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Awunor musi: P 3p Gor 1o Meropmueckoe oGecriedenyie Uil H JHTHYECKOTO MO-
JIeINPOB HUS, OIEHNB HUS, NAECHTH(MHUK IHNN U K JUOPOBKH CYIIECTBEHHO HECT -
LUOH PHbBIX, H IPUMEP Y/ PHBIX, HOPM JbHbIX cTOX crudeckux cucrem (CtC), ne
P 3peIICHHBIX OTHOCUTEILHO TPOM3BOHBIX, OCHOB HHOE H PErpecCHOHHOIT JHe-

pu3 1mu. /| Hwmwmocrp tusHb puMep. [losydennprie pesysbT TbI MOTYT GBITH
0060011eHbl 0 cayy it qmuddepeniy JTbHbIX UHTErpoAuGPepeHt JbHBIX CHCTEM,
CTOX CTHYECKHU He P 3PEIICHHBIX OTHOCHTEJBHO CT PIIUX NPOM3BOJHBIX, B YCJIO-
BUSIX MHOTO3IMIEJIOHNPOB HHBIX Y/ PHBIX Boazeiictsuii. Vccrenos Hue BbIGPOCOB
1 H KOILJIEHHE BO3MYIICHUIT T KJKe MMeeT B SKHOE MPHUKJI JHOE 3H YEHHE.

Kiaiouesbie cioB : H JMTHUECKOE MOAEAMPOB HUE; K JUOPOBK ; OIECHUB HUE
(buUIbTP 1M U 9KCTP HOJISIHSA ); CTOX CTHYECK S CUCTEM , HE P 3PEIIeHH S OTHO-
cutenbro cr pureii nponssognoii (CtC HPOIT); ya pu s CrC HPOII; duastp
n aketp mosstop K v 1 u Beiocu
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1 Bseenenmue

B [1] p ccMoTpeHbl KoHEYHOMEpPHDIE HeJIMHEHHbIE CT 1MOH PHBIE U HECT IUOH P-
ubte CtC, He p 3pelienHble OTHOCUTEIHHO IPOU3BOAHBIX, B YCJIOBUIX ITHPOKOINOJIOC-
HBIX I' YCCOBCKUX 1 Her yccoBckux Bo3mymieHuid. T kue CtC onucei 10T nosejeHne
MHOTUX TEXHUYECKUX cucTeM WH(POPM TUKM U yup Bienus. /[liag H juTudeckoro
MOJIETAPOB HUSI M OIEHKU 4yBCTBUTEJIBHOCTU K I P METP M HOPM JIbHBIX (I yCCOB-
CKMX) HECT TIMOH PHBIX M CT IIMOH PHBIX cToX crudeckux mporeccos (Crll) B T kux
CrC p 3p 6or HbI B MeTO H JUTHYeCKOro mMojaeaupos Hus (MAM): H ocHoBe
Meros ¢t tuctnyeckoil yuie pus i (MCJI) u Metog HOPM JIBHOH  IIIIPOKCUM -
i (MHA). B npusiokernu 1 npuBeieHbl TUIIOBbIE HEJMHEITHOCTH, HE P 3PelleHHbIe
OTHOCHUTEJIbHO TIPOM3BOJHBIX, B NPUJIOKEHUSIX 2 U 3 — JB TECTOBBIX IPUMED .
AJITOPUTMBI TIOJIOKEHBI B OCHOBY P 3p G THIB €MOTO HHCTPYMEHT JIBHOTO TIPOTP MM-
HOro o6ecrieueHust g pelleHus 3 Ji 4 H JEKHOCTH U Ge30II CHOCTU TEXHUYECKUX
CHCTEM.

!Menep abHDLL HCCIENOB TeIBCKMIL TEHTP «WNudopm tuk u ymnp Bienmne» Poccuiickoit & memun
H yK; MOCKOBCKMI BU IIMOHHBIN MHCTUTYT, sinitsin@dol.ru

58



AHn JsmTHyeckoe MOJEJIMPOB HHUE M OIECHUB HUE HECT IMUOH PHBIX HOPM JIBHBIX ITPOIECCOB

Mertoapr 1 p MeTpuueckoro H Jutndeckoro mogeanpos Hus s Ctll B kKoneu-
HOMEDHBIX HEJUHEHHbIX CT IMOH PHBIX 1 HecT nuoH pHbix CtC, He p 3peleHHbIX
OTHOCHTEJBHO MPOM3BOAHBIX, P ccMoTpeHsl B [2]. T Kme Mojem onmmchbiB 10T Mose-
JIeHIe MHOTHX TEXHUYECKUX cucTeM MHGOPM THKH U yIp BJIEHUS, €CJIH TpeHeGpednb
HePeXOHbIME TIpotiece Mu. [[si H JIMTHYECKOTO MOJEJUPOB HUS U OIEHKH TOYHO-
CTH ¥ YyBCTBUTEJIBHOTO JiropuT™MoB p 3p 6ot Het MAM u ocHoBe MHA nu MCJI,
METOJI0B OPTOroH JIbHBIX P 3a0xkeHnid (MOP) u KB 3UMOMEHTOB, T K¥K€ APYruX
METOJIOB TI P METPHU3 I[UH OJHO- U MHOTOMEPHBIX wioTHocTeil. (Ocoboe BHUM Hue
yaeneno MAM nns puckperasix CtC mo MOP u  ocHoBe 3T JIOHHOTO Iy CCOHOB-
ckoro p cupefenenusi. [lpeact BIeHBI TUIIOBbIE HEJUHEHHOCTH, HE P 3pEIIEHHbBIE
OTHOCHUTEJIbHO TIPOU3BOHBIX, U KOA(DPHUIMEHTBI UX CT TUCTUYECKOW JIMHE PH3 IHH,

T KJKe /IB TECTOBBIX IIPUMED .

Bonpochl cuHTe3 HeJIMHEHHBIX HOPM JIbHBIX (I YCCOBCKUX) CYGOITHM JIBHBIX
dusnbrpoB (HCOD) puisa quddepentu bapix CtC, He p 3pelIeHHbIX OTHOCUTENBHO
IPOU3BOAHBIX, P ccMoTperbl B [3].  IIpeact BieHbI yp BHEHUSI COCTOSHUS U H -
6uofiernst HesmHelHbIx auddepetim JabHbix CTC, HE P 3PEIIEHHBIX OTHOCUTEIHHO
npoussoaubix. Cunres HCO® oinoanen npu caeayonumx yeaopusx: (1) orcyrersy-
0T Iy CCOHOBCKHE NIyMbl B H Omofienusx; (2) koo PHUIMEHT P T yCCOBCKOM TIyMe
He 3 Bucut ot cocrosinusi. [logpoGuo p cemorpen cuntes HCOM npu  autuBHBIX
MyM X BYDP BHEHHSIX COCTOSIHUSI U H Otiojierust. [[JIs1 HIiocTp 1K METO/I0B CHHTE3
HCO® npusenen npumep.

B [4] nia wenuneitnbix unrerpoauddepenim apubix CrC (MCtC), He p 3pe-
MIEHHBIX OTHOCUTEJHHO TIPOU3BO/IHBIX U IIPUBOAUMBIX K AUMDHEPEHIIN JIBHBIM METOIOM
CHHTYJISIDHBIX SIJIeP, P 3P OOT HbI JITOPUTMBI H JIUTUYECKOTO MOJIEJUPOB HUSI HOP-
M spHbIX Crll, mpu 9TOM HEJUHEITHOCTD 1MOJI MHTETP JIOM MOKeT GbITh P 3PbIBHOM,

T ke cuate3 HCO®D musg omn iiH-06p Gotku undopm muun B UACTC. Ilo-
JPOOHO P CCMOTPEH TECTOBBIil TPUMEP € P 3PBIBHOI HEJIMHEHHOCTBIO TMOJ 3H KOM
urarerp J . Ilpegnoxensr aropurmor onerkn kK yectB. HCOM 1 ocHoBe Teopun
qyBCTBUTEJIHOCTH.

B [5] p 3p Gor HO Metoamueckoe obecrieyeHne sl HErJl IKUX TP BbIX 4 CTei
yp Buennit CtC, He p 3pemeHHbIX OTHOCHTEbHO ¢T prueil nmpoussoauoii (HPOII).
P ccMoTpeHbr BOpoOChl  H JIMTHYECKOTO MOJIEJUPOB HIEsI HOPM JIBHBIX TIPOIECCOB H
OCHOBE HEJINHEIHBIX PerpeccoHHbIX Mojeneit. Ocob6oe BHUM HUE YETEHO METOJ M
HOPM JIbHOIT (I yCCOBCKOI) (QUABTP 1MM ¥ OKCTP mossiuu.  VI3ydeHbl BOIpoch
yCJIOBHO-0ITUM JibHOU uaibtp 1un u akerp nossinuu st CrC HPOIL ¢ 1 p mer-
PUUYECKUMU TIIYM MH.

Jlnst cucteM, CTOX CTUYECKH HE P 3PEIICHHBIX OTHOCUTEIBHO TIPOU3BO/IHBIX, B [6]
p 3p GOT HBI B MOJXOJ] K CBEJEHUIO T KUX CUCTEM K JIETEPMUHUPOB HHBIM yP BHe-
HISIM, He P 3PEIIEHHBIM OTHOCUTEJNHHO M TeM THYECKUX OJKUJ[ HUil M KOB PU I[HOH-
HBIX X P KTEPUCTHK, T KXKeM TeM THYECKUX OKWJ] HUI U KOOPAUH THBIX (DYHKI[HIA
k HoHmueckux p saokenunit (KP). Tlocse cBegennst T Kux cucreM K JI€TEPMUHUPO-
B HHBIM HCIOJIB3YIOTCS U3BecTHbIe pe3yJ bt Tbl. llpuBesen npumep. P cemorpenbr
BOIIPOCHI OLECHUB HUsl ((DUJABTP MK, SKCTP TOJSIIUU U JP.), UACHTUDUK U U K -
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JUOPOBKU [UJISI TIPUBEIEHHBIX MOjesieil. AJITOPUTMBI TIOJIOKEHBI B OCHOBY P 3D -
6 TBHIB €MOTr0 MHCTPYMEHT JIBHOTO TPOTP MMHOTO OOECIIE€UEHUs LISl PENIeHUst 3 JI 4
H JIEKHOCTH U Ge3011 CHOCTU TEXHUYECKUX CHUCTEM.

P cemorpum p 3BuTHe [5] H  c/yd i THIOBBIX CYIIECTBEHHO HECT I[MOH DHBIX,
B IIepBYIO Ouepe/ib y/ PHBIX, Bo3MyIleHuil. B p 31. 2 p ccMOTpeHbI BOIPOCHI H -
sgutndeckoro mMoneupoB uust HopM JibHBIX CtIl B ck ssipubix u Bextopubix CtC
HPOII ¢ momorpio o6mux, T KiKe OCHOB HHBIX H KP HeJMHEeHHbIX KOppessim-
onubIx MeTo/10B. Ocoboe BHUM HHUE yJeJeHO K K HIUPOKOIOJOCHBIM, T K U Y3KOIO-
JIOCHBIM U yJI PHBIM BO3MYyIeHUsIM. P 3y1es1 3 1ocBsiliieH BOIPOC M ONTHMH3 IIHH,
OlIEHUB HUIO, WIeHTHUK MU U K JuOpoBKe. B p 31. 4 npuBesieH npumMep, HILITIO-
CTPUPYIOIMIUIT METOJBI P 3/. 2 U 3. 3 KJIOUYEHHE COAEPKUT BBIBOJbI M HEKOTOPbIE
0000111eHN.

2 AHaiuMTHYeCcKOe MOJeJIMPOBaHIe

2.1. P ccMOTpUM HECT IMOH PHYIO CK JISIPHYIO MU depeHin JbHYI0 CHCTEMY
CJIe/lyTOIero BUJ :

@E@(ta@aXtapXta 7p(l)XtaUt> =0. (1)

3nece © — wumHCTpyMeHT JbHBIE BekTop 1 p metpos; p = d/dt; X; = X(t)
u pW X, — ck mspuste CrIl, mOHUM eMble B CPEHEKB Ap THUHOM cMbicae; Uy —
ck nsapubtii Ctll ¢ u3BECTHBIMU BEPOSATHOCTHBIMU X P KTEPUCTUK MHU; (0 — HEJUHeli-
H 1, B OOIIEM CJIyd € P 3PbIBH 51 (DYHKIUS OTMEYEHHDIX TIEPEMEHHbIX, JOMYCK IOMl 5
JIMHEHHYI0 PErpecCMOHHYI0 MIPOKCHM IMI0 OTHOCUTENBHO CT PIIEH TIPOU3BOIAHON
BUL :

p ~ o+ 2PV XY + KUY, 2)

31ech BBelleHbI cJieyiomiue 0603H YeHUs
X X 7P X X
¥Yo = ¥o (ta@amt >Kt > ) k)?l = k;%l (ta@amt >Kt ) )

- _ _ T
rae Xy = [X;F Ut]T; X = [Xt e Xt(l_l)] . [locne BBeeHUS TIEPEMEHHBIX

pXi =X, ..., px! = x1

HOJIyYrM BeKTopHyIo Auddepeniu JIbHYI0 CUCTEMY, P 3PEINIeHHYI0 OTHOCUTEIbHO
cT preil mpousBoaHOR X!

X1 =Xo, ..., Xio1 = X;; @—@ozk‘%p(l)XlO+k5Uf:0
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win npu ycaosun k. # 0:

w0 =0; (3)
X0 = x9 X0, = X0, X0— 0 x0 Ko (4)
1 — A2y =v s A1 — A . — X3 l LY t-
X X

Pem s nemuneiinyio cucremy (3) coBmectro ¢ yp BHennsamu (4) o dopmyn M Koppe-

smonnoit reopun Crll [7-9], 1 iinem uckombie mp u KX,
s onpenenenust KtX u KX (t1,t2) mcnobayioTest GOpMyJIbI KOPPEISAIMOHHOL

TCOPHH:

Kf(:AfKtU; K):((thtz)=At1At2KU(t17t2)7 )

rae Ay — nmmeitnblil orep Top, onpeaensemprii yp Buenuamu (4); KU — kos pu -
unoHH 51 Gynkius Bosmyiernst Uy.
Vrsepkaenne 2.1. [Tycmo necm yuon pu s ck aspn s ougppepenuu avn s cucme-
m (1), ne p spewenn s ommocumenvro cm puei npouseodnoil, donyck em Auneiinyo
pezpeccuonnyio  nnpoxcum yuio eud (2), npuuem K% # 0. Tozd (1) npusodum-
ca Kk mecm wuon potl Ougpepenyu AoHOT cucmeme, P 3PEUEHHOL OMHOCUMENBHO
cm puwetl npouzeoonoi, eud (3)u (4)npu ycrosuu (5).

2.2. Jlns HeCT IMOH PHOTO CK JISIPHOTO BO3MyIeHus: Uy ¢ KOHEYHOI KOB PU (i~
ounoit ynximeit K u Boip s emoro KP

Hy
U § U
Ut - mt + ‘/ju.jt,
Jj=1

rzae th = MUy; V; — ne3 BucuMble ciyd iHble BeJIMUUHBDI ¢ ucnepeusamu Dj; uJUt —
JIETEPMUHUPOB HHbIE KOOPJAUH THbHIE (DYHKIINH, UMEEM CJIEAYIONINE COOTHOIIECHHS

\

Hy
X X.
Xp=mi + 3 Viug;
Jj=1

X Hy \2
K =3 D, (uX) s
J:

Hy
KX(t,t2) = 3 Dy, (w5, (6)
Jj= i,
Y= po+ Zlvju;pt =0;
J:
w0 = 0;
Ujp = 0. )
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ft — KOOPJMH THble (DYHKIMM JWMHEHHON PErpecCMOHHON CT TUCTHYECKON
qmre pus 1un nocpeacrsom KP [8,9], 3 Bucsamme or mtX , ml{] , u%, uﬁ uDj.
Yreepxkaenune 2.2. [Tycmo necm wuon pn s cx aapn s dugpgepenyu avi s cucme-
m (1), ne p spewenn s omnocumenvno cm puieii npouseo0noll, ONYCK em JUHEHYIO
pezpeccuonnyio nnpoxcum wuio no memody KP (MKP). Tozd (1)npusodumcs x mne-
cm yuon puoil dughpepenyu 1vHOI cucmeme, P 3PEULCHHOU OMHOCUMENLHO C Pulell
npouseoonoi, éud (6).

3nech u

2.3. K & ussectro [8], MeToa T PMOHMYECKOW JIMHE PU3 IMM MOKHO P CCM T-
puB Th K K 4 cTHBIA cayd i MKP npu r pMorndyeckux (yHKIUAX CO CIAyd HHOU
P BHOMEPHO p clipezesieHHoit H 4 JbHoi ¢ 30ii. [lostomy pu Uy = 0 u  BrOKOJIE-
6 HuAX H 4 crote ) U cIyd WHBIX H U JIbHBIX YCJIOBHUSX UMEIOT MECTO COOTHOTITEHMS

Xp=Ag+AsinQt; o~ po+ (¢+7d9Q 'p) (X — Ag) =0, (7)

e ©g, g u ¢’ 3 Bucar or Ag, A n Q:

2
1
@0:2—/@(Ao+asin(2t)d(2t:();
T
0
1 2
q:—/@(Ao+asin§2t)sin(2td9t:0;
TA
0
1 2
q/:_/SO(Ao—l-asith)cothth:O_
TA
0

Yreepxkaenue 2.3. [Tycmo ¢ cucmene (1) Uy = 0 u umerom mecmo z pmonuuecxue
emoxore6 nus n u cmome ). Tozd 6 ocnose azopumm npusedenus aex m
coomnowenus (1) memod z pmonuueckoil aune pu3 yuu.

2.4. Ina r pmonmuecknx Bosmymennit Uy = Asin(wt + Xp,) aumeiin s pe-
rpeccriorH s Mozeab MKP coBm 4 er ¢ MoAenpbio T pMOHWUYECKOH JIMHE PU3 IIHN
U IIPUBOJIUT K CJIEAYIONIUM PE3YJBT T M:

X, = Ag + Asinep; o = wt +; <p%s00+(q+q’w‘1p)(f(t—flo)=0, )

e p = d/dt; po, qu ¢’ 3 BuUCAT OT Ay, A
2 27 21
1 1 : p 1
po=— [ edp=0; gq=— [ psinpdyp =0; ¢ =— [ pcosypdy =0.
2770 7TAO 7rA0
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[t Uy, 6IU3KEUX K CT I[MOH PHBIM, KOOP/IMH THBIE (DYHKI[MY BHIGHD OTCS B BH/IE
npoussesennii e~ cos(wt + 3).

s yn pubix Uy oHn 3 1 10TCSI  JITODUTMUYECKH MJIM K K PEIICHUsT JIHHEITHDBIX
quddepenim JbHBIX YP BHEHUH ¢ IepeMeHHBIMU KOI(MMUITUEHT MU.

Visepxaenune 2.4. [Tycmo ¢ cucmene (1) umerom mecmo evinyxdennvie 2 pmonu-
yeckue xoae6 nus v u cmome w. Tozd 6 ocHose Jzopumm npueedenus iex m
coomnowenus (8) memod 2 pmonuueckoil aune pu3 yuu.

2.5. Iycro yp srenue (1) Bextoproe (dim ¢ = n?) n umeer Bu:
_ _ — i l —
Saz(p(t?@thXtv"'7p()Xt7Ut):07 (9)
rJie BeKTOp coctosiamsi Xy umeer p ameprocts dim Xy = nX | Bexrop Bosmyrenuii Uy
061 11 et p ameproctbio nY . Tor HMEIOT MECTO CJIe/yIOmIe COOTHOMICHIIS:

¢~ @o+ kT XD + kLU, (10)

e p vO0 P70

K2XP + kGUL =0
NnJin _1
X0 = (/c;’;) KU = AU npu det(k2) # 0;

®o=0; (11)
= ATK(; (12)
KX(t,ts) = Ay Ay, KV (11, 12). (13)

3zech @, k;’%, k u Ay T p METPIHYECKU 3 BHCST OT mt , mY, K , KV u KXV,

YrBepxkaenune 2.5. [lycmo necm yuon pu s eexmopn s Qughpepenyu avin s cucme-
m (9), ne p spewenn s ommocumenvrno cm puieti npouseoonoll, JonYcK em AUHEHYIO

pezpeccuonnyio  nnpoxcun uuio (10), npuuem det kf—( # 0. Toed (9) npusodumcs
K p 3pewennoti ommocumenvino cm puetl npouseodnoi cucmeme (11)-(13).

Ecou vect 1nmon pHoe, H TIpuMep y/I pHOe, BoaMyIierune Uy BBIP 3UTH € HOMOMIBIO
yp Buenus (opmupywomero ¢uaptp (DD) yepes HeCT MUOH PHBIA T yCCOBCKUI
(HOpM JibHBIIT) Geabrit mym Vy

U, =AY Ui+ BYV; (14)
v T 777171
TO /IJIsA COCT BHOTO BEKTOP Xt = [Xt Ut ] npuaeM K COOTHOIIIEHUAM &
P~ o+ kEX] =0; (15)
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X0 = AL X, + BY Vi

@0 =0;
EY = ASKS + KX (ADT + BY w(B))T; (16)
KX (t1,12) .

= KX(t1,t2)AL,, KX(t1,t1) = K;*.

Ota

3nech AX, AX u BY 3 Bucar n p merpuueckn or mX, mY, KX, K u KXV
YrBepxkaenue 2.6. [lycmo necm wuon pn s eexmopn s dughgepenyu avn s cuc-
mem (9), (14), ne p spewenn s omnocumenvro npouseodnoil, donyck em AuHetHYI0
peepeccuonnyio  nnpoxcum wuio (15). Tozdo (9), (14) npusodsmcs x p spewennoi
ommocumenvio cm puetl npousgodnoii cucmene (16).

3  OnTtummuzanys, oueHUBaHNe, HACHTH(UKAIMSA ¥ KATHOPOBKA

3.1. Crenys [10-12], Gyaem cuut Th cucTeMy OITHM JIBHOM, €CJIM OH [P Pelie-
HUU [OCT BJIEHHOU 3 JI 94U OGECIeYUB €T MUHUMYM MPUHSITOTO KPUTEPHS K YECTB
U CT TUCTHYECKU ONTUM JIbHOW CHCTEMOU GyJ/leM H 3bIB Th CHCTEMY, KOTOP st 00ectie-
YUB €T MUHUMYM CT TUCTHYECKOTO KPUTEPUS K YeCTB . B /1 JIbHEHIeM CT THCTUYECKH
ONTUM JIbHBIE CHCTEMBI JIJIsI Kp TKOCTH Oy/IeM H 3bIB Th IIPOCTO ONTHM JIbHBIMH.

H wu6osee 4 ¢To B Ip KTUYECKUX 3 JI 4 X MOJb3YIOTCS TOYHOCTHBIMU KPUTEPHSI-
MH, T. €. KpUTEPHEM MUHUMYM CpPe/Heil KB Ap THYecKoii omubku (c. K. 0.). O6osu -
ynm uepes 0 Xy = Xy — X7 p BEKTOP OIMMOKY HOPM JIBHO P CIIPEAEIEHHOIO BBIXOIHOTO
curt 1 Mogeau, uepes MmN u KX — BekTOp M TEM THUECKHX OKH HH I KO-
B PH IMOHHYIO M TPHUI[y B MOMeHT Bpemenu t. Torjg Kpurepuii MUHUMYM C. K. O.
MOJKHO TIPEJICT BUTD B CJIEYIONIEM BEKTOPHO-M TPUYHOM BUJIE:

o - - > A\ T
e = tr My [6X0X] | = e I7¥ =t [KEX +mp (mg¥) } :

rjie depes3 tr 0603H YeH cJiell COOTBETCTBYIONell M Tpuibl; My — M TeM THueckoe
OKWJI HUE JIIST HOPM JIBHOTO P CIIPE/ICJICHYS.

Bynem p cem TpuB Th  HC MOJb CHCTEM K K TIPOMBIIIJIEHHOE HU3/IEJIKE, BBITIOJ-
HEHHOE 110 M3BECTHLIM CT HJI PT M M OGJ Ji IOllee HHCTPYMEHT JIbHBIMU OIIHOK MH,
onuchiB eMbiMu BekTopoM O, T.e. 0.X; = 0X;(0). Torn caeayer p 3114 Th METO-
anueckyio (© = 0) u uncTpyMeHT JbHYI0 TouHOCTD (O # 0).

~ lns BepositHocTHOTO  H su3  HOpM JbHbIX Crll mo  mpuopsbIM x HHBIM AU
0X; u 0X;(O) npeanos T erca NPHOPHOE 3H HUE 11 P METPOB HOPM JILHOTO P C-
npefesennsi. B 5ToM cyd e BEPOSITHOCTHBIN H JIM3 H DSy C OMEHKOH TOUHOCTH
MO3BOJISIET PENT Th 3 [ Uy ONTUMU3 WU [0 KPUTEPUIO MUHUMYM C. K. O.
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Bo mHOrmX mp KTHYECKUX CJAYY SX ONTHMH3 IS X P KTEPUCTHK CHCTEMBI K K
MIPOMBIIILIEHHOTO U3/IEHsT He 06ecrednB eT TpeGyeMyIo TOUHOCTD H 9T M X JKU3HeH-
Horo iukJ . Heo6xomum yuer mocreprnopHbix (YCIOBHBIX ) /I HHBIX [OCJIE TIPOBE/IEHST
onpe/eleHHbIX (PSIMBIX M KOCBEHHBIX ) H GJIO/ICHUIl H /I CHCTEMOI.

P 3muu 1ot onenns wne u upentuduk muio [11,12]. Onenus une — 510 npo-
Le/lyp OLEHKH IOJIE3HOIO CUTH JI 10 H OJIIOJICHHIO HEKOTOPOTrO BXOJHOTO CUTH JI
[Tocmenuuit Mmoxxer 6bITh Cayd WHON (DYHKIMEN TTePeMEHHBIX, OMUCHIB IOMHMX (DYHK-
IIMOHUPOB HHe cucteMbl. VgeHTuduk 1t — 9T0 MPOTeayp OIMpeneseHrst OIeHOK
X P KTEPUCTHK CHCTEMBI TIO PE3YJIbT T M H OJIONEHNS ee BXOJHBIX W BBIXOHBIX CHUT-
i soB. [lomeswbrit curt 1 pu WAEHTHHUK THH MOXKET TPEICT BJSATH COOOH BEKTOD
HeusBecTHbIX I p Merpos. Ilocaennioo 3 g 4y H 3bIB 0T K JMGPOBKOH. 3 1 U
UIeHTU(UK IIME COCTOUT B OLEHKE BEKTOp II p MeTpoB. P 3umume 3 1 4 oueHu-
B HUS M MIACHTH(UK UM HENPUHIMIN JbHOE U 3 KJOY eTCS B P 3HBIX YCJIOBHAX
H OJII0JIeHHST 1 OCOGEHHOCTSIX TPeGyeMOro MOJIe3HOrO CUTH J . ITO P 3JIH4ue Hpu-
BOJIUT K HEKOTOPOIl crennduKe ONTUM JIbHBIX JrOpUTMOB olleHKH. OHU HOAPOGHO
usyuenst B [11,12].

3.2. B3 1 4 X HOPM JIbHOI (I YCCOBCKON ) (DUIBTP 1M UCIIOJIB3YIOTCS 1B THUIL
yP BHEHHUiT: yp BHEHHUs /IS COCT BHOTO BEKTOD COCTOSTHIS

X, = [Xt,...Xt,...,Xt ]

U JIISE BEKTOP H OJII0/IeHni
= T
Yy = [Yie- - Y1y
¥Yp BHEHUS COCTOSTHUSI UMEIOT BH/I:

SD(t7@aXt,}7taUt> :0, (17)

e Uy = [UlTUQT]T. bynem cuut 16!

(1) mecr uwon pubie BoamyIernst U ¢BsI3 HbI CO CK JIIPHBIM HOPM JIBHBIM GeJIbIM
mymom Vi yp Baerusimu D D;

(2) yp Buenue (17) momyck er mpuBeseHHe K JUHEHHOMY JETEPMUHUPOB HHOMY
YP BHEHHUIO, P 3PEHIEHHOMY OTHOCHUTEJBHO CT PIIeil TPOU3BO/HON;

(3) yp BHeHue st BEKTOp H OJIHOCHUS JIMHEHHO OTHOCHTEbHO Xy 1 Y.

Torx , mpuMeHss TeopwIo JUHEHHON (PUABTD IIMH, OCHOB HHYIO H TPHUBEIECHHBIX
VP BHEHMIX BUJL

Xi=aY+ a1 Xt +ag + YV (18)
Y, =bY; + b1 Xy +bo+ 1V, (19)

IPUIEM K HCKOMBIM (DHJIBTP IMOHHBIM yP BHEHUsM 06miero suteiinoro gpuabtp [11]:

CUCTEMBI 1 CPEJICTBA UHO®OPMATUKWM Tom 32 HOMep 2 2022 65



HU. H. Cunuyorn

)%t: (CLYt + alfft + ao) + 5 [Yt — (bY; + blfft + bo)} ) )%to = Xo,
B = (RbT + pvpT) (propT) ™

Ri=a1Ry+Rea + pwty™ — (RbT +yvww]) (01 T) ™ (b1 Re + 19T),
Rto - RO

npu yeaosuu det (0] ) # 0.
Vp Baenust (20) npu a = 0 u b = 0 upeacr Basor co6oii yp BHeHUSA GUILTP
K am v ~Berocu [7,8, 11]. [ocaeaune yao6HO 3 1HCHIB Th B BHJE:

j(tzaltXt-i-aori-Vl;} 1)
ZtZYthltXt+V2§
X =auXe +ap + B <Zt - bltXt> . B = RibLvgt (22)

Rt = a1 Ry + Rtath + v — ﬁtVztﬁzrsT

npu yeaoun det vo; 7 0 1 COOTBETCTBYIONNX H Y JIBHBIX YCJIOBHSIX.

Yisepxkaenune 3.1. I[lycmo ne p spewenn s omuocumenvno cm pueti npouseoonoil
cucmem (17) donyck em npusedenue x auneiinoii pezpeccuonnoti cucmeme (18),
yp enenue n 6modenus uneem ¢ud (19). Tozd yp enenus nopm avrozo gurvmp

umerom eud (20) npu ycaosuu det(P1vpt) # 0.

Yreepxkaenune 3.2. Ilycmo ¢ ycaosusx ymeepixdenus 3.1 cucmem donyck em
npusedenue x eudy (21). Tozd yp enenus nopm avnozo gurvmp umeom eud (22)
npu ycaosuu det vy # 0.

3.3. llpumenss skcrp nomsitop K v v —Bbrocu k yp BHEHUSM yTBEpIK/ie-
Hust 3.2, MOJIyduM CJIeAYIONUe COOTHOIIEHMUS

t+A
Xipas = AuXpinp = ult + A8 X+ /u(t + A ) Agy(7) dr (A > 0),
t
[XHA/t] Ao = Xt% (23)
Rt+A/t =aRynpn+ Rt+A/tar1F + T, [Riyai] Ao = Bt

3nech up = u(t,7) — dyHa MeHT JbHOE pentenwe yp BHenus Uy = Ajpup npu
yenosun u(t,t) = I. T kum o6p 30M, 5KCTp TOJIATOP Oy[eT MPEACT BJIATH coOoii
OCJIE/IOB TeqIbHOE coenuenne yeuamnress u(t+A, t), cyMM TOp M IONOJHATETHHOTO

MHTErp JIbHOTO YJieH ftH_A u(t+ A, 7)Ao dr.
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Yreepxaeuue 3.3. B ycaosusx ymeepxdenus 3.2 nopm avnuiil IKCMp NOASIMOP
onpedensemcs yp enenusmu (23).

3.4. Yp Buenus yrBepkienuii 3.1-3.3, eciim B cOCT BHOM BEKTOPE COCTOSIHUST

X = [thT @T]T HoJIOKUT © = 0, mpenct BASIOT cO60I MACHTU(MUK TTMOHHbBIE
yp BHeHUS. YD BHEHHUS K JIMOPOBKHU TPEACT BJASIOT COGOW TPYIIy yp BHEHUN s
HEIOCPE/ICTBEHHOIT OlleHKH O,

B [7, 8] nok 3 wo, uto npu ucnoanzos vun MKP B 3 1 u X OlleHUB HUs, W/IEH-
TUDUK U U K JUOPOBKU 11e1eCO00P 3HO TOJIB30B ThCS JIUCKPETHBIMU BEPCUSMU
VP BHEHUIl COCTOSIHUS, T KiKe (DUIbTPOB 1 9KCTp moJisitopoB K nm # —boiocn.

4 TIlpumep

4.1. CH 9 11 , MOJB3YSCH PE3YIABT T MU P 3. 2, HOJIYUYUM JTOPUTM H JUTHYE-
CKOI'0 MOJIe/IMPOB HUfA [JI CK JIAPHOW CUCTEMbL

® <Xt7Xt) =1 (Xt> + @2 (Xy) + Uy =0, (24)

U = a0+ annUy + f1Vae (25)

31ech 1 U (P2 — CK JIIpHBIE, B OOIIEM CJIyY e HesmHedHbre, Gyukmmn; X; n Xy —
HepeMeHH sI COCTOSIHUSI U ee TPou3BoAH s1; Uy — CK JISIPHOE Y/ PHOE BO3MYyTIle-
Hite; Vi; — HOPM JIbHBIH HECT IMOH PHBIA GeJsblil 1IyM HHTEHCUBHOCTH Vi¢; Qvq,
11 ¥ 1 — TOCTOSIHHBIE T P METPbI. BBINOMHUM PErPECCHOHHYIO JIMHE PU3 U0

dyukumit ¢ 1 2 cora cHO
1 & P10+ k??Xto; P2 = a0 + KXY .

IIpu ycaoBun k“;(l # 0 mpujgeM K yp BHEHHAM JIE M TE€M THYECKUX OXKHJ HUN
1 IEHTPUPOB HHBIX COCT BJIAIONINX:

@10 + 20 + mf; = 0; (26)
X = a; X2 + b, U, . (27)

31ech BBeJIeHbI cJienyioniue 0003H YeHUs
©10 = P10 <mf(a DtX) ;P20 = P20 (mf(a D}¥); (28)
. . -1 -1
ar = ay (mi¥,m, DX, DX, DY DF) =k (651) 5 == (k7).

Ipenct Bum yp Brenus (27) n (25) ama USLUL, — m* nna X, = [X,Uy]"
B BEKTODHOM BHJIE:
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. X X.
m; = AOt +Atmt y

)L(? = AtX? + BiVie,

o[58 a-[2]

Ilpu aToM KOB pu IMOHH 5 M TPUIL

K)_( _ DtX KXU1
t Kt)(Ul Dgfl

rie

UM TPHUI[ KOB DU IMOHHBIX PYHKITUI

e K (t1,t2) K{5(t1,t2)
K> (ty1,t2) = o o
K21(t17t2) K22(’517t2)

Gy/yT Y/IOBJIETBOPSATD JIMHEHHBIM Y BHEHUAM KOPPEIAIUOHHOI Teopuu [7, 8]:

KtX = AthX +KtXAtT + By By, Ki);( = Kg(; (29)

OKX (t1,t . o o

78(751 2) _ kX (1, 0) AT, KX (11, 11) = K. (30)
2

Yp BHenus (29) B p 3BepHYTOM BUJIC UMEIOT BUL:
D,;X =2 (atDtX + bthXU1> ; Dlyl = 2041D§J1 + B2y ;

KU = o, KXY+ 0,D]* + ag KU (31)
B cuuy (27) moc.ie BblumcACHUST AUCTIEPCUHU TIOTYY €M
DX = a2DX + 02DV + 2a,b KXV (32)

T kum 06p 30M, B OCHOBE JITOPUTM  H JMTUYECKOTO MOJIENMPOB HHsl CHCTe-
Mol (24), (25) nesx T yp BHenus (26), (28), (29)-(32).

4.2. Tenepp upeanonoxum, uro cucreMm (24), (25)u 6o ercss T K, 4TO
Zy =Y, =X+ V.
Torn yp Buennst puaptp K M u —Bblocn npunnm 101 coepytommii Buj:

X; = A Xi+ By (Zt - Xt)7 By = Ry, (det vy #0), Ry = 24, Ry+v1 —1nf3E.

Ixcrp noJsitop K im # —DBbiocu onpenesisiercs: yp BHeHUSIME yTBep:KieHus 3.3 pu

u(t, ) = e~ =),
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5 3akaoyenue

P 3p 6ot HO Metommueckoe obecriedeHue 1A H JUTHYECKOTO MOJEIMPOB HHUS,
OIICHUB HUS, WACHTU(MUK NN U K JUOPOBKH CYIICCTBEHHO HECT I[MIOH PHBIX, H MPHU-
Mep ya pHbIX, HOpM JbHBbIX CTC, He P 3pEIHIEHHBIX OTHOCHUTEJIBHO MPOU3BO/IHBIX,
OCHOB HHOE H PErpecCHOHHON JiMHe pu3 Imu. [ H WIIIOCTP THBHBIN IIpUMED.

[Tonyuentibie pe3yabT Thi MOTYT ObITb OGOOIIIEHBI H cJyd it auddepeHt JTbHbIX
uHTerpo g PepeHiy JTbHBIX CHCTEM, CTOX CTUYECKH HE P 3PEIIEHHBIX OTHOCUTEIBHO
CT PIINX IPOU3BOJHBIX, B YCJIOBHUAX MHOTO3IIEJOHWPOB HHBIX YJI PHBIX BO3/Cii-
cruil. MccrenoB Hue BBIOPOCOB M H KOIICHHE BO3MYIICHUI T KKe MMEET B JKHOE
IPUKJ JHOE 3H YCHHeE.
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