEPLHAJbHOH CHCTEMBl PaBHO
1000 c. Omn6ka B U3MePeHUH YCKOPEHHS B COOT-
BEeTCTBHH ¢ dopmysoit (7.14) cocraButr A¥=gu,
YTO TpHBeNeT K OWHOKE H3MepeHHs CKOpPOCTH
AV=gat u nytu Ax=0,5gaf?. TlogcraBass uuc-
JIeHHble 3HaueHHs a U f, HalijgeM, 4TO owHOKa B
cuncaeHHH nyTH cocTaBUT Ax=5000 M. KaK BUI-  jay exonema, ‘omebe
HO, owKM6Ka B OPHEHTALHH MJIAaTPOPMBbI [axe B  Pomerpom
3—4 yraoBble MHHYTBHl NPHBOAHT K 3HAUHTENb-
HBIM omK6KaM B CUMC/JEHHH IYTH, KOTOPble NMPOMOPIHOHAJNbHB KBaApa-
Ty BpeMeHH paboTHl CHCTEMBEI. i

BepHneMcs K OCHOBHOMY BONPOCY — K BHIBOJY YCJIOBHSI HEBO3MYllae-
VIOCTH BEepPTHKaJH B FHpOMJaTdOpMax ¢ HHTErpaJbHOH KODPEKUHeH.
CurHan Vy Ha BBIXOje MEpPBOro HHTErpaTopa Npu a(t)#tO B COOTBETCT-

BUH C popMyJ10i (7.14) MOXKHO npencTaBuTh Tak: V = Y (s+ga) kdr.

0
[Moncrasass snauenue Vy u3 nocaenneil popmyasl B Boipaxenue (7.13)
u quddeperuupys, HaxoAUM

Gy =k, (5+-ga) Hy . (7. 15)

ITponnddepeHnupoBaB nBaKAbl COOTHOWIEHHs P=s50~!, Yp="Yn+a,
Haitnem $=s07, §15=(13,,—|—&. IIpupaBHHBast mpaBble YacTH MOCHEIHHX
PaBEHCTB, MOJyYaeM CJeAyiollee COOTHOLIEHHE: sol=¢,+a. Tloa-

cTaBJsis 3HAueHHe Py U3 Gopmysasl (7.15) B mocjefHee COOTHOLIGHHE,
NoJiyyaeM JIMHeHOe HEOAHOPOAHOE YpaBHeHHe

a—+kokgHy a=s0"1— k kysH7 ", (7.16)

KOTOpPO€ OIIMChIBAaeT JNHHAMHUKY INPHBEACHHsS THPONJIATPOPMBI B TODH-
30HTAJbHOC MOJIOXKEeHUe. JIeBast 4acTh 3TOr0 ypaBHEHHs OMHChIBaeT co0-
CTBEHHBIE CBOIICTBA rHponnaThOpMBl KakK JIHHAMHYECKOH CHCTEMBHI;
npaBasi 4acTb 3ajJaeT BO3MVIICHHs, BbI3BaAHHble TnepeMelledueM JIA.
CucTtemMa #OJMKHA Tak OTpaboTaTh BO3MYIIEHHs, 4TOOb rUponiatdopma
HaxoQu/J1ach B MeCTHOM Topu30oHTe (a(f)=0) Bce BpeMsi ABHKEHHS.
Hnst aToro HeoO6XOAUMO, YTOOBI TOXKIECTBEHHO PaBHSJIOCH HYJIO YacT-
Hoe peweHHe ypaBHeHust (7.16): a*(#)=0. D10 MOXHO NOJYYUTL IIy-
TeM BbI6Opa HapaMeTpPOB rHpOmaaTdOPMbI TakK, UTOOHI- IpaBas 4acTb
ypaBHenusi (7.16) oOpamanaace B HyJab: o~ i+ k.ks/Ho=0. V3 nocnen-
HEro ycJIOBHSI HAaXOZHM 3HaueHHe OJHOrO M3 IlapaMeTpPOB THpPOMJAT-
GhopMBI:

koky=k=Hlo. (7.17)

Ilpu BeimosHeHHM ycaoBHE (7.17) rupomnatdopma Gyaer HEBO3MY-
maeMoil 10 OTHOLIEHHIO K yCKOpeHHio §. [lomcraBisis sHadeHHe KRyks U3
Gbopmyanr (7.17) B ypaBHeuue (7.16), moayuum Tak HasbiBaeMOe ypaB-
nexne masitouka ynepa

a-+go~la=0. (7.18)
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PelreHne 3TOro ypaBHeHHs — He3aTyXalollHe rapMOHHYeCKHe KoJseda-
uua. Tlepnoa stux kosebanuii npu g=R Gymer T =2n) o/g==84 mun
20 c. OToT nepHoj Has3bBaeTcs neprogom MasitHHka llysnepa. Pernenne
OLHOpPOLHOTO ypaBHeHus (7.18) Oyaer paBHO HYJIO TMPH HYJEBBIX Ha-
yagapHBIX ycaoBusax: ap=0, ap=0. [lepBoe ycioBHe O3HauaeT, uto B
HayaJe NBHXKEHHS KHHETHUYeCKHH MOMeHT H, HampaBjeH TO BepTH-

KaJHM MecTa cTapTa, T. e. 10 ocH Yy Bropoe ycaoBue ag=0 o3Hayaer,
UTO B HayaJ/bHBI{ MOMEHT yr/oBas CKOPOCTb Apefida rupomnnatdopMbl
paBHa Hym0. AGCONIOTHO TOUHO 00a 3TH YCJOBHS He BBINOJHSAIOTCS, Ka-
KHe-TO OTKJIOHEHHs 06s13aTeNbHO uMeloT MecTO. OKasblBaeTcsi BO3MOK-
HBIM T2K BEIGpaTh MapaMeTp i, 4TO, HECMOTPS Ha HaJH4YHe HEKOTOPOt
-CKOpPOCTH Vo B HauyaJbHBIl MOMEHT, MOXKHO TEODETHYECKH VAOBAETBO-

PHTE YCJIOBHIO ao_O ,[[eHCTBHTeJIbHO U3 COOTHOWIEHHS c=9P—Yg
nmeeMm a=1—\y. [loacrasiss p=s/o u Py U3 paBenctsa (7.13) B
nocJieflice COOTHOILIEHHe, HAXOLUM, UTO a—s/Q-—(k3Vn+n)/Ho Taxk
Kak Vp=0 npu {=0, To u3 mocnes/Hero ypaBHeHns HaXOAUM 3HAUEHHE
n npu ae=0: n=~Hoéo/o. ITocaennsas ¢opmysa 3agaer BTOpoi napa-
MeTp n MoMeHTa Koppekuun M,=~k3V,+n. Hafinem Bripaxenue ans

3TOrO MOMEHTa C y4YeTOM ICJYUYEHHBIX BBIPAXKEHH{ 1J/ia apaMeTpos £
(7.17) u n=H$o/0:

M =soH oo+ V  Holok, = Hy (so+Volky)jo=HV jo=kV,

T. €. MOMEHT KODPDEKLHH IpPOIOPIHOHAJNEH NOJMHOH CKOPOCTH. Takum.
o6pa3oM, MyTeM ONpeleseHHOro Bbi6Opa MapaMeTpPOB THPOINIATHPOPMBIL
H CJHeAsIIEell CHCTeMBl MOMKHO JOOHTHCS HEBO3MYLLAeMOCTH THPOIIAT-
$hopMbI K YyCKOpEeHHUIO § 1eHTpa Mace JIA

IToneano Ha NOJydYeHHBIH pe3yJAbTAT NMOCMOTPETb C TOUKH 3PeHHUS
TEOPHH IH(QP(EpPeHIHAIbHBIX YPaBHEHUH: NJIs1 NOCTHKEHHS HEeBO3MYIla-
€MOCTH (HHBapHAaHTHOCTH) paccMaTpHBaeMO# cHcTeMbl Oblid mogobpa-
HBI TdKHE KO3(h(HIHEHTH ypaBHeHHs (7.16), 4TO OHO H3 HEOAHODOLHO-
rc CTa/J0 OAHOPOAHBIM, YaCTHOE peUIeHde KOTOPOro TOXKACCTBEHHO paB-
HO HyJsio. Cie10BaTeJbHO, JOCTHTHYTA MHBAPHAHTHOCTb MO OTHOILEHHIO
K BO3MYUIEHHIC § — OTHOCHTEJIbHOMY YCKOPEHHIO.

B Teopuu aBTOMATHYECKOrO PEry/JHpPOBAaHHs HEOJHOPOAHOE JIMHEH-
HO¢ ypaBHEHHE MOXKHG CBECTH K OJHOPOJLHOMY HECKOJBLKHMH Crocoba-
mu. OfMH M3 HHX NPHBeNEH BbIILIE: NyTeM HadJjexalllero Belbopa napa-
METPOB peryJsiTopa yAaeTCs 4YacTHOe pellieHHe AHOPepeHIHaNabHOro
ypaBHeHHS, OMHChIBalOlIero paboTy paccMaTpUBaeMOll CHCTEMBI, CJe-
JIaThb paBHBIM HYJIO, T. €. H30ABUTbCA OT CTATHUECKOH OIIHOKH CHCTEMBI.

B npyrom cayyae co3maercsi [NONMOJNHHTEJbHBIH KaHaJ (IPHHLMUI
JIBYXKaHaJbHOCTH) MJ51 KOMIEHCAlLHH BO3MYIILEHHS M JOCTHKEHHsS] HH-
BapHaHTHOCTH, NpeanoxeHHbll akagemukom Bb. H. ITerposrmM. Cucrema
M3 HEOJHOPOJHOH MesaeTcsi OJHODOJHOH, WaCTHOe pelleHHe KOTOpOi
pPaBHO HYJIIO, H CTaTH3M B CHCTeMe, CJeJOBaTeJbHO, oTcyTcTBYeT. IlpH
3TOM, roBOpsi 00 HHBaDHAHTHOCTH CHCTEMBI, HeOOXOJHUMO YKa3biBaTh,

MO OTHOLIEHHIO K KaAKOMY BO3MYIIEHHIO H KOOpAHHATE pacCcMaTpHBAET-
€ HHBADHAHTHOCTb CHCTEMHBEI.
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W, HakoHell, HEOJHOPOJHOe ypaBHEHHe MOXKHO CBECTH K OJHOpPOX-
HOMY IyTeM BBEeIEHHS HHTerpasja B 3aKOH YNpaBJEHHS.

B Hacrositiee BpeMsl CyLILeCTBYeT HEeCKOJIbKO YCJOBHI HEBO3MYLIEH-
ROCTH B TEOPHH MOCTPOEHHS HHepLHAaJJbHBIX CHCTEM HaBHIalHH. B gacT-
HOCTH, HMEETCsl YCJOBHE HEBO3MYIIEHHOCTH [Jis TaK Ha3blBaeMOH aHa-
JUTHUYECKOH BepTHKaaH. B aToil cxeme rupomyiatdopma BmecTe ¢ pac-
TIOJIOKEHHLIMH Ha Heil akcejqepoMeTpaMy HeMOABHXKHA OTHOCHTENb:HO
MHEPLHAJbHOrO NPOCTPAHCTBA. B MpHHINIE, HCNOJAb3Ys] BO3MOMKHOCTH
COBpPEMEHHON TEOPHH YNpPaBJIEHHS, MOXKHO BCerfa A0OHTbCS HEBO3MY-
11aeMOCTH CHCTEMBI (KOOPJAHHATHI) K KaKOMY-JAHOO BO3MYLIEHHIO c He-
00XOAHUMOH AT NPAKTHKH TOYHOCTLIO.

TlocTpoeHne HHePLUAALHOH CHCTEMbI
ynpasJienus (NpuUMepsl)

Mpumep 1. Ha puc. 7.6 npeacraenena CTPyKTypHO-QyHKIMOHAAbHAsT cxeMa JIA C
ABTONMMJIOTOM M rupomaardopmoil. T'mpomnatdopMa NPHBOAHTCH B TOPH3OHTAJbHOE
NIOJIOKEHHE TOCPEACTBOM HHTErpaJbHON KOPPeKUMH TaK, YTO OCH H3MepeHHd ABYX
4KCeNIePOMETPOB, PACIOJOKEHHBIX Ha THPOMJIaTdOpMe, HaXO[ATCs BCe BPeMsi B TOpPH-
30HTe MecTa M HanpaBJeHbl Ha ceBep (kaHana X) H na BocTox (kanan Z). Kanamsl
BKaoualoT Boluucauteau ([—X), (I—-Z) yckopenuit  Ax, Ay, peaausymoilic ajic-
putmbl (7.12). B xoutypet [/—Z u II—X Bxonst ruponsatdopma (1/Hop), unrerpa-
Topbl (Ri/p u ko/p), akcenepomerpbl (kx M k), ycuautens (ks), sazaiowiuit sakos
CO3MaHIs KOPPEKLUHOHHOTO MOMeHTa, a TaKXe psij KHHeMaTHYeCKHX 3BeHbeB
(1/p% @ cos @, 1/p? @, y1), OCYIIECTBAAIOLIUX CBSI3b MeXIy HEKOTOPHIMH KOODAHHATa-
MH paccMarpuBaeMoil crcTemsl. Hiuike npuBemeno omncaHHe ¢GYHKUHOHHDOBAHHS CHC-
TeMbl.

Ecnu 6bt ruponsatdopMa Gblla CTPOTO B TOPH30HTe MecTa, T. e. a(f) =0, To Ha
BXOJ aKceJepoMeTpa MOCTYNHJa Obl COCTaBJsOmlAs X’ yCKOpeHus JIA B mpoekuun Ha
ocb usMepeHuss Xaxc. HO Tak Kak yros @ Mexny ocbl0 Xaxc M TOPH3OHTOM MecTa
OTJIHYEH OT HyJsl, TO aKceJepoMeTp H3MepsieT TaKKe INPOEKIHI0 BEPTHKAJNbHOH COC-
TaBJsollell yCKOpPeHHs y’ Ha ocb H3MepeHHS Xaxc (CM. puc. 7.5) mpu kx=1, T. e.
Xu'=x"cos a+y’ sin a==x’+y’a. V3 BesuuuuLl BHIXOAHOrO CHTHAAA Xy’ BBLIYHTACTCH
MeToAHuecKas monpaBka Ax (Xu=xy'—Ax). [ajlee curHaj nocrymaer Ha MNEPBBI H
BTOPOH HHTErpaTopshl.

Curnan Vi Ha BBIXOfe NMCPBOTO HHTErPATOpPA HCNOJB3YETCH st (OPMHPOBaHHS
MOMEHTa KOPDEKLHH B MOMEHTHOM NaTYHKe THPOCKOINA, YCTAHOBJEHHOM Ha THpOIJIAT-
dopme, B coorercTBHH C PopMmynoir My=rks;Vx +n. Moment xoppexuumn My mnoso-
paunBaeT rHpomIatdoOpMy Ha yroj Yu, KOTOPHI B HAeaNbHOM cjydae HOJNXKeH OBITH
paBeH yray 1\ — NpoOiAEHHOMY paccTosiHuio JIA B yrioBoil Mepe. B peajbHBIX yCJIO-
BHAX TOJIeTa BO3HHKAeT HEKOTOPHIE yros paccoracOBaHHS O==Y—g, UTO NPUBOLHUT
K omHGKe y’'0 B MOKA3aHHH aKcelepOMeTpa.

AHanoruyHele NpOLECCH NPOTeKAT B KaHale Z (BOCTOYHBIY KaHAald).

CHrHasel C TMepBoro M BTOPOTO MHTErPATOPOB MNOcTynaiotT (cM. koHTyp [[[ Ha
puc. 7.6) Ha BXOJ BHIYHC/IHTeNs curHana paccorsacoBahusi (BCP). Tyma ke mocry-
TIal0T CHTHaJBl C mporpamMMmuoro mexanusMa (ITM) uiu ¢ BHIYMCIMTENsST KOOPIMHAT KH-
EeMaTHYecKOH TpaeKTOPHH. C BBIUHCIHTENs CHTHA/Ja paccOryiacoBaHUs KOMAaHAbl IO-
crynaior B apronuaor (AIT). ABTomMIOT BO3mefCTBYeT Ha pexHM mosera JIA, H3Me-
HAS ero TPaeKTOPHIO B COOTBETCTBHH C KOMaHAaMH yNpaBJIeHHS.

Jns KoMIeHcalMu yXOAa THPOMIaT)OPMHI H3 TOPH3OHTa MeCTa BCJAEACTBHe Bpa-
wenns 3eMJH H A yAePKaHHA THPONIATHOPMbl B a3UMyTe, T. €. UTOOH CeBepHbIi
aKcesiepoMeTp GblJl HampaBJieH Ha CeBep BCe BpeMsl NABHXKeHHs JIA, He06X0AMMO THPO-
n1aThopMy HOMOJHATENbHO Pa3BOPAYHBATH OTHOCHTENBHO ocel X M Y (cM. MOSICHEHHS
B IipuMepe 2).

Jnsi  HeBO3MYIlaeMOCTH THPOBEPTHKAJH HeOOGXOLHMO BBIIOJHEHHe  YCJIOBHS
kikiky =kekiks=k, rie KoadbuuKeHT £ onpenensierca Gopmydoir (7.17)
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TMpumep 2. PaccmoTpim paboTy CHCTEMbl ynpas-
JeHHA JABHXKeHHeM Lentpa Macc JIA, npeaHasna-
YeHHOro /s ¢oTorpacdupoBaHHs MecTHOCTH. IlycTb
HEOOXOJHMO CleJaTb CbEMKH HeKOTOPOH  MOJOCH!
MM, opHeHTHPOBAHHOH OTHOCHTeNBHO TOUKH CTap-
Ta H3BeCTHHIM obpa3oM (puc. 7.7). Tpaekropus,
TpeAcTaBJ/JeHHass Ha pHC. 7.7, COCTOMT M3 pabouero
yuacTka MyM,, Ha KOTOpPOM OCyllecTBJsiercs ¢oTo-
rpadupoBaHue MecTHOCTH, yyactka CLM; Banera n \
3axofa Ha pabounii y4acTok M H3 yuactka MOl —
BO3BpallleHHsl K MEeCTy Nocajik# Ha aspoapom: Cucre- ¢
Ma ynpasJeHusi o6ecrieddBaeT aBTOMAaTHUYeCKHI B3JeT,
nmoJieT ¥ nocaaky. Ha puc. 7.8 mpeacrasiera ¢yHK- .
LHOHAJbHASL CXeMa aBTONHJIOTA C THPOMIaTHOPMON, l;;';;a:‘giAK“"e'““""“"“" Tpaek:
HEO6XONMMBIMH NPHOOPaMU, 060PYA0BaHHEM H JIOTH-

YECKHMH YCTPOHCTRAMH, KOTOPbie OGeCreuHBaloT Io-
JIeT MO 3afalHof TPaeKTOpPHH. )

Ha ruponnatgopme ycranosiennl cepepibiii Ay M BOCTOUHbLH Ag axceslepoMeTphI.
B cuerno-pewatomem ycrpoiicree CPYI ocymecrsisercs. BbIpabOTKa MeTOJHYECKHX

TIONPaBOK Ax u AZ 1o dopmynam (7.12). CPYI coorserctBylor Bhluncautesy I—X u
1—Z wa puc. 7.6. Meronuyeckue NOMpaBKu Ax u Az BHUMTAOT H3 BEIXOJHBIX CHIHa-
JI0B akcesiepomeTpoB X’ 2. TloJlyueHHble OTHOCHTEIbHbIE YCKOPEHHS Xy W Zy IMOCHLT2-
10TCS B TNepBble HHTErpaTopbl 1/p M najee na MOMEHTHBle NATYHKH rHpockomos /0.
B MOMEHTHBIX MaTYMKaxX BHIPAGaTbIBAIOTCS MOMEHTHl Koppekuun Myx=ksV-+n. Iloa
JIeHCTBHEM MOMEHTOB KOPPEKIIMH THPOTIAT(OPMA «CJIEIHT» 3a MECTHHIM TOPH3OHTOM
C YrIOBHIMH CKOpOCTAMH x/0 M 2/o [cM. puc. 7.2 u dopmyas (7.7)]. Onnaxo

pa3BopOT THPOMIATGOPMbl C YTJIOBHIMH CKOPOCTSIMH X/0 H 2/Q He OGecreyHT TOpH-
30HTAJBHOCTb THPOMIATGOPMEL. [leHcTBHTE/NbHO, BCIEACTBHE BPalleHUsl 3eMJ/IH THPOIIaT-
(opma 6yIeT BBIXOLMTL M3 FOPH30OHTA MECTa C YIJOBOH CKOPOCTBIO —®x==— COS {p

n

[em. puc. 7.2 u ¢opmyasr (7.7)]. UTO6E KOMMEHCHPOBATL 3TOT YXOX, HA MOMEHTHBIH
natynk [0 (cM. puc. 7.8) HeOOXOMHMO MOAATh CHMTHaA ® cos ¢. Temepp maatdopma
He BBIfJET U3 MeCTHOrO TODH30HTA. Ecin He NPHHATE COOTBETCTBYIOLIMX Mep, THpO-
nnatdopMa, ocTaBasch B MeCTHOM TOPH30HTe, GyHeT IOBOPAYHBATbCs B a3UMYyTe OT-
HOCHTEJIbHO BEPTHKaJbHON ocu.Y (cm. puc. 7.2) ¢ yraoBOE CKOPOCThIO @y [cM. dop-
myasl (7.7)]: —oy=o sin ¢+2z tg ¢/p. Ecnu Heo6xonuMd ylepXKaTb rHpomiaaTdopmy
OT 3TOr0 NOBOPOTA, TO HAa MOMEHTHBI AaTyuk /0, KOTOpBIH CO3JaeT MOMEHT AJs IO-
BOPOTa I'MpornaaTdopMbl OTHOCHTENBHO BePTHKAJbHOH ocH Y, He06XOAHMO MOAAThb CHI-
HaJl, moj HelCTBHEM KOTOPOro rupomnatdopMa noBopayuBajach Obl OTHOCHTENBbHO OCH
Y ¢ yryioBo#i ckopocTbio Wy = sin ¢-+z tg ¢/o (cM. puc. 7.8). B sTOM ciyyae rHpo-
miatopMa GyIeT yaepKHBAThCs B TOPH30HTE M B a3HMYTE, a OCH M3MepeHHs aKcele-
POMETpPOB, HaxOAsChb B MECTHOM TOPH30HTe, GYAYT HANpPaBJEHH BO BpeMsi [BHIKeHH:
Ha ceBep U BOCTOK. [lepBoe cilaraemoe ® sin @ B nocyaeaHelt GopMyJie KOMIIEHCHPYeET
BePTHKA/ILHYIO COCTABJISIOIYIO BEKTOPA YIVIOBOH CKOPOCTH BpallleHHs 3eMsd, a BTOPOe
caaraemoe 2 tg @/Q — BEPTHKAJbHYIO COCTABJSIOLIYIO BEKTOPA YIJIOBOH CKOPOCTH WA
JIeTaTeJbHOrO ammnapaTta, BO3HHKAIOILYIO BCJAEJCTBHH nepeMelleHHss JIA OTHOCHTeNBHO
TIOBEDXHOCTH 3eMJIH.

Bce ocrasnbHble GiokH, 1PHOGOPH H YCTPOHCTBA NpejlHA3HAYeHbl HEMOCPeLCTBEHHO
LIS OCylecTBIeHHs noeTa JIA. QYHKUHH HX 3aKIOYAIOTCS B C/ENYIOLEM. B cyeTHO-

pewaromen yerpoiictse CPYII ocyluecTs/isieTcss nepexof ot KOODIHHAT X ¥ ZK KOOp-
LuHATAM S H $ 1o dopmynam s=x cos A+z sin A; d=x sin A+2z cos 4, rxe s u

8 — cocrapasione ckopocti JIA, HanpaB/eHHBle COOTBETCTBEHHO BJOJb pacyeTHOH
TpaekTOpuH (Ha paboyeM yyacTKe IO HaNpaBJeHHIO MiMA) M TEePNIeHIHKYIAPHO
(puc. 7.9). OueBHnHO, 4TOOH H36exXaTb GOJIBIIHX OTKJIOHEHHH OT 3a1aHHOH TPaeKTo-

pun M;M,, HeOGXONMMO TaK yMPAaBJATh BEKTOPOM cKopocTu V uentpa macc JIA,
uroObl GOKOBasi COCTABJAAKINAf CKOPOcTH O Gblia Majla H, CleloBaTeJbHO, BeKTOp V

6B HanpaBJeH TO pacyeTHOi TpaekTopmr MiMa. C Bhixoma CPVYII curhamsi s u O
noctynalotT Ha HHTerpaTopsl 1/p. IlosydeHHble ¢ MHTErpaTOPOB 3HAYEHHs KOODAHHAT
HCNosb3yloTes A7 ynpasienus JIA cienyromum o6pasoM.
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Puc. 7.8. CTpyKTypHO-pyHKUMOHANBbHAsA cXeMa JIA ¢ aBTOMMJAOTOM, rHponjatdopMoi, cdeTHO-peura-
IOWIMMH M NPOTPAMMHBIMH YCTPOHCTBAMH:

I—ycuauTenb: 2—pefyKTOP; S—CYMMHUPYIOUIHIl YCHAHTeNb; 4—YCHIHTEIb MOLIHOCTH; 5—O6JOK
IYCoe: 6—aBToMaT BHpaxKa; 7—INpOrpaMMHOEe YCTPOHCTBO; 8—cneilanmnapaTtypa; 9—3sapHoMeT);
10—MOMeHTHBIH HaTuuK; //—pas3rpys3ouHblili ABHraTeNb; [2—O6n0K CBOGOANBIX DHPOCKOMOB; [3—ycCT-
poiicTBO A/l H3MEHEHHS pexuMa moJjera

CursaJsl 60KOBOI cOCTaBJSIOLell cKOPOcTH 0 M GOKOBOrO OTKJIOHEHHs1 § mampas-
JSIOTCS B KaHa/l Kypca aBTONHJOTA, Ha €0 CyMMHMpYIOIIMi YcHJHTeNp 3 (CM. pHC.
7.8). B pesynbTate pyJsb HanpaB/ieHHs OTKJIOHACTCS TaK, YTOObI KOMNEHCHPOBATL Go-
KoBble OTKJOHeHHs O JIA or Tpaekropuum M M,. Curnan 8 BBOZUTCS B KaHanm Kypca
AN YAYYUICHHST KAayeCTBa MePeXOfHOro NpoLecca, AJs JHKBHIALUHMH HeXKesaTesbHOH
Ko/1e6aTeqbHOCTH. DTOT CHTHAJ COZaeT Heo6XOAHMOe AeMI(HUPOBaHHE B NEPEeXOLHOM
nporecce N0 X0opAnHaTe § HBHKeHus LeHTpa Mace JIA. ,

CurHaa s -— npoiiieHHOe paccTOsiHHe BJOJb TPAeKTOPHH, NOJAETCA B IPOrpam-

MHoe ycrpoiictBo 7. [lpum crapre B  mporpaMmHoe

N yCTpOHCTBO 7 BBOLUTCS DS 3HAYEHHH NYTH Sy, Sa, ..., Su.
) ;oM OTH 3HAueHHsT S; COOTBETCTBYIOT TOYKAM TPaeKTODHH,
X _ 2 B KOTOPBIX MPOrPaMMHBIM YCTPOHCTBOM 7 HOJIKHBI OBITb
v BbIZaHLl Pa3oBLIe KOMaHJAbl THIA: <«IPOH3BECTH BTOPOH

A pPasBOPOT», «BKJIOYMTb anmaparypy» (Hampumep, ¢oTo-

anmapaThl), «M3MEHNHTb BBICOTY MOJIETa», <«IPHCTYMHTh
K sTany nocaaku JIA» u 1. 1. PasoBsle KoMaHabl, nocTy-
nalomye Ha crenannapatypy 8 (cM. puc. 7.8), ynpasas-
1T paBoToit 3To#l amiapaTypbl. B aBTONHJIOT  BXOAHT
6aox pemnoupyrcuux rupocronos (AYCoB) 5 u Gaex
cBoGONMHBIX riipockonos I2 (cMm. puc. 7.8). B 1ekoTopnix
cxeMax yrael O, W, y CHIIM2IOTCS C HOTCHUHOMETPOB IH-
Puc. 7.0, Kumemaruuecxkue  POTIATGOPMBI, W GIOK CBOGOIHBIX THPOCKONOB /2 OTCY:-
3E€MEHTDI CTBYET. .
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IT'rasa 8

CUCTEMBbI
CAMOHABEJEHUSI

8.1. KPATKASl XAPAKTEPHCTHKA

Onpenenenne u kaaccupuxkauusi. CHCTeMbl CaMOHaBeJeHHUsI XapaKTepH-
3YIOTCSl TEM, YTO OHH HMEIOT CIeLHaJbHOE YCTPOHCTBO, Ha3bIBaeMoe
roJIOBKOH caMOHaBe/leHHs, Ha3HAUeHHe KOTOPOH — H3MepsITh KOOPAHHA-
Thl HEKOTOPOTO 0O'BEKTA OTHOCHTENBHO CBOErO MECTOMON0XKeHH s, Llenbio
JIA, Ha KOTOpOM pacrmo/iO}KeHa TOJIOBKA CaMOHABEJeHHMs, SABJAETCS
cOJiHKeHHe ¢ 00beKTOM. B KauecTBe 00b€KTa MOXKET BBICTYNATh KOC-
MHUecKHil KopabJb, HaXOASALIUNCA B aBaPHHHOM COCTOSIHMH; OpOUTaJb-
Hasi KOCMHYECKasi CTAHLHS, MeXIJIAHeTHBI KOCMHYeCKHH KopabJb;
CaMOJIET, HYK/AIOIHICS B NONOJHEHHH TOMJIKUBOM U T. 1. [Ipu paccMmort-
peHHH OOLIHMX BOINPOCOB TEOPHH YHOOHO Bce 3TH OOBEKTH Ha3BaTh
uespto. B mpouecce cOaMxKeHHs ueap MoxKer Oe3neficTBOBaTb, Haxo-
JUTbCSL B MAaCCHBHOM COCTOSIHHH, B APYIHX Ke CJAydYasix Lefb MOXKET
aKTHBHG yyacTBOBAThb B IIpoliecce HaBedeHHs. ['0JioBKa caMOHaBeleHHUS
M3MeDSeT OTHOCHTeNbHble KOODAHUHATHL LIeJIH IIYTEM YJAaBJIHBAHUS dHEP-
THH, M3JlydaeMOH HJIM OTpaxaeMmo# lesblo. Mcmoapdys uHbopmanuio,
NOCTYNAWOIIYI0 C TOJOBKH CAaMOHaBeJEeHHs, aBTOMMJOT BbipabaThIBaeT
yIpaBJsOIiHe KOMaH/bl, 10 KOTOPLIM HCIIONHHTEJNbHEE YCTPOHCTBA OT-
KJIOHSIIOT ynpaBasioline noBepxHoctu JIA. CospaBaemas JIA GokoBas
neperpy3ka o0ycJaaBJIHBAET €ro IOJET B HaNpaBJeHHH K ledH. Takum
06pa3oM, B CHCTeMax caMOHaBeleHHs BbipaGoTKa CHrHaJja paccoraaco-
BaHUs, (POPMHPOBAHHE KOMAHIABI YNpaBJEHHss ¥ ero oTpaboTka OCy-
1ecTBJsIIOTCH Ha GopTy JIA.

Ecau sueprusi, u3jgyuaeMas Iejblo, BO3HHKaeT BCJAEACTBHE (HU3H-
YeCKHX IPOLECCOB, COMYTCTBYIOIIMX IOJIETY, TO CHCTEMH CaMOHaBele-
HUS HA3HIBAIOTCA NaccusHoimu. Ecau Ke Leap H3/JIyyaeT HeIOCTATOYHO
3HEPTrHu A5l ee OOHapyXKeHHs W H3MEpeHHs ee KOOpAHHAT, TO LeJb
«rogceeunBaeTcsa» (obJayuaercsi) u JIA yjaBiHBaerT OTpa)KeHHLI CHI-
Has. Ilpu atom, ecan o6sydyeHne ocyuiectBasercs ¢ Gopra JIA, 10 cu-
CTeMa CaMOHaBeJeHHsl Ha3bIBaeTCsa axTusHou. Ecin xe obayuenne ocy-
UIeCTBJASIETCS C TPeTbero oHbeKTa, TO CHCTEMa CaMOHaBeleHHs Ha3blBa-
ercs noayaxTusrol. CyllecTBYIOIHE CHCTEMBl CAMOHABEJEHHS HCIOJb-
3yIOT BCe IepevHC/IeHHble BbILe THIB CaMOHaBeldeHHs. K MmOJyakTHB-
HBIM M aKTHBHBIM CHCTeMaM CaMOHaBeJeHHs1 NpHOEraloT, B YaCTHOCTH,
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nnst 6oJlee HaAeXKHON CBSI3H C IeJblo H obecrneucHHst OOJBIIHX Hajb-
HOCTel 3aXBaTa LieJIH TOJIOBKOH caMOHaBEJeHHS.

" PaGoTa rosioBKH caMOHaBeleHHs OCHOBaHa Ha YJABJHBAHHH 3Hep-
FHH aKyCTHUYECKOH HJIH 3JEeKTDPOMATHUTHOH BOJIHBI.

AxycrHueckas Heprusi (aKkycruueckue roJOBKH) HCIOJAb3yeTCA B
JiHanasoHe 3BYKa M yJbTPa3ByKa. B Hacrosillee BpeMst B BOJAHOII cpefie
IUIsl 1esiefl caMOHaBeJeHHsl B BeLYIIHX MODCKHX [J€pKaBax HCIOJb3Y-
€TCsl HCKJIIOUHTEJIbHO aKyCTHYeCKasi SHeprus.

DJIeKTPOMATHHTHASI SHEPIUsI HCIIOJIb3YeTCs B AHAAa30He PaJHOBOJH,
TEIJIOBOrO H3JY4YeHHST U BHAUMOro crnekTpa. COOTBETCTBEHHO TOJIOBKH
CaMOHAaBEeJ€HHS Ha3bIBAIOTCA pPAOUONOKAYUOHHbIMU, UHPPAKPACHOIMU
(TenyIOBBIMH) M onTudeckumu. I1poxoxgeHre 3JeKTPOMATrHUTHBHIX BOJIH B
atMocepe 3eMJIH CONPOBOXKAAETCS CAOKHBIMH SIBJCHHAMH H CTCIEHD
HX 3aTyXaHHs IJ51 PasjHYHBbIX AJHUH BOJIH PE3KO H3MEHSeTCsl, 4TO, B
YaCTHOCTH, OOBACHSETCS CJIOXKHOCTBK COCTaBa BO3AYyXa H OGOJBIIOH
SHepruei, 3aKJIOUeHHOH B 3/1eKTPOMATHHUTHOMH BOJIHE.

Bousabwas ckopocth saekrpomarautHof Boausl — 300000 kM/c, xo-
poliasg OpPOHHLIAEMOCTh B BO3AYyXe M KOCMOCe IO3BOJISIOT CO34aTh CH-
CTeMBI CAMOHAaBEeAeHHs ¢ GOJbIIMM pPajHycoM AeHCTBHS; BpeMeHeM Iie-
pEMelleHHsT SHEPTHH OT e K JIA NpakTHUECKH BCErjga MOKHO MDeHe-
6peun. CHCTEMbl CAMOHABEEHHs IIHPOKO HCHOJIL3YIOTCA B BOAHOH cpe-
zie, atMocdepe 1 KocMoce.

Hepapxnueckas cucreMa (yHKUHOHANOB KayecTBa. CHCTEMHEII
NOJAXCH K NMPOEKTHPOBAHUIO CHCTeM ynpasiieHus. Tak Kak KOHEUHBIM
pe3yJBTaTOM HaBedeHMs siBJseTCs BBIIONHeHHe JIA cBoeji 3amauu, TO
3a OCHOBHOIi, reHepaJ/ibHbIi IIOKa3aTesNb COBEPILEHCTBA CHCTEMBI HaBe-
NeHHd MOXHO NPHHSATh MaKCHMYM BEDOSITHOCTH P BhimosHeHus JIA
cBoell 3a1auu

P=E{P(x))={Qx)P(xdx, @.1)
]
rae P(x) — NJIOTHOCTb pacHpeliesicHHs BePOSATHOCTeH KOHEYHOro MNpo-
Jnera, Q(x) — yCc/aOBHBII 3aKOH BHIIOJIHEHHs JIA cBoeji 3agmaun; Q—
06J/1acTh HHTErPUPOBAHHUS; ¥ — KOHEUHBIH NPOJeT.

Yci10BHBIN 3aKOH BBIMOJHEeHHs JIA cBoel 3ajaum 3ajaeT BepOST-
HOCTb BHIMOJHEHHs JIA cBoed 3ajayu NpH ONpefeseHHOM IOJIOXKEHHH
JIA orHocuTesbHO ueaH. Uem 6anxKe pacmosoxken JIA k uenu ua 3a-
JaHHOM HampaBJieHHH, TeM OOosbliee 3HaueHHe MPHHHMaer Q(x), Tak
4TO B 3TOM CMEICTe Q (%) sIBJAsieTCs] MOHOTOHHO yO6biBaiouleil ¢pyHKUHe T
KOHEUYHOro TpoJieTa. YC/a0BHLI 3akoH Q(x) BbinosaHeHHs JIA cBoefr 3a-
JlauH YUHTBHIBACT JIMLIL paccTosiHHe x JIA OT 1esHn, a HalpaBJieHue, T. €.
YrJI0BOE MOJIOXKEHHE OTHOCHTEJBHO LIeJIH, He YUHTHIBaeT, B 3TOM CMEIC-
Je kpurepuii (8.1) saBiasiercs npHOaHxkeHHBIM. Kputepuii (8.1) orpa-
JaeT CBOACTBA CHCTEMBl yIpaBJeHHus u JIA B LesoM H MOKeT paccMmat-
PUBATHCSl NPH CO3LAHHH CHCTEMBI YIPABJEHHSI KaK I'eHepaJsbHbI{ KPH-
TepHH, KOTOPOMY [LOJI?KHB! OBITh IOAYHHEHHl H OLITH C HUM COIJIaCOBaHBI
ZApYrHe yacTHble (PYHKIHOHAJIE, OLeHHBAKIINe pabOTy CHCTEMB! YIpaB-
aenusi. OOBLIYHO B MpoIecCe NPOEKTHPOBAHHS CHCTEM HaBeleHUs Napa-
METPHl OTJEe/bHBIX 3BeHbEB CHCTeMbl BLIGHPAIOT TAKUM 0Gpa3oM; yToOb
MHHHMaJIbHOe paccTosiiHe JIA OT LeJH, KOTOpOe MOXeT OBIThH HOCTHI-
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HYTO B NPOLECCC HABEACHHS M HA3bIBACMOe KOHEUHBIM MPOJETOM, OBLIO
MHHHMAJbIbIM, T. €. NPH NPOEKTHPOBAHUH [0OHBAIOTCs CO3/aHUA Ta-
KOH cHCTeMbl yHpaBJ/leHHs, KOTOpas MHHHMH3HpOBaja Obl KOHEUHbIH
npoJer. ITosToMy B KauecTBe KDHUTEDPHSI COBEPIUEHCTBA CHCTEMbl yNpaB-
JiCHHs{ MOXKHO NPHMHATHh MHHHMYM MaTeMaTHUeCKOro OKHAAHHs MOAYJIS
KOHEUHOTO IPOJeTa Ki!

[,=E {|*{)=min, (8.2)
WJIH KBaJpaTa MOALYJsi KOHEUHOTO NpoJieTa
ly=E {|%/*}=min. (8. 2a)

HJIH, HaKOHell, MaKCHMYM BEpPOSITHOCTH monajanusa JIA B 3aaHHylo 00-
JlaCTb MCCTOIIOJIOXKEHUA Ui, BHIGOp 0LHOrO U3 NepeyucleHHbIX QyHK-
UHOHAJ/JIOB MOXET ONpeAeNsaTbCs, HaIpUMep, YA06CTBOM pelleHHs 3aja-
un B esoM. Kpurepuu (8.2), (8.2a) momuuHEHE! U COTJIaCOBaHLI ¢ IeHe-
pasbHbiM (8.1) B TOM cMbicie, uTo yeM MeHblue [y u [, TeM Goabuie P.
Kputepuii (8.2) u (8.2a) orpaxaroT JuIb JUHAMHYECKHe KauecTBa JIA
COBMECTHO C CHCTEMOl yNpaBJ/ieHHsl, B TO BpeMs kak kpurepuit (8.1)
YUHTHIBaeT 6oJjiee LIMPOKHI KPYT YCJOBHH, B TOM 4HCJ]e cBofictBa JIA
H LleJH.

ITo mauubIM 3apy6exHO# meyaTH AJsi pasHbIX KjaaccoB JIA cpenHee
KBaJpaTHYHOEe 3HaueHHe KOHEYHOro IpoJjeTa He [KOJIXKHO NMPEeBOCXOAHTD
0,2 ... 13 M. KoHeuHBII NpoJieT SIBJASICTCS CYLIECTBEHHOH XapaKTepHC-
THKOH JIA W IpH ero yMeHbIIEHUH YBeJHYHBAETCS] BEPOSITHOCTDb BHINOJ-
HeHusi JIA cBoeit 3amauu. [Ipu pemenuu 3ajgauu B JeTepPMHHHPOBAHHOM
NOCTAHOBKe B KayecTBe (YHKIIMOHAJa KayecTBa OObIYHO 6GepyT MHUHH-
MYM MOAYJS IPOJETA.

Ilpu npoeKTHPOBAHHH -CHCTEMBl YIIPABJEHHS IOJb3YIOTCH H APYTHMH
(hyHKIHOHAaJIaMH KauyecTBa, KOTOPble TAKXKe [JOJIXKHBI COTVIACOBHIBATHCA
C reHepaJ/ibHBIM KPHTEpHEM.

KauectBo JIA HeoTZenMMO OT KauecTBa CHCTEMHI YIpPaBJeHHs, CHC-
TeMa yIpaBJeHHs JOJIKHA CO3LaBaTbCs COBMECTHO ¢ JIA, B KOMIJIEKCE.
Mo:KHO, HanpHMep, TYTeM yCTaHOBKH 6o0Jiee MOIIHOTO H COBEPIIEHHOI'O
NpHBOJA, HECKOJIBKO YBGJHYHB €ro Maccy u ra6apuThl, YMeHbIUHTh KO-
HeuHbIH npoJieT. Ho BMecTe ¢ TeM yBeJHUCHHe Macchl i rabapuToB NPH-
BOJla MOXKET IPHBECTH K YMEeHbLUEHHIO moJsie3Hoi Harpysku JIA. Caeno-
BaTe/NbHO, 06K JIA H CHCTeMBl yrpaB/ieHHs HOJXKHBI CO31aBaThCs H3
paccMOTpeHHs 3a4auH B LesoM. M Bce XKe npeiacraBJsieT npakTHUECKHH
HHTepec OTBICKATb (PYHKLHMOHAJBI, KDHTEPHH, KOTOpHle Gbl OTpaKajn
KauecTBO PabOThI TOJIbKO CHCTEMbl HaBENEHHS.

KpurepHeM coBeplIeHCTBa CHCTEMbI YIPABJIEHHS HMEET CMLIC/] HPH-
HSITb KaKyl0-1H60 KOJIMUCCTBEHHYIO OLEHKY IIpPOJIeTa, KOTOpas IoJyya-
€TCsl BCJIEeJCTBHE OTJIHUHS peaJsbHOH CHCTEMBl HaBedeHHs OT HEKOTOpOi
nneanbHoH. CJIOXKHOCTb 3[eCh 3aKJIOYaeTCsi B Pa3yMHOM 3aJaHHH HIe-
aJIbHOM CHCTEMBI YIIPaBJCHHS.

[Tpn sajanHOM MeTOlle HaBeleHHs 3a HAeasbHYI0 CHCTeMy HaBele-
HHSI MOXKHO IPHMHSITb CHCTEMY, KOTOpast OCYLIECTBJSIET MFHOBEHHYIO Ie-
pekJafKy pyJell B COOTBETCTBHH C 3aJlaHHO} meperpyskoil. CuenoBa-
TeJbHO, OYJeT YUHTHIBATBCSI TOJNbKO HHEPHHOHHOCTh JIA Kak OOBbeKTa
ynpaBJsieHHS (OT pVJs O Neperpy3kH) U HHePUHOHHOCThL KHHEMATHUeC-
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Puc. 8.1. YnpowenHas GyHKUHOHAAbHAA CXEMa CHCTEMbI caMOHAaBEeAEHHUR

Koro 3BeHa. Besa ocranbHas wacTh cucTeMbl Oy/eT OMHUCHIBATHCS YCHIHU-
TeJbHEIM 3BeHOM. [locTpoeHHass morenb OTpa)<aeT MaHeBDeHHble BO3-
MoxHocTH JIA Kark o6bekTa ynpaBjieHHs TNpH 3alaHHOM MeTOje HaBe-
Jdenus. IlpuMenss pasnuuHble METOAbl HAaBEJCHHS, MOJNYUHM DS MOJE-
aeit. Tlogo6Hasi MoJenb cCHCTeMbl HaBeJeHHsl ¢ HICaJbHBIM aBTONHJIO-
TOM [0JUKHA YYHTHIBATb OCHOBHBIE HEJHHEHHOCTH, BHOCHMble JIA: Mak-
CHUMaJIbHO JONYCTHMble NeperpyskH, onpejesasieMble NpPOYHOCThIO JIA;
Orpa”HuyeHHe paciiojaraeMblx INeperpy3oK NPH MaJjblX CKOPOCTHBHIX Ha-
nopax. CpaBHeHKE NPOJIETOB TaKOH MOJENH HABENEHHS CO 3HAUEHHSIMHU
MIPOJIETOB peaJibHOIl CHCTeMbl HaBeJEeHHsI NO3BOJSET OLUEHHTh yBeJHye-
HHe MpoJieTa, BI3BAHHOI'O HEeHIeaJbHOCTbIO CHCTEMbl HaBeJeHHUs, HaAJH-
yHeM LIYMOB HA BXOJ€ CHCTEMBI U T. II.

B HekoTophX pexkuMmax noJsieta JIA ygaercs mocTpoHTb MoOIe/b, KO-
TOpasi NO3BOJISICT OLIEHHTh HEHJeasbHOCTb HHPOPMAIHOHHOf CHCTEMBDI
yIpaBJ/ieHHUS.

PyHKLHOHAJbHAS CXeMa CHCTeMbli caMoHaBeneHus. Ha puc. 8.1
npeAcTaB/jeHa yOpolleHHass QYHKIMOHAJAbHAs CXeMa CHCTEMbl CaMOHa-
Benenust JIA Ha uesab. I'os0BKa caMOHaBedeHHs H3MepsieT OTHOCHTEJIb-
Hble KOOPAUHATH! Lead. CHIHAJ ¢ BBIXOAA I'OJIOBKH CaMOHABedeHHs IO-
cTynaer Ha QMJLTP H Jajee Ha YCTPOHCTBO BBHIPaGOTKH KOMaH[bi
ynpasJjenus. KomaHga n, mocrymaer Ha pyJeBOH NPHBOJ, KOTOPBIH
OTKJIOHSIET yHpaBJjsiomue noBepxHoctu. CucreMa 006paTHBHIX CcBsi3edl
TI03BOJISIET pPeaJsiH30BaTh Neperpysky, 6JH3Kyl0 K 3agaHHOH. JIA cosep-
ijaeT MaHeBp, cOIMKAACL C LEAbI0 MO 3aJ0XKEHHOMY aJrOpPHTMy YII-
paBJIeHHS.

KuHeMaTHyecKOe 3BEHO yCTaHAB/JHMBAeT CBS3b MEXKAY OTHOCHTE/b-
HBIMH KOOPJIHHATAMH LieJIH H HOpMaJIbHBIMH Neperpyskamu JIA n u ue-
JIM Ny, KOTOpas He MOXKeT OblTh HENOCPELCTBEHHO H3MepeHa TOJIOBKOH
caMoHaBeJIeHHsl. BbIXOZIOM KMHEMAaTHYeCKOTo 3BeHa SIBJISIOTCSI OTHOCH-
TeJbHBIE KOOPAHHATHI, H3MepsieMble TOJOBKOH caMOHaBeJeHHs, YTO 03~
BOJISIET 3aMKHYTb CHCTEMY CaMOHAaBEeIEeHHs.

8.2. YPABHEHUAA KHHEMATHYECKOIO
3BEHA. NPOJIET

YpaBHeHue KuHemaTHyeckoro 3BeHa. Ha puc. 8.2 usoGpaxeno B mioc-
KOCTH BeKTOPOB V u Vy B3aHMHOe pachnojoxxkeHHe JIA W IesnH: TOUKa
JIA cootBercTBYyeT ueHTpy Macc JIA, a Touka [] — LeHTPy Macc LeJH.
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Ocb X; XapaKTepH3yeT Hamnpas-
JleHHe 3eMHOH (HemnoJBUXKHOM)
CHCTEMBI KOOpAMHAT, oOcH X,
Xy HampaBJieHbl COOTBETCTBEHHO
BIOJb TNpoxosbHOH ocu JIA u
uenu; V u Vy— BEKTOPH CKOPO-
ctu JIA u nenu; e — yroa mecra
UeNH; M — Yroad YHpeXAeHHS;
Mg — KypcoBo#i yrog uenu; D —
BEKTOpP OTHOCHTEJNBHON JalbHO-
cty;, JauHus JIAILl HasbBaeTcs
JMHHell BH3UPOBAHHUA; £ — yroJ
TeJieHra LeJH. E%.H:.ie"bl(ﬁﬂemamqecuau cxeMa HaBeHEHHs
W3 paccmorpenuss puc. 8.2
CJIelyeT, 4TO CKOPOCTh COJIHKe-
HHS N0 JIMHHH BH3HUPOBAHMUS U YIJIOBasi CKOPOCTb JIMHHH BU3HPOBAHUSI
BhIpaxKawTrces JHDdepeHIHaNbHBIME YpaBHEHHIMH BH A

D= —V cosn +V, cosny, (8.3)
e=(V sinn—V,sin M,)/D. (8.4)

TlpuBenenHast cucTemMa ypaBHEHKH BbIpa’kaeT KHHEMATHUECKYIO CBS3b
OTHOCHTEJBHOrO IBHKEeHHS ueau u JIA. 3 3Toi cuCTeMBI JIerko IOJy-
YHTb ypaBHEHHE KHHEMATHYECKOIO 3PeHA, CBA3bIBAIOUIEr0 OTHOCHTEJb-
bble KoopAHHATH JIA ¢ neperpyskamu JIA n u nenu ny. JeHCTBHTENbHO,
nuQdepeHuupyst ypaBHeHue (8.4) mo BPeMEHH W YUHThIBasi OYeBHIHBIE

KHHeMaTHUeCKHe CBA3H: e==1-+0=1y-+0y; a—n—'—e —nu+|6u, MOJIYYUM
De+De=V sinn—V,sinn,+V cosm (e —0)—V, cosn, (¢ —b,).
C yuertoMm ypaBHeHHs1 (8.3) 3TO COOTHOLIEHHe MPHMeT BHI
De+2De=V 6, casm,— Vi cosn-+F (8),

rae F(t)=V sin n —Vysinng — NpoeKLUHsT KacaTeNbHLIX YyCKOpe-
vuit V u Vy Ha HOpMaJb A—n K JIMHHY BH3HpoOBaHHus. [locsaennee ypas-
HeHHe NPENCTABHM B BHIE

De -+ 2Dé—_—g (n,cosn,—ncosn) +F (8), . (8.5)

rae ng=Vy0y/g, n=V0/g — HOpManbHas meperpy3ka COOTBETCTBEHHO
uenu u JIA, a ny cos ng, 1 COS 1} — HX NPOEKUHH Ha HOpMaJb K JHHUH
BH3HPOBAHHS.

Ypasuenue (8.5), sBAsIOeecs YpPaBHEHHEM KHHEMATHUECKOro 3Be-
Ha, YCTAHABJHBAeT HCKOMYIO CBA3b MeXIy TNeperpyskamu ueau u JIA
H YIJIOBOH CKOPOCTBIO € JIMHHM BH3HPOBaHHSI. OTHOCHTEJbHO & YpaBHe-
Hue (8.5) sBJ/sieTcsl JHHEHHBIM HEOLHOPOMHBIM ypaBHEHHEM BTODOro
NOpsifKa C NepeMeHHBIMH Kosdounnentamu D u 2D. Kosdpduuuenr D
B IIpollecce IOJeTa MOMKET H3MEHSITbCS B HECKOJBKO pas, a K03pHuH-
€HT D — OT HeKOTOpOro HayaJIbHOro 3HaueHHss Dy 10 Hysas npu cOJH-
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xenun JIA ¢ ueaslo. Takum obpasom, ypaBHenHe (8.5) sBaseTcs He-
CTAllHOHAPHBIM.

Huddepenunpys (8.3) u yunThiBas BhIpaKeHHe De u3 (8.4), noay-
YUM ypaBHEHHE

D—De?= —Visinn4V b, sinn,—V cosn4V,cosn,  (8.6)

KOTOpOE TOXKe SIBJISIETCS KHHeMaTHueCKUM. [Ipu HCcaeloBaHHHU Ipolec-
ca HaBeJeHUsI PU MOMOIIH HU(POBLIX BBIYUHCAHTEJIbHBIX MAIUHH ypaB-
uenne (8.6) coBMecTHO ¢ (8.5) Hcnosb3yeTcs [Jjsi CO3JaHHsi TOJHOH
HeJIMHEHHOH MONe/u mpouecca HaBelenus JIA na ueab. Ha 6osee paH-
HHX CTafdsX NPOEKTHPOBAHHUsSI KHHeMaTHUYecKHe ypaBHeHHus (8.5), (8.6)
ynpomatoTtes. EciH MOXHO cYHTaTh €OS 1My==C0S 1}=1 BBHAY MaJOCTH
9THX YIJIOB, TO ypaBHeHHe KHHeEMAaTHYeCKOro 3BeHa (8.5) mpuHHMaer
BUL De+2De=g(ny—n). BBoas oneparop mauddepeHUHPOBAHHA p==
=d/dt, nocneaHee ypaBHeHHEe MOXKHO 3alHCATh B BHAE

(Dp*+2Dp)e=gbn, An=n,—n.

Eciu omepatop p paccMaTpuBaTh Kak HapaMeTp npeobpa3oBaHHs
Jlamnaca, To mocjefHee ypaBHeHHe B NpPEAIOJOXKEHHH NMOCTOsiHCTBa D

u D MOXHO 3anucaTh B BHAE NepeJaTOuHON (YHKLIHH

W e (D) =2 (p)/An (p)==g/p (Dp +2D). (8.7)

Bruipaxenue (8.7) MoxeT paccMaTpUBAaTbCsi KakK IepefaTodHas
(YHKIHST KHHCMATHUECKOrO 3B€HA TOJDbKO [Jisi OTAEJbHBIX YYaCTKOB
TPAeKTOPHHU MaJIOH MPOTSIXEHHOCTH.

[poner. Koneunoim mposeToM HasBIBaeTCsd MHHHMAJIbHOE PACCTOSi-
nue JIA orT uenH, KOTOpOe NOCTHraeTCsi B mpoilecce moJera. Cucrema
HaBeNeHHsl IPOEKTHPYeTCs TakKHM o0pa3oM, 4ToObl KOHEUHLIH IIpoJeT
OBl MaJl.

Hapsaay c noHsiTHeM KOHEYHOro MpOJieTa HMeeTCs NIOHSATHe MTHOBEH-
HOro mpoJsieta. BeKTOp OTHOCHTE/NBHOH CKOPOCTH Vory ONpEHENsieTcs
IyTeM TeOMETPHYECKOrO CJ/IOXKEHHS BeKTOpOB cKopocTH JIA V u nend
Vi:Vorm=V—Vy (cM. puc. 8.2). B obuieM cayyae BeKTOp Vory Oymer
COCTaBJATb HEKOTOPHIH yros p ¢ BEKTOPOM OTHOCHTEJNBHOH HajbHOCTH
D. Yron p Ha3blBAIOT MeHOBEHHbIM YIJIOBHIM NPOJIETOM. Bennunza
neprneHanKyaspa, ONyLeHHOr0 U3 TOYKH LeJH [ Ha HanpaBjeHHe Voo,
Ha3blBaeTCsl MTHOBEHHBIM npoJsieToM. V3 paccMOTpeHHsT TpeyrojbHHKA
JIAAL nenocpencrsenno umeem x=>D sin p. C Apyroii cTOpoHbI, A5t

YrJIOBOH  CKOPOCTH € JIMHHH BH3HDOBAaHHSI HMeeM ypaBHEeHHe
&= Vorn sin u/D, KoTOpOE 3KBHBAJEHTHO ypaBHeHHIO (8.4), TaK Kak Ipo-
eKLHsl CYMMapHOro BEeKTOpa Vory PaBHA CYMMe NpPOEKUHH BEKTOPOB V
u V. IlogcraBnss 3HaueHHe sin u M3 3TOrO ypaBHEHHS B COOTHOILIEHHE
»=D sin p, HaliileM BEIpaKeHHe 1JIsT MTHOBEHHOTO NpoJeTa

x=D%|V .. (8.8

Tak Kak yronr p MaJ, TO CKOPOCTb COJHKEHHST [ MOXKHO
npUOJIMIKEHHO CYHTAThb pAaBHOH  OTHOCHTENbHOM CKOPOCTH  Voru:
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|D| =Voru oS u= Vorn. B 3TOM cayuae Tounasi hopmyJa nposera (8.8)
MOXKeT ObITh 3aMeHeHa NDUOIHKEHHO

x=D%/|D). (8.9)

Tounocte Gopmyasl (8.9) moctaTOyHO BHICOKAs: MpU paccTOSHUAX JIA
OT UeJIH, NPEeBLILIAIOMHX MIHOBEHHBIA npoJseT Gosiee ueM B 5 pas, omHO-

Ka BBIUHCJIEHHs NpOJIeTa MO NPHOJHKEHHOH (GOopMyJsie He IpeBBHIIIAET
2%.

8.3. METOAbl HABEAEHHKSA

Hapenenne JIA Ha 1eab OCYLIeCTBJSIETCS NYTeM peasH3alHH HEKOTO-
poli cTpaTernH, oOLIYHO Ha3bIBaeMOH MeTOLOM HaBeAcHHs. Bce mpume-
HACMBIE B CHCTEMAaX CaMOHaBeJECHMsI CTPATEerHH MOXKHO Pas3[e/HTb Ha
_TPH TPYIIIIHL. ‘

K mepoii rpyine OTHOCATCS CTpaTerHH, IpH KOTOPBIX YCTaHABJ/IHMEA-
ercsl HeKOTOpas CBsI3b MeKLY HanpaBJieHHCM BeKTopa cKopoctd JIA
M JIMHHeH BH3KHPOBaHMS 1lleJid, HAallpHMED, CTpaTerks, 3ak/ioyaouascs
B TOM, UTO BeKTOp ckKopocTH JIA nosxen OBITh HalpaBJeH MO JIHHHH
BH3HPOBAHHS LeJMH. DTOT METOL HaBEEHHS HA3BIBAETCS METOOOM HO20-
Hil, YTOJI YIPEXKICHUA 1) BO BCe BpeMs [BHeHHs JIA moJjxkeH OBITb
paBcH Hy.10. B Apyrux crpaterusix 3Toil rpynmnbl BEKTOp cKopocTu JIA
JOJ’KEH COCTABJSITh HCKOTODLIil yros YIPEXKACHHS 1), MOCTOSHHBII IO
BesiliudHe B TeueHHE BCErO BPEMSHH HaBeACHHSA MJH H3MEHSIOWIMIcsH IO
HEKOTOPOMY 3aKOHY.

Ko BTOpOil rpynne oTHOCATCS CTpPaTerdH, mpH KOTOPHIX YCTaHaBJH-
BaeTcsl HEKOTOpas CBA3b MEXJY HampaBjeHHeM NpodOJbHOH ocu JIA
W JMHHell BU3HPOBAHHsA LieJH, HANDHMep, CTPATerus, NpiH KOTOPOK Ipo-
noJsibHag och JIA HanpaB/ieHa MO JIMHKWEK BH3HPOBaHHS LEJH, T. e. YroJ
niesiedra £=0. DTOT MeTOJ HaBeNeHHs Ha3bIBAETCH METOOOM NAPAMO2O
rugedexusn. B LPYTHX CTpaTerHsix 9TOH TPYIIbl INPOAOJAbHAs och JIA
COCTABJASCT B IpoLecce IMoJeTa MOCTOsIHEbIN (E==const) wim nepemeH-
HBli (§==var) yroJ c Jiunue# BU3HPOBAHHSI LIEJH.

B Tpertbell rpynne cTpaTeruil JHHUS BU3HPOBAHUSA LeJH LOJXKHa 3a-
HHMaTb OINpeJeseHHOE NOJIOXKEeHHe OTHOCHTC/IbHO HEKOTOPOTO HeU3MCH-
HOro HamnpasJeHHA. K 3TOH Tpynme OTHOCHTCs, HampHMep, CTpaTerus,
IIpH KOTOPOM JIMHIS BH3UPOBAHHST LEJH COCTABJSACT MOCTOSHHBIH YTroJ
g=const ¢ 3a/jaHEbBIM HanpaBJgeHHeM. DTOT METOJ Ha3bIBAETCs METo-
Jdom naparneasHoeo cHaumenus. B IpYruX CTpaTErHsix 3TOro MeToja
yroga e OyAeT H3MEHSTHCA MO HEKOTOPOMY 32KOHY.

IlepeuncieHHble CTPATErHY He HCUEPILBAIOT BCEX BO3MOMKHBIX Me-
TOJOB HaBeleHHS.

Tpaextopun nosera JIA K 1eau, moayyarouiuecst IpH OCYILeCTBJIe-
HMH Ka)KJOro H3 IIepPeuHC/JeHHBIX MeTOJOB HaBeleHHs, Ge3 ydyeTa HHEp-
LIHOHHOCTH BCell CHCTeMbl HaBeleHHs, HAa3bIBAIOTCA KUHeMATUHeCKUMIL
TPaeKTOPUAMH. DTH TPAeKTOPHH M MX KHHEMATHYEeCKHe 3JIEMEHTH OT-
PaxarT JHIIb HeKOTOpble OOLiHe 3aKOHOMEPHOCTH METONOB HaBeje-
HHUs. BakHefilell XxapaKTepHCTHKOH KaXAOro MeTONAa HaBeJeHHs SIBJS-
0TCsl HeOOXOAHMBIE [JIS1 €rO OCYIIeCTBJIEHHs NeperpyskKH.
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OcrasoBuMcs Gojiee moJApOOHO Ha MeTOAAX TPeTheil TPYNIIBI CTPa-
TEeruu.

MeTtox nmapanjejbHOro cONNKeEHUs
(HaBeeHHe B MTHOBEHHYIC TOUKY BCTPEUH)

[Ipu MeTome mapa/nyenbHOro COIHKEHHsT YroJ YIpeXAeHus v BeIGupa-
ercad u3 ycaoBust e=0, unu Vsinn — Vysinng=0, T. e. npoekuuu
ckopoctd JIA (Vsinm) u ckopoctu nenu (Vysinmnyg) Ha HOpMaJb K JK-
HMH BU3LPOBaHMA paBHbl. CileoBaTesNbHO, JHHHS BH3UPOBAHHS B NPO-
necce moJera OyAeT mepeMellaThes mapaJjienbHo camoil ceGe. OueBuz-
HO, yToJ ynpexieHusa 6ydeT paBeHn=arcsin(Vysinng/V). Tak kak
|sinmy| <1, To yron ympexkaeHHs He MOXKeT NPEBOCXOAUTH 3HAUEHHS
N<"nmax=arcsin (Vy/V). Iocnennee ycnoBue 3amaer 06aacTb pacio-
JoxeHusi JIA, U3 KOTOPOH BO3MOXKHO OCYLIeCTBHTb BcTpeuy JIA ¢ 1e-
JIBIO TI0O METOJY MapaJliebHOrO COTHKEHUS.

Ecau ueap u JIA He MaHeBpPUDPYIOT, TO YyroJ ynpexjaeHHs 6yneT mo-
CTOSIHHBI, T. e. IPHXOAUM K METOLY HABeJeHHs C NMOCTOSHHBIM YIJIOM
ynpexnaenusi. CjienoBaTe/IbHO, €CJIH BBIOpATh yroJ yIpeXJIeHHs B COOT-
BETCTBHM C METOJAOM IapaJsiesbHOro cOMHXKeHHs, TO npn V=const n
Vy=const o6a Merona 6yayT coBnajartb. Ilpu stom JIA BerpeTuTes ¢
LleJIbIO B TOYKE, HA3bIBAEMOH TOUKOLU 8CTpetu.

BBoauTcs TakXkKe TOHSATHE MEHOBEHHOI TO4KL BCTPEUH AJs cayuas,
Korja uesb 4 JIA MaHeBpUPYIOT. DTO Ta TOUKA, B KOTOPOH BCTPETHJIHCE
661 JIA u Uenb, ecqd HauHHAs C PACCMOTPEHHOTO MOMEHTa HH LeJb,
Hu JIA He coBepuwanu Gul MaHeBpa. Bce ceMeliCTBO MIHOBEHHBIX TOUEK
BCTpEUH, BHIUHCJIEHHBIX [JIsT KaXKIOr0 MOMEHTa BPEMEHH, ONHCHIBAET B
IPOCTPAHCTBE HEKOTOPYIO KpHBY0. I103TOMYy paccMaTpuBaeMblii METOL,
HaBeJeHHs YaCTO Ha3bIBAIOT HaBeJeHIeM B MIHOBEGHHYIO TOUKY BCTpe-
uyy. BaxHass 0COGEHHOCTb METOAa MapaJyieJbHOrO COJMHKEHHs 3aKJ/Io-
yaercss B ToM, uto npu k=1 (V/Vy=1) u oTcyrcTBHH nmomex Heo6GXo-
numasi neperpyska JIA He NpeBOCXOJHUT MEPErPy30K LIeJH.

MerToz mMpoNopUHOHAJBHOTO CONMMKEHHS

B nacrosiiiee Bpemsi B cucTeMax caMoHaBeleHusl JIA mupoxoe mpuMme-
HeHHe npHoGpes MeTOd MNpomopuHoHaabHOro cbiuxenus. CorsacHo

3TOMY METOAY YIJioBasi CKOPOCTb O BekTopa ckopocTtH JIA mpomopuuo-
Ha/bHa YIJIOBOH CKODOCTH JIMHHH BH3HDOBAHHUSA e.

0=rke. (8. 10)
ITOT METOXL NpHU yBeJHUeHHH Ko3(ddHLHeHTa ycuaeHust £ TpaHCHOpMHU-
pyeTcs K METOAY IapaJjielbHOro cOnuKeHus. JleHCTBUTeNbHO, H3
ypaBHenust (8.10) umeem e=0/k u, clegoBaTeNbHO, IPH k—>00 Gy-

geM umeTb ¢—-0. IIpu KOHeUHBIX 3HaYeHHAX Koadbuunenta k, 06bIYHO
He NPEeBLIIAIOINX HEeCKOJbKHX €IHHHI, METOJ NPONOPLUHOHAJBHOIO
cO/IHKEHHST MOXKHO PacCMaTpPUBATb KaK IepBoe NPHOJHXKeHHe K MeTo-
Iy napaJJenbHOrQ COMHNKEHHs.
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ITpn KMHEMaTHUYECKOM HCCJeIOBAHHH YCTaHOBJIEHO, UTO NMPH KOHEY-
HOM 3HAYeHHH R CYLIECTBYIOT NpsAMOJMHelHble TpaeKTopuu. Hanpasie-

HHE 3THX NpsAMOJHHeHHBIX TpaekTopuii (6=0) MoxKeT OGBITL NOJYYEHO

u3 ypaBHenus (8.4), B KOTOPOM HEOGXOLHMO MOJOXKHUTb ke=0=0.

IIpu k=1 meTox MpONOPUHOHANBHOTO COJHIKEHIST MEPEXOAHUT B Me-
TOA HaBeleHHs C NMOCTOSHHBIM YIJIOM yrpexjaeHus O=e u 8=ge-+te,
rie € -— Yroj BU3HPOBAHHS B MOMEHT Hauaja caMoHaBeleHus. Eciu
B HauaJLHBIH MOMEHT BEKTOpP CKOPOCTH JIA HampaBJieH Ha lenb, T. €.
g0=0, TO MEeTOA NMPONOPUHOHANLHOTO CONMKEHHS MePEXOAUT B METOM
KPHUBOH IIOrOHH.

Bo3moxHble cnocoGbl peaauzaluuM MeTroda TNPONOPLUHOHAILHOIO
c6auxenus. s ocyuiecTBieHns HaBefeHus JIA Ha mesb BaxHa He
HOpManbHasl Meperpyska, T. €. Meperpyska, IeprneHAuKyaspHas BeKTo-
py ckopoctu JIA, a cocTaB/soLias Ieperpyskd fe , NepHeHIUKYJIsP-
Has K HanpaBJeHWIO JHHHH BU3HPOBAHHS LU (BEKTOPY HLaJbHOCTH
D). MerHO nox meiicTBHeM 3TOH COCTaBJsOIEHl NMePerpy3KH Bpauia-
€TCsl JIMHHST BU3HPOBAHUS LEJIH.

BripaxeHnne meperpysku n, , HOPMaJbHOH K BEKTOPY AaJbHOCTH,
yepe3 HOPMaJbHYIO CKOPOCTHYIO 7y, M TaWreHLHUAJbHYIO My, Tepe-

TPY3KH HMeeT BHJ,
Ng=1ly, COSN+n,, sinn=ny, cosn(14n. tgn/n,,). (8.11)
DTO COOTHOLIEHHEe YKa3hiBaeT Ha 3aBHCHMOCTb 7, OT yTIJla ympexie-

HHA W OTHOLUIEHHSA nya/nxa*, T. €. OT aspoAMHAMHYECKOI'0 KauecCTBa.

3HayeHHe N, MOXKET 3HAYUTEeJbHO OTJHYAThCS OT HOPMAaJbHOH CKOPO-
CTHOH 7y, ¥ HOPMaJIbHOH 1y [IEPErpy3oK.

OOBbIYHO NATYHKH TMeperpy3ok KeCcTKO yKpemeHH Ha kopmyce JIA
H H3MepsIOT Neperpysku B CBA3AHHOH HJM CKOPOCTHOH CHCTeMe KOOp-
JuHaT. B 3TOM c/ydae MeTOX NMPOMOPLHOHANBHOrO COJNMIKEHHS peasu-
3yeTcsl He B CTPOTOM COOTBETCTBHHU C METOAOM

no=ke, (8.12)
a an6mI)KeHHo Has JIA ¢ HEeNnoABUXKHBIM KDPBLIOM peannsyercs 3aBH-

cuMOCTb fy=ke, a Hast JIA ¢ MOBOPOTHBIM KDHLIOM — 1y, =ke. B mo-
clenHeM ciayuae Kopnyc JIA opHeHTHPOBaH MO HamNpaBJIeHHIO BEKTOpPa
CKOPOCTH H NATYHK IepPerpy3KH H3MepsieT HOPMaJbHYIO CKOPOCTHYIO
neperpysky. Hopmanbnasi CKOpOCTHasi Neperpyska /y —-Mano OT/IHYA-
eTCsl OT HOPMAaJsIbHOH Neperpysku n, IPH MaJbiX yrjax aTaku.
3HaueHUe NEPETPY3KH 1,y , HOPMAJIBHOH K BEKTOPY LAJbHOCTH, MOXK-
HO TOJIYYHTb IyTEM IlepecueTa MePerpy3oK Ay H f, 10 (opmyne
ne="n, Cost—+-n, siné,
Tle £ — yros mejeHra LefH. 3HaHHe NEePETPY3KH My IMO3BOJHT OCY-

IecTBUTb MeTOJ NPONOPIHOHAJNBHOIO CcONIHXKEHHSI B COOTBETCTBHH C €ro
onpene/ileHHEM.

* Ilpu nepaGoraiomwem apurarene JIA ny [ny = Cya/Cxa,
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PaccMoTpeHHble MeTObl HaBeJeHHS 3aJal0T JHUIb CTPATErHIO HaBe-
‘nenust JIA Ha neab, KHHeMaTHYeCKHe TPAeKTOPHH NoJydaloTcest Ges yde-
Ta HHEPILHOHHOCTH CHCTEMBI HaBENEHHS.

HccnenoBaHue npouecca HaBexeHUs:
B MpoJieTax

Jluneapusauusa ypaBHeHuii kuHematuxku (8.3), (8.4) B okpecTHOCTH
pexuMa napasjienbHoro cOJmKeHnusi. JIuHeapHsyeM ypaBHEHHS KHHe-
MaTukH (8.3) u (8.4) B OKPeCTHOCTH NpPSIMOJHHEHHBIX TPaeKTOPHH.
3anuimeM cucreMy ypaBHeHuil (8.3).u (8.4) aas pexuma napaiiesb-
HOro cOunXenus

D =—V cosng+V, cosNy,; Deg=V sinng—Vsin Ny, (8.13)
rae uHaexkc «0» o3HauaeT pexXHM napaJjienbHoro comamxenus. Paana-
rasi KaXawn# gnen ypasHenu# (8.3), (8.4) B OKDeCTHOCTH peXHMa
napaJJ/enbHoro cOaixeHus B pax Teflnopa, yYHTHIBAS TONBKO BeJHYH-
HBl NEPBOro MOPsAKA MaJOCTH H BBIYHTAs H3 MOJYYeHHOH CHCTEMBI CO-

OTBETCTBYIOLIMe ypaBHeHisl cucTeMbl (8. 13), monyuum ypaBHeHUE B
BapHalHsix B NPeANONOKeHUH TocTosincTBa V 1 Vi

DAe =V cos (eqfy) (Ae — AB) — V', c0s (eg— Oy, (e — AB,).

DT0 ypaBHEHHe C y4eTOM IIepBOrO ypaBHeHHus cucreMbl (8.13) Moxer
6LITb NPEACTABJIEHO B BHIE

DAs+ DAe = — VAI VA8, (8. 14)
rae V=V cos (gg— by), 17“:1/u cos (gg—0y,). Tlpu capenaHHelx AoOMmy-
HIEHUAX MOaAaJbHOCTb 6y,lIET H3MEHATBCA 110 JIHHeﬁHOMy SaKOHy D=
=D, Dt.
YpaBHeHHe MeToAa NPONOPILHOHAJBHOrO COIHXKEHHS B OKPECTHOCTH
pexuMa napasJiesbHOro cO/IHKEeHHSI MOXHO 3aNH1CaTh B BUIE

A= EAs. (8. 15)

YpaBuenus (8.14) u (8. 15) B coBOKymHOCTH 06pa3yIOT 3aMKHYTYIO
CHCTeMY YpaBHeHHI, KOTODas OMHCBIBaeT Npolecc HaBeleHuss JIA Ha
lieJb B OKPECTHOCTH PeXHMa NapajJiefbHOro cOMuMkKeHHs. YpaBHEHHe
(8.15) samaer 3akoH HM3MEHEeHHs TNepPerpysku, Tak kak An=VA0/g,
a ypaBuenue (8.14) — ypaBHeHHe KuHeMmartukH. IloicraBnsis A6 u3
(8.15) B (8.14), monyuuM ypaBHeHHe, OIHCHIBalollee INPOLECC HaBe-
nenust JIA Ha Leab:

DAe (2D +EV) Ae =T/ A6, (8. 16)
IpH CjelyoUlHX HavyaabHbIX YC/JIOBHAX!
t=1y=0, D=0D,, Ac=Ac, (8.17)

YpaBHenne (8.16) siBnsiercs JHHEeHHBHIM HeCTAllMOHApPHHIM ypaBHe-

HHEM TepEOoro Mmopsiilka OTHOCHTEJbHO Ag, pelleHHe KOTOPOTO C y4eTOM
(8. 17) npencraBuM B BHIe

o
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t .
k 2D
(=5

Aé:exp[— dv

;
X V“—ge“dg+Aé0]. (8. 18)

Hccnenosanne wuHTerpana (8.18) mnpeacTaBaser 3HauHTeNbHbIE
TpyAHOCTH. McenenoBanue mpouecca HaBeJeHHs! JIETKO MPOBECTH HeEIo-
CPeJCTBEHHO OTHOCHTEJbHO NPOJIETa X.

HAvddepenunanpioe ypaBHeHue mpodera. 3anumem GpopMyJay npo-
Jgeta (8. 8) B BapHauusax

Ax=D2e/V .. (8. 19)
Jna uccnenoBaHusl mpoliecca HaBeldeHHs ypaBHeHus = (8.14), (8.19)
JOJIKHDBI ObITh PAcCMOTPEHB cOBMecTHO. Vckilouast BeqHUYUHY Ae u3

ypaBuenus (8.14) npu momomu cooTHoweHnus (8.19), monyunm pud-
depeHnaibHOE YpaBHEHUE NIPOJIETA

Ax-+gDAn cos/|D|=DJ (¢)/|Dl, (8. 20)
rae An= VAé/g— HOpMaJibHast meperpyaka JIA; f(£)=V ,cos(eq—08y,)A,.

YpasHenue (8.20), cBsi3pIBaloLlee NPOJET C Meperpy3KaMu ILeJH U
JIA, ABnsieTcs ypaBHeHHEeM KHHEMAaTHYeCKOTO 3BeHa, BHIPAXKEHHOro ye-
pe3 3HauyeHHe MIHOBEHHOTO IpoJieTa %. B cBfI3uw ¢ TeM, 4TO cHcTeMa
HaBeJeHHsI JJIs YBEPEHHOTro COJHIKEHHS C IeNblo JOJXKHa 0GEecIeyuThb
MHHMMH3ALUIO IpOJieTa, NPeNCTaBIseT HHTEpPEC HCCAeNOBaHMe MeToja
HaBeJeHHs, B KOTopoM meperpyska JIA dopMupyercs HemocpelICTBEH-
HO B (DYHKUHH MIHOBEHHOTO NpPOJIeTa.

JusaMuKa npoueccoB HaBeleHus. [10/10KHUM, YTO eperpyska co3aa-
€TCst IO 3aKOHY

n="FkxD1, (8.21)
Vpapuenus (8.20) u (8.21) o6pasyloT 3aMKHYTyIO CHCTEMY, OIH-
CEIBAIOLLYIO OMHAMUKY Npolecca HaBeleHUs Ge3 yueTa HMHEPLUHOHHOCTH

6oprtoBoro Koutypa. IloacraBnsis sHauenue neperpysku (8.21) B ypas-
HeHue npodieta (8. 20), mosayuum

w+kx=DF (¢)|D|, (8.22)
rie k=g cos 'r]ok,/|[.)|.

CHayajsia pacCMOTPHM NPAMOJHHEAHHH TmoseT nenu f(¢) =0. Pemre-
HHe ypaBHeHHs IIPH 3TOM OyAeT HMeTDh CJleLyIOLHH BH,

x—Ce*, (8.23)

rie C — npou3BoJibHASI NOCTOSIHHAS HHTErPUPOBAHUSA, ONpelenseMas
H3 HayaJbHBIX YCJIOBHH: x=u%¢ npu {=0. C yueToM Haya/JbHBEX yCJO-
Buit u3 (8.23) moayuuM x=1nyexp(—k?). Takum o6pasom, mpu OTCYT-
CTBHHM MaHeBpa IeIM Ha3HauyeHHe CHCTeMBl HABeIEHHS CBOJHUTCHA K BHI-
60py HayaNbHOTO MpPOJiETa Ko. [IpH BpeMeHH HaBeJEHHS Ifuap>3/k Ha-
YanpHbIA mposer yMmeHbmutes 10 0,05 %o. CiiegoBaTenpHO, yeM GoJiblie
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KO3 dHUHEHT yCHJIeHHUs R, TeM ObICTpee YMeHblLIaeTCs] HayasbHBIH IpO-
JIET, T. €. CKOPOCTb YMeHbUIeHHsI HayaJbHOTO IPOJIeTa MOXKHO peryJu-
pOBaTbh COOTBETCTBYIOLIUM BLIGOPOM K, ; B 3TOM H 3aKJIOUAeTCs pacyeT
KOHTypa HaBeleHHs. Peanusanus 3akona HaBepgenns (8.21) xpaiine
OCJIOKHEeHa HeOOXOAMMOCTbIO H3MepeHHs: HaibHocTH D m  ckopocTu
conuxenus D.

ITonaras, 4Yto wesnb MaHeBPUPYET C MNOCTOSIHHON IEePerpy3koi
f({)=a u uro OTHOCHTeJbHAsl HaJbHOCTb D H3MEHsIeTCS MO 3aKOHY

D=D, — |D|t, npeacrasum ypaBHenne (8.22) B cJeiyonicM BHAE:
x-kn=(t,—1)a, (8.24)

rie ty=D¢|D|~! — navyanpHOe paccrosinne JIA 10 uesH, BHpakKeHHOE
B eIHHHLaX BpPEMEHH.

Tax kak npaBasi yacTb ypaBHeHusi (8. 24) ABJSETCH IOJHHOMOM
NepBOii CTemeHH OT f, TO YaCTHOE pellleHHe »* ypaBHeHus (8.24) 6y;LeT
IIMCTb BHT %7 _AOTA t. TTocsie HaxXOXK/JEHHsT YaCTHOTO pellleHHsl k¥ ==
= (ty — t+k~')ak™! 3anuumem obliee peilleHue ypaBHeHHs (8. 24) c
yuetoM (8.23) x=C exp (—kt) + (tg —t+k1)ak, KOTOpOE MpH Ha-
YaNbHBIX YCI0BHAX (fo=0, x==x9) NpHUMET BHJ,

=y exp (— kt)f-ak~1 (£, B1) (1—exp (— k) —atk=1. (8.25)

Pemenue (8.25) mo3Bosisier chenaTh BBIBOJ, YTO IIOCJ€ 3aBEPLIEHHS
nepexojHoro mpouecca ({=1t,>3k~!) BequuuHa npoJera OyleT paBHA
4aCTHOMY pellleHHIO ypaBHenus (8.25) x=ak~!(ty — t+k~') npu i=
=3k-1. Ina momenta BcTpeur JIA ¢ uenbio (f=t,) OpPOJET COCTaB-
asier xw=a/k?, TakuMm o6Gpa3oM, yBejHuHBas Ko3pULHEHT k, MOXKHO
YMeHbIIHTh KOHeUHLIH npoJeT. Ho Bce Xe cucTeMa HaBeleHHSA B LET0M
SIBJISIETCS CTATHUYECKOH, TaK KaK yCTaHOBHBLIeeCS 3HaueHHe BBLIXOJHOMN
KOODAHHEATH % OTJIHYHO OT HyJs. Ecau B 3axoH perysnuposanus (8. 21)

BBECTH HHTerpaJ & ‘Y D~xd{ uny MOBTOPHBI HHTETpaAN Ay “ D~xdtdr,

CHCTEMY HaBeIeHHS B IEeJOM MOXKHO CHeJaTh acTaTHYeCKo#, OJHAKo
NpUH 3TOM BO3HHKAIOT TPYLHOCTH MO obecleyeHHIo AOCTATOYHOr'O 3amas
Ca YCTOHYHBOCTH.

PaccMoTpeHHBIE 31eCh METOABl HABEIEHHS He YUHTHIBAIOT MHEPUU-
OHHOCTH GOpTOBOrO KOHTypa. [ljasf ydueTra HHEDUHOHHOCTH 60pPTOBOrO
KOHTypa 3aKOH CO3LaHHSl Teperpyskd NpeldCTaBUM B BuHIe HA=
=k, wW (p)D!, rne W(p) — nepenarounas GpyHKuus 60PTOBOro KOH-
Typa, KOTOPBIH MOXKeT ObITb annpOKCHMHPOBAH aNepHOLHYECKHM
W(p)= (Tp+1)~' mau xonebartempubiMm W (p)= (T?p2+2tTp+1)-!
3BEeHOM. AHajiuTHYeCKOe HCCJeJOBaHHe Mpollecca HaBeJeHHS IPH yde-
Te HHEPLUOHHOCTH GOPTOBOI'0 KOHTYpa KpaliHe 3aTPyXHEHO.

8.4. TOJIOBKH CAMOHABEIREHHUA

Kaaccuduxanusa. Tonoku camonaBenenns (I'CH) moxHOo Kaaccudu-
LHPOBaTh MO THNY HCIOJNb3yeMOH 3HEPTHH M KOHCTPYKTHBHOMY 0 OpM-
JIEHHIO.
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ITo Tumy ncmosib3yeMoH 3HEPTHH W AJIHHEe BOJIHBI TOJIOBKH CaMOHa-
BeJleHHsl MOJpa3fensiloTCsSl Ha aKyCTHYeCKHe, ONTHYEeCKHe, TeNJIOBHE,
pafHoJOKallMOHHBIE.

ITo XOHCTPYKTHBHOMY OQOPMJIEHHIO TONOBKH CAMOHaBeNEeHHA Obl-
BAIOT HEMOJBUXKHbBIE H MOABHXKHBle. B mepBOM cJlyyae roJOBKa CaMOHa-
BeJeHHsl XKeCcTKO cBfizaHa ¢ JIA, BO BTOpDOM cjydae roJiOBKa CaMoOHa-
BeJeHHUS MOABHKHA OTHOCHTENbHO JIA.

[ToxBuKHBIE TOJOBKH CaMOHaBedeHUs MOAPA3AeNsATCd Ha [Ba
KJjacca:

rOJIOBKH CaMOHaBejeHusi, CTaOUIU3HPOBAHHbIE OTHOCHTEJbHO HEKO-
TOPOTO HEMOJBUKHOTO HallpaBJeHus, 3a KOTOpoe NMPUHUMAIOT HampaB-
JeHle BEKTOPa HayasbHOM AaJbHOCTH;

CJejsilve TOJOBKH CaMOHABeACHHS, OTCJAEXKHBalOlHe 3alaHHOe Ha-
npasjieHue, 32 KOTOPOe NMPUHHMAIOT BEKTOP TeKYIiell OTHOCHTEeJNbHOU
JLLaIbHOCTH. '

[To Tuny npuMeHsIeMOro CJaelsIero NPUBOAA PasNHyaloT: a) roJoB-
KH CaMOIlaBeleHHUsl CO cJeasiuielf CHCTeMOH, OCHOBHBIM 3/JeMeHTOM KO-
TOpOH ARJsIETCS NMPHUBOA C BBICOKOH LOODOTHOCTBIO; 6) TOJIOBKH CaMo-
HaBeJeHHsl ¢ THPOCKOMHUeCKOH ciensiuell cucreMmoil. PaccMoTpum pa-
60Ty MOCJeIHUX ABYX I'OJIOBOK.

Fosorka camonaBen:Hus co ciaeasmum (HErHpPOCKOMHUYECKHM) NPH-
BOAOM. HasnaueHue cJefsllero IpHUBOLAa TOJOBKH CaMOHaBeleHHH,
¥KeCTKO 3aKpemsieHHOro Ha Kopmyce JIA, CBOAUTCS K BpalleHUIO TOJOB-
KU TakuM 06pa3oM, 4ToOul ee OCh Obl1a HampaBJeHa Ha Lejb. TeMm ca-
MBIM OCYILECTBJSETCH CJeXkcHHe 3a NnepeMellleHHsIMU e OTHOCHTeJb-
HO Kopnyca JIA, T. e. oTciexuBanue yraa nesaenra £ (puc. 8.3). O6o-
3Hauad yepe3 W (p) meperaToyHyl (QYHKIHIO Pa30MKHYTOrO cJefslie-
ro NpHUBGJLA, HalileM H3MepeHHOe 3HaueHUe yrya IejeHra Ex:

=W (p)J(1+W (p), (8.26)

a C y4yeTOM OYEBHJHOIO TIeOMeTPHYECKOrO COOTHOIUEHHS & =ig—0
dopmysa (8.26) npeobpasyercs K BULY

=W (p) (e =3)/(14+W (p)). (8.27

W3 ananusa (8.27) ciaenyer, yTo MPHBOA AOJKEH OTCIEXKHBATh H3MeE-
peHHe yrja MecTa UeJH & M yraa taHraxa ¥. Tak Kak clekTp yriaa e
HHXKe creKTpa ¥, TO NoJ0ca NPONYCKAHHS CAe[sIero IPUBOJA NOJXKHA
OLITh OYeHb BHICOKOH, HOCTaTO4HOH Ajs oTpaboTku yraa ¥. Ilpu pea-
JHU3alUY MeToJa MPONOPUHOHAJbHOTO cOJMHXKeHHS O=~ke ANT HU3Mepe-

HHS YIJOBOH CKOPOCTH JIMHUH BH3UPOBAHUS € HA AHTEHHY KOOPAHHATO-
pa LeJH yCTaHaBJHMBAIOT MJH C Hell KHHEMAaTHUeCKH CBSI3BIBAIOT JaT-
YHK YIJOBOH cKOpocTH (3BeHO p Ha puc. 8.4). Tak kak TrHpPOCKOI
paboTaeT B aGCOJIIOTHOH CHCTeMe KOOPAMHAT, TO OH H3MepseT KaK yr-
JIOBYIO CKOPOCTb IlepeMelleHHs] aHTeHHBI Lk, TaK H YIJIOBYIO CKOPOCTb
taHraxa . Ha puc. 8.4 BBeeHO 3BeHO, B KOTOPOM OCYLIECTBJSIETCS
YHCTO KHHEMaTHYeCKOe CYMMHPOBAHHe CHTHANOB Ex U O egx=Ex+ 0.
IToacraBasis B mocsenHiol GopMmyay suauenue &, u3 (8.26), Halizem

ex=W(p) (e(p)—0(p)/(1+W(p))+0(p)=
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Puc. 8.3. Ocu koopauHar PHuc. 8.4. YnpomeHHag CcTPYKTYpHas cxeMa
cleAsUiero KOOpAHHATOpa LeaH

=e(p)W(p)/(1+W(p))+9(p)/(1+W(p)). Ha Brixone AYCa Gynem
HMETb

= (D)W (p(1+W (p)+3 (P)(14-W (p (8.28)

Ecan B pAuanmasoHe CIEKTPaJbHOTO CoOCTaBa CHrHaJa 1’} MOLYJb
le jo) | =W (j0)/(1+W (ju))| Gmsok x eummmue, a  |(1+
W(jo))~'| —x nymo, To mepBoe ciaraemoe Qopmy.sl (8.28) co-
OTBeTCTByeT H3MepeHHOMY 3HAUEHHIO &, T. e. e:==e(p) W (p)/(1+
+W(p)), Tak Kak cocTapjsiollas CHIHaja OT BTOPOro CJaraemore,

ABJAIOILErocs OMIHOKOH H3MepeHHs g, O6sH3Ka K HyJa0. Ecax ke cie-
AAUUA NmpHBOJL He 00sajaeT FOCTATOYHO IIHPOKOH IIOJIOCOH Mpomy-

CKaHUA JJs oTpaboTKU CUrHaJja &, TO BTOPOe ciaaraeMoe GyAeT BHOCHTD:
3HaQYHUTeJbHbBIE NOrPellHOCTH. TakuM o6pa3oM, IJs AOCTATOYHO TOYHO-
ro M3MepeHUs] HeoOXOAUMO, YTOOH CjaeAsilMi NpHBOJ 06s1anasj BhICO-
KHM OBICTPOJeHCTBHIEM.

TpynrocTs co3nanus TAKOTO CJAeAAIIEr0 NPHBOAA YCYTYOIACTCS TEM,
YTO Ha BXOJ I'OJIOBKH CaMOHaBeJeHHs IOCTYMaloT LIYMBI 3HAUHUTEJNBHON
UHTEHCHBHOCTH B AMaNa3oHe YacTOT ero pabotsl. I1pu Hasuunu mwymon
BBICOKasl JOOPOTHOCTb NPHUBOJA NPHBEJET K TOMY, UTO NPUBOA OyAeT
oTpabarhiBaTh (MPONYCKATb) BHICOKOUACTOTHBIE COCTABJSIOIHE IIYMOB.

Taxk Kak nuamna3oH yacTOT IOJIESHOTO CHrHaJja g, HHKe AHamasoHa
MACTOT CHTHA/a OLWIHOKH, TO IYTEM YCTAHOBKH (HIBTPA HUSKHX YACTOT
MOXKHO 3HayuTeJbHO 0C1abuTh curiHana omubxu. Ho 3To He Bcerma yna-
eTcsl OCYILIeCTBHTb B JOCTATOYHOH Mepe, TaK KaK BBIXOJAHBIE CHTHAJBI
HEKOTOPBIX 3JIEMEHTOB CHCTeMBI JOCTHTalOT MNpele/bHBIX 3HaueHMH;
IIPH 3TOM CHCTeMa CTAHOBHTCSl HeJIHHEHHOH.

Jasi BHICOKOMaHeBpeHHBIX JIA NpHMEeHSIOT caefsiliie KOOPAHHATO-
pH Leju Ha 6a3e HCNOJNb30BAHHA CHJIOBOH THPOCKONHYECKOH cTabu/H-
3alud. B aTHX KOOpAHHATOpax LeNH YYBCTBUTEJNbHBIH 3JeMEHT He
y4yacTByeT B KoJieGaHHAX JIA OTHOCHTENbHO LIEHTPA Macc, NOITOMY CJle-
ISUIMA TPUBOJ B 3TOM CJydae MOXKeT OBIThb paccyuTaH JHUIUbL HA OT-
paboTKy yrJoBOH CKOPOCTH JHHHH BH3MDOBaHHA &, T .e. Oymer obJa-
JlaThb MaJol IO0JOCOH NMPONyCKaHUA M, CJeNOBAaTeJbHO, 3((heKTHBHO
JeMIIpHPOBATh BEICOKOYACTOTHBIE Iy MH.

Caepsimasi rUpoCKONMYECKasi roJoBKa caMOHaBedeHHs. [IpuHuum
paboTHl celsilell THPOCKOMHYECKOH TOJOBKH CaMOHABENEeHHs paccMoT-
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Puc. 8.5. KOHCTPYKTHBHAf cXeMa ONTHHUECKOi clefsilieili rojoBKH caMo--
HaBeleHHs

PUM Ha NpUMepe ONTHUECKOH TOJIOBKH CaMOHaBeJeHHs, OCHOBHbHIE Y3JIbI
KOTOpoO# caeayoiue (puc. 8.5):

1) onTuHyeckasi ciicTreMa, IpefHa3HaueHHasl AJs yJaBJHBaHUS JHEp-
THH, HAYUEHd OT 1leJid, H KOHUEHTPaluH ee B ()OKaJbHOH IJIOCKOCTH;

2) yCTpOACTBO BLIAEJ/EHHA CHIHAJa PacCOrJacoBaHHUs;

3) YuYBCTBUTEJBbHBIH 3/eMeHT, npeo6pasyoluil SHePru0 H3Jy4eHHs
B CHTHAJI 3JIEKTPHYECKHUX HaNpSIKeHHH;

4) yCcHJIHTeNb CHTHaJa paccorjacoBaHus, cUcTeMa (UJIbLTPOB H BHI-
npsiMUTeNeH;

5) chaepsiniasi cucteMa, IpefHa3HauyeHHass OJs AOBOPOTA OCH TroO-
JIOBKH CaMOHaBeJeHHs Ha lleJib.

Byiok BhIgeneHust curHasna paccornacoanus I (cm. puc. 8.5) co-
CTOUT M3 MoAyJaupylowero aucka MJI, asekTpuueckoro asuratens ][
U peaykropa P. [[surartefb yepe3 peJyKTOp HNPHBOAMT BO BpalliaTelb-
HOe JBHKEeHHe MOLYNHUPYIOUHA AUCK. Moaynupyouui JHCK MpeacTaB-
JseT co60i mpo3payHBil KPyr HeGOJbIIOA TOJILMHLL C HAHECEHHBIM Ha
HEero CHelxasbHbIM PUCYHKOM (puc. 8.6) Ha ABYX KOHLUEHTPHUECKHX
KOJIbLaX, Ha3bBaeMbIX pacTpaMu. IIpu coBmajeHUH HanpaB/JeHUs OCH
FOJIOBKH CAMOHaBe/NEHHA C HanpaBJeHHEM Ha llesb H300paiKeHHE LENH
O6ylneT NPOEKTHPOBATLCS HA JIHHHUIO, Pa3/lesIOUy0 BHEIIHHA H BHYT-
peHHuil pactpnl. [IpH HecoBmajeHWH HAIPaBJEHHS OCH TOJOBKH CaMo-
HaBeJleHHsl C HanpaBJeHHeM Ha UeJb H300paxKeHHe lenu OyneT mepe-
MeIaTbCs K BHELIHEMY UJIH BHYTPEHHEMY PacTpy B COOTBETCTBHH C Ha-
NpaBjeHHeM OTKJIOHEHHS OCH I'OJIOBKH CaAMOHABeIeHHsI OT HampaBJeHHus
Ha Henb. M3obpakeHue uenun 6yAeT MOAYJHPOBATLCS BHEUIHHM HJIH
BHYTPEHHHM pacTpoM. UacToTa yepegoBaHHsl NMPO3PayHbBIX U HENpo-
3payHBIX YYACTKOB Ha BHEUIHEM U BHYTPeHHeM pacTpax pa3iuyHa (Ha
IPUBEJEHHOM PHCYHKE YacTOTH pPa3/jHuyaloTcs B ABa pasa). Moxyaupo-
BaHHBIH 3HepreTHYeCKUHl INOTOK IMOCTyHaeT HA UYYBCTBHUTEJBHBIA 3Jie-
Mment U3, ycunutenp ¥ u ganee Ha GuAbTpe @) u Py, HacTpOeHHBIE
COOTBETCTBEHHO Ha YacTOTYy CHI'HAJIOB, POMOAYJHPOBAHHBIX BHEHIHHM
H BHYTPEHHHM pacTpPoM. JTO MO3BOJISET ONpPeNeJHTh MECTONOJIOXKEHHe
UeJd OTHOCHTEeJBHO OCH TOJIOBKH CaMOHAaBelIeHHs: BBePXy HJH BHH3Y,
T. €. II0JIy4aeM CHTHaJ PaccorjiacOBaHHsl Tuma «jaa — HeT». Eciau pH-
CYHOK Ha pacTpax cfhenaTb 6oJjiee CIOXKHBIM, TO MOXHO NOJYYHTb CHT-
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pacmp

Puc. 8.6. Moayaupywowuii aHck Puc. 8.7. CTpYKTypHasi cXxemMa roJIOBKM caMOHaBe-
AeHUS .

HaJl paccorylacoBaHHUsl, NPONOPLHOHAJNBHEIl YIIOBOMY OTKJIOHEHHIO OCH
TOJIOBKH OT HalpaBJieHHs Ha LeJb.

Curnan ¢ ¢uibrpo @; u P, nocje BHIOPSAMJIEHHS H OCpPeIHEHHS
fiocTynaer B KoppeKUMOHHBIH aBuratenn (KII) (puc. 8.5, 8.7). Ecuan
(opMHpYyeMBIii CHIHAJI paccorjacoBaHUs NPONOPLHOHANEH OTKIOHEHH:O
OCH KOODAHMHATODA IleJd OT HampaBJleHHs Ha lleJb, TO MOMEHT KOppeK-
1uuu Ly nponopuHOHA/ieH CHTHAMy paccorsacoBanus Ae: Ly—kAe=
=#&ly, vie Iy — TOK KOPPeKIHH B KOPPEKLUHOHHOM JABHraTejie (MOMEH-
THOM Jartyuke). Ilong neficTBHEeM KOPDEKIHOHHOTO MOMEHTa THPOCKOI
BMecTe ¢ u3MepurenbHoil wactbio ['CH nHauner mpeueccupoBath € yr-

JI0BOH cKOpoCTbi0 er=Ly/H=~FI/H B cTopony neau. CieroBaTenabHO,
TOK KOPpEeKUHH [y MPOMOPLUHOHANEH YIJIOBOH CKOPOCTH TPELECCHH TH-

pockona ([/y=ke;). B ycraHOBHBIIEMCS COCTOSIHMH YIJIOBast CKOPOCTb
TIpelleCcCHH THPOCKONa &r OyAeT paBHA YIJIOBOH CKOPOCTH JINHHH BHU3H-
posanns e. Cief0BaTeNbHO, TOK KODPEKUUH [y IPOMOPIHOHAJIEH YIJO-

BOH CKODOCTH JiWHUU BH3HpoBaHusA [x=—ke. Curnan [y=—Fke, ¢ MOMEHT-
HOTO JaTyMKa THPOCKONa IOCTYNaeT B aBTOMHJOT AJis BHIPAGOTKH KO-
MaH/bl YIPaBJIeHHS.

CrpykTypHas cxema, IpHBeJeHHas Ha puc. 8.7, HAIOCTPHPYeT Npo-

1leCcC U3MepeHHsI YIJI0BOH CKOPOCTH JIHHUH BU3HpoBaHus e. Ilepenarou-
Hasi GYHKUHUS ONTHUYECKOH CHCTEMBl, YCTPOHCTBA BHIpAaGOTKH CHrHaJjga
paccorsiacoBaHus, YyBCTBHUTEIbHOrO 3jJeMeHTa H YCHJIHTeJs NpPeIcTaB-
JleHa YCHJHUTENbHBIM 3BeHOM ky. ®uabtper &, &, (cMm. puc. 8.5) 3a-
MellleHbl TepegaTouHoil ¢yukuueil Wo(p). Hasnauenne sToro ¢uibT-
pa — OpONycKaTh CHIHAJ COOTBETCTBYIOIIEro CIEKTPaTbHOTO COCTaBa.
Tlepenatounass pyukunsi We(p) KOCTATOYHO TOYHO ONHCHIBAETCS ame-
PHOAMYECKHM HJIH KoseGaTeJbHBIM 3BeHOM. PasMellenHoe B o6paTHOH
uenu 3BeHo Wy(p)=+./p onucriBaer pabory rupockona. OOBLIYHO KOH-
CTPYKTHBHO oOecrneunBaeTcsi COBIaJeHHe HalpaBJeHHS KHHeTHUe-
CKOrO MOMEHTa T'MpPOCKOIa C HaNpaBJeHHeM OCH TOJIOBKH CaMOHaBeJe-
nusi. Beixogom sBena Wri(p) =Fk/p siBAsieTcss yroa er — HampaBJeHHe
ocu I'CH. 3ameikanue cucreMbl Ag==¢y — &> NO3BOJIET OTPA3UTb NPO-
1ecc 06pa3oBaHusl CHIHAJA PAacCOIVIacOBaHUs Ae MeXLy HalpaBJeHleM
Ha nesab u ocbio 'CH. Ecaum mnepenartounyio ¢yHknuio ¢uiabTpa
Wo(p) onucarb 3BeHOM Wo(p)=Fk/(Tp-+1), TO mepenatounas ¢yHK-
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Puc. 8.8. TpuHUMnuaabHaR
KOHCTDYKTHBHAas cxema mo-
JIY4eHHs CcHrHajla paccor-
JIaCOBaHHsI MO ABYM KaHa-
Jiam:  BBICOTBI H HampaBJje-
HUs

nug 'CH B =aMKHYTOM COCTOSIHHM MOXKeT GBITb MpeACTaBjeHa B BHIE
W (p)=1c(p)iew(p)="hykp/(T? PP+ T p+kyk:k). (8.29)
Ilpu moMmomu onmHcaHHO!M CHCTEMBI MOXKHO H3MEPHUTb YIVIOBYIO CKO-
POCTb JIHEHH BU3HPOBAHHS TOJNBKO B ONHOH IJIOCKOCTH, T. €. B KaHalse
BBICOTHI HJIM HanpasJeHus. [TocTpOUTb cucTeMy I/l H3MEPeHHs COCTaB-
JIIOUIHX YIJOBOH CKODOCTH IO 0GOHM KaHajaM MOXKHO NMyTeM TpHMe-
HEeHHs JIBYyX ONTHYECKHX CHCTeM C OJHHM MOZAYJHDPYIOUIUM JHCKOM
(puc. 8.8, a) miu OBYX MOAYJAHPYIOIIMX AUCKOB, HO OLHOH ONTHYECKOH
cuctemul (puc. 8.8, 6). CooTBeTCTBYyOIINEe DUCYHKH HA pacTpax HaHO-
csATCA Ha [BYX YeTBEPTSAX KaxkJOro pacTtpa, a OABe Ipyrue YeTBEpPTH
OCTalTCsl NPO3pauHbIMH, 6e3 PHUCYHKOB. KOHCTDYKTHBHO OOecmeurBa-
eTcs ouepeJHOCTb HX PabOTH yepe3 KaxKaylo ueTBepTb oGopora. Ilo-
TOK 3HEPruH, HAYWIHH OT LM, MOLYJHPyeTcs TO AHCKOM I, To muc-
koM 2. CucreMa (QHJIBTPOB aHaJOTHYHO TOMY, KaK 3TO MMEET MeCTO B
ONHOKaHaJ/JbHOH cxeMme (cM. puc. 8.3), obecmeunBaer GUABTPALHIO H
BBIAEJIEHHE CHTHAJla PacCorjacoBaHHA MO OOOHM HalpaBJEHHSM.

8.5. CTPYKTYPHAS CXEMA CUCTEMbI HABEJLEHUSA
U MOJEJIX BOPTOBOIO KOHTYPA

OnucaHue CTPYKTypHo# cxembl. Ha puc. 8.9 mpencraBjieHa CTPYKTyp-
Has CcXeMa CHCTeMbl HaBeleHHs] caMmoHaBojsiuerocst JIA. Manesp
Takoro JIA ¥ 1ell OCYLIEeCTBJASIETCS NyTeM CO3JaHHSI HOPMaJbHbIX
neperpysok, KOTOpble IoJOBKOH caMOHaBeXeHHs (KOHTYp I) Hemocpen-
CTBEHHO He  MOTryT OBITh  u3MepeHb. KuHeMaTHueckoe 3BEHO

g/ (Dp?*+2Dp) mo3BosisieT OCYLIECTBUTb 3aMblKaHHe CHCTEMBl HaBeJe-
HHUsl nyTeM npeoGpa3oBaHUs MePErpysok Lenau fy U JIA n B OTHOCH-
TeJbHble KOOpAUHATH. Bxomuwmm curHasom I'CH sBiasieTcss yron mecra

Leny €, a BEIXOAHBIM — €, T. €. YIVIOBasl CKOPOCTh JINHUH BH3HPOBaHUSA
nenu *. Beixognoit curnan ['CH napsay c moJjesHo# cocTaB/solleH,
HIPOTOPIHOHAIbHOM YIJIOBOH CKOPOCTH JIMHHH BH3HPOBAHHS, COLEPKHT
CHTHaJIbl, TOPOXKAEHHble WYMaMHu H noMmexaMmu. MHTeHcuBHOCTL IIyMa
3aBucuT OT THma u xapakrepuctuk I'CH, a Takxe or yc/0BHH HaBexe-

* 3pech BO MHOTHX CJAy4asiX paji KDPaTKOCTH H3JIOXKeHHS H GoJjiee HEMNOCPEACT-
BEHHOrO BOCIIPHSITHSI He BBOASITCA B DAaCCMOTPEHHE 3/eKTPHYECKHe aHaslorH (uamde-
CKHX BeJHYHH, peub HJEeT O CaMHX (H3MYeCKHX BeJHYHHAX.
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HHS (THIA LeJH, AaJbHOCTH O LedH U T. A4.). s yMeHbLIEHHS IIy-
MOBOH cocraBjsiouielt BuixoxHoi# curian I'CH dunbrpyercs; mepena-
ToyHas GyHKUUA GUIbTpPa yalle BCero HMeeT BHJA OJHOTO MJH He-
CKOJIbKHX anepHOAHYECKHX 3BEeHbeB. 3HAUeHHs INOCTOSTHHBIX BpeMeHH
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Puc. 8.9. CTYKTypHasi cxeMa CHCTEMBI HaBeJCHUS

¢unpTpa BEIOHpAOTCA NPH
paccMOTpPeHHH 3ajayH Ha-
BelleHHs B LleJIOM B CTOXa-
CTHYECKOH IIOCTaHOBKe.
Hns JIA ¢ paaxosioKauu-
OHHOH TOJIOBKOH caMOHaBe-
JleHHsI TIOCTOSIHHAs BpeMe-
HH ¢uabtpa We,(p) npH-
MEpPHO paBHA HJIH Jaxe
6osibllle TOCTOSIHHOH Bpe-
MeHH KOHTypa crabHnjn3a-
UUH Teperpy3ku (KOHTYp
Il na puc. 8.9).

Curnan ¢ ¢usibpTpa Ino-
CTymnaeT Ha yCTPOHCTBO BHI-
paboTKH KOMaHAB YNpaB-
genust Wy(p), rue dopmHu-
pyercs  3ajaHHas 1epe-
rpyska fz. O6BIYHO Ha BHI-
xone 3Bena Wiy(p) ycra-
HaBJMBAaeTCs  NPOMOPIHO-
HaJbHOE 3BEHO C Hachille-
HueM. BennunHa Haceile-
HUS BbIOMpaeTcss M3 ycCio-
BUSI OrPaHHUEHHs] JOMYyCTH-
MBIX HEePerpy3ok, KOTOphle
OTIpefessIIoTCs TPOYHO-
cTbio JIA WM OrpaHHYeHH-
eM BeJHUHHBl €ro yria
aTaku.

3ananHasi Ineperpyska
ns orpabaTriBaeTcss KOHTY-
poM crabunusauHu Iepe-
rpy3ku /1. 3aMbixaHHe KOH-
Typa cTabu/ju3alMH Iepe-
TPY3KHU OCYIECTBJISIETCS 1My-
TeM CpaBHEHHS 3aJaHHOH
TIeperpy3ku rn; € HU3MepeH-
HO# ny. KoHTYyp cTabunusa-
IHH EePErpy3KH BKJIOUaeT
B ce6s KOHTyp ZHeMndupo-
Banus I. Ha yyacTke aBTO-
HOMHOTO  1OJieTa MOXKeT
OBITh TOAKJIOUEH CBOGOX-
HBI THPOCKON k¢ r MyTeM
3aMBbIKaHHs Kiioya .



CBs13b HOPMAaJIbHOM NEePEerpy3Ku C HOPMaibHON CKOPGCTHOM. B cucre-
Max CaMOHaBeJEHHsl NATYHKH MEPErpy30K KeCTKO YKpPemJeHBl Ha KOp-
nyce JIA u, cnefoBarenbHO, paboTaloT B CBA3AHHOH CHCTeMe KOOPAH-
HaT. OOBIYEO LAaTYHKH yCTAHABJMBAIOT TaK, YTO HX OCb H3MepeHHs Hep-
NeHAHKYJsspHAa NpOAONLHON ocH JIA, Ha BEHIXOZe AaTUYHKA IOJydaeTcs
CHTHAJI, NPONOPIHOHANBHEIN HOpMaJdbHON neperpyske. IIpu omucanuu
JAUHaMHKH JIA ero BBIXOAHBIM CHTHAJOM CUHTAeTCss HOpMaJsbHas CKO-
poctHas neperpyska (cM. pasf. 1.3). B cBsisu ¢ 3TuM He06X0AHMO OCy-
IIECTBHTb NepeXoJ OT HOPMaJbHBIX IepPerpy3oK K HOPMaJbHBEIM CKOPO-
cTHeIM. M3 paccMmorpenns puc. 1.1 HafiieM BelpaxKeHMd AJisi HOPMaJlb-
HOH CKODOCTHOH 1, 1 HOPMAJIBHOH Ny Neperpysok:

nyg= o+ T sin a)/G; n,=(¥, coso+X, sina)/G,

rae Y, =YL Y5,

Ecau yroa arakd ¢ JAOCTAaTOYHO MaJ, TO MOXHO HOJOXHUIb sina=a,
cosa==1, M uCKOMass TmepenatouHass (Qy9yKLus OyJer Wny ,,y( p) =
a

=1, (P)n(p)=[(Ya+T) o (p)+Y a3 (P)[(Ya+Xo)a(p)+Yad(p)]. lpu
nonymenun ¥V,=Vsa+Yo3=Vsa wuckomas nepenatouHas QyHKUHUS
TpaHC(OPMHDPYyeTCs B MepeaTOuHbIH KO3(DduLHedT

by, =(Va+TUTo+X,).

Cucrema ypamHeHuit HaBeleHus JIA Ha ueJdb. B COOTBETCTBHH C
pasa. 1.1 ypaBHeHus B BapHauHsX JJs NPOAOJbHOro ABHKeHus JIA
MOXKHO 3aNHCaTb B BHIE

(P*+ap)¥+ae+ad3=0; pb—am—a3=0;
Vy=0+4a; n, =VbgL. (8. 30)
Ilepenatounsle dyukuun JIA Wy (p), Wos (p), Wae (p), cooTBetcT-
Bylouie cucrteMe ypaBHeHuit (8.30), npuBenenst B pasi. l. 3.

ITepenatounas ¢yHkuusi pynesoro rpakra Wy r(p) B cucremax Ha-
BeJleHHsT OGBIYHO OMHCHIBAETCS allepHOLHIECKHM

(Tp41)3=ky.c (8.31)

HJII Koste6aTebHBIM
(T?p2+-26Tp+-1)d =k, 0 (8.32)
3BeHOM, The kp r — KO3(DOHUUHEHT YCHIEHHs pPYJEBOTO TPaKTa, ¢ —

CYMMapI{bIﬁ CHrHaJ Ha BXoAe pPYyJieBOroO TpPakKTa, KOTOprﬁ Ha 3Talne
CaMOHaBeACHUA MOXKHO NPEACTABUTDL B BIAE

°=kz.rW3 (p) 8 "!_kan (p) n— na=kg.rW§ (p) B _‘L.
+kan (p)n—k28 (8 33)

Curnan %, W3 (p)% cHumaeTcs ¢ BbiXOJa AeMIQHPYIOLETo THPOCKONa
(cM. puc. 2.6, 2.7), onuceBaeMoro KoJjebatenbHbIM 3BeHOM (2. 7). Ilpu
aHanu3e paGOTHl CHCTEMBI HaBeNeHHS HHOrAA AeMI(HPYIOLIHH THpPO-
CKOIl OMHCHIBAETCS yCHUuTeNbHBIM 3BeHoM. CurHana ¢ J1YCa BBOAMTCA
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B aBTONHUJOT AJS CO3JLaHHS MOMEHTA HCKYCCTBEHHOTO AeMndupOBaHHS.
BBenenne 3TOro curiaja mo3BOJISIeT YMEHBUIUTh KOJRGATEIbHOCTD MPO-
poabno# ocu JIA. Curnan 2, W, (p)n cHuMaeTcs ¢ JaTYHKa HOpMaJb-
HbIX IePEerpy30K, KOTOPLIH ONHUCHBaeTcs KoJebaTelbHBIM 3BEHOM
W (p) =1/(T2p2+428,T,p+1). Ilpu ananuse AHHAMHKH HaBeleHHS
LAaTyUK Neperpy3ok MOXKeT ONHMCHIBATHCS aNEePUONHYECKHM HJIH JaxKe
ycuauteabHeM 3BeHoM. Curnan k,W,(p)n mossonsieT chopMIpOBAaTh
KOHTYp CTaOMJH3alHH MEepPerpy3ku H TeM CaMblM YBEJHYHTb OLICTPO-
JefCTBHE CHCTeMBI, JO HEKOTOPOH CTemeHH CTaGHJIH3HPOBATb MPOLECC
oTpabOTKH 3aJaHHOH Neperpysku Ha Pas3jHYHBIX PeXHMaxX NPHMeHeHHs
JIA, ofecreunTh IPONOPLUHOHANBLHOCTL TeKyleit neperpysku JIA sanan-
HON neperpyske B YCT@HOBHBILEMCS COCTOAHHH. 3aJaHHYIO MEPErpy3Ky
MOJKHO NPEACTaBHTb B BUIE 5

=W (p)Wao,(p) w/s(p)s’ (8.34)

rie nepeparounass Gynkuus Wr(p) rosoBku omnpepnensiercs GpopmyJoi
(8.29); Ws(p) — mepenaTouHast ¢GyHKULS YCTPOHcCTBa BEIPAa0OTKH 3a-
JaHHOH mHeperpyskm, KOTopoe yacTo OepeTcs B BHAE YCHJIUTENLHOTO
3eena Wy(p) =#k,. Cucrema ypasuenuit (8.30), (8.32), (8.33) cos-
MecTHO ¢ (8.34) omnuceiBaer paboty GoproBoro koHtypa. CoBMecTHas
cHcTeMa ypaBHeHMH GOPTOBOrO0 KOHTYypa M KHHEMAaTHUECKOro 3BeHa
(8. 5) omuceiBaer npolecc HaBeneHus JIA Ha LeJb.

Cucrema ypaBHeHHH GOPTOBOTO KOHTypa COBMECTHO C JIHHeapH30-
BaHHbIM ypaBHeHHeM (8.14) KHHeMaTHUECKOro 3BeHa ONHCHIEAeT JIU-
HelHyI0 MOJeJb HaBefeHust JIA Ha Lleib B OKPECTHOCTH peXuMa mapaJg-:
JIeJIBHOTO COJIHKEeHHU .

Jluneiinble Momenu OoptoBoro koHtrypa. Ecanm mnosoxute as—0 u
npeHe6peyb HHEPIHOHHOCTbIO ABHKeHHS JIA OTHOCHTENbHO LeEHTpa
macc, To u3 cucteMsbl (8. 30) Halinem ypaBHeHue JIA

b= —a,ad/a,. (8. 35)

Ecnu Bce ocranbHble 3BeHbsl, COCTABJSIONINE KOHTYD CTa6UIH3aLUU
neperpy3kd, CUUTaTb YCHJIUTEJIbHBIMH 3BeHbSIMH, TO €ro ypaBHeHHe
6yner

n, =k\Vn,g, (8. 36)
rae ko = — kprasay (@ay + a)) 7M1 + kerasay) (aas + a0)7 (Brr +
+fn, V g=1)] 7! — KO3(DDULHEHT yCHIEHHs KOHTYpa CTaCHIM3aLKH.
OcranbHble 3BeHbss 6OPTOBOTO KOHTypa INpeACTaBMM B BHAe ale-
PHOLHYECKOT0 3BE€HA
n,—eky)(Tp-+1), (8.37)

Benuuuny mocTosiHHO# BpemeHH T B OCHOBHOM OIpelesisieT HepefaTou-
Hasi pyuxkuus We, (p). Uckmouas ng u3 cucremsn (8.36), (8.37), no-
JY4YUM ypaBHeHHe GOPTOBOrO KOHTypa

n,, =ckkV/g(Tp+1). (8.38)
YuuthBas, 4yto n= Vé/g, nepenuuieM (8.38) B BuAe
0 =ck.ko/(Tp+1). (8.39)
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B paccmaTpuBaemoil MojelH HHEPLHOHHOCTb GOPTOBOTO KOHTYpa yu-
TeHa anepuognyeckuMm 3BeHoMm (8. 37). [lepemuumem (8.39) B Buae

=W, (p)e, (8. 40)

rae W, «(p) — nepenatounasi ¢pyHKUMs aBTOHOMHOIO KOHTypa. B 6o-
Tee CJOXKHBIX MoJelsix nepefaTtodnast GyHkuus Wa x(p) mMoxeT GHTDL
NoJiyueHa W3 CHCTeMBl ypaBHeHH# 60pToBOrO KOHTypa. Tak, Hanpumep,
IPHM ONHCAaHUH PabOThl KOHTypa cTabuan3allH{ Ieperpys3kKd anepHomu-
YeCKHM HJIH KojieGaTeNbHBIM 3BeHOM ypaBHenue (8.40), c¢ yuetom
uHepurnoHHoctH (8.37), 6yner ONMCHIBATHCS COOTBETCTBEHHO yPaBHEHII-
€M BTOPOTO H TPeTbero mopsaka.

Briuucienne nposera ¢ yuerom ocJenjeHus

I'CH. [Ins mosHo# MOAyJALHH MOTOKA HEPrHH,
HAyLIed OT Lesd, WIHPHHA IOJOC pacTpa MOAY-
JUPYIOLIEro AucCKa A0JKHA OBITb JOCTATOYHO
60JbIIOH, BO BCAKOM cJyuae H300paKeHHe LeJH
LOJI2KHO OBITL MeHbllle IIMPHHBI OAHOH MOJIOCH
pactpa (cm. puc. 8.6, 8.8). Oxnako npu c6JH-
KeHun JIA ¢ uenbio H3o6paxkenus lean Oyger
BO3pacrath (CM. Bo3pacramuiie KOHIIeHTpHYe-
CKHe OKDYXHOCTH Ha puc. 8.10), u, HaKoHel, Ha
HEKOTOPOM DAacCTOSHHH H3006paXKeHHe LeH MOJ-
HOCTBIO Nepekpoer mosocy pactpa. Ilpu aToM o0 Loospanenne
NPOUCXOAHT HCKaXeHHe MOAYJSALHH H300parke- wmeam ans  pasmmumbix
HUS LeNd M NpU AajibHeiimreM cOamxenuu JIA ¢ Aarsnocred
Lenbl0 Npou30HAeT mnojHoe ocaenseHne ['CH.
C momenta ocnensennss 'CH cucrema ynpaBieHus mojyyaer HcCKa-
JKeHHYI0 HH(opMaUHI O MecTonosoxeHHn uend. OxHa U3 crpaTerui
peuxenus JIA x uean c ocnensnenncil I'CH 3akiioyaercs B ToM, uto
JIA mpopoJzKaeT mosieT B CTOPOHY LieJIM C TOH Meperpy3Koil, KoTopas
Obl1a B MOMEHT ocjem/eHus. B Apyrux cayyasx OCYLIECTBJIAIOT MOBO-
POT pyJsl B Ty 2Ke CTOPOHY, KaK 3TO ObLJIO B MOMEHT OCJeNJIeHUS, H
MNPOAOJKAETCS MOJIET ¢ MAaKCHMaJbHOI pacrmosaraeMoii Ieperpyskofl.
HakoHen, uHorza oxasblBaercs 1esec000pa3HbBIM OPTaHH30BATh IOJIET
JIA 1o ripfAMOJNHHeiHOH TPaeKTOPHH.

Brlyucaum 3HaueHHe mpoJsietra ¢ yuetom ocsemsienus 'CH B mpen-
HOJIOKEHHH, YTO LieJIb MaHeBPUPYET C NOCTOSIHHON meperpyskoil f=a=
=const npu ynpasaennu no 3akony (8.21). Ilosmaras B (8.25)
=tocn, NIONYUHM 3HAUEHHE NIPOJeTa K MOMEHTY OCJeNJIeHHs

¥oca =ak™! (tn —toea + k—l) ( 1— exp( - ktocn)) + %o €Xp ( - ktoc.n)' (8 41)
Bbl6epeM CTpaTeruio, IpM KOTOPOH ABHKEHHe JIA mocne ocsemnyieHHs

I'CH O6yzer npouCXOAHUTb C Teperpyskoil, HMeBLIeldl MeCTO B MOMEHT
OCJIENNIEHHS !

n="ny;=R%oen/ Dy, = Const, (8.42}
TZle TIPOJIET %ocq BBIUMCASIETCS 1O opmyJe (8. 41).
IloncraBass B nuddepenunanpHoe ypaBuenue nposaera (8.20) zHa-
ueHne neperpyskiu (8.42) u nonaras f(t) =a, noayuum

= — gD cos Nktoe,/| D| Doey+ aD/| D|.
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10 YpaBHeEHHE COAEPKHT OAUH CYLIeCTBEHHO H3MeHSIOLHACS napa-

metp — D. Tax kak D=Dyc; — |D|¢, mo mocielHee ypaBHeHHE NpH-
MeT BUJ

x=(A—|—a) (tocn_t)’

rie A= — gk, cosN/Dyeys Ifoc,l=Doc,,/]D|—IlaJIbHOCTb B MOMEHT
OCJIeNJeliysl, BbpaxKeHHasl B eJUHILaX BPeMeHH.

Wurerpupysa nociejHee ypaBHeHHe MPH HAYaJbHBIX YCJIOBHSIX
(8.41), nonyunm  3HauYeHHe NPOJETA K MOMEHTY fx HOCTHXKeHHA JIA
e

t=Aoen+(A+ Q) tyoit— (A+a) £3/2.

Brluncsias 3HaueHMs NpoJjeTa INPH Pa3HYHBIX IPeANoJaraeMex
cTpaterusx uean (f=0, f=a, f=>5bt — cooTBeTCTBEeHHO TOJIET (€3 Ma-
HEBpa, C MOCTOSIHHOH Teperpys3kKof, ¢ H3MeHsIOIeHCcs Teperpy3kof) H
Pa3JIMUHBIX CTpaTerusix ABMKeHHs JIA, MOXKHO BHI6paTh Haubosee pa-
LIMOHAJIbHYIO CTPaTerHio noBeleHust JIA mocse OC/eNJIeHHsT ero roJ0BKH
CaMOHaBeJEeHHS.

8.6. CIYYANHBIE CUIXEKH H iIyMbl
B KOHTYPE HABEJI EHUSA

B npouecce HaBenenusi JIA Ha menp Ha CHCTeMy CaMOHaBeNeHHS Hei-
CTBYIOT pa3/IHYHBle CAyualiHBle BO3MYLUIEHHS M CHTHajbl. JIA moaBep-
raeTcsi CHJIOBOMY BO3JAeHCTBHIO CO CTOPOHBI TypOyJ/eHTHOH aTMmocde-
Pbl, BJHsSIHMEM KOTODOH Ha IPOLleCC HaBeJeHHUsl B psje CAydaeB MOXKHO
npenebpeub. Ha mpouecc HaBeneHUs BJUAIOT BHYTPEHHHe M BHOLIHME
WyMbl X OIIHOKK. K BHYTPeHHHM IIyMaM OTHOCSTCS ApeHd Hysel ycH-
JuTesell, oUOKN NAaTYHMKOB NMepBHUHOH MHMOpMaUUH U T. 1. BHemHune
IIYMBl MOXHO pasjefHTb Ha aMIIHTYAHble, 00yC/IOBJIEHHbIE (QJYKTYa-
LHAMH MOLIHOCTH OTPa*KEHHOTO CHTHaja, H YIJIOBblE, BHI3BaHHbIE
s¢pdekToM OayKAAHUSA SHEPTeTHUECKOTO LIEHTPA OTPaxKeHHOH OT IeHu
sHepruu. Bosnee neranbHOe paccMoTpeHHe PabOTH TOJOBKHM CaMOHaBe-
JleHUS TIPUBOJUT K BBISIBJIEHHIO TaK Ha3biBaeMOH KapAaHHOH oOlIHOKH,
T. e. OIIKMOKH, BHI3BAHHOU pa3MellleHHeM H3MepHTeJbHOH YacTH T0JIOB-
KU caMOHaBeJleHHs B KapAaHOBOM IIOJIBECe.

B nprHiune ciayuaiiHele OIIHOKH He MOTYT ObITb KOMIIEHCHPOBaHBI
KaKUM-JIH00 JeTepPMHHHDOBAHHBIM CHT-
HasoM. VX Bo3gelicTBHEe MOXeT OBITh
ocjiabyeHo myTeM GUIBTPALUH CHTHAJNOB.
Bomnpocsl ¢uabTpaliy CHrHajoB Ha Gase
Kanmana — BriocH H3/102KeHH B I'I. 6.

Oco6o caenyer BbAeNMUTD OMUOKH 06-
TeKaTesnsl,  CylleCTBEHHBIM o6pas3oMm
BIMSIIOIIME HAa TOYHOCTL HaBemeHus JIA.
Oo6tekatens 'CH samuniaer aseMeHTH
ee KOHCTPYKIIMH OT MeXaHHYeCKUX H Apy-
Puc. 8.11. OGTexkaTeJdb TrOJOBKH Ca- THX BHLOB nospue}»xﬂ,eﬂuﬁ. OH pasMeu.La-
MoHaBeReHHs ercsi B rojioBHo#t yactu JIA u siBasiercst
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MPO3payHbIM AJS 3HEPTHH, KOTOpasi HCHOJAb3yeTCs B JAaHHOH TrOJIOBKE
(puc. 8.11). KpuBosnuneiinass ¢opma obTekaTesnss BLIGHpaercs H3 yc-
JIOBHS YJOBJeTBOPeHHs TpeGoBaHusM asponuHaMuku JIA. Ormeuaior,
4YTO NMpHMEHsSeMble MaTepHaJbl H TEXHOJIOTHS H3TOTOBJIEHHS BCe BpeMs
COBEpUIEHCTBYIOTCS, U TeM He MeHee OIIHMOKH, BHOCHMEBIE 06TeKaTe MY,
IBAAIOTCA 3HAYHTEJbHLIMH, U B DagHOJOKaLHOHHLIX TFOJIOBKaX CaMo-
HaBeJeHHUsl CMelleHHe 3JeKTPUUecKoit oci poctruraer 0,5° u GoJbile.

- DJeKTpOMAarsuTHas BOJIHA NPH HPOXOXKJAEHHH depe3 oOTekaTesb
IpeJIoMJIsieTcs, TaK YTo GaKTHUECKUIl yroJ MecTa LeJH & GyIeT OTJH-
4aTbCs OT €ro 3HayeHHs g, Ha BBIXOZe 0OTeKaTeJss Ha HEKOTODYIO Be-

JITUHHY Ag (@) :
co=c+ B¢ () (8.43)

Ha3bIBaeMVyI0 CTATHUYECKOH MeJIeHTallHOHHOH XapaKTepHCTHKOH o0Teka-
Tesst. JLs MHOTMX THIIOB FOJIOBOK 3Ta 3aBHCUMOCTb HOCHT B 3HAUYHTEJNb-
HO¥ cTemeHH cayuaiiHell xapaxkTep. OHa MOXKET CyLIeCTBEHHO H3Me-
HATLCA OT a3pOJHHAMHUECKOro HarpeBa, JHAedopMmaunuu obTekaTesst
BCJICACTBHE 23POAHHAMHYECKOHA Harpy3KH, OT HEOJHOPONHOCTH MaTe-
puasa obTekaresst 1 T. I. Bce Ke IJ51 HEKOTOPHIX TOJOBOK CaMOHaBe-
JeHus IpocJeXuBaeTcs A/ MaTeMaTHYeCKOro oxXuAanusa Ag(¢) He-
KOTOpasi 3aKOHOMEPHOCThb: 3HaueHHe A@ (@) yBeJHUYHBAETCd HpPH BO3-
pacTaHUU yIJia @ L0 HEKOTOPOT'O 3HauUeHHs, a NpH AajbHeHilueM BO3pa-
CTaHHU yIJla @ TeJeHrallHOHHAs XapakTepucTHKa A@(¢) KoJebsercs
B HEKOTOPBIX Npenesnax. DriBaloT u  6ojee CJAOXKHBIE 3aBHCHMOCTH.
B nosere 3aBucumocTs A () MOKET CYLIECTBEHHO H3MEHSTbCS.

Ecau 6bl cymecTBoBaja onpejejeHHas 3aKOHOMePHOCTb U3MeHeHHS
A (), HaeHTHYHAS BO BCeX MPOJOJBHBIX CeUeHHSX 0OTeKaTess, TO ee
MOXKHO OblJI0 6Bl KOMIEHCHPOBATh BEEJAEHHEM KOPPEeKTHPYIOUIEro CHr-
Hajsa.

CunraioTr, yto npobaema 60pb6bl ¢ OLINOKAMH, BHOCHMBIMH O6TeKa-
TEJIIMH, SIBJISIETCS, TMOXKAJAYH, caMoil BaXKHOK u TpyaHo#. bopbba ¢ 3Toi
omn6KOH RefeTcs B ABYX HalpaBJIeHHSX: co3faHHeM OoJsiee COBeplleH-
HBIX oOTeKkaTeseil H pa3paboTKOH aJropHTMOB yNDaBJIEHHS, YTO B 3Ha-
YUTENHHON cTeneHu ocjabuser BAHAHHe OWHOKH A@ (@) Ha TOYHOCTH
caMOHaBeJieHHsl. B pe3y/ibTaTe COBEPILEHCTBOBaHUSA KayecTBa obrekare-
Jell HX CTOMMOCTb 3a IOCJC[HHe [Ba AeCATHJETHs BO3pocsaa Ha Mops-
IOK. PasjuuyHble MepONpHUATHS, NpPUMEHsIeMble CO3MATeJNSMH CHCTeM
yIpaBJieHHsi, 3HAUHTENbHO YMEHBIUHJIH BJUsIHHe A@ (@) Ha mpoJer.
OnHaKO A0 HACTOSILEro BpeMekH 3Ta NpobJjemMa ocTaercs B 3HAUUTE]b-
HOH CTelleHHd Hepa3pellCHHOH.

BhIsSIBUM NyTH NPOHHKHOBEHUS OMINOKH A (@) B KOHTYD YIpaBJeHHs
JIA. Tak kax I'CH nudodepenuupyer yron mecra Lesad g, NOCTyIak-
Wi Ha ee BXOX [cM. mepexaTtouHyio ¢yHkuuio (8.29)], To mpomud-
tdepenunpyem 1o Bpemenu gopmyJy (8. 43)

co==2-}-dhe (¢)/de-de/dt.

[Ipu stom npoussonHas dA«g (¢)/de uacTo Ha3biBaeTcsi TpaJHeHTOM 00-
TeKaTessl. YUUTHBAs OueBHAHOE KHHeMaTHYeCKOe COOTHOLIeHHE @=
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=g — ¥, nocje/Hee BpIpaxKeHHe npeobpasyeM K BHAY
eo==-2 (14+dAo/do)—ddAg/ds.
M3 anasinza 3Toro BhipaxeHus cieayer, uyTo Ha Beixoge I'CH, kpome

NOJe3HOH COCTaBJSAIONIEH CHrHaja g, uMeeM OWHOKY (e—0) X
X dA@(¢)/dp. D1y omnbky yno6HO NpeAcTaBHTb B BHAE ABYX cJjarae-
MbIx edAg/de u OdAg/dp. IlepBas cocrapiasioumlas OWHUOKH HECKOJNBKO
H3MeHseT K03 dULHEeHT
yCHJIEHHST KOHTypa HaBele-

G oo F—{wy ol —{ A~ o} -g—= HHA B LesoM, a BTOpas
i | LI B0 | npusomut x -cosnanmio o-
) MOJIHUTEJbHOH TapasuTHOH
daeee] 0 [, ol n CBSI3H B KOHTYpe yIpaBJie-
p

dy e uus (puc. 8.12). Bausmue
nepBO# cocTaBJjsollell He-

n
[ ddoial € | I:_____ 3HAUUTEJNbHO, TaK KaK He-
" e | W 5(P) fy Gonburoe (Ha 10...20%)

H3MeHeHHe KO3 dHIHeHTa

Prc, B2 Crowirpuas, cewa_wowrypa inelewss  yCueHHS KOHTYPa HaBede-
olTeKaTenem HIsl He NpHUBedeT K 3aMeT-
HbIM OCJIOKHEHHSIM B YII-

pasjennu JIA. Bropas cocraBasioniasi Bjauser Ha paGoTy CHCTEMbI Ha-
Befenns. OHa B 3aBHCHMOCTH OT 3Haka rpaguenta dAg/de cospaer

OTPHLATEJIbHYIO HIIH MOJOXKHUTENbHYIO 00PAaTHYIO CBSI3b IO YIVIOBOH CKO-

pocta ¢. Ilpu mosoxurtenbHoM rpaguente dAg/de (mapasuTHas OTpH-
uyarejbHass o6paTHas CBSI3b) YMEHbIIAIOTCS OBICTPOIEHCTBHE H KO3d-
(DHIIMEHT YCUJEeHHS CHCTeMBl yrnpaBieHHus. [lepexoqHble MPOLECCH KOH-
Typa yInpaBJeHHsl CTAHOBSATCS 3aTSHYTHIMH. [IpH OoTpHIIaTesbHOM rpa-
nuente dAg/de (mapasuTHasi NOJOXKHTeJNbHAass obpaTHas CBsI3b) OHI-
CTPOAeHCTBYEe HE3HAUHUTEJBHO BO3PACTAeT, OZHAKO NPU 3TOM YBEJHUH-
BaeTcs Kosae6GaTeJbHOCTb NMPOIEeCcCOB H KO3 GHIUEHT YCHIEHHS CHCTe-
Mbl ynpaBienus. IIpn yBeanueHuu rpafuenta dAg/de cuctema ympas-
JIeHHs TepsieT yCTOHYMBOCTb. IIpH OTpHIlaTeNBHOM TpajfUueHTe MOTeps
YCTOHYMBOCTH IPOHUCXOZMUT NPH MeHbIINX BennunHax |dAg/de|. Ilpu
9TOM B CHCTeMe YIpaBJeHHs Pa3BHBAIOTCS Ko/aeGaHUs Ha UaCTOTaX,
foslee HH3KHUX, YeM IPH NOJIOXKHUTEJbHOM I'DafUeHTe.

8.7. AETEPMUHUPOBAHHBIE MOJEJIH
CUCTEM HABEJEHHSA

ITpuBenennass Ha puc. 8.9 CTpyKTypHas cxeMa CHCTeMBbl HaBeJeHHS He
‘OTpa)KaeT MHOTHX HeJHHeHHOCTeHd, NPHCYIIHX BCAKOH peasbHOH CH-
cTeMme.

[lepBas rpynna HeJwHeHHOCTell — 3TO JIMHeHHble 3BeHbs, KOTOpHIE
TP HEKOTOPHIX NpelesbHBIX 3HAUEHHSX BXOJHBIX CHTHAJOB HMEIOT Ha
BBHIXOLE TaKXe IpejejbHbe 3HaueHHus. Hamnpumep, orpaHnyeHa CKo-
POCTb mepekJajKH pyJielf, 00yc/a0BJeHHass pacrnojaraeMoil MOLIHOCTbIO
PYJIeBBIX MalLIHH; OrpaHHYEH yroJ OTKJOHEHHs yIpaBJsiolled MoBepx-
HOCTH BCJ/eACTBHe HeXKeJaTeJbHOCTH BHIXOJA B 3aKPHTHYECKHe YIJbl
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aTaky; orpaHuuyeHa ckopocTb g ciexenusi [[CH 3a uesnblo; orpanuueHst
BXOJHBle CHTHAJbl M3-32 OPAHHYEHHOCTH MOLIHOCTH MCTOYHHKOB 3HEp-
ruu. Orpamnueniie BBIXOAHNBIX CHIHAJIOB 3BEHLEB CHCTEMBl sIBJISETCS
OOLIUHBIM SIBJIEHIIEM.

Bropaa rpynma HenuHeliHOCTe#i OpraHM3yeTcs CIelHa/JbHO NyTeM
BBEJEHUsl JONOJHUTENbHBIX 3BeHbeB (OOBIYHO THIIA MPOMOPIIOHAJIBHO-
ro 3BeHa C HACHIIEHHEM) JAJIS1 OrPaHHYEHHs MAKCHUMAaJbHOH BeJHUHHBI
curHanos. K aToMy THIY OTHOCHTCS 3BeHO, NpHBELeHHOe Ha pHuc. 8.9.
YacTo npuberaoT K OTpaHHYEHHIO MAKCHMAaJbHOH BeJHUYMHBl CHTHAJa
Ha BXOJe cyMMaTopa BO H30exanne «3a6HUTHA» BCero KaHa/ja CHIHa-

JIOM OJHOTO pOJa, HANpHUMep, cUrHajtoM k¥, kyd. B apyrux ciaydasx
B CHCTEMY HCKYCCTBEHHO BBOJSIT 30HY HEUYBCTBHUTEJbLHOCTH.

Taxum o6pa3oM, paboTa CHCTeMBI HaBeLeHHs] ONUCHIBAETCS BechbMa
CJIOXKHOH HeJIHHeHHOH, HecTalHOHAaPHOH cucTeMOH AHddepeHaJbHbIX
ypaBHeHH# BBICOKOTO MOPSIAKA, MCCJef0BaHHe KOTOPOH IpeACcTaBJjseT
3HAYHTeJbHble TPYAHOCTH AaxKe IIPH MOMOLIH aHAJOTOBHIX U LH(POBEIX
mauins. [1osToMy sajgaua cHHTe3a ¥ aHa/jKM3a CHCTEMBbl HaBeleHHs pas-
61BaeTcsl Ha HECKOJIbKO 3TamoB. BrinoJiHeHHe NpeIIecTBYIOIEro Tana
[I03BOJISIET ONpelNeNUTh CTPYKTYPY M 3HAUeHUS [1apaMeTPOB CHCTEMBI,
CYLeCTBEHHO COKPATHTh 06beM paboThl, IPOBOAUMON HA MOCIEAYIOLIHX
stanax. [TosTanHocTb pellieHHs 3ajad CHHTe3a YNpaBJeHHs CJ0XKHUAACh
HCTOPHYECKH M IIMPOKO HCIOJb3yeTcs cefuac Ha npaxkTuke. s kax-
JOro Tama CcliHTe3a M aHaju3a Cco3JaeTcs CBOSI MareMaTHuecKas MO-
Jesb: JIHHeHHBle CTalHOHApHble U HeCTallMOHADHLIE MOJENH PasHBIX
NOPSAKOB, HeJHHeHHble MOJeNH, CTOXacTHYeCKHe MOJean U T. II.

Hux<e npuBefeH psijg MaTeMaTHYECKHX MOJesell CHCTeM HaBedeHHS
NpPH OCYLIECTBJEHHH METOLA MPONOPIHOHAJNBHOIO CONMKEHUS.

Ecnu ypaBHeHue 60pTOBOrO KOHTypa aNNpPOKCHMHPOBATL YCHJIH-
TeJIbHbIM 3BEHOM, TO MpOCTeHIlasi MOAeJb CHCTEMbl HABENEHHS MOXKET
O6bITH ONKMCAHA JHHEADH30BAHHBIM ypaBHeHHEeM KHHEMAaTHUeCKOrO 3BeHa

[cM. dopmyay (8. 16)]
DA +DhAe = — VALV A8 ; (8.44)
1 ypaBHEeHHEM MeTOJLa HaBeJleHHs
Ab = EAe, (8. 45)
rae k — xo3ppuureHT ycuieHust 60pPTOBOr0 KOHTypa.

Cucrema ypasHenu#i (8.44), (8.45) 5KBHUBa/NeHTHa ypaBHEHHIO
NEePBOr0 MOPSIAKA OTHOCHTEJIbHO YIJIOBOH CKOPOCTH & JIMHHH BH3HPO-
BaHUs

DAe 1 (2D £V) Ae=V A6, (8.46)
Ecan kosdduuuentsr D i 2D cunTaTh H3BECTHHIMH GOYyHKUHAMU BpeMe-
HH, TO ypaBHeHue (8.46) sBasgeTcs NHHEHHBIM HECTAUHMOHAPHBIM OTHO-
cutenbHo Ae. Kosdpuunent D u3MeHsieTcsi OT HEKOTOPOTO 3HauYeHHS

Ao Hyns npu c6anxkennn JIA ¢ uensio. Kospouuuentsr D, V u Vy npu
MHOTHX TEOPETHYECKHX HCCJIeJOBAHUSIX MOXKHO OCPeJHHMTb H CUHTATD
TIOCTOSTHHBIMH.
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PaccmarpuBaeMasi MaTeMaTHyecKast MOJAeNb YYHTHIBAET HHEPLHOH-
HOCTb TOJIbKO KHHEMAaTHYeCKOro 3seHa. Pabora Bcero 60pTOBOrO KOH-
Typa ONMCBIBACTCS VPaBHEHHEM YCHJ/IHTEJLHOrO 3BeHa C Ko3dbhdHIHeH-

TOM VCHJEHHSI R: yryioBasi cKopocTb 6 BekTOpa ckopocTH JIA ycranaB-

JIIiBaeTCsl MPONOPLHOHANbHO YIJIOBOH CKOPOCTU & JIMHHH BH3HPOBAHUSA
MTHOBEHHO, 6e3 3ama3AblBaHHs. DTa MOJAe]b MIecaJU3HPOBaHA H Jaje-
KXa OT peajibHOi CHCTeMEHl. B pesysibraTe HCCIeLOBaHHS 3TOrO ypaBHe-
HHST MOMHO NOJYYHTDL JIMIIL HEKOTOPHEe ofliyue CBOHCTBA, “apaKTepH-
3yl0llHe MeTOJ INIPONOPUHOHAJNbHOIO COJNMXKEHHS NPHU Pa3JHYHBIX 3HA
YEeHHAX hoanQmuHeHTa k. EcrecTBeHHO, 3Ta MOJEJb COBEpLICHHO He OT-
paxaet cBoHcTBa GOPTOBOTO KOHTYpaA.

Ecnn ypaBHeiine 60pTOBOro KOHTYpa anmnpoKCHMHPOBATH YpaBHEHH-
eM nepsoro mopaaka (8.39), a ypaBHeHHe KHHEMAaTHKH CYMTaTb JH-
HeapuanpoBaHHbM (8. 14), TO 3aMKHYTYI0 CHCTeMY HaBeJEHHS MOIKHO
ONHCATb YPaBHEHUEM

TDAe + (T D+4-D) &é 4 (2D b V) 8 =TV 80, + (TV-LV,) A,),
(8.47)

KOTOpOe IoJydacTcss HCKJAoueHdeM A H3 yNOMSHYTHIX ypaBHeHHIL.
TTonyuennas mogeanb (8.47) sBjsercd mepBbHIM YTOUHEHHEM MOJEJH
(8.46), KoTopas He YYHTHIBaeT HHEDLHOHHOCTH GOPTOBOIO KOHTYDA.
Mopgens (8.47) yuHTBIBAET MHEPIHUOHHOCTb GOPTOBOrO KOHTypa arme-
PHOJHYECKHM 3BEHOM C IOCTOAHHON Bpemenu T. B Teopuu aBTOMAaTH-
YecKOro ynpasJleHHs pa3pafoTaHbl MeTOAbl BEIOOpa mapaMeTpPoOB ypas-
HeHHs1 6ojlee HH3KOrO INOPSIAKA, alNPOKCHMHPYIOLLEro ypaBHeHHS 60-
Jlee BBICOKOTO MoOpsAKa. B mepBoM NpHOJHKEHHS MOXKHO IOJIOXKHTb

T=uw.", rae o, — uacrora cpesa 6optoBoro KoHTypa. Tak Kak caMbIM
HHEPLHONHBEIM 3BeHOM OOPTOBOTO KOHTYpa IIOUTH Ha BCEX peXHMax
HaBegeHusi JIA sBasercss ¢uabtp, crosmuil nociae I'CH, To MoxkHO
CUMTaTh, YTO MOZeab (8.47) yuiTeBaeT HHEPUHOHHOCTL 3TOr0 (GHUILT-
pa. Mozneap (8.47) B mepBoM NPHOJIHXKEHHH MO3BOJAET BLIBHTbL He-
KOTOpble NOKA3aTeNH CHCTeMBbI HaBeleHMs: OBICTPOLEHCTBHE, IIOJOCY
NPONyCKaHHUs, BeJUYHHY NpoJeTa U T. 1.

CaenylouiuM npub/uKeHHeM MaTeMaTHYeCKOH MOZAeNH K peaJsibHOM
SIBJISIETC: CHCTeMa ypaBHeHHH

DA+ DA = — VA0V A0, Ab= ke/(T2p2+2:Tp-+1). (8.48)

31ech HHEPUHOHHOCTb GOPTOBOIO KOHTYypa YUMTHIBAeTCs KoJedaTelb-
HBIM 3BeHOM. JTa MOLejb B Kjacce JIHHEHHBIX MojeJiefl JA0CTaTOYHO
TOYHO OMUChIBaeT O6CPTOBOH KOHTYP.

Uckmoyass O u3 cucreMbl ypaBHexuil (8.40) u (8.14), mosyuum
Hosee o6wui BUA JHHEAHON MOLENH CHCTEMbl HaBeJeHHs

DA+ (2D + VW, (p) Ae =V A6, (8.49)

JluHelinbie Momend CHCTeMbl HaBeleHus THina (8.49) xocTaToyHO TOY-
HO anmpoKCHMHUPYIOT HeJHHEHHEIE MOJENH, B KOTOPHIX KHHeMaTHdecKast
CBfI3b OMHCHIBAETCS HEJHHEHHHIMH ypaBHeHUsMH KuHeMaTHku (8.6) H
(8.5). Ha pexumax npu e~ 180° u ¢~ 0 pasHuua B 3HayeHUX NPO-
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JeTa %, BLIYHCJEHHOrO No JUHeHHBIM MogensaMm (8.49) M HesuuedHBIM

.

MognenasmM, He npessiaer 5%. Owubka B ¢ gocrturaer 50%, ecan pac-
CMaTpHUBATh HaBeJeHHEe Ha 1leJib NPH BCeX 3HAUSHUSX €.

Mopenr (8.48) u Monmenu OGoJiee BBICOKOro mnopsiaka tuna (8.49)
06GBIYHO HCCIIEeAYIOTCS MyTEM MaTeMaTHYeCKOro MOJAENHPOBaHHS, a TaK-
2Ke ¢ MPUMEHeHHeM MeToJa YacTOTHBIX XapakTepUcTHK. OJHAKO HH oHa
U3 JIMHEHIIBIX MoJeJsed He MOXKeT JOCTaTOYHC TOYHO ONHCATh CHCTEMY
HaBeleHHs, HeOGXOAHMO 06s3aTeNbHO YUYMTHIBATH €€ HeJHHEHHOCTb,
B IepBYI0O Ouepelb OrpPAHHYEHHe MHeperpy3kH IpH IOJeTe Ha MaKCH-
MaJibHEIX CKOPOCTHEIX Hamopax. Ha atux pexumax JIA MoxKeT BBHIXO-
JHTb Ha HeJONYyCTHMble ieperpy3ku. Lsi mpefoTBpalle s 3TOro mepes,
KOHTYPOM CTabH/IH3alHK MepPerpysKH BBOJUTCS JIHHEHOe 3BEHO C Ha-
coilleHdeM (cM. puc. 8.9). MakcuMaJ/ibHOe 3HAueHHe CHTHazla Ha Bb-
XOJle 3TCro 3BEHA Mmax HA3HAYaeTcsl M3 cooOpaxeHHH NMPOUYHOCTH KOH-
cTpykuuu JIA. dopMupyeMas meperpy3ka AJs paccCMaTPUBAeMOro CJy-
yast MOXKeT OBbITh 3alicaHa B BHIE

ny=n NP N <Hyays My=="Nyay TPH 1 > Mgy, (8. 50)

OrpanuueHue pacroJaraemoil meperpy3kd IpH IoJeTax ¢ He6GOJb-
IIHMH CKOPOCTHBIMH HANoOPaMH BO3HHKAeT BCJAEACTBHE OTKJIOHEHHS YII-
PaBJIAIOILUX MJIOCKOCTEl J0 ynopa

n<n, (8.51)

Te ng — Neperpys3ka, KoTopash MOXeT OBITb CO3JaHa B KOHKPETHBIX
YCJOBHSAX MOJieTa HOPH HOJMHOCTBIO OTKJIOHEHHBIX YNPaBJASIOLHX IO-
BEPXHOCTAX. IDTO HMeeT MeCTO NpH [oJeTe Ha GONbIIHX BBICOTAX, e
IJIOTHOCTb BO3JyXa, a CJeJ0BaTeJbHO, H CKOPOCTHOH HAaNop He3Ha4H-
TeJbHBE. PakTHUeCKas Meperpy3ka MoKeT OBITb B HECKOJBKO pPa3 MeHb-
e TpebyeMoi, YTO NPUBOAUT K O0JbLIHM mposeraMm. Ilpu sTom Heo6-
XOAHMO MMeTb B BHAY, YTO H lleJb JIETHT Ha 3THX BBHICOTax MO Tpaek-
TOPHAM, GJIH3KUM K NPSIMOJHHENHHBIM.

Ecan xaxiyro U3 pacCMOTPEHHBIX MaTeMaTHYECKHX MoJesel
(8.46), (8.47), (8.48), (8.49) pomosnuuth ypaBHeHusimu (8.50),
(8.51), To moONYYHM COOTBETCTBYIOIME HeJHHEHHBIE MOJIEJH, KOTOphIe
JOCTaTOYHO TOYHO ONHCHIBAIOT PaboTy cHcTeMbl HaBelenus. Henuneit-
Hble MOJEJNH CHCTeM HaBeleHHsl HCCNeJyIOTCS B HacTosilllee BpeMs Iy-
TeM MOJEeJHPOBAHHSA HAa aHAJOTOBBIX H LUH(GPOBBIX BBIUHCIHTEbHBIX
MallHHaX.

Ha Tounocte HaBenenus JIA cyuiecTBEHHO BJIHSIeT CKOPOCTHas Xa-
paKTepHCTHKa NPHBOAA: CKODOCTb OTKJOHEHHS DPYyJis MPONOPIHOHAJL-
Ha ynpasJ/AIolUEeMy CHIHATY [0 ONpeles]eHHOro NpelebHOr0 3HaYeHHs
Omax. BenuuHHa Omax OTPAHHUYHMBAETCS pacno/jiaraeMoH MOLIHOCTBIO pY-
JaeBoi MamuHe. CKOPOCTHAasi XapaKTePHCTHKA NPHBOJA B 3HAUHTENb-
HOIl CTemeHH OMNpelesisieT ero moJjocy nponyckanus. Mweiorcs u npy-
rie ¢haxkTopHl, BAHSOLINE HA TOYHOCTb HaBeleHHs JIA, HanpuMmep, mpe-
nenbHast ckopocTb ciexenns I'CH 3a menblo, ee npesesibHble YIJIBL OT-
KJIOHEHHS H T. IL

Ha Gosee mo3aHux sranax NPOEKTHPOBAHUsSi HEOOXOAMMO HCIOJIb-
30BaTh HesjuHeHHble ypaBHenus (8.5), (8.6) kunematuku. Maremartu-
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yeckast MOJieJjib, IOCTPOCHHAS C YUeTOM 3THX
VpaBHEHHIl M BCeX INepeyHCJeHHBIX HeJH-
HefiHocTell 6OPTOBOr0 KOHTYypa, AOCTATOYHO
TOYHO OTpa)Kaer npoiecc HaBefeHus JIA Ha
1eJib B JIeTepPMHHHPOBAHHOH MOCTaHOBKE.
Puc. 8.13. TMpeoGpasoBaHHas Hepe'—II’ICJIGHHbIe MOJAeJNlH HaBeJdeHHs,
e ypran cxeMa  cuctemit  gpome Mofean (8.46), ucmosabsyoTes H npH
HCCJIeIOBAHHH CHCTEMBl B CTOXaCTHYECKOMH
nocranoBke. Ho mpu atoM mapamerpel 60p-
‘TOBOTO KOHTYPa, a TakXkKe B ONpefesNeHHOH CTeleHH H ero CTPYKTypa
EBIOHPAIOTCA C YUCTOM CTATHCTHYECKHX XapaKTePHUCTHK IOJIEe3HOro CHI-
Hasna H mWyMoB. MHorna yno6HO CTPYKTYPHYIO CXeMy CHCTEMBI HaBeje-
Hill NPeNCTaBHTb B BMAE, IPHBeJEeHHOM Ha pHc. 8.13. B cOOTBETCTBHH
c aTOil cxeMoll 3amauy HaBefeHuss JIA Ha LeJb MOXHO NPEACTaBUTDH
KakK 3a7auy cTabUIH3alHy YTJIOBOH CKOPOCTH JIMHHH BH3HDOBAHHS NPH
HYJEBOM 32JaHHOM ee 3HaueHMH. B sTom acnmekre 0ObEKTOM yHpaBje-
HUSI MOXKHO CUMTATh KHHeMaTHueckee 3BeHO Wiys(p), a peryaaropoMm—-
HoproBoit KoHTYp Wax(p).
B nociennee BpeMsi HHTEHCHBHO pPa3BHBAETCS, XOTS H HaXOLHUTCS
B Haya/JbHOH CTajHH, METOJ aBTOMATH3UPOBAHHOTO INPOEKTHPOBaHUS
KOHCTpyKuui JIA u cucrem ynpasJseHusi. Ha Bcex stamax mpoeKkTHPO-
BaHMA CHCTEM HaBeNeHHs LIMPOKO NMPUMEHSIOTCS LUUQPPOBBIE BHIUHCIIH-
TenbHbple MawuHb. [lpn momomu IIBM opraHu3oBaH aBTOMAaTH3HPO-
BAHHBIA NMOHMCK IapaMeTPOB CHCTeMbl, ONTHMaJbHLBIX IlepefaTOYHBIX
¢yHKUMA U TpaekTopuit HaBeneHus. Ilocse KakAoro M3 3THX 3TaIOB
MIPOXOAHT OTHOCHTEJNbHO INPOLOJIKHTEJNbHOE BpeMs, NMOKa CIEeLHAJUCT
IpOaHa/H3HPYyeT pe3yJbTaThl H HAaMETHT IPOTrpaMMy JajbHefIINX HC-
cJefloBaHUHA. 3aaya aBTOMATH3UPOBAHHOTO NPOEKTHPOBAHUS — COKpa-
THTb BPeM$ NPOEKTHPOBAHUS, BKJIIOUHTh B paboTy MalLUHHBI YeJ0BeKa-
omnepartopa, caesaTb yLoOHBIM OOlleHHe OmepaTopa ¢ MalIHHOH.
Pa6oTra mo co3gaHui0 aBTOMATH3UPOBAHHHEIX CHCTeM NPOSKTHPOBa-
HHUS BeJeSTCA [0 MHOI'MM HampaBJleHUsIM: co3flaHHe OoJiee COBeplIEH-
HBEIX NPHCIOCOOJEHHBIX JJisi aBTOMATH3HPOBAHHOTO IIPOEKTHPOBAaHHS
QJTOPUTMHUECKHX $I3BIKOB, paclliipeHHe BO3MOXKHOCTEH BLIUHCJIUTEJb-
HBIX MallMH (yBeJHUeHHEe OMepAaTHBHOH MaMATU U OLICTPOLEHCTBHSA),
paclIipeHHe MaTeMaTHUeCcKOro o6ecreueHts, yayulileHHe CHCTEMBl BbI-
BOjla ¥ BBOJAA JAHHBIX (CO3JaHHe CHCTEMBI TEPMHHAaJOB U T. I.), pas-
pa6oTKa palHOHaJbHOH INOCJEeJ0BaTeIbHOCTH MaTeMaTHYeCKHX MOJe-
Jie#l, co3laHHe HTEePALUOHHBIX MeTOJAOB INOHCKA pelleHHH, IOCTpOeHHEe
HepapxHuecKod cucTeMbl (PYHKLHOHAJOB H T. II.

8.8. CTOXACTUYECKHE MOJEJIH CHCTEM HABEIJEHHA
$dHIbTP KAJIMAHA-BbIOCH

Ilosaras B (8.5) cosm=cosNy==1 B NpeaNOIOKeHHH MaJOCTH yIJIOB
M U g 4 npeHebperas yieHoM F (£), mosyuynm

e=—2DD e — gD \nt gD ng (8.52)
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ByneM CUHTATh, YTO My — CTALHOHAPHBIN OeJsibli MIYM HHTEHCUBHOCTH
2

Oy?, H TNONOXKHM AIS KpaTkoctH  §=gD7ln,, of ::M&?:g?l)'%i.

YpaBHeHHe aBTOHOMHOro KoHtypa (8.40) Hpe,IICTdBHM B BUJle

n=VgW,.(p)%, (8.53)

Tle £ — OleHKa g, mocTynarouas ¢ punabrpa Kanmana — boiocu. ¥Ypas-
HeHHe H2MepHTeJs npenc:TaBnM B BHJE

eo=e—m, (8.54)

rje e — CHTHAJ Ha BbIXOI[e I'CH; ny —CTaLLHOHaprm Gesblii yM ¢

HHTEHCHBHOCTBIO °n1 Cucrema ypaphenuit (8.52), (8.53), (8.54)
o0pasyeT IPOCTEHIIYIO CTOXaCTHYECKYI0 MOJAE/Ib CHUCTEMBEl CaMOHaBese-
nus. IToctpoim $uabTp Kanmana — Bbrocn /18 OLEHKH BeKTopa cCo-
cTosinust JIA, KOTOpbIi HCHOAb3yeTcs: s GOPMUPOBAHIsL AJTOPHTM?
ynpaBJeHHs.

Crauana noctpouM QUABTP AJst Ge3bIHEPLUUOHHOIO GOPTOBOTO KOH-
Typa (8.53) Wa. lQ(p)_.’i’, ko [cm. dpopmyay (8.38)]. HMckawouus n u3
cucteMbl ypaBHeHui (8.53), (8.54), mosyunm ypaBHeHHe HaBeIeHHS

§— —9DD% — hfyD1Vs -1, (8.55)

YpaBHenune ¢unbrpa Kanmana — Berocu (6. 81), namolero oueHky €,
NPUMET BUA

dejdt— —2DDTs— kD~ Vet K@ (e—%),  (8.56)
rie B cooTBercTBHH ¢ (6.74) K(t)=P(t)csf,1, a MaTpUYHOe ypaBHe-

Hue Pukxkaru (6.75) peLyuupyercs B CKaJjsipHOe 1'7=4DD—1p—|-p2cs§f—|—
—|—c§1. Cucrema ypasHennit (8.55), (8.56) omuceBaeT KOHTYp camo-
HaBeflenns ¢ ¢unbTpom Kasnmana — Bbrocu. 3aech oleHKa & HCIOJb-
3yeTcs I GOPMHPOBAHHUS aJTOPHTMA YNpaBJeHHUS.

Ecnu 6oproBoii koHTyp (8.53) annmpokcuMHpOBaTb KosebaTesb-
HEIM 3BeHOM (T2p2+2ETp+1)n=Vkkog—'le, To, BBOAS HOBbie mepe-
MeHHEbIe x1=é, Xo=Nn, X3=—n, 3amULIeM cucteMy ypaBHeHH# (8.52),
(8.53) B HOopMaJsbHOH opMe

Xi=—2DD"1x;— gD lx, &5 Xp=X3;
Xo=—T—2x,— 2T lex, - T2V b by~ 1%,

HIIH x=Ax+Bx g, (8.57)
rupe
—2DD-1 —gD"t 0 0 00 &

0 —T—2 —%T-1 T~V kg0 0 0
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YpaBHeHHe U3MeDHUTe s NPEICTAaBHM B BHIE

y=Ex-n, rae E=[1, 0, 0}; 4"=|[n,, 0, 0].

IYpaBHeHHe ¢unprpa (6.81) nmas obwekra (8.57) 3anumem
B BUJIE

X — A% - Bx 4K (1) (y—EX),

1
rae K(#)=P () (O > 72, a P(¢) naxoautcs u3 ypasHenus Pukkath
0
st 00 1
P=AP+PA"}+| 0 0 0 [—P|O |(1,0,0)Ps;>.
0 00 0

Ilpu Gosee TOuHOH MOJEJSH CHCTEMEI HaBelJeHHs GyHeT MOBHILATh-
csl NOPAAOK ypaBHeHus ¢unbrpa Kanmana — bBrlocu. Tpyanoctn BHen-
penusa ¢unaprpa Kanmana — Belocn B cucTeMax caMOHaBeJeHHS CBS-
3aHBl C H3MepeHHeM HeKOTOpHX (as3oBbX koopauHat (D, D u gp.),
BXOJSILINX B ypaBHeHHe (GuabTpa. BeKTOp OLEHKH X HCIOJb3yeTCs NS
($hOpMHDPOBaHHUS aJrOPHTMa yIpaBJeHH.



T'rasa 9

CHUCTEMBI
TEJIEVIIPABJIEHU

9.1. OMIPENEJEHUE, KIIACCUPUKALLUSA

TeneynpasJsieHHe — yIpaBJeHie HA PacCTOSHHH. .B cucremsr Teneym-
paBnenust JIA BXonst:

1) obwexr ynpasaenus; B KauecTBe OODBEKTA YIpPaBJEHHUS MOLYT
BBICTYIATh CaMOJIEThl, COYTHHKH, KOCMHUeCKHe KopalJH MeXIJIaHeT-
HBIX TepeseToB # Apyrue JIA;

2) yeno, Kyna JNOJxKeH OHTb JOCTaBJeH OOBLEKT yIpaBJeHHS, Ha-
TpuMmep, B KOCMHYECKHX IOJeTax 3TO — IJlaHeTa Ha3HaueHHs, opbu-
TajbHast CTAHLUHUA U T. IL.;

3) nyHKT ynpasiexus, NpefHa3HAUEH HJIS H3MEPEeHHs KOODAHHAT
Lesd H o6beKTa yIpaBJseHus,, BIDAaGOTKH CHTHAja paccorjacoBaHHS,
¢popMupOBaHUA KOMAaHJ yNpaB/JeHHS H Iepelayd MX MO KaHaJy Teje-
ynpaBJeHHss Ha 60pT oObekTa ynpasJseHus. IIpn ocyuiecTBJeHHH KoOcC-
MHYECKHX II0JIETOB OPLaHH3yeTCsl CIelMaJbHbIH LEeHTP [0 KOOpAHHA-
LUK ToJeTa.

B pa6ore myHKTa ynparjeHHsI 06s3aTe€JbHO NPUHHMAET YuacTHe
OIIepPaTop HJM IeJblH KOJJIEKTHB COTPYAHHKOB (KOCMHUECKHE IOJETH ),
B 3aja4yy KOTOPBIX BXOAST HauboJjee OTBETCTBEHHHIE ONepalydy IO OCy-
LIECTBJEKHIO T0JieTa: BBIOOD LedH, Nepexod Ha APYro# peXum paboThl
u T. 0. IlyHKT ynpaBJieHHsT MoXeT OBLITh PachoJIOXKeH Ha 3eMJe HJIH B
KOCMOCe, Ha CaMOJIETE HJIH APYroM o0heKTe.

CucreMBl TeseynpaBJieHHs NOAPA3AESIOTCS Ha Ay4esole U KO-
MaHOHbLe.

Ilpu syyeBOM TeseynmpaBJieHUH OOBEKT YIPABJIEHHUS JIETUT B Jyye
pPanMoJOKaTOPa, ODUEHTHPOBAHHOTO NO 3aJIOXKEHHOMY aJrOPHTMY B
cTopoHy uend. PaamonoxkaTtop HaxXOZUTCS Ha CTALMOHADHOH HJIH TIO-
IBHKHOU CcTaHIUM HaBeleHUS. DopToBas cucreMa ynpaBjeHHUs 06bek-
TOM H3MepsieT CHIHaJ paccorjacoBaHus, GopMHpyeT u oTpabaThiBaer
KoMaHAy ynpamieHus. CHTHaJ paccoracoBaHUs INOJNyYaeTcs MyTeM
H3MeDEeHHs HAUDPSKeHHs, XapaKTePU3YIOUero OTKJIOHeHHe o0'beKTa yII-
paBJIeHUs] OT OCH Jiyua CONPOBOXKAAIOUIEro JoKatopa. Peaausys pas-
Hble crmoco6b. (OPMHPOBAHHsI HamNpaBJIeHHs Jyda paLHoJ0oKaTopa,
MOXHO OCYLIeCTBHUTb HaBeJeHHe IO Pa3JHUHBIM KHHEMaTHUYeCKHM Tpa-
€KTOPHSIM.

IIpn koMaHIHOM TeJieympaBJeHUH OOBIYHO H3MepSIOTCH KOOPAHHA-
TH LEeJd U oO6beKTa yHnpaBJeHHsl CTaHIMeHd HaBeleHHs. Ha ocHoBe HH-
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dopmanuy, noJyueHHOH OT CTAaHIUHM HaBeJeHHs, GOPMUPYIOTCA Hemlpe-
pPBIBHbIE I DA30Bble KOMaHAB! yhpaBJeHHs. HenpepbiBHble KOMaHABI
obecrneunBalOT ylipaBJeHlie MoJeToM 06beKTa 10 KaHaay BBICOTH M 60-
KOBOMY KaHasy. Pa3oBble KOMaHAB! BBIAAIOTCS C LeJbl0 H3MeHEeHHs
CTPYKTYpPBI GOPTOBOTrO KOHTYpa, €ro napaweTpoB, OTAEJNEHHs CTyleHeH,
BLIOpOCA NapallioTa, BKAIOUEHHS] H BHIKJIIOUEHHS ABHraTesed, mepeopu-
eHTallMH KOCMHYEeCKOro anmnaparta, nepexofa Ha aBTOHOMHBIN peXHM
[HoJeTa u T. 1.

KpoMe ABYX OTMEUEHHBIX THIOB CHCTEM TeJeylpaBJeHHs, CYIlecT-
BYIOT KOMOMHHDOBAaHHbiE CHCTEMBl, B KOTOPHIX NYHKT yNpaBJEHHS 4a-
CTHYHO MCIOJBb3YeT UH(POPMALHIO C JATUUKOB, PACIOJNOXKEHHBIX HA 00Db-
eKTe YIpaBJeHHus.

JansHocTh AefCTBHS CHCTEM TeJeynpaBJjeHHs AJsl Pa3jJHYHBIX TH-
NOB 0ObEKTOB H3MeEHSeTCS OT HECKOJLKHX KHJIOMETPOB JO COTEH MHJ-
JINOHOB ¥ MUJIJIHAPLOB KHIOMETDOB.

9.2. KHHEMATHUKA HABEAEHUSA
NPH KOMAHJIHOM TEJIEYIIPABJIEHUH

dynkuucHadpHas cxema. PaccMoTpuM (GYHKIHOHAJbHYIO CXeMYy KO-
MaHJHO!H cucteMbl TejeynpaBieHus (puc. 9.1). CraHuus HaBeleHHS
(CH) BoimosHsieT QyHKIHH OGHAPYXKEHUS IeJTH H CONPOBOXKICHUS Ile-
Ju U o0beKTa ympasjeHus. B mpoiecce cOmpoBOXIeHHS H3MepsIOTCs
KOODAMHA4TH LleJIH H OO'beKTa YIpaBJeHUsd, NPOrHO3UPYIOTCA HX Tpa-
eKTOPHH, H Ha OCHOBe 3TOH HH(POPMALHH BbIpaGaTHIBAIOTCS KOMAaHILI
yIpaBJeHus, MOoChlJaeMble B 3aKOAUPOBAHHOM BHJe MO JIHHHH Teseyl-
paBJieHds1 Ha 60pT oObeKTa ympaBJieHHs. AnmapaTtypa CTaHLUUH HaBe-
JeHHsl HCII0JNb3yeTCs MHOrOKpaTHO. DBopToBasi ammapaTypa ymnpasJie-
HHA sIBAsieTcsi GoJiee JellleBOH, yeM anmapaTypa CTAHIMH HaBeXeHHS.
B ee (yHxuMH BXOOUT NpHEM KOMaHA YIpaBJeHHs, HX AeKOLHpPOBaHHE
n orpabotka. B obuiem cayuae TpaeKTopusi o6be€KTa ympaBJieHHS MO-
JKeT BKJIOYaTh ABa yuacTKa. IlepBBI yuacTOK — y4aCTOK aBTOHOMHO-
ro noJeTa, HaYMHAIOIIUACS C MOMeEHTa CTapTa. 34eChb OCYLIECTBJISET-
Csl aBTOHOMHBIH NOJIET MO 3a/J0XKEeHHOH HPH cTapTe B BHAEe MPOrpamMm
HH(pOpMaLHH.

umeperus !
v |soopdurnam
|——-——- yesu Npozrnosupo=
06seKkm fanue
mpaekmopuu
u sipadoma i
Paduobusop Komand
uIMepeHuA ynpabaenun
koopdunam |
A Onepamop l
CH !

Puc. 9.1, DyHKUHOHANbHAA CXeMa KOMaH/JAHOH CHCTeMbI TeJeynpaBJeHus
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Bropoit yuacTok — yuacTok
nojera 0GbeKTa MO KOMaHIAM y
craHuun HaBeneHHs. Ilocae mne-
pexona Ha TeseynpaBbJjeHHe O0b-
eKT OOBIYHO HaXOJHUTCS HaJIeKO
OT pacueTHOH (KHHeMaTHYeC- »
KOH) TpaekTOpuH. VYTIJOBBle H
NHHEHHBIE OTKJIOHEHHS HaCTOJb-
KO 3HauMTe/bHbI, UTO Tpebyercs
foablIoe BpeMd, IIpexae 4eM AU
yLaeTcs [JOCTHTHYTb KMHHEMaTH- [y X
yeckoil TpaekTopuu. UTob6wl cO-

KpPaTHTb 3TO BpEMA HeHOCPeIlCT' Puc. 9.2. KuHeMaTHUeCKHe 3JIEMEHTbI NMpH TeJae-
BEHHO NOCJI€é aBTOHOMHOTO yua-  YnpasieHii '

CTKa, IllejecoobpasHo IJsd BBHIBO-

1a 06'beKTa Ha KHHEMAaTHYeCKYyI0 TPaeKTOPHIO IPUMEHHTh ONTHMAaJIbHOe
no GBICTPOAEACTBHIO yipaBJaeHue. [Tocsae 3T0oro 06beKT JETHT MO KHHE-
MaTHYeCKOH TpaeKTOpHHU, ONpefesieMOil BBIOpAHHBIM METOJOM HaBeJe-
HHSI, B COOTBETCTBHH C KOMaHZaMM CTaHLHH HaBeleHHA. B HeKOTOpHIX
THIAaX O6bEKTOB Ha KOHEYHOM yuyacTKe ToJera AJs JOCTHXKEHHS MeHb-
Iero IpoJeTa NpUMeHsieTCss NMPHHUHUN caMoHaBefleHHsd. Hanpuwmep,
cOaHKeHe H CTHIKOBKa ABYX KA MoXKeT OCyIlecTBJATHCS € UCHOJDb-
30BaHHeM NPUHIUIIOB caMOHABEACHHUS. ' '

TeneynpaBseHHe HaXOOUT ceifiuac HIMPOKOe NpHMeHeHHe. B cospe-
MEHHBIX KOCMMUYECKIX NepeseTax Heqlb3s O0OHTHCL 6e3 TeseynpasJe-
nusi. Ilpu reneynpaBieHHM HeOOXOAHMO HMeTb OOCHYKHUBAIOIIUHA Iep-
COHaJi Ha CTaHIHH HaBeleHHS [/ OCYLIEeCTBJEHHS COMpPOBOXKAEHHS
06beKTa ynpaBJeHHsT 40 MOMeHTa AOCTHxKeHHs HM Uenu. Iupoxoe
IpHMEHeHIie CICTeM TeJeynpaBJ/eHHus B HacCTosllee BpeMs 0O0BSCHIETCS
B OIPE/leJICHHON CTerneHH OrPAHUUEHHBIMH BO3MOMKHOCTSMH BBIUHCJH-
TeJbHOH TeXHHKH, PACIOJIOKEHHOH Ha OOpPTYy yNpaBisieMoro oGbeKTa.
Ilpn manbHefilleM pPa3BUTHH BHIUHCJIUTENBHOH TeXHHKH, €€ MHHHATIO-
pH3auiy MOXKHO 6yAeT pelaTh BCe HJH NOYTH BCe HABUTALHOHHBIE 3a-
Jayn ynpasJends Ha camoM obGbekTe. [loser 6yner coBepliaThes B
3HAYUTEABHOH cTemeHu aBTOHOMHO. IIpu 3TOM He HYXKHO 6yIeT comep-
JKaTh 3HAUHTEJBHBEIH HEepCOHaJ, OPraHMU3YIOWMEH noJjeT ob6bekta. Ilpn
pacUIMpenyll KOCMHUYECKHX HCCJAeIOBaHHE, KOTJa B KOCMOCE OJHOBpe-
MeHHO OYIYyT HAXOAMUTLCS AECATKH KopabJel, NJIUTeNbHOCTH IepeseTa
KOTOPHIX OYJNeT MCUHCAATHCSA FOJaMH, HCIOJb30BaTh COBPEMEHHBIE Me-
TOABI yNpaBJ/eHHs OyAeT HeBO3MOXKHO. ABTOHOMHBIH MOJIET ¢ mpHMeHe-
HHeM CaMOHaBeJeHHS Ha OTAeJbHHIX 3TallaXx 3aMeHUT IOJIeT IO Tejle-
VIpaBJeHHIO IPH KOCMHUECKHX NepeseTax.

OcHOBHble KMHeMaTHYeCKHe ypaBHeHus. [IpH caMOHaBeJeHHH HC-
NOJb3YIOTCS OTHOCHTEJLHBle KOODAMHATHI LEJH, a NpH TejeynpabJe-
HHH — a6COMIOTHble KOODAWHATHL llesd U 06bekTa. EcTecTBeHHO, 3/€Ch
KHHEMAaTHYECKIle 3aBHCIMOCTH OyayT ApyruMu. IIpoexkTHpyss BeKTOp
CKOpocTH ¥V 00beKTa Ha HalpaBJeHHe BEKTOpa AAJbHOCTH F M Ha Mep-
NEeHJHKY.15p K HeMy A — n (puc. 9.2), MoJyuydM OCHOBHBIE KMHEMAaTH-
yecKMe ypaBHeHHs (IpH ycaoBuu Hemoasu:xkHocTH CH)
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r=V cos(8—¢), (9. 1)
re=V sin (8 —¢). (9.2)

Huddepennupys ypaBHenus (9.2) u yuarsiBasg (9. 1), HafizeMm Ku-
HeMaTHYeCKoe ypaBHEeHHe

re-+2re=V sin (60—¢) 4V cos (6 — o), (9.3)

CBfI3bIBalolliee flepeMelleHHe JIA ¢ ero TaHreHuuaabHbM V M HOpMaJb-
HBIM_ VO yckopenusimu. OGo3HauuM dYepes j=Vsin(6 — o)+
+ V0O cos (0 — @) mpoekuHIO MOJHOrO yCcKopeHusi JIA Ha mepHeHIHKY-
Afp n— n X BeKTOopy 7. ITox melicTBUEM YCKODEHHS j OCYLIECTBJISETCS
maHeBp JIA — ero yriioBsle mepeMenienusi otHocutesbHo CH. JleBas
yacTb ypaBHeHHs (9.3) no ¢opme coBnajaer ¢ JeBOH YacTblo ypaBHe-
HHS KHHeMaTtHueckoro 3seHa (8.5). OxHako 3[ech B JeBOH yacTH ab-
COJIIOTHBIE, 2 He OTHOCHTEJIbHBIE KOODAHHATHI.

- Jlnsl menu MMeeT MeCTO aHaJOTHYHOe KHHEMAaTHYeCKoe ypaBHeHHe

ruiéu _I' 2’:uq.7u:Vu sin (eu - "Pu) + Vuéu cos (eu - (Pu)’ (9 4)

yipaBasl 4acTb KOTOPOTO PaBHA NPOEKIHH TOJHOrO YCKOPEHHs LeIH Ha
HOpMaJb K Ty.

Ynpapaswuue neperpy3ku. [IpuBeqeHHble KHHEMaTHYECKHE YpaBHe-
HHA OTPaxamT MaTeMaTHYeCKYI0 3aBHCHMOCTb MeXAY YCKOPEHHSIMHU
JIA u ero xoopaunaramu. IIpy 3ToM Heo6XOZUMO HMeTb B BHAY, UTO
U3MeHeHHe HalpaBJ/eHus NoJeTa Kak 06bekTa 0, Tak H uenau By, ocyuie-
CTBJIsieTCA IIyTeM H3MeHeHHs HOPMaJsbHOH Ieperpysk. OTHOCHTeJbHOE
nepeMellleHHe 06beKTa M LeJH, T. €. H3MeHeHHe JaJbHOCTH IO JIMHHH
BH3HPOBaHuA D, coenuHsoOUled 00beKT H LieJib, © H3MeHeHHe Hampas-
JIeHHs! € JIMHUH BH3MPOBAHHSA IEJNH OCYLIECTBJSETCS, KaK M B CHCTeMax
CaMOHaBeJeHHs, NTyTeM H3MeHeHHS NPOeKUMH IOJHBEIX YCKOpeHHH 00b-
€KTa M IleJI1 Ha HOpMaJsb K JIMHHM BH3HpOBaHus ueau D (cm. puc. 9. 2).
B koHeyHOM cuere BajKHO B3aMMHOe NOJIOXKeHHe 0ObeKTa H IeJH, IOo-
3TOMY 2KeJlaTeJIbHO PacCMaTPHBATh OTHOCHTEJbHBle KOOpAHHATH D, e.
Ho B cucremax TesieynpaB/ieHHSI OHM HENMOCPEJCTBEHHO He H3MepsIoT-
csl, TO3TOMY AJS YIPaBJeHHs NOJeTOM HCIOJb3YIOTCA INeperpys3kH, HOp-
MaJbHBle K BEKTOpaM T H 7y [cM. ypaBHenus (9.3), (9.4)].

Meronp waBemenus. Ilpocreifimuii MeTon HaBefeHHS oGbeKTa Ha
AleJlb TPH TesleyNpaBJeHNH 3aKJYaeTcs B TOM, YTO OGBEKT yIpas-
JIEHHS HaxXOAHTCS Ha JIMHHMH, COeJHHSIOUledl CTAaHUHIO HaBeleHUS W
uenp (CH —1I). Dtor Meron HaswiBaeTcsi mMeTodom Tpex To4ex. Ma-
‘TeMaTHYeCKHM BBIpaXKeHHeM 3TOr0 MeTOJa SBJSIETCS PaBEHCTBO Q= (y.
«CliefloBaTeNbHO, ypaBHEHHEe KHHEMATHYECKOH TPAaeKTOPHN HMeeT BHUJL

P = Pu>» (9.5)
‘a CHrHaj PacCorjacoBaHHA Ag BBIYHCJASETCA MO (GopMmyrne
Ap=0¢, —p=0p,—0, (9.6)

rhe (g — 3HauyeHne KOOPAHHATHI ¢ MJIs KHHEMaTHYeCKOU TPaeKTOpHH.
B JPYyrux MeToAax HaBelNE€HHMs KHHEMAaTHYeCKasd TPAaeKTOpHs 3aja-

186



eTCd C HEKOTOPHIM yIpexXJIeHHeM v /Z_[\d‘ﬂ
AQymp, T. €. L‘_

‘Px=(Pu+Ac?ynp’ (9 7) v /
U CHTHAJ PaccorjacoBaHHs Ag
BBIUKCJISIETCA N0 (opMyJie A h=r,sing
Ao = — =1, — ¢+ A3yup- (9. 8) '\g
3anaBasi pasJHyHbIE 3HAYEHHs 49/
AQynp, TOJNYYHM DAL METOLOB 2 %
HaBeJEeHHS.

PaccmoTtpum 6osee noapobHO
npocTefINi MeTox HaBeJEeHHSA—
METOJ, TPEX TOUeK. ,

B coCTBeTCTBHH C NpPHBELEHHBHIM ONpejejeHHeM IIPH 3TOM MeToAe
CTaHLUs HaBeleHHs, 0OBEKT YIPaBJEHHS U lLieb HAXOAATCA Ha OXHON
JUHUH. 1 pOCTOTH BHIKNAAOK MOJOXKHM, UTO Ieb IBHXKeTCs TOpH-
30HTAJbLHO C TNOCTOSTHHOH CKOPOCTbIO Vi Ha INOCTOSIHHOH BhicoTe h
(puc. 9.3). C yueToM 0COGEHHOCTH ABUMKEHUS IeTH ypaBHEHHS KHHe-
matuku (9. 1), (9. 2) npumyT BUL

r,=V,cose, (9.9)
ruu="V, sin o, (9. 10)

IMepenumem ypaphenne (9.10) B Buie @y/sin@y=Vy/ry. Pasmenus
NOYJIEHHO TIOCJe/Hee YpaBHeHHe Ha Sin ¢p W YUHUTHIBAsi, YTO BBHICOTA IO-
Jgera uenn h=rysingz=-const, noayuum dey/sin?q@g= Vydt/h. Unre-
rpupys 9TO ypaBHeHue, HaigeM ¢gu=—arcctg (Vyt/h+C). [Lnsa Hauamb-
HBIX YCJIOBHH @y (f) |t—o=@yo NOCJeIHHH HHTerpas NPHUMeT BHJ

¢, ()= —arcctg (V  J/h — ctg @y). 9. 1Y
@opmyna (9.11) ompegensieT 3aKOH H3MeHEHHS] KOODPAHMHATH LieJH B
(YHKLHUH BpEMEHH.

W3 ypaBHenust kuneMatuku (9.2) ob6bekTa ynpasiieHHs Haiilem
yroJl HaKJIOHa ero TpaekTopun 8 =q-tarcsin (rg/V). YuntsBas, 4to aJs
MeTOZAa TPeX TOYeK @y==1¢, a CJ1eJ0BaTeJbHO, H Pp==0, [epeNHleM NOo-
CeHIOW GopMysy B BHIE

6 =g, }-arcsin (rg,V ). (9. 12)

dopmyaa (9.12) ompenesnsier HampaBJieHHE BeKTOpa CKOPOCTH OOBbeK-
Ta yIpaBJieHHs NPH pacCMaTPHBaeMOM MeTofe HaBeleHus. Heo6xomau-
MOe KHHeMaTHYecKoe yCKOpeHHe IJIsl OCYLIeCTBJEHHS 3TOTO MeToja Ha-
BegeHud ¢ yuetoM (9. 12) ompenesnsiercsi BhIpaxKeHHEM

J=Va+V(retra) [V VE—ri. (9. 13)

©®opmyant (9.11) u (9.13) MO3BOIAIT BHUKCAHTD HEOOXOAHMOe KH-
HeMaTHYeCKOe YCKODeHHe IJIsl OCYLIeCTBJIEHHs II0JeTa IO paccMaTpH-
BaeMOMy MeToAy. PacueTH NOKasHBAalOT, YTO [Js BCeX TpPaeKTOPHH

Puc 9.3. KuHeMaTH49eCKHe 3JIeMeHThl NMpH Me-
TOAE TPex TOoYeK
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JBHXeHHs 00DbeKTa ynpaBJeHHs KHHeMaTHYECKHe Ileperpy3KH ero 3ua-
YHTeJNDbHb U IIPH NPHOJHKEHHH K 1leH BO3PacTaroT.

UTo6b yMEeHBIIUTb HeOOXOZMMble KHHeMaTHUeCKHe Meperpysku
o0beKTa ylpaBJ/ieHHs, OCYILEeCTB/ISAIOT HaBeJeHHEe C HEKOTOPHIM YIIpex-
JerreM (9.7). B uyacTHOCTH, yros ympex[eHHs MOKeT OBITb IPOMOp-
LHOHAJIeH PACCTOSAHNIO D 00beKTa yIpaB/eHUs OT LeJH:

Agyo=FkD.
Torna ypaBHeHne HaBeJeHHs (9.7) npuMmeT BUR
=¢,+ kD, (9. 14)
a CHFHan paccoryacoBaHHUsl B COOTBETCTBHH ¢ ¢opmy.noi (9.6) Oynmer
Ap=¢—p=p,—p-+£D. (9.15)

Jaa ocyumectBienuss Merojna HaBefeHus (9.14) TpebyioTcs MeHbIue
KHHeMaTHYeCKHe meperpy3ky, Ho B paloHe ToukH BcTpeun (D=0) oHH
MOTyT AOCTHTaTb HeJONYyCTHMBIX 3HaueHH#. B 3TOM cayuae xoadpduuu-
€HT nponopuHoHaabHOCTH B (9. 14) MoxkHO mogo6paTbh TakHM, YTOOBI
KHHeMaTHyecKass TpaeKTopusi B Touke BcTpeun (D=0) Oblia mnpsmo-
JIMHEHHOH (@g|p—0o=0) nuu 6/1H3Ka K Hei.

B cucremax TesneynpaBieHHs JIOKATODP HENOCPEACTBEHHO HE MOKET

W3MEpPHTb HHU YIroJl BH3HDOBAHHSA € HHU €ro HMPOH3BOJHYIO €, KaK 3TO
HMeeT MECTO B CHCTeMaxX CaMOHaBeJeHHs. DTO BbI3bIBAeT 3HAUHUTEJb-
Hble TPYAHOCTH IIPH OCYIIEeCTBJEHHH B CHCTeMax TeJeylpaBJieHHS Me-
TOJOB H2paJ/J/ieflbHOTO U NPONOPLUOHAJIBHOrO cOJHKeHHS: TpebyroTcs
OUEeHb CJIOXKHBIE BBHIYHCJEHHS. YC/IOXKHeHHe MeTOola HaBeleHUs 06sa3a-
TeJIbHO NPHUBEIET K YBeJTHYEHHIO (QIYKTyalHOHHBIX OMIHGOK B CHCTEMaX
HaBeleHUs. [1aBHBIM npensiTcTBHeM MJs GoJiee CJAOXKHBIX 3aKOHOB Ha-
BefleHHsl SBJISIIOTCS He BBIUHC/HTEeNbHBIE BO3MOXKHOCTH CTAHLHUH HaBe-
JeHHs, a Bo3pacTaHue GJYKTYalHOHHBIX OLIHOOK.

lepenatounas GyHKUMS KNHEMATHYECKOrO 3BeHa. Ypasuenus (9. 1)

1 (9.2) SBJASIOTCS OCHOBHBIMH KHHEMAaTHYECKUMH YpPaBHEHHSIMH, H3
KOTOprX OBLIO TIOJNYYeHO HeJHHEeHHOe HecTalHOHAapHOe YypaBHeHHe
(9. 3) KMHEMAaTHYeCKOro 3BeHa, CBSI3bIBAIOLIEr0 KOOPJAHHATH + M @, H3-
MepsieMble CTaHLHMeH HaBeNeHHs, C YCKODEHHeM, j, ABJISIOIUMCS IPOeK-
LHell MOJHOTO yCKOpeHHs 00beKTa yIpaBJeHHs Ha HOpMadb n— 1 K
BeKTOpy 7 (cM. puc. 9.2). AHanu3 AMHAMHKH HaBeleHHs JIA mo ypas-
HeHuo (9.3) mpeacraB/aser 3HAauHTeNbHBlE TPYAHOCTH. BeIBegeMm npH-
OJIHXKeHHOe YNPOIeHHOe ypaBHeHHe. Tak Kak oObIYHO yroJ 6 — ¢ Mad,
TO ypaBHeHHs KuHeMaTHkH (9.1) u (9.2) MOMKHO yNpPOCTHTb TakK:

r=V, (9. 16)
re-+Ve=V0. (9.17)

C yuerom (9. 16) ypaBrenue (9. 17) npeacrtaBum B BHIe
d(re)/dt=V8, (9. 18)

rae rg=3S — anuna Ayru (cm. puc. 9.2). Duddepenunpys (9. 18), no-
JYYHM S=V0+ V0. MMoxcrapiss co1a 3HaueHue O u3 (9. 18), naiinem
ypaBHeHHe KHHeMaTHYeCKOro 3BeHa S—VS/V=j, j=V0. Cunras V—
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=const ¥ ocpeiHsisi 3HaueHHe CKOPOCTH V, TMOJYyYHM HCKOMYKO Iepe-
JAaTOYHYIO QYHKLIUIO

Wea(2)=S (p)j ()= (2 —V V), (9. 19)

KOTOpad NpPH OTCYTCTBHH TAHTEHIHAJbHOro ycKopenusi V=0 npuoGpe-
TaeTr TpuBHanbHbI BUL: Wy 5(p) =1/p2.

9.3. MATEMATHYECKHWE MOJEJIX 3BEHBEB
CUCTEMbI TEJTEYNTIPABJIEHHUSA

YpaBHeHuss OopToBOro KOHTYpa. MaTemaTHuecKHe MOJAeJH 0O0beKTa
YOpaBJGEHS H LeJH ONHCAHB B IJi. | JJs BceX TpeX KaHAJOB: TaH-
raxa, Kypca u Kpena. MaTtemaTHueckie MOJEJNH aBTOMHJIOTOB BCEX Ka-
HaJIOB OnucaHbl B M. 3. B coBokymHocTu ypaBHeHusi JIA u ypaBHeHHS
ABTOMHJIOTA OMMCHLIBAIOT paboTy GopToBOro KOHTypa. IIpH Teneynpas-
JIeHHH, KaK ¥ B CHCTeMax CcaMOHaBefeHHs, (GOpPMHpPYeTcsi KOHTYp CTa-
Ouaunsanuu neperpysku. Ha aBTOHOMHOM yuacTke moJieta yrnpasJieHHe
OCYLIecTBJIsIeTCS MO CHrHAJaM, CHUMaeMbiM CO CBOGOMHOTO TMPOCKOMa,
H TI0 CHTHaJjaM, NOCTyIaloIluM C NMporpaMMHBIX ycTpofictB. Ha yuact-
Ke TeJeyNnpaBJieHHs] NpOorpaMMHBEIe YCTPOHCTBa, CBOOONHBIE T'HPOCKO-
Tl KaHaJjla BBICOTHI U GOKOBOI'0 KaHaja OTKawoualoTcs. CBOGOAHBIA TI'H-
POCKOIl B KaHaJsle KpeHa He OTKJIOUAEeTCsl, H OCYLIECTBJISETCS CTAOUIH-
3alus yriaa KpeHa.

K GopToBoii anmapaTtype ynpaBJieHHS CJEYyeT TaKxKe OTHECTH IIpHU-
€MHHUK, JeliudpaTop KOMaHJ, MOCTYNAIOIIUX CO CTAHLUHH HaBeNeHHSd,
OTBETYHK, €CJIH OH YCTaHOBJIEH Ha 00'beKTe yNpaBJeHHs.

YpaBHedus KMHeMaTHKU. TouHBIe ypaBHEHHUS KHHEMAaTHKH 00beKkTa
ynpaBJeHHs W Lesu 3agaworcs ypaBHeHusMu (9.1) u (9.2). ITpubau-
JKeHHble KHHeMaTHUYeCKHe YpaBHeHHsI MOryT OBITb 3ajaHBl ypaBHEHH-
simu Buzaa (9.19). ‘

YpaBHeHHd MeToJa HaBeJeHusl. YpaBHeHHe MeTOLa HaBeleHHs 3a-
maeTcsi OXHHM 3 ypaBHeHui# (9.5), (9.14), (9.7). ®opmupys coor-
BETCTBYIOWHM CIOCOOOM A@Qypmp, MOXKHO 3ajaTh J060H MeToJ HaBe-
JEHHUs.

YpaBHeHuss UHPOPMALMOHHBIX 3JeMeHTOB. PanioTexHnueckue cpen-
CTBAa H3MepSIIOT HENOCPeACTBEHHO YroJ MecTa ¢, asiuMyT 1, AaJbHOCTh
r. DTH KOOPAMHATHl H3MEpPSIOTCA NMPH MOMOILH YIJIOMEPHBIX H AaJbHO-
MepHBIX BU3UPHBIX cHcTeM (puc. 9.4), SBASIOIHUXCST 3aMKHYTBIMH CJle-
ISLUMH CHCTeMaMH. Bsok ympaBieHHss orpabaTbiBaeT CHTHaJ pacco-
rinacoBanusi Ag* mexny HanpasieHueM Ha JIA W paBHOCHIHaAJbHOH
30HOI aHTeHHBL. /I COBMelIEHHS 3THX ABYX HampaBJeHHH aHTeHHY
JOBOPAUYUBAIOT B CTOPOHY IeJM IIPH ee MeXaHHUeCKOM IepeMelleHHH
i GOPMUPYIOT AHArpaMMy HallpaBJeHHOCTH aHTeHHHL. Tekyliee 3Ha-
ueHHe yIJa OCH PaBHOCHI'HAJIbHOH 30HBI aHTEHHB! @p SIBJsSETCS NMPHOOP-
HbIM 3HaueHHeMm yrsaa Mecra JIA. CurHan paccorsnacoBaHus A=
=(@—@g OnpejessieT OTKJOHEHHE OCH DaBHOCHTHAJbHOH 30HBI AHTEH-
Hbl OT HampaBJjeHuss Ha JIA., CurHas Ha BBIXOJe TNPHEMHHKa MOXKHO
NpeACTaBUTh IPH HOPMaJbHOMH paboTe JioKaTopa B BUIE

Ap*=[ky 4% (¢)] Ao+ (2),
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HMENHA pucMruK ynpabaenus PHC. 9.4. DYHKUHOHANbHasg
cxeMa YrJOMepHOH ciaensi-
el BH3HPHOM CHCTEMBI

rae n(f) — agnuTHBHAS INIOMexa, BbI3BaHHAsT AMIVIMUTYJHBIMH (JyK-
TyalUUssMH OTPaXKeHHOTO CHTHaJ/a, MOXKET CUHUTAThCsl HOPMAaJIbHEIM Ge-
JIBIM IIYMOM; Ry — Ko3GQHIHeHT ycHieHHs OpHeMHHKaA; % (f) — cay-
yallHas COCTaBJsAIOLIAsl CHTHAJA; CHUTHanABl x%(f) U n(f) HeKOppeaHpo-
BaHHI.

HHepLHOHHOCTh CHCTEMBI BU3HPOBAHHUS NIPY MEXaHHYECKOM MNpPHBOJE
JIOKATOPa MOXKHO ONHUCAaTb NepelaTOYHOH PyHKUHeH

Weo(p)=¢u(P)o (p)=k(Tsp+V/(T1p*+2T1p+1) Top+1), (9.20)
rle (g — Yroj HOBOPOTA aHTEHHH PaAHMONOKALMOHHOH CTaHUHH; ¢ —
yroa mecta JIA.

Crnejsmas cucreMa H3MepeHHs] JaJbHOCTH MOXKeT GbITb H300paKe-
Ha B BHJAe CXeMbl, aHAJOTHYHOH NpuBeleHHOH Ha puc. 9.4. Ilpubop-
HOe 3HaueHHe JajIbHOCTH ry NOJNYyYaeTcsl Ha OCHOBAHHH H3MepEeHHS Bpe-
MEeHHOH 3a/lepXKKH OTBETHOIO MMIYyJbCa IO OTHOLIEHHIO K 30HAUPYIO-
meMy. MoXKHO CUHTaTh, UTO rp=r-+Ar, rie Ar — omin6Ka B H3MepeHHH
JaJIbHOCTH.

YpaBneHue JIWHUM Tepefaud. B TeneynpaBisieMBHIX CHCTEMax JH-
HHU Iepefayd OOBIYHO SBJSAIOTCS MHOTOKAHAJbHBIMH: MyTeM YaCTOTHO-
rO, BDEMEHHOTO ¥ KOJOBOT'O pasjieJieHus] MOXKHO MepejaBaTbh Ha OOBEKT
yOpaBJ/JeHHs KOMaHABl YIpaBJeHHs IO KypCy, TaHTaXy, KpeHy U paso-
Bble KOMaH/Jbl Ha M3MeHeHHe NapaMeTpPOB M PeXHUMOB paboTel 6OPTO-
BOH ammapaTyphl. KoMaHAHYIO JIUHHIO epefayl MOXKHO OIHCATh Iepe-
JaTOYHOH (dyHKIHeH.

Wy (0)=Fkyry exp(—Tp)/(T p+-1). (9.21)
Kak BpeMeHHOe 3amasjblBaHHe T, TaK H INOCTOsSIHHas BpeMeHH T Ha-
CTOJBKO MaJibl, YTO MOXKHO CUHTAThb JHUHHIO Nepelayy KOMaHA NPH HC-
CJeflOBaHUHM AMHAMHKH CHCTeM TeJieylpaBJjeHHsT Ge3blHEepIHOHHBIM
3BEHOM, T. e. IlepefaToyHass (YHKUHS KaHaja panuoTeseylpaBieHHs
Wory="Fyry.

9.4, YHKUMOHUPOBAHHUE CUCTEM TEJIEYNIPABJIEHM

CrpykrypHasa cxema. Ha puc. 9.5 mpexncraBieHa cTPpyKTypHas cxema
CHCTEMBI TeJleyNpaBJeHus NPH HaBeJEeHHH IO MeTOLY TpexX Touek. [IBa
Jokatopa ¢ nepenatounbiMu  ynkuuamn We (p), We(p) nsmepsior
YTJIOBblE KOODJAHHATBI COOTBETCTBEHHO HENU @y ¥ O0BEKTa yIpaBJeHHS
¢. Koopauuatel @q M @ H3MepsAIOTCS C aAJUTUBHBIMH moMeXaMH #y (1)
H ny(t) coorBeTcTBeHHO. CHrHAJ PaccOryiacoBaHHS MeXAy HX NIpubop-
HEIMH 3KQUeHHAMM AQp=Qq p — @y IOCTyIlaeT Ha YyCTPOICTBO BHIpa-
60TKH KOMaHZAH ynpaBieHusi Wy y(p), Ha BHIXOJe KOTOPOTO-moJyda-
€M CHrHaJs ynpasJeHuss u. CHrHaJ u 4epe3 KaHaJ pagHoTeseylpaBJe-

190



.
PHc. 9.5. CTPYKTYPHas cXeMa CHCTEeMBbI TeJeynpaBJeHHs

a1 Wyre(p) B Bue 3a1aHHON NMeperpysKu 1 MOCTyMaeT Ha BXOJ KOH-
Typa crabuiausauuu neperpysku Wy c. o(p)- ‘

BbIxonHONH KOOpPAWHATOH. KOHTYpa CTabH/JIH3alHH MePerpy3Ku sIBAf-
eTcs neperpyska n=V0/g, KoTopas He MoxkeT OBITb HelNOCpPeACTBEH-
HO 3aMepeHa JioKaTopoM. [T03TOMYy /ISl 3aMBIKaHHSI CHCTEMBI BBOJHT-
csl KHHeMaTHUYeckoe 3BeHO Wiy 5(p), CBsI3bIBalllee HOpMaJbHbE Iiepe-
IPYy3KH oO6beKTa yIpaBJieHHus ¢ AJIHHOH OyTH S=rg.

Ilpn MeTole HaBeleHHS IO TPEM TOYKAM MOXKHO H3MEpPHTb OLHHM
JIOKaTOPOM YroJl MeXIYy BeKTOPaMH T U Fy, T. €. H3MePHTb CPasy CHr-
HaJ paccorjiacoBaHusi A@p=@u r — @u. I[Ipu 3TOM cayyafiHas cocTas-
Jsouas OHOKH H3MepeHHUsl CHrHana A@n OyLeT MeHblle, HeXeJH IPH
¢opMHpOBaHUH Ay B COOTBETCTBHH cO cxeMoll Ha puc. 9.5. [Toatomy
MeTOJ, HaBeleHHS [O TPeM TOUKaM HHOTAA MpeAyCcMaTpHBaeTCs Kak
pe3epBHBIH Ha TOT cJyyal, KOorga OCHOBHOH MeTOJ HaBeleHHs — Ha-
BeJeHHE C YNpeXJeHHeM — CTaHOBHUTCS HEBO3MOXHBIM H3-33, HAIpHU-
Mep, BO3paCTaHUs LIYMOB.

[Ipu HaBenenuu ¢ ynpexpenuem (9.14) HeoOGXOOUMBL IBa JIOKATO-
Pa: ONMH AJs U3MeDEHHs KOODIHHAT LeJdH (g, y), APYrod — oObek-
Ta ynpaBJyeHus (g, r). IIpu 3TOM ypoBeHb HIYMOB yBeJHUHBaeTCH,
BO-TIepBbIX, H3-32 IPHMEHEHHs [BYX JIOKATOPOB, PeXHMBI PaGoOTH KO-
TOPHIX a6COJIIOTHO HAEHTHUYHBIMHU CHejaTbh Helb3sl, a BO-BTOPBIX, M3-3a
He0OXOAUMOCTH H3MepeHHsl NaJbHOCTEH OO0 Leau ry U L0 oObeKkTa r.
KpoMe TOro, npuxoZHTCs BEIYHCASTH pPAas3HOCTb [JBYX CHTHAJOB
fgm— 'y, YTO NPHBOJAUT K JONOJHHTENbHOMY BO3PacTaHHIO UIYMOB,
0co6eHHO NpU NpuOauXKeHHH 0O0beKTa YIpaBJeHUs K liesd, KOrja 3Ha-
yeHHe ry 6JMHM3KO K 3HAUEHHIO ry n. JJIs yMeHbIIeHUs HIYMOBOH COCTaB-
JoUlell CHTHajsa paccorJacoBaHHsl Ag@p IPHUXOIMTCS NPONMYCKaTb ero
Yepe3 CryIaxKMBaioUlHe GUABTPH THNA (UIBTPOB HU3KUX yacToT. llpH
TIOMOIIY YCTAHOBKH NpHeMolnepenaTuuka (OTBeTYMKa) Ha O0BbexkTe yII-
paBJeHHs MOXHO H30aBHUTLCS OT CJAy4YadHBIX OMIHOOK OTPaXKeHHOIo
cHurHaJza ng(t).

®opmupoBanHe KOMaHIAbl ynpaBjeHusi. PaccMOTpHM  BO3MOXKHBIE
noaxonbl K (OpMHPOBAHHIO KOMAaHIH ympaBiaeHus B 3BeHe Wy y(p).
B cucremax TeseynpaBJsieHHst KOMaHJa ynpaBJjeHHs (opMHpyeTcs Ha
CcTaHIMH HaBeleHHs. Ha Bxox ycrpoficTBa BEIpaBoTKH KOMAaHIBL IIOCTY-
NaeT CUrHAJ PacCOrJacOBAHHS B YIJIOBOH WJM JuHefiHOH Mepe. Eciu
CHTHAJI PaccorjacoBaHHs IOCTYIaeT B YIVIOBOH Mepe, TO BBIUHC/ISAETCS
omunbKa HaBeleHHs B JuHe#HHOH Mepe A=R (¢)A¢ — oTK/IOHeHHe 00b-
€KTa yNpaBJieHHs OT KHHeMAaTHYeCKOH TpaeKTopuH. 3xech R (f) — 3a-
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JIOXXEHHAasl B NaMsThb CTAHUHU HaBeleHHS GYHKIHs, NPHMEPHO paBHAas
JJIS1. KaXJ0r0 MOMEHTa BPeMEHH PacCTOSIHHIO OT CTAaHUHH HaBeXeHHs
A0 obbeKkTa ynpasJjeHHs. HacTo CHrHaAl KOMaHIBI ynpaBieHHs GopMu-
pyeTcsl B BHJe

w=kh|W1(p)+kophj\WV s (p)+ k] pW 3 (). (9.22)

Tepenatounas (YHKIES YCTPOHCTBA  BHIPAGOTKH KOMaHIbl YIpaBie-
Hust Wy y(p) ¢ yuetom A=R ({)Aq u3 mocaefHero COOTHOIEHHsS GyIeT

Wy (P)=1(p)/Ae (p)=RRIW (p)+kRp/Ws(p)+ kR pW 3 (p),

rae Wi(p), Wa(p), Ws(p) — mepeparourbie QyHKUHH (PHUILTPOB HH3-
KHX YacTOT, KOTOpHle BBOASTCS MAJIsl MOJABJEHUS] BBICOKOYACTOTHBIX MO~
MeX, BO3HHKAIOIHUX B mpouecce AubdepeHIHPOBAHNS U APYTUX Npeol-
pa3oBaHHi CHTHaJa PacCOrNacoBaHHUS.

3akoH ynpasaeHus (9.22) no3BosseT OCYLIEeCTBHTb PETyJHPOBaHHE
MO OTKJ/JOHEHHIO, TPOU3BOAHOH i HHTerpaay. OfHaKoO He0OXOAUMO HMETh
BBHJY, 4YTO KOHTYD HaBeleHHs COJAEPXKHUT JBOHHOE HHTErpHpylollee 3Be-
HO [Kunematnueckoe 3BeHo (9.19)]. IlosToMy BBeneHHer HHTerpasa B
3ak0H (9.22) norpeGyeT HONOJNHHUTENBHBIX KOPPEKTHDPYIOIINX lenelt
aas obecneyeHHss YCTOHYMBOCTH KOHTypa TeJEYNpaBJeHHS B 1LEJ0M.
Jisi orpaHMYeHHs] MaKCUMaJbHOIO 3HaueHHs] KaXKIOH H3 COCTABJISIO-
UIUX CHTHAJa 4 MOTYT YCTAHaBJIMBAThCS OTPAHHUEHHS THIA JUHEHHOTO
3BeHa ¢ HacwiuleHHeM. CchopMupOBaHHAS KOMaHAa yIpaBJIeHHS U TIO-
CTynaeT B KaHa/ TeseyNpaB/eHHs MJsi Nepefayl B 3aKOLUPOBaHHOM
BHIEe Ha 60pT 0ObeKTa ynpaBJeHHs.

O6mas xapakTepucTHka cucremsbl. [Ipencrasnaennyio Ha puc. 9.5
CXeMy TeJleyInpaBJeHHS MOXHO pacCMaTpPHBaTh KaK CJAENSUIYI0 CHCTe-
My, KOTOpasl npeiHa3HaueHa AJsl OoTpPabOTKM MaHeBpa LeaH, T. e. AJIS
oTpabOTKH CHTHAJA @y IIPU HaBeJeHUH II0 MEeTOLY TPeX TOUeK HJH CHI-
Hajla (i OPHM HaBEJEHHH C yrpexkJeHHeM. BHIXONHOI BeJIHUHHOH $IBJfA-
eTcsl yryioBasi KoopAauHata o6beKTa yrnpaBJieHHs ¢, KOTopas B MOMEHT
BCTPEUH fy JOJIKHA OBITH paBHA YIJOBOH KOOpIMHATe Leau ¢y Cucre-
Ma TeJEeynpaB/JIeHHs OTCIeXHBAeT 3aLaHHYIO YIJIOBYIO KOODIHHATY @y
C HEeKOTOpOoH owuO6KOH, BO3HUKAIOIIEeH K3-3a MaHeBpa Leld M H3-3a
CAy4alHBIX H CHCTEMATHUECKHX OWIHOOK.

Cuctema TeseympaBJsieHHs! SBJIsSeTCS HeCTALHOHAPHOM  CHCTEMOM.
HecraunuonapHocTh 3Ta BO3HHKAeT H3-32 H3MeHEHHS JaJbHOCTEH ry, r
B IIpollecce HaBeeHHS, a TaKXKe BC/JAeACTBHE H3MEHEHHMS CBOHCTB KOH-
Typa cTabu/il3aliK NneperpyskH 1 KHHEMAaTHYeCKOro 3B€Ha Ha pasJiHy-
HBIX pexnMmax nojera JIA. Ha HeKOoTOpPBIX pacyeTHBIX peXHMax IoJe-
ta JIA (MHHHMaJbHBI MU MaKCUMaJbHEIN CKOPOCTHOH Hamop, oTieJe-
HHUe CTyIleHelf, BKJIOUeHile ABHUraTesss W T. I.) CHUCTeMa TeJeylpasJe-
HUS MOXKeT DaccMaTpPHBATbCsl Kak CTallMOHApHasi C «3aMOPOMKEHHBI-
Mu» KoshduinenTaMu. B gefiCTBUTENbHOCTH CHCTeMa TeJeyIpaB/ieHHSE
SBJISIeTCA M HeCTallHOHAaPHOH H HeNHHeHHOH H3-3a TeX XKe HeJlHeHHO-
cTell, 4TO M B cHcTeMax caMoHaBejxeHus. [loaToMy CTPyKTypa cHCTe-
Mbl TeJeynpaBJjieHHs M ee 3BeHLbeB, a TaKMKe 3HAUYeHHs MapameTpoB
CHCTeMBI MOTYT ObITb MOJYYEHBI JHIUL NPH MOJETHPOBAHNH ee paGoThH
B JeTepMHHHDOBAKHOH H CTOXaCTHUECKOH MOCTAHOBKe Ha LH(POBHIX
MallHHaX.
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llepenarounsie pynkuun. CuuTasi CHCTEMY CTAIMOHAPIIOL, 3aMUIIEM
nepenatounyro ¢yHkuuo Wp(p) crHcTeMbl TeneynpaBJieHHss B Pa30MK-
HYTOM COCTOSIHHH (CM. pHC. 9. 5)

W () =4 (P390 (P) = Wiy (D)W puy (9) Wi () W s () W ().

Bolpaxenuss 1 BCeX IepeLaTOYHBIX (PYHKIHH, BXOASIMIUX B KOHTYP
TeJleynpaBJ/ieHusi, puBeleHsl Bhime. CTPyKTypa nepefatoudoll ¢yHK-
LUK KOHTypa CTaOHJIM3alUU Teperpy3kKu Ta Ke, 4YTO H B CHCTeMax ca-
MoHaBeLeHHs. IIpu KOMOMHMDOBAHHOM YIIpaBJeHHH, KOTJa OCyLIecT-
BJsIeTCsl TeJjleynpaBJeHHe Ha HauyaJbHOM Yy4yacTKe M caMOHaBeJeHHe Ha
KOHEYHOM YYacTKe TPaeKTOPHH, CTPYKTypa KOHTypa cTabHJH3aLHH
neperpy3ku MOXKeT OCTaBaThcst 0e3 u3MeHeHHs. [lepefaTouHas QyHK-
[Hsl CUCTEMBl B 3aMKHYTOM COCTOSIHUH OyJeT HMeTb BH]

W, (0)=0u/0un=W, (0)/(1-+W,(p)). ~(9.23)

Tak kag NpakTHYECKHIl HHTepec NMpeACTaBJAIOT He NPHOODHBIE 3Haue-
HUSI KOOpJOHHAT, a UX (U3UUYecKHe 3HAYEHHS, TO, YUUTHIBAS, UTO

Pun (p) = W‘Pu (p) Pu (p) H 9 (P) = Wu (P) ¢, NOJYy4uM
W, (2)=2(P)eu (P)=W (D)W, /I1+Wyp)We(p)].  (9.24)

Ecau mepenaTounble GyHKIHH JIOKAaTOPOB CONPOBOKIEHHS We (p) 1

W, (p) umeHTHuHH, To mepefaTounble GyHkuuu (9.23), (9.24) Gynyr
COBNAATh.

Tak Kak curuas omwHOGKH HaBeleHUS B YIJIOBOH Mepe paBeH Ap=—
=@k — ¢=¢x — W(p)gpx, TO, ¢ yueroMm (9.23), ee mnepenaToyHas
PyHKUUA

Wae (£) =80 (0)/un ()= 1/(14+W, (). (9.25)

Ilepenatoynasi ¢pyHKUUS OMINOKYM HaBeldeHHUS B JIHHeHHOH Mepe h=
=rAg, cCUeBHUAHO, OyJeT paBHa

Wi (p)=h(p)ieu(p)=r/(1+W,(p)). (9.26)

ITonyyeHHble MepefaTOuyHble QYHKIHUH SIBJASIOTCS NPUOIUNKEHHBIMH,
TaK KaK OHHM He YYHTBIBAIOT HECTALlHOHAPHOCTb CHCTEMBI, OJHAaKO OHH
MOTYT JaTb IpHEMJeMble Pe3yJbTaThl IPH PACCMOTPEHHH OTHEJNbHBIX
peUMOoB moJseTa o0beKTa ynpaBJeHHs, The KO3pdULHUEeHTH H3MeHSIOT-
€51 HE3HAUHTENbHO.

KpaTkas XxapakrepucTHKa JMHAMHYeCKOH TouHocTH. IlosyueHHas
JIMHeliHast MOJeJb CHCTeMBl TeJeylpaBJeHHs C NmepelaTOYHBIMH (yHK-
nusimu (9. 23) — (9. 26) moxkeT OBHITH HCCIeLOBaHA XOpoOLIO paspabo-
TaHHBIMH MeTOLAaMH B TEODHH aBTOMAaTHYeCKOro ynpasJeHus. IIpu or-
CYTCTBHMH HHTerpasa B 3aKoHe (9.22) MOXKHO MoKasaTb, UTO JHHeHHAs
omnbka h(f) npsMo NpPOMOPUHOHANbHA TPeOyeMOMY KHHEeMaTHYECKOMY
yckopeHHo j(f) u 06paTHO NPONOPUHOHANbHA KOG DUIHEHTY YCHIEHHUS
kp Pa3OMKHYTOrO KOHTYpa, T. €.

h(t)= j(t)/kp. (9.27)
Hs dopmyasl (9.27) BHAHO, YTO KesaTelbHO BBIOMPATb TAKOH METON
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HaBeleHHus, IJs OCYILIeCTBJeHHS] KOTOPOro Tpe6GYyIOTCS MeHbIIHe mepe-
rpysku. Takum o6pasoM, IJs1 MeTOLA TpeX TOouYeK cjelyeT OXKHIATb
6oJ/ibllive 3HaUeHHsl IMHaMHuuecKo#l omnbku (9.27). [Iyrem yBennuenus
KO3 dullieHTa YCHUIeH!s kp, CHCTEMBl TeJeynpaBJieHHs B Pa30MKHYTOM
COCTOSIHHM MOXHO YMEHbUIHTb AHHaMHueckyio ownbkKy. Ho mpu atom
BO3pacrtaer ciaydyaliHas coOCTaBJsmoOLIas OMHOKH, cpefHee KBaJApaTHU-
HOe 3HayeHHe KOTopo# ¢ yueroM (9.26) MoxeT OBITH NpPeACTaBJIEHO
B BHJe

r N oo
=1/ 5=\ Sul@) W (ko) do,
— 00
rie S, (®) — cHexTpajbHas NJOTHOCTb BXOLHOTO CJAyYaHHOTro BO3Zel-
CTBHf, B JaHHOM cJayyae Oejoro myma 7;(f) (cM. puc. 9.5). Taxum
06pa3oM, yTOYHEHHBlE NapaMeTPH CHCTeMbl MOIYT OBITb BHIGpaHbI
TOJIBKO C YUYeTOM CJYYaHHBIX BO3JeHCTBHI.

Ha oxonuarenbHoM 3Tame pacyeTa M CHHTe3a CHCTEeMBI HeOOXOIH-
MO Y4eCTb OCHOBHble HeJMHEMHOCTH B CHCTeMe TeJieyIpDaBJIeHHs, Te XKe,
4TO W B CHCTeMax caMoHaBeZleHHus. [Ipu aToM HeoOXOAHMO HMETb B BH-
Zly, YTO CBOMCTBA HeJIMHEHHBEIX CHCTeM B OTJIHUHe OT JHHeHHBIX 3aBHCAT
OT BEJIHYHHB BXOAHBIX CHTHAJIOB, A€TEDMHHHPOBAHHBIX H CJAy4YaHHBIX.



T'aasa 10

CHUHTES3 VITPABJIEHHW A
B 3AJAYAX HABEJEHHNA
B UITPOBOMN ITOCTAHOBKE

10.1. COAEP)KAHHE HUTPbl NPECJIEJOBAHHSA — YKJIOHEHHS
B 3AIAYAX HABEAEHHUA

IlpencraBum cebe 3ajauy HaBeJeHHs KaK KOH(QIHKTHYIO CHTYalUHIoO,
Korja s3ajnaua JIA —cpaenaTh BpeMsi 3aXBaTa. II0 BO3MOXKHOCTH MeHb-
LIMM, a 3ajaya UeJd — [0 BO3MOXKHOCTH 6OJbIIHM, HJIH, eCJH BO3MOXK-
HO, BooOuIe n3bexaTh 3axBata. [1oI0KHUM 1751 HPOCTOTHL, YTO JBHKE-
yue Hesd d JIA NPOHCXOAHT B ONHOH IJIOCKOCTH — B MJIOCKOCTH X Yg
(puc. 10.1), ux JguHeliHble CKOPOCTH NOCTOSIHHBI IO BeJIHYHHe M PaBHBI

Vu uV COOTBETCTBEHHO, a UX YIJIOBble CKOPOCTH éu, 9 OrpaHHYeHbl:
b=Vu/R, |u|<1; (10. 1)
b, =V, 0/Re |0]< 1, (10.2)

rie R u Ry— MUHHMaJIbHble paguychl KPHBH3HBI TpaeKTopHit JIA u ne-
JIH COOTBETCTBEHHO, a YIPaBJEHMs U, U B KaXKAbII MOMEHT BpeMeHH
MOTYT BHIOMpPAThCS NPOU3BOJIBHO U3 HHTepBasa [—I1, 1]. BBogs koopau-
HaTh JIA Xja, Yna M LeJH Xy, Yy, 3aNHIIEM KHHEMaTHYeCKHe COOTHO-
LIEeHHS

Xpa=V cost; yn,=V sinb; (10.3)
X, =V, cosb; y,=V,sinf,. (10. 4)

CoBokynHocTh nuddepenunapabx ypaBHenuit (10.1)—(10.4) omuce-
BaeT 3BOJIOUHU cucTeMbl JIA — nesb. [TosokuM, uTo 3aKOHBI YIpaBJe-
HHsI QOPMHPYIOTCS KaK QYHKLHH COCTOSIHUS (X4, Yaa, 0, Xy, Yy, 8,) cuc-
teMmsl (10.1) — (10.4):

u=u(xJ'lA’ yJIA’ 6’ xu’ yn’ eu); (10 5)
V=20 (X, Yna» 0 Xu Vi B); (10. 6)

3TO 3HAYUT, 4TO JIA H ueJb MONHOCTHIO HHGOOPMHPOBAHH O TEKYLIEM
COCTOSIHHH NapTHepa H cBoeM cobcTBeHHOM. [Toncrasasia (10.5), (10.6)
B ypasHenua (10.1), (10.2), nonyynm 3aMKHYTyi0 CHCTEMy ypaBHEHHH
(10.1)—(10.6), u3 KOTOpPOH ONHO3HAYHO ONpEAENSETCS TPAEKTOPHS
JBMXKEHHs CHCTEMBI IIPDH 3aJaHHOM HAyaJbHOM COCTOSIHHHM. 3aHKCHDO-
BaB KakMM-J1n60 006pa3oM HayaJbHElEe COCTOSIHHSI, MOCJe HHTErPHpPOBa-
HusA cucteMbl ypaBHenHit (10.1)—(10.6) ompenmenum Bpems 3axBarta
T:=Ts({u}, {v}) kaK GYHKUHOHAJ OT BHIOPAHHBIX MO3HIHOHHBIX YII-
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pasaennit (10.5), (10.6). Ecau mo-
suunonnble ynpasaenus {u}, {v}
He obecreyuBalOT 3axBara, [0Jara-
eM Ty=o0.

Eciiu mpeanoJioxuTh, UTO H3BeC-
TeH 3aKou ynpanJjeHus ueau (10.6),

<
e ——

v
« TO HeoOXOOHUMO  3aJI0XKHUTb  Ta-
At/ 8 Kol 3akoH {u} ynpaBiaenus JIA,
“l Ay KOTOpBI  ofecrmeyur  MHHUMYM
0, ; no {u} ¢yukunonana T({u})=

¥ =Ty({u}, {v}), roe {v} — buxcu-

Puc. 10.1. Henoasuxuas OngYg M NOJBHXK- pOBaHO. 9710 o6biunas sala4a on-
Has OXY cHCTeMbl KOOpAUHAT THMAJIbHOTO YyNpaBJeHHs, U ee pe-
uieHHe  MOXKeT OBITb OCYLIECTBJIE-

HO Ha OCHOBe TDHHLMNOA MaKCH-

myma IloHTpAruHa uap AHHaMHuyeckKoro mnporpamMMmupoBanus bea-
Javana. TouHO Tak ke pelraercss 3ajaya Bb6GOpa ONTHMAJbHOTO 3aKOHA
YIpaB/IeHHs] LeJH B NPEANOJOXKEHHH, UTO 3aKOH yrnpasJjeHHus JIA us-
BecteH. OcoGeHHOCTb 3aJaui HaBeJeHHsI B KOH(MIMKTHOH cHTyaluyn 3a-
KJIOYaeTCsd B TOM, YTO HH JIA, HU le/bp He PacnoJaraloT CBeJeHHSMH
0 3aKOHe ynpaBJjeHHUs], BHIGpaHHOM napTHepoM. YToOs NOsACHUTh 00CTa-
HOBKY, NPEINOJIOXKHUM, uTo U JIA, u uenp coBepwialoT BHIGOp B Ipeje-
JJaX HEeKOTOPOTO KOHEYHOTO YHCJia BO3MOJXKHBIX CTPATerHi YNpaBJIeHHS:
uh, L, um g oM, . v cooTBeTCTBEHHO. 3aUKCHPOBAaB HauasbHble yC-

noBus u nogcuntaB T =T, ({u'}, {vi}), i=1,..,m; j=1,...,n, co-
craBuM u3 Bequunn T’ matpuny ||7%|| pasveproctn mXn. B pesyis-
TaTe NMPHUXOJHM K TaK Ha3blBaeMON MATPUUHOU uepe ABYX JIML: OJHH
urpok (JIA) BroiGupaer HOMep CTpPOKM (CKaxeMm i;), BTOpOH HIpOK
(uenb) —— HoMep cTosbLa (CKaxKeM jj) M HM OAHH U3 HUIPOKOB IIPH CBO-
¢M BbIOOpe He OCBeIOMJIEH O BpIOOpe mnapTHepa (ONHAKO MaTpHLA
” TS ” u3BecTHa UM o6ouM). Ilocse Toro kak BbIGOp cAenaH, Hrpa 3a-
KaHYMBAETCS H Ha 3bIKe TEOPHH HIp MEPBbIH HIPOK BHIIJAUHBAET BTO-
pomy cymmy 757", B 3ajauy mepBoro urpoka BXOAMT MHHHMH3HPOBATh
TMPOHrpHILL, a B 33/ayy BTOPOI0 MaKCHMH3HPOBAaTh BBIMIpHIL. Kakoii
BLIOOP HTPOKOB CJIeAYeT CYUTATh HAHJAYULIHM P

I[Tos03xuM, 4TO MepBHIi UTPOK chesasn HeKOTophiil BbiGop ij. Camoe
GoJibllee, YTO NPH 3TOM MOKeT MOJYYHTb BTOPOI HrpOK, 3T0 max7 i/ .

j

PyKOBOACTBYSICh 9THM, NEPBBIi HTPOK MOKET IONBITATHCH MHHHMH3HPO-

BaTb 3TOT MaKCHMaJbHO BO3MOXKHBIA BLIMIPHII BTOPOrO MrpOKa, HpH-

MEHHB TaKyl0 CTpaTeruio j=1{*, TpH KOTOPOil BhIpaxenue max7i/,
j

paccMaTpHBaeMoe Kak (GYHKUHA i, IPUHUMAeT MHHHMaJbHOe 3HayeHue
min {max 7'y’y=max 7T, ’. Crparerus i* rapaHTHpyer IepBOMY HIpOKY
i i

npourphIl e Gosbile BeqMuMHbl minmax Ty , Kakosa Obl HH Oblia
i j
CTpaTerusi BTOPOTO Hrpoka. AHa/JOrM4YHO, €CaM BTOPOH MIPOK NMpHMEHs-
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eT crTparerdio j* raxylo, 4ro max{mmT’}—mmT3 , TO OH obecre-

yuT cebe BHIMTPHILI, IO Kpam'en Mepe, max mst , kKakast Obl HU ObI-
j
Jla CTpaTerusi mepeoro Hrpoka. O4eBHAHO:

o i . . ) .
maxmin 7y =min Ty < Ts " < maxT,’ =minmax7y,
i i j i
TaK 9TO eCAM HMLPOKH OJHOBPEMEHHO MNPHMEHAIOT CEOH CTPaTerun i*,
j*, To sHauenne maatel T5'" sexuT Mexay BesuuMHaMM max min 75
] i
u minmaxTy. Ocobelit MHTEpeC NpeACTaBJSIOT WIPhl, Y KOTOPHIX
i j .. .
naamexcras Matpuua |75 ||, Kak TOEOPAT, UMEET cedA08yl0 MoKy
max min7y =minmax 7. 3HaueHHss MHMHMMAaKCa M MAaKCHMHHa,
i i
-~
OUEBHHO, TIPH 3TOM COBNAJAIOT CO 3HaueHHeM 73 ', KOTOPOe HA3bIBa-
0T YeHOil uepel, a cTpaTeruu i¥, j* — ONTUMANbHOIMU CTPATE2UAMU WK
petuenuen uepsl. Ecniu 06a Hrpoka NPHMEHSIOT ONTHMAaJjbHble CTpaTe-
ruy %, j*, TO MPOUrpLILI NEePBOrO H, COOTBETCTBEHHO, BBIUTPHILI BTOPO-

e n i i
IO HIPOKA DABHbI LEHE HIPbI Ts’". Ilas wrp c CeILJIOBO}I TOYKOM, €CJIH
nepBbiil HIPOK MPUMEHsIET ONTUMAaJbHYIO CTPATEruio ¥, a BTOPoil UrpoK
EbIGHpaeT HEKOTOPYIO CTPATETHIO ji, TO BHIMIPHILI TS 2 BTODOro HrpoOKa
IPH 3TOM MOXKET TOJbKO YMEHBIUHTBCH, T. €.

. . . e
T, "gmjaxTé ! —min max T =T%"
. i j
(cm. ompenesnenue crparteruu i*). TouHo Tak e, €CIH BTOPOH Hr-
POK TNpHAEPKUBAETCS ONTHMaJbHON CTpaTerdd, a NepBbiH — OT-

KJIOHSIeTCS OT Hee, TO ero NPOHTIPLILI NPH 3TOM MOXKET TOJNbKO YBEJIHYH-
BaTbcs. TakuM 06pasoM, ecJiM OJUH H3 HIPOKOB PacCYHTHIBAET, YTO €ro
HapTHep NPHUMEHsIET CBOIO ONTHMAJbHYIO CTpaTerdio, TO HaHJIy4IUHHA
CIIoco6 AeHCTBUS ITOrO UrpOKa — NPUMEHHTDH CBOIO ONTHMAJbLHYIO CTPa-
Teruto. EcaiM ofMH M3 UrPOKOB 3apaHee OCBeJOMJIeH O BHIGOpe cTpare-
[HH NapTHepa, TO 3ajaya TepsieT UrpoBoH xapakrep. Ecuau u3BecTHO,
HalpHMep, UTO BTOPOH HrPOK BHIOpAJ jiz=j*, TO NpH 3TOM MEPBOMY Hr-

POKY, OUeBHHO, HaJl0 BLIOpATh TaKoe iy, TPH KOTOPOM min Tf,j‘=Tf.,,"’, a
: i

ne i*

B npuBeleHHBIX paccyxKIeHHAX KOHEUHOCTh BO3MOXKHOro BhIOOpa
cTpaTeruil 0O60HX HIPOKOB He HMeeT NPHHLIHUIIHAJIBHOrO 3HaueHus. B 06-
eM cjlyyae BMeCTO KOHeuHo# maTpuusl ||I'J|| BhicTynaer ¢yHKuHOHAX
Ts({u} {v}). Ecau BHIOJHSIETCS YCIOBYE CeNJIOBOH TOUKH

max min 7", ({u}, {v})=min maxT,({u}, {v}), (10.7)
{v} {a u) {v
TO OmpejejeHa lieHa Mrpbl Kak 3HaueHHe (10.7), W cyllecTBYIOT ONTH-
MaJgbHble crpaterud {u*}, {v*}, mas KoTophX Ty ({u*}, {v*}) coBna-
naeT co 3HaueHneM (10.7). DTu 3aKOHBl ynpaBJjeHHs 00/1a1al0T BCEMH
TEeMH CBOHCTBAMH, KOTODbIe H3J1araJiuCh BhIllIE B CJIyuyae KOHEUHOH BO3-
MOKHOCTH BhIGOpa.
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PaCCMOTpHM OJis1 IpUMepa Hrpbl ¢ MaTpHUaMH

25 1

25 3 12
34 2 [21J'
1620

Jas nepsoit urpel maxmin7¥=max (1, 4, 1)=4, minmax7"=

. ' i i j i
=min(5, 5, 4, 20)=4. Taxum o06pasom, ycnosue CeIOBOX TOUKHU
BLINOJIHEHO, I1[€HA MIPLI paBHA 4, (*=3, j*=2. [aa BTOpPO# HIpHI

maxminT‘J—max(l 1)=1, mm maxT‘J—mm(? 2)=2, 1. e. ycJjoBue
j J
~ce11110130H TOYKH He BbIIIOJIHeHO.

10.2. OBIUME N HPPEPEHILHAJIbHBIE HT'PbI

OnucanHas BBIIe HTpa IpecefOBaHHS — YKJIOHEHHsS BXOJHUT B LIMPO-
KHI KJIacC Tak HasblBaemblX AupdepeHunanbubx urp. Onuinem cnocod
pellleHHs] NOAOOHBIX HIP.

O6mas auddepennnanbHas urpa 3agaercs cUCTeMol JuPepeHin-
aJIbHBIX YPaBHEHHUH

x=Ff(x, u, v), (10.8)

LAe XT=(X1, ..., X,); W'==(iy, ..., &p); VI=(vy, ..., Up); F'=(F1,.... )
CocrostHHe HTpbl B KaxKAbIH MOMEHT BPEMEHH ONHCHIBAETCS TOUKOH
¢asosoro npocTpaHcTBa R™ BeKTOpHl yNpaB/eHHs U ¥ V HAXONATCS B
pacnopsi:KeHHH IepPBOro H BTOPOTO HIPOKOB COOTBETCTBEHHO, HX BHIOOD
B KaX/Ibli MOMEHT BpeMEHHM IIOJYHHEH HEKOTODbHIM OrpPaHHYEHHsIM:
usL,, vel, , rae L, u L, — orpaHuuyeHHble 3aMKHYTble IOAMHOXKECT-
Ba B eBKJMJOBBIX IpocTpaHCTBax RP m R? coorBercTBeHHO. Mrpa Ha-
4YHHaeTCs B HEKOTOPOI TOuKe ()a30BOTO NPOCTPAHCTBA X ¥ 3aKaHYHBA-
ercs, Koraa (as3oBas TOYKa X AOCTHraeT HEKOTOPOro 3aJaHHOTO MHO-
roo6pasusg S&R™. B onpeeneHne urpbl BXOAUT QYHKIHOHAJ IMJIATHL

T

I={ fo(x, u, v)dt+g (x(T)), (10.9)
0

rie T — MOMEHT epBOro HOCTHIKEHHsSI TOYKOH X KOHEYHOro MHOrooopa-
3usi S. Bennuuna [ siBJIsIeTCS BBIMIPBILIEM BTOPOTO UIPOKAa M NIPOUTDHI-
nieM nepsoro. Ilepexn omHHM HIDOKOM CTOHT 3aflaua MHHHMH3HPOBATh
I 3a BpeMs urphl, mepen ApyruM — MakcumusupoBath [. OGa urpoka
IesaloT cBOH BHIGOD, OCHOBBIBASICh Ha 3HAHUHM CHCTEMBI YPaBHEHH IBH-
»kenus (10.8) u COCTOSIHHST HTPHI, T. €. Ha 3HAHHK (a30BbIX KOOpPJAHHAT
X B KaXXIbI MOMEHT BpPEeMEHHM, KOrjla MpOH3BOAUTCS BbIGop. Onpepe-
JIUM CTpPaTerHd HMIPOKOB KaK BeKTOp-GOYHKUMH: u=u(x), v=v(x).
OTMeTHM ellle pa3, 4TO €caH Obl CTPATEerHsl OLHOrO W3 HIPOKOB, CKa-
2KeM V(X), Oblia pHKCHpOBAaHA M H3BECTHA, TO MIPOBas 3ajava Npeob-
pasoBaJiach Obl B 3a7jauy CITHMAJbHOrO yIpaBJ/eHH .
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Ecan B ¢ynkunonasne naater (10.9) nonoxurs g=0, To moayyum
UIPY C TaK Has3blBaeMOIl UHTe2paAbHOil NMJAATOH, eClH Ke MOJO0XKHTE
fo=0, To nosyvyaemas npu 3TOM IJaTa Ha3bIBAGTCS TEPMUHANLHOL.

st dopmasbHOrO onpejeseHdsi LeHbl HIPbl HEOOXOAMMO BBECTH
KJaCChl JOMYCTHMBIX CTpPaTeruil, T. e. Bektop-pyHkuuu or X. Hias pe-
aJbHBIX MIPOBLIX 3alay RIOJHE JOCTATOYHBIMH OKAa3LIBAIOTCS KJacChl
KYCOUHO-HEeIIPePHIBHEIX yIpaBaeHHi u(x), v(x). Leno#t nuddepenuu-
aJIbHOH HrpHl Ha30BeM O0liee 3HAUEHHE

W =min max /= min min /, (10. 10)
{w v} {veo e}

ecsin oHo cymecrByeT. Crparernu {u*(x)}, {v*(x)}, ang KOTOpHIX mJa-
Ta COBIANAET C LIEHON UIpbl, HAa30BeM ONTuUMaAbHblMU. Irpa CTaHOBHT-
csl BIIOJIHE ONpeJesIeHHOH, eCld 3aJaHO HavaJsbHOe COCTOSIHHE, T03TOMY
leHa MIPH ecTh (PYHKIHA HA4YaJbHOTO COCTOSIHHA, T. e. W=W(X).

10.3. BbIBOJ, OCHOBHOTO YPABHEHHS TEOPHH
AUPPEPEHILHAJIBHDbIX HT'P

ITpocTpaHCTBO COCTOSIHMIT MIpBI MOXKHO Pa36HTb HEKOTODHIMH NMOBEPX-
HOCTIMH Ha o6JiacTH, B KoTOophbix (yHKuuu W (x), u*(x), v*(x) pery-
JISIDHBL, T. €. KMEIOT HelpepbiBHbIEe NIPOH3BOAHbIe, Ha pa3mensiomux no-
BEPXHOCTAX 3TH (QYHKLUHH MOTYT He HMeThb NDOHM3BOAHBIX HJH Jaxe
HUMeTb pa3phIB EPBOTO POJA.

Onpenenum ¢yuxkuun W(x), u*(x), v*(x) B o6mactsax, rie OHH De-
ryJsapHbl. BeiBenem s GyHKumu W (x) ypaBHeHHe B YaCTHBIX MPOH3-
BOAHHIX. ITycTh B HEKOTOPEHIfi MOMEHT { COCTOSIHHE HTPHI ONpefelsieTcs
Toukoi X. Ecau urpa pasBuBaeTcsi M3 TOYKH X ONTHMAJbHO, TO COOT-
BETCTBYIOIIAS IJIaTa IO ee OKOHYaHHMM paBHa leHe W (x). Bribepem
KakHe-TH60 3HAUEHHs YNpaBJEHHH U U V B TOUKe X U OyZem CUHTATh
HX IOCTOSIHHBIMHM B TeYeHHE HEKOTOPOTO MaJoro NpoMexXyTKa BpeMeHH
At. 3a 3To BpeMs NPOU3OHIET CMellleHHe COCTOSIHHSI HTPhl Ha BEKTOD

Ax=1(x, u, v) At} o (A7) (10. 11y
IlpeanosoxumM, YTo H3 COCTOSHHS X-+AX Hrpa pPa3BHBAETCs ONTHMAJb-

HO, TorAa mjarta /(X) OJs9 TOYKH X, KOTOPYIO paccMaTpHBaeM Kak Ha-
yaJbHYI0 B cootBeTcTBHH ¢ (10.9) u (10.8), Gyner

t+ At

I(x)= f Fo(X(s), u, V)ds+W (x+Ax)=

t

— fo(%, u, v)Af+W(x)+E‘2Wx—f")Ax,-+o<At>, nan
i=1

n

()= f(x, u,V)At+W(X)+E‘9()WTf")f, (X, u, v)Af-o0 (A7), (10. 12)

i=1
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IIpu mocaennem nepexone Hcnosab3oBaHa ¢opmyda (10.11). I[Ipuvenus
K Jaeoil uvactu (10.12) omepaunio min max HJIM maxmin , 4TO

u v v u
B cuay npennosaoxenus (10.10) maer ToT :Ke pe3yJbTaT, NOJIYYHUM B Je-
Boft yactu (10.12) ¢dynkuuro W(x). 3mech ucno/ab30BaH MPHHLMI Ol
THMaJbHOCTH: Minmax W max min B3fiIT [0 BEKTOPHO-YHCJIOBBLIM Ia-
paMerpaM usL, u veL,, a He no BeKTOPHO-QYHKIHOHAIbHEIM. TakuM
o6pasoM, ot (10.12) npuxoaum K ypaBHEHHIO

u v
i=1

0=min max [Ea‘g—x(x)f[(x, u, v) At fo(x, u, v)At—[—o(At)].
i .

Tlogenus 310 cooTHouleHue Ha Af u cuutas Af—0, monyuum caelylo-
lllee ypaBHeHHe 1Jis LeHbl urpel W(x):

min max[z (‘::Ex)f,.(x, u, v)+4 fo(x, u, v)}=0, (10. 13)

u v
i=1
KOTOpoe GyAeM Ha3blBaTh OCHOBHBIM ypaBHeHHeM AH(depeHLHaTbHBIX
urp. Ypasuenue (10.13) Gwuio nmonyueno Afizekcom. Ecaum crparterust
v(x) BoibpaHa u puKCHpOBaHa, To, oT6pocuB B (10.13) omepauuio mak-
CHMyMa 10 V, NOJYUYHM H3BecTHOe ypaBHeHHe Besnsmana.

10.4. PELIEHUE OCHOBHOI'O YPABHEHHS
METOIOM XAPAKTEPHUCTHK

OcHoBHOe ypaBHeHue gubdepennnanbubix urp (10.13) mpespamaercs
B HeJHHeHHOe ypaBHEHHe B YaCTHBIX NPOH3BOLHBIX IepBOro MOPsiKa,
€CJIH NIPeBapHUTE/bHO BBINOJHHTh ONepaLHI0O MUHHMaKca. Brexem 0603-
navenue grad W(x)= (0W(x)/ox1,...,0W (X)/0xn) = (Wi, ..., Wr).
OGosHauyuM paJjee uepes @ (X; grad W(x)) u ¢ (x; grad W(x)) coorser-
CTBEHHO ONTHMaJbHble 3HaUeHHsS IapaMeTpOB U H V, JJI KOTOPHIX AOCTH-
raeTcs 3HaueHHe MHHHMakca Bbipaxenus (10.13). ®ynkuuu ¢ u ¢, BO-
ob1le roBopsi, MHOIO3HAa4Hbl, OAHAKO OyJeM CYMTaTh, YTO OHH pacraja-
TOTCS Ha KOHEYHOe MHOXKECTBO HeNpepLIBHEIX OJHO3HAYHBIX BETBEH,
KaXAyI0 H3 KOTOPBIX HEOOXOJHMO PacCMOTPeTh OTAEJBHO.

Takum o6pasom, ypaBHeHue (10.13) Ha onTHMAaJbHOH TpPaeKTOPHU
npuobpeTraeT BUA

N TRl @0 grad W () w(x; grad W ()] +
i=1
+ folx, @(x; grad W (x), ¥ (x; grad W (x))] =0. (10.14)

Hena urpet ynosjaerBopsier ypaBHeHdio (10.14) u rpaHHYHBIM YCJOBH-
sIM Ha TepPMHHAJbHOM MHOroo6pa3uu

W (x)ls=g(x), (10. 15)
INOCKOJIBKY OJId TOYEK, JexXallHX Ha MHOFOO6pa3HH S, PIHTeI‘paJIBHbIﬁ
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useH B ¢yHKuHoHa e miaatsl (10.9) obpamaercs B Hysaw. [Tocse Toro,
kak Halineno peureHue W (x) ypasHenus (10.14) ¢ rpaHHYHBIMH YCJIO-
Busimu (10.15), onTHManbHble yNpaBJ/eHHs ONpPeAeNsoTCsT COOTHOUIe-
HHAMI

u*(x)=¢(x; grad W (x)); v*(x)=y¥(x; grad W (x)).

YpaBuenue (10.14) ectp nuddepeHnHanbHOe YpaBHEHHe B UaCTHBIX
IIPOH3BOJHBIX NepBoro nopsaka. OBUHi MeTon HHTEIPHPOBAHHsST TaKHX
YpaBHEHHH — MeTOJ XapaKTepHCTHK — INPHBOJUT K CJeLYIOLIeH CHCTe-
Me 211 OObIKHOBEHHBIX zmq)Q)epeHuHaanux ypaBHEHHII OTHOCHTEJIbHO
nepeMeHHbIX x;, W;=0W/dx;, i=1, 2,.

x,~=f1[x; Q(x; Wq, ..., W), ¥(x; Wl, L W i=1,2, .,

(10. 16)
Sy 9
_—2 Wjox—,fi[?ﬁ QX Wy, oo, Wo), (X5 Wy, ...y Wo)l—
=1 !
0 .
=5 folX @G Wy, o, Wa)i (5 Wy, o, W)l i=1, 2,0
(10. 17)
TpaekTopuu 3TOH cHCTeMBl HAa3bIBAIOTC XapaKTePHCTHKAMH, a cama
cucTeMa — ypaBHEHHMsIMH XapaKTepHCTHK. BBoas NepeMeHHYI0 T=—1,

a TakXe MOJb3YsICb aBTOHOMHOCTBbIO CcHCTeMbl YypaBHeHu# (10.16),

(10.17), nosoxkuM, 4T0 MOMeHT {=0 OTBeyaer MONALAHHIO TPAEKTOPHUH
Ha MHOroo6pasue S. 3aMeHHUB ! Ha —T, NlepeNUIlIeM CHCTeMY YPaBHEHHS
110.16) u (10.17) B perpeccuBHO# popme

Xi=—Fix @(x; Wi, .., Wo), (x5 Wy, oo, Wl i=1,2, .. .5

n

o d

W= E Wj(;;f,- [X; @(x; Wy, ooy W), (X3 Wy, ..., W+
f—

0 .
+l§ff0 X 0(xs We, ..o, Wo)yo(xs Wy, ..., W), i=1,2, ..., n.

(10. 18)

Cucrema (10.18) onuceiBaer mnpoiecc 06paLIEHHOrO [IBHXKEHHS — OT
TePMHHAJbHOH NMOBEPXHOCTH S K Haya/JbHOMY COCTOSIHHIO X HIDBHIL.

HanoMHHM, 4TO OCHOBHOe ypaBHeHHe JHU(pGdepeHIHaJbHbIX TP OIH-
CbIBA€T ONTHMAJIbHblE TPAEKTOPHH JIHIIb «B MAJOM», T. €. B Tex obJjac-
TSIX, B KOTOpPHIX GyHKuuu W (x), u*(x), v*(x) peryaspHas (cM. pasm.
10.3). Ilpu nepexone U3 0qHOI O6sacTH B JPYrylo yepe3 pa3mensiowyio
HX TOBEPXHOCTb ONTHMAaJbHBIE CHHTE3HPYIOUIHe QYHKUHM H lleHa HIDPHI
TEpNAT paspblB HJAH H3a0oM. Iloka eme Her oOIlell TeOpHH TaKHX IO-
BEPXHOCTeH, H [IO2TOMY IPH pelIeHHH KOHKPETHHIX IH(PPepeHHaNbHbIX
HIp NPHXOJHUTCS, HCXOASl H3 TPAEKTODHH HTPHI, OTY4aeMbIX IIPH HHTEr-
PHDOBAHHH YpaBHEHHMH XapaKTEPHCTHK, COCTABJ/SATH pelleHHe B LEJIOM,
YUHTBIBast CHelH(HKY 3aJauH.
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10.5. 3BA0DAYA NMPECJENJOBAHUSA — YKJIOHEHHUYA
MMPHU BE3bIHEPLHUHOHHOM LLEJIM H JIA
C HOEAJIbHBIMHW CUCTEMAMM YIIPABJIEHUSA

PaccMoTpuM npocTelilinii BapHaHT UrPbl NPeC/1eJ0BAHUS — YKJIOHEHHU,
nojaras, yTo H JIA, u UeJb MOIYT B Ka)KAbli MOMEHT BpPeMeHH BHIGH-
paTh MPOM3BOJBHO HANpaBJEHHS CBOMX CKOopocTell. B Takoi mocTaHoOB-
ke anddepennnaibuble ypaBHenus urpel (10.1)—(10.4) peayuupyiort-
cs K BHIOY:

Xpa=V cos8; yoa=Vsinb; £,=V, cos By y, =V, sinb,. (10.19)

BBeseM NOABHXKHYIO CHCTEMY KOODJAHMHAT, CBs3aB ee Hauajlo ¢
Hebl0 W HANpPaBHB OCH NapaJienbHo ocsiM XgY, HCXONHOH CHCTEMH
koopauHat (cM. puc. 10.1). O6Go3HauuB uyepes x, y KoopauHaTe JIA B
HOBOH cHcTeMe KoopjauHaT, W3 (10.19) myTem nouseHHOro BBHIYHTAHHS
COOTBETCTBYIOIIUX YPaBHEHUH IOJYYHM CJIeAYIOILYI0 CHCTEMY:

x=V cos—V cosb,; y=V sin0—Vsinb,. (10. 20)

¥Yrael 0 1 O Hak/IOHA K ocu abciHcc BEKTOPOB cKopocTei JIA u me-
JIH 3eCh BBICTYNAIOT B POJIH YNPaBJEHHi U Ha 00JIACTH MX H3MEHEeHHH
HMKaKHX OrpaHHYeHHH He HaJ0KeHO. B KayecTBe TePMHHAJbHOH KDH-
BOJi PhHIGEpeM OKPYXKHOCTb pafuyca [ ¢ LeHTPOM B Hayaje KOODAMHAT,
T. €. B MECTONOJ/IOXKEHHH IIeJH:

2l yr=1. (10.21)

PaccmoTpuM 3ajzayy Ha ObICTpOmeHCTBHe, Tak YTo B (YHKIUHOHAJE
(10.9) 6ynem umers fo=1; g=0 u, caenoBartenbHo, W(x, t) =1. Oc-
HOBHOe ypaBHeHHe Aud¢depeHunanbubx urp (10.13) mas panxHoi 3ama-
un (10.20) mpumer Bun (W;=0W/0x;):

rr;in max [W;(V cos0—V  cos 8,)+W,(V sinb—V sin6,)4 1]=0,
el-l

WJIH TIOCJIE NIEPerPYNNHPOBKH CaaraeMbix
min max [V (W, cos 6+ W, sin 6)— V' (W, cos 8,4+ W, sin 6,)-1]=0.
80

hid

(10.22)

ITepBoe cnaraemoe B (10.22) 3aBucHT OT ynpaBieHus 6, a BTOpoe —
oT 0y, moatomy 3kctpemym (10.22) mocTHraeTcsi Ha ONTHMAJbHBIX YII-
paBJaeHusx 0%, 6,*, monyuaembix u3 ycaosuit: min (W, cos 8-+ W, sin 0);

9

max (— W, casb,— W, sin 6,), TaK KakK OlepallHsg MakcUMyMm Mo Oy

n
B (10.22) pacnmpocTpaHseTcs: TOJBKO Ha BTOPOE, a OHepalds MHHHMyMa
no 6 —Ha mepBOe cjgaraeMmoe. BripaxeHHs, CTOSIHe B CKOOKaxX, MOX-
HO paccMaTpHUBaTh Kak CKaJspHble MpousBeleHHs BekTopos (W, Wa)
i (cos 0,sin6), (W, Wy) u (cos By, sinfy). CxanspHoe npousBeJeHue
IBYX BEKTOPOB JOCTHrAeT MaKCHUMaJbHOro (MJM MHHHMAaJbHOTO) SHa-
YeHHd TpPH yrje MeXJAy HHMH, paBHOM HyJ10 (uiau st). [lostoMy MuHH-
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Puc. 10.2. TMoaBHKkHag cucTemMa KoopauHat OXY

ManpHOe (HJIM MaKCHMaJibHOe) 3HaueHHe MOCJeNHMe BBHIpAXKeHHs IpH-
HUMAIOT NIPH CJIeLYIOLUINX 3HAYeHHAX 0 * 1 0,%:

sin 0 =sin 6*= — W,/ |/ Wi+ W3;
cos B = cas 0% = — W,/ )/ Wi--Ws. (10.23)

IToxcrasasisi 3Hauenns: (10.23) onTHMAaNbHBLIX yIpaBJAeHHH B OCHOB-
Hoe ypaBHenue (10.22), moyuum

— VY WHWEi+V, V WiHWwE 4+ 1=0. (10. 24)
Haiinem 3nauenuss Wy, W, Ha TepMuHaabHOfi KpuBo# (10.21). Has
5TOrO NapaMeTpH3YeM ee B BHIE
x=I[coss; y=Isins. (10. 25)
Tax kax Ha TepMuHabHON KpUBOH W=0, TO nudPepeHUHPYs 3TO TOKIE-
W _oW dx | oW dy __
o0s ox ds oy ds
=—W;lsins}W,lcoss, T. e. Ha TepMHHAJbHOH KPHBOMH
Wi=X\coss; Wy=\sins. (10. 26)

IlopcraBass naiinenusle snauenus Wy, W, B ypaBuenune (10.24), no-
ayaum —V|A| + Vy|A| +1=0. Bospacrauue ¢yHkuun W wuier B Ha-
npaBienud grad W= (W;, Ws). Ilockosnpky mnpencraB/sieT HHTepec
pa3BHTHE UTPBI BO BHEIIHIOIO 10 OTHOUIEHHIO K 00J1aCTH 3aXBaTa 4acTb
¢asoBoro npocrpaHcta u grad W HanpaB/ieH B CTOPOHY BO3pacTaHHUS
W, neo6xonumo B3sTh A>0. TTosTOMYy H3 nmOC/IegHEro ypaBHEHHsi HMEEM

A=(V—-V,)L (10.27)

N3 cucremer (10.20) ¢ yuerom snauenuii (10.23) unaiinem ypaBHeHHS
xapakrepuctuk (10.18) B perpeccuBHOH ¢dopme

£=VW /Y WiHWi—V W)/ Wi+ Ws W,=0;
(10. 28)
g=VWy ) WHWi—V, W,/ WHW%; w,=O0.
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Murterpupys npabble ypasHeHHsi cucteMbl (10.28), nafimeM, uto W, u
W, uMeloT mocTosiHHble 3HAUeHHs BAOJb TPAEKTODHH, paBHLie CBOMM
HavasabHbIM 3HaueHusM (10.26). IloacraBass 3nauenus W, u W, u3

(10.26) B neBble ypaBHenus cuctemn (1C.28), mnoayuum J;=(V—

o
—Vu) cos s; y=(V—Vy) sin s. VuTerpupys mNOCJAeIHIOIO CHCTEMY
ypaBHEHHH DpH HayaJbHbIX ycaoBHsax (10.25), mojydynm ONTHMaJbHBHE
TPaeKTOPHK

x=[l+T(V—V)]coss; y=[[—T(V—V)]sins. (10.29)

Hrak, npy onTHMaJbHOM Da3BHTHH HIpbl, 3aKaHUUBAIOLIEMCs B TOUKC
S TepMHUHAJIbHOH KPHBOH, 3HaueHUs ynpaBJieHui 8%, 0,* onpenensitorcs
COOTHOUIEHHSAMH sin f ;*=sin 0¥ =—sin s; cos Oy*=cos 8*=—cos s,
T. @ BO BpeMs ONTHMAJIbHOTQ ABHXKeHus JIA u Leab [BUraloTca IO
npsiMoii, UX COCAMHSIOULEH, NpHyeM Leap OBUxKeTCs oT JIA. Herpyano
BBIPa3UTh LICHY UIPHl U ONTHMAaJbHble YIpaBJeHHs1 KaK QYHKIHH (a3o-
BBIX KOODJAHMHAT. YYHTBEIBAS, UTO B 3ajJaue Ha ObICTPOAeIiCTBHe QYHKUH-
oHaa naatel W (X) ecTb BpeMsl T 40 OKOHYAHHS HIPHl, H3 ONTHMA/JbHBIX
tpaekropuil (10.29) noayunwm

Wx)=t1=(VE+32—-)(V-V)} (10. 30}
Jlasee BblUHCJUM W1=Z—W=x/’(V—Vu)Vx2—|—y2; Wo=—— W——
x oy

=y/(V—V,)V x2+y?, a socnombsosasimch (10.23), Haiinem
sin 0y =sin 0¥ = — y/ VX2 4% cos 8% =cos Oy = — x/}/ X2+ 2. (10.31)

Kax caenyer u3 ¢opmyaer (10.31), nampasienne BeKTOpa CKOPOCTH
JIA ¥ uesn OAMHAKOBO W MO3TOMY V W Vy JieKaT Ha OJHOH MNpPAMOH.
CulemoBaTeJbHO, ONTHMaJbHOE yhpaBiaeHHe JIA 3akilouaeTcs B OpHeH-
TAalH{ BEKTOPa CKOPOCTH V Ha LeJb, a ONTHMaJjbHOe YIpaBJieHHe Ie-
Jau — B opueHTauuu Vy ot JIA. OfHaKo ONTHMaJbHBEIA 3aKOH YIpaBJe-
HUst JIA NOJHOCTBIO COXpaHsieTCs Ha)Ke eC/H Iedb He Gyaer cl1eJ0BaTh
ONTHMaJbHOMY ynpaBJseHHo. Ecaun npu stom JIA ucnosb3yer onTHMatb-
HOe yIpaBJieHHe, TO 3aXBaT L(eJIH MPOU30LiIeT paHblLe.

10.6. 3AJAYA NNPECJHENOBAHUS — YKJIOHEHHUSA
NPH NHEPULHOHHOM LLEJIX U BESBIHEPLLUOHHOM JIA
C HAEAJIbHBIMH CHCTEMAMH YIIPABJIEHHUS

IlpeanonoxuM, 4TO paguyc KPHBU3HBI TPAEKTOPHHM UEJH OrpaHHYeH
CHH3Y, YTO COOTBETCTBYeT OTPAHHUEHHIO BEJHUHHB MaKCHMAaJbHOH me-
perpysku, a JIA MoxeT B KaXKABIHI MOMEHT BbIGHpaTh HalpaBJeHHE
CBOeHl CKOPOCTH NpPOHM3BOJIbHO. TaKasi MOCTaHOBKAa 3aJaud MMeeT OIpe-
JeJIeHHBIH MPaKTHYeCKHUII CMBIC, TaK Kak oO6biuHO JIA 6oslee MaHeBpe-
HeH Hexenau uedb. CucTeMa AudGdepeHUHAJbHEIX YpaBHEHHH HIpEHI
(10.1)—(10.4) cBoauTcs Tenepb K ypaBHEHHUAM

)E:M=V cos 6; j/nA=V sin 8; x,=V, cos 6. g}u:Vu sin 6,;
b=V, v/R, (10. 32)
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YnpasaswomuM napaMmerpom JIA siBasiercs yroa 8, onmpenessiowini
HanpaBJieHHe BEKTOpPa CKOPOCTH, KOTODPbBI# B KaXKIBH MOMEHT BDPEMEHH
MO¥eT GbITh BHIGpAH MPOM3BOJBHO. YNpaBJSIOUIHHA NapaMeTp Leu U
onpenessieT paguyc KPHBH3HBI TPAEKTODHH LeJIH ¥ HalpaBJ/ieHHe ABH-
JKEHHS ¥ MOXeT OBbITh BHIGpAH B KaXKIblii MOMEHT BpeMeHH NMpPOH3BOJIb-
Ho B mpenenax |v|<<l. B ypaBuenusx (10.32) Ry— MHHHMaJbHOE
3HaUYeHHE pajuyca KPHBU3HHL.

Jns1 cokpaleHust pa3MepHOCTH ($a30BOro MpOCTPAHCTBA MIPHI, PaB-
HOIf NATH, BBIOepeM, KaK U B NpeAblAylleM pa3fene, MOABHKHYIO CHCTE-
My koopauHat OXY, cBfi3aB ee HayaJo C LeJbI0O U HANPaBHB och abcC-
IIMCC 110 HaNpaBJIEHHIO BeKTOpa ckopoctH 1enau (puc. 10.2). O6osnaunM
uepe3 ¢==0—=0y yros, KOTOpEIl COCTaBJseT BEeKTOp ckopocTH JIA ¢ Ha-
npaBJjeHHeM OCH alClUCC MOABMKHOM cHCTeMH KoophuHaT., Ilycrs X,
y — KoopauHaTH JIA B MOABHXKHOI CHCTeMe KOOpDJAHHAT. BhiBexeMm
ypaBHeHHe JBUKeHHs JIA B MOIBHIKHON cHCTeMe KOOPAHHAT. 3a BpeMs
df MONBHKHAS CHCTeMa KOOPIHHAT IOBEPHETCS OTHOCHTEJNbHO HCXOX-
Hoit cucremsr (cM. puc. 10.1) na yron d6, = V,Ri'vdt. 1o sKkBHBA-
JIEHTHO TIOBOPOTY pajmuyca-BekTopa JIA Ha yron —V Ry’ vdt, pasublit
IO BeJHYHHE M NPOTHBOIIONOXKHBIN M0 HanpasJenHio yray dby. Koopau-
nater JIA x, y nonyuat npupamenus dyx=yV Ry vdt; diy= —xV %
X Ry vdt. 3a s1o xe BpeMs df MONBHXKHag cucTeMa KoopauHat XY
MepeMecTHTCS NMapaJuieJpHo ocu X Ha paccrosiHue Vydf, uTo maer NpH-
pauieHue KOOpAuHarT X, y: dex=—V,df; doy=0 H, HAKOHEU, ABHKEHHE
JIA no BekTOpy cKOpocTH V paer NpHpalleHHe KOOPAHHAT X, Y, : dax==
=V cos @dt; dsy=V sin pdt. CkaanbiBasi 3TH TPU NPHUPAILEHHS] KOOPAHU-
HaT X, y, NOJYyYUM ypaBHeHHs Au(@epeHLUANbHONH UTPBH B BHIE

x=ybv—V 4V cos¢; y= —xbv}V sine, (10. 33)

rae b="Vy/Ry; v, ¢ — ynpasJeHusl.

YuuTeBas, 4TO 3ajaya Npec/eIOBaHHS — YKJIOHEHUSI pellaeTcs Ha
MHMHHMAaKC BPeMEHH 3aXBaTa, 3alHllleM OCHOBHOE ypaBHeHHe U depeH-
yuaapubix urp (10.13) B Bume

min max [W,(ybv—V +V cos¢)+ W, (—xbv-+V sing)+ 1]=0,
[ v

HJIM T0CJIe TIePeCTaHOBKH C/1araeMbIX
min max [0 (W,y — Wox)o+ V(W cos o+ W, sin @) — W,V -+ 1]=0.
[ v

(10. 34)

Brimosinsas onepaunio MHUHHMakca, MOJYYHM, 4TO ONTHMAaJbHbE yII-
paBieHHs @, v HaXoAATCS U3 YCJAOBHH

max b (Wy —Wax)v; minV (W, cose-+W,sing). (10.35)
v ¢

Tax xak b 1 V — n0J0XXHTe/IbHBIe KOHCTAHTBI, TO H3 MEePBOro yCJIOBHS,
yuHTHIBast, uTo |v|<<l, HAaXOZUM ONTHMAJbHOE yNpaBJeHHe AJs IeJH
v*=sign (Wyy—W,x) npu W,y—W,x==0. B npotusHoM cayuyae mas
HaxXOXJAeHHsI v* Heo6XOJMMO HCIOJIb30BATh AONOJHHTEJbHBE NaHHBIE.
M3 Broporo ycnoBHs, Tak Kak I0J 3HAKOM oflepalldM Min CTOHMT CKa-
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JsipHoe mpousBenenne BekTopoB (Wy, Wy) u (cosg, sing), Hafizem mo
anasorun ¢ (10.23) 3HayeHHe ONTHMAJIBHOTO IapaMeTpa yHpaBJle-
Hus JIA

sin ¢* = — W}/ Wi+ W% cos¢*=— W,/}/ Wi+ws3. (10.36)

Kak u B pasa. 10.5, HaxoAHM, UTO Ha TePMHHAJbHOH KPHBOIl 3HAYEHMS
x, y, Wy, W, sanarmorcs TeMu xe cootHomenusamu (10.25), (10.26).
YpaBHeHHsl XapaKTepUCTHK B perpeccuBHoil ¢opMe (10.18) Oyayr cae-
Iyloline:

X = — Yoot -V VW) WiWE W — — Wobo*;
§=xbv* VW, |/ Wi W W,=W b0, (10.37)

st onpeleseHdsi ONTHMaJbHOTO ympaBieHus v*=sign (Wiy—
—Wox) BriichuM 3Hak (W,y—Wsx) BIONb TpPaeKTOPHH CHCTEMBI
(10.37). C yuerom (10.25), (10.26) Ha TepMHHAJBHOJ KpHBOH O6yaeM
umerb Wiy—Wox=1 A cos s sin s—I A sin s cos s=0, u, ciegoBareb-
HO, ynpaBJsieHHe 0¥ HaJ0 HAXOAHTb H3 JOINOJHHTEJNbHHIX AaHHBIX. BeI-
yucauM npoussonuyio or (W,y—Wex) no v ¢ yuerom cucremsr (10.37):

Wy — W) =Wy 4 Wiy — Wax— Wyx =

= —Wybv*y + W, ("Cb@* + VW) W%—I—W%) —Wbv*x—
— Wy (—ybo* LV, VW Y Wi+ WE) = —W,V,. (10.38)

BBuAy cUMMeETDHH 3amayd PacCMOTPUM TOJBKO BEPXHIOIO IIOJOBHHY
TepMHHaAbHOH oKpyxHOocTH (10.25), rame sin s>0 u npousBoaHas
(10.38) ¢ yuerom (10.26) orpunarensua npu t=0. CiegoBaTesbHoO,
poipaxkenne (W,y—Wox), paBHOe Hyawo npu t=0 u yOmnBaillee B
OKPEeCTHOCTH TOYKH T=0, OTpPHLATEJbHO NpPH MaJblX 3HaueHusx v>0,
TaKk yto v*=sign (W;y—Wsx) =—1 nas XxapakTepHCTHK, BEIXOASLINX
H3 BepXHell MOJOBHHBI TepMHHAJbHOH OKpyxHOocTH (10.25). B cuay
CHMMETPHH paccMaTpHUBaeMOl 3afaud AJsi TPACKTOPHH, BEIXOASIIUX H3
HUXKHeH NMOJOBHHE TeDMUHAJNbHOH OKPYKHOCTH, v¥ =1,

[TpounterpupoBas npaBbie ypaBHeHHs cucteMul (10.37) mpu v*=
=—1 u HavasapHeIX ycaoBusx (10.26), roe, kak HeTPYAHO IOKa3arTh,
A= (V4 Vy cos s)~, momyuum

Wi=\cos (bt —s); Wy=—2rsin(br—s), 0<s<m. (10.39)

TIloacraBassa (10.39) B neBble ypaBHeHHsi cucteMbl (10.37), momyuum
x=yb+V, 1V cos(br—s); y=—xb—V sin(br—s). (10.40)

Cucrema ypaBHeHuit (10.40) sBasercs JHHEAHOH HEOZHOPOAHOH.
IlpounrerpupoBaB OJHOPOAHOE YpaBHEHHE W HaHAs YacCTHOe pellIeHHe
IIpH MOMOIUM BapHAaUHH NPOH3BOJbHOH IOCTOSHHOM, MOJNYYHM IpH Ha-
yaabHBIX ycaoBHaX (10.25) caenyiomee pemrenue cucremnr (10.40): .
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x=(+Vr)cos(br-—s) +R,sinbr; y= — ([ +V7)sin (bv —s)—
— R+ R, cos br, (10.41)

roe 0<s<m u yuTeHo, uto bRy=Vy.

I'paduueckoe npeacrasiedue o Tpaekropusax (10.41) HeTpyaHO HO-
JYYHTh H3 caeAyiolux coobpaxenui. Tpaekropus (10.41) cknanwpiBa-
eTcs M3 Tpex ABHKEHHI: 1) BpalleHHs 1O OKPYMKHOCTH paauyca Ry ¢
nedTpoM B Touke (O, —Ry) C YyIrJOBO# CKOPOCTbIO — b M HayajbHbBIM
nosioxkeHneM B Touke (O, O); 2) BpalleHHs N0 OKPYXHOCTH paxuyca [
¢ TOH >Ke YrJIoBOH CKOPOCTbIO — b H HauaJibHBIM IIOJIOXKEHHEM B TOUKE
(I cos s, I sin s); 3) nBUXKEHHs ¢ MOCTOSTHHON 110 BEJIHYHHe CKOPOCTBIO
V Bpoab (Bpawatomerocsi) paguyca [ (puc. 10.3). Kak BumHO u3
(10.41), yrom MexAy pajHycaMH-BEKTOpaMu ABYX NEPBBLIX ABHXKEHHH

b .
COXpaHseTCA IIOCTOSAHHBIM H PaBHbIM (7—8) B TeueHHe BCEro BpeMe-

HH JBHKeHHsi. /s 10KasaTeJabCTBAa 3TOrO JOCTATOYHO PacCCMOTPETh
CKajisipHOE  NpPOU3BeleHHe BeKTOpoB  (cos(bt—s), —sin(bt—s)),

. i . It
(sin bt, cos bt), KOTOpOE MOCTOSIHHO ¥ PABHO  Sin §= COS - s).

Tpaexropuu cemeiicrBa (10.41) cnpaBelJUBHE JHIIb 1O MOMEHTa HX
nonajgaHusi Ha och abcluce, Tak Kak, B CHJy CHMMETDHH 3a4auH, TPpa-
€KTODHH OITHMAaJbHOIO ABHXKEHHS B HHXKHeH IOJIOBHHe NJOCKOCTH IO-
JIy4aloTCs1 OTPa{€HHEM IMOCTPOEHHBIX TPAEKTOPHH OTHOCHTEJbHO OCH
abcunce (cm. puc. 10.3 u 10.4). OnHako HalileHHOe pelleHHe Hrpbl
(10.41) cnpaBenJuBO TOJNBKO IJIS OUPaHHYEHHOI uacTH $as3oBOTo IPo-
CTPAHCTBA: ee TPaHHLAMH CIYXKHT KpUBas, NojyuyaeMas u3 ypaBHeHHH
(10.41) npu s=mxn B BepXHEH NMOJYNJOCKOCTH, H CHMMETpPHYHAs €H OT-
HOCHTEJbHO oci X TPaeKTOpHs B HHKHeH IosaymiaockocTH. OnTumalsb-
Hoe ympaBJgeHHe v¥=—1 pasa o6sacTH, Jexallell Bhllle ock abciHcc.
Hanee, moacrtaesasss 3Haudenus W;, W, wus (10.39) B dopmyan

sin ¢* == — WZ/VWf—I—Wg; cos p¥ = — W/l/l/ Wit+ws, MOy YU M

sin ¢*=sin (— s+ bt)= — sin (s— bv)=sin (nL-s—br);  cos¢*=
= — cos(—§+4b1)= — cos (s — bt)=cos(n -+ s— bT); OTKyxa caenyer
p*=s—br4m.

PaccmoTpum TpaekTopHu uesnu u JIA B HENOABHIKHOI CHCTeMe KO-
OpIHMHAT JJIs1 COCTOSHHH HIpH, OKaHUYHBAIOIIHMXCS B TOYKax n>s>0
TePMHHAJbHOH OKPYXKHOCTH. M3 NpOBeNEeHHOTro aHajlu3za CJAENYeT, UTO
LeJIb BHKETCS MO OKPYXKHOCTH MHHHMAJIBHOTO pajuyca KPUBH3HHI Ru.
M3 (10.32) npu v*=—1 Haxomum Oy=—>b unu O,=>bt, orkyma Oyp=
=0yo+07, nau 0y=0y—>b¢, rae Oy — 3HaueHue yraa 0y B MomeHnt 1=0.
YuureiBas, uto ¢=0—0y, u3 bopMmyan @*=s—bt+x HoaydaeM, uTo
onTHMaJsbHasi TpaekTopHsi JIA ecTp mpsiMast B IJIOCKOCTH XgVg: 0% =
=*4+0 (=5—bt+n+bt+ 0y =5+ m+0Oye.

UToObl CHHTE3HPOBAThH ONTHMAaJbHOe yhpasJyeHue JIA xak GQyHKUHIO
(a30BLHIX KOOPAMHAT X, Y, HEOOXOAHMO AJs1 TOYeK (X, y), Jexkallux B
EepXHel nosoBHHe o6sacTtH, u3 (10.41) HaliTh s ¥ T KaK QYHKLUHH X U
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Puc. 10.3. ®a30Bblfl MOPTPET ONTHMANBHBIX TpaekTopHi
Ha MJAOCKOCTH AJsl 7>s>0

4

Puc. 10.4. Moauslit da3oBblit NOPTPET ONTHMANbHOK
TPaeKTOPHH njaocKocTH OXY



y. Mckmouas s, MOJyynM ypaBHeHHE
(x—RysinbtP4(y+R,— R, cosbrP=(I+Vr)P (10.42)

st onpenenedus t. OTciofa Hesb3si MOJYYHTh T B BHJeE SIBHOH 3aBHCH-
MOCTH T (X, y), Tak uto ypaBHeHne (10.42) Hago pemaTh NPUOIHKEHHO.
3Hauenne s(x, y) MoxeT GBITh HalJeHO, HaNIpUMep, U3 IepBOro ypaB-
Henust (10.41): cos(bt—s) = (x—Ry sin b7) ({+ V7). Ilonyuns T=
=1(x, y) u s=s(x, y) Kak GyHKUHH (Ha30BBIX KOODIAHHAT X, Yy U HC-
N0JIb30BaB BblpaxkeHHe @*=s—0bt+mn I/ ONTHMAJLHOrO JBHXKEHHST
JIA, MoxXeM ¢@* BBIPa3HTb B BHJe (QYHKIMH COCTOSHHs CHCTEMEH! (¥, Y)
CP*':C,D*()C, y)=s(x, y)—br(x, y)—{—:c.

Vtak, peumreHHe Wrpbl [Jisi TPAEKTOPHH, HCXOAALIMX H3 TePMHHA/b-
HOH TOBEPXHOCTH NPH m>s>I0 (BepXHsisi MOJYILIOCKOCTb) H 27>S> 1
(HMIKHSIST TOJYNJIOCKOCTD), Hall IeHO.

Briuncaum sHauenune napamMmetrpa A nas ILaHHOI/I 3ajgavy. IMToncraBasas
HaHLLEHHbIG 3HAYE€HHUSA ONTUMAJIbHBIX ynpaBJIeHI/IH B ypaBHEHHe Ajizekca

(10.34), moayunm b(Wyy —Wox)o* —Vy/ Wit Wi —W,V,+1=0

KOTOpOe Ha TepMHHaAbHOH KpuBOil ¢ yuerom (10.25), (10.26) npuo6pe-
TaeT BUJ

b(M coss sins—Ixsinscoss)v*—V |x|—AV, cos s4 1=0,

13 Kotoporo HaxoguM A= (V+ Vy cos s)—L

Hccaenyem pas3BHTHE MIPBI JJis TPAaeKTOPHH, KOTODble 3aKaHYHMBa-
I0TCSI B TOUKE S=7t TepPMHHAJIbHOIl KPHBOH.

PaccMOoTpuM HauajbHOe COCTOSIHME HIPBHI, KOTOPOE OIpele/sercs
ToukaMHu ayua (x<{—I; y==0). DT0 3HAUUT, YTO B HAUAJbHbI MOMEHT
BEKTOD CKODOCTH LieJH JIEKMT Ha NpAMOM, coemuHsiiowed JIA u mesn,
i HanpasJgeH oT JIA. OueBHJHO, YTO ONTHMAJbHOE JBHKEeHHe JIA u ue-
JIH B 3TOM cJaydae npsiModuHeiiHoe: v*=0; ¢*=0. [Ipeanonoxum, 410
OrpaHHYEHHe Ha pajHyc pa3BopoTa ueau orcyTcTByer. M3 pasm. 10.5
caelyeT, 4TO ONTHMAJbHOC ABHXKEHHe UedH — mo npsaMmoil JIA — pessb.
st paccMaTpuBaeMoro HawaJbHOrO HOJIOMKEHHS B JAaHHOH 3ajade C
orpaHHYeHHeM Takoe IBH:KeHHe momycTuMo. OaHAKO ecjiM JBHIKEHHS
fIBJAsSIeTCS] ONTHMAJIbHBIM B OJNHOM KJacce CTpaTeruil, a sateM 3TOT
KJ1aCC CYKEH, HO YKa3aHHOe ONTHMaJIbHOE [BHMKEHHe NOMAaJjo B 3TOT
foJsiee Y3KHMI KJacc, TO, KOHEYHO, OHO OyIeT ONTHMAaJbHBIM H BHYTPH
atoro GoJiee y3Koro kjacca crpateruii. Cjeq0BaTeNbHO, ONTHMAJbHOEC
JBHXKEHHe [Jis Haua/JbHOrO NMOJIOXKEeHHs Ha Jyde (x<<—1I; y=C) Oymer
v*=0. CnegoBaTresbHO, Ajas JIA ontumanbHOoe ynpaBjaeHHe ¢*=0.
Hrpa sakaHuuBaeTcs B TOuke s=m. TakuM 00Gpasom, HalileHa el
OJHa ONTHMaJ/bHAas TPaeKTOpHsa — 3To ayuy (x<{—I[; g=0) uau B ma-
pamerpuueckoM BHae y=0; x=—I—t(V—Vy). Broap stoii Tpaexro-
pun v*=0, ¢*=0, T. e. HH LeJb, HY JIA He MaHEBPHUPYIOT.

IlepeiileM K IOCTPOEHHIO pelleHHs] UTPbl [Js OCTaBLIEHCS YacTH
thasosoil maockoctH. Jdas  ¢dasoBblXx Touek (¥, y), PaCIONONKEHHBIX
CKOJIb yroano 6au3ko x ayuy (x<—I; y=0), BpeMs 3axBaTa CKOJb
yrogHo 6JIM3KO K BpeMEHH 3aXBaTa W3 COOTBETCTBYIOLUIE TOYKH Jyua
(x<<—I, 0) (cm. puc. 10.4). IeficTBuTesbHO, JIA, HCNONb3ys IPEUMY-
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1[eCTBO B MaHEBPEHHOCTH, MOXKeT TaK BbHIOpaTh HalpaBJjeHHe CBOEro
LBHKEHHS U3 TOYKH (X, y), UTO uepe3 OECKOHEUHO MaJjoe BpeMs Af OH
nepemectuTcs Ha ayu (x<<—I; 0) u HanpaBur V Ha ueab. Ilpu sTOM
¢a3oBas Touka (x, y) mepeMecTHTCs B Touky (x+Ax, 0), roe Ax 6ecko-
Heuno MaJjio. Ilocse Toro, Kak omnucaHHoe COOBITHe MPOHM30HIET, ONTH-
MaJsbHOe NBHXKeHHe JIA u meau yxe onpefeseno. Takum o6pasom, Gec-
KOHeuHO MaJjioe cMmelieHe JIA or ayya (x<<{—I; y=0) MoXer npupe-
CTH K YBEJHUEHHIO BpEeMEHH 3axXBaTa JHUIb Ha GEeCKOHEUYHO Malyio Be-
JuuuHy, Bosee mosnHoe paccMoTpeHne Xoma MrphHl  NOKa3bIBAaeT, UTO
W(x, y) He TOJNBKO HempephiBHAsl, HO U peryasipHast QYHKIMS BOJH3H
Jayuya (x<<—I; y=0), 7. e. QYHKUHS HMeeT HENpepbiBHEIE NPOU3BOL-
uete W =0W (x, y)/0x, Wy=0W (x, y)/dy. Otciona caenyer, uTO
TPaeKTOPHH ONTHMAJIbHOI'O ABHIKEHHS B cHcTeMe Koopxuuat OXY, 1o
KpaliHe#l Mepe BOJMu3H oT Jayda (x<<—I[; y=0), onpenensmrcs ypae-
HeHHAMHU XapaKTepPHUCTHK (10.37). ITockosibKy  Ha  Jyue
(x<<—1, y=0) onrtumanbHoe ympaB/JeHHe ¢*=0, H3 YypaBHEHHS
sin ¢*=—Wo/y/ Wi+ W3 naiigen Wo=W, (x, 0) =0.

YuurweBag, uro W(x) =<, noayuum W (x, y)=t, HO Ha Jjyue
(x<<—I; y=0) umeem 1= (—x—I) (V—Vy)-1, nostomy W (x, 0) =
=(—x—1) (V—Vy)4, otkyna Haxomum, uto W;(x, C)=0W/ox=

=—(V—Vp) 1.

CunenoBatenbHo, ypaBHeHHs: (10.37) Heo6XOAHMO HHTErpPHPOBATH
[IPH HAHNEHHBIX BBIIE HAYaJbHBIX yeaoBusax: Wi (x, 0) =—(V—Vy) 4
Wso (x, 0)=0; y=0; x=—I[—1(V—Vy), 3ananHsIx Ha Jayde (x<<—I;
y=0). Ilapamerpusyem ypaBHeHHe Jjyuya: x=—r; y=0 npu r=1.
[IpounterpupoBaB mpaBble ypaBHeHHs cucteMnl (10.37) nmpu v*=—1
" Ha'—IaJIbeIX yeaoBusax Wy (x, 0)=0; W, (x, 0)=—(V—Vy)~!, Hali-
agem Wy=—(V—Vy)-1cosbr; Wyo=(V—Vy)-!sinbr. Tloacrasus

sHauenus Wy, W, B seBole ypaBHenus: (10.27), 3anuiieM HX B BHIe

Jzzyb—[—Vu—Vcois br; y°=—xb—|-V sin b. (10.43)

YpaBuenus (10.43) moryr OpITb moJyueHwl #3 ypaBHeHH# (10.40) mpu
s=um. CunenosarenbHo, pemende (10.43) B coorBerctBuM ¢ (10.41)
NpeaCcTaBUM B BHAE

x=—(r+Vrv)cosbr+ R, sin br;
y=(r+V7)sinbr— R, + R, cos br, (10. 44)

ITocTpoeHue 3THX TPAEKTOPHH BBHAY CHMMETDHH 3ajayd HEOOXOLH-
MO MpPOBOLHUTH JIHILL O MOMEHTa HX MONajaHHsd Ha ock abcuuce (CM.
puc. 10.4). OnTumasnbHas TPaeKTOPHUsl Hrphl Ha IJockocTH (X, Y) coc-
TOWUT U3 JIBYX yuacTKoB: KpuBoH (10.44) u yacru syua (x<<—I; y=0).
Ha mepsom yuyacTke omnrumajbHOe yOpaBjieHHe ov*=—-—1, a Ha BTO-
pom — v*¥=0. Takum o6pa3oM, LeJb HAUHHAET CBOe ABHXKEHHe Cc pas-
BOPOTA 10 OKPYXKHOCTH MHHMMAaJbHOTO pajuyca KPHBH3HHI BILIOTH [0
nepeMelleRns JIA na nyu (x<<—I; y==C), a 3ateMm uesn I.IBPI}KeTCH
HPsIMOJHHEHHO. HOI[CTaBJISIH 3nauenusg W; u Wy B (bopmyﬂbr sin cp

=Wy(W24+Wy?) 05 cos ¢*=--W; (W2+Wy?)~05 wnaiinem ¢*=
=—bt. VYuurtwBasg, urc v*=—l, u3 ypaBHeHHs dOg/df=—b HaHu
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dBy/dv=0> u dopmyarl p=0—0y mesaem BBIBOJ, YTO, KOIAa LeJb ABH-
AKeTCsl 0 OKPY2KHOCTH MHHHMaJIbHOTO pajuyca, JIA ABHIKeTcs IPSMO-
JHHEHHO B MJIOCKOCTH Xg, Yg, IpHUEM B KOHEUHOI TOYKE HTOr0 yuacTka
umeeMm @*=0. [Tocste monaganusa JIA ua ayu (x<<—I[; 0) u HanpasJe-
HHSI BeKTOpa V Ha LieJb, Le/b IpeKpallaer ABHKCHHe IO OKDPYXKHOCTH
MHHHMAaJIbHOTO pajuyca H IBHXKeTCs IO NMpsiMOH, KacaTeJbHOI K 3TOH
okpyxHoct. Tak Kak Ha Jyde (x<C[; 0) onTHMasnbHOe YHpaBJeHHE
JIA ¢*=0 u ueap ABHKETCS IPsIMOJHHEIHO, TO JIA GygeT npOAOMKATH
NpsAMOJIMHEHHOe NBHXKEHHe IO TOH e NPAMOH A0 monanaHus Ha Tep-
MHHAJbHYIO [OBEPXHOCTb.

Pelrene Urpbl NOCTPOEHO OJHO3HAYHO 1Jist BeeX o6aacreii $has3oBoi
njockoctd X, Y, 3a ucknwouenuem ayda (y=0, x>1), xorga JIA Haxo-
IUTCS TOYHO Brepedu Lead. Llenp MoxKeT NPUMEHHTb ONTHMAJbHYIO
cTpareruio. v*=—1 uau v*=1, T. e. MOxkKeT OTBOpayuBaThcs oT JIA NO
pPagHyCcy MHHHMaJbHOH KDHBH3HBI BJIEBO HJHM BrpaBo. [IOHATHO, YTO
IPaKTHYECKH 3Ta HEOJHO3HAUHOCTb POJIH He HUrpaer.

NPUJJTOXEHHNE

BriBox MaTpuuHOIl UMNYJIbCHOH NepexoaHOl QYHKUUN
U HEKOTOPbIE ee CBOMCTBA

PaccMOTpHM OZHOPOIHYIO JHHEHHYIO CHCTEMY

x=A()X, X"'=(x1,..., x5), A(t)=]la;; ()], (1)
rje nepeMeHHas { npo6eraeT QeACTBUTE]bHYIO OCb.

BBenem oGo3HaueHHst 8; /s BeKTOpa, j-s1 KOOPAHHATA KOTOPOTO paBHa 1, a Bce
ocranpible — Hyan (8;7= (0, .., 0,1, 0, ..., 0)). Paccmorpum pewenne X(Z) chcTemut
(T11), npoxoxsiiee B HEKOTOPBIH MOMEHT S uepe3 Touky 0;, T. e. X(s)=0;, u BBeAeM
o6Go3nauenue X () = @;(¢; s). Takum obpasoM:

dgj(t,s)/dt = A(t)@; (¢, s);, @j(s,s)=28j, j=1,...,n. (I2)
Cucremy BekTOpHBIX ypaBHeHuil (I12) ymoGHo 3ammcaTh B MaTpUYHOM BHIE
(A1 (¢, s)/dt, ..., dQq (L, s)/dt]=[A(£) @1 (¢, s),..., A(E) @a(t, s)].

BBoxs matpuny @(¢, s)=[@:(¢ S),...,@r (f, s)] pasmeprocTn #Xn, COCTABIEHHYIO U3
BEKTOPOB @;(f, S) Kak M3 CcTO.OUOB, U eIHHHYHYi0 MaTpuuy I=I[8&y,...,8,], npeobpa-
3yeM MOC/IefHee YpaBHEHHe K MATPHYHOMY BHAY

d(P(t,S)/dt=A(t)q’(t,S), (p(S,S):l. (n3)

YuuTBIBas, YTO 3HayeHMe NnapaMeTpa S MOXHO BHIGpaTth JIOGHIM M3 HHTepBaja LefcT-
BHTeJbHOH TpsAMOH, rae paccmarpusaercs cucreMa (II1), 3ameuaeM, uro 31eMeHTH
MaTpuUbl @(f, S) MOXHO NMPeACTAaBHTb KaK (QYHKUHH ABYX HepeMeHHbIX ! K s. B TakoM
NMOHMMaHHH MaTpHuHasg GyHKuMs @ (f, s) HOCHT Ha3BaHHe (QYHIaMEHTaJbHOH MaTpH-
et cucteMbl (I11) mim MaTpuupl HMIYJbCHBIX NepeXORHbBIX GyHKuui cuctemur (IT1).

Ecan x(¢) — pewenne ognopoanoit cucremer (IT1), npoxoasimee npu {=s depes
HEKOTOPYIO TOUKY b™== (b4, ..., b,) : Xx(s) =Db, T0, 0ueBUAHO,
X()=9(t, s)b. (M4)

HelicTBHTeNbHO, BO-NepBhIX, mnosaras B (I14) t=s, Haligem x(s)=@(s, s)b=
=Ib="b. Bo-BroprIx, auddepenunupys (I14) no ¢, noayynm

ax (t) . ae (¢, s)
dat — dt

T. e. X(), npencrasiennoe ¢opmynoi (I14), ynosnersopser cucreme (IT1).

b=A ()@, s)b=A(t)x (),
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Ecnu x(¢) — pelucHue HEOZHOPOAHOH CHCTEMBI

X=A()X4a(t); a*(t)=(ar(t),..., an(t)) (I5)
¢ ycaoBHeM X (s) =Db, To

t
x()=[ e Ha@)dt + (¢, s)b. (T16)

s

B camom pene, nosaras B ([16) f=s, yGexmaemcs, uro x(s) =b. Hanee, nuddepen-
uupys (I16) u yuuresas (I13), (I16), monxyunm

ax (t)
t

t
- de(t, 1)
d S dt

ae(t,s)

=@ (¢, Ha(?) + .

a(v)dtv +
_ s
t
=la@®)+[A@®) @, Da()dr +A() @, 5)b =
S

; :
=A() [f@(fﬂ)a(ﬁ)dﬁ-&—‘l’(f,ﬂb] +a(@)=A@O)x()+a().

‘CnrenoBatesbHO, BeKTOP-(QYHKUHS, NpelcTaBiJeHHAas npaBoii yacrteio (I16), ABafercs
pemenuem ypaBHenus (I15), uto u Tpe6oBasoch mOKa3aTh.
OTMeTHM OJHO BayKHOe CBOHCTBO MaTpHUbI @[f, s):
(p(t,s)(p(s,‘l:)=(p(t,1:) (H7)
TpH MOGHIX 3HaYeHHsAX £, 5, T. UToOw ybemuTbes B cnpaseannsocta (I17), moctaToyno
IPOBEPHTD, YTO NPH JIH0OGOM NOCTOSIHHOM BeKTope b BepHO
P, )@ (s,)b=@ (¢, T)b. (I18)

ITycts s u © B (I18) ¢durcupoBanwl, a ¢ usMensercs. IlpaBas yacts (I18) kak byHk-
uvs ¢ B cuny (I14) ectb pewenne cucremst (I11), neBass yacty (I18) Takxke ectb pe-
menHe cHcTeMbl (IT1). YuuteiBasi, 4yTo T H § (PHKCHPOBAHBI, MOXKHO 3aMHCATb JEBY:0

yactb (I18) B BHAE
?(t, s)[@(s, T)b]. (19)
B moment t=s peuterre (I19) nmpoxomut uepes TOUKy
(s, )[@(s, )bl =1[@(s, V)b] =@ (s, T)b.

Ho npaBast yacte (I18) B MOMeHT f=s TaKie NPOXOJHT 4epe3 3Ty Touky. Cienosa-
TeNbHO, NMPHMEHSST TEOPEMY €IHHCTBEHHOCTH, NMPHXOAHM K BBIBOAY, YTO 3TH peIUeHHS
COBMALAIOT IIPU BCeX 3HaueHHsX #, T. e. BepHo (I18), uro u TpeGoBanoch fOKa3aTh.

B yactHocTH, npu T="¢ coorHoweHnHe (I17) npunHMaer BHA

P NP(s, =@, 1)=1 (I110)
B 3akmoueHHe pacCMOTPHM CHCTeMy, conpsikeHHyio k (IT1):
x = —AT(£)x. (I11)

ITokaxeM, 4To ¢yHnameHtanpHass marpuua ¢(f, s) cucremer (IT11) cBsizana ¢ mar-
puuelt @(Z, s) coOTHOmEHHEM

b (¢, )= (s, ?). (Im12)
HefictBurensro, nuddepenunpys (I110) no £, uMeeM
aq(t, s) a9 (s, t)
- t S5
g Dl ) —

Tlocienosateabso ucmonbsys ([13), a sarem (IT10), u3 (IT13) moayunm

AU, )0, b+, 5) 2D g

dt
d ,t
A e 9o o,

0. (IM13)
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VMHOXas TOC/edHee COOTHOLieHHe caeBa Ha Q(s, £) u paspemasi OTHOCHTEJNbHO
d@(s, t)/dl, nonyuyum dQ(s, t)/di =—@(s, t)A (), uan

dQ' (s, t)/dt = —AT () @" (s, £), (s, s) =1 (T14)
Ho no onpenenenuio dyHaavMenTanbuass Matpuua §(f, ) HOJMKHA YAOBIETBOPSTH CO-
OTHOIIEHHSIM

dy (¢, s)/dt = —A" (&) (¢,s), $(s,8)=1. (I115)

CpasunBasi ([114) u (I115) u npuMeHsis TeOpeMy eIHHCTBEHHOCTH OJifi JIMHEHHBIX CHC-
TeM, JesaeM BBIBOJ O CPaBeNJHBOCTH cOOTHomeHus (IT112). :

VYmHuoxuB 0o6e wacth (I110) Ha [@(Z, s)]~1, moayuum dopmyay @(s, t) =[@ (¢, s)]-1,
¢ yuetoM Kotopo# (I112) moxHO 3amHcaTh TakKe B BUAE

$(t, s)=[e" (¢, 9. (1116)

PaccMoTpHM CKaJsapHOe TPOW3BELEHHe IpoH3BoabHOro pemenus (I14) ommopon-
Ho#l cucremnt (I11) u mpousBosbHOro peutedus y==¢ (¢, s)a, a*= (a1, ..., an), cOmps-
JKeHHOH cucreMbl ([111)

izx xi () g () =x"(O)y(t) =b"Q" (¢, s)§ (£, s)a=Db"la=b"a, (117)

TIe TpH NpefnocienHeM Nepexofe HCMOJb30BaHO cooTHoiuenHe (IT16). Tak kak a u
b — nocTosiHHblE BEKTOPA, TO CKAaJsIPHOE IPOHM3BeleHHe NPOH3BONBLHOrO pellleHHst X (f)
cucreMbl (I11) u mpousBosibHOTO pemeHus y(f) conpsixkeHHoi cucreMer (IT11) neus-
MeHHO BO BPEMEHH.
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